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���,QWURGXFWLRQ
7KH�HIIHFWV�RI�PHWDO�VXUIDFH�HQKDQFHG�,5

DEVRUSWLRQ� �6(,5$�� >�Ü�@� DQG� VXUIDFH� HQ�
KDQFHG�5DPDQ� VFDWWHULQJ� �6(56�� >����@� DUH
ZHOO� NQRZQ� WR� IRUP� D� EDVLV� IRU� VRPH�PRVW
VHQVLWLYH� DQDO\WLFDO� WHFKQLTXHV� LQ� ,5� VSHF�
WURVFRS\� DQG� 5DPDQ� VFDWWHULQJ�� 7KH� NH\
SUREOHP�RI�VXFFHVVIXO�XVH�RI�WKHVH�HIIHFWV�LV
WKH� FKRLFH� RI� PHWDO� VXUIDFHV� DQG� WKH� SURF�
HVVLQJ� WHFKQRORJ\� WKHUHRI�� 7UDGLWLRQDOO\�
WKH�VXUIDFHV�XVHG�LQ�6(,5$�DUH�SUHSDUHG�E\
WZR� PDLQ� PHWKRGV�� FKHPLFDO� RU� HOHFWUR�
FKHPLFDO�GHSRVLWLRQ�>�Ü�@�DQG�WKHUPDO�GHSR�
VLWLRQ�>�Ü��@�RI�WKH�PHWDOV�RQWR�VXEVWUDWHV�
,Q� RUGHU� WR� UHDOL]H� 6(,5$� HIIHFW� QRW� RQO\
LVODQG� ILOPV� RU� URXJK� WKHUPDOO\� GHSRVLWHG
VXUIDFH� RI�JROG�RU� VLOYHU��EXW�YROXPH�PRGL�
ILHG�SDUWLFOHV�>��Ü��@�KDYH�EHHQ�DSSOLHG��,Q
SDUWLFXODU�� WKH� FKHPLFDO� GHSRVLWLRQ� RI� FRS�
SHU� RQWR� WUDGLWLRQDO� LQ� ,5� VSHFWURVFRS\� VXE�
VWUDWHV� ZDV� XVHG� WR� SUHSDUH� 6(,5$�DFWLYH
FRDWLQJV�>��@�

,Q� WKLV� ZRUN�� ZH� KDYH� LQYHVWLJDWHG� H[�
SHULPHQWDOO\�IRU�WKH�ILUVW�WLPH�WKH�SRVVLELO�
LW\� RI� XVLQJ�PLFUR�� DQG� QDQRSRURXV�$O� DQG
&X� OD\HUV� DV� ,5� DEVRUSWLRQ� HQKDQFHUV�� $G�
VRUEHG� OD\HUV� RI� S�QLWUREHQ]RLF� DFLG
&�+�12�� �S�1%$�� VHUYHG� DV� PDUNHUV� LQRUGHU�WR�FKDUDFWHUL]H�WKH�VXUIDFH�DEVRUSWLRQ
SURSHUWLHV��:H� KDYH� IRXQG� EHIRUH� WKDW� GLI�
IHUHQW�PROHFXODU�JURXSV�RI�S�1%$�RQ�URXJK
$X�VXUIDFH�DUH�HQKDQFHG�GLIIHUHQWO\��,Q�SDU�
WLFXODU�� IRU� 6(,5$� HIIHFW� LQ� UHIOHFWLRQ� JH�
RPHWU\��ZH�VXFFHHGHG�LQ�UHFRUGLQJ�WKH�VSHF�
WUD�RI�����QJ�FP��S�1%$�>������@�

���6DPSOH�SUHSDUDWLRQ�DQG
H[SHULPHQWDO�GHWDLOV�

$O� DQG�&X�VWUXFWXUHG�VXUIDFHV�KDYH�EHHQ
SURGXFHG� E\� VWHDG\�VWDWH� QHDU�HTXLOLEULXP
YDSRU�FRQGHQVDWLRQ�LQVLGH�KROORZ�FDWKRGH�LQ
WKH� SODVPD�FRQGHQVDWH� V\VWHP� >��@�� $O� DQG
&X� VXUIDFH� WRSRORJ\� ZDV� VWXGLHG� XVLQJ� D
6(0����(� VFDQQLQJ� HOHFWURQ� PLFURVFRSH�
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([DPLQDWLRQ�RI� WKH� VDPSOHV� LQ�YLVLEOH�VSHF�
WUXP� ZDV� SHUIRUPHG� E\� PRQRFKURPDWRU
'05��� �/202�� 5XVVLD��� ,5� DEVRUSWLRQ� RI
S�1%$�DQG�LWV�DPSOLILFDWLRQ�RQ�WKH�REWDLQHG
VDPSOH�VXUIDFHV�ZDV�VWXGLHG�E\�PHDQV�RI�DQ
,)6���� �%UXNHU�� )7,5� VSHFWURPHWHU� LQ� ���Ü
�����FPÜ�� UDQJH� XVLQJ� UHIOHFWLRQ� DQG� WUDQV�
PLVVLRQ�JHRPHWU\��7KH�VSHFWUD�ZHUH�SURFHVVHG
XVLQJ�WKH�2SXV�����DQG�201,&�VRIWZDUH�

7KH� S�1%$� SRZGHU� �6LJPD�� ZDV� XVHG
ZLWKRXW� DGGLWLRQDO� SXULILFDWLRQ�� 7KH� DG�
VRUEHG� OD\HUV� RQ�PHWDO� VXUIDFHV� DQG� GLHOHF�
WULF�&D)�� VXEVWUDWH�ZHUH� IRUPHG�E\�GHSRVL�WLRQ� DQG� HYDSRUDWLRQ� RI� S�1%$� VROXWLRQV� LQ
SXULILHG�DFHWRQH�DW�FRQFHQWUDWLRQ�RI�����PJ�PO
E\� ��PO�GURSV��7KH�S�1%$�PROHFXOHV�DUH�FKHPL�
FDOO\�DGVRUEHG�RQ�PHWDOV����)LJ����DQG�DUH�DEOH�WR
IRUP� WKLQ� DQG� KRPRJHQHRXV� ILOPV� >���������@�
7KH� H[SHULPHQWDO� HQKDQFHPHQW� IDFWRU� ZDV
GHWHUPLQHG�DV�WKH�UDWLR�RI�LQWHJUDO�LQWHQVLW\
RI� D� VSHFLILF� � PROHFXODU� JURXS� DEVRUSWLRQ
EDQG� RQ� WKH� PHWDO� VXUIDFH� WR� WKDW� RI� WKH
VDPH� JURXS� RQ� &D)�� VXEVWUDWH�� JH[S�Z�� 
,P�Z��,&D)��Z���

���([SHULPHQWDO�UHVXOWV
)LJ����VKRZV�WKH�HOHFWURQ�PLFURVFRSH�LP�

DJHV� RI� $O� DQG� &X� PLFUR�� DQG� QDQRVWUXF�
WXUHG� VXUIDFH� REWDLQHG� XQGHU� GLIIHUHQW
ZRUNLQJ� JDV� SUHVVXUH� 3$U�� GLVFKDUJH� SRZHU3Z�� DQG� GHSRVLWLRQ� WLPH� W�� DV� SUHVHQWHG� LQWKH� 7DEOH���� 7KH� UHIOHFWLRQ� VSHFWUD� IRU� $O
DQG� &X� VXUIDFHV� LQ� YLVLEOH� VSHFWUXP� UDQJH
GHSHQGLQJ�RQ�VXUIDFH� WRSRORJ\� DUH�JLYHQ� LQ
)LJ����D�E��� )RU� ZHOO� H[SUHVVHG� GLVSHUVHG
VWUXFWXUH� &X���� ZLWK� ���Ü�� PP� VL]H� JUDQ�

)LJ�����6(0�LPDJHV�RI�WKH�VWXGLHG�VXUIDFHV��&X����D���&X����E���&X����F���&X�����G���&X�����H���&X���
�I���$O����J���$O����K���$O�����L���

)LJ�����0ROHFXODU� VWUXFWXUH� RI� S�QLWUREHQ]RLF
DFLG� �D�� DQG� VFKHPDWLF� LPDJH� RI� LWV�PROHFXOH
DGVRUSWLRQ�RQ�D�PHWDO��E���

*�,�'RYEHVKNR�HW�DO����3RURXV�$O�DQG�&X�VWUXFWXUHV����

)XQFWLRQDO�PDWHULDOV������������� ��



XOHV� DQG�KLJK�SRURVLW\�� WKH� ORZHVW� VSHFXODU
UHIOHFWLRQ�FRHIILFLHQW�LV�REVHUYHG�GXH�WR�VFDW�
WHULQJ� ORVVHV�� ,Q� WKH�,5�UDQJH��WKH�UHIOHFWLRQ
FRHIILFLHQW�IRU�PHWDO�VXUIDFHV��)LJ���F��YDULHV
IURP����WR�������GHSHQGLQJ�RQ�WKHLU�WRSRO�
RJ\�DQG�WKH�PHWDO�NLQG��

,Q� )LJ����� 6(,5$� VSHFWUD� IRU� YDQLVKLQJ
TXDQWLW\� RI�S�1%$�RQ�PHWDO� DQG�&D)�� VXU�IDFHV� DUH� SUHVHQWHG�� 7KH� EHVW� HQKDQFHPHQW
LV� REVHUYHG� IRU� &X����&X���� $O���� VDPSOHV�

2Q� FHUWDLQ� VXEVWUDWHV� VXFK� DV� $O���� &X����
&X����� WKH� FKDUDFWHULVWLF� PROHFXODU� YLEUD�
WLRQ� DUH� QRW� GHWHFWHG� DW� DOO�� 7KH� HQKDQFH�
PHQW�RI�S�1%$�PROHFXOHV�DEVRUSWLRQ�PDNHV
XS� ���Ü��� WLPHV� IRU� GLIIHUHQW� PROHFXODU
JURXSV� �7DEOH����� 7KH� HQKDQFHPHQW� IDFWRU
IRU�&22±�JURXSV�RI�S�1%$�DGVRUEHG� LQ�SR�
URXV�&X�VXEVWUDWHV�LV�FORVH�WR�WKDW�RQ�URXJK
JROG�VXEVWUDWH��

���&RQFOXVLRQ
7KH� FRQVLGHUDWLRQ� RI� WKH� DERYH� H[SHUL�

PHQWDO� GDWD� DOORZV� FRQFOXGLQJ� FHUWDLQ� FRQ�
GLWLRQV�QHFHVVDU\�WR�HQKDQFH�WKH�S�1%$�DE�
VRUSWLRQ� RQ� PHWDO� VXUIDFHV�� �L�� 7KH� UHIOHF�
WLRQ� FRHIILFLHQW� PXVW� H[FHHG� ��� �� LQ� ,5
UDQJH�� �LL�� 7KH� FRQGLWLRQV� RI� SODVPRQ� UHVR�
QDQFH� ORQJ�ZDZH� OHQJWK� VKLIWLQJ� LQ� PHWDOV
WR�QHDU�LQIUDUHG�UDQJH�PXVW�EH�UHDOL]HG�WKDW
FDQ�EH�DFKLHYHG�LI�PHWDO�QDQRVWUXFWXUHV�KDY�
LQJ� WKH� VL]H� GLVWULEXWLRQ� LQ� WKH� ��Ü���� QP
UDQJH��6XFK�VL]HV�RI�WKH�PHWDO�VWUXFWXUH�FRU�
UHODWH� ZLWK� WKH� ,5� HQKDQFHPHQW�� 7KH� VXE�
VWUDWHV� SRVVHVVLQJ� VXUIDFH� LQKRPRJHQHLWLHV
�����QP�LQ�VL]H�DUH�WKH�EHVW�WR�LQFUHDVH�WKH
,5� DEVRUSWLRQ�� 7KH� UHVXOWV� REWDLQHG� LQ� WKLV
ZRUN�FDQ�EH�RI�LQWHUHVW�IRU�SURYLQJ�WKH�H[LVW�
LQJ� WKHRULHV� RI� 6(,5$� HIIHFWV�� DQG� IRU� LWV
IXUWKHU�XVLQJ� LQ� ,5� VSHFWURVFRS\� IRU� ELRORJ\
DQG�PHGLFLQH�DV�ZHOO���

7KH� DXWKRUV� ZRXOG� OLNH� WR� WKDQN� IRU� IL�
QDQFLDO� VXSSRUW� WKH� JRDO�RULHQWHG� SURJUDP
RI� 1$6� RI� 8NUDLQH� �1DQRSK\VLFV� RI� TXDQ�
WXP�GLPHQVLRQDO� DQG� ORZ�GLPHQVLRQDO� VWUXF�
WXUHV���WKH�SURMHFW�1R��{¡������DQG�WKH�)XQ�
GDPHQWDO� 5HVHDUFKHV� 6WDWH� )RXQGDWLRQ� RI
8NUDLQH� IRU� VXSSRUW�ZLWKLQ� WKH� IUDPHZRUN�RI
3UHVLGHQW�JUDQW�IRU�\RXQJ�VFLHQWLVWV�

)LJ����� 5HIOHFWLRQ� RI� OLJKW� IURP� PLFUR�� DQG
QDQRVWUXFWXUHG�$O����D��DQG�&X��� �E��PHWDO�VXU�
IDFHV�LQ�WKH�YLVLEOH�VSHFWUDO�UHJLRQ��OLJKW�LQFL�
GHQFH� DQJOH� M� ������� �F��&X±�� �����&X±�� ����
$O±�������$O±�������&X±��������&X±��������$O±�������
LQ�WKH�,5�UHJLRQ��OLJKW�LQFLGHQFH�DQJOH�M� ��������

7DEOH����2SHUDWLQJ�SDUDPHWHUV� IRU� IDEULFD�
WLRQ�RI�VXSHUSRURXV�VWUXFWXUHV
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