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%LRLQWHUDFWLRQV�RI�XOWUDVPDOO�JOXWDWKLRQH�FRDWHG�JROG�QDQRSDUWLFOHV��

HIIHFW�RI�VPDOO�VL]H�YDULDWLRQV�

$OLRVFND�$��6RXVD����6HUJLR�$��+DVVDQ���/XL]D�/��.QLWWHO���$QGUHD�%DOER���0DULD�$��$URQRYD���

3DWULFN�+��%URZQ���3HWHU�6FKXFN���5LFKDUG�'��/HDSPDQ����

��'HSDUWPHQW�RI�%LRFKHPLVWU\��)HGHUDO�8QLYHUVLW\�RI�6mR�3DXOR��6mR�3DXOR��63��%UD]LO�����
��&HQWHU�IRU�0ROHFXODU�0RGHOLQJ��'&%�&,7��1DWLRQDO�,QVWLWXWHV�RI�+HDOWK��%HWKHVGD��0'��86$��
��1DWLRQDO�,QVWLWXWH�RI�%LRPHGLFDO�,PDJLQJ�DQG�%LRHQJLQHHULQJ��1DWLRQDO�,QVWLWXWHV�RI�+HDOWK��
%HWKHVGD��0'��86$���
�
�&RUUHVSRQGLQJ�DXWKRUV��DOLRVFND�VRXVD#XQLIHVS�EU��OHDSPDQU#PDLO�QLK�JRY��

.(<:25'6�

XOWUDVPDOO�JROG�QDQRSDUWLFOHV��JOXWDWKLRQH��SURWHLQ�DGVRUSWLRQ��QDQRSDUWLFOH�FKDUDFWHUL]DWLRQ��
DQDO\WLFDO�XOWUDFHQWULIXJDWLRQ��PROHFXODU�G\QDPLFV�VLPXODWLRQV�
�
$%675$&7�

5HFHQW�LQ�YLYR�VWXGLHV�KDYH�HVWDEOLVKHG�XOWUDVPDOO������QP��JROG�QDQRSDUWLFOHV�FRDWHG�ZLWK�

JOXWDWKLRQH��$X*6+��DV�D�SURPLVLQJ�SODWIRUP�IRU�DSSOLFDWLRQV�LQ�QDQRPHGLFLQH��+RZHYHU��

V\VWHPDWLF�LQ�YLWUR�LQYHVWLJDWLRQV�WR�JDLQ�D�PRUH�IXQGDPHQWDO�XQGHUVWDQGLQJ�RI�WKH�SDUWLFOHV¶�

ELRLQWHUDFWLRQV�DUH�VWLOO�ODFNLQJ��+HUHLQ�ZH�H[DPLQHG�WKH�EHKDYLRU�RI�XOWUDVPDOO�$X*6+�LQ�YLWUR��

IRFXVLQJ�RQ�WKHLU�DELOLW\�WR�UHVLVW�DJJUHJDWLRQ�DQG�DGVRUSWLRQ�IURP�VHUXP�SURWHLQV��'HVSLWH�KDYLQJ�

QHW�QHJDWLYH�FKDUJH��$X*6+�SDUWLFOHV�ZHUH�FROORLGDOO\�VWDEOH�LQ�ELRORJLFDO�PHGLD�DQG�DEOH�WR�

UHVLVW�ELQGLQJ�IURP�VHUXP�SURWHLQV��LQ�DJUHHPHQW�ZLWK�WKH�IDYRUDEOH�ELRUHVSRQVHV�UHSRUWHG�IRU�

$X*6+�LQ�YLYR��+RZHYHU��RXU�UHVXOWV�UHYHDOHG�GLVSDUDWH�EHKDYLRUV�GHSHQGLQJ�RQ�QDQRSDUWLFOH�

VL]H��SDUWLFOHV�EHWZHHQ���DQG���QP�LQ�FRUH�GLDPHWHU�ZHUH�IRXQG�WR�UHDGLO\�DJJUHJDWH�LQ�ELRORJLFDO�

PHGLD��ZKHUHDV�WKRVH�VWULFWO\�XQGHU���QP�ZHUH�H[FHSWLRQDOO\�VWDEOH��0ROHFXODU�G\QDPLFV�

VLPXODWLRQV�SURYLGHG�PLFURVFRSLF�LQVLJKW�LQWR�LQWHUSDUWLFOH�LQWHUDFWLRQV�OHDGLQJ�WR�DJJUHJDWLRQ�

DQG�WKHLU�VHQVLWLYLW\�WR�WKH�VROXWLRQ�FRPSRVLWLRQ�DQG�SDUWLFOH�VL]H��7KHVH�UHVXOWV�KDYH�LPSRUWDQW�

LPSOLFDWLRQV��LQ�WKDW�VHHPLQJO\�VPDOO�YDULDWLRQV�LQ�VL]H�FDQ�LPSDFW�WKH�ELRLQWHUDFWLRQV�RI�

XOWUDVPDOO�$X*6+��DQG�SRWHQWLDOO\�RI�RWKHU�XOWUDVPDOO�QDQRSDUWLFOHV�DV�ZHOO���
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*ROG� QDQRSDUWLFOHV� �$X13V�� FRQVWLWXWH� D� YHUVDWLOH� SODWIRUP� VXSSRUWLQJ� D�ZLGH� DUUD\� RI�

WKHUDSHXWLF�DSSOLFDWLRQV�LQ�QDQRPHGLFLQH�����$X13V�DUH�W\SLFDOO\�V\QWKHVL]HG�ZLWK�FRUH�GLDPHWHUV�

UDQJLQJ� IURP� �� WR� ���� QP��:LWKLQ� WKLV� UDQJH�� D� VXEFODVV� RI� ³XOWUDVPDOO´� QDQRSDUWLFOHV� FDQ� EH�

DSSUR[LPDWHO\�GHILQHG�DV�WKRVH�EHLQJ�OHVV�WKDQ���QP�LQ�GLDPHWHU�����5HFHQWO\��VHYHUDO�VWXGLHV�KDYH�

DUJXHG�WKDW�$X13V�LQ�WKLV�XOWUDVPDOO�VL]H�UHJLPH�FDQ�SUHVHQW�GLVWLQFW�DGYDQWDJHV�IRU�XVH�LQ�YLYR��

���� ,Q� SDUWLFXODU�� XOWUDVPDOO� $X13V� FRDWHG� ZLWK� WKH� QDWXUDO� WULSHSWLGH� JOXWDWKLRQH� �*6+�� KDYH�

HPHUJHG�DV�DQ� LPSRUWDQW�QDQRSDUWLFOH�V\VWHP��VLQFH� WKH\�KDYH�EHHQ�IRXQG� WR�GLVSOD\� IDYRUDEOH�

SK\VLRORJLFDO�SURSHUWLHV�VXFK�DV�UHQDO�FOHDUDQFH�DQG�WXPRU�DFFXPXODWLRQ��WKXV�KROGLQJ�SURPLVH�IRU�

XVH�LQ�YLYR�����������

&OHDUO\�� WKH� FRQWLQXHG� GHYHORSPHQW� RI� XOWUDVPDOO� *6+±FRDWHG� $X13V� �$X*6+�� IRU�

SRWHQWLDO�DSSOLFDWLRQV�LQ�YLYR�VKRXOG�JUHDWO\�EHQHILW�IURP�D�PRUH�IXQGDPHQWDO�XQGHUVWDQGLQJ�RI�WKH�

SDUWLFOHV¶�ELRLQWHUDFWLRQV���)RU�H[DPSOH��WKH�IDYRUDEOH�ELRUHVSRQVHV�REVHUYHG�IRU�$X*6+�LQ�YLYR�

PD\� EH� VRPHZKDW� VXUSULVLQJ� FRQVLGHULQJ� WKH� QDQRSDUWLFOHV� DUH� QHJDWLYHO\� FKDUJHG�� ,QGHHG��

FRPSDUHG� WR�]ZLWWHULRQLF�RU�3(*\ODWHG�QDQRSDUWLFOHV�� FKDUJHG�$X13V�DUH�PXFK�PRUH�SURQH�WR�

QRQVSHFLILF�ELQGLQJ�ZLWK�VHUXP�SURWHLQV�DQG�DJJUHJDWLRQ�LQ�KLJK�LRQLF�VWUHQJWK�ELRORJLFDO�IOXLG���

�����

+HUHLQ�ZH�SUREH�WKH�ELRLQWHUDFWLRQV�RI�XOWUDVPDOO�$X*6+�LQ�YLWUR��IRFXVLQJ�RQ�WKHLU�DELOLW\�

WR�UHVLVW�DJJUHJDWLRQ�DQG�ELQGLQJ�IURP�VHUXP�SURWHLQV��)LUVW��ZH�SUHSDUH���QP�GLDPHWHU�$X*6+�

QDQRSDUWLFOHV� E\� SURGXFLQJ� PROHFXODUO\� GHILQHG� $X����S�PHUFDSWREHQ]RLF� DFLG���� SDUWLFOHV�

�$X0%$�� IROORZHG� E\� OLJDQG� H[FKDQJH� ZLWK� *6+�� :H� WKHQ� LQYHVWLJDWH� XOWUDVPDOO� $X*6+�

DORQJVLGH�$X0%$��SRLQWLQJ�RXW�WKHVH�SDUWLFOHV�KDYH�VKRZQ�FRQWUDVWLQJ�EHKDYLRU�LQ�YLYR��VLQFH�WKH�

ODWWHU�DUH�QRW�UHQDO�FOHDUDEOH�DQG�DFFXPXODWH�LQ�WKH�OLYHU�DQG�VSOHHQ����,Q�SDUDOOHO��ZH�DOVR�V\QWKHVL]H�

GLIIHUHQWO\�VL]HG�XOWUDVPDOO�$X*6+�QDQRSDUWLFOHV������DQG�����QP�LQ�FRUH�GLDPHWHU��WR�XQGHUVFRUH�

WKH� HIIHFW� RI� VPDOO� VL]H� YDULDWLRQV� RQ� WKHLU� ELRLQWHUDFWLRQV�� )LQDOO\�� ZH� SHUIRUP� FRPSXWHU�

VLPXODWLRQV� WR� JDLQ� DWRPLF±OHYHO� LQVLJKW� LQWR� WKH� HIIHFW� RI� VL]H� DQG� VROXWLRQ� FRPSRVLWLRQ� RQ�

LQWHUSDUWLFOH�LQWHUDFWLRQV��
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*ROG��,,,��FKORULGH�WULK\GUDWH��+$X&O�Â�+�2�������������VRGLXP�ERURK\GULGH��1D%+�����

������DPPRQLXP�DFHWDWH����������JOXWDWKLRQH��*6+����������'0(0�FHOO�FXOWXUH�PHGLD���'�����

DQG��'������PHGLD�IRUPXODWLRQ�FDQ�EH�IRXQG�DW��KWWS���ZZZ�VLJPDDOGULFK�FRP�OLIH�VFLHQFH�FHOO�

FXOWXUH�OHDUQLQJ�FHQWHU�PHGLD�IRUPXODWLRQV�KWPO��� IHWDO� ERYLQH� VHUXP� �)%6�� �)������� DQG� )%6�

GLDO\]HG� E\� XOWUDILOWUDWLRQ� DJDLQVW� �����0�1D&O� �G)%6�� �)������ZHUH� SXUFKDVHG� IURP�6LJPD�

$OGULFK��3DUD�PHUFDSWREHQ]RLF�DFLG��S0%$��!������ZDV�SXUFKDVHG�IURP�7&,�$PHULFD���

�

1DQRSDUWLFOH�V\QWKHVLV��$X0%$�����ZDV�V\QWKHVL]HG�E\�ILUVW�PL[LQJ�+$X&O�Â�+�2�ZLWK�S0%$�

LQ�D�ZDWHU±PHWKDQRO�PL[WXUH�IROORZHG�E\�UHGXFWLRQ�RI�WKH�UHVXOWLQJ�$X�,�±S0%$�FRPSRXQG�ZLWK�

1D%+��� 7KLV� SURGXFHV� KLJKO\� XQLIRUP� $X13V� ZLWK� WKH� GHILQHG� PROHFXODU� FRPSRVLWLRQ� RI�

$X����S0%$�����$� WKRURXJK� VWHS±E\±VWHS� GHVFULSWLRQ� IRU� WKH� V\QWKHVLV� RI�$X����S0%$���� KDV�

EHHQ�VHW� IRUWK�E\�$FNHUVRQ��DQG� WKH� UHDGHU� LV� UHIHUUHG� WR�$FNHUVRQCV�SXEOLFDWLRQV� IRU�GHWDLOV����

$X*6+�����ZDV�SURGXFHG�E\�OLJDQG�H[FKDQJH�RI�$X0%$�����ZLWK�*6+�LQ�3%6�DV�SUHYLRXVO\�

GHVFULEHG�E\�XV����7\SLFDOO\����PPRO�RI�*6+�ZDV�DGGHG�WR����QPRO�$X0%$�����LQ�D�UHDFWLRQ�VFDOH�

RI���P/��OHDGLQJ�WR�D������IHHG�UDWLR�RI�*6+�UHODWLYH�WR�S0%$�OLJDQGV��7KH�UHDFWLRQ�ZDV�OHIW�WR�

SURFHHG�IRU��±��K�DW�URRP�WHPSHUDWXUH��7R�SXULI\� WKH�UHVXOWLQJ�$X*6+�����QDQRSDUWLFOHV��WKH\�

ZHUH�LQGXFHG�WR�DJJUHJDWH�E\�DGGLQJ���P/�HWKDQRO�DQG�����P/�RI�DPPRQLXP�DFHWDWH������0���7KH�

SDUWLFOHV�ZHUH�WKHQ�SUHFLSLWDWHG�E\�FHQWULIXJDWLRQ��WKH�VXSHUQDWDQW�GHFDQWHG�DQG�WKH�SHOOHW�ZDVKHG�

ZLWK�ZDWHU��7KLV�SUHFLSLWDWLRQ±ZDVK�F\FOH�ZDV�UHSHDWHG���WLPHV��8VLQJ�+��105��ZH�KDYH�VKRZQ�

LQ�RXU�SUHYLRXV�ZRUN�WKDW�WKH�OLJDQG�H[FKDQJH�UHDFWLRQ�ZLWK�*6+�OHDGV�WR�FRPSOHWH�H[FKDQJH�RI�

WKH�RULJLQDO�S0%$�OLJDQGV����$X*6+�����ZDV�SUHSDUHG�E\�UHGXFWLRQ�RI�$X�,,,��ZLWK�1D%+��LQ�WKH�

SUHVHQFH�RI�*6+��6SHFLILFDOO\�������PJ�RI�+$X&O�Â�+�2�ZHUH�ILUVW�DGGHG�WR�D�����ZDWHU�PHWKDQRO�

PL[WXUH�����P/��VXSSOHPHQWHG�ZLWK���P/�1D2+����0���IROORZHG�E\�DGGLWLRQ�RI�D��[�PRODU�H[FHVV�

RI�*6+�������PJ���7KLV�UHVXOWDQW�VWRFN�VROXWLRQ�ZDV�OHIW�VWLUULQJ�RYHUQLJKW��,Q�GD\���������P/�RI�

1D%+�������0��ZHUH�DGGHG�WR���P/�RI�WKH�VWRFN��DPRXQWLQJ�WR�D��[�PRODU�H[FHVV�RI�UHGXFLQJ�DJHQW�

UHODWLYH�WR�$X��%HFDXVH�1D%+��ZDV�VXSSOLHG�DV�ODUJH�FKXQNV��LW�ZDV�ILUVW�JURXQG�WR�D�ILQH�SRZGHU�

EHIRUH� GLVVROYLQJ� LQ� ZDWHU� �WKLV� VSHHGV� XS� GLVVROXWLRQ� WLPH� LQ� ZDWHU� DQG� LQFUHDVHV�

UHSURGXFLELOLW\�����,Q�GD\����WKH�UHVXOWLQJ�$X*6+�����QDQRSDUWLFOHV�ZHUH�SUHFLSLWDWHG�DQG�ZDVKHG�

DV�GHVFULEHG�DERYH�IRU�$X*6+������7KH�ILQDO�SHOOHW�ZDV�GULHG�LQ�DLU�DQG�UHVXVSHQGHG�LQ�����P/�
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3%6��7KH�V\QWKHVLV�RI�$X*6+�����ZDV�LGHQWLFDO�H[FHSW�WKDW�D�����ZDWHU�PHWKDQRO�UDWLR�DQG�D���[�

PRODU�H[FHVV�RI�1D%+��ZHUH�XVHG���

�

67(0�LPDJLQJ��+LJK±DQJOH�DQQXODU�GDUN±ILHOG��+$$')��67(0�LPDJHV�RI�$X13V�ZHUH�UHFRUGHG�

LQ� D� ���� N9� 7HFQDL� 7)��� WUDQVPLVVLRQ� HOHFWURQ�PLFURVFRSH� �)(,� &RPSDQ\�� HTXLSSHG� ZLWK� D�

6FKRWWN\�ILHOG�HPLVVLRQ�JXQ�DQG�D�PRGHO±�����+$$')�GHWHFWRU��)LVFKLRQH�,QVWUXPHQWV���$X13V�

ZHUH� GHSRVLWHG� RQWR� XOWUDWKLQ� FDUERQ� VXSSRUW� ILOPV� RI� �� QP� LQ� WKLFNQHVV�� ,Q� +$$')� 67(0�

LPDJLQJ�RI�XOWUDVPDOO�$X13V��WKH�LQWHQVLW\�DW�HDFK�SL[HO�LV�SURSRUWLRQDO�WR�WKH�SURMHFWHG�PDVV�RI�

$X� DW� WKDW� SL[HO� �DIWHU� EDFNJURXQG� VXEWUDFWLRQ��� :H� XVHG� WKLV� SURSRUWLRQDOLW\� EHWZHHQ� LPDJH�

LQWHQVLW\�DQG�PDVV�WR�ILUVW�FRQILUP�WKH�QXPEHU�RI�$X�DWRPV� LQ�$X0%$������)RU�WKLV��ZH�GUHZ�

VPDOO�ER[HV�DURXQG�����LQGLYLGXDO�$X0%$�����SDUWLFOHV��LQWHJUDWHG�WKHLU�LPDJH�LQWHQVLWLHV��DQG�

VXEWUDFWHG�WKH�EDFNJURXQG�VLJQDO�GXH�WR�WKH�FDUERQ�VXSSRUW�ILOP��7KH�DYHUDJH�RI�WKH�QHW�LQWHQVLWLHV�

ZDV� FRPSDUHG� WR� WKDW� REWDLQHG� IURP� WKH� ³VWDQGDUG´� a� ��±$X� DWRP�QDQRSDUWLFOH�1DQRJROG�����

\LHOGLQJ� a� ���� DWRPV� IRU� $X0%$����� DV� H[SHFWHG� IURP� WKH� IRUPXOD� $X����S0%$������� 7KH�

QXPEHUV�RI�FRUH�$X�DWRPV�IRU� WKH�*6+±FRDWHG�$X13V�ZHUH�PHDVXUHG�LQ�WKH�VDPH�ZD\��1H[W��

DVVXPLQJ�D�FRUH�GLDPHWHU�RI�����QP�IRU�$X0%$��������DQG�DOVR�DVVXPLQJ�D�FRQVWDQW�FRUH�GHQVLW\��

WKH�GLDPHWHUV�RI�WKH�*6+±FRDWHG�SDUWLFOHV�ZHUH�HVWLPDWHG�DFFRUGLQJ�WR�WKH�HTXDWLRQ�

@ L tär @ Ç

588
A
5�7

� � � � � ����

ZKHUH�1�LV�QXPEHU�RI�FRUH�$X�DWRPV���

�

$QDO\WLFDO� XOWUDFHQWULIXJDWLRQ�� 6HGLPHQWDWLRQ� YHORFLW\� H[SHULPHQWV� ZHUH� FDUULHG� RXW� LQ� DQ�

2SWLPD�;/�,�DQDO\WLFDO�XOWUDFHQWULIXJH�HTXLSSHG�ZLWK�*8,�YHUVLRQ�����DQG�ILUPZDUH�YHUVLRQ������

�%HFNPDQ�&RXOWHU��,QGLDQDSROLV��XVLQJ�VWDQGDUG�SURWRFROV����������/�RI�VDPSOH�DQG�HTXDO�DPRXQW�

RI� UHIHUHQFH� EXIIHU� ZHUH� LQVHUWHG� LQ� DQ� (SRQ� FKDUFRDO±ILOOHG� GRXEOH±VHFWRU� FHQWHUSLHFH�� FHOO�

DVVHPEOLHV�PRXQWHG� LQ� DQ� ��KROH�$Q����7L� URWRU�� DQG� WHPSHUDWXUH� HTXLOLEUDWHG� WR� ��� �&�ZKLOH�

UHVWLQJ�LQ�WKH�HYDFXDWHG�URWRU�FKDPEHU�IRU��±��K���6DPSOHV�IRU�FKDUDFWHUL]DWLRQ�RI�$X13�XQLIRUPLW\�

ZHUH�SUHSDUHG�LQ�3%6����P0�LQ�����P/���7R�FKDUDFWHUL]H�$X13�LQWHUDFWLRQV�LQ�ELRORJLFDO�PHGLD��

HLWKHU�)%6�RU�G)%6�ZDV�DGGHG�WR�$X13�VROXWLRQV�WR�D�ILQDO�FRQFHQWUDWLRQ�RI�����E\�YROXPH��DQG�

WKH� VDPSOHV� ZHUH� SUH±LQFXEDWHG� IRU� �� K� DW� URRP� WHPSHUDWXUH� SULRU� WR� PHDVXUHPHQWV�� $IWHU�

DFFHOHUDWLRQ� WR� ������� RU� ������� USP�� DEVRUEDQFH� VFDQV� DW� ���� QP�ZHUH� DFTXLUHG� LQ� a� ��PLQ�

LQWHUYDOV� IRU� �±�� K�� 'DWD� ZHUH� DQDO\]HG� LQ� WKH� VRIWZDUH� 6('),7� ZLWK� D� F�V�� VHGLPHQWDWLRQ�
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FRHIILFLHQW�GLVWULEXWLRQ����5HJXODUL]DWLRQ�ZDV�WDLORUHG�WR�WKH�FRPSDULVRQ�RI�GLVWULEXWLRQV�E\�WDNLQJ�

WKH�F�V��RI�WKH�FRQWURO�DV�D�%D\HVLDQ�SULRU����7KH�QHJOLJLEOH�FRQWULEXWLRQ�RI�)%6�FRPSRQHQWV�WR�WKH�

VHGLPHQWDWLRQ�FRHIILFLHQW�GLVWULEXWLRQV�RI�$X13V�LQ�VHUXP��LQ�WKH�UDQJH�RI��±���6��ZDV�FRQILUPHG�

E\�UHFRUGLQJ�GDWD�IRU�����G)%6�)%6±3%6�XQGHU�LGHQWLFDO�H[SHULPHQWDO�FRQGLWLRQV�DV�GHVFULEHG�

DERYH� �)LJ�� 6���� 6HGLPHQWDWLRQ� FRHIILFLHQWV� DUH� UHSRUWHG�XQGHU� H[SHULPHQWDO� FRQGLWLRQV��EXW� WR�

DOORZ� GLUHFW� FRPSDULVRQ� WKH\� ZHUH� FRUUHFWHG� IRU� UHODWLYH� YLVFRVLW\� RI� )%6� UHODWLYH� WR� 3%6� DV�

PHDVXUHG� WKURXJK� VHGLPHQWDWLRQ� RI� D� %6$� VWDQGDUG�� )LJXUHV� ZHUH� FUHDWHG� XVLQJ� WKH� IUHHZDUH�

*866,� �&�� %UDXWLJDP�� 876RXWKZHVWHUQ� 0HGLFDO� &HQWHU��� )LJ�� 6�� VKRZV� FKDUDFWHULVWLF� UDZ�

VHGLPHQWDWLRQ� YHORFLW\� SURILOHV� DQG� WKH� UHVXOWLQJ� VHGLPHQWDWLRQ� FRHIILFLHQW� GLVWULEXWLRQV� IRU�

XOWUDVPDOO�$X13V��VKRZQ�IRU�$X*6+��������

�

89±YLVLEOH�VSHFWURVFRS\��$EVRUEDQFH�VSHFWUD�RI�$X13V�LQ�3%6��LQ�SXUH�FHOO�FXOWXUH�PHGLXP�DQG�

LQ� YDULRXV� VHUXP±FRQWDLQLQJ� VROXWLRQV� ZHUH� DFTXLUHG� LQ� DQ� 89±����� 6KLPDG]X�

VSHFWURSKRWRPHWHU�� �7R�SURSHUO\�DQDO\]H�WKH�FKDQJHV�LQ�WKH�89±YLV�VSHFWUXP�RI�$X13V�LQ�WKH�

SUHVHQFH� RI� )%6�� WKH� FRQWULEXWLRQV� RI� VHUXP� WR� DEVRUEDQFH� ZHUH� PDGH� QHJOLJLEOH� E\� XVLQJ�

VXIILFLHQWO\�KLJK�QDQRSDUWLFOH�FRQFHQWUDWLRQV�LQ�VROXWLRQ��W\SLFDOO\�\LHOGLQJ���DEVRUEDQFH�XQLW�DW�

����QP����

�

0RGHOLQJ�RI�DTXHRXV�VROXWLRQV�DQG�QDQRSDUWLFOHV��6LPXODWLRQV�ZHUH�SHUIRUPHG�LQ�SXUH�3%6������

P0�1D&O������P0�.&O�����P0�1D�+32���DQG�����P0�.+�32��������3%6����P0�&D&O��LQ�3%6��

DQG�DTXHRXV�&D&O��DW������DQG���P0��$�SUH±HTXLOLEUDWHG�FHOO�RI�7,3�3�ZDWHU�ZLWK�D�GHQVLW\�RI���

J�FP��ZDV�XVHG�IRU�WKH�DTXHRXV�SKDVH��$X13�FRUHV�FRQVLVWHG�RI�VSKHULFDO�FU\VWDOV�RI�JROG�DWRPV�

LQ�DQ�IFF�ODWWLFH�ZLWK�SDUDPHWHUV�RI�FU\VWDOOLQH�JROG��13V�RI�����QP�DQG�����QP�LQ�GLDPHWHU�\LHOGHG�

���DQG�����DWRPV��LQ�DJUHHPHQW�ZLWK�(T�����$QLRQLF�*6+�PROHFXOHV�ZHUH�GHVLJQHG�E\�FKHPLFDO�

DQDORJ\�XVLQJ�WKH�DOO±DWRP�&+$500�IRUFH�ILHOG����ZLWK�FKDUJHV�RSWLPL]HG�E\�TXDQWXP�FKHPLFDO�

FDOFXODWLRQV�DW�WKH�')7�OHYHO�XVLQJ�WKH�%�/<3�IXQFWLRQDO�DQG�WKH�����*�EDVLV�VHW��$�WRWDO�RI����

�$X13������DQG������$X13������*6+�PROHFXOHV�ZHUH�DWWDFKHG�WR�WKH�13�VXUIDFH�RQH�DW�D�WLPH�

WKURXJK�D�VHULHV�RI�VKRUW�G\QDPLFV�VLPXODWLRQV�XVLQJ�WKH�6&3�FRQWLQXXP�VROYHQW�PRGHO����VWDUWLQJ�

ZLWK� UDQGRP� FRQILJXUDWLRQV� RI� WKH� PROHFXOH� EHLQJ� DWWDFKHG�� )RU� HDFK� VLPXODWLRQ� KDUPRQLF�

FRQVWUDLQWV�ZLWK�LQFUHDVLQJO\�ODUJHU�IRUFH�FRQVWDQWV�ZHUH�DSSOLHG�EHWZHHQ�WKH�$X�DWRPV�DQG�WKH�

Page 5 of 25 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



� �

GHSURWRQDWHG�VXOIXU�DWRPV��7KLV�SURWRFRO�OHG�WR�HTXLOLEUDWHG�FRDWLQJ�OD\HUV�RI�UDWKHU�KRPRJHQHRXV�

VXUIDFH�GHQVLWLHV��ZLWK�UHOD[HG�*6+�FRQIRUPDWLRQV�DQG�*6+±*6+�LQWHUDFWLRQV��)LJ��6�����

�

0ROHFXODU� G\QDPLFV� VLPXODWLRQV�� 6LPXODWLRQV� ZHUH� FDUULHG� RXW� ZLWK� WKH� DOO±DWRP� �3$5$0����

UHSUHVHQWDWLRQ�RI�WKH�&+$500�IRUFH�ILHOG��YHUVLRQ�F�����LQ�WKH�137�HQVHPEOH�DW�����&�DQG���DWP�

LQ� D����[����[�����c�FHOO�� XVLQJ�RUWKRUKRPELF�3%&�DQG�30(��%RQG� OHQJWKV� DQG�DQJOHV�ZHUH�

FRQVWUDLQHG� �6+$.(� DOJRULWKP��� DQG� D� ��IV� WLPH� VWHS� XVHG� LQ� D� OHDSIURJ� LQWHJUDWRU��$GGLWLRQDO�

VSHFLILFDWLRQV�DV�UHSRUWHG�HDUOLHU�������7ZR�NLQGV�RI�13�SDLUV�ZHUH�FRQVLGHUHG��RQH�ZLWK�$X13�����

DQG� WKH�RWKHU�ZLWK�$X13������(DFK�SDLU�ZDV� LQWURGXFHG� LQ�ZDWHU� DW� DQ� LQLWLDO� FHQWHU±WR±FHQWHU�

VHSDUDWLRQ�U� �U��RI���QP��$X13������DQG���QP��$X13������DORQJ�WKH�ORQJHVW�D[LV�RI�WKH�VLPXODWLRQ�

FHOO��)XOO\�GLVVRFLDWHG�LRQV�DQG�FRXQWHULRQV�����DQG�����1D���ZHUH�WKHQ�DGGHG�UDQGRPO\�LQ�WKH�

OLTXLG� SKDVH�� DQG� ZDWHU� PROHFXOHV� RYHUODSSLQJ� 13� DWRPV� RU� LRQV� UHPRYHG�� 7KH� V\VWHP� ZDV�

HTXLOLEUDWHG�IRU���QV��DQG�WKH�13V�WKHQ�EURXJKW�WRJHWKHU�JUDGXDOO\�E\�GHFUHDVLQJ�U�LQ�VWHSV�'U�RI�

����c��D�VKRUW�HTXLOLEUDWLRQ�DQG�D�SURGXFWLYH�UXQ�RI�����QV�IROORZHG�WR�FDOFXODWH�WKH�PHDQ�LQWHU�

SDUWLFOH�IRUFH��)!��DV�GHVFULEHG�SUHYLRXVO\����7KLV�VHWXS�UHVXOWHG�LQ�D�WRWDO�VLPXODWLRQ�OHQJWK�RI�

��±���QV��GHSHQGLQJ�RQ�WKH�13V��3RWHQWLDOV�RI�PHDQ�IRUFH�9�ZHUH�WKHQ�FDOFXODWHG�DV�9�U�� �9�U���

±��W��)�U�!�Â�GU��ZKHUH�W�LV�WKH�UHDFWLRQ�SDWK��KHUH�D�VWUDLJKW�OLQH�FRQQHFWLQJ�WKH�13�FHQWHUV��'HWDLOV�

RI�WKH�FDOFXODWLRQV��LQFOXGLQJ�HUURU�HVWLPDWHV��DV�UHSRUWHG�����

�

���5(68/76�

�

�����1DQRSDUWLFOH�FKDUDFWHUL]DWLRQ�

:H�V\QWKHVL]HG�D�VHW�RI� WKUHH�XOWUDVPDOO�*6+±FRDWHG�$X13V��$X*6+������$X*6+�����

DQG� $X*6+������ ,Q� WKLV� QRPHQFODWXUH�� WKH� QXPEHUV� UHIHU� WR� WKH� DYHUDJH� SDUWLFOH� GLDPHWHU� LQ�

QDQRPHWHUV��$X*6+�����ZDV�GHULYHG�E\�OLJDQG�H[FKDQJH�RI�PROHFXODUO\�GHILQHG�$X����S0%$����

�$X0%$������ZLWK�*6+��ZKHUHDV�$X*6+�����DQG�$X*6+�����ZHUH�SUHSDUHG�E\�GLUHFW�V\QWKHVLV�

ZLWK�*6+��

7KH� $X13V� ZHUH� FKDUDFWHUL]HG� E\� DQQXODU� GDUN±ILHOG� VFDQQLQJ� WUDQVPLVVLRQ� HOHFWURQ�

PLFURVFRS\��67(0���DQDO\WLFDO�XOWUDFHQWULIXJDWLRQ��$8&��DQG�89±YLV�VSHFWURVFRS\��)LJV����DQG�

���� 7KH� 67(0� LPDJHV� ZHUH� DQDO\]HG� TXDQWLWDWLYHO\� \LHOGLQJ� QXPEHUV� RI� FRUH� $X� DWRPV� DQG�
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SDUWLFOH�GLDPHWHUV�DFFRUGLQJ�WR�(T�����7DEOH����)LJV�������DQG�6����7DNHQ�WRJHWKHU��WKH�67(0��$8&�

DQG�89�YLV�VSHFWURVFRS\�DQDO\VHV�DOORZHG�WKH�IROORZLQJ�VHW�RI�FRQFOXVLRQV�WR�EH�GUDZQ���L��7KH�

$X0%$����� DQG�$X*6+����� QDQRSDUWLFOHV� KDG� YLUWXDOO\� LGHQWLFDO� VL]H� GLVWULEXWLRQV�� WKHUHIRUH�

RQO\� VLJQLILFDQWO\� GLIIHULQJ� LQ� WKH� QDWXUH� RI� WKHLU� SDVVLYDWLQJ� OD\HUV� �)LJ�� ���� �LL�� 7KH� VPDOOHU�

$X*6+�����$X13V�ZHUH�H[WUHPHO\�XQLIRUP��DV�HYLGHQW�ERWK�IURP�WKH�QDUURZ�IXOO�ZLGWK�DW�KDOI�

PD[LPXP� �):+0�� RI� WKH� 67(0� KLVWRJUDP� ������ QP�� DQG� IURP� WKH� QDUURZ� ZLGWK� RI� WKHLU�

VHGLPHQWDWLRQ� FRHIILFLHQW� GLVWULEXWLRQV� �)LJ�� ���� $Q� DGGLWLRQDO� 67(0� LPDJH� RI� $X*6+�����

QDQRSDUWLFOHV�LV�LQFOXGHG�LQ�)LJ��6��LOOXVWUDWLQJ�WKHLU�KLJK�XQLIRUPLW\��:H�QRWH�WKDW�UDQGRP�QRLVH�

LQ�67(0�PDVV�PHDVXUHPHQWV��GXH�WR�VKRW�QRLVH�RI�WKH�HOHFWURQ�JXQ�DQG�XQFHUWDLQWLHV�LQWURGXFHG�

E\�EDFNJURXQG�VXEWUDFWLRQ��FRQWULEXWHV�WR�WKH�GDWD�VSUHDG�LQ�KLVWRJUDPV�RI�SDUWLFOH�VL]H��WKXV��WKH�

UHDO�):+0�IRU�$X*6+�����LV�H[SHFWHG�WR�EH�VOLJKWO\�QDUURZHU�WKDQ������QP���LLL��7KH�$X*6+�

���� $X13V� ZHUH� QRQ±XQLIRUP� DV� PDLQO\� DSSDUHQW� IURP� WKH� EURDGQHVV� RI� WKHLU� VHGLPHQWDWLRQ�

FRHIILFLHQW� GLVWULEXWLRQV� �)LJ�� ���� 7KH� PDMRULW\� RI� SDUWLFOHV� KDG� D� GLDPHWHU� DURXQG� ���� QP� DV�

GHWHUPLQHG�E\�67(0��7KHLU�PD[LPXP�VL]H�H[WHQGHG�XS�WR�DSSUR[LPDWHO\�����QP��LQGLFDWLQJ�WKDW�

HYHQ�WKH�ODUJHVW�SDUWLFOHV�LQ�WKH�SRSXODWLRQ�FRXOG�EH�FODVVLILHG�DV�XOWUDVPDOO��:H�DOVR�GHWHFWHG�D�

VXE±SRSXODWLRQ�RI�YHU\�VPDOO�$X13V�LQ�WKH�VDPSOH�RI�$X*6+������)RU�VLPSOLFLW\��KRZHYHU��ZH�

GLG�QRW�LQFOXGH�WKRVH�LQ�WKH�FXUUHQW�DQDO\VLV�VLQFH�ZH�ZHUH�RQO\�LQWHUHVWHG�LQ�WKH�ODUJHU�SDUWLFOHV��a�

���±����QP��SUHVHQW�LQ�WKH�SUHSDUDWLRQ���

�

�����%LRLQWHUDFWLRQV�RI�$X0%$�����DQG�$X*6+�����LQ�ELRORJLFDO�PHGLD�

$JJUHJDWLRQ�DVVHVVHG�E\�89±YLV�VSHFWURVFRS\��

:H�XVHG�89±YLV� VSHFWURVFRS\� WR� DVVHVV� WKH� FROORLGDO� VWDELOLW\� RI� WKH�$X13V� DIWHU� ��K�

LQFXEDWLRQ� LQ� SXUH� FHOO� FXOWXUH� PHGLXP�� )%6� VXSSOHPHQWHG±PHGLXP�� DQG� )%6±VXSSOHPHQWHG�

3%6��&HOO�FXOWXUH�PHGLXP�LV�D�FRPSOH[�PL[WXUH�RI�YDULRXV�VDOWV�DQG�VPDOO�PROHFXOHV�VXFK�DV�DPLQR�

DFLGV��YLWDPLQV�DQG�JOXFRVH��ZKHUHDV�)%6�DGGLWLRQDOO\�FRQWDLQV�FORVH�WR������GLIIHUHQW�SURWHLQV�

VSDQQLQJ����RUGHUV�RI�PDJQLWXGH�LQ�UHODWLYH�FRQFHQWUDWLRQ��������

%RWK�$X13V�DJJUHJDWHG�UDSLGO\�LQ�SXUH�FHOO�FXOWXUH�PHGLXP��D�W\SLFDO�EHKDYLRU�IRU�FKDUJHG�

QDQRSDUWLFOHV��$JJUHJDWLRQ�ZDV�UHGXFHG�ZLWK�LQFUHDVLQJ�DPRXQWV�RI�)%6�LQ�PHGLD��VXJJHVWLQJ�WKDW�

)%6�SURWHLQV�ERXQG�WKH�QDQRSDUWLFOHV�SUHYHQWLQJ�WKHP�IURP�DJJUHJDWLQJ��)LJ���D����

1H[W�� ZH� HYDOXDWHG� WKH� EHKDYLRU� RI� WKH� $X13V� LQ� )%6±VXSSOHPHQWHG� 3%6�� 7KH�

QDQRSDUWLFOHV�ZHUH�IRXQG�WR�DJJUHJDWH�ZLWK�LQFUHDVLQJ�DPRXQWV�RI�)%6��)LJ���E���ZKLFK�DW�ILUVW�

Page 7 of 25 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



� �

PD\�VHHP�WR�FRQWUDGLFW�WKH�VWDELOL]LQJ�HIIHFW�RI�)%6�RQ�DJJUHJDWLRQ�DV�VHHQ�LQ�)LJ���D��+RZHYHU��

ZH�QRWH�WKDW�)%6�LV�D�FRPSOH[�PL[WXUH�FRPSULVLQJ�QRW�RQO\�VHUXP�SURWHLQV�EXW�DOVR�YDULRXV�VDOWV�

DQG�RWKHU�VPDOO�PROHFXODU�ZHLJKW�FRPSRQHQWV��7KXV��QDQRSDUWLFOH�DJJUHJDWLRQ�LQ�)%6±3%6�ZLOO�

GHSHQG�RQ�D�FRPSHWLWLRQ�EHWZHHQ�VWDELOL]LQJ�DQG�GHVWDELOL]LQJ�IRUFHV�FRQWULEXWHG�E\�SURWHLQV�DQG�

VPDOO�PROHFXOHV�VDOWV��UHVSHFWLYHO\��7R�VHH�WKLV�PRUH�FOHDUO\��ZH�HYDOXDWHG�WKH�$X13V�LQ�GLDO\]HG�

)%6��G)%6���ZKLFK�FRQVLVWHG�RI�VHUXP�SURWHLQV�RI�PROHFXODU�ZHLJKW�KLJKHU�WKDQ����N'D�LQ�����

P0�1D&O��7KH�$X13V�ZHUH�FROORLGDOO\�VWDEOH�LQ�����G)%6±3%6��)LJ��6���VHH�DOVR�$8&�DQDO\VLV��

)LJ�� ���� WKHUHIRUH� FRQILUPLQJ� WKDW� DJJUHJDWLRQ� LQ� )%6±3%6� ZDV� PHGLDWHG� E\� PROHFXODU�

FRPSRQHQWV������N'D�DQG�RU�LRQLF�VSHFLHV�RWKHU�WKDQ�1D���OLNHO\�&D���DQG�0J�����$V�D�IXUWKHU�WHVW��

ZH� LQFXEDWHG� WKH� $X13V� LQ� FHOO� FXOWXUH�PHGLXP� ODFNLQJ� &D��� DQG�0J��� VSHFLHV�� 7KH�$X13V�

UHPDLQHG�VWDEOH�LQ�VROXWLRQ�XS�WR���K�DV�GHWHUPLQHG�E\�89±YLV�PHDVXUHPHQWV��WKXV�VXJJHVWLQJ�D�

UROH� IRU� WKH�GLYDOHQW�FDWLRQV� LQ�GULYLQJ�DJJUHJDWLRQ� �GDWD�QRW�VKRZQ��� ,QGHHG�� LQFXEDWLRQ�RI� WKH�

$X13V� LQ� D� VROXWLRQ� RI� ��P0�&D&O�� OHG� WR� UDSLG� SDUWLFOH� DJJUHJDWLRQ� DQG� VHGLPHQWDWLRQ� �QRW�

VKRZQ���

2YHUDOO��WKH�DERYH�UHVXOWV�VKRZHG�WKDW�ERWK�$X13V�ZHUH�QRW�FROORLGDOO\�VWDEOH�LQ�ELRORJLFDO�

IOXLG��ZKLFK��RQ�WKH�RQH�KDQG��ZDV�XQVXUSULVLQJ�FRQVLGHULQJ�WKHLU�QHJDWLYH�FKDUJH��2Q�WKH�RWKHU�

KDQG��WKH�DJJUHJDWLRQ�RI�$X*6+�����FRQWUDGLFWV�WKH�KLJK�UDWHV�RI�UHQDO�FOHDUDQFH�WKDW�KDYH�EHHQ�

REVHUYHG�IRU�*6+±FRDWHG�SDUWLFOHV�LQ�YLYR��:H�UHWXUQ�WR�WKLV�LVVXH�EHORZ��

�

$JJUHJDWLRQ�DQG�VHUXP�SURWHLQ�ELQGLQJ�DVVHVVHG�E\�DQDO\WLFDO�XOWUDFHQWULIXJDWLRQ�

$8&� FDQ� EH� XVHG� WR� VLPXOWDQHRXVO\� FKDUDFWHUL]H� QDQRSDUWLFOH� DJJUHJDWLRQ� DQG�

QDQRSDUWLFOH±VHUXP�SURWHLQ�LQWHUDFWLRQV�LQ�3%6�VXSSOHPHQWHG�ZLWK�)%6��'XH�WR�WKH�VLJQLILFDQWO\�

ORZHU�GHQVLW\�RI�SURWHLQ�UHODWLYH�WR�WKH�$X13V��ELQGLQJ�ZLOO�OHDG�WR�D�UHGXFWLRQ�RI�VHGLPHQWDWLRQ�

YHORFLW\�GXH�WR�DQ�LQFUHDVHG�K\GURG\QDPLF�IULFWLRQ�RI�WKH�OLJDQGHG�SDUWLFOH��$X13�DJJUHJDWLRQ��LQ�

WXUQ��ZLOO�FDXVH�D�ODUJH�LQFUHDVH�LQ�VHGLPHQWDWLRQ�YHORFLW\�ZLWK�D�FRQFRPLWDQW�UHGXFWLRQ�LQ�DUHD�

XQGHU� WKH� VHGLPHQWDWLRQ� FRHIILFLHQW� GLVWULEXWLRQV� DW� WKH� VHGLPHQWDWLRQ� FRHIILFLHQWV� RI� QRQ±

DJJUHJDWHG�SDUWLFOHV���

)LUVW�� ZH� HPSOR\HG� $8&� WR� LQYHVWLJDWH� $X0%$����� DQG� $X*6+����� LQ� ���� )%6±

VXSSOHPHQWHG� 3%6�� 6HUXP� SURWHLQV� ERXQG� WR� $X0%$������ SDUWO\� VKLIWLQJ� WKH� GLVWULEXWLRQ� WR�

VPDOOHU� VHGLPHQWDWLRQ� FRHIILFLHQWV� UHODWLYH� WR� FRQWURO� �)LJ�� �D��� 7KH� RFFXUUHQFH� RI� ODUJHU�

VHGLPHQWDWLRQ�FRHIILFLHQWV� LQ� WKH�UDQJH�RI���±���6�� LQ� WXUQ��FDQ�EH�DWWULEXWHG� WR�SURWHLQ±ERXQG�
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$X13� DJJUHJDWHV� OLNHO\� IRUPHG� E\� RQO\� D� IHZ� FOXVWHUHG� SDUWLFOHV�� 7KH� GDWD� DOVR� LQGLFDWHV� WKH�

DEVHQFH�RI�EXON\�DJJUHJDWHV�LQ�VROXWLRQ��ZKLFK�ZH�FDQ�VDIHO\�FRQFOXGH�RQ�WKH�EDVLV�WKDW�WKH�DUHDV�

XQGHU�WKH�WZR�WUDFHV�ZHUH�DOPRVW�LGHQWLFDO��,QFUHDVLQJ�WKH�SUH±LQFXEDWLRQ�WLPH�IRU�$X0%$�����LQ�

)%6� IURP� �� WR� ��� K� OHG� RQO\� WR� D� ���� UHGXFWLRQ� LQ� DUHD� XQGHU� WKH� VHGLPHQWDWLRQ� FRHIILFLHQW�

GLVWULEXWLRQV�� L�H��� RQO\� ���� RI� WKH� QDQRSDUWLFOHV� IRUPHG� VXIILFLHQWO\� GHQVH� DJJUHJDWHV� WKDW�

VHGLPHQWHG� EH\RQG� ��� 6� �QRW� VKRZQ��� ,Q� FRQWUDVW� WR� $X0%$������ H[WHQVLYH� DJJUHJDWLRQ� RI�

$X*6+����� LQ� WKH� SUHVHQFH� RI� )%6� ZDV� REVHUYHG�� VLQFH� RQO\� D� YHU\� VPDOO� SHUFHQWDJH� RI�

QDQRSDUWLFOHV�ZHUH�OHIW�WR�VHGLPHQW�LQ�WKH�UDQJH�RI���±���6��)LJ���E����

1H[W��ZH�UHSHDWHG�WKH�H[SHULPHQW�XVLQJ�GLDO\]HG�)%6��DW�����G)%6±3%6��WR�PLQLPL]H�

LQWHUIHUHQFH�IURP�WKH�IRUPDWLRQ�RI�DJJUHJDWHV��)LJ������7KH�PDLQ�SHDN�IRU�$X0%$�����LQ�G)%6��

VKLIWHG�WR�ORZHU�VHGLPHQWDWLRQ�FRHIILFLHQWV�UHODWLYH�WR�FRQWURO��UHSUHVHQWV�WKH�IRUPDWLRQ�RI�$X13±

SURWHLQ�FRPSOH[HV��$X*6+�����LQ�G)%6�FRQWDLQHG�WZR�GLVWLQFWLYH�SHDNV��ZLWK�WKH�OHIWPRVW�SHDN�

FRUUHVSRQGLQJ�WR�D�SURWHLQ±ERXQG�$X13�IUDFWLRQ�DQG�WKH�ULJKWPRVW�SHDN�WR�D�SRSXODWLRQ�RI�SULVWLQH�

QDQRSDUWLFOHV��)RU�ERWK�$X0%$�����DQG�$X*6+������ WKH�DEVHQFH�RI�DGGLWLRQDO�SHDNV�DW� ODUJHU�

VHGLPHQWDWLRQ� FRHIILFLHQWV� VXJJHVWV� WKDW� ROLJRPHULF� QDQRSDUWLFOH±SURWHLQ� VWUXFWXUHV� ZHUH� QRW�

IRUPHG��

:KLOH�WKH�$8&�GDWD�LQ�)LJ����VKRZHG�WKDW�VHUXP�SURWHLQV�FDQ�DVVRFLDWH�ERWK�ZLWK�$X0%$�

����DQG�$X*6+������ZH�SUHVXPH�WKDW�SURWHLQ�LQWHUDFWLRQV�ZLWK�$X*6+�����DUH�³ZHDN´�DQG��WKXV��

LQVXIILFLHQW�WR�SUHYHQW�WKH�IRUPDWLRQ�RI�QDQRSDUWLFOH�FOXVWHUV�WKDW�VHGLPHQW�LQ�WKH�XOWUDFHQWULIXJH�

WRR�TXLFNO\�WR�EH�REVHUYHG��)LJ���E���2Q�WKH�RWKHU�KDQG��VHUXP�SURWHLQ�FRPSOH[DWLRQ�ZLWK�$X0%$�

���� LV� DSSDUHQWO\� ³VWURQJHU´� OHDGLQJ� WR� PRUH� HIIHFWLYH� FROORLGDO� VWDELOL]DWLRQ� �)LJ�� �D���

6HTXHVWUDWLRQ�RI�LRQV�E\�VHUXP�SURWHLQV�FRXOG�DOVR�GLPLQLVK�WKH�DJJUHJDWLQJ�HIIHFW�RI�LRQV�RQ�WKH�

$X13V��VHH�6HFWLRQ�������

:H�REVHUYH�DJDLQ� WKDW� WKH�DJJUHJDWLRQ�DQG�VHUXP�SURWHLQ� LQWHUDFWLRQV�GHPRQVWUDWHG� IRU�

$X*6+�����LQ�ELRORJLFDO�PHGLD�ZHUH�XQH[SHFWHG��)LJV���±����JLYHQ�WKH�IDYRUDEOH�SK\VLRORJLFDO�

UHVSRQVHV�WKDW�KDYH�EHHQ�UHSRUWHG�IRU�$X*6+�SDUWLFOHV�LQ�YLYR���

�

�����%LRLQWHUDFWLRQV�RI�GLIIHUHQWO\�VL]HG�$X*6+�LQ�ELRORJLFDO�PHGLD�

:H�SUHSDUHG�XOWUDVPDOO�$X*6+�RI�VOLJKWO\�GLIIHUHQW�VL]HV��$X*6+�����DQG�$X*6+������

WKURXJK� UHGXFWLRQ�ZLWK� 1D%+�� RI� D� $X�,,,�� FKORULGH� VROXWLRQ� LQ� WKH� SUHVHQFH� RI� *6+��'LUHFW�
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V\QWKHVLV�ZLWK�*6+�ZDV�SXUVXHG�KHUH� �LQVWHDG�RI� OLJDQG�H[FKDQJH� IURP�RWKHU� OLJDQG�VWDELOL]HG�

$X13V��WR�HQVXUH�WKDW�WKH�VXUIDFHV�RI�WKH�QHZ�QDQRSDUWLFOHV�ZHUH�DV�LGHQWLFDO�DV�SRVVLEOH��

:H� IRXQG� WKDW� WKH� ODUJHU�$X*6+�����SDUWLFOHV�DJJUHJDWHG� LQ�SXUH� FHOO� FXOWXUH�PHGLXP��

ZKHUHDV�WKH�VPDOOHU�$X*6+�����UHPDLQHG�FROORLGDOO\�VWDEOH�XS�WR���K�DV�HYLGHQFHG�E\�89±YLV�

VSHFWURVFRS\��)LJ���D���7KDW�VXFK�GUDPDWLF�GLIIHUHQFH�VKRXOG�EH�REVHUYHG�IRU�VXFK�FORVHO\�VL]HG�

SDUWLFOHV� ZDV� VXUSULVLQJ�� 7KXV�� ZH� DOVR� SXUVXHG�$8&� DV� DQRWKHU�ZD\� WR� DVVHVV� WKH� SUHVXPHG�

FROORLGDO�VWDELOLW\�RI�$X*6+�����LQ�FXOWXUH�PHGLXP��7KH�KLJK�UHVROXWLRQ�DQG�VHQVLWLYLW\�DIIRUGHG�

E\�WKLV�WHFKQLTXH�ZRXOG�HQDEOH�GHWHFWLRQ�RI�WKH�VPDOOHVW�QDQRSDUWLFOH�DJJORPHUDWHV�GRZQ�WR�WKH�

VL]H�RI�D�GLPHU��7KH�DUHDV�XQGHU�WKH�VROLG�DQG�GDVKHG�WUDFHV�LQ�)LJ���E�GLIIHUHG�E\�RQO\�����WKXV�

FRQILUPLQJ�WKDW�$X*6+�����UHPDLQHG�GLVSHUVHG�DV�VLQJOH�QDQRSDUWLFOHV�LQ�FHOO�FXOWXUH�PHGLXP��DW�

����LQ�3%6���

:H�QH[W�XWLOL]HG�$8&� WR� LQYHVWLJDWH� WKH�EHKDYLRU�RI� WKH� FORVHO\� VL]HG�$X*6+����� DQG�

$X*6+����� LQ�����)%6±3%6��)LJ������$SSUR[LPDWHO\�����RI�$X*6+�����IRUPHG�DJJUHJDWHV�

WKDW�VHGLPHQWHG�EH\RQG����6��5HPDUNDEO\��$X*6+�����ZDV�UHVLVWDQW�DJDLQVW�ERWK�DJJUHJDWLRQ�DQG�

ELQGLQJ� IURP� VHUXP� SURWHLQV�� DV� HYLGHQFHG� E\� WKH� QHDUO\� LGHQWLFDO� VHGLPHQWDWLRQ� FRHIILFLHQW�

GLVWULEXWLRQV�LQ�)LJ���E��VHH�)LJ��6��IRU�IXUWKHU�DQDO\VLV���:H�ILQDOO\�FKDUDFWHUL]HG�WKH�$X13V�E\�

$8&�LQ�GLDO\]HG�)%6��)LJ��6����$V�H[SHFWHG��$X*6+�����ZDV�QRZ�FROORLGDOO\�VWDEOH�GXH�WR�WKH�

ODFN�RI�GLYDOHQW�FDWLRQV�LQ�G)%6��:H�DOVR�GHWHFWHG�QR�REYLRXV�LQWHUDFWLRQV�RI�VHUXP�SURWHLQV�WR�

ERWK��µ'^,ríXð��v���µ'^,rîXñ��+HUH�ZH�WKXV�REVHUYH�D�GLIIHUHQW�EHKDYLRU�EHWZHHQ��µ'^,�����

DQG�$X*6+�����UHJDUGLQJ�SURWHLQ�ELQGLQJ��VLQFH�VHUXP�SURWHLQV�ZHUH�IRXQG�WR�LQWHUDFW�ZLWK�WKH�

IRUPHU�EXW�QRW�ZLWK�WKH�ODWHU�LQ�G)%6��,W�FDQ�EH�FRQFOXGHG�WKDW�GLIIHUHQW�V\QWKHWLF�URXWHV�XVHG�WR�

SUHSDUH� $X13V� FDQ� OHDG� WR� GLIIHUHQFHV� LQ� WKHLU� ELRLQWHUDFWLRQV�� 3UHYLRXV� VWXGLHV� KDYH� LQGHHG�

UHSRUWHG� WKH� LQIOXHQFH� RI� V\QWKHVLV� DQG� SXULILFDWLRQ� PHWKRGV� RQ� WKH� ELRLQWHUDFWLRQV� �PRVWO\�

WR[LFLW\��RI�QDQRSDUWLFOHV��������

0RVW�VLJQLILFDQWO\��WKH�DERYH�UHVXOWV�KDYH�UHYHDOHG�DQ�XQH[SHFWHG�LQIOXHQFH�RI�VPDOO�VL]H�

GLIIHUHQFHV�RQ�WKH�FROORLGDO�VWDELOLW\�RI�XOWUDVPDOO�$X*6+�LQ�ELRORJLFDO�IOXLG��:H�QH[W�SHUIRUPHG�

FRPSXWHU�VLPXODWLRQV�WR�DWWHPSW�WR�XQGHUVWDQG�WKLV�EHKDYLRU��

�

�����&RPSXWHU�VLPXODWLRQV��(IIHFWV�RI�SDUWLFOH�VL]H�DQG�VROXWLRQ�FRPSRVLWLRQ�RQ�DJJUHJDWLRQ��

:H� FDUULHG� RXW� PROHFXODU� G\QDPLFV� VLPXODWLRQV� WR� SURYLGH� PLFURVFRSLF� LQVLJKW� LQWR�

$X*6+�LQWHUSDUWLFOH�LQWHUDFWLRQV��)LJ���D�VKRZV�WKH�LQWHUSDUWLFOH�SRWHQWLDOV�RI�PHDQ�IRUFH�LQ�SXUH�
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3%6� IRU� ERWK� QDQRSDUWLFOH� �13�� SDLUV�� 7KH� LQWHUDFWLRQV� DUH� FKDUDFWHUL]HG� E\� WZR�PLQLPD�� RQH�

FRUUHVSRQGLQJ�WR�D�FORVH±FRQWDFW��ZLWK�D�SRWHQWLDO�9F�DW�D�FHQWHU±WR±FHQWHU�VHSDUDWLRQ�UF��DQG�WKH�

RWKHU� WR� D� VROYHQW±VHSDUDWHG� �9V� DW� UV�� FRQILJXUDWLRQ� �)LJ�� ���� 7KH� H[LVWHQFH� RI� WZR� FRPSHWLQJ�

PLQLPD�VHHPV�WR�EH�D�JHQHUDO�IHDWXUH�RI�13�SDLUV�UHJDUGOHVV�RI�VL]H��VXUIDFH�FKHPLVWU\��RU�VROXWLRQ�

FRQGLWLRQV�������2YHUDOO��$X*6+�����WHQG�WR�DWWUDFW�HDFK�RWKHU�PRUH�VWURQJO\�WKDQ�$X*6+������EXW�

LQ�ERWK�FDVHV�9V���9F��LPSO\LQJ�WKDW�WLJKW�FOXVWHUV�GR�QRW�GHYHORS��7KLV�PD\�H[SODLQ�WKH�DEVHQFH�RI�

DJJUHJDWHV�LQ�3%6�VXJJHVWHG�E\�$8&�GDWD�DQG�DOVR�WKH�HDVH�RI�FOHDUDQFH�IURP�WKH�ERG\��DV�KLJKO\�

K\GUDWHG� VROYHQW±VHSDUDWHG� FOXVWHUV� PD\� EH� PRUH� ODELOH� DQG� SURQH� WR� GHFD\� E\� WKH� DFWLRQ� RI�

K\GURG\QDPLF�RU�PHFKDQLFDO�IRUFHV��7KLV�EHKDYLRU�FRQWUDVWV�ZLWK�WKDW�RI�RWKHU�*6+±FRDWHG�13V�

LQ�SK\VLRORJLFDO�1D&O�VROXWLRQV��IRU�ZKLFK�SUHYLRXV�VLPXODWLRQV�VKRZHG�D�GHHS�ZHOO�DW�UF��ZLWK�9F�

��9V������DQG�DJJUHJDWLRQ�LV�WKXV�H[SHFWHG����,Q�JHQHUDO��WKH�EDODQFH�EHWZHHQ�9F�DQG�9V�DQG�WKHLU�

YDOXHV�ZLWK�UHVSHFW�WR�WKH�IXOO\�GLVVRFLDWHG�VWDWH�DUH�TXLWH�VHQVLWLYH�WR�WKH�FRQFHQWUDWLRQ�DQG�W\SH�

RI�LRQV��)LJ���E�VKRZV�WKH�SRWHQWLDO�IRU�$X*6+�����LQ�&D&O��DW������DQG���P0��VLPLODU�IRU�$X*6+�

�����QRW�VKRZQ���7KH�WUHQG�VXJJHVWV�WKDW�DGGLQJ�&D���VWDELOL]HV�WKH�LQWHUDFWLRQV��DQG�DJJUHJDWLRQ�

RFFXUV�DERYH�D�FULWLFDO�FRQFHQWUDWLRQ��&RQYHUVHO\��FDOFLXP�LRQV�VHTXHVWHUHG�IURP�WKH�VROXWLRQ�DUH�

H[SHFWHG�WR�ZHDNHQ�WKH�LQWHUDFWLRQV��WKLV�FRXOG�EH�WKH�FDVH�LI�&D���IRUP�LRQ�FOXVWHUV���ZLWK�RWKHU�

VSHFLHV�RU�LI�WKH\�ELQG�WR�SURWHLQV�HLWKHU�GLUHFWO\�RU�DV�SDUW�RI�WKH�FRXQWHULRQ�DWPRVSKHUH��&DOFLXP�

LRQ�FOXVWHUV�ZHUH�QRW�REVHUYHG�LQ�RXU�VLPXODWLRQV��EXW�WKH\�PD\�RFFXU�LQ�PRUH�FRPSOH[�IOXLGV�VXFK�

DV�VHUXP��2Q�WKH�RWKHU�KDQG��VHTXHVWUDWLRQ�RI�FULWLFDO�LRQV�E\�VHUXP�SURWHLQV�ZDV�GHPRQVWUDWHG�

KHUH�IRU�DOEXPLQ�LQ�3%6�DW�SK\VLRORJLFDO�S+��GDWD�QRW�VKRZQ���'\QDPLFV�VLPXODWLRQV�UHYHDOHG�WKH�

H[LVWHQFH�RI�D�FRPSOH[�K\GUDWLRQ�OD\HU�DERXW��±QP�GHHS�FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV�RI�1D��

DQG�&O±��EXW�DOVR�.���+�32�
±�DQG�+32�

���WKXV�GHSOHWLQJ�WKH�PHGLXP�RI�FULWLFDO�FRPSRQHQWV�NQRZQ�

WR�PHGLDWH�WKH�LQWHUSDUWLFOH�IRUFHV��VHH�EHORZ���7KHUHIRUH��WKH�PHUH�SUHVHQFH�RI�LRQ±VHTXHVWHULQJ�

SURWHLQV�FRXOG�DIIHFW�WKH�LQWHUSDUWLFOH�IRUFHV�HYHQ�LQ�WKH�DEVHQFH�RI�GLUHFW�13±SURWHLQ�LQWHUDFWLRQV��

7KLV�FRXOG�SDUWLDOO\�H[SODLQ�WKH�HIIHFWV�RI�)%6±VXSSOHPHQWHG�PHGLXP�UHSRUWHG�LQ�6HFWLRQ������)LJ��

�D����

)XUWKHU� LQVLJKW� LQWR� WKH�13±13� LQWHUDFWLRQV�FDQ�EH�REWDLQHG�E\�GHFRPSRVLQJ� WKH�PHDQ�

IRUFHV� LQWR� WKH� FRQWULEXWLRQV� E\� WKH� LQGLYLGXDO� VSHFLHV�� ,RQV� LQGXFH� LQWHUSDUWLFOH� DWWUDFWLRQ�

UHJDUGOHVV�RI�WKHLU�FKDUJH�RU�W\SH��)LJ��6�D���3RVLWLYH�LRQV�VFUHHQ�WKH�GLUHFW�LQWHUSDUWLFOH�UHSXOVLRQ��

DQG�WKHLU�SRVLWLRQV�DW�WKH�13�13�LQWHUIDFH�EULGJH�WKH�13V�WKXV�JHQHUDWLQJ�DQ�DWWUDFWLYH�LQWHUSDUWLFOH�

IRUFH�� 7KH� LQFUHDVHG� VXUIDFH� DUHD� RI� ODUJHU� 13V� OHDGV� WR� DQ� LQFUHDVH� LQ� LQWHUIDFLDO� FDWLRQ�
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FRQFHQWUDWLRQ��ZKLFK�SDUWLDOO\�H[SODLQV�WKH�REVHUYHG�VL]H±GHSHQGHQW�HIIHFW�RQ�DJJUHJDWLRQ��6HFWLRQ�

������1HJDWLYH�LRQV�WHQG�WR�EH�H[FOXGHG�IURP�WKH�LQWHUIDFH�LQWR�WKH�EXON��WKXV�JHQHUDWLQJ�DQ�H[WHUQDO�

HOHFWURVWDWLF�³SUHVVXUH´�WKDW�DOVR�FRQWULEXWH�WR�WKH�LQWHUSDUWLFOH�DWWUDFWLRQ��7KH�H[FHSWLRQ�LV�+32�
�Å

��ZKLFK�IRUPV�FOXVWHUV�ZLWK�1D��DQG�DUH�EURXJKW�WRZDUGV�WKH�QHJDWLYHO\�FKDUJHG�13�VXUIDFHV��:DWHU�

LWVHOI�GLVSOD\V�D�FRPSOH[�EHKDYLRU��LQGXFLQJ�DWWUDFWLRQ�RU�UHSXOVLRQ�GHSHQGLQJ�RQ�WKH�LQWHUSDUWLFOH�

VHSDUDWLRQ��)LJ��6�E���1HLWKHU�9F�QRU�9V�FDQ�EH�DVFULEHG�WR�D�SDUWLFXODU�FRPSRQHQW�RI�WKH�VROXWLRQ��

DV� VXJJHVWHG� IRU�1D�� DQG�&O±� LRQV� EULGJLQJ� 62�
±� RU�1+�

�� VXUIDFH� JURXSV� LQ� RWKHU�13V���� DQG�

REVHUYHG�LQ�WKH�LQWHUDFWLRQV�RI�VPDOO�SRODU�FKDUJHG�PROHFXOHV����LQVWHDG��ERWK�ORFDO�PLQLPD�DUH�WKH�

UHVXOW�RI�D�GHOLFDWH�FRPSHWLWLRQ�RI�QRQ±VSHFLILF�IRUFHV��$�VLPLODU�DQDO\VLV�IRU�DTXHRXV�&D&O��VKRZV�

WKDW�&D���WHQG�WR�EH�VWDWLVWLFDOO\�DWWUDFWHG�WRZDUGV�WKH�13�13�LQWHUIDFH��DQG�ELQG�GLUHFWO\�WR�RQH�RU�

PRUH�&2�
±�VXUIDFH�JURXSV��WKXV�LQGXFLQJ�VWURQJ��ORFDOL]HG�LQWHUSDUWLFOH�IRUFHV�GHVSLWH�WKH�UHODWLYHO\�

VPDOO� VDOW� FRQFHQWUDWLRQV�� %HFDXVH� RI� WKH� VWURQJ� LQWHUDFWLRQV� ZLWK� JOXWDWKLRQH�� &D��� FDQ� EH�

LQWHUQDOL]HG� LQWR� WKH�FRDWLQJ� OD\HU� �)LJ��6�����ZLWK�HYLGHQFH�RI�FKHODWLRQ�� WKLV�ZDV�REVHUYHG� LQ�

$X*6+�����EXW�QRW�LQ�$X*6+������2WKHU�GLYDOHQW�LRQV��H�J���0J����DUH�H[SHFWHG�WR�GLVSOD\�VLPLODU�

EHKDYLRU���

,W�PXVW�EH�QRWHG��KRZHYHU�� WKDW� WKH�SUHVHQW�VLPXODWLRQV�GLG�QRW�VSHFLILFDOO\�DGGUHVV�WZR�

LPSRUWDQW�HIIHFWV�WKDW�RSHUDWH�LQ�FRPSOH[�DTXHRXV�VROXWLRQV�DQG�DUH�NQRZQ�WR�IDYRU�QRQ±VSHFLILF�

DVVRFLDWLRQ�RI�ODUJHU�FROORLGDO�SDUWLFOHV�RYHU�VPDOOHU�RQHV��QDPHO\��FURZGLQJ�DQG�GHSOHWLRQ��%RWK�

KDYH� WUDGLWLRQDOO\� EHHQ� YLHZHG� DV� HQWURSLF� LQ� QDWXUH�� RULJLQDWLQJ� LQ� WKH� UHVWULFWLRQ� RI� YROXPH�

DYDLODEOH� WR� WKH� SDUWLFOHV�� DQ� HQWKDOSLF� FRPSRQHQW� KDV�PRUH� UHFHQWO\� EHHQ� GLVFXVVHG����5HFHQW�

VWXGLHV�KDYH�VKRZQ�WKDW�FURZGLQJ�RI�VPDOOHU�FRPSRQHQWV�RI�WKH�VROXWLRQ�FDQ�DOVR�KDYH�D�VLJQLILFDQW�

HIIHFW� DQG� LQGXFH� DVVRFLDWLRQ������� 7KHVH� IRUFHV� FRXOG� WKHQ� EH� LPSRUWDQW� LQ� GHWHUPLQLQJ� WKH�

DJJUHJDWLRQ�VWDWH�RI�XOWUDVPDOO�13�LQ�VHUXP�DQG�FHOO�FXOWXUH��HVSHFLDOO\�LI�9F�DQG�9V�GLIIHU�E\�RQO\�

D�IHZ�NFDO�PRO��DV�VKRZQ�KHUH�IRU�3%6�DQG�DTXHRXV�&D&O���6PDOO�FRPSRQHQWV�RI� WKH�VROXWLRQ��

LQFOXGLQJ�LRQV��FRXOG�DOVR�LQGXFH�DJJUHJDWLRQ�WKURXJK�GHSOHWLRQ�IRUFHV��)RU�D�JLYHQ�PHGLXP�WKHVH�

IRUFHV�DUH�VWURQJHU�IRU�ODUJHU�13V����DQG�LQ�WKH�FXUUHQW�FDVH�E\�D�IDFWRU�RI�a����LQ�IDYRU�RI�$X*6+�

����RYHU�$X*6+������$Q�HVWLPDWH�RI�WKH�UHODWLYH�LPSRUWDQFH�RI�FURZGLQJ�DQG�GHSOHWLRQ�IRUFHV�LQ�

GULYLQJ�13�DJJUHJDWLRQ�DQG�LWV�GHSHQGHQFH�RQ�13�VL]H�UHTXLUHV�D�UHDOLVWLF��\HW�FRPSXWDWLRQDOO\�

WUDFWDEOH�UHSUHVHQWDWLRQ�RI�WKH�ELRORJLFDO�PHGLXP��7KLV�FDQ�EH�DFFRPSOLVKHG�E\�PXOWLVFDOH�0RQWH�

&DUOR�VLPXODWLRQV���DQG�ZLOO�EH�UHSRUWHG�LQ�D�IROORZ�XS�VWXG\��

���
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���'LVFXVVLRQ�DQG�FRQFOXVLRQV�

,W� LV� LQVWUXFWLYH� WR� FRQVLGHU� WKH� DERYH� ILQGLQJV� LQ� OLJKW� RI� UHFHQW� LQ� YLYR� VWXGLHV� RQ� WKH�

H[FUHWLRQ� DQG� ELRGLVWULEXWLRQ� RI� S0%$±� DQG� *6+±FRDWHG� XOWUDVPDOO� $X13V�� )RU� H[DPSOH��

$FNHUVRQ�DQG�FR±ZRUNHUV�VWXGLHG�WKH�H[FUHWLRQ�DQG�RUJDQ�GLVWULEXWLRQ�RI�$X����S0%$�����ZKLFK�

KDG�YHU\�VLPLODU�FRPSRVLWLRQ�DQG�VL]H�WR�$X0%$������$X����S0%$������7KH\�IRXQG�WKHLU�$X13V�

PRVWO\�ORFDOL]HG�WR�WKH�OLYHU�DQG�VSOHHQ��ZKLFK�VXJJHVWV�WKH�SDUWLFOHV�ERXQG�VHUXP�SURWHLQV�DQG�

ZHUH�FOHDUHG�IURP�FLUFXODWLRQ�E\�PDFURSKDJHV�RI�WKH�PRQRQXFOHDU�SKDJRF\WH�V\VWHP����,Q�DQRWKHU�

VWXG\��)HOGKHLP�DQG�FR±ZRUNHUV�LQYHVWLJDWHG�WKH�H[FUHWLRQ�DQG�ELRGLVWULEXWLRQ�SURILOH�RI�XOWUDVPDOO�

*6+±FRDWHG�$X13V�RI�DYHUDJH�VL]H�����������QP���7KH\�IRXQG�WKDW�RYHU�����RI�WKH�$X13V�ZHUH�

FOHDUHG� WKURXJK� WKH� UHQDO� V\VWHP�ZLWKLQ� �K� DQG� RYHU� ����ZLWKLQ� �K��ZKLFK� VXJJHVWV� WKDW� WKH�

QDQRSDUWLFOHV�GLG�QRW�DJJUHJDWH�RU�ELQG�VHUXP�SURWHLQV�WR�DQ\�VLJQLILFDQW�GHJUHH�LQ�YLYR��6LPLODU�

REVHUYDWLRQV�KDYH�EHHQ�GHVFULEHG�E\�RWKHUV��LQ�SDUWLFXODU�E\�=KHQJ�DQG�FR±ZRUNHUV��������

'HVSLWH� WKH� FRQWUDVWLQJ� ELRUHVSRQVHV� UHSRUWHG� IRU� S0%$±� DQG�*6+±FRDWHG� XOWUDVPDOO�

$X13V�LQ�YLYR��RXU�LQYHVWLJDWLRQV�LQLWLDOO\�UHYHDOHG�OLWWOH�GLIIHUHQFHV�LQ�WKHLU�LQ�YLWUR�ELRLQWHUDFWLRQV�

ERWK�LQ�WHUPV�RI�SURWHLQ�ELQGLQJ�DQG�SDUWLFOH�DJJUHJDWLRQ��7KLV�DSSDUHQW�FRQWUDGLFWLRQ�EHWZHHQ�LQ�

YLWUR�DQG�LQ�YLYR�UHVXOWV�FRXOG�EH�UHFRQFLOHG�EDVHG�RQ�WZR�VXEVHTXHQW�ILQGLQJV��)LUVW��ZKLOH�$X*6+�

SDUWLFOHV� SUHSDUHG� LQLWLDOO\� E\� OLJDQG� H[FKDQJH�ZHUH� QRW� IXOO\� VWHDOWK±OLNH� �$X*6+������� WKRVH�

SUHSDUHG�E\�D�GLUHFW�V\QWKHVLV�SURWRFRO��$X*6+������ZHUH�UHVLVWDQW�DJDLQVW�VHUXP�SURWHLQ�ELQGLQJ�

LQ�DJUHHPHQW�ZLWK�SXEOLVKHG�LQ�YLYR�VWXGLHV��6HFRQG��DQG�PRVW�VLJQLILFDQWO\��ZH�IRXQG�WKDW�VPDOO�

GLIIHUHQFHV�LQ�VL]H�JUHDWO\�DIIHFWHG�WKH�FROORLGDO�VWDELOLW\�RI�$X*6+�LQ�YLWUR��ZLWK�QDQRSDUWLFOHV�

JRLQJ� IURP�FROORLGDOO\� VWDEOH� WR� HQWLUHO\� XQVWDEOH�ZKHQ� FURVVLQJ� D� VL]H� WKUHVKROG� DURXQG���QP�

�$X*6+�����YV��$X*6+�������:LWK�WKH�KHOS�RI�FRPSXWHU�VLPXODWLRQV��WKLV�LQWULJXLQJ�UHVXOW�FRXOG�

EH�SDUWLDOO\�XQGHUVWRRG�RQ�WKH�EDVLV�WKDW�SRVLWLYH�LRQV�WHQG�WR�EULGJH�WKH�$X13V�DQG�WKXV�FUHDWH�

DWWUDFWLYH� LQWHUSDUWLFOH� IRUFHV�� 7KH� HIIHFWLYH� LQWHUSDUWLFOH� SRWHQWLDO�� KRZHYHU�� LV� WKH� UHVXOW� RI� D�

FULWLFDO�EDODQFH�RI�DWWUDFWLYH�DQG�UHSXOVLYH�QRQ±VSHFLILF�IRUFHV�HOLFLWHG�E\�ERWK�WKH�LRQV�DQG�ZDWHU��

'XH�WR�WKH�LQFUHDVHG�QXPEHU�RI�&2�
±�JURXSV�DQG�LRQV�FRQFHQWUDWLRQ�DW�WKH�13�13�LQWHUIDFH��)LJ��

����WKHVH�IRUFHV�WHQG�WR�EH�VWURQJHU�IRU�ODUJHU�13V��HVSHFLDOO\�LQ�WKH�SUHVHQFH�RI�GLYDOHQW�LRQV��ZKLFK�

WHQG�WR�ELQG�VWURQJO\�WR�WKH�*6+�OD\HU��$W�ORZ�FRQFHQWUDWLRQV�RI�&D&O��WKLV�DWWUDFWLYH�IRUFH�UHVXOWV�

LQ�DJJUHJDWLRQ�RI�RQO\�$X*6+������DQG�ERWK�$X*6+�����DQG�$X*6+�����DJJUHJDWH�DERYH�FHUWDLQ�

FRQFHQWUDWLRQ�WKUHVKROG��'HSOHWLRQ�DQG�FURZGLQJ�HIIHFWV�PD\�DOVR�FRQWULEXWH�WR�QRQ±VSHFLILF�13�
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13�DVVRFLDWLRQ��HVSHFLDOO\�EHWZHHQ�ODUJHU�13V��DQG�WKHLU�UHODWLYH�LPSRUWDQFH�ZLOO�EH�UHSRUWHG�LQ�D�

IXWXUH�VWXG\���

7KH�V\QWKHVLV�RI�XOWUDVPDOO�$X13V�DV�XQGHUOLQHG�LQ�WKLV�ZRUN�PXVW�EH�DFFRPSDQLHG�E\�WKH�

DSSOLFDWLRQ�RI�SURSHU�FKDUDFWHUL]DWLRQ� WRROV��7KLV� LV�HVSHFLDOO\� LPSRUWDQW�FRQVLGHULQJ� WKDW�VPDOO�

VL]H�GLIIHUHQFHV�PLJKW�LPSDFW�WKH�ELRLQWHUDFWLRQV�RI�WKH�$X13V�DV�ZH�KDYH�VKRZQ��,Q�WKLV�UHJDUG��

ZH� SRLQW� RXW� WKDW� FRQYHQWLRQDO� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\� �7(0�� DQG� G\QDPLF� OLJKW�

VFDWWHULQJ� �'/6��� DV� FRPPRQO\� HPSOR\HG�� DUH� W\SLFDOO\� QRW� VHQVLWLYH� HQRXJK� WR� DGHTXDWHO\�

FKDUDFWHUL]H� XOWUDVPDOO�$X13V�� )RU� H[DPSOH��$X13V� RI� ���� QP� LQ� FRUH� GLDPHWHU� FRQWDLQ� RQO\�

DURXQG�������$X�DWRPV��6XFK�QDQRSDUWLFOHV�\LHOG�YHU\�ZHDN�FRQWUDVW�ZKHQ�LPDJHG�XQGHU�EULJKW�

ILHOG�7(0��WKXV�PDNLQJ� LW�GLIILFXOW� WR�DFFXUDWHO\�PHDVXUH�WKHLU�VL]H�DQG�XQLIRUPLW\�� ,Q�IDFW��ZH�

EHOLHYH�WKH�ZHDN�FRQWUDVW�DIIRUGHG�E\�7(0�PD\�OHDG�FDVXDO�XVHUV�RI�WKH�WHFKQLTXH�WR�LQDGYHUWHQWO\�

VHOHFW� WKRVH�PDUJLQDOO\� ODUJHU�DQG�PRUH�HDVLO\�YLVLEOH�$X13V� �H�J���a������ WKDW�PD\�RFFXU� LQ�D�

SRO\GLVSHUVH�SRSXODWLRQ�� WKXV�RYHUHVWLPDWLQJ�ERWK� WKH� VL]H�RI� WKH� V\QWKHVL]HG�SDUWLFOHV� DQG� WKH�

XQLIRUPLW\�RI�WKH�SUHSDUDWLRQ��&RQYHUVHO\��XOWUDVPDOO�$X13V�FDQ�EH�YLVXDOL]HG�ZLWK�KLJK�FRQWUDVW�

XQGHU�GDUN±ILHOG�67(0��������7KLV�WHFKQLTXH�KDV�WKH�DGGLWLRQDO�DGYDQWDJH�UHODWLYH�WR�7(0�LQ�WKDW�

LPDJHV� FDQ� EH� UHDGLO\� TXDQWLILHG� WR� \LHOG� QXPEHUV� RI� FRUH� $X� DWRPV�� SURYLGHG� WKDW� D� $X13�

VWDQGDUG�RI�NQRZQ�FRPSRVLWLRQ�LV�DYDLODEOH��'/6��LQ�WXUQ��GRHV�QRW�DIIRUG�WKH�QHFHVVDU\�UHVROXWLRQ�

WR�SUREH�WKH�VL]H�XQLIRUPLW\�RI�XOWUDVPDOO�QDQRSDUWLFOHV��,Q�FRQWUDVW��$8&�LV�KLJKO\�VHQVLWLYH�WR�

VXEWOH�GLIIHUHQFHV�LQ�$X13�VL]H��IRU�H[DPSOH��$X*6+�SDUWLFOHV�RI�����������DQG�����QP�GLDPHWHUV�

KDYH� ZHOO� VHSDUDWHG� VHGLPHQWDWLRQ� FRHIILFLHQWV� DW� DSSUR[LPDWHO\� ���� ��� DQG� ��� 6�� $GGLWLRQDO�

H[DPSOHV�LQ�WKH�XVH�RI�$8&�WR�FKDUDFWHUL]H�QDQRSDUWLFOHV�DQG�WKHLU�FRQMXJDWHV�FDQ�EH�IRXQG�LQ�WKH�

OLWHUDWXUH�������7KXV��ERWK�7(0�DQG�'/6�VKRXOG�EH�XVHG�ZLWK�FDXWLRQ�WR�FKDUDFWHUL]H�XOWUDVPDOO�

$X13V��ZKLOH�GDUN±ILHOG�67(0�DQG�$8&�FRQVWLWXWH�PRUH�VXLWDEOH�FKRLFHV���

,Q�WKLV�ZRUN�ZH�KDYH�XWLOL]HG�$8&�WR�HYDOXDWH�WKH�FROORLGDO�VWDELOLW\�RI�XOWUDVPDOO�$X13V�

LQ� ELRORJLFDO� PHGLD�� &RPSDUHG� ZLWK� 89±YLV� VSHFWURVFRS\�� $8&� LV� PXFK� PRUH� VHQVLWLYH� IRU�

GHWHFWLQJ�DJJUHJDWHV��,W�FDQ�EH�HVWLPDWHG�WKDW�$8&�ZRXOG�GHWHFW�WKH�RFFXUUHQFH�RI�³DJJUHJDWLRQ´�

HYHQ�LI�RQO\�QDQRSDUWLFOH�GLPHUV�ZHUH�SUHVHQW�DW�D�FRQFHQWUDWLRQ�RI�DW�OHDVW������,W�LV�WKHUHIRUH�

QRWHZRUWK\�WKDW�QHJDWLYHO\�FKDUJHG�$X*6+�QDQRSDUWLFOHV�����QP�ZHUH�IRXQG�WR�EH�VWDEOH�LQ�WKH�

SUHVHQFH�RI�FHOO�FXOWXUH�PHGLXP��

:H�DOVR�HPSOR\HG�$8&�WR�HYDOXDWH�XOWUDVPDOO�$X13�LQWHUDFWLRQV�ZLWK�VHUXP�SURWHLQV��:H�

ILUVW� QRWH� WKDW� FKDUDFWHUL]DWLRQ� RI� VHUXP� SURWHLQ� DGVRUSWLRQ� RQWR� ODUJHU� QDQRSDUWLFOHV� LV� RIWHQ�
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DFFRPSOLVKHG� E\� ILUVW� LVRODWLQJ� QDQRSDUWLFOH±SURWHLQ� FRPSOH[HV� IURP� H[FHVV� VHUXP� WKURXJK�

UHSHDWHG�FHQWULIXJDWLRQ�DQG�ZDVKLQJ�VWHSV��IROORZHG�E\�DSSOLFDWLRQ�RI�'/6�DQG�]HWD�SRWHQWLDO�WR�

PHDVXUH�WKH�FKDQJHV�LQ�QDQRSDUWLFOH�VL]H�DQG�FKDUJH�WKDW�WDNH�SODFH�XSRQ�SURWHLQ�DGVRUSWLRQ�������

+RZHYHU��WKH�QHHG�IRU�FRPSOHWH�VHSDUDWLRQ�RI�QDQRSDUWLFOHV�IURP�H[FHVV�VHUXP�OHDGV�LQHYLWDEO\�WR�

GHWDFKPHQW� RI� ZHDNO\� ERXQG� SURWHLQV�� WKXV� HQDEOLQJ� GHWHFWLRQ� RI� RQO\� ³SHUPDQHQWO\´� ERXQG�

SURWHLQV��WKH�VR±FDOOHG�KDUG�SURWHLQ�FRURQD��������%XW�PRVW�LPSRUWDQWO\��DSSOLFDWLRQ�RI�WKLV�VWUDWHJ\�

WR�XOWUDVPDOO�$X13V�LV�LPSUDFWLFDO�EHFDXVH�VXFK�SDUWLFOHV�DUH�QRW�KHDY\�HQRXJK�WR�EH�SUHFLSLWDWHG�

DQG� LVRODWHG� E\� FHQWULIXJDWLRQ���� :H� SRLQW� RXW� WKDW� $8&� LV� DEOH� WR� SDUWO\� FLUFXPYHQW� WKHVH�

OLPLWDWLRQV��WKH�IDFW�WKDW�$8&�H[SHULPHQWV�DUH�FDUULHG�RXW�LQ�WKH�SUHVHQFH�RI�����)%6��FRPELQHG�

ZLWK�WKH�VHQVLWLYLW\�DQG�UHVROXWLRQ�RI�WKH�WHFKQLTXH��HQDEOHV�GHWHFWLRQ�RI�WUDQVLHQW�SURWHLQ�ELQGLQJ�

RQWR� XOWUDVPDOO�$X13V��1RWZLWKVWDQGLQJ� WKHVH� DGYDQWDJHV�� LW� LV� FOHDU� WKDW� GUDZLQJ� D� FRPSOHWH�

SLFWXUH�RQ�XOWUDVPDOO�$X13±VHUXP�SURWHLQ� LQWHUDFWLRQV�ZRXOG�QHFHVVDULO\� HQWDLO� D�PRUH� JOREDO�

DQDO\VLV�WKURXJK�WKH�FRPELQDWLRQ�RI�VHYHUDO�PHWKRGRORJLHV��)RU�H[DPSOH��ZH�SUHVHQWO\�GRQ¶W�NQRZ�

ZKLFK� VHUXP�SURWHLQV� LQWHUDFW�ZLWK�$X0%$� �DQG�ZKLFK�PLJKW� EH� DVVRFLDWLQJ�ZHDNO\� WR� VRPH�

$X*6+�� DQG� WKH� RUGHU� RI�PDJQLWXGH� RI� WKHVH� LQWHUDFWLRQV��:RUN� LV� RQJRLQJ� WR� DGGUHVV� WKHVH�

LPSRUWDQW�TXHVWLRQV��

,Q� VXPPDU\�� WKH� QDWXUDO� WULSHSWLGH� JOXWDWKLRQH� KDV� HPHUJHG� DV� D� SURPLVLQJ� OLJDQG� IRU�

SDVVLYDWLQJ�WKH�VXUIDFH�RI�XOWUDVPDOO�$X13V�LQWHQGHG�IRU�LQ�YLYR�DSSOLFDWLRQV��+RZHYHU��ZH�KDYH�

IRXQG�WKDW�FROORLGDO�VWDELOLW\�LQ�ELRORJLFDO�PHGLD�FDQ�EH�FULWLFDOO\�FRQGLWLRQHG�RQ�$X13�VL]H��ZKLFK�

KLJKOLJKWV�WKH�QHHG�IRU�WKH�V\QWKHVLV�RI�$X13�SRSXODWLRQV�RI�ZHOO±GHILQHG�VL]HV�DQG�H[FHSWLRQDO�

XQLIRUPLW\��,Q�WKLV�UHJDUG��ZH�KDYH�OHDUQHG�D�VWUDLJKWIRUZDUG�V\QWKHWLF�URXWH�IRU�WKH�SUHSDUDWLRQ�RI�

*6+±FRDWHG�SDUWLFOHV�RI�VXLWDEOH�VL]H������QP��DQG�QDUURZ�VL]H�GLVWULEXWLRQ��ZKLFK�PLJKW�EH�RI�

LQWHUHVW�WR�RWKHU�UHVHDUFKHUV�VWXG\LQJ�XOWUDVPDOO�QDQRSDUWLFOHV�LQ�YLYR��

� �
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$662&,$7('�&217(17�

(OHFWURQLF�VXSSOHPHQWDU\�LQIRUPDWLRQ��(6,��DYDLODEOH��

�

&255(6321',1*�$87+25�

�&RUUHVSRQGLQJ�DXWKRUV��DOLRVFND�VRXVD#XQLIHVS�EU��OHDSPDQU#PDLO�QLK�JRY��

�

$&.12:/('*0(17�

:H�ZRXOG�OLNH�WR�DFNQRZOHGJH�3URI��0�/�9��2OLYD�IRU�SURYLGLQJ�DFFHVV�WR�LQVWUXPHQWDWLRQ��:H�

DFNQRZOHGJH� WKH� 6SHFWURVFRS\� DQG� &DORULPHWU\� IDFLOLW\� DW� %UD]LOLDQ� %LRVFLHQFHV� 1DWLRQDO�

/DERUDWRU\� �/1%LR��� &13(0�� &DPSLQDV�� %UD]LO�� IRU� WKHLU� VXSSRUW� ZLWK� WKH� DQDO\WLFDO�

XOWUDFHQWULIXJH�� 7KLV� VWXG\� XWLOL]HG� WKH� KLJK�SHUIRUPDQFH� FRPSXWHU� FDSDELOLWLHV� RI� WKH�%LRZXOI�

3&�/LQX[�FOXVWHU�DW� WKH�1,+��7KLV�ZRUN�ZDV�VXSSRUWHG�E\� WKH�6mR�3DXOR�5HVHDUFK�)RXQGDWLRQ�

�)$3(63�����������������6mR�3DXOR��%UD]LO��E\�WKH�%UD]LOLDQ�1DWLRQDO�&RXQFLO�IRU�6FLHQWLILF�DQG�

7HFKQRORJLFDO�'HYHORSPHQW��&13T������������������DQG�E\�WKH�,QWUDPXUDO�5HVHDUFK�3URJUDPV�

RI�WKH�1DWLRQDO�,QVWLWXWH�RI�%LRPHGLFDO�,PDJLQJ�DQG�%LRHQJLQHHULQJ�DQG�WKH�&HQWHU�IRU�,QIRUPDWLRQ�

7HFKQRORJ\��1DWLRQDO�,QVWLWXWHV�RI�+HDOWK��%HWKHVGD��8�6�$���

�

5()(5(1&(6�

��� 6��5DQD��$��%DMDM��5��0RXW�DQG�9��0��5RWHOOR��$GY��'UXJ�'HOLY��5HY���������
��� (��&��'UHDGHQ��0��$��0DFNH\��;��+XDQJ��%��.DQJ\�DQG�0��$��(O�6D\HG��&KHP��6RF��5HY���

���������������������
��� $��/HLIHUW��<��3DQ�%DUWQHN��8��6LPRQ�DQG�:��-DKQHQ�'HFKHQW��1DQRVFDOH���������������±

������
��� ;��7DQ�DQG�5��-LQ��:LOH\�,QWHUGLVF��5HY���1DQRPHG��1DQRELRWHFK���������������±�����
��� ;��'��=KDQJ��'��:X��;��6KHQ��3��;��/LX��)��<��)DQ�DQG�6��-��)DQ��%LRPDWHULDOV������������

�����������
��� &�� $�� 6LPSVRQ�� .�� -�� 6DOOHQJ�� '�� (�� &OLIIHO� DQG� '�� /�� )HOGKHLP�� 1DQRPHGLFLQH��

1DQRWHFKQRORJ\��%LRORJ\�DQG�0HGLFLQH��������������������
��� &��=KRX��0��/RQJ��<��4LQ��;��6XQ�DQG�-��=KHQJ��$QJHZ��&KHP��,QW��(G������������������±

������
��� .��+XDQJ��+��0D��-��/LX��6��+XR��$��.XPDU��7��:HL��;��=KDQJ��6��-LQ��<��*DQ��3��&��:DQJ��

6��+H��;��=KDQJ�DQG�;��-��/LDQJ��$&61DQR���������������±������
��� 5��.XPDU��+��.RULGHFN��:��1JZD��5�� ,��%HUEHFR��*��0��0DNULJLRUJRV� DQG�6�� 6ULGKDU��

7UDQVO��&DQFHU�5HV�������������
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���� &��$OULF��,��0LODGL��'��.U\]D��-��7DOHE��)��/X[��5��%D]]L��&��%LOORWH\��0��-DQLHU��3��3HUULDW��
6��5RX[�DQG�2��7LOOHPHQW��1DQRVFDOH���������������±������

���� =��/XR��.��=KHQJ�DQG�-��;LH��&KHP��&RPPXQ������������������������
���� ;��'��=KDQJ��-��<DQJ��6��6��6RQJ��:��/RQJ��-��&KHQ��;��6KHQ��+��:DQJ��<��0��6XQ��3��;��

/LX�DQG�6��)DQ��,QW��-��1DQRPHG����������������±������
���� ;��'��=KDQJ��-��&KHQ��=��/XR��'��:X��;��6KHQ��6��6��6RQJ��<��0��6XQ��3��;��/LX��-��=KDR��

6��+XR��6��)DQ��)��)DQ��;��-��/LDQJ�DQG�-��;LH��$GY��+HDOWKFDUH�0DW���������������±�����
���� -��/LX��0��<X��&��=KRX��6��<DQJ��;��1LQJ�DQG�-��=KHQJ��-��$P��&KHP��6RF��������������

�����������
���� ;��'��=KDQJ��=��/XR��-��&KHQ��6��6RQJ��;��<XDQ��;��6KHQ��+��:DQJ��<��6XQ��.��*DR��/��

=KDQJ��6��)DQ��'��7��/HRQJ��0��*XR�DQG�-��;LH��6FLHQWLILF�5HSRUWV�����������
���� /��6KDQJ�DQG�*��8��1LHQKDXV��%LRSK\��5HY���������������������
���� 6��+XR��6��-LQ��;��0D��;��;XH��.��<DQJ��$��.XPDU��3��&��:DQJ��-��=KDQJ��=��+X�DQG�;��-��

/LDQJ��$&61DQR���������������±������
���� 6��-LDQJ�DQG�=��&DR��$GY��0DWHU����������������±�����
���� $��$OEDQHVH��3��6��7DQJ�DQG�:��&��:��&KDQ��$QQX��5HY��%LRPHG��(QJ���������������±����
���� *��<��7RQJD��.��6DKD�DQG�9��0��5RWHOOR��$GY��0DWHU�����������������������
���� .��3��*DUFtD��.��=DUVFKOHU��/��%DUEDUR��-��$��%DUUHWR��:��2
0DOOH\��/��6SLFFLD��+��6WHSKDQ�

DQG�%��*UDKDP��6PDOO����������������±������
���� .��6XVXPX��(��2K��-��%��'HOHKDQW\��-��%��%ODQFR�&DQRVD��%��-�� -RKQVRQ��9��-DLQ��:��-��

+HUYH\��:��5��$OJDU��.��%RHQHPDQ��3��(��'DZVRQ�DQG�,��/��0HGLQW]��-��$P��&KHP��6RF���
���������������±������

���� $��.��0XUWK\��5��-��6WRYHU��:��*��+DUGLQ��5��6FKUDPP��*��'��1LH��6��*RXULVDQNDU��7��0��
7UXVNHWW��.��9��6RNRORY�DQG�.��3��-RKQVWRQ��-��$P��&KHP��6RF������������������±������

���� 2��$��:RQJ��5��-��+DQVHQ��7��:��1L��&��/��+HLQHFNH��:��6��&RPSHO��'��/��*XVWDIVRQ�DQG�
&��-��$FNHUVRQ��1DQRVFDOH����������������±�������

���� &��/��+HLQHFNH�DQG�&��-��$FNHUVRQ��0HWKRGV�0RO��%LRO�����������������������
���� $��$��6RXVD��-��7��0RUJDQ��3��+��%URZQ��$��$GDPV��0��3��6��-D\DVHNDUD��*��=KDQJ��&��-��

$FNHUVRQ��0��-��.UXKODN�DQG�5��'��/HDSPDQ��6PDOO���������������±������
���� -��)��+DLQIHOG�DQG�)��5��)XUX\D��-��+LVWRFKHP��&\WRFKHP�����������������������
���� $��$��6RXVD�DQG�5��'��/HDSPDQ��8OWUDPLFURVFRS\��������������������
���� &��-��$FNHUVRQ��3��'��-DG]LQVN\��-��=��6H[WRQ��'��$��%XVKQHOO�DQG�5��'��.RUQEHUJ��%LRFRQM��

&KHP����������������������
���� +��=KDR��&��$��%UDXWLJDP��5��*KLUODQGR�DQG�3��6FKXFN��&XUU��3URWRF��3URWHLQ�6FL���������

�������������
���� 3��6FKXFN��%LRSK\V��-�����������������±������
���� 3��+��%URZQ��$��%DOER�DQG�3��6FKXFN��%LRPDFURPROHFXOHV����������������������
���� %��5��%��H��DO���-��&RPSXW��&KHP������������������������
���� 6��$��+DVVDQ��-��&KHP��3K\V����������������������
���� 6��$��+DVVDQ��-��3K\V��&KHP��%��������������������
���� ,��/\QFK�DQG�.��$��'DZVRQ��1DQR�7RGD\������������������
���� +��-��,VVDT��=��;LDR�DQG�7��'��9HHQVWUD��&KHP��5HY������������������í������
���� /��7UHXHO�DQG�*��8��1LHQKDXV��%LRSK\��5HY���������������������
���� %��+DUSHU��)��6LQFKH��5��+��:X��0��*RZULVKDQNDU��*��0DUTXDUW��0��0DFNLHZLF]�DQG�6��/��

+DUSHU��1DQRPDWHULDOV��������������������
���� %��)DGHHO�DQG�$��(��*DUFLD�%HQQHWW��$GY��'UXJ�'HOLY��5HY����������������±�����
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���� 2��'��9LOODUHDO��/��<��&KHQ��5��/��:KHWWHQ�DQG�0��-��<DFDPDQ��3K\V��&KHP��&KHP��3K\V��
�����������������������

���� 6��$��$OVKDULI��/��<��&KHQ��$��7ODKXLFH�)ORUHV��5��/��:KHWWHQ�DQG�0��-��<DFDPDQ��3K\V��
&KHP��&KHP��3K\V������������������������

���� 6��$��+DVVDQ��-��3K\V��&KHP��%��������������������������
���� 6��$��+DVVDQ��-��3K\V��&KHP��%��������������������������
���� /��6DSLU�DQG�'��+DUULHV��&XUU��2SLQ��&ROORLG�,QWHUIDFH�6FL��������������������
���� /��$��%HQWRQ��$��(��6PLWK��*��%��<RXQJ�DQG�*��-��3LHODN��%LRFKHPLVWU\�����������������

������
���� .��$��6KDUS��3URF��1DWO��$FDG��6FL��86$������������������������
���� $��*��<RGK��.��+��/LQ��-��&��&URFNHU��$��'��'LQVPRUH��5��9HUPD�DQG�3��'��.DSODQ��3KLO��

7UDQV��5��6RF��/RQG��$���������������������
���� $��$��%KLUGH��6��$��+DVVDQ��(��+DUU�DQG�;��&KHQ��-��3K\V��&KHP��&������������������

�������
���� -��6��:DOO��-��6WUXFW��%LRO�����������������������
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7DEOH����1XPEHUV�RI�FRUH�$X�DWRPV�DQG�FRUH�GLDPHWHUV��DFFRUGLQJ�WR�(T�����GHWHUPLQHG�IURP�D�
TXDQWLWDWLYH�DQDO\VLV�RI�67(0�LPDJHV�RI�$X13V��
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)LJXUH����&KDUDFWHUL]DWLRQ�RI�XOWUDVPDOO�$X0%$�����DQG�$X*6+�������D��6WUXFWXUH�RI�OLJDQGV��
�E�� 67(0� LPDJHV� RI� $X13V�� 6FDOH� EDU�� �� QP�� �F�� +LVWRJUDPV� RI� 67(0� PHDVXUHPHQWV� RI�
QDQRSDUWLFOH�GLDPHWHU���G��$QDO\WLFDO�XOWUDFHQWULIXJDWLRQ�DQG��H��89�YLV�VSHFWURVFRS\�DQDO\VHV�RI�
$X13V��&ROOHFWLYHO\�� UHVXOWV� VKRZ� WKDW�$X0%$����� DQG�$X*6+����� KDG� QHDUO\� LGHQWLFDO� VL]H�
GLVWULEXWLRQV���
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)LJXUH� ���&KDUDFWHUL]DWLRQ� RI� XOWUDVPDOO� $X*6+����� DQG� $X*6+������ �$�� 67(0� LPDJHV� RI�
$X13V��6FDOH�EDU�����QP���%��+LVWRJUDPV�RI�67(0�PHDVXUHPHQWV�RI�QDQRSDUWLFOH�GLDPHWHU���&��
$QDO\WLFDO� XOWUDFHQWULIXJDWLRQ� DQDO\VLV� RI� $X13V�� 7KH� KLJK� XQLIRUPLW\� RI� $X*6+�����
QDQRSDUWLFOHV� LV� HYLGHQW� IURP� WKH�QDUURZ�ZLGWK�RI� WKHLU� VHGLPHQWDWLRQ�FRHIILFLHQW�GLVWULEXWLRQV��
$X*6+�����SDUWLFOHV�ZHUH�QRQ�XQLIRUP�DV� DSSDUHQW� IURP� WKH�EURDGQHVV� RI� WKHLU� VHGLPHQWDWLRQ�
FRHIILFLHQW�GLVWULEXWLRQV��,W�FDQ�EH�HVWLPDWHG�WKDW�$X*6+�����SDUWLFOHV�LQ� WKH�a���������QP�VL]H�
UDQJH�FRYHU�WKH�REVHUYHG�6�UDQJH�IURP�a����WR����6���'��89�YLV�VSHFWURVFRS\�DQDO\VLV�RI�$X13V��
/DFN�RI�GLVWLQFW�VXUIDFH�SODVPRQ�UHVRQDQFH�SHDN�IRU�$X*6+�����LV�FRQVLVWHQW�ZLWK�LWV�VPDOOHU�VL]H��
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)LJXUH����$JJUHJDWLRQ�RI�$X0%$�����DQG�$X*6+�����LQ�ELRORJLFDO�PHGLD�DVVHVVHG�E\�89�YLV�
VSHFWURVFRS\���D��$JJUHJDWLRQ�LQ�FHOO�FXOWXUH�PHGLXP�VXSSOHPHQWHG�ZLWK�)%6��3%6�FRQWUROV�DUH�
VKRZQ�IRU�UHIHUHQFH���E��$JJUHJDWLRQ�LQ�3%6�VXSSOHPHQWHG�ZLWK�)%6��$JJUHJDWLRQ�LV�FRPSXWHG�
DV�WKH�UDWLR�EHWZHHQ�DEVRUEDQFHV�DW�����DQG�����QP���
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)LJXUH� ��� $QDO\WLFDO� XOWUDFHQWULIXJDWLRQ� DQDO\VLV� RI� $X0%$����� DQG� $X*6+����� LQ� 3%6�
VXSSOHPHQWHG�ZLWK�)%6���D��6HUXP�SURWHLQ�DVVRFLDWLRQV�ZLWK�$X0%$�����DQG�VRPH�QDQRSDUWLFOH�
DJJUHJDWLRQ� DUH� REVHUYHG� �VHH� WH[W� IRU� GHWDLOV��� �E�� ([WHQVLYH� SUHFLSLWDWLRQ� RI� $X*6+����� LV�
REVHUYHG��%ODFN��$X13V�LQ�3%6��UHG��$X13V�LQ�����)%6�3%6��
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)LJXUH����$QDO\WLFDO�XOWUDFHQWULIXJDWLRQ�DQDO\VLV�RI��D��$X0%$�����DQG��E��$X*6+�����LQ�3%6�
VXSSOHPHQWHG�ZLWK� GLDO\]HG� )%6�� 6HUXP� SURWHLQ� DVVRFLDWLRQV�ZLWK� ERWK� $X13V� DUH� REVHUYHG��
%ODFN��$X13V�LQ�3%6��UHG��$X13V�LQ�����G)%6�3%6����
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)LJXUH����$JJUHJDWLRQ�RI�$X*6+�����DQG�$X*6+�����LQ�FHOO�FXOWXUH�PHGLXP���D��1R�FKDQJHV�DUH�
REVHUYHG� LQ� WKH� DEVRUEDQFH� VSHFWUXP� RI�$X*6+����� LQ� SXUH� FXOWXUH�PHGLXP� UHODWLYH� WR� 3%6��
([WHQVLYH� DJJUHJDWLRQ� LV� DSSDUHQW� IRU� $X*6+����� LQ� FXOWXUH� PHGLXP�� �E�� $8&� DQDO\VLV� RI�
$X*6+�����FRQILUPHG�WKH�VWDELOLW\�RI�$X*6+�����LQ�FXOWXUH�PHGLXP��%ODFN�WUDFHV��SDUWLFOHV�LQ�
3%6��UHG��SDUWLFOHV�LQ�PHGLXP���
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)LJXUH� ��� $QDO\WLFDO� XOWUDFHQWULIXJDWLRQ� DQDO\VLV� RI� $X*6+����� DQG� $X*6+����� LQ� 3%6�
VXSSOHPHQWHG�ZLWK�)%6���D��([WHQVLYH�DJJUHJDWLRQ�LV�REVHUYHG�IRU�$X*6+�������E��1R�VLJQV�RI�
DJJUHJDWLRQ�RU�VHUXP�SURWHLQ�LQWHUDFWLRQV�DUH�REVHUYHG�IRU�$X*6+������%ODFN�WUDFHV��$X13V�LQ�
3%6��UHG��$X13V�LQ�����)%6�3%6���
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)LJXUH���� �D�� ,QWHUSDUWLFOH�SRWHQWLDOV�RI�PHDQ� IRUFH� �30)��RI�13�SDLUV� LQ�SXUH�3%6�DW���� �&��
$X*6+������UHG��DQG�$X*6+������EOXH���HUURU�EDUV�LQGLFDWHG�RQO\�DW�WKH�FORVH�FRQWDFW��F��DQG�DW�
WKH�VROYHQW�VHSDUDWHG��V��PLQLPD��$X*6+������9F�a���NFDO�PRO�DW�UF�a�����QP�DQG�9V�a����NFDO�PRO�
DW�UV�a�����QP��$X*6+������9F�a����NFDO�PRO�DW�UF�a�����QP�DQG�9V�a����NFDO�PRO�DW�UV�a�����QP��
�E��30)�IRU�$X*6+�����13�SDLUV�LQ�DTXHRXV�&D&O��DW�GLIIHUHQW�VDOW�FRQFHQWUDWLRQV��VXJJHVWLQJ�
WKDW�DJJUHJDWLRQ�RFFXUV�DERYH�D�FULWLFDO�FRQFHQWUDWLRQ��VLPLODUO\�IRU�$X*6+������QRW�VKRZQ��EXW�
GHSHQGHQFH�RI�9F�ZLWK�FRQFHQWUDWLRQ�LV�QRW�PRQRWRQLF���
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)LJXUH����6QDSVKRWV�REWDLQHG�IURP�WKH�VLPXODWLRQV�VKRZLQJ�WKH�FRQILJXUDWLRQ�RI�13�SDLUV�DW�UF�DQG�
UV��,RQV�DW�WKH�13�13�LQWHUIDFLDO�UHJLRQ�VKRZQ�DV�YDQ�GHU�:DDOV�VSKHUHV��JROG�DWRPV��OLJKW�\HOORZ��
1D���GDUN�\HOORZ��.���JUD\��&O±��JUHHQ���DOO�RWKHU�DWRPV�LRQV�DQG�ERQGV�LQGLFDWHG�E\�GRWV�DQG�OLQHV�
�&��JUHHQ��1��EOXH��2��UHG��6��\HOORZ����
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