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/LTXLG�OLTXLG�LQWHUIDFH�V\QWKHVLV�RI�SRO\����DPLQRLQGROH��
DQG�LWV�/DQJPXLU�DVVLVWHG�VHOI�DVVHPEO\�DW�DLU�ZDWHU�

LQWHUIDFH

��� ,QWURGXFWLRQ

(QYLURQPHQWDO�VWDELOLW\��EHWWHU�VROXWLRQ�SURFHVVDELOLW\�� ORZ�SURGXFWLRQ�FRVW�ZLWK�EHWWHU�

HOHFWURFKHPLFDO�DQG�HOHFWURQLF�SURSHUWLHV�RI�&3V DUH�WKH�PDMRU�DGYDQWDJHV�WKDW�JDLQ�JUHDW�

DWWHQWLRQ� LQ� HOHFWURQLF� LQGXVWU\� >���@�� %DVHG� RQ� WKHVH� SURSHUWLHV�� IHZ� SRO\PHUV� KDYH�

UHFHQWO\� EHHQ� HQIRUFHG� DV� VHPLFRQGXFWLQJ� OD\HU� LQ� GLRGHV�� ILHOG� HIIHFW� WUDQVLVWRUV��

SKRWRYROWDLF GHYLFHV�� FKHPLFDO� DQG� ELRVHQVRUV� >�����������@�� 7KH� SHUIRUPDQFH� RI� DQ\�

VXFK� GHYLFH� LV� YHU\� PXFK� DIIHFWHG� E\� WKH� PROHFXODU� RULHQWDWLRQ� DORQJ� FKDUJH�

WUDQVSRUWDWLRQ�GLUHFWLRQ��,Q�WKH�SDVW�IHZ�GHFDGHV��PDMRU�DWWHQWLRQ�KDV�EHHQ�GUDZQ�WRZDUGV�

WKHLU�VHPLFRQGXFWLQJ�OD\HU DOLJQPHQW�DQG�SURFHVVLQJ�FRQGLWLRQV�IRU�HQKDQFHPHQW�LQ�WKH�

GHYLFH HOHFWULFDO�SURSHUWLHV�E\�RSWLQJ�WKH�DSSURSULDWH�V\QWKHWLF�DQG�IDEULFDWLQJ�URXWH�>����

�@��7KHLU�VRIW�DQG�IUDJLOH�QDWXUH�KDV�RSHQHG�WKH�GRRU�WR�VROXWLRQ�EDVHG�IDEULFDWLRQ�PHWKRGV�

VXFK�DV�VSLQ�FRDWLQJ��VSUD\�FRDWLQJ��/%� HWF��DPRQJVW ZKLFK�WKH�/%�WHFKQLTXH�LV�ZRUWK�

FLWLQJ�WKDW�HPSOR\V�PRELOH�OLTXLG�VXEVWUDWH�IRU�PROHFXODU�OHYHO�RUGHULQJ�RI�WKH�SRO\PHULF�

PDWHULDOV� >�����������@�� � 0DLQO\�� RUGHULQJ� IURP� VROXWLRQ� URXWH� LV� GHVLUHG� EHFDXVH� RI�

YDULRXV�DGYDQWDJHV�DVVRFLDWHG�VXFK�DV�����DPSOH�RSSRUWXQLW\�IRU�VHOI�DVVHPEO\�LQ�VROXWLRQ�

SKDVH� YLD� VHFRQGDU\� LQWHUDFWLRQV�� ���� HDVH� RI� WUDQVIHUULQJ� DVVHPEOHG� SRO\PHUV� RQWR�

VXEVWUDWHV�RI�FKRLFH������PRELOH�VXESKDVH�LQ�VRPH�FDVHV�VXFK�DV�/%�DQG�))70�WHFKQLTXH�

IDFLOLWDWLQJ� ODUJH� VFDOH�� RUGHUHG� VHOI�DVVHPEO\� RI� �VRIW�� SRO\PHUV��/DQJPXLU� WHFKQLTXH�

XQGRXEWHGO\�SURYLGHV�DQ�H[FHOOHQW�SODWIRUP�IRU�PROHFXODU�OHYHO�RUGHULQJ�RI�WKH�VROXWLRQ�

SURFHVVDEOH�PROHFXOHV�WR�DVVHPEOH�>�����@��7KLV�WHFKQLTXH�LV�VXEVWDQWLDOO\�SUHIHUUHG�IRU�

OHVV� VROXWLRQ� SURFHVVDEOH�PDWHULDOV� �WKDW� VSDUVHO\� GLVSHUVH� LQWR� VROXWLRQ���8QOLNH� RWKHU�

WHFKQLTXHV� WKDW� RIIHU� VROLG� VXEVWUDWH� IRU� PROHFXODU� RULHQWDWLRQ�� WKLV� WHFKQLTXH� DLGV� LQ�
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XQLIRUP� ILOP� IRUPDWLRQ� RYHU� ODUJH� DUHD�RQ� OLTXLG� VXESKDVH� DW� DLU�ZDWHU� LQWHUIDFH�ZLWK

PROHFXODU�OHYHO�RUGHULQJ�>�����@��+HUH�ZH�ZRXOG�OLNH�WR�HPSKDVL]H�RQ�WKH�SUH�IDEULFDWLRQ�

VWHS�L�H��V\QWKHWLF�URXWH�WR�FRQWURO�RUGHULQJ�RI�WKH�SRO\PHU�FKDLQV�DW�WKH�LQLWLDO�OHYHO DQG�

WKH� IDEULFDWLRQ� VWHS� L�H�� RUGHULQJ� RI� SRO\PHUV� GXULQJ� ILOP� IRUPDWLRQ�� 3ULRU� WR� ILOP�

SURFHVVLQJ��V\QWKHWLF�URXWH�HPSOR\HG�IRU�SRO\PHUL]DWLRQ�KDV�D�JUHDW�VLJQLILFDQFH�RQ�WKH�

SRO\PHU�PRUSKRORJ\�DQG�LWV�SURSHUWLHV�DV�VXSSRUWHG�E\�OLWHUDWXUH�>��������@��&KHPLFDO�

DQG�HOHFWURFKHPLFDO�SRO\PHUL]DWLRQ�WHFKQLTXHV�DUH�WKH�WZR�ZHOO�NQRZQ�XVHG�PHWKRGV�WR�

V\QWKHVL]H� FRQGXFWLQJ� SRO\PHUV��+RZHYHU�� FKHPLFDO� V\QWKHVLV� RI� SRO\PHUV� JRW�PXFK�

PRUH�DWWHQWLRQ�LQ�WKH�UHFHQW�SDVW�DV�LW�FLUFXPYHQWV�WKH�SUREOHP�RI�UHTXLUHPHQW�RI�PDWHULDOV�

LQ�EXON�DQG�SRVW�V\QWKHVLV�PRGLILFDWLRQV�DQG�FRPSRVLWHV�IRUPDWLRQ�>�����@��6WLOO��FRQWURO�

RI�PRUSKRORJ\��SURFHVVDELOLW\�DQG�FKDLQ�RUGHULQJ��FU\VWDOOL]DWLRQ��DUH�WKH�PDMRU�LVVXHV�LQ�

FKHPLFDO�V\QWKHVLV��7KHUHIRUH��SURFHVVDEOH�RUGHUHG�SRO\PHUV�ILOP�V\QWKHVLV�KDV�EHFRPH�

D� NHHQ� DUHD� RI� UHVHDUFK� LQWHUHVW� LQ� WKH� UHFHQW� \HDUV�� 7R� DGGUHVV� WKHVH� LVVXHV� LQ�VLWX�

SRO\PHUL]DWLRQ�ZLWK�WHPSODWH�WHFKQLTXHV�DQG�LQWHUIDFLDO�V\QWKHVLV�GLVSOD\HG�PXFK�PRUH�

DGYDQWDJHV� RYHU� FRQYHQWLRQDO� V\QWKHVLV� WHFKQLTXHV� >����������@�� +RZHYHU�� WHPSODWH�

WHFKQLTXHV�HPSOR\�WHPSODWHV��KDUG�DQG�VRIW���ZKLFK�LV�D�PDMRU�GLVDGYDQWDJH��DV�WKH\�QHHG�

WR EH�UHPRYHG�WR�REWDLQ�D�SULVWLQH�SRO\PHU��7KH�ZHOO�NQRZQ�WHFKQLTXHV�WKDW�DYRLG�WKH�

XVH�RI�D�WHPSODWH�DUH�HOHFWURFKHPLFDO�RU�PLFHOOHV�EDVHG�FKHPLFDO�V\QWKHVLV�RWKHUZLVH�SRVW�

V\QWKHVLV�RUGHULQJ�DQG�VHOI�DVVHPEOLHV�DUH�SRVVLEOH�E\�/%�ILOP�FDVWLQJ��HOHFWURQ�EHDP�

OLWKRJUDSK\�� HOHFWUR�VSLQQLQJ�� HWF�� >�������������@�� 7KH� HOHFWURFKHPLFDO� V\QWKHVLV� RI�

FRQGXFWLQJ�SRO\PHUV�KDV�DOVR�EHHQ�RI�LQWHUHVW�IRU�D�QXPEHU�RI�\HDUV�DQG�LV�VXFFHVVIXOO\�

GHPRQVWUDWHG�IRU�YDULHWLHV�RI�PRQRPHUV�>�������@��+RZHYHU��GXH�WR�ORZ�\LHOG�DQG ORVV�LQ�

UHGR[� SURSHUW\� DIWHU� GHSRVLWLRQ� RQ� HOHFWURGHV� GXULQJ� SRO\PHUL]DWLRQ� SURFHVV� �RYHU�

SRWHQWLDO��� FKHPLFDO� V\QWKHVLV� LV� SUHIHUDEOH�� 0RUHRYHU�� FRQWURO� RI� PRUSKRORJ\� DQG�

FRPSRVLWH�IRUPDWLRQ�DUH�RWKHU�PDMRU�DWWUDFWLRQV�IRU�XVH�RI�FKHPLFDO�V\QWKHVLV�IRU�&3V�
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+HUHLQ��ZH�DUH�LQWHUHVWHG�LQ�EXON�DQG�SURFHVVDEOH�RUGHUHG�SRO\PHU�ILOP�V\QWKHVLV��

VR LQWHUIDFLDO�SRO\PHUL]DWLRQ WHFKQLTXH�XQYHLOHG�WKH�SRWHQWLDO�WR�DGGUHVV�WKH�LVVXHV�UHODWHG�

WR� WKH� FRQYHQWLRQDO� RU� WHPSODWH� FKHPLFDO� V\QWKHVLV� >�����@�� )RU� WKLV� SXUSRVH�� WZR�

LPPLVFLEOH�VROYHQWV�DUH�HPSOR\HG�FRQWDLQLQJ�WZR�FKHPLFDOO\�UHDFWLYH�VSHFLHV��IRUPLQJ�

WZR� SKDVHV�� UHVSHFWLYHO\� DQG� SRO\PHUL]DWLRQ� RFFXUV� DW� WKH� LQWHUIDFH�� ,QWHUIDFLDO�

SRO\PHUL]DWLRQ SHUPLWV�ILQLWH�VLGH�UHDFWLRQV��DQG�E\SURGXFWV��DV�LW�LV�D�VWHS�SURFHVV�DQG�

HYDGHV�WKH�UHTXLUHPHQW�RI�DQ\�SKDVH�WUDQVIHU�DJHQWV�RU�FDWDO\VWV��,W�FDQ�EH�SURILFLHQWO\�

FDUULHG� RXW� LQ� RQH� SRW� ZLWK� GLIIHUHQW� LPPLVFLEOH� VROYHQW� SDLUV� DQG� YDU\LQJ� UHDJHQW�

FRQFHQWUDWLRQV��&3V�ZLWK�KHWHURDWRPV�LQ�WKH�PRQRPHU�XQLW�UHVXOW�LQ�D�VWDEOH�VWUXFWXUH�GXH�

WR�WKH�ORQH�SDLU�RI�HOHFWURQV�RI�WKH�KHWHURDWRPV�WKDW�SDUWLFLSDWH�LQ�ʌ�HOHFWURQ�FRQMXJDWLRQ�

>�����@�� +RZHYHU�� DPRQJ� YDULRXV� 1�FRQWDLQLQJ� FRQGXFWLQJ� SRO\PHUV�� 3,Q� DQG� LWV�

GHULYDWLYHV�KDYH�QRW�EHHQ�VFUXWLQL]HG�PXFK�GXH�WR�WKHLU�ORZHU�SRO\PHUL]DWLRQ�HIILFLHQF\�

DQG� WKH� FRQGXFWLYLW\� >����������@�� 7KLV� LV� SUREDEO\� GXH� WR� YDULHW\� RI� SRO\PHUL]DWLRQ�

VFKHPHV� HPSOR\HG WLOO� QRZ��6R�� WKHUH� LV� D� QHHG� RI� V\QWKHVLV� WHFKQLTXH� WKDW� FDQ� \LHOG�

UHJLRVHOHFWLYH�VWUXFWXUHV�OHDGLQJ�WR�ORZHU�GHYLDWLRQ�IURP�SODQDULW\��:H�KDYH�WULHG�WR�GHDO�

ZLWK�WKLV�LVVXH�WR�VRPH�H[WHQW�LQ�RXU�ZRUN��

3RO\PHUV� RI� WKLV� IDPLO\� KDYH� GUDZQ� NHHQ� DWWHQWLRQ� IRU� WKH� VDNH� RI� WKHLU� JRRG�

WKHUPDO� VWDELOLW\�� KLJK� UHGR[� DFWLYLW\�� HOHFWURFDWDO\WLF� SURSHUWLHV�� FKDUJH� WUDQVSRUW�

SURSHUWLHV��HOHFWURFKURPLF�SURSHUWLHV�DQG�DERYH�WKHVH��QR�WR[LFLW\�>����������@��+HUH��ZH�

KDYH� FKRVHQ� DQ� DPLQR� GHULYDWLYH� KHWHURDURPDWLF�PRQRPHU ³��$,Q´�� WR� V\QWKHVL]H� ��

$3,Q��7KH�LQIOXHQFH�RI�DPLQR�VXEVWLWXHQW�DQG�KHWHURDWRP�LQ�WKH�ULQJ�RQ�WKH�SK\VLFDO�DQG�

FKHPLFDO� SURSHUWLHV� RI� WKH� SRO\PHULF� SURGXFW� KDV� EHHQ� LQYHVWLJDWHG��$V� SHU� DYDLODEOH�

UHSRUWV����$3,Q�KDV�EHHQ�ZHOO�V\QWKHVL]HG�E\�HOHFWURFKHPLFDO�PHWKRG��EXW� WKHUH� LV�QR�

UHSRUW� DYDLODEOH� RQ� FKHPLFDO� V\QWKHVLV� RI� WKLV� SRO\PHU� WR� WKH� EHVW� RI� RXU� NQRZOHGJH�
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>��������@��7KHUHIRUH��ZH�UHSRUW�KHUH��DQ�LQWHUIDFLDO�FKHPLFDO�SRO\PHUL]DWLRQ�RI���$3,Q�

ZLWKRXW� WKH� DLG� RI� DQ\� WHPSODWH� DW� URRP� WHPSHUDWXUH� ���� �� �� �&��� )XUWKHU�� WKH� DV�

V\QWKHVL]HG�PDWHULDO�KDV�EHHQ�XVHG�IRU�WKH�PRGLILFDWLRQ�RI�FRPPHUFLDO�$X�HOHFWURGH�LQ�

RUGHU� WR� H[SORUH� LWV� EHWWHU� UHGR[� EHKDYLRU� FRPSDUHG� WR� ��$3,Q� V\QWKHVL]HG� E\� RWKHU�

PHWKRG��$OVR��EDQG�JDS�FDOFXODWHG�YLD�89�9LV VSHFWURVFRS\�DQG�&9�ZHUH�FRPSDUHG�ZLWK�

HOHFWURQLF�EDQG�JDS�REWDLQHG�YLD�')7�FDOFXODWLRQV��7KHVH�YDULDQW�SURSHUWLHV�PRWLYDWHG�XV�

WR� H[SORUH� LWV� ODUJH� DUHD�� XQLIRUP� ILOP� IRUPDWLRQ� IRU� HOHFWURQLF� GHYLFH� DSSOLFDWLRQV��

+RZHYHU�� LWV� SRRU� VROXELOLW\� LQ� FRPPRQ� RUJDQLF� VROYHQWV�� SURPSWHG� XV� WR� H[SORLW�

/DQJPXLU�WHFKQLTXH�WKDW�QHFHVVLWDWHV�WKH�GLOXWH�GLVSHUVLRQ�RI�PDWHULDO�IRU�VSUHDGLQJ�RQWR�

ZDWHU�VXESKDVH�UDWKHU�WKDQ RWKHU�IDEULFDWLQJ�PHWKRGV�>�����@��)XUWKHU�LWV�ILOP�IDEULFDWLRQ

ZDV� GRQH YLD� /6 PHWKRG�� 7KLV� ZRUN� KLJKOLJKWV� WKH� LPSRUWDQFH� RI� PRELOH� DTXHRXV�

VXESKDVH� RI� /DQJPXLU� PHWKRG� WKDW� LV� RIIHULQJ� DQ� RSSRUWXQLW\� IRU� RUGHULQJ� DQG� VHOI�

DVVHPEO\�RI���$3,Q�WKXV�UHPRYLQJ�LWV�LPSHGDQFH�IRU�DSSOLFDWLRQ�LQ�ODUJH�DUHD�HOHFWURQLF�

GHYLFH�DSSOLFDWLRQV�

��� 5HVXOWV�DQG�GLVFXVVLRQ

����� 0ROHFXODU�6WXGLHV�RI���$3,Q

7KH�FKHPLFDO� V\QWKHVLV�RI���$3,Q� LV�RI� VLJQLILFDQW� LQWHUHVW�GXH� WR� ORZ�SRO\PHUL]DWLRQ�

HIILFLHQF\�YLD�RWKHU�WHFKQLTXHV�OLNH�HOHFWURFKHPLFDO�WHFKQLTXH�>�����@��,Q�DGGLWLRQ�WR�LWV�

EXON� \LHOG�� WKH� LQWHUIDFLDO� WHFKQLTXH�ZDV� GHOLEHUDWHO\� RSWHG� WR� FRQWURO� WKH� RUGHULQJ� RI�

SRO\PHU�DW�WKH�LQWHUIDFH��6\QWKHVLV�SURWRFRO�KDV�EHHQ�GLVFXVVHG�LQ�FKDSWHU���VHFWLRQ��������

+HUH��WKH�R[LGDWLYH�FRXSOLQJ�RI���$,Q�ZDV�LQLWLDWHG�YLD�SURWRQDWLRQ�RI�WKH�DPLQR�JURXS�

WKDW�H[HUWV�HOHFWURQ�ZLWKGUDZLQJ�HIIHFW�WR�DFFHOHUDWH�WKH�UHDFWLRQ�>���@��$�GDUN�UHGGLVK

EURZQ�VROLG�DW�WKH�DTXHRXV�RUJDQLF�LQWHUIDFH�ZDV�VXVSHQGHG�DW�WKH�ILQDO�VWDJH�RI�UHDFWLRQ�

GXH� WR� SURWRQDWHG� DPLQR� JURXS� �DV� VKRZQ� LQ� )LJXUH� ������ 7HQWDWLYH� SRO\PHUL]DWLRQ�
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PHFKDQLVP� DIIHFWV� WKH� OLQNDJH� RI� PRQRPHUV� LQ� SRO\LQGROH� EDFNERQH�� 0DLQO\� WZR�

OLQNDJHV�KDYH�EHHQ�UHSRUWHG�IRU�S\UUROH�XQLW�RI�3,Q�OLNH������RU������SRVLWLRQV�WKDW�EHDU�

FRQMXJDWLQJ�XQLW���1�&+ &+��Q IRU������OLQNDJH�LQYROYLQJ�1 DWRP�DQG���&+ &+��Q IRU�

�����OLQNDJH�SRO\PHUL]DWLRQ�>������@��7KHUHIRUH��WKH�H[LVWHQFH�RI�1�+�QHHGV�WR�EH�YHULILHG�

WR�FRQFOXGH�WKH�W\SH�RI�OLQNDJH�LQ�3,Q�DQG�LWV�GHULYDWLYHV��7KRXJK�)7�,5�FDQ�UHVROYH�WKH�

GHEDWLQJ�H[LVWHQFH�RI�1�+�ERQG�� WKH� WUDSSHG�PRLVWXUH�PD\�GLVUXSW� WKH�SHDN�SRVLWLRQV�

>���@�� 6R�� ZH� FRQVLGHUHG� �+�105� VSHFWURVFRS\� DV�PRUH� DFFHVVLEOH� DQG� SURQRXQFHG�

WHFKQLTXH�IRU�WKH�YHULILFDWLRQ�RI�1�+�ERQG�H[LVWHQFH�>���@��

)LJXUH���� �+�105�VSHFWUD�RI��D����$,Q��E����$3,Q��

7DEOH�����3URWRQ�FKHPLFDO�VKLIWV��į��RI���$,Q�DQG���$3,Q�

į �SSP� +�� +�� +�� +�� +�� +�� Dŷ

��$,Q ���� ���� ���� ��������� ���� ��������� ����

��$3,Q � ���� � ���� ���� ���� ����

8VXDOO\��1�+�RI�S\UUROH�DSSHDUV�DURXQG���SSP��EXW�GXH�WR�LQFUHDVH�LQ�FRQMXJDWLRQ��SURWRQ�

FKHPLFDO�VKLIW��Ƥ�YDOXH��LQ�LQGROH�PRYHG�WRZDUGV�WKH�ORZHU�ILHOG�������SSP��DV�VKRZQ�LQ�

)LJXUH ����D���2Q�FRPSDULQJ��+�105�VSHFWUD�RI���$,Q�DQG���$3,Q��DV�VKRZQ�LQ�7DEOH�
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�����GRZQILHOG�VKLIW� LQ�Ƥ�YDOXHV� LQ� WKH�FDVH�RI�SRO\PHU�ZDV�REVHUYHG�GXH� WR� LWV� ODUJHU�

H[WHQW�RI�FRQMXJDWLRQ�FRPSDUHG� WR� WKH�PRQRPHU��7KH�FKHPLFDO� VKLIW� IRU� S\UUROLF�1�+�

ERQG�LQ���$,Q�LV�DEVHQW�IRU���$3,Q��ZKLFK�FRQILUPHG�WKH�OLQNDJH�WKURXJK�1�DWRP�RI�WKH�

S\UUROH�ULQJ�RI���$,Q�GXULQJ�SRO\PHUL]DWLRQ�>�������@��7KH�PRQRPHU����$,Q�H[KLELWHG�

ILYH� SHDNV� LQ� WKH� DURPDWLF� UHJLRQ� UHSUHVHQWLQJ� WKH� DURPDWLF� SURWRQV� RI� EHQ]HQH� DQG�

S\UUROH�� ZKLFK� UHGXFHG� WR� IRXU� LQ� ��$3,Q� DQG� D� VKLIW� WRZDUGV� KLJKHU� G�YDOXHV� ZDV�

REVHUYHG�GXH�WR�HQKDQFHG�GHORFDOL]DWLRQ�RI�SHOHFWURQV��7KH�FRUUHVSRQGLQJ�SHDN�IRU�+���

LV�PLVVLQJ�LQ� WKH�FDVH�RI ��$3,Q�LQGLFDWLQJ�WKH�LQYROYHPHQW�RI�&���LQ�SRO\PHUL]DWLRQ��

$PLQR���1+���JURXS�RI���$,Q�DW�&���FDQ�EH�VHHQ�LQ�WKH��+�105�VSHFWUXP�RI���$3,Q�DW�

�����SSP�WKDW�FRQILUPHG�LWV�UHWHQWLRQ�LQ�WKH�SRO\PHU�EDFNERQH�DV�D�SHQGDQW�JURXS��7KXV��

LW�H[SODLQHG�WKH�SRO\PHUL]DWLRQ�RI���$3,Q�YLD������OLQNDJH�RI�PRQRPHU�XQLW�ZLWK�UHWHQWLRQ�

RI��1+� JURXS�DW�&���>�������@��7KH�VWUXFWXUDO�LQIRUPDWLRQ�RI���$3,Q�ZDV�FKDUDFWHUL]HG�

IXUWKHU�DQG�FRPSDUHG�ZLWK���$,Q�XVLQJ�)7�,5�DQDO\VLV��DV�VKRZQ�LQ�)LJXUH�����DQG�7DEOH�

�����ZLWK�WKH�VXSSRUWLYH�LQFOXVLRQ�RI�HDUOLHU�UHSRUWV�>������������@�

2Q� WKH� EDVLV� RI� WKHVH� UHSRUWV�� WZR� PDLQ� FRQWURYHUVLDO� RSLQLRQV� RQ� WKH� OLQNDJH� �DV�

H[SODLQHG�DERYH��RI�3,Q�DQG�LWV�GHULYDWLYHV�SUHSDUHG�FKHPLFDOO\��LV�UHVROYHG�KHUHLQ��7KH�

SRO\PHUL]DWLRQ� PHFKDQLVP� LQFOXGHV� LQWUD� DQG� LQWHU�FKDLQ� LQWHUDFWLRQV� �K\GURJHQ�

ERQGLQJ�DQG�ʌ�ʌ�LQWHUDFWLRQV��WKDW�DUH�DIIHFWHG�E\�WKH�W\SH�RI�GRSDQW DQG�QDWXUH�RI�WKH�

VROYHQW�HPSOR\HG�GXULQJ�WKH�SURFHVV�>���@��

7KHVH�LQWHUDFWLRQV��DV�ZHOO�DV�WKH�LQWURGXFWLRQ�RI�DQ�DPLQR�VXEVWLWXHQW�DW�&����DOWHUHG�WKH�

YLEUDWLRQDO�SDUDPHWHUV�RI���$,Q�DV�FRPSDUHG�ZLWK�LQGROH�PROHFXOH�>���@��3RO\PHUL]DWLRQ

PHFKDQLVPV� LQ� SRO\LQGROHV� DUH� XVXDOO\� DVVXUHG� E\� WKH� H[LVWHQFH� RI�1�+� VWUHWFKLQJ� RU�

EHQGLQJ�PRGH�LQ�WKH�VSHFWUXP�>�������@�

,Q���$,Q��1�+�VWUHWFKLQJ�YLEUDWLRQ�RI�WKH����DPLQH�RI�S\UUROH�XQLW�PRYHG�WRZDUGV�ORZHU�
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)LJXUH�����)7�,5�VSHFWUD�RI��D����$,Q��E����$3,Q�

7DEOH���� )7�,5�EDQG�DVVLJQPHQW�RI���$,Q�DQG���$3,Q�

6��
1R� %DQG�DVVLJQPHQW

9LEUDWLRQ�IUHTXHQF\��FP���

��$,Q ��$3,Q

�� 1�+�VWUHWFKLQJ ���� �

�� 1+���DV\PPHWULF�DQG�V\PPHWULF�VWUHWFKLQJ�� ���������� ����

�� 1�+�EHQGLQJ��1+��VFLVVRULQJ� ���� ����

�� &�+�EHQGLQJ��LQ�SODQH� ���� ����

�� &�&�VWUHWFKLQJ ��������� ���������

�� &�1�VWUHWFKLQJ ���� ����

�� &�+��LQ�SODQH��GHIRUPDWLRQ��EHQ]HQH�ULQJ�K\GURJHQV� ��� ���

�� 1+��EHQGLQJ��RXW�RI�SODQH���ZDJJLQJ� ��� ���

IUHTXHQF\�� L�H�������FP�� GXH� WR�1+�ʌ�K\GURJHQ�ERQGLQJ�>���@��1+� JURXS�GLVSOD\HG

DV\PPHWULF� DQG� V\PPHWULF VWUHWFKLQJ� DW� ����� DQG� ����� FP�� UHVSHFWLYHO\� >�������@��

2YHUWRQH�GXH�WR�1�+�EHQGLQJ�RYHUODSSHG�ZLWK�WKH�1�+�V\PPHWULF�VWUHWFKLQJ�PRGH�DQG�

D�SHDN�DW������FP�� ZDV�REVHUYHG�IRU�DURPDWLF�&�+�VWUHWFKLQJ��7KH�SHDNV�DV�PHQWLRQHG�

DERYH� DOWRJHWKHU� UHVHPEOHG� D� EURDG� EDQG� QHDU� ����� FP�� LQ� ��$3,Q� LQGLFDWLQJ� WKH�

UHWHQWLRQ�RI�1+� SHQGDQW�JURXS��DV�YHULILHG�DERYH�LQ��+�105�VSHFWUXP���7KH�SHDN�DW�
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�����FP�� LQ���$3,Q�DWWULEXWHG�WR�WKH�1+� VFLVVRULQJ�YLEUDWLRQ��1�+�EHQGLQJ���,W�PHDQV�

WKDW�1+� JURXS�SHUVLVWV�LQ�WKH�SRO\PHU�PDLQ�FKDLQ�DQG�LV�QRW�LQYROYHG�LQ�SRO\PHUL]DWLRQ��

7KLV�LV�LQ�ZHOO�DFFRUGDQFH�ZLWK�WKH��+�105�UHVXOWV�DV�H[SODLQHG�DERYH��&�+�LQ�SODQH�

EHQGLQJ�DW������FP�� DQG�&�&�VWUHWFKLQJ�PRGHV�LQ�WKH�UDQJH�RI�����������FP�� RI�WKH�

EHQ]HQH� ULQJ� REVHUYHG� LQ� ��$,Q�ZHUH� SHUVLVWHQW� LQ ��$3,Q�� 7KH� SHDN� DW� ����� FP�� LV�

DWWULEXWHG�WR�WKH�&�1�VWUHWFKLQJ�PRGH��3HDN�DW�����FP�� LQ���$,Q�LV�SHUVLVWHQW�LQ���$3,Q�

����� FP���� FRUUHVSRQGLQJ� WR� &�+� GHIRUPDWLRQV� �LQ�SODQH� EHQGLQJ�� RI� EHQ]HQH� ULQJ�

K\GURJHQV��7KLV�IXUWKHU�VXJJHVWHG�WKH�LQYROYHPHQW�RI�S\UUROH�ULQJ�DV�WKH�SRO\PHUL]DWLRQ�

VLWH UDWKHU� WKDQ� EHQ]HQH� ULQJ� >�������@�� 3HDN� DW� ���� FP�� LQGLFDWHV� WKH� RXW� RI� SODQH�

EHQGLQJ�IRU�1+� �ZDJJLQJ�PRGH��IXUWKHU�FRQILUPLQJ�WKH�H[LVWHQFH�RI�DPLQR�VXEVWLWXHQW�

DW�&���RI���$3,Q�>���@�

7KXV���+�105�WRJHWKHU�ZLWK�)7�,5�VSHFWUD�VXSSRUWHG�RXU�K\SRWKHVLV RI������ OLQNDJH�LQ�

��$3,Q�� %DVHG� RQ WKLV�� D� SODXVLEOH� SRO\PHUL]DWLRQ� PHFKDQLVP� RI� ��$,Q� KDV� EHHQ�

SURSRVHG��)LJXUH������ZKLFK�LV�FORVHO\�VLPLODU�WR�HDUOLHU�UHSRUWV�>�������@��$V�SHU�HDUOLHU�

UHSRUWV��LW�LV�HYLGHQW�WKDW�VXEVWLWXHQW�SUHVHQW HVSHFLDOO\�DW�&���SRVLWLRQ�RI�LQGROH�SOD\V�D�

FUXFLDO�UROH�IRU�WKH�IXVLRQ RI�PRQRPHUV�>�����������@��)RU�H[DPSOH��HOHFWURQ�GRQDWLQJ�

JURXSV �('*��DW�&���VWDELOL]H�WKH�LQGROH�UDGLFDO�FDWLRQ�LQWHUPHGLDWH�DQG�WKXV�UHGXFH�WKH�

UDWH�RI�SRO\PHUL]DWLRQ��6LPLODUO\��HOHFWURQ�ZLWKGUDZLQJ JURXSV�DW�&���HQKDQFH�WKH�VSLQ�

GHQVLW\�DW�1���DQG &���RQO\�RI�ILYH�PHPEHUHG�ULQJ�UDGLFDO�FDWLRQV�DV�WKH�SUREDELOLW\�RI

ORVV�LQ�DURPDWLFLW\�RI�EHQ]HQH�ULQJ�UHQGHUV�LWV�SDUWLFLSDWLRQ�LQ�WKH�OLQNDJH�>���@��

,Q�RXU�ZRUN��ZH�KDYH�SURYHG������OLQNDJH� LQ���$3,Q�YLD� �+�105�DQG�)7�,5� VSHFWUD�

FRQVLGHULQJ�WKH�HOHFWURQ�ZLWKGUDZLQJ�QDWXUH�RI�SURWRQDWHG�DPLQR�JURXS���1+�
����,Q�RUGHU�

WR� HVWLPDWH� WKH� HOHFWURQLF� SURSHUWLHV� RI� WKH� DVV\QWKHVL]HG� SRO\PHU�� ZH� FDUULHG� RXW

VLJQLILFDQW�H[SHULPHQWDO�DQG�FRPSXWDWLRQDO�HIIRUWV��:H��DSSUR[LPDWHO\�FDOFXODWHG�EDQG�
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)LJXUH�����3ODXVLEOH�PHFKDQLVP�RI�SRO\PHUL]DWLRQ�RI���$,Q�

JDS�YLD 89�9LV�VSHFWURVFRS\��(J���F\FOLF�YROWDPPHWU\��(FY��DQG�WKHRUHWLFDOO\�YLD�UDQJH�

VHSDUDWHG�GHQVLW\�IXQFWLRQDOV��ǻ(��

2SWLFDO�SURSHUWLHV�RI���$3,Q�ZHUH�LQYHVWLJDWHG�DQG�FRPSDUHG ZLWK���$,Q�XVLQJ�89�9LV

DEVRUSWLRQ�VSHFWURVFRS\�LQ�'062�VROYHQW�DW�URRP�WHPSHUDWXUH��$V�LOOXVWUDWHG�IURP�WKHVH

DEVRUSWLRQ VSHFWUD�� ��$,Q� IHDWXUHG� WZR� DEVRUSWLRQ� SHDNV� DW ���� QP� DQG� ���� QP

FRUUHVSRQGLQJ�WR�ʌ� ʌ�DQG�Q� ʌ�WUDQVLWLRQV�UHVSHFWLYHO\��DV�VKRZQ LQ�)LJXUH������D����

+RZHYHU��WKHVH�SHDNV�VKLIWHG�WRZDUGV�ORQJHU�ZDYHOHQJWK�WR�����QP�DQG�����QP�LQ�WKH�

FDVH�RI���$3,Q�FRQILUPLQJ�ODUJHU�H[WHQW�RI�FRQMXJDWLRQ��$�EURDG�KXPS�LQ�WKH�UHJLRQ�RI�

��������QP��SRODURQLF�EDQG� IRUPDWLRQ��ZDV�REVHUYHG� LQGLFDWLQJ� WKH�GHORFDOL]DWLRQ�RI

FKDUJHV� RQ� SRO\PHU� EDFNERQH� >������������@�� 7KH� RSWLFDO� EDQG� JDS� RI� ��$3,Q� ZDV�

FRPSXWHG�RQ�WKH�EDVLV�RI�GLUHFW�DOORZHG�WUDQVLWLRQ�LQ�DEVRUSWLRQ�VSHFWUD��,W�ZDV�ILJXUHG
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)LJXUH�����89�YLVLEOH�VSHFWUXP�RI��D����$,Q �E����$3,Q��,QVHW�VKRZV�RSWLFDO�EDQG�JDS�

RI���$3,Q��

XVLQJ�WKH IXQGDPHQWDO�H[SUHVVLRQ�RI�7DXFV
�SORW�DV�LQ�(TXDWLRQ�������

ࣰ݄ߙ ൌ ሺࣰ݄ܤ െ ሻܧ
 ሺͶǤͳሻ

ZKHUH�D��KQ�DQG�%�V\PEROL]H�DEVRUSWLRQ�FRHIILFLHQW��HQHUJ\�RI�DEVRUEHG�OLJKW��LQFLGHQW�

SKRWRQ� HQHUJ\��� SURSRUWLRQDOLW\� FRQVWDQW� UHVSHFWLYHO\� DQG� Q ���� IRU� GLUHFW� DOORZHG�

WUDQVLWLRQ�>���@��2SWLFDO�EDQG�JDS��(J��RI���$3,Q�ZDV�GHWHUPLQHG�DV������H9�E\�SORWWLQJ�

D�JUDSK�RI��ࣰ݄ߙ�� YHUVXV�ࣰ݄ �DV�VKRZQ�LQ�LQVHW�RI�)LJXUH�������DQG�WKHQ�H[WUDSRODWLQJ�WKH�

OLQHDU�SDUW�RI�WKH�FXUYH�WRZDUGV�DEVFLVVD��]HUR��>������@�

1XPEHU�DYHUDJH�PROHFXODU�ZHLJKW��0Q��DQG�ZHLJKW�DYHUDJH�PROHFXODU�ZHLJKW��0Z��RI�

��$3,Q�ZHUH� GHWHUPLQHG� XVLQJ�*HO� 3HUPHDWLRQ� &KURPDWRJUDSK\� �DV� VKRZQ� LQ� )LJXUH�

������0XOWLSOH�SHDNV�ZLWK�PLQXVFXOH�KXPSV�ZHUH�REVHUYHG�IRU���$3,Q�ZKLFK�UHYHDOHG�WKH�

RFFXUUHQFH RI�SRO\PHULF�FKDLQ�IUDJPHQWV��7KLV�VXJJHVWV�ZLGH�UDQJH�GLVWULEXWLRQ�RI�0Q�

ZLWK�ORZ�PROHFXODU�ZHLJKW�SRO\PHULF�IUDJPHQWV�>���@��3RO\GLVSHUVLW\�LQGH[��3',��ZDV�

FDOFXODWHG� DV� ����� >0Z� �������0Q� ������@ �5HPDUN�� :H� DUH� DVVXPLQJ� KHUH� WKDW�

XQGLVVROYHG�SDUWLFOHV DUH�HOXWHG�ILUVW�DQG�FDQ�EH�VHHQ�FRUUHVSRQGLQJ�WR�VPDOO�SHDN����6R��

LW�PD\�EH�LJQRUHG��
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)LJXUH�����*HO�SHUPHDWLRQ�FKURPDWRJUDP�RI���$3,Q��

;5'�SDWWHUQ�RI�DV�V\QWKHVL]HG���$3,Q� �DV� VKRZQ� LQ�)LJXUH������GHSLFWHG� WKDW���$3,Q�

VKRZV� EURDG� KXPS� FHQWHUHG� DW� �ș ��� ZLWK� WZR� ZHOO� NQRZQ� FKDUDFWHULVWLF� SHDNV� DW�

�ș ������DQG������ VLPLODU�WR�3,Q�>���@��$SDUW�IURP�WKLV��WKHUH�DUH�DGGLWLRQDO�VPDOO�SHDNV�

REVHUYHG�DW �ș ������������������� DQG��������7KLV�UHYHDOHG�EHWWHU�RUJDQL]DWLRQ�RI�FKDLQV�

LQGLFDWLQJ� KLJKHU� QXPEHU� RI� FU\VWDOOLWH� ]RQHV� WKDQ� WKH� XQVXEVWLWXWHG 3,Q� RU� RWKHU�

GHULYDWLYHV�RI�3,Q�UHSRUWHG�HDUOLHU�>��������@��7KLV�REVHUYDQFH�DFFRXQWV�WR�WKH�SUHVHQFH�

RI�EHWWHU�DOLJQPHQW�RI�D�GLIIHUHQW�IUDFWLRQDO�UDQJH�RI�ROLJRPHU�XQLWV�LQ�SRO\PHU�EDFNERQH��

7KH�LQLWLDOO\�IRUPHG�ILOP�DFWV�DV�D�SVHXGR�WHPSODWH�IRU�IXUWKHU�SRO\PHUL]DWLRQ�DW�LQWHUIDFH�

RI�WZR�VROYHQWV�UHVXOWLQJ�LQ�EHWWHU�DOLJQPHQW�

)LJXUH���� ;5'�SDWWHUQ�RI���$3,Q�
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��������6XUIDFH�PRUSKRORJ\�VWXGLHV

6XUIDFH�PRUSKRORJ\�RI�DV�V\QWKHVL]HG���$3,Q�ZLWK�UHVSHFW�WR�JURZWK�WLPH�ZDV�DQDO\]HG

)LJXUH�����6(0�LPDJHV�RI���$3,Q�IRUPHG�DW�WKH�LQWHUIDFH�DIWHU��D����PLQ���E����PLQ���F��

���PLQ���G��PDJQLILHG�IRUP�RI�LPDJH��F����H�����PLQ�DQG��I��DIWHU���K�

E\� 6(0� DV� VKRZQ� LQ� )LJXUH� ���� �D�I��� ,PDJHV� RI� DV�JURZQ�PDWHULDO� DW� GLIIHUHQW� WLPH�

LQWHUYDOV�IURP�WKH�LQWHUIDFH�ZHUH�H[DPLQHG�DW�FDUERQ�VWDE��:H�REVHUYHG�WKDW�QXFOHDWLRQ

LQ�PDWHULDO�VWDUWHG�DW���PLQ�DIWHU�DGGLWLRQ�RI�$36��)LJXUH������D���WKDW�JUHZ�LQWR�IODNH�W\SH
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VWUXFWXUH�DW���PLQ��)LJXUH������E����7KHQ�DIWHU��WKHVH�IODNHV�FXUOHG�LQWR�LWV�ELJJHU�IRUP DW�

���PLQ��)LJXUH������F��DQG��G���DQG�ELJJHU�IODNHV�ZLWK�VPDOO�JOREXOHV�DW����PLQ��)LJXUH�

�����H����)LQDOO\��WKHVH�IODNHV�GLVDSSHDUHG�DW����K�OHDYLQJ�EHKLQG�VPDOO�JOREXOHV�RI�WKH�

UDQGRP�VL]H�GLVWULEXWLRQ��)LJXUH������I����,W�LV�GXH�WR�XQVWDEOH�PLFHOOHV�IRUPDWLRQ�DW�WKH�

LQWHUIDFH� �QR� VWDELOL]HU� LV� XVHG�� WKDW� UHVXOWHG� LQ� SRURXV� DQG� QRQ�XQLIRUP� JOREXODU�

PRUSKRORJ\� �DW����K�� IRU�SRO\PHUV�XQGLVWXUEHG� IRU�D� ORQJHU�SHULRG� >��@��7KLV� W\SH�RI�

PRUSKRORJ\�JHQHUDWHV�ODUJHU�VXUIDFH�DUHD�IRU�HOHFWURFKHPLFDO�FKHPLFDO�UHDFWLRQ�>������@��

%DVHG�RQ�WKLV�REVHUYDWLRQ��WKH�FRQFHSW�RI�FRQVWDQW�SKDVH�HOHPHQW�ZDV�SURFXUHG�GXH�WR�

LQKRPRJHQHRXV�FKDUJH�GLVWULEXWLRQ�RYHU�SRO\PHU�PDWUL[��GLVFXVVHG�ODWHU�LQ�(,6�UHVXOWV��

����� 7KHUPDO�VWXGLHV�

7KHUPDO�VWDELOLW\�RI���$,Q�DQG���$3,Q�ZDV�LQYHVWLJDWHG�E\�WKHUPRJUDYLPHWULF�DQDO\VLV�

WKDW�LV�D�QRWHZRUWK\�ZD\�RI�VWXG\LQJ�WKHUPDO�GHJUDGDWLRQ�EHKDYLRU��7KH�UHVXOW�REWDLQHG�

ZDV�VLPLODU�WR�WKH�3,Q�IDPLO\�UHSRUWHG�SUHYLRXVO\�>��������������@� $Q�HQGRWKHUPLF�SHDN�

DURXQG������&�LQ�'7$�FXUYH�RI���$,Q�VLJQLILHG�WKH�ILUVW�ZHLJKW�ORVV�UHJLRQ�GXH�WR�WKH�

UHPRYDO� RI� SK\VLFDOO\� DGVRUEHG�ZDWHU�PROHFXOHV� �)LJXUH� ���� �D¶���� 'HFRPSRVLWLRQ� RI�

PRQRPHU�VWDUWHG�DURXQG������&��)LJXUH������D����ZKLFK�H[KLELWHG�PD[LPXP�ZHLJKW�ORVV�

�7*$�FXUYH���)LJXUH������E�	�E¶��GLVSOD\HG�WZR�VWHS�ZHLJKW�ORVV�EHKDYLRU�IRU�WKH��� $3,Q�

WKDW� ZDV� GHSLFWHG� E\� WZR� VORSH� FKDQJHV�� $Q� LQLWLDO� ZHLJKW� ORVV� RI� ���� IURP� URRP�

WHPSHUDWXUH� WR� ���� �&�RQ�7*$�FXUYH� �)LJXUH� ���� �E���ZDV� REVHUYHG�SUREDEO\� GXH� WR�

GHVRUSWLRQ�RI�ZDWHU��$QRWKHU�VORSH�FKDQJH�ZDV�REVHUYHG�LQ�WKH�UDQJH�RI����������&������

VLJQLI\LQJ�WKH�GHJUDGDWLRQ�RI�WKH�SRO\PHU�FKDLQ��)LJXUH������E�	�E¶����2YHUDOO����$3,Q�

UHVHPEOHG�OHVV�SHUFHQWDJH�ZHLJKW�ORVV�������XS WR������&�WKDQ�WKH�PRQRPHU��ZKLFK�ZDV�

GHJUDGHG�DOPRVW�FRPSOHWHO\��7KLV�UHVXOW�LQGLFDWHG�EHWWHU�WKHUPDO�VWDELOLW\�RI���$3,Q�
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)LJXUH���� 7*$�DQG�'7$�FXUYHV�RI���$,Q��D�	�D¶��DQG���$3,Q��E�	�E¶��UHVSHFWLYHO\�

����� (OHFWURFKHPLFDO�VWXGLHV

$V� UHSRUWHG� LQ� OLWHUDWXUH�� VDPH� SRO\PHU� V\QWKHVL]HG� HOHFWURFKHPLFDOO\� XQGHUJRHV�

LUUHYHUVLEOH� GHJUDGDWLRQ� RQ� DSSOLFDWLRQ� RI� R[LGL]LQJ� SRWHQWLDOV� JUHDWHU� WKDQ� ���� 9�

>���������@��7KLV�SKHQRPHQD�RI� ORVV� LQ�HOHFWURFKURPLF�SURSHUWLHV�DW�SRWHQWLDOV�JUHDWHU�

WKDQ�����9�LV�GXH�WR�RYHU�R[LGDWLRQ�>�����@��+RZHYHU��RXU�HPSOR\HG�WHFKQLTXH�\LHOGHG�

SRO\PHU� XQYHLOLQJ� WKH� UHWHQWLRQ� RI� H[FHOOHQW� HOHFWURDFWLYLW\� HYHQ� DW� KLJKHU� SRVLWLYH�

SRWHQWLDOV�GHVFULEHG�EHORZ��5HGR[�SURSHUWLHV�RI�WKH���$3,Q�PRGLILHG�$X�HOHFWURGH����

$3,Q�$X��ZHUH�DQDO\]HG�ZLWK�WKH�DLG�RI�&9��(OHFWURGH�IDEULFDWLRQ�LV�DOUHDG\�H[SODLQHG�

LQ�H[SHULPHQWDO�VHFWLRQ��&\FOLF�YROWDPPRJUDP�RI�WKH��� $3,Q�$X�DQG�EDUH�$X�HOHFWURGH�

ZHUH�REWDLQHG�LQ�����0�7%$3��GLVVROYHG�LQ�'&0��DV�VXSSRUWLQJ�HOHFWURO\WH��VFDQ�UDWH�RI�

���P9�V��LQ�WKH�SRWHQWLDO�ZLQGRZ�RI������9�WR���� 9��DV�VKRZQ�LQ�)LJXUH�������7KH���

$3,Q�GLVSOD\HG�ZHOO�GHILQHG�UHGR[�EHKDYLRU�ZLWK�R[LGDWLRQ�SHDN�DW������9�DQG�UHGXFWLRQ�

SHDN�DW�������9�DORQJ�ZLWK�D�QHZ�SHDN�DW������9��DV�VKRZQ�LQ�LQVHW�RI�)LJXUH������YV��

$J�$J���7KLV�QHZSHDN�LV�GXH�WR�UHGR[�TXDVL�UHYHUVLELOLW\�RI���$3,Q��DV�GLVFXVVHG�ODWHU��

>�������@��+HUHLQ��SUHVHQFH�RI��1+� DQG�SURWRQDWHG�DPLQH�JURXSV�DV�ZHOO�DV�FRQMXJDWLRQ�

LQ� WKH� SRO\PHU� EDFNERQH� DOORZV� LW� WR� EH� GRSHG�� 7KXV�� ��$3,Q� VKRZLQJ� ����OLQNDJH�

EHKDYHV�DV�DQ�Q�GRSHG�DV�ZHOO�DV�S�GRSHG�VHPLFRQGXFWLQJ�PDWHULDO �GHSLFWHG�IURP�WKH�
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)LJXUH�����&9�RI��D��EDUH�$X�HOHFWURGH��E����$3,Q�$X� 7KH�LQVHW�VKRZV�DQ�HQODUJHG�YLHZ�

RI�VLPLODU�&9�SORW�

UHVXOW��ZLWK�DQ�HOHFWURFKHPLFDO�EDQG�JDS��(FY��RI������H9�>���@��

&9�ZDV�DOVR�UHFRUGHG�LQ�����0�+�62� VROXWLRQ�DV�VXSSRUWLQJ�HOHFWURO\WH�DW�GLIIHUHQW�VFDQ�

UDWHV��������������P9�V��IURP������9�WR�����9�WR�IXUWKHU�FKHFN�WKH�HOHFWURDFWLYLW\�RI���

$3,Q��$X��DV�VKRZQ�LQ�)LJXUH��������,W�LV�ZRUWK�PHQWLRQLQJ�KHUH��WKDW�ZH�ZHUH�XQDEOH�WR�

VFDQ� VXFFHVVIXOO\� WRZDUGV�PRUH� QHJDWLYH� SRWHQWLDOV� OLNH� IRUPHU� FDVH� GXH WR� K\GURJHQ�

HYROXWLRQ�>���������@����$3,Q�H[KLELWHG�UHGR[�TXDVL�UHYHUVLELOLW\�DW������9�DQG������9�

YV��$J�$J&O�FRUUHVSRQGLQJ�WR�VWDWH�,�DQG�VWDWH�,,�DV�SURSRVHG�LQ�)LJXUH����� ZKHUH�UHGR[�

WUDQVIRUPDWLRQ�SURFHHGV�ZLWK�WKH�H[FKDQJH�RI�+�2� LRQV�>�����@��+RZHYHU��RQ�FRPSDULQJ�

WKH� HOHFWURDFWLYLW\� RI� WKH� ��$3,Q�$X� REVHUYHG� LQ� &+�&O��7%$3� DQG� ���� 0� +�62�

HOHFWURO\WHV��WKH�HOHFWURDFWLYLW\�REWDLQHG�LQ�ODWWHU�FDVH�LV�ORZHU��ZLWK�ORZ�UHGR[�FXUUHQW��

WKDQ�WKH�IRUPHU�FDVH��7KLV�LV�GXH�WR�GLIIHUHQW�LQWHUDFWLYH�EHKDYLRU�RI�WKH�SRO\PHU�ZLWK�WKH�

HOHFWURO\WHV�DQG�LQYROYHPHQW�RI�LRQ�H[FKDQJH�YLD�+�2� LRQV��UHVSRQVLEOH�IRU�WKH�FKDQJH�

LQ�S+��>�����@��$V�ZH�DUH�H[SHFWLQJ�WKDW�SRO\PHU�EDFNERQH�PD\�FRQWDLQ�K\EULG�RI��1+�

DQG� SURWRQDWHG� DPLQH� JURXSV� DW� WKH� VDPH� WLPH�� 7KHVH� IXQFWLRQDOLWLHV� DFW� DV� HOHFWURQ�

GRQDWLQJ� DQG� HOHFWURQ�ZLWKGUDZLQJ� JURXS� UHVSHFWLYHO\� OHDGLQJ� WR� WKH� IRUPDWLRQ� RI�
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HOHFWURQ�ULFK�DQG�HOHFWURQ�GHILFLHQW�FRQMXJDWHG�EDFNERQH��7KXV��WKLV�PDWHULDO�LV�IORRULQJ�

LWV�ZD\�WRZDUGV�Q�W\SH�DQG�S�W\SH�HOHFWULFDO�FRQGXFWRUV��:H�DOVR�REVHUYHG�D�VOLJKW�FKDQJH�

LQ�WKH�SHDN�SRWHQWLDOV�RQ�YDU\LQJ�VFDQ�UDWHV�LQ�DTXHRXV�HOHFWURO\WH��7KLV�UHYHDOV�WKH�UHGR[�

UHF\FODELOLW\� RI� ��$3,Q� EHWZHHQ� SURSRVHG� VWDWH� ,� WR� VWDWH� ,,� ZLWKRXW� DQ\� VLJQLILFDQW�

GHFRPSRVLWLRQ�ZLWK�WKH�GLIIXVLRQ�FRQWUROOHG�SURFHVV�>�����@��

)LJXUH����� &9�RI��D��EDUH�$X�HOHFWURGH�DQG���$3,Q�$X LQ�SUHVHQFH�RI�����0�+�62� DW�

VFDQ�UDWH��E���� P9V�����F���� P9V�� DQG��G������P9�V���

7KLV�EHKDYLRU� LV� DOVR�YHULILHG�E\�(,6�DV�H[SODLQHG� ODWHU��7DNHQ� WRJHWKHU��ZH�REVHUYHG�

FRQVLVWHQW�TXDVL�UHYHUVLEOH�UHGR[�EHKDYLRU�RI�WKH�ZDYHV�HYHQ�DW�SRVLWLYH�SRWHQWLDOV��!����

9��XQOLNH�WKDW�REVHUYHG�IRU�HOHFWURFKHPLFDOO\�V\QWKHVL]HG���$3,Q�>���������@��7KXV��ZH�

FDQ�VD\�WKDW�RXU�PHWKRGRORJ\�\LHOGHG�DQ�H[FHOOHQW�HOHFWURDFWLYH�SRO\PHU�

(,6�ZDV�FDUULHG�RXW�WR�VWXG\�WKH�LQKRPRJHQHRXV�FKDUJH�GLVWULEXWLRQ�RYHU�SRO\PHU�

PDWUL[�GXH� WR�QRQ�XQLIRUP�JOREXODU�PRUSKRORJ\��DV�REVHUYHG� LQ�6(0�UHVXOWV��� ,W� DOVR�

FRPSOLPHQWHG�WKH�UHGR[�UHF\FODELOLW\�RI���$3,Q�REVHUYHG��UHIHU�WR�)LJXUH������DQG�)LJXUH�

������ZLWKRXW�DQ\�VLJQLILFDQW�GHFRPSRVLWLRQ�ZLWK�WKH�GLIIXVLRQ�FRQWUROOHG�SURFHVV��(,6�

VWXG\� H[SUHVVHG� WKH� LQYROYHPHQW� RI� LQWHUQDO� UHVLVWDQFHV� DFWLQJ� EHWZHHQ� WKH� UHIHUHQFH�
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HOHFWURGH�DQG�ZRUNLQJ�HOHFWURGH�GXULQJ�HOHFWURFKHPLFDO�SKHQRPHQRQ��7KH�FXUUHQW�IORZ�

E\�DSSO\LQJ�D�YROWDJH

)LJXUH������6FKHPDWLF�UHSUHVHQWDWLRQ�RI�UHGR[�UHF\FODELOLW\�EHKDYLRU�RI���$3,Q�LQ����0�

+�62��

DW�D�VHW�IUHTXHQF\�ZDV�UHFRUGHG�E\�WKH�SRWHQWLRVWDW�DQG�FRQYHUWHG�LQWR�DQ�LPSHGDQFH�YDOXH�

�UHDO��=ŷ���LPDJLQDU\�FRPSRQHQW��=����YLD�VRIWZDUH��7KLV�ZDV�VWXGLHG�LQ�WHUPV�RI�1\TXLVW�

SORW�IRU���$3,Q�$X�HOHFWURGH�DV�VKRZQ�LQ�)LJXUH�������,Q�WKH�HOHFWURFKHPLFDO�H[SHULPHQW��

FRPELQDWLRQ�RI�YDULRXV�HOHPHQWV�VXFK�DV�VROXWLRQ�UHVLVWDQFH��5V���FRQVWDQW�SKDVH�HOHPHQW�

�4�RU�&3(���FKDUJH�WUDQVIHU�UHVLVWDQFH��5FW��DQG�WKH�:DUEXUJ�HOHPHQW��:��FRQWULEXWHG�WR�

WKH� WRWDO� LPSHGDQFH�RI� WKH�V\VWHP�ZKLFK� LV� UHSUHVHQWHG� LQ� WKH�IRUP�RI�5DQGOHV�FLUFXLW�

>���@��&3(�ZDV�REVHUYHG�GXH�WR�FKDUJH�DFFXPXODWLRQ�RYHU�WKH�LQKRPRJHQHRXV�VXUIDFH�

�DV�LQIHUUHG�IURP�6(0�LPDJHV��:�DFFRXQWV�IRU�WKH�GLIIXVLRQ�FRQWUROOHG�SURFHVV�WKDW�LV�

REVHUYHG� DW� UHJLRQV� �RU� KLJK� �=����7KH� KLJK�IUHTXHQF\� �RU� ORZ� �=��� UHJLRQ� UHSUHVHQWV�

RSSRVLWLRQ�RIIHUHG�WR�HOHFWURQ�PRYHPHQW�NQRZQ�DV�UHVLVWDQFH�WR�FKDUJH�WUDQVIHU��5FW���,W�

FDQ�EH�VHHQ�WKDW�VWUDLJKW�OLQH�SDUW�RI���$3,Q��$X�HOHFWURGH�VKRZV�D�KLJKHU�LQFOLQDWLRQ�
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)LJXUH������(,6�RI��D��EDUH�$X�HOHFWURGH���E����$3,Q�$X���LQVHW� (,6�GDWD�ILWWHG�E\�=6LPS�

VRIWZDUH�IRU�EDUH�$X�HOHFWURGH�DQG���$3,Q�$X ZLWK�WKHLU�HOHFWULFDO�HTXLYDOHQW�FLUFXLW��

7DEOH�����(,6 SDUDPHWHUV�FDOFXODWHG�IURP�WKH�HTXLYDOHQW�FLUFXLW�PRGHO�

0DWHULDO 5V
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%DUH�$X�
HOHFWURGH

���� �����[���� ���� ����[���� ������ �����[��� ���� ����[��� �����

)LJXUH������(OHFWURQ�GLVWULEXWLRQ�IRU�WKH���$3,Q��D��+202�DQG��E��/802�HQHUJ\�OHYHOV�

REWDLQHG�DW�WKH�Z%��;'�����*�OHYHO�RI�WKHRU\�LQ�JDV�SKDVH� +HUH�EOXH��JUD\�DQG�ZKLWH�

EDOOV�UHSUHVHQW�1��&�DQG�+�DWRPV�UHVSHFWLYHO\�
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WRZDUGV�WKH��=��D[LV�DW�ORZ�IUHTXHQF\�VLGH�GHSLFWLQJ�WKH�GLIIXVLRQ�FRQWUROOHG�SURFHVV�GXH�

WR�KLJKHU�FKDUJH�DFFXPXODWLRQ�QHDU�WKH�HOHFWURGH�VXUIDFH�>���@�

����� 7KHRUHWLFDO�VWXGLHV

'HQVLW\� IXQFWLRQDO� WKHRU\� �')7�� FDOFXODWLRQV� ZHUH� SHUIRUPHG� WR SUHGLFW� UHDVRQDEOH�

VWUXFWXUH�DQG�HOHFWURQLF�SURSHUWLHV�RI�WKH�DVV\QWKHVL]HG SRO\PHU��&RPSXWDWLRQDO�VWXGLHV�

RQ� 3,Q� KDYH� DOUHDG\ EHHQ� SHUIRUPHG� HDUOLHU� LQ� RUGHU� WR� VWXG\� WKH� SRO\PHUL]DWLRQ�

PHFKDQLVP�PDLQO\�YLD�����OLQNDJH�>���@��+RZHYHU��LQ�WKH�SUHVHQW�ZRUN��ZH�KDYH�WDLORUHG�

WKH�HOHFWURQLF�EDQG�JDS�RI�D���VXEVWLWXWHG SRO\PHU����$3,Q��FRQWDLQLQJ�����OLQNDJH��:H�

KDYH�HPSOR\HG�WKH K\EULG�IXQFWLRQDO�LQVWHDG�RI�FRQYHQWLRQDO�IXQFWLRQDO��DV�LW�RYHUFRPHV

WKH� SUREOHPV� DVVRFLDWHG� ZLWK� FKDLQ�OHQJWK� GHSHQGHQFH� RI� EDQG� JDSV� IRU� FRQGXFWLQJ�

RUJDQLF�SRO\PHUV��7R�WKH�EHVW�RI�RXU NQRZOHGJH��PRVW�VXLWDEOH�IXQFWLRQDO�DPRQJ�UDQJH�

VHSDUDWHG�K\EULGV IRU�ROLJRPHUV�ZLWK�����ULQJV�LV�Z%��;'�>���@�6R��WKHRUHWLFDO EDQG�JDS�

ZDV�FRPSXWHG�ZLWK�WKH�Z%��;'�IXQFWLRQDO�DORQJ�ZLWK�����* EDVLV�VHW�IRU�WKH���$3,Q�

>�������@�� )RXU� ��$,Q� PROHFXOHV� DUH GHFRUDWHG� LQ� WKH� PRVW� DSSURSULDWH� VSDWLDO�

DUUDQJHPHQW�RI�DWRPV� JURXSV��DQG�GHIHFWV�ZHUH�LQWHQWLRQDOO\�FUHDWHG�DW�WZR�HOHFWURQ�ULFK

FHQWHUV��1�DWRP��LQ�RUGHU�WR�VKRZ�WKH�FRQGXFWLQJ�EHKDYLRU�RI��� $3,Q��*HRPHWU\�RI���

$3,Q� ZDV� IXOO\� RSWLPL]HG� LQ� JDV� SKDVH�� $ EHQHILW� RI� K\EULG� IXQFWLRQDOV� LV� WKDW� WKH\�

HVWLPDWH�JDV�SKDVH�')7 +202�/802�JDSV�IRU�SRO\PHU�WKDW�DUH�YHU\�FORVH�WR�(J DQG�

(&9 YDOXHV�SURGXFHG�H[SHULPHQWDOO\�>���@� ,Q�RUGHU�WR�HQVXUH�WKH�PLQLPD�RQ�WKH�SRWHQWLDO�

HQHUJ\�VXUIDFH�YLEUDWLRQDO�IUHTXHQF\�DQDO\VLV�ZDV DOVR�FDUULHG�RXW�DW�WKH�VDPH�OHYHO�RI�

WKHRU\�DQG�DOO�IUHTXHQFLHV�ZHUH IRXQG�WR�EH�UHDO��,QFOXVLRQ�RI�GHIHFWV�LQ�WKH�PROHFXODU�

EDFNERQH� RI ��$3,Q� OHDGV� WR� WKH� GLVWRUWLRQ� LQ� FR�SODQDULW\� WKDW� XOWLPDWHO\� LQKLELWV

HOHFWURQLF�FRQGXFWLRQ�WR�VRPH�H[WHQW�

)URQWLHU�PROHFXODU�RUELWDO��)02��FDOFXODWLRQV�ZHUH�DOVR�SHUIRUPHG�DW�WKH�Z%��;'���
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��*�OHYHO�RI�WKHRU\�LQ�JDV�SKDVH�LQ�RUGHU WR�JHW�WKH�LQVLJKWV�DERXW�WKH�WKHRUHWLFDO�EDQG�

JDSV�� 0ROHFXODU RUELWDO� GLDJUDP� LV� REWDLQHG� E\� JHQHUDWLQJ� WKH� PROHFXODU� RUELWDOV� E\�

SRSXODWLRQ�DQDO\VLV�ZLWK�LVRYDOXH �����XVLQJ�*DXVV�9LHZ��+LJKHVW�RFFXSLHG�PROHFXODU�

RUELWDO��+202��DQG�WKH�ORZHVW�XQRFFXSLHG PROHFXODU�RUELWDO��/802��DUH�FROOHFWLYHO\�

NQRZQ� DV� IURQWLHU� PROHFXODU RUELWDOV� DV� WKH\� IRUP� WKH� RXWHUPRVW� ERXQGDULHV� RI� WKH�

HOHFWURQV�RI�WKH�V\VWHP��,W�LV�FOHDU�IURP�)LJXUH����� WKDW�+202�LV�ORFDOL]HG�RYHU��VW�DQG�

�UG�PRQRPHU�XQLW�RI�WKH�SRO\PHU��WHWUDPHU��DQG /802�LV�ORFDOL]HG�RYHU��QG�DQG��WK�

XQLW� RI� WKH� SRO\PHU� �WHWUDPHU�� 7KH� GLIIHUHQFH� �'(��EHWZHHQ�+202�DQG�/802ZDV�

FDOFXODWHG�WR�EH �����H9��2YHUDOO��WKH�WKHRUHWLFDO�EDQG�JDS��'(��DJUHH�TXDOLWDWLYHO\�ZHOO�

ZLWK�WKH�RSWLFDO�EDQG�JDS��(J�������H9��DQG�HOHFWURFKHPLFDO EDQG�JDS��(FY�������H9��

REWDLQHG�H[SHULPHQWDOO\��$OO�WKH�FDOFXODWLRQV ZHUH�SHUIRUPHG�XVLQJ�*DXVVLDQ����SURJUDP�

DQG�+202 /802 DUH�SORWWHG�ZLWK�*DXVV�9LHZ�>���@�

���������,VRWKHUP VWXGLHV

6WDEOH�GLVSHUVLRQ�RI���$3,Q� LQ�'062�FKORURIRUP��������ZDV� VSUHDG�RQ�PRELOH�ZDWHU�

VXUIDFH�WR�VWXG\�LWV�ʌ�$�LVRWKHUP�DW�����&��DV�VKRZQ�LQ�)LJXUH��������7KH�ʌ�$�LVRWKHUP

)LJXUH������3UHVVXUH�DUHD��ɩ�$��LVRWKHUP�RI���$3,Q�GHSLFWLQJ�YDULRXV�UHJLRQV�,��,,��,,,��

,9��LQVHW�VKRZV���$3,Q�GLVSHUVLRQ�
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SURYLGHV�XVHIXO�LQIRUPDWLRQ�DERXW�WKH�LQWHUPROHFXODU�LQWHUDFWLRQ�DV�ZHOO�DV�ILOP�VWDELOLW\�

DW� DLU�ZDWHU� LQWHUIDFH����$3,Q�VROXWLRQ� �GLVSHUVLRQ��ZKHQ�VSUHDG�RQWR�ZDWHU� VXESKDVH��

PROHFXOHV�RULHQW�WKHPVHOYHV�DW�WKH�DLU�ZDWHU�LQWHUIDFH WR�PLQLPL]H�WKHLU�IUHH�HQHUJ\��7KLV�

PDWHULDO�ZKHQ�FRPSUHVVHG��FRPSUHVVLRQ�VSHHG ���PP�PLQ��VORZO\��DIIHFWV�WKH�VXUIDFH�

SUHVVXUH��GLIIHUHQWLDO�VXUIDFH�WHQVLRQ��ʌ� ȖR �ZDWHU� � Ȗ�PDWHULDO����3VHXGRPRQROD\HU��LQ�WKLV�

FDVH�� IRUPHG� XQGHUJRHV� YDULRXV� SKDVH� WUDQVIRUPDWLRQV� FRUUHVSRQGLQJ� WR� WKUHH�

GLPHQVLRQDO� JDVHV�� OLTXLGV� DQG� VROLGV�� 7KHVH� SKDVH� FKDQJHV� DUH� WKHQ� UHFRJQL]HG� E\�

REVHUYLQJ� WKH� VXUIDFH� SUHVVXUH� �ʌ�� DV� D� IXQFWLRQ� RI� WKH� DUHD� FRYHUHG� E\� WKH�

SVHXGRPRQROD\HU�ILOP >�����@�

)LJXUH� ���� SUHVHQWV� IRXU� GLVWLQFW� DUHDV� QDPHO\� UHJLRQ� ,� DFFRXQWLQJ� WR�ZLGHO\� VSUHDG�

PROHFXOHV��VLPLODU�WR�JDV�SKDVH���UHJLRQ�,,�GHVFULELQJ�OLTXLG�SKDVH��UHJLRQ�,,,�UHSUHVHQWLQJ�

FRQGHQVHG�OLTXLG�SKDVH��DQG�UHJLRQ�,9�GHSLFWLQJ�VROLG�SKDVH�>��������@��5HJLRQ�,,,��OLTXLG�

FRQGHQVHG�SKDVH��LV�WKH�QHDUO\�SODWHDX�DUHD�ZKHUH�PROHFXOHV�DUH�VXSSRVHG�WR�EH�MXVW�FORVH�

HQRXJK�WR�IRUP�XQLIRUP�FRPSDFW�ILOP��7KLV�REVHUYDWLRQ�LV�VXSSRUWHG�E\�WKH�6(0�UHVXOWV�

GLVFXVVHG�ODWHU��7KH�/DQJPXLU�IORDWLQJ�ILOPV�ZHUH�OLIWHG�DW�WKH�FXUYH�PLG�SRLQW�����P1�P��

LQ�D�KRUL]RQWDO�IDVKLRQ��6FKDHIHU�VW\OH��VR�DV�WR�SUHYHQW�WKH�GLVUXSWLRQ�LQ�XQLIRUPLW\�RI�

ULJLG�PRQROD\HU�XQOLNH�REVHUYHG�GXULQJ�YHUWLFDO�OLIWLQJ�RI�QRQ�DON\O�FKDLQ�SRO\PHUV�>���

�����@��/DQJPXLU�ILOPV�RI�YDULRXV�QRQ�DPSKLSKLOLF�FRPSRXQGV�RU�SRO\PHUV�UHSRUWHG�DUH�

XVXDOO\�ULJLG�DQG�XQGHUJR�EUHDNDJH�RI�ILOPV�GXULQJ�YHUWLFDO�OLIWLQJ��7KHUHIRUH��/6�PHWKRG�

HPSOR\LQJ�KRUL]RQWDO�OLIWLQJ�LV�PXFK�SUHIHUUHG�IRU�LWV�IDEULFDWLRQ�>�����@�

������)LOP�PLFURVFRSLF�VWXGLHV

6(0�PLFURJUDSKV�RI���$3,Q�/6�ILOPV��OLIWHG�KRUL]RQWDOO\�DW�GLIIHUHQW�VXUIDFH�SUHVVXUHV�

�������� DQG����P1�P��DUH� VKRZQ� LQ�)LJXUH����� �D�H���)LJXUH����� �D�� �DW� ���P1�P��

GHSLFWV�QRQ�XQLIRUP�ILOP�FRQWDLQLQJ�JDSV���E���DW����P1�P��VPRRWK�DQG�XQLIRUP�ILOP��
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�F�� LWV�PDJQLILHG� LPDJH� GHSLFWLQJ� IHZ� FUDFNV�� �G�� �DW� ���P1�P�� IROGHG� ILOP�� DQG� �H��

PXOWLOD\HU���/��/6�ILOP�OLIWHG�DW����P1�P�IRU�PHDVXULQJ�HOHFWULFDO�SDUDPHWHUV�GLVFXVVHG�

ODWHU��$W����P1�P�63��WKH�PROHFXOHV�VWDUW�FRPLQJ�FORVHU�EXW�DUH�OHIW�ZLWK�VRPH�JDSV�WKDW�

GLPLQLVK�ZLWK�LQFUHDVLQJ�63��L�H��DW����P1�P���2Q�IXUWKHU�FRPSUHVVLQJ�WKH�EDUULHUV�����

P1�P�� WKH� ILOP� VWDUWV� IROGLQJ� DQG� OD\HUV� RYHUODS� HDFK� RWKHU� >��������@�� 7KHVH�

REVHUYDWLRQV� FOHDUO\� YDOLGDWH� ��� P1�P� SUHVVXUH� DV� WKH� RSWLPXP� RQH� IRU� SURFHHGLQJ�

WRZDUGV�FRPSDFW�DQG�XQLIRUP�ILOP�GHSRVLWLRQ�

$)0 ��'�DQG��'��LPDJHV�RI�WKH�DV�GHSRVLWHG���$3,Q�/6�DW����P1�P�ZHUH�REWDLQHG�DV�

VKRZQ� LQ� )LJXUH� ������ ,W� FOHDUO\� GHSLFWV� WKH� XQLIRUPO\� GHFRUDWHG� JOREXODU� ��$3,Q�

VWUXFWXUHV�ZLWK�FRPSDFW�DUUDQJHPHQW�>��������@��+RUL]RQWDO�DQG�YHUWLFDO�VXUIDFH�SURILOLQJ�

�)LJXUH����� F�	�G��ZDV�DOVR�GRQH�YLD�1RYD�VRIWZDUH�WR�H[DPLQH�WKH�XQLIRUPLW\�LQ�ERWK�

[�DQG�\�GLUHFWLRQ�RI�WKH�/6�ILOP��7KH�LQVHW�SURILOH�JUDSK�LQ�ERWK�FDVHV�GHSLFW�WKH�PD[LPXP�

���QP� URXJKQHVV�RYHU� WKH� ODUJH� DUHD�RI���[���ȝP� DUHD��7KH� URRW�PHDQ� VTXDUH� �UPV��

URXJKQHVV YDOXH�RI�������QP�DQG�URXJKQHVV�DYHUDJH�RI�������QP�DOVR�DVVXUHV�WKH�ODUJH�

DUHD�VXUIDFH�XQLIRUPLW\�>��������@�

������)LOP�VSHFWURVFRSLF�VWXGLHV

5DPDQ�VSHFWURVFRS\�KDV�EHHQ�GRQH�WR�LQYHVWLJDWH�WKH�RUGHULQJ�DQG�DVVHPEO\�RI���$3,Q�

YLD�/6�PHWKRG�LQ�FRPSDULVRQ WR�WKDW�RI�EXON�SRO\PHU��DV�VKRZQ�LQ�)LJXUH��������%XON���

$3,Q��SRZGHU��GLVSOD\V�WZR�EURDG�PDMRU�SHDNV�DW�������S\UUROH�ULQJ�VWUHWFK�RI�LQGROH��

DQG� ����� FP�� �EHQ]HQH� ULQJ� VWUHWFK� RI� LQGROH�� �)LJXUH� ����� �D��� FKDUDFWHULVWLF� RI�

SRO\LQGROH�IDPLO\�>������������@��:KHUHDV����$3,Q�/6�ILOP�UHYHDOHG�PXOWLSOH�SHDNV�DW

����� ����� ������ ������ ����� DQG� ����� FP���� 7KH� VSHFWUD� FOHDUO\� GHPRQVWUDWHV� WKH�

VLJQLILFDQW�VKLIW�RI�PDMRU�SHDNV�������DQG������FP����WRZDUGV�KLJKHU�ZDYH�QXPEHU
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)LJXUH����� 6(0�LPDJHV���$3,Q�/6�ILOP�GHSRVLWHG�DW�GLIIHUHQW�SUHVVXUHV��D�������E������

�F��PDJQLILHG�LPDJH�RI�E���G�����P1�P��DQG��H��PXOWLOD\HU���/��/6�ILOP�OLIWHG�DW����P1�P���

)LJXUH����� 7DSSLQJ�PRGH�$)0�LPDJH�RI���$3,Q�IDEULFDWHG�DW�RSWLPXP�SUHVVXUH�����

P1�P��YLD�/6�PHWKRG��D���'��E���'��F��DQG��G��KRUL]RQWDO�DQG�YHUWLFDO�VXUIDFH�SURILOH�
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)LJXUH������5DPDQ�VSHFWUD�RI��D����$3,Q�/6�ILOP�DQG��E����$3,Q�SRZGHU��EXON��

LQGLFDWLQJ�WKH�LPSURYHG�FU\VWDOOLQLW\�RI�WKH�/6�GHSRVLWHG�ILOP�>�����@� 7KH�SUHVHQFH�RI�

H[WUD�SHDNV�IRU�/6�ILOP�VSHFWUXP�FDQ�EH�DFFRXQWHG�WR�WKH�EHWWHU�RUGHULQJ�DQG�FU\VWDOOLQLW\�

DV� FRPSDUHG� WR� WKH� EXON� SRO\PHU� GXH� WR� IROORZLQJ� WZR� UHDVRQV�� ����$3,Q� GLVSHUVLRQ�

SUHSDUHG� LQ� VORZ� HYDSRUDWLQJ� VROYHQW� PL[WXUH DQG� ���� LWV� VSUHDGLQJ� RYHU� DLU�ZDWHU�

LQWHUIDFH� DOORZV�PD[LPXP� H[WHQVLRQ� DQG� FKDLQ� RULHQWDWLRQ� RI� WKH�PROHFXOHV� RYHU� WKH�

ZDWHU�VXESKDVH��0ROHFXOHV�DIWHU�VORZ�HYDSRUDWLRQ�RI�WKH�VROYHQW�DUH�VXVSHQGHG�DW�WKH�DLU�

ZDWHU�LQWHUIDFH�IRUPLQJ�IORDWLQJ�LVODQGV��HYLGHQW�IURP�6(0��)LJXUH����� �D���RQ�WKH�ZDWHU�

VXESKDVH��7KHVH�PROHFXOHV�DUH�VXVSHQGHG�SUREDEO\�GXH� WR�K\GURSKLOLF�HQG� LQWHUDFWLQJ�

ZLWK�ZDWHU�VXUIDFH�DQG�K\GURSKRELF�SDUW�VWDQGLQJ�DZD\�IURP�WKH�LQWHUIDFH�

3LFWRULDO�UHSUHVHQWDWLRQ�VKRZQ�LQ�)LJXUH����� FOHDUO\�H[SODLQV�WKH�DVVHPEO\�RI���$3,Q�

FKDLQV�RQ�ZDWHU�VXESKDVH�DQG�WKHLU�DUUDQJHPHQW�DIWHU�EDUULHU�FRPSUHVVLRQ��$PLQR�JURXS�

SUHVHQW�RQ�WKH�FKDLQ�IDFLOLWDWHV�WKLV�RULHQWDWLRQ�RI�WKH�PROHFXOHV�LQ�D�SDUWLFXODU�IDVKLRQ��

)XUWKHU�RQ�EDUULHU�FRPSUHVVLRQ��XSWR����P1�P���WKHVH�PROHFXOHV�WKHQ�VWDUW�FRPLQJ�FORVHU�

WKXV�LQWHUDFWLQJ�ZLWK�HDFK�RWKHU�DQG�IRUPLQJ�D�VROLG�FRPSDFW�ILOP��7KHVH�DV�GHSRVLWHG�/6�

ILOPV�UHYHDO�EHWWHU�FU\VWDOOLQLW\�DQG�RUGHULQJ�VKRZLQJ�EURDG�DQG�VKDUS�SHDNV�LQ�WKH�5DPDQ

VSHFWUXP�>��������@�
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)LJXUH����� 3LFWRULDO�UHSUHVHQWDWLRQ�GHSLFWLQJ�WKH���$3,Q�GLVSHUVLRQ�VSUHDG�RYHU�ZDWHU�

VXESKDVH��D��EHIRUH�DQG��E��DIWHU�FRPSUHVVLRQ�XSWR����P1�P�DQG�LWV�/6�ILOP�IDEULFDWLRQ�

������(OHFWURQLF�SDUDPHWHU�DQG�FKDUJH�WUDQVSRUW�FKDUDFWHULVWLFV

7KH�MXQFWLRQ�SURSHUWLHV�RI�$3,Q�/6�ILOP�VHPLFRQGXFWLQJ�SRO\PHU��VDQGZLFKHG�EHWZHHQ�

)LJXUH����� �D�� ORJ�-�YV��9�SORW�DQG� �E�� ORJ� -�YV�� ORJ�9�SORW�RI� VDQGZLFKHG�VWUXFWXUH�

$O�$3,Q�/6�ILOP�,72�

WZR�HOHFWURGHV�WRWDOO\�GHSHQG�RQ�WKH�LQWHUIDFLDO�FKDUDFWHULVWLFV�DQG�WKH�GLIIHUHQFH�LQ�WKHLU�

ZRUN� IXQFWLRQ� UHVSHFWLYHO\� >�������������@�� 7KHUHIRUH�� IRU� IDEULFDWLRQ� RI� GLRGH�� WKH�

VHOHFWHG�HOHFWURGHV�PXVW�EH�LQ�VXFK�D�ZD\�WKDW�RQH�HOHFWURGH�IRUPV�RKPLF�FRQWDFW�ZLWK�
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$3,Q�/6�ILOP��S�W\SH�VHPLFRQGXFWRU��DQG�RWKHU�HOHFWURGH�FUHDWHV�UHFWLI\LQJ�FRQWDFW�ZLWK�

WKH� VHPLFRQGXFWLQJ� OD\HU�� 7KHUHIRUH�� $O� DQG� ,72� DUH� RSWHG� DV� WZR HOHFWURGHV� IRU�

IRUPDWLRQ�RI�6FKRWWN\�GLRGH�ZLWK�WKH�ZRUN�IXQFWLRQ�RI�,72������H9��FRPSDUDEOH�ZLWK�

$3,Q�SRO\PHU������H9��IRUPLQJ�RKPLF�FRQWDFW��0HDQZKLOH��WKH�RWKHU�HOHFWURGH�$O������

H9��ZLWK�ORZHU�ZRUN�IXQFWLRQ�IRUPV�WKH�UHFWLI\LQJ�FRQWDFW�

7KH� FXUUHQW� GHQVLW\�YROWDJH� �-�9��PHDVXUHPHQW� RI� GHYLFH�$O�$3,Q� /6� )LOP�,72�ZDV�

PHDVXUHG�E\�VZHHSLQJ����WR����9�DQG�IRXQG�DV\PPHWULFDO�UHFWLI\LQJ�QDWXUH�LQ�ILUVW�DQG�

WKLUG�TXDGUDQW�ZKLFK�DXWKRUL]HV�WKH�IRUPDWLRQ�RI�6FKRWWN\�MXQFWLRQ�EHWZHHQ WKH�$O�PHWDO�

DQG�3�+7�>����������@��7KH�VHPLORJ�SORW�RI�ORJ -�YV�9�FKDUDFWHULVWLFV�RI�GHYLFH�$O�$3,Q�

/6�ILOP�,72�DUH�VKRZQ�LQ�)LJXUH�������D���7KH�OLQHDU�SRUWLRQ�RI�ORJ�-�YV��9�FXUYH�LV�XVHG�

WR�HVWLPDWH�WKH�LGHDOLW\�IDFWRU�DV�VKRZQ�LQ�)LJXUH�������E���7KH�HOHFWULFDO�FKDUDFWHULVWLFV�

RI 6FKRWWN\� MXQFWLRQ� FDQ� EH� H[SODLQHG� XVLQJ� VWDQGDUG� WKHUPLRQLF� HPLVVLRQ�GLIIXVLRQ�

WKHRU\�>�����@��$V�SHU�WKHUPLRQLF�HPLVVLRQ�GLIIXVLRQ�WKHRU\��-�FDQ�EH�UHODWHG�WR�9�ZLWK�

WKH�H[SUHVVLRQ�

 ൌ  ቂ��� ቀ
୯

୩
ቁ െ ͳቃ �����

ZKHUH� -� DQG� -� GHQRWH� FXUUHQW� GHQVLW\� IORZLQJ� WKURXJK� WKH� GLRGH�� � UHYHUVH� VDWXUDWLRQ�

FXUUHQW� GHQVLW\�� T�� 9�� 7�� Ș�� N�� UHSUHVHQW� WKH� HOHFWURQLF� FKDUJH�� DSSOLHG� ELDV� YROWDJH��

DEVROXWH�WHPSHUDWXUH��LGHDOLW\�IDFWRU��%ROW]PDQQ�FRQVWDQW��UHVSHFWLYHO\��)XUWKHUPRUH��-�

LV�GLUHFWO\�FRQQHFWHG�WR�EDUULHU�KHLJKWࢥ�% DV�

-� �$7��H[S�
ିಳ

்
����������������

ZKHUH� $� GHQRWHV� HIIHFWLYH� 5LFKDUGVRQ� FRHIILFLHQW� DQG� IRXQG� WR� EH� ���� $FP��.������������������������������������������������������������������

(TXDWLRQ�����FDQ�EH�DSSUR[LPDWHG�DV�EHORZ�XQGHU�IRUZDUG�ELDV��T9���ȘN7�!!����FRQGLWLRQ
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7KH�YDOXH�RI�LGHDOLW\�IDFWRU�IRU�$O���$3,Q�/6�ILOP�,72�GHYLFH�LV�HYDOXDWHG�DW�����.�IURP�

WKH�VORS�RI�OLQHDU�UHJLRQ�RI�-�9�FKDUDFWHULVWLFV�SORW�DV�VKRZQ�LQ�)LJXUH�������D��DQG�IRXQG�

WR�EH������7KH�YDOXH�RI� LGHDOLW\� IDFWRU� WKXV�REWDLQHG� LV�JUHDWHU� WKDQ� WKH�VWDQGDUG�YDOXH�

�XQLW\���ZKLFK�PD\�DFFRXQW�IRU�LQKRPRJHQHLW\�SUHVHQW�LQ�WKH�ILOP�RU�GXH�WR�WKH�WUDS�VWDWHV�

IRU� WKH�FKDUJH�FDUULHUV�>�����@��7KH�UHYHUVH�VDWXUDWLRQ�FXUUHQW�GHQVLW\�ZDV�IRXQG�WR�EH�

�����[���� �$�FP��� 7KH� EDUULHU� KHLJKW� DW� WKH� LQWHUIDFH� LV� FDOFXODWHG� IURP� UHYHUVH�

VDWXUDWLRQ�FXUUHQW�GHQVLW\�-� DQG�IRXQG�WR�EH������H9��

,Q� RUGHU� WR� XQGHUVWDQG� WKH� FKDUJH� WUDQVSRUW� LQ� VDQGZLFKHG� VWUXFWXUH��ZH� KDYH SORWWHG�

GRXEOH�ORJDULWKPLF�-�9�FKDUDFWHULVWLFV�IRU�$O���$3,Q�/6�ILOP�,72�VWUXFWXUH�DV�VKRZQ�LQ�

)LJXUH�������E���,W�LV�TXLWH�REYLRXV�WKDW��LQ�IRUZDUG�ELDV�FRQGLWLRQ��WKH�GRXEOH�ORJDULWKPLF�

SORW�GHPRQVWUDWH�WKUHH�ZHOO�VHSDUDWHG�UHJLRQV�DVVLJQHG�DV��,��RKPLF�EHKDYLRU���,,��WUDS�

ILOOHG�VSDFH�FKDUJH�OLPLWHG�FXUUHQW��6&/&��DQG��,,,��WUDS�IUHH�VSDFH�FKDUJH�OLPLWHG�FXUUHQW�

�7)6&/&���,W�FDQ�EH�REVHUYHG�IURP�GRXEOH�ORJ�SORW�WKDW�UHJLRQV�,�WR�,,,�DUH�DUUDQJHG�LQ�

DVFHQGLQJ�RUGHU�RI� WKHLU� VORS�� ,Q�SDUWLFXODU�� UHJLRQ� ,,�KDV�KLJKHU� VORSH�DV�FRPSDUHG� WR�

UHJLRQ� ,� DQG� FDQ� EH� GHVLJQDWHG� DV� LQLWLDWLRQ� RI� DEUXSW� WUDS� ILOOLQJ� E\� LQMHFWHG� FKDUJH�

FDUULHUV�� )XUWKHUPRUH�� LW� LV� DVVXPHG� WKDW� DSSUR[LPDWHO\� DOO� WKH� WUDSV� DUH� ILOOHG� DW� WKH�

LQWHUVHFWLRQ�RI�,,�DQG�,,,�UHJLRQV��+RZHYHU��LQ�UHJLRQ�,,,��WKH�VPDOO�ELDV�YROWDJH�FDXVHV�WKH�

H[SRQHQWLDO� LQFUHDVH�LQ�FXUUHQW�GHQVLW\��)XUWKHUPRUH�� LQ�7)6&/&�UHJLRQ�� WKHUH�LV�RQO\�

RQH�W\SH�RI�FKDUJH�FDUULHUV�HLWKHU�HOHFWURQV�RU�KROHV��$O���$3,Q�/6�ILOP��,72�ZLOO�EH�

7DEOH���� (OHFWURQLF�SDUDPHWHUV�RI�6FKRWWN\�GLRGH�FRQILJXUDWLRQ�

'HYLFH -���$�FP�� Ɏ%��H9� Ș 2Q�2II�UDWLR

$O�$3,Q�/6�)LOP�,72 �����[���� ���� ���� ���



&KDSWHU��

���

UHJDUGHG� DV� KROH� RQO\� LQ� UHJLRQ� ,,,� DQG� HOHFWURQLF� SDUDPHWHUV� RI� 6FKRWWN\� GLRGH�

FRQILJXUDWLRQ�DUH�OLVWHG�LQ�7DEOH�����

��� &RQFOXVLRQ

7KH�PRUSKRORJ\� FRQWUROOHG� ,3 RI� ��$3,Q LV� DFKLHYHG� VXFFHVVIXOO\� LQ� RQH�SRW� V\VWHP�

\LHOGLQJ�HOHFWURDFWLYH SRO\PHU�LQ�EXON��7KLV�DSSURDFK�SURYLGHG�EHWWHU�DVVHW�VXFK�DV�EHWWHU

HOHFWURFKHPLFDO� SURSHUWLHV� �ODUJH� HOHFWURFKHPLFDO� ZLQGRZ�� WKDQ HOHFWURFKHPLFDOO\�

V\QWKHVL]HG� VDPH SRO\PHU��'XH� WR�SURWRQDWLRQ�RI� WKH� DPLQR�JURXS�SUHVHQW� DW� WKH�&���

SRVLWLRQ�RI���$3,Q�������OLQNDJH LQ�PRQRPHUV�LV�DFKLHYHG��DVFHUWDLQHG�E\��+�105�DQG�

)7�,5�WHFKQLTXHV� %DWKRFKURPLF�VKLIW�LV�REVHUYHG�GXH�WR�H[WHQVLRQ�LQ�FRQMXJDWLRQ OHQJWK�

RI���$3,Q�DV�FRPSDUHG�WR�LWV�PRQRPHU��7KH�SUHVHQFH�RI�DPLQR�JURXS�UHVXOWHG�LQ�EHWWHU�

FU\VWDOOLQLW\�WKDQ�LWV�XQVXEVWLWXWHG DQDORJ�DV�HYLGHQW�E\�WKH�;5'�SDWWHUQ��7KLV�WHPSODWH�

IUHH WHFKQLTXH�SURYLGHG�DPSOH�RI�WLPH�ZLWKRXW�GLVWXUEDQFH�IRU�SRO\PHU�WR�DFTXLUH�LWV�QRQ�

XQLIRUP�JOREXODU�PRUSKRORJ\�DQG�SRURXV VWUXFWXUH� �PRQLWRUHG�YLD�6(0���$SDUW� IURP�

WKLV��DPLQR�JURXS�RQ SRO\PHU�EDFNERQH�IDFLOLWDWHG�JRRG�UHGR[�TXDVL�UHYHUVLELOLW\��ERWK

S�DQG�Q�W\SH�GRSLQJ�SURSHUW\��XQGHU�DSSOLHG�SRWHQWLDOV�LQ�QRQDTXHRXV PHGLXP��+RZHYHU�

LQ DTXHRXV�PHGLXP��SURWRQDWLRQ�RI�DPLQR�JURXS�GHSUHVVHG� WKH�SRVLWLYH�SRWHQWLDO� �VWLOO�

JUHDWHU�WKDQ WKDW�IRU�HOHFWURFKHPLFDOO\�SUHSDUHG���$3,Q��IRU�UHGR[�UHF\FODELOLW\� 7KHVH�

REVHUYDWLRQV�UHODWHG�WKH�FRQFHSW�RI�FRQVWDQW�SKDVH�HOHPHQW��DV�GLVFXVVHG�LQ�(,6�UHVXOWV��

ZLWK�WKH�LQKRPRJHQHRXV�FKDUJH�GLVWULEXWLRQ RYHU�SRO\PHU�PDWUL[��7KH�DERYH�SURSHUWLHV�

PRWLYDWHG� XV WR� H[SORUH� WKH� HOHFWURQLF� SURSHUWLHV� FRPSXWDWLRQDOO\� DV� ZHOO�� ')7

FDOFXODWLRQV� XVLQJ� K\EULG� IXQFWLRQDOV� LQ� JDV� SKDVH� DUH� SHUIRUPHG� LQ RUGHU� WR� HVWLPDWH�

HOHFWURQLF� SURSHUWLHV� DQG� SUHGLFW� UHDVRQDEOH� VWUXFWXUH� RI� WKH� DV�V\QWKHVL]HG� SRO\PHU��

7KHRUHWLFDO�EDQG�JDS �ǻ( �����H9��DUH�HVWLPDWHG�WR�FRUUHODWH�RSWLFDO�EDQG�JDS �(J �����

H9�� DQG� HOHFWURFKHPLFDO� EDQG� JDS� �R[LGDWLRQ� DQG� UHGXFWLRQ� SRWHQWLDOV�� (FY ����� H9���
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7KHVH� YDOXHV� REWDLQHG� ZLWK� DERYH� PHWKRGV� PD\� GLIIHU� VXEVWDQWLDOO\� IRU� FRQGXFWLQJ�

RUJDQLF SRO\PHUV��6R��WKH�GLIIHUHQFH�RI�a�����H9�FDQ�EH�LJQRUHG� 7KH�DPLQR�JURXS�RQ�

SRO\PHU�EDFNERQH�DV�ZHOO�DV�WKH�V\QWKHWLF�PHWKRGRORJ\�HPSOR\HG KDYH�UHFRJQL]HG�WKLV�

PDWHULDO� WR� VKRZ HQRUPRXV� SRWHQWLDO� IRU� DSSOLFDWLRQV� LQ� RSWLFDO�� HOHFWURFKHPLFDO� DQG

HOHFWURQLF�GHYLFHV��0RUHRYHU��WKH�DV�SURSRVHG�PRUSKRORJ\�FRQWUROOHG�V\QWKHVLV�DSSURDFK�

PRWLYDWHG� IRU� LWV� ODUJH�DUHD��RUGHUHG�� FRPSDFW� ILOP�RI���$3,Q�YLD�/6�PHWKRG��0RELOH�

OLTXLG� VXEVWUDWH� IDFLOLWDWHG WKH� IRUPDWLRQ� RI� RUGHUHG� DQG� XQLIRUP� ILOP� RYHU� YDULRXV�

VXEVWUDWHV�WKDW�ZHUH�YDOLGDWHG�YLD�6(0�DQG�$)0�PRUSKRORJ\��)XUWKHU��6(0�DQDO\VLV�RI�

��$3,Q� /6� ILOPV� GHSRVLWHG� DW� GLIIHUHQW� VXUIDFH� SUHVVXUHV� JLYH� DQ� LQVLJKW� WR� WKH� ILOP�

XQLIRUPLW\�SULRU�WR�ILOP�IDEULFDWLRQ�IRU�GHYLFH�DSSOLFDWLRQ��3RO\PHU�FKDLQ�RUGHULQJ�LQ�/6�

ILOP�ZDV�MXVWLILHG�YLD�5DPDQ�VWXGLHV��GHSLFW�LPSURYHG�RUGHUHG��VHOI�DVVHPEOHG�QDWXUH�DV�

FRPSDUHG� WR� EXON�� &KDUJH� WUDQVSRUW� SURSHUW\� LQYHVWLJDWLRQ� LQ� VDQGZLFKHG� VWUXFWXUH�

UHYHDOV�LWV�VFRSH�IRU�DSSOLFDWLRQ�LQ�IXUWKHU�ODUJH�DUHD�EDVHG�IOH[LEOH�HOHFWURQLF�GHYLFHV�


