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/LTXLG�OLTXLG�LQWHUIDFH�VL]H�VRUWHG�VLOYHU�QDQRSDUWLFOHV�
IRU�WKHLU�XQLIRUP�GHFRUDWLRQ�LQ�SRO\LQGROH�PDWUL[�DW�DLU�

ZDWHU�LQWHUIDFH

��� ,QWURGXFWLRQ

7KH�VXFFHVV�RI�ʌ�FRQMXJDWHG�RUJDQLF�SRO\PHU�EDVHG�HOHFWURQLF�GHYLFHV�LV�GHULYHG�

IURP� LWV� HOHFWURQLF� VWUXFWXUH�� FRPSDFW� PROHFXODU� SDFNLQJ� DQG� GLUHFWLRQDOLW\� RI� WKH�

SRO\PHU�LQ�WKH�DFWLYH�OD\HU�RI�WKH�GHYLFH�>���������@� :KHQ�IDEULFDWHG�YLD�FRQYHQWLRQDO�

ILOP� IRUPLQJ� WHFKQLTXHV��SRO\PHUV�RUJDQL]H� WKHPVHOYHV� WR�KDYH�D� VKRUW�UDQJH�RUGHUHG�

PLFURVWUXFWXUH�LQ�WKH�VROLG�ILOP�IRUP��7KLV�VHOI�RUJDQL]LQJ�SURSHUW\�RI�SRO\PHUV�FDQ�EH�

H[SORUHG� WR� KDYH� D� KLJKO\� RULHQWHG�� ORQJ� UDQJH� RUGHUHG� SRO\PHU� ILOP� >��������@� 7KH�

GHOLFDWH� EDODQFH� EHWZHHQ� YDULRXV� LQWHUPROHFXODU� QRQ�FRYDOHQW� LQWHUDFWLRQV� JHWV�

REVWUXFWHG� GXULQJ� VROXWLRQ� SURFHVVLQJ� RI� WKH� ILOP� LQ� PDQ\� IDEULFDWLRQ� WHFKQLTXHV��

+RZHYHU�� LQ� /%� RU� /6 WHFKQLTXH�� ZKHUH�PROHFXODU� RUGHULQJ� WDNHV� SODFH� DW� DLU�ZDWHU�

LQWHUIDFH��WKHVH�IODZV�DUH�PLQLPL]HG�>��������@� 7KLV�LQWHUIDFH�EDVHG�WKLQ�ILOP�SURFHVVLQJ�

WHFKQLTXH� KDV� VKRZQ� LPSURYHPHQW� LQ� WKH� FRQGXFWLYLW\� RI� YDULRXV� SRO\PHUV� GXH� WR�

HQKDQFHG�GHJUHH�RI�RUGHULQJ��PROHFXODU�SDFNLQJ���ZKLFK�LQ�WXUQ�OHDGV�WR�LPSURYHG�GHYLFH�

SHUIRUPDQFH�>��@� ,W�ZLOO�QRW�EH�RXW�RI�SODFH�WR�PHQWLRQ�WKDW�LW�LV�LPSRUWDQW�WR�UHJXODWH�WKH�

RUGHULQJ�RI�SRO\PHUV�DW�DOO�OHYHOV�RI�KLHUDUFK\�VWDUWLQJ�IURP�V\QWKHVLV��$W�DOO�OHYHOV��WKH�

SUHVHQFH�RI�VWUXFWXUH�IXQFWLRQDOLW\�DQG�ʌ�FRQMXJDWLRQ�LQ�WKH�EXLOGLQJ�EORFNV �PRQRPHU�

XQLW��GULYH� WKH�VSHFLILF� WKHUPRG\QDPLF�IRUFH�RI� LQWHUDFWLRQV��ZKLFK� DVVLVW� WKH�SRO\PHU�

DVVHPEO\�>��@�

)XUWKHU�� LW� KDV� EHHQ� UHSRUWHG� WKDW� VRPH� FRQGXFWLQJ� QDQRPDWHULDOV� RU� 13V� ZKHQ�

LQFRUSRUDWHG�LQWR�&3�PDWUL[��WKHLU�DVVHPEO\�DQG�PROHFXODU�SDFNLQJ��ʌ�ʌ�VWDFNLQJ��KDYH�

GUDVWLFDOO\�LPSURYHG��WKXV�OHDGLQJ�WR�DXJPHQWHG�FKDUJH�WUDQVSRUW�SURSHUWLHV�YLD�FKDUJH�
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WUDQVIHU�LQWHUDFWLRQ�>�@� ,Q�UHFHQW�\HDUV�13�V\QWKHVLV�KDV�VHHQ�DGYDQFHV�OHDGLQJ�WR�KLJKHU�

SXULW\�� ODUJHU� \LHOG�� EHWWHU� VL]H� GLVSHUVLRQ� DQG� VKDSH�� FRQWUROOHG� IXQFWLRQDOL]DWLRQ��

PRQRFU\VWDOOLQLW\��HWF��MXVW�WR�QDPH�D�IHZ�>��������@� 13V�FDQ�EH�V\QWKHVL]HG�WKURXJK�DOO�

WKH�NQRZQ�URXWHV�RI�PDWHULDOV�V\QWKHVLV�YL]��FKHPLFDO��SK\VLFDO�DQG�SK\VLRFKHPLFDO�MXVW�

E\�SURYLGLQJ�RSWLPDO�FRQGLWLRQV�IRU�DUUHVWLQJ�JURZWK�RI�WKH�IRUPLQJ�QXFOHL�>��������@�

&ROORLGDO�V\QWKHVLV�WKRXJK��E\�IDU�LV�WKH�FKHDSHVW�DQG�PRVW�IDFLOH�PHWKRG�RI�13�V\QWKHVLV�

IRU� TXLFN� DSSOLFDWLRQ� LQ� H[SHULPHQWV�� 0HWDO� 13V� DUH� IXUWKHU� H[FLWLQJ� RZLQJ� WR� WKHLU�

DOUHDG\� GHPRQVWUDWHG� XVDJH� LQ� HOHFWURQLFV�� PHGLFDO� LPDJLQJ� DQG� GLDJQRVLV�� VHQVRU\

DSSOLFDWLRQV��FXVWRPL]DEOH�RSWLFDO�SURSHUWLHV�>�����@� $V FRPSDUHG�WR�RWKHU�PHWDOV��$X�

DQG�$J��KDYH�EHHQ�H[SORUHG�PXFK�GXH� WR� WKHLU� HDV\� UHGXFLELOLW\�� VDIH�HOHFWURFKHPLFDO�

ZLQGRZ�WR�ZRUN�ZLWK��VWXSHQGRXV�HOHFWUR�FDWDO\WLF�EHKDYLRXU��DPD]LQJ�DIILQLW\�WRZDUGV�

6XOIXU�DQG�1LWURJHQ��KLJK�FRQGXFWLYLW\�DQG�PRVW�SURPLQHQWO\�WKHLU�RSHUDWLRQDO�VWDELOLW\��

0RYLQJ�GRZQ�WR�ORZHU�GLPHQVLRQ�L��H��IURP�EXON�WR�QDQR�OHYHO��WKH�SURSHUWLHV�RI�QREOH�

PHWDOV�JUHDWO\�HQKDQFH�GXH�WR�H[WUHPHO\�ODUJH�VXUIDFH�DUHD��$X13V�KDYH�EHHQ�H[SORUHG�

PXFK�IRU�YDULRXV�DSSOLFDWLRQV��EXW�LWV�KLJK�FRVW�UHSXGLDWHV�LWV PHULWV��/LTXLG�SURFHVVHG�

$J13V�KHQFH�UHSUHVHQW�DQ�DSSHDOLQJ�FRVW�HIIHFWLYH�DSSURDFK��7KHUH�DUH�PDQ\�V\VWHPV�

WKDW� LQYROYH� PDWHULDOV� ZKRVH� DFWLYLWLHV� DUH� JUHDWO\� HQKDQFHG� ZKHQ� LQFRUSRUDWHG� ZLWK�

$J13V�EXW�KDYH�D�OLPLWDWLRQ�RI�EHLQJ�VROXEOH�RQO\�LQ�ZDWHU��6\QWKHVL]LQJ�DQG�VWDELOL]LQJ�

13V�LQ�D�OLTXLG�FROORLGDO�VWDWH�UHTXLUHV�WKHP�WR�EH�SURWHFWHG�IURP�SK\VLFDO�DJJUHJDWLRQ�

DQG�FKHPLFDO�GHJUDGDWLRQ�E\�SURYLGLQJ�HLWKHU�VWHULF�RU�HOHFWURVWDWLF�FXVKLRQLQJ��7KLV�KDV�

EHHQ�UHSRUWHGO\�DFKLHYHG�WKURXJK�VXUIDFH�SDVVLYDWLRQ�RU�FRDWLQJ�WKH�13V�ZLWK DQ�LQHUW�

PDWHULDO�PRQROD\HU�>�����@� /DUJH�QXPEHU�RI�RUJDQLF�VROYHQWV�FDQ�SURYLGH�D�QRQ�KRVWLOH�

FKHPLFDO�HQYLURQPHQW�IRU�VWDELOL]LQJ�13V�XVLQJ�DQ�DSSURSULDWH�VROXEOH�DJHQW�WR�SURWHFW�

WKH�13�IURP�DJJUHJDWLQJ�>���@� 2UJDQLF�VROYHQWV�KHQFH�KDYH�DOVR�EHHQ�VKRZQ�WR�H[KLELW�

D�ODUJH�QXPEHU�RI�V\QWKHVLV�SURWRFROV�LQ�WKH�H[LVWLQJ�OLWHUDWXUH��6RPH�YHU\�UHSXWHG�TXLFN�
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V\QWKHVLV� RI� 13V� KDYH� EHHQ� UHSRUWHG� EHLQJ� IDFLOLWDWHG� E\� SKDVH� WUDQVIHU� IURP� HLWKHU�

DTXHRXV�WR�RUJDQLF�RU�YLFH�YHUVD�E\�GHSRVLWLQJ�K\GURSKLOLF�RU�K\GURSKRELF�PRQROD\HU�

RYHU� LW� >��������@� ,Q� RXU� FXUUHQW� VWXG\�� ZH� DUH� GHPRQVWUDWLQJ� WKDW� LQWHUIDFH� RI� WZR�

LPPLVFLEOH� VROYHQWV� �ZDWHU� � FKORURIRUP�� FDQ� EH� HIIHFWLYHO\� XVHG� DV� D� VL]H�VRUWHU� LQ�

VHOHFWLYHO\� REWDLQLQJ� WKH� UHTXLUHG� SDUWLFOH� VL]H� RI� WKH� V\QWKHVL]HG� SURGXFW� IDFLOLWDWHG�

WKURXJK�DQ�DSSURSULDWH�37$��,Q�RXU�H[SHULPHQWV��DQ�LQFUHDVLQJ�PHGLDQ�SDUWLFOH�GLDPHWHU�

KDV�EHHQ�REWDLQHG�ZLWK�LQFUHDVLQJ�FRQFHQWUDWLRQ�RI�WKH�37$��7KH�VWUXFWXUH�RI�37$�VKRXOG�

EH� VXFK� WKDW� LW� PXVW� SRVVHVV� DQ� RSHQ�IDFHG� ELQGLQJ� VSDFH� WR� DOORZ� �YDQ� GHU�:DDOV��

LQWHUDFWLRQ�EHWZHHQ� WKH�FRXQWHU�LRQ�DQG� WKH�FDWLRQ� �1����7KH�RSSRVLWH�HQG�PXVW�RIIHU�

VWHULF� VFUHHQLQJ� HIIHFW� WR�SUHYHQW�FORVH� DSSURDFK�RI� WKH� FRXQWHU� LRQ� LQ�RUGHU� WR�REWDLQ�

ELQGLQJ�VSHFLILFLW\��4XDWHUQDU\�DPPRQLXP�VDOWV�VXFK�DV�&7$%��72$%��''$%��HWF�DUH�

HIILFLHQW� 37$V� DVVRFLDWHG� ZLWK� DGYDQWDJH� RI� EHLQJ� VROXEOH� LQ� SRODU� RUJDQLF� VROYHQWV�

XQOLNH� RWKHU� FDSSLQJ� DJHQWV� WKDW� DUH� UHVWULFWHG� WR� QRQ�SRODU� VROYHQWV��%XW� WKH� SHFXOLDU�

JHRPHWU\�RI�''$%�SRVVHVVLQJ�WZR�PHWK\O�JURXSV�DQG�WZR�ODUJH�DON\O�FKDLQV�IDVFLQDWHG�

WKH�PRVW�IRU�LWV�VHOHFWLRQ�>��@� 6PDOOHU�DON\O�JURXSV�DLG�LQ�RFFXS\LQJ�WKH�SRVLWLRQ�QHDU�

LQWHUIDFH�WKXV�FUHDWLQJ�KLJKHU�FRQFHQWUDWLRQ�WKHUH��7KLV UHGXFHV�VXUIDFH�SUHVVXUH�DQG�DLGV�

LQ� SKDVH� WUDQVIHU��''$%� EHLQJ� D� KLJKO\� OLSRSKLOLF� 37$� SUHIHUV� WR� EH� HQWLUHO\� LQ� WKH�

RUJDQLF�SKDVH�DWWULEXWHG�WR�K\GURSKRELF�SUHVVXUH�H[SHULHQFH�E\�ORQJ�DON\O�FKDLQV >���@�

2XU� VHOHFWLRQ�RI�ELSKDVLF� WZR�SRW� V\QWKHVLV� FLUFXPYHQWV� D�SRVW� V\QWKHVLV�GLIILFXOW\�RI�

UHPRYDO�RI�FRXQWHU�H[WUD�LRQV�DQG�RWKHU�XQNQRZQ�ZDWHU�VROXEOH�HQWLWLHV� 7KH�H[SHGLHQW�

IXQFWLRQ�RI�''$%�PROHFXOH�QHJDWHV�WKH�QHHG�RI�DQ�H[WHUQDO�DJHQW�QHHGHG�IRU�VWDELOL]LQJ�

WKH� RUJDQLF� FROORLG� DQG� VDYHV� DQRWKHU� SRVW�SURFHVVLQJ� VWHS�� $J13V� V\QWKHVL]HG� LQ�

DTXHRXV�SKDVH�XWLOL]LQJ�VRGLXP�ERURK\GULGH�LV�FRVW�HIIHFWLYH�DQG�ZHOO�HVWDEOLVKHG�PHWKRG�

DOUHDG\�EHHQ� UHSRUWHG� LQ� OLWHUDWXUH��EXW�DVVRFLDWHG�ZLWK�GHPHULWV�RI�SRO\GLVSHUVLW\�DQG�

ORZHU� VWDELOLW\�� 6R�� WKH� ILUVW� REMHFWLYH� RI WKLV� ZRUN� LV� WR� HVWDEOLVK� D� FKHDS� DQG� IDFLOH�
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DSSURDFK� IRU� REWDLQLQJ� VLOYHU�13V� LQ� RUJDQLF� SKDVH� DV�ZHOO� DV� REWDLQ� VL]H� VHOHFWLYLW\�

XWLOL]LQJ�''$%�DV�ERWK�37$�DQG�VWDELOL]HU�

)XUWKHU�WKH�DGYDQWDJHRXV�SURSHUW\�RI�$J13V�KDV�EHHQ�H[SORUHG�IRU�QDQRK\EULG�

IRUPDWLRQ�ZLWK�&3V�� �7KH�QDQRK\EULG� IRUPDWLRQ�FDQ�EH�DFKLHYHG�YLD�SKDVH�WUDQVIHU�RI�

$J13V� IURP� DTXHRXV� WR� RUJDQLF� PHGLXP� �FKORURIRUP��� ZKLFK� IDFLOLWDWH� WKH� &3�

SURFHVVLQJ�� )RU�$J13V� EOHQGHG�ZLWK� SRO\PHUV� LW� LV� REVHUYHG� WKDW� WKHLU� VHOI�DVVHPEO\�

G\QDPLFV�GHFHOHUDWHV�GXH�WR�WKH�IRUPDWLRQ�RI�WUDSV��RU�VSDFHV��GHYHORSHG�LQ�WKH�DVVHPEOHG�

VWUXFWXUHV�� 7KHVH� WUDSV�� DULVLQJ� GXH� WR� SRO\PHU� LQWHUDFWLRQV�� FDQ� EH� DQQHDOHG� RXW�

VXFFHVVIXOO\� YLD� WKHUPDO� WHFKQLTXHV�� KRZHYHU� WKLV�PDNHV� WKLV� SURFHVV� QRW� VXLWDEOH� IRU�

RUJDQLF� SRO\PHUV� RU� SRO\PHU� EDVHG� IOH[LEOH� HOHFWURQLF� GHYLFHV� >�����@� 7KHUHIRUH�� D

FRQWUROOHG�QDQRVWUXFWXUH�DVVHPEO\�WHFKQLTXH�LV�KLJKO\�GHVLUDEOH� 0RUHRYHU��/DQJPXLU�

%ORGJHWW�6FKDHIHU�PHWKRG�LV�DPRQJVW�WKH�EHWWHU�PHWKRGV�ZKLFK�LQYROYHV�FRPSUHVVLRQ�RI�

WKH IORDWLQJ�PRQROD\HU�XQLD[LDOO\�OHDGLQJ�WR�QDQRVWUXFWXUHV�DVVHPEO\�DQG�SDFNLQJ�RYHU�

WKH� ZDWHU� VXESKDVH�� RYHUFRPLQJ� WKH� GUDZEDFNV� RI� RWKHU� SRSXODU� SRO\PHU� SURFHVVLQJ�

WHFKQLTXHV���

$PRQJ� WKH� YDULRXV� ʌ�FRQMXJDWHG� SRO\PHUV�� 3,Q� DQG� LWV� GHULYDWLYHV� SRVVHVV� H[FHOOHQW�

HOHFWURDFWLYLW\��HQYLURQPHQW�VWDELOLW\��H[FHOOHQW�WKHUPDO�VWDELOLW\��HDV\�GHJUDGDWLRQ��HWF���

6HYHUDO� UHVHDUFK�JURXSV�KDYH�GHPRQVWUDWHG� WKH�HQKDQFHPHQW� LQ�3,Q�FRQGXFWLYLW\�XSWR�

VHYHUDO�RUGHUV�RI�PDJQLWXGH�E\�FRPSRVLWH�IRUPDWLRQ >��������������@� 'HVSLWH�WKLV��WKHUH�

LV� D� ODFN� RI� UHSRUW� RQ� $J13V� DV� ZHOO� RWKHU� PHWDO� 13V� LQFRUSRUDWLRQ� DQG� FRPSRVLWH�

IRUPDWLRQ�ZLWK�SRO\PHU�YLD�/DQJPXLU�WHFKQLTXH��,QFRUSRUDWLRQ�RI�PHWDO�QDQRVWUXFWXUH�LQ�

SRO\PHU�PDWUL[�HQKDQFHV�WKH�SKRWRSK\VLFDO�DQG�FKDUJH�WUDQVSRUW�SURSHUW\�RI SRO\PHUV��

ZKLFK� LV� KLJKO\� GHVLUDEOH� IRU� ODUJH� DUHD� DQG� RSWRHOHFWURQLF� GHYLFHV� OLNH� VRODU� FHOO��

SKRWRYROWDLF�FHOOV�HWF��>��@� 7KLV�PRWLYDWHG�XV�WR�EH�WKH�SUHPLHU�LQ�XWLOL]LQJ�/DQJPXLU�
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PHWKRG� IRU� XQLIRUP� GLVWULEXWLRQ� DQG� DVVHPEO\� RI� $J13V� LQ� 3,Q� PDWUL[� DW� DLU�ZDWHU�

LQWHUIDFH�IRUPLQJ�QDQRK\EULG�DQG�DQQHDOLQJ�RXW�WKH�WUDSV�E\�YHU\�VORZ�FRPSUHVVLRQ�RI�

WKH�ILOP��7KLV�DSSURDFK�KDV�SURYHG�WR�EH�H[SHGLHQW� LQ� WKUHH�ZD\V��)LUVW��SRVVHVVLRQ�RI�

VHOI�RUJDQL]DWLRQ�SURSHUW\�RI� WKH�$J13V�PD\�DFW�DV�D� WHPSODWH� IRU�SUHRUJDQL]DWLRQ�RI�

SRO\PHUV��IDFLOLWDWLQJ�WKHLU�RUGHULQJ�YLD�/DQJPXLU��6HFRQG��$J13V�FRQWULEXWH�LQ�FKDUJH�

WUDQVSRUW�SURSHUW\�HQKDQFHPHQW�RI� WKH�QDQRK\EULG�/6�ILOPV�IRUPHG��7KLUG��VXFFHVVLYH�

VORZ�FRPSUHVVLRQ�RI�WKH�/DQJPXLU�OD\HU�HQDEOHV�VXIILFLHQW�WLPH�IRU�UHOD[DWLRQ�DQG�ILOLQJ�

XS�WKH�VSDFHV��WUDSV��RI�WKH�QDQRK\EULG�DQG�WKXV�UHVXOWLQJ�LQ�LWV�LQFUHDVHG�RUGHULQJ�DQG�

FU\VWDOOLQLW\�>��������@�

7KLV�ZRUN�GHPRQVWUDWHV�WKH�H[SORLWDWLRQ�RI�ERWK�VHOI�DVVHPEOLQJ�SURSHUWLHV�RI�$J13V�DQG�

WKH�ODQJPXLU�LQWHUIDFH�IRU�RULHQWLQJ�3,Q�ILOP�VWUXFWXUH��/DQJPXLU�VWDEOH�ILOPV�SURGXFHG�

DUH�LQYHVWLJDWHG�IRU�WKHLU�$J13V�GLVWULEXWLRQ�LQ�SRO\PHU�PDWUL[�YLD�7(0�DQG�$)0��%RWK�

WKHVH� IHDWXUHV� FRQWULEXWH� WR� WKH� HQKDQFHPHQW� LQ� WKH�PROHFXODU�SDFNLQJ� �ʌ�ʌ� VWDFNLQJ���

RUGHULQJ��SKRWRSK\VLFDO�DQG�FKDUJH�WUDQVSRUW�SURSHUW\�RI�WKH�$J�3,Q�QDQRK\EULG�/6�ILOPV�

YHULILHG�YLD�6(56� ;36�DQG�FXUUHQW�YROWDJH�UHODWLRQVKLS�

��� 5HVXOWV�DQG�GLVFXVVLRQ

������6SHFWURVFRSLF�DQDO\VLV�RI�VLOYHU�QDQRSDUWLFOHV

$� GLVWLQFW� ELSKDVLF� V\VWHP� REWDLQHG� LPPHGLDWHO\� DIWHU� DGGLQJ� DTXHRXV� V\QWKHVL]HG�

$J13V WR�FKORURIRUP�ZLWK�YDU\LQJ�''$%�FRQFHQWUDWLRQ LV� VKRZQ� LQ�)LJXUH����� 7KH�

V\QWKHVLV�RI�$J13V� LV� REVHUYHG�XQGHU�89�9LV VSHFWURVFRS\��$� W\SLFDO� UHSUHVHQWDWLYH�

DEVRUSWLRQ�VSHFWUD�RI�SXUH� VLOYHU�K\GURVRO�� VXSHUQDWDQW�DTXHRXV�SKDVH�DQG�FKORURIRUP�

VXE�SKDVH��DIWHU�SKDVH�WUDQVIHU��DORQJ�ZLWK�VROYHQWV�DUH�VKRZQ�LQ�)LJXUH������7\SLFDO�635�

SHDNV������QP��DUH�REVHUYHG�ZLWK�D�UHG�VKLIW�IRU�$J13V�LQ�VXSHUQDWDQW�DTXHRXV�SKDVH�
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DQG�FKORURIRUP�VXE�SKDVH��REWDLQHG�DIWHU�YLJRURXV�VKDNLQJ�DQG�DOORZLQJ�SKDVH�WUDQVIHU�

XVLQJ���P0�FRQFHQWUDWLRQ�RI�''$%��LQ�FRPSDULVRQ�WR�SXUH�VLOYHU�K\GURVRO������QP���$�

VLPLODU�SDWWHUQ�ZDV�REVHUYHG�IRU�DOO�RWKHU�FRQFHQWUDWLRQV�RI�''$%�������������DQG����

P0��XVHG�LQ�WKH�H[SHULPHQW��7KH�UHG�VKLIW�LQ�$J13�635�SHDN�ZLWK�UHVSHFW�WR�RULJLQDO�

K\GURVRO� LV� DFFRXQWHG� IRU� FKDQJH� LQ� HQYLURQPHQW� RI� WKH� 13V� ZLWK� HOHFWURQ� GHILFLHQW�

PRLHW\�TXDWHUQDU\�DPPRQLXP�FDWLRQ�FDSSLQJ� WKH�$J13V��RZLQJ� WR�GHFUHDVH� LQ�)HUPL�

OHYHO�RQ�ZLWKGUDZDO�RI�VXUIDFH�HOHFWURQ�GHQVLW\�>�����������@�

)LJXUH����89�YLV�VSHFWUD�RI��D��GHLRQLVHG�ZDWHU���E��FKORURIRUP���F��SXUH�VLOYHU�K\GURVRO��

�G��VXSHUQDWDQW�DTXHRXV�SKDVH��DIWHU�SKDVH�WUDQVIHU��VKRZQ�LQ�LQVHW��DQG��H��FKORURIRUP�

VXESKDVH��DIWHU�SKDVH�WUDQVIHU��VKRZQ�LQ�LQVHW��

7R�IXUWKHU�XQGHUVWDQG�WKH�QDWXUH�RI�PROHFXODU�LQWHUDFWLRQ�DQG�SUHGLFW�WKH�SK\VLRFKHPLFDO�

UHDFWLRQ�PHFKDQLVP��WKH�)7�,5�DQG�;36�ZDV�XVHG��9LEUDWLRQDO�VSHFWUD�JDYH�DQ�LQVLJKW�

RQ�VWDELOL]DWLRQ�RI�VLOYHU�13V�ZLWK�''$%�DV�VWDELOL]LQJ�DJHQW�LQ�RUJDQLF�SKDVH�FRPSDULQJ�

LW�ZLWK�SXUH�''$%��&KDUDFWHULVWLF�YLEUDWLRQ�SHDNV�RI�''$%�DW�����������������������

�����FP�� IRU�PHWK\OHQH�DORQJ�ZLWK�WKDW�RI�PHWK\O�DW�������FP�� ZHUH�HYLGHQWO\�REVHUYHG�

LQ�)LJXUH������D��>���@� 7KH�PHWK\OHQH��DV\PPHWULF�DQG�V\PPHWULF�VWUHWFKLQJ��YLEUDWLRQV�

�)LJXUH���� �E���IRU�''$%�SURWHFWHG�VLOYHU�13V�DUH�OLWWOH�VKLIWHG�WR������DQG������FP��
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VLJQLI\LQJ� WKH� VXIILFLHQW� VXUIDFH� FRDWLQJ� RI� ''$%� RQ� WKH� VLOYHU� 13V� >���@� 0RYLQJ�

WRZDUGV�ORZHU�IUHTXHQF\�UHJLRQ��WKH�SHDNV�ORFDWHG�DW������DQG�����FP�� DVVLJQHG�WR�WKH�

VFLVVRULQJ�PRWLRQ��+�&�+�EHQGLQJ��DQG�URFNLQJ�PRGH�RI�WKH�PHWK\OHQH�FKDLQV�IRU�SXUH�

''$%�� DUH� DOVR� REVHUYHG� IRU� ''$%� SURWHFWHG� VLOYHU� 13V� ZLWK� VPDOO� VKLIWV�� 3HDN�

REVHUYHG�DURXQG������FP�� FRUUHVSRQGV�WR�&�1�VWUHWFKLQJ�LQ�ERWK�WKH�VSHFWUD��3HDN�DW�

����FP�� IRU�SXUH�''$%�FRUUHVSRQGLQJ WR�LQ�SODQH�&+� URFNLQJ�PRGH�LV�DOVR�SUHVHQW�IRU�

''$%�SURWHFWHG�VLOYHU�13V�DW�����FP����5HWHQWLRQ�RI�WKHVH�YLEUDWLRQV�ZLWK�PLQRU�VKLIWV�

LQ�RUJDQRVRO�HQVXUHV�WKH�DVVRFLDWLRQ�RI�VWDELOL]HU�PROHFXOHV�ZLWK�WKH�VLOYHU�13V�>�������@�

)LJXUH���� )7�,5�VSHFWUD�RI��D��SXUH�''$%��E��VLOYHU�RUJDQRVRO�

)LJXUH���� ;36�VSHFWUD�RI�VLOYHU�RUJDQRVRO�
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7KH�;36�VSHFWURVFRS\��DV VKRZQ�LQ�)LJXUH������UHYHDO�WKH�VLOYHU�WR�H[LVW�LQ�LWV�PHWDOOLF�

VWDWH� ZLWK� $J�G��� DQG� $J�G���� RUELWDO� HOHFWURQV� ERXQG� DW� ������ H9� DQG� ������ H9�

UHVSHFWLYHO\�ZKLFK� UHVHPEOHV�ZHOO�ZLWK WKH�H[LVWLQJ� OLWHUDWXUH� >���@� 3HDNV� DW� ELQGLQJ�

HQHUJ\�RI�����H9�DQG�������H9�IXUWKHU�VWUHQJWKHQ�RXU�SUHGLFWHG�PHFKDQLVP�RI�TXDWHUQDU\�

DPPRQLXP�FDWLRQ�FDSSLQJ�$J13�VXUIDFH�DV�WKH�VSHFWUXP�FORVHO\�UHVHPEOHV�WR�H[LVWLQJ

;36� LQIRUPDWLRQ� >���@� 7KH� FKDUDFWHUL]DWLRQ� RI� VLOYHU� K\GURVRO�� ILQDO� RUJDQRVRO� DQG�

VXSHUQDWDQW� DTXHRXV� SKDVH� SRVW� SKDVH�WUDQVIHU� RI� VLOYHU� 13V� FRQILUPV� WKH� SURSRVHG�

K\SRWKHVHV��L��RFFXUUHQFH�RI�SKDVH�WUDQVIHU�RI�VLOYHU�13V�DQG��LL��D�FHUWDLQ�GHJUHH�RI�VL]H�

VHOHFWLYLW\�LQ�WKH�SKDVH�WUDQVIHU�SURFHVV��

������6WUXFWXUDO�LQYHVWLJDWLRQ RI�$J13V

;�UD\�GLIIUDFWLRQ��;5'��RQ�D�VROLG�ILOP�SUHSDUHG�RII�WKH�RUJDQRVRO�E\�GURS�FDVWLQJ�LW�RQ�

D�JODVV�FRYHU�VOLS�DQG�DOORZLQJ�WKH�FKORURIRUP�WR�HYDSRUDWH�UHYHDO�WKH�ORZ�LQWHQVLW\�SHDNV�

FRUUHVSRQGLQJ�WR�SRO\FU\VWDOOLQH�VLOYHU�SDUWLFOHV��DV�VKRZQ�LQ�LQVHW�RI�)LJXUH������DQG�KLJK�

LQWHQVLW\�SHDNV�IRU�FU\VWDOOLWHV�RI�''$%�RZLQJ�WR�YHU\�KLJK�UHODWLYH�FRQFHQWUDWLRQ��7KH

)LJXUH���� ;5'�SDWWHUQ�RI�VLOYHU�13V�LQ�RUJDQLF�SKDVH��,QVHW�VKRZV�DPSOLILHG�GLIIUDFWLRQ�

SDWWHUQ�FRUUHVSRQGLQJ�WR���������������������DQG�������SODQHV�RI�IFF�VLOYHU�
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;5'�SDWWHUQ�RI�RUJDQRVRO�UHFRUGHG�ZDV�FKDUDFWHULVWLF�RI�SXUH�VLOYHU��DV�VKRZQ�LQ�)LJXUH�

������7KH�REVHUYHG�SHDNV�FRUUHVSRQG�WR�WKH�GLIIUDFWLRQ�SDWWHUQ�RI�IDFH�FHQWUHG�FXELF�VLOYHU��

�-&3'6��ILOH�QR�����������DQG�FDQ�EH�LQGH[HG�WR���������������������DQG�������SODQHV��

6RPH�KLJK�LQWHQVLW\�SHDNV�LQ�WKH�ZLGH�;5'�VSHFWUXP�VHHQ�FDQ�EH�LGHQWLILHG�DV�RI�''$%�

FU\VWDOOLWHV��ZLWK�SHDNV�DW��ș�YDOXH�FORVH�WR���������������������>���@�

7(0�LPDJHV�ZHUH�UHFRUGHG�IRU�VLOYHU�K\GURVRO�DV�ZHOO�DV�IRU�VLOYHU�FROORLG�LQ�RUJDQLF�

SKDVH�� +\GURVRO� LPDJH� �DV� VKRZQ� LQ� )LJXUH� ���� �D��� UHSUHVHQWHG� DJJORPHUDWHG�

QDQRFOXVWHUV�ZLWK�YDU\LQJ VL]H�RI���WR����QP��:KHUDV�7(0�PLFURJUDSKV��)LJXUH������E��

IRU�RUJDQRVRO�VKRZ�ORQJ�UDQJH�RUGHU�DQG�VHOI�DVVHPEO\�RI�13V�XS�WR�����ȝP�LQ�GLPHQVLRQ�

LQ�RUJDQLF�PHGLXP�DV�RSSRVHG� WR� UDQGRP�GLVWULEXWLRQ�DQG�DJJORPHUDWLRQ�REWDLQHG�IRU

DTXHRXV� SKDVH�� $� QHDU� FRQVWDQW� LQWHU�SDUWLFOH� GLVWDQFH� FORVH� WR� ���� QP� H[LVWV� LQ� WKH�

DVVHPEO\�SRLQWLQJ�WRZDUGV�WKH�13V�EHLQJ�SURWHFWHG�E\�D�PRLHW\��$�ELOD\HU�WKLFNQHVV�RI�

''$%�KDV�EHHQ�UHSRUWHG�WR�EH�����QP��ZKLFK�LV�DSSUR[LPDWHO\�WZLFH�WKH�OHQJWK�RI�DON\O

FKDLQ� RI� ''$%� WKXV� FRQILUPLQJ D� PRQROD\HU� FRDWLQJ� RI� ''$%� RQ� $J13V� LQ� RXU�

H[SHULPHQWV� >���@� 7KLV� LV� D� FOHDU� LQGLFDWLRQ� RI� VHOI�DVVHPEO\� IDFLOLWDWHG� E\� EDODQFH�

EHWZHHQ� DWWUDFWLYH� LQWHU�SDUWLFOH� IRUFH� DQG� VWHULF� KLQGUDQFH� IURP�''$%� FRDWHG� DON\O�

FKDLQV� ,Q�VROXWLRQ��RUJDQLF��SKDVH��''$%�VWDELOL]HG�13V�DUH�UDQGRPO\�GLVSHUVHG��WKH�

ZHDN� DWWUDFWLRQV� EHWZHHQ� 13V� DUH� H[SHUWO\� SDUWLWLRQHG�� EXW� DV� VRRQ� DV� WKH� VROYHQW�

HYDSRUDWHV�WKHVH�UHODWLYHO\�ZHDN�IRUFHV�FRPH�LQWR�DFWLRQ�WKXV�LQLWLDWLQJ�WKH�DVVHPEO\�RI�

13V�� 2YHUDOO�� DIWHU� VROYHQW� GU\LQJ� WKH� 13V� IRUP� D� �'� DUUD\� RI� VHOI� DVVHPEOHG�

QDQRVWUXFWXUHV� >���@� 7KH�VDPH�FDUERQ�FRDWHG�FRSSHU�JULGV�KROGLQJ�VDPSOHV� IRU�7(0�

ZHUH�XVHG�WR�REWDLQ�6$('�LPDJH�RI�WKH�PDWHULDOV��,QVHWV�RI�)LJXUH������D��DQG��E��VKRZ�

WKH�GLIIUDFWLRQ�SDWWHUQ�RI�SRO\FU\VWDOOLQH�$J IURP�K\GURVRO�DQG�RUJDQRVRO� UHVSHFWLYHO\�

>���@��7KH�GLIIUDFWLRQ�SDWWHUQ�LQ�K\GURVRO�LV�PRUH�GLVWLQFW�DV�WKH�$J13V�DUH�EDUH�DQG�LQ
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)LJXUH���� 7(0�LPDJH�RI��D��VLOYHU�K\GURVRO��LQVHW��6$('�SDWWHUQ���E��VLOYHU�RUJDQRVRO�

�LQVHW��6$('�SDWWHUQ�

)LJXUH���� 7(0�LPDJHV�RI�VLOYHU�FROORLG� LQ�RUJDQLF�SKDVH� �LQVHW��KLVWRJUDP�GHSLFWLQJ�

36'��ZLWK�YDU\LQJ�''$%�FRQFHQWUDWLRQ�QDPHO\��D����P0��E�����P0��F�����P0��G�����

P0��H�����P0�DQG��I��SODXVLEOH�VWUXFWXUH�IRU�''$%�DFWLQJ�DV�$J13�VWDELOL]HU�
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ODUJH� QXPEHUV� ZKLOH� WKH� VLOYHU� VXVSHQVLRQ� LQ� FKORURIRUP� LV� VHOHFWLYHO\� WUDQVLWLRQHG�

WKURXJK�LQWHUIDFH��VR�OHVV�LQ�TXDQWLW\�DQG�FRYHUHG�E\�KLJK�VXUIDFH�FRQFHQWUDWLRQ�RI�''$�

LRQV��7KH�GLIIUDFWLRQ�SDWWHUQV�LQ�ERWK�WKH�FDVHV�VKRZ�WKH�FU\VWDO�VWUXFWXUH�IRU�VLOYHU�DQG�

KLJK� LQWHQVLW\�SHDNV�KDYH�EHHQ�DFFRUGLQJO\� LQGH[HG��;5'�SDWWHUQ� DOVR� HOXFLGDWHG� WKH�

SUHVHQFH�RI�''$%�DQG�$J13V LQ�RUJDQLF�SKDVH�DV�VKRZQ�LQ�)LJXUH������7KH�GLIIUDFWLRQ�

ULQJ�IURP�WKH�$J13V DUH�SUHVHQW�LQ�D�PRUH�SURPLQHQW�ZD\�EHFDXVH�RI�WKH�VLOYHU�EHLQJ�DQ�

HOHFWURQ�ULFK�PHWDO�LQ�FRPSDULVRQ�WR�''$%�ZKLFK�FRQWULEXWHV�DV�D�KD]\�EDFNJURXQG��

)LJXUH���� �D�H� VKRZV�7(0�PLFURJUDSK�IRU�HDFK�''$%�FRQFHQWUDWLRQ����������������DQG�

���P0��DQG�WKH�VL]H�RI�$J13V�ZDV�HVWLPDWHG�YLD�,PDJH�$QDO\VLV�VRIWZDUH�IURP�FRXQWLQJ�

RI�����SDUWLFOHV�IRU�HDFK��7KH�UHVXOWV�REWDLQHG�ZHUH�XVHG�WR�JHQHUDWH�KLVWRJUDPV�ZKLFK�

ZDV�ILWWHG�ZLWK PRVW�DSSURSULDWH�PRGHO��*DXVVLDQ�/RJ�QRUPDO��WR�REWDLQ�PHGLDQ�SDUWLFOH�

GLPHQVLRQ�YDOXHV WKDW�VKRZQ�LQ�LQVHWV�RI�)LJXUH������D�H���0HGLDQ SDUWLFOH�VL]H��SDUWLFOH�

VL]H� GLVWULEXWLRQ�� 36'�� DV� REWDLQHG� IURP� WKH� FXUYH� ILWWLQJ� KDV� EHHQ� WDNHQ� DV� DYHUDJH�

SDUWLFOH�VL]H�RI� WKH�SKDVH� WUDQVIHUHG�13V� 0HDQ�SDUWLFOH�VL]H�KDV�DOVR�EHHQ�FDOFXODWHG��

ZKLFK�WXUQV�RXW�WR EH�ZLWKLQ�WKH�UDQJH�RI���� QP�PDNLQJ�WKHP�QHDUO\�HTXDO�WR�PHGLDQ�

SDUWLFOH�VL]H��)RU�VDNH�RI�VLPSOLFLW\��RQO\�PHGLDQ�SDUWLFOH VL]H�KDV�EHHQ�PHQWLRQHG�KHUH��

7KH WUHQG� LV� VHHQ� DV� IROORZV� IRU PHGLDQ� SDUWLFOH� GLPHQVLRQ� ��������� ����������

�������������������*DXVVLDQ�ILWWLQJ�/RJ1RUPDO�ILWWLQJ������������DQG����������QP�RYHU�

YDU\LQJ�FRQFHQWUDWLRQ�RI�''$%�DV�������������� DQG����P0�UHVSHFWLYHO\��,W�LV�LQWHUHVWLQJ�

WR�REVHUYH�WKDW�ZLWK�LQFUHDVLQJ�FRQFHQWUDWLRQ RI�''$% XVHG�DV�37$��QRW�MXVW�WKH�PHGLDQ�

SDUWLFOH GLPHQVLRQV�REWDLQHG�VKLIWV� WR�KLJKHU�YDOXHV�EXW� WKH�SHDN�ZLGWK�DOVR�LQFUHDVHV��

GHSLFWLQJ� OHQLHQW�VHOHFWLYLW\� WRZDUGV�D�SDUWLFOH GLPHQVLRQ�DW�KLJKHU�FRQFHQWUDWLRQ��7KH�

GLVWULEXWLRQ�RI�SDUWLFOH IUHTXHQF\�RYHU�GLPHQVLRQV� IRU� ORZHU�FRQFHQWUDWLRQV� �������� ���

P0��RI�''$%�IROORZV�*DXVVLDQ�GLVWULEXWLRQ�EHWWHU� :KLOH�DW KLJKHU�FRQFHQWUDWLRQ������
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���P0��WKH�GLVWULEXWLRQ�LV�/RJ�1RUPDO�ZKLFK�LV�D�JHQHUDO�GLVWULEXWLRQ�RI�13V�SURGXFHG�

WKURXJK�UHGXFWLRQ�FRUUHVSRQGLQJ�VDOWV�>���@� 7KLV�VOLJKW�GHYLDWLRQ�RI�WKHRUHWLFDO�SDUWLFOH�

GLVWULEXWLRQ�PRGHO� DOVR� DSSURYHV� D� VL]H VRUWLQJ EHKDYLRXU� DFURVV� VROYHQW� LQWHUIDFH� DV�

GHPRQVWUDWHG� )LJXUH���� �H�� VKRZV�KRZ� WKH�$J13V�JHW� DJJORPHUDWHG� DW� XVH�RI� ODUJH�

FRQFHQWUDWLRQ�RI�37$��VXUIDFWDQW��ZKLFK�LV�REVHUYHG�LQ�WKH�VDPSOH�WUDQVLWLRQHG�XVLQJ����

P0�''$%�VROXWLRQ��:H�FRXOG�REVHUYH�D�VKLIW�LQ�PHGLDQ�SDUWLFOH�GLPHQVLRQ�WR�ODUJHU�VL]H�

ZLWK�LQFUHDVLQJ�''$%�FRQFHQWUDWLRQ��7KLV�FDQ�SRVVLEO\�EH�DFFRXQWHG�WR�FRPELQHG�HIIHFW�

RI�YDU\LQJ�VXUIDFH�WR�YROXPH�UDWLR�RI�SDUWLFOHV��$�KLJKHU�VXUIDFH�DUHD�YROXPH�UDWLR�IRU�

VPDOOHU�13�VL]H�UHVXOWV�LQ�ODUJHU�K\GURSKRELF�IRUFH�DFWLQJ�RQ�WKH�13�DQG�WKXV�IRUFLQJ�D�

SKDVH�WUDQVIHU�>���@�

2Q� FRQWUDU\� ODUJHU� SDUWLFOHV GXH� WR� VPDOOHU� VXUIDFH� DUHD�YROXPH� UDWLR� H[SHULHQFHV� D�

ZHDNHU K\GURSKRELF�SXVK��7KH�IUHH�HQHUJ\�RI�VROYDWLRQ�LV�DQRWKHU IDFWRU�DFFRXQWLQJ�IRU�

VPDOOHU� 13V� EHLQJ� VHOHFWLYHO\� WUDQVLWLRQLQJ DQG� VWDELOL]LQJ� LQ� WKH� SUHIHUUHG� VROYHQW��

7KURXJK�0RQWH�&DUOR��0&��DQG�')7�LW�LV�SUHGLFWHG�WKDW VROYDWLRQ�IUHH�HQHUJ\�LQFUHDVHV�

ZLWK�VL]H�RI�WKH�SDUWLFOH�L�H��LW EHFRPHV�HQHUJHWLFDOO\�H[SHQVLYH�WR�DFFRPPRGDWH�ODUJHU�

13�LQ�D�VROYHQW�>���@�

7KH�7(0�PLFURJUDSKV�DQG�FRUUHVSRQGLQJ�36'�FRQILUPV�WKH�YDU\LQJ�PHGLDQ�SDUWLFOH�VL]H�

DV�ZHOO�DV�ZLGWK�RI�WKH�GLVWULEXWLRQ�FXUYH�LQGLFDWLQJ�D�VL]H�VHOHFWLYLW\�SKHQRPHQRQ��7KH�

OLQHDU� WUHQG� RI� LQFUHDVLQJ� PHGLDQ� SDUWLFOH� VL]H� DV� D� IXQFWLRQ� RI� LQFUHDVLQJ� ''$%�

FRQFHQWUDWLRQ�UHLQIRUFHV�WKH�REVHUYDWLRQ�RI�DTXHRXV�RUJDQLF�LPPLVFLEOH�LQWHUIDFH�DFWLQJ

OLNH� D� VL]H�VRUWHU�� 7KLV� VL]H� VRUWLQJ� LV� DVVLVWHG� E\� WKH� K\GURSKRELF� K\GURSKLOLF� IRUFH�

JUDGLHQW�H[SHULHQFHG�E\�SDUWLFOHV�XQGHUJRLQJ�SKDVH�WUDQVIHU��

$�WUHQG�FXUYH�DV�UHSUHVHQWHG�LQ�)LJXUH���� ZDV�SORWWHG�WR VXPPDUL]H�WKH�UHVXOWV�REWDLQHG�

LQ�)LJXUH������7KH�FXUYH�GHSLFWV�WKH�*DXVVLDQ�ILW�VL]H�UDQJH�WR�EH�VPDOOHU�IRU�ORZHU�''$%�
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FRQFHQWUDWLRQV� :KLOH�PRYLQJ�WRZDUGV�KLJKHU�FRQFHQWUDWLRQ��WKH�VL]H�UDQJH�REWDLQHG�YLD�

/RJ�QRUPDO�ILW� LV�GHVLUDEOH DV�H[SODLQHG�HDUOLHU��+\GURVRO�FRQWDLQV�SDUWLFOHV�ZLWK�VL]H�

UDQJH RI������QP��7KH�SDUWLFOH�VL]H�GLVWULEXWLRQ�LV�LQGHHG�ORJ�QRUPDO�ZKHQ�DOO�WKH�IRUPHG�

SDUWLFOHV�ZLOO�EH�FRQVLGHUHG��%XW�DIWHU SKDVH�WUDQVIHU��D�VPDOO�IUDFWLRQ�RI�WKHVH�SDUWLFOHV�

DUH�WUDQVIHUUHG WR�WKH�RUJDQLF�SKDVH�DQG�KHQFH�WKH�QRUPDO��*DXVVLDQ��ILW�EHWWHU�WLOO� WKLV�

WUDQVIHUUHG�EDQGZLGWK�LV VPDOO��$V�WKH�WUDQVIHUUHG�VL]H�EDQGZLGWK�LQFUHDVHV�WKH�LQLWLDO�ORJ�

QRUPDO� GLVWULEXWLRQ� ILWV EHWWHU� IRU� KLJKHU� FRQFHQWUDWLRQ� RI� ''$%�� $� SDUWLFXODU� VL]H

ZLQGRZ�RI�$J13V�DUH�WUDQVLWLRQHG�ZLWK�GLIIHUHQW ''$%�FRQFHQWUDWLRQ��7KXV��WKLV�WUHQG�

FDQ� EH� XVHIXO� LQ� SLFNLQJ XS� WKH� UHTXLUHG� ''$%� FRQFHQWUDWLRQ� WR� REWDLQ� VLOYHU�

QDQRSDUWLFOHV GLPHQVLRQ�DV�SHU�WKH�FKRLFH�RI�WKH�DSSOLFDWLRQ��7KLV�FDQ�EH�YHU\�XVHIXO�LQ�

SUHGLFWLQJ� WKH�GLPHQVLRQV�RI�SDUWLFOHV� WR EH�V\QWKHVL]HG�RXW�RI�ZHW�FROORLGDO�V\QWKHVLV�

ZKLFK�FRXOG GUDPDWLFDOO\�ORZHU�WKH�WLPH�DQG�FRVW�UHTXLUHG�IRU�SUHSDUDWLRQ�RI�PHWDO�13V�

VXFK�DV�$J��$X�HWF�

)LJXUH� ��� 7UHQG� RI� LQFUHDVLQJ� PHGLDQ� SDUWLFOH� GLPHQVLRQ� �GLDPHWHU�� DQG� WKH�

FRUUHVSRQGLQJ�ZLGWK�RI�GLVWULEXWLRQ�UHSUHVHQWHG�DV�HUURU�EDUV�

������&KDUDFWHUL]DWLRQ�RI�VLOYHU�SRO\LQGROH��$J�3,Q��QDQRK\EULG

$J�13V�IRUPHG�LQ�DTXHRXV�SKDVH��K\GURVRO��DQG�SKDVH�WUDQVIHUUHG WR�FKORURIRUP
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�RUJDQRVRO��ZHUH�FKDUDFWHUL]HG�IRU�WKHLU�VL]H��PRUSKRORJ\�DQG�SDUWLFOH�VL]H�GLVWULEXWLRQ

DV� GHVFULEHG� LQ� VHFWLRQ� ����� DQG� ������� )XUWKHU�� VLOYHU RUJDQRVRO� ZKHQ� DGGHG� WR� 3,Q�

GLVSOD\V� LWV� SHUVLVWHQW� 635� VLJQDWXUH� �VLOYHU��PHUJLQJ�ZLWK� WKH� Q�ʌ
� WUDQVLWLRQ� RI� 3,Q�

�)LJXUH������D����$V�FRPSDUHG�WR�SXUH�3,Q�VSHFWUD��WKHUH�LV�D�UHG�VKLIW�LQ�LWV�FKDUDFWHULVWLF�

ʌ�ʌ
��Q�ʌ
�DQG�SRODURQLF�WUDQVLWLRQV�IRU�WKH�QDQRK\EULG >��������������@� 7KHVH�UHVXOWV�

SRLQW�WRZDUGV�LQFUHDVHG�FRQMXJDWLRQ�OHQJWK�LQ�WKH�QDQRK\EULG��)LJXUH������E��GLVSOD\V�)7�

,5�VSHFWUD�IRU�SXUH�3,Q�DQG�$J�3,Q�QDQRK\EULG��&KDUDFWHULVWLF�YLEUDWLRQV�RI�3,Q�DUH�DOVR�

REVHUYHG�IRU�$J�3,Q�HQOLVWHG� LQ�7DEOH�����ZLWK�VRPH�VLJQLILFDQW�VKLIWV WRZDUGV�KLJKHU�

ZDYHQXPEHU� >��������@� %RWK� ILQGLQJV� VKRZ� UHG� VKLIW� LQGLFDWLQJ� DQ� LQFUHDVH� LQ�

FRQMXJDWLRQ�OHQJWK��ZKLFK�PHDQV�WKHUH�LV�D VLJQLILFDQW�LQIOXHQFH�RI�$J LQ�WKH�PROHFXODU�

SDFNLQJ�

)LJXUH���� �D��89�9LV�VSHFWUD RI��L��RUJDQRVRO��LL��3,Q���LLL��$J�3,Q��DQG��E��)7�,5�VSHFWUD�

RI��L��3,Q�DQG��LL��$J�3,Q�

7DEOH���� 9LEUDWLRQDO�EDQG�DVVLJQPHQW�RI�3,Q�DQG�$J�3,Q�

6�1R� %DQG�DVVLJQPHQW 9LEUDWLRQ�IUHTXHQF\��FP���
3,Q $J�3,Q

� 1�+�VWUHWFKLQJ�DQG�GHIRUPDWLRQ ���������� ����������
� 6WUHWFKLQJ�PRGHV�RI�WKH�EHQ]HQH�ULQJ ���� ����
� 6WUHWFKLQJ�PRGH�RI�WKH�S\UUROH�ULQJ ���� ����
� &�1�VWUHWFKLQJ ���� ����
� &�+�GHIRUPDWLRQ�EHQ]HQH�ULQJ��RRS� ��� ���
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������/DQJPXLU�IORDWLQJ�ILOP�VWXGLHV

)LJXUH� ��� �D�� GLVSOD\V� 63� YV� DUHD�PROHFXOH� �ʌ�$�� LVRWKHUP� IRU� 3,Q� DQG� $J�3,Q�

QDQRK\EULG��$IWHU�WKH�VDPSOH�VROXWLRQV�RI�ERWK��SULVWLQH�3,Q�DQG�$J�3,Q�QDQRK\EULG��DUH�

VSUHDG� RQ� WKH� DLU�ZDWHU� LQWHUIDFH�� WKH� EDUULHUV� DUH� DXWRPDWHG� IRU� FRPSUHVVLQJ� DORQJ�

LQWHUIDFH�DW� WKH UDWH�RI����PP�PLQ�� �$V� WKH�PRQROD\HU� �DFWXDOO\�SVHXGRPRQROD\HU�� LV�

FRPSUHVVHG�� LWV� DUHD�GHFUHDVHV� DQG�FRUUHVSRQGV� WR�SKDVH� WUDQVLWLRQ� LQGLFDWHG�E\� VORSH�

FKDQJHV�LQ�WKH�LVRWKHUP��$W�ORZ�VXUIDFH�SUHVVXUHV��WKH�PRQROD\HU�FRQVLVWLQJ�RI�IDU�DSDUW�

PROHFXOHV�EHKDYLQJ�OLNH�JDVHRXV�SKDVH�DQG�ZLWK�D�JUDGXDO�LQFUHDVH�LQ�VXUIDFH�SUHVVXUH��D�

FOHDU�WUDQVLWLRQ�IURP�OLTXLG�WR�OLTXLG�FRQGHQVHG�DQG�WKHQ�WR�WKH�VROLG�SKDVH�LV�REVHUYHG��

$FFRUGLQJO\��LVRWKHUPV�REVHUYHG�IRU�ERWK�KDYH�EHHQ�GLYLGHG�LQWR�YDULRXV�UHJLRQV�DQG�D�

VFKHPDWLF�LV�UHSUHVHQWLQJ�HDFK�SKDVH�RI�LVRWKHUP�LV�VKRZQ�EHVLGH�LW�>���������@� 5HJLRQ�

,� UHVHPEOLQJ�JDVHRXV�SKDVH� �PROHFXOHV� IDU� IURP�HDFK�RWKHU��QHJOLJLEOH� LQWHUDFWLRQ��� ,,�

GHQRWLQJ� OLTXLG� �PROHFXOHV� DSSURDFK� HDFK� RWKHU� DQG� DVVHPEOH� WKHPVHOYHV��� ,,,�

UHSUHVHQWLQJ� OLTXLG� FRQGHQVHG� SKDVH� �PROHFXOHV� MXVW� FORVH� HQRXJK� IRUPLQJ� FRPSDFW�

DUUDQJHPHQW���DQG�,9�UHVHPEOHV�FROODSVH�UHJLRQ�LQ�ZKLFK�PRQROD\HUV�VWDUW�RYHUODSSLQJ�

GXH�WR�H[FHVV�SUHVVXUH��2YHUDOO�UHJLRQ�,,,��SODWHDX��UHSUHVHQWV�WKH�PRVW�DSSURSULDWH�RQH�

IRU�ILOPV�WR�EH�OLIWHG�RQ�VROLG�VXEVWUDWHV��$QDO\VLQJ�WKH�LVRWKHUPV��LW�LV�VHHQ�WKDW�WKH�VWDUW�

SRLQW�RI�ERWK�3,Q� DQG�$J�3,Q� HQWHULQJ� WKH� OLTXLG�SKDVH� DUH�GLIIHUHQW� ������ DQG����c�

UHVSHFWLYHO\���7KLV�LQGLFDWHV�WKDW�VLOYHU�LQFRUSRUDWHG�LQ�3,Q�PDWUL[�RFFXSLHV�ODUJHU�VXUIDFH�

DUHD�WKDQ�3,Q�DORQH��7KLV�DJDLQ�VLJQLILHV�WKDW�WKHUH�LV�JUHDWHU�ʌ�ʌ�VWDFNLQJ�LQ�$J�3,Q�FKDLQ�

DIWHU�VROYHQW�HYDSRUDWLRQ�

/DQJPXLU�ILOPV�GHSRVLWHG�IURP�VLQJOH�FRPSUHVVLRQ�VWHS�RQ�VROLG�VXEVWUDWHV�LPPRELOL]H�

WKH�PRQROD\HU�VWUXFWXUHV�WKDW�PD\�QRW�EH�VRPHWLPHV�VWDEOH�DW�WKH�DLU�ZDWHU�LQWHUIDFH��7KH�

VWDELOLW\�RI�WKHVH�ILOPV�FDQ�EH�LQYHVWLJDWHG�ZKHQ�WKH�ILOP�LV�PRQLWRUHG�XQGHU�FRQVWDQW�DUHD�
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)LJXUH���� 3UHVVXUH�YV�DUHD��ʌ�$��LVRWKHUP�IRU��D��3,Q��DQG�$J�3,Q�DORQJ�ZLWK�VFKHPDWLF�

GHSLFWLQJ� WKH�SKHQRPHQD�DW�YDULRXV� UHJLRQV�� �E��FRPSUHVVLRQ�H[SDQVLRQ�FXUYH� IRU�3,Q�

DQG�$J�3,Q�QDQRK\EULG�DW�63 ���P1�P���F��FRPSUHVVLRQ�UHOD[DWLRQ�SKHQRPHQD�DW�WKUHH�

GLIIHUHQW�63V����������DQG����P1�P��IURP�GLIIHUHQW�UHJLRQV��,,��,,,�DQG�,9��RI�WKH�LVRWKHUP��

�G��FRPSUHVVLRQ�UHOD[DWLRQ�F\FOH�RI�$J�3,Q�ILOP�

RYHU� WLPH�� 6WDELOLW\� RI� WKH� ILOPV� IRUPHG� LV� WKH� GHFLGLQJ� SDUDPHWHU� IRU� XQLIRUP� ILOP�

IRUPDWLRQ� EHIRUH� LWV� GHSRVLWLRQ�� ZKLFK� LV� GRQH� E\� PRQLWRULQJ� WKH� VXUIDFH� SUHVVXUH�

FRPSUHVVLRQ�UHOD[DWLRQ� SURFHVV� >�����������@� :H� KDYH� VKRZQ� LQ� )LJXUH� ��� �E��� WKH�

FRPSUHVVLRQ�H[SDQVLRQ� FXUYH� IRU� 3,Q� DQG� $J�3,Q� QDQRK\EULG DW� D� SDUWLFXODU� 63� ����

P1�P��� 7KUHH� REVHUYDWLRQV� PDGH� IURP� WKLV� JUDSK� ZHUH�� ���� DUHD� XQGHU� WKH� FXUYH� LV�

VPDOOHU�IRU�$J�3,Q�LQ�FRPSDULVRQ�WR�3,Q������FRPSUHVVLRQ�FXUYH�VORSH�LV�VLPLODU�IRU�ERWK��

DQG�����UHOD[DWLRQ�FXUYH�LV�VWHHSHU�IRU�$J�3,Q��7KLV�FOHDUO\�GHQRWHV�WKDW�QDQRK\EULG�WDNHV�

OHVVHU�WLPH�WR�FRPH�EDFN�WR�LWV�RULJLQDO�VWDWH��VR�LW�LV�PRUH�FRPSUHVVLEOH�DV�FRPSDUHG�WR�

3,Q�DQG�FDQ�EH�DFFRXQWHG�WR�VWURQJHU�LQWHUPROHFXODU��QRQ�FRYDOHQW��LQWHUDFWLRQV�EHWZHHQ�

VLOYHU�DQG�3,Q��)RU�EHWWHU� LQVLJKW� LQWR� WKH� ILOP VWDELOLW\�RI� WKH�$J�3,Q�QDQRK\EULG��ZH�
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LQYHVWLJDWHG� FRPSUHVVLRQ�UHOD[DWLRQ� SKHQRPHQD� �)LJXUH� ��� �F��� DW� WKUHH� GLIIHUHQW�

SUHVVXUHV����������DQG����P1�P��IURP�GLIIHUHQW�UHJLRQV��,,��,,,�DQG�,9��RI�WKH�LVRWKHUP��

$IWHU� VSUHDGLQJ� WKH� VDPSOH� VROXWLRQ�� WKH� EDUULHUV� ZHUH� DXWRPDWHG� WR� FRPSUHVV� WKH�

PRQROD\HU�XS�WR��������DQG����P1�P�63�DQG�WKH�YDULDWLRQ�RI�VXUIDFH�SUHVVXUH�LQ�VDPH�

WLPH�GXUDWLRQ�KDV�EHHQ�SORWWHG�IRU�HDFK�UHVSHFWLYHO\��$W�ORZ�VXUIDFH�SUHVVXUH�L�H�����P1�P�

�UHJLRQ�,��WKH�UHOD[DWLRQ�FXUYH�GURSV�GRZQ VKDUSO\��7KLV�GHQRWHV�WKDW�PROHFXOHV�EHLQJ�IDU�

DSDUW�GR�QRW�VKRZ�FRRSHUDWLYH�PRWLRQ��$W����P1�P��UHJLRQ�,,���UHOD[DWLRQ�FXUYH�GHFD\V�

LQ� D� ORQJHU� WLPH� DQG� ILQDOO\�� IRU� ���P1�P� �UHJLRQ� ,,,��� ODUJHU� VXUIDFH� SUHVVXUH� UDQJH��

ORQJHU� UHOD[DWLRQ� WLPH�DQG� ODUJHU� DUHD XQGHU� WKH� FXUYH� DV� FRPSDUHG� WR� UHJLRQ� ,,�ZHUH�

REVHUYHG�� 7KLV� EHKDYLRXU� FDQ� EH� H[SODLQHG� E\� FRQVLGHULQJ� WKH� LQWHUPROHFXODU�

LQWHUDFWLRQV��7KH�ILOP�KHOG�DW�63����P1�P�EHKDYHV�OLNH�DQ�HODVWLF�VWUHWFKHG�PHPEUDQH�

DQG�LW�UHWUDFWV�LWV�RULJLQDO�IRUP�IDVWHU������V� DV�FRPSDUHG�WR����P1�P�63������V���63�LQ�

UHJLRQ�,,,�LV�MXVW�VXIILFLHQW�IRU�WKH�PROHFXOHV�WR�EH�KHOG�WRJHWKHU�E\�LQWHUPROHFXODU��QRQ�

FRYDOHQW��IRUFHV��7KHVH�REVHUYDWLRQV�PRWLYDWHG�XV�WR�RSW�63����P1�P�DV�WKH�RSWLPXP�

RQH�IRU�ILOP�GHSRVLWLRQ�

)XUWKHU��WKLV�KDV�EHHQ�HODERUDWHG�E\�PRQLWRULQJ�WKH�FRPSUHVVLRQ�UHOD[DWLRQ�F\FOH��)LJXUH�

��� �G���WR�YDOLGDWH�WKH�$J�3,Q�QDQRK\EULG�ILOP�FRPSUHVVLELOLW\��)RU�WKLV�PHDVXUHPHQW��

63����P1�P��MXVW�EHORZ�WKH�GHSRVLWLRQ�SUHVVXUH��ZDV�FKRVHQ��:H�REVHUYHG�WKDW�DOO WKUHH�

F\FOHV� WUDFN� QHDUO\� WKH� VDPH� SDWK� ZLWK� PLQRU� GLIIHUHQFHV� IURP� HDFK� RWKHU�� 7KLV�

WUDFHDELOLW\�VLJQLILHV�WKDW�LQWHUPROHFXODU��QRQ�FRYDOHQW��IRUFHV�SOD\�D�GRPLQDQW�UROH�VXFK�

WKDW�VXFFHVVLYH�FRPSUHVVLRQ�DQG�H[SDQVLRQ�RI�WKH�/DQJPXLU�PRQROD\HU�GRHV�QRW�GLVWRUW�

WKH�ILOP�VWDELOLW\�VLJQLILFDQWO\�>��������@�

������6WUXFWXUDO�VWXG\�RI�/DQJPXLU ILOPV

)LJXUH�������D��VKRZV�WKH�7(0�PLFURJUDSK�RI�D�VLQJOH�WLPH�OLIWHG�OD\HU���/��/6�ILOP�RI
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3,Q�OLIWHG�DW����P1�P�63�RQ�FDUERQ�FRDWHG�7(0�JULG�ZLWK�6$('�LQ�WKH�LQVHW��,W UHYHDOV�

D�ODUJH�FRQWLQXRXV�VKHHW�VWUXFWXUH�ILOP�IRUPHG�DW�WKH�DLU�ZDWHU�LQWHUIDFH��)LJXUH����� �E��

VKRZV� LWV�PDJQLILHG� LPDJH��7KHUH� LV� VRPH�SDWWHUQ� IRUPLQJ� IULQJHV�ZKLFK� ORFDWH� WR�G�

VSDFLQJ�RI�������QP��FDOFXODWHG�YLD�*DWDQ�'LJLWDO�0LFURJUDSK�VRIWZDUH�LQ� LQVHW���7KLV�

YDOXH�UHODWHV�WR�WKH�ʌ� ʌ�VWDFNLQJ�GLVWDQFH�EHWZHHQ WKH�WZR�3,Q�FKDLQ�EDFNERQHV�>������@�

$OVR�� 6$('� SDWWHUQ� IRUPLQJ� ULQJ�OLNH� VWUXFWXUH� UHYHDOV� WKH� IRUPDWLRQ� RI� RUGHUHG�

PLFURVWUXFWXUHV�LQ�WKH�ILOP >��@�

,QLWLDOO\��ZKHQ�WKHVH�WZR�FRPSRQHQWV��$J13�DQG�3,Q��ZHUH�PL[HG�WR�IRUP�D�QDQRK\EULG��

WKH� GLVWULEXWLRQ� ZDV� UDQGRP� OLNH� WKDW� VKRZQ� LQ� 7(0� LPDJH� �LQVHW�� 6$('� SDWWHUQ���

+$$')�LPDJH�DQG�HOHPHQWDO�PDSSLQJ��)LJXUH�������RI�GURS�FDVW�$J�3,Q�QDQRK\EULG�

ILOP��$J�3,Q�QDQRK\EULG�/6�ILOPV�ZHUH�DOVR�OLIWHG�VLPLODUO\�DW����P1�P�63�RQ�D�7(0�

JULG�DQG�LQYHVWLJDWHG�IRU�LWV�GLVWULEXWLRQ�SDWWHUQ�RI�VLOYHU�LQ�WKH�3,Q�PDWUL[��)LJXUH������

�D��LQIRUPV�XV�DERXW�WKH�ODUJH�DUHD�XQLIRUP�GLVWULEXWLRQ�RI�VLOYHU�SDUWLFOHV�LQ�3,Q�ZLWK�LWV�

6$('��LQVHW��YDOLGDWLQJ�WKH�ILOP�FU\VWDOOLQLW\��6XUIDFH�DUHD�FRYHUDJH�RI�$J13V�LQ�WKH�3,Q�

PDWUL[�IURP�7(0�PLFURJUDSK�ZDV�FDOFXODWHG�DQG�IRXQG�WR�EH�����������,WV�PDJQLILHG�

LPDJH�LQ�)LJXUH�������E��VKRZV�WKDW�UHJLRQ���DQG�UHJLRQ����PDUNHG�LQ�VTXDUH��FRUUHVSRQG

WR� WKH� $J13� DQG� 3,Q� UHVSHFWLYHO\� LQ UHDO� VSDFH�� 7KHLU� G�VSDFLQJ� ZDV� FDOFXODWHG� YLD�

*$7$1�VRIWZDUH�DQG�IRXQG�WR�EH�������QP�FKDUDFWHULVWLF�RI�VLOYHU�DQG�G ������QP�IRU�

SRO\PHU�UHJLRQ��)RU�ERWK�VTXDUH�UHJLRQV���DQG����)RXULHU�WUDQVIRUP�EHLQJ�VLPXOWDQHRXVO\�

FDSWXUHG�FOHDUO\�MXVWLILHV�WKHP��$V�FRPSDUHG�WR�)LJXUH�������E���IRU�SRO\PHU�UHJLRQ��G�

VSDFLQJ�WHQGV�WR�GHFUHDVH�LQ�WKLV�FDVH��7KLV�UHYHDOV�WKH�GHFUHDVH�LQ�ʌ�ʌ�VWDFNLQJ�GLVWDQFH�

EHWZHHQ�QHLJKERXULQJ�EDFNERQHV��7KLV�GHFUHDVH�FDQ�EH�DFFRXQWHG�WR�WKH�VLOYHU�SOD\LQJ�D

VLJQLILFDQW� UROH� LQ� WKH� RUGHULQJ� RI� SRO\PHULF� FKDLQV�� WKXV� OHDGLQJ� WR� EHWWHU�PROHFXODU�

SDFNLQJ�>���@��2Q�FRPSDULQJ�WKH�PLFURJUDSKV�LQ�)LJXUH������DQG�������ZH�FDQ�DQDO\VH
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)LJXUH����� 7(0�PLFURJUDSK�RI�D�VLQJOH�WLPH�OLIWHG�OD\HU 3,Q�/6�ILOP�DW����P1�P�63 DW�

�D��ORZ�PDJQLILFDWLRQ��LQVHW��6$('��DQG �E��KLJK�PDJQLILFDWLRQ��LQVHW��G�VSDFLQJ��

)LJXUH����� �D��7(0�LPDJH��LQVHW��6$('�SDWWHUQ����E��+$$')�LPDJH�DQG��F��HOHPHQWDO�

PDSSLQJ�RI�GURS�FDVW�$J�3,Q�QDQRK\EULG�ILOP�
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)LJXUH� ���� 7(0�PLFURJUDSK�RI�$J13�3,Q�/DQJPXLU� ILOP�GHSRVLWHG� DW� ���P1�P�DW�

GLIIHUHQW�PDJQLILFDWLRQ�VFDOH��D�����QP�DQG��F�����QP��)7�RI 5HJLRQ���DQG���

WKH�UROH�RI�/DQJPXLU�WHFKQLTXH�LQ�QDQRFRPSRVLWH�IRUPDWLRQ�RI�WKH�VLOYHU�DQG�3,Q�DW�WKH�

DLU�ZDWHU� LQWHUIDFH� :KHQ� WKH� QDQRK\EULG� ZDV GURS� FDVWHG� RQ� ZDWHU� DQG� DOORZHG� WR�

DVVHPEOH� DW� DLU�ZDWHU� LQWHUIDFH� YLD� /DQJPXLU� WHFKQLTXH�� YDULRXV� RSHUDWLQJ� IDFWRUV�

FRRSHUDWHG�LQ�LWV�DVVHPEO\��)LUVW��WKH�VSUHDG�RI�YHU\�GLOXWH�VROXWLRQ�RQ�LQWHUIDFH�SUHYHQWHG�

LWV�PROHFXODU�DJJUHJDWLRQ�� VHFRQG��YHU\�VORZ�EDUULHU� FRPSUHVVLRQ�VSHHG� ����PP�PLQ��

HQDEOHG�LWV�IRUFHG�DVVHPEO\�WKXV�EULQJLQJ�PROHFXOHV�FORVHU��WKLUG��LQWHUPROHFXODU�IRUFHV�

�QRQ�FRYDOHQW�� RSHUDWLRQDO� DV� WKH�PRQROD\HU�ZDV� EHLQJ� FRPSUHVVHG�� IRXUWK�� H[FHOOHQW�

VHOI�DVVHPEOLQJ�SURSHUW\�RI�VLOYHU�HPEHGGHG�LQ�WKH�SRO\PHU�PDWUL[��$IWHU�WKHVH�IRUFHV�

EHLQJ� RSHUDWLYH� LQ� /DQJPXLU� WURXJK�� WKH�ZLOKHP\� SODWH� VHQVHG� YDULRXV� SKDVHV� RI� WKH�

PRQROD\HU�RQ�FRPSUHVVLRQ��7KH�/6�ILOPV�EHLQJ�OLIWHG�DW�RSWLPXP�63��DOUHDG\�GLVFXVVHG�

DERYH�� GLVSOD\HG� WKH� XQLIRUP� GLVWULEXWLRQ� RI� WKHVH� QDQRSDUWLFOHV� LQ� 3,Q� PDWUL[�� WKXV�

OHDGLQJ�WR�WKH�IRUPDWLRQ�RI�D�QDQRFRPSRVLWH�DW�WKH�DLU�ZDWHU�LQWHUIDFH��

7R� GHWHUPLQH� WKH� VWUXFWXUH� DQG� RULHQWDWLRQ� LQ� WKH� ILOP�� ZH� KDYH� XWLOL]HG� *,�:$;6�

PHDVXUHPHQW� IRU� ERWK� 3,Q� DQG� $J�3,Q� /6� ILOPV� VKRZQ� LQ� )LJXUH� ���� �D� DQG� E��

UHVSHFWLYHO\��7KH��'�T�SORWV�FOHDUO\�VKRZ�D�*,�:$;6�SDWWHUQ�ZKLFK�LQGLFDWHV�ODPHOOD��
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RULHQWHG� SDUDOOHO� WR� WKH� VDPSOH¶V� VXUIDFH�� IRU� ERWK� VDPSOHV�� )RU� $J�3,Q� VDPSOH�� LQ�

FRQWUDVW�� VKRZV� RULHQWHG�%UDJJ� SHDNV� LQ� WKH�:$;6�UHJLPH�ZKLFK� LQGLFDWHV� D� KLJKHU�

GHJUHH�RI�RULHQWDWLRQ�ZLWK�ɩ�ɩ�VWDFNLQJ�RULHQWDWLRQ�SDUDOOHO�WR�WKH�VXUIDFH�RI�WKH�VXEVWUDWH�

DV UHYHDOHG�LQ�7(0�DERYH��)LJXUH��������6R��$J�3,Q�ILOPV�IRUPHG�DUH�PRUH�FU\VWDOOLQH�

WKDQ�3,Q�/6�ILOPV��DQG�WKH�HQKDQFHG�RULHQWDWLRQ�LQ�WKH�ILOP�DOVR�UHVXOWV�LQ�H[WHQVLRQ�RI�ɩ�

HOHFWURQ� RYHUODSSLQJ� ZKLFK� LV� UHTXLUHG� IRU� PRELOLW\� HQKDQFHPHQW� LQ� VHPLFRQGXFWLQJ�

RUJDQLF�PROHFXOH�EDVHG�HOHFWURQLF�GHYLFHV >�������@�

������6XUIDFH�FKDUDFWHUL]DWLRQ�RI�/6�ILOPV

6XUIDFH�DQDO\VLV�RI�3,Q�DQG�$J�3,Q�/6�ILOPV�KDV�EHHQ�LQYHVWLJDWHG�WKURXJK�$)0

)LJXUH����� *,:$;6��' T�SORW�RI��D��3,Q�DQG��E��$J�3,Q�/6�ILOP�

LQ�WDSSLQJ�PRGH��7KH��'�$)0�WRSRJUDSK\�DQG�SKDVH�LPDJHV�VFDQQHG�VLPXOWDQHRXVO\�LQ�

WKH�VDPH�UHJLRQ��DUH�VKRZQ�LQ�)LJXUH�������D�DQG�F��DQG�������D�DQG�F��UHVSHFWLYHO\��7R�

JHW�D�SURSHU�XQGHUVWDQGLQJ�RI�WKH�VXUIDFH�URXJKQHVV��URRW�PHDQ�VTXDUH��506��YDOXH�RI�

WKH�VXUIDFH�URXJKQHVV�ZDV�FRPSXWHG�XVLQJ�1DQRWHFK�VRIWZDUH��7KH�VXUIDFH�URXJKQHVV�RI�

ERWK�WKH�ILOPV�IROORZV�WKH�*DXVVLDQ�GLVWULEXWLRQ�>���@�
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)LJXUH����� 7DSSLQJ�PRGH�DWRPLF�IRUFH�PLFURJUDSKV�RI��D��3,Q�DQG��F��$J�3,Q�/DQJPXLU�

ILOP� GHSRVLWHG� DW� ��� DQG� ���P1�P� UHVSHFWLYHO\�ZLWK� WKHLU� FRUUHVSRQGLQJ� �E�� DQG� �G��

URXJKQHVV�GLVWULEXWLRQ�

7DEOH���� 6XUIDFH�DQDO\VLV�SDUDPHWHUV�REWDLQHG�IURP�$)0�DQG�.3)0�

)LOP�
&RPSRVLWLRQ

5�0�6��
5RXJKQHVV��
5U�P�V� LQ�QP

0HDQ�
URXJKQHVV��
5D LQ�QP

6WDQGDUG�
GHYLDWLRQ��ı

'F� LQ�
QP

$YHUDJH� &RQWDFW�
3RWHQWLDO� 'LIIHUHQFH��
9&3' LQ�0Y

3,Q ����� ����� ���� ����� �����
$J�3,Q ����� ����� ���� ����� �����

7KH�URXJKQHVV�GLVWULEXWLRQ�IRU�WKH�3,Q�DQG�$J�3,Q�/DQJPXLU�ILOPV�LV�VKRZQ�LQ�)LJXUH�

������E�DQG�G���DQG�DOO�WKH�ILQGLQJV�DUH�EHLQJ�WDEXODWHG�LQ�7DEOH�������$�GHFUHDVH�LQ�VXUIDFH�

URXJKQHVV�DV�ZHOO�DV�DYHUDJH�JUDLQ�VL]H�IRU�$J�3,Q�/DQJPXLU�ILOP�DV�FRPSDUHG�WR�SULVWLQH�

3,Q� ILOP �)LJXUH� ����� �E� DQG� G���� VXJJHVWV� WKDW� WKH�$J� LQFRUSRUDWLRQ� UHGXFHV� WKH� 3,Q�

PROHFXOH� DJJUHJDWLRQ� SUREDELOLW\�� ,Q� FDVH� RI� SULVWLQH� 3,Q� ILOP�� PROHFXOHV� DJJUHJDWH�
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IRUPLQJ�SVHXGRPRQROD\HU��:KHUHDV�LQ�$J�3,Q�OD\HU��$J�IDFLOLWDWHV�WKH�VPRRWK�XQFRLOLQJ�

�H[SDQVLRQ��RI�3,Q�FKDLQ��7KLV�MXVWLILHV�WKH�QHHG�RI�KLJKHU�VXUIDFH�SUHVVXUH�SHU�XQLW�DUHD�

IRU�PRQROD\HU�IRUPDWLRQ�LQ�FDVH�RI�$J�3,Q�/DQJPXLU�ILOP >��������@�

)RU�LQYHVWLJDWLRQ�RI�ILOP�VXUIDFH�SURSHUW\�RQ�WKH�PDFURVFRSLF�VFDOH�DQG�WR�GHWHUPLQH�LWV�

EHKDYLRXU�RQ�ZDWHU�VXESKDVH��ZH�KDYH�PHDVXUHG�LWV�FRQWDFW�DQJOH�ZLWK�UHVSHFW�WR�ZDWHU��

)RU�WKLV�VWXG\��ZH�KDYH�OLIWHG�/6�ILOPV�LQ�WZR�ZD\V��)LUVW��VWDPSLQJ�IURP�DERYH�WKH�ZDWHU�

VXUIDFH�WKDW�KDV�EHHQ�QDPHG�DV�7\SH���ILOP��VHFRQG�IURP�EHORZ�WKH�ZDWHU�VXUIDFH��7\SH�

����$� VFKHPDWLF� �)LJXUH� ���� �D��� KDV� EHHQ� VKRZQ� IRU� D� EHWWHU� XQGHUVWDQGLQJ��$V� SHU�

SUHYLRXV�ZRUNV��WKH�SRODU�SDUW��K\GURSKLOLF��RI�WKH�PROHFXOH�WHQGV�WR�LQWHUDFW�ZLWK�ZDWHU�

VXESKDVH�GLUHFWLQJ�WKH�K\GURSKRELF�SDUW�DZD\�IURP�WKH�VXUIDFH�>��������@� $V�LQ�WKH�FDVH�

RI�3,Q��WKH�HOHFWURQ�GHQVLW\�LV�FRQFHQWUDWHG�DURXQG�WKH�QLWURJHQ�RI�S\UUROH�ULQJ�WKXV

)LJXUH� ���� 3KDVH� FRQWUDVW� PLFURJUDSKV� RI� �D�� 3,Q� DQG� �F�� $J�3,Q� /DQJPXLU� ILOP�

GHSRVLWHG�DW� ��� DQG����P1�P� UHVSHFWLYHO\�ZLWK� WKHLU� FRUUHVSRQGLQJ� �E�� DQG� �G��JUDLQ�

VHJPHQW�
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)LJXUH����� �D��)LOP�OLIWLQJ�PHWKRG�RI�W\SH���DQG���IRU�FRQWDFW�DQJOH�PHDVXUHPHQWV�RI�

/6�ILOP�RI��E����3,Q���F����3,Q�DQG��G��$J�3,Q�/6�ILOPV���H��DQG��I��.HOYLQ�SUREH�IRUFH�

PLFURJUDSKV�RI��E��DQG��G��/6�ILOPV�UHVSHFWLYHO\�

SURYLGLQJ�LW�SRODULW\�>��@� $FFRUGLQJ�WR�WKLV��)LJXUH����� �E��DQG��F��FOHDUO\�VXSSRUW�WKDW�

W\SH��� DUH� OHVV� K\GURSKRELF� IURP� W\SH��� ILOPV��7KLV� LV� EHFDXVH�ZKHQ� WKH� VXEVWUDWH� LV�

VWDPSHG� IURP� DERYH� WKH� ZDWHU� VXUIDFH�� K\GURSKRELF� SDUW� DGKHUHV� WR� LW�� H[SRVLQJ� WKH�

K\GURSKLOLF�SDUW�LQ�WKH�DLU��:KHUHDV�LQ�W\SH����WKH�VXEVWUDWH�DOUHDG\�NHSW�EHQHDWK�WKH�ZDWHU�

VXUIDFH� LV� OLIWHG� VORZO\� XSZDUGV�� DGKHUHV� K\GURSKLOLF� SDUW� WR� LW�� 7KHVH�PHDVXUHPHQWV�

YDOLGDWH� WKDW� 3,Q� LV� VXVSHQGHG� DW� DLU�ZDWHU� LQWHUIDFH� ZLWK� K\GURSKLOLF� QLWURJHQ� SDUW�

WRZDUGV�WKH�ZDWHU�VLGH��6LPLODU�UHVXOWV�ZHUH�VHHQ�IRU�$J�3,Q�WKDW�FRQFOXGHV�WKH�ZUDSSLQJ�

RI�$J13�E\�3,Q�PROHFXOHV��.3)0�LPDJHV�RI�VDPH�VXUIDFHV�ZHUH�REWDLQHG�IRU�ERWK�3,Q�

DQG�$J�3,Q�/6�ILOPV�OLIWHG�IURP�DERYH�WKH�ZDWHU� VXUIDFH��7KH�HOHFWURVWDWLF�LQWHUDFWLRQ�

EHWZHHQ�WKH�/DQJPXLU�ILOP�VXUIDFH�DQG�$)0�WLS�ZDV�PRQLWRUHG�LQ�WKH�VDPH�UHJLRQ�DV�

VXUIDFH�WRSRJUDSK\��DQG�SKDVH�LPDJHV�ZHUH�VFDQQHG��7KH�DYHUDJH�IRU�3,Q�DQG�$J�3,Q�

/DQJPXLU�ILOPV�DUH�IRXQG�WR�EH������P9�DQG�������P9�UHVSHFWLYHO\��7KH�GHFUHDVH�LQ�
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DYHUDJH�FRQWDFW�SRWHQWLDO�GLIIHUHQFH��L�H���WKH�LQFUHDVH�LQ�ZRUN�IXQFWLRQ�IRU�$J�3,Q�ILOP��

PHDVXUHG�RYHU�DQ�DUHD�RI���ȝP���FRQFOXGHV�WKH�KRPRJHQHRXV�GLVWULEXWLRQ�RI�$J13�RYHU�

WKH�SRO\PHU�VKHHW�>���@�

������6SHFWURVFRSLF�DQDO\VLV�RI�/DQJPXLU�ILOPV

)LJXUH� ���� UHSUHVHQWV� WKH� DEVRUSWLRQ� VSHFWUD� RI� 3,Q� DQG� $J�3,Q� /6� ILOPV�� $OO� WKH�

WUDQVLWLRQV� IRU� 3,Q� DQG�$J�3,Q�/6� ILOPV� VXFK� DV� Q�ʌ
�� ʌ�ʌ
� DQG� SRODURQLF� WUDQVLWLRQV�

GLVSOD\�D�UHG�VKLIW�DV�FRPSDUHG�WR�WKHLU�VROXWLRQ�FRXQWHUSDUWV�ZKLFK�DUH�OLVWHG�LQ�7DEOH�

�����)RU�WKH�VROXWLRQ�VWDWH��LQWUD�DQG�LQWHU�FKDLQ�LQWHUDFWLRQV�DUH�FRPSDUDWLYHO\�ORZ�WKDQ�

LQ� WKH� VROLG� VWDWH� >�����������@� 0RUHRYHU��/DQJPXLU� WHFKQLTXH�RIIHUV� D� KLJK� OHYHO� RI�

RUGHULQJ�DW�WKH�LQWHUIDFH��7KXV�WKLV�UHG�VKLIW�LV�DWWULEXWHG�WR�WKH�IRUPDWLRQ�RI�RUJDQL]HG

VWUXFWXUHV�ZLWK�H[WHQGHG�FRQMXJDWLRQ�OHQJWK�LQ�WKH�/6�ILOPV���

)LJXUH����� 89�YLV�VSHFWUD�RI�/6�ILOPV��D��3,Q�DQG��E��$J�3,Q�

7DEOH���� &KDUDFWHULVWLF�DEVRUSWLRQV�RI�3,Q�DQG�$J�3,Q�LQ�WKHLU�VROXWLRQ�DQG�ILOP�IRUP�

6�1R� &KDUDFWHULVWLF�
DEVRUSWLRQV

3,Q
6ROXWLRQ���������������/6�)LOP

$J�3,Q
6ROXWLRQ�������������/6�ILOP

� ʌ�ʌ
 ��� ��� ��� ���
� Q�ʌ
 ��� ��� ��� ���
� 3RODURQLF�WUDQVLWLRQ ��� ��� ��� ���
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,Q�RUGHU�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�VLOYHU�13�RQ�SRO\PHU�ILOP��ZH�KDYH�FDUULHG�RXW�VXUIDFH�

HQKDQFHG�5DPDQ�6FDWWHULQJ��6(56��RI�3,Q�DQG�$J�3,Q�/6�ILOPV�DV�VKRZQ�LQ�)LJXUH�������

)LJXUH����� 5DPDQ�VSHFWUD�RI��D��3,Q�DQG��E��$J�3,Q�/6�ILOPV��LQVHW��6(5V�HIIHFW�

5DPDQ�VSHFWUD�RI�3,Q�/6�ILOP��)LJXUH�������D���GLVSOD\V�FKDUDFWHULVWLF�SHDNV�RI�3,Q�DW�

�����DQG������FP�� FRUUHVSRQGLQJ�WR�&�&�VWUHWFKLQJ�DQG�& &�VWUHWFKLQJ����������$IWHU�

VLOYHU�LQFRUSRUDWLRQ�LQ�3,Q�PDWUL[��ZH�FRXOG�REVHUYH�D�VLJQLILFDQW�VKLIW�RI����FP�� LQ�& &�

V\PPHWULFDO�VWUHWFKLQJ�PRGH�������FP����WRZDUGV�ORZHU�ZDYHQXPEHU�DQG�HQKDQFHPHQW�

LQ� LQWHQVLW\� �IRXUIROG�� RI� SHDNV� DV� ZHOO� �)LJXUH� ����� �E��������������� 7KLV� VKLIW� DQG�

HQKDQFHPHQW REVHUYHG� LQ� WKH� 5DPDQ� VLJQDO� FDQ� EH� DWWULEXWHG� WR� WKH� H[LVWHQFH� RI� DQ�

LQWHUDFWLRQ�EHWZHHQ�VLOYHU�13V��DQG�6(56�SKHQRPHQD�DULVH�GXH�WR�13V��

,Q�UHSRUWHG�OLWHUDWXUH��LW�LV�PHQWLRQHG�WKDW�WKHUH�DUH�WZR�NLQGV�RI�HQKDQFHPHQW��QDPHO\�

FKHPLFDO�DQG�HOHFWURPDJQHWLF�QHDU�ILHOG�HQKDQFHPHQW�IRU�DQ\�LVRODWHG�V\VWHP��)RU�WKH�

QHDU�ILHOG�HOHFWURPDJQHWLF��HQKDQFHPHQW�PXVW�EH�DURXQG������IROG�ZKLFK�LV�TXLWH�ODUJH�

LQ�FRPSDULVRQ�WR�RXU�VWXG\�>�����@� +RZHYHU��FKHPLFDO�HQKDQFHPHQW�PXVW�EH�OHVV�WKDQ�

����IROG��,Q�RXU�FDVH��ZH�REVHUYH�RQO\�IRXU�IROG�HQKDQFHPHQW�ZKLFK�FDQ�EH�DWWULEXWHG�WR�

FKHPLFDO�6(56��7KHUHIRUH��WKLV�W\SH�RI�HQKDQFHPHQW�UHYHDOV�WKH�IRUPDWLRQ�RI�SODVPRQ�
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FRXSOHG�XQLILHG�V\VWHP�GXH�WR�LQWHUPROHFXODU�LQWHUDFWLRQ�EHWZHHQ�$J�13V�DQG�3,Q�PDWUL[��

,Q�RUGHU�WR�IXUWKHU�YDOLGDWH�WKH�HQKDQFHPHQW�W\SH��ZH�KDYH�FRQGXFWHG�;36�ZKLFK�KDYH�

EHHQ�GLVFXVVHG�LQ�D�ODWHU�VHFWLRQ��

����� &KDUJH�WUDQVSRUW�SURSHUWLHV

,Q� RUGHU� WR� LQYHVWLJDWH� WKH� HOHFWULFDO� DQG� FKDUJH� WUDQVSRUW� SURSHUW\� DFURVV� WKH� ILOP��

PXOWLSOH�PHWDO�VHPLFRQGXFWRU�GHYLFHV�KDYH�EHHQ� IDEULFDWHG� LQ� D� VDQGZLFKHG� VWUXFWXUH�

VXFK� DV� ,72�$J�3,Q�$O� DQG� ,72�3,Q�$O� DV� LOOXVWUDWHG� LQ� RI� )LJXUH� ������ � 7KH� -�9�

FKDUDFWHULVWLFV�RI�DOO�VDPSOHV�KDYH�EHHQ�GHPRQVWUDWHG�LQ�)LJXUH�������D���,QVHW�RI�)LJXUH�

���� �D��VKRZV�D�VHPLORJ�SORW�RI�-�9�FKDUDFWHULVWLFV��+RZHYHU��)LJXUH����� �E���VKRZV�WKH�

-�YV�9� FKDUDFWHULVWLFV�RI�VDPH��7KH�-�9�FKDUDFWHULVWLFV�RI�ERWK�GHYLFHV�GHPRQVWUDWH�QRQ�

OLQHDU� UHFWLI\LQJ� EHKDYLRXU� FKDUDFWHULVWLFV�� ZKLFK� GHPRQVWUDWH� WKH� VLJQDWXUH� RI� WKH�

6FKRWWN\� GLRGH� >�����������@� 7KH� UHFWLI\LQJ� FKDUDFWHULVWLFV� RI� ,72�$J�3,Q�$O� ZHUH�

IRXQG�WR�EH������PRUH�DV�FRPSDUHG�WR�SULVWLQH�ILOP��

)LJXUH� ���� &XUUHQW� GHQVLW\�YROWDJH� �-�9� DQG� -�9��� FKDUDFWHULVWLFV� RI� �/� /6� ILOP� RI�

SULVWLQH�3,Q�DQG�$J�3,Q�QDQRK\EULG�

)XUWKHU��LQ�RUGHU�WR�DQDO\VH�WKH�RWKHU�HOHFWULFDO�SDUDPHWHUV�VXFK�DV�LGHDOLW\�IDFWRU��Ș��
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VDWXUDWLRQ� FXUUHQW� �-���� EDUULHU� KHLJKW� �ĭ%��� HWF�� :H� KDYH� HPSOR\HG� WKH� WKHUPLRQLF�

HPLVVLRQ�WKHRU\�DQG�&KHXQJ¶V�PHWKRG�E\�FRQVLGHULQJ�WKH�IROORZLQJ�UHODWLRQV��>��@

ܬ ൌ ଴ܬ ��� ቀ
௤௏

ఎ௄்
ቁ �����

଴ܬ ൌ ���ଶܶכܣ ሺെ߮ݍ஻Ȁܶܭሻ �����

:KHUH�-��-���7��9��$
��DQG�Ș�KDYH�WKHLU�XVXDO�PHDQLQJ�>��@� +RZHYHU��WKH�LQWULQVLF�FDUULHU�

PRELOLW\� YL]�� KROH�PRELOLW\� �ȝK�� KDYH� EHHQ� GHWHUPLQHG� DW� KLJKHU� YROWDJH� UHJLRQ� IURP�

)LJXUH����� �E��DQG�E\�XVLQJ�WKH�0RWW�*XUQH\�HTXDWLRQ��>��@

ܬ ൌ
ଽఓ೓ఌೝఌబ

଼
ሺ
௏మ

ௗయ
ሻ �����

:KHUH�XVHG�V\PEROV�KDYH�WKHLU�XVXDO�PHDQLQJ�>��@� 7KH�SDUDPHWHUV�RI�WKH�GHYLFH�KDYH�

EHHQ�OLVWHG�LQ�7DEOH������

7DEOH���� 2XW�RI�SODQH�(OHFWULFDO�SDUDPHWHU�RI�GHYLFHV�

3DUDPHWHUVĺ
'HYLFHVĻ

-� �$� ĭ%��H9� Ǿ ȝK��FP��9�V�

,72�$J�3,Q�$O ���[���� ���� ���� ���[����

,72�3,Q�$O ����[���� ���� ���� ���[����

,W�LV�QRWHZRUWK\�WKDW�LGHDO�GLRGH�KDV�Ș ��ZKLFK�DULVHV�GXH�WR�IROORZLQJ�WZR�UHDVRQV������

FDUULHU� GULIW�GLIIXVLRQ� SURFHVV�� ���� 6DK�1R\FH�6KRFNOH\� JHQHUDWLRQ�UHFRPELQDWLRQ�

SURFHVV��+RZHYHU��Ș�RI�ERWK�GHYLFHV�GHPRQVWUDWH�JUHDWHU�YDOXH�DV�FRPSDUHG�WR�WKH�LGHDO

GLRGH�WKDW�FDQ�EH�VDLG�WR�DULVH�GXH�WR�WUDS�DLGHG�WXQQHOOLQJ��FDUULHU�OHDNDJH��DQG�EDUULHU�

LQKRPRJHQHLW\��7KHUHIRUH��PXOWLOD\HU�GHSRVLWHG�/6�ILOPV�ZLWK�WKH�GHYLDWLRQ�IURP�LGHDO�

EHKDYLRXU�LV�FRQVLVWHQW�ZLWK�RXU�HDUOLHU�DVVXPSWLRQV��+RZHYHU��FRPSRVLWLQJ�RI�3,Q�ZLWK�

$J�13�LQGXFHV�EHWWHUPHQW�LQ�WKH�Ș�IURP������WR�������
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)LJXUH� ���� �D�� VKRZV� DURXQG� RQH� RUGHU� HQKDQFHPHQW� LQ� IRUZDUG� FXUUHQW� IRU� $J�3,Q�

FRPSRVLWH�DV�FRPSDUHG�WR�SULVWLQH��+RZHYHU��RQH�RUGHU�HQKDQFHPHQW�LQ�LQWULQVLF�PRELOLW\�

ZDV�REVHUYHG�IRU�WKH�VDPH��,Q�RUGHU�WR�XQGHUVWDQG�HQKDQFHPHQW�LQ�5DPDQ�VSHFWUD�DV�ZHOO�

DV�LQ�FXUUHQW�GHQVLW\�RI�WKH�$J�3,Q�ILOP��;36�PHDVXUHPHQW�RI�ERWK�VDPSOHV�ZHUH�FDUULHG�

RXW�E\�WDUJHWLQJ�1�DQG�&��;36�VSHFWUD�RI�$J�3,Q�DQG�3,Q�DUH�VKRZQ�LQ�)LJXUH�������$V�

FRPSDUHG�WR�SULVWLQH�3,Q��1�DQG�&�SHDNV�IRU�$J�3,Q�GHPRQVWUDWHG�VKLIWLQJ�RI�WKH�SHDN�DW�

D�KLJKHU�ELQGLQJ�HQHUJ\��%(���7KLV�VKLIWLQJ�RI�SHDN�GLVFORVHV�WKH�SDUWLDO�FKDUJH�WUDQVIHU�

IURP�SRO\PHU�EDFNERQH�WR�WKH�PHWDO�QDQRSDUWLFOH�GXH�WR�WKH�IRUPDWLRQ�RI�SRO\PHU�PHWDO�

QDQRSDUWLFOH�FRXSOHG�XQLILHG�V\VWHP��YLD�FKHPL�DGVRUSWLRQ��7KLV�UHVXOWV�LQ�DQ�LQFUHPHQW�

LQ�%(�RI�1�DQG�&� LQ�QDQRK\EULG� �)LJXUH�������ZLWK� D� VLPXOWDQHRXV�GHFUHPHQW� LQ�%(�

�a�����H9��RI�VLOYHU��)LJXUH��������2YHUDOO��YDULDWLRQ�LQ�%(�YDOLGDWHV�WKH�SDUWLDO�FKDUJH�

WUDQVIHU�ZKLFK�LQGXFHV�HQKDQFHPHQW�LQ�LQWULQVLF�PRELOLW\�DQG�IRUZDUGV�FXUUHQW�XS�WR�RQH�

RUGHU� LQ� FRPSRVLWH�/6� ILOP��7R�JHW� D�EHWWHU�XQGHUVWDQGLQJ�RI� WKH� HIIHFW� RI� LQWHUDFWLRQ�

EHWZHHQ� VLOYHU� DQG� SRO\PHU� RQ�1�V� DQG� &�V� VSHFWUD� RI� $J�3,Q� /6� ILOP�� WKHLU� ILWWHG�

FRPSRQHQWV�KDYH�EHHQ�VKRZQ�LQ�)LJXUH������>���������@��)RU�1�V�VSHFWUXP��IRXU�PDLQ�

SHDNV�DW���������������������DQG ������H9�DUH� ORFDWHG��)LJXUH����� �D���ZKLFK�FDQ�EH�

DVVLJQHG�WR�QHXWUDO�QLWURJHQ�DWRPV���1+����S\UROLWLF�QLWURJHQ�SHDN��1�&��1 &��IRU�ORZHVW�

%(�SHDN� ±1+���SRODURQ��DQG� 1+���ELSRODURQ��VWDWHV�RI�WKH�SRO\PHU�IRU�VHFRQG�DQG�

WKLUG�DQG�IRXUWK�SHDN� WR� WKH�VLOYHU� LQWHUDFWLRQ�ZLWK� WKH�QLWURJHQ�DWRPV�DV�SHU�SUHYLRXV�

UHSRUWV� RQ� 3,Q� >��@� )LJXUH� ���� �E�� VKRZV� WKH� &�V� VSHFWUD� UHYHDOLQJ� WKUHH� GLIIHUHQW�

FRPSRQHQWV�ORFDWHG�DW���������������DQG�������H9��:H�DVVLJQ�WKH�ORZHVW�ELQGLQJ�HQHUJ\�

FRPSRQHQW�WR�&�&��&�+�DQG�&�1�IURP�$J�3,Q��7KH�VHFRQG�SHDN�DW�������H9�LV�GHVLJQDWHG�

WR�FDUERQV�RI�WKH�W\SH��& 1�RU�&�1���SULPDULO\�IURP�3,Q�DQG�WKH�WKLUG�SHDN�DW�������H9�

FRUUHVSRQGV�WR�FDUERQV�DV�& 1��VSHFLHV�GXH�WR�LQFUHDVHG GRSLQJ�LQ�3,Q�E\�VLOYHU�GRSDQW�

>������@� :KLOH�LW�LV�SUREDEOH�WKDW�WKH�SHDNV�FRQWDLQ�FRQWULEXWLRQV�GXH�WR�LQWHUDFWLRQ��OLNH�



&KDSWHU��

���

K\GURJHQ�ERQGLQJ��YDQ GHU�:DDOV�LQWHUDFWLRQ��HWF���EHWZHHQ�VLOYHU�DQG�3,Q��6R�GHSHQGLQJ�

RQ� WKH� H[WHQW� RI� GRSLQJ� GXH� WR� VLOYHU�� WKHUH�ZLOO� DOVR� EH� DQ� LQIOXHQFH� RQ� WKH� ELQGLQJ�

HQHUJLHV�RI�1�DQG�&�DWRPV�WKDW�LV�FOHDUO\�YLVLEOH�LQ�WKHVH�UHVXOWV��7KHVH�UHVXOWV�DUH�UHOLDEOH�

ZLWK�SUHYLRXV�ZRUNV�RQ�3,Q�LQ�ZKLFK�LW�ZDV�DQWLFLSDWHG�WKDW�WKH�KLJKHU�%(�FRPSRQHQWV�

FRUUHVSRQG� WR�SRVLWLYHO\�FKDUJHG�QLWURJHQ�DWRPV� LQ�FKHPLFDOO\�GLIIHUHQW� HQYLURQPHQWV�

>������������@� $J�LQ�WKH�3,Q�PDWUL[�IRUPV�QRQ�FRYDOHQW�LQWHUDFWLRQV�ZLWK�WKH�QLWURJHQ�

DWRPV� �SRVLWLYHO\� FKDUJHG�� UHVSRQVLEOH� IRU� FKDUJH� FRQGXFWLRQ� LQ� 3,Q� WKXV� SURPRWLQJ�

SDUWLDO�FKDUJH�WUDQVIHU�IURP�3,Q�WRZDUGV�VLOYHU��

,Q�VXPPDU\��ZH�KDYH�GHVLJQHG�D�VFKHPDWLF��)LJXUH�������WKDW�VXPPDUL]HV�WKH�LPSDFW�RI�

VORZ�FRPSUHVVLRQ�RI�/DQJPXLU�OD\HU�IRUPLQJ�WKH�ODUJH�DUHD�VWDEOH�DQG�RULHQWHG�ILOP�RQ�

VSHFWUDO� DQG�HOHFWULFDO� SURSHUWLHV�RI�$J�3,Q�QDQRK\EULG��$V�FRPSDUHG� WR�3ULVWLQH�3,Q�

QDQRK\EULG� /6� GLVSOD\V� UHGXFHG� ʌ�ʌ� VWDFNLQJ� WKXV� EHWWHU� PROHFXODU� SDFNLQJ�� 7KLV

EHWWHUPHQW�LV�DWWULEXWHG�WR�QRQ�FRYDOHQW�LQWHUDFWLRQV�EHWZHHQ�$J�DQG�3,Q�FKDLQ��3UHVHQFH�

RI� $J� IDFLOLWDWHV� WKH� XQFRLOLQJ� RI� 3,Q� PROHFXOHV� WKXV� SUHYHQWLQJ� LWV� DJJUHJDWLRQ� DQG�

IRUPLQJ�ODUJH�DUHD�DVVHPEOHG�ILOP��,QWHUDFWLRQ�EHWZHHQ�13�DQG�SRO\PHU�PDWUL[�LV�VHHQ�

LQ�WKH�IRUP�RI�SDUWLDO�FKDUJH�WUDQVIHU�IURP�$J WR�3,Q�EDFNERQH�WKXV�IRUPDWLRQ�RI�$J�3,Q�

XQLILHG� V\VWHP�ZKLFK� FDXVHV� WKH� HQKDQFHPHQW� LQ� SKRWRSK\VLFDO� DQG� FKDUJH� WUDQVSRUW�

SURSHUW\�RI� WKH�QDQRK\EULG�ILOP��7KHVH�IHDWXUHV�FRQWULEXWH� WR� WKH�EHWWHUPHQW� LQ�GHYLFH�

SDUDPHWHUV�DV�ZHOO�DV�LQWULQVLF�PRELOLW\�RI�$J�3,Q�ILOP�
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)LJXUH����� ;36�VSHFWUD�RI�&��V�DQG�1��V�IRU��D�	�E��3,Q�/6�ILOP���F�	�G��$J�3,Q�/6�

ILOP�

)LJXUH����� ;36�VSHFWUD�IRU�WKH�VLOYHU�SUHVHQW�LQ�RUJDQRVRO�DQG�$J�3,Q�/6�ILOP�
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)LJXUH�����;36�VSHFWUD�RI�$J�3,Q�/6�ILOP���D��1�V�DQG��E��&�V�VSHFWUXP��3HDN�SRVLWLRQV�

DUH�PHQWLRQHG�IRU�WKH�ILWWHG�FRPSRQHQWV�

)LJXUH� ���� 6FKHPDWLF� UHSUHVHQWLQJ� WKH� SDUWLDO� FKDUJH� WUDQVIHU� IURP� 3,Q� WR� $J13V�

UHVXOWLQJ� LQ� ORZHULQJ� RI� %(�� 6(56� SKHQRPHQD� DQG� HQKDQFHPHQW� LQ� FKDUJH� WUDQVSRUW�

SURSHUW\�RI�$J�3,Q�QDQRK\EULG�

����&RQFOXVLRQV

:H�KDYH�DFKLHYHG�D�IDFLOH��ORZ�FRVW�DQG�TXLFN�PHWKRG�IRU�DWWDLQLQJ�VROXWLRQ�SURFHVVHG
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$J13V� LQ� RUJDQLF� SKDVH�ZLWK DLG� RI�''$%� VHUYLQJ� DV� 37$� DQG� VWDELOL]HU� ERWK� WKXV�

HUDGLFDWLQJ WKH� XVH� RI� WZR� VHSDUDWH� UHDJHQWV�� 7KLV� ''$%� WULJHUUHG� VL]H�VRUWHG� VHOI�

DVVHPEO\� RI� VLOYHU 13V� DSSURDFK� PD\� KHDG� IRU� VSRQWDQHRXVO\� RUJDQL]HG� HOHFWURQLF

DSSOLFDWLRQV�� 6SHFWUDO� FKDQJH�ZLWK� D� UHG VKLIW� LQ� GLVWLQFWLYH� VLOYHU� 635� VXSSRUWHG� RXU�

REVHUYDWLRQ� RI SKDVH�WUDQVIHU�� 0RUHRYHU�� ZH� DOVR� VWXGLHG� WKH� HIIHFW� RI� VXUIDFWDQW�

FRQFHQWUDWLRQ�RQ�36' DQG�VHOI�DVVHPEO\ RI�VLOYHU�13V LQ�RUJDQLF�SKDVH��6PDOOHU�VLOYHU�

FRUH� LQ DTXHRXV�SKDVH�KDYLQJ�KLJKHU� VXUIDFH� DUHD� WR�YROXPH� UDWLR� H[SHULHQFHG�KLJKHU�

K\GURSKRELF� IRUFH� DQG� VZLWFKHG� LQWR� RUJDQLF�PHGLXP� IRUPLQJ� ODUJHU� SRSXODWLRQ� RI� D�

QDUURZ�36'� 7KH�LQVLJKW�SURYLGHG�E\�UHIHUHQFH�>���@�JLYHV�D�FRPSHOOLQJ�H[SODQDWLRQ�IRU�

WKH� VL]H� GHSHQGHQW� VHOHFWLYLW\� RI� VLOYHU�13V� VWDELOL]DWLRQ� DFURVV� WKH�ZDWHU�FKORURIRUP�

LQWHUIDFH� ;5'� DQG� 6$('� SDWWHUQV� HQVXUHG� WKH SRO\FU\VWDOOLQLW\� RI� VLOYHU� DQG� WKH�

VWUXFWXUDO� FRQVLVWHQF\� GXULQJ SKDVH� WUDQVLWLRQ� RI� VLOYHU� 13V�� ;36� LQ� DGGLWLRQ� WR�

DXWKRUL]LQJ WKH�SUHVHQFH�RI�HOHPHQWDO�VLOYHU�FRPSOHPHQWHG�)7�,5�LQ�HVWDEOLVKLQJ�WKH�IDFW�

UHODWHG�WR�VWDELOL]DWLRQ�RI�$J13V WKURXJK�''$%�LQWHUDFWLRQ��,W LV�EHOLHYHG�WKDW�DPRQJ�

WKH GLIIHUHQW�FRPELQDWLRQV�RI�''$% VROYHQWV� ���P0�FRQFHQWUDWLRQ�SURYLGHG�XV�ZLWK�

PRVW�DSSURSULDWH QDUURZ�36'�DV�D�IXQFWLRQ�RI�PHQWLRQHG�SDUDPHWHUV��7KLV�PRWLYDWHG�XV�

WR� VXFFHVVIXOO\� GHPRQVWUDWH WKH� FRPELQHG� UROH� RI� VHOI�DVVHPEOLQJ� SURSHUWLHV� RI� SKDVH�

WUDQVIHUUHG� $J13� DQG� /DQJPXLU� LQWHUIDFH� WHFKQLTXH� LQ� REWDLQLQJ� D� EHWWHU�RULHQWHG�

VWUXFWXUH� RI� 3,Q� ZLWK� XQLIRUPO\� GLVSHUVHG� $J13V� LQ� LWV� PDWUL[�� 2XU� H[SHULPHQWV� RI�

FRPSUHVVLRQ�UHOD[DWLRQ� FXUYHV� DQG� FRPSUHVVLRQ�H[SDQVLRQ� F\FOHV� KDYH� DOVR� YDOLGDWHG�

WKDW�WKH�PRVW�RUGHUHG�DQG�VWDEOH�/DQJPXLU�ILOP�RI�$J�3,Q�QDQRK\EULG�FDQ�EH�REWDLQHG�DW�

DQ�63�RI����P1�P��/DQJPXLU�ILOPV�GHSRVLWHG�DW�WKLV�63�DQDO\VHG�YLD�PLFURVFRSLF�DQG�

PDFURVFRSLF�VXUIDFH�DQDO\VLV�WHFKQLTXHV�GLVSOD\HG�WKH�XQLIRUP�GLVWULEXWLRQ�RI�$J13�LQ�

3,Q�PDWUL[�� )XUWKHUPRUH�� WKH� LQWHUDFWLRQ� EHWZHHQ�$J� DQG� 3,Q� SDUWLFXODUO\� DVFHUWDLQHG�

IURP�VSHFWURVFRSLF�WHFKQLTXHV�SDUWLFXODUO\�6(56�DQG�;36�FOHDUO\�VXSSRUW�WKH�IRUPDWLRQ�
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RI� SRO\PHU�PHWDO� QDQRSDUWLFOH� FRXSOHG� XQLILHG� V\VWHP�� YLD� FKHPL�DGVRUSWLRQ� WKXV�

HQKDQFLQJ�WKH�LQWULQVLF�PRELOLW\�RI�QDQRK\EULG�/6�ILOP��7KH�SUHVHQW�UHVXOWV�RI�WKLV�ZRUN�

DEVROXWHO\� FRQILUP� WKH� DELOLW\� RI� WKH� /DQJPXLU� DLU�ZDWHU� LQWHUIDFH� PHWKRGRORJ\� DQG�

DVWRQLVKLQJ�$J13�VHOI�DVVHPEOLQJ�SURSHUW\�WR�PRGXODWH�WKH�RUJDQL]DWLRQ�DQG�RUGHULQJ�RI�

YDULRXV�QRQ�DON\O�FKDLQ�FRQWDLQLQJ�SRO\PHUV�


