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7KH�PRGHUQ�SURJUHVV� LQ� WKH� ILHOG�RI� IHU�
URHOHFWULFLW\� LV� FRQQHFWHG�� LQ� SDUWLFXODU�
ZLWK� VWXG\� RI� WKH� FU\VWDOV� ZLWK� LQFRPPHQ�
VXUDWHO\� PRGXODWHG� VWUXFWXUH� >�@�� 'XH� WR
VWUXFWXUDO� IHDWXUHV�� WKH� FRPSRXQGV� RI
$�%;�� IDPLO\� DUH� DPRQJ� WKH� PRVW� LQWHQ�VLYHO\� VWXGLHG� LQFRPPHQVXUDWH� FU\VWDOV� >��
�@�� $� NH\� UROH� RI� VWUXFWXUDO� GHIHFWV� QHDU
LQFRPPHQVXUDWH�SKDVH�WUDQVLWLRQV�ZDV�GHP�
RQVWUDWHG�LQ�D�QXPEHU�RI�H[SHULPHQWV��,W�LV
REYLRXV� WKDW� DQDO\VLV� RI� WKH� SUREOHP�� ERWK
RQ� PLFURVFRSLF�� DQG� RQ� SKHQRPHQRORJLFDO
OHYHO��GHPDQGV�D�VXEVWDQWLDWHG�PRGHO�RI�WKH
GHIHFWLYH� FHQWHU� LQ� HDFK� VSHFLILF� FDVH� >�@�
$PRQJ�YDULRXV�ZD\V� WR� FRQWURO� WKH� TXDOLW\
RI� WKH� REMHFW� EHLQJ� LQYHVWLJDWHG� �GRSLQJ�
YDULDWLRQ� RI� WKH� FU\VWDO� JURZWK� FRQGLWLRQV
DQG� SRVW�JURZWK� SURFHVVLQJ�� FUHDWLRQ� RI� UD�
GLDWLRQ� GHIHFWV��� LQWURGXFLQJ� RI� LPSXULWLHV
KDV�VRPH�DGYDQWDJHV��7KH�VXLWDEOH�FKRLFH�RI
WKH�GRSLQJ�LRQ�DQG�VXEVWLWXWHG�RQH�DOORZV�WR
NQRZ� VXUHO\� WKH� SRVLWLRQ� DQG� VWDWH� RI� WKH
LPSXULW\� GHIHFW� LQ� WKH� ODWWLFH�� 7KDW� LV�ZK\
WKH� VROLG� VROXWLRQV� RI� UXELGLXP� 5E�=Q&O��5=&�� DQG� SRWDVVLXP� .�=Q&O�� �.=&�� ]LQF

FKORULGHV�DUH�SRSXODU�REMHFWV�IRU�VWXG\LQJ�RI
WKH�GHIHFW�LQIOXHQFH�RQ�WKH�LQFRPPHQVXUDWH
V\VWHP�SURSHUWLHV�>�@�

5=&� DQG� .=&� FU\VWDOV� DUH� VWUXFWXUDOO\
LVRPRUSKRXV�DQG�XQGHUJR�WKH�VDPH�VHTXHQFH
RI� SKDVH� WUDQVLWLRQV� >����@�� 7KH� FRROLQJ
EHORZ� �L� �7DEOH�� UHVXOWV� LQ� WKH� WUDQVLWLRQIURP�SDUDHOHFWULF�SKDVH� �33���VSDFH�V\PPH�
WU\�JURXS�'�K����WR�WKH�LQFRPPHQVXUDWH�RQH�,3��ZLWK�D�ZDYH�YHFWRU�RI�VWUXFWXUDO�PRGX�
ODWLRQ�RULHQWHG�DORQJ�SVHXGR�KH[DJRQDO�D[LV
TL� �����ÜG�7��D� �G����EHLQJ� WKH� LQFRPPHQ�VXUDELOLW\� SDUDPHWHU��� $W� D� IXUWKHU� FRROLQJ
EHORZ� 7&�� WKH� WUDQVLWLRQ� WR� FRPPHQVXUDWHIHUURHOHFWULF� SKDVH� �)3�� �&�Y�� V\PPHWU\JURXS��RFFXUV�DW�WKH�SRODU�GLUHFWLRQ�DORQJ�F
D[LV�� ,Q� WKLV� ZRUN�� WKH� PHFKDQLVP� RI� WKH
LPSXULW\� GHIHFW� LQIOXHQFH� RQ� WKH� SKDVH
WUDQVLWLRQ�IURP�33�WR�,3�LQ��5E�±[.[��=Q&O��5�±[.[=&�� V\VWHP� LV� FRQVLGHUHG� EDVLQJ� RQQXPHULFDO�HVWLPDWLRQV�

7KH� 5�±[.[=&� FU\VWDOV� �[� ������� ����������� ������ DFWLYDWHG� ZLWK� 0Q��� SDUDPDJ�
QHWLF� FHQWHUV� ZHUH� JURZQ� E\� &]RFKUDOVN\
WHFKQLTXH��7KH�FRQFHQWUDWLRQ�[�RI�.�� LPSX�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

)XQFWLRQDO�PDWHULDOV������������� ��



ULW\�LV�LQGLFDWHG�LQ�DFFRUGDQFH�ZLWK�.&O�FRQ�
WHQWV� LQ� WKH� LQLWLDO� EOHQG� XVHG�� 7KH� GLHOHF�
WULF� SHUPLWWLYLW\� DQG� (35� VSHFWUD� RI�0Q��
ZHUH�LQYHVWLJDWHG�EHIRUH�LQ�WKH�WHPSHUDWXUH
UDQJH�LQFOXGLQJ�WKH�WHPSHUDWXUHV�7L�DQG�7&RI�33�,3�)3�SKDVH� WUDQVLWLRQV� >�@��7KH�33�
,3�WUDQVLWLRQ�ZDV�GHWHFWHG�E\�DSSHDUDQFH�RI
WKH��IRUELGGHQ��K\SHUILQH�GRXEOHWV�'P,� �r�LQ� 06� �����lÜ���� ILQH� JURXS� RI� (35
VSHFWUXP�� 7KH� ,3�)3� WUDQVLWLRQ� ZDV� UHJLV�
WHUHG� EDVLQJ� RQ� GLHOHFWULF� SHUPLWWLYLW\� DQG
(35� VSHFWUD�PHDVXUHPHQWV�� 7KH� SKDVH� GLD�
JUDP�REWDLQHG�LV�VKRZQ�LQ�)LJ�

6SHFLILF� IHDWXUHV� RI� WKH� ,3�)3� SKDVH
WUDQVLWLRQ� LQ� 5�±[.[=&� V\VWHP� DUH� GXH� WRLQWHUDFWLRQ� RI� WKH� LPSXULW\� GHIHFWV� ZLWK
VWUXFWXUDO�PRGXODWLRQ�DQG�ZHUH�GLVFXVVHG�LQ
>�@�� /HW� XV� FRQVLGHU� WKH� FRQFHQWUDWLRQ� GH�
SHQGHQFH� RI� WKH� 33�,3� WUDQVLWLRQ� SRLQW�7L�,QFUHDVLQJ� 7L� ZLWK� [� JURZWK� �VHH� )LJ��� LVGHVFULEHG� E\� OLQHDU� GHSHQGHQFH� 7L>.@� �����������������[� ZLWK� D� VORSH� DSSUR[L�
PDWHO\� WZR�DQG�D�KDOI� WLPHV� OHVV� WKDQ� WKDW
RI� WKH� VWUDLJKW� OLQH� FRQQHFWLQJ� WKH� RXWHU�
PRVW�SRLQWV�7L�[� ���� �����.�DQG�7L�[� ���� ���� .� LQ� WKH� �²Ü7�� SKDVH� GLDJUDP� �VHH
7DEOH���,W�LV�WR�QRWH�WKDW�GLHOHFWULF�PHDVXUH�
PHQWV�LQ�>�@�KDYH�UHYHDOHG�OLQHDU�LQFUHDVH�RI
7L� IRU� WKH� ZKROH� LQWHUYDO� [� ��� WR� ��� 7KHFRQFHQWUDWLRQ� VKLIW� RI� WKH� WUDQVLWLRQ� SRLQW
'7L�'[� ����r��� .� PXVW� HYLGHQFH� WKDW� LQWKH�LQYHVWLJDWHG�5�±[.[=&�FU\VWDOV��WKH�UHDOFRQFHQWUDWLRQ� RI�.�� LRQV� LV� WZR� DQG� D� KDOI
WLPHV�ORZHU�WKDQ�LQ�WKH�LQLWLDO�EOHQG�

7KH�GDWD�JLYHQ�LQ�>�Ü��@�DQG�JDWKHUHG�LQ
WKH�7DEOH��DOORZ�WR�UHYHDO�WKH�SURSHUW\�RI�.�
LPSXULW\�UHODWHG� WR� LQFUHDVLQJ�7L� LQ�WKH�VH�ULHV� RI� VROLG� VROXWLRQV�� 7KH� GLIIHUHQFH� EH�
WZHHQ� WKH�5=&� DQG�.=&� XQLW� FHOOV� FRQVLVWV
LQ� VXEVWLWXWLQJ�RI�.�� FDWLRQ�ZLWK� D� VPDOOHU
UDGLXV�IRU�5E��RQH��7KH�LQIOXHQFH�RI�ORZ�.�
LPSXULW\� FRQFHQWUDWLRQ� RQ�33�,3� WUDQVLWLRQ
FDQ�EH�DVVXPHG�WR�EH�HTXLYDOHQW�WR�FRPSUHV�
VLRQ�RI�5=&�XQLW�FHOO� DV�D�UHVXOW�RI�D�SUHV�
VXUH�DSSOLHG�WR�WKH�FU\VWDO��7KLV�DVVXPSWLRQ
LV� FRQILUPHG� TXDOLWDWLYHO\� E\� WKH� SRVLWLYH
VLJQ� RI� EDULF� IDFWRUV� IRU� WHPSHUDWXUH�7L� LQ

5=&� DQG� .=&� XQGHU� K\GURVWDWLF� SUHVVXUH
�VHH�7DEOH��

4XDQWLWDWLYH�HVWLPDWLRQV�PD\�EH�REWDLQHG
E\�UHODWLQJ�WKH�WUDQVLWLRQ�SRLQW�VKLIW�XQGHU
K\GURVWDWLF�SUHVVXUH�ZLWK�WKH�FRQFHQWUDWLRQ
GHSHQGHQFH�RI�7L�YV�[
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ZKHUH� 9� LV� WKH� XQLW� FHOO� YROXPH�� ,Q� DJUHH�
PHQW� ZLWK� WKH� GDWD� SUHVHQWHG� LQ� WKH� 7DEOH
DQG� UHVXOWV� IURP� >�@�� WKH� FRQFHQWUDWLRQ� VKLIW
RI�SKDVH�WUDQVLWLRQ�SRLQW�FDQ�EH�HVWLPDWHG�DV
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7KH�YROXPH�FRPSUHVVLELOLW\�FDQ�EH�IRXQG
IURP�5=&�HODVWLF�SURSHUWLHV�VWXGLHG�LQ�>��@

)LJ����� �[Ü��� SKDVH� GLDJUDP� RI� 5�±[.[=&FU\VWDOV� ����(35�GDWD�RI�0Q���FHQWHUV�����UH�
VXOWV� RI� WKH� GLHOHFWULF� SHUPLWWLYLW\� PHDVXUH�
PHQWV�� >�@�� 7&&�� 7&+� DUH� ,3�)3� WUDQVLWLRQ
SRLQWV� DW� FRROLQJ� DQG� KHDWLQJ� UXQ�� UHVSHF�
WLYHO\�

7DEOH��7KH�FU\VWDO�SDUDPHWHUV�XVHG�IRU�QXPHULFDO�HVWLPDWLRQV�>����Ü��@�
&U\VWDO �L��. �&��. &DWLRQ�UDGLXV��c 8QLW�FHOO�SDUDPHWHUV
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OLQHDUO\� ZLWK� [�� WKH� FRQFHQWUDWLRQ� GHSHQG�
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6XEVWLWXWLQJ� ���� ��� DQG� LQYHUVH� WR� ���
YDOXH�LQWR������ZH�JHW
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WKDW� H[FHHGV� PRUH� WKDQ� E\� RQH� RUGHU� WKH
H[SHULPHQWDO� YDOXH� RI� EDULF� IDFWRU� IRU�5=&
�VHH�7DEOH��

7KH� DERYH� HVWLPDWLRQ� VKRZV� WKDW�.�� LP�
SXULW\�LQIOXHQFH�RQ�5=&�XQLW�FHOO�FDQQRW�EH
UHGXFHG� WR� K\GURVWDWLF� FRPSUHVVLRQ�� 6XFK
FRQFOXVLRQ�LV�VXSSRUWHG�E\�WKH�IDFW�WKDW�GH�
FUHDVH� RI�.=&�XQLW� FHOO� YROXPH� LQ� FRPSDUL�
VRQ� ZLWK� 5=&� RQH� RFFXUV� PDLQO\� GXH� WR
VWUDLQLQJ� DORQJ� WKH�D� D[LV��5HODWLYH�FKDQJH
RI� WKH� ODWWLFH� SDUDPHWHU� D� �Ü������Ü��� H[�
FHHGV� DSSUR[LPDWHO\� �� WLPHV� FKDQJH� RI� E
�Ü�������Ü��� DQG� ���� WLPHV� FKDQJH� RI� F
��������Ü����7DEOH��

$� VLPLODU� FRPSDULVRQ� RI� 7L� VKLIW� XQGHUXQLD[LDO� SUHVVXUH� LV� SUHVHQWHG� EHORZ��$V� LW
KDV� EHHQ� VKRZQ� LQ� >��@�� WKH� VKLIW� RI�7L� LQ5=&� XQGHU� XQLD[LDO� SUHVVXUH� DSSOLHG� DORQJ
D�D[LV�LV�GHVFULEHG�E\�D�IDFWRU
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7R� HVWLPDWH� WKH� FRQFHQWUDWLRQ� FKDQJH� RI
WKH�XQLW�FHOO�YROXPH�����PRUH�DFFXUDWHO\�� LW
LV� QHFHVVDU\� WR� WDNH� LQWR� DFFRXQW� WKHUPDO
H[SDQVLRQ�RI�WKH�ODWWLFH��$V�9� LV�D�IXQFWLRQ
RI� VHYHUDO� YDULDEOHV� ���� [�� S��� WKH� GHSHQG�
HQFH�RI�WKH�XQLW�FHOO�YROXPH�RQ�[�VKRXOG�EH
GHWHUPLQHG� DW� RWKHU� SDUDPHWHUV� EHLQJ� WKH
VDPH�� 7KHUHIRUH�� WKH� SDUDPHWHUV� RI� .=&
XQLW�FHOOV�JLYHQ� LQ�WKH�7DEOH�IRU�7� �����.
>�@�DUH�H[WUDSRODWHG�WR�7� �����.��DW�ZKLFK
WKH�SDUDPHWHUV� RI�5=&� ODWWLFH� DUH� SUHVHQWHG�
$FFRXQWLQJ� IRU� UHJXODU� SDUWV� RI� WKH� WKHUPDO

H[SDQVLRQ� IDFWRUV� IRU�.=&� �DD� ������Ü��.Ü��
�DE� ������Ü��.Ü��� DF� ������Ü��.Ü�� >��@��
ZH� REWDLQ� �9�
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WLRQ�GHFUHDVH�RI�WKH�XQLW�FHOO�YROXPH�LQVWHDG
�����7DNLQJ�LQWR�DFFRXQW���������ZH�ILQG�WKH
YDOXH
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ZKLFK� LV� FORVH� HQRXJK� WR� WKH� H[SHULPHQWDO
GDWD�����

7KXV�� WKH� QXPHULFDO� HVWLPDWLRQV� VKRZ
WKDW� LQFUHDVH� RI� 7L� ZLWK� JURZLQJ� [� LQ5�±[.[=&�VROLG�VROXWLRQV�LV�FDXVHG�E\�VWUDLQ�LQJ� FRPSUHVVLRQ� RI� 5=&� XQLW� FHOO� DW� 5E�
UHSODFHPHQW�ZLWK�.�� LRQ��7KLV�VWUDLQLQJ�RF�
FXUV� SUHGRPLQDQWO\� DORQJ� VWUXFWXUDO� PRGX�
ODWLRQ� D[LV� D� DQG� LV� HTXLYDOHQW� WR� WKH
XQLD[LDO�SUHVVXUH�HIIHFW�

5HIHUHQFHV
� ���5�%OLQF��)HUURHOHFWULFV����������������
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� ���6�-RULR�� 0�6�'DQWDV�� 1�6SH]LDOL� HW� DO��� )HU�

URHOHFWULFV�����������������
� ���$�3�/HYDQ\XN��$�6�6LJRY��'HIHFWV�DQG�6WUXF�

WXUDO�3KDVH�7UDQVLWLRQV��*RUGRQ	�%UHDFK�6FL�
HQFH�3XEOLVKHUV��1�<���/RQGRQ��3DULV���������

� ���.�+DPDQR��.�(PD�� 6�+LURWVX��)HUURHOHFWULFV�
���������������

� ���$�8�6KHOHJ��9�9�=DUHWVNLL��/LVW�RI�,QFRPPHQ�
VXUDWH�&U\VWDOV��LQ��,QFRPPHQVXUDWH�3KDVHV�LQ
'LHOHFWULFV� 0DWHULDOV�� $PVWHUGDP�� �������
S�����

� ���0�3�7UXELWV\Q��7�0�%RFKNRYD��)HUURHOHFWULFV�
���������������

� ���0�+DUDGD�� $QQ��5HSWV��5HV��5HDFW��,QVW���.\RWR
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� ���'�.XFKDUF]\N�� :�3DFLRUHN�� -�.DOLFLQVND�
.DUXW��3KDVH�7UDQV�����������������

����=�$�%REURYD�� 9�0�9DULNDVK�� 1�,�+DVLQHYLFK�
(�'�&KHVQRNRY�� $� 3UHSULQW�� 3K\V��,QVW� RI
$FDG��6FL��8NU���1R�����.LHY��������

����.�*HVL��-��3K\V��6RF��-DS�����������������
����8�/XVSLQ�� 0�&KDELQ�� -�+DXUHW�� )�*LOOHWWD�� -�

3K\V��&�6ROLG�6WDWH�3K\V�������������������
����2�*�9ORNK��$�9�.LW\N�� ,�,�3RORYLQNR��.ULVWDO�

ORJUDIL\D�����������������
����,�0�,VNRUQHY�� ,�1�)OHURY�� /�$�.RW�� LQ�� )HU�

URHOHFWULFV� DQG� 3LH]RHOHFWULF�0DWHULDOV�� .68�
.DOLQLQ��������
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