
2Q�WKH�QDWXUH�RI�SKRWRLQGXFHG�DEVRUSWLRQLQ�SKRWRFKURPLF��$J&O�[�&X&O��±[ ILOPV
2�1�<XQDNRYD��9�.�0LORVODYVN\��0�6�*URPRY��(�1�.RYDOHQNR


9�.DUD]LQ�.KDUNLY�1DWLRQDO�8QLYHUVLW\�
��6YRERG\�6T���������.KDUNLY��8NUDLQH
.KDUNLY�1DWLRQDO�8QLYHUVLW\�IRU�5DGLRHOHFWURQLFV�
���/HQLQ�$YH���������.KDUNLY��8NUDLQH

5HFHLYHG�6HSWHPEHU��������
$EVRUSWLRQ� VSHFWUXP� RI� SKRWRFKURPLF� �$J&O�[�&X&O��±[� ILOPV� KDV� EHHQ� VWXGLHG�� 7KHLQWHQVH�EDQG�RI�LQGXFHG�DEVRUSWLRQ�LQ�YLVLEOH�UHJLRQ�KDV�EHHQ�HVWDEOLVKHG�WR�EH�D�VXSHUSR�

VLWLRQ� RI� WZR� EDQGV�� QDPHO\�� WKDW� RI� DEVRUSWLRQ� E\� VLOYHU� FROORLG� SDUWLFOHV� VKDSHG� DV
HOOLSVRLGV�RU�FKDLQV�RI�VSKHULFDO�SDUWLFOHV�DQG�DEVRUSWLRQ�EDQG�RI�&X���LRQV�LQ�$J&O�
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,Q� VSLWH� RI� QXPHURXV� VWXGLHV� RI� SKRWR�
FKURPLF� VLOYHU� KDOLGH� JODVVHV� �36+*��� WKH
QDWXUH� RI� SKRWRLQGXFHG� DEVRUSWLRQ� WKHUHLQ
UHPDLQV� VWLOO� XQFOHDU�� 6R� LQ� >�@�� LW� LV� DV�
VXPHG� WKDW� XQGHU� LUUDGLDWLRQ�� &X�� FHQWHUV
DUH� IRUPHG� LQ�&X+DO� DORQJ�ZLWK� FROORLG�$J
SDUWLFOHV� LQ� $J+DO�� WKRVH� FHQWHUV� EHLQJ� UH�
VSRQVLEOH� IRU� ORQJHU�ZDYHOHQJWK� DEVRUSWLRQ
EDQGV� LQ� 36+*�� ,Q� >�@�� WKH� ORQJHU�ZDYH�
OHQJWK� SRVLWLRQ� RI� WKH� LQGXFHG� DEVRUSWLRQ
EDQG�LQ�36+*�DV�FRPSDUHG�WR�WKH�FDOFXODWHG
RQH�LV�EHOLHYHG�WR�EH�DVVRFLDWHG�ZLWK�IRUPD�
WLRQ� RI� $J� VKHOOV� DURXQG� D� JODVV� QXFOHXV
�VKHOO� PRGHO��� $FFRUGLQJ� WR� >����@�� WKH� LQ�
GXFHG�DEVRUSWLRQ�EDQG�LQ�36+*�FRUUHVSRQGV
WR� WLQ\� $J� SDUWLFOHV� RI� DQLVRWURSLF� VKDSH�
6WXGLHV� RI� FRORUHG� SKRWRFKURPLF� 36+*
XVLQJ� (35� DQG� DEVRUSWLRQ� VSHFWURVFRS\� >�@
KDYH� VKRZQ� WKDW� WKH� IRUPHG�&X��� LRQV� DUH
UHVSRQVLEOH� IRU� WKH�QRQ�VHOHFWLYH� DEVRUSWLRQ
DPRXQWLQJ�DERXW������RI�WKH�WRWDO�LQGXFHG
DEVRUSWLRQ�

�$J&O�[�&X&O��±[� SKRWRFKURPLF� ILOPV� DUHFRQYHQLHQW� PRGHOLQJ� REMHFWV� WR� VWXG\� WKH
SKRWRFKURPLF� HIIHFW� LQ� WKH� 36+*� DFWLYH

FRPSRQHQW��VLQFH�WKH�JODVV�PDWUL[�LQIOXHQFH
DW�YDULRXV� VWDJHV�RI�WKH�FRORUDWLRQ�DQG�GLV�
FRORUDWLRQ�SURFHVV�LV�HOLPLQDWHG�LQ�WKLV�FDVH�
,Q� WKLV� ZRUN�� VWXGLHG� DUH� WKH� VSHFWUD� RI
�$J&O�[�&X&O��±[� SKRWRFKURPLF� ILOPV� �[� �����ZLWK� WKH� SXUSRVH� RI� LQYHVWLJDWLQJ� WKH� QD�
WXUH�RI�WKH�LQGXFHG�DEVRUSWLRQ�WKHUHLQ�

7KH� VDPSOHV� ZHUH� SUHSDUHG� E\� HYDSRUD�
WLRQ�RI�$J&O�DQG�&X&O�SRZGHU�PL[WXUHV�RI�D
SUHGHWHUPLQHG�FRPSRVLWLRQ�RQWR�TXDUW]�VXE�
VWUDWHV� KHDWHG� XS� WR� ����&�� 6XFK� SUHSDUD�
WLRQ� PHWKRG� SURYLGHV� WKH� PL[HG� ELSKDVH
ILOPV�>�@�DV�LV�HYLGHQFHG�E\�WKHLU�DEVRUSWLRQ
VSHFWUD� DQG� HOHFWURQ� GLIIUDFWLRQ� SDWWHUQV�
7KH�DEVRUSWLRQ�VSHFWUD�RI� VXFK�ILOPV�FRQWDLQ
H[FLWRQ�EDQGV�SHFXOLDU� WR�$J&O� DQG�&X&O��$V
LW� KDV� EHHQ� VKRZQ� LQ� >�@�� LW� LV� WKH� ELSKDVH
FKDUDFWHU�RI�WKLQ��$J&O�[�&X&O��±[�ILOPV��L�H���DKHWHURMXQFWLRQ�DW�WKH�$J&O�&X&O�JUDLQ� LQWHU�
IDFH��WKDW� LV�DQ�QHFHVVDU\�FRQGLWLRQ�RI�SKR�
WRFKURPLVP� WKHUHRI�� 7KH� WKLQ� ILOPV� RI
$J[&X�±[&O� VROLG� VROXWLRQV� VKRZLQJ�D� VWUXF�
WXUH� VLPLODU� WR� WKRVH� XQGHU� VWXG\� DQG
IRUPHG� E\� HYDSRUDWLRQ� RI� WKH� SRZGHU� PL[�
WXUH� RQWR� D� FROG� ����&�� VXEVWUDWH� VKRZ� QR
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FRORUDWLRQ�HYHQ�XQGHU�PHUFXU\�ODPS�89�LU�
UDGLDWLRQ�DW�KLJK�H[SRVXUHV�>�@�

$W� WKH� VDPH� WLPH�� D� SURQRXQFHG� SKRWR�
FKURPLF� HIIHFW� LV� REVHUYHG� LQ� WKH� ELSKDVH
ILOPV��8QGHU�89� ODPS� LUUDGLDWLRQ�� D� EURDG
DEVRUSWLRQ� EDQG� DSSHDUV� SHDNHG� DW� DERXW
����H9��)LJ������ ,W� LV�VXSSRVHG�WR�DQVZHU�WR
WKH� DEVRUSWLRQ� RI� FROORLGDO�$J� DQG� RI�&X��
LRQV�LQ�$J&O��7KH�SUHVHQFH�RI�FROORLGDO�$J�LQ
WKH� LUUDGLDWHG� ILOPV� LV� HYLGHQFHG� E\� FKHPL�
FDO�DQDO\VLV�� LRGLQDWLRQ�RI�WKH�FRORUHG�ILOPV
UHVXOWV�LQ�D�QDUURZ�H[FLWRQ�EDQG�DW������H9
WKDW� DQVZHUV� WR� $J,� �)LJ������ $V� WKH� WHP�
SHUDWXUH�GHFUHDVHV��WKLV�EDQG�EHFRPHV�PRUH
QDUURZ�DQG�VKDUS��WKXV�FRQILUPLQJ�LWV�H[FL�
WRQLF�RULJLQ��)LJ�����LQVHW���7KH�LQGXFHG�DE�
VRUSWLRQ�� KRZHYHU�� LV� QRW� UHPRYHG� FRP�
SOHWHO\� E\� LRGLQDWLRQ� �)LJ������ 7KH� UHPDLQ�
LQJ�DEVRUSWLRQ�EDQG�SRVLWLRQ�LV�FORVH�WR�WKDW
RI�&X��� LRQV�LQ�$J&O��$FFRUGLQJ�WR�>�@��WZR
DEVRUSWLRQ� EDQGV� SHDNHG� DW� ����� DQG
�����H9�DUH�REVHUYHG�LQ�WKH�$J&O�&X���VSHF�
WUXP�� 7KH� VHFRQG� EDQG� LV� FORVH� LQ� SRVLWLRQ
WR� WKH� H[FLWRQLF� RQH� LQ�&X&O� �����H9��� WKXV
FDXVLQJ� DQ� LQFUHDVHG� DEVRUSWLRQ� LQ� WKLV
VSHFWUDO� UHJLRQ� LQ� WKH� LUUDGLDWHG
�$J&O�[�&X&O��±[�ILOPV��)LJV���������7KH�SUHV�HQFH�RI�&X��� LRQV� LQ�36+*�LV�FRQILUPHG�E\
(35� GDWD� >����@� DQG� DJUHHV� ZHOO� ZLWK� WKH
SKRWRFKURPLF� SURFHVV� PHFKDQLVP� LQ� 36+*
DQG� SKRWRFKURPLF� �$J&O�[�&X&O��±[� ILOPV
SURSRVHG�LQ�>�������@�

7KH� SK\VLFDO� PRGHO� RI� SKRWRFKURPLF
SURFHVV� LQ�$J&O±&X&O� ILOPV� LV� EDVHG� RQ� WKH
H[FLWRQLF� SKRWRH[FLWDWLRQ� PHFKDQLVP� DQG
WKH� SUHVHQFH� RI� D� KHWHURMXQFWLRQ� EHWZHHQ
$J&O�DQG�&X&O�JUDLQV��$�VSHFLILF�IHDWXUH�RI
WKDW� MXQFWLRQ� LV� WKH�SUHVHQFH�RI�D�SRWHQWLDO

EDUULHU� IRU� HOHFWURQV� LQ�&X&O� DQG� IRU� KROHV
LQ�$J&O� >�@�� 7KH� ILOP� FRORUDWLRQ� LV� IDYRUHG
E\� GLVFULPLQDWLRQ� RI� WKH� FXUUHQW� FDUULHUV
DQG� ORFDOL]DWLRQ� WKHUHRI�� 7KH� LQLWLDO� HOHF�
WURQLF� VWDJH� RI� WKH� FRORUDWLRQ� LV�GHILQHG�E\
WKH�H[FLWDWLRQ�RI�H[FLWRQV�LQ�&X&O��WKH�WKHU�
PDO� GHFRPSRVLWLRQ� WKHUHRI� LQWR� HOHFWURQV
DQG�KROHV�IROORZHG�E\�WKH�WXQQHOLQJ�RI�HOHF�
WURQV� DFURVV� WKH� EDUULHU� DW� WKH� &X&O�$J&O
LQWHUIDFH� DQG� FDSWXULQJ� E\� WKH� WUDSV� LQ
$J&O�� 7KH� HOHFWURQV� ORFDOL]HG� LQ� $J&O� JLYH
ULVH� WR� ORFDO� HOHFWULF� ILHOGV� DQG� DWWUDFW� WKH
LQWHUVWLWLDO�$J��LRQV��7KH�$J��LRQV�FDSWXULQJ
WKH� HOHFWURQV� DUH� UHGXFHG� WR� QHXWUDO� $J
DWRPV� WKDW�� LQ� WXUQ�� DFW� DV� HOHFWURQ� WUDSV�
WKXV� UHVXOWLQJ� LQ� WKH� HQG� LQ� IRUPDWLRQ� RI
FROORLGDO� SDUWLFOHV�� 7KH� ORFDOL]DWLRQ� RI� HOHF�
WURQV�RQ�WKH�QHXWUDO�SDUWLFOHV�UHVXOWV�LQ�WKH
QHJDWLYH� FKDUJH� DFFXPXODWLRQ� LQ� WKH� $J&O
OD\HU� DQG� IRUPDWLRQ� RI� DQ� LQWHUQDO� HOHFWULF
ILHOG� GLUHFWHG� QRUPDOO\� WR� WKH�&X&O�$J&O� LQ�
WHUIDFH�DQG�IDYRULQJ�WKH�WUDQVIHU�RI�&X���LRQV
IURP� &X&O� WR� $J&O�� $� VLPLODU� SKRWRFKURPLF
SURFHVV� PHFKDQLVP� LV� REVHUYHG� LQ� WKLQ
&X+DO±&G+DO��ILOPV��+DO� �&O��%U��,��>������@�,W� IROORZV� IURP� WKH� H[SHULPHQWDO� GDWD
DQG�WKH�SKRWRFKURPLF�HIIHFW�PRGHO�SURSRVHG
LQ� >�@�� WKH�SUHVHQFH�RI� D�KHWHURMXQFWLRQ�EH�
WZHHQ�&X&O� DQG�$J&O� JUDLQV� LV� D� QHFHVVDU\
FRQGLWLRQ� RI� SKRWRFKURPLVP� LQ
�$J&O�[�&X&O��±[��7KH�PHFKDQLVP�SURSRVHG�LQ>�����@� IRU� WKH� IRUPDWLRQ� RI�&X�� FRORU� FHQ�
WHUV� LQ� WKH� OLJKW�VHQVLWLYH� &X+DO� QDQRFU\V�
WDOV�DQG�$J��RQHV�LQ�$J+DO�QDQRFU\VWDOV�GLV�
WULEXWHG� LQ� WKH�36+*�JODVV�PDWUL[� LV� HUUR�
QHRXV� LQ� RXU� RSLQLRQ�� ,W� VHHPV� WKDW� LQ

)LJ����� $EVRUSWLRQ� VSHFWUD� RI� D� WKLQ
�$J&O�����&X&O�����ILOP�UHSHDWHGO\�LUUDGLDWHG�DW+� �����-�FP�� ����� +� �����-�FP�� ����� DQG
DIWHU� LRGLQDWLRQ� ����� ,QVHW�� H[FLWRQLF� DEVRUS�
WLRQ�EDQG�RI�$J,�DW����.�����DQG�����.�����

)LJ����� $EVRUSWLRQ� VSHFWUD� RI� D� WKLQ
�$J&O�����&X&O����� ILOP� LUUDGLDWHG� E\� QRQ�ILO�WHUHG� PHUFXU\� ODPS� UDGLDWLRQ�� H[SRVXUH
+� ������-�FP�������DIWHU�VSRQWDQHRXV�GLVFRO�
RUDWLRQ������DQG�SULRU�WR�LUUDGLDWLRQ�����
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36+*�� DV� ZHOO� DV� LQ� RXU� ILOPV�� WKH� SKRWR�
FKURPLF� HIIHFW� RFFXUV� LQ� �$J&O�[�&X&O��±[QDQRFU\VWDOV� GLVWULEXWHG� LQ� WKH� JODVV� PD�
WUL[�� 8QGHU� LUUDGLDWLRQ�� FROORLGDO� VLOYHU� LV
UHOHDVHG� DW� WKH� &X&OÜ$J&O� JUDLQ� LQWHUIDFH�
DV� LQ� �$J&O�[�&X&O��±[� WKLQ� ILOPV��1R� FROORL�GDO� FRSSHU� ZDV� UHYHDOHG� LQ� WKH� LUUDGLDWHG
�$J&O�[�&X&O��±[�ILOPV��,RGLQDWLRQ�RI�WKH�FRO�RUHG�ILOPV�UHVXOWV�RQO\�LQ�H[FLWRQLF�$J,�EDQG
������H9��DSSHDUDQFH�LQ�WKH�DEVRUSWLRQ�VSHF�
WUXP�ZKLOH�WKHUH� LV�QR�H[FLWRQLF�DEVRUSWLRQ
RI�&X,�������H9���VHH�)LJ�����

7KH� PD[LPXP� SRVLWLRQ� IRU� WKH� FROORLGDO
$J� LQ�$J&O�FDQ�EH�FDOFXODWHG�XVLQJ�WKH�IRU�
PXOD� IRU� VPDOOHVW� VSKHULFDO� FROORLGDO� SDUWL�
FOHV�

ZP� �
ZS

�CCCCCCCCC�HP����H� �
���

ZKHUH� ZS� ����������VÜ�� LV� WKH� $J� SODVPD
IUHTXHQF\�� HQ� ������ WKH� GLHOHFWULF� FRQVWDQWGXH�WR�LQWHUEDQG�WUDQVLWLRQV�LQ�PHWDOOLF�$J�
H� �Q�� ������ WKH� GLHOHFWULF� FRQVWDQW� RI� WKH
PHGLXP�VXUURXQGLQJ� WKH� JUDLQ��7KH� VR� FDO�
FXODWHG� YDOXH� OP� ����� QP� LV� PXFK� ORZHUWKDQ� WKH� H[SHULPHQWDO� YDOXH�� 7KH� ORQJ�
ZDYHOHQJWK� VKLIW� RI� WKH� FROORLGDO� EDQG� LV
H[SODLQHG� LQ� WKH� IUDPH� RI� 0LH� WKHRU\� E\
LQFUHDVLQJ� VL]H� RI� WKH� FROORLGDO� SDUWLFOH�� ,W
IROORZV�IURP�WKH�FDOFXODWLRQV�WKDW�WKH�SUHV�
HQFH� RI�$J�SDUWLFOHV�XS� WR����QP�VL]H� LV� WR
EH� DVVXPHG� WR� H[SODLQ� WKH� LQGXFHG� DEVRUS�
WLRQ�LQ�WKH�36+*��7KLV�LV�QRW�FRQILUPHG�E\
HOHFWURQ�PLFURVFRS\�>��@��$W�WKH�VDPH�WLPH�
DFFRUGLQJ� WR� FDOFXODWLRQV� SUHVHQWHG� LQ� >�@�
WKH�DEVRUSWLRQ�VSHFWUD�RI�36+*�DUH�DSSUR[L�
PDWHG� ZHOO� E\� WKH� DEVRUSWLRQ� RI� HOOLSVRLGDO
$J�SDUWLFOHV��,W�LV�MXVW�WKH�FDOFXODWHG�DEVRUS�
WLRQ�VSHFWUXP�IRU�D�V\VWHP�RI�HORQJDWHG�HO�
OLSVRLGDO�$J�SDUWLFOHV�RI�DERXW���QP�VL]H� LQ
$J&O�WKDW�LV�PRVW�VLPLODU�WR�WKH�H[SHULPHQ�
WDO� RQH� REVHUYHG� LQ� WKH� 36+*� DQG
�$J&O�[�&X&O��±[� SKRWRFKURPLF� ILOPV� >�@�� ,QWKH�SKRWRFKURPLF��$J&O�[�&X&O��±[�ILOPV��DQ�LVRWURSLF� VWUXFWXUHV� LQ� WKH� IRUP� RI� FKDLQV
FRQVLVWLQJ�RI� VSKHULFDO� VLOYHU�SDUWLFOHV� >��@�
7KH� LQWHQVLW\� RI� WKH� FDOFXODWHG� VSHFWUXP� LV
VXEVWDQWLDOO\� ORZHU� DV� FRPSDUHG� WR� WKH� LQ�
GXFHG� DEVRUSWLRQ� LQ� 36+*� REVHUYHG� LQ� H[�

SHULPHQWV� >��@�� 7R� DSSUR[LPDWH� WKH� H[SHUL�
PHQWDO� VSHFWUXP�� WKH� DXWKRUV� >��@� KDYH
WDNHQ�LQWR�DFFRXQW�DOVR�WKH�DEVRUSWLRQ�VSHF�
WUXP�RI�&X���LRQV�LQ�$J&O��$V�LV�PHQWLRQHG
DERYH�� WKH� GLUHFW� H[SHULPHQW� XVLQJ� LRGLQD�
WLRQ�RI� WKH� LUUDGLDWHG� �$J&O�[�&X&O��±[� ILOPVFRQILUPV� WKDW� WKH� LQGXFHG� DEVRUSWLRQ
WKHUHLQ�LV�FRQWULEXWHG�E\�&X���LRQV�LQ�$J&O�

$V� WKH� H[SRVXUH� LQFUHDVHV�� WKH� LQGXFHG
DEVRUSWLRQ� EDQG� LQ� WKLQ� �$J&O�[�&X&O��±[ILOPV�EHFRPHV�VKLIWHG�WRZDUGV� ORQJHU�ZDYH�
OHQJWKV� �)LJ������ WKXV� HYLGHQFLQJ� WKH� VL]H
LQFUHDVH�RI�WKH�FROORLGDO�$J�SDUWLFOHV�

7KXV��WKH�WKH�LQGXFHG�DEVRUSWLRQ�EDQG�LQ
SKRWRFKURPLF� �$J&O�[�&X&O��±[� ILOPV� LV� GH�ILQHG� E\� DEVRUSWLRQ� RI� &X��� LRQV� DQG� ILQH
HOOLSVRLGDO�$J�JUDLQV�RU�FKDLQV�FRQVLVWLQJ�RI
VSKHULFDO� VLOYHU� JUDLQV�� WKH� VL]H� WKHUHRI
EHLQJ� LQFUHDVLQJ� ZLWK� WKH� UDGLDWLRQ� H[SR�
VXUH�
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