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DOXPLQRERURVLOLFDWH�JODVV��7R�LQFUHDVH�WKH�HIIHFWLYHQHVV�RI� WKLV� WHFKQRORJ\�DQG�WKXV�GHFUHDVH�LWV�FRVW�� WKH�

ZDVWH� ORDGLQJ� VKRXOG� EH� DV� KLJK� DV� SRVVLEOH�� � +RZHYHU�� WKH� KLJK� ZDVWH� ORDGLQJ� EULQJV� SUREOHPV� ZLWK�

IRUPDWLRQ�RI�VSLQHO�FU\VWDOV�ZKLFK�FDQ�DFFXPXODWH�LQ�D�PHOWHU�DQG�FDXVH�SRXULQJ�GLIILFXOWLHV��7KLV�ULVN�FDQ�

EH� UHGXFHG� E\� FRQWUROOLQJ� VSLQHO� FU\VWDOOL]DWLRQ�� 7KXV� ZH� QHHG� WR� XQGHUVWDQG� WKH� HIIHFW� RI� JODVV�PHOW�

FRPSRVLWLRQ�RQ�VSLQHO�FU\VWDOOL]DWLRQ�ZKLFK�FDQ�EH�DFTXLUHG�IURP�WKH�SURSRVHG�PRGHO��,Q�WKH�PRGHO�D�VROLG�

SKDVH� LV� WUHDWHG� DV� WKH� VROLG� VROXWLRQ� RI� �� VSLQHO� HQG�PHPEHUV� �WUHYRULWH�� PDJQHWLWH�� QLFKURPLWH�� DQG�

FKURPLWH���0RODU�*LEEV�IUHH�HQHUJ\�RI�VXFK�VROLG�VROXWLRQ�ZDV�GHILQHG�XVLQJ�WKH�VLPSOH�V\PPHWULF�UHJXODU�

PRGHO� ZLWK� HPSLULFDO� FRHIILFLHQWV� FDOFXODWHG� IURP� WKH� FRPSRVLWLRQV� RI� FU\VWDOV� SUHFLSLWDWLQJ� DW� OLTXLGXV�

WHPSHUDWXUH�� )RU� D� OLTXLG� SKDVH�� EHLQJ� D� PXOWLFRPSRQHQW� R[LGH� PL[WXUH�� ZH� XVHG� WKH� RSWLFDO� EDVLFLW\�
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/DUJH�TXDQWLWLHV�RI� OLTXLG�KLJK�OHYHO� UDGLRDFWLYH�ZDVWHV� �+/:V��� JHQHUDWHG� LQ�SDVW�GHFDGHV��
KDYH�EHHQ�VWRUHG�LQ�VWHHO�XQGHUJURXQG�WDQNV�DW�WKH�+DQIRUG�DQG�6DYDQQDK�5LYHU�VLWHV�LQ�WKH�
8QLWHG� 6WDWHV�� 7KH� SURJUHVVLYH� FRUURVLRQ� RI� WKH� WDQN·V� ZDOOV� FDQ� FDXVH� WKH� OHDNDJH� RI�
UDGLRLVRWRSHV� DQG� WKXV� UHSUHVHQWV� D� VHULRXV� HQYLURQPHQWDO� WURXEOH�� 7KH� RQO\�ZD\�� KRZ� WR�
VDIHO\� VROYH� WKLV� SUREOHP�� LV� WKH�FRQYHUVLRQ�RI� WKH� OLTXLG�ZDVWHV� LQWR� D�GXUDEOH� VROLG� IRUP��
)RU� KLJKO\� DFWLYH� ZDVWHV� WKH� EHVW� VROXWLRQ� LV� WKH� YLWULILFDWLRQ� WHFKQRORJ\� HPEHGGLQJ�
UDGLRLVRWRSHV� LQ� D� FKHPLFDOO\� GXUDEOH� DONDOL�DOXPLQRERURVLOLFDWH� JODVV�� 7KLV� SURFHVV� DOUHDG\�
VWDUWHG�LQ������ZKHQ�WKH�ILUVW�'HIHQVH�:DVWH�3URFHVVLQJ�)DFLOLW\�DW�WKH�6DYDQQDK�5LYHU�6LWH�
EHJDQ�UDGLRDFWLYH�RSHUDWLRQV��7KH�REWDLQHG�H[SHULHQFHV�VKRZHG�WKDW�GHVSLWH�RI�D�VXEVWDQWLDO�
ZDVWH� YROXPH� UHGXFWLRQ�� WKLV� KLJK� WHPSHUDWXUH� SURFHGXUH� LV� YHU\� H[SHQVLYH� DQG� LWV�
HIIHFWLYHQHVV��VLJQLILFDQWO\��GHSHQGV��RQ��WKH��ZDVWH��ORDGLQJ�LQ�JODVV���7KH�SURGXFWLRQ�FRVW�RI��



WKH�+/:� JODVV� FXUUHQWO\� FRQWDLQLQJ� ���ZW��
RI�ZDVWH�ZDV� HVWLPDWHG� DW� ��0� SHU� FDQLVWHU��
2QO\� DW� 6DYDQQDK� 5LYHU� LW� LV� SODQQHG� WR�
SURGXFH� QHDUO\� ������ FDQLVWHUV� RI� WKH� +/:�
JODVV� DQG� ��ZW�� LQFUHDVH� LQ� WKH�+/:� JODVV�
FRXOG� UHGXFH� FOHDQXS� FRVWV� E\� ����0���
'XULQJ�ODVW�\HDUV�D�VXEVWDQWLDO�HIIRUW�KDV�EHHQ�
IRFXVHG�RQ�WKH�LQFUHDVH�RI�WKH�ZDVWH�ORDGLQJ��
7KLV� LV� QRW� DQ� HDV\� WDVN� EHFDXVH�+/:V� DUH��
XVXDOO\�ULFK�LQ�)H�2���1L2��DQG�&U�2���ZKLFK�
IRUP� �YHU\� �GXUDEOH� VSLQHO� FU\VWDOV� � LQ�+/:�

)LJ�����6SLQHO�3UHFLSLWDWLQJ�LQ�+/:�*ODVV�� �JODVVPHOWV��)LJ�����

7KH� VHWWOLQJ� DQG� DFFXPXODWLRQ� RI� VSLQHO� FU\VWDOV�� KDYLQJ� URXJKO\� WZR� WLPHV� KLJKHU� GHQVLW\�
WKDQ� WKH�PHOW�� LQ� QDUURZ� SDUWV� RI� D� PHOWHU� FDQ� FDXVH�� H�J��� SRXULQJ� GLIILFXOWLHV� OHDGLQJ� WR�
VHYHUH�SUREOHPV� LQ�RSHUDWLQJ� WKH�PHOWHU� DQG�FDQ� HYHQ� VKRUWHQ� WKH�PHOWHU·V� OLIHWLPH��7KHUH�
KDYH�EHHQ�VHYHUDO�DSSURDFKHV�KRZ�WR�PD[LPL]H�WKH�ZDVWH�ORDGLQJ��:LWK�FXUUHQWO\�DSSURYHG�
FHUDPLF� PHOWHUV� WKHUH� DUH� WZR� SRVVLELOLWLHV�� 7KH� PRVW� FRQVHUYDWLYH� VROXWLRQ� LV� WR� DYRLG�
SUHFLSLWDWLRQ�RI�DQ\�VSLQHO�FU\VWDOV��7R�HQVXUH�WKLV�� WKH�PHOW� LQ�DOO�SDUWV�RI� WKH�PHOWLQJ�WDQN�
PXVW�EH�DERYH�OLTXLGXV�WHPSHUDWXUH��7OLT���%HFDXVH�RI�XVLQJ�,QFRQHO�HOHFWURGHV��+/:�PHOWHUV�
RSHUDWH�DW� WKH�QRPLQDO� WHPSHUDWXUH�RI������&�DQG�D�VDIHW\�JDS� LV�FRQVLGHUHG�WR�EH�����&��
WKHUHIRUH��7OLT� VKRXOG� QRW� EH� KLJKHU� WKDQ� �����&�� 7KLV� FRQVWUDLQ� VHYHUHO\� OLPLWV� WKH�ZDVWH�
ORDGLQJ�EHFDXVH�)H�2���1L2��DQG�DERYH�DOO�&U�2��LQFUHDVH�7OLT�YHU\�VLJQLILFDQWO\

���2WKHU�JODVV�
FRPSRQHQWV��RI�FRXUVH��DOVR�HIIHFW�7OLT�WKXV�DQ�RSWLPDO�JODVV�FRPSRVLWLRQ�DOORZLQJ�D�PD[LPDO�
ZDVWH� ORDGLQJ�FRXOG�EH�IRXQG��)RU�WKDW�� LW� LV�QHFHVVDU\�WR�NQRZ�SUHFLVHO\�DOO�HIIHFWV�RQ�7OLT��
$QRWKHU�DSSURDFK�LV�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�ZDVWH�ORDGLQJ�FDQ�LQFUHDVH�WR�D�OHYHO�
DW�ZKLFK�VSLQHO�FU\VWDOV�IRUP�LI�WKH\�VHWWOH�VXIILFLHQWO\�VORZO\�WR�NHHS�VSLQHO�GHSRVLWLRQ�EHORZ�
LWV�FULWLFDO�OHYHO�GXULQJ�WKH�OLIHWLPH�RI�WKH�PHOWHU��7KH�JURZWK�UDWH�RI�VSLQHO�OD\HU�LQ�WKH�PHOWHU�
VWURQJO\�GHSHQGV�RQ�WKH�VL]H�DQG�FRQFHQWUDWLRQ�RI�VSLQHO�FU\VWDOV���WKHUHIRUH��LW�LV�LPSRUWDQW�
WR�NQRZ�KRZ�WR�LQIOXHQFH�WKH�NLQHWLFV�RI�WKHLU�FU\VWDOOL]DWLRQ��7KH�SUREOHPV�ZLWK�WKH�VSLQHO�
VOXGJH� FRXOG� EH� RYHUFRPH� E\� XVLQJ� PHOWHUV� ZLWK� ERWWRP� GUDLQV� �H�J��� WKH� FROG� FUXFLEOH��
HQDEOLQJ�WKH�GLVFKDUJH�RI�WKH�DFFXPXODWHG�FU\VWDOV��(YHQ�ZKHQ�XVLQJ�WKLV�W\SH�RI�D�PHOWHU��LW�
LV� LPSRUWDQW� WR� SUHGLFW� D� UKHRORJLFDO� EHKDYLRU� RI� WKH� FU\VWDOV�PHOW�PL[WXUH�� 3ORGLQHF�� DQG�
0LND� HW�DO��� VKRZHG� WKDW� WKH� PL[WXUH� EHKDYHV� DV� D� SVHXGRSODVWLF� UKHRSHFWLF� OLTXLG� DQG� LWV�
DSSDUHQW�YLVFRVLW\�LQFUHDVHV�ZLWK�WKH�FRQFHQWUDWLRQ�RI�WKH�FU\VWDOV��WKXV�DJDLQ�WKH�SUHGLFWLRQ�
RI�VSLQHO�FU\VWDOOL]DWLRQ�LV�LPSRUWDQW��

7R� REWDLQ� QHZ� LQIRUPDWLRQ� RQ� WKH� PHOW�VSLQHO� HTXLOLEULXP� DQG� NLQHWLFV� RI� VSLQHO�
FU\VWDOOL]DWLRQ�� ZH� KDYH� EHHQ� GHYHORSLQJ� D� WKHUPRG\QDPLF� PRGHO� RI� VSLQHO� FU\VWDOOL]DWLRQ�
WKDW�LV�H[SDQGHG�ZLWK�WKH�PHOW�RSWLFDO�EDVLFLW\�FRQFHSW�HQDEOLQJ�WKH�SUHGLFWLRQ�RI�)H�����)H���
HTXLOLEULXP�DQG�2��� DFWLYLW\� LQ� JODVVPHOWV�� ,Q� WKLV� SDSHU�ZH�ZDQW� WR�GHPRQVWUDWH� KRZ� WKLV�
PRGHO�LV�DEOH�WR�SUHGLFW�FRPSRVLWLRQ�RI�VSLQHO�FU\VWDOV�SUHFLSLWDWLQJ�IURP�D�PXOWLFRPSRQHQW�
DOXPLQRVLOLFDWH�PHOW��

7+(25<�

,Q� RXU� DSSURDFK� ZH� KDYH� GLYLGHG� WKH� WKHUPRG\QDPLF� PRGHO� LQ� WZR� SDUWV�� WKH� ILUVW� SDUW�
GHVFULEHV�WKH�VSLQHO�VROLG�SKDVH�DQG�WKH�VHFRQG�RQH�D�PXOWLFRPSRQHQW�JODVVPHOW��

7KHUPRG\QDPLFV�RI�6ROLG�6ROXWLRQ�



7KH� VROLG� SKDVH� SUHFLSLWDWLQJ� IURP�+/:� JODVV� FRQVLVWV� RI� VSLQHO�W\SH� FU\VWDOV� FRQWDLQLQJ�
PDLQO\�&U����1L����)H����)H����DQG�2����ZKLFK�ZH�FRQVLGHU�WR�EH�WKH�RQO\�FRPSRQHQWV�LQ�RXU�
VSLQHO�FU\VWDOV������:H�DVVXPH�WKDW�RXU�FU\VWDOV�DUH�D�VROLG�VROXWLRQ�RI�IRXU�GLIIHUHQW�VSLQHO�W\SH�
FU\VWDOV�FDOOHG�HQG�PHPEHUV��7KHVH�VSLQHOV�DUH�OLVWHG�LQ�7DEOH�����

7DEOH����$EEUHYLDWLRQV�DQG�1XPEHULQJ�RI�6SLQHO�(QG�0HPEHUV�

1R�� 1DPH� &RPSRQHQW� $EEUHYLDWLRQ� )RUPXOD�

�� 7UHYRULWH� 6�� )1� )H���1L����)H���2��

�� 0DJQHWLWH� 6�� ))� )H���)H����)H���2��

�� 1LFKURPLWH� 6�� 1&� 1L���&U����2��

�� &KURPLWH� 6�� )&� )H���&U����2��

�2FWDKHGUDO�SRVLWLRQV�DUH�LQ�EUDFNHWV��7KH�SULRULW\�RUGHU�RI�RFWDKHGUDO�SRVLWLRQV�RFFXSDWLRQ�� � ����

��&U���!�1L���!�)H���!�)H����

7KH�VROLG�VROXWLRQ�FRQVLVWV�RI��Q����FRPSRQHQWV�DEEUHYLDWHG�DV�6���6���«��6Q����0RODU�*LEEV�
IUHH�HQHUJ\�RI�WKH�VROLG�VROXWLRQ��*P

VV��LV�GHILQHG�E\�WKH�VLPSOH�V\PPHWULF�UHJXODU�PRGHO���
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ZKHUH�[L� LV� WKH�PROH� IUDFWLRQ�RI� WKH�FRPSRQHQW�6L� LQ� WKH�VROLG�VROXWLRQ��¬L
R� LV� WKH� VWDQGDUG�

*LEEV�IUHH�HQHUJ\�RI�WKH�FRPSRQHQW�6L���DV�WKH�VWDQGDUG�VWDWH�D�SXUH�FU\VWDOOLQH�VXEVWDQFH�ZDV�
FKRVHQ� DW� WKH� SUHVVXUH� DQG� WHPSHUDWXUH� RI� WKH� V\VWHP�� 5� LV� WKH� JDV� FRQVWDQW�� 7� LV� WKH�
WKHUPRG\QDPLF�WHPSHUDWXUH��Q ���LQ�RXU�FDVH���ZLM� �ZML�DUH�V\PPHWULF�HPSLULFDO�FRHIILFLHQWV��
7KH�FKHPLFDO�SRWHQWLDO�RI�N�WK�HQG�PHPEHU�LQ�VROLG�VROXWLRQ��LQGH[HG�DV�VV��FDQ�EH�IRUPDOO\�
ZULWWHQ�DV��
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ZKHUH�γκ LV�WKH�PRODU�DFWLYLW\�FRHIILFLHQW��7KH�ODVW�HTXDWLRQ�UHODWHV�WKH�HPSLULFDO�FRHIILFLHQWV�
DUUDQJHG�LQ�Z�PDWUL[�WR�WKH�YDOXH�RI�DFWLYLW\�FRHIILFLHQW��
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7KHUPRG\QDPLFV�RI�0XOWLFRPSRQHQW�2[LGH�0HOW�

:H�DVVXPH� WKDW� WKH�FRPSRVLWLRQ�RI� WKH�PHOW� FDQ�GHVFULEHG�DV�D�PL[WXUH�RI�S� FRPSRQHQWV�
�H�J���R[LGHV���LGHQWLILHG�DV�0���0���«��0S���ZKHUH�\�0L��RU�\L�UHSUHVHQWV�L�WK�FRPSRQHQW�PROH�
IUDFWLRQ��7KH�PDWUL[�� RI� UHVSHFWLYH� VWRLFKLRPHWULF� FRHIILFLHQWV� H[SUHVVHV� WKH� IRUPDWLRQ� RI�
HDFK�HQG�PHPEHU�IURP�WKH�PHOW�FRPSRQHQWV��
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$FFRUGLQJ�WR�(T������WKH�FKHPLFDO�SRWHQWLDO�RI�WKH�N�WK�HQG�PHPEHU��6N���LQ�WKH�PHOW��LQGH[HG�
DV�PH��LV�JLYHQ�E\��
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DQG�WKH�6N�DFWLYLW\�LQ�WKH�PHOW�FDQ�EH�H[SUHVVHG�DV
���

( ) ( )∏
=

==
S

M

M6NN

NM

DDD
�

PHPHPH�6
ν
�� � � � ����

7KH�R[LGH�DFWLYLW\�LQ�WKH�PHOW��DL
PH��FDQ�EH�FDOFXODWHG�XVLQJ�WKH�HTXDWLRQ���
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ZKHUH�D�2����LV�WKH�DFWLYLW\�RI�2���LQ�D�JODVVPHOW��QF�0L��LV�WKH�QXPEHU�RI�PHWDO�FDWLRQ�DWRPV��
DQG�QR�0L��LV�WKH�QXPEHU�RI�R[\JHQ�DWRPV�LQ�D�0L�R[LGH�IRUPXOD��

6ROLGXV���/LTXLGXV�(TXLOLEULD�

$SSO\LQJ�(T������ZH�FDQ�H[SUHVV�WKH�PRODU�*LEEV�IUHH�HQHUJ\�RI�IXVLRQ�RI�N�WK�HQG�PHPEHU�
LPEHGGHG�LQ�WKH�VROLG�VROXWLRQ�DV��

( ) ( ) VVPHR

PIXVPIXV OQOQVV�PH� N6NNNNN D57D57*66* −+∆=−=∆ µµ � � �����

ZKHUH� WKH� VWDQGDUG� PRODU� *LEEV� IUHH� HQHUJ\� RI� IXVLRQ��∆IXV*
R�P��6N��� FRUUHVSRQGV� WR� WKH�

FRQJUXHQW�PHOWLQJ�RI�WKH�HQG�PHPEHU�6N�DW�WHPSHUDWXUH�7��7KH�IROORZLQJ�FRQGLWLRQ�KROGV�DW�
HTXLOLEULXP��

��������PIXV +==∆ QN* N � � � �����

ZKHUHDV� RXWVLGH� WKH� HTXLOLEULXP�� L�H��� LQ� WKH� VXE�VXSHU�VDWXUDWHG� PHOWV�� WKH� DIILQLW\��$�� WR�
FU\VWDOOL]DWLRQ�LV�JLYHQ�E\����

��P�QIXVP�IXVP�IXV ���$ +∆==∆=∆= *** � � � �����

WKXV� WKH� WKHUPRG\QDPLF� GULYLQJ� IRUFH� WR� PHOWLQJ�FU\VWDOOL]DWLRQ� LV� WKH� VDPH� IRU� DOO� WKH�
FRPSRXQGV�IRUPLQJ�WKH�VROLG�VROXWLRQ��



/HW�XV�VXSSRVH�WKDW�WKH�PHOW�FRPSRVLWLRQ�DQG�FKHPLFDO�SRWHQWLDOV�RI�PHOW�FRPSRQHQWV�DUH�
NQRZQ��7KHQ� WKH�(T������KDV� WR� EH� VROYHG�ZLWK� UHVSHFW� WR� WKH� VROLG� VROXWLRQ� FRPSRVLWLRQ�
�JLYHQ�E\�PROH� IUDFWLRQV�[N�� DQG�� VLPXOWDQHRXVO\��ZLWK� UHVSHFW� WR� WKH� OLTXLGXV� WHPSHUDWXUH��
7OLT��'XH�WR�WKH�VWDQGDUG�VWDWH�GHILQLWLRQ�DV�D�SXUH�FRPSRXQG�RU�FRPSRQHQW�DW� WKH�V\VWHP�
SUHVVXUH�DQG�WHPSHUDWXUH�� WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�VWDQGDUG�FKHPLFDO�SRWHQWLDOV�KDV�
WR�EH�FRQVLGHUHG��%HFDXVH�RQO\�WKH�YDOXH�RI�WKH�VWDQGDUG�PRODU�*LEEV�IUHH�HQHUJ\�RI�IXVLRQ�
LV�SUHVHQW�LQ�(TV������DQG������� LW� LV�VXIILFLHQW�WR�NQRZ�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKLV�
TXDQWLW\� RQO\�� $IWHU� VHYHUDO� VXEVWLWXWLRQV� DQG� VLPSOLILFDWLRQ�� ZH� FDQ� REWDLQ� WKH� UHODWLRQ�
DQDORJRXV�WR�WKH�ZHOO�NQRZQ�/H&KDWHOLHU�6FKUHGHU�HTXDWLRQ�WKDW�ZH�UHDUUDQJHG�WR�WKH�IRUP��
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ZKHUH�∆IXV+PN
R�DQG�7IXVN

R�DUH�WKH�VWDQGDUG�PRODU�HQWKDOS\�DQG�WHPSHUDWXUH�RI�IXVLRQ�RI�WKH�
N�WK�HQG�PHPEHU��6N��UHVSHFWLYHO\��

&$/&8/$7,216�$1'�5(68/76�

:H�EHJDQ�WR�WHVW�RXU�PRGHO�IRFXVLQJ�RQ�LWV�DELOLW\�WR�SUHGLFW�WKH�FRPSRVLWLRQ�RI�VSLQHO�
VROLG� VROXWLRQV� FU\VWDOOL]LQJ� DW� 7OLT�� )RU� WKH� WHVWLQJ� ZH� GHYHORSHG� D� VSHFLDO� VRIWZDUH� LQ�
)2575$1�DQG�DSSOLHG�LW�WR�WKH�H[SHULPHQWDO�GDWD�DYDLODEOH�LQ�WKH�GDWDEDVH�RI�+/:�JODVVHV�
FRPSULVLQJ� JODVV� FRPSRVLWLRQV� DQG� 7OLT� DV� ZHOO� DV� WKH� FRPSRVLWLRQ� RI� VSLQHO� FU\VWDOV�
SUHFLSLWDWLQJ�DW�WHPSHUDWXUHV�FORVH�WR�7OLT�LQ���GLIIHUHQW�+/:�JODVVPHOWV

����
,Q� WKH� JODVVPHOW�� WKHUH� LV� DQ� HTXLOLEULXP� EHWZHHQ� )H��� DQG� )H��� HIIHFWLQJ� VSLQHO�
FU\VWDOOL]DWLRQ��%HFDXVH�WKH�FRQWHQW�RI� LURQ�R[LGH� LQ�WKH�JODVVPHOWV�� IURP�RXU�GDWDEDVH��ZDV�
IRUPDOO\� H[SUHVVHG� DV� )H�2��� ZH� HVWLPDWHG� WKH� UHGR[� UDWLR� \�)H2��\�)H�2��� XVLQJ� WKH�
HPSLULFDO�HTXDWLRQ�SURSRVHG�E\�%DXFNH����
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ZHUH�Λ� LV� WKH� RSWLFDO� EDVLFLW\� WKDW� ZH� FDOFXODWHG� IURP� WKH� PHOW� FRPSRVLWLRQ������� %HFDXVH�
(T������ KROGV� IRU� WKH� WKHUPRG\QDPLF� WHPSHUDWXUH� RI� �����.� DW� R[\JHQ� SDUWLDO� SUHVVXUH�
3�2��� �������Ã��

��3D�� L�H��� DW� DPELHQW� DLU� DWPRVSKHUH��ZH� UHFDOFXODWHG�� WKH� UHGR[� UDWLR� IRU�

RXU�PHOW�WHPSHUDWXUH�XVLQJ�WKH�YDOXH�RI�����±����N-�PRO���UHSRUWHG�E\�6FKUHLEHU�HW�DO����DV�WKH�
VWDQGDUG�PRODU�UHDFWLRQ�HQWKDOS\�RI�WKH�UHDFWLRQ�)H���ó�2��� �)H���ô�2���
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+DYLQJ� WKH� JODVVPHOW� FRPSRVLWLRQ� DW� 7OLT�� ZH� FDOFXODWHG� DL
PH� IURP� (T����� DQG� WKH� QHHGHG�

D�2����YDOXH�ZDV��DFFRUGLQJ�WR�3\DUH�DQG�1DWK����HVWLPDWHG�E\�WKH�UHODWLRQ��

( ) ( ) ( )�D �������������� ��22 +−⋅= γ � � � � � �����

ZKHUH� γ(Ο2−) LV� D� FRQVWDQW� DSSUR[LPDWHG������ E\� WKH� YDOXH� ������ 7KHQ� DSSO\LQJ� (T������ ZH�
REWDLQHG�D6N

PH�IURP�ZKLFK�DN
VV�FDQ�EH�FDOFXODWHG�XVLQJ�(T�������7KH�SDUDPHWHUV�∆IXV+PN

R�DQG�
7IXVN

R�XVHG�LQ�RXU�FDOFXODWLRQV�DUH�OLVWHG�LQ�7DEOH�����
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7R�FDOFXODWH�WKH�PROH�IUDFWLRQ�RI�6N�LQ�WKH�VSLQHO�VROLG�VROXWLRQ��[N��ZH�KDG�WR�GHWHUPLQH�WKH�
V\PPHWULFDO�Z�PDWUL[� FRQWDLQLQJ����XQNQRZQ�HOHPHQWV��7R�GR� WKDW��ZH� WDNH�DGYDQWDJH�RI�
DQDO\WLFDOO\�PHDVXUHG� FRPSRVLWLRQV� RI� VSLQHO� FU\VWDOV�� H[SUHVVHG� DV�PROH� IUDFWLRQV� RI�&U����
1L����DQG�WRWDO�)H��SUHFLSLWDWLQJ�LQ���JODVVPHOWV�DW�7�FORVH�WR�7OLT��%HFDXVH�ZH�GLG�NQRZ�WKH�
)H���)H���UDWLR��ZH�FRXOG�QRW�FDOFXODWH�GLUHFWO\�[N�IURP�WKH�DQDO\WLFDO�FRPSRVLWLRQ��.QRZLQJ�
DN
VV��ZH� FRQVWUXFWHG� WKH� V\VWHP�RI���� HTXDWLRQV� ��� HTXDWLRQV� IRU� HDFK� VSLQHO� FRPSRVLWLRQ���

DFFRUGLQJ�WR�(T������ZLWK����XQNQRZQ�YDULDEOHV��WKH�HOHPHQWV�RI�WKH�Z�PDWUL[���ZKHUH�[N�ZDV�
WDNHQ�DV�D�SDUDPHWHU�WKDW�ZDV�YDULHG�ZLWKLQ�JLYHQ�OLPLWV�ZLWK�WKH�VWHS�������7KH�OLPLWV�IRU�[N�
ZHUH� GHWHUPLQHG� IURP� WKH� DQDO\WLFDO� FRPSRVLWLRQ� VXSSRVLQJ� WKDW� WKH� VSLQHO� VWUXFWXUH� LV�
VWRLFKLRPHWULF�� 7KH� V\VWHP� RI� HTXDWLRQV�ZDV� VROYHG� E\� XVLQJ� WKH� OHDVW� VTXDUH�PHWKRG� IRU�
HDFK� FRPSRVLWLRQ� �[N�� \LHOGLQJ� WKH� HOHPHQWV� RI� WKH� Z� PDWUL[HV�� 7KHQ� ZH� WDNH� HDFK�
FRPSRVLWLRQ� �[N��DORQJ�ZLWK� WKH�FRUUHVSRQGLQJ�Z�PDWUL[� DQG�FDOFXODWHG� WKH�DN

VV� YDOXHV� DQG�
WKH�VXP�RI�VTXDUHV�RI�WKH�GLIIHUHQFHV�EHWZHHQ�WKHVH�YDOXHV�DQG�WKH�DN

VV�YDOXHV�HVWLPDWHG�IURP�
WKH� PHOW� FRPSRVLWLRQ�� $V� WKH� EHVW� DSSUR[LPDWLRQ� RI� WKH�Z� PDWUL[�� ZH� WDNH� WKH� VROXWLRQ�
JLYLQJ�WKH�ORZHVW�VXP�RI�VTXDUHV��66(� ����Ã�������
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7DEOH� �� VKRZV� WKH� FDOFXODWHG� FRPSRVLWLRQ� RI� VSLQHO� VROLG� VROXWLRQV�� [N��� SUHFLSLWDWLQJ� LQ� ��
GLIIHUHQW� JODVVPHOWV� WRJHWKHU� ZLWK� WKHLU� DQDO\WLFDO� FRPSRVLWLRQ��.QRZLQJ� WKH� [N�� ZH� FRXOG�
HVWLPDWH�WKH�H[SHFWHG�FRQWHQW�RI�)H���DQG�)H���LQ�WKH�VROLG�VROXWLRQ��

7DEOH����$QDO\WLFDO�DQG�&DOFXODWHG��[N��&RPSRVLWLRQV�RI�6SLQHO�6ROLG�6ROXWLRQV�

*ODVV� &U��� 1L��� )HWRWDO� [���)1�� [���))�� [���1&�� [���)&�� )H
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FDOF� )H��FDOF�
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7KH� SURSRVHG� PRGHO� LV� DEOH� WR� HVWLPDWH� WKH� FRPSRVLWLRQ� RI� VSLQHO� VROLG� VROXWLRQV�
SUHFLSLWDWLQJ� LQ� +/:� JODVVPHOWV�� :H� DUH� DEOH� WR� FDOFXODWH� WKH� DFWLYLWLHV� RI� VSLQHO� HQG�
PHPEHUV�LQ�WKH�JODVVPHOWV�IURP�WKHLU�FRPSRVLWLRQ��7R�GR�WKH�VDPH�IRU�WKH�VROLG�VROXWLRQ��ZH�
GHWHUPLQHG� WKH� HOHPHQWV� RI� WKH� Z� PDWUL[� VXJJHVWHG� IRU� WKH� FDOFXODWLRQ� RI� WKH� DFWLYLW\�
FRHIILFLHQWV� RI� HQG�PHPEHUV� LQ� WKH� VROXWLRQ�� 7KHVH� FRHIILFLHQWV� HQDEOH� WKH� FDOFXODWLRQV� RI�
HQG�PHPEHUV�DFWLYLWLHV� LQ� WKH�VROXWLRQ�IURP� LWV�FRPSRVLWLRQ�DQG�YLFH�YHUVD��%RWK�DFWLYLWLHV�
DUH�QHFHVVDU\� IRU� WKH�HVWLPDWLRQ� RI� WKH� DIILQLW\� WR� FU\VWDOOL]DWLRQ�ZKLFK�ZH�ZLOO� XVH� IRU� WKH�
SUHGLFWLRQ�RI�VSLQHO�FRQFHQWUDWLRQV�LQ�+/:�JODVVPHOWV�DQG�VSLQHO�FU\VWDOOL]DWLRQ�NLQHWLFV��

$FNQRZOHGJHPHQWV�

7KH�6ORYDN�*UDQW�$JHQF\�IRU�6FLHQFH�JUDQW�1R��9(*$������������WKH�&]HFK�UHVHDUFK�
SURJUDP� &(=�060� ���������� ´3UHSDUDWLRQ� DQG� 3URSHUWLHV� RI� $GYDQFHG� 0DWHULDOV� ²�
0RGHOLQJµ� RI� WKH� &]HFK� 'HSDUWPHQW� RI� (GXFDWLRQ�� DQG� WKH� (QYLURQPHQWDO� 0DQDJHPHQW�
6FLHQFH� 3URJUDP� RI� WKH� 8�6�� 'HSDUWPHQW� RI� (QHUJ\� SURYLGHG� IXQGLQJ� IRU� WKLV� WDVN��
([SHULPHQWDO� SDUW� RI� WKLV�ZRUN�ZDV� SHUIRUPHG� DW� 3DFLILF�1RUWKZHVW�1DWLRQDO� /DERUDWRU\��
ZKLFK�LV�RSHUDWHG�E\�%DWWHOOH�IRU�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\�XQGHU�&RQWUDFW�'(�$&���
��5/�������
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��8�6��'HSDUWPHQW�RI�(QHUJ\��,QWHJUDWHG�'DWD�%DVH�5HSRUW��'2(�5:�������5HY������������

��0LND��0���6FKZHLJHU��0�-���9LHQQD��-�'��DQG�+UPD��3��LQ�0DW��5HV��6RF��6\PS��������%RVWRQ��
8�6�$���������0DW��5HV��6RF����������S������

��0DW\DV��-���.ORX]HN��-���1HPHF��/��DQG�7URFKWD��0��LQ�,&(0
����2FWREHU�������%UXJHV��
%HOJLXP��VHVVLRQ�����
��3ORGLQHF��0�-���$GYDQFHV�LQ�&HUDPLFV�����1XFOHDU�:DVWH�0DQDJHPHQW�,,��S��������������

��0LND��0���+UPD��3��DQG�6FKZHLJHU��0�-���&HUDPLFV���6LOLNDW\�����S�������������

��0LND��0���/LVND��0���/LVNRYD��'��DQG�+UPD��3���³7KH�(IIHFW�RI��6SLQHO�$JLQJ�RQ�LWV�5KHRORJ\´��
�7R�EH�SXEOLVKHG��

��+UPD��3���9LHQQD��-�'���0LND��0���&UXP��-�9��DQG�3LHSHO��*�)���3DFLILF�1RUWKZHVW�1DWLRQDO�
/DERUDWRU\��5LFKODQG�:$��311/���������������

��*KLRUVR��0�6��DQG�&DUPLFKDHO��,�6�(���&RQWULE��0LQHUDO��3HWURO������S��������������

��0LND��0���/LVND��0���9LHQQD�-�'���DQG�+UPD��3��LQ�7KH��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�7KHRUHWLFDO�DQG�
([SHULPHQWDO�3UREOHPV�RI�0DWHULDOV�(QJLQHHULQJ��6HSWHPEHU�������3XFKRY��6ORYDNLD���������S��&���

���*KLRUVR��0�6���*HRFKLP��&RVPRFKLP��$FWD�����S���������������

���9LHQQD��-�9���+UPD��3���&UXP��-�9��DQG�0LND��0���-��1RQ�&U\VW��6ROLGV������S������������

���%DXFNH��)�*�.��DQG�'XII\��-�$���3K\V��&KHP��*ODVVHV�����S�������������

���/HERXWHLOOHU��$��DQG�&RXUWLQH��3���-��6ROLG�6WDWH�&KHPLVWU\������S�������������

���6FKUHLEHU��+�'���6FKUHLEHU��&�:���5LHWKPLOOHU��0�:��DQG�'RZQH\��-�6��LQ�0DW��5HV��6RF��6\PS���
������������0DW��5HV��6RF����������S�������

���3\DUH��5��DQG�1DWK��3���-��1RQ�&U\VW��6ROLGV������S��������������
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