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FU\VWDOORJUDSKLF� SODQHV� VKRZ� DQ� LQFUHDVHG� KDUGQHVV� RI� WKH� GRSHG� FU\VWDOV� �JURZQ� LQ� WKH
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'XULQJ�UHFHQW�IHZ�\HDUV�WKH�VFRSH�IRU�WKH
FUHDWLRQ� RI� QHZ� QRQ�OLQHDU� RSWLFDO� PHGLD
EDVHG�RQ�FRPSOH[�FRPELQDWLRQV�RI�ZDWHU�VRO�
XEOH� LQRUJDQLF� PDWUL[HV� ZLWK� RUJDQLF� DQG
LQRUJDQLF� LPSXULW\� LV� EHLQJ� DFWLYHO\� GLV�
FXVVHG� LQ� WKH� VFLHQWLILF� OLWHUDWXUH�� 7KHUHDW�
VSHFLDO� FRQVLGHUDWLRQ� LV� JLYHQ� QRW� RQO\� WR
WKH�SRVVLELOLW\�RI�FKDQJLQJ�VLJQLILFDQW�IXQF�
WLRQDO� FKDUDFWHULVWLFV� RI� WKH� FU\VWDOV�� EXW
DOVR�WR�WKH�FUHDWLRQ�RI�QHZ�SURSHUWLHV�ZKLFK
DUH�QRW�SHFXOLDU�WR�WKH�SXUH�FU\VWDOV�>�@��

8QGRXEWHGO\��.'3�EHORQJV�WR�WKRVH�FU\V�
WDOV�ZKLFK�DUH�VXFFHVVIXOO\�XVHG�DV�D�PRGHO
V\VWHP�IRU�VWXG\LQJ�WKH�PHFKDQLVP�RI�FU\V�
WDO�JURZWK�IURP�WKH�VROXWLRQ��DV�ZHOO�DV�IRU
ILQGLQJ� RXW� D� UHODWLRQ� EHWZHHQ� QRQ�OLQHDU
RSWLFDO� SURSHUWLHV� DQG� FU\VWDO� VWUXFWXUH�
7KLV�LV�FDXVHG��ILUVW�RI�DOO��E\�UDWKHU�VLPSOH
JURZWK�VHW�XS��KLJK� VWUXFWXUH�SHUIHFWLRQ�RI
ZDWHU�VROXEOH� FU\VWDOV�� WKH�SRVVLELOLW\�WR�HV�
VHQWLDOO\�YDU\�WKH�FU\VWDOOL]DWLRQ�FRQGLWLRQV�
L�H�� WKH� WHPSHUDWXUH�� WKH� VROXWLRQ� DFLGLW\�
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WKH�W\SHV�RI�WKH�LQWURGXFHG�LPSXULWLHV��H�J�
RUJDQLF�PROHFXOHV� >�Ü�@���$V� VKRZQ� LQ� � >��
��� �Ü�@��.'3�FU\VWDOV� FDQ�DEVRUE�D�YDULHW\
RI� RUJDQLF� PROHFXOHV�� VXFK� DV� FKLFDJR� VN\
EOXH��DPDUDQWK��VXQVHW�\HOORZ��WU\SDQ�EOXH�
GLUHFW�EOXH��IDVW�UHG�H[WUD��VWLOEHQH��[\OHQRO
RUDQJH�� PHWK\OWK\PRO� EOXH�� XUHD�� HWK\OH�
QHGLDPLQH� WHWUD� DFHWLF� DFLG� �('7$��� HWKD�
QRO�� ��SURSDQRO�� HWF��7KH�PHFKDQLVP�RI� WKH
LQFRUSRUDWLRQ� RI� RUJDQLF�PROHFXOHV� LQWR� WKH
FU\VWDO�ODWWLFH�RI�.'3�LV�GLVFXVVHG�LQ�>�����@
ZKHUH�DQ�HVVHQWLDO�UROH�RI�ORFDO�VWHUHRFKHPL�
FDO� DIILQLW\� EHWZHHQ� WKH� LPSXULWLHV� DQG� WKH
PDWUL[� LV� FRQVLGHUHG�� 7KH� VWXG\� RI� WKH� NL�
QHWLFV� RI� .'3� FU\VWDO� JURZWK� LQ� WKH� SUHV�
HQFH�RI�VRPH�RUJDQLF�PROHFXOHV��8UHD��(WKD�
QRO����3URSDQRO��>�@�VKRZV�WKDW�WKH�DGGLWLRQ
RI� 8UHD� WR� WKH� PRWKHU� OLTXRU� SUDFWLFDOO\
GRHV� QRW� LQIOXHQFH� WKH� JURZWK� UDWH� IRU� WKH
IDFHV���
%\� DQDO\]LQJ� WKH� LQIOXHQFH� RI� 8UHD� RQ

WKH�RSWLFDO��QRQ�OLQHDU�DQG�VWUHQJWK�FKDUDF�
WHULVWLFV� RI� .'3� FU\VWDOV�� 3RGGHU� >��@
VKRZHG�8UHD�GRSHG�.'3� FU\VWDOV� WR�KDYH� D
KLJKHU� PHFKDQLFDO� VWUHQJWK� LQ� FRPSDULVRQ
ZLWK� WKH� SXUH� FU\VWDOV�� ,QGHHG�� IRU� WKH
JURZWK� VHFWRUV� ^���`� WKH� 9LFNHUV� KDUGQHVV
RI� WKH�GRSHG� FU\VWDOV� LQFUHDVHG�E\� DSSUR[L�
PDWHO\������DW�DSSOLHG�LQGHQWHU�ORDGV�UDQJ�
LQJ�EHWZHHQ����J�DQG�����J�� ,W� LV� LQWHUHVW�
LQJ� WR� QRWH� WKDW�� E\� LQWURGXFLQJ�8UHD� LQWR
.'3� VROXWLRQ� WKH� DXWKRU� RI� WKH�PHQWLRQHG
SDSHU�PDQDJHG�WR�REWDLQ�.'3�FU\VWDOV�ZLWK
D� KLJKHU� HIILFLHQF\� RI� WKH� VHFRQG� KDUPRQLF
JHQHUDWLRQ��
7KH� SUHVHQW� SDSHU� UHSRUWV� WKH� QHZ� UH�

VXOWV�RI�VWXG\LQJ�WKH�VWUXFWXUDO��RSWLFDO�DQG
VWUHQJWK� �ODVHU� GDPDJH� WKUHVKROG�� PLFUR�
KDUGQHVV�� FKDUDFWHULVWLFV� RI� .'3� FU\VWDOV

JURZQ� IURP� WKH� VROXWLRQV� GRSHG�ZLWK�8UHD
�&+�1�2��.'3� VLQJOH� FU\VWDOV� ZHUH� JURZQ� IURP
ZDWHU�VROXWLRQ�RQWR�D�SRLQW�VHHG�E\�WKH�WHP�
SHUDWXUH� UHGXFWLRQ� PHWKRG� LQ� ��y���&
UDQJH���7KHUH�ZHUH�REWDLQHG�ERWK�SXUH�.'3
FU\VWDOV�DQG�WKRVH�ZLWK�GLIIHUHQW�PRODU�YDO�
XHV�RI�8UHD� LQ� WKH�PRWKHU� OLTXRU� ����������
���������DQG����0��WKH�VROXELOLW\�RI�8UHD�DW
WKH� ZDWHU� DW� ���&� H[FHHGV� ��� 0�/��� 7KH
FU\VWDOV�ZHUH�JURZQ�IURP�VWRLFKLRPHWULF�VR�
OXWLRQV�ZLWK� S+� ����y�����$V� D� UDZ�PDWH�
ULDO�� ZH� XVHG� SRWDVVLXP� GLK\GURSKRVSKDWH
VDOW�ZLWK� D� FRQWHQW� RI�PLFUR�LPSXULWLHV�QRW
KLJKHU�WKDQ�����Ü��PDVV�����7KH�FRQWHQW�RI
PLFUR�LPSXULWLHV�LQ�WKH�UDZ�PDWHULDO�DQG�LQ
WKH� JURZQ� FU\VWDOV� ZDV� GHWHUPLQHG� E\� LQ�
GXFWLYHO\� FRXSOHG� SODVPD�DWRPLF� HPLVVLRQ
VSHFWURPHWU\�>��@���
7KH� SK\VLFDO� FKDUDFWHULVWLFV� RI� WKH� FU\V�

WDOV� ZHUH� LQYHVWLJDWHG� XVLQJ� ��u��u���PP�
VDWHOOLWH� VDPSOHV� REWDLQHG� IURP� WKH� JURZWK
VHFWRUV�^���`�DQG�^���`�ZLWK�ZRUNLQJ�VXUIDFHV
VXEMHFWHG� WR� JULQGLQJ� DQG� RSWLFDO� SROLVKLQJ�
7KH�JURZQ�FU\VWDOV�DUH�VKRZQ�LQ�)LJ�����
7KH�WUDQVPLVVLRQ�VSHFWUD�LQ�WKH�UHJLRQ�RI

���Ü����� QP� ZDYHOHQJWKV� ZHUH� PHDVXUHG
E\�PHDQV�RI�DXWRPDWHG�89�9LV�1,5�3HUNLQ�
(UOPOHU�VSHFWURSKRWRPHWHU��IRU�,5�PHDVXUH�
PHQWV�����Ü�����FPÜ��UHJLRQ��)RXULHU�VSHF�
WURPHWHU� RI� %UXFNHU� ,)6� ��� W\SH� ZDV� XVHG
�WKH� VDPSOHV� ZHUH� PL[HG� ZLWK� .%U� DQG
SUHVVHG� LQWR� SHOOHWV�� �� PJ� RI� WKH� VWXGLHG
VDPSOH�SHU���PJ�RI�.%U���7KH�YDOXH�RI�9LFN�
HUV� PLFURKDUGQHVV� +9� ZDV� PHDVXUHG� E\307��PHWHU� DW� ORDGV� UDQJLQJ� ZLWKLQ
��y���J�LQWHUYDO��7KH�ODVHU�GDPDJH�WKUHVK�
ROG� ZDV� GHWHUPLQHG� XVLQJ� VLQJOH�PRGH

)LJ�����$V�JURZQ�FU\VWDOV��WKH�.'3�FU\VWDO�JURZQ�IURP�WKH�PRWKHU�OLTXRU�ZLWK�����0�8UHD�DGGLWLYH
�D���WKH�.'3�FU\VWDO�JURZQ�IURP�WKH�PRWKHU�OLTXRU�ZLWK���0�8UHD�DGGLWLYH��E��
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<$*�1G���ODVHU�ZRUNLQJ�LQ�PRGXODWHG�4�IDF�
WRU�UHJLPH��;�UD\�GLIIUDFWLRQ�DQDO\VLV�RI�WKH
VDPSOHV�ZDV�UHDOL]HG�E\�PHDQV�RI�'521��0
GLIIUDFWRPHWHU� LQ� PRQRFKURPDWL]HG� &R.EUDGLDWLRQ� �ZLWK� DV\PPHWULF� IODW� /L)� PRQR�
FKURPDWRU�� WKH� UHIOHFWLRQ� ^���`��� )RU� KLJK�
SUHFLVLRQ� GHWHUPLQDWLRQ� RI� WKH� FU\VWDO� ODW�
WLFH� SDUDPHWHUV� E\� WKH� %RQG� PHWKRG� WKHUH
ZDV�XVHG�D�PXOWLSXUSRVH�WKUHH�FU\VWDO�;�UD\
GLIIUDFWRPHWHU�>��@���
7R� VWXG\� SRVVLEOH� LQIOXHQFH� RI� 8UHD� LP�

SXULW\� RQ� WKH� WUDQVPLVVLRQ� RI� WKH� JURZQ
.'3� FU\VWDOV�� ZH� PHDVXUHG� WKH� VSHFWUD� RI
WKH�LQLWLDO�.'3�VROXWLRQV��RI�.'3�VROXWLRQV
ZLWK� �� DQG� ��� l� 8UHD� FRQFHQWUDWLRQV�� DV
ZHOO�DV�RI�SXUH�8UHD�VROXWLRQ��7KH�REWDLQHG
GDWD�VKRZ��)LJ�����WKDW��GXH�WR�WKH�LQWURGXF�
WLRQ� RI� 8UHD� LQWR� WKH� VROXWLRQ�� WKH� DEVRUS�
WLRQ�HGJH� LV� VKLIWHG� WRZDUGV� WKH� ORQJ�ZDYH�
OHQJWKV� UHJLRQ� E\� ���QP� �)LJ���D�� FXUYHV��
DQG�����7KH� ORQJ�ZDYHOHQJWKV� UHJLRQ�RI� WKH
VSHFWUXP�LV�FKDUDFWHUL]HG�E\�WKH�SUHVHQFH�RI
WKH� DEVRUSWLRQ� EDQG� DW� O� ����� QP� W\SLFDO
RI�.'3�ZDWHU�VROXWLRQV�DQG�FRQQHFWHG�ZLWK
RVFLOODWLRQV� RI� 2+�LRQV� RI� ZDWHU�� $Q� DGGL�
WLRQDO�EDQG�DW�O� ������QP�FDXVHG�E\�RVFLO�
ODWLRQV�RI�1+�JURXS�RI�8UHD�LV�REVHUYHG�IRU
8UHD�ZDWHU�VROXWLRQ���
7KH� WUDQVPLVVLRQ� VSHFWUD� RI� SXUH� DQG

8UHD�GRSHG� FU\VWDOV� DUH� VKRZQ� LQ� )LJ���E�
$V� LV� VHHQ�� LQ� WKH� UHJLRQ� RI� ���Ü����� QP
DOO�WKH�FU\VWDOV�DUH�WUDQVSDUHQW��LUUHVSHFWLYH
RI� WKH� FRQWHQW� RI� 8UHD� LQ� WKH� LQLWLDO� .'3
VROXWLRQ�� $W� ZDYHOHQJWKV� VKRUWHU� WKDQ
����QP�89�DEVRUSWLRQ�ZLWK�D�PD[LPXP�DW
���� QP� VKDUSO\� LQFUHDVHV� IRU� DOO� WKH� VDP�
SOHV� PDGH� IURP� WKH� JURZWK� VHFWRUV� ^���`
�)LJ���E�� FXUYHV� �Ü��� ����� )RU� WKH� JURZWK
VHFWRUV� IRUPHG� E\� WKH� S\UDPLG� IDFHV� ^���`

WKH� PHQWLRQHG� DEVRUSWLRQ� EDQG� LV� REVHUYHG
RQO\�IRU�WKH�VDPSOHV�JURZQ�IURP�.'3�VROX�
WLRQV�ZLWK���DQG����0�FRQWHQWV�RI�8UHD��
$FFRUGLQJ�WR�WKH�OLWHUDWXUH�GDWD�>��@��WKH

PDLQ�FDXVH�RI�89�DEVRUSWLRQ�LQ�.'3�FU\VWDOV
LV� WKH� SUHVHQFH� RI� LPSXULWLHV� RI� SRO\YDOHQW
PHWDOV� �WKHLU� VHJUHJDWLRQ� FRHIILFLHQW� IRU� WKH
SULVPDWLF�VHFWRU�LV�a���IRU�WKH�S\UDPLGDO�VHF�
WRU� LW� LV� E\� DQ� RUGHU� ORZHU��� 7KH� FKHPLFDO
DQDO\VLV�RI�WKH�JURZQ�FU\VWDOV�IRU�WKH�FRQWHQW
RI� PLFUR�LPSXULWLHV� �7DEOH���� VKRZV� WKDW� WKH
SUHVHQFH�RI�$O���LQ�WKH�SULVPDWLF�DQG�S\UDPL�
GDO� VHFWRUV� GLIIHUV� E\� DQ� RUGHU�� 7KXV�� WKH
DEVRUSWLRQ� EDQG� DW� O� ����� QP� LQ� WKH� SULV�
PDWLF�JURZWK�VHFWRUV�^���`�PD\�EH�FDXVHG�E\
WKH�LQFRUSRUDWLRQ�RI�$O���LQWR�WKH�FU\VWDO���
.'3� FU\VWDO� EHORQJV� WR� WKH� WHWUDJRQDO�

VFDOHQRKHGUDO� V\PPHWU\��
BB
�P�� LWV�XQLW� FHOO�GL�

PHQVLRQV�DUH�D� �E� �������c�DQG�F� �������c
>������@��
3RZGHU� ;�UD\� GLIIUDFWLRQ� DQDO\VLV� SHU�

IRUPHG� IRU� QRPLQDOO\� SXUH� .'3� FU\VWDOV
DQG� IRU� WKH� RQHV� JURZQ� IURP� WKH� VROXWLRQ
FRQWDLQLQJ� 8UHD� ���� 0�� GRHV� QRW� UHYHDO� WKH
SUHVHQFH�RI�RWKHU�SKDVHV��)LJ������WKH�VHQVLWLY�
LW\�RI�WKH�PHWKRG�EHLQJ�d��PDVV�����7KH�GLI�
IUDFWLRQ�SDWWHUQV�VKRZ�DQ�LQVLJQLILFDQW�ULVH�RI
WKH� SDUDPHWHU� °� RI� WKH� ODWWLFH� RI� WKH� FU\VWDOV
JURZQ�IURP�8UHD�FRQWDLQLQJ�VROXWLRQV��
7R� GHWHUPLQH� WKH� ODWWLFH� SDUDPHWHUV� RI

WKH� JURZQ� FU\VWDOV� PRUH� SUHFLVHO\�� WKH� SD�
UDPHWHU�F�GHSHQGLQJ�RQ�WKH�FRQFHQWUDWLRQ�RI
8UHD�LQ�WKH�VROXWLRQ�ZDV�PHDVXUHG�DQG�FDO�
FXODWHG� E\� WKH�%RQG�PHWKRG�XVLQJ� D� WKUHH�
FU\VWDO�GLIIUDFWRPHWHU�LQ�&X�.D��UDGLDWLRQ��$V� VHHQ� IURP� )LJ����� WKH� FU\VWDO� ODWWLFH
SDUDPHWHU� F� �'F� �������Ü��� HVVHQWLDOO\� LQ�
FUHDVHV� ZLWK� WKH� DGGLWLRQ� RI� ���y�� 0� RI

)LJ����� D�� 89�9LV�1,5� DEVRUSWLRQ� VSHFWUD� RI� WKH� VROXWLRQV�� SXUH� .'3� ����� .'3����0�8UHD� ����
.'3���0�8UHD� ����� 8UHD� ����� E��89�9LV�1,5� DEVRUSWLRQ� VSHFWUD� RI� WKH� FU\VWDOV��.'3���0�8UHD
^���`� ����� .'3��� 0� 8UHD� ^���`� ����� .'3��� 0� 8UHD� ^���`� ����� .'3���� 0� 8UHD� ^���`� ����
.'3����0�8UHD� ^���`� �����.'3���0�8UHD� ^���`� �����.'3���0�8UHD� ^���`� �����.'3���0�8UHD
^���`������SXUH�.'3�^���`������SXUH�.'3�^���`������
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8UHD� WR� WKH� VROXWLRQ�� $W� 8UHD� FRQFHQWUD�
WLRQV� H[FHHGLQJ� �� 0� WKH� REVHUYHG� LQFUHDVH
LQ� WKH� ODWWLFH� SDUDPHWHU� LV� LQVLJQLILFDQW�
6XFK�D�EHKDYLRU�RI�WKH�SDUDPHWHU�°�GHSHQG�
LQJ�RQ�WKH�FRQFHQWUDWLRQ�RI�8UHD� LQ�WKH�VR�
OXWLRQ� WHVWLILHV� WR� DQ� LQWULFDWH� FKDUDFWHU� RI
WKH� LQFRUSRUDWLRQ� RI� GLIIHUHQW� FRPSOH[HV
LQWR� WKH�FU\VWDO� ODWWLFH�RI�.'3��7KH�EHKDY�
LRU�RI�WKH�ODWWLFH�SDUDPHWHU�D�LV�E\�DQ�RUGHU
OHVV� VHQVLWLYH� WR� WKH� FKDQJLQJ�8UHD� FRQFHQ�
WUDWLRQ�LQ�WKH�VROXWLRQ�DQG�LV�RQ�WKH�OHYHO�RI
WKH�HUURU�RI�WKH�H[SHULPHQW���
)7,5� VSHFWUD� RI� SRZGHUHG� VDPSOHV� RI

.'3�FU\VWDOV�JURZQ�IURP�WKH�SXUH�VROXWLRQ
DQG� IURP� WKH� VROXWLRQV� FRQWDLQLQJ� 8UHD
����� 0� DQG� ����� 0�� DUH� VKRZQ� LQ� )LJ����
7DEOH��� SUHVHQWV� WKH� ZDYHQXPEHUV� RI� WKH
DEVRUSWLRQ�PD[LPD�LQ�WKHVH�VSHFWUD��
7KH� REWDLQHG� UHVXOWV� WHVWLI\� WKDW� DOO� WKH

,5� VSHFWUD� DUH� SUDFWLFDOO\� LGHQWLFDO� DQG
DJUHH�ZLWK� WKH� DYDLODEOH� OLWHUDWXUH�GDWD�� H�J�

>��@�� 7KH� FRPSDUDWLYH� DQDO\VLV� RI� ,5�DEVRUS�
WLRQ� LQ� WKH� SXUH� FU\VWDOV� DQG� LQ� WKRVH� FRQ�
WDLQLQJ� 8UHD� GRHV� QRW� VKRZ� HVVHQWLDO� IHD�
WXUHV� RI� WKH� VSHFWUXP� UHODWHG� WR� WKH� SUHV�
HQFH� RI� 8UHD� LQ� WKH� ODWWLFH� RI� .'3�
1HYHUWKHOHVV�� LW� VKRXOG� EH� DVVXPHG� WKDW� WKH
EDQG� ZLWK� WKH�PD[LPXP� Q� ����� FPÜ���)LJ�
���FXUYHV���DQG����LV�FRQQHFWHG�ZLWK�DQ�RXW�
RI�SODQH� EHQGLQJ� RI� �1�&2�� JURXS� ZKHUHDVWKH� EDQG� ZLWK� Q� ������FPÜ�� LV� FDXVHG� E\
WKH� &±2� VWUHWFKLQJ� RI� 8UHD�� )LQDOO\�� WKH
ZLGH� ZHDNO\� SURQRXQFHG� EDQG� DW� DERXW
�����FPÜ�� LV� HYLGHQWO\� GXH� WR� WKH� RYHUODS�
SLQJ�SHDNV�RI� WKH�DV\PPHWULF�VWUHWFKLQJ�RI
1+��RI�8UHD�DQG�2+�VWUHWFK�RI�.'3��,Q�RXURSLQLRQ��WKH�PHQWLRQHG�LQGLUHFWO\�WHVWLILHV�WR
WKH�SUHVHQFH�RI�IXQFWLRQDO�8UHD�JURXSV�LQ�WKH
FU\VWDOV�DQG�WR�VRPH�H[WHQW�LW�DJUHHV�ZLWK�WKH
UHVXOWV� RI� WKH� PHDVXUHPHQWV� RI� WKH� FU\VWDO
ODWWLFH�SDUDPHWHU�F��
7KH�PLFURKDUGQHVV��+9��ZDV�PHDVXUHG�DWURRP�WHPSHUDWXUH��7KH� W\SLFDO�GHVFHQW�UDWH

RI�WKH� LQGHQWHU� LV�a��PP�PLQ���WKH�WLPH�RI

)LJ����� 'LIIUDFWLRQ� SDWWHUQV� RI� WKH� VDPSOHV�
QRPLQDOO\�SXUH��.'3�FU\VWDO��D���.'3�FU\VWDO
JURZQ� IURP� WKH� VROXWLRQ�FRQWDLQLQJ����0�RI
8UHD��E��

)LJ�����'HSHQGHQFH�RI�.'3�ODWWLFH�SDUDPHWHU
F�RQ�8UHD�FRQFHQWUDWLRQ�LQ�WKH�VROXWLRQ�

7DEOH����7KH�DPRXQW�RI�WKH�LQRUJDQLF�LPSXULWLHV�LQ�.'3�FU\VWDOV��PDVV���
6DPSOH )H $O 0J 6L &X 0R�1L &R�&G

5DZ�PDWHULDO �����Ü� ����Ü� ����Ü� �����Ü� ����Ü� �����Ü� �����Ü�
0RWKHU�OLTXRU�DIWHU�JURZLQJ ����Ü� ������Ü� ����Ü� �����Ü� ����Ü� �����Ü� �����Ü�
.'3�����0�8UHD��^���` ����Ü� ����Ü� �����Ü� ����Ü� ����Ü� �����Ü� �����Ü�
.'3�����0�8UHD��^���` ����Ü� ������Ü� �����Ü� ����Ü� ����Ü� �����Ü� �����Ü�
.'3�����0�8UHD��^���` ����Ü� ����Ü� �����Ü� ����Ü� ����Ü� �����Ü� �����Ü�
.'3�����0�8UHD��^���` ����Ü� ����Ü� �����Ü� ����Ü� ������Ü� �����Ü� �����Ü�
.'3�����0�8UHD��^���` ����Ü� ������Ü� �����Ü� ����Ü� ����Ü� �����Ü� �����Ü�
.'3�����0�8UHD��^���` ������Ü� ����Ü� �����Ü� ����Ü� ����Ü� �����Ü� �����Ü�
.'3�����0�8UHD��^���` �����Ü� ����Ü� �����Ü� ����Ü� ����Ü� �����Ü� �����Ü�
.'3�����0�8UHD��^���` ������Ü� ����Ü� �����Ü� ����Ü� ����Ü� �����Ü� �����Ü�
.'3������0�8UHD��^���` �����Ü� ����Ü� �����Ü� ����Ü� ����Ü� �����Ü� �����Ü�
.'3������0�8UHD��^���` ������Ü� ������Ü� �����Ü� ����Ü� ����Ü� �����Ü� �����Ü�
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LQGHQWDWLRQ� EHLQJ� ��� V�� )RU� HDFK� VDPSOH�+9ZDV� FDOFXODWHG� E\� WDNLQJ� WKH� DYHUDJH� RI� WKH
UHVXOWV� RI� ��� PHDVXUHPHQWV� RQ� WKH� SODQHV
������ DQG� ������� WKH� URRW�PHDQ�VTXDUH� IOXF�
WXDWLRQ�RI�+9�GLG�QRW�H[FHHG������7KH�PLFUR�KDUGQHVV� YDOXH� ZDV� HVWLPDWHG� IURP� WKH� IRU�
PXOD�+9� ��������3�'�� �J�PP����,Q�WKLV�H[�
SUHVVLRQ�+9�LV�WKH�9LFNHU�V�PLFURKDUGQHVV��3LV�WKH�DSSOLHG�ORDG��'�LV�WKH�DYHUDJH�YDOXH�RI
WKH�PHDVXUHG�GLDJRQDO�OHQJWKV���
3UHVHQWHG� LQ�)LJ����� �� LV� WKH�GHSHQGHQFH

RI� WKH� PLFURKDUGQHVV� RQ� WKH� DSSOLHG� ORDG�
$V� LV� VHHQ�� ZLWK� WKH� LQFUHDVH� LQ� WKH� ORDG�
WKH� KDUGQHVV� YDOXH� GLPLQLVKHV�� $W� KLJK
ORDGV�WKH�ODZ�RI�JHRPHWULF�VLPLODULW\�RI�WKH
LPSUHVVLRQV� LV� IXOILOOHG�� DQG� WKH� YDOXH� RI
KDUGQHVV�LV�SUDFWLFDOO\�ORDG�LQGHSHQGHQW��$W
ORZ� ORDGV� WKH� PLFURKDUGQHVV� VKDUSO\� LQ�
FUHDVHV� RU� GLPLQLVKHV� GXH� WR� DQ� HOHYDWHG
PHDVXUHPHQW� HUURU� DW� VPDOO� LPSUHVVLRQ� GL�
PHQVLRQV� DQG� WR� WKH� LQIOXHQFH� RI� WKH� GDP�
DJHG� VXUIDFH� OD\HU� FDXVHG� E\� WUHDWPHQW� RI
WKH� FU\VWDO�� )LJ���� WHVWLI\� WKDW� WKH� GRSHG
VDPSOHV�DFTXLUH� VWUHQJWKHQLQJ�RQ� WKH�SODQH

������LQ�FRPSDULVRQ�ZLWK�SXUH�.'3�FU\VWDO�
,WV� YDOXH� PDNHV� DSSUR[LPDWHO\� ��Ü��� �
WDNLQJ�LQWR�DFFRXQW�D�PHDVXUHPHQW�HUURU�RI
�Ü�����$W�WKH�VDPH�WLPH�RQ�WKH�SODQH������
�)LJ����� VWUHQJWKHQLQJ� LV� DEVHQW�� 0RUHRYHU�
ZH� REVHUYHG� GLIIHUHQW� FKDUDFWHU� RI� WKH� IRU�
PDWLRQ�RI�FUDFNV�DQG�GDPDJH�RQ�WKH�SODQHV

)LJ�����0LFURKDUGQHVV� DV� D� IXQFWLRQ� RI� ORDG�
LQJ� RI� WKH� SODQH� ������� .'3���0� 8UHD� ����
.'3���� 0� 8UHD� ����� .'3��� 0� 8UHD� ����
.'3����� 0� 8UHD� ����� .'3��� 0� 8UHD� ����
SXUH�.'3�����Û�WKH�FRQFHQWUDWLRQ�RI�8UHD�LV
JLYHQ�IRU�VROXWLRQ�

7DEOH����:DYHQXPEHUV�RI�WKH�DEVRUSWLRQ�EDQG�PD[LPD�LQ�WKH�)7,5�VSHFWUD�RI�.'3�FU\VWDOV�
8UHD�FRQFHQWUDWLRQ
LQ�WKH�PRWKHU
OLTXRU��0 Q��FPÜ�

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

)LJ�����0LFURKDUGQHVV� DV� D� IXQFWLRQ� RI� ORDG�
LQJ�RI�WKH�SODQH� �������.'3����0�8UHD� ����
.'3��� 0� 8UHD� ����� .'3����� 0� 8UHD� ����
.'3���0�8UHD������.'3���0�8UHD������SXUH
.'3�����Û�WKH�FRQFHQWUDWLRQ�RI�8UHD�LV�JLYHQ
IRU�VROXWLRQ�)LJ�����,5�VSHFWUD�RI�.'3�FU\VWDOV��SXUH�.'3

����� .'3� FU\VWDO� JURZQ� IURP� WKH� VROXWLRQ
ZLWK� ���� 0� 8UHD� FRQWHQW� ����� .'3� FU\VWDO
JURZQ�IURP�WKH�VROXWLRQ�ZLWK����0�8UHD�FRQ�
WHQW�����
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������DQG�������FDXVHG�E\�DQLVRWURS\�RI�WKH
PHFKDQLFDO�SURSHUWLHV�RI�WKH�FU\VWDO���
$V�VHHQ�IURP�)LJ�����WKH�YDOXH�RI�PLFUR�

KDUGQHVV� VOLJKWO\� YDULHV� DW� HVVHQWLDOV
FKDQJHV� LQ� WKH� FRQFHQWUDWLRQ� RI� 8UHD�� ,Q
SDUWLFXODU��IRU�DOO�WKH�VDPSOHV�+9�LQFUHDVHVDW�8UHD�FRQFHQWUDWLRQV�XS�WR���0��LUUHVSHF�
WLYH� RI� WKH� JURZWK� VHFWRU� DQG� WKH� LQGHQWD�
WLRQ�SODQH��7KXV�� LQ�FRQWUDVW� WR� WKH�UHVXOWV
UHSRUWHG� LQ� WKH� SDSHU� >��@�� WKHVH� GDWD� WHV�
WLI\�WR�WKH�DEVHQFH�RI�H[SOLFLW�GHSHQGHQFH�RI
WKH� PLFURKDUGQHVV� YDOXH� RQ� WKH� FRQFHQWUD�
WLRQ�RI�8UHD��
7KH�ODVHU�GDPDJH�WKUHVKROG�RI�SXUH�.'3

VDPSOHV� DQG� RI� WKRVH� FRQWDLQLQJ� 8UHD� ZDV
LQYHVWLJDWHG� DW� WKH� ZDYHOHQJWK� RI� WKH� ILUVW
KDUPRQLF�RI�QHRG\PLXP�ODVHU��,Q�WKH�FRXUVH
RI� WKH� PHDVXUHPHQWV� WKH� HQHUJ\� RI� RQH�
PRGH�ODVHU�UDGLDWLRQ�SXOVH�ZDV������P-��WKH
IUHTXHQF\�RI�SXOVH�UHSHWLWLRQ�HTXDOHG���+]�
WKH�SXOVH�GXUDWLRQ�W� ����QV��O� �������PP�
7KH���H�UDGLXV�RI�WKH�IRFXVHG�VSRW�ZDV�HVWL�
PDWHG� WR� EH� ��� PP�� 7KH� LQYHVWLJDWHG� VDP�
SOHV� ZHUH� ORFDWHG� LQ� VXFK� D� ZD\� WKDW� WKH
IRFXV�RI�WKH�RSWLFDO�V\VWHP�VKRXOG�OLH�LQ�WKH
FU\VWDO�EXON���
7KH� SUHIRUPHG� PHDVXUHPHQWV� VKRZ� WKDW

WKH� ODVHU� GDPDJH� WKUHVKROG� RI� WKH� GRSHG
VDPSOHV�LV�E\���Ü�����KLJKHU�WKDQ�WKDW�RI
WKH� SXUH� VDPSOHV�� WDNLQJ� LQWR� DFFRXQW� WKH
H[SHULPHQWDO�HUURU�HTXDO�WR�r������7KH�DY�
HUDJH� WKUHVKROG� YDOXH� IRU� WKH� SXUH� DQG
GRSHG�FU\VWDOV�LV�a���-�FP��DQG�a���-�FP��
UHVSHFWLYHO\�� 7KH� FU\VWDOV� JURZQ� IURP� WKH
VROXWLRQ� ZLWK� 8UHD� FRQFHQWUDWLRQV� XS� WR
�� 0� KDYH� WKH� KLJKHVW� YDOXHV� RI� UDGLDWLRQ
VWUHQJWK�� DQG� WKLV� FRUUHODWHV�ZLWK� WKH� GDWD

RQ�PHFKDQLFDO�VWUHQJWKHQLQJ�RI�WKH�FU\VWDOV�
7KH� QRQ�OLQHDU� RSWLFDO� �1/2�� SURSHUWLHV

RI�WKH�FU\VWDOV�ZHUH�VWXGLHG�XVLQJ�WKH�SURF�
HVV� RI� VHFRQG�KDUPRQLF� JHQHUDWLRQ� RI
<$*�1G��� ODVHU� DW� O� �������PP� �ZLWK� ��+]
SXOVH�IUHTXHQF\�����QV�SXOVH�GXUDWLRQ����PP
ODVHU� EHDP�GLDPHWHU�� WKH�SXOVH� HQHUJ\� LQVWD�
ELOLW\�EHLQJ�r��������7KH�VDPSOHV�RI�SXUH�DQG
GRSHG�.'3�FU\VWDOV�ZHUH�FXW�RXW�DW�WKH�V\Q�
FKURQLVP� DQJOH� T� ����� �7\SH� ,,�� RHoH�� DQG
FRQWDLQHG�RQO\�WKH�SULVP�VHFWRUV�^���`��
7KH�GDWD� RQ� WKH�QRQ�OLQHDU�SURSHUWLHV�RI

WKH�FU\VWDOV�DUH�SUHVHQWHG�LQ�)LJ�����$FFRUG�
LQJ�WR�WKH�REWDLQHG�UHVXOWV��IRU�WKH�FU\VWDOV
JURZQ�IURP�WKH�VROXWLRQ�ZLWK����y��0�8UHD
FRQWHQW� WKH� HIILFLHQF\� WKH� VHFRQG� KDUPRQLF
JHQHUDWLRQ� �6+*�� LQFUHDVHV� LQ� FRPSDULVRQ
ZLWK�WKDW�RI�WKH�SXUH�FU\VWDO�E\�a������WDN�
LQJ� LQWR� DFFRXQW� D� PHDVXUHPHQW� HUURU� RI
r�� ��� DQG� UHDFKHV� WKH� PD[LPXP� YDOXH� DW
��0�8UHD�FRQFHQWUDWLRQ��$W�8UHD�FRQFHQWUD�
WLRQV� H[FHHGLQJ� ��0� WKH� HIILFLHQF\� RI� 6+*
LQVLJQLILFDQWO\�GLIIHUV�IURP�LWV�YDOXH�IRU�WKH
SXUH�FU\VWDO��
6LQJOH� FU\VWDOV� RI� SXUH� .'3� DQG� WKRVH

ZLWK� GLIIHUHQW�PRODU� YDOXHV� RI�8UHD� LQ� WKH
PRWKHU�OLTXRU���������������������DQG����0�
ZHUH�JURZQ��7KH�JURZQ�FU\VWDOV�ZHUH�IRXQG
WR� EH� WUDQVSDUHQW� LQ� WKH� YLVLEOH� UHJLRQ�� ,W
ZDV�UHYHDOHG�WKDW�LQ�WKH�8UHD�FRQFHQWUDWLRQ
UDQJH����y����0�WKH�FKDQJH�RI�WKH�XQLW�FHOO
YROXPH� �REYLRXVO\� FDXVHG� E\� WKH� LQFRUSRUD�
WLRQ� RI� WKH� DGGLWLYH� LQWR� .'3� FU\VWDO� ODW�
WLFH�� ZDV� WKH� PRVW� VLJQLILFDQW�� 7KH� ODWWLFH
SDUDPHWHU� F� �'F� �������Ü��� RI� WKH� JURZQ
FU\VWDOV�HVVHQWLDOO\�LQFUHDVHG�ZLWK�WKH�DGGL�
WLRQ� RI� ���y�� 0� RI� 8UHD� WR� WKH� VROXWLRQ�
3UHOLPLQDU\� PHDVXUHPHQWV� LQGLFDWHG� WKDW
WKH� VHFRQG� KDUPRQLF� JHQHUDWLRQ� HIILFLHQF\

)LJ����� (IILFLHQF\� RI� 6+*� IRU� WKH� FU\VWDOV�
.'3��� 0� 8UHD� ����� .'3��� 0� 8UHD� ����
.'3�����0�8UHD� ����� SXUH� .'3� ���� Û� WKH
FRQFHQWUDWLRQ�RI�8UHD�LV�JLYHQ�IRU�VROXWLRQ�

)LJ�����0LFURKDUGQHVV�RI�.'3�FU\VWDOV�GHSHQG�
LQJ�RQ�WKH�FRQFHQWUDWLRQ�RI�8UHD�LQ�WKH�VROXWLRQ
IRU� WKH� ORDG�3� ����J�� WKH� VHFWRU� ^���`�RI� WKH
SODQH� ������ ����� WKH� VHFWRU� ^���`� RI� WKH� SODQH
������ ����� WKH� VHFWRU� ^���`� RI� WKH� SODQH� �����
�����WKH�^���`�RI�WKH�SODQH�����������
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LQFUHDVHG� LQ� FRPSDULVRQ� ZLWK� WKDW� RI� WKH
SXUH� FU\VWDO� E\� a������ ,W� ZDV� IRXQG� WKDW
WKH�GRSHG�VDPSOHV��JURZQ�LQ�WKH�SUHVHQFH�RI
8UHD�� DFTXLUH� D� VWUHQJWKHQLQJ� RI� DSSUR[L�
PDWHO\���Ü�����RQ�WKH�SODQH�������DV�FRP�
SDUHG� ZLWK� SXUH� .'3� FU\VWDOV�� 6LQJOH�VKRW
ODVHU� GDPDJH� DW� ������ PP� ZDYHOHQJWK
VKRZHG� WKDW� WKH� /'7� RI� WKH� GRSHG� VDPSOHV
ZDV� E\� ��Ü��� �� KLJKHU� WKDQ� WKDW� RI� WKH
SXUH�VDPSOHV���
)LQDOO\�� IXUWKHU� VWXGLHV� DUH� UHTXLUHG� WR

H[SODLQ� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� PHDV�
XUHG� 1/2� DQG� WKH� VWUXFWXUDO� SURSHUWLHV� RI
WKH�JURZQ�.'3�FU\VWDOV�DQG�WKH�FRQFHQWUD�
WLRQV�RI�8UHD�DGGLWLYH�LQ�WKH�PRWKHU�OLTXRU�

5HIHUHQFHV
� ���%�.DKU�� 5�:�*XUQH\�� &KHP��5HY��� ����� ���

�������
� ���6�+LURWD��+�0LNL��.�)XNXL��.�0DHGD��-��&U\VW�

*URZWK������������������
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����6�9�*UDERYVNLL�� ,�9�6KQDLGVKWHLQ�� %�$�6WUX�
NRY��3K\V��6ROLG�6WDWH�������������������

����-�3RGGHU��-��&U\VW��*URZWK�����Ü���������������
����<X�1�9HOLNKRY��,�0�3ULWXOD��9�,�6DOR��0�,�.R�
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����9�)�7NDFKHQNR��0�$�5RP��$�$�%DELFKHQNR�HW

DO���3ULE��7HNKQ��([SHU�����������������
����.�)XMLRND��6�0DWVXR��7�.DQDEH�HW�DO���-��&U\VW�
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����5�-�1HOPHV��=�7XQ��:�)�.XKV��)HUURHOHFWULFV�
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����:�/�/LX��+�5�;LD��;�4�:DQJ�HW�DO���-��&U\VW�
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