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$PHOLRUDWLQJ�7RSVRLO�&RQGLWLRQV�E\�%LRVROLG�$SSOLFDWLRQ�IRU�D�ZDVWH
/DQGILOO�ODQGVFDSH

6RQJ��8���:DOGPDQ��%��DQG�/HH��(��-�

6FKRRO�RI�%LRORJLFDO�6FLHQFHV��6HRXO�1DWLRQDO�8QLYHUVLW\��6HRXO����������.RUHD

$%675$&7�6DQLWDU\� ODQGILOOV��FUHDWHG�IRU�WKH�GLVSRVDO�RI�VROLG�ZDVWH��XVXDOO\�DUH�GHYHORSHG� LQWR�SDUNV�DIWHU
WKH\� DUH�FORVHG�� +RZHYHU�� VRLO� DPHOLRUDWLRQ�ZLWK� RUJDQLF�PDWWHU� LV� XVXDOO\�QHHGHG� WR� UHVWRUH� IHUWLOLW\� DQG
SURPRWH�UHYHJHWDWLRQ��6HZDJH�VOXGJH�FUHDWHV�D�PDVVLYH�ZDVWH�GLVSRVDO�SUREOHP��7KH�XVH�RI�FRPSRVWHG�VHZDJH
VOXGJH� �ELRVROLG�� DV� D� VRLO� FRQGLWLRQHU�PLJKW� UHVWRUH� WKH� VRLO� IHUWLOLW\� DW� ODQGILOO� VLWHV� DQG� VLPXOWDQHRXVO\
DOOHYLDWH�WKH�QHHG�IRU�VHZDJH�VOXGJH�GLVSRVDO��:H�DSSOLHG�ELRVROLG�WR�ZDVWH�ODQGILOO�VRLO�DQG�HYDOXDWHG�LWV�HIIHFWV
RQ� VRLO� SURSHUWLHV� DQG� WUHH�JURZWK� LQ� D� ILHOG� H[SHULPHQW�� %LRVROLG� LPSURYHG� VRLO� FKDUDFWHULVWLFV� LQFOXGLQJ
PRLVWXUH�� RUJDQLF�PDWWHU�� DQG� QLWURJHQ� FRQWHQW�DQG� DOVR� LQFUHDVHG� WUHH� KHLJKW� DQG�GLDPHWHU� DW�EUHDVW� KHLJKW�
3K\VLRORJLFDO�PHDVXUHV�� VXFK� DV�FKORURSK\OO� FRQWHQW� DQG� SKRWRV\QWKHWLF UDWH�� VKRZHG�SRVLWLYH� UHVSRQVHV� LQ
WUHHV�JURZQ� LQ�ELRVROLG�WUHDWPHQWV��+HDY\�PHWDO�FRQFHQWUDWLRQV� LQ�VRLO�DQG�WUHH�OHDYHV�DIWHU�DSSO\LQJ�FRPSRVW
GLG�QRW�GLIIHU�IURP�FRQFHQWUDWLRQV�PHDVXUHG�DW�FRQWURO�VLWHV��7KHUHIRUH��ZH�FRQFOXGH�WKDW�WKH�XVH�RI�ELRVROLG�LQ
ZDVWH� ODQGILOOV�ZRXOG� EH� DQ� HIILFLHQW��HQYLURQPHQWDOO\� EHQHILFLDO�� DQG� FRVW�HIIHFWLYH�PHWKRG� WR� UHVWRUH� WKH
FRQGLWLRQV� RI� ODQGILOO� VRLO� IRU� SODQWV�

.H\�ZRUGV�0RQLWRULQJ�� 6DQLWDU\� ODQGILOO�� 6RLO� UHVWRUDWLRQ��3KRWRV\QWKHWLF� UDWH�� 6HZDJH� VOXGJH�� %LRVROLG

,1752'8&7,21
7KH�HIILFLHQW�GLVSRVDO�DQG�UHF\FOLQJ�RI�ZDVWH�DQG

GRPHVWLF� VHZDJH� SUHVHQWV� LQFUHDVLQJO\� VHULRXV
FKDOOHQJHV�� 6DQLWDU\� ODQGILOOLQJ� LV� RQH� RI� WKH� PRVW
FRPPRQ�PHWKRGV�IRU�VROLG�ZDVWH�GLVSRVDO��&KHQ�HW�DO��
�������$IWHU� FORVXUH�� VDQLWDU\� ODQGILOOV� DUH� XVXDOO\
GHYHORSHG�LQWR�SDUNV��QDWXUH�DUHDV��DQG�RWKHU�PXOWLSOH�
XVH�IDFLOLWLHV��*LOPDQ�HW�DO����������7KH�UHVWRUDWLRQ�RI
YHJHWDWLRQ�RQ�WKH�ILQDO�FRYHU�VRLO�LV�FULWLFDO�WR�DFKLHYLQJ
WKHVH� HQG� REMHFWLYHV�� EXW� HIIHFWLYH� YHJHWDWLRQ
UHVWRUDWLRQ� SURJUDPV� RIWHQ� DUH� FRPSURPLVHG� E\
YHKLFXODU�WUDIILF�DQG�UHSHDWHG�ILOOLQJ�DQG�WRSSLQJ�ZLWK
QHZ��RIWHQ�SRRU��FRYHU�VRLO��(WWDOD�HW�DO�����������3ODQV
KDYH�EHHQ�GHYHORSHG�WR�FRQYHUW�WKH�6XGRNZRQ�/DQGILOO
�,QFKHRQ�� 6RXWK� .RUHD�� LQWR� DQ� HQYLURQPHQWDO
HFRORJLFDO�SDUN�XSRQ�LWV�FORVXUH��6/0&��������6RLO�WKDW
SUHYLRXVO\�KDG�EHHQ�H[FDYDWHG��WR�SUHSDUH�WUHQFKHV�IRU
ZDVWH��ZLOO�EH�XVHG�WR�UHFODLP�WKH�ODQGILOO��7KLV�VRLO�
KRZHYHU��JHQHUDOO\�LV�QXWULHQW�SRRU ZLWK�ORZ�RUJDQLF
PDWWHU�ZKLFK��H[DFHUEDWHG�E\�GLVWXUEDQFHV�LQKHUHQW�LQ
PDQDJHPHQW�SUDFWLFHV��DQG�LPSHGHV�SODQW�JURZWK��.LP
	�/HH� ������� 7KHUHIRUH�� DV� LQ�PRVW� VXFK� SURMHFWV�
VXFFHVVIXO� ODQGILOO� UHVWRUDWLRQ� UHTXLUHV� KHDY\�XVH� RI
RUJDQLF�IHUWLOL]HU�WR�SURPRWH�UHYHJHWDWLRQ�

%LRVROLG��FRQVLVWLQJ�RI�FRPSRVWHG�VHZDJH�VOXGJH�
FDQ�SURYLGH�RUJDQLF�PDWWHU��20��WR�ZDVWH�VRLO��DQG

VHUYHV�DV�DQ�HIIHFWLYH�IHUWLOL]HU��:DONHU�HW�DO��������
ZKLOH�GHFUHDVLQJ�WKH�DYDLODELOLW\�RI�KHDY\�PHWDOV�DQG
LPSURYLQJ� VRLO� VWUXFWXUH�� %HFDXVH� LW� FRQWDLQV
FRQFHQWUDWHG� RUJDQLF�PDWWHU�� ELRVROLG� RIIHUV� DQ
HFRQRPLFDO�VROXWLRQ�WR�ODQGILOO�UHVWRUDWLRQ��HVSHFLDOO\
FRPSDUHG� WR� H[SHQVLYH� FRPPHUFLDO� IHUWLOL]HUV� WKDW
ZRXOG�EH�UHTXLUHG�IRU�WUHDWLQJ�VXFK�ODUJH�DUHDV��$WK\
HW�DO����������$OWKRXJK�ULFK�LQ�RUJDQLF�PDWWHU��PRVW
VHZDJH�VOXGJH�WRGD\�LV�GLVFDUGHG��2I�WKH������WRQV�RI
VOXGJH�SURGXFHG�GDLO\�LQ�6RXWK�.RUHD�LQ������.0(
�������������ZDV�GLVSRVHG�LQ�WKH�RFHDQ�ZKLOH�RQO\
������ZDV�UHF\FOHG��.0(��������5HFODLPLQJ�VHZDJH
VOXGJH�WKXV�SURYLGHV�LPSRUWDQW�HQYLURQPHQWDO�DV�ZHOO
DV�HFRQRPLF�EHQHILWV�

%LRVROLG�KDV�KLJK�RUJDQLF�PDWWHU�DQG�QXWULWLRQDO
FRQWHQW�WKDW�PDNHV�LW�VXLWDEOH�DV�D�KRUWLFXOWXUDO�VRLO
IHUWLOL]HU�WR�SURPRWH�ELRPDVV�SURGXFWLRQ��&DVDGR�9HOD
HW� DO��� �������$OWKRXJK� WKH� DSSOLFDWLRQ� RI� VHZDJH
VOXGJH�WR�FURSV��:HL�DQG�/LX��������-��&DVDGR�9HOD�HW
DO��� ������ DQG� LWV� ELRORJLFDO� HIIHFWV� KDYH� EHHQ
LQYHVWLJDWHG��.RUERXOHZVN\�HW�DO����������OLWWOH�LV�NQRZQ
DERXW�LWV�ORQJ�WHUP�HIIHFWV�RQ�VRLO��SODQWV��DQG�EDUUHQ
ILHOGV��0DQWRYL�HW�DO���.LGG�HW�DO���������3HQJFKHQJ�HW
DO����������*LYHQ�WKDW�LW�LV�SURGXFHG�LQ�ODUJH�TXDQWLWLHV
RQ�ODQGILOOV��LWV�DSSOLFDWLRQ�DV�IHUWLOL]HU�SRWHQWLDOO\�FDQ
ILOO�WKH�QHHG�IRU�D�PRUH�HIILFLHQW�PHWKRG�WR�IDFLOLWDWH�UH�



�

6RQJ��8���HW�DO�

YHJHWDWLRQ� �,QJHOPR� HW� DO��� ������ WKDW� PLQLPL]HV
WUDQVSRUW� FRVWV� EXW� HQYLURQPHQWDO� FRQVHTXHQFHV
DVVRFLDWHG�ZLWK�LWV�DSSOLFDWLRQ�UHTXLUH�VWXG\�%XVLQHOOL
HW�DO�����������7KH�SRWHQWLDO�EHQHILWV�RI�XVLQJ�ELRVROLG
DV�D�IHUWLOL]LQJ�DJHQW�IRU�ODQGILOO�VORSHV�WKXV�DSSHDU�WR
EH�JUHDW��.LUNHE\�HW�DO���������6RQJ�	�/HH��������2XU
SUHYLRXV� VWXGLHV� LQYHVWLJDWHG� WKHVH� EHQHILWV� XVLQJ
FRPSRVWLQJ�PHWKRGV�LQ�SRW�H[SHULPHQWV��6RQJ�	�/HH
������� +HUH�ZH� H[DPLQH� WKH� HIIHFWV� RI� FRPSRVWHG
VHZDJH�VOXGJH�DSSOLFDWLRQ� WR�UHFODLPHG�VRLOV�RQ� WKH
VORSHV� RI� D� ODQGILOO� VLWH��:H�PHDVXUHG� SK\VLFDO
SURSHUWLHV�RI�WKH�VRLO��FKDQJHV�LQ�LWV�QXWULHQW�FRQWHQWV�
KHDY\� PHWDO� DFFXPXODWLRQ�� DQG� HFRORJLFDO� DQG
SK\VLRORJLFDO� UHVSRQVHV� RI� SODQWV� JURZLQJ� LQ� WKH
UHFODLPHG�VRLOV�

0$7(5,$/6�	�0(7+2'6
%LRVROLG�ZDV�FRPSRVWHG�XVLQJ�D�PL[WXUH�FRPSULVHG

RI�����VHZDJH�VOXGJH�DQG�����VDZGXVW�DQG�EDUN��E\
PDVV���$�VROXWLRQ�RI�DHURELF�PLFURRUJDQLVPV��������E\
PDVV��ZLWK�SKRWRV\QWKHWLF�EDFWHULD��$QDEDHQD� VS���
EDFLOOL��\HDVW��DQG�ODFWLF�DFLG�EDFWHULD�ZDV�PL[HG�ZLWK
WKH�PL[WXUH�XVLQJ�D����P��IHUPHQWRU�ZLWK�D�FRQWLQXRXV
DLU� VXSSO\� RI� ����P��PLQ�� IROORZLQJ� WKH�%HOWVYLOOH
$HUDWHG�3LOH�PHWKRG��3DUU�HW�DO����������7KH�GULHG�VHZDJH
VOXGJH��ZLWK�����PRLVWXUH�FRQWHQW��ZDV�SURYLGHG�E\
6XGRNRZRQ�/DQGILOO�DIWHU�FROOHFWLRQ�IURP�WKH�6HRXO
PHWURSROLWDQ� DUHD��$IWHU� FRPSRVWLQJ� IRU� ��� GD\V�
WHPSHUDWXUH�VWDEOH�FRPSRVW�ZDV�SLOHG�WR�D�KHLJKW�RI��
P�EHIRUH�DSSOLFDWLRQ���7KH�6XGRNZRQ�/DQGILOO�LV�ORFDWHG
DW�,QFKHRQ��.RUHD��������� ����1�DQG��������������(��
7KH�DQQXDO�DYHUDJH�WHPSHUDWXUH�LV�������&�DQG� WKH
DQQXDO�SUHFLSLWDWLRQ�LV������PP��.0$��������:LWK�D
JURVV� DUHD� RI� DSSUR[LPDWHO\� ����������� P��� WKH
6XGRNZRQ�/DQGILOO�LV�RQH�RI�WKH�ODUJHVW�VDQLWDU\�ODQGILOOV
LQ�WKH�ZRUOG��6/0&�������DQG�LW�SURFHVVHV������WRQV
RI�OHDFKDWH�DQG�����WRQV�RI�VOXGJH�GDLO\��6RQJ�	�/HH
������6/0&��������)URP������XQWLO�LWV�SODQQHG�FORVXUH
LQ�������D�WRWDO�RI�����PLOOLRQ�WRQV�RI�ZDVWH�VKRXOG�EH
UHFODLPHG��&XUUHQW�SODQV�HQYLVLRQ�WKH�FRQVWUXFWLRQ�RI
DQ�HFR�SDUN�DQG�HFR�UHVRUW�DIWHU�LW�FHDVHV�RSHUDWLRQ�
7ZR�DUHDV�ORFDWHG�RQ�WKH�VORSHV�RI�WKH�ODQGILOO�ZHUH
VHOHFWHG�IRU�ILHOG�WULDOV��7KH�ILUVW�DUHD�ZDV�SODQWHG�LQ
�����ZLWK� ��� ���\HDU�ROG� VDZWRRWK� RDNV� �4XHUFXV
DFXWLVVLPD�&DUUXWK����7KH� WRSVRLO� RQ� WKLV� KDG� EHHQ
GLVWXUEHG��E\�DGGLWLRQDO�UHFODLPLQJ��D�\HDU�SULRU�WR�WKH
H[SHULPHQW��$�VHFRQG�DUHD�� UHFHQWO\�UHFODLPHG��ZDV
SODQWHG�ZLWK���\HDU�ROG�-DSDQHVH� EODFN�SLQH� �3LQXV
WKXQEHUJLL� 3DUO��� VDSOLQJV� D� PRQWK� SULRU� WR� WKH
H[SHULPHQW��:H�WKXV�ZHUH�DEOH�WR�FRPSDUH�UHVSRQVHV
RI�WZR�VSHFLHV��GHFLGXRXV�DQG�FRQLIHURXV���DV�ZHOO�DV
HIIHFWV�RI�FRPSRVW�DSSOLFDWLRQ�LQ�QHZO\�SODQWHG�YHUVXV
ROG�DUHDV�

,Q� WKH�VDZWRRWK�RDN�DUHD��WHQ���î���P�TXDGUDWV
ZHUH�HVWDEOLVKHG�LQ�ODWH�$SULO��������ZLWK�HDFK�TXDGUDWH
FRQWDLQLQJ�EHWZHHQ����DQG����WUHHV��7KH�DYHUDJH�WUHH
KHLJKW�ZDV�����P��,Q�WKH�-DSDQHVH�EODFN�SLQH�DUHD��WHQ��
î���P�TXDGUDWHV�IRU�HDFK�WUHDWPHQW�ZHUH�HVWDEOLVKHG�LQ
ODWH�$SULO�������DQG�HDFK�TXDGUDWH�FRQWDLQHG�EHWZHHQ
���DQG����WUHHV��7KH�DYHUDJH�WUHH�KHLJKW�ZDV����FP�
2QO\�VPDOO�TXDGUDWHV�FRXOG�EH�HVWDEOLVKHG�GXH�WR�URDGV
DQG�VORSHV�WKDW�OLPLWHG�WKH�ZLGWK�RI�WKH�SODQWHG�DUHD�WR
DERXW���P��4XDGUDWHV�IRU�HDFK�VSHFLHV�ZHUH�GHVLJQHG
WR� LQFOXGH� DW� OHDVW� ��� LQGLYLGXDOV�� �:H� VHW� XS� IRXU
WUHDWPHQWV�� ZLWK� WZR� UHSOLFDWHV� IRU� HDFK� WHVWHG� LQ
VHSDUDWH�TXDGUDWHV��,Q�WKH�µ%LRVROLG��¶�DQG�µ%LRVROLG��¶
WUHDWPHQWV��ZH�DSSOLHG�ELRVROLG�WR�WKH�VXUIDFH�RI�WKH
SODQWHG�DUHDV�LQ�FRQFHQWUDWLRQV�RI�����J�P��DQG�����J�
P��UHVSHFWLYHO\��,Q�WKH�µ2VPRFRWH¶�WUHDWPHQW��ZH�DSSOLHG
FRQWUROOHG�UHOHDVH�IHUWLOL]HU��2VPRFRWH�3OXV�����1���
���3�������.�����0J2��6FRWWV�,QWHUQDWLRQDO�%�9���DW�D
UDWH�RI����J�P���,Q�WKH�µ5HHG¶�WUHDWPHQW��ZH�DSSOLHG��
NJ�P��RI�PXOFK�PDGH�IURP�UHHG��3KUDJPLWHV�DXVWUDOLV
�&DY���6WHXG����7KH�%LRVROLG���DQG�2VPRFRWH�WUHDWPHQWV
FRQWDLQHG���J�P��RI�QLWURJHQ��WKH�RSWLPDO�IHUWLOL]LQJ
UDWH�GHWHUPLQHG�IRU�WKH�ODQGILOO��.LP��������7KH�%LRVROLG
�� WUHDWPHQW�� ZLWK� ELRVROLG� UHGXFHG� E\� KDOI�� ZDV
GHVLJQHG� WR� H[DPLQH� RXWSXWV� LQFOXGLQJ� SRVVLEO\
UHGXFHG�VLGH�HIIHFWV�RI�D�PRUH�HFRQRPLFDO�DSSOLFDWLRQ
UHJLPHQ�� &KDQJHV� LQ� VRLO� PRLVWXUH� FRQWHQW� ZHUH
DVVHVVHG� XVLQJ� WKH� 5HHG� WUHDWPHQW��:LWKLQ� HDFK
WUHDWPHQW�����UDQGRP�LQGLYLGXDO�WUHHV�ZHUH�VHOHFWHG
IRU� JURZWK�PHDVXUHPHQWV�� )RXU� LQGLYLGXDOV� ZHUH
VHOHFWHG� UDQGRPO\� IRU � SKRWRV\QWKHWLF� UDWH
PHDVXUHPHQWV� DQG� �� LQGLYLGXDOV� ZHUH� VHOHFWHG
UDQGRPO\�IRU�PHDVXUHPHQW�RI�FKORURSK\OO�DQG�QXWULHQW
FRQWHQWV�

:H�FROOHFWHG�FRUH�VDPSOHV�RI�VRLO����FP�OHQJWK�
����FP��(LMNHONDPS��%�9����$�FRPSRVLWH�RI���FRUHV�ZDV
PDGH�IRU�HDFK�VDPSOH��DQG�ZH�DVVHVVHG���VDPSOHV����
FRUHV���7KH�VRLO�ZDV�GULHG�IRU����K�DW������&�WR�PHDVXUH
LWV�PRLVWXUH�FRQWHQW��6RLO�RUJDQLF�PDWWHU�FRQWHQW�ZDV
GHWHUPLQHG�E\�ORVV�RQ�LJQLWLRQ��FRPEXVWLRQ�DW������&
IRU���K��XVLQJ�WKH�IRUPXOD�RI�'HDQ���������7KH�S+�DQG
HOHFWULFDO�FRQGXFWLYLW\��(&��RI�WKH�VRLO� DQG�ELRVROLG
ZHUH�GHWHUPLQHG�XVLQJ�VXVSHQVLRQV�RI�DLU�GULHG�VRLO
VDPSOHV�LQ�ZDWHU�����J����P/���7KH�VRLO�UHVSLUDWLRQ�UDWH
ZDV�PHDVXUHG� XVLQJ� DQ� (*0��� �33�6\VWHPV�� JDV
DQDO\]HU���7KH�&��1��DQG�+�FRQWHQWV�RI�WKH�VRLO�DQG
ELRVROLG�VDPSOHV�ZHUH�PHDVXUHG�XVLQJ�DQ�HOHPHQWDO
DQDO\]HU��)ODVK�($�������7KHUPR�(OHFWURQ�&R���LQ
2FWREHU��$Q�1+

�
��1��12

�
�1�DQDO\VLV�ZDV�SHUIRUPHG

XVLQJ�D�.MHOGDKO�3URWHLQ�1LWURJHQ�DQDO\]HU��.MHOWHF
$XWR������6\VWHP��7HFDWRU�$%��

)RU�KHDY\�PHWDO�DQDO\VLV��WKUHH�UDQGRP�VDPSOHV
RI� SODQW� PDWHULDOV� DQG� VRLOV� ZHUH� VHOHFWHG� IRU
PHDVXUHPHQW��2QH�JUDP�RI�GULHG�DQG�PLOOHG�VRLO��RU
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�

ELRVROLG��ZDV�SUHWUHDWHG�ZLWK�����+12
��
IRU����K�DQG

VXEVHTXHQWO\�KHDWHG�WR�����&�IRU���K��7KHQ�����P/�RI
����SHUFKORULF�DFLG�ZDV�DGGHG�DQG�KHDWHG�WR�����&
XQWLO� WKH� VROXWLRQ� EHFDPH� FOHDU�� 7KH� KHDY\� PHWDO
FRQWHQW�RI� WKH�VDPSOHV�ZDV�PHDVXUHG�XVLQJ�DQ� ,&3
(PLVVLRQ�VSHFWURPHWHU��,&36�������������:H�DQDO\]HG
KHDY\�PHWDO�DQG�&��1��DQG�+�FRQWHQWV�RI�GULHG�DQG
PLOOHG�SODQW�OHDYHV�IURP�WUHHV�KDUYHVWHG�LQ�2FWREHU
XVLQJ�WKH�PHWKRGV�GHVFULEHG�DERYH��:H�PHDVXUHG�WKH
SKRWRV\QWKHWLF�UDWHV�RI��� UDQGRPO\�VHOHFWHG�WUHHV�LQ
$XJXVW��XVLQJ�D�SRUWDEOH�SKRWRV\QWKHWLF�PHDVXUHPHQW
V\VWHP��/L�������/L�FRU�%LRVFLHQFHV������&��IORZ�UDWH� 
����ȝPRO�V�DQG�����SSP�&2

�
���1HHGOHV�RI�WKH�-DSDQHVH

EODFN�SLQH�ZHUH�DUUDQJHG�LQ�WKH�FKDPEHU�VXFK�WKDW�VHOI�
VKDGLQJ�ZDV�PLQLPL]HG�DQG�DOO�QHHGOHV�IXOO\�FRYHUHG
DQG�ZHUH�SDUDOOHO�WR�WKH�SODQH�RI�WKH�OHDI�FKDPEHU��=KRX
	�+DQ��������7KH�FKORURSK\OO�FRQWHQWV�RI�SODQW�OHDYHV
ZHUH� VLPXOWDQHRXVO\� PHDVXUHG� E\� WKH GLPHWK\O
VXOIR[LGH�H[WUDFWLRQ�PHWKRG��+LVFR[�	�,VUDHOVWDP�������
7KH�SODQW�KHLJKW�ZDV�PHDVXUHG�XVLQJ�D�+DJO|I�YHUWH[�
E��LQ�0D\�DQG�2FWREHU������DQG�DJDLQ�LQ�2FWREHU������
'LDPHWHU�DW�%UHDVW�+HLJKW��'%+��ZDV�DOVR�PHDVXUHG�DW
WKH�VDPH�WLPH�

$� RQH�ZD\�$129$�ZDV� SHUIRUPHG� WR� LGHQWLI\
VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WUHDWPHQWV��:KHQ�ZH
GHWHFWHG�VLJQLILFDQW�GLIIHUHQFHV��D�SRVW�KRF�'XQFDQ¶V
0XOWLSOH� 5DQJH�7HVW� ZDV� DVVHVVHG� XVLQJ� 6$6� ���
SURJUDP��6$6�,QVWLWXWH�,QF��86$���'LIIHUHQFHV�ZHUH
FRQVLGHUHG�VLJQLILFDQW�ZKHQ�S��������

5(68/76�	�',6&866,21
'XULQJ� FRPSRVWLQJ� �� WKH� WHPSHUDWXUH� RI� WKH

ELRVROLG�LQFUHDVHG�XS�WR����&�DIWHU���GD\V�DQG�UHPDLQHG
DERYH����&�IRU�RYHU�RQH�ZHHN��7KH�PRLVWXUH�FRQWHQW

RI�WKH�VOXGJH�GHFUHDVHG�IURP�������WR��������,Q�$SULO�
DIWHU�FRPSRVWLQJ�DQG�MXVW�EHIRUH�DSSOLFDWLRQ��WKH�FRUH
WHPSHUDWXUH�RI�WKH�ELRVROLG�ZDV����&�DQG�WKH�PRLVWXUH
FRQWHQW�RI�WKH�ELRVROLG�GURSSHG�WR��������7DEOH����GXH
WR� GU\�ZHDWKHU� H[SHULHQFHG� IURP� IDOO� WR� VSULQJ� DQG
FRPSUHVVLRQ�RI�WKH�ELRVROLG�E\�LWV�RZQ�ZHLJKW��$IWHU
FRPSRVWLQJ�� WKH�KHDY\�PHWDO�FRQWHQW�RI�WKH� VHZDJH
VOXGJH�ZDV� OHVV� WKDQ� ����RI� WKH�.RUHDQ� QDWLRQDO
VWDQGDUG�IRU�FRPSRVW��.(,���������LW�DOVR�ZDV�ORZHU
WKDQ�1RUWK�$PHULFDQ�VWDQGDUGV�DV�GHILQHG�LQ�WKH�(3$
����6OXGJH�UXOH��+RJJ���������7KH�VDOW�FRQWHQW�ZDV
DOVR�EHORZ�WKH�.RUHDQ�QDWLRQDO�OLPLW��2UJDQLF�PDWWHU�
PRLVWXUH�� DQG� QLWURJHQ� FRQWHQW� ZHUH� KLJKHU� WKDQ
QDWLRQDO�VWDQGDUGV��7KH�FRQGLWLRQ�RI�WKH�UHFODLPHG�VRLOV
RI�WKH�ODQGILOO�ZDV�LPSURYHG�E\�WUHDWPHQW�ZLWK�ELRVROLG
�7DEOH�����0RLVWXUH��20�DQG�1�FRQWHQWV�RI�WKH�VRLO�LQ
ELRVROLG�WUHDWPHQWV�VLJQLILFDQWO\�LQFUHDVHG��ZKLOH�WKH
2VPRFRWH�WUHDWPHQW�VKRZHG�VLJQLILFDQW�LQFUHDVH�RQO\
LQ�1��12

�
��DQG�1+

�
���6LJQLILFDQWO\�KLJKHU�VRLO�QLWURJHQ

OHYHOV�ZHUH� IRXQG�LQ� WKH�ELRVROLG� WUHDWPHQWV�GXULQJ
WKH� VHFRQG� \HDU�� 2YHUDOO�� DIWHU� EHLQJ� WUHDWHG� ZLWK
ELRVROLG��VRLO�SURSHUWLHV�ZHUH�VLJQLILFDQWO\�LPSURYHG
�7DEOH� ���-DSDQHVH� EODFN� SLQH� VKRZHG� VLJQLILFDQW
JURZWK�RQO\�LQ�WKH�VHFRQG�\HDU��DW� WKH�EHJLQQLQJ�RI
WKH� JURZLQJ� VHDVRQ� LQ�$SULO� �7DEOH� ���� /LNHZLVH�
VDZWRRWK� RDN� WUHHV� GLG� QRW� VKRZ� DQ\� DSSUHFLDEOH
LQFUHDVH�LQ�JURZWK�GXULQJ�WKH�ILUVW�\HDU�EXW�LQFUHDVHG
LQ�KHLJKW�GXULQJ�WKH�VHFRQG�\HDU��7KH�VDZWRRWK�RDN
WUHHV�LQ�%LRVROLG���VKRZHG�D�'%+�UDWH�RI�LQFUHDVH�WKDW
ZDV�PRUH�WKDQ�GRXEOH�WKDW�RI�WKH�FRQWURO�DUHD��LQ�ERWK
WKH�ILUVW�DQG�VHFRQG�\HDUV��%LRVROLG����2VPRFRWH��DQG
5HHG�WUHDWPHQWV�DOVR�VKRZHG�VLJQLILFDQW�LQFUHDVHV�LQ
WKH�ILUVW�\HDU��EXW�2VPRFRWH�VKRZHG�PXFK�OHVV�RI�DQ
HIIHFW�GXULQJ�WKH�VHFRQG�\HDU��$�VLJQLILFDQW�LQFUHDVH
DOVR�ZDV�DSSDUHQW�LQ�WKH�5HHG�WUHDWPHQW��1R�VLJQLILFDQW
GLIIHUHQFHV�RI�'%+�EHWZHHQ�WUHDWPHQWV�ZHUH�IRXQG�LQ
-DSDQHVH�EODFN�SLQH�WUHHV�

7DEOH���&KDUDFWHULVWLFV� RI� ELRVROLG� DQG� UHFODLPHG� VRLO� LQ� WKH� 6XGRNZRQ� ODQGILOO� LQ� ,QFKHRQ��6RXWK�.RUHD

&KDUDFWHU LVWLFV� 4XHUFXV�DFXWLVVLPD �V LWH � 3LQXV�WKXQEHUJLL�VLWH� %LRVROLG �
S+� ��� � ���� � �� �

(& �� ȝ 6� �� ��������� ����� ���� �������������

:D WH U� ��� � ���� ������ � ���� �� ���� � � ��� �������
20 ��� �� � ���� �� ���� � ������ ���� �� �� ��������
3E � �P J��NJ�� �������� ���� ����� ��������� ��������������

&G ��P J��NJ�� �������� ���� � ����������� ������ �� ����

$V� �PJ��NJ� � 1'� 1'� ��������� ������

&U � �PJ��NJ� � �������� ���� � ����������� �����������

&X ��P J��NJ�� � ���� �� ���� ���� �������� �������������

1D&O ���� � �������� ���� � ����������� �������������

7�1� ���� ��������� ����� �������������� ��� ���������

1+�
� ��PJ��NJ�� � ������ ��� ��� ������ � �������� ���

12���P J��NJ�� � ������ ��� ��� ������ � ��������� �

7KH�GDWD�DUH�SUHVHQWHG�DV�PHDQ�����6(�RI���UHSOLFDWHV���1'��1RW�'HWHFWHG��



�

�$PHOLRUDWLQJ� WRSVRLO�FRQGLWLRQV�E\�ELRVROLG

7
DE
OH
��
��6
RL
O�F
KD
UD
FW
HU
LV
WL
FV
�D
W�U
HV
HD
UF
K�
VL
WH
V�
DI
WH
U�
��
P
RQ
WK
V�
RI
�E
LR
VR
OLG
�WU
HD
WP

HQ
WV
�LQ
�WK
H�
6X
GR
NZ

RQ
�OD
QG
IL
OO�
LQ
�,
QF
KH
RQ
��6
RX
WK
�.
RU
HD

4
XH
UF
X
V�
D
FX
WL
VV
LP

D�
3
LQ
X
V�
WK
X
Q
EH
UJ
LL
�

3
DU
DP

HW
HU
�

%
LR
VR
OL
G
��
�

%
LR
VR
OL
G�
�
�

2
VP

R
FR
WH
�

&
RQ
WU
RO
�

�
�

%
LR
VR
OL
G
��
�

%
LR
VR
OL
G�
�
�

2
VP

RF
RW
H�

&
R
QW
UR
O�

0
R
LV
WX
UH
��
�
��

��
��
��
��
��
�
D �

��
��
��
��
��
�D
�

��
��
��
��
��
�
F �

��
��
��
��
��
�E
�

��
��
��
��
��
�E
�

��
��
��
��
��
�D
�

��
��
��
��
��
�F
�

��
��
��
��
��

G

2
0
��
�
��

��
��
��
��
��
�
D �

��
�
��
�
��
��
�E
�

��
��
��
��
��
�
F �

��
��
��
��
��
�F
�

��
��
��
��
��
�
D �

��
�
��
�
��
��
�E
�

��
��
��
��
��
�F
�

��
��
��
��
��
�
F

&
��
�
��

��
��
��
��
��
��

�
��
��
��
�
��
��

��
�
��
�
��
��
�
�

�
��
��
��
�
��
��

��
��
��
��
��
�D
�

��
�
��
�
��
��
�E
�

��
��
��
��
��
�F
�

��
��
��
��
��
�
G

1
��
�
��

�
��
��
��
��
��
�
�D
�

��
��
��
��
��
��
�
�D
��

�
��
��
��
��
��
�
�D
E�

��
��
�
��
�
��
��
��

E �
�

��
��
��
��
�
��
��

E

��
��
��
��
��
��
��

F �
�

��
��
��
�
��
��
��

E�

��
��
�
��
�
��
��
��

G �
�

�
��
��
��
��
��
��

D�

��
��
��
��
��
��
��

D �
�

�
��
�
��
��
��
��
��

E�

��
��
��
��
��
��
��

�E
��

��
�
��
��
��
��
��

F�

��
��
��
��
��
��
�
�

F �
�

�
��
�
��
�
��
��
�
�F
�

��
��
�
��
�
��
��
�
�F
��

1
2
��
�

�P
J
��N
J�
�

��
��
��
�
��
��
��

�
��
��
���
��
��
�
�

��
��
��
��
��
��
��

�
��
��
��
�
��
��

�
��
�
��
�
��
��
�
D�

��
��
��
�
��
��
�D
E�

��
��
��
��
��
�
EF
�

��
��
��
��
��
�
F�

1
+
���

�P
J�
�N
J�
�

��
��
��
�
��
��
��
D

��
��
�
��
�
��
��
�D
��

��
�
��
�
��
��
�E

��
��
�
��
�
��
��
�D
E �
�

�
��
��
��
��
�E

��
��
��
�
��
��
�E

F �
�

��
�
��
�
��
��
�E

��
��
��
�
��
��
�F
��

�
��
��
�
��
��
�D

E �
��
��
�
�

�
��
��
�D

E �
�

��
��
��
��
��
�D

�

��
��
��
�
��
��
�D
��

��
��
��
��
��
�
DE
�

��
��
�
��
��
��
�
DE
��

��
��
��
��
��
�
E

��
��
�
��
��
��
�
E �
�

5
HV
S
LU
DW
LR
Q�

�J
��P

ð�K
��

��
��
��
��
��
��

E �
��
�
��
�
��
��
��

D �
�
��
��
�
��
��
��

E �
�
��
��
�
��
��
��

�F
�

��
��
��
��
��
�E
�

��
��
��
��
��
�D
�

��
��
��
��
��
�D
�

��
��
��
��
��
�
E

7
KH
�G
DW
D�
DU
H�
SU
HV
HQ
WH
G�
DV
�P
HD
Q�
�
�6
(
�R
I�
��
UH
SO
LF
DW
HV

�0
HD
QV
�Z
LW
KL
Q�
D�
UR
Z
�IR
OO
RZ

HG
�E
\�
WK
H�
VD
P
H�
OH
WW
HU
�D
UH
�Q
RW
�V
LJ
QL
IL
FD
QW
O\
�G
LI
IH
UH
QW
�D
W�W
KH
��
��
��
OH
YH
O�

3
DU
HQ
WK
HV
L]
HG
�F
RO
XP

QV
�Z
HU
H�
P
HD
VX
UH
G�
LQ
�2
FW
RE
HU
��
��
��
�R
QH
�\
HD
U�O
DW
HU
���
1
'
��1

RW
�'
HW
HF
WH
G�
�1
0
��1

RW
�0
HD
VX
UH
G�
�

7
KH
�4
XH
UF
XV
�D
FX
WL
VV
LP
D�
DQ
G�
3
LQ
XV
�WK
XQ
EH
UJ
LL
�G
DW
D�
DU
H�
DQ
DO
\]
HG
�V
HS
DU
DW
HO
\�



�

,QW��-��(QYLURQ��5HV��������������:LQWHU�����

7DEOH���7UHH� JURZWKV�ZLWK� ELRVROLG� WUHDWPHQWV� LQ� WKH�6XGRNZRQ� ODQGILOO� LQ� ,QFKHRQ��6RXWK�.RUHD

4XHUFXV�DFXWLVVLPD� 3LQXV�WKXQEHUJLL�

&KDUDFWHU LVWLFV� 7UH DWPHQW� ����� ����� � ����� �����

%LRVROLG��� ���������E� ���������D� � ���������E� �����������D

%LRVROLG��� ���������E� ��������D� � ���������E� �����������D

2VPRFRWH� ���������
D
� ��������

E
� � ���������

D
� ����������

E

5HHG� ���������E� ��������E�� � ���������E� �����������E

+HLJKW�FP��

&RQWURO� ��������E� ��������F� � ���������E� �����������E

%LRVROLG��� ����������D� ����������D� � ���������� ����������

%LRVROLG��� ����������D� ����������DE� � ���������� ����������

2VPRFRWH� ����������DE� ����������F� � ���������� ����������

5HHG� ����������EF� ����������EF� � ���������� ����������

6 WHP�GLDPHWHU�

�FP��

&RQWURO� ����������F� ����������F� � ���������� ����������

7KH�+HLJKW�DQG�GLDPHWHU��'%+��YDOXHV�LQGLFDWH�LQFUHDVHG�YDOXHV�IRU�WUHHV�
7KH�GDWD�DUH�SUHVHQWHG�DV�PHDQ���6(�RI�WZHQW\�UHSOLFDWHV�
�0HDQV�ZLWKLQ�D�FROXPQ�IROORZHG�E\�WKH�VDPH�OHWWHU�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH������OHYHO�
7KH�4XHUFXV�DFXWLVVLPD�DQG�3LQXV�WKXQEHUJLL�GDWD�DUH�DQDO\]HG�VHSDUDWHO\�

(YHU\� WUHDWPHQW� RI� VDZWRRWK� RDN� DQG� -DSDQHVH
EODFN� SLQH� VKRZHG� VLJQLILFDQWO\� KLJKHU� FKORURSK\OO
FRQWHQWV�WKDQ�WKH�FRQWURO��7DEOH����7KH�SKRWRV\QWKHWLF
UDWHV� RI� WKH� VDZWRRWK� RDN� WUHHV� LQ� WKH� ELRVROLG� DQG
UHHG�WUHDWPHQWV�ZHUH�VLJQLILFDQWO\�KLJKHU�WKDQ�FRQWUROV�
EXW�WKRVH�RI�WKH�2VPRFRWH�WUHDWHG�WUHHV�GLG�QRW�GLIIHU
IURP�WKH�FRQWURO�>)LJ�����D�@��,Q�WKH�-DSDQHVH�EODFN�SLQH
DUHD�� WKH� 5HHG� WUHDWPHQW� VKRZHG� D� VLJQLILFDQWO\
LQFUHDVHG�SKRWRV\QWKHWLF�UDWH�RYHU�DOO�RWKHU�WUHDWPHQWV
>)LJ�����E�@�%LRVROLG�WUHDWPHQWV�VKRZHG�VLJQLILFDQWO\
LQFUHDVHG�SKRWRV\QWKHWLF�UDWHV�FRPSDUHG�WR�FRQWUROV�
EXW� RVPRFRWH� WUHDWPHQWV� GLG�QRW� VKRZ�DQ\� FKDQJH�
7KH�1�FRQWHQW�RI�WKH�WUHH�OHDYHV�LQFUHDVHG�VLJQLILFDQWO\
ZLWK�ELRVROLG�WUHDWPHQWV��7DEOH����2VPRFRWH�WUHDWPHQWV
DOVR�VKRZHG�VLJQLILFDQW�LQFUHDVHV�LQ�1�FRQWHQW��ZKLOH
UHHG�WUHDWPHQWV�VKRZHG�D�VLJQLILFDQW�LQFUHDVH�RQO\�LQ
WKH�-DSDQHVH�EODFN�SLQH��2I�LQYHVWLJDWHG�KHDY\�PHWDOV�
RQO\�&G� VLJQLILFDQWO\� LQFUHDVHG� LQ� WKH� VRLOV� RI� WKH
VDZWRRWK�RDN�DUHD��ZKLOH�QR�VLJQLILFDQW�LQFUHDVH�LQ�&G
ZDV�PHDVXUHG�LQ�VRLOV�RI�WKH�-DSDQHVH�EODFN�SLQH�DUHD
�7DEOH����

7KH� DFFXPXODWLRQ� RI� KHDY\� PHWDOV� LQ� ELRVROLG
WUHDWPHQWV�ZDV� QRW� VLJQLILFDQWO\� KLJKHU� WKDQ� WKDW
PHDVXUHG�LQ�WKH�FRQWUROV��7DEOH�����2QO\�&U�LQ�QHHGOHV

RI�-DSDQHVH�EODFN�SLQH�WUHHV�VLJQLILFDQWO\�LQFUHDVHG�LQ
UHVSRQVH�WR�WKH�ELRVROLG�WUHDWPHQW�

7KH�ORZ�KHDY\�PHWDO�FRQWHQWV�DQG�KLJK�20�DQG
QXWULHQW� FRQWHQWV� RI� WKH� ELRVROLG� SURGXFHG� IURP
6XGRNZRQ�ODQGILOO��7DEOH����VXJJHVW�WKDW�LW�VKRXOG�EH
DQ� HIIHFWLYH� IHUWLOL]HU��$V� WKH� ODQGILOO� VHSDUDWHV� DQG
UHFODLPV�WR[LF�PDWHULDOV��OHYHOV�RI�WR[LF�FRQWDPLQDQWV�
LQFOXGLQJ�KHDY\�PHWDOV��DUH�PDLQWDLQHG�DW�ORZ�OHYHOV�LQ
WKH�VHZDJH�DQG�WKXV�LQ�WKH�ELRVROLG�SURGXFHG�IURP�LW
�6RQJ�	�/HH����������2XU�UHVHDUFK�VLWH�ZDV�VORSHG�DQG
FRYHUHG�E\�UHFODLPHG�VRLO��ZKLFK�FRQWDLQHG�YHU\�OLWWOH
20�DQG�KLJK�FRQFHQWUDWLRQV�RI�KHDY\�PHWDOV��%HFDXVH
RI�WKLV��DQG�DOVR�LWV�ORZ�PRLVWXUH KROGLQJ�FDSDFLW\�DQG
LQFUHDVHG�VROLGLW\�DIWHU�UHFODPDWLRQ��WKH�UHFODLPHG�VRLO
FUHDWHG�YHU\�SRRU�FRQGLWLRQV�IRU�WKH�HVWDEOLVKPHQW�RI
SODQWV��6RQJ�	�/HH���������$OWKRXJK�WKH�ODQGILOO�VRLO
KDG�EHHQ�UHFODLPHG�D�IHZ�\HDUV�SULRU�WR�WKH�LQLWLDWLRQ�RI
RXU�VWXG\�� LWV�WRWDO�QLWURJHQ FRQWHQW�ZDV�ORZ�GXH� WR
VORZ�UHYHJHWDWLRQ��IUHTXHQW�PRZLQJ�WR�FRQWURO ZHHGV�
DQG�FRQWLQXDO�HQJLQHHULQJ�ZRUN�RQ�WKH�ODQGILOO��/HH�HW
DO����������7KHVH�IDFWRUV�UHVXOWHG�LQ�WKH�ORVV�RI�WRSVRLO
DQG�ORZ�QLWURJHQ�IL[DWLRQ�UDWHV��DV�LV�DSSDUHQW�DW�WKH
VDZWRRWK�RDN�VLWH��7DEOH�����7KXV��ODQGILOO�VRLOV�FOHDUO\
QHHG�DGGLWLRQDO�WUHDWPHQW�IRU�RSWLPDO�SODQW�JURZWK�DQG
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6RQJ��8���HW�DO�

7DEOH���&KORURSK\OO�FRQWHQWV��PJ���/��RI�OHDYHV

7UHDWPHQW� &KO�D� &KO�E � 7RWDO�&KO�

%LRVROLG��� ������������ ������ ������ ������ �����DE

%LRVROLG��� ������������ ������ ������ ������ �����
�DE

2VPRFRWH� ������������ ������ ������ �����������D

5HHG� ������������ ������ ������ ������ ������DE

4XHUFXV�
DFXWLVVLPD�

&RQWURO� ������������ ������ ������ �����������E

%LRVROLG��� ����������E� ����������E� ����� �����E

%LRVROLG��� ����������EF� ����������E� ����������EF

2VPRFRWH� ����������D� ����������D� ����� �����D

5HHG� ����������EF� ����������E� ����������EF

3LQXV�
WKXQEHUJLL�

&RQWURO� ����������F� ����������E� ����� �����F

7KH�GDWD�DUH�SUHVHQWHG�DV�PHDQ���6(�RI���UHSOLFDWHV�
0HDQV�ZLWKLQ�D�FROXPQ�IROORZHG�E\�WKH�VDPH�OHWWHU�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH������OHYHO
7KH�4XHUFXV�DFXWLVVLPD�DQG�3LQXV�WKXQEHUJLL�GDWD�DUH�DQDO\]HG�VHSDUDWHO\�

7DEOH����1XWULWLRQDO�VWDWXV�RI�SODQW�OHDYHV

3DUDPHWHU� %LRVROLG��� %LRVROLG��� 2VPRFRWH� 5HHG� &RQWURO�

&����� ����������E � ����������DE � ����������DE� ����������DE� ����������D
4XHUFXV�
DFXWLVVLPD�

1����� ���������D� ���������D� ���������DE� ���������E� ���������E

&����� ����������� ����������� ����������� ����������� �����������
3LQXV�

WKXQEHUJLL�

1����� ���������D� ���������D� ���������E� ���������F� ���������G

7KH�GDWD�DUH�SUHVHQWHG�DV�PHDQ���6(�RI���UHSOLFDWHV�
0HDQV�ZLWKLQ�D�URZ�IROORZHG�E\�WKH�VDPH�OHWWHU�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH������OHYHO�
7KH�4XHUFXV�DFXWLVVLPD�DQG�3LQXV�WKXQEHUJLL�GDWD�DUH�DQDO\]HG�VHSDUDWHO\�

UHVWRUDWLRQ��%LRVROLG�FDQ�EH�XVHG�DV�D�VRLO�FRQGLWLRQHU
EHFDXVH�LW�LPSURYHV�WKH�VRLO�LQ�PDQ\�ZD\V��+DFKLFKD
HW�DO����������2XU�VWXG\�SURYLGHV�IXUWKHU�HYLGHQFH�RI�LWV
HIIHFWLYHQHVV��7DEOH�����6RLO�QLWURJHQ�FRQWHQW�LQFUHDVHG
DIWHU�WUHDWPHQW�ZLWK�HLWKHU�ELRVROLG�RU�WKH�FRQWUROOHG�
UHOHDVH�IHUWLOL]HU��$OWKRXJK�FRQWUROOHG�UHOHDVH�IHUWLOL]HU
�2VPRFRWH�3OXV��UDLVHG�QLWURJHQ�FRQWHQW��WKH�UHOHDVH
RI�QLWURJHQ�IURP�WKLV�IHUWLOL]HU�ZDV�OHVV�WKDQ�RSWLPDO
GXH�WR�VRLO�GU\QHVV��.RFKED�HW�DO����������7R�LQYHVWLJDWH
ORQJ�WHUP�HIIHFWV� RI� ELRVROLG� XVH�� VRLO� QLWURJHQ�ZDV
PHDVXUHG�DJDLQ���\HDU�ODWHU��7KH�ELRVROLG�WUHDWPHQWV
\LHOGHG�VLJQLILFDQWO\�KLJKHU�VRLO�QLWURJHQ�OHYHOV�LQ�WKH
VHFRQG�\HDU�EHFDXVH�RI�WKH�FRQWLQXRXV�GHFRPSRVLWLRQ
RI� WKH� ELRVROLG� �7HVWHU� HW� DO��� �������+RZHYHU�� WKH
%LRVROLG���WUHDWPHQW�ZDV�OHVV�HIIHFWLYH�DW�LQFUHDVLQJ

VRLO� QLWURJHQ� SUHVXPDEO\� GXH� WR� LWV� ORZHU� ELRVROLG
FRQFHQWUDWLRQ��$IWHU�EHLQJ�WUHDWHG�ZLWK�ELRVROLG��VRLO
SURSHUWLHV�ZHUH�VLJQLILFDQWO\�LPSURYHG��7DEOH�����20
IURP�PDQXUH�DFWV�DV�D�QXWULHQW�SRRO��LPSURYLQJ�QXWULHQW
F\FOLQJ��UHGXFLQJ�FRPSDFWLRQ��DQG�LPSURYLQJ�SK\VLFDO
SURSHUWLHV� RI� WKH� VRLO� �:DONHU� HW� DO��� ������� 5HHG
WUHDWPHQWV� VLJQLILFDQWO\� LQFUHDVHG� WKH�VRLO�PRLVWXUH
FRQWHQW�WR�������������DW�WKH�6DZWRRWK�2DN�VLWH�DQG�WR
������������LQ�WKH�-DSDQHVH�%ODFN�3LQH�VLWH�GXULQJ�WKH
ILUVW�\HDU��LQ�OLQH�ZLWK�RXU�H[SHFWDWLRQ��7KH�FRQWURO�DUHDV�
ZKLFK�KDG�UHFODLPHG�VRLO�FRYHU�EXW�ODFNHG�DQ\�FDQRS\
FRYHU� RU� YHJHWDWLRQ� DERYH� WKH� VRLO�� KDG� ORZ� VRLO
PRLVWXUH� FRQWHQW��:KLOH� WKH� VRLO�PRLVWXUH� FRQWHQW
LQFUHDVHG�LQ�WKH�ELRVROLG�DQG�UHHG�WUHDWHG�VRLOV��LW�ZDV
QRW�FKDQJHG�E\�WKH�2VPRFRWH�WUHDWPHQW�
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,QW��-��(QYLURQ��5HV��������������:LQWHU�����

7DEOH����+HDY\�PHWDO� DFFXPXODWLRQ� LQ� VRLO� DQG�WUHH� OHDYHV�DIWHU� ELRVROLG� WUHDWPHQWV� LQ� D�ZDVWH� ODQGILOO

6RLO� � 3ODQW�OHDYHV�
3DUDPHWHU� %LRVROLG��� &RQWURO� � %LRVROLG��� &RQWURO�

&U��PJ��NJ�� ������������� ������������ ������������� ��������������

&X��PJ��NJ�� ������������� ������������� � �������������� ��������������
&G��PJ��NJ�� �����������D� �����������E� � �������������� ��������������
3E��PJ��NJ�� ������������� �������������� �������������� ��������������

4XHUFXV�
DFXWLVVLPD�

$V��PJ��NJ�� 1'� ������������ 1'� 1'�
&U��PJ��NJ�� ������������ ������������� � �����������D� �����������E

&X��PJ��NJ�� ������������� ������������ ������������ ������������
&G��PJ��NJ�� ������������ �������������� ������������ ������������
3E��PJ��NJ�� ������������� �������������� ������������ ������������

3LQXV�
WKXQEHUJLL�

$V��PJ��NJ�� 1'� 1'� � 1'� 1'�

7KH�GDWD�DUH�SUHVHQWHG�DV�PHDQ���6(�RI���UHSOLFDWHV�0HDQV�ZLWKLQ�D�URZ�IROORZHG�E\�WKH�VDPH�OHWWHU�DUH�QRW
VLJQLILFDQWO\�GLIIHUHQW�DW�WKH������OHYHO����1'��1RW�'HWHFWHG��

)LJ�����3KRWRV\QWKHWLF�SHUIRUPDQFH�RI��D���4XHUFXV�DFXWLVVLPD�DQG �E���3LQXV�WKXQEHUJLL�ZLWK�YDULRXV
WUHDWPHQWV��DW����&������SSP�&2

�
��

%DUV�UHSUHVHQW�PHDQ���6(�RI���UHSOLFDWHV��6\PEROV�KDYLQJ�WKH�VDPH�OHWWHU�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH������OHYHO�
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�$PHOLRUDWLQJ�WRSVRLO�FRQGLWLRQV�E\�ELRVROLG

6RLO�PRLVWXUH�LV�YLWDO�WR�D�KHDOWK\�HQYLURQPHQW�ZKHUH
PLFURRUJDQLVPV�DUH�DFWLYH��2UFKDUG�	�&RRN�������
/LNHZLVH��WKH�UHVSLUDWLRQ�UDWH�RI�WKH�UHFODLPHG�VRLO�ZDV
ORZ�GXH�WR�D�ODFN�RI�20�DQG�PRLVWXUH�FRQWHQW��DV�ZHOO
DV�WKH�DEVHQFH�RI�D�VRXUFH�RI�PLFURRUJDQLVPV��%LRVROLG
ZLWK�PLFURELDO�QXWULHQW� VRXUFHV� LPSURYHG�ERWK� VRLO
PRLVWXUH�FRQWHQW�DQG�VRLO�UHVSLUDWLRQ��7DEOH�����:KLOH
WKH�2VPRFRWH�WUHDWPHQW�\LHOG�LQFUHDVHG�VRLO�QXWULHQWV
DQG� WKH� 5HHG� WUHDWPHQWV� LQFUHDVHG� VRLO� PRLVWXUH
FRQWHQW�ELRVROLG� WUHDWPHQWV� ZHUH� DEOH� WR
VLPXOWDQHRXVO\� LQFUHDVH� ERWK� PRLVWXUH� DQG� DOVR
HQKDQFH�20�FRQWHQW�DV�D�SRWHQWLDO�ORQJ�WHUP�QXWULHQW
VXSSO\� VRXUFH�

:KLOH�JURZWK�ZDV�UHVWULFWHG�GXULQJ�WKH�ILUVW�\HDU
GXH�WR�WKH�VWUHVV�RI�WUDQVSODQWLQJ��.LP�HW�DO���������
-DSDQHVH�EODFN�SLQH�VKRZHG�VLJQLILFDQW�JURZWK�LQ�WKH
VHFRQG�\HDU��DSSDUHQW�DW�WKH�EHJLQQLQJ�RI�WKH�JURZLQJ
VHDVRQ�LQ�$SULO��7DEOH�����/LNHZLVH��VDZWRRWK�RDN�WUHHV
GLG�QRW�VKRZ�DQ\�DSSUHFLDEOH�LQFUHDVH�LQ�JURZWK�GXULQJ
WKH�ILUVW�\HDU�EXW�KHLJKW�LQFUHDVHG�GXULQJ�WKH�VHFRQG
\HDU�7KH� '%+�PHDVXUHPHQWV� PRUH� FOHDUO\� UHYHDO
GLIIHUHQW�RXWFRPHV�DPRQJ�WKH�WUHDWPHQWV��7KH�'%+
UDWH�RI� LQFUHDVH� LQ�%LRVROLG����%LRVROLG����DQG� UHHG
WUHDWPHQWV�ZDV�PRUH�WKDQ�GRXEOH�WKDW�RI�WKH�FRQWURO
DUHD��LQ�ERWK�WKH�ILUVW�DQG�VHFRQG�\HDUV��EXW�2VPRFRWH
VKRZHG�PXFK�OHVV�HIIHFW�LQ�WKH�VHFRQG�\HDU��7KH�5HHG
WUHDWPHQW�VKRZHG�EHWWHU�SHUIRUPDQFH�WKDQ�H[SHFWHG�
VLJQLILFDQWO\� LQFUHDVLQJ� VRLO� PRLVWXUH�� VR� VXFK
WUHDWPHQWV�FDQ� DVVLVW�SODQW�JURZWK� �6WDQKLOO�������
HVSHFLDOO\�LQ�ODQGILOOV�XQGHU�GU\�VRLO�FRQGLWLRQV��7KH
HIIHFW�ZDV�ODUJHU�LQ�WKH�-DSDQHVH�EODFN�SLQH�VLWH�EHFDXVH
WKLV�DUHD�VXIIHUHG�D�JUHDWHU�GHILFLHQF\�RI�VRLO�PRLVWXUH
WKDQ� WKH�VDZWRRWK� RDN� DUHD� �7DEOH� ���� �7KH� RYHUDOO
LQFUHDVH�LQ�ERWK�KHLJKW�DQG�'%+�ZDV�YHU\�ORZ�EHFDXVH
RI�WKH�SRRU�VRLO�FRQGLWLRQ�RI�WKH�ODQGILOO��7KH�'%+�RI
WKH�VDZWRRWK�RDN�WUHHV�ZDV�RQO\�������������FP�GHVSLWH
WKH�WUHHV�EHLQJ����WR����\HDUV�RI�DJH��LQGLFDWLQJ�WKDW
WKH� VLWH� LV� QRW� VXSSRUWLQJ� SODQW� JURZWK� ZHOO�
1HYHUWKHOHVV��WKH�LQFUHDVHV�LQ�'%+�LQ�WKH� -DSDQHVH
EODFN�SLQH�SORWV�DQG�WKH�KHLJKW�LQFUHDVH�RI�WKH�VDZWRRWK
RDN�WUHHV�GHPRQVWUDWH�WKDW�WKH�ELRVROLG�WUHDWPHQW�ZDV
YHU\�HIIHFWLYH��,Q�FRPSDULVRQ�WR�WKH�5HHG��LQFUHDVHG
VRLO�PRLVWXUH� RQO\�� DQG� 2VPRFRWH� �LQFUHDVHG� VRLO
QLWURJHQ� RQO\�� WUHDWPHQWV�� ELRVROLG� LQFUHDVHG� ERWK
QXWULHQW�VXSSO\�DQG�VRLO�PRLVWXUH��DIIHFWLQJ�SODQW�JURZWK
SRVLWLYHO\���6LJQLILFDQWO\�KLJKHU�FKORURSK\OO�FRQWHQWV
ZHUH�REVHUYHG�LQ�HYHU\�WUHDWPHQW�ZLWK�VDZWRRWK�RDN
DQG�-DSDQHVH�EODFN�SLQH�WUHHV��6LQFH�UHFODPDWLRQ�VRLO
LV�QXWULHQW�DQG�QLWURJHQ�GHILFLHQW��7DEOH�����IHUWLOL]LQJ
E\� ELRVROLG� VKRXOG� UHVXOWV� LQ� LQFUHDVHG� FKORURSK\OO
FRQWHQWV�DQG�SKRWRV\QWKHWLF� UDWHV�RI� WUHHV��7UHHV� LQ
ODQGILOO�VRLO�KDG�D�ORZ�PD[LPXP�SKRWRV\QWKHWLF�UDWH
�)LJ�����EHFDXVH�RI�WKH�VRLO¶V�ORZ�QXWULHQW�DQG�PRLVWXUH
OHYHOV��ZKLFK�UHGXFHG�WKH�WUHHV¶�DELOLW\�WR�PDQDJH�KLJK

LQWHQVLW\�OLJKW��.LP�HW�DO����������7KH�SKRWRV\QWKHWLF
UDWHV�RI�WKH�WUHHV�LQ�WKH�ELRVROLG�DQG�UHHG�WUHDWPHQWV
ZHUH� VLJQLILFDQWO\�KLJKHU� WKDQ� WKH� FRQWUROV��EXW� WKH
2VPRFRWH�WUHDWHG�WUHHV�GLG�QRW�GLIIHU�IURP�WKH�FRQWUROV
�)LJ�����VXJJHVWLQJ�WKDW�VRLO�PRLVWXUH�OHYHOV�PLJKW�OLPLW
SKRWRV\QWKHWLF�UDWHV�LQ�WKH�ILHOG��,QFUHDVLQJ� WKH�VRLO
PRLVWXUH�E\�WUHDWPHQW�ZLWK� ELRVROLG�DQG�UHHGV� WKHQ
VKRXOG�SURPRWH�SODQW�PHWDEROLVP�DQG�SKRWRV\QWKHWLF
DFWLYLWLHV���%LRVROLG�HIIHFWLYHO\�LQFUHDVHG�VRLO�QXWULHQWV
DV� WKH� SKRWRV\QWKHWLF� UDWH� RI� VDZWRRWK� RDN� WUHHV
WUHDWHG�ZLWK� ELRVROLG�ZDV� KLJKHU� WKDQ� WKDW� RI� WUHHV
WUHDWHG�ZLWK�UHHG�>)LJ�����D�@��ZKLFK�KDG�WKH�KLJKHVW
VRLO�PRLVWXUH�FRQWHQW��,Q�WKH�-DSDQHVH�EODFN�SLQH�DUHD�
WKH�VRLO�PRLVWXUH�ZDV�WKH�PRVW�LPSRUWDQW�OLPLWLQJ�IDFWRU
IRU� SKRWRV\QWKHWLF� UDWH� DV� LQGLFDWHG� E\� WKH� 5HHG
WUHDWPHQW�� ZKLFK� VKRZHG� D� VLJQLILFDQWO\� LQFUHDVHG
SKRWRV\QWKHWLF�UDWH�RYHU�DOO�RWKHU�WUHDWPHQWV�>)LJ���
�E�@��$V�PHQWLRQHG�DERYH��WKH�-DSDQHVH�EODFN�SLQH�DUHD
KDG�YHU\�ORZ�VRLO�PRLVWXUH�GXH�WR�WKH�ODFN�RI�YHJHWDWLRQ
DQG�FDQRS\�FRYHU��VR�IRU�SODQWV��VRLO�PRLVWXUH�ZRXOG
EH�PRUH� LPSRUWDQW� WKDQ� VRLO� QXWULHQWV�� SDUWLFXODUO\
GXULQJ�WKH�KRW�GD\V�RI�VXPPHU��%LRVROLG�WUHDWPHQWV�
XQOLNH�WKH�2VPRFRWH�WUHDWPHQW��VKRZHG�VLJQLILFDQWO\
LQFUHDVHG� SKRWRV\QWKHWLF� UDWHV� LQ� FRPSDULVRQ� WR
FRQWUROV�� 2YHUDOO�� WKH� ELRVROLG� WUHDWPHQW� LQFUHDVHG
FKORURSK\OO�FRQWHQWV�DQG�SKRWRV\QWKHWLF�UDWHV�RI�WKH
SODQWV�WUDQVSODQWHG�WR�WKH�ODQGILOO�VORSH��7KH�1�FRQWHQW
RI� WUHH� OHDYHV� LQFUHDVHG� VLJQLILFDQWO\�ZLWK� ELRVROLG
WUHDWPHQWV��7DEOH�����$V�FRQWURO�VRLO�KDG�SRRU�QLWURJHQ
FRQWHQW��WKH�QXWULHQWV�LQ�WKH�ELRVROLG�ZRXOG�EH�UHDGLO\
WDNHQ�XS�E\� WKH� WUHHV��7KH�VDZWRRWK�RDN� WUHHV�ZHUH
WUDQVSODQWHG� D� IHZ� \HDUV� SULRU� WR� WKLV� VWXG\�� VR�ZH
H[SHFWHG�WKH�-DSDQHVH�EODFN�SLQH�SODQWDWLRQ�WR�PRUH
FOHDUO\� VKRZ�HIIHFWV� LQ� UHVSRQVH� WR� VRLO� QLWURJHQ�
+RZHYHU��DOWKRXJK�WKH�QHHGOHV�RI�WKH�-DSDQHVH�EODFN
SLQH�WUHHV�VKRZHG�D�VLJQLILFDQW�LQFUHDVH�LQ�QLWURJHQ�
OHYHOV�RI�QLWURJHQ�LQ�WKH� OHDYHV�RI�WKH�VDZWRRWK�RDN
WUHHV�LQFUHDVHG�HYHQ�PRUH��7KLV�SUREDEO\�UHIOHFWV�WKH
KLJKHU� VRLO� PRLVWXUH� FRQWHQWV� RI� WKH� VDZWRRWK� VLWHV
ZKLFK�PD\�KDYH�IDFLOLWDWHG�QLWURJHQ�XSWDNH�E\�WUHHV
�'LMNVWUD� 	�&KHQJ�� ������� 1LWURJHQ� VXSSOLHG� YLD
FRPSRVWHG�VOXGJH�JUHDWO\�DIIHFWHG�WUHHV��EXW�2VPRFRWH
ZDV� OHVV� HIIHFWLYH� WKDQ� ELRVROLG� LQ� LQFUHDVLQJ� WKH
QLWURJHQ�FRQWHQW�RI�OHDYHV�EHFDXVH�RI�WKH�GU\QHVV�RI
VRLO�DW�WKH�ODQGILOO��6LQFH�UHHG�WUHDWPHQWV�UHVXOWHG�LQ�D
VLJQLILFDQW�QLWURJHQ� LQFUHDVH�� VRLO�PRLVWXUH�PXVW�EH
LPSRUWDQW�IRU�SODQW�XSWDNH�RI�VRLO�QXWULHQWV��%LRVROLG
WUHDWPHQWV�UHVXOWHG�LQ�VLJQLILFDQW�LQFUHDVHV�LQ�QLWURJHQ
OHYHOV�ZLWKLQ� OHDYHV�� ZKLFK� VWURQJO\� VXJJHVW� WKDW
ELRVROLG�FDQ�EH�XVHG�DV�D�IHUWLOL]HU�IRU�SODQWV�WR�SURPRWH
URRWLQJ� IRU�YHJHWDWLRQ�UHVWRUDWLRQ� LQ�ODQGILOO�VORSHV�
:H�PHDVXUHG�WKH�FRQFHQWUDWLRQV�RI�ILYH�KHDY\�PHWDOV
�$V�� &G�� &U�� &X�� DQG� 3E��� NQRZQ� WR� EH� PDMRU
FRQVWLWXHQWV� RI� VHZDJH� VOXGJH� DQG� SRWHQWLDOO\



�

,QW��-��(QYLURQ��5HV��������������:LQWHU�����

SK\WRWR[LF�DW�HOHYDWHG�OHYHOV��6RQJ�DQG�/HH�������LQ
WKH�VRLO��2I�WKHVH��RQO\�OHYHOV�RI�&G�ZHUH�VLJQLILFDQWO\
UDLVHG�LQ�WKH�VDZWRRWK�RDN�DUHD��ZKLOH�QR�VLJQLILFDQW
LQFUHDVH�RFFXUUHG�LQ�WKH�-DSDQHVH�EODFN�SLQH�DUHD��7DEOH
���� 2YHUDOO�� WKH� YDOXHV�ZHUH� OHVV� WKDQ� ���� RI� WKH
QDWLRQDO�VWDQGDUG�IRU�KHDY\�PHWDO�FRQWDPLQDWLRQ�LQ�VRLO�
2QO\�WKH�&U�FRQWHQW�RI�WKH�ELRVROLG�WUHDWHG�VRLO�ZDV
KLJKHU�WKDQ�WKH�VWDQGDUG����PJ�NJ��VHW�E\�WKH�.RUHDQ
0LQLVWU\�RI�(QYLURQPHQW��.0(���������7KLV�FDQQRW�EH
DWWULEXWDEOH�WR�WKH�ELRVROLG�WUHDWPHQW��KRZHYHU��DV�WKH
&U�FRQWHQW�RI�WKH�ELRVROLG�ZDV�OHVV�WKDQ�WKDW�REVHUYHG
IRU�UHFODPDWLRQ�VRLO��7DEOH�����,QGHHG��WKH�&G��&U��&X�
DQG�3E�FRQWHQWV�RI�WKH�ELRVROLG�ZHUH�ORZHU�WKDQ�WKH
YDOXHV�LQ�WKH�UHFODLPHG�VRLO�RI�-DSDQHVH�EODFN�SLQH�
0LQHG�UHFODPDWLRQ�VRLO�FDQ�FRQWDLQ�PLQHUDOV��DQG�KHDY\
PHWDOV�FDQ�DFFXPXODWH�LQ�WKH�VRLO�WKURXJK�XQGHUJURXQG
ZDWHU�IURP�D�OHDFKDWH�FKDQQHO��RU�IURP�D�EXIIHU�ODNH
�:RR�DQG�+RQJ���������7KXV��RXU�UHVXOWV�VXJJHVW�WKDW
WKH�XVH�RI�ELRVROLG�DV�D�VRLO�FRQGLWLRQHU�RQ�D�ODQGILOO
VORSH�ZRXOG� QRW� FDXVH� VLJQLILFDQW� DFFXPXODWLRQ� RI
KHDY\�PHWDOV�

7KH�KHDY\�PHWDO�DFFXPXODWLRQ�LQ�WKH�WUHH�OHDYHV
ZDV�UHODWLYHO\�ORZ�FRPSDUHG�WR�WKDW�IRXQG�LQ�SUHYLRXV
VWXGLHV��:HL�	�/LX��������&DVDGR�9HOD�HW�DO���������
5HVXOWV�RI�WKH�VWXGLHV�FDQQRW�EH�GLUHFWO\�FRPSDUHG��DV
WKH\� LQYROYHG� GLIIHUHQW� VSHFLHV� DQG� EHG� VRLOV�� EXW
KHDY\�PHWDO� DFFXPXODWLRQ� LQ� RXU� VWXG\�� PHDVXUHG
DEVROXWHO\�RU�LQ�FRPSDULVRQ�ZLWK�WKH�FRQWUROV��ZDV�ORZ
�7DEOH�����2QO\�&U�LQ�QHHGOHV�RI�-DSDQHVH�EODFN�SLQH
WUHHV�VLJQLILFDQWO\�LQFUHDVHG�LQ�UHVSRQVH�WR�WKH�ELRVROLG
WUHDWPHQW��%XW�DV�GLVFXVVHG�DERYH��WKH�&U�OHYHO�RI�WKH
ELRVROLG�ZDV�ORZHU�WKDQ�WKDW�IRXQG�LQ�WKH�UHFODLPHG
VRLO�� ,QFUHDVHG� JURZWK� DQG� SODQW� SK\VLRORJLFDO
DFWLYLWLHV�E\�ELRVROLG�ZRXOG� LQFUHDVH�SODQWV¶�XSWDNH
IURP�VRLO�DQG�PLJKW�FDXVH�DFFXPXODWLRQ�RI�&U�DOUHDG\
SUHVHQW�LQ�WKH�VRLO�EHIRUH�WKH�DSSOLFDWLRQ�RI�ELRVROLG�
7KH�ORZ�OHYHOV�RI�KHDY\�PHWDO�FRQFHQWUDWLRQ�IRXQG�LQ
VHZDJH� VOXGJH� DUH� DWWULEXWDEOH� WR� WKH� VHSDUDWH
UHFODPDWLRQ�DQG�OHDFKDWH�SXULI\LQJ�SURFHVVHV��/HH������
HW�DO���6/0&���������%LRVROLG�PDGH�IURP�VDQLWDU\�ODQGILOO
ZDVWH�WKXV�FDQ�EH�D�XVHIXO�UHVRXUFH�IRU�LPSURYLQJ�VRLO
FRQGLWLRQV�DQG�SODQW�UHKDELOLWDWLRQ�DIWHU�UHFODPDWLRQ�

&21&/86,21
%LRVROLG��&RPSRVWHG�VHZDJH�VOXGJH��VLJQLILFDQWO\

LPSURYHG�WKH�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�RI�VRLO
DW�ODQGILOO�UHFODPDWLRQ�VLWHV��7KH�ELRVROLG�LPSURYHG�WKH
VRLO� QLWURJHQ��PRLVWXUH�� DQG�20� FRQWHQWV� RI� WKH
UHFODLPHG� VRLO� � )XUWKHUPRUH�� KHDY\� PHWDO
FRQFHQWUDWLRQV� LQ� VRLOV� ZHUH� ORZHU� WKDQ� UHOHYDQW
JXLGHOLQH� YDOXHV� DQG� WUHHV� WUHDWHG�ZLWK� ELRVROLG
H[KLELWHG� VLJQLILFDQWO\� LPSURYHG� HFRORJLFDO
SHUIRUPDQFH�LQ�JURZWK�DQG�'%+��3ODQW�SK\VLRORJLFDO
FKDUDFWHULVWLFV�� VXFK� DV� FKORURSK\OO� FRQWHQW� DQG

SKRWRV\QWKHWLF�UDWHV��ZHUH�VLJQLILFDQWO\�LPSURYHG�E\
ELRVROLG�WUHDWPHQWV��DV�ZDV�WKH�1�FRQWHQW�RI�WKH�SODQW
OHDYHV��7KH� KHDY\�PHWDO� DFFXPXODWLRQ� LQ� ELRVROLG�
WUHDWHG�WUHH�OHDYHV�ZDV�QRW�VLJQLILFDQWO\�KLJKHU�WKDQ
WKDW�IRXQG�LQ�WUHHV�JURZQ�LQ�FRQWURO�VLWHV�RQ�UHFODLPHG
VRLO� ZLWKRXW� VOXGJH�� %LRVROLG� SRWHQWLDOO\� FDQ� EH� DQ
LPSRUWDQW��HQYLURQPHQWDOO\�IULHQGO\�VROXWLRQ�WR�GLVSRVDO
SUREOHPV� DVVRFLDWHG� ZLWK� ODUJH� YROXPHV� RI� VHZDJH
VOXGJH��)XUWKHU��LW�FDQ�SURYLGH�D�ORZ�FRVW�VWUDWHJ\�IRU
UHVWRULQJ� VRLO� FRQGLWLRQV� DW�ZDVWH� ODQGILOO� VLWHV� WR
LPSURYH�PRLVWXUH�FRQWHQW�DQG�SURPRWH�UHYHJHWDWLRQ�

5()(5(1&(6
$WK\��(�� 5���.HLIIHU�� &��+�� DQG�6WHYHQV��0��+�� �������
(IIHFWV�RI�PXOFK�RQ�VHHGOLQJV�DQG�VRLO�RQ�D� FORVHG� ODQGILOO�
5HVWRU��(FRO���������������

%XVLQHOOL��'���0DVVDFFHVL��/���6DLG�3XOOLFLQR��'��DQG�*LJOLRWWL�
*�� �������� /RQJ�WHUP� GLVWULEXWLRQ�� PRELOLW\� DQG� SODQW
DYDLODELOLW\� RI� FRPSRVW�GHULYHG� KHDY\�PHWDOV� LQ� D� ODQGILOO
FRYHULQJ�VRLO��6FL��7RWDO��(QYLURQ�����������������

&DVDGR�9HOD�� -��� 6HOOpV�� 6��� 'tD]�&UHVSR�� &��� 1DYDUUR�
3HGUH R��-���0DWDL[�%HQH\WR��-��DQG�*yPH]��,����������(IIHFW
RI� FRPSRVWHG� VHZDJH� VOXGJH� DSSOLFDWLRQ� WR� VRLO� RQ� VZHHW
SHSSHU�FURS��&DSVLFXP�DQQXXP�YDU��DQQXXP��JURZQ�XQGHU
WZR�H[SORLWDWLRQ�UHJLPHV��:DVWH�0DQDJH�����������±�����

&KHQ��<��&���&KHQ��.��6��DQG�:X��&��6����������1XPHULFDO
VLPXODWLRQ�RI� JDV� IORZ� DURXQG�D�SDVVLYH� YHQW� LQ�D� VDQLWDU\
ODQGILOO��-��+D]DUG��0DWHU�������� ������

'HDQ��:�� �������� 'HWHUPLQDWLRQ�RI� FDUERQDWH�DQG� RUJDQLF
PDWWHU� LQ� FDOFDUHRXV� VHGLPHQWV�DQG� VHGLPHQWDU\� URFNV�E\
ORVV�RQ�LJQLWLRQ��FRPSDULVRQ�ZLWK�RWKHU�PHWKRGV��-��6HGLPHQW
5HV���������������

'LMNVWUD��)��$��DQG�&KHQJ��:����������,QFUHDVHG�VRLO�PRLVWXUH
FRQWHQW�LQFUHDVHV�SODQW�1�XSWDNH�DQG�WKH�DEXQGDQFH�RI���1
LQ�SODQW�ELRPDVV��3ODQW�6RLO����������±����

(WWDOD��0��2���<UM|QHQ�� .��0�� DQG�5RVVL�� (�� -�� �������
9HJHWDWLRQ� FRYHUDJH�DW� VDQLWDU\� ODQGILOOV� LQ�)LQODQG��:DVWH
0DQDJH��5HV��������������

*LOPDQ�� (�� )��� )ORZHU�� )�� %�� DQG� /HRQH�� ,�� '�� �������
6WDQGDUGL]HG� SURFHGXUHV� IRU� SODQWLQJ� YHJHWDWLRQ� RQ
FRPSOHWHG�VDQLWDU\� ODQGILOOV��:DVWH�0DQDJH��5HV��� ��� ���
���

+DFKLFKD��6���6DOOHPL��)���0HGKLRXE��.���+DFKLFKD��5��DQG
$PPDU�� (�� �������� 4XDOLW\� DVVHVVPHQW� RI� FRPSRVWV
SUHSDUHG�ZLWK�ROLYH�PLOO�ZDVWHZDWHU�DQG�DJULFXOWXUDO�ZDVWHV�
:DVWH�0DQDJH�����������±�����

+LVFR[��7��'��DQG�,VUDHOVWDP��*��)����������$�PHWKRG�IRU�WKH
H[WUDFWLRQ� RI� FKORURSK\OO� IURP� OHDI� WLVVXHV� ZLWKRXW
PDFHUDWLRQ��&DQ��-��%RW�����������±�����

+RJJ�'���%DUWK��-���)DYRLQR��(���&HQWHPHUR��0���&DLPL��9��
$POLQJHU�� )��� 'HYOLHJKHU��:��� %ULQWRQ��:�� DQG�$QWOHU�� 6�
��������&RPSDULVRQ�RI�&RPSRVW�6WDQGDUGV�:LWKLQ�WKH�(8�
1RUWK�$PHULFD�DQG�$XVWUDODVLD��7KH�:DVWH� DQG�5HVRXUFHV
$FWLRQ�3URJUDPPH��2[RQ��8.�



��

6RQJ��8���HW�DO�

,QJHOPR��)��5���&DQHW��0��$���3RPDUHV��,��)��DQG�*DUFtD�� -�
��������8VH� RI�06:� FRPSRVW�� GULHG� VHZDJH�VOXGJH� DQG
RWKHU� ZDVWHV� DV� SDUWLDO� VXEVWLWXWHV� IRU� SHDW� DQG� VRLO�
%LRUHVRXUFH�7HFKQRO���������������

.LGG�� 3�� 6���'RPtQJXH]�5RGUtJXH]��0�� -��� 'tH]�� -�� DQG
0RQWHUURVR�� &�� �������� %LRDYDLODELOLW\� DQG� SODQW
DFFXPXODWLRQ�RI�KHDY\�PHWDOV�DQG�SKRVSKRUXV�LQ�DJULFXOWXUDO
VRLOV� DPHQGHG� E\� ORQJ�WHUP� DSSOLFDWLRQ�RI� VHZDJH� VOXGJH�
&KHPRVSKHUH����������������

.LP�� .�� '�� ��������9HJHWDWLRQ� VWUXFWXUH� DQG� HFRORJLFDO
UHVWRUDWLRQ�RI�WKH�ZDVWH�ODQGILOOV�LQ�6HRXO�PHWURSROLWDQ�DUHD�
'LVVHUWDWLRQ�� 6HRXO�1DWLRQDO� 8QLYHUVLW\�

.LP��.��'��DQG�/HH��(��-����������3RWHQWLDO�7UHH�6SHFLHV�IRU
8VH� LQ� WKH�5HVWRUDWLRQ�RI�8QVDQLWDU\�/DQGILOOV�� (QYLURQ�
0DQDJH��������±���

.LP��3��*���.LP��6��+���/HH��6��0���-R��-��+��DQG�/HH��(��-�
�������� 3KRWRV\QWKHWLF� UHVSRQVHV� RI� 3RSXOXV�DOED�/��î�3�
JODQGXORVD�8\HNL�LQ�DGDSWDWLRQ�WR�.LPSR�ZDVWH�ODQGILOOV�� -�
.RU��)RUHVWU\�6RF������� ������

.LP��6��<���/HH��&��+���-LQ��+��2��DQG�%DQJ��6��+���������
(IIHFWV�RI�DUWLILFLDOO\�DFLGLILHG�VRLOV�RQ�WKH�JURZWK�DQG�QXWULHQW
VWDWXV�RI�3LQXV�GHQVLIORUD�DQG�4XHUFXV�DFXWLVVLPD�VHHGOLQJV�
-��.RU��)RUHVWU\�6RF������� ��������

.LUNHE\�� -��7���%LUJLVGRWWLU��+���+DQVHQ��7��/���&KULVWHQVHQ�
7�� +��� %KDQGHU�� *�� 6�� DQG� +DXVFKLOG�� 0�� �������
(QYLURQPHQWDO� DVVHVVPHQW� RI� VROLG� ZDVWH� V\VWHPV� DQG
WHFKQRORJLHV��($6(:$67(��:DVWH�0DQDJH��5HV��� ���� �±
���

.RFKED��0���*DPEDVK��6��DQG�$YQLPHOHFK��<����������6WXGLHV
RQ�6ORZ�5HOHDVH�)HUWLOL]HUV�����(IIHFWV�RI�7HPSHUDWXUH��6RLO
0RLVWXUH�� DQG�:DWHU�9DSRU�3UHVVXUH�� 6RLO�6FL��� ����� ����
����

.RUERXOHZVN\�� 1���%RQLQ�� *�� DQG�0DVVLDQL��&�� �������
%LRORJLFDO�DQG�HFRSK\VLRORJLFDO�UHDFWLRQV�RI�ZKLWH�ZDOO�URFNHW
�'LSORWD[LV�HUXFRLGHV�/���JURZQ�RQ�VHZDJH�VOXGJH�FRPSRVW�
(QYLURQ��3ROOXW�����������±����

.(,�� ��������.RUHD� (QYLURQPHQW� ,QVWLWXWH�� 5HDVRQDEOH
PDQDJHPHQW� SURWRFROV� IRU� VHZDJH� VOXGJH�� �SS�� �������
,QFKHRQ�� .RUHD��.(,�3XEOLFDWLRQV�

.0$�� �������� .RUHDQ�0HWHRURORJLFDO�$GPLQLVWUDWLRQ�
$QQXDO� SUHFLSLWDWLRQ� UHSRUW�� 6HRXO�� .RUHD�� .0$
3XEOLFDWLRQV�

.0(�� �������� .RUHDQ�0LQLVWU\� RI�(QYLURQPHQW�� 6HZDJH
VOXGJH�PDQDJHPHQW�SODQ��6HRXO��.RUHD��.0(�3XEOLFDWLRQV�

/HH��(��-���.LP��3��*���&KXQJ��'��<��DQG�6RQJ��8��5���������
(IIHFWV� RI� FRPSRVW� WR� SODQWV�� �SS�� ������� ,QFKHRQ�� .RUHD�
6/0&�3UHVV�

/HH��(��-���/HH��6��0��DQG�:RR��6��<����������0RQLWRULQJ�RI
6XGRNZRQ�ODQGILOO�VLWHV���SS���������,QFKHRQ��.RUHD��6/0&
3UHVV�

0DQWRYL��3��� %DOGRQL��*�� DQG�7RGHUL��*�� ��������5HXVH�RI
OLTXLG�� GHZDWHUHG�� DQG� FRPSRVWHG� VHZDJH� VOXGJH� RQ
DJULFXOWXUDO� ODQG�� HIIHFWV� RI� ORQJ�WHUP� DSSOLFDWLRQ� RQ� VRLO
DQG�FURS��:DWHU�UHV���������������

2UFKDUG��9��$��DQG�&RRN��)��-����������5HODWLRQVKLS�EHWZHHQ
VRLO� UHVSLUDWLRQ� DQG�VRLO� PRLVWXUH�� 6RLO�%LRO��%LRFKHP������
��������

3DUU��-��)���(SVWHLQ��(��DQG�:LOOVRQ��*��%����������&RPSRVWLQJ
VHZDJH�VOXGJH�IRU�ODQG� DSSOLFDWLRQ��$JUL��(FRV\V��(QYLURQ��
�����������

3HQJFKHQJ��*���;LQEDR��7���<DQDQ��7��DQG�<LQJ[X��&���������
$SSOLFDWLRQ� RI� VHZDJH� VOXGJH� FRPSRVW� RQ� KLJKZD\
HPEDQNPHQWV��:DVWH�0DQDJH�����������������

6RQJ��8��DQG�/HH��(��-����������(QYLURQPHQWDO�DQG�HFRQRPLFDO
DVVHVVPHQW� RI�VHZDJH� VOXGJH� FRPSRVW� DSSOLFDWLRQ� RQ� VRLO
DQG� SODQWV� LQ�D� ODQGILOO��5HVRXU��&RQVHUY��5HF\��� ��� �����
����������

6WDQKLOO��*����������7KH�HIIHFW�RI�GLIIHUHQFHV�LQ�VRLO�PRLVWXUH
VWDWXV�RQ�SODQW�JURZWK��D�UHYLHZ�DQG�DQDO\VLV�RI�VRLO�PRLVWXUH
UHJLPH�H[SHULPHQWV��6RLO�6FL���������������

6/0&�� �������� 6XGRNZRQ� /DQGILOO� VLWH� 0DQDJHPHQW
&RUSRUDWLRQ��$QQXDO�DOPDQDF���SS��������� ,QFKHRQ��.RUHD�
6/0&� 3UHVV�

6/0&�� �������� 6XGRNZRQ� /DQGILOO� 6LWH� 0DQDJHPHQW
&RUSRUDWLRQ��7KH�'UHDP�3DUN�3ODQ�RI�WKH�6XGRNZRQ�/DQGILOO
VLWH�� 6XGRNZRQ�/DQGILOO� 6LWH�0DQDJHPHQW� &RUSRUDWLRQ�
,QFKHRQ��.RUHD��5HWULHYHG� -XQH� ���� ������ IURP� KWWS���
HQJOLVK�VOF�RU�NU�HODQGILOO�GUHDPSDUN�GUHDPBLQGH[�DVS

7HVWHU��&�� )��� 6LNRUD�� /�� -���7D\ORU�� -��0�� DQG� 3DUU�� -�� )�
��������'HFRPSRVLWLRQ�RI�VHZDJH�VOXGJH�FRPSRVW�LQ�VRLO��,�
&DUERQ� DQG� QLWURJHQ� WUDQVIRUPDWLRQ��-��(QYLURQ��4XDO�����
��������

:DONHU�� '�� -��� &OHPHQWH�� 5�� DQG�%HUQDO��0�� 3�� �������
&RQWUDVWLQJ�HIIHFWV�RI�PDQXUH�DQG�FRPSRVW�RQ�VRLO�S+��KHDY\
PHWDO�DYDLODELOLW\�DQG�JURZWK�RI�&KHQRSRGLXP�DOEXP�/��LQ�D
VRLO�FRQWDPLQDWHG�E\�S\ULWLF�PLQH�ZDVWH��&KHPRVSKHUH�����
���±����

:HL��<��DQG�/LX��<����������(IIHFWV�RI�VHZDJH�VOXGJH�FRPSRVW
DSSOLFDWLRQ� RQ� FURSV� DQG� FURSODQG� LQ� D� ��\HDU� ILHOG� VWXG\�
&KHPRVSKHUH����������������

:RR�� 6��+�� DQG�+RQJ�� 6�� 3�� ��������7KH� K\GURJHRORJLFDO
HYDOXDWLRQ� RI� JURXQGZDWHU� GHJUDGDWLRQ� DW� .LPSR
PHWURSROLWDQ�ODQGILOO�VLWH��-��.RU��6RF��(QYLURQ��+HDOWK������
������

=KRX��<��0��DQG�+DQ��6��-����������3KRWRV\QWKHWLF�UHVSRQVH
DQG�VWRPDWDO�EHKDYLRXU�RI�3LQXV�NRUDLHQVLV�GXULQJ�WKH�IRXUWK
\HDU� RI� H[SRVXUH� WR� HOHYDWHG� &2�� FRQFHQWUDWLRQ�
3KRWRV\QWKHWLFD����� ����� ��������
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5HFHLYHG� ��� 6HS�� ����� �� ��� ��� ��� � �� � �5HYLVHG����$XJ������� �� �� � � �� � � � �� � �$FFHSWHG����$XJ������

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��SLOOD\V�#XN]Q�DF�]D

��

6WDWLVWLFDO�$QDO\VLV�RI�3K\VLFR�FKHPLFDO�3URSHUWLHV�RI�WKH�(VWXDULHV�RI
.ZD=XOX�1DWDO��6RXWK�$IULFD

3LOOD\��.��DQG��3LOOD\��6�

6FKRRO�RI�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�.ZD=XOX�1DWDO�6RXWK�$IULFD

$%675$&7��,Q�JHQHUDO��HVWXDULHV�PD\�EH�FODVVLILHG�YDULRXVO\�DFFRUGLQJ�WR�LQOHW�G\QDPLFV��JHRPRUSKRORJ\�RU
ZKHWKHU�WKH\�DUH�WLGH�RU� ULYHU�GRPLQDWHG�RU��RQ�D�FRPELQDWLRQ�RI�DOO� WKUHH�IDFWRUV�� ,Q�.ZD=XOX�1DWDO� �.=1��
6RXWK�$IULFD��WKH�IRXU� UHFRJQLVHG�HVWXDU\�W\SHV�DUH�WHPSRUDU\�RSHQHG�FORVHG�HVWXDULHV��72&(V���SHUPDQHQWO\
RSHQHG� HVWXDULHV�� HVWXDULQH� ODNHV� DQG� ULYHU�PRXWKV�� 6LQFH� SK\VLFR�FKHPLFDO� SDUDPHWHUV� DUH� LPSRUWDQW� LQ
GHILQLQJ� WKH� HVWXDULQH� HQYLURQPHQW��PXOWLSOH�3HDUVRQ� FRUUHODWLRQV�ZHUH� SHUIRUPHG�EHWZHHQ� VXPPHU�GDWDVHWV
RI� ILYH� RI� WKHVH� SDUDPHWHUV�� WHPSHUDWXUH� �R&��� VDOLQLW\� �SSW��� S+�DQG� WXUELGLW\� �1HSKHORPHWULF� 7XUELGLW\
8QLWV� �178��� DFFRUGLQJ� WR� FOXVWHUHG� HVWXDU\� W\SHV� IRU� DOO� HVWXDULHV� RI� .=1�� ,W� ZDV�IRXQG� WKDW� YHU\� IHZ
VLJQLILFDQW� UHODWLRQVKLSV�H[LVW� LQ�DOO� HVWXDU\� W\SHV�� 7KHVH� UHVXOWV� DUH�SDUWO\� UHIOHFWLYH�RI� WKH�VDPSOLQJ� GDWDVHW�
'XULQJ�VXPPHU��RSHQ�PRXWK�FRQGLWLRQV�FRPPRQO\�SUHYDLO�IRU�VHYHUDO�HVWXDULHV� IROORZLQJ�VHDVRQDO�KLQWHUODQG
UDLQIDOO��0L[LQJ�RI�ZDWHUV�GXH�WR�WLGDO�LQIOXHQFHV�DQG�IOXYLDO�LQSXW�IURP�WKH�XSSHU�FDWFKPHQW�LQ�.=1¶V�VKDOORZ
HVWXDULHV� LV� NQRZQ� WR� LQKLELW� VWUDWLILFDWLRQ�UHVXOWLQJ� LQ� IHZHU� S\FQRFOLQHV�DQG� JUHDWHU� WXUELGLW\� IOXFWXDWLRQV�
S+�FKDQJHV�DUH�FORVHO\�OLQNHG�WR�GHQVLW\�FKDQJHV��WHPSHUDWXUH�DQG�VDOLQLW\��LQ�ZDWHU�KHQFH�VWDWLVWLFDO�UHODWLRQVKLSV
PD\� QRW� DOZD\V� EH�REVHUYDEOH�� ,W� LV� FOHDU� WKDW� SK\VLFR�FKHPLFDO� LQWHUDFWLRQV� DUH� FRPSOH[� DQG� ORQJ� WHUP
VDPSOLQJ�ZLWK�VHDVRQDOLW\�DQG�PRXWK� VWDWH�G\QDPLFV�QHHG� WR�EH� WDNHQ� LQWR� FRQVLGHUDWLRQ��7KHUH� LV�D�QHHG� WR
GHYHORS�D�PRUH�KROLVWLF�XQGHUVWDQGLQJ�RI�HVWXDULQH�HFRV\VWHP�IXQFWLRQLQJ�LQ� WKLV�UHJLRQ�

.H\�ZRUGV�(VWXDULHV�� VWDWLVWLFDO� DQDO\VLV�� SK\VLFR�FKHPLFDO� SURSHUWLHV��.ZD=XOX�1DWDO

,1752'8&7,21
(VWXDULHV� DUH� G\QDPLF�� KLJKO\� SURGXFWLYH

HFRV\VWHPV��3LOOD\�HW�DO���������WKDW�DUH�IRXQG�DW�WKH
LQWHUIDFH� RI� WKH� RFHDQ� DQG� WKH� ODQG� �'D\�� ������
6XEVHTXHQWO\�� WKHUH� LV� PXFK� YDULDWLRQ� LQ� WKH
HQYLURQPHQWDO�FRQGLWLRQV�LQ�HVWXDULHV��7KHUH�DUH�VRPH
����HVWXDULHV�LQ�6RXWK�$IULFD��3HULVVLQRWWR�HW�DO���������
7KH� SURYLQFH� RI� .ZD=XOX�1DWDO� LV� VLWXDWHG� RQ� WKH
HDVWHUQ�VHDERDUG�RI�6RXWK�$IULFD� �)LJ�����DQG�KDV�D
FRDVWOLQH�RI�DSSUR[LPDWHO\�����NLORPHWUHV��&KLOOL�������
ZLWK����HVWXDULHV�RI�YDU\LQJ�VL]HV���+RZHYHU��D�VLJQLILFDQW
SURSRUWLRQ�RI�WKHVH�HVWXDULHV�DUH�OHVV�WKDQ������KHFWDUHV
LQ� DUHD� DQG� DUH� FRQVHTXHQWO\� YXOQHUDEOH� WR� KXPDQ
LPSDFWV�DQG�FRQVHTXHQW�GHJUDGDWLRQ��5DPP��������
5HVHDUFK� RQ� WKH� HFRORJ\� DQG� SK\VLFR�FKHPLFDO
FKDUDFWHULVWLFV� RI� WKHVH� HVWXDULHV� EHJDQ� LQ� WKH� HDUO\
����¶V��'D\��������EXW�WKH�PRVW�FRPSUHKHQVLYH�VXUYH\
ZDV�GRQH�DERXW�IRXU�GHFDGHV�DJR�E\�%HJJ��������������
%HJJ��������JURXSHG�WKH�.=1�HVWXDULHV�LQWR�VHYHUDO
FODVVHV� XVLQJ� D� FOXVWHU� DQDO\VLV� WHFKQLTXH� ZKLFK
HQDEOHG�KLP�WR�GHILQH�HVWXDULHV�DV�WUXH�HVWXDULHV��ZLWK
IUHTXHQW� DQG� VLJQLILFDQW� H[FKDQJH� ZLWK� WKH� VHD��
/DJRRQV��ZLWK�LQIUHTXHQW�DQG�LQVLJQLILFDQW�H[FKDQJH
ZLWK�WKH�VHD��DQG��ULYHU�PRXWKV��RSHQ�WR�WKH�VHD��EXW

GXH�WR�D�SHUFKHG�EHG��GLVSOD\HG�QR�VLJQLILFDQW�PL[LQJ
RI�VHDZDWHU�ZLWK�IUHVK�ZDWHU��

:KLOVW�WKH�EDVLF�SULQFLSOHV�RI�%HJJ¶V�FODVVLILFDWLRQ
DUH�VWLOO�UHFRJQLVHG��UHVHDUFKHUV�KDYH�VLQFH�UHILQHG�LW
VRPHZKDW��)RU�LQVWDQFH��D�PDMRULW\�RI�6RXWK�$IULFDQ
HVWXDULHV����������DUH�QRZ�UHJDUGHG�DV� WHPSRUDU\
RSHQHG�FORVHG�HVWXDULHV��72&(���3HULVVLQRWWR�HW�DO��
������7KRPDV�HW�DO���������3HULVVLQRWWR�HW�DO��������
$QDQGUDM�HW�DO����������)XUWKHU��HYHQ�WKRXJK�HVWXDULHV
LQ�6RXWK�$IULFD�DUH�QRUPDOO\�FODVVLILHG�DFFRUGLQJ�WR
WKHLU�PRXWK�VWDWXV��WKDW�LV��ZKHWKHU�WKH\�DUH�RSHQ�RU
FORVHG�� WKH\�PD\�DOVR�EH�VXEGLYLGHG�EDVHG�RQ�WKHLU
VHGLPHQWDU\� IDFLHV� DQG�JHRPRUSKRORJ\� �DV�ZHOO�DV
ZKHWKHU� WKH\� DUH� ULYHU� RU� WLGH�GRPLQDWHG� �&RRSHU�
�������2ZLQJ�WR�WKH�KLJK�UXQRII�WRJHWKHU�ZLWK�ULYHU
FKDQQHO� SURSHUWLHV� DQG� FDWFKPHQW� WRSRJUDSKLF
FKDUDFWHULVWLFV��=LHWVPDQ���������.=1�HVWXDULHV�DUH
PRVWO\�ULYHU�GRPLQDWHG��&RRSHU���������&OLPDWH�LV�DOVR
DQ� LPSRUWDQW� LQIOXHQFLQJ� IDFWRU� RQ� WKH� SK\VLFR�
FKHPLFDO�SDUDPHWHUV��&RRSHU���������3K\VLR�FKHPLFDO
SDUDPHWHUV�DUH�IXQGDPHQWDO�LQ�HVWXDULHV�DV�WKH\�GHILQH
WKH�HQYLURQPHQW�DQG�KHQFH�WKH�ELRORJLFDO�UHVSRQVHV
DQG� ELRJHRJUDSK\� RI� RUJDQLVPV� �+DUULVRQ�� ������



��
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6WXGLHV�KDYH�UDUHO\�ORRNHG�SULPDULO\�DW�WKH�LQWHUDFWLRQV
RI�SK\VLFR�FKHPLFDO�SDUDPHWHUV�LQ�GLIIHUHQW�HVWXDU\
W\SHV� QDPHO\��72&(V�� SHUPDQHQWO\� RSHQHG�� ULYHU
PRXWKV�DQG�HVWXDULQH�ODNHV��7KH�DLP�RI�WKLV�VWXG\�LV�WR
HYDOXDWH�ZKHWKHU�SK\VLFR�FKHPLFDO�SDUDPHWHUV�LQWHUDFW
GLIIHUHQWO\�LQ�GLIIHUHQW�HVWXDU\�W\SHV�DQG�ZKDW�FRXOG
EH�WKH�SRVVLEOH�UHDVRQV�IRU�WKHVH�LQWHUDFWLRQV�

0$7(5,$/6�	�0(7+2'6
)HZ� GDWDVHWV� H[LVW� WKDW� DUH� KRPRJHQHRXV�

KDUPRQL]HG�DQG�LQFOXVLYH�RI�DOO�.=1�HVWXDULHV��)RU�WKLV
VWXG\��VXFK�D�GDWDVHW�VRXUFHG� IURP�+DUULVRQ� ������
DQG� LQFOXGLQJ� VXUYH\� GDWD� RI� SK\VLFR�FKHPLFDO
SDUDPHWHUV�FRQGXFWHG�DW�HDFK�.=1�HVWXDU\�ZHUH�XVHG
�ILJ������3DUDPHWHUV�RI�WKLV�GDWDVHW�LQFOXGH�WHPSHUDWXUH
�R&���VDOLQLW\��S�S�W���S+�DQG�WXUELGLW\��1HSKHORPHWULF
7XUELGLW\�8QLWV��178�����6DPSOLQJ�ZDV�FRQGXFWHG�RYHU
D�ILYH�PRQWK�SHULRG�GXULQJ�WKH�VXPPHU�PRQWKV��2FWREHU
±�0D\�IURP�\HDUV������ WR�������ZKHUH�PRVW�RI� WKH
72&(V��HVWXDULQH�ODNHV�DQG�ULYHU�PRXWKV�ZHUH�LQ�WKH
RSHQ�PRXWK�VWDWH��7KH�RSHQ�PRXWK�VWDWH�LV�GHILQHG�DV
RQH�LQ�ZKLFK�IUHH�LQWHUDFWLRQV�EHWZHHQ�PDULQH�ZDWHU

DQG�HVWXDULQH�ZDWHUV�RFFXU�DW�WKH�PRXWK��(DFK�HVWXDU\
ZDV�FODVVLILHG�DV�HLWKHU�72&(��SHUPDQHQWO\�RSHQHG�
ULYHU�PRXWK�RU�DV�DQ�HVWXDULQH�ODNH��+DUULVRQ��������

6WDWLVWLFDO� DQDO\VLV� ZDV� SHUIRUPHG�XVLQJ� 6366
YHUVLRQ� ����� IRU�:LQGRZV��� 3HDUVRQ� PXOWLSOH
FRUUHODWLRQV� UXQ� WR� HYDOXDWH� LQWHUDFWLRQV� EHWZHHQ
SK\VLFR�FKHPLFDO�SDUDPHWHUV�ZHUH�FOXVWHUHG�DFFRUGLQJ
WR� WKH� HVWXDU\� FODVVLILFDWLRQ� ZLWK� HDFK� LQGLYLGXDO
HVWXDU\�FRQVWLWXWLQJ�D�UHSOLFDWH��$VVXPSWLRQ�WHVWV�IRU
QRUPDOLW\�ZHUH�VLJQLILFDQW�LI�S��VLJQLILFDQW�YDOXH��!�����
HOVH�YDULDEOHV�ZHUH�ORJ�WUDQVIRUPHG�DQG�WKH�DVVXPSWLRQ
WHVW� UH�UXQ�� 7KH� DVVXPSWLRQ� WHVW� IRU� OLQHDULW\� ZDV
HYDOXDWHG�E\�YLVXDO�LQVSHFWLRQ�RI�VFDWWHUSORWV�RI�HDFK
FRPELQDWLRQ�RI�WHVWHG�SK\VLFR�FKHPLFDO�SDUDPHWHUV��,I
WKH�DVVXPSWLRQ�WHVW�IRU�OLQHDULW\�ZDV�VDWLVILHG�WKHQ�RQO\
RQH� RI� WKH� SK\VLFR�FKHPLFDO� SDUDPHWHUV� ZHUH
WUDQVIRUPHG�� 1RQ�SDUDPHWULF� 6SHDUPDQ¶V� UDQN
FRUUHODWLRQV�ZHUH�SHUIRUPHG�LI�DQ\�RI�WKH�DVVXPSWLRQ
WHVWV� ZHUH� QRW� VDWLVILHG�� � $QDO\VHV� RI� YDULDQFH
�$129$V��RI�SK\VLFR�FKHPLFDO�SDUDPHWHUV�LQ�WKH�IRXU
HVWXDU\� W\SHV�ZHUH� DQDO\VHG�� 7KH� DVVXPSWLRQ� WHVWV

)LJ�����7KH�SURYLQFH�RI�.ZD=XOX�1DWDO�VKRZLQJ�WKH�PDMRU�FDWFKPHQWV�DQG�HVWXDULHV��ODEHOOHG�LQ�EOXH�
1XPHURXV�PLQRU�HVWXDULHV�ORFDWHG�EHWZHHQ�WKHVH�PDMRU�HVWXDULHV�DUH�DOVR�LQFOXGHG�LQ�WKLV�VWXG\��,QVHUW��6RXWK

$IULFD��VKRZLQJ�WKH�ORFDWLRQ�RI�.ZD=XOX�1DWDO���6RXUFH��'($7�������



,QW��-��(QYLURQ��5HV���������������:LQWHU�����

��

IRU�QRUPDOLW\�DQG�KRPRVFHGDVWLFLW\�ZHUH�VDWLVILHG�LI�S
�VLJQLILFDQW�YDOXH��!������HOVH�ORJ�WUDQVIRUPDWLRQV�RI
WKH�YDULDEOHV�ZHUH�SHUIRUPHG�DQG�WKH�DVVXPSWLRQ�WHVWV
UH�UXQ�� 1RQ�SDUDPHWULF� .UXVNDO�:DOOLV� WHVWV� ZHUH
SHUIRUPHG�LI�DVVXPSWLRQV�FRXOG�QRW�EH�VDWLVILHG�

5(68/76�	�',6&866,21
7DEOH� �� SUHVHQWV�PHDQ�YDOXHV� RI� HDFK� SK\VLFR�

FKHPLFDO�SDUDPHWHU�IRU�HDFK�RI�WKH�GLIIHUHQW�HVWXDU\
W\SHV��,W�LV�SHUWLQHQW�WR�QRWH�WKDW�WKHUH�LV�D�KLJK�GHJUHH
RI�YDULDELOLW\�LQ�WXUELGLW\�LQ�DOO�HVWXDU\�W\SHV��7KLV�LV
LOOXVWUDWHG�E\�WKH�VSUHDG�RI�WKLV�YDULDEOH��)LJ�����DQG
WKH�KLJK�VWDQGDUG�GHYLDWLRQV��7DEOH�����)HZHU�VDPSOHV
ZHUH�WDNHQ�IRU�RWKHU�HVWXDU\�W\SHV�EHVLGHV�72&(V�DV
IHZ� RI� WKHVH� HVWXDU\� W\SHV� H[LVW� LQ� WKH� VWXG\� DUHD
�SHUPDQHQWO\�RSHQ������HVWXDULQH�/DNH�����DQG�ULYHU
PRXWKV�������7KLV�FRXOG�EH�D�FRQIRXQGLQJ�IDFWRU�DV�WR
ZK\�FHUWDLQ�UHODWLRQVKLSV�H[LVW�DQG�YLFH�YHUVD�

$FFRUGLQJ�WR�WKH�$129$V��S+�LV�RQO\�VLJQLILFDQWO\
GLIIHUHQW�EHWZHHQ�72&(V�DQG�HVWXDULQH�ODNHV��S �����
��������) ��������') �������7XUELGLW\�LV�RQO\�VLJQLILFDQWO\
GLIIHUHQW�EHWZHHQ�ULYHU�PRXWKV�DQG�DOO�RWKHU�HVWXDULQH
W\SHV��S� ���������������) ��������') �������7HPSHUDWXUH
LV� VLJQLILFDQWO\� GLIIHUHQW� EHWZHHQ� HVWXDULQH� ODNHV

(VWXDU\�7\SH

72&(�5LYHU�0RXWK�3HUPDQHQWO\��
RSHQ�

(VWXDULQH��
/DNH�
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DJDLQVW� 72&(V� DQG� SHUPDQHQWO\� RSHQHG� HVWXDULHV
ZKLOVW� WKHUH� DUH� DOVR� GLIIHUHQFHV� LQ� WHPSHUDWXUH
EHWZHHQ�ULYHU�PRXWKV�DJDLQVW�72&(V�DQG�SHUPDQHQWO\
RSHQHG�HVWXDULHV��S� ���������������) ��������') ������
6DOLQLW\�RQO\�GLIIHUV�VLJQLILFDQWO\�EHWZHHQ�HVWXDULQH
ODNHV�DQG�DOO�RWKHU�HVWXDULQH�W\SHV��S� ���������������) 
�������') ������

,W�LV�FOHDU�IURP�7DEOH����WKDW�72&(V�LOOXVWUDWH�YHU\
IHZ�VLJQLILFDQW�FRUUHODWLRQV�EHWZHHQ�SK\VLFR�FKHPLFDO
SDUDPHWHUV�� 7KHUH� LV� RQO\� D� VLJQLILFDQW� SRVLWLYH
FRUUHODWLRQ�SUHVHQW�EHWZHHQ�VDOLQLW\�DQG�S+��7KLV�LV
LQGLFDWHG�E\�UKR� �������U�� ��������7KHUH�DUH�QR�RWKHU
VLJQLILFDQW�FRUUHODWLRQV�EHWZHHQ�RWKHU�FRPELQDWLRQV
RI�SK\VLFR�FKHPLFDO�SDUDPHWHUV�SUHVHQW�LQ�72&(V�

$OO�FRUUHODWLRQV�WHVWHG�EHWZHHQ�SK\VLFR�FKHPLFDO
SDUDPHWHUV�ZHUH�QRW�VWDWLVWLFDOO\�VLJQLILFDQW��7KLV�ZDV
LQGLFDWHG� E\� S� �VLJQLILFDQW� ILJXUH�� !� ����� IRU� DOO
FRUUHODWLRQV�SHUIRUPHG�EHWZHHQ�SDUDPHWHUV�LQ�HVWXDULQH
ODNHV�
��������,Q�SHUPDQHQWO\�RSHQHG�HVWXDULHV��WKHUH�LV�RQO\�RQH
VLJQLILFDQW�FRUUHODWLRQ�SUHVHQW�ZKLFK�LV�WKH�FRUUHODWLRQ
EHWZHHQ�VDOLQLW\�DQG�WXUELGLW\��7DEOH�����$Q�UKR� ��
������LQGLFDWHV�WKDW�WKH�FRUUHODWLRQ�LV�QHJDWLYH�LQ�QDWXUH�

7DEOH����0HDQ�YDOXHV�IRU�HDFK�SK\VLFR�FKHPLFDO�SDUDPHWHU�LQ�GLIIHUHQW�HVWXDU\�W\SHV

1� S+� 7XUELGLW\��178�� 7HPSHUDWXUH ��R&�� 6DOLQLW\��SSW��

72&(V� ��� ����������� ������������� ������������ �����������
3HUPDQHQW�
2SHQ�

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

(VWXDULQH�
/DNH�

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

5LYHU �PRXWKV� �� ����������� ����������������� ������������ �����������

��6WDQGDUG�GHYLDWLRQ�LV�LQGLFDWHG�LQ�EUDFNHWV

)LJ�����9DULDQFH�IRU�WXUELGLW\�DJDLQVW�HDFK�RI�WKH�HVWXDU\�W\SHV�ZLWK�����FRQILGHQFH�LQWHUYDOV



��

SK\VLFR�FKHPLFDO�SURSHUWLHV�RI�WKH�HVWXDULHV

5LYHU�PRXWKV�DV�DQ�HVWXDU\�W\SH�LOOXVWUDWH�WKH�PRVW
VLJQLILFDQW� UHODWLRQVKLSV� EHWZHHQ� SK\VLFR�FKHPLFDO
SDUDPHWHUV��7DEOH�����S+�LV�VLJQLILFDQWO\�FRUUHODWHG�ZLWK
ERWK�WHPSHUDWXUH�DQG�VDOLQLW\��U� ���������DQG�UKR� 
������IRU�S+�YHUVXV�WHPSHUDWXUH�DQG�S+�YHUVXV�VDOLQLW\
UHVSHFWLYHO\� LQGLFDWH� WKDW� WKH� FRUUHODWLRQV� DUH
VWURQJ�+LJK�UDLQIDOO�DFURVV�WKH�SURYLQFH�RI�.ZD=XOX�
1DWDO� �=LHWVPDQ�� ������ \LHOGV� KLJK� UXQ�RII� ZKLFK
FRQWULEXWH�WR�DSSUHFLDEOH�EUHDFKLQJ�DQG�VFRXULQJ�RI
HVWXDULHV��$QDQGUDM�HW�DO����������6DPSOLQJ�ZDV�GRQH
GXULQJ� VXPPHU� ZKHQ� HVWXDULHV� ZHUH� RSHQ�
6XEVHTXHQWO\�� WKHUH� ZRXOG� KDYH� EHHQ� D� ODFN� RI
UHODWLRQVKLSV�SUHVHQW�LQ�SK\VLFR�FKHPLFDO�SDUDPHWHUV

7DEOH����&RUUHODWLRQV�EHWZHHQ�IRXU�WHVWHG�SK\VLFR�FKHPLFDO�SDUDPHWHUV�LQ�.=1�HVWXDULQH�ODNHV

6WDWLVWLF� S+� 7XUELGLW\��178�� 7HPSHUDWXUH ��
R
&�� 6DOLQLW\��SSW� �

S+�� U�UKR ����� ����� �����
S� ����� ����� �����

7XUELGLW\��178��� U�UKR ����� ����� �����
S� ����� ����� �����

7HPSHUDWXUH ��R&� � U�UKR ����� ����� �����
S� ����� ����� �����

6DOLQLW\��SSW��� U�UKR ����� ����� �����
S� ����� ����� �����

���5HODWLRQVKLS�LV�VLJQLILFDQW
��3DUDPHWHUV�LQ�EROG�UHSUHVHQW�WKH�XVH�WKH�6SHDUPDQ¶V�QRQ�SDUDPHWULF�WHVW

LQ� 72&(V� �7DEOH� ��� DV� FRQVWDQW� EUHDFKLQJ� ZRXOG
FKDQJH� WKH� HQYLURQPHQWDO� FRQGLWLRQV� FRQVWDQWO\
�*DWWXVR�HW�DO���������=LHWVPDQ���������+DORFOLQHV�DQG
WKHUPRFOLQHV�PD\�EH�SUHVHQW�LQ�PDULQH�V\VWHPV�RZLQJ
WR�GLIIHUHQFHV� LQ�VDOLQLW\�DQG� WHPSHUDWXUHV�EHWZHHQ
VXUIDFH�DQG�GHHS�ZDWHUV��7UXMLOOR�	�7KXUPDQ�������
KRZHYHU� WKHVH� UHODWLRQVKLSV�ZHUH�QRW� SUHVHQW��7KLV
FRXOG�EH�GXH�WR�WKH�HXSKRWLF�GHSWK�EHLQJ�WKH�VDPH�DV
WKH� WRWDO�GHSWK� GXULQJ� WKH� RSHQ� SKDVH� �&ROH�HW� DO��
������8QGHUZRRG�	�.URPNDPS��������7KRPDV�HW�DO��
������$QDQGUDM�HW�DO���������UHVXOWLQJ�LQ�QR�WHPSHUDWXUH
GLIIHUHQFHV�EHWZHHQ�VXUIDFH�DQG�GHHS�ZDWHU��%UHDFKLQJ
PD\�DOVR�FDXVH�FRQVWDQW�IOXVKLQJ�RI�ZDWHU�RXW�RI�WKH

7DEOH����&RUUHODWLRQV�EHWZHHQ�IRXU�WHVWHG�SK\VLFR�FKHPLFDO�SDUDPHWHUV�LQ�.=1�72&(V

6WDW LVWLF� S+� 7XUELGLW\�A�178�� 7HPSHUDWXUH��R&�� 6DOLQLW\��SSW��
S+� U�UKR ������ ����� �������

S� ����� ����� �����
7XUELGLW\��178��A� U�UKR ������ ������ ������

S� ����� ����� �����
7HPSHUDWXUH ��R&� � U�UKR ����� ������ �����

S� ����� ����� �����
6DOLQLW\��SSW��� U�UKR ������ ������ �����

S� ����� ����� �����
A���/RJ�WUDQVIRUPHG�YDULDEOH
���5HODWLRQVKLS�LV�VLJQLILFDQW
������3DUDPHWHUV�LQ�EROG�UHSUHVHQW�WKH�XVH�WKH�6SHDUPDQ¶V�QRQ�SDUDPHWULF�WHVW

7DEOH����&RUUHODWLRQV�EHWZHHQ�IRXU�WHVWHG�SK\VLFR�FKHPLFDO�SDUDPHWHUV�LQ�.=1�SHUPDQHQWO\�RSHQHG�HVWXDULHV

6WDWLVW LF� S+� 7XUELGLW\��178�� 7HPSHUDWXUH��
R
&�� 6DOLQ LW\��SSW ��

S+�� U�UKR ������ ����� �����
S� ����� ����� �����

7XUELGLW\��178��� U�UKR � ����� ������ ��������
S� ����� ����� �����

7HPSHUDWXUH ��R&� � U�UKR ����� ������ �����
S� ����� ����� �����

6DOLQLW\��SSW��� U�UKR ����� �������� �����
S� ����� ����� �����

���5HODWLRQVKLS�LV�VLJQLILFDQW
��3DUDPHWHUV�LQ�EROG�UHSUHVHQW�WKH�XVH�WKH�6SHDUPDQ¶V�QRQ�SDUDPHWULF�WHVW



��

,QW��-��(QYLURQ��5HV���������������:LQWHU�����

HVWXDU\��WKH�FRQVWDQW�PL[LQJ�RI�IUHVKZDWHU�DQG�VHDZDWHU
LQKLELWV�WKH�IRUPDWLRQ�RI�KDORFOLQHV�DQG�PDNH�WKH�ZDWHU
FROXPQ�KRPRJHQHRXV��*DWWXVR�HW�DO���������7UXMLOOR�	
7KXUPDQ��������$QDQGUDM�HW�DO���������

8QGHUO\LQJ�ZDWHU�LQ�GHHS�HVWXDULHV�PD\�EH�OHVV
WXUELG� RZLQJ� WR� UHGXFHG� LQWHUIHUHQFH� E\�ZDYHV� DQG
VXEVHTXHQWO\� OHVV� GLVWXUEDQFH� RI� WKH� HVWXDU\� EHG
�8QGHUZRRG�	�.URPNDPS���������+RZHYHU��VHGLPHQWV
VXFK�DV�FOD\V�LQ�FRQVWDQW�VXVSHQVLRQ�ZLOO�LQKHUHQWO\
UHVXOW�LQ�WXUELG�ZDWHU��8QGHUZRRG�	�.URPNDPS�������
7UXMLOOR�	� 7KXUPDQ�� ������� +LJK� WXUELGLW\� ZRXOG
QRUPDOO\� FDXVH� OHVV� OLJKW� SHQHWUDWLRQ�ZKLFK�ZRXOG
FKDQJH� WKH� WHPSHUDWXUH� WR� LQFUHDVH� KRZHYHU� QR
VLJQLILFDQW� UHODWLRQVKLS� H[LVWV�� 7KH� VLJQLILFDQW
UHODWLRQVKLS�EHWZHHQ�VDOLQLW\�DQG�S+�LV�H[SHFWHG�DV
VDOLQLW\�LQIOXHQFHV�WKH�DPRXQW�RI�GLVVROYHG�&2

�
�ZKLFK

LV�LQYROYHG�LQ�WKH�EXIIHULQJ�RI�VHDZDWHU��DQ�LQFUHDVH�LQ
VDOLQLW\�ZLOO�FDXVH�FKDQJHV�LQ�WKH�VROXELOLW\�RI�&2

�
�ZKLFK

ZLOO�FDXVH�DQ�LQLWLDO�LQFUHDVH�LQ�S+��EXIIHULQJ�ZLOO�FDXVH
WKH�V\VWHP�WR�UHWXUQ�WR�DQ�HTXLOLEULXP��$EULO�	�%RUJHV�
������*DUFtD�/XTXH�HW�DO��������7UXMLOOR�	�7KXUPDQ�
�������6DOLQLW\�DQG�WHPSHUDWXUH�QRW�EHLQJ�UHODWHG�DOVR
VXJJHVWV�WKDW�WKH�HVWXDULHV�DUH�ZHOO�PL[HG�RZLQJ�WR
EUHDFKLQJ�RI�WKH�VDQG�EDUULHU�DW�WKH�PRXWK��*DWWXVR�HW
DO���������

(VWXDULQH�ODNHV�DUH�WKRVH�WKDW�KDYH�GHYHORSHG�LQ
FRDVWDO�SODLQV��7KHUH�DUH�RQO\�WKUHH�LQ�.=1�ORFDWHG�LQ
WKH�QRUWKHUQ�SDUW�RI�WKH�SURYLQFH��&RRSHU���������5HVXOWV
LQGLFDWH� WKDW� WKHUH� DUH� QR� VLJQLILFDQW� UHODWLRQVKLSV
SUHVHQW� EHWZHHQ� SK\VLFR�FKHPLFDO� SDUDPHWHUV� LQ
HVWXDULQH�ODNHV��(VWXDULQH�ODNHV�FDQ�EH�GHVFULEHG�DV�WLGH�
GRPLQDWHG� HVWXDULHV� DQG� WKLV�PD\� DFFRXQW� IRU� WKHLU
VLJQLILFDQWO\�KLJKHU�VDOLQLW\�DV�FRPSDUHG�WR�RWKHU�HVWXDU\
W\SHV�����������������S���������) ��������')� �������WKLV
VXJJHVWV� WKDW� WKHUH� LV� D� KLJK� GHJUHH� RI� LQWUXVLRQ� E\
WLGHV��&RRSHU���������7KH�FRQVWDQW�HEE�DQG�IORZ�RI�WLGHV
ZRXOG�FDXVH�PRUH�PL[LQJ��*UDQJH�HW�DO���������DQG
VXEVHTXHQWO\� VWRSV� VWUDWLILFDWLRQ� E\� WHPSHUDWXUH� RU
VDOLQLW\��+HQFH�LW�LV�ORJLFDO�WKDW�QR�UHODWLRQVKLS�EHWZHHQ
VDOLQLW\�DQG�WHPSHUDWXUH�DJDLQVW�RWKHU�SK\VLFR�FKHPLFDO
YDULDEOHV�ZDV�GHWHFWHG��6LQFH�WKH�ZDWHU�FROXPQ�LV�QRW

7DEOH����&RUUHODWLRQV�EHWZHHQ�IRXU�WHVWHG�SK\VLFR�FKHPLFDO�SDUDPHWHUV�LQ�.=1�ULYHU�PRXWKV

6WDWLVW LF� S+� 7XUELGLW\��178�� 7HPSHUDWXUH��
R
&�� 6DOLQLW\��SSW��

S+�� U�UKR ������ �������� ������ �
S� ����� ����� �����

7XUELGLW\��178��� U�UKR ������ ����� ������
S� ����� ����� �����

7HPSHUDWXUH ��R&� � U�UKR �������� ����� ������
S� ����� ����� �����

6DOLQLW\��SSW��� U�UKR ������� ������ ������
S� ����� ����� �����

���5HODWLRQVKLS�LV�VLJQLILFDQW
��,WHPV�LQ�EROG�UHSUHVHQW�WKH�XVH�WKH�6SHDUPDQ¶V�QRQ�SDUDPHWULF�WHVW

VWUDWLILHG�� QR� UHODWLRQVKLSV� EHWZHHQ� S+� DQG� RWKHU
YDULDEOHV�DUH�H[SHFWHG�

$Q� DYHUDJH� GHSWK� RI� ������� �� ������ FP� LQ
SHUPDQHQWO\� RSHQHG� HVWXDULHV� LQ�.=1� VXJJHVW� WKDW
WKHVH� HVWXDULHV� DUH� VKDOORZ� DQG� WKHUH� LV� OLWWOH� WR� QR
GLIIHUHQWLDWLRQ�EHWZHHQ�WRS�DQG�ERWWRP�ZDWHU��&RQVWDQW
IOXVKLQJ� RI�WKH� HVWXDU\�PD\� LQKLELW� WKH�IRUPDWLRQ� RI
KDORFOLQHV�DQG�WKHUPRFOLQHV��7UXMLOOR�	�7KXUPDQ��������
S+�QRW�EHLQJ�UHODWHG�WR�VDOLQLW\�	�WHPSHUDWXUH��*DUFtD�
/XTXH�HW�DO���������7UXMLOOR�	�7KXUPDQ��������LV�DOVR
SUREDEO\�GXH�WR�FRQVWDQW�YHUWLFDO�PL[LQJ�LQ�WKH�ZDWHU
FROXPQ� DQG� IOXVKLQJ� DV� ZDWHU� ZLOO� KDYH� D� VKRUW
UHVLGHQFH�WLPH�LQ�HVWXDULHV��*DWWXVR�HW�DO����������7KH
RQH�VLJQLILFDQW�UHODWLRQVKLS�LV�QHJDWLYH��WKDW�LV��WXUELGLW\
DJDLQVW� VDOLQLW\� �7DEOH� ���� 7KLV� UHODWLRQVKLS� VHHPV
LPSODXVLEOH� DV� LW� LV� PRUH� OLNHO\� WKDW� D� SRVLWLYH
UHODWLRQVKLS�PD\�H[LVW�ZKHUH�DQ�LQFUHDVH�LQ�WXUELGLW\
DV�D�UHVXOW�RI�PRUH�GLVWXUEDQFHV�RI�VHGLPHQWV�ZKLFK
FRXOG�LQFUHDVH�GLVVROYHG�PDWWHU�FRQFHQWUDWLRQV�LQ�WKH
ZDWHU�FROXPQ��$QDQGUDM�HW�DO���������

(VWXDULHV� FODVVLILHG� DV� U LYHU � PRXWKV� DUH
FKDUDFWHUL]HG�E\�EHLQJ�ULYHU�GRPLQDWHG��&RRSHU��������
+LJKHU�WXUELGLW\��7DEOH����LQ�ULYHU�PRXWKV�FRPSDUHG�WR
DOO�RWKHU�HVWXDU\�W\SHV��S���������) ��������'�)�� �����
PD\�FRQWULEXWH�WR�OHVV�SHQHWUDWLRQ�RI�OLJKW�LQWR�GHHSHU
ZDWHUV� KHQFH� FRQWULEXWLQJ� WR� WKH� GHYHORSPHQW� RI
WKHUPRFOLQHV��8QGHUZRRG�	�.URPNDPS���������7KH
UHODWLRQVKLS� EHWZHHQ�S+� DJDLQVW� WHPSHUDWXUH� DQG
VDOLQLW\�LV�FRPSOH[��7KH�SRVVLELOLW\�RI�D�WKHUPRFOLQH
VXJJHVWV� WKDW� OHVV�&2

�
�ZRXOG�EH�DEOH� WR�GLVVROYH� LQ

WKH�ZDWHU�ERG\�ZKLFK�FRXOG�FDXVH�WKH�S+�WR�IOXFWXDWH�
LQ�WXUQ�DIIHFWLQJ�EXIIHULQJ��7UXMLOOR�	�7KXUPDQ��������
$OVR��IOXFWXDWLRQV�LQ�VDOLQLW\��RZLQJ�WR�PL[LQJ��DIIHFWV
WKH�GHQVLW\�RI�ZDWHU�ZKLFK�DIIHFWV�WKH�DELOLW\�RI�ZDWHU
WR�KROG�&2

�
�DQG�WKLV��ZLOO�DOVR�DIIHFW�WKH�S+��$EULO�	

%RUJHV��������*DUFtD�/XTXH�HW�DO����������,W�LV�LPSRUWDQW
WR� QRWH� WKDW� FDXWLRQ�PXVW� EH� WDNHQ�ZKHQ� GUDZLQJ
FRQFOXVLRQV� DERXW� UHODWLRQVKLSV� LQ� ULYHU�PRXWKV� LQ
.=1�� (YHQ� WKRXJK� VWURQJ� UHODWLRQVKLSV� H[LVW�� WKH
VDPSOH� VL]H� LV� RQO\� HLJKW� DV� WKHUH� DUH� RQO\� WKUHH
FODVVLILHG�ULYHU�PRXWKV�SUHVHQW�LQ�.=1�



��

&21&/86,21
,W�LV� FOHDU�WKDW� WKH�LQWHUDFWLRQV�EHWZHHQ�SK\VLFR�

FKHPLFDO�SDUDPHWHUV�DUH�H[WUHPHO\�FRPSOH[��'XH�WR�WKH
GHDUWK�LQ�DYDLODELOLW\�RI�FRPSOHWH��ORQJ�WHUP�GDWD��WKLV
VWXG\�XWLOL]HG�DYDLODEOH�SK\VLFR�FKHPLFDO�GDWD�IRU�WKH
VXPPHU�VHDVRQ��+RZHYHU�� VDPSOLQJ� RQO\�GXULQJ� WKH
VXPPHU�PRQWKV��2FWREHU�WR�)HEUXDU\��GXULQJ�WKH�RSHQ
SKDVH� GRHV� QRW� SURYLGH� WKH� FRPSOHWH� VXLWH� RI
LQWHUUHODWLRQVKLSV�SUHVHQW��'XULQJ�VXPPHU��HVWXDULHV
EUHDFK�PXFK�PRUH�IUHTXHQWO\�RZLQJ�WR�KLJKHU�KLQWHUODQG
UDLQIDOO�ZKLFK�FDXVHV�D�UHGXFWLRQ�LQ�WKH�UHVLGHQFH�WLPH
LQ�HVWXDULHV��+DUULVRQ��������=LHWVPDQ��������7UXMLOOR�	
7KXUPDQ���������9HUWLFDO�PL[LQJ�LQKLELWV�WKH�IRUPDWLRQV
RI� S\FQRFOLQHV�ZKLFK�PD\� FDXVH�PRUH� LQWHUDFWLRQV
EHWZHHQ�SDUDPHWHUV��7UXMLOOR�	�7KXUPDQ���������$OVR
WKH�IDFW�WKDW�WKH�HXSKRWLF�GHSWK�PD\�EH�WKH�VDPH�DV�WKH
WRWDO�GHSWK�PHDQV�WKDW�WKHUH�LV�OHVV�VWUDWLILFDWLRQ�LQ�WKH
ZDWHU�FROXPQ�ZKLFK�DLGV�LQ�WKH�IRUPDWLRQ�RI�S\FQRFOLQHV
�&ROH�HW�DO���������8QGHUZRRG�	�.URPNDPS�������
7KRPDV�HW�DO���������$QDQGUDM�HW�DO����������,W�LV�FOHDU
WKDW�SK\VLFR�FKHPLFDO�LQWHUDFWLRQV�DUH�FRPSOH[�DQG�ORQJ
WHUP� VDPSOLQJ� ZLWK� VHDVRQDOLW\� DQG�PRXWK� VWDWH
G\QDPLFV�QHHG�WR�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ�WR�REWDLQ
D�KROLVWLF�XQGHUVWDQGLQJ�RI�WKHVH�UHODWLRQV�

$&.12:/('*(0(176
'U��7�'��+DUULVRQ�LV�JUDWHIXOO\�DFNQRZOHGJHG�IRU

SURYLGLQJ�WKH�GDWD�IRU�WKLV�VWXG\�

5()(5(1&(6
$EULO�� *�� DQG� %RUJHV��$��9�� �������� &DUERQ� GLR[LGH� DQG
PHWKDQH�HPLVVLRQV�IURP�HVWXDULHV��,Q�7UHPEOD\��$��9DUIDOY\�
/�� 5RHKP�� &�� DQG�*DUQHDX��0�� �HG���� *UHHQKRXVH� JDV
HPLVVLRQV��IOX[HV�DQG�SURFHVVHV��K\GURHOHFWULF�UHVHUYRLUV�DQG
QDWXUDO�HQYLURQPHQWV��SS�����������(QYLURQPHQWDO�6FLHQFH
6HULHV��6SULQJHU��%HUOLQ��+HLGHOEHUJ��1HZ�<RUN�

$QDQGUDM��$�� 3HULVVLQRWWR�� 5�� DQG�1R]DLV�� &�� ��������$
FRPSDUDWLYH� VWXG\� RI�PLFURDOJDO� SURGXFWLRQ� LQ� D�PDULQH
YHUVXV� D� ULYHU�GRPLQDWHG� WHPSRUDULO\�RSHQ�FORVHG� HVWXDU\�
6RXWK�$IULFD��(VWXDULQH��&RDVWDO�DQG�6KHOI�6FLHQFH�����������
��������

%HJJ��*��:����������7KH�HVWXDULHV�RI�1DWDO��1DWDO�7RZQ�DQG
5HJLRQDO�3ODQQLQJ�5HSRUW�� .ZD=XOX�1DWDO�� 6RXWK�$IULFD�
��������SS�

%HJJ��*��:�� ��������7KH� HVWXDULHV� RI�1DWDO� 3DUW����1DWDO
7RZQ�DQG�5HJLRQDO�3ODQQLQJ�5HSRUW��.ZD=XOX�1DWDO��6RXWK
$IULFD������ ����SS�

&KLOOL��1��6����������$�VWXG\�RI� WKH� HQYLURQPHQWDO� LPSDFWV
�QDWXUDO� DQG� DQWKURSRJHQLF�� RQ� WKH� HVWXDULHV� RI�.ZD=XOX�
1DWDO�� 6RXWK� $IULFD�� LPSOLFDWLRQV� IRU� PDQDJHPHQW�
8QSXELVKHG� 3K'� GLVVHUWDWLRQ��8QLYHUVLW\� RI�.ZD=XOX�
1DWDO��'XUEDQ�

&ROH�� -�� -�� &DUDFR��1�� )�� DQG� 3HLHUOV��%�� /�� �������� &DQ
SK\WRSODQNWRQ�PDLQWDLQ�D�SRVLWLYH�FDUERQ�EDODQFH�LQ�D�WXUELG�
IUHVKZDWHU�� WLGDO� HVWXDU\"� /LPQRORJ\� DQG�2FHDQRJUDSK\�
������������������

&RRSHU��-��$��*����������*HRPRUSKRORJLFDO�YDULDELOLW\�DPRQJ
PLFURWLGDO�HVWXDULHV�IURP�WKH�ZDYH�GRPLQDWHG�6RXWK�$IULFDQ
FRDVW��*HRPRUSKRORJ\������������ �������

'D\��-��+����������(VWXDULQH�HFRORJ\�ZLWK�SDUWLFXODU�UHIHUHQFH
WR�6RXWKHUQ�$IULFD��$$�%DONHPD��&DSH�7RZQ������SS�

'($7�� �������� 6RXWK� $IULFDQ� /DQG� &RYHU� 5HSRUW�
'HSDUWPHQW� RI� (QYLURQPHQWDO� $IIDLUV� DQG� 7RXULVP�
*RYHUQPHQW�RI�6RXWK�$IULFD�

*DUFtD�/XTXH��(��)RUMD��-��0��DQG�*yPH]�3DUUD��$���������
&KDUDFWHUL]DWLRQ� RI� DWPRVSKHUH±ZDWHU�H[FKDQJH�SURFHVVHV
RI�&2

�
� LQ� HVWXDULHV� XVLQJ� G\QDPLF� VLPXODWLRQ�� -RXUQDO� RI

0DULQH�6\VWHPV����� ������� �������

*DWWXVR�� -�� 3�� )UDQNLJQRXOOH�0�� DQG�:ROODVW��5�� �������
&DUERQ� DQG� FDUERQDWH� PHWDEROLVP� LQ� FRDVWDO� DTXDWLF
HFRV\VWHPV��$QQXDO� 5HYLHZ�RI�(FRORJ\�DQG� 6\VWHPDWLFV�
������������

*UDQJH��1��:KLWILHOG��$��.��'H�9LOOLHUV��&��-��DQG�$OODQVRQ�
%��5����������7KH�UHVSRQVH�RI�WZR�6RXWK�$IULFDQ�HDVW�FRDVW
HVWXDULHV�WR�DOWHUHG�ULYHU�IORZ�UHJLPHV��$TXDWLF�&RQVHUYDWLRQ�
0DULQH�DQG�)UHVKZDWHU�(FRV\VWHPV����� �������������

+DUULVRQ��7�� '�� �������� 3K\VLFR�FKHPLFDO�FKDUDFWHULVWLFV� RI
6RXWK�$IULFDQ�HVWXDULHV�LQ�UHODWLRQ�WR�WKH��]RRJHRJUDSK\�RI�WKH
UHJLRQ��(VWXDULQH��&RDVWDO�DQG�6KHOI�6FLHQFH����������������

3HULVVLQRWWR��5��:DONHU�� '��5��:HEE��3��:RROGULGJH��7��+�
DQG� %DOO\�� 5�� ��������5HODWLRQVKLSV� EHWZHHQ� ]RR�� DQG
SK\WRSODQNWRQ� LQ� D�ZDUP� WHPSHUDWH�� VHPL�SHUPDQHQWO\
FORVHG� HVWXDU\��6RXWK�$IULFD��(VWXDULQH��&RDVWDO�DQG�6KHOI
6FLHQFH��������������

3HULVVLQRWWR��5�� ,\HU��.�� DQG�1R]DLV�� &�� �������� 5HVSRQVH
RI�PLFURSK\WREHQWKRV� WR� IORZ�DQG� WURSKLF�YDULDWLRQ� LQ� WZR
6RXWK�$IULFDQ� WHPSRUDULO\� RSHQHG�FORVHG� HVWXDU\�� %RWDQLFD
0DULQD������������

3LOOD\��6��/LQGVD\��3��/XWFKPLDK��6��DQG�*HQJDQ��5��0���������
0RUSKRORJ\�DQG�VHGLPHQW�G\QDPLFV�RI�WKH�HSKHPHUDO�0IROR]L
HVWXDU\��.=1��6RXWK�$IULFD�� 6RXWK�$IULFDQ�*HRJUDSKLFDO
-RXUQDO������������������

5DPP��$�� /�� ��������$SSOLFDWLRQ� RI� WKH� FRPPXQLW\
GHJUDGDWLRQ�LQGH[�WR�6RXWK�$IULFDQ�HVWXDULHV��:DWHU�5HVHDUFK�
����������������

7KRPDV��&��0��3HULVVLQRWWR�� 5�� DQG�.LELULJH�� ,�� �������
3K\WRSODQNWRQ� ELRPDVV� DQG� VL]H� VWUXFWXUH� LQ� WZR� 6RXWK
$IULFDQ� HXWURSKLF�� WHPSRUDULO\� RSHQ�FORVHG� HVWXDULHV�
(VWXDULQH��&RDVWDO�DQG�6KHOI�6FLHQFH��������������������

7UXMLOOR��$��3�� DQG�7KXUPDQ��+��9�� ��������(VVHQWLDOV� RI
RFHDQRJUDSK\��(LJKWK� HGLWLRQ��3UHQWLFH� +DOO��1HZ� -HUVH\�
���� SS�

8QGHUZRRG��*��-��&�3HUNLQV��5��*��&RQVDOYH\��0��&��+DQORQ�
$��5��0��2[ERURXJK��.��%DNHU��1��5��DQG�3DWHUVRQ��'��0�
�������� 3DWWHUQV� LQ� PLFURSK\WREHQWKLF� SULPDU\
SURGXFWLYLW\�� 6SHFLHV�VSHFLILF� YDULDWLRQ� LQ� PLJUDWRU\
UK\WKPV� DQG� SKRWRV\QWKHWLF� HIILFLHQF\� LQ� PL[HG�VSHFLHV
ELRILOPV��/LPQRORJ\� DQG�2FHDQRJUDSK\������������������

=LHWVPDQ�� ,�� ��������+\GURG\QDPLFV� RI� WHPSRUDU\� RSHQ
HVWXDULHV�� ZLWK� FDVH� VWXGLHV� RI� 0KODQJD� DQG�0GORWL�
8QSXEOLVKHG�06F��'LVVHUWDWLRQ�� 8QLYHUVLW\� RI�.ZD=XOX�
1DWDO��'XUEDQ�

3LOOD\��.���DQG��3LOOD\��6�
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5HFHLYHG� ��1RY�� ����� �� �� � � �� � �� ��� ��5HYLVHG���6HS������� �� � � � � � � � � � � � � �$FFHSWHG����6HS������

&RUUHVSRQGLQJ�DXWKRU�(�PDLO�� UERUMD#FLFD�HV

��

'HQLWULILFDWLRQ�YLD�1LWULWH�LQ�D�0RGLILHG�8$6%�UHDFWRU�XVLQJ�&KLOHDQ
]HROLWH�DV�0LFURELDO�6XSSRUW

*XHUUHUR��/�����9DVTXH]��0����%DUDKRQD��$�����0RQWDOYR��6���DQG��%RUMD��5��

�'HSDUWPHQW�RI�&KHPLFDO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��)HGHULFR�6DQWD�0DU D
7HFKQLFDO�8QLYHUVLW\��$YH��(VSDxD�������9DOSDUD VR��&KLOH

�'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ��6DQWLDJR�GH�&KLOH�8QLYHUVLW\��$YH��/LE�
%HUQDUGR�2¶+LJJLQV�������6DQWLDJR�GH�&KLOH��&KLOH

��,QVWLWXWR�GH�OD�*UDVD��&6,&����$YGD��3DGUH�*DUFtD�7HMHUR�����������6HYLOOD��6SDLQ

$%675$&7��7KH�JHQHUDO�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�GHYHORS�D�KLJKO\�HIILFLHQW��HFRQRPLFDO�DQG
LQWHJUDWHG�WHFKQRORJ\�IRU�WKH�UHPRYDO�RI�QLWURJHQ�FRPSRXQGV�WKURXJK�GHQLWULILFDWLRQ�YLD�QLWULWH��7R
DFKLHYH�WKLV��D�PRGLILHG�8$6%�UHDFWRU�ZDV�GHVLJQHG��VHW�XS�DQG�RSHUDWHG�XVLQJ�&KLOHDQ�]HROLWH�DV
PLFURELDO�VXSSRUW��7KH�UHVXOWV�ZHUH�FRPSDUHG�WR�D�FRQYHQWLRQDO�8$6%�UHDFWRU�XVHG�DV�FRQWURO��7KH
YROXPH�RI�HDFK�UHDFWRU�ZDV���/��7KH�UHDFWRUV�RSHUDWHG�ZLWK�V\QWKHWLF�ZDVWHZDWHU�XQGHU�WKH�VDPH
RSHUDWLQJ�FRQGLWLRQV��ZLWK�VXSHUILFLDO�YHORFLWLHV��Y

V
��RI�XS�WR���P�K��LQ�WKH�ILUVW�SDUW�RI�WKH�H[SHULPHQW�

/DWHU��GXULQJ�WKH�VHFRQG�SDUW�RI�WKH�H[SHULPHQW��RQO\�WKH�PRGLILHG�8$6%�ZDV�XVHG��ZLWK�Y
V
�RI�XS�WR

����P�K��,Q�WKH�ILUVW�SDUW�RI�WKH�H[SHULPHQW��D�KLJKHU�YHORFLW\�RI�GHQLWULILFDWLRQ�LQ�WKH�UHDFWRU�ZLWK
]HROLWH�ZDV�REWDLQHG��1LWURJHQ�UHPRYDO�DW�WKH�HQG�RI�WKLV�H[SHULPHQWDO�VHW�IRU�ERWK�UHDFWRUV��ZLWK�D�Y

V

ORZHU�WKDQ���P�K��ZDV� ����� ,Q� WKH�VHFRQG�VWDJH�� WKH�PRGLILHG�8$6%�UHDFWRU�RSHUDWHG�DW�Y
V
�RI

EHWZHHQ�����DQG�����P�K��+HUH��LW�ZDV�REVHUYHG�WKDW�WKH�UHPRYDO�RI�QLWULWH�LQFUHDVHG�VLJQLILFDQWO\�
6SHFLILFDOO\��DW�Y

V�
YDOXHV�RI����������DQG�����P�K��D�YDOXH�RI�WKH�QLWURJHQ�ORDGLQJ�UDWH��1/5��RI������NJ

1�12
�
��P��G�ZDV�NHSW�FRQVWDQW��DFKLHYLQJ�QLWURJHQ�UHPRYDO�HIILFLHQFLHV�RI����������DQG������

UHVSHFWLYHO\��7KLV�ODVW�YDOXH�SURYHV�KRZ�KLJKO\�HIIHFWLYH�WKH�PRGLILHG�8$6%�UHDFWRU�LV�ZKHQ�RSHUDWLQJ
ZLWK�Y

V
�DV�KLJK�DV�����P�K�

.H\��ZRUGV�'HQLWULILFDWLRQ�YLD�QLWULWH��0RGLILHG�8$6%��=HROLWH��0LFURELDO�VXSSRUW

,1752'8&7,21
%LRORJLFDO�WUHDWPHQWV�IRU�WKH�HOLPLQDWLRQ�RI�QLWURJHQ

IURP� ZDVWHZDWHUV� DUH� WKH� PRVW� IUHTXHQWO\� XVHG
SURFHVVHV�� 7KH\�DUH�PRUH�DGYDQWDJHRXV� LQ� WHUPV� RI
FRVW�WKDQ�SK\VLFDO�FKHPLFDO�SURFHVVHV��7KH�DSSOLFDWLRQ
RI�WKLV�W\SH�RI�WUHDWPHQWV�LV�JHQHUDOO\�FDUULHG�RXW�ZLWK
WKH� DLP�RI� GHFUHDVLQJ� WKH� FRQFHQWUDWLRQ� RI� RUJDQLF
FRPSRXQGV� DQG� QLWURJHQ�� 1LWURJHQ� LV� IRXQG� LQ� LWV
GLIIHUHQW�IRUPV�LQ�ZDVWHZDWHUV��&KHQ�HWDO���������)HU]DQL
HW�DO���������+LOO�HW�DO���������0WHOKLZD�HW�DO���������7DVHOL�
������&RHW]HH�HW�DO����������,W�LV�D�E\�SURGXFW�RI�LQGXVWULDO
SURFHVVHV�PDLQO\�IURP�WKH�IHUWLOL]HU��IRRG��DJULFXOWXUDO
DQG�OLYHVWRFN�LQGXVWULHV�DQG�FDQ�IUHTXHQWO\�FDXVH�WKH
FRQWDPLQDWLRQ� RI� WKH� FRXUVH� RI� ZDWHU� UHFHSWRUV
�0RQWDOYR�HW�DO����������)XUWKHUPRUH��WKHVH�ELRORJLFDO
WUHDWPHQWV�HQWDLO�FHUWDLQ�GLVDGYDQWDJHV��)RU�H[DPSOH�

LQ�WRWDO�QLWULILFDWLRQ��WKH�QLWULILFDWLRQ�RI�ZDWHU�ZLWK�KLJK
QLWURJHQ� ORDGV� LPSOLHV� HOHYDWHG� DHUDWLRQ� FRVWV�� � ,Q
GHQLWULILFDWLRQ�� DQ� DGHTXDWH� &�1� UDWLR�PD\�QRW� EH
DFKLHYHG�� GXH� WR� WKH� IDFW� WKDW� WKH� SUHYLRXVO\
PHQWLRQHG�SURFHVVHV��ZKLFK�DUH�FRPPRQO\�DSSOLHG�
DUH� FDUULHG� RXW�ZLWK� WKH� VROH� SXUSRVH� RI� UHGXFLQJ
RUJDQLF�PDWWHU�

'HQLWULILFDWLRQ�FDQ�EH�RSWLPL]HG�WKURXJK�WKH�QLWULWH
URXWH��ZKLFK�LQYROYHV�SDUWLDO�QLWULILFDWLRQ�WR�REWDLQ
QLWULWH�DV�ZHOO�DV�D�GHQLWULILFDWLRQ�RI�WKLV�QLWULWH���LQVWHDG
RI� QLWUDWH� �� REWDLQLQJ� FRQVLGHUDEOH� UHGXFWLRQV� LQ
K\GUDXOLF�UHWHQWLRQ�WLPHV�DQG�D�VDYLQJ�LQ�RSHUDWLRQDO
FRVWV��$]LPL�DQG�=DPDQ]DGHK��������5XL]�HW�DO��������
/LX�HW�DO����������2QH�RI�WKH�ELRORJLFDO�UHDFWRUV�PRVW
FRPPRQO\�XVHG�LQ�ZDVWHZDWHU�WUHDWPHQW�LV�WKH�8$6%
UHDFWRU��ZKLFK�LV�FKDUDFWHUL]HG�PDLQO\�E\�LWV�VLPSOLFLW\



��

*XHUUHUR��/��HW�DO�

LQ�FRQVWUXFWLRQ��GHVLJQ�DQG�RSHUDWLRQ�DQG�LWV�FDSDFLW\
WR�WUHDW�ZDWHUV�ZLWK�KLJK�RUJDQLF�DQG�QLWURJHQ�ORDGV
�6HJKH]]R�HW�DO���������$Q�HW�DO���������:X�HW�DO��������
$NEDUSRXU�DQG�0HKUGDGL��������$UVKDG�HW�DO���������
2QH�RI� WKH�RSHUDWLRQDO�GLVDGYDQWDJHV�RI� WKH�8$6%
UHDFWRU� LV�LWV� ORZ�UHVLVWDQFH� WR�VXSHUILFLDO�YHORFLWLHV
�Y

V
��KLJKHU�WKDQ���P�K��ZKLFK�JHQHUDWHV�WKH�ZDVKLQJ�RI

VOXGJH�IURP�WKH�LQWHULRU�RI�WKH�UHDFWRU���,Q�RUGHU�WR�ZRUN
DW�Y

V
�KLJKHU� WKDQ� WKH�SUHYLRXVO\�PHQWLRQHG� YDOXH��D

PRGLILFDWLRQ�WR�WKH�8$6%�ZDV�LPSOHPHQWHG��XVLQJ�D
ORZ�FRVW�VXSSRUW�PHGLXP��VXFK�DV�]HROLWH��ZKLFK�ZRXOG
OHDG�WR�D�V\VWHP�ZLWK�JUDQXODU�DGKHUHG�ELRPDVV��7KLV
PLQHUDO�SRVVHVVHV�SK\VLFDO�SURSHUWLHV�WKDW�SURYLGH�D
JUHDW� DGVRUSWLRQ� FDSDFLW\� ZKLFK� IDFLOLWDWHV� WKH
DGKHUHQFH�RI�WKH�ELRPDVV�WR�WKH�ZDOOV��DQG�DW�WKH�VDPH
WLPH��UHVLVWLQJ�KLJKHU�Y

V
��DQG��WKHUHIRUH��KLJKHU�QLWURJHQ

ORDGV��)HUQiQGH]�HW�DO����������$QGUDGH�HW�DO��������
:HL HW�DO���������

0$7(5,$/6�	�0(7+2'6
'XULQJ�WKHVH�H[SHULPHQWV�D�FRPSDULVRQ�ZDV�PDGH

EHWZHHQ� D� IL[HG� ELRPDVV� PRGLILHG� 8$6%� DQG� D

VXVSHQGHG�ELRPDVV�FRQYHQWLRQDO�8$6%�ZKLFK�DFWHG
DV�WKH�FRQWURO�WKURXJKRXW�WKH�VWXG\��7KH�WZR�UHDFWRUV
ZHUH�EXLOW�XQGHU�WKH�VDPH�FRQGLWLRQV�ZLWK�WKH�VDPH
YROXPH�RI���/��$�VFKHPDWLF�GLDJUDP�RI�ERWK�UHDFWRUV�LV
VKRZQ�LQ�)LJ�����LOOXVWUDWLQJ�ERWK�WKH�8$6%�DQG�WKH
PRGLILHG�8$6%��QDPHG�DV�VXFK�EHFDXVH�LW�FRQWDLQV
]HROLWH�DV�D�PLFURELDO�VXSSRUW���3ULRU�WR�WKH�VWDUW�XS�RI
WKH� UHDFWRUV�� WKHLU� FRPSRQHQWV�ZHUH� TXDQWLWDWLYHO\
GHWHUPLQHG��2QFH�LQRFXODWHG��WKH�DQDHURELF�ELRPDVV
FRQFHQWUDWLRQ��LQ�WKH�UHDFWRUV�ZDV����J�966�/��7KLV
LQRFXOXP�FDPH�IURP�D�8$6%�UHDFWRU�RSHUDWLQJ�DW�UHDO
VFDOH��7KH�LQRFXOXP�KDG����J�/�WRWDO�VXVSHQGHG�VROLGV
�766��������J�/�YRODWLOH�VXVSHQGHG�VROLGV��966��DQG�D
S+�RI�����

7KH�YROXPH�RI�]HROLWH����PP�LQ�GLDPHWHU��XVHG�LQ
WKH� UHDFWRU�ZDV� HTXLYDOHQW� WR� ���� RI� WKH� HIIHFWLYH
UHDFWRU�YROXPH��7DEOH���VKRZV�WKH�PDLQ�FKDUDFWHULVWLFV
RI�WKH�]HROLWH�XVHG�LQ�WKH�PRGLILHG�8$6%�UHDFWRU���$
V\QWKHWLF�VROXWLRQ�FRQWDLQLQJ�DOO�WKH�FRPSRQHQWV�OLVWHG
LQ�7DEOH���ZDV�XVHG�DV�ZDVWHZDWHU��)URP�WKH�YDOXHV
SUHVHQWHG�LQ�WKLV�WDEOH��LW�FDQ�EH�VHHQ�WKDW�WKH�&�1�UDWLR

)LJ�����6FKHPDWLF�GLDJUDP�RI�WKH�VHWXS�RI�WKH�8$6%�UHDFWRUV
���5HDFWRU�ZLWK�]HROLWH������5HDFWRU�ZLWKRXW�]HROLWH�����(IIOXHQW�����5HFLUFXODWLRQ�����5HF\FOLQJ�SXPS�����)HHGLQJ

SXPS�����)HHG�WDQN�����7LPHUV
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ZDV� NHSW� FRQVWDQW� DW� �����7DEOH� �� VXPPDUL]HV� WKH
ZRUNLQJ�DQG�RSHUDWLRQDO�FRQGLWLRQV�LQ�HDFK�RQH�RI�WKH
VWDJHV� FRQVLGHUHG� LQ� WKLV� SURFHVV�� 7KHVH�FRQGLWLRQV
ZHUH�YDOLG�IRU�ERWK�UHDFWRUV�DV�IDU�DV�WKH�IRXUWK�VWDJH
�H[SHULPHQW�SDUW�,���7KH�FKDQJH�WR�WKH�IROORZLQJ�SKDVH
GHSHQGHG�RQ�WKH�EHKDYLRU�RI�WKH�QLWURJHQ�FRPSRXQGV
DQG�WKH�OHYHO�RI�RUJDQLF�PDWWHU�GHJUDGDWLRQ��6WDJHV��
WR����H[SHULPHQWDO�VWXG\�,,��ZHUH�RQO\�SHUIRUPHG�IRU
WKH�PRGLILHG�8$6%�UHDFWRU���6WDJH���FRUUHVSRQGHG�WR
WKH�VWDUW�XS�RI�WKH�UHDFWRUV��WKHUH�ZDV�QR�IHHG�DQG�WKH
UHDFWRUV� ZHUH� RSHUDWHG� LQ� EDWFK� PRGH�ZLWK� WRWDO
UHFLUFXODWLRQ�XQWLO�D�JRRG�PLFURELDO�JURZWK�UDWH�ZDV
DFKLHYHG��,Q�WKH�FDVH�RI�WKH�PRGLILHG�8$6%�UHDFWRU�
FRQWLQXRXV�IHHGLQJ�VWDUWHG�ZKHQ�PD[LPXP�DGKHUHQFH
DQG�PD[LPXP�QLWURJHQ�DQG�RUJDQLF�PDWWHU�GHJUDGDWLRQ

7DEOH����&KHPLFDO�DQG�PLQHUDORJLFDO�FRPSRVLWLRQ�RI�WKH�&KLOHDQ�]HROLWH�XVHG�LQ�WKH�PRGLILHG�8$6%�UHDFWRU

&KHP LFDO�FRPSRVLW LRQ ����� 0 LQHUDORJ LFDO�FRPSRVLWLRQ ���� �

6L2�� ������ &OLQRSWLOROLWH� ���

$O�2 �� ������ 0RUGHQLWH� ���

)H�2 �� ����� 0RQWPRULOOROLWH� ���

&D2� ����� 2WKHU V ���

0J2 � ����� �

1D �2� ����� �

.�2� ����� �

,JQLWLRQ�:DVWH� ������ �

7DEOH����&RPSRVLWLRQ�RI�WKH�V\QWKHWLF�ZDVWHZDWHU�XVHG�DV�IHHG�LQ�WKH�8$6%�UHDFWRUV

0DFURQXWULHQW�6ROXWLRQ�� 0LFURQXWULHQW�6ROXWLRQ�

&RPSRXQG� 8QLW� 4XDQWLW\� &RPSRXQG� 8QLW� 4XDQWLW\�
&+�&22+� J�/� ��� ('7$� J�/� �����
1D12�� J�/� ��� +&O� P/�/� ��

<HDVW�([WUDFW� J�/� �� )H62�� J�/� ��
1D�&2�� J�/� ��� +%U� J�/� �����
.�+32�� J�/� ����� =Q&O�� J�/� �����
.+�32�� J�/� ��� 0J&O�� J�/� �����

0LFURQXWULHQWV� P/�/� ����� � � �

�������������7DEOH����2SHUDWLQJ�SDUDPHWHUV�LQ�HDFK�VWDJH�RI�WKH�8$6%�UHDFWRU�DQG�PRGLILHG�8$6%�UHDFWRU

ZHUH�DFKLHYHG���7KH�DQDO\VLV�RI�VROLGV�DQG�QLWULWH�ZHUH
FDUULHG� RXW� DFFRUGLQJ� WR� 6WDQGDUG�0HWKRGV� IRU� WKH
([DPLQDWLRQ�RI�:DWHUV�DQG�:DVWHZDWHUV��$3+$��������
1LWUDWH��DPPRQLXP�QLWURJHQ�DQG�S+�ZHUH�GHWHUPLQHG
E\�VHOHFWLYH�HOHFWURGHV�

5(68/76�	�',6&866,21
,Q�WKH�ILUVW�SDUW�RI�WKH�H[SHULPHQW��WKH�UHVXOWV�ZHUH

REWDLQHG�IURP�WKH�SHUIRUPDQFH�RI�ERWK�UHDFWRUV��ZKLFK
ZHUH�RSHUDWHG�XQGHU�WKH�VDPH�FRQGLWLRQV��VWDJHV���WR
����)RU�VWDJHV���WR����FDOOHG�H[SHULPHQW�SDUW�,,���RQO\�WKH
PRGLILHG�8$6%�UHDFWRU�ZDV�RSHUDWHG�GXH�WR�WKH�IDFW
WKDW�WKH�Y

V
�YDOXHV�ZHUH�KLJKHU�WKDQ���P�K���'XULQJ�WKH

VWDUW�XS��WRWDO�UHFLUFXODWLRQ�LQ�WKH�8$6%�UHDFWRUV�ZDV
SHUIRUPHG���,Q�WKH�FDVH�RI�WKH�PRGLILHG�8$6%�UHDFWRU

6WDJH�
1/5�

�NJ�1�12�
��P��G��

2/5��
�NJ�&2'�P��G��

4��
�P/��G��
�IHHG��

4��
�P/�G��
�UHF\FOH��

&2'�
�J�2��/��

YV
�P�K��
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�� ����� �� ��� ���� ����� �����
�� ����� �� ���� ���� ����� �����
�� ����� �� ���� �� ����� �����
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'HQLWULILFDWLRQ�YLD�QLWULWH�LQ�D�PRGLILHG�8$6%�UHDFWRU

ZLWK�]HROLWH��WKLV�ZDV�QRW�IHG�XQWLO�D�GHFUHDVH�LQ�WKH
FRQFHQWUDWLRQ�RI�QLWULWH�ZDV�REVHUYHG�DW�ZKLFK�SRLQW
WKH�RSHUDWLRQ�FKDQJHG� WR�FRQWLQXRXV�PRGH�DW�D� ORZ
1/5����NJ�1�12

�
��P��G���ZKLFK�ZDV�LQFUHDVHG�ZKHQ

WKH�FRQFHQWUDWLRQ�RI�QLWULWH�REVHUYHG� LQ� WKH� HIIOXHQW
ZDV�FRQVWDQW���7KH�VWDUW�XS�SKDVH��RU�VWDJH����ODVWHG���
GD\V���)LJ����VKRZV�WKDW�WKH�DYHUDJH�966�FRQFHQWUDWLRQV
IRXQG� LQ� WKH� HIIOXHQW� RI� ERWK�8$6%� UHDFWRUV� ZHUH
VLPLODU��7KH�WZR�YDOXHV�ZHUH�RI�WKH�VDPH�PDJQLWXGH�
DOWKRXJK�LQ�WKH�FDVH�ZKHUH�]HROLWH�ZDV�QRW�XVHG�WKH
YDOXH�ZDV�VOLJKWO\�KLJKHU��:KHUH�WKH�UHDFWRU�ZLWK�]HROLWH
DYHUDJHG�DQ�HIIOXHQW�966�FRQFHQWUDWLRQ�RI������J�/�
WKH�UHDFWRU�ZLWKRXW�]HROLWH�KDG�D�FRQFHQWUDWLRQ�RI�����
J�/��7KLV�LQGLFDWHV�WKDW�DW�D�Y

V
�ORZHU�WKDQ���P�K��WKH

SUHVHQFH�RI�D�VXSSRUW�LQIOXHQFHV�WKH�FRQFHQWUDWLRQ�RI
966�LQ�WKH�HIIOXHQWV�IURP�WKH�UHDFWRUV�RQO\�WR�D�VPDOO
H[WHQW��JLYLQJ�VRPHZKDW�ORZHU�FRQFHQWUDWLRQV�LQ�WKH
UHDFWRU�FRQWDLQLQJ�]HROLWH�

7KH�HIIOXHQW�966�FRQFHQWUDWLRQV�LQ�WKH�PRGLILHG
8$6%�UHDFWRU�FRUUHVSRQGLQJ�WR�VWDJHV���WR����ZKHUH
WKH�UHDFWRU�RSHUDWHG�DW�D�Y

V
�RI�EHWZHHQ�����DQG�����P�K�

DUH�VXPPDUL]HG�LQ�7DEOH����,W�FDQ�EH�REVHUYHG�WKDW�ZKHQ
WKH�Y

V
�LQFUHDVHG��WKH�HIIOXHQW�966�FRQFHQWUDWLRQ�DOVR

LQFUHDVHG�� EXW� VWLOO� RQO\� VOLJKWO\�� H�J�� ZKHQ� WKH� Y
V

LQFUHDVHG�E\������WKH�HIIOXHQW�966�FRQWHQW�RQO\�URVH
E\�D�IDFWRU�RI������7KLV�LQGLFDWHG�KRZ�ZHOO�WKLV�PRGLILHG
UHDFWRU� SHUIRUPHG�� �$W�D�Y

V
RI� ����P�K��VWDJH���� WKH

)LJ�����9RODWLOH�6XVSHQGHG�6ROLGV�LQ�WKH�HIIOXHQW�RI�WKH�UHDFWRUV�ZLWK��Z�]��DQG�ZLWKRXW��Z�R�]��]HROLWH��D�
5HFLUFXODWLRQ��VWDUW�XS�RU�VWDJH�����GD\V�������E��1/5

�
�������NJ�1�12

�
��P��G��GD\V��������F��1/5

�
�������NJ�1�

12
�
��P��G��GD\V��������G��1/5

�
�������NJ�1�12

�
��P��G��GD\V���������� ��ZLWK�]HROLWH���������ZLWKRXW�]HROLWH

K\GUDXOLF�SHUIRUPDQFH�RI� WKH�UHDFWRU� �EHKDYHG� LQ�D
VLPLODU�ZD\�WR�WKDW�RI�DQ�H[SDQGHG�EHG��VLQFH�WKH�VOXGJH
SHUPDQHQWO\�RFFXSLHG�EHWZHHQ�����DQG�����RI�WKH
UHDFWRU � YROXPH�� � *UDQXODU � VOXGJH� ZDV� DOVR
GHPRQVWUDWHG� WR� EH� YHU\� HIIHFWLYH� LQ� D� VHTXHQFLQJ
EDWFK�DLUOLIW�UHDFWRU�RSHUDWLQJ�DW�D�UHGXFHG�DHUDWLRQ
UDWH��:DQJ�HW�DO����������+RZHYHU��WKH�2/5�PDLQWDLQHG
LQ� WKLV� UHDFWRU� WR� REWDLQ� DQ� HIIHFWLYH� RSHUDWLRQDO
SHUIRUPDQFH������NJ�&2'�P��G��ZDV�PXFK�ORZHU�WKDQ
WKDW�DFKLHYHG�LQ�WKH�SUHVHQW�PRGLILHG�8$6%�UHDFWRU
���������NJ�&2'�P��G��RSHUDWLQJ�GXULQJ�VWDJHV������,Q
DGGLWLRQ��2/5������NJ�&2'�P��G���DQG�1/5�YDOXHV������
NJ�1�12

�
��P��G��PXFK�ORZHU�WKDQ�WKRVH�VWXGLHG�LQ�WKH

SUHVHQW� ZRUN� �ZHUH�XVHG� LQ� D� ODE�VFDOH� VHTXHQFLQJ
EDWFK� UHDFWRU� �6%5�� VHHGHG� ZLWK� JUDQXODU� VOXGJH
WUHDWLQJ�V\QWKHWLF�ZDVWHZDWHU�DIWHU�RSHUDWLQJ�IRU���
PRQWKV� XQGHU� DOWHUQDWLQJ� DQDHURELF� DQG� DHURELF
FRQGLWLRQV��<LOPD]�HW�DO����������0RUHRYHU��WKH�KLJK
VXVSHQGHG�VROLGV�LQ�WKH�HIIOXHQW�RI�WKH�6%5�OLPLWHG�WKH
RYHUDOO�HIILFLHQF\�WR����������DQG�����IRU�WRWDO�&2'�
WRWDO� QLWURJHQ� �71�� DQG� WRWDO� SKRVSKRURXV� �73�
UHVSHFWLYHO\�� LQ� WKH� DIRUH�PHQWLRQHG� H[SHULPHQWV
�<LOPD]�HW�DO����������7KH�UHPRYDO�RI�QLWURJHQ�ZDV�OLNHO\
WR�KDYH�WDNHQ�SODFH�YLD�QLWULWH��WKXV�RSWLPL]LQJ�WKH�XVH
RI� WKH� OLPLWHG� &2'� DYDLODEOH� LQ� WKH� ZDVWHZDWHU�
$FFXPXOLEDFWHU�VSS��ZDV�IRXQG�WR�EH�UHVSRQVLEOH�IRU
PRVW�RI�WKH�GHQLWULILFDWLRQ��<LOPD]�HW�DO���������
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)LJV� �� DQG� �� FRUUHVSRQG� WR� WKH� EDODQFH� DQG
EHKDYLRU�RI�QLWURJHQ�VSHFLHV�GXULQJ�WKH�RSHUDWLRQ�RI
ERWK�UHDFWRUV� �VWDJHV������ZLWK�DQG�ZLWKRXW�]HROLWH�
UHVSHFWLYHO\�� �,W�FDQ�EH�REVHUYHG�WKDW�WKH�WHQGHQFLHV
ZHUH� VLPLODU� LQ� ERWK� FDVHV��ZKLFK�VXJJHVWV� WKDW� QR
GLIIHUHQFHV�H[LVWHG�ZLWK�UHVSHFW�WR�WKH�XWLOL]DWLRQ�RI
]HROLWH�LQ�WKLV�W\SH�RI�UHDFWRU� IRU�WKH�GHJUDGDWLRQ�RI
QLWULWH�XQGHU�QRUPDO�RSHUDWLRQDO�FRQGLWLRQV�RI�8$6%
UHDFWRUV��$FFRUGLQJ�WR�)LJ�����GXULQJ�WKH�UHFLUFXODWLRQ
SHULRG��VWDJH����DQG�VWDJH����1/5
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P��G��RI� WKH� UHDFWRU�ZLWK� ]HROLWH�� WKHUH�ZDV�QHLWKHU
GHJUDGDWLRQ�QRU�JHQHUDWLRQ�RI�JDVHRXV�QLWURJHQ�7KH
UHPRYDO�HIILFLHQFLHV�RI�QLWURJHQ�LQ�WKLV�UHDFWRU�ZHUH
������DQG�������LQ�VWDJHV���DQG����UHVSHFWLYHO\���7KHQ�
GXULQJ� WKH� HLJKWK�ZHHN�RI� WKH� VWXG\� DQ� DYHUDJH� RI
������RI�QLWURJHQ�UHPRYDO�ZDV�REWDLQHG�DW� VWDJH��
�1/5

�
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�
��P��G���ZKLOH�������QLWURJHQ

UHPRYDO�ZDV�DFKLHYHG�DW�VWDJH����1/5
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12
�
��P��G���7KLV� LQFUHDVH� LQ� QLWURJHQ� UHPRYDO�ZDV

SURSRUWLRQDO�WR�WKH�QLWURJHQRXV�DQG�RUJDQLF�ORDGV�SXW
LQWR� WKH� V\VWHP��$W� WKH�VWDUW�RI� WKH� WHQWK�ZHHN�� WKH
FRQFHQWUDWLRQ� RI� QLWURJHQ� LQ� WKH� HIIOXHQW� EHJDQ� WR
GHFUHDVH��KHQFH�WKH�DFFXPXODWLRQ�LQ�WKH�EDODQFH�FXUYH
RI�)LJ����LQFUHDVLQJ�SURSRUWLRQDOO\�LQ�WLPH�DQG�LQ�UHODWLRQ
WR�WKH�1/5�LQ�WKH� LQIOXHQW���7KLV�DFFXPXODWLRQ�ZDV
GXH��LQ�JUHDW�SDUW��WR�WKH�JDVHRXV�QLWURJHQ�IRUPHG�LQ
WKH� GHQLWULILFDWLRQ� E\� WKH� UHGXFWLRQ� RI� WKH� QLWULWH
SUHVHQW����7KH�RSHUDWLRQDO�SHUIRUPDQFH�RI�WKH�UHDFWRU
ZLWKRXW�]HROLWH��)LJ�����ZDV�VLPLODU�WR�WKDW�REVHUYHG�LQ
WKH�UHDFWRU�ZLWK�]HROLWH��H[FHSW�GXULQJ�WKH�UHFLUFXODWLRQ
VWHS��VWDJH����DQG�LQ�WKH�VWHS�ZLWK�1/5

�
��ZKHUH� WKH

GHJUDGDWLRQ� SHUFHQWDJHV� RI� QLWULWH� FRUUHVSRQGHG� WR
�����DQG�����UHVSHFWLYHO\��$IWHUZDUGV��WKH�EHKDYLRU
RI�ERWK�UHDFWRUV�GXULQJ�WKH�VWDJHV�ZLWK�1/5

�
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ZDV�VLPLODU��7KH�IDFW�WKDW�WKH�UHGXFWLRQ�RI�QLWURJHQ�LV
JUHDWHU�LQ�WKH�UHDFWRU�ZLWK�]HROLWH�GHPRQVWUDWHG� WKH

)LJ�����%HKDYLRU�RI�QLWURJHQ�FRPSRXQGV�GXULQJ�WKH�GHQLWULILFDWLRQ�SURFHVV�YLD�QLWULWH�LQ�WKH�UHDFWRU�ZLWK
]HROLWH��D��5HFLUFXODWLRQ��VWDUW�XS�RU�VWDJH�����GD\V�������E��1/5

�
 ������NJ�1�12

�
��P��G��GD\V���������F�

1/5
�
 ������NJ�1�12

�
��P��G��GD\V���������G��1/5

�
 ������NJ�1�12

�
��P��G��GD\V�������������� ��1�12

�
�� �����1�

12
�
��� ���1�1+

�
����� �����%DODQFH



��

*XHUUHUR��/��HW�DO�

)LJ�����%HKDYLRU�RI�QLWURJHQ�FRPSRXQGV�GXULQJ�WKH�GHQLWULILFDWLRQ�SURFHVV�YLD�QLWULWH�LQ�WKH�UHDFWRU�ZLWKRXW
]HROLWH��D��5HFLUFXODWLRQ��VWDUW�XS�RU�VWDJH�����GD\V�������E��1/5

�
 ������NJ�1�12

�
��P��G��GD\V���������F�

1/5
�
 ������NJ�1�12

�
��P��G��GD\V���������G��1/5

�
 ������NJ�1�12

�
��P��G�GD\V��������� ����1�12

�
����� ��1�

12
�
��� ���1�1+

�
����������%DODQFH

KLJKHU� VWDELOLW\� DQG� HIIHFWLYHQHVV� RI� WKH� DGKHUHG
PLFURRUJDQLVPV�

7KH�FRQFHQWUDWLRQ�RI�QLWULWH��)LJ�����GHFUHDVHG�E\
����DW�VWDJH���LQ�WKH�UHDFWRU�ZLWK�]HROLWH��ZKLOH�LQ�WKH
UHDFWRU�ZLWKRXW�]HROLWH�LW�RQO\�GHJUDGHG�E\������LQLWLDO
DPRXQW�RI�QLWULWH�IHG�ZDV������PJ�1�/���)RU�DQ�1/5

�
�RI

�����NJ�1�12
�
��P��G��VWDJH�����WKH�GHJUDGDWLRQ�RI�QLWULWH

LQFUHDVHG�XS�WR�����DQG�����LQ�WKH�UHDFWRUV�ZLWK�DQG
ZLWKRXW�]HROLWH��UHVSHFWLYHO\��)RU�DQ�1/5

�
�RI������NJ�1�

12
�
��P��G��VWDJH�����WKH�QLWULWH�GHJUDGHG�LQ�ERWK�UHDFWRUV

LQFUHDVHG�E\�XS�WR�����RI�LWV�LQLWLDO�FRQFHQWUDWLRQ������
PJ�1�/���)LQDOO\��IRU�DQ�1/5

�
�RI������NJ�1�12

�
��P��G

�VWDJH�����WKH�GHJUDGDWLRQ�RI�QLWULWH�DFKLHYHG�LQ�ERWK
UHDFWRUV�ZDV������7KHUHIRUH��DOWKRXJK�LQ�WKH�ILUVW�WZR
VWDJHV� �UHFLUFXODWLRQ� DQG�1/5

�
�� WKH� HIIOXHQW� QLWULWH

)LJ�����%HKDYLRU�RI�QLWULWH�GXULQJ�WKH�GHQLWULILFDWLRQ�SURFHVV�YLD�QLWULWH�LQ�ERWK�UHDFWRUV�D��5HFLUFXODWLRQ��VWDUW�
XS�RU�VWDJH�����GD\V��������E��1/5
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FRQFHQWUDWLRQ�ZDV� ORZHU�LQ�WKH� UHDFWRU�ZLWK�]HROLWH�
VLPLODU�YDOXHV�ZHUH�DFKLHYHG�LQ�ERWK�UHDFWRUV�DW� WKH
HQG� RI� VWDJH� �� �1/5

�
���$IWHUZDUGV�� ERWK� UHDFWRUV

IROORZHG� D� VLPLODU� SDWWHUQ�� ZLWKRXW� DQ\� LPSRUWDQW
GLIIHUHQFHV��7KLV�FDQ�EH�DWWULEXWHG��RQFH�DJDLQ��WR�WKH
IDFW�WKDW�WKH�DGKHUHQFH�RI�PLFURRUJDQLVPV�RQ�WKH�]HROLWH
DOORZV�WKH�ELRPDVV�WR�REWDLQ�KLJKHU� VWDELOLW\� LQ�OHVV
WLPH��DQG�WKHUHIRUH�UHGXFLQJ�QLWULWH�IDVWHU�GXULQJ�WKH
ILUVW� VWDJHV� RI� WKH� SURFHVV� DW� Y

V
� OHVV� WKDQ� ��P�K�� WR

ILQDOO\�DFKLHYH�D�VLPLODU�SHUFHQWDJH�RI�GHJUDGDWLRQ�RI
WKLV� FRPSRXQG�� LQGHSHQGHQWO\� RI�ZKHWKHU�]HROLWH� LV
XVHG�RU�QRW�

2Q�WKH�RWKHU�KDQG��DQ�1/5�RI�����NJ�1�12
�
��P��

G���YHU\�VLPLODU�WR�WKDW�XVHG�GXULQJ�VWDJH���RI�WKH
SUHVHQW�ZRUN��1/5

�
�RI������NJ�1�12

�
��P��G����OHG�WR

DQ�DYHUDJH�QLWURJHQ�UHPRYDO�HIILFLHQF\�RI�����LQ
WKH�$QDPPR[�WUHDWPHQW�RI�WKH�HIIOXHQWV�JHQHUDWHG�LQ
DQ�DQDHURELF�GLJHVWHU�SURFHVVLQJ�ZDVWHZDWHU�IURP�D
ILVK� FDQQHU\� RQFH� SUHYLRXVO\� WUHDWHG� LQ� D� 6KDURQ
UHDFWRU��'DSHQD�0RUD�HW�DO����������7KHVH�HIIOXHQWV
FRQWDLQHG�D�KLJK�FRQWHQW�RI�DPPRQLXP�����������J
1+

�
��P����RUJDQLF�FDUERQ��������������J�72&�P���DQG

VDOLQLW\�XS�WR��������������J�1D&O�P���,Q�DGGLWLRQ�
WKH�DERYH�PHQWLRQHG�$QQDPR[�UHDFWRU�VKRZHG�DQ
XQH[SHFWHG� UREXVWQHVV� GHVSLWH� WKH� FRQWLQXRXV
YDULDWLRQV� LQ� WKH� LQIOXHQW� FRPSRVLWLRQ� UHJDUGLQJ
DPPRQLXP�DQG�QLWULWH�FRQFHQWUDWLRQV��'DSHQD�0RUD
HW�DO���������

)LJ�����%HKDYLRU�RI�QLWURJHQRXV�FRPSRXQGV�GXULQJ�WKH�SURFHVV�RI�GHQLWULILFDWLRQ�YLD�QLWULWH�LQ�WKH�UHDFWRU�ZLWK
]HROLWH��H��1/5
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2WKHU� UHDFWRU�FRQILJXUDWLRQV�VXFK�DV�DQDHURELF
FRQWLQXRXV�VWLUUHG�WDQN� UHDFWRUV�ZHUH�DOVR�XVHG� IRU
ELRORJLFDO�GHQLWULILFDWLRQ�DW�ORZ�1/5�YDOXHV��HOLPLQDWLQJ
FDUERQ��QLWURJHQ�DQG�VXOIXU��5H\HV�$YLOD�HW�DO���������
,Q�WKLV�FDVH��1/5�YDOXHV�RI�����NJ�1�12

�
��P��G�ZHUH

XVHG�LQ�WKH�WUHDWPHQW�RI�UHILQHU\�ZDVWHZDWHUV��ZKLFK
ZHUH� FKDUDFWHUL]HG� E\� WKHLU � KLJK� FRQWHQW� LQ
DPPRQLXP�� VXOILGH� DQG� DURPDWLF� FRPSRXQGV�
1LWURJHQ�UHPRYDO�HIILFLHQFLHV�KLJKHU�WKDQ�����ZHUH
DFKLHYHG� LQ� WKH� DIRUH�PHQWLRQHG� FDVH� ZLWK� D
VLPXOWDQHRXV� FDUERQ� UHPRYDO� HIILFLHQF\� RI� ���
�5H\HV�$YLOD�HW�DO���������

$V�ZDV�SUHYLRXVO\�PHQWLRQHG��RQO\�WKH�PRGLILHG
8$6%� UHDFWRU� ZDV� RSHUDWHG� GXULQJ� WKLV� VHFRQG
H[SHULPHQWDO�SDUW�GXH�WR�WKH�IDFW�WKDW�ZKHQ�WKH�Y

V
�ZDV

KLJKHU�WKDQ���P�K��D�ZDVKLQJ�RI�WKH�PLFURRUJDQLVPV
ZDV�SURGXFHG�LQ�WKH�FRQYHQWLRQDO�8$6%�UHDFWRU��)LJ�
�� VKRZV� WKH� EDODQFH� DQG� EHKDYLRU� RI� QLWURJHQRXV
VSHFLHV�GXULQJ�WKH�RSHUDWLRQ�RI�WKH�PRGLILHG�8$6%
UHDFWRU�� �$W� WKH� EHJLQQLQJ� RI� WKH� ILUVW�PRQWK� RI
H[SHULPHQW�SDUW�,,��WKH�QLWURJHQ�FRQFHQWUDWLRQ�LQ�WKH
HIIOXHQW�EHJDQ�WR�GHFUHDVH��KHQFH�WKH�DFFXPXODWLRQ
VKRZQ� LQ� WKH� EDODQFH� FXUYH� RI� )LJ�� �� LQFUHDVLQJ
SURSRUWLRQDOO\�LQ�WLPH�DQG�WR�WKH�1/5�RI�WKH�LQIOXHQW�
$V�VHHQ�LQ�)LJ�����VWDJH�����ZLWK�DQ�1/5�RI������NJ�1�
12

�
��P��G� �� VDZ� DQ� LQFUHDVH� LQ� Y

V
� ZLWK� UHVSHFW� WR

SUHYLRXV�VWDJHV�ZKHUHDV�QLWULWH�UHPDLQHG�XQWRXFKHG�
7KHQ��IRU�VWDJHV���WR����ZKHUH�WKH�1/5�LQFUHDVHG�WR
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�����NJ�1�12
�
��P��G�DQG�UHPDLQHG�FRQVWDQW�IRU�WKHVH

WKUHH�ILQDO�VWDJHV�ZLWK�WKH�UHDFWRU�RSHUDWLQJ�DW�D�Y
V
�RI

���������DQG�����P�K��QLWURJHQ�UHPRYDO�HIILFLHQFLHV�FORVH
WR����������DQG�������ZHUH�REWDLQHG��UHVSHFWLYHO\�
7KLV� LQFUHDVH�ZDV� SURSRUWLRQDO� WR� WKH� QLWURJHQ� DQG
RUJDQLF�ORDGV�HQWHUHG�LQWR�WKH�V\VWHP��DQG�HVSHFLDOO\
WR�WKH�Y

V
�DSSOLHG�WR�WKH�PRGLILHG�8$6%�UHDFWRU�

/RZHU�WRWDO�QLWURJHQ�UHPRYDOV���������������ZHUH
REWDLQHG�LQ�D�FRPELQHG�V\VWHP�FRQVLVWLQJ�RI�D�8$6%
DQG�DQ�DHURELF�PHPEUDQH�ELRUHDFWRU��0%5��IRU�WKH
WUHDWPHQW�RI�ORZ�VWUHQJWK�V\QWKHWLF�ZDVWHZDWHU��$Q�HW
DO����������7KH�V\VWHP�RSHUDWHG�DW��������&�DQG�D�S+�RI
���������7KH�ORZHU�FDUERQ�UHTXLUHPHQW�IRU�GHQLWULILFDWLRQ
YLD� QLWULWH� UDWKHU� WKDQ� QLWUDWH� OHG� WR� VLPXOWDQHRXV
PHWKDQRJHQHVLV�LQ�WKH�VDPH�8$6%�UHDFWRU��$�PRGLILHG
DQDHURELF� EDIIOHG� UHDFWRU � �$%5�� ZLWK� HLJKW
FRPSDUWPHQWV�ZDV�GHPRQVWUDWHG�WR�EH�YHU\�HIILFLHQW
IRU�QLWURJHQ�UHPRYDO�GXULQJ�WKH�WUHDWPHQW�RI�D�V\QWKHWLF
VXFURVH�SURWHLQ�ZDVWHZDWHU��%DUEHU�DQG�6WXFNH\�������
ZKHQ�RSHUDWHG�DW�DQ�2/5�RI�����NJ�&2'�P��G��K\GUDXOLF
UHWHQWLRQ�WLPH�RI����K���ZKLFK�ZDV�YHU\�VLPLODU�WR�WKDW
XVHG�LQ�WKH�SUHVHQW�ZRUN�LQ�VWDJH������NJ�&2'�P��G���,Q
WKLV�FDVH��YLUWXDOO\�DOO�WKH�QLWUDWH�ZDV�UHPRYHG�LQ�WKH
ILUVW� WZR� FRPSDUWPHQWV�� DFKLHYLQJ� GHQLWULILFDWLRQ
HIILFLHQFLHV�RI�����DQG�����LQ�FRPSDUWPHQWV���DQG���
UHVSHFWLYHO\���'HQLWULILFDWLRQ�DOVR�LQIOXHQFHG�WKH�UDWLR
RI�YRODWLOH�IDWW\�DFLGV�SURGXFHG�DQG�FDWDEROL]HG�ZLWK�D
VLJQLILFDQW�UHGXFWLRQ�LQ�SURSLRQDWH�DQG�EXW\UDWH��ZKLOH
DFHWDWH�OHYHOV�LQFUHDVHG��%DUEHU�DQG�6WXFNH\��������
:LWK�D�YLHZ�WR�DQDO\VLQJ�WKH�GDWD�LQ�)LJ�����LW�FDQ�EH
REVHUYHG�WKDW�GXULQJ�WKH�ILUVW�PRQWK�WKH�QLWULWH�VKRZHG
QR� LPSRUWDQW� GHFUHDVH�ZKHQ� FRPSDUHG� WR� SUHYLRXV
VWDJHV��H[SHULPHQW�SDUW�,����+RZHYHU��DV�DQG�IURP�VWDJH
���WKH�GHFUHDVH�RI�QLWULWH�EHFDPH�HYLGHQW��HVSHFLDOO\�DW
WKH� HLJKWK� VWDJH��ZKHUH� D� UHGXFWLRQ� RI� ������ZDV
REWDLQHG���7KHUHIRUH��WKH�LQIOXHQFH�RI�Y

V
�RQ�ELRFKHPLFDO

UHDFWLRQV�LV�FRQVLGHUDEOH��SUREDEO\�GXH�WR�WKH�EHWWHU
KHDW�DQG�PDVV�WUDQVIHUV�WKDW�RFFXU�DW�D�Y

V
�RI�����P�K��,W

LV�DOVR�LQWHUHVWLQJ�WR�QRWH��WKDW�DW�WKH�KLJKHVW�VXSHUILFLDO
YHORFLW\�VWXGLHG�LQ�WKLV�ZRUN��PLFURRUJDQLVPV�ZHUH�QRW
ORVW��IURP�GHWDFKPHQW�IURP�WKH�VXSSRUW�DQG�RU�GUDJJLQJ
RXW�RI� WKH� UHDFWRU���ZKLFK�KHOSHG�DFKLHYH� WKLV�KLJK
SHUFHQWDJH�RI�GHQLWULILFDWLRQ�YLD�QLWULWH���6OLJKWO\�KLJKHU
WRWDO�QLWURJHQ�UHPRYDO�HIILFLHQFLHV�������ZHUH�REWDLQHG
LQ�WKH�WUHDWPHQW�RI�UHDO�OHDFKDWH�IURP�PXQLFLSDO�ODQGILOOV
ZLWK�KLJK�DPPRQLXP�1�FRQWHQW�E\�XVLQJ�D�ODE�VFDOH
ILUVW�VWDJH�8$6%�UHDFWRU�±�6%5�ELRORJLFDO�V\VWHP��6XQ
HW�DO����������+RZHYHU�� LQ�WKH�SUHYLRXVO\�PHQWLRQHG
FDVH�WKH�2/5�XVHG������NJ�&2'�P��G��ZDV�ORZHU�WKDQ
WKDW� XVHG� LQ� WKH� SUHVHQW� ZRUN� RSHUDWLQJ�ZLWK� WKH
PRGLILHG�8$6%�UHDFWRU�GXULQJ�WKH�ODVW�WKUHH�VWDJHV
�����NJ�&2'�P��G���6XQ�HW�DO���������DOVR�GHPRQVWUDWHG
WKDW� GHQLWULILFDWLRQ� DQG� PHWKDQRJHQHVLV� ZHUH
FRQGXFWHG� LQ� D� ILUVW�VWDJH� DQR[LF�DQDHURELF� 8$6%

UHDFWRU��DOWKRXJK�WKH�SURFHVV�ZDV�FRPSOHWHG�ZLWK�DQ
$�2�VWDJH��)XUWKHUPRUH��WKH�1/5�XVHG�LQ�WKH�DIRUH�
PHQWLRQHG�ZRUN������NJ�1�12

�
��P��G��ZHUH�VOLJKWO\

ORZHU�WKDQ�WKRVH�XVHG�LQ�WKH�SUHVHQW�ZRUN�������NJ�1�
12

�
��P��G��GXULQJ�WKH�ODVW� WKUHH�VWDJHV��1LWUDWH�DQG

DPPRQLXP� DUH� XQGHVLUDEOH� FRPSRXQGV�� EXW� ZHUH
QHYHUWKHOHVV� IRXQG� LQ� WKH� HIIOXHQW� RI� WKH� PRGLILHG
8$6%�UHDFWRU�DW�YHU\�ORZ�FRQFHQWUDWLRQV�GXULQJ�WKH
ODVW� VWDJHV� RI� RSHUDWLRQ�� 0RUHRYHU�� WKHVH
FRQFHQWUDWLRQV�ZHUH�PXFK�ORZHU�WKDQ�WKRVH�IRXQG�LQ
ILQDO� HIIOXHQWV� RI� RWKHU� GHQLWULILFDWLRQ� SURFHVVHV
�'DSHQD�0RUD�HW�DO���������$Q�HW�DO���������

&21&/86,21
7KH�PRGLILHG�8$6%� UHDFWRU�ZDV� YHU\� HIIHFWLYH

RSHUDWLQJ�DW�VXSHUILFLDO�YHORFLWLHV��Y
V
��RI�XS�WR�����P�K�

D� YDOXH�PXFK� KLJKHU� WKDQ� WKH� VXSHUILFLDO� YHORFLW\
DFKLHYHG�LQ�WKH�FRQYHQWLRQDO�8$6%����P�K���$W�D�Y

V

RYHU�����P�K��WKH�K\GUDXOLF�EHKDYLRU�RI�WKH�UHDFWRU�ZDV
VLPLODU�WR�WKDW�RI�DQ�H[SDQGHG�EHG�VLQFH�WKH�VOXGJH
SHUPDQHQWO\�RFFXSLHG�EHWZHHQ�����DQG�����RI�WKH
UHDFWRU¶V�YROXPH��:KHQ�WKH�VXSHUILFLDO�YHORFLWLHV�ZHUH
OHVV�WKDQ�RU�HTXDO�WR���P�K��WKHUH�ZHUH�QR�VLJQLILFDQW
GLIIHUHQFHV�LQ�WKH�JHQHUDO�EHKDYLRU�RI�WKH�WZR�UHDFWRUV�
7KH�RQO\�QRWHZRUWK\�REVHUYDWLRQ�ZDV�WKH�KLJKHU�LQLWLDO
YHORFLW\�RI�GHQLWULILFDWLRQ�DFKLHYHG�ZKHQ�]HROLWH�ZDV
XVHG��+RZHYHU��DQ�DOPRVW�LGHQWLFDO�ILQDO�GHQLWULILFDWLRQ
SHUFHQWDJH�������ZDV�DFKLHYHG�LQ�HDFK�RQH�RI�WKH�ILUVW
VWDJHV�VWXGLHG��VWDJHV���WR�����ZKLFK�GLIIHUHG�VOLJKWO\
LQ�Y

V
�DQG�1/5�

7KH�FRQFHQWUDWLRQ�RI�966�LQ�ERWK�UHDFWRU�HIIOXHQWV
ZDV�VLPLODU�GXULQJ�VWDJHV���WR����ORZHU�WKDQ�����J�/��
ZKLFK�OHDGV�WR�WKH�FRQFOXVLRQ�WKDW�ZKHQ�WKH�Y

V
LV�IRXQG

LQ�WKH�W\SLFDO�UDQJHV�RI�D�8$6%��OHVV�WKDQ���P�K���WKHUH
ZDV� QR� GLIIHUHQFH� ZLWK� UHVSHFW� WR� ZKHWKHU� WKH
PLFURRUJDQLVPV�ZHUH�IRXQG�LQ�JUDQXOH�IRUP�RU�DGKHUHG
WR�D�VXSSRUW��,Q�WKH�PRGLILHG�8$6%��DW�Y

V
�KLJKHU�WKDQ��

P�K��QR�GHWDFKPHQW�DQG�RU�GUDJJLQJ�RI�PLFURRUJDQLVPV
IURP� WKH� UHDFWRU� ZHUH� REVHUYHG� EHFDXVH� WKH
FRQFHQWUDWLRQV� RI�966� LQ� WKH� HIIOXHQWV�ZHUH� QHYHU
KLJKHU�WKDQ�����J�/��7KLV�FRQFOXGHV�WKH�VXLWDELOLW\�RI
RSHUDWLQJ�DW�WKHVH�Y

V
�UDQJHV��XS�WR�����P�K���1LWULWH

UHPRYDO� HIILFLHQF\� GXULQJ� WKH� ILUVW� SDUW� RI� WKH
H[SHULPHQW��Y

V
�OHVV�WKDQ���P�K��ZDV�VOLJKWO\�KLJKHU�LQ

WKH�PRGLILHG�8$6%�UHDFWRU�ZLWK�]HROLWH��ZKLFK�IDYRUHG
PLFURRUJDQLVP� DFWLYLW\� DQG� SURFHVV� SHUIRUPDQFH�
VKRUWHQLQJ�WKH�VWDUW�XS�SHULRG�DQG�WKH�WLPH�QHFHVVDU\
WR�DFKLHYH�DGHTXDWH�VWDELOLW\�

7KH�UHPRYDO�RI�QLWULWH�LQFUHDVHG�VLJQLILFDQWO\�ZKHQ
Y
V
� ZDV� KLJKHU� WKDQ� ��P�K�� WR� VXFK� DQ� H[WHQW� WKDW

RSHUDWLQJ�DW�D�FRQVWDQW�1/5�RI������NJ�1�12
�
��P��G��D

QLWURJHQ�UHPRYDO�HIILFLHQF\�FORVH�WR�����ZDV�REWDLQHG

'HQLWULILFDWLRQ�YLD�QLWULWH�LQ�D�PRGLILHG�8$6%�UHDFWRU



��
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IRU�D�Y
V
�RI�����P�K������DW�D�Y

V
�RI�����P�K�DQG�������DW�D

Y
V
GH�����P�K��7KLV�ODVW�YDOXH�GHPRQVWUDWHG�WKH�JUHDW

DGYDQWDJH�RI�WKH�XVH�RI�WKH�PRGLILHG�8$6%�UHDFWRU
RSHUDWLQJ�DW�Y

V
�DV�KLJK�DV�����P�K�

$&.12:/('*(0(176
7KH�SUHVHQW�VWXG\�ZDV�VXSSRUWHG�E\�WKH�3URMHFW

)21'(&<7���������RI�WKH�&KLOHDQ�JRYHUQPHQW�

5()(5(1&(6
$NEDUSRXU��7�$�� DQG�0HKUGDGL�� 1�� ��������:DVWHZDWHU
WUHDWPHQW� IURP� DQWLELRWLFV� SODQW�� ,QWHUQDWLRQDO� -RXUQDO� RI
(QYLURQPHQWDO�5HVHDUFK�����������������

$Q��<���<DQJ��)���&KXD��+��&���:RQJ��)��6��DQG�:X��%���������
7KH�LQWHJUDWLRQ�RI�PHWKDQRJHQHVLV�ZLWK�VKRUWFXW�QLWULILFDWLRQ
DQG� GHQLWULILFDWLRQ� LQ� D� FRPELQHG� 8$6%�ZLWK� 0%5�
%LRUHVRXUFH�7HFKQRORJ\��������������������

$QGUDGH��(���6ROLV��&���$FHYHV��-��0���0LUDQGD��5���&UX]��-��
5RFKD��0��)��DQG�=DYDOD��(��3�� ��������&KDUDFWHUL]DWLRQ�RI
QDWXUDO� DQG�PRGLILHG� ]HROLWHV� XVLQJ� LRQ� EHDP� DQDO\VLV
WHFKQLTXHV��1XFOHDU�,QVWUXPHQWV�	�0HWKRGV�LQ�3K\VLFV
5HVHDUFK�6HFWLRQ�%���%HDP�,QWHUDFWLRQV�ZLWK�0DWHULDOV�DQG
$WRPV������� ����������

$3+$�� ��������$PHULFDQ� 3XEOLF�+HDOWK�$VVRFLDWLRQ�
$::$��$PHULFDQ�:DWHU�:RUNV�$VVRFLDWLRQ�� DQG�:()
�:DWHU�(QYLURQPHQW�)HGHUDWLRQ�����������6WDQGDUG�0HWKRGV
IRU� WKH�([DPLQDWLRQ� RI�:DWHU� DQG�:DVWHZDWHU� ���WK� HG���
:DVKLQJWRQ�'&��86$�

$UVKDG��$��� +DVKPL�� +�1�� DQG�4XUHDVKL�� ,�$�� �������
$QDHURELF� GLJHVWLRQ�RI�&KORUSKHQROLF�ZDVWHV�� ,QWHUQDWLRQDO
-RXUQDO�RI�(QYLURQPHQWDO�5HVHDUFK�����������������

$]LPL��$��DQG� =DPDQ]DGHK��0�� ��������'HWHUPLQDWLRQ� RI
GHVLJQ�FULWHULD�IRU�8$6%�UHDFWRU�DV�D�ZDVWHZDWHU�SUHWUHDWPHQW
V\VWHP�LQ�WURSLFDO�VPDOO�FRPPXQLWLHV��,QWHUQDWLRQDO�-RXUQDO
RI��(QYLURQPHQWDO�6FLHQFHV�DQG�7HFKQRORJ\�����������

%DUEHU��:��3��DQG�6WXFNH\��'��&����������1LWURJHQ�UHPRYDO
LQ� D� PRGLILHG� DQDHURELF� EDIIOHG� UHDFWRU� �$%5��� ��
GHQLWULILFDWLRQ��:DWHU�5HVHDUFK��������������������

&KHQ�� /��$���&DUERQHOO�� 5��*�� DQG�6HUDG� *��$�� �������
5HFRYHU\�RI�SURWHLQV�DQG�RWKHU�ELRORJLFDO�FRPSRXQGV�IURP
IRRG�SURFHVVLQJ�ZDVWHZDWHUV� XVLQJ� ILEURXV�PDWHULDOV� DQG
SRO\HOHFWURO\WHV��:DWHU�5HVHDUFK������ ��������

&RHW]HH��0��$��$���5RX[�9DQ��0��0��3��DQG�%DGHQKRUVW��-�
��������7KH� HIIHFW� RI� K\GUDXOLF� ORDGLQJ� UDWHV�RQ� QLWURJHQ
UHPRYDO�E\�XVLQJ�D�ELRORJLFDO� ILOWHU� SURSRVHG�IRU�YHQWLODWHG
LPSURYHG�SLW�ODWULQHV��,QWHUQDWLRQDO�-RXUQDO�RI�(QYLURQPHQWDO
5HVHDUFK�����������������

'DSHQD�0RUD��$���&DPSRV��-�/���0RVTXHUD�&RUUDO��$�� DQG
0pQGH]�5����������$QDPPR[�SURFHVV�IRU�QLWURJHQ�UHPRYDO
IURP� DQDHURELFDOO\� GLJHVWHG�ILVK� FDQQLQJ� HIIOXHQWV��:DWHU
6FLHQFH�DQG�7HFKQRORJ\� �����������������

)HUQiQGH]�� 1���0RQWDOYR�� 6��� )HUQiQGH]±3RODQFR�� )��
*XHUUHUR��/���&RUWpV��,���%RUMD��5���6iQFKH]��(��DQG�7UDYLHVR�
/�� ��������5HDO� HYLGHQFH�DERXW� ]HROLWH� DV�PLFURRUJDQLVPV

LPPRELOL]HU� LQ� DQDHURELF� IOXLGL]HG� EHG� UHDFWRUV�� 3URFHVV
%LRFKHPLVWU\������ ��������

)HU]DQL��(���(OORX]H��(�� DQG�$PDU��5�%����������7UHDWPHQW
RI� VHD� IRRG� SURFHVVLQJ�ZDVWHZDWHUV� E\� XOWUDILOWUDWLRQ� ±
QDQRILOWUDWLRQ� FHOOXORVH� DFHWDWH�PHPEUDQHV��'HVDOLQDWLRQ�
�����������

+LOO��'��'���2ZHQV��:��(��DQG�7FKRXQZRX��3��%���������
,PSDFW�RI�DQLPDO�ZDVWH�DSSOLFDWLRQ�RQ�UXQRII�ZDWHU�TXDOLW\
LQ� ILHOG� H[SHULPHQWDO� SORWV�� ,QWHUQDWLRQDO� -RXUQDO� RI
(QYLURQPHQWDO� 5HVHDUFK� DQG� 3XEOLF�+HDOWK�� ������ ����
����

/LX��<��4���0R\��%��<��3��DQG�7D\��-��+����������&2'�UHPRYDO
DQG�QLWULILFDWLRQ�RI� ORZ±VWUHQJWK� GRPHVWLF�ZDVWHZDWHU� LQ
DHURELF� JUDQXODU� VHTXHQFLQJ� EDWFK� UHDFWRUV�� (Q]\PH
0LFURELRORJ\�7HFKQRORJ\������ ������

0RQWDOYR��6���*XHUUHUR��/���0LOiQ��=��DQG�%RUMD��5���������
1LWURJHQ� DQG�SKRVSKRUXV� UHPRYDO�XVLQJ�D�QRYHO� LQWHJUDWHG
V\VWHP�RI�QDWXUDO�]HROLWH�DQG�OLPH��-RXUQDO�RI�(QYLURQPHQWDO
6FLHQFH�DQG�+HDOWK�3DUW�$� �������������������

0WHWKLZD��$�+���0XQ\HQ\HPEH��$��� -HUH��:��DQG�1\DOL��(�
������� (IILFLHQF\� RI� R[LGDWLRQ� SRQGV� LQ� ZDVWHZDWHU
WUHDWPHQW��,QWHUQDWLRQDO�-RXUQDO�RI�(QYLURQPHQWDO�5HVHDUFK�
��������������

5H\HV�$YLOD�� -���5D]R�)ORUHV�� (�� DQG�*RPH]�� -�� �������
6LPXOWDQHRXV�ELRORJLFDO� UHPRYDO�RI� QLWURJHQ�� FDUERQ� DQG
VXOIXU�E\�GHQLWULILFDWLRQ��:DWHU�5HVHDUFK� �����������������
�����

5XL]�� *��� -HLVRQ��'���&LXGDG��*�� DQG�&KDP\��5�� �������
1LWULILFDWLRQ�±� GHQLWULILFDWLRQ� YLD� QLWULWH� DFFXPXODWLRQ� IRU
QLWURJHQ�UHPRYDO�IURP�ZDVWHZDWHUV��%LRUHVRXUFH�7HFKQRORJ\�
������������

6HJKH]]R��/���=HHPDQ��*���YDQ�/LHU�� -��%���+DPHOHUV��+��9�
0�� DQG� /HWWLQJD�� *�� ��������$� UHYLHZ��7KH� DQDHURELF
WUHDWPHQW� RI� VHZDJH� LQ� 8$6%� DQG� (*6%� UHDFWRUV�
%LRUHVRXUFH�7HFKQRORJ\��������������

6XQ��+��:���3HQJ��<��=���6KL��;��1���=KDQJ��6�-���<DQJ��4�
DQG�+RX��+��;����������$FKLHYLQJ�QLWURJHQ�UHPRYDO� IURP
ODQGILOO� OHDFKDWH� YLD� 8$6%�$�2� SURFHVV�� =KRQJJXR
+XDQQMLQJ�.H[XH�&KLQD�(QYLURQPHQWDO�6FLHQFH� ��� �����
����������

6XQ��+��:���:DQJ��6��<���=KDQJ��6��-���<DQJ��4���+RX��+��;�
DQG�3HQJ��<��=����������$GYDQFHG�QLWURJHQ�UHPRYDO�YLD�QLWULWH
IURP�ODQGILOO�OHDFKDWH�ZLWK�KLJK�QLWURJHQ�FRQFHQWUDWLRQ�DQG
NLQHWLFV� RI� GHQLWULWDWLRQ��+XDQMLQJ�.H[XH�(QYLURQPHQWDO
6FLHQFH������������������

7DVHOL��%��.����������,QIOXHQFH�RI�ODQG�EDVHG�ILVK�IDUP�HIIOXHQWV
RQ�WKH�ZDWHU�TXDOLW\�RI�<DQ\NODU�&UHHN��,QWHUQDWLRQDO�-RXUQDO
RI�(QYLURQPHQWDO�5HVHDUFK���������������

:DQJ��-���%HVVLqUH��<��DQG�6SHUDQGLR��0����������$OWHUQDWLQJ
DQR[LF�IHDVW�DHURELF�IDPLQH�FRQGLWLRQ�IRU�LPSURYLQJ�JUDQXODU
VOXGJH�IRUPDWLRQ�LQ�VHTXHQFLQJ�EDWFK�DLUOLIW�UHDFWRU�DW�UHGXFHG
DHUDWLRQ�UDWH���:DWHU�5HVHDUFK� ��������������

:HL ��6���=DQNHO��$���/HEXKQ��0���3HWUDN��6���6RPLWVK��:��DQG
*XHELW]��*��0�� �������� ,QYHVWLJDWLRQ�RI�PLFURRUJDQLVPV



FRORQL]LQJ�DFWLYDWHG�]HROLWHV�GXULQJ�DQDHURELF�ELRJDV�SURGXFWLRQ
IURP�JUDVV�VLODJH��%LRUHVRXUFH�7HFKQRORJ\� ���������������

:X��/��1���3HQJ��<��=���/LX��0���6RQJ��<��-��DQG�=KDQJ��6��-�
��������$GYDQFHG�QLWURJHQ�UHPRYDO�YLD�QLWULWH�IURP�PDWXUH
ODQGILOO�OHDFKDWH�E\�WKH�WZR�VWDJH�8$6%�$�2�6%5�SURFHVV�
6LFKXDQ�'D[XH�;XHEDR��*RQJFKHQJ�.H[XH�%DQ��-RXUQDO�RI
6LFKXDQ�8QLYHUVLW\� �(QJLQHHULQJ�6FLHQFH� (GLWLRQ�� ��� ����
��������

<LOPD]��*���/HPDLUH�� 5���.HOOHU�� -�� DQG�<XDQ��=�� �������
6LPXOWDQHRXV�QLWULILFDWLRQ�� GHQLWULILFDWLRQ��DQG�SKRVSKRUXV
UHPRYDO� IURP� QXWULHQW�ULFK� LQGXVWULDO�ZDVWHZDWHU� XVLQJ
JUDQXODU�VOXGJH��%LRWHFKQRORJ\�DQG�%LRHQJLQHHULQJ� ��������
��������

*XHUUHUR��/��HW�DO�

��
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5HFHLYHG� ���2FW�� ����� � � � � � � � � � � � �� � ��5HYLVHG����2FW�� ����� �� � � � � � � � � � � � � �$FFHSWHG����2FW������

&RUUHVSRQGLQJ�DXWKRU�(�PDLO�PDU��������#\DKRR�FRP

��

)RUHFDVWLQJ�0XQLFLSDO�6ROLG�ZDVWH�*HQHUDWLRQ�E\�+\EULG�6XSSRUW�9HFWRU
0DFKLQH�DQG�3DUWLDO�/HDVW�6TXDUH�0RGHO

$EEDVL��0����$EGXOL��0�$���2PLGYDU��%���%DJKYDQG��$�

)DFXOW\�RI�(QYLURQPHQW��8QLYHUVLW\�RI�7HKUDQ��7HKUDQ��,UDQ

$%675$&7��)RUHFDVWLQJ�RI�PXQLFLSDO�ZDVWH�JHQHUDWLRQ�LV�D�FULWLFDO�FKDOOHQJH�IRU�GHFLVLRQ�PDNLQJ�DQG�SODQQLQJ�
EHFDXVH�SURSHU�SODQQLQJ�DQG�RSHUDWLRQ�RI�D�VROLG�ZDVWH�PDQDJHPHQW�V\VWHP�LV�LQWHQVLYHO\�DIIHFWHG�E\�PXQLFLSDO
VROLG�ZDVWH� �06:��VWUHDPV� DQDO\VLV� DQG� DFFXUDWH� SUHGLFWLRQV� RI� VROLG�ZDVWH� TXDQWLWLHV� JHQHUDWHG��'XH� WR
G\QDPLF�DQG�FRPSOH[LW\� RI�VROLG�ZDVWH�PDQDJHPHQW�V\VWHP��PRGHOV�E\�DUWLILFLDO� LQWHOOLJHQFH�FDQ�EH�D� XVHIXO
VROXWLRQ� RI� WKLV�SUREOHP�� ,Q� WKLV� SDSHU��D� QRYHO�PHWKRG�RI�)RUHFDVWLQJ�06:�JHQHUDWLRQ�KDV�EHHQ� SURSRVHG�
+HUH�� VXSSRUW� YHFWRU�PDFKLQH� �690�� DV� DQ� LQWHOOLJHQFH� WRRO�FRPELQHG�ZLWK�SDUWLDO� OHDVW� VTXDUH� �3/6�� DV� D
IHDWXUH� VHOHFWLRQ� WRRO� ZDV�XVHG� WR�ZHHNO\� SUHGLFWLRQ� RI�06:�JHQHUDWHG� LQ�7HKUDQ�� ,UDQ��:HHNO\�06:
JHQHUDWHG� LQ� WKH�SHULRG�RI������WR������ZDV�XVHG�DV�LQSXW�GDWD�IRU�PRGHO�OHDUQLQJ��0RUHRYHU��0RQWH�&DUOR
PHWKRG�ZDV�XVHG�WR�DQDO\]H�XQFHUWDLQW\�RI�WKH�PRGHO�UHVXOWV���0RGHO�SHUIRUPDQFH�HYDOXDWHG�DQG�FRPSDUHG�E\
VWDWLVWLFDO� LQGLFHV� RI�5HODWLYH�0HDQ�(UURUV�� 5RRW�0HDQ�6TXDUHG�(UURUV��0HDQ�$EVROXWH� 5HODWLYH�(UURU� DQG
FRHIILFLHQW� RI�GHWHUPLQDWLRQ�� &RPSDULVRQ�RI�690�DQG� 3/6�690�PRGHO� VKRZHG�3/6�690� LV� VXSHULRU� WR
690�PRGHO� LQ� SUHGLFWLYH� DELOLW\� DQG� FDOFXODWLRQ� WLPH� VDYLQJ��$OVR�� UHVXOWV� GHPRQVWUDWH�ZKLFK�3/6� FRXOG
VXFFHVVIXOO\�LGHQWLI\�WKH�FRPSOH[�QRQOLQHDULW\�DQG�FRUUHODWLRQV�DPRQJ�LQSXW�YDULDEOHV�DQG�PLQLPL]H�WKHP��7KH
XQFHUWDLQW\�DQDO\VLV�DOVR�YHULILHG� WKDW�WKH�3/6�690�PRGHO�KDG�PRUH�UREXVWQHVV� WKDQ�690�DQG�KDG�D�ORZHU
VHQVLWLYLW\� WR�FKDQJH� RI� LQSXW� YDULDEOHV�

.H\�ZRUGV��0XQLFLSDO�6ROLG�:DVWH��6XSSRUW�9HFWRU�0DFKLQH��3DUWLDO�/HDVW�6TXDUH�� ,QWHOOLJHQW�PRGHO

,1752'8&7,21
3UHGLFWLRQ�RI�VROLG�ZDVWH�JHQHUDWLRQ�LV�WKH�LQLWLDO

DQG�PDMRU�LPSRUWDQW�VWHS�LQ�SODQQLQJ�DQG�RSHUDWLRQ�RI
06:�PDQDJHPHQW�V\VWHP��&KDQJ�DQG�/LQ��������+�:�
&KHQ��������7KDQK�DQG�0DWVXL��������$UVKDG�HW�DO��
������1RXUL�HW�DO���������+\XQ�HW�DO����������1RZDGD\V�
YDULRXV�PRGHOV�KDYH�EHHQ�SURSRVHG�WR�IRUHFDVW�VKRUW
DQG� ORQJ� WHUP�06:�JHQHUDWLRQ�ZKLFK�GHPRQVWUDWH
GLIILFXOW\� RI�SUREOHP� �%HLJO� DQG�/HEHUVRUJHU�� �����
0DTERRO�HW�DO���������&KHQ�HW�DO���������6DIDUL�HW�DO��
������� 5DSLG� ZDVWH� JHQHUDWLRQ� JURZWK�� ODFN� RI
LQIRUPDWLRQ��DIIHFWLRQ�RI�YDULDEOH�DQG�RXW�RI�FRQWURO
IDFWRUV�RQ�ZDVWH�JHQHUDWLRQ�FDXVH�WKH�IRUHFDVWLQJ�WR
EH�D�FRPSOH[�HQJLQHHULQJ�SUREOHP�HVSHFLDOO\�LQ� WKH
GHYHORSLQJ�FRXQWULHV��$EGROL�HW�DO���������1DGD�HW�DO��
������5DVKLGL�HW�DO���������6KDILHL\RXQ�HW�DO��������
0DKPRXGNKDQL�HW�DO����������,Q�FRQYHQWLRQDO�PHWKRGV�
ZDVWH�JHQHUDWLRQ�LV�FKDUDFWHUL]HG�E\�SHUFDSLWD�LQGLFHV
ZLWK�UHVSHFW� WR�WKH�GHPRJUDSKLF�DQG�VRFLRHFRQRPLF
IDFWRUV��*URVVPDQ�'��������0XNKHUMHH��������1LHVVHQ
:5���������7KHVH�PRGHOV�FDQ�EH�DSSOLHG�WR�WKH�VLWXDWLRQ
LQ�ZKLFK�XQGHUO\LQJ�UHODWLRQVKLSV�KDYH�QRW�VLJQLILFDQWO\
FKDQJHG� RYHU� WLPH�� ,W�PHDQV� WKH\� GRQ¶W� FRQVLGHU

G\QDPLF�SURSHUWLHV�LQ�WKH�SURFHVV�RI�06:�JHQHUDWLRQ
DQG� FRQVHTXHQWO\� WKH� SURFHVV� PXVW� EH� IXOO\
FKDUDFWHUL]HG���+RZHYHU��WKHUH�DUH�DWWHPSWV�ZKLFK�XVH
WKH� FXUUHQW� LQIRUPDWLRQ� DERXW� LQSXW� YDULDEOHV� WR
IRUHFDVW�WKH�IXWXUH��&KDQJ�DQG�/LQ��������&KDQJ�HW�DO��
�������%XW�PDQ\�GHYHORSLQJ�FRXQWULHV�PD\�QRW�KDYH
VXIILFLHQW�EXGJHW�DQG�PDQDJHPHQW�WDVN�IRUFH�DYDLODEOH
WR�PDLQWDLQ�D�ORQJ�WHUP�DQG�ODUJH�VFDOH�VDPSOLQJ�DQG
DQDO\VLV�SURJUDP��2Q�WKH�RWKHU�KDQG��FODVVLF�VWDWLVWLFDO
PRGHOV� VXFK� DV� PRVW� FRPPRQO\� XVHG� PXOWLSOH
UHJUHVVLRQ�PRGHOV�FDQQRW�OHDUQ� IURP�QHZ�GDWD�DQG
WKHLU�SUHFLVLRQ�LV�SRRU�ZKHQ�LQDFFXUDWH�GDWD�DUH�XVHG
WR� ILQG� LQIRUPDWLRQ� KLGGHQ� LQ� GDWD� DQG� KDYLQJ� D
XQLYHUVDO DSSUR[LPDWLRQ� �=KX�DQG�5H9HOOH������� �
6YR]LO�� ������ %ODVFR� HW� DO��� ������� %DVHG� RQ� WKH
DGYDQWDJHV� RI� LQWHOOLJHQFH� PRGHOV�� WKH\� EHFRPH
SRSXODU�DQG�DUH�LQKHUHQWO\�LQWHUHVWHG�LQ�DOO�VFLHQFHV
DOVR�VROLG�ZDVWH�PDQDJHPHQW��%D\DU�HW�DO���������'RQJ
HW�DO���������.DUDFD�DQG�2]ND\D���������,Q�WKHVH�PRGHOV�
UHODWLRQ�EHWZHHQ�LQSXW�DQG�RXWSXW�YDULDEOHV�DUH�ILUVW
IRXQG�E\�D�OHDUQLQJ�SURFHVV�DQG�WKHQ�IXWXUH�RXWSXWV
ZLOO�EH�SUHGLFWHG��7KHVH�GDWD�GULYHQ�PRGHOV�ZLWKRXW
QHHG� RI� FRPSOHWH� SHUFHSWLRQ� RI�06:� JHQHUDWLRQ
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$EEDVL��0��HW�DO�

SURFHVV�KDYH�KLJK�DELOLW\�WR�PRGHO�ZDVWH�JHQHUDWLRQ
IOXFWXDWLRQV��1RRUL�HW�DO��XVHG�DUWLILFLDO�QHXUDO�QHWZRUN
�$11��IRU�IRUHFDVWLQJ�ZDVWH�JHQHUDWLRQ�LQ�0DVKKDG�
,UDQ��-DOLOL�DQG�1RRUL���������0RGHO�UHVXOWV�VKRZHG�JRRG
FRLQFLGHQFH�EHWZHHQ�HPSLULFDO�GDWD�DQG�SUHGLFWLRQV�
+RZHYHU��$11�PD\�QRW�EH�DEOH� WR�SUHFLVHO\�PRGHO
QRQ�VWDWLRQDU\�GDWD�LI�SUHSURFHVVLQJ�RI�WKH�LQSXW�DQG�
RU�RXWSXW�GDWD�LV�QRW�SHUIRUPHG��7KHUH�DUH�PDQ\�GDWD
VHOHFWLRQ�DQG�SUHSURFHVVLQJ�PHWKRGV�ZKLFK�PLQLPL]H
RU� FRQYHUW� LQSXWV� WR� XVHIXO� LQIRUPDWLRQ�� 3ULQFLSDO
FRPSRQHQW�DQDO\VLV��3&$���ZDYHOHW�DQG�*DPPD�WHVW
ZHUH� DSSOLHG� DV� GDWD� VHOHFWLRQ� PHWKRG� LQ� ZDVWH
JHQHUDWLRQ�SUHGLFWLRQ�E\�1RRUL�HW�DO���1RRUL�HW�DO���������
7KH�LQQDWH�GLVDGYDQWDJH�VXFK�DV�RYHU�ILWWLQJ�WUDLQLQJ�
ORFDO�PLQLPXP��GLIILFXOW\�LQ�GHWHUPLQDWLRQ�RI�QHWZRUN
DUFKLWHFWXUH�DQG�SRRU�JHQHUDOL]LQJ�SHUIRUPDQFH�UHPDLQ
XQVROYHG�DQG�OLPLW�WKH�DSSOLFDWLRQ�RI�WKH�$11�DSSURDFK
LQWR� SUDFWLFH�� 6XSSRUW� YHFWRU�PDFKLQH�� DQRWKHU
LQWHOOLJHQFH�PRGHO��GHYHORSHG�E\�9DSQLN�FDQ�SURYLGH
DQ� HIIHFWLYH� QRYHO� DSSURDFK� WR� LPSURYH� ERWK
JHQHUDOL]DWLRQ�SHUIRUPDQFH� RI�QHXUDO� QHWZRUNV� DQG
DFKLHYH�JOREDO�VROXWLRQV�VLPXOWDQHRXVO\��9DSQLN��������
5HFHQWO\�� WKH� 690� H�LQVHQVLWLYH� W\SH� KDV� EHHQ
H[WHQGHG�WR�VROYH�QRQ�OLQHDU�UHJUHVVLRQ�HVWLPDWLRQ�DQG
WLPH�VHULHV�SUHGLFWLRQ��0XNKHUMHH��������%URRPKHDG�
������9DSQLN������D��E���7R� SURYLGH�WKH�DFFHSWDEOH
DFFXUDF\�RI� SUHGLFWLRQ�DQG� VSHHG�FDOFXODWLRQV��GDWD
UHGXFWLRQ�DQG� YDULDEOH� VHOHFWLRQ� FDQ�EH� DSSOLHG� IRU
SUHSURFHVVLQJ�LQSXWV�RI�690��7KHUH�DUH�PDQ\�GDWD
UHGXFWLRQ�WHFKQLTXH��=KDQJ�HW�DO���������=KDQJ�������
&RUFRUDQ��������:DQJ���������7KH�PHWKRG�VHOHFWHG�IRU
WKH�SUHVHQW�VWXG\�LV�SDUWLDO�OHDVW�VTXDUH�EHFDXVH�LW�LV
DQ� XQVXSHUYLVHG� GLPHQVLRQ� UHGXFWLRQ� WHFKQLTXH�
:KHQ� WKH� NH\� DUHD� RI� DSSOLFDWLRQ� LV� PXOWLYDULDWH
UHJUHVVLRQ��WKHUH�PD\�EH�FRQVLGHUDEOH�LPSURYHPHQW�LI
VWDQGDUGL]HG�OLQHU�FRPELQDWLRQV�RI�SUHGLFWLYH�YDULDEOHV
DUH�EXLOW�WR�FDSWXUH�DV�PXFK�LQIRUPDWLRQ�LQ�WKH�UDZ
SUHGLFWLYH�YDULDEOHV�DV�ZHOO�DV�LQ�WKH�UHODWLRQ�EHWZHHQ
WKH�SUHGLFWLYH�DQG�WDUJHW�YDULDEOHV��3/6�DOORZV�XV�WR
DFKLHYH�WKLV�EDODQFH�DQG�SURYLGH�DQ�DOWHUQDWH�DSSURDFK
WR�3&$�WHFKQLTXH��6DLNDW�DQG�-XQ��������

0RUHRYHU��XQGHUVWDQGLQJ�XQFHUWDLQW\�LQ�D�PRGHO
LV�LPSRUWDQW�WR�LQWHUSUHWLQJ�LWV�UHVXOWV���7KLV�EHFRPHV
HVSHFLDOO\�LPSRUWDQW�LI�WKH�RXWFRPHV�WR�EH�FRPSDUHG
DUH�QHDU�RQH�DQRWKHU�LQ�PDJQLWXGH��/LWHUDWXUH�VKRZV
WKDW�MXVW�D�IHZ�PHWKRGV�SURSRVHG�IRU�GHWHUPLQLQJ�WKH
XQFHUWDLQW\� VXFK� DV� ERRWVWUDS�� VDQGZLFK� HVWLPDWRU�
PD[LPXP�OLNHOLKRRG��DQG�%D\HVLDQ�LQIHUHQFH�ZKLFK�ZDV
SURSRVHG�E\�0DUFH�DQG�HW�DO���������,Q�RUGHU�WR�SURYLGH
WKH� XQFHUWDLQW\� DVVRFLDWHG�ZLWK� WKH� HVWLPDWLRQ� RI
06:*��D�0RQWH�&DUOR�VLPXODWLRQ�ZDV�SHUIRUPHG�KHUHLQ
GXH�WR�LWV�JRRG�SHUIRUPDQFH������E��$TLO�HW�DO�������D��
0RQWH�&DUOR�VLPXODWLRQ�LV�D�IOH[LEOH�WRRO�IRU�SHUIRUPLQJ
XQFHUWDLQW\�DQDO\VLV�RI�GDWD�GULYHQ�PRGHOV�

7KH�DLPV�RI�WKH�VWXG\�DUH�WR�GHYHORS�D�QRYHO�PHWKRG
IRU�SUHGLFWLRQ�RI�VROLG�ZDVWH�JHQHUDWLRQ�XVLQJ�K\EULG
3/6�690�PRGHO�DQG�DQDO\VLV�RI�XQFHUWDLQW\�LQ�WKH
PRGHO�UHVXOWV�

0$7(5,$/6�	�0(7+2'6
7HKUDQ�� WKH� FDSLWDO� RI� ,UDQ��ZLWK� SRSXODWLRQ� RI

DSSUR[LPDWHO\� ��� PLOOLRQV� LV� WKH�PRVW� LPSRUWDQW
PHWURSROLV�DQG�ODUJHVW�FRPPHUFLDO�DQG�SROLWLFDO�FHQWUH
RI� WKH� FRXQWU\�� 'DLO\�ZDVWH� JHQHUDWLRQ� LQ� 7HKUDQ
DPRXQWV� WR� RYHU� ����� WRQV�� 7KH� WRWDO� VROLG�ZDVWH
JHQHUDWHG�LQ�7HKUDQ�GXULQJ������DQG������ZDV����������
DQG�����������WRQV�UHVSHFWLYHO\�DQG�WKH�WRWDO�DPRXQW
RI�06:�LQ�WKHVH�\HDUV�ZDV�����������DQG����������
WRQV�UHVSHFWLYHO\��'DPJKDQL�HW�DO����������7KLV�DPRXQW
LV�������WLPHV�PRUH�WKDQ�RWKHU�PHWURSROLVHV�ZLWK�WKH
VDPH�SRSXODWLRQ��0DQDJHPHQW�RI�WKLV�ODUJH�TXDQWLW\
RI�ZDVWH�QHHGV�WR�SUHSDUH�D�VXLWDEOH�DQG�SUHFLVH�PRGHO
IRU�IRUHFDVWLQJ�VROLG�ZDVWH�JHQHUDWLRQ��,Q�WKLV�SDSHU�
ZHHNO\�06:�JHQHUDWHG�LQ�WKH�SHULRG�RI������WR�����
ZDV�XVHG�WR�OHDUQ�WKH�PRGHO�

7R�HVWLPDWH�WKH�DPRXQW�RI�JHQHUDWHG�ZDVWH�LQ�D
FLW\��VHDVRQDO�SDWWHUQV�DUH�PRUH�HIIHFWLYH�DQG�DSSOLFDEOH
�7FKREDQRJORXV���������7KHUHIRUH��ZHHNO\�WLPH�VHULHV
ZLWK����WLPH�ODJV��HTXDO�WR�D�VHDVRQ��ZHUH�LQSXWWHG�WR
WKH�PRGHO��6R�WKH�SUHGLFWHG�ZDVWH�DPRXQWV�ZHUH�EDVHG
RQ����SUHYLRXV�WLPH�VHULHV�

3DUWLDO� OHDVW� VTXDUH� ZDV� SURSRVHG� E\�:ROG
RULJLQDOO\��:ROG���������,W�FDQ�VHSDUDWH�WKH�LQIRUPDWLRQ
DQG�QRLVH�RI�WKH�SUHGLFWRUV�RU�LQGHSHQGHQW�YDULDEOHV
�;���3/6�ZRUNV�E\�VXFFHVVLYHO\�H[WUDFWLQJ�IDFWRUV�IURP
ERWK�;�DQG�UHVSRQVHV�RU�GHSHQGHQW�YDULDEOHV��<��VXFK
WKDW� FRYDULDQFH� EHWZHHQ� WKH� H[WUDFWHG� IDFWRUV� LV
PD[LPL]HG��7KH�WHFKQLTXH�RI�3/6�LV�VLPLODU�WR�3ULQFLSDO
FRPSRQHQW��3&$���,W�DOVR�SURGXFHV�OLQHDU�FRPELQDWLRQV
RI�WKH�RULJLQDO�VXUIDFH�SDUDPHWHUV��+RZHYHU��3/6�DQG
3&$� GLIIHU� LQ� WKH� ZD\� WKH\� H[WUDFW� WKH� SULQFLSDO
GLUHFWLRQV��3&$�LJQRUHV�WKH� LQIRUPDWLRQ�LQ�<�ZKHQ
EXLOGLQJ�WKH�SULQFLSDO�FRPSRQHQWV�DQG�3/6�SURGXFHV
WKH�GLUHFWLRQV�UHIOHFWLQJ�WKH�UHODWLRQVKLS�EHWZHHQ�<�DQG
;��6R��3/6�UHVXOWV�ZLOO�KDYH�PRUH�SUDFWLFDO�PHDQLQJV�

$VVXPHG�;�LV�D�PDWUL[�ZLWK�Q�URZV�DQG�S�FROXPQV
DQG�<�LV�D�PDWUL[�ZLWK�Q�URZV�DQG�T�FROXPQV��3/6
PHWKRG�FDQ�ZRUN�ZLWK�PXOWLYDULDWH�UHVSRQVH�YDULDEOHV
�L�H���ZKHQ�<�LV�DQ�QîT�YHFWRU�ZLWK�T!����+RZHYHU�
KHUH�LW�VXSSRVHG�WKDW�<�LV�D�VLQJOH�YDULDEOH�L�H���<�LV�Qî�
DQG�;�LV�QîS��7R�EXLOG�D�3/6�PRGHO��LW�LV�QHHGHG�WR
UHJUHVV�;� RQWR� WKH� [�VFRUHV� �7���ZKLFK� DUH� XVHG� WR
SUHGLFW� WKH� \�VFRUHV� �8��� ZKLFK� LQ� WXUQ� DUH� XVHG� WR
SUHGLFW�WKH�UHVSRQVHV�<��7KXV�; 737���(�DQG�< 847��
)��ZKHUH�7

QîU
�LV�;�VFRUHV��8

QîU
�LV�<�VFRUHV��3

SîU
�LV�;�

ORDGLQJV��4
�îU
�LV�<�ORDGLQJV��(

QîS
�LV�;��UHVLGXDOV�DQ�)

Qî�

LV�<�UHVLGXDOV��'HFRPSRVLWLRQ� LV� ILQDOL]HG� VR� DV� WR
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PD[LPL]H�FRYDULDQFH�EHWZHHQ�7�DQG�8��7KH�VROXWLRQ�RI
WKLV�RSWLPL]DWLRQ�SUREOHP�FDQ�EH�IRXQG�EHORZ��/RUEHU
HW� DO��� ������:ROG� HW� DO��� ������� 2Q� HLJHQYDOXH
GHFRPSRVLWLRQ�SURFHVV��WKH�ILUVW�H[WUDFWHG�7�DQG�8�DUH
RI�WKH�IRUP�7 ;�Z�DQG�8 <�F��ZKHUH�Z�DQG�F�DUH�WKH
HLJHQYHFWRUV�FRUUHVSRQGLQJ�WR�WKH�ILUVW�HLJHQYDOXH�RI
;7<<7;�DQG�<7;;7<��UHVSHFWLYHO\��,W�LV�QRWHG�;7<�GHQRWHV
WKH�FRYDULDQFH�RI�;�DQG�<��2QFH�WKH�ILUVW�IDFWRUV�KDYH
EHHQ�H[WUDFWHG�WKH�RULJLQDO�YDOXHV�RI�;�DQG�<�DUH�GHIODWHG
DV��;

�
 ;�±�WW7;�DQG�<

�
 <��WW7<��7KH�DERYH�SURFHVV�LV

QRZ�UHSHDWHG�WR�H[WUDFW�WKH�VHFRQG�3/6�IDFWRUV��7KH
SURFHVV� FRQWLQXHV� XQWLO� DOO� SRVVLEOH� ODWHQW� YDULDEOHV
KDYH�EHHQ�H[WUDFWHG�7�DQG�8��0RUH�GHWDLOV�RI�WKH�3/6
SURFHGXUH�FDQ�EH�IRXQG�LQ�*HODGL�DQG�.RZDOVNL��*HODGL�
������

$�EULHI�GHVFULSWLRQ�RI�WKH�XQGHUO\LQJ�SULQFLSOH�RI
6XSSRUW�YHFWRU�PDFKLQH��690��LV�SUHVHQWHG�KHUH�DQG
PRUH�GHWDLOV�DUH�GHVFULEHG�LQ�OLWHUDWXUH��9DSQLN�������
����D���������,Q�VXSSRUW�YHFWRU�PDFKLQH��WKH�LQSXW�GDWD
LV�ILUVW�PDSSHG�LQWR�KLJK�GLPHQVLRQDO�IHDWXUH�VSDFH�E\
WKH�XVH�RI�NHUQHO�IXQFWLRQ�DQG�WKHQ�OLQHDU�UHJUHVVLRQ�LV
SHUIRUPHG�LQ�WKH�IHDWXUH�VSDFH��7KH�QRQ�OLQHDU�IHDWXUH
PDSSLQJ�ZLOO�DOORZ�WKH�WUHDWPHQW�RI�QRQ�OLQHDU�SUREOHPV
LQ�D�OLQHDU�VSDFH��$IWHU�WUDLQLQJ�RQ�VHW�GDWD�690�FDQ�EH
XVHG�WR�SUHGLFW�WKH�REMHFWV�ZKRVH�YDOXHV�DUH�XQNQRZQ�
$� UHJUHVVLRQ� 690�PRGHO� HVWLPDWHV� WKH� IXQFWLRQDO
GHSHQGHQFH�RI�WKH�GHSHQGHQW�YDULDEOH�<�RQ�D�VHW�RI
LQGHSHQGHQW� YDULDEOHV� [�� ,W� DVVXPHV�� OLNH� RWKHU
UHJUHVVLRQ�SUREOHPV��WKDW�WKH�UHODWLRQVKLS�EHWZHHQ�WKH
LQGHSHQGHQW� DQG�GHSHQGHQW� YDULDEOHV� LV� JLYHQ�E\� D
GHWHUPLQLVWLF�IXQFWLRQ�I�[���&RQVLGHULQJ�D�VHW�RI�WUDLQLQJ

GDWD �`����������^� �� \[\[ ��ZKHUH�HDFK� Q
L 5[

GHQRWHV� WKH� LQSXW� VSDFH� RI� WKH� VDPSOH� DQG� KDV� D

FRUUHVSRQGLQJ�WDUJHW�YDOXH� 5\L �IRU�L ��«��O�ZKHUH

O�FRUUHVSRQGV�WR�WKH�VL]H�RI�WKH�WUDLQLQJ�GDWD��9DSQLN�
������0�OOHU�HW�DO����������7KH�LGHD�RI�WKH�UHJUHVVLRQ
SUREOHP�LV�WR�GHWHUPLQH�D�IXQFWLRQ�WKDW�FDQ�DSSUR[LPDWH
IXWXUH�YDOXHV�DFFXUDWHO\�

E��[�Z��[�I ���������������������������������������

:KHUH Z � E DQG GHQRWHV� D� QRQ�OLQHDU

WUDQVIRUPDWLRQ�IURP� Q5 �WR�KLJK�GLPHQVLRQDO�VSDFH�

7KH�JRDO�LV�WR�ILQG�WKH�YDOXH�RI�Z �DQG�E �VXFK�WKDW
YDOXHV�RI� [ � FDQ� EH� GHWHUPLQHG� E\�PLQLPL]LQJ� WKH
UHJUHVVLRQ�ULVN�

�

� �

�
������ Z\L[LI&I5

L
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:KHUH� �� � LV�D�FRVW� IXQFWLRQ�& LV� D�FRQVWDQW� DQG

YHFWRU�Z �FDQ�EH�ZULWWHQ�LQ�WHUPV�RI�GDWD�SRLQWV�DV�
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L
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%\�VXEVWLWXWLQJ�HTXDWLRQ�����LQWR�HTXDWLRQ������WKH
JHQHULF�HTXDWLRQ�FDQ�EH�UHZULWWHQ�DV�
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,Q�HTXDWLRQ�����WKH�GRW�SURGXFW�FDQ�EH�UHSODFHG�ZLWK

IXQFWLRQ ��� [[N L �� NQRZQ� DV� WKH� NHUQHO� IXQFWLRQ�

.HUQHO�IXQFWLRQV�HQDEOH�GRW�SURGXFW�WR�EH�SHUIRUPHG
LQ� KLJK�GLPHQVLRQDO� IHDWXUH� VSDFH� XVLQJ� ORZ
GLPHQVLRQDO� VSDFH� GDWD� LQSXW�ZLWKRXW� NQRZLQJ� WKH
WUDQVIRUPDWLRQ ��$OO�NHUQHO�IXQFWLRQV�PXVW�VDWLVI\
0HUFHU¶V� FRQGLWLRQ� WKDW� FRUUHVSRQGV� WR� WKH� LQQHU
SURGXFW� RI� VRPH� IHDWXUH� VSDFH�� 7KH� UDGLDO� EDVLV
IXQFWLRQ��5%)�� LV�FRPPRQO\�XVHG� DV�WKH�NHUQHO� IRU
UHJUHVVLRQ�

�
H[S��� LL [[[[N ���

7KH �LQVHQVLWLYH�ORVV�IXQFWLRQ�LV�WKH�PRVW�ZLGHO\�XVHG
FRVW�IXQFWLRQ��0�OOHU�HW�DO�����������7KH�IXQFWLRQ�LV�LQ
WKH�IRUP�

RWKHUZLVH
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%\�VROYLQJ�WKH�TXDGUDWLF�RSWLPL]DWLRQ�SUREOHP�LQ�����
WKH� UHJUHVVLRQ� ULVN� LQ� HTXDWLRQ� ���� DQG� WKH �
LQVHQVLWLYH�ORVV�IXQFWLRQ�����FDQ�EH�PLQLPL]HG�

6XEMHFW�WR�

�
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7KH� /DJUDQJH� PXOWLSOLHUV� 
LL DQG �� UHSUHVHQW

VROXWLRQV�WR�WKH�DERYH�TXDGUDWLF�SUREOHP�WKDW�DFW�DV

IRUFHV�SXVKLQJ�SUHGLFWLRQV�WRZDUGV�WDUJHW�YDOXH� L\ �

2QO\�WKH�QRQ�]HUR�YDOXHV�RI�WKH�/DJUDQJH�PXOWLSOLHUV
LQ�HTXDWLRQ�����DUH�XVHIXO�LQ�IRUHFDVWLQJ�WKH�UHJUHVVLRQ
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)RUHFDVWLQJ�0XQLFLSDO�6ROLG�ZDVWH�*HQHUDWLRQ

OLQH�DQG�DUH�NQRZQ�DV�VXSSRUW�YHFWRUV��)RU�DOO�SRLQWV
LQVLGH�WKH �WXEH��WKH�/DJUDQJH�PXOWLSOLHUV�HTXDO�WR
]HUR�GR�QRW�FRQWULEXWH�WR�WKH�UHJUHVVLRQ�IXQFWLRQ��2QO\

LI�WKH�UHTXLUHPHQW� \[I �� LV�IXOILOOHG��/DJUDQJH

PXOWLSOLHUV�PD\�EH�QRQ�]HUR�YDOXHV�DQG�XVHG�DV�VXSSRUW
YHFWRUV�
7KH�FRQVWDQW�&�LQWURGXFHG�LQ�HTXDWLRQ�����GHWHUPLQHV
SHQDOWLHV�WR�HVWLPDWLRQ�HUURUV��$�ODUJH�&�DVVLJQV�KLJKHU
SHQDOWLHV�WR�HUURUV�VR�WKDW�WKH�UHJUHVVLRQ�LV�WUDLQHG�WR
PLQLPL]H�HUURU�ZLWK�ORZHU�JHQHUDOL]DWLRQ�ZKLOH�D�VPDOO�&
DVVLJQV� IHZHU� SHQDOWLHV� WR� HUURUV�� WKLV� DOORZV� WKH
PLQLPL]DWLRQ� RI� PDUJLQ�ZLWK� HUURUV�� WKXV� KLJKHU
JHQHUDOL]DWLRQ�DELOLW\��,I�&�JRHV�WR�LQILQLWHO\�ODUJH��695
ZRXOG�QRW�DOORZ�WKH�RFFXUUHQFH�RI�DQ\�HUURU�DQG�UHVXOW
LQ�D�FRPSOH[�PRGHO��ZKHUHDV�ZKHQ�&�JRHV�WR�]HUR��WKH
UHVXOW�ZRXOG�WROHUDWH�D�ODUJH�DPRXQW�RI�HUURUV�DQG�WKH
PRGHO�ZRXOG�EH�OHVV�FRPSOH[�
1RZ��WKH�YDOXH�RI�Z LV�VROYHG�LQ�WHUPV�RI�WKH�/DJUDQJH

PXOWLSOLHUV��)RU�WKH�YDULDEOH�E ��LW�FDQ�EH�FRPSXWHG�E\
DSSO\LQJ� .DUXVK�.XKQ�7XFNHU� �..7�� FRQGLWLRQV
ZKLFK�� LQ� WKLV�FDVH�� LPSOLHV� WKDW� WKH�SURGXFW� RI� WKH
/DJUDQJH�PXOWLSOLHUV�DQG�FRQVWUDLQV�KDV�WR�HTXDO�]HUR�
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:KHUH L DQG�

L DUH� VODFN�YDULDEOHV�XVHG� WR�PHDVXUH

HUURUV�RXWVLGH�WKH� �WXEH��6LQFH� �� 
LL �DQG� �

L

IRU� E&L �����
FDQ�EH�FRPSXWHG�DV�IROORZV�
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�������
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3XWWLQJ� LW�DOO�WRJHWKHU��690�FDQ�EH�XVHG�ZLWKRXW
NQRZLQJ�WKH�WUDQVIRUPDWLRQ�

7KH�0RQWH� &DUOR�PHWKRG� LV� MXVW� RQH� RI�PDQ\
PHWKRGV�IRU�DQDO\]LQJ�XQFHUWDLQW\�SURSDJDWLRQ��ZKHUH
WKH�JRDO�LV�WR�GHWHUPLQH�KRZ�UDQGRP�YDULDWLRQ��ODFN�RI
NQRZOHGJH��RU�HUURU�DIIHFWV�WKH�VHQVLWLYLW\��SHUIRUPDQFH�
RU�UHOLDELOLW\�RI�WKH�V\VWHP�WKDW�LV�EHLQJ�PRGHOHG��0RQWH
&DUOR�PHWKRG�LV�D�WHFKQLTXH�WKDW�LQYROYHV�UHSHDWHGO\
IRUPLQJ�D�UDQGRP�YHFWRU�RI�SDUDPHWHUV�IURP�SUHVFULEHG
SUREDELOLW\�GLVWULEXWLRQV��HYDOXDWLQJ�WKH�IXQFWLRQ��DQG
WKHQ�FRPSXWLQJ�WKH�VWDWLVWLFV�RI�WKH�HYDOXDWHG�IXQFWLRQ�

,Q�WKLV�UHVHDUFK��XQFHUWDLQW\�DQDO\VLV�ZDV�SHUIRUPHG
DV�IROORZV�
6WHS���������WLPHV�UDQGRPO\�UHDUUDQJHG�WKH�GDWDEDVH
ZLWKRXW� UHSODFHPHQW� VLQFH� WKH� UDWLR� EHWZHHQ� WKH
WUDLQLQJ�DQG�YDOLGDWLRQ�VHWV�ZDV�NHSW�IL[��7KXV������
ZHHNO\�06:*�VHULHV�ZHUH�JHQHUDWHG�
6WHS���������GLIIHUHQW�UHVXOWV�IRU�HDFK�IRUHFDVWHG�ZHHNO\
06:*�ZHUH�REWDLQHG�E\�690�DQG�3/6�690�PRGHOV�
6WHS����WKH�UHVXOWLQJ�VWDWLVWLFDO�SHUIRUPDQFHV��PHDQ�
PHGLDQ�DQG�YDULDQFH��ZHUH�FROOHFWHG��WDEXODWHG�DQG
WKHLU�GLVWULEXWLRQV�ZHUH�SORWWHG��,W�LV�WR�EH�QRWHG�WKDW
RQO\�WKH�����FRQILGHQFH�LQWHUYDOV�RI�HVWLPDWLRQ�DUH
UHSRUWHG�LQ�WKLV�VWXG\�GXH�WR�WKH�IDFW�WKDW�FRQILGHQFH
LQWHUYDOV�SURYLGH�PRUH�LQIRUPDWLRQ�WKDQ�RWKHU�VWDWLVWLFDO
YDOXHV�DERXW�WKH�UDQJH�RI�SUHGLFWLRQ�DVVRFLDWHG�ZLWK
WKH� PRGHO� � 7KH� ���� FRQILGHQFH� LQWHUYDOV� DUH
GHWHUPLQHG�E\�ILQGLQJ�WKH����WK�DQG�����WK�SHUFHQWLOHV
RI�WKH�FRQVWUXFWHG�GLVWULEXWLRQ�

6XSSRVH�WKH�FXUUHQW�WLPH�LV�W��\�W�O��IRU�WKH�IXWXUH
WLPH�W�O�LV�SUHGLFWHG�ZLWK�WKH�NQRZOHGJH�RI�WKH�YDOXH
\�W�Q���\�W�Q����«��\�W��IRU�SDVW�WLPH�W�Q��W�Q����«��W�
UHVSHFWLYHO\���7KH�SUHGLFWLRQ�IXQFWLRQ�LV�H[SUHVVHG�DV�

�\�W�O�� �I�W��\�W���\�W�����«��\�W�Q�� ����

���$V�GLVFXVVHG�DERYH��LQ�WKLV�VWXG\��QH[W�ZHHN�ZDVWH
JHQHUDWLRQ� IRUHFDVWHG�E\� ��� SUHYLRXV�ZHHNO\�ZDVWH
JHQHUDWLRQ�WLPH�VHULHV��5HODWLYH�0HDQ�(UURUV��50(��
5RRW�0HDQ�6TXDUHG�(UURUV��506(���0HDQ�$EVROXWH
5HODWLYH�(UURU��0$5(��DQG�FRHIILFLHQW�RI�GHWHUPLQDWLRQ
�5���DUH�DSSOLHG�DV�SHUIRUPDQFH�LQGLFHV�
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:KHUH L< �LV�WKH�REVHUYDWLRQ�YDOXH�� L< �LV�WKH�DYHUDJH

YDOXH�DQG� 
L< �LV�WKH�SUHGLFWHG�YDOXH�
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5(68/76�	�',6&866,21
$� NHUQHO� IXQFWLRQ� KDV� WR� EH� VHOHFWHG� IURP� WKH

TXDOLILHG�IXQFWLRQV���5DGLDO�EDVLV IXQFWLRQ�ZDV�DSSOLHG
GXH�WR�LWV�EHQHILWV�RYHU�RWKHU�NHUQHO�IXQFWLRQV��+DQ�
������'LELNH�HW�DO����������$GGLWLRQDOO\��PDQ\�ZRUNV�LQ
PRGHOLQJ� DQG� IRUHFDVWLQJ� KDYH� GHPRQVWUDWHG� WKH
VXFFHVVIXO�DSSOLFDWLRQ�RI�WKH�UDGLDO�EDVLV�IXQFWLRQ�LQ
VXSSRUW�YHFWRU�UHJUHVVLRQ��/LRQJ�DQG�6LYDSUDJDVDP�
������&KR\�DQG�&KDQ��������<X���������7KH�690
SDUDPHWHUV� �&� FDSDFLW\�� � DQG� � NHUQHO�VSHFLILF
SDUDPHWHU��DUH�LQWHUGHSHQGHQW��DQG�WKHLU��QHDU��RSWLPDO
YDOXHV�DUH�RIWHQ�REWDLQHG�E\�D�WULDO�DQG�HUURU�PHWKRG�
2SWLPL]DWLRQ�RI�WKHVH�SDUDPHWHUV�KDV�EHHQ�GRQH�E\�D
V\VWHPDWLF�JULG�VHDUFK�RI�WKH�SDUDPHWHUV�XVLQJ�OHDYH�
RQH�RXW� FURVV�YDOLGDWLRQ�RQ� WKH�WUDLQLQJ� VHW��,Q� WKLV
JULG�VHDUFK��ILUVW��D�EURDG�UDQJH�RI�SDUDPHWHUV�VHWWLQJV
DUH� LQYHVWLJDWHG� ZLWK� ODUJH� VWHSV�� +HUH�� RSWLPL]HG

YDOXHV�RI�&�DQG� �IRU�D�VSHFLILHG� �ZHUH�REWDLQHG�DQG
WKHQ� � ZDV� FKDQJHG�� � 6HFRQG�� DIWHU� LGHQWLI\LQJ� D
SURPLVLQJ�UHJLRQ��WKLV�UHJLRQ�LV�VHDUFKHG�LQ�PRUH�GHWDLO�
7KH�WHVW�VHW�LV�XVHG�DV�DQ�LQGHSHQGHQW�VHW�WR�FDOFXODWH
WKH�ILQDO�SUHGLFWLRQ�HUURU��)XUWKHUPRUH��WKH�WHVW�HUURU�LV
QRW�XVHG� WR� VHOHFW� WKH�RSWLPDO�PRGHO� EXW� LWV� VL]H� LV
FRPSDUHG� WR� WHVW� VHW� HUURUV�ZLWK� RWKHU� VHWWLQJV� WR
LGHQWLI\�SRVVLEOH�RYHUWUDLQLQJ�
50(��506(��0$5(�DQG�5��ZHUH�XVHG�WR�ILQG�RSWLPXPV�
7KH�RSWLPDO�SDUDPHWHUV��&�� �� �� �������������������ZHUH
REWDLQHG�DW�50( ������506( ������0$5( ������DQG
5� �������)LJ���VKRZV�WKLV�RSWLPDO�YDOXH�

���SHUFHQWDJHV�RI�WRWDO�LQSXWV�ZHUH�XVHG�IRU�WUDLQ
DQG� UHVW� RI� WKHP� ZDV� XVHG� IRU� WHVW�� 2EVHUYDWLRQV
PDSSHG� YLD� SUHGLFWLRQV� LQ� )LJ�� ��� )LJ�� �� LOOXVWUDWH
FRHIILFLHQW�RI�GHWHUPLQDWLRQ�LQ�WUDLQLQJ�DQG�WHVW�VWDJH�

)LJ�����6WDWLVWLFV�LQGH[HV�YLD�m�YDOXHV�WR�ILQG�690�RSWLPXPV�D��50(��E��506(��F��0$5(�DQG�G��5�
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7DEOH����(LJHQYDOXHV�RI�3/6�FRPSRQHQWV

&RPSRQHQW�1R�
(LJHQYDOXH� ��7RWDO�YDULDQFH

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

$V� VHHQ� LQ� )LJ�� ��� 690� FRXOG� IRUHFDVW�06:
JHQHUDWLRQ�ZLWK�FRHIILFLHQW�RI�GHWHUPLQDWLRQ�������DQG
FRLQFLGHQFH�EHWZHHQ�REVHUYDWLRQV�DQG�SUHGLFWLRQV�DUH
DFFHSWDEOH��,W�PHDQV�690�KDYH�D�JRRG�DELOLW\�IRU�06:
JHQHUDWLRQ�SUHGLFWLRQ�

,Q� 3/6� PHWKRG�� QXPEHU� RI� FRPSRQHQWV� �1&V�
VKRXOG�EH�GHWHUPLQHG�SURSHUO\��$Q\�PHWKRG�XVHG�IRU
GHWHUPLQLQJ�1&V�VKRXOG�WDNH�LQWR�DFFRXQW�QRW�RQO\�WKH
JRRGQHVV�RI�ILW�EXW�DOVR�WKH�FRPSOH[LW\�WDNHQ�WR�DFKLHYH
WKDW� ILW�� ,Q� RWKHU� ZRUGV�� ZKHQ� EXLOGLQJ� PRGHO
FRPSRQHQWV��D�EDODQFH�EHWZHHQ�1&V�DQG�WKH�DELOLW\�WR
DFFXUDWHO\�SUHGLFW�GDWD�VKRXOG�EH�FRQVLGHUHG��$�PRGHO
ZLWK� DQ� LQVXIILFLHQW�1&� FDQQRW� SUHGLFW� WKH� GDWD
DFFXUDWHO\�HQRXJK��$�PRGHO�ZLWK�WRR�PDQ\�FRPSRQHQWV
KDV�PRUH�FRPSRQHQWV�WKDW�LW�QHHGV�LQ�SUHGLFWLQJ�WKH
GDWD��9�IROG�FURVV�YDOLGDWLRQ�PHWKRG�FDQ�DFWXDOO\�ILQG
WKH�RSWLPDO�1&�ZKLFK�FRPSOHWHO\�GHVFULEHG�E\�6WRQH
DQG�%URRNV��6WRQH�DQG�%URRNV��������
+HUH��;�VFRUHV�SURGXFHG�E\�WKH�SOVUHJUHVV�IXQFWLRQ
LQ�WKH�6WDWLVWLFV�7RROER[�RI�0$7/$% �5������ZHUH
XVHG�WR�SUHGLFW�06:*V�

7R�ILQG�RSWLPXP�QXPEHU�RI�FRPSRQHQWV��9�IROG
FURVV�YDOLGDWLRQ�ZDV�DSSOLHG��+HUH�9�VHW�WR�����7KHQ�
3/6�KDV�EXLOW�IRXU�FRPSRQHQWV�ZKLFK�HLJHQYDOXHV�RI
WKH�FRPSRQHQWV�DUH�LOOXVWUDWHG�LQ�7DEOH���
;�VFRUHV�RI�WKHVH�VL[�FRPSRQHQWV�ZHUH�UHSODFHG�WR

RULJLQDO�GDWD��,W�LV�QRWHG��WKH�FRPSRQHQWV�HYROYH����
YDULDQFH�
7KH�3/6�690�RSWLPDO�SDUDPHWHUV�ZHUH�IRXQG�E\

VLPLODU�SURFHGXUH�WR�690�SRLQWHG�DW��&�� �� �� ������
��������������DV�VHHQ�LQ�)LJ�����,Q�DGGLWLRQ��WKH�PRGHO
UHVXOWV�DQG�FRHIILFLHQW�RI�GHWHUPLQDWLRQ�IRU�WUDLQLQJ
DQG�WHVW�VWDJHV�RI�WKH�PRGHO�LV�VKRZQ�LQ�)LJ����DQG��
UHVSHFWLYHO\�
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7R� FRPSDUH� UHVXOWV�RI� � WZR�690�DQG�3/6�690
PRGHOV��GLVFXVVHG�VWDWLVWLFV�LQGFHV�ZHUH�XVHG�ZKLFK
LOOXVWUDWHG�LQ�7DEOH����$V�VHHQ��3/6�690�UHVXOWHG�LQ
IHZHU�HUURUV�DQG�KLJKHU�FRHIILFLHQW�RI�GHWHUPLQDWLRQ
WKDQ�690��0RUHRYHU��FRPSXWDWLRQ�IRU�3/6�690�WRRN
OHVV�WLPH�WKDQ�690�PRGHO��7KH�3/6�690�PHWKRG
SURGXFHG�DFFHSWDEOH�UHVXOWV�EXW�HUURU�RI�ERWK�PRGHOV
VWLOO�UHPDLQV�FRQVLGHUDEOH��&RPSOH[LW\�RI�WKH�06:
PDQDJHPHQW�V\VWHPV�DQG�PDQ\�IDFWRUV��ZKLFK�DIIHFWHG
06:�JHQHUDWLRQ�FDXVH�WKHVH�HUURUV��+RZHYHU��3/6�
690�PRGHO�DFKLHYH�VLPSOHU�PRGHO�DQG�IDVWHU�WUDLQLQJ
VSHHG�� 2EYLRXVO\�� WKH� UHGXFWLRQ�RI� WKH� LQSXW� YHFWRU
GLPHQVLRQV�LV�UHVXOWHG�LQ�WKH�UHGXFWLRQ�RI�690�VL]H
DQG�VKRUWHQLQJ�WKH�690�WUDLQLQJ�SHULRGV��7KHUHIRUH�
3/6�690�PRGHO�FRXOG�EH�D�EHWWHU�SUHGLFWLYH�PRGHO
WKDQ�690��$OWHUQDWLYHO\��WKH�SURSRVHG�PRGHO�FDQ�EH
LPSOHPHQWHG�DV�06:�JHQHUDWLRQ�DQQXDOO\�RU�PRQWKO\�

7KH�XQFHUWDLQW\�LQ�WKH�HVWLPDWHV�RI�WKH�REVHUYHG
DQG�SUHGLFWHG�ZHHNO\�06:*�GXULQJ�WKH�WUDLQLQJ�DQG
WHVW� VWDJHV� KDV� EHHQ� TXDQWLILHG� E\� HVWLPDWLQJ� WKH
FRQILGHQFH�LQWHUYDOV�RI�WKH�VLPXODWLRQ�UHVXOWV��,Q�WKLV
UHVHDUFK�� WKH� ��� SHUFHQW� SUHGLFWLRQ� XQFHUWDLQWLHV
���338��ZHUH�FDOFXODWHG�IRU�IRUHFDVWLQJ�PRGHOV��7KLV
LV� FDOFXODWHG� E\� WKH� ���WK� �;

/
�� DQG� ����WK� �;

8
�

SHUFHQWLOHV� RI� WKH� FXPXODWLYH� GLVWULEXWLRQ� RI� HYHU\
VLPXODWHG� SRLQW�� 7KH� JRRGQHVV� RI� ILW� LV�� WKHUHIRUH�
DVVHVVHG�E\�WKH�XQFHUWDLQW\�PHDVXUHV�FDOFXODWHG�IURP
WKH� SHUFHQWDJH� RI�PHDVXUHG� GDWD� EUDFNHWHG� E\� WKH

��338�EDQG��DQG�WKH�DYHUDJH�GLVWDQFH� �EHWZHHQ

7DEOH����&RPSDULVRQ�RI�690�DQG�3/6�690�PRGHOV�GXULQJ�WHVWLQJ�DQG�WUDLQLQJ�SHULRGV

690� 3/6�690�

(VWLPDWRU� 7UDLQ� 7HVW� 7UDLQ� 7HVW�
50(� ���� ����� ���� �����

506(� ���� ����� ���� �����
0$5(� ������ ������ ������ ������

5��
������ ������ ������ ������

&RPSXWDWLRQ�7LPH��V�� ��� ���

ZKHUH�N�LV�WKH�QXPEHU�RI�REVHUYHG�GDWD�SRLQWV��7KH
EHVW�RXWFRPH�LV�WKDW������RI�WKH�PHDVXUHPHQWV�DUH

EUDFNHWHG� E\� WKH� ��338�� DQG� � LV� FORVH� WR� ]HUR�

+RZHYHU�� EHFDXVH� RI�PRGHO� XQFHUWDLQW\�� WKH� LGHDO
YDOXHV�ZLOO�JHQHUDOO\�QRW�EH�DFKLHYHG��$�UHDVRQDEOH
PHDVXUH�IRU��LV�FDOFXODWHG�E\�WKH�G�IDFWRU�H[SUHVVHG�DV�

ZKHUH�
[
� LV� WKH�VWDQGDUG� GHYLDWLRQ�RI� WKH�PHDVXUHG

YDULDEOH�;��$�YDOXH�RI����LV�D�GHVLUDEOH�PHDVXUH�IRU�WKH
G�IDFWRU�
3ORW�RI�FRQILGHQFH�LQWHUYDOV�RI�690�DQG�3/6�690�IRU
7HKUDQ�DUH�VKRZQ�LQ�)LJ���D�DQG��E��GXULQJ�WKH�WUDLQLQJ
DQG� WHVWLQJ� VWDJHV��0RUHRYHU�� 7DEOH� �� VXPPDUL]HV
UHVXOW� DQDO\VLV�RI������VLPXODWLRQV� IRU�7HKUDQ�FDVH
VWXG\�

$V�REYLRXVO\�VHHQ�LQ�)LJ���D�DQG��E���ERWK�PRGHOV
ZHOO�SUHGLFWHG�WKH�FKDQJHV�RI�06:*�LQ�7HKUDQ��)RU
690�PRGHO��WKH�PDJQLWXGHV�06:*��H[FHSW�DW�SHDNV�

[

[GIDFWRUG ����������������������������������������

N

�O /8[ �;;�
N

�
G ����������������������������������������

7DEOH����)RUHFDVWLQJ�SHUIRUPDQFH�GXULQJ�WKH�WUDLQLQJ�DQG�WKH�WHVWLQJ�VWDJHV�EDVHG�RQ�DYHUDJHV�REWDLQHG�IURP
�����WLPH�VLPXODWLRQV

3/6�690� 690�

3HUIRUPDQFH�
LQGH[�

7UDLQ� 7HVW� 7UDLQ� 7HVW�

����� ����� ����� �����

G�IDFWRU� � ���� ����� ����� �����

WKH� XSSHU� DQG� WKH� ORZHU� ��338� �RU� WKH� GHJUHH� RI
XQFHUWDLQW\��GHWHUPLQHG�IURP�(T�������
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6XSSRUW�YHFWRU�PDFKLQH�DQG�VXSSRUW�YHFWRU�UHJUHVVLRQ
KDYH�GHPRQVWUDWHG�WKHLU�VXFFHVV�LQ�WLPH�VHULHV�DQDO\VLV
DQG�VWDWLVWLFDO�OHDUQLQJ��+RZHYHU��OLWWOH�ZRUN�KDV�EHHQ
GRQH�LQ�ZDVWH�PDQDJHPHQW�DOVR�LQ�IRUHFDVWLQJ�ZDVWH
JHQHUDWLRQ��,Q�WKLV�SDSHU�� WKH�IHDVLELOLW\�RI�DSSO\LQJ
VXSSRUW� YHFWRU� UHJUHVVLRQ� DQG� GDWD� UHGXFWLRQ� ZHUH
H[DPLQHG�IRU�ZDVWH�JHQHUDWLRQ�WLPH�VHULHV�SUHGLFWLRQ�
$IWHU�QXPHURXV�H[SHULPHQWV��D�VHW�RI�690�SDUDPHWHUV

ZHUH�HVWLPDWHG�FORVHU�WR�WKH�REVHUYHG�GDWD��+RZHYHU
3/6�690�HVWLPDWLRQV�ZHUH�FORVHU�WR�WKH�REVHUYHG�GDWD
HYHQ�DW�SHDNV��$�VLPLODU�WUHQG�ZDV�DOVR�IRXQG�DW�WKH
WHVWLQJ�VWDJH�DOWKRXJK�WKH�PDJQLWXGH�RI�XQFHUWDLQW\
LQ�WKH�WUDLQLQJ�VWDJH�ZDV�ORZHU�WKDQ�WKDW�RI�WKH�WHVWLQJ
VWDJH� DQG� WKH� PDJQLWXGHV� RI� ORZHU� DQG� XSSHU
FRQILGHQFH�ERXQGV�DUH�HVWLPDWHG�FORVHU�WR�WKH�REVHUYH
GDWD�LQ�WKH�WUDLQLQJ�VWDJH�

,Q�DGGLWLRQ��LW�ZDV�IRXQG�IURP�7DEOH���WKH�3/6�
690�KDG�ORZHU�XQFHUWDLQW\�GXULQJ�WUDLQLQJ�DQG�WHVW
VWDJHV��+LJKHU�YDOXH�RI�G�IDFWRU�RI�690�VKRZV�WKDW
WKLV�PRGHO�LV�PRUH�VHQVLEOH�WKDQ�3/6�690�PRGHO�WR
WUDLQLQJ�GDWD��&RQVHTXHQWO\��WKH�ZLGH�RI���338�ERQG�

H�J� ��IRU�3/6�690�LV�VPDOOHU�WKDQ�IRU�690��)RU

ERWK�PRGHOV������RI�WKH�PHDVXUHPHQWV�ZHUH�EUDFNHWHG
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RULJLQDO�06:*

8SSHU�FRQILGHQFH�LQWHUYDO

/RZHU�FRQILGHQFH�LQWHUYDO�

dƌĂŝŶ

E\�WKH���338��%HFDXVH�3/6�690�FUHDWHV�ORZHU�ERXQG�
QXPEHUV�RI�REVHUYHG�GDWD�ORFDWHG�RQ�FRQILGHQFH�ERXQG
KDYH�QR�FKDQJH��+RZHYHU��XQFHUWDLQW\�RI�WKLV�PRGHO�LV
PRUH�UHDVRQDEOH�RQ���338�WKDQ�690��7KLV�VKRZV�WKDW
3/6�690� KDG�PRUH� UREXVWQHVV�� DQG� KDG� D� ORZHU
VHQVLWLYLW\�WR�FKDQJH�RI�LQSXW�YDULDEOHV�WKDQ�690�
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RU LJLQDO�06:*

8SSHU�FRQI LGHQFH �LQWHUYD O

/RZHU�FRQILGHQFH�LQWH UYD O�

dƌĂŝŶ

)LJ�����WKH�HVWLPDWHV�RI�06:*�GXULQJ�WKH�WUDLQLQJ�DQG�WHVW�VWDJHV�IRU������VLPXODWLRQV�E\�D��690�DQG�E�
3/6�690



SURSRVHG�WKDW�FDQ�SUHGLFW�06:�JHQHUDWLRQ�WLPH�VHULHV
YHU\�ZHOO��7KH�UHVXOWV�VKRZ�WKDW�WKH�690�SUHGLFWRU
VLJQLILFDQWO\�RXWSHUIRUPV�WKH�RWKHU�EDVHOLQH�SUHGLFWRUV�
7KLV� HYLGHQFHV� WKH� DSSOLFDELOLW\� RI� VXSSRUW� YHFWRU
UHJUHVVLRQ�IRU�IRUHFDVWLQJ�06:�JHQHUDWLRQ��$OVR��3/6
PLQLPL]HG� LQSXW� GDWD� DQG� GHFUHDVHG� HUURU� RI� ILQDO
PRGHOLQJ��&RQVHTXHQWO\��WUDLQLQJ�ILQLVKHG�YHU\�TXLFNO\
ZLWK�DFFHSWDEOH�FRUUHODWLRQ��&RPELQDWLRQ�RI�690�ZLWK
3/6�SURGXFHG�D�VXLWDEOH�PRGHO�IRU�06:�JHQHUDWLRQ�LQ
ODUJH�FLWLHV�OLNH�7HKUDQ�

0HDQZKLOH�� WKH�XQFHUWDLQW\�DVVRFLDWHG�ZLWK� WKH
HVWLPDWLRQ�RI�06:*�ZDV�HVWLPDWHG�E\�0RQWH�&DUOR
VLPXODWLRQV�� 7KH� VLPXODWLRQ� UHVXOWV� XVLQJ� ���
FRQILGHQFH�LQWHUYDOV�LQGLFDWHG�WKDW�HVWLPDWLRQV�RI�WKH
690�DQG�3/6�690�PRGHOV�ZHUH�FORVHU�WR�WKH�REVHUYHG
GDWD�H[FHSW�LQ�SHDN�SRLQWV��+RZHYHU�3/6�690�KDG
PRUH�UREXVWQHVV��DQG�KDG�D�ORZHU�VHQVLWLYLW\�WR�FKDQJH
RI�LQSXW�YDULDEOHV�WKDQ�690�

5()(5(1&(6
$EGROL��0��$��� .DUEDVVL��$�� 5���6DPLHH�=DIDUJKDQGL�� 5��
5DVKLGL��=K���*LWLSRXU��6�DQG�3D]RNL��0����������(OHFWULFLW\
*HQHUDWLRQ�IURP�/HDFKDWH�7UHDWPHQW�3ODQW��,QW��-��(QYLURQ�
5HV������������������

$UVKDG��$��� +DVKPL��+� ��1�� DQG�4XUHDVKL�� ,��$�� �������
$QDHURELF�'LJHVWLRQ� RI� &+/2USKHQROLF�:DVWHV�� ,QW�� -�
(QYLURQ��5HV������������������

%D\DU�� 6���'HPLU�� ,�� DQG� (QJLQ��*��2�� ��������0RGHOLQJ
OHDFKLQJ�EHKDYLRU�RI�VROLGLILHG�ZDVWHV�XVLQJ�EDFN�SURSDJDWLRQ
QHXUDO�QHWZRUNV��(FRWR[LFRORJ\� DQG�(QYLURQPHQWDO�6DIHW\�
����������������

%HLJO��3��DQG�/HEHUVRUJHU��6����������)RUHFDVWLQJ�0XQLFLSDO
6ROLG�:DVWH�*HQHUDWLRQ� IRU�XUEHQ� DQG�UXUDO� UHJLRQV�� ,Q� 5�
&RVVX�DQG�5��6WHJPDQQ� �HGV���� WZHOIWK� ,QWHUQDWLRQDO�:DVWH
0DQDJHPHQW� /DQGILOO� 6\PSRVLXP� �SS�� �������� 6DUGLQLD�
,WDO\��&,6$�(QYLURQPHQWDO�6DQLWDU\�(QJLQHHULQJ�&HQWHU�

%ODVFR��-��$���)XH\R��1���'RSD]R��&��DQG�%DOOHVWHU��-���������
0RGHOLQJ� WKH� WHPSRUDO� HYROXWLRQ�RI� D� UHGXFHG� FRPEXVWLRQ
FKHPLFDO� V\VWHP� ZLWK� DQ� DUWLILFLDO� QHXUDO� QHWZRUN�
&RPEXVWLRQ�DQG�)ODPH�������������

%URRPKHDG��'�� DQG� /RZH�� '�� �������� 0XOWLYDULDEOH
IXQFWLRQDO� LQWHUSRODWLRQ�DQG� DGDSWLYH� QHWZRUNV�� &RPSOH[
6\VWHPV����� ��������

&KDQJ��1��%��DQG�/LQ��<��7����������$Q�DQDO\VLV�RI�UHF\FOLQJ
LPSDFWV�RQ�VROLG�ZDVWH�JHQHUDWLRQ�E\�WLPH�VHULHV�LQWHUYHQWLRQ
PRGHOLQJ��5HVRXUFHV�&RQVHUYDWLRQ� DQG�5HF\FOLQJ����� ����
��������

&KDQJ�� 1��%���3DQ��<��&��DQG�+DXQJ��6��'�� ��������7LPH
VHULHV�IRUHFDVWLQJ�RI�VROLG�ZDVWH�JHQHUDWLRQ��-�5HVRXU�0DQDJH
7HFKQRO�����������

&KHQ��+��:�� DQG�&KDQJ��1�� %�� �������� DQDO\VLV� RI� VROLG
ZDVWH� JHQHUDWLRQ� EDVHG� RQ�JUH\� IX]]\� G\QDPLF�PRGHOLQJ
5HVRXUFHV��&RQVHUYDWLRQ�DQG�5HF\FOLQJ�����������

&KHQ�� -��+XDQJ�:��� +DQ�� -�� DQG�&DR�� 6K�� ��������7KH
&KDUDFWHUL]DWLRQ�DQG�$SSOLFDWLRQ�RI�%LRORJLFDO�5HPHGLDWLRQ
7HFKQRORJ\�IRU�2UJDQLF�&RQWDPLQDQWV��,QW��-��(QYLURQ��5HV��
���������������

&KR\��.��<��DQG� &KDQ��&��:�� ��������0RGHOOLQJ�RI� ULYHU
GLVFKDUJHV�DQG�UDLQIDOO�XVLQJ�UDGLDO�EDVLV�IXQFWLRQ�QHWZRUNV
EDVHG�RQ�VXSSRUW�YHFWRU�UHJUHVVLRQ��,QWHUQDWLRQDO�-RXUQDO�RI
6\VWHPV�6FLHQFH�����������������������

&RUFRUDQ��-���:LOVRQ��,��DQG�:DUH��-����������6SDUVH�VXSSRUW
YHFWRU�UHJUHVVLRQ�EDVHG�RQ�RUWKRJRQDO�IRUZDUG�VHOHFWLRQ�IRU
WKH� JHQHUDOLVHG� NHUQHO�PRGHO�� ,QWHUQDWLRQDO� -RXUQDO� RI
)RUHFDVWLQJ��������������

'DPJKDQL��$��0���6DYDU\SRXU��*���=DQG��(��DQG�'HLKLPIDUG�
5�� ��������0XQLFLSDO� VROLG�ZDVWH�PDQDJHPHQW� LQ�7HKUDQ�
&XUUHQW� SUDFWLFHV�� RSSRUWXQLWLHV� DQG� FKDOOHQJHV��:DVWH
0DQDJHPHQW������������������

'LELNH��<��%���9HOLFNRY��6��� 6RORPDWLQH��'��DQG�$EERWW��0�
%�� ��������0RGHO� LQGXFWLRQ�ZLWK�VXSSRUW� YHFWRU�PDFKLQHV�
,QWURGXFWLRQ�DQG�DSSOLFDWLRQV��-RXUQDO�RI�&RPSXWLQJ�LQ�&LYLO
(QJLQHHULQJ������������������

'RQJ��&��4��� -LQ��%��6��DQG�/L��'��-����������3UHGLFWLQJ�WKH
KHDWLQJ�YDOXH�RI�06:�ZLWK�D�IHHG�IRUZDUG�QHXUDO�QHWZRUN�
:DVWH�0DQDJHPHQW������������������

*HODGL�� 3�� DQG� %UXFH��.�� �������� 3DUWLDO� OHDVW�VTXDUHV
UHJUHVVLRQ��D�WXWRULDO��$QDO\WLFD�&KLPLFD�$FWD������� �����

*URVVPDQ�� '��+�� -�� DQG� 0DUN��'�� +�� �������� :DVWH
JHQHUDWLRQ�PHWKRGV� IRU� VROLG�ZDVWH� FROOHFWLRQ��-�� (QYLURQ�
(QJ�����������������

+DQ��'�� DQG�&OXFNLH�� ,� ��������6XSSRUW�YHFWRU�PDFKLQHV
LGHQWLILFDWLRQ�IRU� UXQRII�PRGHOLQJ�� ,Q�6��<��/LRQJ�� 3KRRQ�
.�.���%DERYLF��9��HG����3URFHHGLQJV�RI�WKH�6L[WK�,QWHUQDWLRQDO
&RQIHUHQFH� RQ�+\GURLQIRUPDWLFV�� 6LQJDSRUH�� ��±��� -XQH
����� �SS������������ 6LQJDSRUH�� 3URFHHGLQJV� RI� WKH�6L[WK
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+\GURLQIRUPDWLFV�

+\XQ��,���%RULQDUD��3��DQG�+RQJ��.��'����������*HRWHFKQLFDO
&RQVLGHUDWLRQV� IRU�(QG�8VH�RI�2OG�0XQLFLSDO� 6ROLG�:DVWH
/DQGILOOV��,QW��-��(QYLURQ��5HV������������������

-DOLOL��*��=��0��DQG�1RRUL��5����������3UHGLFWLRQ�RI�PXQLFLSDO
VROLG�ZDVWH�JHQHUDWLRQ�E\�XVH�RI�DUWLILFLDO�QHXUDO�QHWZRUN��$
FDVH� VWXG\� RI� 0DVKKDG�� ,QWHUQDWLRQDO� -RXUQDO� RI
(QYLURQPHQWDO�5HVHDUFK���������������

.DUDFD�� )�� DQG�2]ND\D�� %�� �������� 11�/($3��$� QHXUDO
QHWZRUN�EDVHG�PRGHO�IRU�FRQWUROOLQJ� OHDFKDWH�IORZ�UDWH�LQ�D
PXQLFLSDO�VROLG�ZDVWH�ODQGILOO�VLWH��(QYLURQPHQWDO�0RGHOOLQJ
	�6RIWZDUH��������������������

/LRQJ�� 6��<�� DQG� 6LYDSUDJDVDP��&�� �������� )ORRG� VWDJH
IRUHFDVWLQJ�ZLWK�VXSSRUW� YHFWRU�PDFKLQHV�� -RXUQDO� RI� WKH
$PHULFDQ�:DWHU�5HVRXUFHV�$VVRFLDWLRQ���������� ��������

/RUEHU��$���.RZDOVNL��%��5��DQG�&KHPRPHWULFV��-����������$
WKHRUHWLFDO� IRXQGDWLRQ� IRU� WKH�3/6�DOJRULWKP�� -RXUQDO� RI
&KHPRPHWULFV�����������

,QW��-��(QYLURQ��5HV���������������:LQWHU�����

��



0DKPRXGNKDQL�� 5��� +DVVDQL��$��+���7RUDELDQ��$�� DQG
%RUJKHL��6��0�� �������6WXG\� RQ�+LJK�VWUHQJWK�$QDHURELF
/DQGILOO� /HDFKDWH�7UHDWDELOLW\� %\�0HPEUDQH� %LRUHDFWRU
&RXSOHG�ZLWK�5HYHUVH�2VPRVLV��,QW��-��(QYLURQ��5HV���������
��������

0DTERRO�� )���%KDWWL�� =� ��$���0DOLN��$��+��� 3HUYH]��$�� DQG
0DKPRRG�� 4�� �������(IIHFW� RI�/DQGILOO� /HDFKDWH� RQ� WKH
6WUHDP�ZDWHU�4XDOLW\��,QW��-��(QYLURQ��5HV������������������

0XNKHUMHH��6���2VXQD��(�� DQG�*LURVL��)�� ��������1RQOLQHDU
SUHGLFWLRQ�RI� FKDRWLF� WLPH� VHULHV� XVLQJ� D� VXSSRUW� YHFWRU
PDFKLQH�� ,(((�:RUNVKRS� RQ�1HXUDO�1HWZRUNV�DQG� 6LJQDO
3URFHVVLQJ��$PHOLD� ,VODQG��)/�

0�OOHU�� .��5��� 6PROD��$�� -���5D�WVFK�� *��� 6FK|ONRSI�� %��
.RKOPRUJHQ��-��DQG�9DSQLN��9����������3UHGLFWLQJ�7LPH�6HULHV
ZLWK� 6XSSRUW�9HFWRU�0DFKLQHV�� 3URFHHGLQJV� RI� WKH� �WK
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$UWLILFLDO�1HXUDO�1HWZRUNV�SS�
�����������6SULQJHU�9HUODJ�

1DGD��:��0���9DQ�5HQVEXUJ��/���&ODDVVHQV��6���%OXPHQVWHLQ�
2�� DQG�)ULHGULFK��$�� �������(YDOXDWLRQ� RI�2UJDQLF�0DWWHU
6WDELOLW\� LQ� :RRG� &RPSRVW� E\� &KHPLFDO� DQG
7KHUPRJUDYLPHWULF�$QDO\VLV�� ,QW�� -�� (QYLURQ��5HV��� �� ����
��������

1LHVVHQ�� �:�� DQG�$OVREURRN��$�� ��������0XQLFLSDO� DQG
LQGXVWULDO� UHIXVH�� FRPSRVLWLRQ� DQG� UDWHV�� 3URFHHGLQJV� RI
1DWLRQDO�:DVWH�3URFHVVLQJ�&RQIHUHQFH�� SS�� ���±����

1RRUL�� 5���$EGROL��0��$��� )DURNKQLD��$�� DQG�$EEDVL��0�
�������� 5HVXOWV� XQFHUWDLQW\� RI� VROLG� ZDVWH� JHQHUDWLRQ
IRUHFDVWLQJ� E\� K\EULG� RI� ZDYHOHW� WUDQVIRUP�$1),6� DQG
ZDYHOHW� WUDQVIRUP�QHXUDO� QHWZRUN�� ([SHUW� 6\VWHPV�ZLWK
$SSOLFDWLRQV����� ����� ����������

1RXUL��1��� 3RRUKDVKHPL��6��$���0RQDYDUL�� 6�0���'DELUL�� )�
DQG�+DVVDQL��$��+�� ��������/HJDO� &ULWHULD�DQG� ([HFXWLYH
6WDQGDUGV�RI�6ROLG�:DVWH�'LVSRVDO�6XEMHFWHG�WR�6ROLG�:DVWH
0DQDJHPHQW�$FW��,QW��-��(QYLURQ��5HV������������������

5DVKLGL��=K���.DUEDVVL��$��5���$WDHL��$��� ,IDHL��3��� 6DPLHH�
=DIDUJKDQGL��5��DQG�0RKDPPDGL]DGHK��0��-����������3RZHU
3ODQW� 'HVLJQ�8VLQJ�*DV� 3URGXFHG� %\�:DVWH� /HDFKDWH
7UHDWPHQW�3ODQW��,QW��-��(QYLURQ��5HV������������������

6DIDUL��(��� -DOLOL� *KD]L]DGH��0��� 6KRNRXK��$�� DQG� 1DEL
%LGKHQGL��*K��5����������$QDHURELF�5HPRYDO�RI�&2'�IURP
+LJK�6WUHQJWK�)UHVK�DQG�3DUWLDOO\�6WDELOL]HG�/HDFKDWHV�DQG
$SSOLFDWLRQ�RI�0XOWL� VWDJH�.LQHWLF�0RGHO�� ,QW�� -�� (QYLURQ�
5HV������������������

6DLNDW��0��DQG�-XQ��<����������3ULQFLSOH�&RPSRQHQW�$QDO\VLV
DQG� 3DUWLDO� /HDVW� 6TXDUHV��7ZR�'LPHQVLRQ� 5HGXFWLRQ
7HFKQLTXHV� IRU� 5HJUHVVLRQ�� &DVXDOW\�$FWXDULDO� 6RFLHW\�
$UOLQJWRQ��9LUJLQLD��������

6KDILHL\RXQ��6���(EDGL��7��DQG�1LND]DU�0����������7UHDWPHQW
RI�/DQGILOO� /HDFKDWH�E\� )HQWRQ�3URFHVV�ZLWK�1DQR� VL]HG
=HUR�9DOHQW� ,URQ�SDUWLFOHV��,QW��-��(QYLURQ��5HV��������������
����

6WRQH��0��DQG�%URRNV��5��-����������&RQWLQXXP�UHJUHVVLRQ�
FURVV�YDOLGDWHG� VHTXHQWLDOO\� FRQVWUXFWHG� SUHGLFWLRQ
HPEUDFLQJ� RUGLQDU\� OHDVW� VTXDUHV��SDUWLDO� OHDVW�VTXDUHV� DQG
SULQFLSDO� FRPSRQHQWV� UHJUHVVLRQ�� -RXUQDO� RI� WKH� 5R\DO
6WDWLVWLFDO�6RFLHW\������ ��������

6YR]LO�� '��� .YDVQLFND��9�� DQG� 3RVSLFKDO�� - �� �������
,QWURGXFWLRQ� WR�PXOWLOD\HU� IHHG�IRUZDUG�QHXUDO� QHWZRUNV�
&KHPRPHWULFV�DQG�,QWHOOLJHQW�/DERUDWRU\�6\VWHPV������ ���
���

9DSQLN��9�� ��������1DWXUH� RI� 6WDWLVWLFDO�/HDUQLQJ�7KHRU\�
6SULQJHU��1HZ�<RUN�

7FKREDQRJORXV�� *���(OLDVHHQ�� 5�� DQG�7KHLVHQ��+�� �������
6ROLG�:DVWH��(QJLQHHULQJ�SULQFLSOHV�DQG�0DQDJHPHQW��7RN\R�
0F*UDZ�+LOO�
7KDQK��1��3��DQG�0DWVXL��<����������0XQLFLSDO�6ROLG�:DVWH
0DQDJHPHQW� LQ�9LHWQDP��6WDWXV� DQG� WKH�6WUDWHJLF�$FWLRQV�
,QW��-��(QYLURQ��5HV������������������

9DSQLN��9����������6WDWLVWLFDO�/HDUQLQJ�7KHRU\��:LOH\��1HZ
<RUN�

9DSQLN��9��� *RORZLFK�� 6�� DQG�6PROD��$�� �����D��� 6XSSRUW
PHWKRG� IRU� IXQFWLRQ� DSSUR[LPDWLRQ�UHJUHVVLRQ� HVWLPDWLRQ�
DQG� VLJQDO� SURFHVVLQJ5HSRUW��0,7�3UHVV��&DPEULGJH��0$�

:DQJ��;��;���&KHQ��6���/RZH��'��DQG�+DUULV��&��-���������
$UWLILFLDO� QHXUDO� QHWZRUNV�EDVHG� RQ�SULQFLSDO� FRPSRQHQW
DQDO\VLV� LQSXW� VHOHFWLRQ� IRU� TXDQWLILFDWLRQ� LQ� RYHUODSSHG
FDSLOODU\� HOHFWURSKRUHVLV� SHDNV�&KHPRP�� ,QWHOO��/DE�� 6\VW��
������������

:ROG��+���������� (VWLPDWLRQ�RI� SULQFLSDO�FRPSRQHQWV� DQG
UHODWHG�PRGHOV�E\�LWHUDWLYH�OHDVW�VTXDUHV��,Q�3��5��.ULVKQDLDDK
�HG����0XOWLYDULDWH� DQDO\VLV� SS�� ���������� 1HZ�<RUN�
$FDGHPLF�3UHVV�

:ROG��6��� 5XKH��$���:ROG��+�� DQG�'XQQ��:�� ��������7KH
FROOLQHDULW\� SUREOHP� LQ� OLQHDU� UHJUHVVLRQ�� WKH� SDUWLDO� OHDVW
VTXDUHV��3/6��DSSURDFK�WR�JHQHUDOL]HG�LQYHUVHV�� -RXUQDO�RI
6WDWLVWLFV�&RPSXWDWLRQ����� ��������

<X��;��� /LRQJ�� 6��<�� DQG�%DERYLF��9�� �������� (&�690
DSSURDFK� IRU� UHDOWLPH� K\GURORJLF� IRUHFDVWLQJ�� -RXUQDO� RI
+\GURLQIRUPDWLFV���� ����� ��������

=KDQJ��<��;��� /L��+��� +RX��$��;�� DQG�+DYHO�� -�� �������
$UWLILFLDO� QHXUDO� QHWZRUNV�EDVHG� RQ�SULQFLSDO� FRPSRQHQW
DQDO\VLV� LQSXW� VHOHFWLRQ� IRU� TXDQWLILFDWLRQ� LQ� RYHUODSSHG
FDSLOODU\� HOHFWURSKRUHVLV� SHDNV�� &KHPRPHWULFV� DQG
,QWHOOLJHQW� /DERUDWRU\�6\VWHPV����� ������� ��������

=KDQJ��<�� ;�� ��������$UWLILFLDO� QHXUDO� QHWZRUNV�EDVHG� RQ
SULQFLSDO� FRPSRQHQW� DQDO\VLV� LQSXW� VHOHFWLRQ� IRU� FOLQLFDO
SDWWHUQ� UHFRJQLWLRQ� DQDO\VLV��7DODQWD����� ����� ������

=KX��=��DQG�5H9HOOH��&�����������$� FRVW�DOORFDWLRQ�PHWKRG
IRU� IDFLOLWLHV�VLWLQJ�ZLWK� IL[HG�FKDUJH� FRVW� IXQFWLRQV�� &LYLO
(QJLQHHULQJ�6\VWHPV�����������

)RUHFDVWLQJ�0XQLFLSDO�6ROLG�ZDVWH�*HQHUDWLRQ

��
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&RUUHVSRQGLQJ�DXWKRU�(�PDLO��PVDHHGL#LXVW�DF�LU

��

(IIHFW�RI�$OWHUQDWLYH�(OHFWURO\WHV�RQ�(QKDQFHG�(OHFWURNLQHWLF�5HPHGLDWLRQ�RI
+H[DYDOHQW�&KURPLXP�LQ�&OD\H\�6RLO

�6DHHGL��0�������/L��/�<����DQG�0RUDGL�*KDUHKWDSHK��$��

��6FKRRO�RI�&LYLO�(QJLQHHULQJ��,UDQ�8QLYHUVLW\�RI�6FLHQFH�DQG�7HFKQRORJ\��1DUPDN��������
�7HKUDQ��,UDQ

�'HSDUWPHQW�RI�&LYLO�(QJLQHHULQJ��7KH�8QLYHUVLW\�RI�%ULWLVK�&ROXPELD�������$SSOLHG�6FLHQFH�/DQH�
9DQFRXYHU��%ULWLVK�&ROXPELD�9�7��=���&DQDGD

�3RVW�JUDGXDWH��'HSDUWPHQW�RI�&LYLO�(QJLQHHULQJ��8QLYHUVLW\�RI�0DVVDFKXVHWWV�'DUWPRXWK�
1RUWK�'DUWPRXWK��0$�������������86$

$%675$&7��+H[DYDOHQW�FKURPLXP�LV�PRELOH�DQG�KD]DUGRXV�LQ�WKH�HQYLURQPHQW��(OHFWURNLQHWLF�UHPHGLDWLRQ
RI�FKURPLXP��,9��FRQWDPLQDWHG�VRLOV�LV�LQWHQGHG�HLWKHU�WR�UHPRYH�RU�WR�UHGXFH�&U��9,��WR�&U��,,,����7KLV�VWXG\
H[DPLQHV� WKH� HIIHFWLYHQHVV� RI� XWLOL]LQJ�('7$� DQG� DFHWLF� DFLG� VROXWLRQV� DV� DOWHUQDWLYH� HOHFWURO\WHV� LQ� WKH
HOHFWURNLQHWLF��(.��SURFHVV��ZLWK�FRXSOHG�QDQR�VFDOH�]HUR�YDOHQW� LURQ� �Q=9,��DV� D�EDUULHU� IRU�WKH� UHPHGLDWLRQ
RI�&U� �9,��FRQWDPLQDWHG� FOD\��$Q�Q=9,� EDUULHU�ZDV� LQVWDOOHG� DGMDFHQW� WR� WKH� DQRGH�� DQG�GLIIHUHQW� HOHFWURO\WH
VROXWLRQV������0�('7$�DQG���0�DFHWLF�DFLG��ZHUH�XVHG�WR� LQYHVWLJDWH�WKH�HIIHFW�RI�ERWK�RQ�WKH�HOHFWURNLQHWLF
UHPHGLDWLRQ�HIILFLHQF\���6RLO�ZDV�FRQWDPLQDWHG� WR�����SSP�RI�&U��,9���DQG�D�FRQVWDQW�'&�YROWDJH�JUDGLHQW�RI
��9�FP�ZDV�DSSOLHG� WR�WKH�VRLO�VDPSOH�IRU����K��,W�ZDV�IRXQG�WKDW�DQ�Q=9,�SHUPHDEOH�UHDFWLYH�EDUULHU��35%�
FRXOG� LPSURYH� WKH� &U� �9,�� UHPHGLDWLRQ� HIILFLHQF\� DQG�UHGXFH� HOHFWULFDO� HQHUJ\� FRQVXPSWLRQ��5HVXOWV� DOVR
VKRZHG� WKDW�DFHWLF� DFLG�DV�HOHFWURO\WH�SURPRWHG� WKH� UHGXFWLRQ� RI�&U� �9,�� WR�&U� �,,,���ZKLOH�('7$�DSSOLFDWLRQ
DV�HOHFWURO\WH�OHG� WR�PRUH�FKURPLXP�UHPRYDO�DQG�UHGXFWLRQ�WKDQ�DQ�(.�Q=9,�EDUULHU�

.H\�ZRUGV��&KURPLXP��(OHFWURNLQHWLF��5HPHGLDWLRQ��1=9,��('7$��$FHWLF�DFLG

,1752'8&7,21
,QGXVWULDO� GHYHORSPHQW� KDV� LPSRVHG� ORWV� RI

[HQRELRWLFV�WR�WKH�HQYLURQPHQW�ZLWKLQ�UHFHQW�GHFDGHV
�/RSH]�3LQHLUR�HW�DO���������0LOHWLF�HW�DO���������.ULND�HW
DO���������0RWHVKDUH]DGHK�DQG�6DYDJKHEL��������*KDGHUL
HW�DO���������0HVFL�DQG�(OHYOL��������6PDUDQGD�HW�DO��
������5DPHVKUDMD�DQG�6XUHVK��������<RXQJ�DQG�3DUN�
������2OXVH\L�HW�DO���������'HNKLO�HW�DO���������$MLEROD
DQG�/DGLSR��������5DIDWL�HW�DO���������*RXVWHURYD�HW�DO��
�������&U�FRPSRXQGV�FRQWDLQLQJ�FKHPLFDO�FRPSRXQGV
DUH�ZLGHO\�XVHG�LQ�GLIIHUHQW�LQGXVWULDO�VHFWRUV��H�J��LQ
HOHFWURSODWLQJ�� WDQQHULHV�� DQG� FKHPLFDO� LQGXVWULHV�
�6LQJK�DQG�6LQJK���������&U��9,��FRQWDPLQDWHG�VRLO�PDLQO\
UHVXOWV� IURP� LPSURSHU� GLVSRVDO� RI� LQGXVWULDO� ZDVWHV
�6DZDGD�HW�DO���������+H[DYDOHQW�FKURPLXP�LV�PRVWO\
SUHVHQW�LQ�K\GURFKURPDWH�DQLRQV�VXFK�DV�+&U2

�
���&U

�
2

�
�

DQG�&U2
�
��� �ZKHUHDV�&U��,,,��LV�IRXQG�DV�DQLRQLF��FDWLRQLF

DQG�PROHFXODU�IRUPV�VXFK�DV�&U� �2+�����&U� �2+�
�
��

&U�2+�
�
��&U�2+�

�
±�DQG�&U�2+�

�
����9LUNXW\WH�HW�DO���������

&KURPLXP��,,,��KDV�ORZ�WR[LFLW\�GXH�WR�SRRU�PHPEUDQH
SHUPHDELOLW\��ZKLOH�&U��9,��LV�KLJKO\�WR[LF�GXH�WR�VWURQJ

R[LGDWLRQ� FKDUDFWHULVWLFV� DQG� UHDG\� PHPEUDQH
SHUPHDELOLW\��&U��9,��LV�DOVR�NQRZQ�WR�EH�FDUFLQRJHQLF
DQG�PXWDJHQLF�WR�OLYLQJ�RUJDQLVPV��:HQJ�HW�DO���������
2Q� WKH� RWKHU� KDG� &U� �,,,�� KDV� ORZHU� WR[LFLW\�
5HPHGLDWLRQ� RI� ILQH�JUDLQ� FRQWDPLQDWHG� VRLO� RIWHQ
WHQGV�WR�EH�LQHIILFLHQW�EDVHG�RQ�FRQYHQWLRQDO�PHWKRGV
OLNH�VRLO�ZDVKLQJ�DQG�IOXVKLQJ��7DPSRXULV�HW�DO���������
6LQFH�WKH�����V��H[WHQVLYH�LQGXVWULDO�H[SHULHQFH�ZLWK
VRLO�ZDVKLQJ�VKRZHG�WKDW�LWV�DSSOLFDELOLW\�LV�OLPLWHG�WR
VRLOV�FRQWDLQLQJ�OHVV�WKDQ�����ILQH�SDUWLFOHV��5XONHQV
HW�DO����������(OHFWURNLQHWLF�UHPHGLDWLRQ�LV�DQ�LQ�VLWX
PHWKRG�ZKLFK�FDQ�EH�XVHG�WR�WUHDW�ILQH�VRLOV�DQG�VRLOV
ZLWK� YDULDEOH� FKDUJH� PLQHUDOV� OLNH� NDROLQLWH
FRQWDPLQDWHG�ZLWK�KHDY\�PHWDOV�DQG�RU�SRODU�RUJDQLF
PDWHULDOV��/L�	�/L���������(OHFWURNLQHWLF�SURFHVVHV
LQYROYH�DQ�HOHFWULF�ILHOG�LQ�D�VRLO�PDWUL[�SURGXFHG�E\
DSSO\LQJ� D� GLUHFW� FXUUHQW�EHWZHHQ� HOHFWURGHV��$V� D
UHVXOW�RI�WKH�HOHFWULFDO�JUDGLHQW��FRQWDPLQDQW�LRQV�RU
PROHFXOHV�DUH�PRELOL]HG�DQG�PLJUDWH�WKURXJK�WKH�VRLO
WRZDUG� HOHFWURGHV� E\� WKUHH� PDLQ� PHFKDQLVPV�
HOHFWURPLJUDWLRQ��HOHFWUR��RVPRVLV�DQG�HOHFWURSKRUHVLV



��

�6DHHGL��0�HW�DO�

�:DQJ�HW�DO����������,Q�&KURPLXP�(.�UHPHGLDWLRQ��&U
�9,��LRQV�PLJUDWH�WRZDUG�WKH�DQRGH��ZKLOH�&U��,,,��LRQV
SULPDULO\� WUDYHO� WRZDUGV� WKH� FDWKRGH�� %HFDXVH� RI
JHRFKHPLFDO� GLIIHUHQFHV�RI� WKH�&U� LRQ�VSHFLHV�� WKH\
EHKDYH�GLIIHUHQWO\�LQ�WKH�VRLO�PDWUL[��ZKLOH�&U��9,�
DGVRUSWLRQ� RQWR� VRLO� SDUWLFOHV�ZLWK� KLJKHU� S+� LV
QHJOLJLEOH��&U��,,,��LRQV�PRVWO\�DGVRUE�DQG�RU�SUHFLSLWDWH
RQWR�KLJK��S+�SDUWLFOHV��5HGG\�	�&KLQWKDPUHGG\��������
7KH� DGYDQWDJHV� RI� � WKH� (.� SURFHVV� LQ� ILQH� VRLOV
UHPHGLDWLRQ�KDYH�OHG�WR�PDQ\�VWXGLHV�EHLQJ�SHUIRUPHG
LQ�RUGHU�WR�HQKDQFH�WKH�HIILFLHQF\�RI�WKH�SURFHVV�IRU
UHPHGLDWLRQ�RI�YDULRXV�FRQWDPLQDQWV��H�J��&U��3E��&G�
&X��0Q�DQG�1L���/L�	�/L��������$FDU�	�$OVKDZDENHK�
������ 5HGG\� 	�&KLQWKDPUHGG\�� ������ 5HGG\� 	
&KLQWKDPUHGG\��������6DK�	�&KHQ���������2QH�VXFK
HQKDQFHPHQW�LQYROYHV�LQWHJUDWLRQ�RI�(.�ZLWK�RWKHU
PHWKRGV�RI�VXEVXUIDFH�HQYLURQPHQW�UHPHGLDWLRQ�OLNH
SHUPHDEOH�UHDFWLYH�EDUULHUV��35%V���7KLV�FRQFHSW�ZDV
ILUVW�VWXGLHG�DW� WKH�8QLYHUVLW\�RI�:DWHUORR��ZLWK� WKH
ILUVW� SLORW�VFDOH� 35%� LQVWDOOHG� LQ� 2QWDULR� LQ
�����%URQVWHLQ��������

$OWKRXJK� WKH� PHWKRG� LV� PRVWO\� DSSOLHG� IRU
JURXQGZDWHU� UHPHGLDWLRQ� DQG� FRQWDPLQDQW� SOXPH
WUHDWPHQW�� D� IHZ� VWXGLHV� KDYH� EHHQ� UHSRUWHG� RQ
VLPXOWDQHRXV�DSSOLFDWLRQ�RI�35%V�DQG�(.�WR�HQKDQFH
VRLO�UHPHGLDWLRQ�HIILFLHQFLHV��&KXQJ�DQG�/HH�������
UHSRUWHG�VDWLVIDFWRU\�UHVXOWV�RI�(.�35%�WR�UHPHGLDWH
FDGPLXP�FRQWDPLQDWHG�FOD\H\�VRLO�EDVHG�RQ�ODERUDWRU\
H[SHULPHQWV��7KH\�DFKLHYHG�����UHPRYDO�HIILFLHQF\
IRU�&DGPLXP�DQG�7&(�XVLQJ�DWRPL]LQJ�VODJ�DV�35%�
6DHHGL� HW� DO�� ������� VWXGLHG� WKH� DSSOLFDWLRQ� RI� DQ
DFWLYDWHG�FDUERQ�EDUULHU�LQ�DQ�(.�SURFHVV�WR�UHPRYH�1L
IURP�FRQWDPLQDWHG�NDROLQLWH��7KH\�ZHUH�DEOH�WR�DFKLHYH
1L�PLJUDWLRQ�HIILFLHQF\�RI�����LQ�KLJK�S+�NDROLQLWH�VRLO�
:HQJ�HW�DO���������HYDOXDWHG�&U��9,��UHPRYDO�IURP�FOD\
E\�(.�LQFRUSRUDWHG�ZLWK�D�=9,�EDUULHU�EDVHG�RQ�D�VHULHV
RI�ODERUDWRU\�VFDOH�H[SHULPHQWV��7KH\�DSSOLHG�FRQVWDQW
HOHFWULF�JUDGLHQW�RI���9�FP�IRU�����K�DQG�UHSRUWHG����
����&U��9,��UHPRYDO�DQG������UHGXFWLRQ�HIILFLHQFLHV�
(QHUJ\�H[SHQGLWXUH�LQ�VXFK�RSHUDWLRQV�FDQ�EH�TXLWH
KLJK�� � �:HQJ� HW� DO�� ������� DOVR� LQYHVWLJDWHG� WKH
HIIHFWLYHQHVV� RI� =9,� LQWR� HOHFWURNLQHWLF� �(.�� WR
UHPHGLDWH�K\SHU�&U�9,��FRQWDPLQDWHG�FOD\��������PJ�
NJ��� 7KH\� UHSRUWHG� WKDW� WKH� HIILFLHQF\� RI� UHGXFWLRQ
LQFUHDVHG�IURP������WR�������IRU�D���9�FP�JUDGLHQW��7KH
FRVWV�IRU�HQHUJ\�DQG�=9,�LQ�WKLV�SURFHVV�ZHUH�86������
DQG������SHU�P��IRU�WKH�V\VWHP�

$SSOLFDWLRQ�RI�QDQR�VFDOH�]HUR�YDOHQW�LURQ��Q=9,�
DV� 35%� KDV� DOVR� EHHQ� UHSRUWHG� WR� HQKDQFH� (.
UHPHGLDWLRQ� RI� FKURPLXP� FRQWDPLQDWHG� FOD\
�6KDULDWPDGDUL�HW�DO����������$SSO\LQJ�D�YROWDJH�JUDGLHQW
RI� ��9�FP� IRU� ��� K� KHOSHG� WR� SURYLGH� ����&U�9,�
UHGXFWLRQ�DQG�����UHPRYDO�VXIILFLHQF\��ZLWK�D�WRWDO
�HQHUJ\� DQG� Q=9,�� FRVW� RI� ������ 86�� SHU� P�� RI

UHPHGLDWHG� VRLO�� 7KH� SUHYLRXV� VWXGLHV� LQGLFDWH� WKDW
DOWKRXJK�JUHDW�UHGXFWLRQ�DQG�UHPRYDO�HIILFLHQFLHV�RI
&U�9,��IURP�FOD\�VRLO�FDQ�EH�DFKLHYHG��WKHVH�UHTXLUH
KLJK�HOHFWULF�JUDGLHQWV��HQHUJ\�H[SHQGLWXUHV�DQG�FRVWO\
EDUULHU�PDWHULDOV��$SSOLFDWLRQ�RI�FKHODWH�DJHQWV�RU�S+
FRQGLWLRQLQJ�RI�HOHFWURO\WHV�KDV�DOVR�EHHQ�UHSRUWHG�WR
HQKDQFH�WKH�(.�SURFHVV�IRU�PHWDOV�DQG�UHPHGLDWLRQ�RI
RWKHU�SROOXWDQWV�GXULQJ�ODERUDWRU\�VFDOH�LQYHVWLJDWLRQV
�3RSRY� HW� DO��� ������ *LDQQLV�	� *LGDUDNRV�� �����
*LGDUDNRV�	�*LDQQLV���������3RSRY�HW�DO���������XVHG���
K\GUR[\HWKDQH�����GLSKRVSKRQLF� DFLG� LQ� HOHFWUR�
RVPRWLF�IORZ�RI�(.�WR�UHPRYH��������SKHQRO�IURP�VRLO�
*LDQQLV�	�*LGDUDNRV��������IRXQG�WKDW�DSSOLFDWLRQ�RI
FLWULF�DFLG��QLWULF�DFLG�DQG�('7$�DV�HOHFWURO\WHV�FRXOG
JLYH� DERXW� ���� FDGPLXP� UHPRYDO� IURP� UHDO
FRQWDPLQDWHG�VRLO���,W�KDV�DOVR�EHHQ�UHSRUWHG��5HGG\�	
&KLQWKDPUHGG\�� ������ WKDW� XVH� RI� VRPH� SXUJLQJ
VROXWLRQV� LQ� FDWKRO\WH� GXULQJ� (.� FDQ� HQKDQFH
UHPHGLDWLRQ�RI�PHWDOV�IRU�FOD\H\�VRLOV�ZLWK�ORZ�EXIIHULQJ
FDSDFLW\�

$V� PHQWLRQHG� DERYH�� 35%� WHFKQRORJ\� DQG
SXUJLQJ�VROXWLRQV�DV�HOHFWURNLQHWLF�HQKDQFHPHQWV�KDYH
EHHQ�H[DPLQHG�VHSDUDWHO\�LQ�SUHYLRXV�VWXGLHV�VKRZLQJ
VLJQLILFDQW� LPSURYHPHQWV� LQ� UHPRYDO�UHGXFWLRQ
HIILFLHQFLHV��+RZHYHU��VXFK�HIILFLHQFLHV�KDYH�UHTXLUHG
VWURQJ�HOHFWULF�ILHOGV�DQG�ORQJ�UHPHGLDWLRQ�SHULRGV��XS
WR�����K���LPSO\LQJ�KLJK�WUHDWPHQW�FRVWV��$SSOLFDWLRQ
RI�QDQR�VFDOH�]HUR�YDOHQW�LURQ�35%�ZLWK�DOWHUQDWLYH
HOHFWURO\WHV�WR�UHPHGLDWH�&U��9,��LQ�VRLO�KDV�QRW�\HW
EHHQ�VWXGLHG�

,Q�WKH�SUHVHQW�VWXG\��(.�Q=9,��35%�WHFKQRORJ\
FRPELQHG�ZLWK�SXUJLQJ�VROXWLRQV�LV�H[DPLQHG�IRU�WKH
ILUVW�WLPH�DV�D�SRVVLEOH�PHDQV�RI�UHPHGLDWLQJ�&U��9,�
FRQWDPLQDWHG� FOD\�� 7R� HQKDQFH� (.�Q=9,�35%
WHFKQRORJ\�� WZR�SXUJLQJ� VROXWLRQV�� ��0�DFHWLF� DFLG
DQG�����0�('7$��DUH�DOVR�HYDOXDWHG�DV�DOWHUQDWLYH
FDWKRO\WHV�

0$7(5,$/6�	�0(7+2'6
$OO� FKHPLFDOV� DQG� UHDJHQWV� WKDW� ZHUH� XVHG� LQ

H[SHULPHQWV�ZHUH�DQDO\WLFDO�JUDGHV�PDGH�E\�0(5&.
&RPSDQ\���0DUDQG�NDROLQLWH�FOD\��IURP�0DUDQG�FOD\
FRPSDQ\��7DEUL]��$]HUEDLMDQ��,UDQ��ZDV�XVHG�DV� WKH
SURWRW\SH�VRLO�PDWUL[�IRU�WKH�WHVWV��0DMRU�FKDUDFWHULVWLFV
RI� WKLV� NDROLQLWH� DUH� SUHVHQWHG� LQ�7DEOH� �� EDVHG� RQ
LQIRUPDWLRQ�SURYLGHG�E\�WKH�0DUDQG�&OD\�&RPSDQ\�
(DFK� VRLO� PDWUL[� ZDV� SUHSDUHG� E\� DGGLQJ� WKH
DSSURSULDWH�DPRXQWV�RI�GLVVROYHG�.
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�
�VROXWLRQ�WR

��NJ�RI�VRLO�DQG�DJLWDWLQJ�WKH�PL[WXUH�IRU�WZR�GD\V�WR
JLYH� DQ� LQLWLDO� FRQFHQWUDWLRQ� RI� ���� SSP�&U� �9,��
3UHOLPLQDU\�DQDO\VHV�RQ�WKH�SUHSDUHG�VRLO�VKRZHG�WKDW
WKH�OLTXLG�OLPLW�RI�WKH�VRLO�ZDV�DERXW������7KH�PRLVWXUH
FRQWHQW� RI� WKH� VRLO� VDPSOHV�ZDV� NHSW� DW� ������ WR
PDLQWDLQ�LWV�VDWXUDWLRQ�VWDWH���3UHOLPLQDU\�DQDO\VHV�DOVR
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UHYHDOHG�WKDW�WKH�EDFNJURXQG�FKURPLXP�FRQWHQW�RI�WKH
VRLO�ZDV�DERXW����PJ�NJ����

7DEOH���� &KDUDFWHULVWLFV� RI� WKH�XVHG� NDROLQLWH
LQ�WKH� WHVWV

/�2�,
��

�����
6L2�� �����
$O�2�� ������
)H�2�� ���������
&D2� �����
0J2� �����
7,2�� �����
1D�2� ����
.�2� �����
6H�2�� �����
3�2�� �����
62�� �����

&KHPLFDO�FRPSRVLWLRQ�
��� �

6U� �����

.DROLQLWH � ���
4XDUW]� ���
&DOFLWH� ����

0LQHUDORJ\����

RWKH UV� ����

/LTXLG�OLPLW� ���
3ODVWLF� OLPLW� �����$WWH UEHUJ�/LPLW

3 ODVWLF �
LQGH[�

����

����P� �����
����P� ����3DUWLF OH �VL]H �

GLVWULEXWLRQ�����
���P� ����

��/RVV�2Q�,JQLWLRQ

7KH�UHDFWLYH�EDUULHU�ZDV�FRPSRVHG�RI�2WWDZD�VDQG
�$670�&�����DQG�QDQR�VFDOH�]HUR�YDOHQW�LURQ�IURP
/HKLJK�1DQR7HFK�//&��%HWKOHKHP��3$��ZLWK�W\SLFDOO\
PRUH�WKDQ�����SDUWLFOHV�ILQHU�WKDQ�����QP��DQ�DYHUDJH
GLDPHWHU�RI����QP�DQG�DYHUDJH�VSHFLILF�VXUIDFH�DUHD�RI
�����P�� J����6XQ�HW� DO��� �������$� VFDQQLQJ� HOHFWURQ
PLFURVFRSH� �6(0�;/��� 3KLOLSV�� SURYLGHG
SKRWRPLFURJUDSKV�RI�QDQR�SDUWLFOHV�DQG�SUHFLSLWDWHV
LQ� WKH� Q=9,�EDUULHU�DIWHU�HDFK� WHVW��RQH�RI�ZKLFK�LV
VKRZQ�LQ�)LJ����

$�UHDFWLYH�EDUULHU�RI�2WWDZD�VDQG�DQG�Q=9,�ZLWK�D
WKLFNQHVV�RI���PP�DQG�DQ�Q=9,�WR�VDQG�UDWLR�RI�����
ZDV�LQVWDOOHG����PP�IURP�WKH�DQRGH�

/DERUDWRU\�VFDOH�HOHFWURNLQHWLF�H[SHULPHQWV�ZHUH
FRQGXFWHG�LQ�D�UHFWDQJXODU����î���î����PP�3OH[LJODV
FRQWDLQHU�RI�LQQHU�OHQJWK�����PP��)LJ�������5HVHUYRLUV
ZHUH�FRQQHFWHG�WR�WKH�FKDPEHUV�WR�PDLQWDLQ�WKH�ZDWHU
OHYHO�DQG�DYRLG�K\GUDXOLF�JUDGLHQWV�ZKLFK�FRXOG�DIIHFW
WKH�HOHFWUR�RVPRWLF�IORZ��(OHFWUR�RVPRVLV��(2��FDXVHV
ZDWHU� WR� PLJUDWH� IURP� WKH� DQRGH� WR� WKH� FDWKRGH
FRPSDUWPHQW�� ,Q� WKLV� VWXG\�� WKH� YROXPHWULF�HOHFWUR�
RVPRVLV� IORZ�ZDV� PHDVXUHG� DW� GLIIHUHQW� WLPHV� WR
GHWHUPLQH�(2�YDULDWLRQV��7KH�(2�SHUPHDELOLW\�FDQ�EH
FDOFXODWHG��+DUDQ�HW�DO���������DV�
.

H
� �4

H
�L�$ ���

ZKHUH�4
H
�LV�WKH�YROXPH�RI�HOHFWUR�RVPRWLF�IORZ��L�LV�WKH

HOHFWULFDO�JUDGLHQW�DQG�$�LV�WKH�FURVV�VHFWLRQDO�DUHD�RI
WKH�VRLO�VDPSOH�

$OO� WHVWV� ZHUH� FRQGXFWHG� XVLQJ� SHUIRUDWHG
VWDLQOHVV�VWHHO�HOHFWURGHV��$�����RI�GLPHQVLRQV�����[
����[���PP��7R�DYRLG�FRUURVLRQ�HIIHFWV�RQ�WKH�UHVXOWV�
QHZ�HOHFWURGHV�ZHUH�XVHG�IRU�HDFK�WHVW��$�GLUHFW�FXUUHQW
SRZHU�VXSSO\�ZLWK�FDSDFLW\����Y�DQG���$�ZDV�XVHG�IRU
WKH�H[SHULPHQWV��,Q�WRWDO��VL[�WHVWV�ZHUH�SHUIRUPHG��ZLWK
GHWDLOV�RI�WKH�H[SHULPHQWDO�FRQGLWLRQ�SUHVHQWHG�LQ�7DEOH
���%HFDXVH�RI�WKH�DFLGLF�FRQGLWLRQV�QHDUE\�WKH�DQRGH
HOHFWURGH�LGHDO�IRU�&U��9,��UHGXFWLRQ�DQG�SUHOLPLQDU\
ODERUDWRU\� DVVHVVPHQWV� ZKLFK� FRQILUPHG� HDUOLHU

)LJ�����6(0�LPDJH�RI�LURQ�QDQR�SDUWLFOHV�XVHG�LQ�WKH�VWXG\������[������[�DQG������[�

7R�SUHYHQW�HQWUDSPHQW�RI�DLU�EXEEOHV�ZLWKLQ�WKH
VRLO� PDWUL[�ZKLFK� FRXOG� DIIHFW� WKH� (.� SURFHVV�
FRQWDPLQDWHG�VRLO�ZDV�JUDGXDOO\�ORDGHG�DQG�FRPSDFWHG
WR�HQVXUH�YHQWLQJ�RI�DLU�IURP�WKH�V\VWHP�DW�HDFK�ORDGLQJ
VWHS��$OO� WRROV�� JODVVZDUH� DQG� FRQWDLQHUV� ZHUH
WKRURXJKO\�ULQVHG�DQG�GHFRQWDPLQDWHG�SULRU�WR�HDFK
WHVW�WR�SUHYHQW�FURVV�FRQWDPLQDWLRQ�
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HOHFWURNLQHWLF�UHPHGLDWLRQ�RI�KH[DYDOHQW�FKURPLXP

&DWKRGH�RYHUIORZ�
FROOHFWLRQ�UHVHUYRLU

&DWKRGH�UHVHUYRLU$QRGH�UHVHUYRLU

(OHFWURGH '&�32:(5�

&RQVWDQW�
OHYHO�WDQN�

���FP

���FP

6RLO�6HF WLRQV

%DUULHU

)LJ�����6FKHPDWLFV�RI�(.�H[SHULPHQWDO�VHWXS

UHVHDUFK�6KDULDWPDGDUL�HW�DO����������WKH�EDUULHU�ZDV
SODFHG����PP�IURP�WKH�DQRGH�IRU�WKH�WHVWV�FRQGXFWHG
XVLQJ�35%��%HWWHU�HIILFLHQFLHV�ZLWK�WKH�EDUULHU�QH[W�WR
WKH� DQRGH� KDYH� DOVR� EHHQ� UHSRUWHG� SUHYLRXVO\
�6KDULDWPDGDUL�HW�DO���������LQ�DQ�(.�35%�V\VWHP�XVHG
WR�UHPHGLDWH�FKURPLXP�

,Q�WHVW�QXPEHU������0�DFHWLF�DFLG�ZDV�XVHG�LQVWHDG
RI�ZDWHU�DV�&DWKRO\WH��ZKHUHDV�����0�('7$�ZDV�WKH
FDWKRO\WH�VROXWLRQ�IRU�WHVWV���DQG����7KH�GXUDWLRQ�RI
HDFK�WHVW�ZDV����K�ZLWK�DQ�HOHFWULFDO�JUDGLHQW�RI���9�FP�
$W�WKH�HQG�RI�HDFK�WHVW��WKH�VRLO�VDPSOH�ZDV�UHPRYHG
IURP� WKH� FHOO� DQG� GLYLGHG� LQWR� ILYH� HTXDO� VHFWLRQV
ORQJLWXGLQDOO\�WR�SURYLGH�D�OHQJWK�SURILOH�RI�FKURPLXP
�9,��DQG�,,,�FRQWHQWV�DORQJ�WKH�VRLO�PDWUL[��+RPRJHQL]HG
VXE�VDPSOHV�IURP�HDFK�VHFWLRQ�ZHUH�WDNHQ�WR�GHWHUPLQH
S+��PRLVWXUH�DQG�&U��9,��DQG�&U��,,,��FRQFHQWUDWLRQV�

)RU� WRWDO� FKURPLXP� GHWHUPLQDWLRQ�� VRLO� ZDV
GLJHVWHG�DFFRUGLQJ�WR�WKH�(3$������%��PHWKRG�DQG
DQDO\]HG� E\� DWRPLF� DEVRUSWLRQ� VSHFWURPHWU\� �%XFN
6FLHQWLILF����9*3���$ONDOLQH�H[WUDFWLRQ�RI�VRLO�EDVHG�RQ
WKH�(3$�����$�PHWKRG�ZDV�XVHG�WR�H[WUDFW�&U��9,��IRU
DQDO\VLV�� 7KH� FRQFHQWUDWLRQ� RI� &U� �9,�� WKHQ� ZDV
GHWHUPLQHG�E\�VSHFWURSKRWRPHWU\��+$&+�'5�������
6XEWUDFWLQJ�WKH�&U��9,��YDOXHV�IURP�WKH�WRWDO�FKURPLXP
JDYH�WKH�&U��,,,��FRQFHQWUDWLRQ�IRU�HDFK�VXE�VDPSOH�

7DEOH����'HWDLOV�RQ�WKH�FRQGLWLRQV�RI�H[SHULPHQWDO�SURJUDP

(OHFWULF�
JUDGLHQW��Y�

FP����

%DUULHU�$QRO\WH�&DWKRO\WH�7HVW�
GXUDWLRQ�
�KU��

&KURPLXP�
SULPDU\�FRQF��
�PJ�NJ���VRLO��

7HVW�
1XPEHU�

��1�$'LVWLOOHG�ZDWHU'LVWLOOHG�ZDWHU����������
��1�$'LVWLOOHG�ZDWHU��0�DFHWLF�DFLG�������

��1�$'LVWLOOHG�ZDWHU����0�('7$��������
��<(6'LVWLOOHG�ZDWHU'LVWLOOHG�ZDWHU��������

��<(6'LVWLOOHG�ZDWHU��0�DFHWLF�DFLG�������
��<(6'LVWLOOHG�ZDWHU����0�('7$��������

5(687/6�	�',6&866,21
:LWK�WKH�YROWDJH�FRQVWDQW�DW���9�FP�GXULQJ�DOO

WHVWV��WKH�HOHFWULF�FXUUHQW�YDULDWLRQV�IRU�WHVWV�FRQGXFWHG
ZLWK�DQG�ZLWKRXW�35%�DUH�GHSLFWHG�LQ�)LJV���D�DQG��E�
,W�LV�VHHQ�WKDW�WKH�FXUUHQW�UHGXFWLRQ�LQ�WKH�HDUOLHU�KRXUV
RI�WKH�WHVWV��ILUVW����KRXUV��LV�JUHDWHU�WKDQ�ODWHU�GXULQJ
WKH�WHVWV��:LWK�WLPH�� WKH�HOHFWULFDO�FXUUHQW�VHHPV�WR
DSSURDFK�PRUH�VWDEOH�OHYHOV��5HGXFWLRQ�RI�HOHFWULFDO
FXUUHQW� WKURXJK� VRLO� GXULQJ� WKH� WHVWV� UHODWHV� WR
LQFUHDVLQJ�UHVLVWDQFH�RI�WKH�VRLO�PDWUL[�HOHFWULFDO�GXH
WR� SUHFLSLWDWLRQ� RI� LRQV� DV� LQVROXEOH� SURGXFWV�
SDUWLFXODUO\�QH[W�WR�WKH�HOHFWURGHV��$�VLPLODU�WUHQG�ZDV
REVHUYHG�E\�:HQJ�HW�DO����������7KH�HOHFWULFDO�FXUUHQW
WKURXJK� WKH� VRLO� LQGLFDWHV� LRQLF�PLJUDWLRQ� WRZDUGV
RSSRVLWHO\�FKDUJHG�HOHFWURGHV�EHLQJ�UHGXFHG�GXULQJ
WKH� WHVWV� GXH� WR� SUHFLSLWDWLRQ� RI� UHDFWLRQ� SURGXFWV
UDLVLQJ�WKH�VRLO�UHVLVWLYLW\��5HGG\�	�&KLQWKDPUHGG\�
��������=KRX�HW�DO���������LQGLFDWHG�WKDW�VROXWLRQV�VXFK
DV�('7$�FRXOG�LQFUHDVH�WKH�FXUUHQW�WKURXJK�WKH�VRLO�
7KH� VRLO� HOHFWULFDO� UHVLVWLYLW\� FRXOG� EH� GHFUHDVHG� E\
SUHYHQWLQJ�UHDFWLRQ�SURGXFW�SUHFLSLWDWLRQ�E\�IRUPDWLRQ
RI�VROXEOH�('7$�PHWDO�FRPSOH[HV�LQ�WKH�V\VWHP��5HGG\
	�&KLQWKDPUHGG\��������DOVR�LQGLFDWHG�WKDW�GLVVRFLDWLRQ
RI�VRPH�FRPSRXQGV�VXFK�DV�DFHWLF�DFLG�PD\�LQFUHDVH
WKH� VRLO� HOHFWULFDO� FRQGXFWLYLW\�GXULQJ� WKH� WHVWV��2XU
UHVXOWV�IRU�WHVWV���������DQG���FRQILUP�WKDW�ERWK�('7$
DQG�DFHWLF�DFLG�KDG�SRVLWLYH�HQKDQFHG�HOHFWULFDO�FXUUHQW
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WKURXJK� WKH� VRLO�� ZLWK� SRWHQWLDO� SRVLWLYH� LPSDFWV� RQ
PLJUDWLRQ�RI�FRQWDPLQDQWV�WKURXJK�WKH�VRLO�PDWUL[���2Q
WKH�RWKHU�KDQG��DV�LW�LV�REYLRXV�WKDW�WKH�HOHFWULFDO�FXUUHQW
WKURXJK� VRLO� IRU� WKH� WHVWV� ZLWK� 35%�ZDV� ORZHU� WKDQ
ZLWKRXW�D�EDUULHU��)LJ���E���$PRQJ�LRQLF�VSHFLHV��WKRVH
ZKRVH�K\GUR[LGHV�ZRXOG�SUHFLSLWDWH�ZLWKLQ�WKH�VRLO�PDWUL[
DQG�KLQGHU�HOHFWULF�FXUUHQW�DUH�)H��,,,���&U��,,,���&D��,,��DQG
0J��,,���,Q�DGGLWLRQ�WR�WKH�VRLO�PDWUL[��)H��2+�

�
��&U��2+�

�

DQG�&U
[
)H

��[
�2+�

��
DUH�SUHFLSLWDWHV�DPRQJ�WKH�UHDFWLRQ

SURGXFWV�RFFXUULQJ�LQ�WKH�Q=9,�EDUULHU�WKDW�ZRXOG�UDLVH
WKH�UHVLVWDQFH�DJDLQVW�HOHFWULF�FXUUHQW��:HQJ�HW�DO���������
7KDW�LV�WKH�PDLQ�UHDVRQ�IRU�WKH�GLIIHUHQW�HOHFWULF�FXUUHQW
SURILOH�WKURXJK�VRLO�LQ�WHVWV�ZLWK�DQG�ZLWKRXW�Q=9,�35%�

'XH� WR� WKH� '&� YROWDJH� DSSOLHG� EHWZHHQ� WKH
HOHFWURGHV�� 2+�� DQG�+�� LRQV�ZHUH� JHQHUDWHG� LQ� WKH
FDWKRO\WH� DQG� DQRO\WH� FRPSDUWPHQWV�� UHVSHFWLYHO\�
UHVXOWLQJ�LQ�S+�YDULDWLRQ�LQ�WKH�UHVHUYRLUV��,Q�WHVWV��
DQG� ��� LQ� ZKLFK� ZDWHU� ZDV� XVHG� DV� HOHFWURO\WH�
JHQHUDWLRQ�RI�+��LRQV�UHVXOWHG�LQ�GHFUHDVLQJ�WKH�S+�LQ
WKH�DQRGH�UHVHUYRLU�WR�UHDFK�D�YDOXH�RI�DERXW�������
ZKLOH�WKH�FDWKRO\WH�S+�LQFUHDVHG�WR������DW�WKH�HQG�RI
WKH�H[SHULPHQWV�GXH�WR�SURGXFWLRQ�RI�2+��LRQV��7KLV
SKHQRPHQRQ�ZDV�UHSRUWHG�E\�$FDU�	�$OVKDZDENHK
�������XQGHU�VLPLODU�FRQGLWLRQV�ZLWKRXW�HQKDQFHPHQW�
$FHWLF�DFLG�DV�D�FDWKRO\WH�LQ�WHVWV���DQG���GLVVRFLDWHG�
VR�WKDW�WKH�+��LRQV�GHFUHDVHG�WKH�S+�RI�WKH�FDWKRO\WH
WR�WKH���WR���UDQJH��('7$�DOVR�GHFUHDVHG�WKH�FDWKRO\WH
S+�LQ�WKH�HDUOLHU�VWDJHV�RI�H[SHULPHQWV���DQG����7KH�+�
LRQV� SURGXFHG� E\� GLVVRFLDWLRQ� RI� ('7$� SDUWLDOO\
GHSRODUL]HG�K\GUR[\O�LRQV�LQ�WKH�FDWKRO\WH��ZLWK�WKH
S+�LQFUHDVLQJ�RYHU�WLPH�WR�������)LJV���D��DQG���E��VKRZ
WKH� YDULDWLRQ� RI� S+� GXULQJ� WKHVH� WHVWV�� 7KH� UHVXOWV
UHYHDO�WKDW�LQVWDOODWLRQ�RI�Q=9,�EDUULHU�GLG�QRW�DIIHFW
WKH�S+�YDULDWLRQ�YHU\�PXFK��,W�VHHPV�WKDW�WKH�S+�YDOXHV
RI� UHVHUYRLUV� DUH� PRVWO\� GHSHQGHQW� XSRQ� WKH
HOHFWURO\WH��LQLWLDO�S+�DQG�WKH�HOHFWURO\VLV�LWVHOI�

)LJV���F��DQG���G��VKRZV�WKH�VRLO�S+�SURILOH�DW�WKH
HQG�RI�WKH�WHVWV��7KH�UHVXOWV�LQGLFDWH�D�JHQHUDO�WUHQG�LQ
VRLO�S+�GLVWULEXWLRQ��7KH�EDVH�IURQW�PRYHV�WRZDUG�WKH
DQRGH�� ZKHUHDV� WKH� DFLG� IURQW� SURSDJDWHV� LQ� WKH
RSSRVLWH�GLUHFWLRQ��UHVXOWLQJ�LQ�ORZ�S+�DGMDFHQW�WR�WKH
DQRGH�DQG�KLJK�VRLO�S+�QHDU�WKH�FDWKRGH�UHODWLYH�WR
WKH�LQLWLDO�FRQGLWLRQV��GDVKHG�OLQH���3URSDJDWLRQ�RI�WKH
EDVH�IURQW�IURP�WKH�FDWKRGH�ZDV�OLPLWHG�LQ�WHVWV���DQG
��ZKHUH�DFHWLF�DFLG�ZDV�XVHG�DV�WKH�FDWKRO\WH��+HQFH�
WKH�VRLO�S+�GLG�QRW�WHQG�WR�ULVH�DQG�PDLQWDLQHG�D�S+
FORVH�WR�LWV�LQLWLDO�YDOXH���7KH�QHJDWLYHO\�FKDUJHG�('7$
LRQV�PRYH�WRZDUG�WKH�DQRGH�DQG�FRPSOH[�ZLWK�+��DQG
RWKHU�SRVLWLYHO\�FKDUJHG�PHWDO�LRQV��7KLV�SKHQRPHQRQ
QRW� RQO\�DLGV�PHWDO� VROXWLRQ� LQ� WKH� VRLO�� EXW� LW� DOVR
LQFUHDVHV�WKH�VRLO�S+��5HGG\�	�&KLQWKDPUHGG\��������
7KH�S+�SURILOH�IRU�('7$�HQKDQFHG�WHVWV�ZDV�VLPLODU
WR� WKRVH�VHHQ�LQ�ZLWKRXW�HQKDQFHPHQW��DV�VKRZQ�LQ
)LJV���F��DQG���G��

$V�VKRZQ�LQ�)LJ�����WKH�(2�SHUPHDELOLW\�LQFUHDVHG
DW� WKH� EHJLQQLQJ� RI� WKH� WHVW� DQG� WKHQ� GHFUHDVHG
JUDGXDOO\�DIWHU�UHDFKLQJ�D�PD[LPXP�YDOXH��)LJXUH���DOVR
SORWV� WKH� DFFXPXODWLYH� YDULDWLRQ� RI� HOHFWUR�RVPRWLF
IORZ� LQ� HDFK� WHVW�� ('7$� DV� FDWKRO\WH� QRWLFHDEO\
LQFUHDVHG� WKH� DFFXPXODWLYH� YROXPH� RI� (2� IORZ�
UHIOHFWLQJ�DQ�LQFUHDVH�LQ�&U�UHPRYDO��7KH�LQFUHDVH�LQ
(2�IORZ�LQGXFHG�E\�FKHODWLQJ�DJHQWV�OLNH�('7$�LV�GXH
WR� LQWHUDFWLRQ� RI� WKHVH� FRPSOH[DQWV� ZLWK� WKH� VRLO
VXUIDFH��3RSRY�HW�DO���������GHPRQVWUDWHG�WKDW�WKHVH
DJHQWV� FDQ� DIIHFW� WKH� (2� IORZ� E\� LQFUHDVLQJ� WKH
QHJDWLYH� FKDUJH� RQ� WKH�VRLO� SDUWLFOHV�DQG� UHSODFLQJ
PXOWLYDOHQW� LRQV� E\� XQLYDOHQW� RQHV� ZKLFK� DUH� OHVV
HIIHFWLYH�LQ�GLIIXVH�OD\HU�FRPSUHVVLRQ���(OHFWUR�RVPRWLF
IORZ�PHDVXUHPHQWV�IRU�WHVWV�LQ�ZKLFK�DFHWLF�DFLG�ZDV
XVHG�GLG�QRW�VKRZ�DQ\�VLJQLILFDQW�GLIIHUHQFH�LQ�YROXPH
RI� (2� IORZ� FRPSDUHG� ZLWK� FRQGLWLRQV� ZLWKRXW
HQKDQFHPHQW�� DOWKRXJK� WKH� GDWD� UHYHDOHG� VRPH
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)LJ�����&XUUHQW�YDULDWLRQ�RI��D��(.�7HVWV�ZLWKRXW�35%�DQG��E��(.�35%�7HVWV
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�6DHHGL��0�HW�DO�

YDULDWLRQ�LQ�.
H
�YDOXHV��,Q�JHQHUDO��E\�FRPSDULQJ�WKH

UHVXOWV�RI�WHVWV�ZLWK�DQG�ZLWKRXW�DQ�Q=9,�EDUULHU��LW�FDQ
EH�LQIHUUHG�WKDW�DGGLWLRQ�RI�D�EDUULHU�GHFUHDVHG�WKH
PD[LPXP� YDOXH� RI�.

H
� DQG� DOVR� WKH� DFFXPXODWLYH

YROXPH�RI�(2� IORZ�� ,Q� RWKHU�ZRUGV�� LQVWDOOLQJ� WKH
SHUPHDEOH�UHDFWLYH�ZDOO�UHVXOWHG�LQ�SURGXFLQJ�)H��,,,�
DQG�&U��,,,��DGMDFHQW�WKH�ZDOO��%\�LQFUHDVLQJ�WKH�PHWDO
SUHFLSLWDWLRQ��WKH�FXUUHQW�LQWHQVLW\�DQG��FRQVHTXHQWO\�
WKH�(2�IORZ�YROXPH�GHFUHDVH��7KLV�UHVXOWHG�LQ�OHVV
FKURPLXP�PRELOL]DWLRQ�WKURXJK�WKH�VRLO�

)LJ����VKRZV�WKH�GLVWULEXWLRQ�RI�ERWK�&U��,,,��DQG
&U� �9,�� LQ�VRLO�IRU�DOO�WHVWV��5HVXOWV�RI� WHVW�QR��� �QR
HQKDQFHPHQW��VKRZ�WKDW�PRVW�&U�QHDU�WKH�DQRGH�LV�LQ
WKH�IRUP�RI�&U�9,���ZKHUHDV�PRVW�RI�WKH�VRLO�FKURPLXP
FRQWHQW� �QHDU� WKH�FDWKRGH� LV� LQ� WKH� IRUP�RI�&U�,,,��
'LVWULEXWLRQ�SURILOHV�RI�&U��,,,��DQG�&U��9,��DORQJ�WKH
VRLO�PDWUL[�LQ�WKLV�FDVH�ZHUH�LQ�DJUHHPHQW�ZLWK�WKH�UHVXOWV
UHSRUWHG�E\�:HQJ�HW�DO����������7KH�PDLQ�UHDVRQ�IRU�&U
�9,��UHGXFWLRQ�WR�&U��,,,��XQGHU�HOHFWURNLQHWLF�FRQGLWLRQV
LQ�WKH�VRLO��DV�PHQWLRQHG�E\�5HGG\�	�3DUXSXGL��������
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�&DWKRO\WH
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'LVWDQFH�IURP�DQRGH�WR�FDWKRGH
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'LVWDQFH�IURP�DQRGH�WR�FDWKRGH

)LJ�����S+�YDULDWLRQ�RI�UHVHUYRLUV�LQ��D��(.�7HVWV�ZLWKRXW�35%�DQG��E��(.�35%�7HVWV�DQG�S+�SURILOH�LQ�VRLO�DIWHU
([SHULPHQW�LQ��F��(.�7HVWV�ZLWKRXW�35%�DQG��G��(.�35%�7HVWV

�D�

PD\�EH�WKH�SUHVHQFH�RI�VXOILGHV��RUJDQLF�PDWWHU�DQG�)H
�,,��FRPSOH[HV�LQ�WKH�VRLO�PHGLD�

$FHWLF� DFLG� LV� ELRGHJUDGDEOH� DQG� LWV� ORZ
FRQFHQWUDWLRQ��H�J����0��LV�RIWHQ�DGHTXDWH�WR�UHGXFH
VRLO�S+��8JD]�HW�DO����������,Q�DGGLWLRQ��LW�LV�D�ZHDN�DFLG�
XQDEOH�WR�KLJKO\�GLVVRFLDWH��KHQFH�DGGLWLRQ�RI�DFHWLF
DFLG�WR�VRLO�ZLOO�QRW�UHVXOW�LQ�D�PDMRU�LQFUHDVH�LQ�VRLO
HOHFWULFDO�FRQGXFWLYLW\��5HGG\�	�&KLQWKDPUHGG\��������
7KXV����0�DFHWLF�DFLG�ZDV�XVHG�DV�WKH�FDWKRO\WH�LQ�WHVW
���$W�WKH�HQG�RI�WKLV�WHVW��WKH�&U��9,��FRQWHQW�LQ�VRLO�QHDU
WKH�DQRGH�HOHFWURGH�ZDV�KLJKHU�WKDQ�LQ�RWKHU�SDUWV�RI
WKH�VRLO��ZLWK�D�VLPLODU�SDWWHUQ�WR�WKH�UHVXOWV�RI�WHVW�
�EDVLF�WHVW���2Q�WKH�RWKHU�KDQG��LQ�WKH�RWKHU�SDUWV�RI
WKH�VRLO�PDWUL[��WKH�GLVWULEXWLRQ�RI�WKHVH�WZR�IRUPV�RI
FKURPLXP�ZDV� UHODWLYHO\�XQLIRUP��L�H�� WKHUH�ZDV�QR
VLJQLILFDQW�ORQJLWXGLQDO�SURILOH�IRU�HLWKHU�&U��,,,��RU�IRU
WKH�&U��9,��IUDFWLRQV�RI�WRWDO�FKURPLXP�

7KH�DGGLWLRQ�RI�DFHWLF�DFLG�� OLPLWLQJ�EDVH� IURQW
SURSDJDWLRQ��)LJ���F��IURP�WKH�FDWKRGH��VHHPV�WR�EH
UHVSRQVLEOH� IRU� WKH� XQLIRUP�GLVWULEXWLRQ� RI� WKH� WZR
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IRUPV� RI� FKURPLXP�� 5HVXOWV� DOVR� VKRZHG� WKDW
DSSOLFDWLRQ�RI���0�DFHWLF�DFLG�DV�FDWKRO\WH�UDLVHG�WKH
UHGXFWLRQ�RI�&U��9,��WR�&U��,,,��E\�DERXW�����UHODWLYH�WR
EDVLF� WHVW� FRQGLWLRQV��+RZHYHU� QRWH� WKDW� WKLV�ZRXOG
OHDG�WR�OHVV�&U�UHPRYDO�IURP�WKH�VRLO��(QKDQFHPHQW�RI
WKH�SURFHVV�E\�LQWURGXFLQJ�WKH�Q=9,�EDUULHU�LQWR�WKH
VRLO�DQG�DFHWLF�DFLG���0�DV�FDWKRO\WH��WHVW�QR����OHG�WR
DQ�RYHUDOO�UHGXFWLRQ�RI������EXW�SODFHPHQW�RI�WKH�EDUULHU
VHHPV�WR�KDYH�UHGXFHG�RYHUDOO�FKURPLXP�UHPRYDO�IURP
WKH� VRLO� GXH� WR� UHGXFHG� HOHFWUR�RVPRWLF� IORZ�
&RPSDULVRQ�RI�DOO�WKUHH�WHVWV�ZLWK�SODFHPHQW�RI�Q=9,
EDUULHU�ZLWK�WKRVH�ZLWKRXW�EDUULHU�&U��,,,��LRQV�VKRZV
WKDW�SUHFLSLWDWLRQ�WDNHV�SODFH�DURXQG�WKH�EDUULHU��UHGXFLQJ
WKH�RYHUDOO�UHPRYDO�HIILFLHQF\��7KLV�ZDV�UHSRUWHG�DOVR
E\�6KDULDWPDGDUL�HW�DO���������

(WK\OHQH�GLDPLQH�WHWUD�DFHWLF�$FLG��('7$���D�VWURQJ
FKHODWLQJ�DJHQW��LV�D�KH[DGHQWDWH�OLJDQG�WKDW�FDQ�LQWHUDFW
ZLWK�PHWDO�FDWLRQV�DW�VL[�GLIIHUHQW�SRVLWLRQV��('7$�IRUPV
VWDEOH�DQG�VROXEOH�FRPSOH[HV�ZLWK�KHDY\�PHWDOV��5HGG\
	�&KLQWKDPUHGG\�� ������� 2QH� RI� LWV� DGYDQWDJHV
FRPSDUHG�ZLWK�DFLGV� LV� WKDW�('7$�KDV�OHVV�HIIHFW�RQ

VRLO�SURSHUWLHV��,W�FDQ�UHPRYH�PHWDOV�ZLWKRXW�FUHDWLQJ�D
VWURQJ� DFLGLF� HQYLURQPHQW� LQ� WKH� VRLO�� ,Q� DONDOLQH
HQYLURQPHQWV��('7$�FRXOG�HIIHFWLYHO\�FRPSOH[�ZLWK
PHWDOV� UHVXOWLQJ� LQ�PRUH� PRELOL]DWLRQ� RI� PHWDOV
WKURXJKRXW�WKH�VRLO�DQG�LQFUHDVH�UHPRYDO�HIILFLHQF\�DV
D�UHVXOW�RI�WKH�(.�UHPHGLDWLRQ�SURFHVV��6DHHGL�	�.KDWDHL�
������/LQGVD\���������,Q�VRPH�SUHYLRXV�VWXGLHV��('7$
KDV�EHHQ�XVHG�WR�HQKDQFH�WKH�UHPRYDO�HIILFLHQF\�RI�WKH
(.�SURFHVV�WR�UHPHGLDWH�OHDG��]LQF�DQG�RWKHU�PHWDOV
�5HHG��HW�DO���������<HXQJ�HW�DO����������,Q�WKH�FDVH�RI
FKURPLXP�UHPHGLDWLRQ��5HGG\�	�&KLQWKDPUHGG\�������
VKRZHG�WKDW�('7$�HQKDQFHG�UHPRYDO�HIILFLHQF\�LQ�KLJK
EXIIHULQJ�DQG�FOD\H\�VRLOV��('7$��LQ�WKLV�FDVH��LV�KHOSV
WR�IRUP�FRPSOH[HV�DQG�KHQFH�WR�PRELOL]H�&U��,,,��LRQV�
0RELOL]DWLRQ�RI�&U��9,��IURP�WKH�VRLO�WRZDUG�WKH�DQRGH
WDNHV�SODFH�DV�DQ�LQGLUHFW�HIIHFW�RI�('7$��ZKLFK�PDNHV
FRPSOH[HV�ZLWK�+��LRQV�RU�DGVRUEV�RQWR�VRLO�SDUWLFOH
VXUIDFHV��IDFLOLWDWLQJ�UHOHDVH�RI�&U��9,��IURP�VRLO�DQG
PRELOL]DWLRQ�WRZDUG�WKH�DQRGH�YLD�HOHFWUR�RVPRWLF�IORZ
�5HGG\�	�&KLQWKDPUHGG\���������5HVXOWV�RI�WHVW�������
0�('7$�DV�FDWKRO\WH��GHPRQVWUDWH�UHPRYDO�RI�PRUH
WKDQ�����RI�FKURPLXP�IURP�WKH�VRLO��WKH�KLJKHVW�YDOXH
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DPRQJ�DOO�WHVWV��7KLV�VKRZV�WKH�SRVLWLYH�HIIHFW�RI�('7$
LQ�HQKDQFLQJ�FKURPLXP�UHPRYDO�E\�WKH�(.�SURFHVV��)RU
WHVW��� �����0�('7$�DV�FDWKRO\WH�DQG�Q=9,�EDUULHU��
FKURPLXP� UHPRYDO� GHFUHDVHG� E\� DERXW� ������ EXW
UHGXFWLRQ�RI�&U��9,��WR�&U��,,,��LQFUHDVHG�IURP�����WR
DERXW�����

2UJDQLF�FRPSRXQGV�LQ�WKH�VRLO�PDWUL[�FRXOG�UHWDUG
FKURPLXP�PLJUDWLRQ�DQG�UHPRYDO��$NUHWFKH��������

+HQFH��WKH�UHODWLYHO\�KLJK�RUJDQLF�FRQWHQW�RI�WKH�VRLO
VWXGLHG���������/�2�,��PD\�EH�UHVSRQVLEOH�IRU�WKH�ORZHU
LQFUHDVH�LQ�FKURPLXP�UHPRYDO�FRPSDUHG�ZLWK�UHODWHG
SUHYLRXV�UHSRUWV�LQ�WKH�OLWHUDWXUH��)RU�EHWWHU�HYDOXDWLRQ
DQG�FRPSDULVRQ�RI�WKH�HIIHFWLYHQHVV�RI�HDFK�WHVW��7DEOH
��VXPPDUL]HV�WKH�UHVXOWV�RI�DOO�VL[�WHVWV��LQFOXGLQJ�SRZHU
FRQVXPSWLRQ��HQHUJ\�FRQVXPSWLRQ��EDUULHU�DQG�WRWDO
FRVW��)LJ���VKRZV�6(0�LPDJHV�DIWHU�FRPSOHWLRQ�RI�WKH
H[SHULPHQWV�RI�WKH�EDUULHUV�LQVWDOOHG�LQ�WHVWV���DQG���
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7DEOH����6XPPDUL]HG�UHVXOWV�RI�DOO�H[SHULPHQWV

��FRQVLGHULQJ�WKH�HOHFWULFLW\�IHH�LQ�,UDQ�ZKLFK�LV�HVWLPDWHG�DSSUR[LPDWHO\��86���������SHU�NZK
���2QO\�WKH�Q�=9,�FRVW�����86���NJ��ZDV�FRQVLGHUHG�UHJDUGOHVV�RI�RWKHU�H[SHQGLWXUHV�VXFK�DV�EDUULHU�FRQVWUXFWLRQ
DQG�PDLQWHQDQFH

7HVW�

5HGXFWLRQ�
����

5HPRYDO�
����

3RZHU�
FRQVXPSWLR
Q��NZK�P����

(QHUJ\�
H[SHQGLWXUH
�86��P�����

%DUULHU�
FRVW�

�86��P��

RI�VRLO���

7RWDO�
FRVW�86
��P����

0DVV�
EDODQF
H�HUURU�
����

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

;ĂͿ

;ďͿ

)LJ�����6(0�LPDJH�RI�LQVWDOOHG�EDUULHUV�LQ��D��WHVW����E��WHVW��������[������[�DQG������[�

HOHFWULFDO� UHVLVWDQFH� GXH� WR� SUHFLSLWDWLRQ� RI� LRQV�
SDUWLFXODUO\�QH[W�WR�WKH�EDUULHU��FDXVLQJ�D�GHFUHDVH�LQ
WKH�FXUUHQW�WKURXJK�WKH�VRLO�VDPSOH��&KRRVLQJ�WKH�EHVW
HQKDQFHPHQW� PHWKRG� QRW� RQO\� GHSHQGV� RQ� WKH
SHUFHQWDJH�RI�UHGXFWLRQ�UHPRYDO�WKDW�FDQ�EH�REWDLQHG�
EXW�DOVR�RQ�HFRQRPLF�FRQVLGHUDWLRQV�� �1RWH�WKDW�WKH
HFRQRPLF�DQDO\VLV�RI�WHVWV�LQ�WKLV�VWXG\�RQO\�LQFOXGHV
HQHUJ\�H[SHQGLWXUHV�DQG�Q=9,�FRVWV��)RU�FRQWDPLQDWHG
VLWHV��RWKHU�H[SHQGLWXUHV�PD\�EH�VLJQLILFDQW���2YHUDOO�
FRPSDULVRQ�RI�WKH�UHVXOWV�RI�WHVWV������DQG���UHYHDOV
�7DEOH���� WKDW�DSSOLFDWLRQ�RI���0�DFHWLF�DFLG� LQ� WKH
FDWKRGH�FKDPEHU�RI�(.�Q=9,�EDUULHU�WHVW��WHVW����OHG�WR
DERXW�����PRUH�&U��9,��UHGXFWLRQ��ZKLOH�����0�('7$
DV�FDWKRO\WH�LQ�WKH�(.�Q=9,�EDUULHU�WHVW��WHVW����UHVXOWHG
LQ����PRUH�FKURPLXP�UHGXFWLRQ�DQG�����PRUH�UHPRYDO�
7DEOH���SURYLGHV�WHFKQLFDO�DQG�HFRQRPLF�FRPSDULVRQV
DPRQJ�SXEOLVKHG�VWXGLHV�RQ�&U�9,��UHPHGLDWLRQ�IURP
FOD\H\�VRLOV�E\�(.�FRXSOHG�ZLWK�=9,�Q=9,��$V�LQGLFDWHG
LQ�7DEOH����&U��9,��UHPRYDO�DQG�UHGXFWLRQ�HIILFLHQFLHV
RI� SUHYLRXV� VWXGLHV�ZHUH� EHWWHU� WKDQ� LQ� WKLV� VWXG\�
+RZHYHU��LW�LV�LPSRUWDQW�WR�SRLQW�RXW�WKDW�LQ�DOO�WKUHH

7KH�HQHUJ\�UHTXLUHPHQW� �:�K�P���� GHILQHG�SHU�XQLW
YROXPH�RI�VRLO��FDQ�EH�HVWLPDWHG��+DPHG�HW�DO��������
IURP�

9,GW
9

�
(

V
X

:KHUH�9
6
�LV�YROXPH�RI�WKH�VRLO�VDPSOH��P����,�LV�WKH

FXUUHQW� LQWHQVLW\� �$�� DQG� 9� LV� WKH� DSSOLHG� YROWDJH
GLIIHUHQFH��9���7DEOH���VXPPDUL]HV�WKH�WRWDO�HQHUJ\
FRQVXPSWLRQ� RI� HDFK� WHVW��$V� WKLV� WDEOH� VKRZV�� WKH
PD[LPXP�HOHFWULFDO�HQHUJ\�FRQVXPSWLRQ�FRUUHVSRQGHG
WR�WHVW����ZKHUH�DFHWLF�DFLG�ZDV�XVHG�DV�FDWKRO\WH�ZLWK
QR�EDUULHU�LQVWDOOHG���ZKLOH�WKH�PLQLPXP�ZDV�LQ�WHVW��
�GLVWLOOHG�ZDWHU�DV�HOHFWURO\WH��ZLWK�DQ�Q=9,�EDUULHU���%\
FRPSDULQJ�WKH�SRZHU�FRQVXPSWLRQ�LQ�WHVWV�ZLWK�DQG
ZLWKRXW�D�EDUULHU��LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�SHUPHDEOH
UHDFWLYH�EDUULHU�PD\�EH�UHVSRQVLEOH�IRU�D�FRQVLGHUDEOH
GHFUHDVH� LQ� HQHUJ\� FRQVXPSWLRQ�� UHJDUGOHVV� RI� LWV
HIIHFW�RQ�FKURPLXP�UHGXFWLRQ�DQG�UHPRYDO��$SSDUHQWO\�
WKH�EDUULHUV�UHVXOWHG�LQ�DQ�LQFUHDVH�LQ�WKH�VRLO�PDWUL[
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SUHYLRXV� VWXGLHV�KLJKHU� HOHFWULF� JUDGLHQW� DQG�PXFK
KLJKHU�DPRXQWV�RI�=9,�Q=9,�ZHUH�QHHGHG�WR�DFKLHYH
VXFK�HIILFLHQFLHV��([FHSW�IRU�:HQJ�HW�DO����������WKH
RWKHU�UHVHDUFKHUV�DOVR�XVHG�ORQJHU�SURFHVVLQJ�WLPHV�
$OO�RI�WKHVH�IDFWRUV��L�H��KLJK�=9,�Q=9,�DPRXQW��ORQJHU
SURFHVVLQJ�WLPH�DQG�KLJKHU�HOHFWULFDO�JUDGLHQWV��FOHDUO\
UHVXOWHG�LQ�PXFK�KLJKHU�SRZHU�FRQVXPSWLRQ��EDUULHU
FRVWV�DQG�WRWDO�FRVWV�RI�WKH�UHPHGLDWLRQ�SURFHVV�

:KLOH�WKH�SRVLWLYH�HIIHFWV�RI�('7$�DQG�DFHWLF�DFLG
RQ� WKH� HQKDQFHPHQW� RI� (.�Q=9,� UHPHGLDWLRQ� RI
FKURPLXP�IURP�VRLO�ZHUH�GLVFORVHG�LQ�WKLV�VWXG\��IXUWKHU
LQYHVWLJDWLRQV� RQ� WKH� DSSOLFDWLRQ� RI� WKHVH
HQKDQFHPHQWV�WR�WKH�(.��Q=9,�SURFHVV�PD\�OHDG�WR
LQFUHDVHG� RYHUDOO� FKURPLXP� UHPRYDO�� ZKLFK� LQ� DOO
SUHYLRXV�VWXGLHV�RI�WKLV�QDWXUH�ZHUH�OHVV�WKDQ�����

&21&/86,21
([SHULPHQWDO�SURFHGXUHV�ZHUH�GHYHORSHG�WR�DVVHVV

WKH�HIIHFW�RI�FRPELQLQJ�WZR�PHWKRGV�RI�HQKDQFLQJ�WKH
(.�SURFHVV�IRU�VRLO�UHPHGLDWLRQ��$FHWLF�DFLG�DQG�('7$
ZHUH�WHVWHG�DV�FDWKRO\WHV��DV�ZHOO�DV�LQVWDOODWLRQ�DQ�Q=9,
EDUULHU� DGMDFHQW� WR� WKH� DQRGH�� �0�DFHWLF� DFLG� DV� D
FDWKRO\WH�LQFUHDVHG�WKH�UHGXFWLRQ�HIILFLHQF\�RI�&U��9,�
UHODWLYH� WR� FDVHV�ZKHUH� WKHUH�ZDV� QR� HQKDQFHPHQW�
,QWURGXFLQJ� ���0�('7$� LQWR� WKH� FDWKRGH� FKDPEHU
LQFUHDVHG�WKH�UHPRYDO�DQG�UHGXFWLRQ�RI�FKURPLXP�IURP
VRLO�� 7KH� GDWD� LQ� WHVWV� ZLWK� DQG� ZLWKRXW� D� EDUULHU
GHPRQVWUDWHG� WKDW� LQFRUSRUDWLRQ� RI� DQ� Q=9,� EDUULHU
LQFUHDVHG�WKH�UHGXFWLRQ�SRWHQWLDO�RI�&U��9,���,Q�DGGLWLRQ�
D�EDUULHU�FDXVHG�D�GHFUHDVH�LQ�WKH�HOHFWUR�RVPRVWLF�IORZ�
FXUUHQW�LQWHQVLW\�DQG�HQHUJ\�FRQVXPSWLRQ��$V�(.�LV�D
FRPSOH[�SURFHVV��VWXG\�RI�KLJKHU�DSSOLHG�YROWDJH��ORQJHU
WHVW�GXUDWLRQ�DQG�EDUULHU�SRVLWLRQ�LQ�WKH�(.�Q=9,�SURFHVV
HQKDQFHG�E\�('7$�DQG�DFHWLF�DFLG�LV�QHHGHG�WR�DFKLHYH
KLJKHU�UHPRYDO�HIILFLHQFLHV�DW�ORZHU�FRVWV�

5()(5(1&(6
$FDU��<��%�� DQG�$OVKDZDENHK��$��1�� ��������3ULQFLSOHV� RI
HOHFWURNLQHWLF�UHPHGLDWLRQ��(QYLURQ��6FL��7HFKQRO�������������
�����

$MLEROD��9��2��DQG�/DGLSR��0��.�����������6HGLPHQW�4XDOLW\
RI�(IIOXHQW�'LVFKDUJH�&KDQQHOV�IURP�6L[�,QGXVWULDO�6LWHV�LQ
/DJRV��1LJHULD��,QW��-��(QYLURQ��5HV������������������

$NUHWFKH��'��(�� ��������,QIOXHQFH�RI�WKH�VROLG�QDWXUH�LQ�WKH
HIILFLHQF\� RI� DQ� HOHFWURNLQHWLF� SURFHVV�� 'HVDOLQDWLRQ�
������������

$670���������� 6WDQGDUG�&����� 6WDQGDUG�6SHFLILFDWLRQ� IRU
6WDQGDUG�6DQG��$670�,QWHUQDWLRQDO��:HVW�&RQVKRKRFNHQ��3$�

%URQVWHLQ�� .�� �������� 3HUPHDEOH� 5HDFWLYH�%DUULHUV� IRU
,QRUJDQLF� DQG� 5DGLRQXFOLGH� &RQWDPLQDWLRQ�� 1DWLRQDO
1HWZRUN�RI�(QYLURQPHQWDO�0DQDJHPHQW�6WXGLHV�)HOORZ��8�6�
(3$�2IILFH� RI�6XSHUIXQG� 5HPHGLDWLRQ� DQG�7HFKQRORJ\
,QQRYDWLRQ��:DVKLQJWRQ��'&�

&KXQJ��+�� ,�� DQG�/HH��0��+�� ��������$� QHZ�PHWKRG� IRU
UHPHGLDO� WUHDWPHQW� RI� FRQWDPLQDWHG� FOD\H\� VRLOV� E\

HOHFWURNLQHWLF� FRXSOHG�ZLWK� SHUPHDEOH� UHDFWLYH� EDUULHUV�
(OHFWURFKLP��$FWD�����������������

'HNKLO��$��%���+DQQDFKL��<���*KRUEHO��$��DQG�%RXEDNHU��7�
��������5HPRYDO�RI�/HDG�DQG�&DGPLXP�,RQV�)URP�$TXHRXV
6ROXWLRQV�8VLQJ�'ULHG�0DULQH�*UHHQ�0DFURDOJD� �&DXOHUSD
UDFHPRVD���,QW��-��(QYLURQ��5HV������������������

*KDGHUL��$�$���$EGXOL��0�$��� .DUEDVVL��$�5��� 1DVUDEDGL�
7���.KDMHK��0����������(YDOXDWLQJ�WKH�(IIHFWV�RI�)HUWLOL]HUV
RQ�%LRDYDLODEOH�0HWDOOLF�3ROOXWLRQ� RI� VRLOV��&DVH� VWXG\�RI
6LVWDQ�IDUPV��,UDQ��,QW��-��(QYLURQ��5HV������������������

*LDQQLV��$�� DQG�*LGDUDNRV��(�� ��������:DVKLQJ� HQKDQFHG
HOHFWURNLQHWLF� UHPHGLDWLRQ� IRU� UHPRYDO� FDGPLXP�IURP� UHDO
FRQWDPLQDWHG� VRLO�� -��+D]DUG��0DWHU���%����� ��������

*LGDUDNRV�� (�� DQG� *LDQQLV��$�� �������� &KHODWH� DJHQWV
HQKDQFHG�HOHFWURNLQHWLF�UHPHGLDWLRQ�IRU�UHPRYDO�RI�FDGPLXP
DQG�]LQF�E\�FRQGLWLRQLQJ�FDWKRO\WH�S+��:DWHU�$LU�6RLO�3ROO��
��������±����

*RXVWHURYD��$���1XVWRURYD��0��� 3DVNDOHYD��'��� 1D\GHQRY�
0��� 1HVKHY�� *� �� DQG�9DVLOHYD�7RQNRYD�� (� �� �������
$VVHVVPHQW� RI�)HDWKHU� +\GURO\VDWH�)URP� 7KHUPRSKLOLF
$FWLQRP\FHWHV�IRU�6RLO�$PHQGPHQW� DQG�%LRORJLFDO�&RQWURO
$SSOLFDWLRQ��,QW�� -��(QYLURQ��5HV���������� ����������

+DUDQ�� %�� 6��� 3RSRY��%�� 1���=KHQJ��*�� DQG�:KLWH��5�� (�
��������0DWKHPDWLFDO�PRGHOLQJ� RI� KH[DYDOHQW� FKURPLXP
GHFRQWDPLQDWLRQ�IURP�ORZ�VXUIDFH�FKDUJHG�VRLOV��-��+D]DUG�
0DWHU������� ������

+DPHG��-���$FDU��<�%��DQG�*DOH��5�-����������3E�,,��UHPRYDO
IURP�NDROLQLWH�E\�HOHFWURNLQHWLFV��-��*HRWHFK��(QJ�����������±
����

/L��5��6��DQG�/L��/��<����������(QKDQFHPHQW�RI�HOHFWURNLQHWLF
H[WUDFWLRQ�IURP� OHDG�VSLNHG�VRLOV�� -��(QYLURQ�� (QJ��$6&(�
�������������

/LQGVD\��:�/�� �������� &KHPLFDO�(TXLOLEULD� LQ�6RLOV��:LOH\�
1HZ�<RUN�

3RSRY��.���<DFKPHQHY��9���.RORVRY��$��DQG�6KDEDQRYD��1�
��������(IIHFW� RI�VRLO�HOHFWURRVPRWLF� IORZ�HQKDQFHPHQW� E\
FKHODWLQJ�UHDJHQWV��&ROORLGV�6XUIDFH��$���������±����

0HVFL��%��DQG�(OHYOL��6����������5HF\FOLQJ�2I�&KURPLWH�:DVWH
IRU�&RQFUHWH��)XOO�)DFWRULDO�'HVLJQ�$SSURDFK��,QW��-��(QYLURQ�
5HV������������������

0LOHWL ��=��� .QHåHYL ��0��� 6WDML �� 6��� .RãDQLQ��2�� DQG
RU HYL �� ,��������� (IIHFW� RI� (XURSHDQ� %ODFN�$OGHU

0RQRFXOWXUHV�RQ� 7KH�&KDUDFWHULVWLFV� RI�5HFODLPHG�0LQH
6RLO��,QW��-��(QYLURQ��5HV������������������

0RWHVKDUH]DGHK�� %�� DQG� 6DYDJKHEL�� *K�� 5�� �������
,QWHUDFWLRQ�%HWZHHQ�&DGPLXP�DQG�/HDG�DQG�WKH�(IIHFWV�RI
7KHVH� RQ� WKH�&RQFHQWUDWLRQ� RI�=LQF� DQG�0DQJDQHVH� LQ
6XQIORZHU��,QW��-��(QYLURQ��5HV������������������

2OXVH\L��7���2OD\LQND��.���$OR��%��DQG�6PLWK��5��0���������
,PSURYHG�$QDO\WLFDO�([WUDFWLRQ� DQG�&OHDQ�XS�7HFKQLTXHV
IRU� WKH� 'HWHUPLQDWLRQ� RI�3$+V� LQ� &RQWDPLQDWHG� 6RLO
6DPSOHV��,QW��-��(QYLURQ��5HV������������������

3RSRY��.���.RORVRY��$���<DFKPHQHY��9��*���6KDEDQRYD��1��
$UWHP\HYD��$��� )ULG��$��� .RJXW�� %��� 9HVQRYVNLL�� 6�� DQG

,QW��-��(QYLURQ��5HV���������������:LQWHU�����



��

6XNKDUHQNR��9�� ��������$� ODERUDWRU\�VFDOH� VWXG\�RI�DSSOLHG
YROWDJH�DQG�FKHODWLQJ�DJHQW�RQ�WKH�HOHFWURNLQHWLF�VHSDUDWLRQ
RI�SKHQRO�IURP�VRLO��6HS��6FL��7HFKQRO�����������������

5DIDWL��0��� .KRUDVDQL��1���0RDWWDU�� )��� 6KLUYDQ\��$�� DQG
0RUDJKHEL�� )�� �������� DQG� +RVVHLQ]DGHK�� 6��
3K\WRUHPHGLDWLRQ�3RWHQWLDO� RI� 3RSXOXV�$OED� DQG�0RUXV
DOED�IRU�&DGPLXP��&KURPXLP�DQG�1LFNHO�$EVRUSWLRQ�IURP
3ROOXWHG�6RLO��,QW��-��(QYLURQ��5HV������������������

5DPHVKUDMD��'��DQG�6XUHVK��6����������7UHDWPHQW�RI�7DQQHU\
:DVWHZDWHU�E\�9DULRXV�2[LGDWLRQ�DQG�&RPELQHG�3URFHVVHV�
,QW��-��(QYLURQ��5HV������������������

5HGG\��.��5���3DUXSXGL��8��6���'HYXODSDOOL��6��1��DQG�;X��&�
<�� ��������(IIHFWV� RI� VRLO� FRPSRVLWLRQ� RQ� WKH� UHPRYDO� RI
FKURPLXP�E\�HOHFWURNLQHWLFV��-��+D]DUG��0DWHU���������������

5HGG\��.��5��DQG�&KLQWKDPUHGG\��6�� ��������(OHFWURNLQHWLF
UHPHGLDWLRQ� RI� KHDY\� PHWDO�FRQWDPLQDWHG� VRLOV� XQGHU
UHGXFLQJ�HQYLURQPHQWV��:DVWH�0DQDJH���������������

5HGG\��.��5�� DQG�&KLQWKDPUHGG\�� 6�� �������� 6HTXHQWLDOO\
HQKDQFHG�HOHFWURNLQHWLF�UHPHGLDWLRQ�RI�KHDY\�PHWDOV�LQ�ORZ
EXIIHULQJ� FOD\H\� VRLOV�� -��*HRWHFK��*HRHQYLURQ��(QJ�������
���±����

5HGG\��.��5��� ;X��&��<�� DQG� &KLQWKDPUHGG\�� 6�� �������
$VVHVVPHQW�RI�HOHFWURNLQHWLF� UHPRYDO�RI�KHDY\�PHWDOV�IURP
VRLOV� E\� VHTXHQWLDO� H[WUDFWLRQ� DQDO\VLV�� -��+D]DUG��0DWHU��
%������������

5HHG��%�(���%HUJ��0�7���7KRPSVRQ��-�&��DQG�+DWILHOG��-�+�
��������&KHPLFDO�FRQGLWLRQLQJ�RI�HOHFWURGH�UHVHUYRLUV�GXULQJ
HOHFWURNLQHWLF�VRLO�IOXVKLQJ� RI�3E�FRQWDPLQDWHG�VLOW�ORDP�� -�
(QYLURQ��(QJ����������±����

5XONHQV��:��+���*URWHQKXLV��-��7��&��DQG�7LFK\��5���������
0HWKRGV�IRU�FOHDQLQJ�FRQWDPLQDWHG�VRLOV�DQG�VHGLPHQWV���,Q�
:��6DORPRQV��8��)RUVWQHU�� 3��0DGHU� �(GV����+HDY\�0HWDOV
²�3UREOHPV�DQG�6ROXWLRQV��SS�����±������%HUOLQ��6SULQJHU�

6DHHGL��0���-DPVKLGL��$���6KDULDWPDGUL��1��DQG�)DODPDNL��$�
��������$Q� LQYHVWLJDWLRQ�RQ� WKH�HIILFLHQF\�RI�HOHFWURNLQHWLF
FRXSOHG�ZLWK� FDUERQ� DFWLYH� EDUULHU� WR� UHPHGLDWH� QLFNHO
FRQWDPLQDWHG�FOD\��,QW��-��(QYLURQ��5HV��������������

6DHHGL��0��DQG�.KDWDHL��%����������(IIHFW�RI�YROWDJH�JUDGLHQW
RQ� HOHFWURNLQHWLF� UHPHGLDWLRQ� RI� &U� �9,�� � DQG� SKHQRO
FRQWDPLQDWHG� VRLO� XVLQJ� ('7$�� �3DSHU� SUHVHQWHG� DW� �UG
,$67('� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� (QYLURQPHQWDO
0DQDJHPHQW�DQG�(QJLQHHULQJ��&DOJDU\�

6DK��-��*��DQG�&KHQ��-��<����������6WXG\�RI�WKH�HOHFWURNLQHWLF
SURFHVV�RQ�&G�DQG�3E�VSLNHG� VRLOV�� -�� +D]DUG��0DWHU������
��������

6DZDGD��$���0RUL��.���7DQDND��6���)XNXVKLPD��0��DQG�7DWVXPL�
.�� ��������5HPRYDO� RI�&U� �9,��IURP�FRQWDPLQDWHG�VRLO� E\
HOHFWURNLQHWLF�UHPHGLDWLRQ��:DVWH�0DQDJH����������±����

6KDULDWPDGDUL��1���:HQJ��&��+�� DQG�'DU\DHH��+�� �������
(QKDQFHPHQW�RI�KH[DYDOHQW�FKURPLXP� >&U� �9,�@� UHPHGLDWLRQ
IURP�FOD\H\�VRLOV�E\�HOHFWURNLQHWLFV�FRXSOHG�ZLWK�D�QDQR�VL]HG
]HUR�YDOHQW�LURQ�EDUULHU��(QYLURQ��(QJ��6FL�����������������

6PDUDQGD�� &���*DYULOHVFX��0� �� DQG�%XOJDULX�� '�� � �������
6WXGLHV�RQ�6RUSWLRQ�RI�&RQJR�5HG�IURP�$TXHRXV�6ROXWLRQ
RQWR�6RLO��,QW��-��(QYLURQ��5HV������������������

6XQ��<��3���/L��;��4���&DR��-���=KDQJ��:��;��DQG�:DQJ��+��3�
�������� &KDUDFWHUL]DWLRQ�RI� ]HUR�YDOHQW� LURQ� QDQRSDUWLFOHV�
$GY��&ROORLG�,QWHUIDFH�6FL��������������

7DPSRXULV�� 6��� 3DSDVVLRSL�� 1�� DQG� 3DVSDOLDULV�� ,�� �������
5HPRYDO�RI�FRQWDPLQDQW�PHWDOV�IURP�ILQH�JUDLQHG�VRLOV��XVLQJ
DJJORPHUDWLRQ�� FKORULGH� VROXWLRQV� DQG� SLOH� OHDFKLQJ
WHFKQLTXHV��-��+D]DUG��0DWHU������� ��������

8JD]��$���3XSSDOD�� 6���*DOH�� 5�� -�� DQG�$FDU��<��%�� �������
(OHFWURNLQHWLF� VRLO� SURFHVVLQJ�� FRPSOLFDWLQJ� IHDWXUHV� RI
HOHFWURNLQHWLF� UHPHGLDWLRQ� RI� VRLOV� DQG� VOXUULHV�� VDWXUDWLRQ
HIIHFWV�DQG�WKH�UROH�RI�WKH�FDWKRGH�HOHFWURO\VLV��&KHP��(QJ�
&RPPXQ�����������±����

8�6�(3$�� ��������$FLG�'LJHVWLRQ� IRU�6HGLPHQWV�� 6OXGJHV�
DQG�6RLOV��0HWKRG�����%��5HYLVLRQ����(3$�6:�����

8�6�(3$�� ��������$ONDOLQH� 'LJHVWLRQ� IRU� +H[DYDOHQW
&KURPLXP��0HWKRG�����$��5HY�����(3$�6:�����

9LUNXW\WH�� -��� 6LOODQSDD��0�� DQG� /DWRVWHQPDD��3�� �������
(OHFWURNLQHWLF�VRLO� UHPHGLDWLRQ�&ULWLFDO�RYHUYLHZ��6FL��7RWDO
(QYLURQ���������������

:DQJ��<��<���+XDQJD��:��-���.DR��-��&��DQG�6WDEQLNRYD��2�
��������5HPRYDO� RI� KHDY\�PHWDOV� IURP� NDROLQ� XVLQJ� DQ
XSZDUG� HOHFWURNLQHWLF� VRLO� UHPHGLDO� �8(65�� WHFKQRORJ\�� -�
+D]DUG��0DWHU�������� ���±����

:HQJ��&��+���/LQ� �7��<���&KX��6��+�� DQG�<XDQ��&�� �������
/DERUDWRU\�VFDOH� HYDOXDWLRQ�RI�&U�9,�� UHPRYDO� IURP�FOD\� E\
HOHFWURNLQHWLFV�LQFRUSRUDWHG�ZLWK�)H��2��EDUULHU��3UDFWLFH�3HULRG�
+D]DUG��7R[LF�5DGLRDFWLY��:DVWH�0DQDJH���������������

:HQJ��&��+���/LQ��<��7���/LQ��7��<��DQG�.DR��&��0���������
(QKDQFHPHQW�RI�HOHFWURNLQHWLF�UHPHGLDWLRQ�RI�K\SHU�&U��9,�
FRQWDPLQDWHG� FOD\� E\� ]HUR�YDOHQW� LURQ�� -��+D]DUG��0DWHU��
�������������

<HXQJ��$��7���+VX�� &�� DQG�0HQRQ��5��0�� ��������('7$�
HQKDQFHG�HOHFWURNLQHWLF�H[WUDFWLRQ�RI�OHDG��-��*HRWHFK��(QJ��
��������±����

<RXQJ�'R��1��DQG�3DUN��+��,����������$�6WXG\�RQ�$GVRUSWLRQ
RI�3E��&X�� =Q� DQG�&G�2QWR�1DWXUDO�&OD\�� ,QW�� -�� (QYLURQ�
5HV������������������

=KRX��'��0���'HQJ��&��)���&DQJ��/��DQG�$OVKDZDENHK��$��1�
��������(OHFWURNLQHWLF�UHPHGLDWLRQ�RI�D�&X±=Q�FRQWDPLQDWHG
UHG�VRLO�E\�FRQWUROOLQJ�WKH�YROWDJH�DQG�FRQGLWLRQLQJ�FDWKRO\WH
S+��&KHPRVSKHUH������ ���±����

.ULND��)���$]]RX]��1��DQG�1FLEL��0��&�����������5HPRYDO�RI
+H[DYDOHQW� &KURPLXP� IURP� $TXHRXV� 0HGLD� XVLQJ
0HGLWHUUDQHDQ� 3RVLGRQLD� RFHDQLFD� ELRPDVV� ��$GVRUSWLRQ
6WXGLHV�DQG�VDOW�&RPSHWLWLRQ�,QYHVWLJDWLRQ�� ,QW�� -��(QYLURQ�
5HV������������������

6LQJK��6�5��DQG�6LQJK��$�3����������7UHDWPHQW�RI�:DWHU�&RQWDLQJ
&KURPLXP��9,��8VLQJ�5LFH�+XVN�&DUERQ�$V�D�1HZORZ�&RVW
$GVRUEHQW�,QW��-��(QYLURQ��5HV������������������

/ySH]�3LxHLUR$���$OEDUUiQ��$��� &DEUHUD��'��� 3HxD��'�� DQG
%HFHUUD��'�� ��������(QYLURQPHQWDO�)DWH�RI�7HUEXWK\OD]LQH
LQ�6RLOV�$PHQGHG�ZLWK�)UHVK�DQG�$JHG�)LQDO�5HVLGXH�RI�WKH
2OLYH�2LO� ([WUDFWLRQ�3URFHVV�� ,QW�� -�� (QYLURQ��5HV��� �� ����
��������

HOHFWURNLQHWLF�UHPHGLDWLRQ�RI�KH[DYDOHQW�FKURPLXP



,QW��-��(QYLURQ��5HV���������������:LQWHU�����
,661�����������

5HFHLYHG� ��� -DQ�� ����� �� ��� ��� ��� � �� � �5HYLVHG����$XJ������� �� �� � � �� � � � �� � �$FFHSWHG����$XJ������

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��GRQDWHOOD�GHVLGHUL#XQLXUE�LW

��

���3R�DQG����3E�&RQFHQWUDWLRQ�LQ�(QYLURQPHQWDO�6DPSOHV�RI�WKH�$GULDWLF�6HD

0HOL��0�$����'HVLGHUL��'����3HQQD��$�����5LFFL��)�����3HQQD��1���DQG�5RVHOOL��&��

'HSDUWPHQW�RI�%LRPROHFXODU�6FLHQFHV��8QLYHUVLW\�RI�8UELQR�³&DUOR�%R´��3�]]D�5LQDVFLPHQWR���
������8UELQR��,WDO\

'HSDUWPHQW�RI�%LRPROHFXODU�6FLHQFHV��8QLYHUVLW\�RI�8UELQR´&DUOR�%R�´��9LDOH�7ULHVWH�����
��������3HVDUR��,WDO\

$%675$&7�7KLV�VWXG\�UHSRUWV�WKH�FRQFHQWUDWLRQV�RI LPSRUWDQW�WUDFHUV�RI�WKH�PDULQH�HQYLURQPHQW�����3R�DQG
���3E�� LQ�GLIIHUHQW�PDWULFHV� IURP�ILHOG� VDPSOHV� FROOHFWHG� DW�&HQWUDO�$GULDWLF�6HD� �,WDO\��� D� QRQ�FRQWDPLQDWHG
PDULQH� HFRV\VWHP�� ���3R� FRQFHQWUDWLRQ� DSSHDUV� WR�GHFUHDVH�ZLWK� LQFUHDVLQJ� GLVWDQFH� IURP�WKH� FRDVW� DQG� D
VLJQLILFDQW�GLIIHUHQFH� �LQ� ���3R�FRQFHQWUDWLRQV� LQ�VHDZDWHU�VDPSOHV�DW� WZR�GLIIHUHQW�GHSWKV� LV�QRW� DSSUHFLDEOH�
���3R� DQG� ���3E�SUHVHQW� WKH� VDPH� � WUHQG� LQ� WKH� GLIIHUHQW� SHULRGV�RI� WKH� \HDU�� ���3R�DQG� ���3E� SUHVHQW� KLJK
FRQFHQWUDWLRQ�IDFWRUV�DQG���KLJK�.G�YDOXHV��LQ�SDUWLFXODU����3R�VKRZV�YDOXHV�RI���������LQ�SODQNWRQ����������LQ
WKH� SDUWLFXODWH� IUDFWLRQ�DQG��������� LQ� VHGLPHQW�� ���3E� VKRZV�YDOXHV� RI����� ���� LQ� SODQNWRQ���������� LQ� WKH
SDUWLFXODWH� IUDFWLRQ� DQG� ���� ���� LQ� VHGLPHQW�� 7KH� ���3R����3E� UDWLR� UHVXOWV� ���� LQ� VHD�ZDWHU� DQG� !�� LQ� WKH
SDUWLFXODWH� IUDFWLRQ�� VHGLPHQW� DQG�SODQNWRQ� GXH� WR� D� VLJQLILFDQW� IUDFWLRQDWLRQ� RFFXUULQJ� EHWZHHQ� WKH� WZR
UDGLRQXFOLGHV�GXULQJ�WKHLU�UHPRYDO�IURP�VROXWLRQ�WR�SDUWLFOH�DQG�GXH�WR�WKHLU�GLIIHUHQW�ELRJHRFKHPLFDO�F\FOLQJ
SDWKZD\V�LQ�WKH�PDULQH�HQYLURQPHQW��7KH�QRWLFHDEOH�DFFXPXODWLRQ�RI����3R�LQ�WKH�IRRG�FKDLQ�LV�QRW�DFFRPSDQLHG
E\�DQ�LGHQWLFDO�DFFXPXODWLRQ�RI����3E��'XH�WR�LWV�ELRPDJQLILFDWLRQ�LQ�WKH�PDULQH�IRRG�FKDLQ�����3R�SURYLGHV�WKH
ODUJHV� UDGLDWLRQ�GRVH� WR� DQ\�PDULQH� RUJDQLVP�XQGHU� QDWXUDO�FRQGLWLRQV�� 7KH�GDWD� UHSRUWHG�SURYLGH� UHIHUHQFH
YDOXHV� IRU�WKH�&HQWUDO�$GULDWLF� �0HGLWHUUDQHDQ�6HD��FRDVWDO� HQYLURQPHQW�

.H\�ZRUGV�� ���3R�� ���3E��0DULQH�HFRV\VWHP��0HGLWHUUDQHDQ�6HD

,1752'8&7,21
1DWXUDOO\�RFFXUULQJ����3R�DQG�LWV�JUDQGSDUHQW����3E

DUH�PHPEHUV�RI�WKH����8�GHFD\�VHULHV�����3R�LV�DQ�DOSKD
UDGLRDFWLYH�HPLWWHU�ZKLFK�GHFD\V��7

���
��������GD\V��WR

VWDEOH� OHDG�� �$� VPDOO� DPRXQW� RI� ���3R� LQ� VHDZDWHU
RULJLQDWHV�IURP�WKH�DWPRVSKHULF�GHSRVLWLRQ�RI�SRORQLXP
LWVHOI��&RFKUD�������1R]DNL���������EXW�PRVW����3R�LQ�WKH
PDULQH�HQYLURQPHQW�LV�ODUJHO\�SURGXFHG�E\�WKH�GHFD\�
LQ�VLWX��RI����3E��7

���
�������\HDUV��GHSRVLWHG�IURP� WKH

DWPRVSKHUH��)XUWKHUPRUH��WKH�FRQFHQWUDWLRQ�RI����3R
FDQ�EH� ORFDOO\�HQKDQFHG�E\� WKH� LPSDFW�RI� LQGXVWULDO
HPLVVLRQV��LQ�SDUWLFXODU�WKH�GLVFKDUJHV�IURP�IDFWRULHV
WKDW�SURGXFH�SKRVSKRULF�DFLG�XVHG�LQ�WKH�PDQXIDFWXULQJ
RI� IHUWLOLVHU� DQG� WKDW� JHQHUDWH� SKRVSKDWLF� J\SVXP
ZDVWHV��6WHSQRZVNL�DQG�6NZDU]HF��������$O�0DVUL�HW
DO���������-LD�HW�DO��������������3R�LV�RI�LQWHUHVW�DV�D�SRWHQWLDO
WUDFHU�RI�SDUWLFOH�WUDQVIHU�DQG�YHUWLFDO�IOX[�RI�SDUWLFXODWH
PDWWHU��DQG�RI�RFHDQ�FLUFXODWLRQ��,Q�FRQWUDVW�WR�WHUUHVWULDO
RUJDQLVPV�� PDQ\�PDULQH� VSHFLHV� LQFRUSRUDWH� KLJK
FRQFHQWUDWLRQV� RI� WKLV� UDGLRQXFOLGH� �&DUYDOKR� DQG
)RZOHU���������7KH�DOSKD�GHFD\�RI����3R�DFFRXQWV�IRU
PRVW�RI�WKH�UDGLRDFWLYH�GRVH�WR�PDULQH�RUJDQLVPV�UDWKHU

WKDQ�DQWKURSRJHQLF�UDGLRQXFOLGHV�UHOHDVHG�LQWR�FRDVWDO
ZDWHUV��(YDOXDWLRQ�RI�UDGLRORJLFDO�ULVN�WR�QRQ�KXPDQ
ELRWD�KDV�EHFRPH�D�VXEMHFW�RI�VFLHQWLILF�UHVHDUFK�DQG
RQH�RI�WKH�PRVW�LPSRUWDQW�LVVXHV�LQ�UDGLRHFRORJ\�DQG
UDGLRORJLFDO�SURWHFWLRQ�LQ�UHFHQW�\HDUV��-LD�HW�DO��������
'HVLGHUL�HW�DO�����������%HVLGHV�WKH�H[SRVXUH�RI� WKH
PDULQH�DQLPDOV�WKHPVHOYHV��WKH�JUHDW�HQULFKHG����3R
FRQFHQWUDWLRQV�LQ�WKHVH�FDQ�FRQWULEXWH�VLJQLILFDQWO\
WR� KXPDQ� UDGLRDFWLYLW\� H[SRVXUH� WKURXJK� VHDIRRG
FRQVXPSWLRQ��)HUR]�.KDQ�DQG�*RGZLQ�:HVOH\��������
7KXV�� LQ� DGGLWLRQ� WR� WKH� SRWHQWLDO RI� ���3R� DV� D
JHRFKHPLFDO�WUDFHU��LWV�LQWHUDFWLRQV�ZLWK�PDULQH�ELRWD
DUH� RI� LQWHUHVW� LQ� ULVN� DVVHVVPHQW�PRGHOV�XVHIXO� WR
XQGHUVWDQG�WKH�LPSOLFDWLRQV�RI�GLVFKDUJH�LQ�WKH�PDULQH
HQYLURQPHQW�EH\RQG�WKH�QDWXUDO�UDGLDWLRQ�EDFNJURXQG
�6WHZDUW�DQG�)LVKHU������E��

0DQ\� DXWKRUV� KDYH� GHWHUPLQHG� ���3R� LQ
HQYLURQPHQWDO� VXUYH\V��EXW� WKHVH�PHDVXUHV�DUH� QRW
DFFRPSDQLHG�E\�WKDW�RI����3E��SHUKDSV�EHFDXVH�RI�WKH
FRPSOH[LW\�RI�WKH�PHWKRGV��KRZHYHU�WKH�LPSRUWDQFH
RI�PHDVXULQJ����3E� LQ�DGGLWLRQ�WR����3R�PXVW�QRW�EH
LJQRUHG��&KHUU\�HW�DO���������<DPDPRWR�HW�DO��������



��

0HOL��0�$� �HW�DO�

6LQFH����3E�LV�D�FRQWLQXDO�VRXUFH�RI����3R��NQRZOHGJH
RI�LWV�FRQWHQW�LV�QHFHVVDU\�IRU�DQ�DFFXUDWH�GHWHUPLQDWLRQ
RI����3R�FRQWHQW�DW�WKH� VDPSOLQJ� WLPH��2Q�WKH�RWKHU
KDQG�� LW� LV� QHFHVVDU\� WR� FDOFXODWH� ���3R� FRQWHQW� DW
HTXLOLEULXP��WKDW� LV��ZKHQ�SRORQLXP�LQSXW��ZKHWKHU
WHFKQRORJLFDO�RU�QDWXUDO��KDV�FHDVHG�DQG�XQVXSSRUWHG
���3R�KDV�GHFD\HG��)XUWKHUPRUH��WKH����3R����3E�DFWLYLW\
UDWLR�SURYLGHV�LQIRUPDWLRQ�DERXW�WKH�WLPH�VFDOH�RI����3R
LQFRUSRUDWLRQ�

,Q� WKLV� VWXG\�����3R�DQG� ���3E�FRQFHQWUDWLRQV� DUH
GHWHUPLQHG� DW� FRDVWDO� VLWH� RI� &HQWUDO�$GULDWLF� 6HD
�0HGLWHUUDQHDQ�6HD��ZLWK�WKH�DLP�WR��L��FDOFXODWH�WKH
OHYHO� EDFNJURXQG�RI� WKHVH� UDGLRQXFOLGHV� LQ� D� QRQ�
FRQWDPLQDWHG� PDULQH� HQYLURQPHQW�� �LL�� VWXG\� WKH
IUDFWLRQDWLRQ� DQG� GLVHTXLOLEULXP�EHWZHHQ� ���3R� DQG
���3E�GXULQJ�WKHLU�VFDYHQJLQJ��UHPRYDO��VLQNLQJ�DQG
DVVLPLODWLRQ�LQ�GLIIHUHQW�PDWULFHV��VHD�ZDWHU��SDUWLFXODWH
PDWWHU��SK\WRSODQNWRQ�DQG�]RRSODQNWRQ����LLL��FDOFXODWH
WKH�FRQFHQWUDWLRQ�IDFWRUV��&)V��IRU�GLIIHUHQW�PDULQH
RUJDQLVPV�DQG�ODVWO\��LY��HYDOXDWH�WKH�WUHQG�RI�SRORQLXP
DQG�OHDG�LQ�WKH�PDULQH�IRRG�FKDLQ��7KLV�VWXG\�ZLOO�DOVR
VXSSRUW�D�QHZ�UDGLRHFRORJLFDO�UHIHUHQFH�GDWDEDVH�IRU
WKLV�PDULQH�HQYLURQPHQW�

0$7(5,$/6�	�0(7+2'6
7KH� VDPSOHV� UHSUHVHQWLQJ� WKH� GLIIHUHQW

FRPSRQHQWV�RI�D�PDULQH�HFRV\VWHP�DUH�WKH�IROORZLQJ�
VHD�ZDWHU�FROOHFWHG�DW�GLIIHUHQW�GLVWDQFHV�IURP�WKH�FRDVW
�����������������P��DQG�DW�GLIIHUHQW�GHSWKV������DQG���
P���VHGLPHQW�FROOHFWHG�DW������P�IURP�WKH�FRDVW�DW����P
GHSWK��WRWDO�SDUWLFXODWH�IUDFWLRQ��!������ P���SK\WR�����
���� P��DQG�]RRSODQNWRQ��!����� P��FROOHFWHG�DW�����
P�� DW�VXUIDFH� VHD�ZDWHU��7KH�VDPSOLQJ�PHWKRGV� DUH
GHVFULEHG�E\�WKH�DXWKRUV�LQ�D�SUHYLRXV�VWXG\���'HVLGHUL
HW�DO����������7KH�VDPSOHV�ZHUH�FROOHFWHG�DW�D�FRDVWDO
VLWH��3HVDUR��,WDO\��RI�WKH�&HQWUDO�$GULDWLF�6HD�GXULQJ
WKH�PRQLWRULQJ�FDUULHG�RXW�IURP�0D\������WR�$XJXVW
�����RQ�ERDUG�D�VFLHQWLILF�YHVVHO�HTXLSSHG�ZLWK�UDGDU�
*36��DQG�D�SUREH��,GURQDXW�2FHDQ�6HYHQ�0RG�����
&7'��WR�PRQLWRU�WKH�SK\VLFDO�DQG�FKHPLFDO�SDUDPHWHUV�
VXFK�DV�WHPSHUDWXUH��GLVVROYHG�R[\JHQ��VDOLQLW\�DQG
S+�DW�ERWK�VXUIDFH�DQG�DORQJ�WKH�ZDWHU�FROXPQ��7KH
WUDQVSDUHQF\�RI�WKH�ZDWHU�FROXPQ�ZDV�HVWLPDWHG�XVLQJ
D�6HFFKL�GLVF��&KORURSK\OO�D��&KO�D��ZDV�GHWHUPLQHG�LQ
���� DFHWRQH� KRPRJHQDWHV� RI� SDUWLFXODWH� PDWWHU
FROOHFWHG�RQ�0LOOLSRUH�+$�PHPEUDQH�ILOWHUV�XVLQJ�WKH
VSHFWURSKRWRPHWULF�PHWKRG�RI�6WULFNODQG�DQG�3DUVRQV
���������$IWHU��ILOWUDWLRQ��WR�VHSDUDWH�SDUWLFXODWH��!������
P���IURP�WKH�GLVVROYHG�SKDVH��������� P���D�NQRZQ
DFWLYLW\� RI� ���3R� DV� WKH� \LHOG� LQWHUQDO� VWDQGDUG�ZDV
DGGHG� WR� ZDWHU� VDPSOHV� ���� /�� IRU � SRORQLXP
GHWHUPLQDWLRQ�� IRU� OHDG� GHWHUPLQDWLRQ�� D� NQRZQ
TXDQWLW\�RI�%L���DV�WKH�\LHOG�LQWHUQDO�VWDQGDUG��DQG�3E��

DV�FDUULHU�ZHUH�DGGHG�WR�����/�VDPSOHV��)H���ZDV�DGGHG

WR�DOO�VDPSOHV��ERWK����/�DQG�����/��WR�FRSUHFLSLWDWH
WKH�UDGLRXFOLGHV�RI�LQWHUHVW�DV�K\GUR[LGHV��LQ�DONDOLQH
PHGLXP��DIWHU�GLJHVWLRQ�IRU����K��WKH�VXSHUQDWDQW�ZDV
VLSKRQHG�RII� DQG� WKH� UHPDLQLQJ� SUHFLSLWDWHV� ZHUH
FHQWULIXJDWHG�DQG�GLVVROYHG�ZLWK�FRQF��+&O�

7KH�VROXWLRQV��IRU�SRORQLXP�GHWHUPLQDWLRQ�ZHUH
GLOXWHG�XQWLO��0�DQG�ERLOHG�ZLWK�D�IHZ�PLOOLJUDPV�RI
DVFRUELF�DFLG�WR�UHGXFH�)H����,Q�WKH�VROXWLRQ�IRU�OHDG
)H���ZDV�VHSDUDWHG��E\�D�GRXEOH�H[WUDFWLRQ�ZLWK�PHWK\O�
LVREXW\O�NHWRQH��$V�IDU�DV�WKH�WRWDO�SDUWLFXODWH�IUDFWLRQ
LV�FRQFHUQHG��DOO�WKH�ILOWHUV�IURP�WKH�ILOWUDWLRQ�RI�����/
RI�VHD�ZDWHU��ZHUH�GLVVROYHG�DQG�PLQHUDOL]HG�ZLWK�FRQF�
+12

�
�DQG�+

�
2

�
��7KH�QLWULF�VROXWLRQ�ZDV�HYDSRUDWHG

XQWLO�GU\QHVV���UH�GLVVROYHG�LQ��0�+&O�DQG�ILOWHUHG�
7KH�UHVLGXH�ZDV�WUHDWHG�ZLWK�FRQF��+)�DQG�GLVVROYHG
LQ� �0�+&O��7KH� VROXWLRQ�ZDV� VXEGLYLGHG� LQWR� WZR
IUDFWLRQV�IRU�SRORQLXP�DQG�OHDG�GHWHUPLQDWLRQ��$�NQRZQ
DFWLYLW\� RI� ���3R� DV� WKH� \LHOG� LQWHUQDO� VWDQGDUG� WR
SRORQLXP�VROXWLRQ�DQG�D�NQRZQ�TXDQWLW\�RI�%L���DV�WKH
\LHOG�LQWHUQDO�VWDQGDUG��DQG�3E���DV�WKH�FDUULHU�WR�OHDG
VROXWLRQ�ZHUH� DGGHG�� 7KH� VDPSOHV� RI� � SK\WR� DQG
]RRSODQNWRQ��IURP�WKH�ILOWUDWLRQ�RI���������P��RI�VHD
ZDWHU��ZHUH�ILOWHUHG�WKURXJK������PP�:KDWPDQ�ILOWHUV�
GULHG�LQ�DQ�RYHQ�XQWLO�FRQVWDQW�ZHLJK�DW����&���7KH
VDPSOHV�ZHUH�PLQHUDOL]HG�ZLWK�+12

��
DQG�+

�
2

�
�DW����

���&��7KH�UHVLGXH�ZDV�WKHQ�WUHDWHG�ZLWK�FRQF��+)�DQG
GLVVROYHG�LQ��0�+&O��WKH�VROXWLRQ�ZDV�VXEGLYLGHG�LQWR
WZR�IUDFWLRQV�IRU�SRORQLXP�DQG��OHDG�GHWHUPLQDWLRQ��$
NQRZQ�DFWLYLW\�RI����3R�DV�WKH�\LHOG�LQWHUQDO�VWDQGDUG
WR�SRORQLXP�VROXWLRQ�DQG�D�NQRZQ�TXDQWLW\�RI�%L���DV
WKH�\LHOG�LQWHUQDO�VWDQGDUG��DQG�3E���DV�WKH�FDUULHU�WR
OHDG�VROXWLRQ�ZHUH�DGGHG��$ERXW�����J�RI� VHGLPHQW
VDPSOH�ZDV�GULHG�LQ�DQ�RYHQ�XQWLO�FRQVWDQW�ZHLJK�DW
����&���$Q�DPRXQW�RI���J�RI�GU\�VDPSOH�ZHUH�WUHDWHG
UHSHDWHGO\�ZLWK�D�PL[WXUH�RI�FRQF��+&O�DQG�FRQF��+12

�
�

7KH�UHVLGXH�ZDV�WUDQVIHUUHG�LQWR�7HIORQ��EHDNHU�DQG
WUHDWHG�ZLWK�FRQF��+)�DQG�GLVVROYHG�LQ��0�+&O��$IWHU
ILOWUDWLRQ��WKH�VROXWLRQ�ZDV�VXEGLYLGHG�LQWR�WZR�IUDFWLRQV
IRU�SRORQLXP�DQG�OHDG�GHWHUPLQDWLRQ��$�NQRZQ�DFWLYLW\
RI� ���3R� DV� WKH� \LHOG� LQWHUQDO� VWDQGDUG� WR� SRORQLXP
VROXWLRQ� DQG� D� NQRZQ�TXDQWLW\� RI� %L��� DV� WKH� \LHOG
LQWHUQDO�VWDQGDUG��DQG�3E���DQ�DV�FDUULHU�WR�OHDG�VROXWLRQ
ZHUH�DGGHG�

3RORQLXP�ZDV�GHSRVLWHG�DW�������&�DQG�S+��������
LQ�FRQWLQXRXV�IRU���KRXUV�LQ�D�VLOYHU�GLVN�SODFHG�LQ�D
V\ULQJH� LPPHUVHG� LQWR� D� ��0� +&O� VROXWLRQ�� 1R
SUHOLPLQDU\� VHSDUDWLRQ� LV� UHTXLUHG� DQG� HVVHQWLDOO\
TXDQWLWDWLYH� UHFRYHULHV� ZHUH� REWDLQHG� E\� XVLQJ
VWDQGDUG����3R�WUDFHU��-LD�DQG�7RUUL���������7KH�VLOYHU
GLVN�ZDV�WKHQ�PHDVXUHG�E\�� �VSHFWURPHWU\�����3R�DOSKD
SDUWLFOHV�HQHUJ\��������0H9���7KH�PHDVXUHPHQW�ZDV
FDUULHG� RXW� XVLQJ� DQ� DOSKD� VSHFWURPHWU\� V\VWHP
�&DQEHUUD��86$��ZLWK�VLOLFRQ�GHWHFWRUV��HIILFLHQF\������
FRXQWLQJ�WKH�VRXUFH�IRU���������V��,Q�WKLV�VWXG\�����3E



,QW��-��(QYLURQ��5HV���������������:LQWHU�����

��

ZDV� GHWHUPLQHG� WKURXJK� LWV� GDXJKWHU�� ���%L�� 7KLV
PHWKRG�LV�EDVHG�RQ�WKH�FKHPLFDO�VHSDUDWLRQ�RI����%L
WKURXJK�LWV�VHOHFWLYH�H[WUDFWLRQ�E\�WUL�RFW\O�SKRVSKLQH
R[LGH�LQ�D�FKURPDWRJUDSKLF�FROXPQ��LWV�SUHFLSLWDWLRQ
DV�%L

�
6
�
��DQG�VRXUFH�FRXQWLQJ�ZLWK�D�ORZ�EDFNJURXQG�

�GHWHFWRU��7KH� SXULW\� RI� ���%L� VRXUFH�ZDV� FKHFNHG
IROORZLQJ�WKH����%L�GHFD\�GXULQJ�WZR�ZHHNV��'HVLGHUL
HW� DO��� �������7KH� DFFXUDF\� RI� WKH� UDGLRDQDO\WLFDO
PHWKRGV�XVHG�LQ�WKLV�VWXG\�ZDV�FKHFNHG�WKURXJK�WKH
DQDO\VLV� RI� VWDQGDUG� VDPSOHV� VXSSOLHG� E\� WKH
,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\� �,$($���7KH
GHWDLOV�RI�WKH�PHWKRGV�XVHG�LQ�WKLV�VWXG\�ZHUH�UHSRUWHG
LQ�D�SUHYLRXV�ZRUN��'HVLGHUL�HW�DO���������

5(68/76�	�',6&866,21
7KH�WHPSHUDWXUH�VKRZHG�D�W\SLFDO�VHDVRQDO�WUHQG

ZLWK�D�ORZHVW�YDOXH�RQ�-DQXDU\�����������&��DQG�D
KLJKHVW�YDOXH�RQ�$XJXVW������������&���7UDQVSDUHQF\�
GLVVROYHG�R[\JHQ�DQG�FKORURSK\OO�D�ZHUH�LQ�UHODWLRQ�WR
WKH�HXWURSKLF�FRQGLWLRQV�RFFXUULQJ�GXULQJ�WKH�SHULRG
H[DPLQHG�� 7KH� ORZHVW� DQG� KLJKHVW� YDOXHV� RI
WUDQVSDUHQF\��GLVVROYHG�R[\JHQ�DQG�FORURSK\OO�D��ZHUH
UHJLVWHUHG� LQ � 0DUFK� ����� DQG� -DQXDU\� �����
UHVSHFWLYHO\��7KH� VDOLQLW\� WUHQG� DORQJ� WKH� FHQWUDO
$GULDWLF�FRDVW�LV�LQIOXHQFHG�E\�3R�5LYHU�LQ�SXW�EDVHG
RQ�WKH�PHWHRURORJLFDO�FRQGLWLRQV��3HQQD�HW�DO�������
WKH�ORZHVW�YDOXHV�RI�VDOLQLW\�ZHUH�UHJLVWHUHG�LQ�0D\
�����DQG�-XQH�������7KH�S+�ZDV�ZLWKLQ�WKH�VWDQGDUG
UDQJH�YDOXHV��7DEOH�����7DEOH���VKRZV�WKH����3R�DQG
���3E� FRQFHQWUDWLRQV� DW�GLIIHUHQW� GLVWDQFHV� IURP� WKH
FRDVW������P�������P�������P��DQG�DW�GLIIHUHQFH�GHSWKV
�����DQG����P���7KH�XQFHUWDLQW\�RI�WKH�ILQDO�UHVXOW�LV�GXH
WR�WKH�SURSDJDWLRQ�RI�DOO�UDQGRP�FRXQWLQJ�XQFHUWDLQWLHV
RFFXUULQJ� DW� DQ\� SRLQW� LQ� WKH� HQWLUH� PHDVXUHPHQW
SURFHVV�� � ���3R� FRQFHQWUDWLRQ� GLG� QRW� GHFOLQH� ZLWK
LQFUHDVLQJ� GLVWDQFH� IURP� WKH� FRDVW�� D� VLJQLILFDQW
GLIIHUHQFH�LQ����3R�FRQFHQWUDWLRQV�LQ�VHDZDWHU�VDPSOHV
FROOHFWHG�DW������PGLVWDQFH��EXW�DW�WZR�GLIIHUHQW�GHSWKV�
ZDV�QRW�DSSUHFLDEOH��)LJV���DQG���VKRZ�WKH�FRPSDULVRQ
EHWZHHQ� WKH� ���3R�DQG����3E�PHDQ� FRQFHQWUDWLRQV� LQ
WKH�GLIIHUHQW�PDWUL[HV�FROOHFWHG�LQ����PRQLWRULQJ�VHULHV
FDUULHG�RXW�IURP�0D\������WR�$XJXVW��������,Q�VHDZDWHU�
WKH����3R�DQG����3E�FRQFHQWUDWLRQV�UDQJHG�IURP������WR
�����DQG�IURP������WR������%T�P���UHVSHFWLYHO\��PHDQ
FRQFHQWUDWLRQ�UHVXOWHG�����������%T�P���IRU����3R�DQG
����������%T�P���IRU� ���3E�� �,Q� WKH� WRWDO�SDUWLFXODWH
IUDFWLRQ��WKH����3R�DQG����3E�FRQFHQWUDWLRQV�UDQJHG�IURP
�����WR������DQG�IURP������WR������%T�P���UHVSHFWLYHO\�
PHDQ�FRQFHQWUDWLRQ�UHVXOWHG�����������%T�P���IRU�����3R
DQG�����������%T�P���IRU�����3E��,Q�SK\WRSODQNWRQ��WKH
���3R�DQG� ����3E�FRQFHQWUDWLRQV�UDQJHG� IURP������WR
������ DQG������ WR� ������ �%T�NJ UHVSHFWLYHO\��PHDQ
FRQFHQWUDWLRQ�UHVXOWHG������������%T�NJIRU�����3R�DQG
����������%T�NJ�IRU�����3E��,Q�]RRSODQNWRQ��WKH����3R
DQG����3E�FRQFHQWUDWLRQV�UDQJHG�IURP������WR�������DQG

����WR��������%T�NJ�UHVSHFWLYHO\��PHDQ�FRQFHQWUDWLRQ
UHVXOWHG��������������%T�NJ�IRU����3R�DQG������������%T�
NJ IRU����3E��7KH�GDWD�REWDLQHG�LQ�WKLV�VWXG\�DJUHH�ZLWK
WKRVH�UHSRUWHG�E\�RWKHU�DXWKRUV��7DEOHV���DQG����

,Q�ILJ�����WKH�FRUUHODWLRQV�EHWZHHQ�WKH����3R�DQG
���3E�FRQFHQWUDWLRQV�LQ�WKH�WRWDO�SDUWLFXODWH�IUDFWLRQ�
SK\WRSODQNWRQ�DQG�]RRSODQNWRQ�DUH�UHSRUWHG��7KH�WZR
UDGLRQXFOLGHV� VKRZHG� D� JRRG� FRUUHODWLRQ� LQ� WKH
SDUWLFXODWH�SKDVH��5��UHVXOWHG��������IRU�SDUWLFXODWH
PDWWHU�� ������� IRU� SK\WRSODQNWRQ� DQG� ������� IRU
]RRSODQNWRQ��ZKHUHDV�QR�FRUUHODWLRQ�EHWZHHQ�WKH�WZR
UDGLRQXFOLGHV�ZDV�IRXQG�LQ�VHD�ZDWHU��GDWD�QRW�VKRZQ��

���3R� DQG� ���3E� SUHVHQWHG� KLJK� FRQFHQWUDWLRQ
IDFWRUV�DQG�KLJK�.G��7DEOHV���DQG����LQ�DFFRUGDQFH
ZLWK�GDWD�UHSRUWHG�LQ�OLWHUDWXUH��6KDQQRQ�DQG�&KHUU\�
������6WHZDUW�DQG�)LVKHU������D����7KH�ODFN�RI����3R�DQG
���3E� LQ� WKH� GLVVROYHG� SKDVH� LV� GXH� WR� WKH� UDSLG
SURFHVVHV�RI�UHPRYDO�RI�SRORQLXP�DQG�OHDG��HOHPHQWV
YHU\� SDUWLFOH�UHDFWLYH�� IURP� VROXWLRQ� WR� SDUWLFOHV�
$GGLWLRQDOO\��WKH�VDPH�WDEOHV�DOVR�VKRZ�WKH�PHDQ�UDWLR
RI� ���3R����3E� FDOFXODWHG� LQ� WKH� GLIIHUHQW� PDWULFHV
DQDO\VHG�� ,Q�VHDZDWH�U� WKH� UDWLR� ���3R����3E�ZDV��� �
������� ZKHUHDV�� LQ� WKH� SDUWLFXODWH� IUDFWLRQ� DQG� LQ
VHGLPHQW��LW�UHVXOWHG�!���7KH����3R����3E�UDWLR�LQ�WKH
SODQNWRQ�IUDFWLRQV�DOVR�UHVXOWHG�!���7KLV�VXJJHVWV�WKDW
D�VLJQLILFDQW�IUDFWLRQDWLRQ�RFFXUUHG�EHWZHHQ����3R�DQG
���3E�GXULQJ�WKHLU�UHPRYDO�IURP�VROXWLRQ�WR�SDUWLFOHV�DV
UHSRUWHG� E\� RWKHU� DXWKRUV� �%DFRQ� HW� DO��� �����
&KXQJ�������.LP�� ������ 6DULQ� HW� DO��������� 7KH\
UHSRUWHG� WKDW� LQ� DWPRVSKHULF� IDOO�RXW� WKH� ���3R����3E
UDWLR�LV����������DQG�WKDW�WKLV�UDWLR�LQFUHDVHV�LQ�VHDZDWHU
DQG�LQ�SODQNWRQ��3DUIHQRY���������7KLV�IDFW�LV�SUREDEO\
GXH�WR�WKH�FKDQJH�RI�FKHPLFDO�IRUP�RI�UDGLRQXFOLGHV
ZKHQ�WKH\�HQWHU�LQ�WKH�PDULQH�HQYLURQPHQW�DQG�WR�WKHLU
GLIIHUHQW�ELRORJLFDO�VHOI�OLYH��%XW�WKLV�LV�PDLQO\�GXH�WR
WKH�PRUH�UDSLG�SURFHVVHV�RI�UHPRYDO�RI�SRORQLXP�IURP
VROXWLRQ� WR� LQRUJDQLF� DQG� RUJDQLF� SDUWLFOHV�� )LJ�� �
UHSRUWV� WKH� FRPSDULVRQ�EHWZHHQ� WKH� ���3R� DQG� ���3E
PHDQ� FRQFHQWUDWLRQV� IRXQG� IRU� SK\WRSODQNWRQ� DQG
]RRSODQNWRQ�LQ�WKLV�VWXG\��DQG�WKRVH�IRXQG�E\�WKH�VDPH
DXWKRUV�LQ�D�SUHYLRXV�ZRUN�IRU�PXVVHOV��DQFKRYLHV�DQG
HSLSHODJLF�ILVK�FROOHFWHG�LQ�WKH�VDPH�DUHD��0HOL�HW�DO��
������'HVLGHUL��HW�DO�����������7KH� LQFUHDVH�LQ����3R
FRQFHQWUDWLRQV� ZDV� YHU\� SURQRXQFHG� LQ� PDULQH
RUJDQLVPV�IHHGLQJ�RQ�EDFWHULD�DQG�SK\WRSODQNWRQ�DW
WKH� EDVH� RI� WKH� IRRG� FKDLQ�� VXFK� DV� WKH� VPDOO
]RRSODQNWRQ�RUJDQLVPV��EXW�DOVR�LQ�ODUJH�RUJDQLVPV�
VXFK�DV�PXVVHOV�DQG�DQFKRYLHV��2UJDQLVPV�RFFXS\LQJ
XSSHU� WURSKLF� OHYHOV� �FDUQLYRUHV�� WRS� SUHGDWRUV�
GLVSOD\HG� ORZHU� FRQFHQWUDWLRQV� WKDQ� SODQNWLYRURXV
RUJDQLVPV��=RRSODQNWRQ�LV�DQ�LPSRUWDQW�LQWHUPHGLDWH
EHWZHHQ�SK\WRSODQNWRQ��ZKLFK�FDQ�JUHDWO\�FRQFHQWUDWH
PHWDOV�IURP�VHDZDWHU��DQG�RUJDQLVPV�RI�KLJKHU�WURSKLF
OHYHOV��ZKLFK�DUH�FRQVXPHG�DV�VHDIRRG��7KHUHIRUH��GXH
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7DEOH������3R��DQG����3E�FRQFHQWUDWLRQ��%TāP����LQ�VHDZDWHU�VDPSOHV�FROOHFWHG�DW�GLIIHUHQW�GLVWDQFHV�IURP�WKH
FRDVW�DQG�GHSWK��P��GXULQJ�WKH�\HDUV������DQG�������Q�G���QRW�GHWHUPLQHG�

6DPSOH�FRGH� 6HD�ZDWHU���GLVWDQFH�
IURP�WKH�FRDVW��VDPSOLQJ�

GHSWK��
���3R� ���3E� ���3R����3E�

0D\������ � �
�$� ����P�����P� ���������� Q�G�� �
�%� �����P�����P� ���������� ��������� �����
�&� �����P�����P� ���������� Q�G�� �
�'� �����P����P� ���������� Q�G�� �

�$�
-XO\������
����P�����P� ���������� Q�G��

�%� �����P�����P� ���������� ��������� �����
�&� �����P�����P� ���������� Q�G�� �
�'� �����P����P� ���������� Q�G�� �

�$�
2FWREHU������
����P�����P� ���������� Q�G��

�%� �����P�����P� ���������� ��������� �����
�&� �����P�����P� ���������� Q�G�� �
�'�

�����P����P� ���������� Q�G�� �

�$�
0DUFK������
����P�����P� ����������

�%� �����P�����P� ���������� ��������� �����
�&� �����P�����P� ���������� � �
�'� �����P����P� ���������� � �

����

����

����

����

����

����

3R�VHD�ZDWHU 3E�VHD�ZDWHU 3R�SDUWLFXODWH
IUDFW LRQ

3E�SDUWLFXODWH
IUDFWLRQ

%
T�
P�
�

)LJ��������3RDQG����3E�FRQFHQWUDWLRQ��%TāP����LQ�VHD�ZDWHU�DQG�SDUWLFXODWH�VDPSOHV�FROOHFWHG�DW������P�IURP�WKH
FRDVW�DW�����P�GHSWK
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3R��SK\WRSODQNWRQ3E��SK\WRSODQNWRQ 3R�]RRSODQNWRQ3E�]RRSODQNWRQ
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)LJ��������3R�DQG����3E�FRQFHQWUDWLRQ��%TāNJ��
GUD\
��LQ�SK\WRSODQNWRQ�DQG�]RRSODQNWRQ�VDPSOHV�FROOHFWHG�DW������P

IURP�WKH�FRDVW�DW�VXUIDFH�VHD�ZDWHU

7DEOH�������3R�DQG�����3E�PHDQ�FRQFHQWUDWLRQV��%TāP����REWDLQHG�LQ�VHD�ZDWHU�DQG�WRWDO�SDUWLFXODWH
IUDFWLRQ�ZRUOGZLGH

6LWH��
���3 R ZDWH U

���3 EV RO �
���3 RV RO
���3 EVRO

���3 R SDU W
�� �3E SDU W

���3 R SDU W
���3 E SDU W

$GULDW LF�6HD��,WDO\��0HO L�HW �DO ���WKLV �SDSHU�� � ������� �� � ������� �� � ���� ���� � � ���� � ����

6RXWK �&KLQ D�6HD��<DQJ�:�� HW �DO��� ���� ��� � ������� �� �� ������ �� � ����� ��� ��� ������ � ���� �� ���� ���� �� ���

1RUWK �ZHV WHUQ�0HGLWHUUDQHDQ�6HD� �0DVT Xq�
3��HW�DO�� ���� �� � � ������� �� �� ������ �� � ��� ������ � � ��� ������ �� �

6XE�HTX DWRULDO�$WODQW LF�R FHDQ��6DULQ�HW� DO ���
��� ����

� ������� �� �� ��� � ����� ��� � � �

1RUZHJLDQ �)MRUG V��6ZDU]HQVN L�HW� DO ����� ����� � � � ���� � � �

�,ULVK �&R DVW��5\DQ�HW� DO ���� ������ � ������� �� � � ��� ������ � � �

-DSDQ��0LVDNL�&RDV W��7DWHGD�DQG �
<DPDPRWR ���� ������

�� �� � � � � �

3DFL IL F�2FHDQ� �(TX DWRU��1R]DNL� HW �DO���
��� ����

� ������ �� � � � � �

%DO WLF�6HD��6NZDU]HF�HW�DO�� ��� ���� �� �� � � � � �

(DVW� FHQW UDO �,QGLDQ�RFHDQ��&RFKUD� HW �DO���
��� ���� � ������� �� � � � � �

&DS H�R I�*RRG �+RS H� �6KDQQRQ�HW �DO ���� ������ �� ��� � � � � �

:DVKLQJWR Q�&RDVW ��6K HOO�HW �DO����� ������ � � � ��� ������ � � �
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7DEOH�������3R�DQG����3E�PHDQ�FRQFHQWUDWLRQ��%TāNJ��
GUD\
��REWDLQHG�LQ�SK\WRSODQNWRQ�DQG�]RRSODQNWRQ�ZRUOGZLGH

6LWH��
���3RSK\W R ���3ESK\WR

���3RSK\WR
���3ESK\WR

���3R]RR
���3E]RR

���3R]RR
���3E]R R

$GULDWLF�6HD�, WDO\��0HOL�HW�DO�� �
WKLV�SDSHU�� ����������� ���������� ����� ���������� ��������� �����

0DOD\VLD ��6RXWK�&KLQD �
6HD�0RKDPHG�HW�DO����������

�� �� �� ��������� ��������� �����

-DSDQ��&RDVW�0LVDNL��7DWHGD�
HW�<DPDPRWR���������

������ �� �� ������ �� ��

&DSH�RI�*RRG�+RSH��6KDQQRQ�
HW�DO�� ��������

����� �� �� ������ �� ��

&DSH�RI�*RRG�+RSH��6KDQQRQ�
DQG�&KHUU\��������� ������ � � ������ �� ��

&DSH�RI�*RRG�+RSH��&KHUU\��
������ ��

������ �� �� ����� � ��

1RUWK�(DVW�$WODQWLF�
�&DUYD OKR�������� � � � � � ����
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WRWDO �SDUWLFXODWH�IUDFWLRQ�

��
� 3
E�
%
T�
P
���

5�

���3E�%T�P���

5�

� ��������

\� �������[� ���������

��

���

���

���

���

����

����

����

����

����

����

� ��� ���� ���� ���� ����

]RRSODQNWRQ�

��
� 3
E�
%
T�
P
�N
J�

� GD
\

��
� 3
E�
%
T�
P
�N
J�

� GD
\

���3E�%T�P�NJ��
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���3R�%T�P�NJ��
GD\
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)LJ�����5HODWLRQVKLS�EHWZHHQ����3R�DQG����3E�FRQFHQWUDWLRQV�LQ�WKH�WRWDO�SDUWLFXODWH�IUDFWLRQ��SK\WRSODQNWRQ�DQG
]RRSODQNWRQ
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7DEOH����0HDQ�FRQFHQWUDWLRQV����6'��RI����3R�DQG����3E��FRQFHQWUDWLRQ�IDFWRU��&)���PDWUL[�VHD�ZDWHU��DQG����3R�
���3E�LQ�SODQNWRQ��VDPSOHV

0DWUL[� ���3R����%TNJ��ZHW�
���
3R��� �� ��� �� �&) ���3E��%TNJ��ZHW��

� ��
3E�� ��� �� ��

&)�
���3R����3E

6HD�ZDWHU��%TNJ
��
� � ������
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3K\WRSODQNWRQ� �������� ������
�
� ��������� �����

��
� �����

=RRSODQNWRQ� �������� �������� ��������� �������� �����

7DEOH�������3R�DQG����3E�PHDQ�FRQFHQWUDWLRQV����6'���.G��PDWUL[�VHD�ZDWHU��DQG����3R����3E�LQ�WRWDO�SDUWLFXODWH
IUDFWLRQ�DQG�VHGLPHQW

0DWUL[� � ��3R���%TNJ��GU\� �
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3R��� ��.G
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3DUWLFXODWH�IUDFWLRQ� ������� ������
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3K\WRSODQNWRQ =RRSODQNWRQ 0XVVHO $QFKRY\ )LVK

3R����

3E�����

)LJ�����0HDQ�FRQFHQWUDWLRQ��%TāNJ��
ZHW
��RI�����3R�DQG����3E�LQ�SK\WRSODQNWRQ��]RRSODQNWRQ��PXVVHO��DQFKRY\�DQG

HSLSHODJLF�ILVK

LQ�SDUW�WR�LWV�ELRPDJQLILFDWLRQ�LQ�WKH�PDULQH�IRRG�FKDLQ�
���3R�LV�UHVSRQVLEOH�IRU�WKH�KLJKHVW�UDGLDWLRQ�GRVHV�WR
DTXDWLF�RUJDQLVPV�XQGHU�QDWXUDO�FRQGLWLRQV�

$V� IDU� DV� ���3E� LV� FRQFHUQHG�� XQOLNH� ���3R�� LW
VKRZHG� OLWWOH� DVVLPLODWLRQ� E\� ]RRSODQNWRQ� IURP
SK\WRSODQNWRQ� IRRG� DQG�ZDV� QRW� DFFXPXODWHG� LQ
PXVVHOV�DQG�ILVKHV��6RPH�DXWKRUV��6WHZDUW�DQG�)LVKHU�
����D��KDYH�VXJJHVWHG�WKDW����3R�EHFRPHV�LQFRUSRUDWHG
LQWR�WKH�F\WRSODVP�RI�SK\WRSODQNWRQ�WKDW�LV�DVVRFLDWHG
ZLWK� DPLQR� DFLGV� DQG� VXOSKXU�FRQWDLQLQJ� SURWHLQV�
ZKHUHDV����3E��EHLQJ��D�VXUIDFH�ERXQG�SDUWLFOH��UHDFWLYH
DV� ���7K�� LV� DVVRFLDWHG� ZLWK� FHOO� ZDOOV� DQG� RWKHU
VWUXFWXUDO�FRPSRQHQWV�RI�SK\WRSODQNWRQ�WKDW�DUH�QRW
DVVLPLODWHG�LQ�DQLPDO�WLVVXH�DQG�VLQN�LQ�IHFDO�PDWHULDO�
7KHUHIRUH�����3R FDQ�EH�XVHG�DV� WUDFHU�RI� WKH�GLHW�RI
PDULQH�RUJDQLVPV�DV�SURSRVHG�E\�RWKHU�DXWKRUV��<DQJ

HW�DO����������XQOLNH� ���3R�� WKH�XVH�RI����3E� DV�D�GLHW
WUDFHU�VHHPV�YHU\�OLPLWHG�

,Q�ILJ�����WKH�FRUUHODWLRQV�EHWZHHQ�WKH����3R�DQG
���3E�FRQFHQWUDWLRQV�LQ�WKH�WRWDO�SDUWLFXODWH�IUDFWLRQ�
SK\WRSODQNWRQ�DQG�]RRSODQNWRQ�DUH�UHSRUWHG��7KH�WZR
UDGLRQXFOLGHV� VKRZHG� D� JRRG� FRUUHODWLRQ� LQ� WKH
SDUWLFXODWH�SKDVH��5��UHVXOWHG��������IRU�SDUWLFXODWH
PDWWHU�� ������� IRU� SK\WRSODQNWRQ� DQG� ������� IRU
]RRSODQNWRQ��ZKHUHDV�QR�FRUUHODWLRQ�EHWZHHQ�WKH�WZR
UDGLRQXFOLGHV�ZDV�IRXQG�LQ�VHD�ZDWHU��GDWD�QRW�VKRZQ��

���3R� DQG� ���3E� SUHVHQWHG� KLJK� FRQFHQWUDWLRQ
IDFWRUV�DQG�KLJK�.G��7DEOHV���DQG����LQ�DFFRUGDQFH
ZLWK�GDWD�UHSRUWHG�LQ�OLWHUDWXUH��6KDQQRQ�DQG�&KHUU\�
������6WHZDUW�DQG�)LVKHU������D����7KH�ODFN�RI����3R�DQG
���3E� LQ� WKH� GLVVROYHG� SKDVH� LV� GXH� WR� WKH� UDSLG
SURFHVVHV�RI�UHPRYDO�RI�SRORQLXP�DQG�OHDG��HOHPHQWV



��

,QW��-��(QYLURQ��5HV���������������:LQWHU�����

YHU\� SDUWLFOH�UHDFWLYH�� IURP� VROXWLRQ� WR� SDUWLFOHV�
$GGLWLRQDOO\��WKH�VDPH�WDEOHV�DOVR�VKRZ�WKH�PHDQ�UDWLR
RI� ���3R����3E� FDOFXODWHG� LQ� WKH� GLIIHUHQW� PDWULFHV
DQDO\VHG�� ,Q�VHDZDWH�U� WKH� UDWLR� ���3R����3E�ZDV��� �
������� ZKHUHDV�� LQ� WKH� SDUWLFXODWH� IUDFWLRQ� DQG� LQ
VHGLPHQW��LW�UHVXOWHG�!���7KH����3R����3E�UDWLR�LQ�WKH
SODQNWRQ�IUDFWLRQV�DOVR�UHVXOWHG�!���7KLV�VXJJHVWV�WKDW
D�VLJQLILFDQW�IUDFWLRQDWLRQ�RFFXUUHG�EHWZHHQ����3R�DQG
���3E�GXULQJ�WKHLU�UHPRYDO�IURP�VROXWLRQ�WR�SDUWLFOHV�DV
UHSRUWHG� E\� RWKHU� DXWKRUV� �%DFRQ� HW� DO��� �����
&KXQJ�������.LP�� ������ 6DULQ� HW� DO��������� 7KH\
UHSRUWHG� WKDW� LQ� DWPRVSKHULF� IDOO�RXW� WKH� ���3R����3E
UDWLR�LV����������DQG�WKDW�WKLV�UDWLR�LQFUHDVHV�LQ�VHDZDWHU
DQG�LQ�SODQNWRQ��3DUIHQRY���������7KLV�IDFW�LV�SUREDEO\
GXH�WR�WKH�FKDQJH�RI�FKHPLFDO�IRUP�RI�UDGLRQXFOLGHV
ZKHQ�WKH\�HQWHU�LQ�WKH�PDULQH�HQYLURQPHQW�DQG�WR�WKHLU
GLIIHUHQW�ELRORJLFDO�VHOI�OLYH��%XW�WKLV�LV�PDLQO\�GXH�WR
WKH�PRUH�UDSLG�SURFHVVHV�RI�UHPRYDO�RI�SRORQLXP�IURP
VROXWLRQ� WR� LQRUJDQLF� DQG� RUJDQLF�SDUWLFOHV�� � )LJ���
UHSRUWV� WKH�FRPSDULVRQ� EHWZHHQ� WKH� ���3R� DQG� ���3E
PHDQ� FRQFHQWUDWLRQV� IRXQG� IRU� SK\WRSODQNWRQ� DQG
]RRSODQNWRQ�LQ�WKLV�VWXG\��DQG�WKRVH�IRXQG�E\�WKH�VDPH
DXWKRUV�LQ�D�SUHYLRXV�ZRUN�IRU�PXVVHOV��DQFKRYLHV�DQG
HSLSHODJLF�ILVK�FROOHFWHG�LQ�WKH�VDPH�DUHD��0HOL�HW�DO��
������'HVLGHUL��HW�DO���������� �7KH� LQFUHDVH�LQ����3R
FRQFHQWUDWLRQV� ZDV� YHU\� SURQRXQFHG� LQ� PDULQH
RUJDQLVPV�IHHGLQJ�RQ�EDFWHULD�DQG�SK\WRSODQNWRQ�DW
WKH� EDVH� RI� WKH� IRRG� FKDLQ�� VXFK� DV� WKH� VPDOO
]RRSODQNWRQ�RUJDQLVPV��EXW�DOVR�LQ�ODUJH�RUJDQLVPV�
VXFK�DV�PXVVHOV�DQG�DQFKRYLHV��2UJDQLVPV�RFFXS\LQJ
XSSHU� WURSKLF� OHYHOV� �FDUQLYRUHV�� WRS� SUHGDWRUV�
GLVSOD\HG� ORZHU� FRQFHQWUDWLRQV� WKDQ� SODQNWLYRURXV
RUJDQLVPV��=RRSODQNWRQ�LV�DQ�LPSRUWDQW�LQWHUPHGLDWH
EHWZHHQ�SK\WRSODQNWRQ��ZKLFK�FDQ�JUHDWO\�FRQFHQWUDWH
PHWDOV�IURP�VHDZDWHU��DQG�RUJDQLVPV�RI�KLJKHU�WURSKLF
OHYHOV��ZKLFK�DUH�FRQVXPHG�DV�VHDIRRG��7KHUHIRUH��GXH
LQ�SDUW�WR�LWV�ELRPDJQLILFDWLRQ�LQ�WKH�PDULQH�IRRG�FKDLQ�
���3R�LV�UHVSRQVLEOH�IRU�WKH�KLJKHVW�UDGLDWLRQ�GRVHV�WR
DTXDWLF�RUJDQLVPV�XQGHU�QDWXUDO�FRQGLWLRQV� $V� IDU
DV� ���3E� LV� FRQFHUQHG�� XQOLNH� ���3R�� LW� VKRZHG� OLWWOH
DVVLPLODWLRQ�E\�]RRSODQNWRQ�IURP�SK\WRSODQNWRQ�IRRG
DQG�ZDV�QRW�DFFXPXODWHG�LQ�PXVVHOV�DQG�ILVKHV��6RPH
DXWKRUV��6WHZDUW�DQG�)LVKHU������D��KDYH�VXJJHVWHG
WKDW����3R�EHFRPHV�LQFRUSRUDWHG�LQWR�WKH�F\WRSODVP�RI
SK\WRSODQNWRQ�WKDW�LV�DVVRFLDWHG�ZLWK�DPLQR�DFLGV�DQG
VXOSKXU�FRQWDLQLQJ�SURWHLQV��ZKHUHDV����3E��EHLQJ��D
VXUIDFH�ERXQG�SDUWLFOH��UHDFWLYH�DV����7K��LV�DVVRFLDWHG
ZLWK� FHOO� ZDOOV� DQG� RWKHU� VWUXFWXUDO� FRPSRQHQWV� RI
SK\WRSODQNWRQ�WKDW�DUH�QRW�DVVLPLODWHG�LQ�DQLPDO�WLVVXH
DQG�VLQN�LQ�IHFDO�PDWHULDO��7KHUHIRUH�����3RFDQ�EH�XVHG
DV�WUDFHU�RI�WKH�GLHW�RI�PDULQH�RUJDQLVPV�DV�SURSRVHG
E\�RWKHU�DXWKRUV��<DQJ�HW�DO����������XQOLNH����3R��WKH
XVH�RI����3E�DV�D�GLHW�WUDFHU�VHHPV�YHU\�OLPLWHG�

&21&/86,21
7KLV� SDSHU� UHSRUWHG� ���3R� DQG� ���3E

FRQFHQWUDWLRQV�LQ�GLIIHUHQW�PDULQH�PDWULFHV�FROOHFWHG

LQ�FHQWUDO�$GULDWLF�6HD��IURP�0D\������WR�$XJXVW�����
ZLWK�WKH�PDLQ�JRDO�RI�GHWHUPLQLQJ�WKHLU�EDFNJURXQG
OHYHOV�LQ�D�QRQ�FRQWDPLQDWHG�PDULQH�HFRV\VWHP��7KH
UDGLRQXFOLGHV�WDNHQ�LQWR�DFFRXQW�DUH��LQ�IDFW��LPSRUWDQW
WUDFHUV�RI�WKH�PDULQH�HQYLURQPHQW�����3R�FRQFHQWUDWLRQ
GRHV�QRW� GHFOLQH�ZLWK� LQFUHDVLQJ� GLVWDQFH� IURP� WKH
FRDVW��D�VLJQLILFDQW�GLIIHUHQFH�LQ����3R�FRQFHQWUDWLRQV
LQ�VHDZDWHU�VDPSOHV�FROOHFWHG�DW������P�GLVWDQFH�EXW
DW� WZR� GLIIHUHQW� GHSWKV�� LV� QRW� DSSUHFLDEOH�� ,Q� WKH
LQRUJDQLF�DQG�RUJDQLF�SDUWLFXODWH�SKDVH�����3R�DQG����3E
FRQFHQWUDWLRQV� SUHVHQW� D� YHU\� JRRG� VWDWLVWLFDO
FRUUHODWLRQ�� � ���3R� DQG� ���3E� SUHVHQWHG� KLJK
FRQFHQWUDWLRQ�IDFWRUV�DQG�KLJK�.G�LQ�DJUHHPHQW�ZLWK
ZKDW��LV�UHSRUWHG�LQ�OLWHUDWXUH� 7KH�ODFN�RI����3R�DQG
���3E� LQ� WKH� GLVVROYHG� SKDVH�ZDV� GXH� WR� WKH� UDSLG
SURFHVVHV� RI� UHPRYDO� RI� SRORQLXP� � DQG� OHDG� IURP
VROXWLRQ�WR�SDUWLFOHV�

$V�IDU�DV�WKH����3R����3E�UDWLR�LV�FRQFHUQHG��LQ�VHD
ZDWHU�LW�ZDV������LQVWHDG��LQ� WKH�SDUWLFXODWH�IUDFWLRQ�
VHGLPHQW�DQG�SODQNWRQ��LW�ZDV�!���7KLV�VXJJHVWV�WKDW�D
VLJQLILFDQW�IUDFWLRQDWLRQ�RFFXUUV�EHWZHHQ����3R�DQG����3E
GXULQJ�WKHLU�UHPRYDO�IURP�VROXWLRQ�WR�SDUWLFOHV�DV�UHSRUWHG
E\�RWKHU�DXWKRUV��7KLV�FDQ�PDLQO\�EH�DWWULEXWHG�WR�WKH
PRUH�UDSLG�SURFHVVHV�RI�UHPRYDO�RI�SRORQLXP��WKDQ�OHDG
IURP�VROXWLRQ�WR�LQRUJDQLF�DQG�ELRORJLFDO�SDUWLFOHV��'XH
LQ�SDUW�WR�LWV�ELRPDJQLILFDWLRQ�LQ�WKH�PDULQH�IRRG�FKDLQ�
���3R�ZDV�UHVSRQVLEOH�IRU�WKH�ODUJHVW�UDGLDWLRQ�GRVH�WR
DQ\�RUJDQLVP�XQGHU�QDWXUDO�FRQGLWLRQV�

5()(5(1&(6
$O�0DVUL��0��6���0DPLVK�� 6�� DQG�%XGHLU��<�� ��������7KH
LPSDFW� RI� SKRVSKDWH� ORDGLQJ� DFWLYLWLHV� RQ� QHDU� PDULQH
HQYLURQPHQW��7KH� 6\ULDQ� FRDVW�� -RXUQDO� RI� (QYLURQPHQW
5DGLRDFWLYLW\������ ������

%DFRQ��0�� 3��� 6SHQFHU�� '��:�� DQG�%UHZHU�� 3��*�� �������
���3E����5D� DQG� ���3R����3E� GLVHTXLOLEULD� LQ� VHDZDWHU� DQG
VXVSHQGHG�SDUWLFXODWH�PDWWHU��(DUWK� DQG�3ODQHWDU\�6FLHQFH
/HWWHUV������ ��������

&DUYDOKR��)��3��DQG�)RZOHU��6��:����������$Q� H[SHULPHQWDO
VWXG\�RQ� WKH�ELRDFFXPXODWLRQ� DQG� WXUQRYHU� RI�3R����� DQG
3E����� LQ�PDULQH�VKULPS��0DULQH�(FRORJ\� SURJUHVV�VHULHV�
�������������

&DUYDOKR��)��3����������3RORQLXP�����3R��DQG�OHDG�����3E��LQ
PDULQH�RUJDQLVPV�DQG�WKHLU�WUDQVIHU�LQ�PDULQH�IRRG�FKDLQ��-�
RI�(QYLURQPHQWDO�5DGLRDFWLYLW\������� ��������

&KHUU\�� 5��'�� ��������$OSKD�UDGLRDFWLYLW\� RI� SODQNWRQ�
1DWXUH���������������

&KHUU\�� 0�� ,��� &KHUU\�� 5�� '�� DQG� +H\UDXG��0�� �������
3RORQLXP����� DQG� OHDG����� LQ�$QWDUFWLF�PDULQH� ELRWD� DQG
VHD�ZDWHU��0DULQH�%LRORJ\��������������

&KXQJ��<�� �������� ���3R� LQ� WKH�ZHDVWHUQ� ,QGLDQ� 2FHDQ�
GLVWULEXWLRQ�� GLVHTXLOLEULXP� DQG� SDUWLRQLQJ� EHWZHHQ
GLVVROYHG� DQG� SDUWLFXODWH� SKDVHV�� (DUWK� DQG� 3ODQHWDU\
6FLHQFH�/HWWHUV������������



��

0HOL��0�$� �HW

&RFKUD��-��.���%DFRQ��0��3���.ULVKQDVZDPL��6��DQG�7XUHNLDQ�
.��.�������������3R�DQG����3E�GLVWULEXWLRQV�LQ�WKH�FHQWUDO�DQG
HDVWHUQ�,QGLDQ�2FHDQ���(DUWK�3ODQHW��6FL��/HWW���������������

&RFKUD��-��.����������7KH�RFHDQLF�FKHPLVWU\�RI�WKH�XUDQLXP
DQG�WKRULXP�VHULHV�QXFOLGHV��HGV��,YDQRYLFK�0��DQG�+DUPRQ
5�6����8UDQLXP�VHULHV�'LVHTXLOLEULXP�$SSOLFDWLRQV�WR�(DUWK�
0DULQH�DQG�(QYLURQPHQWDO�VFLHQFHV��6HFRQG�(GLWLRQ��2[IRUG�
&ODUHQGRQ��3UHVV����������

'HVLGHUL�� '��� 0HOL�� 0��$�� DQG�5RVHOOL�� &�� ��������$
ELRPRQLWRULQJ� VWXG\�� ���3R� DQG� KHDY\� PHWDOV� LQ� PDULQH
RUJDQLVPV�RI� WKH�&HQWUDO�$GULDWLF� 6HD� �,WDO\��� -RXUQDO� RI
5DGLRDQDO\WLFDO�DQG�1XFOHDU�&KHPLVWU\������� ��������

'HVLGHUL�� '���0HOL��0��$�� DQG�5RVHOOL��&�� �������� 1DWXUDO
UDGLRQXFOLGHV�LQ�VHDIRRG�IURP�WKH�&HQWUDO�$GULDWLF�6HD��,WDO\��
+HDOWK�3K\VLFV����������� ��������

)HUR]� .KDQ�� 0�� DQG� *RGZLQ� :HVOH\�� 6�� �������
%LRDFFXPXODWLRQ�RI����3E�DQG����3R�LQ�FHSKDORSRGV�FROOHFWHG
IURP�.XGDQNXODP��6RXWKHDVWHUQ� FRDVW� RI� JXOI� RI�0DQQDU�
,QGLD��DQG�DVVHVVPHQW�RI�GRVH�LQ�KXPDQ�EHLQJV���5DGLDWLRQ
3URWHFWLRQ�'RVLPHWU\������� ��������

-LD��*���%HOOL��0���6DQVRQH��8���5RVDPLOLD��6�� DQG�%ODVL��0�
�����������3E�DQG����3R�FRQFHQWUDWLRQV�LQ�WKH�9HQLFH�ODJRRQ
HFRV\VWHP� �,WDO\�� DQG� WKH�SRWHQWLDO� UDGLRORJLFDO� LPSDFW� WR
WKH�ORFDO�SXEOLF�DQG�HQYLURQPHQW��-��5DGLRDQDO��1XFO��&KHP��
�����������������

-LD��*�� DQG�7RUUL�� *�� �������� 'HWHUPLQDWLRQ� RI� ���3E� DQG
���3R�LQ�VRLO�RU�URFN�VDPSOHV�FRQWDLQLQJ�UHIUDFWRU\�PDWULFHV�
$SSOLHG�5DGLDWLRQ� DQG� ,VRWRSHV������ ����

.LP��*�� �������� /DUJH� GHILFLHQF\� RI� SRORQLXP� LQ� WKH
ROLJRWURSKLF� RFHDQ¶V� LQWHULRU��(DUWK� DQG�3ODQHWDU\� VFLHQFH
/HWWHUV������� ������

0DVTXH��3���6DQFKH]�&DEH]D��-��$���%UXDFK��-��0���3DODFLRV��(�
DQG�&DQDOV��0�� ��������%DODQFH�DQG�UHVLGHQFH� WLPHV�RI� ���3E
DQG����3R�LQ�VXUIDFH�ZDWHUV�RI�WKH�QRUWKZHVWHUQ�0HGLWHUUDQHDQ
6HD��&RQWLQHQWDO�6KHOI�5HVHDUFK����������������

0HOL��0��$���'HVLGHUL��'���5RVHOOL��&��DQG�)HGX]L��/����������
1DWXUDO� UDGLRDFWLYLW\� LQ� WKH� PXVVHO� ³0\WLOXV
*DOORSURYLQFLDOLV´� IURP� WKH�&HQWUDO�$GULDWLF� 6HD� �,WDO\��
-RXUQDO�RI�7R[LFRORJ\�DQG�(QYLURQPHQWDO�+HDOWK��3DUW�$����
����������������

0HOL��0��$���'HVLGHUL��'���5RVHOOL��&��DQG�)HGX]L��/���������
$QDO\WLFDO��PHWKRGV�WR�GHWHUPLQH����3R�DQG����3E�LQ�PDULQH
VDPSOHV��0LFURFKHPLFDO�-RXUQDO������ ��������

0RKDPHG��&��$��5��DQG�.XDQ��3��)����������&RQFHQWUDWLRQV�RI
���3R�DQG����3E�LQ�=RRSODQNWRQ�DW�3XODX�5HGDQJ��7HUHQJJDQX�
0DOD\VLD��-RXUQDO�RI�%LRORJLFDO�6FLHQFHV�������������

1R]DNL��<���=KDQJ��-��DQG�7DNHGD��$�������������3E�DQG����3R
LQ�WKH�HTXDWRULDO��3DFLILF�DQG�WKH�%HULQJ�6HD��WKH�HIIHFWV�RI
ELRORJLFDO�SURGXFWLYLW\�DQG�ERXQGDU\�VFDYHQJLQJ��'HHS�6HD
UHVHDUFK�����������������������

1R]DNL��<����������7KH�V\VWHPDWLF�RI�8�7K�GHFD\�VHULHV�QXFOLGHV
LQ�RFHDQ�ZDWHU��5HYLHZV�LQ�$TXDWLF�6FLHQFH������������

3DUIHQRY��<��'����������3R�����LQ�WKH�HQYLURQPHQW�DQG�LQ�WKH
KXPDQ�RUJDQLVPV��$WRPLF�(QHUJ\�5HYLHZ������������±����

3HQQD��1���&DSHOODFFL��6��DQG�5LFFL��)����������7KH�LQIOXHQFH
RI�WKH�3R�5LYHU�GLVFKDUJH�RQ�SK\WRSODQNWRQ�EORRP�G\QDPLFV
DORQJ� WKH� FRDVWOLQH� RI� 3HVDUR� �,WDO\�� LQ� WKH�$GULDWLF� 6HD�
0DULQH�3ROOXWLRQ�%XOOHWLQ������ ��������

5\DQ��7�� 3���'RZGDOO��$��0���0F*DUU\�$��7��� 3ROODUG�� '�
DQG�&XQQLQJKDP�� -��'�� �������� ���3R� LQ�0\WLOXV� HGXOLV� LQ
WKH� ,ULVK� PDULQH� HQYLURQPHQW�� -RXUQDO� RI� (QYLURQPHQWDO
UDGLRDFWLYLW\������ ��������

6DULQ��0��0���.ULVKQDVZDPL��6���5DPHVK��5��DQG�6RPD\DMXOR�
%��/��.�������������8�GHFD\�VHULHV�QXFOLGHV�LQ�WKH�QRUWKHDVWHUQ
$UDELDQ� 6HD�� VFDYHQJLQJ� UDWHV� DQG� F\FOLQJ� SURFHVVHV�
&RQWLQHQWDO�6KHOI�5HVHDUFK��������������

6KDQQRQ��/�� DQG�&KHUU\�� 5��'�� ��������3RORQLXP����� LQ
PDULQH�SODQNWRQ��1DWXUH���������������

6KDQQRQ�� /���&KHUU\�� 5�� '�� DQG�2UUHQ��0�� -�� �������
3RORQLXP����� DQG� OHDG����� LQ� WKH�PDULQH� HQYLURQPHQW�
*HRFKLP�&RVPRFKLPLFD�$FWD��������������

6KHOO��:��5����������&RQFHQWUDWLRQV��SK\VLFR�FKHPLFDO�VWDWHV
DQG�PHDQ�UHVLGHQFH�WLPHV�RI����3R�DQG����3E�LQ�PDULQH�DQG
HVWXDULQH�ZDWHUV��*HRFKLPLFD� HW� &RVPRFKLPLFD�$FWD�� ���
����������

6NZDU]HF��%��DQG�%RMDQRZVN\��5�� �����������3R�FRQWHQW� LQ
VHD�ZDWHU�DQG�LWV�DFFXPXODWLRQ�LQ�VRXWKHUQ�%DOWLF��SODQNWRQ�
0DULQH�%LRORJ\������ ��������

6WHSQRZVNL�� 3�� DQG�6NZDU]HF��%�� ��������$� FRPSDULVRQ� RI
���3R�DFFXPXODWLRQ� LQ�PROOXVFV� � IURP� WKH� VRXWKHUQ� %DOWLF�
WKH�FRDVW�RI�6SLWVEHUJHQ� DQG�6DVHN�:LHONL�/DNH�LQ�3RODQG�
-RXUQDO�RI�(QYLURQPHQWDO�5DGLRDFWLYLW\������ ��������

6WHZDUW��*��0��DQG�)LVKHU��1��6����������([SHULPHQWDO�VWXGLHV
RQ� WKH� DFFXPXODWLRQ�RI�3R����� �E\�PDULQH�SK\WRSODQNWRQ�
/LPQRO��2FHDQRJU���������������������

6WHZDUW��*��0��DQG�)LVKHU��1��6�� ��������%LRDFFXPXODWLRQ
RI�3R����� LQ�PDULQH� FRSHSRGV��/LPQRO�2FHDQRJU�� ��� ����
����������

6WULFNODQG�� -��'��+�� DQG�3DUVRQV��7��5�� ��������$�SUDFWLFDO
KDQGERRN�RI� VHDZDWHU� DQDO\VLV�� -��)LVK�� 5HV��%RDUG� &DQ�
%XOO������SS�

6ZDU]HQVNL�� 3��:���0F.HH�%��$��DQG�6FUHQVHQ��.�� �������
���3E�DQG����3R��PDQJDQHVH�DQG�LURQ�F\FOLQJ�DFURVV�WKH�2

�
�

+
�
6� LQWHUIDFH� RI� D� SHUPDQHQWO\� DQR[LF� IMRUG�� )UDPYDUHQ�

1RUZD\��0DULQH� &KHPLVWU\������ ��������

7DWHGD��<��DQG�<DPDPRWR��0����������7KH�UHVLGHQFH�WLPH�RI
���3R� DQG� ���3E� UHODWHG� WR� SODQNWRQ� LQ� VXUIDFH�ZDWHUV� RI
0LVDNL�� -DSDQ�� 5DGLRSURWHFWLRQ�&ROORT������� ��������

<DPDPRWR��0���$EH��7��� .XZDEDUD�� -��� 8HQR��.�� DQG
7DNL]DZD��<����������3RORQLXP�����DQG�/HDG�����LQ�PDULQH
RUJDQLVPV��LQWDNH�OHYHOV�IRU�-DSDQHVH��-��5DGLRDQDO\WLFDO�DQG
1XFOHDU�&KHPLVWU\����������� ������

<DQJ��:���+XDQJ��<���&KHQ��0���=KDQJ��/���/L��+���/LX��*��DQG
4LX��<�� �������� 'LVHTXLOLEULD� EHWZHHQ� ���3R� DQG� ���3E� LQ
VXUIDFH�ZDWHUV� RI� WKH� VRXWKHUQ� &KLQD� 6HD� DQG� WKHLU
LPSOLFDWLRQV��6FLHQFH�LQ�&KLQD��6HULHV�'�(DUWK�6FLHQFHV����
�������������



,QW��-��(QYLURQ��5HV���������������:LQWHU�����
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5HFHLYHG� ���0D\� ����� � � � � � � �� � �� � �� ��5HYLVHG����0D\������ �� � � � � � � � � � � � � �$FFHSWHG����6HS������

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��UDO������#\DKRR�FRP�P[

��

5HJXODWLRQ�RI�DQ�$FWLYDWH�6OXGJH�:DVWZDWHU�3ODQW�9,$��5REXVW
$FWLYH�&RQWURO�'HVLJQ
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��'HSDUWPHQW�RI�%LRWHFKQRORJ\�	�%LRHQJLQHHULQJ��&,19(67$9�,31��$Y��,QVWLWXWR�3ROLWpFQLFR
1DFLRQDO�������&RO��6DQ�3HGUR�=DFDWHQFR��'HOHJDFLyQ�*XVWDYR�$��0DGHUR��0p[LFR
��6FKRRO�RI�&KHPLFDO�(QJLQHHULQJ��8QLYHUVLGDG�0LFKRDFDQD�GH�6DQ�1LFROiV�GH�+LGDOJR�

&LXGDG�8QLYHUVLWDULD��0RUHOLD��0LFKRDFiQ��0p[LFR

$%675$&7�7KH�PDLQ�WDVN�RI�WKLV�ZRUN�LV�UHODWHG�ZLWK�WKH�GHVLJQ�RI�D�FODVV�RI�6,62�UREXVW�FRQWURO�ODZ�IRU�WKH
UHJXODWLRQ�RI�VXEVWUDWH�FRQFHQWUDWLRQ��&'2��RI� DQ� ,QGXVWULDO�$FWLYDWHG�6OXGJH�:DVWHZDWHU�3ODQW��7KH�FRQWURO
GHVLJQ�LV�UHODWHG�ZLWK�DQ�XQFHUWDLQW\�HVWLPDWRU��UHGXFHG�RUGHU�REVHUYHU��EDVHG�$FWLYH�&RQWURO��'HSDUWLQJ�IURP
WKH� WUDFNLQJ� HUURU� EHWZHHQ� WKH� GHVLUHG�DQG� WKH�FXUUHQW� VXEVWUDWH�FRQFHQWUDWLRQV� WUDMHFWRULHV�D� FRQWURO� ODZ� LV
GHVLJQHG�DQG�WKH�SODQW�LV� UHJXODWHG� WR�WKH�FRUUHVSRQGLQJ�VHW�SRLQW�RI� WKH�&2'�FRQFHQWUDWLRQ��7R�EH�UHDOL]DEOH
WKH�FRQWUROOHU�QHHGV�PRGHO�LQIRUPDWLRQ�UHODWHG�ZLWK�WKH� NLQHWLF�WHUP�RI�&2'�FRQVXPSWLRQ�ZKLFK�LV�SURYLGHV
ZLWK� D� UHGXFHG�RUGHU� REVHUYHU�� WKHVH� FRXSOHG�VWUXFWXUH� �REVHUYHU� EDVHG� FRQWUROOHU�� LV� UREXVW� DJDLQVW�PRGHO
XQFHUWDLQWLHV��7KH�SHUIRUPDQFH�RI�WKH�SURSRVHG�FRQWURO�ODZ�LV�LOOXVWUDWHG�ZLWK�QXPHULFDO�VLPXODWLRQV�HPSOR\LQJ
D�PDWKHPDWLFDO�PRGHO�RI�DQ�,QGXVWULDO�$FWLYDWHG�6OXGJH�:DVWHZDWHU�3ODQW� WXQHG�ZLWK� LQGXVWULDO�GDWD�

.H\�ZRUGV��$HURELF�3URFHVV��6XEVWUDWH�5HJXODWLRQ��$FWLYH�&RQWURO��8QFHUWDLQW\�(VWLPDWLRQ��5REXVW�3HUIRUPDQFH

,1752'8&7,21
7KH�$FWLYDWH� 6OXGJH�3URFHVV� �$63�� LV� WKH�PRVW

ZLGHO\� XVHG� ELRORJLFDO� WUHDWPHQW� RI� OLTXLG� ZDVWH�
HVVHQWLDOO\�EHFDXVH�LW�LV�D�FKHDS�WHFKQRORJ\�ZKLFK�FDQ
EH�DGDSWHG�WR�DQ\�NLQG�RI�ZDVWHZDWHU��,Q�WKH�DFWLYDWHG
VOXGJH� SURFHVV�� D�EDFWHULDO� ELRPDVV� VXVSHQVLRQ� �WKH
DFWLYDWHG� VOXGJH�� LV� UHVSRQVLEOH� IRU� WKH� UHPRYDO� RI
SROOXWDQWV��'HSHQGLQJ�RQ�WKH�GHVLJQ�DQG�WKH�VSHFLILF
DSSOLFDWLRQ��DQ�DFWLYDWHG�VOXGJH�ZDVWHZDWHU�WUHDWPHQW
SODQW� FDQ� DFKLHYH� ELRORJLFDO� QLWURJHQ� UHPRYDO� DQG
ELRORJLFDO�SKRVSKRUXV� UHPRYDO��SOXV� WKH� UHPRYDO�RI
RUJDQLF�FDUERQ�VXEVWDQFHV��0DQ\�GLIIHUHQW�DFWLYDWHG
VOXGJH� SURFHVV� FRQILJXUDWLRQV� KDYH� HYROYHG� GXULQJ
WKH�\HDUV���-HSSVVRQ�HW�DO���������$RXDRXG�HW�DO��������
2OVVRQ�HW�DO���������&KDFKXDW�HW�DO���������SURYLGHV�DQ
H[KDXVWLYH� UHYLHZ�RQ� WKH�KLVWRULFDO�HYROXWLRQ�RI� WKH
DFWLYDWHG�VOXGJH�SURFHVV��7KH�PLFURRUJDQLVPV�LQ�WKH
DFWLYDWHG� VOXGJH� DUH� PDLQO\� EDFWHULD�� ZKLFK� FDQ� EH
IRXQG�DOVR�LQ�WKH� UDZ�ZDVWHZDWHU�LQFRPLQJ� LQWR� WKH
SODQW��7KH� FRPSRVLWLRQ� DQG� WKH� VSHFLHV� GHSHQG� QRW
RQO\�RQ�WKH�LQIOXHQW�ZDVWHZDWHU�EXW�DOVR�RQ�WKH�GHVLJQ
DQG� RSHUDWLRQ� RI� WKH� ZDVWHZDWHU� WUHDWPHQW� SODQW�
%DFWHULD�FRQVWDQWO\�QHHG�HQHUJ\�LQ�RUGHU�WR�JURZ�DQG
WR�VXSSRUW�HVVHQWLDO�OLIH�DFWLYLWLHV��*URZLQJ�FHOOV�XWLOL]H
VXEVWUDWH� DQG� QXWULHQWV� ORFDWHG� RXWVLGH� WKH� FHOO
PHPEUDQH�IRU�JURZWK�DQG�HQHUJ\�LQ�D�SURFHVV��2[\JHQ
LV�XVHG�E\�PLFURRUJDQLVPV�WR�R[LGL]H�RUJDQLF�PDWWHU�

6RPH� EDFWHULD� FDQ� XVH� R[\JHQ� HLWKHU� DV� GLVVROYHG
R[\JHQ�RU�QRW��WKHVH�EDFWHULD�DUH�FDOOHG�KHWHURWURSKV�
7KH\�UHSUHVHQW�WKH�PDMRU�SDUW�RI�EDFWHULD�LQ�DFWLYDWHG
VOXGJH�DQG�XVH�RUJDQLF�FDUERQ�LQ�WKH�IRUP�RI�VPDOO
RUJDQLF� PROHFXOHV� DV� VXEVWUDWH�� 2WKHU� HVVHQWLDO
EDFWHU LD� IRU� WKH� DFWLYDWHG� VOXGJH� SURFHVV� DUH
DXWRWURSKV��7KH\� FDQ� JURZWK� RQO\�ZLWK� GLVVROYHG
R[\JHQ� DQG� XVH� LQRUJDQLF� FDUERQ� DV� VXEVWUDWH�� 7R
PDLQWDLQ�WKH�PLFURELRORJLFDO�SRSXODWLRQ��VOXGJH�IURP
WKH� VHWWOHU� LV� UHFLUFXODWHG� WR� WKH� DHUDWHG� WDQN�� 7KH
EDFWHULD�JURZWK�DQG�SDUWLFXODWH�LQHUW�PDWWHU�LV�UHPRYHG
IURP�WKH�SURFHVV�DV�ZDVWH�VOXGJH�

)RU�ELRORJLFDO�SURFHVVHV��VHYHUDO�NLQGV�RI�FRQWURO
VWUDWHJLHV�KDYH�EHHQ�SURSRVHG��DGDSWLYH��RSWLPDO��+ �
OLQHDUL]LQJ�DQG�QHXUR�FRQWUROOHUV���<RR�HW�DO��������
+HQ]H�HW�DO���������+HQ]H�HW�DO���������+HQ]H�HW�DO��
������WKH\�KDYH�VKRZQ�DQ�DGHTXDWH�SHUIRUPDQFH��IRU
D�FODVV�RI�ELRUHDFWLQJ�V\VWHPV��KRZHYHU��VRPH�RI�WKHP
DUH�FRXSOHG�ZLWK� RSWLPL]LQJ�URXWLQHV� RU�DUH�PRGHO
EDVHG�� WKHLU � PDLQ� GUDZEDFNV� DUH� WKH� RYHU�
SDUDPHWHUL]DWLRQ�DQG�ODFN�RI�UREXVWQHVV�XQGHU�PRGHO
XQFHUWDLQWLHV��5HFHQWO\��DQ�DOWHUQDWLYH�PHWKRGRORJ\
WR�FRQWURO�V\VWHPV�ZLWK�KLJK�QRQOLQHDU�EHKDYLRU��KDYH
EHHQ�DSSOLHG��WKLV�PHWKRGRORJ\�LV�WKH�$FWLYH�&RQWURO
�$&���WKH�FRQWUROOHU�GHVLJQ�LV�EDVHG�RQ�WKH�G\QDPLF
RI�WKH�FRQWURO�HUURU� L��H�� WKH�GLIIHUHQFH�EHWZHHQ� WKH



��

$JXLODU�/ySH]��5� �HW�DO�

FXUUHQW�DQG�WKH�GHVLUHG�WUDMHFWRU\�RI�WKH�V\VWHP��7KLV
PHWKRGRORJ\� KDV� EHHQ� VXFFHVVIXOO\� HPSOR\HG� IRU
V\QFKURQL]DWLRQ�RI�FKDRWLF�RVFLOODWRUV���,VLGRUL�������
+R�HW�DO���������9LQFHQW�HW�DO����������EXW�GHVLJQ�RI
H[SOLFLW�FRQWUROOHUV�ZLWK�DSSOLFDWLRQ�WR�UHJXODWLRQ�RI
UHDFWLQJ�SURFHVV��DW�WKH�DXWKRUV�NQRZQ��KDYH�QRW�EHHQ
VWXGLHG�HQRXJK��7KH�UHDOL]DWLRQ�RI�WKH�FRUUHVSRQGLQJ
$FWLYH�&RQWURO�ODZ�LV�PRGHO�EDVHG��VXFK�WKDW�XQGHU
PRGHO�XQFHUWDLQWLHV�WKH�VWDQGDUG�$&�LV�QRW�DSSOLFDEOH�
7R�DYRLG�WKH�SUREOHP�PHQWLRQHG�DERYH��LQ�WKLV�ZRUN�LV
SURSRVHG�DQ�REVHUYHU�EDVHG�$FWLYH�&RQWURO��ZKHUH�D
UHGXFHG� RUGHU� REVHUYHU� LV� GHVLJQHG� WR� SURYLGH� WKH
FRUUHVSRQGLQJ�PLVVLQJ�LQIRUPDWLRQ��XQFHUWDLQ�WHUPV�
UHODWHG�ZLWK�PRGHOLQJ� HUURUV�� WR� WKH�FRQWUROOHU� DQG
DVVXULQJ�D�VWDEOH�FORVHG�ORRS�EHKDYLRU�

:DVWHZDWHU�HQJLQHHULQJ�UHSUHVHQWV�DW�SUHVHQW�WLPH
D�VXEMHFW�DUHD�RI�ZRUOGZLGH�LQWHUHVW��IRU�UHDVRQV�RI�WKH
SXEOLF�KHDOWK��HFRQRPLF�DQG�VRFLDO�LVVXHV�WR�ZKLFK�LW
LV� FORVHO\� DVVRFLDWH�� ,Q� SDUWLFXODU� WKH� ZDVWHZDWHU
JHQHUDWHG�E\�LQGXVWULDO�SURFHVVHV�LV�D�YHU\�LPSRUWDQW
WRSLF� IRU� HQJLQHHULQJ� UHVHDUFK�� IURP� WKHP� WKH
SHWURFKHPLFDO� LQGXVWU\� XQGHU� VWXG\� SURGXFHV� D
ZDVWHZDWHU�ZKLFK�LV�JHQHUDWHG�LQ�WKH�GLIIHUHQW�FKHPLFDO
SURFHVVHV��7KH�ZDVWHZDWHU�IORZ�SURGXFHG�LV�DERXW�����
P��G�DQG�FRQWDLQV�YRODWLOH�RUJDQLF�FDUERQ¶V�VXEVWDQFHV
FODVVLILHG�DV�WR[LFV�OLNH�����GLFKORURHWKDQH��FKORURIRUP�
EHQ]HQH��DPRQJ�RWKHUV�YRODWLOH�FRPSRXQGV���92&¶V��
7R�FRPSO\�HQYLURQPHQW�OHJLVODWLRQ��0(��������,JELQRVD
HW�DO���������LV�DURXQG�RI�����PJ�/�LQ�RUGHU�WR�GLVFKDUJH
WKH�ZDVWHZDWHU�WUHDWHG�WR�WKH�ULYHU��2QH�RI�WKH�PDLQ
HIIHFWV�RQ�WKH�SODQW�RSHUDWLRQ�DUH�WKH�DFWXDO�WHPSHUDWXUH
FRQGLWLRQV�ZLWKLQ�WKH�ELRUHDFWRU�DUH���R&�LQ�2FWREHU�
1RYHPEHU�UHDFKLQJ�XS�WR���R&�LQ�$XJXVW�6HSWHPEHU�
'XH� WR� WKLV� HIIHFW�� WKH� PLFURRUJDQLVP¶V� DFWLYLW\� LV
DIIHFWHG�DQG�WKLV�PXVW�EH�FRQVLGHUHG�LQ�WKH�G\QDPLF
PRGHOLQJ� RI� WKH� V\VWHP�� 6RPH�PRGHOV� KDYH� EHHQ
GHYHORSHG� WR� GHVFULEH� WKH� HIIHFW� RI� WHPSHUDWXUH� RQ
EDFWHULDO�JURZWK��+HLW]HU�HW�DO���������=ZLHWHULJ HW�DO��
�������7KH�DXWKRUV�VKRZHG�WKDW�DW�KLJK�WHPSHUDWXUHV
WKH�PD[LPXP�VSHFLILF�JURZWK�UDWH��

PD[
��LV�UHGXFHG�

7KHUH� DUH� VHYHUDO�PRGHOV� GHVFULELQJ� WKH� ELRORJLFDO
SURFHVV�LQ�WKH�DFWLYDWHG�VOXGJH�SODQW��WKH�GHYHORSPHQWV
LQ� WKH� IDPLO\� SURSRVHG� E\� WKH� ,QWHUQDWLRQDO�:DWHU
$VVRFLDWLRQ� �,:$�� UHSUHVHQW� D�PDMRU� FRQWULEXWH�
$60���WKH�$FWLYDWHG�6OXGJH�3URFHVV�0RGHO�1R���FDQ
EH�FRQVLGHUHG�DV�WKH�UHIHUHQFH�PRGHO�VLQFH�WKLV�PRGHO
WULJJHUHG� WKH� JHQHUDO� DFFHSWDQFH� RI� WKH� ELRORJLFDO
SURFHVV�PRGHOOLQJ��$60��ZDV�SULPDULO\�GHYHORSHG�WR

GHVFULEH� WKH� UHPRYDO� RI� RUJDQLF� FRPSRXQGV� DQG
QLWURJHQ�ZLWK� VLPXOWDQHRXV�FRQVXPSWLRQ�RI�R[\JHQ
DQG� QLWUDWH� DV� HOHFWURQ� DFFHSWRU� � 7KH� PRGHO�
IXUWKHUPRUH��DLPV�DW�\LHOGLQJ�D�JRRG�GHVFULSWLRQ�RI�WKH
VOXGJH�SURGXFWLRQ��&2'��&KHPLFDO�2[\JHQ�'HPDQG�
ZDV�DGRSWHG�DV�WKH�PHDVXUH�RI�WKH�FRQFHQWUDWLRQ�RI
RUJDQLF�PDWWHU��$60���WKH�$FWLYDWHG�6OXGJH�3URFHVV
0RGHO�1R���H[WHQGV�WKH�FDSDELOLWLHV�RI�WKH�$60��RI
WKH� GHVFULSWLRQ� RI� ELR�SKRVSKRUXV��$60�G�� WKH
$FWLYDWHG�6OXGJH�3URFHVV�0RGHO�1R��G�LV�EXLOW�RQ�WKH
$60��PRGHO�DGGLQJ�WKH�GHQLWULI\LQJ�DFWLYLW\�RI�3$2V�
WR� DOORZ� D� EHWWHU� GHVFULSWLRQ� RI� WKH� G\QDPLFV� RI
SKRVSKDWH�DQG�QLWUDWH��$60���WKH�$FWLYDWHG�6OXGJH
3URFHVV�0RGHO�1R���ZDV�DOVR�GHYHORSHG�IRU�ELRORJLFDO
QLWURJHQ�UHPRYDO��ZLWK�EDVLFDOO\�WKH�VDPH�JRDO�DV�WKH
$60���7KH�PDMRU�GLIIHUHQFH�EHWZHHQ�WKH�$60��DQG
WKH�$60��PRGHOV� LV� WKDW� WKH� ODWWHU� UHFRJQL]HV� WKH
LPSRUWDQFH�RI�VWRUDJH�SRO\PHUV�LQ�WKH�KHWHURWURSKLF
DFWLYDWHG�VOXGJH�FRQYHUVLRQ��+HQ]H�HW�DO���������+HQ]H
HW�DO���������+HQ]H�HW�DO���������

0$7(5,$/6�	�0(7+2'6
)RU�FRQWURO�SXUSRVHV�D�PDWKHPDWLFDO�PRGHO�RI�DQ

DFWLYDWHG� VOXGJH� SURFHVV� LV� HPSOR\HG�� WKLV�PRGHO
SUHVHQWHG�LQ��$JXLODU�HW�DO����������FRQVLGHU�D�FDUERQ
UHPRYDO�PRGHO�ZLWK�DQ� G\QDPLF� HQHUJ\� EDODQFH� WR
LQWURGXFH� WKH� WHPSHUDWXUH� HIIHFWV� RQ� WKH�PD[LPXP
VSHFLILF� JURZWK� UDWH��PDVV� WUDQVIHU� FRHIILFLHQW� IRU
R[\JHQ��NOD��DQG�GHDWK�FRHIILFLHQW��N

G
���ZKLFK�ZHUH

LQFRUSRUDWHG� LQ� WKH�PDVV� EDODQFH� HTXDWLRQV� RI� WKH
SURFHVV� 7KH� WHPSHUDWXUH� HIIHFW� RQ� WKH�PD[LPXP
VSHFLILF�JURZWK�UDWH�ZDV�HYDOXDWHG�ZLWK�(TXDWLRQ���
WKH�PDVV�WUDQVIHU�FRHIILFLHQW�IRU�WKH�R[\JHQ���NOD��ZLWK
(TXDWLRQ����ZKLFK�LV�DQ�HPSLULFDO�IXQFWLRQ�RI�WKH�DLU
IORZ��$JXLODU�HW�DO���������WKH�GHDWK�FRHIILFLHQW��N

G
��ZLWK

(TXDWLRQ����WKH�HYDSRUDWLRQ�IOX[�RI�92&�V���.
HY
6��LV

DOVR�FRQVLGHUHG�LQ�WKH�&2'�EDODQFH��WRJHWKHU�ZLWK�WKH
LQDFWLYDWH�ELRPDVV�����I

Q
�;��ZKLFK�FRQWULEXWHV�WR�JURZWK

WKH�VXEVWUDWH�FRQFHQWUDWLRQ�LQ�WKH�ELRUHDFWRU��DOO�ZHUH
LQFRUSRUDWHG� LQ� WKH�PDVV� EDODQFH� HTXDWLRQV� RI� WKH
SURFHVV�� 7KH� SURFHVV� LV� GHVFULEHG� E\� WKH� IROORZLQJ
PDVV�EDODQFH�HTXDWLRQV��5DOWRZVN\�HW�DO�������� ��DV�D
ILUVW�PRGHOLQJ�DSSURDFK�RI�WKH�WHPSHUDWXUH�HIIHFW�RQ
GLIIHUHQW� SDUDPHWHUV� LV� FRQVLGHUHG� LQWURGXFLQJ� DQ
HQHUJ\�EDODQFH� FRQVLGHULQJ� WKDW� WKH�PHWDEROLF�KHDW
JHQHUDWLRQ�FDQ�EH�GHOHWHG�LQ�FRPSDULVRQ�ZLWK�WKH�RWKHUV
HQHUJ\�IORZV��7KH�ELRUHDFWRU�EHKDYLRU�ZDV�DVVXPHG
DV�FRPSOHWHO\�PL[HG�IORZ�UHDFWRU��,Q�WKH�UHDFWRU�
6XEVWUDWH��6��FRQFHQWUDWLRQ�PDVV�EDODQFH�
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$�VXLWDEOH�VROXWLRQ�WR�WKH�ZDVWHZDWHU�WUHDWPHQW
SODQW� LV� WKH� GHYHORSPHQW� RI� DGHTXDWH� LQIRUPDWLRQ
V\VWHPV� WR� FRQWURO� DQG� VXSHUYLVH� WKH� SURFHVV�
+RZHYHU�� D� FORVHU� ORRN� DW� WKH� FXUUHQW� RSHUDWLRQ� RI
ZDVWHZDWHU�WUHDWPHQW�SODQW�UHYHDOV�WKDW�DXWRPDWLRQ�LV
VWLOO�PLQLPDO�HYHQ�LI�LQ�WKH�VFLHQWLILF�FRPPXQLW\�DQG�LQ
SURFHVV�LQGXVWULHV�WKH�LPSRUWDQFH�RI�DXWRPDWLRQ�DQG
FRQWURO�LQ�WKHVH�SURFHVVHV�KDV�EHHQ�UHFRJQL]HG�LQ�WKH
ODVW�\HDUV��6HYHUDO�UHDVRQV�IRU�WKLV�ODFN�LQ�ZDVWHZDWHU
WUHDWPHQW� SODQW� FDQ� EH� IRXQG�� L�� WKH� LQVLJKW� LQ� WKH
SURFHVV�LV�VWLOO�PDUJLQDO��LL��UHOLDEOH�WHFKQRORJLHV�DUH
VWLOO�XQVDWLVIDFWRU\�RU�QRW�H[LVWLQJ��LLL��WKH�SRVVLELOLWLHV
WR�DFW�RQ�WKH�SURFHVV�DUH�VWLOO�LQDSW�RU�LQVXIILFLHQW�DQG�
PRVW�LPSRUWDQWO\�� LY��ZDVWHZDWHU� WUHDWPHQW�SODQW� LV
FRQVLGHUHG�DV�D�QRQ�SURILW�LQGXVWU\��$XWRPDWLRQ�KDV
EHHQ�FRQVLGHUHG�FRVWO\�DQG�KDV�QRW�EHHQ�SDUW�RI� WKH
SURFHVV� GHVLJQ�

)RU�WKH�FRQWURO�RI�DHURELF�ZDVWHZDWHU�SODQW��VHYHUDO
VWUDWHJLHV�KDYH�EHHQ�SURSRVHG��FRQVLGHULQJ�VHYHUDO

���
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LQSXW�RXWSXW�VHOHFWLRQV�DQG�6,62�DQG�0,02�FRQWURO
VWUXFWXUHV��$JXLODU�HW�DO���������*RQ]iOH]�HW�DO��������
,Q�WKLV�ZRUN�LV�FRQVLGHUHG�D�6,62�FRQWURO�VWUXFWXUH��IRU
VDNH�RI�VLPSOLFLW\��WR�VKRZ�KRZ�WKH�DFWLYH�FRQWURO��$&�
FDQ�EH�LPSOHPHQWHG��IROORZLQJ�WKH�SDLU�RI�FRQWURO�DQG
FRQWUROOHG�YDULDEOHV�SURSRVHG�LQ��$JXLODU�HW�DO���������
WKH�&2'� �VXEVWUDWH�� FRQFHQWUDWLRQ� LV� FRQVLGHUHG� DV
WKH�FRQWUROOHG�PHDVXUHG�RXWSXW��\���7KH�&2'�LV�WKH
DPRXQW�RI�R[\JHQ� UHTXLUHG� WR�R[LGL]H��E\� FKHPLFDO
PHDQV��RUJDQLF�FDUERQ�FRPSRXQGV�FRPSOHWHO\�WR�&2

�

DQG�+
�
2� DQG� LW� LV�PHDVXUHG� LV� URXWLQHO\�PDGH� LQ

LQGXVWULDO�RSHUDWLRQ��WKH�FRUUHVSRQGLQJ�FRQWURO�LQSXW
�X� LV�UHODWHG�ZLWK�WKH�LQSXW�IORZ��ZKLFK�DIIHFW�WKH�LQSXW
VXEVWUDWH�FRQFHQWUDWLRQ�UDWH��:LWK�WKH�DERYH��OHW�XV�WR
DQDO\]H� WKH� IROORZLQJ� VXEV\VWHP� UHODWHG�ZLWK� WKH
VXEVWUDWH�PDVV�EDODQFH�HTXDWLRQ�

:LWK�

��DV�WKH�WRWDO�&2'�FRQVXPSWLRQ�UDWH�
1RWH�WKDW�WKH�WHUP�FRQWDLQV�WKH�&2'�NLQHWLF�UDWH��WKH
QRQ�DFWLYDWH�ELRPDVV�DQG�WKH�YRODWLOH�VXEVWUDWH��1RZ�
LW�LV�SURSRVHG�D�GHVLUHG�&2'�FORVHG�ORRS�WUDMHFWRU\�DV
IROORZV�

7KLV� GHVLUHG� RXWSXW� WUDMHFWRU\� DOORZV� UHDFKLQJ� WKH
FRUUHVSRQGLQJ� VHW� SRLQW� \

VS
DV\PSWRWLFDOO\� ZLWK� D

FRQYHUJHQFH�UDWH�JLYHQ�E\�WKH�SDUDPHWHU �
1RZ��GHILQLQJ�WKH�FRQWURO�HUURU�DV�

WKHQ�

IURP�WKH�DERYH��WKH�IROORZLQJ�FRQWUROOHU�LV�SURSRVHG�
DSSO\LQJ�WKH�$&�PHWKRGRORJ\�

VXFK�WKDW�WKLV�FRQWUROOHU�SURYLGHV�WKH�IROORZLQJ�FORVHG�
ORRS�VWUXFWXUH�RI�WKH�FRQWURO�HUURU�G\QDPLF�

RU�LQ�DOWHUQDWLYH�IRUP�

WKH�H[RJHQRXV�IXQFWLRQ� ��LV�FKRVHQ�VXFK�WKDW�LW�FDQ
SURYLGH�D�VWDEOH�EHKDYLRU�WR�WKH�FRQWURO�HUURU�WUDMHFWRU\�
LQ�DFFRUGDQFH�ZLWK�WKH�IROORZLQJ�VWUXFWXUH�

1RWH�WKDW�WKH�FRQWURO�LQSXW�GHSHQGV�RI�WKH�QRQOLQHDU
WHUP���������������FRQVHTXHQWO\�WKH�FRQWUROOHU�LV�UHDOL]DEOH�LI
RQO\� LI� WKH� QRQOLQHDU� WHUP� LV� NQRZQ�� ZKLFK� LV� DQ
LPSRUWDQW� GUDZEDFN� IRU� WKH� VWDQGDUG� $&
LPSOHPHQWDWLRQ�ZKHQ�PRGHOLQJ�HUURUV�DUH�SUHVHQW�

2QH�WKH�PDMRU�ERWWOHQHFNV�LQ�WKH�DSSOLFDWLRQ�RI
FRPSXWHU�PRQLWRULQJ�DQG�FRQWURO�IRU�ELRORJLFDO�SURFHVV
LV�WKH�ODFN�RI�UHOLDEOH��VWHULOL]DEOH�DQG�UREXVW�VHQVRUV
IRU�WKH�RQ�OLQH�PHDVXUHPHQWV�RI�SURFHVV�NH\�YDULDEOHV�
VXFK�DV�ELRPDVV��SUHFXUVRUV��SURGXFW�FRQFHQWUDWLRQV
DQG�FRQVXPSWLRQ�UDWHV��6HYHUDO�DWWHPSWV�WR�TXDQWLI\
WKH�DERYH�YDULDEOHV�KDYH�EHHQ�HPSOR\HG��VRPH�RI�WKHP
DUH�RSWLFDO�WHFKQLTXHV��HOHFWURFKHPLFDO�GHWHFWLRQ�DQG
E\� YLVFRVLW\�� ILOWUDWLRQ� DQG� IOXRUHVFHQFH� PHWKRGV
�6FKXOHU�DQG�6FKPLGW���������EXW�WKHVH�DSSURDFKHV
IUHTXHQWO\�GR�QRW�SURSHUO\�DGGUHVV�WKH�PRVW�LPSRUWDQW
LQGXVWULDO� SUREOHPV�DQG� QHFHVVLWLHV��7R� WDFNOHG� WKH
SUREOHP� PHQWLRQHG� DERYH�� VHYHUDO� HVWLPDWLRQ
WHFKQLTXHV�IRU�ELRSURFHVV�KDYH�EHHQ�GHYHORSHG��WKHVH
WHFKQLTXHV�DUH�RIWHQ�QDPHG�VRIW�VHQVRUV�VRPH�RI�WKHP
DUH�EDVHG�RQ� EDODQFLQJ� WHFKQLTXH�� WKLV�DSSURDFK� LV
DGHTXDWH� IRU� VWHDG\�VWDWH� RSHUDWLRQ�� KRZHYHU� LW
EHFRPH� XQVWDEOH� ZKHQ� G\QDPLF� DQG� FRUUXSWHG
PHDVXUHG�DUH�SUHVHQWV��'RFKDLQ�DQG�9DQUROOHJKHP�
�������RQ�RWKHU�KDQG�ILOWHULQJ��REVHUYLQJ��WKHRU\�ZKHUH
H[WHQGHG� .DOPDQ� ILOWHUV�� QRQOLQHDU� /XHQEHUJHU
REVHUYHUV�� VOLGLQJ�PRGH��KLJK�JDLQ� DQG�VR�RQ�KDYH
EHHQ�VXFFHVVIXOO\�HPSOR\HG���$OYDUH]�HW�DO���������
&RQVLGHULQJ�RXU�SDUWLFXODU�FDVH��WKH�VWDWH�YDULDEOH�WR
EH� UHJXODWHG� LV� GLUHFWO\� WKH�PHDVXUHV� RXWSXW� RI� WKH
V\VWHP��L��H��WKH�&2'�FRQFHQWUDWLRQ�VXFK�WKDW��D�UHGXFHG

RUGHU� REVHUYHU� WR� LQIHU� WKH� XQFHUWDLQ� WHUP� � LV

SURSRVHG�DV�IROORZV��$OYDUH]�HW�DO���������

:KHUH� �LV�WKH�REVHUYHU�JDLQ� �LV�WKH�HVWLPDWH�RI�WKH
XQFHUWDLQ� WHUP� DQG� WKH� REVHUYHG� XQFHUWDLQW\� � � � LV
REWDLQHG� E\� VROYLQJ� WKH�PDVV� EDODQFH� HTXDWLRQ�� LQ
DFFRUGDQFH�ZLWK�WKH�QH[W�HTXDWLRQ�

$V� LW� FDQ� EH� VHHQ�� WKH� VWUXFWXUH� RI� WKH� SURSRVHG
REVHUYHU � LQFOXGHV� WKH� GHULYDWLYH� RI� WKH� &2'
FRQFHQWUDWLRQ��ZKLFK�PXVW�EH�FDOFXODWHG�LQ�RUGHU�WR
REWDLQ� HVWLPDWHV�RI� WKH� UHDFWLRQ� UDWH��+RZHYHU�� WKH
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V\QWKHVLV�RI�GHULYDWRUV�LV�D�GLIILFXOW�WDVN��PRUHRYHU�LI
WKH� FRQFHQWUDWLRQ� PHDVXUHPHQWV� DUH� QRLV\� WKH
V\QWKHVLV�FRXOG�EH�LPSRVVLEOH��,Q�RUGHU�WR�DYRLG�WKLV
VLWXDWLRQ�WKH�IROORZLQJ�FKDQJH�RI�YDULDEOH�LV�SURSRVHG�

3URGXFLQJ�DQ�XQFHUWDLQW\�REVHUYHU�ZLWK�WKH�IROORZLQJ
VWUXFWXUH�

1RWH�WKDW�ZLWK�HTXDWLRQV������DQG������WKH�XQFHUWDLQ
WHUP�FDQ�EH�H[SUHVVHG�ILQDOO\�DV�

$V� FDQ� EH� VHHQ� WKLV� HVWLPDWLRQ�PHWKRGRORJ\� RQO\
GHSHQGV� RI� PHDVXUHG� YDULDEOHV�� FRQVHTXHQWO\� LV
FRPSOHWHO\�UHDOL]DEOH��1RZ��IRU�WKH�UHDOL]DWLRQ�RI�WKH
UREXVW��QRQ�LGHDO��$&��WKH�HVWLPDWH�RI�WKH�XQFHUWDLQ
WHUP�GHWHUPLQDWH�DERYH�LV�FRXSOHG�WR�WKH�LGHDO�$&�WR
SURGXFH�

1RWH�WKDW�WKH�DERYH�QR�LGHDO�FRQWUROOHU�FDQ�UHFRYHU�LWV
LGHDO�SURSHUWLHV�LI�WKH�HVWLPDWLRQ�HUURU���������������������������������WHQGV
WR�]HUR��WR�SURYH�WKLV��OHW�XV�FRQVLGHU�WKH�FRQYHUJHQFH
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DQDO\VLV� RI� WKH� SURSRVHG� REVHUYHU�� GHSDUWLQJ� RI� WKH
XQNQRZQ�G\QDPLF�RI�WKH�XQFHUWDLQ�WHUP�

7KH�(TXDWLRQ����LV�DQ�DV\PSWRWLF�SURSRUWLRQDO�UHGXFHG
REVHUYHU�IRU�WKH�V\VWHP�JLYHQ�E\�(TXDWLRQ�����ZKHUH�
!����GHWHUPLQHV�WKH�GHVLUHG�FRQYHUJHQFH�UDWH�RI� WKH
REVHUYHU��LI�WKH�IROORZLQJ�DVVXPSWLRQV�DUH�VDWLVILHG�
7KHUH�H[LVW� �DQG�1 ��VXFK�WKDW�
$��WKH�G\QDPLF�RI�WKH�XQFHUWDLQ�WHUP�LV�ERXQGHG�L��H�

$�

&RQVLGHULQJ�WKH�DERYH�HTXDWLRQ�������WKH�G\QDPLF�RI
WKH�HVWLPDWLRQ�HUURU�LV�GHILQHG�DV�

6ROYLQJ�LW�UHQGHUV�

� �
GW
G

1

HQRXJKHOWZLWKG
W

WW
DUJ�H[SOLP �

�
�

���� HH

�
H[SH[SH[S���

W
GWWHH

����

ZKHUH�H
��
LV�WKH�LQLWLDO�FRQGLWLRQ�RI�WKH�HVWLPDWLRQ�HUURU��7DNLQJ�QRUPV�RI�WKH�HTXDWLRQV������WKH�IROORZLQJ�LQHTXDOLW\

DULVHV�

��
H[SOLP

H[SOLP

H[SOLPOLP�

�

�

��

�
���

GW

G

GWHH

WW

W

WW

WWWW

)URP�$��DQG�$��

GW

G1

WH

WW

W

WW

WW H[SOLP

H[SOLP

��OLP�

�

�

�

�
�

7KH�DERYH�HTXDWLRQ�PHDQV�WKDW�WKH� �FDVH�RI�XQLIRUP�/�K|SLWDO�V�UXOH�FDQ�EH�DSSOLHG�DV�IROORZV�

1

GW

GW1
WH

WWWWWW ���

OLP
H[S

H[S
OLP��OLP� �

LQ�WKH�OLPLW��ZKHQ�W �W
�
�

����

1
H



��

$JXLODU�/ySH]��5� �HW�DO�

5(68/76�	�',6&866,21
7KH�PDWKHPDWLFDO�PRGHO�ZDV�YDOLGDWHG�ZLWK�WKH

&2'�GDWD�REWDLQHG�IURP�WKH�ZDVWHZDWHU�WUHDWPHQW�SODQW
ZKLFK�ZDV�LQ�RSHUDWLRQ�GXULQJ�D�\HDU��IURP�2FWREHU
�����WR�6HSWHPEHU������DV�SUHVHQWHG�SUHYLRXVO\�LQ
�0DTXHGD�HW�DO����������)RU�VLPXODWLRQ�SXUSRVHV�D�VWHS
GLVWXUEDQFH�LQ�WKH�UHF\FOH�IORZ�4

U
�LV�FRQVLGHUHG�IURP

����PJ�O�WR�����PJ�O��EHVLGHV�RWKHU�VWHS�GLVWXUEDQFH
RQ�WKH�R[\JHQ�FRQFHQWUDWLRQ�DW� UHDFWRU�LQSXW�LV�DOVR
FRQVLGHUHG��IURP���PJ�O�WR���PJ�O��$�FRPPHUFLDO�3,
FRQWUROOHU�LV�VLPXODWHG�IRU�FRPSDULVRQ�SXUSRVHV��WKH
WXQLQJ�RI�WKH�3,�FRQWURO¶V�JDLQV�ZHUH�GRQH�YLD�LQSXW�
RXWSXW�UHVSRQVH�ZLWK�D�VWHS�GLVWXUEDQFH�LQ�WKH�FRQWURO
LQSXW��ZKLFK� \LHOGV� WKH� IROORZLQJ�SDUDPHWHUV�� WKH
VWHDG\�VWDWH�JDLQ�.� �����PJ�G�/P����WKH�FKDUDFWHULVWLF
WLPH� � ���GD\V��WKH�SURSRUWLRQDO�FRQWURO�JDLQ�.

S
 ����

G���DQG�WKH�LQWHJUDO�WLPH�
,
� ���G�� WKHVH�YDOXHV�ZHUH

REWDLQHG�DSSO\LQJ�,0&�WXQLQJ�UXOHV��5LYHUD�HW�DO�������
���)RU�WKH�UREXVW�$&�FRQWUROOHU�WKH�FRQYHUJHQFH�UDWH�
 ����G���DQG�WKH�REVHUYHU�JDLQ�� � ���G���ZHUH�FRQVLGHUHG�

)LJ����LV�UHODWHG�ZLWK�WKH�FRQFHQWUDWLRQV�VSDFH�SRUWUDLW�
QRWH�WKDW�WKH�FRQWUROOHU�OHDG�WKH�&2'�FRQFHQWUDWLRQ�WR
WKH�UHTXLUHG�VHW�SRLQW������PJ�O��ZLWK�D�ELRPDVV�RI
�����PJ�O�DQG�WKH�GLVVROYHG�R[\JHQ�LV�DURXQG�����PJ�
O��ZKLFK�LV�WKH�FORVHG�ORRS�VWHDG\�VWDWH��)LJ����VKRZV
WKH� FORVHG�ORRS� WLPH� HYROXWLRQ� RI� WKH� &2'
FRQFHQWUDWLRQ��FDQ�EH�REVHUYHG�DQ�DV\PSWRWLF�VWDEOH
EHKDYLRU�RI�WKH�&2'�WUDMHFWRU\�WR�WKH�IRUPHU�VHW�SRLQW
ZKLFK�LV�UHDFKHG�LQ����GD\V�IRU�WKH�SURSRVHG�FRQWUROOHU�
WKLV�VHWWOLQJ�WLPH�FDQ�EH�UHGXFHG�ZLWK�D�PRUH�ODUJH
YDOXH� RI� WKH� SDUDPHWHU �� LQ� RUGHU� WR� LPSURYH� WKH
FRQYHUJHQFH�UDWH��7KH�3,�FRQWUROOHU�QHHGV����GD\V�WR
UHDFK�WKH�FRUUHVSRQGLQJ�VHW�SRLQW��)LJ����LV�UHODWHG�ZLWK
WKH� FORVHG�ORRS� SHUIRUPDQFH� RI� WKH� FRQWURO� RXWSXW
�&2'�FRQFHQWUDWLRQ��ZKHQ�GLVWXUEDQFHV�DUULYH�� WKH
SURSRVHG�$&� FRQWUROOHU� KDV� D� IDVWHU� UHVSRQVH� LQ
FRPSDULVRQ�ZLWK�WKH�3,�FRQWUROOHU��7KH�FRQWURO�LQSXW
EHKDYLRU�FDQ�EH�VHHQ�LQ�)LJ�����QRWH�WKDW�WKH�UREXVW�$&
FRQWUROOHU�VKRZ�D�IDVWHU�UHVSRQVH��WKH�3,�FRQWUROOHU�DFWV
ORZO\��QRW�JUHDW�FRQWURO�HIIRUW�LV�QHHGHG�WR�FRPSO\�ZLWK

)LJ�����&ORVHG�ORRS�VWHDG\�VWDWH�SKDVH�SRUWUDLW

)LJ�����&ORVHG�ORRS�SHUIRUPDQFH�RI�WKH�&2'�ZLWK�WKH�SURSRVHG�FRQWUROOHU
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)LJ�����&ORVHG�ORRS�SHUIRUPDQFH�RI�WKH�&2'�DJDLQVW�GLVWXUEDQFHV

)LJ�����&ORVHG�ORRS�SHUIRUPDQFH�RI�WKH�V\VWHP�LQSXW��,QSXW�)ORZ�P��GD\V��ZLWK�SURSRVHG�FRQWUROOHU

WKH�UHJXODWLRQ�WDVN�DQG�ILQDOO\�)LJ����VKRZV�WKH�FORVHG�
ORRS�SHUIRUPDQFH�RI�WKH�UHGXFHG�RUGHU�REVHUYHU��QRWH�D
VDWLVIDFWRU\�SHUIRUPDQFH�RI�WKH�SURSRVHG�HVWLPDWLRQ
PHWKRGRORJ\�� WKLV� RFFXUV� EHFDXVH� WKH� SURSRVHG
PHWKRGRORJ\�LV�DEOH�WR�UHJXODWHG�WKH�SURFHVV�LQWR�PRUH
ZLGH�RSHUDWLQJ�UHJLRQ�JLYHQ�LWV�QRQOLQHDU�SURSHUWLHV
DQG�WKH�ORZ�SDUDPHWHUV�GHSHQGHQFH��ZKLFK�KHOSV�WR
DYRLG�WXQLQJ�LVVXHV�

&21&/86,21
$�PDWKHPDWLFDO�PRGHO� RI� DQ�$FWLYDWHG� 6OXGJH

:DVWHZDWHU�3ODQW�LV�GHYHORSHG�DQG�FRUURERUDWH�ZLWK
LQGXVWULDO�&2'�DQG�RSHUDWLQJ�GDWD�ZLWK�JRRG�UHVXOWV�
7KLV�PRGHO�LV�HPSOR\HG�DV�D�YLUWXDO�SURFHVV�ZKHUH�WKH
WRWDO�&2'��VXEVWUDWH��FRQVXPSWLRQ�UDWH� LV� VXSSRVHG
XQFHUWDLQ� �XQNQRZQ���7R� DYRLG� WKH� SUREOHP�RI� WKH
PRGHOLQJ�HUURUV�D�UHGXFHG�RUGHU�REVHUYHU�LV�SURSRVHG�
WKH�LQIRUPDWLRQ�JHQHUDWHG�E\�WKH�REVHUYHU�LV�FRXSOHG
ZLWK�DQ�$FWLYH�&RQWURO�ODZ��VXFK�WKDW�D�UREXVW�VWUXFWXUH
DJDLQVW� PRGHOLQJ� HUURU� LV� DFKLHYHG�� 1XPHULFDO
VLPXODWLRQV�LOOXVWUDWH�WKH�VDWLVIDFWRU\�SHUIRUPDQFH�RI
WKH�REVHUYHU�EDVHG�$&�ODZ�

5()(5(1&(6
$JXLODU��5���*RQ]iOH]�� -���%DUUyQ��0��$���0DUWtQH]��5�� DQG
0D\D�<HVFDV��5����������5REXVW�3,��FRQWUROOHU�IRU�FRQWLQXRXV
ELRUHDFWRUV�� 3URFHVV�%LRFKHPLVWU\������ ����������

$JXLODU�� 5���0DUWtQH]�*XHUUD��5��DQG�3R]Q\DN��$�� �������
5HDFWLRQ�KHDW� HVWLPDWLRQ� LQ� FRQWLQXRXV� FKHPLFDO� UHDFWRUV
XVLQJ�KLJK�JDLQ�REVHUYHUV��7KH�&KHPLFDO�(QJLQHHULQJ�-RXUQDO�
������������

$JXLODU�/ySH]��5�� DQG�0DUWtQH]�*XHUUD��5�� �������� 6WDWH
HVWLPDWLRQ�IRU�QRQOLQHDU�V\VWHPV�XQGHU�PRGHO�XQREVHUYDEOH
XQFHUWDLQWLHV��$SSOLFDWLRQ� WR� FRQWLQXRXV� UHDFWRU��&KHPLFDO
(QJLQHHULQJ�-RXUQDO���������������

$OYDUH]�5DPLUH]�� -�� �������� 5REXVW� 3,� VWDELOL]DWLRQ�RI� D
FODVV� RI�FRQWLQXRXVO\�VWLUUHG�WDQN�UHDFWRUV��$,&K(�-RXUQDO�
��������������

$OYDUH]�5DPtUH]��-���0RQUR\�/RSHUHQD��5���9HOD]FR��$��DQG�8UUHD�
5�� ��������2SWLPDOLW\�RI� LQWHUQDO�PRGHO�FRQWURO� WXQLQJ� UXOHV�
,QGXVWULDO�	�(QJLQHHULQJ�&KHPLVWU\�5HVHDUFK���������������

$RXDRXGD��6���.KDGLU��0��7���0RXURW��*��DQG�5DJRW��-���������
6\VWHPDWLF�VLPSOLILFDWLRQ�PHWKRGRORJ\�DSSOLHG�WR�DQ�DFWLYDWHG
VOXGJH�UHDFWRU�PRGHO���WK�,QWHUQDWLRQDO�:RUNVKRS�RQ�6\VWHPV�
6LJQDO� 3URFHVVLQJ�DQG� WKHLU�$SSOLFDWLRQV� �:2663$��
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)LJ�����&ORVHG�ORRS�XQFHUWDLQW\�REVHUYHU�SHUIRUPDQFH

&KDFKXDW��%���5RFKH��1��DQG�/DILWL��0��$����������2SWLPDO
DHUDWLRQ� FRQWURO� RI� LQGXVWULDO� DOWHUQDWLQJ� DFWLYDWHG� VOXGJH
SODQWV��%LRFKHPLFDO�(QJLQHHULQJ�-RXUQDO��������������

'RFKDLQ��'��DQG�9DQUROOHJKHP��3����������'\QDPLF�PRGHOLQJ
DQG� HVWLPDWLRQ� LQ�ZDVWHZDWHU� WUHDWPHQW� SURFHVV�� ,:$
3XEOLVKLQJ��8�.�

*RQ]iOH]�� -���$JXLODU��5���$OYDUH]�5DPtUH]�� -��DQG�%DUUyQ�
0��$�� �������� 1RQ�OLQHDU� UHJXODWLRQ� IRU� D� FRQWLQXRXV
ELRUHDFWRU�YLD�QXPHULFDO�XQFHUWDLQW\�REVHUYHU��7KH�&KHPLFDO
(QJLQHHULQJ�-RXUQDO��������������

+HLW]HU��$���+DQV�3HWHU�(���5HLFKHUW��3��DQG�+DPHU��*���������
8WLOLW\� RI� SKHQRPHQRORJLFDO� PRGHOV� IRU� GHVFULELQJ
WHPSHUDWXUH� GHSHQGHQFH� � RI� EDFWHULDO� JURZWK��$SSOLHG� DQG
(QYLURQPHQWDO�0LFURELRORJ\������ ����������

+HQ]H��0���*UDG\��&��3���*XMHU��:���0LQR��7���0DUDLV��*��9��5�
DQG�0DWVXR��7�� ��������$FWLYDWHG�6OXGJH�3URFHVV�0RGHO�1R�
���6FLHQWLILF�DQG�7HFKQLFDO�5HSRUW����,$:4��/RQGRQ��8.�

+HQ]H��0���*XMHU��:���0LQR��7���0DUDLV��*��9��5��DQG�0DWVXR�
7����������$FWLYDWHG�6OXGJH�3URFHVV�0RGHO�1R�����6FLHQWLILF
DQG�7HFKQLFDO�5HSRUW���� ,$:4���/RQGRQ��8.�

+HQ]H��0���*XMHU��:���0LQR��7���0DUDLV��*��9��5���0DWVXR�
7���:HW]HO��0��&�� DQG�YDQ� /RRVGUHFKW��0�� &��0�� �������
$FWLYDWHG�6OXGJH�3URFHVV�0RGHO�1R���G��:DWHU�6FLHQFH�DQG
7HFKQRORJ\���������±����

,JELQRVD���(��2��DQG�2NRK��$��,����������,PSDFW�RI�GLVFKDUJH
ZDVWHZDWHU�HIIOXHQWV�RQ�WKH�SK\VLFR�FKHPLFDO�TXDOLWLHV�RI�D
UHFHLYLQJ� ZDWHUVKHG� LQ� D� W\SLFDO� UXUDO� FRPPXQLW\�
,QWHUQDWLRQDO� -RXUQDO� RI� (QYLURQPHQWDO� 6FLHQFH� DQG
7HFKQRORJ\�������������

,VLGRUL��$�� ��������1RQOLQHDU� &RQWURO�7KHRU\�� 6SULQJHU�
9HUODJ��1HZ�<RUN�

-HSSVVRQ��8�� �������0RGHOOLQJ� DVSHFWV� RI� ZDVWHZDWHU
WUHDWPHQW� SURFHVVHV�� 3K'� WKHVLV�� ,($�� /XQG� ,QVWLWXWH� RI
7HFKQRORJ\��/XQG��6ZHGHQ�

+R��0��&���+XQJ��<��&��DQG�&KRX��&��+���������3KDVH�DQG
DQWLSKDVH�V\QFKURQL]DWLRQ�RI� WZR�FKDRWLF�V\VWHPV�E\�XVLQJ
DFWLYH�FRQWURO�� 3K\VLFV�/HWWHUV�$������� ������

0DTXHGD�� 0��$��0���0DUWLQH]�� 6��$�� '��� 1DUYiH]�� '��
5RGULJXH]��0��*��5���$JXLODU��5��/��DQG�+HUUHUR��9��0��9�
��������'\QDPLFDO�PRGHOOLQJ�RI�DQ�DFWLYDWHG�VOXGJH�V\VWHP
RI� D� SHWURFKHPLFDO� SODQW� RSHUDWLQJ� DW� KLJK� WHPSHUDWXUHV�
:DWHU�6FLHQFH�DQG�7HFKQRORJ\��������������

0(�� �������� 0LQLVWU\� RI� WKH� (QYLURQPHQW�� 1DWXUDO
5HVRXUFHV� DQG�)LVKHULHV�6(0$51$3��120����(&2/�
������0p[LFR�'�)���0p[LFR

2OVVRQ��*��� 1LHOVHQ��0��.���<XDQ��=���/\QJDDUG�-HQVHQ��$�
DQG� 6WH\HU�� -�� 3�� �������� ,QVWUXPHQWDWLRQ�� FRQWURO� DQG
DXWRPDWLRQ� LQ�ZDVWHZDWHU� V\VWHPV��7HFKQLFDO�5HSRUW� ���
,:$�3XEOLVKLQJ�

$JXLODU�/ySH]��5��0DUWtQH]�*XHUUD��5��0HQGR]D�&DPDUJR�
;�� DQG�1HULD�*RQ]iOH]��0�� ,�� ��������0RQLWRULQJ� RI� DQ
LQGXVWULDO� ZDVWHZDWHU� SODQW� HPSOR\LQJ� ILQLWH�WLPH
FRQYHUJHQFH�REVHUYHU�� -RXUQDO�RI�&KHPLFDO�7HFKQRORJ\�	
%LRWHFKQRORJ\��������������

5DOWRZVN\��'��$���5RVV��7���0F0HHNLQ��7��$��DQG�2OOH\�� -�
��������&RPSDULVRQ�RI�$UUKHLXV�W\SH�VQG�%pOHKUiGHN�W\SH
PRGHO�IRU�SUHGLFWLRQ�RI�EDFWHULDO�JURZWK�LQ�IRRGV��-RXUQDO�RI
$SSOLHG�%DFWHRURORJ\������ ��������

5LYHUD��'��(���6NRJHVWDG��6��DQG�0RUDUL��0����������,QWHUQDO
0RGHO� &RQWURO� ��� 3,'�&RQWUROOHU� 'HVLJQ�� ,QGXVWULDO� 	
(QJLQHHULQJ�&KHPLVWU\�5HVHDUFK���������±����

6FKXOHU��+�� DQG�6FKPLGW�� &�� �������� &DORULPHWULF�VWDWH
HVWLPDWRU�IRU�FKHPLFDO�UHDFWRUV�GLDJQRVLV�DQG�FRQWURO��5HYLHZ
RI�PHWKRGV�DQG�DSSOLFDWLRQV��&KHPLFDO�(QJLQHHULQJ�6FLHQFH�
������������

9LQFHQW��8��(�� ��������6\QFKURQL]DWLRQ� RI�5LNLWDNH� FKDRWLF
DWWUDFWRU�XVLQJ�DFWLYH�FRQWURO�� 3K\VLFV�/HWWHUV�$���������������

<RR��&��.��DQG�/HH��,��%�� ��������6RIW�VHQVRU�DQG�DGDSWLYH
PRGHO�EDVHG� GLVVROYHG� R[\JHQ� FRQWURO� IRU� ELRORJLFDO
ZDVWHZDWHU� WUHDWPHQW� SURFHVV��(QYLURQPHQWDO� (QJLQHHULQJ
6FLHQFH��������������

=ZLHWHULJ��0��+���'H�.RRV��-��7���+DVHQDFN��%��(���'H�:LW�
-�� &�� DQG� �9DQ��7��5LHW�� .�� ��������0RGHOLQJ� RI� EDFWHULDO
JURZWK� DV� D� IXQFWLRQ� RI� WHPSHUDWXUH�� $SSOLHG� DQG
(QYLURQPHQWDO�0LFURELRORJ\������ ����������

$FWLYH�&RQWURO�'HVLJQ
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5HFHLYHG� ��� 6HS�� ����� � � � � � � �� � �� � �� ��5HYLVHG����0D\������ �� �� � � � � �� � � � � �$FFHSWHG���-XQH�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��WQDVUDEDGL#XW�DF�LU

��

6WDWLVWLFDO�0RGHOLQJ�RI�)XWXUH�/DNH�/HYHO�XQGHU�&OLPDWLF�&RQGLWLRQV��&DVH
VWXG\�RI�8UPLD�/DNH��,UDQ�

7LVVHXLO��&����5RVKDQ��*K��5�����1DVUDEDGL��7����DQG�$VDGSRXU��*��$��

��8QLYHUVLWp�GH�7RXORXVH��805�&156�836�������(YROXWLRQ�HW�'LYHUVLWp�%LRORJLTXH��('%������
URXWH�GH�1DUERQQH��������7RXORXVH�&HGH[����)UDQFH

��'HSDUWPHQW�RI�*HRJUDSK\��*ROHVWDQ�8QLYHUVLW\��*RUJDQ��,UDQ
��*UDGXDWH�IDFXOW\�RI�HQYLURQPHQW��8QLYHUVLW\�RI�7HKUDQ��7HKUDQ��,UDQ

��'HSDUWPHQW�RI�JHRORJ\��)DFXOW\�RI�VFLHQFH��8QLYHUVLW\�RI�+RUPR]JDQ��%DQGDU�$EEDV��,UDQ

$%675$&7��7KH�SUHVHQW� UHVHDUFK�IRFXVHV�RQ� WKH�FKDQJHV�RI�8UPLD�/DNH�OHYHO��)RU� WKLV�SXUSRVH��WZR�WLPH
VFDOHV�KDYH� EHHQ�FRQVLGHUHG��7KH� WUHQG� FKDQJHV�RI� WHPSHUDWXUH��SUHFLSLWDWLRQ�UDWH� DQG�TXDQWLWDWLYH� YDOXHV� RI
FOLPDWH�W\SH�IRU�WKH�REVHUYDWLRQDO�SHULRG�IURP������WR�������SDVW�VFDOH��DQG�IURP������WR�������IXWXUH�VFDOH�
KDYH�EHHQ�DQDO\]HG��*HQHUDO�&LUFXODWLRQ�0RGHO� �*&0�� LV�FRQVLGHUHG� IRU�VLPXODWLQJ� WKH�YDOXHV�RI�WKH� IXWXUH
PHWHRURORJLFDO�FRPSRQHQWV�� DQG� VWDWLVWLFDO�PRGHOV� KDYH� EHHQ� XVHG� IRU�PRGHOLQJ� WKH� ODNH¶V� OHYHO� LQ� IXWXUH
GHFDGHV��2QH� RI� WKH�PRVW� VLJQLILFDQW� UHVXOWV� DFKLHYHG� IRU� WKH� IXWXUH� GHFDGHV� LV� WKH� LQFUHDVH� RI� WKH� ODNH¶V
WHPSHUDWXUH�IRU�DURXQG�����GHJUHHV�FHQWLJUDGH�WLOO������LQ�FRPSDULVRQ�ZLWK�WKH�ORQJ�WHUP�DYHUDJH�RI������WR
������ )XUWKHUPRUH�� WKH�YDOXHV� H[WUDFWHG�IURP�SUHFLSLWDWLRQ� UDWH� DQG�FOLPDWH� W\SH�RI� WKH�]RQH� DOVR� LQGLFDWH� D
UHPDUNDEOH�GHFUHDVH�RI� TXDQWLWDWLYH�YDOXHV� LQ� WKH� IXWXUH� GHFDGHV��$FFRUGLQJO\�� WKH� FOLPDWH� W\SH�H[WUDFWHG�IRU
WKH�\HDU������ZLWK�QXPHULF�YDOXH�RI�DURXQG�������ZLOO�EH�HQWHUHG�D�QHZ�SKDVH�FDOOHG�DULG�FOLPDWH�IRU�WKH�ILUVW
WLPH�LQ�UHFHQW�GHFDGHV��7KH�/DNH�VXUIDFH�DUHD�LV�GLPLQLVKHG�IURP������VTXDUH�NLORPHWHUV�LQ������WR�DERXW�����
VTXDUH�NLORPHWHUV�LQ�������$FFRUGLQJ�WR�WKH�UHVXOWV�DFKLHYHG�E\�VWDWLVWLFDO�PRGHOV�DQG�WLPH�VHULHV��LI�WKLV�WUHQG
FRQWLQXHV��WKH�/DNH�OHYHO�ZLOO�EH�UHGXFHG�DURXQG���PRUH�PHWHUV�LQ������

.H\�ZRUGV��6LPXODWLRQ��&LUFXODWLRQ�0RGHOV��'HVHUWLILFDWLRQ��8UPLD�/DNH��:DWHU�OHYHO�GUR

,1752'8&7,21
4XDOLWDWLYH�DQG�TXDQWLWDWLYH�GHJUDGDWLRQ�RI�ZDWHU

UHVRXUFHV�LV�RQH�RI�WKH�PDMRU�FKDOOHQJHV�LQ�WKH�ZD\�RI
VXVWDLQDEOH� GHYHORSPHQW� �%DJKYDQG� HW� DO��� �����
1DVUDEDGL� HW� DO��� ����D�� 1DVUDEDGL� HW� DO��� ����E�
5RZVKDQ�HW�DO���������6HUEDML�HW�DO���������*XLQGHU�HW�DO��
������/L�HW�DO���������6LGGLTXL��������3HL�HW�DO��������
<LQJ�HW�DO����������)HDWXUHV�DQG�SKHQRPHQD�LQ�WKH�HDUWK¶V
VXUIDFH�KDYH�EHHQ�FKDQJHG�RYHU�WLPH��WKH�ODNHV�DV�RQH
RI� WKHVH� IHDWXUHV� DQG� GXH� WR� KDYLQJ� D� FORVHG
HQYLURQPHQW�DUH�QRW�FRQVLGHUHG�DV�DQ�H[FHSWLRQ��'XH
WR�FOLPDWLF�FKDQJHV�VXFK�DV�UHGXFHG�UDLQIDOO��LQFUHDVHG
WHPSHUDWXUH�DQG�DOVR�XQFRQWUROOHG�XVH�RI�VXUIDFH�ZDWHU
UHVRXUFHV�LQ�ZDWHUVKHG�DUHDV��GLVWLQJXLVKHG�FKDQJHV
DUH�H[SRVHG��6DGDWLSRXU�HW�DO���������6DQGHHS�HW�DO��
������0DGDQL�HW�DO���������0LUEHJKHUL�HW�DO���������$ULDV
HW� DO��� �������0RQLWRULQJ� VXFK� FKDQJHV� VKRXOG� EH
FRQVLGHUHG�DV�DQ�LPSRUWDQW�LVVXH�LQ�WKH�QDWLRQDO�DQG
UHJLRQDO� GHYHORSPHQW� DQG� QDWXUDO� UHVRXUFH
PDQDJHPHQW��&XUUHQWO\��PRQLWRULQJ�WKH�FRDVWDO�DUHDV

DQG� H[WUDFWLRQ� RI� ZDWHU� DW� GLIIHUHQW� LQWHUYDOV� LV
UHJDUGHG�DV�DQ�LQIUDVWUXFWXUDO�UHVHDUFK�LQWHUHVW�GXH�WR
WKH� VLJQLILFDQFH� RI� FRDVWDO� ]RQH�PDQDJHPHQW� DQG
G\QDPLF� QDWXUH� RI� VXFK� VHQVLWLYH� HFRORJLFDO
HQYLURQPHQWV� �5HYHVKW\� DQG�0DUX\DPD�� �����
1DVUDEDGL�HW�DO���������3DPHU�HW�DO���������.DYLDQ�HW
DO���������.DUEDVVL�HW�DO���������0RUWD]DYL�DQG�6KDULILDQ�
������/HL�HW�DO���������+XGDN��������

'XH�WR�WKH�HYHU�LQFUHDVLQJ�UDWH�RI�JUHHQKRXVH�JDV
HPLVVLRQV��FOLPDWH�ZDUPLQJ�LV�H[SHFWHG�WR�EH�PRUH
LQWHQVLYH�GXULQJ�WKH�QH[W�FHQWXU\��+RXJKWRQ�HW�DO��
������$VKUDIL�HW�DO���������0DQMX�HW�DO����������7KLV
ZDUPLQJ�ZRXOG�YHU\�PXFK�LQIOXHQFH�QDWXUDO�SURFHVVHV
DV�ZHOO�DV�KXPDQ�DFWLYLWLHV��,Q�JHQHUDO��LW�LV�VXSSRVHG
WKDW�LQ�ORZ�ODWLWXGHV��OLNH�LQ�,UDQ�����DQG�����1�ODWLWXGH
DQG����DQG�������HDVW�ORQJLWXGH���FOLPDWH�FKDQJH�ZRXOG
KDYH�VRPH�QHJDWLYH�LQIOXHQFHV�RQ�WKH�ZKROH�VRFLHW\�
)RU�H[DPSOH��KLJKHU�WHPSHUDWXUHV�ZLOO�LQFUHDVH�WKH
HQHUJ\�GHPDQG�IRU�FRROLQJ���UHGXFH�WKH�SUHFLSLWDWLRQ
UDWH�DQG�GHJUDGH�WKH�ZDWHU�UHVRXUFHV��5RVKDQ�HW�DO��



��

7LVVHXLO��&��HW�DO�

������5RVKDQ�HW�DO����������5HJDUGLQJ�WKH�HIIHFW�RI�JOREDO
ZDUPLQJ�RQ�ODNHV�GHSWK�DQG�VXUIDFH�DUHD�IOXFWXDWLRQ�
ORWV� RI� VWXGLHV� KDYH� EHHQ� UXQ� RQ� VLPXODWLRQ� DQG
SUHGLFWLRQ� RI� VXFK� FKDQJHV� DOO� DURXQG� WKH� ZRUOG
�&KHOWRQ� HW� DO�������� )DQJ� HW� DO��������&DEDQHV� HW
DO��������&KHQ�HW�DO��������'DYLG�HW�DO��������%RX]LQDF
HW�DO��������0LFKDHO�HW�DO��������0RRLM�HW�DO�������
0RHUQDXW�HW�DO���������$V�ODNHV� UHVSRQG�GLUHFWO\� WR
FOLPDWH� FKDQJHV�� TXDQWLI\LQJ� WKHLU� VHQVLWLYLW\� WR
SRVVLEOH�SRWHQWLDOV�ZLOO�SURYLGH�FUXFLDO�LQIRUPDWLRQ�IRU
WKH�DVVHVVPHQW�RI�ZDWHU�UHVRXUFHV�TXDOLW\�DQG�DTXDWLF
HFRV\VWHPV�LQ�IXWXUH��,3&&��������+DXVHU�HW�DO��������
0DJQXVRQ�HW�DO���������0XOKROODQG�HW�DO���������5RXVH
HW�DO���������6FKLQGOHU��������)DQJ�HW�DO���������.RPDWVX
HW�DO����������$Q\�LQFUHDVH�LQ�ZDWHU�WHPSHUDWXUH�ZRXOG
FKDQJH�K\GURG\QDPLFV�UHJLPH�LQ� ODNHV��H[SDQG� WKH
WKHUPDO�VWUDWLILFDWLRQ�SHULRG��DQG�FRQVHTXHQWO\�GHHSHQ
WKH�WKHUPRFOLQH��H�J��+DVVHQ�HW�DO���������%OHQFNQHU�HW
DO���������.RPDWVX�HW�DO���������/DNH�OHYHO�GURS�LV�RQH�RI
WKH� NH\� SUREOHPV� WKDW� VKRXOG� EH� WDNHQ� LQWR
FRQVLGHUDWLRQ�LQ�FOLPDWH�FKDQJH�LPSDFW�DVVHVVPHQWV

IRU�8UPLD�/DNH��ORFDWLRQ�PDS�RQ�)LJ������,W�ZLOO�FDXVH
GHVHUWLILFDWLRQ� RI� FRDVWDO� DUHDV�� HURVLRQ� RI� VDQG\
EHDFKHV� DQG� GHVWUXFWLRQ� RI� KDUERU� FRQVWUXFWLRQV�
&RYHULQJ�DQ�DSSUR[LPDWH�DUHD�RI�����WKRXVDQG�KHFWDUHV
8UPLD�ODNH�LV�WKH�WZHQWLHWK�ODUJHVW�ODNH�RI�WKH�ZRUOG
DQG� DW� WKH� VDPH� WLPH�RQH� RI� WKH� PRVW� XQLTXH� DQG
LQYDOXDEOH�JOREDO�ZDWHU�HFRV\VWHPV��.DUEDVVL��HW�DO��
������$KPDGL�HW�DO���������$KPDG]DGHK�.RN\D�HW�DO��
������)DU]LQ�HW�DO�����������7KH�PRVW�UHFHQW�VWDWLVWLFV
LQGLFDWH�WKDW�����WKRXVDQG�KHFWDUHV�RI�WKLV�ODNH�ZKLFK
KDV�EHHQ�UHJLVWHUHG�LQ�WKH�OLVW�RI�5DPVDU�FRQYHQWLRQ
RQ� FRQVHUYDWLRQ� RI� ZHWODQGV� VLQFH� ����� KDV� EHHQ
FKDQJHG� LQWR� VDOW�PDUVK� DQG� WKH� ZDWHU� OHYHO� KDV
GURSSHG�WR�WKH�PLQLPXP�SRVVLEOH�OHYHO�GXULQJ�WKH�SDVW
IHZ�GHFDGHV�� 3DVVLQJ� WKH� RYHUVDWXUDWLRQ� OLPLW�� WKH
VDOLQLW\�KDV�DOVR�UHDFKHG�WR�����JUDPV�SHU�OLWHU�ZKLFK
KDV�FDXVHG�$UWHPLD��WKH�PRVW�VLJQLILFDQW�RUJDQLVP�LQ
WKLV�ODNH��JRHV�WRZDUG�H[WLQFWLRQ��$OO�DERYH�PHQWLRQHG
IDFWV�LQGLFDWH�WKH�JUDGXDO�DQG�RI�FRXUVH�SDLQIXO�GHDWK
RI� WKLV� JUHDW� ,UDQLDQ� ODNH� DQG� D� ELRHQYLURQPHQWDO
FDWDVWURSKH�LQ�WKLV�]RQH�

����������)LJ����8UPLD�/DNH�ORFDWLRQ��EODFN�FRORU��DQG�LWV�FDWFKPHQW�ERXQGDULHV��FURVV�ILOOHG�
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7KH�PDLQ�REMHFWLYHV� RI� WKLV� VWXG\�DUH� WR�GHULYH
DQG�DQDO\]H�IXWXUH�FOLPDWH�SURMHFWLRQV�RYHU�WKH�UHJLRQ�
WR�PRGHO�WKH�ODNH�VXUIDFH�IOXFWXDWLRQ�UHJLPH�E\�OLQNLQJ
WKH� REVHUYHG� GDWD� WR� FXUUHQW� FOLPDWH� DQG� ILQDOO\� WR
PRGHO�IXWXUH�ODNH�EHKDYLRU�GXH�WR�FOLPDWLF�SURMHFWLRQV�

0$7(5,$/6�	�0(7+2'6
8UPLD�/DNH�DV�WKH�ODUJHVW�ZDWHU�ERG\�LQ�,UDQLDQ

SODWHDX�LV�ORFDWHG�EHWZHHQ�WZR�PDMRU�SURYLQFHV�RI�(DVW
$]HUEDLMDQ�DQG�ZHVW�$]HUEDLMDQ��7KH�ODNH�LV�ERXQGHG
EHWZHHQ� ������ �������� ODWLWXGHV� DQG� ������� �
���ORQJLWXGHV�DW������P�DERYH�VHD�OHYHO��,WV�VXUIDFH
DUHD�UDQJHV�IURP������WR������NP��DQG�WKH�DYHUDJH�DQG
JUHDWHVW�GHSWKV�DFFRXQW�IRU���DQG����P��UHVSHFWLYHO\
�$]DUL�7DNDPL���������0RUH�WKDQ�WZHQW\�SHUPDQHQW�DQG
VHDVRQDO�ULYHUV�DV�ZHOO�DV�D�IHZ�VXEPDULQH�VWUHDPV�DQG
VSULQJV�IHHG�WKH�ODNH��$YHUDJH�VDOLQLW\�RI�WKH�ODNH�UDQJHV
EHWZHHQ���������PJ�OLW�GHSHQGLQJ�XSRQ�WHPSRUDO�DQG
VSDWLDO� FRQGLWLRQV�� DOWKRXJK� LQ� UHFHQW� \HDUV� LW� KDV
UHDFKHG�XS�WR�����PJ�OLW��'XH�WR�WKH�HFRORJLFDO�KHULWDJH
RI�8UPLD�/DNH��LW�LV�UHFRUGHG�DV�D�SURWHFWHG�KDELWDW�LQ
WKH� ZRUOG� E\� WKH�8QLWHG� 1DWLRQV� �5HYHVKW\� DQG
0DUX\DPD��������

7KH�FDWFKPHQW�ZDV�GHILQHG�DV�WKH�PRVW�DSSURSULDWH
VSDWLDO�XQLW�WR�UHODWH�K\GUR�FOLPDWLF�FRQGLWLRQV�WR�WKH
ODNH�OHYHOV�YDULDELOLW\��7KH�FDWFKPHQW�GHOLQHDWLRQ�ZDV
EDVHG� RQ� +\GURVKHG� GDWDEDVH� �)LJ�� ���� ,Q� RUGHU� WR
VWXG\�WKH�IOXFWXDWLRQV�RI�8UPLD�/DNH�VXUIDFH�DUHD��PXOWL�
WHPSRUDO� /DQGVDW� ,PDJHV� �(70�� 70� DQG� 066
VHQVRUV��RYHU�D����\HDU�SHULRG�������WR�������ZHUH�XVHG
�)LJ�����6SHFWUDO�VSHFLILFDWLRQV�DQG�VSDWLDO�UHVROXWLRQ
RI�HDFK�RI�WKH�EDQGV�RI�WKLV�VDWHOOLWH�DUH�SUHVHQWHG�LQ
7DEOHV���DQG���

,Q�WKH�SUHVHQW�VWXG\��WKH�FRDVWOLQHV�H[WUDFWLRQ�IRU
HDFK�\HDU�ZDV�GRQH�LQ�WZR�PDMRU�VWHSV�XVLQJ�WKH�(19,
VRIWZDUH��)LUVWO\��JHRPHWULF�DQG�UDGLRPHWULF�FRUUHFWLRQV
DV�ZHOO�DV�GLIIHUHQW�ILOWHUV�RQ�WKH�VHOHFWHG�LPDJHV�ZHUH
DSSOLHG�WR�PDNH�WKH�VSHFWUDO�GLIIHUHQFH�RI�REMHFWV�PRUH
FOHDU��6HFRQGO\��VXSHUYLVHG�FODVVLILFDWLRQ�PHWKRG�KDV
EHHQ� XVHG� WR� H[WUDFW� FRDVWOLQHV�� )RU� WKLV� SXUSRVH�
7UDLQLQJ�$UHDV�ZKHUH�DSSRLQWHG�DFURVV�WKH�ODNH�DQG
PRUH�WKDQ���7UDLQLQJ�$UHDV�KDYH�EHHQ�SURYLGHG�LQ
DQ\� RI� WKH� LPDJHV��$OO� RI� WKHVH�$UHDV� KDYH� EHHQ
SURYLGHG�IURP�WKH�ODNH¶V�VXUIDFH�DUHD��6HOHFWLQJ�D�ODUJH
QXPEHU�RI�7UDLQLQJ�$UHDV�JRHV�EDFN�WR�WKH�QDWXUH�RI

)LJ�����6DWHOOLWH�,PDJH�RI�8UPLD�/DNH�GXULQJ����������
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���
���
���
���
���

���������
��

���1LO�

����WR�����������WR�����
�����WR�����������WR�����
����WR�����������WR�����
����WR�����������WR����

�����WR������������WR������
�����WR�������������WR������
� ����WR�������������WR������

����WR�����1LO�

��
��
��
��
��

��/�+��
��
3DQ�

�������7DEOH���/DQGVDW���(70��DQG�/DQGVDW��70�VSHFWUDO�DQG�VSDWLDO�UHVROXWLRQ

7DEOH����'HWHUPLQDWLRQ�RI�8UPLD�/DNH�FRDVWOLQH�E\�WKH�XVH�RI�GLIIHUHQW�VDWHOOLWH�LPDJHV

'DWH� 6DWHOOLWH� 6HQVRU� 6SDWLDO�5HVROXWLRQ
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/DQGVDW

(70
���P

8UPLD�ZDWHU��LWV�GHSWK�DQG�VHGLPHQWV��6XFK�D�QXPEHU
DOORZV�XV�VHSDUDWH�WKH�ZDWHU\�SDUW�RI�WKH�ODNH�HDVLO\
IURP�LWV�DULG�DQG�KXPLG�SDUWV�LQ�ZKLFK�WKHUH�LV�QR�ZDWHU
UHJDUGOHVV�RI�WKH�GHSWK�DQG�PXGGLQHVV�RI�WKH�ODNH¶V
ZDWHU��6LQFH� WKLV� VWXG\�DLPV�PHUHO\� DW�GHWHUPLQLQJ
FRDVWOLQHV�BPHDQLQJ�WKH�ERUGHU� OLQH�ZKHUH� WKH�ODQG
PHHWV�WKH�ZDWHUB�WKLV�QXPEHU�RI�7UDLQLQJ�$UHDV�KDV
EHHQ�XVHG���8SRQ�GHWHUPLQDWLRQ�RI�WKH�7UDLQLQJ�$UHDV
EDVHG�RQ�LPDJHV�DQG�WKHLU�DQDO\VLV��FODVVLILHG�LPDJHV
KDYH�EHHQ�REWDLQHG�IRU�HDFK�RI�WKH�\HDUV��7KHVH�LPDJHV
RI�KLJK�DFFXUDF\�LQGLFDWH�WKH�ERUGHU�EHWZHHQ�WKH�ODNH
DQG�WKH�ODQG��RU�LQ�RWKHU�ZRUGV�WKH�FRDVWOLQH�

0XOWL�WHPSRUDO�LPDJHV�RI�/DQGVDW�VDWHOOLWH��0VV�
70��(70�FRPSRQHQWV��IRU�D�SHULRG�RI����\HDUV�KDYH
EHHQ� XVHG� WR� H[DPLQH� WKH� FKDQJHV� LQ�8UPLD� /DNH
FRDVWOLQH�� 6SHFWUDO� IHDWXUHV� DQG� SUHFLVLRQ� RI� HDFK
FRPSRQHQW�KDYH�EHHQ�JLYHQ�LQ�7DEOH����7R�GHWHUPLQH
WKH�FRDVWOLQH�RI�/DNH�8UPLD�GXULQJ�D����\HDU�SHULRG�
VXSHUYLVHG�FODVVLILFDWLRQ�PHWKRG�KDV�EHHQ�XVHG��$IWHU
UHTXLUHG�FRUUHFWLRQV�VXFK�DV�JHRPHWULF�DQG�UDGLRPHWULF
FRUUHFWLRQV�RQ�WKH�LPDJHV��WKH�GHWHFWLRQ�RI�FRDVWOLQH
ZDV�IROORZHG��7KH�PRVW�LPSRUWDQW�EDQG�XVHG�LQ�WKLV
VWHS�ZDV�WKH�LQIUDUHG�EDQG�RI�WKH�FRPSRQHQWV��EHFDXVH
LQ�WKLV�EDQG�ZDYH�OLPLW��WKH�YROXPH�RI�ZDWHU�RI�WKH�ODNH
GLVSOD\HG� VLJQLILFDQW� GLIIHUHQFHV� ZLWK� RWKHU� ODQG
SKHQRPHQD�

7R� XVH� WKH� VXSHUYLVHG� FODVVLILFDWLRQ�� WKH
SUHSDUDWLRQ�RI�WKH�WUDLQLQJ�DUHD�IURP�WKH�ODNH�VXUIDFH
KDV�EHHQ�FDUULHG�RXW��7KH�UHIOHFWLRQ�YDOXHV�LQ�WKHVH
DUHDV�KDYH�EHHQ�JHQHUDOL]HG�WR�WKH�HQWLUH�ODNH�VXUIDFH
XVLQJ�WKH�VRIWZDUH�DQG�WKXV��WKH�ERUGHU�EHWZHHQ�WKH
ODNH� DQG� VXUURXQGLQJ� DUHDV� KDV� EHHQ� VHW� SUHFLVHO\�
)LQDOO\��WKURXJK�WKH�DOJRULWKP�IRU�FRQYHUVLRQ�RI�WZR
YHFWRUV�� WKH� FRDVWOLQH� OLPLWV� KDYH� EHHQ� GUDZQ� IRU
GLIIHUHQW�\HDUV��7R�FDUU\�RXW�WKH�DQDO\VLV�RI�LPDJHV�WKH
(19,�VRIWZDUH�KDV�EHHQ�XVHG�

,Q�RUGHU�WR�PRGHO�WKH�ODNH�OHYHOV�LQ�UHODWLRQ�WR�WKH
DYHUDJHG�FOLPDWLF�FRQGLWLRQV�RYHU�WKH�FDWFKPHQW��WKH
LQWHU�DQQXDO�PRQWKO\�WLPH�VHULHV�RI�SUHFLSLWDWLRQ�DQG
DLU�WHPSHUDWXUH�ZHUH�XVHG��6XFK�GDWD�ZHUH�FROODWHG
IURP�WKH�&OLPDWH�5HVHDUFK�8QLW��&58��GDWDVHW��9HUVLRQ
�����DYDLODEOH�DW�KWWS���ZZZ�FUX�XHD�DF�XN�FUX�GDWD�KUJ���
)XWXUH�FOLPDWLF�FRQGLWLRQV�GHVFULELQJ�PRQWKO\�PHDQ
WHPSHUDWXUH�DQG�SUHFLSLWDWLRQ�UDWH� IRU�WKUHH�SHULRGV
������� ����� DQG� ������ZHUH� H[WUDFWHG� IURP� WKH
)XWXUH&OLP�GDWDVHW��)&&��-RQHV�HW�DO���������DFFRUGLQJ
WR� WZR�*OREDO�&OLPDWH�0RGHOV��*&0V��QDPHO\� WKH
0,52&B���B0('5(6� �1DWLRQDO� ,QVWLWXWH� IRU
(QYLURQPHQWDO�6WXGLHV��-DSDQ��DQG�03,B(&+$0�
�0D[�3ODQFN� ,QVWLWXWH� IRU�0HWHRURORJ\��*HUPDQ\��
$GGLWLRQDOO\��VFHQDULRV�$���$�%�DQG�%��IURP�6SHFLDO
5HSRUW�RQ�(PLVVLRQ�6FHQDULRV��65(6��ZHUH�DOVR�XVHG
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,QW��-��(QYLURQ��5HV���������������:LQWHU�����

LQ�RUGHU�WR�DFFRXQW�IRU�WKH�YDULDELOLW\�LQ�IXWXUH�FOLPDWH
FRQGLWLRQV� DQG� WR� GLVFXVV� WKH�PLWLJDWHG� LPSDFWV� RI
JOREDO�FOLPDWH�FKDQJH�RQ�8UPLD�ODNH�IXWXUH�OHYHOV���%DVHG
RQ�FXUUHQW�DQG�IXWXUH�FOLPDWH�SURMHFWLRQV�IRU�WKH�WKUHH
GLVWLQFW�SHULRGV�������������DQG��������DQ�LQWHU�DQQXDO
WLPH�VHULHV�RI�PRQWKO\�FOLPDWH�FRQGLWLRQV�IRU�WKH�SHULRG
���������� ZDV� GHULYHG��$FFRXQWLQJ� IRU� D� SDUW� RI
VWRFKDVWLFLW\� LQ� WKH� SURMHFWLRQV� UHODWHG� WR� PRQWKO\
FOLPDWH� YDULDELOLW\�� VXFK� WLPH�VHULHV�DOVR� UHIOHFW� WKH
WHPSRUDO�WUHQG�LQ�IXWXUH�PRQWKO\�FOLPDWH�YDULDEOHV�RYHU
WKH���WK�FHQWXU\��7KH�WLPH�VHULHV�ZHUH�EXLOW� LQ�WKUHH
PDMRU�VWHSV��)LUVWO\��WKH�IXWXUH�LQWHU�DQQXDO�WUHQG�RYHU
WKH� ��WK� FHQWXU\�ZDV� HVWLPDWHG� XVLQJ�*HQHUDOL]HG
/LQHDU�0RGHO��*/0���(DFK�PRQWKO\�SUHFLSLWDWLRQ�DQG
WHPSHUDWXUH� GDWD�ZDV� UHJUHVVHG� DJDLQVW� WKH� LQWHU�
DQQXDO�YDULDELOLW\�DVVXPLQJ�D�JDPPD�DQG�*DXVVLDQ
GLVWULEXWLRQ� RI� WKH�HUURUV�� UHVSHFWLYHO\��6HFRQGO\�� LQ
RUGHU� WR� DFFRXQW� IRU�PRQWKO\� YDULDELOLW\� LQ� IXWXUH
SURMHFWLRQV�� D� VWRFKDVWLF� ZHDWKHU� JHQHUDWRU� ZDV
GHYHORSHG��7KH�SUREDELOLW\�GLVWULEXWLRQ�IXQFWLRQ��3')�
RI�*/0�UHVLGXDOV�IRU�WKH�SHULRG�RI�&58�UHFRUGV�������
������ZDV�HVWLPDWHG��)RU�HDFK�\HDU�RI�WKH�SHULRG������
������RQH�YDOXH�IURP�WKH�HVWLPDWHG�3')�ZDV�UDQGRPO\
SLFNHG�XS�DQG�VXPPHG�WR�WKH�OLQHDU�WUHQG�WR�EXLOG�D
FRPSOHWH�WLPH�VHULHV��)LQDOO\��WKH�RYHUDOO�WZR�SUHYLRXV
VWHSV�ZHUH�UHSHDWHG�WHQ�WLPHV�LQ�RUGHU�WR�DFFRXQW�IRU�D
SDUW�RI�YDULDELOLW\�LQ�IXWXUH�FOLPDWH�SURMHFWLRQV�
7KH�LQWHU�DQQXDO�YDULDELOLW\�RI�ODNH�OHYHOV�ZDV�PRGHOHG
G\QDPLFDOO\�XVLQJ�FOLPDWLF�FRQGLWLRQV�RI�WKH�\HDU�DQG
ODNH�OHYHOV�RI�WKH�SUHYLRXV�\HDU��7R�V\QWKHVL]H�FOLPDWLF
FRQGLWLRQV��D�3ULQFLSDO�&RPSRQHQW�$QDO\VLV��3&$��ZDV
DSSOLHG�WR�WKH�DQQXDO�PRQWKO\�PHDQ�WHPSHUDWXUH�DQG
SUHFLSLWDWLRQ�GDWD��7KH�ILUVW�WKUHH�FRPSRQHQWV�RI�WKH
3&$��KHUHDIWHU��UHIHUHHG�DV�&/,0���&/,0���&/,0��
DFFRXQWHG� IRU�PRUH� WKDQ� ���� RI� WKH� WRWDO� FOLPDWH
YDULDELOLW\��7KH�FRPSRQHQWV�ZHUH�XVHG�DV�SUHGLFWRUV
LQ�WKH�PRGHO���7KH�PRGHO�ZDV�FDOLEUDWHG�DQG�YDOLGDWHG
IRU�WKH�SHULRG�RI�ODNH�UHFRUGV�E\�UDQGRPO\�VSOLWWLQJ�WKH
IXOO�GDWDVHW�LQWR�WZR�LQGHSHQGHQW�GDWDVHW��WKH�ILUVW����
EHLQJ�XVHG�IRU�WKH�FDOLEUDWLRQ�DQG�WKH�UHPDLQLQJ����
IRU� WKH� YDOLGDWLRQ�� 6LQFH� WKH� PRGHO� LV� WHPSRUDOO\
G\QDPLF�LQ�WHUPV�RI�OLQNLQJ�ODNH�OHYHOV�WR�DQWHFHGHQW
FRQGLWLRQV��VLPXODWLRQ�UHVXOWV�PD\�GHSHQG�RQ�LQLWLDO
FRQGLWLRQV�XVHG�WR�FDOLEUDWH�WKH�PRGHO��7R�DFFRXQW�IRU
WKH�YDULDELOLW\�LQ�VLPXODWLRQV�GXH�WR�LQLWLDO�FRQGLWLRQV�
DOO�SRVVLEOH�YDOXHV�LQ�WKH�FDOLEUDWLRQ�GDWDVHW�ZHUH�XVHG
WR�LQLWLDOL]H�WKH�PRGHO��7KH�RYHUDOO�PRGHO�FDOLEUDWLRQ
DQG�YDOLGDWLRQ�ZDV�UHSHDWHG�WHQ�WLPHV�DQG�YDOLGDWLRQ
UHVXOWV�ZHUH�DYHUDJHG�SHU�\HDU�
7KH�PRGHO�ZDV�YDOLGDWHG�RYHU�WKH�YDOLGDWLRQ�SHULRG
XVLQJ�WKH�FRHIILFLHQW�RI�GHWHUPLQDWLRQ��5ð��

5(68/76�	�',6&866,21
+DYLQJ�GHWHUPLQHG�WKH�FRDVWOLQHV��DUHD�RI�8UPLD

/DNH�KDV�EHHQ�FDOFXODWHG�DQG�WKH�UHVXOWV�DUH�SUHVHQWHG
LQ�7DEOH����,Q�WKLV�WDEOH��WKH�PD[LPXP�H[WUDFWHG�VXUIDFH
DUHD�ZDV������VTXDUH�NLORPHWHU�IRU�WKH�VWXG\LQJ�SHULRG
�����ZKLOH�WKH�PLQLPXP�DUHD�KDV�EHHQ�HVWLPDWHG�WR�EH
�����VTXDUH�NLORPHWHU�IRU�������$IWHU�������WKH�HYLGHQFHV
LQGLFDWH�GHFUHDVH�RI�WKH�ODNH¶V�VXUIDFH�DUHD��7KH�WUHQG
RI�WKLV�GHFUHDVH�KDV�EHHQ�DOPRVW�IL[HG�WLOO�������EXW
VLQFH�WKHQ�WKH�GHFUHDVLQJ�WUHQG�RI�WKH�ODNH¶V�DUHD�KDV
EHFRPH�TXLFNHU��VR�WKDW�LW� KDV�UHDFKHG������VTXDUH
NLORPHWHU�LQ������)LJ������7KHUHIRUH��ZKDW�H[WUDFWHG�IURP
WKH�WRWDO�WUHQG�RI�WKH�ODNH¶V�DUHD�IOXFWXDWLRQV�LQGLFDWHV
D�GHFUHDVH�RI�WKH�ODNH¶V�DUHD�ZLWK�D�WUHQG�RI�U �����
XVLQJ�WKH�DYDLODEOH�GDWD��7KH�UHVXOWV�RI�VDWHOOLWH�LPDJHV
SURFHVVLQJ�VKRZ�WKDW�PRVW�FKDQJHV�RFFXUUHG�LQ� WKH
VRXWKHUQ�DQG�HDVWHUQ�SDUWV�RI�WKH�ODNH�ZKHUH�WKH�GHSWK
YDOXH�LV�VPDOOHU�FRPSDUHG�ZLWK�RWKHU�DUHDV��7KH�ORZHVW
ODNH�UHWUHDW�RFFXUUHG�LQ�WKH�QRUWK�DQG�QRUWKZHVW�SDUWV�
'HVSLWH�WKH�UHODWLYHO\�UHPDUNDEOH�ULYHU�ZDWHU�GLVFKDUJH
LQWR�WKH�DUHD��WKH�VPDOO�GHSWK�YDOXHV�KDYH�FDXVHG�D
UHWUHDW�LQ�WKLV�VHFWLRQ�FRPSDUHG�ZLWK�VRXWKHUQ�SDUWV�
'XULQJ� UHFHQW� \HDUV� HVSHFLDOO\� LQ� ����� DQG� �����
FRQQHFWLRQ�RI�$VSLUH�DQG�$VKN�LVODQGV�LQ�WKH�PLGGOH
SDUW� RI� 8UPLD� /DNH� KDV� LQGLFDWHG� WKH� VDOW� DUHD
LQWHQVLILFDWLRQ��5HYHVKW\�DQG�0DUX\DPD���������%DVHG
RQ�H[LVWLQJ�GDWD�DERXW�ZDWHU�OHYHO��WKH�8UPLD�/DNH�ORQJ�
WHUP�DYHUDJH�ZDWHU�OHYHO�LQ�WKH�SHULRGV������������LV
HVWLPDWHG�WR�EH��������P�DERYH�VHD�OHYHO��)URP������WR
�����WKH�ODNH�ZDWHU�OHYHO�KDV�IDOOHQ�WR�WKH�ORQJ�WHUP
DYHUDJH�RI�DERXW�������PHWHUV��2YHUDOO��WKHVH�FKDQJHV
RI�ZDWHU�OHYHO� WUHQGV�DJUHH�ZLWK�WKRVH�PHDVXUHG�E\
RWKHU� UHVHDUFKHUV��ZKLFK�LQGLFDWH�KLJKHVW�GHFUHDVHV
GXULQJ�WKH�UHFHQW�GHFDGH��5HYHVKW\�DQG�0DUX\DPD�
�������,Q�JHQHUDO��DFFRUGLQJ�WR�WKH�ORQJ�WHUP�DYHUDJH
RI������������WKH�VXUIDFH�OHYHO�RI�8UPLD�/DNH�LV�GHFOLQLQJ
������FP�GHFDGH��3� ��������U� ��������5HGXFLQJ�WKH�ODNH
ZDWHU�OHYHO�ZLOO�UHGXFH�ODNH�VXUIDFH�DUHD��HVSHFLDOO\�LQ
WKH�VRXWKHUQ�KDOI�DQG�HDVWHUQ�SDUWV�RI�WKH�ODNH�ZKHUH
DYDLODEOH� HYLGHQFH� VKRZV� WR� EH� VKDOORZHU� LQ
FRPSDULVRQ�ZLWK�RWKHU�SDUWV�

7DEOH����8UPLD�/DNH¶V��VXUIDFH�DUHD�LQ�GLIIHUHQW
WLPH�SHULRGV

/DNH�$UHD�.P��<HDU
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7LVVHXLO��&��HW�DO�

)LJ�����&RDVWOLQH�)OXFWXDWLRQV�RI�8UPLD�/DNH�IURP
�����WR�����

7R� VKRZ� WKH� WUHQG� RI� FKDQJHV� RI� WKH� DYHUDJH
WHPSHUDWXUH�DQG�SUHFLSLWDWLRQ��WZR�WLPH�VFDOHV�RI�WKH
SDVW� DQG� IXWXUH� KDV� EHHQ� WDNHQ� LQWR� DFFRXQW�� 7R
FKDUDFWHUL]H�WKH�FKDQJHV�LQ�FOLPDWH�FRPSRQHQWV� IRU
WLPH�VFDOH�RI�WKH�SDVW�DQG�WKDW�RI�IXWXUH�WKH�ORQJLWXGLQDO
GDWD�VHW�EHWZHHQ������DQG������DQG�EHWZHHQ������DQG
�����KDYH�EHHQ�XVHG��UHVSHFWLYHO\��,Q�DQ�RYHUYLHZ�RI
WKH�WUHQG�RI�FKDQJHV�LQ�DYHUDJH�WHPSHUDWXUH�EHWZHHQ
�����DQG�������LW�LV�LQGLFDWHG�WKDW�LQ�PRVW�PRQWKV�RI
WKH�\HDU�D�VLJQLILFDQW�ULVH�KDV�RFFXUUHG�LQ�WHPSHUDWXUH�
ZLWK�WKH�KLJKHVW�FRUUHODWLRQ�FRHIILFLHQW�RI�U �����IRU
-XQH� DQG� WKH� ORZHVW� RQH� RI� U � ����� IRU�1RYHPEHU�
6LPLODUO\��VXFK�WUHQG�RI�ULVH�LQ�WHPSHUDWXUH�GLVSOD\V�D
VLJQLILFDQW�OHYHO�RI�DQQXDO�ULVH������Ò&�GHFDGH��U �����
�7DEOH�����'XH�WR�WKH�YDOXHV�RI�FRUUHODWLRQ�FRHIILFLHQW
IRU�SUHFLSLWDWLRQ��D�FRPSOHWH�XQGHUVWDQGLQJ�RI�RYHUDOO
WUHQG� RI� FKDQJHV� LQ� SUHFLSLWDWLRQ� RYHU� WKH� /DNH� LV
LPSRVVLEOH��EHFDXVH�LQ�PDMRULW\�RI�WKH�PRQWKV�H[FHSW
IRU�0D\��U �������-XQH��U �������'HFHPEHU��U �����DQG
-XO\��U �������ZKLFK�DUH�HLWKHU�VLJQLILFDQW�RU�FORVH�WR�D
VLJQLILFDQW�OHYHO��WKH�WUHQGV�RI�FKDQJHV�DUH�DFFLGHQWDO
�7DEOH� ��� � 7KH� FKDQJHV� RI� DQQXDO� DYHUDJH� RI
SUHFLSLWDWLRQ�GLVSOD\V�D�GHFUHDVLQJ�WUHQG�HYHU\�GHFDGH
IURP������WR������������PP�GHFDGH��U ��������+DYLQJ
H[DPLQHG�WKH�FOLPDWH�W\SH�RI�/DNH�8UPLD�E\�WKH�XVH�RI
'H�0DUWLQ�PHWKRG��D�GHFUHDVLQJ�WUHQG�IRU�-DQXDU\��U �
������0D\��U ��������-XQH��U �������DQG�'HFHPEHU��U ����
DQG�DQ�LQFUHDVLQJ�WUHQG�IRU�-XO\��U �������KDV�EHHQ
REVHUYHG�� 'HVSLWH� WKH� GLIIHUHQW� PRQWKO\� WUHQG� RI
FKDQJHV��DQQXDO�DYHUDJH�LQGLFDWHV�D�WUHQG�RI�FKDQJHV

LQ�FOLPDWH�WRZDUGV�ZDUPHU�DQG�PRUH�DULG�FOLPDWH�������
,$��GHFDGH��U �������7DEOH����

,W�LV�LPSRUWDQW�WR�NQRZ�WKDW�FRUUHODWLRQ�EHWZHHQ
REVHUYHG� GDWD� DQG� IOXFWXDWLRQV� RI� WKH� GHSWK� RI� WKH
/DNH�KDV�EHHQ�FDOFXODWHG�IRU�SUHFLSLWDWLRQ�U �������,W
LQGLFDWHV� WKH� IDFW� WKDW� WKH� PRUH� �RU� OHVV�� WKH
SUHFLSLWDWLRQ��WKH�KLJKHU��RU�ORZHU��WKH�ZDWHU�OHYHO�LV
�U ��������5HJDUGLQJ�WHPSHUDWXUH��ZLWK�DQ�LQFUHDVH��RU
GHFUHDVH��LQ�WHPSHUDWXUH��WKH�ZDWHU�OHYHO�RI�WKH�/DNH
KDV� EHHQ� LQFUHDVHG� �RU� GHFUHDVHG���8OWLPDWHO\�� WKH
FRUUHODWLRQ�FRHIILFLHQW�EHWZHHQ�WKH�TXDQWLWDWLYH�YDOXHV
RI�FOLPDWH� W\SH�DQG� IOXFWXDWLRQV�RI� WKH�GHSWK�RI� WKH
/DNH�KDV�EHHQ�FDOFXODWHG�DV�U �������7KLV�PHDQV�WKDW
ZLWK�D�GHFUHDVH��RU�LQFUHDVH��LQ�TXDQWLWDWLYH�YDOXHV�RI
FOLPDWH�W\SH��ZKLFK�LV�LQGLFDWLYH�RI�PRUH�KXPLG��RU
GU\HU��FRQGLWLRQV��WKH�OHYHO�RI�ZDWHU�VXUIDFH�KDV�EHHQ
LQFUHDVHG��RU�GHFUHDVHG���7KHUHIRUH��DFFRUGLQJ�WR�WKH
FRUUHODWLRQ�FRHIILFLHQW�FDOFXODWHG��WKH�UROH�RI�FKDQJHV
LQ�FOLPDWH�FRPSRQHQWV�FDQ�EH�FRQVLGHUHG�SURPLQHQW�LQ
WKH�IOXFWXDWLRQV�RI�WKH�ZDWHU�OHYHO�RI�WKH�/DNH��8VLQJ
WKH�RYHUDOO�DYHUDJH�DFFRUGLQJ�WR�WZR�PRGHOV�RI�JHQHUDO
DWPRVSKHULF�FLUFXODWLRQ�DQG� WKUHH�DERYH�PHQWLRQHG
VFHQDULRV��LW�KDV�EHHQ�VKRZQ�WKDW�DV�ZLWK�REVHUYDWLRQDO
GDWD�IRU�WHPSHUDWXUH��WKH�LQFUHDVLQJ�WUHQG�RI�FKDQJHV
LQ�WHPSHUDWXUH�ZRXOG�EH�H[SHFWHG�LQ�WKH�IXWXUH��7KH
ORZHVW�FRUUHODWLRQ�FRHIILFLHQW�RI�U �����LQ�1RYHPEHU
DQG�WKH�KLJKHVW�RQH�IRU�$SULO�ZLWK�DQ�U �����KDYH�EHHQ
UHFRUGHG��$OVR� WKH� LQFUHDVLQJ� WUHQG� RI� DQQXDO
WHPSHUDWXUH�DW�KLJKHVW�YDOXH�������R&�GHFDGH��U �����
LQGLFDWHV�DQ�LQFUHDVH�LQ�WHPSHUDWXUH�RI�������GHJUHHV
FHQWLJUDGH� E\� WKH� \HDU� ����� LQ� WKH� /DNH� UHJLRQ�
5HJDUGLQJ�WKH�VLPXODWHG�GDWD�IRU�PRQWKO\�SUHFLSLWDWLRQ�
LW�LV�LQGLFDWHG�WKDW�DSDUW�IURP�WKUHH�PRQWKV�RI�0D\�
-XO\�DQG�1RYHPEHU�ZKLFK�GLVSOD\�DQ�LQFUHDVLQJ�WUHQG
E\�������LQ� RWKHU�PRQWKV�WKHUH�LV�D�VLJQLILFDQW�DQG
UHOLDEOH�GHFUHDVH�LQ�SUHFLSLWDWLRQ��7KXV��LW�LV�H[SHFWHG
WKDW� WKH� DQQXDO�DYHUDJH� RI� SUHFLSLWDWLRQ� ������PP�
GHFDGH��U �������GHFUHDVHV�DV�����PP�E\�WKH�\HDU������
6R��WKH�WUHQG�RI�FKDQJH�RI�FOLPDWH�RI�WKH�/DNH�WRZDUGV
ZDUPHU� DQG�PRUH� DULG� FOLPDWH�ZLWK� D� GHFUHDVH� LQ
SUHFLSLWDWLRQ�DQG�DQ�LQFUHDVH�LQ�WHPSHUDWXUH�ZLOO�EH
LQHYLWDEOH��:LWK� H[FHSWLRQ� RI� WZR�PRQWKV� RI�0D\
�U ������DQG�-XO\��U �������D�GHFUHDVLQJ�WUHQG�IRU�RWKHU
PRQWKV�LV�REVHUYHG�ZKLFK�LQGLFDWHV�WKH�VKLIW�WRZDUGV
D�ZDUP�DQG�DULG�FOLPDWH��6LPLODUO\��WKH�RXWSXW�RI�WKH
DQQXDO�WUHQG�RI�WKH�FOLPDWH�VKRZV�D�GHFUHDVH�RI�WKLV
FRHIILFLHQW��������,$��GHFDGH��U �������DV�,$ �������E\
WKH�\HDU�������7KH�RYHUDOO�DYHUDJH�RI�FKDQJHV�LQ�WKUHH
FRPSRQHQWV�RI�WHPSHUDWXUH��SUHFLSLWDWLRQ�DQG�FOLPDWH
W\SH�KDV�EHHQ� LQYHVWLJDWHG�IRU�VL[�SHULRGV�ZLWKLQ�WKH
WLPH�VSDQ�IURP������WR�������5HJDUGLQJ�)LJV������DQG���
DOWKRXJK� WKH� DYHUDJH� WHPSHUDWXUH�ZLOO� EH� LQFUHDVHG
GXULQJ�IXWXUH�SHULRGV��WKH�WUHQG�IRU�SUHFLSLWDWLRQ�DQG
FOLPDWH�FRQGLWLRQV�LV�H[SHFWHG�WR�GHFUHDVH��6XFK�SDWWHUQ
LQGLFDWHV�D�VKLIW�WRZDUGV�D�ZDUP�DQG�DULG�FOLPDWH�W\SH�
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/DNH� OHYHOV�IURP� WKH�SUHYLRXV�\HDU�DQG�FXUUHQW
FOLPDWH� FRQGLWLRQV�ZHUH� VLJQLILFDQWO\� FRUUHODWHG� WR
FXUUHQW�OHYHOV�RI�WKH�8UPLD�/DNH�IRU�WKH�FRQWURO�SHULRG
�7DEOH�����7KH�PRGHO�ZDV�VDWLVIDFWRULO\�YDOLGDWHG�VLQFH
WKH� FRUUHODWLRQ� FRHIILFLHQW� EHWZHHQ� VLPXODWHG� DQG
REVHUYHG�OHYHOV�ZDV�KLJK��5ð�a���������5HJDUGLQJ�WKH
WKUHH� VLPXODWLRQ� VFHQDULRV�� LW� VKRZV� WKDW� WKH�ZRUVW
HVWLPDWLRQ�RI�WKH�GHFUHDVH�LQ�ZDWHU�OHYHO�DV�������PHWHUV
LQ�HYHU\�GHFDGH�EHORQJV�WR�WKH�VFHQDULR�$�%��6R��LW�LV
H[SHFWHG�WKDW�E\�WKH�\HDU�������WKH�ZDWHU�OHYHO�RI�WKH
ODNH�ZRXOG�H[SHULHQFH�D�GHFUHDVH�RI��������PHWHUV��2Q
WKH�RWKHU�KDQG��WKH�EHVW�HVWLPDWLRQ�LQGLFDWLQJ�WKH�OHDVW
GHFUHDVH�LQ�ZDWHU�OHYHO�EHORQJV�WR�VFHQDULR�%���7KLV
VFHQDULR�SURMHFWV�WKDW�LQ�HYHU\�GHFDGH� IURP������WR
������LQ�DYHUDJH������PHWHUV�RI�ZDWHU�OHYHO�ZLOO�GHFUHDVH�
ZLWK�DQ�H[SHFWDWLRQ�RI��������PHWHUV�GHFUHDVH�RI�ZDWHU
OHYHO�RI�WKH�/DNH�E\�WKH�\HDU������)LJ������:KDW�LV

7DEOH����6XPPDU\�RI�OLQHDU�PRGHO

'I� 'HYLDQFH�5HVLG� 'I� 5HVLG�'HY� )� 3U�!)��

18//� � � ��� ������� � �
OHYHOBPHDQB�� �� �������� ��� ������� ��������� �����H����
$[LV�� �� ������� ��� ������� �������� ����������
$[LV�� �� ������� ��� ������� ������ ����������

$[LV�� �� ������� ��� ������� ������� ����������

LQGLFDWHG� E\� WKUHH� VFHQDULRV� DQG�PRGHOV� DERXW� WKH
RYHUDOO�FKDQJHV�LV�WKH�GHFUHDVH�LQ�WKH�ZDWHU�OHYHO�DV��
�����PHWHUV�LQ�HYHU\�GHFDGH�EHJLQQLQJ�IURP������WR
������7KHUHIRUH��LW�FDQ�EH�HVWLPDWHG�WKDW�E\�WKH�\HDU
������������PHWHUV�RI�WKH�ZDWHU�OHYHO�RI�WKH�/DNH�ZLOO
GHFUHDVH�

,W�LV�ZRUWK\�WR�QRWH�WKDW�WKH�GHFUHDVLQJ�SURFHVV�RI
ZDWHU�OHYHO�LQ�WKH�ODVW�GHFDGHV�RI�WKH���VW�FHQWXU\�LV�IDU
PRUH�WKDQ�WKDW�LQ�LWV�ILUVW�RQH��DOWKRXJK�WKH�DYHUDJH�RI
GHFUHDVH�LQ�ZDWHU�OHYHO�LQ�HYHU\�GHFDGH�IURP������WR
�����LV�������PHWHUV��WKLV�YDOXH�LV�������DQG�������PHWHUV
IRU�����������DQG�����������GHFDGHV��UHVSHFWLYHO\�
7KHUHIRUH�� LW� LV� HVWLPDWHG�WKDW�� WKH�GLIIHUHQFH�RI� WKH
ZDWHU�OHYHO�RI�WKH�/DNH�EHWZHHQ�WKH�ODVW�GHFDGH�RI���VW
FHQWXU\�DQG�WKH�ILUVW�RQH�ZRXOG�EH�DURXQG����PHWHUV
�)LJ�����

)LJ�����3URMHFWHG�LPSDFW�RI�FOLPDWH�FKDQJH�RQ�8UPLD�ODNH�OHYHOV�IURP������WR�������3URMHFWHG�UHVXOWV�DUH�VKRZQ
EHWZHHQ��WK�DQG���WK�SHUFHQWLOHV�UHVXOWLQJ�IURP�WZR�*&0V��WKUHH�65(6�VFHQDULRV�DQG�WHQ�/DNH�0RGHO�UXQV
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7LVVHXLO��&��HW�DO�

7KH�ORQJ�WHUP�DYHUDJH�UDLQIDOO�������������IRU�WKH
8UPLD�/DNH�LV�����PP��,Q�WKH�SHULRG������WR�������WKH
DYHUDJH�DQQXDO�SUHFLSLWDWLRQ�IHOO�IRU�WKUHH�FRQVHFXWLYH
ORQJ�WHUP� DYHUDJHV��$FFRUGLQJO\�� WKH� DPRXQW� RI
SUHFLSLWDWLRQ��ZDV�DERXW�����PP������PP�DQG����PP
OHVV�WKDQ�WKH�ORQJ�WHUP�DYHUDJH�IRU�WKH�\HDU�����������
DQG�������UHVSHFWLYHO\��7KLV�LV�UHIHUUHG�DV�WKH�VWDUWLQJ
SRLQW�IRU�WKH�ODNH�OHYHO�GHFOLQH��)LJ������$QWKURSRJHQLF
SDUDPHWHUV�KDYH�DOVR�DFFHOHUDWHG�WKH�/DNH�OHYHO�GHFOLQH
DQG� SOD\� D� NH\� UROH� LQ� GHWHULRUDWLQJ� WKH� VWDWXV�� ,W
FHUWDLQO\�FDQQRW�EH�VWDWHG�WKDW�WKH�PDLQ�UHDVRQ�IRU�WKH
GHFOLQH�LQ�ODNH�OHYHOV�LV�DWWULEXWHG�WR�WKH�FOLPDWH�FKDQJH
LQ� UHFHQW�\HDUV��%XW� WKH�KXPDQ�IDFWRU�DV�RQH�RI� WKH
PDLQ�SURFHVVHV��FRXOG�H[DFHUEDWH�WKH�ORZHULQJ�SURFHVV
RI�WKH�ODNH�OHYHO�

&21&/86,21
,Q�WKH�SUHVHQW�UHVHDUFK��GXH�WR�WKH�VLJQLILFDQFH�RI

ODNHV�LQ�QDWXUDO�HFRV\VWHPV��WKH�HIIHFW�RI�FOLPDWH�FKDQJH
RQ�8UPLD�/DNH¶V�OHYHO�IOXFWXDWLRQV�KDV�EHHQ�VWXGLHG�
)RU�WKH� SXUSRVH�RI�WKLV� UHVHDUFK��HIIHFWV�RI�FOLPDWLF
FRPSRQHQWV�RQ�8UPLD�/DNH¶V�OHYHO�IOXFWXDWLRQV�KDYH
EHHQ�DVVHVVHG�LQ�ERWK�SDVW�DQG�IXWXUH�VFDOHV��$W�ILUVW�
3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQWV�KDYH�EHHQ�HVWLPDWHG
LQ�RUGHU�WR�LQGLFDWH� UHODWLRQVKLS�DPRQJ�WKH�DYHUDJH
WHPSHUDWXUH��SUHFLSLWDWLRQ�UDWH�DQG�FOLPDWH�W\SH�RI�WKH
VWXG\�DUHD��,Q�WKH�QH[W�VWHS��*&0�PRGHOV�KDYH�EHHQ
XVHG�IRU�VLPXODWLQJ�FOLPDWLF�FRPSRQHQWV�HIIHFWV�RQ�WKH
ODNH¶V� ZDWHU� OHYHO� IOXFWXDWLRQV�� 2QH� RI� WKH� PRVW
VLJQLILFDQW�UHVXOWV�DFKLHYHG�IRU�WKH�IXWXUH�GHFDGHV�LV
WKH�LQFUHDVH�RI�WKH�ODNH¶V�WHPSHUDWXUH�IRU�DURXQG����
GHJUHHV�FHQWLJUDGH�WLOO������LQ�FRPSDULVRQ�ZLWK�WKH
ORQJ�WHUP�DYHUDJH�RI������WR�������)XUWKHUPRUH��WKH
YDOXHV�H[WUDFWHG�IURP�SUHFLSLWDWLRQ�UDWH�DQG�FOLPDWH�W\SH
RI� WKH� ]RQH� DOVR� LQGLFDWH� D� UHPDUNDEOH� GHFUHDVH� RI
TXDQWLWDWLYH�YDOXHV�LQ�WKH�IXWXUH�GHFDGHV��$FFRUGLQJO\�
WKH�FOLPDWH�W\SH�H[WUDFWHG�IRU�WKH�\HDU������ZLWK�QXPHULF
YDOXH�RI�DURXQG�������ZLOO�EH�HQWHUHG�D�QHZ�SKDVH�FDOOHG
DULG�FOLPDWH�IRU�WKH�ILUVW�WLPH�LQ�UHFHQW�GHFDGHV����$OVR
WKH�UHVXOWV�RI�WKLV�SDSHU�VKRZ�WKDW�KXPDQ�HIIHFWV�DQG
XQFRQWUROOHG� H[SORLWDWLRQ� RI� ZDWHU� UHVRXUFHV� KDV
FDXVHG�WKH�8UPLD�/DNH�ZDWHU�OHYHO�WR�VXIIHU�D�VKDUS
GURS�GXULQJ�WKH�UHFHQW�GHFDGH��:LWKLQ�WKLV�SHULRG�WKH
/DNH�ZDWHU�OHYHO�LV�GURSSHG�DSSUR[LPDWHO\���PHWHUV�
&RQVHTXHQWO\��WKH�/DNH�VXUIDFH�DUHD�LV�GLPLQLVKHG�IURP
�����VTXDUH�NLORPHWHUV�LQ������WR�DERXW������VTXDUH
NLORPHWHUV�LQ�������$FFRUGLQJ�WR�WKH�UHVXOWV�DFKLHYHG
E\� VWDWLVWLFDO� PRGHOV� DQG� WLPH� VHULHV�� LI� WKLV� WUHQG
FRQWLQXHV��WKH�/DNH�OHYHO�ZLOO�EH�UHGXFHG�DURXQG���PRUH
PHWHUV� LQ� ������ � 6XFK� LVVXH�ZRXOG� FDXVH� DGYHUVH
HQYLURQPHQWDO�HIIHFWV�GXH�WR�VDOW�LQWHQVLILFDWLRQ�ZLWKLQ
WKH� UHJLRQ�� 7KH� ORVV� RI� DGMDFHQW� DJULFXOWXUDO� ODQGV
EHFDXVH� RI� VDOW� WUDQVSRUW� E\� WKH� ZLQGV� DQG
FRQVHTXHQWO\� D� UHPDUNDEOH� HFRQRPLF� ORVV�ZLOO� EH

KDSSHQHG� LQ� WKH� UHJLRQ�� 2Q� RWKHU� KDQG�� WKH� HYHU
GHFUHDVLQJ�ZDWHU�OHYHO�ZRXOG�LQFUHDVH�WKH�DPRXQW�RI
VDWXUDWHG�VDOW�ZDWHU��DURXQG�����PJ�OLW�DW�WKH�WLPH�RI
WKLV� UHVHDUFK��� 6XFK� FRQGLWLRQ�ZRXOG� HQGDQJHU� WKH
VXUYLYDO�RI�$UWHPLD�DQG�FRQVHTXHQWO\�ZRXOG�GLVWXUE
WKH�PLJUDWRU\�ELUGV¶�KDELWDW�

5()(5(1&(6
$KPDGL�� 5���0RKHEEL�� )��� +DJLJL��3��� (VPDLOO\�� /�� DQG
6DOPDQ]DGHK�� 5�� �������� 0DFUR�LQYHUWHEUDWHV� LQ� WKH
:HWODQGV� RI� WKH� =DUULQHK� HVWXDU\� DW� WKH� VRXWK� RI� 8UPLD
/DNH��,UDQ���,QW��-��(QYLURQ��5HV��������������������

$KPDG]DGHK� .RN\D�� 7��� 3HMPDQ�� $�� +��� 0DKLQ
$EGROODK]DGHK��(���$KPDG]DGHK�.RN\D��%�� �DQG�1D]DULKD�
0����������(YDOXDWLRQ�RI�VDOW�HIIHFWV�RQ�VRPH�WKHUPRG\QDPLF
SURSHUWLHV�RI�8UPLD�/DNH�ZDWHU��,QW��-��(QYLURQ��5HV���������
��������

$ULDV��$��+���3LFFROR��0��&���6SHWWHU��&��9���)UHLMH��5��+��DQG
0DUFRYHFFKLR��-��(�� ��������/HVVRQV�)URP�0XOWL�GHFDGDO
2FHDQRJUDSKLF�0RQLWRULQJ� DW� DQ� (VWXDULQH�(FRV\VWHP� LQ
$UJHQWLQD��,QW��-��(QYLURQ��5HV������������������

$VKUDIL��.K���6KDILHSRXU��0���*KDVHPL��/��DQG�1DMDU�$UDDEL�
%����������3UHGLFWLRQ�RI�&OLPDWH�&KDQJH�,QGXFHG�7HPSHUDWXUH
5LVH�LQ�5HJLRQDO�6FDOH�8VLQJ�1HXUDO�1HWZRUN��,QW��-��(QYLURQ�
5HV������������������

$]DUL�7DNDPL��*����������8UDHPLD�/DNH�DV�D�YDOXDEOH�VRXUFH
RI�$UWHPLD�IRU�IHHGLQJ�VWXUJHRQ�IU\��-��9HW��)DF��8QLY��7HKUDQ�
���������

%DJKYDQG��$���1DVUDEDGL�7���1DEL�%LGKHQGL�*��5���9RVRRJK�
$���.DUEDVVL�$��5�� DQG�0HKUGDGL�1�� �������� *URXQGZDWHU
TXDOLW\� GHJUDGDWLRQ� RI� DQ� DTXLIHU� LQ� ,UDQ� FHQWUDO� GHVHUW�
'HVDOLQDWLRQ���������������������

%OHQFNQHU��7���2PVWHGW��$��DQG�5XPPXNDLQHQ��0���������
$�6ZHGLVK�FDVH�VWXG\�RI�FRQWHPSRUDU\� DQG�SRVVLEOH� IXWXUH
FRQVHTXHQFHV� RI� FOLPDWH� FKDQJH� RQ� ODNH� IXQFWLRQ��$TXDW�
6FL��������±���

%RX]LQDF��&���)RQW��-��DQG�-RKDQQHVVHQ��-����������$QQXDO
F\FOHV�RI�VHD�OHYHO�DQG�VHD�VXUIDFH�WHPSHUDWXUH�LQ�WKH�ZHVWHUQ
0HGLWHUUDQHDQ�6HD�� -RXUQDO�RI� *HRSK\VLFDO�5HVHDUFK�����
�&���������

&DEDQHV��&���&D]HQDYH��$��DQG�/H�3URYRVW��&����������6HD
OHYHO�ULVH�GXULQJ�SDVW����\HDUV�GHWHUPLQHG�IURP�VDWHOOLWH�DQG
LQ�VLWX�REVHUYDWLRQV��6FLHQFH����������±����

&KHOWRQ��'��%��DQG�'DYLV��5��(����������0RQWKO\�PHDQ�VHD
OHYHO� YDULDELOLW\� DORQJ� WKH�ZHVW� FRDVW� RI�1RUWK�$PHULFD�
-RXUQDO�RI�3K\VLFDO�2FHDQRJUDSK\���������±����

&KHQ��-��/���:LOVRQ��&��5���7DSOH\��%��'���&KDPEHUV��'��3�
DQG�3HNNHU��7��� ��������+\GURORJLFDO� LPSDFWV�RQ� VHDVRQDO
VHD�OHYHO�FKDQJH��*OREDO�DQG�3ODQHWDU\�&KDQJHV���������±���

'DYLG�� 0��� 7KRPVRQ�� )��� *DU\� 3��� 6KDIIHU�� - �� DQG
0F&RUTXRGDOH��$�� ��������$� SRWHQWLDO� LQWHUDFWLRQ� EHWZHHQ
VHD�OHYHO� ULVH� DQG� JOREDO�ZDUPLQJ�LPSOLFDWLRQV� IRU� FRDVWDO
VWDELOLW\�RQ� WKH�0LVVLVVLSSL�5LYHU�'HOWDLF�3ODLQ��*OREDO�DQG
3ODQHWDU\�&KDQJHV��������±����



��

,QW��-��(QYLURQ��5HV���������������:LQWHU�����

)DQJ��;���6WHIDQ��+��*��DQG�$ODP��6��$����������6LPXODWLRQ
DQG�YDOLGDWLRQ�RI� ILVK�WKHUPDO�'2�KDELWDW� LQ�1RUWK�&HQWUDO
8�6�� ODNHV� XQGHU�GLIIHUHQW� FOLPDWH�VFHQDULRV��(FRO��0RGHO��
��������±����

)DU]LQ��6���,IDHL��3���)DU]LQ��1���+DVVDQ]DGHK��<��DQG�$DODPL�
0��7�� ��������$Q�,QYHVWLJDWLRQ�RQ�&KDQJHV�DQG�3UHGLFWLRQ
RI�8UPLD�/DNH�ZDWHU�6XUIDFH�(YDSRUDWLRQ�E\�&KDRV�7KHRU\�
,QW��-��(QYLURQ��5HV������������������

*XLQGHU��9��$���3RSRYLFK��&��$��DQG�3HULOOR��*��0��(���������
3K\WRSODQNWRQ�DQG�3K\VLFRFKHPLFDO�$QDO\VLV� RQ� WKH�:DWHU
6\VWHP�RI� WKH�7HPSHUDWH�(VWXDU\� LQ�6RXWK�$PHULFD�%DKtD
%ODQFD�(VWXDU\��$UJHQWLQD��,QW��-��(QYLURQ��5HV��������������
����

+XGDN��3��)����������6SDWLDO�'LVWULEXWLRQ�RI�6ROXWHV�LQ�$TXLIHU
2XWFURS�=RQHV�DORQJ�WKH�%UD]RV�5LYHU��(DVW�&HQWUDO�7H[DV�
,QW��-��(QYLURQ��5HV������������������

+DVVHQ��+���+DQDNL��.��DQG�0DWVXR��7����������$�PRGHOLQJ
DSSURDFK� WR� VLPXODWH� LPSDFW� RI� FOLPDWH� FKDQJH� ODNH�ZDWHU
TXDOLW\��SK\WRSODQNWRQ� JURZWK�UDWH� DVVHVVPHQW��:DWHU� 6FL�
7HFKQRO��������������±����

+DXVHU��)��5���%DURQ��-��6���&DPSEHOO��'��+���)DXVFK��.��'��
+RVWHWOHU��6��:���/HDYHVOH\��*��+���/HYLWW��3��5���0F.QLJKW�
'��0�� DQG� 6WDQIRUG�� -��$�� ��������$VVHVVPHQW� RI� FOLPDWH
FKDQJH�DQG�IUHVKZDWHU�HFRV\VWHPV�RI�WKH�5RFN\�0RXQWDLQV�
86$�DQG�&DQDGD��+\GURO��3URFHVV��������������±����

+RXJKWRQ��-��7���0HLUD�)LOKR��/��*���&DOODQGHU��%�$���+DUULV�
1���.DWWHQEHUJ��$��DQG�0DVNHOO��.���(GV������������&OLPDWH
&KDQJH������7KH�6FLHQFH�RI�&OLPDWH�&KDQJH��&RQWULEXWLRQ
RI�:RUNLQJ�*URXS� ,� WR� WKH�6HFRQG�$VVHVVPHQW�5HSRUW� RI
WKH�,QWHUJRYHUQPHQWDO�3DQHO�RQ�&OLPDWH�&KDQJH��&DPEULGJH
8QLY��3UHVV��&DPEULGJH��8.�� SS�����±����

,3&&�� �������� ,Q��0RVV��5��+���:DWVRQ��7��7���=LQ\RZHUD�
0�&�� �(GV���� &OLPDWH�&KDQJH� ������ ,PSDFWV��$GDSWDWLRQV�
DQG�0LWLJDWLRQ� RI� &OLPDWH�&KDQJH�� 6FLHQWLILF�7HFKQLFDO
$QDO\VLV��&DPEULGJH�8QLYHUVLW\�3UHVV��8.������ SS�

-RQHV�� 3�� *��� 7KRPWRQ�� 3�� .�� DQG� +HLQNH�� -�� �������
*HQHUDWLQJ�FKDUDFWHULVWLF�GDLO\�ZHDWKHU�GDWD�XVLQJ�GRZQVFDOHG
FOLPDWH�PRGHO� GDWD� IURP� WKH� ,3&&¶V�)RXUWK�$VVHVVPHQW�
3URMHFW�5HSRUW� ³6XSSRUWLQJ� WKH� YXOQHUDEOH�� ,QFUHDVLQJ� WKH
DGDSWLYH� FDSDFLW\� RI� DJUR�SDVWRUDOLVWV� WR� FOLPDWLF�FKDQJH� LQ
:HVW�DQG�6RXWKHUQ�$IULFD�XVLQJ�D�WUDQV�GLVFLSOLQDU\�UHVHDUFK
DSSURDFK´�

.DUEDVVL��$��� %LGKHQGL��*��� 3HMPDQ��$�� DQG�%LGKHQGL��0�
�������� (QYLURQPHQWDO� LPSDFWV� RI� GHVDOLQDWLRQ� RQ� WKH
HFRORJ\�RI�/DNH�8UPLD��-RXUQDO�RI�*UHDW�/DNHV�5HVHDUFK����
�������������

.DUEDVVL��$��5���0LU�0RKDPPDG�+RVVHLQL��)��� %DJKYDQG�
$��DQG�1D]DULKD��0����������'HYHORSPHQW�RI�:DWHU�4XDOLW\
,QGH[��:4,�� IRU�*RUJDQURRG�5LYHU��,QW��-��(QYLURQ��5HV����
���������������

.DYLDQ��$��� )DWKROODK� 1HMDG��<��� +DELEQHMDG��0�� DQG
6ROHLPDQL��.����������0RGHOLQJ�6HDVRQDO�5DLQIDOO�(URVLYLW\
RQ�D�5HJLRQDO� VFDOH��$�FDVH�6WXG\� IURP�1RUWKHDVWHUQ� ,UDQ�
,QW��-��(QYLURQ��5HV������������������

.RPDWVX�� (���)XNXVKLP��7�� DQG�+DUDVDZ��+�� �������� �$
PRGHOLQJ�DSSURDFK�WR�IRUHFDVW�WKH�HIIHFW�RI�ORQJ�WHUP�FOLPDWH
FKDQJH�RQ�ODNH�ZDWHU�TXDOLW\��HFRORJLFDO�PRGHOLQJ����������±
����

/HL��/���-LDQ��/���<XWDR��:���1YMLH��:��DQG�5HQTLQJ��:���������
&RVW�EHQHILW�$QDO\VLV� DQG� 3D\PHQWV�)RU�:DWHUVKHG�VFDOH
:HWODQG�5HKDELOLWDWLRQ��$�&DVH�6WXG\�LQ�6KDQGRQJ�3URYLQFH�
&KLQD��,QW��-��(QYLURQ��5HV������������������

/L��+���:DQJ��<����6KL��/�4����0L��-����6RQJ��'��DQG�3DQ��;��-�
�������� � 'LVWULEXWLRQ� DQG�)UDFWLRQV� RI� 3KRVSKRUXV� DQG
1LWURJHQ� LQ� 6XUIDFH�6HGLPHQWV� IURP�'LDQFKL� /DNH��&KLQD�
,QW��-��(QYLURQ��5HV������������������

0DGDQL��6K���$KPDGLDQ��0���.KDOLOL$UDJKL��0��DQG�5DKEDU�
)����������(VWLPDWLQJ�7RWDO�(FRQRPLF�9DOXH�RI�&RUDO�5HHIV
RI�.LVK� ,VODQG� �3HUVLDQ�*XOI��� ,QW�� -�� (QYLURQ��5HV����� ����
������

0DJQXVRQ��-��-���:HEVWHU��.��(���$VVHO��5��$���%RZVHU��&��-��
'LOORQ��3��-���(DWRQ��-��*���(YDQV��+��(���)HH��(��-���+DOO��5��,��
0RUWVFK��/�5���6FKLQGOHU��'��:��DQG�4XLQQ��)��+���������
3RWHQWLDO�HIIHFW�RI�FOLPDWH�FKDQJHV�RQ�DTXDWLF�V\VWHPV�
/DXUHQWLDQ�*UHDW� /DNHV� DQG� 3UHFDPEULDQ�6KLHOG� 5HJLRQ�
+\GURO��3URF��������������±����

0DQMX��0��1��� 5HVPL��3���*LUHHVK�.XPDU�7��5���5DWKHHVK
.XPDU�� &�� 6��� 5DKXO�� 5��� -RVHSK�� 0�� 0�� DQG
&KDQGUDPRKDQDNXPDU�� 1�� ��������$VVHVVPHQW� RI�:DWHU
4XDOLW\�3DUDPHWHUV� LQ�0DQJURYH�(FRV\VWHPV�$ORQJ�.HUDOD
&RDVW��$�6WDWLVWLFDO�$SSURDFK�� ,QW�� -��(QYLURQ��5HV����� ����
��������

0LFKDHO��+���0DUVKDOO��$���+HQU\�� )���/DPE��%��� 6DUDK�� -��
'DYLHV��)���0HODQLH��-���/HQJ��$���.XEVD��=���8PHU��0��DQG
%U\DQW�� &�� ��������&OLPDWLF� FKDQJH� LQ� QRUWKHUQ� (WKLRSLD
GXULQJ� WKH� SDVW� ������� \HDUV��$�GLDWRP� DQG�VWDEOH� LVRWRSH
UHFRUG� IURP� /DNH� $VKHQJH�� 3DODHRJHRJUDSK\�
3DODHRFOLPDWRORJ\��3DODHRHFRORJ\����������±����

0LUEDJKHUL��6��$���6DGUQHMDG��6��$��DQG�+DVKHPL�0RQIDUHG�
6��$�� ��������3K\WRSODQNWRQ�DQG�=RRSODQNWRQ�0RGHOLQJ�RI
3LVKLQ� 5HVHUYRLU� E\�0HDQV� RI� DQ�$GYHFWLRQ�'LIIXVLRQ
'URXJKW�0RGHO��,QW�� -��(QYLURQ��5HV������������������

0RHUQDXW�� -�� '���9HUVFKXUHQ��)���&KDUOHW�� ,���.ULVWHQ��0��
)DJRW��0�� DQG�%DWLVW�'�� ��������7KH� VHLVPLF�VWUDWLJUDSKLF
UHFRUG�RI�ODNH�OHYHO�IOXFWXDWLRQV�LQ�/DNH�&KDOOD��+\GURORJLFDO
VWDELOLW\� DQG� FKDQJH� LQ�HTXDWRULDO�(DVW�$IULFD� RYHU� WKH� ODVW
���� N\���(DUWK� DQG�3ODQHWDU\� 6FLHQFH�/HWWHUV�� ����� � ���±
����

0RRLM��:��0���'H�6HQHUSRQW�'RPLVD��/��1��DQG�-DQVHE�� -�
+����������/LQNLQJ�VSHFLHV��DQG�HFRV\VWHP�OHYHO�LPSDFWV�RI
FOLPDWH�FKDQJH�LQ�ODNHV�ZLWK�D�FRPSOH[�DQG�D�PLQLPDO�PRGHO
(FRORJLFDO�0RGHOOLQJ�����������±�����

0RUWD]DYL�� 0�� 6�� DQG� 6KDULILDQ�� 6�� �������� 0HUFXU\
%LRDFFXPXODWLRQ� LQ�6RPH�&RPPHUFLDOO\�9DOXDEOH�0DULQH
2UJDQLVPV�IURP�0RVD�%D\�� 3HUVLDQ�*XOI�� ,QW�� -��(QYLURQ�
5HV������������������

0XOKROODQG��3��-���%HVW��*��5���&RXWDXW��&��&���+RUQEHUJHU�
*��0���0H\DU��-��/���5RELQVRQ��3��-���6WHQEHUJ��-��5���7XUQHU�



)XWXUH�/DNH�/HYHO

��

5��(���9HUD+HUUHUD��)�� DQG�:HW]HO��5��*����������(IIHFWV�RI
FOLPDWH� FKDQJH� RQ�IUHVKZDWHU� HFRV\VWHPV�RI� VRXWKHDVWHUQ
8QLWHG� 6WDWH� DQG� WKH�*XOI� RI�0H[LFR��+\GURO��3URFHVV����
��������±����

1DVUDEDGL��7��� 1DEL� %LGKHQGL�� *�� 5��� .DUEDVVL��$�� 5��
+RYHLGL��+���1DVUDEDGL��,���3H]HVKN��+��DQG�5DVKLGLQHMDG��)�
�������� ,QIOXHQFH�RI�6XQJXQ�FRSSHU�PLQH� RQ�JURXQGZDWHU
TXDOLW\��1:�,UDQ��(QYLURQPHQWDO�*HRORJ\���������±����

1DVUDEDGL��7���1DEL� %LGKHQGL��*��5���.DUEDVVL��$��5�� DQG
0HKUGDGL��1����������3DUWLWLRQLQJ�RI�PHWDOV�LQ�VHGLPHQWV�RI
WKH�+DUD]�5LYHU��6RXWKHUQ�&DVSLDQ�6HD�EDVLQ��(QYLURQPHQWDO
(DUWK�6FLHQFHV���������������

1DVUDEDGL� 7��� 1DEL� %LGKHQGL�*�� 5���.DUEDVVL�$�� 5�� DQG
0HKUGDGL�1�� ��������(YDOXDWLQJ�WKH�HIILFLHQF\�RI�VHGLPHQW
PHWDO�SROOXWLRQ�LQGLFHV�LQ�LQWHUSUHWLQJ�WKH�SROOXWLRQ�RI�+DUD]
5LYHU�VHGLPHQWV��VRXWKHUQ�&DVSLDQ�6HD�EDVLQ��(QYLURQPHQWDO
PRQLWRULQJ�DQG�DVVHVVPHQW���������������������

3DPHU��(���9XMRYLF��*���.QH]HYLF��3��� .RMLF��'���3UYXORYLF�
'���0LOMDQRYLF�� %���DQG�*UXERU�/DMVLF��*�� �������� �:DWHU
4XDOLW\�$VVHVVPHQW� LQ�/DNHV�RI�9RMYRGLQD�� ,QW��-��(QYLURQ�
5HV������������������

3HL��+���/LX��4���+X��:��DQG�;LH��-����������3K\WRSODQNWRQ
&RPPXQLW\�DQG� WKH�5HODWLRQVKLS�ZLWK� WKH�(QYLURQPHQW� LQ
1DQVL�/DNH��&KLQD��,QW��-��(QYLURQ��5HV������������������

5HYHVKW\��0�� DQG�0DUX\DPD��<�� �������� 6WXG\�RI�8UPLD
/DNH�/HYHO�)OXFWXDWLRQV�DQG�3UHGLFW�3UREDEOH�&KDQJHV�8VLQJ
0XOWL�7HPSRUDO�6DWHOOLWH� ,PDJHV� DQG�*URXQG�7UXWK�'DWD
3HULRG�������������1HZ�&KDOOHQJH�DERXW�&OLPDWH�&KDQJH
RU� +XPDQ� ,PSDFW�� ,QWHUQDWLRQDO� FRQIHUHQFH� LQ�0DS�$VLD
����	,6*������.XDOD�/XPSXU��0DOD\VLD�

5RVKDQ�� *K���5��� 5DQMEDU�� )�� DQG�2URVD�� -��$�� �������
6LPXODWLRQ� RI� JOREDO� ZDUPLQJ� HIIHFW� RQ� RXWGRRU� WKHUPDO
FRPIRUW�FRQGLWLRQV��,QW�� -��(QYLURQ��6FL��7HFK��������������

5RVKDQ�� *K�� 5��� .KRVKDNK� ODJK�� )���$]L]L�� *K�� DQG
0RKDPPDGL��+���������6LPXODWLRQ�RI�7HPSHUDWXUH�&KDQJHV
LQ� ,UDQ� XQGHU� WKH�$WPRVSKHUH�&DUERQ�'LR[LGH�'XSOLFDWLRQ
&RQGLWLRQ��,UDQ��-��(QYLURQ��+HDOWK��6FL��(QJ��������������

5RXVH��:��5���'RXJODV��0��6��9���+HFN\��5��(���+HUVKH\��$�
(��� .OLQJ��*��:���/HVDFN�� /���0DUVK�� 3���0F'RQDOG��0��
1LFKROVRQ��%��-���5RXOHW��1��7��DQG�6PRO��-��3����������(IIHFWV
RI�FOLPDWH�FKDQJH�RQ�IUHVKZDWHU�RI�$UFWLF�DQG�6XEDUFWLF�1RUWK
$PHULFD��+\GURO��3URFHVV����������� ���±����

5RZVKDQ��*��5���0RKDPPDGL��+���1DVUDEDGL��7���+RYHLGL�
+�� DQG� %DJKYDQG��$��� 7KH� 5ROH� RI� &OLPDWH� 6WXG\� LQ
$QDO\]LQJ�)ORRG�)RUPLQJ�3RWHQWLDO�RI�:DWHU�%DVLQV�������
,QWHUQDWLRQDO�-RXUQDO�RI�(QYLURQPHQWDO�5HVHDUFK�������������
����

6DGDWLSRXU��6��0��7���.LDPHKU��5���$EUHKGDU\��0��DQG�6KDULIL�
$��5�� ��������7KH�(YDOXDWLRQ�RI�6HD�6XUIDFH�7RSRJUDSK\
0RGHOV�EDVHG�RQ� WKH�&RPELQDWLRQ�RI�WKH�6DWHOOLWH�DOWLPHWU\
DQG� WKH� *OREDO�*HRLG�0RGHOV� LQ� WKH�3HUVLDQ�*XOI�� ,QW�� -�
(QYLURQ��5HV������������������

6DQGHHS��.���:DUULHU��$�� .���+DUVKDYDUGKDQD�� %��*�� DQG
6KDQNDU��5����������5RFN�0DJQHWLF�,QYHVWLJDWLRQV�RI�6XUIDFH
DQG�VXE�VXUIDFH�VRLO�6DPSOHV�IURP�ILYH�/DNH�&DWFKPHQWV�LQ
7URSLFDO�6RXWKHUQ�,QGLD��,QW��-��(QYLURQ��5HV���������������

6HUEDML�� 0��0��� $]UL�� &�� DQG� 0HGKLRXE�� .�� �������
$QWKURSRJHQLF�&RQWULEXWLRQV� WR�+HDY\�0HWDO�'LVWULEXWLRQV
LQ� WKH�6XUIDFH�DQG�6XE�VXUIDFH�6HGLPHQWV�RI� WKH�1RUWKHUQ
&RDVW�RI�6ID[��7XQLVLD��,QW��-��(QYLURQ��5HV������������������

6FKLQGOHU��'�:�� ��������:LGHVSUHDG� HIIHFWV�ZDUPLQJ� RI
IUHVKZDWHU�HFRV\VWHP�RI�1RUWK�$PHULFD��+\GURO�� 3URFHVV��
������������±�����

6LGGLTXL�� =�� �������� +ROLVWLF�$SSURDFK� WR�0LWLJDWH� WKH
3ROOXWLRQ� ,PSDFWV� LQ� WKH�&RDVWDO� (FRV\VWHP�RI� 7KDLODQG
8VLQJ�WKH�5HPRWH�6HQVLQJ�7HFKQLTXHV��,QW��-��(QYLURQ��5HV��
���������������

;LQJ�)DQJ��;��� +HLQ]��*�� DQG�6WHIDQ��*�� ������� �3RWHQWLDO
FOLPDWH�ZDUPLQJ�HIIHFWV�RQ�LFH�FRYHUV�RI�VPDOO� ODNHV� LQ�WKH
FRQWLJXRXV�8�6��&ROG�5HJLRQV�6FLHQFH�DQG�7HFKQRORJ\�����
���±����

<LQJ��-��)���;LQ��&K��DQG�&KHQJ��/��$����������$�&RPSDUDWLYH
6WXG\� RQ�WKH�*URZWK�DQG�1XWULHQW�8SWDNH� &KDUDFWHULVWLFV
RI�)LIWHHQ�:HWODQG�6SHFLHV�LQ�7DLKX�/DNH�5HJLRQ�RI�&KLQD�
,QW��-��(QYLURQ��5HV������������������



,QW��-��(QYLURQ��5HV���������������:LQWHU�����
,661�����������

5HFHLYHG� ��� -XQH� ����� � � � �� �� � �� � � � � � �5HYLVHG���0D\������ �� �� � � �� � � � �� � �$FFHSWHG����-XO\�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��DJKDMDQORR#XW�DF�LU

��

1XPHULFDO�6LPXODWLRQ�RI�2LO�6SLOO�%HKDYLRU�LQ�WKH�3HUVLDQ�*XOI

$JKDMDQORR��.���3LURR]��0��'��DQG�1DPLQ��0��0�

��6FKRRO�RI�&LYLO�(QJLQHHULQJ��&ROOHJH�RI�(QJLQHHULQJ��8QLYHUVLW\�RI�7HKUDQ��7HKUDQ��,UDQ

$%675$&7�7KH�DLP�RI�WKLV�UHVHDUFK�LV�WR�VLPXODWH�RLO�VSLOO�EHKDYLRU�LQ�WKH�3HUVLDQ�*XOI�GXH�WR�WKH�ZLQG�DQG

WLGDO�FXUUHQWV��7KLV� LV� DFKLHYHG�E\� FRGLQJ�DQ� RLO� VSLOO�PDWKHPDWLFDO�PRGHO� FRQVLVWLQJ� RI� VHYHUDO�PDMRU� VXE�
PRGHOV�LQFOXGLQJ�K\GURG\QDPLF�PRGHO��RLO�VOLFN�G\QDPLF�PRGHO�DQG�RLO�ZHDWKHULQJ�PRGHO��7KH�EDVH�RI�DOO�RI

WKHP� LV�(XOHULDQ� DSSURDFK�DQG� WKH\�DUH� FRXSOHG� WRJHWKHU� WR�VLPXODWH� VSLOO� LQFLGHQW� LQ� WKH�3HUVLDQ�*XOI��7KH

K\GURG\QDPLF�PRGHO� SURYLGHG� WR� VLPXODWH� WKH� WLGDO�FXUUHQW� LV� EDVHG� RQ� WZR� GLPHQVLRQDO�GHSWK� DYHUDJHG
HTXDWLRQV�RI�VKDOORZ�ZDWHU�GLVFUHWL]HG�E\�ILQLWH�YROXPH�PHWKRG�WKDW�LV�DSSOLHG�RQ�UHFWDQJXODU�VWUXFWXUHG�PHVK�

7KH�WLGDO�FXUUHQW�LQ�WKH�*XOI� LV�PDGH�E\�LPSRVLQJ�WLGDO�IOXFWXDWLRQ�WR�WKH�PDLQ�RSHQ�ERXQGDU\�DW�WKH�+RUPX]

6WUDLW�� 7KLV�PRGHO� YHULILFDWLRQ� LV� FDUULHG� RXW� E\� FRPSDULVRQ� WKH� UHVXOWDQW� SUHGLFWLRQV� RI�PRGHO�ZLWK� WKH
DYDLODEOH�PHDVXUHG�GDWD�DQG�LW�VKRZV�D�JRRG�DJUHHPHQW��2LO�VOLFN�WUDQVSRUW�RQ�WKH�VHD�VXUIDFH�LV�VLPXODWHG�E\

DQ� DGYHFWLRQ�GLIIXVLRQ�PRGHO��$OVR�� WKH�PRVW� HIIHFWLYH�QDWXUDO� SURFHVVHV�RQ� RLO� IDWH� DQG� WKHLU� HIIHFW� RQ� RLO

SURSHUWLHV�DUH�HVWLPDWHG�E\�DQ�RLO�ZHDWKHULQJ�PRGHO��7KHQ��D�WHVW�FDVH�LQFOXGLQJ�DQDO\WLFDO�VROXWLRQ� LV�FKRVHQ
WR�HQVXUH�WKH�PRGHO�FDSDELOLW\�RQ�RLO�VSLOO�VLPXODWLRQ��)LQDOO\��WKH�PRGHO�LV�LPSOHPHQWHG�IRU�D�VSLOODJH�HYHQW�LQ

WKH�3HUVLDQ�*XOI��%\�H[SODQDWLRQ�RI� WKH�SUHVHQWHG�UHVXOWV��RLO� IDWH��WKH�VOLFN�WUDQVSRUW�DQG�RWKHU�SUHGLFWHG�GDWD

DUH� GHPRQVWUDWHG�� 7KH� UHVXOWV� VKRZ� WKH�PRGHO� FDSDELOLW\� RQ�PRGHOOLQJ� RI� DQ� RLO� VSLOO� LQFLGHQW� LQ�PDULQH
HQYLURQPHQW�

.H\�ZRUGV��0DWKHPDWLFDO�0RGHOOLQJ��+\GURG\QDPLF�0RGHO��2LO� 6OLFN� WUDQVSRUW�� 2LO�:HDWKHULQJ� 3URFHVVHV

,1752'8&7,21
,QGXVWULDO� JURZWK� KDV� EHHQ� DFFRPSDQLHG� E\

LPSRVHG� HQYLURQPHQWDO� ULVNV� DOO� DURXQG� WKH� ZRUOG
�3LFFLQL�HW�DO���������6DGDWLSRXU�HW�DO���������'DQLHO�DQG
3UDEKDNDUD�5DR��������$IDQGL]DGHK�HW�DO���������'LPLWURY
HW�DO��������6ROWDQL�HW�DO���������5DKPDQ�DQG�$O�0DODFN�
������1DMDIL�DQG�$IUD]HK��������0ZHJRKD�HW�DO��������
%HONKLUL�HW�DO���������+DOODUH�HW�DO���������+DUXQD�HW�DO��
������=RX�HW�DO���������/DOHYLF�HW�DO���������$MLEROD�DQG
/DGLSR�� ������ .DYLDQ� HW� DO��� ������ 7URJO� DQG
%HQHGLNWRYD��������6HNPDQ�HW�DO����������%HFDXVH�RI
WKH� JURZLQJ� LQGXVWULDOL]DWLRQ�� WKH� QHHG� IRU� RLO
H[SORUDWLRQ�DQG�WUDQVSRUWDWLRQ�LV�LQFUHDVHG�VR��WKH�ULVNV
RI�RLO�VSLOO�DFFLGHQWV�DUH�KLJK��$�PDMRU�RLO�VSLOO�FDQ�FDXVH
ORQJ� WHUP�DQG� LUUHFRYHUDEOH�GDPDJHV� WR�WKH�DTXDWLF
HQYLURQPHQW��(SVWHLQ�DQG�6HOEHU���������,Q�WKLV�UHJDUGV�
WKH�3HUVLDQ�*XOI�LV�RQH�RI�WKH�PRVW�KD]DUGRXV�DUHDV
EHFDXVH� WKHUH�DUH�D�ORW�RI�RQ�VKRUH�DQG�RII�VKRUH�RLO
ILHOGV�RI�,UDQ�DQG�$UDELDQ�FRXQWULHV�LQ�WKLV�DUHD�DQG
+RUPX]� 6WUDLW� LV� D� VWUDWHJLF� LQWHUQDWLRQDO� SDWK� WR
WUDQVSRUW�WKH�RLO�SURGXFWLRQV��+HQFH��LQ�UHFHQW�GHFDGHV�
VHYHUDO�UHVHDUFKHUV�KDYH�VWXGLHG�WKH�WUDQVSRUW�DQG�IDWH

RI� RLO� VSLOOV� LQ� WKLV� UHJLRQ� �$O�5DEHK�HW� DO��� �����
6DEEDJK�HW�DO���������(OKDNHHP�HW�DO���������1DJKHHE\
DQG�.RODKGRR]DQ�� �������$IWHU� VSLOODJH�� RLO� VOLFN
VSUHDGV� RYHU� WKH�ZDWHU� VXUIDFH� GXH� WR� D� EDODQFH
EHWZHHQ�VHYHUDO�IRUFHV��VXFK�DV�LQHUWLD��ZLQG��ZDYH�
VXUIDFH�FXUUHQW��HWF���$W�WKLV�VWDJH��D�QXPEHU�RI�QDWXUDO
SURFHVVHV�WDNH�SODFH��ZKLFK�FKDQJH�WKH�YROXPH�DQG
WKH� SURSHUWLHV� RI� WKH� VSLOOHG� RLO�� 7KHVH� QDWXUDO
SURFHVVHV� DUH� D� FRPELQDWLRQ� RI� FRPSOH[� SK\VLFDO�
FKHPLFDO�DQG�ELRORJLFDO�SURFHVVHV�VXFK�DV�VSUHDGLQJ�
HYDSRUDWLRQ��ZDWHU�LQ�RLO�HPXOVLILFDWLRQ��RLO�LQ�ZDWHU
GLVSHUVLRQ�� HWF�� WKDW� LV� FDOOHG� DV� RLO� ZHDWKHULQJ
SURFHVVHV��$3,���������,Q�UHDO�HYHQWV��FRQVLGHULQJ�WKH
DUHD�DIIHFWHG�E\�WKH�SROOXWLRQ��WKH�QXPHULFDO�PRGHOV
FDQ�EH�D�SRZHUIXO�WRRO�RQ�UHVSRQVH�DFWLRQ�GHFLVLRQ�
PDNLQJ��7KH�PRVW�LPSRUWDQW�UHVXOWV�RI�WKH�QXPHULFDO
PRGHOOLQJ�DUH�SUHGLFWLRQ�RI�WKH�VOLFN�SDWK��RLO�IDWH��RLO
ZHDWKHULQJ�SURILOHV�DQG�WKH�RLO�YROXPH�LQ�HDFK�SKDVHV
�VOLFN��ZDWHU�DQG�DLU��XQGHU�GRPLQDQW�HQYLURQPHQWDO
FRQGLWLRQV���5HHG�HW�DO���������

2LO� VSLOO�PRGHOV�KDYH�EHHQ�SUHVHQWHG�E\�HLWKHU
(XOHULDQ�RU�/DJUDQJLDQ�DSSURDFKHV��8VLQJ�/DJUDQJLDQ
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$JKDMDQORR��.��HW�DO�

PRGHOV��WKH�RLO�VOLFN�GLYLGHG�WR�D�ODUJH�QXPEHU�RI�VPDOO
SDUWLFOHV� ZKLFK� DUH� DGYHFWHG� E\� VXUIDFH� FXUUHQW
YHORFLW\� REWDLQHG� E\� (XOHULDQ� K\GURG\QDPLFV� DQG
GLIIXVHG� DFFLGHQWO\�� ,Q� WKLV� PHWKRG� SK\VLFDO� DQG
FKHPLFDO�SURSHUWLHV�PXVW�EH�LQWURGXFHG�IRU�HDFK�SDUWLFOH
�:DQJ�HW�DO���������3HULDQH]�������DQG�&KDR�HW�DO���������
%XW�LQ�UHDO�LQFLGHQW��WR�LQFUHDVH�WKH�VLPXODWLRQ�DFFXUDF\�
WKH�ZDWHU� TXDOLW\� RU� SROOXWLRQ�PRGHOV� QHHG� WR� EH
FRXSOHG� ZLWK� K\GURG\QDPLF� PRGHOV�� ,Q� (XOHULDQ
PRGHOV�� D� VHW� RI� HTXDWLRQV� FRPSDWLEOH� ZLWK
K\GURG\QDPLF�HTXDWLRQ�DUH�SUHVHQWHG��7KHUHIRUH��LQ
WKLV�VWXG\�WKH�(XOHULDQ�PHWKRGV�LV�XVHG�WR�VLPXODWH
WKH�RLO�VOLFN�WUDQVSRUW��*DUFLD�0DUWLQH]�DQG�)ORUHV�
7RYDU��������3DODGLQR�DQG�0DOLVND��������7NDOLFK�HW�DO��
�����DQG�7NDOLFK��������

,Q�WKLV�VWXG\��D�QXPHULFDO�PRGHO�LV�SUHVHQWHG�WR
SUHGLFW�RLO�VSLOO�EHKDYLRU�E\�FRXSOLQJ�VHYHUDO�PDMRU�VXE�
PRGHOV��$�K\GURG\QDPLF�VXE�PRGHO�KDV�EHHQ�SURYLGHG
EDVHG�RQ�WKH�GHSWK�DYHUDJH�K\GURG\QDPLF�HTXDWLRQV
RQ� VWUXFWXUHG� ILQLWH� YROXPHV��7R� VROYH� WKH� UHVXOWHG
HTXDWLRQV��WKH�DOWHUQDWLQJ�GLUHFWLRQ�LPSOLFLW��$',��LV
XVHG��7KH�FDSDELOLWLHV�RI�PRGHO�IRU�VLPXODWLQJ�WKH�IORZ
SDWWHUQ� LQ�VLPSOH�DQG� FRPSOH[�JHRPHWU\�KDYH�EHHQ
WHVWHG��$Q� RLO� VOLFN� G\QDPLF� VXE�PRGHO� EDVHG� RQ
DGYHFWLRQ�GLIIXVLRQ�HTXDWLRQ�LV�DSSOLHG�WR�SUHGLFW�WKH
RLO�VOLFN�WUDQVSRUW��$OVR��WKH�UDWHV�RI�RLO�PDVV�ORVVHV
GXH� WR� QDWXUDO� SURFHVV� �HYDSRUDWLRQ�� YHUWLFDO
GLVSHUVLRQ�� HPXOVLILFDWLRQ� DQG� GLVVROXWLRQ�� DUH
HVWLPDWHG�E\�DQ�RLO�ZHDWKHULQJ�PRGHO�LQ�HDFK�WLPH�VWHS�
)LQDOO\��WKH�SHUIRUPDQFH�RI�WKLV�PRGHOLQJ�V\VWHP�LV
SUHVHQWHG�IRU�D�YLUWXDO�RLO�VSLOO�LQ�WKH�3HUVLDQ�*XOI�

0$7(5,$/6�	�0(7+2'6
7KH�PDWKHPDWLFDO�+\GURG\QDPLF�PRGHO�LV�EDVHG

RQ� WZR�GLPHQVLRQDO� ��'�� VKDOORZ�ZDWHU� HTXDWLRQV
�6:(���7KH�PRVW�LPSRUWDQW�SRLQW�LV�WKH�VPDOOQHVV�RI
WKH�YHUWLFDO�YHORFLW\�FRPSRQHQW� LQ�FRPSDULVRQ�ZLWK
WKH�KRUL]RQWDO�RQHV�DQG�WKH�K\GURVWDWLF�GLVWULEXWLRQ�RI
SUHVVXUH��7KH�GHSWK�DYHUDJHG�VKDOORZ�ZDWHU�HTXDWLRQV
DUH�DV�IROORZV�
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:KHUH�� ���K �DQG� ] DUH�ZDWHU�VXUIDFH�HOHYDWLRQ��IORZ

GHSWK�DQG�EHG�HOHYDWLRQ��UHVSHFWLYHO\�� ]K ��� L

DQG� M �DUH�FRRUGLQDWH�GLUHFWLRQV�� ���ML ���X �LV

VXUIDFH� FXUUHQW� YHORFLW\�� J � LV� JUDYLWDWLRQDO

DFFHOHUDWLRQ�� W �LV�HGG\�YLVFRVLW\�FRHIILFLHQW�� FI �LV

&RULROLV�IRUFHV�GXH�WR�HDUWK�URWDWLRQ�� E �DQG� V �DUH

EHG�IULFWLRQ�DQG�ZLQG�VWUHVVHV�WHUPV�DQG� Z �LV�ZDWHU

GHQVLW\�

7R� VROYH� WKH� JRYHUQLQJ� HTXDWLRQV� QXPHULFDOO\�
ILQLWH� YROXPH�PHWKRG� KDV� EHHQ� XVHG� IRU� VSDWLDO
GLVFUHWL]DWLRQ�DQG�IRUZDUG�ILQLWH�GLIIHUHQFH�KDV�EHHQ
GHSOR\HG�IRU�WHPSRUDO�GLVFUHWL]DWLRQ��7KH�GLIIHUHQFH
WHUPV�DUH�H[SUHVVHG�RQ�D�VWDJJHUHG�JULG�LQ�[�\�VSDFH�DV
VKRZQ�LQ�)LJ����

)LJ�����'LIIHUHQFH�JULG�LQ�[�\�VSDFH

,Q�RUGHU�WR�VROYH��'�HTXDWLRQV�LQ�WZR�GLUHFWLRQV��[
DQG�\���WKH�$OWHUQDWLYH�'LUHFWLRQ�,PSOLFLW��$',��PHWKRG
LV�XVHG�WKDW�KDV�EHHQ�XVHG�H[WHQVLYHO\�WR�VROYH�6:(V
GXH�WR�LWV�KLJK�VWDELOLW\�GRPDLQ�DQG�VLJQLILFDQW�EDODQFH
EHWZHHQ�FRPSXWDWLRQDO�FRVW�DQG�DFFXUDF\��7KLV�VROYLQJ



,QW��-��(QYLURQ��5HV���������������:LQWHU�����

��

PHWKRG�PD\�UHGXFH�WKH�FRPSOH[LW\�RI�HTXDWLRQV�WR�D
UHDVRQDEOH� H[WHQW� �.LP� DQG� /HH�� ������$EERW� DQG
0LQQV�� ������1DJKHHE\� DQG�.RODKGRR]DQ�� ������
%HFDXVH� RI� WKH� YDULDWLRQV� RI� H[LVWLQJ� WHUPV� LQ� WKH
JRYHUQLQJ� HTXDWLRQV�� WR� DFKLHYH� DQ� DFFHSWDEOH� DQG
DSSURSULDWH�VROXWLRQ�WKH�7LPH�6SOLWWLQJ�WHFKQLTXH�ZDV
FKRVHQ��%\�WKLV�ZD\��DOO�WHUPV�ZLOO�EH�VROYHG�WKURXJK�D
VHSDUDWH�PHWKRG�DQG�FRXOG�EH�GLIIHUHQW�IURP�RWKHUV�
+HQFH��LW�JLYHV�WKH�DELOLW\�WR�VROYH�GLIIHUHQW�WHUPV�E\�D
VXLWDEOH�DQG�SHUIHFW�PHWKRG��1DPLQ���������7R�VROYH
WKH�WUDQVSRUW�HTXDWLRQ�LQ�ILQLWH�YROXPH�PHWKRGV��D�WZR�
RUGHU�DFFXUDF\�PHWKRG��WKH�)URPP�VFKHPH��KDV�EHHQ
DSSOLHG�WR�VROYH�WKH�DGYHFWLRQ�WHUPV��)URPP�������
DQG�WKH�VHPL�LPSOLFLW�DSSURDFK�LV�XVHG�WR�FRPSXWH�WKH
GLIIXVLRQ�WHUP��*HQHUDO�W\SHV�RI�ERXQGDU\�FRQGLWLRQV
DUH�DSSOLHG�LQ�WKLV�PRGHO��WKH�LQSXW��RXWSXW�DQG�ZDOO
ERXQGDU\� FRQGLWLRQV�

7KH�YHULILFDWLRQ�RI�FXUUHQW�K\GURG\QDPLF�PRGHO
ZDV�FDUULHG�RXW�ZLWK�VHYHUDO�FDVH�VWXGLHV��5HVXOWV�ZHUH
FRPSDUHG� ZLWK� DYDLODEOH� DQDO\WLFDO� VROXWLRQ� RU
ODERUDWRU\� PHDVXUHPHQWV�� 7KH� UHVXOWV� VKRZ� WKH
FDSDELOLWLHV�RI�WKLV�PRGHO�IRU�VLPXODWLQJ�WKH�IORZ�SDWWHUQ
LQ�VLPSOH�DQG�FRPSOH[�JHRPHWU\��7KH�GHWDLOHG�RI�WKLV
K\GURG\QDPLF�PRGHO�LQFOXGLQJ�JRYHUQLQJ�HTXDWLRQV�
VROXWLRQ�WHFKQLTXHV�DQG�YHULILFDWLRQ�WHVWV�LV�SUHVHQWHG
LQ�DXWKRUV¶�SUHYLRXV�ZRUNV��$JKDMDQORR�HW�DO���������
7KH� PRVW� FODVVLFDO� VSUHDGLQJ� HTXDWLRQV� ZHUH
GHYHORSHG�E\�)D\���������+RXOW���������0DFND\�HW�DO�
�������DQG�/HKU�HW�DO����������7KH\�SURSRVHG�PRGHOV
EDVHG� RQ� VHPL�HPSLULFDO� RU� DQDO\WLFDO� HTXDWLRQV�
1RZDGD\V��DQ�RLO�VOLFN�G\QDPLFV�PRGHO�FDQ�DIIRUG�WR
URXWLQHO\�XVH�VXFK�DFFXUDWH�DQG�SK\VLFDOO\� UHOHYDQW
IRUPXODWLRQ� OLNH� WKH� 1DYLHU±6WRNHV� HTXDWLRQV
�6WRO]HQEDFK�HW�DO���������:DUOX]HO�DQG�%HQTXH��������
7KH�RLO�G\QDPLFV�LQ�WKH�DTXDWLF�HQYLURQPHQW�FRXOG�EH
H[SUHVVHG�E\�WKH�IROORZLQJ�HTXDWLRQ�
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:KHUH�� VK �LV�WKH�RLO�VOLFN�WKLFNQHVV�� V' �LV�WKH�VOLFN

VSUHDGLQJ� IXQFWLRQ

� ZRRZVV IJK' �
�� � R � LV� RLO

GHQVLW\�� I �LV�RLO�ZDWHU�LQWHUIDFH�IULFWLRQ�DQG� V4 �LV

VRXUFH�VLQN�WHUP��7KH�RLO�GULIWLQJ�YHORFLW\�FRPSRQHQW

MY � IXY MMM �� LV� FRPSXWHG�XVLQJ� WKH� VKHDU

VWUHVVHV� MM 8���� �GXH�WR�WKH�ZLQG�YHORFLW\��
M8

LQ� [ �DQG� \ �GLUHFWLRQV��7NDOLFK�HW�DO���������7NDOLFK�

�������7KH�VHOHFWHG�WHFKQLTXHV�WR�VROYH�WKH�HTXDWLRQV
RI�WKLV�PRGHO�DUH�VLPLODU�WR�K\GURG\QDPLF�PRGHO�

7KH�PRVW�HIIHFWLYH�SURFHVVHV�RI�RLO�ZHDWKHULQJ�LQ
WKH� ILUVW� GD\V� RI� VSLOODJH� DUH� HYDSRUDWLRQ�� YHUWLFDO
GLVSHUVLRQ��ZDWHU�LQ�RLO�HPXOVLILFDWLRQ�DQG�GLVVROXWLRQ
WKDW�DUH�PHQWLRQHG�LQ�PRVW�RLO�VSLOOV�PRGHOV��:DQJ�HW
DO���������7NDOLFK��������1DJKHHE\�DQG�.RODKGRR]DQ�
�������$OO�RI�WKHVH�SURFHVVHV�DUH�WLPH�GHSHQGHQW�EXW
WKH�UHODWLYH�FRQWULEXWLRQ�RI�HDFK�SURFHVV�YDULHV�GXULQJ
WKH�VSLOO�SHULRG��7KH�PRGHOLQJ�RI�WKHVH�SURFHVVHV�KDV
VRPH�FRPSOH[LWLHV�DERXW�IRUPXOL]DWLRQ�RI� WKHP�DQG
FROOHFWLRQ�RI� WKH� LQSXW� GDWD� �5HHG�HW�DO����������$V
HPHUJHQF\�HYHQWV�RI�RLO�VSLOO�RFFXUV��WKHUH�LVQ¶W�DQ\
LGHDO� FRQGLWLRQ� IRU� ILHOG� PHDVXUHPHQWV� DQG� GDWD
FROOHFWLRQ��+HQFH��XQIRUWXQDWHO\��WKHUH�LV�D�VLJQLILFDQW
ODFN�RI�GDWD�RQ�RLO�VSLOO�PRGHOLQJ�

7R�GHYHORS�WKH�RLO�ZHDWKHULQJ�PRGHO�IRU�FXUUHQW
VWXG\�� WKH� VHPL�HPSLULFDO� HTXDWLRQV� LQWURGXFHG� E\
SUHYLRXV� UHVHDUFKHV� DQG� WKHLU� DELOLW\� WR� SUHGLFW� WKH
ZHDWKHULQJ�SURFHVVHV�DUH�GHPRQVWUDWHG��%\�FRPSDULVRQ
EHWZHHQ�WKH�UHVXOWV�RI�WKHVH�HTXDWLRQV�DQG�DYDLODEOH
ODERUDWRU\�PHDVXUHG�GDWD�DQG�DQDO\WLFDO�VROXWLRQ��WKH
PRUH�VXLWDEOH�HTXDWLRQV�ZHUH�VHOHFWHG��7KH�GHWDLOHG�RI
WKH� RLO� ZHDWKHULQJ�PRGHO� RI� WKLV� VWXG\� KDV� EHHQ
H[SODLQHG�LQ�RXU�UHFHQW�SDSHU��$JKDMDQORR�DQG�3LURR]�
�������7KH�ZHDWKHULQJ�SURFHVVHV�RI�FXUUHQW�UHVHDUFK
DUH�OLVWHG�DV�
7KH�KLJKHVW�FRQWULEXWLRQ�RI�RLO�PDVV�ORVVHV�GXULQJ�WKH
ILUVW� GD\V� RI� VSLOODJH� LV� UHOHYDQW� WR� HYDSRUDWLRQ
�6HEDVWLDR�DQG�6RDUHV��������5LD]L�DQG�(GDODW��������
,Q�WKLV�SDSHU��WR�HVWLPDWH�WKH�HYDSRUDWLRQ�UDWH��)

(
���WKH

DQDO\WLFDO�HTXDWLRQ�RI�6WLYHU�DQG�0DFND\��������LV�XVHG
DV�IROORZV�
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:KHUH�� (. � LV� PDVV� WUDQVIHU� FRHIILFLHQW

� ���������� ZLQG( 8. �� ZLQG8 � LV� WKH� ZLQG

VSHHG�� 6$ �LV�VSLOOHG�RLO�DUHD�� �9 �LV�LQLWLDO�YROXPH�RI

VSLOOHG�RLO�� W �LV�WLPH�� (7 �LV�HQYLURQPHQWDO�WHPSHUDWXUH

� . ��� %7 �LV�LQLWLDO�ERLOLQJ�SRLQW�� . ��� *7 �LV�WKH

JUDGLHQW�OLQH�RI� %7 �DQG� (7 �� $ �DQG�% �DUH�FRQVWDQWV

GHULYHG�IURP�GLVWLOODWLRQ�GDWD�
7KH�ZDWHU� WXUEXOHQFH� WHDUV� RII� GURSOHW� RI� RLO� DQG
HQWUDLQV�WKHP�IRUPLQJ�DQ�RLO�LQ�ZDWHU�HPXOVLRQ��,Q�WKLV
VWXG\��WKH�IROORZLQJ�HTXDWLRQ�LV�XVHG�WR�FRPSXWH�WKH
GLVSHUVLRQ�UDWH��0DFND\�HW�DO���������5HHG��������
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1XPHULFDO�6LPXODWLRQ�RI�2LO�6SLOO
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:KHUH�� ' � LV� GLVSHUVLRQ� UDWH� SHU� KRXU�� � LV� WKH

G\QDPLF�YLVFRVLW\�RI�RLO�DQG� W6 �LV�WKH�LQWHUIDFH�WHQVLRQ

RI�RLO±ZDWHU�LQ�� FPG\QH ��

7KH�IRUPDWLRQ�RI�ZDWHU�LQ�RLO�HPXOVLRQ�UHGXFHV�WKH�UDWH
RI�RWKHU�ZHDWKHULQJ�SURFHVVHV�DQG�LV�WKH�PDLQ�UHDVRQ
IRU�WKH�SHUVLVWHQFH�RI�OLJKW�DQG�PHGLXP�FUXGH�RLOV�RQ
WKH�VHD�VXUIDFH��6SDXOGLQJ�HW�DO���������12$$��������
,Q�WKLV�SDSHU��WKH�FKDQJH�LQ�ZDWHU�FRQWHQW�LV�H[SUHVVHG
E\�HTXDWLRQ�RI�0DFND\�HW�DO���������DV�

2&
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ZLQGZF
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:KHUH�� ZF) � LV� WKH� ZDWHU� FRQWHQW�� ZF. � LV� WKH

HPXOVLILFDWLRQ�FRHIILFLHQW�WKDW�LV�HTXDO�WR�� �����IRU�OLJKW

RLO�DQG���� �����IRU�KHDY\�RLO��2& �LV�HTXDO�WR�����IRU
OLJKW�RLO�DQG������IRU�KHDY\�RLO��5DVPXVHQ��������5HHG
HW�DO���������
7KH� GLVVROXWLRQ� UDWH� LV�PXFK� VPDOOHU� WKDQ� RWKHU
SURFHVVHV�XQGHU�WKH�VDPH�FRQGLWLRQV��6R��LWV�HIIHFW�RQ
PDVV� WUDQVIHU � PD\� EH� QHJOHFWHG� EXW� WKH� WR[LF
FRPSRQHQWV�RI�GLVVROYHG�SURGXFWV� DUH� DQ� LPSRUWDQW
SURFHVV� WR� EH� WDNHQ� LQWR� FRQVLGHUDWLRQ� �.XLSHU� DQG
9DQ�'HQ�%ULQN���������7KH�SURSRVHG�HTXDWLRQ�RI�5LD]L

DQG�(GDODW��������IRU�WKH�UDWH�RI�GLVVROXWLRQ�� GLV) ��LV

XVHG�LQ�WKLV�VWXG\�
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:KHUH�� GLV. LV�WKH�PDVV�WUDQVIHU�FRHIILFLHQW�� �LV�WKH

NLQHPDWLF�YLVFRVLW\�RI�VHDZDWHU�� Y' �LV�WKH�GLIIXVLRQ

FRHIILFLHQW�RI�RLO�LQ�ZDWHU�DQG� / �LV�WKH�VTXDUH�URRW�RI

VXUIDFH�DUHD $ �

7KH�IROORZLQJ�HTXDWLRQV�DUH�DSSOLHG�WR�SUHGLFW�WKH�RLO
SURSHUWLHV�FKDQJHG�GXH�WR�WKH�ZHDWKHULQJ�SURFHVVHV�

VSHFLDOO\�HYDSRUDWLRQ�DQG�HPXOVLRQ��LQ�HDFK�WLPH�VWHS
�0RRQH\��������0DFND\�HW�DO���������3HUU\��������

ZFZF

ZFZF
((UHI )&

)&
)&

�

�
� �

H[S ������������������

((UHIZFZZFR )&)) �� ��������������������

:KHUH�� UHI �DQG�� UHI �LV�WKH�YLVFRVLW\�DQG�GHQVLW\�RI

IUHVK� RLO� DW� UHIHUHQFH� WHPSHUDWXUH UHI7 � � 7KH

FRQVWDQWV �(& �� �ZF& �DQG� �ZF& �DUH�DVVLJQHG�YDOXHV

E\�WKH�XVHU�EDVHG�RQ�WKH�JHQHUDO�RLO�W\SH�DQG� �(& �LV

DQ�H[SHULPHQWDO�FRHIILFLHQW�REWDLQHG�LQ�ODERUDWRU\�IRU
HDFK�RLO�

,Q�WKLV�UHVHDUFK��WR�VLPXODWH�RLO�VSLOO�EHKDYLRU�LQ
PDULQH� HQYLURQPHQW�� D� QXPHULFDO�PRGHO� KDV� EHHQ
GHYHORSHG��7KH�PRGHO�FRQVLVWV�RI�WKUHH� VXE�PRGHOV
QDPHO\�K\GURG\QDPLF�PRGHO��VOLFN�G\QDPLF�PRGHO�DQG
RLO� ZHDWKHULQJ�PRGHO�� ,Q� HDFK� WLPH� LQWHUYDO�� WKH
K\GURG\QDPLF� VXE�PRGHO� FRPSXWHV� WKH� PDULQH
VLWXDWLRQ�DQG�VXUIDFH�FXUUHQWV�YHORFLWLHV���'�JRYHUQLQJ
HTXDWLRQV�RI�WLGDO�FXUUHQWV�DUH�VROYHG�XVLQJ�WKH�ILQLWH
YROXPH�PHWKRG� RQ� WKH� VWUXFWXUHG� VWDJJHUHG� JULG
V\VWHP� DQG� WKH� UHVXOWHG� DOJHEUDLF� H[SUHVVLRQV� DUH
VROYHG�E\�WKH�$',�WHFKQLTXH��7KH�UHVXOWV�RI�WKLV�VWDJH
DUH� DSSOLHG� IRU� WKH� VOLFN� G\QDPLF� VXE�PRGHO�� 7R
LQFUHDVH�WKH�FRPSDWLELOLW\�ZLWK�WKH�K\GURG\QDPLF�VXE�
PRGHO�� WKH�(XOHULDQ�DSSURDFK�LV�XVHG�WR�SUHGLFW�WKH
VOLFN�WUDQVSRUW�RQ�WKH�VHD�VXUIDFH��,Q�HDFK�WLPH�VWHS�
WKH�UDWHV�RI�PDVV�ORVVHV�IURP�RLO�VOLFN�DQG�WKH�FKDQJHV
RI�VSLOOHG�RLO�GXH�WR�QDWXUDO�ZHDWKHULQJ�SURFHVVHV�DUH
HVWLPDWHG� E\� RLO� ZHDWKHULQJ� VXE�PRGHO� � 7KH
YHULILFDWLRQ�RI�HDFK�VXE�PRGHO�ZDV�GRQH�DQG�FLWHG�LQ
OLWHUDWXUH��$JKDMDQORR�DQG�3LURR]��������$JKDMDQORR
HW�DO����������7KLV�PRGHO�FRGLQJ�KDV�EHHQ�GRQH�LQ�9LVXDO
)RUWUDQ�ODQJXDJH
�
5(68/76�	�',6&866,21

7KH�DQDO\WLFDO�VLPXODWLRQ�RI�RLO�VSLOO�LQ�DQ�RSHQ
FKDQQHO�LV�FKRVHQ�WR�YDOLGDWH�WKH�FXUUHQW�PRGHO�UHVXOWV�
7KLV�FDVH�VWXG\�LV�D�FKDQQHO����P�ORQJ�DQG���P�ZLGWK
LQ� WKDW� WKH� VXUIDFH� FXUUHQW� YHORFLW\� DORQJ� WKH
ORQJLWXGLQDO� D[LV� RI� WKH� FKDQQHO� LV� DVVXPHG�

V��� PX � � 7DEOH� �� SUHVHQWV� WKH� PRGHOOLQJ

FRQGLWLRQV�RI�WKLV�FDVH�VWXG\��7KH�UHOHDVHG�RI�6WDWIMRUG
FUXGH�RLO�LV�DVVXPHG�LQ�D�VLQJOH�JULG�SRLQW�DW�\ �P��7KH
SK\VLFDO�FKDUDFWHULVWLFV�RI�WKLV�SHWUROHXP�FRPSRQHQW
DUH�SUHVHQWHG�LQ�7DEOH����1D]LU�HW�DO����������7KH�VXUIDFH
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FRQFHQWUDWLRQ�RI�RLO�FDQ�EH�HYDOXDWHG�E\�DQ�DQDO\WLFDO
HTXDWLRQ�DV��.DQJ��������
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:KHUH��0�LV�WKH�WRWDO�PDVV�RI�RLO��NJ���'
[
�DQG�'

\

DUH�GLVSHUVLRQ�FRHIILFLHQWV��P��V���)LJ����SUHVHQWV�WKH
FRPSDULVRQ� RI� WKH� TXDQWDWLYH� UHVXOWV� RI� QXPHULFDO
PRGHO�ZLWK� DQDO\WLFDO� VROXWLRQ� LQ� WKH� FHQWHUOLQH� RI
FKDQQHO��$OVR��)LJ����VKRZV�WKH�VOLFN�WUDQVSRUW�DORQJ
WKH�FKDQQHO��7KH�UHVXOWV�VKRZ�WKH�FXUUHQW�PRGHO�DELOLW\
WR�VLPXODWH�WKH�RLO�VSLOODJH�LQ�RSHQ�FKDQQHO�

&XUUHQW�RLO�VSLOO�PRGHO�LV�UXQ�IRU�D�YLUWXDO�LQFLGHQW
LQ�WKH�3HUVLDQ�*XOI�WR�LQGLFDWH�LWV�FDSDELOLW\�WR�XVH�LQ�D
UHDO�PDULQH�HQYLURQPHQW��3HUVLDQ�*XOI�LV�ORFDWHG�RQ�WKH
VRXWKHUQ�SDUW�RI�,UDQ�DQG�LW�LV�D�VHPL�FORVHG�ZDWHU�ERG\
�)LJ������7KH�+RUPX]�6WUDLW�LV�WKH�PDMRU�LQIORZ�ERXQGDU\
RI�WKLV�DUHD�ZKLFK�KDV�D�ZLGWK�RI����NP�DQG�FRQQHFWV
WKH�3HUVLDQ�*XOI�YLD�WKH�*XOI�RI�2PDQ�WR�WKH�QRUWKHUQ
,QGLDQ� 2FHDQ�� 7KH� *XOI� DSSUR[LPDWHO\� RFFXSLHV
���� ����NP�DUHD�

)RU�DFFXUDWH�VLPXODWLRQ�RI�WKH�K\GURG\QDPLF�IORZ
EHKDYLRU��WKH�JHRPHWULFDO�FKDUDFWHULVWLFV�RI�VWXG\�DUHD
PXVW�EH� LQWURGXFHG� WR�PRGHO��7KHUHIRUH�� WKH�PRGHO
FRYHUV�WKH�DUHD�E\�D�VWUXFWXUHG�UHFWDQJXODU�PHVK�ZLWK

JULG�VL]H�� NP\[ � ���LQFOXGLQJ�������QRGHV

DQG�������HOHPHQWV��)LJ������%HFDXVH�RI�D�YDULHW\�UDQJH
RI�EHG�HOHYDWLRQ�LQ�WKH�3HUVLDQ�*XOI��D�KLJK�DFFXUDF\

�'�EDWK\PHWU\�PDS�KDV�EHHQ�SURYLGHG��)LJ������7DEOH��
SUHVHQWV�WKH�RWKHU�PRGHOOLQJ�FRQGLWLRQV�RI�WKLV�UHDO
FDVH�

7KH�WLGDO�FXUUHQW�LQ�WKH�*XOI�LV�PDGH�E\�LPSRVLQJ
WLGDO�IOXFWXDWLRQ�WR�WKH�PDLQ�RSHQ�ERXQGDU\�DW�+HQJDP
,VODQG��+RUPX]�6WUDLW���� ��
1��� ��
(���7KH�UHTXLUHG
GDWD�IRU�ZDWHU�VXUIDFH�IOXFWXDWLRQV�LQ�FHUWDLQ�SHULRG�RI
WLPH�DUH�DYDLODEOH�DQG�SORWWHG�LQ�)LJ����IURP�����������
WR�������������$IWHU�SURYLGLQJ�WKH�PRGHO�LQSXW�GDWD��LW
FRXOG� EH� DSSOLHG� WR� VLPXODWH� WKH� WLGDO� FXUUHQW��7R
HYDOXDWH� WKH� PRGHO� RXWSXW�� D� FKHFN� SRLQW� KDV� EHHQ
FKRVHQ�DQG�WKH�UHVXOWV�RI�QXPHULFDO�PRGHO�KDYH�EHHQ
FRPSDUHG�ZLWK�REVHUYHG�GDWD��7KLV�SRLQW�LV�$VVDOX\HK
3RUW��LQ�WKH�QRUWKHUQ�FRDVWOLQH�RI�WKH�*XOI���� ��
1
�� ��
(���7KH�FRPSDULVRQ�EHWZHHQ�SUHGLFWHG�UHVXOWV
DQG�PHDVXUHG�GDWD�DUH�SUHVHQWHG� LQ�)LJ����DQG�WKH\
VKRZ�JRRG�DJUHHPHQW�EHWZHHQ�WKHP��)LJ����VKRZV�WKH
SUHGLFWHG�ZDWHU�VXUIDFH�HOHYDWLRQ�VHYHUDO�KRXUV�DIWHU
VLPXODWLRQ�VWDUW�WLPH�

7KHUH�LV�QR�DYDLODEOH�GDWD�LQ�WHUPV�RI�RLO�WUDQVSRUW
LQ�WKH�UHJLRQ�IRU�FDOLEUDWLQJ�WKH�PRGHO��7KHUHIRUH�RQO\
WKH�PRGHO� DSSOLFDELOLW\� LV� GHPRQVWUDWHG� KHUH�� 7R
VLPXODWH� DQ� RLO� VSLOO� HYHQW�� D� YLUWXDO� LQVWDQWDQHRXV
UHOHDVH�RI�6WDWIMRUG�FUXGH�RLO�LV�DVVXPHG�WR�EH�RFFXUUHG
LQ�D�SRVLWLRQ�FORVH�WR�$VVDOX\HK�3RUW��,W�LV�DVVXPHG
WKDW�WKH�RLO�VSLOO�LV�RFFXUUHG�IRXU�GD\V�DIWHU�VWDUWLQJ�WKH
K\GURG\QDPLF�PRGHO��7KLV�WLPH�DOORZV�WKH�PRGHO�WR
UHDFK�D�VWDELOLW\�VROXWLRQ�RI�FXUUHQW�FRPSRQHQWV��)LJ�
���VKRZV�WKH�LQLWLDO�ORFDWLRQ�RI�RLO�VSLOO�DQG�VOLFN�SDWK
GXULQJ�WKH�WLPH��)URP�WKLV�)LJ��REVHUYHG�WKDW�WKH�SDWK
RI� RLO� VOLFN� LV� GLYHUWHG� WR� WKH� FRDVWOLQHV��7KH�ZLQG
GLUHFWLRQ�LV�DQ�HIIHFWLYH�SDUDPHWHU�RQ�VOLFN�GLYHUVLRQ

)LJ�����2LO�VOLFN�WKLFNQHVV�DW�WKH�FKDQQHO�FHQWHUOLQH�LQ�GLIIHUHQW�WLPHV
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$JKDMDQORR��.��HW�DO�

)LJ�����2LO�VOLFN�WUDQVSRUW�DORQJ�WKH�FKDQQHO

)LJ�����7KH�PRGHOLQJ�VWXG\�DUHD��3HUVLDQ�*XOI
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)LJ�����7KH�FRPSXWDWLRQDO�PHVK�RI�VWXG\�DUHD

)LJ�����7KH�%DWK\PHWU\�RI�VWXG\�DUHD
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1XPHULFDO�6LPXODWLRQ�RI�2LO�6SLOO

)LJ�����0HDVXUHG�WLGDO�IOXFWXDWLRQ�DW�+HQJDP�,VODQG��+RUPX]�6WUDLW

)LJ�����7KH�ZDWHU�VXUIDFH�HOHYDWLRQV�FRPSDULVRQ�DW�$VVDOX\HK�3RUW

)LJ�����3UHGLFWHG�ZDWHU�VXUIDFH�HOHYDWLRQ�E\�QXPHULFDO�PRGHO
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WR� WKH� FRDVWOLQH� DQG� VHQVLWLYH� DUH�� DV� ZHOO� DV� WLGDO
FXUUHQWV�

7KH�FKDQJHV�RI�RLO�VOLFN�DUHD�� 6$ ��GXULQJ�WKH�WLPH�DUH

GHSHQG�RQ�WKH�ORFDWLRQ�RI�UHOHDVHG��ZLQG�VSHHG�DQG
EORZ�GLUHFWLRQ�� VXUIDFH�FXUUHQW� YHORFLW\�� W\SH�RI�RLO�
FRDVWOLQHV�DQG�LVODQGV�DGMDFHQF\��HWF��7KH�FKDQJHV�RI

QRUPDOL]HG�SDUDPHWHU�RI�DYHUDJH�VOLFN�WKLFNQHVV�� 6K �

DUH� SUHVHQWHG� LQ� )LJ�� ����+DUG� GHFUHDVLQJ� RI� VOLFN
WKLFNQHVV�LQ�ILUVW�KRXUV�LV�VKRZQ�LQ�WKLV�ILJ��7KLV�SDWWHUQ
RFFXUV� GXH� WR� RLO� VSUHDGLQJ� RQ� WKH� VHD� VXUIDFH� DQG
HYDSRUDWLRQ�RI�PDMRU�SDUWV�RI�SHWUROHXP�SURGXFWLRQ�
$OVR��WKH�FKDQJHV�RI�RLO�SURSHUWLHV�GXH�WR�ZHDWKHULQJ
SURFHVV� DUH� FRPSXWHG� E\� WKH� PRGHO� DQG� WKHLU
QRUPDOL]HG�SDUDPHWHUV�DV�VKRZQ�LQ�)LJ������7KH�HVVHQWLDO
SDUWV�RI�WKHVH�SURFHVVHV��HVSHFLDOO\�HYDSRUDWLRQV�DQG
RLO�LQ�ZDWHU�HPXOVLILFDWLRQ�DUH�KDSSHQHG�LQ�WKH�ILUVW
WLPHV�RI�VSLOODJH��7KHUHIRUH��WKH�PRVW�SRUWLRQV�RI�RLO
SURSHUWLHV�YDULDWLRQV�DUH�RFFXUUHG�LQ�WKLV�WLPH��,Q�WKLV
VWXG\��WKH�FKDQJHV�RI�YLVFRVLW\�DUH�VLJQLILFDQWO\�KLJK�

)LJ������7KH�VLPXODWLRQ�UHVXOWV�RI�RLO�VOLFN�WUDQVSRUW�GXULQJ�WKH�WLPH��D��LQLWLDO��E����GD\��F����GD\V��G�
��GD\V�DIWHU�VSLOO

DERXW�����WLPHV�ODUJHU�WKDQ�LWV�LQLWLDO�YDOXH��%HFDXVH�RI
WKLV�LQFUHDVH��RLO�ZLOO�EH�WUDQVIRUPHG�WR�D�KLJK�YLVFRVLW\
PDWHULDO�DQG�WKH�UDWH�RI�HYDSRUDWLRQ��VOLFN�WUDQVSRUW
EHFRPH�YHU\�VORZ�

7KH�RLO�IDWH�FDQ�EH�GHPRQVWUDWHG�E\�HVWLPDWLRQ�RI
RLO�PDVV�EDODQFHV�LQ�WKUHH�SKDVHV�LQFOXGLQJ�DLU�SKDVH
�WKH�HYDSRUDWHG�RLO���ZDWHU�SKDVH��WKH�GLVVROYHG�DQG
GLVSHUVHG� RLO� LQ� ZDWHU� FROXPQ�� DQG� VOLFN� SKDVH
�UHPDLQHG�RLO��DV�VKRZQ�LQ�)LJ������,Q�WKLV�VWXG\��DIWHU��
GD\V��DERXW�����RI�WKH�WRWDO�RLO�LV�ORVW�E\�HYDSRUDWLRQ�
����HQWHUV�WKH�ZDWHU�FROXPQ��LQFOXGLQJ�GLVVROYHG�DQG
GLVSHUVHG� RLO� LQ�ZDWHU��� ���� UHPDLQV� RQ� WKH�ZDWHU
VXUIDFH�� ,W� LV�FOHDU� WKDW�� WKH�PDVV� EDODQFHV� RI� WKHVH
SKDVHV� GHSHQG� RQ� RLO� SURSHUWLHV�� HQYLURQPHQWDO
FRQGLWLRQV��WHPSHUDWXUH��ZLQG�VSHHG��HWF���DQG�ZDWHU
FKDUDFWHULVWLFV��FXUUHQW�YHORFLW\��WXUEXOHQW�HQHUJ\��HWF���
7KURXJKRXW� KLVWRU\� VHYHUDO� RLO� VSLOO� LQFLGHQWV� KDYH
EHHQ�UHSRUWHG�LQ�WKH�3HUVLDQ�*XOI�DQG�WKH�ELJJHVW�RI
WKHP�ZDV�RFFXUUHG�LQ�-DQXDU\�������QRQHWKHOHVV�WKHUH
LV�PDMRU�OHDNDJHV�RI�DYDLODEOH�PHDVXUHG�GDWD�DERXW�WKLV
FDVH� VDPH� DV� RWKHU� LQFLGHQWV�� +HUHXSRQ�ZH� KDYH
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$JKDMDQORR��.��HW�DO�

)LJ������1RUPDOL]HG�SDUDPHWHU�RI�DYHUDJH�RLO�VOLFN�WKLFNQHVV

)LJ������&KDQJHV�RI�RLO�SURSHUWLHV��D��ZDWHU�FRQWHQW�LQ�RLO�LQ�ZDWHU�HPXOVLILFDWLRQ���E��GLPHQVLRQOHVV�RLO
YLVFRVLW\��F��GLPHQVLRQOHVV�RLO�GHQVLW\
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SULQFLSDO�GLIILFXOWLHV�WR�YHULI\�WKH�UHVXOWV�RI�RXU�RLO�VSLOO
PRGHO� DQG� LQ� WKLV�ZRUN� ZH� FDQ� RQO\� FRPSDUH� WKH
SUHGLFWHG�SRVLWLRQ�RI�RLO�VOLFN�DQG�LWV�PRYHPHQW�RQ�WKH
*XOI�VXUIDFH�ZLWK�DYDLODEOH�GDWD�

'XULQJ�WKH�*XOI�:DU��PDMRU�DPRXQWV�RI�WKH�.XZDLW
FUXGH� RLO�ZHUH� UHOHDVHG� LQWR� WKH�3HUVLDQ�*XOI� IURP
GHVWUR\HG�WDQNHUV��RLO�WHUPLQDOV�DQG�RLO�ZHOOV��7KH�VL]H
RI� VSLOOHG�RLO� LV�QRW�NQRZQ�DFFXUDWHO\� RZLQJ� WR� WKH
KRVWLOLWLHV�DW�WKH�WLPH�EXW�WKHUH�DUH�VHYHUDO�UHSRUWV�DERXW
LW�� ,Q� -DQXDU\� DQG� )HEUXDU\� ������ DSSUR[LPDWHO\
����������EDUUHOV�RI�RLO�VSLOOHG�GLUHFWO\�LQWR�WKH�*XOI
IRUPLQJ�D�����VTXDUH�PLOH�RI�VOLFN��12$$��������

,Q�WKLV�VWDJH��WKH������$O�$KPDGL�VSLOO�LV�PRGHOHG
WR� HQVXUH� WKH� PRGHO� YDOLGLW\� DQG� WKH� SUHGLFWHG
SRVLWLRQV�RI�VSLOOHG�RLO�E\�FXUUHQW�PRGHO�DUH�FRPSDUHG
ZLWK� VRPH�REVHUYHG� GDWD� DQG� SUHGLFWHG� UHVXOWV� RI
2,/32/�PRGHO��7KH�EDVLF�FRQGLWLRQV�RI�PRGHOOLQJ�DUH
VDPH�DV�WKH�YLUWXDO�LQFLGHQW�PRGHOOLQJ�LQ�UHFHQW�VHFWLRQ�
VXFK� DV� JULG� VL]H�� WLPH� VWHS� HWF�� 7KH� WLGDO� FXUUHQW
IOXFWXDWLRQ�DW�+RUPX]�6WUDLW��RYHU�D����GD\V�SHULRG
VWDUWLQJ�RQ����-DQXDU\��LV�XVHG�DV�K\GURG\QDPLF�LQSXW
GDWD�DQG�DQ�H[DPSOH�RI�WKLV�LV�SUHVHQWHG�LQ�)LJ�����DV
ZDWHU�VXUIDFH�HOHYDWLRQV��7KH�ZLQG�DERYH�WKH�RLO�VOLFN
ZDV�UHSRUWHG�DV�QRUWK�ZHVW����NQRWV��$O�5DEHK�HW�DO��
�������7KH�VSLOO�UDWH�RI��������EDUUHOV�RI�.XZDLW�FUXGH
RLO�SHU�KRXU�LV�DVVXPHG�RYHU�D�WHQ�GD\V�SHULRG�VWDUWLQJ
DW�������KRXUV�RQ����-DQXDU\��7KH�FKHPLFDO�DQG�SK\VLFDO
SURSHUWLHV�RI�.XZDLW�FUXGH�RLO�DUH�SUHVHQWHG�LQ�7DEOH���
,Q�)LJ������RLO�VOLFN�SRVLWLRQV�SUHGLFWHG�E\�FXUUHQW�PRGHO
DUH� VKRZQ�IRU� VHYHUDO�GD\V�DIWHU� VSLOO��$V� VHHQ�� WKH

)LJ������7KH�PDVV�EDODQFH�RI�HDFK�PHGLD�GXH�WR�RLO�ZHDWKHULQJ�SURFHVVHV

VOLFN�SDWK�LV�GLYHUWHG�WR�WKH�VRXWK�FRDVWOLQHV��)LJ����
VKRZV�WKH�GLVWULEXWLRQ�RI�WKH�VXUIDFH�RLO�DIWHU����GD\V
RQ����)HEUXDU\��7R�YHULI\�WKH�UHVXOWV�RI�PRGHO��VRPH
DYDLODEOH�GDWD�KDYH�EHHQ�FROOHFWHG�DQG�VKRZQ�LQ�)LJV
�������)LJ�����SUHVHQWV�WKH�SUHGLFWHG�SRVLWLRQ�RI�RLO
VOLFN�RQ����)HEUXDU\�E\�2,/32/�PRGHO��$O�5DEHK�HW
DO���������DQG�WKH�FRUUHVSRQGLQJ�REVHUYHG�SRVLWLRQ�LV
SUHVHQWHG�LQ�)LJ������$IWHU�DQDO\]LQJ�WKH�PRGHO�RXWSXW
PDSV��D�JRRG�DJUHHPHQW�LV�VHHQ�EHWZHHQ�WKH�SUHGLFWHG
UHVXOWV� E\� FXUUHQW� PRGHO� DQG� RWKHU� REVHUYHG� DQG
SUHGLFWHG�SRVLWLRQV��,Q�VSLWH�RI�WKH�PDMRU�OHDNDJH�RI
VXIILFLHQW�GDWD��WKH�)LJV�DUH�JRRG�HYLGHQFH�WR�HQVXUH
WKH�PRGHO�DELOLWLHV�

&21&/86,21
,Q�WKLV�ZRUN��D�PDWKHPDWLFDO�PRGHO�LV�GHYHORSHG�WR
VLPXODWH� WKH� RLO� VSLOO� EHKDYLRU � LQ� UHDO� PDULQH
HQYLURQPHQW��7KH�FXUUHQW�RLO�VSLOO�PRGHO�LQFOXGHV�WKUHH
PDMRU� VXE�PRGHOV� LQFOXGLQJ�� �D�� WKH� K\GURG\QDPLF
PRGHO�WR�VLPXODWH�WKH�WLGDO�FXUUHQWV���E��WKH�RLO�VOLFN
G\QDPLF�PRGHO� WR�VLPXODWH� LWV� WUDQVSRUW�RQ� WKH� VHD
VXUIDFH�DQG��F��WKH�RLO�ZHDWKHULQJ�PRGHO�WR�SUHGLFW�WKH
UDWHV� RI� RLO� ORVVHV� GXH� WR� QDWXUDO� SURFHVVHV� DQG� WKH
FKDQJHV�RI�RLO�SURSHUWLHV��7KH�GHWDLOHG�FKDUDFWHULVWLF
RI�WKHVH�VXE�PRGHO�ZHUH�SUHVHQWHG�LQ�UHFHQW�ZRUNV�RI
DXWKRUV��$JKDMDQORR�DQG�3LURR]��������$JKDMDQORR�HW
DO����������7KH�YDOLGDWLRQ�DQG�YHULILFDWLRQ�RI�PRGHO�LV
FDUULHG�RXW�E\�FRPSDULVRQ�WKH�QXPHULFDO�UHVXOWV�ZLWK
DQDO\WLFDO� VROXWLRQ�� 7KH� REWDLQHG� UHVXOWV� VKRZ� WKH
FDSDELOLW\� RI� WKH� PRGHO� LQ� VHOHFWHG� FDVH� VWXG\�



1XPHULFDO�6LPXODWLRQ�RI�2LO�6SLOO

��

)LJ������0HDVXUHG�WLGDO�IOXFWXDWLRQ�DW�+RUPX]�6WUDLW

)LJ������7KH�SUHGLFWHG�SRVLWLRQV�RI�WKH�VOLFN�GXH�WR�$O�$KPDGL�VSLOO�LQ�������D��LQLWLDO�ORFDWLRQ��E�����GD\V��F����
GD\V��G�����GD\V�DIWHU�VSLOO



)LJ������7KH�RLO�VOLFN�WKLFNQHVV�PDS�RQ����)HEUXDU\�����GD\V�DIWHU�VSLOO�

)LJ������6XUIDFH�RLO�GLVWULEXWLRQ�RI�WKH�$O�$KPDGL�VSLOO�RQ����)HEUXDU\������SUHGLFWHG�E\�2,/32/
�$O�5DEHK�HW�DO��������

,QW��-��(QYLURQ��5HV���������������:LQWHU�����

��



)LJ������2EVHUYHG�RLO�GLVWULEXWLRQ�RI�WKH�$O�$KPDGL�VSLOO�RQ����)HEUXDU\�������$O�5DEHK�HW�DO��������

7KHUHIRUH�� WKH� PRGHO� LV� UXQ� IRU� D� UHDO� PDULQH
HQYLURQPHQW��3HUVLDQ�*XOI�DQG�D�YLUWXDO�HYHQW�LV�FKRVHQ
WR�LQGLFDWH�WKH�PRGHO�FDSDELOLW\�LQ�SUHGLFWLRQ�RI�RLO�VSLOO
EHKDYLRU�LQ�UHDO�ILHOG��$OVR��VLPXODWLRQ�RI�$O�$KPDGL
VSLOO�LV�FDUULHG�RXW�WR�VKRZ�WKH�PRGHO�DELOLW\�WR�SUHGLFW
WKH�DFFXUDWH�SRVLWLRQV�RI�RLO�VOLFN�GXULQJ�WKH�WLPH�

5()(5(1&(6
$EERWW��0�� %�� DQG�0LQQV��$��:�� �������� &RPSXWDWLRQDO
+\GUDXOLFV��$VKJDWH�3XEOLVKLQJ� /WG��$OGHUVKRW��8.�

$IDQGL]DGHK�� 6K��� .DODQWDUL��1�� DQG�5H]DHHVWDNKUXLH�� +�
��������$�3DUWLDO�/LQHDUL]DWLRQ�0HWKRG�IRU�0XOWL�2EMHFWLYH
&RQWLQXRXV�1HWZRUN�'HVLJQ�3UREOHP�ZLWK� (QYLURQPHQWDO
&RQVLGHUDWLRQV��,QW��-��(QYLURQ��5HV������������������

$JKDMDQORR��.��DQG� 3LURR]��0��'�� ��������7KH�6LPXODWLRQ
RI� WKH�2LO�:HDWKHULQJ�3URFHVVHV� LQ�0DULQH�(QYLURQPHQW�
3URFHHGLQJ� RI� WKH� � WK� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ
(QYLURQPHQWDO� DQG� &RPSXWHU� 6FLHQFH�� ,&(&6� �����
6LQJDSRUH�

$JKDMDQORR��.���3LURR]��0��'�� DQG�1DPLQ��0��0�� ������
1XPHULFDO� 6LPXODWLRQ� RI� 7LGDO�&XUUHQWV� LQ�3HUVLDQ�*XOI�
3URFHHGLQJ� RI� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� &LYLO�
(QYLURQPHQWDO�DQG�&KHPLFDO�(QJLQHHULQJ�� ,&&(&(������
%DOL�

$MLEROD��9��2��DQG�/DGLSR��0��.����������6HGLPHQW�4XDOLW\
RI�(IIOXHQW�'LVFKDUJH�&KDQQHOV�IURP�6L[�,QGXVWULDO�6LWHV�LQ
/DJRV��1LJHULD��,QW��-��(QYLURQ��5HV������������������

$O�5DEHK��$��+��� /DUGQHU��5��:�� DQG�*XQD\��1�� �������
*XOIVSLOO�9HUVLRQ������D�VRIWZDUH�SDFNDJH�IRU�RLO�VSLOOV�LQ�WKH
$UDELDQ�*XOI��(QYLURQ��0RGHOO��6RIWZ����������±����

$O�5DEHK��$��+��� &HNLUJH��+��0��DQG�*XQD\��1�� �������
0RGHOLQJ� WKH� IDWH� DQG� WUDQVSRUW� RI� WKH�$O�$KPDGL� VSLOO�
:DWHU�$LU�6RLO�3ROOXW����������±����

$3,����������)DWH�RI�6SLOOHG�2LO�LQ�0DULQH�:DWHUV��$PHULFDQ
3HWUROHXP�,QVWLWXWH�� 3XEOLFDWLRQ�1XPEHU� �����

%HONKLUL�� /��� %RXGRXNKD��$�� DQG�0RXQL�� /�� ��������$
PXOWLYDULDWH�6WDWLVWLFDO�$QDO\VLV� RI�*URXQGZDWHU�&KHPLVWU\
'DWD��,QW��-��(QYLURQ��5HV������������������

&KDR��;��� 6KDQNDU��1�� -���DQG�&KHRQJ��+��)�� ��������7ZR
DQG� WKUHH� GLPHQVLRQDO� RLO� VSLOO�PRGHO� IRU� FRDVWDO� ZDWHUV�
2FHDQ�(QJ�����������������

'DQLHO��5��DQG�3UDEKDNDUD�5DR��$��9��6����������$Q�(IILFLHQW
5HPRYDO�RI�$UVHQLF�IURP�,QGXVWULDO�(IIOXHQWV�XVLQJ�(OHFWUR�
FRDJXODWLRQ� DV�&OHDQ�7HFKQRORJ\�2SWLRQ�� ,QW�� -�� (QYLURQ�
5HV������������������

'LPLWURY��$��1���<RUGDQRY��'�� ,�� DQG�3HWNRY��3��6�� �������
6WXG\� RQ�7KH� (IIHFW� RI� 'HPXOVLIHUV� RQ� &UXGH� RLO� DQG
3HWUROHXP�3URGXFWV��,QW��-��(QYLURQ��5HV������������������
(OKDNHHP��$��$���(OVKRUEDJ\�:���DQG�&KHEEL��5����������2LO
VSLOO�VLPXODWLRQ�DQG�YDOLGDWLRQ�LQ�WKH�$UDELDQ��3HUVLDQ��*XOI
ZLWK� VSHFLDO� UHIHUHQFH� WR� WKH�8$(�FRDVW��:DWHU�$LU� 6RLO
3ROOXW����������������������

(SVWHLQ��3��5��DQG�6HOEHU��-����������2,/��D�OLIH�F\FOH�DQDO\VLV
RI� LWV� KHDOWK� DQG� HQYLURQPHQWDO� LPSDFWV�� 7KH�&HQWHU� IRU

$JKDMDQORR��.��HW�DO�

��



+HDOWK�DQG�WKH�*OREDO�(QYLURQPHQW�+DUYDUG�0HGLFDO�6FKRRO�
%RVWRQ�

)D\��-����������3K\VLFDO�SURFHVVHV�LQ�WKH�VSUHDG�RI�RLO�RQ�WKH
ZDWHU�VXUIDFH��3URFHHGLQJ�RI� WKH�&RQI�� RQ�3UHYHQWLQJ� DQG
&RQWURO�RI�2LO�6SLOOV��:DVKLQJWRQ��'�&�����������

)URPP�� -��(�� ��������$�PHWKRG�RI� UHGXFLQJ�GLVSHUVLRQ� LQ
FRQYHFWLYH�GLIIHUHQFH� VFKHPH��-��&RPSXW�� 3K\V��� ��� ���±
���

*DUFLD�0DUWLQH]��5��DQG�)ORUHV�7RYDU��+����������&RPSXWHU
PRGHOLQJ�RI�RLO�VSLOO�WUDMHFWRULHV�ZLWK�D�KLJK�DFFXUDF\�PHWKRG�
6SLOO�6FL��7HFKQRO��%XOO��������������������

+DOODUH��$�9���/DVDILQ��.��-��$��DQG�0DJDOODQHV��-��5���������
6KLIW� LQ�3K\WRSODQNWRQ�&RPPXQLW\� 6WUXFWXUH� LQ�D�7URSLFDO
0DULQH�5HVHUYH�%HIRUH� DQG�$IWHU� D�0DMRU� RLO�6SLOO� (YHQW�
,QW��-��(QYLURQ��5HV������������������

+DUXQD��$��8]DLUX��$��DQG�+DUULVRQ��*��)��6����������&KHPLFDO
)UDFWLRQDWLRQ�RI�7UDFH�0HWDOV� LQ�6HZDJH�:DWHU� ±� ,UULJDWHG
6RLOV��,QW��-��(QYLURQ��5HV������������������

+RXOW��'��3����������2LO�6SUHDGLQJ�RQ�WKH�6HD��$QQXDO�5HYLHZ
RI�)OXLG�0HFKDQLFV��9DQ�'\NH��HG����S����±����

.DQJ��<��+�� ��������(XOHULDQ�DQG�ODJUDQJLDQ�DSSURDFKHV� WR
VLPXODWLQJ� VROXWH� WUDQVSRUW� LQ� D� UHFWDQJXODU�KDUERU�� 3K�'�
WKHVLV��8QLYHUVLW\� RI�%UDGIRUG�� 8.�

.DYLDQ��$��� )DWKROODK� 1HMDG��<��� +DELEQHMDG��0�� DQG
6ROHLPDQL��.����������0RGHOLQJ�6HDVRQDO�5DLQIDOO�(URVLYLW\
RQ�D�5HJLRQDO� VFDOH��$�FDVH�6WXG\� IURP�1RUWKHDVWHUQ� ,UDQ�
,QW��-��(QYLURQ��5HV������������������

.LP��&K��DQG�/HH��-����������$�WKUHH�GLPHQVLRQDO�3&�EDVHG
K\GURG\QDPLF�PRGHO�XVLQJ�DQ�$',�VFKHPH��&RDVW��(QJ�����
���������������

.XLSHU��-���DQG�9DQ�'HQ�%ULQN��:��-����������)DWH�DQG�(IIHFWV
RI�2LO�RQ�0DULQH�(FRV\VWHPV��1LMKRII��%RVWRQ��0$�

/DOHYLF��%���5DLFHYLF��9���.LNRYLF��'���-RYDQRYLF�/���6XUODQ�
*���� -RYLF�� -���7DODLH��$� �� 5�� DQG� 0RULQD�� )�� �������
%LRGHJUDGDWLRQ� RI�07%(� E\�%DFWHULD� ,VRODWHG�)URP�2LO
+\GURFDUERQV��&RQWDPLQDWHG�(QYLURQPHQWV��,QW��-��(QYLURQ�
5HV������������������

/HKU��:��-���&HNLUJH��+��0���)UDJD��5�� -��DQG�%HOHQ��0��6�
��������(PSLULFDO�VWXGLHV� RI� WKH�VSUHDGLQJ�RI� WKH�RLO� VSLOOV�
2LO�3HWURFKHP��3ROOXW������ �����

0DFND\��'���0DVFDUHQKDV�� ,�� %�� DQG�3DWHUVRQ�� 6�� �������
2LO� 6SLOO� 3URFHVVHV� DQG�0RGHOV��(QYLURQPHQW� &DQDGD
5HSRUW�� ((±��

0RRQH\��0����������7KH�YLVFRVLW\�RI�FRQFHQWUDWHG�VROXWLRQV
RI�VSKHULFDO�SDUWLFOHV��-��&ROORLG�6FL���������±����

0ZHJRKD��:�� -�� 6���.DVHYD��0��(�� DQG�6DEDL�� 6��0��0�
��������0DWKHPDWLFDO�0RGHOLQJ� RI�'LVVROYHG�2[\JHQ� LQ
)LVK�3RQGV��,QW��-��(QYLURQ��5HV������������������

1DJKHHE\��0�� DQG�.RODKGRR]DQ��0�� �������� 1XPHULFDO
PRGHOLQJ� RI� WZR�SKDVH�IOXLG� IORZ� DQG�RLO�VOLFN� WUDQVSRUW� LQ
HVWXDULQH�ZDWHU��,QW��-��(QYLURQ��6FL��7HFK������������������

1DMDIL��$�� � DQG�$IUD]HK��$�� ��������$QDO\VLV� RI� WKH
(QYLURQPHQWDO� 3URMHFWV�5LVN�0DQDJHPHQW�6XFFHVV� 8VLQJ
$QDO\WLFDO�1HWZRUN�3URFHVV�$SSURDFK��,QW��-��(QYLURQ��5HV��
���������������

1DPLQ��0��0�� ��������$� )XOO\�7KUHH�'LPHQVLRQDO�1RQ�
+\GURVWDWLF� )UHH� 6XUIDFH� )ORZ� 0RGHO� IRU� +\GUR�
(QYLURQPHQWDO�3UHGLFWLRQV��3KG�7KHVLV��&DUGLII�8QLYHUVLW\�

1D]LU��0���.KDQ�� )���$P\RWWH�� 3�� DQG� 6DGLT��5�� �������
0XOWLPHGLD� IDWH� RI� RLO� VSLOOV� LQ� D�PDULQH�HQYLURQPHQW�� DQ
LQWHJUDWHG�PRGHOOLQJ�DSSURDFK��3URFHVV�6DI��(QYLURQ��3URW��
�������±����

12$$��2YHUVWUHHW��5��DQG�*DOW��-����������3K\VLFDO�3URFHVVHV
$IIHFWLQJ� WKH�0RYHPHQW�DQG� 6SUHDGLQJ�RI�2LOV� LQ� ,QODQG
:DWHUV��1DWLRQDO�2FHDQLF�DQG�$WPRVSKHULF�$GPLQLVWUDWLRQ�
6HDWWOH��:DVKLQJWRQ�

12$$�� �������� 2LO� 6SLOO� &DVH�+LVWRULHV�� ����������
6XPPDULHV�RI�6LJQLILFDQW�86�DQG�,QWHUQDWLRQDO�6SLOOV��5HSRUW
1R��+05$'� �������1DWLRQDO�2FHDQLF� DQG�$WPRVSKHULF
$GPLQLVWUDWLRQ�� 6HDWWOH��:DVKLQJWRQ�

3DODGLQR��(�� (�� DQG�0DOLVND��&�� 5�� �������� 1XPHULFDO
VLPXODWLRQ�RI�RLO� VSLOO� WUDMHFWRULHV�LQ� WKH�VHD��3URFHGLQJV�GR
�QR��&RQJUHVR�&KLOHQR�GH� ,QJHQLHUtD�0HFiQLFD� �&2&,0��
&21$(���9DOSDUDLVR�

3HULDQH]��5�� ��������&KHPLFDO�DQG� RLO� VSLOO� UDSLG� UHVSRQVH
PRGHOOLQJ� LQ� WKH� 6WUDLW� RI�*LEUDOWDU±$OERUDQ�6HD�� (FRO�
0RGHO�����������±����

3HUU\�� &�� ��������0DQXDO� GHO� ,QJHQLHUR�4XtPLFR��0p[LFR�
0F*UDZ�+LOO�

3LFFLQL��&���0DUFKHWWL�$��� )DULQD�5�� DQG�)UDQFDYLJOLD� 5�

��������$SSOLFDWLRQ� RI� ,QGLFDWRU� NULJLQJ� WR� (YDOXDWH� WKH
3UREDELOLW\�RI�([FHHGLQJ�1LWUDWH�&RQWDPLQDWLRQ�7KUHVKROGV�
,QW��-��(QYLURQ��5HV������������������

5DKPDQ��0��0��DQG�$O�0DODFN��0��+����������%LRFKHPLFDO
.LQHWLFV� RI�&URVV� IORZ�0HPEUDQH�%LRUHDFWRU�3URFHVVHV� LQ
WKH�7UHDWPHQW�RI�5HILQHU\�:DVWHZDWHU��,QW��-��(QYLURQ��5HV��
���������������

5DVPXVHQ��'����������2LO�VSLOO�PRGHOLQJ�D� WRRO�IRU�FOHDQXS
RSHUDWLRQV�� 3URFHHGLQJV�RI� WKH������2LO� 6SLOO�&RQIHUHQFH�
:DVKLQJWRQ��$PHULFDQ�3HWUROHXP� ,QVWLWXWH��S�� ��������

5HHG��0���-RKDQVHQ��2���%UDQGYLN��3���'DOLQJ��3���/HZLV��$��
)LRFFR��5���0DFND\��'��DQG�3UHQWNL��5��5����������2LO�VSLOO
PRGHOOLQJ�WRZDUGV�WKH�FORVH�RI���WK�FHQWXU\��RYHUYLHZ�RI�WKH
VWDWH�RI�WKH�DUW��6SLOO�6FL��7HFKQRO���������������

5HHG�� 0�� �������� 7KH� SK\VLFDO� IDWHV� FRPSRQHQW� RI� WKH
QDWXUDO� UHVRXUFH� GDPDJH� DVVHVVPHQW� PRGHO� V\VWHP��2LO
&KHP��3ROOXW�������±������±����

5HHG��0���.DQD��7��DQG�*XQGODFK��(�� ��������7HVWLQJ� DQG
9HULILFDWLRQ� RI� D� 6SLOO� 6XUI�=RQH�0DVV�7UDQVSRUW�0RGHO�
$ODVND��2&6�5HJLRQ��0LQHUDOV�0DQDJHPHQW�6HUYLFH�

5LD]L��0��5��DQG�(GDODW��0����������3UHGLFWLRQ�RI�WKH�UDWH�RI
RLO� UHPRYDO� IURP� VHDZDWHU� E\� HYDSRUDWLRQ�DQG� GLVVROXWLRQ�
-��3HWURO�6FL��(QJ���������������

,QW��-��(QYLURQ��5HV���������������:LQWHU�����

��



6DEEDJK�<D]GL��6��5���=RXQHPDW�.HUPDQL��0��DQG�.HUPDQL�
$�� �������� 6ROXWLRQ� RI� GHSWK�DYHUDJHG� WLGDO� FXUUHQWV� LQ
3HUVLDQ�*XOI� RQ�XQVWUXFWXUHG� RYHUODSSLQJ� ILQLWH� YROXPHV�
,QW�� -��1XPHU��0HWKRGV�)OXLG��������������

6DGDWLSRXU��6��0��7���.LDPHKU��5���$EUHKGDU\��0��DQG�6KDULIL�
$��5�� ��������7KH�(YDOXDWLRQ�RI�6HD�6XUIDFH�7RSRJUDSK\
0RGHOV�EDVHG�RQ� WKH�&RPELQDWLRQ�RI�WKH�6DWHOOLWH�DOWLPHWU\
DQG� WKH� *OREDO�*HRLG�0RGHOV� LQ� WKH�3HUVLDQ�*XOI�� ,QW�� -�
(QYLURQ��5HV������������������

6HEDVWLDR��3��DQG�6RDUHV��&��*����������0RGHOOLQJ�WKH�IDWH�RI
RLO�VSLOOV�DW�VHD��6SLOO�6FL��7HFKQRO��%XOO���������±����

6HNPDQ��(���7RS��6���8VOX��(����9DUDQN��*��DQG�%LOJLOL��0��6�
��������7UHDWPHQW� RI�2LO\�:DVWHZDWHU� )URP�3RUW�:DVWH
5HFHSWLRQ�)DFLOLWLHV� E\�(OHFWURFRDJXODWLRQ�� ,QW�� -�� (QYLURQ�
5HV��������������������

6ROWDQL��1���%DIWHFKL��/���'H]IXOLDQ��0���6KRNUDYL��6K��DQG
$OQDMDU�� 1�� �������� 0ROHFXODU� DQG� 0RUSKRORJLFDO
&KDUDFWHUL]DWLRQ�RI�2LO�3ROOXWHG�0LFURDOJDH��,QW��-��(QYLURQ�
5HV������������������

6SDXOGLQJ��0���.ROOXUX��9���$QGHUVRQ��(�� DQG�+RZOHWW�� (�
��������$SSOLFDWLRQ� RI�D� ��GLPHQVLRQDO�RLO� VSLOO�PRGHO� WR
KLQGFDVW�WKH�%UDHU�6SLOO��6SLOO�6FL��7HFKQRO��%XOO�������������
���

6WLYHU��:��DQG�0DFND\��'����������(YDSRUDWLRQ�UDWH�RI�VSLOOV
RI� K\GURFDUERQV� DQG� SHWUROHXP�PL[WXUHV�� (QYLURQ�� 6FL�
7HFKQRO���������������

6WRO]HQEDFK��.��'���0DGVHQ��2��6���$GDPV��(��(���3ROODFN�
$��0��DQG�&RRSHU��&��.����������$�5HYLHZ�DQG�(YDOXDWLRQ
RI�%DVLF�7HFKQLTXHV�IRU�3UHGLFWLQJ�WKH�%HKDYLRU�RI�6XUIDFH
2LO� 6OLFNV��5HSRUW�1R�� �����5DOSK�0��3DUVRQV�/DERUDWRU\
IRU�:DWHU� 5HVRXUFHV� DQG�+\GURG\QDPLFV��'HSDUWPHQW� RI
&LYLO�(QJLQHHULQJ��0,7��86$�

7NDOLFK�� 3�� ��������$�&)'� VROXWLRQ�RI� RLO� VSLOO� SUREOHPV�
(QYLURQ��0RGHOO��6RIWZ���������±����

7NDOLFK�� 3���+XGD��.�� DQG� +RRQJ�*LQ��.��<�� ��������$
PXOWLSKDVH�RLO� VSLOO�PRGHO��-��+\GUR��5HV���������� ��������

7U|JO��-��DQG�%HQHGLNWRYi��.����������(PSLULFDO�&RPSDULVRQ
RI�6HYHQ�WZR�SDUDPHWHU�6LJPRLG�(TXDWLRQV�IRU�WKH�(YDOXDWLRQ
RI�WKH�&RQFHQWUDWLRQ�UHVSRQVH�&XUYHV� IURP�6WDQGDUG�$FXWH
(FRWR[LFLW\�$VVD\V�� ,QW�� -��(QYLURQ��5HV���������� ��������

:DQJ��6�'���6KHQ��<�0���*XRE��<�.���DQG�7DQJD��-���������
7KUHH�GLPHQVLRQDO�QXPHULFDO�VLPXODWLRQ�IRU�WUDQVSRUW�RI�RLO
VSLOOV�LQ�VHDV��2FHDQ�(QJ����������±����

:DUOX]HO�� $�� DQG� %HQTXH�� -�� 3�� �������� 8Q� PRGqOH
PDWKpPDWLTXH� GH� WUDQVSRUW� HW� G¶HWDOHPHQW� G¶XQH� QDSSH
G¶K\GURFDUEXUHV�� 3URFHHGLQJ�&RQIHUHQFH� RI�0HFKDQLFV�RI
2LO�6OLFNV��3DULV��)UDQFH��S����±����

=RX��%���=KDQ��)��%���=HQJ��<��<RUNH��&K��DQG�/LX��;���������

3HUIRUPDQFH�RI�.ULJLQJ�DQG�(:30�IRU�5HODWLYH�$LU�3ROOXWLRQ
([SRVXUH�5LVN�$VVHVVPHQW��,QW��-��(QYLURQ��5HV��������������

����

1XPHULFDO�6LPXODWLRQ�RI�2LO�6SLOO

��



,QW��-��(QYLURQ��5HV����������������:LQWHU�����
,661�����������

5HFHLYHG� ��� -DQ� ����� �� ��� � �� �� � ��� ��5HYLVHG���$XJ������� �� �� � � �� � � � �� � �$FFHSWHG����$XJ������

&RUUHVSRQGLQJ�DXWKRU�(�PDLO�� VNXSSLUHGG\#SL�DF�DH

��

*DVLILFDWLRQ�.LQHWLFV�RI�'DWH�SDOP�VHHG�XVLQJ�&DUERQ�'LR[LGH

6XUHVK�.XPDU�5HGG\��.����$KPHG��$��6��DQG�6ULQLYDVDNDQQDQ��&�

&KHPLFDO�(QJLQHHULQJ�'HSDUWPHQW��7KH�3HWUROHXP�,QVWLWXWH��3�2��%R[�������$EX�'KDEL��8$(

$%675$&7��*DVLILFDWLRQ�LV�D�ZHOO�NQRZQ�UHDFWLRQ�RZLQJ�WR�LWV�UHOHYDQFH�WR�JHQHUDWLRQ�RI�VXVWDLQDEOH�HQHUJ\

IURP�ELRPDVV� DQG�GHYHORSPHQW�RI�SRURXV�FDUERQV��7KH�SUHVHQW�SDSHU� DWWHPSWV� WR� H[SHULPHQWDOO\� LQYHVWLJDWH

WKH�NLQHWLFV� RI� SDOP� VKHOO� FKDU� JDVLILFDWLRQ� XVLQJ� FDUERQ�GLR[LGH� �&2
�
�� LQ�D� FRQWUROOHG� HQYLURQPHQW� XVLQJ

7KHUPR�*UDYLPHWULF�$QDO\]HU� �7*$�� DW� WHPSHUDWXUHV� UDQJLQJ�IURP����� WR���� &��$� UHOHYDQW� NLQHWLF�PRGHO

UHSUHVHQWLQJ�WKH�H[SHULPHQWDO�GDWD�ZDV�LGHQWLILHG�E\�ILWWLQJ�WKH�H[SHULPHQWDO�GDWD�ZLWK�SRSXODU�VHPL�HPSLULFDO

NLQHWLF�PRGHOV�VXFK�DV�/LQHDU�0RGHO� �/0���9ROXPH�5HDFWLRQ�0RGHO��950���6KULQNLQJ�&RUH�0RGHO� �6&0��
DQG�5DQGRP�3RUH�0RGHO��530���7KH�PRGHO�NLQHWLF�SDUDPHWHUV�ZHUH�HYDOXDWHG�E\�PLQLPL]LQJ�WKH�VXP�RI�URRW

PHDQ� VTXDUH� HUURU� �506(��� �$PRQJ� WKH�PRGHOV� WHVWHG� WKH� 530�H[KLELWHG� YHU\� FORVH� DGKHUHQFH� WR� WKH

H[SHULPHQWDO�GDWD�HYLGHQFHG�IURP�WKH�PLQLPXP�506(�RI���������7KH�DELOLW\�RI�WKH�530�PRGHO�WR�UHSUHVHQW
WKH� JDVLILFDWLRQ�NLQHWLFV�ZDV�DWWULEXWHG� WR� LWV� DELOLW\� WR� DFFRXQW� IRU� WKH�SRUH� JURZWK�GXULQJ� LQLWLDO� VWDJHV� RI

JDVLILFDWLRQ� DQG� GHVWUXFWLRQ� RI� SRUHV�GXH� WR� FRDOHVFHQFH� LQ� ODWHU� VWDJHV�RI� JDVLILFDWLRQ��7KH� UDWH� RI� UHDFWLRQ

LQFUHDVHG�ZLWK�LQFUHDVH�LQ�WHPSHUDWXUH�DQG�DFWLYDWLRQ�HQHUJ\�ZDV�IRXQG�WR�EH������.-�PRO�

.H\�ZRUGV��*DVLILFDWLRQ��'DWH�3DOP�6HHG� FKDU��3\URO\VLV��$FWLYDWLRQ� HQHUJ\��.LQHWLF�PRGHOV

,1752'8&7,21
7KH�GDWH�SDOP�VHHGV�DUH�RQH�RI�WKH�PDMRU�DJUR�

EDVHG�UHVLGXHV�SURGXFHG�LQ�KXJH�TXDQWLWLHV�LQ�WKH�*XOI
UHJLRQ��7KH�JDVLILFDWLRQ�LV�D�SURFHVV�RI�FRQYHUWLQJ�VROLG
IXHO� LQWR� JDVHRXV� SURGXFW� PDLQO\� LQYROYLQJ� WZR
VHTXHQWLDO� RSHUDWLRQV� ZKLFK� DUH� �L�� FRQYHUVLRQ� RI
FHOOXORVLF�FRPSRXQGV� LQWR�D� FDUERQ�ULFK�SURGXFW�E\
HOLPLQDWLQJ� WKH� YRODWLOH� FRPSRQHQWV� LQ� DQ� LQHUW
HQYLURQPHQW�JHQHUDOO\� NQRZQ� DV�S\URO\VLV� IROORZHG
E\��LL��WKH�UHDFWLRQ�RI�WKH�FDUERQ�ULFK�SURGXFW�ZLWK�VWHDP�
&2

��
RU DLU���7KH�JDVLILFDWLRQ�UHDFWLRQV�ZLWK�VWHDP�SURGXFH

V\QWKHVLV�JDV��PL[�RI�+
�
�DQG�&2��ZKLOH�WKH�UHDFWLRQ

ZLWK�&2
��
UHVXOW�LQ�FRQYHUVLRQ�WR�FDUERQ�PRQR�R[LGH�

ZKLFK� DUH� EDVH� PROHFXOHV� IRU� WKH� )LVKHU� 7URSVFK
V\QWKHVLV��XWLOL]HG�IRU�FRQYHUVLRQ�RI�V\QJDV�LQ�WR�OLTXLG
IXHOV�

,Q�JHQHUDO�WKH�OLWHUDWXUH�RQ�JDVLILFDWLRQ�NLQHWLFV
DGGUHVVHV� HIIHFW� RI� SDUDPHWHUV� VXFK� DV� JDVLILFDWLRQ
WHPSHUDWXUH��SDUWLFOH�VL]H��FKDU�SRURVLW\��PLQHUDO�FRQWHQW
RI� WKH� FKDU�� WHPSHUDWXUH�DQG�SDUWLDO�SUHVVXUH� RI� WKH
JDVLI\LQJ�DJHQWV��:X��%U\DQW�HW�DO���������2OOHUR��6HUUHUD
HW�DO���������0HUPRXG��6DOYDGRU�HW�DO����������$�QXPEHU
RI�VWXGLHV�KDYH�UHSRUWHG�WKH�DELOLW\�RI�WKH�JDVLILFDWLRQ
SURFHVV�WR�SURGXFH�KLJK�VXUIDFH�DUHD�DFWLYDWHG�FDUERQ
HLWKHU�LQ�SUHVHQFH�RI�&2

�
�RU�VWHDP�RU�FRPELQDWLRQ�RI

ERWK�DW�KLJK�WHPSHUDWXUHV��*DUFLD��6DOYDGRU�HW�DO��������
$KPHG�DQG�*XSWD���������7KH�OLWHUDWXUH�UHOHYDQW�WR
SDOP�VKHOO�XWLOL]DWLRQ�LV�OLPLWHG�WR�FRQYHUVLRQ�LQ�WR
DFWLYDWHG�FDUERQ��-XDQJ��:X�HW�DO���������*LUJLV�DQG
(O�+HQGDZ\�������+DLPRXU�DQG�(PHLVK�������(O�1HPU�
.KDOHG�HW�DO���������=KDQJ��+DUD�HW�DO�����������7R�WKH
NQRZOHGJH� RI� DXWKRUV� WKH� NLQHWLFV� RI� SDOP� FKDU
JDVLILFDWLRQ�KDV�QRW�EHHQ�UHSRUWHG�LQ�RSHQ�OLWHUDWXUH�
D� SURSHU� HVWLPDWLRQ� RI� WKH� NLQHWLFV� SDUDPHWHUV� LV
HVVHQWLDO�IRU�WKH�GHVLJQ��VFDOH�XS�DQG�IRU�RSWLPL]DWLRQ
RI� SURFHVV� SDUDPHWHUV� �&HWLQ�� *XSWD� HW� DO��� �����
=KDQJ��+DUD�HW�DO�����������,Q�JHQHUDO�HVWLPDWLRQ�RI
UHDFWLRQ�NLQHWLFV�LQYROYHV�H[SHULPHQWDO�PHDVXUHPHQWV
RI�HLWKHU�WKH�JDV�SKDVH�FRQFHQWUDWLRQ�RU�WKH�VROLG�SKDVH
ZHLJKW� ORVV�ZLWK� UHVSHFW� WR� WLPH��0RVW� SRSXODUO\
DGRSWHG�PHWKRG�IRU�NLQHWLF�VWXGLHV��LQYROYH�XWLOL]DWLRQ
RI� 7*$� DV� LW� FDQ� SUHFLVHO\� FRQWURO� WKH� UHDFWLRQ
FRQGLWLRQV�DV�ZHOO� DV�PRQLWRU� WKH�ZHLJKW� ORVV�ZLWK
UHVSHFW�WR�WLPH�ZLWK�LPSHFFDEOH�DFFXUDF\��7KH�FKDU
UHDFWLYLW\�GHSHQGV�RQ� WKUHH�PDLQ�FKDUDFWHULVWLFV�RI
WKH�VDPSOH��FKHPLFDO�VWUXFWXUH��LQRUJDQLF�FRQVWLWXHQWV
DQG�SRURVLW\��,Q�JHQHUDO�WKH�ZHOO�NQRZQ�NLQHWLF�PRGHOV
GR� QRW� LQFOXGH� EDVLF� UHDFWLRQ�PHFKDQLVP�� DV� WKH
LQWHUPHGLDWH�FRPSRQHQWV�DUH�GLIILFXOW�WR�PHDVXUH�DQG
DUH� YDULDEOH�ZLWK� WKH� FRQYHUVLRQ� OHYHO��+HQFH� WKH



��

6XUHVK�.XPDU�5HGG\��.��HW�DO�

SUDFWLFDO�DSSURDFK�EHLQJ�XWLOL]DWLRQ�RI�JOREDO�UHDFWLRQ
NLQHWLFV�ZKLFK�DFFRXQWV�RQO\�WKH�LQWHUDFWLRQ�EHWZHHQ
VROLG�DQG�JDV�SKDVH��6RPH�RI�WKH�UHFHQW�ZRUN�RQ�&2

�

JDVLILFDWLRQ� NLQHWLFV� KDV� EHHQ� UHSRUWHG� WKDW� WKH
JDVLILFDWLRQ�NLQHWLFV�RI�SLQH�DQG�ELUFK�FKDUV��.KDOLO�
9DuUKHJ\L�HW� DO���������XQGHU� FRQWUROOHG�FRQGLWLRQV
XVLQJ�7*$� ZKLOH�FRDO�FKDU�JDVLILFDWLRQ��'XWWD��:HQ
HW DO���������UHSRUWHG�XVLQJ�VLPSOH�KRPRJHQHRXV�NLQHWLF
PRGHO�ZLWK�WKH�RUGHU�RI�UHDFWLRQ�EHLQJ�RQH�IRU�ERWK�WKH
UHDFWDQWV��&DUERQ�DQG�&2

�
��DQG�OLJQLWH�FKDU�JDVLILFDWLRQ

�6KXIHQ�DQG�5XL]KHQJ�������ZLWK�&2
�
��+

�
�DQG�+

�
2

PL[WXUHV�XQGHU�SUHVVXUH��7KH\�KDYH�KLJKOLJKWHG�WKH
VXLWDELOLW\�RI�VKULQNLQJ�FRUH�PRGHO�IRU�VWHDP�DQG�FDUERQ
GLR[LGH� UHDFWLRQ��ZKLOH�950� IRU� WKH� UHDFWLRQ�ZLWK
K\GURJHQ� 7KH� NLQHWLF� SDUDPHWHUV� VRXUFHG� IURP
OLWHUDWXUH�RQ�&2

�
�JDVLILFDWLRQ�UHDFWLRQ��VKRZ�D�ZLGH

VSDQ�RI�DSSDUHQW�DFWLYDWLRQ�HQHUJLHV�IRU�ELRPDVV�FKDU
UDQJLQJ�IURP������.-�PRO��0DQL��0DKLQSH\�HW�DO��������
WR�����.-�PRO��%ODFNZRRG�DQG�,QJHPH��������7KH�DLP
RI�WKLV�ZRUN�LV�WR�H[SHULPHQWDOO\�LQYHVWLJDWH�WKH�NLQHWLFV
RI�GDWH�SDOP�VHHG�FKDU�&2

�
�UHDFWLRQ�XQGHU�FRQWUROOHG

FRQGLWLRQV�XVLQJ�7*$�DQG�WR�SURSRVH�DQ�DSSURSULDWH
NLQHWLF�PRGHO�WKDW�FRXOG�ZHOO�UHSUHVHQW�WKH�H[SHULPHQWDO
GDWD��7R�WKH�NQRZOHGJH�RI�WKH�DXWKRUV�QR�VXFK�NLQHWLF
VWXG\� SHUWDLQLQJ� WR� GDWH� SDOP� VHHG� FKDU� &2

�

JDVLILFDWLRQ�KDV�EHHQ�UHSRUWHG�LQ�WKH�RSHQ�OLWHUDWXUH�

0$7(5,$/6�	�0(7+2'6
'DWH� SDOP� VHHG� FKDU�ZDV� SUHSDUHG� E\� KHDWLQJ

FUXVKHG�GDWH�SDOP�VHHGV�LQ�D�WXEXODU�IXUQDFH�DW����S�&
XQGHU�WKH�QLWURJHQ�IORZ��7KH�VDPSOHV�ZHUH�ORDGHG�LQ
IXUQDFH�DQG� KHDWHG�DW� WKH� UDWH�RI����&�PLQ�XQWLO� LW
UHDFKHG�WKH�GHVLUHG�WHPSHUDWXUH�RI����S�&�XQGHU�WKH
QLWURJHQ�IORZ��7KH�VDPSOHV�ZHUH�OHIW�IRU�RQH�KRXU�XSRQ
UHDFKLQJ� ���S� &� DQG� ZHUH� FRROHG� WR� WKH� URRP
WHPSHUDWXUH�ZLWK�WKH�FRQWLQXHG�IORZ�RI�QLWURJHQ��7KH
\LHOG�RI�FDUERQ�ZDV�FRQVLVWHQWO\�IRXQG�WR�EH�DURXQG
����HQVXULQJ�VWDELOLW\�RI�WKH�H[SHULPHQWDO�FRQGLWLRQV�
7KH�FDUERQ�VDPSOHV�ZHUH�JURXQG�WR�D�XQLIRUP�VL]H�
VLHYHG�WR�D�VL]H�UDQJH�RI��������PP�DQG�VWRUHG�IRU
JDVLILFDWLRQ�H[SHULPHQWV��7KH�FRPSRVLWLRQ�RI�GDWH�SDOP
VHHG� FKDU� LV� VKRZQ� LQ� 7DEOH� ��� 7KH� JDVLILFDWLRQ
H[SHULPHQWV�ZHUH�FRQGXFWHG�XVLQJ�7*$��7KH�GDWH�SDOP
VHHG�FKDU�RI�DERXW����PJ�ZDV�WDNHQ�LQ�D�VPDOO�JODVV
FUXFLEOH�DQG�SODFHG�LQ�WKH�PLGGOH�RI�WKH�UHDFWLRQ�]RQH�
7KH� FKDU� VDPSOH� ZDV� LQLWLDOO\� KHDWHG� LQ� QLWURJHQ
DWPRVSKHUH�DW�D�KHDWLQJ�UDWH�RI���S�&�PLQ�XQWLO� WKH
GHVLUHG� UHDFWLRQ� WHPSHUDWXUH� ZDV� DFKLHYHG�� 8SRQ
UHDFKLQJ� WKH� GHVLUHG� WHPSHUDWXUH� WKH�&2

�
� JDV�ZDV

LQWURGXFHG�E\�VKXWWLQJ�WKH�1
�
�IORZ��DW�WKH�UDWH�RI���FF�

PLQ��7KH�FKDU�&2
��
UHDFWLRQ�ZDV�FRQWLQXHG�IRU�RQH�KRXU

E\� PDLQWDLQLQJ� FRQVWDQW� UHDFWLRQ� WHPSHUDWXUH�
([SHULPHQWV�ZHUH�FRQGXFWHG�DW�UHDFWLRQ�WHPSHUDWXUH
RI����S�&�����S�&��DQG�����S�&��7KH�ZHLJKW�ORVV�ZLWK
UHVSHFW� WR� WLPH� ZDV� DFTXLUHG� XVLQJ� WKH� 7KHUPDO

$FTXLVLWLRQ�VRIWZDUH�9HUVLRQ����������ZKLFK�ZDV�XWLOL]HG
WR�HVWDEOLVK�WKH�UHDFWLRQ�NLQHWLFV�

7KH� FKDU � JDVLILFDWLRQ� UHDFWLRQ� FDQ� EH
UHSUHVHQWHG�DV�

���&���&2
�
��������������������������������������&2

7KH�FKRLFH�RI�D�JRRG�NLQHWLF�PRGHO�LV�EDVHG�RQ�LWV
DELOLW\� WR�FORVHO\�PDWFK� WKH�H[SHULPHQWDO�GDWD�ZLWK
OLPLWHG�PDWKHPDWLFDO� FRPSOH[LWLHV�� +HQFH� LQ� RUGHU
LGHQWLI\�WKH�DSSURSULDWH�NLQHWLF�PRGHO�WKDW�FRXOG�H[SODLQ
WKH�UHDFWLRQ�NLQHWLFV�RI�GDWH�SDOP�VKHOO�FKDU�ZLWK�&2

�
�

GLIIHUHQW�SRSXODU�VLPSOH�NLQHWLF�PRGHOV�VXFK�DV�/LQHDU
PRGHO��/0���6KULQNLQJ�&RUH�0RGHO��6&0���5DQGRP
3RUH�PRGHO��530���DQG�9ROXPH�5HDFWLRQ�0RGHO��950�
ZHUH�WHVWHG�ZLWK�WKH�H[SHULPHQWDO�GDWD�
7KH�FDUERQ�FRQYHUVLRQ��;��DQG�WKH�UHDFWLYLW\�ZHUH

FDOFXODWHG�E\�XVLQJ�HTV������

����� ;I7NGWG; ��������������������������������������������

ZKHUH�G;�GW�LV�WKH�UDWH�RI�UHDFWLRQ��N�LV�WKH�UDWH
FRQVWDQW� EDVHG� RQ� WKH� JDV� WHPSHUDWXUH��ZKLOH� I�;�
DFFRXQWV� IRU� WKH� SDUWLDO�SUHVVXUH�RI�JDVLI\LQJ�DJHQW
�&2

�
��DQG� WKH� FKDQJHV� LQ� WKH�SK\VLFDO� RU� FKHPLFDO

SURSHUWLHV�RI�WKH�VDPSOH�DV�WKH�JDVLILFDWLRQ�SURFHHGV�
,I�WKH�FRQFHQWUDWLRQ�RI�JDVLI\LQJ�DJHQW LV�KHOG�FRQVWDQW
GXULQJ�WKH�SURFHVV��WKH�I�;��WHUP�DFFRXQWV�RQO\�IRU�WKH
FKDQJHV�LQ�WKH�SK\VLFDO�RU�FKHPLFDO�SURSHUWLHV�RI�WKH
VDPSOH��ZKLFK�KDYH�EHHQ�DFFRXQWHG�E\�YDULRXV�PRGHOV�
,Q�WKH�SUHVHQW�ZRUN�IRXU�PRGHOV�ZHUH�WHVWHG�ZLWK�WKH
H[SHULPHQWDO�GDWD�DQG�WKHLU�DSSURSULDWH�YDULDWLRQV�LQ
WKH�I�;��WHUPV�KDYH�EHHQ�GHWDLOHG�EHORZ�

7KH�9ROXPH�5HDFWLRQ�0RGHO��950���6HR��/HH�HW
DO�������� DVVXPHV�D�KRPRJHQRXV�UHDFWLRQ�WKURXJKRXW
WKH�FKDU�SDUWLFOH��7KLV�PRGHO�LV�VLPSOH�DQG�DVVXPHV
XQLIRUP� JDV� GLIIXVLRQ� LQ� WKH� HQWLUH� SDUWLFOH�� DQG
VLPSOLILHV� WKH� KHWHURJHQHRXV� JDV�VROLG� UHDFWLRQ� RI
FDUERQDFHRXV�PDWHULDO�ZLWK�FDUERQ�GLR[LGH��7KH�NLQHWLF
H[SUHVVLRQ�IRU�UHDFWLRQ�UDWH�LV�GHVFULEHG�DV�IROORZV�

�H[S�� WN; Y ���

&RPSRXQG� ��

&DUERQ� �����
+\GURJHQ� ����

1LWURJHQ�
2[\JHQ�

����
����

$VK�FRQWHQW� ����

7DEOH����&RPSRVLWLRQ�RI�GDWH�SDOP�VHHG�FKDU��*LUJLV
DQG�(O�+HQGDZ\������
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��

7KH�6KULQNLQJ�&RUH�0RGHO��6&0���6HR��/HH�HW�DO��������
DVVXPHV� WKH� SDUWLFOHV� WR� EH� VSKHULFDO� DQG� WKDW� WKH
UHDFWLRQ�RFFXUV�LQLWLDOO\�RQ�WKH�H[WHUQDO�VXUIDFH�RI�FKDU
DQG�JUDGXDOO\�PRYHV�LQWR�WKH�LQQHU�VXUIDFH��7KH�NLQHWLF
H[SUHVVLRQ�IRU�UHDFWLRQ�UDWH�LV�GHVFULEHG�DV�IROORZV�

��
�

���
WN

; V
��������������

7KH� 5DQGRP� 3RUH� 0RGHO� �530�� �)HUPRVR�
6WHYDQRY�HW�DO��������� FRQVLGHUV�WKH�RYHUODSSLQJ�RI
SRUH�VXUIDFHV��ZKLFK�UHVXOWV�LQ�UHGXFWLRQ�LQ�WKH�DUHD
�*DUFLD��6DOYDGRU�HW�DO���������DYDLODEOH�IRU�UHDFWLRQ�
7KLV�PRGHO�FDQ� SUHGLFW�PD[LPXP� UHDFWLYLW\�DV� WKH
UHDFWLRQ�SURFHHGV�DQG�DFFRXQWV�IRU�SRUH�JURZWK�GXULQJ
WKH�LQLWLDO�VWDJHV�RI�JDVLILFDWLRQ�DQG�GHVWUXFWLRQ�GXH
WR� FRDOHVFHQFH� RI� DGMDFHQW� SRUHV� GXULQJ� WKH� ODWHU
VWDJHV��7KH�UHDFWLRQ�UDWH�FDQ�EH�GHVFULEHG�DV�IROORZV�

�
�

��H[S�
WN

WN; U
U ������������

7KH�PRGHO�SDUDPHWHUV�DUH�NLQHWLF�FRQVWDQW�N
U
��DQG�SRUH

VWUXFWXUH�UHODWHG�SDUDPHWHU� ��ZKLFK�GHSHQGV�RQ�WKH
SRUH�OHQJWK��VXUIDFH�DUHD�DQG�SRURVLW\�RI�FDUERQ�
7KH�OLQHDU�PRGHO��/0��VKRZQ�DV�EHORZ�

NW; ���
�&RQVLGHUV�WKH�JDVLILFDWLRQ�UHDFWLRQ�WR�RQO\�GHSHQG�RQ
WKH� JDVLILFDWLRQ� WHPSHUDWXUH�� ZLWK� WKH� OLQHDU
GHSHQGHQFH�RI�FRQYHUVLRQ�ZLWK�WLPH���7KH�VXLWDELOLW\
RI� WKH�PRGHOV� GHWDLOHG� DERYH�� IRU� WKH� JDVLILFDWLRQ
UHDFWLRQ�ZDV�WHVWHG�E\�ILWWLQJ�WKH�H[SHULPHQWDO�GDWD���
FRQYHUVLRQ�YV�WLPH��ZLWK�WKH�PRGHO�SUHGLFWLRQ��7KH
NLQHWLF�SDUDPHWHUV�ZHUH�HVWLPDWHG�E\�PLQLPL]LQJ�WKH
506(�RI�PRGHO�SUHGLFWLRQ�ZLWK�WKH�H[SHULPHQWDO�GDWD�

7KH�506(�LV�GHILQHG�DV�

������ �
H[S 1;;506( SUHG ���������

7KH�;
H[S
� DQG�;

SUHG
� DUH� WKH� H[SHULPHQWDO� DQG�PRGHO

SUHGLFWHG����7KH�VXLWDELOLW\�RI�WKH�PRGHO�LV�DVVHVVHG
EDVHG� RQ� WKH� PLQLPXP� RI� HUURU� EHWZHHQ� WKH

H[SHULPHQWDO�GDWD�DQG�WKH�PRGHO�SUHGLFWLRQ�HYLGHQFHG
IURP�WKH�ORZHVW�RI�WKH�506(�

5(68/76�	�',6&866,21
7KH� UDWH� RI� FKDU� JDVLILFDWLRQ� UHDFWLRQ� ZDV

H[SUHVVHG�LQ�VXFK�D�ZD\�WKDW�WKH�UDWH�GHSHQGV�RQ�WKH
FKDU�FRQYHUVLRQ��7KH�&2

�
�JDV�IORZ�UDWH�ZDV�PDLQWDLQHG

FRQVWDQW�WKURXJKRXW�WKH�UHDFWLRQ��7KH�NLQHWLF�RI�FKDU
JDVLILFDWLRQ�XVLQJ�7*$�ZDV�FRQGXFWHG�WR�GHULYH�WKH
LQWULQVLF�UHDFWLYLW\�DW�D�UHODWLYHO\�ORZ�WHPSHUDWXUH�LQ
WKH� FKHPLFDOO\� FRQWUROOHG� UHDFWLRQ� UHJLPH�� 7KH
H[SHULPHQWDO�GDWD�IURP�7*$��LV�VKRZQ�DV�UHDFWLRQ�WLPH
YV��SHUFHQWDJH�FKDU�FRQYHUVLRQ�LQ�)LJ�����7KH�ILJXUH
VKRZV�DQ�LQFUHDVH�LQ���FRQYHUVLRQ�ZLWK�LQFUHDVH�LQ
WKH�UHDFWLRQ�WLPH�DQG�UHDFWLRQ�WHPSHUDWXUH��LQ�OLQH�ZLWK
WKH�EDVLF�XQGHUVWDQGLQJ�RI�UHDFWLRQ�NLQHWLFV��,Q�RUGHU
WR� LGHQWLI\� DQ� DSSURSULDWH� NLQHWLF� PRGHO� WKDW� FDQ
VXLWDEO\� UHSUHVHQW� WKH� H[SHULPHQWDO� GDWD�� YDULRXV
PRGHOV�OLNH�950��6&0��/0�DQG�530�ZHUH�WHVWHG�
$PRQJ�WKH�PRGHOV�WHVWHG�530�PRGHO�ZDV�IRXQG�WR
PDWFK� WKH�H[SHULPHQWDO�GDWD� VDWLVIDFWRULO\�ZLWK� WKH
ORZHVW�RI�506(�LQ�WKH�UDQJH�RI��������WR��������IRU�DOO
WKH�WKUHH�VHWV�RI�GDWD��µ ¶�ZDV�WKH�SDUDPHWHU�UHODWHG�WR
SRURVLW\� DQG� VXUIDFH� DUHD� RI� WKH� FKDU� DQG� LW� ZDV
HVWLPDWHG� E\� ILWWLQJ� WKH�PRGHO� HTXDWLRQ�ZLWK� WKH
H[SHULPHQWDO�GDWD��E\�PLQLPL]LQJ�WKH�506(�YDOXH�DV
VWDWHG�LQ�HT�������7KH�FRQVLVWHQF\�RI�WKH�LQFUHDVH�LQ�ILW
YDOXH� RI� � ZLWK� LQFUHDVH� LQ� WKH� WHPSHUDWXUH� ZDV
YDOLGDWHG�ZLWK� WKH� LQFUHDVH� LQ� WKH� VXUIDFH� DUHD� DQG
SRURVLW\�RI�WKH�FDUERQ�ZLWK�LQFUHDVH�LQ�WKH�WHPSHUDWXUH�
7KH� �ZDV�GHILQHG�DV�  �� /����� ��6���ZKHUH�µ ¶�LV�WKH
SRURVLW\�� µ6¶� LV� WKH� VXUIDFH� DUHD� DQG� µ/¶� DYHUDJH
PLFURSRUH�GLDPHWHU��GLDPHWHU�RU�OHQJWK��RI�WKH�FDUERQ�
,W� FDQ� EH� REVHUYHG� IURP� WKH� UHODWLRQ� WKDW� � LV
SURSRUWLRQDO�WR���� ��DQG�LQYHUVHO\�SURSRUWLRQDO�WR�6��
7KH�ILW�RI�PRGHO�ZLWK�H[SHULPHQWDO�GDWD�SUHGLFW�WKH� �WR
GHFUHDVH�IURP����������� &��WR����������� &��ZKLFK
FRQILUPV�WKH�LQFUHDVH�LQ�SRURVLW\�DQG�VXUIDFH�DUHD�RI
WKH� FKDU� IRUPHG� DW� KLJK� WHPSHUDWXUHV��7KH� NLQHWLF
FRQVWDQWV� HVWLPDWHG� DW� GLIIHUHQW� WHPSHUDWXUHV�ZHUH
XWLOL]HG�WR�HVWLPDWH�WKH�DFWLYDWLRQ�HQHUJLHV�RI�GDWH�SDOP
VHHG�FKDU�JDVLILFDWLRQ�ZLWK�&2

�
��7KH�DFWLYDWLRQ�HQHUJ\

DQG�SUH�H[SRQHQWLDO�IDFWRUV�DUH�WDEXODWHG�LQ�7DEOH���

7DEOH����.LQHWLFV�GDWD�IRU�YDULRXV�PRGHOV

6�12� 0RGHO� .��� &͍� .�� � &͍� .���� &͍ � ( � $� 506(�

�� 530� ���������
��������

���������
�������

���������
�������

����� ����� ����������������

�� 6&0� ��������� ��������� ��������� ����� ����� ����������������
�� 950� ��������� ��������� ��������� ����� ����� ����������������
�� /0� ��������� ��������� ��������� ����� ����� ����������������

(��$FWLYDWLRQ�(QHUJ\��.-�PRO��$��3UH�H[SRQHQWLDO�IDFWRU��PLQ����.��NLQHWLF�FRQVWDQW��PLQ��



���

*DVLILFDWLRQ�.LQHWLFV�RI�GDWH�SDOP�VHHG

)LJ������(IIHFW�RI�JDVLILFDWLRQ�WHPSHUDWXUH�RQ�WKH���FRQYHUVLRQ�RI�GDWH�SDOP�VHHG�FKDU

7KH� WHPSHUDWXUH� UDQJH� FRYHUHG� LQ� WKH� SUHVHQW
VWXG\����� &����� &���DUH�JHQHUDOO\�FRQVLGHUHG�WR�EH
ORZ� JDVLILFDWLRQ� WHPSHUDWXUHV�� ZKHUH� WKH� UDWH� RI
GLIIXVLRQ�RI�&2

�
�GRHVQ¶W�RIIHU�VLJQLILFDQW�PDVV�WUDQVIHU

UHVLVWDQFH�WR�WKH�RYHUDOO�NLQHWLFV�RI�WKH�UHDFWLRQ��DQG
DUH�WHUPHG�DV�FKHPLFDOO\�FRQWUROOHG�UHJLPH��/LX��)DQJ
HW�DO���������$V�UHSRUWHG�LQ�WKH�OLWHUDWXUH��+D\NLUL�$FPD
DQG�<DPDQ�������)LJ����VKRZV�WKH�GHFUHDVH�LQ� �ZLWK
LQFUHDVH�LQ�WKH�WHPSHUDWXUH�RI�WKH�JDVLILFDWLRQ�UHDFWLRQ�
7KH�LQFUHDVH�LQ�JDVLILFDWLRQ�WHPSHUDWXUH�ZRXOG�LQFUHDVH
WKH� UDWH� RI� &�&2

�
� UHDFWLRQ�� UHVXOWLQJ� LQ� KLJKHU� �

FRQYHUVLRQ��,W�ZDV�ZHOO�NQRZQ�WKDW�KLJKHU�FRQYHUVLRQ
RI�FKDU�&2

�
�UHDFWLRQ�ZLOO�LQFUHDVH�WKH�SRURVLW\�RI�WKH

FDUERQ��ZKLFK�LQWHUQ�ZLOO�UHVXOW�LQ�KLJKHU�VXUIDFH�DUHD
RI�WKH�FDUERQ��&KDU�&2

�
�UHDFWLRQV�DUH�SRSXODUO\�XWLOL]HG

LQ�LQGXVWULHV�WR�FRPPHUFLDOO\�PDQXIDFWXUH�PLFURSRURXV
FDUERQ��ZLWK� KLJK� VXUIDFH� DUHD�� � KDV� GHFUHDVLQJ
GHSHQGHQF\� ZLWK� LQFUHDVH� LQ� WKH� SRURVLW\� DQG� WKH
VXUIDFH�DUHD�RI� WKH�FDUERQ��%(7�VXUIDFH�DUHD�RI� WKH
UHVXOWDQW� FKDU� DW� WKH� HQG� RI� WKH� UHDFWLRQ� WLPH�ZDV
HVWLPDWHG�E\�JHQHUDWLQJ�QLWURJHQ�DGVRUSWLRQ�LVRWKHUP�
XVLQJ�4XDQWDFKURPH�VXUIDFH�DUHD�DQDO\]HU��DGRSWLQJ
VWDQGDUG�DGVRUSWLRQ�SURFHGXUHV��6XUHVK�.XPDU�5HGG\�
6UHHGKDU�HW�DO���������)LJ��� VKRZV�D�VKDUS�GHFUHDVH�LQ
�ZLWK�WKH�LQFUHDVH�LQ�WHPSHUDWXUH�IURP�����WR���� &�

ZKLOH�WKHUH�LV�RQO\�D�PDUJLQDO�GHFUHDVH�ZLWK�IXUWKHU
LQFUHDVH�IURP�����WR����� &��7KH�%(7�VXUIDFH�DUHD�RI
FKDU�ZDV�HVWLPDWHG�WR�EH�����P��J�DW���� &��ZKLOH�DW

���� &�DV�����P��J�UHVSHFWLYHO\��7KH�ORZ�SRURVLW\
ZLWK�ORZ�VXUIDFH�DUHD�FRQWULEXWHV�WR�WKH�KLJK�YDOXH�RI
��ZKLOH�WKH�ORZ�YDOXH�RI� �DW�KLJKHU�WHPSHUDWXUH�FDQ

EH� DWWULEXWHG�WR� WKH�KLJK� SRURVLW\� DQG�VXUIDFH�DUHD�
$OWKRXJK�WKH�H[SHULPHQWDO�GDWD�ZHUH�IRXQG�WR�PDWFK
ZLWK�WKH�530�PRGHO�DV�FRPSDUHG�WR�RWKHU�PRGHOV��WKH
HVWLPDWLRQ�RI�DFWLYDWLRQ�HQHUJ\�ZDV�HVWLPDWHG�EDVHG
RQ�DOO�WKH�IRXU�PRGHOV��DV�LW�LQYROYHV�RQO\�FDSWXULQJ
WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�WKH�UHDFWLRQ�NLQHWLFV��7KH
DFWLYDWLRQ�HQHUJ\�ZDV�IRXQG�WR�DSSUR[LPDWH�WR�����
.-�PRO��7KH�FRPSDULVRQV�RI�WKH�PRGHO�SUHGLFWLRQ�ZLWK
WKH�H[SHULPHQWDO�GDWD�IRU�DOO�WKH�WKUHH�PRGHOV�DUH�VKRZQ
LQ�WKH�)LJ���WR����,W�FDQ�EH�VHHQ�IURP�ILJXUHV�WKDW�WKH
530�PRGHO�PDWFKHV�ZHOO�ZLWK�WKH�H[SHULPHQWDO�GDWD�DW
DOO�WHPSHUDWXUHV��ZKLOH�WKH�RWKHU�PRGHOV�DUH�EHWWHU�DW
ORZHU�WHPSHUDWXUH��EXW�IDOO�VKRUW�DW�KLJKHU�WHPSHUDWXUHV�
$OWKRXJK�WKH�/0�ZDV�DEOH�WR�ILW�WKH�H[SHULPHQWDO�GDWD
DV�FORVH�WR�WKH�530�PRGHO��WKH�IXQGDPHQWDO�FRQFHSWV
RI�WKH�/0�LV�ZHDN�DV�LW�GRHVQ¶W�DFFRXQW�WKH�SK\VLFDO
DQG�FKHPLFDO�FKDQJHV�RI�WKH�FKDU�GXULQJ�JDVLILFDWLRQ�
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7DEOH���VXPPDUL]HV�WKH�PRGHO�SDUDPHWHUV�DORQJ
ZLWK�WKH�506(�HUURUV�IRU�DOO�WKH�IRXU�PRGHOV��7KH�DELOLW\
RI�530�PRGHO�WR�PDWFK�FORVHO\�ZLWK�WKH�H[SHULPHQWDO
GDWD�FRXOG�EH�DWWULEXWHG�WR�WKH�DELOLW\�RI�WKH�PRGHO�WR
DFFRXQW�IRU�WKH�SRUH�JURZWK�GXULQJ�WKH�LQLWLDO�VWDJHV
RI� JDVLILFDWLRQ� DQG� GHVWUXFWLRQ� RI� SRUHV� GXH� WR
FRDOHVFHQFH� RI� DGMDFHQW� SRUHV� LQ� ODWHU� VWDJHV� RI
JDVLILFDWLRQ��)URP�WKH�$UUKHQLXV�SORW�VKRZQ�LQ�)LJ���
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)LJ�����&RPSDULVRQ�RI�H[SHULPHQWDO�GDWD�ZLWK�WKH�PRGHO�SUHGLFWLRQ�GXH�WR�530�DW�GLIIHUHQW�JDVLILFDWLRQ
WHPSHUDWXUHV��/LQHV��0RGHO�3UHGLFWLRQ�FRQYHUVLRQ�

�

��

��

��

��

��

��

��

��

� �� �� �� �� �� ��
7LPH��PLQ

�
�&
RQ
YH
UV
LR
Q�
�;

7���� & 7���� & 7����� &

)LJ�����&RPSDULVRQ�RI�H[SHULPHQWDO�GDWD�ZLWK�WKH�PRGHO�SUHGLFWLRQ�GXH�WR�6&0�DW�GLIIHUHQW�JDVLILFDWLRQ
WHPSHUDWXUHV��/LQHV��0RGHO�SUHGLFWLRQ�FRQYHUVLRQ�
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)LJ�����9DULDWLRQ�RI�530�PRGHO�SDUDPHWHU�3VL�� ��ZLWK�JDVLILFDWLRQ�WHPSHUDWXUH
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6XUHVK�.XPDU�5HGG\��.��HW�DO�

)LJ�����&RPSDULVRQ�RI�H[SHULPHQWDO�GDWD�ZLWK�WKH�PRGHO�SUHGLFWLRQ�GXH�WR�950�DW�GLIIHUHQW�JDVLILFDWLRQ
WHPSHUDWXUHV��/LQHV��0RGHO�SUHGLFWLRQ�FRQYHUVLRQ�

)LJ�����&RPSDULVRQ�RI�H[SHULPHQWDO�GDWD�ZLWK�WKH�PRGHO�SUHGLFWLRQ�GXH�WR�/0�DW�GLIIHUHQW�JDVLILFDWLRQ
WHPSHUDWXUHV��/LQHV��0RGHO�SUHGLFWLRQ��FRQYHUVLRQ

WKH�DFWLYDWLRQ�HQHUJ\�IRU�WKH�GDWH�SDOP�VHHG�FKDU�&2
�

JDVLILFDWLRQ�UHDFWLRQ�ZDV�HVWLPDWHG�WR�EH������.-�PRO�
7DEOH� �� FRPSLOHV� WKH� OLWHUDWXUH� UHSRUWHG� DFWLYDWLRQ
HQHUJLHV� IRU� YDULRXV� ELRPDVV� EDVHG� JDVLILFDWLRQ
UHDFWLRQV�DQG�LW�LV�IRXQG�WR�YDU\�LQ�D�ZLGH�UDQJH�IURP
�����WR�������.-�PRO��7KH�DFWLYDWLRQ�HQHUJLHV�RI�WKH

ELRPDVV�FKDU�ZHUH�IRXQG�WR�YDU\�EDVHG�RQ�VRXUFH�RI
ELRPDVV�DQG�SRVVLEO\�FRXOG�EH�DWWULEXWHG�WR�WKH�ODUJH
YDULDWLRQ� LQ� WKH� LQRUJDQLF� FRQWHQW� RI� WKH� ELRPDVV�
*HQHUDOO\�WKH� ORZ�DFWLYDWLRQ�HQHUJLHV� LQGLFDWH�KLJK
UHDFWLYLW\�RI�WKH�FKDU�ZKLFK�FRXOG�RQO\�EH�DWWULEXWHG�WR
WKH� LQKHUHQW� YDULDWLRQ� LQ� WKH� FRPSRVLWLRQ� RI� WKH
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,QW��-��(QYLURQ��5HV����������������:LQWHU�����

ELRPDVV�� 7KH� YDULDWLRQ� LQ� DFWLYDWLRQ� HQHUJLHV� ZDV
DWWULEXWHG�WR�WKH�YDULDWLRQ�LQ�LQRUJDQLF�FRQWHQW��0DQL�
0DKLQSH\�HW�DO���������

&21&/86,21
7KH�GDWH�SDOP�FKDU�JDVLILFDWLRQ�UHDFWLRQV�ZLWK�&2

�

ZDV�SHUIRUPHG�XVLQJ�FRQYHQWLRQDO�7*$�FRYHULQJ�D
WHPSHUDWXUH�UDQJH�RI�����WR����� &�DW�D�FRQVWDQW�IORZ
UDWH�RI�&2

���
7KH�H[WHQW�RI�&�&2

�
�UHDFWLRQ�ZDV�IRXQG�WR

LQFUHDVH�ZLWK�LQFUHDVH�LQ�WKH�JDVLILFDWLRQ�WHPSHUDWXUH�
7KH�UDWH�RI�UHDFWLRQ�ZDV�PRGHOHG�XVLQJ�YDULRXV�SRSXODU
NLQHWLF�PRGHOV�VXFK�DV�WKH�/0��950��6&0�DQG�530�
$PRQJ�DOO�WKH�PRGHOV�530�ZDV�IRXQG�WR�PDWFK�WKH
H[SHULPHQWDO�GDWD�ZLWK�WKH�PLQLPXP�RI�HUURU�DV�FRPSDUHG
WR�RWKHU�PRGHOV��7KH�506(�IRU�WKH�530�ZDV�IRXQG�WR

7DEOH����&RPSDULVRQ�RI�$FWLYDWLRQ�HQHUJLHV�RI�'DWH�3DOP�VHHG�FKDU�ZLWK�WKH�RWKHU�ELRPDVV
UHSRUWHG�LQ�OLWHUDWXUH

6�12� 0DWHULDO� $FWLYDWLRQ�(QHUJ\��
.-�PRO�

5HIHUHQFH�

�� 'DWH�SDOP�VHHG�FKDU� ����� 3UHVHQW�VWXG\�

�� :KHD W�VWUDZ� ����� �0DQL��0DKLQSH\�H W�DO������� �

�� 3 LQXV�GHQVLIORUD� ������ �6HR��/HH�H W�DO� ������ �

�� 3 LQXV�HOOLRWWLL� ������ �)HUPRVR��6WHYDQRY�H W�DO� ������ �

�� 7KDL�OLJQLWH�FKDU� ������ �/LX��)DQJ�HW�D O� �������

�� 5LFH�+XVN�SRZHU � ����� �%KD W��5DP�%KHHPDUDVHWWL�H W�DO������� �

�� -DSDQHVH�ZRRG� ����� �0DWVXPRWR��7DNHQR�HW�D O� �������

�� &RUQ�FRE�FKDU� ������ �*DXU ��5DR�HW�D O��������

)LJ�����$UUKHQLXV�SORW�XVLQJ�NLQHWLF�SDUDPHWHU�HVWLPDWHG�XVLQJ�5DQGRP�3RUH�0RGHO��530�

EH�LQ�WKH�UDQJH�RI��������WR��������ZKLOH�IRU�WKH�RWKHU
PRGHOV�ZHUH�IRXQG�EH�KLJKHU��7KH�DELOLW\�RI�WKH�530
PRGHO� WR� UHSUHVHQW� WKH� JDVLILFDWLRQ� NLQHWLFV� ZDV
DWWULEXWHG�WR�LWV�DELOLW\�WR�DFFRXQW�IRU�WKH�SRUH�JURZWK
GXULQJ�LQLWLDO�VWDJHV�RI�JDVLILFDWLRQ�DQG�GHVWUXFWLRQ�RI
SRUHV�GXH�WR�FRDOHVFHQFH�LQ�ODWHU�VWDJHV�RI�JDVLILFDWLRQ�
7KH�DFWLYDWLRQ�HQHUJ\�ZDV�HVWLPDWHG�WR�EH������.-�
PRO��7KH�DFWLYDWLRQ�HQHUJ\�IRU�GDWH�SDOP�ELRPDVV�FKDU
ZDV� IRXQG� WR� EH�PRGHUDWH� DV�FRPSDUHG�ZLWK� RWKHU
ELRPDVV�

$&.12:/('*(0(176
7KH�DXWKRUV�ZLVK�WR�DFNQRZOHGJH� WKH�ILQDQFLDO

VXSSRUW�UHFHLYHG�IURP�7KH�3HWUROHXP�,QVWLWXWH�DQG�IRU
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*DVLILFDWLRQ�.LQHWLFV�RI�GDWH�SDOP�VHHG

JLYLQJ�DQ�RSSRUWXQLW\� WR�ZRUN�RQ�$FWLYDWHG�FDUERQ
UHVHDUFK�

5()(5(1&(6
$KPHG�� ,�� ,�� DQG�*XSWD��$��.�� �������� 3\URO\VLV� DQG
JDVLILFDWLRQ�RI� IRRG�ZDVWH��6\QJDV� FKDUDFWHULVWLFV�DQG� FKDU
JDVLILFDWLRQ�NLQHWLFV��$SSOLHG�(QHUJ\���������� ��������

%ODFNZRRG�� -�� DQG� ,QJHPH��$�� ��������7KH� 5HDFWLRQ� RI
&DUERQ�ZLWK�&DUERQ�'LR[LGH�DW�+LJK�3UHVVXUH��$XVWUDOLDQ
-RXUQDO�RI�&KHPLVWU\������������������

&HWLQ��(���*XSWD��5�� DQG�0RJKWDGHUL��%�� �������� (IIHFW� RI
S\URO\VLV� SUHVVXUH� DQG�KHDWLQJ� UDWH� RQ� UDGLDWD�SLQH� FKDU
VWUXFWXUH�DQG�DSSDUHQW�JDVLILFDWLRQ�UHDFWLYLW\��)XHO����������
����������

'XWWD��6���:HQ��&��<��DQG�%HOW��5��-�� ��������5HDFWLYLW\�RI
&RDO�DQG�&KDU�,Q�&DUERQ�'LR[LGH�$WPRVSKHUH��,QGXVWULDO�	
(QJLQHHULQJ�&KHPLVWU\�3URFHVV�'HVLJQ�DQG�'HYHORSPHQW�
��������������

(O�1HPU��$���.KDOHG��$���$EGHOZDKDE��2��DQG�(O�6LNDLO\��$�
��������7UHDWPHQW�RI�ZDVWHZDWHU�FRQWDLQLQJ�WR[LF�FKURPLXP
XVLQJ�QHZ�DFWLYDWHG�FDUERQ�GHYHORSHG�IURP�GDWH�SDOP�VHHG�
-�+D]DUG�0DWHU����������� ��������

)HUPRVR��-���6WHYDQRY��&���0RJKWDGHUL��%���$ULDV��%���3HYLGD�
&��� 3OD]D��0��*���5XELHUD�� )��DQG� 3LV�� -�� -�� �������� +LJK�
SUHVVXUH� JDVLILFDWLRQ� UHDFWLYLW\� RI� ELRPDVV� FKDUV� SURGXFHG
DW�GLIIHUHQW� WHPSHUDWXUHV��-RXUQDO�RI�$QDO\WLFDO�DQG�$SSOLHG
3\URO\VLV�� ��� ��±���� ��������

*DUFLD��/���6DOYDGRU��0��/���$UDX]R��-��DQG�%LOEDR��5���������
&2

�
� DV� D� JDVLI\LQJ� DJHQW� IRU� JDV� SURGXFWLRQ� IURP� SLQH

VDZGXVW� DW� ORZ� WHPSHUDWXUHV�XVLQJ� D�1L�$O� FRSUHFLSLWDWHG
FDWDO\VW��)XHO�3URFHVVLQJ�7HFKQRORJ\���������� ��������

*LUJLV�� %��6�� DQG�(O�+HQGDZ\��$��1��$�� �������� 3RURVLW\
GHYHORSPHQW� LQ�DFWLYDWHG� FDUERQV�REWDLQHG� IURP�GDWH� SLWV
XQGHU� FKHPLFDO� DFWLYDWLRQ� ZLWK� SKRVSKRULF� DFLG�
0LFURSRURXV�DQG�0HVRSRURXV�0DWHULDOV�� ������� ��������

+DLPRXU��1��0��DQG�(PHLVK��6����������8WLOL]DWLRQ�RI�GDWH
VWRQHV�IRU�SURGXFWLRQ�RI�DFWLYDWHG�FDUERQ�XVLQJ�SKRVSKRULF
DFLG��:DVWH�0DQDJHPHQW������������������

+D\NLUL�$FPD��+�� DQG� 6��<DPDQ� �������� ,QWHUSUHWDWLRQ� RI
ELRPDVV� JDVLILFDWLRQ�\LHOGV� UHJDUGLQJ� WHPSHUDWXUH� LQWHUYDOV
XQGHU� QLWURJHQ±VWHDP� DWPRVSKHUH�� )XHO� 3URFHVVLQJ
7HFKQRORJ\�����������������

-XDQJ��5��6���:X��)��&��DQG�7VHQJ��5��/����������0HFKDQLVP
RI�$GVRUSWLRQ� RI�'\HV� DQG�3KHQROV� IURP�:DWHU� 8VLQJ
$FWLYDWHG�&DUERQV�3UHSDUHG�IURP�3OXP�.HUQHOV��-RXUQDO�RI
&ROORLG�DQG�,QWHUIDFH�6FLHQFH�������������������

.KDOLO��5���9DuUKHJ\L��*��%���-DVFKNH��6���*U¡QOL��0��*��DQG
+XVWDG�� -�� ��������&2

�
�*DVLILFDWLRQ�RI�%LRPDVV�&KDUV��$

.LQHWLF�6WXG\��(QHUJ\�	�)XHOV�����������������

/LX��7��)���)DQJ��<��7��DQG�:DQJ��<����������$Q�H[SHULPHQWDO
LQYHVWLJDWLRQ�LQWR�WKH�JDVLILFDWLRQ�UHDFWLYLW\�RI�FKDUV�SUHSDUHG
DW�KLJK�WHPSHUDWXUHV��)XHO�������±������������

0DQL��7���0DKLQSH\��1��DQG�0XUXJDQ��3�� ��������5HDFWLRQ
NLQHWLFV�DQG�PDVV�WUDQVIHU�VWXGLHV�RI�ELRPDVV�FKDU�JDVLILFDWLRQ
ZLWK�&2

�
��&KHPLFDO�(QJLQHHULQJ�6FLHQFH����������������

0HUPRXG��)���6DOYDGRU��6���9DQ�GH�6WHHQH��/��DQG�*ROILHU��)�
��������,QIOXHQFH�RI�WKH�S\URO\VLV�KHDWLQJ�UDWH�RQ�WKH�VWHDP
JDVLILFDWLRQ�UDWH�RI�ODUJH�ZRRG�FKDU�SDUWLFOHV��)XHO��������±
���������������

2OOHUR��3���6HUUHUD��$���$UMRQD��5��DQG�$OFDQWDULOOD��6���������
'LIIXVLRQDO� HIIHFWV� LQ�7*$� JDVLILFDWLRQ� H[SHULPHQWV� IRU
NLQHWLF�GHWHUPLQDWLRQ��)XHO���������������������

6HR��'��.���/HH��6��.���.DQJ��0��:���+ZDQJ��-��DQG�<X��7�8�
�������� *DVLILFDWLRQ� UHDFWLYLW\� RI�ELRPDVV� FKDUV�ZLWK�&2

�
�

%LRPDVV�DQG�%LRHQHUJ\���������������������

6KXIHQ�� /�� DQG� 5XL]KHQJ��6�� ��������.LQHWLF� VWXGLHV�RI� D
OLJQLWH�FKDU�SUHVVXUL]HG�JDVLILFDWLRQ�ZLWK�&2���+��DQG�VWHDP�
)XHO������������������

6XUHVK�.XPDU�5HGG\��.���6UHHGKDU��,��DQG�5DJKDYDQ��.��9�
��������%HKDYLRU� RI�D�'HDFWLYDWLQJ�+=60���ZLWK�9DU\LQJ
$O���&RQWHQW� LQ�9DSRU�3KDVH�$PLQRF\FOL]DWLRQ�� &DWDO\VLV
/HWWHUV����������� ��������

:X��+��� %U\DQW��*��� %HQIHOO��.�� DQG�:DOO��7�� ��������$Q
([SHULPHQWDO� 6WXG\�RQ� WKH� (IIHFW� RI� 6\VWHP�3UHVVXUH� RQ
&KDU�6WUXFWXUH�RI�DQ�$XVWUDOLDQ�%LWXPLQRXV�&RDO��(QHUJ\�	
)XHOV������������������

=KDQJ��<���+DUD��6���.DMLWDQL��6��DQG�$VKL]DZD��0���������
0RGHOLQJ� RI�FDWDO\WLF�JDVLILFDWLRQ�NLQHWLFV�RI� FRDO�FKDU�DQG
FDUERQ��)XHO������������������
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5HFHLYHG� �� )HE�� ����� �� ��� �� � �� � �� � � �5HYLVHG����-XO\������ �� �� � � �� � � � �� � �$FFHSWHG����-XO\�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO�DQSHLVLJ#RPS�XSY�HV

���

,QIOXHQFH�RI�WKH�(QYLURQPHQWDO��6RFLDO�DQG�&RUSRUDWH�*RYHUQDQFH�5DWLQJV�RQ
WKH�(FRQRPLF�3HUIRUPDQFH�RI�&RPSDQLHV��$Q�RYHUYLHZ

3HLUy�6LJQHV��$����6HJDUUD�2xD�0����0RQGpMDU�-LPpQH]��-���DQG�9DUJDV�9DUJDV��0���

��0DQDJHPHQW�'HSDUWPHQW��8QLYHUVLWDW�3ROLWqFQLFD�GH�9DOqQFLD��6SDLQ

��)DFXOW\�RI�6RFLDO�6FLHQFHV��8QLYHUVLW\�RI�&DVWLOOD�/D�0DQFKD��6SDLQ

��)DFXOW\�RI�(FRQRPLFV�DQG�%XVLQHVV�6WXGLHV��8QLYHUVLW\�RI�&DVWLOOD�/D�0DQFKD��6SDLQ

$%675$&7�2YHU�WKH�SDVW�\HDUV�WKHUH�KDV�EHHQ�D�VLJQLILFDQW�JURZWK�LQ�FRUSRUDWH�UHSRUWLQJ�RI�HQYLURQPHQWDO�
VRFLDO�DQG� FRUSRUDWH�JRYHUQDQFH��(6*��IDFWRUV��7KLV�VWXG\�DVVHVVHV�ZKHWKHU�(6*�UDWLQJV� DUH� UHODWHG� WR� ILUP
SHUIRUPDQFH��7KURXJK�D�PXOWLYDULDWH�DQDO\VLV�ZH�KDYH�FRQILUPHG�GLIIHUHQFHV�EHWZHHQ�WKH�(6*�VFRUHV�XVHG�WR
HYDOXDWH�HQYLURQPHQWDO��VRFLDO�DQG�FRUSRUDWH�JRYHUQDQFH�IDFWRUV�RI�UDWHG�FRPSDQLHV��:H�FKHFNHG�WKDW�DOWKRXJK
WKHUH� LV� D�VLJQLILFDQW� FRUUHODWLRQ�EHWZHHQ� WKHP��FRPSDQLHV�GR�QRW� UDQN� HTXDOO\�DQG� WKHUHIRUH� WKHLU�HFRQRPLF
UHVXOWV�PLJKW�YDU\�DPRQJ�WKH�LQGLFDWRUV��:H�IRXQG�WKDW�VHOHFWHG�86�FRPSDQLHV�LQ�WKH�ERWWRP�������:RUVW�,Q
&ODVV��WHUPHG�:,&��RI�WKHLU�LQGXVWULHV�DFFRUGLQJ� WR�(6*�VFRUHV�SHUIRUP�VLJQLILFDQWO\�EHWWHU�WKDQ�WKRVH� LQ�WKH
WRS�������%HVW�,Q�&ODVV��WHUPHG�%,&���:H�DOVR�IRXQG�WKDW�%,&�FRPSDQLHV�KDYH�VLJQLILFDQW�KLJKHU�UHYHQXH�SHU
HPSOR\HH�DQG� FDVK� IORZ�SHU� VKDUH� FRPSDUHG� WKH� LQGXVWU\�PHGLDQV��$WWHQGLQJ� WR� WKHVH� UHVXOWV�� LW� VHHPV� WKDW
H[WUHPH�VWUDWHJLHV�RQ�(6*�LVVXHV�SURGXFH�EHWWHU�HFRQRPLF�UHVXOWV�WKDQ�WKRVH�VWUDWHJLHV�WKDW�DUH�LQ�OLQH�ZLWK�WKH
LQGXVWU\�

.H\�ZRUGV��(QYLURQPHQW��6RFLDO��&RUSRUDWH�JRYHUQDQFH��(6*�UDWLQJV��(FRQRPLF�SHUIRUPDQFH

,1752'8&7,21
1RZDGD\V��QHZ�DQG�LQQRYDWLYH�ILQDQFLDO�SURGXFWV

DUH�LQFRUSRUDWLQJ�(6*�DVSHFWV�LQ�LQYHVWPHQW�GHFLVLRQ�
PDNLQJ�SURFHVV��.HPS�HW�DO����������$�IXOO�UDQJH�RI
UHVSRQVLEOH� LQYHVWPHQW� VWUDWHJLHV� KDYH� EHHQ� UDLVLQJ
RYHU�WKH�SDVW�IHZ�\HDUV��%HVOH\�DQG�0DLWUHHVK�������
DQG� LVVXHV�VXFK�DV�FOLPDWH� FKDQJH��HPSOR\HH� ULJKWV
DQG� UHPXQHUDWLRQ� DUH� EHFRPLQJ� DV� LPSRUWDQW� DV
WUDGLWLRQDO�PHWULFV� IRU�FRPSDQLHV�DQG�LQYHVWRUV� DQG
HYHQ�PRUH�LPSRUWDQW�LQ�WKH�LQYHVWPHQW�GHFLVLRQ�PDNLQJ
SURFHVV� �+RQJ� DQG�.DFSHUF]\N�� ������ 3LUDQL� DQG
6HFRQGL�� ������� 7KHUHIRUH�� E\� WUDFNLQJ��PDQDJLQJ�
EHQFKPDUNLQJ�(6*�SROLFLHV�DQG�SUDFWLFHV��LQYHVWRUV�WU\
WR� VWD\�XS�WR�GDWH�ZLWK�LQGXVWU\�FKDQJHV�LQ�RUGHU�WR
UHGXFH�ULVN�DQG�LQFUHDVH�UHYHQXH�

7KH�PHFKDQLVPV�ZLWK�ZKLFK�LQGXVWULHV�DQG�ILUPV
FDQ�LPSURYH�WKHLU�FRPSHWLWLYHQHVV�WKURXJK�D�SURDFWLYH
HQYLURQPHQWDO�RU�VRFLDO�VWUDWHJ\�UHPDLQ�FRQWURYHUVLDO�
0HDQZKLOH��WKH�ULVLQJ�HQYLURQPHQWDO�FRQFHUQV�DQG�WKH
LPSOHPHQWDWLRQ�RI�ODZV�DQG�UHJXODWLRQV�E\�JRYHUQPHQWV
WR� FRQWURO� SROOXWLRQ� KDV� EHFRPH� D� ILUVW� RSWLRQ
�+HPPHOVNDPSD��������*DUDX�HW�DO���������9DUJDV�9DUJDV
HW�DO���������0RJKLPL�DQG�$ODPEHLJL���������$�ZLGH

YDULDWLRQ�LQ�FRUSRUDWH�HQYLURQPHQWDO�SHUIRUPDQFH�KDV
EHHQ�UHSRUWHG��.LQJ�DQG�/HQR[��������&ODUNVRQ�HW�DO��
�������6RPH�DXWKRUV�VXJJHVW�WKDW�QRW�DOO�ILUPV�EHQHILW
HTXDOO\�IURP�D�SURDFWLYH�HQYLURQPHQWDO�VWUDWHJ\��+DUW�
������5XVVR� DQG�)RXWV�� ������$UDJyQ�&RUUHD� DQG
6KDUPD��������DQG�WKDW�D�SURDFWLYH�HQYLURQPHQWDO
VWUDWHJ\�LV�PRVW�OLNHO\�WR�WDNH�SODFH�LQ�FRPSDQLHV�ZLWK
JUHDWHU�ILQDQFLDO�UHVRXUFHV�DQG�VXSHULRU�PDQDJHPHQW
FDSDELOLWLHV� �&KULVWPDQQ�� ������ 6KDUPD� DQG
9UHGHQEXUJ�� �������7KLV� IUDPHZRUN� VXJJHVWV� WKDW
SURDFWLYH�FRUSRUDWH�SROLFLHV�DQG�ILQDQFLDO�VXFFHVV�DUH
LQWHUUHODWHG�

)XUWKHU��JRYHUQPHQWV�DUH�VWUXJJOLQJ�LQ�GHWHUPLQLQJ
ZKLFK�W\SH�RI�SROLF\�ZLOO�LQFUHDVH�WKH�HFRQRPLF�UHVXOWV
DQG�FRPSHWLWLYHQHVV�RI�WKHLU�FRPSDQLHV��'XUDQ�HW�DO�
�������,Q�WKLV�FRQWH[W��(6*�LQIRUPDWLRQ�FDQ�QRW�EH
LJQRUHG�E\�FRPSDQLHV�DQG�JRYHUQPHQWV�LI�WKH\�ZDQW
WR�JXDUDQWHH�D�FRUUHFW�VWUDWHJ\�WR�IDFH�IXWXUH�VFHQDULRV
�0HOQ\N�HW�DO��������

7KH� FRUSRUDWH� GLVFORVXUH� RI� HQYLURQPHQWDO
SUDFWLFHV�LV�KLJKHU�IRU�(XURSHDQ�FRXQWULHV��LQ�JHQHUDO�
WKDQ�LW�LV�LQ�FRXQWULHV�LQ�1RUWK�$PHULFD��86�FRPSDQLHV



���

3HLUy�6LJQHV��$��HW�DO�

KDYH� RQH� RI� WKH� ORZHVW� UDWLQJV� RQ� HQYLURQPHQWDO
PHDVXUHV�� LPSO\LQJ� ORZHU� GLVFORVXUH� DQG�RU� ORZHU
FRQFHUQ� DERXW� HQYLURQPHQWDO� VWDQGDUGV�� 7KLV
DUJXPHQW�SRLQWV�RXW�WKDW�D�VWURQJ�UHJXODWRU\�IUDPHZRUN�
DV�(XURSHDQ�VWDQGDUGV��KHOSV�OLVWHG�FRPSDQLHV�KDYH
KLJKHU�UDWLQJV��5LYDV�DQG�0DJDGiQ��������-XQTXHUD
DQG�'HO�%UtR���������2YHUDOO��(XURSHDQ�FRPSDQLHV�DUH
DKHDG�RI�WKHLU�$PHULFDQ�DQG�$VLDQ�FRXQWHUSDUWV�E\
OHDGLQJ�(6*�DFWLRQ�WR�IDFH�XS�WR�JURZLQJ�HQYLURQPHQWDO
FKDOOHQJHV�DV�UHSRUWHG�IURP�GLIIHUHQW�LQGXVWULHV��(VSt
5RGULJXH]��������/ySH]�*DPHUR���������0RUHRYHU��86
FRPSDQLHV� VKRZ� OLWWOH� FRQFHUQ� DERXW� VRFLDO� DVSHFWV
FRPSDUHG� ZLWK� %5,&6� RU� (XURSHDQ� FRPSDQLHV�
+RZHYHU�� WKH\� VKRZ�RQH� RI� WKH� KLJKHVW� UDWLQJV� LQ
FRUSRUDWH�JRYHUQDQFH��2YHUDOO��86�FRPSDQLHV�VHHP�WR
EH�IDU�DZD\�IURP�(XURSHDQ�FRPSDQLHV�LQ�(6*�DVSHFWV�
,W�LV�DOVR�UHPDUNDEOH�WKDW�&KLQD�DQG�5XVVLD��ZKLFK�DUH
JURZLQJ�HFRQRPLHV��KDYH�YHU\�ORZ�UDWLQJV��7KHUHIRUH�
WKLV�SURMHFW�FRQVLGHUV�VXFK�UHJLRQDO�GLIIHUHQFHV�LQ�(6*
SUDFWLFHV�

$� ORZ� UDWLQJ�� ZKLFK� QRUPDOO\� LPSOLHV� ORZHU
GLVFORVXUH�� FDQ� EH� DWWULEXWHG� WR� WKH� ODFN� RI� OHJDO
UHTXLUHPHQWV� WR� GLVFORVH� HQYLURQPHQWDO� GDWD� RU� WR
UHSRUW�FRPSDQ\�RSHUDWLRQV��(6*�UDWLQJV�WHQG�WR�IRFXV
RQ� WKH� ODUJHU�FRPSDQLHV� WKDW�KDYH� WKH� UHVRXUFHV� WR
LVVXH�(6*�GDWD��)XUWKHU��FRPSDQLHV�ZLWK�WKH�PRVW�WR
KLGH�DUH�OHDVW�OLNHO\�WR�YROXQWDULO\�UHSRUW��ZKLOH��VPDOO
FRPSDQLHV��LQ�JHQHUDO��WHQG�WR�KDYH�ORZHU�VFRUHV�WKDQ
ODUJHU�FRPSDQLHV�

,Q�WKLV�FRQWH[W��VWXGLHV�KDYH�EHHQ�IRFXVHG�RQ�WKH
UHODWLRQ� EHWZHHQ� (6*� UDWLQJV� DQG� HFRQRPLF
SHUIRUPDQFH�IURP�D�PDUNHW�SRLQW�RI�YLHZ��0DQHVFX�
�������VKRZLQJ�ERWK�SRVLWLYH�DQG�QHJDWLYH�UHODWLRQV�
7KLV� VWXG\� WKXV� DVVHVVHV�ZKHWKHU� (6*� UDWLQJV� DUH
UHODWHG�WR�ILUP�SHUIRUPDQFH�IURP�DQ�LQWHUQDO�SRLQW�RI
YLHZ��,Q�RWKHU�ZRUGV��ZH�ZDQW�WR�GHWHUPLQH�ZKHWKHU
(6*�UDWLQJV�ZKLFK�PLJKW�UHIOHFW�³EHVW�SUDFWLFHV´�LQ
WKRVH�EXVLQHVV� ILHOGV��DIIHFW� ILUP�SHUIRUPDQFH�� WKXV
DYRLGLQJ�VKDUHKROGHU�YLHZ�WR�IRFXV�RQ�WKH�RSHUDWLRQDO
YLHZ��:H�H[SHFW�FRPSDQLHV�ZLWK�KLJKHU�(6*�UDWLQJV�WR
EH�IRFXVHG�RQ�UHGXFLQJ�HQYLURQPHQWDO�LPSDFWV�WKURXJK
WKH�UHGXFWLRQ�RI�HQHUJ\��ZDWHU�FRQVXPSWLRQ�DQG�ZDVWH�
:H�DOVR�H[SHFW�VXFK�ILUPV�WR�KDYH�PRWLYDWHG�HPSOR\HHV
DQG� OR\DO� FOLHQWV� EHFDXVH� RI� WKHLU� WUHDWPHQW� RI
HPSOR\HHV�DQG�WKHLU�UROH�LQ�WKH�FRPPXQLW\��DQG�WR�KDYH
D�PRUH�VWUXFWXUHG�DQG�WUDQVSDUHQW�RUJDQLVDWLRQ�EHFDXVH
RI�WKHLU�(6*�FRPPLWPHQW��7KHUHIRUH��WKHLU�RSHUDWLRQV
VKRXOG�DOVR�EHQHILW��,Q�RWKHU�ZRUGV��(6*�VFRUHV�DUH�D
PHDVXUH�RI�WKH�TXDOLW\�RI�D�ILUP¶V�EXVLQHVV�SUDFWLFHV
DQG�WKH\�KLJKOLJKW�WKRVH�FRPSDQLHV�WKDW�ORRN�EH\RQG
VKRUW�WHUP� UHWXUQV� WR� HPSKDVLVH� ORQJ�WHUP� YDOXH
�.UDQMDF�HW�DO��������

7R�DQVZHU�WKH�UHVHDUFK�TXHVWLRQ�ZH�HVWDEOLVK�WKH
IROORZLQJ�K\SRWKHVLV�EXLOW�RQ�WKH�EDVHV�WKDW�ZH�H[SHFW
KLJKHU�(6*�UDWHG�FRPSDQLHV� WR�SHUIRUP�EHWWHU�WKDQ
WKRVH�ZLWK�ORZHU�UDWLQJV�EHFDXVH�WKH\�IRFXV�RQ�FUHDWLQJ
ORQJ�WHUP�YDOXH��7KXV�
+\SRWKHVLV����+LJKHU�HQYLURQPHQWDO�UDWHG�FRPSDQLHV
SHUIRUP�EHWWHU�WKDQ�WKRVH�ZLWK�WKH�ORZHU�UDWLQJV�
+\SRWKHVLV����+LJKHU�VRFLDO�UDWHG�FRPSDQLHV�SHUIRUP
EHWWHU�WKDQ�WKRVH�ZLWK�WKH�ORZHU�UDWLQJV�
+\SRWKHVLV� ��� +LJKHU� FRUSRUDWH� JRYHUQDQFH�UDWHG
FRPSDQLHV�SHUIRUP�EHWWHU�WKDQ�WKRVH�ZLWK�WKH�ORZHU
UDWLQJV�

0$7(5,$/6�	�0(7+2'6
&RPSDQLHV�IDFH�GLIIHUHQW�GHJUHHV�RI�(6*�EDVHG

ULVN�H[SRVXUHV�GHSHQGLQJ�RQ�WKH�LQGXVWU\�DQG�UHJLRQ
LQ�ZKLFK� WKH\� RSHUDWH� �&)$�� ������� )XUWKHU�� ODUJH
FRPSDQLHV� DUH� UHSRUWHG� WR� GLVFORVH� PRUH� (6*
LQIRUPDWLRQ��.RON�DQG�3LQNVH��������WR�HQDEOH�LQYHVWRUV¶
GHFLVLRQ�PDNLQJ��7KHUHIRUH��DFFHVV�WR�WKH�DSSURSULDWH
GLVFORVXUHV� DQG� PHWULFV� WKDW� DOORZ� PHDQLQJIXO
FRPSDULVRQV� EHWZHHQ� FRPSDQLHV� LQ� WKH� VDPH
LQGXVWULHV�RU�ZLWK�VLPLODU� ULVN�SURILOHV�DUH�HVVHQWLDO
�6HPHQRYD�DQG�+DVVHO���������:H�XVHG�$66(7���D
7KRPVRQ�5HXWHUV�GDWDEDVH��ZKLFK�SURYLGHV�REMHFWLYH�
UHOHYDQW�DQG�V\VWHPDWLF�(6*�LQIRUPDWLRQ�EDVHG�RQ�����
NH\�SHUIRUPDQFH�LQGLFDWRUV��$66(7���FRYHUV������OLVWHG
FRPSDQLHV�LQFOXGLQJ�WKRVH�OLVWHG�RQ�6DQG3������5XVVHOO
������06&,�(XURSH��)76(������$6;�����DQG�06&,
:RUOG�,QGH[�DV�ZHOO�DV�����06&,�HPHUJLQJ�PDUNHWV
FRPSDQLHV���$V�H[SODLQHG�EHIRUH��UDWLQJV�DUH�UHJLRQ�
VHQVLWLYH� �.RON�� DQG� 3LQNVH�� ������� )RU� H[DPSOH�
(XURSHDQ� FRPSDQLHV� KDYH� KLJKHU� VFRUHV� WKDQ� 86
FRPSDQLHV��DQG�WKXV�D�ZRUOGZLGH�DQDO\VLV�ZRXOG�QRW
ILW�ZLWK�WKH�SXUSRVHV�RI�RXU�VWXG\��+HQFH��ZH�GHFLGHG
WR�IRFXV�RQ�86�FRPSDQLHV�WKDW�KDG�DYDLODEOH�GDWD�IRU
(6*�UDWLQJV�IURP������WR������WR�GHDO�ZLWK�WKH�UHJLRQDO
ULVN�H[SRVXUH�GLIIHUHQFHV�DQG�WR�PLQLPL]H�WKH�SUHVHQFH
RI� FRPSDQLHV� IRU�ZKLFK�D�VFRUH� RI�]HUR� LV� OLNHO\� WR
LQGLFDWH�D�ODFN�RI�UDWLQJ�DV�RSSRVHG�WR�QHXWUDO�(6*
SHUIRUPDQFH�

7KH� ILQDQFLDO� UDWLRV� IRU� WKHVH� FRPSDQLHV� ZHUH
H[WUDFWHG�IURP�WKH�0HUJHQW�RQOLQH�GDWDEDVH��ZKLFK
SURYLGHV� ,QWHUQHW�EDVHG�DFFHVV� WR�GHWDLOHG� ILQDQFLDO
LQIRUPDWLRQ�IRU�86�FRPSDQLHV��:H�RPLWWHG�FRPSDQLHV
WKDW�KDG�QR�DYDLODEOH�UDWLQJV�IRU�WKH�LQGLFDWHG�SHULRG
������������DQG�WKRVH�WKDW�KDG�QR�ILQDQFLDO�GDWD�LQ�WKH
0HUJHQW� RQOLQH� GDWDEDVH�� $OWKRXJK� UDWLQJV� DUH
DYDLODEOH�IURP������WR�������ZH�DOVR�RPLWWHG�WKH�SHULRGV
����������DQG�������DV�WKH�QXPEHU�RI�FRPSDQLHV�ZLWK
DYDLODEOH�UDWLQJV�ZDV�ORZ��:H�HQGHG�XS�ZLWK�����86
FRPSDQLHV�WKDW�PHW�WKHVH�FULWHULD�
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%HFDXVH� HFRQRPLF�SHUIRUPDQFH�PHWULFV�WHQG� WR
IRFXV�RQ�RQH�DVSHFW�RI�ILUP�SHUIRUPDQFH��ZH�HYDOXDWHG
HFRQRPLF� SHUIRUPDQFH� WKURXJK� VHYHUDO� LQGLFDWRUV
�&ROOLVRQ�HW�DO���������

52$��5HWXUQ�2Q�$VVHWV� �1HW�,QFRPH�7RWDO
$VVHWV��LV�DQ�LQGLFDWRU�RI�KRZ�SURILWDEOH�D�FRPSDQ\�LV
UHODWLYH�WR�LWV�WRWDO�DVVHWV�WKDW�KDV�EHHQ�XVHG�ZLGHO\�LQ
SUHYLRXV� VWXGLHV�

(%,7'$�0DUJLQ��(DUQLQJV�EHIRUH�LQWHUHVW��WD[�
GHSUHFLDWLRQ� DQG� DPRUWLVDWLRQ� GLYLGHG� E\� WRWDO
UHYHQXH��LV�D�PHDVXUHPHQW�RI�D�FRPSDQ\¶V�RSHUDWLQJ
SURILWDELOLW\�

5HYHQXH� 3HU� (PSOR\HH� �5HYHQXH�7RWDO� 1HW
(PSOR\HHV�� LV� XVHIXO� ZKHQ� FRPSDUHG�ZLWK� RWKHU
FRPSDQLHV�LQ�WKH�VDPH�LQGXVWU\��

1HW�&XUUHQW�$VVHWV� �6DOHV� UHYHQXH�$YHUDJH
FXUUHQW�DVVHWV���5DWLR�WKDW�LQGLFDWHV�KRZ�HIILFLHQWO\�D
ILUP�XVHV�LWV�FXUUHQW�DVVHWV�WR�JHQHUDWH�UHYHQXH�

&DVK�)ORZ�3HU�6KDUH�LV�D�PHDVXUH�RI�ILQDQFLDO
VWUHQJWK��8QOLNH�HDUQLQJV�SHU�VKDUH��WKLV�LQGLFDWRU�LV
GLIILFXOW�WR�PDQLSXODWH�DQG�LV�D�XVHIXO�PHDVXUH�IRU�WKH
VWUHQJWK�RI�D�ILUP�DQG�WKH�VXVWDLQDELOLW\�RI�LWV�EXVLQHVV
PRGHO�

6\VWHPDWLF�GLIIHUHQFHV�DFURVV�LQGXVWULHV�PD\�ELDV
WKH�UHVXOWV�LI�WKH�VDPSOH�LQFOXGHV�ILUPV�IURP�GLIIHUHQW
LQGXVWULHV�� ,Q� RUGHU� WR�DGGUHVV� WKHVH� OLPLWDWLRQV�ZH
PHDVXUH� ILUP� SHUIRUPDQFH� XVLQJ� LQGXVWU\�DGMXVWHG
PHDVXUHV��:H�FDOFXODWH�WKHVH�PHWULFV�DV�WKH�FKDQJH�LQ
WKH�PHDVXUHG�YDULDEOH�IRU�WKH�\HDU�PLQXV�WKH�LQGXVWU\
PHGLDQ�IRU�WKH�VDPH�\HDU��DV�PHDQ�YDOXH�FDQ�EH�KLJKO\
DIIHFWHG� E\� RXWOLHUV�� 7KHQ�� WKH� DQQXDO� LQGXVWU\�
DGMXVWHG�PHWULF�UHSUHVHQWV�D�FRPSUHKHQVLYH�PHDVXUH
RI� WKH� ILUP¶V� FXUUHQW�SHULRG� HFRQRPLF� SHUIRUPDQFH
UHODWLYH� WR� RWKHU� ILUPV� LQ� WKH� VDPH� LQGXVWU\��0RUH
IRUPDOO\��OHW�36
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�EH�WKH�SHUIRUPDQFH�OHYHO�LQ�\HDU�W�IRU�D

VDPSOH�ILUP�WKDW�EHORQJV�WR�WKH�LQGXVWU\��DQG�3,
WL
�WKH

PHGLDQ�SHUIRUPDQFH�OHYHO�LQ�\HDU�W�IRU�LQGXVWU\�L��7KHQ�
,$3��WKH�LQGXVWU\�DGMXVWHG�SHUIRUPDQFH�PHWULF�RI�WKH
VDPSOH�ILUP�,��LV

,$3 �36
WL
�3,

WL

%\�FRQWUDVW��PRVW�HPSLULFDO�VWXGLHV�RI�(6*�DUH�LQGXVWU\�
VSHFLILF��,Q�RWKHU�ZRUGV��FHUWDLQ�LQGXVWULHV�DUH�PRUH
OLNHO\�WR�KDYH�KLJK�(6*�UDWLQJV�DQG�UHWXUQV��ZKLOH�RWKHUV
KDYH� ORZ� (6*� UDWLQJV� DQG� UHWXUQV�� %HFDXVH� QRW
FRQWUROOLQJ�IRU�WKLV�LQGXVWU\�HIIHFW�UHVXOWV�PD\�ELDV�WKH
UHVXOWV��ZH� XVHG� D�%,&�PHWKRG� WR� DGGUHVV� LQGXVWU\
YDULDWLRQ�LQ�(6*�UDWHV�

:H�QRWHG�WKDW�LQGLYLGXDO�(6*�UDWLQJV�YDU\�DFURVV
WKH�VDPSOH��)RU�H[DPSOH��VRPH�FRPSDQLHV�KDYH�D�KLJK
HQYLURQPHQWDO�VFRUH�DQG�D�ORZ�JRYHUQDQFH�VFRUH��ZKLOH
RWKHUV�KDYH�WKH�RSSRVLWH�UDWLQJV��$V�H[SHFWHG��WKHUH�LV

D�VLJQLILFDQW�FRUUHODWLRQ�EHWZHHQ�WKH�WKUHH�VFRUHV��IURP
������WR��������VWDWLVWLFDOO\�VLJQLILFDQW�S��������KRZHYHU�
WKLV�FRUUHODWLRQ�LV�QRW�VWURQJ�HQRXJK�WR�FRQVLGHU�DQ
RYHUDOO� UDWLQJ� DORQH� WR� WHVW� RXU� K\SRWKHVLV�� DV� WKH
UHVXOWV�RI�WKRVH�FRPSDQLHV�FRQVLGHUHG�LQ�WKH�%,&�RU
:,&�JURXSV�PLJKW�YDU\� VLJQLILFDQWO\� GHSHQGLQJ�RQ
WKH�VFRUH�XVHG�WR�FODVVLI\�WKHP��7KHUHIRUH��ZH�GHFLGHG
WR�WHVW�HDFK�RQH�RI�WKH�VFRUHV�VHSDUDWHO\��DV�SURSRVHG
LQ�K\SRWKHVHV��D���E��DQG��F�

'DWD�ZHUH�DUUDQJHG�E\�FRPSDQ\��7KHUHIRUH��ZH
KDG� WKH� GDWD� IRU� WKH� (6*� UDWLQJV� IRU� HDFK� RI� WKH
FRQFHSWV� DQG� IRU� HDFK� RI� WKH� ILYH� \HDUV� DV�ZHOO� DV
HFRQRPLF�GDWD�IRU�HDFK�RI�WKH�ILYH�\HDUV��:H�FDOFXODWHG
LQGXVWU\�DGMXVWHG�PHWULFV�IRU�52$��(%,7'$��5HYHQXH
3HU�(PSOR\HH��1HW�&XUUHQW�$VVHWV�DQG�&DVK�)ORZ�SHU
6KDUH��ZKLFK�SRLQW�RXW�GLIIHUHQW�RSHUDWLQJ�DQG�ILQDQFLDO
SHUIRUPDQFH� DVSHFWV� LQ� RUGHU� WR� SURYLGH� D� JRRG
RYHUYLHZ�RI�RYHUDOO�HFRQRPLF�SHUIRUPDQFH��2XWOLHUV
FDQ�LQIOXHQFH�WKH�PHDQ�YDOXHV�RI�WKH�DGMXVWHG�PHWULFV�
7R� FRQWURO� IRU� WKHVH� RXWOLHUV�� DOO� LQGXVWU\�DGMXVWHG
SHUIRUPDQFH�PHWULFV�DUH�UHSRUWHG�DIWHU�FDSSLQJ�WKH�GDWD
DW�WKH������OHYHO�LQ�HDFK�WDLO��(YHQ�ZLWK�FDSSLQJ��RXWOLHUV
FDQ� VWLOO� LQIOXHQFH� WKH� PHDQ� YDOXHV� RI� LQGXVWU\�
DGMXVWHG� SHUIRUPDQFH� PHWU LFV� � 7KHUHIRUH�� ZH
HPSKDVL]HG� QRQ�SDUDPHWULF� VWDWLVWLFV� VXFK� DV� WKH
PHGLDQ�DQG�SHUFHQWDJH�RI�VDPSOH�ILUPV�ZLWK�SRVLWLYH
SHUIRUPDQFHV��,Q�DGGLWLRQ�WR�UHSRUWLQJ�SDUDPHWULF�WHVWV
RQ� FKDQJHV� LQ� WKH�PHDQ�� ZH� WKXV� UHSRUW� WZR� QRQ�
SDUDPHWULF�WHVWV�
)RU�HDFK�\HDU��ZH�RUGHUHG�FRPSDQLHV�LQ�HDFK�LQGXVWU\
DFFRUGLQJ�WR�HDFK�(6*�VFRUH�
+HQFH��ZH�H[DPLQH�WKH�UHODWLRQVKLS�EHWZHHQ�WKHVH�WKUHH
FRPSRQHQWV� DV� ZHOO� DV� WKH� HFRQRPLF� SHUIRUPDQFH
LQGLFDWRUV� VHSDUDWHO\��:H� SRROHG� WKH� GDWD� RI� WKH
FRPSDQLHV�LQ�WKH�WRS�DQG�ERWWRP�����IRU�HDFK�LQGXVWU\
�%,&�:,&�� SHUFHQWLOH� UDQNHG�� WR� HQG� XS�ZLWK� WZR
JURXSV�IRU�HDFK�RI�WKH�UDWLQJV�DQG�IRU�HDFK�RI�WKH�\HDUV�
7KLV�PHWKRG� FRQWUROV� IRU� LQGXVWU\�YDULDWLRQV� LQ�RXU
VDPSOH�

$V�ZH�ZDQW� WR�DVVHVV� WKH� ORQJ�WHUP�HIIHFWV��ZH
FRQVLGHUHG�WRJHWKHU�IRU�HDFK�VFRUH�DOO�WKH�GDWD�IRU�WKH
VHOHFWHG� FRPSDQLHV� LQ� WKH� JURXSV� IRU� WKH� ILYH�\HDU
SHULRG��7KHQ�� LGHDOO\�� LI� QR�GDWD�ZHUH�PLVVHG��HDFK
FRPSDQ\�LQ�WKH�VDPSOH�ZRXOG�KDYH�ILYH�GDWD�SRLQWV�IRU
HDFK�RI�WKH�LQGXVWU\�DGMXVWHG�SHUIRUPDQFH�LQGLFDWRUV�
1H[W��ZH�UDQ�DQ�$129$�WHVW�WR�FRPSDUH�WKH�WZR�JURXSV
�%,&� DQG�:,&�� LQ� RUGHU� WR� ORRN� IRU� VLJQLILFDQW
GLIIHUHQFHV� LQ� WKH� HFRQRPLF� SHUIRUPDQFH� PHWULFV
EHWZHHQ�HDFK�JURXS�

7KH�$129$�DQDO\VLV� VHHNV� WR� EUHDN� GRZQ� WKH
YDULDELOLW\�LQ�D�GDWDVHW�LQWR�LQGHSHQGHQW�FRPSRQHQWV
WKDW� FDQ� EH� DVVLJQHG� WR� GLIIHUHQW� FDXVHV�� ,W� LV� D
VWDWLVWLFDO� WHFKQLTXH� GHVLJQHG� WR� DQDO\]H� WKH
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FRUSRUDWH�JRYHUQDQFH�UDWLQJV

VLJQLILFDQFH� RI� WKH�PHDQ� GLIIHUHQFHV� RI� GLIIHUHQW
SRSXODWLRQV��$V�VXFK��LW�LV�FRQVLGHUHG�WR�EH�DQ�H[WHQVLRQ
RI�WKH�PHDQV�GLIIHUHQFH�WHVW�DQG�LV�XVHG�WR�VWXG\�WKH
UHODWLRQVKLSV�EHWZHHQ�QRPLQDO��RUGLQDO�DQG�LQWHUYDO
YDULDEOHV��+DLU�HW�DO����������7KH�$129$�WHFKQLTXH
LQGLFDWHV�ZKHWKHU� WR� UHMHFW� WKH� QXOO� K\SRWKHVLV� WKDW
UHIOHFWV� WKH� HTXDO�PHDQV� YDOXH� IRU� HDFK� � OHYHO� RI
VLJQLILFDQFH��,Q�WKLV�ZD\��ZH�FRQILUP�ZKHWKHU�WKH�PHDQ
RI� WKH� DGMXVWHG�SHUIRUPDQFH�PHWULFV� LV�VLJQLILFDQWO\
GLIIHUHQW�IRU�WKH�%,&�FRPSDUHG�ZLWK�:,&�FRPSDQLHV
IRU�HDFK�RI�WKH�WKUHH�VFRUHV�

,Q�RUGHU�WR�WHVW�K\SRWKHVLV����ZH�FRPSDUHG�ZKHWKHU
WKH�LQGXVWU\�DGMXVWHG�PHWULFV�LQ�WKH�%,&�FRPSDQLHV
DUH�VLJQLILFDQWO\�JUHDWHU�WKDQ�]HUR��,Q�RWKHU�ZRUGV��ZH
DVVHVVHG�ZKHWKHU�WKH�UHVXOWV�LQ�%,&�FRPSDQLHV�GLIIHU
VLJQLILFDQWO\�IURP�WKH�PHGLDQ�YDOXH�IRU�WKHLU�UHODWHG
LQGXVWU\��$V�H[SODLQHG�EHIRUH��ZH�UDQ�QRQ�SDUDPHWULF
WHVWV� VXFK� DV� WKH�:LOFR[RQ� VLJQHG�UDQN� WHVW� DQG
ELQRPLDO� VLJQ�WHVW� WR� IRFXV� WKH�LQWHUSUHWDWLRQ�RI� WKH
UHVXOWV��:H�XVHG�WKH�:LOFR[RQ�VLJQHG�UDQN�WHVW�WR�WHVW
ZKHWKHU� WKH�PHGLDQ� RI� WKH� FKDQJHV� LV� VLJQLILFDQWO\
GLIIHUHQW�IURP�]HUR��DQG�WKH�ELQRPLDO�VLJQ�WHVW�WR�WHVW
ZKHWKHU�WKH�SHUFHQWDJH�RI�VDPSOH�ILUPV�H[SHULHQFLQJ
SRVLWLYH�LQGXVWU\�DGMXVWHG�SHUIRUPDQFH�LV�VLJQLILFDQWO\
GLIIHUHQW�IURP������&RQVLVWHQW�ZLWK�RXU�K\SRWKHVLV�ZH
WHVWHG�VLJQLILFDQFH�XVLQJ�WKH�RQH�WDLOHG�WHVW�

5(68/76�	�',6&866,216
7DEOH���SUHVHQWV�WKH�UHVXOW�RI�WKH�$129$�DQDO\VLV�

:H�IRXQG�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�%,&�DQG�:,&
LQGXVWU\�DGMXVWHG�HFRQRPLF�LQGLFDWRUV�IRU�WKH�JURXSV
IRUPHG�DFFRUGLQJ�WR�WKH�(6*�LQGLFDWRUV��$OWKRXJK�WKHUH
DUH�VRPH�GLIIHUHQFHV�LQ�WKH�UHVXOWV��WKH�WHQGHQF\�LQ�WKH
WKUHH�DQDO\VHV�LV�FOHDU��2YHUDOO��:,&�KDYH�JUHDWHU�YDOXHV
WKDQ�%,&�LQ�52$��(%,7'$PDUJLQ��5(9HPSOR\HH�DQG

7DEOH����$129$�UHVXOWV�IRU�HQYLURQPHQWDO��VRFLDO�DQG�FRUSRUDWH�JRYHUQDQFH�UDWLQJV�UDWLQJV
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:,&� ����� ����� ����� ����� ����� ����&)SHUVKDUH�

%,&� ����� � ����� � ����� �

1HW�&XUUHQW�$VVHWV��ZKLOH�&)SHUVKDUH�LV�KLJKHU�LQ�%,&
WKDQ�LW�LV�LQ�:,&��8QH[SHFWHGO\��KLJKHU�(6*�UDWHV�DUH
QRW�UHODWHG�WR�KLJKHU�HFRQRPLF�SHUIRUPDQFH��UHMHFWLQJ
K\SRWKHVLV����1HYHUWKHOHVV��WKH�UHVXOWV�SRLQW�RXW�WKDW
WKH�LQGXVWU\�DGMXVWHG�SHUIRUPDQFH�LQGLFDWRUV�LQ�%,&
DUH�PDLQO\�SRVLWLYH��ZKLFK�LQGLFDWHV�WKDW��DOWKRXJK�WKH
UHVXOWV� DUH� QRW� DERYH� WKRVH�RI�:,&�� WKH\�PLJKW� EH
KLJKHU�WKDQ�WKH�LQGXVWU\�PHGLDQ��7DEOHV���DQG���VKRZ
WKH�UHVXOWV�IRU�WKH�SDUDPHWULF�WHVW��W�WHVW�IRU�WKH�PHDQ
DQG� WZR� QRQ�SDUDPHWULF� WHVWV� WKDW� GHDO� ZLWK� WKH
RXWOLHUV¶�HIIHFWV�RQ�WKH�PHDQ�

$V� VKRZQ� LQ�7DEOH� ��� WKH� LQGXVWU\�DGMXVWHG
SHUIRUPDQFH�LQGLFDWRUV�DUH�VLJQLILFDQWO\�SRVLWLYH�IRU
&)SHUVKDUH�DQG�5(9HPSOR\HH��5(9HPSOR\HH�VKRZV
DOPRVW�VLJQLILFDQW�GLIIHUHQFHV�IRU�WKH�WKUHH�%,&�JURXSV
FRPSRVHG�DFFRUGLQJ�WR�(6*�VFRUHV��)RU�H[DPSOH��WKH
%,&�FRUSRUDWH�JRYHUQDQFH�VFRUH�KDV�D��������KLJKHU
UHYHQXH� SHU� HPSOR\HH� YDOXH� �VLJQLILFDQW� S������
FRPSDUHG�ZLWK�WKH�LQGXVWU\�PHGLDQ��ZKLOH�D�VLJQLILFDQW
�S������� ������� RI� WKH� ILUPV� KDYH� D� KLJKHU
5(9HPSOR\HH� WKDQ� WKH� LQGXVWU\�PHGLDQ�� +LJKHU
GLIIHUHQFHV� DUH� DOVR� IRXQG� LQ� &)SHUVKDUH�� ZKHUH
EHWZHHQ�����DQG������VLJQLILFDQW�S�������RI�%,&�ILUPV
LQ� HDFK� RI� WKH� VFRUHV� KDYH� KLJKHU� YDOXHV� IRU� WKLV
LQGLFDWRU�� %\� FRQWUDVW�� 1HW&XUUHQW$VVHWV� KDV� D
VLJQLILFDQWO\��S�������ORZHU�YDOXH�LQ�%,&�ILUPV�FRPSDUHG
ZLWK�WKH�LQGXVWU\�PHGLDQ��ZKLOH�EHWZHHQ�����DQG����
RI�%,&�ILUPV�KDYH�ORZHU�1HW&XUUHQW$VVHWV�FRPSDUHG
ZLWK�WKH�LQGXVWU\�PHGLDQ��)LQDOO\��RQO\�52$�YDOXHV�LQ
%,&�ILUPV�IRU�VRFLDO�VFRUHV�VHHP�WR�EH�VLJQLILFDQWO\
KLJKHU�WKDQ�WKH�LQGXVWU\�PHGLDQV�

7DEOH���VKRZV�WKH�UHVXOWV�IRU�:,&�FRPSDQLHV��$OO
PHDQ�YDOXHV�DUH�SRVLWLYH�IRU�DOO�HFRQRPLF�LQGLFDWRUV�
EXW�PHGLDQ�YDOXHV�DUH�QRW�DOZD\V�SRVLWLYH��LQGLFDWLQJ

�6LJQLILFDQW�DW�WKH�OHYHO���������6LJ��DW�WKH�OHYHO��������6LJ��DW�WKH�OHYHO����
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WKDW� PHDQ� YDOXHV� DUH� KLJKO\� DIIHFWHG� E\� FHUWDLQ
FRPSDQLHV� LQ� D� SRVLWLYH�ZD\�� ,Q� RWKHU�ZRUGV�� VRPH
FRPSDQLHV� DUH� GRLQJ� IDU� EHWWHU� WKDQ� WKH� LQGXVWU\
PHGLDQ��SXVKLQJ�XS�WKH�PHDQ�YDOXH�IRU�WKLV�JURXS��$
GHHSHU�ORRN�DW�WKH�UHVXOWV�VKRZV�WKDW�(%,7'$PDUJLQ
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DQG�1HW&XUUHQW$VVHWV�DUH�VLJQLILFDQWO\��S�������EHWWHU
LQ�:,&� FRPSDQLHV� FRPSDUHG� ZLWK� WKH� LQGXVWU\
PHGLDQV��ZKLOH�WKH�RWKHU�LQGLFDWRUV�VHHP�WR�KDYH�QR
VLJQLILFDQW�GLIIHUHQFHV�
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&21&/86,21
(6*�PHDVXUHV�DUH�SOD\LQJ�LQFUHDVLQJO\�VLJQLILFDQW

UROHV� LQ� LQYHVWPHQW� HYDOXDWLRQ� SURFHVVHV�� ,W � LV
EHFRPLQJ�PRUH�LPSRUWDQW�WR�XQGHUVWDQG�DQG�HYDOXDWH
WKH�GHJUHH�WR�ZKLFK�(6*�HIIRUWV�FDQ�EH�PDLQWDLQHG�
FUHDWLQJ�YDOXH��ZKLOH�UHGXFLQJ�ULVN�

:H� KDYH� FRQILUPHG� WKH� H[SHFWHG� GLIIHUHQFHV
EHWZHHQ�WKH�WKUHH�LQGLFDWRUV�XVHG�WR�HYDOXDWH�(6*��:H
FKHFNHG�WKDW�DOWKRXJK�WKHUH�LV�D�VLJQLILFDQW�FRUUHODWLRQ
EHWZHHQ� WKHP�� FRPSDQLHV� GR� QRW� UDQN� HTXDOO\� DQG
WKHUHIRUH�WKHLU�HFRQRPLF�UHVXOWV�PLJKW�YDU\�DPRQJ�WKH
LQGLFDWRUV��+HQFH��WDNLQJ�LQWR�DFFRXQW�WKH�UHVXOWV�RI
RQH�LQGLFDWRU�PD\�EH�EHWWHU�WKDQ�DQRWKHU�LI�ZH�ZDQW�WR
PLQLPL]H�ULVN�RQ�D�SDUWLFXODU�HFRQRPLF�LQGLFDWRU�

%DVHG�RQ�RXU�UHVHDUFK��ZH�IRXQG�WKDW�86�FRPSDQLHV�LQ
WKH�ERWWRP�����RI�WKHLU�LQGXVWULHV�DFFRUGLQJ�WR� WKH
(6*�VFRUHV��WHUPHG�:,&��SHUIRUP�VLJQLILFDQWO\�EHWWHU
WKDQ�WKRVH�LQ�WKH�WRS�������%,&��

:H�DOVR�IRXQG�WKDW�%,&�FRPSDQLHV�DFFRUGLQJ
WR�WKH�(6*�VFRUHV�KDYH�VLJQLILFDQW�KLJKHU�UHYHQXH
SHU�HPSOR\HH�DQG�FDVK�IORZ�SHU�VKDUH�FRPSDUHG�WR
WKH� LQGXVWU\�PHGLDQV��7KLV� ILQGLQJ�VXJJHVWV� WKDW
WKH\�KDYH�KLJKHU�SURGXFWLYLW\�DQG�DUH�ILQDQFLDOO\
VWURQJHU��DV�WKH\�DUH�DEOH�WR�JHQHUDWH�PRUH�DGGHG
YDOXH�� %\� FRQWUDVW��:,&� FRPSDQLHV� KDYH� EHWWHU
5(9HPSOR\HH�DQG�(%,7'$PDUJLQ�YDOXHV��ZKLFK
GHQRWH� KLJK� SURGXFWLYLW\�� ZKLOH� &)SHUVKDUH� LV
EHORZ�WKH�PHGLDQ�



���

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

7KHVH�UHVXOWV��LPSO\�WKDW�H[WUHPH�VWUDWHJLHV�RQ�(6*
LVVXHV� SURGXFH� EHWWHU� HFRQRPLF� UHVXOWV� WKDQ� WKRVH
VWUDWHJLHV�WKDW�DUH�LQ�OLQH�ZLWK�WKH�LQGXVWU\�

)XUWKHU� UHVHDUFK� VKRXOG� DVVHVV�ZKHWKHU� WKLV
SDWWHUQ�IROORZV�LQ�RWKHU�GHYHORSHG�FRXQWULHV��,W�ZRXOG
EH�LQWHUHVWLQJ�WR�VHH�ZKDW�KDSSHQV�LQ�DUHDV�ZLWK�VWURQJ
UHJXODWLRQ�FRQVWUDLQWV�VXFK�DV�(XURSH�DQG�LQ�JURZLQJ
HFRQRPLHV�VXFK�XV�%5,&.6��)XUWKHU��D�GHWDLOHG�DQDO\VLV
RI�HDFK�LQGXVWU\�PLJKW�VKRZ�GLIIHUHQW�UHVXOWV�IRU�DQ
LQGXVWU\�VSHFLILF�HQYLURQPHQW��ZKLFK�HYHQWXDOO\�PLJKW
EH�HPSRZHULQJ�RU�ZHDNHQLQJ�WKH�HFRQRPLF�UHVXOWV�RI
OHDGLQJ�(6*�FRPSDQLHV�

$&.12:/('*(0(176
7KH� DXWKRUV�ZRXOG� OLNH� WR� WKDQN� WKH� 6SDQLVK

(FRQRP\�DQG�&RPSHWLWLYHQHVV�0LQLVWU\�IRU�LWV�VXSSRUW
WKURXJK�WKH�UHVHDUFK�SURMHFW��(&��������������DQG�WKH
8QLYHUVLWDW� 3ROLWqFQLFD� GH�9DOqQFLD� IRU� LWV� UHVHDUFK
IXQGLQJ�WR�WKH�SURMHFW��3$,'����������������$OVR�WKH
839�5HVHDUFK�0LFUR�FOXVWHU�³*OREDOL]DWLRQ��WRXULVP
DQG�KHULWDJH��WRZDUGV�D�VXVWDLQDEOH�GHYHORSPHQW´�

5()(5(1&(6
$UDJyQ�&RUUHD�� -�� DQG� 6KDUPD��6�� ��������$� FRQWLQJHQW
UHVRXUFH�EDVHG� YLHZ�RI� SURDFWLYH� FRUSRUDWH� HQYLURQPHQWDO
VWUDWHJ\��$FDG��0DQDJ��5HY�� �������� ������

%HVOH\��7��DQG�0DLWUHHVK�*�� ��������5HWDLOLQJ�SXEOLF�JRRGV�
7KH�HFRQRPLFV�RI�VRFLDO�UHVSRQVLELOLW\�� -�� 3XEOLF��(FRQ�����
���������������

&)$�� �������� &)$� ,QVWLWXWH�� (QYLURQPHQWDO��6RFLDO�� DQG
*RYHUQDQFH� )DFWRUV� DW� /LVWHG�&RPSDQLHV��$�0DQXDO� IRU
,QYHVWRUV�� �&)$� &HQWUH� IRU� )LQDQFLDO�0DUNHW� ,QWHJULW\�
/RQGRQ��8.�

&KULVWPDQQ�� 3�� �������� (IIHFWV� RI� µµEHVW� SUDFWLFHV´� RI
HQYLURQPHQWDO�PDQDJHPHQW� RQ� FRVW�DGYDQWDJH�� WKH� UROH� RI
FRPSOHPHQWDU\�DVVHWV��$FDG��0DQDJH�� -����������� ��������

&ODUNVRQ��3��0���/L��<���5LFKDUGVRQ��*��'��DQG�9DVYDUL��)��3�
�������� 'RHV� LW� UHDOO\� SD\� WR� EH� JUHHQ"�'HWHUPLQDQWV� DQG
FRQVHTXHQFHV� RI� SURDFWLYH� HQYLURQPHQWDO� VWUDWHJLHV�� -�
$FFRXQW��3XEOLF��3RO�������������������

&ROOLVRQ��'��-���&REE��*���3RZHU��'��0��DQG�6WHYHQVRQ��/��$�
��������7KH�ILQDQFLDO�SHUIRUPDQFH�RI�WKH�)76(�*RRG�LQGLFHV�
&RUS��6RF��5HVSRQVLE��(QYLURQ��0JPW����������������

'XUDQ��'���'XUDQ��,��DQG�'LDFRQX��$����������,VVXHV�RQ�FRVWV
DQG�LQYHVWPHQW�IRU�HQYLURQPHQWDO�SURWHFWLRQ��(QYLURQ��(QJ�
0DQDJH��-������������������

(VSt� 5RGULJXH]�� -�� $�� �������� 'HWHUPLQDFLyQ� GH� OD
VRVWHQLELOLGDG� GH� OD� LQGXVWULD�PLQHUDO� GH� OD� FHUiPLFD� \� GHO
YLGULR�PHGLDQWH� KHUUDPLHQWDV� GH� JHVWLyQ� DPELHQWDO� �,Q
6SDQLVK���%RO��6RF��(VS��&HUDP��9LGU�������������������

*DUDX��*���0DQGUDV��*�� DQG�6FKLUUX��/�� ��������$�VWDWLVWLFDO
LQIRUPDWLRQ� V\VWHP� VXSSRUWLQJ� HQYLURQPHQWDO� SROLFLHV�
(QYLURQ��(QJ��0DQDJH��-����������������������

+DLU��-��)���$QGHUVRQ��5��(���7DWKDP��5��/��DQG�%ODFN��:��&�
��������0XOWLYDULDWH�'DWH�$QDO\VLV����WK�HG���3UHQWLFH�+DOO�
(QJOHZRRG�&OLIIV��1-��

+DUW��6�� ��������$�QDWXUDO�UHVRXUFH�EDVHG�YLHZ�RI� WKH�ILUP�
$FDG��0DQDJ��5HY�� �����������������

+HPPHOVNDPSD�� -�� �������� (QYLURQPHQWDO� SROLF\
LQVWUXPHQWV�DQG�WKHLU�HIIHFWV�RQ�LQQRYDWLRQ��(XU��3ODQ��6WXG��
���������������

+RQJ�� +�� DQG�.DFSHUF]\N��0�� ��������7KH� SULFH� RI� VLQ�
7KH�HIIHFWV�RI�VRFLDO�QRUPV�RQ�PDUNHWV��-��)LQDQF��(FRQ�����
�����������

-XQTXHUD��%�� DQG�'HO� %UtR�� -�� �������� 5HVHDUFK� (IIRUW�
)XQFWLRQDO� ,QWHJUDWLRQ�� DQG�(QYLURQPHQWDO�$FWLRQ�%DVHG
&RPSHWLWLYH�$GYDQWDJH��$Q�(PSLULFDO�6WXG\��,QW��-��(QYLURQ�
5HV������������������

.HPS��5���3DUWR��6��DQG�*LEVRQ��5����������*RYHUQDQFH�IRU
VXVWDLQDEOH�GHYHORSPHQW��PRYLQJ�IURP� WKHRU\� WR� SUDFWLFH�
,QW��-��6XVW��'HY����������������

.LQJ��$��DQG�/HQR[��0�� ��������'RHV� LW� UHDOO\� SD\� WR�EH
JUHHQ"�$Q� HPSLULFDO� VWXG\� RI� ILUP� HQYLURQPHQWDO� DQG
ILQDQFLDO�SHUIRUPDQFH��-��,QG��(FRO������������������

.QROO��0��6����������(WKLFDO�VFUHHQLQJ� LQ�PRGHUQ�ILQDQFLDO
PDUNHWV�� WKH� FRQIOLFWLQJ� FODLPV� XQGHUO\LQJ� VRFLDOO\
UHVSRQVLEOH� LQYHVWPHQW�� %XV��/DZ\HU������ ��������

.RON��$��DQG�3LQNVH��-����������7KH�LQWHJUDWLRQ�RI�FRUSRUDWH
JRYHUQDQFH� LQ� FRUSRUDWH� VRFLDO� UHVSRQVLELOLW\� GLVFORVXUHV�
&RUS�� 6RF��5HVSRQVLE��(QYLURQ��0JPW���������� ������

.UDQMDF��0��� +HQQ\�� &�� DQG� 6LNLPLF�� 8�� �������� 'R
(XURSHDQV� IXQGV� JHQHUDWH� FRXQWULHV�� VXVWDLQDEOH
GHYHORSPHQW"�$FWXDO�3UREO��(FRQ�������������������

/ySH]�*DPHUR��0�� '��� &ODYHU�&RUWpV�� (�� DQG�0ROLQD�
$]RUtQ�� -�� )�� �������� (QYLURQPHQWDO� 3HUFHSWLRQ�
0DQDJHPHQW�� DQG�&RPSHWLWLYH�2SSRUWXQLW\� LQ� 6SDQLVK
+RWHOV��&RUQHOO�+RVS��4����������� ��������

0DQHVFX�� &�� ������� � 6WRFN� UHWXUQV� LQ � UHODW LRQ� WR
HQYLURQPHQWDO�� VRFLDO�� DQG� JRYHUQDQFH� SHUIRUPDQFH�
0LVSULFLQJ�RU�FRPSHQVDWLRQ�IRU�ULVN"��6FKRRO�RI�%XVLQHVV�
(FRQRPLFV� DQG� /DZ� DW� 8QLYHUVLW\� RI� *RWKHQEXUJ�
6ZHGHQ��

0HOQ\N�� 6��$��� 6URXIH��5�� 3�� DQG� &DODQWRQH��5�� �������
$VVHVVLQJ�WKH�LPSDFW�RI�HQYLURQPHQWDO�PDQDJHPHQW�V\VWHPV
RQ� FRUSRUDWH� DQG� HQYLURQPHQWDO� SHUIRUPDQFH�� -�� 2SHU�
0DQDJ�������������������

0RJKLPL�� 6��0�� DQG�$ODPEHLJL��$�� ��������*RYHUQPHQW
)DFLOLWDWRU� 5ROHV� DQG� (FRSUHQHXUVKLS� LQ� (QYLURQPHQWDO
1*2V���,QW��-��(QYLURQ��5HV������������������

3LUDQL��(��DQG� 6HFRQGL��/�� ��������(FR�)ULHQGO\�$WWLWXGHV�
:KDW� (XURSHDQ�&LWL]HQV� 6D\� DQG�:KDW�7KH\�'R�� ,QW�� -�
(QYLURQ��5HV����������������

5XVVR�� 0�� DQG� )RXWV�� 3�� �������� $� UHVRXUFH�EDVHG
SHUVSHFWLYH� RQ� FRUSRUDWH� HQYLURQPHQWDO� SHUIRUPDQFH� DQG
SURILWDELOLW\��$FDG��0DQDJH�� -����������� ��������



���

FRUSRUDWH�JRYHUQDQFH�UDWLQJV

6HPHQRYD�1��DQG�+DVVHO�/��*�� ��������)LQDQFLDO�RXWFRPHV
RI� HQYLURQPHQWDO� ULVN� DQG�RSSRUWXQLW\� IRU�86� FRPSDQLHV�
6XVWDLQ��'HY�������������������

6KDUPD��6��DQG�9UHGHQEXUJ��+����������3URDFWLYH�FRUSRUDWH
HQYLURQPHQWDO� VWUDWHJ\� DQG� WKH� GHYHORSPHQW� RI
FRPSHWLWLYHO\�YDOXDEOH� RUJDQL]DWLRQDO�FDSDELOLWLHV�� 6WUDWHJLF
0DQDJH��-�������������������

5LYDV�� -�� DQG�0DJDGiQ��0�� ��������/HVV� JUHHQ� WD[HV� DQG
PRUH�FRQWURO�RYHU�SROOXWDQW�LQGXVWULHV��D�WKHRUHWLFDO�SURSRVDO�
(QYLURQ��(QJ��0DQDJH��-��������������������

9DUJDV�9DUJDV��0���0HVHJXHU�6DQWDPDUtD��0��/���0RQGpMDU�
- LPpQH]�� - �� DQG� 0RQGpMDU�- LPpQH]�� - �� $�� �������
(QYLURQPHQWDO� SURWHFWLRQ� H[SHQGLWXUH� IRU� FRPSDQLHV��$
6SDQLVK�UHJLRQDO�DQDO\VLV��,QW�� -��(QYLURQ��5HV��������������
����
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&RUUHVSRQGLQJ�DXWKRU�(�PDLO��PRQLFD�PRURQL#XQLURPD��LW

���

5HFRYHULQJ�3ODVWLFV�YLD�WKH�+\GUDXOLF�6HSDUDWRU�0XOWLGXQH��IORZ�DQDO\VLV
DQG�(IILFLHQF\�7HVWV

0RURQL��0����/D�0DUFD�)����&KHUXELQL�/���DQG�&HQHGHVH�$��

�'HSDUWPHQW�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��6DSLHQ]D�8QLYHUVLW\�RI�5RPH��YLD
(XGRVVLDQD�����±��������5RPH��,WDO\

�'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ�0DWHULDOV�	�(QYLURQPHQW��6DSLHQ]D�8QLYHUVLW\�RI�5RPH��YLD
(XGRVVLDQD�����±��������5RPH��,WDO\

$%675$&7�� 3ODVWLF� UHF\FOLQJ� LV� WKH� SURFHVV� RI� UHFRYHULQJ� VFUDS� RU� ZDVWH� SODVWLFV� DQG�UHSURFHVVLQJ� WKH
PDWHULDO� LQWR�XVHIXO�SURGXFWV�WKDW�VRPHWLPHV�GLIIHU�FRPSOHWHO\�LQ�IRUP�IURP�WKHLU�RULJLQDO�VWDWH��$Q�LPSRUWDQW
LVVXH� LQ� SODVWLF�UHFRYHU\�DQG�UHF\FOLQJ�LV�WKDW�SODVWLF�ZDVWH�XVXDOO\�FRQWDLQV�D�YDULHW\�RI�SODVWLFV�WKDW� GLIIHU� LQ
WKHLU� SK\VLFDO�DQG� FKHPLFDO�SURSHUWLHV��6HSDUDWLRQ�RI�UHFRYHUHG�SODVWLFV� LQWR�GLVWLQFW�FODVVHV� LV�D� IXQGDPHQWDO
SUHUHTXLVLWH� IRU� WKHLU� XVH� DV� VHFRQGDU\�UDZ�PDWHULDOV��7KH�0XOWLGXQH�VHSDUDWRU� LV� D� K\GUDXOLF� FKDQQHO� WKDW
SHUPLWV�VROLG� SDUWLFOH� VRUWLQJ�RQ� WKH� EDVLV�RI� GLIIHUHQWLDO� WUDQVSRUW�PHFKDQLVPV��6WHDG\� IORZ�FRQGLWLRQV� DUH
HVWDEOLVKHG�ZLWKLQ�WKH�DSSDUDWXV��$Q�LPDJH�DQDO\VLV�WHFKQLTXH�ZDV�HPSOR\HG�WR�UHFRQVWUXFW� WKH�WUDMHFWRULHV�RI
WUDFHU� SDUWLFOHV�ZLWKLQ� WKH� IOXLG� DQG� WR� GHWHUPLQH� WKH� HYROXWLRQ�RI� WKH�YHORFLW\� ILHOG�ZLWK� WLPH��3ROOHQ� DQG
SODVWLF�SDUWLFOHV�ZHUH� XVHG�DV� WUDFHUV��8QOLNH� SODVWLF�SDUWLFOHV��SROOHQ� LV�H[SHFWHG�WR� SDVVLYHO\� IROORZ� WKH� IOXLG
IORZ�ILHOG��7HVWV�RQ�PRQRPDWHULDO�DQG�FRPSRVLWH�VDPSOHV�ZHUH�FRQGXFWHG�ZKLOH�YDU\LQJ�WKH�RSHUDWLYH�FRQGLWLRQV�
DQG� FRPSDULVRQV�ZHUH�PDGH�� 7KH� SUHVHQFH� RI� WKUHH�GLIIHUHQW� UHFLUFXODWLRQ� DUHDV�RFFXUUHG� UHJDUGOHVV� RI� WKH
K\GUDXOLF�KHDG�DW� WKH�0XOWLGXQH� LQOHW�H[FHSW� IRU� WKH� ILUVW�DQG� ODVW�FKDPEHUV��7KH� ORZHU� UHFLUFXODWLRQ�]RQH� LV
ODUJHU� WKDQ� WKH� XSSHU� UHFLUFXODWLRQ�]RQH� EHFDXVH�RI� JHRPHWULFDO� FRQVWUDLQWV��:LWK�YDULDWLRQ� LQ� WKH� K\GUDXOLF
KHDG��WKH�JHRPHWU\�RI�WKH�LQQHU�VWUXFWXUHV�GRHV�QRW�FKDQJH�DSSUHFLDEO\��,I�D�SODVWLF�SDUWLFOH�ZLWKLQ�WKH�SULQFLSDO
WUDQVSRUW�SDWK�LQWHUDFWV�ZLWK�WKH�ORZHU�UHFLUFXODWLRQ�DUHD�DQG�LWV�SK\VLFDO�FKDUDFWHULVWLFV��GHQVLW\�DQG�GLPHQVLRQV�
DUH�VXFK� WKDW� LW� UHPDLQV� WUDSSHG�� WKH�VHSDUDWLRQ�SURFHVV� LV� VXFFHVVIXO��%HFDXVH� RI� LWV� VPDOOHU�GLPHQVLRQV�DQG
WKH� UHGXFHG� YDOXH�RI� LWV�YHORFLW\� ILHOG�� WKH� XSSHU� UHFLUFXODWLRQ� DUHD� LV� UHODWLYHO\� LQHIIHFWLYH� LQ� WKH� VHSDUDWLRQ
SURFHVV�

.H\�ZRUGV�� 3ODVWLF� UHFRYHU\�� ODERUDWRU\�H[SHULPHQWV�� LPDJH� DQDO\VLV� WHFKQLTXHV��K\GUDXOLF� VHSDUDWLRQ�

��������������������IOXLG�G\QDPLFV

,1752'8&7,21
3ODVWLF� UHF\FOLQJ� LV� HVVHQWLDO� WR� UHGXFH� WKH

DFFXPXODWLRQ�RI�PDWHULDO�LQ�ODQGILOOV�DQG�WR�GHFUHDVH
WKH�SURGXFWLRQ�RI�UDZ�PDWHULDOV��,Q�IDFW��LQ�LQGXVWULDOL]HG
FRXQWULHV�� SODVWLFV� UHSUHVHQW� RQH� RI� WKH� ODUJHVW
FDWHJRULHV�RI�PXQLFLSDO�VROLG�ZDVWH��6KHQW�HW�DO���������
7KH�JOREDO�FRQVXPSWLRQ�RI�SODVWLFV�ZDV�UHSRUWHG�WR�EH
����PLOOLRQ�WRQV�LQ�������3ODVWLFV(XURSH���������RI�ZKLFK
���PLOOLRQ�WRQV�ZHUH�SURGXFHG�LQ�(XURSH��2I�WKH�FXUUHQW
(XURSHDQ�GHPDQG�IRU�SODVWLFV������LV�UHSUHVHQWHG�E\
ILYH� KLJK�YROXPH� W\SHV� RI� SODVWLFV�� WKHVH� DUH
SRO\HWK\OHQH��LQFOXGLQJ�ORZ�GHQVLW\��3(�/'���OLQHDU�ORZ
GHQVLW\� �3(�//'�� DQG� KLJK� GHQVLW\� �3(�+'��
SRO\SURS\OHQH� �33��� SRO\YLQ\O� FKORULGH� �39&��
SRO\VW\UHQH� �VROLG� 36� DQG� H[SDQGDEOH� 36�� DQG
SRO\HWK\OHQH�WHUHSKWKDODWH��3(7���7KH�PRVW�FRPPRQO\

XVHG�W\SHV�RI�UHVLQV�DUH�SRO\ROHILQV��3(�/'��3(�+'�
3(�//'�DQG�33���WRJHWKHU��WKHVH�IRXU�UHVLQV�DFFRXQW
IRU�DSSUR[LPDWHO\�����RI�SODVWLF�GHPDQG��39&�LV�WKH
WKLUG�ODUJHVW�UHVLQ�W\SH�DW������2I�WKH�SODVWLFV�SURGXFHG
LQ�(XURSH�������PLOOLRQ�WRQV�ZHUH�UHSRUWHG�DV�KDYLQJ
EHHQ�FROOHFWHG�DV�ZDVWH��2I�WKLV�FROOHFWHG�ZDVWH�����
PLOOLRQ�WRQV�ZHUH�UHF\FOHG�DV�PDQXIDFWXULQJ�IHHGVWRFN
��������DQG�����PLOOLRQ�WRQV�ZHQW�LQWR�HQHUJ\�UHFRYHU\
���������ZLWK�WKH�EDODQFH�������PLOOLRQ�WRQV��SUREDEO\
EHLQJ�GLVSRVHG�RI�SULPDULO\�LQ�ODQGILOOV��3ODVWLFV(XURSH�
������� *OREDO� FRQVXPSWLRQ� LV� LQFUHDVLQJ
�3ODVWLFV(XURSH�����D��ZKLOH�PDWHULDO�DPRXQW�GLVSRVHG
LQ�ODQGILOOV�LV�VOLJKWO\�ORZHU��3ODVWLFV(XURSH�����E��

3ODVWLF�PDWHULDOV�DUH�FXUUHQWO\�UHF\FOHG�XVLQJ�WZR
GLIIHUHQW�PHWKRGV��FKHPLFDO�UHF\FOLQJ�DQG�PHFKDQLFDO
UHF\FOLQJ��&KHPLFDO�UHF\FOLQJ�LV�GULYHQ�E\�WKHUPDO��H�J��



���

0RURQL��0��HW�DO�

S\URO\VLV��RU�FKHPLFDO��VHOHFWLYH�VROYHQWV��SURFHVVHV
WKDW�HVVHQWLDOO\�EUHDN�GRZQ�WKH�RULJLQDO�SRO\PHU�FKDLQV
DQG�PROHFXOHV�ZLWKLQ�WKH�RULJLQDO�PDWHULDO��-RG\�DQG
'DQLHOV�� ������� &RQYHUVHO\��PHFKDQLFDO� UHF\FOLQJ
JHQHUDOO\�FRQVLVWV�RI�VKUHGGLQJ�ROG�SURGXFWV�LQWR�VPDOO
SLHFHV�IROORZHG�E\�WKH�XVH�RI�VHSDUDWLRQ�XQLWV�WR�H[WUDFW
VSHFLILF�VL]HV�RU�PDWHULDOV�IURP�WKH�PDLQ�PDWHULDO�IORZ
�H�J���PDJQHWLF�GUXPV�WR�VHSDUDWH�IHUURXV�PHWDOV�DQG
VRSKLVWLFDWHG� VRUWLQJ� WHFKQLTXHV� VXFK� DV� LQIUD�UHG
VFDQQLQJ���PLOOV�DQG�H[WUXGHUV�DUH�WKHQ�XVHG�WR�FRQYHUW
WKH� VHSDUDWHG� SODVWLFV� LQWR� QHZ� PDFKLQH�UHDG\
JUDQXOHV��0HFKDQLFDO� UHF\FOLQJ� LV�QRZ� WKH�SULPDU\
PHWKRG� XVHG� WR� UHF\FOH� WKHUPRSODVWLF� SRO\PHUV�
+RZHYHU��PHFKDQLFDO� UHF\FOLQJ� RI� WKHUPRVHWWLQJ
SRO\PHUV� LV� QRW� IHDVLEOH� EHFDXVH� KHDW� FDQ� UHVXOW� LQ
WKHLU�FDUERQL]DWLRQ�

7KH� VXFFHVV� RI� WKH� PHFKDQLFDO� UHF\FOLQJ� RI
WKHUPRSODVWLF�SRO\PHUV�DQG�WKH�TXDOLW\�RI�WKH�SURGXFWV
WKDW�FDQ�EH�PDQXIDFWXUHG�IURP�WKH�UHF\FOHG�PDWHULDO
ODUJHO\� GHSHQG� RQ� WKH� HIILFLHQF\� RI� WKH�PDQXDO� RU
DXWRPDWLF� VHSDUDWLRQ� VWDJH� �*HQW� HW� DO��� ������
'HSHQGLQJ� RQ� WKH� W\SH� RI� SODVWLF�ZDVWH� LQYROYHG�
VHFRQGDU\� UDZ�PDWHULDOV� RI� YDULRXV� NLQGV� WKDW� DUH
VXLWDEOH�IRU�D�YDULHW\�RI�XVHV�FDQ�EH�REWDLQHG��7R�WKLV
HQG��PHFKDQLFDO�UHF\FOLQJ�FDQ�EH�FDUULHG�RXW�DV�HLWKHU
KHWHURJHQHRXV� RU� KRPRJHQHRXV� UHF\FOLQJ� EDVHG� RQ
WKH�GHVLUHG�TXDOLW\�RI�WKH�VHFRQGDU\�UDZ�PDWHULDO�WR�EH
REWDLQHG��,Q�KHWHURJHQHRXV�UHF\FOLQJ�� WKH�JRDO�LV�WR
REWDLQ�D�ORZ�TXDOLW\�PL[HG�PDWHULDO�FRPSRVHG�RI�3(�
33��36�� 3(7� DQG� WUDFHV� RI� 39&�� ,Q� WKLV� FDVH�� WKH
VHSDUDWLRQ�SKDVH� LV�DLPHG�RQO\�DW�HOLPLQDWLQJ�QRQ�
SODVWLF�PDWHULDOV�WKDW�PD\�EH�SUHVHQW�LQ�WKH�ZDVWH�VWUHDP�
+RPRJHQHRXV� UHF\FOLQJ�� RQ� WKH� RWKHU� KDQG�� LV� WKH
SURFHVVLQJ�RI�D�VLQJOH�W\SH�RI�WKHUPRSODVWLF�SRO\PHU
VR�WKDW�LW�LV�REWDLQHG�IUHH�RI�FRQWDPLQDWLRQ�IURP�RWKHU
SRO\PHUV��LQHUW�ILOOHUV�RU�DGGLWLYHV�WKDW�PD\�DIIHFW�WKH
TXDOLW\� DQG� ZRUNDELOLW\� RI� WKH� HQG� SURGXFW�� ,Q
KRPRJHQHRXV�UHF\FOLQJ��WKH�HIILFDF\�RI�WKH�VHSDUDWLRQ
SURFHVV� SOD\V� D�PDMRU� UROH�� 7KH� PDLQ� SUREOHP� LQ
KRPRJHQHRXV�UHF\FOLQJ�LV�UHODWHG�WR�WKH�QDUURZ�UDQJH
RI�YDULDWLRQ�RI�WKH�VSHFLILF�PDVV�RI�SODVWLF�PDWHULDOV
���������J�FP����3ODVWLFV�,QWHUQDWLRQDO���������3DUWLFXODUO\
UHOHYDQW�LV�VHSDUDWLQJ�39&�IURP�3(7��39&�LV�FRQVLGHUHG
DQ� H[WUHPHO\� GDQJHURXV� FRQWDPLQDQW� EHFDXVH�� LI
ZDUPHG�WR�KLJK�WHPSHUDWXUHV�LQ�XQVXLWDEOH�IDFLOLWLHV��LW
IUHHV�FKORULQH�EDVHG�FDUFLQRJHQLF�FRPSRXQGV�VXFK�DV
GLR[LQV�DQG�IXUDQV��$OWKRXJK�WKH�VHSDUDWLRQ�RI�39&
IURP�3(7��WKH�ODWWHU�LV�PRUH�DEXQGDQW�LQ�XUEDQ�ZDVWHV
WKDQ�WKH�IRUPHU��EHLQJ�WKH�PRVW�IDYRXUDEOH�SDFNDJLQJ
PDWHULDO�ZRUOG�ZLGH�IRU�EHYHUDJHV��:HOOH���������LV
RIWHQ�FRQGXFWHG�XVLQJ�DXWRPDWLF�VRUWLQJ��'LQJHU�������
$KPDG�� ������� JUDYLW\� VHSDUDWLRQ�� HOHFWURVWDWLF
VHSDUDWLRQ�DQG�IURWK�IORWDWLRQ��%XFKDQ�DQG�<DUDU�������
+HDUQ� DQG� %DOODUG�� ������:HL� DQG� 5HDOII�� �����

.LQRVKLWD�HW�DO���������0HQqQGH]�HW�DO���������7LOPDWLQH
HW�DO���������6DGDW�6KRMDL�DQG�%DNKVKDQGHK��������DOO
KDYH� OLPLWDWLRQV� LQ� WHUPV� RI� RSHUDWLQJ� FRVWV� DQG
SURGXFWLRQ� FDSDFLW\�� 7KH�0XOWLGXQH� VHSDUDWRU�
KHUHLQDIWHU�UHIHUUHG�WR�DV�µ0XOWLGXQH¶��DOORZV�RQH�WR
RYHUFRPH� WKH� DERYH�PHQWLRQHG� LQFRQYHQLHQFHV�
0XOWLGXQH�FRQVLVWV�RI�D�K\GUDXOLF�FKDQQHO�WKDW�DOORZV
VROLG�SDUWLFOHV�WR�EH�VRUWHG�RQ�WKH�EDVLV�RI�GLIIHUHQWLDO
WUDQVSRUW� PHFKDQLVPV�� 7KH� QDPH�0XOWLGXQH� ZDV
FKRVHQ�GXH�WR�WKH�XQGXODWLQJ�SURILOH�RI�WKH�FKDQQHO�
ZKLFK� UHSURGXFHV� WKH� W\SLFDO�VKDSH�RI�GHVHUW�GXQHV
�'H� 6HQD� HW� DO��� ����� KHUHLQDIWHU� '6������� 7KH
0XOWLGXQH��ZKLFK�KDV�EHHQ�GHYHORSHG�DW�WKH�ODERUDWRU\
VFDOH��ILWV�LQWR�WKH�FRQWH[W�RI�SODVWLFV�UHF\FOLQJ�DV�DQ
LQH[SHQVLYH�DOWHUQDWLYH�WR�WUDGLWLRQDO�PHWKRGV�GXH�WR
LWV�FDSDELOLW\�RI�HIIHFWLYHO\�VHSDUDWLQJ�SODVWLF�SDUWLFOHV
KDYLQJ�D�GHQVLW\�VOLJKWO\�KLJKHU�WKDQ�ZDWHU�

&RQWUROOHG� ODERUDWRU\� H[SHULPHQWV� KDYH� EHHQ
FRQGXFWHG�LQ�WKH�SDVW�WR�FKDUDFWHUL]H�WKH�IOXLG�G\QDPLFV
ILHOG� ZLWKLQ� WKH�0XOWLGXQH� DSSDUDWXV� HPSOR\LQJ
3DUWLFOH�7UDFNLQJ�9HORFLPHWU\��379���'6�������7KH�PDLQ
UHVXOWV�SUHVHQWHG�LQ�'6�����FRQVLVW�LQ�WKH�GHVFULSWLRQ
RI� WKH� WZR� YHORFLW\� FRPSRQHQWV� DQG� RI� WKH� WKUHH
FKDUDFWHULVWLF�UHJLRQV�GHYHORSLQJ�ZLWKLQ�FKDPEHU�&�
RI�WKH�0XOWLGXQH��7KH�H[SHULPHQWDO�WHFKQLTXH�HPSOR\HG
KHUH��)HDWXUH�7UDFNLQJ���)7��UHSUHVHQWV�DQ�LPSRUWDQW
VWHS� IRUZDUG� UHVSHFW� WR� 379� IRU� WKH� SRVVLELOLW\� WR
DQDO\]H�LPDJHV�ZLWK�KLJK�GHQVLW\�RI�WUDFHU�SDUWLFOHV
DQG� WR� FRPSXWH� UREXVW� VWDWLVWLFV�� )RU� GHWDLOV� DQG
FRPSDULVRQV� EHWZHHQ� WKH� WZR� LPDJH� DQDO\VLV
WHFKQLTXHV� UHIHU� WR�0RURQL� DQG�&HQHGHVH� �������
7KURXJK� WKH� XVH� RI� D�PRUH� SRZHUIXO� H[SHULPHQWDO
HTXLSPHQW��WKH�YHORFLW\�ILHOG�LQ�WKH�HQWLUH�DSSDUDWXV
ZDV�UHFRQVWUXFWHG�DOORZLQJ�WKH�IXOO�FKDUDFWHUL]DWLRQ�RI
WKH� IOXLG� EHKDYLRU�ZLWKLQ� WKH� HLJKW� FKDPEHUV� WR� EH
DFKLHYHG��7R�IDFLOLWDWH�WKH�FRPSDULVRQ�RI�WKH�YHORFLW\
ILHOGV��FRORU�PDSV�DQG�YHUWLFDO�SURILOHV�DUH�SUHVHQWHG
IRU� WKH�HLJKW�FKDPEHUV�DQG� ILYH�K\GUDXOLF�KHDGV�� ,W
ZDV�QH[W�YHULILHG� LI� WKH� WKUHH�FKDUDFWHULVWLF� UHJLRQV
GHYHORS�LQ�DOO�FKDPEHUV�DQG�LI�GLIIHUHQFHV�DULVH��7KH
DFFXUDWH�UHFRQVWUXFWLRQ�RI�WKH�IOXLG�G\QDPLFV�RI�ZDWHU
IORZLQJ�WKURXJK�WKH�DSSDUDWXV�DOORZV�WKH�EHKDYLRU�RI
SODVWLF� SDUWLFOHV� WR� EH� UDWLRQDOO\� FRUUHODWHG� WR� WKH
YHORFLW\� ILHOG� IHDWXUHV��$V� IDU� DV� LW� FRQFHUQV� WKH
VHSDUDWLRQ�WHVWV��PRVW�RI�WKH�SODVWLF�SDUWLFOHV�HPSOR\HG
LQ�'6�����KDYH� EHHQ� XVHG� IRU� WKH� VHSDUDWLRQ� WHVWV
SUHVHQWHG� KHUH�� 3ODVWLF� VSHFLILF� PDVV� KDV� EHHQ
UHFRPSXWHG�ZLWK�D�PRUH�DFFXUDWH�SURFHGXUH�WKDQ�EHIRUH�

7KLV�ZRUN�FRQVLVWV�RI�WKUHH�SDUWV��,Q�WKH�ILUVW�SDUW�
ZH� LQYHVWLJDWHG� WKH� IOXLG� G\QDPLF� EHKDYLRU� RI� WKH
0XOWLGXQH�DSSDUDWXV�XVLQJ�KLJK�VSDWLDO�DQG�WHPSRUDO
UHVROXWLRQ�LPDJH�DQDO\VLV�V\VWHPV�DQG�SDVVLYH�WUDFHU
SDUWLFOHV�� L�H���SDUWLFOHV�RI�VL]HV�RQ�WKH�RUGHU�RI� RQH
KXQGUHG�PLFURQV�ZLWK�D�GHQVLW\�HTXDO�WR�WKDW�RI�ZDWHU
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�6HFWLRQ�������,Q�WKH�VHFRQG�SDUW��ZH�LQYHVWLJDWHG�WKH
EHKDYLRU�RI�WZR�W\SHV�RI�SODVWLF�SDUWLFOHV��36�DQG�39&�
KHUHLQDIWHU� UHIHUUHG� WR� DV� DFWLYH� WUDFHUV��� WKH� VDPH
SDUWLFOHV�ZHUH�XVHG�DIWHUZDUGV�LQ�VHSDUDWLRQ�WHVWV�XQGHU
WKH�VDPH�H[SHULPHQWDO�FRQGLWLRQV��6HFWLRQ�������7KH
WKLUG� SDUW� GHVFULEHV� WHVWV� RQ� FRPSRVLWH� SODVWLFV
�6HFWLRQ����

0$7(5,$/6�	�0(7+2'6
7KH�0XOWLGXQH�DSSDUDWXV�LV�FRQVWUXFWHG� IURP�D

VHTXHQFH�RI�HLJKW�SDUDOOHO�F\OLQGULFDO�WXEHV�����PP
GLDPHWHU��ZHOGHG� WRJHWKHU� LQ�D� SODQH� �)LJ������ 7KH
FRPSOH[�LV�VOLFHG�DORQJ�LWV�ODWHUDO�PLG�SODQH��DQG�WKH
ORZHU�KDOI�LV�VKLIWHG�ODWHUDOO\�DQG�WKHQ�IL[HG�UHODWLYH�WR
WKH�XSSHU�KDOI��7KH�FKDQQHO�WUDQVYHUVH�FURVV�VHFWLRQ
LV� UHFWDQJXODU�� 7KH� DSSDUDWXV� LV� FRQVWUXFWHG� RI
WUDQVSDUHQW� SODVWLF� �3HUVSH[�� WR� JXDUDQWHH� RSWLFDO
DFFHVV�� 7KH� VKDSH� RI� WKH� VSDWLDOO\� SHULRGLF� ZDOOV
�GXQHV��DOORZV�WKH�IOXLG�IORZLQJ�WKURXJK�WKH�FKDQQHO�
XVXDOO\�ZDWHU��WR�H[SHULHQFH�VWURQJ�DFFHOHUDWLRQV�DQG
WR�IRUP�UHFLUFXODWLRQ�]RQHV�RI�ORZ�YHORFLW\�WKDW�IDFLOLWDWH
WKH�VHSDUDWLRQ�RI�VROLG�PDWHULDO�LQ�VXVSHQVLRQ�
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)LJ�����D����'�UHSUHVHQWDWLRQ�DQG�E��ORQJLWXGLQDO�VHFWLRQ�RI�WKH�0XOWLGXQH�DSSDUDWXV��&�LQGLFDWHV�WKH��
FKDPEHUV��5�WKH���FROOHFWLRQ�QR]]OHV��,�WKH���LQOHW�QR]]OHV�DQG�2�WKH���RXWOHW�QR]]OHV��/HQJWKV�DUH�H[SUHVVHG�LQ

PLOOLPHWHUV

,Q�)LJ�����WKH�HLJKW�FKDPEHUV�ZLWKLQ�WKH�DSSDUDWXV�DUH
ODEHOHG� DFFRUGLQJ� WR� WKHLU� SRVLWLRQV� DORQJ� WKH� IORZ
GLUHFWLRQ�>&���ILUVW�FKDPEHU���&�«&���ODVW�FKDPEHU�@�
)ORZ�LV�SURYLGHG�LQ�D�ODWHUDO�GLUHFWLRQ�QRUPDO�WR�WKH
D[LV�RI�WKH�F\OLQGULFDO�WXEHV�WKURXJK�LQOHW�KROHV�RQ�RQH
VLGH�RI�WKH�FRPSOH[�DQG�RXWOHWV�RQ�WKH�RSSRVLWH�VLGH�
7KH�ILUVW�FKDPEHU�RI�WKH�FKDQQHO�KDV�HLJKW�URXQG�LQSXW
QR]]OHV��,���,�«,����DQG�WKH�ODVW�FKDPEHU�KDV���URXQG
RXWSXW� QR]]OHV� �2���2�«2��� WKDW� DUH� SRVLWLRQHG
V\PPHWULFDOO\�ZLWK�UHVSHFW�WR�WKH�LQOHW�QR]]OHV��6HWWOHG
HIIOX[HV�FDQ�EH�FROOHFWHG�LQ�WKH�ORZHU�FRPSOH[�IURP
HDFK�KDOI�F\OLQGHU�FROOHFWLRQ�QR]]OH��5���5�«5����7KH
SUHVHQFH�RI�D�GLVFKDUJH�V\VWHP�LQ�HYHU\�FKDPEHU�LV
UHTXLUHG�IRU�VHSDUDWHO\�FROOHFWLQJ�WKH�PDWHULDO�VHWWOHG
LQ� HDFK� FKDPEHU��(DFK� RI� WKH�RXWOHW� DQG� FROOHFWLRQ
QR]]OHV�KDV�D�VSHFLDO�WXEH�ZLWK�D�WDS�LQ�WKH�GRZQVWUHDP
GLUHFWLRQ�WKDW�FDQ�EH�XVHG�WR�GLVFRQQHFW�LW�IURP�WKH
VWUHDP�

� � � � � 7KH�0XOWLGXQH� LV� ILOOHG� YLD� D� YDULDEOH� KHLJKW
UHVHUYRLU��WKH�RXWSXW�RI�WKH�UHVHUYRLU�LV�VSOLW�VR�DV�WR
GLVWULEXWH�ZDWHU�WKURXJK�WKH���LQOHW�QR]]OHV��)LJ�����
7KH�ZDWHU�OHYHO�ZLWKLQ�WKH�WDQN�LV�FRQWUROOHG�WKURXJK
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5HFRYHULQJ�SODVWLFV

DQ�RYHUIORZ�H[LW��7KH�SODVWLF�VDPSOHV�DQG�WKH�WUDFHU�IRU
LPDJH�DQDO\VLV�DUH�LQWURGXFHG�WKURXJK�QR]]OHV�,��DQG
,���7KH� DYHUDJH�IORZ�UDWH�GHSHQGV�RQ� WKH�K\GUDXOLF
KHDG�DW�WKH�LQOHW�QR]]OHV�DQG�WKH�QXPEHU�RI�RSHQ�RXWOHW
QR]]OHV�

� � � � ([SHULPHQWV� ZHUH� FRQGXFWHG� DW� ILYH� GLIIHUHQW
HOHYDWLRQV�RI�WKH�WDQN��UHIHUUHG�WR�WKH�LQOHW�QR]]OHV¶
KHLJKWV��ZKLFK�ZHUH������P�������P�������P�������P��DQG
�����P��DQG�WKUHH�RSHQ�RXWOHW�QR]]OHV��2���2��DQG�2���
7DEOH���VKRZV�WKH�GLIIHUHQFH�LQ�IOXLG�HOHYDWLRQ�EHWZHHQ
WKH� WDQN� DQG� WKH� LQOHW� QR]]OH� FHQWHUV� DQG� WKH
FRUUHVSRQGLQJ�IORZ�UDWHV��,Q�WKH�IROORZLQJ�GLVFXVVLRQ�
ZH�XVH�WKH�V\PEROV�4���4���4���4��DQG�4��WR�LQGLFDWH
LQOHW�QR]]OH�KHLJKWV�DV�ZHOO�DV�IORZ�UDWHV�
$OO�WHVWV�FRQGXFWHG�HPSOR\HG�D�SURFHGXUH�FRQVLVWLQJ
RI�WKH�IROORZLQJ�VWHSV�
����������� DGMXVWPHQW�RI�WKH�ZDWHU�WDQN�KHLJKW
����������� ZDWHU�VXSSO\�WKURXJK�DOO���LQOHW�QR]]OHV
����������� DSHUWXUH�RI�WKH�RXWSXW�QR]]OHV��2���2��DQG
���������������2��
����������� SDVVLYH�WUDFHU�RU�VDPSOH�LQMHFWLRQ�LQWR�WKH
���������������DSSDUDWXV
����������� WHVW� H[HFXWLRQ� �GXULQJ�VHSDUDWLRQ� WHVWV�� WKH
PDWHULDO�H[SHOOHG�IURP�WKH�RXWSXW�QR]]OHV�LV�UHFRYHUHG�
����������� FORVXUH�RI�WKH�RXWSXW�QR]]OHV
����������� UHFRYHU\�RI�PDWHULDO�IURP�HDFK�FKDPEHU
����������� GU\LQJ�RI�UHFRYHUHG�PDWHULDOV�SULRU�WR
����������������ZHLJKLQJ�
7KH�RSHUDWLRQDO�FRQGLWLRQV�HQVXUH�WKH�DFKLHYHPHQW�RI
DQ� DOPRVW� WZR�GLPHQVLRQDO� IORZ� ILHOG� DORQJ� WKH
ORQJLWXGLQDO�FURVV�VHFWLRQ�SDVVLQJ�WKURXJK�WKH�FHQWHU
RI�WKH�DSSDUDWXV�

'LIIHUHQFH�LQ�IOXLG�
HOHYDWLRQ�EHWZHHQ�
WDQN�DQG�0XOWLGXQH�

�P��

$YHUDJH�IORZUDWH�
�/�PLQ��

4� ����� �����

4� ����� ������
4� ����� ������

4� ����� ������
4� ����� ������

7DEOH����'LIIHUHQFH�LQ�IOXLG�HOHYDWLRQ�EHWZHHQ�WKH
WDQN�DQG�WKH�FHQWHU�RI�WKH�0XOWLGXQH�LQOHW�QR]]OHV

DQG�FRUUHVSRQGLQJ�IORZ�UDWHV

7KH�LPDJH�DFTXLVLWLRQ�V\VWHP�FRQVLVWV�RI�WKH�IROORZLQJ
WKUHH�FRPSRQHQWV�
�������������� D� KLJK�VSHHG�� KLJK�UHVROXWLRQ� FDPHUD
�0LNURWURQ�(R6HQV��HTXLSSHG�ZLWK�D�1LNRQ�����PP�IRFDO
OHQJWK�OHQV��WKH�FDPHUD�FDSWXUHV�JUD\�VFDOH�LPDJHV�DW
XS�WR�����ISV�ZLWK�D�UHVROXWLRQ�RI����� �����SL[HOV��)RU
WKH�SUHVHQW�VHW�RI�PHDVXUHPHQWV��LPDJHV�ZHUH�DFTXLUHG

DW�����ISV�
����������� D�KLJK�VSHHG�&DPHUD�/LQN�'95�RSHUDWLQJ�LQ
)XOO�FRQILJXUDWLRQ��,2�,QGXVWULHV�'95�([SUHVV��%ODGH�
WR�PDQDJH�GDWD�DFTXLUHG�E\�WKH�FDPHUD�
������������ D�ODUJH�FDSDFLW\�GLVN�DUUD\����7E\WH��WR�VWRUH
LPDJHV��'XH�WR�WKH�FRQVLVWHQW�YLGHR�GDWD�WKURXJKSXW
�XS�WR�����0E\WH�V���WKH�GLVN�DUUD\ LV�FRQQHFWHG�WR�WKH
'95�WKURXJK�RSWLFDO�ILEHUV�
3URSHU�LOOXPLQDWLRQ�LV�HQVXUHG�WKURXJK� WKH�XVH�RI�D
����:�,QWUDOX[�ODPS�FRQQHFWHG�WR�D����FP�ORQJ�OLQHDU
RSWLFDO�ILEHU�SRVLWLRQHG�DW�WKH�0XOWLGXQH�WRS��$�OLJKW
VKHHW�RULHQWHG�LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ��L�H���SDUDOOHO
WR�WKH�PHDQ�IORZ�ILHOG�LV�JHQHUDWHG��2QH�FDPHUD�DQG�D
SODQDU�OLJKW�VKHHW�DUH�PDQGDWRU\�IRU�WKH�DSSOLFDWLRQ�RI
D�WZR�GLPHQVLRQDO�LPDJH�DQDO\VLV�WHFKQLTXH�
'LIIHUHQW� W\SHV� RI� SDUWLFOHV�� DOO� RI� ZKLFK� DUH
FKDUDFWHUL]HG�E\�D�UHPDUNDEOH�FDSDFLW\�RI�UHIOHFWLQJ
OLJKW��KDYH�EHHQ�XVHG�DV�WUDFHUV��7KH�WUDFHU�SDUWLFOHV
LQFOXGHG�WKH�IROORZLQJ�
� SLQH�SROOHQ�SDUWLFOHV�ZLWK�D�GLDPHWHU�RI�DERXW
��� P��WKHVH�DVVXPH�WKH�VDPH�VSHFLILF�ZHLJKW�RI�WKH
OLTXLG�DQG�SHUIHFWO\�IROORZ�WKH�IOXLG�PRWLRQ��SDVVLYH
WUDFHU��
������������� 39&�SDUWLFOHV�ZLWK�D�GLDPHWHU�RI�DERXW����
P�DQG�VSHFLILF�ZHLJKW�RI�������J�FP���GXH�WR�WKH�VPDOO

VL]H�RI� WKHVH�SDUWLFOHV�� WKH\�IROORZ�WKH� IOXLG�PRWLRQ
ZLWK�D�JRRG�DSSUR[LPDWLRQ��SDVVLYH�WUDFHU��
������������� 36�SODVWLF�SDUWLFOHV�RI�GLDPHWHU�UDQJLQJ�IURP
�����PP�WR������PP�DQG�GHQVLW\�������J�FP���WKHVH
ZHUH� DOVR� HPSOR\HG� LQ� WKH� VHSDUDWLRQ� H[SHULPHQWV
�DFWLYH�WUDFHU��
������������� 39&�SODVWLF�SDUWLFOHV�RI�GLDPHWHU�UDQJLQJ�IURP
�����PP�WR������PP�DQG�GHQVLW\�������J�FP���WKHVH
ZHUH� DOVR� HPSOR\HG� LQ� WKH� VHSDUDWLRQ� H[SHULPHQWV
�DFWLYH�WUDFHU��
,PDJHV�ZHUH�DFTXLUHG�LQ�WKUHH�GLIIHUHQW�VLWXDWLRQV�
������������� FDPHUD�DFTXLVLWLRQ�ZLQGRZ�FRLQFLGHQW�ZLWK
WKH� HQWLUH� ORQJLWXGLQDO� VHFWLRQ� RI� WKH� 0XOWLGXQH
DSSDUDWXV��SROOHQ�SDUWLFOHV�XVHG�DV�WKH�WUDFHU�DQG�ILYH
GLIIHUHQW�KHLJKWV�RI�WKH�ZDWHU�VXSSO\�WDQN��L�H���ILYH
GLIIHUHQW�IORZ�UDWHV��)LJ���D��6HULHV�����
������������� FDPHUD� DFTXLVLWLRQ� ZLQGRZ� OLPLWHG� WR
FKDPEHUV�&���&���&��DQG�&���39&�SDUWLFOHV�XVHG�DV�WKH
WUDFHU�DQG�ILYH�GLIIHUHQW�KHLJKWV�RI�WKH�ZDWHU�VXSSO\
WDQN�VHW��)LJ���E��6HULHV�����
������������� FDPHUD�DFTXLVLWLRQ�ZLQGRZ�FRLQFLGHQW�ZLWK
WKH�HQWLUH�ORQJLWXGLQDO�VHFWLRQ��36�DQG�39&�SODVWLFV
XVHG�DV�WKH�WUDFHU�DQG�WZR�ZDWHU�VXSSO\�WDQN�KHLJKWV�
4��DQG�4���)LJ���F��6HULHV�����

7KH� GXUDWLRQ� RI� HDFK� H[SHULPHQW� ZDV
DSSUR[LPDWHO\� ��� V�� L�H��� WKH� WLPH� UHTXLUHG� IRU� WKH
SDUWLFOHV�LQWURGXFHG�WKURXJK�WKH�LQOHW�QR]]OHV�WR�SDVV
WKURXJK�WKH�WHVW�VHFWLRQ�
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)LJ�����1HJDWLYH�RI�RQH�LPDJH�HDFK�IURP��D��6HULHV������E��6HULHV����DQG��F��6HULHV����DFTXLUHG�ZLWK�WKH�KLJK�
VSHHG�FDPHUD��7KH�ILJXUH�SUHVHQWV�HLJKW�SURILOHV�������GLVWULEXWHG�DORQJ�WKH�ORQJLWXGLQDO�VHFWLRQ��VL[�SURILOHV
�$�)��GLVWULEXWHG�ZLWKLQ�&��DQG�WKUHH�SURILOHV��L�LLL��ZLWKLQ�&���DORQJ�ZKLFK�WKH�WZR�YHORFLW\�FRPSRQHQWV�KDYH

EHHQ�FRPSXWHG

7KH�DLP�RI�WKH�LQYHVWLJDWLRQ�ZDV�WR�UHFRQVWUXFW� WKH
WUDMHFWRULHV�RI�WUDFHU�SDUWLFOHV�VHHGLQJ�WKH�IOXLG�XQGHU
LQYHVWLJDWLRQ� DQG� WR� GHWHUPLQH� WKH� YHORFLW\� ILHOG
HYROXWLRQ� ZLWK� WLPH� E\�PHDQV� RI� LPDJH� DQDO\VLV
WHFKQLTXHV�� 2SWLFDO�PHWKRGV� �L�H��� /DVHU� 'RSSOHU
$QHPRPHWU\�� 3DUWLFOH� ,PDJH�9HORFLPHWU\�� 3DUWLFOH
7UDFNLQJ�9HORFLPHWU\��DQG�)HDWXUH�7UDFNLQJ��DUH�LGHDO
RU� TXDVL�LGHDO� DEVROXWH�PHDVXUHPHQW� V\VWHPV� �L�H��
WKHVH�PHWKRGV� UHTXLUH� QR� FDOLEUDWLRQ��� %HFDXVH� QR
SHUWXUEDWLRQ�RI�WKH�IORZ�ILHOG�RFFXUV��WKH\�UHSUHVHQW
DFFXUDWH�� QRQ�LQYDVLYH� LQVWUXPHQWV� VXLWDEOH� IRU
VLPXOWDQHRXVO\�REWDLQLQJ�WKH�YHORFLW\�ILHOG�WLPH�KLVWRU\
LQ�WKH�ZKROH�GRPDLQ�ZLWK�D�UHVROXWLRQ�VPDOOHU�WKDQ�WKH
SKHQRPHQRQ�FKDUDFWHULVWLF�WLPH�DQG�OHQJWK�VFDOHV��7KH
PDLQ�OLPLWDWLRQV�DVVRFLDWHG�ZLWK�WKHVH�WHFKQLTXHV�DUH
WKH�QHHG�WR�GHVLJQ�DQ�H[SHULPHQWDO�DSSDUDWXV�HTXLSSHG
ZLWK�WUDQVSDUHQW�ZDOOV�WR�JXDUDQWHH�WKH�RSWLFDO�DFFHVV
DQG� WR� VHHG� WKH� ZRUNLQJ� IOXLG�� ZKLFK� PXVW� EH
WUDQVSDUHQW�DV�ZHOO��ZLWK�WUDFHU�SDUWLFOHV�

7KH�GLIIHUHQW�SDUWLFOH�LPDJLQJ�EDVHG�WHFKQLTXHV
WKDW� SHUPLW�PXOWL�SRLQW� YHORFLW\�PHDVXUHPHQWV� XVH
LPDJHV�RI�GLIIHUHQW�GHQVLWLHV��/RZ�GHQVLW\�LPDJHV�DUH
JHQHUDOO\�DSSURDFKHG�IURP�D�/DJUDQJLDQ�SRLQW�RI�YLHZ
ZLWK�3DUWLFOH�7UDFNLQJ��37��WHFKQLTXHV��/D�3RUWD�HW�DO��
������0RURQL�HW�DO���������6KLQGOHU�HW�DO���������DPRQJ
RWKHUV��� 0HGLXP�KLJK� GHQVLW\� LPDJHV� DUH� XVXDOO\
DQDO\]HG�E\�PHDQV�RI�3DUWLFOH�,PDJH�9HORFLPHWU\��3,9��
ZKLFK� UHFRQVWUXFWV� WKH�(XOHULDQ� YHORFLW\� ILHOG�RQ� D
UHJXODU��HTXL�VSDFHG�JULG��1LEODFN��������$GULDQ�������

1RJXHLUD�HW�DO���������5DIIHO�HW�DO���������DPRQJ�RWKHUV��
,Q�WKLV�VWXG\��ZH�HPSOR\HG�)HDWXUH�7UDFNLQJ��)7���D
3DUWLFOH�7UDFNLQJ��37��DOJRULWKP�WKDW�SHUPLWV�WKH�XVHU
WR�LJQRUH�WKH�FRQVWUDLQW�RI�ORZ�VHHGLQJ�GHQVLW\��7KLV
DOJRULWKP�FDQ�SURYLGH�DFFXUDWH�GLVSODFHPHQW�YHFWRUV
HYHQ�ZKHQ�WKH�QXPEHU�RI�WUDFHU�SDUWLFOHV�ZLWKLQ�HDFK
LPDJH�LV�YHU\�ODUJH��0RURQL�DQG�&HQHGHVH���������)7
UHFRQVWUXFWV�WKH�GLVSODFHPHQW�ILHOG�E\�VHOHFWLQJ�LPDJH
IHDWXUHV��LPDJH�SRUWLRQV�WKDW�DUH�VXLWDEOH�IRU�WUDFNLQJ
EHFDXVH�WKH\�UHPDLQ�DOPRVW�XQFKDQJHG�RYHU�VPDOO�WLPH
LQWHUYDOV��DQG�WUDFNLQJ�WKHVH�IURP�IUDPH�WR�IUDPH��7KH
PDWFKLQJ�PHDVXUH�XVHG�WR�IROORZ�D�IHDWXUH� �DQG�WKH
/ +�ZLQGRZ�DURXQG�WKH�IHDWXUH��ZKHUH�/�DQG�+�DUH�WKH
KRUL]RQWDO�DQG�YHUWLFDO�GLPHQVLRQV��UHVSHFWLYHO\��DQG
LWV�³PRVW�VLPLODU´� UHJLRQ� DW� WKH� VXFFHVVLYH� WLPHV� LV
UHSUHVHQWHG� E\� WKH� ³6XP� RI� 6TXDUHG� 'LIIHUHQFHV´
�66'�� RI� WKH� LQWHQVLW\� YDOXHV��7KH� GLVSODFHPHQW� LV
GHILQHG�DV�WKH�RQH�WKDW�PLQLPL]HV�WKH�66'��+RUQ�DQG
6FKXQN���������,Q�)HDWXUH�7UDFNLQJ��WKH�DOJRULWKP�LV
DSSOLHG�RQO\�WR�SRLQWV�IRU�ZKLFK�WKH�VROXWLRQ�IRU�WKH
GLVSODFHPHQW� H[LVWV�� WKRVH� SRLQWV� DUH� FDOOHG� ³JRRG
IHDWXUHV�WR�WUDFN´��)7�DOORZV�D�/DJUDQJLDQ�GHVFULSWLRQ
RI� WKH� YHORFLW\� ILHOG� WKDW� SURYLGHV� VSDUVH� YHORFLW\
YHFWRUV�ZLWK�DSSOLFDWLRQ�SRLQWV�FRLQFLGHQW�ZLWK�ODUJH
OXPLQRVLW\�LQWHQVLW\�JUDGLHQWV��ZKLFK�DUH�OLNHO\�ORFDWHG
DORQJ�WUDFHU�SDUWLFOH�ERXQGDULHV��0RURQL�HW�DO���������
/DJUDQJLDQ� GDWD� DUH� WKHQ� XVHG� WR� UHFRQVWUXFW
LQVWDQWDQHRXV� DQG� WLPH�DYHUDJHG�(XOHULDQ� YHORFLW\
ILHOGV� WKURXJK� D� UHVDPSOLQJ� SURFHGXUH��7KH�PHDQ
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YHORFLW\�FRPSRQHQWV�DORQJ�D[HV�[�DQG�]��X�DQG�Z��DQG

WKHLU�YDULDQFHV�� �X �DQG� �Z ��DUH�HYDOXDWHG�LQ� WKH

NQRWV�RI�D�UHJXODU�JULG�RI����URZV�DQG�����FROXPQV�
$VVXPLQJ� WKH�SKHQRPHQRQ� LV� VWDWLRQDU\�DV�ZHOO� DV
HUJRGLF�� WKH� HQVHPEOH� DYHUDJHV� DUH� HYDOXDWHG� DV
WHPSRUDO�DYHUDJHV�RYHU�D�WLPH� LQWHUYDO�HTXDO�WR� WKH
HQWLUH� UHFRUGLQJ� WLPH� RI� DERXW� ������ IUDPHV�� 7KH
YHORFLW\� YDULDQFHV� DORQJ� WKH� D[HV� [� DQG� ]� FDQ� EH
UHSUHVHQWHG� E\� D� VLQJOH� LPDJH� WKDW� FRQWDLQV
LQIRUPDWLRQ�RQ�ERWK�WKH�D[HV��WKLV�LPDJH�UHSUHVHQWV
WKH�WZR�GLPHQVLRQDO�WXUEXOHQW�NLQHWLF�HQHUJ\�

5(68/76�	�',6&866,21
)LJV��D�DQG��E�VKRZ�WKH�WUDMHFWRULHV�UHFRQVWUXFWHG

E\�WKH�)7�DOJRULWKP�IRU�H[SHULPHQWV�DW�WKH�ORZHU��4��
DQG�KLJKHU��4���IORZ�UDWHV��6HULHV������7KH�WUDMHFWRULHV�
ZKLFK�FRUUHVSRQG�WR�D�YLVXDOL]HG�RYHUODSSLQJ�RI�WKH
���FRQVHFXWLYH�SRVLWLRQV�RI�WKH�WUDFHU�SDUWLFOHV��H[WHQG
RYHU�D�WLPH�LQWHUYDO�RI�DERXW������V��$�GLUHFW�SLFWXUH�WR�
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)LJ�����7UDMHFWRULHV�UHFRQVWUXFWHG�E\�WKH�)HDWXUH�7UDFNLQJ�DOJRULWKP�IRU�H[SHULPHQWV�DW�WKH��D��ORZHU��4
�
��DQG

�E��KLJKHU��4
�
��IORZ�UDWHV��,Q�ERWK�ILJXUHV��FKDPEHUV�&���&��DQG�&��DUH�LQGLFDWHG��7KH�FRORUV�UDQJH�IURP�GDUN

JUH\��ZKLFK�LV�DVVRFLDWHG�ZLWK�WKH�ILUVW�WLPH�VKRZQ��WR�OLJKW�JUD\��ZKLFK�LV�DVVRFLDWHG�ZLWK�WKH�ODVW�WLPH�VKRZQ

SLFWXUH�FRPSDULVRQ�FDQ�EH�PDGH��7KH�FRORUV�UDQJH�IURP
EOXH��ZKLFK�LV�DVVRFLDWHG�ZLWK�WKH�ILUVW�WLPH�VKRZQ��WR
UHG��ZKLFK�LV�DVVRFLDWHG�ZLWK�WKH�ODVW�WLPH�VKRZQ��7KH
SULQFLSDO�FXUUHQW�DQG�WZR�UHFLUFXODWLRQ�DUHDV�DUH�HYLGHQW
LQ� ERWK� SLFWXUHV�� &RPSDULVRQ� RI� WKH� WZR� LPDJHV
GHPRQVWUDWHV�WKH�LQFUHDVHG�OHQJWK�RI�WKH�WUDMHFWRULHV
UHFRQVWUXFWHG�DW�WKH�KLJKHU�IORZ�UDWH��7KH�LQFUHDVHG
OHQJWK�RI�WKH�WUDMHFWRU\�VHJPHQWV�LQFUHDVHV�WKH�GHQVLW\
RI�LQIRUPDWLRQ�GLVSOD\HG�LQ�)LJ���E�

)LJV�����SUHVHQW�WKH�YHORFLW\�ILHOG�IRU�WKH�HQWLUH
DSSDUDWXV��LPDJHV�RI�6HULHV�����DQG�IRU�FKDPEHU�&�
�LPDJHV�RI�6HULHV�����DV�D�IXQFWLRQ�RI�WKH�K\GUDXOLF
KHDG�DW�WKH�0XOWLGXQH�LQOHW�

,Q�SDUWLFXODU��)LJV��D�DQG��E�UHSRUW�YHORFLW\�YHFWRUV
WKDW�KDYH�EHHQ�RYHUODSSHG�ZLWK�WKH�FRORU�PDS�RI�WKH
KRUL]RQWDO�YHORFLW\�FRPSRQHQW�IRU�IORZ�UDWHV�4

�
�DQG

4
�
��UHVSHFWLYHO\��)RU�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�IORZ

ILHOG��)LJV��D�DQG��F�VKRZV�WZR�HQODUJHG�YLHZV�RI�WKH
SUHYLRXV�ILJXUHV�IUDPLQJ�FKDPEHU�&���)LJV��F�DQG��G
SUHVHQW�WKH�YHORFLW\�YHFWRUV�RYHUODSSHG�ZLWK�WKH�FRORU
PDS� RI� WKH� YHUWLFDO� YHORFLW\� FRPSRQHQW�� 7KH
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FRUUHVSRQGLQJ�HQODUJHG�YLHZV�DUH� VKRZQ�LQ�)LJV��E
DQG��G�� )LJV� �H� DQG� �I� VKRZV� WKH� WXUEXOHQW� NLQHWLF
HQHUJ\�IRU�FKDPEHU�&��DW�WKH�VDPH�IORZ�UDWHV�
7KH� YHORFLW\� ILHOGV� LQ� &�� �)LJ�� ��� SUHVHQW� D� EHWWHU
GHILQLWLRQ�GXH�WR�WKH�KLJKHU�VSDWLDO�UHVROXWLRQ�RI�WKH
DFTXLUHG�LPDJHV��WKHVH� LPDJHV�ZHUH�REWDLQHG�DW� WKH
VDPH�FDPHUD� UHVROXWLRQ� XVLQJ�D� VPDOOHU�DFTXLVLWLRQ
ZLQGRZ���7KH�VWUHDPOLQHV�IRU�WKH�ORZHU�DQG�KLJKHU�IORZ
UDWHV� VKRZ� WKH� FKDUDFWHULVWLF� EHKDYLRU� RI� WKH� IOXLG
IORZLQJ�WKURXJK�WKH�VHSDUDWRU��)LJ�����
7KH�DQDO\VLV�RI�WKH�YHORFLW\�ILHOGV�DQG�WKH�VWUHDPOLQHV
VXJJHVWV� WKDW� WKH� IOXLG� G\QDPLF� EHKDYLRU� RI� WKH
0XOWLGXQH�DSSDUDWXV�LV�FKDUDFWHUL]HG�E\�WKH�IROORZLQJ
WKUHH�SUHGRPLQDQW�DUHDV�
� � � � �WKH� SULQFLSDO� WUDQVSRUW� IORZ��ZKHUH� WKH� IOXLG� LV
FKDUDFWHUL]HG� E\� D� SRVLWLYH� YDOXH� RI� WKH� YHORFLW\
FRPSRQHQW�DORQJ�WKH�[�D[LV�LQ�WKH�HQWLUH�ORQJLWXGLQDO
VHFWLRQ��7KH�SULQFLSDO�WUDQVSRUW�IORZ�LV�UHVSRQVLEOH�IRU
WKH�WUDQVSRUW�RI�SDUWLFOHV�IURP�RQH�FKDPEHU�WR�WKH�QH[W�
LW� HYHQWXDOO\� GULYHV�PDWHULDO� WR� WKH� RXWOHW� QR]]OHV
ZLWKRXW�VHSDUDWLRQ��,W�LV�LQGLFDWHG�E\�UHG�VWUHDPOLQHV�LQ
)LJ����
� � � � �WKH� ORZHU� UHFLUFXODWLRQ� ]RQH�� YLVLEOH� EHORZ� WKH
SULQFLSDO�FXUUHQW�LQ�HDFK�RI�WKH�KHLJKW�FKDPEHUV��,WV
FORFNZLVH� URWDWLQJ�PRWLRQ� LV� VXLWDEOH� IRU� FDSWXULQJ
SDUWLFOHV�IURP�WKH�SULQFLSDO�FXUUHQW��,W�LV�H[SHFWHG�WKDW
SODVWLF�SDUWLFOHV�FDSWXUHG� LQ�WKLV�ZD\�ZLOO�EHKDYH�LQ
RQH�RI�WKH�IROORZLQJ�ZD\V�
���RVHWWOH�ZLWKLQ�WKH�FKDPEHU�LI�VXIILFLHQWO\�KHDY\�
���RIROORZ�WKH�XSZDUG�SRUWLRQ�RI�WKH�URWDWLQJ�PRWLRQ
ZLWKRXW�DJDLQ�UHDFKLQJ�WKH�SULQFLSDO�FXUUHQW��GXH�WR
WKH�IDFW�WKDW�WKH\�DUH�WRR�KHDY\�WR�SHUIRUP�D�FRPSOHWH
URWDWLRQ�
���RH[HFXWH�D�FRPSOHWH�URWDWLRQ�DQG�EH�UHFDSWXUHG
E\� WKH�SULQFLSDO� WUDQVSRUW� IORZ� WR�VHWWOH� LQ� WKH� QH[W
FKDPEHU�RU�EH�H[SHOOHG�
7KH�SDUWLFOH�EHKDYLRU�ZLWKLQ�WKH�UHFLUFXODWLRQ�]RQH�LV
LQIOXHQFHG�E\�LWV�GHQVLW\�DQG�GLPHQVLRQ�DV�ZHOO�DV�E\
WKH�SUHVHQFH�RI�D�YRUWH[��7KLV� EHKDYLRU� LV� LQGLFDWHG
ZLWK�JUHHQ�VWUHDPOLQHV�LQ�)LJ����
� � � � � �WKH�XSSHU� UHFLUFXODWLRQ�]RQH��YLVLEOH�DERYH� WKH
SULQFLSDO�WUDQVSRUW�FXUUHQW��7KH�SXUSRVH�RI�WKH�XSSHU
UHFLUFXODWLRQ� ]RQH� LV� WR� VXEWUDFW� SDUWLFOHV� IURP� WKH
SULQFLSDO�FXUUHQW�DQG�WR�WUDQVIHU�WKHP�WR�WKH�SUHFHGLQJ
FKDPEHU��7R�XQGHUJR�VXFK�WUDQVIHU��SDUWLFOHV�PXVW�PRYH
DFURVV� WKH� SULQFLSDO� FXUUHQW� DQG� VHWWOH� LQ� WKH� ORZHU
UHFLUFXODWLRQ�DUHD�RI�WKH�SUHYLRXV�FKDPEHU��7KH�SDUWLFOH
SK\VLFDO�DWWULEXWHV�DQG� WKH�FKDUDFWHULVWLF�YHORFLW\�RI
WKH�SULQFLSDO�FXUUHQW�ZLOO�LQIOXHQFH�WKH�HIILFDF\�RI�WKLV
SURFHVV��7KLV�SURFHVV�LV�LQGLFDWHG�E\�EOXH�VWUHDPOLQHV
LQ�)LJ����

)LJV��D�DQG��E�VKRZ�WKH�KRUL]RQWDO�DQG�YHUWLFDO
YHORFLW\�FRPSRQHQWV�DORQJ�SURILOHV�$�WR�)�ZKHQ�4��LV
WKH�IORZ�UDWH�ZLWKLQ�WKH�0XOWLGXQH�DSSDUDWXV��3URILOH�$

GHVFULEHV� WKH� YHORFLW\� ILHOG� WKDW� LV� HVWDEOLVKHG� LQ
FRUUHVSRQGHQFH�ZLWK�WKH�ORZHU�FXVS�DW�WKH�HQWUDQFH
WR�&���7KH�YHORFLW\�FRPSRQHQWV�DUH�ERWK�SRVLWLYH��DQG
WKH� YHUWLFDO� FRPSRQHQW� LV� VOLJKWO\� ODUJHU� WKDQ� WKH
KRUL]RQWDO�RQH��7KLV�LV�GXH�WR�WKH�XSZDUG�PRYHPHQW
RI�WKH�PDLQ�WUDQVSRUW�FXUUHQW�HQWHULQJ�FKDPEHU�&���,W
FDQ�EH�VHHQ�WKDW�WKH�YHORFLW\�EHKDYLRU�DORQJ�SURILOH�)
VXEVWDQWLDOO\�FROODSVHV�ZLWK�WKDW�DORQJ�3URILOH�$��3URILOH
%� DFFRXQWV� IRU� WKH�PDLQ� WUDQVSRUW� FXUUHQW� YHORFLW\
GLVWULEXWLRQ��XSSHU�SDUW�RI�WKH�FXUYH��DQG�IRU�WKH�ORZHU
UHFLUFXODWLRQ�DUHD��FHQWUDO�DQG�ORZHU�SDUWV�RI�WKH�FXUYH��
,Q�3URILOH�%��WKH�KRUL]RQWDO�YHORFLW\�FRPSRQHQW�FKDQJHV
VLJQ�ZKLOH�WKH�YHUWLFDO�FRPSRQHQW�UHPDLQV�SRVLWLYH�
7KH�VDPH�FRPPHQWV�KROG�IRU�3URILOH�&�H[FHSW�IRU�WKH
DOWHUHG�VLJQ�RI�WKH�YHUWLFDO�YHORFLW\�FRPSRQHQW�GXH�WR
WKH� GRZQZDUG� GLUHFWLRQ� RI� WKH� SULQFLSDO� WUDQVSRUW
FXUUHQW��3URILOH�'�FRUUHVSRQGV�WR�WKH�XSSHU�FXVS�ZLWKLQ
&���+HUH�� WKH�PDLQ� WUDQVSRUW� FXUUHQW� GLUHFWLRQ� LV
GRZQZDUG�� DQG� WKH� YHORFLW\� ILHOG�PDJQLWXGH� LV
FRPSDUDEOH�WR�WKDW�LQ�RWKHU�VHFWLRQV�RI�&���3URILOH�(
LQWHUVHFWV�WKH�XSSHU�UHFLUFXODWLRQ�DUHD��ZKLFK�MXVWLILHV
WKH�FKDQJH�RI�VLJQ�RI�ERWK�YHORFLW\�FRPSRQHQWV�

2EVHUYDWLRQ� RI� WKH� YHORFLW\� ILHOG�ZLWKLQ� WKH
0XOWLGXQH�DSSDUDWXV��)LJ�����VXJJHVWV�WKDW�WKH�ORZHU
UHFLUFXODWLRQ� DUHD� LV� QRW� FRPSOHWHO\� GHYHORSHG� LQ
FKDPEHUV�&��DQG�&���7KLV�LV�HVSHFLDOO\�WUXH�LQ�&��
ZKHUH�WKH�IOXLG�HQWHUV�WKH�DSSDUDWXV��LQ�WKLV�UHJLRQ�
WKH�FXUUHQW�LV�OHVV�ZHOO�RUJDQL]HG�WKDQ�LQ�WKH�UHJLRQ
DKHDG��,W�FDQ�EH�VHHQ�WKDW��LQ�WHUPV�RI�GLPHQVLRQV�DQG
YHORFLW\�YDOXHV��FKDPEHUV�&���&���&��DQG�&��SUHVHQW
DQDORJRXV� UHFLUFXODWLRQ� DUHDV� DW� HDFK� UHIHUHQFH
K\GUDXOLF� KHDG�� 7KLV� LV� IXUWKHU� FRQILUPHG� E\� WKH
KRUL]RQWDO�YHORFLW\�FRPSRQHQW�SURILOHV�SUHVHQWHG�LQ
)LJV��F� DQG��G��$W�ERWK� WKH�ORZHU�DQG�KLJKHU�IORZ
UDWHV��WKH�SURILOHV�LQ�&���&���&��DQG�&��QHDUO\�FROODSVH�
7KH�SURILOHV�WKDW�GHYLDWH�WKH�PRVW�DUH�WKRVH�LQ�&��DQG
&��

7KH�IOXLG�YHLQ�FKDUDFWHUL]LQJ�WKH�SULQFLSDO�FXUUHQW
SUHVHQWV�DQ�LQQHU�SDUW�ZLWK�YHORFLW\�DQG�NLQHWLF�HQHUJ\
LQFUHDVLQJ�ZLWK�WKH�K\GUDXOLF�KHDG��1HYHUWKHOHVV��WKH
FKDUDFWHULVWLF� GLPHQVLRQ� RI� WKH� SULQFLSDO� FXUUHQW
UHPDLQV� SUDFWLFDOO\� FRQVWDQW� IRU� DOO� WKH� IORZ� UDWHV
HPSOR\HG��$W�HDFK�IORZ�UDWH��WKH�XSSHU�UHFLUFXODWLRQ
]RQH� SUHVHQWV� YDOXHV� RI� WKH� YHORFLW\� ILHOG�� L�H��� WKH
YRUWLFLW\�ILHOG�� WKDW�DUH� VLJQLILFDQWO\�ORZHU� WKDQ� WKH
FKDUDFWHULVWLF�YHORFLW\�LQ�WKH�SULQFLSDO�FXUUHQW��)RU�WKLV
UHDVRQ��WKLV�]RQH�LV�LQHIIHFWLYH�LQ�FDSWXULQJ�SDUWLFOHV
IURP�WKH�PDLO�WUDQVSRUW�SDWK�DQG�WKXV�LV�LQHIIHFWLYH�LQ
WKH�VHSDUDWLRQ�SURFHVV��,W�LV�H[SHFWHG�WKDW�XSRQ�IXUWKHU
UHGXFLQJ�WKH�IORZ�UDWH�RU�PRGLI\LQJ�WKH�LQQHU�JHRPHWU\
RI�WKH�DSSDUDWXV�WKH�XSSHU�UHFLUFXODWLRQ�]RQH�ZLOO�SOD\
D�UROH�LQ�WKH�VHSDUDWLRQ�SURFHVV��7KH�UHVXOWV�REWDLQHG
E\� PRGLI\LQJ� WKH� JHRPHWU\� RI� WKH� DSSDUDWXV� DUH
SUHVHQWHG�LQ�/D�0DUFD�HW�DO���������



���

5HFRYHULQJ�SODVWLFV

)LJ�����(XOHULDQ�YHORFLW\�YHFWRUV�DQG�PDS�RI�FRORUV�RI�WKH�KRUL]RQWDO�YHORFLW\�FRPSRQHQW�DW�WKH��D��ORZHU��4���DQG
�E��KLJKHU��4���IORZ�UDWHV��YHUWLFDO�YHORFLW\�FRPSRQHQW�DW�WKH��F��ORZHU��4���DQG��G��KLJKHU��4���IORZ�UDWHV��7KH

UHIHUHQFH�YHORFLW\�YHFWRU��UHG�FLUFOH��LV�HTXDO�WR����FP�V

7KH�YHORFLW\�ILHOG�LQ�WKH�ORZHU�UHFLUFXODWLRQ�DUHD�
ZKLFK�LV�ODUJHU�WKDQ�WKDW�LQ�WKH�XSSHU�UHFLUFXODWLRQ�]RQH�
LV�LQ�HDFK�FDVH�VLJQLILFDQWO\�ORZHU�WKDQ�WKH�FKDUDFWHULVWLF
YHORFLW\�LQ�WKH�SULQFLSDO�FXUUHQW��:KHQ�WKH�IORZ�UDWH�LV
LQFUHDVHG��WKH�YHORFLW\�ZLWKLQ�WKH�ORZHU�UHFLUFXODWLRQ
]RQH�LQFUHDVHV��HVSHFLDOO\�LQ�WKH�DVFHQGLQJ�SRUWLRQ�RI
WKH�YRUWH[��7KH�GUDJ�RI�VHWWOHG�SDUWLFOHV�WRZDUG� WKH

SULQFLSDO�FXUUHQW� LV� WKHQ� IDFLOLWDWHG��DQG�VHSDUDWLRQ
DSSHDUV�OHVV�HIIHFWLYH�

$�FRPSDULVRQ�RI�WKH�VWUHDPOLQHV�REWDLQHG�IURP
WKH�YHORFLW\�ILHOGV�DW�ORZ�DQG�KLJK�IORZ�UDWHV�IXUWKHU
GHPRQVWUDWHV�WKH�VXEVWDQWLDO�LQYDULDQFH�RI�WKH�VKDSH
DQG�GLPHQVLRQ�RI�WKH�]RQHV�LQWR�ZKLFK�WKH�IORZ�ILHOG�LV
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)LJ�����(XOHULDQ�YHORFLW\�YHFWRUV�DQG�FRORU�PDS�RI�WKH�KRUL]RQWDO�YHORFLW\�FRPSRQHQW�ZLWKLQ�FKDPEHU�&��DW�WKH
�D��ORZHU��4���DQG��E��KLJKHU��4���IORZ�UDWHV��YHUWLFDO�YHORFLW\�FRPSRQHQW�ZLWKLQ�FKDPEHU�&��DW�WKH��F��ORZHU
�4���DQG��G��KLJKHU��4���IORZ�UDWHV��WZR�GLPHQVLRQDO�WXUEXOHQW�NLQHWLF�HQHUJ\�ZLWKLQ�FKDPEHU�&��DW�WKH��H�

ORZHU��4
�
��DQG��I��KLJKHU��4

�
��IORZ�UDWHV

RUJDQL]HG��2Q�WKH�RWKHU�KDQG��WKH�REVHUYHG�VWUHDPOLQHV
FRQILUP� WKDW� WKH� UHJLRQ� RI� H[FKDQJH� EHWZHHQ� WKH
SULQFLSDO�FXUUHQW�DQG�WKH�XSSHU�DQG�ORZHU�UHFLUFXODWLRQ
]RQHV� LV�HQKDQFHG�ZKHQ� WKH� IORZ� UDWH� LV� LQFUHDVHG�
7KLV�LQFUHDVHV�WKH�SUREDELOLW\�RI�LQWHUDFWLRQ�EHWZHHQ
SDUWLFOHV�WKDW�DUH�HYHQWXDOO\�FDSWXUHG�E\�WKH�XSSHU�DQG
ORZHU�YRUWLFHV�DQG�WKH�SULQFLSDO�IORZ�SDWK�DQG�UHGXFHV
WKH�VHSDUDWLRQ�HIILFDF\�RI�WKH�DSSDUDWXV�

$Q�LQFUHDVH�LQ�WKH�IORZ�UDWH�UHVXOWV�LQ�D�VLJQLILFDQW
LQFUHDVH�LQ�WKH�WXUEXOHQW�NLQHWLF�HQHUJ\�RI�WKH�SULQFLSDO
FXUUHQW�DQG�D�PXFK�VPDOOHU�LQFUHDVH�LQ�NLQHWLF�HQHUJ\

LQ�WKH�UHFLUFXODWLRQ�DUHDV��7KH�VLJQLILFDQWO\�GLIIHUHQW
EHKDYLRU�RI�WKH�IOXLG�SRUWLRQ�EHORQJLQJ�WR�WKH�SULQFLSDO
FXUUHQW�DW� LWV�HQWUDQFH�LQ�D�QHZ�FKDPEHU�DW� WKH�WZR
H[WUHPH� IORZ� UDWHV� VKRXOG� EH� HPSKDVL]HG�� 7KH
LQWHUDFWLRQ� RI� WKH� SULQFLSDO� FXUUHQW� ZLWK� WKH� ORZHU
UHFLUFXODWLRQ�DUHD�SURGXFHV�D�FRQVLGHUDEO\�KLJKHU�OHYHO
RI�WXUEXOHQFH�DW�WKH�KLJKHU�IORZ�UDWHV��GLVWXUELQJ�WKH
VHSDUDWLRQ�SURFHVV�

,Q�VXPPDU\��DQDO\VLV�RI�WKH�IOXLG�G\QDPLF�ILHOG
WKDW�GHYHORSV�ZLWKLQ�WKH�0XOWLGXQH�DSSDUDWXV�VXJJHVWV
WKDW� LQFUHDVLQJ� WKH� K\GUDXOLF� KHDG� DXJPHQWV� WKH
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WUDQVSRUW� HIIHFWLYHQHVV� RI� WKH�PDLQ� FXUUHQW� ZLWKRXW
LPSURYLQJ�WKH�FDSWXUH�IHDVLELOLW\�RI�WKH�XSSHU�DQG�ORZHU
UHFLUFXODWLRQ�]RQHV��7KXV��ZKHQ� WKH�K\GUDXOLF�KHDG
DQG� WKH�WUDQVLWLQJ� IORZ�UDWH�DUH�ERWK� LQFUHDVHG�� WKH
DSSDUDWXV�ZLOO� ORVH� LWV� HIIHFWLYHQHVV� LQ� VHSDUDWLQJ
SODVWLF�SDUWLFOHV��7KH� HLJKW�FKDPEHU�GHVLJQ� DVVXUHV
SODVWLF�SDUWLFOH�VHSDUDWLRQ�HYHQ�ZKHQ�&��LV�ILOOHG�ZLWK
VHWWOHG�PDWHULDO��LQ�WKDW�FDVH��WKH�UHPDLQLQJ�FKDPEHUV
EHFRPH�HIIHFWLYH�LQ�WKH�VHSDUDWLRQ�SURFHVV�

)HDWXUH�7UDFNLQJ�ZDV�DSSOLHG�WR�LPDJHV�RI�6HULHV
��� VR� WKDW� UHVXOWV� FRXOG� EH� FRPSDUHG�ZLWK� WKRVH
REWDLQHG�ZLWK� WKH� SDVVLYH� WUDFHU��7KH� DFWLYH� WUDFHU
FRQVLVWHG�RI�36�DQG�39&�SDUWLFOHV�RI�GLPHQVLRQV������
�����PP�DQG�GHQVLW\�������J�FP��DQG�������J�FP��
UHVSHFWLYHO\��2QH�UHDVRQ�IRU�WKH�FKRLFH�RI�WKHVH�WZR
UHVLQV�LV�WKH�VLJQLILFDQW�GLIIHUHQFH�LQ�WKHLU�GHQVLWLHV��,Q
DGGLWLRQ��VHSDUDWLRQ�WHVWV�XVLQJ�PRQR�PDWHULDO�VDPSOHV
�/D�0DUFD�HW� DO���������KDYH�GHPRQVWUDWHG� WKDW� WKH

EHKDYLRU�RI�VXFK�VDPSOHV�LV�VLJQLILFDQWO\�LQIOXHQFHG
E\�WKH�YHORFLW\�ILHOG�ZLWKLQ�WKH�0XOWLGXQH�DSSDUDWXV�
7R�VWXG\�WKH�SDUWLFOH�EHKDYLRU�LQ�WZR�H[WUHPH�FDVHV�
WKH�DFTXLVLWLRQV�ZHUH�FDUULHG�RXW�XVLQJ�WKH�ORZHU�DQG
KLJKHU�K\GUDXOLF�KHDGV��7R�TXDOLWDWLYHO\�YLVXDOL]H�WKH
UHVXOWV�RI�WKRVH�DFTXLVLWLRQV��VQDSVKRWV�UHSUHVHQWLQJ
SDUWLFOH�WUDMHFWRULHV�LQ�WKH�LQLWLDO��LQWHUPHGLDWH�DQG�ILQDO
VWDJH�RI�HDFK�WHVW�DUH�VKRZQ��)LJV��D�E�F�DQG��G�H�I
VKRZ�WKH�36�DQG�39&�SDUWLFOH�WUDMHFWRULHV�DW�WKH�ORZHU
IORZ� UDWH� 4�� RYHUODSSHG�ZLWK� WKH� QHJDWLYH� RI� WKH
DFTXLUHG�LPDJH��ZKLOH�)LJV��J�K�L�DQG��O�P�Q�VKRZ�WKH
FRUUHVSRQGLQJ�WUDMHFWRULHV�DW�IORZ�UDWH�4

�
�

7UDMHFWRULHV� UHFRQVWUXFWHG�ZLWK� )7� VKRZ� WKH
H[WUHPHO\� GLIIHUHQW� EHKDYLRU� RI� WKH� WZR� W\SHV� RI
SODVWLFV��36�SDUWLFOHV��ZKLFK�KDYH�D�GHQVLW\�FORVH�WR
WKDW�RI�ZDWHU��VKRZ�D�EHKDYLRU�PXFK�PRUH�VLPLODU�WR
WKH�EHKDYLRU�RI�WKH�SDVVLYH�WUDFHU� WKDQ�GR�WKH�RWKHU
UHVLQV��$W�K\GUDXOLF�KHDG�4���39&�SDUWLFOHV�VHWWOH�LQ

)LJ�����6QDSVKRWV�UHSUHVHQWDWLYH�RI�WKH��D��LQLWLDO��FRUUHVSRQGLQJ�WR�WKH�LQVHUWLRQ�RI�WKH�DFWLYH�WUDFHU����E�
LQWHUPHGLDWH�DQG��F��ILQDO�VWDJH�RI�WKH�DFTXLVLWLRQ�ZLWK�36�DW�K\GUDXOLF�KHDG�4����G��LQLWLDO���H��LQWHUPHGLDWH�DQG
�I��ILQDO�VWDJH�RI�WKH�DFTXLVLWLRQ�ZLWK�39&�DW�K\GUDXOLF�KHDG�4����J��LQLWLDO���K��LQWHUPHGLDWH�DQG��L��ILQDO�VWDJH

RI�WKH�DFTXLVLWLRQ�ZLWK�36�DW�K\GUDXOLF�KHDG�4����O��LQLWLDO���P��LQWHUPHGLDWH�DQG��Q��ILQDO�VWDJH�RI�WKH
DFTXLVLWLRQ�ZLWK�39&�DW�K\GUDXOLF�KHDG�4��&RQWLQXHV�

5HFRYHULQJ�SODVWLFV



)LJ�����6QDSVKRWV�UHSUHVHQWDWLYH�RI�WKH��D��LQLWLDO��FRUUHVSRQGLQJ�WR�WKH�LQVHUWLRQ�RI�WKH�DFWLYH�WUDFHU����E�
LQWHUPHGLDWH�DQG��F��ILQDO�VWDJH�RI�WKH�DFTXLVLWLRQ�ZLWK�36�DW�K\GUDXOLF�KHDG�4����G��LQLWLDO���H��LQWHUPHGLDWH�DQG
�I��ILQDO�VWDJH�RI�WKH�DFTXLVLWLRQ�ZLWK�39&�DW�K\GUDXOLF�KHDG�4����J��LQLWLDO���K��LQWHUPHGLDWH�DQG��L��ILQDO�VWDJH

RI�WKH�DFTXLVLWLRQ�ZLWK�36�DW�K\GUDXOLF�KHDG�4����O��LQLWLDO���P��LQWHUPHGLDWH�DQG��Q��ILQDO�VWDJH�RI�WKH
DFTXLVLWLRQ�ZLWK�39&�DW�K\GUDXOLF�KHDG�4�

WKH�LQLWLDO�FKDPEHUV��&RQYHUVHO\��36�SDUWLFOHV�UHPDLQ�LQ
VXVSHQVLRQ�DQG�DUH�ILQDOO\�H[SHOOHG�IURP�WKH�DSSDUDWXV�
:KHQ� WKH� K\GUDXOLF� KHDG� LV� LQFUHDVHG�� HYHQ� 39&
SDUWLFOHV�WHQG�WR�IROORZ�WKH�SULQFLSDO�FXUUHQW�DQG�EH
H[SHOOHG� ZLWKRXW� VHWWOLQJ� LQ� DQ\� FKDPEHU��7KLV� LV
FRQILUPHG� E\� VHSDUDWLRQ� WHVWV� RQ� PRQR�PDWHULDO
VDPSOHV��/D�0DUFD�HW�DO���������

2EVHUYDWLRQ�RI�WKH�WUDMHFWRULHV�RI�WKH�WHVW�SDUWLFOHV
VXJJHVWV�WKDW�36�SDUWLFOHV��ZKLFK�DUH�WRWDOO\�H[SHOOHG
IURP�WKH�DSSDUDWXV��GR�QRW�RQO\�IROORZ�WKH�SDWK�RI�WKH
SULQFLSDO�FXUUHQW�EXW�DUH�DOVR�UHJXODUO\�FDSWXUHG�E\�WKH
YRUWLFDO�VWUXFWXUHV��,Q�WKH�UHJLRQ�RI�WKHVH�VWUXFWXUHV�
OLJKW�SDUWLFOHV�DUH�FRQWLQXRXVO\�PRYHG�XSZDUG��ZKHUH
WKH\�LQWHUDFW�ZLWK�WKH�SULQFLSDO�FXUUHQW��7KH�VWURQJHU
WKH�XSGUDIW�� L�H��� WKH�KLJKHU� WKH�K\GUDXOLF�KHDG�� WKH
JUHDWHU�LV�WKH�SUREDELOLW\�WKDW�WKH�SDUWLFOH�ZLOO�LQWHUDFW
ZLWK�WKH�SULQFLSDO�FXUUHQW�UHDFKLQJ�WKH�QH[W�FKDPEHU�

39&�SDUWLFOHV� SDUWLDOO\� IROORZ� WKH� URWDWLQJ�PRWLRQ
EHFDXVH��HVSHFLDOO\�DW�WKH�ORZHU�IORZ�UDWH��WKH�WKUXVW�LV
QRW� VWURQJ� HQRXJK� WR� RYHUFRPH� WKHLU� ZHLJKW�
)XUWKHUPRUH��WKH�UHFLUFXODWLRQ�DUHD�LV�UHGXFHG�GXH�WR
PDWHULDO�WKDW�KDV�VHWWOHG�ZLWKLQ�DQG�SDUWLDOO\�ILOOHG�WKH
FKDPEHUV��$W�WKH�KLJKHU�IORZ�UDWH��WKH�PDWHULDO�GRHV
QRW�SHUPDQHQWO\�DFFXPXODWH�ZLWKLQ�WKH�FKDPEHU�EXW
LQVWHDG� LV� JUDGXDOO\� UHQHZHG� XQWLO� WKH� HQG� RI� WKH
LQVHUWLRQ� RI�PDWHULDO� DQG� WKH� ILQDO� FOHDQLQJ� RI� WKH
FKDPEHUV�

1RWLFHDEO\�� 36� SDUWLFOHV� VDPSOH� WKH� XSSHU
UHFLUFXODWLRQ�]RQH�PRUH�WKDQ�WKH�SDVVLYH�WUDFHU��7KLV
FRQILUPV�WKH�LQHIIHFWLYHQHVV�RI�WKDW�DUHD�LQ�WKH�SURFHVV
RI�VHSDUDWLRQ�

7KH�KRUL]RQWDO�DQG�YHUWLFDO�YHORFLW\�FRPSRQHQWV
DORQJ�SURILOHV�L�WR�LLL�DW�WKH�ORZHU�IORZ�UDWH��DORQJ�ZLWK

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
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WKH�EHKDYLRU�RI�ERWK�WKH�SDVVLYH�WUDFHU�DQG�WKH�SODVWLF
SDUWLFOHV��DUH�GHSLFWHG�LQ�)LJV��H�DQG��I��$W�ERWK�4�
DQG�4��� 36�SDUWLFOHV� DUH� WRWDOO\� H[SHOOHG� IURP� WKH
DSSDUDWXV��LQ�FRQWUDVW��39&�SDUWLFOHV�VHSDUDWH�RQO\�DW
WKH�ORZHU�IORZ�UDWH��)RU�WKLV�UHDVRQ��ZH�IXUWKHU�H[DPLQHG
WKH�IOXLG�G\QDPLF�EHKDYLRU�RI�WKH�SDUWLFOHV�DW�WKH�ORZHU
IORZ� UDWH��$ORQJ� SURILOH� L�� WKH� KRUL]RQWDO� YHORFLW\
FRPSRQHQW�RI�39&�SDUWLFOHV� LV�QHJDWLYH�RU� FORVH� WR
]HUR��ZKLOH� ERWK� WKH� WUDFHU� SDUWLFOHV�DQG�36� SODVWLF
SDUWLFOHV�SUHVHQW�D�PDLQO\�SRVLWLYH�SURILOH�GHVFULELQJ�D
ZHOO�HVWDEOLVKHG�SULQFLSDO�FXUUHQW��$�QHJDWLYH�YHORFLW\
LV� UHSUHVHQWDWLYH� RI� SDUWLFOHV� XQDEOH� WR� SURFHHG
GRZQVWUHDP��L�H���SRWHQWLDOO\�VHSDUDWLQJ��2Q�WKH�RWKHU
KDQG��WKH�YHUWLFDO�YHORFLW\�FRPSRQHQW�RI�39&�SDUWLFOHV
LV�VOLJKWO\�SRVLWLYH��39&�SDUWLFOHV�DUH�FKDUDFWHUL]HG�E\
D�UHFLUFXODWLRQ�PRWLRQ�WKDW�LV�PRUH�GHYHORSHG�WKDQ�WKDW
RI�WKH�IOXLG��7KH�EHKDYLRU�RI�WKH�36�SDUWLFOHV�LV�PRUH
VLPLODU�WR�WKDW�RI�WKH�IOXLG�H[FHSW�IRU�WKH�YHUWLFDO�YHORFLW\
FRPSRQHQW� DORQJ� SURILOH� L�� ZKHUH� WKH� YHORFLW\� LV
QHJDWLYH��$ORQJ�WKLV�SURILOH��WKH�SDUWLFOHV�DUH�DOUHDG\
PRYLQJ�WRZDUG�FKDPEHU�&���ZKHUHDV�WKH� IOXLG�VWLOO
SUHVHQWV�DQ�XSZDUG�PRWLRQ�EHIRUH�WKH�LQWHUDFWLRQ�ZLWK
WKH�XSSHU�ERXQGDU\�IRUFHV�LW�WR�HQWHU�WKH�QH[W�FKDPEHU�
$ORQJ�3URILOH�LL��36�SODVWLF�SDUWLFOHV�GR�QRW�VDPSOH�WKH
ORZHU� UHFLUFXODWLRQ� DUHD� EHFDXVH� ERWK� YHORFLW\
FRPSRQHQWV�DUH�SRVLWLYH��WKLV�LV�VLJQLILFDQWO\�GLIIHUHQW
IURP�WKH�IOXLG�EHKDYLRU��+HUH��39&�SODVWLF�SDUWLFOHV
EHKDYH�PRUH�VLPLODUO\�WR�WKH�IOXLG��VKRZLQJ�UHGXFHG
YHORFLW\�DQG�D�GLIIHUHQW�JHRPHWU\�RI�WKH�UHFLUFXODWLRQ
DUHD��,Q�3URILOH�LLL��WKH�KRUL]RQWDO�DQG�YHUWLFDO�GLUHFWLRQV
IRU� ERWK� W\SHV�RI� SODVWLF� SDUWLFOHV� DQG� WKH� IOXLG� DUH
PRUH�VLPLODU��ZLWK�RQO\�VOLJKW�FKDQJHV�LQ�WKH�PDJQLWXGH
RI�WKHLU�YHORFLWLHV�

7HVWV�RQ�PRQR�PDWHULDO�VDPSOHV��/D�0DUFD�HW�DO��

������� ZKLOH� SURYLGLQJ� XVHIXO� LQIRUPDWLRQ� RQ� WKH
HIILFDF\�RI�DQ�DSSDUDWXV��PXVW�DOZD\V�EH�DVVRFLDWHG
ZLWK� WHVWV�RQ�FRPSRVLWH�VDPSOHV��7HVWV�RI�WKH� ODWWHU
W\SH�DUH�QHHGHG�WR�XQGHUVWDQG�ZKHWKHU�WKH�V\VWHP�LV
FDSDEOH�RI�VHSDUDWLQJ�GLIIHUHQW�W\SHV�RI�SODVWLFV�LQ�D
PL[WXUH�

,Q�WKLV�VWXG\��IRXU�VDPSOHV�ZHUH�XVHG��7DEOH����
(DFK�VDPSOH�FRQVLVWHG�RI�WZR�W\SHV�RI�SODVWLF�SDUWLFOHV
GLIIHULQJ�LQ�GHQVLW\�DQG�PHDQ�GLDPHWHU��7KH�VL]HV�IHOO
LQWR�WZR�UDQJHV������±��PP�DQG�����±��PP��$OO�SDUWLFOHV
SUHVHQWHG� D� TXDVL�VSKHULFDO� VKDSH�� WR� UHGXFH� WKH
LQIOXHQFH�RI�VXFK�SURSHUW\�RYHU�WKH�K\GUDXOLF�EHKDYLRU�
7KH� VLQJOH� SODVWLFV�ZHUH� FKDUDFWHUL]HG� E\� LQIUDUHG
VSHFWURVFRS\�WR�GHWHUPLQH�WKHLU�W\SRORJ\��7KH�VDPSOH
FRQVLVWHG�RI�����E\�ZHLJKW�RI�WKH�XVHIXO�IUDFWLRQ�DQG
����E\�ZHLJKW�RI�WKH�FRQWDPLQDWLQJ�IUDFWLRQ��7KH�WRWDO
ZHLJKWV� RI� WKH�VDPSOHV�ZHUH� ���� J� IRU� ILQH�JUDLQHG
VDPSOHV� ��������PP�� DQG� ���� J� IRU� FRDUVH�JUDLQHG
VDPSOHV��������PP��

7KH�FKRLFH�RI�VDPSOHV�ZLWK�XQHYHQ�FRPSRVLWLRQ�����
YV�������HQVXUHV�WKH�UHDOLVWLF�QDWXUH�RI�WKH�WHVWV��,Q
DFWXDO�SUDFWLFH��WKH�0XOWLGXQH�ZRXOG�UDUHO\�EH�XVHG
IRU� VHSDUDWLRQ� RI� WZR� XVHIXO� SURGXFWV�� EXW� LW�ZRXOG
RIWHQ�EH�XVHG�WR�SXUJH�RQH�W\SH�RI�SODVWLF��WKH�XVHIXO
IUDFWLRQ��RI�D�SROOXWDQW��FRQWDPLQDWLQJ�IUDFWLRQ���7KH
VDPSOH�LQWURGXFHG�LQWR�WKH�0XOWLGXQH�LV�VHSDUDWHG�LQWR
WZR�IUDFWLRQV��D�IUDFWLRQ�LQ�ZKLFK�WKH�XVHIXO�SURGXFW�LV
FRQFHQWUDWHG�DQG�D�IUDFWLRQ�PDLQO\�FRQVLVWLQJ�RI�WKH
FRQWDPLQDWLQJ�PDWHULDO��,I� WKH�XVHIXO�IUDFWLRQ�LV� WKH
KHDYLHU�RQH�LQ�WKH�PL[WXUH��WKH�FRQFHQWUDWHG�SURGXFW�LV
WKH�PDWHULDO�VHWWOHG�LQ�WKH�FKDPEHUV��ZKLOH�WKH�VWHULOH
SURGXFW�LV�H[SHOOHG�IURP�WKH�VHSDUDWRU��&RQYHUVHO\��LI
WKH�XVHIXO� IUDFWLRQ�UHSUHVHQWV� WKH�OLJKWHU�RI�WKH� WZR

3ODVWLF�
W\SRORJ\�

0HDQ�GHQVLW\� 3DUWLFOH�VL]H�GLVWULEXWLRQ� :HLJKW�
3HUFHQWDJH�
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7DEOH����&RPSRVLWH�VDPSOH�FRPSRVLWLRQ��8�LGHQWLILHV�WKH�XVHIXO�IUDFWLRQ��,�WKH�FRQWDPLQDWLQJ�IUDFWLRQ��7KH�WRWDO
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3RO\VW\UHQH��3(7��3RO\HWK\OHQH�WHUHSKWKDODWH

0RURQL��0��HW�DO�

���



PDWHULDOV�� WKH� GHVLUHG� SURGXFW� LV� H[SHOOHG� IURP� WKH
0XOWLGXQH�ZKLOH�WKH�VWHULOH�SURGXFW�VHWWOHV�LQVLGH�WKH
FKDPEHUV�RI�WKH�DSSDUDWXV�
7KH�FKRLFH�RI�PDWHULDOV��WKHLU�VL]H�DQG�WKH�RSHUDWLQJ
IORZ�UDWH�ZDV�PDGH�EDVHG�RQ� WKH�UHVXOWV�RI�WHVWV�RQ
PRQR�PDWHULDO� VDPSOHV� �/D�0DUFD� HW� DO��� ������
6HSDUDWLRQ�RI�36�DQG�39&�SDUWLFOHV�UDQJLQJ�LQ�VL]H�IURP
�������PP�VHHPV�IHDVLEOH�XVLQJ�UHODWLYHO\�ORZ�IORZ�UDWHV�
XQGHU� WKHVH� FRQGLWLRQV�� 39&� SDUWLFOHV�� ZKLFK� DUH
KHDYLHU��DUH�UHWDLQHG�ZLWKLQ�WKH�DSSDUDWXV�ZKLOH�36�RQHV
WHQG�WR�EH�H[SHOOHG��)RU�WKLV�UHDVRQ��WHVWV�RQ�6DPSOHV��
DQG���ZHUH�FDUULHG�RXW�ZLWK�WKH�ZDWHU�VXSSO\�WDQN�KHLJKW
VHW�DW�4��RU�4���ZKHUHDV�WHVWV�RQ�6DPSOHV���DQG���
ZKLFK�LQYROYHG�3(7�DQG�39&�SODVWLF�SDUWLFOHV�RI�ODUJHU
VL]H��ZHUH�FRQGXFWHG�XVLQJ�RQO\�WKH�WDQN�KHLJKWV�4�
DQG�4���)RU�DOO�VDPSOHV��WKH�GXUDWLRQ�RI�HDFK�H[SHULPHQW
ZDV�DSSUR[LPDWHO\�WKUHH�PLQXWHV�
)LJ�� �� VKRZV� WKH� SHUFHQWDJH� LQ�ZHLJKW� RI�PDWHULDO
DFFXPXODWHG�ZLWKLQ�HDFK�FKDPEHU�DQG�H[SHOOHG�WKURXJK
WKH� RXWSXW� QR]]OHV� IRU� DOO� FRPSRVLWH� VDPSOHV� DQG
K\GUDXOLF�KHDGV�
7R� TXDQWLI\� WKH� VHSDUDWLRQ� HIILFDF\�� WKH� IROORZLQJ
TXDQWLWLHV�DUH�LQWURGXFHG�
�����WKH�JUDGH�RI�XVHIXO�PDWHULDO�LQ�WKH�XVHIXO�IUDFWLRQ�
WKLV�LV�HTXDO�WR� WKH�UDWLR�RI�WKH�ZHLJKW�RI�WKH�XVHIXO
PDWHULDO� WR� WKH� WRWDO�ZHLJKW�RI� WKH� UHFRYHUHG�XVHIXO
IUDFWLRQ�� H[SUHVVHG� DV� D� SHUFHQWDJH�� LW� SURYLGHV� DQ
LQGLFDWLRQ� RI� WKH� XVHIXO� SURGXFW� DQG� FRQWDPLQDQW
FRQWHQW�LQ�WKH�FRQFHQWUDWHG�SURGXFW�
�����WKH�UHFRYHU\�RI�XVHIXO�PDWHULDO��WKLV�LV�HTXDO�WR�WKH
UDWLR�RI�WKH�ZHLJKW�RI�WKH�UHFRYHUHG�XVHIXO�PDWHULDO�WR
WKH�ZHLJKW� RI� WKH� XVHIXO�PDWHULDO� LQ� WKH� VDPSOH�
H[SUHVVHG�DV�D�SHUFHQWDJH��LW�SHUPLWV�WKH�FRPSDULVRQ
RI�WKH�DPRXQW�RI�XVHIXO�PDWHULDO�LQ�WKH�FRQFHQWUDWHG
SURGXFW�DQG�LQ�WKH�VDPSOH�
�����WKH�FRQFHQWUDWLRQ�UDWH��WKLV�LV�HTXDO�WR�WKH�UDWLR�RI
WKH�JUDGH�RI�WKH�XVHIXO�PDWHULDO� LQ�WKH�FRQFHQWUDWHG
SURGXFW�DQG� WKH�JUDGH�RI� WKH�XVHIXO�PDWHULDO� LQ� WKH
VDPSOH��KLJK�YDOXHV�RI�WKH�FRQFHQWUDWLRQ�UDWH��ZKLFK
YDULHV�EHWZHHQ���DQG��������WKH�JUDGH�RI�XVHIXO�PDWHULDO
LQ�WKH�VDPSOH�LV�DOZD\V�HTXDO�WR�������DUH�DVVRFLDWHG
ZLWK�DQ�HIILFLHQW�VHSDUDWLRQ�
$W�WKH�ORZHVW�IORZ�UDWH��4����6DPSOH���UHDFKHV�D�JRRG

OHYHO�RI�SXULILFDWLRQ��$�KLJK�JUDGH�RI�39&�SDUWLFOHV
��������� LV� DFKLHYHG��DQG� WKLV� LV�DVVRFLDWHG�ZLWK�D
FRPSDUDEO\�KLJK�UHFRYHU\�YDOXH�RI���������7KH�XVH�RI
D� KLJKHU� IORZ� UDWH� LV�PRUH� SUREOHPDWLF� GXH� WR� WKH
H[FHVVLYH� GUDJ� RI� KHDYLHU� SDUWLFOHV�� GHWHUPLQLQJ� D
UHPDUNDEOH�GHFUHDVH�RI�UHFRYHU\�RI�XVHIXO�PDWHULDO�IURP
�������WR��������

6DPSOH����SULPDULO\�FRQVLVWLQJ�RI�36�SDUWLFOHV��LV
HIIHFWLYHO\�SXULILHG�XVLQJ�WKH�ORZHVW�IORZ�UDWH��$�KLJK
JUDGH����������LV�DFKLHYHG�DQG�LV�DVVRFLDWHG�ZLWK�DQ
H[FHOOHQW�UHFRYHU\�RI�XVHIXO�SURGXFW�����������$W�WKH
KLJKHU�IORZ�UDWH��4����D�FRQVLVWHQW�GUDJ�RI�39&�SODVWLFV
WRZDUG� WKH� H[LW� RFFXUV� �)LJ�� �E��� LQ� WKLV� FDVH�� WKH
UHFRYHU\� RI� WKH� XVHIXO� SKDVH� LV� DOPRVW� FRPSOHWH
���������EXW�WKH�PDWHULDO�LV�WRR�KHDYLO\�FRQWDPLQDWHG
E\� WKH�39&�SDUWLFOHV� WR�EH�XVHIXO��GHFUHDVLQJ�JUDGH
�IURP��������WR���������DQG�HVSHFLDOO\�FRQFHQWUDWLRQ
UDWH����������7KH�UHFRYHU\�RI�WKH�FRQWDPLQDQW�LQ�WKH
ZDVWH�IUDFWLRQ��QRW�VKRZQ�LQ�WKH�WDEOH��ZDV�HTXDO�WR
��������LQ�RWKHU�ZRUGV��DW�WKH�KLJKHU�IORZ�UDWH�4��DOPRVW
KDOI�RI�WKH�KHDY\�SDUWLFOHV�DUH�H[SHOOHG�IURP�WKH�GHYLFH
DQG�FRQWDPLQDWH�WKH�IUDFWLRQ�RI�XVHIXO�PDWHULDO��&OHDUO\�
WKH�XVH�RI�D�IORZ�UDWH�ODUJHU�WKDQ�4��ZLOO�GHWHUPLQH�D
GHWHULRUDWLRQ� RI� WKH� VHSDUDWLRQ� HIIHFWLYHQHVV� RI� WKH
DSSDUDWXV��5HPDUNDEO\��4��SURYLGHV�JRRG�UHVXOWV�LQ
YLHZ�RI�WKH�UHFRYHU\�RI�ERWK�PDWHULDOV�
7KH� VHSDUDWLRQ� WHVW� RI� 6DPSOH� �� DW�4�� OHDGV� WR� DQ
RSWLPDO�OHYHO�RI�SXULILFDWLRQ�RI�WKH�XVHIXO�PDWHULDO��)LJ�
�F���UHDFKLQJ�D�JUDGH�HTXDO�WR��������ZLWK�DQ�DOPRVW
WRWDO�UHFRYHU\�RI�PDWHULDO�����������6HSDUDWLRQ�DW�UDWH
4�� SURGXFHV� D� VPDOO� EHQHILW� LQ� WHUPV� RI� JUDGH�
LQFUHDVLQJ�LW�WR���������EXW�D�GHFUHDVH�RI�WKH�UHFRYHU\�
ZKLFK� LV� UHGXFHG� WR� ��������5HPDUNDEO\�� D�KLJKHU
K\GUDXOLF�KHDG�FRXOG�EH�MXVWLILHG�LQ�YLHZ�RI�DFKLHYLQJ
D�JUDGH�RI�FORVH�WR������IRU�WKH�XVHIXO�SKDVH��DOWKRXJK
WKLV�GHFUHDVHV�WKH�UHFRYHU\�

7KH�VHSDUDWLRQ�WHVW�RI�6DPSOH���DW�4��OHDGV�WR�DQ
H[FHOOHQW�OHYHO�RI�SXULILFDWLRQ�RI�WKH�XVHIXO�PDWHULDO
�JUDGH�HTXDO�WR���������ZLWK�UHFRYHU\�RI�XS�WR�������
�7DEOH�����ZKLOH�KLJKHU�K\GUDXOLF�KHDGV�SURGXFH�VPDOO
DGYDQWDJHV� LQ� WHUPV� RI� UHFRYHU\� RI� XVHIXO� SURGXFW
���������� ZLWK� D� VPDOO� ORVV� RI� JUDGH� ���������

7DEOH����8VHIXO�SKDVH�JUDGH��XVHIXO�SKDVH�UHFRYHU\�DQG�FRQFHQWUDWLRQ�UDWH�RU�HQULFKPHQW�IRU�FRPSRVLWH�WHVWV

7HVW�
8VHIXO�SKDVH�JUDGH�

����
8VHIXO�SKDVH�UHFRYHU\�

����
&RQFHQWUDWLRQ�UDWH��

6DPSOH���4�� ������ ������ ������
6DPSOH���4�� ������ ������ ������
6DPSOH���4�� ������ ������ ������
6DPSOH���4�� ������ ������ ������
6DPSOH���4�� ������ ������ ������
6DPSOH���4�� ������ ������ ������
6DPSOH���4�� ������ ������ ������
6DPSOH���4�� ������ ������ ������
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1RWLFHDEO\��4��RSWLPL]HV� WKH� VHSDUDWLRQ�RI� WKH� WZR
PDWHULDOV�LQ�6DPSOH����OHDGLQJ�WR�H[WUHPHO\�JRRG�UHVXOWV
ZKHQ�ERWK�IUDFWLRQV�PXVW�EH�UHFRYHUHG�

&21&/86,21
7KH� KLJK� WHPSRUDO� DQG� VSDWLDO� UHVROXWLRQ

WHFKQRORJLHV�HPSOR\HG�IRU� WKH� UHFRQVWUXFWLRQ�RI� WKH
IOXLG�G\QDPLF�ILHOG�LQVLGH�WKH�0XOWLGXQH�SHUPLWV�XV�WR
GUDZ�WKH�IROORZLQJ�FRQFOXVLRQV�
�������7KH�IORZ�ILHOG�ZLWKLQ�WKH�DSSDUDWXV�LV�FKDUDFWHUL]HG
E\� WKUHH� DUHDV�� WKH� PDLQ� WUDQVSRUW� FXUUHQW� DQG
UHFLUFXODWLRQ�DUHDV�DERYH�DQG�EHORZ�LW�LQ�HDFK�FKDPEHU�
������7KH�IOXLG�G\QDPLF�EHKDYLRU�LV�VXEVWDQWLDOO\�VLPLODU
LQ�HYHU\�FKDPEHU�H[FHSW�WKH�ILUVW�DQG�ODVW�RQHV��&��DQG
&����LQ�ZKLFK�WKH�LQOHW�DQG�RXWOHW�QR]]OHV�SUHYHQW�WKH
IRUPDWLRQ�RI�YRUWLFDO�VWUXFWXUHV�
������7KH�FKDUDFWHULVWLF�YHORFLW\�RI�WKH�SULQFLSDO�FXUUHQW
LV�VLJQLILFDQWO\�ODUJHU�WKDQ�WKH�YHORFLW\�ZLWKLQ�WKH�XSSHU
DQG�ORZHU�UHFLUFXODWLRQ�DUHDV��WKLV�DVSHFW�LV�DPSOLILHG
ZLWK�LQFUHDVLQJ�K\GUDXOLF�KHDG�DW�WKH�DSSDUDWXV�LQOHW�
������:LWK�YDULDWLRQ�LQ�WKH�K\GUDXOLF�KHDG��WKH�JHRPHWU\
RI�WKH�LQQHU�VWUXFWXUHV�GRHV�QRW�FKDQJH�DSSUHFLDEO\�
WKH�VL]H�RI�YRUWLFHV�EHORZ�DQG�DERYH�UHPDLQV�EDVLFDOO\
XQFKDQJHG�
� � � � ��$Q� LQFUHDVH� LQ� WKH� K\GUDXOLF� KHDG� �DQG
FRQVHTXHQWO\�LQ�WKH�IORZ�UDWH��KDV�D�JUHDWHU�HIIHFW�RQ
WKH� SULQFLSDO� FXUUHQW� UDWKHU� WKDQ� RQ� WKH� YRUWLFDO
VWUXFWXUHV�ZLWKLQ�WKH�FKDPEHUV�
7HVWV�RQ�PRQR�PDWHULDO�VDPSOHV�DW�GLIIHUHQW�K\GUDXOLF
KHDGV� DOORZ� DQ� XQGHUVWDQGLQJ� RI� WKH� LQIOXHQFH� RI
SDUWLFOH�GHQVLW\�DQG�GLDPHWHU�RQ�WKH�EHKDYLRU�RI�VDPSOH
SDUWLFOHV�LQVLGH�WKH�0XOWLGXQH��%DVHG�RQ�WKHVH�WHVWV�
WKH�IROORZLQJ�FRQFOXVLRQV�ZHUH�PDGH�
������/LJKW�SDUWLFOHV��36�DQG�3(7�SODVWLFV��DUH�H[SHOOHG
IURP�WKH�DSSDUDWXV�UHJDUGOHVV�RI�WKH�K\GUDXOLF�KHDG�
WKH�LQIOXHQFH�RI�WKH�SDUWLFOH�VL]H�DSSHDUV�QHJOLJLEOH�
������7KH�EHKDYLRU�RI�KHDY\�SDUWLFOHV��39&��GHSHQGV
RQ�ERWK�WKH�K\GUDXOLF�KHDG�DQG�VL]H��6PDOOHU�SDUWLFOHV
WHQG�WR�VHWWOH�RQO\�LI�WKH�IORZ�UDWH�LV�ORZ��ZKLOH�ODUJHU

�

��

��

��

��

��

��

��

��

&� &� &� &� &� &� &� &� (VS�

:
HL
JK
W��
�
�

3(7�6DPSOH���4�

39&�6DPSOH���4�

3(7�6DPSOH���4�

39&�6DPSOH���4�
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RXWSXW�QR]]OHV

SDUWLFOHV�VHWWOH�DW�HDFK�K\GUDXOLF�KHDG�WHVWHG�
������7KH�ODUJHVW�DPRXQW�RI�PDWHULDO�DOZD\V�VHWWOHV�LQ
WKH�WKLUG�FKDPEHU��UHJDUGOHVV�RI�WKH�K\GUDXOLF�KHDG
DQG�W\SH�RI�PDWHULDO�VHSDUDWHG�
������7KH�DPRXQW�RI�PDWHULDO�VHWWOLQJ�LQ�WKH�ILUVW�DQG�ODVW
FKDPEHUV�LV�UHGXFHG�GXH�WR�WKH�SUHVHQFH�RI�LQOHW�DQG
RXWOHW�QR]]OHV�
������3DUWLFOHV�WKDW�DUH�QRW�H[SHOOHG�WHQG�WR�VHWWOH�LQ�WKH
VDPH�FKDPEHUV�UHJDUGOHVV�RI�WKHLU�GHQVLW\�DQG�GLDPHWHU�
WKLV�VXJJHVWV�WKDW�LW�LV�SRVVLEOH�WR�DFKLHYH�D�GLIIHUHQWLDO
VHSDUDWLRQ�RI�SODVWLF�SDUWLFOHV�RQO\�EHWZHHQ�H[SHOOHG
DQG�VHWWOHG�PDWHULDO�DQG�QRW�DFFRUGLQJ�WR�WKH�FKDPEHU�

7KH�DQDO\VLV�RI�LPDJHV�DFTXLUHG�XVLQJ�DFWLYH�WUDFHU
SDUWLFOHV��L�H���WKH�VDPH�SODVWLF�SDUWLFOHV�HPSOR\HG�IRU
ERWK�PRQR�PDWHULDO�DQG�FRPSRVLWH�VDPSOH�VHSDUDWLRQ
WHVWV��DOORZHG�XV�WR�REVHUYH�WKH�WUDMHFWRULHV�RI�SDUWLFOHV
ZLWKLQ�WKH�0XOWLGXQH��7KHVH�UHVXOWV�OHG�WR�WKH�IROORZLQJ
FRQFOXVLRQV�
������:KLOH�WUDYHUVLQJ�HDFK�FKDPEHU�RI�WKH�0XOWLGXQH�
SDUWLFOHV� LQWHUDFW� ZLWK� WKH� ORZHU� UHFLUFXODWLRQ� DUHD
UHJDUGOHVV� RI� WKHLU� GHQVLW\� DQG� DYHUDJH� GLDPHWHU�
EHFDXVH� OLJKWHU�SDUWLFOHV� XQGHUJR� DQ� XSZDUG� WKUXVW
DQG�LQWHUDFW�DJDLQ�ZLWK�WKH�SULQFLSDO�FXUUHQW��WKH\�DUH
WKHUHIRUH�OLNHO\�WR�SURFHHG�IRUZDUG�LQ� WKH�FKDPEHUV
DQG�EH�H[SHOOHG��%HFDXVH�KHDYLHU�SDUWLFOHV�DUH�PRUH
GLIILFXOW�WR�GUDJ��WKH\�UHPDLQ�WUDSSHG�LQ�WKH�FKDPEHU�LI
WKH�URWDWLQJ�PRWLRQ�LV�QRW�SDUWLFXODUO\�LQWHQVH��L�H���DW
ORZ�IORZ�UDWHV���+RZHYHU�� OLJKW�DQG�KHDY\�SDUWLFOHV
DOZD\V� XQGHUJR� URWDWLQJ� PRWLRQ� LQ � WKH� ORZHU
UHFLUFXODWLRQ�DUHDV�
������7KH�YHORFLW\�ILHOG�LV�ODUJHU�LQ�&��WKDQ�HOVHZKHUH�
VHSDUDWLRQ�LV�WKXV�LQKLELWHG�LQ�&���ZKLOH�SDUWLFOHV�WHQG
WR�VHWWOH�SULQFLSDOO\�LQ�&��
� � � � ��+HDYLHU� SDUWLFOHV� WHQG� WR� DFFXPXODWH�� LI� WKH
K\GUDXOLF�KHDG�LV�KLJK�HQRXJK��GHSRVLWV�DUH�JUDGXDOO\
HURGHG�XQWLO�WKH�FRPSOHWLRQ�RI�PDWHULDO�GLVFKDUJH�
� � � � ��7KH� SUHVHQFH� RI� VHWWOHG� PDWHULDO� OHVVHQV� WKH
OLNHOLKRRG�WKDW�QHZ�SDUWLFOHV�ZLOO�VHWWOH��WKXV�IRUFLQJ
SDUWLFOHV�WR�VHWWOH�LQ�WKH�VXEVHTXHQW�FKDPEHUV�

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
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'HFRQWDPLQDWLRQ�WHVWV�RI�FRPSRVLWH�VDPSOHV�FRQILUPHG
WKH�UHVXOWV�RI�WHVWV�RQ�PRQR�PDWHULDO�VDPSOHV��3ODVWLF
SDUWLFOHV� RI� GLIIHUHQW� GHQVLWLHV� FDQ� EH� HIIHFWLYHO\
VHSDUDWHG�LI�WKH�IORZ�UDWH�LV�VHW�WR�WKH�DSSURSULDWH�YDOXH�
1RWDEO\��UHFLSURFDO�FRPSHWLWLRQ�EHWZHHQ�SDUWLFOHV�RI
GLIIHUHQW� VSHFLILF� PDVV� LV� QHJOLJLEOH�� L�H��� UHVXOWV
REWDLQHG�ZLWK� FRPSRVLWH� VDPSOHV� DUH� DQDORJRXV� WR
UHVXOWV�REWDLQHG�ZLWK�PRQR�PDWHULDO�VDPSOHV�

5()(5(1&(6
$GULDQ�� 5�� -�� �������� 3DUWLFOH� LPDJLQJ� WHFKQLTXHV� IRU
H[SHULPHQWDO� IOXLG�PHFKDQLFV��$QQXDO� 5HYLHZ�RI� )OXLG
0HFKDQLFV���������±����

$KPDG�� 6�� 5�� ��������$�QHZ� WHFKQRORJ\� IRU� DXWRPDWLF
LGHQWLILFDWLRQ� DQG� VRUWLQJ� RI� SODVWLFV� IRU� UHF\FOLQJ�
(QYLURQPHQWDO�7HFKQRORJ\��������������±����

%XFKDQ��5�� DQG�<DUDU�� %�� �������� 5HFRYHULQJ� SODVWLFV� IRU
UHF\FOLQJ�E\�PLQHUDO�SURFHVVLQJ� WHFKQLTXHV��7KH�-RXUQDO�RI
WKH�0LQHUDOV��0HWDOV�	�0DWHULDOV�6RFLHW\������ ��±���

'H�6HQD��*���1DUGL��&���&HQHGHVH��$���/D�0DUFD��)���0DVVDFFL�
3�� DQG�0RURQL�� 0�� �������� 7KH�+\GUDXOLF� 6HSDUDWRU
0XOWLGXQH�� 3UHOLPLQDU\�7HVWV� 2Q�)OXLG�'\QDPLF�)HDWXUHV
$QG�3ODVWLF� 6HSDUDWLRQ�)HDVLELOLW\��:DVWH�0DQDJHPHQW����
���������������

'LQJHU�� 3�� ��������$XWRPDWLF� VRUWLQJ� IRU�PL[HG� SODVWLFV�
%LR&\FOH���������� ��±��

*HQW��0��5���0HQHQGH]��0���7RUDxR�� -��DQG�'LHJR��,�� �������
5HF\FOLQJ�RI� SODVWLF�ZDVWH�E\�GHQVLW\�VHSDUDWLRQ��SURVSHFWV� IRU
RSWLPL]DWLRQ��:DVWH�0DQDJHPHQW�DQG�5HVHDUFK��������������

+HDUQ��*��/��DQG�%DOODUG��-��5����������7KH�XVH�RI�HOHFWURVWDWLF
WHFKQLTXHV� IRU� WKH� LGHQWLILFDWLRQ� DQG� VRUWLQJ� RI� ZDVWH
SDFNDJLQJ�PDWHULDOV��5HVRXUFHV��&RQVHUYDWLRQ�DQG�5HF\FOLQJ�
������±���

+RUQ��%��.��3��DQG�6FKXQN��%��*����������'HWHUPLQLQJ�RSWLFDO
IORZ��$UWLI��,QWHOO������� ��������

-RG\�� %�� -�� DQG�'DQLHOV��(��-�� ��������(QG�RI�OLIH�9HKLFOH
5HF\FOLQJ��7KH�6WDWH�RI�WKH�$UW�RI� UHVRXUFH�5HFRYHU\�IURP
6KUHGGHU�5HVLGXH��$1/�(6'�����������S��1DWLRQDO�7HFKQLFDO
,QIRUPDWLRQ� 6HUYLFH��86� 'HSDUWPHQW� RI� &RPPHUFH�
6SULQJILHOG��9$� ������� 86$�� KWWS���ZZZ�HV�DQO�JRY�
(QHUJ\BV\VWHPV�SXEOLFDWLRQV�IDFW

.LQRVKLWD��7���2NDPRWR��.���<DPDJXFKL��.�� DQG�$NLWD��6�
��������6HSDUDWLRQ�RI�SODVWLF�PL[WXUHV�XVLQJ�OLTXLG�IOXLGL]HG
EHG�WHFKQRORJ\��&KHPRVSKHUH���������±����

/D�3RUWD��$���9RWK��*��$���&UDZIRUG��$��0���$OH[DQGHU�� -�
DQG�%RGHQVFKDW]��(�� ��������)OXLG�SDUWLFOH� DFFHOHUDWLRQV� LQ
IXOO\�GHYHORSHG�WXUEXOHQFH��1DWXUH������� ����������

0HQpQGH]��0���*HQW��0���7RUDxR�� -�� DQG�'LHJR�� ,�� �������
2SWLPL]DWLRQ�RI�PXOWLJUDYLW\�VHSDUDWLRQ�IRU�UHFRYHU\�RI�XOWUDILQH
FRDO��0LQHUDOV�	�0HWDOOXUJLFDO�3URFHVVLQJ���������±����

0RURQL��0��DQG� &HQHGHVH��$�� ��������&RPSDULVRQ� DPRQJ
IHDWXUH� WUDFNLQJ� DQG�PRUH� FRQVROLGDWHG� YHORFLPHWU\� LPDJH
DQDO\VLV� WHFKQLTXHV� LQ� D� IXOO\� GHYHORSHG� WXUEXOHQW� FKDQQHO
IORZ��0HDVXUHPHQW�6FLHQFH�DQG�7HFKQRORJ\����������������

0RURQL��0���&XVKPDQ�� -��+�� DQG�&HQHGHVH��$�� ��������$
�'�379� 7ZR�SURMHFWLRQ� 6WXG\� RI� 3UH�DV\PSWRWLF
'LVSHUVLRQ� LQ�3RURXV�0HGLD�ZKLFK� DUH�+HWHURJHQHRXV� RQ
WKH�%HQFK�6FDOH��,QWHUQDWLRQDO�-RXUQDO�RI�(QJLQHHULQJ�6FLHQFH�
������������������

0RURQL��0��� .OHLQIHOWHU��1�� DQG�&XVKPDQ�� -��+�� �������
$OWHUQDWLYH�0HDVXUHV�RI�'LVSHUVLRQ�$SSOLHG� WR� )ORZ� LQ� D
&RQYROXWHG�&KDQQHO��$GYDQFHV�LQ�:DWHU�5HVRXUFHV���������
��������

1LEODFN��:�� ��������$Q� LQWURGXFWLRQ� WR� GLJLWDO� LPDJH
SURFHVVLQJ�� �3UHQWLFH�+DOO� ,QWHUQDWLRQDO��

1RJXHLUD��-���/HFXRQD��$��DQG�5RGUtJXH]��3��$����������/RFDO
�HOG� FRUUHFWLRQ� 3,9�� LPSOHPHQWHG� E\� PHDQV� RI� VLPSOH
DOJRULWKPV�� DQG�PXOWLJULG� YHUVLRQV��0HDVXUHPHQW�6FLHQFH
DQG�7HFKQRORJ\����������±�����

3ODVWLFV� ,QWHUQDWLRQDO�� ��������0HFKDQLFDO� SURSHUWLHV�
3ODVWLFV� ,QWHUQDWLRQDO�� 0DWHULDO� SURSHUWLHV�� KWWS���
Z Z Z � S O D V W L F V L Q W O � F R P �
VRUWDEOHBPDWHULDOV�SKS"GLVSOD\ HOHFWULFDO� �DFFHVVHG� ��
2FWREHU�������

3ODVWLFV�(XURSH�������D���$Q�DQDO\VLV�RI�SODVWLFV�SURGXFWLRQ�
GHPDQG� DQG� UHFRYHU\� IRU������ LQ�(XURSH�� 3ODVWLFV(XURSH�
��� SS�

3ODVWLFV�(XURSH�� �����E���3UHVV�5HOHDVH� ��0D\������� ��S�
$VVRFLDWLRQ�RI� 3ODVWLFV�0DQXIDFWXUHUV� LQ�(XURSH� �$,6%/��
%UXVVHOV��%HOJLXP�

3ODVWLFV�(XURSH�� �������� 3ODVWLFV� �� WKH� )DFWV� ������$Q
DQDO\VLV� RI� (XURSHDQ� SODVWLFV� SURGXFWLRQ�� GHPDQG� DQG
UHFRYHU\� IRU� ������$VVRFLDWLRQ� RI� 3ODVWLFV�0DQXIDFWXUHUV
LQ�(XURSH��$,6%/���%UXVVHOV��%HOJLXP�

5DIIHO��0���:LOOHUW�� &���:HUHO\�� 6�� DQG�.RPSHQKDQV�� -�
�������� 3DUWLFOH� ,PDJH�9HORFLPHWU\��$� 3UDFWLFDO� *XLGH�
�+HLGHOEHUJ��6SULQJHU��

6DGDW�6KRMDL��0��DQG�%DNKVKDQGHK��*��5����������5HF\FOLQJ�RI
39&�ZDVWHV��3RO\PHU�'HJUDGDWLRQ�DQG�6WDELOLW\��������������

6KHQW��+���3XJK��5��-��DQG�)RUVVEHUJ��(����������$�UHYLHZ�RI
SODVWLFV�ZDVWH�UHF\FOLQJ�DQG�WKH�IORWDWLRQ�RI�SODVWLFV��5HVRXU�
&RQVHUY��5HF\���������±����

6KLQGOHU��/���0RURQL��0��DQG�&HQHGHVH��$����������6SDWLDO±
WHPSRUDO� LPSURYHPHQWV� RI� D� WZR�IUDPH� SDUWLFOH�WUDFNLQJ
DOJRULWKP��0HDVXUHPHQW� 6FLHQFH� DQG�7HFKQRORJ\�� ���
�������

7LOPDWLQH��$���0HGOHV��.���%HQGLPHUDG��6��(���%RXNKROGD��)�
DQG�'DVFDOHVFX�� /�� �������� (OHFWURVWDWLF� VHSDUDWRUV� RI
SDUWLFOHV��$SSOLFDWLRQ� WR� SODVWLF�PHWDO��PHWDO�PHWDO� DQG
SODVWLF�SODVWLF�PL[WXUHV��:DVWH�0DQDJHPHQW������ ���±����

:HL��-��DQG�5HDOII��0��-����������'HVLJQ�DQG�RSWLPL]DWLRQ�RI
GUXP�W\SH� HOHFWURVWDWLF� VHSDUDWRUV� IRU� SODVWLFV� UHF\FOLQJ�
,QGXVWULDO� DQG�(QJLQHHULQJ�&KHPLVWU\�5HVHDUFK����� �����
����±�����

:HOOH�� )�� ��������7ZHQW\� \HDUV� RI� 3(7� ERWWOH� WR� ERWWOH
UHF\FOLQJ²$Q� RYHUYLHZ�� 5HVRXUFHV��&RQVHUYDWLRQ� DQG
5HF\FOLQJ�������������������

0RURQL��0��HW�DO�
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5HFHLYHG� ��� -DQ�� ����� � � � � � � �� � �� � �� ��5HYLVHG����0D\������ �� �� � � �� � � � �� � �$FFHSWHG����-XO\�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��QRRUSRRU#XW�DF�LU

���

,QIOXHQFH�RI�$FRXVWLF�ZDYHV�RQ�'HSRVLWLRQ�DQG�&RDJXODWLRQ�RI�ILQH�3DUWLFOHV

1RRUSRRU��$��5����6DGLJK]DGHK��$���DQG�+DELEQHMDG��+��

��*UDGXDWH�)DFXOW\�RI�(QYLURQPHQW��8QLYHUVLW\�RI�7HKUDQ��7HKUDQ��,UDQ
�$LU��(QHUJ\�DQG�(QYLURQPHQW�LQVWLWXWH�RI�XQLYHUVLW\�RI�7HKUDQ��7HKUDQ��,UDQ

$%675$&7�7KH� UHPRYDO� RI� ILQH�SDUWLFOHV� OHVV� WKDQ� ����ȝP� LQ�GLDPHWHU� JHQHUDWHG� IURP� LQGXVWULDO� SODQWV
UHSUHVHQWV�D�VHULRXV�FKDOOHQJH�LQ�DLU�SROOXWLRQ�DEDWHPHQW��7KHVH�SDUWLFOHV�FDQ�SHQHWUDWH�GHHSO\� LQWR� WKH� OXQJV
DQG�DUH�GLIILFXOW� WR�UHPRYH�E\�F\FORQHV��HOHFWURVWDWLF�SUHFLSLWDWRUV��DQG�RWKHU� FRQYHQWLRQDO�VHSDUDWLRQ�GHYLFHV�
,Q� WKLV�SDSHU�� WKH� LQIOXHQFH� RI� DFRXVWLF� ZDYHV�RQ� UHPRYLQJ�DHURVRO� SDUWLFOHV� IURP�JDV� IOXH� LV� VWXGLHG�� 7KH
PHFKDQLVP� RI� WKLV� HIIHFW� LQFOXGHV� WKH� FRDJXODWLRQ� RI� QDQRPHWHU� SDUWLFOHV� WR� HDFK�RWKHU� DQG� IRUPV� ODUJHU
SDUWLFOHV��0RUHRYHU�WKHVH� SDUWLFOHV� DGKHUH� WR� WKH�ZDOO� RI� WKH� WHVW�ULJ� SLSH�E\� WKH� DFRXVWLF� SUHFLSLWDWLRQ
PHFKDQLVP��7KHUHIRUH�� WKH� SDUWLFOHV� DUH�VHSDUDWHG�IURP�WKH� JDV�IOXH��([SHULPHQWV�DUH�FDUULHG�RXW�RQ�SDUWLFOH
VL]HG�LQ�WKH�UDQJH�RI����������QP��0LFUR�VSKHUH�SDUWLFOHV�LPPHUVHG�LQ�WKH�DLU�DUH�VXEMHFWHG�WR�KRPRJHQHRXV
SODQH�VWDQGLQJ�ZDYHV�DW�IUHTXHQFLHV�UDQJLQJ�IURP�����+]�XS�WR���N+]�DQG�D�SUHVVXUH�OHYHO�RI�����WR�����G%�
$W�KLJK�SUHVVXUH� OHYHOV�WKH� UHVXOWV� LQGLFDWH�WKDW� WKH�V\VWHP�KDV�KLJK� HIILFLHQF\�IRU� UHPRYLQJ�ILQH�SDUWLFOHV�

.H\� �ZRUGV��$HURVRO�&RDJXODWLRQ��3DUWLFOH��$FRXVWLF�:DYH

,1752'8&7,21
$LU� TXDOLW\� GHJUDGDWLRQ� GXH� WR� ILQH� SDUWLFOHV

HPLVVLRQ�IURP�LQGXVWULDOL]HG�DQG�XUEDQ�DUHDV�KDV�EHHQ
FRQVLGHUHG�E\�ORWV�RI�UHVHDUFKHUV�GXULQJ�UHFHQW�GHFDGHV
��0RQWHUR�/RUHQ]R�HW�DO���������&XL�HW�DO���������4XHVDGD�
5XELR�HW�DO���������=RX�HW�DO���������:DQJ�HW�DO��������
1DYD�0DUWLQH]�HW�DO���������-LPHQH]�HW�DO���������/HH�HW
DO���������)RWRXKL�DQG�0RQWD]HUL��������1HMDGNRRUNL
DQG�%DURXWLDQ��������.DWVXUD��������&KLDQHVH�HW�DO��
������%DODEDQRYD�HW�DO���������$WDHL�HW�DO���������%DUUHUD
HW�DO����������,W�LV�ZHOO�NQRZQ�WKDW�D�JUHDW�SRUWLRQ�RI�WKH
DPELHQW� ILQH� SDUWLFOHV� RULJLQDWLQJ� IURP� FRPEXVWLRQ
VRXUFHV�LQFOXGLQJ�IRVVLO�IXHO�SRZHU�SODQWV��FHPHQW�NLOQV�
DQG� YHKLFOH� VRXUFH� FRQYHQWLRQDO� SDUWLFOH� UHPRYDO
V\VWHPV� VXFK� DV� HOHFWURVWDWLF� SUHFLSLWDWRUV� DQG
F\FORQHV��GR�QRW�KDYH�JUHDW�HIILFLHQF\�LQ�ILQH�SDUWLFOHV
ZLWK�VL]HV�OHVV�WKDQ�D�PLFURPHWHU��:HL�DQG�7HQJ��������
$FRXVWLF�DJJORPHUDWLRQ� LV�D�SURFHVV�LQ�ZKLFK�VPDOO
DHURVRO�SDUWLFOHV�DJJORPHUDWH�ZLWK�ODUJHU�RQHV�DQG�ZLWK
HDFK�RWKHU�WR�HOLPLQDWH�VPDOO�SDUWLFOHV� IURP�WKH�JDV
VWUHDP� �7LPRVKHQNR����� DQG� /LX�� ������� 0DQ\
H[SHULPHQWDO� LQYHVWLJDWLRQV� KDYH� SURYHQ� WKDW� WKLV
PHFKDQLVP� LQFUHDVHV� WKH� VL]H� RI� WKH� SDUWLFOHV� DQG
WKHUHIRUH�FDQ�OHDG� WR� LPSURYHPHQW� LQ�WKH�FROOHFWLRQ
HIILFLHQF\�RI�VRPH�FRQYHQWLRQDO�DLU�ILOWHUV��*DOOHJR�-��$�
������5LHUD�)UDQFR�GH�6DUDELD��������0ROGDYVN\�/�

�������)URP�����G%�RI�DFRXVWLF�SUHVVXUH�OHYHO�� WKH
WXUEXOHQFH�FRQGLWLRQ� LV�FUHDWHG�LQ� WKH�H[SHULPHQWDO
FKDPEHU� �6DGLJK]DGHK�� �������$W� D� SUHVVXUH� OHYHO
KLJKHU�WKDQ�����G%��WKH�PHGLD�LQ�WKH�H[SHULPHQWDO
FKDPEHU�LV�WRWDOO\�WXUEXOHQW��$ERYH����G%��WKLV�YDOXH
FRUUHVSRQGV� WR� WKH� JUHDW� HQKDQFHPHQW� RI� DFRXVWLF
WXUEXOHQFH��WKH�DJJORPHUDWLRQ�HIILFLHQF\�LV�VWURQJO\
UHLQIRUFHG� DQG� D� SKHQRPHQRQ� RI� SUHFLSLWDWLRQ� LV
REVHUYHG��,Q�WXUEXOHQW�FRQGLWLRQV��GHSHQGLQJ�RQ�WKHLU
GLPHQVLRQV�� WKH� DHURVRO�SDUWLFOHV�DUH� LQIOXHQFHG�E\
WKH� IRUFHV� SURYRNHG�ZDYHV�� 8QGHU� KLJK� DFRXVWLF
LQWHQVLW\��WZR�H[WUD�PHFKDQLVPV�GLUHFWO\�OLQNHG�WR�WKH
DSSHDUDQFH�RI�WXUEXOHQFH��DUH�UHVSRQVLEOH�IRU�SDUWLFOH
DJJORPHUDWLRQ�� ,QHUWLDO� WXUEXOHQW� LQWHUDFWLRQV� DUH
SURGXFHG�EHWZHHQ�SDUWLFOHV�RI�GLIIHUHQW�LQHUWLD��ZKLFK
DUH�PRUH�RU�OHVV�FDUULHG�DORQJ�WKH�HGG\LQJ�PRWLRQ�
'LIIXVLRQDO� WXUEXOHQW� LQWHUDFWLRQV� DUH� SURGXFHG
EHWZHHQ� SDUWLFOHV� RI� WKH� VDPH� VL]H� FDUULHG� E\� WZR
DGMDFHQW� HGGLHV� �&KRX�� /HH� DQG� 6KDZ� ������� /�
+RIIPDQQ� KDV� VWXGLHG� WKH� FRDJXODWLRQ� RI� DHURVRO
SDUWLFOHV�LQ�WKH�UDQJH�RI�����QP�WR������QP�ZLWK�WKH
H[SHULPHQWDO�FRQGLWLRQV�RI�����G%�����+]�DQG�GXUDWLRQ
RI���VHFRQG��+H�REVHUYHG��DV�DQ�LQIOXHQFH�RI�DFRXVWLF
ZDYHV��DERXW�����RI�WKH�SDUWLFOH�PDVV�RI�DOO�VWDJHV
EHORZ�����P�ZHUH�PRYHG�LQWR�WKH�VL]H�UDQJH�DERYH���
�P��DQG�IRU�SDUWLFOHV�FROOHFWHG�LQ�WKH����P�VWDJH��D



���

1RRUSRRU��$��5��HW�DO�

UHGXFWLRQ� RI� DERXW� ���� RI� WKH� PDVV�ZDV� DFKLHYHG
�+RIIPDQQ���������7KLV�UHVHDUFK�HYDOXDWHV�WKH�HIIHFW
RI�DFRXVWLF�ZDYHV�RQ�WKH�LQFUHDVH�RI�PHDQ�VL]HV�RI�ILQH
SDUWLFOHV�DQG�FRPSDUHV�WKH�H[SHULPHQWDO�UHVXOWV�WR�WKH
QXPHULFDO�PRGHO��0RQWH�&DUOR��7KLV�UHSRUW�GHDOV�ZLWK
WKH�VWXG\�RI�XVLQJ�DFRXVWLF�ZDYHV�LQ�RUGHU�WR�LQFUHDVH
SDUWLFOH�VL]HV�DQG�WR�VHSDUDWH�SDUWLFOHV�IURP�JDV�

7KHUH� DUH� WZR�PDLQ�PHFKDQLVPV� WKDW� GHVFULEH
DFRXVWLF�DJJORPHUDWLRQ�LQ�WKH�VRXQG�ILHOG��RUWKRNLQHWLF
DQG� K\GURG\QDPLF�� 0HGQLNRY� LQWURGXFHG� WKH
RUWKRNLQHWLF�DJJORPHUDWLRQ�SURFHVV��0HGQLNRY������
7HPNLQ�������,Q�WKLV�PHFKDQLVP��DHURVRO�SDUWLFOHV�ZLWK
YDULRXV�VL]HV�KDYH�GLIIHUHQW�HQWUDLQPHQW�IDFWRUV�LQ�WKH
RVFLOODWLQJ�JDV��ZKLFK�OHDGV�WR�UHODWLYH�PRWLRQ�EHWZHHQ
VXVSHQGHG� SDUWLFOHV�� 6LQFH� WKH� ODUJH� SDUWLFOHV� DUH
VWDWLRQDU\�EXW�VPDOO�SDUWLFOHV�DUH�PRYLQJ��VPDOO�SDUWLFOHV
QHDU�WKH�ODUJH�SDUWLFOHV�FRPH�LQWR�FRQWDFW�DQG�DGKHUH
WR�WKHP�LQ�RUGHU�WR�FDXVH�DJJORPHUDWLRQ��'RQJD�������
7KH�ODUJH�SDUWLFOHV�KDYH�D�FHUWDLQ�YROXPH��VR�WKDW�LI
DQ\�VPDOO�SDUWLFOH�H[LVWV��LW�DJJORPHUDWHV�ZLWK�WKH�ODUJH
SDUWLFOH��7KLV� YROXPH� LV� FDOOHG� WKH� DJJORPHUDWLRQ
YROXPH��'XULQJ�WKH�ILUVW�F\FOH��DQ\�VPDOO�SDUWLFOH�SUHVHQW
LQ� WKLV� YROXPH� LV� FROOHFWHG� E\� ODUJHU� RQHV�� EXW� WKH
SURFHVV� RI� DFRXVWLF� DJJORPHUDWLRQ�ZLOO� FRQWLQXH� E\
UHILOOLQJ�6FDWWHULQJ� LQWHUDFWLRQV�� K\GURG\QDPLF
LQWHUDFWLRQV��DQG�%URZQLDQ�PRWLRQ�DUH�WKH�PDLQ�UHILOO
PHFKDQLVPV� IRU� EHLQJ� ILOOHG� XS� ZLWK� WKH� DFRXVWLF
DJJORPHUDWLRQ� YROXPH� �6KHQJ� DQG� VKHQ� ������
$FRXVWLF�UDGLDWLRQ�SUHVVXUH�LV�JHQHUDWHG�ZKHQHYHU�DQ
DFRXVWLF�ZDYH� LV�HLWKHU�DEVRUEHG� RU�VFDWWHUHG�E\�DQ
REVWUXFWLQJ�REMHFW��7KLV�SKHQRPHQRQ� LV� LQGXFHG�E\
PRPHQWXP�DQG�OHDGV�WR�WKH�DWWUDFWHG�SDUWLFOHV��:KHQ
D�VLQJOH�SDUWLFOH�LV�LQ�D�PHGLXP��GXH�WR�VFDWWHUHG�ZDYHV
IURP�WKH�RWKHU�QHDUE\�SDUWLFOHV��VHFRQGDU\�UDGLDWLRQ
SUHVVXUH� LQIOXHQFHV� LW�� 7KLV� LV� D� VR�FDOOHG� PXWXDO
UDGLDWLRQ� SUHVVXUH� �053�� �5LHUD� ������� 5HFHQWO\�
VWXGLHV�VKRZ�WKDW�LI�WKH�FHQWUHOLQHV�RI�WZR�DGMDFHQW
SDUWLFOHV�DUH�DOLJQHG�RQ�WKH�DFRXVWLF�ZDYH�D[LV��WKH
IRUFH� EHWZHHQ� WKHP� EHFRPHV� UHSXOVLRQ�:LWK� DQ
LQFUHDVH�LQ�WKH�DQJOH��DWWUDFWLRQ�ZLOO�JRYHUQ�DQG�KDYH
D�PD[LPXP�RI������$OVR��VXFK�VWXGLHV�FRQILUP�WKDW�WKH
053� PHFKDQLVP� KDV� D� VKRUW�UDQJH� LQIOXHQFH
�*RQ]DOH]�������

,Q�DFRXVWLF�ZDNH�PHFKDQLVPV��SDUWLFOHV�LQWHUDFW
WKURXJK�WKH�VXUURXQGLQJ�IOXLG�GXH�WR�K\GURG\QDPLF
IRUFHV�DQG�DV\PPHWU\�RI�WKH�IORZ�ILHOG�DURXQG�HDFK
SDUWLFOH��6KDR]HQJ��������7KHVH�PHFKDQLVPV��ZKLFK
DUH�QRW�GHSHQGHQW�RQ� WKH�UHODWLYH�GLIIHUHQFHV�LQ� WKH
DFRXVWLF�SDUWLFOH�HQWUDLQPHQWV��FDQ�DFW�IURP�GLVWDQFHV
ODUJHU�WKDQ�WKH�DFRXVWLF�GLVSODFHPHQWV��DQG�KDYH�WR�EH
FRQVLGHUHG�WKH�PDLQ�PHFKDQLVP�LQ�WKH�DJJORPHUDWLRQ
RI�PRQR�GLVSHUVH�DHURVROV��ZKHUH�SDUWLFOHV�DUH�HTXDOO\
HQWUDLQHG��7LZDU\������+RIIPDQQ�������

0$7(5,$/6�	�0(7+2'6
)RU�VLPXODWLRQ�RI�WKH�DJJORPHUDWLRQ�SURFHVV�LQ�D

W\SLFDO� DJJORPHUDWLRQ� FKDPEHU�� WKH� '60&� �'LUHFW
6LPXODWLRQ�0RQWH�&DUOR��PHWKRG�XVHG�ZLWK�D�ILQLWH
YROXPH�9�KDV�EHHQ�HPSOR\HG��7KH�ILUVW�DVVXPSWLRQ�E\
WKH� VLPXODWLRQ�PRGHO� LV� WKDW� DHURVRO� SDUWLFOHV� DUH
VSKHULFDO�HYHQ�DIWHU�DJJORPHUDWLRQ�WDNHV�SODFH��7KH
FHOO�LV�WDNHQ�DV�D�PLFUR�HOHPHQWDO�YROXPH��L�H��VLPXODWHG
YROXPH���UHSUHVHQWLQJ�D�VXEV\VWHP�DW�DQ\�ORFDWLRQ�RI
WKH�DJJORPHUDWLRQ�FKDPEHU��7KLV�YROXPH�FRQWDLQV�D
VXVSHQVLRQ�RI�1��LQLWLDOO\��1

�
��VSKHULFDO�SDUWLFOHV�ZLWK

DQ�LQLWLDO�VL]H�GLVWULEXWLRQ��7KH�VHFRQG�DVVXPSWLRQ�E\
WKH� PRGHO� LV� WKDW� WKH� ERWK� ILOO�XS� HIILFLHQF\� DQG
DGKHVLRQ�HIILFLHQF\�HTXDO�XQLW��)XUWKHU�DVVXPSWLRQV
E\� WKH�PRGHO� DUH� WKDW� SDUWLFOH� FRQFHQWUDWLRQ� DQG
DFRXVWLF�YHORFLW\�DUH�XQLIRUP�DW�DQ\�FURVV�VHFWLRQ�RI
WKH� DJJORPHUDWLRQ� FKDPEHU�� 3HULRGLF� ERXQGDU\
FRQGLWLRQV�DUH�DVVXPHG�IRU�WKH�FHOO��L�H��SDUWLFOHV�PRYLQJ
RXW�RI�WKH�VLPXODWHG�YROXPH�DUH�UHSODFHG�LPPHGLDWHO\
E\� LGHQWLFDO� SDUWLFOHV�PRYLQJ� LQ�� 7KH� SDUWLFOH� DQG
DFRXVWLF�SURSHUWLHV� �H�J���SDUWLFOH� FRQFHQWUDWLRQ�DQG
VL]H�GLVWULEXWLRQ��DFRXVWLF�IUHTXHQF\�DQG�LQWHQVLW\��HWF��
LQ�WKH�VLPXODWHG�YROXPH�FDQ�EH�FKDQJHG�WR�DFFRXQW�IRU
WKH�YDULDWLRQV�RI�WKHVH�SURSHUWLHV�GXH�WR�PDQ\�IDFWRUV
LQ�WKH�SUDFWLFDO�SURFHVVHV��VXFK�DV�SDUWLFOH�GLVSHUVLRQ
DQG�GHSRVLWLRQ��WXUEXOHQW�IORZ��ERXQGDU\�FRQGLWLRQV�
VRXQG�DWWHQXDWLRQ��HWF��,Q�WKLV�VLPXODWLRQ��WKH�DHURVRO
V\VWHP� LV�FRQVLGHUHG�DV�D� KRPRJHQHRXV� VXVSHQVLRQ
RI�SDUWLFOHV�LQ�WKH�DLU�DW�URRP�WHPSHUDWXUH������.��DQG
DWPRVSKHULF�SUHVVXUH��7KH�ODVW�DVVXPSWLRQ�LV�WKDW�WKH
UHODWLYH�GLIIXVLRQ�UDWH�EHWZHHQ�SDUWLFOHV�HQKDQFHG�E\
WKH� DFRXVWLF�ZDYHV� LV� QHJOLJLEOH� LQ� FRPSDULVRQ� WR
LPSDFWLRQ�DQG� LQWHUFHSWLRQ� UDWHV��7KLV�PD\�EH� WUXH
ZKHQ�DFRXVWLF�LQWHQVLW\�LV�KLJK�DQG�SDUWLFOH�VL]HV�DUH
QRW�WRR�VPDOO��1HYHUWKHOHVV��WKH�XVH�RI�WKLV�DVVXPSWLRQ
LQ�WKH�PRGHO�WHQGV�WR�XQGHUHVWLPDWH�WKH�DJJORPHUDWLRQ
RI�YHU\�ILQH�SDUWLFOH��7KH�V\VWHP�LV�DVVXPHG�WR�EH�VWDWLF�
ZLWK�WUDYHOOLQJ�ZDYH�DFWLQJ�RQ�LW�VR�DV�WR�DYRLG�GHDOLQJ
ZLWK� WKH� WXUEXOHQFH� HIIHFWV� DQG� FRPSOH[� ERXQGDU\
FRQGLWLRQV��1HYHUWKHOHVV��LW�FDQ�EH�HDVLO\�H[WHQGHG�WR
FRYHU� WKHVH� HIIHFWV��)RU� D� IUDFWDO�OLNH� DJJUHJDWH�� LWV
HTXLYDOHQW�VL]H�LV�JHQHUDOO\�GHILQHG�DFFRUGLQJ�WR�WKH
ZHOO�NQRZQ�H[SRQHQW�ODZ�

7KH�SUH�IDFWRU�$�LQ�(TXDWLRQ���GHSHQGV�RQ�WKH
GHILQLWLRQ�RI�WKH�GLDPHWHU�DQG�WKH�IUDFWDO�GLPHQVLRQ��,W
LV�JHQHUDOO\�FORVH�WR����7KHUHIRUH��LW�ZDV�WDNHQ�DV���LQ
PDQ\�QXPHULFDO�VWXGLHV��,Q�WKH�SUHVHQW�ZRUN��$�LV�DOVR
VLPSO\�VHW�WR���ZKLOH�WKH�UHVHDUFK�LQWHUHVW�LV�IRFXVHG
RQ� WKH� HIIHFW� RI� WKH� IUDFWDO� GLPHQVLRQ�:KHUH�1

3�
LV

1XPEHU�RI�WKH�SULPDU\�SDUWLFOHV�LQ�WKH�DJJUHJDWH��U
�

DQG� U�DUH� WKH�5DGLXV� RI� WKH� SULPDU\�DQG� DJJUHJDWH
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SDUWLFOHV�� ,Q� WKH� DFRXVWLF� DJJORPHUDWLRQ� V\VWHP�
SDUWLFOHV�FROOLGH�DQG�FRQVHTXHQWO\�DJJORPHUDWH�GXH�WR
WKHLU� UHODWLYH�PRWLRQ�PDLQO\� LQGXFHG� E\� WKH� VRXQG
ZDYH��$VVXPLQJ� WKDW� WKH� FROOLVLRQV� DUH� ELQDU\�� DOO
FROOLVLRQV�OHDG�WR�DJJORPHUDWLRQ��DQG�ZKLOH�RQO\�WKH
DJJORPHUDWLRQ�RFFXUV�LQ�WKH�V\VWHP��WKH�HYROXWLRQ�RI
WKH�SDUWLFOH�QXPEHU�ZLWK�WLPH�FDQ�EH�GHVFULEHG�E\�WKH
FODVVLF�6PROXFKRZVNL�HTXDWLRQ�

:KHUH�
L�N
�UHIHU�WR�&ROOLVLRQ�UDWH�RU�WKH�DJJORPHUDWLRQ

IUHTXHQF\� IXQFWLRQ�DOVR� FDOOHG� WKH� DJJORPHUDWLRQ
NHUQHO��RI�WKH�SDUWLFOH�SDLU��L�DQG�N���Q

L
��SDUWLFOH�QXPEHU

FRQFHQWUDWLRQ�DQG�LWV�VHULHV��KHUH�L��LQ�WKH�DHURVRO

,Q�WKH�'60&�PHWKRG��WKH�SDUWLFOH�SDLUV�DUH�VHOHFWHG
E\� VWRFKDVWLF� JDPHV� EDVHG� RQ� WKH� FROOLVLRQ
SUREDELOLWLHV�WUDQVIRUPHG�IURP�WKH�FROOLVLRQ�UDWHV��$V�D
UHVXOW��WKH�WLPH�HYROXWLRQ�RI�WKH�SDUWLFOH�QXPEHU�DQG
SDUWLFOH� SURSHUWLHV� VXFK� DV� WKH� SDUWLFOH� VL]H� LV
UHSUHVHQWHG� E\� GLUHFWO\� VLPXODWLQJ� WKH� FROOLVLRQ�
DJJORPHUDWLRQ�RI�SDUWLFOH�SDLUV�LQ�WKH�VLPXODWHG�YROXPH
UDWKHU�WKDQ�E\�VROYLQJ�(TXDWLRQ������7R�IRUPXODWH�WKH
DJJORPHUDWLRQ�NHUQHO��WKH�DGGLWLYH�RI�WKH�FRQWULEXWLRQV
IURP� WKH� RUWKRNLQHWLF� DQG� K\GURG\QDPLF
DJJORPHUDWLRQV�DV�ZHOO�DV�IURP�%URZQLDQ�FRDJXODWLRQ
LV�WDNHQ�LQWR�DFFRXQW��)ROORZLQJ�6RQJ���������6RQJ
�������WKH�RUWKRNLQHWLF�NHUQHO�LV�H[SUHVVHG�DV�

7KH�K\GURG\QDPLF�DJJORPHUDWLRQ�LV�GULYHQ�E\
WKH�K\GURG\QDPLF�IRUFH�LQ�WKH�IOXLG�GXH�WR�WZR�SDUWLFOHV
FRPLQJ� FORVH� WR� HDFK� RWKHU�� ,Q� LGHDO� IOXLG�� WKH
K\GURG\QDPLF�DJJORPHUDWLRQ�IUHTXHQF\�IXQFWLRQ�FDQ
EH�GHVFULEHG�E\�WKH�FODVVLF�H[SUHVVLRQ�RI�.RQLJ�

$V� IRU� WKH�%URZQLDQ� FRDJXODWLRQ�� WKH� NHUQHO�
FRQVLGHULQJ� WKH� FRDJXODWLRQ� LQ� WKH� QHDU�FRQWLQXXP
UHJLPH�ZLWK�WKH�&XQQLQJKDP�FRUUHFWLRQ��LV�ZULWWHQ�DV�

.�LV�%ROW]PDQQ�FRQVWDQW�DQG�&
��
DQG�&

��
DUH�&XQQLQJKDP

FRUUHFWLRQ�IDFWRUV�IRU�WKH�WZR�DJJUHJDWHV�UHVSHFWLYHO\�
ZKLFK�DUH�GHSHQGHQW�RQ�WKH�SDUWLFOH�.QXGVHQ�QXPEHUV�
+HUH�
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:KHUH�WKH�FRQVWDQWV�D
�
��D

�
�DQG�D

�
�DUH�WDNHQ�DV�������

������DQG��������UHVSHFWLYHO\��IROORZLQJ��$OOHQ�DQG
5DDEH�������DQG�WKH�.QXGVHQ�QXPEHU�.Q�LV�GHILQHG�DV
.Q ��� ��G�XVLQJ�WKH�PHDQ�PROHFXODU�IUHH�SDWK
RI�DLU�� �DQG�WKH�SDUWLFOH�GLDPHWHU��G

7KH�SDUWLFOH�DJJORPHUDWLRQ�LQ�DQ�DFRXVWLF�ZDYH
DFWXDOO\�UHVXOWV�IURP�WKH�FRPELQHG�FRQWULEXWLRQV�RI�DOO
PHFKDQLVPV� LQYROYHG� LQ� WKH� SURFHVV�� LQFOXGLQJ� WKH
RUWKRNLQHWLF�DQG�K\GURG\QDPLF�PHFKDQLVPV�DQG�HWF�
$� OLQHDU� FRPELQDWLRQ� RU� D� VLPSOH� DGGLWLRQ� RI� WKH
DJJORPHUDWLRQ�NHUQHOV�ZDV�RIWHQ�DVVXPHG�WR�FDOFXODWH
WKH�RYHUDOO�DJJORPHUDWLRQ�UDWH��,Q�WKH�SUHVHQW�ZRUN�
WKH�VLPSOH�DGGLWLYH�PHWKRG�LV�DSSOLHG��L�H�

,Q�PRGHOLQJ��(T�����LV�XVHG�IRU�WKH�VLPXODWLRQ�RI�DFRXVWLF
DJJORPHUDWLRQ�

7KH�H[SHULPHQWDO�WHVW�ULJ�DQG�DSSDUDWXV�LV�VKRZQ
LQ�)LJ�����7KH�H[SHULPHQWDO�WHVW�VHWXS�EDVLFDOO\�FRQVLVWV
RI�DQ�DHURVRO�JHQHUDWRU��D�FDVFDGH�LPSDFWRU��D�SDUWLFOH
FRXQWHU�� DQ� DFRXVWLF� DJJORPHUDWLRQ±SUHFLSLWDWLRQ
FKDPEHU�DQG�D�VRXQG�VRXUFH��,W�LV�VHW�XS�RQ�WKH�LQVLGH
RI�D�JODVV�FROXPQ�ZLWK�D����FP�KHLJKW�DQG����FP�LQWHUQDO
GLDPHWHU�� 7KH� PRQR�GLVSHUVH� DQG� SRO\�GLVSHUVH
DHURVROV�RI�'�2�3��&
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XVHG�LQ�RXU�H[SHULPHQW�DUH�SURGXFHG�E\�WZR�DHURVRO
JHQHUDWRU�GHYLFHV��7�6�,��PRGHO�����DQG�*5,00�PRGHO
��������7KH�DFRXVWLF�ZDYHV�DUH�JHQHUDWHG�E\�D�KLJK
SRZHU�ORXG�VSHDNHU�����ZDWWV���7KH�VLQXVRLGDO�VLJQDO
LV�IHG�E\�D�VLJQDO�JHQHUDWRU�ZKLFK�LV�DPSOLILHG�ILUVW�E\
DQ�DXGLR�DPSOLILHU�EHIRUH�LW�LV�IHG�WR�D�ORXG�VSHDNHU�$
V\VWHP� RI� GLOXWLRQ� DOORZV� XV� WR� SURGXFH� DHURVRO
FRQFHQWUDWLRQV�DW�D�VFDOH�RI�����SDUWLFOHV�SHU�FP���7KH
IORZ�DLU�LV�DVVXUHG�E\�DQ�DLU�SXPS�7KH�H[SHULPHQW�LV
SHUIRUPHG�DW�URRP�WHPSHUDWXUH�DQG�SUHVVXUH�

5(68/76�	�',6&866,21
7KH�DFRXVWLF�FRDJXODWLRQ�DQG�SUHFLSLWDWLRQ�UDWH�LQ

RXU�VHW�XS�ZDV�PHDVXUHG�IRU�WKH�IUHTXHQFLHV�RI�����
���DQG�����+]�DQG�DOVR�D�YDULDWLRQ�RI�LQWHQVLW\�IURP
����WR�����G%��7KHVH�IUHTXHQFLHV�FRUUHVSRQG�WR�WKH
UHVRQDQFH� IUHTXHQFLHV� RI� WKH� XVHG� V\VWHP�� 7KH
FRDJXODWLRQ�DQG�SUHFLSLWDWLRQ�HIILFLHQF\�RI�WKH�V\VWHP
ZHUH�VWXGLHG�ZLWK�ILQH������QP��DQG�ODUJH�������QP�
SDUWLFOHV�� 7KH� SDUWLFOH� FRQFHQWUDWLRQ� XVHG� LV� ���

SDUWLFOHV�SHU�FP��DQG�WKH�HOHFWULFDO�SRZHU�LV�VHW�DW���
:DWWV��7KLV�VXSSO\�LV�DW�D�PD[LPXP����G%�RI�LQWHQVLW\
�SUHVVXUH�OHYHO��LQ�WKH�V\VWHP��7KH�FRDJXODWLRQ�UDWHLQ
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,QIOXHQFH�RI�$FRXVWLF�ZDYHV�RQ�'HSRVLWLRQ

WKH�V\VWHP�ZLWK������QP�SDUWLFOHV�LV�GHWHUPLQHG��)LJ�
���LQ�SUHVHQFH�RI�WKH�DFRXVWLF�ZDYH�����+]������G%��
7KH�DSSOLFDWLRQ�RI�DFRXVWLF�ZDYH�WLPH�LV�IL[HG�DW���
VHFRQGV��$V�LW�LV�VKRZQ��WKH�PDVV�SHUFHQWDJH�RI�ODUJH
SDUWLFOHV�LQFUHDVHG�XQGHU�VRXQG�SUHVVXUH��)RU�H[DPSOH�
WKH�SDUWLFOHV�LQ�WKH�UDQJH�RI�����������P�WUDQVIRUP�IURP
����WR�����DQG�WKH�PDVV�SHUFHQWDJH�RI�SDUWLFOHVLQ�WKH
UDQJH�RI�����WR�����P�ZKLFK�ZDV�LQLWLDOO\����LQFUHDVHG
WR������1XPHULFDO�PRGHOLQJ�UHVXOWV�SUHVHQWHG�LQ�)LJ���
VKRZV�D�SUDFWLFDOO\�JRRG�DJUHHPHQW�ZLWK�H[SHULPHQWDO
GDWD�
,Q� SUDFWLFH� WKH� HIILFLHQF\� RI� D� UHPRYDO� V\VWHP� LV
GHWHUPLQHG�E\�

( �±1
I
�1

L
���

7KH� HIILFLHQF\� RI� WKH� V\VWHP� LV� VWXGLHG� IRU
HOLPLQDWLRQ�RI�DHURVRO�SDUWLFOHV��7KH�IUHTXHQFLHV�XVHG
DUH�����+]�DQG�����+]�ZLWK�LQWHQVLWLHV�RI�����G%�DQG
���G%��UHVSHFWLYHO\��)LJ������,W�KDV�EHHQ�REVHUYHG�WKDW
WKH� DFRXVWLF� SUHFLSLWDWLRQ� HIILFLHQF\� LV� QHDU� �����
,QGHHG��SDUWLFOHV�LQ�WKH�FKDPEHU�DUH�FRDJXODWHG�DQG
DGKHUH�WR�WKH�FKDPEHU�ZDOO��7KH�SODFH�LQ�ZKLFK�SDUWLFOHV
DGKHUH�WR�WKH�ULP�LV�QRUPDO�DQG�GHSHQGV�RQ�WKH�ZDYH
OHQJWK�� ,Q� RXU � LQYHVWLJDWLRQ�� WKH� DFRXVWLF
SUHFLSLWDWLRQUDWH�LV�PHDVXUHG�ZLWK�DQ�DLU�IORZ�IL[HG�DW
����� OLW�KRXU� DQG� ���OLW�KRXU�� 7KH� IUHTXHQF\� DQG
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%HIRUH�DJJORPHUDWLRQ

DIWHU�DJJORPHUDWLRQ�([SHULPHQWDO�

$IWHU�DJJORPHUDWLRQ�1XPHULFDO�

SDUWLFOH�VL]H��PLFURQ�

P
DV
V�
�

)LJ������$JJORPHUDWLRQ�WHVW�RQ�FORVHG�FKDPEHU�ZLWKPRQR�GLVSHUVH����PLFURQ��DHURVRO�
I ���+]��3 ���:DWW��4 �

)LJ������6FKHPDWLF�RI�H[SHULPHQWDO�VHW�XS
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1R�DFRXVWLF�ZDYH
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1R�DFRXVWLF�ZDYH

4 �����/�KRXU

4 ����/�KRXU
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)LJ�����$JJORPHUDWLRQ�WHVW�RQ�FORVHG�FKDPEHU�ZLWK�PRQR�GLVSHUVH����PLFURQ��DHURVRO�
I ��������+]��3 ���:DWW��4 �

)LJ�����$FRXVWLF�SUHFLSLWDWLRQ�UDWH

VRXQG�SUHVVXUH� OHYHO�XVHG� DUH�����+]�DQG� ����G%�
UHVSHFWLYHO\��7KH�UHVXOW�RI�WKLV�LQYHVWLJDWLRQ�LV�VKRZQ
DV�PDVV�JUDQXORPHWULF�YDULDWLRQ��)LJ�����7KH�UHPRYDO
HIILFLHQF\�RI�WKH�V\VWHP�LV�KLJK��IRU�H[DPSOH�LW�DWWHQGV
WR�QHDU������DQG�����IRU�WKH�SDUWLFOHV�LQ�WKH�UDQJH�RI
���������P�GLDPHWHU�VL]H��ZLWK�D�IORZ�UDWH�RI�����/�K�DQG
�����/�K��UHVSHFWLYHO\��,Q�IDFW��ZLWK�LQFUHDVLQJ�DLU�IORZ�
WKH�UHVLGHQFH�WLPH�RI�SDUWLFOHV�LQ�WKH�FKDPEHU�GHFUHDVHV
DQG�DV�D�UHVXOW��WKH\�H[SRVH�OHVV�WLPH�WR�KLJK�LQWHQVLW\

DFRXVWLF� ZDYHV�� ,Q� WKLV� SURFHVV� WKH� SUREDELOLW\� RI
SDUWLFOH� FROOLVLRQ�ZLWK� RWKHU� SDUWLFOHV� DQG�ZLWK� WKH
FKDPEHU�ULP�LV�UHGXFHG��$V�D�UHVXOW��WKH�HIILFLHQF\�RI
SDUWLFOH� UHPRYDO� LQ� WKH� DFRXVWLF� SUHFLSLWDWRU� LV
GHFUHDVHG�7KH� UHPRYDO�HIILFLHQF\� RI� WKH�V\VWHP� IRU
WKH�ILQH�SDUWLFOHV��������QP��DUH�VWXGLHG��7KH�IUHTXHQF\
DQG�VRXQG�LQWHQVLW\�DUH�IL[HG�DW�����+]�DQG�����G%�
UHVSHFWLYHO\�� 7KH� SDUWLFOH� VL]HV� XVHG� LQ� WKLV
LQYHVWLJDWLRQ�DUH����QP�LQ�GLDPHWHU��2XU�H[SHULPHQWDO

SDUWLFOH�VL]H��PLFURQ�

SDUWLFOH�VL]H��PLFURQ�
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&21&/86,216
,Q� WKLV� ZRUN�� WKH� LQIOXHQFH� RI� DFRXVWLF�ZDYHV� RQ

UHPRYLQJ�QDQRPHWULF�SDUWLFOHV�ODUJHU�WKDQ���PLFURQ

IURP�DQ� DHURVRO� JDV� V\VWHP� XQGHU� FRDJXODWLRQ� DQG
SUHFLSLWDWLRQ�HIIHFW� LV� LQYHVWLJDWHG��7KH�H[SHULPHQW
UHVXOWV�VKRZ�WKDW�WKH�DFRXVWLF�ZDYH�ZLWK�DSSURSULDWH
LQWHQVLW\�DQG�IUHTXHQF\�FDQ�UHPRYH�SDUWLFOHV�IURP�WKH
JDV�IOXH�ZLWK�KLJK�HIILFLHQF\��7KHVH�VWXGLHV�VKRZ�WKDW
WKH�KLJK�HIILFLHQF\�RI�SDUWLFOH�UHPRYDO�FDQ�EH�FDUULHG
RXW�HYHQ�ZLWK�D�ORZ�IORZ�UDWH�

5()(5(1&(6
$OOHQ��0��'�� DQG�5DDEH��2��*�� �������� 6OLS� FRUUHFWLRQ
PHDVXUHPHQWV� RI� VSKHULFDO� VROLG� DHURVRO� SDUWLFOHV� LQ� DQ
LPSURYHG� 0LOOLNDQ� DSSDUDWXV�� $HURVRO� 6FLHQFH� DQG
7HFKQRORJ\��������±����

$WDHL��$���,UDQPDQHVK��$��DQG�5DVKLGL��=����������/LIH�&\FOH
$VVHVVPHQW�RI�$GYDQFHG�=HUR� (PLVVLRQ�&RPELQHG�&\FOH
3RZHU�3ODQWV��,QW��-��(QYLURQ��5HV������������������
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)LJ�����,QIOXHQFH�RI�VRXQG�SRZHU�RQ�DFRXVWLF�UHPRYDO�HIILFLHQF\
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([SHULPHQW

)ORZ�UDWH��/�PLQ�
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QF
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)LJ�����,QIOXHQFH�RI�IORZ�UDWH�RQ�DFRXVWLF�UHPRYDO�HIILFLHQF\

GDWD�VKRZ�DQ�LPSRUWDQW�HIILFLHQF\����������ZLWK�WKH
ORZ�IORZ�UDWH����/�PLQ��ILJ�����7KH�HIILFLHQF\�GHFUHDVHV
ZLWK�WKH�LQFUHDVH�LQ�DLU�IORZ��)RU�H[DPSOH��DW�D�IORZ�UDWH
RI����/�PLQ��WKH�DFRXVWLF�SUHFLSLWDWRU�HIILFLHQF\�HTXDOV
WR�������

,Q�ILJ�����WKH�LQIOXHQFH�RI�HOHFWULFDO�VRXQG�SRZHU�RQ
WKH� UHPRYDO� HIILFLHQF\� RI� WKH� V\VWHP� LV� VKRZQ�
([SHULPHQWV� RQ� WKH� LQIOXHQFH� RI� VRXQG� SRZHU� DUH
FDUULHG�RXW�LQ�I ����+]�DQG�4 ���OLW�PLQ��2XU�UHVXOWV
VKRZ�WKDW�WKH�UHPRYDO�HIILFLHQF\�LQFUHDVHV�ZLWK� WKH
ULVH� LQ�HOHFWULF� SRZHU�VXSSOLHG� WR� WKH� VSHDNHU��7KLV
LQFUHDVH�LV�YHU\�IDVW�IRU�DERYH���ZDWWV��,W�LV�VXSSRVHG
WKDW�WKH�WXUEXOHQFH�FRQGLWLRQ�LV�FUHDWHG�IRU�SRZHU�KLJKHU
WKDQ���ZDWWV�



���

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

%DODEDQRYD��%���6WDILORY��7���âDMQ��5��DQG�%DqHYD��.���������
&KDUDFWHULVDWLRQ� RI� +HDY\�0HWDOV� LQ� /LFKHQ� 6SHFLHV
+\SRJ\PQLD� SK\VRGHV� DQG� (YHUQLD� SUXQDVWUL� GXH� WR
%LRPRQLWRULQJ�RI�$LU� 3ROOXWLRQ� LQ� WKH�9LFLQLW\� RI� &RSSHU
0LQH��,QW��-��(QYLURQ��5HV������������������

%DUUHUD��9��$���0LUDQGD�� -���(VSLQRVD��$��$���0HLQJXHU�� -��
0DUWtQH]��-��1���&HUyQ��(���0RUDOHV�� -��5���0LUDQGD�� 3��$�
DQG�'LDV�� -��)�� �������� �&RQWULEXWLRQ� RI�6RLO�� 6XOIDWH�� DQG
%LRPDVV�%XUQLQJ�6RXUFHV�WR� WKH�(OHPHQWDO�&RPSRVLWLRQ�RI
30��� IURP�0H[LFR�&LW\�� ,QW�� -��(QYLURQ��5HV��������������
����

&KLDQHVH��(���5LFFLR��$���'XUR��,���7ULIXRJJL��0���,RYLQR��3��
&DSDVVR��6��DQG�%DURQH��*����������0HDVXUHPHQWV�IRU�LQGRRU
DLU� TXDOLW\� DVVHVVPHQW� DW� WKH� &DSRGLPRQWH�0XVHXP� LQ
1DSOHV� �,WDO\��� ,QW�� -��(QYLURQ��5HV����� ����� ��������

&KRX��.��+���/HH��3��6��DQG�6KDZ��'��7����������$HURVRO
DJJORPHUDWLRQ� LQ�KLJK�LQWHQVLW\� DFRXVWLF� ILHOGV� /DERUDWRU\
IRU�3RZHU�DQG�(QYLURQPHQWDO�6WXGLHV�� 6WDWH�8QLYHUVLW\� RI
1HZ�<RUN��%XIIDOR��1HZ�<RUN��������86$�

&XL��+���=����6KDP��)��&���/R��7��<��DQG�/XP��+��7���������
$SSUDLVDO� RI�$OWHUQDWLYH�%XLOGLQJ�0DWHULDOV�IRU�5HGXFWLRQ
RI�&2��(PLVVLRQV�E\�&DVH�0RGHOLQJ��,QW��-��(QYLURQ��5HV��
��������������

)RWRXKL��$��DQG�0RQWD]HUL��*K��0����������$Q�,QYHVWLJDWLRQ
RQ�9HKLFOH¶V�)XHO� FRQVXPSWLRQ�DQG� ([KDXVW�(PLVVLRQV� LQ
'LIIHUHQW� 'ULYLQJ�&RQGLWLRQV�� ,QW�� -�� (QYLURQ��5HV��� �� ����
������

*DOOHJR��-��$���5LHUD��(���(OYLUD��/���5RGUIJXH]��*���9L]TXH]�
)��� +RIIPDQQ�� 7�� /�� DQG�0RQWR\D�� )�� ��������$FRXVWLF
3UHFRQGLWLRQLQJ�RI�&RDO�&RPEXVWLRQ�)XPHV�IRU�(QKDQFHPHQW
RI� � (OHFWURVWDWLF� 3UHFLSLWDWRU� 3HUIRUPDQFH��7KH�$FRXVWLF
3UHFRQGLWLRQLQJ�6\VWHP�(OVHYLHU�6FLHQFH�%�9�

*RQ]DOH]��,���-XDQ��$���*DOOHJR��-��DQG�5LHUD��(����������7KH
LQIOXHQFH�RI�HQWUDLQPHQW�RQ�DFRXVWLFDOO\�LQGXFHG�LQWHUDFWLRQV
EHWZHHQ� DHURVRO� SDUWLFOHV� DQ� H[SHULPHQWDO� VWXG\� ,QVWLWXWR
GH�$FXVWLFD��&6,&��&DOOH�6HUUDQR������������0DGULG��6SDLQ
$HURVRO�6FLHQFH����������±�����

+RIIPDQQ��7��/�� �������9LVXDOL]DWLRQ�RI�SDUWLFOH� LQWHUDFWLRQ
DQG� DJJORPHUDWLRQ� LQ� DQ� DFRXVWLF� ILHOG��3K�'�'LVVHUWDWLRQ�
86$�

+RIIPDQQ��7�� /�� �������� (QYLURQPHQWDO� LPSOLFDWLRQ� RI
DFRXVWLF�DHURVRO�DJJORPHUDWLRQ��8OWUDVRQLFV��������������

+RIIPDQQ��7�� /�� �������� (QYLURQPHQWDO� LPSOLFDWLRQV� RI
DFRXVWLF� DHURVRO�DJJORPHUDWLRQ�� -��8OWUDVRQLFV��86$�

-LPHQH]��/���0DWHR�� -��0���/RSH]�$UHYDOR�� ,�� DQG�2PV��0�
7�� ��������2SHUDWLRQDO� 3UHGLFWLYH�0RGHO� IRU� D�0XQLFLSDO
:DVWH� ,QFLQHUDWRU��$�6SDQLVK� &DVH�6WXG\�� ,QW�� -�� (QYLURQ�
5HV������������������

.DWVXUD��+����������7KH�(IIHFW�RI�(OHFWULFDOO\�&KDUJHG�&ORXGV
RQ� WKH� 6WDEOH�1LWURJHQ� ,VRWRSH� 5DWLR� DQG� WKH�$QLRQ
&RQFHQWUDWLRQV� LQ� &ORXG�EDVHG�$HURVROV�� ,QW�� -�� (QYLURQ�
5HV������������������

/HH��-��*���/HH��.��+���&KRL��+��,���0RRQ��+�,��DQG�%\HRQ��6�
+����������7RWDO�'XVW�DQG�$VEHVWRV�&RQFHQWUDWLRQV�GXULQJ
$VEHVWRV�&RQWDLQLQJ�0DWHULDOV�$EDWHPHQW� LQ�.RUHD��,QW�� -�
(QYLURQ��5HV������������������

0HGQLNRY�� (�� 3�� ��������$FRXVWLF� DJJORPHUDWLRQ� DQG
SUHFLSLWDWLRQ�RI� DHURVROV�� -��$HURVRO�6FLHQFH�� 1HZ�<RUN�

0ROGDYVN\�� /���)LFKPDQ��0�� DQG�*XWILQJHU�� &�� �������
(QKDQFLQJ� WKH� SHUIRUPDQFH� RI� ILEURXV� ILOWHUV� E\�PHDQV
RIDFRXVWLF�ZDYHV�$HURVRO6FLHQFH���������±����

0RQWHUR� /RUHQ]R�� -�� 0��� *DUFLD�&HQWHQR�� 0�� &�� DQG
)HUQDQGH]�$YLOHV�� *�� ��������$�7KUHVKROG�$XWRUHJUHVVLYH
$V\PPHWULF� 6WRFKDVWLF� 9RODWLOLW\� 6WUDWHJ\� WR�$OHUW� RI
9LRODWLRQV� RI� WKH�$LU�4XDOLW\�6WDQGDUGV�� ,QW�� -�� (QYLURQ�
5HV����������������

1DYD�0DUWLQH]��(�� &���*DUFLD�)ORUHV�(��DQG�:DNLGD�)��7�
��������6XUIDFH�0HWKDQH�(PLVVLRQ� LQ�D�)RUPHU�'XPSVLWH
LQ�7LMXDQD��0H[LFR��,QW��-��(QYLURQ��5HV������������������

1HMDGNRRUNL�� )�� DQG�%DURXWLDQ�� 6�� �������� )RUHFDVWLQJ
([WUHPH� 30���&RQFHQWUDWLRQV� 8VLQJ�$UWLILFLDO� 1HXUDO
1HWZRUNV��,QW��-��(QYLURQ��5HV������������������

4XHVDGD�5XELR��-��0���9LOODU�5XELR��(���0RQGpMDU�-LPpQH]�
-��DQG�0ROLQD�0RUHQR��9����������&DUERQ�'LR[LGH�(PLVVLRQV
YV��$OORFDWLRQ�5LJKWV��6SDQLVK�&DVH�$QDO\VLV��,QW��-��(QYLURQ�
5HV������������������

LHUD�)UDQFR� GH� 6DUDELD�� (��� *DOOHJR�-XD�UH]�� -�$��
5RGUê�JXH]�&RUUDO�� *�� (OYLUD�6HJXUD� /�� DQG�*RQ]D�OH]�
*R�PH]�� ,�� � ��������$SSOLFDWLRQ� RI� KLJK�SRZHU� XOWUDVRXQG
WR� HQKDQFH� IOXLG�VROLG� SDUWLFOH� VHSDUDWLRQ� SURFHVVHV�� -�
8OWUDVRQLFV��6SDLQ�

5LHUD�� (QULTXH��� -XDQ��$��� *DOOHJR�-XD�UH]�� DQG�0DVRQ
7LPRWK\�� - �� ������� � $LUERUQH� XOW UDVRXQG� IRU � WKH
SUHFLSLWD W LRQ � RI � VPRNHV� DQG� SRZGHUV� DQG� WKH
GHVWUXFWLRQ� RI� IRDPV�� 8.�8OWUDVRQLFV� 6RQRFKHPLVWU\�
�������±����

6RQJ�� /�� ��������0RGHOLQJ�RI� DFRXVWLF� DJJORPHUDWLRQ� RI
DHURVRO� SDUWLFOHV�� 3K�'�'LVVHUWDWLRQ��86$�

6DGLJK]DGHK��$�� ��������(WXGH� GH� O¶HIILFDFLWH�GH�FDSLWDWLRQ
GHV�DHURVRO�SDU�XQ�OLW�JUDQXODLUH�HQ�O¶DEVHQFH�HW�HQ�SUHVHQFH
G¶RQGHVDFRXVWLTXHV�� 3K�'��'LVVHUWDWLRQ�� )5$1&(�

6KDR]HQJ��'���/LSNHQVE��%��DQG�&DPHURQF��7��0�� �������
7KH� HIIHFWV� RI� RUWKRNLQHWLF�FROOLVLRQ�� DFRXVWLF�ZDNH�� DQG
JUDYLW\�RQ�DFRXVWLF�DJJORPHUDWLRQ�RI�SRO\GLVSHUVH�DHURVROV�
86$�$HURVRO�6FLHQFH���������±����

6KDR]HQJ��'�� �������� ,QYHVWLJDWLRQ� RI� RUWKRNLQHWLF� DQG
DFRXVWLF�ZDNH� HIIHFW� IRU�DFRXVWLF� DJJORPHUDWLRQ� RI� IO\DVK
DHURVROV��3K'�GLVVHUWDWLRQ��6KDQJKDL�8QLYHUVLW\��6KDQJKDL�
&KLQD�

6KHQJ��&�� DQG� 6KHQ��;�� ��������0RGHOOLQJ�RI� DFRXVWLF
DJJORPHUDWLRQ�SURFHVVHV�XVLQJ�WKH�GLUHFW�VLPXODWLRQ�0RQWH
&DUOR��PHWKRG��-��$HURVRO�6FLHQFH��&KLQD�



���

,QIOXHQFH�RI�$FRXVWLF�ZDYHV�RQ�'HSRVLWLRQ

7LPRVKHQNR��9�� ,�� �������� ,QYHVWLJDWLRQ� RIWKH� LQWHUDFWLRQ
EHWZLQ�DHURVRO�SDUWLFOHV�LQ�DQ�DFRXVWLF�ILHOG��/HQLQJUDG�(QJ
7HFK� ,QV�

7LZDU\��5�� ��������$FRXVWLF�$JJORPHUDWLRQ�RI�0LFURQ�DQG
6XEPLFURQ� )O\�$VK� DQG� DHURVRO�� 3K�'� GLVVHUWDWLRQ�� WKH
3HQQV\OYDQLD� VWDWH�

7HPNLQ��6�� ��������*DVG\QDPLF�DJJORPHUDWLRQ�RI�DHURVROV�
,��$FRXVWLF�ZDYHV��3K\VLFV� RI�)OXLGV����� ����±�����

:DQJ��3���=KDR��'���:DQJ��:���0X��+���&DL��*��DQG�/LDR��&�
��������7KHUPDO�(IIHFW�RQ�3ROOXWDQW�'LVSHUVLRQ�LQ�DQ�8UEDQ
6WUHHW�&DQ\RQ��,QW�� -��(QYLURQ��5HV������������������

:HL��)���7HQJ��(���:X��*���+X��:���:LOVRQ��:��(���&KDSPDQ�
5�� 6��� 3DX�� - �� &�� DQG� =KDQJ�� - �� �������� $PELHQW
FRQFHQWUDWLRQV� DQG� HOHPHQWDO� FRPSRVLWLRQV� RI� 30

��
� DQG

30
���
� LQ� IRXU� &KLQHVH�FLWLHV�� (QYLURQPHQW��6FL��7HFKQRO��

��������±�����

=RX��%���=KDQ��)��%���=HQJ��<���<RUNH��&K��DQG�/LX��;���������
3HUIRUPDQFH�RI�.ULJLQJ�DQG�(:30�IRU�5HODWLYH�$LU�3ROOXWLRQ
([SRVXUH�5LVN�$VVHVVPHQW��,QW��-��(QYLURQ��5HV��������������
����



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� ��� )HE�� ����� �� �� � � �� � �� ��� ��5HYLVHG����-XQH������ �� � � � � � � � � � � � � �$FFHSWHG����-XQH�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��HKVDQ�DPLUDEHGLQ#JPDLO�FRP

���

$�)HDVLELOLW\�6WXG\�RI�&R�)LULQJ�%LRPDVV�LQ�WKH�7KHUPDO�3RZHU�3ODQW�DW�6RPD
LQ�RUGHU�WR�5HGXFH�(PLVVLRQV��DQ�([HUJ\�$SSURDFK

$PLUDEHGLQ��(���DQG�0F,OYHHQ�:ULJKW��'��

�'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��)DFXOW\�RI�(QJLQHHULQJ��*D]L�8QLYHUVLW\���������0DOWHSH
$QNDUD��7XUNH\

��5RRP���%����6FKRRO�RI�WKH�%XLOW�(QYLURQPHQW��8QLYHUVLW\�RI�8OVWHU��-RUGDQVWRZQ�FDPSXV��6KRUH
5RDG��1HZWRZQDEEH\��&R��$QWULP��%7����4%��1RUWKHUQ�,UHODQG

$%675$&7��%LRPDVV�FR�ILULQJ�ZLWK�OLJQLWH�UHSUHVHQWV�DQ�DWWUDFWLYH�VROXWLRQ�IRU�RSHUDWLQJ�OLJQLWH�ILUHG�WKHUPDO
SRZHU�SODQWV��733��ZLWK� WKH�GXDO�DGYDQWDJH�RI�XVLQJ�ORFDO�UHQHZDEOH� UHVRXUFHV�DQG�VLPXOWDQHRXVO\�UHGXFLQJ
HPLVVLRQV��7KH�VXEMHFW�RI� WKLV�VWXG\� LV� WHFKQLFDO�DQG�HQYLURQPHQWDO� LQYHVWLJDWLRQ� RI� WKH� IHDVLELOLW\�RI� WKH�FR�
ILULQJ�RI�6RPD�OLJQLWH�ZLWK�VRPH�GULHG�DJULFXOWXUDO�UHVLGXHV�LQ�WKH�6RPD�WKHUPDO�SRZHU�SODQW�IURP�WKH�H[HUJ\
DQDO\VLV� SHUVSHFWLYH�� XVLQJ�7+(502)/(;� VLPXODWLRQ� VRIWZDUH�� 7KH� XVH� RI� ELRPDVV� FRILULQJ�ZLWK� SRRU
TXDOLW\�FRDO�FRXOG�DOORZ�7XUNH\�WR�FRPSO\�ZLWK�.\RWR� FRPPLWPHQWV�ZKLOH�EHQHILWLQJ�IURP�XVLQJ�LQGLJHQRXV
IXHO�UHVRXUFHV�DQG�UHGXFLQJ�ELRPDVV�ZDVWH�GLVSRVDO�SUREOHPV��7ZR�WHFKQRORJLHV�DUH�FRQVLGHUHG������GLUHFW�FR�
ILULQJ��LQ�ZKLFK�ELRPDVV�LV�PL[HG�ZLWK�OLJQLWH�LQ�WKH�VDPH�PLOO�DQG�IHG�LQWR�WKH�ERLOHU�IXUQDFH�DQG�����SDUDOOHO�FR�
ILULQJ�PHWKRG�� LQ�ZKLFK�ELRPDVV� LV� ILUHG� LQ�D�VHSDUDWH�FLUFXODWLQJ�IOXLGL]HG�EHG�ERLOHU�DQG�SURGXFHG�VWHDP� LV
VXSSOHPHQWHG� LQWR� WKH� VWHDP�QHWZRUN� RI� WKH� SRZHU�SODQW��7KH� LQYHVWLJDWLRQV� UHYHDO� WKDW� ERWK� GLUHFW� DQG
SDUDOOHO�FR�ILULQJ�RI�WKH�ELRPDVV�FRXOG�UHVXOW�LQ�D�VLJQLILFDQW�GHFUHDVH�LQ�IXHO�FRQVXPSWLRQ��HPLVVLRQV�DQG�H[HUJ\
GHVWUXFWLRQ� DQG� D�VOLJKW� LQFUHDVH� LQ� WKH�H[HUJ\� HIILFLHQF\�RI� WKH� 6RPD�733��2OLYH�ZDVWH�� LQ�SDUWLFXODU�� KDV�D
SRVLWLYH�HIIHFW�RQ�JHQHUDO�SHUIRUPDQFH�DQG�HPLVVLRQV�RI� WKH�733��ZLWK�IXHO�FRQVXPSWLRQ��&2

�
��62

�
�DQG�GXVW

HPLVVLRQV��LQ�GLUHFW�FR�ILULQJ�GURSSLQJ�E\�DSSUR[LPDWHO\�����������DQG����SHUFHQW��UHVSHFWLYHO\��DQG�LQ�SDUDOOHO
FR�ILULQJ�E\�����������DQG����SHUFHQW�� UHVSHFWLYHO\�

.H\�ZRUGV��%LRPDVV��(PLVVLRQV� UHGXFWLRQ��&R�ILULQJ��&R�FRPEXVWLRQ��([HUJ\�DQDO\VLV

,1752'8&7,21
7XUNH\� KDV� VKRZQ� WKDW� LW � LV� VHULRXV� DERXW

VXVWDLQDEOH�GHYHORSPHQW�E\�VLJQLQJ�WKH�.\RWR�3URWRFRO
DQG� WDNLQJ�(8� HQHUJ\�HQYLURQPHQWDO� SROLFLHV� LQWR
FRQVLGHUDWLRQ� LQ� LWV� OHJLVODWLRQ��+RZHYHU�� WKH� UHFHQW
H[WUHPHO\�KLJK�RLO�SULFH�ULVHV�DQG�ODFN�RI�VHFXULW\�LQ
HQHUJ\�VXSSO\�KDYH�OHG�7XUNH\�WR�LQWURGXFH�OHJLVODWLRQ
WR�PD[LPL]H�WKH�XWLOL]DWLRQ�RI�ORZ�JUDGH�OLJQLWHV��LQ�ZKLFK
WKH�FRXQWU\�LV�UHODWLYHO\�ULFK��6LQFH�WKH�XVH�RI�VXFK�ORZ
JUDGH�IXHO�LQ�D�FRQYHQWLRQDO�WKHUPDO�SRZHU�SODQW�ZRXOG
FDXVH�VRPH�WHFKQLFDO�SUREOHPV�GXULQJ�FRPEXVWLRQ��DV
ZHOO�DV�OHDGLQJ�WR�LQFUHDVHG�HPLVVLRQV��FRQVLGHUDWLRQ
PXVW�EH�JLYHQ�WR�WHFKQRORJLHV�ZKLFK�FRXOG�DOORZ�WKH
XVH�RI�WKHVH�OLJQLWHV��EXW�UHGXFH�WKH�SUREOHPV�FDXVHG
LQ�VWDQGDUG�FRPEXVWLRQ�WHFKQRORJ\��%LRPDVV�FR�ILULQJ
LV�RQH�WHFKQRORJ\��ZKLFK�FDQ�EH�HPSOR\HG�LPPHGLDWHO\
LQ�QHDUO\�DOO�FRDO�ILUHG�SRZHU�SODQWV�LQ�D�UHODWLYHO\�VKRUW
SHULRG� RI� WLPH� DQG� ZLWKRXW� WKH� QHHG� IRU � KXJH

LQYHVWPHQWV�� LQ� RUGHU� WR� UHGXFH� WKH� HQYLURQPHQWDO
LPSDFW�RI�HOHFWULFLW\�JHQHUDWLRQ�IURP�OLJQLWH��%LRPDVV
FR�ILULQJ�RIIHUV�WKH�OHDVW�FRVW�RSWLRQ�DPRQJ�WKH�VHYHUDO
WHFKQRORJLHV�RSWLRQV� DYDLODEOH� IRU� JUHHQKRXVH� JDV
UHGXFWLRQ��%DVX�HW�DO���������%LRPDVV�LV�WKH�WHUP��XVHG
IRU�DOO�RUJDQLF�PDWHULDOV�RULJLQDWLQJ�IURP�DOO�SODQW�W\SHV�
DQG� LV� HVVHQWLDOO\� WKH� VWRUDJH� RI� WKH� VXQ¶V� HQHUJ\
WKURXJK�SKRWRV\QWKHVLV��.LP�HW�DO���������)UDKDGL�HW
DO���������*RPHV�HW�DO���������7URJO�DQG�%HQHGLNWRYD�
������.KXUUDP��������&DVWUR�*XWLHUUH]�HW�DO���������
%LRPDVV�FDQ�HLWKHU�EH�REWDLQHG�GLUHFWO\�IURP�SODQWV�RU
LQGLUHFWO\�IURP�LQGXVWULDO��GRPHVWLF��DJULFXOWXUDO�DQG
DQLPDO�ZDVWHV��(UGRJGX��������/DOHYLF�HW�DO��������
*RXVWHURYD�HW�DO��������� (NPHN\DSDU�HW�DO��� �����
0ROLWHUQL�HW�DO���������.ULND�HW�DO����������7KH�EHQHILWV
RI�FR�ILULQJ�IRU�WKH�HOHFWULFLW\�JHQHUDWLRQ�DUH�REYLRXV�
ORZ�FRVW��ORZ�ULVN��VKRUW�GHYHORSPHQW�WLPH�UHQHZDEOH
HQHUJ\��UHGXFHG�DLUERUQH�HPLVVLRQV��GLYHUVLILHG�IXHO



���

$PLUDEHGLQ��(��DQG�0F,OYHHQ�:ULJKW��'�

VRXUFHV��XVH�RI�RWKHUZLVH�ODQGILOOHG�UHVLGXHV��LQFUHDVHG
HPSOR\PHQW� LQ� ORFDO� DUHDV�� DQG� UHGXFWLRQ� LQ� WKH
H[WHUQDOLWLHV�DVVRFLDWHG�ZLWK�IRVVLO�HQHUJ\�JHQHUDWLRQ
�$UPHVWR�HW�DO���������%D[WHU���������*HQHUDOO\��%LRPDVV
QRW� RQO\� KDV� D� VLJQLILFDQW� SRWHQWLDO� IRU� HPLVVLRQV
UHGXFWLRQ�DQG�LQGLJHQRXV�HQHUJ\�VRXUFHV�XWLOL]DWLRQ�EXW
LW�DOVR�UHYHDOV�D�UHDVRQDEOH�FRVW�OHYHO�LQ�FRPSDULVRQ�WR
RWKHU�UHQHZDEOH�HQHUJLHV��6SOLHWKRII�DQG�+HLQ�������
7KHUH�DUH�VRPH�VWXGLHV�GHDOLQJ�ZLWK�WKH�WHFKQLFDO�DQG
HFRQRPLF� IHDVLELOLW\� RI� WKH� FR�ILULQJ� RI� ELRPDVV�DQG
OLJQLWH� DQG� LWV� HIIHFW� RQ� WKH� UHGXFWLRQ� RI� WKH
HQYLURQPHQWDO�LPSDFW�RI�WKH�SRZHU�SODQWV��*XQJRU�������
0F,OYHHQ�:ULJKW�HW�DO���������0F,OYHHQ�:ULJKW�HW�DO�
������+XDQJ�HW�DO���������1LHPLQHQ�DQG�.LYHOD�������
1HYDODLQHQ�HW�DO���������'H�DQG�$VVDGL�HW�DO����������7KH
UHVXOWV�RI�WKHVH�VWXGLHV�FDQ�EH�VXPPDUL]HG�DV�IROORZLQJ�

�����D�5HGXFHG�WRWDO�HPLVVLRQV�RI�SRZHU�SODQW
�����E�'HFUHDVHG�IXHO�FRQVXPSWLRQ
�����F�,Q�VRPH�FDVHV�LQFUHDVHG�ERLOHU�HIILFLHQF\

+RZHYHU�� FR�ILU LQJ� RI� ELRPDVV� KDV� VRPH
GLVDGYDQWDJHV��7KH�PDMRU�SUREOHPV�DVVRFLDWHG�ZLWK
ELRPDVV�FR�ILULQJ�FDQ�EH�OLVWHG�DV�EHORZ��%D[WHU�������
<DPDPRWR� ��������8��6��(QYLURQPHQWDO� 3URWHFWLRQ
$JHQF\��������

�� � �D�4XDOLW\�LV�QRW�XQLIRUP�DQG�PRLVWXUH��DQG�DVK�
FRQWHQW�FDQ�EH�KLJK�
�����E�$YDLODELOLW\�YDULHV�LQ�VHDVRQV�
� � � � F�$VK� GHSRVLWLRQ� RQ� KHDW� H[FKDQJH� DQG� DVK�
KDQGOLQJ�VXUIDFHV
�����G�&KORULQH�LQ�FRPEXVWLRQ�JDVHV��SDUWLFXODUO\�DW�KLJK
WHPSHUDWXUHV�� FDQ� FDXVH� DFFHOHUDWHG� FRUURVLRQ� RI
FRPEXVWLRQ�V\VWHP�DQG�IOXH�JDV�FOHDQXS�FRPSRQHQWV�

7KH�LPSOHPHQWDWLRQ�RI�WKH�ELRPDVV�FR�ILULQJ�LQ
SRZHU� SODQWV� FDQ� EH� DFKLHYHG� YLD� WKUHH� GLIIHUHQW
WHFKQRORJLHV��7KHVH�PHWKRGV�DUH��GLUHFW�FR�ILULQJ��FR�
FRPEXVWLRQ���LQGLUHFW�FR�ILULQJ��DQG�SDUDOOHO�FR�ILULQJ
�SDUDOOHO�FR�FRPEXVWLRQ���,Q�WKH�GLUHFW�PHWKRG��ELRPDVV
LV� IHG�WR�WKH�ERLOHU�IXUQDFH�ZLWK�OLJQLWH�WKURXJK� WKH
VDPH�PLOO�ZLWKRXW�LQVWDOODWLRQ�RI�DQ\�QHZ�XQLW�WR�WKH
H[LVWLQJ� ERLOHU�� ,Q� WKLV� PHWKRG�� KRZHYHU�� VRPH
HTXLSPHQW�PRGLILFDWLRQ�PD\�EH�QHFHVVDU\�LI�ELRPDVV�
OLJQLWH�UDWLR�LV�KLJKHU�WKDQ������+XDQJ�HW�DO���������
2QH�,QGLUHFW�PHWKRG�LV�D�FRPELQDWLRQ�RI�FRPEXVWLRQ
DQG�JDVLILFDWLRQ��,Q�WKLV�PHWKRG��ELRPDVV�LV�JDVLILHG�LQ
D�JDVLILHU�DQG�SURGXFW�IXHO�JDV�LV�VHQW�WR�WKH�IXUQDFH�RI
WKH�OLJQLWH�ILUHG�ERLOHU�WR�ILUH�ZLWK�OLJQLWH��7KLV�DSSURDFK
RIIHUV�D�KLJK�GHJUHH�RI�IXHO�IOH[LELOLW\��$QRWKHU�LQGLUHFW
PHWKRG�LV�SDUDOOHO�FRPEXVWLRQ��LQ�ZKLFK�WKH�LQVWDOODWLRQ
RI�D�FRPSOHWHO\�VHSDUDWH�XQLW�LV�UHTXLUHG��%LRPDVV�LV
EXUQW�LQ�DQ�H[WHUQDO�ERLOHU�DQG� WKH�SURGXFHG�VWHDP
DGGHG�WR�WKH�H[LVWLQJ�VWHDP�IORZ�RI�WKH�SDUHQW�OLJQLWH�
ILUHG�ERLOHU��+RZHYHU��WKH�VHOHFWLRQ�RI�WKH�DSSURSULDWH
FR�ILULQJ�RSWLRQ�GHSHQGV�RQ�D�QXPEHU�RI�IXHO�DQG�VLWH
VSHFLILF�IDFWRUV��%DVX�HW�DO���������

,Q� WKLV� VWXG\� H[WHQVLYH� LQYHVWLJDWLRQ� KDV� EHHQ
FDUULHG�RXW�WR�GDWH�RQ�WKH�IHDVLELOLW\�DQG�SHUIRUPDQFH
RI�WKUHH�GLIIHUHQW�ELRPDVV�IXHOV�FR�ILULQJ�VXFK�DV�FRUQ
FREV��FRWWRQ�JLQ�DQG� ROLYH�SLW�LQ�6RPD�733�� ,Q�WKLV
UHVSHFW�� WZR� RI� WKH� PHQWLRQHG� WHFKQRORJLHV�� H�J�
�GLUHFW��FR�ILULQJ�DQG��LQGLUHFW��SDUDOOHO�FR�ILULQJ�DUH
DVVHVVHG��)RU�HDFK�FDVH��WKH�JHQHUDO�WKHUPRG\QDPLF
SHUIRUPDQFH�DQG�WRWDO�HPLVVLRQV�DUH�FDOFXODWHG�XVLQJ
WKH� VWDQGDUG� )LUVW� /DZ� FRQVHUYDWLRQ� RI�PDVV� DQG
HQHUJ\� DQDO\VLV� �PDVV� DQG� HQHUJ\� EDODQFHV�� DQG
FRPSDUHG�ZLWK�HDFK� RWKHU��([HUJ\�� KRZHYHU�� LV� QRW
FRQVHUYHG�� LW � LV� FRQVXPHG� RU � GHVWUR\HG� E\
LUUHYHUVLELOLWLHV�LQ�DQ\�UHDO�SURFHVV��5RVHQ�DQG�'LQFHU�
�������)RU�WKLV�UHDVRQ�DQ�H[HUJ\�DQDO\VLV��ZKLFK�DOVR
FRQVLGHUV�WKH�6HFRQG�/DZ�RI�7KHUPRG\QDPLFV�DV�ZHOO
DV�WKH�FRQVHUYDWLRQ�RI�PDVV�DQG�HQHUJ\��ZDV�FDUULHG
RXW�LQ�RUGHU�WR�HYDOXDWH�WKH�H[HUJ\�HIILFLHQF\�DQG�H[HUJ\
GHVWUXFWLRQ�RI� WKH�RYHUDOO�SRZHU�SODQWV�DQG�HDFK�RI
WKHLU�FRPSRQHQWV��7KH�H[HUJ\�DQDO\VLV�LV�XVHIXO� IRU
WKH�DQDO\VLV�RI�HQHUJ\�V\VWHPV� VLQFH� LW� FDQ� LGHQWLI\
WKH�ORFDWLRQ��W\SH�DQG�WUXH�PDJQLWXGH�RI�ZDVWHV�DQG
ORVVHV��WKH�H[HUJ\�GHVWUXFWLRQ��LQ�WKH�V\VWHP��5RVHQ
DQG�'LQFHU���������,Q�WKLV�UHJDUG��ILUVW�6RPD�733�KDV
EHHQ�VLPXODWHG�LQ�7+(502)/(;�VLPXODWLRQ�VRIWZDUH�
DQG�WKHQ�PRGLILHG�IRU�FR�ILULQJ�ZLWK�GLIIHUHQW�W\SHV�RI
ELRPDVV�LQGLUHFW�DQG�SDUDOOHO�FR�ILULQJ�PHWKRGV�

0$7(5,$/6�	�0(7+2'6
)LJ����VKRZV�D�VFKHPDWLF�GLDJUDP�RI�RQH�XQLW�RI

6RPD� 733�� GHPRQVWUDWLQJ� DOO� RI� LWV� UHOHYDQW
FRPSRQHQWV�� 7KH� FRQWLQXRXV� VXSSO\� RI�ZDWHU� LV
HQVXUHG�WR�WKH�V\VWHP�IRU�WKH�QRUPDO�UXQQLQJ�RI�WKH
SODQW�DW�����0:

HO
�ORDG�FRQGLWLRQ��7KH�ORZ�SUHVVXUH

FRQGHQVDWH�SXPS��3XPS���IHHGV�WKH�FRQGHQVHG�ZDWHU
WR�WKH�ORZ�SUHVVXUH�IHHG�ZDWHU�SUH�KHDWHUV��3�������$IWHU
SUH�KHDWHU����WKH�IHHG�ZDWHU�HQWHUV�LQWR�WKH�GHDHUDWRU��$
KLJK� SUHVVXUH� IHHG� SXPS� �3XPS��� MXVW� DIWHU� WKH
GHDHUDWRU�LV�SURYLGHG�WR�VXSSO\�WKH�FRQGHQVDWH�IURP
WKH�GHDHUDWRU�WR�WKH�KLJK�SUHVVXUH�SUH�KHDWHUV��3������
7KHQ�WKH�IHHG�ZDWHU�SDVVHV� WKURXJK�WKH�HFRQRPL]HU
DQG� WKHQ� LW� HQWHUV� LQWR� WKH� ERLOHU� GUXP��7KHUH� LV� D
FRQWLQXRXV�FLUFXODWLRQ�RI�ZDWHU�EHWZHHQ�WKH�GUXP�DQG
WKH�ZDWHU�ZDOOV�DQG�D�SDUW�RI�WKH�IHHG�ZDWHU�LV�FRQYHUWHG
LQWR�VWHDP��7KH�VWHDP�LV�VHSDUDWHG�LQ�WKH�ERLOHU�GUXP
DQG�VXSSOLHG�WR�WKH�VXSHU�KHDWHU�VHFWLRQ�DQG�WKH�ERLOHU
FRQGHQVHU�VHFWLRQ��7KH�VXSHU�KHDWHG�VWHDP�SURGXFHG
LQ�WKH�VXSHU�KHDWHU�WKHQ�HQWHUV�LQWR�WKH�WXUELQH�WKURXJK
WKH�WXUELQH�VWRS�YDOYH��$IWHU�H[SDQVLRQ�LQ�WKH�KLJK�
SUHVVXUH� WXUELQH� WKH� H[KDXVW� VWHDP� LV�VXSSOLHG� LQWR
WKH�UH�KHDWHU� LQ�RUGHU�WR� EH�VXSHU�KHDWHG�DJDLQ�DQG
WKHQ�LW�HQWHUV�WKH�LQWHUPHGLDWH�SUHVVXUH�WXUELQH��$QG
DIWHU�ILQDO�H[SDQVLRQ�LQ�ORZ�SUHVVXUH�WXUELQH��WKH�H[KDXVW
VWHDP� LV� FRQGHQVHG� LQ� WKH� FRQGHQVHU�� 7KH� VWHDP
H[WUDFWHG�IURP�WKH�YDULRXV�SRLQWV�LV�DOVR�VKRZQ�LQ�WKH
VFKHPDWLF�GLDJUDP��7KH�PDLQ�RSHUDWLRQ�FRQGLWLRQV�RI
6RPD�WKHUPDO�SRZHU�SODQW�DUH�VXPPDUL]HG�LQ�7DEOH���
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(PLVVLRQV�UHGXFWLRQ�DW�D�WKHUPDO�SRZHU�SODQW

7DEOH���7KH�PDLQ�RSHUDWLRQDO�GDWD�RI�WKH�6RPD�733

&KDUDFWHULVWLF� 8QLW� 9DOXH�

)HHG�ZDWHU �7HPSHUDWXUH � �&� ����

6WHDP�WHPSHUDWXUH�
�
&� ����

6WHDP�SUHVVXUH� EDU� ����

7RWDO�HYDSRUDWLRQ�UDWH� NJ�V� ������
5H�KHDW�SUHVVXUH� EDU� ���

5H�KHDW�HYDSRUDWLRQ�UDWH� NJ�V� ������
&RQGHQVHU�SUHVVXUH� EDU� �����

7RWDO�QHW�RXWSXW�SRZHU � 0:� ����
7RWDO�IXHO�FRQVXPSWLRQ NJ�V� ������

1HW�HQHUJ\�HIILFLHQF\ �� ���

5(68/76�	�',6&866,21
7KH�ILUVW�RSWLRQ�LV�GLUHFW�FR�ILULQJ�RI�ELRPDVV�DQG

OLJQLWH�LQ�6RPD�SRZHU�SODQW��)LJ����)RU�WKLV�SXUSRVH�
WKH� SUH�SURFHVVHG�DQG� GULHG�ELRPDVV� LV�PL[HG�ZLWK
OLJQLWH�MXVW�EHIRUH�WKH�SXOYHUL]HU��7KHQ�IXHO�PL[WXUH�LV
LQMHFWHG�LQWR�WKH�IXHO�SXOYHUL]HU��EDVHG�RQ�WKH�UHTXLUHG
FR�ILULQJ�UDWH��7KHUHIRUH�WKHUH�LV�QR�QHHG�WR�WKH�VHSDUDWH
VSHFLDO�EXUQHUV�RI�ELRPDVV�RU�DQ\�IXQGDPHQWDO�FKDQJH
LQ�WKH�FRQYHQWLRQDO�IXHO�GHOLYHU\�V\VWHP�

7KLV�PHWKRG�KDV�VHYHUDO�HIIHFWV�RQ�SRZHU�SODQW
HPLVVLRQV�� 3RVLWLYH� HIIHFWV� DUH� WKDW� 62

;
� DQG� 12

;

HPLVVLRQV�XVXDOO\�GHFUHDVH�GXH�WR�WKH�ORZHU�VXOSKXU
DQG� QLWURJHQ� FRQWHQW� LQ� ELRPDVV� WKDQ� LQ� OLJQLWH�
)XUWKHUPRUH��DONDOL�FRPSRQHQWV�LQ�ELRPDVV�DVK�FDQ
KDYH�D�SRVLWLYH�HIIHFW�RQ�62

;
�UHPRYDO��6LQFH�ELRPDVV

KDV�D�KLJK�YRODWLOH�FRQWHQW��LW�FDQ�DOVR�EH�XVHG�DV�UH�
EXUQ�IXHO�IRU�12

;�
UHGXFWLRQ�IURP�WKH�OLJQLWH�FRPEXVWLRQ�

ZKLFK�JLYHV�D�IXUWKHU�SRWHQWLDO�IRU�VLJQLILFDQW�GHFUHDVH
RI�WKH�12

;
�HPLVVLRQV��1XVVEDXPHU���������1HJDWLYH

HIIHFWV� RI� FR�ILU LQJ� DUH� KLJKHU� RSHUDWLQJ� DQG
PDLQWHQDQFH� FRVWV� GXH� WR� LQFUHDVHG� IRXOLQJ� DQG
FRUURVLRQ�� DQG� D� SRVVLEOH� GHFUHDVH� RI� WKH� HOHFWULF
HIILFLHQF\� �LI� WKH�VXSHUKHDWHU� WHPSHUDWXUH�KDV� WR�EH
GHFUHDVHG� GXH� WR� KLJK� WHPSHUDWXUH� FRUURVLRQ��
0RUHRYHU�� GLIIHUHQW� FRPEXVWLRQ� FKDUDFWHULVWLFV� RI
OLJQLWH�DQG�ELRPDVV�PD\�DIIHFW�WKH�VWDELOLW\�DQG�KHDW
WUDQVIHU�FKDUDFWHULVWLFV�RI�WKH�IODPH��'H�DQG�$VVDGL�HW
DO���������%HVLGHV��WKH�DVK�TXDOLW\�FDQ�EH�QHJDWLYHO\
LQIOXHQFHG� PDLQO\� E\� DONDOL� PHWDOV� DQG� FKORULQH
FRQWDLQHG�LQ�ELRPDVV��DQG�GHSHQGLQJ�RQ�ZKLFK�ELRPDVV
LV� XVHG�� DVK�PHOWLQJ� WHPSHUDWXUHV�PD\�EH� ORZHUHG�
UHVXOWLQJ�LQ�WKH�SRWHQWLDO�IRU�PRUH�VODJJLQJ��+RZHYHU�
WKH�DPRXQW�RI�OLJQLWH�XVHG�ZLOO�EH�UHGXFHG�ZKHQ�FRILULQJ
LV�HPSOR\HG��ZKLFK�UHGXFHV�WKH�DPRXQW�RI�DVK�LQ�WKH
EHG��)XUWKHUPRUH��WKH�FRQWHQW�RI�XQ�EXUQW�FDUERQ�FDQ
LQFUHDVH��1XVVEDXPHU���������7KXV��GLUHFW�FR�ILULQJ
RSWLRQ�LV�DSSOLFDEOH�WR�D�OLPLWHG�UDQJH�RI�ELRPDVV�W\SHV
DQG� DW� YHU\� ORZ� ELRPDVV�WR�OLJQLWH� FR�ILULQJ� UDWLRV�
8VXDOO\�D�ELRPDVV�LQSXW�LQ�WKH�UDQJH�RI����WR����
DFFRUGLQJ� WR�WKH�HQHUJ\�LQSXW� LV�DFFHSWDEOH�ZLWKRXW
PDMRU�LQIOXHQFH�RQ�WKH�UHVLGXHV��1XVVEDXPHU��������

3DUDOOHO�FR�ILULQJ�LV�WKH�VHFRQG�RSWLRQ��LQ�ZKLFK�WKH
ELRPDVV� LV� FRPEXVWHG� LQ�D� VHSDUDWH� ERLOHU��3DUDOOHO
FRPEXVWLRQ�HQDEOHV�D�FRPSOHWH�VHSDUDWLRQ�RI�WKH�DVKHV
DQG� IOXH� JDVHV� IURP� GLIIHUHQW� IXHOV�� +HQFH�� QR
GLVDGYDQWDJHV� RU� OLPLWDWLRQV� UHVXOW� IURP� XQGHVLUHG
DONDOL�PHWDOV�RU�FRQWDPLQDQWV�LQ�WKH�DVK��)XUWKHU��WKH
FRPEXVWLRQ�JDV�FOHDQLQJ�HTXLSPHQW�FDQ�EH�RSWLPL]HG
IRU� HDFK� IXHO� �1XVVEDXPHU�� ������� )XUWKHUPRUH�
FRPEXVWLRQ� JDV� RI� WKH� VHSDUDWH� ERLOHU� UHOHDVHV� DW
UHODWLYHO\�KLJK�WHPSHUDWXUH�DQG�MRLQV�WKH�H[LVWLQJ�IORZ
VWUHDP�RI�WKH�SDUHQW�OLJQLWH�ILUHG�ERLOHU�DIWHU�DLU�SUH�
KHDWHU��7KHUHIRUH��WKH�FRPEXVWLRQ�JDV�IURP�WKH�ELRPDVV
ILULQJ�XQLW�GRHV�QRW�FRPH�LQ�FRQWDFW�ZLWK�DQ\�KHDWLQJ
HOHPHQWV� RI� WKH� H[LVWLQJ� ERLOHU�� WKXV� DYRLGLQJ� WKH
ELRPDVV�UHODWHG�IRXOLQJ�RU�FRUURVLRQ�SUREOHP��ZKLFK�LV
WKH�ODUJHVW�FRQFHUQ�RI�ELRPDVV�FRILULQJ��%DVX�HW�DO�
������7R�LQYHVWLJDWH�SDUDOOHO�FR�ILULQJ��WKH�VLPXODWHG
WKHUPDO� SRZHU� SODQW� LV�PRGLILHG� DQG� D� VHSDUDWH
FLUFXODWLQJ�IOXLGL]HG�EHG��&)%��ERLOHU�LV�PRGHOHG�DQG
DGGHG�WR�WKH�PDLQ�SRZHU�SODQW��%LRPDVV�LV�ILUHG�LQ�WKH
&)%�DQG�SURGXFHG� VWHDP� LV� VXSSOHPHQWHG� LQWR� WKH
PDLQ� VWHDP� QHWZRUN� RI� WKH� SRZHU� SODQW�� )LJ��
GHPRQVWUDWHV�WKH�VFKHPDWLF�GLDJUDP�RI�WKH�VLPXODWHG
V\VWHP�

)XHO�SURSHUWLHV�KDYH�JUHDW�HIIHFW�RQ�WKH�WHFKQLFDO
DQG�HQYLURQPHQWDO�SHUIRUPDQFH�RI�WKH�SRZHU�SODQWV�
WKHUHIRUH��WKH�UHOHYDQW�GHWDLOV�RI�WKH�XVHG�OLJQLWH�DQG
ELRPDVVHV�DUH�JLYHQ�LQ�7DEOH����,Q�WKH�6RPD�WKHUPDO
SRZHU�SODQW�� ORZ�JUDGH�6RPD�OLJQLWH�LV�XVHG�DV� WKH
EDVH�IXHO��7KLV�OLJQLWH�W\SH�KDV�D�TXLWH�ORZ�FDORULILF
YDOXH� RI� ������ N-�NJ� �ORZHU� KHDWLQJ� YDOXH��/+9��
EHFDXVH�RI�LWV�KLJK�DVK�DQG�PRLVWXUH��8VLQJ�ELRPDVV
ZLWK� D� KLJKHU � /+9� FDQ� QRW� RQO\� UHGXFH� WKH
HQYLURQPHQWDO� LPSDFW� RI� WKH� SRZHU� SODQW�� EXW� DOVR
LQFUHDVH�LWV�QHW�HOHFWULF�HIILFLHQF\��,Q�WKLV�UHJDUG��IRU
FR�ILULQJ�ZLWK�OLJQLWH��WKH�IROORZLQJ�ELRPDVV�W\SHV�KDYH
EHHQ�FKRVHQ��FRWWRQ�JLQ��FRUQ�FREV�DQG�ROLYH�SLW�ZLWK
ORZHU�KHDWLQJ�YDOXHV��/+9��RI����������������DQG�������
N-�NJ��UHVSHFWLYHO\�
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$PLUDEHGLQ��(��DQG�0F,OYHHQ�:ULJKW��'�

7DEOH���&KHPLFDO�DQDO\VLV��SUR[LPDWH�DQG�XOWLPDWH��RI�6RPD�OLJQLWH�DQG�VHOHFWHG�ELRPDVVHV

)XHO� 6RPD�OLJQLWH� &RUQ�FREV�� &RWWRQ�JLQ�� 2OLYH�SLW ��

0RLVWXUH� ��� ��� ����� ����
$VK� ��� ���� ����� ����

9RODWLOHV� ��� ����� �� ���

)L[HG�FDUERQ� ��� �� �� �����

&� ����� ����� ����� �����

+� ���� ���� ���� ����

2� ���� ����� ��� ���

1� ���� ���� ���� ����
6� ���� � � ���� �����

/+9>N-�NJ@� ������ ������ ������ ������

6RXUFH����%DODW������
6RXUFH����7KHUPRIOH[��������

7KH�H[HUJ\�RI�D�V\VWHP�LV�GHILQHG�DV�WKH�PD[LPXP
DYDLODEOH� ZRUN� WKDW� FDQ� EH� GRQH� E\� WKH� V\VWHP�
HQYLURQPHQW�FRPELQDWLRQ��$�KLJKHU�YDOXH�RI�H[HUJ\
PHDQV�D�KLJKHU�YDOXH�RI�REWDLQDEOH�ZRUN��7KH�H[HUJ\
DQDO\VLV�LV�WKH�FRPSRVLWH�RI�WKH�ILUVW�DQG�VHFRQG�ODZV
RI�WKHUPRG\QDPLFV�

,Q�WKLV�DQDO\VLV��KHDW�GRHV�QRW�KDYH�WKH�VDPH�YDOXH
DV�ZRUN��DQG�H[HUJ\�ORVV�UHSUHVHQWV�UHDO�ORVV�RI�ZRUN�
:KHQ�DQDO\]LQJ�QRYHO�DQG�FRPSOH[�WKHUPDO�V\VWHPV�
H[SHULHQFH�QHHGV�WR�EH�VXSSOHPHQWHG�E\�PRUH�ULJRURXV
TXDQWLWDWLYH�DQDO\WLFDO�WRROV��([HUJ\�DQDO\VLV�SURYLGHV
WKHVH� WRROV� DQG� KHOSV� LQ� ORFDWLQJ�ZHDN� VSRWV� LQ� D
SURFHVV��7KLV�DQDO\VLV�SURYLGHV�D�TXDQWLWDWLYH�PHDVXUH
RI�WKH�TXDOLW\�RI�WKH�HQHUJ\�LQ�WHUPV�RI�LWV�DELOLW\�WR
SHUIRUP�ZRUN�DQG�OHDGV�WR�D�PRUH�UDWLRQDO�XVH�RI�HQHUJ\
�2NWD\�� �������)RU�D� UHDO�SURFHVV�� WKH�H[HUJ\� LQSXW
DOZD\V�H[FHHGV�WKH�H[HUJ\�RXWSXW��WKLV�LPEDODQFH�LV
GXH� WR� LUUHYHUVLELOLWLHV��ZKLFK�DUH�NQRZQ� DV�H[HUJ\
GHVWUXFWLRQ� �'LQoHU�DQG�0XVOLP��������'LQoHU� DQG
0XVOLP��������

7KH�JHQHUDO�IRUP�RI�WKH�H[HUJ\�HTXDWLRQ�IRU�WKH
V\VWHP� DW� VWHDG\� VWDWH� FRQGLWLRQV� LV� JLYHQ� LQ� (T��
�%HMDQ�HW�DO�������%HMDQ��������

L H '(HHHPLHLPFY:M4M L7

7���

���

5HDUUDQJLQJ�(T���JLYHV� WKH�H[HUJ\�GHVWUXFWLRQ�RI�D
VWHDG\�VWDWH�RSHQ�V\VWHP�IRU�D�FRQWURO�YROXPH�

L H
HLFYM

M
TM' ((:4(( ���

,W� PXVW� EH� QRWHG� WKDW�� LQ� WKLV� VWXG\�� WKH� H[HUJ\
GHVWUXFWLRQV� FDXVHG� E\� WKH� KHDW� ORVVHV� IURP� WKH
FRPSRQHQWV�DUH�QHJOHFWHG��VLQFH�LW�KDV�EHHQ�DVVXPHG

WKDW�WKH�ERXQGDU\�WHPSHUDWXUH�RI�HDFK�FRPSRQHQW��GXH
WR� LGHDO� LQVXODWLRQ�� �7

M
�� LV� HTXDO� WR� WKH� DPELHQW

WHPSHUDWXUH��7
�
���7KHUHIRUH�

L H
HLFY' ((:( ���

,Q� WKH�DEVHQFH�RI�QXFOHDU��PDJQHWLF��HOHFWULFDO�� DQG
VXUIDFH� WHQVLRQ�HIIHFWV�� WKH�WRWDO� H[HUJ\�RI� D�V\VWHP

( �FDQ�EH�GLYLGHG�LQWR�IRXU�FRPSRQHQWV�

.137&+3+ ((((( ���

%\�QHJOHFWLQJ�SRWHQWLDO�DQG�NLQHWLF�HQHUJ\�(T���FDQ�EH
UHZULWWHQ�DV�LQGLFDWHG�LQ�(T���

&+3+ ((( ���

7KH�VSHFLILF�SK\VLFDO�H[HUJ\�� 3+H ��FDQ�EH�H[SUHVVHG

DV� IROORZV�� ZKHUH� VXEVFULSW� ³�´� LQGLFDWHV� UHIHUHQFH
FRQGLWLRQV�

���3+ VV7KKH ���

7KH�WRWDO�H[HUJ\�UDWH�� ( ��FDQ�EH�ZULWWHQ�DV�D�IXQFWLRQ

RI�PDVV� IORZ� UDWH� � P �� DQG� VSHFLILF� SK\VLFDO� DQG
FKHPLFDO�H[HUJLHV�DQG�LV�JLYHQ�DV�IROORZ�

&+��� HVV7KKP( ���

7KH� PRODU� VSHFLILF� FKHPLFDO� H[HUJ\� � &+H �� RI� D

VXEVWDQFH� FDQ� EH� REWDLQHG� IURP� VWDQGDUG� FKHPLFDO
H[HUJ\�WDEOHV��%HMDQ�HW�DO��������%HMDQ��������.RWDV�
������UHODWLYH�WR�VSHFLILFDWLRQ�RI�WKH�HQYLURQPHQW��)RU
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PL[WXUHV�FRQWDLQLQJ�JDVHV�RWKHU�WKDQ�WKRVH�SUHVHQW�LQ
WKH� UHIHUHQFH� WDEOHV��PRODU� FKHPLFDO� H[HUJ\� FDQ� EH
HYDOXDWHG�ZLWK�WKH�IROORZLQJ�HTXDWLRQ��%HMDQ�HW�DO�������

Q[Q[75Q&+HQ[&+H OQ��� ���

,Q�(T�����[
Q
�LV�WKH�PRO�IUDFWLRQ�RI�WKH�N

WK
�JDV�LQ�WKH

PL[WXUH�DQG5 LV�WKH�XQLYHUVDO�JDV�FRQVWDQW��3URFHGXUH

IRU�WKH�GHWHUPLQDWLRQ�RI�WKH�FKHPLFDO�H[HUJ\�EDVHG�RQ
VWRLFKLRPHWULF�FRPEXVWLRQ�RI�FRDO�KDV�EHHQ�GHYHORSHG
E\� %HMDQ� �%HMDQ� HW� DO��������� ,Q� WKLV� VWXG\�� IRU� WKH
FDOFXODWLRQ�RI�WKH�VSHFLILF�FKHPLFDO�H[HUJ\�RI�6RPD
OLJQLWH�DQG�GLIIHUHQW�W\SHV�RI�ELRPDVV��WKH�VDPH�PHWKRG
ZDV�XWLOL]HG��,Q�WKLV�VWXG\��WKH�DWPRVSKHULF�WHPSHUDWXUH
DQG�SUHVVXUH�DUH�WDNHQ�DV�UHIHUHQFH�FRQGLWLRQV�����&
DQG��������N3D��UHVSHFWLYHO\�

$QRWKHU� SDUDPHWHU� LQ� WKH� H[HUJ\� DQDO\VLV� RI� D
V\VWHP�LV�WKH�H[HUJ\�HIILFLHQF\��ZKLFK�LV�WKH�SHUFHQWDJH
RI�WKH�H[HUJ\�RI�WKH�SURGXFW��GHVLUHG�RXWSXW��RYHU�WKH
IXHO�H[HUJ\�SURYLGHG�WR�D�V\VWHP��+HUH��IXHO�H[HUJ\�LQ
JHQHUDO�LV�GHILQHG�DV�WKH�HQWLUH�UHVRXUFHV�VXSSOLHG�WR
WKH�V\VWHP��H�J���IXHO��DLU��ZDWHU�DQG�HWF���&RQVLGHULQJ
WKLV�IDFW��WKH�GHVLUHG�RXWFRPH�DQG�WKH�JLYHQ�UHVRXUFH
RI� WKH�GLIIHUHQW� FRPSRQHQWV�RI� WKH� SRZHU�SODQW� FDQ
KDYH�GLIIHUHQW�GHILQLWLRQV��+RZHYHU��VHFRQG�ODZ�HQHUJ\
HIILFLHQF\��H[HUJ\�HIILFLHQF\� ��FDQ�EH�H[SUHVVHG�DV�

)

3

(

(
���

)XUWKHU�H[SUHVVLRQV�DQG�HIILFLHQFLHV�RI�H[HUJ\�RI�HDFK
FRPSRQHQW� RI� WKH� LQYHVWLJDWHG� SRZHU� SODQW� DUH
VXPPDUL]HG�LQ�$SSHQGL[���

7KH� WZR�SURFHVVHV�� GLUHFW� DQG� SDUDOOHO� FR�ILULQJ� RI
ELRPDVV�ZLWK�OLJQLWH�ZHUH�VXFFHVVIXOO\�VLPXODWHG�XVLQJ
7KHUPRIOH[��%RWK�SURFHVVHV�ZHUH�LQYHVWLJDWHG�XVLQJ
WKUHH� W\SHV� RI� ELRPDVV� �FRUQ� FREV�� FRWWRQ� JLQ� DQG
ROLYH�SLWV��WR�VLPXODWH�WKH�6RPD�733��ZKLFK�LV�EDVHG
RQ�µµUHDO¶¶�GDWD� IRU�WKH�SRZHU�SODQW��DV�GHVFULEHG�LQ
6HFWLRQ���

$V� LW� FDQ� EH� VHHQ� IURP�)LJ���� ERWK� GLUHFW� DQG
SDUDOOHO�FR�ILULQJ�RI�ELRPDVV�FDQ�FDXVH�D�QRWLFHDEOH
GHFUHDVH�LQ�OLJQLWH�FRQVXPSWLRQ�RI�WKH�SRZHU�SODQW�
6LQFH�� LQ� WKH� SDUDOOHO�PHWKRG�� FRPEXVWLRQ� RI� WKH
ELRPDVV�RFFXUV�LQ�D�VHSDUDWH�ERLOHU��WKH�IOXH�JDV�IURP
ELRPDVV� FRPEXVWLRQ�� ZKLFK� FDQ� FRQWDLQ� KLJKO\
FRUURVLYH�HOHPHQWV��GRHV�QRW�FRPH�LQWR�FRQWDFW�ZLWK
DQ\�FRPSRQHQW�RI�WKH�H[LVWLQJ�733��WKHUHIRUH��LQ�WKLV
PHWKRG��D�KLJKHU�UDWLR�RI�ELRPDVV�OLJQLWH�FDQ�EH�XWLOL]HG
LQ�FRPSDUH�ZLWK�GLUHFW�PHWKRG��7KXV��LQ�WKH�SDUDOOHO
PHWKRG��WKH�OLJQLWH�FRQVXPSWLRQ�RI�WKH�SRZHU�SODQW
GHFUHDVHV�E\�DSSUR[LPDWHO\����WRQ�K��ZKHUHDV�LQ�WKH
GLUHFW�PHWKRG��MXVW�KDOI�RI�WKLV�DPRXQW�FDQ�EH�UHDOLVHG�

7KH� ELRPDVV� FRQVXPSWLRQ� GLIIHUV� IRU� HDFK� FR�
ILULQJ�PHWKRG��)LJ���VKRZV�WKH�ELRPDVV�FRQVXPSWLRQ
UDWH�RI�WKH�SRZHU�SODQW�LQ�HDFK�FDVH��)RU�WKH�GLUHFW
PHWKRG�� DERXW� WKH� VDPH�DPRXQW�� FLUFD� ��� WRQ�K�� LV
UHTXLUHG�IRU�FR�ILULQJ�DOO�W\SHV�RI�ELRPDVV��2Q�WKH�RWKHU
KDQG�� WKH� ELRPDVV� UHTXLUHPHQW� IRU� WKH� H[WHUQDO
FLUFXODWLQJ�IOXLGL]HG�EHG��&)%��ERLOHU�FR�ILULQJ�YDULHV
ZLWK�WKH�W\SH�RI�ELRPDVV��ZLWK�FRWWRQ�JLQ�WKH�KLJKHVW
DW�DURXQG����W�K��&RUQ�FREV�DQG�ROLYH�SLWV�IROORZ�LW
ZLWK����DQG����WRQ�K��UHVSHFWLYHO\�

7KH� HIIHFW� RI� FR�ILULQJ� ELRPDVV� DQG� OLJQLWH� E\
GLUHFW�DQG�LQGLUHFW��SDUDOOHO�FRPEXVWLRQ��PHWKRGV�RQ
WKH�&2

��
HPLVVLRQV�DUH�GLVSOD\HG�LQ�)LJ�����6LQFH�DOO

ELRPDVV�W\SHV�XVHG�LQ�WKLV�VWXG\�KDYH�D�VLJQLILFDQWO\

)LJ�����$�FRPSDULVRQ�RI�WKH�OLJQLWH�FRQVXPSWLRQ�UDWH�RI�WKH�SRZHU�SODQWV�ZLWK�GLUHFW�DQG�SDUDOOHO�FR�ILULQJ�DQG
ZLWKRXW�FR�ILULQJ
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)LJ�����$�FRPSDULVRQ�RI�WKH�WRWDO�&2
�
�HPLVVLRQV�RI�WKH�SRZHU�SODQWV�ZLWK�GLUHFW�DQG�SDUDOOHO�FR�ILULQJ�DQG

ZLWKRXW�FR�ILULQJ

KLJKHU�/+9�WKDQ�6RPD�OLJQLWH��WKHUHIRUH��DGGLQJ�WKHP
FRXOG�FDXVH�D�UHGXFWLRQ�LQ�WKH�IXHO�FRQVXPSWLRQ�RI�WKH
SRZHU�SODQW��DQG�FRQVHTXHQWO\��D�VLJQLILFDQW�GHFUHDVH
LQ� WKH� JURVV� &2

�
� HPLVVLRQV� RI� WKH� V\VWHP�� 7KLV

UHGXFWLRQ� LQ� WKH� SDUDOOHO� FR�FRPEXVWLRQ�PHWKRG� LV
DOPRVW�WKH�VDPH�IRU�DOO�WKUHH�W\SHV�RI�ELRPDVVHV��EXW�LQ
WKH�GLUHFW�PHWKRG��WKHLU�HIIHFWV�YDU\��)HHGLQJ�ROLYH�SLWV
LQWR�WKH�IXUQDFH�RI�WKH�6RPD�733�KDV�WKH�KLJKHVW�HIIHFW
RQ� WKH�JURVV�&2

�
�HPLVVLRQ�RI� WKH� SRZHU�SODQW�ZLWK

DSSUR[LPDWHO\��������WRQ�\HDU�UHGXFWLRQ��DQG�FRWWRQ
JLQ�IROORZV�LW�ZLWK��������WRQ�\HDU��ZKLOH�FRUQ�FREV
SURGXFH�WKH�PLQLPXP�HIIHFW�ZLWK�RQO\�������WRQ�\HDU
JURVV�&2

�
�HPLVVLRQV� UHGXFWLRQ�IRU�WKH�SRZHU�SODQW�

1HYHUWKHOHVV�LW�FDQ�EH�VHHQ�WKDW��LQGLUHFW�FR�ILULQJ�KDV
D�EHWWHU�HIIHFW�RQ�WKH� UHGXFLQJ�WKH�HPLVVLRQV�RI� WKH
6RPD�733��+RZHYHU��LI�WKH�QHW�&2

��
HPLVVLRQV�WR�WKH

HQYLURQPHQW�ZHUH�FDOFXODWHG��L�H��DVVXPLQJ�WKDW�WKH
ELRPDVV�LV�FRQVLGHUHG�WR�EH�&2

��
QHXWUDO�GXH�WR�LWV�&2

�

DEVRUSWLRQ�IURP�WKH�DWPRVSKHUH�GXULQJ�JURZWK�RU�UH�
JURZWK�� WKHQ� WKH� FR�ILU LQJ� SURFHVVHV� FRXOG
GHPRQVWUDWH� D� PXFK� ORZHU� OHYHO� RI� &2

��
HPLVVLRQV

�+XDQJ�HW�DO���������

6LQFH� ELRPDVV� JHQHUDOO\� FRQWDLQV� FRQVLGHUDEO\
OHVV�VXOSKXU�WKDQ�OLJQLWH��E\�DGGLQJ�RI�WKH�ELRPDVV�LQ
WKH�SRZHU�SODQW�IXHO��WKH�QHW�62

�
�HPLVVLRQV�RI�WKH�SRZHU

SODQW� DUH� UHGXFHG� VLJQLILFDQWO\��$OVR�� WKH� FDOFLXP
FRQWHQW�LQ�ELRPDVV��LQ�JHQHUDO��SURPRWHV�62

[
�FDSWXUH

�+XDQJ�HW�DO����������0RUHRYHU��LQ�SDUDOOHO�FR�ILULQJ�
VLQFH�WKH�ELRPDVV�FR�ILULQJ�RFFXUV�LQ�DQ�H[WHUQDO�&)%
ERLOHU��WKH�SRVVLELOLW\�RI�WKH�IXUWKHU�UHGXFWLRQ�RI�62

�

HPLVVLRQV� RULJLQDWLQJ� IURP� ELRPDVV� FDQ� DOVR� EH
FRQVLGHUHG�E\�XVLQJ�62

�
�VRUEHQWV��)LJ����GLVSOD\V�WKH

FRPSDULVRQ�RI�WKH�62
�
�HPLVVLRQ�RI�PRGLILHG�6RPD�733

ZLWK�UHJDUG�WR�FKDQJHV�LQ�WKH�FR�ILULQJ�PHWKRGV��$V
VKRZQ�LQ�WKLV�ILJXUH�IRU�ERWK�WHFKQRORJLHV��DOO�W\SHV
KDYH�DOPRVW�WKH�VDPH�HIIHFW��WKH�DYHUDJH�UDWH�RI�WKH
62

�
� HPLVVLRQ� UHGXFWLRQ� LQ� SDUDOOHO� FR�ILULQJ� LV

DSSUR[LPDWHO\��������WRQ�\HDU�ZKLOH�LQ�FR�FRPEXVWLRQ
LW�LV�DOPRVW�KDOI�RI�WKLV�DPRXQW�

)LJ����GLVSOD\V�WKH�HIIHFW�RI�FR�ILULQJ�RI�ELRPDVV
RQ�WKH�WRWDO�GXVW�HPLVVLRQ�RI�6RPD�733�IRU�GLUHFW�DQG
SDUDOOHO�FR�ILULQJ�PHWKRGV��&RQVLGHULQJ�WKH�IDFW�WKDW�
WKH� GXVW� HPLVVLRQ� LV� KLJKO\� GHSHQGHQW� RQ� WKH� DVK
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)LJ�����$�FRPSDULVRQ�RI�WKH�WRWDO�62
�
�HPLVVLRQV�RI�WKH�SRZHU�SODQWV�ZLWK�GLUHFW�DQG�SDUDOOHO�FR�ILULQJ�DQG

ZLWKRXW�FR�ILULQJ

FRQWHQW�RI�WKH�IXHO��DQG�EHFDXVH�WKH�DVK�FRQWHQW�RI�WKH
DOO� WKUHH� ELRPDVV� W\SHV� XVHG� LQ� WKLV� VWXG\� DUH
UHPDUNDEO\�ORZHU�WKDQ�6RPD�OLJQLWH��7DEOH�����DGGLQJ
ELRPDVVHV� UHGXFHV� WKH� GXVW� HPLVVLRQV� RI� WKH� SRZHU
SODQW�LQ�ERWK�FDVHV��6LPLODU�WR�WKH�RWKHU�HPLVVLRQV��GXVW
UHGXFWLRQ�LV�KLJKHU�LQ�SDUDOOHO�FR�ILULQJ�FRPSDUHG�WR
WKH�GLUHFW�FR�ILULQJ��3DUDOOHO�FR�ILULQJ�RI�WKH�FRUQ�FREV
DQG�ROLYH�SLWV�ZLWK�FLUFD����WRQ�\HDU�FDQ�EH�FKRVHQ�DV
WKH�EHVW�ELRPDVV�IRU�GHFUHDVLQJ�WKH�GXVW�HPLVVLRQ�RI
WKH�SRZHU�SODQW�

)LJ����GHSLFWV�WKH�HIIHFW�RI�WKH�FR�ILULQJ�RI�ELRPDVV
ZLWK�OLJQLWH�RQ�WKH�H[HUJ\�GHVWUXFWLRQ�RI�6RPD�733��,W
VKRZV� WKDW�� IRU� DOO�ELRPDVV� W\SHV�DSDUW� IURP�FRWWRQ
JLQ��FR�ILULQJ�FDXVHV�D�VOLJKW�GURS�LQ�H[HUJ\�GHVWUXFWLRQ
IRU�ERWK�GLUHFW�DQG�SDUDOOHO�PHWKRG��FRPSDUHG�ZLWK�WKH
µµOLJQLWH� RQO\¶¶� FDVH��7KH�PDMRU� UHDVRQ� IRU� H[HUJ\
GHVWUXFWLRQ�LQFUHDVH�RI�SDUDOOHO�FR�ILULQJ�RI�FRWWRQ�JLQ
PD\�EH�LWV�ORZHU�FDORULILF�YDOXH�DQG�KLJKHU�DVK�FRQWHQW
LQ�FRQWUDVW�ZLWK�RWKHU�ELRPDVV�W\SHV��7DEOH�����ZKLFK
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)LJ����$�FRPSDULVRQ�RI�WKH�WRWDO�GXVW�HPLVVLRQ�RI�WKH�SRZHU�SODQWV�ZLWK�GLUHFW�DQG�SDUDOOHO�FR�ILULQJ�DQG
ZLWKRXW�FR�ILULQJ

FDQ�GLUHFWO\�HIIHFWV�&)%�SHUIRUPDQFH��7KLV�DOVR�FDXVHV
D� UHPDUNDEOH� ULVH� LQ� ELRPDVV� FRQVXPSWLRQ� UDWH� DV
GLVSOD\HG�LQ�)LJ���

7KH�HIIHFW�RI�WKH�FR�ILULQJ�RQ� H[HUJ\�HIILFLHQF\
�VHFRQG�ODZ��RI�6RPD�733�LV�FOHDUO\�VKRZQ�LQ�)LJ����
'LUHFW�FR�ILULQJ�RI�FRUQ�FREV�DQG�FRWWRQ�JLQ�LQFUHDVH
WKH�H[HUJ\�HIILFLHQF\�RI�WKH�SRZHU�SODQW�E\������DQG
������� UHVSHFWLYHO\� DQG� ROLYH� SLWV� UHGXFHV� LW� E\
������2Q�WKH�RWKHU�KDQG��WKH�SDUDOOHO�FR�ILULQJ�HIIHFW
RQ�H[HUJ\�HIILFLHQF\�LV�TXLWH�GLIIHUHQW��2OLYH�SLWV�DQG
FRUQ�FREV�LQFUHDVH�WKH�HIILFLHQF\�E\������DQG������
UHVSHFWLYHO\��ZKLOH�FRWWRQ�JLQ�UHGXFHV�WKH�VHFRQG�ODZ
HIILFLHQF\�E\��������/LNHZLVH�IRU�WKH�H[HUJ\�GHVWUXFWLRQ�
WKH� ORZHU�FDORULILF�YDOXH� DQG� KLJKHU�DVK�FRQWHQW�RI
FRWWRQ�JLQ�FDQ�EH�FRQVLGHUHG�DV�WKH�PDLQ�UHDVRQ�IRU
WKH�H[HUJ\�HIILFLHQF\�UHGXFWLRQ�RI�WKH�SRZHU�SODQW�

([HUJ\� GHVWUXFWLRQ� LV� D� IXQFWLRQ� RI� HQWURS\
JHQHUDWLRQ��(QWURS\�LV�D�PHDVXUH�RI�WKH�µUDQGRPQHVV¶
RI� D� V\VWHP��$�SURFHVV�ZLWK� OHVV�H[HUJ\�GHVWUXFWLRQ
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�� 6WHDP� ������ ������� ������ �������� ������� ������� ������ �������
�� 6WHDP� ������ ������� ����� �������� ������� ������ ����� ������
�� 6WHDP� ������ ������� ���� �������� ������� ����� ����� �����
�� 6WHDP� ������ ������ ���� �������� ������� ����� ����� �����
�� VWHDP� ������ ������ ���� �������� ������� ����� ����� �����
�� 6WHDP� ������ ������ ���� �������� ������� ����� ����� �����
��� 6WHDP� ����� ����� ���� �������� ������� ����� ����� �����
��� 6WHDP�:DWHU � ����� ����� ���� �������� ������� ����� ����� �����
��� 6WHDP�:DWHU � ����� ���� ������ �������� ������� ������ ������ ������
��� :DWHU� ����� ������ ������ ������� ������� ����� ������� �������
��� :DWHU� ����� ������� ������ ������� ������� ����� ������� �������
��� :DWHU� ����� ������� ������ ������� ������� ����� ������ ������
��� :DWHU� ����� ����� ����� ������� ������� ����� ����� �����
��� :DWHU� ����� ������� ������ ������� ������� ����� ������ ������
��� :DWHU� ����� ����� ����� ������� ������� ����� ����� �����
��� :DWHU� ����� ������� ������ ������� ������� ����� ������ ������
��� :DWHU� ������ ������ ���� ������� ������� ����� ����� �����
��� :DWHU� ������ ������ ������ ������� ������� ����� ������ ������
��� :DWHU� ������ ������ ���� ������� ������� ����� ����� �����
��� :DWHU� ������ ������ ������ ������� ������� ����� ������ ������
��� :DWHU� ������ ������ ������ ������� ������� ������ ������ ������
��� :DWHU� ������ �������� ������ ������� ������� ������ ������ ������
��� :DWHU� ������ ������� ����� ������� ������� ����� ����� �����
��� :DWHU� ������ �������� ������ ������� ������� ������ ������ ������
��� :DWHU� ������ ������� ����� ������� ������� ����� ����� �����
��� :DWHU� ������ ������ ������ ������� ������� ������ ������ ������
��� $LU � ����� ����� ������ ����� ������� ����� ����� �����
��� $LU � ����� ������ ������ �������� ������� ����� ����� �����
��� $LU � ������ ������ ������ ������ ������� ����� ����� �����
��� $LU � ������ ������ ����� ������ ������� ����� ����� �����
��� $LU � ������ ������ ����� ������ ������� ����� ����� �����
��� &RPE���*DV� ������� ������ ���� ��������� ������� ����� ����� �����
��� &RPE��*DV� ������ ������ ������ ��������� ������� ����� ������ ������
��� &RPE��*DV� ����� ������ ������ ��������� ������� ����� ������ ������
��� /LJQLWH� ����� ������ ����� ����� ������� ����� ������� �������
��� :DWHU� ����� ����� ������� ������� ������� ������ ������� �������
��� :DWHU� ����� ������� ������� ������� ������� ����� ������� �������
��� :DWHU� ����� ������� ������� ������� ������� ����� ������� �������
��� :DWHU� ������ �������� ����� ������� ������� ������ ����� ������
��� :DWHU� ������ �������� ����� �������� ������� ������ ����� ������
��� :DWHU� ������ �������� ������ �������� ������� ������� ������ �������
��� $LU � ����� ����� ����� ����� ������� ����� ����� �����
��� $LU � ����� ������ ����� �������� ������� ������� ����� �������
��� $LU � ������ ������ ����� ������ ������� ����� ����� �����
��� $LU � ������ ������ ����� ������ ������� ����� ����� �����
��� $LU � ������ ������ ����� ������ ������� ����� ����� �����
��� %LRPDVV� ������ ������ ���� ����� ������� ����� ������� �������
��� &RPE��*DV� ������ ������ ����� ��������� ������� ����� ����� �����
��� &RPE��*DV� ����� ������ ����� ��������� ������� ����� ����� ����
��&RPE���FRPEXVWLRQ�
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ILULQJ
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&RUQ�FREV

&RWWRQ�JLQ

2OLYH�SLWV

6RPD�OLJQLWH

)LJ�����$�FRPSDULVRQ�RI�WKH�H[HUJ\�HIILFLHQF\�RI�WKH�SRZHU�SODQWV�ZLWK�GLUHFW�DQG�SDUDOOHO�FR�ILULQJ�DQG
ZLWKRXW�FR�ILULQJ

)LJ�����$�FRPSDULVRQ�RI�WKH�H[HUJ\�GHVWUXFWLRQ�RI�WKH�SRZHU�SODQWV�ZLWK�GLUHFW�DQG�SDUDOOHO�FR�ILULQJ�DQG
�ZLWKRXW�FR�ILULQJ

KDV� D� KLJKHU� SRWHQWLDO� WR� SURGXFH�ZRUN�� ([HUJ\
DQDO\VLV�KHOSV�V\VWHP�GHVLJQHUV�WR�ORFDWH�WKH�H[DFW
DUHDV� WKDW� KDYH� WKH� KLJKHVW� HQWURS\� SURGXFWLRQ�
7KHUHIRUH��GHVLJQHUV�ZLOO�EH�DEOH�WR�IRFXV�RQ�WKRVH
NH\�DUHDV�LQ�RUGHU�WR�EH�DEOH�WR�GHFUHDVH�WKH�HQWURS\
JHQHUDWLRQ�� DQG� WR� ORZHU� LPSDFW� RQ� WKH� V\VWHP
VXUURXQGLQJV� DQG� WKH� HQYLURQPHQW� �5HJXODJDGGD�
�������7KH�WKHUPRG\QDPLF�SURSHUWLHV�RI�HDFK�VWUHDP
RI�WKH�SRZHU�SODQW�ZLWK�SDUDOOHO�FR�ILULQJ�RI�ROLYH�SLWV
DUH� SUHVHQWHG� LQ�7DEOH� ���0RUHRYHU�� WKH� SK\VLFDO�
FKHPLFDO�DQG�WRWDO�H[HUJ\�UDWHV�RI�DLU��OLJQLWH��ELRPDVV�
FRPEXVWLRQ�JDVHV��VWHDP�DQG�ZDWHU�DW�YDULRXV�SRLQWV
DUH�DOVR�FRPSXWHG�YLD�WKH�HTXDWLRQV�JLYHQ�LQ�VHFWLRQ
���DQG�VXPPDUL]HG�LQ�WKH�VDPH�WDEOH��7KH�FKHPLFDO
H[HUJ\�RI� DLU� LV� DVVXPHG� WR� EH� ]HUR��6LQFH� WKH� DLU
FRPSRVLWLRQ�DW�WKHVH�SRLQWV�UHVHPEOHV�WKH�UHIHUHQFH
HQYLURQPHQW� �%HMDQ� HW� DO���������� ,Q� DGGLWLRQ� WKH
SK\VLFDO�H[HUJ\�RI�OLJQLWH�DQG�ELRPDVV�DUH�LJQRUHG
GXH�WR�QHJOLJLEOH�FKDQJHV�LQ�WKHLU�HQWURSLHV��6RPH

RSHUDWLRQDO�GDWD�DQG�SRZHU�FRQVXPSWLRQV�RI�DX[LOLDU\
GHYLFHV�RI�6RPD�SRZHU�SODQW�ZLWK�SDUDOOHO�FR�ILULQJ�RI
ROLYH�SLWV�DUH�JLYHQ�LQ�7DEOH���

&RPSRQHQW� :�>0:@�

:1HW� �������
:6�7� �������

:3XOYHUL]HU� �����
:)DQ��� �����
:)DQ��� �����

:3XPS��� �����
:3XPS��� �����
:3XPS��� ������

:&�)�%� �����
1HW�HQHUJ\�HIILFLHQF\ ������>�@�

7DEOH����6RPH�RSHUDWLRQDO�GDWD�DQG�SRZHU
FRQVXPSWLRQ�RI�DX[LOLDU\�GHYLFHV�RI�WKH�733



(PLVVLRQV�UHGXFWLRQ�DW�D�WKHUPDO�SRZHU�SODQW

���

7DEOH����([HUJ\�GHVWUXFWLRQ�GDWD�DQG�H[HUJ\�HIILFLHQFLHV�RI�HDFK�FRPSRQHQW�RI�WKH�733

&RPSRQHQW� H[HUJ\�
GHVWUXFWLRQ>0:@�

SHUFHQW�H[HUJ\�
GHVWUXF WLRQ>�@�

SHUFHQW�H[HUJ\�
HIILFLHQF\>�@�

$LU�IDQ��� ����� ����� ������
$LU�SUH�KHDWHU� ����� ����� ������
%RLOHU � ������� ������ ������
6WHDP�WXUELQH � ������ ����� ������
&RQGHQVHU� ������ ����� ������
3UHKHD WHU�� ����� ����� ������
3UHKHD WHU�� ����� ����� ������
3UHKHD WHU�� ����� ����� ������
3UHKHD WHU�� ����� ����� ������
'HDHUD WRU� ����� ����� ������
3UHKHD WHU�� ����� ����� ������
3UHKHD WHU�� ����� ����� ������
3XPS�� ����� ����� ������
3XPS�� ����� ����� ������
3XPS�� ����� ����� ������
$LU�IDQ��� ������ ����� ������
$LU�SUH�KHDWHU��� ����� ����� ������
%RLOHU ��&)%�� ������ ������ ������
2YHUDOO�SODQW� ������� ������� ������

7DEOH���SURYLGHV�D�OLVW�RI�WKH�H[HUJ\�GHVWUXFWLRQ
DQG�H[HUJ\�HIILFLHQF\�GDWD�IRU�YDULRXV�FRPSRQHQWV�RI
WKH�SRZHU�SODQW��$V�LW�LV�REYLRXV�IURP�WKH�WDEOH�� WKH
ODUJHVW�H[HUJ\�GHVWUXFWLRQ�RFFXUV�LQ�ERWK�ERLOHUV��7KH
H[HUJ\�GHVWUXFWLRQ�LQ�WKH�PDLQ�ERLOHU�DQG�&)%�ERLOHU
DUH�FDOFXODWHG�WR�EH�������DQG���������RI�WKH�WRWDO�H[HUJ\
GHVWUXFWLRQ�� UHVSHFWLYHO\�� ,UUHYHUVLELOLWLHV� DVVRFLDWHG
ZLWK�KHDW�WUDQVIHU�WR�WKH�ZRUNLQJ�IOXLG�DQG�FKHPLFDO
UHDFWLRQV�FRXOG�EH�FRQVLGHUHG�DV�WKH�PDLQ�VRXUFHV�RI
WKH�H[HUJ\�GHVWUXFWLRQ�LQ�WKHVH�FRPSRQHQWV��%RLOHUV
W\SLFDOO\�KDYH�ORZ�H[HUJ\�HIILFLHQFLHV�DQG�KLJK�HQHUJ\
HIILFLHQFLHV��ZKLFK�LPSOLHV�WKDW�D�ODUJH�SHUFHQWDJH�RI
WKH�HQHUJ\�IURP�WKH�IXHO�HQWHULQJ�D�ERLOHU�ZRXOG�EH
WUDQVIHUUHG��EXW�WKH�TXDOLW\�RI�WKH�HQHUJ\�LV�VLJQLILFDQWO\
GHJUDGHG�GXULQJ�WKH�WUDQVIHU��5RVHQ���������7KH�RWKHU
SURPLQHQW� FRPSRQHQW� LQ� H[HUJ\� GHVWUXFWLRQ� LV� WKH
VWHDP�WXUELQH��ZKLFK�FRQWULEXWHV�������RI�WKH�WRWDO
H[HUJ\�GHVWUXFWLRQ��,Q�VSLWH�RI�WKH�)LUVW�/DZ�DQDO\VLV
LQGLFDWLQJ�WKDW�WKH�JUHDWHVW�HQHUJ\�ORVV�RFFXUV�DW�WKH
FRQGHQVHU��WKH�H[HUJ\�DQDO\VLV�RI�WKLV�SODQW�VKRZV�WKDW
RQO\��������RI�WKH�WRWDO�H[HUJ\�LV�ORVW�LQ�WKH�FRQGHQVHU�
ZKLFK�LV�HYHQ�OHVV�WKDQ�WKH�WXUELQH��7KH�WRWDO�H[HUJ\
GHVWUXFWLRQ�RI�WKH�SRZHU�SODQW�LV��������0:��DQG�WKH
H[HUJ\�HIILFLHQF\�RI�WKH�RYHUDOO�SRZHU�SODQW�LV���������
7KH�QHW�HOHFWULF�HIILFLHQF\�RI�WKH�VLPXODWHG�F\FOH��JLYHQ
LQ�7DEOH��������������LV�KLJKHU�WKDQ�WKH�H[HUJ\�HIILFLHQF\
RI�WKH�SRZHU�SODQW��$V�D�UHVXOW��LQ�RUGHU�WR�LPSURYH�WKH
SHUIRUPDQFH� RI� WKH� SRZHU� SODQW�� HIIRUWV� VKRXOG� EH
GLUHFWHG�DW�LPSURYLQJ�WKH�ERLOHU�SHUIRUPDQFH�

&21&/86,21
/DUJH�VFDOH�ELRPDVV�FR�ILULQJ�FDQ�EH�FRQVLGHUHG

DV� RQH� RI� WKH� PRVW� HIILFLHQW� DQG� FRVW� HIIHFWLYH
DSSURDFKHV� WR� FRQVHUYLQJ� IRVVLO� IXHO� UHVRXUFHV� DQG
UHGXFLQJ�QHW�&2��HPLVVLRQV��,Q�WKLV�VWXG\��ZLWK�UHJDUG
WR�WKH�IDFW�WKDW�OLJQLWH�FR�ILULQJ�ZLWK�ELRPDVV�LQ�H[LVWLQJ
SRZHU�SODQW�FDQ�EH�FRQVLGHUHG�DV�WKH�EHVW�DOWHUQDWLYH
IRU�YROXQWDU\�UHGXFWLRQ�RI�HPLVVLRQV��D�WHFKQLFDO�DQG
HQYLURQPHQWDO�IHDVLELOLW\�RI�WKH�GLUHFW�DQG�SDUDOOHO�FR�
ILULQJ�RI�6RPD�OLJQLWH�ZLWK�VRPH�GULHG�ELRPDVV�LQ�6RPD
733�� IURP� DQ� H[HUJ\� DQDO\VLV� SHUVSHFWLYH� LV
LQYHVWLJDWHG��7KH�LPSRUWDQW�FRQFOXVLRQV�GUDZQ�IURP
WKLV�VWXG\�FDQ�EH�VXPPDUL]HG�DV�IROORZ�

�%RWK�GLUHFW�DQG�SDUDOOHO�FR�ILULQJ�RI�WKH�ELRPDVV
FRXOG�FDXVH�D�UHPDUNDEOH�GHFUHDVH�LQ�IXHO�FRQVXPSWLRQ�
HPLVVLRQV�DQG�H[HUJ\�GHVWUXFWLRQ�DQG�D�VOLJKW�LQFUHDVH
LQ�WKH�H[HUJ\�HIILFLHQF\�RI�WKH�6RPD�733�

�8VLQJ�ROLYH�SLWV��LQ�ERWK�FR�ILULQJ�FRQILJXUDWLRQV�
KDG�WKH�EHVW�HIIHFW�RQ�WKH�SRZHU�SODQW�SHUIRUPDQFH�LQ
FRPSDULVRQ� ZLWK� RWKHU� ELRPDVV� W\SHV�� /LJQLWH
FRQVXPSWLRQ�� &2

�
�� 62

�
� DQG� GXVW� HPLVVLRQV�� LQ� WKH

GLUHFW�FRILULQJ�RSWLRQ�GURS�E\�DSSUR[LPDWHO\����������
DQG� ������ UHVSHFWLYHO\� DQG� LQ� WKH� LQGLUHFW� SDUDOOHO
FRILULQJ�RSWLRQ�E\�����������DQG�������UHVSHFWLYHO\�

�6LPXODWLRQ�UHVXOWV�LQGLFDWH�WKDW�SDUDOOHO�FR�ILULQJ
FDQ� RIIHU� D� EHWWHU� WHFKQLFDO� DQG� HQYLURQPHQWDO
SHUIRUPDQFH�WKDQ�GLUHFW�FR�ILULQJ��ZKLFK�DOVR�FRXOG
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VXIIHU�IURP�VRPH�VHULRXV�FRUURVLRQ�SUREOHPV� LQ� WKH
ERLOHU�

�7KH�GHWDLOHG�H[HUJ\�DQDO\VLV�UHVXOWV�RI�WKH�FDVH
VWXG\��SDUDOOHO�FR�ILULQJ�RI�WKH�ROLYH�SLWV��VKRZV�WKDW
WKH�WRWDO�H[HUJ\�GHVWUXFWLRQ�RI�WKH�SODQW�LV��������0:
DQG�WKH�QHW�H[HUJ\�HIILFLHQF\�LV���������7KH�H[HUJ\
DQDO\VLV� VKRZV� WKDW� WKH� PDMRULW\� RI� WKH� H[HUJ\
GHVWUXFWLRQ���������0:��WDNHV�SODFH�LQ�WKH�PDLQ�ERLOHU
DQG�FRPSULVHV��������RI�WRWDO�H[HUJ\�GHVWUXFWLRQ�RI
WKH�733�

7KHVH�UHVXOWV�VXJJHVW�WKDW�FR�ILULQJ�RI�DOPRVW�DOO
ELRPDVV�W\SHV�FRQVLGHUHG�LQ�WKLV�VWXG\��UHJDUGOHVV�RI
WKH�FR�ILULQJ�PHWKRGV��FRXOG�UHVXOW�LQ�FOHDQHU�DQG�PRUH
HIILFLHQW� HOHFWULFLW\� SURGXFWLRQ� LQ� WKH� 6RPD� 733�
&RQVXPSWLRQ�RI�WKH�µGLUW\¶�OLJQLWH�IXHO�GURSV�GXULQJ
ELRPDVV� FRILULQJ�� DQG� JDVHRXV� HPLVVLRQV� DUH� DOVR
UHGXFHG��KHOSLQJ�7XUNH\�WR�IXOILOO�LWV�HQYLURQPHQWDO
FRPPLWPHQWV� IRU� SRZHU� JHQHUDWLRQ�� ,I� WKH� KLJKHU
LQYHVWPHQW�FRVW�LV�QHJOHFWHG��SDUDOOHO�FR�ILULQJ�RI�WKH
ROLYH�SLWV�FDQ�EH�FRQVLGHUHG�DV�WKH�EHVW�RSWLRQ�IRU�FR�
FRPEXVWLRQ�LQ�WKH�6RPD�733��VLQFH�LW�KDV�DOPRVW�WKH
EHVW�HQYLURQPHQWDO�SHUIRUPDQFH�RI�WKH�ELRPDVV�W\SHV
FRQVLGHUHG� DQG� WKHUH� LV� D� FRQVLGHUDEOH� ROLYH� WUHH
UHVRXUFH�FORVH�WR�WKH�6RPD�733�

$&.12:/('*(0(17
7KH�DXWKRUV�ZRXOG�OLNH�WR�WKDQN�WR�WKH�6733��6RPD

WKHUPDO�SRZHU�SODQW��IRU�GDWD�VXSSRUW�

5()(5(1&(6
$UPHVWR��/���%DKLOOR��$���&DEDQLOODV��$���9HLMRQHQ��.���2WHUR�
-��� 3OXPHG��$�� DQG� 6DOYDGRU��/�� �������&R�FRPEXVWLRQ� RI
FRDO� DQG� ROLYH� RLO� LQGXVWU\� UHVLGXHV� LQ� IOXLGLVHG�EHG�� )XHO�
�������±�����

%DODW��0�� �������� %LRPDVV� (QHUJ\� DQG� %LRFKHPLFDO
&RQYHUVLRQ�3URFHVVLQJ� IRU�)XHOV� DQG�&KHPLFDOV��(QHUJ\
6RXUFHV��3DUW�$��������������

%DVX��3���%XWOHU�� -�� DQG� OHRQ��0��$�� ��������%LRPDVV� FR�
ILULQJ� RSWLRQV� RQ� WKH� HPLVVLRQ� UHGXFWLRQ� DQG� HOHFWULFLW\
JHQHUDWLRQ� FRVWV� LQ� FRDO�ILUHG� SRZHU�SODQWV�� 5HQHZDEOH
(QHUJ\���������±����

%D[WHU��/����������%LRPDVV�FRDO�FR�FRPEXVWLRQ��RSSRUWXQLW\
IRU�DIIRUGDEOH�UHQHZDEOH�HQHUJ\��)XHO����������������

%HMDQ��$����������7VDWVDURQLV�*���0RUDQ�0���7KHUPDO�'HVLJQ
DQG�2SWLPL]DWLRQ��-RKQ�:LOH\�	�6RQV�� ,QF��1HZ�<RUN�

%HMDQ��$����������$GYDQFHG�(QJLQHHULQJ�7KHUPRG\QDPLFV�
-RKQ�:LOH\�	�6RQV��,QF���86$�

&DVWUR�*XWLpUUH]��9��0���5RGUtJXH]�5RGUtJXH]��&��(�� DQG
9DUJDV�$]RIHLID�� ,�� �������� +\GURFDUERQ� 'HJUDGLQJ
0LFURIORUD� LQ� D� 7URSLFDO� IXHO�&RQWDPLQDWHG�$TXLIHU�
$VVHVVLQJ� WKH� )HDVLELOLW\� RI� 3$+�%LRUHPHGLDWLRQ�� ,QW�� -�
(QYLURQ��5HV������������������

'H�� 6�� DQG�$VVDGL��0�� �������� ,PSDFW� RI�FRILULQJ� ELRPDVV
ZLWK�FRDO�LQ�SRZHU�SODQWV�±�$�WHFKQR�HFRQRPLF�DVVHVVPHQW�
%LRPDVV�DQG�%LRHQHUJ\��������������

'LQoHU�� ,�� DQG�$O�PXVOLP��+�� ��������(QHUJ\�DQG� H[HUJ\
HIILFLHQFLHV�RI� UHKHDW�F\FOH� VWHDP�SRZHU� SODQW�3URFHHGLQJV
RI�(&26¶���� ,VWDQEXO�

'LQoHU�� ,�� DQG�$O�0XVOLP� +�� ��������7KHUPRG\QDPLF
DQDO\VLV� RI� UHKHDW� F\FOH�VWHDP� SRZHU� SODQWV�� ,QWHUQDWLRQDO
-RXUQDO�RI�(QHUJ\�5HVHDUFK��������������

(NPHN\DSDU�� )���$VODQ��$���%D\KDQ��<��.�� DQG�&DNLFL��$�
��������%LRVRUSWLRQ�RI�3E�,,��E\�1RQOLYLQJ�/LFKHQ�%LRPDVV
RI�&ODGRQLD�UDQJLIRUPLV�+RIIP��,QW��-��(QYLURQ��5HV���������
��������

(UGRJGX��(����������$Q�H[SRVH�RI�ELRHQHUJ\�DQG�LWV�SRWHQWLDO
DQG�XWLOL]DWLRQ� LQ�7XUNH\��(QHUJ\�3ROLF\������ ����±�����

)DUKDGL��$���)DUDKPDQG��+���0LUYDJKHIL��$��DQG�.KDOLOL��%�
��������$�*HQRWR[LFRORJLFDO�6WXG\�LQ�3HUVLDQ�*XOI�RQ�5RFN
2\VWHU��6RFFRVWUHD�FXFXOODWD��XVLQJ�0LFURQXFOHL�DQG�5$3,'
$VVD\V��,QW�� -��(QYLURQ��5HV���������� ��������

+XDQJ��<���0F,OYHHQ�:ULJKW��'���5H]YDQL��6���:DQJ��<��'��
+HZLWW��1��DQG�:LOOLDPV�%��&����������%LRPDVV�FR�I�LULQJ�LQ
D�SUHVVXUL]HG�I� OXLGL]HG�EHG� FRPEXVWLRQ��3)%&��FRPELQHG
F\FOH�SRZHU�SODQW�$�WHFKQR�HQYLURQPHQWDO�DVVHVVPHQW��)XHO
3URFHVVLQJ�7HFKQRORJ\��������������

*RPHV��/��+���$OH[DQGULQR��1���5RQFDWR�'XDUWH��.��0��DQG
$QGULQR��)��*����������&DGPLXP�%LRVRSWLRQ�E\�,PPRELOL]HG
'HDG�\HDVW�FHOOV�)URP�%LRHWKDQRO�,QGXVWULHV��,QW��-��(QYLURQ�
5HV������������������

*RXVWHURYD��$���1XVWRURYD��0��� 3DVNDOHYD��'��� 1D\GHQRY�
0��� 1HVKHY�� *� �� DQG� 9DVLOHYD�7RQNRYD�� (�� �������
$VVHVVPHQW� RI�)HDWKHU� +\GURO\VDWH�)URP� 7KHUPRSKLOLF
$FWLQRP\FHWHV�IRU�6RLO�$PHQGPHQW� DQG�%LRORJLFDO�&RQWURO
$SSOLFDWLRQ��,QW�� -��(QYLURQ��5HV���������� ����������

*XQJRU��$����������6LPXODWLRQ�RI�HPLVVLRQ�SHUIRUPDQFH�DQG
FRPEXVWLRQ�HIILFLHQF\�LQ�ELRPDVV�ILUHG�FLUFXODWLQJ�IOXLGL]HG�
%LRPDVV�DQG�%LRHQHUJ\���������±����

.LP��'��.���-HRQJ��.��6���0F.D\��5��,��%��&KRQ��7��6��DQG
-RR�� *�� - �� ��������0DFKLQH� /HDUQLQJ� IRU� 3UHGLFWLYH
0DQDJHPHQW�� 6KRUW� DQG� /RQJ� WHUP� 3UHGLFWLRQ� RI
3K\WRSODQNWRQ�%LRPDVV�XVLQJ� *HQHWLF�$OJRULWKP�%DVHG
5HFXUUHQW�1HXUDO�1HWZRUNV��,QW��-��(QYLURQ��5HV�������������
����

.KXUUDP��$��$����������7HPSRUDO�(YDOXDWLRQ�RI�%LRFKHPLFDO
3URSHUWLHV� LQ� &KHPLFDOO\�$PHQGHG�:DVWHZDWHU�'HULYHG
%LRVROLGV��,QW��-��(QYLURQ��5HV������������������

.RWDV��7��-�� �������7KH�([HUJ\�0HWKRG� RI�7KHUPDO�3ODQW
$QDO\VLV��$QFKRU�%UHQGRQ�/WG��7LSWUHH��(VVH[��8.�

.ULND��)���$]]RX]��1��DQG�1FLEL��0��&�� �������5HPRYDO�RI
+H[DYDOHQW� &KURPLXP� IURP� $TXHRXV� 0HGLD� XVLQJ
0HGLWHUUDQHDQ� 3RVLGRQLD� RFHDQLFD� ELRPDVV� ��$GVRUSWLRQ
6WXGLHV�DQG�VDOW�&RPSHWLWLRQ�,QYHVWLJDWLRQ�� ,QW�� -��(QYLURQ�
5HV������������������

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

���



�/DOHYLF��%���5DLFHYLF��9���.LNRYLF��'���-RYDQRYLF��/���6XUODQ�
0RPLURYLF��*���-RYLF��-��DQG�7DODLH��$��5����������DQG�0RULQD�
)�� �%LRGHJUDGDWLRQ� RI�07%(�E\�%DFWHULD� ,VRODWHG� IURP�RLO
+\GURFDUERQV��&RQWDPLQDWHG�(QYLURQPHQWV��,QW��-��(QYLURQ�
5HV����������������

0F,OYHHQ�:ULJKW��'��5���+XDQJ��<���5H]YDQL��6��DQG�:DQJ�
<�� ��������$� WHFKQLFDO� DQG� HQYLURQPHQWDO� DQDO\VLV�RI� FR�
FRPEXVWLRQ�RI�FRDO�DQG�ELRPDVV�LQ�IOXLGLVHG�EHG�WHFKQRORJLHV�
)XHO���������������

0F,OYHHQ�:ULJKW��'��5���+XDQJ��<���5H]YDQL��6���0RQGRO��-�
'���5HGSDWK��'���$QGHUVRQ��0���+HZLWW��1��-��DQG�:LOOLDPV
%��&����������$�WHFKQR�HFRQRPLF�DVVHVVPHQW�RI�WKH�UHGXFWLRQ
RI�FDUERQ�GLR[LGH�HPLVVLRQV�WKURXJK�WKH�XVH�RI�ELRPDVV�FR�
FRPEXVWLRQ��)XHO������ ������

0ROLWHUQL�� (���*yPH]��5���5RGUtJXH]��/��� )HUQiQGH]� ��)�� -�
DQG�9LOODVHxRU��-����������%LRVXUIDFWDQWV�3URGXFWLRQ�'XULQJ
'LHVHO�%LRGHJUDQDWLRQ�E\�0L[HG�0LFURELDO�&RQVRUWLD�6HOHFWHG
)URP�3ROOXWHG�6SROOV��,QW��-��(QYLURQ��5HV������������������

1HYDODLQHQ��+��� -HJRURII��0��� 6DDVWDPRLQHQ��-���7RXUXQHQ�
$��� -DQWWL�7���.HWWXQHQ��$��� -RKQVVRQ�� )���1LNODVVRQ�� )�
��������)LULQJ�RI�FRDO�DQG�ELRPDVV�DQG�WKHLU�PL[WXUHV�LQ���
N:DQG� ���0:� FLUFXODWLQJ�IOXLGL]HG� EHGV�±�3KHQRPHQRQ�
)XHO����������������

1LHPLQHQ��-��DQG�.LYHOD��0����������%LRPDVV�&)%�JDVLILHU
FRQQHFWHG� WR� D�����0:�VWHDP� ERLOHU� ILUHG�ZLWK� FRDO� DQG
QDWXUDO�JDV�WKHUPLH�GHPRQVWUDWLRQ�SURMHFW�LQ�/DKWL�LQ�)LQODQG�
%LRPDVV�DQG�%LRHQHUJ\��������������

1XVVEDXPHU��7����������&RPEXVWLRQ�DQG�FR�FRPEXVWLRQ�RI
ELRPDVV��IXQGDPHQWDOV��WHFKQRORJLHV��DQG�SULPDU\�PHDVXUHV
IRU�HPLVVLRQ�UHGXFWLRQ��(QHUJ\�	�)XHO����������������

2NWD\�� =�� �������� ,QYHVWLJDWLRQ�RI� FRDO�ILUHG� SRZHU�SODQWV
LQ�7XUNH\� DQG� D� FDVH� VWXG\��&DQ� SODQW��$SSOLHG�7KHUPDO
(QJLQHHULQJ���������±����

5HJXODJDGGD��3���'LQFHU��,��DQG�1DWHUHU��*��)����������([HUJ\
DQDO\VLV�RI�D�WKHUPDO�SRZHU�SODQW�ZLWK�PHDVXUHG�ERLOHU�DQG
WXUELQH�ORVVHV��$SSOLHG�7KHUPDO�(QJLQHHULQJ��������������

5RVHQ��0��$��DQG�'LQFHU��,����������([HUJ\�DQDO\VLV�RI�ZDVWH
HPLVVLRQV�� ,QWHUQDWLRQDO� -RXUQDO� RI� (QHUJ\�5HVHDUFK�� ���
����������

5RVHQ�� 0��$�� DQG�'LQFHU�� ,�� ������� 2Q� H[HUJ\� DQG
HQYLURQPHQWDO� LPSDFW�� ,QWHUQDWLRQDO� -RXUQDO� RI� (QHUJ\
5HVHDUFK��������������

5RVHQ��0��$�� DQG�6FRWW�� '��6�� �������$Q� HQHUJ\�H[HUJ\
DQDO\VLV� RI� WKH�.RSSHUV�7RW]HN� SURFHVV� IRU� SURGXFLQJ
K\GURJHQ� IURP� FRDO�� ,QWHUQDWLRQDO� -RXUQDO� RI�+\GURJHQ
(QHUJ\��������������

6SOLHWKRII��+�� DQG�+HLQ��.�� 5�� *��� ������� (IIHFW� RI� FR�
FRPEXVWLRQ� RI� ELRPDVV� RQ� HPLVVLRQV� LQ�SXOYHUL]HG� IXHO
IXUQDFHV��)XHO�3URFHVVLQJ�7HFKQRORJ\��������������

7KHUPRIOH[�� ��������7KHUPRIORZ�� ,QF�� ���+XGVRQ� 5RDG
6XGEXU\��0$���������86$�

7U|JO��-��DQG�%HQHGLNWRYi��.����������(PSLULFDO�&RPSDULVRQ
RI�6HYHQ�WZR�SDUDPHWHU�6LJPRLG�(TXDWLRQV�IRU�WKH�(YDOXDWLRQ
RI�WKH�&RQFHQWUDWLRQ�UHVSRQVH�&XUYHV� IURP�6WDQGDUG�$FXWH
(FRWR[LFLW\�$VVD\V�� ,QW�� -��(QYLURQ��5HV���������� ��������

8�6�(3$�� ��������8��6��(QYLURQPHQWDO� 3URWHFWLRQ�$JHQF\�
&RPELQHG�+HDW�DQG�3RZHU�3DUWQHUVKLS�%LRPDVV�&RPELQHG
+HDW�DQG�3RZHU�&DWDORJ�RI�7HFKQRORJLHV�

<DPDPRWR��.����������%LRPDVV�3RZHU�*HQHUDWLRQ�E\�&)%
%RLOHU��1..�7HFKQLFDO�5HYLHZ�����

(PLVVLRQV�UHGXFWLRQ�DW�D�WKHUPDO�SRZHU�SODQW

���



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� ��0DUFK� ����� �� ��� �� � �� � �� � � �5HYLVHG����-XO\������ �� �� � � �� � � � �� � �$FFHSWHG����-XO\�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��PDU\DPBS]N#\DKRR�FRP

���

,QYHVWLJDWLRQ�RI�6ROLG�:DVWH�'LVSRVDO�$OWHUQDWLYHV�LQ�/DYDQ�,VODQG�8VLQJ�/LIH
&\FOH�$VVHVVPHQW�$SSURDFK

6KDPV�)DOODK��)�����9DKLGL��+����3D]RNL��0����$NKDYDQ�/LPXGHKL��)����$VOHPDQG��$�5��

DQG�6DPLHH�=DIDUJKDQGL��5��

��'HSDUWPHQW�RI�(QYLURQPHQW��3DUGLDVDQ�3DUN��+DNLP�+LJKZD\��7HKUDQ��,UDQ

��*UDGXDWH�)DFXOW\�RI�(QYLURQPHQW��8QLYHUVLW\�RI�7HKUDQ��3�2��%R[�������������7HKUDQ��,UDQ

$%675$&7�(VFDODWLQJ�GHYHORSPHQW�RI�WRXULVP�DQG�SHWUROHXP�LQGXVWULHV�LQ�VPDOO�LVODQGV�VXFK�DV�/DYDQ�,UDQ

UHTXLUHV�VRXQG� VROLG�ZDVWH�PDQDJHPHQW�� ,Q� WKH�SUHVHQW� LQYHVWLJDWLRQ�� WKUHH� VFHQDULRV�ZKLFK� FRQVLVW�RI� WKH
FRPELQDWLRQ� RI� ODQGILOO�� UHF\FOLQJ�� LQFLQHUDWLRQ� DQG� FRPSRVWLQJ� DQG� WKHLU� HQYLURQPHQWDO� LPSDFWV�KDYH� EHHQ

HYDOXDWHG�IRU������.J�GD\� RI�ZDVWH�JHQHUDWLRQ� LQ�/DYDQ� LVODQG��)RU� WKLV�SXUSRVH�� OLIH�F\FOH� DVVHVVPHQW�ZDV

XVHG��7KH�HQYLURQPHQWDO�LPSDFW�DVVHVVPHQW�ZDV�FDUULHG�RXW�E\�(FR�LQGLFDWRU�����7KH� LPSDFWV�LQFOXGH�KHDOWK
�RUJDQLF� VXEVWDQFHV�� LQRUJDQLF� VXEVWDQFHV�� FOLPDWH� FKDQJH�� LRQL]LQJ� UDGLDWLRQ�� DQG� R]RQH� OD\HU� GHSOHWLRQ��

HFRV\VWHP�TXDOLW\��HFRWR[LF�HPLVVLRQV��DFLGLILFDWLRQ��HXWURSKLFDWLRQ�DQG�GRXEOH�FRDWLQJ��DQG�UHVRXUFHV��H[WUDFWLRQ

RI�PLQHUDOV� DQG� WKH�IRVVLO� IXHOV���$OWKRXJK�DOO� WKUHH�VFHQDULRV�KDYH�SRVLWLYH�LPSDFWV�RQ� WKH� HQYLURQPHQW�� WKH
WKLUG�RQH�FDXVHV�WKH�OHDVW�GDPDJH��,QWURGXFHG�6FHQDULR�RQH�KDV�WKH�PRVW�DGYHUVH�HIIHFWV�RQ�KXPDQ�KHDOWK�DQG

HFRV\VWHP� TXDOLW\��+RZHYHU�� LQWURGXFHG�VFHQDULR�7ZR�KDV� OHVV� WKDQ� WKH�RWKHUV�� ,Q� JHQHUDO�� WKH� HIIHFWV� RI

VFHQDULR� WKUHH� �ODQGILOOLQJ� SOXV� UHF\FOLQJ�� LQFLQHUDWLRQ� DQG�FRPSRVWLQJ�� LV� OHVV� WKDQ� WKH� RWKHU� WZR� VFHQDULRV
ZKLFK�PDNHV� LW�D�EHWWHU�FDQGLGDWH� IRU�IXUWKHU� LQYHVWLJDWLRQV�

.H\�ZRUGV�/LIH�&\FOH�$VVHVVPHQW�0XQLFLSDO� 6ROLG�:DVWH��/DQGILOOLQJ�&RPSRVWLQJ��5HF\FOLQJ�� ,QFLQHUDWLRQ

,1752'8&7,21
$OO�DURXQG�WKH�JOREH��YDULRXV�DSSURDFKHV�WR�SURSHU

6ROLG�:DVWH�0DQDJHPHQW��6:0��V\VWHPV�KDV�OHG�WR
VLJQLILFDQW�JRDOV�VXFK�DV�SXEOLF�KHDOWK�LPSURYHPHQW�
VDIHW\�DQG�HQYLURQPHQWDO�EHQHILWV��5HFHQW�VWXGLHV�VKRZ
D� JUHDW� LQWHUHVW� SURSRVLQJ� VHYHUDO� RSWLRQV� IRU� DQ
LQWHJUDWLYH�PDQDJLQJ�RI�WKH�VROLG�ZDVWHV�ZRUOGZLGH
�&KHUXELQL�HW�DO��������7KDQK�DQG�0DWVXL�������$EGROL
HW�DO���������1DGD�HW�DO���������5DVKLGL�HW�DO���������
,QWHJUDWHG� 6ROLG�:DVWH�0DQDJHPHQW� �,6:0�LV
JHQHUDOO\�UHJDUGHG�DV�WKH�RSWLPL]HG�ZDVWH�PDQDJHPHQW
V\VWHP�� ZLWK� LQGLYLGXDO� FRQVLGHUDWLRQ� RI� ERWK
HQYLURQPHQW�DQG�HFRQRPLF�WR�REWDLQ�WKH�EHVW�VROXWLRQ
�+\XQ�HW�DO���������1RXUL�HW�DO���������6DIDUL�HW�DO��������
&KHQ�HW�DO���������$UVKDG�HW�DO���������0DTERRO�HW�DO��
�������.RURQHRV�DQG�1DQDNL�������

$� VLJQLILFDQW� PHWKRGRORJ\� ZLWK� SRWHQWLDO� RI
GLPLQLVKLQJ�WKH�HQYLURQPHQWDO�LPSDFWV�RI�,6:0�LV�/LIH
&\FOH�$VVHVVPHQW��/&$���+RZHYHU��/&$�LV�FRQVLGHUHG�
DV� DQ� HIIHFWLYH� WHFKQLTXH� ZLWK� WKH� DVVRFLDWLRQ� RI� D
SURGXFW��SURFHVV�RU�DFWLYLW\�E\�LGHQWLI\LQJ��TXDQWLI\LQJ

DQG�DVVHVVLQJ�WKH�LPSDFW�RI�WKH�XWLOL]HG�HQHUJ\��PDWHULDO
DQG�ZDVWH�UHOHDVHG�WR�WKH�HQYLURQPHQW�WR�HYDOXDWH�WKH
HQYLURQPHQWDO�FDSDFLWLHV��&XUUDQ��������/&$�ZDV
LQLWLDOO\�LQWURGXFHG�E\�³QHW�HQHUJ\�DQDO\VLV´�VWXGLHV�
%DVHG�RQ�WKHVH�VWXGLHV�LQ�������RQO\�WKH�DPRXQW�RI
HQHUJ\�DVVXPSWLRQ��RYHU�WKH�OLIH�F\FOH�RI�SURGXFW�RU�D
SURFHVV� ZDV� FRQVLGHUHG� �%RXVWHDG� ������ +DQQRQ
������� 6XFFHHGLQJ� WKDW��ZDVWH� DQG� HPLVVLRQV�ZHUH
HQWHUHG�LQ�WKH�PRGHO�EXW�QRQH�RI�WKHP�ZHQW�IXUWKHU
WKDQ� WKH� DSSOLFDWLRQ� RI� PDWHULDOV� DQG� HQHUJ\¶V
TXDQWLILFDWLRQ� �/XQGROP� DQG� 6XQGVWURP� �����
%RXVWHDG��������,Q�DGGLWLRQ��/&$�PHWKRGRORJ\�ZDV
LPSURYHG�VLJQLILFDQWO\�LQ�����V�E\�WKH�ZRUNV�RI�6RFLHW\
RI� (QYLURQPHQWDO�7R[LFRORJ\� DQG� FKHPLVWU\� DQG
,QWHUQDWLRQDO�2UJDQL]DWLRQ�IRU�6WDQGDUGL]DWLRQ��,62�
DQG�LQWURGXFHG�DV�,62����������DQG�DOVR�WKH�,62������
JRW�UHYLVHG�LQ�������,62��������������,62�������������
,62�����������D��,62������������E��,62�������������
,62���������������(YHQWXDOO\��WKH�ILQDO�YHUVLRQ�RI�WKH
/&$�VWDQGDUG�ZDV�SUHVHQWHG�LQ������DV�,62���������LQ
ZKLFK� WKH� UHDGDELOLW\� DQG� DFFHVVLELOLW\� RI� WKH
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6KDPV�)DOODK��)��HW�DO�

VWDQGDUGV�ZHUH�LPSURYHG��,62�������������,62������
������� � 3UHYLRXV� VWXGLHV� KDYH� LQYHVWLJDWHG� WKH
XVHIXOQHVV�RI�/&$�PHWKRGRORJ\� LQ�6:0� �'HQLVRQ
������ )LQQYHGHQ� DQG�(NYDOO� ������%M|UNOXQG� DQG
)LQQYHGHQ�������&OHDU\��������,Q�������WKH�FRPELQDWLRQ
RI�5HIXVH�'HULYHG�)XHO��5')���ELRORJLFDO�WUHDWPHQW�
WKHUPDO�WUHDWPHQW�DQG�ODQGILOOLQJ�ZDV�DSSUDLVHG�XVLQJ
/&$�PHWKRGRORJ\�IRU�WKH�VROLG�ZDVWH�PDQDJHPHQW�LQ
,WDO\� �$UHQD� HW� DO��� ������� 0RUHRYHU��/&$� DQG� DQ
LQWHJUDWHG�HQYLURQPHQWDO�PRQLWRULQJ�V\VWHP�IRU�WKH
LQFLQHUDWRUV�ZHUH� HYDOXDWHG� WRJHWKHU� WR� DVVHVV� WKH
LQFLQHUDWLRQ� SURFHVV� DQG� LWV� HQYLURQPHQWDO� LPSDFW
�0RUVHOOL��HW�DO����������+RZHYHU��XVLQJ�WKH�UHVLGXH�RI
WKH�LQFLQHUDWRUV�EDVHG�RQ�WKH�OHDFKLQJ�RI�WUDFH�HOHPHQW
WR�DLU�DQG�ZDWHU�ZHUH�VWXGLHG�LQ�������7ROOHU��HW�DO��
�������9DULRXV�GLVSRVDO�PHWKRGV�DUH�DOVR�FRPSDUHG
ZLWK� HDFK� RWKHU� DFFRUGLQJ� WR� WKHLU� HQYLURQPHQWDO
LPSDFWV� DFKLHYHG� E\� /&$�PHWKRGRORJ\�� VXFK� DV
FRPSDULQJ�WKH�ODQGILOO�LPSDFWV�WR�WKH�LQFLQHUDWRU�LPSDFWV
�0HQGHV�HW�DO����������7ZR�\HDUV�ODWHU��+RQJ�XWLOL]HG
/&$�IRU�WKH�PXQLFLSDO�ZDVWH�PDQDJHPHQW�LQ�&KLQD�
EDVHG� RQ� WKH� ELRORJLFDO� DQG�PHFKDQLFDO� WUHDWPHQW
�+RQJ�HW�DO����������0RUHRYHU��VHYHUDO�VLPLODU�VWXGLHV
KDYH� GHWHUPLQHG� YDULRXV� FRPELQDWLRQV� RI� GLVSRVDO
PHWKRGV� VXFK� DV� UHF\FOLQJ�� 5')�� FRPSRVWLQJ�
LQFLQHUDWLRQ�DQG�ODQGILOOLQJ��$EGXOL�HW�DO���������+RQJ
HW�DO���������.RFL�DQG�7UHFDNRYD�������7XQHVL������
.RURQHRV�DQG�1DQDNL��������/&$�PHWKRGRORJ\�LV�QRW
RQO\�XVHG�WR�DVVHVV�WKH�GLVSRVDO�VFHQDULRV��EXW�LV�DOVR
DSSOLHG�LQ�RWKHU�ZDVWH�PDQDJHPHQW�FDWHJRULHV�VXFK�DV
ZDVWH�FROOHFWLRQ�V\VWHPV��,ULDUWH�HW�DO����������SURGXFWV¶
IDWH�LQ�WKH�ODQGILOO��0HUVLRZVN\�������DQG�HYDOXDWLQJ
WKH� FRVWV� RI� HPLVVLRQV� �&RQVRQQL� HW� DO��� ����D�
&RQVRQQL�HW�DO�������E����$OVR��WKHUH�DUH�VRPH�VWXGLHV
LQ� ,UDQ�RQ�6:0�VXFK�DV�1RXUL¶V�ZRUN�ZKR�VWXGLHG
OHJDO�FULWHULD�DQG�H[HFXWLYH�VWDQGDUGV�RI�VROLG�ZDVWH
GLVSRVDO� VXEMHFWHG� WR� VROLG� ZDVWH�PDQDJHPHQW� DFW
�1RXUL�HW� DO��� ������� VWXG\LQJ� WKH� VRXUFH� UHGXFWLRQ
SRWHQWLDO�DQG�VWUDWHJLHV�LQ�7HKUDQ��$EGXOL�DQG�$]LPL
������RU�SUHGLFWLQJ�WKH�JHQHUDWLRQ�RI�PXQLFLSDO�VROLG
ZDVWH�E\�XVDJH�RI�DUWLILFLDO�QHXUDO�QHWZRUN��-DOLOL�*KD]L
=DGH�DQG�1RRUL�������

/DYDQ� ,VODQG� LV� FRQVLGHUHG� DV� RQH� RI� WKH�PDLQ
SHWUROHXP�UHJLRQV�LQ�WKH�3HUVLDQ�*XOI��7KH�DSSUR[LPDWH
OHQJWK�DQG�ZLGWK�RI�WKH�LVODQG�LV�DERXW����DQG���NP
ZLWK�WKH�DSSUR[LPDWH�DUHD�RI������VTXDUH�NLORPHWHUV�
UHVSHFWLYHO\��/DYDQ� RLO� ILHOG� FRQVLVWV� RI� IRXU� ILHOGV�
QDPHO\�6DOPDQ��5HVDODW��5HVKDGDW�DQG�%DODO�ZLWK�D
SURGXFWLRQ�FDSDFLW\�RI�����WKRXVDQG�EDUUHOV�SHU�GD\�
%RRVWLQJ�LQYHVWPHQW�DQG�DOVR�SRSXODWLRQ�JURZWK�DUH
OHDGLQJ� WR� UDSLG� LQGXVWULDO� EORRPLQJ� LQ� WKLV� DUHD�
+RZHYHU��PXQLFLSDO�VROLG�ZDVWH�PDQDJHPHQW�LQ�WKH
LVODQG� LV� QRW� NHSW� XS� ZLWK� DFFHOHUDWLQJ� LQGXVWULDO
DGYDQFHPHQW� DQG� SRSXODWLRQ� JURZWK�ZKLFK� FDXVHV

GHWULPHQWDO� HQYLURQPHQWDO� LPSDFWV�� &RQVHTXHQWO\�
ODUJHU� DPRXQWV�RI� VROLG�ZDVWH� DUH�JHQHUDWHG� LQ� WKLV
VPDOO�LVODQG���$W�SUHVHQW��/DYDQ�,VODQG�KDV�PRUH�WKDQ
�����LQKDELWDQWV��JHQHUDWLQJ�XS�WR������NJ�ZDVWH�SHU
GD\��,Q�JHQHUDO��WKH�VROLG�ZDVWH�JHQHUDWRUV�LQ�/DYDQ
,VODQG�DUH�WKH�,UDQLDQ�2IIVKRUH�2LO�&RPSDQ\��,22&��
/DYDQ�2LO�5HILQLQJ�&RPSDQ\��/H]�YLOODJH��PLOLWDU\
IDFLOLWLHV�DQG�RWKHU�VRXUFHV�LQFOXGLQJ�GRPHVWLFV��7KH
W\SHV� RI� ZDVWH� FDQ� EH� GLYLGHG� LQ� WZR� FDWHJRULHV�
LQFOXGLQJ�PXQLFLSDO� VROLG�ZDVWHV� DQG� RLO� VOXGJH�
%HVLGHV��WKH�UDWH�RI�PXQLFLSDO�ZDVWH�JHQHUDWLRQ�LV�DERXW
�����NJ�GD\�SHU�SHUVRQ�DQG�WKH�PRLVWXUH�FRQWHQW�RI�WKH
ZDVWHV�LV��������,Q�/DYDQ�,VODQG��JHQHUDOO\�WKH�YROXPH
RI�WKH�RLO�VOXGJH�LV�PRUH�WKDQ�������P���DERXW������
WRQV��SHU�\HDU�
,W� VKRXOG� EH� PHQWLRQHG� WKDW�� LVODQGV� DUH� H[WUHPHO\
IUDJLOH� LQWHJUDWHG� V\VWHPV� ZKHUH� DQ\� IXWXUH
GHYHORSPHQW�QHHGV�WR�EH�IRFXVHG�RQ�VXVWDLQDEOH�DQG
LQWHJUDWHG�RSWLRQV�FDSDEOH�RI�UHFRQFLOLQJ�WKH�HFRQRP\�
KXPDQ�GHYHORSPHQW�DQG�HQYLURQPHQWDO�FRQVHUYDWLRQ
�:72�������

0$7(5,$/6�	�0(7+2'6
/&$�PHWKRGRORJ\�ZDV� DSSOLHG� WR� HYDOXDWH� WKH

HQYLURQPHQWDO� SHUIRUPDQFH� RI� WKH� JHQHUDWHG�ZDVWH
PDQDJHPHQW�RI�/DYDQ�LVODQG�IRU�GLIIHUHQW�VFHQDULRV�
DFFRUGLQJ�WR�WKH�,62�VWDQGDUGV�������VHULHV��������
7KH� DLP� RI� DVVHVVLQJ� /&$� PHWKRGRORJ\� IRU� WKH
JHQHUDWHG� PXQLFLSDO� ZDVWH� RI� /DYDQ� LVODQG� LV� WR
LQYHVWLJDWH� WKH� SRVVLEOH� HQYLURQPHQWDO� LPSDFWV� RI
YDULRXV� VROLG�ZDVWH� PDQDJHPHQW� VFHQDULRV� ZKLFK
ILQDOO\�OHDG�WR�VHOHFW�WKH�ILQHVW�GLVSRVDO�V\VWHP��7KH
OHYHO�RI�DZDUHQHVV�RI�WKH�GHFLVLRQ�PDNHUV�ZRXOG�EH
LQFUHDVHG� DFFRUGLQJ� WR� WKH� UHVXOWV� RI� WKLV� UHVHDUFK�
7KXV�� WKH� SRVVLELOLW\� RI� WKH� IXWXUH� HQYLURQPHQWDO
XQGHVLUDEOH� HIIHFWV�ZRXOG� EH� OHVVHQHG�� ,W� VKRXOG� EH
QRWHG� WKDW�� WKH� FROOHFWLRQ� DQG� WUDQVSRUWDWLRQ� RI� WKH
ZDVWH�IURP�WKH�SURGXFHU�WR�WKH�GLVSRVDO�VLWH�GXH�WR�WKH
FRPPRQ� SDUWLFLSDWLRQ� LQ� DOO� WKH� VFHQDULRV� DUH� QRW
FRQVLGHUHG��,62�������VWDQGDUG�GHILQHV�WKH�IXQFWLRQDO
XQLW� DV� µµWKH� TXDQWLILHG� SHUIRUPDQFH� RI� D� SURGXFW
V\VWHP� IRU� XVH� DV� D� UHIHUHQFH� XQLW� LQ� D� OLIH� F\FOH
DVVHVVPHQW�VWXG\¶¶��,62��������������7KHUHIRUH��IRU
WKLV�VWXG\�WKH�IXQFWLRQDO�XQLW�ZDV�FKRVHQ�DV�WKH�DYHUDJH
DPRXQW�RI�PXQLFLSDO�JHQHUDWHG�ZDVWH�RI�/DYDQ�,VODQG
SHU�GD\��7KH�GDLO\�ZDVWH�JHQHUDWLRQ�RI�/DYDQ�,VODQG�LQ
�����LV�PRUH�WKDQ������NJ�GD\�ZKLFK�LV�FRQVLGHUHG�DV
WKH�LQSXW�RI�WKH�V\VWHP��,Q�DGGLWLRQ��WKH�DPRXQW�DQG
FRPSRVLWLRQ�RI�/DYDQ�LVODQG�ZDVWH�LV�VKRZQ�LQ�7DEOH���

7KH� XQLW� SURFHVVHV� DQG� LWV� LQSXWV� DQG� RXWSXWV
GHILQH�WKH�V\VWHP�ERXQGDULHV��)LJ����DQG�7DEOH���UHYHDO
WKH�V\VWHP�ERXQGDULHV�LQ�WKLV�VWXG\�DQG�WKH�SHUFHQWDJH
RI� WKH�ZDVWH� LQ� HDFK� GLVSRVDO� IDFLOLW\�� UHVSHFWLYHO\�
9DULRXV� FRPELQDWLRQV� E\� XVLQJ� IRXU � SURFHVVHV
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LQFOXGLQJ�� /DQGILOOLQJ�� FRPSRVWLQJ�� UHF\FOLQJ� DQG
LQFLQHUDWLRQ�DUH�VXJJHVWHG�DV�VROLG�ZDVWH�PDQDJHPHQW
VFHQDULRV��7KHVH�IRXU�SURFHVVHV�ZHUH� FKRVHQ�GXH� WR
SRSXODULW\� DQG� WKHLU� SUHYLRXV� VXFFHVVIXO� XVDJH�� IRU
LQVWDQFH�UHF\FOLQJ�LV�NQRZQ�DV�D�YDOXDEOH�FRPSRQHQW
RI�ZDVWH�PDQDJHPHQW� V\VWHPV� �$EGROL�� ������� 7KH
WKUHH� VHOHFWHG� VFHQDULRV� DUH� EULHIO\� GLVFXVVHG� DV
IROORZV�

5HF\FOLQJ�� FRPSRVWLQJ� DQG� ODQGILOOLQJ� DUH
FRQVLGHUHG�DV� WKH�GLVSRVDO� IDFLOLWLHV�LQ� VFHQDULR�RQH
ZKHUH�WKH�ODQGILOO�LV�DVVXPHG�ZLWKRXW�DQ\�OHDFKDWH�RU
JDV� FROOHFWLRQ� V\VWHP�� 7KH�ZHW� ZDVWHV� DQG� EUHDG
�RUJDQLF�ZDVWHV��DUH�PRYHG�WR�WKH�FRPSRVWLQJ�IDFLOLW\
ZKHUHDV�JODVV��SODVWLF��IHUURXV�DQG�QRQ�IHUURXV�PHWDO
DQG� SDSHU� DUH� UHF\FOHG��+RZHYHU�� RWKHU�ZDVWHV� DUH
EXULHG� LQ�WKH�ODQGILOO��7KH�VHFRQG�VFHQDULR�LQFOXGHV
UHF\FOLQJ��LQFLQHUDWLRQ�DQG�ODQGILOOLQJ�� ,W�VKRXOG�EH
PHQWLRQHG�WKDW�WKH�ODQGILOO�LQ�VFHQDULR���LV�DVVXPHG
ZLWK�OHDFKDWH�FROOHFWLRQ�V\VWHP�ZLWK�����HIILFLHQF\�
7KH�ZRRG�� EUHDG�DQG�ZHW�ZDVWHV� DUH�EXUQHG� LQ� WKH
LQFLQHUDWRU��DOVR�SDSHU��JODVV��SODVWLFV�DQG�IHUURXV�DQG
QRQ�IHUURXV�PHWDOV� DUH� UHF\FOHG� DQG� ILQDOO\� RWKHU
ZDVWHV� DUH� PRYHG� WR� ODQGILOO�� 2Q� WKH� RWKHU� KDQG�
UHF\FOLQJ��FRPSRVWLQJ��LQFLQHUDWLRQ�DQG�ODQGILOOLQJ�DUH
FRQVLGHUHG�LQ�VFHQDULR�WKUHH��,Q�WKLV�VFHQDULR�D�OHDFKDWH
FROOHFWLRQ�V\VWHP�ZLWK�����HIILFLHQF\�IRU�WKH�ODQGILOO�LV

DVVXPHG��$GGLWLRQDOO\��SODVWLF��IHUURXV�DQG�QRQ�IHUURXV
PHWDOV�DQG�JODVV� DUH� UHF\FOHG��ZRRG�DQG� SDSHU� DUH
EXUQHG�LQ�LQFLQHUDWRU��ZHW�ZDVWH�DQG�EUHDG�DUH�PRYHG
WR�WKH�FRPSRVWLQJ�IDFLOLW\�DQG�RWKHU�ZDVWHV�DQG�UHVLGXH
DUH�ODQGILOOHG��0RUHRYHU��WKH�SURGXFHG�ERWWRP�DVK�DQG
UHF\FOLQJ�DQG�FRPSRVWLQJ�UHVLGXH�LQ�DOO�VFHQDULRV�DUH
PRYHG�WR�ODQGILOO�

'DWD�ZHUH�FROOHFWHG�IURP�FXUUHQWO\�/DYDQ�LVODQG
ZDVWH�PDQDJHPHQW�UHSRUWV�DQG�DOVR�WKH�LQWHUYLHZV�DQG
VLWH�YLVLWLQJ�RI� WKH�GLVSRVDO� IDFLOLWLHV��7KH� JDWKHUHG
LQIRUPDWLRQ�FRQWDLQV�WKH�TXDOLW\�DQG�TXDQWLW\�RI�WKH
FROOHFWHG�ZDVWH�� SURILOH� RI� FOLPDWH� DQG� FOLPDWLF�
FKDUDFWHULVWLFV� RI� WKH� GLVSRVDO� IDFLOLWLHV�� QXPEHU� RI
HPSOR\HHV�� GLVWDQFH� DPRQJ� IDFLOLWLHV� � HQHUJ\
FRQVXPSWLRQV�DQG�ODQG�XVDJH��,Q�DGGLWLRQ��WR�HVWLPDWH
WKH�JHQHUDWHG�HPLVVLRQV�EDVHG�RQ�WKH�JHQHUDWHG�VROLG
ZDVWH�D�FRPSXWHU�SURJUDP�QDPHG�,QWHJUDWHG�:DVWH
0DQDJHPHQW� �,:0�� VRIWZDUH� ZDV� XVHG�� 7KH
LQYHQWRU\�UHVXOWV�IRU�WKH�VFHQDULRV�DUH�VKRZQ�LQ�7DEOH
���+RZHYHU��(FR�LQGLFDWRU����ZDV�XVHG�WR�ZHLJKW�WKH
LPSDFWV�RI�WKH�HPLVVLRQV�

'XH� WR� WKH� XQFHUWDLQWLHV� RI� WKH� FKRVHQ� LPSDFW
DVVHVVPHQW� SURFHGXUH�� WKUHH� GLIIHUHQW� DSSURDFKHV
QDPHO\��(JDOLWDULDQ��(���+LHUDUFKLVW��+��DQG�,QGLYLGXDOLVW
�,��SHUVSHFWLYH�DUH�LQWURGXFHG�LQ�(FR�LQGLFDWRU�����35p�
������� 7KHUH� DUH� GLIIHUHQW� QRUPDOL]LQJ� IDFWRU� DQG

7DEOH����7KH�LQYHQWRU\�UHVXOWV�RI�HDFK�VFHQDULR��SHU�IXQFWLRQDO�XQLW�

6XEVWDQFHV� 6FHQDULR���� 6FHQDULR���� 6FHQDULR����

$LU�

&2���NJ�� ������������� ������������� ������������

&+����NJ�� ������������� ������������� �������������

12[��NJ�� ������������� ������������� �������������

�62[��NJ�� ������������� ������������� ������������

+&O��NJ�� ������������� ������������� �������������

�30��NJ�� ������������� ������������� �������������

92&V��NJ�� ������������� ������������� �������������

����3E��NJ�� ������������� ������������ ������������

����+J��NJ�� ��������(���� ������������ ������������

����&G��NJ�� ��������(���� ������������ ������������

����'LR[LQV��7(4���J�� �����(���� �������(���� �������(����

:DWHU�

����3E��NJ�� ������������� ������������� �������������

����+J��NJ�� �������(���� �������(���� �������(����

����&G��NJ�� ������(���� �������(���� �������(����
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ZHLJKWV�IRU�HDFK�SURFHGXUH��+HUHXSRQ��WKH�(JDOLWDULDQ
DQG�,QGLYLGXDOLVW�DUH�IRFXVHG�PRUH�RQ�WKH�UDGLFDO�UHDOLW\
WKDQ�WKH�+LHUDUFKLVW�RQH��ZKLFK�GXH�WR�LWV�PRGHUDWLRQ�
LV� WKHUHIRUH� UHFRPPHQGHG�DV�D�GHIDXOW� �35p�������
&RUGHOOD� HW� DO�� ������� 6R�� (FR�LQGLFDWRU� ��� LQ� WKH
+LHUDUFKLVW�SHUVSHFWLYH�ZDV�XWLOL]HG�LQ�WKLV�VWXG\�

(FR�LQGLFDWRU� ��� HYDOXDWHV� GDPDJHV� WR� KXPDQ
KHDOWK��HFRV\VWHP�TXDOLW\�DQG�PLQHUDO�DQG�IRVVLO�ZKLFK
DUH� GLVFXVVHG� LQ� GHWDLO� DV� IROORZV�� +XPDQ� KHDOWK
GDPDJHV�DVVXPH�WKH�EDVLF�SRVVLEOH�SUREOHPV�IRU�KXPDQ
NLQG�LQFOXGLQJ��WUDQVPLWWHG�LOOQHVVHV�E\�HQYLURQPHQW�
GLVDELOLWLHV� GXH� WR� SROOXWLRQ� RU� SUHPDWXUH� GHDWKV�
FOLPDWH� FKDQJH�� R]RQH� OD\HU� GHSOHWLRQ�� LRQL]LQJ
UDGLDWLRQ�� UHVSLUDWRU\� HIIHFWV� DQG� FDUFLQRJHQHVLV
�*HRGNRRS�DQG�6SULHQVPD��������(FRV\VWHP�TXDOLW\
DVVHVVHV�WKH�DFLGLILFDWLRQ��HXWURSKLFDWLRQ��HFRWR[LFLW\
DQG� UHJLRQDO�ORFDO� HIIHFW� RQ� YDVFXODU� SODQW� VSHFLHV
ZKLFK� DUH� UHODWHG� WR� WKH� GUDZEDFNV� RI� GLVUXSWLYH
FKDQJHV� RI� WKH�QRQ�KXPDQ� VSHFLHV¶�SRSXODWLRQ� DQG
JHRJUDSKLFDO�GLVWULEXWLRQ��*HRGNRRS�DQG�6SULHQVPD
�������$GGLWLRQDOO\��WKH�PHDVXUHPHQWV�RI�WKH�DGGLWLRQDO
HQHUJ\� UHTXLUHPHQW� WR�FRPSHQVDWH� WKH� ORZHU� IXWXUH
RUH�JUDGH�DUH�HYDOXDWHG�DV�WKH�GDPDJH�WR�PLQHUDO�DQG
IRVVLO�UHVRXUFHV��*HRGNRRS�DQG�6SULHQVPD��������7KHUH
DUH�HOHYHQ�LPSDFW�FDWHJRULHV�ZKLFK�ZRXOG�SUHVHQW�WKH
SRWHQWLDO�HQYLURQPHQWDO�LPSDFWV�RI�WKH�YDULRXV�VROLG

7DEOH����(PLVVLRQV�DQG�GDPDJHV�IRU�WKH�VFHQDULRV

6XEVWDQFHV� 6FHQDULR�� � 6FHQDULR��� 6FHQDULR���

$LU�

�&2�� ������������� ������������� �������������

�&+�� ������������� ������������� �������������
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����3E� ������������� ������������ ������������

����+J� ������������� ������������ ������������

����&G� ������������� ������������ ������������

����'LR[LQV��7(4�� �������(���� ����������� ������������

�:DWHU�

����3E� ������������� ������������� �������������

����+J� �������(���� �������(���� ������(����

����&G� ������������ ����������� �����������

����'LR[LQV��7(4�� ������������ ����������� ������������

7RWDO� ������������� ������������� �������������

ZDVWH�PDQDJHPHQW�V\VWHPV�LQ�/DYDQ�,VODQG��D��+XPDQ
KHDOWK��FDUFLQRJHQLF��RUJDQLF� VXEVWDQFHV�� LQRUJDQLF
VXEVWDQFHV�� FOLPDWH� FKDQJH�� LRQL]LQJ� UDGLDWLRQ� DQG
R]RQH�OD\HU�GHSOHWLRQ��E��(FRV\VWHP�TXDOLW\��HFRWR[LF
HPLVVLRQV�� WKH� FRPELQDWLRQ� RI� DFLGLILFDWLRQ� 	
HXWURSKLFDWLRQ�DQG�GRXEOH�FRDWLQJ��F��PLQHUDO�DQG�IRVVLO
UHVRXUFHV��H[WUDFWLRQ�RI�PLQHUDOV�DQG�WKH�IRVVLO�IXHOV�

5(68/76�	�',6&866,21
7KH� DPRXQW� RI� JHQHUDWHG� HPLVVLRQV� IRU� HDFK

VFHQDULR�LV�SUHVHQWHG�LQ�7DEOH����REWDLQHG�IURP�,:0
PRGHO��7KH�FRQVLGHUHG�HPLVVLRQV�LQ�,:0�PRGHO�DUH
JUHHQKRXVH�JDVHV� �&2

�
�DQG�&+

�
��� DFLG�JDVHV� �12

[
�

62
[
�DQG�+&,���VPRJ�SUHFXUVRUV��12

[
��30�DQG�92&V��

KHDY\�PHWDOV�DQG�RUJDQLF��3E��+J��&G�DQG�'LR[LQV��
0RUHRYHU��WKH�HPLVVLRQV�DUH�FRQVLGHUHG�LQ�ERWK�ZDWHU
DQG�DLU�HQYLURQPHQWV��7KH�JLYHQ�GDWD�RI�KHDY\�PHWDOV
DQG�RUJDQLFV�DUH�WKH�VXPPDWLRQ�RI�ERWK�ZDWHU�DQG�DLU
DPRXQWV��7KH�HPLVVLRQV�DQG�GDPDJHV�IRU�HDFK�VFHQDULR
EDVHG�RQ�WKH�(FR�LQGLFDWRU����DUH�HYDOXDWHG�DQG�JLYHQ
LQ�7DEOH����0RUHRYHU��LPSDFW�FDWHJRULHV�DUH�GLVFXVVHG
DV�IROORZV�

:LWK�UHVSHFW�WR�WKH�JHQHUDWLRQ�RI�,UDQ¶V�HOHFWULFLW\
VSHFLILFDWLRQV�� WKH� HQHUJ\� FRQVXPSWLRQ� RI� HDFK
VFHQDULR�LV�JLYHQ�LQ�7DEOH����,:0�VRIWZDUH�FDOFXODWHG
WKH�DPRXQWV�RI�HPLVVLRQV�LQ�UHVSHFW�WR�WKH�FRQFHSW�RI
IURP�FUDGOH�WR�JUDYH��,Q�DGGLWLRQ��WKH�PDLQ�VRXUFHV�RI
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6KDPV�)DOODK��)��HW�DO�

7DEOH����,PSDFW�DVVHVVPHQW�UHVXOWV�IRU�WKH�VFHQDULRV

6FHQDULR��� 6FHQDULR��� 6FHQDULR���

'DPDJH�FDWHJRU\�KXPDQ�KHDOWK�

&DUFLQRJHQLF�HIIHFWV�RQ�KXPDQV�� ���������� ���������� ����������

5HVSLUDWRU\�HIIHFWV�RQ�KXPDQV�FDXVHG�E\�RUJDQLF�VXEVWDQFHV�� ����������� ����������� �����������

5HVSLUDWRU\�HIIHFWV�RQ�KXPDQV�FDXVHG�E\�LQRUJDQLF�VXEVWDQFHV�� ����������� ����������� ��� �������

'DPDJH�WR�KXPDQ�KHDOWK�FDXVHG�E\�FOLPDWH�FKDQJH�� ����������� ���������� �����������

+XPDQ�KHDOWK�HIIHFWV�FDXVHG�E\�LRQL]LQJ�UDG LDWLRQ� ������(���� �����(���� �����(����

+XPDQ�KHDOWK�HIIHFWV�FDXVHG�E\�R]RQH�OD\HU�GHSOHWLRQ�� �� � � ��

7RWDO� �������� ��������� ��������

'DPDJH�FDWHJRU\�HFRV\VWHP�TXDOLW\��

'DPDJH�WR�E\�HFRWR[ LF�HPLVVLRQV� ���������� ���������� ����������

'DPDJH�E\�WKH�FRPELQHG�HIIHFW�RI�DFLGLILFDWLRQ�DQG�
HXWURSKLFDWLRQ��

����������� ����������� ����������

'RXEOH�FRXQWLQJ� ���������� ���������� ����������

7RWDO� �������� ��������� ���������

'DPDJH�FDWHJRU\ �UHVRXUFHV�

'DPDJH�WR�UHVRXUFHV�FDXVHG�E\�H[WUDFWLRQ�RI�PLQHUDOV�� ������ ������ ������

'DPDJH�WR�UHVRXUFHV�FDXVHG�E\�H[WUDFWLRQ�RI�IRVVLO�IXHOV� ����������� ����������� �����������

7RWDO�� ��������� ���� ����� ���������

7DEOH����6RXUFHV�RI�HQHUJ\�VXSSO\�LQ�,UDQ

)XHO�QHHGHG� ZHLJKWHG�GDPDJH�IDFWRU�
(QHUJ\�

SHUFHQW�RI�
JHQHUDWLRQ�

6FHQDULR��� 6FHQDULR��� 6FHQDULR�� 6FHQDULR��� 6FHQDULR��� 6FHQDULR���

&RDO��.J�� ���� �����(���� �����(���� �����(��� �����(���� �����(���� �����(����

1DWXUDO�*DV��P��� ����� �����(���� �����(���� �����(��� �����(���� �����(���� �����(����

'LHVHO�	�/LJKW�)XHO�2LO�
�.J��

���� �����(���� �����(���� �����(��� �����(���� �����(���� �����(����

+HDY\�)XHO�2LO��.J�� ����� �����(���� �����(���� �����(��� �����(���� �����(���� �����(����

+\GUR� ���� ����(���� ����(���� ����(���� ����(���� ����(���� ����(����

7RWDO� ���� �����(���� �����(���� �����(��� �����(���� �����(���� �����(����

7DEOH����/DQG�RFFXSDWLRQ

/DQG�RFFXSDWLRQ�SHU�GD\��P��� ZHLJKWHG�GDPDJH�IDFWRU�
/DQG�XVH�

6FHQDULR��� 6FHQDULR��� 6FHQDULR��� 6FHQDULR��� 6FHQDULR��� 6FHQDULR���

/DQGILOOLQJ� ������������ ������������ �� ������������ ������������ ��

&RPSRVWLQJ� ������������ �� ����������� ������������ �� ������������

,QFLQHUDWLRQ� �� ������������ ������������ �� ������������ ������������

5HF\FOLQJ� ������������ ������������ ������������ ������������ ������������ ������������

7RWDO� ������������ ������������ ������������ ������������ ������������ ������������



���

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

HQHUJ\�VXSSO\�LQ�,UDQ�DUH�FRDO��QDWXUDO�JDV��GLHVHO��KHDY\
IXHO� RLO� DQG� K\GUR�ZKLFK� WKHLU� SDUWLFLSDWLRQV� DUH
SUHVHQWHG�LQ�7DEOH����+RZHYHU��LW�GHSLFWV�WKDW�HQHUJ\
VDYLQJ� PXVW� FDUULHG� RXW� HVSHFLDOO\� LQ� QDWXUDO� JDV
FRQVXPSWLRQ��,W� LV�WKH�HYLGHQW�WKDW�VFHQDULR�WZR�KDV
WKH�PD[LPXP�SRVLWLYH�LPSDFW�RQ�FRPSDULVRQ�ZLWK�WKH
RWKHU� WZR� VFHQDULRV�� )XUWKHU�� WKH� DPRXQW� RI� ODQG
RFFXSDWLRQ�LV�HVWLPDWHG�DQG�SUHVHQWHG�LQ�WKH�7DEOH���
7KH�GDLO\�ODQG�QHHGHG�IRU�VFHQDULRV�RQH��WZR�DQG�WKUHH
DUH�������������DQG������ P���UHVSHFWLYHO\��7KH�ZHLJKWV
RI� ODQG� XVDJH� DUH� FDOFXODWHG� DFFRUGLQJ� WR� WKH� (FR�
LQGLFDWRU����

7KH�PRVW�UHVSRQVLEOH�HOHPHQWV�RQ�FDUFLQRJHQHVLV
DUH�&G�DQG�'LR[LQV��$V�VKRZQ�LQ 7DEOH�ILYH��VFHQDULR
RQH�KDV�WKH�OHDVW�QHJDWLYH�HIIHFW�ZKHUHDV�VFHQDULR�WZR
E\�IDU�KDV�WKH�PD[LPXP�GDPDJH��7KH�&+

�
�DQG�92&V

HPLVVLRQV� DV� RUJDQLF� VXEVWDQFHV� OHDG� WR� DGYHUVH
KXPDQ�KHDOWK��+RZHYHU��DOO�WKH�VFHQDULRV�KDYH�SRVLWLYH
HIIHFWV��EXW�VFHQDULR�WZR�KDV�OHVV�HIIHFW�RQ�KXPDQ�KHDOWK
ZKHUHDV�VFHQDULRV�RQH�DQG�WKUHH�ZLWK�LGHQWLFDO�DPRXQWV
KDYH�PRUH�SRVLWLYH�HIIHFWV���,QRUJDQLF�VXEVWDQFHV�VXFK
DV�1R

[
��6R

[
�DQG�30����KDYH�UHVSLUDWRU\�HIIHFWV�RQ�KXPDQ

KHDOWK��+RZHYHU��WKHLU�ZHLJKWV�DUH�PRUH�RU�OHVV�WKH�VDPH
EXW�ZLWK�D�OLWWOH�GLIIHUHQFH�VFHQDULR�WZR��WKUHH�DQG�RQH
KDYH�OHVV�HIIHFWV�RQ�KXPDQ�KHDOWK��UHVSHFWLYHO\��,Q�DOO
WKH� VFHQDULRV� PHWKDQH� DQG� &DUERQ�'LR[LGH� KDYH
VLJQLILFDQW�HIIHFWV�RQ�FOLPDWH�FKDQJH�LPSDFW�FDWHJRU\�
+RZHYHU��LQ�VFHQDULR�WZR�EHFDXVH�RI�PRUH�/DQGILOOLQJ
PDWHULDO�PRUH�PHWKDQH�JDV�LV�SURGXFHG�DQG�OHDGV�WR�EH
IRXQG� DV� WKH� PRVW� XQGHVLUDEOH� DPRQJ� WKH� RWKHUV�
3UHGLFWDEO\��WKH�DPRXQW�RI�GLVSRVHG�ZDVWH�LQ�WKH�ODQGILOO
KDV�D�GLUHFW�UHODWLRQVKLS�WR�PHWKDQH�JHQHUDWLRQ�WKDW
ZRXOG� OHDYH� DGYHUVH� HIIHFW� RQ� FOLPDWH� FKDQJH�
6FHQDULRV�WKUHH�DQG�RQH�KDYH�OHVV�SRVLWLYH�HIIHFW�RQ
WKH�FOLPDWH�FKDQJH��UHVSHFWLYHO\��(PLVVLRQ�RI�3E�LQ�DLU
OHDGV�WR�LRQL]LQJ�UDGLDWLRQ�LQ�WKH�DOO�VFHQDULRV��0RUHRYHU�
VFHQDULR� RQH� KDV� SRVLWLYH� HIIHFW� RQ� KXPDQ� KHDOWK
ZKHUHDV�VFHQDULRV�WZR�DQG�WKUHH�KDYH�QHJDWLYH�HIIHFWV�
+RZHYHU��VFHQDULR�WZR�KDV�E\�IDU�WKH�PRVW�GDPDJH��,Q
DOO� WKH� VFHQDULRV�� WKH� HPLVVLRQV�ZKLFK�ZRXOG� FDXVH
GDPDJH� WR� WKH� R]RQH� OD\HU� GHSOHWLRQ� DUH� QRW� LQ� WKH
RXWSXW�RI�,:0�PRGHO��+HQFH��WKHUH�ZLOO�QRW�EH�DQ\
DGYHUVH� HIIHFW� RQ� WKH� GHSOHWLRQ� RI� R]RQH� OD\HU�� ,Q
DGGLWLRQ��'LR[LQV�DQG�KHDY\�PHWDOV�LQFOXGLQJ�3E��+J
DQG�&G�LQ�JDVHRXV�DQG�OLTXLG�IRUPV�DUH�FRQVLGHUHG�DV
WKH�PDLQ�VRXUFHV�IRU�WKH�HFRWR[LF�KD]DUGRXV�LPSDFWV��,W
VKRXOG� EH� QRWHG� WKDW�&G� FRQFHQWUDWLRQ� LV� REWDLQHG
VLJQLILFDQWO\� KLJKHU� WKDQ� RWKHU�PHWDOV�� +RZHYHU�
VFHQDULR�RQH�UHGXFHV�WKH�HFRWR[LFRORJ\�RI�WKH�V\VWHP
ZKHUHDV� RWKHU� VFHQDULRV� DUH� KDUPIXO�� 0RUHRYHU�
VFHQDULRV� WKUHH� DQG� WZR� KDYH� QHJDWLYH� LPSDFWV� RQ
HFRV\VWHP�TXDOLW\�ZKLFK�LV�VLJQLILFDQWO\�FDXVHG�E\�WKH
LQFLQHUDWLRQ�IDFLOLW\��$FLGLILFDWLRQ�DQG�HXWURSKLFDWLRQ
DUH�PDLQO\� FDXVHG� E\�1R

[
� DQG� 6R

[
� JDVHV�ZKHUH� WKH

HIIHFW�RI�1R
[
�LV�PRUH�WKDQ�WKH�6R

[
�JDVHV��$GGLWLRQDOO\�

VFHQDULRV�RQH��WZR�DQG�WKUHH�VKRZ�SRVLWLYH�LPSDFWV
RQ�WKH�HFRV\VWHP�TXDOLW\�DQG�LW�VKRXOG�EH�QRWHG�WKDW
VFHQDULR� RQH� KDV� WKH� OHDVW� GUDZEDFNV� GXH� WR� WKH
SURGXFWLRQ�RI�WKHVH�JDVHV�GXULQJ�WKH�EXUQLQJ�SURFHVV�
6FHQDULRV�RQH��WZR�DQG�WKUHH�QHHG��������������DQG
�����P��ODQGV�SHU�GD\��UHVSHFWLYHO\��%DVHG�RQ�WKH�UHVXOWV
REWDLQHG�E\� WKH�(FR�LQGLFDWRU�����VFHQDULR� WZR�KDV
WKH� PLQLPXP� HIIHFWV� RQ� WKH� ODQG� XVDJH� ZKHUHDV
VFHQDULR�RQH�KDV�WKH�PD[LPXP�HIIHFWV��,W�VKRXOG�EH
QRWHG�WKDW�WKH�HYDOXDWHG�VFHQDULRV�GXH�WR�WKH�ODFN�RI
DYDLODEOH�ODQG�LQ�LVODQG�DUH�FKRVHQ�DFFRUGLQJ�WR�WKH
OHDVW�ODQG�XVDJH�

0RUHRYHU�� WKHUH� DUH� QHJDWLYH� LPSDFWV� RQ� WKH
PDWHULDO� UHFRYHU\� FDXVHG� E\� UHF\FOLQJ� RI� ,URQ� DQG
$OXPLQXP��$OO�WKH�VFHQDULRV�ZLWK�WKH�VDPH�LQWHQVLW\
OHDG� WR� QHJDWLYH� LPSDFWV�RQ� WKH�PLQHUDO� UHVRXUFHV�
)RVVLO�IXHOV�VXFK�DV�FRDO��QDWXUDO�JDV��GLHVHO��OLJKW�IXHO
RLO��DQG�KHDY\�IXHO�RLO�DUH�FRQVLGHUHG�WR�OHDYH�DGYHUVH
LPSDFWV�RQ� WKH�UHVRXUFHV��6FHQDULRV�WZR�� WKUHH�DQG
RQH� KDYH� SRVLWLYH� LPSDFWV� RQ� IXVLO� IXHO� UHVRXUFHV�
+RZHYHU�� VFHQDULR� WZR�KDV� WKH�PD[LPXP� SRVLWLYH
LPSDFWV�RQ�WKH�HQHUJ\�UHVRXUFHV�DQG�WKH�VFHQDULR�RQH
KDV�WKH�PLQLPXP�SRVLWLYH�LPSDFWV��,PSDFW�DVVHVVPHQW
RI�DOO�WKH�VFHQDULRV�RQ�WKH�KXPDQ�KHDOWK��HFRV\VWHP
TXDOLW\�DQG�GDPDJH�WR�WKH�UHVRXUFH�DUH�LOOXVWUDWHG�LQ
WKH� )LJ�� ��� 6XEVHTXHQWO\�� WKHVH� WKUHH� VFHQDULRV� DUH
FRPSDUHG�LQ�WKUHH�FDWHJRULHV��$FFRUGLQJ�WR�WKH�)LJ����
DOO�WKH�VFHQDULRV�KDYH�DSSUR[LPDWHO\�VDPH�ILQDO�ZHLJKWV
DQG�DOVR�WKH\�KDYH�SRVLWLYH�HIIHFWV�RQ�WKH�HQYLURQPHQW
EDVHG� RQ� WKH� OLIH� F\FOH� DVVHVVPHQW� PHWKRGRORJ\�
6FHQDULR�RQH�KDV�PRUH�SRVLWLYH� LPSDFWV�RQ�KXPDQ
KHDOWK� DQG� HFRV\VWHP� TXDOLW\� WKDQ� WKH� RWKHU� WZR
VFHQDULRV�ZKHUHDV� VFHQDULR� WZR� KDV�PRUH� SRVLWLYH
HIIHFWV� RQ�GDPDJLQJ� WKH� UHVRXUFHV��7R�VXP�XS�� WKH
ILQDO�ZHLJKWV�RI�WKH�VFHQDULRV�DUH�VKRZQ�LQ�)LJ�����,W
VKRXOG�EH�QRWHG�WKDW�WKH�SRVLWLYH�ZHLJKWV�DUH�SUHVXPHG
DV�GUDZEDFNV�DQG�WKH�QHJDWLYH�ZHLJKWV�DUH�DVVXPHG
DV�EHQHILW��7KHUHIRUH��EDVHG�RQ�WKH�)LJ�����VFHQDULR
WKUHH�LV�VHOHFWHG�DV�WKH�SURSHU�VROLG�ZDVWH�PDQDJHPHQW
V\VWHP� DPRQJ� WKH� RWKHU� VFHQDULRV��7KH� ILQDO� /&$
ZHLJKWV�RI�WKH�VFHQDULR�RQH��WZR�DQG�WKUHH�DUH����������
���������DQG�����������UHVSHFWLYHO\�

&21&/86,21
$PRQJ�WKH�GLIIHUHQW�GLVSRVDO�PHWKRGV�IRU�/DYDQ

LVODQG�VXFK�DV�ODQGILOOLQJ��FRPSRVWLQJ��UHF\FOLQJ�DQG
LQFLQHUDWLRQ��WKUHH�FRPELQDWLRQV�DUH�VHOHFWHG�DV�WKH
EHVW�SUDFWLFDO�VROLG�ZDVWH�PDQDJHPHQW�VFHQDULRV��7KHLU
HQYLURQPHQWDO�LPSDFWV�DUH�HVWLPDWHG�DQG�FRPSDUHG�LQ
DFFRUGDQFH�ZLWK� WKH� JXLGHOLQH� RI�(FR�LQGLFDWRU� ��
ZKLFK� LV� D� GDPDJH� RULHQWHG�PHWKRG� IRU� OLIH� F\FOH
DVVHVVPHQW��7KH�UHVXOWV�VKRZ�WKDW�ODQGILOOLQJ�DORQJ
ZLWK�UHF\FOLQJ��LQFLQHUDWLRQ�DQG�FRPSRVWLQJ��VFHQDULR
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6FHQDULR�� 6FHQDULR�� 6FHQDULR��

'DPDJH�FDWHJRU\�UHVRXUFHV

'DPDJH�FDWHJRU\�HFRV\VWHP�TXDOLW\�

'DPDJH�FDWHJRU\�KXPDQ�KHDOWK

)LJ�����:HLJKWHG�LPSDFW�FDWHJRU\�YDOXHV

������

����

������

����

������

����

������

����

6FHQDULR�� 6FHQDULR�� 6FHQDULR��

6HULHV�

)LJ�����6FHQDULR¶V�ILQDO�ZHLJKWV

WKUHH��KDV�WKH�KLJKHVW�SRVLWLYH�LPSDFWV�RQ�WKH�KXPDQ
KHDOWK�� HFRV\VWHP� TXDOLW\� DQG� UHVRXUFHV�� ,Q� DOO� WKH
VFHQDULRV�PHWKDQH�DQG�&2

�
�KDYH�WKH�PDLQ�HIIHFWV�RQ

WKH�DLU�SROOXWLRQV��6FHQDULR�WZR�SURGXFHV�WKH�PD[LPXP
KHDY\�PHWDOV�HVSHFLDOO\�&G�DPRQJ�WKH�RWKHUV�WKDW�LV
JHQHUDWHG�E\�WKH�LQFLQHUDWLRQ��0RUHRYHU��KHDY\�PHWDOV
LQFOXGLQJ�&G�DQG�+J�VKRZ�H[WUHPH�UROH�LQ�WKH�ZDWHU
SROOXWLRQ��$GGLWLRQDOO\��6R[�DQG�1R[�DUH�PRVWO\�WKH
HIIHFWLYH�SROOXWDQWV�LQ�VFHQDULR�RQH��/DQG�RFFXSDWLRQ
LV�DQ�LPSRUWDQW�LVVXH�LQ�VPDOO�LVODQGV�DQG�GXH�WR�WKH
UHVXOWV� VFHQDULR� RQH� KDV� PRUH� UDWH� RI� ODQG� XVDJH
ZKHUHDV� VFHQDULR� WZR� KDV� WKH� OHDVW�� ,Q� DGGLWLRQ�
VFHQDULR�WZR�KDV�WKH�PRUH�SRVLWLYH�LPSDFWV�RQ�HQHUJ\
FRQVXPSWLRQ�ZKHUHDV� VFHQDULR� RQH� KDV� WKH� OHDVW�
$OWKRXJK��WKH�ILQDO�ZHLJKWV�RI�DOO�WKH�WKUHH�VFHQDULRV
DUH� FORVHO\� WKH� VDPH� EXW�ZLWK� D� VOLJKW� GLIIHUHQFH

VFHQDULR� WKUHH� LV� UHFRPPHQGHG� DV� WKH� SURSHU� VROLG
ZDVWH�PDQDJHPHQW�V\VWHP�LQ�/DYDQ�LVODQG�

5()(5(1&(6
$EGROL��0��$��� .DUEDVVL��$�� 5��� 6DPLHH�=DIDUJKDQGL�� 5��
5DVKLGL��=K���*LWLSRXU��6��DQG�3D]RNL��0����������(OHFWULFLW\
*HQHUDWLRQ�IURP�/HDFKDWH�7UHDWPHQW�3ODQW��,QW��-��(QYLURQ�
5HV������������������

$EGROL��6����������5),'�DSSOLFDWLRQ�LQ�PXQLFLSDO�VROLG�ZDVWH
PDQDJHPHQW�V\VWHP��,QWHUQDWLRQDO�-RXUQDO�RI�(QYLURQPHQWDO
5HVHDUFK�����������������

$EGXOL�� 0��$���$��1DJKLE��<RQHVL��0�� DQG�$NEDUL��$�
�������� /LIH� F\FOH� DVVHVVPHQW� �/&$�� RI� VROLG� ZDVWH
PDQDJHPHQW�VWUDWHJLHV�LQ�7HKUDQ��/DQGILOO�DQG�FRPSRVWLQJ
SOXV�ODQGILOO��(QYLURQPHQWDO�0RQLWRULQJ�DQG�$VVHVVPHQW�
�������������



���

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

$EGXOL��0��$�� DQG� (��$]LPL� ��������0XQLFLSDO� ZDVWH
UHGXFWLRQ� SRWHQWLDO� DQG� UHODWHG� VWUDWHJLHV� LQ� 7HKUDQ�
,QWHUQDWLRQDO�-RXUQDO�RI�(QYLURQPHQWDO�5HVHDUFK�������������
����

$UHQD��8���0DVWHOORQH��0��/�� DQG�3HUXJLQL��)�� ��������7KH
HQYLURQPHQWDO� SHUIRUPDQFH� RI� DOWHUQDWLYH� VROLG� ZDVWH
PDQDJHPHQW�RSWLRQV��$�OLIH�F\FOH�DVVHVVPHQW�VWXG\��&KHPLFDO
(QJLQHHULQJ�-RXUQDO��������������

$UVKDG��$���+DVKPL�� +��1�� DQG�4XUHDVKL�� ,��$�� �������
$QDHURELF�'LJHVWLRQ� RI� &+/2USKHQROLF�:DVWHV�� ,QW�� -�
(QYLURQ��5HV������������������

%M|UNOXQG��$��DQG�)LQQYHGHQ��*����������5HF\FOLQJ�UHYLVLWHG�
OLIH� F\FOH� FRPSDULVRQV� RI� JOREDO�ZDUPLQJ� LPSDFW�DQG� WRWDO
HQHUJ\�XVH�RI�ZDVWH�PDQDJHPHQW�VWUDWHJLHV��5HVRXU�&RQVHUY
5HF\FO�����������������

%RXVWHDG�� ,�� �������� 7KH�0LON� %RWWOH�� �2SHQ�8QLYHUVLW\
3UHVV��0LOWRQ�.H\QHV�

%RXVWHDG�� ,�� �������� (QYLURQPHQWDO� ,PSDFW� RI� WKH�0DMRU
%HYHUDJH�3DFNDJLQJ�6\VWHPV��8.�'DWD� ����� LQ�5HVSRQVH
WR�WKH�((&�'LUHFWLYH��������´� ,1&3(1��/RQGRQ��8.�

&KHQ�� -��� +XDQJ��:��� +DQ��-�� DQG�&DR�� 6K�� ��������7KH
&KDUDFWHUL]DWLRQ�DQG�$SSOLFDWLRQ�RI�%LRORJLFDO�5HPHGLDWLRQ
7HFKQRORJ\�IRU�2UJDQLF�&RQWDPLQDQWV��,QW��-��(QYLURQ��5HV��
���������������

&KHUXELQL��)���%DUJLJOL��6��DQG�8OJLDWL��6����������/LIH�F\FOH
DVVHVVPHQW� �/&$�� RI�ZDVWH� PDQDJHPHQW� VWUDWHJLHV�
/DQGILOOLQJ��VRUWLQJ�SODQW�DQG�LQFLQHUDWLRQ��(QHUJ\����������
����������

&OHDU\��-����������/LIH�F\FOH�DVVHVVPHQWV�RI�PXQLFLSDO�VROLG
ZDVWH�PDQDJHPHQW� V\VWHPV��$� FRPSDUDWLYH� DQDO\VLV� RI
VHOHFWHG�SHHU�UHYLHZHG�OLWHUDWXUH��(QYLURQPHQW�,QWHUQDWLRQDO�
������������������

&RQVRQQL�� 6��� *LXJOLDQR�� 0�� DQG� *URVVR��0�� �������
$OWHUQDWLYH� VWUDWHJLHV� IRU�HQHUJ\� UHFRYHU\� IURP�PXQLFLSDO
VROLG�ZDVWH�� 3DUW�$��0DVV� DQG� HQHUJ\� EDODQFHV��:DVWH
0DQDJHPHQW������������������

&RQVRQQL��6���0��*LXJOLDQR��*URVVR��0�������E���$OWHUQDWLYH
VWUDWHJLHV� IRU� HQHUJ\� UHFRYHU\�IURP�PXQLFLSDO� VROLG�ZDVWH�
3DUW� %��(PLVVLRQ� DQG�FRVW� HVWLPDWHV��:DVWH�0DQDJHPHQW�
����������������

&RUGHOOD��0���7XJQROL��$��� 6SDGRQL��*��� 6DQWDUHOOL�� )�� DQG
=DQJUDQGR��7�� �������� /&$� RI� DQ� ,WDOLDQ� ODJHU� EHHU�
,QWHUQDWLRQDO�-RXUQDO�RI�/LIH�&\FOH�$VVHVVPHQW��������������
����

&XUUDQ��0��$�� ��������7KH�VWDWXV� RI� OLIH�F\FOH� DVVHVVPHQW
DV� DQ� HQYLURQPHQWDO� PDQDJHPHQW� WRRO�� (QYLURQPHQWDO
3URJUHVV������������������

'HQLVRQ��5��$����������(QYLURQPHQWDO�OLIH�F\FOH�FRPSDULVRQV
RI�UHF\FOLQJ��ODQGILOOLQJ��DQG�LQFLQHUDWLRQ��$�UHYLHZ�RI�UHFHQW
VWXGLHV��$QQXDO�5HYLHZ�RI�(QHUJ\�DQG�WKH�(QYLURQPHQW����
�������������

)LQQYHGHQ��*��DQG�(NYDOO��7�� ��������/LIH�F\FOH�DVVHVVPHQW
DV� D� GHFLVLRQ�VXSSRUW� WRRO�WKH� FDVH� RI� UHF\FOLQJ� YHUVXV
LQFLQHUDWLRQ�RI�SDSHU��5HVRXU�&RQVHUY�5HF\FO�������������

*HRGNRRS��0��DQG�6SULHQVPD��5����������7KH�(FR�LQGLFDWRU
����GDPDJH�RULHQWHG�PHWKRG�IRU�OLIH�F\FOH�LPSDFW�DVVHVVPHQW
��HU�HG����7KH�1HWKHUODQGV��35H�� FRQVXOWDQWV�%�9�

+DQQRQ��%�� ��������$� 6WXG\� RI� WKH�%HYHUDJH� ,QGXVWU\�
6\VWHP�(QHUJ\� DQG�5HF\FOLQJ�� &HQWHU� IRU�$GYDQFHG
&RPSXWDWLRQ��8QLYHUVLW\�RI� ,OOLQRLV��8UEDQD�� ,/�

+RQJ��-���/L��;��DQG�=KDRMLH��&����������/LIH�F\FOH�DVVHVVPHQW
RI�IRXU�PXQLFLSDO�VROLG�ZDVWH�PDQDJHPHQW�VFHQDULRV�LQ�&KLQD�
:DVWH�0DQDJHPHQW���������������������

+RQJ��5�� -���:DQJ��*��)�� �*XR��5��=���&KHQJ��;���/LX��4��
=KDQJ��3��-��DQG�4LDQ��*��5�� ��������/LIH�F\FOH�DVVHVVPHQW
RI�%07�EDVHG�LQWHJUDWHG�PXQLFLSDO�VROLG�ZDVWH�PDQDJHPHQW�
&DVH�VWXG\�LQ�3XGRQJ��&KLQD��5HVRXUFHV��&RQVHUYDWLRQ�DQG
5HF\FOLQJ������������������

+\XQ�� ,�� 3��� %RULQDUD�� 3�� DQG� +RQJ�� .�� '�� �������
*HRWHFKQLFDO�&RQVLGHUDWLRQV�IRU�(QG�8VH�RI�2OG�0XQLFLSDO
6ROLG�:DVWH�/DQGILOOV��,QW��-��(QYLURQ��5HV������������������

�,22&����������,UDQLDQ�2IIVKRUH�2LO�&RPSDQ\���6ROLG�ZDVWH
PDQDJHPHQW� RI�/DYDQ� ,VODQG�UHSRUW�� ,UDQLDQ�2IIVKRUH� 2LO
&RPSDQ\

,ULDUWH��$���*DEDUUHOO��;��DQG��5LHUDGHYDOO��-����������/&$�RI
VHOHFWLYH� ZDVWH� FROOHFWLRQ� V\VWHPV� LQ� GHQVH�XUEDQ� DUHDV�
:DVWH�0DQDJHPHQW������������������

,62���������������(QYLURQPHQWDO�0DQDJHPHQW��/LIH�&\FOH
$VVHVVPHQW�� 3ULQFLSOHV� DQG� )UDPHZRUN�� ,QWHUQDWLRQDO
2UJDQL]DWLRQ� IRU� 6WDQGDUGL]DWLRQ��*HQHYD�� 6ZLW]HUODQG�

,62���������������(QYLURQPHQWDO�0DQDJHPHQWH�/LIH�&\FOH
$VVHVVPHQWH3ULQFLSOHV� DQG� )UDPHZRUN�� ,QWHUQDWLRQDO
2UJDQL]DWLRQ� IRU� 6WDQGDUGL]DWLRQ��*HQHYD�� 6ZLW]HUODQG�

,62���������������(QYLURQPHQWDO�0DQDJHPHQW��/LIH�&\FOH
$VVHVVPHQW�*RDO� DQG� 6FRSH� 'HILQLWLRQ� DQG� ,QYHQWRU\
$QDO\VLV�� ,QWHUQDWLRQDO� 2UJDQL]DWLRQ� IRU� 6WDQGDUGL]DWLRQ�
*HQHYD�� 6ZLW]HUODQG�

,62����������������(QYLURQPHQWDO�0DQDJHPHQW��/LIH�&\FOH
$VVHVVPHQW��/LIH�&\FOH� ,PSDFW�$VVHVVPHQW�� ,QWHUQDWLRQDO
2UJDQL]DWLRQ� IRU� 6WDQGDUGL]DWLRQ��*HQHYD�� 6ZLW]HUODQG�

,62����������������(QYLURQPHQWDO�0DQDJHPHQW��/LIH�&\FOH
$VVHVVPHQW�� /LIH� &\FOH� ,QWHUSUHWDWLRQ�� ,QWHUQDWLRQDO
2UJDQL]DWLRQ� IRU� 6WDQGDUGL]DWLRQ��*HQHYD�� 6ZLW]HUODQG�

,62����������������(QYLURQPHQWDO�0DQDJHPHQWH�/LIH�&\FOH
$VVHVVPHQWH�5HTXLUHPHQWV� DQG�*XLGHOLQHV�� ,QWHUQDWLRQDO
2UJDQL]DWLRQ� IRU� 6WDQGDUGL]DWLRQ��*HQHYD�� 6ZLW]HUODQG�

-DOLOL�*KD]L�=DGH��0�� DQG�1RRUL��5�� � ��������3UHGLFWLRQ� RI
PXQLFLSDO�VROLG�ZDVWH�JHQHUDWLRQ� E\�XVH� RI�DUWLILFLDO� QHXUDO
QHWZRUN��$�FDVH�VWXG\�RI�0DVKKDG��,QWHUQDWLRQDO�-RXUQDO�RI
(QYLURQPHQWDO�5HVHDUFK���������������

.RFL��9��DQG�7UHFDNRYD��7����������0L[HG�PXQLFLSDO�ZDVWH
PDQDJHPHQW�LQ�WKH�&]HFK�5HSXEOLF�IURP�WKH�SRLQW�RI�YLHZ
RI� WKH� /&$�PHWKRG�� ,QWHUQDWLRQDO� -RXUQDO� RI�/LIH� &\FOH
$VVHVVPHQW���������� ��������

.RURQHRV��&��-��DQG�1DQDNL��(��$����������� ,QWHJUDWHG�VROLG
ZDVWH�PDQDJHPHQW� DQG� HQHUJ\� SURGXFWLRQ� �� D� OLIH� F\FOH
DVVHVVPHQW� DSSURDFK�� WKH� FDVH� VWXG\� RI� WKH� FLW\� RI



���

6KDPV�)DOODK��)��HW�DO�

7KHVVDORQLNL�� -RXUQDO� RI�&OHDQHU�3URGXFWLRQ����� ����� ����
����

/XQGROP��0��3��DQG�6XQGVWURP��*�� ���������5HVRXUFH�DQG
(QYLURQPHQWDO� ,PSDFW�RI�7HWUD�%ULN�&DUWRQ�DQG� 5HILOODEOH
DQG�1RQ�5HILOODEOH�*ODVV�%RWWOHV��$%�7HWUD�3DN��0DOPR�
6ZHGHQ�

0DTERRO�� )���%KDWWL�� =� ��$���0DOLN��$��+��� 3HUYH]��$�� DQG
0DKPRRG��4�� ��������(IIHFW� RI�/DQGILOO�/HDFKDWH� RQ� WKH
6WUHDP�ZDWHU�4XDOLW\��,QW��-��(QYLURQ��5HV������������������

0HQGHV��0�� 5���$UDPDNL�� 7�� DQG� +DQDNL�� .�� �������
&RPSDULVRQ�RI� WKH� HQYLURQPHQWDO� LPSDFW� RI� LQFLQHUDWLRQ
DQG� ODQGILOOLQJ� LQ�6DR�3DXOR� &LW\� DV� GHWHUPLQHG� E\� /&$�
5HVRXUFHV��&RQVHUYDWLRQ�DQG�5HF\FOLQJ����������������

0HUVLRZVN\�� ,�� �������� /RQJ�WHUP� IDWH� RI� 39&� SURGXFWV
DQG�WKHLU�DGGLWLYHV�LQ�ODQGILOOV��3URJUHVV�LQ�3RO\PHU�6FLHQFH
�2[IRUG����������������������

0RUVHOOL��/���%DUWROL��0���%HUWDFFKLQL��0���%ULJKHWWL��$���/X]L�
-���3DVVDULQL��)��DQG�0DVRQL��3����������7RROV�IRU�HYDOXDWLRQ
RI� LPSDFW� DVVRFLDWHG�ZLWK�06:� LQFLQHUDWLRQ��/&$� DQG
LQWHJUDWHG� HQYLURQPHQWDO� PRQLWRULQJ� V\VWHP�� :DVWH
0DQDJHPHQW������������������

1DGD��:��0���9DQ�5HQVEXUJ��/���&ODDVVHQV��6���%OXPHQVWHLQ�
2��DQG�)ULHGULFK��$�� ��������(YDOXDWLRQ�RI�2UJDQLF�0DWWHU
6WDELOLW\� LQ� :RRG� &RPSRVW� E\� &KHPLFDO� DQG
7KHUPRJUDYLPHWULF�$QDO\VLV�� ,QW�� -�� (QYLURQ��5HV��� �� ����
��������

1RXUL��1���3RRUKDVKHPL��6��$���0RQDYDUL��6��0���'DELUL��)�
DQG�+DVVDQL��$��+�� ��������/HJDO� FULWHULD� DQG� H[HFXWLYH
VWDQGDUGV�RI� VROLG�ZDVWH�GLVSRVDO� VXEMHFWHG� WR� VROLG�ZDVWH
PDQDJHPHQW� DFW�� ,QWHUQDWLRQDO� -RXUQDO� RI� (QYLURQPHQWDO
5HVHDUFK�����������������

35p�� ��������7KH� (FRLQGLFDWRU� ����$�'DPDJH�2ULHQWHG
0HWKRG� IRU� /LIH�&\FOH� ,PSDFW�$VVHVVPHQW��0HWKRGRORJ\
5HSRUW� WKLUG� HG��� *RHGNRRS�� 0��� 6SULHQVPD�5�� 35p
&RQVXOWDQWV�%�9��3ORWWHUZHJ����� �����%%�$PHUVIRRUW�

5DVKLGL��=K���.DUEDVVL��$��5���$WDHL��$��� ,IDHL��3��� 6DPLHH�
=DIDUJKDQGL��5��DQG�0RKDPPDGL]DGHK��0��-����������3RZHU
3ODQW� 'HVLJQ�8VLQJ�*DV� 3URGXFHG� %\�:DVWH� /HDFKDWH
7UHDWPHQW�3ODQW��,QW��-��(QYLURQ��5HV������������������

6DIDUL��(��� -DOLOL� *KD]L]DGH��0��� 6KRNRXK��$�� DQG� 1DEL
%LGKHQGL��*K��5����������$QDHURELF�5HPRYDO�RI�&2'�IURP
+LJK�6WUHQJWK�)UHVK�DQG�3DUWLDOO\�6WDELOL]HG�/HDFKDWHV�DQG
$SSOLFDWLRQ�RI�0XOWL� VWDJH�.LQHWLF�0RGHO�� ,QW�� -�� (QYLURQ�
5HV������������������

7KDQK��1��3��DQG�0DWVXL��<����������0XQLFLSDO�VROLG�ZDVWH
PDQDJHPHQW� LQ�YLHWQDP�� 6WDWXV� DQG� WKH� VWUDWHJLF� DFWLRQV�
,QWHUQDWLRQDO�-RXUQDO�RI�(QYLURQPHQWDO�5HVHDUFK�������������
����

7ROOHU��6���.�UUPDQ��(���*XVWDIVVRQ��-��3��DQG�0DJQXVVRQ�
<�� ��������(QYLURQPHQWDO� DVVHVVPHQW�RILQFLQHUDWRU� UHVLGXH
XWLOLVDWLRQ��:DVWH�0DQDJHPHQW���������� ����������

7XQHVL��6����������/&$�RI�ORFDO�VWUDWHJLHV�IRU�HQHUJ\�UHFRYHU\
IURP�ZDVWH� LQ�(QJODQG�� DSSOLHG� WR� D� ODUJH�PXQLFLSDO� IORZ�
:DVWH�0DQDJHPHQW������������������

:72�� �������� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 6XVWDLQDEOH
7RXULVP�LQ�6PDOO�,VODQG�'HYHORSLQJ�6WDWHV�DQG�2WKHU�,VODQGV�
/DQ]DURWH� �6SDLQ��

&KULVWHQVHQ��7��+�� ��������/LIH�F\FOH� DVVHVVPHQW� RI� WKH
PXQLFLSDO� VROLG�ZDVWH�PDQDJHPHQW� V\VWHP� LQ�+DQJ]KRX�
&KLQD� �($6(:$67(���:DVWH�0DQDJHPHQW� DQG�5HVHDUFK�
����������������



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� ��$SULO� ����� �� �� � � �� � �� ��� ��5HYLVHG����-XQH������ �� � � � � � � � � � � � � �$FFHSWHG����-XQH�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��PLOLFDBMRYLF#FKHP�EJ�DF�UV

���

9ROWD�PHWULF�%HKDYLRU�RI�0HVRWULRQH�XVLQJ�6LOYHU�$PDOJDP�(OHFWURGH

-RYLF��0��6�����0DQRMORYLF��'���6WDQNRYL ��'��0���0LOL ��$����6HQWL ��0��DQG��5RJOL �*�

)DFXOW\�RI�&KHPLVWU\��8QLYHUVLW\�RI�%HOJUDGH��6WUXGHQWVNL�7UJ��������������%HOJUDGH��6HUELD

$%675$&7��9ROWD�PHWULF�EHKDYLRU�RI�PHVRWULRQH�XVLQJ�VLOYHU�DPDOJDP�HOHFWURGH�ZH�H[DPLQHG�LQ�WKLV�SDSHU�

0HVRWULRQH� EHORQJV� WR� WKH� WULNHWRQH� JURXS�RI� KHUELFLGHV�� ,W� LV�XVHG� DJDLQVW�ZHHGV� LQ�FRUQ� DQG� RSHUDWHV� E\

LQKLELWLRQ�RI���K\GUR[\SKHQ\O�SLUXYDWH� LQ�SODQWV��7KHUH� LV� OLWWOH� LQIRUPDWLRQ�DERXW�PHVRWULRQH�DV� LWV�SUHVHQFH
LQ� WKH�PDUNHW� LV�VKRUW��)RU� LWV�ZLGHU�DSSOLFDWLRQ� LQ� WKH� IXWXUH�� LW� LV� LPSRUWDQW� WR�NQRZ�GHWDLOV�RI� LWV�FKHPLFDO

FKDUDFWHULVWLFV� DQG� UHGR[� SURFHVVHV�� LQFOXGLQJ�ELRJHRFKHPLFDO� WUDQVIRUPDWLRQ� DQG�PLJUDWLRQ� DIWHU�DSSOLFDWLRQ

WR�DJULFXOWXUDO�ODQG��ZKLFK�FRXOG�FRQWULEXWH�WR�LWV�PRUH�HIILFLHQW�DQG�VDIH�DSSOLFDWLRQ��7KH� WHFKQLTXH�RI�F\FOLF
YROWDPPHWHU� ZLWK� FRQYHQWLRQDO� WKUHH�HOHFWURGH� FHOO� DQG� HOHFWURFKHPLFDO� ZRUNVWDWLRQ�ZDV� XVHG� IRU� WKH

LQYHVWLJDWLRQ�RI�HOHFWURFKHPLFDO�EHKDYLRU�RI�PHVRWULRQH��&\FOLF�YROWDPRJUDPV�RI�PHVRWULRQH�ZHUH�UHFRUGHG�DW

S+� YDOXHV� ��� ������ DQG�����6HYHUDO� SHDNV�ZHUH� REWDLQHG� DW� FHUWDLQ� YDOXHV�RI� WKH�SRWHQWLDO� DQG� WKH\�ZHUH
DWWULEXWHG�WR�WKH�UHGXFWLRQ�RI�WZR�FDUERQ\O�JURXSV��LQ�SRVLWLRQ���DQG���RI�F\FORKH[DQH�ULQJ���WKH�WKLUG�FDUERQ\O

JURXS�DQG�QLWUR�JURXS��7KH�PD[LPXP�FXUUHQW�YDOXH�ZDV�DW�S+����

.H\�ZRUGV��3HVWLFLGH��0HVRWULRQH��&\FOLF�9ROWDPPHWHU��9ROWD�PHWULF�EHKDYLRU��6LOYHU�$PDOJDP�HOHFWURGH

,1752'8&7,21
$JULFXOWXUDO�SURGXFWLRQ�FXUUHQWO\��DQG�LQFUHDVLQJO\�

GHSHQGV�RQ�WKH�XVH�RI�SHVWLFLGHV��-LPHQH]�DQG�1DYDV�
�������3HVWLFLGHV��WKH�PRVW�FRVW�HIIHFWLYH�PHDQV�RI�SHVW
DQG�ZHHG�FRQWURO��DOORZ� WKH�PDLQWHQDQFH�RI�FXUUHQW
\LHOGV�DQG�VR�FRQWULEXWH�WR�HFRQRPLF�YLDELOLW\��&RQFHUQ
DERXW�WKH�HQYLURQPHQWDO�LPSDFW�RI�UHSHDWHG�SHVWLFLGH
XVH�KDV�SURPSWHG�UHVHDUFK�LQWR�HQYLURQPHQWDO�IDWH�RI
WKHVH�DJHQWV��ZKLFK�FDQ�HPLJUDWH�IURP�WUHDWHG�ILHOGV�WR
DLU��RWKHU�ODQG�DQG�ZDWHU��$ULDV�(VWHYH]��HW�DO���������
3HVWLFLGHV� DUH� RQH� RI� WKH� PDLQ� RUJDQLF� SROOXWDQWV�
*URXQGZDWHU� SROOXWLRQ�ZLWK� LQRUJDQLF� DQG� RUJDQLF
SROOXWDQWV�LV�D�VHULRXV�SUREOHP�LQ�WKH�VXSSO\�RI�GULQNLQJ
ZDWHU� �5R�NQHFKW� HW� DO��� ������� 7RGD\�� ZLWK� WKH
GHYHORSPHQW� RI� LQGXVWU\� DQG� DJULFXOWXUH�� WUDFHV� RI
SHVWLFLGHV�DUH�LQFUHDVLQJO\�SUHVHQW�LQ�WKH�ZDWHU��ERWK
VXUIDFH� DQG� JURXQGZDWHU�� 7KH� ZDVWH� ZDWHU
FRQFHQWUDWLRQV� RI� SHVWLFLGHV�PD\�EH� LQ�PJ�/��ZKLOH
VXUIDFH�ZDWHU�DQG�JURXQGZDWHU�FRQWDLQ��J�/��*ROGVWHLQ
HW�DO����������.H\�REMHFWLYH�IRU�PRGHUQ�SHVWLFLGH�UHVHDUFK
LV� WR� GLVFRYHU� QHZ� SURGXFWV� WKDW� FRQWURO� WKH�ZLGHVW
SRVVLEOH� UDQJH� RI�ZHHG� VSHFLHV�� DV� IOH[LEO\� SRVVLEOH
�(GPXQGV�� ������� 0HVRWULRQH� LV� D� QHZ� VHOHFWLYH
KHUELFLGH�XVHG�DJDLQVW�DQQXDO�JUDVVHV�DQG�EURDGOHDI
ZHHGV�LQ�FRUQ��,W�EHORQJV�WR�EHQ]R\OF\FORKH[DQH�����
GLRQH��WULNHWRQH��JURXS�RI�KHUELFLGHV�� 7KH�FKHPLFDO

VWUXFWXUH�RI�WKH�WULNHWRQHV�LV�W\SLFDOO\�EDVHG�DURXQG
WKH���EHQ]R\O�RU���KHWHURDUR\O�F\FORKH[DQH�����GLRQH
WHPSODWH� �3U\VELOOD�� �������0HVRWULRQH� KDV� EHHQ
ODXQFKHG�RQ�WKH�$PHULFDQ�DQG�(XURSHDQ�PDUNHWV�E\
6\QJHQWD�LQ�������XQGHU�WKH�EUDQG�QDPH�&$//,672�
�0LWFKHOO�HW�DO����������6\QJHQWD�KDV�D�ORQJ�KLVWRU\�RI
UHVHDUFK�LQ�WULNHWRQH�KHUELFLGHV��IURP�WKHLU�RULJLQDO
GLVFRYHU\�LQ������WKURXJK�WR�WKH�SUHVHQW�GD\��+HOO\HU
DQG�/DVVDN���������0HVRWULRQH�ZRUNV�E\�LQKLELWLRQ�RI
��K\GUR[\SKHQ\OSLUXYDWH� GHR[\JHQL]H� �+33'�� LQ
SODQWV��0LWFKHOO�HW�DO����������0HVRWULRQH�LV�DSSOLHG
GXULQJ�SODQW�GHYHORSPHQW�IURP�WKH�ILUVW�VKRRWV�WR�WKH
9�� VWDJH� RI� GHYHORSPHQW� �ZKHQ� SODQW� FRQWDLQ
PD[LPXP�RI���VKHHWV���7KH�PD[LPXP�GRVH�RI�DSSOLFDWLRQ
LV�����NJ�KD��.RWNDU�DQG�6ULYDVWDYD���������7\SLFDO�XVH
UDWHV�IRU�PHVRWULRQH�UDQJH�IURP�����WR������NJ�KD�ZKHQ
DSSOLHG�SUH�HPHUJHQFH��DQG����������NJ�KD�IRU�SRVW�
HPHUJHQFH� DSSOLFDWLRQV� �:LFKHUW� HW� DO��� ������
0HVRWULRQH� LV�HQWHULQJ� WKH� SODQW� WKURXJK� OHDYHV�RU
URRWV��7KH�V\PSWRPV�DUH�EOHDFKLQJ�RI�OHDYHV��IROORZHG
E\� WLVVXH�QHFURVLV��,W� LV�FODVVLILHG�DV�WR[LFRORJLFDOO\
GDQJHURXV� IRU� WKH� HQYLURQPHQW�� EXW� WKHUH� LV� OLWWOH
LQIRUPDWLRQ�DERXW�LWV�LPSDFW��+DZNHV�HW�DO���������DV
LWV�SUHVHQFH�LQ�WKH�PDUNHW�LV�VKRUW��LQ�(XURSH�VLQFH
�������'XH�WR�LWV�ZLGHU�DSSOLFDWLRQ��LW�LV�LPSRUWDQW�WR
NQRZ�GHWDLOV�RI�LWV�FKHPLFDO�FKDUDFWHULVWLFV�DQG�UHGR[
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SURFHVVHV��LQFOXGLQJ�ELRJHRFKHPLFDO�WUDQVIRUPDWLRQ
DQG�PLJUDWLRQ�DIWHU�DSSOLFDWLRQ�WR�DJULFXOWXUDO�ODQG�
ZKLFK�FRXOG�FRQWULEXWH�WR�LWV�PRUH�HIILFLHQW�DQG�VDIH
DSSOLFDWLRQ��(UGRJGX�HW�DO���������

$V�PDQ\�RUJDQLF�FRPSRXQGV�XVHG�DV�SHVWLFLGHV
PHVRWULRQH� FRQWDLQV� HOHFWUR� DFWLYH� JURXSV� DQG
WKHUHIRUH� WKH� YROWDPPHWHU � FRXOG� EH� XVHG� IRU
PHFKDQLVWLF�DQG�DQDO\WLFDO�VWXGLHV��7URMDQRZLF]�������
$SUHD� HW� DO�� � ������� )RU� WKH� LQYHVWLJDWLRQ� RI
HOHFWURFKHPLFDO�EHKDYLRU�RI�PHVRWULRQH�ZH�XVHG�WKH
WHFKQLTXH� RI� F\FOLF� YROWDPPHWHU�ZLWK� FRQYHQWLRQDO
WKUHH�HOHFWURGH�FHOO�DQG�HOHFWURFKHPLFDO�ZRUNVWDWLRQ�
7KH�ZRUNLQJ�HOHFWURGH�ZDV�+J�$J��VLOYHU�DPDOJDP�
HOHFWURGH��SODWLQXP�DV�DX[LOLDU\�HOHFWURGH�DQG�$J�$J&O
��0� .&O�� DV� D� UHIHUHQFH� HOHFWURGH�� 'XULQJ� WKH
H[SHULPHQW�S+�YDOXHV�RI�DTXHRXV�VROXWLRQ�YDULHG��ZKLOH
WKH� FRQVWDQW� FRQFHQWUDWLRQ� RI� PHVRWULRQH� ZDV
PDLQWDLQHG��&\FOLF�YROWDPRJUDPV�ZHUH�UHFRUGHG�E\
JUDGXDOO\�LQFUHDVLQJ�RI�VFDQ�UDWH�

�)LJ�����0HVRWULRQH����>���PHWK\OVXOSKRQ\O����
QLWUREHQ]R\O@������F\FORKH[DQGLRQH

0$7(5,$/6�	�0(7+2'6
0HVRWULRQH� ����� SXULW\�� ZDV� VXSSOLHG� IURP

,QVWLWXWH�IRU�SODQWV��%HOJUDGH��6HUELD��6LOYHU�HOHFWURGH
ZDV�VXSSOLHG�IURP�$XVWLQ��86$��DQG�OHIW�WR�VWDQG�IRU
��� KRXUV� LQ�PHUFXU\�� 0HWKDQRO�� VRGLXP� FKORULGH�
SRWDVVLXP�GLK\GURJHQ� SKRVSKDWH��VRGLXP�K\GURJHQ
SKRVSKDWH�� VRGLXP� K\GURJHQ� FDUERQDWH�� VRGLXP
K\GUR[LGH��DOO�RI�DQDO\WLFDO�JUDGH�SXULW\��ZHUH�REWDLQHG
IURP�0HUFN� �'DUPVWDGW�� *HUPDQ\���$V� VXSSRUWLQJ
HOHFWURO\WHV�LQ�YROWDPPHWHU�PHDVXUHPHQWV�GLIIHUHQW�S+
VROXWLRQV�ZHUH�XVHG��.+
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9ROWD�PHWULF�PHDVXUHPHQWV�ZHUH� SHUIRUPHG�RQ
HOHFWURFKHPLFDO�ZRUNVWDWLRQ�&+,������$XVWLQ��86$��
&+,�XVHG�VRIWZDUH��9HUVLRQ��������7KH�WKUHH�HOHFWURGH
V\VWHP�FRQVLVWHG�RI��PHUFXU\�EXWWRQHG�VLOYHU�HOHFWURGH
�+J�$J���&+,������DV�ZRUNLQJ�HOHFWURGH��$J�$J&O���0
.&O��DV�D�UHIHUHQFH�HOHFWURGH��&+,�������DQG�SODWLQXP
ZLUH� DV� DX[LOLDU\� HOHFWURGH� �&+,� ������$OO� F\FOLF

YROWDPRJUDPV�ZHUH�UHFRUGHG�DW�VFDQ�UDWHV����P9�V�
��P9�V������P9�V�����P9�V�����P9�V�����P9�V�����P9�
V�����P9�V�����P9�V��)RU�GHWHUPLQDWLRQ�RI�S+�YDOXH
ZH�XVHG�S+�PHWHU��PRGHO�����ZLWK�FRPELQHG�JODVV
HOHFWURGH�DQG�WHPSHUDWXUH�VHQVRU��0HWURKP��+HULVDX�
6ZLW]HUODQG��

0HVRWULRQH�VROXWLRQ��FRQFHQWUDWLRQ�RI�������PRO�
GP��� ZDV� SUHSDUHG�� 7KH� DPRXQW� RI� ������J� RI
PHVRWULRQH������SXULW\��ZDV�PHDVXUHG�RQ�DQDO\WLFDO
EDODQFH� DQG� GLVVROYHG� LQ� �FP�� DEVROXWH� PHWKDQRO�
7KHQ���FP��RI� VXSSRUWLQJ�HOHFWURO\WH�ZDV�DGGHG��VR
WKDW�WKH�FRQFHQWUDWLRQ�RI�PHVRWULRQH�ZDV�������PRO�
GP���6LOYHU�DPDOJDP�HOHFWURGH�ZDV�SUHSDUHG�E\�OHDYLQJ
RI�WKH�VLOYHU�HOHFWURGH�IRU����KRXUV�LQ�PHUFXU\��7KH
PHUFXU\�ZDV�DGVRUEHG�RQ�WKH�VLOYHU�HOHFWURGH�DQG�VXFK
HOHFWURGH�KDV�D� OLIHWLPH�RI�D�PRQWK��$IWHUZDUGV� WKH
HOHFWURGH�ZDV�UHJHQHUDWHG�E\�SROLVKLQJ�ZLWK�SRZGHU
RI�DOXPLQXP�������P���7KH�HOHFWURGH�ZDV�ULQVHG�ZLWK
ZDWHU�DQG�SODFHG�LW�LQ�DQ�XOWUDVRQLF�EDWK��)LQDOO\�ZH
SODFHG�HOHFWURGH�LQ�PHUFXU\�WR�SHUIRUP�DGVRUSWLRQ�

%DVHG�RQ�HDUOLHU�VWXGLHV�LW�ZDV�IRXQG�WKDW�WKH�PRVW
UHSURGXFWLYH� UHVXOWV� �YROWDPRJUDPV� ZLWK� JRRG
VHSDUDWLRQ�RI�VLJQDOV��ZHUH�REWDLQHG�XVLQJ�WKH�+J�$J
�VLOYHU�DPDOJDP�� HOHFWURGH��:H� UHFRUGHG� DOO� F\FOLF
YROWDPRJUDPV�DW�VFDQ�UDWHV����P9�V����P9�V�����P9�
V�����P9�V�����P9�V�����P9�V�����P9�V�����P9�V�DQG
���P9�V��IRU�S+�YDOXHV����������DQG�����&RQFHQWUDWLRQ
RI�PHVRWULRQH�LQ�DOO�H[SHULPHQWV�ZDV�������PRO�GP��

�5(68/76�	�',6&866,216
7KH� F\FOH� YROWDPRJUDP� RI�PHVRWULRQH� DW� S+� �

����0�SKRVSKDWH�EXIIHU�VROXWLRQ��ZDV�VKRZQ�LQ�)LJ����
$W� WKH� SRWHQWLDO� �(�� RI� ������9� WR� WKH�$J�$J&O
HOHFWURGH��ZHOO�GHILQHG�FDWKRGH��UHGXFWLRQ��SHDN�ZDV
REVHUYHG�DQG�LW�SUREDEO\�FRUUHVSRQGHG�WR�WKH�UHGXFWLRQ
RI�FDUERQ\O�JURXS�LQ�SRVLWLRQ���DQG���RI�WKH�F\FORKH[DQH
ULQJ��7ZR�SHDNV�ZHUH�REVHUYHG�DW�WKH�SRWHQWLDO�RI��
������9�DQG��������9��VLJQDO���ZDV�ZHDNHU�WKDQ�WKH
VLJQDO�����7KH\�SUREDEO\�FRUUHVSRQGHG�WR�WKH�UHGXFWLRQ
RI�WKH�WKLUG�FDUERQ\O�JURXS��$W�WKH�SRWHQWLDO�RI��������9
ORZ� LQWHQVLW\� SHDN� �VLJQDO� ��� ZDV� REVHUYHG� ZKLFK
SUREDEO\�ZDV� WKH� UHVXOW�RI� UHGXFWLRQ�RI�QLWUR�JURXS
�'HODPDU�HW�DO���������

7KH� GHSHQGHQFH� RI� WKH� VLJQDO� KHLJKW� ZLWK� WKH
VTXDUH�URRW�RI�VFDQ�VSHHG�DW�S+���LV�VKRZQ�)LJV��������
DQG����7KH�OLQHDULW\�RI�L

S
�YV��Y����JUDSKV�LQGLFDWHV�WKDW

WKH�HOHFWURFKHPLFDO�UHDFWLRQV�DUH�GLIIXVLRQ�FRQWUROOHG
�%DUG� HW� DO��������� ,W� LQGLFDWHG� WKH� TXDVL�UHYHUVH
SURFHVV��%HWWHU�OLQHDULW\�LQ�VRPH�FDVHV�LQGLFDWHG�PRUH
UHYHUVLEOH�EHKDYLRU�RI�WKH�V\VWHP�

7KH�F\FOH�YROWDPRJUDP�RI�PHVRWULRQH�DW�S+���LV
VKRZQ� DW� )LJ�� ��� 6XSSRUWLQJ� HOHFWURO\WH�ZDV� ���0
SKRVSKDWH�EXIIHU�VROXWLRQ��$W�WKH�SRWHQWLDO�RI��������9
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��������)LJ���� &\FOH�YROWDPRJUDP�RI�PHVRWULRQH��������PRO�GP���LQ�SKRVSKDWH�EXIIHU��DW�S+��

�����)LJ�����&XUUHQW�GHSHQGHQFH�RI�WKH�VTXDUH�URRW
RI�VFDQ�VSHHG��IRU�SHDN����DW�S+��

)LJ�����&XUUHQW�GHSHQGHQFH�RI�WKH�VTXDUH�URRWRI
VFDQ�VSHHG��IRU�SHDN����DW�S+��

)LJ�����&XUUHQW�GHSHQGHQFH�RI�WKH�VTXDUH�URRW�RI
VFDQ�VSHHG��IRU�SHDN����DW�S+��

)LJ�����&XUUHQW�GHSHQGHQFH�RI�WKH�VTXDUH�URRW��RI
VFDQ�VSHHG��IRU�SHDN����DW�S+��



���

9ROWD�PHWULF�%HKDYLRU�RI�0HVRWULRQH

H[SDQGLQJ�RI�FDWKRGH��UHGXFWLRQ��SHDN�ZDV�REVHUYHG�
DQG� SUREDEO\� FRUUHVSRQGHG� RI� WKH� UHGXFWLRQ� RI
FDUERQ\O�JURXS�LQ�SRVLWLRQ���DQG���RI�F\FORKH[DQH�ULQJ�
6SUHDGLQJ�RI� SHDNV� URVH� IURP�WKH� GLIIHUHQWLDWLRQ�RI
HOHFWURFKHPLFDO�UHGXFWLRQ��$W�WKH�SRWHQWLDO�RI��������9
LV� REVHUYHG� SHDN� �VLJQDO� ��� � ZKLFK� SUREDEO\
FRUUHVSRQGHG� WR� WKH� UHGXFWLRQ�RI� WKH� WKLUG�FDUERQ\O
JURXS�� 2Q� SRWHQWLDO� RI� �������9� LV� REVHUYHG� SHDN
�VLJQDO�����ZKLFK�SUREDEO\�FRPHV�IURP�WKH�UHGXFWLRQ�RI
QLWUR�JURXSV�

)LJ�����&\FOH�YROWDPRJUDP�RI�PHVRWULRQH�������PRO�GP���LQ�SKRVSKDWH�EXIIHU��S+��

)LJV���� ��DQG����ZHUH� VKRZ�WKH�GHSHQGHQFH�RI
VLJQDO�KHLJKW�ZLWK�WKH�VTXDUH�URRW�RI�VFDQQLQJ�VSHHG
�IRU� FRPSDULQJ� FRUUHFWLRQ� IDFWRUV��� ,W� LQGLFDWHV� WKH
TXDVL�UHYHUVH� SURFHVV�� EXW� EHWWHU� OLQHDULW\� ZDV
REVHUYHG�LQGLFDWLQJ�PRUH�UHYHUVLEOH�V\VWHP�EHKDYLRU�

7KH�F\FOH�YROWDPRJUDP�RI�PHVRWULRQH�DW�S+����LV
VKRZQ�LQ�)LJ������2Q�SRWHQWLDO�RI��������9�ZDV�REVHUYHG
FDWKRGH��UHGXFWLRQ��SHDN��ZKLFK�SUREDEO\�FRUUHVSRQGV
WR�WKH�MRLQW�UHGXFWLRQ�RI�FDUERQ\O�JURXS�LQ�SRVLWLRQ��

)LJ�����&XUUHQW�GHSHQGHQFH�RI�WKH�VTXDUH�URRW�RI
VFDQ�VSHHG��IRU�SHDN����DW�S+��

)LJ�����&XUUHQW�GHSHQGHQFH�RI�WKH�VTXDUH�URRW�RI
VFDQ�VSHHG��IRU�SHDN����DW�S+��
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DQG���RI�F\FORKH[DQH�ULQJ��2Q�SRWHQWLDO�RI��������9
ZDV�REVHUYHG�DQRWKHU�SHDN��VLJQDO�����ZKLFK�SUREDEO\
FRPHV�IURP�WKH�UHGXFWLRQ�RI�WKH�WKLUG�FDUERQ\O�JURXS�
2Q�SRWHQWLDO� RI� �������9�ZDV�REVHUYHG� WKLUG�SHDN�
ZKLFK� SUREDEO\� FRPHV� IURP� WKH� UHGXFWLRQ� RI� QLWUR
JURXSV�� 'XH� WR� GLIIHUHQWLDWLRQ� RI� HOHFWURFKHPLFDO
UHDFWLRQ��REWDLQHG�VLJQDOV���DQG���KDG�ORZHU�LQWHQVLW\�
7KH�GHSHQGHQFH�RI�WKH�VLJQDO�KHLJKW�ZLWK�WKH�VTXDUH
URRW�RI�VFDQQLQJ�VSHHG�LV�VKRZQ�LQ�)LJV���������DQG����
,W� LQGLFDWHV� WKH� TXDVL�UHYHUVH� SURFHVV�� EXW� EHWWHU

���������������)LJ������&XUUHQW�GHSHQGHQFH�RI�WKH�VTXDUH�URRW�RI�VFDQ�VSHHG��IRU�SHDN����DW�S+��

OLQHDULW\�ZDV� REVHUYHG� LQGLFDWLQJ�PRUH� UHYHUVLEOH
V\VWHP�EHKDYLRU�

7KH�F\FOH�YROWDPRJUDP�RI�PHVRWULRQH�DW�S+���
ZDV�VKRZQ�LQ )LJ������6XSSRUWLQJ�HOHFWURO\WH�ZDV����0
SKRVSKDWH�EXIIHU�VROXWLRQ��&DWKRGH��UHGXFWLRQ��SHDN
ZDV�REVHUYHG�DW�WKH�SRWHQWLDO�RI��������9�DQG�LW�SURE�
DEO\�FRUUHVSRQGHG�WR�WKH�UHGXFWLRQ�RI�FDUERQ\O�JURXS
LQ�SRVLWLRQ���DQG���RI�WKH�F\FORKH[DQH�ULQJ��7KH�VHF�
RQG�SHDN��VLJQDO����DW�WKH�SRWHQWLDO�RI��������9�SURE�

)LJ������&\FOH�YROWDPRJUDP�RI�PHVRWULRQH��������PRO�GP���LQ�FDUERQDWH�EXIIHU��S+ ���
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)LJ������&XUUHQW�GHSHQGHQFH�RI�WKH�VTXDUH�URRW�RI
VFDQ�VSHHG��IRU�SHDN����DW�S+���

)LJ������&XUUHQW�GHSHQGHQFH�RI�WKH�VTXDUH�URRW�RI
VFDQ�VSHHG��IRU�SHDN����DW�S+���

���������)LJ������&\FOH�YROWDPRJUDP�RI�PHVRWULRQH��������PRO�GP���LQ�SKRVSKDWH�EXIIHU��S+���

)LJ������&XUUHQW�GHSHQGHQFH�R�WKH�VTXDUH�URRW�RI�VFDQ�VSHHG��IRU�SHDN����DW�S+���
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DEO\� FDPH� IURP� WKH� UHGXFWLRQ� RI� WKH� WKLUG� FDUERQ\O
JURXS��$W�WKH�SRWHQWLDO�RI��������9�WKH�WKLUG�SHDN��VLJ�
QDO� ���� FRXOG� EH� DWWULEXWHG� WR� WKH� UHGXFWLRQ� RI� QLWUR
JURXSV��'XH�WR�WKH�GLIIHUHQWLDWLRQ�RI�HOHFWURFKHPLFDO
UHDFWLRQ��REWDLQHG�VLJQDOV���DQG���KDG�ORZHU�LQWHQVLW\�

7KH� GHSHQGHQFH� RI� WKH� VLJQDO� KHLJKW�ZLWK� WKH
VTXDUH�URRW�RI�VFDQQLQJ�VSHHG�LV�VKRZQ�DW�WKH�)LJV����

)LJ������&XUUHQW�GHSHQGHQFH�RQ�WKH�VTXDUH�URRW�RI�VFDQ�VSHHG��IRU�SHDN����DW�S+���

���DQG�����,W�LQGLFDWHV�WKH�TXDVL�UHYHUVH�SURFHVV��EXW
EHWWHU� OLQHDULW\� ZDV� REVHUYHG� LQGLFDWLQJ� PRUH
UHYHUVLEOH�V\VWHP�EHKDYLRU�

2Q�WKH�EDVLV�RI�UHVXOWV�REWDLQHG�DQG�IURP�)LJ�����
LW�FRXOG�EH�FRQFOXGHG�WKDW�WKH�PD[LPXP�FXUUHQW�YDOXH
ZDV�DW�S+�����$OO�FXUUHQW�YDOXHV�IRU�S+����������DQG���
ZHUH�VKRZQ�LQ�7DEOH���

)LJ������&XUUHQW�GHSHQGHQFH�RQ�WKH�VTXDUH�URRW�RI
VFDQ�VSHHG��IRU�SHDN����DW�S+���

)LJ�������&XUUHQW�GHSHQGHQFH�RQ�WKH�VTXDUH�URRW�RI
VFDQ�VSHHG��IRU�SHDN����DW�S+���

7DEOH����&XUUHQW�SHDNV�IRU�S+�YDOXHV����������DQG���

S+� ,���$��
�� ���������
�� ���������
��� ���������
��� ���������
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)LJ������&XUUHQW�GHSHQGHQFH�RI�WKH�SRWHQWLDO�IRU
VLJQDO���DW�S+�YDOXHV����������DQG���

&21&/86,21
0HVRWULRQH� ZDV� HOHFWURFKHPLFDOO\� DFWLYH� DW

LQYHVWLJDWHG�S+�����������DQG������$FFRUGLQJ�WR�WKH
FODVVLFDO� WKHRU\� RI� UHYHUVLELOLW\� LW� LV� D� W\SLFDO
LUUHYHUVLEOH� V\VWHP� �DEVHQFH� RI� DQRGLF� R[LGDWLRQ
VLJQDO���ZKLOH�GHSHQGHQFH�RI�SHDN�LQWHQVLW\�RQ�WKH�VFDQ
UDWH� LQGLFDWHV� WKH� UHYHUVLELOLW\� DW� ORZHU� VSHHGV� DQG
TXDVL�UHYHUVLELOLW\� DW�KLJKHU� VSHHGV��7KH�PD[LPXP
FXUUHQW�YDOXH�RI����������$�ZDV�REWDLQHG�DW�S+����
$EVHQFH�RI�DQRGLF�SHDN�VKRXOG�EH�LQYHVWLJDWHG�ZLWK
WKH� +J�$J�PLFURHOHFWURGH� DW� KLJKHU� SRODUL]DWLRQ
VSHHGV��2Q�WKH�EDVLV�RI�UHVXOWV�REWDLQHG�FDQ�EH�EDVHG
WKH� HOHFWURFKHPLFDO� GHJUDGDWLRQ� RI� PHVRWULRQH
UHPDLQLQJ� DIWHU� WKH� WUHDWPHQW� LQ� WKH� HQYLURQPHQW�
'HSHQGHQFH�RI�VLJQDO�LQWHQVLW\�RI�WKH�VFDQ�UDWH�YDULHG
DW�GLIIHUHQW�S+�YDOXHV��,W� LQGLFDWHG�JUHDWHU�RU�OHVVHU
SDUWLFLSDWLRQ�RI�FKHPLFDO�UHDFWLRQV�LQ�FRPSDULVRQ�WR
WKH� HOHFWURFKHPLFDO� UHDFWLRQV�� 7KLV� FRQFOXVLRQ�ZDV
EDVHG�RQ�WKH�VKLIW�RI�SRWHQWLDO�VLJQDO�GHSHQGLQJ�RI�WKH
S+� VFDOH� DQG� VFDQ� UDWH��7KH� UHVXOWLQJ�VLJQDOV�ZHUH
DWWULEXWHG� WR� WKH� UHGXFWLRQ� RI� FDUERQ\O� JURXS� �LQ
SRVLWLRQ���DQG���RI�F\FORKH[DQH�ULQJ���WKH�WKLUG�FDUERQ\O
JURXS�DQG�QLWUR�JURXS�

$&.12:/('*(0(17
7KLV� SDSHU� LV� VXSSRUWHG� E\� WKH�0LQLVWU\� RI

(GXFDWLRQ�DQG�6FLHQFH��6HUELD�DQG�WKH�SURMHFW�QXPEHU
LV��������

5()(5(1&(6
$OORQJXH�� 3���'HODPDU��0���'HVEDW�� 7��� )DJHEDXPH�� 2��
+LWPL��5��DQG�3LQVRQ�� -�� ��������&RYDOHQW�0RGLILFDWLRQ�RI
&DUERQ� 6XUIDFHV� E\�$U\O�5DGLFDOV� *HQHUDWHG� IURP� WKH
(OHFWURFKHPLFDO�5HGXFWLRQ� RI�'LD]RQLXP�6DOWV�� -RXUQDO� RI
WKH�$PHULFDQ�&KHPLFDO�6RFLHW\�������������������

$SUHD��&���&RORVLR�&���0DPPRQH�7���0LQRLD�&��DQG�0DURQL�
0�� �������� %LRORJLFDO�PRQLWRULQJ� RI� SHVWLFLGH� H[SRVXUH�
-RXUQDO�RI�&KURPDWRJUDSK\�%�������������������

$ULDV�(VWHYH]��0��� /RSH]�3HULDJR��(���0DUWLQH]�&DUEDOOR�
(��� 6LPDO�*DQGDUD�� -���0HMXWR�� -��&�� DQG�*DUFLD�5LR�� /�
��������7KH�PRELOLW\�DQG�GHJUDGDWLRQ�RI� SHVWLFLGHV� LQ�VRLOV
DQG� WKH� SROOXWLRQ�RI� JURXQGZDWHU� UHVRXUFHV��$JULFXOWXUH�
(FRV\VWHPV�	�(QYLURQPHQW��������������±����

%DUG��$�� -�� DQG� )DXONQHU��/�� 5�� �������� (OHFWURFKHPLFDO
0HWKRGV�� )XQGDPHQWDOV� DQG�$SSOLFDWLRQV�� -RKQ�:LOH\� DQG
6RQV�� ,QF��1HZ�<RUN�����S�

(GPXQGV��$�� -�� )���.UDPHU��:��DQG� 6FKLUPHU��8�� �������
0RGHUQ�&URS�3URWHFWLRQ�&RPSRXQGV��:LOH\�9&+��9HUODJ
*PE+�	�&R�.*D$��:HLQKHLP�����±����

(UGRJGX�� *�� DQG� 7LWUHWLU�� 6�� �������� 9ROWDPPHWULF
GHWHUPLQDWLRQ� RI� PHVRWULRQH� DW� KDQJLQJ�PHUFXU\� GURS
HOHFWURGH��-RXUQDO�RI�$QDO\WLFDO�&KHPLVWU\������������������

*ROGVWHLQ��6���0H\HUVWHLQ��'��DQG�&]DSVNL��*�� ��������7KH
)HQWRQ�5HDJHQWV��)UHH�5DGLF�%LRO��0HG�������������������

+DZNHV��7�� 5���/DQJIRU��0��3�� DQG�9LQHU�� 5��&�� �������
1RYHO� K\GUR[\SKHQ\OS\UXYDWH� GLR[\JHQDVH� SRO\SHSWLGHV
DQG�PHWKRGV�RI�XVH��3URF��%ULJKW��&URS��3URW��&RQI��:HHGV�
�����������

+HOO\HU��5��2��DQG�/DVVDN��(��9����������7KH�VWHDP�YRODWLOH
FRQVWLWXHQWV�RI�0HODOXHQFD�YLULGLIORUD�6RO��H[�*DHUWQ��$XVW�
-��&KHP�����������������

-LPHQH]��$��0��DQG�1DYDV��0��-����������&KHPLOXPLQHVFHQW
PHWKRGV� LQ� DJURFKHPLFDO� DQDO\VLV��&ULW� 5HY��$QDO��&KHP�
����������±����

.RWNDU�5��DQG�6ULYDVWDYD��$����������3RODURJUDSKLF�%HKDYLRU
LQ� 6XUIDFWDQW� 0HGLD� DQG� ,WV� 'HWHUPLQDWLRQ� LQ
&HW\OWULPHWUK\ODPPRQLXP� %URPLGH�6XUIDFWDQW� 6\VWHP�
$QDO\WLFDO�6FLHQFHV���������� ����������

0LWFKHOO��*���%DUWOHWW��'��:��� )UDVHU��7��(���+DZNHV��7��5��
+ROW�� '�&���7RZQVRQ�� -��.�� DQG�:LFKHUW�� 5��$�� �������
0HVRWULRQH��$�QHZ�VHOHFWLYH�KHUELFLGH�IRU�XVH�LQ�PDL]H��3HVW�
0DQDJ��6FL�� ������������

3U\VELOOD��0�� 3�� �������� 3URF��%ULJKW�� &URS�� 3URW�� &RQI�
:HHGV�� ���S�

5R�NQHFKW��+���+HW]HQDXHU��+�� DQG�7HUQHV��7��$�� �������
$U]QHLPLWWHO�LP�%RGHQVHH��1DFKULFKWHQ�DXV�GHU�&KHPLH� ��
��������±����

7URMDQRZLF]��0����������'HWHUPLQDWLRQ�RI�3HVWLFLGHV�8VLQJ
(OHFWURFKHPLFDO�(Q]\PDWLF� %LRVHQVRUV��(OHFWURDQDO\VLV����
�������������������

:LFKHUW��5��$���7RZQVRQ��-��.���%DUWOHU��'��9��DQG�)R[RQ��*�
$�� ��������7HFKQLFDO� UHYLHZ� RI�PHVRWULRQH�� D� QHZ�PDL]H
KHUELFLGH��,Q�3URF��%ULJKWRQ�&URS�3URW��&RQI��:HHGV��%&3&�
)DUQKDP��6XUUH\��8.���������������



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� ���$SULO� ����� �� ��� � �� �� � ��� ��5HYLVHG���$XJ������� �� �� � � �� � � � �� � �$FFHSWHG����$XJ������

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��PRKDPHGBIB\DVVLQ#KRWPDLO�FRP

���

1XPHULFDO�6LPXODWLRQ�RQ�:LQG�)ORZ�RYHU�6WHS�VKDSHG�&OLII�7RSRJUDSK\
ZLWK�5RXJK�6XUIDFH

<DVVLQ��0�)����DQG��$O�+DUEL��0��

��'HSDUWPHQW�RI�(QYLURQPHQWDO�7HFKQRORJ\�0DQDJHPHQW��.XZDLW�8QLYHUVLW\��.XZDLW
��)DFXOW\�RI�(QJLQHHULQJ��$VVLXW�8QLYHUVLW\��(J\SW

$%675$&7�7R�HQKDQFH� WKH�XQGHUVWDQGLQJ� RI� WKH� LPSDFW�RI� REVWDFOH�EXLOGLQJV�RQ�SROOXWLRQ� WUDQVSRUWDWLRQ
DQG�GLVSHUVLRQ�LQ�WKH�DWPRVSKHULF�ERXQGDU\�OD\HU��LW�LV�QHFHVVDU\�WR�NQRZ�WKH�DWPRVSKHULF�IORZ�FKDUDFWHULVWLFV
RYHU� WHUUDLQV��:LQG� IORZ�FKDUDFWHULVWLFV� LQ�D� ERXQGDU\� OD\HU� RYHU�D� VWHS�VKDSHG� FOLII� WRSRJUDSK\�PRGHO�ZLWK
URXJK� DQG� VPRRWK�VXUIDFHV�ZHUH�VWXGLHG� QXPHULFDOO\�XVLQJ�&RPSXWDWLRQDO�)OXLG�'\QDPLFV�PRGHOV� �&)'��
7KH�&)'�PRGHOV�WKDW�ZHUH�XVHG�IRU�WKH�VLPXODWLRQ�ZHUH�EDVHG�RQ�WKH�VWHDG\�VWDWH�5H\QROGV�$YHUDJH�1DYLHU�
6WRNH�HTXDWLRQV��5$16��ZLWK�WXUEXOHQFH�PRGHOV��VWDQGDUG�DQG�51*�PRGHOV��7KH�URXJK�VXUIDFH�ZDV�PRGHOHG
XVLQJ�ZLQGEUHDN� IHQFH��ZKLFK�ZDV�VHW� RQ� WKH� VWHS�VKDSHG�FOLII�PRGHO� VXUIDFH��7KH� UHVXOWV� RI� WKH� QXPHULFDO
PRGHO�ZHUH�YDOLGDWHG� DJDLQVW� WKH�ZLQG� WXQQHO� UHVXOWV� LQ� RUGHU� WR� RSWLPL]H� WKH� WXUEXOHQFH�PRGHO��1XPHULFDO
SUHGLFWLRQV�DJUHHG�UHDVRQDEO\�ZLWK�WKH�ZLQG�WXQQHO�UHVXOWV��7KH�UHVXOWV�LQGLFDWHG�WKDW�URXJK�VXUIDFH�KDV�D�JUHDW
LQIOXHQFH�RQ�WKH�WXUEXOHQW�IORZ�FKDUDFWHULVWLFV�DQG�YRUWH[�URWDWLQJ��7KH�ZLQG�YHORFLW\�IRU�URXJK�VXUIDFH�QHDU�WKH
JURXQG�OHYHO�ZDV�REVHUYHG� WR�EH� ORZHU�WKDQ�WKDW�IRU� WKH�VPRRWK�VXUIDFH�RI�WKH�VWHS�VKDSHG�FOLII�PRGHO��/DUJH
IORZ�VHSDUDWLRQV�ZHUH�IRUPHG�E\�WKH�ZLQGEUHDN�IHQFHV��'LVWRUWLRQ�RI�WKH�IORZ�DW� WKH�ZLQGZDUG�FRUQHU�RI�WKH
VWHS�FUHDWHG�D�VWHHS�JUDGLHQW�RI�YHORFLW\�DQG� ODUJH�WXUEXOHQW�PL[LQJ�

.H\�ZRUGV��$WPRVSKHULF� WXUEXOHQFH�&)'�PRGHOV��5RXJK�VXUIDFH�7HUUDLQ�PRGHO�:LQG�IORZ

,1752'8&7,21
:LQG�IORZ�DERYH�FRPSOH[�WHUUDLQ�KDV�EHFRPH�RQH

RI�WKH�PRVW�LPSRUWDQW�WRSLFV�RI�HQYLURQPHQWDO�UHVHDUFK�
7KLV�LV�EHFDXVH�ZLQG�WXUELQHV�DUH�LQFUHDVLQJO\�HUHFWHG
LQ�DUHDV�ZLWK�FRPSOH[�RURJUDSK\��IXUWKHULQJ�WKH�FRXUVH
RI�ZLQG�HQHUJ\�LV�WKH�PDLQ�LPSHWXV�IRU�WKH�LQYHVWLJDWLRQ�
*RRG�NQRZOHGJH�RI�WKH�IORZ�RYHU�FRPSOH[�WHUUDLQ�LV
HVVHQWLDO�IRU�SUHFLVHO\�HVWLPDWLQJ�ZLQG�HQHUJ\�SRWHQWLDO�
DVVHVVLQJ� VWUXFWXUDO� ORDGV� RQ� WXUELQHV�� $Q
XQGHUVWDQGLQJ�RI�IORZ�LQ�FRPSOH[�WHUUDLQ�LV�DOVR�FUXFLDO
IRU�WKH�SDUDPHWHUL]DWLRQ�RI�IRUP�GUDJ�LQ�PHWHRURORJLFDO
PRGHOV�� ,W� LV� DOVR� VLJQLILFDQW� IRU� YDULRXV� GLVSHUVLRQ
DSSOLFDWLRQV���6HYHUDO�VWXGLHV�KDYH�SDLG�D�JUHDW�GHDO�RI
DWWHQWLRQ�WR�DWPRVSKHULF�ERXQGDU\�OD\HU�IORZ�RYHU�KLOOV�
-DFNVRQ� DQG� +XQW� ������� SUHVHQWHG� WKHLU� WZR�
GLPHQVLRQDO���'��DQDO\VLV�RI�WXUEXOHQW�IORZ�LQ�FRPSOH[
WHUUDLQ��ZKLFK�ZDV�ODWHU�H[WHQGHG�WR�WKUHH�GLPHQVLRQDO
��'��IORZ�E\�0DVRQ�DQG�6W\NHV���������7KLV�WKHRU\�KDV
EHHQ� UHILQHG� DQG� LPSOHPHQWHG� QXPHULFDOO\� LQWR
FRPPHUFLDO�FRGHV�VXFK�DV�06�'-+��06)'�DQG�:$V3
�7D\ORU�HW�DO��������:DOPVOH\�HW�DO��������DQG�%HOMDDUV�HW
DO�� ������� 7KHVH� VR�FDOOHG� OLQHDU� PRGHOV� KDYH� WKH
DGYDQWDJH� RI� SURGXFLQJ� FRPSXWDWLRQDOO\� IDVW� DQG

DFFXUDWH�UHVXOWV� IRU�WHUUDLQV�RI�JHQWOH�VORSHV�RI�OHVV
WKDQ�����RU��� ���:RRG�������:DOPVOH\�DQG�7D\ORU
������8QWLO� UHFHQWO\�� PDQ\� LQYHVWLJDWRUV� KDYH
DWWHPSWHG� WR�PHDVXUH� WXUEXOHQFH� LQ� WKH� EDFNZDUG�
IDFLQJ� VWHS� IORZ� ZLWK� VRSKLVWLFDWHG� H[SHULPHQWDO
WHFKQLTXHV��(DWRQ�DQG�-RKQVWRQ���������+RZHYHU��WKHUH
DUH�UHODWLYHO\�IHZHU�VWXGLHV�RQ�ZLQG�IORZ�RYHU�VWHS�
VKDSHG� WRSRJUDSK\�ZLWK� WXUEXOHQW� ERXQGDU\� OD\HU
�%RZHQ�DQG�/LQGOH\��������$GDPV�DQG�-RKQVWRQ�������
)ULHGULFK�DQG�$UQDO��������'MLODOL�DQG�*DUWVKRUD�������
.DVDJL�DQG�0DWVXQDJD��������2OVVRQ����������:LOOLDP
DQG�-RVHSK��������HYDOXDWHG�WKH�YLDELOLW\�RI�XVLQJ�D
VWHS�VKDSHG� WHUUDLQ� UHSUHVHQWDWLRQ� RI� D� VPRRWK
PRXQWDLQ� SURILOH� LQ�PRGHO� VLPXODWLRQV� RI� VPDOO�
DPSOLWXGH�PRXQWDLQ�ZDYHV��ZKHUH�WKH�UHVXOW�FDQ�EH
FRPSDUHG�DJDLQVW�NQRZQ�DQDO\WLF�VROXWLRQV��5RVV�HW
DO���������KDYH�SHUIRUPHG�QXPHULFDO�DQG�H[SHULPHQWDO
VWXGLHV�LQ�RUGHU�WR�DVVHVV�WKH�SHUIRUPDQFH�RI�GLIIHUHQW
WXUEXOHQFH�FORVXUH�VFKHPHV�LQ�SUHGLFWLQJ�WKH�IORZ�ILHOG
RYHU�D�KLOO��7ZR�GLPHQVLRQDO�VWHHS�KLOOV�RI�GLIIHUHQW
VORSHV�� LQ� ERWK� QHXWUDO� DQG� VWDEO\� VWUDWLILHG� IORZ
FRQGLWLRQV�ZHUH�VWXGLHG��/RXUHLUR�DQG�)UHLUH�������
KDYH�LQYHVWLJDWHG�WKH�HIIHFWV�WKDW�D�ODUJH�FKDQJH�LQ



���

<DVVLQ��0�)��DQG��$O�+DUEL��0�

VXUIDFH� HOHYDWLRQ�SURYRNHV� RQ� WKH� SURSHUWLHV�RI� WKH
DWPRVSKHULF� XVLQJ�ZLQG� WXQQHO� DQG�ZDWHU� FKDQQHO
H[SHULPHQWV��0RX]DNLV� DQG�%HUJHOV� �������SUHVHQW
SUHGLFWLRQV�RI�WKH�WZR�GLPHQVLRQDO�WXUEXOHQW�IORZ�RYHU
D�WULDQJXODU�ULGJH��7XUEXOHQW�ERXQGDU\�OD\HU�ZLWK�D�VWHS
FKDQJH� LQ� VXUIDFH� URXJKQHVV� ZDV� LQYHVWLJDWHG
H[SHULPHQWDOO\�E\�.URJVWDG�DQG�1LFNHOV���������3RJJLD
HW�DO���������FROOHFWHG�D�QHZ�GDWD�VHW�DERYH�D�WHUUDLQ�RI
JHQWOH�KLOOV�WR�H[SORUH�H[SHULPHQWDOO\�DQG�WKHRUHWLFDOO\
WKH���'�VWUXFWXUH�RI�WKH�PHDQ�YHORFLW\��%ORFNHQ�HW�DO�
������� DGGUHVVHG� WKH� SUREOHP� RI� KRUL]RQWDO
KRPRJHQHLW\� DVVRFLDWHG�ZLWK� WKH� XVH� RI� VDQG�JUDLQ
URXJKQHVV�ZDOO�IXQFWLRQV���7KLV�LV�GRQH�E\�IRFXVLQJ
RQ� WKH�&)'� VLPXODWLRQ� RI� � D� � QHXWUDOO\� VWUDWLILHG�
KRUL]RQWDOO\�KRPRJHQHRXV�DWPRVSKHULF�ERXQGDU\�OD\HU
IORZ��RYHU�XQLIRUPO\�URXJK��IODW�WHUUDLQ�

7KLV� SDSHU� SUHVHQWV� WKH� UHVXOWV� RI� QXPHULFDO
LQYHVWLJDWDWLRQ� IRU� VWXG\LQJ� WKH� HIIHFW� RI� WKH� URXJK
VXUIDFH�RQ�WKH�ZLQG�IORZ�LQ�WKH� WXUEXOHQW�ERXQGDU\
OD\HU�RYHU�VWHS�VKDSHG�FOLII�WRSRJUDSK\��7KHUHIRUH��WKH
DLP�RI�WKH�SUHVHQW�ZRUN�LV�WR�LPSURYH�WKH�XQGHUVWDQGLQJ
RI�PHFKDQLVP�RI�VLPXODWLRQ�RQ� WKH�ZLQG�IORZ�RYHU
WHUUDLQ�WRSRJUDSK\�DQG�WR�SUHGLFW�WKH�ZLQG�IORZ�RYHU
ORFDO�WRSRJUDSK\��)RU�WKLV�SXUSRVH��D�WZR�GLPHQVLRQDO
PRGHO�RI�VWHS�VKDSHG�FOLII�ZLWK�DQG�ZLWKRXW�REVWDFOHV
IHQFH� ZDV� FRQVLGHUHG�� 0HDQ� YHORFLW\�� WXUEXOHQFH
LQWHQVLW\�DQG�WXUEXOHQW�NLQHWLF�HQHUJ\�ZHUH�DQDO\]HG
DQG�GLVFXVVHG�DW�GLIIHUHQW�ORFDWLRQV�LQ�WKH�GRZQZLQG
GLVWDQFH�RYHU�VWHS�VKDSHG�FOLII�PRGHO�XQGHU�QHXWUDO
DWPRVSKHULF�FRQGLWLRQV�

0$7(5,$/6�	�0(7+2'6
,Q� WKLV� SDSHU�� WKH� QXPHULFDO� VLPXODWLRQV�ZHUH

SHUIRUPHG�XVLQJ�WKH�)/8(17�&)'�FRGH��)OXHQW��������
ZKLFK�LV�EDVHG�RQ�WKH�ILQLWH�YROXPH�PHWKRG�WR�VROYH
WKH� HTXDWLRQV� RI� FRQVHUYDWLRQ� IRU� WKH� GLIIHUHQW
WUDQVSRUWHG�TXDQWLWLHV�LQ�WKH�DWPRVSKHULF�IORZ��PDVV�
PRPHQWXP�DQG�HQHUJ\���7KH�FRGH�ILUVW�SHUIRUPV�WKH
FRXSOHG�UHVROXWLRQ�RI�WKH�SUHVVXUH�DQG�YHORFLW\�ILHOGV
DQG�WKHQ�HYROXWLRQ�RI�RWKHU�SDUDPHWHUV�

$�WZR�GLPHQVLRQDO�VWHS�VKDSHG�FOLII�FRQILJXUDWLRQ
ZDV�FKRVHQ�DV�D�PRGHO�RI�VWHHS�FXUYDWXUH�REVWDFOHV�
7KH�PRGHO�JHRPHWU\�LV�VKRZQ�LQ�)LJ�����,Q�WKLV�ILJXUH�
=µ�PHDQV�WKH�KHLJKW�IURP�WKH�XSSHU�VXUIDFH�RI�WKH�VWHS�
VKDSHG�FOLII��7KH�VWHS�VKDSHG�FOLII�PRGHO�LV�PRGHOHG
RQ�D��������VFDOH��7KH�JHRPHWU\�FKRVHQ�ZDV�LGHQWLFDO
WR�WKDW�H[DPLQHG�H[SHULPHQWDOO\�LQ�D�ZLQG�WXQQHO�VWXG\

E\�<DVVLQ�HW�DO����������ZKHUH�WKH�FOLII�KHLJKW�ZDV����P
KLJK�LQ�WKH�UHDO�VFDOH�DQG�LWV�OHQJWK�ZDV���+��+ ��
PP����7KH�VLPXODWHG�URXJK�VXUIDFH�ZDV�PRGHOHG�ZLWK
ZLQGEUHDN� IHQFH� DQG� WKH� VLPXODWHG� VPRRWK� VXUIDFH
PRGHOHG�ZLWKRXW�ZLQGEUHDN� IHQFH��7KH� ZLQGEUHDN
IHQFH�ZDV�VHW�RQ�WKH�VWHS�VKDSHG�FOLII�PRGHO�VXUIDFH�
7KH�FRPSXWDWLRQDO�GRPDLQ�ZDV���P�ORQJ�[�����P�KLJK�
ZKLFK�ZDV�GLVFUHWLVHG�DV�����[����JULGV��7KH�PRGHO
HGJH�GLVWDQFH��+�IURP�WKH�LQOHW�GRPDLQ�������+�IURP
WKH�RXWOHW�GRPDLQ��DQG������+�IURP�WKH�XSSHU�GRPDLQ�
([WHQVLYH�WHVWV�RI�WKH�JULG�LQWHUYDOV�DUH�FDUULHG�RXW�ZLWK
LQFUHDVLQJ�JULG�LQWHUYDO�XQWLO�IXUWKHU�UHILQHPHQW�LV�VKRZQ
WR� EH� OHVV� VLJQLILFDQW�� 7KH� FRPSXWDWLRQDO� PHVK
HPSOR\HG�ZDV�D�FRQYHQWLRQDO�QRQ�XQLIRUP�PHVK��IRU
ZKLFK�WKH�RSWLPDO�PHVK�ZDV�LGHQWLILHG��FRQVLVWLQJ�RI
�������FHOOV�RI�DYHUDJH�VLGH�VL]HV��7KH�RULJLQ�RI�WKH
GRPDLQ�ZDV�GHILQHG�DW�WKH�FHQWHU�RI�WKH�IURQW�HGJH�RI
WKH�VWHS�VKDSHG�FOLII�PRGHO��7KH�H[SDQVLRQ�UDWLR�LQ�WKH
QRQ�XQLIRUP�JULG�ZDV������7KH�JULG�LQWHUYDOV�QHDU�WKH
REVWDFOHV�LQ�WKH�[���DQG�]�GLUHFWLRQV�DUH� [� ����+��DQG
]� �����+�UHVSHFWLYHO\��)LQH�FHOOV�ZHUH�GHILQHG�RYHU

WKH�VWHS�VKDSHG�FOLII�PRGHO��ZKHUH�KLJK�JUDGLHQWV�ZHUH
H[SHFWHG�� DQG� FRDUVH� FHOOV� HOVHZKHUH��$� PHVK
UHILQHPHQW�WHVW�ZDV�SHUIRUPHG�WR�LGHQWLI\�WKH�RSWLPDO
PHVK� UHVROXWLRQ� DQG�HQVXUH� WKH� UHVXOWV�ZHUH�PHVK�
LQGHSHQGHQW��7R�PLQLPL]H�WUXQFDWLRQ�HUURU��FHOO�VL]H
LQFUHPHQWV�ZHUH�JUDGXDO�DQG�OLPLWHG�WR�D�PD[LPXP
LQFUHPHQW�RI�����EHWZHHQ�FRQWLJXRXV�FHOOV��,Q�)OXHQW�
7KH�JULG�ZDV�JHQHUDWHG�XVLQJ�*$0%,7�VRIWZDUH��7KH
FRPSXWDWLRQDO� JULG� FRQILJXUDWLRQV� RYHU� WKH� VWHS�
VKDSHG�FOLII�PRGHO�ZLWK�DQG�ZLWKRXW�REVWDFOH�IHQFH�DUH
VKRZQ�LQ�)LJ����

7KH�)/8(17�&)'�SDFNDJH�KDV�EHHQ�FRQILJXUHG
WR�VROYH�WKH�1DYLHU�6WRNHV�HTXDWLRQV�IRU�WKH�IORZ�RYHU
WKH�VWHS�VKDSHG�FOLII�XVLQJ�WKH�VWDQGDUG�N� �WXUEXOHQFH
PRGHO��/DXQGHU�DQG�6SDOGLQJ��������DQG�51*�N�
WXUEXOHQFH�PRGHO��<DNKRW�HW�DO���������IRU�FRPSXWDWLRQDO
HIILFLHQF\�DQG�DFFXUDF\���7KH�51*�N� �PRGHO�GLIIHUV
IURP�WKH�VWDQGDUG�N� �WXUEXOHQFH�VFKHPH�RQO\�WKURXJK
WKH�PRGLILFDWLRQ�WR�WKH�HTXDWLRQ�IRU� ��ZKLFK�LQFOXGHV
DQ�DGGLWLRQDO�VLQN�WHUP�LQ�WKH�WXUEXOHQFH�GLVVLSDWLRQ
HTXDWLRQ�WR�DFFRXQW�IRU�QRQ�HTXLOLEULXP�VWUDLQ�UDWHV
DQG�HPSOR\V�GLIIHUHQW�YDOXHV�IRU�WKH�PRGHO�FRHIILFLHQWV
�.LP�DQG�%DLN���������7KH�JRYHUQLQJ�HTXDWLRQV�RI�WKH
PRGHO�DUH�VKRZQ�EHORZ

&RQWLQXLW\� HTXDWLRQ

�
L

L

[

X ���

0RPHQWXP�HTXDWLRQ

ML
L

M

M

L

ML
LM

M

L XX
[

X

[

X

[[

S
XX

[W

X �
��

���



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

���

6PRRWK�VXUIDFH�� 5RXJK�VXUIDFH�

)LJ�����WKH�FRPSXWDWLRQDO�VWHS�FOLII�FRQILJXUDWLRQ

�����=8 =

=

+

;� ;�+ ��

8+

=¶ ��

)LJ�����7ZR�GLPHQVLRQDO�VWHS�FOLII�PRGHO

7
NH�
��WUDQVSRUW�HTXDWLRQ

M

L

L

M

M

L
W

LN

W

LL

L

[

X

[

X

[

X

[
.

[[

.X

W
.

���

���WUDQVSRUW�HTXDWLRQ�IRU�VWDQGDUG�N� �WXUEXOHQFH�PRGHO

.
F

[

X

[

X

[

X

.
F

[[[

X

W M

L

L

M

M

L
W

L

W

LL

L
�

�� ���

���WUDQVSRUW�HTXDWLRQ�IRU�51*�N� �WXUEXOHQFH�PRGHO

5
.

F
[

X

[

X

[

X

.
F

[[[

X

W M

L

L

M

M

L
WOV

L

W

LL

L
�

�
���

���

��
�

�

���

N
F5 ���������������������������������������������������������������������

���

M

L

L

M

M

L

[

X

[

X

[

X.
����������������������������������������������������������������

LM
L

M

M

L
WML .

[

X

[

X
XX

�

�
���

�

.
FW

���



���

1XPHULFDO�6LPXODWLRQ�RQ�:LQG�)ORZ

ZKHUH��X
L
�LV�WKH�LWK�PHDQ�YHORFLW\�FRPSRQHQW��S�LV

WKH�GHYLDWLRQ�RI�SUHVVXUH�IURP�LWV�UHIHUHQFH�YDOXH��DQG
� LV� WKH�DLU�GHQVLW\��

W
LV� WKH� WXUEXOHQW� YLVFRVLWLHV�RI

PRPHQWXP��UHVSHFWLYHO\�� LM�LV�WKH�NURQHFNHU�GHOWD�� �LV
WKH�NLQHPDWLF�YLVFRVLW\�RI�DLU�� � �����DQG�

�
� �������

7DEOH� �� VKRZ� WKH� FRQVWDQW� YDOXHV� LQ� WKH� WUDQVSRUW
HTXDWLRQV�

,Q�PRGHOLQJ�DWPRVSKHULF�IORZ��VPDOOHU�JULG�VL]H�LV
GHVLUDEOH� QHDU� WKH� VXUIDFH� RI� WKH� VWHS�VKDSHG� FOLII
PRGHO�WR�EHWWHU�UHVROYH�IORZ��EXW�DZD\�IURP�WKH�PRGHO�
D�ODUJHU�JULG�VL]H�LV�DOORZDEOH��7KH�JRYHUQLQJ�HTXDWLRQV
VHW�ZDV�VROYHG�QXPHULFDOO\�RQ�D�VWDJJHUHG�JULG�V\VWHP
XVLQJ� WKH�ILQLWH�YROXPH� IROORZLQJ�WKH� VHPL�,PSOLFLW
0HWKRG� IRU� SUHVVXUH�/LQNHG� (TXDWLRQ� �6,03/(�
DOJRULWKP�GHVFULEHG�E\�3DWDQNDU���������7KH�VWDQGDUG
DQG�51*�N� �WXUEXOHQFH�PRGHOV�ZHUH�HPSOR\HG�KHUH
IRU�FRPSDULVRQ�EHFDXVH�RI�LWV�ZLGHVSUHDG�DFFHSWDQFH
LQ�GLYHUVH�ILHOGV�

9HORFLW\�LQOHW�ERXQGDU\�OD\HU�FRQGLWLRQV�ZHUH�XVHG
LQ�WKH�PDLQ�LQOHW�ZLQG�IORZ��7KH�LQLWLDO�ZLQG�VSHHG�LV
XQLIRUP�����P�V��ZLWK�ORZ�WXUEXOHQFH�LQWHQVLW\��$�XVHU�
GHILQHG�VXEURXWLQH�IRU�LQFOXGLQJ�WKH�WXUEXOHQFH������
WKH�SRZHU�ODZ�LQ�UXUDO�DUHD�LQOHW�YHORFLW\�SURILOH�LQWR
)/8(17�FRGH�ZDV�GHYHORSHG�DQG�XVHG�LQ�WKH�DQDO\VLV�
7KH� LQLWLDO� FRQGLWLRQ� IRU�ZLQG� YHORFLWLHV�� WXUEXOHQW
NLQHWLF�HQHUJ\��.�DQG�LWV�GLVVLSDWLRQ�UDWH� �DUH�VSHFLILHG
DV��)/8(17�������

ZKHUH��8
+
�LV�WKH�YHORFLW\�DW�D�KHLJKW�=

+
���=�LV�WKH

KHLJKW�DERYH�WKH�JURXQG��DQG�Q�LV�WKH�SRZHU�H[SRQHQW�
X LV�WKH�IULFWLRQ�YHORFLW\�DQG�O�LV�WKH�WXUEXOHQFH�OHQJWK
VFDOH��7KH�JURXQG�DQG�VWHS�VKDSHG�FOLII�VXUIDFHV�DUH
GHILQHG�DV�ZDOOV�ZLWK�QR�VOLS�ERXQGDU\�FRQGLWLRQ��7KH
ZDOO�ERXQGDU\�FRQGLWLRQV�IRU�PRPHQWXP�DUH�DSSOLHG�WR
DOO� VROLG� VXUIDFH� DQG� URXJK� ZDOOV�� =HUR� JUDGLHQW
ERXQGDU\�FRQGLWLRQV�DUH�DSSOLHG� DW� WKH�RXWIORZ� DQG
XSSHU�ERXQGDULHV�

7KH�H[SHULPHQWDO�GDWD�ZDV�XVHG�IRU�WKH�YDOLGDWLRQ
RI�QXPHULFDO�VLPXODWLRQ�REWDLQHG�IURP�D�GHWDLOHG�ZLQG
WXQQHO�VWXG\�E\�<DVVLQ�HW�DO����������([SHULPHQWV�ZHUH
SHUIRUPHG� LQ� D� FORVHG�FLUFOH� ERXQGDU\� OD\HU� ZLQG

Q

+
+ =

=
88 ����

F

X
.

�

����

O

7F .H ��
������

����

WXQQHO��ZKLFK�LV�VKRZQ�LQ�)LJ�����7KH�ZLGWK�DQG�KHLJKW
RI�WKH�WHVW�VHFWLRQ�ZHUH�����DQG�����P��$�QHXWUDO�VWUDWLILHG
DWPRVSKHULF�ERXQGDU\�OD\HU�ZDV�VLPXODWHG�XVLQJ�WKUHH
VSLUHV�� RQH� ���PP� KLJK� FXELF� DUUD\� SODFHG� MXVW
GRZQVWUHDP�RI�WKH�FRQWUDFWLRQ�H[LW�DQG�IROORZHG�E\���
DQG����PP�FXELF�URXJKQHVV�HOHPHQW��FRYHULQJ������P
RI� WKH� WHVW�VHFWLRQ� IORRU�� 7KLV� DUUDQJHPHQW� ZDV
HPSOR\HG�WR�JHQHUDWH�D�WKLFN�WXUEXOHQW�ERXQGDU\�OD\HU
DV�WKH�DSSURDFKLQJ�IORZ��5H\QROGV�QXPEHU�EDVHG�RQ
8

+
�DQG�+� LV� ���� [������)LJ�� �� VKRZV� WKH� VLPXODWHG

WXUEXOHQW�ERXQGDU\�OD\HU�SURILOH�DW�; ����FRUUHVSRQGV
WR�WKH�FHQWHU�RI�WKH�VWHS�PRGHO���7ULSSLQJ�ZLUHV����PP
UHFWDQJXODU�FROXPQV�����PP�LQWHUYDOV��ZHUH�DUUDQJHG
RYHU�WKH�VWHS�VKDSHG�FOLII��7KH�ZLQGEUHDN�IHQFH�RYHU
WKH�VWHS�VKDSHG�FOLII�ZDV�D�VROLG�SODWH�IHQFH��DQG�ZDV
SRVLWLRQHG�DW�LQWHUYDOV�RI����PP��WKH�VDPH�DV�IRU�WKH
WULSSLQJ�ZLUHV�

:LQG� YHORFLW\�ZDV�PHDVXUHG� XVLQJ� D� KRW� ZLUH
&RQVWDQW�7HPSHUDWXUH�$QHPRPHWHU��&7$��V\VWHP�ZLWK
D�VSOLW�ILEHU�SUREH��ZKLFK�ZDV���� P�GLDPHWHU�DQG�����
PP� ORQJ�� 7KLV� ZDV� EHFDXVH� WKH� ;�ZLUH� SUREH
DQHPRPHWHUV�IRU�WXUEXOHQFH�PHDVXUHPHQW�FDQQRW�JLYH
UHDVRQDEOH�DFFXUDF\�ZKHQ�WKH�WXUEXOHQFH�LQWHQVLW\�LV
ODUJHU� WKDQ� ���� �,VKLKDUD�� �������:LQG� YHORFLW\
PHDVXUHPHQWV�RYHU�WKH�VWHS�VKDSHG�PRGHO�ZHUH�PDGH
ZLWK�VSOLW�ILEHU�SUREH����5����LQ�FRQMXQFWLRQ�ZLWK�D
��1���'$17(&�FRQVWDQW�WHPSHUDWXUH�DQHPRPHWHU
V\VWHP�� 7KH�PHDQ� YHORFLW\�ZDV� QRUPDOL]HG� E\� WKH
UHIHUHQFH�YHORFLW\��8

+�
ZKLFK�LV�WKH�YHORFLW\�RI�WKH�VWHS�

VKDSHG� FOLII� KHLJKW�� 7KH� YHORFLW\� SURILOHV� ZHUH
PHDVXUHG�DW�WKH�SRVLWLRQV�RYHU�WKH�VWHS�VKDSHG�FOLII
VXUIDFH�VKRZQ�LQ�)LJ������7R�FODULI\�WKH�FKDQJH�LQ�WKH
IORZ� FKDUDFWHULVWLFV� � WKH� VLPXODWHG� GDWD� ZHUH
LQWHUSRODWHG�DW� WKH�VDPH�JULG� SRLQWV�DV�LQ� WKH�ZLQG
WXQQHO�H[SHULPHQW��6PRNH�IORZ�YLVXDOL]DWLRQ�ZDV�GRQH
LQ� WKH� ZLQG� WXQQHO� WR� VHH� ZKDW� NLQG� RI� IORZ
FKDUDFWHULVWLFV�DSSHDUHG�DURXQG�WKH�ZLQGZDUG�FRUQHU
DQG�RYHU�WKH�VWHS�VKDSHG�FOLII�PRGHO��7KH�QXPHULFDO
UHVXOWV�RI�WKH�ZLQG�WXQQHO�H[SHULPHQWV� IRU�WKH�IORZ
VWUXFWXUH�ZHUH�FRPSDUHG�XVLQJ�WKH�IORZ�YLVXDOL]DWLRQ
DQG�VWUHDPOLQHV�DURXQG�WKH�ZLQGZDUG�FRUQHU�DQG�RYHU
WKH�VWHS�VKDSHG�FOLII�PRGHO��DV�LV�VKRZQ�LQ�)LJ����2Q
WKH�ZLQGZDUG�FRUQHU�RI�WKH�VWHS�VKDSHG�FOLII��WKH�IORZ
VHSDUDWLRQ�ZDV�FUHDWHG��$�UHDWWDFKPHQW�SRLQW�DSSHDUHG
RYHU� WKH� VWHS�VKDSHG� FOLII� DQG�PRYHG� GRZQVWUHDP
WRZDUGV�WKH�GRZQZLQG�VWUHHW��7KH�QXPHULFDO�VLPXODWLRQ
RI� WKH� ZLQG� IORZ�ZDV� WKHUHIRUH� FRQVLVWHQW� DQG� LQ
DJUHHPHQW�ZLWK�WKH�PHDVXUHPHQWV�XVHG�LQ�ZLQG�WXQQHO
H[SHULPHQWV�7KH�VLPXODWHG�GDWD�ZDV�LQWHUSRODWHG�DW�WKH
VDPH�JULG�SRLQWV�DV�LQ�WKH�ZLQG�WXQQHO�H[SHULPHQW��7KH
QXPHULFDO�GDWD�RI�WKH�VWDQGDUG�DQG�51*�N� �WXUEXOHQFH
PRGHOV�ZDV�YDOLGDWHG�DJDLQVW�WKH�GDWD�REWDLQHG�IURP
WKH�ZLQG�WXQQHO�H[SHULPHQWV�DW�YDULRXV�ORFDWLRQV��)LJV�
���� VKRZ� WKH� YHUWLFDO� SURILOHV� RI� WKH� QRUPDOL]HG
KRUL]RQWDO�YHORFLW\�IRU�WKH�VXUIDFHV�ZLWK�DQG�ZLWKRXW
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)LJ�����6FKHPDWLF�GLDJUDP�RI�WKH�ZLQG�WXQQHO�H[SHULPHQWDO

����� ���� ��
7XUEXOHQFH�LQWHQVLW\�

0HDQ�YHORFLW\�

P�V�

=��PP�

)LJ�����9HUWLFDO�GLVWULEXWLRQ�RI�PHDQ�YHORFLW\�DQG�WXUEXOHQFH�LQWHQVLW\�RI�LQFLGHQW�IORZ��DW�; ������PP�	�< ��

REVWDFOHV�IHQFH�DW�;�+ ����������������������DQG�������$
JRRG�DJUHHPHQW�EHWZHHQ�WKH�WXUEXOHQFH�PRGHOV�DQG
WKH�ZLQG�WXQQHO�H[SHULPHQW�ZDV�REVHUYHG�IRU�ERWK�WKH
VXUIDFHV�ZLWKRXW� DQG�ZLWK� REVWDFOHV� IHQFH��$�VOLJKW
GLIIHUHQFH�EHWZHHQ�WKH�WXUEXOHQFH�PRGHOV�DQG�WKH�ZLQG
WXQQHO�H[SHULPHQWV�IRU�WKH�VXUIDFH�ZLWKRXW�REVWDFOHV
IHQFH�ZDV�REVHUYHG�DW�;�+ ��������DQG������DQG�IRU�WKH
VXUIDFH�ZLWK�REVWDFOHV�IHQFH�DW�;�+ ����DQG������ZKLFK
FRXOG�KDYH�EHHQ�GXH�WR�WKH�XVH�RI�WKUHH�GLPHQVLRQDO
LVRODWHG�VWHS�VKDSHG�FOLII�LQ�WKH�ZLQG�WXQQHO�H[SHULPHQW�
+RZHYHU��WKH�VWDQGDUG�WXUEXOHQFH�PRGHO�ZDV�VKRZHG
WR�EH�JHQHUDOO\�FORVH�WR�WKH�ZLQG�WXQQHO�H[SHULPHQWV
IRU�WKH�VXUIDFH�ZLWKRXW�REVWDFOHV�IHQFH�

5(68/76�	�',6&866,216
7KH�GLVWULEXWLRQV��YHFWRUV��DQG�VWUHDPOLQHV�RI�WKH

KRUL]RQWDO�YHORFLW\�RYHU�WKH�VWHS�VKDSHG�FOLII�PRGHO
IRU�WKH�URXJK�DQG�VPRRWK�VXUIDFHV�DUH�VKRZQ�LQ�)LJV
������)LJ����VKRZV�WKH�YHUWLFDO�SURILOHV�RI�WKH�PHDQ
KRUL]RQWDO�YHORFLW\�RYHU�WKH�VWHS�VKDSHG�FOLII�PRGHO
IRU�WKH�URXJK�DQG�VPRRWK�VXUIDFHV�ZLWKRXW�DW�YDULRXV
ORFDWLRQV��;�+ ����������������������DQG������

7KHVH�ILJXUHV�VKRZ�WKDW�WKH�VWDQGDUG�DQG�51*
WXUEXOHQFH�PRGHO�SUHGLFW�VLPLODU�ZLQG�YHORFLWLHV�RYHU
WKH� VWHS�VKDSHG� FOLII�PRGHO�� H[FHSW� IRU� WKH� VPRRWK
VXUIDFH�DW���=�+�������7KH�PRVW�LQWHQVLYH�PRYHPHQW

7DEOH����&RQVWDQWV�LQ�WKH�WXUEXOHQFH�PRGHOV

0RGHOV� F ȝ� F� � F� N

VWDQGDUG� � �PRGHO� ����� ����� ����� ���� ����
51*� � �PRGHO� ������ ����� ����� ������� �������
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)LJ�����6NHWFK�RI�WKH�GLIIHUHQW�ORFDWLRQV�IRU�WKH�YHUWLFDO�SURILOHV�RQ�VWHS�FOLII�PRGHO

6WDQGDUG�N� �PRGHO� 651*�N� �PRGHO�

:LQG�WXQQHO�H[SHULPHQW�

)LJ�����)ORZ�YLVXDOL]DWLRQ�DQG�VWUHDPOLQHV�DURXQG�WKH�IURQWDO�FRUQHU�RI�WKH�VWHS�FOLII�PRGHO
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)LJ�����9HUWLFDO�SURILOHV�RI�QRUPDOL]HG�KRUL]RQWDO�YHORFLW\�RYHU�VWHS�FOLII�PRGHO�ZLWKRXW�ZLQGEUHDN�IHQFH�DW
GLIIHUHQW�ORFDWLRQV�;�+

)LJ�����9HUWLFDO�SURILOHV�RI�QRUPDOL]HG�KRUL]RQWDO�YHORFLW\�RYHU�VWHS�FOLII�PRGHO�ZLWK�ZLQGEUHDN�IHQFH�DW
GLIIHUHQW�ORFDWLRQV�;�+
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6WDQGDUG�N� �PRGHO�
:LWKRXW�ZLQGEUHDN�IHQFH�

P�V�

51*�N� �PRGHO�
:LWKRXW�ZLQGEUHDN�IHQFH�

P�V

6WDQGDUG�N� �PRGHO�
:LWK�ZLQGEUHDN IHQFH�

P�V�

51*��N� �PRGHO�
:LWK�ZLQGEUHDN IHQFH�

P�V

)LJ�����0HDQ�KRUL]RQWDO�YHORFLW\�GLVWULEXWLRQV�RYHU�WKH�VWHS�FOLII�PRGHO

6WDQGDUG�N� �PRGHO�
:LWKRXW�ZLQGEUHDN�IHQFH�

6WDQGDUG�N� �PRGHO�
:LWK�ZLQGEUHDN�IHQFH�

51*�N� �PRGHO�
:LWKRXW�ZLQGEUHDN�IHQFH�

51*�N� �PRGHO�
:LWK�ZLQGEUHDN IHQFH�

)LJ������0HDQ�KRUL]RQWDO�YHORFLW\�YHFWRUV�RYHU�WKH�VWHS�FOLII�PRGHO
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)LJ������6WUHDPOLQHV�RI�WKH�PHDQ�KRUL]RQWDO�YHORFLW\�RYHU�WKH�VWHS�FOLII�PRGHO

)LJ������9HUWLFDO�SURILOHV�RI�QRUPDOL]HG�KRUL]RQWDO�YHORFLW\�RYHU�VWHS�FOLII�PRGHO�DW�GLIIHUHQW�ORFDWLRQV



���

<DVVLQ��0�)� �DQG��$O�+DUEL��0�

RI�WKH�IORZ�DSSHDUHG�QHDU�WKH�ZLQGZDUG�FRUQHU�RI�WKH
VWHS�VKDSHG� FOLII�� 7KH� PHDQ� KRUL]RQWDO� YHORFLW\
DSSHDUHG�WR�EH�YHU\�VPDOO�DW�WKH�ZLQGZDUG�FRUQHU�RI
WKH� VWHS�VKDSHG� FOLII�� 7KH� YRUWH[� DSSHDUHG� WR� EH
URWDWLQJ� FORFNZLVH� RQ� WKH� VWHS�VKDSHG� FOLII� URXJK
VXUIDFH�EHWZHHQ�HYHU\�ZLQGEUHDN�IHQFHV�DQG�IRU�WKH
VPRRWK�VXUIDFH�QHDU�WKH�JURXQG�ZLQGZDUG�RI�WKH�VWHS�
VKDSHG�FOLII���7KH�YRUWH[�ZDV�JHQHUDWHG�E\�VWDQGDUG
WXUEXOHQFH�PRGHO�ZDV�REVHUYHG�VPDOOHU�WKDQ�WKDW�E\
51*�WXUEXOHQFH�PRGHO���$�QHJDWLYH�YHORFLW\�ZDV�IRXQG
IRU�WKH�VXUIDFH�ZLWK�REVWDFOHV�IHQFH��7KLV�PHDQW�WKDW
WKH� DLU�PRYHPHQW� DVVRFLDWHG� ZLWK� WKH� YRUWH[�OLNH
PRWLRQ� HIIHFWLYHO\� WRZDUGV� ERWK� WKH� OHHZDUG� DQG
ZLQGZDUG�RI�WKH�ZLQGEUHDN�IHQFHV�LQ�WKH�VWHS�VKDSHG
FOLII��7KH�ZLQG�YHORFLW\�DGMDFHQW�IRU�WKH�VPRRWK�VXUIDFH
ZDV�KLJKHU�WKDQ�WKDW�IRU�WKH�URXJK�VXUIDFH�RI�WKH�VWHS�
VKDSHG�FOLII��)ORZ�VHSDUDWLRQ�DW�WKH�ZLQGZDUG�FRUQHU
RI� WKH� VWHS�VKDSHG�FOLII� IRU� WKH�VPRRWK� VXUIDFH�ZDV
TXLWH�VPDOO�LI�SUHVHQW�DW�DOO��DQG�FRPSDUHG�WR�WKH�URXJK
VXUIDFHV��5HODWLYHO\�ODUJH�IORZ�VHSDUDWLRQV�ZHUH�IRUPHG
E\�WKH�ZLQGEUHDN�IHQFHV��7KH�GLIIHUHQFH�EHWZHHQ�WKH
VPRRWK�DQG�URXJK�VXUIDFHV�ZDV�UHODWLYHO\�VPDOO�DW�=�
+!���$�WKLFN�LQWHUQDO�ERXQGDU\�OD\HU�ZDV�JHQHUDWHG�E\
WKH�URXJK�VXUIDFH��,QYHUVHO\��LQWHUQDO�ERXQGDU\�OD\HU
IRU� WKH� VPRRWK�VXUIDFH�ZDV� YHU\� WKLQ� EHFDXVH� WKHUH
ZDV�QR�ZLQGEUHDN�IHQFH��:KLOH��DW�;�+ ������WKH�WKLFN
LQWHUQDO�ERXQGDU\�OD\HU�ZDV�JHQHUDWHG�RYHU�WKH�VPRRWK
VXUIDFH� FRPSDUHG� WR� WKH� RWKHU� GXH� WR� WKH� WXUEXOHQW
PL[LQJ��ZKLFK�ZDV�IRUPHG�E\�WKH�GLVWRUWLRQ�RI�IORZ�DW
WKH� ZLQGZDUG� FRUQHU� RI� WKH� VWHS�VKDSHG� FOLII�� 7KH
PD[LPXP�YHORFLW\�ZDV�REVHUYHG�DW�;�+ �����IRU�WKH
VPRRWK� DQG� URXJK� VXUIDFHV��7KLV� ZDV� EHFDXVH� WKH
ZLQGZDUG�FRUQHU�JHQHUDWHG�WKH�VHSDUDWLRQ�IORZ���7KH
SUHYLRXV�UHVXOWV�VKRZHG�WKDW�WKH�URXJK�VXUIDFH�KDV�D
JUHDW�LQIOXHQFH�RQ�WKH�IORZ�FKDUDFWHULVWLFV�DQG�YRUWH[
URWDWLQJ�

%HVLGHV�WKH�PHDQ�YHORFLW\��LW�LV�RI�LQWHUHVW�WR�NQRZ
KRZ�WXUEXOHQFH�PLJKW�EH�PRGLILHG�DV�WKH�IORZ�JRHV
RYHU�WKH�VWHS�VKDSHG�FOLII�PRGHO��7XUEXOHQFH�VWUXFWXUHV
EHKLQG�WZR�GLPHQVLRQDO�KLOO�DUH�SRRUO\�XQGHUVWRRG�)LJV
������VKRZ�WKH�FRQWRXUV�RI�WKH�WXUEXOHQFH�LQWHQVLW\
RYHU�WKH�VWHS�VKDSHG�FOLII�PRGHO�IRU�WKH�VPRRWK�DQG
URXJK�VXUIDFHV���7KH�YHUWLFDO�SURILOHV�RI�WKH�WXUEXOHQFH
LQWHQVLW\� RYHU� WKH� VWHS�VKDSHG� FOLII� PRGHO� IRU� WKH
VPRRWK�DQG�URXJK�VXUIDFHV�DW�YDULRXV� ORFDWLRQV��;�
+ ����������������������DQG������DUH�VKRZQ�LQ�)LJ����
9LJRURXV�WXUEXOHQW�PL[LQJ�ZDV�REVHUYHG�LQ�WKH�XSSHU
SDUW�RI�WKH�IURQWDO�FRUQHU�RI�WKH�VWHS�VKDSHG�FOLII�PRGHO�
7KH� WXUEXOHQFH� LQWHQVLW\� RYHU� WKH� URXJK� VXUIDFH
DSSHDUHG�WR�KDYH�VLPLODU�SDWWHUQV�DW�=�+����:KLOH��WKH
WXUEXOHQFH�LQWHQVLW\�RYHU�WKH�VPRRWK�VXUIDFH�DSSHDUHG
WR�KDYH�VLPLODU�SDWWHUQV�RQ�WKH�VWHS�VKDSHG�FOLII�VXUIDFH
DW�;�+ ���������DQG������IRU�=�+���UHVSHFWLYHO\���7KH
WXUEXOHQFH�LQWHQVLW\�YDULHG�VORZO\�ZLWK�KHLJKW��2YHU

WKH� VWHS�VKDSHG� FOLII�� WKHUH� ZDV� VLJQLILFDQW� KLJK
LQWHQVLW\�QHDU�WKH�VXUIDFH�DQG�WKLV�OHG�WR�D�ODUJH�LQFUHDVH
LQ�WKH�WXUEXOHQW�VWUHVV��7KHUH�ZDV�D�VWURQJ�JUDGLHQW�LQ
WKH�WXUEXOHQFH�LQWHQVLW\�DW�;�+ ����ZLWK�WKH�PD[LPXP
PDJQLWXGH� FORVH� WR� WKH� VWHS�VKDSHG� FOLII� VXUIDFH��$
UHJLRQ� RI� KLJK�WXUEXOHQFH� LQWHQVLW\� DSSHDUHG� WR� EH
DORQJ�WKH�VKHDU�OD\HU�GRZQVWUHDP�RI�WKH�VWHS�VKDSHG
FOLII�PRGHO��3HDN�YDOXHV�RI� WKH� WXUEXOHQFH� LQWHQVLW\
FUHDWHG�LQ�WKH�]RQHV�ZHUH�FKDUDFWHUL]HG�E\�WKH�KLJKHVW
YHORFLW\�JUDGLHQWV��7KH�WXUEXOHQFH� LQWHQVLW\�VKRZHG
KLJKHU�YDOXH�DW�=�+���RYHU�WKH�VWHS�VKDSHG�FOLII�IRU
WKH�VPRRWK�VXUIDFH�GXH� WR� WKH� VWHHS�JUDGLHQW�RI� WKH
YHORFLW\�WKDQ�WKDW�RI�WKH�URXJK�VXUIDFH��7KH�YDOXH�RI
WKH�WXUEXOHQFH�LQWHQVLW\�RYHU�WKH�VWHS�VKDSHG�FOLII�DW
;�+ ����������DQG������IRU�WKH�URXJK�VXUIDFH�ZDV�ODUJHU
WKDQ�WKDW�IRU�WKH�VPRRWK�VXUIDFH�

7KH�WXUEXOHQW�NLQHWLF�HQHUJ\�LV�RQH�RI�WKH�PRVW
LPSRUWDQW�YDULDEOHV�LQ�WKH�DWPRVSKHULF�ERXQGDU\�OD\HU�
)LJV��������VKRZ�WKH�FRQWRXUV�DQG�YHUWLFDO�SURILOHV�RI
WKH�WXUEXOHQW�NLQHWLF�HQHUJ\�RYHU�WKH�VWHS�VKDSHG�FOLII
PRGHO�IRU�WKH�VPRRWK�DQG�URXJK�VXUIDFH�VXUIDFHV��,W�LV
VKRZHG�WKDW�DQ�LQFUHDVH�LQ�ZLQG�YHORFLW\�VLJQLILFDQWO\
GHFUHDVHV�WKH�WXUEXOHQW�NLQHWLF�HQHUJ\�RYHU�WKH�VWHS�
VKDSHG�FOLII�PRGHO��7KH�GLVWULEXWLRQ�RI�WKH�WXUEXOHQW
NLQHWLF�HQHUJ\�TXDQWLILHV�WKH�WXUEXOHQW�GLIIXVLRQ�DORQJ
WKH�VKHDU�OD\HU�DQG�LV�FRQVLVWHQW�ZLWK�WKH�GLUHFWLRQ�RI
WKH�PHDQ�IORZ��7KH�WXUEXOHQW�HQHUJ\�IRU�WKH�URXJK�DQG
VPRRWK�VXUIDFHV�KDG�VLPLODU�SDWWHUQ�DW�=�+!���7KH�SHDN
YDOXH�RI�WKH�WXUEXOHQW�HQHUJ\�DSSHDUHG�WR�EH�QHDU�WKH
ZLQGZDUG�FRUQHU�DW�;�+ ����IRU�WKH�VXUIDFH�ZLWKRXW
REVWDFOHV� IHQFH� DQG� ZDV� FRQVLGHUHG� WR� EH� FORVHO\
UHODWHG�WR�WKH�VPDOO�VHSDUDWLRQ�DV�GHVFULEHG�DERYH��7KH
PLQLPXP�YDOXH�RI�WKH�WXUEXOHQW�HQHUJ\�IRU�WKH�VXUIDFH
ZLWKRXW�DQ�REVWDFOH�IHQFH�ZDV�GLVSOD\HG�DW�;�+ ���
7KH�YDOXHV�RI�WXUEXOHQW�HQHUJ\�DSSHDUHG�WR�EH�VOLJKWO\
KLJKHU�DW�=�+���IRU�WKH�URXJK�VXUIDFH�WKDQ�WKDW�IRU�WKH
VPRRWK�VXUIDFH��H[FHSW�DW�;�+ ����GXH�WR�WKH�ODUJH
YHORFLW\�JUDGLHQW�

&21&/86,21
$�WZR�GLPHQVLRQDO�FRPSXWDWLRQDO�IOXLG�G\QDPLFV

�&)'��PRGHO�ZLWK�WKH�VWDQGDUG�DQG�51*�N� �WXUEXOHQFH
PRGHOV�ZHUH� XVHG� WR� LQYHVWLJDWH� WKH� HIIHFWV� RI� WKH
VPRRWK�DQG�URXJK�VXUIDFHV�RQ�WKH�DWPRVSKHULF�IORZ
RYHU�WZR�GLPHQVLRQDO�VWHS�VKDSHG�FOLII�PRGHO�XVLQJ
)/8(17�FRGH��7KH�YDOLGDWLRQ�RI�WKH�QXPHULFDO�PRGHO
ZDV�HYDOXDWHG�DQG�DJUHHG�ZLWK�ZLQG�WXQQHO�GDWD��7KH
YDOLGDWLRQ�RI�WKH�QXPHULFDO�VLPXODWLRQ�WKURXJK�WKH�ZLQG
WXQQHO�H[SHULPHQW�HQKDQFHV�WKH�DVSHFW�WKDW�QXPHULFDO
VLPXODWLRQV��ZKLFK�DUH�D�ORZ�FRVW�WRRO�DEOH�WR�SURYLGH
LQ� UHDVRQDEOH� WLPH� DFFXUDWH� UHVXOWV� UHJDUGLQJ� IOXLG
G\QDPLFV�SUREOHPV� 7KH�FXUUHQW�VWXG\�FOHDUO\�LQGLFDWHV
WKDW�WKHUH�LV�VLJQLILFDQW�LQIOXHQFH�RI�WKH�VPRRWK�DQG



6WDQGDUG�N� �PRGHO�
:LWKRXW�REVWDFOH IHQFH�

6WDQGDUG�N� �PRGHO�
:LWK�REVWDFOH IHQFH�

6WDQGDUG�N� �PRGHO�
:LWKRXW�REVWDFOH IHQFH�

6WDQGDUG�N� �PRGHO�
:LWK�REVWDFOH IHQFH�

)LJ������7XUEXOHQFH�LQWHQVLW\�GLVWULEXWLRQV�RYHU�WKH�VWHS�FOLII�PRGHO

)LJ������9HUWLFDO�SURILOHV�RI�QRUPDOL]HG�WXUEXOHQFH�LQWHQVLW\�RYHU�VWHS�FOLII�PRGHO�DW�GLIIHUHQW�ORFDWLRQV
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6WDQGDUG�N� �PRGHO�
:LWK�REVWDFOH IHQFH�

51*�N� �PRGHO�
:LWK�REVWDFOH IHQFH�

)LJ������7XUEXOHQW�NLQHWLF�HQHUJ\���.�GLVWULEXWLRQV�RYHU�WKH�VWHS�FOLII�PRGHO

)LJ������9HUWLFDO�SURILOHV�RI�QRUPDOL]HG�WXUEXOHQW�NLQHWLF�HQHUJ\��. RYHU�VWHS�FOLII�PRGHO�DW
GLIIHUHQW�ORFDWLRQV

1XPHULFDO�6LPXODWLRQ�RQ�:LQG�)ORZ

���



���

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

URXJK�VXUIDFHV�RQ�WKH�ZLQG�IORZ�RYHU�WKH�VWHS�VKDSHG
FOLII�PRGHO��WKH�IROORZLQJ�FRQFOXVLRQV�FDQ�EH�PDGH�
� � �D�� )RU�PHDQ� YHORFLW\� ILHOG�� WKH�PRVW� LQWHQVLYH
PRYHPHQW�RI� WKH� IORZ� DSSHDUHG�QHDU� WKH�ZLQGZDUG
FRUQHU�RI�WKH�VWHS�VKDSHG�FOLII��7KH�PHDQ�KRUL]RQWDO
YHORFLW\�DSSHDUHG� WR�EH�YHU\�VPDOO�DW� WKH�ZLQGZDUG
FRUQHU�RI�WKH�VWHS�VKDSHG�FOLII��7KH�YRUWH[�DSSHDUHG
WR� EH� URWDWLQJ� FORFNZLVH� RQ� WKH� VWHS�VKDSHG� FOLII
VXUIDFH�IRU�WKH�URXJK�VXUIDFH�EHWZHHQ�HYHU\�ZLQGEUHDN
IHQFHV� DQG� IRU� WKH� VPRRWK� VXUIDFH� QHDU� WKH� JURXQG
ZLQGZDUG�RI�WKH� VWHS�VKDSHG�FOLII�� ,QYHUVH�IORZ�ZDV
IRXQG�ZLWK� WKH� URXJK� VXUIDFH�� 7KH� ZLQG� YHORFLW\
DGMDFHQW�WR�WKH�VPRRWK�VXUIDFH�ZDV�KLJKHU�WKDQ�WKDW
RI�WKH�URXJK�VXUIDFH�RI�WKH�VWHS�VKDSHG�FOLII��$�WKLFN
LQWHUQDO� ERXQGDU\� OD\HU� ZDV� JHQHUDWHG� E\� WKH
REVWDFOHV� IHQFH�

�����E��)RU�WXUEXOHQW�ILHOG��YLJRURXV�WXUEXOHQW�PL[LQJ
ZDV�REVHUYHG�LQ�WKH�XSSHU�SDUW�RI�WKH�IURQWDO�FRUQHU
RI� WKH� VWHS�VKDSHG� FOLII� PRGHO�� 7KH� WXUEXOHQFH
LQWHQVLW\�YDULHG�VORZO\�ZLWK�KHLJKW��$�UHJLRQ�RI�KLJK�
WXUEXOHQFH�LQWHQVLW\�DSSHDUHG�WR�EH�DORQJ�WKH�VKHDU
OD\HU� GRZQVWUHDP�RI� WKH� VWHS�VKDSHG� FOLII� VXUIDFH�
3HDN�YDOXHV�RI�WKH�WXUEXOHQFH�LQWHQVLW\�FUHDWHG�LQ�WKH
]RQHV�ZHUH� FKDUDFWHUL]HG� E\� WKH� KLJKHVW� YHORFLW\
JUDGLHQWV��7KH�WXUEXOHQFH� LQWHQVLW\�VKRZHG�KLJKHU
YDOXH�DW�=�+���LQ�WKH�VWHS�VKDSHG�FOLII�IRU�WKH�VPRRWK
VXUIDFH��$Q�LQFUHDVH�LQ�ZLQG�YHORFLW\�VLJQLILFDQWO\
GHFUHDVHV�WKH�WXUEXOHQW�NLQHWLF�HQHUJ\�RYHU�WKH�VWHS�
VKDSHG�FOLII�PRGHO��7KH�GLVWULEXWLRQ�RI�WKH�WXUEXOHQW
NLQHWLF� HQHUJ\� TXDQWLILHV� WKH� WXUEXOHQW� GLIIXVLRQ
DORQJ� WKH� VKHDU� OD\HU� DQG� LV� FRQVLVWHQW� ZLWK� WKH
GLUHFWLRQ�RI� WKH�PHDQ� IORZ��7KH� SHDN� YDOXH� RI� WKH
WXUEXOHQW�HQHUJ\�DSSHDUHG�WR�EH�QHDU�WKH�ZLQGZDUG
FRUQHU� DW� ;�+ ���� IRU� WKH� VPRRWK� VXUIDFH�� 7KH
PLQLPXP�YDOXH�RI�WKH�WXUEXOHQW�HQHUJ\�IRU�WKH�VPRRWK
VXUIDFH�ZDV�GLVSOD\HG�DW�;�+ ���

5()(5(1&(6
$GDPV��(��:�� DQG� -RKQVWRQ��-�� 3�� �������� (IIHFWV� RI� WKH
6HSDUDWLQJ�6KHDU�/D\HU�RQ�WKH�5HDWWDFKPHQW�)ORZ�6WUXFWXUH�
([S��)OXLGV�������������

%HOMDDUV��$���:DOPVOH\�� -��DQG�7D\ORU��3�� ��������$�PL[HG
VSHFWUDO� ILQLWH� GLIIHUHQFH�PRGHO� IRU� QHXWUDOO\� VWUDWLILHG
ERXQGDU\�OD\HU�IORZ�RYHU�URXJKQHVV�FKDQJHV�DQG�WRSRJUDSK\�
%RXQGDU\�/D\HU�0HWHRURO������� ���±����

%ORFNHQ��%���6WDWKRSRXORV��7��DQG�&DUPHOLHW��-����������&)'
VLPXODWLRQ�RI�WKH�DWPRVSKHULF�ERXQGDU\�OD\HU��ZDOO�IXQFWLRQ
SUREOHPV��$WPRVSKHULF�(QYLURQPHQW����� ��������

%RZHQ��$�� -��� DQG� /LQGOH\�� '�� ��������$�:LQG� 7XQQHO
,QYHVWLJDWLRQ� � RI� � WKH� �:LQG� � 6SHHG� � DQG� � 7XUEXOHQFH
&KDUDFWHULVWLFV�&ORVH�WR�WKH�*URXQG�RYHU�9DULRXV�(VFDUSPHQW
VKDSHV��%RXQGDU\� /D\HU�0HWHRURORJ\������ ��������

'MLODOL�� 1�� DQG� �*DUWVKRUD�� ,�� 6�� ��������7XUEXOHQW� )ORZ
DURXQG�D� %OXII�5HFWDQJXODU� 3ODWH�� � 3DUW� ��� ([SHULPHQWDO
,QYHVWLJDWLRQDO���-���RI��)OXLG��(QJLQHHULQJ���7UDQV���RI�$60(�
���������������

(DWRQ�� -�� .�� DQG� -RKQVWRQ�� -�� 3�� ��������$� 5HYLHZ� RI
5HVHDUFK�RQ�6XEVRQLF�7XUEXOHQW�)ORZ�5HDWWDFKPHQW���$,$$
-RXUQDO��������������������

)/8(17�,QF�� ��������)/8(17��������XVHU�0DQXDO�

)ULHGULFK�� 5�� DQG�$UQDO��0�� ��������$QDO\]LQJ� WXUEXOHQW
EDFNZDUG�IDFLQJ� VWHHS� IORZ�ZLWK� ORZSDVV�ILOWHUHG� QDYLHU�
VWRNHV�HTXDWLRQV��-RXUQDO�RI�:LQG�(QJLQHHULQJ�DQG�,QGXVWULDO
$HURG\QDPLFV������ ��������

,VKLKDUD��7���+LEL��.��DQG�2LNDZD��6����������$�ZLQG�WXQQHO
VWXG\�RI� WXUEXOHQW�IORZ�RYHU�D� WKUHH�GLPHQVLRQDO�VWHHS�KLOO�
-��RI�:LQG�(QJ��DQG�,QGXV��$HURG\Q��������������

-DFNVRQ��3��DQG�+XQW��-����������7XUEXOHQW�ZLQG�IORZ�RYHU�D
ORZ�KLOO��4�-�5R\�0HWHRURO�6RF�����������±����

.DVDJL�� 1�� DQG� 0DWVXQDJD�� $�� �������� 7XUEXOHQFH
PHDVXUHPHQW� LQ� D� VHSDUDWHG� DQG� UHDWWDFKLQJ� IORZ�RYHU� D
EDFNZDUG�IDFLQJ� VWHS�ZLWK� WKH� DLG� RI� WKUHH�GLPHQVLRQDO
SDUWLFOH� WUDFNLQJ� YHORFLPHWU\��-RXUQDO� RI�:LQG�(QJLQHHULQJ
DQG�,QGXVWULDO�$HURG\QDPLFV������ ��������

.URJVWDG�� 3��$�� DQG�1LFNHOV�� 7�� %�� �������� 7XUEXOHQW
ERXQGDU\� OD\HU�ZLWK�D� VWHS�FKDQJH� LQ�VXUIDFH� URXJKQHVV�
��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�)OXLG�)ORZ�7HFKQRORJLHV�
����6HSWHPEHU� ������%XGDSHVW��+XQJDU\�

/DXQGHU��%��(��DQG�6SDOGLQJ��'��(�� ��������7KH�QXPHULFDO
FRPSXWDWLRQ�RI� WXUEXOHQW�IORZV��&RPS��0HWK��$SSO��0HFK�
(QJ��������������

/RXUHLUR��-��%��5��DQG�6LOYD�)UHLUH�$��3����������([SHULPHQWDO
,QYHVWLJDWLRQ� RI� 7XUEXOHQW�%RXQGDU\� /D\HUV� RYHU� 6WHHS
7ZR�GLPHQVLRQDO�(OHYDWLRQV��-��RI�WKH�%UD]��6RF��RI�0HFK�
6FL��	�(QJ�������������������

0DVRQ��3��DQG�6W\NHV��5����������)ORZ�RYHU�DQ�LVRODWHG�KLOO
RI�PRGHUDWH�VORSH��4�-�5R\�0HWHRURO�6RF�������� ���±����

2OVVRQ�� /�� �������� 6WHSV� WRZDUGV� DQ� HQYLURQPHQWDOO\
VXVWDLQDEOH� WUDQVSRUW� V\VWHP�� 7KH�6FLHQFH� RI� WKH� 7RWDO
(QYLURQPHQW���������������

3DWDQNDU��6��9�� �������� 1XPHULFDO�KHDW� WUDQVIHU� DQG� IOXLG
IORZ��0F*UDZ�+LOO�

3RJJLD��'�� .DWXOE��*���$OEHUWVRQF��-��'� DQG� �5LGROILG��/�
��������$Q� H[SHULPHQWDO� LQYHVWLJDWLRQ� RI� WXUEXOHQW� IORZV
RYHU� D� KLOO\� VXUIDFH��3K\VLFV� RI�)OXLGV�� ��� ����� �������
�������

5RVV��$��1���$UQROG��6���9RVSHU��6��%���0REEV��6��'���1L[RQ�
1��DQG�5RELQV��$��*����������$�FRPSDULVRQ�RI�ZLQG�WXQQHO
H[SHULPHQWV� DQG� QXPHULFDO� VLPXODWLRQV� RI� QHXWUDO� DQG
VWUDWLILHG� IORZ�RYHU� D� KLOO�� %RXQGDU\�/D\HU�0HWHRURORJ\�
�������������

7D\ORU��3�$���:DOPVOH\��-��DQG�6DOPRQ��-�� ��������$� VLPSOH
PRGHO� RI�QHXWUDOO\� VWUDWL�HG� ERXQGDU\�OD\HU� �RZ�RYHU� UHDO
WHUUDLQ� LQFRUSRUDWLQJ�ZDYH� QXPEHU�GHSHQGHQW� VFDOLQJ�
%RXQGDU\�/D\HU�0HWHRURO��� ����� ���±����



<DVVLQ��0�)�DQG��$O�+DUEL��0�

���

:DOPVOH\�� -�� DQG�7D\ORU��3�� ��������%RXQGDU\�OD\HU� IORZ
RYHU�WRSRJUDSK\��LPSDFWV�RI�WKH�$VNHUYHLQ�VWXG\��%RXQGDU\
/D\HU�0HWHRURO������� ���±����

:DOPVOH\��-���7D\ORU��3��DQG�.HLWK��7����������$�VLPSOH�PRGHO
RI� QHXWUDOO\� VWUDWLILHG� ERXQGDU\� OD\HU� IORZ�RYHU� FRPSOH[
WHUUDLQ�ZLWK�VXUIDFH�URXJKQHVV�PRGXODWLRQV����%RXQGDU\�/D\HU
0HWHRURO������� ���±����

:LOOLDP��$��*��DQG�-RVHSK��%��.����������%HKDYLRU�RI�IORZ
RYHU� VWHS� WRSRJUDSK\��$PHULFDQ�0HWHRURORJLFDO� 6RFLHW\�
$SULO�� ����������

:RRG�� 1�� ��������7KH� RQVHW� RI� VHSDUDWLRQ� LQ� QHXWUDO�
WXUEXOHQW� IORZ�RYHU� KLOOV��%RXQGDU\� /D\HU�0HWHRURO��� ���
���±����

<DVVLQ��0��)���.DWR��6���2RND��5���0XUDNDPL��6���7DNDKDVKL�
7�� DQG�2KWVX��7�� ��������:LQG� WXQQHO� VWXG\�RQ� SUHGLFWLRQ
RI� ZLQG� FKDUDFWHULVWLF� RYHU� ORFDO� WRSRJUDSK\� IRU� VXLWDEOH
VLWH�RI�ZLQG�SRZHU�VWDWLRQ��SDUW�����WXUEXOHQW�FKDUDFWHULVWLFV
RI� IORZ�RYHU�D� WZR� GLPHQVLRQDO�VWHS�PRGHO�� 6XPPDULHV�RI
WHFKQLFDO�SDSHUV�RI�DQQXDO��PHHWLQJ��$,-�



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� ��$SULO� ����� �� ��� �� � �� � �� � � �5HYLVHG����-XO\������ �� �� � � �� � � � �� � �$FFHSWHG����-XO\�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��KHDOWK�HQJLQHHULQJ#JPDLO�FRP

���

&RPSDULVRQ�7KH�(IILFDF\�2I�)HQWRQ�$QG�³Q=9,���+
�
2

�
´ �3URFHVVHV�,Q

0XQLFLSDO�6ROLG�:DVWH�/DQGILOO�/HDFKDWH�7UHDWPHQW
�&DVH�6WXG\��+DPDGDQ�/DQGILOO�/HDFKDWH�
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SROOXWDQWV�LQFOXGLQJ�RUJDQLF�PDWWHU��VXFK�DV�IDWW\�DFLGV
DQG� DOFRKROV�� DQG� LQRUJDQLF� PDWHULDOV� �OLNH� KHDY\
PHWDOV�� DQG� LV� DOVR� D� YDULHW\� RI� SDWKRJHQV�����PO
OHDFKDWH�FRQWDLQ�PRUH�WKDQ�����FROLIRUPV��7KLV�/HDFKDWH
FDQ�PRYH�WR�WKH�XQGHUO\LQJ�VRLO�OD\HUV�XQGHU�WKH�HIIHFW
RI�GLIIHUHQW�PHFKDQLVPV��DQG�PD\�EH�HQWHUHG�LQWR�WKH
XQGHUJURXQG�ZDWHU�WDEOH��,QFUHDVHG�FRQFHQWUDWLRQV�RI
WKHVH� VXEVWDQFHV� LQ�ZDWHU�PD\�EH� VRPHZKDW� KLJKHU
WKDQ�H[LVWLQJ�VWDQGDUGV�DQG�XQGHUJURXQG�ZDWHU�DFWXDOO\
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XQVDQLWDU\�RU�DUH�OHIW�XQFRYHUHG�RQ�WKH�JURXQG��7KH
OHDFKDWH� FKDUDFWHULVWLF� GHSHQGV� RQ� FRPSRVLWLRQ� RI
VROLG�ZDVWHV�DQG�ELRORJLFDO�FKHPLFDO�SURFHVVHV�WKDW
RFFXUV�RQ�WKH�ODQGILOO��2WKHU�IDFWRUV�VXFK�DV�FOLPDWH
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������$ELOLW\� RI� D�PHWKRG� IRU� WUHDWLQJ� OHDFKDWH� LV
GHSHQGHQW�RQ�OHDFKDWH�FKDUDFWHULVWLFV�DQG�IOH[LELOLW\
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WHFKQRORJLHV� �LQFOXGLQJ� DHURELF� DQG� DQDHURELF
SURFHVVHV��DUH�XVHG�WR�HIIHFWLYHO\�WUHDWLQJ�IRU�OHDFKDWH
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ZLWKLQ�WKH�ROGHU�OHDFKDWH��OHDFKDWH�ZLWK�������\HDUV�RI
DJH���VR�WKH�XVH�RI�SK\VLFDO��FKHPLFDO�SURFHVVHV�DUH
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)HQWRQ�SURFHVV�LQ�UHFHQW�\HDUV�KDV�EHHQ�PXFK�VWXGLHG
DQG� IRXQG� WR� EH� RQH� RI� WKH� PRVW� HIIHFWLYH� DQG
HFRQRPLFDO�PHWKRGV�IRU�ODQGILOO�OHDFKDWH�WUHDWPHQW��,Q
WKLV� SURFHVV�� K\GURJHQ� SHUR[LGH� LQ� WKH� SUHVHQFH� RI
IHUURXV�VDOWV�LV�DGGHG�WR�OHDFKDWH�DQG�SURGXFHG�YHU\
VWURQJ�K\GUR[\O�UDGLFDO�LQ�FRPELQDWLRQ�ZLWK�RUJDQLF
PDWHULDOV�WKDW�DUH�VWURQJ�R[LGDQW�IRU�UHVLVWDQW�RUJDQLF
FRPSRXQGV��6R�LURQ�DQG�K\GURJHQ�SHUR[LGH�DUH� WKH
WZR�PDLQ� IDFWRUV� RI� WUHDWPHQW� HIILFLHQF\�DQG� FRVWV�
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DO���������7KH�UHVXOWV�RI�RXU�VWXG\�ZDV�FRQVLVWHQW�ZLWK
WKH� )DURNKL� UHVXOWV� VR� WKDW� WKH� DPRXQWV�PRUH� WKDQ
�������J�/�RI�+

�
2

�
�GHFUHDVHG�UHPRYDO�HIILFLHQF\�LQ

)HQWRQ� SURFHVV�

)XUWKHUPRUH��H[FHVV� DPRXQW�RI�+
�
2

�
� IORDW� LURQ

VOXGJH�GXH�WR�+
�
2

�
�VSRQWDQHRXV� GHFRPSRVLWLRQ�DQG

SURGXFWLRQ�RI�K\GURJHQ�JDV�DQG�DOVR�FDXVH�SUREOHPV
LQ� GRZQVWUHDP� SURFHVVHV� DQG� HYHQ� ZLOO� SUHYHQW
ELRORJLFDO�WUHDWPHQW��)DUURNKL�HW�DO���������MDVKQL�DQG
2PUDQLPDQHVK� ������QXPHURXV� GLIIHUHQFHV� LQ� WKH
RSWLPDO�UDWLR�RI�LURQ�WR�K\GURJHQ�SHUR[LGH�KDYH�EHHQ
REVHUYHG� LQ� YDULRXV� VWXGLHV�� $QWRQLR� /RSH]� DQG
FROOHDJXHV�LQ�WKHLU�VWXG\�DV�³)HQWRQ¶V�SUH�WUHDWPHQW
RI�PDWXUH�ODQGILOO�OHDFKDWH�³��UHDFKHG�WKH�DFFHSWDEOH
UHPRYDO�HIILFLHQF\�LQ�OHDFKDWH�ZLWK�&2'� �������PJ�/
E\�XVLQJ��������PJ�/�+

�
2

�
��Z�Z�����DQG�����PJ�/

)H�� �� ������ UDWLR��/RSH]� HW� DO��� ������ WKDW� ZDV
DSSUR[LPDWHO\�VLPLODU�WR�RXU�VWXG\�

2QH�:D\�$129$� WHVW� VKRZHG� VLJQLILFDQW
GLIIHUHQFHV�IRU�GLIIHUHQW�OHYHOV�RI�LURQ�FRQFHQWUDWLRQ
RQ�WKH�UHPRYDO�HIILFLHQF\�RI�&2'��%2'

�
��FRORU�DQG�76

LQ�ERWK�SURFHVVHV�ZLWK� WKH�S�YDOXH� �����,QFUHDVLQJ
WKH�DFWLYH�VXUIDFH�DUHD�DQG�PRUH�SRVVLELOLW\�IRU�FRQWDFW



���

6DPDGL��0��7��HW�DO�

Q=9,�+���SURFHVV

�

��

��

��

��

��

��

����� ����� ����� �����

+�2��FRQFHQWUDWLRQ�PJ/����

UH
P
RY
DO
�H
II
LF
HQ
F\
��

�

�&2'

%2'��

76�

FRORU

ZLWKLQ�WKH�RUJDQLF�DQG�LQRUJDQLF�VXEVWDQFHV�SUHVHQW
LQ�WKH�OHDFKDWH�ZLWK�LURQ�QDQRSDUWLFOHV�DQG�LQFUHDVLQJ
WKH�R[LGDWLRQ�UHGXFWLRQ�UHDFWLRQV�DUH�WKH�UHDVRQV�IRU
LQFUHDVLQJ�WKH�UHPRYDO�HIILFLHQF\�LQ�WKH�Q=9,���+

�
2

�

SURFHVV�E\�QDQRSDUWLFOHV�FRQFHQWUDWLRQ�LQFUHDVLQJ��EXW
,W�LV�LPSRUWDQW�WR�QRWH�WKDW�LQFUHDVLQJ�FRQFHQWUDWLRQV
RI�LURQ�QDQRSDUWLFOHV�IURP������WR�������DQG������PJ�/
LQ�WKH�FRQGLWLRQV�OLVWHG��GHFUHDVHG�&2'��%2'

�
��FRORU

DQG�76�UHPRYDO�HIILFLHQF\�LV�WKH�Q=9,���+�2��SURFHVV�
7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�H[FHVV�LRQV�IURP� WKH
LURQ�QDQRSDUWLFOHV�FDQ�FDXVH�WXUELGLW\�LQ�WKH�WUHDWHG
OHDFKDWH�DQG�LQWHUIHUHQFH�LQ�WUHDWPHQW��VR�UHGXFH�WKH
HIIHFWLYHQHVV� RI� WUHDWPHQW�� 7DQJ� DQG� FROOHDJXHV
VKRZHG�WKDW�WKH�GHJUDGDWLRQ�RI�WKH�D]X�G\H�XVLQJ�LURQ
SRZGHU�DQG�+

�
2

�
�LV�UDWKHU�WKDQ�)HQWRQ�V\VWHPV�VXFK

DV� LURQ� VXOIDWH� DQG� +
�
2

�
� EHFDXVH� LURQ� SRZGHU� KDV

VPDOOHU�SDUWLFOHV�DQG�VR�G\H�DGVRUSWLRQ�RQ�WKH� LURQ
SRZGHU�ZLWK� VPDOOHU� VL]H� LV� PRUH�7DQJ� DQG� &KHQ
������DGGLWLRQDOO\�UHPRYDO�RI�%2'

�
��&2'��76�DQG�FRORU

E\� )HQWRQ� SURFHVV� LQFUHDVHG� ZLWK� IHUURXV� VXOIDWH
FRQFHQWUDWLRQ�XS�WR������PJ�/��WKH�H[FHVV�DPRXQW�RI

)LJ������(IIHFW�RI�+
�
2

�
�FRQFHQWUDWLRQ�YDULDWLRQ�RQ�WKH�UHPRYDO�HIILFLHQF\�RI�&2'��%2'

�
��76�DQG�FRORU�RI

+DPDGDQ�ODQGILOO�OHDFKDWH�E\�WKH�)HQWRQ�DQG�Q=9,��+
�
2

�
�SURFHVVHV��7 �����2&��WKH�FRQFHQWUDWLRQ�RI�WKH�LURQ� 

����J�/��S+ ����DQG�FRQWDFW�WLPH� ���PLQ�LQ�)HQWRQ�SURFHVV�DQG����PLQ�LQ�Q=9,��+
�
2

�
�SURFHVV�

WKLV�PDWHULDO�FDQ�DOVR�DWWDFN�WR�K\GUR[\O�UDGLFDOV�DQG
LQWHUIHUHQFH�LQ�WUHDWPHQW�

&21&/86,21
$V� LQ� )LJ�� �� FDQ� EH� VHHQ�� WKH� HIILFLHQF\� RI

Q=9,�+
�
2

�
�SURFHVV�LV�KLJKHU�WKDQ�WKH�)HQWRQ�SURFHVV

LQ�%2'
�
�� &2'��76� DQG� FRORU� UHPRYDO�� ,Q� )HQWRQ

SURFHVV��HYHQ�ZLWK�D�UHDFWLRQ�WLPH�RI�����PLQXWHV�WKH
KLJKHVW� UHPRYDO� ZDV� OHVV� WKDQ� ���� �ZLWKRXW
FRDJXODWLRQ�DQG�IORFFXODWLRQ�VWHS��EXW�WKH�RSWLPDO�WLPH
IRU�DSSUR[LPDWHO\�����%2'

��
DQG�&2'�UHPRYDO�ZDV���

PLQXWHV�LQ�Q=9,�+
�
2

�
�SURFHVV��ZLWKRXW�FRDJXODWLRQ

DQG�IORFFXODWLRQ�VWHS��DQG�VR�LW�LV�SUHIHUUHG�GXH�WR�WKH
VPDOOHU�GLPHQVLRQV�RI�WKH�UHDFWRU�LQ�WKLV�SURFHVV�DQG
OHVV�XVHG�PDWHULDOV�

$OVR�7KH�DPRXQW�RI�UHPRYHG�%2'
�
��&2'��76�DQG

FRORU� IURP� OHDFKDWH� ZLWK� FRQFHUQ� WR� WKH� FRQVXPHG
DPRXQW� RI� LURQ� QDQRSDUWLFOHV� E\� WKH� Q=9,� �
+

�
2

�
SURFHVV� DQG� WKH� DPRXQW� RI� LURQ� VXOIDWH� LQ� WKH

)HQWRQ�SURFHVV�LV�FDOFXODWHG�DQG�JUDSKV�DUH�VKRZQ�LQ

)HQWRQ�SURFHVV

���

���

�

��

��

��

��

����� ����� �����

+�2��FRQFHQWUDWLRQ�PJ/����

UH
P
RY
DO
�H
II
LF
HQ
F\
��

�

�&2'

�%2'�

76�

�FRORU



���

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

)HQWRQ�SURFHVV

�

�

��

��

��

��

��

��

���� ���� ����

IHUURXV�VXOIDWH�FRQFHQWUDWLRQ�PJ/����

UH
P
RY
DO
�H
II
LF
HQ
F\
��

�

&2'

%2'��

�76�

FRORU

Q=9,�+���SURFHVV

�

��

��

��

��

��

��

���� ���� ����

Q=9,FRQFHQWUDWLRQ�PJ/����

UH
P
RY
DO
�H
II
LF
HQ
F\
��

�

&2'

�%2'��

�76�

FRORU

)LJ������(IIHFW�RI�LURQ�FRQFHQWUDWLRQ�YDULDWLRQ�RQ�WKH�UHPRYDO�HIILFLHQF\�RI�&2'��%2'
�
��76�DQG�FRORU�RI

+DPDGDQ�ODQGILOO�OHDFKDWH�E\�WKH�)HQWRQ�DQG�Q=9,��+
�
2

�
�SURFHVVHV��7 �����2&��WKH�FRQFHQWUDWLRQ�RI�WKH�+

�
2

�

 ��������J�/��S+ ����DQG�FRQWDFW�WLPH� ���PLQ�LQ�)HQWRQ�SUR

)HQWRQ�SURFHVV
Q=9,�+�2�

�

��

��

��

��

��

��
UH
P
RY
DO
�H
II
LF
LH
QF
\

&2' %2'� 76� FRORU

)LJ�����&RPSDULQJ�WKH�HIILFLHQF\�RI�WKH�XVHG�WUHDWPHQW�SURFHVVHV�LQ�WKLV�VWXG\�LQ�WKH�UHPRYDO�RI�%2'
�
�

&2'��76�DQG�FRORU�+DPDGDQ�FLW\�ODQGILOO�OHDFKDWH���S+� �����FRQFHQWUDWLRQ�RI�WKH�LURQ��IHUURXV�VXOIDWH��
LURQ�QDQRSDUWLFOHV�� ������+

�
2

�
�FRQFHQWUDWLRQ�LQ�J�/� ���������WHPSHUDWXUH� ������F�����UHDFWLRQ�WLPH�LQ

)HQWRQ�SURFHVV�DQG�Q=9,�+
�
2

�
�SURFHVV�ZDV����PLQ�DQG����PLQXWHV��UHVSHFWLYHO\�

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

0
J�
UH
P
RY
HG
�%
2
'
��
�&
2
'
��

7
6
�D
QG
�F
RO
RU
�S
HU
�J
UD
P
�R
I�
WK
H�

XV
HG
�LU
RQ

%2'�� &2' 76 &2/25�

)HQWRQ�SURFHVV Q=9,�+�2��SURFHVV�
)LJ�����5HPRYDO�RI�%2'

�
��&2'��76�DQG�FRORU�SHU�JUDP�RI�WKH�XVHG�LURQ��1DQRSDUWLFOH�LURQ�RU�IHUURXV�VXOIDWH�

DW�RSWLPXP�FRQGLWLRQV�IRU�HDFK�UHDFWLRQ��)HQWRQ�DQG�Q=9,�+
�
2

�
�



���

)HQWRQ�	�³Q=9,���+
�
2
�
´�,Q�/HDFKDWH�7UHDWPHQW

)LJ�� ���7KLV� GDWD� LV� UHODWHG� WR� WKH� RSWLPDO� UHDFWLRQ
FRQGLWLRQV�� )HQWRQ� SURFHVV�DV� FRPSDUHG� WR� Q=9,��
+

�
2

�
�SURFHVV�QHHG�WKH�ORQJ�WLPH��,Q�DGGLWLRQ�WR�WKLV

�%2'
�
��&2'�� 76� DQG� FRORU� UHPRYHG� SHU� JUDP� RI

QDQRSDUWLFOHV�LQ�FRPSDUHG�ZLWK��LURQ�VXOIDWH��,,���LV�PXFK
PRUH��,URQ�QDQRSDUWLFOHV�LQ�FRPSDUHG�ZLWK�LURQ�VXOIDWH
�,,��KDYH�VPDOOHU�VL]H��ODUJHU�VSHFLILF�VXUIDFH�DQG�WKXV
PRUH�UHDFWLYH��ZKLFK�HOLPLQDWHV�KLJK�LQ�ORZ�WLPH�LQ�VPDOO
DPRXQWV�RI�QDQRSDUWLFOHV�

$&.12:/('*(0(17
7KLV�VWXG\�ZDV�SDUW�RI�D�0�6�WKHVLV�VXSSRUWHG�E\

WKH�'HSDUWPHQW�RI�(QYLURQPHQWDO�+HDOWK�(QJLQHHULQJ�
)DFXOW\� RI�+HDOWK� DQG� 5HVHDUFK� &HQWHU� IRU�+HDOWK
6FLHQFHV��+DPDGDQ�8QLYHUVLW\�RI�0HGLFDO� 6FLHQFHV
�JUDQW�1R������������

5()(5(1&(6
$3+$�� DQG�:3&)�� �������� 6WDQGDUG� PHWKRG� IRU� WKH
H[DPLQDWLRQ�RI�ZDWHU�DQG�ZDVWHZDWHU����WK�(G���:DVKLQJRQ
'�&�

%HUJHQGDKO�� -�� DQG�73��7�� �������� )HQWRQ¶V� R[LGDWLRQ� RI
07%(�ZLWK�]HUR�YDOHQW�LURQ��:DWHU�5HVHDUFK��������������
����

%RXVVDKHO��5��� +DULN�� '��� 0DPPDU� �� 0�� DQG� /DPDUD�
0RKDPHG� �� 6�� �������� ³GHJUHGDWLRQ� RI� REVROHWH�''7� E\
IHQWRQ� R[LGDWLRQ�ZLWK� ]HUR�YDOHQW� LURQ�´�GHVDOLQDWLRQ�����
���������������

)DUURNKL��0���.RXWL��0���0RXVDYL���*��5��DQG�7DNGDVWDQ��$�
�������� ³7KH� 6WXG\� RQ�%LRGHJUDGDELOLW\�(QKDQFHPHQW� RI
/DQGILOO�/HDFKDWH� E\�)HQWRQ�2[LGDWLRQ�´� ,UDQ�� -��+HDOWK�	
(QYLURQ�����������������

+XQGDO���/���6LQJK�� -���%LHU��(���6KHD��3���&RPIRUW� ��6��DQG
3RZHUV���:�����������5HPRYDO�RI�717�DQG�5';�IURP�ZDWHU
DQG�VRLO�XVLQJ�LURQ�PHWDO��(QYLURQPHQWDO�3ROOXWLRQ�����������
��±���

MDVKQL��$�� N�� DQG� 2PUDQLPDQHVK��5�� �������� VWXG\� RQ
GHJUDGDELOLW\� RI� ODQGILOO� OHDFKDWH�E\� IHQWRQ�R[LGDWLRQ�� ,Q�
SURFHHGLQJ�RI���WK�FRQIHUDQQFH�HQYLURQPHQWDO�KHDOWK��7HKUDQ�

.DVKLWDUDVK�(VIDKDQL�� =�� �������� ³LQYHVWLJDWLQJ� RI� WKH
HIILFLHQF\� RI�FDUERQ�1DQR�WXEHV� LQ� WKH�GHFUHDVLQJ� &2'�
%2'��� 76� DQG� FRORU� RI� ODQGILOOV� OHDFKDWH�´� +DPDGDQ
8QLYHUVLW\� RI�0HGLFDO� 6FLHQFH�

.DVKLWDUDVK� (VIDKDQL�� =�� �������� &RPSDULVRQ� RI� WKH
HIILFLHQF\�RI� LURQ� QDQRSDUWLFOHV��)HQWRQ�	�1DQR�)HQWRQ� LQ
GHFUHDVLQJ�&2'��%2'���76�DQG�FRORU�RI�WKH�+DPDGDQ�ODQGILOO
OHDFKDWH� ³�� +DPDGDQ� 8QLYHUVLW\� RI�0HGLFDO� 6FLHQFH�
+DPDGDQ�

.DVKLWDUDVK�(VIDKDQL��=���6DPDGL��0���1DGGDIL���.���$INKDPL
��$��� DQG� 5DKPDQL� ��$�� �������� ³$SSOLFDWLRQ� RI� ,URQ
QDQDRSDUWLFOHV� LQ� /DQGILOO� OHDFKDWH� WUHDWPHQW� �&DVH� VWXG\�
+DPDGDQ� ODQGILOO� OHDFKDWH��´� ,UDQLDQ� -RXUQDO� RI
(QYLURQPHQWDO�+HDOWK��6FLHQFH�DQG�(QJLQHHULQJ��,-(+6(��
LQ� SUHVV�

/RSH]��$���3DJDQR��0���9ROSH��$��DQG�&ODXGLR��$�� �������
)HQWRQ¶V� SUH�WUHDWPHQW� RI�PDWXUH� ODQGILOO� OHDFKDWH�� D
&RQVLJOLR�1D]LRQDOH� GHOOH�5LFHUFKH��&KHPRVSKHUH����� ����
����±�����

0DVFLDQJLROL��7��DQG� =KDQJ��:��;�� ��������(QYLURQPHQWDO
WHFKQRORJLHV� DW� WKH� QDQRVFDOH�� (QYLURQPHQWDO� 6FLHQFH� DQG
7HFKQRORJ\��$PHULFDQ�&KHPLFDO�6RFLHW\�

3HWUX]]HOOL�� '���%RJKHWLFK�� *���3HWUHOOD��0���'HOOHUED��$��
/DEEDWH�� 3��� 6DQDULFD�� 6�� DQG�0LUDJOLD��0�� �������� ³3UH�
WUHDWPHQW� RI� LQGXVWULDO� ODQGILOO� OHDFKDWH� E\� )HQWRQ¶V
R[LGDWLRQ�´�*OREDO�1HVW�-RXUQDO���� �����������

6DUYDNR�� 0�� �������� 3K\VLFRFKHPLFDO� SHUIRUPDQFH� RI
OHDFKDWH� WUHDWPHQW��$� FDVH� VWXG\� IRU� VHSDUDWLRQ� WHFKQLTXH�
MRXUQDO�RI�DSSOLHG�VFLHQFHV��������������������

6HGODN�� '�� DQG� $QGUHQ�� $�� �������� ³2[LGDWLRQ� RI
FKORUREHQ]HQH�ZLWK�)HQWRQ¶V�UHDJHQW��(QYLURQ��6FL��7HFKQRO��
����������������

6XQJ��+��� DQG�)UDQFLV�� ,�� �� �������1DQRWHFKQRORJ\� IRU
(QYLURQPHQWDO� 5HPHGLDWLRQ��6SULQJHU� 6FLHQFH���%XVLQHVV
0HGLD�� ,QF�

7DQDSRQ��3���1DYLG��6���.HYLQ���6���5REHUW��'���DQG�*UHJRU\�
9�� �������� ³$JJUHJDWLRQ� DQG� 6HGLPHQWDWLRQ� RI�$TXHRXV
1DQRVFDOH� =HURYDOHQW� ,URQ�'LVSHUVLRQV�´�(QYLURQ�� 6FL�
7HFKQRO�����������������

7DQJ��:��=���DQG�&KHQ��5��=����������'HFRORQL]DWLRQ�NLQHWLFV
DQG�PHFKDQLVPV�RI�FRPPHUFLDO�G\HV�E\�+�2��LURQ�SRZGHU
V\VWHP��&KHPRVSKHUH��������� ���±����

7HQJUXL� �� /���$O�+DUEDZL��$���-XQ� ��=�� DQG�0LQJ�%R� �� /�
�������� 7KH� HIIHFW� DQG� LWV� LQIOXHQFH�IDFWRUV� RI� WKH� IHQWRQ
SURFHVV� RQ� WKH� ROG� ODQGILOO� OHDFKDWH�� MRXUQDO� RI� DSSOLHG
VFLHQFHV�����������������

<DQJ��'��DQG�(QJHOKDUG��-����������7UHDWPHQW�RI�ODQGILOO�E\
WKH�)HQWRQ�SURFHVV��ZDWHU�UHVHDUFK���������������������

=KDQJ��+���&KRL��+��DQG�3+XDQJE��&����������7UHDWPHQW�RI
ODQGILOO�OHDFKDWH�E\�)HQWRQ¶V�UHDJHQW�LQ�D�FRQWLQXRXV�VWLUUHG
WDQN�UHDFWRU��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV��������������±
����

=KRQJ��;���'RQJ\H�� =�� DQG�*DQJ�� S�� ��������³5DSLG� DQG
FRPSOHWH� GHVWUXFWLRQ� RI� SHUFKORUDWH� LQ� ZDWHU� DQG� LRQ�
H[FKDQJH� EULQH� XVLQJ� VWDELOL]HG� ]HUR�9DOHQW� LURQ
QDQRSDUWLFOHV��ZDWHU�UHVHDUFK�MRXUQDO�����������������������



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� ���$SULO� ����� �� ��� �� � �� � �� � � �5HYLVHG���-XQH������ �� � � � � � � � � � � � � �$FFHSWHG����-XQH�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO�� VKDNHUNKDWLELP#WE]PHG�DF�LU

���

)HDVLELOLW\�6WXG\�RQ�(2�(*�:DVWHZDWHU�7UHDWPHQW�8VLQJ�3LORW�6FDOH�6%5

$%675$&7�7KH VHTXHQFLQJ� EDWFK�UHDFWRUV�ZHUH� GHYHORSHG� WR� WUHDW� WKH� DFWXDO�ZDVWHZDWHU� IURP� HWK\OHQH
JO\FRO�HWK\OHQH�R[LGH�SURGXFLQJ� LQGXVWU\��)RXU� LGHQWLFDO� UHDFWRUV�ZLWK� WRWDO� DQG� HIIHFWLYH� OLTXLG� YROXPHV�RI��
DQG���/�ZHUH�RSHUDWHG�UHVSHFWLYHO\�LQ�SDUDOOHO��/DERUDWRU\�H[SHULPHQWV�ZHUH�FRQGXFWHG�ZLWK�GLIIHUHQW�RUJDQLF
ORDGLQJV�RI�����������������DQG������J�&2'�P��GD\�DQG�WKH�SHUIRUPDQFH�RI�WKH�UHDFWRUV�ZDV�VWXGLHG�XQGHU
GLIIHUHQW�VOXGJH�DJHV�RI��������DQG����GD\V��WKH�NLQHWLF�FRQVWDQWV�DW�RSWLPDO�RSHUDWLRQDO�FRQGLWLRQV�ZHUH�DOVR
GHWHUPLQHG��$FFRUGLQJ�WR�WKH�UHVXOWV��WKH�HIILFLHQW�UHPRYDO�RI�&2'�ZDV������DQG��������657� ����GD\V��DQG
�����657� ����GD\V��IRU�6%5���DQG���UHVSHFWLYHO\��2/5� �����WR���NJ�&2'�P��GD\��ZLWK�UHTXLUHG�UHDFWLRQ
WLPH� RI� DERXW� ��� K�� ,Q�RUGHU� WR� UHDFK� WKH�&2'� UHPRYDO�HIILFLHQFLHV� RYHU� ���� DW� KLJKHU� 2/5�YDOXHV�� WKH
UHVHDUFKHUV�UHTXLUHG�ORQJHU�UHDFWLRQ�SHULRGV�DERXW������K�IRU�6%5���DQG����+RZHYHU��WKH�657�YDOXHV�KDYH�QR
VLJQLILFDQW�HIIHFWV�RQ�WKH�SHUIRUPDQFH�RI�6%5���DQG���DW�WKH�DHUDWLRQ�WLPHV�JUHDWHU�WKDQ������K�ZKLOH�LQ�WKH�FDVH
RI�UHDFWRUV���DQG����ZLWK�DQ�LQFUHDVH�RQ�657�DW�DOO�DHUDWLRQ�WLPHV��WKH�&2'�UHPRYDO�HIILFLHQF\�LQFUHDVHG��,W�LV
FRQFOXGHG�WKDW�WKH�V\VWHP�XVHG�LQ�WKH�SUHVHQW�VWXG\�FRXOG�VKRZ�DQ�DFFHSWDEOH�VWDELOLW\�DQG�SHUIRUPDQFH�LQ�WKH
WUHDWPHQW�RI�WKH�ZDVWHZDWHU�FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV�RI�RUJDQLF�PDWWHUV�HVSHFLDOO\�IURP�(2�(*�LQGXVWULHV�

.H\�ZRUGV� 3HWURFKHPLFDO�ZDVWHZDWHU��6%5��(WK\OHQH�*O\FRO�(WK\OHQH�2[LGH��.LQHWLF� FRHIILFLHQWV

,1752'8&7,21
,W�KDV�EHFRPH�LQFUHDVLQJO\�LPSRUWDQW�WR�SUHYHQW

WKH�SROOXWLRQ�RI�WKH�OLPLWHG�ZDWHU�UHVRXUFHV�E\�SURYLGLQJ
DGHTXDWH� WUHDWPHQW� RI� WKH� HIIOXHQWV� IURP� LQGXVWULDO
VRXUFHV��1DEL�%LGKHQGL�HW�DO���������0LUEDJKHUL�HW�DO��
������8VKDUDQL� HW� DO��� ������8HPXUD� HW� DO��� �����
0REDUDN�4DPVDUL�HW�DO���������2NXNX�HW�DO��������
.KXUUDP��������+RXGD�HW�DO���������+DUXQD�HW�DO��������
1DLP�HW�DO����������2QH�RI�WKH�PDMRU�HQYLURQPHQWDO
SUREOHPV�LQ�,UDQ�LV�WKH�GLVSRVDO�RI�ZDVWHV�JHQHUDWHG�E\
LQGXVWULHV��3HWURFKHPLFDO�LQGXVWU\�FDQ�EH�FRQVLGHUHG
DV�RQH�RI�WKH�PRVW� LPSRUWDQW�LQGXVWULHV�ZKLFK�ZHUH
H[SRVHG� WR� D� JUHDW� GHYHORSPHQW� GXH� WR� VSHFLILF�
HFRQRPLF� FRQGLWLRQV� RI� WKH� FRXQWU\� DQG� LQFUHDVLQJ
GHPDQG�IRU�SHWURFKHPLFDO�SURGXFWV�GXULQJ�WKH�UHFHQW
\HDUV��3HWURFKHPLFDO�DFWLYLWLHV�UHVXOW�LQ�PDQ\�SUREOHPV
RI�ZKLFK� KLJK� HQYLURQPHQWDO� SROOXWLRQ� LV� WKH�PRVW
LPSRUWDQW�RQH�WKDW�FDQ�OHDG�WR�VHYHUDO�GLUHFW�HIIHFWV�RQ
VRFLDO�DQG�HQYLURQPHQWDO�KHDOWK�DQG�DOPRVW�DSSHDUV�LQ

WKUHH� GLPHQVLRQV� RI�ZDWHU�� VRLO� DQG� YLEUDWLRQV
�0DOPDVL�HW�DO���������0LUEDJKHUL�HW�DO���������5DKPDQ
DQG�$O�0DODFN��������+DWDPRWR�HW�DO���������$UVKDG�HW
DO���������

:DVWHZDWHUV� JHQHUDWHG� IURP� SHWURFKHPLFDO
SURFHVVHV�FRQWDLQ�D�ODUJH�QXPEHU�RI�SROOXWDQWV�DW�KLJK
FRQFHQWUDWLRQV� DQG� KDYH� DGYHUVH� HQYLURQPHQWDO
LPSDFWV��0DOPDVL�HW�DO���������3DSDGLPLWULRX�HW�DO��
�������$�FHUWDLQ�W\SH�RI�ZDVWHZDWHUV��VXFK�DV�WKRVH
SURGXFHG�IURP�(WK\OHQH�2[LGH�(WK\OHQH�*O\FRO��(2�
(*��SODQWV��FRQWDLQ�KLJK�FKHPLFDO�R[\JHQ�GHPDQG
�&2'��LQ�DFFRUGDQFH�ZLWK�PRQR�HWK\OHQH�JO\FRO�DQG
LWV�GHULYDWLYHV�DV�ZHOO�DV�DOGHK\GHV��7KH�FRQFHQWUDWLRQ
RI�SROOXWDQWV�PD\�UHDFK�XS�WR�������PJ�/�DV�&2'�DQG
���PJ�/�DV�DOGHK\GHV��UHVSHFWLYHO\�

,Q�,UDQ��ZDVWHZDWHU�LQ�SHWURFKHPLFDO�LQGXVWU\�LV
FXUUHQWO\�WUHDWHG�ZLWK�FRQYHQWLRQDO�DFWLYDWHG�VOXGJH
SURFHVV� �&$63��� ,W� KDV� EHHQ� VXFFHVVIXOO\� XVHG� IRU

6KDNHUNKDWLEL��0���0RQDMHPL��3����-DIDU]DGHK��0�7�����0RNKWDUL��6�$���DQG�)DUVKFKLDQ��0�5��

�'HSDUWPHQW�RI�(QYLURQPHQWDO�+HDOWK�(QJLQHHULQJ��7DEUL]�8QLYHUVLW\�RI�0HGLFDO�6FLHQFHV��7DEUL]��,UDQ
��'HSDUWPHQW�RI�&LYLO�(QJLQHHULQJ��8QLYHUVLW\�RI�6KLUD]��6KLUD]��,UDQ

��0DQDJHU�RI�(QYLURQPHQW��1DWLRQDO�,UDQLDQ�3HWURFKHPLFDO�&RPSDQ\��7HKUDQ��,UDQ
�'HSDUWPHQW�RI�(QYLURQPHQWDO�+HDOWK�(QJLQHHULQJ��$UGDELO�8QLYHUVLW\�RI�0HGLFDO�6FLHQFHV�

$UGDELO��,UDQ



���

6KDNHUNKDWLEL��0��HW�DO�

WUHDWLQJ� SHWURFKHPLFDO�ZDVWHZDWHUV� VR� WKH� WUHDWHG
HIIOXHQW� XVXDOO\�PHHWV� WKH� LQGXVWULDO� ZDVWHZDWHU
GLVFKDUJH�VWDQGDUGV��)DOODK�HW�DO����������+RZHYHU�
WKHUH� DUH� VRPH� FRPPRQ� SUREOHPV� DVVRFLDWHG� ZLWK
FRQYHQWLRQDO�PHWKRGV�IRU�WUHDWLQJ�WKH�ZDVWH�VWUHDPV
ZLWK� VSHFLDO� FKDUDFWHULVWLFV� H�J�� IRU� WKH�ZDVWHZDWHU
JHQHUDWHG�IURP�(2�(*��DFU\ORQLWULOH�EXWDGLHQH�VW\UHQH
�$%6�� �6KDNHUNKDWLEL�HW�DO���������DQG�VRPH�RWKHU
HIIOXHQWV�IURP�SHWURFKHPLFDO�LQGXVWULHV��)RU�LQVWDQFH�
WKH�LQWURGXFWLRQ�RI�(2�(*�HIIOXHQWV�WR�WKH�FHQWUDO�&$63
ORFDWHG�DW�$UDN�3HWURFKHPLFDO�&RPSOH[�FDQ�UHVXOW�LQ
WKH� ORVV� RI� WKH� V\VWHP� SHUIRUPDQFH� GXH� WR� LWV� KLJK
&2'�FRQFHQWUDWLRQV��7KHUHIRUH��ILQGLQJ�DQ�DOWHUQDWLYH
PHWKRG�IRU�WUHDWLQJ�(2�(*�ZDVWHZDWHU�KDV�EHFRPH�D
FULWLFDO�LVVXH�WR�VDWLVI\�WKH�HIIOXHQW�GLVFKDUJH�VWDQGDUGV�
,QFUHDVLQJO\��WKH�VHTXHQFLQJ�EDWFK�UHDFWRU��6%5��KDV
EHHQ�GHPRQVWUDWHG� WR� EH�D� YLDEOH�DOWHUQDWLYH� WR� WKH
FRQYHQWLRQDO� FRQWLQXRXV�IORZ� DFWLYDWHG� VOXGJH
SURFHVV��&KDQ�DQG�/LP��������0DKPRXGNKDQL�HW�DO��
������6HOYDPXUXJDQ�HW�DO���������$GO�HW�DO���������8HPXUD
HW�DO����������,W�LV�NQRZQ�DV�D�IOH[LEOH�DQG�HIIHFWLYH�V\VWHP
IRU�WKH�ELRORJLFDO�WUHDWPHQW�RI�ZDVWHZDWHU��HYHQ�WKRXJK
WKHUH� DUH� KLJK� FRQFHQWUDWLRQV� RI� WR[LF� FRPSRXQGV
SURGXFHG�E\�YDULRXV�LQGXVWULDO�SURFHVVHV��$Q�6%5�LV�D
SHULRGLFDOO\�RSHUDWHG��ILOO�DQG�GUDZ�UHDFWRU��,W�KDV�ILYH
GLVFUHWH�SHULRGV�LQ�HDFK�RSHUDWLRQ�F\FOH�LQFOXGLQJ�ILOO�
UHDFW��VHWWOH��GUDZ��DQG�LGOH��5HDFWLRQV�VWDUW�GXULQJ�ILOO
DQG�FRPSOHWH�GXULQJ�UHDFW��$IWHU�UHDFW��WKH�PL[HG�OLTXRU
VXVSHQGHG�VROLGV��0/66��DUH�DOORZHG�WR�VHSDUDWH�E\
VHGLPHQWDWLRQ�GXULQJ�VHWWOH�LQ�D�GHILQHG�WLPH�SHULRG�
WKH�WUHDWHG�HIIOXHQW�LV�ZLWKGUDZQ�GXULQJ�GUDZ��7KH�WLPH
SHULRG�EHWZHHQ�WKH�HQG�RI�WKH�GUDZ�DQG�WKH�EHJLQQLQJ
RI� WKH� QHZ� ILOO� LV� WHUPHG� LGOH� �7VDQJ� HW� DO��� �����
0DODNDKPDG�HW�DO����������$�QXPEHU�RI�SDSHUV�ZKLFK
SURYLGH�JRRG�GHVFULSWLRQ�DQG�HYDOXDWLRQ�RI�WKH�6%5
V\VWHPV�LQ�&2'��QLWURJHQ��DQG�SKRVSKRURXV�UHPRYDO
�.LP�HW�DO����������WUHDWPHQW�RI�SHWURFKHPLFDO�ZDVWHZDWHU
FRQWDLQLQJ�+J�DQG�&G��0DODNDKPDG�HW�DO����������WH[WLOH
ZDVWHZDWHU�WUHDWPHQW�DQG�UHFODPDWLRQ��.KRXQL�HW�DO��
������=XULDJD�$JXVWL�HW�DO����������WUHDWPHQW�RI�KLJK
QLWURJHQ�ORDGHG�ZDVWHZDWHU��*DQLJXH�HW�DO���������DQG
WUHDWPHQW�RI�GLIIHUHQW�LQGXVWULDO�ZDVWHZDWHUV��9DO�GHO
5LR�HW�DO���������.XONDUQL��������9ROPDMHU�9DOK�HW�DO��
������0ZLQ\LKLMD��������2QRGHUD�HW�DO���������$UVKDG
DQG�+DVKLP��������7DNDKDVKL�HW�DO���������+DVVDQL�HW
DO���������+DQ�HW�DO���������6DIDUL�HW�DO���������$PDQL�HW
DO���������$NEDUSRXU�7RORWL�DQG�0HKUGDGL��������KDYH
EHHQ� SXEOLVKHG�� +RZHYHU�� WKHUH� DUH� OLPLWHG
LQYHVWLJDWLRQV�LQ�WKH�OLWHUDWXUH�RQ�WKH�WUHDWPHQW�RI�WKH
(2�(*�FRQWDLQLQJ�SHWURFKHPLFDO�ZDVWHZDWHU�XVLQJ�6%5
WHFKQRORJ\�� 7KH�ZDVWHZDWHU� JHQHUDWHG� IURP� VXFK
LQGXVWULHV�FRQVWLWXWH�YDULRXV�RUJDQLF�VXEVWDQFHV�XVHG
LQ�WKH�SURFHVV��LQRUJDQLF�VDOWV��RUJDQLF�VROYHQWV��HWF�
ZKLFK�UHVXOW�LQ�KLJK�&2'��ORZ�%2'��KLJK�VDOW�FRQWHQW
�7'6���WR[LF�DQG�LQKLELWRU\�VXEVWDQFHV�LQ�ZDVWHZDWHU

ZKLFK� LQKLELW� WKH� ELRORJLFDO�SURFHVV� �0RKDQ�HW� DO��
������

7KH� SXUSRVH� RI� WKH� SUHVHQW� VWXG\� ZDV� WR
LQYHVWLJDWH� WKH� DSSOLFDWLRQ� RI� 6%5� WHFKQRORJ\� IRU
WUHDWLQJ�(2�(*�SODQW�HIIOXHQWV�DW�WKH�$UDN�SHWURFKHPLFDO
FRPSOH[�ORFDWHG�LQ�WKH�FHQWHU�RI�,UDQ��,Q�DGGLWLRQ��WKH
LQIOXHQFH�RI�WKH�YDU\LQJ�RI�WKH�RUJDQLF�ORDGLQJ�UDWHV
�2/5V���WKH�K\GUDXOLF�UHWHQWLRQ�WLPHV��+57V��DQG�VOXGJH
DJH��657��RQ�WKH�UHDFWRU�SHUIRUPDQFH�ZHUH�VWXGLHG�
7KLV�ZRUN�DOVR�DLPV�WR�GHWHUPLQH�WKH�NLQHWLF�FRHIILFLHQWV
EDVHG�RQ�0RQRG�NLQHWLFV�

0$7(5,$/6�	�0(7+2'6
)RXU�LGHQWLFDO�SOH[L�JODVV�UHDFWRUV�ZLWK�WRWDO�DQG

HIIHFWLYH�OLTXLG�YROXPHV�RI���DQG���/�ZHUH�RSHUDWHG
UHVSHFWLYHO\�LQ�SDUDOOHO��7KH�UHDFWRUV�KDG�DQ�LQWHUQDO
GLDPHWHU�RI�����P�DQG�����P�OHQJWK�ZLWK�WKH�RXWOHW�RI�WKH
UHDFWRU�XVHG�IRU�ZDVWHZDWHU�ZLWKGUDZDO�DW������P�OHQJWK
IURP�WKH�ERWWRP�RI�WKH�UHDFWRU��$LU�VXSSO\�ZDV�E\�PHDQV
RI�GLIIXVHG�DHUDWRUV�SODFHG�DW�WKH�ERWWRP�RI�WKH�UHDFWRUV
FRQQHFWHG�WR�D�VSDUJHU�DUUDQJHPHQW��7KH�DPRXQW�RI
R[\JHQ�VXSSOLHG�LQ�WKH�DHUDWLRQ�SKDVH�ZDV�UHJXODWHG
LQ�RUGHU�WR�PDLQWDLQ�R[\JHQ�FRQFHQWUDWLRQ�RYHU���PJ�/
LQ�DOO�WKH�UHDFWRUV�GXULQJ�WKH�H[SHULPHQWV��)HHGLQJ�
VOXGJH�ZDVWLQJ�DQG�HIIOXHQW�GLVFKDUJH�ZHUH�SHUIRUPHG
E\�SHULVWDOWLF�SXPSV��53������(<(/$���7KH�URXJK
RSHQLQJV�ORFDWHG�LQ�WKH�FRYHU�RI�WKH�UHDFWRUV��$HUDWRUV�
IHHG� DQG� GHFDQW� SXPSV�ZHUH� FRQWUROOHG� E\� WLPHUV�
0L[LQJ�ZDV� HQVXUHG� E\� D�PDJQHWLF� VWLUUHU��$W� WKH
EHJLQQLQJ�RI�HDFK�F\FOH��LPPHGLDWHO\�DIWHU�ZLWKGUDZDO�
D�SUH�GHILQHG�IHHG�YROXPH�ZDV�SXPSHG�LQWR�WKH�V\VWHP
DQG�WKH�UHDFWRU�YROXPH�ZDV�UH�FLUFXODWHG�ZLWK�DHUDWLRQ
GXULQJ� WKH� UHDFWLRQ� SKDVH��$W� WKH�HQG� RI� WKH� F\FOH�
VXVSHQGHG�ELRPDVV�VHWWOHG�DQG�HIIOXHQW�ZDV�ZLWKGUDZQ
IURP�WKH�UHDFWRU��'XULQJ�HDFK�F\FOH������/�RI�WKH�IHHG
VROXWLRQ�ZHUH�LQWURGXFHG�FRQWLQXRXVO\�GXULQJ�WKH�),//
SHULRG�DQG�WKH�VDPH�YROXPH�RI�WUHDWHG�HIIOXHQW�ZDV
UHPRYHG�GXULQJ� WKH�'5$:� SHULRG��7KH� S+� RI� WKH
LQIOXHQW�ZDV� DGMXVWHG� WR� �������� EHIRUH�ZDVWHZDWHU
IHHGLQJ�� 7KH� OD\�RXW� RI� WKH� SLORW�VFDOH� UHDFWRU� DQG
FRQWURO�V\VWHP�DUH�VKRZQ�LQ�)LJ����

7ZR�VHULHV�RI�H[SHULPHQWV�ZHUH�FDUULHG�RXW�LQ�WKH
SLORW�VFDOH�6%5V��,Q�WKH�ILUVW�RQH��IRU�WKH�VWDUW�XS�RI�WKH
UHDFWRUV��WKH�UHVHDUFKHUV�FROOHFWHG�WKH�DFWLYDWHG�VOXGJH
XVHG�DV�LQRFXOXPV�IURP�WKH�UHWXUQ�VOXGJH�RI�WKH�FHQWUDO
ZDVWHZDWHU� WUHDWPHQW� SODQW� LQ�$UDN� SHWURFKHPLFDO
FRPSOH[��7KH�FROOHFWHG�VOXGJH�ZDV�DHUDWHG�IRU��±��GD\V
DW�URRP�WHPSHUDWXUH�EHIRUH�LQRFXODWLQJ�WKH�UHDFWRUV�
7KHQ��WKH�VOXGJH�ZDV�LQWURGXFHG�WR�6%5V�LQ�RUGHU�WR
REWDLQ� D� FRQFHQWUDWLRQ� RI� WRWDO� VXVSHQGHG� VROLGV� RI
DURXQG� �� J�/�� 'XULQJ� WKH� VWDUW�XS� RI� WKH� UHDFWRUV�
+\GUDXOLF�5HVLGHQFH�7LPHV��+57V��RI����K�DQG�6OXGJH
5HVLGHQFH�7LPHV��657V��RI������GD\V�ZHUH�HPSOR\HG�
%LRPDVV�FRQFHQWUDWLRQ�LQ�WKH�UHDFWRUV�ZDV�PDLQWDLQHG
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)LJ�����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�VHTXHQFLQJ�EDWFK�UHDFWRU�
���)HHG�WDQN�����3HULVWDOWLF�SXPS��)HHG������/HYHO�VHQVRU�����6%5�UHDFWRU�����$LU�GLIIXVHU�

���7LPHU�����3HULVWDOWLF�SXPS��(IIOXHQW������(IIOXHQW�WDQN�����$LU�FRPSUHVVRU

EHWZHHQ������DQG������PJ�966�/��7KH�V\VWHP�KDG
EHHQ�RSHUDWHG�DW�WKH�URRP�WHPSHUDWXUH�����&��GXULQJ
WKH�ILUVW�PRQWK�RI�H[SHULPHQWV�WR�UHDFK�D�VWHDG\�VWDWH
EHIRUH�VWDUWLQJ�IXUWKHU�RSHUDWLRQV��$W�WKH�HQG�RI� WKH
VWDUW�XS�SHULRG��WKH�2/5V�LQ�6%5���WR���UHDFKHG�����
�����������DQG������J�&2'�P��GD\�UHVSHFWLYHO\�

,Q�WKH�VHFRQG�VHULHV�RI�H[SHULPHQWV����UXQV�ZHUH
FDUULHG�RXW�ZLWK�GLIIHUHQW�657�VR�WKDW�LQ�WKH��VW���QG
DQG��UG�UXQV��WKH�VOXGJH�DJHV�ZHUH��������DQG����GD\V
UHVSHFWLYHO\��7KH�657�LQ�WKLV�UXQV�ZDV�PDLQWDLQHG�E\
FDUU\LQJ�RII�WKH�H[FHVV�VOXGJH�LQ�WKH�DPRXQWV�RI����
FP��F\FOH�LQ�WKH��VW�UXQ������FP��F\FOH�LQ�WKH��QG�UXQ�DQG
����FP��F\FOH�LQ�WKH��UG�UXQ��,Q�DOO�WKH�UXQV��WKH�+57
ZHUH�����GD\��6%5����������GD\��6%5�������GD\��6%5���
DQG�����GD\V��6%5�����7KH�HIIOXHQW�IURP�WKH�(2�(*
LQGXVWU\�ORFDWHG�DW�$UDN�SHWURFKHPLFDO�FRPSOH[�XVHG
DV�WKH�LQIOXHQW�RI�6%5V��ZDV�FROOHFWHG�DQG�LPPHGLDWHO\
UHIULJHUDWHG�DW� ��&��1XWULHQWV� VXFK�DV� XUHD� DQG� GL�
SRWDVVLXP� K\GURJHQ� SKRVSKDWH� ZHUH� VXSSOLHG� WR
PDLQWDLQ�D�&2'�1�3�UDWLR�RI����������,Q�DOO�WKH�UXQV��WKH
DFWXDO�ZDVWHZDWHU�IURP�(2�(*�LQGXVWU\�ZDV�LQWURGXFHG
WR�WKH�6%5���������DQG���ZLWK�WKH�&2'�FRQFHQWUDWLRQV
RI������������������DQG������PJ�/�UHVSHFWLYHO\��7KH
GHWDLOHG�FKDUDFWHULVWLFV�RI�WKH�ZDVWHZDWHU�IURP�(2�(*
LQGXVWU\�LQ�$UDN�SHWURFKHPLFDO�FRPSOH[�DUH�JLYHQ�LQ
7DEOH����7KH�SKDVH�GXUDWLRQ�DQG�RSHUDWLQJ�FRQGLWLRQV
RI�WKH�6%5V�DUH�VKRZQ�LQ�7DEOH����7KH�UHDFWRUV�ZHUH
RSHUDWHG�IRU�DW�OHDVW���ZHHNV�DW�HDFK�FRPELQDWLRQ�RI
RSHUDWLQJ�FRQGLWLRQV�LQYHVWLJDWHG�LQ�RUGHU�WR�HQVXUH
VWDEOH� SHUIRUPDQFH� EHIRUH� WKH� FRUUHVSRQGLQJ� GDWD
FROOHFWLRQ�� 7KH� SHUIRUPDQFH� RI� WKH� UHDFWRUV� ZDV
HYDOXDWHG�DW�WKH�LQIOXHQW�RI�&2'�FRQFHQWUDWLRQV�DQG
GLIIHUHQW�RSHUDWLQJ�FRQGLWLRQV�RI�HDFK�F\FOH��$IWHU�WKH
DWWDLQPHQW�RI�VWDEOH�RSHUDWLQJ�FRQGLWLRQV�LQ�WHUPV�RI
WKH�&2'� WUHDWPHQW�HIILFLHQF\�DQG�WKH�PL[HG�OLTXRU
VXVSHQGHG� VROLGV� �0/66�� FRQFHQWUDWLRQ� IRU� HDFK

LQIOXHQW�&2'�FRQFHQWUDWLRQ��WKH�PDMRU�SDUDPHWHUV�ZHUH
GHWHUPLQHG�

'XULQJ� WKH�VWXG\�� WKH� FRQFHQWUDWLRQ�RI� LQIOXHQW
DQG�HIIOXHQW�&2'��6WDQGDUG�FRGH���������S+��0DUWLQL
LQVWUXPHQWV�� S+������ WKH� GLVVROYHG� R[\JHQ� �(XWHFK
LQVWUXPHQWV��&\EHUVFDQ�'2�������766��6WDQGDUG�FRGH�
�����'��� 966� �6WDQGDUG� FRGH�� �����(��� 1+

�
��1

�6WDQGDUG�FRGH�������1+
�
�'���12

�
��1��6WDQGDUG�FRGH�

�����12
�
��%��� 32

�
���3� �6WDQGDUG� FRGH�� ������ DQG

DONDOLQLW\��6WDQGDUG�FRGH��������ZHUH�PHDVXUHG��7KH
DQDO\WLFDO�SURFHGXUHV�XVHG�IRU�SDUDPHWHU�GHWHUPLQDWLRQ
ZHUH�WKRVH�RXWOLQHG�LQ�WKH�6WDQGDUG�0HWKRGV��$3+$�
�������$OO�WKH�VROXEOH�SDUDPHWHUV�ZHUH�GHWHUPLQHG�LQ
VDPSOHV�ILOWHUHG�WKURXJK�������P�PHPEUDQH�ILOWHU�

5(68/76�	�',6&866,21
7KH�VWDUW�XS�SHULRG�RI�WKH�UHDFWRUV�ZDV�FDUULHG�RXW

XVLQJ�JOXFRVH�DV�ELRJHQLF�VXEVWUDWH�ZLWK�WKH�LQIOXHQW
&2'�FRQFHQWUDWLRQV�RI������������������DQG������PJ�
/�IRU�6%5���WR���UHVSHFWLYHO\��'XULQJ�WKH�DFFOLPDWLRQ
SHULRG��JOXFRVH�ZDV�UHSODFHG�ZLWK�WKH�DFWXDO�(2�(*
HIIOXHQW�JUDGXDOO\��WR�UHDFK�WKH�GHVLUHG�FRQFHQWUDWLRQV�
)LJ����SUHVHQWV�WKH�&2'�UHPRYDO�HIILFLHQF\�RI�6%5V�DW
GLIIHUHQW�FRQFHQWUDWLRQV�RI�IHHG�ZDVWHZDWHU�IURP����WR
���� SHUFHQW� RI� ZKLFK� ZDVWHZDWHU� ZLWK� ����
FRQFHQWUDWLRQ�UHIHUV�WKH�PHDQ�&2'�YDOXHV�RI������PJ�
/��$V�FDQ�EH�VHHQ�IURP�)LJ�����DOO�UHDFWRUV�SUHVHQWHG�DQ
HIILFLHQW�SHUIRUPDQFH�IRU�SROOXWDQW�UHPRYDO�VR�WKH�&2'
UHPRYDO�HIILFLHQFLHV�ZHUH�DOPRVW�WKH�VDPH�DW�DOO�UHDFWRUV�
7KH�PRVW� VWULNLQJ� UHVXOW� WR� HPHUJH� IURP� WKH� GDWD
SUHVHQWHG�LQ�)LJ����LV�WKDW�D�VLJQLILFDQW�SRUWLRQ�RI�WKH
LQIOXHQW�&2'�LV�ELRORJLFDOO\�GHJUDGDEOH�

$IWHU�VWDUWLQJ�XS�RI�WKH�UHDFWRUV��WKH�6%5V�ZHUH
RSHUDWHG�XQGHU�YDULDEOH�DHUDWLRQ�WLPH��+57V�DQG�VOXGJH
DJHV��$OO�WKH�UXQV�ZHUH�FRQWLQXHG�WR�DFKLHYH�VWHDG\
VWDWH� FRQGLWLRQV� DQG� WKH� UHDFWRUV� SHUIRUPDQFH�ZDV
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)LJ�����&2'�UHPRYDO�GXULQJ�VWDUW�XS�SHULRG�DW�+57�RI����K�

DVVHVVHG� E\� PRQLWRULQJ� &2'� UHPRYDO� GXULQJ� WKH
VHTXHQFHV�RSHUDWLRQ�DQG�DOVR�WKURXJKRXW�WKH�UHDFWRUV
RSHUDWLRQ��7KH�UHDFWRUV�ZHUH�DVVXPHG�WR�EH�RSHUDWLQJ
DW� VWHDG\� VWDWH� ZKHQ� WKH� PHDVXUHG� HIIOXHQW� &2'
FRQFHQWUDWLRQV�GLG� QRW� VKRZ�YDULDWLRQV� KLJKHU� WKDQ
����DW�OHDVW�IRU�WKH�ODVW�ILYH�PHDVXUHPHQWV�

7KH�HIIHFW�RI�DHUDWLRQ�WLPH�RQ�WKH�SHUIRUPDQFH�RI
UHDFWRUV��VXFK�DV�&2'�UHPRYDO��ZDV�VWXGLHG�DW�IRXU
GLIIHUHQW�WLPH�RI�DHUDWLRQ�LQFOXGLQJ������������������DQG
�����K�ZLWK�WKH�VOXGJH�DJHV�RI��������DQG����GD\V��7KH
YDULDWLRQ�RI�&2'�UHPRYDO�DV�D�IXQFWLRQ�RI�DHUDWLRQ�WLPH
XQGHU�VOXGJH�DJHV�RI����DQG����GD\V�DUH�GHSLFWHG�LQ
)LJ����DQG���UHVSHFWLYHO\�

$V�VKRZQ�LQ�)LJV����DQG����6%5���DQG���UHTXLUHG
DERXW����K�RI�WKH�UHDFW�SHULRG�WR�UHPRYH�WKH�VLJQLILFDQW
SRUWLRQ�RI�WKH�&2'��$FFRUGLQJO\�������DQG������SHUFHQW
&2'�UHPRYDO�DW�657�RI����GD\V�DQG����SHUFHQW�&2'
UHPRYDO�DW�657�RI����GD\V�ZHUH�REVHUYHG�UHVSHFWLYHO\
IRU�6%5���DQG���DW�WKH�2/5V�RI�����DQG���NJ�&2'�
P��GD\��+RZHYHU��WKH�&2'�UHPRYDO�UDWHV�ZHUH�VORZ�DW
WKH�DHUDWLRQ�WLPH�JUHDWHU�WKDQ����K�IRU�WKH�UHDFWRUV��
DQG����7R�UHDFK�WKH�&2'�UHPRYDO�RI�����DW�WKH�657�RI
���GD\V�DQG�����DW�WKH�657�RI����GD\V��WKH�DHUDWLRQ
WLPH�RI������K�ZDV�UHTXLUHG�DW�WKH�2/5�RI���NJ�&2'�
P��GD\�IRU�6%5����$QRWKHU�LPSRUWDQW�ILQGLQJ�ZDV�WKDW
WKH�DHUDWLRQ�WLPHV�UHTXLUHG�IRU�6%5���ZHUH������DQG
�����K�WR�UHDFK�WKH�&2'�UHPRYDO�RI������DQG�������DW
WKH� VOXGJH� DJHV� RI� ��� DQG� ��� GD\V� UHVSHFWLYHO\�
$FFRUGLQJ�WR�WKH�UHVXOWV��WKH�657�KDV�QR�VLJQLILFDQW
HIIHFWV�RQ�WKH�SHUIRUPDQFH�RI�6%5���DQG���DW�WKH�DHUDWLRQ
WLPH�JUHDWHU�WKDQ������K��$OWKRXJK��WKHVH�UHVXOWV�GLIIHU
IURP�VRPH�SXEOLVKHG�VWXGLHV�L�H���6LULDQXQWDSLERRQ�DQG
%RRQFKXSOHLQJ�� ������� WKH\� DUH� FRQVLVWHQW� ZLWK
.DUDSLQDU�.DSGDQ�DQG�2]WXUN��������ZKR�IRXQG�WKDW
WKH�LQFUHDVLQJ�LQ�657�IURP����WR����GD\V�GLG�QRW�DIIHFW
WKH�FRORU�DQG�&2'�UHPRYDO�HIILFLHQFLHV�RI�6%5�WUHDWLQJ
DQ�LQGXVWULDO�ZDVWHZDWHU��7KLV�PD\�EH�GXH�WR�WKH�OLPLWHG
FDSDFLW\�RI�PLFURRUJDQLVPV�DQG�RU�LW�PD\�DOVR�EH�WKH

UHVXOW�RI�WKH�OLPLWDWLRQ�RI�R[\JHQ�WUDQVIHU�ZLWKLQ�WKH
6%5���DQG����+RZHYHU��LQ�WKH�FDVH�RI�UHDFWRUV���DQG���
ZLWK�DQ�LQFUHDVH�RQ�657�DW�WKH�DOO�DHUDWLRQ�WLPH��WKH
&2'� UHPRYDO� HIILFLHQFLHV� ZHUH� LQFUHDVHG�� ,W� LV
HQFRXUDJLQJ�WR�FRPSDUH�WKLV�ILQGLQJ�ZLWK�WKDW�IRXQG
E\�6LULDQXQWDSLERRQ�DQG�%RRQFKXSOHLQJ��������ZKR
IRXQG� WKDW� WKH� UHPRYDO� HIILFLHQFLHV� RI�6%5� V\VWHP
WUHDWLQJ�LQGXVWULDO�ZDVWHZDWHU�ZHUH�LQFUHDVHG�ZLWK�WKH
LQFUHDVH�RI�0/66�FRQFHQWUDWLRQV�

,QLWLDOO\��LW�VHHPHG�WKDW�WKH�DSSURSULDWH�VOXGJH�DJH
IRU� WKH� 6%5� ZDV� DERXW� ��� GD\V�� ZKLOH� WKH� UHVXOWV
VKRZHG�WKDW�WKH�657�YDOXH�RI����GD\V�ZDV�LQVXIILFLHQW
HVSHFLDOO\�DW� WKH� ORQJHU�+57V�VXFK�DV���� DQG����K
ZKLFK�FDQ� UHGXFH� WKH� VOXGJH�FRQWHQW� LQ� WKH�V\VWHP
JUDGXDOO\��7KH�HIIHFW�RI�WKH�VOXGJH�DJH�RQ�WKH�6%5V
SHUIRUPDQFH�DW�WKH�+57�YDOXHV�RI����DQG����K�LV�VKRZQ
LQ�)LJV����DQG���UHVSHFWLYHO\��$V�VKRZQ�LQ�)LJV����DQG
���WKH�&2'�UHPRYDO�UDWH�LV�VLJQLILFDQWO\�DIIHFWHG�E\
WKH�VOXGJH�DJH��VR�WKH�GLIIHUHQFH�EHWZHHQ�&2'�UHPRYDO
HIILFLHQF\�DW�WKH�657�RI����YHUVXV����GD\V�LV�UHPDUNDEOH�
+RZHYHU��LW�VHHPV�WKDW�WKH�DSSURSULDWH�657�YDOXHV�IRU
LQIOXHQW�&2'�FRQFHQWUDWLRQV�RI������WR������PJ�/�DQG
����� WR� ����� PJ�/� ZHUH� DERXW� ��� DQG� ��� GD\V
UHVSHFWLYHO\��,W�LV�DSSDUHQW�IURP�WKHVH�)LJV�� WKDW�WKH
GHFUHDVH�LQ�WKH�DPRXQW�RI�WKH�VOXGJH� LQ�WKH�V\VWHP
FDXVHG�D�VLJQLILFDQW�GHFUHDVH�LQ�WKH�HOLPLQDWLRQ�RI�WKH
&2'�� 7KLV� ILQGLQJ� LV� LQ � DJUHHPHQW� ZLWK
6LULDQXQWDSLERRQ� DQG� %RRQFKXSOHLQJ¶V� ������
ILQGLQJV�ZKLFK�VKRZHG�WKH�GLUHFW�UHODWLRQVKLS�EHWZHHQ
ELR�VOXGJH� FRQFHQWUDWLRQV� DQG� WKH� &2'� UHPRYDO
HIILFLHQFLHV�LQ�6%5�

7KH�HIIHFW�RI�657�RQ�WKH�0/66�FRQFHQWUDWLRQV
XQGHU�+57�YDOXHV�RI����DQG����K�LV�VKRZQ�LQ�)LJV���
DQG���UHVSHFWLYHO\��$V�LW�FDQ�EH�VHHQ�IURP�WKH�)LJV���
DQG����WKHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�0/66
FRQFHQWUDWLRQV� DW� WKH� +57� YDOXHV� RI� ��� DQG� ��� K�
KRZHYHU�WKH�0/66�FRQFHQWUDWLRQV�DW�DOO�VWXGLHG�+57V
ZHUH�DIIHFWHG�E\�657�YDOXHV��6LULDQXQWDSLERRQ�DQG
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)LJ�����&2'�UHPRYDO�HIILFLHQFLHV�XQGHU�YDULRXV�657�DW�WKH�+57�RI����K�
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,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

%RRQFKXSOHLQJ���������,Q�DGGLWLRQ��FRPSDULQJ�WKH�0/66
FRQFHQWUDWLRQV�EHWZHHQ�WKH�WZR�V\VWHPV�RI�6%5�DQG
WKH� FRQYHQWLRQDO� DFWLYDWHG� VOXGJH� UHYHDOHG� WKDW� WKH
YDOXHV�REVHUYHG�LQ�WKLV�VWXG\�ZHUH�JUHDWHU�WKDQ�WKRVH
UHSRUWHG�LQ�WKH�OLWHUDWXUH�IRU�WKH�FRQYHQWLRQDO�DFWLYDWHG
VOXGJH� V\VWHPV�

)LJ�� �� SURYLGHV� WKH� UHVXOWV� RI� VOXGJH� VHWWOLQJ
H[SHULPHQWV�DW�GLIIHUHQW�+57V��1R�VLJQLILFDQW�GLIIHUHQFHV
ZHUH�IRXQG�EHWZHHQ�WKH�FXUYHV�REWDLQHG�DW�WKH�+57V
RI����DQG����K��+RZHYHU��WKH�HODSVHG�WLPH�IRU�VHWWOLQJ�RI
WKH�VOXGJH�LQFUHDVHG�ZKHQ�WKH�+57�YDOXHV�GHFUHDVHG�
,Q�RWKHU�ZRUGV��WKH�VOXGJH�JHQHUDWHG�DW�KLJKHU�+57
FRQGLWLRQV� KDG� EHWWHU� VHWWOLQJ� FKDUDFWHULVWLFV� GXH� WR
IRUPDWLRQ� RI� KHDYLHU� IORFV�� 7KLV� ILQGLQJ� VXSSRUWV
SUHYLRXV�UHVHDUFK�LQWR�WKLV�DUHD�ZKLFK�OLQNV�+57�DQG
VOXGJH�VHWWOLQJ�FKDUDFWHULVWLFV��6LULDQXQWDSLERRQ�HW�DO��
�������)LJ�����FRPSDUHV�WKH�RSWLPXP�WLPH�IRU�VOXGJH
VHWWOLQJ�DW�GLIIHUHQW�+57V��7KH�GDWD�LQ�)LJ�����GHSLFWV
WKH�OHQJWK�RI�WLPH�WR�REWDLQ�VWDEOH�VHWWOLQJ�LV�ORQJHU
ZKHQ�WKH�6%5�LV�RSHUDWHG�XQGHU� VKRUWHU�+57V��7KH
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UHVXOWV�VKRZHG�WKDW�WKH�RSWLPXP�VHWWOLQJ�WLPH�ZHUH���
DQG� ��� PLQ� DW� WKH� +57� YDOXHV� RI� ��� DQG� ��� K
UHVSHFWLYHO\�

2QH�RI�WKH�PRVW�LPSRUWDQW�SDUDPHWHUV�WR�DVVHVV
WKH�VWDELOLW\�RI�WKH�VOXGJH�LQ�DQ\�DHURELF�VXVSHQGHG
JURZWK�V\VWHP�LV�VOXGJH�YROXPH�LQGH[��69,���69,�ZDV
PRQLWRUHG�GXULQJ�WKH�H[SHULPHQWV�DW�WKH�HQG�RI�HDFK
F\FOH� EHIRUH� VWDUWLQJ� GHFDQW� SHULRG�� 7KH� UHVXOWV
REWDLQHG�IURP�WKH�GHWHUPLQDWLRQ�RI�69,�DW�WKH�VWHDG\
VWDWH� FRQGLWLRQV� XQGHU� GLIIHUHQW� YDOXHV� RI�+57� DUH
SUHVHQWHG� LQ�7DEOH� ���7KH�69,�ZDV� UHODWLYHO\� KLJK
LQLWLDOO\� DW� WKH�2/5� RI� ���� NJ�&2'�P��GD\� ZLWK
FRUUHVSRQGHG�+57�RI����K��$Q�LQFUHDVH�RI�2/5�UHVXOWHG
LQ�D�GHFUHDVH�RI�69,��+RZHYHU��WKH�69,�ZDV�JRRG��EHORZ
�����GXULQJ�WKH�VWDEOH�RSHUDWLRQ�RI�6%5V��$V�PHQWLRQHG
LQ�WKH�OLWHUDWXUH�E\�0RKDQ�HW�DO����������WKH�VOXGJH
QRUPDOO\�VHWWOHV�ZHOO�LQ�6%5�DW�KLJK�FRQFHQWUDWLRQ�RI
'2�� LQ� FRPSDULVRQ�ZLWK� RWKHU� DHURELF� VXVSHQGHG
JURZWK�V\VWHPV��'XULQJ�DOO�H[SHULPHQWDO�UXQV�LQ�SUHVHQW
VWXG\��WKH�FRQFHQWUDWLRQ�RI�'2�ZDV�PDLQWDLQHG�DW�WKH
UDQJH�RI���WR���PJ�/�

��

��

��

��

��

��

���

���

�� �� �� ��

+57��K�

2
S
W�
�6
HW
W�
�7
LP
H�
�P
LQ
�

)LJ������2SWLPXP�VHWWOLQJ�WLPHV�DV�D�IXQFWLRQ�RI�+57�LQ�6%5V��6OXGJH�DJH�����GD\V�

)LJ�����6HWWOLQJ�FXUYHV�DW�YDULRXV�+57V
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(2�(*�:DVWHZDWHU�7UHDWPHQW

7KH�SHUIRUPDQFH�RI�6%5���WR���DV�&2'�UHPRYDO
HIILFLHQF\�DW�YDULRXV�RSHUDWLRQDO�FRQGLWLRQV�LQ�WHUPV
RI�DHUDWLRQ�SHULRG��+57�DQG�657�ZDV�FRPSDUHG�LQ�7DEOH
��� $FFRUGLQJ� WR� WKH� GDWD� LQ� WKLV� WDEOH� WKH� PRVW
DFFHSWDEOH�UHPRYDO�HIILFLHQFLHV�RI�������ZHUH�REWDLQHG
IRU�6%5����2/5� �����NJ�&2'�P��GD\��DQG�6%5����2/5
 ���NJ�&2'�P��GD\��DW�WKH�+57�DQG�657�YDOXHV�RI����K
DQG����GD\V�UHVSHFWLYHO\��+RZHYHU��LQ�RUGHU�WR�UHDFK
WKH�KLJKHVW�UHPRYDO�HIILFLHQFLHV�IRU�6%5����2/5� ���NJ�
&2'�P��GD\��DQG����2/5� ���NJ�&2'�P��GD\���ORQJHU
+57� DQG� 657�RI� ��� K� DQG� ��� GD\V�ZHUH� QHHGHG�
UHVSHFWLYHO\�

7KH�UHVXOWV�RI�H[SHULPHQWDO�DQDO\VLV�LQ�WHUPV�RI
0/66� DQG� HIIOXHQW�&2'�FRQFHQWUDWLRQV� DW� YDULRXV
ORDGLQJ�UDWHV�LQ�DOO�UHDFWRUV�DV�ZHOO�DV�WKH�FDOFXODWHG
SDUDPHWHUV� IRU� GHWHUPLQLQJ� NLQHWLF� FRHIILFLHQWV� DUH
SUHVHQWHG�LQ�7DEOH����7DEOH���LQGLFDWHV�WKDW�WKH�0/66

FRQFHQWUDWLRQV�IRU�6%5���WR���LQFUHDVHG�DV�WKH�DHUDWLRQ
WLPH�LQFUHDVHG�H[FHSW�IRU�WKH�RQHV�ZKRVH�WLPH�LV�ORQJHU
WKDQ����K��+RZHYHU��WKH�0/66�YDOXHV�IRU�UHDFWRU��
ZHUH�WKH�KLJKHVW�DQG�IRU�WKH�UHDFWRU���ZHUH�ORZHU�WKDQ
WKH�RWKHUV��7KLV�ILQGLQJ�LV�LQ�DJUHHPHQW�ZLWK�&KDQ�DQG
/LP¶V��������ILQGLQJV�WKDW�VKRZHG�DQ�LQFUHDVH�LQ�0/66
FRQFHQWUDWLRQV� GXH� WR� DQ� LQFUHDVH� LQ� WKH� LQIOXHQW
VXEVWUDWH�FRQFHQWUDWLRQV�LQ�WZR�6%5�FRQILJXUDWLRQV�
7KH�OLQHDU�UHJUHVVLRQ�IRU�GHWHUPLQDWLRQ�RI�<�DQG�N

G

GXULQJ�WKH�UHDFWLRQ�SHULRGV�RI����DQG����K�DUH�VKRZQ�LQ
)LJV�����DQG����UHVSHFWLYHO\��7KHVH�LOOXVWUDWLRQV�VKRZ
WKDW�WKH�YDOXHV�RI�<�ZHUH�������DQG�������PJ�0/66�
PJ�&2'�DQG�WKH�YDOXHV�RI�N

G
�ZHUH��������DQG����������

GD\�UHVSHFWLYHO\��,W�ZDV�REVHUYHG�WKDW�WKH�<�YDOXH�IRU
UHDFWLRQ�SHULRG�RI����K�ZDV�UHODWLYHO\�KLJKHU�WKDQ�WKH
UHDFWLRQ�SHULRG�RI����K��+RZHYHU��WKH�YDOXHV�RI�N

G
�LQ

ERWK�UHDFWLRQ�WLPH�ZHUH�DOPRVW�WKH�VDPH�

\� �������[���������

�����

�����

�����

��

���

���

���

���

���

���� ����� �� ��� ��� ��� ��� �� ����

G6�;DYH

G
;
�;
DY
H

\� �������[�� ������

����

����

�����

�

���

���

���

���

���

���

����� ���� � ��� ��� ��� ��� � ����

G6��;DYH

)LJ������/LQHDU�UHJUHVVLRQ�IRU�GHWHUPLQDWLRQ�RI�<�DQG�N
G
��UHDFWLRQ�WLPH� ����K�

)LJ������/LQHDU�UHJUHVVLRQ�IRU�GHWHUPLQDWLRQ�RI�<�DQG�N
G
��UHDFWLRQ�WLPH� ����K�
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,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

&21&/86,21
7KLV�VWXG\�DLPHG�WR�LQYHVWLJDWH�WKH�DSSOLFDWLRQ�RI�6%5
WHFKQRORJ\� IRU� WUHDWLQJ� SHWURFKHPLFDO� HIIOXHQWV
FRQWDLQLQJ�(2�(*��'XULQJ�WKH�ILYH�PRQWK�H[SHULPHQWV�
WKH� VWDEOH�SHUIRUPDQFH�RI� 6%5V�ZDV�DFKLHYHG��7KH
IROORZLQJ�ZDV�GUDZQ�IURP�WKH�REWDLQHG�UHVXOWV�
��������$�VPDOO�IUDFWLRQ�RI�FRQVWLWXHQWV�IRXQG�LQ�(2�(*
FRQWDLQLQJ�ZDVWHZDWHU�ZDV�QRW�HDVLO\�ELRGHJUDGDEOH
DW�WKH�VWDUW�XS�SHULRG�
������:LWK�LQFUHDVH�LQ�K\GUDXOLF�UHWHQWLRQ�WLPH��XS�WR���
K�IRU�6%5���DQG���DQG��XS�WR����K�IRU�6%5���DQG�����WKH
&2'�UHPRYDO�UDWH�LQFUHDVHG��KRZHYHU��WKH�SHUIRUPDQFH
RI�WKH�UHDFWRUV�ZDV�QRW�VLJQLILFDQWO\�LPSURYHG�DW�KLJKHU
+57V�
��� ����7KH�HIIOXHQW�&2'�IURP�6%5V�LV�GHSHQGHQW�RQ
VOXGJH�DJH�DQG�WKH�RSWLPXP�657�DW�WKH�LQIOXHQW�&2'
RI�����������PJ�/�DQG�����������PJ�/�ZHUH����DQG���
GD\V� UHVSHFWLYHO\�
���������$W�WKH�VKRUWHU�K\GUDXOLF�UHWHQWLRQ�WLPH��ORQJHU
WLPH�LV�QHHGHG�IRU�WKH�VWDEOH�VHWWOLQJ�VR�WKH�RSWLPXP
VOXGJH�VHWWOLQJ�WLPH�ZDV�REVHUYHG����DQG����PLQ�DW
FRUUHVSRQGLQJ�+57V�RI����DQG����K��UHVSHFWLYHO\�
����������'XULQJ�QHDUO\�DOO�H[SHULPHQWDO�UXQV��WKH�69,
YDOXHV�ZHUH�DW�WKH�UDQJH�RI��������LQGLFDWLQJ�JRRG
VHWWOLQJ�FKDUDFWHULVWLFV�
7KHVH�UHVXOWV�VXSSRUW�WKH�DSSOLFDELOLW\�RI�VHTXHQFLQJ
EDWFK� UHDFWRUV� WR� IXOO�VFDOH� WUHDWPHQW� RI� (2�(*
FRQWDLQLQJ�SHWURFKHPLFDO�ZDVWHZDWHU�

$&.12:/('*0(17
7KH�DXWKRUV�ZRXOG�OLNH�WR�H[SUHVV�WKHLU�DSSUHFLDWLRQ

WR�WKH�1,3&�+6(4�IRU�WKH�ILQDQFLDO�VXSSRUW�

5()(5(1&(6
$GO��0���6KHQJ��.��&���;LD�<��+��*KDULEL��$��DQG�&KHQ��;�
�������� ([DPLQLQJ� D�+\EULG� SOXJ�IORZ� 3LORW� UHDFWRU� IRU
$QDHURELF�'LJHVWLRQ� RI� )DUP�%DVHG�%LRGHJUDGDEOH�6ROLGV�
,QW��-��(QYLURQ��5HV������������������

$NEDUSRXU�7RORWL��$��DQG�0HKUGDGL��1����������:DVWHZDWHU
7UHDWPHQW� IURP�$QWLELRWLFV�3ODQW�� ,QW�� -�� (QYLURQ��5HV��� �
�������������

$PDQL��7���1RVUDWL��0�� DQG� 6UHHNULVKQDQ��7�� 5��$� 3UHFLVH
([SHULPHQWDO� 6WXG\� RQ� .H\� 'LVVLPLODULWLHV� EHWZHHQ
0HVRSKLOLF�DQG�7KHUPRSKLOLF�$QDHURELF�'LJHVWLRQ�RI�:DVWH
$FWLYDWHG�6OXGJH��,QW��-��(QYLURQ��5HV������������������

$3+$�� �������� 6WDQGDUG�0HWKRGV� IRU� WKH�([DPLQDWLRQ� RI
:DWHU�DQG�:DVWHZDWHU����VW�HG���:DVKLQJWRQ��'&�

$UVKDG��$��DQG�+DVKLP��1��+����������$QDHURELF�'LJHVWLRQ�RI
1VVF�3XOSLQJ�(IIOXHQW��,QW��-��(QYLURQ��5HV������������������

$UVKDG��$��� +DVKPL��+� ��1�� DQG�4XUHDVKL�� ,��$�� �������
$QDHURELF�'LJHVWLRQ� RI� &+/2USKHQROLF�:DVWHV�� ,QW�� -�
(QYLURQ��5HV������������������

&KDQ��&��+��DQG�/LP��3��(����������(YDOXDWLRQ�RI�VHTXHQFLQJ
EDWFK�UHDFWRU�SHUIRUPDQFH�ZLWK�DHUDWHG�DQG�XQDHUDWHG�),//
SHULRGV� LQ� WUHDWLQJ� SKHQRO�FRQWDLQLQJ� ZDVWHZDWHU�
%LRUHVRXUFH�7HFKQRORJ\����������±�����

)DOODK��1���%RQDNGDUSRXU�� %���1DVHUQHMDG��%�� DQG�$ODYL
0RJKDGDP�� 0�� 5�� �������� /RQJ�WHUP� RSHUDWLRQ� RI
VXEPHUJHG�PHPEUDQH� ELRUHDFWRU� �0%5�� IRU� WKH� WUHDWPHQW
RI� V\QWKHWLF� ZDVWHZDWHU� FRQWDLQLQJ� VW\UHQH� DV� YRODWLOH
RUJDQLF�FRPSRXQG��92&���(IIHFW�RI�K\GUDXOLF�UHWHQWLRQ�WLPH
�+57���-RXUQDO� RI�+D]DUGRXV�0DWHULDOV������� ��������

*DQLJXH��5���9ROFNH��(��,��3���3XLJ��6���%DODJXHU��0��'��DQG
&ROSULP��-�� �������� ,PSDFW� RI� LQIOXHQW� FKDUDFWHULVWLFV�RQ� D
SDUWLDO� QLWULWDWLRQ� 6%5� WUHDWLQJ� KLJK� QLWURJHQ� ORDGHG
ZDVWHZDWHU��%LRUHVRXUFH�7HFKQRORJ\���������±���

+DQ��<���=KDQJ��:��DQG�;X��-����������$�SHUIRUPDQFH�6WXG\
RI�6LPXOWDQHRXV�0LFURELDO�5HPRYDO�RI�12�DQG� 62�� LQ� D
%LRWULFNOLQJ�)LOWHU� 8QGHU�$QDHURELF� &RQGLWLRQ�� ,QW�� -�
(QYLURQ��5HV������������������

+DUXQD��$��8]DLUX��$��DQG�+DUULVRQ��*��)��6����������&KHPLFDO
)UDFWLRQDWLRQ�RI�7UDFH�0HWDOV� LQ�6HZDJH�:DWHU� ±� ,UULJDWHG
6RLOV��,QW��-��(QYLURQ��5HV������������������

+DVVDQL��$��+���1HMDHL��$��DQG�7RUDELDQ��$����������([FHVV
6OXGJH�0LQLPL]DWLRQ�LQ�&RQYHQWLRQDO�$FWLYDWHG�6OXGJH�3LORW
3ODQW� E\�7KUHH�&KHPLFDO�0DWWHUV�� ,QW�� -�� (QYLURQ��5HV����
�������������

+DWDPRWR�� 0��� 1DJDL�� +��� 6DWR�� 6��� 7DNDKDVKL�� 0��
.DZDNDPL��6���&KRHLVDL��3��.���6\XWVXER��6���2KDVKL��$��DQG
<DPDJXFKL��7����������5XEEHU�DQG�0HWKDQH�5HFRYHU\�IURP
'HSURWHLQL]HG�1DWXUDO�5XEEHU�:DVWHZDWHU�E\�&RDJXODWLRQ
3UH�WUHDWPHQW�DQG�$QDHURELF�7UHDWPHQW��,QW��-��(QYLURQ��5HV��
���������������

+RXGD��%���'RUUD��*���&KDIDL��$���(PQD��$��DQG�.KDOHG��0�
�������� ,PSDFW� RI� D�0L[HG� ³,QGXVWULDO� DQG�'RPHVWLF´
:DVWHZDWHU�(IIOXHQW�RQ� WKH�6RXWKHUQ�&RDVWDO�6HGLPHQWV�RI
6ID[��7XQLVLD�� LQ� WKH�0HGLWHUUDQHDQ�6HD�� ,QW�� -�� (QYLURQ�
5HV������������������

.DUDSLQDU�.DSGDQ�� ,�� DQG� 2]WXUN�� 5�� ��������(IIHFW� RI
RSHUDWLQJ�SDUDPHWHUV�RQ�FRORU�DQG�&2'�UHPRYDO�SHUIRUPDQFH
RI�6%5��6OXGJH�DJH�DQG�LQLWLDO�G\HVWXII�FRQFHQWUDWLRQ��-RXUQDO
RI�+D]DUGRXV�0DWHULDOV��%����� ���±����

.KRXQL��,���0DUURW��%��DQG�%HQ�$PDU��5����������7UHDWPHQW
RI�UHFRQVWLWXWHG�WH[WLOH�ZDVWHZDWHU�FRQWDLQLQJ�D�UHDFWLYH�G\H
LQ�DQ�DHURELF�VHTXHQFLQJ�EDWFK�UHDFWRU�XVLQJ�D�QRYHO�EDFWHULDO
FRQVRUWLXP�� 6HSDUDWLRQ� DQG� 3XULILFDWLRQ�7HFKQRORJ\�� ���
���±����

.LP�� '��� .LP�� 7�6��� 5\X�� +�'�� DQG� /HH�� 6�,�� �������
7UHDWPHQW�RI�ORZ�FDUERQ�WR�QLWURJHQ�ZDVWHZDWHU�XVLQJ�WZR�
VWDJH�VHTXHQFLQJ�EDWFK�UHDFWRU�ZLWK�LQGHSHQGHQW�QLWULILFDWLRQ�
3URFHVV�%LRFKHPLVWU\���������±����

.KXUUDP��$��$����������7HPSRUDO�(YDOXDWLRQ�RI�%LRFKHPLFDO
3URSHUWLHV� LQ� &KHPLFDOO\�$PHQGHG�:DVWHZDWHU�'HULYHG
%LRVROLGV��,QW��-��(QYLURQ��5HV������������������

.XONDUQL��3��0����������(IIHFW�RI�VKRFN�DQG�PL[HG�ORDGLQJ�RQ
WKH�SHUIRUPDQFH�RI�61'�EDVHG�VHTXHQFLQJ�EDWFK�UHDFWRUV��6%5�
GHJUDGLQJ�QLWURSKHQROV��:DWHU�5HVHDUFK����������������

0DODNDKPDG��$���+DVDQL��$���(LVDNKDQL��0��DQG�+DVQDLQ
,VD��0�� �������� 6HTXHQFLQJ�%DWFK�5HDFWRU� �6%5��IRU� WKH
UHPRYDO� RI�+J��� DQG�&G��� IURP� V\QWKHWLF� SHWURFKHPLFDO
IDFWRU\�ZDVWHZDWHU�� -RXUQDO�RI�+D]DUGRXV�0DWHULDOV�� ����
���±����



���

6KDNHUNKDWLEL��0��HW�DO�

0DKPRXGNKDQL��5���+DVVDQL��$��+���7RUDELDQ��$��DQG�%RUJKHL�
6��0�� �������� 6WXG\� RQ�+LJK�VWUHQJWK�$QDHURELF� /DQGILOO
/HDFKDWH�7UHDWDELOLW\�%\�0HPEUDQH�%LRUHDFWRU�&RXSOHG�ZLWK
5HYHUVH�2VPRVLV��,QW��-��(QYLURQ��5HV������������������

0DOPDVL��6���-R]L��6�$���0RQDYDUL��6�0��DQG�-DIDULDQ��0�(�
�������� (FRORJLFDO� ,PSDFW� $QDO\VLV� RQ� 0DKVKDKU
3HWURFKHPLFDO� ,QGXVWULHV�8VLQJ�$QDO\WLF�+LHUDUFK\�3URFHVV
0HWKRG�� ,QWHUQDWLRQDO� -RXUQDO� RI�(QYLURQPHQWDO�5HVHDUFK�
���������������

0LUEDJKHUL��6��$���3RVKWHJDO��0��.��DQG�3DULVDL��0��6���������
5HPRYLQJ� RI� XUHD� DQG� DPPRQLD� IURP� SHWURFKHPLFDO
LQGXVWULHV� ZLWK� WKH� REMHFWLYH� RI� UHXVH�� LQ� D� SLORW� VFDOH�
6XUYH\LQJ� RI� WKH� PHWKRGV� RI� ZDVWH� ZDWHU� WUHDWPHQW�
'HVDOLQDWLRQ�������������

0REDUDN�4DPVDUL��(���.DVUD�.HUPDQVKDKL��5���1RVUDWL��0�
DQG�$PDQL��7�� ��������(Q]\PDWLF�3UH�+\GURO\VLV� RI� KLJK
IDW� &RQWHQW�'DLU\�:DVWHZDWHU� DV� D� 3UHWUHDWPHQW� IRU
$QDHURELF�'LJHVWLRQ��,QW��-��(QYLURQ��5HV������������������

0RKDQ��6��9���&KDQGUDVKHNDUD�5DR��1���.ULVKQD�3UDVDG��.��
0DGKDYL��%��7��9��DQG�6KDUPD��3��1�� ��������7UHDWPHQW�RI
FRPSOH[�FKHPLFDO�ZDVWHZDWHU�LQ�D�VHTXHQFLQJ�EDWFK�UHDFWRU
�6%5��ZLWK� DQ� DHURELF� VXVSHQGHG� JURZWK� FRQILJXUDWLRQ�
3URFHVV�%LRFKHPLVWU\������ ����±�����

0ZLQ\LKLMD��0�� ��������$SSOLFDWLRQ� DQG�5HOHYDQFH� RI
%LRVHQVRUV�LQ�7KH�7DQQLQJ�,QGXVWU\��,QW��-��(QYLURQ��5HV����
�������������

1DEL�%LGKHQGL��*K��5���0HKUGDGL��1��DQG�0RKDPPDGQHMDG�
6�� ��������:DWHU� DQG�:DVWHZDWHU�0LQLPL]DWLRQ� LQ�7HKUDQ
2LO� 5HILQHU\� XVLQJ�:DWHU� 3LQFK�$QDO\VLV�� ,QWHUQDWLRQDO
-RXUQDO�RI�(QYLURQPHQWDO�5HVHDUFK�����������������

1DLP��5���.LVD\��/���3DUN��-���/HH��&K��4DLVDU��0���=XOILTDU�
$��%�� DQG�1RVKLQ��0�� �������� 3UHFLSLWDWLRQ�&KHODWLRQ� RI
&\DQLGH�&RPSOH[HV� LQ�(OHFWURSODWLQJ�,QGXVWU\�:DVWHZDWHU�
,QW��-��(QYLURQ��5HV����������������

2NXNX��(��2���2KRZD��%���0ZDQJL��6��1���0XQJD��'��DQG
.LWHUHVL��/��,����������6HZDJH�SROOXWLRQ�LQ�WKH�&RDVWDO�ZDWHUV
RI�0RPEDVD�&LW\��.HQ\D��$�QRUP�5DWKHU�WKDQ�DQ�([FHSWLRQ�
,QW��-��(QYLURQ��5HV������������������

2QRGHUD��7���6DVH��6���&KRHLVDL��3���<RRFKDWFKDYDO��:���6XPLQR�
+���<DPDJXFKL��7���(ELH��<����;X��.���7RPLRND��1���0L]XRFKL�
0�� DQG� 6\XWVXER��.�� �������� � (YDOXDWLRQ� RI� 3URFHVV
3HUIRUPDQFH� DQG�6OXGJH�3URSHUWLHV� RI� DQ� XS�IORZ� VWDJHG
6OXGJH�%ODQNHW��866%�� UHDFWRU� IRU�7UHDWPHQW�RI�0RODVVHV
:DVWHZDWHU��,QW��-��(QYLURQ��5HV��������������������

3DSDGLPLWULRX��&��$��6DPDUDV��3��DQG�6DNHOODURSRXORV��*��3�
��������&RPSDUDWLYH�VWXG\�RI�SKHQRO�DQG�F\DQLGH�FRQWDLQLQJ
ZDVWHZDWHU� LQ�&675� DQG�6%5� DFWLYDWHG� VOXGJH� UHDFWRUV�
%LRUHVRXUFH�7HFKQRORJ\���������±���

5DKPDQ��0��0��DQG�$O�0DODFN��0��+����������%LRFKHPLFDO
.LQHWLFV� RI�&URVV� IORZ�0HPEUDQH�%LRUHDFWRU�3URFHVVHV� LQ
WKH�7UHDWPHQW�RI�5HILQHU\�:DVWHZDWHU��,QW��-��(QYLURQ��5HV��
���������������

6DIDUL��(��� -DOLOL� *KD]L]DGH��0��� 6KRNRXK��$�� DQG� 1DEL
%LGKHQGL��*K��5����������$QDHURELF�5HPRYDO�RI�&2'�IURP
+LJK�6WUHQJWK�)UHVK�DQG�3DUWLDOO\�6WDELOL]HG�/HDFKDWHV�DQG
$SSOLFDWLRQ�RI�0XOWL� VWDJH�.LQHWLF�0RGHO�� ,QW�� -�� (QYLURQ�
5HV������������������

6HOYDPXUXJDQ��0��� 'RUDLVDP\�� 3��� 0DKHVZDUL��0�� DQG
1DQGDNXPDU��1��%����������&RPSDUDWLYH�6WXG\�RQ�6WDUWXS
3HUIRUPDQFH� RI�8$+5� DQG�8$6%�5HDFWRUV� LQ�$QDHURELF
7UHDWPHQW�RI�'LVWLOOHU\�6SHQWZDVK��,QW�� -��(QYLURQ��5HV����
�������������

6KDNHUNKDWLEL��0���*DQMLGRXVW��+���$\DWL�� %��)DWHKLIDU��(�
�������� 3HUIRUPDQFH� RI� DHUDWHG� VXEPHUJHG� IL[HG�ILOP
ELRUHDFWRU� IRU� WUHDWPHQW� RI� $FU\ORQLWULOH�FRQWDLQLQJ
ZDVWHZDWHU��,UDQLDQ�-RXUQDO�RI�(QYLURQPHQWDO�+HDOWK�6FLHQFH
DQG�(QJLQHHULQJ�����������������

6LULDQXQWDSLERRQ��6��DQG�%RRQFKXSOHLQJ��0����������(IIHFW�RI
ELR�VOXGJH�FRQFHQWUDWLRQ�RQ�WKH�HIILFLHQF\�RI�VHTXHQFLQJ�EDWFK
UHDFWRU� �6%5��V\VWHP�WR� WUHDW�ZDVWHZDWHU�FRQWDLQLQJ�3E��DQG
1L����-RXUQDO�RI�+D]DUGRXV�0DWHULDOV����������±����

6LULDQXQWDSLERRQ��6���&KDLUDWWDQDZDQ��.��DQG�6XUDVLQDQDQW�
3����������6RPH�SURSHUWLHV�RI�D�VHTXHQFLQJ�EDWFK�UHDFWRU�IRU
WUHDWPHQW�RI�ZDVWHZDWHU�FRQWDLQLQJ�WKLRF\DQDWH�FRPSRXQGV�
-RXUQDO�RI�(QYLURQPHQWDO�0DQDJHPHQW���������±����

7DNDKDVKL��0���2K\D��$���.DZDNDPL�� 6���<RQH\DPD��<��
2QRGHUD��7���6\XWVXER��.��<DPD]DNL��6���$UDNL��1���2KDVKL�
$���+DUDGD��+�� DQG�<DPDJXFKL��7�� �������� �(YDOXDWLRQ�RI
7UHDWPHQW�&KDUDFWHULVWLFV�DQG�6OXGJH�3URSHUWLHV�LQ�D�8$6%
5HDFWRU�7UHDWLQJ�0XQLFLSDO�6HZDJH�DW�$PELHQW�7HPSHUDWXUH�
,QW��-��(QYLURQ��5HV������������������

7VDQJ��<��)���+XD��)��/���&KXD��+���6LQ��6��1��DQG�:DQJ��<��-�
��������2SWLPL]DWLRQ�RI� ELRORJLFDO� WUHDWPHQW� RI�SDSHU�PLOO
HIIOXHQW� LQ� D� VHTXHQFLQJ� EDWFK� UHDFWRU�� %LRFKHPLFDO
(QJLQHHULQJ�-RXUQDO���������±����

8HPXUD�� 6��� .LPXUD�� 0���<DPDJXFKL�� 7��� 2KDVKL��$��
7DNHPXUD��<��DQG�+DUDGD��+����������/RQJ�WHUP�(YDOXDWLRQ
RI�WKH�(IIHFW�RI�6DOLQLW\�RQ�2UJDQLF�5HPRYDO�DQG�$PPRQLXP
2[LGDWLRQ�LQ� D�GRZQ�IORZ�+DQJLQJ�6SRQJH�5HDFWRU�� ,QW�� -�
(QYLURQ��5HV������������������

8HPXUD��6���6X]XNL��6���$EH��.���2KDVKL��$���+DUDGD��+���,WR�
0���,PDFKL��+��DQG�7RNXWRPL��7����������3DUWLDO�1LWULILFDWLRQ
LQ�DQ�$LUOLIW�$FWLYDWHG�6OXGJH�5HDFWRU�ZLWK�([SHULPHQWDO�DQG
7KHRUHWLFDO�$VVHVVPHQWV�RI�WKH�S+�*UDGLHQW�LQVLGH�WKH�6SRQJH
6XSSRUW�0HGLXP�� ,QW��-��(QYLURQ��5HV����������������

8VKDUDQL��.���0XWKXNXPDU��0��DQG�.DGLUYHOX��.�� �������
(IIHFW� RI� S+� RQ� WKH� 'HJUDGDWLRQ� RI� $TXHRXV
2UJDQRSKRVSKDWH� �PHWK\OSDUDWKLRQ�� LQ�:DVWHZDWHU� E\
2]RQDWLRQ��,QWHUQDWLRQDO�-RXUQDO�RI�(QYLURQPHQWDO�5HVHDUFK�
���������������

9ROPDMHU�9DOK�� -���0DMFHQ�/H�0DUHFKDO��$���.ULåDQHF��%��
DQG�9DMQKDQGO��6����������7KH�$SSOLFDELOLW\�RI�DQ�$GYDQFHG
2[LGDWLRQ� 3URFHVV� IRU�7H[WLOH� )LQLVKLQJ�:DVWH�6WUHDPV�	
)DWH�RI�3HUVLVWHQW�2UJDQLF�3ROOXWDQWV�� ,QW��-��(QYLURQ��5HV��
���������������

9DO�GHO�5LR��$���)LJXHURD��0���$UURMR��%���0RVTXHUD�&RUUDO�
$���&DPSRV�� -��/��� *DUFLD�7RUULHOOR��*�� DQG�0HQGH]�� 5�
��������$HURELF� JUDQXODU� 6%5� V\VWHPV� DSSOLHG� WR� WKH
WUHDWPHQW�RI� LQGXVWULDO�HIIOXHQWV�� -RXUQDO� RI�(QYLURQPHQWDO
0DQDJHPHQW������6����6���

=XULDJD�$JXVWL��(��� ,ERUUD�&ODU��0�� ,���0HQGR]D�5RFD�� -�
$���7DQFUHGL��0���$OFDLQD�0LUDQGD��0�� ,�� DQG� ,ERUUD�&ODU�
$����������6HTXHQFLQJ�EDWFK�UHDFWRU�WHFKQRORJ\�FRXSOHG�ZLWK
QDQRILOWUDWLRQ�IRU� WH[WLOH�ZDVWHZDWHU� UHFODPDWLRQ��&KHPLFDO
(QJLQHHULQJ�-RXUQDO����������±����



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� ��0D\� ����� �� ��� �� � �� � �� � � �5HYLVHG����-XO\������ �� �� � � �� � � � �� � �$FFHSWHG����-XO\�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��HOVDLG�]DKUDQ#HQJ�DVX�HGX�HJ

���

$�1RYHO�$SSURDFK�WR�,PSURYH�WKH�$LU�4XDOLW\�3UHGLFWLRQV�RI�$LU�3ROOXWLRQ
'LVSHUVLRQ�0RGHOOLQJ�V\VWHPV

=DKUDQ��(��0��0�

'HSDUWPHQW�RI�3XEOLF�:RUNV��)DFXOW\�RI�(QJLQHHULQJ��$LQ�6KDPV�8QLYHUVLW\��&DLUR��(J\SW

$%675$&7��7KH�DLP�RI�WKLV�UHVHDUFK�SDSHU�LV�WKH�LQWURGXFWLRQ�RI�D�QRYHO�PDWKHPDWLFDO�DSSURDFK�WR�LPSURYH
WKH� DFFXUDF\� RI� WKH� UHVXOWV� RI� DLU�SROOXWLRQ� GLVSHUVLRQ�PRGHOV� EDVHG�RQ� WKH�FDOLEUDWLRQ� RI� LQSXW� EDFNJURXQG
FRQFHQWUDWLRQV��8VLQJ�WKH�'XQNLUN�DUHD�RI�WKH�&LW\�RI�1RWWLQJKDP�LQ�WKH�8.�DV�D�FDVH�VWXG\��DQ�DLU�SROOXWLRQ
PRGHO� LQ�$'06�5RDGV�ZDV�FUHDWHG� IRU�GHYHORSLQJ� WKH�PDWKHPDWLFDO� DSSURDFK��7KH� LWHUDWLYH�DSSOLFDWLRQ� RI
WKLV� DSSURDFK� WR� WKH� LQSXW� EDFNJURXQG� FRQFHQWUDWLRQV� HIIHFWLYHO\� UHGXFHG� WKH� HUURU� EHWZHHQ� QRW� RQO\� WKH
DQQXDO�PHDQ�� EXW� DOVR� WKH�KRXUO\�� FDOFXODWHG� DQG�PRQLWRUHG� DLU� SROOXWLRQ� FRQFHQWUDWLRQV��7KH� WUDIILF� IORZ
SURILOHV�RI�WKH�PRGHOOHG�URDG�QHWZRUN�ZHUH�LQFOXGHG�LQ�WKH�DLU�SROOXWLRQ�PRGHO�DQG�WKHLU�LPSDFW�RQ�WKH�PRGHO
UHVXOWV�� DIWHU� WKH� DSSOLFDWLRQ�RI� WKH� FDOLEUDWLRQ� DSSURDFK��ZDV� LQYHVWLJDWHG��7KH� LQFOXVLRQ�RI� WKH� WUDIILF� IORZ
SURILOHV� UHGXFHG�IXUWKHU�WKH�HUURU�EHWZHHQ�WKH�KRXUO\��EXW�QRW�WKH�DQQXDO�PHDQV�RI��FDOFXODWHG�DQG�PRQLWRUHG
FRQFHQWUDWLRQV�

.H\� �ZRUGV��&DOLEUDWLRQ�9DOLGDWLRQ��%DFNJURXQG�FRQFHQWUDWLRQV�0RGHOOLQJ�DQG� DLU� SROOXWLRQ

,1752'8&7,21
0RGHOOLQJ�WKH�DLU�TXDOLW\�LV�D�SRZHUIXO�WHFKQLTXH

WKDW�FDQ�EH�XVHG�WR�DVVHVV�WKH�DPELHQW�DLU�TXDOLW\�DJDLQVW
WKH�PDQGDWRU\�DLU�TXDOLW\�VWDQGDUGV��,Q�DGGLWLRQ��LW�FDQ
EH� XVHG� WR� DVVHVV� WKH� HIIHFWLYHQHVV� RI� WKH� SURSRVHG
$LU�4XDOLW\�$FWLRQ�3ODQV��$4$3V��LQ�LPSURYLQJ�WKH�DLU
TXDOLW\�ZLWKLQ�DUHDV�LQ�ZKLFK�DLU�SROOXWLRQ�H[FHHGV�WKH
QDWLRQDO�DLU�TXDOLW\�VWDQGDUGV��7KLV�WHFKQLTXH�FDQ�DOVR
EH�XVHG�DV�D� WRRO�WR�XQGHUWDNH�D�VWUDWHJLF�DLU�TXDOLW\
DVVHVVPHQW�IRU�D�ZLGH�UDQJH�RI�SODQV�DQG�SURJUDPPHV�
LQFOXGLQJ�ORFDO�WUDQVSRUW�SODQV��1&&�DQG�1&&��������
$V�WKH�PDMRULW\�RI�QDWLRQDO�DLU�TXDOLW\�VWDQGDUGV�DUH�LQ
WKH�IRUP�RI�DQQXDO�PHDQ�DQG�KRXUO\�REMHFWLYHV��$($�
�������WKLV�UHTXLUHV�DFFXUDWH�DQQXDO�PHDQ�DQG�KRXUO\
DLU�TXDOLW\�SUHGLFWLRQV�

7KH�UHVXOWV�RI�DLU�SROOXWLRQ�GLVSHUVLRQ�PRGHOOLQJ
VKRXOG� EH� DFFXUDWH� HQRXJK� WR� SURYLGH� UHOLDEOH� DLU
TXDOLW\� SUHGLFWLRQV��5HFHQW� DLU� SROOXWLRQ� GLVSHUVLRQ
PRGHOOLQJ� UHVHDUFK� DVVHVVHV� WKH� YDOLGDWLRQ� RI� DLU
SROOXWLRQ�PRGHOV� E\� WKH� GHWHUPLQDWLRQ� RI� WKH� HUURU
EHWZHHQ� FDOFXODWHG� DQG� PRQLWRUHG� DLU� SROOXWLRQ
FRQFHQWUDWLRQV��+RZHYHU��WKLV�UHFHQW�UHVHDUFK�KDV�QRW
LQYHVWLJDWHG�SRWHQWLDO� VRXUFHV�RI�WKLV�HUURU�VR�WKDW�LW
FDQ�EH�PLQLPLVHG��0DMXPGDU�HW�DO���������&DL�DQG�;LH�
������*LQQHEDXJK�HW�DO���������-DLQ�DQG�.KDUH�������
3DUUD�HW�DO���������

1RWWLQJKDP�&LW\�&RXQFLO�FRPSDUHG� WKH�PRQLWRUHG
DQQXDO�PHDQ�12

�
�FRQFHQWUDWLRQV�DW�WKUHH�FRQWLQXRXV

PRQLWRULQJ�VWDWLRQV�WR�WKH�FDOFXODWHG�FRQFHQWUDWLRQV
E\�$'06�8UEDQ��7KH�PRGHO�RYHUHVWLPDWHG�WKH�DQQXDO
PHDQ�RI�PRQLWRUHG�FRQFHQWUDWLRQV�DW�WKH�WKUHH�VLWHV
�3&6�� ������� 7KHUHIRUH�� WKH� PRGHO� UHVXOWV� ZHUH
PXOWLSOLHG�E\�DQ�DGMXVWPHQW�IDFWRU��WKH�DYHUDJH�UDWLR
RI�PRQLWRUHG�WR�FDOFXODWHG�DQQXDO�PHDQ�FRQFHQWUDWLRQV
DW� WKH� WKUHH�PRQLWRULQJ�VLWHV�� WR�FRUUHFW� WKH�DQQXDO
PHDQ�UHVXOWV�RI�WKH�PRGHO��7KLV�PLJKW�KHOS�WR�LPSURYH
WKH�DQQXDO�PHDQ�UHVXOWV��KRZHYHU�LW�GLG�QRW�LPSURYH
WKH�KRXUO\�FDOFXODWHG�UHVXOWV�RI�WKH�PRGHO�

1DPGHR�HW�DO���������XVHG�WKH�KRXUO\�SUHGLFWLRQV
RI�$'06�8UEDQ�DQG�WKH�KRXUO\�REVHUYDWLRQV�IRU�WKH
ILUVW�KDOI�RI������WR�GHULYH�D�PXOWLSOLFDWLYH�DGMXVWPHQW
IDFWRU��7KH� IDFWRU�ZDV� DSSOLHG� WR� WKH� DLU� TXDOLW\
SUHGLFWLRQV� IRU� WKH� VHFRQG� KDOI� RI� ����� DQG� WKH
DGMXVWHG� SUHGLFWLRQV� ZHUH� FRPSDUHG� WR� WKH
FRUUHVSRQGLQJ�REVHUYDWLRQV��7KLV�DSSURDFK�LPSURYHG
WKH�ORQJ�WHUP�UHVXOWV�RYHU�WKH�VHFRQG�KDOI�RI������
KRZHYHU�LW�GLG�QRW�VKRZ�KRZ�PXFK�LPSURYHPHQW�ZDV
DFKLHYHG� RQ� WKH� VKRUW�WHUP� OHYHO�� ,Q� DGGLWLRQ�
&DPEULGJH� (QYLURQPHQWDO� 5HVHDUFK� &RQVXOWDQWV
�&(5&��� WKH� GHYHORSHUV� RI�$'06� VRIWZDUH�� KDYH
UHFRPPHQGHG� WKDW� PRGHOOHUV� VKRXOG� DYRLG� WKH
DSSOLFDWLRQ�RI�VXFK�DQ�DGMXVWPHQW�IDFWRU�WR�WKH�PRGHO



���

=DKUDQ��(��0��0�

UHVXOWV� �&(5&�� ������� ,QVWHDG�� &(5&� DGYLVHG� WKDW
YDULRXV�GHWDLOV�RI�WKH�PRGHO�VHW�XS��VXFK�DV�LQSXW�GDWD
DQG�PRGHOOLQJ�RSWLRQV��VKRXOG�EH�DGMXVWHG�XQWLO� WKH
FDOFXODWHG�UHVXOWV�ILW�WKH�PRQLWRUHG�FRQFHQWUDWLRQV�

'()5$� ������� VWDWHG� WKDW� WKH�12
;
� �QRW� 12

�
�

FRQFHQWUDWLRQV�VKRXOG�EH�YHULILHG�DQG�DGMXVWHG�LI�12
�

UHVXOWV� RI� WKH� PRGHO� GLVDJUHH� ZLWK� WKH� PRQLWRUHG
FRQFHQWUDWLRQV�� ,W� DOVR� FRPPHQWHG� WKDW� ³7KH
DGMXVWPHQW� RI� 12

;
� LV� RIWHQ� FDUU LHG� RXW� RQ� WKH

FRPSRQHQW�GHULYHG�IURP�ORFDO�5RDG�7UDIILF�(PLVVLRQV
±�WKH�5RDG�&RQWULEXWLRQ´��7KLV�LV�EHFDXVH�WKH�VRXUFH
FRQWULEXWLRQ� LV� RIWHQ� VPDOO� FRPSDUHG� ZLWK� WKH
EDFNJURXQG�FRQWULEXWLRQ��7KHUHIRUH��1RWWLQJKDP�&LW\
&RXQFLO�XVHG�WKLV�DSSURDFK�WR�YHULI\�WKH�DQQXDO�PHDQ
12

�
�UHVXOWV�RI�$'06�8UEDQ��3&6��������

$'06�8UEDQ�ZDV�XVHG�WR�SUHGLFW�WKH�DQQXDO�PHDQ
URDG� FRQWULEXWLRQ� 12

;
� FRQFHQWUDWLRQV�� )RU� HDFK

PRQLWRULQJ�VLWH��WKH�DQQXDO�PHDQ�EDFNJURXQG�12
;
�ZDV

HVWLPDWHG� IURP� WKH� QDWLRQDO� EDFNJURXQG�PDSV� DQG
VXEWUDFWHG�IURP�WKH�PRQLWRUHG�WRWDO�12

;
��7KLV�UHVXOWHG

LQ�WKH�PRQLWRUHG�DQQXDO�PHDQ�URDG�FRQWULEXWLRQ�12
;

ZKLFK�ZDV�FRPSDUHG�WR�WKH�UHVXOWV�RI�$'06�8UEDQ
IRU � HDFK� PRQLWRULQJ� VLWH� WR� GHULYH� DQ� DYHUDJH
DGMXVWPHQW�IDFWRU��7KH�UHVXOWV�RI�$'06�8UEDQ�ZHUH
PXOWLSOLHG�E\�WKLV�IDFWRU��DQG�WKH�DGMXVWHG�UHVXOWV�RI
12

;
� ZHUH� XVHG�� DORQJ�ZLWK� WKH� EDFNJURXQG� 12

�

FRQFHQWUDWLRQV��WR�GHULYH�WKH�DGMXVWHG�FDOFXODWHG�WRWDO
DQQXDO�PHDQ�12

�
�FRQFHQWUDWLRQV�E\�XVLQJ�WKH�/$40

7RROV�±�12
;
�WR�12

�
�VSUHDGVKHHW��'()5$��������

7KLV�DSSURDFK�GLG�QRW�HOLPLQDWH�WKH�HUURU�EHWZHHQ
WKH� FDOFXODWHG� DQG�PRQLWRUHG� DQQXDO� PHDQ� 12

�

FRQFHQWUDWLRQV��7KLV�LV�SUREDEO\�GXH�WR�LQDFFXUDF\�LQ
WKH�PRQLWRUHG�DQQXDO�PHDQ� URDG�FRQWULEXWLRQ�12

;
�

FDXVHG�E\�LQDFFXUDF\�LQ�WKH�HVWLPDWLRQ�RI�WKH�DQQXDO
PHDQ�EDFNJURXQG�12

;
�IURP�WKH�QDWLRQDO�EDFNJURXQG

PDSV��,Q�DGGLWLRQ��WKH�VLPSOH�12
;
�WR�12

�
�VSUHDGVKHHW

LV�XVXDOO\�LPSUHFLVH��DQG�XVLQJ�D�FKHPLVWU\�VFKHPH�WR
PRGHO�WKH�DWPRVSKHULF�FKHPLFDO�UHDFWLRQV�RI�12

;
��DQG

GHULYH�WKH�R[LGLVHG�12
�
�SURSRUWLRQ��LV�UHFRPPHQGHG

�&(5&���������0RUHRYHU��WKLV�YHULILFDWLRQ�DSSURDFK�LV
RQO\� VXLWDEOH� IRU � WKH� FDOFXODWHG� DQQXDO� PHDQ
FRQFHQWUDWLRQV�DQG�LV�QRW�DSSOLFDEOH�WR�WKH�VKRUW�WHUP�
H�J��KRXUO\��FRQFHQWUDWLRQV��&(5&��������

/L�HW�DO���������DGMXVWHG�WKH�DLU�SROOXWLRQ�PRGHO�VHW�
XS� E\� WKH�FDOLEUDWLRQ�RI�HPLVVLRQ� UDWH�LQSXWV� WR� WKH
PRGHO�WKURXJK�WKH�DSSOLFDWLRQ�RI�D�JHQHWLF�DOJRULWKP�
7KLV�ZDV�KHOSIXO�WR�UHGXFH�WKH�XQFHUWDLQWLHV�H[LVWLQJ
LQ� DLU� SROOXWLRQ� HPLVVLRQ� LQYHQWRULHV� VXFK� DV� WKRVH
UHOHYDQW�WR�WUDIILF�HPLVVLRQ�IDFWRUV��%HODOFD]DU�HW�DO��
�������7KH�FDOLEUDWLRQ�RI�LQSXW�HPLVVLRQ�UDWHV�VOLJKWO\
UHGXFHG�WKH�HUURU��E\��������EHWZHHQ�GDLO\�FDOFXODWHG
DQG�PRQLWRUHG�30

��
�FRQFHQWUDWLRQV�RYHU�HLJKW�GD\V�

7KLV�LPSOLHV�D�QRQ�VLJQLILFDQW�UHGXFWLRQ�LQ�WKH�HUURU

EHWZHHQ� KRXUO\� FDOFXODWHG� DQG� PRQLWRUHG
FRQFHQWUDWLRQV�RYHU�D�ODUJH�WLPH�SHULRG�VXFK�DV�D�IXOO
PHWHRURORJLFDO�\HDU��)XUWKHUPRUH��QR�YDOLGDWLRQ�ZDV
XQGHUWDNHQ� IRU� WKH� RXWSXW� UHVXOWV� RI� WKH� PRGHO�
FDOFXODWHG�XVLQJ�WKH�FDOLEUDWHG�HPLVVLRQ�UDWHV��DJDLQVW
PRQLWRUHG� FRQFHQWUDWLRQV� DW� PRQLWRULQJ� VLWHV
LQGHSHQGHQW�RI�WKH�FDOLEUDWLRQ�SURFHVV��7KLV�SURFHVV
DOVR�UHTXLUHG�D�YHU\�H[SHQVLYH�FRPSXWLQJ�WLPH��GXH�WR
WKH�XVH�RI�D�JHQHWLF�DOJRULWKP��ZKLFK�PD\�H[WHQG�WR
VHYHUDO�ZHHNV�RQ�D�VLQJOH�3&�EHIRUH�WKH�DFWXDO�UXQQLQJ
RI�WKH�DLU�SROOXWLRQ�PRGHO��ZKLFK�PD\�H[WHQG�WR�VHYHUDO
GD\V�WR�PRGHO�WKH�DLU�SROOXWLRQ�GLVSHUVLRQ�LQ�D�VWXG\
DUHD��%DUUHWW�DQG�%ULWWHU��������%DUUHWW�DQG�%ULWWHU��������
7KHUHIRUH�� WKLV� UHVHDUFK� SDSHU � LQWURGXFHV� D
PDWKHPDWLFDO�DSSURDFK�IRU�DGMXVWLQJ�WKH�PRGHO�VHW�XS
E\�WKH�FDOLEUDWLRQ�RI�LQSXW�EDFNJURXQG�FRQFHQWUDWLRQV�
LQ�RUGHU�WR�LPSURYH�VLJQLILFDQWO\�WKH�DFFXUDF\�RI�WKH
PRGHO�UHVXOWV�DQG�UHGXFH� WKH�FRPSXWLQJ� WLPH��7KLV
LQFOXGHV�WKH�LQWURGXFWLRQ�RI�IRXU�QHZ�FRQFHSWV�WR�WKH
VFLHQFH�RI�DLU�SROOXWLRQ�GLVSHUVLRQ�PRGHOOLQJ��QDPHO\
PDFUR�FDOLEUDWLRQ��PDFUR�YDOLGDWLRQ��PLFUR�FDOLEUDWLRQ
DQG�PLFUR�YDOLGDWLRQ��7KH�EDFNJURXQG�FRQFHQWUDWLRQV
DUH�VRPH�RI�WKH�PRVW�LPSRUWDQW�LQSXW�GDWD�WR�WKH�EURDG
YDULHW\�RI�DLU�SROOXWLRQ�GLVSHUVLRQ�PRGHOV��9HQHJDV�DQG
0D]]HR���������7KH\�DFFRXQW�IRU�DOO�HPLVVLRQ�VRXUFHV
WKDW�PD\�DIIHFW�WKH�DLU�TXDOLW\�LQ�D�PRGHO�DSSOLFDWLRQ
DUHD��DQG�DUH�QRW�GHILQHG�H[SOLFLWO\�LQ�WKH�DLU�SROOXWLRQ
PRGHO��7KHUHIRUH��D�JUHDW�XQFHUWDLQW\�H[LVWV�LQ�LQSXW
EDFNJURXQG�FRQFHQWUDWLRQV�ZKLFK�PD\� YDU\� IRU� WKH
VDPH� PRGHO� DFFRUGLQJ� WR� WKH� QXPEHU� RI� H[SOLFLWO\
GHILQHG� DLU� SROOXWLRQ� VRXUFHV�� &RQVHTXHQWO\�� WKH
FDOLEUDWLRQ� RI� LQSXW� EDFNJURXQG� FRQFHQWUDWLRQV� LV
QHFHVVDU\� WR� SURYLGH� WKH� DSSURSULDWH� EDFNJURXQG
FRQFHQWUDWLRQV�IRU�D�FHUWDLQ�PRGHO�VHW�XS��,W�PD\�DOVR
DFFRXQW� IRU� WKH� XQFHUWDLQWLHV� H[LVWLQJ� LQ� LQSXW� DLU
SROOXWLRQ�HPLVVLRQ�UDWHV�

,Q�WKH�IROORZLQJ�VHFWLRQV�RI�WKLV�SDSHU��WKH�VHW�XS
RI� WKH� DLU� SROOXWLRQ�PRGHO� RI� WKH� 'XQNLUN� DUHD� LQ
1RWWLQJKDP� LV� GHVFULEHG� DQG� WKH� HUURU� EHWZHHQ
FDOFXODWHG�DQG�PRQLWRUHG�DLU�SROOXWLRQ�FRQFHQWUDWLRQV
LV�LOOXVWUDWHG��7KHQ��WKH�GLIIHUHQW�GHYHORSPHQW�VWDJHV
RI� WKH� FDOLEUDWLRQ�SURFHVV�DUH�GLVFXVVHG��DORQJ�ZLWK
WKH�UHGXFWLRQ�LQ�WKH�HUURU�DIWHU�HDFK�VWDJH��7KH�LPSDFW
RI�LQFOXGLQJ�WKH�WUDIILF�SURILOHV�RI�WKH�PRGHOOHG�URDG
QHWZRUN�RQ�WKH�HUURU�EHWZHHQ�FDOFXODWHG�DQG�PRQLWRUHG
FRQFHQWUDWLRQV�LV�H[SODLQHG��)LQDOO\��WKH�FDOLEUDWLRQ�RI
EDFNJURXQG� FRQFHQWUDWLRQV� LQ�$'06�5RDGV� LV
FRPSDUHG�WR�WKH�XVH�RI�JULG�DLU�SROOXWLRQ�VRXUFHV�LQ
$'06�8UEDQ�

0$7(5,$/6�	�0(7+2'6
$V�D�VWXG\�DUHD��'XQNLUN�$LU�4XDOLW\�0DQDJHPHQW

$UHD��$40$��ZDV�XVHG�WR�VHW�XS�DQ�DLU�SROOXWLRQ�PRGHO
LQ�$'06�5RDGV�YHUVLRQ�����IRU�WKH�LQLWLDO�GHYHORSPHQW
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���

RI� WKH� FDOLEUDWLRQ� DSSURDFK��$'06�5RDGV� ZDV
GHYHORSHG�E\�&(5&��&(5&���������'XQNLUN�$40$�LV
DQ� XUEDQ� VWXG\� DUHD� LQ� WKH� FLW\� RI�1RWWLQJKDP�� DV
VKRZQ� LQ� )LJ�� ��� ZLWK� 12

�
� OHYHOV� H[FHHGLQJ� WKH

SHUPLVVLEOH�OHYHOV��3&6���������7KHUHIRUH��12
�
�ZDV

VHOHFWHG�DV�WKH�PRGHOOHG�DLU�SROOXWDQW�DV�WKH�PDMRULW\
RI�WKH�DYDLODEOH�DLU�SROOXWLRQ�PRQLWRULQJ�GDWD��UHTXLUHG
WR�FDOLEUDWH�DQG�YDOLGDWH�WKH�DLU�SROOXWLRQ�PRGHO��LQ�DQG
DURXQG�WKH�'XQNLUN�$40$�ZDV�12

�
�GDWD�

�����ZDV�VHOHFWHG�DV�WKH�PRGHOOLQJ�\HDU�RI�WKH�DLU
SROOXWLRQ�PRGHO�GXH�WR�GDWD�DYDLODELOLW\�IRU�WKLV�\HDU�
7KH�VLJQLILFDQW�LQGXVWULDO�DLU�SROOXWLRQ�VRXUFHV�UHOHYDQW
WR�WKH�'XQNLUN�$40$�ZHUH�LGHQWLILHG�DQG�WKHLU�HPLVVLRQ
UDWHV�ZHUH�REWDLQHG�IURP�1RWWLQJKDP�&LW\�&RXQFLO�
ZKLFK�DOVR�SURYLGHG�WKH�WUDIILF�VSHHG�GDWD�RI�WKH�PDLQ
URDGV�LQ�WKH�'XQNLUN�$40$��7KH�HPLVVLRQ�VRXUFHV
GHILQHG�H[SOLFLWO\�LQ�WKH�DLU�SROOXWLRQ�PRGHO�ZHUH�WKH
WUDIILF� RQ� WKH�PDLQ� URDGV� ZLWKLQ�� DQG� FORVH� WR�� WKH
'XQNLUN�$40$��DV�VKRZQ�LQ�)LJ����DQG�WKH�UHOHYDQW
VLJQLILFDQW� LQGXVWULDO� DLU� SROOXWLRQ� VRXUFHV�� 7KH
1RWWLQJKDP�:DWQDOO�:HDWKHU� 6WDWLRQ� �02�� �����
SURYLGHG�WKH������KRXUO\�VHTXHQWLDO�PHWHRURORJLFDO�GDWD
ZKLFK�LQFOXGHG�VXUIDFH�WHPSHUDWXUH��ZLQG�VSHHG�DW����
PHWUH�KHLJKW�DERYH�WKH�JURXQG�VXUIDFH��ZLQG�GLUHFWLRQ�
SUHFLSLWDWLRQ��FORXG�FRYHU�DQG�GHJUHH�RI�KXPLGLW\��7KH
�����DQQXDO�PHDQ�DQG�KRXUO\�PRQLWRUHG�12

;
��12

�
�DQG

2
�
� FRQFHQWUDWLRQV� E\� WKH�$LU� 4XDOLW\�0RQLWRULQJ

6WDWLRQ� �$406���ORFDWHG�LQ� WKH�'XQNLUN�$40$�DV

)LJ�����7KH�'XQNLUN�$40$

VKRZQ�LQ�)LJ�����ZHUH�SURYLGHG�E\�1RWWLQJKDP�&LW\
&RXQFLO�

7KH� WUDIILF� IORZ� GDWD� RI� WKH�PDLQ� URDGV� LQ� WKH
'XQNLUN�$40$�ZHUH�REWDLQHG�IURP�1RWWLQJKDP�&LW\
&RXQFLO� LQ� WKH� IRUP� RI� WKH� WUDIILF� FRXQW� HYHU\� ILYH
PLQXWHV�FROOHFWHG�DXWRPDWLFDOO\�XVLQJ�GHWHFWRU�ORRSV
HPEHGGHG� LQ� WKH�PDLQ� URDGV��$�9LVXDO� %DVLF� IRU
$SSOLFDWLRQV��9%$��FRPSXWHU�SURJUDP�ZDV�ZULWWHQ�LQ
06�([FHO�LQ�RUGHU�WR�FDOFXODWH�DXWRPDWLFDOO\�WKH�����
$QQXDO�$YHUDJH�'DLO\�7UDIILF��$$'7��IORZ�DQG�WKH
�����KRXUO\�DQG�PRQWKO\�WUDIILF�IORZ�SURILOHV�IURP�WKH
ILYH�PLQXWH�WUDIILF�FRXQWV��7KH�WUDIILF�IORZ�SURILOHV�ZHUH
FRPSLOHG�WR�D�VSHFLDO�WH[W�ILOH��D�)$&�ILOH��ZKLFK�ZDV
XVHG�LQ�$'06�5RDGV�WR�UHIOHFW�WKH�KRXUO\�DQG�PRQWKO\
YDULDWLRQV�LQ�WKH�$$'7�IORZ�RQ�WUDIILF�DLU�SROOXWLRQ
HPLVVLRQV��VR�WKDW�IRU�HDFK�KRXU��WKH�WUDIILF�IORZ��XVHG
LQ�WKH�PRGHO�WR�GHULYH�WKH�WUDIILF�HPLVVLRQV��ZDV�WKH
$$'7�IORZ�î�PRQWKO\�IDFWRU�î�KRXUO\�IDFWRU��7KH�����
'05%�WUDIILF�HPLVVLRQ�IDFWRUV��'05%���������EXLOW�LQ
LQ�$'06�5RDGV�� ZHUH� XVHG� WR� GHULYH� WKH� WUDIILF
HPLVVLRQ�UDWHV�IURP�WKH�WUDIILF�IORZ�DQG�VSHHG�GDWD�

7KH�&KHPLFDO�5HDFWLRQ�6FKHPH��&56��ZDV�XVHG
WR�PRGHO�WKH�DWPRVSKHULF�FRQYHUVLRQ�RI�12

;
�WR�12

�

GXH�WR�D�QXPEHU�RI�FKHPLFDO�UHDFWLRQV�ZLWK�EDFNJURXQG
2

�
��&(5&���������0RGHOOLQJ�WKHVH�DWPRVSKHULF�UHDFWLRQV

ZDV� QHFHVVDU\� WR� JHW� DFFXUDWH�12
�
� UHVXOWV�� VR�12

;

DQG�2
�
�ZHUH�PRGHOOHG�LQ�DGGLWLRQ�WR�12

�
��+RZHYHU�

XVLQJ�WKLV�FKHPLFDO�VFKHPH�UHTXLUHV�LQSXWV�IRU�12
�
�



���

&DOLEUDWLRQ� RI�%DFNJURXQG�&RQFHQWUDWLRQV

12
;
�DQG�2

�
�EDFNJURXQG� FRQFHQWUDWLRQV��7KHUHIRUH�

1RWWLQJKDP�&LW\�&RXQFLO�SURYLGHG� WKH������KRXUO\
VHTXHQWLDO�12

�
��12

;
�DQG�2

�
�FRQFHQWUDWLRQV�PRQLWRUHG

E\�WKH�5RFKHVWHU�DLU�TXDOLW\�PRQLWRULQJ�VWDWLRQ��7KLV�LV
D�UXUDO�PRQLWRULQJ�VWDWLRQ�UHPRWH�IURP�WKH�'XQNLUN
$40$�DQG�IDU�IURP�XUEDQ�DLU�SROOXWLRQ��DQG�KHQFH�LW
ZDV�UHFRPPHQGHG�WR�XVH�LWV�PRQLWRULQJ�GDWD�DV� WKH
LQSXW� EDFNJURXQG� FRQFHQWUDWLRQV� WR� DYRLG� GRXEOH
FRXQWLQJ��&(5&��������
&DOLEUDWLRQ� DQG� YDOLGDWLRQ� RI� WKH� EDFNJURXQG
FRQFHQWUDWLRQV

$Q�RXWSXW�UHFHSWRU�ZDV�GHILQHG�LQ�WKH�DLU�SROOXWLRQ
PRGHO�DW�WKH�JHRJUDSKLFDO�ORFDWLRQ�RI�WKH�$406��:LWK
UHIHUHQFH�WR�5XQ���LQ�7DEOH����WKH�FDOFXODWHG������DQQXDO
PHDQ�12

;
�DQG�12

�
�FRQFHQWUDWLRQV�XQGHUHVWLPDWHG�WKH

PRQLWRUHG�RQHV�E\�������DQG�������UHVSHFWLYHO\�DW
WKH�$406��,Q�DGGLWLRQ��WKH�FDOFXODWHG������DQQXDO
PHDQ� RI� 2

�
� FRQFHQWUDWLRQV� RYHUHVWLPDWHG� WKH

PRQLWRUHG� RQH� E\� ������ DW� WKH�$406�� 7KLV
QHFHVVLWDWHG�GHYHORSLQJ�WKH�VHW�XS�RI�WKH�DLU�SROOXWLRQ
PRGHO� E\� SHUIRUPLQJ� WZR� RSHUDWLRQV�� 7KH� ILUVW
RSHUDWLRQ�ZDV� WKH� LWHUDWLYH� FDOLEUDWLRQ� RI� WKH� UXUDO
EDFNJURXQG�FRQFHQWUDWLRQV� VR�DV� WR�DFFRXQW� IRU� WKH
XUEDQ� EDFNJURXQG� HPLVVLRQV�� H�J�� UHVLGXDO�� SRRUO\�
GHILQHG�RU�GLIIXVHG�HPLVVLRQV��IURP�GRPHVWLF�KHDWLQJ
VRXUFHV�DQG�PLQRU�URDGV��LQ�WKH�'XQNLUN�$40$��7KH
VHFRQG�RSHUDWLRQ�ZDV�WKH�YDOLGDWLRQ�RI�WKH�FDOFXODWHG
DLU�SROOXWLRQ�FRQFHQWUDWLRQV�DIWHU�HDFK�LWHUDWLRQ�RI�WKH
FDOLEUDWLRQ� SURFHVV�� LQ� RUGHU� WR� GHFLGH� WKH� ILQDO
DFFHSWDEOH�LWHUDWLRQ�RI�WKLV�SURFHVV�

UXQ���� �EDFNJURXQG� FDOFXODWHG�FRQFHQWUDWLRQV� WDUJHW�FRQFHQWUDWLRQV�

12��� �� ������ ������

12;�� �� ������ ������

2��� �� ������ ������

UXQ���� �EDFNJURXQG� FDOFXODWHG�FRQFHQWUDWLRQV� 7DUJHW�FRQFHQWUDWLRQV�

12��� ������ ������ ������

12;�� ������� ������ ������

2��� ������� ������ ������

UXQ����� �EDFNJURXQG� FDOFXODWHG�FRQFHQWUDWLRQV� 7DUJHW�FRQFHQWUDWLRQV�

12��� ������ ������ ������

12;�� ������� ������ ������

2��� ������ ������ ������

UXQ�$�� �EDFNJURXQG� FDOFXODWHG�FRQFHQWUDWLRQV� 7DUJHW�FRQFHQWUDWLRQV�

12��� ������ ������ ������

12;�� ������� ������ ������

2�� ������� ������ ������

UXQ�%�� �EDFNJURXQG� FDOFXODWHG�FRQFHQWUDWLRQV� 7DUJHW�FRQFHQWUDWLRQV�

12��� ������� ������ ������

12;�� ������� ������ ������

2�� ������� ������ ������

UXQ�&�� �EDFNJURXQG� FDOFXODWHG�FRQFHQWUDWLRQV� 7DUJHW�FRQFHQWUDWLRQV�

12��� ������� ������ ������

12;�� ������� ������ ������

2�� ������� ������ ������

UXQ�'�� �EDFNJURXQG� FDOFXODWHG�FRQFHQWUDWLRQV� 7DUJHW�FRQFHQWUDWLRQV�

12��� ������� ������ ������

12;�� ������� ������ ������

2�� ������� ������ ������

7DEOH����0DFUR�FDOLEUDWLRQ�GHYHORSPHQW�VWDJHV�RI�WKH�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV



���
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5(68/76�	�',6&866,21
7KH�WHUP�PDFUR�FDOLEUDWLRQ�LQ�WKLV�UHVHDUFK�SDSHU

UHIHUV� WR� WKH� DGMXVWPHQW� RI� LQSXW� EDFNJURXQG
FRQFHQWUDWLRQV��VR�WKDW�WKH�HUURU�EHWZHHQ�WKH�DQQXDO
PHDQV� RI� FDOFXODWHG� DQG� PRQLWRUHG� DLU� SROOXWLRQ
FRQFHQWUDWLRQV�FDQ�EH�HIIHFWLYHO\�UHGXFHG��7KH�PDFUR�
YDOLGDWLRQ�ZDV�XQGHUWDNHQ�E\�WKH�GLUHFW�FRPSDULVRQ
EHWZHHQ�WKH�FDOFXODWHG�DQG�PRQLWRUHG�DQQXDO�PHDQV
RI�12

;
��12

�
�DQG�2

�
�FRQFHQWUDWLRQV�DW�WKH�$406��$V

FDOFXODWHG�12
�
�FRQFHQWUDWLRQV�ZHUH�OLQNHG�WR�FDOFXODWHG

12
;
�DQG�2

�
�FRQFHQWUDWLRQV�WKURXJK�WKH�DWPRVSKHULF

FKHPLFDO�UHDFWLRQV�GLVFXVVHG�DERYH��LW�ZDV�GHFLGHG�WR
FDOLEUDWH�12

;
�DQG�2

�
��LQ�DGGLWLRQ�WR�12

�
��EDFNJURXQG

FRQFHQWUDWLRQV�ZKLFK�ZHUH� VXEVHTXHQWO\� HQWHUHG� WR
WKH�DLU�SROOXWLRQ�PRGHO�WR�FDOFXODWH�12

�
��12

;
�DQG�2

�

FRQFHQWUDWLRQV��$�WULDO�DQG�HUURU�DSSURDFK�ZDV�DGRSWHG
WR� PDFUR�FDOLEUDWH� WKH� KRXUO\� VHTXHQWLDO� UXUDO
EDFNJURXQG�FRQFHQWUDWLRQV�XQWLO�WKH�DERYH�PHQWLRQHG
PDFUR�FDOLEUDWLRQ� FULWHULRQ� ZDV� DFKLHYHG�� 7KLV
DSSURDFK�FRPSULVHG����UXQV�RI�WKH�PRGHO��DQG�LQYROYHG
FKDQJLQJ� WKH� EDFNJURXQG� FRQFHQWUDWLRQV� PDQXDOO\
HYHU\�WLPH���,Q�7DEOH����WKH�UHVXOWV�RI�DQ�LQWHUPHGLDWH
UXQ��UXQ�����DQG�WKH�ILQDO�PDFUR�FDOLEUDWLRQ�UXQ��UXQ
�����DUH�VKRZQ�LQ�RUGHU�WR�LOOXVWUDWH�WKH�SURJUHVV�RI�WKLV
DSSURDFK��)RU�HDFK�PDFUR�FDOLEUDWLRQ� LWHUDWLRQ�� WKH
YDOXHV�LQ�WKH�� EDFNJURXQG¶�ILHOG�RI�7DEOH���ZHUH�DGGHG
WR� HYHU\�KRXU� RI� WKH������12

�
��12

;
�� DQG�2

�
� UXUDO

EDFNJURXQG� FRQFHQWUDWLRQV�� +RZHYHU�� DGGLQJ� WKHVH
YDOXHV�WR�WKH�RULJLQDO�EDFNJURXQG�FRQFHQWUDWLRQV�ILOH
UHVXOWHG� LQ� KDYLQJ�PDQ\� FRQVHFXWLYH� KRXUV�ZLWK� D
QHJDWLYH�2

�
�EDFNJURXQG�FRQFHQWUDWLRQ�ZKLFK�UDLVHG

DQ�HUURU�DQG�LQWHUUXSWHG�WKH�PRGHO�UXQ��7KLV�WHFKQLFDO
SUREOHP�ZDV� RYHUFRPH� E\� UHSODFLQJ� WKH� QHJDWLYH�
LQYDOLG��2

�
�EDFNJURXQG�FRQFHQWUDWLRQV�ZLWK�]HUR�LQ�WKH

PDFUR�FDOLEUDWHG� EDFNJURXQG� FRQFHQWUDWLRQV� ILOH�
$QRWKHU�FRPSXWHU�ORJLF�ZDV�DSSOLHG�WR�WKLV�ILOH�LQ�RUGHU
WR�SUHVHUYH�WKH�IDFW�WKDW�12

;
�LV�12���12

�
���+HQFH��IRU

HYHU\� KRXU� LQ� WKH�PDFUR�FDOLEUDWHG� EDFNJURXQG
FRQFHQWUDWLRQV�ILOH��LI�12

�
�!�12

;
��WKHQ�UH�DGMXVW�WKH

PDFUR�FDOLEUDWHG�EDFNJURXQG�12
�
�FRQFHQWUDWLRQ� VR

WKDW�12
�
� �12

;
��7KLV�DVVXPHG�D�]HUR�12�EDFNJURXQG

FRQFHQWUDWLRQ� IRU� YLRODWLQJ� KRXUV� LQ� WKH� PDFUR�
FDOLEUDWHG�EDFNJURXQG�FRQFHQWUDWLRQV�ILOH��$IWHU�HDFK
LWHUDWLRQ�RI�WKH�PDFUR�FDOLEUDWLRQ��WKH�PDFUR�YDOLGDWLRQ
ZDV� XQGHUWDNHQ� E\� FRPSDULQJ� WKH� FDOFXODWHG
FRQFHQWUDWLRQV�DQG�WKH�WDUJHW�FRQFHQWUDWLRQV�LQ�7DEOH
���7KH�FDOFXODWHG�FRQFHQWUDWLRQV�ZHUH�WKH������DQQXDO
PHDQV�RI�FDOFXODWHG�12

�
��12

;
��DQG�2

�
�FRQFHQWUDWLRQV

DQG�WKH� WDUJHW�FRQFHQWUDWLRQV�ZHUH�WKH������DQQXDO
PHDQV�RI�PRQLWRUHG�12

�
��12

;
��DQG�2

�
�FRQFHQWUDWLRQV

DW�WKH�$406��5XQ����LQ�7DEOH���JDYH�WKH�OHDVW�HUURU
EHWZHHQ� WKH� FDOFXODWHG� DQG� WDUJHW� FRQFHQWUDWLRQV�
7KHUHIRUH�� WKH� EDFNJURXQG� FRQFHQWUDWLRQV
FRUUHVSRQGLQJ�WR�WKLV�UXQ�ZHUH�FRQVLGHUHG�WKH�ILQDO
PDFUR�FDOLEUDWHG� EDFNJURXQG� FRQFHQWUDWLRQV�� 7KH
YDOXHV�FRUUHVSRQGLQJ�WR�WKH�ILQDO�PDFUR�FDOLEUDWLRQ�UXQ
LQ�7DEOH���ZHUH�XVHG�WR�GHULYH�(TXDWLRQV������DQG����
ZKLFK� FRXOG� EH� XVHG� WR� HYDOXDWH� GLUHFWO\� WKH
EDFNJURXQG�FRQFHQWUDWLRQ�DGMXVWPHQW�YDOXHV��UHTXLUHG
WR�PDFUR�FDOLEUDWH�WKH�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV
RI�WKH�'XQNLUN�$40$�DLU�SROOXWLRQ�PRGHO��ZLWKRXW�WKH
WULDO�DQG�HUURU�DSSURDFK�

ZKHUH� �LV�WKH�DQQXDO�PHDQ�RI�PRQLWRUHG

12
�
�FRQFHQWUDWLRQV�� �LV�WKH�DQQXDO

PHDQ�RI�FDOFXODWHG�12
�
�FRQFHQWUDWLRQV�XVLQJ�WKH�UXUDO

EDFNJURXQG�FRQFHQWUDWLRQV�DQG�����LV�WKH�GLIIHUHQFH
EHWZHHQ� WKH� YDOXHV�RI� FDOFXODWHG�DQQXDO�PHDQ�12

�

FRQFHQWUDWLRQV�RI�UXQ�����WKH�ILQDO�PDFUR�FDOLEUDWLRQ
UXQ��DQG�UXQ����SHUIRUPHG�XVLQJ�WKH�XQFDOLEUDWHG�UXUDO
EDFNJURXQG�FRQFHQWUDWLRQV��LQ�7DEOH���

ZKHUH� �LV�WKH�DQQXDO�PHDQ�RI�PRQLWRUHG

12
;
� FRQFHQWUDWLRQV� DQG� � LV� WKH

DQQXDO�PHDQ�RI�FDOFXODWHG�12
;
�FRQFHQWUDWLRQV�XVLQJ

WKH�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV�

���

���

����
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ZKHUH� �LV�WKH�DQQXDO�PHDQ�RI�PRQLWRUHG

2
�
� FRQFHQWUDWLRQV�� � LV� WKH� DQQXDO

PHDQ�RI�FDOFXODWHG�2
�
�FRQFHQWUDWLRQV�XVLQJ�WKH�UXUDO

EDFNJURXQG�FRQFHQWUDWLRQV�DQG��������LV�WKH�GLIIHUHQFH
EHWZHHQ� WKH� YDOXHV� RI� FDOFXODWHG� DQQXDO�PHDQ�2

�

FRQFHQWUDWLRQV�RI�UXQ�����WKH�ILQDO�PDFUR�FDOLEUDWLRQ
UXQ��DQG�UXQ����SHUIRUPHG�XVLQJ�WKH�XQFDOLEUDWHG�UXUDO
EDFNJURXQG�FRQFHQWUDWLRQV��LQ�7DEOH���

7KH�WHUP�PLFUR�FDOLEUDWLRQ�LQ�WKLV�UHVHDUFK�SDSHU
UHIHUV� WR� WKH� DGMXVWPHQW� RI� LQSXW� EDFNJURXQG
FRQFHQWUDWLRQV�VR� WKDW� WKH�HUURU�EHWZHHQ�QRW�RQO\� WKH
DQQXDO�PHDQV� RI�� EXW� DOVR� WKH� KRXUO\��FDOFXODWHG� DQG
PRQLWRUHG�DLU�SROOXWLRQ�FRQFHQWUDWLRQV�FDQ�EH�HIIHFWLYHO\
UHGXFHG�� 7KH�PLFUR�FDOLEUDWLRQ� H[WHQGV� WKH�PDFUR�
FDOLEUDWLRQ�DV�VKRZQ�LQ�)LJ�����7KH�PLFUR�YDOLGDWLRQ�ZDV
XQGHUWDNHQ� E\� FRPSDULQJ� VWDWLVWLFDOO\� WZR� RQH�
GLPHQVLRQDO�DUUD\V�RI�WKH������FDOFXODWHG�DQG�PRQLWRUHG
KRXUO\�VHTXHQWLDO� 12

�
� FRQFHQWUDWLRQV� DW� WKH�$406�

3HDUVRQ�&RUUHODWLRQ�&RHIILFLHQW��U��DQG�WKH�5RRW�0HDQ
6TXDUH�(UURU��506(��ZHUH�XVHG�WR�FRPSDUH�WKH�WZR�DUUD\V�
)XUWKHU�GHWDLOV�DERXW�WKHVH�WZR�GHVFULSWLYH�VWDWLVWLFV�DUH
JLYHQ�LQ�+DQQD�HW�DO���������������DQG�-DLQ�DQG�.KDUH
��������7KH�VORSH�RI�WKH�UHJUHVVLRQ�OLQH�WKURXJK�WKH�RULJLQ
ZDV� DOVR� XVHG� WR� FRPSDUH� WKH� WZR� DUUD\V� RI� KRXUO\
FDOFXODWHG�DQG�PRQLWRUHG�FRQFHQWUDWLRQV�

7KH�'XQNLUN�$40$�DLU�SROOXWLRQ�PRGHO�ZDV�UXQ
ZLWK�WKH�XQFDOLEUDWHG�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV
ILOH� WR� RXWSXW� WKH� ����� FDOFXODWHG� KRXUO\� 12

�

FRQFHQWUDWLRQV�DW�WKH�$406��7KLV�ZDV�FDUULHG�RXW�IRU
WKH�LGHQWLILFDWLRQ�RI�WKH�LQLWLDO�GLVFUHSDQF\��EHIRUH�DQ\
FDOLEUDWLRQ��EHWZHHQ�WKH������FDOFXODWHG�DQG�PRQLWRUHG
KRXUO\�12

�
�FRQFHQWUDWLRQV�DW�WKH�$406��DV�VKRZQ�LQ

)LJ�� ��� 7KHQ�� WKH�PRGHO� ZDV� UXQ� ZLWK� WKH� PDFUR�
FDOLEUDWHG� EDFNJURXQG� FRQFHQWUDWLRQV� ILOH�
FRUUHVSRQGLQJ�WR�UXQ����LQ�7DEOH����WR�RXWSXW�WKH�����
FDOFXODWHG�KRXUO\�12

�
�FRQFHQWUDWLRQV�DW�WKH�$406�

7KLV�ZDV� IRU� WKH�PLFUR�YDOLGDWLRQ� DIWHU� WKH�PDFUR�
FDOLEUDWLRQ�RI�WKH�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV�DV
VKRZQ�LQ�)LJ�����3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQWV�ZHUH
FDOFXODWHG�DV�������EHIRUH�DQ\�FDOLEUDWLRQ��DQG�WKHQ�DV
������DIWHU�WKH�PDFUR�FDOLEUDWLRQ��DV�VKRZQ�LQ�)LJ�V��
DQG� ���7KH� VOLJKW� GHFOLQH� LQ� 3HDUVRQ¶V� FRUUHODWLRQ
FRHIILFLHQW�DIWHU�WKH�PDFUR�FDOLEUDWLRQ�LPSOLHG�WKDW�WKH
PDFUR�FDOLEUDWLRQ� VOLJKWO\� GHFUHDVHG� WKH� GHJUHH� RI
OLQHDULW\� RI� WKH� DFWXDO� UHODWLRQVKLS� EHWZHHQ� WKH

FDOFXODWHG�DQG�PRQLWRUHG�KRXUO\�12
�
�FRQFHQWUDWLRQV

DW�WKH�$406��+HQFH��WKH�PDFUR�FDOLEUDWLRQ�VOLJKWO\
LQFUHDVHG� WKH� GULIW� RI� WKH� VKDSH� RI� WKLV� DFWXDO
UHODWLRQVKLS� DZD\� IURP� WKH� SHUIHFW� VWUDLJKW�OLQH
UHODWLRQVKLS��2Q� WKH� RWKHU� KDQG�� WKH� YDOXHV� RI� WKH
506(�ZHUH� FDOFXODWHG� DV� ������ �J�P�� EHIRUH� WKH
FDOLEUDWLRQ��DQG�WKHQ�DV��������J�P��DIWHU�WKH�PDFUR�
FDOLEUDWLRQ��DV�VKRZQ�LQ�)LJV���DQG����7KH�VOLJKW�GHFOLQH
LQ�WKH�506(�DIWHU�WKH�PDFUR�FDOLEUDWLRQ�LPSOLHG�WKDW
WKH�PDFUR�FDOLEUDWLRQ�VOLJKWO\�ORZHUHG�WKH�GLIIHUHQFH
EHWZHHQ� WKH� FDOFXODWHG� DQG� PRQLWRUHG� KRXUO\�12

�

FRQFHQWUDWLRQV��7KHUHIRUH��WKH�PDFUR�FDOLEUDWLRQ�QRW
RQO\�LPSURYHG�WKH�12

�
�SUHGLFWLRQV�RI�WKH�PRGHO�RQ�WKH

PDFUR��DQQXDO�PHDQ��OHYHO�EXW�DOVR�VOLJKWO\�LPSURYHG
WKH�12

�
�SUHGLFWLRQV�RQ�WKH�PLFUR��KRXUO\��OHYHO��7KH

VORSH�RI�WKH�EHVW�ILW�OLQH�WKURXJK�WKH�RULJLQ�RI�WKH�DFWXDO
UHODWLRQVKLS� EHWZHHQ� WKH� FDOFXODWHG� DQG� PRQLWRUHG
KRXUO\� 12

�
� FRQFHQWUDWLRQV� DW� WKH�$406� ZDV

FDOFXODWHG�DV�������EHIRUH�DQ\�FDOLEUDWLRQ��DQG�WKHQ�DV
������DIWHU�WKH�PDFUR�FDOLEUDWLRQ��DV�VKRZQ�LQ�)LJV��
DQG����$OWKRXJK�WKH�UHVXOWV�RI�WKH�PDFUR�FDOLEUDWLRQ�
FRUUHVSRQGLQJ� WR� UXQ� ��� LQ�7DEOH� ��� YHU\� VOLJKWO\
RYHUHVWLPDWHG�WKH������DQQXDO�PHDQ�RI�PRQLWRUHG�12

�

FRQFHQWUDWLRQV�DW�WKH�$406��WKH�VORSH�RI�WKH�EHVW�ILW
OLQH�WKURXJK�WKH�RULJLQ�DIWHU�WKH�PDFUR�FDOLEUDWLRQ�ZDV
OHVV� WKDQ������7KLV� LQGLFDWHG� WKDW�� DIWHU� WKH�PDFUR�
FDOLEUDWLRQ��WKH�PRGHO�JHQHUDOO\�XQGHUHVWLPDWHG�WKH
PRQLWRUHG�12

�
�FRQFHQWUDWLRQV�DW�WKH�$406�RQ� WKH

PLFUR��KRXUO\��OHYHO��+RZHYHU��WKH�VOLJKW�LQFUHDVH�LQ�WKH
VORSH�RI�WKH�EHVW�ILW� OLQH�DIWHU�WKH�PDFUR�FDOLEUDWLRQ
LPSOLHG�WKDW�WKH�PDFUR�FDOLEUDWLRQ�VOLJKWO\�UHGXFHG�WKH
WHQGHQF\�RI�WKH�PRGHO�WR�XQGHUHVWLPDWH�WKH�PRQLWRUHG
KRXUO\� 12

�
� FRQFHQWUDWLRQV� DW� WKH�$406�� 7KLV�

WRJHWKHU�ZLWK� WKH� UHGXFWLRQ� LQ� WKH�506(� DIWHU� WKH
PDFUR�FDOLEUDWLRQ��FRQILUPHG�WKH�VOLJKW�LPSURYHPHQW
RI�WKH�12

�
�SUHGLFWLRQV�RI�WKH�PRGHO��DIWHU�WKH�PDFUR�

FDOLEUDWLRQ��RQ�WKH�PLFUR��KRXUO\��OHYHO�

7R� LPSURYH� IXUWKHU� WKH� 12
�
� SUHGLFWLRQV� RI� WKH

PRGHO�RQ�WKH�PLFUR�OHYHO��WKH�LGHD�RI�PLFUR�FDOLEUDWLRQ
ZDV� GHYHORSHG�� 7KLV� LGHD� GHSHQGHG� RQ� WKH
PRGLILFDWLRQ�RI�(TXDWLRQV����������DQG������LQ�RUGHU�WR
JHQHUDWH� WKUHH� RQH�GLPHQVLRQDO� DUUD\V� IRU� � 12

�

EDFNJURXQG�� �12
;
�EDFNJURXQG�DQG� �2

�
�EDFNJURXQG

DV�IROORZV�

ZKHUH� �LV�WKH�DGMXVWPHQW�YDOXH�IRU

WKH�UXUDO�12
�
�EDFNJURXQG�FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�

� LV� WKH� PRQLWRUHG� KRXUO\� 12
�

����

����
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)LJ�����&DOLEUDWLRQ�DQG�YDOLGDWLRQ�SURFHVV�IRU�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV

)LJ�����6FDWWHU�GLDJUDP�RI�KRXUO\�12
�
�FRQFHQWUDWLRQV�DW�WKH�$406�EHIRUH�DQ\�FDOLEUDWLRQ



���

&DOLEUDWLRQ� RI�%DFNJURXQG�&RQFHQWUDWLRQV

FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�� �LV�WKH

FDOFXODWHG�KRXUO\�12
�
�FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�XVLQJ

WKH� XQFDOLEUDWHG� UXUDO� EDFNJURXQG� FRQFHQWUDWLRQV�

LV� WKH� FDOFXODWHG� KRXUO\� 12
�

FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�XVLQJ�WKH�PDFUR�FDOLEUDWHG
EDFNJURXQG�FRQFHQWUDWLRQV��7KH�YDOXH�RI�L�UDQJHG�IURP
��WR�������ZKLFK�ZDV�WKH�WRWDO�QXPEHU�RI�KRXUV�LQ�WKH
\HDU������������LV�WKH�PDFUR�FDOLEUDWLRQ�DGMXVWPHQW�YDOXH
IRU�WKH�UXUDO�12

�
�EDFNJURXQG�FRQFHQWUDWLRQV��DV�JLYHQ

LQ�WKH�FROXPQ�KHDGHG�µ'�EDFNJURXQG¶�LQ�7DEOH���IRU
UXQ�����WKH�ILQDO�PDFUR�FDOLEUDWLRQ�UXQ��

ZKHUH� � LV�WKH�DGMXVWPHQW�YDOXH

IRU�WKH�UXUDO�12
;
�EDFNJURXQG�FRQFHQWUDWLRQ� IRU� WKH

KRXU�L�� �LV�WKH�PRQLWRUHG�KRXUO\�12
;

FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�� �LV�WKH

FDOFXODWHG�KRXUO\�12
;
�FRQFHQWUDWLRQ� IRU� WKH�KRXU� L

XVLQJ� WKH� XQFDOLEUDWHG� UXUDO� EDFNJURXQG
FRQFHQWUDWLRQV��7KH�YDOXH�RI�L�UDQJHG�IURP���WR������
ZKLFK�ZDV�WKH�WRWDO�QXPEHU�RI�KRXUV�LQ�WKH�\HDU������

ZKHUH� �LV�WKH�DGMXVWPHQW�YDOXH�IRU

WKH�UXUDO�2
�
�EDFNJURXQG�FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�

� LV� WKH� PRQLWRUHG� KRXUO\� 2
�

FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�� �LV�WKH

FDOFXODWHG�KRXUO\�2
�
�FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�XVLQJ

WKH� XQFDOLEUDWHG� UXUDO� EDFNJURXQG� FRQFHQWUDWLRQV�

LV�WKH�FDOFXODWHG�KRXUO\�2
�
�FRQFHQWUDWLRQ

����

)LJ�����6FDWWHU�GLDJUDP�RI�KRXUO\�12
�
�FRQFHQWUDWLRQV�DW�WKH�$406�DIWHU�PDFUR�FDOLEUDWLRQ
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IRU�WKH�KRXU�L�XVLQJ�WKH�PDFUR�FDOLEUDWHG�EDFNJURXQG
FRQFHQWUDWLRQV��7KH�YDOXH�RI�L�UDQJHG�IURP���WR������
ZKLFK�ZDV�WKH�WRWDO�QXPEHU�RI�KRXUV�LQ�WKH�\HDU������
�����LV�WKH�PDFUR�FDOLEUDWLRQ�DGMXVWPHQW�YDOXH�IRU�WKH
UXUDO�2

�
�EDFNJURXQG�FRQFHQWUDWLRQV��DV�JLYHQ�LQ�WKH

FROXPQ�KHDGHG� �EDFNJURXQG¶�LQ�7DEOH���IRU�UXQ���
�WKH� ILQDO�PDFUR�FDOLEUDWLRQ� UXQ��� � 7KH� WKUHH� RQH�
GLPHQVLRQDO�DUUD\V�RI� �12

��EDFNJURXQG
�� �12

;�EDFNJURXQG

DQG� �2
��EDFNJURXQG

��FDOFXODWHG�E\�(TXDWLRQV������������DQG
������ZHUH�DGGHG� WR� WKH� DUUD\V� RI� WKH� XQ�FDOLEUDWHG
KRXUO\�VHTXHQWLDO�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV�RI
12

�
��12

;
� DQG�2

�
�� UHVSHFWLYHO\�� +HQFH� WKH� PLFUR�

FDOLEUDWHG�EDFNJURXQG�FRQFHQWUDWLRQV�ILOH�ZDV�FUHDWHG
EDVHG�RQ�WKH�DERYH�WKUHH�HTXDWLRQV��+RZHYHU��UXQQLQJ
WKH�PRGHO�ZLWK� WKHVH�PLFUR�FDOLEUDWHG� EDFNJURXQG
FRQFHQWUDWLRQV�UHVXOWHG�LQ�WKH�RYHUHVWLPDWLRQ�RI� WKH
DQQXDO�PHDQV� RI� WKH�PRQLWRUHG�12

�
�� 12

;
� DQG� 2

�

FRQFHQWUDWLRQV�DW�WKH�$406�DV�VKRZQ�LQ�7DEOH����,Q
DGGLWLRQ�� XVLQJ� WKHVH�PLFUR�FDOLEUDWHG� EDFNJURXQG
FRQFHQWUDWLRQV�LQFUHDVHG�WKH�GLIIHUHQFH�EHWZHHQ�WKH
FDOFXODWHG�DQG�PRQLWRUHG�KRXUO\�12

�
�FRQFHQWUDWLRQV

RQ�WKH�PLFUR��KRXUO\��OHYHO��7KLV�ZDV�LQGLFDWHG�E\�WKH
ODUJH�LQFUHDVH�LQ�WKH�506(�DV�VKRZQ�LQ�7DEOH���

$�SRVVLEOH� UHDVRQ� IRU� WKH� ODUJH� LQFUHDVH� LQ� WKH
506(�DIWHU�WKH�PLFUR�FDOLEUDWLRQ�EDVHG�RQ�(TXDWLRQV
������ ����� DQG� ����� ZDV� WKH� XVH� RI� WKH� KRXUO\
FRQFHQWUDWLRQV�FDOFXODWHG�XVLQJ�WKH�PDFUR�FDOLEUDWHG
EDFNJURXQG� FRQFHQWUDWLRQV� LQ� WKHVH� HTXDWLRQV��$V
GLVFXVVHG� EHIRUH�ZLWK� UHJDUG� WR� )LJ�� ��� WKH� KRXUO\
FDOFXODWHG� FRQFHQWUDWLRQV� RI� WKH�PDFUR�FDOLEUDWHG
PRGHO�ZHUH�QRW�SUHFLVH�HQRXJK��7KH�PDFUR�FDOLEUDWHG
PRGHO�RI�WKH�'XQNLUN�$40$�ZDV�YDOLGDWHG�RQO\�RQ
WKH�PDFUR��DQQXDO�PHDQ��OHYHO��7KHUHIRUH��LQVWHDG�RI

XVLQJ� DQG� �� WKH� KRXUO\� 12
�
� DQG� 2

�

FRQFHQWUDWLRQV� FDOFXODWHG� E\� WKH�PDFUR�FDOLEUDWHG
PRGHO��LW�ZDV�GHFLGHG�WR�DOWHU�WZR�RI�WKH�WKUHH�HTXDWLRQV
IRU� WKH� PLFUR�FDOLEUDWLRQ� RI� WKH� UXUDO� EDFNJURXQG
FRQFHQWUDWLRQV��XVLQJ�WKH�DQQXDO�PHDQ�12

�
�DQG�2

�

FRQFHQWUDWLRQV� FDOFXODWHG� E\� WKH�PDFUR�FDOLEUDWHG
PRGHO��VR�WKDW�

ZKHUH� �LV�WKH�DGMXVWPHQW�YDOXH�IRU

WKH�UXUDO�12
�
�EDFNJURXQG�FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�

����

� LV� WKH� PRQLWRUHG� KRXUO\� 12
�

FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�� �LV�WKH

FDOFXODWHG�KRXUO\�12
�
�FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�XVLQJ

WKH�XQFDOLEUDWHG�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV��7KH
YDOXH�RI�L�UDQJHG�IURP���WR�������ZKLFK�ZDV�WKH�WRWDO

QXPEHU�RI�KRXUV�LQ�WKH�\HDU������� �LV�WKH

DQQXDO�PHDQ�12
�
�FRQFHQWUDWLRQ�FDOFXODWHG�XVLQJ�WKH

PDFUR�FDOLEUDWHG�EDFNJURXQG�FRQFHQWUDWLRQV��DV�JLYHQ
LQ�WKH�FROXPQ�KHDGHG�µFDOFXODWHG�FRQFHQWUDWLRQV¶�LQ
7DEOH� �� IRU� D� SDUWLFXODU�PDFUR�FDOLEUDWLRQ� UXQ�

� LV� WKH� DQQXDO� PHDQ� 12
�

FRQFHQWUDWLRQ�FDOFXODWHG�XVLQJ�WKH�XQFDOLEUDWHG�UXUDO
EDFNJURXQG�FRQFHQWUDWLRQV�� DV�JLYHQ� LQ�WKH�FROXPQ
KHDGHG�µFDOFXODWHG�FRQFHQWUDWLRQV¶�LQ�7DEOH���IRU�UXQ

��� �LV�WKH�PDFUR�FDOLEUDWLRQ

DGMXVWPHQW� YDOXH� IRU� WKH� UXUDO� 12
�
� EDFNJURXQG

FRQFHQWUDWLRQV�� DV� JLYHQ� LQ� WKH� FROXPQ� KHDGHG
EDFNJURXQG¶� LQ�7DEOH� �� IRU� D� SDUWLFXODU� PDFUR�

FDOLEUDWLRQ�UXQ�

ZKHUH� �LV�WKH�DGMXVWPHQW�YDOXH�IRU

WKH�UXUDO�2
�
�EDFNJURXQG�FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�

� LV� WKH� PRQLWRUHG� KRXUO\� 2
�

FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�� �LV�WKH

FDOFXODWHG�KRXUO\�2
�
�FRQFHQWUDWLRQ�IRU�WKH�KRXU�L�XVLQJ

WKH�XQFDOLEUDWHG�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV��7KH
YDOXH�RI�L�UDQJHG�IURP���WR�������ZKLFK�ZDV�WKH�WRWDO

QXPEHU�RI�KRXUV�LQ� WKH� \HDU������� � LV� WKH

DQQXDO�PHDQ�2
�
�FRQFHQWUDWLRQ�FDOFXODWHG�XVLQJ� WKH

PDFUR�FDOLEUDWHG�EDFNJURXQG�FRQFHQWUDWLRQV��DV�JLYHQ

����
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,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

LQ�WKH�FROXPQ�KHDGHG�µFDOFXODWHG�FRQFHQWUDWLRQV¶�LQ
7DEOH� �� IRU� D� SDUWLFXODU� PDFUR�FDOLEUDWLRQ� UXQ�

�LV�WKH�DQQXDO�PHDQ�2
�
�FRQFHQWUDWLRQ

FDOFXODWHG� XVLQJ� WKH� XQFDOLEUDWHG� UXUDO� EDFNJURXQG
FRQFHQWUDWLRQV�� DV� JLYHQ� LQ� WKH� FROXPQ� KHDGHG
µFDOFXODWHG� FRQFHQWUDWLRQV¶� LQ� 7DEOH� �� IRU� UXQ� ��

� LV� WKH� PDFUR�FDOLEUDWLRQ

DGMXVWPHQW� YDOXH� IRU� WKH� UXUDO� 2
�
� EDFNJURXQG

FRQFHQWUDWLRQV�� DV� JLYHQ� LQ� WKH� FROXPQ� KHDGHG
�EDFNJURXQG¶� LQ�7DEOH� �� IRU� D� SDUWLFXODU�PDFUR�

FDOLEUDWLRQ�UXQ�

$�9%$�FRPSXWHU�SURJUDP�ZDV�ZULWWHQ�LQ�06�([FHO
LQ�RUGHU�WR�DXWRPDWH�WKH�JHQHUDWLRQ�RI�WKH�WKUHH�KRXUO\
VHTXHQWLDO�RQH�GLPHQVLRQDO�DUUD\V�IRU� �12

��EDFNJURXQG
��

12
;�EDFNJURXQG

�DQG� �2
��EDFNJURXQG

�XVLQJ�(TXDWLRQV�����������
DQG�������)RU�DQ\�KRXU�LQ�WKH�\HDU�������LI�HLWKHU�WKH
FDOFXODWHG� RU�PRQLWRUHG� KRXUO\� FRQFHQWUDWLRQ�ZDV
PLVVLQJ�� WKHQ� WKH� HTXDWLRQ� UHOHYDQW� WR� WKH� W\SH� RI
PLVVLQJ�FRQFHQWUDWLRQ�ZRXOG�QRW�EH�XVDEOH��7KLV�ZDV
KDQGOHG� LQ� WKH�9%$�FRPSXWHU� SURJUDP�DV� IROORZV�

� IRU� WKH

KRXUV� RI� PLVVLQJ� KRXUO\� 12
�
� FRQFHQWUDWLRQV��

12
;�EDFNJURXQG� L

�  � �12
;�PDFUR� EDFNJURXQG

� IRU� WKH� KRXUV� RI
PLVVLQJ�KRXUO\�12

;
�FRQFHQWUDWLRQV��DQG� �2

��EDFNJURXQG�L

 � �2
��PDFUR�EDFNJURXQG

�IRU�WKH�KRXUV�RI�PLVVLQJ�KRXUO\�2
�

FRQFHQWUDWLRQV��7KH�9%$�FRPSXWHU�SURJUDP�DSSOLHG
(TXDWLRQV� ������ ����� DQG� ����� XVLQJ� WKH� YDOXHV
FRUUHVSRQGLQJ� WR� UXQ� ��� LQ�7DEOH� �� WR� JHQHUDWH� WKH
PLFUR�FDOLEUDWHG� EDFNJURXQG� FRQFHQWUDWLRQV� ILOH�
5XQQLQJ�WKH�'XQNLUN�$40$�DLU�SROOXWLRQ�PRGHO�ZLWK
WKLV� EDFNJURXQG� FRQFHQWUDWLRQV� ILOH� VLJQLILFDQWO\
LPSURYHG�WKH�506(��U�DQG�WKH�VORSH�RI�WKH�EHVW�ILW�OLQH
WKURXJK�WKH�RULJLQ�DV�VKRZQ�LQ�7DEOH���DQG�)LJ�����7KLV
LQGLFDWHG�D�VLJQLILFDQW�LPSURYHPHQW�IRU�12

�
�KRXUO\

SUHGLFWLRQV�E\�WKH�PRGHO�ZKHQ�XVLQJ�WKLV�EDFNJURXQG
FRQFHQWUDWLRQV� ILOH��+RZHYHU�� WKH�PRGHO�ZLWK� WKLV
EDFNJURXQG� FRQFHQWUDWLRQV� ILOH� XQGHUHVWLPDWHG� WKH
DQQXDO�PHDQ�RI�PRQLWRUHG�12

�
�FRQFHQWUDWLRQV�� DQG

RYHUHVWLPDWHG� WKH� DQQXDO�PHDQ� RI�PRQLWRUHG�2
�

FRQFHQWUDWLRQV�� DW� WKH�$406�DV� VKRZQ� LQ�7DEOH� ��
+HQFH�� XVLQJ� WKH� WULDO� DQG� HUURU�PDFUR�FDOLEUDWLRQ
DSSURDFK�� LW�ZDV� QHFHVVDU\� WR� XQGHUWDNH� DGGLWLRQDO
UXQV�RI�$'06�5RDGV�� EH\RQG� UXQ����� DV� VKRZQ� LQ
7DEOH���

7KH� EDFNJURXQG� FRQFHQWUDWLRQV� RI� WKHVH
DGGLWLRQDO�PDFUR�FDOLEUDWLRQ�UXQV�ZHUH�PRGLILHG�VR�WKDW
WKH�DQQXDO�PHDQ�RI�PRQLWRUHG�12

�
�FRQFHQWUDWLRQV�ZDV

GHOLEHUDWHO\�RYHUHVWLPDWHG�� DQG� WKH� DQQXDO�PHDQ�RI
PRQLWRUHG� 2

�
� FRQFHQWUDWLRQV� ZDV� GHOLEHUDWHO\

)LJ�����6FDWWHU�GLDJUDP�RI�KRXUO\�12
�
�FRQFHQWUDWLRQV�DW�WKH�$406�DIWHU�WKH�PLFUR�FDOLEUDWLRQ�EDVHG�RQ�5XQ���



���

XQGHUHVWLPDWHG��E\�WKHVH�UXQV��QDPHG�$�'�LQ�7DEOH���
&RQVHTXHQWO\�� DIWHU� WKH� µQRUPDO¶�PLFUR�FDOLEUDWLRQ
XQGHUHVWLPDWLRQ�RI�WKH�DQQXDO�PHDQ�RI�PRQLWRUHG�12

�

FRQFHQWUDWLRQV� DQG� WKH� µQRUPDO¶� PLFUR�FDOLEUDWLRQ
RYHUHVWLPDWLRQ�RI�WKH�DQQXDO�PHDQ�RI�PRQLWRUHG�2

�

FRQFHQWUDWLRQV�� WKH�PLFUR�FDOLEUDWLRQ�UXQV�EDVHG�RQ
WKH�UHVXOWV�RI�WKHVH�DGGLWLRQDO�PDFUR�FDOLEUDWLRQ�UXQV
JDYH�D�JRRG�HVWLPDWH�RI�WKH�DQQXDO�PHDQV�RI�ERWK�WKH
PRQLWRUHG�12

�
�DQG�2

�
�FRQFHQWUDWLRQV�DW�WKH�$406�

7KLV� QRW� RQO\� LPSURYHG� WKH� UHVXOWV� RI� WKH� PLFUR�
FDOLEUDWHG�PRGHO�RQ�WKH�PDFUR�OHYHO��EXW�DOVR�IXUWKHU
LPSURYHG�WKH�UHVXOWV�RQ�WKH�PLFUR�OHYHO�DV�VKRZQ�LQ
7DEOH��� DQG�)LJ�����7KHUHIRUH�� WKH�PLFUR�FDOLEUDWHG
EDFNJURXQG�FRQFHQWUDWLRQV�REWDLQHG�E\�(TXDWLRQV������
�����DQG�������EDVHG�RQ�WKH�YDOXHV�FRUUHVSRQGLQJ�WR
UXQ�'� LQ�7DEOH����ZHUH� FRQVLGHUHG� WKH� ILQDO�PLFUR�
FDOLEUDWHG�EDFNJURXQG�FRQFHQWUDWLRQV�

7KH�PLFUR�FDOLEUDWLRQ�GHYHORSPHQW��IURP�UXQ����WR
UXQ�'��LQFUHDVHG�WKH�HUURU�EHWZHHQ�WKH�FDOFXODWHG�DQG
PRQLWRUHG�12

�
� FRQFHQWUDWLRQV� DW� D� IHZ� KRXUV�� DV

LPSOLHG�E\�WKH�FRPSDULVRQ�EHWZHHQ�WKH�VFDWWHU�LQ�WKH
RYHUHVWLPDWHG�SRLQWV�RQ�WKH�ORZHU�OHIW�VLGH�RI�)LJV��
DQG����$� WKRURXJK�LQYHVWLJDWLRQ�ZDV�XQGHUWDNHQ� LQ
RUGHU� WR� LGHQWLI\� WKH� UHDVRQ� IRU� VXFK� XQH[SHFWHG
EHKDYLRXU� RI� WKH�PLFUR�FDOLEUDWLRQ� SURFHVV� DW� WKHVH
KRXUV��$�SRWHQWLDO�UHDVRQ�ZDV�WKH�YHU\�KLJK�UDWLR�RI
WKH�PRQLWRUHG�12

;
�FRQFHQWUDWLRQ�WR�WKH�PRQLWRUHG�12

�

FRQFHQWUDWLRQV��H�J�����ZKLFK�ZDV�DFFRPSDQLHG�E\�D

KLJK�PRQLWRUHG� 2
�
� FRQFHQWUDWLRQ� DW� WKHVH� KRXUV�

+RZHYHU��D�KLJK�FDOFXODWHG�12
;
�FRQFHQWUDWLRQ�E\�WKH

DLU� SROOXWLRQ� PRGHO� ZDV� DFFRPSDQLHG� E\� KLJK
FDOFXODWHG�12

�
�FRQFHQWUDWLRQ�DQG�ORZ�FDOFXODWHG�2

�

FRQFHQWUDWLRQ�DW� WKHVH�KRXUV�� 7KLV� VXJJHVWHG�HLWKHU
LPSUHFLVH�PRGHO�VLPXODWLRQ�RI�WKH�DFWXDO�DWPRVSKHULF
FKHPLFDO� UHDFWLRQV� EHWZHHQ�12

;
� DQG� 2

�
� GXH� WR

LQDFFXUDWH� LQSXW�PHWHRURORJLFDO� GDWD� RU� LPSUHFLVH
PRQLWRULQJ�GDWD�DW�WKHVH�KRXUV��7KH�KLJK�PRQLWRUHG
12

;
�FRQFHQWUDWLRQ�UHVXOWHG�LQ�D�KLJK�LQFUHDVH�LQ�WKH

12
;
� EDFNJURXQG� FRQFHQWUDWLRQ� GXH� WR� WKH�PLFUR�

FDOLEUDWLRQ�DW�WKHVH�KRXUV��6XFK�D�KLJK�LQFUHDVH�LQ�WKH
12

;
� EDFNJURXQG� FRQFHQWUDWLRQ� VXEVWDQWLDOO\

LQFUHDVHG�WKH�FDOFXODWHG�12
�
�FRQFHQWUDWLRQ��UHVXOWLQJ

LQ� D�ELJ� GLIIHUHQFH� EHWZHHQ� WKH� FDOFXODWHG� DQG� ORZ
PRQLWRUHG�12

�
�FRQFHQWUDWLRQV�DW�WKHVH�KRXUV��$W�VRPH

RI�WKHVH�KRXUV��IRU�ZKLFK�WKH�12
�
�FRQFHQWUDWLRQ�ZDV

XQGHUHVWLPDWHG� EHIRUH� DQ\� FDOLEUDWLRQ�� WKH� PLFUR�
FDOLEUDWLRQ� LWHUDWLRQV� LQFUHDVHG� WKH� EDFNJURXQG�12

�

FRQFHQWUDWLRQ�LQ�RUGHU�WR�LQFUHDVH�WKH�FDOFXODWHG�12
�

FRQFHQWUDWLRQ��ZKLFK�FKDQJHG�WKH�12
�
�XQGHUHVWLPDWLRQ

LQWR�DQ�LQFUHDVLQJO\�JUHDWHU�12
�
�RYHUHVWLPDWLRQ��$W�WKH

UHVW�RI�WKHVH�KRXUV��IRU�ZKLFK�WKH�12
�
�FRQFHQWUDWLRQ

ZDV�RYHUHVWLPDWHG�EHIRUH�DQ\�FDOLEUDWLRQ��WKH�UHGXFWLRQ
LQ� FDOFXODWHG�12

�
� FRQFHQWUDWLRQ� GXH� WR� WKH� PLFUR�

FDOLEUDWLRQ� LWHUDWLRQV�ZDV�PDVNHG�E\� WKH� LQFUHDVH� LQ
FDOFXODWHG�12

�
� FRQFHQWUDWLRQ� GXH� WR� WKH� KLJK�12

;

EDFNJURXQG�FRQFHQWUDWLRQ�

)LJ�����6FDWWHU�GLDJUDP�RI�KRXUO\�12
�
�FRQFHQWUDWLRQV�DW�WKH�$406�DIWHU�WKH�PLFUR�FDOLEUDWLRQ�EDVHG�RQ�5XQ�'

&DOLEUDWLRQ� RI�%DFNJURXQG�&RQFHQWUDWLRQV



&21&/86,21
7KH� PDFUR�FDOLEUDWLRQ� RI� EDFNJURXQG

FRQFHQWUDWLRQV�UHGXFHG�HIIHFWLYHO\�WKH�HUURU�EHWZHHQ
WKH�FDOFXODWHG�DQG�PRQLWRUHG�DQQXDO�PHDQV�RI�12

;
�

12
�
��DQG�2

�
�FRQFHQWUDWLRQV��7KH�LWHUDWLYH�DSSOLFDWLRQ

RI�WKH�PLFUR�FDOLEUDWLRQ�HTXDWLRQV������������DQG������WR
EDFNJURXQG� FRQFHQWUDWLRQV� UHGXFHG� HIIHFWLYHO\� WKH
HUURU�EHWZHHQ� WKH�FDOFXODWHG�DQG�PRQLWRUHG�DQQXDO
PHDQV�RI�12

;
��12

�
��DQG�2

�
�FRQFHQWUDWLRQV��DQG�DOVR

WKH�HUURU�EHWZHHQ�WKH�KRXUO\�FDOFXODWHG�DQG�PRQLWRUHG
12

�
�FRQFHQWUDWLRQV��)XUWKHU�UHVHDUFK� LV�UHTXLUHG�WR

DGDSW� WKH� PDFUR�FDOLEUDWLRQ� DQG� PLFUR�FDOLEUDWLRQ
HTXDWLRQV�IRU�PRGHOOLQJ�WKH�DLU�SROOXWLRQ�GLVSHUVLRQ�RI
LQHUW�SROOXWDQWV��H�J��&2�DQG�30��$V�FKHPLFDO�UHDFWLRQV
ZLOO�QRW�EH�FRQVLGHUHG��WKH�FDOLEUDWLRQ�HTXDWLRQV�PD\
UHGXFH�WR�RQH�HTXDWLRQ�IRU�WKH�PDFUR�FDOLEUDWLRQ��DQG
RQH�HTXDWLRQ�IRU� WKH�PLFUR�FDOLEUDWLRQ��RI�WKH�LQSXW
EDFNJURXQG�FRQFHQWUDWLRQV���)RU�WKH�KRXUV�ZLWK�PLVVLQJ
PRQLWRUHG� DLU� SROOXWLRQ� FRQFHQWUDWLRQV�� WKH�PLFUR�
FDOLEUDWLRQ� HTXDWLRQV�ZHUH� XQXVDEOH�� 7KLV� ZDV
DGGUHVVHG�E\�XVLQJ�WKH�PDFUR�FDOLEUDWHG�EDFNJURXQG
FRQFHQWUDWLRQV�IRU�WKHVH�KRXUV��$V�WKH�PDFUR�FDOLEUDWHG
EDFNJURXQG�FRQFHQWUDWLRQV�JLYH�OHVV�SUHFLVH�FDOFXODWHG
FRQFHQWUDWLRQV� RQ� WKH� KRXUO\� OHYHO�� VXFK� D� VWUDWHJ\
PD\�UHGXFH�WKH�UHOLDELOLW\�RI�WKH�QXPEHU�RI�H[FHHGDQFHV
DQG�SHUFHQWLOHV�SUHGLFWHG�E\�WKH�DLU�SROOXWLRQ�PRGHO�
7KHUHIRUH��IRU�WKH�KRXUV�ZLWK�PLVVLQJ�PRQLWRUHG�DLU
SROOXWLRQ�FRQFHQWUDWLRQV�� IXUWKHU�UHVHDUFK�LV�QHHGHG
WR�LQYHVWLJDWH�WKH�LPSDFW�RI�XVLQJ�WKH�PDFUR�FDOLEUDWHG
EDFNJURXQG� FRQFHQWUDWLRQV� RQ� WKH� UHOLDELOLW\� RI� WKH
SUHGLFWHG�QXPEHU�RI�H[FHHGDQFHV�DQG�SHUFHQWLOHV�E\
WKH�DLU�SROOXWLRQ�PRGHO��,Q�FDVH�RI�D�VLJQLILFDQW�DGYHUVH
LPSDFW��IXUWKHU�UHVHDUFK�LV�UHFRPPHQGHG�LQWR�WKH�PLFUR�
FDOLEUDWLRQ�RI�WKH�UXUDO�EDFNJURXQG�FRQFHQWUDWLRQV�RI
WKHVH�KRXUV��EDVHG�RQ�WKH�PHWHRURORJLFDO�GDWD�DQG�WKH
PLFUR�FDOLEUDWHG�EDFNJURXQG�FRQFHQWUDWLRQV�RI�RWKHU
KRXUV�ZLWK�PRQLWRUHG�FRQFHQWUDWLRQV��7KH�LQFOXVLRQ
RI�WKH�KRXUO\�DQG�PRQWKO\�WUDIILF�SURILOHV�LQ�WKH�'XQNLUN
$40$�DLU�SROOXWLRQ�PRGHO�GLG�QRW�KDYH�D�VLJQLILFDQW
LPSDFW� RQ� WKH� HUURU� EHWZHHQ� WKH� DQQXDO�PHDQV� RI
FDOFXODWHG�DQG�PRQLWRUHG�FRQFHQWUDWLRQV��2Q�WKH�RWKHU
KDQG��WKH�LQFOXVLRQ�RI�WKHVH�WUDIILF�SURILOHV�GLG�UHGXFH
WKH� 506(� EHWZHHQ� WKH� KRXUO\� FDOFXODWHG� DQG
PRQLWRUHG�12

�
� FRQFHQWUDWLRQV� E\� �������$V� WKH

'XQNLUN�$40$�DLU�SROOXWLRQ�PRGHO�GLG�QRW�LQFOXGH�D
ODUJH� QXPEHU� RI� URDG� VRXUFHV�� IXUWKHU� UHVHDUFK� LV
UHFRPPHQGHG�WR�LQYHVWLJDWH�WKH�LPSDFW�RI�LQFOXGLQJ
WKH�PRQWKO\�DQG�KRXUO\�WUDIILF�SURILOHV�RQ�WKH�PLFUR�
YDOLGDWLRQ�RI�DQ�DLU�SROOXWLRQ�PRGHO�WKDW�KDV�D�ODUJH
QXPEHU�RI�URDG�VRXUFHV��7KLV�LV�WR�FRUUHODWH�EHWZHHQ
WKH�QXPEHU�RI�URDG�VRXUFHV�ZLWK�WUDIILF�SURILOHV�LQ�WKH
DLU�SROOXWLRQ�PRGHO�DQG�WKH�SRVVLEOH�UHGXFWLRQ�LQ�WKH
506(�EHWZHHQ�WKH�KRXUO\�FDOFXODWHG�DQG�PRQLWRUHG
12

�
�FRQFHQWUDWLRQV�

$&.12:/('*(0(17
7KH� DXWKRUV� ZLVK� WR� WKDQN�1RWWLQJKDP� &LW\

&RXQFLO�IRU�SURYLGLQJ�WKH�DLU�SROOXWLRQ�DQG�WUDIILF�GDWD�
7KH�DXWKRUV�DOVR�ZLVK�WR�DFNQRZOHGJH�WKH�VXSSRUW�RI
&(5&�KHOSGHVN�UHJDUGLQJ�WKH�XVH�RI�$'06�5RDGV�DQG
$'06�8UEDQ�

5()(5(1&(6
$($����������8.�1DWLRQDO�$LU�4XDOLW\�$UFKLYH��$LU�4XDOLW\
6WDQGDUGV�� � � 5HWULHYHG� �������� ������ IURP KWWS���
ZZZ�DLUTXDOLW\�FR�XN�VWDQGDUGV�SKS�

%DUUHWW��6��5��+��DQG�%ULWWHU��5��(����������'HYHORSPHQW�RI
DOJRULWKPV� DQG� DSSUR[LPDWLRQV� IRU� UDSLG� RSHUDWLRQDO� DLU
TXDOLW\�PRGHOOLQJ��$WPRVSKHULF�(QYLURQPHQW����������������
�����

%DUUHWW��6��5��+��DQG�%ULWWHU��5��(�� ��������$OJRULWKPV�DQG
DQDO\WLFDO� VROXWLRQV� IRU� UDSLGO\� DSSUR[LPDWLQJ� ORQJ�WHUP
GLVSHUVLRQ� IURP� OLQH� DQG� DUHD� VRXUFHV��$WPRVSKHULF
(QYLURQPHQW���������������������

%HODOFD]DU��/��&��� &ODSSLHU��$��� %ORQG��1��� )ODVVDN��7�� DQG
(LFKKRUQ��-����������$Q�HYDOXDWLRQ�RI�WKH�HVWLPDWLRQ�RI�URDG
WUDIILF� HPLVVLRQ� IDFWRUV� IURP� WUDFHU� VWXGLHV��$WPRVSKHULF
(QYLURQPHQW���������������������

&DL�� +�� DQG�;LH��6�� '�� ��������$�PRGHOOLQJ� VWXG\�RI� DLU
TXDOLW\� LPSDFW� RI� RGG�HYHQ�GD\� WUDIILF� UHVWULFWLRQ� VFKHPH
EHIRUH��GXULQJ�DQG�DIWHU� WKH������%HLMLQJ�2O\PSLF�*DPHV�
$WPRVSKHULF�&KHPLVWU\�DQG�3K\VLFV�'LVFXVVLRQV�� ��� ����
����������

&(5&�� ��������$'06�5RDGV�9HUVLRQ�����8VHU�*XLGH��$Q
$LU�4XDOLW\�0DQDJHPHQW�6\VWHP��&DPEULGJH�(QYLURQPHQWDO
5HVHDUFK�&RQVXOWDQWV� /WG�

&(5&����������8VLQJ�$'06�8UEDQ�DQG�$'06�5RDGV�DQG
WKH�ODWHVW�JRYHUQPHQW�JXLGDQFH��8.�WRROV�IRU�PRGHOOLQJ�12

;

DQG�12
�
��&��0F+XJK��$'06�8UEDQ�DQG�5RDGV�8VHU�*URXS

0HHWLQJ�

'()5$����������7HFKQLFDO�*XLGDQFH� RQ�/RFDO�$LU�4XDOLW\
0DQDJHPHQW�/$40�7*������ 3DUW� ,9�RI� WKH�(QYLURQPHQW
$FW� �����

'()5$�� ��������'HIUD��8.� �� (QYLURQPHQWDO�3URWHFWLRQ� �
$LU�4XDOLW\� �� /RFDO�$LU� 4XDOLW\�0DQDJHPHQW�� � � 5HWULHYHG
�������� ������ IURP� KWWS���ZZZ�GHIUD�JRY�XN�HQYLURQPHQW�
TXDOLW\�DLU�DLUTXDOLW\�ORFDO�VXSSRUW��

'05%�� �������� (19,5210(17$/�$66(660(17
7(&+1,48(6��'HVLJQ�0DQXDO� IRU� 5RDGV� DQG�%ULGJHV�
9ROXPH�����6HFWLRQ����(19,5210(17$/�$66(660(17�

*LQQHEDXJK��'��/���/LDQJ�� -��DQG� -DFREVRQ��0��=�� �������
([DPLQLQJ� WKH� WHPSHUDWXUH� GHSHQGHQFH� RI� HWKDQRO� �(���
YHUVXV� JDVROLQH� HPLVVLRQV�RQ� DLU� SROOXWLRQ�ZLWK� D� ODUJHO\�
H[SOLFLW�FKHPLFDO�PHFKDQLVP��$WPRVSKHULF�(QYLURQPHQW����
���������������

+DQQD�� 6��5���&KDQJ�� -��&�� DQG�6WULPDLWLV��'��*�� �������
+D]DUGRXV�JDV�PRGHO�HYDOXDWLRQ�ZLWK� ILHOG� REVHUYDWLRQV�
$WPRVSKHULF�(QYLURQPHQW��3DUW�$��*HQHUDO�7RSLFV����������
����������

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

���



+DQQD�� 6��5��� 6WULPDLWLV�� '��*�� DQG�&KDQJ�� -��&�� �������
+D]DUG� UHVSRQVH�PRGHOLQJ� XQFHUWDLQW\� �D� TXDQWLWDWLYH
PHWKRG���9RO�� ���8VHU¶V� JXLGH�IRU� VRIWZDUH� IRU� HYDOXDWLQJ
KD]DUGRXV� JDV� GLVSHUVLRQ�PRGHOV��7HFK��5HS�� SUHSDUHG� IRU
(QJLQHHULQJ�DQG�6HUYLFHV�/DERUDWRU\��$LU�)RUFH�(QJLQHHULQJ
DQG�6HUYLFHV�&HQWHU��7\QGDOO�$LU�)RUFH�%DVH��DQG�$PHULFDQ
3HWUROHXP�,QVWLWXWH�� E\�(DUWK�7HFK�� ��� SS�

-DLQ�� 6�� DQG� .KDUH��0�� ��������$GDSWLYH� QHXUR�IX]]\
PRGHOLQJ�IRU�SUHGLFWLRQ�RI�DPELHQW�&2�FRQFHQWUDWLRQ�DW�XUEDQ
LQWHUVHFWLRQV� DQG� URDGZD\V��$LU� 4XDOLW\��$WPRVSKHUH�	
+HDOWK�

/L��0��-���&KHQ��'��6���&KHQJ��6��<���:DQJ��)���/L��<���=KRX��<�
DQG�/DQJ��-��/�� ��������2SWLPL]LQJ�HPLVVLRQ� LQYHQWRU\�IRU
FKHPLFDO� WUDQVSRUW� PRGHOV� E\� XVLQJ� JHQHWLF� DOJRULWKP�
$WPRVSKHULF�(QYLURQPHQW����������� ����������

0DMXPGDU��%���'XWWD��$���&KDNUDEDUW\��6��DQG�5D\��6���������
$VVHVVPHQW� RI�YHKLFXODU� SROOXWLRQ� LQ�.RONDWD�� ,QGLD�� XVLQJ
&$/,1(� �� PRGHO�� (QYLURQPHQWDO� 0RQLWRULQJ� DQG
$VVHVVPHQW���������V������������������KWWS���G[�GRL�RUJ�
��������V�����������������

02����������0HW�2IILFH��1RWWLQJKDP�:DWQDOO�� � �5HWULHYHG
��������������IURP�KWWS���ZZZ�PHWRIILFH�JRY�XN�ZHDWKHU�XN�
HP�QRWWLQJKDPBZDWQDOOBODWHVWBZHDWKHU�KWPO�

1DPGHR��$���0LWFKHOO��*��DQG�'L[RQ��5�� ��������7(006�
DQ� LQWHJUDWHG� SDFNDJH� IRU�PRGHOOLQJ�DQG� �PDSSLQJ� XUEDQ
WUDIILF�HPLVVLRQV� DQG�DLU� TXDOLW\��(QYLURQPHQWDO�0RGHOOLQJ
	�6RIWZDUH������������������

1&&�DQG�1&&����������/RFDO�7UDQVSRUW�3ODQ�IRU� *UHDWHU
1RWWLQJKDP�������� WR����������1RWWLQJKDP�&LW\� &RXQFLO
DQG�1RWWLQJKDPVKLUH�&RXQW\�&RXQFLO�

3DUUD��0��$���6DQWLDJR�� -��/���0DUWtQ�� )���0DUWLOOL��$�� DQG
6DQWDPDUtD��-��0����������$�PHWKRGRORJ\�WR�XUEDQ�DLU�TXDOLW\
DVVHVVPHQW� GXULQJ� ODUJH� WLPH� SHULRGV� RI� ZLQWHU� XVLQJ
FRPSXWDWLRQDO� IOXLG� G\QDPLF� PRGHOV�� $WPRVSKHULF
(QYLURQPHQW���������������������

3&6����������6HFRQG�DQG�7KLUG�6WDJH�RI�$LU�4XDOLW\�5HYLHZ
DQG�$VVHVVPHQW�5HSRUW��1RWWLQJKDP�&LW\�&RXQFLO��3ROOXWLRQ
&RQWURO� 6HFWLRQ��� $YDLODEOH�� KWWS���
ZZZ�QRWWLQJKDPFLW\�JRY�XN�LQGH[�DVS["DUWLFOHLG ����

3&6����������'HWDLOHG�$VVHVVPHQW�&RQVXOWDWLRQ�'RFXPHQW�
1RWWLQJKDP�&LW\�&RXQFLO��3ROOXWLRQ�&RQWURO�	�(QYLURFULPH
6HFWLRQ���$YDLODEOH�� ?KWWS���ZZZ�QRWWLQJKDPFLW\�JRY�XN�
LQGH[�DVS["DUWLFOHLG ����

3&6�� ��������'HWDLOHG�$VVHVVPHQW� ������1RWWLQJKDP�&LW\
&RXQFLO��3ROOXWLRQ�&RQWURO�	�(QYLURFULPH�6HFWLRQ��$YDLODEOH�
K W W S � � � Z Z Z � Q R W W L Q J K D P F L W \ � J R Y � X N �
LQGH[�DVS["DUWLFOHLG ����

9HQHJDV��/��(�� DQG�0D]]HR�� 1��$�� ��������0RGHOOLQJ� RI
XUEDQ� EDFNJURXQG� SROOXWLRQ� LQ� %XHQRV� $LUHV� &LW\
�$UJHQWLQD���(QYLURQPHQWDO�0RGHOOLQJ�	�6RIWZDUH���������
��������

=DKUDQ��(��0��0�

���



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� ��� -DQ�� ����� �� ��� �� � �� � �� � � �5HYLVHG����-XO\������ �� �� � � �� � � � �� � �$FFHSWHG����-XO\�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO��HFREKXYLB����#\DKRR�FR�LQ

���

,QGXFWLRQ�RI�'1$�'DPDJH�DQG�*$''�� �JHQH�0XWDWLRQ�LQ�=HEUD�ILVK��'DQLR
UHULR��GXH�WR�(QYLURQPHQWDOO\�5HOHYDQW�&RQFHQWUDWLRQV�RI�2UJDQRFKORULQH

3HVWLFLGHV�	�+HDY\�0HWDOV

%KXYDQHVKZDUL��5����%DEX�5DMHQGUDQ��5��DQG�.XPDU��.�

'HSDUWPHQW�RI�(QYLURQPHQWDO�%LRWHFKQRORJ\��6FKRRO�RI�(QYLURQPHQWDO�6FLHQFHV��%KDUDWKLGDVDQ
8QLYHUVLW\��7LUXFKLUDSSDOOL�����,QGLD

$%675$&7�=HEUD�ILVK�ZHUH�H[SRVHG�WR�HQYLURQPHQWDOO\�UHOHYDQW�FRQFHQWUDWLRQ�RI�SHVWLFLGHV�DQG�PHWDOV�IRU
D�SHULRG�RI����GD\V��7KH�LQGLYLGXDO�DQG� WKH�FRPELQHG�WR[LFLW\�RI�SHVWLFLGHV�DQG�PHWDOV�ZHUH�VWXGLHG��'DPDJH
FDXVHG� WR� WKH� '1$�DQG� LQGXFWLRQ�RI�PXWDWLRQ� LQ� WKH�*$''�� �JHQH�ZDV� LQYHVWLJDWHG� LQ� WKLV�VWXG\��7KH
SUHVHQW�LQYHVWLJDWLRQ�UHYHDOHG�WKDW� H[SRVXUH�RI�]HEUD�ILVK�WR�SHVWLFLGHV�DQG�PHWDOV� LQGXFHG�'1$�GDPDJH�DQG
DOVR�PXWDWLRQ� LQ� WKH�*$''�� �JHQH��7KH�SHVWLFLGHV� WUHDWHG�JURXS� �,,,�� VKRZHG�VLJQLILFDQWO\� KLJKHU� GDPDJH
IROORZHG�E\�PHWDOV� WUHDWHG�JURXS��,,���7KH�'1$�GDPDJH�ZDV�FRPSDUDWLYHO\�OHVV�LQ� WKH�SHVWLFLGHV�DQG�PHWDOV
H[SRVHG�JURXS��,9���*$''�� JHQH�ZKLFK�LV�FRQVLGHUHG�WR�EH�RQH�RI�WKH�PRVW�LPSRUWDQW�JHQH�LQYROYHG�LQ�*
SKDVH�DUUHVW��KDV�EHHQ�IRXQG�WR�EH�PXWDWHG�LQ�]HEUD�ILVK�ZKHQ�H[SRVHG�WR�PHWDOV�DQG�SHVWLFLGHV��7KH�FRPSDULVRQ
RI�DPSOLILHG�JHQH�VHTXHQFH�RI�*$''�� JHQH�ZLWK�WKH�VHTXHQFH�RI�WKH�]HEUD�ILVK�UHWULHYHG�IURP�WKH�1&%,
FRQILUPHG�WKH�PXWDWLRQ�LQ� WKH�JHQH�VHTXHQFH�RI�]HEUD�ILVK�WUHDWHG�ZLWK�SHVWLFLGHV�DQG�PHWDOV���7KH� LQGXFWLRQ
RI�'1$�GDPDJH�LQ�ILVK�GXH�WR�FRQWDPLQDQWV�PD\�OHDG�WR�PXWDWLRQV��ZKLFK�FRQWULEXWH�WRZDUGV�WKH�PXOWLVWDJH
FDUFLQRJHQHVLV� SURFHVV�

.H\�ZRUGV��=HEUD� ILVK��3HVWLFLGHV��0HWDOV��'1$�GDPDJH��*HQH�PXWDWLRQ

,1752'8&7,21
)LVK�DUH�SDUWLFXODUO\�VHQVLWLYH�WR�WKH�LQIOXHQFH�RI

SHVWLFLGHV�DQG�RWKHU�WR[LF�SROOXWDQWV�EHFDXVH�WKH\�DUH
DEOH�WR�XSWDNH�DQG�UHWDLQ�WKH�GLVVROYHG�[HQRELRWLF�LQ
ZDWHU� YLD� DFWLYH� RU� SDVVLYH� SURFHVVHV�� 7KH� XVH� RI
SK\VLRORJLFDO�DQG�ELRFKHPLFDO�SDUDPHWHUV�DV�LQGLFDWRUV
RI�ZDWHU�TXDOLW\�KDV�UHFHQWO\�EHHQ�GHYHORSHG�WR�GHWHFW
VXEOHWKDO�LPSDFWV�RI�SROOXWDQWV�$�QXPEHU�RI�LQWULQVLF
DQG� H[WULQVLF�PXWDJHQV� FDXVH� VWUXFWXUDO� FKDQJHV� LQ
FHOOXODU�'1$�WKDW�FRXOG�HYHQWXDOO\�OHDG�WR�DOWHUDWLRQ�LQ
WKH�FRGLQJ�SURSHUWLHV�RI�'1$�DQG�FHOOXODU�WR[LFLW\��)UHH
UDGLFDOV�SURGXFHG�E\� R[LGDWLYH�SURFHVVHV�FDQ�DWWDFN
'1$�DW�EDVHV�RU�VXJDUV��FDXVLQJ�SULPDULO\�VLQJOH�VWUDQG
EUHDNV��DV�ZHOO�DV��VHFRQGDU\�GRXEOH�VWUDQG�EUHDNV��)HUUL
HW�DO���������6DUNHU�HW�DO���������6SHQFHU�HW�DO���������
'1$�VWUDQG�EUHDNDJH�LV�QRW�DQ�XQFRPPRQ�RFFXUUHQFH
LQ�D�FHOO��+HDW�HQHUJ\�FDXVHV�D�QXPEHU�RI�DEDVLF�VLWHV
SHU�FHOO�SHU�GD\�ZKLFK��KRZHYHU��DUH�UDSLGO\�UHSDLUHG�
7KLV�LV�DQ�H[DPSOH�RI�LQVXOW�WR�'1$�WKDW�LQGLUHFWO\�UHVXOWV
LQ�WKH�VWUDQG�EUHDNDJH��L�H���LQLWLDO�GDPDJH�LV�WKH�ORVV�RI
D�EDVH�IURP�WKH�'1$�FKDLQ��WKH�UHSDLU�RI�WKLV�GDPDJH
UHVXOWV�LQ�D�WHPSRUDU\�JDS�LQ�WKH�'1$�PROHFXOH����'1$
VWUDQG� EUHDNV� DUH� SRWHQWLDOO\� SUH�PXWDJHQLF� OHVLRQV
�.DPPDQQ�HW�DO���������DQG�PD\�SURYLGH�D�PHDQLQJIXO

LQGLFDWLRQ�RI�WKH�GHJUHH�RI�WKH�R[LGDWLYH�GDPDJH�RI
WKH�'1$��,POD\�HW�DO����������%LRPDUNHUV�RI�'1$
GDPDJH�DUH�YDOXDEOH�WRROV�WR�DVVHVV�DFXWH�DQG�FKURQLF
H[SRVXUH� RI� DTXDWLF� RUJDQLVPV� WR� JHQRWR[LF
VXEVWDQFHV�� 0RUHRYHU�� DV� JHQRWR[LQV�PD\� LQGXFH
FKDQJHV� LQ� '1$� WKDW� DUH� SDVVHG� RQ� WR� IXWXUH
JHQHUDWLRQV��WKLV�NLQG�RI�ELRPDUNHU�FDQ�EH�XVHG�LQ�D
SUHGLFWLYH� ZD\�� DYRLGLQJ� LUUHYHUVLEOH� HFRORJLFDO
FRQVHTXHQFHV� �0RQVHUUDW� HW� DO��� �������7KH\� KDYH
EHHQ� LQGXFHG� LQ� WKH� ILVK� E\� LQ� YLWUR� DQG� LQ� YLYR
H[SRVXUH�WR�FKHPLFDOV�VXFK�DV�EHQ]R��D��S\UHQH��PHWDOV
DQG�3&%V��(YHUDDUWV��������0LWFKHOPRUH�DQG�&KLSPDQ�
�������,Q�ILVK��'1$�UHSDLU�PHFKDQLVPV�DUH�QRW�ZHOO
VWXGLHG��ZKHQ� FRPSDUHG� WR� WKDW� RI�PDPPDOV��$Q\
GHIHFW�LQ�'1$�UHSDLU�PHFKDQLVPV�OHDGV�WR�JHQRPLF
LQVWDELOLW\�� HLWKHU� DV� PXWDWLRQV� RU� RWKHU� JHQHWLF
DOWHUDWLRQV��6PDOO�ILVK�PRGHO��]HEUDILVK�KDV�EHHQ�XVHG
LQ�FDQFHU�VWXGLHV�IRU�PDQ\�\HDUV� �$PDWUXGD�HW� DO��
�������$�JUHDW�GHDO�RI�]HEUDILVK�JHQRPLFV�LQIRUPDWLRQ
LV�DYDLODEOH�RQOLQH�WKURXJK�GHGLFDWHG�SRUWDOV��6LPLODUO\�
VWXGLHV� XVLQJ� PHGDND� LQ� FKHPLFDOO\�LQGXFHG
FDUFLQRJHQHVLV�KDYH�VKRZQ�SURPLVLQJ�UHVXOWV��5HGG\
HW�DO���������/LX�HW�DO����������$V�PRVW�RFFXSDWLRQDO
DQG� HQYLURQPHQWDO� H[SRVXUHV� WR� SHVWLFLGHV� DUH� WR



���

%KXYDQHVKZDUL��5��HW�DO�

PL[WXUHV��WKH�JHQRWR[LF�SRWHQWLDO�HYDOXDWHG�RQ�VLQJOH
FRPSRXQGV�FRXOG�QRW�EH�H[WUDSRODWHG�WR�KXPDQV��6R�
WKH� SUHVHQW� LQYHVWLJDWLRQ� DLPV� DW� VWXG\LQJ� '1$
GDPDJH�DQG�PXWDWLRQ�LQ�WKH�*$''�� �JHQH�GXH�WR
LQGLYLGXDO� DQG� FRPELQHG� WR[LFLW\� RI� SHVWLFLGHV� DQG
KHDY\�PHWDOV�LQ�=HEUD�ILVK�VR�WKDW�WKH�UHVXOW�FDQ�EH
H[WUDSRODWHG�WR�KXPDQ�EHLQJV�

0$7(5,$/6�	�0(7+2'6
=HEUDILVK� �'�� UHULR�� ZHUH� SXUFKDVHG� IURP� D

FRPPHUFLDO�ILVK�VXSSOLHU�DQG�DFFOLPDWL]HG�IRU�RQH�ZHHN
LQ�WKH�ODERUDWRU\�FRQGLWLRQV�LQ����/�JODVV�WDQNV�EHIRUH
WKH� VWDUW� RI� WKH� H[SHULPHQWV�� )RXU� GLIIHUHQW� JURXSV
�HDFK� ��� DQLPDOV� RI�PL[HG� VH[��ZHUH� XVHG� IRU� WKH
H[SHULPHQW��FRQWURO�ZLWK�DFHWRQH��*URXS�,���*URXS�,,
UHSUHVHQWV�WKH�PL[WXUH�RI�PHWDOV�VXFK�DV�1L�LQ�WKH�IRUP
RI�1LFNHO� FKORULGH� ������PJ�/��� &G� LQ� WKH� IRUP�RI
&DGPLXP�FKORULGH�������PJ�/��DQG�3E�DV�/HDG�QLWUDWH
������PJ�/���*URXS�,,,�FRPSULVHV�WKH�PL[WXUH�RI�VL[
SHVWLFLGHV�9L]��� �+&+�����QJ�/���R�S¶�''(�������QJ�/��
DOGULQ�����QJ�/���GLHOGULQ�����QJ�/���KHSWDFKORU������QJ�
/��DQG�PLUH[��������J�/���*URXS�,9�LQFOXGHV�PL[WXUH�RI
ERWK�PHWDOV� DQG� SHVWLFLGHV�� 7KH� FRQFHQWUDWLRQ� RI
SHVWLFLGHV�DQG�PHWDOV�XVHG�IRU�WKH�WR[LFLW\�VWXG\�UHIOHFW
WKRVH�GHWHFWHG�LQ�WKH�VXUIDFH�ZDWHU�RI�5LYHU�&DXYHU\
DQG�9HHUDQDP�/DNH��%KXYDQHVKZDUL���������7KH�VWRFN
VROXWLRQV�RI�SHVWLFLGHV�ZHUH�SUHSDUHG�XVLQJ�DFHWRQH
DQG�WKH�PHWDOV�ZHUH�SUHSDUHG�LQ�GHLRQL]HG�ZDWHU�

'1$�VWUDQG�EUHDNV�ZHUH�TXDQWLILHG�DFFRUGLQJ�WR
'H�/DIRQWDLQH�HW�DO�����������7LVVXH�KRPRJHQDWHV����
�O��ZHUH�LQFXEDWHG�LQ������O�RI�D�6'6�VROXWLRQ�����
FRQWDLQLQJ����P0�1D2+�����P0�7ULV�DQG����P0�('7$
DQG������O�RI������0�RI�.&O�DW����&�IRU����PLQ��6DPSOHV
ZHUH�FRROHG�WR���&�IRU����PLQ�LQ�RUGHU�WR�SUHFLSLWDWH
6'6� DVVRFLDWHG� QXFOHRSURWHLQV� DQG� JHQRPLF�'1$�
7KH�PL[WXUH�ZDV�IXUWKHU�FHQWULIXJHG�DW�����J�IRU���PLQ
WR�HQKDQFH�WKH�SUHFLSLWDWLRQ�SURFHVV��/HYHOV�RI�VLQJOH
DQG�GRXEOH�VWUDQGHG�'1$�UHPDLQLQJ�LQ�WKH�VXSHUQDWDQW
ZHUH�ODEHOHG�E\�PL[LQJ�����O�RI�VXSHUQDWDQW�ZLWK������O
RI����J�PO��+HRFKVW�G\H��ELV�%HQ]LPLGHWW��������6LJPD�
DOGULFK��,QGLD��LQ�����0�SKRVSKDWH�EXIIHU��S+�������7KH
UHVXOWLQJ� FRPSOH[� ZDV� WKHQ� PHDVXUHG� XVLQJ� DQ
H[FLWDWLRQ�HPLVVLRQ�ZDYHOHQJWK� RI� �������� QP�
*HQRPLF�'1$�ZDV��H[WUDFWHG��E\��JULQGLQJ��WKH�ZKROH
ERG\�WLVVXH�RI�]HEUD�ILVK�LQ��D��PRUWDU��DQG�SHVWOH�ZLWK
��PO�RI��H[WUDFWLRQ��EXIIHU�������P0�7ULV�&O��S+�� �������
6'6��������0�1D&O������P0�('7$���7KHQ�����O��SURWHLQDVH
.��VROXWLRQ��������J�PO��ZDV��DGGHG��DQG��WKH��PL[WXUH
ZDV��LQFXEDWHG�IRU����PLQ��DW�����&�DQG��VXEVHTXHQWO\
IRU����PLQ�DW����&���7KH�VROXWLRQ�ZDV��WZLFH�H[WUDFWHG
ZLWK� � HTXDO� � YROXPHV� � RI� SKHQRO�FKORURIRUP�
LVRDP\ODOFRKRO�������������DQG��ILQDOO\�ZLWK��FKORURIRUP�
LVRDP\ODOFRKRO�����O����'1$�ZDV��SUHFLSLWDWHG��IURP��WKH
ILQDO��DTXHRXV��SKDVH��E\��DGGLQJ�������O��RI������

HWKDQRO��DQG�������O��RI���0�DPPRQLXP�DFHWDWH�DQG
SODFLQJ��WKH��PL[WXUH��DW�������&��IRU������PLQ���7KH
SUHFLSLWDWHG�'1$�ZDV�SHOOHWHG�LQ�D�PLFUR�FHQWULIXJH
DQG�GULHG�XQGHU�YDFXXP�DW�URRP�WHPSHUDWXUH�� �7KH
SHOOHW�ZDV�UHVXVSHQGHG��LQ�����O��RI�7(�EXIIHU�������0
7ULV�&O�S+�� �������������0�('7$���DQG��VWRUHG��DW���&�
7KH� QXFOHLF� DFLG� FRQFHQWUDWLRQ�ZDV�PHDVXUHG� LQ� D
VSHFWURSKRWRPHWHU� DW� ���� QP�� �$� IUDJPHQW� RI� WKH
*DGG��EHWD�JHQH�ZDV�DPSOLILHG�E\�3&5��7KH�3&5
SULPHUV�XVHG�ZHUH��
�7&$&$*7&**&*777$7*$*�
�
� �)RUZDUG� 3ULPHU�� DQG� �
�
*$7*7&*77$7&*&$*&$*$��
��5HYHUVH�3ULPHU��
$PSOLILHG� LQ� 3&5�ZLWK� RSWLPL]HG� FRQGLWLRQV� DQG
DPSOLFRQV� ZHUH� UXQ� RQ� � D� ��� DJDURVH� JHO� IRU
FRQILUPDWLRQ���FRQWDLQLQJ�����J�PO��HWKLGLXP�EURPLGH�
DW�URRP��WHPSHUDWXUH��DW�����9�LQ��7%(��UXQQLQJ�EXIIHU��$
����ES�'1$�PDUNHU�ZDV�XVHG�DV�UHIHUHQFH��7KH�JHO
ZDV�SKRWRJUDSKHG�XQGHU�89�OLJKW��7KH�DPSOLILHG�3&5
IUDJPHQWV�ZHUH�SXULILHG�DQG�DIWHU�SXULILFDWLRQ��GLUHFW
VHTXHQFLQJ� ZDV� FDUULHG� RXW� E\� WKH� GLGHR[\� FKDLQ
WHUPLQDWLRQ�PHWKRG�XVLQJ�D�3HUNLQ�(OPHU�$%,�����
VHTXHQFH�DQDO\]HU��$SSOLHG�%LRV\VWHPV��)RVWHU�&LW\�
&$�� 86$���$QWLVHQVH� SULPHU� ZDV� XVHG� DV� WKH
VHTXHQFLQJ�SULPHU�

5(678/76�	�',6&866,21
7KH�JHQRWR[LF�HIIHFW�RI�SHVWLFLGHV�DQG�PHWDOV�LQ

WKH� ]HEUD� ILVK� ZDV� DVVHVVHG� WKURXJK� WKH� DONDOLQH
SUHFLSLWDWLRQ� DVVD\� LQ� WKH� SUHVHQW� VWXG\�)LJ��
UHSUHVHQWV� WKH�'1$�GDPDJH� LQ� WKH�FRQWURO�DQG� WKH
WUHDWHG�JURXSV��7KH�H[WHQW�RI�'1$�GDPDJH�ZDV�KLJK
LQ� JURXS� ,,,� �SHVWLFLGHV� WUHDWHG�� IROORZHG�E\�PHWDOV
H[SRVHG�JURXS��,,���6LQFH�WKH�'1$�GDPDJH�FDQ�DOVR
RFFXU�GXH�WR�YDULRXV�QRUPDO�PHWDEROLF�SURFHVVHV�LQVLGH
WKH�FHOO�DW�D�UDWH�RI�������WR�����������PROHFXODU�OHVLRQV
SHU�FHOO�SHU�GD\��/RGLVK�HW�DO����������WKH�FRQWURO�JURXS
DOVR�H[KLELWHG�WKH�'1$�GDPDJH���7KH�SHVWLFLGHV�DQG
PHWDOV�WUHDWHG�JURXS��,9��VKRZHG�'1$�GDPDJH�VLPLODU
WR� WKH� FRQWURO�� � 7KH� UHVXOWV� RI� WKH� SUHVHQW� VWXG\
FRLQFLGH�ZLWK�'H�/DIRQDWLQH�HW�DO����������ZKR�REVHUYHG
VLJQLILFDQW�'1$�GDPDJH�LQ�]HEUD�PXVVHO��'UHLVVHQD
SRO\PRUSKD�� IURP� 6W� /DZUHQFH� ULYHU� �&DQDGD�
FRQWDPLQDWHG�ZLWK�PHWDOV��7KH�GHWHFWHG'1$�GDPDJH
FRXOG� EH� GXH WR F\WRWR[LF� DQG�RU� JHQRWR[LF� HIIHFWV�
([SRVXUH�WR�JHQRWR[LF�FRPSRXQGV�FRXOG�LQGXFH�'1$
GDPDJH� QRW� RQO\� GLUHFWO\� EXW� DOVR� WKURXJK� RWKHU
PHFKDQLVPV� VXFK�DV�R[LGDWLYH�VWUHVV�RU�LQIODPPDWRU\
SURFHVVHV� �/HEDLOO\ HW� DO��� ������� %RORJQHVVL�HW� DO��
�������VWXGLHG�WKH�KHDY\�PHWDO�LQGXFHG�R[LGDWLYH�VWUHVV
LQ� WKH� PXVVHOV� DQG� REVHUYHG� WKDW� &G� LQGXFHG
VWDWLVWLFDOO\� VLJQLILFDQW� LQFUHDVH� RI�'1$� GDPDJH�
=HOMH]LF�DQG�9UKRYDF���������VWXGLHG�WKDW�WKHPL[WXUH
RI�SHVWLFLGHV�VXFK�DV�DWUD]LQH��DODFKORU�F\DQD]LQH������
GLFKORURSKHQR[\DFHWLF� DFLG� DQG�PDODWKLRQ� FDXVHG
LQFUHDVH� LQ�WKH� OHYHO�RI�'1$ GDPDJH��'1$�VWUDQG
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���

EUHDNV�DQG�DSRSWRVLV�LQ�HU\WKURF\WHV�RI�WKH�(XURSHDQ
HHO�$QJXLOOD� DQJXLOOD� ZHUH� REVHUYHG� IURP� LQ� YLYR
H[SRVXUH�WR�%>D@3��$URFKORU�������DQG�GLR[LQ��5HJROL�HW
DO����������7KHVH�FDUFLQRJHQLF�FRPSRXQGV�DUH�NQRZQ
WR�DFW�WKURXJK�R[\JHQ�IUHH�UDGLFDO�PHFKDQLVPV��1LJUR
HW�DO����������2QH�RI�WKH�FHOOXODU�WDUJHWV�RI�526�LV�'1$�
0RUH�WKDQ�����GLIIHUHQW�W\SHV�RI�R[LGDWLYH�'1$�OHVLRQV
KDYH�EHHQ�GHVFULEHG��UDQJLQJ�IURP�EDVH�PRGLILFDWLRQ
WR� VLQJOH�� DQG� GRXEOH�VWUDQG� '1$� EUHDNV� DQG
LQWHUVWUDQG� FURVV�OLQNV��7KHVH� OHVLRQV� GLVUXSW� YLWDO
SURFHVVHV�VXFK�DV�WUDQVFULSWLRQ�DQG�UHSOLFDWLRQ��ZKLFK
PD\�FDXVH�FHOO�GHDWK�RU�JURZWK�DUUHVW�RU�PD\�LQGXFH
PXWDWLRQV�WKDW�OHDG�WR�FDQFHU��+DVW\�HW�DO���������

7KH�*$''���JHQH�FDQ�EH�LQGXFHG�E\�LRQL]LQJ
UDGLDWLRQ� DQG� VHYHUDO� '1$�GDPDJLQJ� [HQRELRWLFV
�%ODV]\N�HW�DO����������7KH�JDGG�JHQHV�ZHUH�DOVR�IRXQG
WR� EH� LQGXFLEOH� E\� YDULRXV� W\SHV� RI�'1$� GDPDJH�
*$''����KDV�EHHQ�DVVRFLDWHG�ZLWK FRQWURO�RI�FHOOXODU
JURZWK�DQG�DSRSWRWLF�FHOO�GHDWK���7KH�*$''���JHQH�LV
LQGXFHG� ZKHQ� FHOOV� DUH� VXEMHFWHG� WR�'1$� GDPDJH
OHDGLQJ�WR�DUUHVW�LQ�WKH�*a�SKDVH�RI�WKH�FHOO�F\FOH��.DVWDQ
HW�DO����������7KH�UHVXOWV�RI�WKH�SUHVHQW�LQYHVWLJDWLRQ
VKRZHG� WKDW� SHVWLFLGHV� DQG� PHWDOV� KDYH� LQGXFHG
PXWDWLRQ� LQ� WKH� *$''�� � JHQH�� *HQEDQN� '1$
VHTXHQFH�GDWD��$FFHVVLRQ�QR��HPE_&8���������_��ZDV
XVHG� IRU� FRPSDULVRQ� REWDLQHG� LQ� WKLV� VWXG\�� 7KH
*$''�� �VHTXHQFHV�REWDLQHG� LQ� WKH�SUHVHQW� VWXG\
GLVSOD\HG�DOO�WKH�FRQVHUYHG�VWUXFWXUDO�GRPDLQV�RI�WKH
JHQH�DQG�VKRZHG�D�KLJK�GHJUHH�RI�VLPLODULW\�ZLWK�WKH
JHQHV�VHTXHQFH�DYDLODEOH�ZLWK�WKH�*HQEDQN��)LJ���D��
7KH�H[SRVXUH�RI�]HEUD�ILVK�WR�PHWDOV��JURXS�,,��VKRZHG

)LJ����'1$�'DPDJH��PLFURJUDP�PJ��LQ�]HEUD�ILVK�H[SRVHG�WR�PHWDOV�DQG�SHVWLFLGHV��'DWD�DUH�H[SUHVVHG�DV
PHDQ���VWDQGDUG�GHYLDWLRQ�����9HU\�KLJKO\�VLJQLILFDQW�DW�S����������KLJKO\�VLJQLILFDQW�DW�S�����

����VLPLODULW\�ZLWK�GHOHWLRQV�RI�IRXU�DGHQLQH��$��EDVHV
DQG� WUDQVYHUVLRQ�PXWDWLRQ� L�H�FRQYHUVLRQ� RI�7� WR�$
ZDV�REVHUYHG��)LJ���E����7KH�SHVWLFLGH�H[SRVXUH��JURXS
,,,���)LJ���F��DOVR�UHVXOWHG�LQ�GHOHWLRQV�RI�IRXU�EDVHV
WKDW�LQFOXGHV�DGHQLQH��JXDQLQH�DQG�WK\PLQH�EDVHV�DQG
H[KLELWHG�WUDQVLWLRQ�PXWDWLRQ��*�WR�$��ZKHUHDV�LQ�WKH
SHVWLFLGHV� DQG�PHWDOV� WUHDWHG� JURXS� �,9�� �)LJ�� �G�
LQVHUWLRQ�RI�F\WRVLQH�EDVH�DQG�WUDQVLWLRQ�PXWDWLRQ��*
WR�$��ZDV�REVHUYHG��7KH�PXWDWLRQV�RFFXUULQJ�DW�KRW
VSRWV� PD\� SURGXFH� DOWHUHG� SURWHLQV� WKDW� OHDG� WR
GHUHJXODWHG�DFWLYDWLRQ�RI�WKH�*$''�� �SURWHLQ��'XH
WR�WKH�GHUHJXODWHG�DFWLYLW\�RI�*$''�� �SURWHLQ��WKH�*
SKDVH� SURFHVV� FRQWLQXHV� ZLWKRXW� DUUHVW� GXULQJ
QHRSODVLD� LQ� VWUHVVIXO� FRQGLWLRQV� WKXV� UHVXOWLQJ� LQ
WXPRXU��%RWK�WUDQVLWLRQV�DQG�WUDQVYHUVLRQV�FDQ�FKDQJH
WKH� DPLQR� DFLG� FRPSRVLWLRQ� RI� WKH� FRUUHVSRQGLQJ
SURWHLQ��EXW�WKH�ELRFKHPLFDO�GLIIHUHQFH�LQ�WKH�SURWHLQ
SURGXFW�WHQGV�WR�EH�JUHDWHU�IRU�WUDQVYHUVLRQV��7KHVH
PXWDWLRQV�LQ�WKH�F'1$�RI�*$''�� IDOO�ZLWKLQ�D�VKRUW
VHTXHQFH WKDW�DSSHDUV�WR�EH�FRQVHUYHG�DQG�DOVR�IDOOV
XQGHU�WKH�H[RQ�UHJLRQ�WKDW�FRQWDLQV�WKH�RSHQ�UHDGLQJ
IUDPH��25)���7KH�25)�LV�WKH�UHJLRQ�WKDW�SRWHQWLDOO\
HQFRGHV�D�SURWHLQ��'HOHWLRQV�DQG�LQVHUWLRQV�FDQ�FKDQJH
WKH�UHDGLQJ�IUDPH�RI�WKH�P51$�GRZQVWUHDP�RI� WKH
PXWDWLRQ��UHVXOWLQJ�LQ�D�IUDPHVKLIW�PXWDWLRQ��:KHQ�WKH
UHDGLQJ� IUDPH� LV� VKLIWHG�� LQFRUUHFW�DPLQR� DFLGV� DUH
XVXDOO\� LQFRUSRUDWHG�� )UDPHVKLIWV� PD\� EULQJ� VWRS
FRGRQV�LQWR�WKH�UHDGLQJ�IUDPH��FUHDWLQJ�D�VKRUWHQHG
SURWHLQ�DQG�LW�PD\�DOVR�UHVXOW�LQ�UHDG�WKURXJK�RI�VWRS
FRGRQV�� UHVXOWLQJ� LQ� D� ORQJHU� SURWHLQ�� )UDPHVKLIW
PXWDWLRQV�UHVXOW�IURP�LQVHUWLRQV�RU�GHOHWLRQV�ZKHQ�WKH
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'1$�GDPDJH�DQG�*$''�� �JHQH�PXWDWLRQ�LQ�=HEUD

)LJ�����&KURPDWRJUDP�RI�*$''�� �JHQH�VHTXHQFH�D��*URXS�,��&RQWURO��E��*URXS�,,��0HWDOV�WUHDWHG��F��*URXS�,,,
�3HVWLFLGHV�WUHDWHG��G��*URXS�,9��3HVWLFLGHV�	�0HWDOV�WUHDWHG�
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QXPEHU�RI�DIIHFWHG�EDVH�SDLUV�LV�QRW�GLYLVLEOH�E\�WKUHH�
2[LGDQWV�VXFK�DV�IUHH�UDGLFDOV�RU�K\GURJHQ�SHUR[LGH
SURGXFH�PXOWLSOH� IRUPV�RI� GDPDJH�� LQFOXGLQJ� EDVH
PRGLILFDWLRQV� DQG� FDQ� SURGXFH� SRLQW� PXWDWLRQV�
LQVHUWLRQV�DQG�GHOHWLRQV�IURP�WKH�'1$�VHTXHQFH��DV
ZHOO�DV�FKURPRVRPDO�WUDQVORFDWLRQV���$SRSWRVLV�RFFXUV
LQ� FHUWDLQ� FHOO� W\SHV� DIWHU� WUHDWPHQW�ZLWK�JHQRWR[LF
DJHQWV��6LQFH�WKHVH�WUHDWPHQWV�DOVR�LQGXFH�WKH�*$''
JHQHV�� LW�KDV�EHHQ�VXJJHVWHG� WKDW� WKH�*$'' JHQHV
PD\�EH� LQYROYHG� LQ� DSRSWRVLV�DV�ZHOO� DV� LQ� JURZWK
DUUHVW� DIWHU� '1$�GDPDJH� �+ROODQGHU� HW� DO��� ������
&RUUHODWLRQ�H[LVWHG�EHWZHHQ�LQFUHDVLQJ�FRQFHQWUDWLRQV
RI�KHDY\�PHWDO�LRQV�LQ�WKH�PHGLD�DQG�LQFUHDVH�LQ�ERWK
XSWDNH�LQWR�WKH�SODQW��$��WKDOLDQD��DQG�OHYHOV�RI�SRLQW
PXWDWLRQV�� 7KH� IUHTXHQF\� RI� KRPRORJRXV
UHFRPELQDWLRQ�DQG�SRLQW�PXWDWLRQV�UHIOHFWHG�WKH�OHYHO
RI�'1$�GDPDJH�SURGXFHG�E\�KHDY\�PHWDOV��2OJD�HW
DO����������2QFRJHQHV��VXFK�DV�UDV��DFWLYDWHG�E\�SRLQW
PXWDWLRQV��KDYH�EHHQ�LGHQWLILHG�DV�JHQHWLF�WDUJHWV�ERWK
LQ� IHUDO� ILVK� IURP� KHDY\� FRQWDPLQDWHG� DUHDV� DV� LQ
ODERUDWRU\� H[SRVHG� ILVK� �5RWFKHOO� HW� DO��� ������
0XWDWLRQV� LQ� RWKHU� JHQHV� VXFK� DV� VPDG��� S��� DQG
*DGG��� KDYH� DOVR� EHHQ� LGHQWLILHG� LQ� SDQFUHDWLF
FDUFLQRJHQHVLV��<DPDVDZD�HW�DO����������+R\HU�HW�DO��
�������VKRZHG�KLJKHU�ULVN�RI�EUHDVW�FDQFHU�ZLWK�PXWDWHG
S���DPRQJ�ZRPHQ�H[SRVHG�WR�KLJK�OHYHOV�RI�GLHOGULQ
DQG� 3&%V�� +RZVDP� HW� DO��� ������� DVVHVVHG� SRLQW
PXWDWLRQV�LQ�.�UDV�DQG�S���JHQHV�LQ�WLVVXH�VDPSOHV�E\
SRO\PHUDVH�FKDLQ�UHDFWLRQ�VLQJOH�VWUDQG�FRQIRUPDWLRQ
SRO\PRUSKLVP��0RQR�RUWKR� 3&%V� ZHUH� IXUWKHU
DVVRFLDWHG�ZLWK� WUDQVYHUVLRQ�W\SH�PXWDWLRQV� LQ�ERWK
JHQHV�� +RZVDP� HW� DO��� ������� DOVR� REVHUYHG� WKDW
FRPSRXQGV�VXFK�DV�S�S��''(�DQG� �+&+�WKDW�KDG�DQ
RYHUDOO�PRGHUDWH�DVVRFLDWLRQ�ZLWK�FRORUHFWDO� FDQFHU
VKRZHG�D�VLJQLILFDQW�LQFUHDVH�LQ�ULVN�IRU�WXPRUV�ZLWK
PXWDWLRQ�RI�WKH�S�� JHQH��7KH�PXWDWLRQV�LQ�WKH�.�UDV
SURWR�RQFRJHQH�DQG�S���JHQH�DUH�WKH�PRVW�FRPPRQ
'1$�VHTXHQFH�DOWHUDWLRQV��0DLWUD�HW�DO���������LQ�WKH
VWUHVV� FRQGLWLRQV�� 1LFNOH�� D� WR[LF��PXWDJHQLF� DQG
FDUFLQRJHQLF�PHWDO�UHVXOWHG�LQ�*�WR�7�WUDQVYHUVLRQV�LQ
FRGRQ����RI�WKH�.�UDV�JHQH�LQ�UDW�UHQDO�VDUFRPD�LQGXFHG
ZLWK�QLFNHO�VXEVXOILGH��+LJLQERWKDP�HW�DO����������7KH
GLIIHUHQFHV� LQ�.�UDV� DQG� S��� PXWDWLRQV� PD\� EH
DVVRFLDWHG�ZLWK�KLJK�OHYHOV�RI�HQYLURQPHQWDO�H[SRVXUHV�
VXFK� DV� RUJDQRFKORULQH� SHVWLFLGHV� RU� KHDY\�PHWDOV�
HVSHFLDOO\�LQ�WKH�KHDYLO\�SROOXWHG�UHJLRQ��.ULHJHO�HW�DO��
������

&21&/86,21
7KH� SUHVHQW� VWXG\� VKRZHG� WKDW� WKHUH� LV� GLUHFW

FRUUHODWLRQ�EHWZHHQ�WKH�'1$�GDPDJH�DQG�H[SRVXUH�RI
]HEUD�ILVK�WR�PHWDOV�DQG�SHVWLFLGHV��7KH�*$''�� JHQH
ZKLFK�LV�FRQVLGHUHG�WR�EH�RQH�RI�WKH�PRVW�LPSRUWDQW
JHQHV�LQYROYHG�LQ�*�SKDVH�DUUHVW�KDV�EHHQ�IRXQG�WR�EH
PXWDWHG� LQ� ]HEUD� ILVK�ZKHQ� H[SRVHG� WR�PHWDOV� DQG

SHVWLFLGHV��7KH�PXWDWLRQV�RFFXUULQJ�DW�KRW�VSRWV�PD\
SURGXFH� DOWHUHG� SURWHLQV� WKDW� OHDG� WR� GHUHJXODWHG
DFWLYDWLRQ� RI� WKH� *$''�� � SURWHLQ�� 'XH� WR� WKH
GHUHJXODWHG�DFWLYLW\�RI�*$''�� �SURWHLQ��WKH�*�SKDVH
SURFHVV�FRQWLQXHV�ZLWKRXW�DUUHVW�GXULQJ�QHRSODVLD�LQ
VWUHVVIXO�FRQGLWLRQV�WKXV�UHVXOWLQJ�LQ�WXPRXU�

$&.12:/('*(0(17
2QH�RI�WKH�DXWKRUV�5��%KXYDQHVKZDUL�H[SUHVVHV

KHU�VLQFHUH�JUDWLWXGH�WR�-DZDKDUODO�1HKUX�0HPRULDO
)XQG� IRU� IXQGLQJ� WKH� 3K�'� UHVHDUFK� SURJUDPPH�
$XWKRUV� DUH� WKDQNIXO� WR�8QLWHG�1DWLRQV�8QLYHUVLW\�
-DSDQ�DQG�6KLPDG]X�&RUSRUDWLRQ��-DSDQ�IRU�WKH�*&�
06� IDFLOLW\� VSRQVRUHG� WKURXJK� WKH� SURMHFW
³(QYLURQPHQWDO�*RYHUQDQFH�DQG�0RQLWRULQJ�RI�323V
LQ� WKH�$VLDQ�&RDVWDO�+\GURVSKHUH´��$OVR� WKDQN� WKH
XQLYHUVLW\� DXWKRULWLHV� IRU� WKH� IDFLOLWLHV� SURYLGHG� WR
FDUU\RXW�WKLV�UHVHDUFK�

5()(5(1&(6
$PDWUXGD��-��)���6KHSDUG��-��/���6WHUQ��+��0��DQG�=RQ��/��,�
��������=HEUDILVK�DV�D�FDQFHU�PRGHO�V\VWHP��&DQFHU�&HOO����
��������

%KXYDQHVKZDUL��5�� ��������$VVHVVPHQW� RI�2UJDQRFKORULQH
3HVWLFLGHV� DQG� +HDY\�0HWDOV� LQ� WKH� 5LYHU�&DXYHU\� DQG
9HHUDQDP�/DNH�DQG�WKHLU�(FRWR[LFRORJLFDO�LPSDFW�XVLQJ�=HEUD
)LVK� �'DQLR� 5HULR��� 3K�'�� 'LVVHUWDWLRQ�� %KDUDWKLGDVDQ
8QLYHUVLW\�

%ODV]\N��+���+DUWPDQQ��$���6RPPHU��6��6��DQG�.RYDFK��-��6�
��������$�SRO\PRUSKLVP�EXW�QR�PXWDWLRQV� LQ�WKH�*$''��
JHQH�LQ�EUHDVW�FDQFHUV��+XPDQ�*HQHWLFV������������������

%RORJQHVVL��&��� /DQGLQL��(��� 5RJJLHUL�� 3��� )DEEUL��5�� DQG
9LDUHQJR��$�� �������� *HQRWR[LFLW\� ELRPDUNHUV� LQ� WKH
DVVHVVPHQW�RI�KHDY\�PHWDO�HIIHFWV� LQ�PXVVHOV� H[SHULPHQWDO
VWXGLHV��(QYLURQPHQWDO�0ROHFXODU�0XWDJHQ������ ��������

'H�/DIRQWDLQH��&���*DJQH��)���%ODLVH��&���&RQVWDQ��*���*DJQRQ�
3�� DQG�&KDQ��+��0�� ��������%LRPDUNHUV� LQ�]HEUD�PXVVHOV
�'UHLVVHQD�SRO\PRUSKD��IRU�WKH�DVVHVVPHQW�DQG�PRQLWRULQJ
RI�ZDWHU�TXDOLW\�RI�WKH�6W��/DZUHQFH�5LYHU��&DQDGD���$TXDWLF
7R[LFRORJ\������������

(YHUDDUWV�� -��0�� ��������'1$� LQWHUJULW\�DV� D� ELRPDUNHU� RI
PDULQH�SROOXWLRQ��VWUDQG�EUHDNV�LQ�VHD�VWDU��$VWHULDV�UXEHQV�
DQG�GDE��/LPDQGD�OLPDQGD���0DULQH�3ROOXWLRQ�%XOOHWLQ�����
��������

)HUUL��(���*DWWDYHFFKLD��(���)HURFL��*��DQG�%DWWLQR��0���������
,QWHUDFWLRQ�EHWZHHQ�UHDFWLYH�R[\JHQ�VSHFLHV�DQG�FRHQ]\PH
4��� LQ� DQ� DSURWLF� PHGLXP�� D� F\FOLF� YROWDPPHWU\
VWXG\�0ROHFXODU�$VSHFWV� RI�0HGLFLQH�� ��� ������

+DVW\��+���&DPSLVL�� -���+RHLMPDNHUV�� -��� 6WHHJ��+��9�� DQG
9LMJ��-�� ��������$JLQJ� DQG�*HQRPH�0DLQWHQDQFH��/HVVRQV
IURP�WKH�0RXVH"�6FLHQFH�������������������

+LJLQERWKDP��.��*���5LFH��-��0���'LZDQ��%��$��� .DVSU]DN�
.�� 6���5HHG�� &��'�� DQG�3HUDQWRQL��$��2�� ��������**7� WR
*77�WUDQVYHUVLRQV�LQ�FRGRQ����RI�WKH�.�UDV�RQFRJHQH�LQ�UDW
UHQDO� VDUFRPDV� LQGXFHG�ZLWK� QLFNHO� VXEVXOILGH� RU� QLFNHO



���

%KXYDQHVKZDUL��5��HW�DO�

VXEVXOILGH�LURQ�DUH�FRQVLVWHQW�ZLWK�R[LGDWLYH�GDPDJH�WR�'1$�
&DQFHU�5HVHDUFK�����������������

+ROODQGHU��&���=KDQ��4���,QVRR��%��DQG�$OEHUW�� -��)���������
0DPPDOLDQ�*$''���� DQ�$SRSWRVLV�� DQG�'1$�'DPDJH�
LQGXFLEOH�*HQH��-RXUQDO�RI�%LRORJLFDO�&KHPLVWU\�������������
������

+RZVDP��0���*ULPDOW��-��2���*XLQy��(���0DWLOGH��1���5DJXp�
-��0��� �3HLQDGR��0��$���&DSHOOi��*�� DQG�9LFWRU��0�� �������
2UJDQRFKORULQH� ([SRVXUH� DQG�&RORUHFWDO�&DQFHU� 5LVN�
(QYLURQPHQWDO�+HDOWK�3HUVSHFWLYHV������� ����������

+R\HU��$�� 3���*HUGHV��$��0��� -RUJHQVHQ��7��� 5DQN��)�� DQG
+DUWYLJ��+��%�� ��������2UJDQRFKORULQHV�� S���PXWDWLRQV� LQ
UHODWLRQ�WR�EUHDVW�FDQFHU�ULVN�DQG�VXUYLYDO��$�'DQLVK�FRKRUW�
QHVWHG� FDVH�FRQWUROV� VWXG\��%UHDVW� &DQFHU� 5HVHDUFK� DQG
7UHDWPHQW���������� ������

,POD\��6��$���6KLP��6��0��DQG�/LQQ��6����������7R[LF�'1$
GDPDJH�WR�'1$�E\�K\GURJHQ�SHUR[LGH�WKURXJK� WKH�)HQWRQ
UHDFWLRQ�LQ�YLYR�DQG�LQ�YLWUR��6FLHQFH�����������������

.DPPDQQ��8���%XQNH��0���6WHLQKDUW��+��DQG�7KHREDOG��1�
��������$� SHUPDQHQW�FHOO� OLQH� IRU� JHQRWR[LFLW\� WHVWLQJ� IRU
PDULQH� VHGLPHQWV� ZLWK� FRPHW� DVVD\��0XWDWLRQ�5HVHDUFK�
*HQHWLF�7R[LFRORJ\�DQG�(QYLURQPHQWDO�0XWDWLRQ�����������
���

.DVWDQ��0��%���2QH\NZHU��2��(���6LGUDQVN��'��<���9RJHOVWHL�
%��1��DQG�&UDLJ��:����������3DUWLFLSDWLRQ�RI�S���SURWHLQ� LQ
WKH�FHOOXODU�UHVSRQVH�WR�'1$�GDPDJH��&DQFHU�5HVHDUFK� ���
����������

.ULHJHO��$��0���6ROLPDQ��$��6���=KDQJ��4���(O�*KDZDOE\��1��
6RXOWDQ�� 1���$EGDO�:DKDE�� 0��� )DWK\�� 2��� (ELGL�� *��
%DVVLRXQL��1��� +DPLOWRQ��6�� 5���$EEUX]]HVH�� -��/��� /DFH\�
0��5�� DQG�%ODNH��'��$�� ��������6HUXP�FDGPLXP� OHYHOV� LQ
SDQFUHDWLF�FDQFHU�SDWLHQWV�IURP�WKH�(DVW�1LOH�GHOWD�UHJLRQ�RI
(J\SW��(QYLURQPHQWDO�+HDOWK�3HUVSHFWLYHV�����������������

/HEDLOO\�� 3���9LJUHX[�� &���/HFKHYUHO�� &���/HGHPHQH\��'��
*RGDUG��7���6LFKHO��)���/H7DODHU�� -�<���+HQU\�$PDU��0��DQG
*DXGXFKRQ�� 3�� �������� '1$� GDPDJH� LQ� PRQRQXFOHDU
OHXFRF\WHV� RI� IDUPHUV�PHDVXUHG� XVLQJ� WKH�DONDOLQH� FRPHW
DVVD\��PRGLILFDWLRQV�RI�'1$�GDPDJH� OHYHOV�DIWHU�D�RQH�GD\
ILHOG� VSUD\LQJ� SHULRG�ZLWK� VHOHFWHG� SHVWLFLGHV�� &DQFHU
(SLGHPLRORJ\��%LRPDUNHUV�DQG�3UHYHQWLRQ���������������

/LX��=���.XOOPDQ��6��:���%HQFLF��'��&���7RUWHQ��0��DQG�+LQWRQ�
'��(����������5DV�RQFRJHQH�PXWDWLRQV�LQ�GLHWK\OQLWURVDPLQH�
LQGXFHG�KHSDWLF�WXPRUV�LQ�PHGDND��2U\]LDV�ODWLSHV���D�WHOHRVW
ILVK��0XWDWLRQ�5HVHDUFK� ��� ������

/RGLVK��+���%HUN��$���0DWVXGDLUD��3���.DLVHU��&��$���.ULHJHU�
0���6FRWW��0��3��� =LSXUVN\��6�� /�� DQG�'DUQHOO�� -�� �������
0ROHFXODU�%LRORJ\� RI� WKH� &HOO��:+� )UHHPDQ��1HZ�<RUN�
1<���WK�HG�

0DLWUD��$���.HUQ��6��(��DQG�+UXEDQ��5��+����������0ROHFXODU
SDWKRJHQHVLV�RI�SDQFUHDWLF�FDQFHU��%HVW�3UDFWLFH�DQG�5HVHDUFK
&OLQLFDO�*DVWURHQWHURORJ\������ ��������

0LWFKHOPRUH��&��/��DQG�&KLSPDQ��-��.����������'1$�VWUDQG
EUHDNV� LQ�DTXDWLF� RUJDQLVPV�DQG� WKH�SRWHQWLDO� YDOXH�RI� WKH
FRPHW� DVVD\� LQ� HQYLURQPHQWDO�PRQLWRULQJ�� 0XWDWLRQ
5HVHDUFK��*HQHWLF�7R[LFRORJ\�DQG�(QYLURQPHQWDO�0XWDWLRQ�
���������������

0RQVHUUDW��-��0���0DUWtQH]��3��(���/DXUD��$��*���$PDGR��/�
/���0DUWLQV��&��0��*���3LQKR��*��/��/���&KDYHV��,��6���&UDYR�
0�� )���/LPD�� -��9�� DQG�%LDQFKLQL��$�� �������� 3ROOXWLRQ
ELRPDUNHUV� LQ�HVWXDULQH� DQLPDOV��&ULWLFDO� UHYLHZ�DQG� QHZ
SHUVSHFWLYHV��&RPSDUDWLYH� %LRFKHPLVWU\� DQG� 3K\VLRORJ\�
3DUW�&�����������������

1LJUR��0���)UHQ]LOOL��*���6FDUFHOOL��9���*RUEL��6��DQG�5HJROL��)�
��������,QGXFWLRQ�RI��'1$�VWUDQG�EUHDNDJH�DQG�DSRSWRVLV�LQ
WKH�HHO�$QJXLOOD�DQJXLOOD� 0DULQH�(QYLURQPHQWDO�5HVHDUFK�
������������

2OJD��.���9LFWRU��7���%DUEDUDP��+��DQG�.RYDOFKXN��,���������
$�VHQVLWLYH�WUDQVJHQLF�SODQW�V\VWHP�WR�GHWHFW�WR[LF�LQRUJDQLF
FRPSRXQGV�LQ�WKH�HQYLURQPHQW��1DWXUH����������������

5HGG\��$��3���6SLWVEHUJHQ�� -��0���0DWKHZV��&���+HQGULFNV�
-�� '�� DQG� %DLOH\�� *�� 6�� �������� ([SHULPHQWDO� KHSDWLF
WXPRULJHQLFLW\� E\� HQYLURQPHQWDO� K\GURFDUERQ
GLEHQ]R>D�O@S\UHQH�� -RXUQDO� RI�(QYLURQPHQWDO� 3DWKRORJ\
7R[LFRORJ\�2QFRORJ\� �������������

5HJROL��)���:LQVWRQ��*�:���*RUEL��6��� )UHQ]LOOL��*��� 1LJUR�
0���&RUVL�� ,��DQG�)RFDUGL��6�� �������� ,QWHJUDWLQJ� HQ]\PDWLF
UHVSRQVHV�WR�RUJDQLF�FKHPLFDO�H[SRVXUH�ZLWK�WRWDO�R[\UDGL[DO
DEVRUELQJ� FDSDFLW\� DQG�'1$�GDPDJH� LQ� WKH�(XUSRHDQ� HHO
$QJXLOOD�DQJXLOOD��(QYLURQPHQWDO�7R[LFRORJ\�DQG�&KHPLVWU\�
����������������

RWFKHOO��-��0���/HH��-��6���&KLSPDQ��-��.��DQG�2VWUDQGHU��*�
.�� ��������6WUXFWXUH�� H[SUHVVLRQ� DQG�DFWLYDWLRQ� RI� ILVK� UDV
JHQHV��$TXDWLF�7R[LFRORJ\�����������

6DUNHU���$��+���:DWDQDEH��6���6HNL��6���$NL\DPD��7��DQG�2NDGD�
6����������2[\JHQ�UDGLFDO�LQGXFHG�VLQJOH�VWUDQG�'1$�EUHDNV
DQG� UHSDLU�RI� WKH� GDPDJH� LQ�D� FHOO�IUHH� V\VWHP��0XWDWLRQ
5HVHDUFK� ���� ������

6SHQFHU�� -��3��� -HQQHU��$���$UXRPD��2��,���&URVV��&��(���:X�
5��DQG�+DOOLZHOO��%����������2[LGDWLYH�'1$�GDPDJH�LQ�KXPDQ
UHVSLUDWRU\� WUDFW� HSLWKHOLDO� FHOOV�� 7LPH� FRXUVH� LQ� UHODWLRQ� WR
'1$� VWUDQG� EUHDNDJH�� %LRFKHPLVWU\� DQG� %LRSK\VLFV
5HVHDUFK�&RPPXQLFDWLRQV� �����������

<DPDVDZD��.���1LR��<���'RQJ��0���<DPDJXFKL��.��DQG�,WDNXUD�
0����������&OLQLFRSDWKRORJLFDO�VLJQLILFDQFH�RI�DEQRUPDOLWLHV
LQ�*DGG���H[SUHVVLRQ�DQG� LWV� UHODWLRQVKLS� WR�S���LQ�KXPDQ
SDQFUHDWLF�FDQFHU��&OLQLFDO�&DQFHU�5HVHDUFK���������������

=HOMH]LF�'�� DQG�*DUDM�9UKRYDF��9�� �������� &KURPRVRPDO
DEHUUDWLRQ�DQG�VLQJOH�FHOO� JHO�HOHFWURSKRUHVLV� �FRPHW��DVVD\
LQ�WKH�ORQJLWXGLQDO�ULVN�DVVHVVPHQW�RI�RFFXSDWLRQDO�H[SRVXUH
WR�SHVWLFLGHV��0XWDJHQHVLV������ ���� ������



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� ��� )HE�� ����� � � � � � � �� � �� � �� ��5HYLVHG����0D\������ �� � � � �� � �� � � �� �$FFHSWHG���$XJ������

&RUUHVSRQGLQJ�DXWKRU�(�PDLO�DQJHOV�ROLYHOOD#XGJ�HGX

���

5ROH�RI�&KHPLFDO�&RPSRQHQWV�RI�FRUN�RQ�6RUSWLRQ�RI�$TXHRXV�3RO\F\FOLF
$URPDWLF�+\GURFDUERQV

2OLYHOOD��0��¬�����)HUQiQGH]��,�����&DQR��/�����-RYp��3���DQG�2OLYHUDV��$��

��8QLYHUVLW\�RI�*LURQD��'HSDUWPHQW�RI��&KHPLVWU\��&DPSXV�0RQWLOLYL�V�Q��������*LURQD�6SDLQ
���&DWDODQ�&RUN�,QVWLWXWH��&�0LTXHO�9LQFNH�0H\HU�����������3DODIUXJHO��*LURQD��6SDLQ

$%675$&7�,Q�RUGHU�WR�NQRZ�WKH�HQYLURQPHQWDO�EHKDYLRXU�RI�WR[LF�SROOXWDQWV�LW�LV�IXQGDPHQWDO�WR�XQGHUVWDQG
WKH� UROH� RI� FKHPLFDO�FRPSRQHQWV�RI�D�PDWHULDO� RQ� VRUSWLRQ�RI�VXFK�SROOXWDQWV�,Q� WKLV�VWXG\�� WKH�VRUSWLRQ�RI�D
PL[� RI�SRO\F\FOLF� DURPDWLF� K\GURFDUERQV� �3$+V��E\� FRUN� IUDFWLRQV� �L�H�� UDZ�FRUN��&)��� IUHH�H[WUDFWLYH� FRUN
�)()��DQG�QRQVDSRQLILDEOH� �'(6)��� KDV�EHHQ� LQYHVWLJDWHG� WR� EHWWHU�XQGHUVWDQG� WKH� UROH� RI�ELRSRO\PHUV� DQG
H[WUDFWDEOH�IUDFWLRQ�RI�FRUN�RQ�WKHLU�VRUSWLRQ�EHKDYLRXU��$OO�VDPSOHV�ZHUH�DQDO\]HG�WKURXJK�HOHPHQWDO�DQDO\VLV
DQG�ZHUH�H[DPLQHG�XVLQJ�)RXULHU�WUDQVIRUP�LQIUDUHG�VSHFWURVFRS\��$IWHU�UHPRYLQJ�WKH�H[WUDFWDEOH�IUDFWLRQ�DQG
WKH�VXEHULQ� IURP�WKH�FRUN��WKH�VRUSWLRQ�FDSDFLWLHV��.

RF
��RI�)()�DQG�'(6)�H[KLELWHG�PHDQ�UHGXFWLRQV�RI����

DQG�����UHVSHFWLYHO\���,Q�DGGLWLRQ�� WKH�VRUSWLRQ�UHVXOWV�RI�WKUHH�SDLUV�RI�FRUN�VDPSOHV�ZLWK�GLIIHUHQW�FKHPLFDO
FRQWHQW�FRQILUP�WKDW�WKH�H[WUDFWDEOH�IUDFWLRQ�VHUYHV�DV�WKH�PDMRU�VRUSWLRQ�PHGLXP�IRU�3$+V��&RQVLGHULQJ�RQO\
ORZ�PROHFXODU�ZHLJKW� 3$+V�SRVLWLYH� FRUUHODWLRQV�EHWZHHQ�.

RF
�ZLWK�.

RZ
� �5� ������ DQG�)� QXPEHU� �5� �����

ZHUH� IRXQG�� VKRZLQJ� WKDW� WKHVH�SDUDPHWHUV� DUH� LQYROYHG� LQ� WKLV� DGVRUSWLRQ�SURFHVV�

.H\�ZRUGV�� &RUN�� %LRSRO\PHUV�([WUDFWDEOH�IUDFWLRQ�2UJDQLF� SROOXWDQWV�� 3$+V�����������������������������

,1752'8&7,21
7KH�ZLGHVSUHDG� RFFXUUHQFH� RI� SRO\F\FOLF� DURPDWLF
K\GURFDUERQV� �3$+V�� KDV� EHFRPH� D� VHULRXV
HQYLURQPHQWDO�FRQFHUQ��$OWKRXJK�WKH\�KDYH�D�QDWXUDO
RULJLQ� �L�H�� YROFDQLF� HUXSWLRQV� DQG� IRUHVW� ILUHV��
QRZDGD\V� DQWKURSRJHQLF� FRPEXVWLRQ� SURFHVVHV� �L�H�
WUDIILF�� LQGXVWU\��HQHUJ\�SURGXFWLRQ��KHDWLQJ�KRXVHV�
FDQ�EH�FRQVLGHUHG�DV�WKH�PDLQ�VRXUFH�RI�3$+V�LQ�WKH
HQYLURQPHQW��%DHN�HW�DO���������0DVWUDO�HW�DO���������
3$+V�DUH�OLVWHG�LQ�WKH�(XURSHDQ�8QLRQ�OLVW�RI�SULRULW\
SROOXWDQWV� �:)'�� ������ EHFDXVH� RI� WKHLU� KD]DUGRXV
QDWXUH� DQG� KLJK� RQJRLQJ� HPLVVLRQ� ORDGLQJV�7KH
HQYLURQPHQWDO�IDWH�RI�WR[LF�RUJDQLF�SROOXWDQWV�VXFK�DV
3$+V��LV�VWURQJO\�LQIOXHQFHG�E\�WKH�VRUSWLRQ�SURFHVV�
WKH�VRUSWLRQ�RI��SROOXWDQWV�FDQ�UHGXFH�WKH�H[SRVXUH�WR
WKHP� DQG� WKH� HQYLURQPHQWDO� ULVNV� WR� RUJDQLVPV�
%LRSRO\PHUV�LQFOXGLQJ�FHOOXORVH��KHPLFHOOXORVH��OLJQLQ
DQG�VXEHULQ�DUH�XELTXLWRXV�LQ�WKH�HQYLURQPHQW�DQG�DUH
WKH�PDLQ�SUHFXUVRUV�RI�WKH�SODQWV��*RVVHOLQN�HW�DO��������
.RODWWXNXG\�� ������.XULWD�� ������� %HFDXVH� RI� WKLV�
XQGHUVWDQGLQJ�WKH�UROH�RI�WKH�FKHPLFDO�FRPSRQHQWV�RQ
WKH� VRUSWLRQ� RI� WKHVH� SROOXWDQWV� LV� HVVHQWLDO� WR� WKH
DFFXUDWH�DVVHVVPHQW�RI�WKHLU�HQYLURQPHQWDO�EHKDYLRU�
0RUHRYHU��LQ�RUGHU�WR�GHYHORS�VXVWDLQDEOH�WHFKQRORJLHV
IRU�VRLO�DQG�ZDWHU�UHPHGLDWLRQ�� �WKH�LQYHVWLJDWLRQ�RI

QHZ�DGVRUEHQWV�PDWHULDOV�DEOH�WR�UHWDLQ�RU�LPPRELOL]H
SROOXWDQWV�LV�IXQGDPHQWDO�

&RUN�LV�WKH�EDUN�RI�WKH�FRUN�RDN�WUHH��4XHUFXV
VXEHU� /�� DQG� LW� LV� D� QDWXUDO�� UHQHZDEOH� DQG
ELRGHJUDGDEOH�UDZ�PDWHULDO��$V�WUHHV�DUH�QRW�FXW�GRZQ�
FRUN�RDN�KDUYHVWLQJ�LV� DQ�HQYLURQPHQWDOO\� IULHQGO\
SURFHVV��WKH�EDUN�LV�VWULSSHG�HYHU\���WR����\HDUV�DQG
WKH� WUHHV� OLYH� RQ� DYHUDJH� EHWZHHQ� ���� DQG� ���
\HDUV�&RUN�LV�PDLQO\�FRPSRVHG�RI�VXEHULQ�DQG�OLJQLQ
�K\GURSKRELF� ELRSRO\PHUV�� DQG� SRO\VDFFKDULGHV
�FHOOXORVH� DQG� KHPLFHOOXORVH��ZLWK� D K\GURSKLOLF
FKDUDFWHU��3HUHLUD���������7KH�H[WUDFWLYHV�RI�FRUN�LQFOXGH
Q�DONDQHV��Q�DONDQROV��ZD[HV��WULWHUSHQHV��IDWW\�DFLGV�
JO\FHULGHV�� VWHUROV�� SKHQROV� DQG� SRO\SKHQROV��7KH\
DUH�FODVVLILHG�LQ�WZR�JURXSV��DOLSKDWLFV�RU�FRPPRQO\
QDPHG�FRUN�ZD[HV�WKDW�DUH�VROXELOLVHG�ZLWK�ORZ�SRODULW\
VROYHQWV��H�J��KH[DQH��GLFKORURPHWDQH��FKORURIRUP��DQG
SKHQROLFV� H[WUDFWHG� E\�SRODU� VROYHQWV� �H�J�� HWKDQRO
DQG� ZDWHU�� �3HUHLUD�� ������� 7KLV� KHWHURJHQHRXV
FKHPLFDO� FRPSRVLWLRQ� RI� FRUN� SURYLGHV� QXPHURXV
ERQGLQJ�SRVVLELOLWLHV�IRU�D�ZLGH�UDQJH�RI�SROOXWDQWV�
7KLV�FRQIHUV�FRUN�XQLTXH�FKDUDFWHULVWLFV�DQG�PDNHV�LW
D�YHU\�LQWHUHVWLQJ�QDWXUDO�PDWHULDO�WR�LQYHVWLJDWH��7R
GDWH�� VRUEHQW� TXDOLWLHV� RI� UDZ� FRUN� KDYH� QRW� EHHQ



���

2OLYHOOD��0��¬��HW�DO�

H[WHQVLYHO\� LQYHVWLJDWHG� �'RPLQJXHV� HW� DO��� �����
'RPLQJXHV�HW�DO���������2OLYHOOD�HW�DO���������

7KH�OLWHUDWXUH�FRQWDLQV�VHYHUDO�UHIHUHQFHV�WR�WKH
HIIHFWLYHQHVV� RI� ELRPDWHULDOV� DV� VRUEHQWV� RI� 3$+V�
%RYLQJ�DQG�=KDQJ��������DQG�+XDQJ�HW�DO���������XVHG
DVSHQ�ZRRG�ILEHUV��:DQJ�HW�DO���������XVHG�FRPPHUFLDO
ELRSRO\PHUV��:DQJ�DQG�;LQJ��������XVHG�ELRSRO\PHU�
GHULYHG�FKDUV��=HOHGyQ�7RUXxR�HW�DO�� �������XVHG�D
ORZ�UDQN�FRDO��$OWKRXJK�WKHVH�SDVW�VWXGLHV�LQGLFDWH�D
JRRG�DGVRUSWLRQ� FDSDFLW\� IRU� WKH�PRVW� K\GURSKRELF
RUJDQLF�SROOXWDQWV�DQG�OLJQLQ�LV�WKRXJKW�WR�EH�WKH�PDLQ
FRPSRXQG� UHVSRQVLEOH� IRU� WKH� KLJKHVW� DGVRUSWLRQ
FDSDELOLW\��OLWWOH�LV�NQRZQ�DERXW�WKH�GLVWLQFW� UROHV�RI
ELRSRO\PHUV�DQG�H[WUDFWDEOH�IUDFWLRQ�RQ�VRUSWLRQ�RI
3$+V��$�UHFHQW�UHSRUW�LQGLFDWHV�WKDW�VXEHULQ�FRXOG�SOD\
D�VLJQLILFDQW�UROH�RQ�WKH�VRUSWLRQ�RI�SKHQDQWKUHQH�E\
URRW�WLVVXHV��&KHQ�DQG�6FKQRRU��������EXW�PRUH�VWXGLHV
DUH�QHHGHG�WR�YHULI\�WKLV�VXJJHVWLRQ��/L�DQG�&KHQ��/L
DQG�&KHQ�������IRFXVHG�WKHLU�VWXG\�RQ�GHWHUPLQLQJ
WKH� UROHV� RI� H[WUDFWDEOH� OLSLGV�� VXEHULQ�� VXEHUDQ� LQ
VRUSWLRQ�RI�SKHQDQWKUHQH�E\�SODQW�VNLQV�

7KLV�LV�WKH�ILUVW�VWXG\�IRFXVHG�RQ�HOXFLGDWLQJ�WKH
UROH�RI�FKHPLFDO�FRPSRQHQWV�RI�FRUN��L�H��VXEHULQ��OLJQLQ�
SRO\VDFFKDULGHV� DQG� H[WUDFWDEOH� IUDFWLRQ�� RQ� WKH
VRUSWLRQ�RUJDQLF�SROOXWDQWV��L�H��3$+V���7KH�SXUSRVH
RI�WKLV�VWXG\�LV�WR�H[DPLQH�WKH�VRUSWLRQ�E\�UDZ�FRUN
DQG�LVRODWHG�FRUN�IUDFWLRQV�RI�D�PL[�RI�WKLUWHHQ�3$+V�
,Q�DGGLWLRQ��DOO�IUDFWLRQV�ZHUH�DQDO\]HG�E\�HOHPHQWDO
DQDO\VLV�WR�FDOFXODWH�WKH�SRODULW\�LQGH[��L�H���2�1��&�
DQG�ZHUH�H[DPLQHG�XVLQJ�)RXULHU�WUDQVIRUP�LQIUDUHG
VSHFWURVFRS\� �)7,5���7KLV�� LQ� FRQMXQFWLRQ�ZLWK� WKH
VRUSWLRQ� VWXGLHV� RI� VL[� W\SHV� RI� FRUN�ZLWK� GLIIHUHQW
VXEHULQ��OLJQLQ��KRORFHOOXORVH�DQG�H[WUDFWDEOH�IUDFWLRQ
FRQWHQW��PHDVXUHG�H[SHULPHQWDOO\��ZLOO�KHOS�XV�EHWWHU
XQGHUVWDQG�WKH�DIILQLW\�RI�FKHPLFDO�FRPSRQHQWV�RI�FRUN
RQ�WKH�VRUSWLRQ�RI�3$+V��&RUUHODWLRQV�ZLWK�VRUSWLRQ
FDSDFLWLHV� �.

RF
�� DQG� WKH� SURSHUWLHV� RI� FKHPLFDO

FRQWDPLQDQWV� �H�J�� .
RZ
� DQG� )� QXPEHU��ZHUH� DOVR

H[DPLQHG�

0$7(5,$/6�	�0(7+2'6
7KH�UHPDLQV�VXSSOLHG�E\�D�FRUN�IDFWRU\�RI�FRUN

VWULSV��OHIW�RYHU�DIWHU�VWRSSHUV�KDG�EHHQ�SXQFKHG�RXW
RI�WKHP��KDYH�EHHQ�XVHG��7KH�FRUN�VWULSV�ZHUH�FXW�LQWR
WKUHH�VHFWLRQV�ZLWK�D�KDQG�VDZ��WKH�EDFN��WKH�RXWHUPRVW
EDUN��������PP�WKLFN��WKH�FRUN��WKH�PLGGOH�SDUW�XVHG�IRU
FRUN�VWRSSHUV���������PP�WKLFN��DQG�WKH�EHOO\������PP
WKLFN��(DFK�VHFWLRQ�ZDV�VHSDUDWHO\�FXW�LQWR�VPDOO�SLHFHV
������PP��DQG�ZDV�PLOOHG�LQ�D�XOWUD�FHQWULIXJDO�PLOO�=0�
�����5HWVFK��DQG�WKH�JUDQXORPHWULF�IUDFWLRQ�RI������
PHVK� �����������PP� JUDLQ� VL]H��ZDV� XVHG� IRU� WKH
VXEVHTXHQW� DQDO\VHV�� 3$+V�0L[� ����� ȝJ�P/� LQ
PHWK\OHQH� FKORULGH��� FRQWDLQLQJ� DFHQDSKWK\OHQH�
DQWKUDFHQH��EHQ]>D@DQWKUDFHQH��EHQ]R>E@IOXRUDQWKHQH�

EHQ ]R>N @ IO XRU DQ WK HQ H � EHQ ]R>JK L @SHU \O HQH �
EHQ]R>D@S\UHQH�� FKU\VHQH�� GLEHQ]>D�K@DQWKUDFHQH�
IOXRUHQH�� LQGHQR>������FG@S\UHQH�� SKHQDQWKUHQH�
S\UHQH������)RUWLILFDWLRQ�6ROXWLRQ��DFHQDSKWKHQH�G

��
��

>�+
��
@�FKU\VHQH��FKU\VHQH�G

��
��DQG�>�+

��
@�SKHQDQWKUHQH

�SKHQDQWKUHQH�G
��
��DW�����ȝJ�P/�ZHUH�DOO��SXUFKDVHG

IURP��%HOOHIRQWH��3$��86$��

)RU� VWDQGDUG� VROXWLRQV� DQG� EDWFK� H[SHULPHQWV
GHLRQL]HG�ZDWHU�ZDV�XVHG��0HWKDQRO�ZDV�6XSHU�3XULW\
JUDGH� IURP� 5RPLO� �&DPEULGJH��� 6ROLG� SKDVH
PLFURH[WUDFWLRQ� �630(�� ILEHUV� RI� ��� ȝP
SRO\GLPHWK\OVLOR[DQH�GLYLQ\OEHQ]HQH� �3'06�'9%�
ZHUH�VXSSOLHG�E\�6XSHOFR��%HOOHIRQWH��3$��86$���7KH
FROOHFWLRQ�RI�DTXHRXV�VDPSOHV�RI����P/�ZDV�FDUULHG
RXW�XVLQJ�D�JODVV�OXUH�WLS�V\ULQJH�RI����P/�FRXSOHG�WR�D
VWDLQOHVV� VWHHO� V\ULQJH� QHHGOH� �OHQJWK� �� LQ��� VL]H� ��
JDXJH��DOO�VXSSOLHG�E\�6LJPD�$OGULFK��6W�/RXLV��86$��
7KLUWHHQ�(3$�3$+V�ZHUH�DQDO\]HG�LQ�WKLV�UHVHDUFK�
7KH�ORZ�PROHFXODU�ZHLJKW�FRPSRXQGV��/0:��ZHUH�
$&(� �DFHQDSKWK\OHQH��� )/8� �IOXRUHQH��� 3+(
�SKHQDQWKUHQH���$17��DQWKUDFHQH��DQG�3<5��S\UHQH��
DQG�KLJK�PROHFXODU�ZHLJKW�FRPSRXQGV��+0:���%D$
�EHQ]�D�DQWKUDFHQH��� &+5� �FKU\VHQH��� %E)
�EHQ]R�E�IOXRUDQWKHQH���%N)��EHQ]R�N�IOXRUDQWKHQH��
%$3��EHQ]R�D�S\UHQH���,1'��LQGHQR�������FG�S\UHQH��
'%$� �GLEHQ]�D�K�DQWKUDFHQH�� DQG� %*3
�EHQ]R�JKL�SHU\OHQH�����'U\�UDZ�FRUN�JURXQG�DQG�VLHYHG
�����������PP��\LHOGHG�WKH�FRUN�IUDFWLRQ��&)���([WUDFWLYHV
ZHUH�UHPRYHG�E\�VXFFHVVLYH�6R[KOHW�H[WUDFWLRQV�ZLWK
GLFKORURPHWKDQH����K���HWKDQRO����K��DQG�ZDWHU�����K��
7KLV� SURFHGXUH� \LHOGHG� WKH� IUHH� H[WUDFWLYH� IUDFWLRQ
UHVLGXH� �)()��ZKLFK� ZDV� DLU�GULHG� DQG� NHSW� IRU
VXEVHTXHQW� DQDO\VLV�

7R� UHPRYH�WKH�VXEHULQ�� WKH�)()�ZDV�VDSRQLILHG
XVLQJ�PHWKDQRO\VLV�IRU�GHSROLPHUL]DWLRQ��3HUHLUD��������
$�����J�VDPSOH�ZDV�UHIOX[HG�ZLWK�����P/�RI����1D2&+

�

LQ�&+
�
2+�IRU���K��ILOWHUHG�DQG�WKH�UHVLGXH�UHIOX[HG�DJDLQ

ZLWK�����P/�&+
�
2+�IRU����PLQ��$IWHU�ILOWUDWLRQ��WKH

FRPELQHG�ILOWUDWHV�ZHUH�DFLGLILHG�WR�3K��ZLWK��0�+
�
62

�

DQG�HYDSRUDWHG�WR�GU\QHVV� LQ�D�URWDWLQJ�HYDSRUDWRU�
7KLV� UHVLGXH�ZDV� VXVSHQGHG� LQ� ����P/� +

�
2� DQG

H[WUDFWHG�ZLWK�����P/�&+&�
�
�WKUHH�WLPHV��7KH�FRPELQHG

H[WUDFWV�ZHUH�GULHG�RYHU�1D
�
62

�
��ILOWUDWHG��HYDSRUDWHG

DQG�ZHLJKHG�JUDYLPHWULFDOO\�DV�VXEHULQ��68%���7KH
QRQVDSRQLILDEOH�IUDFWLRQ�LV�WKH�GHVXEHULQL]HG�IUDFWLRQ
�'(6)��� 7KH� DPRXQW� RI� .ODVRQ� OLJQLQ� LQ� WKH
GHVXEHULQLVHG�PDWHULDO�ZDV�GHWHUPLQHG�JUDYLPHWULFDOO\
DIWHU�D�VWDQGDUG�DFLG�K\GURO\VLV� �7DSSL���������7KH
ILOWUDWH�ZDV�XVHG�IRU�GHWHUPLQDWLRQ�RI�DFLG�VROXEOH�OLJQLQ
E\�89�PHDVXUHPHQW�DW�����QP��.ODVRQ�OLJQLQ�DQG�DFLG�
VROXEOH�OLJQLQ�ZHUH�FRPELQHG�WR�JLYH�WKH�WRWDO�OLJQLQ
FRQWHQW�� +RORFHOOXORVH� ZDV� LVRODWHG� IURP� WKH
GHVXEHULQL]HG�IUDFWLRQ�E\�GHOLJQLILFDWLRQ�IRU���K�XVLQJ
WKH� DFLG� FKORULWH�PHWKRG� �:LVH� HW� DO��� ������� 7KH



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

���

KRORFHOOXORVH�FRQWHQW�ZDV�GHWHUPLQHG�DIWHU�PHDVXULQJ
WKH�OLJQLQ�FRQWHQW�LQ�KRORFHOOXORVH��$OO�PHDVXUHPHQWV
ZHUH�UHSRUWHG�DV�D�SHUFHQWDJH�RI�WKH�RULJLQDO�VDPSOH�
'HWDLOHG�FKHPLFDO�FKDUDFWHUL]DWLRQ�RI�WKH�WKUHH�FRUN
OD\HUV� IURP� GLIIHUHQW� SURGXFWLRQ� DUHDV� KDV� EHHQ
LQYHVWLJDWHG�HOVHZKHUH��-RYp�HW�DO���������

7KH�&��+��1�DQG�6�FRQWHQWV�RI�FRUN�IUDFWLRQV�ZHUH
GHWHUPLQHG�XVLQJ�D�3HUNLQ�(OPHU�($�����VHULHV� ,,
HOHPHQWDO�$QDO\]HU��2[\JHQ�FRQWHQW�ZDV�FDOFXODWHG�E\
PHDVXULQJ�WKH�GLIIHUHQFH���7KH�+�&��2�&��&�1���2���1��
&�DWRPLF�UDWLRV�ZHUH�FDOFXODWHG��/LPLWV�RI�GHWHFWLRQ�IRU
1�DQG�6�ZHUH�������DQG��������UHVSHFWLYHO\��)7,5
VSHFWUD�ZHUH� REWDLQHG� XVLQJ�.%U� SHOOHWV� DQG� ZHUH
UHFRUGHG�RQ�D�*DOD[\������)7,5�VSHFWURPHWHU��0DWWVRQ
,QVWUXPHQW�&R���0DGLVRQ��:,���$OO�)7,5�VSHFWUD�ZHUH
PHDVXUHG�LQ�WKH����������FP�UDQJH�E\�FR�DGGLWLRQ�RI
���VFDQV�ZLWK�D�UHVROXWLRQ�RI���FP�����

6RUSWLRQ�H[SHULPHQWV�ZHUH�FRQGXFWHG�E\�WKH�EDWFK
HTXLOLEULXP�WHFKQLTXH������J�RI�FRUN�ZDV�ZHLJKWHG�LQWR
HDFK�����P/�FDSDFLW\�3\UH[�JODVV�ERWWOH�DQG�SODFHG
ZLWK�����P/�RI�DTXHRXV�VROXWLRQ�RI�D�3$+�PL[�RI�YDULHG
FRQFHQWUDWLRQ����������������DQG����ȝJ�O���7KH�VROXWLRQV
ZHUH�FORVHG��ZUDSSHG�ZLWK��DOXPLQLXP�IRLO�WR�SUHYHQW
SKRWR� GHJUDGDWLRQ� DQG�PL[HG�ZLWK� D� ³9LEURPDWLF´
RVFLOODWLQJ�VKDNHU�DW�����RVFLOODWLRQV�PLQ��$IWHU���K�RI
HTXLOLEULXP�WLPH��GHWHUPLQHG�LQ�D�SUHYLRXV�ZRUN��2OLYHOOD
HW�DO����������DTXHRXV�VDPSOHV�RI����P/�ZHUH�FROOHFWHG
DQG�DQDO\]HG�DV�GHVFULEHG�EHORZ� �VHFWLRQ�������7KH
DPRXQW� RI� 3$+� VRUEHG� ZDV� FRQVLGHUHG� WR� EH� WKH
GLIIHUHQFH�EHWZHHQ�WKH�LQLWLDO�3$+�FRQFHQWUDWLRQV�DQG
WKH�HTXLOLEULXP�FRQFHQWUDWLRQV��$OO�VRUSWLRQ�GDWD�ZHUH
ILWWHG� WR� WKH� )UHXQGOLFK� PRGHO� DFFRUGLQJ� WR� WKH
HTXDWLRQ�

���

ZKHUH� �LV�WKH�DGVRUEHG�DPRXQW���J�J��� �LV�WKH
HTXLOLEULXP�FRQFHQWUDWLRQ�RI�DGVRUEDWH�LQ�VROXWLRQ�DIWHU
DGVRUSWLRQ����J�O��� �LV�DQ�LQGLFDWLRQ�RI�WKH�DGVRUEHQW

FDSDFLW\�>��J�J���J�O�@��Q��DQG� �LV�D�PHDVXUH�RI�WKH

QDWXUH� DQG� VWUHQJWK� RI� DGVRUSWLRQ� SURFHVV� RU� DQ
LQGLFDWRU�RI�WKH�VXUIDFH�KHWHURJHQHLW\��7R�GHWHUPLQH

WKH�FRQVWDQWV� �DQG��WKH�OLQHDU�IRUP�RI�HT�����ZDV
XVHG��7KH�SORW�RI���YV���JLYH�XV�WKH�YDOXHV�RI��DQG��IURP
WKH�VORSH�DQG�LQWHUFHSW��UHVSHFWLYHO\��7KH�GLVWULEXWLRQ
FRHIILFLHQW��.

G
��LV�WKH�UDWLR�EHWZHHQ�WKH�FRQWHQW�RI�WKH

VXEVWDQFH�LQ�WKH�VRUEHQW�DQG�WKH�PDVV�FRQFHQWUDWLRQ
RI� WKH�VXEVWDQFH� LQ�WKH�DTXHRXV� VROXWLRQ��XQGHU� WKH
WHVW� FRQGLWLRQV�� ZKHQ� DGVRUSWLRQ� HTXLOLEULXP� LV
UHDFKHG��.

G
�YDOXHV�ZHUH�FDOFXODWHG�IURP�WKH�VORSH�RI

WKH� LVRWKHUPV�� 7KH� RUJDQLF� FDUERQ� QRUPDOL]HG
DGVRUSWLRQ�FRHIILFLHQW��.

RF
��UHODWHV�WKH�.

G�
WR�WKH�FRQWHQW

RI�RUJDQLF�FDUERQ�RI�WKH�VRLO�VDPSOH��I
RF
��DFFRUGLQJ�WR

WKH�HTXDWLRQ�.
RF
 �.

G
�I
RF
��'XSOLFDWH�H[SHULPHQWV�ZHUH

SHUIRUPHG�

:LWK�WKH�DLP�WR�FRQWURO�WKH�ORVV�RI�3$+V�RQWR�WKH
JODVV�ZDOOV��WKUHH�EODQNV�ZHUH�SHUIRUPHG�IROORZLQJ�WKH
VDPH�SURFHGXUH�DV�WKH�VDPSOHV����������P/�RI�GHLRQL]HG
ZDWHU�SOXV����J�O�3$+V����������J�RI�FRUN�SOXV�����P/�RI
GHLRQL]HG�ZDWHU��DQG���������P/�RI�GHLRQL]HG�ZDWHU�
7KH�UHVXOWV�LQGLFDWH�WKDW��DW�DQ�LQLWLDO�FRQFHQWUDWLRQ�RI
���J�/��WKH�FRQFHQWUDWLRQV�RI�3$+V�LQ�VROXWLRQ�ZHUH
OHVV�WKDQ����

7KH�H[WUDFWLRQ�RI�3$+V�DQG�WKH�*&�06�FRQGLWLRQV
ZHUH�SHUIRUPHG�IROORZLQJ�WKH�SURFHGXUH�GHVFULEHG�E\
)HUQiQGH]�HW�DO��������)RU�WKH�630(�H[WUDFWLRQ�����P/
RI�GH�LRQLVHG�ZDWHU�LQ����P/�YLDOV��FDSSHG�ZLWK�37)(�
FRDWHG�VHSWD��ZHUH�XVHG��7KH� ILEHUV�ZHUH� LPPHUVHG
LQWR�WKH�DTXHRXV�SKDVH�ZLWK�DJLWDWLRQ�DW��� �&�IRU���
PLQ��$IWHU�H[WUDFWLRQ��WKH�ILEHU�ZDV�WKHUPDOO\�GHVRUEHG
IRU����PLQ�LQWR�WKH�OLQHU�RI�WKH�*&�LQMHFWRU�SRUW�DW���� �&�
7KH�VSOLWOHVV�WLPH�ZDV�VHW�DW���PLQ�DQG�GHVRUSWLRQ�WLPH
DW����PLQ��*&�ZDV�SHUIRUPHG�ZLWK�D�����1�$JLOHQW
FKURPDWRJUDSK�HTXLSSHG�ZLWK�D�036��*HUVWHO�DXWR�
VDPSOHU�DQG�FRXSOHG�WR�D�06�����1��7KH�VHSDUDWLRQ
ZDV�DFKLHYHG�XVLQJ�DQ�+3��06�FROXPQ������P������PP�
����ȝP�ILOP�WKLFNQHVV���-	:�6FLHQWLILF��)ROVRP��&$�
86$��DQG�WKH�*&�RYHQ�SURJUDP�ZDV����R&����PLQ��
LQFUHDVHG�E\��R&�PLQ�WR����R&��KHOG�IRU����PLQ���7KH
FDUULHU�JDV�ZDV�+HOLXP�����������ZLWK�D�FRQVWDQW�IORZ
UDWH�RI���P/�PLQ��7KH�WUDQVIHU�OLQH�WHPSHUDWXUH�ZDV�VHW
DW����R&�DQG�WKH�LRQ�VRXUFH�WHPSHUDWXUH�DW����R&��7KH
PDVV� VSHFWURPHWHU� ZDV� RSHUDWHG� LQ� VHOHFWHG� LRQ
PRQLWRULQJ�PRGH��6,0���GHWHFWLQJ�WKH�IROORZLQJ�LRQ
PDVVHV������������������������������������������7KH
TXDQWLILFDWLRQ�RI�3$+V�ZDV�EDVHG�RQ�FRPSDULVRQV�RI
WKH�DUHDV�IRU�WKH�PRQLWRUHG�PROHFXODU�LRQV�WR�WKDW�RI
WKH�LQWHUQDO�VWDQGDUG��ZLWK�FDOLEUDWLRQ�UHVSRQVH�FXUYHV
JHQHUDWHG�IURP�ILYH�GLIIHUHQW�FRQFHQWUDWLRQV������������
��������DQG���ȝJ�/��RI�HDFK�WDUJHW�3$+��7KH�FDOLEUDWLRQ
FXUYHV�IRU�WKH�FRPSRXQGV�ZHUH�OLQHDU��U�!�������RYHU
WKH�HVWDEOLVKHG�UDQJH�

5(68/76�	�',6&866,21
7KH�\LHOGV�DQG�HOHPHQWDO�FRPSRVLWLRQV�RI�WKH�FRUN

IUDFWLRQV�DUH�SUHVHQWHG� LQ�7DEOH����7KH�VWXG\�RI� WKH
FKHPLFDO�FRPSRVLWLRQ�RI�WKH�VHOHFWHG�UDZ�FRUN�VDPSOHV
UHYHDOV� WKDW� VXEHULQ� �������� LV� WKH�PDLQ� VWUXFWXUDO
FRPSRQHQW�RI�WKH�FHOO�ZDOO�� IROORZHG�E\�H[WUDFWLYHV
���������OLJQLQ����������DQG�KRORFHOOXORVH���������/LJQLQ
ELRSRO\PHU��PDLQO\�FRPSRVHG�RI�SKHQ\OSURSDQH�XQLWV�
H[KLELWV�D�PRUH�DURPDWLF�QDWXUH�WKDQ�VXEHULQ�ZLWK�D
SRO\HVWHU�VWUXFWXUH�FRPSRVHG�RI�ORQJ�FKDLQ�IDWW\�DFLGV�
K\GUR[\O� IDWW\�� DQG� SKHQROLF� DFLGV� OLQNHG� E\� HVWHU
JURXSV��3HUHLUD��������



���

VRUSWLRQ�RI�DTXHRXV�SRO\F\FOLF�DURPDWLF�K\GURFDUERQV

7DEOH���5HODWLYH�\LHOGV�RI�WKH�FRUN�IUDFWLRQV��WKHLU�HOHPHQWDO�DQDO\VLV�DQG�DWRPLF�UDWLRV
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7KH� RUJDQLF� FDUERQ� FRQWHQW� RI� 68%� ZDV� WKH
KLJKHVW����������ZKLOH�&��RI�QRQVDSRQLILDEOH�IUDFWLRQ
�'(6)��ZDV�WKH�ORZHVW����������7KH�+�&�UDWLRV�IRU�&)�
)()�DQG�'(6)�ZHUH�LQ�WKH�VDPH�RUGHU��a��������ZKLOH
68%�ZDV�KLJKHU��������,Q�WKLV�VWXG\�WKH�SRODULW\���2�1��
&��RI�WKH�FRUN�IUDFWLRQV�ZDV�LQ�WKH�IROORZLQJ�RUGHU�
'(6)�������&)��������)()��������68%��������7DEOH����
7KHVH�HOHPHQWDO�FRPSRVLWLRQ�GDWD�LQGLFDWH�WKDW�FRUN
IUDFWLRQV�ZHUH�PDLQO\�DOLSKDWLF�FRPSRQHQWV�ZLWK�D�ZLGH
UDQJH� RI� SRODULWLHV�� ZKLFK� LV� LQ� DJUHHPHQW� ZLWK
VXEVHTXHQW� VSHFWURVFRSLF� VWXGLHV�

)LJ���$�VKRZV�D�)RXULHU�WUDQVIRUPHG�VSHFWUXP�RI
UDZ�FRUN� �&)���7KH�SHDN�DW� ������FP� LQGLFDWHV� WKH
SUHVHQFH�RI�2+�JURXSV��7KH�VSHFWUXP�LV�GRPLQDWHG�E\
WKH� DEVRUEDQFH� EDQGV� RI� VXEHULQ�� WZR� SHDNV� DW
DSSUR[LPDWHO\������ DQG������FP�FRUUHVSRQGLQJ� WR
DV\PPHWULF�DQG�V\PPHWULF�YLEUDWLRQ��UHVSHFWLYHO\��RI
&�+�LQ�WKH�ROHILQLF�FKDLQV�DQG�DQ�LQWHQVH�EDQG�DW������
FP�FRUUHVSRQGLQJ� WR�WKH�FDUERQ\O�& 2� LQ�DOLSKDWLF
DFLGV�HVWHUV��7KH�EDQG�DW������FP�FDQ�DOVR�EH�DWWULEXWHG
WR�WKH�&�2�&�RI�WKH�HVWHU�JURXSV�LQ�VXEHULQ��7KURXJK
WKH�HSR[LGH�JURXS�VXEHULQ�DOVR�FRQWULEXWHV�WR�WKH������
FP�SHDN�FRUUHVSRQGLQJ�WR�&�2�VWUHWFK��7KH�EDQGV�DW
�����FP��YLEUDWLRQ�RI�& &�DURPDWLF�ULQJV��DQG����
�DURPDWLF�&�+�RXW�RI�SODQH�GHIRUPDWLRQV��DUH�W\SLFDO�RI
JXDLDF\O�OLJQLQ��)DL[�HW�DO���������
7KH�EDQGV�DW������FP�DQG������FP�DUH�FKDUDFWHULVWLF
RI�SRO\VDFFKDULGHV��&+�DQG�&2�GHIRUPDWLRQ���7KH\
KDYH�D�UHODWLYH�VPDOOHU�LQWHQVLW\�

'XULQJ�WKH�VDSRQLILFDWLRQ�WUHDWPHQW��EURNHQ�HVWHU
ERQGV�FRUUHVSRQGHG�WR�WKH�UHPRYDO�RI�K\GUR[\O�IDWW\
DFLGV��7KH�)7,5�VSHFWUXP�RI�WKH�GHVXEHULQL]HG�VDPSOH
�'(6)�� LV� VKRZQ� LQ�)LJ�� �%�� ,W� ZDV� GRPLQDWHG� E\
SRO\VDFFKDULGHV��H�J��������FP��DQG�LRQL]HG�FDUER[\O
JURXSV�±&22���H�J�������FP���7KLV�LV�DOVR�FRQVLVWHQW
ZLWK�WKH�LQFUHDVH�RI�WKH�2�&�UDWLR�LQ�'(6)�VDPSOH��7DEOH
����%DQGV�DW������FP�DQG������FP�DUH�FKDUDFWHULVWLF�RI
VXEHULQ��DQG�WKHLU�DEVHQFH�FRQILUPV�LWV�DEVHQFH��7KH
SUHVHQFH�RI�DURPDWLF�VWUXFWXUHV�LQ�WKH�QRQVDSRQLILDEOH
IUDFWLRQ��XVXDOO\�XVHG�WR�PRQLWRU�WKH�SUHVHQFH�RI�OLJQLQ
�+HUJHUW���������LV�VKRZQ�E\�WKH�SHDNV�DW������FP�DQG

�����FP��7KH�SURQRXQFHG�EDQG�DW������FP�LV�LQGLFDWLYH
RI�&�+�GHIRUPDWLRQ�LQ�JXDLDF\O�OLJQLQ�

7KH�)7,5�VSHFWUXP�RI�VXEHULQ�LV�VKRZQ�LQ�)LJ��&�
7KH�VWURQJ�EDQGV�DW������FP�� DVV�&�+��DQG������FP
� DVV�&�+��WRJHWKHU�ZLWK�WKRVH�DW������FP�DQG������
FP�� �&�+��FOHDUO\�LQGLFDWH�WKH�GRPLQDQW�DOLSKDWLF�QDWXUH
RI�VXEHULQ��(VWHU�PRLHWLHV��SURGXFHG�E\�PHWKDQRO\VLV
RI�VXEHULQ�FKDLQV�DW�WKH�FRUUHVSRQGLQJ�HVWHU�IXQFWLRQV�
ZHUH�FKDUDFWHUL]HG�E\�WKH�VWURQJ�EDQGV�DW������� �& 2�
DQG������� �&�2�&���7KH�EDQG�DW������FP�PD\�EH
DWWULEXWHG� WR� & &� GRXEOH� ERQGV�� 7KHVH� GDWD� DUH
FRQVLVWHQW�ZLWK�SUHYLRXV�VWXGLHV��&RUGHLUR�HW�DO��������
5RFKD�HW�DO���������

7KH�VRUSWLRQ�RI�3$+V�E\�FRUN�IUDFWLRQV��&)��)()
DQG� '(6)�� ZHUH� PHDVXUHG� E\� EDWFK� VRUSWLRQ
H[SHULPHQWV��,W�ZDV�REVHUYHG�WKDW�YDULDELOLW\�EHWZHHQ
WKH�GXSOLFDWH�VRUSWLRQ�H[SHULPHQWV�ZDV�KLJKHU�IRU�WKH
+0:�3$+V��������WKDQ�IRU�/0:�3$+V���������7KH
LVRWKHUPV�ILW�WKH�)UHXQGOLFK�HTXDWLRQ���������U��������
DQG�WKH�UHJUHVVLRQ�SDUDPHWHUV�DUH�OLVWHG�LQ�7DEOH����$
SUHFLVH�FRPSDULVRQ�EHWZHHQ�.

)�
�YDOXHV�LV�QRW�SRVVLEOH

EHFDXVH� WKHLU� XQLWV� DUH� GLIIHUHQW� DV� D� UHVXOW� RI� WKH
QRQOLQHDULW\��7KHUHIRUH��WKH�VRUSWLRQ�FRHIILFLHQWV��.

G

DQG�.
RF
�� ZHUH� DOVR� FDOFXODWHG� �7DEOH� ���� �$OO� WKH

LVRWKHUPV�FDQ�EH�FRQVLGHUHG�QRQOLQHDU�EHFDXVH�WKH�Q
YDOXHV�ZHUH�RXWVLGH�WKH������Q������UDQJH�HVWDEOLVKHG
E\�3LJQDWHOOR�HW�DO����������Q�YDOXHV�UDQJH�IURP�����WR
����IRU�&)��IURP�����WR�����IRU�)()�DQG�IURP�����WR�����IRU
'(6)��)LJ����

1RQOLQHDU�LVRWKHUPV�KDYH�DOVR�EHHQ�IRXQG�IRU�WKH
VRUSWLRQ�RI�VHYHUDO�3$+V�XVLQJ�DVSHQ�ZRRG��%RYLQJ
DQG�=KDQJ���������6SDQLVK�OHRQDUGLWH��=HOHGyQ�7RUXxR
HW�DO����������EODFN��FDUERQ�IUHH�ELRSRO\PHUV��+XDQJ�HW
DO���������3LJQDWHOOR�HW�DO���������:DQJ�DQG�;LQJ��������
ZRRGHQ�FKDUV�RI�DVSHQ�ZRRG��+XDQJ�HW�DO���������
ZRRG�FKDUV��:DQJ�HW�DO����������DV�ZHOO�DV�LQ�VRLO�KXPLF
DFLGV� �.DQJ� DQG�;LQJ�� ������;LQJ�� ������� DQG� LQ
DOLSKDWLF�ULFK�KXPLQ��&KHIHW]�HW�DO����������3UHYLRXV
VWXGLHV� DOVR� UHSRUWHG� WKH� QRQOLQHDULW\� RI� WKH
QRQVDSRQLILDEOH�IUDFWLRQ��Q ��������LVRODWHG�IURP�URRW
WLVVXH��&KHQ�DQG�6FKQRRU���������7KH�QRQOLQHDULW\�ZDV

D�&)��UDZ�FRUN��UHPRYDO�RI�H[WUDFWLYHV�IURP�&)�\LHOGHG�IUHH�H[WUDFWLYH�FRUN��)()���VDSRQLILFDWLRQ�RI�)()�SURGXFHG
QRQVDSRQLILDEOH�IUDFWLRQ�'(6)���WKH�VDSRQLILHG�IUDFWLRQ�LV�WKH�VXEHULQH��68%��
E�7KH�\LHOGV�ZHUH�REWDLQHG�LQ�GXSOLFDWH�IRU�HDFK�IUDFWLRQ�DQG�SUHVHQWHG�DV�DYHUDJH�
F�2[\JHQ�FRQWHQW�ZDV�FDOFXODWHG�E\�WKH�PDVV�GLIIHUHQFH�
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)LJ�����,QIUDUHG�VSHFWUD�RI��$��UDZ�FRUN��%��QRQVDSRQLILDEOH�IUDFWLRQ�DQG��&��VXEHULQ

ϯϰϮϴ

ϮϴϱϱϮϵϮϱ

ϭϳϯϴ
ϭϲϯϮ

ϭϱϭϭ ϭϰϱϳ ϭϮϲϮ

ϭϬϰϭ
ϭϭϬϭ

ϭϭϲϭ

ϭϲϯϱ
ϭϱϵϱ
ϭϱϬϱ ϭϯϲϴ

ϭϮϲϰ

ϭϬϯϱ

ϴϭϰ

Ϯϵϭϱ

Ϯϴϰϵ ϭϳϬϴ

ϭϲϯϱ
ϭϱϵϲ

ϭϰϲϯ
ϭϰϯϱ ϭϮϱϮ

�

�

�

)LJ�����5HODWLRQVKLSV�EHWZHHQ�ORJDULWKP�RI�WKH�VRUSWLRQ�SDUWLWLRQ�FRHIILFLHQWV��ORJ.
RF
��DQG�ORJDULWKP�RI�WKH

RFWDQRO�ZDWHU�SDUWLWLRQ�FRHIILFLHQWV��ORJ.
RZ
��RI�WKH�UDZ�FRUN�IUDFWLRQ��&)���IUHH�H[WUDFWLYH�FRUN��)()��DQG

QRQVDSRQLILDEOH�IUDFWLRQ��'(6)��IRU�WKH�ORZ�PROHFXODU�ZHLJKW�3$+V��7KH�SRLQW�PDUNHG�ZLWK�D�FURVV�ZDV�QRW
XVHG�LQ�WKH�FRUUHODWLRQ�DQDO\VLV

��� ��� ��� ��� ��� ��� ��� ���

���

���

���

���

���

���

ORJ.RZ

ORJNR F� �������������������ORJNRZ ��������

U �������S �������Q �

ORJNRF � �������������������ORJNRZ�������

U ������S �������Q �

ORJNRF � �������������������ORJNRZ�������

U ������S �������Q �
�ORJ.RF& )

�ORJ.RF)()

�ORJ.
RF' (6)

OR
J.

R
F

H[SODLQHG�ZLWK�WKH�GHJUHH�RI�FRQGHQVHG�VWUXFWXUHV�RU
JODVV\�FKDUDFWHU��&KHIHW]�HW�DO����������$V� D�JODVV\
ELRSRO\PHU��OLJQLQ�LV�KLJKO\�DURPDWLF��,Q�RXU�VWXG\��WKH
KLJK�SUHVHQFH�RI�OLJQLQ�LQ�FRUN�FRXOG�EH�UHVSRQVLEOH
IRU�WKH�QRQOLQHDU�LVRWKHUPV�

$IWHU�UHPRYLQJ�WKH�H[WUDFWDEOH�IUDFWLRQ�DQG�VXEHULQ
IURP� FRUN�� WKH�.

RF
� RI� )()� DQG� '(6)� H[KLELWHG� D

VLJQLILFDQW�UHGXFWLRQ��7DEOH�����7KH�.
RF
�YDOXHV�RI�&)

UDQJHG�IURP�������WR��������P/�J��IRU�)()�IUDFWLRQ
UDQJHG�IURP������WR�������P/�J�DQG�IRU�'(6)�IUDFWLRQ



���

2OLYHOOD��0��¬��HW�DO�

7DEOH����6RUSWLRQ�FRHIILFLHQWV�DQG�)UHXQGOLFK�PRGHO�SDUDPHWHUV�RI�3$+V�ZLWK�FRUN�IUDFWLRQV

D�&)��UDZ�FRUN��UHPRYDO�RI�H[WUDFWLYHV�IURP�&)�\LHOGHG�IUHH�H[WUDFWLYH�FRUN��)()���VDSRQLILFDWLRQ�RI�)()�SURGXFHG
QRQVDSRQLILDEOH�IUDFWLRQ��'(6)���'XSOLFDWH�H[SHULPHQWV�ZHUH�XVHG�
E�.

)�
LV�WKH�)UHXQGOLFK��VRUSWLRQ�FRHIILFLHQW�>��J�J���J�O�@��Q�

F��.
RF
 .

G
�I
RF
�ZKHUH�I

RF
�LV�WKH�RUJDQLF�FDUERQ�FRQWHQW�RI�VRUEHQW�
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IURP������WR�������P/�J��7KHVH�UHVXOWV�VXJJHVW�WKDW
WKH�H[WUDFWLYHV�FRXOG�EH�D�GRPLQDQW�VRUSWLRQ�PHGLXP
RI� K\GURSKRELF� FKHPLFDOV� RQ� FRUN�� 3UHYLRXV� UHVXOWV
DOVR�UHSRUWHG�WKDW�SODQW�OLSLGV�ZHUH�FRQVLGHUHG�WR�EH
WKH�PDLQ�VWRUDJH�IRU�3$+V��;LQJ�DQG�3LJQDWHOOR��������
,Q�FRQWUDVW��RWKHU�VWXGLHV�LQGLFDWH�WKDW�WKH�UHPRYDO�RI
ZD[HV� IURP� SODQWV� GLG� QRW� VLJQLILFDQWO\� DIIHFW� WKH
VRUSWLRQ�FDSDFLWLHV�RI�VRPH�3$+V��&KHQ�DQG�6FKQRRU�
������=KDQJ�DQG�=KX��������

,W� LV�LQWHUHVWLQJ�WKDW�WKH�'(6)�VDPSOH�FRQWDLQV
����RI� OLJQLQ�DQG�KRORFHOOXORVH��EXW� WKH�.

RF
�YDOXHV

H[KLELWHG� WKH�PLQLPXP�YDOXHV� ������������P/�J��
6HYHUDO� VWXGLHV� KDYH� LQGLFDWHG� WKDW� FHOOXORVH� DQG
KHPLFHOOXORVHV��ZKLFK�PDLQO\�FRQVLVW�RI�SRODU�DOLSKDWLF
PRLHWLHV��H[KLELW�OLWWOH�DIILQLW\�IRU�DURPDWLF�K\GURFDUERQV�
ZKLOH�OLJQLQ��FRQWDLQLQJ�SULPDULO\�DURPDWLF�PRLHWLHV�
VKRZHG�JUHDW�DIILQLW\�IRU�WKHVH�VROXWHV��:DQJ�HW�DO��
������&KHQ�HW�DO����������)RU�'(6)��OLJQLQ�ULFK�PRLHWLHV
PD\� EH� GLVSHUVHG� DPRQJ� SRO\VDFFKDULGHV� ULFK� LQ
SRO\K\GUR[\O�DQG�FDUER[\OLF�JURXSV��7KHVH�IXQFWLRQDO
JURXSV� FDQ� SURGXFH� VWURQJ� K\GURJHQ�ERQGV� ZLWKLQ
WKH� SULPDU\�ZDOO� FHOO� DQG� DOVR�ZLWK�ZDWHU�� SRVVLEO\
SUHYHQWLQJ�3$+�PROHFXOHV�IURP�DFFHVVLQJ�WKH�DURPDWLF
FRUHV�DV�D�UHVXOW�RI�WKH�VXUURXQGLQJ�SRODU�FRPSRQHQWV
�:DQJ�HW�DO�����������,Q�RUGHU�WR�EHWWHU�XQGHUVWDQG�WKH
UROH�RI�OLJQLQ��VXEHULQ�DQG�H[WUDFWDEOH�IUDFWLRQ�RQ�WKH
VRUSWLRQ� RI� 3$+V�� 3$+� VRUSWLRQ� VWXGLHV�ZLWK� WZR
GLIIHUHQW� W\SHV�RI�FRUN� VDPSOHV� �L�H��RXWHUPRVW�EDFN
DQG�PLGGOH�SDUW��ZHUH�LQYHVWLJDWHG��7KHVH�EDUN�OD\HUV
H[KLELW� VLJQLILFDQW� GLIIHUHQFHV� LQ� H[SHULPHQWDOO\
GHWHUPLQHG�FKHPLFDO�FRPSRVLWLRQ�
7KUHH�SDLUV�RI�UDZ�FRUN�VDPSOHV�IURP�GLIIHUHQW�RULJLQ
�&)��&)��DQG�&)���DQG�WZR�EDUN�OD\HUV�RI�HDFK�ZHUH
XVHG� IRU� VRUSWLRQ� VWXGLHV�� RXWHUPRVW� EDFN� µ%¶� DQG
PLGGOH�SDUW�µ&¶��7KHUHIRUH��D�WRWDO�RI�VL[�VDPSOHV�ZHUH
VHOHFWHG��&)%��&)&��&)�%��&)�%��&)�%��&)�&���&KHPLFDO

7DEOH����&KHPLFDO�FRPSRVLWLRQ����UHODWHG�WR�GU\�FRUN��RI�4XHUFXV�6XEHU��VDPSOHV

^ĂŵƉůĞď WĂƌƚĐ ^ĂŵƉůĞ ĐŽĚĞ ^ƵďĞƌŝŶ dŽƚĂů >ŝŐŶŝŶ ,ŽůŽĐĞůůƵůŽƐĞ �ǆƚƌĂĐƚŝǀĞƐ
�& � �&� ϰϬ͘ϳ Ϯϯ͘ϵ ϴ͘ϲ ϭϭ͘ϴ

� �&� ϰϭ͘ϯ ϭϯ͘ϰ ϳ͘ϰ ϭϵ͘ϳ
�&ϭ � �&ϭ� Ϯϭ͘ϭ Ϯϳ͘ϵ ϭϬ͘ϭ ϭϮ

� �&ϭ� ϯϯ͘ϱ ϯϭ͘Ϭ Ϯ͘ϱ ϭϮ͘ϲ
�&Ϯ � �&Ϯ� ϯϯ͘ϴ Ϯϱ͘ϭ ϭϮ͘ϲ ϭϯ

� �&Ϯ� ϰϴ͘ϳ ϮϮ͘ϳ ϭϬ͘ϯ ϭϭ͘ϳ

�ŚĞŵŝĐĂů ĐŽŵƉŽƐŝƚŝŽŶ ;йͿ
Ă

D�&KHPLFDO�FRPSRVLWLRQ�UHVXOWV�ZHUH�REWDLQHG�LQ�GXSOLFDWH�IRU�HDFK�VDPSOH�DQG�SUHVHQWHG�DV�DYHUDJH�
E�&)��&)��DQG�&)���UDZ�FRUN�VDPSOHV�IURP�GLIIHUHQW�RULJLQ�
F�%DUN�OD\HUV��VHOHFWHG�IRU�HDFK�VDPSOH��EDFN��%��DQG�PLGGOH�SDUW�RU�H[DFWO\�QDPHG�FRUN��&��

FRPSRVLWLRQ�RI�WKH�VHOHFWHG�FRUN�VDPSOHV�VHOHFWHG�LV
VKRZQ�LQ�7DEOH���

$� VWXG\�ZDV� DOVR� FRQGXFWHG� WR� FRQVLGHU� WKH
FRUUHODWLRQ� EHWZHHQ� WKH� VRUSWLRQ� FRHIILFLHQWV� �.

RF
�

FRQVLGHULQJ�DOO�W\SHV�RI�FRUN�DQG�WKH�SURSHUWLHV�RI�WKH
RUJDQLF�SROOXWDQWV��H�J��.

RZ
�DQG�)�QXPEHU��XVHG�DV�D

GHVFULSWRU�RI�WKH�PROHFXODU�VL]H�RI�3$+V���7KH�ORJ�IRUP
RI�.

RZ
�DQG�.

RF
�ZDV�XVHG�WR�GHFUHDVH�WKH�XQFHUWDLQO\�RI

WKH� UHVXOWV�� /LWWOH� FRUUHODWLRQ� ZDV� IRXQG� EHWZHHQ
ORJ.

RF
�DQG�ORJ.

RZ
�DQG�EHWZHHQ�.

RF
�DQG�)�ZKHQ�DOO�WKH

3$+V�ZHUH� FRQVLGHUHG�� +RZHYHU�� FRQVLGHULQJ� RQO\
/0:� 3$+V�� D� KLJKHU�FRUUHODWLRQ� FRHIILFLHQW� ZDV
REWDLQHG�� LQGLFDWLQJ� WKH� JUHDW� LPSRUWDQFH� RI� WKLV
SDUDPHWHU � LQ� WKLV� DGVRUSWLRQ� SURFHVV�� 7KH
FRUUHVSRQGLQJ� HTXDWLRQ� ZDV�� ORJ.

RF�
 � ������� �

������ORJ.
RZ
��5� ������S����������Q �����7KLV�HTXDWLRQ

PD\�RIIHU�D�PRGHO�WR�SUHGLFW�WKH�DGVRUSWLRQ�RI�RUJDQLF
FRPSRXQGV� �K\GURFDUERQV� DQG� SHVWLFLGHV�� ZLWK
K\GURSKRELFLWLHV�ZLWKLQ�D�UDQJH�RI�ORJ.

RZ
� ������WR

�����
,W�ZDV�DOVR�REVHUYHG�WKDW�IRU�/0:�3$+V��.

RF
�DQG�)

ZHUH�GLUHFWO\�FRUUHODWHG�DFFRUGLQJ�WR�WKH�HTXDWLRQ��.
RF

 ����������������)���5� ������S������������Q ����
7KH� UHODWLRQVKLS� EHWZHHQ� VRLO�VHGLPHQW� RUJDQLF
FDUERQ�ZDWHU�SDUWLWLRQLQJ�DQG�ORJ.

RZ
�LV�DVVXPHG�WR

EH��.DULFKRII�HW�DO���������
/RJ.

RF�VRLO�
 �����ORJ.

RZ�
������

7KH�VRUSWLRQ�RI�/0:�3$+V�E\�FRUN�DSSHDUV�WR�EH�LQ
WKH�VDPH�RUGHU�DV�WKH�VRUSWLRQ�E\�VRLO�VHGLPHQW�RUJDQLF
PDWWHU��.DULFNRII�HW�DO����������6RUSWLRQ�RI�+0:�3$+V
ZDV�EHWZHHQ���WR�����WLPHV� ORZHU�WKDQ�VRUSWLRQ�E\
VRLO�VHGLPHQW��H[FHSW�IRU�&+5�
$QG�DV�FRPSDUHG�ZLWK�FHOOXORVH��-RQNHU��������
/RJ.

RF�FHOOXORVH
 �����ORJ.

RZ�
±�����



���

VRUSWLRQ�RI�DTXHRXV�SRO\F\FOLF�DURPDWLF�K\GURFDUERQV

VRUSWLRQ�LV�FRQVLGHUDEO\�ORZHU��DSSUR[LPDWHO\����WLPHV
IRU�/0:�3$+V�DQG�DERXW���WLPHV�IRU�+0:�3$+V�

7KH�KLJKHU�DIILQLW\�RI�/0:�3$+V� WKDQ�RI
+0:� 3$+V� IRU � FRUN�� GHVSLWH� WKHLU � KLJKHU
K\GURSKRELFLW\��FRXOG�EH�H[SODLQHG�E\�WKH�PROHFXODU
VL]H�ZRXOG� LQLWLDOO\� FRQWURO�3$+�DFFHVV� WR� WKH�FRUN
PDWUL[��WKH�VPDOOHU�VL]H�RI�WKH�/0:�3$+�PROHFXOHV
ZRXOG�KDYH�IDFLOLWDWHG�WKHLU�SHQHWUDWLRQ�LQWR�WKH�FRUN
PDWUL[�DQG�SUHYHQWHG�ODUJHU�PROHFXOHV��L�H��+0:�3$+V�
IURP�SHQHWUDWLQJ��DQG�ORFDOL]LQJ�ERQGLQJ�VLWHV��7KH
ODUJHU�WKH�PROHFXOHV��WKH�PRUH�GLIILFXOW�WKH�SHQHWUDWLRQ�
GHVSLWH�WKHLU�KLJKHU�K\GURSKRELFLW\��3UHYLRXV�VWXGLHV
UHSRUWHG�WKDW�WKH�PDLQ�IDFWRUV�WKDW�PD\�EORFN�WKH�S\UHQH
VRUSWLRQ�DUH�WKH�PROHFXODU�VL]H�DQG�K\GURSKRELFLW\�RI
FRPSHWLWRUV��:DQJ�HW�DO����������7KH�PHDQ�.

G
�YDOXHV

REWDLQHG� IRU � DOO� 3$+V� DJDLQVW� VXEHULQ�� OLJQLQ�
KRORFHOOXORVH�DQG�H[WUDFWLYHV�FRQWHQW�DUH�LOOXVWUDWHG�LQ
)LJ�����,W�LV�VKRZQ�WKDW�WKH�KLJKHVW�DIILQLW\�IRU�3$+V
VRUSWLRQ�ZDV�REVHUYHG�IRU�&)&�VDPSOH�VKRZLQJ�WKH
KLJKHVW�H[WUDFWLYHV�FRQWHQW��D�KLJK�VXEHULQ�FRQWHQW�DQG
ORZ�OLJQLQ�DQG�KRORFHOOXORVH�FRQWHQWV��,Q�DGGLWLRQ��D
VLJQLILFDQW�FRUUHODWLRQ�ZDV�IRXQG�EHWZHHQ�.

G
�DQG�WKH

SHUFHQWDJH�RI�H[WUDFWLYHV�DFFRUGLQJ�WR�WKH�IROORZLQJ
HTXDWLRQ��.

G�
 ��������������(��5� ������S �������Q ��

)LJ�����5HODWLRQVKLSV�EHWZHHQ�PHDQ�VRUSWLRQ�SDUWLWLRQ�FRHIILFLHQWV��.
RFP
��DQG�SHUFHQWDJHV�RI�ELRSRO\PHUV��L�H�

OLJQLQ��VXEHULQ�DQG�KRORFHOOXORVH��RI�WKUHH�UDZ�FRUN�VDPSOHV�IURP�GLIIHUHQW�RULJLQ��&)��&)��DQG�&)���DQG�WZR
EDUN�OD\HUV�RI�HDFK��EDFN��%��DQG�WKH�PLGGOH�SDUW�RU�H[DFWO\�QDPHG�FRUN��&�

ZKHUH�(�LV�WKH�SHUFHQWDJH�RI�H[WUDFWLYHV��5HFHQWO\��/L
DQG� &KHQ� ������� DOVR� IRXQG� D� GLUHFW� UHODWLRQVKLS
EHWZHHQ�.

G
�DQG�WKH�ZD[HV��/LWWOH�FRUUHODWLRQ�ZDV�IRXQG

�5� ������Q ���EHWZHHQ�.
G
�DQG�SHUFHQWDJHV�RI�VXEHULQ

�5� ������Q ���DQG�SHUFHQWDJH�RI�OLJQLQ��5� ������Q ���
+RZHYHU��PRUH�VWXGLHV�DUH�QHHGHG�WR�HVWDEOLVK�D�FOHDU
WUHQG�EHWZHHQ�WKH�LQIOXHQFH�RI�ELRSRO\PHUV�RI�FRUN�RQ
VRUSWLRQ�FDSDFLW\�E\�3$+V�

7KH�PDLQ�PHFKDQLVP�LQYROYHG�LQ�WKH�DGVRUSWLRQ
RI�3$+V�RQ�FRUN�FRXOG�LPSO\�WKH�IRUPDWLRQ�RI�HOHFWURQ
GRQRU�DFFHSWRU�FRPSOH[HV�LQ�ZKLFK�WKH�K\GUR[\O�DQG
FDUER[\O�JURXSV�ZRXOG�DFW�DV�GRQRUV�DQG�WKH�DURPDWLF
ULQJ�RI�WKH�3$+V�DV�DFFHSWRU��2NL�DQG�,ZDPXUD��������
7KH� FDUER[\O� DQG� K\GUR[\O� JURXSV� ORFDWHG� DW� WKH
H[WUDFWDEOH�IUDFWLRQ�FRXOG�EH�PRUH�DFFHVVLEOH�WKDQ�WKH
SKHQ\OSURSDQH�XQLWV�IURP�OLJQLQ��GXH� WR�WKH�KLJKHU
VWHULF� KLQGUDQFH� RI� WKH� DOFRKROV� DQG� WKH� PHWKR[\O
VXEVWLWXWLRQV�RQ�WKH�ULQJ���7KLV�VWXG\�LV�SDUW�RI�D�SURMHFW
IRFXVHG� RQ� WKH� XVH� RI� E\�SURGXFWV� RI� FRUN� DV� DQ
HIIHFWLYH�DQG�HFRQRPLFDO�������HXURV�.J��ELRVRUEHQWV
IRU � WKH� WUHDWPHQW� RI� VWRUPZDWHU� UXQRII�� 7KH
HIIHFWLYHQHVV� RI� FRUN� DQG� WKH� HVWLPDWHG� GRVDJH� DV
ELRVRUEHQW�RI�3$+V�KDV�EHHQ�SUHYLRXVO\�LQYHVWLJDWHG
�2OLYHOOD�HW�DO�������D��2OLYHOOD�HW�DO�������E��
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&21&/86,21
7KH�UHVXOWV�SUHVHQWHG�LQ�WKLV�SDSHU�VKRZ�WKDW�WKH

H[WUDFWDEOH� IUDFWLRQ�� LQ� SDUWLFXODU� WKH� DOLSKDWLF
H[WUDFWLYHV��UDWKHU�WKDQ�VXEHULQ�VHUYHV�DV�D�GRPLQDQW
PHGLXP�IRU�VRUSWLRQ�RI�3$+V�RQ�FRUN�VDPSOHV�H[DPLQHG�
$�GLUHFW�FRUUHODWLRQ�ZDV�HYHQ�REVHUYHG�EHWZHHQ�WKH
VRUSWLRQ�FDSDFLW\��.

G
��DQG�WKH�SHUFHQWDJH�RI�H[WUDFWLYHV

DQG� DQ� LQYHUVH� UHODWLRQVKLS� H[LVWHG� EHWZHHQ� WKH
VRUSWLRQ�FDSDFLW\�DQG�SHUFHQWDJH�RI�OLJQLQ�RI�VL[�FRUN
VDPSOHV��7KLV�VWXG\�LQGLFDWHV�D�KLJKHU�VRUSWLRQ�DIILQLW\
RI�ORZ�PROHFXODU�ZHLJKW�3$+V�WKDQ�WKH�KLJK�PROHFXODU
ZHLJKW�3$+V�IRU�FRUN��SUREDEO\�DWWULEXWHG�WR�WKH�ORZHU
PROHFXODU�VL]H�RI�WKH�IRUPHU�3$+V�WKDW�IDFLOLWDWH�DFFHVV
WR�WKH�ERQGLQJ�VLWHV��,Q�DGGLWLRQ��WKH�HTXDWLRQ�REWDLQHG
ORJ.

RF�
 ������������������������������ORJ.

RZ
��5� �����

S����������Q ����LQGLFDWHV�WKDW�.
RZ
�LV�DQ�LPSRUWDQW�IDFWRU

JRYHUQLQJ� WKH� DGVRUSWLRQ� SURFHVV� DQG� PD\�RIIHU� D
PRGHO�WKDW�FRXOG�SUHGLFW�WKH�DGVRUSWLRQ�RI�VHPLYRODWLOH
RUJDQLF�FRPSRXQGV�RQ�FRUN�

$&.12:/('*(0(176
7KLV� UHVHDUFK� ZDV� IXQGHG� E\� WKH� 6SDQLVK

0LQLVWHULR�GH�&LHQFLD�H�,QQRYDFLyQ�DV�SDUW�RI�WKH�SURMHFW
&70������������7KDQNV�WR�&RUN�&HQWHU�/DERUDWRU\
IRU�LWV�WHFKQLFDO�VXSSRUW�DQG�-��/REDWR�IRU�KLV�WHFKQLFDO
DVVLVWDQFH��7KH�DXWKRUV�WKDQN�$(&25.�IRU�SURYLGLQJ
FRUN�VDPSOHV�

5()(5(1&(6
%DHN�� 6��2��� )LHOG��5��$���*ROGVWRQH��0��(��� .LUN�� 3��:��
/HVWHU�� -��1��DQG�3HUU\�� 5�� ��������5HYLHZ�RI�DWPRVSKHULF
SRO\F\FOLF� DURPDWLF� K\GURFDUERQV�� VRXUFHV�� IDWH� DQG
EHKDYLRXU��:DWHU��$LU��6RLO�3ROOXW������� ��������

%RYLQJ��7��%��DQG�=KDQJ��:����������5HPRYDO�RI�DTXHRXV�
SKDVH�SRO\QXFOHDU�DURPDWLF�K\GURFDUERQV�XVLQJ�DVSHQ�ZRRG
ILEHUV��&KHPRVSKHUH���������±����

&KHIHW]��%���'HVKPXNK��$��3���+DWFKHU��3��*�� DQG�*XWKULH�
(��$�� ��������3\UHQH� VRUSWLRQ� E\� QDWXUDO� RUJDQLF�PDWWHU�
(QYLURQ��6FL��7HFKQRO�����������������

&KHQ��%���-RKQVRQ��(��-���&KHIHW]��%���=KX��/��DQG�;LQJ��%�
�������� 6RUSWLRQ� RI� SRODU� DQG� QRQSRODU�DURPDWLF� RUJDQLF
FRQWDPLQDQWV� E\� SODQW� FXWLFXODU�PDWHULDOV�� UROH� RI� SRODULW\
DQG�DFFHVVLELOLW\��(QYLURQ��6FL��7HFKQRO�����������������

&KHQ��%��DQG�6FKQRRU��-��/����������5ROH�RI�VXEHULQ��VXEHUDQ
DQG�KHPLFHOOXORVHV� LQ� SKHQDQWKUHQH�VRUSWLRQ�E\�URRW� WLVVXH
IUDFWLRQV� RI� VZLFKJUDVV� �3DQLFXP� YLUJDWXP�� VHHGOLQJV�
(QYLURQ��6FL��7HFKQRO�����������������

&RUGHLUR��1���%HOJDFHP��0��1���6LOYHVWUH��$��-��'���3DVFRDO
1HWR��&�� DQG�*DQGLQL��$�� ��������&RUN� VXEHULQ� DV�D� QHZ
VRXUFH� RI� FKHPLFDOV�� � �� ,VRODWLRQ� DQG� FKHPLFDO
FKDUDFWHUL]DWLRQ�RI�LWV�FRPSRVLWLRQ��,QW���-��%LRO��0DFURPRO��
����������

'RPLQJXHV��9���$OYHV��$���&DEUDO��0��DQG�'HOHUXH�0DWRV�
&�� ��������6RUSWLRQ�RI�EHKDYLRXU� RI�ELIHQWKULQ�RQ�FRUN�� -�
&KURPDWRJU��$����������������

'RPLQJXHV��9���3ULROR��*���$OYHV��$���&DEUDO��0��DQG�'HOHUXH�
0DWRV��&����������$GVRUSWLRQ�EHKDYLRXU�RI� �F\SHUPHWKULQ
RQ�FRUN�DQG� DFWLYDWHG�FDUERQ��-��(QYLURQ��6FL��+HDOWK��3DUW
%��������������

)DL[��2���%UHPHU��-���0HLHU��'���)RUWPDQ��,���6FKH\HQ��0��$�
DQG�%RRQ�� -�� -�� ��������&KDUDFWHUL]DWLRQ� RI� WREDFFR� OLJQLQ
E\� DQDO\WLFDO� S\URO\VLV� DQG�)7,5� VSHFWURVFRS\�� -��$QDO�
$SSO��3\URO\VLV�� ���� ��������

)HUQiQGH]�*RQ]iOH]��9��� &RQFKD�*UDxD��(���0XQLDWHJXL�
/RUHQ]R�� 6��� /ySH]�0DKtD�� 3�� DQG�3UDGD�5RGUtJXH]�� '�
�������� 6ROLG�SKDVH�PLFURH[WUDFWLRQ�JDV� FKURPDWRJUDSK\�
WDQGHP�PDVV� SHFWURPHWULF� DQDO\VLV� RI� SRO\F\OLF� DURPDWLF
K\GURFDUERQV�WRZDUGV�WKH�(XURSHDQ�8QLRQ�:DWHU�'LUHFWLYH
����������(&��-��&KURPDWRJU��$��������������
*RVVHOLQN��5��-��$���GH�-RQJ��(���*XUDQ��%��DQG�$ElFKHUOL��$�
��������&RRUGLQDWLRQ� QHWZRUN�IRU� OLJQLQ²VWDQGDUGLVDWLRQ�
SURGXFWLRQ�DQG�DSSOLFDWLRQV�DGDSWHG�WR�PDUNHW�UHTXLUHPHQWV
�(852/,*1,1��� ,QG��&URSV�3URG������� ���±����

*XQDVHNDUD�� �$��� 6LPSVRQ��0�� DQG�;LQJ�� %��6�� �������
,GHQWLILFDWLRQ� DQG� FKDUDFWHUL]DWLRQ�RI� VRUSWLRQ�GRPDLQV� LQ
VRLO�RUJDQLF�PDWWHU�XVLQJ�VWUXFWXUDOO\�PRGLILHG�KXPLF�DFLGV�
(QYLURQ��6FL��7HFKQRO���������������

+HUJHUW�� +�/�� �������� /LJQLQV��2FFXUUHQFH�� )RUPDWLRQ�
6WUXFWXUH�DQG�5HDFWLRQV�� �1HZ�<RUN�� -RKQ�:LOH\�	�6RQV��

+XDQJ��/���%RYLQJ��7��%��DQG�;LQJ��%�� ��������6RUSWLRQ�RI
3$+V� E\� DVSHQ�ZRRG� ILEHUV� DV� DIIHFWHG� E\� FKHPLFDO
DOWHUDWLRQV��(QYLURQ��6FL��7HFKQRO�����������������

+XDQJ��:���<RXQJ��7�0��� 6FKODXWPDQ��0��$���<X��+�� DQG
:HEHU��:��-�� -U�� ��������$�GLVWULEXWHG� UHDFWLYLW\�PRGHO� IRU
VRUSWLRQ� E\� VRLOV� DQG� VHGLPHQWV�� ,;��*HQHUDO� LVRWKHUPV
QRQOLQHDULW\� DQG�DSSOLFDELOLW\� RI� WKH�GXDO� UHDFWLYH� GRPDLQ
PRGHO��(QYLURQ��6FL��7HFKQRO�����������±�����

-RQNHU��0��7��2����������$EVRUSWLRQ�RI�SRO\F\FOLF�DURPDWLF
K\GURFDUERQV� WR�FHOOXORVH��&KHPRVSKHUH�� ����� ��������

-RYp��3���&DQR��/��DQG�2OLYHOOD��0��¬����������6WXG\�RI�WKH
YDULDELOLW\� LQ� FKHPLFDO� FRPSRVLWLRQ� RI� EDUN� OD\HUV� RI� FRUN
IURP�GLIIHUHQW�SURGXFWLRQ�DUHDV��%LRUHVRXUFHV��������������
�����

.DQJ��6�� DQG�;LQJ�� %�� �������� 3KHQDQWKUHQH� VRUSWLRQ� WR
VHTXHQWLDOO\�H[WUDFWHG�VRLO�KXPLF�DFLGV�DQG�KXPLQV��(QYLURQ�
6FL��7HFKQRO���������������

.DULFNKRII�� � 6��:���%URZQ�� '��6�� DQG�6FRWW��7��$�� �������
6RUSWLRQ�RI� K\GURSKRELF�SROOXWDQWV� RQ�QDWXUDO� VHGLPHQWV�
:DWHU�5HV����������±����

.RODWWXNXG\��.�� (�� �������� %LRSRO\HVWHU�PHPEUDQHV� RI
SODQWV��FXWLQ�DQG�VXEHULQ��6FLHQFH�����������±�����

.XULWD�� .�� ��������&RQWUROOHG� IXQFWLRQDOL]DWLRQ� RI� WKH
SRO\VDFFKDULGH�FKLWLQ��3URJ��3RO\P��6FL������� ����±�����

/L��<��DQG�&KHQ��%����������3KHQDQWKUHQH�VRUSWLRQ�E\�IUXLW
FXWLFOHV� DQG� SRWDWR�SHULGHUP�ZLWK�GLIIHUHQW� FRPSRVLWLRQDO
FKDUDFWHULVWLFV��-��$JULF��)RRG�&KHP���������������

0DVWUDO��$��0�� DQG� &DOOHQ��0�� 6�� ��������$� UHYLHZ� RQ
SRO\F\FOLF� DURPDWLF� K\GURFDUERQ� �3$+�� HPLVVLRQV� IURP
HQHUJ\�JHQHUDWLRQ��(QYLURQ��6FL��7HFKQRO�����������±�����



���

2OLYHOOD��0��¬��HW�DO�

2NL��0��DQG�,ZDPXUD��+����������&DUER[\O�JURXS�DV�D�SURWRQ
GRQRU� LQ� WKH� LQWHUDFWLRQ� EHWZHHQ� K\GUR[\O� JURXS� DQG� �
HOHFWURQV��%XOO��&KHP��6RF��-SQ���������������

2OLYHOOD��0��¬���-RYp��3��DQG�2OLYHUDV��$����������7KH�XVH�RI
FRUN�ZDVWH�DV�D� ELRVRUEHQW� IRU�SHUVLVWHQW�RUJDQLF�SROOXWDQWV
�� 6WXG\� RI� DGVRUSWLRQ�GHVRUSWLRQ� RI� SRO\F\FOLF� DURPDWLF
K\GURFDUERQV��-��(QYLURQ��6FL��+HDOWK��3DUW�$���������������

2OLYHOOD��0��¬���-RYp��3��� HQ��$���3HUHLUD��+���9LOODHVFXVD��,�
DQG�)LRO��1����������6RUSWLRQ�SHUIRUPDQFH�RI�4XHUFXV�&HUULV
FRUN�ZLWK� SRO\F\FOLF� DURPDWLF� K\GURFDUERQV� DQG� WR[LFLW\
WHVWLQJ��%LRUHVRXUFHV�������� ����������

3HUHLUD��+����������&KHPLFDO�FRPSRVLWLRQ�DQG�YDULDELOLW\�RI
FRUN�IURP�4XHUFXV�VXEHU�/��:RRG�6FL��7HFKQRO������� ����
����
3HUHLUD�� +�� �������� 7KH�&KHPLFDO� &RPSRVLWLRQ� RI� &RUN�
�$PVWHUGDP��(OVHYLHU��

3LJQDWHOOR��-���/X��<���/H%RHXHI��(��-���+XDQJ��:���6RQJ��-�
DQG�;LQJ��%����������1RQOLQHDU�DQG�FRPSHWLWLYH�VRUSWLRQ�RI
DSRODU� FRPSRXQGV� LQ�EODFN� FDUERQ�IUHH� QDWXUDO� RUJDQLF
PDWHULDOV��-��(QYLURQ��4XDO�����������±�����

5RFKD��6��0���*RRGIHOORZ��%��-���'HOJDGLOOR��,���1HWR��&��3�
DQG�*LO��$��0�� ��������(Q]\PDWLF� LVRODWLRQ�DQG� VWUXFWXUDO
FKDUDFWHUL]DWLRQ�RI�SRO\PHULF�VXEHULQ�RI�FRUN�IURP�4XHUFXV
VXEHU�/��,QW��-��%LRO��0DFURPRO���������������

7DSSL����������7DSSL�VWDQGDUG��7�����RP�����$FLG�LQVROXEOH
OLJQLQ�LQ�ZRRG�DQG�SXOS�

:DQJ��;���&RRN��5���7DR��6��DQG�%DRVKDQ��;����������6RUSWLRQ
RI� RUJDQLF� FRQWDPLQDQWV� E\� ELRSRO\PHUV�� 5ROH�RI� SRODULW\�
VWUXFWXUH� DQG�GRPDLQ� VSDWLDO�DUUDQJHPHQW�� &KHPRVSKHUH�
��������������

:DQJ��;���6DWR��7��DQG�;LQJ��%����������&RPSHWLWLYH�VRUSWLRQ
RI�S\UHQH�RQ�ZRRG�FKDUV��(QYLURQ��6FL��7HFKQRO������������
�����

:DQJ��;�� DQG�;LQJ�� %�� �������� 6RUSWLRQ� RI� RUJDQLF
FRQWDPLQDQWV� E\� ELRSRO\PHU�GHULYHG� FKDUV��(QYLURQ��6FL�
7HFKQRO�����������������

:)'�� ��������:DWHU� )UDPHZRUN�'LUHFWLYH��2II�� -�� (XURS�
&RPPXQ�������'LUHFWLYH���������(&�

:LVH��/��(���0XUSK\��0��DQG�'¶$GLHFR��$����������&KORULWH
KRORFHOOXORVH�� LWV� IUDFWLRQDWLRQ� DQG�EHDULQJ�RQ� VXPPDWLYH
ZRRG�DQDO\VLV� DQG�RQ� VWXGLHV�RQ� WKH�KHPLFHOOXORVHV�� 3DS�
7UDGH�-��������������

;LQJ��%����������6RUSWLRQ�RI�QDSKWKDOHQH�DQG�SKHQDQWKUHQH
E\�VRLO�KXPLF�DFLGV��(QYLURQ��3ROOXW�����������������

;LQJ��%��6��DQG�3LJQDWHOOR��-��-����������'XDO�PRGH�VRUSWLRQ
RI� ORZ��SRODULW\� FRPSRXQGV� LQ� JODVV\� SRO\�YLQ\O� FKORULGH�
DQG�VRLO�RUJDQLF�PDWWHU��(QYLURQ��6FL��7HFKQRO���������������

=HOHGyQ�7RUXxR��=��&���/DR�/XTXH��&��DQG�GH�ODV�+HUDV��)�
;�� &�� �������� 5HPRYDO� RI� 3$+V� IURP�ZDWHU� XVLQJ� DQ
LPPDWXUH�FRDO��OHRQDUGLWH���&KHPRVSKHUH���������±����

=KDQJ��0�� DQG�=KX�� /�� �������� 6RUSWLRQ� RI� SRO\F\FOLF
DURPDWLF� K\GURFDUERQV� WR� FDUERK\GUDWHV� DQG� OLSLGV� WR
U\HJUDVV� URRW� DQG� LPSOLFDWLRQV� IRU� D� VRUSWLRQ� SUHGLFWLRQ
PRGHO��(QYLURQ��6FL��7HFKQRO�����������������



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

&RUUHVSRQGLQJ�DXWKRU�(�PDLO�WQDVUDEDGL#XW�DF�LU

���

:DWHU�&RQVXPSWLRQ�0DQDJHPHQW�DQG�LWV�UROH�RQ�(QHUJ\�6DYLQJ�
&DVH�VWXG\�RI�7HKUDQ��,UDQ

1DVUDEDGL��7����6KDULI�9DJKHIL��+��5���DQG�1DEL�%LGKHQGL��*��5��

�)DFXOW\�RI�(QYLURQPHQW��8QLYHUVLW\�RI�7HKUDQ��]LS�FRGH��������������7HKUDQ��,UDQ
�)DFXOW\�RI�%LRORJ\��'HSDUWPHQW�RI�(FRORJ\��<HUHYDQ�6WDWH�8QLYHUVLW\��3K'�&DQGLGDWH

$%675$&7�'XH� WR� VKRUWDJH� RI� SUHFLSLWDWLRQ�DQG� WKH�VSDWLDO� DQG� SHULRGLFDO� GLVSDULW\� RI� UDLQIDOOV�� ,UDQ� LV

FRXQWHG� DPRQJ� WKH� DULG�DQG� VHPL�DULG�FRXQWULHV� RI� WKH�ZRUOG��DQG� WKHUHIRUH� WKH�ZDWHU� XWLOLWLHV� KDYH�SXW� WKH

FRQWURO�RI�FRQVXPSWLRQ�DQG�HIILFLHQW�XVH�RI�ZDWHU�KLJK�RQ�WKHLU�SULRULWLHV��:DWHU�FRQVXPSWLRQ�PDQDJHPHQW� LV
FRQVLGHUHG�DV�D�ILHOG�RI�HQHUJ\�PDQDJHPHQW��DQG�WKH�LPSDFWV�RI�HIIHFWLYH�PHDVXUH�UHODWHG�WR�ZDWHU�FRQVXPSWLRQ

SDWWHUQ�DQG� LWV� RSWLPL]DWLRQ� RQ� UHGXFLQJ� GHPDQGV�DUH� TXLWH� FOHDU��7KHUHIRUH�RQH� RI� WKH�PDLQ�REMHFWLYHV� RI

FRQVXPSWLRQ�PDQDJHPHQW�SROLFLHV� LV� WR� RSWLPL]H�HQHUJ\� DQG� UHGXFLQJ� WKH�FRVWV� RI�HQHUJ\� QHHGHG� WR� VXSSO\
SRWDEOH�ZDWHU� IURP� SURGXFWLRQ� VRXUFHV��7R� KDYH� D� UHODWLYH� HVWLPDWH�RI� WKH� DPRXQW� RI� HQHUJ\� UHGXFHG�DV� D

FRQVHTXHQFH�RI�FRQVXPSWLRQ�PDQDJHPHQW�WKH�RXWFRPHV�RI�D�FDVH�VWXG\�XQGHUWDNHQ�LQ�D�UHJLRQ�RI�7HKUDQ�ZHUH

XVHG��,Q�WKLV�VWXG\��WKH�DSSOLFDWLRQ�RI�FRQVXPSWLRQ�PDQDJHPHQW�PHDVXUHV�\LHOGHG�LQ�D�����UHGXFWLRQ�LQ�ZDWHU
FRQVXPSWLRQ�� 7KLV� DPRXQW� RI� UHGXFWLRQ� OLPLWV� UHTXLUHPHQWV� IURP�SURGXFWLRQ� VRXUFHV� VXFK� DV�ZHOOV� DQG

WUHDWPHQW�SODQWV�DQG� LWV�GLUHFW� LPSDFW� LV� WR� UHGXFH� WKH� UHTXLUHG� HQHUJ\�DQG� WKH� FRVWV� RI�ZDWHU�VXSSO\�

.H\�ZRUGV��&RVW�UHGXFWLRQ��(QHUJ\�VDYLQJ��:DWHU�FRQVXPSWLRQ�PDQDJHPHQW

,1752'8&7,21
7KH� UROH�RI�ZDWHU� LQ� KHDOWK��K\JLHQH�DQG�VRFLDO

ZHOIDUH�LV�NQRZQ�WR�DOO��DQG�LW�LV�XS�WR�KXPDQV�DV�UDWLRQDO
FUHDWXUHV� WR� GR� WKH� RXWPRVW� WR� SUHVHUYH� WKHLU� OLYHV
�1DVUDEDGL�HW�DO���������1DVUDEDGL�HW�DO���������0RQGHMDU�
-LPHQH]�HW�DO���������7DEHVK�HW�DO���������3DPHU�HW�DO��
������3LUDQL�DQG�6HFRQGL��������1DVUDEDGL�HW�DO��������
*KDGHUL�HW�DO���������0REDUDN�4DPVDUL�HW�DO��������
+DWDPRWR�HW�DO���������$UVKDG�DQG�+DVKLP��������$GO�HW
DO����������$OO�WKH�SODQQLQJ�SRWHQWLDOV�DQG�HIIRUWV�PXVW
EH� FRQFHQWUDWHG� RQ� WDUJHW�RULHQWHG� DFWLYLWLHV�� $Q
LPSRUWDQW�VWUDWHJ\�LQ�WKLV�FRQWH[W�ZRXOG�EH�WR�FUHDWH
HTXLOLEULXP� DQG� WR� HQKDQFH� WKH� FRQVXPSWLRQ
PDQDJHPHQW� DFWLYLWLHV� LQ� WKH� QDWXUDO�F\FOH�� 6HYHUDO
UHVHDUFKHUV� KDYH� ZRUNHG� RQ� HQKDQFHPHQW� RI� VXFK
PDQDJHPHQW�DFWLYLWLHV��6DNXULQJZD��������3DSDGDNLV
HW�DO���������3DSDGDNLV�HW�DO���������+RTXH�HW�DO��������
0RVVDODQHMDG�� ������$WDHL�HW� DO��� �������7KH�ZDWHU
FRQVXPSWLRQ�PDQDJHPHQW�LV�FRQVLGHUHG�DV�D�EUDQFK�RI
HQHUJ\�PDQDJHPHQW��%OXP�HW�DO����������7KH�LPSDFWV�RI
DSSURSULDWH�PHDVXUHV�UHODWHG�WR�FRQVXPSWLRQ�SDWWHUQ
DQG�LWV�LQIOXHQFH�RQ�UHGXFLQJ�HQHUJ\�UHTXLUHPHQW�LV
TXLWH�FOHDU��7KHUHIRUH�LQ�DGGLWLRQ�WR�RSWLPL]DWLRQ�RI
SRWDEOH�ZDWHU�FRQVXPSWLRQ��DQ�LPSRUWDQW�REMHFWLYH�RI

ZDWHU�FRQVXPSWLRQ�PDQDJHPHQW�LV�WR�RSWLPL]H�HQHUJ\
DQG�UHGXFH�LWV�FRVWV�GXULQJ�WKH�VXSSO\�RI�SRWDEOH�ZDWHU
IURP�SURGXFWLRQ�VRXUFHV��VXFK�DV�ZHOOV�DQG�WUHDWPHQW
SODQWV��7KHUHIRUH�WKH�LPSDFW�RI�FRQVXPSWLRQ�FRQWURO
RQ�HQHUJ\�PDQDJHPHQW�LQ�ZDWHU�LQGXVWU\�WHUPLQDWHV
LQ�FRQVLGHUDEOH�UHGXFWLRQ�LQ�UHTXLUHG�HQHUJ\�DQG�LWV
FRVWV�� /RWV� RI� VWXGLHV� KDYH� EHHQ� UXQ� UHJDUGLQJ
RSWLPL]DWLRQ� RI� HQHUJ\� FRQVXPSWLRQ� LQ�ZDWHU� DQG
ZDVWHZDWHU�LQGXVWU\��,VODP��������0DULD�DQG�7VRXWVRV�
������3DOPHU�DQG�%XUWUDZ��������7VDJDUDNLV�������
7VDJDUDNLV�DQG�3DSDGRJLDQQLV��������;LDRKXD�HW�DO��
������DV�ZHOO�DV�WKH�ZDWHU�FRQVXPSWLRQ�PDQDJHPHQW
DOO�DURXQG�WKH�ZRUOG��)\WLDQRV��DQG�&KULVWRSKRULGLV�
������0DJDG]D��������3DSDGDNLV��������

0$7(5,$/6�	�0(7+2'6
7KH� LPSRUWDQW� TXHVWLRQ� WR� EH� UDLVHG� RQ

FRQVXPSWLRQ� PDQDJHPHQW� DQG� FRQVHTXHQWO\� RQ
HQHUJ\�PDQDJHPHQW�LV�WR�HVWLPDWH�WKH�UHDO�SHU�FDSLWD
FRQVXPSWLRQ�DW�LWV�GLIIHUHQW�FRPSRQHQWV�GXULQJ�WKH
GD\��WKH�UHGXFWLRQ�RI�WKLV�FRQVXPSWLRQ�E\�DSSOLFDWLRQ
RI� PDQDJHPHQW�PHDVXUHV� DQG� FRQVHTXHQWO\� WKH
UHGXFWLRQ�LQ�WKH�HQHUJ\�QHHGHG�WR�SURGXFH�DQG�VXSSO\

5HFHLYHG� ��� 6HS�� ����� �� � � � � �� � �� � �� ��5HYLVHG����0D\������ �� � � � � � � � � � � � � �$FFHSWHG����0D\�����



���

1DVUDEDGL��7��HW�DO�

ZDWHU�UHTXLUHG�LQ�WKH�FLW\��7R�DQVZHU�WKH�DERYH�TXHVWLRQ
RQH�QHHGV�D�FRPSUHKHQVLYH�VWXG\�LQYROYLQJ�D�QXPEHU
RI�ZDWHU�FRQVXPHUV��WR�EH�DEOH�WR�PHDVXUH�WKH�DPRXQW
RI� UHGXFWLRQ�� 7KURXJK� D� VWXG\� FRQGXFWHG� RQ
FRQVXPHUV�LQ�7HKUDQ�LW�ZDV�GHWHUPLQHG�WKDW�RYHU����
RI�WKH�FRQVXPHUV�DUH�KRXVHKROGV���)RU�WKH�SXUSRVH�RI
WKLV� VWXG\�� D� UHVLGHQWLDO� FRPSOH[� WKDW� DOORZHG� WKH
LQVWDOODWLRQ�RI�VHSDUDWH�PHWHU�LQ�HDFK�XQLW�WR�PHDVXUH
KRW� DQG� FROG�ZDWHU�FRQVXPSWLRQ�ZDV� VHOHFWHG�� 7KH
FRPSOH[�FRQVLVWHG�RI���EORFNV�RI����XQLWV�HDFK��ZKHUH
SHRSOH� RI� GLIIHUHQW�FXOWXUHV�� HGXFDWLRQ�DQG� UHYHQXH
OHYHO�DQG�RWKHU�EDFNJURXQGV�OLYHG��,Q�WKLV�FRQWH[W�D
QXPEHU� RI� TXHVWLRQQDLUHV� ZHUH� SUHSDUHG� DQG
GLVWULEXWHG�DPRQJ� WKH�UHVLGHQWV��DVNLQJ� WKHP�DERXW
WKHLU�SDWWHUQ�RI�FRQVXPSWLRQ��7KH�QH[W�VWDJH�LQYROYHG
WKH�LQVWDOODWLRQ�RI�DX[LOLDU\�FROG�DQG�KRW�ZDWHU�PHWHUV
WKURXJKRXW�WKH�FRPSOH[�DV�ZHOO�DV�DX[LOLDU\�PHWHUV
SUHIHUDEO\�VHSDUDWH�IURP�WKRVH�IRU�KRW�DQG�FROG�ZDWHUV
LQ�RQH�RI�WKH�EORFNV��WKHVH�ZHUH�LQVWDOOHG�LQ�NLWFKHQ�
EDWKURRP��ZDVK�EDVLQV�� WRLOHWV�� �ZDVKLQJ�PDFKLQHV�
IOXVK�WDQNV��$&��HWF��DQG�IRU�DOO�IDXFHWV���7KHQ�VHSDUDWH
IRUPV�ZHUH�PDGH�IRU�HDFK�FRQVXPSWLRQ�FRPSRQHQW
DQG� JLYHQ� WR� D� 1*2� JURXS� �FRPSRVHG� RI� \RXQJ
UHVLGHQWV�RI�WKH�FRPSOH[��IRU�UHDGLQJ��,Q�WKH�QH[W�VWDJH
E\� SODFLQJ� YDOYHV� LQ� VRPH� XQLWV� DQG� FRQVXPSWLRQ
UHGXFLQJ�HTXLSPHQW�LQ�WKH�RWKHU�����WKH�HIIHFWV�RI�WKH
HTXLSPHQW�ZHUH�VWXGLHG�IRU�WKH�QH[W�WKLUW\�GD\V��7KH
UHDGLQJV�ZHUH�XQGHUWDNHQ�HLWKHU�E\�UHVLGHQWV�RU�WUDLQHG
SHUVRQQHO� RQFH� D� GD\� DQG� WKH� WRWDO� RI� LQWHUQDO
FRQVXPSWLRQV�ZHUH� FRPSDUHG�ZLWK� WKH�PHWHU� IL[HG
RXWVLGH�HDFK�XQLW��7KLV�SODQ�SHUPLWWHG�PHDVXULQJ�WKH
GDLO\�KRW�DQG�FROG�ZDWHU�FRQVXPSWLRQ�RI�HDFK�SHUVRQ�

ZKLFK�FRXOG�EH�FRQVLGHUHG�DV�D�PRGHO�IRU�WKH�HQWLUH
FLW\� RI� 7HKUDQ�� 0RUHRYHU� WKH� HIIHFWV� RI� UHGXFLQJ
HTXLSPHQW�LQ�LPSURYLQJ�WKH�FRQVXPSWLRQ�RI�UHVLGHQWV
ZHUH�GHWHUPLQHG��%\�DSSURSULDWH�SODQQLQJ�DQG�WDNLQJ
WHFKQLFDO�DQG�FXOWXUDO�PHDVXUHV��LW�ZLOO�EH�SRVVLEOH�WR
LGHQWLI\�WKH�YROXPH�RI�ZDWHU�FRQVXPHG�LQ�7HKUDQ�ZLWKLQ
DQ� DFFHSWDEOH� FRQILGHQFH� LQWHUYDO�� ,Q� WKLV� SODQ� DQ
DYHUDJH�RI����PHWHUV�ZHUH�LQVWDOOHG�LQ�HDFK�UHVLGHQWLDO
XQLW�DQG�D����GD\�UHDGLQJ�RI�WKH�IDXFHWV�ZDV�FDUULHG
RXW�DW�FXUUHQW�VLWXDWLRQ�

5(68/76�	�',6&866,21
,Q�WKH�WKLUG�SKDVH��DIWHU�FRPSOHWLRQ�RI�WKH�VHFRQG

���GD\� UHDGLQJV�� DOO�PHWHUV�ZHUH� UHPRYHG� DQG� WKH
LQWHUQDO�LQVWDOODWLRQV�ZHUH�UHWXUQHG�WR�WKHLU�RULJLQDO
VWDWH�%\� DSSO\LQJ� WKH� WHFKQLFDO� PHDVXUHV� RI
FRQVXPSWLRQ�PDQDJHPHQW�D�����GURS�LQ�FRQVXPSWLRQ
ZDV�REVHUYHG�LQ�EORFN����)LJ������1R�VSHFLDO�DFWLRQ�ZDV
WDNHQ�LQ�EORFNV������DQG����ZKLFK�ZHUH�FRQVLGHUHG�DV
EODQN�VDPSOHV�

7KHUHIRUH�WKH�H[SDQVLRQ�DQG�LPSOHPHQWDWLRQ�RI
WKLV�SODQ�LQ�D�ODUJH�FLW\�VXFK�DV�7HKUDQ�ZRXOG�QRW�RQO\
UHGXFH� WKH� SHU� FDSLWD� FRQVXPSWLRQ�� EXW�ZRXOG� DOVR
OHDG�WR�D�UHGXFWLRQ�LQ�WKH�HQHUJ\�QHHGHG�WR�VXSSO\�WKLV
SHU� FDSLWD� ZDWHU�� 7KLV� LV� D� JUHDW� VWHS� WRZDUGV
FRQVLGHUDEOH� VDYLQJV� DW� QDWLRQDO� OHYHO�� JLYHQ� WKH
FXUUHQW�KLJK�FRVWV�RI�HQHUJ\�QHHGHG�IRU�RSHUDWLRQ�DQG
VXSSO\�RI�ZDWHU�IURP�ZHOOV�DQG�WUHDWPHQW�SODQWV�LQ�ELJ
FLWLHV��7KH�ZDWHU�SURGXFWLRQ�VRXUFHV�DQG�WKH�UHTXLUHG
HQHUJ\�DQG�FRVWV�LQ�WKH�\HDU�����������LQ�7HKUDQ�DUH
VKRZQ�LQ�7DEOH���
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)LJ�����&RPSDULVRQ�RI�SHU�FDSLWD�FRQVXPSWLRQ�EHIRUH�DQG�DIWHU�LQVWDOODWLRQ�RI�FRQVXPSWLRQ�UHGXFLQJ�HTXLSPHQW
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���

7DEOH����7KH�UHTXLUHG�HQHUJ\�DQG�FRVWV�RI�ZDWHU�SURGXFWLRQ�DQG�GLVWULEXWLRQ�LQ�7HKUDQ

'ULQNLQJ�ZDWHU�VXSSO\�
'DWD� :HOO�DQG�3XPSLQJ�

V\VWHPV� :DWHU�WUHDWPHQW�SODQWV�

1R��RI�3RZHU�FRQQHFWLRQV� ���� ��
1RUPDO� ������������ �����������
3HDN�ORDG� ����������� ����������

(QHUJ\�FRQVXPSWLRQ��
�.:K��

/RZ�ORDG� ����������� ����������

9ROXPH�RI�ZDWHU�SURGXFWLRQ�P��\HDU� ������������ ������������

3RZHU�&RQVXPSWLRQ��
�.:K��

������������ �����������

(QHUJ\�FRVWV�
�86���� ����������� ����������

� � � � �$V� VKRZQ� LQ�7DEOH� ��� LQ� WKH� \HDU� ����������
������������.:K�RI�HQHUJ\�ZDV�QHHGHG�WR�SURGXFH
������������P��RI�ZDWHU�IURP�JURXQGZDWHU�UHVRXUFHV�LQ
7HKUDQ��ZKLOH�DURXQG������������.:K�RI�SRZHU�ZDV
QHHGHG�WR�SURGXFH�������������P��RI�ZDWHU�IURP�WKH��
H[LVWLQJ�WUHDWPHQW�SODQWV��7KHUHIRUH�DQ�LQYHVWPHQW�RI
DURXQG�86������������LV�ZDV�QHHGHG�WR�SURGXFH�DURXQG
����PLOOLRQ�FXELF�PHWHUV�RI�ZDWHU�SHU�GD\�LQ�7HKUDQ��,W�LV
REYLRXV� WKDW� WKH� DSSOLFDWLRQ� RI�ZDWHU� FRQVXPSWLRQ
PDQDJHPHQW�VWUDWHJLHV�DQG�LWV�RSWLPL]DWLRQ��ZKLFK�OHDG
WR�OHVVHU�QHHG�IRU�ZDWHU�SURGXFWLRQ��ZLOO�KDYH�D�GLUHFW
LPSDFW�RQ�WKH�DPRXQW�RI�VDYLQJV�DQG�D�UHGXFWLRQ�RI
HQHUJ\� UHTXLUHG� WR� SURGXFH� DQG� VXSSO\�ZDWHU�� DQG
VXEVHTXHQWO\�RQ� WKH�FRVWV� RI�HQHUJ\� VXSSO\�

�����,I�ZH�DVVXPH�WKDW�WKHUH�LV�D�GLUHFW�UHODWLRQ�EHWZHHQ
WKH�����GURS�LQ�ZDWHU�FRQVXPSWLRQ�DQG�WKH�UHGXFHG
HQHUJ\�QHHGV��WKH�DSSOLFDWLRQ�RI�ZDWHU�FRQVXPSWLRQ
PDQDJHPHQW�PHDVXUHV�ZRXOG�OHDG�WR�DSSUR[LPDWHO\
������PLOOLRQ�P��RI�VDYLQJV� LQ�7HKUDQ�RQ�WKH�ZDWHU
SURGXFHG�IURP�H[LVWLQJ�ZHOOV�DQG� WUHDWPHQW�SODQWV�
&RQVHTXHQWO\� WKH� ZDWHU� SURGXFWLRQ� UHTXLUHPHQWV
ZRXOG�GURS�WR�������PLOOLRQ�P��SHU�GD\��&RQVLGHULQJ
WKDW������PLOOLRQ�P��SHU�GD\�RI�ZDWHU�QHHGHG�E\�7HKUDQ
LV�SURGXFHG�IURP�ZHOO�DQG�WKH�UHVW������PLOOLRQ�P��IURP
WUHDWPHQW�SODQWV��WKH�������PLOOLRQ�P��SHU�GD\�UHGXFWLRQ
FDXVHG� IURP� FRQVXPSWLRQ�PDQDJHPHQW� VWUDWHJLHV
ZRXOG�DOORZ�D�FRQVLGHUDEOH�QXPEHU�RI�ZHOOV�WR�EH�WDNHQ
RXW� RI� WKH� SURGXFWLRQ�DQG� GLVWULEXWLRQ�FLUFXLW�� 7KLV
ZRXOG�LQ�WXUQ�OHDG�WR�D�JUHDW�HQHUJ\�VDYLQJ�DV�ZHOO�DV
UHGXFWLRQ�LQ�WKH�FRVWV�RI�SXPSV��LQVWDOODWLRQV��DQG�WKHLU
RSHUDWLRQ�DQG�PDLQWHQDQFH��7KH�HQHUJ\�QHHGHG�LQ�WKH
SURFHVV�RI�ZDWHU�SURGXFWLRQ�DQG�GLVWULEXWLRQ�IURP�ZHOOV
LV� HTXLYDOHQW� WR� ������������ .:K�� KDYLQJ� DQ
DSSUR[LPDWH�FRVW�RI�86�������������7KH�����GURS�LQ
ZDWHU� FRQVXPSWLRQ� ZRXOG� VDYH� HQHUJ\� QHHGHG� WR
SURGXFH� DQG� GLVWULEXWH� ZDWHU� IURP� ZHOOV� XS� WR
��������������.:K��ZLWK�DQ�DSSUR[LPDWH�FRVW�RI�86�
���������)LJV���DQG�����,I�WKLV�DPRXQW�RI�HQHUJ\�DQG

FRVWV�VDYLQJV�LQ�H[WHQGHG�WR�D�QDWLRQDO�OHYHO��LQ�DGGLWLRQ
WR�D�FRQVLGHUDEOH�DQG�GLUHFW�LPSDFW�RQ�QDWLRQDO�HFRQRP\�
LW�ZRXOG� OHDG�WR�D� VLJQLILFDQW�SUHVHUYDWLRQ�RI�QDWXUDO
ZDWHU� UHVRXUFHV� LQ� WKH� FRXQWU\�� SDUWLFXODUO\� WKH
JURXQGZDWHU�UHVRXUFHV��DQG� LQ�WKLV�ZD\�WKH�QHHG�IRU
LQYHVWPHQW�WR�SURGXFH�HQHUJ\�LV�JUHDWO\�GLPLQLVKHG�DQG
ZH� FDQ� UHVROYH� WKH� SUREOHP�RI�ZDWHU� VKRUWDJH� DQG
VFDUFLW\�RI�UHQHZDEOH�UHVRXUFHV��7KH�DPRXQW�RI�HQHUJ\
FRQVXPSWLRQ�DQG�FRVWV�RI�HOHFWULFLW\�LQ�ZDWHU�SURGXFWLRQ
DQG�GLVWULEXWLRQ�SURFHVV� IURP�ZHOOV� EHIRUH� DQG� DIWHU
DSSOLFDWLRQ�RI�FRQVXPSWLRQ�PDQDJHPHQW�SROLFLHV�DUH
VKRZQ� LQ�7DEOH� ���0RUHRYHU� WKH� QXPEHU�RI�H[LVWLQJ
ZDVWHZDWHU�WUHDWPHQW�SODQWV�LQ�7HKUDQ��DQG�WKHLU�HQHUJ\
UHTXLUHPHQWV�DQG�UHODWHG�FRVWV�DUH�VKRZQ�LQ�7DEOH���

$V�PHQWLRQHG�WKH�YROXPH�RI�ZDWHU�FRQVXPHG�LQ
7HKUDQ�LQ�WKH�\HDU�����������ZDV�HTXLYDOHQW�WR�����P�

SHU�GD\��%\� FRQVLGHULQJ�D� VHZDJH�IDFWRU�RI������ WKH
YROXPH�RI�JHQHUDWHG�ZDVWHZDWHU�LQ�7HKUDQ�IRU�WKH�VDPH
\HDU�ZRXOG�EH�HTXLYDOHQW�WR������PLOOLRQ�P��GD\��2Q
WKH�RWKHU�KDQG�WKH�H[LVWLQJ�ZDVWHZDWHU�WUHDWPHQW�SODQWV
LQ�7HKUDQ� KDYH� RQO\� D� VPDOO� SHUFHQWDJH� RI� WKH
SRSXODWLRQ�XQGHU� WKHLU� FRYHUDJH��,I�ZH�DVVXPH� WKDW
����RI�WKH�JHQHUDWHG�ZDVWHZDWHU�HQWHUV�WKH���WUHDWPHQW
SODQWV��WKH�UHTXLUHG�SRZHU�DQG�WKH�UHODWHG�FRVWV�ZRXOG
EH� ���������� .:K� DQG� 86���������� UHVSHFWLYHO\
�7DEOH���� 7KURXJK� D� ���� UHGXFWLRQ� LQ� ZDWHU
FRQVXPSWLRQ��WKH�YROXPH�RI�ZDVWHZDWHU�ZRXOG�DOVR�EH
UHGXFHG�E\�����WR�DQ�HTXLYDOHQW�RI��������PLOOLRQ�P��
GD\��ZKLFK�LQ�WXUQ�OHDG�WR�D�UHGXFWLRQ�LQ�WKH�HQHUJ\
UHTXLUHPHQWV�DQG�FRVWV��)LJV���DQG�����7KHUHIRUH�E\
FRQVLGHULQJ� D� UHGXFWLRQ� RI� ���� WKH� YROXPH� RI
ZDVWHZDWHU�JHQHUDWHG�ZRXOG�EH������P��GD\��ZKLOH�WKH
HQHUJ\�FRVWV�DQG�UHTXLUHPHQWV�LQ�WKH�WUHDWPHQW�ZRUNV
ZRXOG�EH�86���������DQG�������������.:K�UHVSHFWLYHO\�
,Q� WKLV� ZD\�� RQFH� WKH� QXPEHU� RI� WUHDWPHQW� SODQWV
LQFUHDVH�WR�FRYHU�WKH�HQWLUH�7HKUDQ�SRSXODWLRQ��D����
UHGXFWLRQ�LQ�WKH�YROXPH�RI�ZDVWHZDWHU�JHQHUDWHG�ZRXOG
PHDQ�D�FRQVLGHUDEOH�UHGXFWLRQ�LQ�WKH�SRZHU�FRVWV�DQG
UHTXLUHPHQWV�7KH�DPRXQW�RI�SRZHU�FRQVXPSWLRQ�DQG



���

:DWHU�&RQVXPSWLRQ�0DQDJHPHQW

�����������

�������������

(QHUJ\�FRQVXPSWLRQ�EHIRUH�SUHVVXUH�PDQDJHPHQW��.:+�

(QHUJ\�6DYLQJV�DIWHU�SUHVVXUH�PDQDJHPHQW��.:+�

)LJ�����7KH�DPRXQW�RI�FKDQJHV�LQ�SRZHU�FRQVXPSWLRQ�RI�ZHOO�HTXLSPHQW��.:K�

�����

������

&RVW�RI�(QHUJ\��EHIRUH�SUHVVXUH�PDQDJHPHQW��7KRXVDQG�86���

6DYLQJV�LQ�FRVW�RI�(QHUJ\��DIWHU�SUHVVXUH �PDQDJHPHQW��7KRXVDQG�86���

)LJ�����7KH�DPRXQW�RI�FKDQJHV� LQ� FRVWV�RI�SRZHU�FRQVXPSWLRQ�RI�ZHOO� HTXLSPHQW

7DEOH����(QHUJ\�FRQVXPSWLRQ�DQG�FRVWV�LQYROYHG�LQ�WKH�SURFHVV�RI�ZDWHU�SURGXFWLRQ�DQG�GLVWULEXWLRQ�IURP�ZHOOV
EHIRUH�DQG�DIWHU�FRQVXPSWLRQ�PDQDJHPHQW

:DWHU�FRQVXPSWLRQ�SDWWHUQ�
(QHUJ\�

FRQVXPSWLRQ��
�.:K��

&RVWV�
�86�GROODUV��

%HIRUH�DSSOLFDWLRQ�RI�FRQVXPSWLRQ�PDQDJHPHQW�
SROLFLHV�

������������ ����������

$IWHU�DSSOLFDWLRQ�RI�FRQVXPSWLRQ�PDQDJHPHQW�
SROLFLHV�

�������������� ����������

7DEOH����(QHUJ\�FRQVXPSWLRQ�DQG�WKH�UHODWHG�FRVWV�LQ�H[LVWLQJ�ZDVWHZDWHU�WUHDWPHQW�SODQWV�RI�7HKUDQ

::73�
(QHUJ\�FRQVXPSWLRQ�

�.:K��
&RVWV�

�86�GROODUV��
6KDKUDNH�*KRGV� ���������� ����������
6KDKUDNH�(NEDWDQ� ���������� ����������
6KDKUDNH�6KRXVK��� �������� ���������
6KDKUDNH�6KRXVK��� �������� ���������

=DUJDQGHK� ���������� ���������
*KHLWDULHK� �������� ���������
'RODW�$EDG� 1$� ���������

6DKHEJKDUDQLHK��� ������� �������
6DKHEJKDUDQLHK��� �������� �������

7RWDO� ���������� ����������
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FRVWV�LQ�WKH�7HKUDQ�ZDVWHZDWHU�SODQWV�EHIRUH�DQG�DIWHU
WKH�DSSOLFDWLRQ�RI�FRQVXPSWLRQ�PDQDJHPHQW�PHDVXUHV
DUH�VKRZQ�LQ�7DEOH���

&21&/86,21
� � � �$V� D� VROXWLRQ� IRU� LPSURYLQJ� WKH� HIILFLHQF\� DQG
VDYLQJV�� ZDWHU� FRQVXPSWLRQ� PDQDJHPHQW� SOD\V� D
VLJQLILFDQW� UROH� LQ� HQHUJ\� PDQDJHPHQW� DQG� WKH
UHGXFWLRQ� RI� HQHUJ\� QHHGHG� WR� SURGXFH� DQG� VXSSO\
ZDWHU��7KH�UHGXFWLRQ�RI�HQHUJ\�FRVWV�LV�OLQNHG�GLUHFWO\
WR�WKH�UHGXFWLRQ�RI�ZDWHU�FRQVXPSWLRQ��$V�WKH�OHYHO�RI
FRQVXPSWLRQ�GURSV��WKH�QHHG�IRU�SURGXFWLRQ�LV�UHGXFHG
DQG�FRQVHTXHQWO\�WKH�FRVWV�RI�HQHUJ\�WR�SURGXFH�DQG
VXSSO\�ZDWHU�DUH�DOVR�UHGXFHG��,Q�SDUDOOHO�WR�D�UHGXFWLRQ
LQ� WKH� YROXPH� RI� ZDWHU� FRQVXPHG�� WKH� YROXPH� RI
ZDVWHZDWHU�JHQHUDWHG�DOVR�GURSV��DV�WKH�FRVW�RI�WUHDWLQJ

���������

������������

(QHUJ\�FRQVXPSWLRQ�EHIRUH�SUHVVXUH�PDQDJHPHQW
�.:+�
(QHUJ\�6DYLQJV�DIWHU�SUHVVXUH�PDQDJHPHQW��.:+�

)LJ�����7KH�DPRXQW�RI�FKDQJHV�LQ�SRZHU�FRQVXPSWLRQ�RI�7HKUDQ�::73��.:K�

����

����

&RVWV�RI �(QHUJ\�FRQVXPSWLRQ�EHIRUH�SUHVVXUH�PDQDJHPHQW��7KRXVDQG
86��
6DYLQJV�RQ�FRVWV�RI�(QHUJ\��DI WHU�SUHVVXUH�PDQDJHPHQW��7KRXVDQG�86��

)LJ�����7KH�DPRXQW�RI�FKDQJHV�LQ�FRVWV�RI�SRZHU�FRQVXPSWLRQ�RI�7HKUDQ�::73

7DEOH����(QHUJ\�FRQVXPSWLRQ�DQG�FRVWV�LQYROYHG�LQ�ZDVWHZDWHU�WUHDWPHQW�SODQWV�EHIRUH�DQG�DIWHU�FRQVXPSWLRQ
PDQDJHPHQW

:DWHU�FRQVXPSWLRQ�SDWWHUQ�
(QHUJ\�FRQVXPSWLRQ��

�.:K��
&RVWV�

�86�GROODUV��
%HIRUH�DSSOLFDWLRQ�RI�FRQVXPSWLRQ�PDQDJHPHQW�SROLFLHV� ���������� �������
$IWHU�DSSOLFDWLRQ�RI�FRQVXPSWLRQ�PDQDJHPHQW�SROLFLHV� ���������� �������

WKH�ZDVWHZDWHU� JHQHUDWHG� E\� DERXW� ���� RI�7HKUDQ
SRSXODWLRQ�ZKR�DUH�XQGHU�WKH�FRYHUDJH�RI�WKH�SODQWV�
LV�UHGXFHG�E\��������86�GROODUV��7KURXJK�DSSOLFDWLRQ
RI�FRQVXPSWLRQ�PDQDJHPHQW�SROLFLHV��DQG�D�GURS�LQ
QHHGV�IRU�ZDWHU�SURGXFWLRQ�DQG�VXSSO\��D�FRQVLGHUDEOH
QXPEHU�RI�JURXQGZDWHU�UHVRXUFHV��ZHOOV��FDQ�EH�WDNHQ
RXW�RI�FLUFXLW��,Q�DGGLWLRQ�WR�FUHDWLQJ�WKH�SRVVLELOLW\�RI
SUHVHUYLQJ�UHVRXUFHV�� WKLV�DFWLRQ�JUHDWO\�UHGXFHV�WKH
HQHUJ\� DQG� WKH� FRVWV� RI� SXPSLQJ�� RSHUDWLRQ� DQG
PDLQWHQDQFH�RI�UHODWHG�LQVWDOODWLRQV�

$&.12:/('*(0(17
� � � � 7KH� DXWKRUV� DSSUHFLDWH� WKH� VFLHQWLILF� VXSSRUW
SURYLGHG�E\� WKH�JUDGXDWH� IDFXOW\�RI�HQYLURQPHQW�DW
WKH�8QLYHUVLW\�RI�7HKUDQ�DQG�.RZVDUDE�SDUV�FRQVXOWLQJ
HQJLQHHUV�
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1DVUDEDGL��7��HW�DO�

5()(5(1&(6
$GO��0���6KHQJ��.��&���;LD�<��+��*KDULEL��$���DQG�&KHQ��;�
�������� ([DPLQLQJ� D�+\EULG� SOXJ�IORZ� 3LORW� UHDFWRU� IRU
$QDHURELF�'LJHVWLRQ� RI� )DUP�%DVHG�%LRGHJUDGDEOH�6ROLGV�
,QW��-��(QYLURQ��5HV������������������

$UVKDG��$��DQG�+DVKLP��1��+����������$QDHURELF�'LJHVWLRQ�RI
1VVF�3XOSLQJ�(IIOXHQW��,QW��-��(QYLURQ��5HV�����������������

$WDHL��$�� ��/HH��.��6�� ��/LP��-��-�� ��.LP��0��-���/LX��+��%��
.DQJ��2��<����2K��7��6��DQG�<RR��&��.����������$�5HYLHZ�RQ
(QYLURQPHQWDO�3URFHVV�(QJLQHHULQJ��,QW��-��(QYLURQ��5HV����
�������������

%OXP��'���(PFK��5��1���+XOWK\��6��5��$���'RVVHPX�2]XWULEL�
2��DQG�'NROHH��1����������7KH�,PR�6WDWH��1LJHULD��'ULQNLQJ
ZDWHU� VXSSO\� DQG� VDQLWDWLRQ�SURMHFW���� 'HVFULSWLRQ�RI� WKH
SURMHFW�� HYDOXDWLRQ�PHWKRGV�� DQG� LPSDFW� RQ� LQWHUYHQLQJ
YDULDEOHV��7UDQV��5R\��6RF��7URS��0HG��+\J����������±����

)\WLDQRV��.��DQG�&KULVWRSKRULGLV��&����������1LWUDWH��DUVHQLF
DQG�FKORULGH�SROOXWLRQ�RI�GULQNLQJ�ZDWHU�LQ�1RUWKHUQ�*UHHFH�
(ODERUDWLRQ� E\�DSSO\LQJ�*,6��(QYLURQ��0RQLW��$VVHVV��� ��
��±������±���

*KDGHUL�� �$��$���$EGXOL��0��$���.DUEDVVL��$��5���1DVUDEDGL�
7�� DQG� .KDMHK��0�� �������� (YDOXDWLQJ� WKH� (IIHFWV� RI
)HUWLOL]HUV� RQ�%LRDYDLODEOH�0HWDOOLF�3ROOXWLRQ�RI�VRLOV��&DVH
VWXG\�RI�6LVWDQ�IDUPV��,UDQ��,QW��-��(QYLURQ��5HV��������������
����

+DWDPRWR�� 0��� 1DJDL�� +��� 6DWR�� 6��� 7DNDKDVKL�� 0��
.DZDNDPL��6���&KRHLVDL��3��.���6\XWVXER�6���2KDVKL��$���DQG
<DPDJXFKL��7����������5XEEHU�DQG�0HWKDQH�5HFRYHU\�IURP
'HSURWHLQL]HG�1DWXUDO�5XEEHU�:DVWHZDWHU�E\�&RDJXODWLRQ
3UH�WUHDWPHQW�DQG�$QDHURELF�7UHDWPHQW��,QW��-��(QYLURQ��5HV��
���������������

+RTXH��%��$��� �+DOOPDQ��.���/HY\�� -��� �%RXLV��+��$OL�� 1��
.KDQ��)����.KDQDP��6���.DELU��0���+RVVDLQ��6��DQG�$ODP��0�
6�� �������� 5XUDO� GULQNLQJ�ZDWHU� DW� VXSSO\� DQG� KRXVHKROG
OHYHOV�� 4XDOLW\� DQG�PDQDJHPHQW�� ,QW�� -�� +\J�� (QYLURQ��
+HDOWK����������±����

,VODP��6����������7KH�UROH�RI�UHQHZDEOH�HQHUJ\�LQ�WKH�HQHUJ\
V\VWHP��(QHUJ��(FRQ��������������±����

0DJDG]D��&��+��'�� ��������/DNH�&KLYHUR�� D�PDQDJHPHQW
FDVH�VWXG\��/DNHV�	�5HVHUYRLUV��5HVHDUFK�DQG�0DQDJHPHQW�
���������±���

0DULD�� (�� DQG� 7VRXWVRV�� 7�� �������� 7KH� VXVWDLQDEOH
PDQDJHPHQW�RI�UHQHZDEOH�HQHUJ\�VRXUFHV�LQVWDOODWLRQV��OHJDO
DVSHFWV�RI�WKHLU�HQYLURQPHQWDO�LPSDFW�LQ�VPDOO�*UHHN�LVODQGV�
(QHUJ��&RQY��0DQDJH����������±����

0REDUDN�4DPVDUL��(���.DVUD�.HUPDQVKDKL��5����1RVUDWL��0�
DQG�$PDQL��7�� � ��������(Q]\PDWLF� 3UH�+\GURO\VLV�RI� KLJK
IDW� &RQWHQW�'DLU\�:DVWHZDWHU� DV� D� 3UHWUHDWPHQW� IRU
$QDHURELF�'LJHVWLR��,QW��-��(QYLURQ��5HV������������������

0RQGpMDU�-LPpQH]�� - �� $��� &RUGHQWH�5RGUtJXH]�� 0��
0HVHJXHU�6DQWDPDUtD��0�� /�� DQG�*i]TXH]�$EDG�� -�� &�
��������(QYLURQPHQWDO�%HKDYLRU�DQG�:DWHU�6DYLQJ�LQ�6SDQLVK
+RXVLQJ��,QW��-��(QYLURQ��5HV���������������

0RVVDODQHMDG��$����������7KH�5ROH�RI�(FRQRPLF�3ROLF\�DQG
(QYLURQPHQW� LQ�6XVWDLQDEOH�'HYHORSPHQW�� ,QW�� -��(QYLURQ�
5HV������������������

1DVUDEDGL�7���1DEL�%LGKHQGL�*��5���.DUEDVVL�$��5���+RYHLGL
+���1DVUDEDGL� ,��� 3H]HVKN�+��DQG�5DVKLGLQHMDG�)�� �������
,QIOXHQFH� RI�6XQJXQ� FRSSHU�PLQH�RQ�JURXQGZDWHU� TXDOLW\�
1:�,UDQ��(QYLURQPHQWDO�*HRORJ\���������±����

1DVUDEDGL��7��� 1DEL� %LGKHQGL�� *�� 5�� .DUEDVVL��$�� 5��
*UDWKZRKO�� 3�� DQG�0HKUGDGL�� 1�� �������� ,PSDFW� RI�PDMRU
RUJDQRSKRVSKDWH� SHVWLFLGHV� XVHG� LQ� DJULFXOWXUH� WR� VXUIDFH
ZDWHU� DQG�VHGLPHQW� TXDOLW\� �6RXWKHUQ�&DVSLDQ�6HD� EDVLQ�
+DUD]�5LYHU��(QYLURQPHQWDO��(DUWK�6FLHQFHV���������±����

1DVUDEDGL� 7��� 1DEL� %LGKHQGL�*�� 5���.DUEDVVL�$�� 5�� DQG
0HKUGDGL�1�� ��������(YDOXDWLQJ�WKH�HIILFLHQF\�RI�VHGLPHQW
PHWDO�SROOXWLRQ�LQGLFHV�LQ�LQWHUSUHWLQJ�WKH�SROOXWLRQ�RI�+DUD]
5LYHU�VHGLPHQWV��VRXWKHUQ�&DVSLDQ�6HD�EDVLQ��(QYLURQPHQWDO
PRQLWRULQJ�DQG�DVVHVVPHQW���������������������

3DOPHU��.�� DQG�%XUWUDZ��'�� ��������&RVW�HIIHFWLYHQHVV�RI
UHQHZDEOH�HOHFWULFLW\�SROLFLHV��(QHUJ�(FRQ����������±����

3DPHU��(���9XMRYLF��*����.QH]HYLF��3���.RMLF��'���3UYXORYLF�
'���0LOMDQRYLF��%�� DQG�*UXERU�/DMVLF�� *�� ��������:DWHU
4XDOLW\�$VVHVVPHQW� LQ�/DNHV�RI�9RMYRGLQD�� ,QW��-��(QYLURQ�
5HV������������������

3DSDGDNLV��1����1LNRODRX��.���*DQLGRX��0��DQG�*UHJRULDGRX�
$����������7HPSRUDO�HYROXWLRQ�RI� WKH�VXUIDFH�ZDWHU�TXDOLW\
LQ�&HQWUDO�0DFHGRQLD±*UHHFH��-��(QYLURQ��3URW��(FRO���������
��������

3DSDGDNLV��1��*��� *HRUJLDQRV��3�� ,��DQG�7VRXPEDULV��3�� '�
��������4XDOLW\�RI�SRWDEOH�ZDWHU�DQG�PDQDJHPHQW�VWUDWHJLHV
LQ� 7KHVVDORQLNL�� 6HUUHV� DQG� &KDONLGLNL� SUHIHFWXUHV�
'HVDOLQDWLRQ����������±����

3LUDQL�� (��DQG�6HFRQGL��/�� ��������(FR�)ULHQGO\�$WWLWXGHV�
:KDW�(XURSHDQ�&LWL]HQV� 6D\� DQG�:KDW�7KH\�'R�� ,QW�� -�
(QYLURQ��5HV����������������

6DNXULQJZD�� 6��� �������� *UH\ZDWHU� UHXVH��$� VWUDWHJ\� IRU
ZDWHU�GHPDQG�PDQDJHPHQW�LQ�+DUDUH��0DGXQJZH��3K\VLFV
DQG�&KHPLVWU\�RI�WKH�(DUWK����������±�����

7DEHVK��0���$]DGL��%��DQG�5RR]EDKDQL��$�� ��������4XDOLW\
0DQDJHPHQW�RI�:DWHU�'LVWULEXWLRQ�1HWZRUNV�E\�2SWLPL]LQJ
'RVDJH�DQG�/RFDWLRQ�RI�&KORULQH�,QMHFWLRQ��,QW��-��(QYLURQ�
5HV������������������

7VDJDUDNLV��.��3����������2SWLPDO�QXPEHU�RI�HQHUJ\�JHQHUDWRUV
IRU�ELRJDV�XWLOL]DWLRQ�LQ�ZDVWHZDWHU�WUHDWPHQW�IDFLOLW\��(QHUJ\
&RQYHUVLRQ�DQG�0DQDJHPHQW���������±�����

7VDJDUDNLV��.��3��DQG�3DSDGRJLDQQLV��&K����������7HFKQLFDO
DQG�HFRQRPLF�HYDOXDWLRQ�RI�WKH�ELRJDV�XWLOL]DWLRQ�IRU�HQHUJ\
SURGXFWLRQ� DW� ,UDNOLR�PXQLFLSDOLW\�� *UHHFH��(QHUJ�� &RQY�
0DQDJH����������±����

;LDRKXD��:���&KRQJODQ��'���;LDR\DQ�� +���:HLPLQJ��:��
;LDRSLQJ��-��DQG�6KDQJ\XQ��-����������7KH�LQIOXHQFH�RI�XVLQJ
ELRJDV� GLJHVWHUV� RQ� IDPLO\� HQHUJ\� FRQVXPSWLRQ� DQG� LWV
HFRQRPLF�EHQHILW�LQ�UXUDO�DUHDV�±�FRPSDUDWLYH�VWXG\�EHWZHHQ
/LDQVKXL� DQG�*XLFKL� LQ�&KLQD��5HQHZDEOH�DQG�6XVWDLQDEOH
(QHUJ\�5HYLHZV��������������±���
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$PLUL��0��-����0DKLQ\��$��6����+RVVHLQL��6�0����-DODOL��6��*K�����(]DGNKDVW\��=���DQG�.DUDPL��VK��

�'HSDUWPHQW�RI�WKH�(QYLURQPHQWDO�0DQDJHPHQW��3ODQQLQJ�DQG�(GXFDWLRQ��)DFXOW\�RI
(QYLURQPHQW��8QLYHUVLW\�RI�7HKUDQ��7HKUDQ��,UDQ

��'HSDUWPHQW�RI�WKH�(QYLURQPHQW��)DFXOW\�RI�(QYLURQPHQW��*RUJDQ�8QLYHUVLW\�RI�$JULFXOWXUH
DQG�1DWXUDO�5HVRXUFHV�6FLHQFH��*ROHVWDQ�3URYLQFH��,UDQ

��'HSDUWPHQW�RI�WKH�)RUHVWU\��)DFXOW\�RI�1DWXUDO�5HVRXUFHV�DQG�0DULQH�6FLHQFH��7DUELDW
0RGDUHV�8QLYHUVLW\��1RRU��0D]DQGDUDQ�3URYLQFH��,UDQ

��)DFXOW\�RI�(QYLURQPHQW��8QLYHUVLW\�RI�7HKUDQ��7HKUDQ��,UDQ

$%675$&7��)X]]\ORJLF�FRPSXWHV�D�PXOWL�FULWHULD�HYDOXDWLRQ�E\�PHDQV�RI�HLWKHU�D�%RROHDQ�DQDO\VLV��:HLJKWHG
/LQHDU� &RPELQDWLRQ� �:/&�� DQG�2UGHUHG�:HLJKWHG�$YHUDJLQJ� �2:$��RI� IDFWRU� LPDJHV��2:$�ZRUNV�ZLWK
VWDQGDUGL]HG�IDFWRU� LPDJHV�DQG�HPSOR\V�D�YDULDQW�RI� WKH�:/&��,W� WDNHV� LQWR�DFFRXQW� WKH�ULVN�DVVRFLDWHG�ZLWK
WKH�GHFLVLRQ�DQG�GHJUHH�RI�WUDGHRII�DVVRFLDWHG�ZLWK�WKH�YDULDEOHV�LQ�WKH�DQDO\VLV��,Q�WKLV�UHVHDUFK��IRU�(FRORJLFDO
&DSDELOLW\�$VVHVVPHQW� DQG� ZDWHUVKHGV�PDQDJHPHQW� LQ� VWXG\� DUHD��ZH� KDYH� VWXGLHG� ��� ELRORJLFDO� DQG
SK\VLRORJLFDO� IDFWRUV�� )RU� HFRORJLFDO� FDSDELOLW\�HYDOXDWLRQ�� WKH�PHWKRG� RI�2:$�ZDV�GHSOR\HG��7KLV�PHWKRG
LQYROYHV�FULWHULRQ�ZHLJKWV�DQG�RUGHU�ZHLJKWV��7KH�JHQHUDOLW\�RI�2:$�LV� UHODWHG� WR�LWV�FDSDELOLW\� WR� LPSOHPHQW
GLIIHUHQW�FRPELQDWLRQ�RSHUDWRUV�E\�VHOHFWLQJ�DSSURSULDWH�RUGHU�ZHLJKWV��%\�VSHFLI\LQJ�VXLWDEOH�RUGHU�ZHLJKWV�
LW�LV�SRVVLEOH�WR�FKDQJH�WKH�IRUP�RI�DJJUHJDWLRQ�IURP�WKH�PLQLPXP�W\SH�FRPELQDWLRQ�WKURXJK�DOO�LQWHUPHGLDWH
W\SHV� LQFOXGLQJ� WKH�FRQYHQWLRQDO�ZHLJKWHG� OLQHDU�FRPELQDWLRQ��WR� WKH�PD[LPXP�W\SH�FRPELQDWLRQ��7KH�SDSHU
IRFXVHV�RQ�WKH�2:$�PHWKRG�DV�ZHOO�DV�DQ�DSSURDFK�IRU�LQWHJUDWLQJ�*HRJUDSKLF�,QIRUPDWLRQ�6\VWHP��*,6��DQG
2:$��2:$�KDV�EHHQ�GHYHORSHG�DV�D�JHQHUDOL]DWLRQ�RI�PXOWL�FULWHULD�FRPELQDWLRQ��7KH�2:$�FRQFHSW�KDV�EHHQ
H[WHQGHG� WR� WKH�*,6� DSSOLFDWLRQV� DV� SDUW� RI� D� GHFLVLRQ� VXSSRUW�PRGXOH� LQ�*,6�� ,Q� WKLV� VWXG\� WR�REWDLQ�WKH
FULWHULD�ZHLJKWV�� FRPSDULVRQV�ZHUH�PDGH�E\� HYDOXDWLQJ���� FULWHULD� DJDLQVW� HDFK�RWKHU�� WKHUHIRUH�ZH� DWWDLQHG
FRPSDUDEOH�GDWD�YLD�WKH�WHFKQLTXH�RI�$QDO\WLFDO�+LHUDUFK\�3URFHVV��$+3��DQG�ILYH�VFHQDULRV�RI�2:$�PHWKRG
ZHUH� XVHG���7KH�UHVXOWV�RI�ILHOG�VWXGLHV��WKLUG�VFHQDULR� IRU� WKH� VWXG\�DUHD� SURSRVHG�

.H\�ZRUGV��)X]]\�/RJLF��(FRORJ\��(YDOXDWLRQ��$+3

,1752'8&7,21
*HRJUDSKLFDO� ,QIRUPDWLRQ� 6\VWHPV� �*,6�� DUH

LPSRUWDQW� WRROV� IRU� VSDWLDO� SODQQLQJ� �%UDLODQG
.ORVWHUPDQ�������6SDQRX�HW�DO���������.LP�HW�DO��������
%DVVR�HW�DO���������5DVRXOL�HW�DO��������1HMDGL�HW�DO��
������)XPDJDOOL�DQG�7RFFROLQL��������0RQGHMDU�-LPHQH]
HW�DO���������9XNLFHYLF�DQG�1HGRYLF�%XGLF���������6SDWLDO
SODQQLQJ�LQYROYHV�GHFLVLRQ�PDNLQJ�WHFKQLTXHV�WKDW�DUH
DVVRFLDWHG�ZLWK� WHFKQLTXHV� VXFK� DV�0XOWL� &ULWHULD
'HFLVLRQ�$QDO\VLV� �0&'$�� DQG�0XOWL� &ULWHULD
(YDOXDWLRQ��0&(���&RPELQLQJ�*,6�ZLWK�0&'$�PHWKRGV
FUHDWHV�D�SRZHUIXO�WRRO�IRU�VSDWLDO�SODQQLQJ��-DQNRZVNL�
������0DOF]HZLVNL��������6KXPLORY�HW�DO���������1DMDIL
DQG�$IUD]HK��������'UDJLFHYLF�HW�DO���������.DQRNSRUQ
DQG�,DPDUDP�������%HONKLUL�HW�DO���������$KPHG�DQG

$EGHOOD(OWXUDEL��������+D\DWJKHLE�HW�DO���������-LQJ
DQG�=KL\XDQ��������6DOHKL�HW�DO���������)HQJ�HW�DO��
������$VKUDIL�HW�DO����������0&(�LV�SHUKDSV�WKH�PRVW
IXQGDPHQWDO�RI�GHFLVLRQ�VXSSRUW�RSHUDWLRQV�LQ�*,6�
$QRWKHU� FDWHJRU\� RI� GHFLVLRQ�PDNLQJ� WHFKQLTXHV
XWLOL]HG�LQ�VSDWLDO�SODQQLQJ�LV�EDVHG�RQ�WKH�DSSOLFDWLRQ
RI�)X]]\�6HW�WKHRU\��%RJDUGL�HW�DO���������%XUURXJK�HW
DO���������0D\V�HW�DO���������6PLWK��������:DQJ�HW�DO��
������;LDQJ�HW� DO��� ������� )X]]\�6HW� WKHRU\�ZDV
LQWURGXFHG� E\� =DGHK� �=DGHK�� ������� DOWKRXJK� WKH
XQGHUO\LQJ�FRQFHSWV�SUHGDWH�WKLV��1RZDGD\V��)X]]\
6HW�WKHRU\�LV�D�VLJQLILFDQW�WRSLF�DQG�LV�XVHG�LQ�PDQ\
GLIIHUHQW� ILHOGV� DQG� WHFKQLFDO� DUHQDV� WR� DGGUHVV� D
YDULHW\�RI�LVVXHV��ERWK�PXQGDQH�DQG�DEVWUDFW��%DGHQNR
DQG� .XUWHQHU�� ������� &RPELQLQJ� *,6�ZLWK� WKH

5HFHLYHG� ���0D\� ����� �� ��� � �� �� � ��� ��5HYLVHG���$XJ������� �� �� � � �� � � � �� � �$FFHSWHG����$XJ������



���

$PLUL��0��-��HW�DO�

DSSOLFDWLRQ�RI�)X]]\�6HW�WKHRU\�SUHVHQWV�D�UHODWLYHO\
QHZ�DSSURDFK�WR�ORFDWLRQ�FKRLFH�DQG�ODQG�VXLWDELOLW\
DVVHVVPHQW�

7KH�FRPELQDWLRQ�RI�*,6�ZLWK�)X]]\�6HW�WKHRU\�DQG
GHWHUPLQLVWLF�PRGHOV�LV�NQRZQ�DV�*,6�)X]]\�0RGHOLQJ
�*,6)0��� 'XULQJ� WKH� ODVW� IHZ� \HDUV�� VHYHUDO
DSSOLFDWLRQV�RI�WKLV�DSSURDFK�IRU�VSDWLDO�SODQQLQJ�KDYH
EHHQ�DWWHPSWHG��,Q�SDUWLFXODU��*,6)0�ZDV�XVHG�IRU�WKH
DVVHVVPHQW� RI� EXUQHG� IRUHVW� DUHDV�ZLWK� WKH� DLP� RI
SODQQLQJ�ODQG�UHVWRUDWLRQ��&RPPRQ�SUREOHPV�RI�XVLQJ
RI�)X]]\�DOJRULWKPV�WR�VXSSRUW�VSDWLDO�SODQQLQJ�KDG
EHHQ� GLVFXVVHG� LQ� �.XUWHQHU� DQG� %DGHQNR�� ������
*,6)0�LV�D�XVHIXO�DSSURDFK�IRU�GHDOLQJ�ZLWK�XQFHUWDLQW\
DQG� LPSUHFLVLRQ�� 4XDOLW\� RI�*,6� GDWDEDVH� SOD\V� DQ
LPSRUWDQW�UROH�LQ�*,6�GDWDEDVH�IRUPDWLRQ��*,6�GDWDEDVH
LV�EDVHG�RQ�YDULRXV�VRXUFHV�RI�LQIRUPDWLRQ��ZKLFK�DUH
FKDUDFWHUL]HG�E\�GLIIHUHQW�TXDOLW\��)X]]\�VHWV�FDQ�EH
VHHQ� DV� ORJLFDO�PRGHOV� ZKLFK� XVH� ORJLFDO� UXOHV� WR
HVWDEOLVK� TXDOLWDWLYH� UHODWLRQVKLSV� DPRQJ� WKH� XVHG
YDULDEOHV�� )X]]\� VHWV� VHUYH� DV� D� VPRRWK� LQWHUIDFH
EHWZHHQ�WKH�TXDOLWDWLYH�YDULDEOHV�LQYROYHG�LQ�WKH�UXOHV
DQG�WKH�QXPHULFDO�GDWD�DW� WKH� LQSXWV�DQG�RXWSXWV�RI
WKH� PRGHO� �'DODODK� DQG� %DWDLQHK�� ������� )RU� WKH
GHVLJQHU�ZKR�XQGHUVWDQGV�WKH�V\VWHP��WKHVH�UXOHV�DUH
HDV\�WR�ZULWH�ZKHUH�DV�PDQ\�UXOHV�DV�QHFHVVDU\�FDQ�EH
VXSSOLHG�WR�GHVFULEH�WKH�V\VWHP�DGHTXDWHO\��,Q�)X]]\
ORJLF��XQOLNH�VWDQGDUG�FRQGLWLRQDO�ORJLF��WKH�WUXWK�RI
DQ\� VWDWHPHQW� LV� D�PDWWHU� RI� GHJUHH�� )RU� H[DPSOH�
FRQVLGHU�WKH�UXOH�,)��PDFKLQH�LV�ROG��7+(1��SUHFLVLRQ
LV�SRRU���YDULDEOHV��µµROG´�DQG�µµSRRU´��PDS�WR�UDQJHV�RI
YDOXHV��)X]]\�LQIHUHQFH�V\VWHPV�UHO\�RQ�PHPEHUVKLS
IXQFWLRQV�WR�H[SODLQ�KRZ�WR�FDOFXODWH�WKH�FRUUHFW�YDOXHV
EHWZHHQ���DQG����'DODODK�DQG�%DWDLQHK��������

*,6�FDQ� FRPELQH�YHU\� GLIIHUHQW�GDWD� W\SHV� DQG
DOORZV�TXDQWLWDWLYH�DQDO\VLV�DW�WKH�VFDOH�RI�ODQGVFDSHV
RU�HQWLUH�UHJLRQV��)RU�H[DPSOH��LQIRUPDWLRQ�RQ�VRLOV�
K\GURORJ\� DQG� YHJHWDWLRQ� PLJKW� EH� FRPELQHG� LQ
DQDO\VLV�RI�ZLOGOLIH�VWUDWHJ\�IRU�UHVWRUDWLRQ�RI�GHJUDGHG
HFRV\VWHPV�� 1RZDGD\V�� *,6� KDV� EHFRPH� DQ
LQGLVSHQVDEOH� WRRO� IRU� ODQG� DQG� UHVRXUFH�PDQDJHUV
�1RXUL��HW�DO���������

,Q�VKRUW��*,6�EDVHG�PXOWLFULWHULD�GHFLVLRQ�DQDO\VLV
LQYROYHV� WKH� XWLOL]DWLRQ� RI� JHRJUDSKLFDO� GDWD�� WKH
GHFLVLRQ�PDNHU¶V�SUHIHUHQFHV�DQG�WKH�FRPELQDWLRQ�RI
WKH� GDWD� DQG� SUHIHUHQFHV� DFFRUGLQJ� WR� VSHFLILHG
GHFLVLRQ�UXOHV��2YHU�WKH�ODVW�GHFDGH�RU�VR��D�QXPEHU�RI
PXOWLFULWHULD�HYDOXDWLRQ�PHWKRGV��GHFLVLRQ�UXOHV��KDYH
EHHQ�LPSOHPHQWHG�LQ�WKH�*,6�HQYLURQPHQW�LQFOXGLQJ
ZHLJKWHG�OLQHDU�FRPELQDWLRQ��:/&���-DQNRZVNL�������
(DVWPDQ���������LGHDO�SRLQW�PHWKRGV��&DUYHU�������
3HUHLUD�DQG�'XFNVWHLQ���������FRQFRUGDQFH�DQDO\VLV
�&DUYHU�� ������ -DQNRZVNL� DQG�5LFKDUG��������� DQG
DQDO\WLF�KLHUDUFK\�SURFHVV��%DQDL��������-DQNRZVNL�
������0DOF]HZVNL���������$PRQJ�WKHVH�SURFHGXUHV��WKH

:/&� �FRPSHQVDWRU\� GHFLVLRQ� UXOHV�� DQG� %RROHDQ
RYHUOD\�RSHUDWLRQV��QR�FRPSHQVDWRU\�GHFLVLRQ�UXOHV��
VXFK� DV� LQWHUVHFWLRQ� �$1'�� DQG� XQLRQ� �25��� DUH
FRQVLGHUHG�WKH�PRVW�VWUDLJKWIRUZDUG�DQG�WKH�PRVW�RIWHQ
HPSOR\HG��7KH\�KDYH�DOVR�WUDGLWLRQDOO\�GRPLQDWHG�WKH
XVH� RI� *,6� DV� GHFLVLRQ� VXSSRUW� WRROV� � 5HFHQW
GHYHORSPHQWV� LQ� PXOWLFULWHULD� GHFLVLRQ� DQDO\VLV
VXJJHVW� WKH� WZR� FODVVHV� RI� GHFLVLRQ� UXOHV� FDQ� EH
FRQVLGHUHG� DV� VSHFLILF� FDVHV� RI� D� IDPLO\� RI� RUGHUHG
ZHLJKWHG�DYHUDJLQJ��2:$��0DOF]HZVNL��������

2:$�KDV�EHHQ�GHYHORSHG�DV�D�JHQHUDOL]DWLRQ�RI
PXOWLFULWHULD�FRPELQDWLRQ��<DJHU���������2YHU�WKH�ODVW
GHFDGH�RU�VR�WKHUH�KDYH�EHHQ�D�QXPEHU�RI�DWWHPSWV�WR
LQWHJUDWH�WKH�2:$�FRQFHSW�DV�D�FRUH�RI�*,6�PXOWLFULWHULD
GHFLVLRQ� DQDO\VLV�� 7KH� 2:$� FRQFHSW� KDV� EHHQ
H[WHQGHG�WR�WKH�*,6�DSSOLFDWLRQV�E\�(DVWPDQ��������DV
D� SDUW� RI� GHFLVLRQ� VXSSRUW�PRGXOH� LQ�*,6�,'5,6,�
6XEVHTXHQWO\��-LDQJ�DQG�(DVWPDQ��������GHPRQVWUDWH
WKH� XWLOLW\� RI� WKH�*,6�2:$� IRU� ODQG� XVH�VXLWDELOLW\
SUREOHPV��7KH�LPSOHPHQWDWLRQ�RI�WKH�2:$�FRQFHSW�LQ
,'5,6,������UHVXOWHG�LQ�VHYHUDO�DSSOLFDWLRQV�RI�2:$
WR� HQYLURQPHQWDO� DQG� XUEDQ� SODQQLQJ� SUREOHPV
�$VSURWKHW�DO���������0HQGHV�DQG�0RWL]XNL��������

7KH�FULWLFDO�DVSHFW�RI�LQWHJUDWLQJ�WKH�*,6�DQG�2:$
FDSDELOLWLHV�LV�WKH�ZD\�LQ�ZKLFK�WKH�RUGHU�ZHLJKWV�DUH
REWDLQHG��)RU�H[DPSOH��WKH�,'5,6,�2:$�SURFHGXUH
GRHV�QRW�SURYLGH�D�XVHU��GHFLVLRQ�PDNHU��ZLWK�D�PHWKRG
IRU�REWDLQLQJ�WKH�RUGHU�ZHLJKWV��(DVWPDQ��������-LDQJ
DQG�(DVWPDQ���������7KH�SURFHGXUH�DVVXPHV�WKDW�WKH
GHFLVLRQ�PDNHU�FDQ�µLQWXLWLYHO\¶�VHDUFK�DQG�LGHQWLI\�WKH
RUGHU�ZHLJKWV�EDVHG� RQ� WKH�GHJUHH�RI�$1'QHVV� �RU
25QHVV��DQG�WUDGH�RII�EHWZHHQ�FULWHULD��$VSURWKHW�DO��
������0HQGHV�DQG�0RWL]XNL���������7R�WKLV�HQG��LW�LV
LPSRUWDQW�WR�QRWH�WKDW�IRU�D�JLYHQ�YDOXH�RI�$1'QHVV
�RU�25QHVV��RQH�FDQ�REWDLQ�D�ODUJH�QXPEHU�RI�GLIIHUHQW
VHWV�RI�RUGHU�ZHLJKWV�DQG�DVVRFLDWHG�WUDGH�RIIV��$OVR�
IRU� D� JLYHQ� GHJUHH� RI� WUDGH�RII� RQH� FDQ� JHQHUDWH� D
QXPEHU� RI� GLIIHUHQW� VHWV� RI� RUGHU� ZHLJKWV� DQG
DVVRFLDWHG�GHJUHHV�RI�$1'QHVV��RU�25QHVV���<DJHU�
�������&RQVHTXHQWO\� WKH�PHWKRGV� DUH� EDVHG�RQ� WKH
SULQFLSOHV� RI�PD[LPXP�GLVSHUVLRQ� �HQWURS\�� RU� WKH
PD[LPXP� WUDGH�RII� � 7KLV� SDSHU� IRFXVHV� RQ� DQ
LPSOHPHQWDWLRQ�RI�WKH�SDUDPHWHUL]HG�2:$�LQ�WKH�*,6
HQYLURQPHQW� LQ� WKH� ���� ���ZDWHUVKHGV� LQ�1RUWKHUQ
,5$1�

,Q�RUGHU�WR�LQWURGXFH�6RPH�RI�WKH�UHVHDUFKHV�WKDW
WRGD\� DUH� WR� IRFXV� RQ� WKH�$+3� DQG�2:$� RI�)X]]\
ORJLF��WKH�IROORZLQJ�FDVHV�DUH�UDLVHG��L�H���0DWNDQ�HW�DO��
��������LQ�UHVHDUFK�ZLWK�WLWOH�RI�8UEDQ�:DVWH�/DQGILOO
6LWH� 6HOHFWLRQ� E\� *,6� �&DVH� 6WXG\�� 7DEUL]� &LW\�
UHSUHVHQWV�WKDW�2UGHUHG�:HLJKW�$QDO\VLV��2:$���E\
RUGHUHG�ZHLJKWV�� RIIHUV� WKLV� FKDQFH� WR� WKH� GHFLVLRQ
PDNHU�WR�LQVHUW�PRUH�LPSRUWDQW�VXEMHFWV�ZKLFK�KDYH
JUHDWHU�UROH�LQ�VLWH�VHOHFWLRQ��5HJDUGLQJ�WR�WKLV�DELOLW\



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

���

WKH� UHVXOW� RI� VLWH� VHOHFWLRQ� E\� 2:$� KDV� EHWWHU
UHVROXWLRQ�

6DQDHH�HW�DO�����������LQ�UHVHDUFK�ZLWK�WLWOH�RI�PXOWL�
FULWHULD� ODQG� HYDOXDWLRQ�� XVLQJ�:/&� DQG� 2:$
VWUDWHJLHV�WR�VHOHFW�VXLWDEOH�VLWH�RI�IRUDJH�SODQWDWLRQ
�&DVH� VWXG\�� =DNKHUG�� )DUV�� UHSUHVHQWV� WKDW� 0XOWL�
&ULWHULD�(YDOXDWLRQ�LV�D�PHWKRG�WR�FRPSURPLVH�UHODWLYH
LPSRUWDQFH�RI�SDUWLFLSDWLQJ�IDFWRUV�DQG�WR�LQWHJUDWH�WKH
IDFWRUV� DFFRUGLQJ� WR� WKHLU� LPSRUWDQFH� LQ� GHFLVLRQ
PDNLQJ� DQG� WZR� VWUDWHJLHV� RI�:HLJKWHG� /LQHDU
&RPELQDWLRQ��:/&��DQG�2UGHUHG�:HLJKWHG$YHUDJLQJ
�2:$��VHOHFWHG�IRU�FRPELQLQJ� WKHPDWLF�PDSV��7KH
UHVXOWV�LQGLFDWH�:/&�LV�D�PRUH�FRQVHUYDWLYH�PHWKRG
WKH�2:$�� +RZHYHU�WKH� RYHUDOO� DJUHHPHQW� RI� WKH
FRPSDULQJ�WKH�UHVXOWV��GHULYHG�IURP�WKH�VWUDWHJLHV��LV
DERXW������WKH�VWUDWHJ\�:/&� LV�PRUH� FRQVHUYDWLYH
WKDQ�2:$��,W�DOORFDWHG�PRUH�ODQGV�LQ�WKH��QG�DQG��UG
FODVVHV�RI�VXLWDELOLW\�

0$7(5,$/6�	�0(7+2'6
7KLV�UHVHDUFK�LV�SHUIRUPHG�DW�'RKH]DUDQG6HKH]DU

���������ZDWHUVKHGV�RI�7RQHNDERQ�FLW\�LQ�0D]DQGDUDQ
3URYLQFH�RI�,UDQ�ZLWK�DUHD�RI�������KD�IRU�HYDOXDWLRQ
SXUSRVH�RI�HFRORJLFDO�FDSDELOLW\�RI�ZDWHUVKHGV��)LJ�
����7KLV�DUHD�LV�OLPLWHG�LQ�������
������QRUWK��WR�������

������VRXWK��RI�ODWLWXGH�DQG�������
������ZHVW��WR�������

���� �HDVW�� ORQJLWXGH�� 7KH� ODQG� XVH� RI� VWXG\
DUHD�LQFOXGHV�QDWXUDO� IRUHVW��SDVWXUH�� DJULFXOWXUH�
DQG�UXUDO� ODQGV� WKDW� UHVSHFWLYHO\� KDYH
HTXLYDOHQW�VXUIDFH��������������DQG������KD�7KLV�DUHD�
GXH�WR�KDYLQJ�FDSDELOLWLHV�VXFK�DV�ULYHUV�DQG�WKH�KLJK
GHQVLW\�RI�D�WUHH��LW�ZDV�QHFHVVDU\�WR�DVVHVV�HFRORJLF
FDSDELOLW\�FDQ�EH�GRQH�WR�QDWXUDO�UHVRXUFHV�VKRXOG�EH
SUHVHUYHG� FDUHIXOO\�,Q� WKH� SUHVHQW� UHVHDUFK�� IRU
DFKLHYLQJ�JHQHUDO�JRDOV�RI�WKH�SODQ��E\�VWXG\LQJ�DQG
DVVHVVPHQW�RI�WKH�HOHPHQWV�DQG�FRPPRQ�WHFKQLTXHV
RI�SODQQLQJ�DQG�PDQDJHPHQW��*,6�WRROV�DQG�SODQQLQJ
DQG�PDQDJHPHQW�FRPELQDWLRQ�PRGHO��*UDQW��������ZHUH
VHOHFWHG� IRUHFRORJLFDO� HYDOXDWLRQ�� 7KLV�
UHVHDUFK�PHWKRG�DV�ZHOO�DV�HYDOXDWLRQ��GHWHUPLQDWLRQ
DQG�VHOHFWLRQ�RI�DSSURSULDWH�SRLQWV�LQ�FRQFHUQHG�DUHD
LQFOXGHG�WKH�IROORZLQJ�VWHSV�SUHVHQWHG�LQ�)LJ�����,Q�WKH
SUHVHQW� UHVHDUFK� RQO\� WKRVH� UHVRXUFHV� DSSOLHG� LQ
PRGHOLQJ�ZHUH�VWXGLHG��/DQGIRUP��VORSHV�DQG�'(0��
*HRORJ\� �EHG� URFN� DQG� JHRK\GURORJ\��� 6RLO� �VRLO
WH[WXUH��HURVLRQ��S+��VRLO�JUDQXODWLRQ��SHUFHQW�RI�JUDYHO�
VRLO�GHSWK��VRLO�IHUWLOLW\��VRLO�GUDLQDJH��VRLO�K\GURORJLF
JURXSV� DQG� VRLO� HYROXWLRQ�� DQG�&OLPDWH� �UDLQIDOO�
WHPSHUDWXUH�DQG�KXPLGLW\���9HJHWDWLRQ��GHQVLW\�RI�WUHHV
FRYHULQJ�� YDULHW\� YDOXH� DQG� DQQXDO� LQFUHPHQW��
3URWHFWHG�DUHD�DQG�6HQVLWLYHVLWHV�

7KH�GHFLVLRQ�SUREOHP�ZDV�IRUPXODWHG�EDVHG�RQ
WKH�JXLGHOLQHV�VXJJHVWHG�E\�0DOF]HZVNL��������WKDW
FDQ�EH�XVHG� WR�LGHQWLI\�SULRULW\�VLWHV�IRU�ZDWHUVKHGV

HFRORJLFDO�FDSDELOLW\�HYDOXDWLRQ��'XH�WR�WKH�SUREOHP
FRPSOH[LW\�� DQG� WKDW� WKH�JRDO� RI� WKLV� UHVHDUFK� LV� WR
H[SORUH�WKH�XWLOLW\�RI�0&(�WR�LGHQWLI\�FDQGLGDWH�DUHDV
IRU�ZDWHUVKHGV�ODQG�XVH��WKH�IRFXV�ZLOO�EH�RQ�D�VXEVHW
RI�UHDOLVWLF�FULWHULD�DYDLODEOH�IRU�HDFK�REMHFWLYH��(DFK
REMHFWLYH� ZDV� HYDOXDWHG� VHSDUDWHO\�� EHIRUH� EHLQJ
DVVHVVHG� DV� D�PXOWL�REMHFWLYH� HYDOXDWLRQ� GXULQJ� WKH
DQDO\VLV�SURFHGXUH��(UHQVDO��HW�DO����������7KH�YDOLGLW\
RI�WKH�0&(�RXWSXWV�ZDV�PDLQWDLQHG�E\�VWDQGDUGL]LQJ
DOO� FULWHULRQ� LQSXW� OD\HUV� VXFK� WKDW� WKHLU� VFDOHV� RI
PHDVXUHPHQW�ZHUH� FRPPHQVXUDWH�� /LQHDU� VFDOH
WUDQVIRUPDWLRQ�DQG�)X]]\�VHW�PHPEHUVKLS�IXQFWLRQV
DUH�WZR�DYDLODEOH�VWDQGDUGL]DWLRQ�PHWKRGV��0DOF]HZVNL
�������7KH\�DOO�SRVVHVVHG�D�OHYHO�RI�XQFHUWDLQW\�DV�LV
LQKHUHQW� LQ� FRDUVH� VFDOH� PDULQH� GDWD�� +HQFH�
VWDQGDUGL]DWLRQ� RI� WKH� FULWHULRQ� OD\HUV� DV� )X]]\
PHDVXUHV�ZDV�FRQVLGHUHG�WR�EH�WKH�PRVW�DSSURSULDWH
VWDQGDUGL]DWLRQ�WHFKQLTXH��7KH�)X]]\�VHW�PHPEHUVKLS
IXQFWLRQ�XVHG�ZDV�D�PRQRWRQLFDOO\�LQFUHDVLQJ�OLQHDU
PHPEHUVKLS�PRGHO��)LJ������0RQRWRQLFDOO\�LQFUHDVLQJ�
OLQHDU�)X]]\�PHPEHUVKLS�IXQFWLRQ�XVHG�WR�VWDQGDUGL]H
0&(�FULWHULD�OD\HUV��D��E�F��DQG�G�UHSUHVHQW�LQIOHFWLRQ
SRLQWV�ZKHUH� WKH�PHPEHUVKLS� IXQFWLRQ� �ULVHV�DERYH
]HUR��DSSURDFKHV�RQH��IDOOV�EHORZ�RQH�DQG�DSSURDFKHV
]HUR�DJDLQ��UHVSHFWLYHO\��$�PRQRWRQLFDOO\�LQFUHDVLQJ
IXQFWLRQ�ULVHV�WR�RQH�DQG�QHYHU�IDOOV�DJDLQ��+HQFH�E��F�
DQG�G�DOO�KDYH�WKH�VDPH�FULWHULRQ�YDOXH�RI���(DVWPDQ�
������

2QFH�WKH�FULWHULRQ�OD\HUV�KDYH�EHHQ�VWDQGDUGL]HG�
WKH�XVHU�DVVLJQV�ZHLJKWV�WR�WKHP��7KHVH�ZHLJKWV�HQDEOH
WKH�VROXWLRQ�WR�UHIOHFW�WKH�LPSRUWDQFH��DV�SHUFHLYHG�E\
WKH�XVHU��RI�WKH�LQSXW�FULWHULD�UHODWLYH�WR�HDFK�RWKHU�
6LPLODUO\��GLIIHUHQW�REMHFWLYHV��ZKLFK�WKHPVHOYHV�DUH
FRPSULVHG�RI�PXOWLSOH��LQGLYLGXDOO\�ZHLJKWHG�FULWHULD�
FDQ�DOVR�EH�ZHLJKWHG�UHODWLYH�WR�HDFK�RWKHU��&KRX��HW
DO����������9DULRXV�ZHLJKWLQJ�VFKHPHV�ERWK�ZLWKLQ�DQG
EHWZHHQ�REMHFWLYHV�ZHUH�LQYHVWLJDWHG�DQG�WKHLU�GHWDLOV
DUH� SUHVHQWHG� EHORZ�� 2QFH� ZHLJKWV� KDYH� EHHQ
VSHFLILHG�� WKH� FULWHULD� �RU� REMHFWLYHV�� DUH� FRPELQHG
DFFRUGLQJ� WR� D� GHFLVLRQ� UXOH� �6ZDQVRQ��������� 7KH
VLPSOH� DGGLWLYH�ZHLJKWLQJ�PHWKRGV�� DOVR� NQRZQ� DV
RUGHUHG�ZHLJKWHG�DYHUDJLQJ�LV�WKH�PRVW�FRPPRQ�W\SH
RI�GHFLVLRQ�UXOH�XVHG�LQ�*,6�EDVHG�GHFLVLRQ�PDNLQJ
�:RRG� DQG�'UDJLFHYLF�� �������7KLV� W\SH� RI� UXOH� LV
LPSOHPHQWHG�E\�PXOWLSO\LQJ�HDFK�FULWHULRQ�OD\HU�E\�LWV
ZHLJKW�DQG�DOVR�LV�FRQVLGHUHG�FULWHULRQ�RUGHUHG�ZHLJKWV
DFFRUGLQJ�WR�WKH�IROORZLQJ�HTXDWLRQ�(DVWPDQ��������
,Q� RUGHU� WR� LQWURGXFH�PHWKRG�RI�2UGHUHG�:HLJKWHG
$YHUDJLQJ�� LW� LV� QHFHVVDU\� WKDW� WKLV� PHWKRG
LQYHVWLJDWHG�EDVHG�RQ�WUDGH�RII�DQG�ULVN��)LJ�����

9RRJG��������SUHVHQWHG�WKH�DSSOLFDWLRQ�RI�VHYHUDO
PXOWL�FULWHULD�HYDOXDWLRQ�WHFKQLTXHV�WR�ODQG�SODQQLQJ�
ZKHUH� WKH� QXPEHU� RI� VSDWLDO� XQLWV� HYDOXDWHG� ZDV
OLPLWHG��7KH�LQWHJUDWLRQ�RI�PXOWL�FULWHULD�PHWKRGV�DQG



���
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*,6�DOORZV�RYHUFRPLQJ�WKLV�OLPLWDWLRQ�DQG�SURYLGHV�D
WRRO�ZLWK�JUHDW�SRWHQWLDO�IRU�REWDLQLQJ�ODQG�VXLWDELOLW\
PDSV� RU� VHOHFWLQJ� VLWHV� IRU� D� SDUWLFXODU� DFWLYLW\
�0HQGR]D��������(DVWPDQ�HW�DO���������-XQ��������
:KLOH�*,6�SURYLGH�DQ�DSSURSULDWH�IUDPHZRUN�IRU�WKH
DSSOLFDWLRQ� RI� PXOWL�FULWHULD� HYDOXDWLRQ� PHWKRGV�
ZKLFK�DUH�QRW�FDSDEOH�RI�PDQDJLQJ�VSDWLDO�GDWD��WKH
PXOWL�FULWHULD�HYDOXDWLRQ�SURFHGXUHV�DGG�WR�*,6�WKH
PHDQV� RI� SHUIRUPLQJ� WUDGH�RIIV� RQ� FRQIOLFWLQJ
REMHFWLYHV��ZKLOH�WDNLQJ�LQWR�DFFRXQW�PXOWLSOH�FULWHULD
DQG� WKH� NQRZOHGJH�RI� WKH�GHFLVLRQ�PDNHU� �&DUYHU�
�������0XOWL�FULWHULD�HYDOXDWLRQ�WHFKQLTXHV�EDVHG�RQ
WKH�LGHDO�SRLQW�DQDO\VLV�DUH�WKH�WHFKQLTXHV�WKDW�KDYH
EHHQ�PRUH�IUHTXHQWO\�LQWHJUDWHG�LQ�D�*,6�ZLWK�WKLV�DLP
�L�H��� &DUYHU�� ������ 3HUHLUD� DQG'XFNVWHLQ�� �����
-DQNRZVNL� DQG� 5LFKDUG�� ������0DOF]HZVNL�� �����
9DWDOLV�DQG�0DQROLDGLV���������$QRWKHU�PXOWL�FULWHULD
HYDOXDWLRQ�PHWKRG�IUHTXHQWO\�LQWHJUDWHG�LQWR�*,6�WR
SHUIRUP� ODQG� VXLWDELOLW\� DQDO\VHV� LV� WKH�$QDO\WLF
+LHUDUFK\�3URFHVV��%DQDL��������-XQ���������7KH�$+3
FDQ�DOVR�EH�XVHG�WR�JHQHUDWH�WKH�ZHLJKWV�DVVLJQHG�WR
WKH�ODQG�VXLWDELOLW\�FULWHULD��:HHUDNRQ��������RU�WR�WKH
VXLWDELOLW\�PDSV�WR�FDOFXODWH�D�µFRPSRXQG¶�VXLWDELOLW\
VFRUH��0HQGR]D���������7KH�,'5,6,������VRIWZDUH
SURYLGHV� WZR� PXOWL�FULWHULD� HYDOXDWLRQ� WRROV� IRU
REWDLQLQJ� VXLWDELOLW\� PDSV�� WKH�ZHLJKWHG� OLQHDU
FRPELQDWLRQ��:/&��DQG�WKH�RUGHUHG�ZHLJKWHG�DYHUDJH
�2:$���(DVWPDQ��������

0XOWL�FULWHULD�HYDOXDWLRQ�WHFKQLTXHV�KDYH�DOVR�EHHQ
DSSOLHG� WR� JHQHUDWH�PXOWLSOH� ODQG� XVH� VFHQDULRV� E\
VHOHFWLQJ�WKH�RSWLPXP�XVH�IRU�HDFK�ODQG�XQLW��$PRQJVW
WKHP��KLHUDUFKLFDO�RSWLPL]DWLRQ��&DUYHU��������LQYROYHV
DOORFDWLQJ�WKH�PD[LPXP�DUHD�WR�WKH�KLJKHVW�SULRULW\�ODQG
XVH��H[FOXGLQJ�LW�IURP�WKH�UHPDLQLQJ�XVHV��DQG�UHSHDWLQJ
WKH�SURFHVV�XQWLO�WKH�WRWDO�DUHD�LV�DOORFDWHG�6DDW\��������
:KHQ�WKH�KLHUDUFK\�RI�WKH�REMHFWLYHV�LV�QRW�NQRZQ��D
FRPSURPLVH�VROXWLRQ�FDQ�EH�GHWHUPLQHG�E\�XVLQJ�WKH
LGHDO�SRLQW�PHWKRG�WR�DVVLJQ�WR�HDFK�VSDWLDO�XQLW�WKH
ODQG� XVH� IRU� ZKLFK� LWV� VXLWDELOLW\� LV� WKH� KLJKHVW�
PLQLPL]LQJ� WKH� VXLWDELOLW\� RI� WKH� UHPDLQLQJ� XVHV
�%DUUHGR�HW�DO���������(DVWPDQ�HW�DO���������GHYHORSHG
WKH�0XOWL�2EMHFWLYH�/DQG�$OORFDWLRQ�PHWKRG��EDVHG
RQ�WKH�LGHDO�SRLQW�FRQFHSW��DQG�LPSOHPHQWHG�LQ�WKH
02/$�PRGXOH� RI� ,'5,6,������� ([DPSOHV� RI� WKH
DSSOLFDWLRQ� RI� WKLV� WHFKQLTXH� WR�PXOWLSOH� ODQG� XVH
DOORFDWLRQ�DUH�SURYLGHG�LQ�9DQ�GHU�0HUZH��������DQG
&KDQ�DQG�.XPDU�������

7KH� FULWHULRQ�ZHLJKWV� KDYH� EHHQ� GHULYHG� XVLQJ
WKH� SDLUZLVH� FRPSDULVRQ� PHWKRG�� 7KLV� DSSURDFK
UHTXLUHG�WKH�WHFKQLFDO�VXEFRPPLWWHH�WR�SURYLGH�LWV�EHVW
MXGJPHQW�UHJDUGLQJ�WKH�WUDGH�RIIV�LW�ZDV�ZLOOLQJ�WR�PDNH
DPRQJ� WKH� HYDOXDWLRQ� FULWHULD� �6DDW\��������$IWHU
GHEDWH� DQG�FDUHIXO�DQDO\VLV�RI� WKH� VHW�RI�HYDOXDWLRQ
FULWHULD�� WKH� VXEFRPPLWWHH�PDGH� DOO� WKH� SDLUZLVH
FRPSDULVRQV�IRU�WKH�VHW�RI�WKH����FULWHULD��$PLUL��������
7KH� FULWHULRQ� ZHLJKWV� DUH� FDOFXODWHG� WKH� SDLUZLVH
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FRPSDULVRQ�PDWUL[�LV�HQWHUHG�LQ�WKH�(;3(57�&+2,&(���
VRIWZDUH��+HUHLQ��WKH�$+3�LV�XVHG�WR�VROYH�PXOWLSOH
FULWHULD�GHFLVLRQ�SUREOHPV�(DVWPDQ��������%\�PHDQV
RI�D�V\VWHPDWLF�KLHUDUFK\�VWUXFWXUH��FRPSOH[�HVWLPDWLRQ
FULWHULD�FDQ�EH�FOHDUO\�DQG�GLVWLQFWO\�SUHVHQWHG��5DWLR
VFDOHV�DUH�XWLOL]HG�WR�PDNH�UHFLSURFDO�FRPSDULVRQV�IRU
HDFK�HOHPHQW�DQG�OD\HU��6DDW\���������$IWHU�FRPSOHWLQJ
WKH�UHFLSURFDO�PDWUL[��WKH�FRPSDUDWLYH�ZHLJKWV�IRU�HDFK
HOHPHQW�FDQ�EH�REWDLQHG��7KH�$+3�LV�ZLGHO\�XVHG�IRU

WDFNOLQJ�PXOWL�FULWHULD�GHFLVLRQ�PDNLQJ�SUREOHPV�LQ�UHDO
VLWXDWLRQV��+RVVHLQL���������,Q�VSLWH�RI�LWV�SRSXODULW\
DQG�VLPSOLFLW\�LQ�FRQFHSW��WKLV�PHWKRG�LV�RIWHQ�FULWLFL]HG
IRU� LWV� LQDELOLW\� WR� DGHTXDWHO\� KDQGOH� WKH� LQKHUHQW
XQFHUWDLQW\� DQG� LPSUHFLVLRQ� DVVRFLDWHG�ZLWK� WKH
PDSSLQJ�RI�WKH�GHFLVLRQ�PDNHUV�SHUFHSWLRQ�WR�FULVS
YDOXHV��,Q�WKH�WUDGLWLRQDO�IRUPXODWLRQ�RI�WKH�$+3��KXPDQ
MXGJPHQWV�DUH�UHSUHVHQWHG�DV�FULVS�YDOXHV�6DDW\��������
+RZHYHU��LQ�PDQ\�SUDFWLFDO�FDVHV�WKH�KXPDQ�SUHIHUHQFH
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)LJ�����0RQRWRQLFDOO\�LQFUHDVLQJ��OLQHDU�)X]]\�PHPEHUVKLS�IXQFWLRQ

)LJ�����'HFLVLRQ�VWUDWHJ\�6SDFH��(DVWPDQ�������

PRGHO� LV� XQFHUWDLQ� DQG� GHFLVLRQ� PDNHUV�PLJKW� EH
UHOXFWDQW� RU� XQDEOH� WR� DVVLJQ� FULVS� YDOXHV� WR� WKH
FRPSDULVRQ�MXGJPHQWV��&KDQ�DQG�.XPDU���������7KH
XVH�RI�)X]]\�VHW�WKHRU\�DOORZV�WKH�GHFLVLRQ�PDNHUV�WR
LQFRUSRUDWH� XQTXDQWLILDEOH� LQIRUPDWLRQ�� LQFRPSOHWH
LQIRUPDWLRQ��QRQ�REWDLQDEOH�LQIRUPDWLRQ��DQG�SDUWLDO
IDFWV� LQWR� WKH� GHFLVLRQ�PRGHO� �&KRX� HW� DO��� ������
$OWKRXJK�$+3� UHTXLUHV� WHGLRXV� FRPSXWDWLRQV�� LW� LV
FDSDEOH�RI�FDSWXULQJ�D�KXPDQ¶V�DSSUDLVDO�RI�DPELJXLW\
ZKHQ�FRPSOH[�PXOWL�FULWHULD�GHFLVLRQ�PDNLQJ�SUREOHPV
DUH�FRQVLGHUHG��(UHQVDOHW�DO����������,Q�DGGLWLRQ��WKLV
VRIWZDUH� FRPSXWHV� WKH� FRQVLVWHQF\� UDWLR�&5�
DVVRFLDWHG�ZLWK�WKH�SDLUZLVH�FRPSDULVRQ�PDWUL[��6DDW\�
�������$IWHU�D�IHZ�LWHUDWLRQV�DQG�DGMXVWPHQWV�RI�WKH
YDOXHV� LQ� WKH� SDLUZLVH� FRPSDULVRQ� PDWUL[�� WKH
VXEFRPPLWWHH�ZDV�DEOH�WR�DFKLHYH�D�VDWLVIDFWRU\�OHYHO
RI�FRQVLVWHQF\��WKDW�LV��&5�ZDV�OHVV�WKDQ������2QFH�D
VDWLVIDFWRU\� OHYHO� RI� &5� LV� DFKLHYHG� WKH� (;3(57
&+2,&(����VRIWZDUH�FDOFXODWHV�WKH�FULWHULRQ�ZHLJKWV
EDVHG�RQ�WKH�SDLUZLVH�FRPSDULVRQ�PDWUL[��7DEOH���VKRZV
WKH�UHVXOWLQJ�FULWHULRQ�ZHLJKWV�

6WDQGDUGL]LQJ�WKH�)DFWRUV
(DFK� RI� WKH� FRQVWUDLQWV� ZDV� GHYHORSHG� DV� D

%RROHDQ�PDS�ZKLOH�WKH�IDFWRUV�ZHUH�VWDQGDUGL]HG�XVLQJ
WKH�PRGXOH�)8==<�VR�WKDW�WKH�UHVXOWV�UHSUHVHQW�)X]]\
PHPEHUVKLS�LQ�WKH�GHFLVLRQ�VHW��(DVWPDQ���������)RU
H[DPSOH��IRU� WKH�HFRORJLFDO�FDSDELOLW\�HYDOXDWLRQ�RI
ZDWHUVKHGV�� WKH�'(0�IDFWRU�PDS�ZDV� VWDQGDUGL]HG
XVLQJ� D� VLJPRLGDO�PRQRWRQLFDOO\� GHFUHDVLQJ� )X]]\
PHPEHUVKLS�IXQFWLRQ�ZLWK�FRQWURO�SRLQWV�DW������DQG
�����PHWHUV��7KXV��DUHDV�OHVV�WKDQ������PHWHUV�ZHUH
DVVLJQHG�D�VHW�PHPEHUVKLS�RI������RQ�D�VFDOH�IURP���
������ WKRVH� EHWZHHQ� ����� DQG� �����PHWHUV� ZHUH
DVVLJQHG�D�YDOXH�ZKLFK�SURJUHVVLYHO\�GHFUHDVHG�IURP
����WR���LQ�WKH�PDQQHU�RI�DQ�V�VKDSHG�FXUYH��DQG�WKRVH
EH\RQG������PHWHUV�ZHUH�DVVLJQHG�D�YDOXH�RI����)LJ���
LOOXVWUDWHV�WKH�VWDQGDUGL]HG�UHVXOWV�RI�DOO�ILYH�IDFWRUV
DQG�WKH�FRQVWUDLQWV�IRU�WKH�ZDWHUVKHGVDVVHVVPHQW��)RU
D�JLYHQ�VHW� RI�Q�FULWHULRQ� �DWWULEXWH��PDSV��2:$�LV
GHILQHG�DV�D�PDS�FRPELQDWLRQ�RSHUDWRU�WKDW�DVVRFLDWHV
ZLWK�DQ�LWK�ORFDWLRQ��REMHFW��D�VHW�RI�RUGHU�ZHLJKWV�Y� 
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(FRORJLFDO�&DSDELOLW\�$VVHVVPHQW

DQG�D�VHW�RI�FULWHULRQ�ZHLJKWV�Z �Z
�
��Z

���
Z

Q
�Z

M
�>���@�

DQG� ���*LYHQ�WKH�DWWULEXWH�YDOXHV�D
L�
��D

L�
�

«�D
LQ
�DW�WKH�LWK�ORFDWLRQ��OLNH�HTXDWLRQ���

2:$
L
 X

M
 

:KHUH�]
L�

�]
L�

�«� �]
LQ
�LV�WKH�VHTXHQFH�REWDLQHG�E\

UHRUGHULQJ�WKH�DWWULEXWH�YDOXHV�D
L�
��D

L�
��«�D

LQ
��DQG�Z

M��
�LV

WKH� UHRUGHUHG� M
WK
� FULWHULRQ�ZHLJKW��Z

M
�� 7KH� FULWHULRQ

ZHLJKWV�DUH�UHRUGHUHG�DFFRUGLQJ�WR�]
L�

�]
L�

�«� �]
LQ
��,W

LV� LPSRUWDQW�WR�QRWH� WKH�GLIIHUHQFH�EHWZHHQ� WKH� WZR
W\SHV�RI�ZHLJKWV��WKH�FULWHULRQ�ZHLJKWV�DQG�WKH�RUGHU
ZHLJKWV���0DOF]HZVNL���������7KH�FULWHULRQ�ZHLJKWV�DUH
DVVLJQHG�WR�WKH�HYDOXDWLRQ�FULWHULD�WR�LQGLFDWH�WKH�WUDGH�
RIIV�EHWZHHQ�FULWHULD��$OO�ORFDWLRQV�RQ�WKH�M

WK
�FULWHULRQ

PDS�DUH�DVVLJQHG� WKH�VDPH�ZHLJKW�RI�Z
M
��7KH�RUGHU

ZHLJKWV�DUH�DVVRFLDWHG�ZLWK�WKH�FULWHULRQ�YDOXHV�RQ�WKH
ORFDWLRQ�E\�ORFDWLRQ��REMHFW�E\�REMHFW��EDVLV��7KH\�DUH
DVVLJQHG� WR� WKH� L

WK
� ORFDWLRQ¶V� DWWULEXWH� YDOXH� LQ

GHFUHDVLQJ� RUGHU�ZLWKRXW� FRQVLGHULQJ� IURP�ZKLFK
FULWHULRQ�PDS�WKH�YDOXH�FRPHV��0DOF]HZVNL��������

)LJ�����6WDQGDUGL]DWLRQ�RI�HYDOXDWLRQ�FULWHULD��)RU�H[DPSOH��D��6ORSH��E��'(0��F��'HQVLW\�RI�WUHHV�FRYHULQJ

�G��9DULHW\�YDOXH��H��$QQXDO�LQFUHPHQW���I��FRQVWUDLQWV�PDS

7KH�JHQHUDOLW\�RI�2:$�LV�UHODWHG�WR�LWV�FDSDELOLW\
WR�LPSOHPHQW�D�ZLGH�UDQJH�RI�FRPELQDWLRQ�RSHUDWRUV
E\�VHOHFWLQJ�DSSURSULDWH�RUGHU�ZHLJKWV��<DJHU��������
7KH�IDPLO\�RI�2:$�RSHUDWRUV�LQFOXGHV�WKH�PRVW�RIWHQ
XVHG� *,6�EDVHG�PDS� FRPELQDWLRQ� SURFHGXUHV�� WKH
ZHLJKWHG� OLQHDU� FRPELQDWLRQ� DQG�%RROHDQ� RYHUOD\
RSHUDWLRQV��VXFK�DV�LQWHUVHFWLRQ��$1'��DQG�XQLRQ��25�
�<DJHU��������-LDQJ�DQG�(DVWPDQ���������7KH�DFWXDO�W\SH
RI�WKH�2:$�RSHUDWRU�GHSHQGV�RQ�WKH�IRUP�RI�WKH�RUGHU
ZHLJKWV��6HYHUDO�PHWKRGV�IRU�GHWHUPLQLQJ�WKH�ZHLJKWV�
+HUH��ZH�ZLOO�IRFXV�RQ�WKH�PD[LPXP�HQWURS\�DSSURDFK
�0DOF]HZVNL���������7KLV�DSSURDFK�PDNHV�XVH�RI�WKH
PHDVXUH� RI�25QHVV� DQG� WKH�PHDVXUH�RI� GLVSHUVLRQ�
7KH�PHDVXUH�RI�25QHVV�LV�GHILQHG�DV�HTXDWLRQ���<DJHU�
������

25
QHVV
  

7KH� �YDOXH�UDQJHV�IURP���WR����,W�PHDVXUHV�WKH�GHJUHH
WR�ZKLFK�DQ�2:$�RSHUDWRU�LV�VLPLODU�WR�WKH�ORJLFDO�25
�RU� WKH�0$;�RSHUDWRU�� LQ� WHUPV�RI� LWV� FRPELQDWLRQ
EHKDYLRU��7KH�PHDVXUH�FDQ�EH�LQWHUSUHWHG�LQ�WKH�FRQWH[W
RI�ZHOO�HVWDEOLVKHG� EHKDYLRUDO� WKHRU\� RI� GHFLVLRQ�

���

���
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PDNLQJ��0DUFK�DQG�6KDSLUD���������$FFRUGLQJ�WR�WKH
WKHRU\��DQ�HVVHQWLDO�FRPSRQHQW�RI�DQ\�GHFLVLRQ�PDNLQJ
SURFHVV�LV�WKH�DWWLWXGH�RI�WKH�GHFLVLRQ�PDNHU��LQGLYLGXDO
RU�RUJDQL]DWLRQ��WRZDUGV�ULVN��$Q�LQGLYLGXDO�ZLWK�ORZ
ULVN�WDNLQJ�SURSHQVLW\�ZLOO�W\SLFDOO\�ZHLJK�QHJDWLYH
RXWFRPHV�PRUH�KLJKO\�DQG��FRQYHUVHO\��DQ�LQGLYLGXDO
ZLWK�KLJK�ULVN�WDNLQJ�SURSHQVLW\�LV�PRUH�OLNHO\�WR�ZHLJK
SRVLWLYH�RXWFRPHV�PRUH�KLJKO\��5LVN�DWWLWXGHV�FDQ�EH
UHSUHVHQWHG�RQ�D�FRQWLQXXP�IURP�ULVN�DYHUVLRQ�WR�ULVN
VHHNLQJ��0DOF]HZVNL���������$FFRUGLQJO\��25QHVV�FDQ
EH� UHFRJQL]HG� DV� D�PHDVXUH� RI� WKH� GHJUHH� RI� WKH
GHFLVLRQ�PDNHUV�RSWLPLVP��<DJHU���������7KH�YDOXHV�RI
25QHVV�LQ�WKH�UDQJH�IURP�����WR���UHSUHVHQW�RSWLPLVWLF
GHFLVLRQ� VWUDWHJLHV�� ZKLOH� WKH� YDOXHV� OHVV� WKDQ� ���
UHSUHVHQW�SHVVLPLVP�GHFLVLRQ�VWUDWHJLHV��,I�25QHVV� 
�����WKHQ�D�GHFLVLRQ�PDNHU�LV�LQGLIIHUHQW�WRZDUGV�ULVN�RU
ULVN�QHXWUDO��7KXV��2:$�FDQ�DFFRPPRGDWH�YDU\LQJ
GHJUHHV�RI�RSWLPLVP��DQG�SHVVLPLVP��RQ�WKH�SDUW�RI�WKH
GHFLVLRQ�PDNHU��<DJHU��������-LDQJ�DQG�(DVWPDQ��������
$OWHUQDWLYHO\�� 2:$� FDQ� EH� FKDUDFWHUL]HG� E\� WKH
PHDVXUH�RI�GLVSHUVLRQ��8VLQJ�WKH�6KDQQRQ¶V�PHDVXUH
RI� HQWURS\�� WKH� QRUPDOL]HG�GLVSHUVLRQ� LV�GHILQHG� DV
HTXDWLRQ����0DOF]HZVNL��������

 �

7KH�YDOXHV�RI�WKH�PHDVXUH�UDQJH�IURP�����WR�����
7KH�JUHDWHU�WKH�HTXDOLW\�DPRQJ�WKH�ZHLJKWV��WKH�JUHDWHU
LV�WKH�GLVSHUVLRQ��7KH�PHDVXUH�FDQ�EH�LQWHUSUHWHG�DV
WKH� GHJUHH� WR�ZKLFK� WKH�2:$� RSHUDWRUV� XVH� WKH
LQIRUPDWLRQ�FRQWDLQHG�LQ�WKH�Q�FULWHULRQ�PDSV��0DOF]HZVNL
HW�DO���������7KH�PRUH�GLVSHUVHG�WKH�RUGHU�ZHLJKWV��WKH
PRUH�LQIRUPDWLRQ�FRQWDLQHG�LQ�WKH�PDSV�LV�EHLQJ�XVHG�LQ
WKH�SURFHVV�RI�FRPELQLQJ�WKH�FULWHULRQ�PDSV��2¶+DJDQ
�������VXJJHVWV�WKDW�WKH�DSSURDFK�IRU�GHWHUPLQLQJ�WKH
RUGHU�ZHLJKWV�VKRXOG�EH�UHODWHG�WR�WKH�GHJUHH�RI�25QHVV
DQG� WKH� PHDVXUH� RI� GLVSHUVLRQ� �HQWURS\��
$FFRUGLQJO\�WKH� VHW� RI� RUGHU�ZHLJKWV� LV� REWDLQHG� E\
VROYLQJ� WKH� IROORZLQJ� QRQOLQHDU� PDWKHPDWLFDO
SURJUDPPLQJ�SUREOHP��HTXDWLRQV���DQG����

0D[LPL]H �

6XEMHFW�WR�� � � � ��  ��� ���IRU

M ������«��Q�

$� VROXWLRQ� WR� WKH� SUREOHPV� ���±���� GHWHUPLQHV� WKH
PD[LPXP�GHJUHH�RI�GLVSHUVLRQ��DQG�WUDGH�RII��IRU�D�JLYHQ
GHJUHH�RI�25QHVV��WKH� �SDUDPHWHU���0DOF]HZVNL��������

5(68/76�	�',6&866,21
7KH�DLP�RI�WKH�2:$�FRPELQDWLRQ�SURFHGXUH�LV�WR

LGHQWLI\�DQG�SULRULWLHV�DUHDV�LQ�WKH����DQG����ZDWHUVKHGV
IRU�(FRORJLFDO�&DSDELOLW\�$VVHVVPHQW�,Q�WKLV�UHVHDUFK

LPSOHPHQWHG�ILYH�GHFLVLRQ�VWUDWHJLHV��(DFK�VWUDWHJ\�LV
DVVRFLDWHG�ZLWK�D�JLYHQ�YDOXH�RI� �DQG�WKH�FRQQHFWLRQ
RI�EHWZHHQ�WUDGHRII�DQG�5LVN��)LJ�����'HFLVLRQ�6WUDWHJ\
6SDFH���2:$�ZLOO�JLYH�XV�FRQWURO�RYHU�WKH�SRVLWLRQ�RI
WKH�0&(�DORQJ�ERWK�WKH�ULVN�DQG�WUDGHRII�D[HV��7KDW�LV�
LW�ZLOO�OHW�XV�FRQWURO�WKH�OHYHO�RI�ULVN�ZH�ZLVK�WR�DVVXPH
LQ�RXU�0&(��DQG�WKH�GHJUHH�WR�ZKLFK�IDFWRU�ZHLJKWV
�WUDGHRII�ZHLJKWV��ZLOO�LQIOXHQFH�WKH�ILQDO�VXLWDELOLW\
PDS��7KHVH�VFHQDULRV�LQFOXGH�
6FHQDULR���,Q�WKLV�VFHQDULR��IXOO�ZHLJKW�JLYHV�WR�WKH
ODVW�UDQN�RUGHU��WKH�PD[LPXP�VXLWDELOLW\�VFRUH�DFURVV
DOO�IDFWRUV�IRU�HDFK�SL[HO���UHVXOWV�ZLOO�FORVHO\�UHVHPEOH
WKH�25�RSHUDWLRQ�LQ�0&(��7KH�RUGHU�ZHLJKWV�WKDW�XVH
IRU�25�RSHUDWLRQ�ZRXOG�EH�WKH�7DEOH����,Q�DGGLWLRQ�
VXFK�D�ZHLJKWLQJ�ZRXOG�UHVXOW�LQ�QR�WUDGHRII�DQG�KLJK
ULVN��)LJ�����
6FHQDULR� ��,Q� WKLV� VFHQDULR�� WKHVH� RUGHU� ZHLJKWV
VSHFLI\�DQ�RSHUDWLRQ�PLGZD\�EHWZHHQ�WKH�H[WUHPH�RI
$1'�DQG�WKH�DYHUDJH�ULVN�SRVLWLRQ�RI�:/&��,Q�DGGLWLRQ�
WKHVH� RUGHU�ZHLJKWV� VHW� WKH� OHYHO� RI� WUDGHRII� WR� EH
PLGZD\�EHWZHHQ�WKH�QR�WUDGHRII�VLWXDWLRQ�RI�WKH�$1'
RSHUDWLRQ�DQG�WKH�IXOO�WUDGHRII�VLWXDWLRQ�RI�:/&��)LJ�
���
6FHQDULR���,Q� WKLV�VFHQDULR�� OHYHO�RI� ULVN�LV� H[DFWO\
EHWZHHQ�$1'�DQG�25�DQG�OHYHO�RI�WUDGHRII�LV�IXOO��WKHQ
DIWHU�WKH�H[DPSOH�RI�7DEOH���ZRXOG�VSHFLI\�WKH�IROORZLQJ
RUGHU� ZHLJKWV�� ,Q� KHUH�� ZHLJKW� LV� GLVWULEXWHG� RU
GLVSHUVHG�HYHQO\�DPRQJ�DOO�IDFWRUV�UHJDUGOHVV�RI�WKHLU
UDQN�RUGHU�SRVLWLRQ�IURP�PLQLPXP�WR�PD[LPXP�IRU�DQ\
JLYHQ� ORFDWLRQ�� 7KLV� VFHQDULR� UHVHPEOHV� WKH�:/&
PHWKRG��)LJ����
6FHQDULR� ��,Q� WKLV� VFHQDULR�� IRU � H[DPSOH�
ZDWHUVKHGVPDQDJHUV� PD\� EH� LQWHUHVWHG� LQ� D
FRQVHUYDWLYH� RU� ORZ�ULVN� VROXWLRQ� IRU� LGHQWLI\LQJ
VXLWDEOH� DUHDV� IRU�ZDWHUVKHGV�(FRORJLFDO�&DSDELOLW\
$VVHVVPHQW�� +RZHYHU�� WKH\� DOVR� NQRZ� WKDW� WKHLU
HVWLPDWHV� IRU�KRZ�GLIIHUHQW� IDFWRUV�VKRXOG� WUDGH� RII
ZLWK� HDFK� RWKHU� DUH� DOVR� LPSRUWDQW� DQG� VKRXOG� EH
FRQVLGHUHG��7KH\�ZLOO� WKHQ�ZDQW�WR�GHYHORS�D�VHW�RI
RUGHU�ZHLJKWV�WKDW�ZRXOG�JLYH�WKHP�VRPH�DPRXQW�RI
WUDGHRII�EXW�ZRXOG�PDLQWDLQ�D�OHYHO�RI�ORZ�ULVN�LQ�WKH
VROXWLRQ��7KHUH�DUH�VHYHUDO�VHWV�RI�RUGHU�ZHLJKWV�WKDW
FRXOG�EH�XVHG�WR�DFKLHYH�WKLV��)RU�ORZ�ULVN��WKH�ZHLJKW
VKRXOG� EH� VNHZHG� WR� WKH�PLQLPXP� HQG�� )RU� VRPH
WUDGHRII��ZHLJKWV� VKRXOG� EH� GLVWULEXWHG� WKURXJK� DOO
UDQNV��7KH�VHW�RI�RUGHU�ZHLJKWV�DW�7DEOH���DQG�WKH�UHVXOW
RI�WKLV�VFHQDULR�ZHUH�VKRZHG�LQ�)LJ����
6FHQDULR���,Q�WKLV�VFHQDULR��IXOO�ZHLJKW�JLYHV�WR�WKH
ILUVW�UDQN�RUGHU��WKH�PLQLPXP�VXLWDELOLW\�VFRUH�DFURVV
DOO�IDFWRUV�IRU�HDFK�SL[HO���UHVXOWV�ZLOO�FORVHO\�UHVHPEOH
WKH�$1'�RSHUDWLRQ�LQ�%RROHDQ�0&(��,Q�KHUH��WKH�IDFWRU
ZLWK�WKH�PLQLPXP�YDOXH�JHWV�IXOO�ZHLJKWLQJ��7KH�RUGHU
ZHLJKWV� WKDW� XVH� IRU�$1'� RSHUDWLRQ� ZRXOG� EH� WKH
IROORZLQJ�WDEOH��,Q�DGGLWLRQ��VXFK�D�ZHLJKWLQJ�ZRXOG
UHVXOW�LQ�QR�WUDGHRII�DQG�ORZ�ULVN��)LJ������
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7DEOH����7KH�RUGHU�ZHLJKWV�IRU�VHOHFWHG�YDOXHV�RI�SDUDPHWHU� �DQG�YDULRXV�VFHQDULRV

� ��� � ���� ���� ���� � ����
'HFLVLRQ�6WUDWHJ\�
6SDFH�

6FHQDULR���
+LJK�OHYHO�RI�

ULVN�1R�
WUDGHRII�

6FHQDULR���
+LJK�OHYHO�RI�
ULVN�6RPH�
WUDGHRII���

6FHQDULR���
$YHUDJH�OHYHO�
RI�ULVN�)XOO�
WUDGHRII��

6FHQDULR���
/RZ�OHYHO�RI�
ULVN�6RPH�
WUDGHRII��

6FHQDULR���
/RZ�OHYHO�
RI�ULVN�1R�
WUDGHRII��

���������2UGHU�ZHLJKWV� � �
�VW� �� �� ����� ����� ��
�QG� �� ������ ����� ������ ��
�UG� �� ������ ����� ������ ��
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)LJ�����7KH�PDS�RI�LPSOHPHQWDWLRQ�RI�WKH�VFHQDULR�� )LJ�����7KH�PDS�RI�LPSOHPHQWDWLRQ�RI�WKH�VFHQDULR��

)LJ������7KH�PDS�RI�LPSOHPHQWDWLRQ�RI�WKH�VFHQDULR��

&21&/86,21
*,6�)X]]\�0RGHOLQJ��*,6)0��LV�D�QHZ�DSSURDFK

EDVHG�RQ�LQWHUIDFLQJ�)X]]\�DQG�FULVS�PRGHOLQJ�ZLWK
*,6�� ,W� LV� DQ� DSSURSULDWH� PHWKRGRORJ\� WR� VXSSRUW
ORFDWLRQ�FKRLFH�DQG�ODQG�VXLWDELOLW\�DVVHVVPHQW��7KH
UHVXOW� KDV�GHPRQVWUDWHG� WKH� DGYDQWDJHV�RI�*,6)0�
7KXV�E\�XVH�RI�)X]]\�PRGHOV��LW�SRVVLEOH�WR�GHVFULEH
ERWK�VXEMHFWLYH��NQRZOHGJH�GULYHQ��DQG�GHWHUPLQLVWLF
�GDWD�GULYHQ��LQIRUPDWLRQ��$OVR�*,6)0�LV�DQ�HIIHFWLYH
WRRO�IRU�HYDOXDWLRQ�RI�WKH�TXDOLW\�RI�DWWULEXWH�GDWDEDVH�
7KLV� SDSHU� IRFXVHG� RQ� DQ� LPSOHPHQWDWLRQ� RI� WKH
SDUDPHWHUL]HG�2:$� DSSURDFK� DV� D� SODWIRUP� IRU

LQWHJUDWLQJ�PXOWLFULWHULD�GHFLVLRQ�DQDO\VLV�DQG�*,6��7KH
DSSURDFK� KDV� EHHQ� LPSOHPHQWHG� DV� D� FRUH� RI�*,6�
0&'$� VXSSRUW� V\VWHP� LQ� WKH�$UF*,6���� DQG
,'5,6,������HQYLURQPHQW��,Q�0&(�DQG�*,6�ZDV�XVHG
WR� FRPELQH�SK\VLFDO�DQG�ELRORJLFDO� IDFWRUV� IRU� ODQG
HYDOXDWLRQ�DQG�PXOWLFULWHULD�HYDOXDWLRQ��7KH�V\VWHP�KDV
D�UDQJH�RI�PXOWLFULWHULD�HYDOXDWLRQ�FDSDELOLWLHV�LQFOXGLQJ
FULWHULRQ�VWDQGDUGL]DWLRQ��FULWHULRQ�ZHLJKWLQJ�DQG�WKH
2:$�SURFHGXUHV�� ,W�KDV� EHHQ�VKRZQ� WKDW�WKH�2:$
FRQFHSW� LV� DQ� H[WHQVLRQ� DQG� JHQHUDOL]DWLRQ� RI� WKH
FRQYHQWLRQDO� *,6� RSHUDWLRQV� VXFK� DV� WKH�ZHLJKWHG
OLQHDU�FRPELQDWLRQ�DQG�WKH�%RROHDQ�RYHUOD\�DQDO\VLV�,Q

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

���



WKLV�UHVHDUFK��IRU�DVVHVVLQJ�WKH�HFRORJLFDO�FDSDELOLW\
RIZDWHUVKHG�� DIWHU� � WKH�� LPSOHPHQWDWLRQ� RI
PHQWLRQHG�ILYH�VFHQDULRV�LQ�WKH� VWXG\� DUHD� DQG� VR
SUHSDUHG�RI�VOLJKWO\�PDSV�DQG�VXUYH\HG�RI�ILHOG��WKHVH
ILQGLQJV� FDQ� HPSKDVL]H� WKH� WKLUG�VFHQDULR
LV�PRUH�FRQVLVWHQW�ZLWK� QDWXUH�� 7KHUHIRUH��WKLV
VFHQDULR�ZDV�SURSRVHG�DV�D�EHWWHU�VFHQDULR�

7KH�SDUDPHWHUL]HG�2:$�DSSURDFK�DOORZV�GHFLVLRQ
PDNHUV�WR�H[SORUH�GLIIHUHQW�GHFLVLRQ�VWUDWHJLHV�EDVHG
RQ� WKHLU� DWWLWXGHV� EHWZHHQ� ULVN� DQG� WUDGH�RII�� 7KH
DQDO\VLV�RI�WKH�PHWKRGV�KDV�DOORZHG�XV�WR�GUDZ�VHYHUDO
FRQFOXVLRQV�IRU�WKH�LPSOHPHQWDWLRQ�RI�DQ�HFRORJLFDO
FDSDELOLW\�HYDOXDWLRQ�RI�ZDWHUVKHGV�LQ�
��� 7KH� ZDWHUVKHGV� ODQG� HYDOXDWLRQ�PHWKRG� PXVW
FRQVLGHU�DOO�WKH�HFRORJLFDO�SDUDPHWHUV�
��� 7KH� ZDWHUVKHGV� ODQG� HYDOXDWLRQ� V\VWHP� VKRXOG
FRPSULVH�QRW�RQO\�WKH�DQDO\VLV�RI�SK\VLFDO�IDFWRUV�EXW
DOVR�WKH�ELRORJLFDO�IDFWRUV�
���0XOWL�FULWHULD�HYDOXDWLRQ� WHFKQLTXHV�DOVR�SURYLGH
FRQWLQXRXV� ODQG� VXLWDELOLW\�PDSV� DQG� DOORZ� WKH
FRQVLGHUDWLRQ�RI�VRFLRHFRQRPLF�IDFWRUV�
���7KH�PXOWL�FULWHULD�HYDOXDWLRQ�LQWHJUDWHG�LQ�*,6�KDV
EHHQ�VXFFHVVIXOO\�DSSOLHG�LQ�PDQ\�VLWXDWLRQV�IRU�RSWLPDO
ODQG�XVH�DOORFDWLRQ�DQG�LW�LV�HDVLO\�LPSOHPHQWHG��WKH
DSSOLFDWLRQ�RI�LQWHJHU�OLQHDU�SURJUDPPLQJ�PRGHOV�LV
OHVV�FRPPRQ�DQG�FRPSXWLQJ�WLPH�GHPDQGLQJ�
���7KH�IOH[LELOLW\�RI�VSDWLDO�VLPXODWLRQ�PRGHOV�DQG�H[SHUW
V\VWHPV� DOORZV� WKHP� WR� EH� DSSOLHG� WR� GLYHUVH
FRQGLWLRQV�DQG�SUREOHPV��EXW�FRPSOH[�GHYHORSPHQW�LV
GHPDQGHG�IRU�WKHP�WR�EH�DGDSWHG�WR�D�VSHFLILF�UHJLRQ
ZKHUH�WKHUH�DUH�QRW�DQ\�SUHYLRXV�H[SHULHQFHV�LQ�WKLV
W\SH�RI�PRGHOV��OLNH����DQG����ZDWHUVKHGV�

$&.12:/('*(0(176
7KH�DXWKRUV�ZRXOG�OLNH�WR�H[SUHVV�WKHLU�WKDQNV�WR

WKH� )RUHVWV�� 5DQJ� DQG�:DWHUVKHG� 0DQDJHPHQW
2UJDQL]DWLRQ� DQG� 1DWLRQDO� *HRJUDSKLFDO
2UJDQL]DWLRQIRU�SURYLGLQJ�EDVLF�LQIRUPDWLRQ�DQG�VR�
'U��0DMLGPDNKGRXP�� 'U��$OLUH]D$PLULDQ�� 'U�
PHKGL*KRODPDOLIDUG�DQG�(QJ��0RKDPDG0RUWD]DYL�

5()(5(1&(6
$KPHG��0��,�� DQG�$EGHOOD(OWXUDEL�� /��'�� �������6HFWRUDO
(YDOXDWLRQ� RI�(,$� 3UDFWLFH� LQ� WKH�6XGDQ�� ,QW�� -�� (QYLURQ�
5HV������������������

$PLUL��0�-�� ��������(FRORJLFDO� &DSDELOLW\�0RGHOLQJ� RI
+\UFDQLDQ�)RUHVWV� IRU� ,PSURYLQJ� &XUUHQW� )RUHVWU\�:RUG
0RGHOV�RI�,UDQ�&DVH�6WXG\��0D]DQGDUDQ�3URYLQFH��$7KHVLV
SUHVHQWHG�IRU� WKH�'HJUHH�RI�3K�'�� LQ�)RUHVWU\� HQJLQHHULQJ�
7UELDW0RGDUHVXQLYHUVLW\�

$VKUDIL��.K��6KDILHSRXU��0��*KDVHPL��/�� DQG�1DMDU$UDDEL�
%����������3UHGLFWLRQ�RI�&OLPDWH�&KDQJH�,QGXFHG�7HPSHUDWXUH
5LVH�LQ�5HJLRQDO�6FDOH�8VLQJ�1HXUDO�1HWZRUN��,QW��-��(QYLURQ�
5HV������������������

$VSURWK�� 9��� +ROPEHUJ�� 6�� &�� DQG� +nNDQVVRQ�� $�
�������'HFLVLRQ� VXSSRUW� IRU� VSDWLDO� SODQQLQJ� DQG
PDQDJHPHQW�RI�KXPDQ�VHWWOHPHQWV¶�� LQ�/DVNHU��*�(�� �(G���
$GYDQFHV�LQ�6XSSRUW�6\VWHPV�5HVHDUFK��9RO�����,QWHUQDWLRQDO
,QVWLWXWH� IRU�$GYDQFHG� 6WXGLHV� LQ� 6\VWHPV�5HVHDUFK� DQG
&\EHUQHWLFV��:LQGVRU�� 2QWDULR��&DQDGD�� SS���±���

%DGHQNR��9�� DQG�.XUWHQHU��'�� �������)X]]\�0RGHOLQJ� LQ
*,6� (QYLURQPHQW� WR� 6XSSRUW� 6XVWDLQDEOH� /DQG� 8VH
3ODQQLQJ��WK�$*,/(�&RQIHUHQFH�RQ�*HRJUDSKLF�,QIRUPDWLRQ
6FLHQFH����$SULO��0D\������� +HUDNOLRQ��*UHHFH� 3DUDOOHO
6HVVLRQ�����*HRJUDSKLF�.QRZOHGJH�'LVFRYHU\�

%DQDL��5�� �������� )X]]LQHVV� LQ�*HRJUDSKLFDO� ,QIRUPDWLRQ
6\VWHPV��FRQWULEXWLRQV�IURP�WKH�$QDO\WLF�+LHUDUFK\�3URFHVV�
,QWHUQDWLRQDO�-RXUQDO�RI�*HRJUDSKLFDO�,QIRUPDWLRQ�6\VWHPV�
���������������

%DUUHGR�� -�� ,��'HPLFKHOL��/���/DYDOOH��&���.DVDQNR��0��DQG
0F&RUPLFN��1���������0RGHOLQJ�IXWXUH�XUEDQ�VFHQDULRV� LQ
GHYHORSLQJ� FRXQWULHV�� DQ� DSSOLFDWLRQ� FDVH� VWXG\� LQ� /DJRV�
1LJHULD��(QYLURQPHQW�DQG�3ODQQLQJ�%��3ODQQLQJ�DQG�'HVLJQ�
����������

%DVVR�� %���'H� 6LPRQH��/��&DPPDUDQR��'���0DUWLQ�� (�&��
0DUJLRWWD��6���*UDFH��3�5��<HK��0�/��DQG�&KRX��7�<���������
(YDOXDWLQJ� 5HVSRQVHV� WR� /DQG�'HJUDGDWLRQ�0LWLJDWLRQ
0HDVXUHV�LQ�6RXWKHUQ�,WDO\��,QW��-��(QYLURQ��5HV��������������
����

%HONKLUL�� /��� %RXGRXNKD��$�� DQG�0RXQL�� /�� �������$
PXOWLYDULDWH�6WDWLVWLFDO�$QDO\VLV� RI�*URXQGZDWHU�&KHPLVWU\
'DWD��,QW��-��(QYLURQ��5HV������������������

%RJDUGL�� ,��� %DUGRVV\��$���0D\V��0�� '�� DQG'XFNVWHLQ��/�
�������5LVN� DVVHVVPHQW� DQG� )X]]\� ORJLF� DV� UHODWHG� WR
HQYLURQPHQWDO�VFLHQFH��666$�6SHFLDO�SXEO��1R����

%UDLO�� 5�� DQG�.ORVWHUPDQ�5�� �������3ODQQLQJ� 6XSSRUW
6\VWHPV�� ,QWHJUDWLQJ�*HRJUDSKLF� ,QIRUPDWLRQ� 6\VWHPV�
0RGHOV�� DQG� 9LVXDOL]DWLRQ� 7RROV�� (65,�3UHVV�
5HGODQGV�,6%1�������������SS�����

%XUURXJK��3�$���0DF0LOODQ��5�$���YDQ�'HXUVHQ��:���������
)X]]\�FODVVLILFDWLRQ�PHWKRGV�IRU�GHWHUPLQLQJ�ODQG�VXLWDELOLW\
IURP� VRLO� SURILOH� REVHUYDWLRQV� DQG� WRSRJUDSK\�� -RXUQDO� RI
6RLO�6FLHQFH��������������

&DUYHU�6��-���������,QWHJUDWLQJ�PXOWL�FULWHULD�HYDOXDWLRQ�ZLWK
JHRJUDSKLFDO� LQIRUPDWLRQ�V\VWHPV�� ,QWHUQDWLRQDO�-RXUQDO� RI
*HRJUDSKLFDO� ,QIRUPDWLRQ�6\VWHPV��������� ��������

&KDQ�� )�7�6��� DQG�.XPDU��1��� �������� *OREDO� VXSSOLHU
GHYHORSPHQW�FRQVLGHULQJ�ULVN�IDFWRUV�XVLQJ�)X]]\�H[WHQGHG
$+3�EDVHG�DSSURDFK��2PHJD����� ���±����

&KRX��7�<���+VX��&��/�� DQG�&KHQ��0��&�� ��������$� )X]]\
PXOWL�FULWHULD�GHFLVLRQ�PRGHO� IRU� LQWHUQDWLRQDO�WRXULVW� KRWHOV
ORFDWLRQ� VHOHFWLRQ�,QWHUQDWLRQDO� -RXUQDO� RI� +RVSLWDOLW\
0DQDJHPHQW��������±����

'DODODK��'��DQG�%DWDLQHK��2���������$�)X]]\�ORJLF�DSSURDFK
WR�WKH�VHOHFWLRQ�RI�WKH�EHVW�VLOLFRQ�FU\VWDO�VOLFLQJ�WHFKQRORJ\�
([SHUW� 6\VWHPV�ZLWK�$SSOLFDWLRQV������ ����±�����

'UDJLFHYLF�� 6���)LOLSRYLF�� '���.RVWDGLQRY�� 6���5LVWLF�� 5��
1RYNRYLF��,���=LYNRYLF��1���$QGMHONRYLF��*���$EROPDVRY��%��

���

(FRORJLFDO�&DSDELOLW\�$VVHVVPHQW



6HFHURY��9�� DQG� 'MXUGMLF�� 6�� �������� 1DWXUDO� +D]DUG
$VVHVVPHQW�IRU�/DQG�XVH�3ODQQLQJ�LQ�6HUELD��,QW��-��(QYLURQ�
5HV������������������

(DVWPDQ�� -�� 5�� �������� ,'5,6,� IRU�:LQGRZV�� YHUVLRQ� �±
8VHU�V�*XLGH��:RUFHVWHU��&ODUN�8QLYHUVLW\�

(DVWPDQ�� -�5��� -LQ��:��� .\HP��3�� DQG7ROHGDQR��-�� �������
5DVWHU� SURFHGXUHV� IRU� PXOWL�FULWHULD�PXOWL�REMHFWLYH
GHFLVLRQV��3KRWRJUDPPHWULF�(QJLQHHULQJ�DQG�5HPRWH�6HQVLQJ�
����������������

(DVWPDQ�� -�� 5�� �������� ,'5,6,� IRU�:LQGRZV��9HUVLRQ� ����
7XWRULDO�([HUFLVHV��*UDGXDWH�6FKRRO� RI�*HRJUDSK\�� &ODUN
8QLYHUVLW\��:RUFHVWHU�

(DVWPDQ�� -��5�� �������� ,',5,6,�.LOLPDQMDUR� JXLGH� WR�*,6
DQG� LPDJH� SURFHVVLQJ�� &ODUN� /DEV�� &ODUN� 8QLYHUVLW\�
:RUFHVWHU��0$�� SS� ����

(UHQVDO�� <�&��� 2�]FDQ�� 7�� DQG'HPLUFDQ�� 0�� /�
�������'HWHUPLQLQJ� NH\� FDSDELOLWLHV� LQ� WHFKQRORJ\
PDQDJHPHQW�XVLQJ�)X]]\�DQDO\WLF�KLHUDUFK\�SURFHVV��$�FDVH
VWXG\� RI�7XUNH\�� ,QIRUPDWLRQ�6FLHQFHV������ ����±�����

)HQJ��;��<�DQG�� /XR��*�� 3���/L��&��)��� 'DL��/�� DQG�/X��/�
�������'\QDPLFV�RI�(FRV\VWHP�6HUYLFH�9DOXH�&DXVHG� E\
/DQG�XVH�&KDQJHV�LQ�0DQDV5LYHU�RI�;LQMLDQJ��&KLQD��,QW��-�
(QYLURQ��5HV������������������

)XPDJDOOL��1��DQG�7RFFROLQL��$���������5HODWLRQVKLS�%HWZHHQ
*UHHQZD\V�DQG�(FRORJLFDO�1HWZRUN��$�&DVH�6WXG\� LQ� ,WDO\�
,QW��-��(QYLURQ��5HV������������������

*UDQW�� :�� (�� �������� (FRORJ\� DQG� QDWXUDO� UHVRXUFH
PDQDJHPHQW�� UHIOHFWLRQ� IURP� D� V\VWHP� SHUVSHFWLYH
PDQDJHPHQW��(FRORJLFDO�0RGHOLQJ�������������

+D\DWJKHLE�� '��� .DUDPL��0��� )DUDKPDQG�+�� 0HKUDEDQL�
\HJDQHK��+�DQG� )DUKDGLQLD��0�6�� �������0RUSKRORJLFDO
VWXG\� DQG� FRPSDULVRQ� RI� ZHVWHUQ� DQG� HDVWHUQ
JRLWHUHGJD]HOOH�*D]HOODVXEJXWWXURVD�*XHOGHQVWDHGW�� �����
3RSXODWLRQV� LQ�,UDQ��,QW��-��(QYLURQ��5HV������������������

+RVVHLQL��6�0���$PLUL��0�-��DQG�5DIDWQLD��1���������)RUHVW
DQG�0RXQWDLQ�5RDG�3URMHFWV�3ODQQLQJ�RQ�WKH�%DVLV�RI�/DQG
(YDOXDWLRQ��)RUHVW�6FLHQFH����� ������

-DQNRZVNL��3�� DQG�5LFKDUG�� /�� �������� ,QWHJUDWLRQ�RI� *,6�
EDVHG� VXLWDELOLW\� DQDO\VLV� DQG�PXOWLFULWHULD� HYDOXDWLRQ� LQ� D
VSDWLDO� GHFLVLRQ� VXSSRUW� V\VWHP� IRU� URXWH� VHOHFWLRQ�
(QYLURQPHQW�DQG�3ODQQLQJ�%��3ODQQLQJ�DQG�'HVLJQ����������
����

-DQNRZVNL��3���������� ,QWHJUDWLQJ�JHRJUDSKLFDO� LQIRUPDWLRQ
V\VWHPV� DQG�PXOWLSOH� FULWHULD� GHFLVLRQ�PDNLQJ� PHWKRGV�
,QWHUQDWLRQDO�-RXUQDO�RI�*HRJUDSKLFDO�,QIRUPDWLRQ�6\VWHPV�
�����������

-LDQJ��+�� DQG�(DVWPDQ�� -�5�� ��������$SSOLFDWLRQ�RI�)X]]\
PHDVXUHV� LQ�PXOWL�FULWHULD� HYDOXDWLRQ� LQ�*,6�� ,QWHUQDWLRQDO
-RXUQDO�RI�*HRJUDSKLFDO�,QIRUPDWLRQ�6FLHQFHV���������±����

-LQJ��/�� DQG�=KL\XDQ��5�� ��������9DULDWLRQV� LQ� (FRV\VWHP
6HUYLFH�9DOXH�LQ�5HVSRQVH�WR�/DQG�XVH�&KDQJHV�LQ�WKH�/RHVV
3ODWHDX�LQ�1RUWKHUQ�6KDDQ[L�3URYLQFH��&KLQD��,QW��-��(QYLURQ�
5HV������������������

-XQ�� &K�� �������'HVLJQ� RI� DQ� LQWHOOLJHQW� JHRJUDSKLF
LQIRUPDWLRQ� V\VWHP� IRU�PXOWL�FULWHULD� VLWH�DQDO\VLV�� 85,6$
-RXUQDO���������������

.DQRNSRUQ��.�� DQG�,DPDUDP��9�� �������(FRORJLFDO� ,PSDFW
$VVHVVPHQW�� &RQFHSWXDO�$SSURDFK� IRU�%HWWHU�2XWFRPHV�
,QW��-��(QYLURQ��5HV������������������

.LP��'��.���-HRQJ��.��6���0F.D\��5��,��%����&KRQ��7��6��DQG
-RR�� *�� - �� ��������0DFKLQH� /HDUQLQJ� IRU� 3UHGLFWLYH
0DQDJHPHQW�� 6KRUW� DQG� /RQJ� WHUP� 3UHGLFWLRQ� RI
3K\WRSODQNWRQ�%LRPDVV�XVLQJ� *HQHWLF�$OJRULWKP�%DVHG
5HFXUUHQW�1HXUDO�1HWZRUNV��,QW��-��(QYLURQ��5HV�������������
����

.XUWHQHU��'��DQG�%DGHQNR�9�� ��������*,6�IX]]\� DOJRULWKP
IRU� HYDOXDWLRQ� RI� DWWULEXWH�GDWD� TXDOLW\��*,0� ,QWHUQDWLRQDO�
�������������

0DOF]HZVNL�� -�� ��������$�*,6�EDVHG� DSSURDFK� WR�PXOWLSOH
FULWHULD� JURXS�GHFLVLRQ�PDNLQJ�� -RXUQDO� RI�*HRJUDSKLFDO
,QIRUPDWLRQ�6\VWHPV���������� ��������

0DOF]HZVNL�� -�� �������� *,6� DQG�PXOWLFULWHULD� GHFLVLRQ
DQDO\VLV��:LOH\DQG6RQV��1HZ�<RUN��,6%1�������������SS
����

0DOF]HZVNL��-����������,QWHJUDWLQJ�PXOWLFULWHULD�DQDO\VLV�DQG
JHRJUDSKLF� LQIRUPDWLRQ� V\VWHPV�� WKH� RUGHUHG� ZHLJKWHG
DYHUDJLQJ� �2:$�� DSSURDFK�� ,QWHUQDWLRQDO� -RXUQDO
(QYLURQPHQWDO�7HFKQRORJ\�DQG�0DQDJHPHQW�����������±���

0DOF]HZVNL��-�� &KDSPDQ��7�� )OHJHO��&�� :DOWHUV��
'�6KUXEVROH��'��+HDO\��0��$��������� *,6� ��PXOWLFULWHULD
HYDOXDWLRQ�ZLWK� RUGHUHG�ZHLJKWHG� DYHUDJLQJ� �2:$��� FDVH
VWXG\� RI� GHYHORSLQJ� ZDWHUVKHG� PDQDJHPHQW
VWUDWHJLHV��(QYLURQPHQW� DQG�3ODQQLQJ�$����� ������ ����±
�����

0DUFK�� -�� DQG�6KDSLUD��=�� �������0DQDJHULDO� SHUVSHFWLYHV
RQ�ULVN�DQG�ULVN�WDNLQJ��0DQDJHPHQW�6FLHQFH���������������±
�����

0DWNDQ��$��$���6KDNLE�$��5��3RXUDOL��6��+��DQG�1D]PIDU��+�
��������8UEDQ�:DVWH�/DQGILOO� 6LWH�6HOHFWLRQ� E\�*,6� �&DVH
6WXG\��7DEUL]�&LW\���(QYLURQPHQWDO�VFLHQFHV����������������

0D\V��0��'���%RJDUGL�� ,��DQG�%DUGRVV\��$�� �������)X]]\
ORJLF�DQG�ULVN�EDVHG�VRLO�LQWHUSUHWDWLRQV��*HRGHUPD����������
����

0HQGHV�� -�)�*�� DQG�0RWL]XNL��:�6�� �������8UEDQ� TXDOLW\
RI� OLIH� HYDOXDWLRQ� VFHQDULRV�� WKH� FDVH� RI� VmRFDUORV� LQ
%UD]LO�&7%8+�5HYLHZ����������±���

0HQGR]D�*�$�� ��������$�*,6�EDVHG�PXOWLFULWHULD� DSSURDFK
WR�ODQG�XVH�VXLWDELOLW\�DVVHVVPHQW�DQG�DOORFDWLRQ��,Q��6HYHQWK
6\PSRVLXP� RQ� V\VWHPV� DQDO\VLV� LQ� IRUHVW� UHVRXUFHV�
7UDYHUVH� &LW\��86'$� )RUHVW� 6HUYLFH��$YDLODEOH�KWWS���
ZZZ�QFUV�IV�IHG�XV�SXEV�JWU�RWKHU�JWU�QF����ODQGXVH�KWP�

0RQGpMDU�-LPpQH]�� -���0RQGpMDU�-LPpQH]�� -�$��9DUJDV�
9DUJDV�� 0�� DQG� *i]TXH]�$EDG�� - �&�� �������3HUVRQDO
$WWLWXGHV�LQ�(QYLURQPHQWDO�3URWHFWLRQ��,QW��-��(QYLURQ��5HV��
�����������������

,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

���



1DMDIL�� $�� DQG� $IUD]HK�� $�� �������$QDO\VLV� RI� WKH
(QYLURQPHQWDO� 3URMHFWV�5LVN�0DQDJHPHQW�6XFFHVV�8VLQJ
$QDO\WLFDO�1HWZRUN�3URFHVV�$SSURDFK��,QW��-��(QYLURQ��5HV��
���������������

1HMDGL��$���-DIDUL��+�5���0DNKGRXP��0��)��DQG�0DKPRXGL�
0�� �������0RGHOLQJ�3ODXVLEOH� ,PSDFWV�RI� ODQG�XVH� FKDQJH
RQ�ZLOGOLIH� KDELWDWV��$SSOLFDWLRQ� DQG� YDOLGDWLRQ�� /LVDU
SURWHFWHG�DUHD�� ,UDQ��,QW��-��(QYLURQ��5HV������������������

1RXUL��-���6KDULILSRXU��5��DQG�%DEDHL��$��$���������(FRORJLFDO
&DSDELOLW\� RI�/DQG�8VH�3ODQQLQJ� IRU�5XUDO�'HYHORSPHQW�
-RXUQDO�RI�%LRORJLFDO�6FLHQFHV���������������

2¶+DJDQ��0�� ��������$� )X]]\� QHXURQ� EDVHG�PD[LPXP
HQWURS\�RUGHUHG�ZHLJKWLQJ�DYHUDJLQJ��LQ�%RXFKRQ�0HXQLHU�
%���<DJHU�� 5�5�� DQG� =DGHK��/�$�� �(GV���� 8QFHUWDLQW\� LQ
.QRZOHGJH�%DVHV��6SULQJHU�9HUODJ��%HUOLQ��SS�����±����

3HUHLUD�-��0��&��DQG'XFNVWHLQ�/���������$�PXOWLSOH�FULWHULD
GHFLVLRQ�PDNLQJ� DSSURDFK� WR� *,6�EDVHG� ODQG� VXLWDELOLW\
HYDOXDWLRQ�� ,QWHUQDWLRQDO� -RXUQDO� RI� *HRJUDSKLFDO
,QIRUPDWLRQ�6FLHQFH�����������������

5DVRXOL�� 6���0DNKGRXP)DUNKRQGHK�� 0��� -DIDUL�� +�5��
6XIIOLQJ�5���.LDEL�� %�� DQG<DYDUL��$��5�� �������$VVHVVPHQW
RI� (FRORJLFDO� LQWHJULW\� LQ� D� ODQGVFDSH� FRQWH[W� XVLQJ� WKH
0LDQNDOHSHQLQVXOD�RI�1RUWKHUQ�,UDQ��,QW��-��(QYLURQ��5HV����
�������������

6DDW\��7�/�� ��������7KH�$QDO\WLF�+LHUDUFK\� DQG�$QDO\WLF
1HWZRUN�3URFHVV�IRU�WKH�0HDVXUHPHQW�RI�,QWDQJLEOH�&ULWHULD
DQG� IRU�'HFLVLRQ�0DNLQJ�� ,Q�0XOWLSOH�&ULWHULD�'HFLVLRQ
$QDO\VLV��6WDWH� RI� WKH�$UW�6XUYH\V�� )LJXHLUD�� -��� 6DOYDWRUH�
*���(KUJRWW��0���(GV���6SULQJHU��%HUOLQ�+HLGHOEHUJ��1HZ�<RUN�
1<��86$�� SS����������

6DDW\�� 7�� /�� ��������7KH�$QDO\WLF�+LHUDUFK\� 3URFHVV�
0F*UDZ�+LOO��1HZ�<RUN�

6DOHKL��(���=HEDUGDVW��/��DQG�<DYUL��$��5�� �������'HWHFWLQJ
)RUHVW�)UDJPHQWDWLRQ�ZLWK�0RUSKRORJLFDO�,PDJH�3URFHVVLQJ
LQ�*ROHVWDQ�1DWLRQDO�3DUN�LQ�QRUWKHDVW�RI�,UDQ��,QW��-��(QYLURQ�
5HV������������������

6DQDHH���0��)DOODK6KDPVL��6��5��DQG�)HUGRZVL$VHPDQMHUGL�
+�� ��������0XOWL�FULWHULD� ODQG�HYDOXDWLRQ�� XVLQJ�:/&�DQG
2:$�VWUDWHJLHV� WR� VHOHFW� VXLWDEOH� VLWH� RI� IRUDJH� SODQWDWLRQ
�&DVH�VWXG\��=DNKHUG��)DUV���5DQJHODQG�������� ��������

6PLWK�� 3�1�� �������� )X]]\� HYDOXDWLRQ� RI� ODQG�XVH� DQG
WUDQVSRUWDWLRQ� RSWLRQV�� (QYLURQPHQW� DQG�3ODQQLQJ�%�� ���
��������

6KXPLORY��2��,���.DVDWNLQD��(��$���0LHOLNDLQHQ��.���7LPRQHQ�
0��DQG�.DQDWMHY��$�*���������3DODHRYROFDQRV��6RODU�DFWLYLW\
DQG�SLQH� WUHH�ULQJV� IURP� WKH�.ROD�3HQLQVXOD��QRUWKZHVWHUQ
5XVVLD��RYHU�WKH�ODVW�����\HDUV��,QW��-��(QYLURQ��5HV���������
��������

6SDQRX�� 6��� 7VHJHQLGL�� .�� DQG� *HRUJLDGLV�� 7K�
�������3HUFHSWLRQ� RI�9LVLWRUV¶� (QYLURQPHQWDO� ,PSDFWV� RI
(FRWRXULVP��$�FDVH�VWXG\�LQWKH�9DOOH\�RI�%XWWHUIOLHV�SURWHFWHG
DUHD��5KRGHV� ,VODQG��*UHHFH�� ,QW�� -�� (QYLURQ��5HV��� �� ����
��������

6ZDQVRQ��(�� ��������*HRJUDSKLF� LQIRUPDWLRQ�V\VWHP��*,6�
LQIRUPDWLRQ� HQKDQFHG� ODQG�XVH� SODQQLQJ��0LFKLJDQ�&HQWHU
IRU� *HRJUDSKLF� ,QIRUPDWLRQ�'HSDUWPHQW� RI� ,QIRUPDWLRQ
7HFKQRORJ\�

9DQ�GHU�0HUZH�-��+����������*,6�DLGHG�ODQG�HYDOXDWLRQ�DQG
GHFLVLRQ�PDNLQJ� IRU� UHJXODWLQJ�XUEDQ� H[SDQVLRQ��$�6RXWK
$IULFDQ�FDVH�VWXG\��*HR-RXUQDO������ ��������

9DWDOLV�.��DQG0DQROLDGLV�2����������$�WZR�OHYHO�PXOWLFULWHULD
'66� IRU� ODQGILOO� VLWH� VHOHFWLRQ� XVLQJ�*,6�� &DVH� VWXG\� LQ
ZHVWHUQ�0DFHGRQLD�� *UHHFH�� -RXUQDO� RI� *HRJUDSKLF
,QIRUPDWLRQ�DQG�'HFLVLRQ�$QDO\VLV��������� ������

9RRJG��+�� ��������0XOWLFULWHULD�(YDOXDWLRQ� IRU�8UEDQ� DQG
5HJLRQDO�3ODQQLQJ��/RQGRQ��3LRQ�

9XNLFHYLF�� -�6�DQG�1HGRYLF�%XGLF�� =�� �������*,6� %DVHG
0XOWLFUWHULD�$QDO\VLV� LQ� ,QWHJUDWLRQ�RI� 6($�3URFHVV� ,QWR
3ODQQLQJ�� &DVH�6WXG\�� 6RXWK�:HVW� 5HJLRQ��5HSXEOLF� RI
,UHODQG��,QW��-��(QYLURQ��5HV��������������������

:DQJ�� )��� +DOO�� *�� %�� DQG� 6XEDN\RQR�� �������� )X]]\
LQIRUPDWLRQ� UHSUHVHQWDWLRQ� DQG� SURFHVVLQJ� LQ� FRQYHQWLRQDO
*,6�VRIWZDUH��GDWDEDVH�GHVLJQ�DQG�DSSOLFDWLRQ��,QWHUQDWLRQDO
-RXUQDO�RI�*HRJUDSKLFDO�,QIRUPDWLRQ�6\VWHPV����� ��������

:HHUDNRQ��.��*����������,QWHJUDWLRQ�RI�*,6�EDVHG�VXLWDELOLW\
DQDO\VLV� DQG�PXOWLFULWHULD� HYDOXDWLRQ� IRU� XUEDQ� ODQG� XVH
SODQQLQJ��FRQWULEXWLRQ�IURP�WKH�$QDO\WLF�+LHUDUFK\�3URFHVV�
,Q�� �UG�$VLDQ�&RQIHUHQFH�RQ�5HPRWH�6HQVLQJ�� .DWPDQGX�
$$56�

:RRG��/��-��DQG�'UDJLFHYLF��6����������*,6�EDVHG�PXOWLFULWHULD
HYDOXDWLRQ�DQG�)X]]\�VHWV�WR�LGHQWLI\�SULRULW\�VLWHV�IRU�PDULQH
SURWHFWLRQ��%LRGLYHUVLW\� DQG�&RQVHUYDWLRQ������ ����������

;LDQJ��:�1���*URVV��0���)DERV�� -�*��0DFGRXJDOO�� (�%�
��������$�)X]]\�JURXS�PXOWL�FULWHULD�GHFLVLRQ�PDNLQJ�PRGHO
DQG� LWV�DSSOLFDWLRQ� WR� ODQG�XVH� SODQQLQJ��(QYLURQPHQW� DQG
3ODQQLQJ�%������������

<DJHU�� 5�5�� �������� 2Q� RUGHUHG�ZHLJKWHG� DYHUDJLQJ
DJJUHJDWLRQ�RSHUDWRUV�LQ�PXOWLFULWHULD�GHFLVLRQ�PDNLQJ��,(((
7UDQVDFWLRQV�RQ�6\VWHPV��0DQ� DQG�&\EHUQHWLFV������ ���±
����

=DGHK��/�$�� �������� )X]]\� VHWV�� ,QIRUPDWLRQ� DQG� &RQWURO�
�����������

���

$PLUL��0��-��HW�DO�



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����
,661�����������

5HFHLYHG� �� -XQH� ����� �� ��� �� � �� � �� � � �5HYLVHG����-XO\������ �� �� � � �� � � � �� � �$FFHSWHG����-XO\�����

&RUUHVSRQGLQJ�DXWKRU�(�PDLO�MPKHUGH]#XQH[�HV

���

5XUDO�7RXULVWV�DQG�7KHLU�$WWLWXGHV�DQG�0RWLYDWLRQV�7RZDUGV�WKH�3UDFWLFH�RI
(QYLURQPHQWDO�$FWLYLWLHV�VXFK�DV�$JURWRXULVP

/HFR��)����3pUH]��$����+HUQiQGH]��-�0���DQG�&DPSyQ��$�0��

��'HSDUWPHQW�RI�$UWV�DQG�7HUULWRU\�6FLHQFHV��8QLYHUVLW\�RI�([WUHPDGXUD��&iFHUHV��6SDLQ
�'HSDUWPHQW�RI�%XVLQHVV�0DQDJHPHQW�DQG�6RFLRORJ\��8QLYHUVLW\�RI�([WUHPDGXUD��&iFHUHV��6SDLQ

$%675$&7��:LWKLQ�WKH�EURDGHU�FDWHJRU\�RI�UXUDO�WRXULVP��DJURWRXULVP�LV�D�W\SH�RI�WRXULVP�FDUULHG�RXW�LQ�D
YHU\�VSHFLILF�HQYLURQPHQW��PL[HG�OLYHVWRFN�DQG�WLOODJH�IDUPV��,WV�LPSRUWDQFH�UHVLGHV�LQ�WKH�IDFW�WKDW�LW�RIIHUV�WKH
SRVVLELOLW\�RI�FRPSOHPHQWLQJ�WKH�LQFRPH�JHQHUDWHG�E\�WKH�IDUP�ZLWK�LQFRPH�JHQHUDWHG�IURP�WRXULVP�ZKLOH�DW
WKH�VDPH� WLPH� FDUU\LQJ� RXW�DQ� DFWLYLW\� WKDW�SURPRWHV� WKH� FRQVHUYDWLRQ�RI�QDWXUH��$OWKRXJK�UXUDO� WRXULVP�KDV
HQMR\HG�VWURQJ�JURZWK� LQ�(XURSHDQ�FRXQWULHV�VXFK�DV�6SDLQ�� WKH�VDPH�KDV�QRW�RFFXUUHG�ZLWK�DJURWRXULVP�� LQ
VSLWH�RI�WKH�JUHDW�SRWHQWLDO�WKDW�H[LVWV�IRU�LW��7KH�DLP�RI�WKLV�SDSHU�LV�WR�VWXG\�WKH�DWWLWXGHV�DQG�PRWLYDWLRQV�RI
WRXULVWV� WR� WKH� SUDFWLFH�RI�DJURWRXULVP��DQ� DFWLYLW\�ZKLFK�KDV� D�VWURQJ�HQYLURQPHQWDO�FRPSRQHQW�

.H\�ZRUGV��(QYLURQPHQW��5XUDO� WRXULVP��$JURWRXULVP��7RXULVP�PDQDJHPHQW��$JULFXOWXUDO�GLYHUVLILFDWLRQ�
��������������������6XVWDLQDELOLW\

,1752'8&7,21
,Q�FRQWUDVW�WR�WKH�JHQHULF�IRUPV�RI�WRXULVP��LQ�ZKLFK

WKH�PRWLYDWLRQV�LQYROYHG�DUH�YHU\�EURDG��VSHFLILF�IRUPV
RI�WRXULVP�KDYH�HPHUJHG�ZKHUH�D�SDUWLFXODU�UHVRXUFH
KDV�WKH�DELOLW\�WR�FDSWXUH�WKH�LQWHUHVW�RI�D�VLJQLILFDQW
JURXS�RI�SHRSOH��7RGD\�WRXULVP�LV�PDGH�XS�RI�PDQ\
VSHFLILF�PDUNHWV��ZKLFK�KDYH�IRXQG�JUHDWHU�SURILWV�LQ
VHJPHQWDWLRQ� DQG� WKH� UHSXWDWLRQ� WKH\� EHVWRZ� RQ
GHVWLQDWLRQV��3XOLGR���������<DJ�H��������QRWHV�WKDW�IURP
WKH� ����V� QHZ� W\SHV� RI� WRXULVWV� EHJDQ� WR� DSSHDU� LQ
UXUDO� DUHDV��7KHVH�PRGHUQ� UXUDO� WRXULVWV� FDUH� DERXW
HQYLURQPHQWDO�TXDOLW\�DQG�WKH�VHDUFK�IRU�DXWKHQWLFLW\�
)XUWKHUPRUH��WKHVH�WRXULVWV�H[SHFW�WR�H[SORUH�DQG�WDNH
IXOO�DGYDQWDJH�RI�WKH�ODQGVFDSHV��HQYLURQPHQWDO��QDWXUDO
DQG�DUFKLWHFWXUDO�UHVRXUFHV��$FFRUGLQJ�WR�0ROHUD�DQG
$OEDODGHMR��������LQWHUHVW�LQ�WKH�EHKDYLRU�SDWWHUQV�RI
WKHVH�QHZ�WRXULVWV�KDV�OHG�WR�IXUWKHU�UHVHDUFK�DV�WR�WKH
QDWXUH��PRWLYDWLRQV�DQG�LQWHQWLRQV�RI�UXUDO�WRXULVWV�

$OWKRXJK�LW�FRXOG�EH�DUJXHG�WKDW�UXUDO�WRXULVP�LV
WKDW� ZKLFK� LV� SUDFWLFHG� LQ� UXUDO� DUHDV�� WKHUH� LV� QR
FRQVHQVXV�RQ�LWV�GHILQLWLRQ�RU�HYHQ�RQ�ZKDW�FRQVWLWXWHV
D�UXUDO�DUHD��,Q�DGGLWLRQ��EHFDXVH�RI�LWV�YHUVDWLOLW\�DQG
GLYHUVLW\��LW�LV�RIWHQ�FRQIXVHG�ZLWK�RWKHU�FRQFHSWV�VXFK
DV�DJURWRXULVP��JUHHQ�WRXULVP��HFRWRXULVP�RU�QDWXUH
WRXULVP��7KH�FRQIXVLRQ�EHWZHHQ�WKHVH�FRQFHSWV�LV�QR
VXUSULVH�JLYHQ�WKH�IDFW�WKDW�UXUDO�WRXULVP�LV�D�GLYHUVLILHG
LQGXVWU\��ZKLFK�LV�DVVRFLDWHG�ZLWK�RXWGRRU�DFWLYLWLHV��D
QDWXUDO�HQYLURQPHQW�WKDW�LV�FDUHG�IRU�DQG�UXUDO�OLIHVW\OHV

�)URFKRW���������:KDW�LV�HYLGHQW��WKHUHIRUH��LV�D�VWURQJ
HQYLURQPHQWDO� FRPSRQHQW� LQ� UXUDO� WRXULVP�� 7KH
LPSRUWDQFH�RI�UXUDO�WRXULVP�GHSHQGV�RQ�WKH�UHVRXUFHV
RI�WKH�SODFH��LWV�LQIUDVWUXFWXUH��LPDJH��PDUNHW�DFFHVV
DQG�WKH�SUHVHQFH�RI�RWKHU�W\SHV�RI�WRXULVP��.DVWHQKRO]
HW�DO����������IRU�H[DPSOH��DJURWRXULVP��$JURWRXULVP�LV
D�VSHFLILF�IRUP�RI�WRXULVP�ZLWKLQ�WKH�IUDPHZRUN�RI�UXUDO
WRXULVP�� ZLWK� D� VWURQJ� HQYLURQPHQWDO� FRPSRQHQW�
7KHUH�DUH�PDQ\�GHILQLWLRQV�RI�WKH�WHUP��%XVE\�DQG
5HQGOH���������EXW�LW�FDQ�EH�VDLG�WKDW�LW�³LV�EDVHG�RQ
WKH� FDUU\LQJ� RXW� RI� WKH� WRXULVW� DFWLYLW\� RQ� VHOHFWHG
IDUPV� ZKHUH� WKH� SRVVLELOLW\� RI� GRLQJ� IDUP� ZRUN
DORQJVLGH� WKH� RZQHUV� RI� WKH� IDUP� LV� RIIHUHG� WR� WKH
WRXULVWV� � )RU� WKH� IDUP� RZQHUV� WKH� WRXULVP� LV
FRPSOHPHQWDU\�WR�WKHLU�PDLQ�EXVLQHVV��$JURWRXULVP
LV� WKXV� D� OHLVXUH�DFWLYLW\��EXW� LV�DOVR�HGXFDWLRQDO� LQ
QDWXUH�� EHLQJ� EDVHG� RQ� FRXQWU\� ZRUN� DQG� OLIH´
�+HUQiQGH]�HW�DO�����������������³7KH�EHQHILWV�SURGXFHG
E\�DJURWRXULVP�GHULYH�IURP�WKH�SRVVLELOLW\�RI�PDNLQJ
FRPSDWLEOH�WKH�LQFRPH�JHQHUDWHG�E\�IDUPLQJ�ZLWK�WKDW
SURGXFHG�E\�WRXULVP�� LQ� WKH�SURFHVV�GHYHORSLQJ�DQ
HGXFDWLRQDO�DQG�OHLVXUH�DFWLYLW\�RI�LQWHUHVW� WR�PDQ\
JURXSV�VXFK�DV�IDPLOLHV��VWXGHQWV��VWXGHQWV�RI�QDWXUH
DQG�WKH�HQYLURQPHQW��HWF�´��+HUQiQGH]�HW�DO��������
������� )XUWKHUPRUH� WKH� UROH� SOD\HG� E\� WKH� QDWXUDO
VXUURXQGLQJV�DV� WKH�VFHQH� IRU� WKH�FDUU\LQJ�RXW�WKLV
DFWLYLW\�LV�FOHDU��&KRR�DQG�-DPDO���������,W�LV�IRU�WKDW
UHDVRQV� LW� LV� QHFHVVDU\� WR�ZRUN� IRU� WKH� VXVWDLQDEOH



���

/HFR��)��HW�DO�

GHYHORSPHQW�RI� WKH�DJULFXOWXUDO� V\VWHPV�FRQFHUQHG�
GLYHUVLI\LQJ�WKHLU�HFRQRPLF�SHUIRUPDQFH�EXW�HQVXULQJ
WKHLU�FRQVHUYDWLRQ�

7KH�DLP�RI�WKLV�VWXG\�LV�WR�H[DPLQH�WKH�DWWLWXGHV
DQG�PRWLYDWLRQV�RI�UXUDO�WRXULVWV�WRZDUGV�WKH�SUDFWLFH
RI�DFWLYLWLHV�ZLWK�D�VWURQJ�HQYLURQPHQWDO�HOHPHQW�VXFK
DV� DJURWRXULVP��$FFRUGLQJ� WR� )URFKRW� ������� HYHQ
WKRXJK� IDUPLQJ� DQG� UHODWHG� UXUDO� DFWLYLWLHV� DUH� QRW
GLUHFWO\�FRQVXPHG�E\�DOO�YLVLWRUV�WR�UXUDO�DUHDV��WKH\
DUH�VWLOO�SUREDEO\�WKH�FHQWUDO�YLVXDO�DQG�VRFLDO�LPDJH�RI
WKH� FRXQWU\VLGH�� )RU� WKLV� UHDVRQ�� LW� ZDV� GHHPHG
DSSURSULDWH� WR� WHVW� WKH� DWWLWXGH� RI� UXUDO� WRXULVWV� WR
DJURWRXULVP��7KHVH� WRXULVWV� DUH� VHHQ� DV� WKH� PDLQ
SRWHQWLDO�PDUNHW�IRU�WKLV�SUDFWLFH��EHFDXVH�UXUDO�WRXULVP
LV�D�EURDGHU�FDWHJRU\�WKDW�LQFOXGHV�DJURWRXULVP��7KH
LGHD�LV�WR�RIIHU�D�PHDVXUHPHQW�RI�WKH�YLDELOLW\�RI�WKLV
NLQG�RI�LQLWLDWLYH�LQ�DUHDV�ZLWK�SRWHQWLDO�IURP�WKH�SRLQW
RI�YLHZ�RI�WKH�GHPDQG�DQG�HQYLURQPHQWDO�PRWLYDWLRQV�
7KLV�LQIRUPDWLRQ�LV�HVVHQWLDO�WR�LPSOHPHQW�LQLWLDWLYHV
WDLORUHG�WR�WKH�QHHGV��H[SHFWDWLRQV�DQG�UHTXLUHPHQWV
RI�WKH�GHPDQG�

7KHUH�DUH�KDUGO\�DQ\�VWXGLHV�RQ�WKH�GHPDQG�IRU
DJURWRXULVP��WKRXJK�WKHVH�DUH�QHFHVVDU\�LQ�RUGHU�IRU
VXFK� EXVLQHVVHV� WR� VXFFHHG� �&DUSLR� HW� DO��� �����
6ULNDWDQ\RR�DQG�&DPSLUDQRQ���������ZKLFK�PDNHV�LW

QHFHVVDU\�WR�FDUU\�RXW�D�VWXG\�RI�WKLV�W\SH��&DUSLR�HW
DO����������,Q�(XURSHDQ�FRXQWULHV�OLNH�)UDQFH��8QLWHG
.LQJGRP��$XVWULD�DQG�6ZLW]HUODQG�UXUDO�WRXULVP�LV�ZHOO
HVWDEOLVKHG��ZKLOH�LQ�FRXQWULHV�OLNH�6SDLQ�RU�3RUWXJDO�LW
LV�VWLOO�LQ�WKH�SKDVH�RI�H[SDQVLRQ��6ROVRQD���������,W�LV
VWULNLQJ�WKDW�LQ� WKH�6SDQLVK�FDVH��GHVSLWH�WKH�VWURQJ
GHYHORSPHQW� RI� UXUDO� WRXULVP� LQ� UHFHQW� \HDUV�
DJURWRXULVP��H[FHSW�LQ�D�IHZ�FDVHV��KDV�VFDUFHO\�EHHQ
GHYHORSHG�� 7KLV�ZRUN� SUHVHQWV� DQ� HPSLULFDO� VWXG\
EDVHG� RQ�VXUYH\V� RI� D� VDPSOH� RI� UXUDO� WRXULVWV� LQ� D
6SDQLVK�UHJLRQ�ZLWK�WKH�SRWHQWLDO�WR�KRVW�DJURWRXULVP
LQLWLDWLYHV�

0$7(5,$/6�	�0(7+2'6
(IIHFWLYH�PDQDJHPHQW�DQG�PDUNHWLQJ�UHTXLUH�DQ

XQGHUVWDQGLQJ� RI� WKH� H[LVWHQFH� RI� GLIIHUHQW�PDUNHW
VHJPHQWV��3DUN�DQG�<RRQ���������)HZ� VWXGLHV�KDYH
ORRNHG�DW�WKH�GHPDQG�SURILOH�IRU�UXUDO�WRXULVP��H�J��%RWH�
������)XHQWHV��������<DJ�H��������$OEDODGHMR�DQG�'tD]�
������&HEULiQ��������&DPDUJR�HW�DO���������$OEDODGHMR
HW�DO���������$OEDODGHMR�DQG�'tD]��������DQG��DV�KDV
DOUHDG\�EHHQ�UHPDUNHG�RQ��HYHQ�IHZHU�KDYH�H[DPLQHG
VHJPHQW�PRWLYDWLRQV��.DVWHQKRO]�HW�DO���������)URFKRW�
������0ROHUD�DQG�$OEDODGHMR��������3DUN�DQG�<RRQ�
������'HYHVD�HW�DO����������7DEOH���VKRZV�WKH�VHJPHQWV
LGHQWLILHG�E\�VWXGLHV�RI�WKLV�TXHVWLRQ�

7DEOH����0RWLYDWLRQDO�VHJPHQWDWLRQ�VWXGLHV�LQ�UXUDO�WRXULVP

6WXGLHV�
*HRJUDSKLF�

VFRSH�
6HJPHQWV�

1DWXUDO�
FRPSRQHQW�

$JULFXOWXUH�DQG�
UXUDO�FRPSRQHQW�

:DQW�LW�DOO�UXUDOLVW� � �
,QGHSHQGHQW�UXUDOLVW� � �
7UDGLWLRQDO�UXUDOLVW� � �

.DVWHQKRO]�HW�
DO���������

3RUWXJDO�

(QYLURQPHQWDO�UXUDOLVW� � �
$FWLYHV� � ��
5HOD[HUV� � ��
*D]HUV� � ��

)URFKRW�
�������

*UHDW�
%ULWDLQ�

5XUDOV� � �
)DPLO\�UXUDO�WRXULVWV� � ��
5HOD[�UXUDO�WRXULVWV� � ��
$FWLYH�UXUDO�WRXULVWV� � ��
5XUDO�OLIH�WRXULVWV� � �

0ROHUD�\�
$OEDODGHMR�
�������

6SDLQ�

7RXULVWV�RI�UXUDO�
DFFRPPRGDWLRQ�

�� ��

)DPLO\�WRJHWKHUQHVV� � ��
3DVVLYH�WRXULVW� � �
:DQW�LW�DOO� � �

3DUN�\�<RRQ�
�������

.RUHD�

/HDUQLQJ�DQG�H[FLWHPHQW� � �
9LVLWRU�ORRNLQJ�IRU�WUDQTXLOLW\��
UHVW�DQG�FRQWDFW�ZLWK�QDWXUH�

� ��

&XOWXUDO�YLVLWRU� � ��
3UR[LPLW\��JDVWURQRPLF�DQG�
QDWXUH�YLVLWRU�

� ��
'HYHVD�HW�DO��
������� 6SDLQ�

5HWXUQ�WRXULVW� � ��

&RQVLGHULQJ�WKH�EHQHILWV�VRXJKW�DQG�WKH�PDLQ�DFWLYLWLHV�FDUULHG�RXW��
6RXUFH��2ZQ�HODERUDWLRQ�



,QW��-��(QYLURQ��5HV�����������������:LQWHU�����

���

,W� FDQ� EH� VWDWHG� RQ� WKH� EDVLV� RI� WKH� VWXGLHV
H[DPLQHG�RQ�WKH�PRWLYDWLRQV�IRU�UXUDO�WRXULVP�WKDW�LQ
DOO�RU�VRPH�RI�WKH�VHJPHQWV�LGHQWLILHG��WKH�PRWLYDWLRQV
KDYH�D�VWURQJ�HQYLURQPHQWDO�FRPSRQHQW��.DVWHQKRO]
HW�DO���������)URFKRW��������0ROHUD�DQG�$OEDODGHMR�������
3DUN�DQG�<RRQ��������'HYHVD�HW�DO����������ZLWK�WKH
GHVLUH�WR�SDUWLFLSDWH�LQ�DQG�HQMR\�UXUDO�OLIH�DQG�DFWLYLWLHV
VXFK�DV�DJULFXOWXUH�DOVR�EHLQJ�SUHVHQW��.DVWHQKRO]�HW
DO���������)URFKRW��������0ROHUD�DQG�$OEDODGHMR�������
3DUN�DQG�<RRQ���������,W�LV�WKHUHIRUH�FOHDU�WKDW�UXUDO
WRXULVWV��RQ� WKH�EDVLV�RI�WKHLU�PRWLYDWLRQV�UHODWHG�WR
QDWXUH�DQG�SDUWLFLSDWLRQ�LQ�DFWLYLWLHV�UHODWHG�WR�UXUDO
OLIH�DQG�DJULFXOWXUH��DUH�D�JURXS�ZLWK�SRWHQWLDO�WR�EHFRPH
FOLHQWV�LQ�WKH�FRQWH[W�RI�WKH�GHYHORSPHQW�RI�DJURWRXULVP
LQ�DUHDV�ZLWK�WKH�SRWHQWLDO�IRU�LW�

$JURWRXULVP� LV� D� VSHFLILF� SURGXFW� ZLWKLQ� WKH
IUDPHZRUN�RI�UXUDO�WRXULVP��0HGLDQR��������LQGLFDWHV
WKH�DJURWRXULVP�LV�PRUH�UHVWULFWHG�LQ�QDWXUH��JLYHQ�WKDW
UXUDO�WRXULVP�FRYHUV�DOO�NLQGV�RI�WRXULVP�DFWLYLW\�WKDW
WDNHV�SODFH�LQ�WKH�UXUDO�HQYLURQPHQW�QRW�RQO\�WKDW�ZKLFK
WDNHV�SODFH�RQ�IDUPV��DV�LQ�WKH�FDVH�RI�DJURWRXULVP�
7KH� VLPXOWDQHRXVQHVV� QDWXUH� RI� WKH� UXUDO� DQG
DJULFXOWXUDO�DFWLYLW\�LV�WKH�PDLQ�GLVWLQJXLVKLQJ�IHDWXUH
RI�DJURWRXULVP��:LWK�UHJDUG�WR�WKH�EHQHILWV�RI�WKLV�W\SH
RI� WRXULVP�� LQFRPH� IURP� WKH� SURYLVLRQ� RI
DFFRPPRGDWLRQ� FRPELQHV�ZLWK� WKDW� IURP� FDWHULQJ�
OHLVXUH�DFWLYLWLHV��WKH�VDOH�RI�IRRG�DQG�FUDIW�SURGXFWV�
HWF��7KLV�FUHDWHV�D�GLUHFW��LQGLUHFW�DQG�LQGXFHG�HIIHFW�LQ
WKH� DUHD� WKDW� LV� D� ERRVW� IRU� WKH� ORFDO� HFRQRP\
�+HUQiQGH]� HW� DO��� ������� ,W� DOVR� HQFRXUDJHV� WKH
SUHVHUYDWLRQ�RI�DJULFXOWXUDO�V\VWHPV��/HFR�DQG�0DWHRV�
������� LQ� DGGLWLRQ� WR� WKH� ODQGVFDSH� DV� QDWXUDO� DQG
FXOWXUDO�KHULWDJH��HWKQRJUDSKLF��HWKQRORJLFDO��FXOLQDU\�
HWF����WKDQNV�WR�WKH�LQWHUDFWLRQ�EHWZHHQ�KXPDQ�DFWLYLW\
DQG�QDWXUDO�UHVRXUFHV��*RQ]iOH]��������

7KH� ODFN� RI� UHVHDUFK� RQ� DJURWRXULVP� KDV� EHHQ
QRWHG�E\�DXWKRUV�VXFK�DV�2SSHUPDQQ���������6D\DGL
DQG�&DODWUDYD���������6KDUSOH\�DQG�9DVV��������DQG
0F*HKHH���������5HJDUGLQJ�WKH�SURILOH�RI�WKHVH�WRXULVWV
DQG�WKHLU�GHPDQGV�OLWWOH�LV�NQRZQ��2QO\�LW�LV�SRVVLEOH�WR
FLWH�WKH�ZRUN�RI�&DUSLR�HW�DO����������6LGDOL�DQG�6FKXO]H
�������DQG�6ULNDWDQ\RR�DQG�&DPSLUDQRQ���������7KH
VWXG\�SUHVHQWHG�LQ�WKLV�SDSHU�VHHNV�DQVZHUV�WR�WKHVH
TXHVWLRQV� JLYHQ� WKH� H[LVWLQJ� JDSV� LQ� UHVHDUFK� RQ
DJURWRXULVP�GHPDQG�

*LYHQ�WKH�QDVFHQW�VWDWH�RI�DJURWRXULVP�LQ�6SDLQ�LW
ZDV�GHFLGHG�WKDW�LW�ZDV�PRUH�DSSURSULDWH�WR�H[DPLQH
WKH�DWWLWXGHV�RI�UXUDO�WRXULVWV��D�EURDGHU�FDWHJRU\�ZKLFK
LQFOXGHV�DJURWRXULVP��WRZDUGV�WKH�GLYHUVLILFDWLRQ�RI
WKHLU� WRXULVP� DFWLYLWLHV� RQ� IDUPV�� 7KLV� LQIRUPDWLRQ
SURYLGHV� D�PHDVXUH�RI� WKH� SRWHQWLDO� RI� WKLV� NLQG� RI
WRXULVP�IURP� WKH�SHUVSHFWLYH�RI� WKH�GHPDQG��ZKLFK
FDQ� EH� FRPSOHWHG� ZLWK� WKH� UHVXOWV� SURGXFHG� E\
+HUQiQGH]�HW�DO���������FRQFHUQLQJ�WKH�VXSSO\�VLGH�

7KLV� VWXG\� ZDV� SHUIRUPHG� LQ� D� UHJLRQ� RI
VRXWKZHVWHUQ� (XURSH�� ZKLFK� LV� D� SUHGRPLQDQWO\
DJULFXOWXUDO�DQG�IDUPLQJ�DUHD��ZKHUH�LQGXVWU\�KDV�KDG
OLWWOH� LPSDFW��7KLV� IDFWRU�� FRPELQHG� ZLWK� D� ORZ
SRSXODWLRQ�GHQVLW\��KDV�OHG�WR�WKH�SUHVHUYDWLRQ�LQ�WKH
6SDQLVK� UHJLRQ� RI� ([WUHPDGXUD� RI� JUHDW� QDWXUDO
ULFKQHVV�� DV�ZHOO� DV� WUDGLWLRQDO� IRUPV� RI� OLIH� LQ� LWV
YLOODJHV��7KRVH�IDFWRUV�XQLWHG�WR�LWV�FXOWXUDO�ZHDOWK�
KDYH� SURYLGHG� D� XQLTXH� IUDPHZRUN� IRU� WKH� UDSLG
GHYHORSPHQW�RI�UXUDO�WRXULVP�LQ�WKLV�DUHD��1HYHUWKHOHVV�
DJURWRXULVP�KDV�KDG�OLWWOH� LPSDFW��GHVSLWH�WKH�JUHDW
SRWHQWLDO�IRU�LW� WKDW�H[LVWV��,Q�WHUPV�RI�PHWKRGRORJ\�
WKH�SHUVRQDO�LQWHUYLHZ�ZDV�FKRVHQ�DV�D�WHFKQLTXH��ZLWK
D�VWUXFWXUHG�TXHVWLRQQDLUH�WR�JDWKHU�LQIRUPDWLRQ��7KH
6366��6WDWLVWLFDO�3DFNDJH�IRU�WKH�6RFLDO�6FLHQFHV��ZDV
XVHG�WR�DQDO\]H�WKH�LQIRUPDWLRQ�FROOHFWHG��7KH�WHFKQLFDO
GHWDLOV�RI�WKLV�UHVHDUFK�DUH�SUHVHQWHG�LQ�7DEOH���

7DEOH����7HFKQLFDO�VSHFLILFDWLRQV

8QLYHUVH� 5XUDO�WRXULVWV�LQ�([WUHPDGXUD�
6FRSH� ([WUHPDGXUD�
0HWKRG�RI�
FROOHFWLQJ�
LQIRUPDWLRQ�

3HUVRQDO�LQTXLU\�ZLWK�
VWUXFWXUHG�TXHVWLRQQDLUH�

'DWDEDVH� ,W�GRHVQ�W�H[LVW�
6DPSOLQJ�XQLW� 5XUDO�WRXULVWV�LQ�([WUHPDGXUD�
3RSXODWLRQ�VL]H� 1RQ�GHILQHG�
6DPSOH�VL]H� ����
6DPSOLQJ� &RQYHQLHQFH�QRQ�SUREDELOLVWLF�

VDPSOH�
)LHOGZRUN� -DQXDU\�DQG�)HEUXDU\������
1XPEHU�RI�
VXUYH\V� ����

9DOLG�UHVSRQVHV� $OO�
6RXUFH��2ZQ�HODERUDWLRQ�

5(68/76�	�',6&866,21
7KH�UHVXOWV�RI�WKH�HPSLULFDO�VWXG\�ZLOO�QRZ�EH

SUHVHQWHG�� )LUVWO\�� VRPH� LQIRUPDWLRQ� RQ� WKH� VWXG\
VDPSOH��$OWKRXJK�D�FRQYHQLHQFH�VDPSOH�ZDV�XVHG�LW�LV
ZRUWKZKLOH� WR� RIIHU� VRPH� LGHDV� UHJDUGLQJ� WKH
GHPRJUDSKLF�FKDUDFWHULVWLFV�RI�WKH�UXUDO�WRXULVWV�ZKR
IRUPHG� SDUW� RI� LW�� 7KH� JHQGHU� GLVWULEXWLRQ� LV� IDLUO\
EDODQFHG��VLQFH�������RI�UHVSRQGHQWV�ZHUH�PDOH�DQG
������IHPDOH��,Q�WHUPV�RI�DJH��WKH�ODUJHVW�JURXS�ZDV
EHWZHHQ����DQG����\HDUV�ROG����������IROORZHG�E\�WKH
JURXS�EHWZHHQ����DQG�������������7KHUHIRUH��LW�FDQ�EH
VDLG� WKDW� WKLV� LV� D� UHODWLYHO\� \RXQJ�JURXS�� SUREDEO\
ZLWK�D�VLJQLILFDQW�LQWHUHVW�LQ� ILQGLQJ�RXW�DERXW�QHZ
UXUDO�WRXULVP�SURGXFWV��VXFK�DV�DJURWRXULVP��������RI
WKRVH� VXUYH\HG� KDG� KLJKHU� HGXFDWLRQ� DQG� �����
VHFRQGDU\� HGXFDWLRQ�� ������ RI� UHVSRQGHQWV� OLYHG
RXWVLGH�WKH�UHJLRQ��VHH�7DEOH����



���

5XUDO�WRXULVWV�DQG�WKHLU�DWWLWXGHV

7DEOH����&KDUDFWHULVWLFV�RI�WKH�VDPSOH��Q ����
9DULDEOHV� $QVZHUV� 3HUFHQWDJH�

0HQ� ������*HQGHU�
:RPHQ� ������
/HVV�WKDQ����\HDUV�ROG� � ����
%HWZHHQ����DQG����\HDUV�ROG� ������
%HWZHHQ����DQG����\HDUV�ROG� ������

$JH�

0RUH�WKDQ����\HDUV�ROG� � ����
3ULPDU\� ������
6HFRQGDU\� ������(GXFDWLRQ�OHYHO��
+LJK� ������
<HV� ������
1R� �������

5HVLGHQWV�OLYHG�RXWVLGH�WKH�
UHJLRQ�

'.�1$� �����
6RXUFH��2ZQ�HODERUDWLRQ�

7DEOH� �� SURYLGHV� LQIRUPDWLRQ� RQ� UHVSRQGHQWV¶
UHODWLRQVKLSV�WR�WLOODJH�DQG�RU�OLYHVWRFN�IDUPLQJ�������
KDG�QR�UHODWLRQVKLS�ZLWK�WKHP�DW�DOO��+RZHYHU��VRPH�RI
WKHVH�RQFH�KDG�VXFK�D�UHODWLRQVKLS�DV�������KDG�EHHQ
LQYROYHG�ZLWK�WLOODJH�DQG� OLYHVWRFN�IDUPLQJ�DW�VRPH
SRLQW��������RI�UHVSRQGHQWV�VDLG�WKDW�WKH\�NQRZ�DERXW
WLOODJH� DQG� OLYHVWRFN� IDUPLQJ� LQ�([WUHPDGXUD�� WKXV
VRPHWKLQJ�PRUH�WKDQ�KDOI�RI�UHVSRQGHQWV�KDG�VRPH
LQWHUHVW�LQ�WKHVH�JLYHQ�WKDW�WKH\�KDG�WKLV�NQRZOHGJH�

5HJDUGLQJ� WKH� SURILOH� RI� UHVSRQGHQWV� DV� UXUDO
WRXULVWV� LW� FDQ� EH� VHHQ� WKDW� LW� LV� VRPHWKLQJ� WKH\� GR
RIWHQ���������DQG�������RI�WKH�VDPSOH�GR�VR�PRUH�WKDQ
WZLFH� D� \HDU��7KHUH� GRHV� QRW� VHHP� WR� EH� D� VSHFLDO
SUHIHUHQFH�IRU�D�SDUWLFXODU�WLPH�RI�WKH�\HDU�IRU�WULSV�WR
WKH� FRXQWU\VLGH�� EXW� WKHUH�ZDV� D� FHUWDLQ� LQWHUHVW� LQ
JRLQJ�LQ�WKH�VXPPHU����������VHH�7DEOH�����2Q�WKH�EDVLV
RI�WKLV�LQIRUPDWLRQ�LW�FDQ�EH�VWDWHG�WKDW�VDPSOH�FRQWDLQV�
LQ� JHQHUDO�� SHRSOH�ZLWK� D� FORVH� UHODWLRQVKLS� WR� WKH
SUDFWLFH� RI� WRXULVP� LQ� WKH� UXUDO�ZRUOG� DQG� WKXV� D
SRWHQWLDO�PDUNHW�IRU�DJURWRXULVP�

7DEOH���VKRZV�WKH�UHVXOWV�UHJDUGLQJ�WKH�GHJUHH�RI
NQRZOHGJH� WKDW� WKHVH� UXUDO� WRXULVWV� KDYH� RQ
DJURWRXULVP��������RI� WKH�VDPSOH�FODLPHG� WR�NQRZ
DERXW�WKLV�NLQG�RI�WRXULVP��+RZHYHU��PRVW�NQHZ�QR
VSHFLILF�GHWDLOV����������QRU�KDG�WKH\�HYHU�SUDFWLFHG�LW
���������7KLV� FRXOG� LQGLFDWH� WKDW� DOWKRXJK� LW� LV� DQ
DFWLYLW\�WKDW�LV�NQRZQ�DERXW�DQG�ZKLFK�KDV�DFKLHYHG
UHPDUNDEOH�GHYHORSPHQW�LQ�VRPH�6SDQLVK�UHJLRQV��LQ
RWKHUV�LW�KDV�RQO\�D�QDVFHQW�SUHVHQFH��DV�LV�WKH�FDVH�RI
([WUHPDGXUD��,Q� WKLV� UHJDUG��RQH�FRXOG�SRLQW�WR� WKH
FDXVHV�LQGLFDWHG�E\�6D\DGL�DQG�&DODWUDYD��������

,W�ZDV�DOVR�FRQVLGHUHG�LQWHUHVWLQJ�WR�DVN�WKRVH�LQ
WKH�VDPSOH�DERXW�WKH�EHQHILWV�ZKLFK��LQ�WKHLU�RSLQLRQ�
ZHUH�UHFHLYHG�IURP�DJURWRXULVP�E\�WKH�DUHDV�LQ�ZKLFK
LW�LV�FDUULHG�RXW��VHH�7DEOH�����������ZHUH�LQ�IDYRU�RI
LQWHJUDWLQJ�WLOODJH�DQG�OLYHVWRFN�IDUPLQJ�LQWR�WKH�VXSSO\
RI�WRXULVP�SURGXFWV�JLYHQ�WKDW�LW�LV�JRRG�IRU�JHWWLQJ�WR

NQRZ�WKH�UXUDO�ZRUOG����������ZLWK�WKLV�EHLQJ�LQWHUHVWLQJ
IRU� YDULRXV� VHJPHQWV� VXFK� DV� FKLOGUHQ� DQG� \RXQJ
SHRSOH�� HWF�� ��������� DV�ZHOO� DV� IRU� RWKHU� UHDVRQV
���������7KHUH�LV�DOVR�D�JHQHUDO�YLHZ�UHJDUGLQJ�WKH
FDSDFLW\�RI� DJURWRXULVP� WR� FRQWULEXWH� WR� LQFUHDVLQJ
WKH�LQFRPH�DQG�TXDOLW\�RI�OLIH�RI�IDUP�HQWUHSUHQHXUV
��������JLYHQ�WKDW�LW�ZRXOG�LQFUHDVH�SURILWV��������
DQG�JHQHUDWH�PRUH� LQFRPH� ��������� DPRQJ� RWKHU
UHDVRQV����������7KH�UHVXOWV�FRQFHUQLQJ�WKH�RSLQLRQV
RI� WKHVH� WRXULVWV� LQ� WHUPV� RI� WKH� FRQWULEXWLRQ� RI
DJURWRXULVP�WR�WKH�FRQVHUYDWLRQ�RI�IDUP�ODQGVFDSH�DQG
UXUDO�KHULWDJH�DUH�UHPDUNDEOH��������FRQVLGHU�WKDW�VXFK
D�FRQWULEXWLRQ�LV�LQGHHG�PDGH��7KH\�FRQVLGHU�LW�WR�EH
DQ�DFWLYLW\�WKDW�LPSURYHV�WKHLU�FRQVHUYDWLRQ��������
DQG� WKDW� SURPRWHV� DZDUHQHVV� DQG� FRQVFLRXVQHVV
UDLVLQJ�ZLWK�UHJDUG�WR�WKH�HQYLURQPHQW����������DPRQJ
RWKHU�WKLQJV����������7KHVH�GDWD�OHW� LW�EH�VHHQ�WKDW
UXUDO�WRXULVW�LV� HQYLURQPHQWDOO\�FRQVFLRXV��DQG�WKDW
WKH�DJURWRXULVP�LV�D�WRXULVW�DFWLYLW\�WKDW�FDQ�UHVSRQG
WR�WKH�HQYLURQPHQWDO�PRWLYDWLRQV�RI�UXUDO�WRXULVW�

7DEOH���VKRZV�WKH�UHVXOWV�FRQFHUQLQJ�WKH�DWWLWXGH
RI�WRXULVWV�WRZDUGV�WKH�SUDFWLFH�RI�DJURWRXULVP��7KH
GDWD� VHHP�WR� EH� SURPLVLQJ�� ������VWDWHG� WKDW� WKH\
ZRXOG�SDUWLFLSDWH�LQ�DJULFXOWXUDO�DFWLYLWLHV�DQG������
LQ�RQO\�D�IHZ��FRPSDUHG�ZLWK�������LQGLFDWLQJ�WKH\
ZRXOG�QRW��7KHUHIRUH��LW�DSSHDUV�WKDW�DFWLYLW\�DURXVHG
LQWHUHVW�LQ�WKH�VDPSOH�RI�UXUDO�WRXULVWV�VXUYH\HG��,W�LV
DOVR�LQWHUHVWLQJ�WR�NQRZ�WKH�GHWDLOV�RI�WKHLU�PRWLYDWLRQV
LQ�WHUPV�RI�QDWXUH��7KHVH�LQGLFDWH�WKDW�WKH�SUHIHUUHG
ODQGVFDSH� IRU� WKH� SUDFWLFH� RI� DJURWRXULVP� LV� WKH
PRXQWDLQV����������IROORZHG�E\�ODQGVFDSHV�FRQQHFWHG
ZLWK�OLYHVWRFN�IDUPLQJ����������YLQH\DUGV���������DQG
ROLYH�JURYHV����������:LWK�UHJDUG�WR�WKH�HQMR\PHQW�RI
WKH�ODQGVFDSH�DQG�DFWLYLWLHV�UHODWHG�WR�YLQH\DUGV�DQG
ROLYH�JURYHV�� LW�FDQ�EH�VWDWHG� WKDW� WKHVH�DUH�DOUHDG\
UHFRJQL]HG�IRUPV�RI�WRXULVP�ZLWK�WKHLU�RZQ�VXSSO\�RI
WRXULVP�SURGXFWV��ZLQH�WRXULVP�DQG�ROHRWRXULVP��:LWK
UHJDUG�WR�WKH�NLQG�RI�DFWLYLWLHV�WKHVH�WRXULVWV�ZRXOG
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7DEOH����5HODWLRQVKLS�EHWZHHQ�UHVSRQGHQW�DQG�WKH�SUDFWLFH�RI�UXUDO�WRXULVP

<HV� ����� �

1R� ����� �)UHTXHQWO\�SUDFWLVHV�UXUDO�WRXU LVP�

'.�1$� �����

1HYHU� �����

2QFH � ����� �

7ZLFH � ����� �

0RUH �WKDQ�WZLFH� ����� �

1XPEHU �RI�WLPHV�SHU�\HDU �SUDFWLFHG�

'.�1$� �����

1HYHU� �����

:KHQ�LW�LV�SR VVLEOH� �����

+ROLGD\V� �����

6SULQJ� �����

6XPPHU� ����� �

$OO�\HDU� �����

(LWKHU� �����

:HHNHQGV� �����

6SULQJ�DQG�DXWXPQ� �����

2WKHUV� ����� �

7LPH�RI �WKH �\HDU�ZKHQ�SUDFWLFHG�

'.�1$� �����

6RXUFH��2ZQ�HODE RUDWLRQ�

7DEOH����/HYHO�RI�NQRZOHGJH�RI�DJURWRXULVP

<HV� ������
1R� ������.QRZOHGJH�RI�DJURWRXULVP�
'.�1$� �����
<HV� ������
1R� ������.QRZOHGJH�RI�EXVLQHVVHV�LQYROYHG�LQ�DJURWRXULVP�
'.�1$� �����
<HV� ������
1R� ������+DV�SUDFWLFHG�DJURWRXULVP�RQ�D�OHDVW�RQH�RFFDVLRQ�
'.�1$� �����

6RXUFH��2ZQ�HODERUDWLRQ�

7DEOH����5HODWLRQVKLS�EHWZHHQ�UHVSRQGHQW�DQG�WLOODJH�DQG�RU�OLYHVWRFN�IDUPLQJ

<HV� �����
1R� ������,V�D�WLOODJH�RU�OLYHVWRFN�IDUPHU�
'.�1$� �����
<HV� ������
1R� ������+DV�EHHQ�D�WLOODJH�RU�OLYHVWRFN�IDUPHU�
'.�1$� �����
<HV� ������
1R� ������.QRZV�DERXW�WLOODJH�RU�OLYHVWRFN�IDUPLQJ�LQ�([WUHPDGXUD�
'.�1$� �����

6RXUFH��2ZQ�HODERUDWLRQ�



���

/HFR��)��HW�DO�

+HOSV�ZLWK�NQRZOHGJH�RI�WKH�UXUDO�ZRUOG� ������
/HDUQLQJ� �����
,QWHUHVWLQJ�IRU�DOO��FKLOGUHQ��\RXQJ�SHRSOH«�� ������
$QRWKHU�WRXULVP�SRVVLELOLW\� �����
'LYHUVLILLHV� �����

<HV� ������

2WKHUV� ������
1RW�LQWHUHVWLQJ� ������

1R� �����
2WKHUV� ������

,QWHUHVW�LQ�WKH�LQWHJUDWLRQ�RI�
IDUPLQJ�LQ�WKH�VXSSO\�RI�
WRXULVP�SURGXFWV�

'.�1
$�

�����

,QFUHDVHV�SURILWV� ������
*HQHUDWHV�PRUH�LQFRPH� ������
$GGV�VRPHWKLQJ�HOVH� �����
2WKHUV� ������

<HV�� ������

'.�1$� �����
/DFN�RI�DVVLVWDQFH� �����
,�GRQ¶W�EHOLHYH�LW� ������
2WKHUV� ������

1R� ������

'.�1$� �����

$JURWRXULVP�FRQWULEXWLRQ�WR�
LQFUHDVLQJ�LQFRPH�OHYHOV�DQG�
TXDOLW\�RI�OLIH�RI�DJULFXOWXUDO�
HQWUHSUHQHXUV�

'.�1
$�

�����

,PSURYHV�FRQVHUYDWLRQ� ������
$YRLGV�DEDQGRQPHQW� �����
5DLVHV�FRQVFLRXVQHVV�DERXW�WKH�HQYLURQPHQW� ������
+HOSV�UHFRYHU\� �����
(GXFDWHV� �����
0DNHV�XVH�RI�UHVRXUFHV� �����
+HOSV�PDLQWHQDQFH� �����
2WKHUV� ������

<HV� ������

'.�1$� �����
,W¶V�DQ�DGPLQLVWUDWLYH�TXHVWLRQ� �����
,W�GRHVQ¶W�LQIOXHQFH� �����
2WKHUV� ������

1R� �����

'.�1$� ������

$JURWRXULVP�FRQWULEXWLRQ�WR�
WKH�FRQVHUYDWLRQ�RI�
ODQGVFDSH�DQG�UXUDO�KHULWDJH�

'.�1
$�

�����

6RXUFH��2ZQ�HODERUDWLRQ�

7DEOH����%HQHILWV�RI�DJURWRXULVP

OLNH�WR�FDUU\�RXW�RQ�WKH�IDUPV�WKHUH�DUH�WKH�SURGXFWLRQ
RI� IRRG� SURGXFWV� �RLO�� EUHDG�� VDXVDJH� DQG� VLPLODU
SURGXFWV�����������FROOHFWLRQ�RI�ZLOG�IUXLWV��PXVKURRPV�
DVSDUDJXV��������������UHIRUHVWDWLRQ��IRUHVW�FDUH�DQG
FRQVHUYDWLRQ�RI�WKH�HQYLURQPHQW����������KRUWLFXOWXUH
���������VODXJKWHULQJ����������ZLQH�����������DQG�WKH
KDQGOLQJ�RI�FDWWOH���������DQG�KRUVHV����������7KHVH
UHVXOWV�HQGRUVH� WKH�LGHD�SURYLGHG�E\�3XOLGR� �������
ZKLFK�KROGV�WKDW�DJURWRXULVP�KDV�VWURQJ�OLQNV�ZLWK
RWKHU�VSHFLILF�W\SHV�RI�WRXULVP�VXFK�DV�JDVWURQRPLF
WRXULVP��P\FRORJ\��QDWXUH��ZLQH�DQG�HWKQR�WRXULVP�
)XUWKHUPRUH��WKHVH�UHVXOWV�KLJKOLJKW�WKH�HQYLURQPHQWDO
FRQFHUQV�RI�WKHVH�WRXULVWV��DV�WKH\�GHFODUH�WKHLU�LQWHUHVW
LQ� SDUWLFLSDWLQJ� LQ� DFWLYLWLHV� UHODWHG� WR� QDWXUH�� 7KH
VHUYLFHV�WKH\�ZRXOG�OLNH�WR�KDYH�RQ�WKH�IDUP�ZRXOG�EH

WKH�FDWHULQJ�DQG�DFFRPPRGDWLRQ����������JXLGHG�WRXUV
RI� WKH�FRXQWU\VLGH����������ZDONV�RUJDQL]HG�E\� WKH
QHLJKERULQJ�YLOODJHV���������DQG�HQMR\LQJ�WKH�FXOWXUDO
RIIHULQJV�RI� WKRVH�YLOODJHV� ���������7KH� LQWHUHVW� LQ
QDWXUH�DJDLQ�DSSHDUV�LQ�WKH�LQWHUHVW�VKRZQ�LQ�JXLGHG
WRXUV�RI�WKH�FRXQWU\VLGH�

7KH�DERYH�GDWD�SURYLGHV�YHU\�SRVLWLYH�LQIRUPDWLRQ
DERXW�WKH�SRVVLEOH�GHYHORSPHQW�RI�DJURWRXULVP��JLYHQ
WKDW� LW� VKRZV� WKH� H[LVWHQFH� RI� SRWHQWLDO� GHPDQG�
+RZHYHU��WKHVH�WRXULVWV�HQFRXQWHU�VRPH�GLIILFXOWLHV�LQ
DFWXDOO\�SUDFWLFLQJ�LW��7KHVH�DUH��DPRQJ�RWKHU�WKLQJV
���������XQIDPLOLDULW\�ZLWK�WKH�HQYLURQPHQW�DQG�VXSSO\
��������DQG�WKH�ODFN�RI�LQIRUPDWLRQ�DQG�SURPRWLRQ
���������VHH�7DEOH����



���
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7DEOH����$WWLWXGH�RI�WKH�UXUDO�WRXULVW�WR�WKH�SUDFWLFH�RI�DJURWRXULVP

<HV�� ������

1R� ������

2QO\�LQ�D�IHZ� ������

:LOOLQJQHVV�RI�WKH�WRXULVW�WR�SDUWLFLSDWH�

LQ�DJULFXOWXUDO�DFWLYLWLHV�RQ�WKH�IDUP�

'.�1$� �����

0RXQWDLQ� ������

,UULJDWHG�ODQG� ������

2OLYH�JURYHV� ������

9LQH\DUGV� ������

/LYHVWRFN� ������

&URSV� �����

3UHIHUUHG�ODQGVFDSH�IRU�DJURWRXULVP�

2WKHU� �����

+RUWLFXOWXUH� ������

2OLYH�SURGXFWLRQ� ������

:LQH� ������

+DQGOLQJ�RI�FDWWOH� ������

+DQGOLQJ�RI�EXOO�ILJKWLQJ�OLYHVWRFN� ������

+DQGOLQJ�RI�VKHHS� ������

+DQGOLQJ�RI�JRDWV� ������

+DQGOLQJ�RI�SLJV� ������

+DQGOLQJ�KRUVHV� ������

5HIRUHVWDWLRQ��IRUHVW�FDUH�DQG�FRQVHUYDWLRQ�RI�WKH�

HQYLURQPHQW�

������

3UHSDULQJ�SURGXFWV��RLO��EUHDG��VDXVDJH�DQG�VLPLODU�

SURGXFWV��

������

6ODXJKWHULQJ� ������

+XQWLQJ�DQG�ILVKLQJ� ������

&ROOHFWLRQ�RI�ZLOG�IUXLWV��PXVKURRPV��DVSDUDJXV����� ������

.LQG�RI�DFWLYLWLHV�WKH�WRXULVW�ZRXOG�OLNH�

WR�SDUWLFLSDWH�LQ�RQ�WKH�IDUP�

2WKHU�DFWLYLWLHV� �����

-XVW�FDWHULQJ� �����

-XVW�DFFRPPRGDWLRQ� �����

&DWHULQJ�DQG�DFFRPPRGDWLRQ� ������

*XLGHG�WRXUV�RI�WKH�FRXQWU\VLGH� ������

9LVLWV�WR�QHLJKERULQJ�YLOODJHV� ������

&XOWXUDO�RSSRUWXQLWLHV�LQ�QHLJKERULQJ�YLOODJHV� ������

-XVW�OLYH�RQ�WKH�KROGLQJ��VKDUH�VSDFH�DQG�H[SHULHQFHV�� ������

.LQGV�RI�VHUYLFH�WKH�WRXULVW�ZRXOG�OLNH�

WR�KDYH�DYDLODEOH�RQ�WKH�IDUP�

2WKHU�VHUYLFHV� �����

6RXUFH��2ZQ�HODERUDWLRQ�



���

5XUDO�WRXULVWV�DQG�WKHLU�DWWLWXGHV

7DEOH����'LIILFXOWLHV�IRU�WKH�SUDFWLFH�RI�WRXULVP

1 R�GLII LFXOW\� �����

8 QIDPLOLDULW\�ZLWK� WKH �HQYLURQPHQW�DQG�VXS SO\� ����� �

&RPIRU W�IL[WXUH V�D QG�ILWWLQJV� �����

/DFN�RI�VXSSO\� �����

( FRQRP LF�I DF WRUV� �����

/DFN�RI� LQIUD VWU XFWXUH � �����

/DFN�RI� LQIRUPDWLRQ�DQG�SURPRWLRQ� ����� �

/DFN�RI� WUDLQLQJ� �����

/DFN�RI� WLPH � �����

$ FFH VVLE LOLW\� �����

0HQWD OLW\� �����

+ ROLGD\V�DU H�IRU�UH OD[LQJ� �����

2 WKH UV� ����� �

'LIILFXOWLH V� LQ�WKH�SUD FWLFH �RI�

DJURWRXU LVP��D FFRUGLQJ�WR� WKH �WRXULVW�

' .�1$� �����

6RXUFH ��2ZQ�HODE RUDWLRQ�

,Q�VKRUW�LW�FDQ�EH�VDLG�WKDW�WKHUH�H[LVWV�D�SRWHQWLDO
PDUNHW�IRU�DJURWRXULVP�OLQNHG�WR�UXUDO�WRXULVP��JLYHQ
WKDW� WRXULVW� VXUYH\� GHPRQVWUDWHG� D� YHU\� SRVLWLYH
DWWLWXGH�WRZDUGV�LWV�SUDFWLFH��+RZHYHU��LW�VHHPV�WKDW
WKH�ODFN�RI�LQIRUPDWLRQ�DQG�SURPRWLRQ�KDYH�OHG�WR�D
ODFN�RI�NQRZOHGJH�DERXW�WKH�SRVVLELOLWLHV�RI�WKLV�VRUW
RI�WRXULVP��7KH�SRWHQWLDO�RI�UHJLRQV�OLNH�([WUHPDGXUD�
ZLWK�VWURQJ�QDWXUDO��FXOWXUDO�DQG�IDUPLQJ�UHVRXUFHV��DV
GHVWLQDWLRQV�IRU�UXUDO�WRXULVP�SUDFWLFH�LV�UHPDUNDEOH�
DQG�WKHUH�LV�D�GHPDQG�LQWHUHVWHG�LQ�LW��7KHUHIRUH��MRLQW
HIIRUWV� DUH� UHTXLUHG� EHWZHHQ� SXEOLF� DQG� SULYDWH
LQLWLDWLYHV�IRU�LWV�GHYHORSPHQW�DQG�FRPPHUFLDOL]DWLRQ
WR� WDNH��)XUWKHUPRUH��DV�WKHVH� WRXULVWV�VD\��WKLV� LV�D
W\SH�RI�WRXULVP�WKDW�FRQWULEXWHV�WR�LQFUHDVLQJ�LQFRPH
OHYHOV�DQG�WKH�TXDOLW\�RI�OLIH�RI�DJULFXOWXUDO�HPSOR\HUV�
DQG�WKH�FRQVHUYDWLRQ�RI�ODQGVFDSH�DQG�UXUDO�KHULWDJH�
7KXV� WKLV� NLQG� RI� WRXULVP� VHUYHV� D� GXDO� SXUSRVH�
HFRQRPLF�� GHULYHG� IURP� WKH� LPSRUWDQFH� RI
VXSSOHPHQWLQJ� IDUP� LQFRPH�ZLWK�DFWLYLWLHV� VXFK�DV
WRXULVP��DQG�VRFLDO��GHULYHG�IURP�WKH�VWUHQJWKHQLQJ�RI
FRQVHUYDWLRQ�RI�QDWXUDO�DQG�DJULFXOWXUDO�HQYLURQPHQWV�

&21&/86,21
7KLV�VWXG\�KDV�VRXJKW�WR�KLJKOLJKW�WKH�LPSRUWDQFH

RI� DJURWRXULVP� DV� DQ� DFWLYLW\� WKDW� UHVSRQGV� WR� DQ
HPHUJLQJ�GHPDQG�LQWHUHVWHG�LQ�HQMR\LQJ�WRXULVW�DFWLYLW\
LQ�QDWXUDO�DQG�UXUDO�DUHDV��DQG�VR�UHVSRQGV�WR�D�GHPDQG
WKDW�KDV�QHZ�PRWLYDWLRQV��7KLV�GHPDQG�VHHNV�PRUH
DXWKHQWLF�DQG�SHUVRQDOL]HG�HGXFDWLRQDO�DQG�HPRWLRQDO
H[SHULHQFHV��LQ�FRQWDFW�ZLWK�UXUDO�URRWV��+HUQiQGH]�HW
DO����������7KH�UHJLRQV�DQG�SXEOLF�DGPLQLVWUDWLRQ�KDYH
EHFRPH� FRQVFLRXV� RI� WKH� LPSRUWDQFH� RI� LQWHJUDWLQJ

WRXULVP� LQWR� IDUP� DFWLYLWLHV�� 7KLV� SURGXFHV� GLUHFW�
LQGLUHFW�DQG�LQGXFHG�EHQHILWV�DW�WKH�VRFLR�HFRQRPLF�DQG
HQYLURQPHQWDO� OHYHO� LQ� WKH� DUHDV� ZKHUH� LW� RFFXUV�
+RZHYHU��IRU�WKLV�WR�KDSSHQ�WKHUH�KDV�WR�EH�ERWK�D�FXUUHQW
GHPDQG�IRU�WKLV�NLQG�RI�WRXULVP�DQG�D�SRWHQWLDO�IXWXUH
GHPDQG�WRR��WR�HQVXUH�LWV�VXUYLYDO��$OVR�UHTXLUHG�LV�D
JRRG�XQGHUVWDQGLQJ� RI� WKLV� GHPDQG� �FOLHQW� SURILOHV�
QHHGV�DQG�PRWLYDWLRQV��HWF����7KLV�LV�WKH�UHDVRQ�IRU�ZKLFK
WKLV� VWXG\� KDV� EHHQ� FDUULHG� RXW�� D� VWXG\�ZKLFK� KDV
H[DPLQHG�WKH�DWWLWXGH�DQG�PRWLYDWLRQV�RI�WKH�UXUDO�WRXULVW
WRZDUGV�WKH�SUDFWLFH�RI�VXFK�HQYLURQPHQWDO�DFWLYLWLHV�DV
DJURWRXULVP�LQ�DUHDV�ZLWK�WKH�SRWHQWLDO�IRU�LW�

$�VDPSOH�RI�����UXUDO�WRXULVWV�LQ�([WUHPDGXUD��D
6SDQLVK� UHJLRQ� ZKLFK�� GHVSLWH� LWV� VKRUWDJH� RI
DJURWRXULVP� LQLWLDWLYHV�� KDV� JUHDW� SRWHQWLDO� IRU
GHYHORSLQJ�LW��GXH�WR�LWV�QDWXUDO�DQG�FXOWXUDO�ZHDOWK
DQG�ZKLFK�VWLOO�PDLQWDLQV�D�VWURQJ�IDUPLQJ�WUDGLWLRQ
DQG�DJULFXOWXUDO�ODQGVFDSHV�RI�LQWHUHVW�ZDV�FDUULHG�RXW�
7KH� UHVXOWV� SDLQW� D� YHU\� SRVLWLYH� SLFWXUH� RI� WKH
SRVVLELOLWLHV� IRU� WKH� GHYHORSPHQW� RI� DJURWRXULVP� LQ
([WUHPDGXUD��JLYHQ�WKDW�LW�LOOXVWUDWHV�WKH�H[LVWHQFH�RI�D
SRWHQWLDO�GHPDQG��+RZHYHU��WKHVH�WRXULVWV�DUH�IDFHG
ZLWK� FHUWDLQ� GLIILFXOWLHV� ZKHQ� LW� FRPHV� WR� DFWXDOO\
SUDFWLFLQJ� WKLV� NLQG� RI� WRXULVP�� UHODWHG� WR� ODFN� RI
NQRZOHGJH�RI� WKH�HQYLURQPHQW�DQG�WKH�H[LVWHQFH�RI
VXFK�WRXULVP�SURGXFWV��DV�ZHOO�DV�ODFN�RI�LQIRUPDWLRQ
DQG�SURPRWLRQ��,Q�VXPPDU\��RQH�PD\�VD\�WKDW�WKHUH
H[LVWV�D�SRWHQWLDO�PDUNHW�IRU�DJURWRXULVP�OLQNHG�WR�UXUDO
WRXULVP��7KH�SRWHQWLDO�RI�UHJLRQV�ZLWK�QDWXUDO��FXOWXUDO
DQG�DJULFXOWXUDO�ZHDOWK�DV�DJURWRXULVP�GHVWLQDWLRQV�LV
VWURQJ��DQG�WKHUH�LV�D�GHPDQG�LQWHUHVWHG�LQ�LW��7KHUHIRUH�
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MRLQW�HIIRUWV�DUH�UHTXLUHG�EHWZHHQ�SXEOLF�DQG�SULYDWH
LQLWLDWLYHV�IRU�LWV�GHYHORSPHQW�DQG�FRPPHUFLDOL]DWLRQ�
ZRUNLQJ�DOZD\V�IURP�WKH�VWDQGSRLQW�RI�VXVWDLQDELOLW\
DQG�ZLWK�UHVSHFW�WRZDUGV�WKH�HQYLURQPHQW�ZKHUH�WKH
DFWLYLW\�LV�EHLQJ�FDUULHG�RXW�

7KH� OLPLWDWLRQV� RI� WKLV� VWXG\� FHQWHU� RQ� WKH
SRVVLEOH�HUURUV�WKDW�FRXOG�UHVXOW�IURP�WKH�ILHOGZRUN�
WKH�VWDWLVWLFDO�WUHDWPHQW�RI�WKH�GDWD��DQG�WKH�FKRLFH�RI
D�FRQYHQLHQFH�VDPSOH��7KLV�PHDQV�WDNLQJ�SUHFDXWLRQV
ZKHQ�H[WUDSRODWLQJ�WKH�UHVXOWV�VKRZQ�E\�UHVHDUFK�WR
WKH� SRSXODWLRQ�DV� D�ZKROH�� )XUWKHUPRUH�� WKLV� VWXG\
RIIHUV�RQO\�D�SDUWLDO�YLVLRQ�RI�UHDOLW\�DV�LW�RQO\�ORRNV�DW
WKH�GHPDQG�VLGH��,W�FDQ�EH�DSSURSULDWHO\�FRPSOHPHQWHG
E\�H[DPLQLQJ�WKH�UHVXOWV�RI�+HUQiQGH]�HW�DO���������
ZKLFK� GHDO�ZLWK� WKH�VXSSO\� VLGH��$V� UHJDUGV� IXWXUH
OLQHV�RI�LQYHVWLJDWLRQ��DV�2SSHUPDQQ���������6D\DGL
DQG�&DODWUDYD���������6KDUSOH\�DQG�9DVV��������DQG
0F*HKHH��������SRLQW�RXW��WKHUH�KDV�EHHQ�OLWWOH�UHVHDUFK
RQ�DJURWRXULVP��ZKLFK�PHDQV�WKDW�LW�LV�QHFHVVDU\�WR
VWXG\�WKLV�W\SH�RI�WRXULVP�LQ�PRUH�GHWDLO�LQ�RUGHU�WR
EHWWHU�XQGHUVWDQG�DOO�DVSHFWV�RI�LW��,Q�WKLV�SDUWLFXODU
FDVH�WKH�QHFHVVLW\�IRU�VWXGLHV�RI�WKH�GHPDQG�LQ�RUGHU
WR� DVVXUH� EXVLQHVV� VXFFHVV� �&DUSLR� HW� DO��� �����
6ULNDWDQ\RR�DQG�&DPSLUDQRQ��������

$&.12:/('*(0(17
7KH�UHVXOWV�SUHVHQWHG�LQ�WKLV�ZRUN�DULVH�IURP�D

SURMHFW�FRQGXFWHG�DW�WKH�8QLYHUVLW\�RI�([WUHPDGXUD
DQG� IXQGHG� E\� WKH� 5HJLRQDO� *RYHUQPHQW� RI
([WUHPDGXUD� FDOOHG�WKH�$JURWRXULVP�6WUDWHJLF�3ODQ�IRU
WKH�5HJLRQ�RI�([WUHPDGXUD��/HFR�HW�DO���������

5()(5(1&(6
$OEDODGHMR�� ,�� 3�� DQG�'tD]��0��7�� �������� 8Q�PRGHOR� GH
HOHFFLyQ�GLVFUHWD� HQ� OD� GHWHUPLQDFLyQ�GHO� SHUILO� GHO� WXULVWD
UXUDO��XQD� DSOLFDFLyQ�D�0XUFLD��$� GLVFUHWH�FKRLFH�PRGHO� LQ
GHWHUPLQLQJ� WKH� SURILOH� RI� UXUDO� WRXULVWV�� DQ� DSSOLFDWLRQ� WR
0XUFLD��&XDGHUQRV�GH�7XULVPR������ �����

$OEDODGHMR��,��3��DQG�'tD]��0��7����������7RXULVW�SUHIHUHQFHV
IRU� UXUDO� KRXVH� VWD\V�� (YLGHQFH� IURP� GLVFUHWH� FKRLFH
PRGHOOLQJ�LQ�6SDLQ��7RXULVP�0DQDJH�������������������

$OEDODGHMR��,��3���0ROHUD��/��DQG�'tD]��0��7����������7XULVWD
UXUDO�IUHQWH�D�WXULVWD�HQ�DORMDPLHQWR�UXUDO�>5XUDO�WRXULVW�YHUVXV
WRXULVW� LQ� UXUDO� DFFRPPRGDWLRQ@��(VWXGLRV�7XUtVWLFRV������
�������

%RWH��9�� �������� ,PSRUWDQFLD� GH� OD� GHPDQGD� WXUtVWLFD� HQ
HVSDFLR�UXUDO�HQ�(VSDxD�>,PSRUWDQFH�RI�WRXULVP�GHPDQG� LQ
UXUDO�DUHDV� LQ�6SDLQ��(VWXGLRV�7XUtVWLFRV������ ������

%XVE\��*��DQG�5HQGOH��6����������7KH�WUDQVLWLRQ�IURP�WRXULVP
RQ�IDUPV�WR�IDUP�WRXULVP��7RXULVP�0DQDJH�������������������

&DPDUJR�� ,��$��� )HUQiQGH]�� 3�� DQG� 2UTXtQ�� ,�� �������
'HWHUPLQDFLyQ� GH� ODV� SUHIHUHQFLDV� GH� ORV� FOLHQWHV
LQWHUQDFLRQDOHV� SDUD� OD� SUiFWLFD� GHO� WXULVPR� UXUDO� HQ� OD
5HS~EOLFD�GH�&XED��'HWHUPLQDWLRQ�RI�WKH�LQWHUQDWLRQDO�FOLHQWV

SUHIHUHQFHV�IRU�WKH�SUDFWLFH�RI�UXUDO�WRXULVP�LQ�WKH�5HSXEOLF
RI�&XED��3DVRV��5HYLVWD�GH�7XULVPR�\�3DWULPRQLR�&XOWXUDO�
���������������

&DUSLR��&��(���:RKOJHQDQW��0��.��DQG�%RRQVDHQJ��7���������
7KH� GHPDQG� IRU� DJULWRXULVP� LQ� WKH�8QLWHG�6WDWHV�� -��$JU�
5HVRXU��(FRQ�������������������

&HEULiQ��$����������(O�WXULVWD�UXUDO�HQ�&DVWLOOD�/D�0DQFKD�\
HO�VXUHVWH��WLSRORJtD�IUHQWH�D�OD�LQIUDGRWDFLyQ�GH�VHUYLFLRV�HQ
ODV�VLHUUDV�GH�0XUFLD�\�$OEDFHWH��7KH�UXUDO�WRXULVW�LQ�&DVWLOOD�
/D�0DQFKD� DQG� 6RXWKHDVW�� W\SH� YHUVXV� XQGHUIXQGLQJ� RI
VHUYLFHV�LQ�WKH�PRXQWDLQV�RI�0XUFLD�DQG�$OEDFHWH��&XDGHUQRV
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)URFKRW�� ,�� ��������$� EHQHILW� VHJPHQWDWLRQ� RI� WRXULVWV� LQ
UXUDO� DUHDV��$� VFRWWLVK� SHUVSHFWLYH��7RXULVP�0DQDJH�����
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$JURWRXULVP�6WUDWHJLF�3ODQ�IRU�WKH�5HJLRQ�RI�([WUHPDGXUD�
5HJLRQDO�*RYHUQPHQW�RI�([WUHPDGXUD�
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,QWHUQDWLRQDO� -RXUQDO� RI� (QYLURQPHQWDO� 5HVHDUFK� LV� D� PXOWLGLVFLSOLQDU\� SHHU� UHYLHZ� MRXUQDO� FRQFHUQHG� ZLWK� DOO�
DVSHFWV�RI�HQYLURQPHQW�� ,Q�SXUVXLW�RI� WKHVH��HQYLURQPHQWDOLVW�GLVFLSOLQHV�DUH� LQYLWHG� WR�FRQWULEXWH� WKHLU�NQRZOHGJH�
DQG�H[SHULHQFH��,QWHUQDWLRQDO�-RXUQDO�RI�(QYLURQPHQWDO�5HVHDUFK�SXEOLVKHV�RULJLQDO�UHVHDUFK�SDSHUV��UHVHDUFK�QRWHV�
DQG� UHYLHZV� DFURVV� WKH� EURDG� ILHOG� RI� HQYLURQPHQW�� 7KHVH� LQFOXGH� EXW� DUH� QRW� OLPLWHG� WR� HQYLURQPHQWDO� VFLHQFH��
HQYLURQPHQWDO�HQJLQHHULQJ��HQYLURQPHQWDO�PDQDJHPHQW�DQG�SODQQLQJ�DQG�HQYLURQPHQWDO�GHVLJQ��XUEDQ�DQG�UHJLRQDO�
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DGHTXDWH� PDUJLQV� RQ� DOO� VLGHV� WR� DOORZ� UHYLHZHUV
� UHPDUNV�� 3OHDVH� GRXEOH� VSDFH� DOO� PDWHULDO�� 1XPEHU� WKH� SDJHV�
FRQVHFXWLYHO\�ZLWK�WKH�ILUVW�SDJH�FRQWDLQLQJ��
5XQQLQJ�KHDG��VKRUWHQHG�WLWOH��
7LWOH�
$XWKRU�V��
$IILOLDWLRQ�V��
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7H[W�
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PHWKRGV��UHVXOWV�DQG�GLVFXVVLRQV��FRQFOXVLRQ��DFNQRZOHGJHPHQW�DQG�UHIHUHQFHV��
$EVWUDFW�
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UHIHUHQFHV��
.H\�ZRUGV
3OHDVH�SURYLGH���WR���NH\�ZRUGV���
1RWHV
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$FNQRZOHGJHPHQWV�
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5HIHUHQFHV
$OO�SXEOLFDWLRQ�FLWHG�LQ�WKH�WH[W�VKRXOG�EH�SUHVHQWHG�LQ�WKH�OLVW�RI�UHIHUHQFHV�IROORZLQJ�WKH�WH[W�RI�WKH�PDQXVFULSW��,Q�
WKH�WH[W�UHIHU�WR�WKH�DXWKRUV
�QDPH��ZLWKRXW�LQLWLDOV��DQG�\HDU�RI�SXEOLFDWLRQ��H��J��:LOOLDPV���������)RU�WKUHH�RU�PRUH�
DXWRXUV�XVH�WKH�ILUVW�DXWRXU�IROORZHG�E\��HW�DO����LQ�WKH�ODVW��7KH�OLVW�RI��UHIHUHQFHV�DW�WKH�HQG�RI�WKH�PDQXVFULSW�VKRXOG�
EH�DUUDQJHG�DOSKDEHWLFDOO\�DXWKRUV
�QDPHV�DQG�FKURQRORJLFDOO\�SHU�DXWKRU��7KH�OLVW�RI�UHIHUHQFHV�VKRXOG�EH�JLYHQ�LQ�
WKH�IROORZLQJ�VW\OH��
���-RXUQDO�DUWLFOH�
.DUEDVVL�� $�� 5�� DQG� $PLUQH]KDG�� 5�� �������� *HRFKHPLVWU\� RI� KHDY\�PHWDOV� DQG� VHGLPHQWDWLRQ� UDWH� LQ� D� ED\� DGMDFHQW� WR� WKH�
&DVSLDQ�6HD��,QW��-��(QYLURQ��6FL��7HFK������������������
���%RRN�FKDSWHU��
&XWURQD��&��(��	�5XVVHOO��'����������7\SH�RI�VRFLDO�VXSSRUW�DQG�VSHFLILF�VWUHVV��7RZDUGV�D�WKHRU\�RI�RSWLPXP�PDWFKLQJ���,Q�,�*�
6DUDVRQ��%��5��6DUDVRQ��	�*��3LHUFH��(GV����6RFLDO�VXSSRUW��$Q�LQWHUDFWLRQDO�YLHZ��SS������������1HZ�<RUN��:LOH\���
���%RRN��DXWKRUHG��
&DSODQG��*����������3ULQFLSOHV�RI�SUHYHQWLYH�SV\FKLDWU\���1HZ�<RUN��%DVLF�%RRNV��
���%RRN��HGLWHG�
)HOQHU�� 5�� '��� -DVRQ�� /�� $��� 0RULWVXJX�� -�� 1�� DQG� )DUEHU�� 6�� 6�� �(GV��� �������� 3UHYHQWLYH� SV\FKRORJ\�� 7KHRU\�� UHVHDUFK� DQG�
SUDFWLFH���
�1HZ�<RUN��3HUJDPRQ�3UHVV��
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�����,QWHUQHW�DUWLFOHV�EDVHG�RQ�D�SULQW�VRXUFH
9DQGHQ%RV�� *��� .QDSS�� 6�� DQG� 'RH�� -�� �������� 5ROH� RI� UHIHUHQFH� HOHPHQWV� LQ� WKH� VHOHFWLRQ� RI� UHVRXUFHV� E\� SV\FKRORJ\�
XQGHUJUDGXDWHV�>(OHFWURQLF�YHUVLRQ@��-��%LEOLRJ��5HV���������������
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�����$UWLFOH�LQ�DQ�,QWHUQHW�RQO\�MRXUQDO
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)LJXUHV�
$OO�SKRWRJUDSKV��JUDSKV�DQG�GLDJUDPV�VKRXOG�EH�UHIHUUHG�WR�DV�D�
)LJXUH
�DQG�WKH\�VKRXOG�EH�QXPEHUHG�FRQVHFXWLYHO\��������HWF����
0XOWLSDUW�ILJXUHV�RXJKW�WR�EH�ODEHOHG�ZLWK�ORZHU�FDVH�OHWWHUV��D��E��HWF����3OHDVH�LQVHUW�NH\V�DQG�VFDOH�EDUV�GLUHFWO\�LQ�WKH�ILJXUHV��
3URYLGH�D�GHWDLOHG�OHJHQG��ZLWKRXW�DEEUHYLDWLRQV��WR�HDFK�ILJXUH��UHIHU�WR�WKH�ILJXUH�LQ�WKH�WH[W�DQG�QRWH�LWV�DSSUR[LPDWH�ORFDWLRQ�LQ�
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7DEOHV
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PDWHULDO� LQ� HLWKHU� WKH� KHDGLQJ� RU� ERG\� RI� WKH� WDEOH�� 6XFK� H[SODQDWRU\� IRRWQRWHV�� LGHQWLILHG� E\� VXSHUVFULSW� OHWWHUV��
VKRXOG�EH�SODFHG�LPPHGLDWHO\�EHORZ�WKH�WDEOH��3OHDVH�SURYLGH�D�FDSWLRQ��ZLWKRXW�DEEUHYLDWLRQV��WR�HDFK�WDEOH��UHIHU�
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7KH�VXEPLWWHG�PDWHULDOV�PD\�EH�FRQVLGHUHG�IRU�LQFOXVLRQ�EXW�FDQ�QRW�EH�UHWXUQHG��
1RWH�
(GLWRUV� RI� WKH� -RXUQDO� UHVHUYH� WKH� ULJKW� WR� DFFHSW�� UHMHFW� DQG� HGLW� DQ\� DUWLFOH� LQ� DQ\� VWDJH�� LI� QHFHVVDU\��7KH� VROH�
UHVSRQVLELOLW\�IRU�WKH�ZKROH�FRQWHQWV�RI�WKH�DUWLFOH��YLHZV��VWDWHPHQWV�DQG�QDPHV��UHPDLQV�RQO\�ZLWK��WKH�DXWKRU�V���
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$GGLWLRQDO�LQIRUPDWLRQ�FDQ�EH�REWDLQHG�IURP��
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)D[�����������������



&RS\ULJKW�7UDQVIHU�$JUHHPHQW�

��3DUWLHV�RI�WKH�$JUHHPHQW�

$XWKRU���&R�DXWKRUV���
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GHULYDWLYH�ZRUNV�ZRUOGZLGH��
7KH�WUDQVIHU�XQGHU�WKLV�$JUHHPHQW�LQFOXGHV�WKH�ULJKW�WR�DGDSW�WKH�SUHVHQWDWLRQ�RI�WKH�0DWHULDOV�IRU�XVH�LQ�FRQMXQFWLRQ�ZLWK�FRPSXWHU�V\VWHPV�DQG�SURJUDPV��
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XQGHU� WKLV�$JUHHPHQW�� VKDOO� EH� DFFRPSDQLHG�E\� UHIHUHQFH� WR� WKH� -RXUQDO� DQG�PHQWLRQ�RI� WKH�3XEOLVKHU�� QDPHO\�� WKH� WLWOH� RI� WKH� DUWLFOH�� WKH�QDPH�RI� WKH�
$XWKRU��&R�DXWKRUV���WKH�QDPH�RI�WKH�-RXUQDO��YROXPH�QXPEHU��FRS\ULJKW�RI�WKH�SXEOLVKHU��

%�5HVHUYHG�5LJKWV�
7KH�$XWKRU��&R�DXWKRUV��RU� WKH�HPSOR\HU�RI� WKH�$XWKRU��&R�DXWKRUV��RI� WKH�0DWHULDOV�VKDOO�UHWDLQ�DOO�SURSULHWDU\�ULJKWV��ZLWK�WKH�H[FHSWLRQ�RI� WKH�ULJKWV�
WUDQVIHUUHG�WR�WKH�3XEOLVKHU�XQGHU�WKH�SUHVHQW�$JUHHPHQW���

&�$XWKRU¶V�*XDUDQWHH�
7KH�$XWKRU��&R�DXWKRUV��JXDUDQWHHV�WKDW�WKH�0DWHULDOV�DUH�DQ�RULJLQDO�ZRUN��VXEPLWWHG�RQO\�WR�,-(5��DQG�KDYH�QRW�EHHQ�SXEOLVKHG�SUHYLRXVO\��
,Q�FDVH�WKH�0DWHULDOV�ZHUH�ZULWWHQ�MRLQWO\�ZLWK�&R�DXWKRUV��WKH�$XWKRU�JXDUDQWHHV�WKDW�KH�KDV�LQIRUPHG�WKHP�RI�WKH�WHUPV�RI�WKLV�$JUHHPHQW�DQG�REWDLQHG�
WKHLU�VLJQDWXUHV�RU�ZULWWHQ�SHUPLVVLRQ�WR�VLJQ�RQ�WKHLU�EHKDOI��
7KH�$XWKRU�JXDUDQWHHV�DV�ZHOO�WKDW��
7KH�0DWHULDOV�GR�QRW�FRQWDLQ�OLEHORXV�VWDWHPHQWV��
7KH�0DWHULDOV�GR�QRW�LQIULQJH�RQ�RWKHU�SHUVRQV¶�ULJKWV��LQFOXGLQJ�ZLWKRXW�OLPLWDWLRQ�FRS\ULJKWV��SDWHQW�ULJKWV�DQG�WKH�WUDGHPDUN�ULJKW���
7KH�0DWHULDOV�GR�QRW�FRQWDLQ�IDFWV�RU�LQVWUXFWLRQV�WKDW�FDQ�FDXVH�GDPDJH�RU�LQMXU\�WR�WKLUG�SDUWLHV�DQG�WKHLU�SXEOLFDWLRQ�GRHV�QRW�FDXVH�WKH�GLVFORVXUH�RI�DQ\�
VHFUHW�RU�FRQILGHQWLDO�LQIRUPDWLRQ���

$87+25�
�/DVW�1DPH��)LUVW�1DPH��2IILFLDO�3RVLWLRQ��
&RUUHVSRQGHQFH�$GGUHVV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB�
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*UDGXDWH�)DFXOW\�RI�(QYLURQPHQW��8QLYHUVLW\�RI�7HKUDQ�
1R������*KRGV�6W��(QJKHODE�$YH���7HKUDQ�,UDQ�
3�2�%2;������������
7HO������������������ )D[�����������������
(�PDLO��LMHU#XW�DF�LU��
:HE��KWWS���LMHU�XW�DF�LU

�/DVW�1DPH��)LUVW�1DPH��2IILFLDO�3RVLWLRQ�� � � � � �

$FFHSWHG�IRU�SXEOLFDWLRQ�
� � � � � � � � � �6LJQDWXUH�� � � �'DWH�



0DJLUDQ��,UDQ�
KWWS���ZZZ�PDJLUDQ�FRP

0DJ,UDQ�FRP� LV� WKH� RQH� VLWH� IRU� DOO� ,UDQLDQ�PDJD]LQHV�� )LQG
\RXU�IDYRULWH�PDJD]LQHV�DQG�YLHZ�SXEOLVKHG�QXPEHUV��WDEOH�RI
FRQWHQWV�DQG�SDSHUV�

:RUOG�+HDOWK�2UJDQL]DWLRQ
5HJLRQDO�2IILFH�IRU�WKH�(DVWHUQ�0HGLWHUUDQHDQ

,17(51$7,21$/�-2851$/�2)�(19,5210(17$/�5(6(5$&+��,-(5�
�LV�LQGH[HG�DQG�DEVWUDFWHG�LQ�WKH�ELEOLRJUDSKLFDO�GDWDEDVHV�LQFOXGLQJ�

,QGH[�&RSHUQLFXV��,&���3RODQG�
KWWS���ZZZ�LQGH[FRSHUQLFXV�FRP�LQGH[�SKS

,&�-RXUQDOV�LV�D�MRXUQDO�LQGH[LQJ��UDQNLQJ�DQG�DEVWUDFWLQJ�VLWH�
7KLV� VHUYLFH� KHOSV� D� MRXUQDO� WR� JURZ� IURP� D� ORFDO� OHYHO� WR� D
JOREDO�RQH�DV�ZHOO�DV�SURYLGLQJ�FRPSOHWH�ZHE�EDVHG�VROXWLRQ
IRU�VPDOO�HGLWRULDO�WHDPV�

%LROLQH�LQWHUQDWLRQDO��&DQDGD�
�KWWS���ZZZ�ELROLQH�RUJ

%LROLQH� ,QWHUQDWLRQDO� LV� D� QRW�IRU�SURILW� HOHFWURQLF� SXEOLVKLQJ
VHUYLFH�FRPPLWWHG�WR�SURYLGLQJ�RSHQ�DFFHVV�WR�TXDOLW\�UHVHDUFK
MRXUQDOV�SXEOLVKHG�LQ�GHYHORSLQJ�FRXQWULHV��%,¶V�JRDO�RI�UHGXFLQJ
WKH� 6RXWK� WR� 1RUWK� NQRZOHGJH� JDS� LV� FUXFLDO� WR� D� JOREDO
XQGHUVWDQGLQJ�RI�KHDOWK��WURSLFDO�PHGLFLQH��LQIHFWLRXV�GLVHDVHV�
HSLGHPLRORJ\�� HPHUJLQJ� QHZ� GLVHDVHV��� ELRGLYHUVLW\�� WKH
HQYLURQPHQW��FRQVHUYDWLRQ�DQG� LQWHUQDWLRQDO�GHYHORSPHQW�

&DPEULGJH�6FLHQWLILF�$EVWUDFWV��&6$���86$�
KWWS���ZZZ�FVD�FRP

&6$�LV�D�ZRUOGZLGH�LQIRUPDWLRQ�FRPSDQ\��VHUYLQJ�DV�D�JXLGH�WR
UHVHDUFKHUV� WR�KHOS� WKHP�EH�PRUH� HIIHFWLYH� LQ� WKHLU�ZRUN� E\
HQDEOLQJ�DQG�H[SHGLWLQJ�GLVFRYHU\��DLGLQJ�WKH�PDQDJHPHQW�DQG
RUJDQL]DWLRQ�RI�TXDOLW\�LQIRUPDWLRQ�DQG�SURYLGLQJ�WRROV�WR�DVVLVW
LQ�LWV�VXEVHTXHQW�GLVVHPLQDWLRQ�

6FLHQWLILF�,QIRUPDWLRQ�'DWDEDVH��6,'���,UDQ�
�KWWS���ZZZ�VLG�LU

5HJDUGLQJ�WKH�HYHU\�GD\�HQKDQFHPHQW�RI�WKH�UHTXLUHPHQWV�IRU
UHVHDUFK��WKH�JURZWK�RI�VFLHQWLILF�SURGXFWLRQ�DW�XQLYHUVLWLHV�DQG
UHVHDUFK�FHQWHU�RI�,UDQ��DQG�WKH�QHFHVVLW\�RI�LQVWDQW�DFFHVV�WR
VFLHQWLILF�VRXUFH��LW�LV�WDQJLEOH�WR�GHYHORS�VFLHQWLILF�GDWDEDVH�LQ
,UDQ�

:RUOG�+HDOWK�2UJDQL]DWLRQ��(J\SW��
KWWS���ZZZ�HPUR�ZKR�LQW�

7KH�,QGH[�0HGLFXV�IRU�WKH�:+2�(DVWHUQ�0HGLWHUUDQHDQ�5HJLRQ
�,0(05��KDV�VXVWDLQHG�LWV�LQGH[LQJ�SROLF\��ZKLFK�KDV�PDGH�LW
YLWDO�FXUUHQW�DZDUHQHVV�LQIRUPDWLRQ�WRRO��IRU�WHFKQLFDO�VWDII�RI
WKH�5HJLRQDO�2IILFH��KHDOWK�FDUH�VWDII�DQG�PHGLFDO�SURIHVVLRQDOV
ZKR�DUH�DEOH�QRZ�WR�DFFHVV�KHDOWK�OLWHUDWXUH�SXEOLVKHG�LQ�WKH
5HJLRQ�DV�VRRQ�DV�LW�LV�SXEOLVKHG�

*HREDVH��1HWKHUODQGV��
KWWS���ZZZ�HOVHYLHU�FRP�

*(2%$6(� LV� D� XQLTXH�PXOWLGLVFLSOLQDU\� GDWDEDVH� VXSSO\LQJ
ELEOLRJUDSKLF�LQIRUPDWLRQ�DQG�DEVWUDFWV�IRU�GHYHORSPHQW�VWXGLHV�
WKH�(DUWK�VFLHQFHV��HFRORJ\��JHRPHFKDQLFV��KXPDQ�JHRJUDSK\�
DQG� RFHDQRJUDSK\�

*HREDVH��1HWKHUODQGV��
KWWS���ZZZ�HOVHYLHU�FRP�

(0%LRORJ\� LV�D� QHZ�$EVWUDFWV�DQG�,QGH[LQJ�GDWDEDVH��'UDZQ
IURP�FORVH�WR�������LQWHUQDWLRQDO�WLWOHV�DQG�H[WHQGLQJ�EDFN�WR
������(0%LRORJ\�LQGH[HV�PRUH�WKDQ���PLOOLRQ�UHFRUGV�IURP�WKH
ELRORJLFDO�VFLHQFH�OLWHUDWXUH�

7KRPVRQ�-RXUQDO�0DVWHU�/LVW��86$�
�KWWS���VFLHQWLILF�WKRPVRQUHXWHUV�FRP�FJL�ELQ�MUQOVW�
MOUHVXOWV�FJL"3& 0$67(5	,661 ���������

7KH� FRPELQHG� DXWKRULWDWLYH� LQIRUPDWLRQ� ZLWK� LQQRYDWLYH
WHFKQRORJLHV�WR�HQKDQFH�UHVHDUFKHUV¶�DELOLW\�WR�DFKLHYH�ZRUOG�
FODVV�UHVHDUFK�DQG�EXVLQHVV�UHVXOWV�

&$%�$EVWUDFW��8.��
KWWS���ZZZ�FDEL�RUJ�

&$%�$EVWUDFWV�LV�WKH�PRVW�FRPSUHKHQVLYH�GDWDEDVH�RI�LWV�NLQG�
JLYLQJ� UHVHDUFKHUV� LQVWDQW� DFFHVV� WR� RYHU� ��0LOOLRQ� UHFRUGV
FRYHULQJ�WKH�DSSOLHG�OLIH�VFLHQFHV�

6FRSXV��7KH�1HWKHUODQGV�
�KWWS���ZZZ�VFRSXV�FRP

6FRSXV�LV�WKH�ODUJHVW�DEVWUDFW�DQG�FLWDWLRQ�GDWDEDVH�RI�UHVHDUFK
OLWHUDWXUH� DQG�TXDOLW\�ZHE� VRXUFHV�� ,W¶V� GHVLJQHG� WR� ILQG� WKH
LQIRUPDWLRQ�VFLHQWLVWV� QHHG��4XLFN�� HDV\�DQG� FRPSUHKHQVLYH�
6FRSXV�SURYLGHV� VXSHULRU� VXSSRUW� RI� WKH� OLWHUDWXUH� UHVHDUFK
SURFHVV��8SGDWHG�GDLO\��6FRSXV�RIIHUV�

,6,�6&,(
:HE�RI�6FLHQFH��86$�

�KWWS���ZZZ�WKRPVRQVFLHQWLILF�FRP�FJL�ELQ�MUQOVW�
MOUHVXOWV�FJL"3& %�	,661 ���������

7KH�:HE�RI�6FLHQFH�SURYLGHV�VHDPOHVV�DFFHVV� WR�FXUUHQW�DQG
UHWURVSHFWLYH�PXOWLGLVFLSOLQDU\�LQIRUPDWLRQ�IURP�DSSUR[LPDWHO\
������RI�WKH�PRVW�SUHVWLJLRXV��KLJK�LPSDFW�UHVHDUFK�MRXUQDOV�LQ
WKH� ZRUOG��:HE� RI� 6FLHQFH� DOVR� SURYLGHV� D� XQLTXH� VHDUFK
PHWKRG��FLWHG�UHIHUHQFH�VHDUFKLQJ�


