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WLXP� ERUDWH� K\GUDWHV� KDV� EHHQ� GHWHUPLQHG� WR� RFFXU� DW� �� ���r��&� LQ� WKH� FRXUVH� RI
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1RZDGD\V�� WKH� VWURQWLXP� WHWUDERUDWH
6U%�2�� �6%2�� FU\VWDOV� DUH� XQGHU� DFWLYH� LQ�YHVWLJDWLRQ�DV�SRO\IXQFWLRQDO�PDWHULDOV��6%2
EHORQJV� WR� WKH� UKRPELF� V\VWHP�� WKH� 3QP��VSDFH� JURXS�� DQG� KDV� WKH� IROORZLQJ� SDUDPH�
WHUV�� D� �����������c�� E� �����������c�
F� �����������c�� 9� �������c��� =� ���
GFDOF� �������J�°P��� =� ���� 7KH� 6%2� FU\V�
WDOV� DUH� WUDQVSDUHQW� LQ� D� ZLGH� VSHFWUDO
UDQJH� �IURP�����WR������QP��>�@��DQG�KDYH
KLJK�HIIHFWLYH�QRQOLQHDU�RSWLFDO�FRHIILFLHQWV
FRPSDUDEOH�WR�WKRVH�RI�.7L232��FU\VWDOV�>���@��7KH�KLJK�LVRPRUSKLF�FDSDFLW\�IRU�ODQWKD�
QLGH� LRQV� LQFRUSRUDWLRQ�� KLJK� WKHUPDOO\V�
WLPXODWHG� OXPLQHVFHQFH� \LHOG� FRPELQHG� ZLWK
QRQ�K\JURVFRSLFLW\�DOORZV�RQH�WR�FRQVLGHU�6%2
DV� D� SURVSHFWLYH� PDWHULDO� IRU� WKH� VROLG� VWDWH
GRVLPHWU\�>�Ü�@��$FWLYDWHG�6%2�VLQJOH�FU\VWDOV
ILQG� SUDFWLFDO� DSSOLFDWLRQV� DV� KLJK� SUHVVXUH
VHQVRUV�RU�PDJQHWR�RSWLFDO�PDWHULDOV�>����@�

$W�SUHVHQW�� WKH� V\QWKHVLV� RI�SRO\FU\VWDO�
OLQH� VWURQWLXP� WHWUDERUDWH� >�����@� DQG�6%2
VLQJOH� FU\VWDOV� JURZLQJ� WHFKQRORJ\� >�����@

DUH�ZHOO� VWXGLHG��+RZHYHU�� WKHUH� LV� D�SURE�
OHP� ZLWK� D� UHSURGXFLEOH� V\QWKHVLV� RI� WKH
FRPSRXQG� GXH� WR� SRVVLEOH� FRPSHWLWLYH� IRU�
PDWLRQ�RI�YDULRXV� VWURQWLXP�ERUDWH�SKDVHV�
7KH�SUHVHQFH�RI�LPSXULW\�SKDVHV�UHVXOWV�LQ�D
VLJQLILFDQW� GHJUDGDWLRQ� RI� IXQFWLRQDO� FKDUDF�
WHULVWLFV�RI�6%2�EDVHG�VWRUDJH�SKRVSKRUV�>��@�
$W� WKH� VDPH� WLPH�� WKH� SKDVH� FRPSRVLWLRQ� UH�
TXLUHPHQWV�IRU�WKH�6%2�DV�WKH�LQLWLDO�PDWHULDO
IRU�VLQJOH�FU\VWDO�JURZWK�DUH�PXFK�KLJKHU��$F�
FRUGLQJ� WR� WKH�6U2±%�2�� SKDVH�GLDJUDP� >��@�WKH� 6U%�2�� FRPSRXQG� LV� FKDUDFWHUL]HG� E\� DQDUURZ�KRPRJHQHLW\� UDQJH��0RUHRYHU�� D� FRP�
SRXQG�6U�%��2�����6U2��%�2���KDV�EHHQ�IRXQGLQ�D�ODWHU�ZRUN�>��@��YHU\�VLPLODU�LQ�FKHPL�
FDO� FRPSRVLWLRQ� WR� 6%2� �6U2��%�2���� 7KHVWRLFKLRPHWU\�GLVWRUWLRQ�RI� WKH�6%2� FKDUJH
PRUH� WKDQ� E\� �� PRO�� �� ERURQ� R[LGH� ZLOO
UHVXOW�LQ�FKDQJHG�PHOW�FRPSRVLWLRQ�WKDW�FDQ
FDXVH�WKH�JURZWK�SURFHVV�EUHDNGRZQ�GXH�WR
GHYLDWLRQ�RI� WKH�PHOW� FRPSRVLWLRQ� IURP�WKH
6%2� FU\VWDOOL]DWLRQ� FRQFHQWUDWLRQ� UDQJH� RQ
WKH� SKDVH� GLDJUDP�� 7KH� WUDGLWLRQDO� XVH� RI
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ERURQ�R[LGH�H[FHVV�SURYLGHV�RQO\�SDUWLDO�VR�
OXWLRQ� RI� WKLV� SUREOHP� EHFDXVH� RI� WKH� KLJK
PHOW� YLVFRVLW\� DQG� ORQJ� GXUDWLRQ� RI� WKH
JURZWK�F\FOH�

8VXDOO\�� WKH� FKDUJH� IRU� ERUDWH� VLQJOH
FU\VWDO� JURZWK� LV� V\QWKHVL]HG� XVLQJ� WKH
VROLG�VWDWH�PHWKRG��7KH�LQGLXP�ERUDWH�,Q%2�LV� NQRZQ� FDQ� EH� REWDLQHG� E\� ERUDWH� UHDU�
UDQJHPHQW� >��@�� $FFRUGLQJ� WR� >��@�� VWURQ�
WLXP�ERUDWHV�FDQ�EH�V\QWKHVL]HG�E\�GHK\GUD�
WLRQ�RI�FRUUHVSRQGLQJ�K\GUDWHV��WKURXJK�LQ�
WHUPHGLDWH� DPRUSKRXV� SKDVHV��� +RZHYHU�
WKH� SRVVLELOLW\� RI� 6%2� REWDLQLQJ� WKURXJK
DPRUSKRXV� SKDVHV� LV� VFDUFHO\� GHVFULEHG� LQ
OLWHUDWXUH�� 7KXV�� WKLV� ZRUN� LV� DLPHG� DW
VWXG\� RI� WKH�6%2� IRUPDWLRQ� SURFHVV� LQ� WKH
6U2±%�2��V\VWHP�6U%�2�� ZDV� V\QWKHVL]HG� LQ� DQ� DLU� LQ� DSODWLQXP� FUXFLEOH�� 7KH� VDPSOHV� ZHUH� KHDW
WUHDWHG�LQ�D�z|����PXIIOH�IXUQDFH��7KH�VSH�
FLDO�SXULW\�JUDGH�VWURQWLXP�FDUERQDWH�6U&2�DQG�FKHPLFDO�SXULW\�JUDGH�ERULF�DFLG�+�%2�ZHUH�XVHG� DV� WKH� VWDUWLQJ�PDWHULDOV� IRU� WKH
6%2� V\QWKHVLV�� 'LIIHUHQWLDO� WKHUPDO� DQDO\�
VLV� �'7$��ZDV�FDUULHG�RXW�XVLQJ�D�4�����'
�l|l�� GHULYDWRJUDSK� LQ� WKH� G\QDPLF�PRGH
DW� WKH� KHDWLQJ� UDWH� RI� ��&�PLQ�� XVLQJ
DÜ$O�2�� SRZGHU� DV� D� UHIHUHQFH�� 7KH� ;�UD\SKDVH� DQDO\VLV� �;3$�� RI� VDPSOHV� ZDV� SHU�
IRUPHG� RQ� D� 6LHPHQV�'���� SRZGHU� GLIIUDF�
WRPHWHU��&X.D�UDGLDWLRQ��)LUVW�� OHW�WKH�SURFHVVHV�WDNLQJ�SODFH�GXU�
LQJ�6%2�VROLG�VWDWH�V\QWKHVLV�EH�FRQVLGHUHG��7KH
'7$� KDV� VKRZQ� �)LJ����� FXUYH� ��� WKDW�� DIWHU
GHFRPSRVLWLRQ� RI� ERULF� DFLG� ��� ����Ü����&�
DQG� VWURQWLXP� FDUERQDWH� ��� ����Ü����&��
WKH� VROLG� VWDWH� UHDFWLRQ� RI� WKH� FRPSRQHQWV
RFFXUV� DW� UHODWLYHO\� KLJK� WHPSHUDWXUHV� RI

���Ü����&��6LQFH�WKH�VROLG�VWDWH�LQWHUDFWLRQ
LV� OLPLWHG�E\�GLIIXVLRQ��D�SURORQJHG�DQQHDO�
LQJ� DW� SUH�PHOWLQJ� WHPSHUDWXUHV� LV� QHFHV�
VDU\�� 7KLV� UHVXOWV� LQ� WKH� ERURQ� R[LGH� YROD�
WLOL]DWLRQ� DQG� WKH� FRPSRXQG� VWRLFKLRPHWU\
GLVWRUWLRQ�

7KH� ;3$� SDWWHUQ� RI� WKH� VDPSOH� KHDW
WUHDWHG�DW��� �����&�FRQWDLQV�UHIOH[HV�IURP
VHYHUDO�SKDVHV��,Q�DGGLWLRQ�WR�WKH�PDLQ�FU\V�
WDOOLQH�SKDVH�RI�VWURQWLXP�WHWUDERUDWH����
ZW�� ���� WKH� VWURQWLXP� PHWDERUDWH� SKDVH
6U%�2������ZW�����GHSOHWHG�RI�ERURQ�KDV�EHHQUHYHDOHG��)LJ������,Q�DFFRUGDQFH�WR�WKH�6U2±
%�2��SKDVH�GLDJUDP�>��@��WKH������FRQWHQW
RI�WKH�PDLQ�SKDVH�LQ�WKH�V\QWKHVL]HG�VDPSOH
LV� LQVXIILFLHQW� IRU� LWV� XVDJH� DV� WKH� LQLWLDO
FKDUJH�IRU�VLQJOH�FU\VWDO�JURZWK�

7KH� QH[W� WDVN�ZDV� WR� HVWDEOLVK� WKH�ZD\V
WR� VWURQWLXP�WHWUDERUDWH�V\QWKHVLV�E\�GHK\�
GUDWLRQ�RI� LWV�K\GUDWH��7DNLQJ� LQWR� DFFRXQW
WKH� ERULF� DFLG� IHDWXUH� WR� GLVSODFH� YRODWLOH
DFLGV� IURP�WKHLU�VDOWV� >��@�� LW� LV�SRVVLEOH�WR
REWDLQ�YDULRXV�ERUDWH�K\GUDWHV�E\�GHFRPSR�
VLWLRQ� RI� VWURQWLXP� FDUERQDWH� ZLWK� ERULF
DFLG��)RU�WKLV�UHDVRQ��WKH�IROORZLQJ�UHDFWLRQ
RI� VWURQWLXP� WHWUDERUDWH� K\GUDWH� IRUPDWLRQ
KDV�EHHQ�SURSRVHG�

6U&2�����+�2��o
o�6U%�2����Q+�2���&2���������Q����+�2���

�

7R� V\QWKHVL]H� 6U%�2��Q+�2�� WKH� VWURQ�WLXP� FDUERQDWH� 6U&2�� DQG� ERULF� DFLG+�%2�� LQ� VWRLFKLRPHWULF� UDWLR� ZHUH� WKRU�RXJKO\� PL[HG� DQG� JURXQG� WR� LQFUHDVH� WKH
PL[WXUH� UHDFWLYLW\�� 7KHQ� WKH� REWDLQHG
VDPSOH�ZDV�SODFHG�LQ�WKH�SODWLQXP�FUXFLEOH
DQG�FDOFLQHG�DW���Ü���&�IRU�DW�OHDVW����K�
7KH�FRPSOHWHQHVV�RI� WKH�UHDFWLRQ�ZDV�FRQ�

)LJ�����'7$�FXUYHV�RI�WKH�6U%�2��VDPSOHV����UDZ� VWRLFKLRPHWULF� PL[WXUH� RI� SRZGHUV�� ��
DIWHU� FDOFLQDWLRQ� DW��� ����&� ����K������'7*
FXUYH� FRUUHVSRQGLQJ� WR� WKH�'7$� FXUYH������
DIWHU� FDOFLQDWLRQ� DW��� ����&� ����K��DQG��� 
����&�����K��

)LJ�����;�UD\�GLIIUDFWLRQ�VSHFWUXP�RI�6U%�2�VDPSOH�DIWHU�FDOFLQDWLRQ�DW��� �����&�����K��
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WUROOHG�E\�;3$�DQG�'7$��$FFRUGLQJ�WR�WKH
;3$� GDWD�� WKH� 6U%�2����+�2�� 6U�%�2+�����6U��%�2��2+��%�2+���+�2�� DQG�6U�%�2���2+���SKDVHV� ZHUH� IRXQG� DIWHU� WKH� VDPSOH� KHDW
WUHDWPHQW� �7� ���Ü���&�� W� ���� K��� 7KH
WRWDO� VWRLFKLRPHWU\� FRUUHVSRQGHG� WR� WKH
6U%�2��Q+�2� FRPSRVLWLRQ�� 7KH� SUHVHQFH� RIVHYHUDO�SKDVHV�LQ�WKH�PL[WXUH�PD\�EH�FDXVHG
E\� WKH� VROLG� VWDWH� V\QWKHVLV� XWLOL]DWLRQ� LQ�
VWHDG�RI�SUHFLSLWDWLRQ�IURP�DTXHRXV�VROXWLRQ
>��@��7KXV�� VWURQWLXP�WHWUDERUDWH�REYLRXVO\
GRHV�QRW�IRUP�K\GUDWHV��LQ�FRQWUDVW�WR�RWKHU
VWURQWLXP�ERUDWHV�>������@�

,Q�WKH�'7$�FXUYH�RI�WKH�VDPSOH�REWDLQHG
DFFRUGLQJ� WR� UHDFWLRQ�� HQGRWKHUPLF� SHDNV
ZLWK�PD[LPD�DW�����&�DQG�����&�DFFRPSD�
QLHG� E\� VLPXOWDQHRXV� PDVV� ORVV� ZHUH� RE�
VHUYHG� �)LJ����� FXUYHV� ��� ���� 7KLV� LQGLFDWHV
WKH� VWHSZLVH� GHK\GUDWLRQ� RI� VWURQWLXP� ER�
UDWH� K\GUDWHV� UHVXOWLQJ� LQ� DQ� DPRUSKRXV
SKDVH� IRUPDWLRQ�� 7KH� DPRUSKRXV� SKDVH
SUHVHQFH� KDV� EHHQ� FRQILUPHG� E\� ;3$�� D
FKDUDFWHULVWLF�KDOR�LQ�WKH�VPDOO�DQJOH�UHJLRQ
KDV� EHHQ� REVHUYHG� LQ� WKH�;�UD\� GLIIUDFWLRQ
SDWWHUQ�RI� WKH� VDPSOH��7KH� FDOFXODWHG�PDVV
ORVV� IURP� WKH� VDPSOH� FRUUHVSRQGHG� WR� WKH
UHPRYDO� RI� WZR� ZDWHU� PROHFXOHV�� 7KH� IXU�
WKHU�PDVV�ORVV�RFFXUUHG�SUREDEO\�GXH�WR�WKH
UHPRYDO� RI� �HG�±� JURXSV� IURP� WKH� FRP�
SRXQGV� IRUPLQJ� WKH� PL[WXUH�� 7KLV� ORVV� LV
REVHUYHG� WLOO� 7� �����&�� 7KH� WRWDO� PDVV� RI
WKH� FU\VWDOOL]HG� VDPSOH� FRUUHVSRQGHG� WR
WKHRUHWLFDO� PDVV� RI� WKH� SXUH� 6U%�2��� 7KHSHDNV� RI� WKHUPDO� HIIHFWV� FRUUHVSRQGLQJ� WR
6U&2�� GHFRPSRVLWLRQ� DQG� LQWHUDFWLRQ� RIVWURQWLXP�FDUERQDWH�ZLWK�ERURQ�R[LGH��XVX�
DOO\� REVHUYHG� DW� 7� ����Ü����&� �)LJ����
FXUYH� ��� ZKHQ� WKH� VROLG� VWDWH� UHDFWLRQ� LV
XVHG� >�@��� ZHUH� DEVHQW� LQ� WKH� H[SHULPHQWDO
KHDWLQJ�FXUYH�

7HPSHUDWXUH� LQFUHDVH� XS� WR� �� �����&
UHVXOWV�LQ�DSSHDUDQFH�RI�DQ�H[RWKHUPLF�SHDN
LQ� WKH� '7$� FXUYH� FRUUHVSRQGLQJ� WR� WKH
DPRUSKRXV� SKDVH� FU\VWDOOL]DWLRQ� �)LJ����
FXUYH�����7KLV� LV�D� FKDUDFWHULVWLF� HIIHFW� IRU
QXPHURXV�V\QWKHWLF�ERUDWHV�>��@�DQG�LV�UHIH�
UHHG� WR� DV� ERUDWH� UHDUUDQJHPHQW� >��@�� $W
WKH� GHK\GUDWLRQ�� WKH� ERUDWH� FU\VWDO� ODWWLFH
GLVLQWHJUDWHV� DQG� PDWHULDO� WUDQVIHUV� WR
DPRUSKRXV� VWDWH�� $� IXUWKHU� KHDWLQJ� FDXVHV
FU\VWDOOL]DWLRQ� RI� WKH� DPRUSKRXV� SKDVH� DF�
FRPSDQLHG�E\�H[RWKHUPDO�HIIHFW�WKDW�FDQ�EH
VHHQ�LQ�WKH�'7$�FXUYH��*HQHUDOO\��WKH�'7$
GDWD�VKRZQ�LQ�WKH�)LJ�����FXUYH����DUH�W\SL�
FDO�RI�WKH�ERUDWH�UHDUUDQJHPHQW�SURFHVV�

$FFRUGLQJO\� WR� WKH� ;3$� GDWD�� WKH� FRQ�
WHQW� RI� WKH� FU\VWDOOLQH�6U%�2�� SKDVH� LQ� WKHVDPSOH� FDOFLQHG� DW� �� �����&� GXULQJ� �� K
ZDV� ��� ZW�� ��� 7KH� 6U%�2�� DQG� 6U%�2��

FRPSRXQGV� ZHUH� UHYHDOHG� DV� LPSXULW\
SKDVHV��7KLV�HYLGHQFHV� WKH� LQFRPSOHWH� UHDF�
WLRQ�RU�WKH�FRPSHWLWLRQ�LQ�IRUPDWLRQ�RI�VHY�
HUDO� VWURQWLXP� ERUDWHV� LQ� WKH� ���Ü����&
WHPSHUDWXUH� UDQJH� >��@� �DV� ZHOO� DV� LQ� WKH
FDVH�RI�VROLG�VWDWH�UHDFWLRQ��

7R� REWDLQ� D� VLQJOH�SKDVH� FRPSRXQG�� WKH
LQWHUPHGLDWH� JULQGLQJ� VWDJH� KDV� EHHQ� XVHG
�WR� LQFUHDVH� WKH� DFWLYLW\� RI� UHDJHQWV�� DQG
WKH� VDPSOH� KDV� EHHQ� DGGLWLRQDOO\� DQQHDOHG
DW��� �����&�GXULQJ����K��$IWHU� VXFK�KHDW
WUHDWPHQW�� WKH� VLQJOH�SKDVH� 6%2� KDV� EHHQ
V\QWKHVL]HG� �ZLWKLQ� WKH� H[SHULPHQWDO� HUURU
RI� WKH� ;3$�� )LJ������ 7KH� REWDLQHG� '7$
FXUYH� IRU� 6%2� �)LJ����� FXUYH� ��� FRQWDLQV
RQO\�RQH�HQGRWKHUPLF�SHDN�DW������&�FRUUH�
VSRQGLQJ� WR� WKH� FRQJUXHQW� PHOWLQJ� RI� WKH
FRPSRXQG� >��@�� 7KH� SRO\FU\VWDOOLQH� 6%2
V\QWKHVL]HG� E\� WKH� WHFKQLTXH� GHVFULEHG
DERYH� KDV� EHHQ� XVHG� VXFFHVVIXOO\� WR� JURZ
6%2� VLQJOH� FU\VWDOV� >��@�� �KXV�� WKH� ERUDWH
UHDUUDQJHPHQW�PHWKRG�FDQ�EH�XVHG�WR�REWDLQ
WKH� VLQJOH�SKDVH�6%2� WKDW� LV� DSSOLFDEOH� IRU
VLQJOH�FU\VWDO�JURZWK�

7R� FRQFOXGH�� WKH� SHFXOLDULWLHV� RI� 6%2
SKDVH� IRUPDWLRQ� LQ� WKH� 6U2±%�2�� V\VWHPKDYH� EHHQ� VWXGLHG� XVLQJ� GLIIHUHQWLDO� WKHU�
PDO� DQG� ;�UD\� SKDVH� DQDO\VLV�� ,W� KDV� EHHQ
GHWHUPLQHG� WKDW� VLQJOH�SKDVH�6U%�2��DSSUR�SULDWH� IRU� WKH� VLQJOH� FU\VWDO� JURZWK� FDQ� EH
V\QWKHVL]HG� E\� WKH� IROORZLQJ� VFKHPH�� UDZ
PL[WXUH� RI� SRZGHUV� �o�� VWURQWLXP� ERUDWH
K\GUDWHV��o��DPRUSKRXV�SKDVH��o��SRO\FU\V�
WDOOLQH�6U%�2���$FNQRZOHGJPHQW�� $XWKRUV� WKDQN
'U�9�1�%DXPHU� DQG� 'U�9�)�7NDFKHQNR� IRU
;3$�VWXGLHV�RI�WKH�H[SHULPHQWDO�VDPSOHV�

)LJ�����;�UD\�GLIIUDFWLRQ�VSHFWUXP�RI�6U%�2�VDPSOH� DIWHU� FDOFLQDWLRQ� DW� �� ����&� ���� K�
DQG��� �����&�����K��
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