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1i]HY�%3� 1XPHULFNi VLPXODFH ĜH]iQt�GĜHYD�ĜHWČ]RYRX�SLORX

$QJOLFNê�Qi]HY� 1XPHULFDO�VLPXODWLRQ�RI�ZRRG�FXWWLQJ�E\�D�FKDLQVDZ
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.H\ZRUGV� )LQLWH�(OHPHQW�0HWKRG��:RRG��&XWWLQJ�)RUFHV��&KDLQVDZ

$QRWDFH� 7DWR� EDNDOiĜVNi� SUiFH� VH� ]DEêYi� NDOLEUDFt� PDWHULiORYpKR�
PRGHOX� EXNRYpKR� GĜHYD� V� SRXåLWtP� UHDOLVWLFNêFK�
PDWHULiORYêFK� YODVQRVWt Y� SURJUDPX� /6� '\QD� SUR� VLPXODFH�
PHWRGRX�NRQHþQêFK�SUYNĤ��9ODVWRVWL�E\O\�QDOH]HQ\�Y�OLWHUDWXĜH�
D�YêVOHGQê�PRGHO XND]XMH GREURX�VKRGX�V�H[SHULPHQWHP�MDN�
SR�VWUiQFH�ĜH]QêFK�VLO��WDN�]�KOHGLVND�WYRUE\�WĜtVN\��

$QQRWDWLRQ� 7KLV�EDFKHORU�WKHVLV�GHDOV�ZLWK�FDOLEUDWLRQ�RI�D�PDWHULDO�PRGHO�
RI� EHHFK�ZRRG� XVLQJ� UHDOLVWLF�PDWHULDO� SURSHUWLHV� LQ� WKH� /6�
'\QD� VRIWZDUH� IRU� ILQLWH� HOHPHQW� PHWKRG� VLPXODWLRQV�� 7KH�
SURSHUWLHV� ZHUH� H[WUDFWHG� IURP� WKH� OLWHUDWXUH� DQG� WKH� ILQDO�
PRGHO� VKRZV� JRRG� PDWFK� ZLWK� WKH� H[SHULPHQW� ERWK� LQ� WKH�
FXWWLQJ�IRUFHV�DQG�WKH�FKLS�IRUPDWLRQ�
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3URKODãXML�� åH� MVHP�EDNDOiĜVNRX�SUiFL� V�Qi]YHP�� Ä1XPHULFNp� VLPXODFH�SURFHVX� ĜH]iQt�

GĜHYD³ Y\SUDFRYDO� VDPRVWDWQČ� SRG� YHGHQtP� ,QJ��0DUWLQD�1HVOiGND�� 3K�'�� D� V� SRXåLWtP�

OLWHUDWXU\�XYHGHQp�QD�NRQFL�Pp�EDNDOiĜVNp�SUiFH�Y�VH]QDPX�SRXåLWp�OLWHUDWXU\��

'(&/$5$7,21

,� GHFODUH� WKDW� WKLV WKHVLV�� E\� WKH� QDPH� ³1XPHULFDO� VLPXODWLRQV� RI� WKH� ZRRG� FXWWLQJ�

SURFHVV´� ZDV� FUHDWHG� VROHO\� E\� PH�� ZLWK� WKH� KHOS� RI� P\� WKHVLV� VXSHUYLVRU� ,QJ��0DUWLQ�

1HVOiGHN��3K�'��DQG�WKH�OLWHUDWXUH�SURYLGHG�DW WKH�HQG�RI�WKLV�WKHVLV�LQ�WKH�OLVW�RI�UHIHUHQFHV�

3UDJXH�������������������� �����������������������������

0LFKDO�.RFRXUHN
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5iG�E\FK�]GH�SRGČNRYDO�YHGRXFtPX�Pp�EDNDOiĜVNp�SUiFH�,QJ��0DUWLQX�1HVOiGNRYL��3K�'��

]D�MHKR�YHGHQt�D�þDV��NWHUê�PL�YČQRYDO��'iOH�E\FK�UiG�SRGČNRYDO�VYêP�NROHJĤP�Y�SUiFL��

]HMPpQD�,QJ��/XNiãL�+RUiþNRYL��]D�RGERUQp�UDG\�D�SRPRF�

$&.12:/('*(0(17

, ZRXOG�OLNH�WR�WKDQN�P\�WKHVLV�VXSHUYLVRU�,QJ�0DUWLQ�1HVOiGHN��3K�'��IRU�KLV�JXLGDQFH�

DQG�WKH�WLPH��KH�VSHQW�KHOSLQJ PH�ZLWK�P\�WKHVLV��,�ZRXOG�DOVR�OLNH�WR�WKDQN�P\�FROOHDJXHV��

SULPDULO\�,QJ��/XNiã�+RUiþHN�IRU�WKH�H[SHUW�DGYLFH�DQG�KHOS�
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����� 6KHDU�VWUHQJWK�����������������������������������������������������������������������������������������������

��� 0HWKRGV�IRU�([SHULPHQWDO�'HWHUPLQDWLRQ�RI�0HFKDQLFDO�3URSHUWLHV�RI�:RRG ��

����� 'LJLWDO�,PDJH�&RUUHODWLRQ ����������������������������������������������������������������������������
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����� $�6SHFLDO�6KHDU�7HVWLQJ�0HWKRG������������������������������������������������������������������
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��� :RRG�)DLOXUH�6LPXODWLRQ�LQ�/6�'<1$��������������������������������������������������������������

����� 0DWHULDO�0RGHO���������������������������������������������������������������������������������������������

����� (ODVWLF�3URSHUWLHV������������������������������������������������������������������������������������������

����� )DLOXUH�&ULWHULD ���������������������������������������������������������������������������������������������

��� %DVLFV� RI� WKH� 0DWKHPDWLFV� %HKLQG� WKH� ([SOLFLW� DQG� ,PSOLFLW� )LQLWH� (OHPHQW�

0HWKRG�&RPSXWDWLRQV��������������������������������������������������������������������������������������������������������
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����� ,PSOLFLW�VLPXODWLRQV��������������������������������������������������������������������������������������

� ([SHULPHQW������������������������������������������������������������������������������������������������������������������

��� 6HWXS ��������������������������������������������������������������������������������������������������������������������

��� 0HDVXUHPHQWV������������������������������������������������������������������������������������������������������

��� (YDOXDWLRQ������������������������������������������������������������������������������������������������������������
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� ,QYHVWLJDWLRQ� RI� WKH� 6HQVLWLYLW\� RI� WKH� 1XPHULFDO� 6LPXODWLRQV� RQ� ,QGLYLGXDO�

3DUDPHWHUV������������������������������������������������������������������������������������������������������������������������������

��� &KLS�)RUPDWLRQ����������������������������������������������������������������������������������������������������
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����� 9HUVLRQ������± 0DWHULDO�'DWD�IURP�WKH�/LWHUDWXUH����������������������������������������

����� )LQGLQJ�WKH�3UREOHP�������������������������������������������������������������������������������������

����� (OHPHQW�IRUPXODWLRQ�������������������������������������������������������������������������������������

����� 3RLVVRQ¶V�5DWLR���������������������������������������������������������������������������������������������
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� &RQFOXVLRQ ������������������������������������������������������������������������������������������������������������������
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� ,QWURGXFWLRQ

7KLV�WKHVLV�ZDV�FUHDWHG�LQ�FROODERUDWLRQ�ZLWK�WKH�FRPSDQLHV�$..$�&]HFK�5HSXEOLF�V�U�R��

�$..$��DQG�$QGUHDV�67,+/�$*�	�&R��.*��67,+/��

,Q� $..$�� WKHUH� ZDV� DQ� DWWHPSW� WR� GHYHORS D� ODUJH� DQG� FRPSOLFDWHG� ILQLWH� HOHPHQWV�

PHWKRG��)(0��VLPXODWLRQ�RI�FKDLQVDZ�FXWWLQJ��$OWKRXJK�WKH�VLPXODWLRQ�ZDV�D�KXJH�VXFFHVV��

XQSK\VLFDO�PHFKDQLFDO�SURSHUWLHV�RI�ZRRG��L�H��GLIIHULQJ�E\�RUGHUV�RI�PDJQLWXGH��KDG�WR�EH�

XVHG�� LQ�RUGHU�WR�PDWFK�WKH�FXWWLQJ�IRUFHV�ZLWK�UHDOLW\� 7KLV� WKHVLV�DLPV WR LQYHVWLJDWH�WKH�

LQIOXHQFH�RI�WKH�LQSXW�SDUDPHWHUV�RQ�WKH�VLPXODWHG�FXWWLQJ�IRUFHV�DQG FDOLEUDWH�DQ�DYDLODEOH

PDWHULDO�PRGHO�RI EHHFK�ZRRG XVLQJ�UHDOLVWLF�PHFKDQLFDO�SURSHUWLHV WKDW�FRXOG ODWHU EH�XVHG�

LQ�WKLV�VLPXODWLRQ�WR�EULQJ�LW�DQRWKHU�VWHS�IXUWKHU�

$�VSHFLDOL]HG�H[SHULPHQW�IRU�WKH�FXWWLQJ�IRUFHV�PHDVXUHPHQW�GXULQJ�ZRRG�FXWWLQJ�ZDV�

VHW��7KH�H[SHULPHQW�OD\RXW�LV�VKRZQ LQ�)LJ� ���([SHULPHQWDO�GDWD�XVHG�IRU�WKH�FDOLEUDWLRQ�RI�

WKH�QXPHULFDO�PRGHOV�ZHUH�SURYLGHG�E\�67,+/��7KH�FXWWLQJ�IRUFHV�DQG�WKH�FKLS�IRUPDWLRQ�

DUH�FRQVLGHUHG�GXULQJ�WKH�FDOLEUDWLRQ��

7KH�H[SOLFLW�PHWKRG�LV�XVHG�IRU�WKH�FRPSXWDWLRQ�EHFDXVH�RI�LWV�VLPSOLFLW\�DQG�QR�QHFHVVLW\�

IRU�VROYLQJ�WKH�G\QDPLF�HTXLOLEULXP�LWHUDWLYHO\��%DVLF�GLIIHUHQFHV�EHWZHHQ�WKH�H[SOLFLW�DQG�

WKH�LPSOLFLW�PHWKRG�DUH�GLVFXVVHG�IXUWKHU��7KH�VRIWZDUH�/6�'<1$ ZDV�XVHG�WR�FDUU\�RXW�WKH�

VLPXODWLRQV��/6�'<1$ LV�D�PXOWL�SXUSRVH�VROYHU�XVHG�IRU�DQDO\VLQJ�WKH�ODUJH�GHIRUPDWLRQ�

VWDWLF�DQG�G\QDPLF�UHVSRQVH�RI�VWUXFWXUHV��PDLQO\�E\�WKH�H[SOLFLW�PHWKRG�

7KH�PDWHULDO�VXEMHFWHG�WR�WHVWLQJ ZDV�(XURSHDQ�EHHFK�ZRRG��0DWHULDO GDWD�UHTXLUHG�IRU�

WKH� )(0� VLPXODWLRQ� ZHUH� QRW� SURYLGHG� DQG� WKXV� DUH� H[WUDFWHG� IURP� WKH� OLWHUDWXUH�� ,W� LV�

LPSRUWDQW� WR�VWDWH�� WKDW�ZRRG�LV�D�YHU\�YDULDEOH�PDWHULDO� �L�H�� WKH�PDWHULDO�SURSHUWLHV�YDU\�

SLHFH�E\�SLHFH���7KHUHIRUH��D�UDQJH�RI�SRVVLEOH�PHFKDQLFDO�SURSHUWLHV�LV�VHDUFKHG��UDWKHU�WKDQ�

H[DFW�YDOXHV��

7KH�SULQFLSDO�DLP�RI�WKLV�WKHVLV LV�FUHDWLQJ�D�ZRUNLQJ�/6�'\QD�VLPXODWLRQ�PDWFKLQJ�WKH�

ZRRG� FXWWLQJ� H[SHULPHQW� LQ� WHUPV� RI� FXWWLQJ� IRUFHV� DQG�ZRRGHQ� FKLS� VKDSH� DV� FORVH� DV�

SRVVLEOH�
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)LJ��� � 9LHZ�RI�WKH�H[SHULPHQWDO�VHWXS�XVHG�WR�GHWHUPLQH�WKH�FXWWLQJ�IRUFHV�DFWLQJ�RQ�D�VLQJOH�FKDLQVDZ�WRRWK
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��/LWHUDWXUH�5HYLHZ

,Q� WKLV�FKDSWHU�� WKH�PHFKDQLFDO�EHKDYLRXU RI�ZRRG� LV�GLVFXVVHG DORQJ�ZLWK� WKH� WHVWLQJ�

PHWKRGV��$OVR��WKH�PDWKHPDWLFV�EHKLQG�WKH�)(0�FDOFXODWLRQV�DQG�WKH�IDLOXUH�FULWHULD PRGHO

DUH�EULHIO\�LQWURGXFHG�

��� 0DWHULDO SURSHUWLHV�RI�(XURSHDQ�EHHFK�ZRRG

:RRG�LV�FRPSRVHG�RI�LQKRPRJHQHRXV�RUJDQLF�WLVVXH��ZKLFK�PDNHV�LW�GLIILFXOW�WR�GHVFULEH�

LWV� PHFKDQLFDO� SURSHUWLHV� JHQHUDOO\�� 7KH� EHKDYLRXU RI� ZRRG� FKDQJHV� VLJQLILFDQWO\� ZLWK�

GLIIHUHQW�PRLVWXUH�FRQWHQW��0&��DQG�TXDOLW\� ,W�LV�D�KLHUDUFKLFDO�PDWHULDO��KDYLQJ�D�GLIIHUHQW�

VWUXFWXUH�RQ�VHYHUDO�OHYHOV� >�@

,W�LV�FRPPRQ�WR�LGHDOL]H�ZRRG�DV�KDYLQJ GLIIHUHQW�PHFKDQLFDO�SURSHUWLHV�LQ�WKUHH�PXWXDOO\�

SHUSHQGLFXODU�GLUHFWLRQV�± ORQJLWXGLQDO�WR�WKH�JUDLQ��DQG�WDQJHQWLDO��DQG�UDGLDO�WR�WKH�DQQXDO�

ULQJV�� ZKLFK� DUH� VKRZQ� LQ� )LJ� ��� 7KLV� LQGLFDWHV� WKDW� ZRRG� LV� DQ� RUWKRWURSLF� PDWHULDO��

+RZHYHU��VRPH�VRXUFHV�VXJJHVW�WKDW�ZRRG�GRHV�QRW�H[KLELW�HODVWLF�RUWKRWURSLF�V\PPHWU\�>�@��

:RRG�GLYLGHV�LQWR�KDUGZRRGV�DQG�VRIWZRRGV��+DUGZRRGV�DUH�XVXDOO\�GHQVHU�WKDQ�VRIWZRRGV�

PDNLQJ�WKHP�D�EHWWHU�ILW�IRU�IRUHVWU\�HTXLSPHQW�WHVWLQJ��

)LJ��� � 0DWHULDO�D[HV�RI�ZRRG�>�@

$QQXDO�ULQJV



��

:RRG�IURP�WKH�(XURSHDQ�EHHFK��)DJXV�6\OYDWLFD /����ZKLFK�UDQNV�DPRQJ�KDUGZRRGV��KDV�

EHHQ�XVHG�IRU�WKH H[SHULPHQW RI�ZRRG�FXWWLQJ��7R�FDOLEUDWH�WKH�PDWHULDO�PRGHO�ZLWK�UHDOLVWLF�

YDOXHV��PRLVWXUH�GHSHQGHQW�PHFKDQLFDO�SURSHUWLHV�RI�EHHFK�ZRRG�KDYH�EHHQ�H[WUDFWHG�IURP�

WKH� OLWHUDWXUH�� SXW� WRJHWKHU� DQG� DQDO\VHG� 0RLVWXUH� GHSHQGHQF\� FRXOG� KHOS� ZLWK� ILQGLQJ�

RSWLPDO�YDOXHV� VLQFH� WKH 0& RI� WKH�ZRRG�VSHFLPHQ� LV� VWDQGDUGL]HG� IRU� WKH�ZRRG�FXWWLQJ�

H[SHULPHQW� ,QGLYLGXDO� SURSHUWLHV� DUH� GLVFXVVHG� LQ� FKDSWHUV� ������ WR� ������� 7KH� GDWD� DUH�

VXPPDULVHG� LQ $SSHQGL[� , ZLWK� UHIHUHQFHV� WR� WKH� OLWHUDWXUH� &RHIILFLHQW� RI�GHWHUPLQDWLRQ�

�&R'�� KDV� EHHQ� XVHG� IRU� HDFK� PHFKDQLFDO� SURSHUW\� WR� GLVWLQJXLVK�� ZKHWKHU� LW� H[KLELWV�

PRLVWXUH�GHSHQGHQF\��

����� 'HQVLW\

&RQWUDU\�WR�WKH�H[SHFWDWLRQV��WKH�GHQVLW\�GLG�QRW�VKRZ DQ\�DSSDUHQW�PRLVWXUH�GHSHQGHQF\�

DV�FDQ�EH�VHHQ�LQ�)LJ� ���ZLWK�WKH�&R'�IRU�OLQHDU�UHJUHVVLRQ�EHLQJ�OHVV�WKDQ�ͲǤͳ��7KLV�PD\�

EH�FDXVHG�E\�WKH�ZRRG�H[SDQGLQJ�VLPXOWDQHRXVO\�ZLWK LQFUHDVLQJ�0&��7KH�GHQVLW\�ZDV�ILUVW�

FDOFXODWHG�DV��ͷ͵ ��Ȁ�ଷ ZLWK�D�VWDQGDUG�GHYLDWLRQ�RI� ��Ȁ�ଷ��8VLQJ�WKH�HPSLULFDO�UXOH��

LW�FDQ�EH�VDLG�WKDW�WKH�YDOXH�͵ͳʹ ��Ȁ�ଷ LV�LQFRUUHFW�ZLWK�D�FHUWDLQW\�H[FHHGLQJ�ͻͻǤ Ψ DQG�

LV�WKHUHIRUH�FRQVLGHUHG�D�W\SLQJ�HUURU�DQG�QHJOHFWHG� 7KH�&R'�ZRXOG�WKHQ�EH�OHVV�WKDQ�ͲǤͲ�

7KH�UHFDOFXODWHG�YDOXH�RI�WKH�GHQVLW\�ZDV� േ ͵͵ ��Ȁ�ଷ�

)LJ��� � 0RLVWXUH�GHSHQGHQW�GHQVLW\

Ǉ�с�Ͳϵ͘ϯϭǆ�н�ϳϲϮ͘Ϯϲ
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����� 1RUPDO�(ODVWLF�0RGXOL

7KH�QRUPDO�HODVWLF�PRGXOL VKRZ�OLQHDU�GHFUHDVH�ZLWK�WKH�&R' ͲǤͳʹ��ͲǤ͵Ͷ DQG�ͲǤͲͷ

IRU�WKH�ORQJLWXGLQDO��UDGLDO� DQG�WDQJHQWLDO�GLUHFWLRQV� UHVSHFWLYHO\�

/LQHDU�DSSUR[LPDWLRQ�KDV�EHHQ�XVHG�IRU�DOO�HODVWLF�PRGXOL�GHVSLWH� WKH� ORZ�&R'�RI� WKH�

WDQJHQWLDO� HODVWLF� PRGXOXV� UHJUHVVLRQ�� EHFDXVH� WKH� RWKHU� WZR� HODVWLF� PRGXOL� H[KLELW�

FRQVLGHUDEOH�PRLVWXUH�GHSHQGHQFLHV� )LJ����VKRZV�QRUPDO�HODVWLF�PRGXOL�LQ�UHODWLRQ�WR�0&�

)LJ��� � 0RLVWXUH�GHSHQGHQW�QRUPDO�HODVWLF�PRGXOL

����� 6KHDU�(ODVWLF�0RGXOL

)RU�WKH�VKHDU�HODVWLF�PRGXOL��XVLQJ�WKH�OLQHDU�UHJUHVVLRQ�QR�YDOXH�RI�&R'�H[FHHGHG�ͲǤͲ͵��

$SSUR[LPDWLRQ� E\� RWKHU� IXQFWLRQV� VKRZHG� QR� VLJQLILFDQW VLPXOWDQHRXV� LQFUHDVH� LQ� &R'�

XQOHVV�KLJK�GHJUHH�SRO\QRPLDO�IXQFWLRQV�ZHUH�XVHG��ZLWK�WKH�&R'�LQ�WKH�/5�GLUHFWLRQ�VWLOO�

QRW� H[FHHGLQJ� ͲǤͳ ZKHQ� D� �WK� GHJUHH� SRO\QRPLDO� IXQFWLRQ� DSSUR[LPDWLRQ LV� XVHG�� 1R�

PRLVWXUH�GHSHQGHQF\�LV�WKHUHIRUH�FRQVLGHUHG��7KH�PRLVWXUH�GHSHQGHQF\�RI�WKH�VKHDU�PRGXOL�

LV�VKRZQ�LQ�)LJ����
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)LJ��� ± 0RLVWXUH�GHSHQGHQW�HODVWLF�VKHDU�PRGXOL

����� 3RLVVRQ¶V�UDWLRV

,Q�VRPH�GLUHFWLRQV��WKH�YDOXHV�IURP�GLIIHUHQW�VRXUFHV�GLIIHU�FRQVLGHUDEO\��6RPH�VRXUFHV�

HYHQ�VWDWH 3RLVVRQ¶V�UDWLRV�H[FHHGLQJ���

,I�3RLVVRQ¶V�UDWLR்ߥ� LV�GHILQHG�DV� WKH�QHJDWLYH�UDWLR�EHWZHHQ� WKH�GHIRUPDWLRQV� LQ� WKH�

WDQJHQWLDO�DQG�WKH�ORQJLWXGLQDO�GLUHFWLRQ�FDXVHG�E\�D�ORDG�LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ�

்ߥ ൌ െ
்ߝ
ߝ

���

DQG�WKH�UHODWLYH�YROXPH�FKDQJH�LV�LQ�VLPSOLILHG�IRUP�GHILQHG�DV�

ߠ ൌ ߝ  ்ߝ  ோߝ ൌ ߝ െ ߝ ή ்ߥ െ ߝ ή ோߥ
���

WKHQ�WKH்ߥ� YDOXH�H[FHHGLQJ���ZRXOG�VXJJHVW�WKDW�WHQVLOH�ORDG�LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ�

FDXVHV�QHJDWLYH�YROXPH�FKDQJH�IRU�DQ\�SRVLWLYHߥ�ோ��ZKLFK�LV�QRW�UHDVRQDEO\�H[SOLFDEOH�

,W� LV� WKHUHIRUH� LPSRUWDQW� WR�GLVWLQJXLVK�EHWZHHQ� WKH�ZD\V�RI� DFTXLULQJ� WKH�YDOXHV��7KH�

YDOXHV�H[FHHGLQJ���DUH�QRW�PHDVXUHG�GLUHFWO\�EXW�FDOFXODWHG�DVVXPLQJ�SHUIHFW�RUWKRWURSLF�
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V\PPHWU\�ZKLFK� LV� WKHUHIRUH� FRQVLGHUHG� QRW� WR� EH� IXOILOOHG� >�@ 7KH�PRLVWXUH� GHSHQGHQW�

3RLVVRQ¶V�UDWLRV�DUH�VKRZQ�LQ�)LJ����

)LJ��� � 0RLVWXUH�GHSHQGHQW�3RLVVRQ
V�UDWLRV��WKH�FDOFXODWHG�YDOXHV�DUH�QRW�LQFOXGHG�

:KHQ�WKH�FDOFXODWHG�YDOXHV�DUH�QRW�FRQVLGHUHG��3RLVVRQ¶V�UDWLRV்ߥ�்ߥ��ோߥ��ோ் DQGߥ�்

H[KLELW� LQFUHDVLQJ� OLQHDU�PRLVWXUH� GHSHQGHQF\�ZLWK�&R'� RYHU� ������ 6XUSULVLQJO\�� IRU� WKH�

UHPDLQLQJ�WZR 3RLVVRQ¶V�UDWLRV�WKH�&R'�YDOXHV�GR�QRW�H[FHHG������

����� 7HQVLOH�6WUHQJWK

)HZ�VRXUFHV�VWDWH�D�YDOXH�RI�WHQVLOH�VWUHQJWK��)RU�WKH�GDWD�DFTXLUHG��WKH�&R'�IRU�OLQHDU�

UHJUHVVLRQ� RI� WKH� /�� 7� DQG� 5� GLUHFWLRQV� ZHUH� ������ ������ DQG� ������ UHVSHFWLYHO\�� ZLWK�

VWUHQJWK� GHFUHDVH� RYHU� LQFUHDVLQJ�0&�� ,W� LV� DSSDUHQW�� WKDW� IRU� WKH� ORQJLWXGLQDO� GLUHFWLRQ��

ZKHUH� GDWD� IURP�PRUH� WKDQ� RQH VRXUFH�ZHUH� XVHG�� WKH� &R'� LV� VLJQLILFDQWO\� ORZHU�� ,W� LV�

LPSRUWDQW�WR�VD\��KRZHYHU��WKDW�HDFK�YDOXH�LV�DOUHDG\�D�PHDQ�YDOXH�DFTXLUHG�IURP�PXOWLSOH�

WHVWLQJ�� 7KH� &R'� GHFUHDVH� FDQ� EH� H[SODLQHG� E\� XVLQJ� GLIIHUHQW� WHVWLQJ PHWKRGV� DQG�

PHDVXULQJ�HTXLSPHQW��7KLV�QHHGV�WR�EH�FRQVLGHUHG�ZKHQ�FKRRVLQJ�WKH�RSWLPDO�YDOXH�IRU�WKH�

PDWHULDO�PRGHO� 7KH�PRLVWXUH�GHSHQGHQW�WHQVLOH�VWUHQJWKV�DUH�VKRZQ�LQ�)LJ����
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)LJ��� � 0RLVWXUH�GHSHQGHQW�WHQVLOH�VWUHQJWKV

����� &RPSUHVVLYH�6WUHQJWKV

'DWD�IRU�WKH�FRPSUHVVLYH�VWUHQJWK�KDYH�EHHQ�REWDLQHG�IURP�WKUHH�VRXUFHV��RQH�GLIIHULQJ�

VLJQLILFDQWO\�IURP�WKH�RWKHU�WZR LQ�WKH�SHUSHQGLFXODU�GLUHFWLRQV��YDOXHV���ͳʹǤͻ��DQG�ͷʹǤ͵ � ή

��ିଶ IRU�WKH�WDQJHQWLDO�GLUHFWLRQ�DQG�ͳͳ��ͺǤͷ��DQG�ͷʹǤͶ � ή ��ିଶ IRU�WKH�UDGLDO�GLUHFWLRQ���

7KH�GDWD�IURP�WKH�WZR�VRXUFHV�ZHUH XVHG��,W�PXVW�EH�ERUQ�LQ�PLQG��WKRXJK��ZKHQ�WXQLQJ�WKH�

PDWHULDO�PRGHO� 7KH�FRPSUHVVLYH�VWUHQJWK�KDV�VPDOO�DPRXQW�RI�GDWD�DQG�JUDSK�RI�LWV�PRLVWXUH�

GHSHQGHQF\�ZRXOG�QRW�JLYH�WKH�UHDGHU�DQ\�QHZ�LQVLJKW�

����� 6KHDU�VWUHQJWKV

7KH�YDOXHV�RI�VKHDU�VWUHQJWK�YDU\�FRQVLGHUDEO\�HYHQ�IRU�D�VLQJOH�0& YDOXH �)LJ������7KH�

UDQJH��LQ�ZKLFK�WKH�RSWLPDO�VKHDU�VWUHQJWK�YDOXHV�ZLOO�EH�VHDUFKHG�ZLOO�WKHUHIRUH�EH�ZLGH�

)LJ��� ± 0RLVWXUH�GHSHQGHQW�VKHDU�VWUHQJWK
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��� 0HWKRGV� IRU� ([SHULPHQWDO� 'HWHUPLQDWLRQ� RI� 0HFKDQLFDO�

3URSHUWLHV�RI�:RRG

,Q�WKLV�FKDSWHU��WKH�PHWKRGV�XVHG�LQ�OLWHUDWXUH�IRU�GHWHUPLQLQJ�WKH�PHFKDQLFDO�SURSHUWLHV�

RI�ZRRG�DUH�GLVFXVVHG��6WDQGDUG�WHVWLQJ�PHWKRGV�VLPLODU�WR�WKRVH�XVHG�IRU�WHVWLQJ�VWHHO��DV�

ZHOO�DV�QHZ��PRGHUQ�PHWKRGV�DUH�SUHVHQWHG�

����� 'LJLWDO�,PDJH�&RUUHODWLRQ

'LJLWDO�LPDJH�FRUUHODWLRQ��',&��LV�D�PHWKRG�RI�GHIRUPDWLRQ�PHDVXUHPHQW�EDVHG�RQ�RSWLFDO�

FRPSDULVRQ�RI�WKH�XQGHIRUPHG�DQG�GHIRUPHG�REMHFW��5DQGRP�SDWWHUQV�DUH�VSUD\HG�RQ�WKH�

PHDVXUHG� DUHD� HQDEOLQJ� WKH� FRPSXWHU� WR� GLVWLQJXLVK� EHWZHHQ� LQGLYLGXDO� SRLQWV� RQ� WKH�

VSHFLPHQ�� &RPSDULQJ� WKH� SRVLWLRQ� RI� LQGLYLGXDO� SRLQWV� EHIRUH� DQG� DIWHU� WKH� GHIRUPDWLRQ�

DOORZV�XV�WR�HYDOXDWH�WKH�VWUDLQV �)LJ� ��� >�@ >�@

)LJ��� � 7KH�SULQFLSOH�RI�WKH�GLJLWDO�LPDJH�FRUUHODWLRQ�>�@

����� 7HQVLOH�7HVWV

6WDQGDUG�WHQVLOH�WHVWV��H�J� ,62���������DUH�XVHG�WR�GHWHUPLQH�WKH�QRUPDO�HODVWLF�PRGXOL��

WKH�WHQVLRQ�VWUHQJWKV��DQG�3RLVVRQ
V�UDWLRV�

$�QRUPDOLVHG�VSHFLPHQ �)LJ� ��� LV�LQVHUWHG�LQWR�D�WHQVLOH�WHVWLQJ�PDFKLQH�DQG�IL[HG��7KH�

WHQVLOH�ORDG�LV�JUDGXDOO\�LQFUHDVHG�XQWLO�UXSWXUH�RFFXUV��7KH�ORDGLQJ�GDWD�DUH�REWDLQHG�GLUHFWO\�

IURP�WKH�ORDGLQJ�PDFKLQH��'LIIHUHQW�DSSURDFKHV�IRU�VWUDLQ�PHDVXUHPHQW�H[LVW��,Q�WKH�TXRWHG�

WHVWV��',&�ZDV�XVHG�WR�PHDVXUH�WKH�VWUDLQV��(ODVWLF�PRGXOL�DQG�WHQVLOH VWUHQJWK�DUH�WDNHQ�IURP�

WKH�VWUHVV�VWUDLQ�FXUYH�ZKLOH WKH�3RLVVRQ
V�UDWLRV�DUH�FRPSXWHG�IURP�RQO\�WKH�',&� >�@



��

)LJ���� � 7KH�VSHFLPHQ�XVHG�IRU�WKH�WHQVLOH�WHVW�>�@

����� &RPSUHVVLRQ�7HVWV

7KH� EDVLF� SULQFLSOH� RI� D� FRPSUHVVLRQ� WHVW� LV� WKH� VDPH� DV� WKDW� RI� WKH� WHQVLOH� WHVW�� EXW�

FRPSUHVVLYH�VWUHVV�LV�DSSOLHG�LQVWHDG�RI�WHQVLOH�VWUHVV��)LJ� �� LOOXVWUDWHV FRPSUHVVLRQ�WHVW�VHW�

XS� 7KH� VWUHVV�VWUDLQ� FXUYH� RI� FRPSUHVVLYH� WHVWV� GRHV� QRW� VKRZ� DQ� XQHTXLYRFDO� SRLQW� RI�

UXSWXUH��VR�LW�LV�HYDOXDWHG�RSWLFDOO\� >�@

)LJ���� � 7KH�FRPSUHVVLYH�WHVW�VHW�XS�� DQ�LOOXVWUDWLYH�LPDJH�>�@



��

)LJ� �� VKRZV�VWUHVV�VWUDLQ�FXUYHV�LQ�WDQJHQWLDO�DQG�UDGLDO GLUHFWLRQ�ZLWK�GLIIHUHQW�0& LQ�

FRPSUHVVLRQ�

)LJ���� � 6WUHVV�WUDLQ FXUYHV�DW�GLIIHUHQW�0&�RI�(XURSHDQ�EHHFK�ZRRG�LQ�FRPSUHVVLRQ�LQ�UDGLDO��OHIW��DQG�WDQJHQWLDO�
�ULJKW��GLUHFWLRQ�>�@

����� 7RUVLRQ�7HVW

7KH�WRUVLRQ�WHVWLQJ�PDFKLQH�FRQVLVWV�RI�D�VWDWLF�MDZ�DQG�D�URWDU\�MDZ��7KH�VSHFLPHQ�LV�

IL[HG� WR� WKH�PDFKLQH�DQG� URWDWHG�XQWLO� UXSWXUH��7KH� WRUVLRQ� WHVW� LV� XVHG� WR�PHDVXUH� VKHDU�

VWUHQJWK�LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ�DQG�DQ�DSSDUHQW�VKHDU�PRGXOXV� 7KH�H[SHULPHQWDO�VHW�

XS LV�VKRZQ LQ�)LJ� ���

7KH�DSSDUHQW�VKHDU�PRGXOXV�LV�DFFRUGLQJ�WR�>�@ FDOFXODWHG�DV�

ܩ ൌ
ܯ

ܬߠ
ǡ ���

ZKHUHܯ� LV�WKH�DSSOLHG�WRUTXHܬ�� LV�WKH�TXDGUDWLF�FURVV�VHFWLRQDO�PRPHQW�RI�LQHUWLD��DQGߠ� LV�

WKH�WRUVLRQ�DQJOH�SHU�XQLW�OHQJWK�

)URP�LWV�GHILQLWLRQ�� WKH�DSSDUHQW�VKHDU�PRGXOXV LV� WKH�DYHUDJH�RI� WKH� WZR� ORQJLWXGLQDO�

VKHDU�PRGXOL�ܩ� ൌ
ீಽೃାீಽ

ଶ
�



��

7KH� VKHDU� PRGXOL� DUH� WKHQ� FDOFXODWHG� DFFRUGLQJ� WR� WKH� WKHRUHWLFDO� DQG� H[SHULPHQWDO�

GLVWULEXWLRQ�RI�WKH�VKHDU�VWUDLQ� >�@

)LJ���� � 7KH�WRUVLRQ�WHVW�VHW�XS�>�@

����� $�6SHFLDO�6KHDU�7HVWLQJ�0HWKRG

$�VSHFLILFDOO\�GHVLJQHG�WHVWLQJ�PHWKRG�ZDV�XVHG�IRU�VKHDU�SURSHUWLHV�WHVWLQJ LQ�>��@��)LJ�

�� VKRZV�WKH�WHVW�VHW�XS��WKH�VDPSOH�VKDSH� DQG�WKH�GHIRUPDWLRQ�RI�WKH�PHDVXULQJ�ILHOG��7KH�

VKHDU� IUDPH� LV� ORDGHG� DQG� GHIRUPHG� E\� SXUH� VKHDU� ORDGV�� ZKLFK� DUH� WUDQVIHUUHG� WR� WKH�

VSHFLPHQ��6SHFLPHQV�RI�YDULDEOH�WKLFNQHVV�ZHUH�XVHG�DQG�ORDGHG�XQWLO�UXSWXUH�RFFXUUHG��7KH�

WHVWLQJ�PHWKRG�LV�GHVFULEHG�LQ�PRUH�GHWDLO�LQ�>��@



��

)LJ���� � 7KH�WHVW�VHW�XS��OHIW���WKH�VDPSOH��PLGGOH��DQG�WKH�GHIRUPDWLRQ�RI�WKH�PHDVXULQJ�ILHOG��ULJKW� >��@

����� 8OWUDVRQLF�:DYH�8WLOL]DWLRQ

$QRWKHU� QHZ� WHVWLQJ� PHWKRG� LV� XVLQJ� XOWUDVRQLF� ZDYHV� WR� GHWHUPLQH� WKH� HODVWLF�

FKDUDFWHULVWLFV��$W� OHDVW� WKUHH�ZDYH� SURSDJDWLRQ� YHORFLWLHV� LQ� HDFK� WKH� QRUPDO�� VKHDU� DQG�

TXDVL�VKHDU�GLUHFWLRQV DUH�QHHGHG�WR�GHWHUPLQH�DOO�RUWKRWURSLF�HODVWLF�SURSHUWLHV��

)RU�RUWKRWURSLF�PDWHULDOV� WKH�VWLIIQHVV�PDWUL[� LV�IRUPHG DV�

 ൌ

ۉ

ۈ
ۈ
ۇ

�ଵଵ ܿଵଶ ܿଵଷ Ͳ Ͳ Ͳ
ܿଵଶ ܿଶଶ ܿଶଷ Ͳ Ͳ Ͳ
ܿଵଷ ܿଶଷ ܿଷଷ Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ ܿସସ Ͳ Ͳ
Ͳ Ͳ Ͳ Ͳ ܿହହ Ͳ
Ͳ Ͳ Ͳ Ͳ Ͳ �ی

ۋ
ۋ
ۊ

���

7KH�FRPSOLDQFH�PDWUL[ࡿ��

ࡿ ൌ ଵି ൌ

ۉ

ۈ
ۈ
ۇ

ͳȀܧଵ െߥଵଶȀܧଶ െߥଵଷȀܧଷ Ͳ Ͳ Ͳ
െߥଶଵȀܧଵ ͳȀܧଶ െߥଶଷȀܧଷ Ͳ Ͳ Ͳ
െߥଷଵȀܧଵ െߥଷଶȀܧଶ ͳȀܧଷ Ͳ Ͳ Ͳ

Ͳ Ͳ Ͳ ͳȀܩଶଷ Ͳ Ͳ
Ͳ Ͳ Ͳ Ͳ ͳȀܩଵଷ Ͳ
Ͳ Ͳ Ͳ Ͳ Ͳ ͳȀܩଵଶی

ۋ
ۋ
ۊ

���

7KH� HODVWLF� FRHIILFLHQWV� RI� WKH� VWLIIQHVV� PDWUL[� ZHUH� FDOFXODWHG� IURP� WKH� IROORZLQJ�

HTXDWLRQV >�@�
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ܿଵଵ ൌ ߩ ܸ
ଶ ���

ܿଶଶ ൌ ߩ ோܸோ
ଶ ���

ܿଷଷ ൌ ்ܸߩ ்
ଶ ���

ܿସସ ൌ ሺ்ܸߩ ோ
ଶ  ߩ ோ்ܸ

ଶ ሻȀʹ
���

ܿହହ ൌ ሺߩ ்ܸ
ଶ  ்ܸߩ 

ଶ ሻȀʹ
����

ܿ ൌ ሺߩ ܸோ
ଶ  ߩ ோܸ

ଶ ሻȀʹ
����

ܿଶଷ ൌ ට൫ܿଶଶ  ܿସସ െ ߩʹ ோ்ܸȀோ்
ଶ ൯൫ܿଷଷ  ܿସସ െ ߩʹ ோ்ܸȀோ்

ଶ ൯ െ ܿସସ
����

ܿଵଷ ൌ ට൫ܿଵଵ  ܿହହ െ ߩʹ ்ܸȀ்
ଶ ൯൫ܿଷଷ  ܿହହ െ ߩʹ ்ܸȀ்

ଶ ൯ െ ܿହହ
����

ܿଵଶ ൌ ට൫ܿଵଵ  ܿ െ ߩʹ ܸோȀோ
ଶ ൯൫ܿଶଶ  ܿ െ ߩʹ ܸோȀோ

ଶ ൯ െ ܿ
����

:KHUHߩ� LV�GHQVLW\�DQG� ଵܸଵ�� ଵܸଶ DQG� ଵܸଶȀଵଶ DUH�WKH�ZDYH�SURSDJDWLRQ�YHORFLWLHV�LQ�QRUPDO��

VKHDU�DQG�TXDVL�VKHDU�GLUHFWLRQV� UHVSHFWLYHO\�

7KH�WHVWLQJ�PHWKRG�LV�GHVFULEHG�LQ�IXUWKHU�GHWDLO�LQ�>�@

:KLOH�WKH�PHWKRG�SURYHG�XVHIXO�IRU�WKH�HODVWLF�PRGXOL�GHWHUPLQDWLRQ��WKH�YDOXHV�RI�WKH�

3RLVVRQ¶V� UDWLRV� ZHUH PRVW� OLNHO\� LQFRUUHFW� GXH� WR� WKH� IDOVH� SUHPLVH� RI� SHUIHFW� HODVWLF�

RUWKRWURSLF�V\PPHWU\��

��� :RRG�)DLOXUH�6LPXODWLRQ�LQ�/6�'<1$

7KH� )(0� VROYHU� /6�'<1$� RIIHUV� RYHU� ���� GLIIHUHQW�PDWHULDO� PRGHOV�� LQFOXGLQJ� WKH�

PRGHO�0$7B:22'��ZKLFK� LV� GHVLJQHG� WR� ILW� WKH� SURSHUWLHV� RI� YDULRXV� W\SHV� RI� ZRRG��



��

6RXWKHUQ�\HOORZ�SLQH�DQG�'RXJODV�ILU�DUH�SUHGHILQHG�DQG�FDQ�EH�DFWLYDWHG�E\�PDWHULDO�PRGHO�

RSWLRQV��ZKLOH�RWKHU�ZRRG�W\SHV�LQFOXGLQJ�(XURSHDQ�EHHFK�UHTXLUH�FRPSOHWH�GDWD�LQSXW� >��@

����� 0DWHULDO�0RGHO

:RRG� LV� JHQHUDOO\� DVVXPHG� WR� EH� RUWKRWURSLF�� KDYLQJ� GLIIHUHQW� SURSHUWLHV� LQ� WKUHH�

PXWXDOO\� SHUSHQGLFXODU� GLUHFWLRQV� ± ORQJLWXGLQDO�� WDQJHQWLDO� DQG� UDGLDO�� /6�'<1$

VLPSOLILHV�WKH�RUWKRWURSLF�PDWHULDO�PRGHO�WR�D�WUDQVYHUVHO\�LVRWURSLF�PRGHO�QRW�GLIIHUHQWLDWLQJ�

EHWZHHQ�UDGLDO�DQG�WDQJHQWLDO�GLUHFWLRQV��2IWHQ��WKH�ORQJLWXGLQDO�GLUHFWLRQ�LV�UHIHUUHG�WR�DV�

WKH� SDUDOOHO� GLUHFWLRQ� DQG� WKH� UDGLDO� DQG� WDQJHQWLDO� GLUHFWLRQV� DUH� UHIHUUHG� WR� DV� WKH�

SHUSHQGLFXODU�GLUHFWLRQ� 7KH�RUWKRWURSLF�DQG�WKH�WUDQVYHUVHO\�LVRWURSLF�PDWHULDO�PRGHOV�DUH�

FRPSDUHG�LQ�)LJ� ���

)LJ������&RPSDULVRQ�RI�DQ�RUWKRWURSLF �OHIW� DQG�D�WUDQVYHUVHO\�LVRWURSLF �ULJKW� PRGHO�RI�ZRRG >�@

����� (ODVWLF�3URSHUWLHV

7KH�WUDQVYHUVHO\�LVRWURSLF�PDWHULDO�PRGHO�UHTXLUHV�ILYH�LQGHSHQGHQW�HODVWLF�FRQVWDQWV��7ZR�

QRUPDO�PRGXOHV��ܧ DQG ்ܩ����WZR�VKHDU�PRGXOHV�்ܧ DQG �ோ��DQG�WKH�PDMRU�3RLVVRQ¶V�UDWLR்ܩ

�்���7KH�RWKHU�WZR�3RLVVRQ¶V�UDWLRV�DUH�GHSHQGHQW�RQ�WKH�ILYH�FRQVWDQWV�DQG�DUH�FRPSXWHGߥ�

LQWHUQDOO\�DV�

்ߥ ൌ ்ߥ ൬
்ܧ
ܧ
൰ ����

ோ்ߥ ൌ
்ܧ െ ʹ ή ோ்ܩ
ʹ ή ோ்ܩ

����
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����� )DLOXUH�&ULWHULD

0RGHOOLQJ�IDLOXUH�RI�RUWKRWURSLF�RU�WUDQVYHUVHO\�LVRWURSLF�PDWHULDOV�LV�FRPSOLFDWHG�FRPSDUHG�

WR�LVRWURSLF�PDWHULDOV��3ULQFLSDO�VWUHVVHV�OLH�LQ�JHQHUDO�GLUHFWLRQV PRVW�RI�WKH�WLPH�DQG�WKHUHIRUH�

WKH\�DUH�QRW�XVHG�WR�GHVFULEH�IDLOXUH��,QVWHDG��QRW�RQO\�QRUPDO�ORDG�EXW�DOVR�VKHDU�QHHGV�WR�EH�

FRQVLGHUHG��9DULRXV�DSSURDFKHV�IRU�IDLOXUH�H[LVW�� QRQ�LQWHUDFWLYH�FULWHULD��LQWHUDFWLYH�FULWHULD��

DQG�GLUHFW�PRGH�FULWHULD��'LIIHUHQW�VHWV�RI�FRHIILFLHQWV�DUH�UHTXLUHG�IRU�GLIIHUHQW�DSSURDFKHV�

1RQ�LQWHUDFWLYH�FULWHULD�DOVR�UHIHUUHG�WR�DV� OLPLW�FULWHULD�DUH�WKH�VLPSOHVW��FRPSDULQJ�HDFK�

ORDG�LQGLYLGXDOO\�ZLWK�WKH�FRUUHVSRQGLQJ�VWUHQJWK��1RQ�LQWHUDFWLYH�FULWHULD�LQFOXGH�PD[LPXP�

VWUHVV�FULWHULD�DQG�PD[LPXP�VWUDLQ�FULWHULD��)DLOXUH�RFFXUV�ZKHQ�DQ\�RI�WKHVH�LQHTXDOLWLHV�DUH�

YLRODWHG�

0D[LPXP�VWUHVV

െܺ ൏ ߪ ൏ ்ܺ

െ ܻ ൏ ்ߪ ൏ ்ܻ

െ்ܵ ൏ ்ߪ ൏ ்ܵ

െ்ܵோ ൏ ோ்ߪ ൏ ்ܵோ

0D[LPXP�VWUDLQ

െܺఌ ൏ ߝ ൏ ܺఌ்

െ ఌܻ ൏ ்ߝ ൏ ఌ்ܻ

െܵఊ் ൏ ்ߛ ൏ ܵఊ்

െܵఊ்ோ ൏ ோ்ߛ ൏ ܵఊ்ோ

ܺ� ܻ DQG�6�DUH�WKH�VWUHVV�RU�VWUDLQ�OLPLWV�IRU�QRUPDO�ORDGV�LQ�SDUDOOHO�DQG�SHUSHQGLFXODU

GLUHFWLRQ��DQG�VKHDU�ORDG�UHVSHFWLYHO\� ߪ LV�VWUHVV�DQGߝ� DQGߛ� DUH�QRUPDO�DQG�VKHDU�VWUDLQV��

7KH�LQGH[HVܥ� DQG�ܶ LQGLFDWH�FRPSUHVVLYH�RU�WHQVLOH�ORDG��7KH�LQGH[HVܶܮ� DQG�ܴܶ LQGLFDWH�

WKH�VKHDU�SODQHV�

7KH� LQWHUDFWLYH� FULWHULD� WDNH� LQWR� DFFRXQW WKDW� WKH� LQGLYLGXDO� ORDGV� DUH� PXWXDOO\�

ZHDNHQLQJ��0RUH�FRPSOH[�HTXDWLRQV�DUH�XVHG�WR�GHVFULEH�IDLOXUH��9DULRXV�LQWHUDFWLYH�FULWHULD�

H[LVW�ZLWK� GLIIHUHQW� OHYHOV� RI� VLPSOLILFDWLRQ��7KRVH� LQFOXGH�7VDL�+LOO FULWHULRQ��+RIIPDQQ

FULWHULRQ��RU�7VDL�:X�FULWHULRQ�

'LUHFW� PRGH� FULWHULD� DOVR� FRQVLGHU� LQWHUDFWLRQV� EHWZHHQ� WKH� ORDGV�� $ERYH� WKDW�� WKH\�

GLVWLQJXLVK� PRGHV� RI� PDWHULDO� IDLOXUH�� 'LUHFW� PRGH� FULWHULD� FDQ� EH� KLJKO\� FRPSOH[� DQG�

SURYLGH�YHU\�UHDOLVWLF�UHVXOWV��OLNH�WKH�/D5&�FULWHULD��'LUHFW�PRGH�FULWHULD�DOVR�LQFOXGH�3XFN�

FULWHULD��+DVKLQ�FULWHULD��RU�0RGLILHG�+DVKLQ�FULWHULD� >��@
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7KH�+DVKLQ�FULWHULD�GLVWLQJXLVKHV WKH�IROORZLQJ IRXU�PRGHV�RI�GDPDJH�

7KH�WHQVLOH�ILEUH GDPDJH ߪ�  Ͳ��
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൬
ߪ
ܺ
൰
ଶ
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,Q�WKH 0RGLILHG�+DVKLQ FULWHULD LW� LV�DVVXPHG�WKDW�VKHDU�VWUHVV�ZHDNHQV�WKH�PDWHULDO� LQ�

FRPSUHVVLRQ�DV�ZHOO�DV�WHQVLRQ��7KH�IDLOXUH�FULWHULD�KDYH�VOLJKWO\�PRGLILHG�IRUP�

7KH�WHQVLOH�DQG�FRPSUHVVLYH�ILEUH�GDPDJH�

ቀ
ߪ
ܺ
ቁ
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7KH�WHQVLOH�DQG�FRPSUHVVLYH�PDWUL[�GDPDJH�
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$� UHGXFHG� IRUP� RI� 0RGLILHG� +DVKLQ LV� XVHG� WR� GHVFULEH� IDLOXUH� LQ� /6 '\QD DQG� LV�

GLVFXVVHG�IXUWKHU�LQ >��@�

��� %DVLFV RI�WKH�0DWKHPDWLFV�%HKLQG�WKH�([SOLFLW�DQG�,PSOLFLW�

)LQLWH�(OHPHQW�0HWKRG�&RPSXWDWLRQV

7KH�ILQLWH�HOHPHQW�PHWKRG��)(0��LV�D�QXPHULFDO PHWKRG�RI�VROYLQJ�YDULRXV�HQJLQHHULQJ�

SUREOHPV DV� VWDWLF� RU� G\QDPLF� UHVSRQVH RI HODVWLF� ERGLHV�� ,W� ZRUNV� RQ� WKH� SULQFLSOH RI�

VXEGLYLGLQJ�D� FRPSOH[��SUDFWLFDOO\� LQFRPSXWDEOH�XQLW�� LQWR� VPDOOHU�SDUWV�FDOOHG� HOHPHQWV��

7KH�GLVSODFHPHQW�RI�DQ� HOHPHQW� LV� LQWHUSRODWHG� IURP� WKH�YDOXHV� LQ� LWV�QRGHV��0HFKDQLFDO�

SURSHUWLHV�RI�WKH�PDWHULDO�QHHG�WR�EH�DGGHG�WR�IRUP�WKH�VWLIIQHVV�PDWUL[ܭ���WKH�GDPSLQJ�PDWUL[�

��ܥ RU� WKH�PDVV�PDWUL[ܯ��� 7KH� EHKDYLRXU RI� WKH� HOHPHQWV� DQG� QRGHV� LV� GHVFULEHG� E\� WKH�

HTXDWLRQ�

ሷݔܯ  ሶݔܥ  ݔοܭ െ ܲ ൌ Ͳ ����

,Q�ZKLFK�ܲ LV�WKH�ERG\�IRUFH�DQG�H[WHUQDO�ORDG�YHFWRU�DQGݔ� LV�WKH�FRRUGLQDWH YHFWRU�

(LWKHU�H[SOLFLW�RU�LPSOLFLW�PHWKRG�LV�XVHG�WR�VROYH WKH�SDUWLDO�GLIIHUHQWLDO�HTXDWLRQ� >��@

����� ([SOLFLW�VLPXODWLRQV

7KH�H[SOLFLW�VLPXODWLRQ�PHWKRG�LV�WKH�VLPSOHU�RI�WKH�WZR�PHWKRGV�H[SUHVVLQJ�HDFK�VWDWH�

DV�D�IXQFWLRQ�RI�WKH�SUHYLRXV�RQH�

୬ାଵݔ ൌ �ሺ�୬ǡ ǥ ሻ
����

7KLV� DSSURDFK� LPSOLHV� WKDW� WKH� LQDFFXUDFLHV� DFFXPXODWH� ZLWK� HDFK� WLPH� VWHS�� WKXV�

GLYHUJLQJ�IURP�WKH�FRUUHFW�YDOXH��>��@

7KH�WLPH�VWHS�VL]H�LV�OLPLWHG�E\�WKH�&RXUDQW±)ULHGULFKV±/HZ\�FRQGLWLRQ�ZKLFK�VD\V�WKDW�

WKH�WLPH�VWHS�PXVW�EH�VPDOOHU��WKDQ�WKH�WLPH�QHFHVVDU\�IRU�D�ZDYH�WR�WUDYHO�EHWZHHQ�DQ\�RI�

WKH�DGMDFHQW�QRGHV��7KH�FRQGLWLRQ�LV�UHSUHVHQWHG�E\�WKH�HTXDWLRQ�
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ZKHUH�οݐ LV�WKH�PD[LPXP�SRVVLEOH�WLPH�VWHS��݀ LV�WKH�VPDOOHVW�GLVWDQFH�EHWZHHQ�WZR�

DGMDFHQW�QRGHV�DQG�ܿ LV�WKH�VSHHG�RI�VRXQG�LQ�WKH�PDWHULDO�ZKLFK�LV�GHILQHG�DV�

ܿ ൌ ඨ
ܧ

ሺͳߩ െ ɋሻ
ǡ

����

ZKHUH�(�LV�WKH�QRUPDO�HODVWLF�PRGXOXVߩ�� LV�WKH�GHQVLW\�DQGߥ� LV�WKH�3RLVVRQ¶V�UDWLR�RI�WKH�

PDWHULDO�

7KH�H[SOLFLW�PHWKRG�LV�D�IDVW��HIILFLHQW�PHWKRG�WKDW�FDOFXODWHV�WKH�WLPH�LQWHJUDWLRQ�VROXWLRQ�

GLUHFWO\�

����� ,PSOLFLW�VLPXODWLRQV

,Q�WKH�LPSOLFLW�VLPXODWLRQ�PHWKRG�� WKH�FXUUHQW�VWDWH�FDQQRW�EH�GLUHFWO\��RU�³H[SOLFLWO\´��

H[SUHVVHG�DV�D�IXQFWLRQ�RI�WKH�SUHYLRXV�VWDWH��,W�XVHV�WKH�SUHYLRXV�VWDWH�DV�ZHOO�DV�WKH�FXUUHQW�

VWDWH�WR�FRPSXWH�WKH�FXUUHQW�VWDWH�LWHUDWLYHO\��WKXV�UHTXLULQJ�FRQYHUJHQFH�

,W�W\SLFDOO\�UHTXLUHV�����WR�������IHZHU�WLPH�VWHSV�WKDQ�H[SOLFLW��7KH�SUREOHP�LV�WKDW�WKH�

FRVW�RI�HDFK�WLPH�VWHS�LV�XQSUHGLFWDEOH�VLQFH�LW GHSHQGV�RQ�WKH�FRQYHUJHQFH�EHKDYLRXU RI�WKH�

VLPXODWLRQ�

7KH�LPSOLFLW�PHWKRG�GLYLGHV�WR�LPSOLFLW�VWDWLF�DQG�LPSOLFLW�G\QDPLF��*HQHUDOO\��LPSOLFLW�

VWDWLF� LV� D� VLJQLILFDQW� DGYDQWDJH� RI� WKH� LPSOLFLW� PHWKRG� IRU� WKH� SRVVLELOLW\� WR� QHJOHFW� DOO�

G\QDPLF�HIIHFWV��+RZHYHU��G\QDPLF�HIIHFWV�DUH�H[SHFWHG�WR�SOD\�DQ�LPSRUWDQW UROH�DQG�QHHG�

WR�EH�FRQVLGHUHG�LQ�VLPXODWLRQV�RI�WKLV VSHFLILF�H[SHULPHQW��

7KH� FRQYHUJHQFH� RI� WKH� )(0� VLPXODWLRQ� LV� VLJQLILFDQWO\ LQIOXHQFHG� E\� WKH� FRQGLWLRQ�

QXPEHU��ZKLFK�GHVFULEHV�WKH�UDWH�RI�FKDQJH�LQ�RXWSXW�FDXVHG�E\�D�VPDOO�FKDQJH�LQ�WKH�LQSXW�

RI� D� IXQFWLRQ�� 7KH� FRQGLWLRQ� QXPEHU� LV� DPRQJ� RWKHU� WKLQJV� LQFUHDVHG� E\� LQFUHDVLQJ� WKH�

QXPEHU�RI�SDUWV�LQFOXGHG�LQ�WKH�)(0�VLPXODWLRQ��7KH�QXPEHU�RI�ERXQGDULHV�DQG�FRQVWUDLQWV�

GHFUHDVHV�WKH�FRQGLWLRQ�QXPEHU�



��

)RUPDWLRQ� RI� D� UHODWLYHO\� ODUJH� DPRXQW� RI� FKLSV� ZLWK� QR� ERXQGDULHV� RU� FRQVWUDLQWV�

LQFUHDVHV�WKH�FRQGLWLRQ�QXPEHU�FULWLFDOO\� >��@
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� ([SHULPHQW

$�VSHFLDOL]HG�H[SHULPHQW WR�PHDVXUH�WKH�FXWWLQJ�IRUFHV�RQ�D�VLQJOH�FKDLQVDZ�WRRWK�ZDV�

GHYHORSHG�LQ�67,+/��7KH�H[SHULPHQW�LV�VHW�XS�WR�VLPXODWH�WKH�FRQGLWLRQV�RI�FKDLQVDZ�FXWWLQJ�

DV�DXWKHQWLFDOO\�DV�SRVVLEOH� ,Q�DGGLWLRQ�WR�WKH�SURYLGHG�GDWD��D GLIIHUHQW�LQWHUSUHWDWLRQ�RI�WKH�

IRUFHV�LV�FRYHUHG LQ�FKDSWHU�����

��� 6HWXS

$�F\OLQGHU�VKDSHG�(XURSHDQ�EHHFK�ZRRG�LV�WXUQHG�E\�D�VLQJOH�LQFLVRU��7KH�LQLWLDO�GLDPHWHU�

RI�WKH�ZRRG�LV�����PP��,Q�WKH�GDWD�IURP�WKH�H[SHULPHQW��LW�LV�VDLG�WKDW�WKH�ZRRG�LV�VDWXUDWHG�

ZLWK�0& �� ��>��@��,W�LV�VWULNLQJ��WKDW�WKH�YDOXH�VKRXOG�EH�WKLV�KLJK�VLQFH�QR�GDWD�IRU�0&

KLJKHU�WKDQ��� ��ZDV�IRXQG�LQ�WKH�OLWHUDWXUH��,Q�WKH�/6�'\QD�PDQXDO��YDOXHV�IURP��� ��WR�

����0&�DUH�VWDWHG�IRU�VDWXUDWHG�ZRRG��7KH�YDOXHV�IURP�WKH�PDQXDO�VHHP�PRUH�UHDOLVWLF�

$�FXVWRP�PDGH�WKUHH�MDZ�FKXFN�LV�XVHG�WR�KROG�WKH�ZRRG��7KH�LQFLVRU�LV�D�WRRWK�IURP�D�

VHULDO�VDZ�FKDLQ�IURP�67,+/ PDUNHG����´�56��)LJ�������7KH�LQFLVRU�LV�DWWDFKHG�WR�D�WXUQLQJ�

WRRO��ZKLFK�LV�RSWLPL]HG�IRU�WKLV�H[SHULPHQW��7KH�KHDG�RI�WKH�WRRO�LV�GHVLJQHG�WR�KROG WKH�

LQFLVRU��7KH�ERG\�RI�WKH�WRRO�KDV�JURRYHV�WR�OHDG�WKH�ZLULQJ�RI�VWUDLQ�JDXJHV��ZKLFK�DUH�XVHG�

DV� RQH� RI� WKH�PHDQV� RI� WKH� FXWWLQJ� IRUFHV�PHDVXUHPHQW��7KH� RWKHU� GHYLFH�PHDVXULQJ� WKH�

FXWWLQJ�IRUFHV�LV�D�ORDG�FHOO�KROGLQJ�WKH�WXUQLQJ�WRRO�

)LJ���� � 7KH�LQFLVRU



��

7KH� URWDWLRQ� RI� WKH�ZRRG� LV� DFFHOHUDWHG� GXULQJ� WKH� VLPXODWLRQ� WR�PDLQWDLQ� D� FRQVWDQW�

FXWWLQJ� VSHHG�RI�������P�V��7KH� IHHG� UDWH� LV�����PP�8�RU�DSSUR[LPDWHO\������PP�V� �WKH�

VSHHG�PXVW�EH�LQFUHDVHG�DV�WKH�URWDWLRQ�DFFHOHUDWHV�WR�PDLQWDLQ�WKH�IHHG�UDWH�����PP�8���

7KH�H[SHULPHQW�VHWXS�LV�VKRZQ�LQ�)LJ�����

)LJ���� � 7KH�H[SHULPHQW�VHWXS

��� 0HDVXUHPHQWV

6HYHQ�H[SHULPHQWV�ZHUH�FDUULHG�RXW�ZLWK�WKLV�VHWXS��HDFK�PHDVXULQJ�ZLWK�ERWK�WKH�ORDG�

FHOO�DQG�WKH�VWUDLQ�JDXJHV�ZKLFK�DUH�ERWK�IXUWKHU�UHIHUUHG�WR�DV�³WKH�PHDVXULQJ�V\VWHPV´��)LJ��

�����JLYLQJ�D�WRWDO�RI����PHDVXUHPHQW�GDWD�LQ�HDFK�[��\��DQG�]�D[LV��7KH�GDWD�ZHUH�PHDVXUHG�

DW�D�VDPSOLQJ�UDWH�RI��������+]��$�PHDVXUHPHQW�WDNHV�DSSUR[LPDWHO\�����VHFRQGV��ZKLFK�

UHVXOWV�LQ�XS�WR��������YDOXHV�SHU�D[LV�DQG�PHDVXULQJ�V\VWHP��7KH�PHDVXULQJ�V\VWHPV�ZHUH�

FDOLEUDWHG�ZLWK�IRUFHV�DW�WKH�WLS�RI�WKH�LQFLVRU�ZKLOH�FRQQHFWHG�WR�D�FRPSXWHU�ZKLFK�FDOFXODWHV�

WKH�IRUFHV�LQWHUQDOO\�



��

D� 7KH�ORDG�FHOO�KROGLQJ�WKH�WRRO E��7KH�WRRO�ZLWK�WKH�VWUDLQ�JDXJHV

)LJ���� � 7KH�PHDVXULQJ�V\VWHPV

7KH�V\VWHP�ZDV�UHFRUGHG E\�D�KLJKVSHHG�FDPHUD�DQG�D�*R3UR�IRU�WKH�HYDOXDWLRQ�RI�WKH�

FKLS�IRUPDWLRQ��$�VDPSOH�SKRWR�IURP�WKH�KLJKVSHHG�FDPHUD�UHFRUGLQJ�FDQ�EH�VHHQ�LQ�)LJ��

���

)LJ���� � $�VDPSOH�SKRWR�IURP�WKH�KLJKVSHHG�FDPHUD�UHFRUGLQJ

��� (YDOXDWLRQ

7KH�PHDVXUHPHQW�GDWD�FRQWDLQV�ODUJH�SHDNV�DQG�YDOOH\V��WKH�GLUHFWLRQ�RI�WKH�IRUFHV�LQ�WKH�

SHDNV�DQG�YDOOH\V�LV�RSSRVLWH�IRU�DOPRVW�HYHU\�PHDVXUHPHQW�IRU�ERWK�PHDVXULQJ�V\VWHPV�DQG�

7KH�FKLS



��

DOO�D[HV���$Q�HQYHORSH�ZDV�FUHDWHG�JLYLQJ�WKH�PD[LPDO�DQG�PLQLPDO�IRUFHV�DQG�DOVR�D�PHDQ�

YDOXH�FXUYH�ZDV�FUHDWHG�UHGXFLQJ�WKH�GDWD�YROXPH�WR�����SRLQWV�RQ�HDFK�FXUYH�

9LEUDWLRQV� DUH� WKH� PRVW� SUREDEOH� FDXVH� RI� WKH� SHDNV� DQG� YDOOH\V� WKLV� ELJ�� 7KH�

LQKRPRJHQHLW\�RI�WKH�ZRRG�FDQ�LQIOXHQFH�WKH�YLEUDWLRQV�VLJQLILFDQWO\��7KHUHIRUH��WKH�PHDQ�

YDOXH�FXUYH�LV�XVHG�DV�UHIHUHQFH�IRU�FRPSDULVRQ�ZLWK�WKH�QXPHULFDO�VLPXODWLRQ��

��� 5HVXOWV

(YHQ�WKRXJK�>��@ VXJJHVWV�FDOLEUDWLQJ�WKH�)(0�VLPXODWLRQ�WR�PDWFK�WKH�PHDQ�YDOXHV�RI�

WKH� SHDN� IRUFHV� WR� SUHVHQW� WKH� ZRUVW�FDVH� VFHQDULR�� WKH� DLP� RI� WKLV� VLPXODWLRQ� LV� QRW� WR�

GHWHUPLQH�ZKHWKHU�WKH�LQFLVRU�FRXOG�EH�GDPDJHG��EXW�UDWKHU�WR�PHDVXUH�WKH�HIIHFWLYLW\�RI�WKH�

LQFLVRU�JHRPHWU\�� VR� WKH� HIIHFW� RI� WKH�SHDNV�RI� WKH� IRUFHV�GRHV�QRW�KDYH� WR�EH� WDNHQ� LQWR�

FRQVLGHUDWLRQ�

7KH�VSHFLILF�UHVXOWV�FRXOG�QRW�EH�UHYHDOHG��DV�WKH\�DUH�D�SURSHUW\�RI�WKH�6WLKO�FRPSDQ\��

7KH�JUDSKV�DQG�WKH�SURSRUWLRQV��KRZHYHU��DUH�QRW�FODVVLILHG�DQG�FDQ�EH�VKRZQ�DQG�GLVFXVVHG��

7KH�YDOXHV�RQ�WKH�JUDSKV�ZHUH�QRUPDOL]HG��

$�PHDQ�YDOXH�LV�FDOFXODWHG�IRU�HDFK�PHDVXUHPHQW�RQ�WKH�WLPH�LQWHUYDO��LQ�ZKLFK�WKH�LQFLVRU�

LV�FOHDUO\�IXOO\�HQJDJHG��6LQFH�WKH�SRLQW�RI�HQJDJHPHQW�LV�GLIIHUHQW�IRU�HDFK�PHDVXUHPHQW��

WKH�WLPH�LQWHUYDO�LV LQGLYLGXDO��,Q�HDFK�GLUHFWLRQ��WKH�PLQLPXP�DQG�PD[LPXP�PHDQ�YDOXHV�

DUH�FRPSDUHG�IRU�HDFK�PHDVXULQJ�V\VWHP��7KH�RYHUDOO�PLQLPDO�DQG�PD[LPDO�PHDQ�YDOXHV�

DUH�DOVR�FRPSDUHG�IRU�HDFK�GLUHFWLRQ��7KH�FRRUGLQDWH�V\VWHP�LV�VKRZQ�LQ�)LJ� ���



��

)LJ���� � &RRUGLQDWH�V\VWHP�RI�WKH�LQFLVRU

([SHULPHQWV� ZLWK� GLIIHUHQW� VHWXSV� ZHUH� DOVR� FDUULHG� RXW� VR� WKH� PHDVXUHPHQWV� DUH�

QXPEHUHG�IURP����WR�����7KH�RWKHU�VHWXSV�DUH�QRW�H[DPLQHG�LQ�WKLV�WKHVLV�

0RVW�RI�WKH�PHDQ�YDOXH�FXUYHV�IOXFWXDWH�DURXQG�D�QHDUO\�FRQVWDQW�YDOXH�ZKHQ�WKH�LQFLVRU�

LV�HQJDJHG��7KH�RQO\�H[FHSWLRQ�LV�WKH�[�IRUFH�PHDVXUHG�E\�WKH�VWUDLQ�JDXJHV��ZKLFK�LV�YHU\�

XQVWDEOH�DQG�JLYHV�LQFRQVLVWHQW�UHVXOWV��7KH�UHDVRQ�IRU�WKLV�FRXOG�EH ZURQJ�FRQQHFWLRQ�RI�WKH�

VWUDLQ�JDXJHV�RU�EDG�FDOLEUDWLRQ�VLQFH�WKH�PHDQ�YDOXH�FXUYHV�GR�QRW�VWDUW�DW�]HUR��7KH�GDWD�

IURP�WKH�VWUDLQ�JDXJHV�IRU�WKH�[�GLUHFWLRQ�DUH�DVVXPHG�WR�EH�ZURQJ�DQG�DUH�QRW�FRQVLGHUHG�

IXUWKHU��7KH�GDWD�IURP�WKH�VWUDLQ�JDXJHV��JUHHQ��DQG�WKH�ORDG�FHOO��EOXH��DUH�FRPSDUHG�IRU�

HDFK�GLUHFWLRQ��)LJ�������7KH�XQVWDEOH�EHKDYLRXU�RI�WKH�[�IRUFH�GDWD�PHDVXUHG�E\�WKH�VWUDLQ�

JDXJHV�FDQ�EH�VHHQ�LQ�)LJ���� D���7KH�IRUFHV�DUH�VFDOHG�E\�WKH�VDPH�IDFWRU�LQ�WKH�WKHVLV�LQ�

RUGHU�QRW�WR�UHYHDO�FRQILGHQWLDO�GDWD��)RU�HDFK�PHDVXUHPHQW�����IRUFH�YDOXHV�ZHUH�SURYLGHG�

WR�XV�ZLWK�QR�WLPH�VWHS�DVVLJQHG��6LQFH�WKH�GXUDWLRQ�RI�WKH�PHDVXUHPHQWV�LV�LQFRQVLVWHQW��WKH�

WLPH�VFDOH��[�D[LV�RI�WKH�JUDSK��LV�QRUPDOL]HG�



��

D� 7KH�[�IRUFH

E� 7KH�\�IRUFH
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F� 7KH�]�IRUFH

)LJ���� � )RUFHV�IURP�WKH�VWUDLQ�JDXJHV��JUHHQ��DQG�WKH�ORDG�FHOO��EOXH�

'LUHFWLRQV�\�DQG�]�VKRZ�VOLJKW�GHFUHDVH�LQ�WKH�FRXUVH�RI WKH�VLPXODWLRQ��7KH�PRVW�SUREDEOH�

H[SODQDWLRQ� LV� WKDW�� DV� WKH� GLDPHWHU� RI� WKH� ZRRG� GHFUHDVHV� GXULQJ� WKH� VLPXODWLRQ�� WKH�

FRQGLWLRQV�RI�WKH�FXWWLQJ�DUH�VOLJKWO\�FKDQJHG��$OO�GLUHFWLRQV�DUH�VXPPDUL]HG�LQ�7DEOH���

7DEOH�� ± 7KH�PD[LPDO�DQG�PLQLPDO�IRUFHV�LQ�HDFK�GLUHFWLRQ��QRUPDOL]HG�

ܩܵ ௫ܩܵ ܥܮ ௫ܥܮ ௫ܩܵ

ܩܵ

௫ܥܮ

ܥܮ

ݔܽ݉

݉݅݊

� 1�$ 1�$ ͲǤͳͳͲ͵ ͲǤͳ͵ͷͺ 1�$ ͳǤʹʹͻͶ ͳǤʹʹͻͶ

� ͲǤ͵Ͷ͵ͳ ͲǤ͵ͳͶ͵ ͲǤ͵ʹͺͷͻ ͲǤ͵ͶͲ ͳǤͲͻͶ ͳǤͳͳͷͳ ͳǤͳ͵ͲͶ

� ͲǤͲͶ͵Ͷ ͲǤͲͷͶ ͲǤͲͷͶ͵ ͲǤͲͺ͵ ͳǤʹͶͷͻ ͳǤʹͶ ͳǤͶ͵

,Q�WKH�[�GLUHFWLRQ��WKH�GLIIHUHQFH�EHWZHHQ�WKH�PLQLPDO�DQG�PD[LPDO�YDOXH�LV������ ���7KH�

GLIIHUHQFH�LV�UHODWLYHO\�KLJK��JLYHQ�WKDW�RQO\�GDWD�IURP�WKH�ORDG�FHOO�DUH�XVHG�DQG�WKH�GDWD�

IURP�WKH�VWUDLQ�JDXJHV�DUH�QRW�HYDOXDWHG DQG�ZLOO�QRW�EH�FRPSDUHG�ZLWK�WKH )(0�VLPXODWLRQ��
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��

7KH�GLIIHUHQFH�LQ�WKH�\�GLUHFWLRQ�LV�ORZHU��ͳ͵ǤͲͶ Ψ���HYHQ�WKRXJK�YDOXHV�IURP�GLIIHUHQW�

PHDVXULQJ�V\VWHPV�DUH�FRPSDUHG��7KH�UHDVRQ�IRU�WKLV�PD\�EH�WKH�IDFW�WKDW�WKH�DEVROXWH�YDOXHV�

RI�WKH�\�IRUFH�DUH�VLJQLILFDQWO\�KLJKHU�

7KH�GLIIHUHQFH�LQ�WKH�]�IRUFH�LV�WKH�KLJKHVW��ͶǤ͵ Ψ���7KLV�LV�QRW�VXUSULVLQJ�VLQFH�WKH�]�

IRUFHV�DUH�E\�IDU�WKH�ORZHVW��

7KH�)(0�VLPXODWLRQ�ZLOO�EH�FDOLEUDWHG�WR�PDWFK�WKH�YDOXHV�DV�FORVHO\�DV�SRVVLEOH��



��

� ,QYHVWLJDWLRQ� RI� WKH� 6HQVLWLYLW\ RI� WKH� 1XPHULFDO�

6LPXODWLRQV RQ�,QGLYLGXDO�3DUDPHWHUV

,Q�WKLV�FKDSWHU��VHYHUDO�SDUDPHWHUV�ZHUH�YDULHG�DQG�WKH�HIIHFW�RQ�WKH�FKLS�DQG�WKH�FXWWLQJ�

IRUFHV�ZDV�REVHUYHG� 7KH�VHQVLWLYLW\ ZDV DQDO\VHG�XVLQJ�D�VLPSOLILHG�PRGHO�LQ�RUGHU�WR�ORZHU�

WKH�FRPSXWDWLRQ�WLPH�

��� &KLS�)RUPDWLRQ

7KH� ILUVW� REMHFWLYH� LV� WR� FDOLEUDWH� WKH� VLPXODWLRQ� WR� IRUP� D� UHDOLVWLF� FKLS� ZKLOH� XVLQJ�

UHDVRQDEOH�PDWHULDO�SDUDPHWHUV DQG�VLPXODWLRQ�VHWWLQJV��

����� 9HUVLRQ������± )LUVW�$WWHPSW

7KH�ILUVW�PRGHO�FRQVLVWV�RI�WZR�SDUWV��WKH�LQFLVRU�DQG�WKH�ZRRG�

0RGHO

)RU� VLPSOLILFDWLRQ�� D� WUDQVODWLYH� UHODWLYH�PRWLRQ� EHWZHHQ� WKH� LQFLVRU� DQG� WKH�ZRRG� LV�

VLPXODWHG��LQVWHDG�RI�WKH�URWDWLRQ��6LQFH�WKH�H[SHULPHQW�LV�VHW�WR�LPLWDWH�WKH�FRQGLWLRQV�GXULQJ�

FKDLQVDZ�FXWWLQJ��LQ�ZKLFK�WKH�UHODWLYH�PRWLRQ�LV�WUDQVODWLYH���WKH�VLPSOLILFDWLRQ�LV�DVVXPHG�

UHDVRQDEOH��

)RU�WKH�FDOLEUDWLRQ�RI�WKH�FKLS�IRUPDWLRQ��PRUH�VLPSOLILFDWLRQV�DUH�LPSOHPHQWHG�LQ�RUGHU�

WR�UHGXFH�WKH�FRPSXWDWLRQ�WLPH��7KH�ZRRG�LV�UHSODFHG�ZLWK�D�VLPSOH�ͲǤ�ʹͷ�ͺ EORFN�VR�RQO\�

WKH�WLS�RI�WKH�LQFLVRU�FXWV�ͲǤ͵ �� GHHS��7KH�IHHG�RI�WKH�LQFLVRU�LV�QHJOHFWHG�

7KH�ZRRGHQ�EORFN�LV�PHVKHG�ZLWK�ͲǤͲ�ͲǤʹͷ�ͲǤͳ KH[DKHGUDO�HOHPHQWV��7KH�KH[DKHGUDO�

PHVK�LV�FKRVHQ�EHFDXVH�LW�SURYLGHV�WKH�PRVW�DFFXUDWH�UHVXOWV�DQG�D�EORFN�FDQ�EH�PHVKHG�ZLWK�

KH[DKHGURQV�HDVLO\�

7HWUDKHGUDO� PHVK� LV� FKRVHQ IRU� WKH� LQFLVRU� EHFDXVH� LW� LV� UHODWLYHO\� VLPSOH� WR� PHVK�

FRPSOLFDWHG�SDUWV�ZLWK�WKHP��7KH�PHVK�VL]H�LV�ͲǤͷ ����ZLWK�WKH�WLS�RI�WKH�LQFLVRU�UHILQHG�IRU�

D�EHWWHU�FRQWDFW�ZLWK�WKH�ZRRG� 7KH�PHVKHV�DUH�VKRZQ�LQ�)LJ�����



��

)LJ���� � 0HVKHV�RI�WKH�LQFLVRU�DQG�WKH�ZRRG

7ZR�VHWV�RI�QRGHV�DUH�XVHG� LQ� WKLV�PRGHO��6HW������FRQVLVW�RI� WKH�QRGHV�RQ� WKH�XSSHU�

VXUIDFH�RI�WKH�ZRRG��,W�LV�XVHG�IRU�WKH�YHORFLW\�SUHVFULSWLRQ��6HW������FRQVLVW�RI�DOO�QRGHV�RI�

WKH�ZRRG�DQG�LV�XVHG�IRU�WKH�FRQWDFW EHWZHHQ�WKH�LQFLVRU�DQG�WKH�ZRRG�

$OO�YHUVLRQV���;;�DUH�XVLQJ�WKLV�PRGHO�RU�D�VLPLODU�PRGHO�ZLWK�WKH�ZRRG�VXEVWLWXWHG�E\�

D�EORFN�ZLWK�GLIIHUHQW�GLPHQVLRQV�RU�PHVK��7KH�PRGHO�LV�VKRZQ�LQ�)LJ������



��

D� 7KH�[�\�SODQH

E� 7KH�[�]�SODQH

)LJ���� � 9HUVLRQ���;;�PRGHO�RYHUYLHZ

0DWHULDOV

7KH�LQFLVRU�LV�PDGH�RI�VWHHO��7KH�HODVWLF�PRGXOL�RI�VWHHO�DUH�DSSUR[LPDWHO\�WZR�RUGHUV�RI�

PDJQLWXGH�ODUJHU�WKDQ�WKH�HODVWLF�PRGXOL�RI�ZRRG��)RU�WKLV�UHDVRQ��WKH�LQFLVRU�LV�PRGHOOHG DV�

D�ULJLG�ERG\�WR�VLPSOLI\ WKH�PRGHO��



��

)LJ���� � 0DWHULDO�FDUGV�RI�0$7B:22'



��

7KH� PDWHULDO� PRGHO� XVHG� LV� 0$7B5,*,'� �0$7B����� 7KH� SDUDPHWHUV� LQSXW� WR� WKH�

PDWHULDO� PRGHO� LQFOXGH� GHQVLW\�� <RXQJ¶V�PRGXOXV�� 3RLVVRQ¶V� UDWLR�� DQG� FRQVWUDLQWV�� 7KH�

HODVWLF�SURSHUWLHV �<RXQJ¶V�PRGXOXV�DQG�3RLVVRQ¶V�UDWLR��PXVW�EH�LQSXW�IRU�FRQWDFW�DQDO\VLV�

�FKRLFH�RI�SHQDOW\���

9DOXHVߩ� ൌ ǡͺͷͲ �� ή �ିଷܧ�� ൌ ʹͳͲǡͲͲͲ � ή ��ିଶ��DQGߥ� ൌ ͲǤ͵ DUH�XVHG��7UDQVODWLRQ�

DQG�URWDWLRQ�DUH�FRQVWUDLQHG�LQ�DOO�GLUHFWLRQV�

7KH�PDWHULDO�PRGHO�0$7B:22'��0$7B�����LV�XVHG�IRU�WKH�ZRRG��,W�LV�D�FRPSOLFDWHG�

PDWHULDO�PRGHO��ZLWK�D�ORW�RI�LQSXW�SDUDPHWHUV��7KH�PRGHO�RIIHUV�WZR�VSHFLILF�ZRRG�W\SHV��

'RXJODV�ILU��0$7B:22'B),5��DQG�6RXWKHUQ�\HOORZ�SLQH��0$7B:22'B3,1(���

:KHQ�WKRVH�RSWLRQV�DUH�FKRVHQ��WKH�QXPEHU�RI�LQSXW�SDUDPHWHUV�LV�UHGXFHG�VLJQLILFDQWO\��7KH�

PRGHO�RIIHUV�QR�RSWLRQ�IRU�%HHFK�ZRRG��VR�DOO�SDUDPHWHUV�PXVW�EH�FKRVHQ��7KH�PDWHULDO�FDUG�

LV�VKRZQ�LQ�)LJ�����

&DUG� �� FRQWDLQV� DQ� LGHQWLILFDWLRQ� QXPEHU�� GHQVLW\�� DQG� SDUDPHWHUV� UHJDUGLQJ�

SODVWLFLW\�DQG�HOHPHQW� IDLOXUH�SULQFLSOH��&DUG���FRQWDLQV�HODVWLF�PRGXOL�DQG� WKH�3RLVVRQ¶V�

UDWLRߥ�்� &DUG���FRQWDLQV�IDLOXUH�FULWHULD��7KH�SDUDPHWHUV�LQ�&DUG���GHILQH�WKH�VRIWHQLQJ�RI�

WKH�PDWHULDO�DQG�VHW� WKH�VKDSH�RI� WKH�VWUHVV�VWUDLQ�FXUYH��7KH\�DUH�GHVLJQHG� WR� UHGXFH� WKH�

PHVK�VL]H�GHSHQGHQF\�� ,Q�&DUG���� WKH� VWUDLQ� UDWH�GHSHQGHQF\� LV� GHILQHG�� 7KH�SDUDPHWHUV�

LQFUHDVH�WKH�VWUHQJWKV�RI�ZRRG�DV�D�IXQFWLRQ�RI�VWUDLQ�UDWH��&DUG���FRQWDLQV�WKH�KDUGHQLQJ�

SDUDPHWHUV�IRU�PRGHOOLQJ�SUHSHDN�QRQOLQHDULW\��&DUGV�������DQG���GHILQH�WKH�PDWHULDO�D[HV�RI�

WKH�WUDQVYHUVHO\�RUWKRWURSLF�PDWHULDO��7KH�LQGLYLGXDO�SDUDPHWHUV�DUH�GLVFXVVHG�PRUH�FORVHO\�

ZKHQ�WKH\�DUH�YDULHG�

$Q� H[DPSOH�PRGHO� IURP� WKH� /6�'\QD�PDQXDO�ZDV� XVHG� IRU� WKH� ILUVW�PRGHO� DV� D�

UHIHUHQFH��7KH�LQSXW�SDUDPHWHUV�DUH�VKRZQ�LQ�)LJ������7KH�RQO\�GLIIHUHQFH�LQ�RXU�PDWHULDO�LV�

WKDW�WKH�IODJ�,92/�ZDV�FKDQJHG�WR����7KLV�DOORZV�WKH�VROYHU�WR�LQYRNH�HOHPHQW�HURVLRQ�ZKHQ�

QHJDWLYH�YROXPH�RFFXUV�RQ�WKHP��LQVWHDG�RI�WHUPLQDWLQJ�WKH�VLPXODWLRQ��



��

)LJ���� � 7KH�VOLJKWO\�PRGLILHG�H[DPSOH�PDWHULDO�PRGHO

(OHPHQW�)RUPXODWLRQ

7KH�HOHPHQW� IRUPXODWLRQ�IRU� WKH� LQFLVRU� LV�7\SH�����ZKLFK� LV�D���SRLQW�QRGDO�SUHVVXUH�

WHWUDKHGURQ��D�WHWUDKHGURQ��ZLWK�DGGLWLRQDO�QRGDO�DYHUDJLQJ�

)RU�WKH�ZRRG��WKH�HOHPHQW�IRUPXODWLRQ�XVHG�LV�7\SH�����ZKLFK�LV�D�VHOHFWLYH�UHGXFHG��6�5��

IXOO\� LQWHJUDWHG VROLG� LQWHQGHG� IRU� HOHPHQWV�ZLWK�SRRU� DVSHFW� UDWLR�� DFFXUDWH� IRUPXODWLRQ��

)URP� WKH� $..$ FRPSDQ\� H[SHULHQFH�� WKLV� LV� WKH� PRVW� VWDEOH� DQG� DFFXUDWH� HOHPHQW�

IRUPXODWLRQ�IRU�KH[DKHGUDO�HOHPHQWV��,W�DOVR�DXWRPDWLFDOO\�VZLWFKHV�WKH�HOHPHQW WRSRORJ\ WR

SHQWDKHGUDO�HOHPHQW��

7LPHVWHS

7KHUH�DUH�VHYHUDO�RSWLRQV� WR�PHHW� WKH�&RXUDQW�)ULHGULFKV�/HZ\�FRQGLWLRQ� LQ�/6�'\QD��

2QH�LV�WR�OHW�WKH�VROYHU�WR�DXWRPDWLFDOO\�DGMXVW�WKH�WLPH�VWHS��7KLV�LV�WKH�PRVW�DFFXUDWH�RSWLRQ��

7KLV�RSWLRQ��KRZHYHU��LV�YHU\�FRPSXWDWLRQDOO\�GHPDQGLQJ��7KH�RWKHU�RSWLRQ�LV�WR�SUHVFULEH�

D� PLQLPDO� WLPH� VWHS� VWULFWO\� DQG� DGMXVW� WKH� PDWHULDO� SURSHUWLHV� LQ� RUGHU� WR� LQFUHDVH� WKH�

PD[LPDO�WLPH�VWHS��7KH�PHWKRG�XVHG�LQ�WKLV�PRGHO�LV�PDVV�VFDOLQJ��7KH�VWULFWO\�SUHVFULEHG�

WLPH�VWHS�IRU�WKH�ILUVW�DWWHPSW�LV�ͳǤͷ ή ͳͲି ���ZKLFK�LV�D�FRPPRQO\�XVHG�WLPH�VWHS�LQ�RWKHU�

VLPXODWLRQV�UXQ�LQ�RXU�FRPSDQ\��



��

&RQWDFW

:KHQ�PDWHULDOV�ZLWK�HURVLRQ�DUH�LQ�FRQWDFW��&217$&7B(52',1*B����QHHG�WR�EH�XVHG��

&217$&7B(52',1*B12'(6B72B685)$&(�LV�WKH�PRVW�VWDEOH�RQH�DQG�LV�XVHG�IRU�WKH�

ILUVW�PRGHO� 7KH�FRQWDFW�LV�D�IXQFWLRQ�WKDW�HYHU\�WLPHVWHS�FKHFNV�WKH�SRVLWLRQ�RI�JLYHQ�QRGHV�

LQ�UHODWLRQ�RI�D�JLYHQ�VXUIDFH��:KHQ�WKH�QRGHV�SHQHWUDWH�WKH�VXUIDFH��WKH�QRGHV�DUH�RQ�WKH�

RWKHU� VLGH� RI� WKH� VXUIDFH��� WKLV� IXQFWLRQ� DSSOLHV� IRUFH� SURSRUWLRQDO� WR� WKH� GHSWK� RI� WKH�

SHQHWUDWLRQ� WKH�PDWHULDO�SDUDPHWHUV��DQG� WKH�FRQWDFW�VWLIIQHVV�VFDOH�IDFWRU��7KH�FRQWDFW� LV�

GHILQHG�EHWZHHQ�WKH�VXUIDFH�RI�WKH�LQFLVRU�DQG�WKH�QRGHV�RI�WKH�ZRRG��VHW�������

&RQWDFW�VHWWLQJV�VWDQGDUGO\�XVHG�LQ�WKH�$..$�FRPSDQ\�DUH�XVHG�IRU�WKLV�PRGHO�ZLWK�WKH�

IULFWLRQ FRHIILFLHQW�VHW�WR������$Q�DGGLWLRQDO�NH\ZRUG�LQSXW�FDUG�LV�DGGHG�WR�GHILQH�WKH�FRQWDFW�

IRU�HURVLRQ��

9HORFLW\�SUHVFULSWLRQ

7KH�UHODWLYH�PRWLRQ�RI�WKH�ZRRG�DQG�WKH�LQFLVRU�LV�VLPXODWHG�E\�YHORFLW\�SUHVFULSWLRQ�WR�

WKH�ZRRG��,Q�/6�'\QD��DOO�QRGHV�DQG�HOHPHQWV�RI�DOO�SDUWV�DUH�VWDWLF�DW�WKH�EHJLQQLQJ�RI�WKH�

VLPXODWLRQ�XQOHVV�GHILQHG�RWKHUZLVH��,I�YHORFLW\�SUHVFULSWLRQ�LV�DSSOLHG�WR�VWDWLF�HQWLWLHV��LW�LV�

FRPSXWHG�DV�LI�WKH�HQWLW\�DFFHOHUDWHV�WR�WKH�GHVLUHG�YHORFLW\�LQ�D�VLQJOH�WLPH�VWHS��7KLV�FRXOG�

OHDG� WR� VLPXODWLRQ� HUURUV�� )RU� WKLV� UHDVRQ�� WKH� NH\ZRUG�

,1,7,$/B9(/2&,7<B*(1(5$7,21�LV�XVHG�WR�GHILQH�WKH�ZRRG�DW�WKH�EHJLQQLQJ�RI�WKH�

VLPXODWLRQ�DV�PRYLQJ��7R�HQVXUH�WKDW�WKH�ZRRG�LV�PRYLQJ�DW�D�FRQVWDQW�VSHHG��WKH�NH\ZRUG�

%281'$5<B35(6&5,%(B027,21B6(7�LV�DSSOLHG�WR�D�QRGDO�VHW�RQ�WKH�XSSHU�VXUIDFH�

RI�WKH�ZRRG��VHW��������7KH�SUHVFULEHG�YHORFLW\�LVݒ�௬ ൌ ͳǤ � ή �ିଵ ZKLFK�LV�WKH�FRQVWDQW�

FXWWLQJ�VSHHG�PDLQWDLQHG�GXULQJ�WKH�VLPXODWLRQ�

5HVXOWV

$OO�HOHPHQWV�LQ�WKH�SDWK�RI�WKH�LQFLVRU�DUH�HURGLQJ��QR�FKLS�LV�IRUPHG��(OHPHQW�HURVLRQ�

EDVHG�RQ�QHJDWLYH�YROXPH�RFFXUV�LQ� WKH�VLPXODWLRQ��7KH�HURVLRQ�RI�DOO�HOHPHQWV�FRXOG�EH�

FDXVHG�E\�D�PHVK�WRR�FRDUVH�RU�D�WLPHVWHS�WRR�KLJK��$W�WKH�ORZHVW�SRLQW��WKH�LQFLVRU�FXWV�ILYH�

HOHPHQW�URZV�GHHS�LQWR�WKH�ZRRG��VR�WKH�PHVK�LV�FRQVLGHUHG�DV�WKH�OHVV�OLNHO\�H[SODQDWLRQ��

$OVR��D�WLPHVWHS�WRR�KLJK�LV�D�FRPPRQ�FDXVH�RI�QHJDWLYH�YROXPHV�RFFXUULQJ�LQ�D�VLPXODWLRQ��



��

����� 9HUVLRQ������± 7LPHVWHS�'HFUHDVHG

9HUVLRQ������LV�WKH�VDPH�DV�YHUVLRQ�������ZLWK�WKH�WLPH�VWHS�UHGXFHG�WR�ͶǤͲ ή ͳͲି଼ ���

5HVXOWV

$�FKLS�LV�IRUPHG�LQ�WKLV�VLPXODWLRQ��7KHUH�DUH�VWLOO�LPSHUIHFWLRQV�RQ�WKH�FKLS��6WLOO�D�ODUJH�

QXPEHU�RI�HOHPHQWV�LV�HURGLQJ��DQG�VRPH�HOHPHQWV�DUH�VWUHWFKLQJ�WKURXJK�WKH�LQFLVRU��)LJ��

�����6LQFH�RQO\�WKH�QRGHV�DUH�LQ�FRQWDFW�ZLWK�WKH�LQFLVRU��WKH�HOHPHQWV�VWUHWFKLQJ�WKURXJK�WKH�

LQFLVRU�DUH�QRW�LQ�FRQIOLFW�ZLWK�WKH�FRQWDFW��+RZHYHU��WKH�HOHPHQWV�DUH�VWLOO�VWUHWFKHG�LQ�VXFK�

D�ZD\��WKDW�LV�QRW�SK\VLFDO��HURVLRQ�VKRXOG�RFFXU�IDU�VRRQHU���

)LJ���� � 8QSK\VLFDOO\�VWUHWFKHG�HOHPHQWV

7KH� LPSHUIHFWLRQV�ZLOO� EH� GHDOW�ZLWK� IXUWKHU�� ,Q� WKH� IROORZLQJ� VWHS�� WKH�PDWHULDO� GDWD�

DFTXLUHG�IURP�WKH�OLWHUDWXUH�ZHUH�LPSOHPHQWHG�WR�WKH�PRGHO�

����� 9HUVLRQ������±0DWHULDO�'DWD�IURP�WKH�/LWHUDWXUH

%DVHG�RQ�WKH�GDWD�IURP�OLWHUDWXUH�DQG�VXJJHVWLRQV�JLYHQ�LQ�WKH�/6�'\QD�PDQXDO��D�QHZ�

PDWHULDO�PRGHO�LV�GHILQHG��9DOXHV�IURP�WKH�PLGGOH�RI�WKH�UDQJHV�DUH�SLFNHG�IRU�GHQVLW\�DQG�

DOO�&DUG���DQG�&DUG���SDUDPHWHUV��7KH�VRIWHQLQJ�SDUDPHWHUV� LQFOXGH�XQLD[LDO� WHQVLOH��DQG�

SXUH�VKHDU�IUDFWXUH�HQHUJLHV�LQ�SDUDOOHO�DQG�SHUSHQGLFXODU�GLUHFWLRQ�DQG�RWKHU��7KH�IUDFWXUH�

HQHUJLHV� DUH� GLIILFXOW� WR� ILQG� LQ� OLWHUDWXUH�� $� VHW� RI� VRIWHQLQJ� SDUDPHWHUV� IRU /6� '\QD�

PRGHOLQJ�RI�EHHFK�ZRRG�FDQ�EH�IRXQG�LQ�>��@��DOWKRXJK�WKH�ZD\�RI�FDOFXODWLQJ WKH�HQHUJLHV�



��

FRXOG�EH�TXHVWLRQHG�� ,Q� IXUWKHU�PRGHO� YHUVLRQV�� WKH� IUDFWXUH� HQHUJLHV� DUH� VHDUFKHG� LQ� WKH�

UDQJH� EHWZHHQ� WKH� YDOXHV� IURP� WKH� H[DPSOH� DQG� WKH� OLWHUDWXUH�� ,Q� WKLV� YHUVLRQ�� DOO� WKH�

VRIWHQLQJ�SDUDPHWHUV�DUH�WDNHQ�IURP�>��@��1R�GDWD�IRU�WKH�KDUGHQLQJ�SDUDPHWHUV�ZHUH�IRXQG�

VR� WKH� SDUDPHWHUV� IURP� WKH� H[DPSOH� DUH� OHIW� XQFKDQJHG�� ,Q� IXUWKHU� YHUVLRQV� WKH� UDQJH�

VXJJHVWHG�E\�WKH�/6�'\QD�PDQXDO�ZLOO�EH�XVHG��7KH�PDWHULDO�GDWD�DUH�VKRZQ�LQ�)LJ������

)LJ���� � 0DWHULDO�FDUG�ZLWK�SDUDPHWHUV�IRU�EHHFK�ZRRG ± YHUVLRQ������

5HVXOWV

$OPRVW�DOO�HOHPHQWV�RI�WKH�ZRRG�HURGH�DW�LQVWDQFH�ZKHQ�WKH�ZRRG�WRXFKHV�WKH�LQFLVRU��

7KH�QH[W�VWHS�LV�WR�WDNH�WKH�ZRRG�PRGHOV�IURP�WKH�YHUVLRQV������DQG������DQG�FRPELQH�WKH�

SDUDPHWHUV�WR�ILQG�RXW��ZKLFK�SDUDPHWHU�RU�FRPELQDWLRQ�RI�SDUDPHWHUV�FDXVH�WKH�HURVLRQ�RI�

WKH�HQWLUH�SDUW�

����� )LQGLQJ�WKH�3UREOHP

$�VHULHV�RI�VLPXODWLRQ�ZDV�UXQ�ZLWK�JUDGXDOO\�VXEVWLWXWLQJ�WKH�SDUDPHWHUV�IURP�WKH�YHUVLRQ�

�����ZLWK�WKH�SDUDPHWHUV�IURP�WKH�YHUVLRQ�������,W�ZDV�IRXQG�WKDW�WKH�SUREOHP�RFFXUV�ZKHQ�

WKH�HODVWLF�SURSHUWLHV�DUH�VXEVWLWXWHG��,GHQWLFDO�VLPXODWLRQV�ZLWK�RQH�KDYLQJ�WKH�SHUSHQGLFXODU�



��

<RXQJ¶V� PRGXOXV� ሻ்ܧ� ORZHUHG� FORVHU� WR� WKH� H[DPSOH� �ͷͲͲ � ή ��ିଶ�� DQG� WKH� RWKHU�

XQFKDQJHG�IURP�WKH�OLWHUDWXUH��ͳͷͲͲ � ή ��ିଶ���FKLS�LV�IRUPHG�LQ�WKH�ILUVW�RQH��ZKLOH�LQ�WKH�

VHFRQG�� WKH�ZKROH�SDUW�HURGHV��:LWK�WKH�ELVHFWLRQ�PHWKRG�� LW�ZDV�IRXQG�WKDW�D VLPXODWLRQ�

ZLWK்ܧ� ൌ ͳ͵ͲͲ � ή ��ିଶ IRUPV�D�FKLS்ܧ�� ൌ ͳͷͲͲ � ή ��ିଶ HURGHV� WKH�ZKROH�PRGHO��

DQG்ܧ� ൌ ͳͶͲͲ � ή ��ିଶ IRUPV�D�YHU\�XQQDWXUDO��YHU\�VWUDQJHO\�EHKDYLQJ�FKLS��)LJ�������

7KH�YDOXHV�LQ�WKH�OLWHUDWXUH�UDQJH�IURP�ͶʹͲ WR ʹ͵ͳͲ � ή ��ିଶ��ZLWK�D�VLJQLILFDQW�GLIIHUHQFH�

EHWZHHQ�WKH்ܧ� DQG�WKHܧ�ோ YDOXH��7KH�RSWLPDO�YDOXH�VKRXOG�QRW�EH�DW�DQ HGJH�RI�WKLV�LQWHUYDO��

6LQFH�WKH�SDUDOOHO�<RXQJ¶V�PRGXOXV��ܧ��XVHG�LV�KLJKHU�WKDQ�WKH�SHUSHQGLFXODU��WKH�PDWHULDO�

PRGHOV�ZLWK�KLJKHU்ܧ� VHHP�FORVHU�WR�DQ�LVRWURSLF�PDWHULDO�PRGHO��7KHUHIRUH��LW�LV�DVVXPHG�

WKDW�WKH�KLJK்ܧ� LV�QRW�WKH�UHDO�SUREOHP�RU�LV�D�SUREOHP�RQO\�ZLWK�FRQMXQFWLRQ�ZLWK�RWKHU�

SDUDPHWHUV��HYHQ�WKRXJK�D�FKLS�LV�IRUPHG�IRU�UHDOLVWLF்ܧ� YDOXHV�

்ܧ ൌ ͳͶͲͲ � ή ��ିଶ ZDV�FKRVHQ�DV�D�UHIHUHQFH�IRU�ILQGLQJ�RWKHU�SDUDPHWHUV�FDXVLQJ�WKH�

SUREOHP��EHFDXVH�ZH�VKRXOG�EH�DEOH�WR�REVHUYH�D�VOLJKW�WLOW�WRZDUGV�HLWKHU�WKH�FKLS�IRUPDWLRQ�

RU�WKH�HURVLRQ�RI�WKH�ZKROH�SDUW��7KLV�UHIHUHQFH�YHUVLRQ�LV�PDUNHG������

)LJ���� � 7KH�VWUDQJHO\�EHKDYLQJ�FKLS



��

����� (OHPHQW�IRUPXODWLRQ

2QH�RI�WKH�WKLQJV�WKDW�ZRXOG�H[SODLQ�WKH�XQQDWXUDO�EHKDYLRXU�RI�WKH�FKLS�ZRXOG�EH�WKH�

XVDJH�RI�D�ZURQJ�HOHPHQW�IRUPXODWLRQ�IRU�WKH�ZRRG��7\SH����IRUPXODWLRQ�LV�FRQVLGHUHG�WKH�

EHVW�IRU�KH[DKHGUDO�HOHPHQWV�ZLWK�WKH�RQO\�VLJQLILFDQW�GLVDGYDQWDJH�EHLQJ�WKH�FRPSXWDWLRQ�

SRZHU�GHPDQG��7KLV�NLQG�RI�VLPXODWLRQ��KRZHYHU�� LV XQFRPPRQ�LQ� WKH�$..$�FRPSDQ\��

7KHUHIRUH�� WKH� SURSHU� HOHPHQW� IRUPXODWLRQ� KDG� WR� EH� VRXJKW� IRU� ZLWKLQ� WKLV� WKHVLV� IURP�

VFUDWFK� 7KH� SULQFLSOH� LQ� ZKLFK� WKH� HOHPHQW� IRUPXODWLRQ� LQIOXHQFHV� WKH� PRGHO� LV� RYHUO\�

FRPSOLFDWHG�DQG�LV�EH\RQG�WKH�VFRSH�RI�WKLV�WKHVLV� 2WKHU�HOHPHQW�IRUPXODWLRQV�ZHUH�WULHG�

HPSLULFDOO\�WR�VHH�LI�DQ�LPSURYHPHQW�FRXOG�EH�UHDFKHG��7\SHV��������DQG���ZHUH�XVHG�LQ�WKH�

VLPXODWLRQV�

7\SH� ��� LV� D IXOO\� LQWHJUDWHG 6�5 VROLG� LQWHQGHG� IRU� HOHPHQWV� ZLWK� SRRU� DVSHFW� UDWLR��

HIILFLHQW� IRUPXODWLRQ��5HJXODUO\�� WKLV� IRUPXODWLRQ�JLYHV� VOLJKWO\�ZRUVH� UHVXOWV�DQG�VKRUWHU�

FRPSXWDWLRQ� WLPH >��@�� ,W� LV� WULHG� QHYHUWKHOHVV�� VLQFH� WKLV� WDVN� LV� KLJKO\� LUUHJXODU�� DV�

PHQWLRQHG�HDUOLHU�

7\SH���LV�WHUPHG�DV�D IXOO\�LQWHJUDWHG�6�5�VROLG��,Q�WKLV�IRUPXODWLRQ��WKHUH�LV�D�ULVN�WKDW�

VKHDU�ORFNLQJ�FRXOG�RFFXU��LI�HOHPHQW�DVSHFW�UDWLRV�DUH�SRRU�

7\SH� �� LV� D� IXOO\� LQWHJUDWHG� TXDGUDWLF� �� QRGH� HOHPHQW�ZLWK� QRGDO� URWDWLRQV�� ,W� XVHV� D�

GLIIHUHQW�LQWHJUDWLRQ�PHWKRG�WKDQ�WKH RWKHU�WKUHH�

5HVXOWV

)RU�DOO�WKH�QHZO\�WULHG�HOHPHQW�IRUPXODWLRQV��WKH�UHVXOW�ZDV�ZRUVH�WKDQ�WKH�RULJLQDO�7\SH�

����7KHUHIRUH��WKH LGHD�RI�HOHPHQW�IRUPXODWLRQ�YDULDWLRQ�ZDV�UHIUDLQHG�

����� 3RLVVRQ¶V�5DWLR

6LQFH� WKH� SUREOHP� LV� UHODWHG� WR� WKH� HODVWLF� SURSHUWLHV�� RQH� RI� WKH� PDWHULDO� SURSHUWLHV�

LQYHVWLJDWHG�LV�WKH�3RLVVRQ¶V�UDWLR��

9DOXHV�UDQJLQJ�IURP������WR������ZHUH�IRXQG�LQ�WKH�OLWHUDWXUH�IRUߥ�் DQGߥ�ோ��ZKLFK�DUH�

WKH�ORZHVW�3RLVVRQ¶V�UDWLR�YDOXHV�RI�DOO�GLUHFWLRQV��+RZHYHU��>��@ LPSOLHV�WKDW�WKHߥ�் YDOXH�

VKRXOG�EH�JUHDWHU�WKDQ�����DQG�LV�DERXW����WLPHV�ODUJHU�WKDQ்ߥ���$�FRQIXVLRQ�EHWZHHQߥ�்



��

DQG� ்ߥ PD\� KDYH� RFFXUUHG� VLQFH� WKH� VWDQGDUG� RUGHU� RI� WKH� LQGH[HV� LV� UHYHUVH� LQ� VRPH�

FRXQWULHV��9DOXHV������DQG�����ZHUH XVHG�LQ�WKH�VLPXODWLRQV�

5HVXOWV

7KH�FKLS�LQ�WKH�YHUVLRQ�ZLWKߥ�் ൌ ͲǤͳͶ LV�VLPLODU�WR�WKH�RQH�LQ�YHUVLRQ�������:LWKߥ�் ൌ

ͲǤͶ D�FKDQJH�ZKLFK�FRXOG�SRVVLEO\�EH�FDOOHG�DQ�LPSURYHPHQW�LV�REVHUYHG��)LJ�������+RZHYHU��

DQ�REMHFWLYH�FRPSDULVRQ�RI�WKH�FKLSV�LV�QRW�SRVVLEOH��DQG�ERWK�WKH�FKLSV�DUH�LQ�HYHU\�ZD\�VWLOO�

IDU�IURP�D�UHDOLVWLF�RQH�

D� 9HUVLRQ������± ்ߥ ൌ ͲǤͲͷ E�����9HUVLRQ������± ்ߥ ൌ ͲǤͶ

)LJ���� � 7KH�FKLSV�ZLWK�GLIIHUHQW�3RLVVRQ
V�UDWLRV

7KH்ߥ� YDOXH�LV�FDOFXODWHG�LQWHUQDOO\�LQ�/6�'\QD�DV�

்ߥ ൌ ்ߥ ή
்ܧ
ܧ

����

7KHUHIRUH��WKH�YDOXH�ͲǤͶ LV�XVHG�VLQFH�YDOXHV�ͲǤͲͶ WR�ͲǤͲͷ FRXOG�FDXVH�WKH்ߥ� ORZHU�WKDQ�

ͲǤͲͲͶ�

����� 3DUDOOHO�1RUPDO�0RGXOXV

$QRWKHU� HODVWLF� SURSHUW\� LQYHVWLJDWHG� LV� WKH� SDUDOOHO� QRUPDO� PRGXOXV� ��ܧ 6LQFH� WKH�

SUREOHP�LV�UHODWHG�WR�RQH�RI�WKH�QRUPDO�PRGXOL��LW�VHHPV�ORJLFDO�WR�LQYHVWLJDWH�WKH�RWKHU�

7KH�QRUPDO�PRGXOL�IURP�WKH�OLWHUDWXUH�UDQJH�IURP�ͺǡʹͲͲ WR���ǡ ͲͲ � ή ��ିଶ DQG�VKRZ

VRPH�GHJUHH�RI�PRLVWXUH�GHSHQGHQF\��GHFUHDVLQJ�ZLWK�KLJKHU�0&��7KHUHIRUH��WKH�RSWLPDO�

YDOXH�FDQ�DOVR�EH�VHDUFKHG�ORZHU�WKDQ�ͺǡʹͲͲ � ή ��ିଶ��6LQJOH�YDOXHV�DV�KLJK�DV�ͳͷǡͶͲͲ � ή



��

��ିଶ >��@ RU� HYHQ�ͳǡͲͲͲ � ή ��ିଶ >��@ ZHUH� XVHG� LQ� VRPH� VLPXODWLRQV� IRXQG� LQ� WKH�

OLWHUDWXUH��

7KH�YDOXH�ZDV�GHFUHDVHG�DQG�LQFUHDVHG�VLJQLILFDQWO\��VR�WKDW�DQ\�LQIOXHQFH RI�WKH�QRUPDO�

PRGXOXV�RQ� WKH�FKLS� IRUPDWLRQ�FDQ�EH�REVHUYHG��9DOXHV�ǡͲͲͲ � ή ��ିଶ DQG�ͳǡͲͲͲ � ή

��ିଶ ZHUH�XVHG�IRU�WKH�VLPXODWLRQV�

5HVXOWV

1R�FRQVLGHUDEOH�FKDQJH�LQ�WKH�FKLS�IRUPDWLRQ�ZDV�REVHUYHG�

����� 9HUVLRQ������± 3HUSHQGLFXODU�6KHDU�0RGXOXV

,W� LV� UHDVRQDEOH�� WKDW� SHUSHQGLFXODU� VKHDU� PRGXOXV� ��ோ்ܩ� FRXOG� LQIOXHQFH� WKH� FKLS�

IRUPDWLRQ��VLQFH�WKH�SHUSHQGLFXODU�3RLVVRQ¶V�UDWLR்ߥ�ோ LV�FDOFXODWHG�LQWHUQDOO\�E\�/6�'\QD�

DV�

ோ்ߥ ൌ
்ܧ െ ʹ ή ோ்ܩ

ோ்ܩ

����

)RU�WKH�YHUVLRQ�������WKH�UDWLR�LV்ߥ�ோ ൌ ͲǤͷ��(YHQ�WKRXJK�YDOXHV�DV�KLJK�DV�ͲǤͺ FDQ�EH�

IRXQG�LQ�WKH�OLWHUDWXUH��/6�'\QD�GRHV�QRW�DOORZ�WKH�XVHU�WR�LQSXW�3RLVVRQ¶V�UDWLRV�KLJKHU�WKDQ�

����HYHQ�IRU�RUWKRWURSLF�PDWHULDOV்ܩ��ோ ZDV�FKDQJHG�WR�ͷͲͲ � ή ��ିଶ WR�UHGXFH்ߥ�ோ WR�ͲǤͶ��

5HVXOWV

7KH�LQFUHDVH RI்ܩ�ோ DQG�WKXV�D�UHGXFWLRQ�RI ோ்ߥ OHDGV�WR�WKH�IRUPDWLRQ�RI�D�FKLS�ORRNLQJ�

VLPLODUO\�WR�WKH�RQH�IURP�YHUVLRQ�������ZLWK�D�ORZHU�QXPEHU�RI�HOHPHQWV�HURGLQJ��)LJ�������

6WLOO�HOHPHQWV�RYHUO\�VWUHWFK�WKURXJK�WKH�LQFLVRU��7KH�QH[W�VWHS�LV�WR�WDFNOH�WKLV�SUREOHP��7KLV�

YHUVLRQ�RI�WKH�VLPXODWLRQ�LV�WDNHQ�DV�D�UHIHUHQFH�



��

D� 9HUVLRQ������± 7KH�UHIHUHQFH�PDWHULDO�PRGHO E� 9HUVLRQ������± 7KH�EHHFK�ZRRG�PRGHO

)LJ���� � &RPSDULVRQ�RI�WKH�FKLSV�IURP�YHUVLRQV������DQG�����

����� 9HUVLRQ������± ,)$,/�RQ

7KH�,)$,/�IODJ�LQ�WKH�ILUVW�PDWHULDO�FDUG�WXUQV�RQ�DQG�RII�HURVLRQ�EDVHG�RQ�SHUSHQGLFXODU�

GDPDJH�

7KH�/6�'\QD�PDQXDO�VXJJHVWV�XVLQJ�WKLV�IODJ�RQO\�ZKHQ�H[FHVVLYH�SHUSHQGLFXODU�GDPDJH�

FDXVHV�FRPSXWDWLRQDO�GLIILFXOWLHV��+RZHYHU��WKH�W\SHV�RI�VLPXODWLRQV�IRU�ZKLFK�WKH�PDWHULDO�

PRGHO�LV�RULJLQDOO\�LQWHQGHG�IRU�GLIIHU�IURP�RXU�VLPXODWLRQ�FRQVLGHUDEO\��(URVLRQ�QRW�DOORZHG�

LQ� D� VSHFLILF�GLUHFWLRQ�FRXOG� H[SODLQ� WKH� HOHPHQWV� VWUHWFKLQJ� IDU� EH\RQG� WKH�SRLQW��ZKHUH�

IDLOXUH�ZRXOG�QRUPDOO\�RFFXU�

5HVXOWV

7KH�,)$,/�IODJ�VROYHG�WKH�SUREOHP�RI�WKH�RYHUO\�VWUHWFKHG�HOHPHQWV��+RZHYHU��WKH�IODJ�

DOVR� OHG� WR� D� FRQVLGHUDEOH� LQFUHDVH� LQ� WKH� QXPEHU� RI� HURGLQJ� HOHPHQWV�� $Q� LQFUHDVH�ZDV�

H[SHFWHG�VLQFH�D�QHZ�PHDQV�RI�HURVLRQ�LV�DOORZHG� EXW�QRW�DQ�LQFUHDVH�WKLV�KLJK��7KH�IRUPHG�

FKLS�LV�VKRZQ�LQ�)LJ������7KH�QH[W�VWHS�LV�WR�UHGXFH�WKH�QXPEHU�RI�HURGLQJ�HOHPHQWV��

D� ,)$,/� ����RII� E� ,)$,/� ����RQ�

)LJ���� � &RPSDULVRQ�RI WKH�FKLS�ZLWK�HURVLRQ�FDXVHG�E\�SHUSHQGLFXODU�GDPDJH�DOORZHG



��

������9HUVLRQ������± 7LPHVWHS�)XUWKHU�'HFUHDVHG

7KH� WLPHVWHS� LV� VHW� WR� �Ǥ Ͳ ή ͳͲି଼ ���$� IXUWKHU� GHFUHDVH� RI� WKH� WLPHVWHS� VHHPV� OLNH� WKH�

ORJLFDO�RSWLRQ��VLQFH�WKH�LQLWLDO�WLPHVWHS�GHFUHDVH�UHGXFHG�WKH�QXPEHU�RI�HURGLQJ�HOHPHQWV�

VLJQLILFDQWO\�

5HVXOWV

,Q�RUGHU� WR�PRGHO�D�PDWHULDO� IDLOXUH�� WKHUH� LV�D�PLQLPDO�QXPEHU�RI�HOHPHQWV� WKDW�PXVW�

HURGH��:LWK�WKH�WLPHVWHS�GHFUHDVHG��WKH�PLQLPDO�YDOXH�VHHPV�WR�KDYH�EHHQ�UHDFKHG�DQG�WKH�

FKLS�VKDSH�KDV�EHHQ�LPSURYHG�VLJQLILFDQWO\��)LJ�������

D� 9HUVLRQ������± WLPHVWHS� �ͶǤͲ ή ͳͲି଼ ݏ E�����9HUVLRQ������± WLPHVWHS� �ʹǤͲ ή ͳͲି଼ ݏ

)LJ���� � &RPSDULVRQ�RI�WKH�FKLSV�ZLWK�GLIIHUHQW�WLPHVWHSV

7KH� FXUUHQW� VKDSH� RI� WKH� FKLS� LV� VDWLVIDFWRU\� 7KH� QH[W� VWHS� LV� DQ� LQYHVWLJDWLRQ� RI� WKH�

LQIOXHQFH�RI�VLQJOH�SDUDPHWHUV�RQ�WKH�FXWWLQJ�IRUFHV��

��� &RQWDFW )RUFHV

7KH� LQYHVWLJDWLRQ�RI� WKH� LQIOXHQFH�RI� WKH�SDUDPHWHUV� LV�GRQH�RQ�D� VWLOO�YHU\�VLPSOLILHG�

PRGHO�� VR� WKDW� D� ODUJH�QXPEHU�RI� VLPXODWLRQV FDQ�EH� UXQ��7KH�YDULHG�SDUDPHWHUV� DQG� WKH�

DSSUR[LPDWH�LQFUHDVH�RU�GHFUHDVH�RI�WKH�FXWWLQJ�IRUFHV�LV�VXPPDUL]HG�LQ�7DEOH����9HUVLRQ�

�����LV�WDNHQ DV�D�UHIHUHQFH�DQG�RWKHU�YHUVLRQV�DUH�FRPSDUHG�ZLWK�LW�



��

7DEOH�� ± ,QIOXHQFH�RI�LQGLYLGXDO�SDUDPHWHUV�RU�VHW�RI�SDUDPHWHUV�RQ�WKH�FXWWLQJ�IRUFHV

9DULHG�SDUDPHWHU 5HIHUHQFH�YDOXH 1HZ�YDOXH [�IRUFH \�IRUFH ]�IRUFH

)ULFWLRQ ��� ��� ͳͷ Ψ െͳͲ Ψ ͳͲ Ψ

:RRG WKLFNQHVV ͲǤ �� ͳǤʹ �� QR�HIIHFW QR�HIIHFW QR�HIIHFW

7LPHVWHS ʹ ή ͳͲି଼ � Ͷ ή ͳͲି଼ � െͶͲ Ψ െͶͲ Ψ െͷͲ Ψ

7LPHVWHS ʹ ή ͳͲି଼ � ͳ ή ͳͲି଼ � ͳͲ Ψ ͳͲ Ψ ͳͲ Ψ

0HVK�[�GLPHQVLRQ ͲǤͲ �� ͲǤͳʹ �� ͳͲ Ψ ͳͲ Ψ ʹͲ Ψ

0HVK�[�GLPHQVLRQ ͲǤͲ �� ͲǤͲ͵ �� ʹͲ Ψ ͵Ͳ Ψ ͳͷ Ψ

0HVK�\�GLPHQVLRQ ͲǤʹͷ �� ͲǤͳʹͷ �� െͳͷ Ψ െͳͷ Ψ െʹͲ Ψ

0HVK�]�GLPHQVLRQ ͲǤͳ �� ͲǤʹ �� ͳͷ Ψ ͶͲ Ψ ͶͲ Ψ

0HVK�]�GLPHQVLRQ ͲǤͳ �� ͲǤͲͷ �� QR�HIIHFW QR�HIIHFW QR�HIIHFW

&RQWDFW�GHILQLWLRQ
1RGHV�WR�

VXUIDFH

6XUIDFH�WR�

VXUIDFH
െͺͲ Ψ െͷͲ Ψ െͳͲ Ψ

&RQWDFW�VFDOLQJ ͳ� ʹ� QR�HIIHFW QR�HIIHFW QR�HIIHFW

&RQWDFW�VFDOLQJ ͳ� Ͷ� QR�HIIHFW QR�HIIHFW QR�HIIHFW

(ODVWLF�PRGXOL
)URP�

YHUVLRQ ����

,QFUHDVHG�E\�

ʹͲ Ψ
െͳͲ Ψ െͳͲ Ψ െʹͲ Ψ



��

9DULHG�SDUDPHWHU 5HIHUHQFH�YDOXH 1HZ�YDOXH [�IRUFH \�IRUFH ]�IRUFH

(ODVWLF�PRGXOL
)URP�

YHUVLRQ ����

'HFUHDVHG�E\�

̱ʹͲ Ψ
ͳͲ Ψ ͳͲ Ψ ͳͲ Ψ

)DLOXUH�FULWHULD
)URP�

YHUVLRQ ����

,QFUHDVHG�E\�

̱ʹͲ Ψ
ʹͲ Ψ ʹͷ Ψ ͵Ͳ Ψ

3RLVVRQ¶V�UDWLR ͲǤͶ ͲǤʹ QR�HIIHFW QR�HIIHFW QR�HIIHFW

3RLVVRQ¶V�UDWLR ͲǤͶ ͲǤͲͷ QR�HIIHFW QR�HIIHFW QR�HIIHFW

)UDFWXUH�HQHUJLHV )URP�>��@

)URP�WKH�

PDWHULDO�

H[DPSOH

െ͵ͷ Ψ െ͵Ͳ Ψ െͶͲ Ψ

%�DQG�'�SDUDPHWHUV ͵Ͳ ͷͲ QR�HIIHFW QR�HIIHFW QR�HIIHFW

ܰ SDUDPHWHUV
ȁܰȁ ൌ ͲǤ͵

ୄܰ ൌ ͲǤ͵

ȁܰȁ ൌ ͲǤͶ

ୄܰ ൌ ͲǤͷ
QR�HIIHFW QR�HIIHFW QR�HIIHFW

ܿ SDUDPHWHUV
ܿȁȁ ൌ ͶͲͲ

ܿୄ ൌ ͳͲͲ

ܿȁȁ ൌ ͳͲͲ

ܿୄ ൌ ͳͲͲ
QR�HIIHFW QR�HIIHFW QR�HIIHFW

ܿ SDUDPHWHUV
ܿȁȁ ൌ ͶͲͲ

ܿୄ ൌ ͳͲͲ

ܿȁȁ ൌ ͳͲͲͲ

ܿୄ ൌ ͳͲͲͲ
ͳͲ Ψ ͳͲ Ψ ͳͲ Ψ

*+$5' Ͳ ͲǤͲʹ െͳͲ Ψ െͳͲ Ψ െͳͲ Ψ

7KH�LQYHVWLJDWLRQ�LV�GHVFULEHG�LQ�PRUH�GHWDLO�LQ�FKDSWHUV�������WR��������

7DEOH�� ± ,QIOXHQFH�RI�LQGLYLGXDO�SDUDPHWHUV�RU�VHW�RI�SDUDPHWHUV�RQ�WKH�FXWWLQJ�IRUFHV ± FRQW�



��

����� 9HUVLRQ������± 7KH�)LUVW�0RGHO

)RU� GHWHUPLQLQJ� WKH� GHSHQGHQFH� RI� VLQJOH� SDUDPHWHUV� RQ� WKH� FXWWLQJ� IRUFHV�� D� OHVV�

VLPSOLILHG�PRGHO�LV�FUHDWHG��:KHQHYHU�DQ�LQFUHDVH�RU�GHFUHDVH�LV�VWDWHG��LW�LV�PHDQW�LQ�WKH�

VHQVH�RI�DEVROXWH�YDOXHV�

0RGHO

7KH�PRGHO�LV�WKH�VDPH�DV�WKH�RQH�IURP�YHUVLRQV���;;��EXW�WUDQVODWLRQ�LQ�WKH�[�GLUHFWLRQ�LV�

DOORZHG�IRU�WKH� LQFLVRU��VR�WKDW� WKH�IHHG�FDQ�EH�SUHVFULEHG��$V�WKH�LQFLVRU�PRYHV�LQ� WKH�[�

GLUHFWLRQ��WKH�FXWWLQJ�GHSWK�VOLJKWO\�LQFUHDVHV�

9HORFLW\�3UHVFULSWLRQ

,Q�DGGLWLRQ�WR�WKH�%281'$5<B35(6&5,%('B027,21B6(7�GHILQLQJ�WKH�PRYHPHQW�

RI�WKH�ZRRG��%281'$5<B35(6&5,%('B027,21B5,*,'�LV�DGGHG�WR�GHILQH�WKH�[�IHHG�

RI� WKH� ULJLG� LQFLVRU�� ,QLWLDO� YHORFLW\� LV� DOVR� SUHVFULEHG� WR� WKH� LQFLVRU�� 7KH� YDOXH� RI� WKH�

SUHVFULEHG�YHORFLW\�LVݒ�௫ ൌ ͳʹǤ �� ή �ିଵ�

'DWDEDVH

7KH�RQO\�IRUFH�DFWLQJ�RQ�WKH�FXWWLQJ�V\VWHP�LV�WKH�IRUFH�WKDW�WKH�ZRRG�H[HUWV�RQ�WKH�LQFLVRU��

,W�IROORZV�WKDW�WKH�IRUFH�WUDQVIHUUHG�WKURXJK�WKH�FRQWDFW�EHWZHHQ�WKH�LQFLVRU�DQG�WKH�ZRRG�

VKRXOG�FRUUHVSRQG�ZLWK�WKH�RYHUDOO�IRUFH�PHDVXUHG�ZLWK�WKH�ORDG�FHOO�DQG�WKH�VWUDLQ�JDXJHV��

,Q�/6�'\QD��WKHUH�LV�D�SRVVLELOLW\�WR�RXWSXW�WKH�UHVXOWDQW�IRUFHV�WKDW�DUH�WUDQVIHUUHG�WKURXJK�D�

FRQWDFW�LQWR�DQ�$6&,,�ILOH�RU�WR�D�ELQDU\�GDWDEDVH��7KH�NH\ZRUG�'$7$%$6(B5&)25&�LV�

XVHG��

5HVXOWV

7KH� PDVWHU� �LQFLVRU�� [�IRUFH�� \�IRUFH�� DQG� ]�IRUFH� YDOXHV� RI� WKH� FRQWDFW� �����

�,QFLVRUBYVB:RRG��DUH�VKRZQ�LQ�D�SORW�LQ�)LJ�����



��

)LJ���� � &RQWDFW�IRUFHV�LQ�YHUVLRQ�����

$�VOLJKW� LQFUHDVH�FDQ�EH�VHHQ�LQ�DOO� WKH�FXWWLQJ�IRUFHV�GXULQJ�WKH�VLPXODWLRQ��7KH�PRVW�

SUREDEOH�H[SODQDWLRQ�LV�WKH�IDFW�WKDW�WKH�WKLFNQHVV�RI�WKH�FKLS�LQFUHDVHV�DV�WKH�LQFLVRU�PRYHV�

LQ�WKH�[�GLUHFWLRQ��)OXFWXDWLRQV�LQ�WKH�VLPXODWLRQ�DUH�PXFK�VPDOOHU�WKDQ�LQ�WKH�H[SHULPHQW��

:KLOH�WKH�IOXFWXDWLRQV�LQ�WKH�H[SHULPHQW�DUH�PRVW�OLNHO\�FDXVHG�E\�WKH�LQKRPRJHQHLW\�RI�WKH�

ZRRG��WKH�FDXVH�RI�WKH�IOXFWXDWLRQV�LQ�WKH�VLPXODWLRQ�LV�PRVW�OLNHO\�WKH�VWHS�FKDQJH�LQ�WKH�

IRUFHV�UHODWHG�WR�HOHPHQW�HURVLRQ��7KH�YDOXHV�VWDELOL]H�VKRUWO\�DIWHU�WKH�HQJDJHPHQW�RI�WKH�

LQFLVRU�� 7KHUHIRUH�� WKH� VLPXODWLRQ� FDQ� EH� WHUPLQDWHG� RQFH� VWDELOL]DWLRQ� LV� REVHUYHG� WR�

GHFUHDVH�WKH�FRPSXWDWLRQ WLPH��7KLV�YHUVLRQ�LV�WDNHQ�DV�D�UHIHUHQFH�

����� 9HUVLRQ������± )ULFWLRQ�,QFUHDVHG

6WDQGDUG�VHWWLQJ�IRU�IULFWLRQ�LQ�RXU�FRPSDQ\�LV�WKH�YDOXH������7KLV��KRZHYHU��LV�EHFDXVH�

PRVWO\�SODVWLF�SDUWV�DUH�XVHG�LQ�RXU�FRPSDQ\�VLPXODWLRQV��)ULFWLRQ�FRHIILFLHQWV�EHWZHHQ�ZRRG�

DQG�VWHHO�UDQJH�IURP�ͲǤʹ WR�ͲǤ� >��@��>��@ $�PRUH�UHDOLVWLF�IULFWLRQ�FRHIILFLHQW�����LV�FKRVHQ�

IRU�YHUVLRQ������

5HVXOWV

7KH�PHDVXUHG IRUFHV�DUH�FRPSDUHG�ZLWK�YHUVLRQ������LQ�)LJ�����



��

D� 9HUVLRQ�����

E� 9HUVLRQ�����

)LJ���� � &RPSDULVRQ�RI�WKH�IRUFHV�IURP�YHUVLRQV������DQG ����

7KH�[�IRUFH� DQG�\�IRUFH�GHFUHDVHG�VOLJKWO\�DQG� WKH�\�IRUFH�VOLJKWO\� LQFUHDVHG��9HUVLRQ�

�����LV�XVHG�DV�D�QHZ�UHIHUHQFH�VLQFH�WKH�IULFWLRQ�FRHIILFLHQW�LV�FRQVLGHUHG�PRUH�UHDOLVWLF��7KH�

ILQDO�IRUFHV�FDQ�EH�FDOLEUDWHG�E\�FKDQJLQJ�WKH�IULFWLRQ�FRHIILFLHQW�LQ�WKH�UDQJH�IURP�ͲǤʹ WR�

ͲǤ�



��

����� 9HUVLRQ������± 7KLFNHU�:RRG

,Q� WKH� PRGHO�� WKH� QRGHV� LQ� WKH� VHW� GHILQHG� IRU� WKH� PRYHPHQW� RI� WKH� ZRRG� KDYH� DOO�

PRYHPHQWV�LQ�WKH�[�DQG�\�GLUHFWLRQ�FRQVWUDLQHG��,Q�RUGHU�WR�ILQG�RXW�ZKHWKHU�WKH�ZRRG�LV�

WKLFN� HQRXJK� WR�PLQLPLVH� WKH� ULJLG� UHVSRQVH� RI� WKH� XSSHU� VXUIDFH�� D� VLPXODWLRQ�ZLWK� WKH�

WKLFNQHVV�RI�WKH�ZRRG�GRXEOHG�LV�UXQ�

5HVXOWV

$OPRVW�QR�LQIOXHQFH�LV�REVHUYHG�RQ�WKH�FXWWLQJ�IRUFHV�� ,W� LV� WKHUHIRUH�DVVXPHG�WKDW� WKH�

RULJLQDO�WKLFNQHVV�LV�VXIILFLHQW�

����� 7LPHVWHS�YDULDWLRQ

9HUVLRQV�ZLWK WKH�WLPHVWHS�ͶǤͲ ή ͳͲି଼ � DQG�ͳǤͲ ή ͳͲି଼ � DUH�UXQ�WR�VHH�WKH�LQIOXHQFH�RI�

WKH�WLPHVWHS�RQ�WKH�FRQWDFW�IRUFHV��

5HVXOWV

:LWK�WKH�WLPHVWHS�ͶǤͲ ή ͳͲି଼ � WKH�H[FHVVLYH�HOHPHQW�HURVLRQ�UHRFFXUUHG��DQG�WKH�FRQWDFW�

IRUFHV�GHFUHDVHG�VLJQLILFDQWO\��:LWK�WKH�WLPHVWHS�ͳǤͲ ή ͳͲି଼ � D�VOLJKW�LQFUHDVH�ZDV�REVHUYHG�

RQ�DOO�IRUFHV��DSSUR[���������7KH�WLPHVWHS�ZLOO�QHHG�WR�EH�GHFUHDVHG�IRU�FDOLEUDWLQJ�WKH�ILQDO�

IRUFHV��)RU�LQYHVWLJDWLQJ�WKH�LQIOXHQFH�RI�WKH�SDUDPHWHUV�RQ�WKH�FRQWDFW�IRUFHV��WKH�RULJLQDO�

WLPHVWHS�LV�FRQVLGHUHG�VXIILFLHQW�

����� 0HVK�VL]H�YDULDWLRQ

)LYH�YHUVLRQV�ZLWK�GLIIHUHQW�PHVK�VL]HV�ZHUH�UXQ�WR�LQYHVWLJDWH��LI�DQG�LQ�ZKLFK�PDQQHU�LV�

WKH�VLPXODWLRQ�PHVK�VL]H�GHSHQGHQW��7KH�PHVK�YHUVLRQV�DUH�

x 7KH�[�GLPHQVLRQ�GRXEOHG�± ͲǤͳʹ�ͲǤʹͷ�ͲǤͳ ��
x 7KH�[�GLPHQVLRQ�KDOYHG�± ͲǤͲ͵�ͲǤʹͷ �ͲǤͳ ��
x 7KH�\�GLPHQVLRQ�KDOYHG�± ͲǤͲ�ͲǤͳʹͷ�ͲǤͳ ��
x 7KH�]�GLPHQVLRQ�GRXEOHG�± ͲǤͲ�ͲǤʹͷ�ͲǤʹ ��
x 7KH�]�GLPHQVLRQ�KDOYHG�± ͲǤͲ�ͲǤʹͷ�ͲǤͲͷ ��

,Q�HDFK�GLUHFWLRQ��WKH�GLPHQVLRQ�ZDV�GRXEOHG�DQG�KDOYHG��H[FHSW�IRU�WKH�\�GLUHFWLRQ��LQ�

ZKLFK�WKH�GLPHQVLRQ�ZRXOG�EH�ͲǤͷ �� LI�GRXEOHG��ZKLFK�VHHPHG�WRR�KLJK�IRU�WKLV�NLQG�RI�

VLPXODWLRQ�LQ�DGGLWLRQ�WR�D�SRRU�DVSHFW�UDWLR��WKDW�ZRXOG�DULVH�



��

:KHQ� WKH� [� GLPHQVLRQ� LV� KDOYHG�� WKH� PLQLPDO� HOHPHQW� HGJH� OHQJWK� GHFUHDVHV� IURP�

ͲǤͲ �� WR� ͲǤͲ͵ �� VR� WKH� WLPHVWHS� PXVW� EH� GHFUHDVHG� DFFRUGLQJO\�� 7KH� GHFUHDVH� WR�

ͲǤͲͷ �� ZKHQ�WKH�]�GLUHFWLRQ�LV�KDOYHG�LV�FRQVLGHUHG�QHJOLJLEOH��

5HVXOWV

6XUSULVLQJO\��WKH�GRXEOLQJ�DQG KDOYLQJ�RI�WKH�[�GLPHQVLRQ�ERWK�FDXVHG�DQ�LQFUHDVH�LQ�DOO�

WKH�FXWWLQJ�IRUFHV�ZLWK�WKH�GLIIHUHQFH�EHLQJ�PRUH�VLJQLILFDQW�IRU�WKH�KDOYLQJ��$Q�H[SODQDWLRQ�

FRXOG�EH�WKDW�ZKLOH�WKH�GRXEOLQJ�FDXVHV�D�QHHG�IRU�PRUH�YROXPH�RI�HOHPHQWV�WR�HURGH��OHDGLQJ

WR�OHVV�DFFXUDF\��WKH�KDOYLQJ�FDXVHV�D�SRRUHU�DVSHFW�UDWLR�IRU�WKH�HOHPHQWV�

+DOYLQJ�WKH�\�GLUHFWLRQ�OHDGV�WR�D�FRQVLGHUDEOH�GHFUHDVH�LQ�DOO�WKH�FXWWLQJ�IRUFHV��DSSUR[��

ʹͲǦ͵Ͳ Ψ���

,Q�WKH�]�GLUHFWLRQ��ZKHQ�WKH�GLUHFWLRQ�LV�GRXEOHG��D�VLJQLILFDQW�LQFUHDVH�RFFXUV��:KHQ WKH�

GLUHFWLRQ�LV�KDOYHG��KRZHYHU��QR�VLJQLILFDQW�FKDQJH�LV�REVHUYHG�

*HQHUDOO\��D�UHILQHPHQW�RI�WKH�PHVK�OHDGV WR�D�UHGXFWLRQ�RI�WKH�IOXFWXDWLRQV DQG�YLFH�YHUVD��

7KH�ZRRG�LV�FOHDUO\�PHVK�VL]H�VHQVLWLYH�IRU�WKLV�NLQG�RI�VLPXODWLRQ�LQ�ERWK�WKH�[ DQG�\�

GLUHFWLRQV�� ,Q� WKH� ]�GLUHFWLRQ�� WKH�PHVK� LV� DVVXPHG� WR�EH� ILQH� HQRXJK��)RU�PRUH�DFFXUDWH�

UHVXOWV��D�ILQHU�PHVK�ZRXOG�EH�QHHGHG��EXW�D�VLJQLILFDQW�LQFUHDVH�LQ�FRPSXWDWLRQ�WLPH�ZRXOG�

IROORZ��6LQFH� WKH�FDOLEUDWHG�PDWHULDO�PRGHO� LV� LQWHQGHG�IRU� ODUJH�DQG�FRPSOLFDWHG�PRGHO��

H[FHVVLYH�LQFUHDVH�LQ�FRPSXWDWLRQ�WLPH�ZRXOG�PDNH�WKH�PDWHULDO�PRGHO�XVHOHVV��5HILQHPHQW�

RI�WKH�PRGHO�RI�WKH�ZRRG�PXVW�EH�GRQH�FDXWLRXVO\�

����� &RQWDFW�GHILQLWLRQ

%HVLGHV� &217$&7B(52',1*B12'(6B72B685)$&(�� /6�'\QD� RIIHUV� WZR�PRUH�

HURGLQJ�FRQWDFW�GHILQLWLRQV��

x &217$&7B(52',1*B6,1*/(B685)$&(
x &217$&7B(52',1*B685)$&(B72B685)$&(

6LQFH� QR� IRUFHV� FDQ� EH� RXWSXW� IRU� WKH� VLQJOH� VXUIDFH� FRQWDFW�� EHFDXVH� LW� KDV� RQO\� RQH�

VXUIDFH�ZKLFK�JHQHUDWHV�ERWK�WKH�DFWLRQ�DQG�UHDFWLRQ�ZKLFK�QXOOLI\�HDFK�RWKHU�LQ�WKH�UHVXOWDQW�

IRUFHV��WKH�RQO\�RWKHU�RSWLRQ�LV�WKH�VXUIDFH�WR�VXUIDFH�FRQWDFW��$�FRQWDFW�RI�WKH�VXUIDFHV�LV�

JHQHUDOO\� FORVHU� WR� UHDOLW\� VLQFH� QR� SDUWV� FDQ� SHQHWUDWH�ZLWKRXW� D� IRUFH� EHLQJ� JHQHUDWHG��



��

+RZHYHU��IRU�WKH�HURGLQJ�HOHPHQWV��FRPSXWDWLRQ�GLIILFXOWLHV�PD\�RFFXU�DV�WKH�QRUPDO�RI�WKH�

VXUIDFH�FKDQJHV�LWV�GLUHFWLRQ�UDSLGO\�

5HVXOWV

/DUJHU� IOXFWXDWLRQV� RFFXUUHG� LQ� WKH� FXWWLQJ� IRUFHV� DQG� WKH� [�IRUFH� ZDV� GHFUHDVHG�

GUDPDWLFDOO\��7KH�IRUFHV�DUH�VKRZQ�LQ�)LJ�����

)LJ���� � 6XUIDFH�WR�VXUIDFH�FRQWDFW�IRUFHV

$FFRUGLQJ�WR�WKH�H[SHULPHQW��WKH�[�IRUFH�VKRXOG�EH�KLJKHU�WKDQ�WKH�]�IRUFH��7KH�QRGHV�WR�

VXUIDFH�FRQWDFW�LV DVVXPHG�WR�EH�D�EHWWHU�ILW�IRU�WKLV�VLPXODWLRQ�

����� &RQWDFW�VFDOLQJ

,Q�WKH�FRQWDFW�NH\ZRUG��WKHUH�LV�DQ�RSWLRQ�WR�VFDOH�WKH�FRQWDFW�VWLIIQHVV��,W�VHHPV�ORJLFDO�

WKDW�WKLV�FRXOG�LQIOXHQFH�WKH�FRQWDFW�IRUFHV��6FDOH�IDFWRUV���DQG���ZHUH�XVHG�

5HVXOWV

7KH�FRQWDFW�VFDOLQJ�KDG�OLWWOH�WR�QR�HIIHFW�RQ�WKH�UHVXOWDQW�IRUFHV�



��

����� (ODVWLF�0RGXOL

7KH�QH[W�VWHS�DIWHU�LQYHVWLJDWLQJ�WKH�LQIOXHQFH�RI�WKH�VLPXODWLRQ�VHWWLQJV�RQ WKH�FRQWDFW�

IRUFHV�LV�WR�LQYHVWLJDWH�WKH�PDWHULDO�PRGHO�

7KHUH�DUH�D�ORW�RI�SDUDPHWHUV�WKDW�FDQ�EH�LQYHVWLJDWHG��,W�ZRXOG�EH�EH\RQG WKH�VFRSH�RI

WKLV� WKHVLV� WR� LQYHVWLJDWH� HDFK� SDUDPHWHU� LQGLYLGXDOO\�� 6RPH� SDUDPHWHUV� DUH� WKHUHIRUH�

PRGLILHG�LQ�JURXSV��7KH�ILUVW�JURXS�RI�SDUDPHWHUV�LV�WKH�HODVWLF�PRGXOL��,W�LV�ORJLFDO�WKDW�WKH�

VWLIIQHVV�RI�D�PDWHULDO�FRXOG�LQIOXHQFH�WKH�FXWWLQJ�IRUFHV�

7KH�QRUPDO�PRGXOL�ZHUH�GLVFXVVHG�LQ�FKDSWHUV�������DQG��������

7KH� YDOXHV� IRU� WKH� SDUDOOHO� VKHDU� PRGXOXV� ��்ܩ� LQ� WKH� OLWHUDWXUH� UDQJH� IURP� Ͷʹ WR�

ͳͶͲ � ή ��ିଶ ZLWK� WKH� ்ܩ DQG� ோܩ YDOXHV� EHLQJ� UHODWLYHO\� FORVH� DQG� QR� PRLVWXUH�

GHSHQGHQF\�DVVXPHG��7KH�RSWLPDO�YDOXH�LV�VHDUFKHG�LQ�WKLV�UDQJH�

7KH�SHUSHQGLFXODU�VKHDU�PRGXOXV��்ܩோ��UDQJHV�IURP�ʹ͵Ͷ WR�ʹͲ � ή ��ିଶ�

7DEOH�� VKRZV�WKH�HODVWLF�PRGXOL�XVHG�LQ�WKH�IROORZLQJ�YHUVLRQV�

7DEOH�� � 7KH�HODVWLF�PRGXOL�IRU�YHUVLRQV������DQG�����

ܧ ்ܧ ்ܩ ோ்ܩ

9HUVLRQ����� ͳ͵ǡʹͲͲ ͳǡͷͲ ͳʹͲͲ ͲͲ

9HUVLRQ����� ͻǡͲͲͲ ͳǡͲͲͲ ͺͲͲ ͵ͷͲ

5HVXOWV

7KH�IRUFHV�GHFUHDVH�ZLWK�LQFUHDVLQJ�VWLIIQHVV�DQG�YLFH�YHUVD��,Q�YHUVLRQ������DOO�IRUFHV�

GHFUHDVH�E\�DSSUR[��ͳͲ WR�ʹͲ Ψ��,Q�YHUVLRQ������WKH�IRUFHV�LQFUHDVH�E\�DSSUR[��ͳͲ Ψ�

����� )DLOXUH�&ULWHULD

7KH�LQIOXHQFH�RI�WKH�IDLOXUH�FULWHULD�VKRXOG�EH�SUHGLFWDEOH��$Q�LQFUHDVH�RI�WKH�IRUFHV�ZLWK�

LQFUHDVLQJ�VWUHQJWK�LV�H[SHFWHG��



��

7KH� WHQVLOH� VWUHQJWK� LV� WKH� RQO\� SDUDPHWHU� H[KLELWLQJ� PRLVWXUH� GHSHQGHQF\�� 7KH� GDWD�

FRQVLVW�RI�YDOXHV�IURP�RQH�VRXUFH�DQG�RQH�YDOXH�IURP�RQH�DQRWKHU�VRXUFH�IRU�WKH�ORQJLWXGLQDO�

GLUHFWLRQ�ZKLFK�GHFUHDVHG� WKH�&R'�RI� WKH�PRLVWXUH�GHSHQGHQF\� VLJQLILFDQWO\�� ,W�PXVW�EH�

WDNHQ� LQWR� FRQVLGHUDWLRQ� WKDW� LI� GDWD� IURP� RWKHU� VRXUFHV� ZHUH� DYDLODEOH�� WKH� &R'� RI� WKH�

PRLVWXUH�GHSHQGHQF\�FRXOG�GHFUHDVH�IXUWKHU�

7KH�UDQJHV�IRU�WKH�FRPSUHVVLYH�DQG�VKHDU�VWUHQJWKV�DUH�ZLGH��7KH�UDQJHV�DUH�VXPPDULVHG�

LQ�7DEOH���

7DEOH�� � 5DQJHV�RI�WKH�PDWHULDO�VWUHQJWKV�LQ�ܰ ή ݉݉ିଶ��WKH�YDOXH�LQ�WKH�EUDFNHWV�LV�IURP�RQH�VRXUFH >��@ DQG�GLIIHUV�
FRQVLGHUDEO\

்ܺ ܺ ்ܻ ܻ ܵ ܵ

ͺͲ െ ͳʹͳ Ͷͷ െ Ͷ Ǥ͵ െ ʹͳǤͶ  െ ͳʹǤͻ ሺͷʹǤͶሻ ͳͶǤʹ െ ʹͲǤͺ ͷǤ െ ʹͶ

6XJJHVWLRQV�IURP�WKH�/6�'\QD PDQXDO�DUH�DOVR�WDNHQ�LQWR�FRQVLGHUDWLRQ��

2QH�VXJJHVWLRQ�LV�WKDW�WKH�்ܻ YDOXH�VKRXOG�EH����WR����WLPHV�ORZHU�WKDQ�்ܺ��7KLV�ZRXOG�

PHDQ�WKDW�WKH�்ܻ YDOXH�VKRXOG�QRW�H[FHHG�Ͷ � ή ��ିଶ��9DOXHV�ORZHU�WKDQ�Ǥ͵ � ή ��ିଶ DUH�

SODXVLEOH�VLQFH�WKH�YDOXH�GHFUHDVHV�ZLWK�LQFUHDVLQJ�0&��

7KH�PDQXDO�DOVR�VXJJHVWV�WKDW� ܻ VKRXOG�EH�Ͷ WR�ͷ WLPHV�ORZHU�WKDQ�ܺ��9DOXHV�FORVH�WR�

ܻ ൌ ͷʹǤͶ � ή ��ିଶ VKRXOG�EH�DYRLGHG�

7KH�YDOXHV�XVHG�LQ�YHUVLRQ������DUH�OLVWHG�LQ�7DEOH���

7DEOH�� � &DUG���IRU�YHUVLRQ�����

்ܺ ܺ ்ܻ ܻ ܵ ܵ

ͳʹͲ Ͳ  ͳʹ ͳͷ ͳͷ

5HVXOWV

7KH� LQFUHDVH� RI� WKH� VWUHQJWK� SDUDPHWHUV� OHG� WR� DQ� LQFUHDVH� RI� WKH� FRQWDFW� IRUFHV� DV�

H[SHFWHG��$Q�LQFUHDVH�E\�DSSUR[��ʹͲ Ψ OHG�WR�D��Ͳ WR��Ͳ Ψ LQFUHDVH�RI�WKH�IRUFHV�



��

������ 3RLVVRQ¶V�5DWLR

7KH�3RLVVRQ¶V�UDWLR�LV�GLVFXVVHG�LQ�FKDSWHU��������,W�FRXOG�DOVR�LQIOXHQFH�WKH�FRQWDFW�IRUFHV�

VLQFH� LW� LQIOXHQFHV� WKH�GHIRUPDWLRQ�RI� WKH�HOHPHQWV��9DOXHV�ͲǤʹ DQG�ͲǤͲͷ DUH�XVHG� LQ� WKH�

VLPXODWLRQV�

5HVXOWV

7KH�FKDQJH�RI�WKH�3RLVVRQ¶V�UDWLR�KDG�QR�VLJQLILFDQW HIIHFW�RQ�WKH�FRQWDFW�IRUFHV�

������ 6RIWHQLQJ�3DUDPHWHUV

/6�'\QD�GHILQHV�WKH�IUDFWXUH�HQHUJ\�DV�WKH�DUHD�XQGHU�WKH�VWUHVV�GLVSODFHPHQW�FXUYH�DV�LW�

VRIWHQV�IURP�SHDN�VWUHVV�WR�]HUR�VWUHVV��9DOXHV�DSSUR[LPDWHG�IURP�IUDFWXUH�LQWHQVLWLHV�ZHUH�

IRXQG LQ >��@�

3DUDPHWHUV %� DQG� '� LQIOXHQFH� WKH� VKDSH� RI� WKH� VWUHVV�GLVSODFHPHQW� FXUYH�� /6� '\QD�

UHFRPPHQGV�WKH�UDQJH�IURP�ͳͲ WR�ͷͲ�

7KH�SRVWSHDN�GDPDJH�SDUDPHWHUV ݀ெ WKH�PD[LPXP�GDPDJH�WKDW�FDQ�DFFXPXODWH��7KH�

UHFRPPHQGHG�YDOXHV�݀ெȁȁ
ൌ ͲǤͻͻͻͻ DQG�݀ெୄ

ൌ ͲǤͻͻ DUH�XVHG�

7KH�VRIWHQLQJ�SDUDPHWHUV�DUH�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�>��@�

9HUVLRQ������KDV�WKH�IUDFWXUH�HQHUJLHV�IURP�WKH�PDWHULDO�H[DPSOH��,Q�YHUVLRQ������WKH�%�

DQG�' SDUDPHWHUV�DUH�LQFUHDVHG�WR�ͷͲǤ

5HVXOWV

,Q� YHUVLRQ� ������ WKH� VLJQLILFDQW� GHFUHDVH� RI� IUDFWXUH� HQHUJLHV� OHG� WR� D� GHFUHDVH� RI� WKH�

FRQWDFW�IRUFHV�E\�DSSUR[��͵Ͳ WR�ͶͲ Ψ��

,Q�YHUVLRQ�������QR�VLJQLILFDQW�HIIHFW�RQ�WKH�FRQWDFW�IRUFHV�ZDV�REVHUYHG�

������ +DUGHQLQJ�3DUDPHWHUV

7KH� SUHSHDN� KDUGHQLQJ� SDUDPHWHUV�ܰ DQG� ܿ GHWHUPLQDWH� WKH� LQLWLDWLRQ� DQG� WKH� UDWH� RI�

SUHSHDN�KDUGHQLQJ��7KH�ZD\�LQ�ZKLFK�WKH\�LQIOXHQFH�WKH�VWUHVV�VWUDLQ�FXUYH�LV�GHVFULEHG�LQ�

)LJ�����



��

)LJ���� � ,QIOXHQFH�RI�WKH�SUHSHDN�KDUGHQLQJ�SDUDPHWHUV�RQ�WKH�VWUHVV�VWUDLQ�FXUYH�>��@

7KH�PDQXDO�VXJJHVWV�XVLQJ�WKH�YDOXHV�ͲǤ͵ IRU�ERWK�ܰ YDOXHV�RU�WKH�YDOXHV�FDQ�EH�WDNHQ�

IURP�WKH�H[DPSOH� ȁܰȁ ൌ ͲǤͷ DQG� ୄܰ ൌ ͲǤͶ��)RU�WKH�ܿ YDOXHV��WKH�UHFRPPHQGHG�UDQJH�LV�ͳͲͲ

WR�ͳͲͲͲ�

*+$5'�LV�DQ�DGGLWLRQDO�KDUGHQLQJ�SDUDPHWHU�WKDW�SURGXFHV�FRQWLQXHG�KDUGHQLQJ�WKDW�FDQ�

VXUSDVV�WKH�XOWLPDWH�\LHOG�VXUIDFH��7KH�PDQXDO�UHFRPPHQGV�HLWKHU�D�]HUR�YDOXH�IRU�SHUIHFW�

SODVWLFLW\�LQ�FRPSUHVVLRQ�RU�D�VPDOO�SRVLWLYH�YDOXH�H�J��ͲǤͲʹ�

9HUVLRQ������KDV�WKH�KDUGHQLQJ�LQLWLDWLRQ�SDUDPHWHUV�LQFUHDVHG�WR�ܰ ȁȁ ൌ ͲǤͷ DQG�ܰ ୄ ൌ ͲǤͶ��

9HUVLRQV������DQG������KDYH�WKH�KDUGHQLQJ�UDWHV�VHW�WR�ͳͲͲ DQG�ͳͲͲͲ UHVSHFWLYHO\��,Q�YHUVLRQ�

�����WKH�*+$5'�SDUDPHWHU�LV�VHW�WR�ͲǤͲʹ��

5HVXOWV

7KH�HDUOLHU�KDUGHQLQJ� LQLWLDWLRQ�KDG�QR� VLJQLILFDQW� HIIHFW� RQ� WKH� IRUFHV�� ,QFUHDVLQJ� WKH�

KDUGHQLQJ� UDWH� OHG� WR� D� VOLJKW� LQFUHDVH� RI� WKH� IRUFHV� �DSSUR[�� ͳͲ Ψ GLIIHUHQFH� EHWZHHQ�

YHUVLRQV������DQG��������7KH�*+$5'�SDUDPHWHU�OHG�WR�D�GHFUHDVH�RI�WKH�IRUFHV�E\�DSSUR[��

ʹͲ Ψ��



��

� )LQDO�9HUVLRQ

8VLQJ�WKH�NQRZOHGJH�JDLQHG�LQ�FKDSWHU����WKH�PRGHO�LV�FDOLEUDWHG�VR�WKDW�WKH�QXPHULFDOO\�

GHWHUPLQHG� FXWWLQJ� IRUFHV� PDWFK� WKRVH� WKDW� ZHUH� PHDVXUHG� H[SHULPHQWDOO\� DV� FORVHO\� DV�

SRVVLEOH�

D� )XOO�HQJDJHPHQW�RI�WKH�LQFLVRU

E� 7KH�HGJH�RI�WKH�SUHFXW�SDUDOOHO�WR�DQ�DUURZ�VKRZLQJ�WKH�WUDMHFWRU\�RI�WKH�UHODWLYH�PRWLRQ��WKH�[�GLUHFWLRQ�LV�
VFDOHG�IRU�EHWWHU�FOHDUQHVV

)LJ���� � )LQDO�PRGHO�RYHUYLHZ

��� &RQWDFW�)RUFHV

7R�FRPSDUH�WKH�FRQWDFW�IRUFHV�ZLWK�WKH�H[SHULPHQWDO�GDWD��WKH�PRGHO�PXVW�EH�PRGLILHG�WR�

REWDLQ D�EHWWHU�PDWFK�ZLWK�WKH�UHDOLW\��7KH�ZRRG�JHRPHWU\�LV�PRGLILHG��7KH�QHZ�JHRPHWU\�



��

LV�D�UHSUHVHQWDWLRQ�RI�D�SUHFXW�ZRRGHQ�EORFN�VR�WKDW�WKH�LQFLVRU�LV�HQJDJHG�HYHQO\�DFURVV�WKH�

ZLGWK�DQG�WKH�FXWWLQJ�GHSWK�LV�ͲǤ͵ �� WKURXJKRXW�WKH�ZKROH�VLPXODWLRQ��7KH�PRGHO�LV�VKRZQ�

LQ�)LJ������7KH�SODQH�RI�WKH�FXW�LV�SDUDOOHO�WR�WKH�WUDMHFWRU\�RI�WKH�UHODWLYH�PRWLRQ�RI�WKH�LQFLVRU�

DQG�WKH�ZRRG�

����� 0HVK

7KH�ZRRG�JHRPHWU\�LV�D�OLWWOH�PRUH�FRPSOLFDWHG DQG�GLIIHUHQW�PHVKHV�RI�WKH�VDPH�VL]H�

FDQ�EH�DSSOLHG��7ZR�YHUVLRQV�RI�PHVKHV�WKDW�DUH�DV�VLPSOH�DV�SRVVLEOH�DUH�VKRZQ�LQ�)LJ�����

)LJ���� � &RPSDULVRQ�RI�WKH�PHVKHV�IRU�WKH�ILQDO�PRGHO

'XULQJ� WKH� ILQDO� FDOLEUDWLRQ�� LW� ZDV� GLVFRYHUHG� WKDW� ZLWK� VOLJKWO\� GLIIHUHQW� VHWWLQJV�� D�

FKDQJH�IURP�RQH�PHVK�WR�WKH�RWKHU�FDQ�OHDG�ERWK�WR�DQ�LQFUHDVH�RU�WR�D�GHFUHDVH�RI�WKH�FRQWDFW�

IRUFHV�

7KH� VHFRQG�YHUVLRQ�ZDV� FKRVHQ� DV� LW� LV� FORVHU� WR� WKH�PHVK� WKDW�ZRXOG� EH� XVHG� LQ� WKH�

VLPXODWLRQ��IRU�ZKLFK�WKH�PDWHULDO�PRGHO�LV�LQWHQGHG�IRU�

7KH�EDVLF�GLPHQVLRQV�RI�WKH�PHVK�DUH�ͲǤͲ�ͲǤͳʹͷ�ͲǤͳ ���

����� 6LPXODWLRQ�6HWWLQJV

7KH�WLPHVWHS�LV�VHW�WR�͵ ή ͳͲିଽ ���7KH�IULFWLRQ�LV�VHW�WR�ͲǤͶ��7KH�PDWHULDO�GDWD�DUH�VKRZQ�LQ�

)LJ�����



��

)LJ���� � )LQDO�YHUVLRQ�RI�WKH�PDWHULDO

����� (YDOXDWLRQ

0HDQ� YDOXHV� DUH� FDOFXODWHG� RQ� WKH� WLPH� LQWHUYDO� ZKHUH� WKH� IRUFH� IOXFWXDWHV� DURXQG� D�

FRQVWDQW�YDOXH�DQG�DUH�FRPSDUHG�ZLWK�WKH�H[SHULPHQW��

����� 5HVXOWV

7KH�FRQWDFW�IRUFHV�DUH�VKRZQ�LQ�)LJ�����



��

)LJ���� � &RQWDFW�IRUFHV

,W�FDQ�EH�VHHQ�WKDW�VLQFH�WKH�FXWWLQJ�GHSWK�LV�FRQVWDQW��WKH�FRQWDFW�IRUFHV�GR�QRW�LQFUHDVH�

GXULQJ�WKH�VLPXODWLRQ��ZKHQ�WKH�LQFLVRU�LV�HQJDJHG�

7DEOH�� VKRZV�WKH�FRPSDULVRQ�RI�WKH�FXWWLQJ�IRUFHV�ZLWK�WKH�H[SHULPHQW�

7DEOH�� � &RPSDULVRQ�RI�WKH�IRUFHV�IURP�WKH�H[SHULPHQW�DQG�WKH�VLPXODWLRQ

[�IRUFH�>1@ \�IRUFH�>1@ ]�IRUFH�>1@

([SHULPHQW ͲǤͳͳ െ ͲǤͳͶ ͲǤ͵͵ െ ͲǤ͵ ͲǤͲͷ െ ͲǤͲ

6LPXODWLRQ ͲǤͳͶ ͲǤͶʹ ͲǤͳ͵

7KH�IRUFHV�LQ�WKH�[�DQG�\�GLUHFWLRQV�VKRZ�DQ�H[FHSWLRQDOO\�JRRG�PDWFK��EHLQJ�ͳ Ψ DQG�

ͳͶ Ψ DERYH�WKH�PD[LPDO�PHDVXUHG�YDOXH��7KH ]�IRUFH�IURP�WKH�VLPXODWLRQ�LV�ͻʹ Ψ DERYH�

WKH�PD[LPDO�PHDVXUHG� YDOXH�� 7KH� ]�IRUFH� VKRZHG� D� VOLJKW� GHFUHDVH�ZLWK� WKH� GHFUHDVLQJ�

GLDPHWHU�RI�WKH�ZRRG�VR�WKH�IRUFH�PLJKW�EH�VOLJKWO\�LQIOXHQFHG�E\�WKH�VLPSOLILFDWLRQ�RI�WKH�

PRGHO�ZLWK WKH WUDQVODWLRQ�LQVWHDG�RI�WKH�URWDWLRQ��$QRWKHU�IDFWRU�LQIOXHQFLQJ�WKH�IRUFH�LV�WKH�

PHVK�GHSHQGHQF\��ZLWK�WKH�IRUFHV�YDU\LQJ�QRW�RQO\�ZLWK�GLIIHUHQW�PHVK�VL]HV��EXW�DOVR�ZLWK�

GLIIHUHQW� RULHQWDWLRQ� �DV�ZDV� VKRZQ� LQ� FKDSWHU� ��������$QRWKHU� IDFWRU� FRXOG� EH� XVLQJ� WKH�

WUDQVYHUVHO\�LVRWURSLF�PDWHULDO�PRGHO�LQVWHDG�RI�DQ�RUWKRWURSLF�RQH��



��

:D\V� RI� GHFUHDVLQJ� WKH� ]�IRUFH� DUH� NQRZQ� IURP� FKDSWHU� �����+RZHYHU�� LW�ZRXOG� DOVR�

LQIOXHQFH�WKH�RWKHU�WZR�IRUFHV��7KH�LQFLVRUV�RQ�D�FKDLQVDZ�DUH�DOLJQHG�LQ�VXFK�D�ZD\��WKDW�

HYHU\�WZR�FRQVHFXWLYH�LQFLVRUV�DUH�V\PPHWULFDO�DERXW�WKH�[�\�SODQH �)LJ�������

)LJ���� � 7KH�FRQILJXUDWLRQ�RI�WKH�LQFLVRUV�RQ�D�VDZ�FKDLQ�>��@

7KLV�FRQILJXUDWLRQ�LV�DOVR�XVHG�LQ�WKH�VLPXODWLRQ��IRU�ZKLFK�WKH�PDWHULDO�PRGHO�LV�LQWHQGHG��

DQG�LW�HQVXUHV�WKDW�WKH�]�IRUFHV�DFWLQJ�RQ�WKH�VDZ�FKDLQ�DUH�QXOOLILHG��7KHUHIRUH��WKH�GLIIHUHQFH�

RI�WKH�]�IRUFHV�LV�FRQVLGHUHG�DFFHSWDEOH�

��� &KLS�)RUPDWLRQ

)RU�D�FRPSDULVRQ�RI�WKH�FKLS�ZLWK�WKH�KLJKVSHHG�FDPHUD�UHFRUGLQJV��WKH�PRGHO�LV�VOLJKWO\�

FKDQJHG��7KH�WRRO�LV�DGGHG�WR�WKH�VLPXODWLRQ�DV�DQ�HODVWLF�SDUW��7KH�IHHG�YHORFLW\�SUHVFULSWLRQ�

LV�DSSOLHG�RQ�D�QRGDO�VHW�RQ�WKH�WRRO�LQVWHDG�RI�WKH�LQFLVRU��7KH�PRYHPHQW�RI�WKH�LQFLVRU�LV�

QRW�FRQVWUDLQHG LQ�JHQHUDO�GLUHFWLRQV��,QVWHDG��D VHW�RI�QRGHV�RQ�WKH�WRRO�LV�DGGHG�WR�WKH�ULJLG�

LQFLVRU�E\�WKH�NH\ZRUG�&21675$,1('B(;75$B12'(6B6(7�WR�UHSUHVHQW�D�FRQQHFWLRQ�

E\�EROWV��$�FRQWDFW�EHWZHHQ�WKH�WRRO�DQG�WKH�ZRRG�LV�DOVR�GHILQHG�

����� 5HVXOWV

$�FRPSDULVRQ�RI�WKH�FKLSV�LV�VKRZQ�LQ�)LJ�����



��

)LJ���� � &RPSDULVRQ�RI�WKH�FKLSV

7KH�FKLS�IURP�WKH�VLPXODWLRQ�PDWFKHV�WKH�H[SHULPHQW�UHODWLYHO\�ZHOO��,W�FDQ�EH�VHHQ�WKDW�

WKH�FKLS�IURP�WKH�VLPXODWLRQ�LV�VOLJKWO\�PRUH�FXUYHG��7KH�UHDVRQ�FRXOG�EH�WKDW�WKH�FKLS�LV�QRW�

LQ�FRQWDFW�ZLWK�WKH�WRRO�IRU�D�WLPH�ORQJ�HQRXJK�WR�VWDELOL]H��$�VLPXODWLRQ�ZLWK�D�ORQJHU�SLHFH�

RI�ZRRG�GRHV�QRW�QHHG�WR�EH�UXQ�VLQFH�WKH�PDWFK�LV�DOUHDG\�UHODWLYHO\�JRRG��



��

� &RQFOXVLRQ

7KH�DLP�RI�WKLV�WKHVLV�ZDV�WR�UHVHDUFK�WKH�UDQJHV�RI�PDWHULDO�SURSHUWLHV�RI�(XURSHDQ�EHHFK�

ZRRG��3URSHUWLHV�RI�ZRRG�YDU\�IURP�SLHFH�WR�SLHFH��VR�D�UDQJH�RI�YDOXHV�ZDV�IRXQG��UDWKHU�

WKDQ H[DFW�YDOXHV�

7KHQ� WKH� DLP� ZDV� WR� UXQ� QXPHULFDO� VLPXODWLRQV� RI� ZRRG� FXWWLQJ�� YDU\� WKH� PDWHULDO�

SURSHUWLHV LQ�WKH�UDQJHV�IRXQG��DV�ZHOO�DV�RWKHU�VLPXODWLRQ�VHWWLQJV��DQG�GHWHUPLQH�KRZ�WKRVH�

SDUDPHWHUV�LQIOXHQFH�WKH�FXWWLQJ�IRUFHV�

7KH�ILQDO�JRDO�ZDV� WR�DSSO\� WKH�JDLQHG�NQRZOHGJH�DQG�FDOLEUDWH�D�VLPXODWLRQ�RI�ZRRG�

FXWWLQJ�WR�PDWFK�WKH�FXWWLQJ�IRUFHV�DQG�WKH�FKLS�IRUPDWLRQ�ZLWK�WKH�H[SHULPHQW�

0DWHULDO�GDWD�ZDV�H[WUDFWHG�IURP����GLIIHUHQW�VRXUFHV�DQG�DQDO\VHG��7KH�GDWD�ZDV�SXW�

WRJHWKHU�DQG�D�ILUVW�PDWHULDO�PRGHO�ZDV�FUHDWHG�

7KHQ��LQIOXHQFH�RI���SDUDPHWHUV�RQ�WKH�FKLS�IRUPDWLRQ�DQG����SDUDPHWHUV�RU�JURXSV�RI�

SDUDPHWHUV�RQ�WKH�FXWWLQJ�IRUFHV�ZDV�LQYHVWLJDWHG�

7KH� JDLQHG� NQRZOHGJH� ZDV� DSSOLHG IRU� FDOLEUDWLRQ�� 7KH� UHVXOW� ZDV� D� PRGHO� ZLWK� D�

SDUWLFXODUO\�JRRG�PDWFK LQ�WKH�[�IRUFH�DQG�\�IRUFH��7KH�PDWFK�LQ�WKH�]�IRUFH�ZDV�VXIILFLHQW�

IRU�WKH�RQFRPLQJ�VLPXODWLRQV��7KH�FDOLEUDWLRQ�RI�WKH�FKLS�IRUPDWLRQ�ZDV�DOVR�VXFFHVVIXO��

$Q� LPSRUWDQW� GLVFRYHU\� ZDV� WKDW� WKH� VLPXODWLRQ LV� PHVK� VL]H� DQG� PHVK� RULHQWDWLRQ�

GHSHQGHQW IRU� WKLV� PDWHULDO�� $� IXUWKHU� LQYHVWLJDWLRQ� RQ� WKLV� WRSLF� LV� UHTXLUHG� EHIRUH� WKH�

PDWHULDO�PRGHO�FDQ�EH�LPSOHPHQWHG�WR�WKH�H[SHULPHQW�RI�FKDLQVDZ�FXWWLQJ�
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5HIHUHQFHV
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>�@ 1RQ�OLQHDU�0HFKDQLFDO�%HKDYLRXU�RI�:RRG��1RQ�/LQHDU�0HFKDQLFDO�%HKDYLRXU�
RI�:RRG >RQOLQH@��9LOD�5HDO��8QLYHUVLGDGH�GH�7UiV�RV�0RQWHV�H�$OWR�'RXUR�������
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/LVW�RI�)LJXUHV

)LJXUH�� ± 9LHZ�RI�WKH�H[SHULPHQWDO�VHWXS�XVHG�WR�GHWHUPLQH�WKH�FXWWLQJ�IRUFHV�DFWLQJ�RQ�
D�VLQJOH�FKDLQVDZ�WRRWK ��

)LJXUH ��± 7KH�PDWHULDO�D[HV�RI�ZRRG ��

)LJXUH�� ±0RLVWXUH�GHSHQGHQW�GHQVLW\ ��

)LJXUH���±0RLVWXUH�GHSHQGHQW�QRUPDO�HODVWLF�PRGXOL ��

)LJXUH���±0RLVWXUH�GHSHQGHQW�HODVWLF�VKHDU�PRGXOL ��

)LJXUH���± 0RLVWXUH�GHSHQGHQW�3RLVVRQ¶V�UDWLRV ��

)LJXUH���±0RLVWXUH�GHSHQGHQW�WHQVLOH�VWUHQJWKV ��

)LJXUH���±0RLVWXUH�GHSHQGHQW�VKHDU�VWUHQJWKV ��

)LJXUH���± 7KH�SULQFLSOH�RI�GLJLWDO�LPDJH�FRUUHODWLRQ� ��

)LJXUH����± 7KH�VSHFLPHQ�XVHG�IRU�WHQVLOH�WHVW ��

)LJXUH��� ± 7KH�FRPSUHVVLYH�WHVW�VHWXS�± DQ�LOOXVWUDWLYH�LPDJH ��

)LJXUH��� ± 6WUHVV�VWUDLQ�FXUYHV�DW�GLIIHUHQW�0&�RI�(XURSHDQ�EHHFK�ZRRG�LQ�FRPSUHVVLRQ�
LQ�UDGLDO��OHIW��DQG�WDQJHQWLDO��ULJKW��GLUHFWLRQ ��

)LJXUH��� ± 7KH�7RUVLRQ�WHVW�VHWXS ��

)LJXUH� �� ± 7KH� WHVW� VHWXS� DQ� �OHIW��� WKH� VDPSOH� �PLGGOH��� DQG� WKH� GHIRUPDWLRQ� RI� WKH�
PHDVXULQJ�ILHOG��ULJKW� ��

)LJXUH��� ± &RPSDULVRQ�RI�DQ�RUWKRWURSLF��OHIW��DQG�D�WUDQVYHUVHO\�LVRWURSLF��ULJKW��PRGHO�
RI�ZRRG ��

)LJXUH��� ± 7KH�LQFLVRU ��

)LJXUH��� ± 7KH H[SHULPHQWDO�VHWXS ��

)LJXUH��� ± 7KH�PHDVXULQJ�V\VWHPV ��

)LJXUH��� ± $�VDPSOH�SKRWR�IURP�WKH�KLJKVSHHG�FDPHUD�UHFRUGLQJ� ��

)LJXUH��� ± &RRUGLQDWH�V\VWHP�RI�WKH�LQFLVRU ��

)LJXUH��� ± � )RUFHV�IURP�WKH�VWUDLQ�JDXJHV��JUHHQ��DQG�WKH�ORDG�FHOO��EOXH� ��

)LJXUH��� ±0HVKHV�RI�WKH�LQFLVRU�DQG�WKH�ZRRG ��
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)LJXUH��� ± 9HUVLRQ���;;�PRGHO�RYHUYLHZ ��

)LJXUH��� ±0DWHULDO�FDUGV�RI�0$7B:22' ��

)LJXUH��� ± 7KH�VOLJKWO\�PRGLILHG�H[DPSOH�PDWHULDO�PRGHO ��

)LJXUH��� ± 8QSK\VLFDOO\�VWUHWFKHG�HOHPHQWV ��

)LJXUH��� ±0DWHULDO�FDUG�ZLWK�SDUDPHWHUV�IRU�EHHFK�ZRRG�± YHUVLRQ����� ��

)LJXUH��� ± 7KH�VWUDQJHO\�EHKDYLQJ�FKLS ��

)LJXUH��� ± 7KH�FKLSV�ZLWK�GLIIHUHQW�3RLVVRQ
V�UDWLRV ��

)LJXUH��� ± &RPSDULVRQ�RI�WKH�FKLSV�IURP�YHUVLRQV������DQG����� ��

)LJXUH��� ±&RPSDULVRQ�RI�WKH�FKLS�ZLWK�HURVLRQ�FDXVHG�E\�SHUSHQGLFXODU�GDPDJH�DOORZHG
��

)LJXUH��� ± &RPSDULVRQ�RI�WKH�FKLSV�ZLWK�GLIIHUHQW�WLPHVWHSV ��

)LJXUH��� ± &RQWDFW�IRUFHV�LQ�YHUVLRQ����� ��

)LJXUH��� ± &RPSDULVRQ�RI�WKH�IRUFHV�IURP�YHUVLRQV�������OHIW��DQG�������ULJKW� ��

)LJXUH��� ± 6XUIDFH�WR�VXUIDFH�FRQWDFW�IRUFHV ��

)LJXUH��� ± ,QIOXHQFH�RI�WKH�SUHSHDN�KDUGHQLQJ�SDUDPHWHUV�RQ�WKH�VWUHVV�VWUDLQ�FXUYH ��

)LJXUH��� ± )LQDO�PRGHO�RYHUYLHZ ��

)LJXUH��� ± &RPSDULVRQ�RI�WKH�PHVKHV�IRU�WKH�ILQDO�PRGHO ��

)LJXUH��� ± )LQDO�YHUVLRQ�RI�WKH�PDWHULDO ��

)LJXUH��� ± &RQWDFW�IRUFHV ��

)LJXUH��� ± 7KH�FRQILJXUDWLRQ�RI�WKH�LQFLVRUV�RQ�D�VDZ�FKDLQ ��

)LJXUH��� ± &RPSDULVRQ�RI�WKH�FKLSV ��
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/LVW�RI�7DEOHV

7DEOH���± 7KH�PD[LPDO�DQG�PLQLPDO�IRUFHV�LQ�HDFK�GLUHFWLRQ��QRUPDOL]HG� ��

7DEOH���± ,QIOXHQFH�RI�LQGLYLGXDO�SDUDPHWHUV�RU�VHW�RI�SDUDPHWHUV�RQ�WKH�FXWWLQJ�IRUFHV
��

7DEOH���± ,QIOXHQFH�RI�LQGLYLGXDO�SDUDPHWHUV�RU�VHW�RI�SDUDPHWHUV�RQ�WKH�FXWWLQJ�IRUFHV ±
FRQW� ��

7DEOH�� ± 7KH�HODVWLF�PRGXOL�IRU�YHUVLRQV������DQG����� ��

7DEOH�� ± 5DQJHV�RI�WKH�PDWHULDO�VWUHQJWKV�LQ�� ή ��െଶ��WKH�YDOXH�LQ�WKH�EUDFNHWV�LV�IURP�
RQH�VRXUFH�DQG�GLIIHUV�FRQVLGHUDEO\ ��

7DEOH���± &DUG���IRU�YHUVLRQ����� ��

7DEOH���± &RPSDULVRQ�RI�WKH�IRUFHV�IURP�WKH�H[SHULPHQW�DQG�WKH�VLPXODWLRQ ��
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$SSHQGL[�, ± 7DEOHV�RI�WKH�PHFKDQLFDO�SURSHUWLHV�RI�WKH�EHHFK�ZRRG

7KH�(ODVWLF�0RGXOL
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