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��,QWURGXFWLRQ
,W� KDV� EHHQ� ORQJ� NQRZQ� WKDW� LQ

FKROHVWHULF� PL[WXUHV� FRQWDLQLQJ� D]R�� RU
D]R[\EHQ]HQH�� DV� ZHOO� DV� WKHLU� GHULYDWLYHV�
WKH� ZDYHOHQJWK� RI� PD[LPXP� VHOHFWLYH� UH�

IOHFWLRQ� OPD[� FDQ� EH� YDULHG� DV� DQ� HIIHFW� RI89�LUUDGLDWLRQ�� 6XFK� EHKDYLRXU�� ZKLFK� ZDV
ILUVW� UHSRUWHG� LQ� >�@� DQG� UHYLVLWHG� LQ� PRUH
UHFHQW� SDSHUV� >�@�� LV� DWWULEXWHG� WR� WKH� SKR�
WRLQGXFHG� WUDQV�FLV� LVRPHUL]DWLRQ� RI� WKH
SKRWRDFWLYH� FRPSRXQG�� 7KH� WUDQVIRUPDWLRQ
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LV�UHYHUVLEOH��DQG�WKH�LQLWLDO�OPD[�YDOXH�FDQEH� ODUJHO\� UHVWRUHG� XQGHU� LUUDGLDWLRQ� DW
KLJKHU� ZDYHOHQJWKV�� DIWHU� KHDWLQJ� WR� WKH
LVRWURSLF� SKDVH�� RU� MXVW� DIWHU� VWRUDJH�� 5H�
FHQWO\�� VXEVWDQWLDO� LQWHUHVW� KDV� EHHQ� QRWHG
LQ�WKLV�SKHQRPHQRQ�GXH�WR�DSSOLFDWLRQ�SURV�
SHFWV� RI� VXFK� PL[WXUHV� LQ� WXQDEOH
FKROHVWHULF� G\H� ODVHUV� FRQWUROOHG� E\� 89� UD�
GLDWLRQ� >����@�� 5HYHUVLEOH� FKDQJHV� LQ� OPD[ZHUH�VWXGLHG�LQ�GHWDLO�IRU�PL[WXUHV�FRQWDLQ�
LQJ� QHPDWLF� D]R[\� FRPSRXQGV� DQG� FKLUDO
FRPSRQHQWV� �ZKLFK� FRXOG� EH� HLWKHU� FKROHV�
WHURO�HVWHUV�RU�FKLUDO�GRSDQWV�QRUPDOO\�XVHG
IRU� LQGXFWLRQ� RI� KHOLFDO� WZLVWLQJ�� >����@�
7UDQV�FLV�LVRPHUL]DWLRQ�RI�D]R[\EHQ]HQH�OLT�
XLG�FU\VWDOV�ZDV�VWXGLHG�LQ�>�@��ZLWK�IRUPD�
WLRQ� RI� FLV�LVRPHUV� �ZLWK�PXFK� VPDOOHU�PR�
OHFXODU� DQLVRPHWU\�� OHDGLQJ� WR� VXEVWDQWLDO
ORZHULQJ� RI� WKH� RULHQWDWLRQ� RUGHU� DQG� GH�
SUHVVLRQ� RI� LVRWURSLF� WUDQVLWLRQ� WHPSHUD�
WXUHV���6LPLODU�UHVXOWV�IRU�D]REHQ]HQH�EDVHG
QHPDWLFV� ZLWK� FKLUDO� FRPSRQHQWV� ZHUH� UH�
SRUWHG� LQ� >����@� IRU� GLIIHUHQW� LUUDGLDWLRQ
FRQGLWLRQV�

$� UHPDUNDEOH� IHDWXUH� RI� WKH� REVHUYHG
89�LQGXFHG� FKDQJHV� LQ� OPD[� LV� WKDW� LW� LVVKLIWHG� WR� VKRUWHU� ZDYHOHQJWKV� XQGHU� SUL�
PDU\� LUUDGLDWLRQ��7KLV�PHDQV� WKDW� WKH�KHOL�
FDO�SLWFK�S��OPD[� �QS��ZKHUH�Q�LV�WKH�DYHU�DJH� UHIUDFWLRQ� LQGH[�� LV� GHFUHDVHG�� L�H��� DG�
GLWLRQDO� KHOLFDO� WZLVWLQJ� DSSHDUV�� 7KLV
FRQWUDGLFWV� ZKDW� FRXOG� EH� H[SHFWHG� IURP
JHQHUDO�QRWLRQV�RI�FKROHVWHULF�PHVRSKDVHV�Ü
LW� LV� QRW� FOHDU�ZK\� IRUPDWLRQ� RI� QRQ�FKLUDO
DQG� QRQ�PHVRJHQLF� FLV�PROHFXOHV� VKRXOG� LQ�
FUHDVH� WKH� KHOLFDO� WZLVWLQJ� DQG� QRW� OHDG� WR
XQZLQGLQJ�RI�WKH�KHOL[��$�SRVVLEOH�H[SODQD�
WLRQ�FDQ�EH�JLYHQ� LQ� WKH�FDVH�ZKHQ�OPD[� RIWKH� LQLWLDO�PL[WXUH�GHFUHDVHV�ZLWK� WHPSHUD�
WXUH� �wOPD[�w7���� Ü� ORZHU� RULHQWDWLRQDORUGHU�FDXVHG�HLWKHU�E\�WKH�IRUPHG�FLV�PROH�
FXOHV� RU� E\� DQ� LQFUHDVH� LQ� WHPSHUDWXUH� DI�
IHFWV� WKH� KHOLFDO� WZLVWLQJ� LQ� D� VLPLODU�ZD\�
,Q�PRVW�RI� WKH�DERYH�QRWHG�SDSHUV��QR�GDWD
RQ� OPD[�7�� DUH� JLYHQ�� ,Q� D� VHHPLQJO\� VROHVWXG\�ZKHUH�WKLV�DVSHFW�ZDV�FRQVLGHUHG� >�@�
WKH�REVHUYHG�VKLIWV�RI�OPD[�XQGHU�89�UDGLD�WLRQ�ZHUH�DOZD\V�QHJDWLYH��UHJDUGOHVV�RI�WKH
VLJQ� RI� wOPD[�w7�� ,W� VKRXOG� DOVR� EH� QRWHGWKDW� WKH� QHJDWLYH� VLJQ� RI� 89�LQGXFHG� OPD[VKLIWV� ZDV� FKDUDFWHULVWLF� IRU� FKLUDO� FRPSR�
QHQWV�RI�ERWK�VWHURLG��FKROHVWHURO�HVWHUV��DQG
QRQ�VWHURLG�QDWXUH��ZKLFK�H[FOXGHG�SRVVLEOH
H[SODQDWLRQV� EDVHG� RQ� WKH� H[WUD� WZLVWLQJ
NQRZQ�IRU�QHPDWLF�FKROHVWHULF�PL[WXUHV�>���
��@�� 7R� FOHDU� XS� WKH� VLWXDWLRQ�� DGGLWLRQDO
H[SHULPHQWDO�GDWD�ZHUH�REYLRXVO\�QHHGHG��,Q
WKLV� VWXG\�� ZH� PHDVXUHG� 89�LQGXFHG� OPD[

VKLIWV� IRU� PL[WXUHV� RI� FKROHVWHURO� HVWHUV� FRQ�
WDLQLQJ�GLIIHUHQW�FRQFHQWUDWLRQ�RI�D]R[\�QHPDW�
LFV�DQG�VKRZLQJ�GLIIHUHQW�OPD[�7��EHKDYLRU������

���0DWHULDOV�DQG�PHWKRGV
7KH� SKRWRVHQVLWLYH� QHPDWLF� FRPSRQHQW

XVHG� ZDV� D� ���� PL[WXUH� RI� ��Q�EXW\O��c�
PHWKR[\D]R[\EHQ]HQH� DQG� ��Q�EXW\O��c�KHS�
WDQR\OD]R[\EHQ]HQH��OLTXLG�FU\VWDO�=K.�����
1,23,.�� 5XVVLD�� QHPDWLF� UDQJH� IURP� Ü��&
WR� ���&��� $V� FKLUDO� FRPSRQHQW�� ZH� XVHG� D
FKROHVWHULF� PL[WXUH� 0��� FRQWDLQLQJ� ��� �
FKROHVWHU\O� ROH\O� FDUERQDWH� �$OGULFK�� 86$�
DQG������FKROHVWHU\O�FKORULGH��&KHPLFDO�5H�
DJHQWV�3ODQW��.KDUNLY��8NUDLQH��

7KH� OPD[� YDOXHV� RI� VHOHFWLYH� UHIOHFWLRQSHDNV� ZHUH� GHWHUPLQHG� IURP� RSWLFDO� WUDQV�
PLVVLRQ� VSHFWUD�PHDVXUHG� LQ�D����PP�WKLFN
WHPSHUDWXUH�FRQWUROOHG� FHOO� XVLQJ� D� +LWDFKL
���� VSHFWURSKRWRPHWHU� LQ� D� VLPLODU� ZD\� DV
GHVFULEHG� SUHYLRXVO\� >��@�� 7KH� DSSURSULDWH
TXDQWLWLHV� RI� FRPSRQHQW� VXEVWDQFHV� ZHUH
PL[HG� LQ� WKH� VWDWH� RI� LVRWURSLF� OLTXLG�� DQG
WKH� PL[WXUH� REWDLQHG� ZDV� LQWURGXFHG� EH�
WZHHQ� WKH�PHDVXUHPHQW� FHOO� ZDOOV� E\� FDSLO�
ODU\� IRUFHV�� 7KH� FHOO� WKLFNQHVV� ZDV� VHW� E\
0\ODU� VSDFHUV�� 7R� HQVXUH� JRRG� SODQDU� WH[�
WXUH� ZLWK� FOHDU� DQG� UHSURGXFLEOH� VHOHFWLYH
UHIOHFWLRQ�SHDNV�� EHIRUH� LQWURGXFWLRQ�RI� WKH
PL[WXUH� WKH� FHOO� ZDOOV� ZHUH� LPPHUVHG� LQ� D
������ ZDWHU� VROXWLRQ� RI� SRO\YLQ\O� DOFRKRO�
GULHG�DQG�UXEEHG� LQ�RQH�GLUHFWLRQ�E\�D�VRIW
WLVVXH�� HQVXULQJ� JRRG� SODQDU� WH[WXUH� ZLWK
FOHDU� DQG� UHSURGXFLEOH� VHOHFWLYH� UHIOHFWLRQ
SHDNV�

89� LUUDGLDWLRQ� ZDV� FDUULHG� RXW� XVLQJ� D
89� LOOXPLQDWRU� EDVHG� RQ� D� '57����� PHU�
FXU\�ODPS��7KH�HQHUJ\�LOOXPLQDQFH�GRVH�YDO�
XHV� ZHUH� VHW� E\� YDU\LQJ� WKH� H[SRVXUH� WLPH
DQG� WKH� GLVWDQFH� EHWZHHQ� WKH� FHOO� DQG� WKH
LOOXPLQDWRU� RXWSXW�ZLQGRZ� >��@�� 7ZR� W\SHV
RI�ILOWHUV�ZHUH�XVHG��89&��� �WUDQVSDUHQW� LQ
WKH� ���Ü���� QP� UDQJH�� DQG� =K6���� �WUDQV�
SDUHQW�DERYH�����QP����

��5HVXOWV�DQG�GLVFXVVLRQ
7\SLFDO� H[DPSOHV� RI� OPD[�7�� � GHSHQG�HQFHV�PHDVXUHG�IRU�GLIIHUHQW�FRQFHQWUDWLRQV

RI�QHPDWLF�=K.�����DQG�FKROHVWHULF�0���EH�
IRUH�DQG�DIWHU�89� LUUDGLDWLRQ�DUH� VKRZQ� LQ
)LJ�����&KDUDFWHULVWLF�IHDWXUHV�RI�WKH�UHVXOWV
REWDLQHG� FDQ� EH� VXPPDUL]HG� DV� IROORZV��$W
UHODWLYHO\� KLJK� FRQFHQWUDWLRQV� RI� =K.����
���� ��� VKLIWHG� WR� VKRUWHU� ZDYHOHQJWKV
XQGHU�89�LUUDGLDWLRQ��LQ�WKH�VDPH�ZD\�DV�LW
ZDV� QRWHG� LQ� >�Ü��@�� 7KH� VKLIW�� DV� LW� FRXOG
EH� H[SHFWHG�� LQFUHDVHG� ZLWK� WKH� H[SRVXUH
GRVH��7KH� XVH� RI� D�89&��� ILOWHU� SUDFWLFDOO\

0�,�6HUELQD�HW�DO����(IIHFWV�RI�89�UDGLDWLRQ�RQ����

��� )XQFWLRQDO�PDWHULDOV�������������



GLG� QRW� DIIHFW� WKH� REVHUYHG� EHKDYLRXU�� 2Q
WKH�FRQWUDU\��DW�ORZ�FRQFHQWUDWLRQV�RI�=K.�
���� �a������ OPD[� VKLIWHG� WR� ORQJHU� ZDYH�OHQJWKV� LQ� FRQIRUPLW\� ZLWK� WKH� VLJQ� RI
wOPD[�w7��,W�FRXOG�EH�DVVXPHG�WKDW�WKH�WRWDOREVHUYHG�VKLIW�RI�OPD[�ZDV�D�VXP�RI�DW�OHDVWWZR� FRQWULEXWLRQV� RI� GLIIHUHQW� QDWXUH�� $W
VPDOO� FRQFHQWUDWLRQV� RI� =K.����� �L�H��� DW
VPDOO� FRQFHQWUDWLRQV� RI� FLV�PROHFXOHV
IRUPHG��WKH�V\VWHP�EHKDYHV�LWVHOI�DV�D��QRU�
PDO��FKROHVWHULF��ZKLOH�DW� ODUJHU�FRQFHQWUD�
WLRQV� FLV�PROHFXOHV� DSSHDU� WR� LQGXFH� DQ
DQRPDORXV� FRQWULEXWLRQ� WR� KHOLFDO� WZLVWLQJ�
$QDO\]LQJ�WKH�GDWD�RI�>�����@��D�FHUWDLQ�FRU�
UHODWLRQ� FDQ� EH� QRWHG� EHWZHHQ� WKH� 89�LQ�
GXFHG�OPD[�VKLIW�DQG�WKH�YDOXH�RI�wOPD[�w7�WKRXJK� QR� FDVHV� RI� 89�LQGXFHG� VKLIWV� WR�
ZDUGV� ORQJHU� ZDYHOHQJWKV� ZHUH� UHSRUWHG��
0RUHRYHU�� LW� DSSHDUV� �IURP� WKH� VDPH� GDWD�
WKDW��EOXH��OPD[� VKLIWV�DUH� OHVV�SURQRXQFHGIRU� V\VWHPV� FRQWDLQLQJ� FKROHVWHURO� HVWHUV�
7KLV� LV� TXLWH� QDWXUDO�� VLQFH� FLV�PROHFXOHV�
ZLWK� WKHLU� VPDOOHU� DQLVRPHWU\�� GR� QRW� JLYH
ULVH� WR�H[WUD� WZLVWLQJ�FKDUDFWHULVWLF� IRU�QH�
PDWLF�FKROHVWHULF�PL[WXUHV�>������@��WKXV��LQ
WKH� SUHVHQFH� RI� FKROHVWHURO� HVWHUV��89� LUUD�
GLDWLRQ� VKRXOG�GHFUHDVH� WKH� WZLVWLQJ� �RULJL�
QDWLQJ� IURP� WKLV� IDFWRU�� 6WLOO�� WKH� �EOXH�
VKLIW� SHUVLVWHG�� DQG� LW� VKRXOG� EH� GXH� WR� D
FDXVH�WKDW�KDV�QHYHU�EHHQ�FRQVLGHUHG�LQ�WKH
H[LVWLQJ�WKHRULHV�RI�KHOLFDO�WZLVWLQJ��

7R�PDNH� VXUH� WKDW� FRQGLWLRQV� RI� RXU� H[�
SHULPHQWV� ZHUH� HVVHQWLDOO\� VLPLODU� WR� WKRVH
RI�>�Ü��@��RXU�89�LUUDGLDWHG�VDPSOHV�ZKHUH
FLV�LVRPHUV� KDG� EHHQ� SUHVXPDEO\� IRUPHG

ZHUH� LUUDGLDWHG� E\� OLJKW� ZLWK� ORQJHU� ZDYH�
OHQJWK��VSHFLILFDOO\��ZH�XVHG�RXU�LOOXPLQDWRU
ZLWK�D�=K6����ILOWHU�WUDQVPLWWLQJ�OLJKW�RQO\
DERYH� a���� QP� �)LJ������ $V� LW� FRXOG� EH� H[�
SHFWHG��WKH�LQLWLDO�VWDWH�ZDV�ODUJHO\�UHVWRUHG
�WKRXJK� WKH� HIILFLHQF\� RI� WKLV� �LQYHUVH�
SURFHVV� RI� FLV�WUDQV� WUDQVIRUPDWLRQ� ZDV
PXFK�ORZHU���

7R�H[SODLQ�WKH�DQRPDORXV��EOXH��VKLIW�RI
OPD[�� WKH� IROORZLQJ� SDWK� RI� UHDVRQLQJ� LVSURSRVHG��7KH�FLV�PROHFXOHV� IRUPHG�� DV�GLV�
WLQFW� IURP� WKHLU� WUDQV� SUHFXUVRUV�� KDYH� QR
GLVWLQJXLVKHG� JHRPHWULF� DQLVRPHWU\�� DQG
WKHLU� VWUXFWXUH� LV� HVVHQWLDOO\� SODQDU� >�@�� ,Q
WKH�FRQGLWLRQV�RI�WKH�FKROHVWHULF�SKDVH�ZLWK
LWV� VWURQJ� ORFDO� ELD[LDOLW\� >��@�� WKLV� FDQ
IDYRU� VSHFLILF� RUGHULQJ� IHDWXUHV� RI� WKH� FLV�
PROHFXOHV� LQ� WKH� KHOLFDOO\� WZLVWHG� PDWUL[�
1DPHO\�� ZKLOH� WUDQV�PROHFXOHV� DUH� DOPRVW
IUHH� WR� URWDWH� DURXQG� WKHLU� ORQJ� D[LV� �DV� LV
W\SLFDO� IRU� RUGLQDU\� QHPDWLFV��� WKH� FRUUH�
VSRQGLQJ� URWDWLRQ� RI� FLV�PROHFXOHV� LV� VXE�
VWDQWLDOO\� KLQGHUHG�� LQ� IDFW�� WKH\� DUH� H[�
SHFWHG� WR� EH�SUHGRPLQDQWO\� VWDELOL]HG� LQ� WZR
GLIIHUHQW� RULHQWDWLRQV�� L�H��� ZLWK� �XS�� DQG
�GRZQ�� GLUHFWLRQV� RI� WKHLU� VKRUW� PROHFXODU
D[HV��,I�ZH�FRQVLGHU�HDFK�RI�WKHVH�RULHQWDWLRQ
DV� D� VHSDUDWH�PROHFXODU� VSHFLHV�� WKH\� VKRXOG
EH�FRQVLGHUHG�DV�HIIHFWLYHO\�FKLUDO���7KLV�LGHD
LV��LQ�IDFW��QRW�QHZ�Ü�LQ�UHODWLRQVKLS�WR�RWKHU
W\SHV� RI� LVRPHUL]DEOH� QHPDWLF� PROHFXOHV�� LW
ZDV�HDUOLHU�SURSRVHG�LQ�>������@���

7KHUH� LV� D� ZHOO�NQRZQ� SULQFLSOH� RI� WKH
�FORVHVW� SDFNLQJ�� IRUZDUGHG� E\�.LWDLJRURG�
VNL� >��@�� DFFRUGLQJ� WR� ZKLFK� D� PROHFXOH� LQ
WKH� FU\VWDOOLQH� SKDVH� WHQGV� WR� DVVXPH� WKH
FRQIRUPDWLRQ�WKDW�HQVXUHV�WKH�KLJKHVW�SDFN�
LQJ� GHQVLW\�� $� VLPLODU� SULQFLSOH� ZDV� SUR�
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SRVHG�IRU�OLTXLG�FU\VWDOOLQH�RULHQWDWLRQDO�RU�
GHULQJ� Ü� D� PROHFXOH� WHQGV� WR� DVVXPH� WKH
FRQIRUPDWLRQ� HQVXULQJ� WKH� KLJKHVW� PROHFX�
ODU� DQLVRPHWU\� �WKLV� LV� UHDOL]HG�� H�J��� IRU
ORQJ� DON\O� FKDLQV� LQ� WKH� QHPDWLF� PDWUL[�
>��@��:H�FDQ�VXSSRVH�WKDW� LQ�D�VLPLODU�ZD\
D� PROHFXOH� LQWURGXFHG� LQWR� WKH� FKROHVWHULF
PHVRSKDVH� WHQGV� WR� DVVXPH� WKH� RULHQWDWLRQ
WKDW�FRUUHVSRQGV�WR�WKH�VHQVH�RI�WKH�DOUHDG\
IRUPHG� FKROHVWHULF� KHOL[��+HQFH� WKH� FLV�LVR�
PHU� PROHFXOHV� RI� DQ� D]REHQ]HQH� RU� D]R[\�
EHQ]HQH� FRPSRXQG� DFW� DV� HIIHFWLYHO\� FKLUDO
FRPSRQHQWV�� LQFUHDVLQJ� WKH� KHOLFDO� WZLVWLQJ
DQG� OHDGLQJ� WR� VPDOOHU� KHOLFDO� SLWFK� DQG
OPD[�YDOXHV�VKLIWHG�WR�VPDOOHU�ZDYHOHQJWKV�7R�FKHFN�WKH�YDOLGLW\�RI�RXU�DVVXPSWLRQ�
ZH�VWXGLHG�GLHOHFWULF�SHUPLWWLYLW\�H�DV�IXQF�
WLRQ� RI� IUHTXHQF\� I� LQ� V\VWHPV� RI� RXU� W\SH
�L�H��� D]R[\� QHPDWLFV���FKROHVWHURO� HVWHUV�
EHIRUH� DQG� DIWHU� 89� LUUDGLDWLRQ�� � &KDUDF�
WHULVWLF�LQIOHFWLRQV�DUH�QRUPDOO\�REVHUYHG�RQ
H�I��SORWV�DW�FHUWDLQ�I�YDOXHV�WKDW�FRUUHVSRQG
WR� UHRULHQWDWLRQ� IUHTXHQFLHV� RI� DQLVRPHWULF
PROHFXOHV�>��@��,W�FRXOG�EH�H[SHFWHG�WKDW�WKH
ORVV� RI� URWDWLRQ� IUHHGRP�E\�D]R[\�FLV�PROH�
FXOHV�IRUPHG�LQ�WKH�FKROHVWHULF�SKDVH�ZLOO�EH
UHIOHFWHG�LQ�D�VKLIW�RI�WKH�FKDUDFWHULVWLF�IDOO
RI�H�WRZDUGV�ORZHU�IUHTXHQFLHV��

7KH� H[SHULPHQWDO� VHW�XS� IRU� GLHOHFWULF
SHUPLWWLYLW\� PHDVXUHPHQWV� ZDV� HVVHQWLDOO\
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WLRQ�ZKHQ�WKH�FKLUDO�FRPSRQHQW�LV�SUHVHQW�
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