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8NUDLQH�����/XVWGRUI�5RDG��������2GHVD��8NUDLQH

5HFHLYHG�2FWREHU���������
+HOLFDO� SLWFK� YV�� WHPSHUDWXUH� PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� IRU� FKROHVWHULF� OLTXLG

FU\VWDO� PDWULFHV� RI� GLIIHUHQW� W\SHV� GRSHG� ZLWK� D� VHW� RI� EDQDQD�VKDSHG� FRPSRXQGV�� 7KH
HIIHFWV� RI� WKHVH� GRSDQWV� RQ� WKH� KHOLFDO� SLWFK� ZHUH� IRXQG� WR� EH� HVVHQWLDOO\� GLIIHUHQW� IRU
V\VWHPV�EDVHG�RQ�FKROHVWHURO�HVWHUV�DQG�IRU�LQGXFHG�FKROHVWHULFV�EDVHG�RQ�WZLVWHG�QHPDWLFV�
,Q� WKH� ILUVW� FDVH��DOO� WKH�GRSDQWV�XVHG�GHFUHDVHG� WKH�KHOLFDO�SLWFK�� L�H��� FDXVHG�DGGLWLRQDO
KHOLFDO�WZLVWLQJ��ZLWK�LWV�PDJQLWXGH�YDU\LQJ�IRU�GLIIHUHQW�GRSDQWV��,Q�WKH�VHFRQG�FDVH��ZLWK
PDWULFHV�EDVHG�RQ�FKLUDO�5�����DQG�6�����LQ�F\FORKH[DQHFDUER[\OLF�DFLGV��&+&$��DQG��&%�
XQZLQGLQJ�RI�WKH�KHOL[�ZDV�JHQHUDOO\�REVHUYHG��)RU�RQH�RI�WKH�GRSDQWV��KRZHYHU��QDPHO\�
IRU� ��>�����GRGHF\OR[\EHQ]R\OR[\�EHQ]R\OR[\@���>�����QRQ\OEHQ]R\OR[\�EHQ]R\OR[\@� EHQ�
]HQH��DGGLWLRQDO�WZLVWLQJ�ZDV�QRWHG�LQ�PDWULFHV�ZLWK�&+&$�FORVH�WR�WKH�LVRWURSLF�WUDQVLWLRQ
SRLQW��DQG�LQ�PDWULFHV�ZLWK��&%�Û�LQ�DOO�WKH�WHPSHUDWXUH�UDQJH��7KH�UHVXOWV�REWDLQHG�FDQ
EH� FRQVLGHUHG� DV� LPSRUWDQW� DUJXPHQWV� LQ� WKH� FRQWURYHUVLDO� LVVXH� RI� FKLUDO� SURSHUWLHV� RI
EDQDQD�VKDSHG�FRPSRXQGV�LQ�OLTXLG�FU\VWDO�SKDVHV�
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���,QWURGXFWLRQ
$PRQJ� WKH� QHZ� FKDOOHQJLQJ� REMHFWV� RI

OLTXLG�FU\VWDO��/&��VFLHQFH��RQH�FDQ�QRWH�VR�
FDOOHG��EHQW�FRUH��RU��EDQDQD�VKDSHG��PROH�
FXOHV�� ZKLFK�� HLWKHU� IRUPLQJ� /&� SKDVHV� E\
WKHPVHOYHV� RU� DFWLQJ� DV� GRSDQWV� LQ� YDULRXV
/&�PDWULFHV��JLYH�ULVH�WR�D�QXPEHU�RI�SHFX�
OLDU�IHDWXUHV�RI�WKH�PHVRPRUSKLF�SURSHUWLHV

>����@��7KH�PRVW�LQWULJXLQJ�RI�WKHVH�IHDWXUHV
LV�WKDW��WKRXJK�EDQDQD�VKDSHG�PROHFXOHV�DUH
QRW� FKLUDO� �L�H��� VKRZ� QR� RSWLFDO� DFWLYLW\��
WKH\� FDQ� LQGXFH� FKLUDO� SURSHUWLHV� LQ� OLTXLG
FU\VWDOOLQH�SKDVHV�>����@���7KXV��VPHFWLF�OD\�
HUV� IRUPHG� E\� VXFK� PROHFXOHV� FDQ� SRVVHVV
ERWK�FKLUDOLW\�DQG�SRODULW\��UHVXOWLQJ�LQ�IHU�
URHOHFWULF� DQG� DQWLIHUURHOHFWULF� /&� SKDVHV
HVVHQWLDOO\� VLPLODU� IRUPHG� E\� ZHOO�NQRZQ
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FKLUDO� VPHFWLFV�&
�� 0RUHRYHU�� GRSLQJ� RI� D
FKLUDO� IHUURHOHFWULF� OLTXLG� FU\VWDO� ZLWK� DQ
DFKLUDO� EHQW�FRUH� PROHFXOH� FDQ� HQKDQFH� WKH
FKLUDOLW\� RI� WKH� V\VWHP� LUUHVSHFWLYH� RI� WKH
KDQGHGQHVV� RI� WKH� KRVW� >�@�� (YHQ� PDFUR�
VFRSLFDOO\� LVRWURSLF� OLTXLGV� IRUPHG� E\� ED�
QDQD�VKDSHG�PROHFXOHV� FDQ� GLVSOD\� VLJQV� RI
FKLUDOLW\�GXH�WR�WKH�SUHVHQFH�RI�VKRUW�UDQJH
VPHFWLF�OLNH� SRVLWLRQDO� RUGHU�� LQ� VXFK� V\V�
WHPV��WKH�RQO\�PDFURVFRSLFDOO\�EURNHQ�V\P�
PHWU\�LV�FKLUDOLW\�>�@��

,W� KDV� EHHQ� UHSRUWHG� >�@� WKDW� GRSLQJ� RI
FKLUDO� QHPDWLF� �FKROHVWHULF�� OLTXLG� FU\VWDOV
ZLWK�DFKLUDO�EDQDQD�VKDSHG�GRSDQWV�FDQ�HQ�
KDQFH� KHOLFDO� WZLVWLQJ��ZKLFK� LV�PDQLIHVWHG
E\�D�GHFUHDVH�LQ�KHOLFDO�SLWFK��GHWHUPLQHG�E\
PHDVXUHPHQWV� RI� VHOHFWLYH� UHIOHFWLRQ� VSHF�
WUD��� 7KLV� ZDV� H[SODLQHG� E\� DQ� DVVXPSWLRQ
WKDW�DFKLUDO�PROHFXOHV�SRVVHVVLQJ�HTXDO�DQG
RSSRVLWH� FKLUDO� FRQIRUPDWLRQV� ZLWK� KLJK
KHOLFDO�WZLVW��ZKHQ�SODFHG�LQ�FKLUDO�HQYLURQ�
PHQW�� SUHIHUHQWLDOO\� DVVXPH� WKH� FRQIRUPD�
WLRQ� WKDW� IDYRUV� WZLVWLQJ�RI�WKH�VDPH�VHQVH
DV�WKH�WZLVWLQJ�RI�WKH�KRVW�SKDVH�>�@�

7KHUH� DUH� QXPHURXV� SXEOLFDWLRQV� RQ� FKL�
UDO� SURSHUWLHV� RI� EDQDQD�VKDSHG� PROHFXOHV�
EXW�SUDFWLFDOO\�DOO�RI�WKHP�GHDO�ZLWK�VPHFWLF
SKDVHV��2Q�WKH�FRQWUDU\��GDWD�UHODWHG�WR�QH�
PDWLF�DQG�FKROHVWHULF�SKDVHV�DUH�VFDUFH�DQG
LQFRQFOXVLYH�>�@��

,Q� RXU� ZRUN�� ZH� VWXGLHG� D� VHW� RI� ILYH
GLIIHUHQW� EDQDQD�VKDSHG� PROHFXOHV� DV
GRSDQWV� LQ�FKROHVWHULF�PDWULFHV�RI�GLIIHUHQW

FKHPLFDO� FRPSRVLWLRQ�� �2XU�DLP�ZDV� WR�GLV�
WLQJXLVK� EHWZHHQ� SXUHO\� SK\VLFDO� IDFWRUV
DQG� HIIHFWV� RI� LQWHUPROHFXODU� LQWHUDFWLRQ
IHDWXUHV� WKDW� FRXOG� EH� VSHFLILF� WR� FHUWDLQ
W\SHV�RI�V\VWHPV��

���5HVXOWV�DQG�GLVFXVVLRQ��
&KHPLFDO� VWUXFWXUH�RI�WKH�EDQDQD�VKDSHG

PROHFXOHV� DQG� PHVRPRUSKLF� WUDQVLWLRQ
SRLQWV� RI� /&� SKDVHV� IRUPHG� E\� WKHVH� VXE�
VWDQFHV�DUH�VKRZQ�LQ�7DEOH���%DQDQD�VKDSHG
FRPSRXQGV�DUH�NQRZQ�WR�IRUP�VHYHQ�PRGLIL�
FDWLRQV� RI� ELD[LDO� VPHFWLF� PHVRSKDVH� >��@�
ZLWK� WKH� HLJKWK� PRGLILFDWLRQ� GHVFULEHG� LQ
>�@�� &KLUDO� SURSHUWLHV� DUH� VKRZQ� E\� FRP�
SRXQGV� IRUPLQJ�%�� �6P&3��PHVRSKDVH�ZLWKIHUURHOHFWULF� SURSHUWLHV�� 7KXV�� FRPSRXQG
1R��� �7DEOH��� ZKLFK� FRQWDLQV� EURPLQH� DWRP
RQO\� LQ� WKH� FHQWUDO� QDSKWKDOHQH� IUDJPHQW�
IRUPV� IHUURHOHFWULF� PHVRSKDVH� RI� PRGLILFD�
WLRQ� %�� >��@�� :KHQ� EURPLQH� LV� SUHVHQW� LQ
DURPDWLF� ULQJV� RI� ODWHUDO� IUDJPHQWV�� WKH
DELOLW\� RI� ����GLK\GUR[\QDSKWKDOHQH� HVWHUV
WR� IRUP� WKH� IHUURHOHFWULF� %�� PHVRSKDVH� LVZHDNHQHG�� DQG� FRPSRXQG�1R����ZKLFK�� OLNH
FRPSRXQG� 1R���� LQFOXGHV� WHUPLQDO� GRGHF\�
OR[\� JURXSV�� LV� FKDUDFWHUL]HG� E\� IRUPDWLRQ
RI� WKH� QHPDWLF� DQG� %�� �&ROU�� SKDVHV�� 7KHLQGXFHG� %�� SKDVH� LV� REVHUYHG� RQO\� LQ� WKHHOHFWULF� ILHOG� >��@�� 7KH� FRPSRXQG� 1R���
ZKLFK� FRQWDLQV� FKORULQH� DWRPV� LQ� ODWHUDO
IUDJPHQWV� >��@�� GLIIHUV� IURP� LWV� EURPLQH�
FRQWDLQLQJ� DQDORJ� �FRPSRXQG� 1R���� E\� WKH

7DEOH�
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SUHVHQFH�RI�%��SKDVH�ZLWKRXW�HOHFWULF� ILHOG�6\QWKHVLV� DQG� PHVRPRUSKLF� SURSHUWLHV� RI
����GLK\GUR[\SKHQRO� ZLWK� GLIIHUHQW� QXPEHU
RI� EHQ]HQH� ULQJV� LQ� ODWHUDO� FKDLQV� �FRP�
SRXQG� 1R���� RU� ZLWK� GLIIHUHQW� WHUPLQDO
JURXSV� �FRPSRXQG�1R���� ZHUH� SUHVHQWHG� LQ
>��@��

7KUHH�FKROHVWHULF�/&�KRVWV�ZHUH�XVHG�
��� 6WHURLG� FKROHVWHULF� PDWUL[� 0�� �����

FKROHVWHU\OQRQDQRDWH��������FKROHVWHU\OIRU�
PDWH����0���FKROHVWHU\OEXW\UDWH��

���,QGXFHG�FKROHVWHULF�PDWUL[�������6����
RU� 5�������������&+&$� ���WUDQV�EXW\O�F\�
FORKH[DQHFDUER[\OLF�DFLG��

��� $QRWKHU� LQGXFHG� FKROHVWHULF� PDWUL[
���� �� 6���������� �� �&%� ���SHQW\O��c�F\�
DQRELSKHQ\O��

6����� DQG� 5����� �REWDLQHG� IURP�0HUFN�
DUH�FKLUDO�GRSDQWV�RI�RSSRVLWH�FKLUDOLW\��

6HOHFWLYH� UHIOHFWLRQ� �65�� VSHFWUD� ZHUH
PHDVXUHG� XVLQJ� D� +LWDFKL� ���� VSHFWUR�
SKRWRPHWHU�� WKH� FKROHVWHULF� PL[WXUH� LQ� WKH

LVRWURSLF� SKDVH� ZDV� LQWURGXFHG� LQWR� D
WKHUPRVWDELOL]HG����PP� WKLFN� FHOO� E\� FDSLO�
ODU\� IRUFHV�� WKH� FHOO� ZDOOV� ZHUH� SUH�WUHDWHG
ZLWK� 39$� DQG� XQLGLUHFWLRQDOO\� UXEEHG�
ZKLFK�HQVXUHG�IRUPDWLRQ�RI�SODQDU�WH[WXUH�
7KH� GHWDLOHG� SURFHGXUH� RI� VDPSOH� SUHSDUD�
WLRQ� DQG� PHDVXUHPHQWV� ZDV� GHVFULEHG� LQ
>��@�� 7KH� 65� PD[LPXP� ZDYHOHQJWK� OPD[ZDV�� DV� LW� LV� FRQYHQWLRQDO� IRU� FKROHVWHULF

OLTXLG� FU\VWDOV�� FRQVLGHUHG� DV� D�PHDVXUH� RI
KHOLFDO� SLWFK� S� �OPD[� �QS�� ZKHUH� Q� LV� WKHUHIUDFWLYH�LQGH[���WKH�YDOXH�RI�OPD[�LV�RIWHQFDOOHG� �WKH� RSWLFDO� SLWFK�� �VHH�� H�J��� >�@��
7KH� KHOLFDO� WZLVWLQJ� LV� GHWHUPLQHG� E\� WKH
LQYHUVH� SLWFK� SÜ��� WKXV�� IURP� RXU� GDWD� ZH
HYDOXDWHG� FKDQJHV� LQ���OPD[� DV� IXQFWLRQ�RIWKH�GRSDQW�PDVV�FRQFHQWUDWLRQ�v��

7KH� UHVXOWV� RQ�OPD[� DV� IXQFWLRQ� RI� WHP�SHUDWXUH� IRU� WKH� WKUHH� W\SHV� RI� FKROHVWHULF
PDWULFHV� DUH� SUHVHQWHG� LQ� )LJV���Ü��� 7KH
VKLIWV� RI� LQYHUVH� RSWLFDO� SLWFK� YDOXHV� DV

)LJ�����6HOHFWLYH�UHIOHFWLRQ�PD[LPXP�OPD[�DVIXQFWLRQ� RI� WHPSHUDWXUH� IRU� FKROHVWHULF� V\V�
WHPV� ZLWK� EDQDQD�VKDSHG� GRSDQWV�� ��Û�0��
��Û�0���������1R������Û�0��������1R���
��Û�0��������1R������Û�0���������1R���
��Û�0��������1R������Û�0���������1R���
��Û�0��������1R������Û�0��������1R���

)LJ�����6HOHFWLYH�UHIOHFWLRQ�PD[LPXP�OPD[�DVIXQFWLRQ� RI� WHPSHUDWXUH� IRU� LQGXFHG
FKROHVWHULF�V\VWHPV����Û������6�����������
�&%�� �� Û� ����� �� 6������������ �� �&%��
�����1R������Û���������6��������������
�&%����� �� 1R���� �� Û� ����� �� 6������
��������&%��������1R���

)LJ�����6HOHFWLYH�UHIOHFWLRQ�PD[LPXP�OPD[�DVIXQFWLRQ� RI� WHPSHUDWXUH� IRU� LQGXFHG
FKROHVWHULF�V\VWHPV����Û������5�����������
��&+&$����Û������6��������������&+&$�
�� Û� ����� �� 5������������ �� ��&+&$��
�����1R������Û��������6����������������
&+&$��������1R������Û� ��������5������
����������&+&$�������1R������Û��������
6�����������������&+&$�������1R������ Û
����� �� 5������������ �� ��&+&$������ �
1R���� ��Û��������6����������������&+&$
�������1R���

�
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IXQFWLRQ� RI� EDQDQD�VKDSHG� GRSDQW� FRQFHQ�
WUDWLRQ�DUH�VKRZQ�LQ�)LJV�������

$OO� WKH� GRSDQWV� 1RV��Ü�� LQGXFH� DGGL�
WLRQDO� KHOLFDO� WZLVWLQJ� LQ� WKH� VWHURLG
FKROHVWHULF� PHVRSKDVH� �PDWUL[� 0��� )LJV���
DQG� ���� 7KLV� HIIHFW� LV� WKH� VWURQJHVW� ZLWK
GRSDQW� 1R���� DQG� WKH� ZHDNHVW� Û� ZLWK
GRSDQW�1R����'RSDQW�1R���LV�UDWKHU�FORVH�WR
1R��� LQ� WKLV� UHVSHFW� �WKRXJK� LWV� VROXELOLW\
ZDV�WKH�ORZHVW��DQG�PHDVXUHPHQWV�ZHUH�SRV�
VLEOH� RQO\� DW� FRQFHQWUDWLRQV� EHORZ� a�� ���
'RSDQW�1R���LV�FORVH�WR�1R���

,Q�QRQ�VWHURLG�PDWULFHV��QHPDWLF���FKLUDO
GRSDQW��� WKH� REVHUYHG� EHKDYLRU� ZDV� HVVHQ�
WLDOO\� GLIIHUHQW�� ,Q� WKH�6��������&+&$�DQG
5��������&+&$� KRVWV� �)LJ������ DOO� WKH
GRSDQWV�OHG�WR�XQWZLVWLQJ�RI�WKH�FKROHVWHULF
KHOL[��DV�LW�FRXOG�EH�QRUPDOO\�H[SHFWHG�QRQ�
FKLUDO�GRSDQWV���,W�VKRXOG�EH�QRWHG�WKDW�ZLWK
6����� DQG� 5����� �HQDQWLRPHUV� RI� RSSRVLWH
FKLUDOLWLHV�� WKH�PHDVXUHG� YDOXHV� RI� OPD[�7�DQG�WKHLU�GRSDQW�LQGXFHG�VKLIWV�ZHUH�QHDUO\
WKH� VDPH� ZLWKLQ� H[SHULPHQWDO� HUURUV
�WKRXJK�WKH�KHOLFDO�WZLVWLQJ�ZDV�RI�RSSRVLWH
VHQVHV���,W�VKRXOG�EH�QRWHG�WKDW�WKH�ZHDNHVW
XQWZLVWLQJ�ZDV�QRWHG�IRU�GRSDQWV�1R���DQG
1R���

$Q�REYLRXV�FRQFOXVLRQ�LV�WKDW�WKH�FKDUDF�
WHU� RI� GRSDQW�LQGXFHG� FKDQJHV� LQ� KHOLFDO
WZLVWLQJ� LV� QRW� GLUHFWO\� UHODWHG� WR� VSHFLILF
IHDWXUHV� RI� EDQDQD�VKDSHG�PROHFXOHV� DQG� LV
HVVHQWLDOO\� GHWHUPLQHG� E\� WKH� FKHPLFDO� QD�
WXUH�RI�WKH�FKROHVWHULF�KRVW��(QKDQFHPHQW�RI
WZLVWLQJ� E\� QRQ�FKLUDO� GRSDQWV� �H�J��� FRQ�
YHQWLRQDO� QHPDWLFV�� LV�ZHOO� NQRZQ� IRU� VWHU�
RLG� FKROHVWHULF�PDWULFHV� �L�H���EDVHG�RQ� FKR�
OHVWHURO� HVWHUV��� 2Q�PROHFXODU� OHYHO�� WKLV� LV
H[SODLQHG� E\� VWHULF� LQWHUDFWLRQ� EHWZHHQ� WKH
VWHURLG� ULQJ� ��DQJXODU�� PHWK\O� JURXSV
VWUHWFKLQJ� RXW� RI� WKH� EDVLF� SODQH�� DQG� DQ�

LVRWURSLF� �HORQJDWHG�� PROHFXOHV� RI� WKH
GRSDQW� >������@��� :LWK� D� QRQ�VWHURLG
FKROHVWHULF� KRVW�� WKH� HIIHFW� RI� WZLVWLQJ� HQ�
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VXPLQJ� VWDEOH� FLV�IRUP� XQGHU� 89� LUUDGLD�
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