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6RPH� DSSURDFKHV� WR� WKH� IOXRURSKRUH�WDJJLQJ� RI� QDQR�VFDOH� REMHFWV� XVLQJ� IOXRUHVFHQFH

UHVRQDQFH�HQHUJ\�WUDQVIHU��)5(7��EHWZHHQ�VHYHUDO�G\HV�HQFDSVXODWHG�LQ�QDQRSDUWLFOHV�KDYH
EHHQ� UHSRUWHG�� 6RGLXP� GRGHF\O� VXOIDWH� PLFHOOHV� KDYH� EHHQ� XVHG� DV� D� PRGHO� V\VWHP� RI
QDQRSDUWLFOHV�� 8VLQJ� WDQGHP� G\HV� ZLWK� GLIIHUHQW� )5(7� HIILFLHQF\�� IOXRURSKRUH�WDJJLQJ
ZLWK�)5(7�PHGLDWHG�HPLVVLRQ�VKLIWHG�XS�WR������FPÜ��RU�WDJV�ZLWK�PXOWLSOH�FRORUV�XQGHU
RQH� VLQJOH� ZDYHOHQJWK� H[FLWDWLRQ� FDQ� EH� FUHDWHG�� 7KH� UHTXLUHPHQWV� WR� WDQGHP� G\HV� IRU
)5(7� DSSOLFDWLRQV� KDYH� EHHQ� DQDO\]HG�� ,W� KDV� EHHQ� UHYHDOHG� WKDW� WR� REWDLQ� WKH� HIIHFWLYH
)5(7� LQ�QDQR�VFDOH�YROXPH�� VXFK�SURSHUWLHV�RI� WKH�G\HV�DV�K\GURSKRELFLW\�� WRSRORJ\�DQG
HOHFWURQLF�GHQVLW\�GLVWULEXWLRQ�VKRXOG�DOVR�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ�
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���,QWURGXFWLRQ
)OXRUHVFHQFH� WHFKQLTXHV� DUH� ZLGHO\� XVHG

UHVHDUFK�WRROV�LQ�FKHPLVWU\��SK\VLFV��ELRORJ\
DQG�PHGLFDO�GLDJQRVWLFV�>����@��7KH�PHWKRGV
DUH� YHU\� VHQVLWLYH� DQG� HQDEOH� VWXG\LQJ� WKH
H[FLWHG� VWDWH� RI� PROHFXOHV�� SKRWRFKHPLFDO
UHDFWLRQV�� G\QDPLFV� RI� IDVW�PROHFXODU� SURF�
HVVHV�� VWUXFWXUH� DQG� SURSHUWLHV� RI� FRPSOH[
FKHPLFDO� DQG�ELRORJLFDO�REMHFWV� >����@��)OXR�
UHVFHQW� ODEHOV� UHSUHVHQW� RQH� RI� WKH� PRVW
ZLGHO\� GHYHORSLQJ� ILHOGV� LQ� ELRORJ\� DQG
PHGLFLQH�ZLWK�HQRUPRXV�DSSOLFDWLRQV� >����@�
7UDGLWLRQDOO\�� WKH� IDPLO\� RI� IOXRUHVFHQW� OD�
EHOV� LQFOXGHV� RUJDQLF� G\HV�� IOXRUHVFHQW� SUR�

WHLQV�� DQG� ODQWKDQLGH� FKHODWHV�� ZKLFK� DUH
VWLOO� SRSXODU�GXH� WR� VXFK�DGYDQWDJHV� DV�H[�
LVWHQFH� RI� VWDQGDUG� SURWRFROV� IRU� WKHLU
XVDJH�� UHODWLYH� FKHDSQHVV� DQG� DYDLODELOLW\
>����@�� 5HFHQWO\�� VLJQLILFDQW� DGYDQFHV� KDYH
OHG� WR� D� ODUJH� YDULHW\� RI� ODEHOLQJ� UHDJHQWV
EDVHG� RQ� QDQRPDWHULDOV�� VXFK� DV� TXDQWXP
GRWV�� PDJQHWLF� QDQRSDUWLFOHV�� ODQWKDQLGH
GRSHG�FRPSRXQGV�� IOXRURSKRUH�WDJJHG� ODWH[�
VLOLFD�QDQRSDUWLFOHV��IOXRURSKRUH�ODEHOHG�SRO\�
PHULF� QDQRVSKHUHV� HWF�� >�������@�� 6WURQJ� LQ�
WHUHVW�LQ�VXFK�REMHFWV�LV�GLFWDWHG�DOVR�E\�WKH
IDFW�WKDW�QDQRSDUWLFOHV�KDYH�WKH�SRWHQWLDO�WR
UHYROXWLRQL]H�WKH�GLDJQRVLV�DQG�WUHDWPHQW�RI
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PDQ\� GLVHDVHV�� IRU� H[DPSOH� FDQFHU� DQG� LQ�
IHFWLRXV�GLVHDVHV�>�@��+RZHYHU��QDQRSDUWLFOH
DSSOLFDWLRQ� LQ�ELRORJLFDO�UHVHDUFK�DQG�PHGL�
FDO� GLDJQRVWLFV� UHTXLUHV� YLVXDOL]DWLRQ� RI
WKHLU�ORFDOL]DWLRQ�LQ�ELRREMHFWV��FHOOV��WLVVXH�
HWF���WKDW�FDQ�EH�SURYLGHG�ZLWK�IOXRURSKRUH�
WDJJLQJ��

,Q� WKLV� SDSHU�� ZH� UHSRUW� VRPH� DSSURDFK
WR�WKH�IOXRURSKRUH�WDJJLQJ�RI�QDQR�VFDOH�RE�
MHFWV�� 7R� DYRLG� VXFK� HVVHQWLDO� OLPLWDWLRQ� RI
FRQYHQWLRQDO�RUJDQLF�G\HV�DV�D�VKRUW�6WRNHV
VKLIW�� ZH� DSSO\� IOXRUHVFHQFH� UHVRQDQFH� HQ�
HUJ\� WUDQVIHU� �)5(7�� SKHQRPHQRQ� EHWZHHQ
VHYHUDO� G\HV� LQFRUSRUDWHG� LQ� D� QDQR�VFDOH
YROXPH�RI�D�VXUIDFWDQW�PLFHOOH�XVHG�DV�VLP�
SOH�QDQRSDUWLFOHV��7KH� UHTXLUHPHQWV� WR� WDQ�
GHP� G\HV� IRU� )5(7� DSSOLFDWLRQV� DUH� DQD�
O\]HG�

���([SHULPHQWDO�VHFWLRQ
0DWHULDOV�� 7KH� FDUERF\DQLQH� G\HV� ���c�

GLHWK\OR[DFDUERF\DQLQH�SHUFKORUDWH��'L2&������c�GLRFWDGHF\OR[DFDUERF\DQLQH� SHUFKORUDWH
�'L2&����� EHQ]RS\UDQ� GHULYDWLYH� ��EHQ�
]RS\UDQ���RQH� �&RXPDULQH�� DQG� ELV���RF�
WDGHF\O������ GLPHWK\OLQGROLQ���\OLGHQH�
VTXDUDLQH� �6T����� ZHUH� REWDLQHG� IURP� WKH
G\H�FROOHFWLRQ�RI�'U�,�%RURYR\��,QVWLWXWH�IRU
6FLQWLOODWLRQ� 0DWHULDOV� 1$6� RI� 8NUDLQH�
�)LJ������7KH�SXULW\�RI�WKH�G\HV�ZDV�FRQWURO�
OHG� E\� WKLQ� OD\HU�FKURPDWRJUDSK\��7KH�FDU�
ERF\DQLQH� G\HV� ���c�GLRFWDGHF\O������c��c�
WHWUDPHWK\OLQGRFDUERF\DQLQH� SHUFKORUDWH
�'L,��� ���c�GLRFWDGHF\O������c�� �c�WHWUD�
PHWK\OLQGRGLFDUERF\DQLQH� SHUFKORUDWH� �'L'�
DQG� ���c�GLPHWK\O�D�QDSKWKR[DFDUERF\DQLQH

LRGLGH� �-&���� ZHUH� SXUFKDVHG� IURP� ,QYLWUR�
JHQ� DQG� XVHG� ZLWKRXW� SXULILFDWLRQ�� 6XUIDF�
WDQW�VRGLXP�GRGHF\O�VXOIDWH��6'6��ZHUH�SXU�
FKDVHG� IURP� 6LJPD�$OGULFK� DQG� XVHG� ZLWK�
RXW� SXULILFDWLRQ�� &KORURIRUP� DQG� HWKDQRO
�6LJPD�$OGULFK�� XVHG� WR� SUHSDUH� VWRFN� VROX�
WLRQV�RI� WKH�G\HV�ZDV�D�VSHFWURVFRSLF�JUDGH
SURGXFW��7R�SUHSDUH�DTXHRXV�VROXWLRQ�RI�WKH
G\HV�ZLWK�VXUIDFWDQW��GRXEO\�GLVWLOOHG�ZDWHU
ZDV�XVHG���

6ROXWLRQ� 3UHSDUDWLRQ�� 7KH� FRQFHQWUDWLRQ
RI�WKH�VXUIDFWDQW�LQ�WKH�VROXWLRQV�ZDV�����Ü��0
DQG�ZDV� NHSW� FRQVWDQW� IRU� DOO� H[SHULPHQWV�
7KH�FRQFHQWUDWLRQ�RI�WKH�G\HV�LQ�WKH�ZDWHU�
PLFHOODU� VROXWLRQV� ZHUH� YDULHG� ZLWKLQ� WKH
����Ü�Ü����Ü�� 0� UDQJH�� )LUVW�� VWRFN� VROX�
WLRQV� RI� HDFK� G\H� LQ� FKORURIRUP� RI� ����Ü�
DQG� ����Ü��0� FRQFHQWUDWLRQV�ZHUH�SUHSDUHG
�VWRFN� VROXWLRQV� RI� -&��� ZHUH� SUHSDUHG� LQ
HWKDQRO���7R�SUHSDUH� VROXWLRQV� IRU�PHDVXUH�
PHQWV� ��PJ� RI�6'6� ZHUH�PL[HG� LQ� D� IODVN
ZLWK� WKH� UHTXLUHG� DPRXQW� RI� WKH� G\H� VWRFN
VROXWLRQ�� $IWHU� FKORURIRUP� �HWKDQRO�� HYDSR�
UDWLRQ� WKH� UHTXLUHG� DPRXQW� RI� GRXEO\� GLV�
WLOOHG� ZDWHU� ZDV� DGGHG�� 7KH� VROXWLRQV�ZHUH
KHDWHG�WR����&�WR�HQVXUH�WKH�XQLIRUP�GLVWUL�
EXWLRQ�RI�WKH�FRPSRQHQWV�DQG�WKHQ�FRROHG�WR
URRP�WHPSHUDWXUH���

6SHFWURVFRSLF� 0HDVXUHPHQWV�� 9LVLEOH� DE�
VRUSWLRQ� VSHFWUD� ZHUH� UHFRUGHG� XVLQJ� PL�
FURVSHFWURPHWHU� 86%����� �2FHDQ� 2SWLFV�
86$�� VXSSOLHG� ZLWK� DQ� LQFDQGHVFHQW� ODPS�
6ROXWLRQV�ZHUH�SODFHG�LQ�D�TXDUW]�FXYHWWH�RI
�� PP� RSWLFDO� SDWK� OHQJWK�� /XPLQHVFHQFH
VSHFWUD� ZHUH� WDNHQ�ZLWK� D� VSHFWURIOXRULPH�
WHU�RQ�WKH�EDVH�RI�WZR�JUDWLQJ�PRQRFKURPD�

)LJ����� 6WUXFWXUDO� IRUPXODV� RI� VWXGLHG� FRPSRXQGV�� �D�� 'L2&Q� G\HV�� 5� �&�+��� 'L2&��� 5� 
&��+���'L2&�����E��'L,���F��'L'���G��-&�����H��6T������I��&RXPDULQH���J��6'6�
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WRUV�0'5����DQG�D�[HQRQ�ODPS��2QH�RI�WKH
PRQRFKURPDWRUV� ZDV� XVHG� WR� VHOHFW� D� UH�
TXLUHG� ZDYHOHQJWK� �):+0�a����� QP��� WKH
RWKHU� RQH� ZDV� XVHG� IRU� WKH� OXPLQHVFHQFH
FROOHFWLRQ���

���5HVXOWV�DQG�'LVFXVVLRQ�
$OO�WKH�G\HV�XVHG�LQ�WKH�H[SHULPHQW��)LJ����

SRVVHVV� WKH� VLJQLILFDQW� K\GURSKRELVLW\� �H[�
FHSW�RI�'L2&��ZLWK�VKRUW�DON\O�WDLOV��DQG�DUHSRRUO\� VROXEOH� LQ� ZDWHU�� +RZHYHU�� HDFK� RI
WKHVH� G\HV� GHPRQVWUDWHV� D� WHQGHQF\� WR� EH
LQFRUSRUDWHG�LQWR�WKH�6'6�PLFHOOHV�LQ�ZDWHU�
PLFHOODU� VROXWLRQV�� ,Q� RXU� SUHYLRXV� ZRUNV
WKH�LQWHUDFWLRQ�RI�FDUERF\DQLQH�G\HV�'L2&Q�'L,� DQG� 'L'� ZLWK� WKH� 6'6� PLFHOOHV� ZHUH
VWXGLHG� >�Ü��@��7KH�DEUXSW�FKDQJHV� LQ�ERWK
DEVRUSWLRQ� DQG� OXPLQHVFHQW� VSHFWUD� RI� WKH
G\HV� �LQ� SDUWLFXODU�� D� VLJQLILFDQW� LQWHQVLW\
JURZWK� DQG� D� PD[LPD� UHG� VKLIW�� ZHUH� RE�
VHUYHG�� ZKHQ� WKH� 6'6� PLFHOOHV� DUH� IRUPHG
LQ�DTXHRXV�VROXWLRQV�FRQWDLQLQJ�WKH�G\HV�>�Ü
��@�� 7KH� VDPH� UHVXOWV� DUH� REVHUYHG� IRU� WKH
RWKHU�G\HV�XVHG��&RXPDULQH��-&���DQG�6T���
�GDWD�QRW�SUHVHQWHG����

7R� REWDLQ�)5(7�FRPSRVLWLRQV� LQ�D�QDQR�
VFDOH� YROXPH� RI� VXUIDFWDQW� PLFHOOHV�� RQH
VKRXOG� LQFRUSRUDWH� DW� OHDVW� WZR� GLIIHUHQW
G\H� PROHFXOHV� �HOHFWURQLF� H[FLWDWLRQ� HQHUJ\
GRQRU� DQG� DFFHSWRU�� UHVSHFWLYHO\�� LQWR� WKH
PLFHOOH� >�@�� 7KXV�� LPSRUWDQW� TXHVWLRQV� DUH
�L�� KRZ� PDQ\� G\H� PROHFXOHV� FRXOG� EH� VROX�
ELOL]HG�LQ�RQH�6'6�PLFHOOH"�DQG��LL��ZKDW�DUH
WKH�UHTXLUHPHQWV�WR�WKH�G\HV�WR�EH�LQFRUSR�
UDWHG�LQWR�QDQR�VFDOH�YROXPH"��

:H� FDQ� HVWLPDWH� WKH� DSSUR[LPDWH� QXP�
EHU�RI�G\H�PROHFXOHV��Q��LQFRUSRUDWHG�LQWR�D
VLQJOH�PLFHOOH�XVLQJ�WKH�UHODWLRQ�>��@���������
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ZKHUH� &G� LV� WKH� G\H� FRQFHQWUDWLRQ� LQ� WKHVROXWLRQ��&PLF�LV�WKH�6'6�PLFHOOH�FRQFHQWUD�WLRQ�WKDW�FDQ�EH�FDOFXODWHG�DV�>��@�������
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ZHUH� &6'6� LV� WKH� VXUIDFWDQW� FRQFHQWUDWLRQ
�����Ü��0���&0&� LV�WKH�FULWLFDO�PLFHOOH�FRQ�
FHQWUDWLRQ��&0&�RI�WKH�6'6�LQ�WKH�SUHVHQFH
RI� WKH� G\HV� LV� ����Ü�� 0� >��@���1DJJ� LV� WKHVXUIDFWDQW� DJJUHJDWLRQ� QXPEHU� �1DJJ� ���IRU�6'6�PLFHOOHV�>��@���

6R�� LQ� WKH� VWXGLHG� VROXWLRQV�� WKH� 6'6
PLFHOOH�FRQFHQWUDWLRQ�&PLF� �����Ü��0���

7R� DQVZHU� WKH� ILUVW� TXHVWLRQ� DQG� ILQG
QPD[�� WKH� FKDQJHV� LQ� OXPLQHVFHQFH� LQWHQVL�WLHV� RI� VHYHUDO� G\HV� LQ� ZDWHU�PLFHOODU� VROX�
WLRQV�ZHUH�DQDO\]HG�GHSHQGLQJ�RQ�D�G\H�FRQ�
FHQWUDWLRQ� �)LJ������ )RU� DOO� G\HV� LQYHVWL�
JDWHG��WKH�FKDQJHV�DUH�UHYHDOHG�WR�EH�RI�WKH
VDPH�FKDUDFWHU��:LWKLQ�WKH�����Ü�Ü����Ü��0
FRQFHQWUDWLRQ� UDQJH�� WKH� G\H� OXPLQHVFHQFH
LQWHQVLW\� LQFUHDVHV� JUDGXDOO\� �)LJ������ ,Q
WKLV� FRQFHQWUDWLRQ� UDQJH�� DOO� G\H�PROHFXOHV
DUH� VROXELOL]HG� LQWR� WKH� 6'6� PLFHOOHV�� $V
IROORZV� IURP� (T����� RQH� 6'6� PLFHOOH� VROX�
ELOL]HV� QR� PRUH� WKDQ� RQH� G\H� PROHFXOH�� ,Q
WKH� ����Ü�Ü����Ü�� 0� FRQFHQWUDWLRQ� UDQJH�
WKH� FRQFHQWUDWLRQ� JURZWK� FDXVHV� RQO\� D
VOLJKW�LQFUHDVH�LQ�WKH�OXPLQHVFHQFH�LQWHQVLW\
�)LJ������$FFRUGLQJ�WR�(T����DW�WKHVH�FRQFHQ�
WUDWLRQV�VHYHUDO�G\H�PROHFXOHV�FDQ�EH�LQFRU�
SRUDWHG�LQWR�RQH�6'6�PLFHOOH��:KHQ�WKH�G\H
FRQFHQWUDWLRQ� LV� PRUH� WKDQ� ����Ü�� 0�� WKH
OXPLQHVFHQFH�FRQFHQWUDWLRQ�TXHQFKLQJ�LV�RE�
VHUYHG� WKDW� LV� DFFRPSDQLHG� ZLWK� WKH� UHG
VKLIW� RI� WKH� OXPLQHVFHQFH� PD[LPD� >�����@�
6R�� WKH� G\H� FRQFHQWUDWLRQ� RI� ����Ü�� 0� LV
FRQVLGHUHG� WR� EH� WKH� FULWLFDO� DPRXQW� RI� WKH
G\H� WKDW� FDQ� EH� VROXELOL]HG� E\� WKH�PLFHOOHV
DW�D�JLYHQ�DPRXQW�RI�WKH�6'6��$W�WKLV�FRQ�
FHQWUDWLRQ�� DFFRUGLQJ� WR� (T��� QPD[� ���� ,QRWKHU� ZRUGV�� WKH� �VROXELOL]LQJ� FDSDFLW\�� RI
WKH�6'6�PLFHOOH�LV�HTXDO�WR���G\H�PROHFXOHV�

7R� REVHUYH� )5(7� EHWZHHQ� SDLU� RI� G\HV
�GRQRU� DQG� DFFHSWRU�� WKH\� PXVW� PHHW� VRPH
SULPDU\�UHTXLUHPHQWV�>�@�

�L�� GRQRU� DQG� DFFHSWRU� PXVW� EH� LQ� FORVH
SUR[LPLW\������QP��

)LJ�����'L2&��������'L2&�������'L,�����DQG�'L'���� OXPLQHVFHQFH� LQWHQVLW\� FKDQJH� DV� D� IXQF�
WLRQ� RI� WKH� G\H� FRQFHQWUDWLRQ� LQ� D� ZDWHU�
PLFHOODU� VROXWLRQ�� >6'6@� �����Ü�� 0�� >'\HV@
YDULHV�IURP�����Ü��0�WR�����Ü��0�
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�LL�� DEVRUSWLRQ� VSHFWUXP� RI� WKH� DFFHSWRU
PXVW� RYHUODS� IOXRUHVFHQFH� HPLVVLRQ� VSHF�
WUXP�RI�WKH�GRQRU�

�LLL��GRQRU�DQG�DFFHSWRU�WUDQVLWLRQ�GLSROH
RULHQWDWLRQV�PXVW� EH� LQ� D� IDYRUDEOH�PXWXDO
RULHQWDWLRQ��IRU�RSWLPDO�HQHUJ\�WUDQVIHU��

�LY��VXIILFLHQW�TXDQWXP�\LHOG�RI�ERWK�WKH
GRQRU�DQG�WKH�DFFHSWRU��

&DUERF\DQLQH�G\HV�'L2&���DQG�'L,��)LJ���D�E�VHHP� WR� EH� D� SHUVSHFWLYH� WDQGHP� G\HV� IRU
)5(7� LQ� 6'6� PLFHOOHV� >�@�� 7KH� RYHUODS� RI
GRQRU� �'L2&���� OXPLQHVFHQFH� VSHFWUXP� DQGDFFHSWRU� �'L,�� DEVRUSWLRQ� VSHFWUXP� LV� TXLWH
HIIHFWLYH� �)LJ������ $V� WKH� 6'6� PLFHOOH� GL�
DPHWHU� LV� DERXW� �� QP� >������@�� WKH� IRUFHG
FRQFHQWUDWLRQ� RI� WKH� G\HV� LQ� WKH� PLFHOOH
QDQR�YROXPH� SURYLGHV� WKH� QHFHVVDU\� GLV�
WDQFH� EHWZHHQ� WKH�PROHFXOHV� WKDW� LV� RQH� RI
WKH�SULPDU\�FRQGLWLRQ�IRU�)5(7�>�@�

7KH�OXPLQHVFHQFH�ZDV�H[FLWHG�DW�����QP
�VKRUW�ZDYHOHQJWK� HGJH� RI� WKH� 'L2&��� DE�VRUSWLRQ�EDQG���$W�WKLV�ZDYHOHQJWK�'L,�OXPL�
QHVFHQFH� LV� SUDFWLFDOO\� QRW� H[FLWHG�� ,Q� DOO
WKH� PHDVXUHPHQWV� GRQRU� FRQFHQWUDWLRQ� ZDV
����Ü�� 0� �HTXDO� WR� WKH� PLFHOOHV� FRQFHQWUD�
WLRQ��� &RQFHQWUDWLRQ� RI� WKH� DFFHSWRU� ZDV
YDULHG� LQ� D� ZLGH� UDQJH� �����Ü�Ü����Ü��0��
7KH�PRVW�HIIHFWLYH�HQHUJ\�WUDQVIHU�EHWZHHQ
K\GURSKRELF�G\HV�'L2&��� DQG�'L,� KDYH�EHHQREVHUYHG�ZKHQ� WKH� DFFHSWRU� DQG�GRQRU� FRQ�
FHQWUDWLRQV�ZHUH� HTXDO� �)LJ����� FXUYH����� ,Q
WKLV� FDVH� HDFK� 6'6� PLFHOOH� VROXELOL]HV� RQH
GRQRU�DQG�RQH�DFFHSWRU�PROHFXOH��7KLV�FRP�
SRVLWLRQ� JLYHV� D� �6WRNHV� VKLIW�� DERXW

�����FPÜ���)LJ�����FXUYH�����7KH�)5(7�HIIL�
FLHQF\��(��FDOFXODWHG�DV�>�@�

(� �����,'$,' �
���

ZKHUH�,'$�DQG�,'�DUH�WKH�GRQRU�OXPLQHVFHQFHLQWHQVLWLHV�LQ�WKH�SUHVHQFH�DQG�WKH�DEVHQFH�RI
WKH�DFFHSWRU��UHVSHFWLYHO\��LV������

,W�ZDV�IRXQG�WKDW�WKH�G\H�K\GURSKRELFLW\
SOD\V�DQ� LPSRUWDQW� UROH� LQ�)5(7�HIILFLHQF\
ZLWKLQ� D� PLFHOOH� QDQR�VFDOH� YROXPH�� :KHQ
ZH� WU\� WR� XVH� 'L2&�� G\H� DV� DQ� H[FLWDWLRQHQHUJ\� GRQRU�� ZH� GLG� QRW� REWDLQ� WKH� HIIHF�
WLYH�HQHUJ\�WUDQVIHU�IURP�'L2&��WR�'L,�G\H�WKH� GRQRU� OXPLQHVFHQFH� LV� KDOI� TXHQFKHG�
ZKHUHDV�WKH�DFFHSWRU�OXPLQHVFHQFH�LV�QRW�LQ�
WHQVLYH�� DV� FRPSDUHG� WR� WKH� FDVH� RI� WKH
'L2&���'L,�SDLU��)LJ�����FXUYH�����7KH�)5(7HIILFLHQF\� FDOFXODWHG� IRU� WKLV� SDLU� XVLQJ
(T��� LV� ������ /HW� XV� QRWH� WKDW�'L2&�� GLI�IHUV� IURP�'L2&��� RQO\� LQ� WKH� OHQJWK�RI� WKHK\GURFDUERQ� UDGLFDOV�� L�H�� K\GURSKRELFLW\
�)LJ���D��� 7KH� G\HV� KDYH� WKH� VDPH� OXPLQHV�
FHQFH�VSHFWUD�SURILOH��)LJ������VR�WKH�RYHUODS
LQWHJUDO� IRU� 'L2&���'L,� DQG�'L2&��'L,� SDLUVDUH�WKH�VDPH��,Q�RXU�SUHYLRXV�ZRUN�ZH�DQD�
O\]HG� WKH� HIIHFW� RI� G\H�'L2&Q� K\GURSKRELF�LW\� RQ� WKH� G\H�WR�PLFHOOH� ELQGLQJ� HIILFLHQF\
>��@�� ,W� ZDV� UHYHDOHG� WKDW� K\GURSKRELF� G\H
'L2&��� H[KLELWV� ��� WLPHV� KLJKHU� G\H�WR�PLFHOOH�ELQGLQJ�DELOLW\� WKDQ� WKH� OHVV�K\GUR�
SKRELF� G\H�'L2&�� >��@�� ,Q�'L2&Q�PROHFXOHVK\GURFDUERQ� WDLOV� DFW� DV� �DQFKRUV�� KROGLQJ
WKH�G\HV�LQ�6'6�PLFHOOHV�LQ�VXFK�D�ZD\�WKDW
WKH�K\GURFDUERQ� WDLOV�DQFKRU� LQ� WKH�PLFHOOH
K\GURFDUERQ� FRUH�� ZKLOH� WKH� FKURPRSKRUH

)LJ����� 2YHUODS� RI� WKH� DEVRUSWLRQ� DQG� HPLV�
VLRQ� VSHFWUD� RI� WKH� G\HV� XVHG� LQ� WKH� )5(7
FRPSRVLWLRQV�� &RXPDULQH� �GDVK�GRWWHG� OLQHV��
'L2� �VWUDLW� OLQHV���'L,� �GRWWHG� OLQHV�� DQG�'L'
�GDVKHG�OLQHV��

)LJ�����/XPLQHVFHQFH� VSHFWUD�RI�ZDWHU�PLFHOODU
VROXWLRQV� RI�� �� Ü�'L2&���'L,� PL[� FRPSRVLWLRQ���Ü�'L2&��'L,�FRPSRVLWLRQ����Ü�'L2&���'L,�'L'
FRPSRVLWLRQ��>6'6@� �����Ü��0��>'\HV@� �����Ü��0�
OH[F� �����QP�

$�6�/HEHG�HW�DO����6RPH�DSSURXFK�WR�WKH����

� )XQFWLRQDO�PDWHULDOV�������������



JURXS� LV� ORFDOL]HG� LQ� WKH�PLFHOOH�KHDGJURXS
UHJLRQ� >�@��7KH�VKRUWHU�WKH�WDLO�� WKH�ZHDNHU
WKH� K\GURSKRELF� IRUFHV� KROGLQJ� WKH� G\H
ZLWKLQ�WKH�PLFHOOHV��DQG�WKH�HOHFWURVWDWLF�UH�
SXOVLRQ� EHWZHHQ� WKH� SRVLWLYHO\� FKDUJHG
GRQRU�DQG�DFFHSWRU�G\H�PROHFXOHV�FDQ�UHVXOW
LQ� LQFUHDVLQJ�WKH�GLVWDQFH�EHWZHHQ�WKH�G\HV
WKDW�LV�SULQFLSDO�IRU�)5(7�>�@��+RZHYHU��WKH
DEVHQFH� RI� D� VKLIW� RI� WKH� DEVRUSWLRQ� DQG
OXPLQHVFHQFH�PD[LPD�LQGLFDWHV�WKDW�WKH�G\H
PROHFXOH� LV� ORFDOL]HG� LQ� WKH�PLFHOODU� UHJLRQ
�)LJ����� FXUYH����� 7KXV�� G\H� K\GURSKRELFLW\
SOD\V� LPSRUWDQW�UROH� LQ�WKH�HIIHFWLYHQHVV�RI
WKH�)5(7�LQ�VXUIDFWDQW�PLFHOOHV�DQG�VKRXOG
EH�WDNHQ�LQWR�FRQVLGHUDWLRQ�

7R� LQFUHDVH� D� �6WRNHV� VKLIW��� ZH� KDYH
FUHDWHG�WZR�VWDJH�FDVFDGH�)5(7�FRPSRVLWLRQ
EHWZHHQ� WKUHH� G\HV� VROXELOL]HG� ZLWKLQ� WKH
6'6� PLFHOOH�� )RU� WKLV� SXUSRVH�� WKH� VHFRQG
H[FLWDWLRQ�HQHUJ\�DFFHSWRU�'L'�KDV�EHHQ�VH�
OHFWHG��)LJ���F���7KLV�G\H�DOVR�EHORQJV�WR�WKH
FDUERF\DQLQH�IDPLO\�DQG�SRVVHVVHV�WKH�VDPH
K\GURSKRELFLW\� DV�'L2&��� DQG�'L,� G\HV� >�@�)LJ�����FXUYH��� UHSUHVHQWV�WKH� OXPLQHVFHQFH
VSHFWUXP�RI�WKH�'L2&���'L,�'L'�FRPSRVLWLRQ�,Q� WKLV� FRPSRVLWLRQ�� DW� WKH� ILVW� VWDJH� WKH
H[FLWDWLRQ� HQHUJ\� ����� QP�� LV� WUDQVIHUUHG
IURP� WKH� GRQRU� 'L2&��� WR� WKH� DF�
FHSWRU�GRQRU�'L,�DQG�WKHQ�WR�WKH�VHFRQG�DF�
FHSWRU� 'L'�� $V� D� UHVXOW�� DOPRVW� FRPSOHWH
TXHQFKLQJ� RI� WKH� 'L2&��� DQG� 'L,� OXPLQHV�FHQFH� DQG� VHQVLWL]LQJ� RI� 'L'� OXPLQHVFHQFH
DUH� REVHUYHG� �)LJ����� FXUYH�����7KLV� FRPSR�
VLWLRQ� JLYHV� WKH� �6WRNHV� VKLIW�� DERXW

�����FPÜ�� ZLWK� WKH� )5(7� HIILFLHQF\� RI
�����FDOFXODWHG�IRU�WKH�ILUVW�GRQRU�'L2&���:H� WULHG� WR� FUHDWH� WKUHH�VWDJH� FDVFDGH
)5(7�FRPSRVLWLRQ�XVLQJ�IRXU�G\HV�PROHFXOHV
VROXELOL]HG� LQ� QDQR�VFDOH� YROXPH�� 7KH� G\H
IURP�WKH�FRXPDULQH�IDPLO\��)LJ���I��ZDV�XVHG
DV� DQ� HQHUJ\� GRQRU� IRU�'L2&��� LQ� WKH�)5(7FRPSRVLWLRQ�� &RXPDULQH�'L2&���'L,�'L'�� 7KHFRXPDULQH� G\H� PHHWV� DOO� WKH� UHTXLUHPHQWV
IRU� )5(7� �KLJK� TXDQWXP� \LHOGV�� HIIHFWLYH
VSHFWUDO�RYHUODS�ZLWK�DFFHSWRU�'L2&����)LJ����DQG�KLJK�K\GURSKRELFLW\���7KH�OXPLQHVFHQFH
RI� WKLV� VROXWLRQ� ZDV� H[FLWHG� DW� OH[F� ���� QP�� $W� WKLV� H[FLWDWLRQ�� WKH� OXPLQHV�
FHQFH� RI� WKUHH� RWKHU� G\HV� �'L2&����'L,� DQG'L'��LV�QHJOLJLEOH��,Q�WKLV�FRPSRVLWLRQ��IOXR�
UHVFHQFH�UHVRQDQFH�HQHUJ\�WUDQVIHU�DQG��DV�D
UHVXOW�� VHQVLWL]HG�'L'� OXPLQHVFHQFH� DUH� RE�
VHUYHG� �)LJ���D�� FXUYH� ���� +RZHYHU��ZH� GLG
QRW� DFKLHYH� WKH� FRPSOHWH� TXHQFKLQJ� RI� WKH
GRQRU� �FRXPDULQH�� OXPLQHVFHQFH�� ,Q� WKLV
FRPSRVLWLRQ�WKH�)5(7�HIILFLHQF\�LQ�WKH�ILUVW
VWDJH�LV�������6XFK�IHDWXUH�LV�DOVR�REVHUYHG
LQ�&RXPDULQH�'L2&���DQG�&RXPDULQH�'L2&���'L,FRPSRVLWLRQV��)LJ���D��DQG�WKHUHIRUH�FDQ�QRW
EH� DVVRFLDWHG� ZLWK� WKH� G\H� VWHULF� HIIHFWV
ZLWKLQ�WKH�PLFHOOH�QDQR�YROXPH��7KH�UHDVRQ�
DEOH� H[SODQDWLRQ� RI� WKLV� REVHUYDWLRQ� VHHPV
WR� EH� WKH� GLIIHUHQFH� LQ� PROHFXODU� WRSRORJ\
RI�FRXPDULQH�DQG�RWKHU�G\HV��6XFK�D�GLIIHU�
HQFH�FDQ�OHDG�WR�WKH�GLIIHUHQW�UHODWLYH�RULHQ�
WDWLRQ� RI� WKH� G\H� FKURPRSKRUHV� LQ� WKH
PLFHOOHV��$FFRUGLQJ�WR�WKH�)HUVWHU�WKHRU\�RI
UHVRQDQFH� HQHUJ\� WUDQVIHU�� WKH� UHODWLYH� RUL�
HQWDWLRQ�RI�LQWHUDFWLQJ�GLSROHV�KDV�D�FRQVLG�

)LJ�����,QIOXHQFH�RI�WKH�G\H�WRSRORJ\�DQG�HOHFWURQLF�GHQVLW\�GLVWULEXWLRQ�RQ�WKH�)5(7�HIILFLHQF\�RI
)5(7� FRPSRVLWLRQV� LQ� 6'6� PLFHOOHV�� >6'6@� �����Ü��0�� >'\HV@� �����Ü�� 0�� D�� &RPSRVLWLRQ� ZLWK
&RXPDULQH����Û�&RXPDULQH�'L2&������Û�&RXPDULQH�'L2&���'L,����Û�&RXPDULQH�'L2&���'L,�'L'�
OH[F� �����QP��E��&RPSRVLWLRQV�ZLWK�-&���DQG�6T�������Û�'L2&���'L,�'L'����Û�'L2&���-&���'L'�
��Û�'L2&���'L,�6T�����OH[F� �����QP�

$�6�/HEHG�HW�DO����6RPH�DSSURXFK�WR�WKH����

)XQFWLRQDO�PDWHULDOV������������� �



HUDEOH�LQIOXHQFH�RQ�WKH�)5(7�HIILFLHQF\�>�@�
0RUHRYHU�� WKH� GLIIHUHQFH� LQ� WRSRORJ\� FDQ
FDXVH� D� GLIIHUHQFH� LQ� WKH� HOHFWURQLF� GHQVLW\
GLVWULEXWLRQ�ZLWKLQ�D�PROHFXOH� WKDW�DOVR�DI�
IHFWV�WKH�)5(7�HIILFLHQF\�

7R� FRQILUP� WKHVH� DVVXPSWLRQV�� WKH� IRO�
ORZLQJ� FRPSRVLWLRQV�ZHUH� FUHDWHG� DQG� FRP�
SDUHG�ZLWK�WKH�'L2&���'L,�'L'�RQH����� WKH�'L2&���-&���'L'� FRPSRVLWLRQ�� 7KH-&��� PROHFXODU� VWUXFWXUH� LV� VLPLODU� WR� WKH
'L2&Q� G\HV�� EXW� -&��� LV� FKDUDFWHUL]HG� E\PRUH� H[WHQGHG�S�HOHFWURQ� V\VWHP� DW� WKH� H[�
SHQVH�RI� WZR�DGGLWLRQDO�EHQ]HQH�ULQJV� �)LJ�
�D�� G��� $EVRUSWLRQ� DQG� HPLVVLRQ� VSHFWUD� RI
-&��� UHYHDO� DQ� HIIHFWLYH� RYHUODS�ZLWK� OXPL�
QHVFHQFH�VSHFWUXP�RI�'L2&���DQG�DEVRUSWLRQVSHFWUXP�RI�'L'��UHVSHFWLYHO\��GDWD�QRW�SUH�
VHQWHG���6R��-&��� FDQ�EH�XVHG�DV�HQHUJ\�DF�
FHSWRU�GRQRU� LQ� WZR�VWDJH� FDVFDGH� )5(7
FRPSRVLWLRQ���

��� 7KH� 'L2&���'L,�6T���� FRPSRVLWLRQ�6TXDUDLQH�G\H�6T�����)LJ���H��LV�D�S�HOHFWURQ
DQDORJ� RI�'L'�ZLWK� D� FHQWUDO� DURPDWLF� IRXU
PHPEHUHG�ULQJ�V\VWHP�GHULYHG�IURP�VTXDULF
DFLG��7KH�FHQWUDO�DURPDWLF�ULQJ� LPSDUWV�DG�
GLWLRQDO�ULJLGLW\�WR�WKH�PROHFXOH��7KLV�IUDJ�
PHQW�LV�DOVR�KLJKO\�HOHFWURQ�GHILFLHQW�WKDW�LV
ZK\� VTXDUDLQH� PROHFXOHV� DUH� FKDUDFWHUL]HG
E\� D� GRQRU�DFFHSWRU�GRQRU� VWUXFWXUH� DQG
KLJK� K\GURSKRELFLW\� >��Ü��@��6T���� UHYHDOV
WKH� JRRG� VSHFWUDO� RYHUODS� ZLWK� 'L,� DQG� LV
VXLWDEOH�IRU�)5(7�FRPSRVLWLRQ�FUHDWLRQ���

/XPLQHVFHQFH� VSHFWUD� RI� WKH� WZR� FRPSR�
VLWLRQV� DUH� SUHVHQWHG� LQ� )LJ���E� �OH[F� ���� QP��� ,Q� ERWK� FDVHV�� WZR�VWDJH� FDVFDGH
)5(7� DQG� VHQVLWL]HG� 'L'� OXPLQHVFHQFH� DUH
REVHUYHG��+RZHYHU�� LQ� ERWK� FDVHV�� )5(7� LV
QRW� VXFK� HIIHFWLYH� DV� FRPSDUHG� ZLWK� WKH
'L2&���'L,�'L'�FRPSRVLWLRQ��)LJ�����FXUYH����,Q� WKH� 'L2&���'L,�6T���� FRPSRVLWLRQ� WKHGRQRU�OXPLQHVFHQFH�LV�FRPSOHWHO\�TXHQFKHG�
ZKHUHDV� WKH� ILUVW� DFFHSWRU� OXPLQHVFHQFH� LV
UDWKHU� LQWHQVLYH�� ,Q� WKH� 'L2&���-&���'L'FRPSRVLWLRQ��WKHUH�LV�QR�FRPSOHWH�TXHQFKLQJ
QHLWKHU� GRQRU� QRU� ILUVW� DFFHSWRU� OXPLQHV�
FHQFH� �)LJ���E���7KXV��ZH�FDQ�FRQFOXGH� WKDW
WKH� HIIHFWLYHQHVV� RI� WKH� )5(7� LQ� FDVFDGH
FRPSRVLWLRQV� GHSHQGV� DOVR� RQ� WDQGHP� G\H
WRSRORJ\�DQG�HOHFWURQLF�GHQVLW\�GLVWULEXWLRQ�
8VLQJ� GLIIHUHQW� FRPELQDWLRQ� RI� G\HV� ZLWK
GLIIHUHQW�)5(7�HIILFLHQF\��EDUFRGH�WDJV�FDQ
EH�SURGXFHG�IRU�PXOWLSOH[HG�WDUJHWHG�)5(7
XQGHU�VLQJOH�ZDYHOHQJWK�H[FLWDWLRQ�

&RQFOXVLRQV
)5(7� KDV� EHHQ� GHPRQVWUDWHG� WR� EH� WKH

WRRO� IRU� IOXRURSKRUH�WDJJLQJ� RI� QDQR�VFDOH
SDUWLFOHV�� 6RGLXP� GRGHF\O� VXOIDWH� �6'6�

PLFHOOHV� KDYH� EHHQ� XVHG� DV� D�PRGHO� V\VWHP
RI�QDQRSDUWLFOHV�� ,W�KDV�EHHQ�VKRZQ�WKDW� WR
FUHDWH�)5(7� FRPSRVLWLRQ� LQ�QDQR�VFDOH�YRO�
XPH�� WDQGHP� G\HV�PXVW�PHHW� QRW� RQO\� SUL�
PDU\� )5(7� UHTXLUHPHQWV� EXW� VKRXOG� KDYH
VLPLODU� PROHFXODU� WRSRORJ\� DQG� HOHFWURQLF
GHQVLW\� GLVWULEXWLRQ�� 8VLQJ� FDUHIXOO\� VH�
OHFWHG� G\H�PROHFXOHV�ZLWK� H[WUD�KLJK�)5(7
HIILFLHQF\�� WKH� WDJV� HPLVVLRQ� VSHFWUXP� FDQ
EH� WXUQHG� VR� WKDW� RQO\� WKH� ORQJHVW�ZDYH�
OHQJWK� G\H� ZLOO� H[KLELW� VLJQLILFDQW� IOXRUHV�
FHQFH�DW�D�VKRUW�ZDYHOHQJWK�H[FLWDWLRQ��7KLV
IHDWXUH�ZLOO�RYHUFRPH�WKH�FKDOOHQJH�RI�VPDOO
6WRNHV� VKLIW� RI� PDQ\� RUJDQLF� G\HV�� ,Q� RXU
FDVH��WKH��6WRNHV�VKLIW��RI�DERXW������FPÜ�
KDV�EHHQ�DFKLHYHG��2Q�WKH�RWKHU�KDQG��XVLQJ
G\HV� ZLWK� GLIIHUHQW� )5(7� HIILFLHQF\�� EDU�
FRGH� WDJV� FDQ� EH� SURGXFHG� IRU� PXOWLSOH[HG
WDUJHWHG�)5(7�XQGHU�VLQJOH�ZDYHOHQJWK�H[�
FLWDWLRQ�

5HIHUHQFHV
� ���-�5�/DNRZLF]�� 3ULQFLSOHV� RI� )OXRUHVFHQFH

6SHFWURVFRS\�� VHFRQG� HG��� .OXZHU� $FD�
GHPLF�3OHQXP�3XEOLVKHUV��1HZ�<RUN��%RVWRQ�
'RUGUHFKW��/RQGRQ��0RVFRZ��������

� ���%�9DOHXU�� 0ROHFXODU� )OXRUHVFHQFH�� 3ULQFLSOHV
DQG�$SSOLFDWLRQV��:LOH\��:HLQKHLP��*HUPDQ\
�������

� ���)�:DQJ��:�%�7DQ��<�=KDQJ�HW�DO���1DQRWHFK�
QRORJ\���������������

� ���5�3�+DXJODQJ��+DQGERRN�RI�)OXRUHVFHQW�3UREHV
DQG�5HVHDUFK�3URGXFWV��0ROHFXODU�3UREHV��$FD�
GHPLF�3UHVV��1HZ�<RUN��������

� ���-�<DQ�� 0�&�(VWHYH]�� -�6PLWK� HW� DO���1DQRWR�
GD\���������������

� ���5�$�3HWURV�� -�0�'H6LPRQH�� 1DWXUH� 5HY��� ��
�����������

� ���6�/�<HILPRYD�� $�6�/HEHG�� *�<D�*XUDOFKXN� HW
DO���0RO��&U\VW��/LT��&U\VW�������������������

� ���<X�9�0DO\XNLQ��6�/�<HILPRYD��.�.HPQLW]��-�
/XPLQHVFHQFH����Ü���������������

� ���6�/�<HILPRYD�� *�<D�*XUDOFKXN�� k�9�6RURNLQ�
<X�9�0DO\XNLQ��,�k�%RURYR\��k�6�/XE\DQD\D�
=K��3ULNO��6SHNWU������������������

����$�6�/HEHG�� 6�/�<HILPRYD�� *�<D�*XUDOFKXN�
$�9�6RURNLQ�� ,�$�%RURYR\�� <X�9�0DO\XNLQ�
=K��3ULNO��6SHNWU���������������������

����0�%LHOVND��$�6REF]\QVND��.�3URFKDVND��'\HV
DQG�3LJPHQWV�����������������

����$�6�/HEHG�� 6�/�<HILPRYD�� *�<D�*XUDOFKXN�
$�9�6RURNLQ�� ,�$�%RURYR\�� <X�9�0DO\XNLQ�
%LRIL]��9LVQ\N�������������������>LQ�5XVVLDQ@�

����.�6KLQRGD��7�1DNDJDZD��+�7DPDPXVKL��7�,�6H�
PXUD�� &ROORLGDO� 6XUIDFWDQWV�� 6RPH� 3K\VLFR�
FKHPLFDO�3URSHUWLHV��$FDGHPLF�3UHVV��1HZ�<RUN
��������

����%�9DOHXU�� 0ROHFXODU� )OXRUHVFHQFH�� 3ULQFLSOHV
DQG�$SSOLFDWLRQV��-RKQ�:LOH\�DQG�6RQV��1HZ
<RUN��������

����$�$�$EUDP]RQ��9�9�%RFKDURY��6XUIDFWDQWV��.KLPL\D�
/HQLQJUDG��������>LQ�5XVVLDQ@�

$�6�/HEHG�HW�DO����6RPH�DSSURXFK�WR�WKH����

�� )XQFWLRQDO�PDWHULDOV�������������



����.�$�.R]\UD�� -�5�+HOGW�� +�$�'LHKO�� -�+HOGW�
-��3KRWRFKHP��3KRWRELRO��$�&KHP��������������������

����6�6UHHMLWK��3�&DURO��3�&KLWKUD��$�$MD\DJKRVK�
-��0DWHU��&KHP�������������������

����$�$MD\DJKRVK��$FF��&KHP��5HV������������������
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