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5HFHLYHG�$SULO��������
&RPSDUDWLYH� VWXGLHV� ZHUH� FDUULHG� RXW� RI� DJJUHJDWH� IRUPDWLRQ� E\� FDUERQ� QDQRWXEHV

�&17�� RI� GLIIHUHQW� JHRPHWU\� GLVSHUVHG� LQ� QHPDWLF� OLTXLG� FU\VWDO� �&%�� 7KH� SLFWXUH� RI
DJJUHJDWLRQ�ZDV�IRXQG�WR�EH�HVVHQWLDOO\�VLPLODU�IRU�PXOWL�ZDOOHG�DQG�VLQJOH�ZDOOHG�QDQRWX�
EHV� �0:&17V�DQG�6:&17V���DSSDUHQWO\�QRW� DIIHFWHG�E\� WKH�GLIIHUHQFH� LQ�DVSHFW� UDWLRV�
ZKLOH� IRU� �VKRUW�� QDQRWXEHV� �V�0:&17�� WKH� DJJUHJDWLRQ� WKUHVKROG� ZDV� VHYHUDO� WLPHV
KLJKHU��$�PRGHO�LV�SURSRVHG�GHVFULELQJ�WKH�HYHQWXDO�HIIHFWV�RI�&17�EHQGLQJ�LQ�WKH�OLTXLG
FU\VWDOOLQH�PHGLD��ZLWK�HIIHFWLYH�YDOXHV�RI�WKH�QDQRWXEH�OHQJWK�DQG�DVSHFW�UDWLR�FRQWUROOLQJ
WKH� SURFHVV� RI� DJJUHJDWH� IRUPDWLRQ�� 7KH� UHVXOWV� REWDLQHG� SUHVHQW� D� FRQVLVWHQW� SLFWXUH
LQWHUUHODWLQJ�JHRPHWULFDO�SDUDPHWHUV�RI�&17V�� WKHLU� FRQFHQWUDWLRQ� LQ� WKH�QHPDWLF�GLVSHU�
VLRQ�� RULHQWDWLRQDO� RUGHU� SDUDPHWHU�� WHPSHUDWXUH�GHSHQGHQW� RSWLFDO� WUDQVPLVVLRQ� RI� WKH
GLVSHUVLRQ��DQG�WKH�UDWH�RI�DJJUHJDWH�IRUPDWLRQ�GHWHUPLQLQJ�WLPH�VWDELOLW\�RI�WKH�REWDLQHG
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���,QWURGXFWLRQ
'LVSHUVLRQV� RI� FDUERQ� QDQRWXEHV� �&17�

DQG� RWKHU� W\SHV� RI� DQLVRPHWULF� PLFUR�� DQG
QDQRSDUWLFOHV� LQ� OLTXLG� FU\VWDOOLQH� �/&�
PHGLD� KDYH� UDSLGO\� GHYHORSHG� LQWR� D� QHZ
FODVV� RI� FRPSRVLWH� PDWHULDOV� ZLWK� EURDG
SURVSHFWV� RI� WKHLU� SUDFWLFDO� DSSOLFDWLRQ

>�Ü�@�� +RZHYHU�� DQ� LPSRUWDQW� GUDZEDFN� RI
/&�&17� FRPSRVLWHV� LV� WKDW� QDQRWXEHV� GLV�
SHUVHG� LQ� RULHQWDWLRQDOO\� RUGHUHG� /&� PH�
GLXP� VKRZ� D� WHQGHQF\� WR� WKHLU� JUDGXDO� DJ�
JUHJDWLRQ�� ZKLFK� OHDGV� WR� VWUXFWXUDO� LQKR�
PRJHQHLW\� RI� WKH� VDPSOHV� DQG� WLPH
LQVWDELOLW\�RI�WKHLU�FKDUDFWHULVWLFV��7KH�SUH�
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VHQW�GD\� VLWXDWLRQ� ZLWK� WKLV� SUREOHP� LV
ODUJHO\�VXPPDUL]HG�LQ�WZR�UHFHQW�SDSHUV�E\
-�/DJHUZDOO�DQG�FR�ZRUNHUV�>���@��DV�ZHOO�DV
LQ�RXU�SUHYLRXV�SXEOLFDWLRQ�>�@�

7R� DFKLHYH� VXSSUHVVLRQ� RU� VORZGRZQ� RI
WKH� DJJUHJDWLRQ� SURFHVV� ZLWKRXW� UHVRUWLQJ
WR� FKHPLFDO� PRGLILFDWLRQ� RI� WKH� QDQRWXEH
VXUIDFH�RU�LQWURGXFWLRQ�RI�DGGLWLRQDO�FRPSR�
QHQWV�LQWR�D�/&�&17�GLVSHUVLRQ��RQH�VKRXOG
ILUVW� FOHDU� XS� WKH� SK\VLFDO� SLFWXUH� RI� KRZ
WKH� DJJUHJDWHV� RI� QDQRWXEHV� DUH� IRUPHG� LQ
WKH� DQLVRWURSLF�PHGLXP��7KH� ILUVW� VWHS�ZDV
PDGH� ZKHQ� D� VLPSOH� H[SHULPHQWDO� PHWKRG
ZDV�SURSRVHG�>�@�WKDW�DOORZHG�PRQLWRULQJ�RI
&17� DJJUHJDWLRQ� RQ� WKH� UHDO� WLPH� VFDOH� E\
PHDVXULQJ�WKH�RSWLFDO�WUDQVPLVVLRQ�WKURXJK
D� /&� FHOO� ZLWK� GLVSHUVHG� QDQRWXEHV� LQ� WKH
YLFLQLW\� RI� WKH� QHPDWLF� WR� LVRWURSLF� WUDQVL�
WLRQ� WHPSHUDWXUH�� )XUWKHU� H[SHULPHQWDO
GDWD� ZHUH� REWDLQHG� XVLQJ� GLIIHUHQWLDO� VFDQ�
QLQJ� FDORULPHWU\�� PHDVXUHPHQWV� RI� HOHFWUL�
FDO� FRQGXFWLYLW\�� DQG� RWKHU� PHWKRGV� >����Ü
��@��7R�VXPPDUL]H��D�WHQWDWLYH�SK\VLFDO�SLF�
WXUH�FDQ�EH�GHVFULEHG� LQ�WKH�IROORZLQJ�ZD\�
7KH� LQLWLDO� &17� EXQGOHV� DUH� UDWKHU� HIIL�
FLHQWO\� GHVWUR\HG� E\� XOWUDVRQLFDWLRQ�� DQG
WKH�UHVXOWLQJ�GLVSHUVLRQ�FRQVLVWV�RI� LQGLYLG�
XDO�QDQRWXEHV��ZKLFK�DUH�PRUH�RU�OHVV�KRPR�
JHQHRXVO\� GLVSHUVHG� LQ� WKH� QHPDWLF� PDWUL[
DQG�DOLJQHG�E\�WKH�QHPDWLF�GLUHFWRU��)LJ����
OHIW���$IWHU�VRQLFDWLRQ��WKH�QDQRWXEHV�JUDGX�
DOO\�DVVHPEOH�LQWR�IUDFWDO�DJJUHJDWHV��LQFRU�
SRUDWLQJ�VRPH�PROHFXOHV�RI�WKH�QHPDWLF�PD�
WUL[� LQWR�WKH��PLFURSRUHV��RI�WKH�DJJUHJDWH
�VNHOHWRQ�� �)LJ����� ULJKW��� 7KH� SUHVHQFH� RI
VXFK� DJJUHJDWHV� ZDV� ILUVW� QRWHG� LQ� H[SHUL�
PHQWV�XVLQJ�RSWLFDO�PHWKRGV�>��@��ZLWK�IUDF�
WDO� ERXQGDULHV� REVHUYHG� DV�D� FHUWDLQ�YLVLEOH
�FRDW��� 7R� GLVWLQJXLVK� WKLV� W\SH� RI� DJJUH�
JDWHV�IURP�LQLWLDO�&17�EXQGOHV��SHUFRODWLRQ
QHWZRUNV� DQG� RWKHU� VWUXFWXUHV� WKDW� FDQ
HPHUJH� LQ� GLVSHUVLRQV� RI� QDQRWXEHV�� WKH
WHUP� �6�DJJUHJDWHV�� KDV� EHHQ� FRLQHG� >�@�
$IWHU� VHYHUDO� KRXUV� RU� GD\V� RI� LQFXEDWLRQ
VXFK� 6�DJJUHJDWHV� EHKDYH� OLNH� PLFURQ�VL]HG
VPDOO�SDUWLFOHV�RI�IODWWHQHG�VKDSH�RFFXS\LQJ

XS�WR���Ü�����RI�WKH�EXON�QHPDWLF�YROXPH�
7KLV� FDQ� EH� GHVFULEHG� E\� D� KHXULVWLF� UHOD�
WLRQVKLS�>�@��

&DJJU� �F$UGI� ���
ZKHUH�&DJJU� LV� WKH� YROXPH� FRQFHQWUDWLRQ� RI6�DJJUHJDWHV�� F� LV� WKH� &17� YROXPH� FRQFHQ�
WUDWLRQ� LQ� WKH� GLVSHUVLRQ�� $� LV� D� SKHQR�
PHQRORJLFDO� SDUDPHWHU� DFFRXQWLQJ� IRU� WKH
GHWDLOV�RI�WKH�JHRPHWU\��U�LV�WKH�DVSHFW�UDWLR
RI�WKH�QDQRWXEHV��QDQRWXEH�OHQJWK�O�GLYLGHG
E\�LWV�GLDPHWHU�G���DQG�GI�LV�WKH�H[SHULPHQ�WDOO\� GHWHUPLQHG� �VHH�� H�J��� >�@�� IUDFWDO� GL�
PHQVLRQDOLW\�RI�WKH�DJJUHJDWH��

7KH�DLP�RI�WKLV�ZRUN�ZDV�FRPSDULVRQ�RI
DJJUHJDWLRQ� EHKDYLRU� RI� &17V� RI� GLIIHUHQW
W\SHV�LQ�D�QHPDWLF�OLTXLG�FU\VWDO��&%�

���7KHRUHWLFDO�FRQVLGHUDWLRQV
7R� JLYH� D� TXDQWLWDWLYH� HVWLPDWH� RI� WKH

FRQGLWLRQV�UHTXLUHG�IRU�WKH�6�DJJUHJDWH�IRU�
PDWLRQ��RQH�FDQ�DVVXPH�D�VLPSOLILHG�SLFWXUH
RI�&17V� GLVSHUVHG� LQ� D�QHPDWLF�PHGLXP� DV
VKRZQ� LQ�)LJ����� /HW�XV� FRQVLGHU� WZR�QDQR�
WXEHV�RI�OHQJWK�O�DQG�GLDPHWHU�G��L�H���DVSHFW
UDWLR�U� �O�G��LQ�D�QHPDWLF�PHGLXP�WKDW�LP�
SRVHV� RULHQWDWLRQDO� RUGHULQJ�RQ� WKH�QDQRWX�
EHV��ZKLFK� LV�GHVFULEHG�E\�WKH�RULHQWDWLRQDO
RUGHU� SDUDPHWHU� 6� �6� �­�FRV�T�Ü��®���
ZKHUH� T� LV� WKH� DQJOH� EHWZHHQ� WKH� QDQRWXEH
ORQJ�D[LV�DQG�WKH�QHPDWLF�GLUHFWRU��DQG�WKH
EUDFNHWV� ­�®� GHQRWH� VWDWLVWLFDO� DYHUDJLQJ��
$V�D�QH[W� VWHS��ZH�DVVXPH�WKDW� WKH�V\VWHP
LV� WLPH� VWDEOH� ��YLWULILFDWHG��� ZLWK� LWV� SD�
UDPHWHUV�GHWHUPLQHG�E\�WKH�VWDWLVWLFDOO\�DY�
HUDJHG� YDOXHV�� 7KH� PLQLPXP� DYHUDJH� GLV�
WDQFH� EHWZHHQ� WKH� QDQRWXEHV� LQ� )LJ���� �RU�
JHQHUDOO\� VSHDNLQJ�� EHWZHHQ� DGMDFHQW� QDQR�
WXEHV� LQ� WKH� LPDJLQHG� TXDVL�ODPHOODU� OD\HU�
WKDW�DOORZV�WKHLU�PXWXDO�FRQWDFW��HYHQWXDOO\
OHDGLQJ�WR�DJJUHJDWLRQ��PD\�EH�HVWLPDWHG�DV
P� �OVLQT������

)URP� DQRWKHU� YLHZSRLQW�� LI� WKH� YROXPH
FRQFHQWUDWLRQ� RI� QDQRWXEHV� LV� F� �ZKLFK� LV

)LJ�����$�PRGHO�SLFWXUH�RI�&17�DJJUHJDWLRQ�LQ�QHPDWLF�OLTXLG�FU\VWDO�PHGLXP�
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DOVR� WKHLU� FRQFHQWUDWLRQ� LQ� WKH� TXDVL�ODPHO�
ODU� OD\HU��� WKHQ� &17� FRQFHQWUDWLRQ� LQ� WKH
SODQDU�SURMHFWLRQ���OLQHDU�FRQFHQWUDWLRQ���LV
�CCF ��$W� �OLQHDU� FRQFHQWUDWLRQ���CCF �� WKH� DYHU�
DJH� GLVWDQFH� EHWZHHQ� WKH� QDQRWXEHV� LQ� WKH
TXDVL�ODPHOODU� OD\HU� LV�P� �G��CCF �� 7KXV�� ZH
PD\�ZULWH�GRZQ�WKH�HTXDWLRQ�

VLQT� ��G�e��O�CCF �� ���U�CCF ���� ���
ZKLFK� GHWHUPLQHV� WKH� FULWLFDO� &17� FRQFHQ�
WUDWLRQ� �L�H��� WKH�PLQLPXP�FRQFHQWUDWLRQ�RI
QDQRWXEHV�RI�D�VSHFLILHG�DVSHFW�UDWLR�U� WKDW
DOORZV�WKH�&17�DJJUHJDWLRQ�DW�D�JLYHQ�YDOXH
RI�6���7KH�YDOXH�RI�U�CCF �FDQ�WKXV�EH�FRQVLG�
HUHG� DV� D� FHUWDLQ� �VLPLODULW\� FULWHULRQ�� GH�
VFULELQJ� WKH� DJJUHJDWLRQ� EHKDYLRU� RI� QDQR�
WXEHV� LQ� TXDVL�KRPRJHQHRXV� /&�&17� GLV�
SHUVLRQV�

,I� WKH� RUGHU� SDUDPHWHU� 6� VXEVWDQWLDOO\
GHFUHDVHV��WKH�DJJUHJDWLRQ�WKUHVKROG�VKRXOG
DOVR�GHFUHDVH��5HFHQW�H[SHULPHQWDO�GDWD�>��@
VKRZ� WKDW� &17� GLVSHUVLRQV� LQ� WKH� QHPDWLF
(�� �OLTXLG� FU\VWDO� PL[WXUH� RQ� WKH� EDVLV� RI
F\DQRELSKHQ\OV��DUH�PRUH�VWDEOH�WKDQ�LQ��&%
���SHQW\O��c�F\DQRELSKHQ\O���7KLV�FDQ�EH�HDV�
LO\� H[SODLQHG� DFFRXQWLQJ� IRU� PXFK� KLJKHU
QHPDWLF�LVRWURSLF� WUDQVLWLRQ� WHPSHUDWXUH� RI
(��DV�FRPSDUHG�ZLWK��&%�Û�XQGHU�WKH�VDPH
FRQGLWLRQV� �L�H�� DW� WKH� URRP� WHPSHUDWXUH�
WKH�YDOXH�RI�6�LV�KLJKHU�LQ�(��WKDQ�LQ��&%�
([SHULPHQWDO�GDWD� >��@��DV�ZHOO� DV�RXU�RZQ
GDWD�� VKRZ� WKDW� DJJUHJDWLRQ� LV� PXFK� PRUH
LQWHQVLYH� LQ� WKH� LVRWURSLF� WKDQ� LQ� WKH� QH�
PDWLF�SKDVH��

���([SHULPHQWDO�UHVXOWV
7R�FKHFN�XS�WKH�YDOLGLW\�RI�WKH�DERYH�GH�

VFULEHG� WKHRUHWLFDO� FRQVLGHUDWLRQV�� RQH
VKRXOG� REWDLQ� H[SHULPHQWDO� GDWD� RQ� DJJUH�
JDWH� IRUPDWLRQ� LQ� /&�&17� GLVSHUVLRQV
XVLQJ� QDQRWXEHV� RI� GLIIHUHQW� JHRPHWULFDO
FKDUDFWHULVWLFV��ZLWK� DOO� RWKHU� H[SHULPHQWDO
FRQGLWLRQV�EHLQJ�WKH�VDPH�

,Q�RXU�H[SHULPHQWV��ZH�XVHG�VHYHUDO�GLIIHUHQW
W\SHV� RI� FDUERQ� QDQRWXEHV�� 6LQJOH�ZDOOHG
FDUERQ� QDQRWXEHV� �6:&17V�� G� �����QP�
O�a����PP��� DV� ZHOO� DV� �VKRUW�� PXOWL�ZDOOHG
FDUERQ� QDQRWXEHV� �V�0:&17V�� G� ������QP�
O�a����Ü��PP�� ZHUH� REWDLQHG� IURP� $UU\� ,Q�
WHUQDWLRQDO�*PE+��*HUPDQ\�DQG�XVHG�ZLWKRXW
IXUWKHU� WUHDWPHQW�� 0XOWL�ZDOOHG� FDUERQ� QDQR�
WXEHV� �0:&17V�� G� �a��� QP�� O�a�������PP�
XVHG� IRU� FRPSDULVRQ� �706SHWVPDVK� /WG��
.\LY�� 8NUDLQH�� ZHUH� WKH� VDPH� DV� XVHG� LQ
RXU� SUHYLRXV� ZRUNV� >�Ü��@�� DV� ZHOO� DV� WKH
QHPDWLF� PDWUL[���SHQW\O��c�F\DQRELSKHQ\O� Ü
D� W\SLFDO� /&� VXEVWDQFH� ZLWK� GLHOHFWULF� DQ�
LVRWURS\� 'H�!��� DQG� QHPDWLF� UDQJH� ������&
�&KHPLFDO� 5HDJHQWV� 3ODQW�� .KDUNLY�
8NUDLQH��� 7KH� GLVSHUVLRQV� ZHUH� SUHSDUHG
XVLQJ� DQ�8='1��7� XOWUDVRQLF�PL[HU� DV� GH�
VFULEHG� SUHYLRXVO\� >�@��2SWLFDO� WUDQVPLVVLRQ
RI�WKH�REWDLQHG�GLVSHUVLRQV�LQ�WKH�YLFLQLW\�RI
WKH� QHPDWLF� WR� LVRWURSLF� WUDQVLWLRQ� ZDV
PHDVXUHG� XVLQJ� D� +LWDFKL� ���� VSHFWUR�
SKRWRPHWHU�LQ�D����PP�WKLFN�OD\HU�RI�SODQDU
WH[WXUH� SODFHG� LQ� D� WHPSHUDWXUH�FRQWUROOHG
FHOO�� $OO� RSWLFDO� WUDQVPLVVLRQ� YDOXHV� ZHUH
PHDVXUHG� DW� ���� QP�� 7KLV� ZDYHOHQJWK� ZDV
FKRVHQ�DV�RSWLPDO�EHFDXVH�LW�ZDV�ZHOO�DERYH
WKH� DEVRUSWLRQ� UHJLRQ� DQG� VHOHFWLYH� UHIOHF�
WLRQ�EDQGV�RI�WKH��&%�

)LJ�� �� SUHVHQW� RSWLFDO� WUDQVPLWWDQFH
�MXPS�� LQ� WKH� YLFLQLW\� RI� QHPDWLF�LVRWURSLF
WUDQVLWLRQ� IRU� �&%���6:&17V� �D�� DQG� �&%
��V�0:&17V� FRPSRVLWHV� �E�� ZLWK� GLIIHUHQW
WKHUPDO�SUH�KLVWRU\���

7KH� HVVHQWLDO� IHDWXUHV� RI� WKH� UHVXOWV� RE�
WDLQHG�FDQ�EH�VXPPDUL]HG�DV�IROORZV�

���7KH�EHKDYLRU� RI��&%���6:&17� � FRP�
SRVLWHV��)LJ���D��LV�VWULNLQJO\�VLPLODU�WR��&%
��0:&17�V\VWHPV�VWXGLHG�SUHYLRXVO\�>����@�
7KH� RSWLFDO� WUDQVPLVVLRQ� MXPS� DW� WKH� QH�
PDWLF�LVRWURSLF� WUDQVLWLRQ� DQG� LWV� HYROXWLRQ
GXULQJ� LQFXEDWLRQ� VKRZ� WKH� VDPH� IHDWXUHV
�DIWHU�LQFXEDWLRQ��WKH�WUDQVPLVVLRQ�MXPS�EH�
FRPHV�VPDOOHU��DQG�D�VOLJKW�RYHUDOO�LQFUHDVH
LQ�WUDQVPLVVLRQ�LV�REVHUYHG��DW�&17�FRQFHQ�
WUDWLRQ�RI��������HYHQ�WKH�DEVROXWH�PHDVXUHG
YDOXHV� DUH� VLPLODU� ZLWKLQ� VHYHUDO� SHUFHQW��
7KH� PLFURVFRSLF� LPDJHV� RI� WKH� DJJUHJDWHV
ZHUH� UDWKHU� VLPLODU� IRU� LQLWLDO� �)LJ�� �D�� DQG
LQFXEDWHG� VXVSHQVLRQV� �)LJ���E��� KRZHYHU�� D

)LJ������$�VLPSOLILHG�SLFWXUH�RI�PXWXDO�RULHQ�
WDWLRQ� RI� WZR� QHLJKERULQJ� QDQRWXEHV� LQ� WKH
RULHQWDWLRQDOO\�RUGHUHG�PHGLXP�
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)XQFWLRQDO�PDWHULDOV������������� ���



ORQJ�WHUP� ���� K��� LQFXEDWLRQ� HYLGHQWO\� UH�
VXOWHG� LQ� VSDWLDO� GLVWULEXWLRQ� FKDQJHV�� DQG
LQFUHDVH�RI�WKH�VL]H�RI�FDYLWLHV�EHWZHHQ�FOXV�
WHUV��

0RUH� GHWDLOHG� GDWD� REWDLQHG� IRU� RWKHU
&17� FRQFHQWUDWLRQV� LQGLFDWH� WKDW� SUREDEO\
WKH� DJJUHJDWH� IRUPDWLRQ� WKUHVKROG� LV
VOLJKWO\�KLJKHU��ZKLFK�LV�QRW�FRQVLVWHQW�ZLWK
WKH� FULWHULRQ� RI� (T����� VXJJHVWLQJ� PXFK
ORZHU� FULWLFDO� FRQFHQWUDWLRQV� IRU� 6:&17V
KDYLQJ�PXFK�KLJKHU�DVSHFW�UDWLR�

��� 2Q� WKH� FRQWUDU\�� WKH� �&%�V�0:&17
FRPSRVLWHV��)LJ���E��DSSHDU�WR�EH�QRWLFHDEO\
GLIIHUHQW��$W� ������ RU� �������QR� VLJQV� RI
DJJUHJDWLRQ� SURJUHVV� GXULQJ� LQFXEDWLRQ
ZHUH�QRWHG��DQG�RSWLFDO�WUDQVPLVVLRQ�VKRZHG
HYHQ� ODUJHU� MXPSV��$W�������� WKH�EHKDYLRU
EHFDPH� ODUJHO\� VLPLODU� WR� WKH� �VWDQGDUG�
SLFWXUH��ZKLOH�DW�������FOHDU�VLJQV�RI�&17
VHGLPHQWDWLRQ�FRXOG�EH�QRWHG��7KLV�FRXOG�EH
HDVLO\�XQGHUVWRRG�LQ�WHUPV�RI�WKH�(T�����FUL�
WHULRQ� Û� &17V� RI� VKRUWHU� OHQJWK� DQG� WKH

VDPH� GLDPHWHU� UHTXLUHG� QRWLFHDEO\� KLJKHU
FRQFHQWUDWLRQV� IRU� WKH� VWDUW� RI� 6�DJJUHJDWH
IRUPDWLRQ�� 7KH� QDUURZ� FRQFHQWUDWLRQ� UDQJH
RI� �VWDQGDUG�� EHKDYLRU� LV� OLPLWHG� IURP
DERYH� E\� HYHQWXDO� RQVHW� RI� VHGLPHQWDWLRQ
SURFHVVHV��7KH�PLFURVFRSLF�LPDJHV�HYLGHQFHG
WKDW�LQFXEDWLRQ�IRU��&%�V�0:&17�FRPSRV�
LWHV� ZDV� FOHDUO\� H[SUHVVHG� DQG� UHVXOWHG� LQ
IRUPDWLRQ�RI�ODUJHU�FOXVWHUV��)LJ�����

7KXV��FHUWDLQ�PRGLILFDWLRQV�RI�WKH�DERYH�
GHVFULEHG�WKHRUHWLFDO�SLFWXUH�VKRXOG�EH�PDGH
WR�FRQVLVWHQWO\�GHVFULEH�DOO�WKH�VHW�RI�H[SHUL�
PHQWDO�GDWD�

���'LVFXVVLRQ
$� IXQGDPHQWDO� DVVXPSWLRQ� LQ� WKH� SUR�

SRVHG� SLFWXUH� RI� WKH� QDQRWXEH� RUGHULQJ� LQ
WKH�QHPDWLF�PHGLXP�LV�WKDW�WKH�&17V�DUH�WR
EH� FRQVLGHUHG� QRW� DV� ULJLG� URGV� RI� IL[HG
OHQJWK� DQG� GLDPHWHU�� EXW� DV� VHPL�IOH[LEOH
URGV� WKDW� FDQ� EH� HDVLO\� EHQW� E\� FHUWDLQ� DQ�
JOHV�LQ�VHYHUDO�SODFHV��

)LJ����� 0LFURVFRSLF� LPDJHV� RI� �&%���6:&17� ����� ��� FRPSRVLWHV� LQ� WKH� QHPDWLF� SKDVH� DW� 7� 
����.��,PDJHV�ZHUH�WDNHQ�LPPHGLDWHO\�DIWHU�VRQLFDWLRQ��D��DQG�DIWHU�LQFXEDWLRQ�IRU����K���E��

)LJ�����2SWLFDO�WUDQVPLWWDQFH��MXPS��LQ�WKH�YLFLQLW\�RI�LVRWURSLF�QHPDWLF�WUDQVLWLRQ�IRU�FRPSRVLWHV
ZLWK�GLIIHUHQW� WKHUPDO� SUH�KLVWRU\���&%���6:&17V���������D��DQG��&%���V�0:&17V�������� �E��
�Ü�FRUUHVSRQG�WR�QRQ�LQFXEDWHG�VDPSOHV��DQG���Ü�FRUUHVSRQG�WR�WKH�VDPSOHV�LQFXEDWHG�DW�����.�IRU
���K�
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6XFK� D� PRGHO� IRU� &17V� LQ� DQ� LVRWURSLF
PHGLXP� ZDV� FRQVLGHUHG� LQ� >��@�� ZKHUH� WKH
�FRQWRXU� OHQJWK�� DQG� �HQG�WR�HQG� GLVWDQFH�
ZHUH� LQWURGXFHG� WR� FKDUDFWHUL]H� WKH� DFWXDO
IRUP� RI� D� QDQRWXEH�� $QDO\]LQJ� LPDJHV� RI
LQGLYLGXDO�&17V� REWDLQHG� E\� VFDQQLQJ� HOHF�
WURQ�PLFURVFRS\� DQG� H[SHULPHQWDO� YLVFRVLW\
GDWD� IRU� &17� GLVSHUVLRQV� LQ� GLPHWK\OIRU�
PDPLGH��LW�ZDV�VKRZQ�WKDW�WKHVH�SDUDPHWHUV
FDQ�GLIIHU�E\�DW�OHDVW��Ü��WLPHV��PDNLQJ�WKH
HIIHFWLYH� VKDSH� RI� WKH� QDQRWXEH� VXEVWDQ�
WLDOO\� GLIIHUHQW� IURP� WKDW� VXJJHVWHG� E\� WKH
IRUPDO�DVSHFW�UDWLR�YDOXH�

$V�IRU�PDQ\�RWKHU�FDVHV�LQ�WKH�SK\VLFV�RI
OLTXLGV�� WKH� SUREOHP� FDQ� EH� JUHDWO\� VLPSOL�
ILHG�GXH�WR�RULHQWDWLRQDO�RUGHULQJ�RI�WKH�GLV�
SHUVLRQ� PHGLXP�� ,W� LV� JHQHUDOO\� DFFHSWHG
WKDW� WKH� RULHQWDWLRQDO� RUGHULQJ� RI� WKH� QH�
PDWLF� OLTXLG� FU\VWDO� LPSRVHV� RULHQWDWLRQDO
RUGHULQJ� RI� WKH� GLVSHUVHG� QDQRWXEHV� >���
��@��WKXV�UHVWULFWLQJ�WKHLU�IUHHGRP�RI�PRYH�
PHQW� �LQ� SDUWLFXODU�� URWDWLRQ� RI� &17V� DV
DQLVRPHWULF�SDUWLFOHV�DERXW�WKHLU�VKRUW�D[HV
LV� VWURQJO\�KLQGHUHG�� DV�ZHOO� DV� ODWHUDO�GLV�
SODFHPHQW� RI� &17V�� WKH� ODWWHU� FDQ� EH� GH�
VFULEHG� LQ� WHUPV� RI� KLJKO\� DQLVRWURSLF� YLV�
FRVLW\���2QH� FRXOG� DVVXPH� WKDW� WKH�QHPDWLF
RULHQWDWLRQDO� RUGHULQJ� ZRXOG� DOVR� UHVWULFW
LQWHUQDO�GHJUHHV�RI�IUHHGRP�RI�WKH�GLVSHUVHG
DQLVRWURSLF� SDUWLFOHV� �&17V��� � :KHQ� ODUJH
RUJDQLF�PROHFXOHV�WKDW�FDQ�H[LVW�LQ�WKH�IRUP
RI�WZR��RU�PRUH��FRQIRUPDWLRQV�ZLWK�GLIIHU�
HQW� DQLVRPHWU\�DUH�GLVVROYHG� LQ� WKH�/&�PH�
GLXP�� WKH� HTXLOLEULXP� EHWZHHQ� FRQIRUPD�
WLRQV� LV� VKLIWHG� WRZDUGV� WKH� FRQIRUPDWLRQ
ZLWK� KLJKHU� DQLVRPHWU\� �UHFHQW� H[DPSOHV
FDQ�EH�IRXQG��H�J���LQ�>������@����

7UHDWLQJ�&17V�DV�YHU\�ODUJH��PROHFXOHV�
WKDW� FDQ� DVVXPH� GLIIHUHQW� FRQIRUPDWLRQDO
VWDWHV�Û�IURP� WKH� IXOO\� VWUHWFKHG� WR�UROOHG
XS�LQWR�D�FRLO�Û�RQH�FDQ�DVVXPH�WKDW�EHQG�

LQJ�RI�D�QDQRWXEH�LQ�WKH�RULHQWDWLRQDOO\�RU�
GHUHG� PHGLXP� ZLOO� EH� OHVV� VWURQJ�� DQG� WKH
&17�VHJPHQWV�ZLOO�WHQG�WR�EH�DOLJQHG�DORQJ
D� FHUWDLQ� GLUHFWLRQ� �ZKLFK� FDQ� EH� FDOOHG�� LQ
DQDORJ\�WR�WKH�VWDQGDUG�/&�WHUP��DQ��LQWHU�
QDO� GLUHFWRU�� RI� WKH� QDQRWXEH��� 7KHQ� WKH
PRGHO�RI�WKH��PXOWLSO\�EHQW��&17V�XVHG� LQ
>��@�FDQ�EH�VXEVWDQWLDOO\�VLPSOLILHG�

$VVXPLQJ��DV�D�ILUVW�DSSUR[LPDWLRQ��WKDW
WKH�VHJPHQWV�DUH�RI�WKH�VDPH�OHQJWK�DQG�WKH
EHQGLQJ� DQJOHV� DUH� HTXDO�� ZH� FRQVLGHU� D
PRGHO�RI�&17�LQ�WKH�RULHQWDWLRQDOO\�RUGHUHG
PHGLXP� DV� VKRZQ� LQ� )LJ����� 8VLQJ� WKLV
PRGHO�� WKH� �HIIHFWLYH�&17� OHQJWK��/HII� DQG�HIIHFWLYH�&17�GLDPHWHU��'HII�PD\�EH�FDOFX�ODWHG�DV��

/HII� �D1VLQM�� �D1FRVM� ���

'HII� �DFRVM����G� ���

ZKHUH�1�LV�WKH�QXPEHU�RI�VHJPHQWV���
:KHQ�M� �������L�H��QR�EHQGLQJ���/HII� �D1 �O��WKH�&17�FRQWRXU�OHQJWK���DQG��'HII� �G�:KHQ� DFRVMe��!�G� �L�H��� ZKHQ� WKH� VHJPHQW

OHQJWK� LV� PXFK� ODUJHU� WKDQ� WKH� QDQRWXEH
GLDPHWHU�� DQG� WKH� EHQGLQJ� LV� VXIILFLHQWO\
VWURQJ��� WKH� HIIHFWLYH� DVSHFW� UDWLR� LV� UHII� /HII�'HII� �1WJ�M����� L�H��� LW� LV� QRW� GHSHQG�HQW� XSRQ� WKH� &17� GLDPHWHU�� 7KLV� FDQ� H[�
SODLQ� WKDW�0:&17� DQG� 6:&17� RI� VLPLODU
OHQJWK� XQH[SHFWHGO\� VKRZHG� TXLWH� VLPLODU
EHKDYLRU�LQ�WKHLU�DJJUHJDWLRQ��ZKLOH�WKH�SLF�
WXUH� REVHUYHG� ZLWK� �VKRUW�� 0:&17� ZDV
VWULNLQJO\�GLIIHUHQW��

$� PRUH� GHWDLOHG� DQDO\VLV� FDQ� QDWXUDOO\
WDNH� LQWR�DFFRXQW�WKH�GLIIHUHQFH� LQ�EHQGLQJ
VWLIIQHVV� IRU� QDQRWXEHV� RI� GLIIHUHQW� GLDPH�

)LJ����� 0LFURVFRSLF� LPDJHV� RI� �&%���V�0:&17� ����� ��� FRPSRVLWHV� LQ� WKH� QHPDWLF� SKDVH� DW
7� �����.��,PDJHV�ZHUH�WDNHQ�LPPHGLDWHO\�DIWHU�VRQLFDWLRQ��D��DQG�DIWHU�LQFXEDWLRQ�IRU����K���E��
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WHU�� VFDWWHU� LQ� WKH� YDOXHV� RI�D� DQG�M� DORQJ
WKH�QDQRWXEH��HWF���

7KHVH� FRQVLGHUDWLRQV� FDQ� DOVR� H[SODLQ� D
FHUWDLQ� FRQWUDGLFWLRQ� WKDW� LV� LPSOLFLWO\� SUH�
VHQW� LQ� PDQ\� SDSHUV� GHVFULELQJ� /&�&17
GLVSHUVLRQV��6FKHPDWLF�GUDZLQJV�LOOXVWUDWLQJ
HVVHQWLDO� VWUXFWXUDO� IHDWXUHV� RI� VXFK� V\V�
WHPV� �VHH�� H�J��� >�����Ü��@�� VKRZ�QDQRWXEHV
DV�DQLVRWURSLF�SDUWLFOHV�WKDW�DUH�PXFK�ODUJHU
WKDQ� DQLVRPHWULF� /&�PROHFXOHV�� EXW� VWLOO� RI
TXDOLWDWLYHO\� FRPSDUDEOH� GLPHQVLRQV�� 7KLV
FOHDUO\�FRQWUDGLFWV� WKH�GDWD�RQ�SK\VLFDO�SD�
UDPHWHUV�RI�SXUH�&17V�ZLWK�DVSHFW�UDWLRV�RI
VHYHUDO� KXQGUHG� DQG� PRUH� DQG� OHQJWKV� RI
VHYHUDO� PLFURQV� �L�H��� FORVH� WR� WKLFNQHVV� RI
VWDQGDUG�/&�FHOOV���7KH�REVHUYHG�SURSHUWLHV�
DV� ZHOO� DV� WKHRUHWLFDO� GHVFULSWLRQV�� LQ� IDFW�
FRUUHVSRQG�WR�PXFK�VPDOOHU�OHQJWKV�DQG�DV�
SHFW� UDWLRV� RI� WKH� GLVSHUVHG� SDUWLFOHV�� 6R�
WKH� �HIIHFWLYH�� SDUDPHWHUV� /HII�� 'HII� DQGUHII� FDQ� SUREDEO\� EH� FRQVLGHUHG� DV� UHDO
SK\VLFDOO\�PHDQLQJIXO�SDUDPHWHUV�GHWHUPLQ�
LQJ�PDQ\�SURSHUWLHV�RI�/&�&17�V\VWHPV�

5HIHUHQFHV
� ���-�3�)�/DJHUZDOO�� *�6FDOLD�� -��0DWHU��&KHP��

����������������
� ���0�5DKPDQ��:�/HH��-��3K\V��'��$SSO��3K\V������

��������������
� ���/�'ROJRY��2�.RYDOFKXN��1�/HERYND�HW�DO��� LQ�

&DUERQ� 1DQRWXEHV�� HG�� -�0�0DUXODQGD�� ,Q�
7HFK� (GXFDWLRQ� DQG� 3XEOLVKLQJ�� 9XNRYDU�
&URDWLD���������S�����

� ���6�6FK\PXUD��0�.XKQDVW�� 9�/XW]� HW� DO���$GY�
)XQFW��0DWHU�������������������

� ���0�.XKQDVW�� &�7VFKLHUVNH�� -�/DJHUZDOO��&KHP�
&RPPXQ�������������������

� ���6�6�0LQHQNR�� /�1�/LVHWVNL�� $�,�*RQFKDUXN
1�,�/HERYND�� 9�9�3RQHYFKLQVN\�� 0�6�6RVNLQ�
)XQFWLRQDO�0DWHULDOV�����������������

� ���$�,�*RQFKDUXN�� 1�,�/HERYND�� /�1�/LVHWVNL�
6�6�0LQHQNR��-��3K\V��'�$SSO��3K\V�������������
�������

� ���/�1�/LVHWVNL��6�6�0LQHQNR��9�9�3RQHYFKLQVN\�
0�6�6RVNLQ�� $�,�*RQFKDUXN�� 1�,�/HERYND�
0DW��6FL��(QJ��7HFKQRO����������������

� ���9�9�3RQHYFKLQVN\��$�,�*RQFKDUXN��6�9�1D\GHQRY�
/�1�/LVHWVNL�� 1�,�/HERYND�� 0�6�6RVNLQ�� 3URF�
63,(�������������$������������

����9�9�3RQHYFKLQVN\��$�,�*RQFKDUXN��6�6�0LQHQNR�
/�1�/LVHWVNL�� 1�,�/HERYND�� 0�6�6RVNLQ�� 1RQOLQ�
2SWLFV��4XDQW��2SWLFV������1R����������

����9�9�3RQHYFKLQVN\��$�,�*RQFKDUXN��9�,�9DVLO�HY�
1�,�/HERYND�� 0�6�6RVNLQ�� =K�� (NVS�� 7HRU�� )L]�
3LVPD�����������������

����6�6FK\PXUD�� 0�.XKQDVW�� 9�/XW]� HW� DO��� LQ�
$EVWUDFWV� RI� ��UG� ,QW�� /LTXLG� &U\VWDO� &RQI��
.UDNRZ��3RODQG���������S�����

����:�=KDR��-�:DQJ��-�+H��/�=KDQJ�HW�DO���$SSO�
6XUI��6FL���������������������

����+�6�/HH��&�+�<XQ��+�0�.LP��&�-�/HH��-��3K\V�
&KHP��&��������������������

����3�9DQ� GHU� 6FKRRW�� 9�3RSD�1LWD�� 6�.UDOM�� -�
3K\V��&KHP��%�������������������

����9�3RSD�1LWD�� 6�.UDOM�� -��&KHP��3K\V��� ����
��������������

����0�,�6HUELQD��/�1�/LVHWVNL�� ,�$�*YR]GRYVN\�HW
DO���)XQFWLRQDO�0DWHULDOV�����������������

����,�3�,OFKLVKLQ�� /�0�/\VHWVNL\�� 7�9�0\N\WLXN�
0�,�6HUELQD��8NU��-��3K\V������������������

����,�'LHUNLQJ��*�6FDOLD��3�0RUDOHV��-��$SSO��3K\V��
������������������

����-�/\GRQ��/LTXLG�&U\VWDOV�7RGD\���������������
����5�%DVX�� *�6�,DQQDFFKLRQH�� 3K\V��5HY��(�� ���

��������������

)LJ�����$�PRGHO�SLFWXUH�RI��IOH[LEOH��&17�LQ
WKH�RULHQWDWLRQDOO\�RUGHUHG�PHGLXP��+HUH�D�LV
WKH� OHQJWK� RI� RQH� VHJPHQW�� � G� LV� WKH� &17
GLDPHWHU�� M� LV� WKH� DQJOH� EHWZHHQ� WKH� QHLJK�
ERULQJ�VHJPHQWV��DQG�\� LV� WKH�DQJOH�EHWZHHQ
D�VHJPHQW�DQG�WKH��LQWHUQDO�GLUHFWRU�� �HIIHF�
WLYH� ORQJ� D[LV�� RI� WKH� QDQRWXEHV�� :KHQ� WKH
RULHQWDWLRQDO�RUGHU�SDUDPHWHU�6�LV�FORVH�WR���
&17�LV�DVVXPHG�WR�EH�DOLJQHG�DORQJ�WKH�GLUHF�
WRU�RI�WKH�QHPDWLF�KRVW�
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