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%DUEDUD�1DP\VORZVND�:LOF]\QVND��
 DQG $UWXU�:LOF]\QVNL��

�,QVWLWXWH�RI�*HRWHFKQLFV�DQG�+\GURWHFKQLFV��:URFODZ�8QLYHUVLW\�RI�7HFKQRORJ\��3RODQG

�
H�PDLO��ZLOF]\QVND#L���LJK�SZU�ZURF�SO
�,QVWLWXWH�RI�(OHFWULFDO�3RZHU�(QJLQHHULQJ��:URFODZ�8QLYHUVLW\�RI�7HFKQRORJ\��3RODQG�H�PDLO��DUWZLO#VHH�LH�SZU�ZURF�SO

$%675$&7�
5HVXOWV� DSSO\LQJ� RUGLQDU\� NULJLQJ� DQG� FRNULJLQJ� WHFKQLTXHV� DV�ZHOO� DV� WKH� WXUQLQJ� EDQGV� VLPXODWLRQ�PHWKRG� WR� WKH� VXUYH\� RI�
KHDY\�PHWDO�SROOXWLRQ�RI� WKH�VXSHUILFLDO� OD\HU��DW� WKH�GHSWK�RI������FP��RI�VRLO� LQ�D�VHOHFWHG�PLQLQJ�UHJLRQ�RI�8SSHU�6LOHVLD��6�
3RODQG�� DUH� SUHVHQWHG�� 7KH� PXOWLYDULDWH� VWUXFWXUDO� DQDO\VLV�� HVWLPDWLRQ� DQG� FRQGLWLRQDO� VLPXODWLRQ� ZDV� SHUIRUPHG� RQ� GDWD�
FRPLQJ�IURP�WKH�UHJLRQDO�PRQLWRULQJ�RI�VRLOV��
%DVHG�RQ�HVWLPDWHG�DQG�WKH�VLPXODWHG�FDGPLXP�DQG�]LQF�KHDY\�PHWDO�VRLO�FRQFHQWUDWLRQV��WKH�PRVW�SROOXWHG�]RQHV�DQG�SODFHV�LQ�
WKH�'DEURZD�*yUQLF]D�UHJLRQ��ZKHUH�HQYLURQPHQWDO�PRQLWRULQJ�VKRXOG�EH�LQVWLWXWHG�DJDLQ��ZHUH�GHWHUPLQHG���

.H\ZRUGV��KHDY\�PHWDO��SROOXWLRQ��VRLO��HVWLPDWLRQ��NULJLQJ��FRNULJLQJ��FRQGLWLRQDO�VLPXODWLRQ��

� ,1752'8&7,21�
7KH�PDLQ�VRLO�SUREOHPV�LQ�(8�FRXQWULHV�DUH�LUUHYHUVLEOH�ORVVHV�EHFDXVH�RI�LQFUHDVLQJ�VRLO�VHDOLQJ�DQG�VRLO�HURVLRQ��DQG�FRQWLQXHG�
GHWHULRUDWLRQ� GXH� WR� ORFDO� FRQWDPLQDWLRQ� DQG� GLIIXVH� FRQWDPLQDWLRQ� �DFLGLILFDWLRQ� DQG� KHDY\�PHWDOV�� �(XURSHDQ� (QYLURQPHQW�
$JHQF\���������/RFDO�VRLO�FRQWDPLQDWLRQ�E\�KHDY\�PHWDOV��ZKLFK�DUH�HVSHFLDOO\�KLJK�LQ�DUHDV�ZLWK�KHDY\�LQGXVWULHV�DQG�PLOLWDU\�
EDVHV�DQG�LQ�KLJK�GHQVLW\�XUEDQ�DUHDV�ZLWKLQ�WKH�(8�DQG�WKH�$FFHVVLRQ�FRXQWULHV�KDYH�EHHQ�REVHUYHG��,Q�PDQ\�FDVHV��WKH�KLJKHU�
YDOXHV�RFFXU�EHFDXVH�RI�QDWXUDO�JHRORJLFDO�RU�VRLO�IRUPLQJ�FRQGLWLRQV��6WUDWHJLHV�IRU�VRLO�SURWHFWLRQ�DQG�V\VWHPV�IRU�PRQLWRULQJ�
VRLO� FRQWDPLQDWLRQ� DUH� QRW� DGHTXDWHO\� GHYHORSHG� DW� WKH� (XURSHDQ� RU� QDWLRQDO� OHYHO�� FRPSDUHG� ZLWK� DLU� DQG� ZDWHU� �(XURSHDQ�
(QYLURQPHQW�$JHQF\����������

7KH�ODUJHVW�DUHDV�PRVW�DIIHFWHG�E\�FRQWDPLQDWLRQ�DUH�ORFDWHG�LQ�QRUWK�ZHVW�(XURSH��1RUG�3DV�GH�&DODLV�LQ�)UDQFH��5KHLQ�5XKU�
UHJLRQ�LQ�*HUPDQ\��%HOJLXP��1HWKHUODQGV���2WKHU�VXFK�UHJLRQV�LQFOXGH�WKH�6DDU�UHJLRQ�LQ�*HUPDQ\��QRUWKHUQ�,WDO\�DQG�WKH�FRUQHU�
RI�3RODQG��WKH�&]HFK�5HSXEOLF�DQG�WKH�6ORYDN�5HSXEOLF��ZLWK�&UDFRZ�DQG�.DWRZLFH�DW�LWV�FHQWUH��,QIRUPDWLRQ�DYDLODEOH�IRU����
(XURSHDQ�FRXQWULHV�UHYHDOV�WKDW�WKH�HVWLPDWHG�WRWDO�RI�FRQWDPLQDWHG�VLWHV�H[FHHGV�����PLOOLRQ��PRVW�RI�ZKLFK�DUH�ORFDWHG�LQ�WKH����
(8�0HPEHU� 6WDWHV� �(XURSHDQ�(QYLURQPHQW�$JHQF\�� �������0DQ\�$FFHVVLRQ�&RXQWULHV� KDYH� LQLWLDWHG� QDWLRQDO� LQYHQWRULHV� RI�
FRQWDPLQDWHG�VLWHV�DQG�DLU��ZDWHU�DQG�VRLO�SROOXWLRQ�VRXUFHV��7KH\�KDYH�DOVR�HQDFWHG�OHJLVODWLRQ���

$ VXEMHFW�RI�LQWHUHVW�WR�WKH�DXWKRUV�RI�WKLV�SDSHU�LV�WKH�OHYHO�RI�KHDY\�PHWDO�SROOXWLRQ�RI�WKH�VRLO�VXUIDFH�OD\HU�LQ�VHOHFWHG�DUHDV�RI�
WKH�.DWRZLFH�3URYLQFH�LQ�8SSHU�6LOHVLD��ZKLFK�IRU�\HDUV�KDV�EHHQ�WKH�PRVW�LQGXVWULDOL]HG�UHJLRQ�LQ�VRXWK�ZHVWHUQ�3RODQG��8SSHU�
6LOHVLD�ZLWK� LWV� FKDUDFWHULVWLF� OHDG�]LQF�FDGPLXP� FRPSOH[� VWDQGV� RXW� DV� DQ� DQRPDO\� IURP� WKH� JHQHUDO� JHRFKHPLFDO� SLFWXUH� RI�
3RODQG� �/LV�	� 3DVLHF]QD�� ����D�� ����E�� ������� 7KH� QDWXUDO� HQYLURQPHQW� WKHUH� LV� DGYHUVHO\� DIIHFWHG� E\� RUH�EHDULQJ� GHSRVLWV�
RFFXUULQJ�FORVH�WR�WKH�VXUIDFH��URFN�RXWFURSV��LQ�VRPH�DUHDV��E\�WKH�KLVWRULFDO�DQG�FXUUHQW�PLQLQJ�RI�WKH�]LQF�OHDG�GHSRVLWV��LQ�WKH�
6LOHVLDQ�&UDFRZ�UHJLRQ�]LQF�DQG�OHDG�KDYH�EHHQ�PLQHG�VLQFH�WKH�EHJLQQLQJ�RI�WKH���WK�FHQWXU\���E\�WKH�]LQF�OHDG�RUH�SURFHVVLQJ�
DQG�PHWDOOXUJLFDO�SODQWV�RSHUDWLQJ�WKHUH�DQG�E\�KHDY\�PRWRU�WUDIILF�LQ�WKH�UHJLRQ���

��



7KH�VRLO�HQYLURQPHQW�LQ�3RODQG�KDV�EHHQ�PRQLWRUHG�VLQFH�WKH�HQG�RI�WKH���V��,QLWLDOO\�D�VSDUVH�JULG�FRYHULQJ�WKH�ZKROH�FRXQWU\�
ZDV�XVHG� �/LV�	�3DVLHF]QD������D���/DWHU�D�GHQVHU�JULG�ZDV�XVHG� LQ� WKH�PRVW�KHDYLO\� LQGXVWULDOL]HG� UHJLRQV� WR�PDNH�PDSV�RI�
DUHDV�RI�KLJK�VRLO�FRQWDPLQDWLRQ��8SSHU�6LOHVLD��/RZHU�6LOHVLD��WKH�&UDFRZ�DUHD��DQG�WKH�:DOEU]\FK�DUHD���$Q�DZDUHQHVV�RI�WKH�
QHHG�WR�FUHDWH�HQYLURQPHQWDO�GDWDEDVHV�DQG�WR�XVH�WKH�SURFHVVHG�GDWD�IRU�HQYLURQPHQWDO�TXDOLW\�DVVHVVPHQWV�KDV�EHHQ�JURZLQJ���

7KH�SURFHVVLQJ�� DQDO\VLV� DQG� HVWLPDWLRQ�RI� DQ� LQFUHDVLQJ� DPRXQW�RI� HQYLURQPHQWDO� DQG� HQYLURQPHQW� SURWHFWLRQ�GDWD� VWRUHG� LQ�
FRQWLQXRXVO\�XSGDWHG�GDWDEDVHV�UHTXLUHV�PRUH�DQG�PRUH�HIIHFWLYH�HVWLPDWLRQ�WRROV���

7KH� DXWKRUV� KDYH� WHVWHG� GLIIHUHQW� VSDWLDO� VWDWLVWLFV�PHWKRGV� UHSUHVHQWLQJ� OLQHDU� JHRVWDWLVWLFV� �YDULRJUDP�� NULJLQJ� DQG� RUGLQDU\�
FRNULJLQJ�� DQG� QRQOLQHDU� JHRVWDWLVWLFV� �LQGLFDWRU� YDULRJUDP�� LQGLFDWRU� NULJLQJ� DQG� FRQGLWLRQDO� WXUQLQJ� EDQGV� VLPXODWLRQ��
�$UPVWURQJ�	�'RZG��������$UPVWURQJ��������,VDDNV�	�6ULYDVWDYD��������,6$7,6��������5LYRLUDUG��������:DFNHUQDJHO���������
(QYLURQPHQWDOLVWV��(XURSHDQ�(QYLURQPHQW�$JHQF\���������DV�ZHOO�DV�WKH�SUHVHQW�DXWKRUV��KDYH�PRVW�RIWHQ�VWXGLHG�WKH�FDGPLXP��
OHDG�DQG�]LQF�FRQFHQWUDWLRQV��ZKRVH�YDULDELOLW\�LQ�WKH�VRLO�KDV�EHHQ�HVWLPDWHG�IRU�WKH�%\WRP��% G]LQ��'DEURZD�*yUQLF]D��3LHNDU\�
6O��DQG�7DUQRZVNLH�*yU\�DUHDV��1DP\VORZVND�:LOF]\QVND�	�:LOF]\QVNL������������D������E������F���������������,Q�DGGLWLRQ�
FRSSHU�DQG�OHDG�FRQFHQWUDWLRQV�KDYH�EHHQ�GHWHUPLQHG�IRU�WKH�/HJQLFD�*ORJyZ�&RSSHU�%DVLQ��1DP\VORZVND�:LOF]\QVND�	�3\UD��
�������$OVR�SRWHQWLDO�FKDQJHV�LQ�WKH�KHDY\�PHWDO�SROOXWLRQ�RI�VRLO�RYHU�WLPH�KDYH�EHHQ�LQYHVWLJDWHG��1DP\VORZVND�:LOF]\QVND�
	 5XVDN�� ������ E\� WDNLQJ� DGYDQWDJH� RI� DYDLODEOH� HQYLURQPHQWDO� GDWDEDVHV� VWRULQJ� GDWD� RQ� VRLO� VDPSOLQJ� IRU� �� KHDY\�PHWDOV��
FDGPLXP��]LQF��OHDG��FRSSHU��QLFNHO�DQG�FKURPLXP��1DP\VORZVND�:LOF]\QVND��������1DP\VORZVND�:LOF]\QVND�	�:LOF]\QVNL��
�������,W�KDV�EHHQ�GHWHUPLQHG�WKDW�WKH�VDPSOHV�KDYH�LGHQWLFDO�SDUDPHWHUV�ZKLFK�LQGLFDWHV�LVRWRS\��:DFNHUQDJHO����������

,Q�XQVDPSOHG�DUHDV�WKH�DYHUDJH�HVWLPDWHG�KHDY\�PHWDO�FRQFHQWUDWLRQ�ZDV�XVHG�IRU�RQH�RI�WKH�LQYHVWLJDWHG�HOHPHQWV��ZKLFK�PHDQV�
WKDW�D�RQH�GLPHQVLRQDO�PRGHO�ZDV�XVHG��7KH�TXHVWLRQ�RI�ZKHWKHU�WKH�HVWLPDWLRQ
V�DFFXUDF\�FRXOG�EH�LQFUHDVHG�LI�D�PXOWLYDULDWH�
HVWLPDWLRQ�PRGHO�ZDV�EXLOW�DURVH��,Q�VXFK�FDVHV�ZKHQ�HVWLPDWLQJ�WKH�DYHUDJH�FRQFHQWUDWLRQ�RI�RQH�PHWDO��WKH�SULPDU\�YDULDEOH���
WKH�FRQFHQWUDWLRQ�RI�WKH�VHFRQG�PHWDO��WKH�VHFRQGDU\�YDULDEOH��LV�WDNHQ�LQWR�DFFRXQW�LI�LW�LV�KLJKO\�FRUUHODWHG�ZLWK�WKH�ILUVW�PHWDO
V�
FRQFHQWUDWLRQ��:DFNHUQDJHO����������

:LWK�WKH�DLP�RI�SURGXFLQJ�EHWWHU�SROOXWLRQ�PRGHOOLQJ�UHVXOWV��D�PXOWLGLPHQVLRQDO�PRGHO�RI�FDGPLXP�DQG�]LQF�VRLO�FRQFHQWUDWLRQ�
YDULDELOLW\�ZDV�EXLOW� DQG� WKH�PRGHO� SDUDPHWHU� YDOXHV�ZHUH� XVHG� LQ� WKH� HVWLPDWLRQ� FDOFXODWLRQV� �RULJLQDO� GDWD�� DQG� VLPXODWLRQV�
�*DXVVLDQ�GDWD���7KH�TXHVWLRQ�LV�ZKLFK�RI�WKH�REWDLQHG�SROOXWLRQ�SLFWXUHV�ZLOO�UHSUHVHQW�WKH�UHDOLW\�PRUH�WUXWKIXOO\"��
�
� &+$5$&7(5,=$7,21�2)�678'<�$5($�
$Q�DUHD� LQ� WKH�QHLJKERXUKRRG�RI� D� VWHHO�PLOO� �)LJXUH���� DQG�RWKHU� VPDOOHU� LQGXVWULDO� SODQWV� LQ�'DEURZD�*yUQLF]D��ZKHUH�RUH�
EHDULQJ�GRORPLWH�RXWFURSV�RFFXU��ZDV�LQYHVWLJDWHG��7KH�'DEURZD�*yUQLF]D�0XQLFLSDOLW\�LV�VLWXDWHG�ZLWKLQ�D�ODUJH�WHFWRQLF�XQLW���
WKH�6LOHVLDQ�&UDFRZ�PRQRFOLQH��/LV�	�3DVLHF]QD������E���������7KH�RUH�EHDULQJ�GRORPLWHV�EHORQJ�WR�PLGGOH�7ULDVVLF�IRUPDWLRQV�
ZKLFK�LQFOXGH�]LQF�DQG�OHDG�RUHV��7KH\�DUH�PRVWO\�ILQHO\�FU\VWDOOLQH��SRURXV��RIWHQ�FUDFNHG�GRORPLWHV�VLPLODU�WR�EUHFFLD�LQ�PDNH�
XS��7KHLU�SRUHV�DQG�FDYHUQV�DUH�XVXDOO\�ILOOHG�ZLWK�]LQF�DQG�OHDG�VXOSKLGHV��VSKDOHULWH��JDOHQD��S\ULWH��PDUFDVLWH��FDOFLWH��OLPRQLWH�
RU�EDULWH��*HRFKHPLFDO�VXUYH\V�RI�WKH�VRLOV��LQFOXGLQJ�FXOWLYDWHG�ODQG��FDUULHG�RXW�LQ�WKH�.DWRZLFH�3URYLQFH�VKRZHG�WKH�FDGPLXP�
FRQFHQWUDWLRQ�UDQJLQJ�IURP�����WR�����SSP�DQG�WKH�]LQF�FRQFHQWUDWLRQ�QHDUO\���WLPHV�KLJKHU�WKDQ�LQ�RWKHU�UHJLRQV�RI�3RODQG��7KH�
]LQF�FRQFHQWUDWLRQ�YDULHV�IURP�����WR������SSP���

7KH� FDGPLXP�DQG� ]LQF� VRLO� SROOXWLRQ� LQ� WKH� DJULFXOWXUDO� DUHD�ZDV� DQDO\]HG��7KH� GHSRVLWV� IRUPLQJ� WKH� VXUIDFH� VRLO� OD\HU�ZHUH�
FOD\H\��ORDP\�VDQG�DQG�OLJKW��PHGLXP�DQG�KHDY\�FOD\V���7KH�VDPSOH�VL]H�IRU� WKH����FP�WKLFN�VRLO�VXUIDFH� OD\HU�ZDV������7KH�
VDPSOHV�ZHUH�WDNHQ�E\�WKH�,QVWLWXWH�RI�(QYLURQPHQW�5HVHDUFK�DQG�&RQWURO�LQ�.DWRZLFH��7KH�VSDWLDO�H[WHQW�RI�KHDY\�PHWDO��OHDG��
FRSSHU��QLFNHO��FKURPLXP��VRLO�FRQWDPLQDWLRQ�LQ�WKH�'DEURZD�DUHD�ZDV�GHWHUPLQHG�E\�DSSO\LQJ�WKH�NULJLQJ�HVWLPDWLRQ�WHFKQLTXHV�
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JLYHQ�LQ��1DP\VORZVND�:LOF]\QVND��������1DP\VORZVND�:LOF]\QVND�	�:LOF]\QVNL������F����������

7KH� KLVWRJUDPV� RI� WKH� VRLOV
� KHDY\� PHWDO� FRQFHQWUDWLRQ�
GLVWULEXWLRQ�PRUH�RU�OHVV�H[KLELW�SURQRXQFHG�SRVLWLYH�VNHZQHVV�
�1DP\VORZVND�:LOF]\QVND��������7DEOH�����7KH�GLVWULEXWLRQ�RI�
WKH�PHWDOV� LV� WUXQFDWHG��7KH�FDGPLXP�FRQFHQWUDWLRQ�KLVWRJUDP�
LV�ELPRGDO�ZKLOH�WKH�]LQF�RQH�LV�WKLQQHU��%RWK�GLVWULEXWLRQV�DUH�
ORJDULWKPLFDOO\�QRUPDO��7KH�DYHUDJH�FDGPLXP�FRQFHQWUDWLRQ�RI�
�����SSP�LV�RQO\�VOLJKWO\�KLJKHU�WKDQ�WKH�WKUHVKROG�OLPLW�YDOXH�
�7/9�� RI� �� SSP� VHW� E\� WKH� ,QVWLWXWH� RI� 6RLO�&XOWLYDWLRQ��
)HUWLOL]LQJ� DQG� 3HGRORJ\� LQ� 3XODZ\� �.DEDWD�3HQGLDV��
0RWRZLFND�7HUHODN�� 3LRWURZVND�� 7HUHODN� 	�:LWHN�� ������ EXW�
WKH�KLJKHVW�FDGPLXP�FRQFHQWUDWLRQV��RYHU����SSP��H[FHHG�WKH�
7/9�VHYHUDO� WLPHV��7KLV�FRUUHVSRQGV�WR�WKLUG��DYHUDJH��GHJUHH�
DQG�ORFDOO\�WR�ILIWK�GHJUHH�VRLO�FRQWDPLQDWLRQ��7KH�DYHUDJH�]LQF�
FRQFHQWUDWLRQ���������SSP��H[FHHGV�WKH�7/9�IRU�WKLV�PHWDO� LQ�
VRLO� ��������� SSP���ZKLFK� FRUUHVSRQGV� WR� VHFRQG� GHJUHH� VRLO�
FRQWDPLQDWLRQ�� %XW� LQ� SODFHV� WKH� VRLO
V� ]LQF� FRQFHQWUDWLRQ�
H[FHHGV� ����� SSP�� ZKLFK� FRUUHVSRQGV� WR� D� ILIWK� GHJUHH�
FRQWDPLQDWLRQ���

�
7KH�YDULDELOLW\�RI�]LQF�FRQFHQWUDWLRQ�ZDV�PXFK�ODUJHU��9=Q�a�������LQ�FRPSDULVRQ�ZLWK�FDGPLXP�FRQFHQWUDWLRQ��9&G�a������
�7DEOH������

7KH� FRUUHODWLRQ� FRHIILFLHQW� U IRU� WKH� FDGPLXP� DQG� ]LQF� FRQFHQWUDWLRQ� DVVXPHV� D� VWDWLVWLFDOO\� VLJQLILFDQW� YDOXH� RI� ������ZKLFK�
LQGLFDWHV�D�FORVH�FRUUHODWLRQ�EHWZHHQ�WKH�WZR�HOHPHQWV��7DEOH������

� $33/,('�63$7,$/�67$7,67,&6�0(7+2'6�
*HRVWDWLVWLFDO�VWXGLHV�RI�WKH�VWDWH�RI�FDGPLXP�DQG�]LQF�VRLO�SROOXWLRQ�ZHUH�FDUULHG�RXW�E\�DSSO\LQJ�RUGLQDU\��SRLQW��NULJLQJ�DQG�
FRNULJLQJ�HVWLPDWLRQ�WHFKQLTXHV�DQG�WKH�FRQGLWLRQDO�WXUQLQJ�EDQGV�VLPXODWLRQ�PHWKRG��7KH�IRXQGDWLRQV�RI�WKH�WKHRU\�UHODWLQJ�WR�
ERWK�JHRVWDWLVWLFDO�DQG��FRQGLWLRQDO�DQG�XQFRQGLWLRQDO��VLPXODWLRQ�PHWKRGV��LQFOXGLQJ�H[DPSOHV�RI�WKHLU�DSSOLFDWLRQ��FDQ�EH�IRXQG�
LQ� WKH� WH[WERRNV� �$UPVWURQJ�	�'RZG�� ������$UPVWURQJ�� ������ ,VDDNV�	�6ULYDVWDYD�� ������1DP\VORZVND�:LOF]\QVND�� ������
5LYRLUDUG��������:DFNHUQDJHO����������

)LJXUH����$QDO\VHG�UHJLRQ�RI�WKH�'DEURZD�*yUQLF]D�ZLWK�WKH�VRLOV�
VDPSOLQJ�SRLQWV�PDUNHG��

7DEOH��� %DVLF�VWDWLVWLFDO�SDUDPHWHUV�RI�WKH�VWXGLHG�KHDY\�PHWDO�VRLO�FRQFHQWUDWLRQV��
$QDO\]HG�
3DUDPHWHU

&RXQW�
>Q@

0LQLPXP�
>SSP@

0D[LPXP�
>SSP@

0HDQ���[
>SSP@

6WDQGDUG�
GHYLDWLRQ���V�

>SSP@
9DULDQFH���V�

>SSP@� 6NHZQHVV .XUWRVLV 9DULDWLRQ�
&RHI��>�@

FDGPLXP ��� � �� ���� ���� ���� ���� ����� �����
]LQF ��� �� ���� ������ ������ ��������� ���� ����� ������

7DEOH��� &RUUHODWLRQ�PDWUL[��
FDGPLXP � ����

]LQF ���� �

��



%\�DSSO\LQJ�NULJLQJ�LW�LV�SRVVLEOH�WR�FDOFXODWH�WKH��EHVW��ORFDO�HVWLPDWHV�RI�DYHUDJH�KHDY\�PHWDO�FRQFHQWUDWLRQ�=
�LQ�XQVDPSOHG�
DUHDV��7KH�TXDOLILFDWLRQ��EHVW��PHDQV�WKH�PLQLPL]HG�HVWLPDWLRQ�YDULDQFH� N� �WKH�ORZHVW�YDOXH�RI�HVWLPDWLRQV
�VWDQGDUG�GHYLDWLRQ�
N����

&RNULJLQJ� LV� WKH� WUDGLWLRQDO� WHFKQLTXH�XVHG� IRU� LQWHJUDWLQJ� VHYHUDO�YDULDEOHV� WKDW� DUH�PXWXDOO\�FRUUHODWHG�GXULQJ� WKH�SURFHVV�RI�
HVWLPDWLQJ� WKH� DYHUDJH� YDOXHV� RI� WKH� SDUDPHWHUV� FRQVLGHUHG� �H�J�� KHDY\� PHWDO� FRQFHQWUDWLRQ�� �:DFNHUQDJHO�� ������� 7KH�
HVWLPDWLRQ�RI�RQH�YDULDEOH� DW� D�JLYHQ�SRLQW�RI� D� FRQVLGHUHG� DUHD� FRQVLVWV�RI� WKH� OLQHDU� FRPELQDWLRQ�RI� DOO� WKH�YDULDEOHV�ZKRVH�
YDOXHV�DUH�DYDLODEOH�DW�WKH�QHLJKERXULQJ�SRLQWV��&RNULJLQJ�UHTXLUHV�D�FRQWLQXRXV�PXOWLGLPHQVLRQDO�YDULRJUDP�PRGHO��$Q�RUGLQDU\�
FRNULJLQJ�HVWLPDWRU� LV�D� OLQHDU�FRPELQDWLRQ�RI�ZHLJKWV�Z L ZLWK�GDWD� UHSUHVHQWLQJ�GLIIHUHQW�YDULDEOHV�DW� VDPSOLQJ�SRLQWV� LQ� WKH�
QHLJKERXUKRRG�RI�SRLQW�[�� (DFK�YDULDEOH�LV�GHWHUPLQHG�RQ�WKH�EDVLV�RI�D�VDPSOLQJ�VHW��ZLWK�D�GLIIHUHQW�SRVVLEOH�VDPSOH�VL]H�QL
DQG�WKH�HVWLPDWRU�LV�GHILQHG�DV���

ZKHUH��LQGH[�L� DSSOLHV�WR�D�JLYHQ�YDULDEOH�IURP�VHW�1 RI�YDULDEOHV��VDPSOH�VL]H�QL GHSHQGV�RQ�LQGH[�L RI�WKH�YDULDEOHV��)RU�WKH�
PDLQ�YDULDEOH��WKH�ZHLJKWV�DGG�XS�WR����ZKHUHDV�IRU�WKH�DX[LOLDU\�YDULDEOHV�WKH\�DPRXQW�WR�����

7KH�FRNULJLQJ�YDULDQFH�LV�DV�IROORZV���

7KH�VWXGLHG�DUHD�RI�'DEURZD�*yUQLF]D�LV�FKDUDFWHUL]HG�E\�LVRWRS\��ZKLFK�PHDQV�WKDW�WKH�DYDLODEOH�PHDVXUHPHQWV�IRU�GLIIHUHQW���
=L�[��YDULDEOHV��L�H��FDGPLXP�DQG�]LQF�FRQFHQWUDWLRQV��ZHUH�WDNHQ�DW�WKH�VDPH�VRLO�VDPSOLQJ�SRLQWV��%\�FDUU\LQJ�RXW�WKH�FRNULJLQJ�
SURFHGXUH� ZLWK� WKH� FURVV�YDULRJUDP� IXQFWLRQ�� D� QXPHULFDO� SROOXWLRQ� PRGHO�� FRQVLVWLQJ� RI� WZR� HVWLPDWHG� FRNULJLQJ� VXUIDFHV�
�DYHUDJHV�=
� RI�FDGPLXP�DQG�]LQF�FRQFHQWUDWLRQV�DQG�WZR�ORFDO�HVWLPDWLRQ�DFFXUDF\�VXUIDFHV��HVWLPDWLRQV
�VWDQGDUG�GHYLDWLRQ�
N� IRU� WKH� WZR�PHWDOV�� LV� REWDLQHG�� 7KH� FDOFXODWLRQV�ZHUH� EDVHG� RQ� RULJLQDO� GDWD� GHULYHG� IURP� WKH� FKHPLFDO� DQDO\VLV� RI� VRLO�
VDPSOHV���

,Q� WKH� QH[W� VWHS� RI� WKH� VWXG\�� WKH� FRQGLWLRQDO� WXUQLQJ� EDQGV� VLPXODWLRQ�PHWKRG�ZDV� DSSOLHG� WR�PRUH� DFFXUDWHO\� UHSUHVHQW� WKH�
VSDWLDO� H[WHQW� RI� VRLO� SROOXWLRQ� DQG� WKH� YDULDWLRQ� LQ� WKH�PHWDO� FRQFHQWUDWLRQ� �$UPVWURQJ�	�'RZG�� ������ ,VDDNV�	�6ULYDVWDYD��
������.DEDWD�3HQGLDV��0RWRZLFND�7HUHODN��3LRWURZVND�	�7HUHODN��:LWHN�� �������7KH�PXOWLJDXVVLDQ� WXUQLQJ�EDQGV�PHWKRG� LV�
GHVFULEHG�LQ�PRUH�GHWDLO�LQ��$UPVWURQJ�	�'RZG��������,6$7,6��������1DP\VORZVND�:LOF]\QVND����������

7KH�VLPXODWLRQ�PHWKRGV�SURGXFH�RU�JHQHUDWH�UHDOL]DWLRQV�RI�WKH�UDQGRP�IXQFWLRQ�FKDUDFWHUL]HG�E\�D�FRYDULDQFH�&��6RPHWLPHV�ZH�
DOVR�KDYH�D�VHW�RI�GDWD�SRLQWV�=�[ ���$�VLPXODWLRQ�LV�FRQGLWLRQDO� LI� LW�FRLQFLGHV�ZLWK�D�UDQGRP�IXQFWLRQ�DW� WKHVH�GDWD�SRLQWV��$�
UDQGRP� IXQFWLRQ� LV� VDLG� WR� EH�PXOWLJDXVVLDQ� LI� DQ\� OLQHDU� FRPELQDWLRQ� RI� LWV� YDULDEOHV� IROORZV� D� JDXVVLDQ� GLVWULEXWLRQ�� ,Q� WKH�
VWDWLRQDU\�FDVH��WKH�PXOWLJDXVVLDQ�UDQGRP�IXQFWLRQ�KDV�LWV�VSDWLDO�GLVWULEXWLRQ�WRWDOO\�FKDUDFWHUL]HG�E\�LWV�PHDQ�DQG�LWV�FRYDULDQFH��
7KH�WXUQLQJ�EDQGV�PHWKRG�LV�XVHG�WR�VLPXODWH�VWDWLRQDU\�UDQGRP�IXQFWLRQV�DQG�HQDEOHV�WKH�JHQHUDWLRQ�RI�VWRFKDVWLF�LPDJHV��L�H��

����

����

����

��



UHSHDWHG�UHDOL]DWLRQV�]V�[��RI�WKH�PXOWLGLPHQVLRQDO�*DXVVLDQ�IXQFWLRQ�=V�[���(DFK�UHDOL]DWLRQ�]V�[��LV�D�VXP�RI�����LQGHSHQGHQW�
RQH�GLPHQVLRQDO�UHDOL]DWLRQV�JHQHUDWHG�DORQJ�D�OLQH�RI�URWDWLRQ���

7KH�WXUQLQJ�EDQGV�PHWKRG�LV�D�GHYLFH�GHVLJQHG�WR�UHGXFH�D�PXOWLGLPHQVLRQDO�VLPXODWLRQ�WR�XQLGLPHQVLRQDO�RQH��,W�LV�VXIILFLHQW�WR�
VLPXODWH�D�VWDWLRQDU\�XQLGLPHQVLRQDO�UDQGRP�IXQFWLRQ�;�ZLWK�FRYDULDQFH���

7KH� VLPXODWLRQ� RI� WKH� FRYDULDQFH� &� LV� REWDLQHG� E\� VXPPLQJ� WKH� UHDOL]DWLRQV� RI� WKH� UDQGRP� IXQFWLRQ� �RQH�GLPHQVLRQDO�
VLPXODWLRQV��RQ�D�JLYHQ�QXPEHU�RI�OLQHV�RI�WKH�FRYDULDQFH�&� LQ�WKH�WKUHH�GLPHQVLRQDO�VSDFH��(DFK�OLQH�LV�FDOOHG�D�WXUQLQJ�EDQG�

7KH�VLPXODWLRQ�FDOFXODWLRQV�ZHUH�EDVHG�RQ�FDGPLXP�DQG�]LQF�FRQFHQWUDWLRQ�GDWD�FRQYHUWHG�LQWR�*DXVVLDQ�GLVWULEXWLRQ�YDOXHV�E\�
DSSO\LQJ�D�*DXVVLDQ�DQDPRUSKRVLV��WUDQVIRUPDWLRQ�IXQFWLRQ��PRGHOOHG�E\�WKH�+HUPLWH�3RO\QRPLDOV�H[SDQVLRQ��$Q�H[SHULPHQWDO�
FURVV�VHPLYDULRJUDP� RI� WKH� FRQYHUWHG� FDGPLXP� DQG� ]LQF� FRQFHQWUDWLRQV� ZDV� FDOFXODWHG� DQG� DSSUR[LPDWHG� E\� WKH� FRPSOH[�
YDULRJUDP� IXQFWLRQ��7KH�SDUDPHWHUV�RI� WKLV�PRGHO�ZHUH� WDNHQ� LQWR�DFFRXQW� LQ� WKH�FRQGLWLRQDO� WXUQLQJ�EDQGV� VLPXODWLRQ�RI� WKH�
SROOXWLRQ��7KH�FRXQW�RI�WXUQLQJ�EDQGV�ZDV�DVVXPHG�WR�EH������7KH�VHHGV�IRU�WKH�UDQGRP�QXPEHU�JHQHUDWRU�DPRXQWHG�WR���������
)LIW\�FRQGLWLRQDO�VLPXODWLRQV�ZHUH�UXQ��7KH�VLPXODWLRQ�UHVXOWV�ZHUH�FRQYHUWHG�IURP�WKH�*DXVVLDQ�VFDOH�WR�WKH�RULJLQDO�VFDOH���

�
$V� D� UHVXOW�� PDQ\� DOWHUQDWLYH� QXPHULFDO� PRGHOV� RI�
FRQWDPLQDWLRQ� YDULDWLRQ�� L�H�� ��� VLPXODWLRQ� VXUIDFHV� IRU� WKH�
SDUWLFXODU� PHWDOV�� ZHUH� REWDLQHG�� ,Q� DGGLWLRQ�� DQ� DYHUDJHG�
�EDVHG� RQ� ��� FRQGLWLRQDO� VLPXODWLRQV�� PDS�� D� PDS� RI� WKH�
VWDQGDUG� GHYLDWLRQ� RI� UHDOL]DWLRQV�� D� PDS� RI� WKH� VPDOOHVW�
UHDOL]DWLRQV� DQG� D� PDS� RI� WKH� ELJJHVW� UHDOL]DWLRQV� IRU� WKH�
SDUWLFXODU� JULG� QRGHV�� DV� ZHOO� DV� D� PDS� RI� WKH� SUREDELOLW\� RI�
H[FHHGLQJ� WKH� KLJKHVW� WKUHVKROG� OLPLW� YDOXHV� IRU� KHDY\� PHWDO�
VRLO� SROOXWLRQ� �DFF�� WR� ,QVWLWXWH� RI� 6RLO�&XOWLYDWLRQ�� )HUWLOL]LQJ�
DQG� 3HGRORJ\� LQ� 3XODZ\�� �.DEDWD�3HQGLDV�� 0RWRZLFND�
7HUHODN��3LRWURZVND��7HUHODN�	�:LWHN��������ZHUH�FDOFXODWHG���
�
$ ���[����P�HOHPHQWDU\�JULG�RI�QRGHV�ZDV�XVHG�WR�FRYHU�WKH�LQYHVWLJDWHG�DUHD�RI�'DEURZD�*yUQLF]D�IRU�RUGLQDU\�SRLQW�NULJLQJ��
FRNULJLQJ�DQG�FRQGLWLRQDO�WXUQLQJ�EDQGV�VLPXODWLRQ�FDOFXODWLRQV��)LJXUH�����7KHUH�ZHUH������JULG�QRGHV�����DORQJ�D[LV�[�DQG����
DORQJ�D[LV�\���7KH�VWXGLHG�DUHD�LV�ZLWKLQ�WKH�UHFWDQJXODU�FRRUGLQDWHV�LQWHUYDO��;����������������P�DQG�<����������������P��
7KH�JHRVWDWLVWLFDO� VRIWZDUH� LQ� WKH� ,6$7,6�������� �����SDFNDJH� �E\�*HRYDULDQFHV�$YRQ�&HGH[� DQG�(FROH�GHV�0LQHV�GH�3DULV��
)UDQFH�� ZDV� XVHG� IRU� WKH� FDOFXODWLRQV� �,6$7,6�� ������� 'XULQJ� WKH� SHUIRUPHG� NULJLQJ�� FRNULJLQJ� DQG� FRQGLWLRQDO� VLPXODWLRQ�
FDOFXODWLRQV�WKH�QHLJKERXUKRRG�ZDV�DVVXPHG�WR�EH�XQLTXH���
�

����

����

)LJXUH����*ULG�RI�QRGHV�FRYHULQJ�WKH�VWXG\�DUHD�LQ�WKH�UHJLRQ�RI�
'DEURZD�*yUQLF]D��WKH�GLPHQVLRQV�RI�HOHPHQWDU\�JULG������P�[�
���P���

��



� 08/7,9$5,$7(�(67,0$7,21�
��������&URVV�YDULRJUDP�PRGHOOLQJ�
$ PXOWLYDULDWH� HVWLPDWLRQ� RI� DYHUDJH� KHDY\� PHWDO� FRQFHQWUDWLRQ� =
� ZDV� GRQH� WDNLQJ� LQWR� DFFRXQW� WKH� FDGPLXP� DQG� ]LQF�
FRQFHQWUDWLRQ� FURVV�VHPLYDULRJUDP� PRGHO� SDUDPHWHUV� �)LJXUH� ���� 6LPSOH� H[SHULPHQWDO� YDULRJUDPV� RI� WKH� WZR� PHWDOV�
FRQFHQWUDWLRQ�ZHUH�DOVR�FDOFXODWHG��7KH�DVVXPHG�ODJ�YDOXH�DPRXQWHG�WR������P��EXW�WKH�QXPEHU�RI�ODJV�ZDV����:H�WHVWHG�VHYHUDO�
JHRVWDWLVWLFDO� PRGHOV�� 7KH� PRGHO� FRQVLVWLQJ� RI� �� EDVLF� VWUXFWXUHV� ZDV� FKRVHQ� WR� ILW� WKH� H[SHULPHQWDO� FDGPLXP�]LQF� FURVV�
YDULRJUDP��)LJXUH�����7KH�PRGHOOLQJ�RI�YDULRJUDPV�ZDV�SHUIRUPHG�RQ�����VDPSOHV���

7KH�ILUVW�EDVLF�VWUXFWXUH��OLQHDU��LV�XVHG�ZLWK�D�FRHIILFLHQW��VORSH��RI��
� �����LQ�WKH�FDGPLXP�YDULRJUDP�
� ���������LQ�WKH�]LQF�YDULRJUDP��
� �������LQ�WKH�FDGPLXP�]LQF�FURVV�YDULRJUDP�
DQG�D�VFDOH�IDFWRU�RI��������P���

7KH�VHFRQG�EDVLF�VWUXFWXUH�LV�XVHG�ZLWK�D�QXJJHW�HIIHFW�YDOXH�RI��
� �����LQ�WKH�FDGPLXP�YDULRJUDP��
� ���������LQ�WKH�]LQF�YDULRJUDP��
� �������LQ�WKH�FDGPLXP�]LQF�FURVV�YDULRJUDP���

7KH�WKLUG�EDVLF�VWUXFWXUH��H[SRQHQWLDO��LV�XVHG�ZLWK�D�VLOO�YDULDQFH�RI��
� �����LQ�WKH�FDGPLXP�YDULRJUDP��
� ���������LQ�WKH�]LQF�YDULRJUDP��
� ������LQ�WKH�FDGPLXP�]LQF�FURVV�YDULRJUDP�
DQG�D�VFDOH�IDFWRU�RI��������P���

)LJXUH����6LPSOH�H[SHULPHQWDO�YDULRJUDPV�RI�]LQF��D��DQG�FDGPLXP��F��FRQFHQWUDWLRQV�ZLWK�WKH�ILWWHG�WKHRUHWLFDO�PRGHOV��([SHULPHQWDO�
FURVV�YDULRJUDP�FDGPLXP�]LQF��E��FRQFHQWUDWLRQ�ZLWK�WKH�DSSUR[LPDWHG�WKHRUHWLFDO�PRGHOV��H[SRQHQWLDO��QXJJHW�HIIHFW��OLQHDU���

��



7KH�UHVXOWV�RI�WKH�SHUIRUPHG�FURVV�YDOLGDWLRQ�DUH�DV�IROORZV��
� IRU�FDGPLXP�]LQF�WKH�VWDQGDUGL]HG�HUURU��PHDQ��LV�������DQG�WKH�YDULDQFH�RI�WKH�VWDQGDUGL]HG�HUURU�RI�HVWLPDWLRQ�LV�������RQ�
����WHVW�GDWD��������DQG�������RQ�����UREXVW�GDWD���7KH�HUURU��PHDQ��LV�������DQG�WKH�YDULDQFH�RI�WKH�HUURU�RI�HVWLPDWLRQ�LV������
RQ�����WHVW�GDWD��������DQG�������RQ�����UREXVW�GDWD���
� IRU�]LQF�FDGPLXP�WKH�VWDQGDUGL]HG�HUURU��PHDQ��LV�������DQG�WKH�YDULDQFH�RI�WKH�VWDQGDUGL]HG�HUURU�RI�HVWLPDWLRQ�LV�������RQ�
���� WHVW� GDWD� ������� DQG� ������ RQ� ���� UREXVW� GDWD��� 7KH� HUURU� �PHDQ�� LV� ����� DQG� WKH� YDULDQFH� RI� WKH� HUURU� RI� HVWLPDWLRQ� LV�
���������RQ�����WHVW�GDWD��������DQG����������RQ�����UREXVW�GDWD���

��������(VWLPDWLRQ�UHVXOWV�
7KH� JOREDO� UHVXOWV� RI� FDOFXODWLRQV� FRQQHFWHG� ZLWK� WKH� XVHG� HVWLPDWLRQ� WHFKQLTXHV� DUH� SUHVHQWHG� LQ� 7DEOHV� �� �IRU� FDGPLXP�
FRQFHQWUDWLRQ��DQG����IRU�]LQF�FRQFHQWUDWLRQ����

7KH�HVWLPDWLRQ�SLFWXUHV�RI�VRLO�SROOXWLRQ�LQ�WKH�DUHD�RI�'DEURZD�*yUQLF]D�REWDLQHG�E\�NULJLQJ�DQG�FRNULJLQJ�GLIIHU�IRU�WKH�WZR�
PHWDOV��7KH�VXUIDFH�DUHD�RI�WKH�FDGPLXP�FRQWDPLQDWHG�VRLO�LV�PXFK�PRUH�H[WHQVLYH��)LJXUHV�������WKDQ�WKDW�IRU�]LQF��)LJXUHV����
����� OHDG� �1DP\VORZVND�:LOF]\QVND� 	� :LOF]\QVNL�� ����F�� ������� FKURPLXP� RU� QLFNHO� �1DP\VORZVND�:LOF]\QVND�� ������
1DP\VORZVND�:LOF]\QVND�	�:LOF]\QVNL����������
���������&DGPLXP�JUDGH�HVWLPDWLRQ�
,Q� ERWK� WKH� NULJLQJ� �)LJXUH� ��� DQG� FRNULJLQJ� PDSV� �)LJXUH� ��� ILYH� VXEFHQWUHV� RI� UDLVHG� FDGPLXP� FRQFHQWUDWLRQ� FDQ� EH�
GLVWLQJXLVKHG�� 7KH� ERXQGDULHV� EHWZHHQ� WKH� SDUWLFXODU� FHQWUHV� DUH� IOXLG�� VRPHWLPHV� EOXUUHG�� =RQHV� ZLWK� WKH� ODUJHVW� FDGPLXP�
FRQWDPLQDWLRQ�VXUIDFH�DUHDV�RFFXU�LQ�WKH�VRXWKHUQ�SDUW�RI�WKH�VWXGLHG�DUHD��)LJXUHV��������7KH�KLJKHVW�HVWLPDWHG��E\�NULJLQJ�DQG�
FRNULJLQJ�� FDGPLXP� DYHUDJHV� UDQJH� IURP� ����� WR� ! ����� SSP�� 7KH� ORZHVW� YDOXHV� RI� WKH� HVWLPDWLRQV
� VWDQGDUG� GHYLDWLRQ� N�
UDQJLQJ�IURP�������WR������SSP��DUH�IRXQG�ZLWKLQ�WKH�ERXQGDULHV�RI�WKH�VXEDUHDV�XQGHU�HQYLURQPHQWDO�PRQLWRULQJ��)LJXUHV���������

�
)LJXUH��� 5DVWHU�PDS�RI�HVWLPDWHG�DYHUDJHV�=
�RI�&G�FRQFHQWUDWLRQ�
�SSP��ZLWK�WKH�PDUNHG�RULJLQDO�GDWD��XVLQJ�&G�NULJLQJ���

)LJXUH����5DVWHU�PDS�RI�VWDQGDUG�GHYLDWLRQ�YDOXHV� N RI�&G�FRQFHQWUDWLRQ��SSP��HVWLPDWHV��XVLQJ�&G�NULJLQJ���

)LJXUH��� 5DVWHU�PDS�RI�HVWLPDWHG�DYHUDJHV�=
�RI�&G�FRQFHQWUDWLRQ�
�SSP��ZLWK�WKH�PDUNHG�RULJLQDO�GDWD��XVLQJ�&G�=Q�FRNULJLQJ���

)LJXUH����5DVWHU�PDS�RI�VWDQGDUG�GHYLDWLRQ�YDOXHV� N RI�&G�FRQFHQWUDWLRQ��SSP��HVWLPDWHV��XVLQJ�&G�=Q�FRNULJLQJ���

��



7KH�SLFWXUH�RI�VRLO�FRQWDPLQDWLRQ�REWDLQHG�E\�FRNULJLQJ�VKRZV�D�VSDWLDO�GLVWULEXWLRQ�RI�FDGPLXP�FRQFHQWUDWLRQ�VLPLODU��RQ� WKH�
ZKROH��WR�WKDW�REWDLQHG�E\�NULJLQJ��.ULJLQJ�\LHOGV�KLJKHU�HVWLPDWHV�RI�=
�DYHUDJHV��WKH�UDQJH�RI�KLJKHVW�=
�YDOXHV�������! �����
SSP��)LJXUH�����6LPLODU�YDOXHV�RI� N �UDQJH������! ������SSP��ZHUH�REWDLQHG�E\�NULJLQJ�DQG�FRNULJLQJ��)LJXUHV���������

7KH�XVH�RI�FRNULJLQJ�JLYHV�VOLJKWO\�ORZHU�JOREDO�YDOXHV�RI�HVWLPDWHG�=
�DYHUDJHV��PD[LPXP�DQG�PLQLPXP�YDOXHV�RI�=
�DQG�WKH�
HVWLPDWLRQV
�VWDQGDUG�GHYLDWLRQ� N IRU�FDGPLXP�WKDQ�WKH�NULJLQJ�FDOFXODWLRQV��7DEOH�����2QO\�WKH�PLQLPXP�YDOXH�RI�GHYLDWLRQ� N
LV�VOLJKWO\�KLJKHU�LQ�WKLV�FDVH���

�
���������=LQF�JUDGH�HVWLPDWLRQ�
,Q�WKH�FDVH�RI�]LQF��FRNULJLQJ�DOVR�JLYHV�D�SLFWXUH�RI�WKH�VSDWLDO�GLVWULEXWLRQ�RI�]LQF�FRQFHQWUDWLRQ��)LJXUH�����YHU\�VLPLODU�WR�WKDW�
REWDLQHG�E\�NULJLQJ��)LJXUH�����7ZR�ODUJHU�FRQWDPLQDWLRQ�FHQWUHV�DQG� WZR�� OHVV�GLVWLQFW�� VPDOOHU�RQHV�RFFXU�� ,Q�FRQWUDVW� WR� WKH�
FDGPLXP�HVWLPDWLRQ��WKH�ERXQGDULHV�RI�WKH�]RQHV�IRU�]LQF�DUH�VKDUSHU��ZLWK�ERUGHUV�RI�ORZHU�YDOXH�=
�DYHUDJHV��$�UDVWHU�PDS�RI�
WKH� =
� DYHUDJHV� �IRU� ]LQF�� REWDLQHG� E\� FRNULJLQJ� VKRZV� KLJK� ]LQF� SROOXWLRQ� YDULDELOLW\�� ZLWK� WKH� ]LQF� FRQFHQWUDWLRQ� UDQJLQJ�
ZLGHO\� IURP����� WR������SSP�� WKH�KLJKHVW�YDOXHV�RI�=
�RFFXUULQJ� LQ� WKH� LQWHUYDO�������! �����SSP��)LJXUH������7KH�SLFWXUH�
\LHOGHG�E\�NULJLQJ�VKRZV�D�VOLJKWO\�ZLGHU�UDQJH�RI�YDOXHV�RI�=
�DYHUDJHV������! �����SSP���)LJXUH�����)RU�FRNULJLQJ��WKH�UDQJH�
RI�ORZHVW� N YDOXHV�REWDLQHG�LV�DW�D�VOLJKWO\�GLIIHUHQW�OHYHO�RI� N ���������SSP��)LJXUH�����DV�LW�LV�LQ�WKH�FDVH�RI�NULJLQJ�������
����SSP���)LJXUH�����+RZHYHU�IRU�FRNULJLQJ��WKH�ORZHU�OLPLW�RI� N YDOXHV�EHJLQV�DW�D�KLJKHU�OHYHO��)LJXUH������7KH�UHVXOWV�RI�WKH�
VWDQGDUG�GHYLDWLRQ�YDOXH� � N� FDOFXODWLRQV�E\�NULJLQJ�DQG�FRNULJLQJ�FDQ�EH�H[SODLQHG�E\�D�YHU\�KLJK�YDULDWLRQ�FRHIILFLHQW�9=Q�
ZKLFK�FDQ�EH�DV�KLJK�DV�a�����DV�ZHOO�DV�KLJK�FRHIILFLHQW�9&G�RI�DSSUR[LPDWHO\������6LPLODUO\�DV�LQ�WKH�FDVH�RI�WKH�FDGPLXP�
FRQFHQWUDWLRQ��WKH�ORZHVW�YDOXHV�RI� N ������������SSP���)LJXUHV�������IRU�WKH�]LQF�FRQFHQWUDWLRQ�����������SSP�DQG����������
SSP��ZHUH�REWDLQHG� LQ� WKH�DUHDV�RI�GHQVHVW�VDPSOLQJ��)LJXUHV���������8VLQJ� WKH�FRNULJLQJ� WHFKQLTXH�JLYHV�RQO\�VOLJKWO\� ORZHU�
HVWLPDWHG� =
� DYHUDJHV� �)LJXUH� ����� FRPSDUHG� WR� WKH� NULJLQJ� UHVXOWV� �)LJXUH� ���� 7KH� VXE�DUHDV� RI� WKH� ORZHVW� ]LQF� N YDOXHV�
FRQVWLWXWH�ODUJHU�VXUIDFHV�WKDQ�ZKHQ�FRNULJLQJ�ZDV�XVHG��7KH�YHU\�ODUJH�YDULDELOLW\�LQ�]LQF�FRQFHQWUDWLRQ�LV�SUREDEO\�WKH�UHDVRQ��
DQG�WDNLQJ�LQWR�DFFRXQW�WKLV�SDUDPHWHU
V�YDOXH��DV�D�VHFRQGDU\�YDULDEOH��GRHVQ
W�GHFUHDVH� N YDOXHV�GXULQJ�WKH�HVWLPDWLRQ�RI�WKH�=
�
DYHUDJHV�IRU�FDGPLXP���

7DEOH����*OREDO�YDOXHV�RI�FDGPLXP�FRQFHQWUDWLRQ�VWDWLVWLFV�FDOFXODWHG�RQ�WKH�EDVLV�RI�WKH�HVWLPDWLRQ�WHFKQLTXHV���WKH�'DEURZD�*yUQLF]D�UHJLRQ�
8VHG�

WHFKQLTXHV�
*HRVWDWLVWLFDO�
SDUDPHWHU�

1XPEHU�RI�
JULG�QRGHV�Q�

0HDQ���[
>SSP@

0LQLPXP�
[PLQ�>SSP@

0D[LPXP�
[PD[�>SSP@

9DULDQFH���V�
>SSP@�

6WDQGDUG�
GHYLDWLRQ���V�

>SSP@

.ULJLQJ�&G� HVWLPDWHG�DYHUDJH�
YDOXH�=
� ����� ����� ����� ����� ����� �����

&RNULJLQJ�
&G�=Q�

HVWLPDWHG�DYHUDJH�
YDOXH�=
� ����� ����� ����� ����� ����� �����

.ULJLQJ�&G� HVWLPDWLRQ
V�VWDQGDUG�
GHYLDWLRQ� N ����� ����� ����� ����� ����� �����

&RNULJLQJ�
&G�=Q�

HVWLPDWLRQ
V�VWDQGDUG�
GHYLDWLRQ� N ����� ����� ����� ����� ����� �����

��



$ FRPSDULVRQ�RI�EDVLF��JOREDO�VWDWLVWLFDO�SDUDPHWHU�YDOXHV�IRU�WKH�DSSOLHG�HVWLPDWLRQ�WHFKQLTXHV�JLYHV�UHVXOWV��7DEOH����VLPLODU�WR�
WKDW� IRU� FDGPLXP� FRQFHQWUDWLRQ� �7DEOH� ���� 8VLQJ� FRNULJLQJ�� ORZHU� YDOXHV� RI� HVWLPDWHG� =
� DYHUDJHV�� DV� ZHOO� DV� PD[LPXP��
PLQLPXP�=
�YDOXHV�IRU�]LQF�FRPSDUHG�ZLWK�NULJLQJ�UHVXOWV��KDYH�EHHQ�REWDLQHG�WRR��1RWH�WKH�YHU\�KLJK�DYHUDJH�RI�GHYLDWLRQ� N
IRU�]LQF��7DEOH�����7KH�HVWLPDWLRQ
V�VWDQGDUG�GHYLDWLRQ�YDOXHV� N DUH�DOVR�ORZHU�IRU�FRNULJLQJ��H[FHSW�IRU�PLQLPXP�YDOXH�RI� N�
�7DEOH������

�
� 08/7,9$5,$7(�6,08/$7,21�
&RQGLWLRQDO� WXUQLQJ�EDQGV�VLPXODWLRQ�ZDV�DSSOLHG�LQ� WKH�QH[W�VWDJH�RI� LQYHVWLJDWLQJ�WKH�KHDY\�PHWDO�SROOXWLRQ�RI�VRLO��)RU� WKLV�
SXUSRVH� WKH�RULJLQDO��GHWHUPLQHG�KHDY\�PHWDO�GDWD� �IURP�FKHPLFDO� DQDO\VHV��ZHUH�FRQYHUWHG� LQWR�*DXVVLDQ�GLVWULEXWLRQ�YDOXHV�
�)LJXUHV� ���� ���� XVLQJ�*DXVVLDQ� DQDPRUSKRVLV� �6HFWLRQ� ���� 7KLV� WUDQVIRUPDWLRQ� RI� WKH� DQDO\VHG�PHWDO� FRQFHQWUDWLRQV� JLYHV� D�

)LJXUH��� 5DVWHU�PDS�RI�HVWLPDWHG�=
�DYHUDJHV�RI�=Q�FRQFHQWUDWLRQ�
�SSP��ZLWK�WKH�RULJLQDO�GDWD�PDUNHG��XVLQJ�=Q�NULJLQJ���

)LJXUH����5DVWHU�PDS�RI�VWDQGDUG�GHYLDWLRQ�YDOXHV� N RI�=Q�FRQFHQWUDWLRQ��SSP��HVWLPDWHV��XVLQJ�=Q�NULJLQJ���

)LJXUH�����5DVWHU�PDS�RI�HVWLPDWHG�=
�DYHUDJHV�RI�=Q�
FRQFHQWUDWLRQ��SSP��ZLWK�WKH�RULJLQDO�GDWD�PDUNHG��XVLQJ�=Q�&G�
FRNULJLQJ���

)LJXUH�����5DVWHU�PDS�RI�VWDQGDUG�GHYLDWLRQ�YDOXHV� N RI�=Q�FRQFHQWUDWLRQ��SSP��HVWLPDWHV��XVLQJ�=Q�&G�FRNULJLQJ���

7DEOH����*OREDO�YDOXHV�RI�]LQF�FRQFHQWUDWLRQ�VWDWLVWLFV�FDOFXODWHG�RQ�WKH�EDVLV�RI�WKH�HVWLPDWLRQ�WHFKQLTXHV���WKH�'DEURZD�*yUQLF]D�UHJLRQ�
8VHG�

WHFKQLTXHV�
*HRVWDWLVWLFDO�
SDUDPHWHU�

1XPEHU�RI�
JULG�QRGHV�Q�

0HDQ���[
>SSP@

0LQLPXP�
[PLQ�>SSP@

0D[LPXP�
[PD[�>SSP@

9DULDQFH���V�
>SSP@�

6WDQGDUG�
GHYLDWLRQ���V�

>SSP@

.ULJLQJ�=Q� HVWLPDWHG�DYHUDJH�
YDOXH�=
� ����� ������� ������ �������� ��������� �������

&RNULJLQJ�
=Q�&G�

HVWLPDWHG�DYHUDJH�
YDOXH�=
� ����� ������� ������ �������� ��������� �������

.ULJLQJ�=Q� HVWLPDWLRQ
V�VWDQGDUG�
GHYLDWLRQ� N ����� ������� ������� ������� �������� ������

&RNULJLQJ�
=Q�&G�

HVWLPDWLRQ
V�VWDQGDUG�
GHYLDWLRQ� N ����� ������� ������� ������� �������� ������

��



FRUUHVSRQGHQFH�EHWZHHQ�WKH�VRUWHG�GDWD��YHUWLFDO�D[LV��DQG�WKH�FRUUHVSRQGLQJ�IUHTXHQF\�TXDQWLOH�LQ�WKH�JDXVVLDQ�VFDOH��KRUL]RQWDO�
D[LV����

��������*DXVVLDQ�FURVV�YDULRJUDP�PRGHOOLQJ�
6LPSOH�H[SHULPHQWDO�YDULRJUDPV�DQG�DQ�H[SHULPHQWDO�FURVV�YDULRJUDP�RI�WKH�FDGPLXP�DQG�]LQF�FRQFHQWUDWLRQV�ZHUH�FRQYHUWHG�
LQWR�*DXVVLDQ�YDOXHV�DQG�WKHVH�ZHUH�DSSUR[LPDWHG�E\�D�PRGHO�FRQVLVWHG�RI�WKUHH�VWUXFWXUHV��%HVVHO�-��QXJJHW�HIIHFW�DQG�VSKHULFDO�
�)LJXUH�������

7KH�ILUVW�EDVLF�VWUXFWXUH��%HVVHO�-��LV�XVHG�ZLWK�D�VLOO�YDULDQFH�RI��
� �����LQ�WKH�FDGPLXP��*DXVVLDQ��YDULRJUDP��
� �����LQ�WKH�]LQF��*DXVVLDQ��YDULRJUDP��
� �����LQ�WKH�FDGPLXP�]LQF��*DXVVLDQ��FURVV�YDULRJUDP��
DQG�D�VFDOH�IDFWRU�RI��������P���

7KH�VHFRQG�EDVLF�VWUXFWXUH�LV�XVHG�ZLWK�D�QXJJHW�HIIHFW�YDOXH�RI��
� �����LQ�WKH�FDGPLXP��*DXVVLDQ��YDULRJUDP��
� �����LQ�WKH�]LQF��*DXVVLDQ��YDULRJUDP��
� �����LQ�WKH�FDGPLXP�]LQF��*DXVVLDQ��FURVV�YDULRJUDP���

7KH�WKLUG�EDVLF�VWUXFWXUH��VSKHULFDO��LV�XVHG�ZLWK�D�VLOO�YDULDQFH�RI��
� �����LQ�WKH�FDGPLXP��*DXVVLDQ���
� �����LQ�WKH�]LQF��*DXVVLDQ���
� �����LQ�WKH�FDGPLXP�]LQF��*DXVVLDQ��FURVV�YDULRJUDP�
DQG�D�UDQJH�RI��������P���

)LJXUH�����([SHULPHQWDO�DQDPRUSKRVLV�ZLWK�WKH�WKHRUHWLFDO�PRGHO�
�WUDQVIRUPHG�GDWD�RI�FDGPLXP�FRQFHQWUDWLRQ��SSP���

)LJXUH�����([SHULPHQWDO�DQDPRUSKRVLV�ZLWK�WKH�WKHRUHWLFDO�PRGHO�
�WUDQVIRUPHG�GDWD�RI�]LQF�FRQFHQWUDWLRQ��SSP���

��



)RU�WKH�ILWWHG�JHRVWDWLVWLFDO�PRGHO�ZH�REWDLQHG�WKH�IROORZLQJ�FURVV�YDOLGDWLRQ�UHVXOWV��
� IRU� FDGPLXP�]LQF� �JDXVVLDQ� YDULDEOHV�� WKH� VWDQGDUGL]HG� HUURU� �PHDQ�� LV� ������ DQG� WKH� YDULDQFH� RI� WKH� VWDQGDUGL]HG� HUURU� RI�
HVWLPDWLRQ�LV�������RQ�����WHVW�GDWD��������DQG�������RQ�����UREXVW�GDWD���7KH�HUURU��PHDQ��LV���������DQG�WKH�YDULDQFH�RI�WKH�
HUURU�RI�HVWLPDWLRQ�LV������RQ�����WHVW�GDWD����������DQG������RQ�����UREXVW�GDWD���
� IRU� ]LQF�FDGPLXP� �JDXVVLDQ� YDULDEOHV�� WKH� VWDQGDUGL]HG� HUURU� �PHDQ�� LV� ������ DQG� WKH� YDULDQFH� RI� WKH� VWDQGDUGL]HG� HUURU� RI�
HVWLPDWLRQ�LV�������RQ�����WHVW�GDWD��������DQG�������RQ�����UREXVW�GDWD���7KH�HUURU��PHDQ��LV���������DQG�WKH�YDULDQFH�RI�WKH�
HUURU�RI�HVWLPDWLRQ�LV������RQ�����WHVW�GDWD����������DQG������RQ�����UREXVW�GDWD����

��������5HVXOWV�RI�WKH�FRQGLWLRQDO�WXUQLQJ�EDQGV�VLPXODWLRQ�
7KH�VDPH�HOHPHQWDU\�JULG�VL]H�XVHG�IRU�NULJLQJ��FRNULJLQJ��6HFWLRQ����)LJXUH����DQG�WKH�SDUDPHWHUV�RI�*DXVVLDQ�FURVV�YDULRJUDP�
�)LJXUH�����ZDV�XVHG�IRU�WKH�FRQGLWLRQDO�VLPXODWLRQ�FDOFXODWLRQV��7KH�JOREDO�UHVXOWV�RI�WKH�FRQGLWLRQDO�VLPXODWLRQ��WXUQLQJ�EDQGV��
DUH�JLYHQ�LQ�7DEOHV����IRU�WKH�FDGPLXP�FRQFHQWUDWLRQ��DQG����IRU�WKH�]LQF�FRQFHQWUDWLRQ����
���������&DGPLXP�JUDGH�VLPXODWLRQ�
7KH�PXOWLYDULDWH�VLPXODWLRQ�PRGHO�ZLWK�WKH�FDGPLXP�FRQFHQWUDWLRQ�DV�WKH�PDLQ�YDULDEOH�\LHOGV�D�KLJKO\�DFFXUDWH�UHSUHVHQWDWLRQ�
RI� WKH�FDGPLXP�FRQFHQWUDWLRQ� IOXFWXDWLRQV� �)LJXUHV���������$OO� WKH�FDGPLXP�FRQWDPLQDWLRQ�VXEFHQWUHV�REWDLQHG�E\�FRNULJLQJ��
ZKLFK�SUHYLRXVO\�DSSHDUHG�RQ�WKH�PDS�RI�HVWLPDWHG�=
�DYHUDJHV�IRU�FDGPLXP��)LJXUH����EHFRPH�GLVWLQFW��%\�DYHUDJLQJ�RI����
VLPXODWLRQV�IRU�FDGPLXP�RQH�FDQ�VHH�RQ�WKH�PDS�WKDW�WKH�KLJKHVW�VLPXODWHG�YDOXHV�UDQJH�IURP������WR�! �����SSP��)LJXUH������
7KH�ERXQGDULHV�EHWZHHQ�WKH�SDUWLFXODU�VXEFHQWUHV�DUH�RIWHQ�EOXUUHG��7KHVH�VXEFHQWUHV�DUH�PXFK�PRUH�GLVWLQFW�WKDQ�LQ�WKH�NULJLQJ�
DQG�FRNULJLQJ�FRQWDPLQDWLRQ�SLFWXUHV� �)LJXUHV��������7KH�KLJKHVW� UHDOL]DWLRQ�VWDQGDUG�GHYLDWLRQ�YDOXHV�� IURP������! �����SSP�
RFFXU�LQ�WKH�QRUWK�DQG�VRXWK�RI�WKH�VWXGLHG�UHJLRQ��)LJXUH������$�PDS�RI�WKH�ELJJHVW�FDGPLXP�FRQFHQWUDWLRQ�UHDOL]DWLRQV�LQGLFDWHV�
WKH�SRVVLELOLW\�RI�PRUH� LQWHQVLYH�FRQWDPLQDWLRQ�ZLWK�D�YDOXHV� UDQJH�RI�������! ���SSP��)LJXUH������:KHUHDV� WKH�PDS�RI� WKH�
VPDOOHVW�UHDOL]DWLRQV�VKRZV�D�SRVVLEOH�FRQWDPLQDWLRQ�RI������! �����SSP��)LJXUH�������

)LJXUH�����6LPSOH�H[SHULPHQWDO�YDULRJUDPV��D��F��DQG�FURVV�YDULRJUDP��E��RI�WUDQVIRUPHG�
GDWD�RI�]LQF�DQG�FDGPLXP�FRQFHQWUDWLRQV��DSSUR[LPDWHG�E\�WKH�WKHRUHWLFDO�PRGHOV��%HVVHO�-��
QXJJHW�HIIHFW��VSKHULFDO���

��



7KH�DUUDQJHPHQW�RI�]RQHV�RI�WKH�VPDOOHVW�VLPXODWHG�=V YDOXHV��)LJXUH�����LV�VLPLODU�WR�WKH�DYHUDJHG�PDS�REWDLQHG�RQ�WKH�EDVLV�RI�
���UHDOL]DWLRQV�IRU�WKH�FDGPLXP��)LJXUH�������

7KH�JOREDO�DYHUDJH�RI�WKH�FDGPLXP�FRQFHQWUDWLRQ�FDOFXODWHG�RQ�WKH�EDVLV�RI�VLPXODWHG�=
�YDOXHV�XVLQJ�WKH�WXUQLQJ�EDQGV�PHWKRG�
�7DEOH���� LQGLFDWHV� DQ� DOPRVW� LGHQWLFDO� GHJUHH� RI� VRLOV� SROOXWLRQ� DV� WKDW� VKRZQ� E\� WKH� NULJLQJ� DQG� FRNULJLQJ� FRPSXWDWLRQV�
�7DEOH�����+RZHYHU�WKH�UDQJH�RI�VLPXODWHG�=V YDOXHV�IRU�WKH�FDGPLXP�LV�QDUURZHU��)LJXUH�����WKDQ�LQ�FDVH�RI�WKH�HVWLPDWHG�=
�
YDOXHV��)LJXUHV���DQG������

�
6LPXODWLRQ�PDSV�PDGH�IRU�WKH�FDGPLXP�SROOXWLRQ�WKUHVKROGV�L�H����SSP�DQG����SSP���)LJXUHV����DQG�����VKRZ�LQWHUHVWLQJ�UHVXOWV��
7KH�PDS�RI�WKH�SUREDELOLW\�RI�H[FHHGLQJ�WKH���SSP�WKUHVKROG�VKRZV�D�VLPLODU�OHYHO�RI�FDGPLXP�VRLO�SROOXWLRQ��)LJXUH�����DV�WKH�

)LJXUH�����5DVWHU�PDS�RI�PXOWLYDULDWH�FRQGLWLRQDO�FDGPLXP�]LQF�
VLPXODWLRQ�RI�FDGPLXP�FRQFHQWUDWLRQ��SSP����WKH�DYHUDJHG�SLFWXUH�
IURP����VLPXODWLRQV��

)LJXUH�����5DVWHU�PDS�RI�VWDQGDUG�GHYLDWLRQ�RI�UHDOL]DWLRQV�IRU�
FDGPLXP�FRQFHQWUDWLRQ��SSP����PXOWLYDULDWH�FRQGLWLRQDO�
FDGPLXP�]LQF�VLPXODWLRQ��

)LJXUH�����5DVWHU�PDS�RI�WKH�ODUJHVW�VLPXODWHG�YDOXHV�IRU�FDGPLXP�
FRQFHQWUDWLRQ��SSP��LQ�SDUWLFXODU�JULG�QRGHV��PXOWLYDULDWH�
FRQGLWLRQDO�FDGPLXP�]LQF�VLPXODWLRQ���

)LJXUH�����5DVWHU�PDS�RI�WKH�VPDOOHVW�VLPXODWHG�YDOXHV�IRU�
FDGPLXP�FRQFHQWUDWLRQ��SSP��LQ�SDUWLFXODU�JULG�QRGHV��PXOWLYDULDWH�
FRQGLWLRQDO�FDGPLXP�]LQF�VLPXODWLRQ���

7DEOH��� *OREDO�YDOXHV�RI�FDGPLXP�FRQFHQWUDWLRQ��6WDWLVWLFV�FDOFXODWHG�RQ�WKH�EDVLV�RI�WKH�FRQGLWLRQDO�FDGPLXP�]LQF�WXUQLQJ�EDQGV�VLPXODWLRQ��IRU�
���UHDOL]DWLRQV��RI�WKH�'DEURZD�*yUQLF]D�UHJLRQ�

*HRVWDWLVWLFDO�SDUDPHWHU� 1XPEHU�RI�JULG�
QRGHV�Q�

0HDQ���[
>SSP@

0LQLPXP�[PLQ�>SSP@
0D[LPXP�[PD[�>SSP@ 9DULDQFH���V�

>SSP@�
6WDQGDUG�

GHYLDWLRQ���V�>SSP@
$YHUDJHG�VLPXODWHG�YDOXH��

=V ����� ����� ����� ����� ����� �����

5HDOL]DWLRQV
�VWDQGDUG�
GHYLDWLRQ��� V ����� ����� ����� ����� ����� �����

0D[LPDO�YDOXH�RI�VLPXODWHG�
YDOXHV���=V�PD[� ����� ����� ����� ������ ������ �����

0LQLPDO�YDOXH�RI�VLPXODWHG�
YDOXHV���=V�PLQ� ����� ����� ����� ����� ����� �����

��



PDS�DYHUDJHG�IURP����VLPXODWLRQV�IRU�WKLV�PHWDO��)LJXUH������7KH�JHQHUDO�SLFWXUH�RI�WKH�FDGPLXP�SROOXWLRQ�SUHVHQWHG�LQ�WKLV�PDS�
�)LJXUH�����LV�VLPLODU�WR�WKH�LPDJH�RI�WKH�ODUJHVW�VLPXODWHG�=V YDOXHV��)LJXUH������7KH�KLJKHVW�SUREDELOLW\�YDOXHV�IRU�H[FHHGLQJ�
VXFK� D� WKUHVKROG� DUH� LQ� DQ� LQWHUYDO� RI� �����!������ ,I� D� KLJKHU� WKUHVKROG� OLPLW� YDOXH� IRU� FDGPLXP� LV� DVVXPHG� H�J�� ���SSP�� WKH�
KLJKHVW�SUREDELOLW\�YDOXHV�VKDUSO\�GHFUHDVH�WR������! ������)LJXUH������7KH�SUREDELOLW\�PDS�IRU�WKLV�WKUHVKROG�VKRZV�ILYH�YHU\�
VPDOO�SRWHQWLDO�]RQHV��RFFXUULQJ�VHSDUDWHO\��ZKHUH�WKLV�FRQWDPLQDWLRQ�OLPLW�FRXOG�EH�H[FHHGHG��7KHLU�VXUIDFHV�ZHUH�PLQLDWXUL]HG�
DQG�FDQ�LQGLFDWH�WKH�FDGPLXP�SROOXWLRQ�VRXUFH��=RQHV�RI�WKH�LQFUHDVHG�FDGPLXP�FRQFHQWUDWLRQ�DUH�PRUH�GLVWLQFWO\�PDUNHG�LQ�WKH�
VLPXODWLRQ�LPDJHV��)LJXUHV���������WKDQ�LQ�WKH�PDSV�RI�=
�DYHUDJHV��REWDLQHG�E\�PHDQV�RI�NULJLQJ�RU�FRNULJLQJ��)LJXUHV���������

���������=LQF�JUDGH�VLPXODWLRQ�
7KH�PXOWLYDULDWH�VLPXODWLRQ�RI�VRLO�SROOXWLRQ�ZLWK�WKH�]LQF�FRQFHQWUDWLRQ�DV�WKH�PDLQ�YDULDEOH��)LJXUHV��������DQG�WKH�FDGPLXP�
FRQFHQWUDWLRQ� DV� WKH� DX[LOLDU\� YDULDEOH� JHQHUDOO\� JLYHV� D� VLPLODU� ]LQF� FRQFHQWUDWLRQ� SLFWXUH� WR� WKDW� REWDLQHG� E\� NULJLQJ� DQG�
FRNULJLQJ��)LJXUHV���������7KH�SROOXWLRQ�DUHDV�FDOFXODWHG�E\�PHDQV�RI�WKH�VLPXODWLRQ�PHWKRG�DUH�PRUH�GLVWLQFW��)LJXUH������7ZR�
FRQWDPLQDWLRQ� FHQWUHV� DUH� YLVLEOH�� RQH� LV�PRUH� H[WHQVLYH� DQG� FRQVLVWV� RI� WZR� VXEFHQWUHV� �WZR� VHSDUDWH� FHQWUHV� LQ� WKH� FDVH� RI�
NULJLQJ�DQG�RQH�FHQWUH�IRU�FRNULJLQJ��DQG�WKH�RWKHUV�ZKLFK�DUH�PXFK�OHVV�GLVWLQFW��7KH�KLJKHVW�VLPXODWLRQ�YDOXHV�DUH�LQ�DQ�LQWHUYDO�
RI� �����!����� SSP� �)LJXUH� ����� ,I� RQH� FRPSDUHV� WKH� DYHUDJHG� FRQWDPLQDWLRQ� VLPXODWLRQ� SLFWXUH� �)LJXUH� ���� ZLWK� WKH� RQH�
REWDLQHG�E\�NULJLQJ�DQG�FRNULJLQJ��)LJXUHV���������RQH�ZLOO�QRWLFH�WKH�DEVHQFH�RI�WKH�VPDOOHU�FHQWUH�RI�UDLVHG�]LQF�FRQFHQWUDWLRQ�
WKDW�RFFXUV�LQ�WKH�PLGGOH�SDUW�RI�WKH�VWXGLHG�DUHD�LQ�)LJXUHV���DQG�����7KH�VLPXODWLRQ�UHVXOWV�SURYH�WKH�H[LVWHQFH�RI�PXFK�ZHDNHU�
]LQF�SROOXWLRQ��ORZHU�=V UHDOL]DWLRQ�YDOXH�RI�����SSP��LQ�WKLV�SODFH���

7KH� HVWLPDWLRQV
� VWDQGDUG�GHYLDWLRQ�YDOXHV� N LQ�NULJLQJ� DQG� FRNULJLQJ� FRQGLWLRQV� DUH� LQ� DQ� LQWHUYDO� RI� �������! �������SSP�
�)LJXUHV���������ZKHUHDV�WKH�UHDOL]DWLRQV
�VWDQGDUG�GHYLDWLRQ�YDOXHV�UDQJH�YHU\�ZLGHO\������! �����SSP��)LJXUH������7KH�ORZHVW�
N YDOXHV�ZHUH�REWDLQHG�LQ�WKH�HQYLURQPHQWDOO\�PRQLWRUHG�DUHDV��ZLWK�LQWHUYDOV�RI����������������SSP�IRU�NULJLQJ�DQG�FRNULJLQJ�

)LJXUH�����3UREDELOLW\�UDVWHU�PDS�RI�FDGPLXP�FRQFHQWUDWLRQ��WKH�
WKUHVKROG�����SSP��XVLQJ�PXOWLYDULDWH�FRQGLWLRQDO�FDGPLXP�]LQF�
VLPXODWLRQ��

)LJXUH�����3UREDELOLW\�UDVWHU�PDS�RI�FDGPLXP�FRQFHQWUDWLRQ��WKH�
WKUHVKROG������SSP��XVLQJ�PXOWLYDULDWH�FRQGLWLRQDO�FDGPLXP�]LQF�
VLPXODWLRQ��

)LJXUH�����5DVWHU�PDS�RI�PXOWLYDULDWH�FRQGLWLRQDO�]LQF�FDGPLXP�
VLPXODWLRQ�RI�]LQF�FRQFHQWUDWLRQ��SSP����WKH�DYHUDJHG�SLFWXUH�RI����
VLPXODWLRQV��

)LJXUH�����5DVWHU�PDS�RI�VWDQGDUG�GHYLDWLRQ�RI�UHDOL]DWLRQV�IRU�]LQF�
FRQFHQWUDWLRQ��SSP����PXOWLYDULDWH�FRQGLWLRQDO�]LQF�FDGPLXP�
VLPXODWLRQ��

��



UHVXOWV��)LJXUH���������7KH�ORZHVW� V YDOXHV�ZHUH�����!����SSP�IRU�WXUQLQJ�EDQGV�VLPXODWLRQ�UHVXOWV��)LJXUH������
�

7KH�KLJKHVW� UHDOL]DWLRQV
� VWDQGDUG�GHYLDWLRQ�YDOXHV�RI�����!�����SSP�RFFXU� LQ� WKH�]RQHV�ZLWK� WKH�KLJKHVW� ]LQF�FRQWDPLQDWLRQ�
�)LJXUHV���������LQ�WKH�VRXWKHUQ�SDUW�RI�WKH�LQYHVWLJDWHG�DUHD��7ZR�VLPXODWLRQ�PDSV�RI�WKH�ODUJHVW�DQG�VPDOOHVW�]LQF�FRQFHQWUDWLRQ�
UHDOL]DWLRQV�IRU�WKH�SDUWLFXODU�JULG�QRGHV�VKRZ�GLVWLQFW�VXE�DUHDV�RI�PRUH�LQWHQVLYH�FRQWDPLQDWLRQ��,Q�WKH�IRUPHU�FDVH��WKH�KLJKHVW�
VLPXODWHG� ]LQF� YDOXHV� UDQJH� IURP� ����! ����� SSP� �)LJXUH� ���� DQG� LQ� WKH� ODWWHU� FDVH�� �������� SSP� �)LJXUH� ����� $V� IRU�
FDGPLXP��WKH�ILUVW�PDS�SUHVHQWV�D�SRVVLEOH�DUHD�RI�PRUH�LQWHQVLYH�]LQF�SROOXWLRQ��)LJXUH������ZKLOH�WKH�VHFRQG�PDS��)LJXUH�����
VKRZV�VLPLODU�ERUGHUV�WR�LWV�FRQWDPLQDWHG�DUHD�RQ�WKDW�LQ�WKH�DYHUDJHG�SLFWXUH�RI����VLPXODWLRQV�IRU�WKH�]LQF��)LJXUH�������

�
7KH� JOREDO� UHVXOWV� RI� WKH� VLPXODWLRQ� FDOFXODWLRQV� SHUIRUPHG� IRU� ]LQF� FRQFHQWUDWLRQ� �7DEOH� ��� SUHVHQWV� D� SLFWXUH� RI� ORZHU� VRLO�
SROOXWLRQ�E\� WKLV�PHWDO��$�PDUNHGO\� ORZHU� DYHUDJH�YDOXH�EDVHG�RQ� VLPXODWHG�=V YDOXHV� LQ�SDUWLFXODU� JULG� QRGHV�� FRPSDUHG� WR�
NULJLQJ�RU�FRNULJLQJ�FDOFXODWLRQV��ZDV�REWDLQHG��7DEOH������

�
(YHQ� IRU� WKH� DVVXPHG� VRLO� ]LQF� SROOXWLRQ� WKUHVKROG� RI� ����� SSP�� ZKLFK� LV� KLJK� FRPSDUHG� ZLWK� WKH� OHJDOO\� DOORZDEOH�
FRQWDPLQDWLRQ� VWDQGDUGV� RI� �������� SSP� �.DEDWD�3HQGLDV�� 0RWRZLFND�7HUHODN�� 3LRWURZVND�� 7HUHODN� 	� :LWHN�� ������� WKH�
SUREDELOLW\�RI�H[FHHGLQJ�WKLV� WKUHVKROG� LV� UDWKHU�KLJK��LQWHUYDO�������������)LJXUH������7KLV�FRXOG�RFFXU� LQ� WKUHH�SODFHV�� LQ�RQH�
FDVH�WKH�SROOXWLRQ�]RQH�LV�TXLWH�ODUJH�ZKLOH�LQ�WKH�RWKHU�FDVHV�LW�LV�YHU\�VPDOO��7KHUH�LV�D�VLPLODULW\�WR�WKH�DYHUDJHG�PDS�REWDLQHG�
IURP����UHDOL]DWLRQV��HYHQ�WKRXJK�WKH�VXUIDFH�]LQF�SROOXWLRQ�ZDV�ORZHU��)LJXUH�������

)LJXUH�����5DVWHU�PDS�RI�WKH�ODUJHVW�VLPXODWHG�YDOXHV�IRU�]LQF�
FRQFHQWUDWLRQ��SSP��LQ�SDUWLFXODU�JULG�QRGHV��PXOWLYDULDWH�
FRQGLWLRQDO�]LQF�FDGPLXP�VLPXODWLRQ��

)LJXUH�����5DVWHU�PDS�RI�WKH�VPDOOHVW�VLPXODWHG�YDOXHV�IRU�]LQF�
FRQFHQWUDWLRQ��SSP��LQ�SDUWLFXODU�JULG�QRGHV��PXOWLYDULDWH�
FRQGLWLRQDO�]LQF�FDGPLXP�VLPXODWLRQ���

7DEOH����*OREDO�YDOXHV�RI�]LQF�FRQFHQWUDWLRQ��6WDWLVWLFV�FDOFXODWHG�RQ�WKH�EDVLV�RI�WKH�FRQGLWLRQDO�]LQF�FDGPLXP�WXUQLQJ�EDQGV�VLPXODWLRQ��IRU����
UHDOL]DWLRQV����WKH�'DEURZD�*yUQLF]D�UHJLRQ�

*HRVWDWLVWLFDO�SDUDPHWHU� 1XPEHU�RI�JULG�
QRGHV�Q�

0HDQ���[
>SSP@

0LQLPXP�[PLQ�>SSP@
0D[LPXP�[PD[�>SSP@ 9DULDQFH���V�

>SSP@�
6WDQGDUG�

GHYLDWLRQ���V�
>SSP@

$YHUDJHG�VLPXODWHG�YDOXH�
=V ����� ������� ������ �������� ��������� �������

5HDOL]DWLRQV
�VWDQGDUG�
GHYLDWLRQ��� V ����� ������� ������ �������� ��������� �������

0D[LPDO�YDOXH�RI�VLPXODWHG�
YDOXHV���=V�PD[� ����� �������� ������� �������� ����������� ��������

0LQLPDO�YDOXH�RI�VLPXODWHG�
YDOXHV���=V�PLQ� ����� ������ ������ ������� �������� ������

��



,I� WKH� WKUHVKROG� LV� LQFUHDVHG� WR� ����� SSP� �)LJXUH� ����� WKH� VXE�DUHDV� RI� UDLVHG� ]LQF� FRQFHQWUDWLRQ� DUH� VWLOO� YLVLEOH�� EXW� WKH�
FRQWDPLQDWHG�VXUIDFH�DUHD�LV�PXFK�VPDOOHU��EHLQJ�UHGXFHG�WR�SRLQWV�LQ�WKH�VRXWKHUQ�SDUW�RI�WKH�VWXGLHG�UHJLRQ��([FHHGLQJ�WKLV�KLJK�
WKUHVKROG�LV�OLQNHG�ZLWK�D�UDQJH�RI�YHU\�ORZ�SUREDELOLW\�YDOXHV�������! ��������

0RVW� RI� WKH� FHQWUHV� UHSUHVHQWLQJ� WKH� KLJKHVW� FDGPLXP�� ]LQF� DQG� OHDG�PHWDO� FRQFHQWUDWLRQV� VKRZ� D� VLPLODU� VSDWLDO� GLVWULEXWLRQ�
�1DP\VORZVND�:LOF]\QVND�	�:LOF]\QVNL������F���������7KH�GLVWULEXWLRQ�RI�VRPH�RI�WKH�DQRPDOLHV�LQ�OHDG��FDGPLXP�DQG�]LQF�
FRQFHQWUDWLRQ� LV� SDUWO\� FRUUHODWHG� ZLWK� WKH� VSDWLDO� FKDUDFWHULVWLFV� REWDLQHG� IRU� WKH� RWKHU� PHWDOV� VWXGLHG� �FRSSHU�� QLFNHO� DQG�
FKURPLXP���1DP\VORZVND�:LOF]\QVND����������

�
� &21&/86,21�
7KH�PHWKRGV�RI�NULJLQJ� FRNULJLQJ�DQG�FRQGLWLRQDO�WXUQLQJ�EDQGV�VLPXODWLRQ� ZKLFK�ZHUH�DSSOLHG�WR�VWXG\�WKH�OHYHOV�RI�FDGPLXP�
DQG�]LQF�SROOXWLRQ�RI�WKH�VXUIDFH�VRLO�OD\HU�FRQVWLWXWH�KLJKO\�HIIHFWLYH�WRROV�IRU�SURFHVVLQJ�DQG�DQDO\VLQJ�GDWD��:LWK�WKHVH�PHWKRGV�
RI�UDLVHG�KHDY\�PHWDO�FRQFHQWUDWLRQ�DQRPDOLHV�FRXOG�EH�LGHQWLILHG�LQ�WKH�DUHD�RI�'DEURZD�*yUQLF]D���

&RQVLGHULQJ�WKH�IDFW�WKDW�WKHUH�LV�D�UHODWLYHO\�FORVH�FRUUHODWLRQ�EHWZHHQ�FDGPLXP�DQG�]LQF��D�PRGHO�RI�PXOWLYDULDWH�HVWLPDWLRQ�DQG�
FRQGLWLRQDO�VLPXODWLRQ�ZHUH�SURSRVHG�IRU�WKH�HVWLPDWLRQ�RI�WKH�H[WHQW��GHJUHH�DQG�FKDUDFWHU�RI�VRLO�FRQWDPLQDWLRQ��$V�D�UHVXOW��WKH�

)LJXUH�����3UREDELOLW\�UDVWHU�PDS�RI�]LQF�FRQFHQWUDWLRQ��WKH�
WKUHVKROG��������SSP��XVLQJ�PXOWLYDULDWH�FRQGLWLRQDO�]LQF�FDGPLXP�
VLPXODWLRQ��

)LJXUH�����3UREDELOLW\�UDVWHU�PDS�RI�]LQF�FRQFHQWUDWLRQ��WKH�
WKUHVKROG��������SSP��XVLQJ�PXOWLYDULDWH�FRQGLWLRQDO�]LQF�FDGPLXP�
VLPXODWLRQ��

)LJXUH�����6FKHPH�RI�WKH�SURSRVHG�VDPSOLQJ�JULG�RI�VRLOV�LQ�WKH�
UHJLRQ�RI�'DEURZD�*yUQLF]D��

7KH� UHVXOWV� REWDLQHG� IURP� WKHVH� JHRVWDWLVWLFDO� VWXGLHV� QRZ�
IRUP� WKH� EDVLV� IRU� SODQQLQJ� D� VDPSOLQJ� JULG� IRU� D� QHZ�
HQYLURQPHQWDO�PRQLWRULQJ�VFKHPH�LQ�WKH�UHJLRQ�RI�'DEURZD�
*yUQLF]D�� $� XQLIRUP� VDPSOLQJ� JULG� RI� VRLOV� ZLWK� WZR�
YDULDQWV�RI�VDPSOH�VL]H��1� ������ZKLFK�LV�FKHDSHU�DQG�1� �
����� ZKLFK� LV� PRUH� H[SHQVLYH�� KDV� EHHQ� SURSRVHG�
�1DP\VORZVND�:LOF]\QVND�� ������� $� SRVVLEOH� VDPSOLQJ�
JULG� VFKHPH� �FKHDSHU�� ZLWK� WKH� IRUHFDVWLQJ� SRLQWV
�
FRRUGLQDWH�YDOXHV�FRQYHUWHG�LQWR�WKH�JHRJUDSKLF�FRRUGLQDWHV�
LV�SUHVHQWHG�LQ�)LJXUH������

��



DFFXUDF\� RI� WKH� FDOFXODWHG� PHWDO� FRQFHQWUDWLRQ� DYHUDJHV� DQG� WKXV� WKH� UHOLDELOLW\� RI� WKH� FRQWDPLQDWLRQ� SLFWXUH� REWDLQHG� ZDV�
LQFUHDVHG���
,I�FRNULJLQJ�LV�XVHG��VOLJKWO\�ORZHU�HVWLPDWHG�=
�DYHUDJHV�DQG�HVWLPDWLRQV
�VWDQGDUG�GHYLDWLRQ� N IRU�WKH�ERWK�DQDO\]HG�PHWDOV�DUH�
REWDLQHG���

7KH�FRQGLWLRQDO�WXUQLQJ�EDQGV�VLPXODWLRQ�UHVXOWV��DYHUDJHG�SLFWXUH�EDVHG�RQ����UHDOL]DWLRQV��LQGLFDWH�ORZHU�]LQF�SROOXWLRQ�WKDQ�
WKDW�VKRZQ�E\�WKH�NULJLQJ�DQG�FRNULJLQJ�LPDJHV�IRU�WKLV�PHWDO��)RU�FDGPLXP��WKH�VHFRQG�PHWDO��WKH�VLPXODWLRQ�SROOXWLRQ�SLFWXUHV�
REWDLQHG�DUH�VLPLODU�WR�WKH�NULJLQJ�DQG�FRNULJLQJ�LPDJHV��%XW�WKH�VLPXODWHG�]LQF�FRQFHQWUDWLRQ�YDOXHV�DUH�REWDLQHG�DW�PXFK�KLJKHU�
UHDOL]DWLRQ�VWDQGDUG�GHYLDWLRQ�YDOXHV�FRPSDUHG�WR�WKDW�RI�FDGPLXP���

:KLOH� NULJLQJ� DQG� FRNULJLQJ� WHFKQLTXHV� DOORZ�RQH� WR� TXLFNO\�GHWHUPLQH� WKH� ERXQGDULHV� RI� VXE�DUHDV�ZLWK�KLJKHU�KHDY\�PHWDO�
FRQFHQWUDWLRQV�� FRQGLWLRQDO� WXUQLQJ� EDQGV� VLPXODWLRQ� UHIOHFWV� WKHLU� IOXFWXDWLRQ� ZHOO�� 7KH� ODWWHU� PHWKRG� KDV� WKH� DGYDQWDJH� RI�
SURGXFLQJ� GLIIHUHQW� NLQGV� RI� VLPXODWLRQ�PDSV� H�J�� DYHUDJH� SLFWXUHV� IURP� VLPXODWHG� YDOXHV��PDSV� RI�PD[LPXP� DQG�PLQLPXP�
VLPXODWHG�YDOXHV�DV�ZHOO�DV�PDSV�RI�WKH�SUREDELOLW\�RI�H[FHHGLQJ�DVVXPHG�SROOXWLRQ�WKUHVKROGV�DW�WKH�SDUWLFXODU�JULG�QRGHV���

7KH� VSDWLDO� H[WHQW� RI� FDGPLXP� DQG� ]LQF� VRLO� SROOXWLRQ� LQ� WKH� DUHD� RI�'DEURZD�*yUQLF]D� REWDLQHG� E\� WKH�PHWKRGV� XVHG� RQO\�
SDUWLDOO\�FRLQFLGH��PDLQO\�LQ�WKH�VRXWKHUQ�SDUW�RI�UHJLRQ�DQG�D�OLWWOH�LQ�WKH�QRUWKHUQ�RQH���

:LWK� UHJDUG� WR� FDGPLXP�� DQ� H[WHQVLYH� VRLO� DUHD� ZLWK� UDLVHG� OHYHOV� RI� WKLV� PHWDO� ZDV� LGHQWLILHG�� 7KH� PD[LPXP� FDGPLXP�
FRQFHQWUDWLRQ�YDOXHV�DUH�OLQNHG�WR�WKH�FORVH�SUR[LPLW\�RI�PHWDOOXUJLFDO�SODQWV��ERWK�LQDFWLYH�DQG�DFWLYH��DQG�WR�WKH�FRQVHTXHQFHV�
RI�SDVW�]LQF�OHDG�PLQLQJ�RSHUDWLRQV��7KH�GLVWULEXWLRQ�RI�WKH�KLJK�FDGPLXP�FRQFHQWUDWLRQ�LGHQWLILHG�LQ�WKH�VRLOV�LV�DOVR�LQIOXHQFHG�
E\�WKH�GHSRVLWLRQ�RI�RUH�EHDULQJ�GRORPLWHV�FORVH�WR�WKH�VXUIDFH�DQG�E\�D�ZDVWH�GXPS�VLWXDWHG�QH[W�WR�WKH�PHWDOOXUJLFDO�SODQW���

7KH�KLJKHU�FRQWDPLQDWLRQ��GLVWLQFWO\�KLJKHU�]LQF�FHQWUHV��RI�WKH�VRLOV� LQ�WKH�DUHD�RI�'DEURZD�*yUQLF]D�E\�]LQF�LV�OLQNHG�WR�WKH�
PHWDOOXUJLFDO�SODQWV�ORFDWHG�WKHUH�DQG�ZLWK�WKH�PLQLQJ�LQGXVWU\��KLVWRULFDO�PLQLQJ�FHQWUHV���7KH�GHSRVLWLRQ�RI�GXVW�HPLWWHG�E\�WKH�
LQGXVWULDO� SODQWV� DQG� WKH� VSUHDG� RI� WKH� GXVW� IURP� WKH� VHWWOLQJ� SRQGV� E\� ZLQG� FRQWULEXWHV� JUHDWO\� WR� WKH� SROOXWLRQ� RI� WKH� VRLO�
HQYLURQPHQW���

7HVWHG� JHRVWDWLVWLFDO� PHWKRGV� DUH� DQ� HIILFLHQW� WRROV� IRU� SURFHVVLQJ� DQG� DQDO\VLQJ� RI� DQ\� NLQG� RI� GDWD� FRQWDLQHG� LQ� WKHPDWLF�
GDWDEDVHV��LQFOXGLQJ�HQYLURQPHQWDO�GDWDEDVHV���

� 5()(5(1&(6�
$UPVWURQJ�0��	�'RZG�3�$���(GV����������*HRVWDWLVWLFDO�6LPXODWLRQV� 'RUGUHFKW��.OXZHU�$FDGHPLF�3XEOLVKHU���

$UPVWURQJ�0���������%DVLF�/LQHDU�*HRVWDWLVWLFV� %HUOLQ��6SULQJHU���

(XURSHDQ�(QYLURQPHQW�$JHQF\��������(QYLURQPHQW�LQ�WKH�(XURSHDQ�8QLRQ�DW�WKH�WXUQ�RI�WKH�FHQWXU\� (QYLURQPHQWDO�DVVHVVPHQW�
UHSRUW�1R�����&RSHQKDJHQ�'HQPDUN���

,VDDNV�(�+��	�6ULYDVWDYD�5�0�� �������$Q�,QWURGXFWLRQ� WR�$SSOLHG�*HRVWDWLVWLFV� 2[IRUG��1HZ�<RUN��86$��2[IRUG�8QLYHUVLW\�
3UHVV���

,6$7,6� ������� ,VDWLV� 6RIWZDUH� 0DQXDO� $YRQ� &HGH[�� )UDQFH�� *HRYDULDQFHV� DQG� (FROH� GHV� 0LQHV� GH� 3DULV� �&HQWUH� GH�
*HRVWDWLVWLTXH����

��



.DEDWD�3HQGLDV� $��� 0RWRZLFND�7HUHODN� 7��� 3LRWURZVND� 0��� 7HUHODN� +�� 	� :LWHN� 7�� ������� $VVHVVPHQW� RI� 6RLO� DQG� 3ODQW�
&RQWDPLQDWLRQ�ZLWK�+HDY\�0HWDOV�DQG�6XOSKXU� *HQHUDO�*XLGHOLQHV�IRU�$JULFXOWXUH��LQ�3ROLVK���3XODZ\��3RODQG��,QVWLWXWH�RI�6RLO�
&XOWLYDWLRQ��)HUWLOL]LQJ�DQG�3HGRORJ\���

/LV� -�� 	� 3DVLHF]QD� $�� �����D��*HRFKHPLFDO� $WODV� RI� 3RODQG�� VFDOH�� �� �� �� ���� ���� :DUVDZ�� 3RODQG�� 1DWLRQDO� *HRORJLFDO�
,QVWLWXWH���

/LV� -��	�3DVLHF]QD�$�� �����E��*HRFKHPLFDO�$WODV�RI�8SSHU�6LOHVLD�� VFDOH��� ���������� :DUVDZ��3RODQG��1DWLRQDO�*HRORJLFDO�
,QVWLWXWH���

/LV�-��	�3DVLHF]QD�$���������'HWDLOHG�*HRFKHPLFDO�0DS�RI�8SSHU�6LOHVLD��VFDOH������������ 6ODZNyZ��:DUVDZ��3RODQG��1DWLRQDO�
*HRORJLFDO�,QVWLWXWH���

1DP\VORZVND�:LOF]\QVND�%���������9DULDELOLW\�RI�&RSSHU�2UH�'HSRVLWV�LQ�WKH�)RUHVXGHWLF�0RQRFOLQH�$JDLQVW�WKH�%DFNJURXQG�
RI� *HRVWDWLVWLFDO� 0HWKRGV� 0RQRJUDSK\� RI� ,QVWLWXWH� RI� *HRWHFKQLFV� DQG� +\GURWHFKQLFV��:URFODZ� 8QLYHUVLW\� RI� 7HFKQRORJ\��
6HULHV��������:URFODZ��3RODQG���

1DP\VORZVND�:LOF]\QVND�%�� �������6HOHFWHG�0HWKRGV�RI�*HRVWDWLVWLFDO� 6LPXODWLRQ� �LQ�3ROLVK����QG &RQIHUHQFH� RQ�&RPSXWHU�
$LGLQJ�RI�6FLHQWLILF�5HVHDUFK�.2:%$1
����SS������������:URFODZ��3RODQG���

1DP\VORZVND�:LOF]\QVND�%��	�:LOF]\QVNL�$���������*HRVWDWLVWLFDO�6WXGLHV�RI�6RLO�+HDY\�0HWDO�3ROOXWLRQ�LQ�6HOHFWHG�$UHDV�RI�
8SSHU� 6LOHVLD� �LQ� 3ROLVK��� (QYLURQPHQW� 3URWHFWLRQ� SXEOLFDWLRQ� XQGHU� VFLHQWLILF� DXVSLFHV� RI� &LYLO� (QJLQHHULQJ� &RPPLWWHH� RI�
3ROLVK� $FDGHP\� RI� 6FLHQFHV� ������� SS�� ������ /RZHU�6LOHVLDQ� 6HFWLRQ� RI� 3ROLVK� $VVRFLDWLRQ� RI� 6DQLWDU\� (QJLQHHUV� DQG�
7HFKQLFLDQV���

1DP\VORZVND�:LOF]\QVND�%��	�:LOF]\QVNL�$�������D��$Q�DVVHVVPHQW�RI�VRLO�FRQWDPLQDWLRQ�ZLWK�KHDY\�PHWDOV�XVLQJ�LQGLFDWRU�
JHRVWDWLVWLFV� LQ� 8SSHU� 6LOHVLD� �6� 3RODQG���3URFHHGLQJV� RI� 7KH� 7KLUG� $QQXDO� &RQIHUHQFH� RI� WKH� ,QWHUQDWLRQDO� $VVRFLDWLRQ� IRU�
0DWKHPDWLFDO�*HRORJ\��SS������������%DUFHORQD��6SDLQ���

1DP\VORZVND�:LOF]\QVND� %�� 	�:LOF]\QVNL� $�� �����E�� $SSOLFDWLRQ� RI� ,QGLFDWRU� *HRVWDWLVWLFV� WR�0RGHOOLQJ� RI� (QYLURQPHQW�
+HDY\� 0HWDO� 3ROOXWLRQ� �LQ� 3ROLVK��� �WK� $OO�3ROLVK� 6FLHQWLILF� &RQIHUHQFH� *HQHUDO� DQG� 3DUWLFXODU� (QYLURQPHQWDO� (QJLQHHULQJ�
3UREOHPV� �SS�� ���������� 6FLHQWLILF� 3DSHUV� RI� (QJLQHHULQJ� %XLOGLQJ� DQG� (QYLURQPHQWDO� (QJLQHHULQJ� )DFXOW\�� 1R�� ���� 6HULHV��
(QYLURQPHQWDO�(QJLQHHULQJ��.RV]DOLQ�3RO\WHFKQLF��8VWURQLH�0RUVNLH��3RODQG���

1DP\VORZVND�:LOF]\QVND�%���������'HWHUPLQDWLRQ�RI�6RLO�6DPSOLQJ�3RLQWV�LQ�)DUPODQG�LQ�'DEURZD�*yUQLF]D�$UHD�E\�0HDQV�
RI�*HRVWDWLVWLFDO� $QDO\VLV� �LQ� 3ROLVK�� 5HSRUW� RI� ,QVWLWXWH� RI�*HRWHFKQLFV� DQG�+\GUDXOLF� (QJLQHHULQJ��:URFODZ�8QLYHUVLW\� RI�
7HFKQRORJ\��VHULHV��635��1R��������:URFODZ��3RODQG���

1DP\VORZVND�:LOF]\QVND� %�� 	�:LOF]\QVNL� $�� �����F�� *HRVWDWLVWLFDO� PHWKRGV� DQG� WXUQLQJ� EDQGV� VLPXODWLRQ� DVVHVVPHQW� RI�
KHDY\�PHWDOV�SROOXWLRQ�RI�VRLOV�LQ�'DEURZD�*yUQLF]D�DUHD��,QWHUQDWLRQDO�&RQIHUHQFH�RQ��6SDWLDO�,QIRUPDWLRQ�0DQDJHPHQW�LQ�7KH�
1HZ�0LOOHQLXP���SS�����������&UDFRZ��3RODQG���

1DP\VORZVND�:LOF]\QVND�%��	�5XVDN�.���������7LPH�IDFWRU� LQ� WKH�VWXGLHV�RI�VRLOV�SROOXWLRQ�E\�KHDY\�PHWDOV��LQ�3ROLVK����WK�
&RQIHUHQFH�RQ�&RPSXWHU�$LGLQJ�RI�6FLHQWLILF�5HVHDUFK��SS������������3RODQLFD�=GUyM��3RODQG���

1DP\VORZVND�:LOF]\QVND�%��	�:LOF]\QVNL�$���������$Q�DSSOLFDWLRQ�RI�WKH�WXUQLQJ�EDQGV�VLPXODWLRQ�PHWKRG�IRU�WKH�PRGHOLQJ�
RI�HQYLURQPHQWDO�GDWD��%RRN�RI�$EVWUDFWV��&2'$7$���������WK�,QWHUQDWLRQDO�&2'$7$�&RQIHUHQFH��SS������������%DYHQR��,WDO\���

��



1DP\VORZVND�:LOF]\QVND�%��	�3\UD�-���������8VH�RI�NULJLQJ�HVWLPDWLRQ�PHWKRGV�IRU�DVVHVVPHQW�RI�VWDWH�RI�VRLO�FRSSHU�DQG�OHDG�
SROOXWLRQ�LQ�/HJQLFD�*ORJyZ�FRSSHU�EDVLQ�DUHD��LQ�3ROLVK����UG )RUXP�RI�(QYLURQPHQWDO�(QJLQHHULQJ�RQ�0DWKHPDWLFDO�0RGHOOLQJ�
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