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�
,QWHUQDWLRQDO�6FLHQWLILF�2UJDQL]LQJ�&RPPLWWHH�
3URI��$OH[DQGHU�%DJDWXU
\DQWV��3KRWRFKHPLVWU\�&HQWHU��5XVVLDQ�$FDGHP\�RI�6FLHQFHV��5XVVLD�
3URI��-LDQGH�*X��6KDQJKDL�,QVWLWXWH�RI�0DWHULD�0HGLFD��&KLQHVH�$FDGHP\�RI�6FLHQFHV��&KLQD�
3URI��,O\D�.DSODQ��1DWLRQDO�$XWRQRPRXV�8QLYHUVLW\�RI�0H[LFR��0H[LFR�
3URI��-HU]\�/HV]F]\QVNL��&KDLUPDQ���-DFNVRQ�6WDWH�8QLYHUVLW\��86$�
3URI��+HQU\N�5DWDMF]DN��8QLYHUVLW\�RI�:URFODZ��3RODQG�
3URI��0DQXHO�5XL]�/RSH]��+HQU\�3RLQFDUH�8QLYHUVLW\��)UDQFH�
3URI��$QGU]HM�6RNDOVNL��:URFODZ�8QLYHUVLW\�RI�7HFKQRORJ\��3RODQG�
3URI��3HWHU�6WUL]KDN��,QVWLWXWH�RI�3K\VLFDO�&KHPLVWU\��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�
3URI��<XUL�9\VRWVN\��'RQHWVN�6WDWH�8QLYHUVLW\�RI�(FRQRPLFV�DQG�7UDGH��8NUDLQH�
3URI��*HRUJLL�=KLGRPLURY��%RUHVNRY�,QVWLWXWH�RI�&DWDO\VLV��5XVVLDQ�$FDGHP\�RI�6FLHQFHV��5XVVLD�
�

/RFDO�2UJDQL]LQJ�&RPPLWWHH�
0UV��(OHQD�%DODVKRYD��7HFKQRORJLFDO�3DUN��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���8NUDLQH�
'U��9DOHQWLQ�&KHEDQRY��67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���8NUDLQH�
3URI��/HRQLG�*RUE��-DFNVRQ�6WDWH�8QLYHUVLW\��86$�
3URI��9RORG\P\U�6HP\QR]KHQNR��67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV��RI�1$68��
3URI��2OHJ�6KLVKNLQ��&KDLUPDQ���,QVWLWXWH�RI�6FLQWLOODWLRQ�0DWHULDOV�1$6�RI�8NUDLQH��DQG�7HFKQRORJLFDO�3DUN�

�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���8NUDLQH�
'U��7HW\DQD�7HSO\WVND��,QVWLWXWH�RI�6FLQWLOODWLRQ�0DWHULDOV�1$6�RI�8NUDLQH��8NUDLQH�
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6WDWH�RI�WKH�DUWV�LQ�WKH�HOHFWURQ�DIILQLWLHV�FDOFXODWLRQV��
&OXVWHUV�RI�DONDOLQH�HDUWK�HOHPHQWV�

,O\D�*��.DSODQ�
,QVWLWXWR� GH� ,QYHVWLJDFLRQHV� HQ� 0DWHULDOHV�� 81$0�� $3��������� ������ 0p[LFR�� '�)���0p[LFR��

,I�LQ�DWRPV�RQO\�RQH�W\SH�RI�WKH�HOHFWURQ�DIILQLW\��($� �(� �1����±�(� �1���FDQ�EH�GHILQHG��
LQ�PROHFXOHV�WKHUH�DUH�WKUHH�W\SHV�RI�($V��WKH�YHUWLFDO�HOHFWURQ�DIILQLW\��9($���DGLDEDWLF�HOHF�
WURQ�DIILQLW\��$($���DQG�YHUWLFDO�HOHFWURQ�GHWDFKPHQW�HQHUJ\��9('(���)RU�UHOLDEOH�FDOFXODWLRQ�
RI ($V���WKH�HPSOR\PHQW�RI�KLJK�OHYHO�HOHFWURQ�FRUUHODWLRQ�PHWKRGV�DUH�QHHGHG��IRU�LQVWDQFH��
WKH�HPSOR\PHQW�RI�WKH�')7�DSSURDFKHV��HYHQ�ZLWK�WKH�PRGHUQ�K\EULG�SRWHQWLDOV��FDQ�OHDG�WR�
TXDOLWDWLYHO\�ZURQJ� FRQFOXVLRQV��7KH� EDVLV� VHWV� XVHG� IRU� DQLRQ� FDOFXODWLRQV� KDYH� WR� FRQWDLQ�
GLIIXVH�IXQFWLRQV�ZLWK�KLJK�DQJXODU�PRPHQWD�LQ�RUGHU�WR�GHVFULEH�WKH�ELQGLQJ�RI�UHPRWH�H[FHVV�
HOHFWURQ��7KH\�DOVR�KDYH�WR�EH�IOH[LEOH�HQRXJK�WR�GHVFULEH�ODUJH�UHOD[DWLRQ�XSRQ�HOHFWURQ�DW�
WDFKPHQW��7KH�'XQQLQJ�W\SH�DXJPHQWHG�FRUUHODWLRQ�FRQVLVWHQW�DXJ�FF�S9;=�EDVLV�VHWV�ZLWK�;�
 7��4��HWF��FDQ�EH�UHFRPPHQGHG��

7KH�VWXG\�RI�ELQGLQJ�RI�DQ�H[FHVV�HOHFWURQ�WR�FOXVWHUV�RI�DONDOLQH�HDUWK�HOHPHQWV�LV�LQWHU�
HVWLQJ� DV� DQ� LQVWUXFWLYH� H[DPSOH� RI� XQXVXDO� SURSHUWLHV� RI� FRPSOH[HV� RI� DWRPV� SRVVHVVLQJ�
FORVHG�HOHFWURQ�VKHOOV��,Q�5HIV�>���@�DOO�WKUHH�W\SHV�RI�($V�RI�WKH�%HQ�DQG�0JQ �Q� ������FOXV�
WHUV�ZHUH�FDOFXODWHG�DW�GLIIHUHQW�OHYHOV�RI�WKHRU\�XVLQJ�WKH�DXJ�FF�S94=�EDVLV�VHWV��($V�RI�%H�
DQG�%H��ZHUH� FDOFXODWHG� XS� WR� WKH� FRPSOHWH� &&6'7� OHYHO� >�@�� 7KLV� EHQFKPDUN� FDOFXODWLRQ�
VKRZV� WKDW� WKH�03��6'74�� UHVXOWV�RYHUHVWLPDWH�DQG�&&6'�7�� DSSURDFK�VOLJKWO\�XQGHUHVWL�
PDWHV�WKH�PDJQLWXGH�RI�($��ZKHUHDV�WKH�JOREDO�PLQLPXP�LQ�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH�EH�
FRPHV GHHSHU�ZLWK� D�JUHDWHU� DFFRXQWLQJ�RI� WKH� FRUUHODWLRQ� HQHUJ\� LQ� WKH� URZ��03��6'74���
&&6'�7���$1'�&&6'7� ��7KH� REWDLQHG� YDOXHV� RI�9('(� IRU� DOO� VWXGLHG� FOXVWHUV� � DUH� ODUJH�
HQRXJK� WR� EH� REVHUYHG� ZLWK� VWDQGDUG� SKRWRGHWDFKPHQW� WHFKQLTXH�� 7KH� GHFRPSRVLWLRQ� RI�
9('(�LQWR�WKUHH�FRPSRQHQWV��.RRSPDQV��UHOD[DWLRQ��DQG�FRUUHODWLRQ��DQG�WKH�DWRPLF�RUELWDO�
SRSXODWLRQ� DQDO\VLV� DW� WKH�1%2� OHYHO� DUH� XVHG� WR� HOXFLGDWH� WKH� QDWXUH� RI� WKH� RXWHU� HOHFWURQ�
ELQGLQJ�LQ�VWXGLHG�DQLRQV��

�
�� ,�*��.DSODQ��2��'ROJRXQLWFKHYD��-�'��:DWWV��DQG�-�9��2UWL]��-��&KHP��3K\V������ �����������������,�*��.DSODQ�DQG�&�&��'LD]��,QW��-��4XDQW��&KHP������ 1R������������� &�&��'LD]��,�*��.DSODQ��DQG�6��5RV]DN��-��0RO��0RGHOLQJ��WR�DSSHDU����������
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2SWLPL]HG�VWULFWO\�ORFDOL]HG�ERQG�RUELWDOV�IRU�K\EULG�
40�00�PHWKRG�

;DYLHU�$VVIHOG�
(TXLSH GH�&KLPLH�HW�GH�%LRFKLPLH�7KpRULTXHV��805������
8QLYHUVLWp�+HQUL�3RLQFDUp��������9DQGRHXYUH�OqV�1DQF\�&HGH[��)UDQFH��

1RZDGD\V�� PHWKRGV� WKDW� FRPELQHG� ERWK� TXDQWXP�PHFKDQLFV� �40�� DQG�PROHFXODU� PH�
FKDQLFV� �00�� WR� VWXG\� PDFURPROHFXODU� V\VWHPV� DUH� ZHOO�HVWDEOLVKHG�� 6RPH� \HDUV� DJR� ZH�
KDYH�GHYHORSHG�VXFK�D�PHWKRG>���@��,QVWHDG�RI�XVLQJ�WKH�XVXDO�OLQN�DWRP�DSSURDFK�WR�VDWXUDWH�
WKH�DUWLILFLDO�YDOHQFHV�RI�WKH�40�SDUW��ZH�FKRVH�WR�UHSUHVHQW�WKH�ERQG�FRQQHFWLQJ�WKH�40�VXE�
V\VWHP�WR�WKH�00�RQH�E\�D�VWULFWO\�ORFDOL]HG�ERQG�RUELWDO��6/%2���7KHVH�6/%2V�DUH�XVHU�GH�
ILQHG�DQG�DUH�FRQVLGHUHG�D�FRQVWDQW�RI�WKH�SUREOHP��L�H� WKH\�DUH�IL[HG��IUR]HQ���7KH�WUDGLWLRQDO�
6&) SURFHGXUH� KDG� WR� EH�PRGLILHG� WR� WDNH� LQWR� DFFRXQW� WKDW� VRPH�SUHGHILQHG� RUELWDOV�ZHUH�
NQRZQ�DQG�IUR]HQ��7KH�PRGLILHG�SURFHGXUH�LV�FDOOHG�/6&)�IRU�ORFDO�6&)���

,Q� WKLV� OHFWXUH�ZH�ZLOO� JLYH�GHWDLOV� FRQFHUQLQJ� WKH�/6&)�PHWKRG�DQG� LWV� DSSOLFDWLRQV� WR�
FKHPLFDO�UHDFWLYLW\�� ,Q�DGGLWLRQ��ZH�ZLOO�SUHVHQW�D�PRGLILFDWLRQ�RI� WKH�/6&)�PHWKRG�WR�WDNH�
LQWR�DFFRXQW�WKH�UHVSRQVH�RI�WKH�6/%2�WR�WKH�ZDYH�IXQFWLRQ�YDULDWLRQV�DQG�VRPH�LOOXVWUDWLYH�
FDOFXODWLRQV�ZLOO�EH�VKRZQ�DQG�GLVFXVVHG��

�
>�@�;��$VVIHOG�DQG�-��/��5LYDLO��&KHP��3K\V��/HWW������������������
>�@�1��)HUUp��;��$VVIHOG�DQG�-��/��5LYDLO��-� &RPS��&KHP������������������
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3RODU�VROYDWLRQ�DQG�HOHFWURQ�WUDQVIHU��IURP�FRQWLQXXP�
PRGHOV�WR�PROHFXODU�VLPXODWLRQV�

0LNKDLO�9��%DVLOHYVN\�
.DUSRY ,QVWLWXWH�RI�3K\VLFDO�&KHPLVWU\��XO�9RURQWVRYR�3ROH�����0RVFRZ���������5XVVLD��

7UHDWPHQW� RI� SRODU� VROYDWLRQ� HIIHFWV� LQ� WKH� IUDPHZRUN� RI� FRQWLQXXP� VROYHQW� PRGHOV� LV�
ZLGHO\�DFFHSWHG�LQ�WKHRUHWLFDO�FKHPLVWU\��7KLV�DSSURDFK�DOORZV��LQ�D�FRPELQDWLRQ�ZLWK�D�TXDQ�
WXP�FKHPLFDO�FRPSXWDWLRQ�RI�WKH�VROXWH�HOHFWURQLF�VWUXFWXUH��WR�FRQVLGHU�DW�D�VHPL�TXDQWLWDWLYH�
OHYHO�WKH�HIIHFW�RI�SRODU�PHGLXP�RQ�UHDFWLRQ�UDWHV�RI�FKDUJHG�DQG�VWURQJO\�SRODU�UHDFWDQWV��$G�
YDQFHG�WKHRULHV�RI�WKLV�VRUW�LQFOXGH�QRQHTXLOLEULXP�VROYDWLRQ�SKHQRPHQD�E\�LQWURGXFLQJ�FRO�
OHFWLYH�VROYHQW�FRRUGLQDWHV�IRU�VWXG\LQJ�NLQHWLFV�DQG�PHFKDQLVPV�RI�FKDUJH�WUDQVIHU�UHDFWLRQV��
(OHFWURQ� WUDQVIHU� �(7�� LV�HVSHFLDOO\� LPSRUWDQW� LQ� WKLV�FRQWH[W�DV�D�VLPSOHVW�SURFHVV� LQ�ZKLFK�
QRQHTXLOLEULXP�VROYDWLRQ�HIIHFWV�DUH�UHYHDOHG�LQ�WKH�PRVW�SXUH�IRUP��

:H¶OO�GLVFXVV�DSSOLFDWLRQV�RI�WKLV�DSSURDFK�IRU�FRPSXWLQJ�EDVLF�NLQHWLF�SDUDPHWHUV�RI�WKH�
(7�ZLWK�PDLQ�IRFXV�RQ�WKH�VROYHQW�UHRUJDQL]DWLRQ�HQHUJ\��7KH�OLQHDU�UHVSRQVH�DSSUR[LPDWLRQ�
LV�PRVW� LPSRUWDQW� LQ� WKLV�FRQWH[W��%HLQJ�RULJLQDOO\� IRUPXODWHG�ZLWKLQ�D�GLHOHFWULF�FRQWLQXXP�
PRGHO��LW�FDQ�EH�UHDGLO\�H[WHQGHG�WR�FRYHU�PLFURVFRSLF�OHYHO�WUHDWPHQWV�RI�D�VROYHQW�EDVHG�RQ�
PROHFXODU�VLPXODWLRQV��3HUVSHFWLYHV�RI�VXFK�H[WHQVLRQ�ZLOO�EH�GLVFXVVHG�DQG�LOOXVWUDWHG�E\�UH�
FHQW�FRPSXWDWLRQV�RI�LQWUDPROHFXODU�(7�LQ�ODUJH�RUJDQLF�VXEVWUDWHV�LQ�ZDWHU�DQG�RWKHU�VROYHQWV�
RI GLIIHUHQW�SRODWLW\��7KH�VFRSH�RI�YDOLGLW\�RI�FRQWLQXXP�PRGHOV�ZLOO�EH�FRQVLGHUHG�ZLWK�VHY�
HUDO�H[DPSOHV�H[SOLFLWO\�GHPRQVWUDWLQJ�WKHLU�OLPLWDWLRQV��
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6WUXFWXUDO�IRUPV�RI�WZR�YDOHQW�PHWDO�FDWLRQ�VWDELOL]DWLRQ�LQ�
KLJK�VLOLFD�]HROLWH��7KH�SRVVLELOLW\�RI�DSSHDULQJ�RI�
XQXVXDOO\�DFWLYH�VLWHV��&OXVWHU�PRGHO�')7�VWXG\�

*HRUJ\�0��=KLGRPLURY�
%RUHVNRY�,QVWLWXWH�RI�&DWDO\VLV��SU��/DYUHQWLHYD�������������1RYRVLELUVN��5XVVLD��

9DULRXV� IRUPV�RI� WZR�YDOHQW�PHWDO�FDWLRQ�VWDELOL]DWLRQ� LQ�KLJK�VLOLFD�]HROLWHV�DUH�FRQVLG�
HUHG�RQ�WKH�H[DPSOH�RI�=Q=60���]HROLWH��6\VWHPDWLF�FOXVWHU�PRGHO�')7�VWXGLHV�FOHDUO\�VKRZ�
WKH�GHSHQGHQFH�RI�WKH�VWDELOL]DWLRQ�HQHUJ\�RQ�WKH�GLVWDQFH�EHWZHHQ�WZR�ODWWLFH�DOXPLQLXP�LRQV�
IRUPLQJ�FDWLRQLF�SRVLWLRQ�DQG�RQ�WKH�JHRPHWU\�RI�WKH�FDWLRQLF�SRVLWLRQ��7KH�ODUJHU�LV�WKH�VWDEL�
OL]DWLRQ�HQHUJ\�WKH�OHVV�LV�WKH�FKHPLVRUSWLRQ�DQG�FKHPLFDO�DFWLYLW\�RI�WKH�FDWLRQ��LW�LV�GHPRQ�
VWUDWHG�IRU�KHWHURO\WLF�GHFRPSRVLWLRQ�RI�HWKDQH�PROHFXOH�RQ�=Q���DFWLYH�VLWHV��7KH�VWDWLVWLFDO�
GLVWULEXWLRQ�RI�DOXPLQLXP�LQ�WKH�ODWWLFH�RI�KLJK�VLOLFD�]HROLWHV�PDNHV�SUREDEOH�WKH�DSSHDUDQFH�
RI VWUXFWXUHV� ZLWK� GLVWDQW� SODFLQJ� RI� WKH� WZR� DOXPLQLXP� DWRPV�� &DWLRQV�� ORFDOL]HG� RQ� VXFK�
VLWHV��VKRXOG�EH�YHU\�VWURQJ�/HZLV�DFLGV�DQG�FKHPLFDOO\�DFWLYH��7KH�H[DPSOH�RI�VXFK�VLWH� LV�
FRQVLGHUHG� IRU� =Q��� VWDELOL]HG� LQ� WKH� ]HROLWH� IUDJPHQW� UHSUHVHQWHG� E\� WZR� DGMDFHQW� ILYH�
PHPEHU�ULQJV�RQ�WKH�ZDOO�RI�=60���PDLQ�FKDQQHO��')7�FDOFXODWLRQV�RI�PROHFXODU�DQG�GLVVR�
FLDWLYH�DGVRUSWLRQ�RI�+�� &+� DQG�&�+� RQ�VXFK�VLWHV�DUH�LQ�DJUHHPHQW�ZLWK�H[SHULPHQWDO�GDWD��
$GVRUSWLRQ�RI�+� DV�ZHOO�DV�&+� DQG�&�+��E\�]LQF�DW�VXFK�VLWHV�UHVXOWV�LQ�WKH�XQXVXDOO\�ODUJH�
UHG�IUHTXHQF\�VKLIWV�RI�VRPH�VWUHWFKLQJ�YLEUDWLRQV�RI�DGVRUEHG�PROHFXOHV��7KH�SURWRQ�PLJUD�
WLRQ�WKURXJK�WKH�]HROLWH�IUDJPHQW�DIWHU�WKH�+� GLVVRFLDWLYH�DGVRUSWLRQ�LV�VWXGLHG�DQG�WKH�FDOFX�
ODWLRQV�RI�GHK\GURJHQDWLRQ�RI�&�+� WR�&�+� LV�SHUIRUPHG��
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9DULDWLRQDO�PHWKRG�LQ�'LUDF�WKHRU\��XQH[SHFWHG�UHVXOWV�
DQG�QHZ�GHYHORSPHQWV�

-DFHN�.DUZRZVNL��*U]HJRU]�3HVWND��0RQLND�6WDQNH�
,QVW\WXW�)L]\NL��8QLZHUV\WHW�0LNRáDMD�.RSHUQLND��*UXG]L G]ND����3/��������7RUX � 3RODQG��

$Q DSSOLFDWLRQ� RI� WKH� 5D\OHLJK�5LW]� YDULDWLRQDO� PHWKRG� WR� VROYLQJ� WKH� 'LUDF�&RXORPE�
HTXDWLRQ��DOWKRXJK�UHVXOWHG�LQ�PDQ\�VXFFHVVIXO�LPSOHPHQWDWLRQV��LV�IDU�IURP�EHLQJ�WULYLDO�DQG�
WKHUH�DUH�VWLOO�PDQ\�XQUHVROYHG�TXHVWLRQV�>�@��2QH�RI�WKH�PDLQ�VRXUFHV�RI�WKH�GLIILFXOWLHV��IUH�
TXHQWO\�VWUHVVHG�LQ�WKH�OLWHUDWXUH��LV�WKH�XQERXQGHGQHVV�IURP�EHORZ�RI�WKH�'LUDF�+DPLOWRQLDQ��
$QRWKHU�RQH�� XVXDOO\� OHVV� DSSUHFLDWHG�EXW� DW� OHDVW� HTXDOO\� LPSRUWDQW�� LV� WKH�PXOWLFRPSRQHQW�
VWUXFWXUH�RI�WKH�ZDYHIXQFWLRQ��2XU�DLP�LV�WR�SRLQW�RXW�GLIIHUHQFHV�DQG�VLPLODULWLHV�EHWZHHQ�WKH�
EHKDYLRU�RI�WKH�HQHUJ\�IXQFWLRQDOV�LQ�WKH�'LUDF�DQG�LQ�WKH�6FKU|GLQJHU�WKHRULHV�DQG�WR�SUHVHQW�
VHYHUDO�DSSURDFKHV� LQ�ZKLFK�SUREOHPV�DVVRFLDWHG�ZLWK� WKH� VSHFLILFLW\�RI� WKH�'LUDF�&RXORPE�
HLJHQYDOXH� SUREOHP� KDYH� EHHQ� VXFFHVVIXOO\� VROYHG�� ,Q� SDUWLFXODU�� ZH� SUHVHQW� DQ� DOJRULWKP�
ZKLFK�VHFXUHV� WKDW� WKH�HLJHQYDOXHV�RI� WKH�'LUDF�+DPLOWRQLDQ�DUH� ORZHU�ERXQGV� WR� WKH�FRUUH�
VSRQGLQJ�5D\OHLJK�TXRWLHQWV�>�@��D�UHODWLYLVWLF�IRUPXODWLRQ�RI�WKH�+\OOHUDDV�&,�PHWKRG�>�@�DQG�
D VXUSULVLQJO\�VLPSOH�DQG�DFFXUDWH�TXDVL�UHODWLYLVWLF�DSSURDFK�>�@��8QH[SHFWHG�SURSHUWLHV�RI�D�
GHQVLW\� IXQFWLRQDO� UHODWHG� WR� WKH�PXOWL�FRPSRQHQW� VWUXFWXUH�RI� WKH�ZDYHIXQFWLRQ� >�@� DQG� WKH�
UHODWLRQV� EHWZHHQ� WKH� FKRLFH� RI� WKH� UHSUHVHQWDWLRQ� RI� WKH� 'LUDF� +DPLOWRQLDQ� LQ� WKH� VSLQRU�
VSDFH�DQG�WKH�SHUIRUPDQFH�RI�WKH�YDULDWLRQDO�SULQFLSOH�>�@�DUH�DOVR�EULHIO\�GLVFXVVHG��
��� ,��3��*UDQW��-��3K\V��%��$W��0RO��3K\V�����������������������-��'��7DOPDQ��3K\V��5HY��/HW�WHUV���������� �����������:��.XW]HOQLJJ��&KHP�3K\V�������������������������*��3HVWND��&KHP��3K\V��/HWW����������������������3K\V��6FUL���������������������3K\V��6FUL���� ������������������ *��3HVWND��+��7DWHZDNL�DQG�-��.DUZRZVNL��3K\V��5HY��$���� ����������������������� 0��6WDQNH��-��.DUZRZVNL�DQG�+��7DWHZDNL��.LQHWLFDOO\�EDODQFHG�'LUDF�HTXDWLRQ� LQ�SUHSD�UDWLRQ�����-��.DUZRZVNL�DQG�0��6WDQNH��3K\V��5HY��$��� ����������������������� 0��6WDQNH�DQG�-��.DUZRZVNL��'LUDF�&RXORPE�HTXDWLRQ�LQ�QRQ�VWDQGDUG�UHSUHVHQWDWLRQV� LQ�3URFHHGLQJV�RI�46&3�,;��-��0DUXDQL�DQG�6��:LOVRQ��HGLWRUV����������
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&RPSXWDWLRQDO�WHFKQLTXHV�IRU�LQWHUPROHFXODU�SRWHQWLDO�
HQHUJ\�VXUIDFHV�DQG�TXDQWXP�G\QDPLFV�RI�9DQ�GHU�:DDOV�
FRPSOH[HV��6WDWH�RI�WKH�DUW�DQG�FKDOOHQJHV�LQ�SHUWXUEDWLRQ�

DQG�VXSHUPROHFXODU�FDOFXODWLRQV�
5REHUW�0RV]\QVNL�

'HSDUWPHQW RI�&KHPLVWU\��8QLYHUVLW\�RI�:DUVDZ��3DVWHXUD�����������:DUVDZ��3RODQG��
$FFXUDWH� LQWHUPROHFXODU� LQWHUDFWLRQ� SRWHQWLDOV� EHWZHHQ� DWRPV� DQG�PROHFXOHV� DUH� RI� SUL�

PDU\� LPSRUWDQFH� WR� XQGHUVWDQG� VSHFWURVFRSLF� DQG� FROOLVLRQDO� SURSHUWLHV� RI� ZHDNO\� ERXQG�
FRPSOH[HV��,Q�P\�WDON�,�ZLOO�JLYH�DQ�RYHUYLHZ�RI�WKH�VWDWH�RI�WKH�DUW�DE�LQLWLR�WHFKQLTXHV�WKDW�
FDQ�EH�XVHG�ZLWK�WUXVW�WR�FRPSXWH�UHOLDEOH�LQWHUDFWLRQ�SRWHQWLDOV��6SHFLDO�DWWHQWLRQ�ZLOO�EH�SDLG�
WR WKH�PHULWV� DQG�GUDZEDFNV�RI� WKH�SHUWXUEDWLRQ� DQG� VXSHUPROHFXODU� DSSURDFKHV�� ,�ZLOO� DOVR�
DGGUHVV�WKH�FKDOOHQJHV�LQ�WKH�ILHOG�RI�LQWHUPROHFXODU�IRUFHV�VXFK�DV�LQWHUDFWLRQV�EHWZHHQ�VSH�
FLHV�LQYROYLQJ�RSHQ�VKHOO�PRQRPHUV�ZLWK�VSDFLDOO\�GHJHQHUDWH�JURXQG�VWDWH��)LQDOO\��DQ�RYHU�
YLHZ�RI� WKH�QHDUO\� H[DFW�DSSURDFKHV� WR�GHVFULEH� VWDWH� UHVROYHG�VSHFWURVFRSLF�DQG�FROOLVLRQDO�
H[SHULPHQWV�ZLOO�EH�JLYHQ��$OO�WKHVH�LVVXHV�ZLOO�EH�LOOXVWUDWHG�ZLWK�VRPH�UHVXOWV�IURP�WKH�:DU�
VDZ�JURXS��



0$&&����.KDUNLY�����-XQH�����-XO\������ 3OHQDU\�OHFWXUH�

� �

:KDW�RQH�FDQ�JDLQ�IURP�KLJK�RUGHU�GHQVLW\�PDWULFHV�
$QDWRO\�9��/X]DQRY�

,QVWLWXWH�IRU�6FLQWLOODWLRQ�0DWHULDOV�67&�³,QVWLWXWH�IRU�6LQJOH�&U\VWDOV´��1DWLRQDO�$FDGHP\�RI 6FLHQFHV��.KDUNRY���������8NUDLQH��
$Q RYHUYLHZ�RI�UHFHQW�UHVXOWV�RI�DQDO\VLQJ�PROHFXODU�HOHFWURQLF�ZDYHIXQFWLRQV�E\�UHGXFHG�

GHQVLW\�PDWULFHV��5'0V��LV�JLYHQ��:H�UHVWULFW�RXUVHOYHV�ZLWK�WKH�WKUHH�IROORZLQJ�LVVXHV��WKH�
:H\O�:LJQHU� IRUPXODWLRQ� RI� H[FKDQJH� HIIHFWV� >�@�� D� JHQHUDO� GHILQLWLRQ� DQG� FRPSXWDWLRQ� RI�
PXOWLFHQWHU�ERQG�LQGLFHV�>���@��DQG�D�KROH�SDUWLFOH�GHVFULSWLRQ�RI�5'0V�FORVHO\� UHODWHG�ZLWK�
ILQGLQJ�WKH�HOHFWURQLF�FROOHFWLYLW\�PHDVXUHV�>���@��

%\� XVLQJ� WKH�:H\O� V\PERO� RI� SHUPXWDWLRQ� RSHUDWRUV�ZH� VKRZ� WKDW� WKH� VTXDUHG�:LJQHU�
IXQFWLRQ� RI� WKH� 'LUDF�)RFN� GHQVLW\� PDWUL[� QDWXUDOO\� DSSHDUV� IURP� WKH� VR�FDOOHG� H[FKDQJH�
FRPSRQHQW�RI���5'0�LQ�WKH�LQGHSHQGHQW�SDUWLFOH�DSSUR[LPDWLRQ��VR�WKH�VTXDUHG�:LJQHU�IXQF�
WLRQ�LV�D�³FODVVLFDO´�FRXQWHUSDUW�RI�WKH�:LEHUJ�ERQG�LQGH[�PDWUL[�NQRZQ�LQ�TXDQWXP�FKHPLV�
WU\��

,Q� FDVH� RI� VLQJOHW� VWDWHV� WKH�PRVW� JHQHUDO� GHILQLWLRQ� RI�PXOWLFHQWHU� ERQG� LQGLFHV� FDQ� EH�
JLYHQ� LI� LQYRNLQJ� FKDUJH�5'0V�RI� DUELWUDU\�RUGHUV� H[DPLQHG�SUHYLRXVO\� LQ� >�@�� ,W� WXUQV�RXW�
WKDW� MXVW� LUUHGXFLEOH� FRPSRQHQWV� RI� WKHVH�5'0V� JLYH� ULVH� WR� VSHFLILF� FXPXODQWV� H[SUHVVLQJ�
FRUUHFWO\�KLJK�RUGHU�IOXFWXDWLRQV�RI�DWRPLF�FKDUJHV��$�SULQFLSDO�LVVXH�FRQFHUQLQJ�WKH�ERQG�LQ�
GLFHV�DQG�DWRPLF�YDOHQFHV�IRU�WKH�VWDWHV�ZLWK�QRQ]HUR�VSLQ�LV�GLVFXVVHG��)RU�WKLV�SUREOHP�D�XVH�
RI LUUHGXFLEOH�FRPSRQHQWV�RI�WKH�KLJK�RUGHU�VSLQ�GHQVLW\�PDWULFHV�JLYHQ�LQ�>�@�OHDGV�WR�D�FRQ�
VLVWHQW�GHILQLWLRQ�RI�WKH�DERYH�PHQWLRQHG�FKDUDFWHULVWLFV��

+ROH�SDUWLFOH�IRUPDOLVP�LV�GHYHORSHG�IRU�5'0V��+LJK�RUGHU�KROH�SDUWLFOH�GHQVLWLHV�DUH�H[�
WUDFWHG�IURP�WKH�WRWDO�5'0�UHIIHUHG�WR�DUELWUDU\�1�HOHFWURQ�VWDWH�YHFWRU��DQG�WKH�FRUUHVSRQGLQJ�
RFFXSDWLRQ�QXPEHUV�RI�YDULRXV�W\SHV�DUH�LQWURGXFHG��7KH\�DOORZ�XV�WR�GHWHUPLQH�FHUWDLQ�DYHU�
DJH�KROH�KROH��SDUWLFOH�SDUWLFOH�DQG�KROHV�SDUWLFOH�GLVWDQFHV��&RQFUHWH�H[DPSOHV�VKRZ�KRZ�WKH�
SURSRVHG� LQGLFHV�ZRUN� IRU� DQDO\VLQJ�GLIIHUHQW� HOHFWURQLF�SURFHVVHV� VXFK� DV� HOHFWURQ� FRUUHOD�
WLRQ��H[FLWDWLRQ�DQG�PROHFXODU�GLVVRFLDWLRQ��

�
�� $�9��/X]DQRY��2�9��3UH]KGR��,QW��-��4XDQW��&KHP������ ���������������$�9��/X]DQRY��.KDUNRY�8QLYHUVLW\�%XOOHWLQ�������� �����&KHPLFDO�6HULHV�,VVXH������������� $�9��/X]DQRY��2�9��3UH]KGR��,QW��-��4XDQW��&KHP������� �������������� $�9��/X]DQRY��2�$��=KLNRO��2�9��3UH]KGR��WKLV�HGLWLRQ� S����$�9��/X]DQRY��*�(��:K\PDQ��,QW��-��4XDQW��&KHP������ ��������������
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6SRQWDQHRXV�PXWDWLRQV�LQ�'1$��QHZ�VXSSRUW�IRU�WKH�ROG�
SURSRVDO�

-HU]\�/HV]F]\QVNL�
&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUHV�DQG�,QWHUDFWLRQV�
-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��06�������������86$�

$PRQJ�WKH�WHFKQLTXHV�VXFFHVVIXOO\�DSSOLHG�LQ�LQYHVWLJDWLRQV�RI�IHDWXUHV�RI�GLIIHUHQW�VSH�
FLHV�LQFOXGLQJ�ODUJH�ELRPROHFXOHV��FRPSXWDWLRQDO�PHWKRGV�KDYH�LQFUHDVLQJO\�JDLQHG�SRSXODU�
LW\��)DVW�GHYHORSPHQW�RI�KDUGZDUH�DQG�FRQVWDQW�LPSURYHPHQWV�LQ�FRPSXWHU�FRGLQJ�PDNH�KLJK�
SHUIRUPDQFH�FRPSXWDWLRQDO�WHFKQLTXHV�D�SURPLVLQJ�DOWHUQDWLYH�WR��H[SHULPHQWDO�VWXGLHV��7KLV�
LV� HVSHFLDOO\� DWWUDFWLYH�ZKHQ�H[SHULPHQWDO� GDWD� DUH�QRW� DYDLODEOH� DQG�D� WKHRUHWLFDO� DSSURDFK�
FRXOG�VXSSO\�LQIRUPDWLRQ�RI�DFFXUDF\�PDWFKLQJ�WKRVH�RI�UHOLDEOH�H[SHULPHQWV���

'1$�FRPSRQHQWV� FHUWDLQO\� DUH� DPRQJ� WKH�PRVW� HODERUDWHG�ELRPROHFXOHV�� DQG�GHWDLOV� RI�
WKHLU�DFWLYLW\�DUH�IDU�IURP�EHLQJ�FRPSOHWHO\�XQGHUVWRRG��5HFHQWO\�FRPSXWHUV�DUH�URXWLQHO\�DS�
SOLHG� LQ�VXFK�VWXGLHV��DQG�DW� OHDVW�YLVXDOL]DWLRQ��GDWDEDVH��DQG�VLPSOH�HQHUJ\�PLQLPDOL]DWLRQ�
SURFHGXUHV�DUH�SHUIRUPHG�LQ�PRVW�H[SHULPHQWDO�ODERUDWRULHV��1RQHPSLULFDO�FDOFXODWLRQV�ZKLFK�
HPSOR\�D�KLJK�OHYHO�RI��WKHRU\�DUH�DOWHUQDWLYH�VRXUFHV�RI�LQIRUPDWLRQ�IRU��'1$�IUDJPHQWV���$E�
LQLWLR��WHFKQLTXHV�KDYH�EHHQ�LQ�WKH�ODVW�IHZ�\HDUV�VXFFHVVIXOO\�DSSOLHG�WR�UHYHDO��LQIRUPDWLRQ�
FRQFHUQLQJ�WKHLU�VWUXFWXUHV�DQG�FKDUDFWHULVWLFV���

7KH� WDON�FRYHUV� WKH�UHVXOWV�RI� UHFHQW�KLJK� OHYHO�DE� LQLWLR�VWXGLHV�RQ�SURSHUWLHV�DQG�VWUXF�
WXUHV� RI� WKH�'1$�EDVHV� DQG� WKHLU� FRPSOH[HV��7KH� GLVFXVVLRQ�ZLOO� IRFXV� RQ� WKHLU�PROHFXODU�
VWUXFWXUHV�� VWDELOLWLHV�� K\GURJHQ�ERQGLQJ��SURWRQ� WUDQVIHU� DQG�YLEUDWLRQDO� FKDUDFWHULVWLFV��7KH�
QHZ�HYLGHQFH�RI��LQYROYHPHQW�RI�WKH�UDUH�IRUPV�RI�WKH�EDVHV�LQ�WKH�'1$�VSRQWDQHRXV�PXWD�
WLRQV�ZLOO�EH�SURYLGHG��
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')7�FOXVWHU�PRGHO�VWXGLHV�RI�PRO\EGHQXP�EDVHG�FDWDO\VWV�
5HQDWD�7RNDU]�6RELHUDM�

,QVWLWXWH� RI� &DWDO\VLV� DQG� 6XUIDFH� &KHPLVWU\�� 3ROLVK� $FDGHP\� RI� 6FLHQFHV��XO� 1LH]DSRPLQDMHN�����������.UDNyZ��3RODQG�0RO\EGHQXP�R[LGH�EDVHG�FDWDO\VWV�DUH�DFWLYH�DQG�VHOHFWLYH�LQ�PDQ\�UHDFWLRQV�RI�YHU\�GLI�IHUHQW� W\SHV� �VHOHFWLYH� R[LGDWLRQ�� R[LGDWLYH� GHK\GURJHQDWLRQ�� LVRPHUL]DWLRQ�� SRO\PHUL]DWLRQ��K\GURGHVXOSKXUL]DWLRQ���7KH� ULFKQHVV�RI�PRO\EGHQXP�FKHPLVWU\� UHVXOWV� IURP�PDQ\�SDUDPH�WHUV� WKDW� FDQ� YDU\� DQG�ZKLFK� GHWHUPLQH� WKH� FDWDO\WLF� EHKDYLRU� RI�PRO\EGHQXP� FRPSRXQGV��2QH RI� WKHP� LV�YDOHQFH� VWDWH�RI�0R� WKDW�FDQ� UDQJ� IURP���� WR�����ZKLFK� LV�GLUHFWO\�GHPRQ�VWUDWHG�LQ�WKH�FDVH�RI�FDWDO\VWV�FRPSRVHG�RI�SXUH�PRO\EGHQXP�R[LGH�RU�WKLV�R[LGH�GHSRVLWHG�RQ VXSSRUWV��7KH�RWKHU�RQH�LV�WKH�0R�ORFDO�HQYLURQPHQW��0R�PD\�DSSHDU�LQ�FU\VWDOORJUDSKLF�VWUXFWXUHV�LQ�WHWUDKHGUDO�DQG�RFWDKHGUDO�FRRUGLQDWLRQ�DQG��LQ�DGGLWLRQ��PD\�IRUP�FRPSRXQGV�LQ�ZKLFK�WKH�0R2��02�UDWLR�YDULHV��)XUWKHUPRUH��PRO\EGHQXP�R[LGHV�FDQ�FRPELQH�ZLWK�RWKHU�HOHPHQWV�VXFK�DV�%L��9��&R��RU�0Q�IRUPLQJ�D�ODUJH�JURXS�RI�PDWHULDOV��PRO\EGDWHV��PRO\EGH�QXP EURQ]HV��KHWHURSRO\DFLGV�� WKDW�DUH�XVHG�DV�FDWDO\VWV��+HUH��FRRUGLQDWLRQ�RI�0R�GHSHQGV�RQ WKH�FKHPLFDO�FRPSRVLWLRQ�DQG�IRU�WKH�JLYHQ�FKHPLFDO�IRUPXOD��RQ�UDGLXV�DQG�HOHFWURQHJD�WLYLW\� RI�0� FDWLRQ��$GGLWLRQDOO\�� YDULRXV� W\SHV� RI� DWRPLF� GHIHFWV�� UHFRQVWUXFWLRQV� DQG� UHDU�UDQJHPHQWV��ZKLFK�KDYH� WKH� LPSOLFDWLRQV� IRU� VXUIDFH�HOHFWURQLF� VWUXFWXUH�� FKDUDFWHUL]H�R[LGH�VXUIDFHV��'XH�WR�WKH�FKHPLFDO�ULFKQHVV�RI�0R�2�VXUIDFHV�WKH�YDULRXV�FKHPLVRUSWLRQV�DQG�SK\�VLVRUSWLRQ�LQWHUDFWLRQV�H[LVW�DW�WKH�VXUIDFHV��7KH�UROH�RI�DOO�DERYH�PHQWLRQHG�IDFWRUV�RQ�FDWDO\WLF�SURSHUWLHV�RI�WKH�VXUIDFH�LV�LOOXVWUDWHG�WDNLQJ�0R�2�EDVHG�FDWDO\VWV�DV�H[DPSOHV��)LUVW��WKH�QXFOHRSKLOLF�SURSHUWLHV�RI�GLIIHUHQWO\�FR�RUGLQDWHG�VXUIDFH�R[\JHQ�DWRPV��ZKLFK�DUH�SUHVHQW�DW�SXUH������0R2� VXUIDFH�LV�GLVFXVVHG��,Q�WKH� QH[W� VWHS� WKH� UHVXOWV� RI� WKH� FUHDWLRQ� RI� ORFDO�PRQR�� DQG� GL�YDFDQF\� RI� R[\JHQ� W\SH� DUH�VWXGLHG��0RUHRYHU��WKH�DGVRUSWLRQ�RI�K\GURJHQ�WKDW�OHDGV�WR�VXUIDFH�K\GUR[\O�DQG�ZDWHU�VSH�FLHV�LV�WDNHQ�LQWR�DFFRXQW�DQG�WKH�UROH�RI�VXFK�VSHFLHV�LQ�WKH�IRUPDWLRQ�RI�ORFDO�YDFDQF\�LV�GLV�FXVVHG� ,Q�DGGLWLRQ��SURFHVV�RI�VXUIDFH�UH�R[LGDWLRQ�WKDW�OHDGV�WR�WKH�IRUPDWLRQ�RI�YHU\�DFWLYH�VXUIDFH�R[\JHQ�VSHFLHV�LV�DOVR�FRQFHUQHG��)XUWKHU��PHWDO�UHGXFWLRQ�VWDWHV��0R2�� 0R2�� DUH�VWXGLHG�LQ�RUGHU�WR�H[DPLQH�WKHLU�LQIOXHQFH�RQ�HOHFWURQLF�SDUDPHWHUV�RI�R[\JHQ�VLWHV��7KH�LQ�IOXHQFH�RI�WKH�DGGLWLRQDO�DWRPV��0Q��&R��RQ�FKHPLFDO�SURSHUWLHV�RI�DFWLYH�VLWHV�LV�H[DPLQHG�E\�WKH� FRPSDULVRQ� RI� WKH� HOHFWURQLF� VWUXFWXUH� RI� FREDOW� DQG�PDQJDQHVH�PRO\EGDWHV� �&R0R2��0Q0R2�� ZLWK�WKH�SXUH�0R�2��0R2�� V\VWHP���7KH�HOHFWURQLF�VWUXFWXUH�LV�GHWHUPLQHG�E\�DE�LQLWLR�GHQVLW\�IXQFWLRQDO�WKHRU\��XVLQJ�6WR%H�FRGH�� (OHFWURQ� H[FKDQJH� DQG� FRUUHODWLRQ� DUH� GHVFULEHG� E\� WKH� ORFDO� �9:1� IXQFWLRQDO�� DQG�JUDGLHQW�FRUUHFWHG��53%(�IXQFWLRQDO��VSLQ�GHQVLW\�DSSUR[LPDWLRQV��)RU�DOO�DWRPV�DOO�HOHFWURQ�EDVLV�VHW�LV�XVHG�ZKHUHDV�WKH�>$U@�G���FRUH�RI�0R�LV�DSSUR[LPDWHG�E\�PRGHO�FRUH�SRWHQWLDOV��7KH�UHVXOWV�DUH�GLVFXVVHG�LQ�WHUPV�RI�HOHFWURQLF�SDUDPHWHUV�VXFK�DV�DWRPLF�FKDUJHV��ERQG�RU�GHUV��WRWDO�DV�ZHOO�DV�DWRP�SURMHFWHG�GHQVLW\�RI�VWDWHV��7KH�HOHFWURQLF�SURSHUWLHV�RI�WKH�VHOHFWHG������0R2�� �����0R2�� �����0Q0R2� DQG� ����� �&R0R2�� VXUIDFHV� DUH� H[DPLQHG� XVLQJ�WKH�FOXVWHU�DSSURDFK��5HVXOWV�RI�FDOFXODWLRQV�VKRZ�WKDW�LQ�DOO�VWXGLHG�V\VWHPV��VXUIDFH�R[\JHQ�VSHFLHV�DUH�FKDU�DFWHUL]HG� E\� GLIIHUHQW� HOHFWURQLF� VWUXFWXUHV�� 7KH� VXEVWLWXWLRQ� RI�PRO\EGHQXP� DWRP�V�� LQ� WKH�FOXVWHUV�E\�DGGLWLYH�DWRP�V��FKDQJHV�WKH�ORFDO�HOHFWURQLF�VWDWH�DQG��ZKDW�IROORZV��WKH�ORFDO�UH�DFWLYLW\�RI�GLIIHUHQW�VXUIDFH�R[\JHQ�VLWHV��0R 2�DQG�0R�2�;�; &R��0Q��WKDW�DUH�SUHVHQW�DW�WKH�FDWDO\VW�VXUIDFH��7RWDO�DQG�SDUWLDO�GHQVLW\�RI�VWDWHV��3'26��FXUYHV�REWDLQHG�IRU�WKH�FOHDQ�DQG� GHIHFWHG� 0R2������� DQG� IRU� FOHDQ� 0R2������� JLYH� D� FOHDU� SLFWXUH� RI� WKH� UHGXFWLRQ�PHFKDQLVP�LQ�0R�2�V\VWHPV��7KHRUHWLFDO�GDWD�VKRZV�WKDW�WKH�FUHDWLRQ�RI�R[\JHQ�YDFDQFLHV�LV�FRQQHFWHG�ZLWK�FRQVLGHUDEOH�UHOD[DWLRQ�RI�WKH�VXUIDFH�DQG�LQ�DGGLWLRQDOO\�LV�IDFLOLWDWHG�E\�WKH�SUHVHQFH�RI�+��L�H��E\�WKH�IRUPDWLRQ�RI�VXUIDFH�2+�+�2 VSHFLHV�WKDW�FDQ�GHVRUE�IURP�WKH�VXU�IDFH�PRUH�HDVLO\�WKDQ�VXUIDFH�R[\JHQ��
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,QWHJUDWHG�$SSURDFK�WR�)LOP�*URZWK�0RGHOLQJ�
$OH[DQGHU�$��%DJDWXU
\DQWV�

3KRWRFKHPLVWU\�&HQWHU��5XVVLDQ�$FDGHP\�RI�6FLHQFHV��XO��1RYDWRURY��D��0RVFRZ���������5XVVLD��
$Q LQWHJUDWHG�DSSURDFK�WR�WKH�VLPXODWLRQ�RI�GLHOHFWULF�WKLQ�ILOP�JURZWK�LV�GHYHORSHG��7KH�

DSSURDFK�LQFOXGHV�DE LQLWLR�FDOFXODWLRQV�RI�WKH�PDLQ�JDV�SKDVH�DQG�VXUIDFH�UHDFWLRQV��UHDJHQWV��
LQWHUPHGLDWHV�� SURGXFWV�� WUDQVLWLRQ� VWDWHV�� XVLQJ� HPEHGGHG� FOXVWHU� ')7� DQG� SHULRGLF� VODE�
SODQH�ZDYH�')7�PHWKRGV�� HVWLPDWLRQ� RI� WKH� UDWH� FRQVWDQWV� XVLQJ� WUDQVLWLRQ� VWDWH� RU�55.0�
WKHRU\�� NLQHWLF�PRGHOLQJ� XVLQJ� WKH� NLQHWLF�0RQWH�&DUOR� �N0&��PHWKRG� RU� IRUPDO� FKHPLFDO�
NLQHWLFV��7KH�N0&�PHWKRG�LV�VXSSOHPHQWHG�ZLWK�D�G\QDPLF�UHOD[DWLRQ�SURFHGXUH�LQ�WKH�FDVHV�
ZKHQ�LW�LV�QHFHVVDU\�WR�PRGHO�LUUHJXODU�JURZWK��GHIHFW�RU�DPRUSKRXV�ILOPV���9DULRXV�OHYHOV�RI�
WKLV� DSSURDFK� DUH� H[HPSOLILHG� E\� FKHPLFDO� YDSRU� GHSRVLWLRQ� �&9'�� RI� VLOLFRQ� QLWULGH� IURP�
6L+�&O� DQG�1+� DQG�DWRPLF�OD\HU�GHSRVLWLRQ�RI�=U2� DQG�+I2� IURP�=U&O� DQG�+�2��7KH�GLI�
IHUHQFH�EHWZHHQ�=U2� DQG�+I2� LV�DQDO\]HG��
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)URP�KLJK�OHYHO�PXOWLUHIHUHQFH�DE LQLWLR�WKHRU\�WR�
RQ�WKH�IO\�G\QDPLFV��WKH�SKRWRFKHPLVWU\�RI�WKH�& &�ERQG�

DQG�EH\RQG�
+DQV�/LVFKND��$GpOLD�$TXLQR��0DULR�%DUEDWWL�

,QVWLWXWH�IRU�7KHRUHWLFDO�&KHPLVWU\��8QLYHUVLW\�RI�9LHQQD��$XVWULD��
7KH�SKRWRFKHPLFDO�SURSHUWLHV�RI�S V\VWHPV�DUH�RI�IXQGDPHQWDO�LPSRUWDQFH��$�FRPSUHKHQ�

VLYH��WKHRUHWLFDO�GHVFULSWLRQ�HQFRPSDVVHV�VHYHUDO�FRPSXWDWLRQDO�VWHSV�VWDUWLQJ�IURP�WKH�FDOFX�
ODWLRQ� RI� HOHFWURQLFDOO\� H[FLWHG� VWDWHV� XS� WR� G\QDPLFV� FDOFXODWLRQV�� 7KH� FRPSXWDWLRQ� RI� H[�
FLWHG�VWDWH�VXUIDFHV�LV�SDUWLFXODUO\�GLIILFXOW�VLQFH�WKH�UHTXLUHG�ZDYH�IXQFWLRQV�KDYH�D�FRPSOL�
FDWHG�PXOWLUHIHUHQFH�VWUXFWXUH�DQG�FRQLFDO�LQWHUVHFWLRQ�ZLOO�RFFXU��DW�ZKLFK�WKH�IXQGDPHQW�RI�
WKH�%RUQ�2SSHQKHLPHU�LV�EUHDNLQJ�GRZQ��4XDQWXP�G\QDPLFV�FDOFXODWLRQV�DUH�OLPLWHG�WR�WKH�D�
IHZ�GHJUHHV�RI�IUHHGRP�DQG�XVXDOO\�UHTXLUH�WKH�SUH�FRPSXWDWLRQ�RI�WKH�HQHUJ\�VXUIDFH��$OWHU�
QDWLYHO\��FODVVLFDO�RQ�WKH�IO\�VXUIDFH�KRSSLQJ�G\QDPLFV�FDOFXODWLRQV�FDQ�EH�SHUIRUPHG��

,Q�WKH�SUHVHQW�FRQWULEXWLRQ�WKH�SURJUHVV�LQ�WHUPV�RI�DQDO\WLF�PXOWLUHIHUHQFH�FRQILJXUDWLRQ�
LQWHUDFWLRQ� �05�&,�� JUDGLHQWV� DQG� QRQDGLDEDWLF� FRXSOLQJV� EDVHG� RQ� WKH� &2/80%86� SUR�
JUDP�V\VWHP��KWWS���ZZZ�XQLYLH�DF�DW�FROXPEXV���ZLOO�EH�XVHG�WR�GLVFXVV�WKH�FKDUDFWHULVWLFV�RI�
WKH�HQHUJ\�VXUIDFHV�RI�HWK\OHQH�DQG�RI�D�VHOHFWHG�VHW�RI�PROHFXOHV�FRQWDLQLQJ�SRODU�& &�ERQGV�
�VLODHWK\OHQH�� IOXRUHWK\OHQH� DQG� IRUPLPLQLXP�FDWLRQ���7KH� ODWWHU� LV� RI� LQWHUHVW� VLQFH� LW� LV� WKH�
VPDOOHVW�PHPEHU�RI�SURWRQDWHG�6FKLII�EDVHV��1RQDGLDEDWLF�VXUIDFH�KRSSLQJ�G\QDPLFV�FDOFXOD�
WLRQV� EDVHG� RQ� WKH� VHPLHPSLULFDO�$0��PHWKRG� �LQFOXGLQJ� SDUDPHWHU� ILWWLQJ���&$66&)� DQG�
05�&,6'�ZLOO�EH�SUHVHQWHG��

)LUVW�UHVXOWV�RQ�WKH�G\QDPLFV�RI�PRGHOV�IRU�UHWLQDO��ZKLFK�LV�WKH�EDVLF�FKURPRSKRUH�LQ�WKH�
SULPDU\�SURFHVV�RI�YLVLRQ��ZLOO�EH�SUHVHQWHG��
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&RPSXWDWLRQDO�FKHPLVWU\�PHWKRGV�RQ�PROHFXODU�
PDJQHWLVP�
-DYLHU�/X]RQ�

0DWHULDOV�6FLHQFH�&HQWUH��8QLYHUVLW\�RI�*URQLQJHQ��7KH�1HWKHUODQGV��
3DVW�GHFDGHV�PROHFXODU�PDJQHWLVP�KDV�EHHQ�RQH�RI�WKH�FHQWUDO�UHVHDUFK�DUHDV�LQ�PROHFXODU�VFLHQFH��7KLV�LV�D�PXOWLGLVFLSOLQDU\�ILHOG�LQ�ZKLFK�H[SHULPHQWDO�SK\VLFLVWV��LQRUJDQLF�FKHPLVWV��RUJDQLF� FKHPLVWV� DQG� WKHRUHWLFLDQV� DUH� LQYROYHG�� ,Q� SDUWLFXODU�� WKHRUHWLFDO� VWXGLHV� FDQ� EH� RI�JUHDW�KHOS�IRU�WKH�XQGHUVWDQGLQJ�RI�WKH�UHODWLRQ�EHWZHHQ�WKH�VWUXFWXUH�DQG�PDJQHWLF�SURSHUWLHV�RI NQRZQ�FRPSRXQGV�DQG�IRU�SUHGLFWLQJ�WKH�PDJQHWLF�EHKDYLRU�RI�QHZ�FRPSRXQGV��7KH�VWDQGDUG�ZD\�IRU�GHVFULELQJ�WKH�PDJQHWLF�EHKDYLRU�RI�D�PDWHULDO�LV�WKURXJK�HIIHFWLYH�VSLQ�+DPLOWRQLDQV� LQ�ZKLFK� WKH�PDJQHWLF� LQWHUDFWLRQ�EHWZHHQ� WZR�PDJQHWLF�FHQWHUV� LV�PRG�HOHG�E\�RQO\�D�SDUDPHWHU�FDOOHG�PDJQHWLF�FRXSOLQJ�FRQVWDQW��-���2Q WKH�PROHFXODU�PDJQHWLVP�ILHOG�VHYHUDO�PRGHOV�KDYH�EHHQ�GHYHORSHG�IRU�D�TXDOLWDWLYH�VWXG\�RI� WKH� WUHQGV�RI� WKH�PDJQHWLF� FRXSOLQJ� FRQVWDQWV� >���@��$Q� � DOWHUQDWLYH� � VWUDWHJ\� LV� WR�DGRSW�D�TXDQWLWDWLYH�DSSURDFK�E\�SHUIRUPLQJ�DE LQLWLR�FDOFXODWLRQV�RI� WKH�PDJQHWLF�FRXSOLQJ�FRQVWDQWV��TXDQWLW\� UHODWHG�ZLWK� WKH�HQHUJ\�GLIIHUHQFH�EHWZHHQ� WKH�GLIIHUHQW�PDJQHWLF� VWDWHV��7KLV�DSSURDFK��KRZHYHU��LQYROYHV�D�KLJKO\�FKDOOHQJLQJ�FRPSXWDWLRQDO�SUREOHP�EHFDXVH�LQ�PR�OHFXODU�PDJQHWLVP� WKH� HQHUJ\� GLIIHUHQFHV� EHWZHHQ� WKH� GLIIHUHQW�PDJQHWLF� VWDWHV� DUH� XVXDOO\�VPDOOHU�WKDQ�����FP���'XH�WR�WKH�GHJUHH�RI�DFFXUDF\�UHTXLUHG�LQ�FDOFXODWLQJ�WKH�GLIIHUHQFH�HQHUJ\�DQG�WKH�ORFDO�L]HG� QDWXUH� RI� WKH�PDJQHWLF� LQWHUDFWLRQV��PXOWLFRQILJXUDWLRQDO� FDOFXODWLRQV� RQ� SURSHUO\� HP�EHGGHG FOXVWHU� PRGHOV� DUH� ZHOO� VXLWHG� IRU� WKHVH� VWXGLHV�� ,Q� WKH� SDVW� IHZ� \HDUV��&$66&)�&$637�� KDV� EHHQ� SURYHG� WR� EH� DQ� HIILFLHQW�PHWKRG� IRU� FRPSXWLQJ� WKH�PDJQHWLF�FRXSOLQJ�FRQVWDQWV��1HDU�GHJHQHUDF\�FRUUHODWLRQ�FDQ�DGHTXDWHO\�EH�WUHDWHG�E\�&RPSOHWH�$F�WLYH�6SDFH�6HOI�&RQVLVWHQW�)LHOG��&$66&)��FDOFXODWLRQV��ZKLOH�G\QDPLFDO�HOHFWURQ�FRUUHODWLRQ�LV�DFFRXQWHG�IRU�E\�SHUWXUEDWLRQ�WKHRU\��&$637���>�@���$Q�DOWHUQDWLYH�PHWKRG� IRU�FRPSXWLQJ� WKH�PDJQHWLF�FRXSOLQJ�FRQVWDQWV��ZKLFK�FDQ� DOORZ�WKH� VWXG\� RI� ODUJH� V\VWHPV�� LV� WKH�'HQVLW\� )XQFWLRQDO� 7KHRU\�� ,QLWLDOO\��')7� SURYLGHG� YHU\�SRRU HVWLPDWHV�RI�WKH�PDJQHWLF�FRXSOLQJ�FRQVWDQWV�GXH�WR�WZR�PDLQ�UHDVRQV��)LUVW��WKH�LQDELOLW\�RI ')7� IRU� GHVFULELQJ� WKH� ORZ� VSLQ� VWDWHV� DQG� VHFRQG�� WKH� WHQGHQF\� RI� SXUH� H[FKDQJH�FRUUHODWLRQ�IXQFWLRQDOV� WR�RYHUHVWLPDWH� WKH�DQWLIHUURPDJQHWLF�QDWXUH�RI� WKH�PDJQHWLF� LQWHUDF�WLRQV��$W�SUHVHQW��WKHVH�WZR�SUREOHPV�KDYH�EHHQ�RYHUFRPH�E\�WKH�FRPELQDWLRQ�RI�WKH�%URNHQ�6\PPHWU\�PHWKRG�DQG�K\EULG�H[FKDQJH�FRUUHODWLRQ�IXQFWLRQDOV�UHVXOWLQJ�LQ�DFFXUDWH�YDOXHV�RI�WKH�PDJQHWLF�FRXSOLQJ�FRQVWDQWV�>�@����� 3��-��+D\��-��&��7KLEHDXOW��DQG�5��+RIIPDQQ��-��$P��&KHP��6RF���������������������2��.DKQ�DQG�%��-��%ULDW��-��&KHP��6RF��)DUDGD\�7UDQV������������������� &��GH�*UDDI��/��+R]RL�DQG�5��%URHU��-��&KHP��3K\V��������������������� (��5XL]��-��&DQR��6��$OYDUH]��DQG�3��$OHPDQ\��-��&KHP��&RPS�������������������
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')7�VWXG\�RI�WKH�3W�QDQRFOXVWHUV�DQG�WKH�&2�VRUEWLRQ�
RQ WKHP�

3HWHU�(��6WUL]KDND� 9LFWRU�9��/REDQRYE� <HYKHQ�<X��.DOLVK\QD� 0DULQD�0��*RQFKDUHQNRD
D/�9�3LVDU]KHYVNLL�,QVWLWXWH�RI�3K\VLFDO�&KHPLVWU\�RI�1$6�RI�WKH�8NUDLQH�
E,QVWLWXWH�RI�6XUIDFH�&KHPLVWU\�RI�1$6�RI�WKH�8NUDLQH�5HFHQW� VWXGLHV� KDYH� VKRZQ� WKDW� SURSHUWLHV� RI� QDQRFOXVWHUV� DQG� QDQRSDUWLFOHV�PD\� GLIIHU�VLJQLILFDQWO\� IURP� WKHLU� VROLGV��([SHULPHQWDO� VWXGLHV�RI� FOXVWHU� V\VWHPV�DUH� FKDUDFWHUL]HG�E\�FRQVLGHUDEOH� GLIILFXOWLHV�� $PRQJ� WKHP� WKHUH� DUH� IRUPDWLRQ� RI� FOXVWHUV� ZLWK� IL[HG� VL]H� DQG�VKDSH��7KHUHIRUH� WKHRUHWLFDO�TXDQWXP�PHFKDQLFDO�FDOFXODWLRQV�RI�HOHFWURQLF�DQG�VSDFH�VWUXF�WXUHV� RI� QDQRFOXVWHUV� DQG� WKHLU� SURSHUWLHV� SOD\� LPSRUWDQW� UROH� IRU� KHWHURJHQHRXV� FDWDO\VLV��4XDQWXP�PHFKDQLFDO�FDOFXODWLRQV�JLYH�LQIRUPDWLRQ�DERXW�VKDSH�RI�FOXVWHUV��WKHLU�HQHUJ\�IRU�PDWLRQ�� DQG� HOHFWURQLF� VWUXFWXUH�RI� FOXVWHUV��0RUHRYHU� WKHVHV� FDOFXODWLRQV� DOORZ�FRQVLGHU� DQ�HIIHFW�RI�VXEVWUDWH�RQ�WKH�SURSHUWLHV�RI�FOXVWHUV��8VLQJ�GHQVLW\�IXQFWLRQDO�WKHRU\��')7��ZLWK�JUDGLHQW�FRUUHFWHG�H[FKDQJH�FRUUHODWLRQ�IXQF�WLRQDOV��%�/<3���ZH�KDYH�VWXGLHG�WKH�HOHFWURQLF�VWUXFWXUH�DQG�ERQGLQJ�RI�&2�WR�YDULRXV�3W�FOXVWHUV��2XU�DLP� LV� WR�XQGHUVWDQG�KRZ� WKH�FOXVWHU� VL]H�DQG�VKDSH�DIIHFW� WKH� VRUEWLRQ�RI�&2�PROHFXOH�RQ�WKH�YDULRXV�3W�FOXVWHUV��:H�FDOFXODWHG�YDULRXV�3WQ�FOXVWHUV�IRU�Q ��±���WR�REWDLQ�PLQLPXP�HQHUJ\�VWUXFWXUH�ZLWK�D�UHVWULFWLRQ�WKDW�3W�QDQRFOXVWHUV�DUH�FKDUDFWHUL]HG�E\�SODQDU�VWUXFWXUH�DQG�VLQJOH�VSLQ�VWDWH��)LJ��� SUHVHQWV�WKH�GHSHQGHQFH�EHWZHHQ�ERQGLQJ�HQHUJ\�RI�3W�QDQRFOXVWHU�DQG�QXPEHU�RI�DWRP�LQ�QDQRFOXVWHU��&DOFXODWLRQV�KDYH�VKRZQ�WKDW�WKH�ERQGLQJ�HQHUJ\�VKDUSO\�GHFUHDVHV�ZLWK�LQFUHDV�LQJ�QXPEHU�RI�3W�DWRPV�LQ�QDQRFOXVWHU�IURP���WR����:H�KDYH�DOVR�VWXGLHG�WKH�&2�VRUEWLRQ�RQ�RSWLPL]HG�3W�QDQRFOXVWHUV��,W�ZDV�DVVXPHG�WKDW�RSWLPL]HG�3W�FOXVWHUV�DUH�VWURQJO\�ERQGHG� WR�VXEVWUDWH�DQG� WKH�&2�VRUEWLRQ�GRHV�QRW�FKDQJH�JHRPHWU\�RI�RSWLPL]HG�FOXVWHU��:H�FDOFXODWHG�HTXLOLEULXP�VWUXFWXUHV�3WQ&2�IRU�Q ��±����,W�ZDV�IRXQG WKDW�WKH�&2�PROHFXOH�SUHIHUV�WR�ERQG�ZLWK�H[WUHPH�DWRP�RI�3W�FOXVWHU��([FHSW�3W�&2��WKH�&2�PROHFXOH�LV�ORFDWHG�RQ�ERQG�3W±3W��)LJ����VKRZV�GHSHQGHQFH�EHWZHHQ�ERQGLQJ�HQHUJ\�RI &2�PROHFXOH�VRUEHG�RQ�WKH�3W�QDQRFOXVWHU�DQG�QXPEHU�RI�DWRP�LQ�FOXVWHU���2XU�VWXGLHV�KDYH�VKRZQ�VWHS�OLNH�GHSHQGHQFH�RI� WKH�HQHUJHWLF�DQG�VRUSWLRQ�SURSHUWLHV�RI�3W QDQRFOXVWHUV�RQ�QXPEHU�3W�DWRPV�LQ�WKHP���

)LJ�����'HSHQGHQFH�ERQGLQJ�HQHUJ\�RQ�QXPEHU�RI DWRPV�LQ�WKH�3W�FOXVWHUV� )LJ�����'HSHQGHQFH�ERQGLQJ�HQHUJ\�RI�&2�RQ�QXPEHU RI�DWRPV�LQ�WKH�3W�FOXVWHUV�
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0XWDJHQHVLV�±�H[WHQVLYH�ILHOG�RI�DFWLRQ�IRU�VSHFLDOLVWV�
LQ�FRPSXWDWLRQDO�FKHPLVWU\�

+��$��*UHEQHYD�
'RQHWVN�3K\VLFDO�DQG�7HFKQLFDO�,QVWLWXWH�1$6�RI�8NUDLQH��������'RQHWVN��8NUDLQH��

$W SUHVHQW�� WKH� JHQHUDOO\� DFFHSWHG� H[SODQDWLRQ� RI� PXWDJHQHVLV� QDWXUH� UHVWV� H[FOXVLYHO\�
XSRQ WKH�LGHD�WKDW�LW�LV�FRQGLWLRQHG�E\�VSRUDGLF�HUURUV�RI�'1$�SRO\PHUDVHV��+RZHYHU��VXFK�DQ�
DSSURDFK� FDQ¶W� H[SODLQ� VRPH� SKHQRPHQD� RI� 89�PXWDJHQHVLV� DQG� FRQWUDGLFWV� VRPH� H[SHUL�
PHQWDO�IDFWV���

$ PRGHO�RI�XOWUDYLROHW�PXWDJHQHVLV�KDV�EHHQ�GHYHORSHG�DQG�D�EDVLV�KDV�EHHQ�FUHDWHG�IRU�
VWXG\LQJ�PXWDJHQHVLV�XQGHU�WKH�DFWLRQ�RI�IUHH�UDGLFDOV��ZKLFK�DUH�WKH�PDLQ�FDXVH�RI�VSRQWDQH�
RXV PXWDJHQHVLV��PXWDJHQHVLV�XQGHU� WKH� DFWLRQ� RI� LRQL]LQJ� UDGLDWLRQ� DQG�SDUWO\�RI� FKHPLFDO�
PXWDJHQHVLV���3\ULPLGLQH�F\FOREXWDQH�GLPHUV�DQG�������DGGXFWV�DUH�PDLQ�GDPDJHV�XQGHU�WKH�
89�UDGLDWLRQ�RI�'1$�PROHFXOH�� �0XWDWLRQV�RI�DOO� W\SHV�RULJLQDWH��DV�D� UXOH�� LQ�SURFHVVHV�RI�
626�V\QWKHVLV�RU�UHSDUDWLRQ�RI�GDPDJHV��0XWDWLRQV�RFFXU�PRVW�IUHTXHQWO\�RSSRVLWH�WKH�GLPHUV�
�WKH�WDUJHWHG�PXWDJHQHVLV���6RPHWLPHV�WKH\�RULJLQDWH�LQ�D�VPDOO�YLFLQLW\�RI�GLPHUV��WKH�XQWDU�
JHWHG�PXWDJHQHVLV����

,W� KDV� EHHQ� VKRZQ� KRZ� WKH�89� UDGLDWLRQ� RI�'1$�PROHFXOH� FDQ� LQGXFH� FKDQJHV� LQ� WKH�
WDXWRPHULF� VWDWH�RI�SDLUHG�'1$�EDVHV��7KH�TXDQWXP��PHFKDQLFDO�FDOFXODWLRQV� VKRZ� WKDW� IRU�
WKH�*�&�SDLU�DQG��SRVVLEO\��IRU�WKH�$�7�SDLU�RQH�RI�QHZ�SDLUV�DUH�LQ�D�VPDOO�YLFLQLW\�RI�GLPHU�
�������EDVHV��WKLV�FDQ�EH�WKH�UHDVRQ�RI�XQWDUJHWHG�PXWDJHQHVLV���

,W� LV� VKRZQ� WKDW� GXULQJ� GLPHU� IRUPDWLRQ� WKH� WDXWRPHULF� VWDWH� RI� FRPSRQHQW� EDVHV� PD\�
FKDQJH��$V�GXULQJ�GLPHU�IRUPDWLRQ�WKH�'1$�VWUDQG�EHFRPHV�FXUYHG�DQG�WKH�K\GURJHQ�ERQGV�
EHWZHHQ�SDLUHG�EDVHV�DUH�EURNHQ��WKHQ�DOO�WKH�QHZ�WDXWRPHULF�VWDWHV�ZLOO�EH�VWDEOH��7KHUH�DUH���
QHZ�UDUH�WDXWRPHULF�IRUPV�IRU�WK\PLQH�DQG�DGHQLQH�PROHFXOHV�DQG���IRU�JXDQLQH�DQG�F\WRVLQH�
PROHFXOHV�WKDW�LQIOXHQFH�WKH�FKDUDFWHU�RI�EDVH�SDLULQJ��$�PRGHO�KDV�EHHQ�GHYHORSHG�IRU�WUDQV�
IRUPDWLRQ�RI�SRWHQWLDO�PXWDWLRQV�LQWR�EDVH�VXEVWLWXWLRQ�PXWDWLRQV�GXULQJ�'1$�626�V\QWKHVLV���

7KH�PRGHO�RI� WKH�PHFKDQLVP�RI�FKDQJHV�LQ�WKH�WDXWRPHULF�VWDWH�RI�EDVHV� LQGXFHG�E\�WKH�
89 UDGLDWLRQ� UHVWV�XSRQ� WKH�NQRZOHGJH�RI� VXUIDFHV�RI� WKH�SRWHQWLDO� HQHUJ\�RI�SDLUHG�EDVHV��
RVFLOODWLRQ�IUHTXHQF\�RI�DWRPV�DQG�DWRPLF�JURXSV�LQ�WKH�'1$�DV�DORQJ�'1$�VWUDQG��HWF��$�OLVW�
RI SUREOHPV�WR�EH�VROYHG�IRU�VWXG\LQJ�WKH�QDWXUH�RI�89�PXWDJHQHVLV�LV�UHSUHVHQWHG���

�
$FNQRZOHGJPHQW��7KLV�ZRUN�ZDV�IDFLOLWDWHG�E\�7KH�6WDWH�)XQG�IRU�)XQGDPHQWDO�5HVHDUFK�

RI 8NUDLQH���*UDQW�1R�)�������������
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2SWLPL]DWLRQ�RI�LQWHUHOHFWURQLF�SRWHQWLDOV�LQ�WKH�H[WHQGHG�
+XEEDUG��333��+DPLOWRQLDQ�ZLWK�WKH�DSSOLFDWLRQ�WR�

IXOOHUHQH�&���HOHFWURQLF�VSHFWUXP�
9��$��.XSULHYLFK�

%RJRO\XERY�,QVWLWXWH�IRU�7KHRUHWLFDO�3K\VLFV��1$6�RI�8NUDLQH�4XDQWXP�PHFKDQLFDO�FDOFXODWLRQV�RI�HOHFWURQLF�VWUXFWXUH�RI�FDJH�FDUERQ�FOXVWHUV��IXOOHUH�QHV� DQG� QDQRWXEHV�� DUH� UHFRJQL]HG� DV� LPSRUWDQW� PHDQV� IRU� GHHSHU� XQGHUVWDQGLQJ� RI� WKHLU�XQLTXH�SK\VLFDO�SURSHUWLHV�VLJQLILFDQW� IRU� WHFKQRORJLFDO�DSSOLFDWLRQV��)RU� WKH�FDUERQ�FOXVWHUV��RI SUDFWLFDO�LQWHUHVW��HVVHQWLDO�GLIILFXOWLHV�LQ�WKH�DSSOLFDWLRQ�RI�DE LQLWLR�PHWKRGV�DULVH�IURP�WKH�JUHDW�VL]HV�RI�V\VWHPV�DQG�IURP�WKH�HYHQWXDO�QHHG�WR�FRQVLGHU�QDQRWXEHV�ZLWK�WUDQVODWLRQDO�LQ�YDULDQFH��EURNHQ�E\�GHIHFWV�� HGJHV�RU�EHQGV��0RUHRYHU��EHFDXVH�RI� WKHLU� LQWULQVLF�HOHFWURQLF�FKDUDFWHULVWLFV��FDUERQ�FOXVWHUV�DUH� WKH�V\VWHPV�ZLWK�D�VWURQJ�HOHFWURQ�FRUUHODWLRQ��DQG� WKHUH�IRUH�� LQ�PDQ\� FDVHV�� WKH�PDQ\�HOHFWURQ� HIIHFWV� VKRXOG�EH� WUHDWHG� H[SOLFLWO\��7KXV�� DV� LW� FRQ�FHUQV� FDUERQ� FOXVWHUV�� D� YDOXDEOH� DOWHUQDWLYH� WR� DE LQLWLR� PHWKRGV� DUH� VHPLHPSLULFDO� DS�SURDFKHV�� LQ� WKH� ILUVW� SODFH�� YDULRXV� PRGLILFDWLRQV� RI� WKH� H[WHQGHG� +XEEDUG� RU�� WKDW� LV� WKH�VDPH��3DULVHU±3DUU±3RSOH��PRGHO��7KH�PDLQ�SUREOHP�LQ�WKHLU�DSSOLFDWLRQ�WR�FDUERQ�FOXVWHUV�LV�WKH�SDUDPHWUL]DWLRQ�RI�PRGHO�+DPLOWRQLDQV��WDNLQJ�LQWR�DFFRXQW�WKH�VSHFLILF�IHDWXUHV�RI�FDJH�FOXVWHU�VXFK�DV�FXUYDWXUH�RI�WKH�FDUERQ�VKHHW�IRUPLQJ�D��FOXVWHU�DQG�VKDSH�RI�WKH�VFUHHQHG�HOHF�WURQ�HOHFWURQ� SRWHQWLDO�� 7KXV�� WKH� SDUDPHWHUV� RI� WKH� HOHFWURQ±HOHFWURQ� SRWHQWLDO� VKRXOG� EH�WHVWHG� DQG�HYHQWXDOO\� UHDGMXVWHG� WR� \LHOG� DQ� DJUHHPHQW�EHWZHHQ� � WKHRUHWLFDO� SUHGLFWLRQV� DQG�H[SHULPHQW��7KLV�UHSRUW�SUHVHQWV�D�QXPHULFDO�SURFHGXUH��IRU�WKH�RSWLPL]DWLRQ�RI�HOHFWURQ±HOHFWURQ�SR�WHQWLDO�LQ�D�VSDWLDO�TXDVL�SL�HOHFWURQ�PRGHO�DQG�WKH�UHVXOWV�RI�LWV�UHDOL]DWLRQ�RQ�WKH�H[DPSOH�RI�IXOOHUHQH�&��� WKH� VLPSOHVW� UHSUHVHQWDWLYH�RI� FDUERQ�FOXVWHU� VWUXFWXUHV��$PRQJ� WKH�QXPHURXV�NQRZQ� IRUPV�RI�HOHFWURQ±�HOHFWURQ�SRWHQWLDOV�� � WKH�2KQR� IXQFWLRQDO� IRUP�PRGLILHG�E\�+DUL�JD\D�DQG�$EH��3K\V��5HY��%������������������LV�XVHG�KHUH�WR�WHVW�WHQWDWLYHO\�DQ�RSWLPL]DWLRQ�SURFHGXUH��,Q�WKLV�SRWHQWLDO��GLHOHFWULF�VFUHHQLQJ�RI�WKH�ORQJ�GLVWDQFH�HOHFWURQ±HOHFWURQ�LQWHUDF�WLRQ�RI�&RXORPE�W\SH�LV�LQWURGXFHG�YLD�DQ�LQGHSHQGHQW�SDUDPHWHU��,Q�WKLV�FDVH�WKH�+DPLOWRQLDQ�FDQ�EH�VFDOHG��WKXV�RQO\�WZR�RSWLPL]HG�YDOXHV�SHUVLVW���WKH�+XEEDUG�RQH�FHQWHU�SDUDPHWHU�GH�WHUPLQLQJ� WKH�PDJQLWXGH�RI�RYHUDOO� HOHFWURQ±�HOHFWURQ� LQWHUDFWLRQ�� DQG� VFUHHQLQJ� �SDUDPHWHU�WKDW� GHWHUPLQHV� WKH� FRQWULEXWLRQ� RI� ORQJ±UDQJH� LQWHUDFWLRQ��7KHLU� YDOXHV� DUH� RSWLPL]HG�ZLWK�UHVSHFW�WR�FRQVLVWHQF\�RI�FDOFXODWHG�� �GLSROH�DFWLYH�WUDQVLWLRQV�ZLWK�H[SHULPHQWDO�&���DEVRUS�WLRQ�VSHFWUD���7KH�FDOFXODWLRQV�RI��PRQR�SKRWRQ�H[FLWHG�VWDWHV�DUH�SHUIRUPHG�E\�WKH�&,�PHWKRG��RQ WKH�VHW�LQYROYLQJ�DERXW�����PRQR�H[FLWDWLRQV���$ TXDQWLWDWLYH� FULWHULRQ� LV� � SURSRVHG� WKDW�PHDVXUHV� GHYLDWLRQ� RI� FDOFXODWHG� YDOXHV� IURP�SURSRUWLRQDOLW\�WR�WKH�H[SHULPHQWDO�RQHV���7UDQVLWLRQ�HQHUJLHV�DQG�RVFLOODWRU�VWUHQJWKV�DUH�WDEX�ODWHG�RQ�WKH�WZR�GLPHQVLRQDO�SDUDPHWHU��ODWWLFH�UHVWULFWHG�E\�SK\VLFDOO\�UHDVRQDEOH�SDUDPHWHU�YDOXHV�� ,Q� WKH� VSHFWURVFRSLF� UDQJH���±���H9�RI�DEVRUSWLRQ�VSHFWUXP�RI�&��� LQ� VROXWLRQ� WKUHH�VWURQJ�EDQGV�DQG�DQ�DGGLWLRQDO�VOLJKW�ORZ�IUHTXHQF\�SHDN�DERXW���H9�DUH�REVHUYHG��6R�WKHR�UHWLFDO�GLSROH�DFWLYH�H[FLWDWLRQV�FDQ�EH�FRPSDUHG��ZLWK�H[SHULPHQWDO�SHDN�SRVLWLRQV�DORQJ�WZR�SRVVLELOLWLHV����EDQG�SDWWHUQ�LQFOXGLQJ���H9�SHDN�DQG���EDQG�SDWWHUQ�LJQRULQJ�LW��7KH�ERWK�SRV�VLELOLWLHV�KDYH�EHHQ�FRQVLGHUHG��)RU�HDFK�ODWWLFH�SRLQW�RI�WDEXODWLRQ��WZR�FULWHULRQ�YDOXHV��RQH�IRU WKH� WUDQVLWLRQ�HQHUJ\�DQG�DQRWKHU� IRU� WKH� LQWHQVLW\��DUH�FDOFXODWHG��$�PLQLPD[�SURFHGXUH�IRU FRPSURPLVH� SDUDPHWHU� FKRLFH� WDNLQJ� LQWR� DFFRXQW� UHODWLYH� LPSRUWDQFH� RI� ERWK� VSHFWUDO�FKDUDFWHULVWLFV�LV�SURSRVHG��7KH�UHVXOWV�REWDLQHG�E\�LWV�LPSOHPHQWDWLRQ�VKRZV�WKDW�VLPXOWDQH�RXV FRQVLVWHQFH� RI� WUDQVLWLRQ� HQHUJLHV� DQG� LQWHQVLWLHV� LV� RI� VWURQJO\� FRQWUDGLFWLRQ� FKDUDFWHU�ZKLFK�LV�WKH�FDVH�IRU�ERWK�FRQVLGHUHG�SDWWHUQV�RI�FRPSDULVRQ��2QH�FDQ�SRLQW�RXW�WKH�SRVVLEOH�GLUHFWLRQV�RI� �\LHOGLQJ��EHWWHU�FRQVLVWHQF\��L��XVLQJ�PRUH�VXLWDEOH� IXQFWLRQDO�IRUP�RI�WKH�H±H�SRWHQWLDO���E��LQFOXGLQJ�GRXEOH�RU�KLJKHU�H[FLWDWLRQV�LQ�WKH�&,�FDOFXODWLRQV���F��PRGLILFDWLRQ�RI�RQH�HOHFWURQ�SDUW�RI� WKH�PRGHO�+DPLOWRQLDQ��:H�KRSH�WKDW� WKH�SURSRVHG�RSWLPL]DWLRQ�SURFH�GXUH�ZRXOG�EH�KHOSIXO�DOVR�LQ�WKHVH�PRUH�FRPSOLFDWHG�FDVHV��
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7KH�LQIRUPDWLRQDO�ILHOG�RI�PROHFXOH��
DV�QRYHO�YLHZSRLQW�RQ�FKHPLFDO�VWUXFWXUH�

9��.X]¶PLQ��/��2JQLFKHQNR�
$�9�%RJDWVN\� 3K\VLFR�&KHPLFDO� ,QVWLWXWH� RI� 1$6� RI� 8NUDLQH�� ��� /XVWGRUIVND\D� GRURJD��2GHVVD �������8NUDLQH�� �7KH�VWUXFWXUH�LQIRUPDWLRQDO�UHSUHVHQWDWLRQ�RI�PROHFXOHV�DUH�HQRXJK�ZLGHO\�XVHG�IRU�VROY�LQJ�SUREOHP�³VWUXFWXUH�SURSHUWLHV³��)RU�PDQ\�WRSRORJLFDO�LQGH[HV�WKHLU�LQIRUPDWLRQDO�DQDORJV�DUH�FRQVWUXFWHG��,Q�HVVHQFH��DOO�RI�WKHP�UHIOHFW�DQ�DPRXQW�RI�LQIRUPDWLRQ�WKDW�LV�FRQWDLQHG�LQ�WKH�FRQVLGHUHG�PROHFXODU�PRGHO��,Q�SUHVHQW�ZRUN�ZH�KDYH�WULHG�WR�VLPXODWH�VLWXDWLRQ��ZKHQ�WKH�PROHFXOHV� WUDQVPLW� WKH�LQ�IRUPDWLRQ� DERXW� WKHLU� VWUXFWXUH� WR� HQFORVLQJ� VSDFH�� $FWXDOO\�� WKH� IRUPDO� PRGHO� LV� RIIHUHG�ZKLFK�VKRZV�WKH�VSDFH�EHFRPLQJ�LQKRPRJHQHRXV�E\�³HQWHULQJ´�LQWR�LW�RI�WKH�PROHFXODU�VWUXF�WXUH��7KH�KHWHURJHQHLW\�RI� VSDFH�GHSHQGV�RQ�FRPSOH[LW\�RI�PROHFXODU� VWUXFWXUH� WKDW�PD\�EH�H[SUHVVHG�E\�DPRXQW�RI�LQIRUPDWLRQ��$FWXDOO\��DQ\�ILHOG�RI�D�PROHFXOH�LV�LQIRUPDWLRQDO���)RU PRGHOLQJ�DQ�LQIRUPDWLRQ�ILHOG�RI�D�PROHFXOH�HQRXJK�FRQVLVWHQWO\�WR�DSSO\�6KDQQRQ¶V�DSSURDFK��SUREDELOLVWLF�VWDWLVWLFDO�FRQFHSWLRQ�RI�WKH�LQIRUPDWLRQ��QRW�RQO\�WR�LQYHVWLJDWHG�RE�MHFW��PROHFXOH���EXW�DOVR�WR�VSDFH�VXUURXQGLQJ�LW���/HW
V�FRQVLGHU� WKH� LGHDOL]HG�VLWXDWLRQ�� WKH��HPSW\�� LQILQLWH�VSDFH� LV�GLYLGHG� LQWR� LGHQWLFDO�DUHDV��FHOOV���:H�KDYH�QR�ELWV�RI�WKH�LQIRUPDWLRQ��VLQFH�DOO�FHOOV�DUH�DEVROXWHO\�LGHQWLFDO��WKHUH�LV�QR�YDULHW\� DQG�KHQFH� WKHUH� LV�QR� LQIRUPDWLRQ��%XW�DV� VRRQ�DV�ZH�SODFH�DQ\�REMHFW� LQ� WKLV�VSDFH��WKHQ�HTXLYDOHQFH�RI�PDQ\�FHOOV�LV�GHOHWHG��&HOOV�EHFRPH�GLIIHUHQW�DQG�WKHLU�GLIIHUHQFH�GHSHQGV� RQ� REVHUYDWLRQ� SODFH� RI� WKH� REMHFW��:H� �UHFHLYHU� �� REVHUYHU�� FDQ� UHFHLYH� GLIIHUHQW�TXDQWLW\� RI� WKH� LQIRUPDWLRQ� DERXW� WKLV� REMHFW� EHLQJ� LQ� YDULRXV� SODFHV� RI� VXUURXQGLQJ� VSDFH��7KXV��IRU�PRGHOLQJ�ILHOG�RI�WKH�SRWHQWLDO�LQIRUPDWLRQ�LQ�WKH�GHILQLWH�DUHD�ZH�VKRXOG�EH�DEOH�WR�GLIIHUHQWLDWH�FHOOV�RI�VSDFH�VXUURXQGLQJ�REMHFW��:KHQ�DOO�FHOOV�LQ�WKH�GHILQLWH�DUHD�RI�VSDFH�ZLOO�EH GLYLGHG�RQ�JURXSV��ZH�ZLOO�QHHG�RQO\�WR�DSSO\�WKH�6KDQQRQ¶V�IRUPXOD�DQG�WR�FDOFXODWH�WKH�SRWHQWLDO�LQIRUPDWLRQ�LQ�HDFK�FHOO��LQ�JURXS�RI�FHOOV�DQG�LQ�ZKROH�DUHD��*HQHUDOL]LQJ�WKH�DERYH�VWDWHG��WKH�IROORZLQJ�FRQFOXVLRQ�LV�SRVVLEOH���

IURP� D� IRUPDO� SRVLWLRQ� WKH�PRGHO� RI� WKH� SRWHQWLDO� LQIRUPDWLRQ� ILHOG� RI� DQ\� REMHFW� GH�VFULEHV�D�VLWXDWLRQ��ZKHQ�VXUURXQGLQJ�VSDFH�LV�VWUXFWXUL]HG�E\�WKH�REMHFW��,�H��REMHFW�JHQHU�DWHV�WKH�SRWHQWLDO�LQIRUPDWLRQ�LQ�WKLV�DUHD��:KDW�LV�WKH�UHDVRQ"�$�FRPSOH[�RI�UHDO�SK\VLFDO�ILHOGV�RI�UHVHDUFK�REMHFW�FDQ�FDXVH�VWUXF�WXULQJ�RI�VSDFH�DURXQG�LWVHOI��+RZHYHU�LQ�WKH�JLYHQ�FRQWH[W�ZH�GR�QRW�FRQVLGHU�KRZ�RFFXUV�WKH�VWUXFWXULQJ�RI�VSDFH��:H�DQDO\]H�RQO\�UHVXOWV��:H�GR�QRW�QHJDWH�SK\VLFDO�PHFKDQLVPV�RI�LQ�IRUPDWLRQ�WUDQVIHU�IURP�REMHFW�LQ�VXUURXQGLQJ�VSDFH��ZH�GR�QRW�FRQFUHWL]H�WKHP��7KH�LQIRUPDWLRQ�ILHOG�RI�FRPSOH[�REMHFW��PROHFXOH��LV�FRQVLGHUHG�DV�VXSHUSRVLWLRQ�RI�LQ�IRUPDWLRQ�ILHOGV�RI�LWV�HOHPHQWV��DWRPV���8VLQJ�DQ\�SURSHUW\�RI�DWRPV�LQ�D�PROHFXOH��LW�LV�SRV�VLEOH�WR�EXLOG�WKH�ZHLJKHG�LQIRUPDWLRQ�ILHOGV�ZKLFK�ZLOO�UHIOHFW�WKH�LQIRUPDWLRQ�RQ�GLVWULEXWLRQ�RI WKH�JLYHQ�SURSHUW\�LQ�VSDFH��6XFK�GLVWULEXWLRQ�LV�FRPSOHWHO\�GHWHUPLQHG�E\�FRUUHVSRQGLQJ�PROHFXODU�VWUXFWXUH��'LIIHUHQW�DSSOLHG�DVSHFWV�RI�WKH�LQIRUPDWLRQDO�PROHFXODU�ILHOG�DUH�FRQVLGHUHG��LQ�SDUWLFXODU��x FRQVWUXFWLRQ� RI� D� FKLUDOLW\� LQIRUPDWLRQ� ILHOG� RI�PROHFXOHV�� UHIOHFWLQJ� DELOLW\� RI� D�FKLUDO�PROHFXOH�WR�GLVV\PPHWUL]H�VXUURXQGLQJ�VSDFH��ZDV�GHYHORSHG���x DQDO\VLV�RI�HIILFLHQF\�RI��KRVW���JXHVW��FRPSOHPHQWDU\�ELQGLQJ�WKH�PHWKRGV�RI�HV�WLPDWLRQ�RI�WKH�FRPSOHPHQWDU\�RI�LQIRUPDWLRQDO�ILHOGV�ZHUH�RIIHUHG���x SURFHGXUH�IRU�D�TXDQWLWDWLYH�HVWLPDWLRQ�RI�VWUXFWXUDO�VLPLODULW\��GLVWLQFWLRQ� I YDUL�RXV RUJDQLF�FRPSRXQGV�ZHUH�FUHDWHG���x RQ WKH�EDVLV�RI�LQIRUPDWLRQDO�ILHOG�SDUDPHWHUV�GLIIHUHQW�46$5�WDVNV�ZHUH�VROYHG��
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0RGHOLQJ�'1$�FRQIRUPDWLRQDO�WUDQVIRUPDWLRQV�
6��1��9RONRY�

%RJRO\XERY�,QVWLWXWH�IRU�7KHRUHWLFDO�3K\VLFV��1$6�RI�8NUDLQH��.LHY��������8NUDLQH��
2QH RI� WKH�SURGXFWLYH�ZD\V� WR�XQGHUVWDQG� WKH�FRQIRUPDWLRQDO� UHVRXUFHV�RI�'1$�PDFUR�

PROHFXOH�LV�WKH�XVH�RI�SKHQRPHQRORJLFDO�DSSURDFK�WR�PRGHOLQJ�GRXEOH�KHOL[�WUDQVIRUPDWLRQV��
8QGHU VXFFHVVIXO�PRGHO�FRQVWUXFWLRQ� WKH�SKHQRPHQRORJLFDO�DSSURDFK�DOORZV� WR�GHVFULEH� WKH�
VWUXFWXUDO�WUDQVIRUPDWLRQV�LQ�PDFURPROHFXOH�RI�WKH�UHDO�VL]H�DQG�ZLWK�WKH�DFFRXQW�RI�VXUURXQG�
LQJ�IDFWRUV��,W�LV�DOVR�LPSRUWDQW�WKDW�SKHQRPHQRORJLFDO�DSSURDFK�PDNHV�FOHDU�WKH�SK\VLFDO�QD�
WXUH�RI� WKH�SURFHVVHV�XQGHU�FRQVLGHUDWLRQ�DQG�WKHQ�PD\�EH�DPSOLILHG�E\� WKH�SUHFLVH�FDOFXOD�
WLRQV�LQ�VRPH�SULQFLSDO�SRLQWV���

7KH�DSSURDFK�IRU�GHVFULSWLRQ�RI�WKH�'1$�FRQIRUPDWLRQDO�WUDQVIRUPDWLRQV�LQ�WKH�IUDPH�RI�
GRXEOH�KHOLFDO�VWDWH� �WUDQVLWLRQV�RI�%�$ W\SH��KHWHURQRPLF�DQG�³FORVH�±�SUHRSHQHG´� WUDQVIRU�
PDWLRQV��LV�SURSRVHG��%DVLQJ�RQ�WKH�UHVXOWV�RI�WKH�PRGHOLQJ�RI�WKH�FRQIRUPDWLRQDO�YLEUDWLRQV�
RI WKH�GRXEOH�KHOL[�DQG�GXH�WR�WKH�FRQVLGHUDWLRQ�RI�MRLQW�PRWLRQV�RI�WKH�VWUXFWXUDO�HOHPHQWV�RQ�
FRQIRUPDWLRQDO�SDWKZD\V�WKH�XQLI\LQJ�PRGHO�IRU� WKH�VWXG\�RI�'1$�FRQIRUPDWLRQDO� WUDQVIRU�
PDWLRQV�LV�FRQVWUXFWHG��)RU�GLIIHUHQW�WUDMHFWRULHV�RI�'1$�VWUXFWXUH�WUDQVIRUPDWLRQV�WKH�H[SUHV�
VLRQV�IRU�WKH�PDFURPROHFXOH�IUHH�HQHUJ\�DUH�REWDLQHG�LQ�WKH�WZR�FRPSRQHQW�IRUP��2QH�FRP�
SRQHQW�RI�WKH�PRGHO�LV�WKH�GHJUHH�RI�IUHHGRP�RI�WKH�HODVWLF�URG�DQG�DQRWKHU�FRPSRQHQW�±�WKH�
HIIHFWLYH�FRRUGLQDWH�RI�WKH�FRQIRUPDWLRQDO�WUDQVIRUPDWLRQ��%RWK�FRPSRQHQWV�RI�WKH�PRGHO�DUH�
LQWHUUHODWHG��DV�LW�LV�FKDUDFWHULVWLF�IRU�WKH�VRIW�PDFURPROHFXOH�VWUXFWXUH�RI�WKH�'1$��$V�VKRZQ��
WKH�NLQHWLF�HQHUJ\�RI�GLIIHUHQW�W\SH�FRQIRUPDWLRQDO�WUDQVIRUPDWLRQV�RI�WKH�KHWHURJHQHRXV�'1$�
PD\�EH�SXW�LQ�WKH�KRPRJHQHRXV�IRUP��$W�WKH�VDPH�WLPH�WKH�SRWHQWLDO�HQHUJ\�UHPDLQV�GHSHQG�
HQW�RQ�WKH�QXFOHRWLGH�VHTXHQFH�DQG�LQ�WKH�FDVH�RI�WKH�GHVFULSWLRQ�RI�GRXEOH�KHOL[�SUHRSHQLQJ���
RQ WKH�QXFOHRWLGH�FRQWHQW�DOVR��

7KH� FRPSDULVRQ� RI� WKHRUHWLFDO� UHVXOWV�ZLWK� WKH� H[SHULPHQWDO� GDWD� RQ� LQWULQVLF�'1$� GH�
IRUPDELOLW\�VKRZV�JRRG�TXDOLWDWLYH�DJUHHPHQW�DQG�GHPRQVWUDWHV�WKH�HIIHFWLYHQHVV�RI�WKH�SUR�
SRVHG DSSURDFK��7KH�FRUUHODWLRQ�EHWZHHQ�WKH�PDFURPROHFXOH�GHIRUPDWLRQV�DQG�WKH�QXPEHU�RI�
WKH�LQWULQVLF�FRQIRUPDWLRQDO�H[FLWDWLRQV�LV�VKRZQ��

7KH�LPSRUWDQW�FRQFOXVLRQV�DERXW�WKH�SRVVLELOLW\�RI�WKH�H[LVWHQFH�RI�ORFDOL]HG�H[FLWDWLRQV�LQ�
'1$�PDFURPROHFXOH�XQGHU�QDWXUDO�FRQGLWLRQV�GHSHQG�RQ�DFFXUDF\�RI� IRUFH�FRQVWDQWV�GHWHU�
PLQDWLRQ�� )RU� IXUWKHU� SURJUHVV� LQ� WKLV� DUHD� LW� ZLOO� EH� SURGXFWLYH� WR� XVH� WKH� FRPSXWDWLRQDO�
PHWKRGV� IRU� SUHFLVH� FKDUDFWHUL]DWLRQ� RI� WKH� IRUFH� ILHOG� RI�'1$� FRQIRUPDWLRQDO� WUDQVIRUPD�
WLRQV��
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6��H[SDQVLRQ�7HFKQLTXH�LQ�WKH�%DVLV�RI�3DLUHG�2UELWDOV�
,��=LOEHUEHUJ�

%RUHVNRY�,QVWLWXWH�RI�&DWDO\VLV��1RYRVLELUVN���������5XVVLDQ�)HGHUDWLRQ��
:LGH�XVH�RI�XQUHVWULFWHG�GHQVLW\�IXQFWLRQDO�WKHRU\��8')7��IRU�YDULRXV�RSHQ�VKHOO�V\VWHPV�

OLNH� WUDQVLWLRQ�PHWDO�FRPSRXQGV�UHYLYHG� WKH�SUREOHP�RI�VSLQ�PL[WXUH�FRQWDLQHG� LQ� WKH�XQUH�
VWULFWHG�GHWHUPLQDQW��<8���$QDO\VLV�RI�VSLQ�PL[WXUH�FRQWDLQHG�LQ�<8�FDQ�EH�LQ�JHQHUDO�FDUULHG�
RXW E\�XVLQJ�SURMHFWLRQ�WHFKQLTXH�ZKLFK�LV� WKRXJK�UDUHO\�DSSOLHG�LQ�SUDFWLFH�GXH�WR�LWV�FRP�
SOH[LW\�� ,W� DSSHDUV� WKDW� VXFK� DQDO\VLV� EHFRPHV� VXEVWDQWLDOO\� HDVLHU� LI� SHUIRUPHG� LQ� EDVLV� RI�
/|ZGLQ�$PRV�+DOO�³SDLUHG´�RU�³FRUUHVSRQGLQJ´�RUELWDOV�ZKLFK�DUH�DOO�RUWKRJRQDO�H[FHSW�IRU�
P SDLUV� �P� LV�D�QXPEHU�RI� VSLQV���7KH�RUELWDO� VSDFH�GHWHUPLQHG�E\�SDLUHG�RUELWDOV�FDQ�EH�
QDWXUDOO\� GLYLGHG� LQWR� WKH� VXEVSDFHV� RI� FRPSOHWHO\�� SDUWLDOO\� DQG� QRQ�RYHUODSSLQJ� RUELWDOV��
7KHQ��VSLQ�FRQWDPLQDWLRQ�FDQ�EH�DVVRFLDWHG�ZLWK�WKH�³DFWLYH´�VXEVSDFH�RI�N�SDUWLDOO\�RYHUODS�
SLQJ�SDLUHG� DQG� RUELWDOV�ZLWK�N�EHLQJ�IDLUO\�VPDOO�QXPEHU�LQ�SUDFWLFH�� ,Q�WKH�DFWLYH�VXE�
VSDFH�<8 LV� H[SDQGHG� LQ� D� OLQHDU� FRPELQDWLRQ� RI� UHVWULFWHG� GHWHUPLQDQWV� FRQVWUXFWHG� HLWKHU�
IURP�SDLUHG�RU�XQUHVWULFWHG�QDWXUDO�RUELWDOV��$OWKRXJK�VXFK�EDVLV�GHWHUPLQDQWV�DUH�QRW�WKH�VSLQ�
HLJHQIXQFWLRQV�KDYLQJ�VSLQ�FRQWDPLQDWLRQ��6��6]�6]���!�HTXDO�WR�������«�N�WKH\�DOORZ�RQH�WR�
REWDLQ�D�WUDQVSDUHQW�DVVLJQPHQW�RI�WKH�HIIHFWLYH�HOHFWURQ�FRQILJXUDWLRQ�V��UHVSRQVLEOH�IRU�JLYHQ�
XQUHVWULFWHG�VROXWLRQ��)RU�LQVWDQFH��QRQ�]HUR�VSLQ�FRQWDPLQDWLRQ�LV�LQWHUSUHWHG�DV�D�PHDVXUH�RI�
FRYDOHQF\�LQ�WKH�ERQGLQJ�RI�DQWLIHUURPDJQHWLFDOO\�FRXSOHG�SDUDPDJQHWLF�FHQWHUV���
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:K\�1�PHWK\OHQHIRUPDPLGH��&+� 1�&+2��SUHIHUV�
JDXFKH�FRQIRUPDWLRQ"�'HQVLW\�IXQFWLRQDO�DQG�1%2�VWXG\�

'��<X��$IDQDVLHY� $��9��3URV\DQLN�
8NUDLQLDQ�6WDWH�&KHPLFDO�7HFKQRORJ\�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH��

&RQMXJDWHG�GLHQH�W\SH�V\VWHPV�DUH�RI�JUHDW�LPSRUWDQFH�LQ�WKH�WKHRU\�RI�RUJDQLF�FKHPLVWU\�
EHFDXVH�WKH\�KDYH�SOD\HG�D�NH\�UROH�LQ�WKH�GHYHORSPHQW�RI�EDVLF�WKHRUHWLFDO�PRGHOV��5HFHQWO\�
>�@� LQWHUHVWLQJ�QLWURJHQ�FRQWDLQLQJ�DOGHK\GH��1�PHWK\OHQHIRUPDPLGH�&+� 1�&+2��ZDV� LQ�
YHVWLJDWHG�E\�PHDQV�RI�')7�DQG�03��PHWKRGV��,W�KDV�EHHQ�VXJJHVWHG�WKDW�DJDLQVW�RWKHU�VLPL�
ODU�PROHFXOHV��1�PHWK\OHQHIRUPDPLGH�ZDV�IRXQG�WR�H[LVW�SUHGRPLQDQWO\�LQ�JDXFKH�FRQIRUPD�
WLRQ��ZKHUHDV�QRQ�SODQDU�JDXFKH�FRQIRUPDWLRQV�ZHUH�IRXQG�WR�EH�QRQ�VWDEOH�WUDQVLWLRQ�VWDWHV�
LQ�WKH�VLPLODU�FDVHV�� ,Q�WKH�SUHVHQW�ZRUN�ZH�KDYH�DSSOLHG�1DWXUDO�%RQG�2UELWDO�PHWKRG�ZLWK�
WKH� SXUSRVH� WR� H[SODLQ� WKH� FRQIRUPDWLRQDO� SUHIHUHQFH� RI� 1�PHWK\OHQHIRUPDPLGH�
&+� 1�&+2��WR�KDYH�D�GHILQLWLYH�DQVZHU�DERXW�WKH�IDFWRUV�OHDGLQJ�WKLV�PROHFXOH�WR�EH�QRQ�
SODQDU���

&� 1�

+�

+� &� +�
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+

+ 2
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FLV JDXFKH WUDQV

)LJXUH����7KUHH�SRVVLEOH�FRQIRUPDWLRQV�DQG�DWRP�QXPEHULQJ�IRU�1�PHWK\OHQHIRUPDPLGH�
$OO�FRQIRUPHUV��)LJ�����ZHUH�IXOO\�RSWLPL]HG�DW�WKH�%�/<3�������*�G�S��OHYHO�RI�WKHRU\�

XVLQJ� /LQX[� YHUVLRQ� RI� 3&*$0(66� Y�� ���� SDFNDJH�� 6WDQGDUG� EDVLV� VHW� ������*�G�S�� KDV�
EHHQ�XVHG� DV� IXOO\� DGHTXDWH� IRU�SXUSRVHV�PHQWLRQHG�DERYH� DQG� IRU� WKH� EHWWHU� FRPSDUDELOLW\�
ZLWK�WKH�UHVXOWV�RI�SUHYLRXV�VWXGLHV��7KH�1%2���0�SURJUDP�ZDV�XVHG�DV�LPSOHPHQWHG�LQ�WKH�
3&*$0(66�SDFNDJH��)LQDOO\��1�PHWK\OHQHIRUPDPLGH�ZDV�SUHGLFWHG�WR�H[LVW�SUHGRPLQDQWO\�
LQ� WKH�JDXFKH�FRQIRUPDWLRQ��DV�KDV�EHHQ�VWDWHG�HDUOLHU��:H� IRXQG� >�@� WKDW� WKLV�SUHIHUHQFH� LV�
GXH� WR� WKH�VWURQJ� &��1�� &��2��DQG� &��+�� Q 1�� UHSXOVLYH� LQWHUDFWLRQV� LQ� WKH�SODQDU�FLV�DQG�
WUDQV JHRPHWULHV��LQVWHDG�RI�Q 1�� Q 2��DQG�Q 1�� QS2��UHSXOVLYH�LQWHUDFWLRQV�SUHGLFWHG�E\�
%DGDZL�>�@��+LJKHU�UHODWLYH�FRQMXJDWLYH�VWDELOL]DWLRQ��LQYROYLQJ�ORQH�SDLU�RQ�QLWURJHQ�DWRP��LQ�
FRPSDULQJ�ZLWK�WKH�RWKHU�FRQIRUPDWLRQV��DOVR�DFFRXQWLQJ�IRU�WKH�JUHDWHU�VWDELOLW\�RI�JDXFKH�1�
PHWK\OHQHIRUPDPLGH��

�� +��0��%DGDZL��-��0RO��6WUXFW���7+(2&+(0����������������
���'�<X��$IDQDVLHY�DQG�$�9��3URV\DQLN��-��0RO��6WUXFW���7+(2&+(0���[[��������������
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$E�LQLWLR�PRGHOLQJ�RI�&��+��>19@� DQG�&��>19@�
QDQRGLDPRQGV�

9��(��%RULVHQNRD� 9��$��3XVKNDUFKXND� 6��<D��.LOLQE� $��3��1L]RYWVHYE�$� /��3XVKNDUFKXNF� &��YRQ�%RUF]\VNRZVNLG
�

D%HODUXVLDQ� 6WDWH� 8QLYHUVLW\� RI� ,QIRUPDWLFV� DQG� 5DGLRHOHFWURQLFV�� 3�� %URYND���� �������0LQVN��%HODUXV�
E,QVWLWXWH�RI�3K\VLFV�1$6%��)�6NDU\Q\�$YH��������������0LQVN��%HODUXV��
F,QVWLWXWH�RI�3K\VLFDO�±�2UJDQLF�&KHPLVWU\�1$6%��6XUJDQRYD�����0LQVN��%HODUXV�
G,QVWLWXWH�RI�3K\VLFV��7HFKQLFDO�8QLYHUVLW\�RI�&KHPQLW]��&KHPQLW]��*HUPDQ\�

1RZDGD\V� WKH�GLDPRQG�QDQRFU\VWDOV�ZLWK� HPEHGGHG� >19@� GHIHFW� FHQWHUV� DUH�RI� VSHFLDO�VFLHQWLILF�DQG�DSSOLHG�LQWHUHVW�GXH�WR�SHUVSHFWLYHV�RI�WKHLU�DSSOLFDWLRQ�IRU�TXDQWXP�FRPSXWLQJ�>�@�7KH�>19@� GHIHFW�FHQWHUV�FRQVLVW�RI�VXEVWLWXWLRQDO�QLWURJHQ�DWRP�DQG�YDFDQF\�LQ�WKH�QHDUHVW�VLWH�RI�GLDPRQG� ODWWLFH��7KLV�QHJDWLYHO\� FKDUJHG� FHQWHU�KDYH� WULSOHW� �6 ���JURXQG� HOHFWURQLF�VWDWH��,I�LVRWRSLF��� DWRPV�DUH�GLVSRVHG�QHDUE\�WKH�>19@��FHQWHU�WKHQ�VXFK�V\VWHP�RI�LQWHUDFW�LQJ�HOHFWURQ�DQG�QXFOHDU�VSLQV�FDQ�VHUYH�DV�D�SURWRW\SH�RI�TXDQWXP�FRPSXWHU�>�@��,W�LV�LPSRU�WDQW� WR� NQRZ� WKH� GLVWULEXWLRQ� RI� VSLQ� GHQVLW\� RYHU� YDULRXV� LVRWRSLF� �� DWRPV� DURXQG� >19@�FHQWHU�� EHFDXVH�� DV� LV�ZHOO� NQRZQ�� WKH�K\SHUILQH� FRXSOLQJ�RI� WKH� HOHFWURQ� VSLQ�RI� WKH� >19@��FHQWHU�WR�WKH���& QXFOHDU�VSLQV�LV�SURSRUWLRQDO�WR�WKH�VSLQ�GHQVLW\�LQ�SRVLWLRQV�RI�VXFK�QXFOHL��7KHUHIRUH��WKH�PDLQ�DLP�RI�WKLV�LQYHVWLJDWLRQ�LV�WR�SHUIRUP�TXDQWXP�FKHPLFDO�FRPSXWHU�VLPX�ODWLRQ�RI� VSLQ�SURSHUWLHV�RI� >19@��FHQWHU� LQ�GLDPRQG�&��+��>19@� DQG�&��>19@� ± K\GURJHQ�SDVVLYDWHG�DQG�QRQSDVVLYDWHG�QDQRFU\VWDOV���6LPXODWLRQV�RI�WKH�QDQRFU\VWDO�SURSHUWLHV�ZHUH�SHUIRUPHG�DIWHU�FRPSOHWH�JHRPHWU\�RSWLPL�]DWLRQ�ZLWKLQ�VHPLHPSLULFDO� �30���DQG�DE LQLWLR� �XVLQJ�')7�ZLWK�%�/<3��SRWHQWLDO��TXDQ�WXP�FKHPLFDO� PHWKRGV�� $OO� FDOFXODWLRQV� KDYH� EHHQ� GRQH� ZLWK� VRIWZDUH� SDFNDJHV� 3&�*$0(66�>�@�EDVHG�RQ�*$0(66��86��>�@�DQG�&$&KH�>�@��

D�
� � � � �� �� �� �� �� �� �� �� �� �� �� ��

����

����

����

����

����

&��&��&��

&��
&��&� 1��6S

LQ
�G
HQ
VL
W\
�R
Q�
QX
FO
HD
U�
�D
�X
��

$WRPV�RI�FOXVWHU

� E� � F�
� �� �� �� �� �� ��

�����

�����

�����

�����

�����

�����

�����

6S
LQ
�G
HQ
VL
W\
�R
Q�
QX
FO
HD
U�
�D
�X
��

$WRPV�RI�FOXVWHU

� G� �)LJ���� � 6SLQ�GHQVLW\�GLVWULEXWLRQ�KLVWRJUDP�RYHU�QXFOHL�RI�WKH�FOXVWHU�&��+��>19@��E��*HRPHWU\�RI WKH�FOXVWHU�&��+��>19@��� 1 LV�DW�SRVLWLRQ�����+�DWRPV�QRW�UHSUHVHQWHG��F��6SLQ�GHQVLW\�GLVWUL�EXWLRQ�KLVWRJUDP�RQ�DWRP�QXFOHL�IRU�FOXVWHU�&��>19@�� G��*HRPHWU\�RI�WKH�&��>19@���FOXVWHU���,W�LV�VKRZQ�WKDW�IRU�WKH�FOXVWHUV�&��+��>19@��FRQWDLQLQJ�VLQJOH�>19@� FHQWHU��WKH�VSLQ�GHQ�VLW\�LV�ORFDOL]HG�EDVLFDOO\�RQ�FDUERQ�DWRPV�EHLQJ�FORVHVW�WR�WKH�YDFDQF\���)LJ����D�E���,Q� WKH�FDVH�RI�&��>19@��QDQRFU\VWDO� WKH� VSLQ�GHQVLW\� LV�GHORFDOL]HG�SUDFWLFDOO\�XQLIRUPO\�RYHU�WKH�QXFOHL�RI�&�DWRPV��ZKLFK�IRUP�WKH�IXOOHUHQH�OLNH�VKHOO��)LJ����F�G����� �� :UDFKWUXS�-���.LOLQ�6�<D���1L]RYWVHY�$�3���2SWLFV�	�6SHFWURVFRS\��������9������3�������� �� *UDQRYVN\�$OH[�$���:::�KWWS���FODVVLF�FKHP�PVX�VX�JUDQ�JDPHVV�LQGH[�KWPO�� �� 6FKPLGW�0�:���%DOGULGJH�.�.���%RDW]�-�$��HW�DO�� -�&RPSXW�&KHP��������9�����3�������� �� KWWS���ZZZ�FDFKHVRIWZDUH�FRP��
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6WXG\LQJ�RI�HWK\OHQH�JO\FRO�DQG�JO\FHURO�FRPSOH[HV�ZLWK�
LRQV�RI�VRGLXP�DQG�FKORULQH�ZLWK�WKH�PHWKRGV�RI�TXDQWXP�

FKHPLVWU\�
9��9��&KDJRYHWV� 0��9��.RVHYLFK��6��*��6WHSDQL\DQ�

%�9HUNLQ�,QVWLWXWH�IRU�/RZ�7HPSHUDWXUH�3K\VLFV�DQG�(QJLQHHULQJ��.KDUNRY��8NUDLQH�7KH�UHVXOWV�RI�DE LQLWLR�TXDQWXP�FKHPLFDO�FDOFXODWLRQV�IRU WKH�FRPSOH[HV�RI�FU\RSURWHFWRU�PROHFXOHV� RI� HWK\OHQH� JO\FRO� DQG� JO\FHURO� ZLWK� LRQV� RI� VRGLXP� DQG� FKORULQH� E\� 03���������*�PHWKRG�DUH�SUHVHQWHG�LQ�WKLV��ZRUN��&DOFXODWLRQV�KDYH�EHHQ�SHUIRUPHG�IRU�DQ�H[�SODQDWLRQ�RI�VRPH�IHDWXUHV�RI�PDVV�VSHFWUD�RI� WKH�VROXWLRQV�FRQWDLQLQJ� WKH�VSHFLILHG�FRPSR�QHQWV��1DPHO\��LQ�WKH�ORZ�WHPSHUDWXUH�VHFRQGDU\�HPLVVLRQ�PDVV�VSHFWUD�RI�VROXWLRQV�RI�VXE�VWDQFHV�ZKLFK� DUH� VRXUFHV� RI� LRQV�1D� DQG�&O� LQ� FU\RSURWHFWRU�ZLWK� DQ� H[SHFWHG� VHULHV� RI�FU\RSURWHFWRU�ZLWK�FDWLRQ�FOXVWHUV�D�VHULHV�RI� LQWHQVLYH�DVVRFLDWHV�ZLWK�DQLRQ�KDV�EHHQ�UHJLV�WHUHG��&RPSDUDEOH�DEVROXWH�LQWHQVLW\�RI�WKH�DVVRFLDWHV�ZLWK�1D� DQG�&O� VKRZV�WKDW�WKH�VWDELOL�]DWLRQ�HQHUJ\�RI�WKHVH�VROYDWH�FRPSOH[HV�KDV�YHU\�FORVH�YDOXHV���3UREOHP�RI�VWXG\�RI�WKH�LQWHUDFWLRQV��RI�FU\RSURWHFWRUV�ZLWK�WKH�LRQLF�HQYLURQPHQW�LQ�VROX�WLRQ�KDV�DSSHDUHG� LQ�FRQQHFWLRQ�ZLWK�FRQVLGHUDWLRQ�RI�FU\RELRORJLFDO�SUREOHP�RI� WKHLU� LQIOX�HQFH RQ�ELPROHFXODU�IXQFWLRQLQJ�>�@���$V�D�UHVXOW�RI�FDOFXODWLRQV�D�QXPEHU�RI�VWDEOH�FRQILJXUDWLRQV�RI�HWK\OHQH�JO\FRO�DQG�JO\F�HURO� FRPSOH[HV�ZLWK�1D� DQG�&O� LRQV� LQ�ZKLFK� WKH� LRQ�KDV�RQH�� WZR�RU� WKUHH�ERQGV�ZLWK� D�PROHFXOH�KDV�EHHQ�UHFHLYHG��(QHUJLHV�RI�WKH�PRVW�VWDEOH�DVVRFLDWHV�DUH�VKRZQ�LQ�WKH�WDEOH���
(QHUJLHV�RI�LQWHUDFWLRQ�RI�1D� DQG�&O� LRQV�LQ�WKH�PRVW�VWDEOH�FRPSOH[HV�ZLWK�HWK\OHQH�JO\FRO�DQG�JO\FHURO�PROHFXOHV�� 1D� &O�(QHUJ\�RI�LQWHUDFWLRQ�ZLWK�D�PROHFXOH�RI�HWK\OHQH�JO\FRO��N-�PRO� ������� ������

(QHUJ\�RI�LQWHUDFWLRQ�ZLWK�D�PROHFXOH�RI�JO\FHURO��N-�PRO� ������� ������
6WUXFWXUHV�ZLWK�PXOWLSOH�FRQWDFWV�RI�DOFRKROV�ZLWK�LRQV�DSSHDUHG�PRUH�HQHUJHWLFDOO\�IDYRU�DEOH��*HRPHWU\�RI�VRPH�FRPSOH[HV�RI�LRQV�ZLWK�JO\FHURO�DQG�HWK\OHQH�JO\FRO�DSSHDUHG�WR�EH�VLPLODU��&RPSDULVRQ�RI�VLPLODU�DQLRQ�DQG�FDWLRQ�DVVRFLDWHV�VWDELOLW\�GHSHQGLQJ�RQ�WKH�VL]H�RI�DOFRKRO�VKRZV�WKDW�IRU�WKH�LRQ�RI�VRGLXP�LW¶V�HQHUJHWLFDOO\�PRUH�IDYRUDEOH�WR�FRQWDFW�ZLWK�HWK�\OHQH�JO\FRO��DQG�IRU�DQ�LRQ�RI�FKORULQH���ZLWK�JO\FHURO��,W¶V�LQWHUHVWLQJ�WKDW�IRU�WKH�FRPSOH[�RI�D�VRGLXP�LRQ�ZLWK�JO\FHURO�WKH�LQWHUDFWLRQ�HQHUJ\�LQFUHDVHV�ZLWK�JURZWK�RI�ERQGV�TXDQWLW\��DW�WKH�VDPH�WLPH�IRU�DQ�LRQ�RI�FKORULQH�WKH�PRVW�ID�YRUDEOH�VWUXFWXUH�LV�WKDW�ZLWK�WZR�ERQGV�UDWKHU�WKDQ�ZLWK�WKUHH�RQHV��&RPSDULVRQ�RI� WKH�HQHUJLHV� WKDW�KDYH�EHHQ�FDOFXODWHG� IRU� WKH� VROYDWH� FRPSOH[HV�RI� LRQV�1D� DQG�&O� DQG�SRO\DWRPLF�DOFRKROV�ZLWK�WKRVH�IRU�K\GUDWHG�FRPSOH[HV�RI�WKH�VDPH�LRQV�ZLWK�D PROHFXOH�RI�ZDWHU�DQG�IRU�FRPSOH[HV�RI�1D� LRQV�ZLWK�VRPH�QLWURJHQRXV�EDVHV�RI�QXFOHLF�DFLGV�>�@�VKRZV�WKDW�WKH�LQWHUDFWLRQV�RI��FDWLRQ�DQG�DQLRQ�IRUPLQJ�VWURQJHU�ERQGV�ZLWK�WKH�DO�FRKRO�PROHFXOH��7KH�VWURQJHU�ERQGLQJ�RI�WKH�FDWLRQ�DQG� QLRQ�ZLWK�D�FU\RSURWHFWRU�PROHFXOH�FDQ�EH�RI�LQWHUHVW�LQ�FU\RELRORJ\�IRU�DQ�HVWLPDWLRQ�RI�WKH�PHFKDQLVPV�RI�FU\RSURWHFWRU�DFWLRQ�DW�D�PROHFXODU�OHYHO��7KH�UHVXOWV�RI�TXDQWXP�FKHPLFDO�FDOFXODWLRQV�VKRZLQJ�VXIILFLHQWO\�KLJK�VWDELOLW\�RI�FRP�SOH[HV�RI� LRQV�RI�ERWK�1D� DQG�&O� ZLWK� D�PROHFXOH�RI� DOFRKRO� DOORZHG� WR� H[SODLQ�KLJK� DQG�FRPSDUDEOH�SHDN�LQWHQVLW\�RI�WKH��FRPSOH[HV�XQGHU�FRQVLGHUDWLRQ�ZKLFK�KDYH�EHHQ�UHJLVWHUHG�LQ�VHFRQGDU\�LRQ�PDVV�VSHFWUD������� 3XVKNDU�1�6���6KDUJR�0�,���%HORXV�$�0���.DOXJLQ�<X�9��&U\RSURWHFWRUV��.\LY�1DXNRYD�GXPND�����������S����� 6FKDOOH\�&K�$��0DVV�6SHFWURP��5HYLHZV��������9������3������������
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2Q�WKH�WKHUPRG\QDPLFV�RI�+HLVHQEHUJ�,VLQJ�VSLQ�����
WZR�OHJ�ODGGHU�

9��2��&KHUDQRYVNLL��(��9��(]HUVND\D�
.KDUNRY�1DWLRQDO�8QLYHUVLW\���������.KDUNRY��8NUDLQH��

,Q�UHFHQW�\HDUV�ORZ�GLPHQVLRQDO�PDJQHWLF�V\VWHPV�OLNH�VSLQ�ODGGHUV�DUH�VXEMHFW�RI�H[WHQ�
VLYH� H[SHULPHQWDO� DQG� WKHRUHWLFDO� LQWHUHVW� EHFDXVH�PDJQHWLF� SURSHUWLHV� RI� VHYHUDO� FODVVHV� RI�
PDWHULDOV� OLNH�6U&X�2�� /D�&D�&X��2��� DQG� �&�+��1��&X%U� >���@� FDQ�EH�ZHOO� GHVFULEHG�E\�
WKH�WZR�OHJ�+HLVHQEHUJ�DQWLIHUURPDJQHWLF�ODGGHU�PRGHO��'XH�WR�ODUJH�TXDQWXP�IOXFWXDWLRQV�LQ�
ORZ GLPHQVLRQV��VXFK�V\VWHPV�RIWHQ�KDYH�XQXVXDO�SURSHUWLHV��8QH[SHFWHGO\�ELJ�ILQLWH�VL]H�HI�
IHFWV� LQ�DQLVRWURSLF�VSLQ�ODGGHU�V\VWHPV�PD\�EH�RI� LQWHUHVW� LQ�FRQWH[W�RI� WKH�WKHRU\�RI�QDQR�
VFDOH�PDWHULDOV��

:H SURSRVH�DQLVRWURSLF� VSLQ� ODGGHU�PRGHO� IRUPHG�E\� 1 UXQJV�ZLWK�XQLD[LDO�DQLVRWURSLF�
VSLQ�FRXSOLQJ�DQG�,VLQJ�UXQJ�UXQJ�LQWHUDFWLRQ��7KH�,VLQJ�LQWHUDFWLRQ�EHWZHHQ�UXQJV�OHDYHV�]�
SURMHFWLRQ� RI� WKH� VSLQ�

L0 RI� HDFK� UXQJ� � ��� r L0 ��� XQFKDQJHG��7KHUHIRUH� WRWDO� 1�� GL�
PHQVLRQDO�VSDFH�RI�DOO�ODGGHU�VWDWHV�FRQVLVWV�RI�VXEVSDFHV�ZLWK�JLYHQ�]�SURMHFWLRQ�RI�WKH�ODGGHU�
WRWDO�VSLQ�0 � 7KH�ODGGHU�+DPLOWRQLDQ�KDV�QR�PDWUL[�HOHPHQWV�EHWZHHQ�VWDWHV�LQ�GLIIHUHQW�0�
VXEVSDFHV��7KHUHIRUH�LW�FDQ�EH�GLDJRQDOL]HG�VHSDUDWHO\�LQ�HDFK�VXEVSDFH��%HFDXVH�RI�WKLV�IHD�
WXUH�RI� WKH� H[DFW� HQHUJ\� VSHFWUXP�� LW� FDQ�EH� IRXQG�DQDO\WLFDOO\�E\�PHDQV�RI� -RUGDQ�:LJQHU�
WUDQVIRUPDWLRQ� VLPLODU� WR� QHDUHVW�QHLJKERU� VSLQ� FKDLQ�ZLWK� DOWHUQDWLYH�+HLVHQEHUJ� DQG� ,VLQJ�
LQWHUDFWLRQV�>�@�� ,W� LV�DOVR�VKRZQ�WKDW� WKLV�VSHFWUXP�JLYHV�WKH�H[DFW� ORZHU�ERXQGDULHV� IRU� WKH�
HLJHQYDOXHV�RI�WKH�FRUUHVSRQGLQJ�LVRWURSLF�+HLVHQEHUJ�VSLQ�ODGGHU��

:H�GHULYHG� DQ� HIIHFWLYH� QXPHULFDO� DOJRULWKP� IRU� WKH� HYDOXDWLRQ� RI� IUHH� HQHUJ\� RI� ILQLWH�
FOXVWHUV� RI� WKH� ODGGHU�� )RU� LQILQLWH� ODGGHU� WKH� HYDOXDWLRQ� RI� WKH� H[DFW� SDUWLWLRQ� IXQFWLRQ� LV� D�
FRPSOLFDWH�FRPELQDWRULDO�SUREOHP�DQG�ZH�GLG�QRW�ILQG�WKH�FRUUHVSRQGLQJ�DQDO\WLFDO�IRUPXOD��
1HYHUWKHOHVV��RXU�QXPHULFDO�DSSURDFK�LV�D�JRRG�DOWHUQDWLYH�WR�WKH�H[DFW�GLDJRQDOL]DWLRQ�VWXG\�
EHFDXVH�RI�ELJJHU�VL]H�RI�WKH�FRUUHVSRQGLQJ�ODGGHU�FOXVWHUV��1XPHULFDO�VLPXODWLRQ�KDV�VKRZQ�
XS WR�WKUHH�PD[LPD�LQ�WHPSHUDWXUH�GHSHQGHQFH�RI�ODGGHU�KHDW�FDSDFLW\�DW�]HUR�PDJQHWLF�ILHOG��

�
�� 'DJRWWR�(��DQG�5LFH�7��0�������6FLHQFH���������
���+LULNDYD�7��DQG�)XUXVDNL�$�������3K\V�5HY�%��� ������
�� /LHE�(�+��6FKXOW]�7��DQG�0DWWLV�'�������$QQ��3K\V��� ����
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7KH�VWXG\�RI�WKH�RUJDQLF�FRPSRXQGV�HOHFWURQLF�VWUXFWXUH�
E\�WKH�QDWXUDO�ERQG�RUELWDO�PHWKRG�����,QWHUDFWLRQ�RI�WKH�
6� �&<� DQG�62�&<� �<� �+�RU�)��IXQFWLRQDO�JURXSV�ZLWK�

DURPDWLF�ULQJ��GRXEOH�DQG�WULSOH�ERQGV�
0��%��&KXUD � 1��1��,OFKHQNRE� 9��0��%]KH]RYVN\D� /��*��*RUEF� -��/HV]F]\QVNLF

D,QVWLWXWH� RI�2UJDQLF�&KHPLVWU\��1$6� RI�8NUDLQH�� ���0XUPDQVND\D� VWU��� .LHY� ���� �������8NUDLQH��
E,QVWLWXWH�RI�&HOO�%LRORJ\�DQG�*HQHWLF�(QJLQHHULQJ��1$6�RI�8NUDLQH��SU��=DERORWQRJR�������.LHY��������8NUDLQH�
F&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQ��'HSDUWPHQW�RI�&KHPLVWU\��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��06��������86$��7KH�FRPSRXQGV�SRVVHVVLQJ�JHQHUDO�IRUPXOD� � � &<�� +�& & ;&<� DQG�+&{&;&<��ZKHUH��;� �62�RU�62�� <� �+�RU�)�KDYH�EHHQ�VWXGLHG�E\�WKH�QRQHPSLULFDO�TXDQWXP�FKHPLFDO�PHWKRG�DW�WKH�03���IXOO�������*�G��DSSUR[LPDWLRQ��7KH�DQDO\VLV�RI�WKH�VXUIDFH�SRWHQWLDO�HQ�HUJ\�ZDV�FDUULHG�RXW��7KH�YLEUDWLRQ�WDVNV�VROXWLRQ�HQDEOHG�WR�GHWHUPLQH�WKH�QDWXUH�RI�VWDWLRQ�DU\�SRLQWV�DQG�HYDOXDWH�WKH�EDUULHUV�RI�IUDJPHQWV� LQWHUQDO�URWDWLRQ�DERXW�WKH� VSð�; ERQGV��,W�ZDV�IRXQG� WKDW� WKH�VSDWLDO�VWUXFWXUHV�ZLWK�DQ�DSSUR[LPDWHO\�SHUSHQGLFXODU�GLVSRVLWLRQ�RI� WKH�6�&<��ERQGV� UHODWLYH� WR� WKH� EHQ]HQH� ULQJ� SODQH� RU� GRXEOH� ERQG� DUH� FRUUHVSRQG� WR� HQHUJ\�IDYRXUDEOH�FRQIRUPDWLRQV��7KH�YDOXH�RI�WKH�URWDWLRQ�EDUULHUV�DERXW�WKH� VSð�6 ERQGV�H[FHHGV�WKH�N7� $FFRUGLQJ�WR�WKH�1%2�PRGHO�WKH�6�DWRP�RI�WKH�62�DQG�62� JURXSV�RI�GLVFXVVHG�FRP�SRXQGV LV�ERXQG�WR�WKH�2�DWRP�E\�VWURQJO\�SRODUL]HG�FRYDOHQW�V�ERQG��6G��2G���7KH�S�ERQGHOHFWURQLF� GHQVLW\� LV� PDLQO\� ORFDOL]HG� RQ� WKH� 2� DWRP� WRR�� %\� WKH� IRUPDOLVP� RI� WKH� 1%2�DQDO\VLV�WKLV�IDFW�FRUUHVSRQGV�WR�WKUHH�ORQH�HOHFWURQ�SDLUV��/(3��DYDLODELOLW\�RQ�HDFK�RI�WKH�2�DWRPV��7KH�K\EULG�QDWXUDO�RUELWDO�RI�RQH�/(3��QV� KDV�DSSUR[LPDWHO\�����������V�FKDUDFWHU�ZKLOH�WZR�RWKHUV�/(3��QSï DQG�QSð� DUH�SUDFWLFDOO\�³SXUH´� �RUELWDOV��)RU�VXOIR[LGHV�WKH�/(3�RI�WKH�6�DWRP� LV�D�K\EULG�RUELWDO�ZLWK� V�FRPSRQHQW�TXRWD� IURP����XS� WR�������7KH�QV� � DQG�Q�6�� K\EULG� RUELWDOV� ZHDNO\� LQWHUDFW� ZLWK� DPELHQW� IUDJPHQWV� WKURXJK� WKH� GRQRU�DFFHSWRU�PHFKDQLVP��1HYHUWKHOHVV�WKH�QS� � /(3�HIIHFWLYHO\�LQWHUDFWV�ZLWK�DQWLERQGLQJ�V�RUELWDOV�RI�WKH� DGMDFHQW� 6�&� ERQGV� WKURXJK� WKH� QS�2�oV�6�&VSð��� QS�2�oV�6�&VSñ� DQG�QS�2�oV�6�&VS� PHFKDQLVPV�RI�K\SHUFRQMXJDWLRQ��7KH�QS�2�oV�6�&VSñ� LQWHUDFWLRQV�DUH�PRUH� HIIHFWLYH� ZLWK�V�RUELWDOV� RI� WKH� �) ERQG� RI� WKH� &)� JURXS� DV� FRPSDUHG� ZLWK�V�RUELWDOV� RI� WKH� �+ ERQG� RI� WKH� &+� JURXS�� )RU� VXOSKRQHV� WKHUH� DUH� DGGLWLRQDO� ERQGLQJ�PHFKDQLVPV�� QS�2��oV�6�2�

ñ� DQG� QS�2��oV�6� ���� 7KH� HOHFWURQLF� VWUXFWXUH� RI� WKH�62&<� DQG�62�&<��JURXSV��OHQJWK��VWUHQJWK�DQG�PXOWLSOLFLW\�RI�WKH�6� ERQGV�ZHUH�PDLQO\�VWDELOL]HG�E\�WKH�K\SHUFRQMXJDWLRQDO�LQWHUDFWLRQV��7KH�GRQRU�DFFHSWRU�LQWHUDFWLRQV�RI�WKH�Q �2��ZLWK�G�W\SH�5\GEHUJ�RUELWDOV�RI�WKH�6�DWRP�ZHUH�OHVV�HIIHFWLYH��7KH�HQHUJLHV��SRSXODWLRQV�DQG�GLSROH� PRPHQWV� RI� WKH� QDWXUDO� ERQGLQJ� DQG� QRW� ERQGLQJ� RUELWDOV� ZHUH� DQDO\]HG�� 7KH� WRWDO�FKDUJH�RQ�DWRPV�RI�XQVDWXUDWHG�IUDJPHQWV�GHFUHDVHV�ZLWK�PDJQLILFDWLRQ�RI�WKH�WRWDO�FKDUJH�RQ�DWRPV�RI�WKH�62&<� DQG�62�&<��IXQFWLRQDO�JURXSV��7KHUHIRUH�DW�LGHQWLFDO�;��62�RU�62�� WKH�;&)��JURXSV�SRVVHVV�WKH�VWURQJHU�DFFHSWRU�SURSHUWLHV�DV�DJDLQVW�;&+��JURXSV��7KH�HOHFWURQLF�GHQVLW\�RI�DQ�DURPDWLF�IUDJPHQW��GRXEOH�DQG�WULSOH�ERQGV�LV�SRODUL]HG�WRZDUGV�WKH�62�DQG�62�JURXSV� �DFFRUGLQJ� WR� QDWXUDO� FKDUJHV� YDOXHV� RQ� DWRPV��� 7KHUH�ZDV� H[FHVV� RI� WKH� HOHFWURQLF�GHQVLW\�RQ�WKH� LSVR�DWRPV�RI�D�EHQ]HQH�ULQJ�DQG� D DWRPV�RI�WKH�HWK\OHQH�DQG�DFHW\OHQH�IUDJ�PHQWV��:KHUHDV�RQ� WKH� D DWRPV�RI� D�EHQ]HQH� ULQJ� DQG� E WHUPLQDO� DWRPV�RI� HWK\OHQH� DQG�DFHW\OHQH�IUDJPHQWV� ��HOHFWURQLF�GHQVLW\�GHILFLW�ZDV�REVHUYHG�DV�FRPSDUHG�ZLWK�D�FKDUJH�RQ�DWRPV�RI�FDUERQ�IRU�XQVXEVWLWXWHG�EHQ]HQH��HWK\OHQH�RU�DFHW\OHQH��DFFRUGLQJO\��
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$E�LQLWLR�VWXGLHV�RI�WKH�'1$�UDUH�EDVH�SDLUV�
9��,��'DQLORY� '��0��+RYRUXQD� 9��0��$QLVLPRYE� 1��.XULWDF

D,QVWLWXWH� RI�0ROHFXODU�%LRORJ\� DQG�*HQHWLFV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV� RI�8NUDLQH������=DERORWQ\�6WUHHW��.\LY�������������8NUDLQH�
E'HSDUWPHQW�RI�3KDUPDFHXWLFDO�6FLHQFHV��6FKRRO�RI�3KDUPDF\��8QLYHUVLW\�RI�0DU\ODQG�����3HQQ�6WUHHW�%DOWLPRUH��0'��������86$�

F7R\RKDVKL� 8QLYHUVLW\� RI� 7HFKQRORJ\�� 'HSDUWPHQW� RI� .QRZOHGJH�%DVHG� ,QIRUPDWLRQ�(QJLQHHULQJ��7HPSDNX�FKR��7R\RKDVKL������������-DSDQ�

*DV�SKDVH�JUDGLHQW�RSWLPL]DWLRQ�RI�WKH�'1$�UDUH�EDVH�SDLUV�FRQWDLQLQJ�WKH�ODFWLP�IRUPV�RI�JXDQLQH��*��DQG� WK\PLQH��7��DV�ZHOO�DV� WKH� LPLQR�IRUPV�RI�F\WRVLQH��&��DQG�DGHQLQH��$�� WDXWRPHUV� ZHUH� FDUULHG� RXW� XVLQJ� WKH� +DUWUHH�)RFN� �+)��� 'HQVLW\� )XQFWLRQDO� WKHRU\��')7�� DQG� WKH� VHFRQG�RUGHU�0¡OOHU�3OHVVHW� SHUWXUEDWLRQ� �03��� PHWKRGV� DW� WKH� ����*�G�S��EDVLV�VHW��,W�LV�VKRZQ�WKDW�IXOO�JHRPHWU\�RSWLPL]DWLRQ�DW�WKH�03��OHYHO�OHDGV�WR�DQ�LQWULQVLFDOO\�QRQSODQDU� SURSHOOHU�WZLVWHG� DQG� EXFNOHG� JHRPHWU\� RI� WKH� *�7� DQG� *�7� EDVH� SDLUV�� 7KH�QRQSODQDULW\� RI� WKHVH� SDLUV� LV� FDXVHG� E\� WKH� S\UDPLGDOL]DWLRQ� RI� WKH� DPLQR� QLWURJHQ� DWRPV��ZKLFK� LV� XQGHUHVWLPDWHG� E\� WKH�+)� DQG�')7�PHWKRGV��+HVVLDQ� FDOFXODWLRQV� DW� WKH�03������*�G�S��OHYHO�ZHUH�SHUIRUPHG�IRU�WKH�RSWLPL]HG�JHRPHWU\�RI�WKH�UDUH�EDVH�SDLUV�LQ�RUGHU�WR�YHULI\�D�QDWXUH�RI� WKH�VWDWLRQDU\�SRLQWV�REWDLQHG�� ,QVSHFWLRQ�RI� WKH�KDUPRQLF� IUHTXHQFLHV� IRU�QRUPDO�YLEUDWLRQV�RI�QRQSODQDU�UDUH�EDVH�SDLU�VKRZHG�RQO\�UHDO�YLEUDWLRQDO�ZDYHQXPEHUV�IRU�DOO�EDVH�SDLUV��7KHUHIRUH�WKHVH�RSWLPL]HG�QRQSODQDU�VWUXFWXUHV�UHSUHVHQW�HQHUJ\�PLQLPXP�JH�RPHWULHV�RQ� WKH�03������*�G�S��SRWHQWLDO� HQHUJ\� VXUIDFHV�RI� WKH� UDUH�EDVH�SDLUV��7KH� FRP�SDULVRQ�RI� WKH�IRUPDWLRQ�HQHUJLHV�IRU� WKH�UDUH�EDVH�SDLUV�VKRZV�WKH�HQHUJHWLFDO�SUHIHUHQFH�RI�WKH�*�7�DQG�$�&�EDVH�SDLUV�DV�FRPSDUHG�ZLWK�WKH�*�7�DQG�$�&�RQHV��UHVSHFWLYHO\��,W�ZDV�FRQILUPHG� IURP� WKH�03�� FDOFXODWLRQV� WKDW� WKH� VWDELOL]DWLRQ� HQHUJLHV� RI� WKH�*�7� DQG�$�&�EDVH�SDLUV�GHVFULELQJ� WKH� LQWHUDFWLRQ�EHWZHHQ�PRQRPHUV� DUH� HVVHQWLDOO\� ODUJHU� WKDQ� WKRVH�RI�WKH�*�7�DQG�$�&�RQHV��UHVSHFWLYHO\��$QDO\VLV�RI�WKH�GHFRPSRVLWLRQV�IRU�PROHFXODU�+)�LQ�WHUDFWLRQ�HQHUJLHV�E\�0RURNXPD�.LWDXUD�DQG�WKH�5HGXFHG�9DULDWLRQDO�6SDFH�PHWKRGV�VKRZHG�WKDW�WKH�QDWXUH�RI�ODUJHU�VWDELOLW\�RI�WKH�*�7�DQG�$�&�EDVH�SDLUV�DV�FRPSDUHG�WR�WKH�*�7�DQG�$�&�RQHV��UHVSHFWLYHO\�LV�GXH�WR�WKH�HOHFWURVWDWLF� LQWHUDFWLRQV�E\�WKH����������7KH�SR�ODUL]DWLRQ�(3/�DQG�FKDUJH�WUDQVIHU�(&7�HQHUJLHV�DUH�DOVR���������ODUJHU�IRU�WKH�$�&�DQG�*�7�EDVH�SDLUV��,W�VKRXOG�EH�HPSKDVL]HG�WKDW�WKH�FRUUHODWLRQ�LQWHUDFWLRQ�(&25�PDNHV�QRWLFHDEO\�ODU�JHU�FRQWULEXWLRQ�WR�WKH�VWDELOLW\�RI�WKH�*�7�DQG�$�&�EDVH�SDLUV�WKDQ�WR�WKDW�RI�WKH�*�7�DQG�$�& RQHV��7KXV�WKH�ODUJHU�VWDELOLW\�RI�WKH�*�7�DQG�$�&�EDVH�SDLUV�LV�QRW�UHODWHG�WR�WKH�FRU�UHODWLRQ� LQWHUDFWLRQ�� )RU� WKH� EHWWHU� XQGHUVWDQGLQJ� RI� WKH� TXHVWLRQ� XQGHU� GLVFXVVLRQ�ZH� KDYH�SHUIRUPHG�WKH�VWXG\�RI�WKH�DWRPLF�FKDUJHV�IRU�WKH�UDUH�EDVH�SDLUV��7KH�FKDUJH�DVVLJQPHQWV�RI�WKH� JHRPHWU\�RSWLPL]HG� VWUXFWXUHV�ZHUH� GHULYHG� IURP� WKH�0XOOLNHQ� SRSXODWLRQ� DQDO\VLV� DQG�WKH�HOHFWURVWDWLF�SRWHQWLDO�XVLQJ�WKH�0HU]±.ROOPDQ±6LQJK�VFKHPH��7KH�FDOFXODWHG�FKDUJHV�RQ�WKH�SURWRQ�GRQRU�DQG�SURWRQ�DFFHSWRU�DWRPV�RI�K\GURJHQ�ERQGV�DV�ZHOO�DV�RQ�WKHLU�K\GURJHQ�DWRPV�RI�WKHVH�EDVH�SDLUV�VKRZHG�WKDW�WKH�0XOOLNHQ�FKDUJHV�RQ�WKH�DSSRLQWHG�DWRPV�LQ�WKH�*�7�DQG�$�&�EDVH�SDLUV�DUH�VOLJKWO\�PRUH�HOHFWURQHJDWLYH�DV�FRPSDUHG�ZLWK�WKRVH�RI�WKH�*�7�DQG�$�&�RQHV��,W�FDQ�VHUYHV�DV�HYLGHQFH�RI�WKH�IDFW�WKDW�WKH�K\GURJHQ�ERQGV�LQ�WKH�ILUVW�WZR�EDVH�SDLUV�DUH�PRUH�VWDEOH�E\�FRPSDULVRQ�ZLWK�WKRVH�LQ�WKH�VHFRQG�RQHV��7KH�0HU]�.ROOPDQ�DWRPLF� FKDUJHV� VKRZ� WKDW� WKH� GLIIHUHQFHV� EHWZHHQ� FRUUHVSRQGLQJ� FKDUJHV� RQ� WKH� DWRPV�IRUPLQJ�WKH�K\GURJHQ�ERQGV�IRU�WKH�VWHUHRLVRPHUV�DUH�HOVH�ODUJHU��6XFK�D�FKDUJH�GLVWULEXWLRQ�RQ WKH�DWRPV�RI�WKH�K\GURJHQ�ERQGV�FDQ�EH�PDLQ�UHDVRQ�RI�WKH�ODUJHU�VWDELOL]DWLRQ�HQHUJ\�IRU�WKH�*�7�DQG�$�&�EDVH�SDLUV�WKDQ�WKH�*�7�DQG�$�&�RQHV��UHVSHFWLYHO\��$FFRUGLQJ�WR�WKH�HQHUJHWLFDO�SRLQW�RI�YLHZ� WKH� IRUPDWLRQ�RI� WKH�*�7�DQG�$�&�EDVH�SDLUV�PXVW� OHDGV� WR� WKH�VSRQWDQHRXV�PXWDWLRQV�PRUH�RIWHQ�E\�FRPSDULVRQ�ZLWK�WKH�*�7�DQG�$�&�RQHV��
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'LVWULEXWLRQ�RI�HOHFWURVWDWLF�SRWHQWLDO�LQVLGH�DUP�FKDLU�DQG�
]LJ]DJ�FDUERQ�QDQRWXEHV�

$��0��'DWV\XN��,��*��6LGRUHQNR��9��9��/REDQRY�
,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�� *HQHUDO�1DXPRY VWU������.LHY��������8NUDLQH��7KH�V\PPHWU\�RI� HTXLOLEULXP�FRQILJXUDWLRQ�RI� VLQJOH�ZDOO� FDUERQ�QDQRWXEHV� �6:17�� LV�GHWHUPLQHG�E\�FKLUDOLW\�LQGLFHV��&,��DV�LW�IROORZV�IURP�VHPLHPSLULFDO�30��FDOFXODWLRQV��7KXV��IRU ³DUPFKDLU´�W\SH� 6:17� ZLWK� &,� RI� ���� ��� D� V\PPHWULF� FRQILJXUDWLRQ� ZLWK� &�&� ERQG�OHQJWKV� FKDQJLQJ� UHJXODUO\� IURP� WKH�SHULSKHU\� WR�FHQWHU�KDV�DQ� HQHUJ\�PLQLPXP��7KH�³]LJ�]DJ´�W\SH�FDUERQ�QDQRWXEH�ZLWK�&L�RI��������KDV�D�QRQ�V\PPHWULF�HTXLOLEULXP�FRQILJXUDWLRQ��$ GHYLDWLRQ� IURP� WKH�QDQRWXEH�QXFOHDU� FRUH� FRQILJXUDWLRQ� UHVXOWV� LQ�QRQ�HTXLYDOHQFH�RI� WKH�FKDUJH�GLVWULEXWLRQ�DQG�LQ�GLIIHUHQW�SURSHUWLHV�RI�WKH�QDQRWXEH�SRUWV��,W�LV�UHIOHFWHG�LQ�WKH�PRVW�REYLRXV� ZD\� YLD� WKH� PROHFXODU� HOHFWURVWDWLF� SRWHQWLDO� GLVWULEXWLRQ� FDOFXODWHG� E\� DE� LQLWLR�PHWKRG�ZLWKLQ�WKH�����*�EDVLV�VHW��7KH�GLVWULEXWLRQ� DORQJ�QDQRWXEHV�D[LV�KDV�D�SDUWLFXODU�LQWHUHVW��,W�LV�VKRZQ�LQ�)LJ���D��WKDW�WKHUH� LV�DQ�H[WHQVLYH� UHJLRQ�RI�FRQVWDQW�QHJDWLYH� YDOXHV� LQ� WKH�FHQWUDO� SDUW�RI�³DUPFKDLU´�W\SH�FDUERQ�QDQRWXEH�ZKHUH�D�ORFDOL]DWLRQ�LV�SRVVLEOH�RI�FDWLRQV�RU�PROHFXOHV�EHDULQJ�SURWRQ�GRQRU VLWHV��7KH�PLQLPXP� YDOXH�LV�SUDFWLFDOO\�LQGHSHQGHQW�RQ�WKH�WXEH�OHQJWK��O�� 7KH�LQVHUWLRQ�RI�D�SUREH�SRVLWLYH�FKDUJH�LQWR�WKH�WXEH�LV�FRQQHFWHG�ZLWK�RYHUFRPLQJ�D�SRWHQWLDO�EDUULHU�RI�a����N-�PRO��

E)LJ�����$� GLVWULEXWLRQ�DORQJ�F\OLQGHU�D[LV�RI�6:17��7KH�GDVKHG�OLQHV�GHSLFW�WKH�QDQR�WXEH SRUWV���D� ³DUPFKDLU´�W\SH�FRQILJXUDWLRQ��E � ³]LJ]DJ´�W\SH�RQH���$ TXLWH� GLIIHUHQW� VLWXDWLRQ� LV� REVHUYHG� LQ� FDVH� RI� WKH� ³]LJ]DJ´�W\SH� 6:17� ZKHUH� WKH�FKDQJH�LQ� YDOXH�DORQJ�WKH�F\OLQGHU�D[LV�UHIOHFWV�REYLRXVO\�WKH�QRQ�HTXLYDOHQFH�RI� WKH�WXEH�SRUWV��)LJ���E���7KH�SRWHQWLDO�PLQLPXP�LV�ORFDOL]HG�QHDU�RQH�RI�WKH�SRUWV��,WV�YDOXH�GHSHQGV�RQ�QDQRWXEH� OHQJWK�� 7KH� VWURQJHU� GHSHQGHQFH� RQ� O QHDU� WKH�PLQLPXP� DV� FRPSDUHG�ZLWK� DQ�DQDORJRXV�RQH�IRU�WKH�³DUPFKDLU´�W\SH�WXEH�FRQWUROV�D�ULJLG�ORFDOL]DWLRQ�RI�WKH�FDWLRQ�QHDU�RQH�RI WKH�SRUWV��7KH�FDWLRQ�HQWHULQJ�LQWR�WKH�LQQHU�FDYLW\�YLD�WKLV�SRUW�LV�RXW�RI�EDUULHU�ZKHUHDV�WKH�H[LW�RI�LW�IURP�DQRWKHU�RQH�PHHWV�D�EDUULHU�RI����N-�PRO��
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6WUXFWXUH�RI�VLQJOHW�DQG�WULSOHW�H[FLWHG�VWDWHV�
RI SKRWKRFKURPLF�E\F\FOLF�D]LULGLQHV�

9��9��'\DNRQHQNR� 2��$��=KLNRO��$��9��/X]DQRY��$��9��=EUXHY��6��0��'HVHQNR��2� 9��6KLVKNLQ�
,QVWLWXWH� IRU�6FLQWLOODWLRQ�0DWHULDOV��1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH���%LF\FOLF� D]LULGLQHV� UHSUHVHQW� D� YHU\� LQWHUHVWLQJ� FODVV� RI� RUJDQLF� FRPSRXQGV�� SRVVHVVLQJ�XQLTXH�SKRWRFKURPLF�SURSHUWLHV��,W�KDV�EHHQ�GHPRQVWUDWHG�WKDW�WKHVH�FRPSRXQGV�IRUP�GHHSO\�FRORUHG��IDLUO\�VWDEOH�PDWHULDOV�XQGHU�89�UDGLDWLRQ��+RZHYHU��PROHFXODU�PHFKDQLVP�RI�SKRWR�FKURPLVP�RI�ELF\FOLF�D]LULGLQHV�UHPDLQV�XQFOHDU��7KHRUHWLFDO� FDOFXODWLRQV� RI� ELF\FOLF� D]LULGLQHV�� �D�I�� LQ� JURXQG� DQG� H[FLWHG� VWDWHV�ZHUH�FDUULHG�RXW�XVLQJ�WKH�7'�')7�DQG�&$66&)�PHWKRGV�ZLWK�DXJ�FF�SYG]�EDVLV�VHW���)LJ���� D�� 5� 5� +�� E�� 5� 3K�� 5� +�� �5� +�� 5� 3K�� G��5� 5� 3K�� �5� 3K12���5� 3K��I��5� 3K2 � 5� 3K��

7KH�HOHFWURQLF�VSHFWUD�RI�ELF\FO\F�D]LULGLQHV�ZHUH�REWDLQHG�IURP�7'�')7�DQG�&$66&)�PHWKRGV�� &RPSDULVRQV� RI� H[SHULPHQWDO� DQG� WKHRUHWLFDO� VSHFWUXP� IRU� FRPSRXQG� �H� GHPRQ�VWUDWH�UHDVRQDEOH�DJUHHPHQW��,W�KDV�IRXQG�WKDW�WULSOHW�H[FLWHG�VWDWHV�KDYH�ORZHU�YDOXH�RI�HQHUJ\�WKDQ�VLQJOHW�VWDWHV��0ROHFXODU�JHRPHWULHV�RI� WKH�ELF\FO\F�D]LULGLQHV� LQ�JURXQG�DQG� ORZHVW� WULSOHW�DQG�VLQJOHW�VWDWHV�ZHUH�RSWLPL]HG�XVLQJ�%�/<3��%+DQG+��03���&$66&)�PHWKRGV�DQG�DXJ�FF�SYG]�ED�VLV� VHW�� 7KH� LPLGD]ROLQH� ULQJ� KDV� D� PXFK� IODWWHQHG� HQYHORSH� FRQIRUPDWLRQ� LQ� JURXQG� DQG�VLQJOHW�H[FLWHG�VWDWHV��7KH�GHYLDWLRQ�RI�WKH�1����DWRP�IURP�WKH�PHDQ�SODQH�RI�WKH�UHPDLQLQJ�ULQJ�DWRPV�LV������c��6XFK�FRQIRUPDWLRQ�RI�WKH�ILYH�PHPEHUHG�ULQJ�UHVXOWV�LQ�D�VOLJKW�WZLVWLQJ�RI WKH�& 1�GRXEOH�ERQG��WKH�&�²1� &�²&��WRUVLRQ�DQJOH�EHLQJ�������6RPH�VKRUWHQLQJ�RI�WKH�& �1�GRXEOH�ERQG�XS� WR������c��DYHUDJH�YDOXH� LV������c�� LV�REVHUYHG� LQ�JURXQG�VWDWH��7UDQVLWLRQ� WR� VLQJOHW� H[FLWHG� VWDWH� LV� DFFRPSDQLHG� VLJQLILFDQW� IXUWKHU� VKRUWHQLQJ�RI� WKH�& 1�ERQG�,Q�WULSOHW�H[FLWHG�VWDWH� WKH�LPLGD]ROLQH�ULQJ�KDV�HQYHORSH�FRQIRUPDWLRQ��7KH�GHYLDWLRQ�RI�DWRP�1����IURP�WKH�PHDQ�SODQH�RI�WKH�UHPDLQLQJ�ULQJ�DWRPV�LV������c��(ORQJDWLRQ�RI�GRXEOH�ERQG XS�WR������c�WDNHV�SODFH��)RU�DOO�VWDWHV�WKH�D]LULGLQH�DQG�LPLGD]ROLQH�ULQJV�DUH�FLV�IXVHG��7KH�DQJOH�EHWZHHQ�WKH�WZR�ULQJ�SODQHV�LV�������7KH�EUHDN�RI�WKUHH�PHPEHU�F\FOH�LV�REVHUYHG�IRU�5� 3K�LQ�WULSOHW�DQG�VLQJOHW�H[FLWHG�VDWHV��WKDW�JLYHV�ULVH�WR�IRUPDWLRQ�RI�D�QHZ�PROHFXOH�ZLWK�XWWHUO\�GLIIHUHQW�FKDUDFWHULVWLFV�� ,Q�RWKHU�PROHFXOHV�WKH�EUHDN�RI�WKUHH�PHPEHU�F\FOH�LV�QRW�REVHUYHG��,W�LV�FKDUDFWHULVWLF�FRQIRUPDWLRQ�DV�LW�LV�GHVFULEHG�DERYH��

1 1�

5�

5�
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&RPSXWDWLRQDO�VWXG\�RI�VWUXFWXUH�DFWLYLW\�UHODWLRQVKLSV�IRU�
�ODFWDP�DQWLELRWLFV�DJDLQVW�3%3��DQG�LQKLELWRUV�GHVLJQ�

;LDR[LD�*HD� -RKQ�%X\QDNE
D:HLOO�*UDGXDWH�6FKRRO�RI�0HGLFDO�6FLHQFH��&RUQHOO�8QLYHUVLW\��1HZ�<RUN��1<��86$�
E'HSDUWPHQW�RI�&KHPLVWU\��6RXWKHUQ�0HWKRGLVW�8QLYHUVLW\��'DOODV��7H[DV��86$��%DFWHULDO�3HQLFLOOLQ�%LQGLQJ�SURWHLQV��3%3V��DUH�PHPEHUV�RI� WKH�SHQLFLOOR\O�VHULQH�WUDQV�IHUDVH�IDPLO\�RI�HQ]\PHV�>�@��3%3V�FDWDO\]H�WKH�HVVHQWLDO�UHDFWLRQV�LQ�WKH�ELRV\QWKHVLV�RI�FHOO�ZDOO�SHSWLGRJO\FDQ� IURP�JO\FRSHSWLGHV�SUHFXUVRUV� >�@�� �/DFWDP�DQWLELRWLFV� LQDFWLYDWH�3%3V�DQG�LQWHUIHUH�ZLWK�WKH�SURFHVV�RI�WUDQVSHSWLGDWLRQ�E\�IRUPLQJ�DQ�HVWHU�ERQG�EHWZHHQ�WKH�DFWLYH�VLWH�VHULQH�DQG�WKH�FDUERQ\O�FDUERQ�RI� �ODFWDP��%DVHG�RQ�3%3��ZLOG�W\SH�DQG�GUXJ�UHVLVWDQW�PXWDQW�VWUXFWXUHV��FRPSXWDWLRQDO�VWXG\�ZDV�FDUULHG�RXW�WR�XQGHUVWDQG�WKH�NLQHWLFV�RI�WKLV�LQWHU�DFWLRQ�� 6WUXFWXUH�DFWLYLW\� UHODWLRQVKLSV� VWXG\� VKRZV� WKDW� WKH� UDWH� RI� IRUPDWLRQ� RI� WKH� DF\O�HQ]\PH� LV� DQ� HVVHQWLDO� IDFWRU� GHWHUPLQLQJ� WKH� HIILFDF\� RI� D� �ODFWDP�� DQG� VXJJHVWV� WKDW� WKH�VSHFLILF�VLGH�FKDLQ�LQWHUDFWLRQV�RI� �ODFWDPV�FRXOG�EH�PRGLILHG�WR�LPSURYH�LQDFWLYDWLRQ�RI�UH�VLVWDQW�3%3V��7KH�ELQGLQJ�PRGHV�DQG�DIILQLWLHV�RI�YDULRXV� �ODFWDPV�ZHUH�SUHGLFWHG�E\�PXOWLSOH�FRPSX�WDWLRQDO�PRGHOLQJ�DSSURDFKHV��7KH�UHVXOWV�IXOO\�DJUHH�ZLWK�WKH�H[SHULPHQWDO�GDWD��7DEOH�����

7KH� LQKLELWRU� VWUXFWXUHV� ZHUH�EXLOW� DQG� PLQLPL]HG� HQHUJHWLFDOO\�ZLWK� SURJUDP� 6\E\O�� )OH[;� >�@�ZDV� XVHG� IRU� IOH[LEOH� LQKLELWRUV�GRFNLQJ� WR� WKH� ZLOG� W\SH� SURWHLQ�VWUXFWXUH���1=2�LQ�3'%���5HODWLYH�ELQGLQJ� DIILQLWLHV� RI� GLIIHUHQW�LQKLELWRUV� ZHUH� LQIHUUHG� E\� WKHLU�ELQGLQJ�IUHH�HQHUJ\�DQG�FRQVHQVXV�VFRUHV� �&�VFRUH�� >�@�� *2/'� >�@�ZDV�FKRVHQ�WR�VWXG\�OLJDQG�ELQGLQJ�PRGH�LQ�WKH�IOH[LEOH�SURWHLQ�DFWLYH�VLWH��+\GUR[DPLGH�LQKLELWRUV�ZHUH�GHVLJQHG�EDVHG�RQ�WKH�ELQGLQJ�VLWH�VWUXFWXUH��VKRZLQJ�KLJKHU�ELQGLQJ�DIILQLW\��)LJXUH�����0RUH�LPSRUWDQW�LQWHUDFWLRQV�IRUP�EHWZHHQ�OLJDQG�DQG�SURWHLQ������*KX\VHQ��-��0��0�7UHQGV0LFURELRO����������������������+XMHU��$��0��HW�DO��$QWLPLFURELDO�$JHQWV�DQG�&KHPRWKHUDS\����������������������������&ODUN��5��'��HW�DO��-��0RO��*UDSKLFV�DQG�0RGHOOLQJ������������������������-RQHV��*��HW�DO��-��0RO��%LRO�����������������������
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2SWLPL]HG�HIIHFWLYH�SRWHQWLDO�PHWKRG�DQG�LWV�H[FKDQJH�
RQO\�LPSOHPHQWDWLRQ�IRU�H[FLWHG�VWDWHV�RI�PROHFXOHV�

9��1��*OXVKNRY�
'HSW��RI�3K\VLFV��'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��8NUDLQH��,W�LV�NQRZQ�WKDW�D�FHQWUDO�SUREOHP�LQ�GHQVLW\�IXQFWLRQDO�WKHRU\��')7��LV�WKH�FRQVWUXFWLRQ�RI�DVVXPHG�IRUPV�IRU�WKH�H[FKDQJH�FRUUHODWLRQ�SRWHQWLDOV��,Q�YLHZ�RI�WKH�IDFW�WKDW�WKH�H[FKDQJH�HQHUJ\�LV�PXFK�ODUJHU�WKDQ�WKH�FRUUHODWLRQ�RQH�PDQ\�HIIRUWV�ZHUH�IRFXVHG�RQ�WKH�H[DFW�WUHDW�PHQW�RI� WKH�H[FKDQJH�HQHUJ\�DQG�FRQVWUXFWLRQ�RI� WKH�FRUUHVSRQGLQJ�SRWHQWLDO�� ,Q�WKH�JURXQG�VWDWH� WKHRU\� WKH� H[FKDQJH� SRWHQWLDO� FDQ� EH� GHWHUPLQHG� XVLQJ� RSWLPL]HG� HIIHFWLYH� SRWHQWLDO��2(3���PHWKRG�>����@��ZKLFK��DW�SUHVHQW���KDV�EHHQ�UHFRJQL]HG�DV�WKH�H[DFW�LPSOHPHQWDWLRQ�RI�H[FKDQJH�RQO\�')7��8QOLNH�WKH�+DUWUHH�)RFN��+)��DSSUR[LPDWLRQ�LQ�WKH�2(3�PHWKRG�DQ�DG�GLWLRQDO�FRQVWUDLQW�LV�LPSRVHG�LQWR�WKH�YDULDWLRQDO�SUREOHP�� WKH�RUELWDOV���^M L` PXVW�VDWLVI\�D�VLQJOH�SDUWLFOH�6FKURGLQJHU�HTXDWLRQ�ZLWK�WKH�VDPH�HIIHFWLYH�SRWHQWLDO���9HII��U� IRU�DOO�WKH�HOHF�WURQV��ZLWK�WKH�VDPH�VSLQ���7KHQ�WKH�H[SHFWDWLRQ�YDOXH�RI�WKH�+DPLOWRQLDQ��ZLWK�D�6ODWHU�GH�WHUPLQDQW�FRQVWUXFWHG�IURP�RUELWDOV�^M L`EHFRPHV�D�IXQFWLRQDO��(�^ML � 9HII��U� `� RI�VXFK�D�SR�WHQWLDO���L�H��WKH�HIIHFWLYH�SRWHQWLDO�LV�YDULHG�WR�PLQLPL]H�WKH�WRWDO�HQHUJ\��7KLV�OHDGV�WR�DQ�LQWH�JUDO�HTXDWLRQ�IRU�9HII��U� ZKRVH�VROXWLRQ�LQYROYHV�WKH�UDWKHU�ODUJH�FRPSXWDWLRQDO�HIIRUWV��,Q�WKH�ODVW�\HDUV�GLIIHUHQW�PHWKRGRORJLHV�WKDW�VLPSOLI\�WKLV�SUREOHP�KDYH�EHHQ�SURSRVHG��7KHLU�DSSOL�FDWLRQV� WR� WKH� JURXQG� VWDWH� HQHUJLHV� RI� DWRPV� DQG� VLPSOH� PROHFXOHV� VKRZHG� WKDW� WKH� 2(3�PHWKRG� SHUIRUPV� EHWWHU� WKDQ� GR�;�D DQG� FRQYHQWLRQDO�.RKQ�6KDP� H[FKDQJH�RQO\� FDOFXOD�WLRQV��)RU�WKH�H[FLWHG�VWDWH��(6��FDOFXODWLRQV�WKH�2(3�H[SHULHQFH�LV�OHVV�VDWLVIDFWRU\��HVSHFLDOO\�IRU (6V��KDYLQJ�WKH�VDPH�V\PPHWU\�DV�WKH�JURXQG�VWDWH��7KH�PDLQ�DSSOLFDWLRQV�KHUH�KDYH�EHHQ�PDGH�IRU�DWRPV�ZLWKLQ�WKH�IUDPHZRUN�RI�WKH�HQVHPEOH�')7�EDVHG�RQ�DQ�H[WHQGHG�5D\OHLJK�5LW]�YDULDWLRQDO�SULQFLSOH��ILUVW�XVHG�LQ�WKH�IRXQGDWLRQ�RI�')7�IRU�(6V�E\�$�7KHRSKLORX�>�@��,Q� WKLV� FRPPXQLFDWLRQ�ZH� SUHVHQW� DQ�2(3� DSSURDFK� IRU LQGLYLGXDO� QRQ�GHJHQHUDWH� (6V�EDVHG�RQ�D�VLPSOH�WR�LPSOHPHQW�PHWKRG�RI� WDNLQJ�WKH�RUWKRJRQDOLW\�FRQVWUDLQWV� LQWR�DFFRXQW�>�@��ZKLFK�ZDV� SURYHG� WR� EH� D� XVHIXO� WRRO� IRU�+)� H[FLWHG� VWDWH� FDOFXODWLRQV�� �$� YDULDWLRQDO�SULQFLSOH�IRU�WKH�IXQFWLRQDO�(�^ML � 9HII��U� `� VXEMHFW�WR�VRPH�FRQVWUDLQWV�LV�HPSOR\HG�WR�REWDLQ�WKH�2(3�LQWHJUDO�HTXDWLRQV�GHWHUPLQLQJ�RSWLPDO�9HII��U� IRU�WKH�(6�XQGHU�FRQVLGHUDWLRQ��$ SD�UDPHWHUL]HG� IRUP� RI� HIIHFWLYH� SRWHQWLDOV� H[SUHVVHG� LQ� WHUPV� RI� H[WHUQDO� SRWHQWLDO� >�@� LV� GLV�FXVVHG�WR�VLPSOLI\�D�VROXWLRQ�RI��2(3�LQWHJUDO�HTXDWLRQV��$�FRPSDULVRQ�RI�(6�HQHUJLHV�IRU�DW�RPV�DQG�WKH�+H+�PROHFXOH�FRPSXWHG�ZLWK�WKH�+)���2(3�DQG�FRQILJXUDWLRQ�LQWHUDFWLRQ��&,��PHWKRG�KDV�EHHQ�PDGH�WR�H[DPLQH�D�SHUIRUPDQFH�RI�WKH�SURSRVHG�DSSURDFK��VHH�7DEOH��ZKHUH�(6�FDOFXODWLRQV�DUH�JLYHQ�IRU�+H+����

7RWDO�H[FLWHG�VWDWH�HQHUJLHV�� �X���IRU�WKH� PROHFXOH�DW�5� �����D�X��
6WDWH� 3 +)� &,� �(2(3�(&,�� ��(&,����� ¢)2(3�_ )+)²
$ �6�� ����������� ����������� ������������� ���� ����������
& �6�� ����������� ����������� ����������� ���� ����������
' �6�� ����������� ����������� ����������� ���� ����������

��6KDUS�5�7���+RUWRQ�*�.����3K\V�5HY����������9������3���������7DOPDQ�-�'���6KDGZLFN�:�)�����3K\V�5HY�$��������9�����3�������7KHRSKLORX�$�.����-�3K\V��&��������9������3�����������*OXVKNRY��9�1���-�0DWK�&KHP��������9�����3�������7KHRSKLORX�$�.��*OXVKNRY�9�1�����$EVW��RI�9,,,�(XURSHDQ�:RUNVKRS�RQ�4XDQWXP�6\VWHPV�LQ�&KHPLVWU\�DQG�3K\VLFV��6SHWVHV��*UHHFH���������
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'LUHFW�RSWLPL]DWLRQ�RI�HIIHFWLYH�SRWHQWLDO�IRU�PROHFXOHV�
H[SUHVVHG�LQ�WHUPV�RI�WKH�HOHFWURQ�QXFOHDU�LQWHUDFWLRQ�

9��1��*OXVKNRY� 6��,��)HFHQNR�
'HSW� RI�3K\VLFV��'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��7KH�SRVVLELOLW\�RI�UHGXFLQJ�WKH�QXPEHU�RI�YDULDEOHV�HVVHQWLDO�IRU�VROYLQJ�D�SK\VLFDO�SURE�OHP� LV� DOZD\V� DWWUDFWLYH� IURP� ERWK� IXQGDPHQWDO� DQG� FRPSXWDWLRQDO� SRLQWV� RI� YLHZ��'HQVLW\�IXQFWLRQDO� WKHRU\��')7��FDQ�VHUYH�DV�DQ�H[DPSOH�� ,Q�WKLV� WKHRU\�� LQVWHDG�RI�D�ZDYH�IXQFWLRQ��ZKLFK� IRU� D� V\VWHP�RI�1�SDUWLFOHV� LV� D� IXQFWLRQ�RI��1� VSDWLDO� YDULDEOHV��� HOHFWURQLF�GHQVLW\�U�U�� ZKLFK�LV�D�IXQFWLRQ�RI�RQO\�WKUHH�VSDFH�YDULDEOHV��LV�XVHG�DV�WKH�IXQGDPHQWDO�FKDUDFWHULV�WLF��$OWKRXJK�D�EDVLV�RI� WKH� WKHRU\�ZDV�HVWDEOLVKHG�UHODWLYHO\� UHFHQWO\�� LW�KDV�EHFRPH�RQH�RI�WKH�PRVW�SRSXODU�WRROV�LQ�PRGHUQ�HOHFWURQLF�VWUXFWXUH�VWXGLHV�RI�DWRPV��PROHFXOHV�DQG�VROLGV��7KH�PDMRU�SUREOHP� LQ�')7� LV� WKH� FRQVWUXFWLRQ�RI� VXLWDEOH� DSSUR[LPDWLRQ� IRU� WKH� H[FKDQJH�FRUUHODWLRQ�SRWHQWLDO�9[F� ZKLFK�LQ�WKH�FRQYHQWLRQDO�YHUVLRQ�DUH�FRQVLGHUHG�DV�D�IXQFWLRQDO�RI�HOHFWURQLF�GHQVLW\��L�H��9[F>U�U �@��,Q�WKH�FRXUVH�RI�WKH�GHYHORSPHQW�RI�')7�GLVWLQFW�OHYHOV�RI�DSSUR[LPDWLRQV�IRU�9[F�FDQ�EH�GLVWLQJXLVKHG��7KH�PRVW�SURPLVLQJ�OHYHO�LQ�WKH�VHDUFK�RI�D�V\V�WHPDWLF� LPSURYHPHQW� RI� HQHUJ\� IXQFWLRQDO� LV� WKH� XVH� RI� RUELWDO�GHSHQGHQW� UHSUHVHQWDWLRQV�ZKHUH�9[F�LV�H[SUHVVHG�LQ�WHUPV�RI�.RKQ�6KDP��.6��RUELWDOV��,Q�WKLV�FDVH��D�SUREOHP�KRZ�WR�JHQHUDWH�WKH�H[FKDQJH�RQO\�SRWHQWLDOV�LV�UHVROYHG��E\�WKH�RSWLPL]HG�HIIHFWLYH�SRWHQWLDO��2(3��PHWKRG��+RZHYHU�WKH�DSSOLFDWLRQV�RI�WKH�2(3�PHWKRG�LV�KLQGHUHG�E\�WKH�FRPSXWDWLRQDO�GLIIL�FXOWLHV�SRVHG�E\�WKH�LQWHJUDO�2(3�HTXDWLRQV��0RUHRYHU��DW�SUHVHQW�LW�LV�QRW�FOHDU�ZKDW�FRUUHOD�WLRQ�SRWHQWLDO�FDQ�VHUYH�DV�DQ�DGHTXDWH�FRXQWHUSDUW�RI�WKH�2(3�H[FKDQJH��,Q�WKLV�FRPPXQLFDWLRQ�DQ�DOWHUQDWLYH�PHWKRGRORJ\� WKDW�VLPSOLILHV�JUHDWO\� WKHVH�SUREOHPV�LV�GHYHORSHG��7KLV�LV�EDVHG�RQ�UHSUHVHQWDWLRQ�RI��9[F�LQ�WHUPV�RI�WKH�HOHFWURQ�QXFOHDU�LQWHUDF�WLRQ�SRWHQWLDO��8H[W��U � >�@��L�H��9[F� �9[F>8H[W��U �@� 8QOLNH�WKH�FRQYHQWLRQDO�')7�VXFK�D�UHSUH�VHQWDWLRQ�SUHVHUYHV�V\PPHWU\�SURSHUWLHV�RI�WKH�H[WHUQDO�SRWHQWLDO�DQG�DYRLGV�LWHUDWLYH�VROYLQJ�WKH�.6� HTXDWLRQV��$W� ILUVW� VWDJH�ZH�XVH� WKH�2(3�PHWKRGRORJ\� WR� GHWHUPLQH� YDULDWLRQDO� SD�UDPHWHUV�RI�WKH�H[FKDQJH�RQO\�SDUW�RI�HIIHFWLYH�SRWHQWLDO��$W�WKH�VHFRQG�VWDJH�WKH�RUELWDOV�DQG�RUELWDO�HQHUJLHV�GHWHUPLQHG�E\�VROYLQJ�WKH�.6�HTXDWLRQV�ZLWK�WKLV�SRWHQWLDO�DUH�XVHG�WR�FRP�SXWH WKH� FRUUHODWLRQ� FRUUHFWLRQV� WR� WKH� HQHUJ\� DFFRUGLQJ� WKH� VHFRQG�RUGHU� 0ROOHU�3OHVVHW��03���SHUWXUEDWLRQ�WKHRU\��$�SHUIRUPDQFH�RI�WKH�SURSRVHG�WHFKQLTXH�LV�GHPRQVWUDWHG�E\�FDO�FXODWLRQV�RI�H[FKDQJH�RQO\�DQG�FRUUHODWLRQ�HQHUJLHV��2(3�03���RI�DWRPV�DQG�GLDWRPLF�PROH�FXOHV� DQG� WKHLU� FRPSDULVRQ�ZLWK� WKH� UHVXOWV� RI� FRQYHQWLRQDO�')7� �%/<3�DQG�3:���SRWHQ�WLDOV���6RPH�RI�WKHP�DUH�JLYHQ�LQ�)LJXUH��

(QHUJ\�GLIIHUHQFHV�_ (±(�H[DFW�_ IRU�WKH�KHOLXP�LVRHOHFWURQLF�VHULHV�DV�D�IXQFWLRQ�RI�DWRPLF�QXPEHU�=��

���7KHRSKLORX�$�.��*OXVKNRY�9�1�����$EVW��RI�9,,,�(XURSHDQ�:RUNVKRS�RQ�4XDQWXP�6\V�WHPV�LQ�&KHPLVWU\�DQG�3K\VLFV��6SHWVHV��*UHHFH���������
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6WUXFWXUH�RI�YDULDWLRQDOO\�RSWLPL]HG�VSKHULFDO�*DXVVLDQ�
EDVLV�VHWV�IRU�KLJK�SUHFLVLRQDO�HQHUJ\�FDOFXODWLRQV�RI�

PROHFXOHV�
9��1��*OXVKNRYD� 2��6��%HONLQDD� $��<D��7VDXQHE�

D�'HSW��RI�3K\VLFV��'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\�
E�'HSW��RI�3K\VLFV��8NUDLQLDQ�6WDWH�8QLYHUVLW\�RI�&KHPLFDO�7HFKQRORJ\���'QHSURSHWURYVN���2QH RI� WKH�PRVW� LPSRUWDQW� DSSUR[LPDWLRQV� LQKHUHQW� LQ� HVVHQWLDOO\� DOO� VWDQGDUG� DE� LQLWLR�FDOFXODWLRQV�LV�WKH�LQWURGXFWLRQ�RI�D�ILQLWH�RQH�SDUWLFOH�EDVLV�VHW��7KH�LQFRPSOHWHQHVV�RI�VXFK�D�EDVLV� VHW� LV� FXUUHQWO\� XQDYRLGDEOH�� DQG� WKH� FRQYHUJHQFH� RI� WKH� HQHUJ\� DQG� RWKHU�PROHFXODU�SURSHUWLHV�ZLWK� WKH�VL]H�RI� WKH�EDVLV� LV�D�FULWLFDO� LVVXH��7KH�SUREOHPV�RI�FRQVWUXFWLRQ� �RI� WKH�RQH�SDUWLFOH�EDVLV�VHWV�KDYH�EHHQ�DWWUDFWLQJ�PXFK�DWWHQWLRQ�IRU�DERXW����\HDUV�XS�WR�QRZ��7KH�PRVW� ZLGHO\� XVHG� EDVLV� VHWV� LQ� DWRPLF� DQG� PROHFXODU� HOHFWURQLF� VWUXFWXUH� VWXGLHV� DUH� FRQ�VWUXFWHG�DV�OLQHDU�FRPELQDWLRQV�RI�SULPLWLYH�*DXVVLDQ�W\SH�IXQFWLRQV��7KH�TXDOLW\�RI�VXFK�EDVLV�VHWV GHSHQGV�RQ�QRQOLQHDU�SDUDPHWHUV�VSHFLI\LQJ�WKH�*DXVVLDQ�SULPLWLYHV��L�H��WKHLU�RUELWDO�H[�SRQHQWV�9L DQG�SRVLWLRQV��7KH�DQDO\VLV�RI�WKH�YDULDWLRQDOO\�RSWLPL]HG�DWRPLF�EDVLV�VHWV�KDV�UH�YHDOHG�WKDW�VHTXHQFHV�RI�WKH�RSWLPDO�H[SRQHQWV�FDQ�EH�UHSUHVHQWHG�DSSUR[LPDWHO\�E\�JHRPHW�ULFDO�VHULHV�GHILQHG�E\�RQO\�WZR�SDUDPHWHUV��VR�FDOOHG�HYHQ�WHPSHUHG�EDVLV�VHWV��>�@��$SSOLFD�WLRQV�RI�VXFK�EDVLV�VHWV�SURYLGHG�DFFXUDWH�UHVXOWV�IRU�DWRPV� +RZHYHU��WKH�*DXVVLDQ�PHWKRGRO�RJ\�IRU�PROHFXOHV� LV�VWLOO�OHVV�DGYDQFHG�DQG�QHHGV�IXUWKHU�GHYHORSPHQW��7KH�PRVW�PROHFXODU�EDVLV�VHWV�FRPPRQ�XVH�WRGD\�DUH�DWRP�FHQWHUHG�DQG�LQYDULDEO\�FRQVWUXFWHG�IURP�DWRPLF�EDVLV�VHWV� 7KH\�KDYH�EHHQ�WDEXODWHG�DQG�LQFOXGHG�LQ�FRQWHPSRUDU\�SDFNDJHV�RI�DE�LQLWLR�FRPSXWHU�SURJUDPV��+RZHYHU�WKHVH�EDVLV�VHWV�DUH�QRW�RSWLPDO�IRU�PROHFXOHV��,I�KLJK�SUHFLVLRQ�PXVW�EH�DFKLHYHG�ZLWK�DWRP�FHQWHUHG�IXQFWLRQV��RQH�QHHGV�WR�XVH�IXQFWLRQV�RI�D�KLJK�DQJXODU�PRPHQ�WXP� ,W�LV�GLIILFXOW�WR�DFKLHYH�VXE�PKDUWUHH�DFFXUDF\�XVLQJ�HYHQ�YHU\�ODUJH�DWRP�FHQWHUHG�EDVLV�VHWV� )RU�H[DPSOH��WKH�EDVLV�VHWV�DV�ODUJH�DV�DXJ�FF�S9�=��FRQVLVWLQJ�RI�����V��S��G��I��J�DQG�K�IXQFWLRQV�\LHOGV�IRU�WKH�VLPSOHVW�PROHFXODU�V\VWHP�+�

� WKH�HQHUJ\�FKDUJHG�ZLWK�DQ�HUURU�RI��!��PKDUWUHH��$OWHUQDWLYH�DSSURDFK�WR�FRQVWUXFWLRQ�RI�PROHFXODU�EDVLV�VHWV�LV�WR�XVH�VR�FDOOHG�GLVWULEXWHG�EDVLV�VHWV�ZKHUH�IXQFWLRQV�DUH�SODFHG�SRWHQWLDOO\�RYHU�WKH�ZKROH�PROHFXOH�QRW�QHFHVVDULO\�RQ�WKH�QXFOHL��7KH�KDYH�EHHQ�LQWURGXFHG�WR�SURYLGH�WKH�VDPH�HIIHFWV�DV�WKH�DGGLWLRQ�RI�SRODUL]D�WLRQ�IXQFWLRQV��EXW�DW�D�FRQVLGHUDEO\�ORZHU�FRVW��$�FHQWUDO�SUREOHP�LQ�WKLV�DSSURDFK�LV�LQ�GH�FLGLQJ�ZKHUH�WKH�IXQFWLRQV�VKRXOG�EH�FHQWHUHG��,Q� WKH�SUHYLRXV�SDSHUV� >�@� WKH�YDULDWLRQDOO\�RSWLPL]HG�EDVLV� VHWV�FDSDEOH�RI� VXSSRUWLQJ�D�VXE�PKDUWUHH�DFFXUDF\�IRU�GLDWRPLF�K\GULGHV�ZHUH�REWDLQHG���,Q�WKH�SUHVHQW�VWXG\�WKH\�DUH�LQ�YHVWLJDWHG�ZLWK�D�YLHZ�WR�GHYHORSLQJ�HPSLULFDO�VFKHPHV�IRU�FRQVWUXFWLQJ�GLVWULEXWHG�*DXVVLDQ�EDVLV�VHWV��$�FDUHIXO�DQDO\VLV�RI�VXFK�EDVLV�VHWV�KDV�EHHQ�SHUIRUPHG�DQG�WKH�VLPSOH�JHQHUDWLQJ�UXOHV��IRU�WKH�VHTXHQFHV�RI�WKH�H[SRQHQWV�DQG�SRVLWLRQV�RI�PROHFXOHV��GLIIHUHQW�IURP�WKRVH�GH�YHORSHG�E\�RWKHU�DXWKRUV��KDYH�EHHQ�SURSRVHG��,Q�SDUWLFXODU�LW�KDV�EHHQ�VKRZQ�WKDW�WKH�RSWLPDO�SRVLWLRQV�UL$�RI�EDVLV�IXQFWLRQV�WKDW�DUH�ORFDOL]HG�DURXQG�WKH�QXFOHXV�$�FDQ�EH�JHQHUDWHG�DF�FRUGLQJ�WR�WKH�IROORZLQJ�SUHVFULSWLRQ�
UL$� �5$ � ����L = G � ] L�� L� �����«�P���������������������������������������

ZKHUHDV�NQRZQ�HOHFWULF�ILHOG�YDULDQW��()9��>�@�OHDGV�WR�D�GHSHQGHQFH�UL$�a�G � ] L
��$ FRPSDULVRQ�RI�WKH�JURXQG�VWDWH�HQHUJLHV�FRPSXWHG�XVLQJ�WKH�IXOO\�RSWLPL]HG�EDVLV�VHWV��(T�����DQG�()9�UHODWLRQ�VKRZHG�D�JRRG�SHUIRUPDQFH�RI�WKH�SURSRVHG�JHQHUDWLQJ�UXOHV������ 6FKPLGW�0�:���5XGHQEHUJ�.�����-�&KHP�3K\V���������9������ ���������*OXVKNRY�9�1���:LOVRQ�6�� � ��� ,QW�-�4XDQW�&KHP�� ������� �9����� �3������ LELG�� ������9�����3������� 6DGOHM�$�-�����&KHP�3K\V�/HWW��������9������3����
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0RGHOLQJ�DQG�QXPHULFDO�FDOFXODWLRQ�RI�FRPSOLFDWHG�
HQ]\PH�FDWDO\VHG�UHDFWLRQV�

9��*RUFKHY� 6��.DUDNKLP�
3DOODGLQ� ,QVWLWXWH� RI� %LRFKHPLVWU\� RI� WKH� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH��� /HRQWRYLFK�6WUHHW��.L\Y��8NUDLQH�$V�LV�ZHOO�NQRZQ�OLIH�H[LVWV�RZLQJ�WR�DJJUHJDWH�RI�FKHPLFDO�UHDFWLRQ�UHDOL]HG�E\�VSHFLILF�FDWDO\VWV�RI�SURWHLQ�QDWXUH�±�E\�HQ]\PHV��7KH\�SURYLGH�KLJK�UHDFWLRQ�UDWH��VHOHFWLYLW\�DQG�UHDF�WLRQ�SURGXFW�\LHOG��7KHUHIRUH�RQH�RI�WKH�PRVW�LPSRUWDQW�WDVN�RI�ELRFKHPLVWU\�LV�GHWHUPLQDWLRQ�RI PHFKDQLVP�RI�HQ]\PH�DFWLYLW\��+RZHYHU� HQ]\PH�FDWDO\VHG� UHDFWLRQV� DUH�PXOWL�VWDJH� DQG�PXOWL�FRPSRQHQW� UHDFWLRQV�� $V� D� UHVXOW� SUHYLRXV� HODERUDWHG� VLPSOLILFDWLRQ� PHWKRGV� XVXDOO\�DOORZ� WR�GHVFULEH� LQYHVWLJDWHG� UHDFWLRQ�TXDOLWDWLYHO\�RQO\��4XDQWLWDWLYH� UHVXOWV�FDQ�EH�REWDLQ�RZLQJ�WR�FDOFXODWLRQ�PHWKRGV�ZLWKRXW�VLPSOLILFDWLRQV�WDNLQJ�LQWR�DFFRXQW�QRQOLQHDU�QDWXUH�RI�VWXGLHG�SURFHVV��$73�K\GURO\VLV�E\�0J���$73DVH�VLWXDWHG�LQ�WKH�SODVPD�PHPEUDQH�LV�RQH�RI�WKH�PRVW�LP�SRUWDQW�UHDFWLRQV�UHVSRQVLEOH�IRU�FHOO�YLWDO�IXQFWLRQ��7KLV�SURFHVV�LV�FRXSOHG�WR�WKH�DFWLYH�LRQ�WUDQVSRUW�ZKLFK�LV�QHFHVVDU\�IRU�LRQ�JUDGLHQWV�PDLQWHQDQFH��,W�LV�GHWHUPLQHG�WKDW�WKLV�UHDFWLRQ�SURFHHGV�LQ�SUHVHQFH�RI�WKUHH�FRPSRQHQWV�±�PDJQHVLXP��$73�DQG�0J���$73DVH�DQG�LI�RQH�RI�WKHP�LV�DEVHQW�LQ�PL[WXUH�WKHQ�WKH�UHDFWLRQ�FDQ�QRW�VWDUW��7KXV�ZH� FDQ� FRQFOXGH� WKDW� WKH� UHDFWLRQ�RI�$73�K\GURO\VLV�SDVVHV� WKURXJK� WHUQDU\� HQ]\PH�VXEVWUDWH�FRPSOH[�IRUPDWLRQ��HQ]\PH�0J���$73���+RZHYHU�GHWDLOHG�PHFKDQLVP�RI�WKLV�UHDF�WLRQ�LV�XQFOHDU�XS�WR�QRZ��7KHUHIRUH�ZH�ZHUH�DVVXPHG�WKDW�LQ�LQLWLDO�WLPH�HDFK�RI�WKUHH�VWDUWLQJ�VXEVWDQFHV��0J��� $73�DQG�HQ]\PH��FRXOG�FRPELQH�LQWR�FRPSOH[HV�LQ�FRXSOHV�ZLWK�DQRWKHU�SDUWLFLSDQWV�RI� WKLV�SURFHVV��6WDELOLW\�RI� WKLV� FRPSOH[HV�GHSHQGV�RQ�YDOXH�RI� LWV� HTXLOLEULXP�FRQVWDQWV��7KHQ� WKH� WKLUG� FRPSRQHQW� FDQ� DVVRFLDWH�ZLWK�SUHVHQW� FRPSOH[HV�SURGXFLQJ� WULSOH�HQ]\PH�VXEVWUDW�FRPSOH[��HQ]\PH��0J��� $73���7KH�ODVW�FRPSOH[�GLVVRFLDWHV�WR�SURGXFW��HQ�]\PH�DQG�PDJQHVLXP�FDWLRQ��6XFK�DSSURDFK�DOORZV�WR�WDNH�LQWR�DFFRXQW�DOO�SRVVLEOH�LQWHUDF�WLRQV�LQ�WKH�FKRVHQ�V\VWHP�DQG�WKHQ�WR�LQYHVWLJDWH�RYHUDOO�SURFHVV�LQ�GHWDLO�DYRLGLQJ�VLPSOLIL�FDWLRQV�GXULQJ�FDOFXODWLRQV��)RU WKHRUHWLFDO� LQYHVWLJDWLRQ� RI� $73� K\GURO\VLV� SURFHVV� ZH� HODERUDWH� WKH� QRQOLQHDU� G\�QDPLF� PRGHO� RI� NLQHWLFV� RI� HQ]\PH�FDWDO\VHG� UHDFWLRQ�� ,W� LV� D� V\VWHP� RI� HLJKW� GLIIHUHQWLDO�HTXDWLRQV�ZKLFK�WDNH�LQWR�DFFRXQW�EHKDYLRU�LQ�WKH�WLPH�RI�FRQFHQWUDWLRQV�RI�HDFK�RI�HLJKW�SDU�WLFLSDQWV�RI�UHDFWLRQ��7KLV�V\VWHP�RI�HTXDWLRQV�KDV�EHHQ�VROYHG�E\�QXPHULFDO�PHWKRG�DQG�FRQ�FHQWUDWLRQV�RI�DOO�UHDFWLRQ�SDUWLFLSDQWV�DV�D�IXQFWLRQ�RI�WKH�WLPH�KDYH�EHHQ�FDOFXODWHG��$OO�WKUHH�SRVVLEOH� SDWKZD\V� RI� WKH�$73� K\GURO\VLV� SURFHVV� KDYH� EHHQ� H[DPLQHG� VHSDUDWHO\� DQG� DV� D�ZKROH��&DOFXODWLRQV�RI� WKH�UHDFWLRQ�UDWH�DV�D�IXQFWLRQ�RI� WKH�FRQFHQWUDWLRQV�ERWK�PDJQHVLXP��DQG�$73�KDYH�EHHQ�FDUULHG�RXW�LQ�WKH�FRQFHQWUDWLRQ�UDQJH�VLPLODU�WR�H[SHULPHQWDO�FRQGLWLRQV���,W� LV� GLVFRYHUHG� WKDW� LQYROYLQJ� LQ� UHDFWLRQ� DGGHG� SDWKZD\V� SURYRNH� DSSHDUDQFH� RI� WKH�TXDOLWDWLYH�QHZ�UHVXOW�ZKLFK�LV�QRW�REVHUYHG�QHLWKHU�³PDLQ´�QRU�µDGGHG´�SDWKZD\�VHSDUDWHO\��,W� LV�D� IXQGDPHQWDO�GLVWLQFWLRQ�IURP�WKH�0LFKDHOLV�0HQWHQ�PRGHO�ZKHUH�DGGHG�RI�DGGLWLRQDO�VWDJHV�KDV�QRW�DQ�LQIOXHQFH�RQ�VKDSH�RI�WKH�GHSHQGHQFH�RI�LQLWLDO�UDWH�RQ�VXEVWUDWH�FRQFHQWUD�WLRQ�� ,W� LV� VKRZQ� WKDW� LI�$73�K\GURO\VLV� UHDFWLRQ�SURFHHGV�YLD�PRUH� WKDQ�RQH�SDWKZD\� WKHQ�PD[LPXP�DSSHDUV�RQ�WKH�SORWV�RI�LQLWLDO�UHDFWLRQ�UDWH�RQ�LQLWLDO�FRQFHQWUDWLRQ�$73�RU�PDJQH�VLXP��3RVLWLRQ�RI�WKH�PD[LPXP�FRUUHVSRQGV�ZLWK�FRQFHQWUDWLRQ�RI�WKH�FRPSRQHQW�ZKLFK�FRQ�FHQWUDWLRQ�LV�IL[HG��+RZHYHU�WKLV�SRVLWLRQ�FDQ�PRYH�LQ�RQH�RU�DQRWKHU�GLUHFWLRQ�RQ�����RUGHU�RI�PDJQLWXGH� GHSHQGLQJ� RQ� UDWLR� RI� UDWH� FRQVWDQWV� RI� DOO� VWDJHV��0HFKDQLVP� RI� WKH�PD[LPXP�IRUPDWLRQ�KDV�EHHQ�HVWDEOLVKHG��7KXV�VKDSH�RI�WKH�SORWV�RI�LQLWLDO�UDWH�YV FRQFHQWUDWLRQV�PDJ�QHVLXP�DQG�$73�DOORZV�WR�GHWHUPLQH�SUREDEOH�PHFKDQLVP�RI�UHDFWLRQ��UHODWHG�WR�WKH�SRVVLEOH�SDWKZD\V�RI�UHDFWLRQ�SURFHHGLQJ���2EWDLQHG� UHVXOWV�DOORZ� WR�H[SODLQ� VRPH�H[SHULPHQWDO�GDWD�RI�K\GURO\VLV�$73�DQG�DFWLYH�LRQ� WUDQVSRUW��5HSUHVHQWHG�NLQHWLF�VFKHPH�DOVR�PD\�EH�DSSOLHG� WR�DQRWKHU�HQ]\PH�FDWDO\VHG�UHDFWLRQV�ZKHUH� WKH�PHWDO� LRQV�RU�DQRWKHU� VXEVWDQFHV�ZKLFK�FDQ� IRUP�FRPSOH[HV�ZLWK�RWKHU�SDUWLFLSDQWV�RI�WKH�HQ]\PH�FDWDO\VHG�UHDFWLRQ�WDNH�SDUW�LQ�WKH�UHDFWLRQ�WRJHWKHU�ZLWK�VXEVWUDWH��7KHUHIRUH� WKH� UHVXOWV� REWDLQHG� LQ� RXU� LQYHVWLJDWLRQ� PD\� EH� UHODWH� WR� VXFK� UHDFWLRQV� LQ� IXOO�PHDVXUH��
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6\PPHWU\�DQG�FKDUJH�VWRLFKLRPHWU\�RI�WKH�FXELF�
QDQRSDUWLFOHV�RI�PHWDO�PRQR[LGHV�ZLWK�URFNVDOW�W\SH�VWUXFWXUH�

$��*��*UHEHQ\XN�
,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�� *HQHUDO�1DXPRY�VWU������.LHY��������8NUDLQH�

7KHRUHWLFDO�VLPXODWLRQ�RI�WKH�EXON�DQG�VXUIDFH�SURSHUWLHV�RI�VROLGV�ZLWK�KLJK�FRRUGLQDWHG�DWRPV�PHHWV�VRPH�GLIILFXOWLHV�FRQQHFWHG�ZLWK�WKH�FKRLFH�RI�DSSURSULDWH�PRGHOV�FDSDEOH�WR�GH�VFULEH� VLPXOWDQHRXVO\� KLJK� V\PPHWU\� RI� WKH� QDQRFOXVWHU� �ZKLFK� LV� D� FKDUDFWHULVWLF� RI� ORFDO�DWRPLF� HQYLURQPHQW�� DQG� LWV� FKDUJH� VWRLFKLRPHWU\�� 7KH� DWWHPSWV� WR� EXLOG� DQ� DWRP�FHQWHUHG�PRGHO�RIWHQ�UHVXOW� LQ�YLRODWLRQ�RI� WKH�DFFRUGDQFH� LQ�WKH�QXPEHUV�RI�PHWDO�DQG�QRQ�PHWDO�DW�RPV�,Q�FDVH�RI�PDJQHVLXP�R[LGH�DQG�LWV�VWUXFWXUDO�DQDORJXHV��WZR�W\SHV�RI�FXELF�FOXVWHU�PRGHOV�ZHUH�XVHG��7KH�ILUVW�RQH��IRU�H[DPSOH�0J�FHQWHUHG�0J��2���RU�2�FHQWHUHG�0J��2��� LV�FKDU�DFWHUL]HG�E\�DQ�H[FHVV�RI�PHWDO�RU�QRQ�PHWDO�DWRPV�DQG�VR�OHDGV�WR�D�ZURQJ�GHVFULSWLRQ�RI�WKH�SURSHUWLHV� FRQWUROOHG� E\� WKH� HOHFWURQ� GLVWULEXWLRQ� RYHU� IURQWLHU� RUELWDOV� >�@�� 7KH� VHFRQG� RQH�FRQVLVWV�LQ�DGGLWLRQ�RU�UHPRYLQJ�VRPH�HOHFWURQV��VR�WKDW�WKH�FOXVWHU�EHDUV�DQ�H[FHVVLYH�QHJD�WLYH��0J��2��
��� RU�SRVLWLYH��0J��2��

��� HOHFWULF�FKDUJH�WKDW�FDXVHV�D�FRQVLGHUDEOH�VKLIW�RI�WKH�HQHUJ\�OHYHOV�RI�WKH�IURQWLHU�RUELWDOV�>�@��0HDQZKLOH�LW�LV�ZHOO�NQRZQ�WKDW�VROLG�R[LGH�SDUWLFOHV�FDQ�HDVLO\�LQWHUDFW�ZLWK�ZDWHU�YDSRUV�VR�WKHLU�VXUIDFH�OD\HUV�FRQYHUW�LQWR�UHVSHFWLYH�K\GUR[LGHV�GXH WR�GLVVRFLDWLRQ�RI�ZDWHU�PROHFXOHV��0H2���+�2 0H�2+���6R RQH�FDQ�VXJJHVW�WKDW�HYHU\�PHWDO�DWRP�ZLWKLQ�WKH�VXUIDFH�OD\HU�RI�DQ�R[LGH�QDQRSDWULFOH�VKRXOG� EH� ERXQG� ZLWK� DW� OHDVW� RQH� K\GUR[\O� JURXS� ZKHUHDV� HYHU\� R[\JHQ� DWRP� KDV� WR� EH�ERXQG ZLWK�K\GURJHQ�RQH�VR�IRUPLQJ�D�KLJK�FRRUGLQDWHG�VXUIDFH�K\GUR[\O�JURXS��,W�LV�HDVLO\�FDQ�EH�VHHQ�WKDW�DOO�DWRP�FHQWHUHG�FXELF�PRQR[LGH�FOXVWHUV�FDQ�EH�GLYLGHG�LQWR�WZR FODVVHV��GHSHQGLQJ�RQ� WKH�QXPEHU� �N��RI�DWRPV�DW� WKH�HGJH�� ,I� LW� LV�N �Q���� WKH� W\SH�RI�FHQWUDO�DWRP�FRLQFLGHV�ZLWK� WKDW�RI� WKH�DWRPV� LQ� WKH�FHQWHUV�RI� IDFHV�DQG� LQ� WKH�DSH[HV��DQG�WKHUH�LV�DQ�H[FHVV�RI�VXFK�DWRPV�LQ�WKH�FOXVWHU��$OWHUQDWLYHO\��LI�LW�LV�N �Q����WKH�W\SHV�RI�FHQ�WUDO�DWRP�DQG�RI�WKRVH�LQ�WKH�FHQWHUV�RI�IDFHV�DUH�GLIIHUHQW��DQG�WKHUH�LV�D�ODFN�RI�DWRPV�VXFK�DV�WKDW�VWDWLRQHG�LQ�WKH�FHQWHU��/HW� XV� FRXQW� WKH� QXPEHU� RI� K\GUR[\O� JURXSV� DQG� K\GURJHQ� DWRPV� QHFHVVDU\� WR� FRYHU�QDQRSDUWLFOH�VXUIDFH��)LUVW�RI�DOO��LQ�WKH�FDVH�RI�PHWDO�FHQWHUHG�FOXVWHU�ZLWK�N �Q����WKH�QXP�EHU RI�K\GUR[\O�JURXSV�LV�DV�IROORZV����DW�WKH�DSH[HV����Â��Q����DW�WKH�HGJHV���Â��Q���Q����DW�WKH� IDFHV�� WRWDOO\� ��Q����� ZKHUHDV� QXPEHU� RI� K\GURJHQ� DWRPV� LV� ��Â��Q�� DW� WKH� HGJHV� DQG��Â��Q���Q��DW�WKH�IDFHV��WRWDOO\���Q�� 7KXV��WZR�H[FHVV�SRVLWLYH�HOHFWURQ�FKDUJHV�DUH�FRPSHQ�VDWHG�ZLWK� WZR� H[FHVV� K\GUR[LGH� LRQV�� ,Q� FDVH� RI� R[\JHQ�FHQWHUHG� FOXVWHU�� WKHVH� TXDQWLWLHV�VKRXOG� EH� H[FKDQJHG�� $QDORJRXVO\�� LQ� WKH� FDVH� RI� PHWDO�FHQWHUHG� FOXVWHU� ZLWK� N �Q���� WKH�QXPEHU� RI� K\GUR[\O� JURXSV� LV� DV� IROORZV�� ��Â��Q���� DW� WKH� HGJHV� DQG� �Â��Q����Q���� DW� WKH�IDFHV��WRWDOO\���Q����Q�����ZKHUHDV�WKH�QXPEHU�RI�K\GURJHQ�DWRPV�LV���DW�WKH�DSH[HV����Â��Q����DW�WKH�HGJHV�DQG��Â��Q����Q����DW�WKH�IDFHV��WRWDOO\���Q����Q�����7KXV��WZR�H[FHVV�QHJDWLYH�HOHFWURQ� FKDUJHV� DUH� FRPSHQVDWHG�ZLWK� WZR� H[FHVV� SURWRQV�� DQG� YLFH� YHUVD�� LI� WKH� FOXVWHU� LV�R[\JHQ�FHQWHUHG��WZR�H[FHVV�SRVLWLYH�HOHFWURQ�FKDUJHV�DUH�FRPSHQVDWHG�ZLWK�WZR�H[FHVV�K\�GUR[LGH�LRQV��:H FDUULHG�RXW�TXDQWXP�FKHPLFDO�FDOFXODWLRQV�ZLWKLQ�DE LQLWLR��ZLWK�����*�EDVLV�VHW��DQG�VHPL�HPSLULFDO��30���DSSUR[LPDWLRQV�RI�WKH�HTXLOLEULXP�JHRPHWULHV�DQG�HOHFWURQLF�VWUXFWXUH�RI WKH�0J2��0J��DQG�2�FHQWHUHG��FXELF�FOXVWHUV��N�YDOXHV�EHLQJ�HTXDO�WR���DQG����ZLWK�WRWDOO\�K\GUR[\ODWHG�VXUIDFHV��7KH�UHVXOWV�REWDLQHG�DUH�LQ�D�JRRG�DJUHHPHQW�ZLWK�H[SHULPHQWDO�GDWD����� 9�$��/REDFK��,�5��5XELQ��3K\V��6WDW��6RO���E�� �����1������������������(�3��0LNKHHYD��6�)��5X]DQNLQ��*�0��=KLGRPLURY��5XV� -��6WUXFW��&KHP�� ����1��������������
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$ TXDQWXP�FKHPLFDO�VWXG\�RQ�WKH�UHODWLYH�VWDELOLWLHV�DQG�
UHG�R[�SURSHUWLHV�RI�LQGLYLGXDO�DQG�VLOLFD�VXSSRUWHG�

PRO\EGHQXP�R[R�VSHFLHV�
$��*��*UHEHQ\XN� <X��9��3O\XWR�

,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�� *HQHUDO�1DXPRY�VWU������.LHY��������8NUDLQH��6XSSRUWHG�PRO\EGHQD�V\VWHPV�DUH�ZLGHO\�XVHG�LQ�D�QXPEHU�RI�LQGXVWULDOO\�LPSRUWDQW�FDWD�O\WLF� SURFHVVHV� �VHOHFWLYH� R[LGDWLRQ�� K\GURGHVXOIXULVDWLRQ�� PHWDWKHVLV��� 7KHUHIRUH�� PXFK� HI�IRUWV�DUH�EHLQJ�PDGH�WR�WKH�V\QWKHVLV�RI�WKH�PRGHO�VXSSRUWHG�PRO\EGHQD�V\VWHPV�DQG�H[SHUL�PHQWDO�FKDUDFWHULVDWLRQ�RI�FDWDO\WLF�VXUIDFH�VSHFLHV�>����@��7KH�LQWHUDFWLRQ�RI�WKH�PRO\EGHQXP�SUHFXUVRU�ZLWK�WKH�VXSSRUW�VXUIDFH�DQG�5HG�2[�WUDQVIRUPDWLRQV�RI�VXUIDFH�PRO\EGHQXP�R[R�VSHFLHV� SOD\� DQ� LPSRUWDQW� UROH� LQ� WKH� FDWDO\VWV� V\QWKHVLV� DQG� DFWLYDWLRQ��4XDQWXP� FKHPLFDO�VLPXODWLRQ� LV� D� FRQVLVWHQW�ZD\� WR� H[DPLQH� VXUIDFH� SURSHUWLHV� RI� FDWDO\WLF� V\VWHPV� DW� DWRPLF�OHYHO��7KH� XQGHUWDNHQ� UHVHDUFK� ZDV� DLPHG� DW� DQ� DE� LQLWLR� H[DPLQDWLRQ� RI� WKH� FOXVWHU� PRGHOV�VLPXODWHG� IRU�EXON�PRO\EGHQXP� WULR[LGH� DQG� IRU� VLOLFD� VXSSRUWHG�PRO\EGHQXP�R[R�VSHFLHV��$OO FDOFXODWLRQV�ZHUH� FDUULHG�RXW�ZLWKLQ� WKH� IUDPHZRUN�RI�QRQ�HPSLULFDO�+DUWUHH�)RFN�6&)�02 /&$2� DSSUR[LPDWLRQ� E\� WKH� XVH� RI� WKH� *$0(66� SURJUDP� DQG� WKH� 6WHYHQV�%DVFK�.UDXVV�-DVLHQ�&XQGDUL�YDOHQFH�EDVLV�VHW��:H FDOFXODWHG� WKH� JHRPHWU\� DQG� WRWDO� HQHUJLHV�RI� D�QXPEHU�RI�PROHFXODU�PRGHOV�ZKLFK�VLPXODWHG�EXON�PRO\EGHQD�LQ�ZKLFK�DOO�0R�DWRPV�DUH�VL[�FRRUGLQDWHG��7KH�WRWDO�HQHUJLHV�FDO�FXODWHG�IRU�VXFK�VWUXFWXUHV�ZHUH�XVHG�IRU�WKHRUHWLFDO�HVWLPDWLRQ�RI�WKH�FRKHVLRQ�HQHUJ\��,Q�SDU�DOOHO��ZH�FRQVLGHUHG� WZR� W\SHV�RI� WKH� UHDFWLRQV� UHVXOWLQJ� LQ� WKH� IRUPDWLRQ�RI� VXUIDFH� VSHFLHV�GXH WR�PRO\EGHQD�VLOLFD�LQWHUDFWLRQ��7KH�ILUVW�URXWH�LV�DVVRFLDWLRQ��� 0R2� � 6L�2+�� 2�0R���2�+��6L�2+��
ZKHUHDV�WKH�DOWHUQDWLYH�RQH�LV�FRQGHQVDWLRQ��� +2�0R2��2+���+2�6L�2+�� +2�0R2��2�6L�2+�� � +�2���7KH� WHWUDKHGUDO�PRO\EGHQXP�DWRP� LQ� VXUIDFH� VSHFLHV� FDQ� LQWHUDFW�ZLWK� WZR�ZDWHU�PROH�FXOHV��0RUHRYHU��RXU�FDOFXODWLRQV�KDYH�WHVWLILHG�WKDW�RQ�WKH�VXUIDFH�RI�VLOLFD�VXSSRUW� WKH�VL[�FRRUGLQDWHG� PRO\EGHQXP� R[R�VSHFLHV� DUH� PRUH� VWDEOH� LQ� FRPSDULVRQ� ZLWK� WKHLU� IRXU�FRRUGLQDWHG�FRXQWHUSDUWV��0RO\EGHQXP�9,�� R[R�VSHFLHV� FDQ� HDVLO\� EH� UHGXFHG� ZLWK� WKH� IRUPDWLRQ� RI� PRO\EGH�QXP�9���:H�GHFLGHG�WR�XVH�WKH�FDOFXODWHG�HOHFWURQ�DIILQLWLHV��($��DV�D�FULWHULD�IRU�WKH�SUHGLF�WLRQ�RI�WKH�EHKDYLRXU�RI�PRO\EGHQXP�9,��R[R�VSHFLHV�LQ�5HG�2[�SURFHVVHV��7KH�UHGXFLELOLW\�RI LVRPHULF� PRO\EGHQXP� R[R�� DQG� K\GUR[R�VSHFLHV�� IRU� H[DPSOH� �+2��0R2� DQG�+�0R2� +�2��FRUUHODWH�ZLWK�WKHLU�UHODWLYH�WRWDO�HQHUJLHV��WKH�PRUH�VWDEOH�LVRPHU�KDV�UHODWLYHO\�VPDOOHU�YDOXH�RI�WKH�($��7KH�LQFUHDVH�RI�0R�FRRUGLQDWLRQ�QXPEHUV�GXH�WR�K\GUDWLRQ�OHDGV�WR�GHFUHDVH�RI�WKH�($��7KH�PRO\EGHQXP�R[R�VSHFLHV�DQFKRUHG�WR�VLOLFD�PDWUL[�KDYH�WKH�($V�WKDW�FRQVLGHUDEO\�GHSHQG�RQ�WKH�VWUDLQ�RI�WKH�VWUXFWXUHV��WKH�OHVVHU�VWUDLQ��WKH�OHVVHU�WKH�($��7KXV��D�URZ�RI�UHGXFLELOLW\�DSSHDUV�WR�EH�WKH�IROORZLQJ���0R2��JDV��!��+2��6L�0R2� ! �+2��6L�0R2� ! +�0R�2� ! 0R2��EXON��!�+�0R2��

�� $�$�� *RPHQ\XN�� ,�9�� %DELFK��<X�9�� 3O\XWR�� DQG�$�$�� &KXLNR��5XV�� -�� 3K\V�� &KHP�� ������������������<X��9��3O\XWR�� ,�9��%DELFK�� ,�9��3O\XWR��$�'��9DQ�/DQJHYHOG��DQG�-�$��0RXOLQ��&ROORLGV�DQG 6XUIDFHV�$��3K\VLFRFKHPLFDO�DQG�(QJLQHHULQJ�$VSHFWV� ����������������
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7KH�PDWKHPDWLFDO�PRGHO�RI�WKH�JHQH�QHWZRUN�FRQWUROOLQJ�
WHUPLQDO�&'���O\PSKRF\WHV�GLIIHUHQWLDWLRQ�

9��$��+DO\WVNL\�
3DOODGLQ� ,QVWLWXWH� RI� %LRFKHPLVWU\� RI� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�� .\LY��8NUDLQH��:H�VXJJHVWHG�D�FOXVWHU�LGHD�RI�WKH�JHQH�QHWZRUN�VWUXFWXUH�WR�SURYLGH�D�IUDPHZRUN�IRU�WKH�DQDO\VLV�RI�FHOO�GLIIHUHQWLDWLRQ��,Q�RXU�RSLQLRQ��FHOO�GLIIHUHQWLDWLRQ�LV�D�UHVXOW�RI�H[DFW�FRRUGL�QDWHG�DFWLYLW\�RI�FHOOXODU�JHQHV�XQLWHG�E\�LQWUDFHOOXODU�VLJQDO�WUDQVGXFWLRQ�FDVFDGHV�LQWR�JHQH�QHWZRUN��6HSDUDWH�PRGXOH�RI�WKLV�QHWZRUN�LV�WKH�JHQHV�FOXVWHU�±�JURXS�RI�WRJHWKHU�H[SUHVVHG�JHQHV��ZKLFK�DUH�VSHFLILF�RQO\�IRU�FHUWDLQ�VWDJH�RI�FHOO�GLIIHUHQWLDWLRQ�DQG�H[HFXWH�SURJUDP�RI�WKLV�VWDJH��,QGLYLGXDO�JHQHV�FOXVWHU�LV�FRQVWLWXWHG�E\�JHQHV�RI�IRXU�FODVVHV��D��JHQH�DFWLYDWRU��LWV�SURWHLQ��WUDQVFULSWLRQ�IDFWRU��VXSSRUWV�DFWLYLW\�RI�WKH�RZQ�JHQH��SRVLWLYH�IHHGEDFN��DV�ZHOO�DV�DOO�RWKHU�JHQHV�RI� WKLV�FOXVWHU�DQG�GHWHUPLQHV� WKXV� WKHLU�EHORQJLQJ� WR� WKLV�H[DFWO\�EXW�QRW�RWKHU�JHQHV�FOXVWHU��E��JHQHV�GLIIHUHQWLDWRUV��WKHLU�SURWHLQV�H[HFXWH�LQGLYLGXDO�VWDJH�RI�FHOO�GLI�IHUHQWLDWLRQ�� F�� JHQHV�VXSSUHVVRUV��ZKLFK� VXSSUHVV� DFWLYLW\� RI� JHQHV� FOXVWHUV� UHVSRQVLEOH� IRU�RWKHU�SRVVLEOH�GLUHFWLRQV�RI�FHOO�GLIIHUHQWLDWLRQ��G��JHQHV�UHSUHVVRUV��ZKLFK�LQDFWLYDWH�FOXVWHUV�WKDW�FRPSOHWHG�UHDOL]DWLRQ�RI�GLIIHUHQWLDWLRQ�VWDJHV�FRUUHVSRQGLQJ� WR� WKHLU� >�@��7KH�FKRLFH�RI�GLUHFWLRQ�RI� WKH�QH[W�GLIIHUHQWLDWLRQ� VWDJH� WDNHV� SODFH� DIWHU� WKH� FRPSOHWLRQ�RI� HDFK�SUHYLRXV�GLIIHUHQWLDWLRQ�VWDJH��&HOO�UHFHSWRU��MRLQLQJ�VSHFLILF�WR�LWV�F\WRNLQH��DFWLYDWHV�WKH�H[SUHVVLRQ�RI�JHQH�DFWLYDWRU��ZKLFK�EHORQJHG�WR�RQH�DPRQJ�FOXVWHUV�RI�VXEVHTXHQW�GLIIHUHQWLDWLRQ�VWDJH��$V�D UHVXOW��JHQHV�FOXVWHU��ODXQFKHG�LQ�WKDW�ZD\��UHDOL]HV�WKH�IROORZLQJ�VSHFLDOL]DWLRQ�VWDJH�DQG�VR�RQ >���@��7KLV� LGHD�DFFRUGV�ZLWK� O\PSKRF\WHV�GHYHORSPHQW�PHFKDQLVPV�GLVFRYHUHG� WRGD\�� ,Q�SDU�WLFXODU��7�EHW�DQG�*$7$���SURWHLQV�DUH�WUDQVFULSWLRQ�IDFWRUV��ZKLFK�VXSSRUW�RZQ�JHQHV�DFWLY�LW\��FRRUGLQDWH�H[SUHVVLRQ�RI�VRPH�RWKHU� O\PSKRLG�VSHFLILF�JHQHV�DQG�WKXV�FRQWURO�7K���DQG�
7K��VSHFLDOL]DWLRQ�RI�&'���O\PSKRF\WHV��5HFHLYHG�IURP�PLFURHQYLURQPHQWDO�FHOOV��VLJQDO��J�LQWHUIHURQ�RU�,/����LV�UHFRJQL]HG�E\�WUDQVPHPEUDQH�UHFHSWRUV�WKDW�DFWLYDWH�FRUUHVSRQGLQJ�WUDQ�VFULSWLRQ� IDFWRU� JHQH� �7�EHW� RU�*$7$���� UHVSHFWLYHO\�� WKURXJK� VSHFLILF� VLJQDO� WUDQVGXFWLRQ�DFWLYDWHG�WUDQVFULSWLRQ�IDFWRU��67$7��RU�67$7����7�EHW�DQG�*$7$���JHQHV�H[SUHVVLRQ�LV�DO�WHUQDWLYH�DQG�LV�DXWRDFWLYDWHG�E\�LQWDFHOOXODU�DQG�H[WUDFHOOXODU�SRVLWLYH�IHHGEDFNV�>�@��7KHUH�IRUH�WKLV�V\VWHP�ZRUNV�DV�D�ELVWDEOH�VZLWFK�WKDW�HQDEOHV�WKH�WULJJHULQJ�RI�D�GLIIHUHQWLDWLRQ�SUR�JUDP�E\�WUDQVLHQW�H[WUDFHOOXODU�LQGXFWLYH�VLJQDOV��7KHUH�DUH�VHYHUDO�PHDQV�IRU�WKH�UHJXODWLRQ�RI�7�EHW�*$7$���UDWLR��DQG�WKXV�IRU�WKH�GHFLVLRQ�RI�GHYHORSLQJ�&'���FHOO�IDWH���LQFOXGLQJ�GLUHFW�LQKLELWLRQ�RI�WUDQVFULSWLRQ�IDFWRU�DFWLYLW\��LWV�VHTXHVWUDWLRQ�E\�D�ELQGLQJ�SURWHLQ��UHSUHVVLRQ�RI�EDVDO� WUDQVFULSWLRQ�RU�EUHDNXS�RI�DXWRDFWLYDWLRQ�IHHGEDFN��7R�LQYHVWLJDWH�WKH�LQIOXHQFH�RI�DOO�WKHVH� IDFWRUV�RQ� ILQDO� UHVXOW��PDWKHPDWLFDO�DQDO\VLV�RI� WKH� V\VWHP�EHKDYLRU� LV�QHFHVVDU\��$OO�WKLQJV� FRQVLGHUHG��ZH� GHYHORS� D�PDWKHPDWLFDO�PRGHO� IRU� WKH� WUDQVFULSWLRQDO� UHJXODWRU\� QHW�ZRUN�FRQWUROOLQJ�WKH�WHUPLQDO�VWDJH�RI�&'���FHOO�GLIIHUHQWLDWLRQ�SURJUDPV��7KH�LQWUDFHOOXODU��EXW�QRW�H[WUDFHOOXODU��DXWRDFWLYDWLRQ�IHHGEDFN�LQ�WUDQVFULSWLRQ�IDFWRU�JHQH�H[SUHVVLRQ�SOD\V�WKH�FUXFLDO�UROH�IRU�UREXVWQHVV�DQG�LUUHYHUVLELOLW\�RI�WKH�FHOO�GLIIHUHQWLDWLRQ����� +DO\WVNL\�9�$��&HOO�GHWHUPLQDWLRQ�DQG�GLIIHUHQWLDWLRQ��D�FRQFHSW�RI�JHQH�FOXVWHUV� &\WRO�RJ\�������������������������LQ�5XVVLDQ������+DO\WVNL\�9�$��*HQH�QHWZRUNV�RI�FHOO�GLIIHUHQWLDWLRQ�DQG�SKHQRPHQRQ�RI� WXPRXU�JURZWK�8NUDLQLDQ�%LRFKHP��-����������������VS��LVV����������� +DWWRQ�5�'���:HDYHU�&�'��7�EHW�RU�QRW�7�EHW� 6FLHQFH����������������������
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$ERXW�LQIOXHQFH�RI�WKH�PLFURVFRSLF�VWUXFWXUH�RI�WKH�
VXUIDFHV�RQ�WKH�LQWHUDFWLRQ�SRWHQWLDO�LQ�WKH�YDFXXP�JDS�

EHWZHHQ�WZR�PHWDOV�ZLWK�WKH�RUGHUHG�VXEPRQROD\HU�RI�WKH�
DGVRUEHG�FRDWLQJV�

/��*��,O¶FKHQNR��$��$��&KXLNR��9��9��/REDQRY��
,QVWLWXWH�RI�6XUIDFH�&KHPLVWU\�1$6�RI�8NUDLQH��*HQHUDOD�1DXPRYD�6WUHHW�����.LHY��������8NUDLQH��

:KHQ� WKH�GLVWDQFH� / EHWZHHQ� WZR�IODW�VXUIDFHV� LV�VPDOO� ���� $/ �d � WKH�PHWDOV� �VHPL�
FRQGXFWRUV�� GLHOHFWULFV�� FDQQRW� FRQVLGHU� LQGHSHQGHQWO\� EHFDXVH� WKH� LPDJH� SRWHQWLDO� 9 [� � � �
IRUPV� D� SRWHQWLDO� EDUULHU� LQ� D� VPDOO� YDFXXP� LQWHUYDO� EHWZHHQ� WZR� KDOI�OLPLWHG�PHWDOV�� 7KLV�EDUULHU�LV�GHWHUPLQHG�E\�WKH�GLIIHUHQFH�LQ�WKH�HOHFWURQLF�VWUXFWXUH�RI�WKH�WZR�PHWDOV��7KH�FRU�UHFW�DFFRXQWLQJ�RI�WKH�HOHFWURQLF�VWUXFWXUH�LQ�WKH�PHWDOV�SURYLGHV�ILQLWHQHVV�DQG�FRQWLQXLW\�RI�WKH�VXPPDUL]HG�SRWHQWLDO� ��U9 & DW� WKH� LQWHUIDFHV��ZKLFK�HVVHQWLDOO\�GLIIHUV� IURP�FODVVLFDO� UH�
FHLYHG�ZLWKLQ�WKH�IUDPHZRUN�RI�D�ORFDO��FODVVLFDO��HOHFWURVWDWLFV�>�@��7KLV�WKHRU\�LV�FRUUHFW�IRU�WKH�TXDVL�QHXWUDO�FOHDQ�PHWDO�VXUIDFHV��ZKHQ� WKH�VXPPDUL]HG�FKDUJH�GHQVLW\� �V DQG� �V RQ�
WKH�PHWDO�YDFXXP�LQWHUIDFHV�LV�]HUR��+RZHYHU�LQ�D�QXPEHU�RI�FDVHV��IRU�H[DPSOH�DV�D�UHVXOW�RI�WKH�DGVRUSWLRQ�RQ�WKH�VXUIDFHV��WKH�HOHFWURQHXWUDOLW\�FRQGLWLRQ�LV�GLVWXUEHG��,Q�SUHVHQW�SDSHU�WKH�VWUXFWXUH�FRPSRQHQW� ��U9VW

&' RI WKH�LQWHUDFWLRQ�SRWHQWLDO�LQ�WKH�VPDOO�
YDFXXP� LQWHUYDO� � EHWZHHQ� WZR� IODW� PHWDOV� ZLWK� WKH� RUGHUHG� VXEPRQROD\HU� RI� WKH� DGVRUEHG�FRDWLQJV��ZKLFK�LV�GHWHUPLQHG�E\�WKH�PLFURVFRSLF��DWRPLF��VWUXFWXUH�RI�WKH�VXUIDFHV��LV�FDOFX�ODWHG�WKHRUHWLFDOO\�LQ�WKH�IUDPHZRUN�RI�D�QRQ�ORFDO�HOHFWURVWDWLFV��,Q�WKLV�ZRUN�ZH�WDNH�LQWR�DFFRXQW�WKH�FKDUJH�VWDWH�RI�WKH�PHWDO�VXUIDFHV��ZKHQ� �� �� zVV �
7KH�GLVWULEXWLRQ�RI� WKH� FRPPRQ�SRWHQWLDO� EDUULHU� ��[9 IRUPHG�EHWZHHQ� WZR� FORVHO\� VSDFHG�
PHWDOV�ZLWK�WKH�RUGHUHG�ODWWLFH�RI�WKH�DGVRUEHG�DWRPV�RQ�WKH�ERWK�PHWDO�VXUIDFHV�LV�FDOFXODWHG��XVLQJ�WKH�*UHHQ¶V�IXQFWLRQV�RI�WKH�QRQORFDO�3RLVVRQ�HTXDWLRQ�>�@��)RU�WKH�VLPSOLILFDWLRQ�RI�WKH�FDOFXODWLRQV�DQG�IRU�WKH�EHVW�SUHVHQWDWLRQ�ZH�FRQVLGHUHG�WKH�LGHQWLFDO�PHWDOV�ZLWK�WKH�GLIIHUHQW�
FKDUJH�GHQVLWLHV� �� VzV RQ�WKH�PHWDO�IDFHWV��7KH�GLHOHFWULF�IXQFWLRQV� H� �� � �&N RI WKH�VLPLODU�
PHWDOV� ZH� GHWHUPLQH� LQ� WKH� 7KRPDV�)HUPL� DSSUR[LPDWLRQ� �7)$��� 7KH� GLVWULEXWLRQ� RI� WKH�FKDUJH� FRPSRQHQW� ��U9 &' DQG� WKH� FRPPRQ�SRWHQWLDO� ��U9 & LQ� WKH�YDFXXP�JDS�ZLWK� WKH� DF�
FRXQW RI� WKH�PLFURVFRSLF�VWUXFWXUH�RI� WKH� IL[HG�DGVRUEHG� ODWWLFHV�DW� WKH�PHWDO�VXUIDFHV� LV�GH�WHUPLQHG��,W� LV�VKRZQ�WKDW� WKH�FRQWULEXWLRQ�RI� WKH�PLFURVFRSLF�VWUXFWXUH�RI� WKH�FKDUJHG�VXUIDFHV�LQ�FUHDVHV�ZLWK�WKH�GHFUHDVLQJ�RI�WKH�VHSDUDWHG�GLVWDQFH� / DQG�ZLWK�WKH�LQFUHDVLQJ�RI�WKH�YDOXH�RI�WKH� FKDUJH�RQ� WKH� DGDWRPV��7KH� DFFRXQWLQJ�RI� WKH� VWUXFWXUH� FRPSRQHQW� ��U9VW

&' GHWHUPLQHV�
WKH�ODWHUDO�FKDQJH�RI�WKH�SRWHQWLDO�EDUULHU�KHLJKW�LQ�WKH�YDFXXP�JDS�DQG�FDQ�OHDG�WR�WKH�ORFDO�LQFUHDVLQJ��GHFUHDVLQJ��RI�WKH�IXOO�SRWHQWLDO�LQ�WKH�YDFXXP�LQWHUYDO���,W� LV� VKRZQ� WKDW� WKH� ORFDO� ODWHUDO� ORZHULQJ�RI� WKH�SRWHQWLDO�EDUULHU�KHLJKW�DORQJ� WKH� LQWHU�IDFHV�FDQ�UHVXOW�WR�WKH�DSSHDUDQFH�WKH�ZHOO�RUGHUHG�ODWWLFH�RI�WKH�VWUXFWXUHG�SRWHQWLDO� ��U9VW

&'
LQVLGH�WKH�VPDOO�YDFXXP�JDS�ZLWK�WKH�ODWWLFH�SDUDPHWHU��ZKLFK�H[FHHGV�WKH�SDUDPHWHUV�RI�WKH�RUGHUHG�DGVRUEHG�ODWWLFHV�IRU�WKH�ERWK�PHWDO�VXUIDFHV������ -�*�6LPPRQV��-�$SSO�3K\V�����������������������/�*�,O¶FKHQNR��7�9�*RUD\FKXN��6XUI��6FL�������������������
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4XDQWXP�FKHPLFDO�VWXG\�RI�VWUXFWXUDO�ULJLGLW\�RI�WKH�
E��������DQG�E�������JOXFDQ�GLPHUV�

1��1��,OFKHQNR�
,QVWLWXWH�RI�&HOO�%LRORJ\�DQG�*HQHWLF�(QJLQHHULQJ��1$6�RI�8NUDLQH��SU��=DERORWQRJR�������.LHY��������8NUDLQH���7KH�E��������DQG�E�������JOXFDQV���OLQHDU�ELRSRO\PHU�FRPSRXQGV�RI�WKH�'�JOXFRVH�ZKLFK�DUH�ERXQG�E\�PHDQV�RI�JO\FRVLGH�ERQGV�±�JUHDWO\� VLJQLI\� LQ�FRPSRVLWLRQ�RI� IXQJL�FHOO�ZDOO��6WXG\� RI� VWUXFWXUDO� ULJLGLW\� RI� WKH� ROLJRVDFFKDULGH� SRO\PHU� FKDLQ� DQG� HQHUJ\� RI� JO\FRVLGH�ERQGV K\GURO\VLV�LV�RQH�RI�WKH�LPSRUWDQW�SUREOHPV��)RU�ORZ�SRO\PHULF�IUDFWLRQ�LW�LV�HVSHFLDOO\�LPSRUWDQW�WR�NQRZ�DERXW�URWDWLRQ�SRVVLELOLW\�RI�VHSDUDWH�HOHPHQWV�RI�WKH�SRO\PHU�FKDLQ��JOX�FRS\UDQRVH�ULQJV��DERXW�WKH�JO\FRVLGH�ERQGV��7KH�SUREDELOLW\�RI�WKLV�SURFHVV�FDQ�EH�HVWLPDWHG��IRU H[DPSOH��E\�GHILQLWLRQ�RI�HQHUJ\�YDOXH�UHTXLVLWH�WR�RYHUFRPH�WKH�URWDWLRQ�SRWHQWLDO�EDUULHU�DW� WUDQVLWLRQ�IURP�RQH�FRQIRUPHU� WR�DQRWKHU��7KH�SRWHQWLDO�EDUULHU�PDJQLWXGH�FDQ�DQVZHU�� LQ�SDUWLFXODU�� WKH�SUREOHPV�DERXW� WKH�ULJLGLW\� �ODELOLW\��RI�VHSDUDWH�SRO\PHU�ULQJV�DQG�HQHUJ\�RI�WKH�JO\FRVLGH�ERQGV�K\GURO\VLV��7KH� FRPSXWDWLRQV� KDYH� EHHQ� FDUULHG� RXW� E\� WKH�PHWKRGV� RI� GHQVLW\� IXQFWLRQDO� GLIIXVLRQ��')7�PHWKRGV��ZLGHO\�XVHG�UHFHQWO\�IRU�PDQ\�ELRORJLFDO�SUREOHPV�VROXWLRQ��:H�KDYH�DSSOLHG�WKH�PRVW�SRSXODU�%�/<3�SRWHQWLDO� LQFOXGLQJ� WKH�ZLGH�EDVLV�VHWV� LQ�FDOFXODWLQJ�VFKHPH��7KH�*$866,$1� ��� �YHU�$������ TXDQWXP�FKHPLFDO� SURJUDP� ZDV� XVHG�� $OO� FDOFXODWLRQV� ZHUH�VSHQW ZLWK�UHJDUG�IRU�FRPSOHWH�RU�SDUWLDO��ZKHQ�RQH�RI�WKH�WRUVLRQ��GLKHGUDO��DQJOHV�ZDV�IL[HG��RSWLPL]DWLRQ�RI�JHRPHWULFDO�SRVLWLRQ�RI�HDFK�DWRP�LQ�V\VWHP�XQGHU�GLVFXVVLRQ��7KH�WRWDO�HQHUJ\�RI�WKH�'�JOXFRS\UDQRVH�GLPHU��ZKLFK�LV�WKH�HOHPHQWDU\�PRGHO�RI�WKH�E�������JOXFDQ��GHSHQGLQJ�RQ�WKH�WRUVLRQ�DQJOH�YDOXH�FRUUHVSRQGLQJ�WR�URWDWLRQ�DERXW�WKH�JO\FR�VLGH�ERQG� LV�VKRZQ�RQ� WKH�ILJXUH�EHORZ��7KH� WRUVLRQ�DQJOH�YDULHG�ZLWK�D�VWHS� LQ����GHJUHHV�IURP�����XS�WR�����GHJUHHV�WKDW�FRUUHVSRQGV�WR�FRPSOHWH�URWDWLRQ�DERXW�WKH�ERQG��,Q�SRLQWV�RI�ORFDO�PLQLPXP� WKH� JHRPHWU\� UHILQHPHQW�ZDV� VSHQW� E\� FRPSOHWH� RSWLPL]DWLRQ��&RPSOLFDWHG�FXUYH�ZLWK�D�ORW�RI�ORFDO�PLQLPXPV��VWDEOH�JHRPHWULF�VWUXFWXUHV��DQG�PD[LPD�WKDW�FRUUHVSRQG�WR WUDQVLHQW�VWDWHV�EHWZHHQ�YDULRXV�ORFDO�PLQLPXPV�DUH�SRLQWHG�RXW�RQ�WKH�JUDSK��,Q�WKLV�FDVH�ZH VWXGLHG� ORFDO�PLQLPXPV� RQO\�� EHFDXVH� WKH� VHDUFKLQJ� RI� D� JOREDO�PLQLPXP�ZDV� QRW� LQ�FOXGHG�LQWR�DQ�RUE�RI�RXU�LQWHUHVWV�DQG�WKHUH�LV�QR�UDWLRQ�WR�VWUXFWXUH�RI�WKH�GLPHU�LQYHVWLJDWHG��7KH� GLVVRFLDWLRQ� HQHUJ\� RI� WKH�E�������JO\FRVLGH� ERQG� GHWHUPLQHG� IURP� WKH� JUDSK� LV� HTXDO������NNDO���PRO���
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7KH�FRPSXWDWLRQV�RI�E�������JOXFDQ�GLPHU�KDYH�EHHQ�FDUULHG�RXW�VLPLODUO\��,Q�WKLV�FDVH�WKH�WRU�VLRQ� DQJOH� YDULHG� ZLWK� D� VWHS� LQ� ��� GHJUHHV� IURP� ��� XS� WR� ���� GHJUHHV� �FRPSOHWH� URWDWLRQ�DERXW� WKH�ERQG���7KH�GHWHUPLQHG�GLVVRFLDWLRQ�HQHUJ\�RI� WKH�E�������JO\FRVLGH�ERQG� LV�HTXDO������NNDO���PRO��7KXV��WKH�VSHQW�FDOFXODWLRQV�WHVWLI\�WKDW�E�������JO\FRVLGH�ERQG�LV�PRUH�VWDEOH�WR�GLVVRFLD�WLRQ�LQ�QHXWUDO�PHGLXP��
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7KH�VWXG\�RI�WKH�RUJDQLF�FRPSRXQGV�HOHFWURQLF�VWUXFWXUH�
E\�WKH�QDWXUDO�ERQG�RUELWDO�PHWKRG�����,QWHUDFWLRQV�RI� <
DQG�6<�JURXSV��<� �+��&+�� &)�� ZLWK�DURPDWLF��GRXEOH�

DQG�WULSOH�ERQG�XQVDWXUDWHG�PRLHWLHV�
� *��.DSXVWLQD� 0��%��&KXUD � 1��1��,OFKHQNRE� 9��0��%]KH]RYVN\D� /��*��*RUEF� -��/HV]F]\QVNLF

D,QVWLWXWH� RI�2UJDQLF�&KHPLVWU\��1$6� RI�8NUDLQH�� ���0XUPDQVND\D� VWU��� .LHY� ���� �������8NUDLQH�
E,QVWLWXWH�RI�&HOO�%LRORJ\�DQG�*HQHWLF�(QJLQHHULQJ��1$6�RI�8NUDLQH��SU��=DERORWQRJR�������.LHY��������8NUDLQH�
F&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQ��'HSDUWPHQW�RI�&KHPLVWU\��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��06��������86$���

7KH�FRPSRXQGV�SRVVHVVLQJ�JHQHUDO�IRUPXOD� � � <��S�5&�+�; �� +�& & ;<��WUDQV�
5&+ &+; � DQG�+&{&;<��ZKHUH��;� �2�RU�6��<� �+��&+� RU�&)�� S�5  �1+�� 2&+��&+�� )�� &O�� &1�� 12�� WUDQV�5�  � 1+� RU� 12� ZHUH� VWXGLHG� DW� 03��IXOO������*� DQG�03��IXOO�������*�OHYHOV�RI�WKH�WKHRU\��$QDO\VLV�RI�3(6�ZDV�SHUIRUPHG��QDWXUH�RI�VWDWLRQDU\�SRLQWV�ZDV�YHULILHG�E\�DQDO\VLV�WKH�PDWULFHV�RI�WKH�HQHUJ\�VHFRQG�GHULYDWLYHV��WKH�YDOXHV�RI�WKH�
URWDWLRQDO�EDUULHU�RI�LQWHUQDO�URWDWLRQ�DERXW�WKH� VSð�; ZHUH�HVWLPDWHG��(QODUJLQJ�RI�VWHULF�KLQ�
GUDQFH�RI�WKH�<�JURXS��+�� &+� � &)�� LQ�FRPSRXQGV� � � < ZLWK�WKH�VDPH�;�OHDGV�WR�GH�
FUHDVLQJ�RI�SHUFHQWDJH�RI� WKH�SODQHU� IRUPV�ZLWK�M  �q DQG����q DQG�SHUFHQWDJH�RI� WKH�RU�
WKRJRQDO�IRUP�LV�LQFUHDVLQJ�FRUUHVSRQGLQJO\��)RU�WKH�FRPSRXQGV�+�& & ;<�SHUFHQWDJH�RI�
WKH�V�FLV�FRPIRUPHU�ZLWK�M  �q LV�GHFUHDVLQJ�DQG�SHUFHQWDJH�RI�WKH�V�WUDQV�FRQIRUPHU�ZLWK�M
 ���q LV�LQFUHDVLQJ��7KH�SODQDU�FRQIRUPDWLRQV�DUH�PRUH�VWDEOH�ZLWK�WKH�VDPH�<�JURXS�IRU�WKH�ERWK DURPDWLF� DQG� YLQ\O� HWKHUV� WKHQ� VXOILGHV�� (OHFWURQRGRQRU� VXEVWLWXHQWV� IRU� WKH� S�
5&�+�; � DQG� WUDQV�5&+ &+; � FRPSRXQGV� FDXVH� GHFUHDVLQJ� VWDELOLW\� RI� WKH� SODQDU�FRQIRUPDWLRQV�� (OHFWURQRDFFHSWRU� VXEVWLWXHQWV� LQFUHDVH� VWDELOLW\� RI� WKH� SODQDU� IRUPV�� 7ZR�/(3V�RI�2�DQG�6�DWRPV�DUH�GLIIHUHQW�DFFRUGLQJ�1%2�IRUPDOLVP��7KH�K\EULG�QDWXUDO�RUELWDO�RI�
RQH /(3��QV� KDV�DSSUR[LPDWHO\�����������V�FKDUDFWHU�IRU�6�DWRP�DQG����±������IRU�2�DWRP��:KLOH�WKH�RWKHU�/(3��QS� LV�SUDFWLFDOO\�³SXUH´� �RUELWDO�IRU�ERWK�DWRPV�2�DQG�6��7KH�K\EULG�/(3�KDV� OHVV� HQHUJ\�RI�GRQRU�DFFHSWRU� LQWHUDFWLRQV�ZLWK�DQWLERQGLQJ�RUELWDOV�RI� WKH�XQVDWX�
UDWHG�PRLHWLHV�WKHQ�/(3��QS���7KH�HQHUJ\�RI�QS�S�LQWHUDFWLRQV�LV�PD[LPDO�IRU�WKH�SODQDU�FRQ�IRUPDWLRQV�� 7KH� LQWHUDFWLRQV� DUH� HQHUJHWLFDOO\� SUHIHUDEOH� IRU� V�FLV�FRPIRUPDWLRQV� RI� WKH�
+�& & ;<�FRPSRXQGV�UDWKHU�WKHQ�IRU�WKH�V�WUDQV�FRQIRUPDWLRQV�DQG�IRU�2�DWRP�FRQWDLQLQJ�
PROHFXOHV�UDWKHU�WKHQ�WKH�VXOILGHV��7KH�HQHUJ\�RI�LQWHUDFWLRQV�LV�GHFUHDVLQJ�LQ�D�URZ� � !! &)� IRU�WKH�<�JURXSV��(OHFWURQRDFFHSWRU�S�5 DQG�WUDQV�5 VXEVWLWXHQWV�LQFUHDVH�HQHUJ\�RI�WKH�
QS�S� LQWHUDFWLRQV�DQG�HOHFWURQRGRQRU�S�5 DQG�WUDQV�5 VXEVWLWXHQWV�GHFUHDVH�WKH�HQHUJ\��7KH�
HQHUJ\�RI�WKH�QS�S� LQWHUDFWLRQV�IRU�WKH�FRPSRXQGV�ZLWK�WKH�VDPH�;�DWRP�DQG�FRQIRUPDWLRQ�LV�GHFUHDVLQJ�LQ�D�URZ��WULSOH�ERQG�!�GRXEOH�ERQG�!�DURPDWLF�ULQJ��$QDO\VLV�RI�HQHUJLHV��SRSX�ODWLRQV�DQG�GLSROH�PRPHQWV�RI�QDWXUDO�ERQG�RUELWDOV�RI�WKH�FRPSRXQGV�XQGHU�VWXG\�VKRZV�WKDW�OHDGLQJ�FDXVHV�RI� WKH�XQVDWXUDWHG�PRLHWLHV�SRODULW\�DUH�HOHFWURQHJDWLYLW\�RI� WKH�;�DWRPV�DQG�FRQIRUPDWLRQDO� EHKDYLRU�� 'RQRU�DFFHSWRU� LQWHUDFWLRQV� SOD\� VHFRQGDU\� UROH� DQG� GHSHQGV� RQ�PROHFXODU�FRQIRUPDWLRQV��1%2�DQDO\VLV�RI�ZDYH�IXQFWLRQV�JLYHV�TXDQWLWLYH�SLFWXUH�RI�LQWHUDF�WLRQV�RI�2�DQG�6�DWRPV�ZLWK�DURPDWLF�ULQJ��GRXEOH�DQG�WULSOH�ERQGV���
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,QWHUDFWLRQ�RI�2UJDQLF�DQG�&DUER[\OLF�DFLGV��DQG�3URWHLQV�
ZLWK�6LOLFD�VXUIDFH�LQ�$TXHRXV�0HGLXP�

2��$��.D]DNRYD� 9��0��*XQ¶NR��1��$��/LSNRYVND��2��$��'RYEL\�
,QVWLWXWH�RI�6XUIDFH�&KHPLVWU\��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��.\LY��7KLV� VWXG\� IRFXVHG�RQ� LQWHUDFWLRQ�RI�DPLQR�DFLGV��SHSWLGHV�� DQG�SURWHLQV�ZLWK�QDQRVLOLFD�VXUIDFH�LQ�DTXHRXV�PHGLD�ZDV�FDUULHG�RXW�XVLQJ�TXDQWXP�FKHPLFDO�PHWKRGV�VXFK�DV�')7�DQG�+) ZLWK�FRQVLGHUDWLRQ�IRU�WKH�HIIHFW�RI�VROYHQWV��*LEEV�IUHH�HQHUJ\�RI�VROYDWLRQ��VWUXFWXUDO�DQG�HOHFWURQLF� SDUDPHWHUV� RI� VLOLFD� FOXVWHUV�� DQG� DGVRUSWLRQ� FRPSOH[HV� ZLWK� ELRPROHFXOHV� ZHUH�FDOFXODWHG� XVLQJ� VROYDWLRQ�PRGHOV�60�����+)�����*�G��� 60�����+)�30���60����5�+)�����*�G�� DQG�60����5�%�/<3�����*�G��E\�PHDQV�RI� WKH�*$0(62/��YHUVLRQ�����PRGLILHG�E\�DGGLWLRQ�RI�WKH�')7�PHWKRG�>�@����*HRPHWU\�UHOD[DWLRQ�LQ�OLTXLG�SKDVH�ZDV�WDNHQ�LQWR�DF�FRXQW�XVLQJ�WKH�60�����PHWKRG��,W�KDV�EHHQ�VKRZQ�WKDW�WKH�QDWXUH�RI�DQ�DGVRUEDWH��DQ�DGVRUEHQW��DQG�D�VROYHQW�DV�ZHOO�DV�WKH�QDQRVLOLFD�VWUXFWXUH�DIIHFWV�WKH�DGVRUSWLRQ�RI�ELRPROHFXOHV��7KH�DGVRUSWLRQ�RI�ORZ�PROHFX�ODU� SRODU� PROHFXOHV� RQWR� WKH� QDQRVLOLFD� VXUIDFH� LV� QRW� WKHUPRG\QDPLFDOO\� IDYRUDEOH� IURP�KLJKO\�SRODU�PHGLD��6HYHUDO�IDFWRUV�WKDW�SURPRWH�WKH�DGVRUSWLRQ�RI�ELRPROHFXOHV�WR�WKH�VXUIDFH�RI QDQRVLOLFD�IURP�WKH�OLTXLG�PHGLD�KDYH�EHHQ�LGHQWLILHG��,W�KDV�EHHQ�REWDLQHG�WKDW�D�VWUXFWXUH�RI VLGH�JURXSV�RI�DPLQR�DFLGV�KDV�D�ODUJH�HIIHFW�RQ�WKHLU�DGVRUSWLRQ�LQWHUDFWLRQV�ZLWK�WKH�VLOLFD�VXUIDFH�LQ�WKH�DTXHRXV�PHGLXP��+\GURSKRELF�HIIHFW�SOD\V�D�VLJQLILFDQW�UROH�LQ�WKH�FDVH�RI�WKH�DGVRUSWLRQ�RI�DPLQR�DFLGV�ZLWK�QRQSRODU�VLGH�JURXSV��$Q�LQFUHDVH�LQ�WKH�DFFHVVLEOH�VXUIDFH�RI�WKH� QRQSRODU� VLGH� JURXSV� LQ� D� VHTXHQFH�*O\�o $OD�o 9DO�o /HX� OHDGV� WR� LQFUHDVH� LQ� WKH�*LEEV� IUHH�HQHUJ\�RI�K\GUDWLRQ�DQG� UHGXFWLRQ� LQ� WKH�*LEEV� IUHH�HQHUJ\�RI�DGVRUSWLRQ�� ,W�KDV�EHHQ�FRQILUPHG�WKDW��DV�RSSRVHG�WR�K\GURSKRELF�QDQRVLOLFD�VXUIDFH�PRGLILHG�E\�WULPHWK\OVLO\O�JURXSV��WKH�K\GURSKLOLF�QDQRVLOLFD�VXUIDFH�DOORZV�SUHVHUYDWLRQ�RI�WKH�FRQIRUPDWLRQ�RI�SURWHLQV��,Q�FRQWUDVW�� WKH�K\GURSKRELF�QDQRVLOLFD�VXUIDFH�LQGXFHV�LUUHYHUVLEOH�FKDQJHV�WR�WKH�JHRPHWU\�RI SURWHLQV�RQ� WKH� DGVRUSWLRQ�� ,W� KDV�EHHQ� VKRZQ� WKDW� DPLQR� DFLG�PROHFXOHV� LQ� WKH� DTXHRXV�PHGLD�SURPRWH�WKH�K\GURO\VLV�RI�WKH�VLOR[DQH�ERQGV�LQ�WKH�VLOLFD�VXUIDFH�OD\HU�OHDGLQJ�WR�GLV�VROXWLRQ�RI�D�SRUWLRQ�RI�VLOLFD��7KH�IRUPDWLRQ�RI�D�FRPSOH[�{6L�2+�m2+�� ZLFK�FDQ�EH�FRQ�VLGHUHG� DV� DQ� LQLWLDO� VWDJH�RI� VLOLFD� VXUIDFH�GHFRPSRVLWLRQ��ZLWK� VLPXOWDQHRXV�SURWRQ�DWWDFK�PHQW�WR�XQFKDUJHG�DPLQR�JURXS�RI�*O\��{6L�2+����1+�&+�&22+���+�2o {6L�2+�m2+�

� 1+ �
� &+�&22+��UHVXOWV�LQ�FKDQJH�LQ�WKH�*LEEV�IUHH�HQHUJ\�RI�VROYDWLRQ�'*V  ±���N-�PRO�

�60����5�%�/<3�����*�G���:KHQ�WKH�VROYDWLRQ�HIIHFWV�DUH�WDNHQ�LQWR�DFFRXQW��FDOFXODWLRQV�RI�WKH�*LEEV�IUHH�HQHUJ\�RI�WKH�DGVRUSWLRQ�SURYLGH�D�YDOXDEOH�WRRO�WR�SUHGLFW�DGVRUSWLRQ�LQWHUDFWLRQV�RI�ELRPROHFXOHV�ZLWK�QDQRVLOLFD�DQG�DOORZ�SUHGLFWLQJ�WKH�FRQIRUPDWLRQDO�DQG�WDXWRPHULF�FKDQJHV�RI�ELRPROHFXOHV�LQ�WKH�DGVRUEHG�VWDWH��)RU�H[DPSOH��RQ�WKH�EDVH�RI�H[SHULPHQWDO��DGVRUSWLRQDO�DQG�VSHFWURVFRS\��DQG�FDOFXODWHG��*LEEV�IUHH�HQHUJ\��UHVXOWV�WKH�DGVRUSWLRQ�RI�FLQQDPLF�DFLGV�RQ�WKH�VLOLFD�VXU�IDFH�KDV�EHHQ�VWXGLHG�IURP�D�ZDWHU�HWKDQRO�VROXWLRQ�� ,W�ZDV�H[SHULPHQWDOO\�DQG�WKHRUHWLFDOO\�REWDLQHG�WKDW�FLQQDPLF�DFLG�GHULYDWLYHV�DUH�LPPRELOL]HG�RQ�WKH�VLOLFD�VXUIDFH�E\�WKH�K\GURJHQ�ERQGLQJ�EHWZHHQ�SKHQRO¶V�K\GUR[\O�JURXSV�RI�DFLGV�GLPHUV�ZLWK�VLODQRO�JURXSV�RI�VLOLFD����� �D��;LGRV��-��'���/L��-���=KX��7���+DZNLQV��*��'���7KRPSVRQ��-��'���&KXDQJ��<��<���)DVW��3� /���/LRWDUG��'��$���5LQDOGL��'���&UDPHU��&��-���DQG�7UXKODU��'��*���*$0(62/±YHUVLRQ�����8QLYHUVLW\� RI�0LQQHVRWD��0LQQHDSROLV�� ������ EDVHG� RQ� WKH� *HQHUDO� $WRPLF� DQG�0ROHFXODU�(OHFWURQLF�6WUXFWXUH�6\VWHP��*$0(66��DV�GHVFULEHG� LQ�6FKPLGW��0��:���%DOGULGJH��.��.���%RDW]��-��$���(OEHUW��6��7���*RUGRQ��0��6���-HQVHQ��-��+���.RVHNL��6���0DWVXQDJD��1���1JX\HQ��.��$���6X��6��-���:LQGXV��7��/���'XSXLV��0���DQG�0RQWJRPHU\��-�$���-� &RPS��&KHP� ������������������E��&UDPHU��&�-���DQG�7UXKODU��'�*���&KHP 5HY����� �������������
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3&�RULHQWHG�SURJUDP�FRPSOH[�IRU�WKH�VLPXODWLRQ�RI�ODUJH�
V\VWHP��PRGHO�YHULILFDWLRQ�DQG�WKH�HYDOXDWLRQ�RI�VRPH�

PDFURVFRSLF�SURSHUWLHV�
9��.KDYU\XWFKHQNRD� 2��.KDYU\XFKHQNRE

D ,QVWLWXWH� RI� 6RUSWLRQ� DQG� 3UREOHP� RI� (QGRHFRORJ\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFH� RI�8NUDLQH��.LHY�
E .\LY�1DWLRQDO�7DUDV�6KHYFKHQNR�8QLYHUVLW\�����9RORG\P\UVND�VWU���8$±�������8NUDLQH���,Q�RUGHU�WR�LQYHVWLJDWH�EURDG�FODVVHV�RI�SUDFWLFDOO\�LPSRUWDQW�PDWHULDOV��V\VWHPV�DQG�SURF�HVVHV�D�3&�RULHQWHG�SURJUDP�FRPSOH[HV�³4X&KHP´�DQG�&263(&2�IRU�PRGHO�V\VWHP�VLPXOD�WLRQ�DQG�YHULILFDWLRQ�DV�ZHOO�DV�HYDOXDWLRQ�RI�VRPH�PDFURVFRSLF�SURSHUWLHV�KDYH�EHHQ�GHYHO�RSHG DQG� DUH� VXSSRUWHG�� 7KH� TXDQWXP� FKHPLFDO� EDVH� RI� WKHVH� SURJUDPV� LV� ZHOO�NQRZQ�VHPLHPSLULFDO� PHWKRGV� $0�� DQG� 30�� DQG�� UHFHQWO\� GHYHORSHG� PHWKRGV� 06,1'2� DQG�061''2��DSSOLFDEOH�IRU�WUDQVLWLRQ�PHWDOV�>���@��7KH�ODVW�WZR�PHWKRGV¶�FRGHV�ZHUH�REWDLQHG�GLUHFWO\� IURP�GHYHORSHUV�DQG�KDYH�EHHQ� LQFRUSRUDWHG� LQWR�RXU�SURJUDPV��7KH�06,1'2�DQG�061''2�PHWKRGV�KDYH�VKRZQ�WKH�EHVW�UHVXOWV�IRU�WKH�WUDQVLWLRQ�PHWDO�FRPSRXQG�VLPXODWLRQ�DPRQJ�VHPLHPSLULFDO�PHWKRGV��7KH�EDVLF�IXQGDPHQWDOV� IRU� WKH�³4X&KHP´�DQG�&263(&2�SURJUDP�GDWD�WUHDWPHQW�ZHUH�GHVFULEHG�>�@��WRR��%HORZ�ZH�ZRXOG�OLNH�WR�VKRZ�PDLQ�F\FOH�IRU�PRGHO�GHYHORSLQJ��FRPSXWLQJ�DQG�YHULILFDWLRQ��2XU�PDLQ�PHWKRG�IRU�YHULILFDWLRQ�LV�FRPSXWDWLRQDO�YLEUDWLRQDO�VSHFWURVFRS\��LQFOXGLQJ�LQHODVWLF�QHXWURQ�VFDWWHULQJ��LQIUDUHG�DQG�5DPDQ�VSHFWURVFRS\��

��� '�1��1DQGD��.��-XJ��7KHRUHW��&KLP��$FWD��Y������������������� %��$KOVZHGH��.��-XJ��-��&RPSXW��&KHP��Y������������������LELG��������� 7��%UHGRZ��*��*HXGWQHU��.��-XJ��-��&RPSXW��&KHP��Y�������������������� 9�.KDYU\XWFKHQNR��(XUDVLDQ�&KHP7HFK�-RXUQDO��Y������������������� 9�'��.KDYU\XWFKHQNR��$�9��.KDYU\XWFKHQNR��+��%DUWKHO��%��3RXPHOOHF��-��2��5RV]LQVNL��,QW��&RQI��RQ�6LOLFD�6FLHQFH�DQG�7HFKQRORJ\��([WHQGHG�DEVWUDFWV�0XOKRXVH��)UDQFH��6HSW�������������S������� $�9�.KDYU\XWFKHQNR��9�'�.KDYU\XWFKHQNR��=HLWVFKULIW�I�U�1DWXUIRUVFKXQJ�$��Y����D��1R�������������SS����±������� 9 .KDYU\XWFKHQNR��-�*DUDSRQ��%�3RXPHOOHF��0RGHOOLQJ�6LPXO��0DWHU��6FL��(QJ��Y�����SS������������������

:H� FDOO� WKLV� XVHG�PHWKRGRORJ\�DV� ³7HFKQRORJ\� IROORZLQJ´� >���@��EHFDXVH� QRW� RQO\� WKH� PROHFXOHV� RU�FOXVWHUV�� EXW� WKH� PDLQ� IHDWXUHV� RI�WHFKQRORJLFDO� SURFHVVHV� DUH� VLPX�ODWHG�� 6RPH� UHVXOWV� FRQFHUQLQJ�VPDOO� VLOLFD� SDUWLFOHV� DQG� GLIIHUHQW�VLOLFD�PDWHULDOV�SURGXFWLRQ� >�@��ZLOO�EH SUHVHQWHG�DQG�DFFRPSDQLHG�ZLWK�FRPSXWHU� DQLPDWLRQ��5HFHQW� UHVXOWV�DERXW� VWUXFWXUH� DQG� SURSHUWLHV� RI�DPRUSKRXV� FDUERQ� DQG� FDUERQ�EDVHG�PDWHULDOV��LQFOXGLQJ�PDJQHWLF�SURSHUWLHV�RI�VRPH�FDUERQV��ZLOO�EH�
SUHVHQWHG��WRR��
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&RQIRUPDWLRQDO�$QDO\VLV�RI�&/�����')7�VWXG\�
<��.KRORG�D�E�6��2NRY\W\\�D�E�0��4DVLP�F -��)XUH\�F 3��+RQHD�F +��)UHGULFNVRQF� -��/HV]F]\QVNLE

D'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH�
E&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��0LVVLVVLSSL���������86$�
F86�$UP\�(5'&��9LFNVEXUJ��0LVVLVVLSSL���������86��7KH� ��������������KH[DQLWUR���������������KH[DD]DLVRZXUW]LWDQH� �&/����� ��� ZDV� UHFHQWO\�GHYHORSHG�IRU�GLIIHUHQW�PLOLWDU\�DQG�LQGXVWULDO�SXUSRVHV��7KH�EDVLF� VWUXFWXUH�RI�&/����FRQVLVWV�RI�D� ULJLG� LVRZXUW]LWDQH�FDJH��ZKLFK� LQFOXGHV� WZR�ILYH�PHPEHU�ULQJV��)05V��DQG�D�VL[�PHPEHU�ULQJ��605���7ZR�)05V�OLQN�HDFK�RWKHU�E\�WKH�&�&�ERQG�DW�WKH�WRS�DQG�SURMHFW�RXWZDUGV�DW�WZR�SDLUV�RI�1�DWRPV��7KHUH�LV�FRQVLGHUDEOH�WHQ�VLRQ�LQ�WKH�VNHOHWRQ�RI�&/�����7KH�&�&�ERQG�OLQNLQJ�WKH�WZR�)05V�DQG�WKH�VL[�ERQGV�RI�605�DUH� LPSRUWDQW� VWDELOL]DWLRQ� IDFWRUV�� 7KH� 605� LV� ERDW�VKDSH�ZLWK� WKH� SURZV� GLUHFWHG� GRZQ�ZDUGV��7KH�&/���PROHFXOH�KDV�VL[�QLWUR�JURXSV�DWWDFKHG�WR�HDFK�RI�WKH�VL[�EULGJLQJ�QLWURJHQ�DWRPV�LQ�WKH�FDJH��7KH�VSDWLDO�RULHQWDWLRQ�RI�WKH�QLWUR�JURXS�KDV�OLWWOH�LQIOXHQFH�RQ�WKH�VNHOH�WRQ��7KH�1�1�ERQGV�RI�&/����DUH�PRUH�IUDJLOH� WKDQ�WKH�RWKHU�ERQGV�RI� WKH�FRQVLGHUHG�FRP�SRXQG��
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$OO�VSDWLDO�RULHQWDWLRQV�RI�WKHVH�QLWUR�JURXSV�ZLWK�UHVSHFW�WR�WKH�)05V�DQG�605�LQ�WKH�FDJH��WKH� GLIIHUHQFHV� LQ� FU\VWDO� ODWWLFH� SDFNLQJ�� DQG� WKH� QXPEHU� RI�PROHFXOHV� SHU� XQLW� FHOO� GHILQH�VHYHUDO�SRVVLEOH�SRO\PRUSKV��6R�IDU��ILYH�SRO\PRUSKV��D���E���J���H��DQG�]�&/�����ZHUH�LVRODWHG�H[SHULPHQWDOO\��7KH�UHODWLRQVKLSV�EHWZHHQ�WKH�FRQIRUPDWLRQV�DQG�WKH�PROHFXODU�SURSHUWLHV�RI�&/���� KDYH� EHHQ� GHWDLO� DQDO\]HG� E\� =KRX� HW� DO�� LQ� D� SUHYLRXV� ZRUN� XVLQJ� WKH� %�/<3�����*�G�S��OHYHO�RI�WKHRU\��7KH�DXWKRUV�KDYH�LQYHVWLJDWHG�WKH�FRQIRUPDWLRQDO�SURSHUWLHV�RI�&/����DQG�KDYH�VKRZQ��WKDW�DPRQJ�IRXU�SRVVLEOH�FRQIRUPHUV���D�±��G���FRQIRUPHU��G�LV�WKH�PRVW�VWDEOH��,Q�SUHVHQW�ZRUN�FRQIRUPDWLRQDO�DQDO\VLV�RI�&/����PROHFXOH�KDYH�EHHQ�SHUIRUPLQJ�XVLQJ�TXDQWXP�FKHPLFDO� PHWKRGV�� ')7� FDOFXODWLRQV� ZHUH� SHUIRUPHG� ZLWK� WKH� SURJUDP�*$866,$1���� 7KH� IXOO\� RSWLPL]HG� JHRPHWULHV� RI� FRQIRUPHUV� �D��G� KDYH� EHHQ� FDOFXODWHG�ZLWK�DW�WKH�%�/<3�����*�G��OHYHO�RI�WKHRU\��,Q�DGGLWLRQ��FDOFXODWLRQV�KDYH�EHHQ�GRQH�ZLWK�WKH�H[SDQGHG��������*�G�S���XVLQJ�WKH�%�/<3�IXQFWLRQDO��VHW��7KH�PLQLPD�RI�WKH�SRWHQWLDO�VXU�IDFH�ZHUH� IRXQG�E\� UHOD[LQJ� WKH� JHRPHWULF�SDUDPHWHUV�ZLWK� VWDQGDUG�RSWLPL]DWLRQ�PHWKRGV��$QDO\WLFDO�IRUFH�FRQVWDQWV�ZHUH�GHULYHG�XVLQJ�DOO�LQYHVWLJDWHG�WKHRUHWLFDO�OHYHOV��2EWDLQHG�GDWD�KDYH�EHHQ�FRPSDUHG�WR�H[SHULPHQWDO�)7,5�VSHFWUXP�RI�&/����PROHFXOH���
���=KRX��*���:DQJ�� -���+H��:��'���:RQJ��1��%���7LDQ��$���/L��:��.�� -RXUQDO� RI�0ROHFXODU�6WUXFWXUH��7KHRFKHP�����������±�������������3��+RQHD��0��4DVLP��+��)UHGULFNVRQ��-��)XUH\��6��2NRY\W\\��<��.KRORG��-��/HV]F]\QVNL�����([WHQGHG�$EVWUDFWV�RI�&RQIHUHQFH�RQ�&XUUHQW�7UHQGV�LQ�&RPSXWDWLRQDO�&KHPLVWU\�±�-DFNVRQ��06 ±������±�3������
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7KH�SRO\R[\JHQ�PROHFXODU�PHFKDQLVP�RI�DONHQHV�
R[LGDWLRQ��$E�LQLWLR�TXDQWXP�FKHPLFDO�VWXG\�

<��.KRORGD�E� 6��2NRY\W\\D�E� 9��'U\XNF� -��/HV]F]\QVNLE
D'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH�
E&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��0LVVLVVLSSL���������86$�
F&ULPHDQ�$JULFXOWXUDO�8QLYHUVLW\��$JUDUQRH��6LPIHURSRO���������8NUDLQH�

7KH�R[LGDWLRQ�DSSHDUV�WR�EH�WKH�HVVHQFH�RI�QXPHURXV�FKHPLFDO�DQG�ELRFKHPLFDO�SURFHVVHV�FDXVHG�E\�WKH�DFWLRQ�RI�ERQGHG�RU�PROHFXODU�R[\JHQ��6\QWKHVLV�RI�HSR[LGHV�WKURXJK�LQWHUDF�WLRQ�EHWZHHQ�ROHILQV�DQG�PROHFXODU�R[\JHQ�LV�RI�ZLGH�XVH�LQ�LQGXVWU\��$OWKRXJK�D�QXPEHU�RI�H[SHULPHQWDO�DQG�WKHRUHWLFDO�VWXGLHV�RI�WKLV�SURFHVV�H[LVW��LWV�PHFKDQLVP�LV�VWLOO�FRQWURYHUVLDO��,Q� WKH� SUHVHQW� ZRUN� D� TXDQWXP�FKHPLFDO� LQYHVWLJDWLRQ� RI� WKH� SRWHQWLDO� HQHUJ\� VXUIDFH��3(6��RI� HWK\OHQH�R[LGDWLRQ�ZLWK�PROHFXODU�R[\JHQ� WKURXJK�D�SRO\R[\JHQ� LQWHUPHGLDWH�KDV�EHHQ�FDUULHG�RXW��*HRPHWU\�RSWLPL]DWLRQ�RI�DOO�HQHUJ\�PLQLPD�DQG�WUDQVLWLRQ�VWDWHV�VWUXFWXUHV�KDV� EHHQ� SHUIRUPHG� DW� WKH� %�/<3�����*�G��� %+DQG+/<3�����*�G��� DQG� &$66&)����������*�G��OHYHO�RI�WKHRU\�XVLQJ�WKH�*$866,$1���SURJUDP��$Q�LQIOXHQFH�RI�D�VROYHQW�KDV�EHHQ�FRQVLGHUHG�XVLQJ�WKH�PDFURVFRSLF�3&0�DSSURDFK��6LQJOHW�DQG�WULSOHW�VWDELOLW\�RI�+DUWU\�)RFN�VROXWLRQ�KDV�EHHQ�FKHFNHG�IRU�DOO�FULWLFDO�SRLQWV��

7ZR�PLQLPD�FRUUHVSRQGHG�WR�GLR[HWKDQH�W\SH�DQG�R[LUDQH�W\SH�FRPSOH[HV�KDYH�EHHQ�OR�FDWHG�DW� WKH�3(6�RI� LQWHUDFWLRQ�RI�HWK\OHQH�ZLWK� WULSOHW�R[\JHQ��7KH�ILUVW� LVRPHU� LV�HQHUJHWL�FDOO\�PRUH�SUHIHUDEOH� FRPSDUHG�ZLWK� WKH� VHFRQG� W\SH� LVRPHU�GXH� WR� ODUJHU�GLVWRUWLRQ�RI� WKH�LQWHUDFWHG�RUELWDOV��$GGLWLRQ�RI� WKH�VHFRQG�R[\JHQ�PROHFXOH�WR�WKH�GLR[HWKDQH�W\SH�FRPSOH[�UHVXOWV� LQ� WKH� ��������WHWUDR[DQH��$WWDFN� RI� WKH� IRUPHG� LQWHUPHGLDWH�ZLWK� DQ� DONHQH�� RU�&�2�ERQG�SRODUL]DWLRQ� OHDGV� WR�GLIIHUHQW�KHWHURO\WLF� WUDQVIRUPDWLRQV��ZKLFK� LQYROYH� HQHUJHWLFDOO\�SUHIHUDEOH�V\QFKURQRXV�WUDQVIHU�RI�WKH�HOHFWURQLF�SDLUV��$ONHQH�DWWDFN�UHVXOWV�LQ�WUDQVIHU�RI�DQ�R[\JHQ�DWRP�WR�DQ�DONHQH�WR�IRUP�DQ�HSR[LGH�DQG�WKH�&ULHJHH�LQWHUPHGLDWH��2ULHQWDWLRQ�RI�RU�ELWDOV�LQ�WKH���������WHWUDR[DQH�RI�&�2�ERQG�KDWHURO\VLV�FUHDWHV�D�SRVVLELOLW\�IRU�WKH�HSR[\�ULQJ�FORVXUH� ZLWK� WKURZ� RXW� RI� WKH� R]RQH� PROHFXOH�� ��������WHWUDR[DQH� FDQ� GHJUDGH� IRUPLQJ� DQ�R[\JHQ�PROHFXOH�DQG�WZR�DOGHK\GH�PROHFXOHV��
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,602/�±�D�K\EULG�W\SH�GDWDEDVH�RQ�WKH�PROHFXODU�
VSHFWUDO�FRQVWDQWV�

,��9��.RFKLNRYD� *��0��.XUDPVKLQDE� /��0��6DPNRYF� '��$��6KDUDSRYG� 6��$��6KDUDSRYDG�
D5HVHDUFK�&RPSXWHU�&HQWHU��0RVFRZ�6WDWH�8QLYHUVLW\��0RVFRZ��5XVVLD�
E)DFXOW\� RI� &KHPLVWU\�� 0RVFRZ� 6WDWH� 8QLYHUVLW\�� 'HSW�� RI� 3K\VLFDO� &KHPLVWU\�� 0RVFRZ��5XVVLD�
F<XJUD�5HVHDUFK�,QVWLWXWH�2I�,QIRUPDWLRQ�7HFKQRORJLHV��.KDQW\�0DQVLLVN��5XVVLD�
G)DFXOW\�RI�3K\VLFV��0RVFRZ�6WDWH�8QLYHUVLW\��'HSW��RI�0DWKHPDWLFV��0RVFRZ��5XVVLD��$XWRPDWL]DWLRQ�RI� WKH�SK\VLFDO�FKHPLVWU\�UHVHDUFK�EDVHG�RQ�WKH�YLEUDWLRQDO�VSHFWURVFRS\�H[SHULPHQW�DGGV�VSHFLDO�VLJQLILFDQFH�WR�WKH�SUREOHPV�RI�WKH�FRUUHFW�H[SHULPHQWDO�GDWD�SURFHVV�LQJ�DQG�LQWHUSUHWDWLRQ��7KLV�FRXOG�EH�JUHDWO\�IDFLOLWDWHG�E\�H[WHQVLYH�DQG�ZHOO�GHYHORSHG�GDWD�EDVHV�RQ�WKH�PROHFXODU�FRQVWDQWV��$�PRGHUQ�YLVLRQ�RI�WKH�HOHFWURQLF�UHIHUHQFH�WRROV�DVVXPHV�WKDW�VXFK�D�WRRO�PLJKW��DQG�VKRXOG��LQFOXGH�QRW�MXVW�DQ�LQIRUPDWLRQ�GDWDEDVH��H[SHULPHQWDO�DQG�FDOFXODWHG�GDWD��LQIRUPDWLRQ�RQ�WKH�XVHG�PRGHOV��RWKHU�UHIHUHQFH�GDWD��EXW�UDWKHU�EH�LQWHJUDWHG�ZLWK�D�FHUWDLQ�VRIWZDUH�SDFNDJH�DOORZLQJ�WR�LPPHGLDWHO\�REWDLQ�YDULRXV�WKHRUHWLFDO�HVWLPDWHV��7KLV�NLQG�RI� UHIHUHQFH�GDWDEDVH� LV� UHIHUUHG� WR�DV�K\EULG��%HORZ�ZH�VXJJHVW�D�VHW�RI� UHTXLUH�PHQWV�WKDW�D�PRGHUQ�GDWDEDVH�RQ�WKH�VSHFWUDO�FRQVWDQWV�IRU�WKH�SRO\DWRPLF�PROHFXOHV�VKRXOG�VDWLVI\��ZH�WKLQN�WKLV�VHW�RI�UHTXLUHPHQWV�LV�QHFHVVDU\�IRU�FUHDWLQJ�D�WRRO�XVHIXO�DQG�HIILFLHQW�LQ�DSSOLHG�DV�ZHOO�DV�IXQGDPHQWDO�UHVHDUFK��x 7KH� GDWDEDVH� VFRSH� VKRXOG� EH� OLPLWHG� DV� UHJDUGV� WKH� YDULHW\� RI� WKH� FRPSRXQG�FODVVHV�DQG�RU�VRPH�RWKHU�DX[LOLDU\�FULWHULD��x ,W�VKRXOG�FRQWDLQ�DQ�H[WHQVLYH�VHW�RI�UHIHUHQFH�,5�DEVRUSWLRQ�VSHFWUD�UHFRUGHG�XQ�GHU FRQGLWLRQV�FORVH� WR� WKH�QRUPDO�FRQGLWLRQV�RI� WKH�H[LVWHQFH�RI�HDFK�VXEVWDQFH��DQG�ZLWK�VXIILFLHQW�UHVROXWLRQ��x ,W�VKRXOG�FRQWDLQ�D�GDWDEDVH�RQ�WKH�IRUFH�FRQVWDQWV�DQG�VWUXFWXUDO�SDUDPHWHUV�RI�WKH�PROHFXOHV� IRU� IDVW� HYDOXDWLRQ� RI� WKHRUHWLFDO� YLEUDWLRQDO� VSHFWUD� RI� WKH� PROHFXOHV�DQG�WKHLU�WKHUPRG\QDPLF�IXQFWLRQV��x ,W� VKRXOG�EH� LQWHJUDWHG�ZLWK�VRIWZDUH�SDFNDJH�DOORZLQJ�VROXWLRQ�RI�GLUHFW�DQG� LQ�YHUVH� VSHFWURVFRSLF�SUREOHPV�RQ� WKH�EDVH�RI� VWDEOH�QXPHULFDO�PHWKRGV��6RIWZDUH�SDFNDJH�VKRXOG�DOORZ�WKH�XVHU�WR�FKRRVH�DSSURSULDWH�VHW�RI�PROHFXODU�FRRUGLQDWHV�DQG�IRUFH�ILHOG�PRGHO��DQG�REWDLQ�D�FROOHFWLRQ�RI�IRUFH�FRQVWDQWV�WUDQVIHUDEOH�LQ�WKH�VHULHV�RI�VLPLODU�PROHFXOHV��6XFK�FRQVWDQWV��RQFH�FDOFXODWHG��PD\�EH�DGGHG�WR�WKH�GDWDEDVH��x ,W�VKRXOG�LQFOXGH�WKH�UHVXOWV�RI�TXDQWXP�FKHPLVWU\�FDOFXODWLRQV�FRUUHVSRQGLQJ�WR�D�FHUWDLQ�WKHRU\�OHYHO��RU�PD\EH�D�VHULHV�RI�WKHVH�OHYHOV�ZLWKLQ�WKH�IUDPHZRUN�RI�WKH�VR�FDOOHG�³PRGHO�FKHPLVWU\´���WKHVH�UHVXOWV�VKRXOG�HQVXUH�UHOLDEOH�SUHGLFWLRQ�RI�WKH�SURSHUWLHV�RI�WKH�VXEVWDQFHV�IURP�WKH�GDWDEDVH�VFRSH��x ,W� VKRXOG� SURYLGH� WKH� SRVVLELOLW\� RI� LGHQWLI\LQJ� FRPSRQHQWV� LQ� D�PL[WXUH� RI� VXE�VWDQFHV�DQG�VROYLQJ�VRPH�RWKHU�SUREOHPV�RI�PROHFXODU�VSHFWUD�LQWHUSUHWDWLRQ��7KH�UHTXLUHPHQWV�OLVWHG�DERYH�ZHUH�XVHG�DV�JXLGHOLQHV�IRU�GHVLJQLQJ�,602/�GDWDEDVH�RQ�WKH�VSHFWUDO�FKDUDFWHULVWLFV�RI�WKH�FRPSRXQGV�IRXQG�LQ�WKH�FUXGH�RLO�DQG�UHILQHPHQW�SURGXFWV�WKDW�ZDV�FUHDWHG�E\�WKH�DXWKRUV�LQ�WKH�0RVFRZ�6WDWH�8QLYHUVLW\��0�9�/RPRQRVRY���7KLV�UHI�HUHQFH�WRRO�LV�EDVHG�RQ�WKH�RULJLQDO�SURJUDP�HQYLURQPHQW�DOORZLQJ�VWRUDJH��PDQDJHPHQW�DQG�SURFHVVLQJ� VSHFWUDO� GDWD��ZLWK� WKH� RSSRUWXQLWLHV�RI� SUHSDULQJ� RXWSXW� LQIRUPDWLRQ� LQ� WKH� WH[W��JUDSKLF�DQG�WDEXODU�IRUP��6RIWZDUH�GHYHORSPHQW�ZDV�GRQH�LQ�WKH�0LFURVRIW�'HYHORSHU�6WXGLR�HQYLURQPHQW�ZLWK�WKH�KHOS�RI�0LFURVRIW�9LVXDO�&���FRPSLOHU�DQG�WKH�XVH�RI�0)&��0LFURVRIW�)RXQGDWLRQ�&ODVVHV��WHFKQRORJ\��7KLV�ZRUN�ZDV�VXSSRUWHG�E\�5)),�JUDQW�1R�������������� 5)),�2%¶�JUDQW�1R���������������
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4XDQWXP�FKHPLFDO�VWXG\�RI�DFWLYH�FDUERQ�
6��.RS\O��,��'XNKQR��9��.XWV� <X��7DUDVHQNR��9��6WUHONR�

,QVWLWXWH�IRU�6RUSWLRQ�DQG�3UREOHPV�RI�(QGRHFRORJ\�1$6�RI�8NUDLQH������*HQHUDO�1DXPRY�VWU�� �������.\LY��8NUDLQH��$FWLYH�FDUERQV�� &� DUH�ZLGHO\�XVHG�LQ�SURFHVVHV�RI�UHGXFWLRQ�DQG�R[LGL]LQJ�VRUSWLRQ��LQ�VFLHQWLILF�UHVHDUFKHV�DQG�LQGXVWU\�IRU�VHSDUDWLRQ��FRQFHQWUDWLRQ�DQG�GHHS�SXULILFDWLRQ�RI�VXE�VWDQFHV��DW�FUHDWLRQ�RI�DQRGH�SDVWH�IRU�FKHPLFDO�FXUUHQW�VRXUFHV��IRU�SUREOHP�VROYLQJ�RI�HQYL�URQPHQWDO�SUHVHUYDWLRQ�DQG�DV�FDWDO\VWV�DQG�VXSSRUWLQJ�PHGLXP��$&¶V�KLJK�DQLVRWURS\�LV�GH�WHUPLQHG�E\�YDULRXV�VWUXFWXUDO�GHIHFWV�RI�JUDSKHQ�SODQHV��E\�SUHVHQFH�RI�KHWHURDWRPV��%��1��2� LQ�VXUIDFH�IXQFWLRQDO�JURXSV�RU�UHSODFLQJ�FDUERQ�DWRPV�LQ�WKH�FDUERQ�PDWUL[���7KH� PHFKDQLVP� RI� LQIOXHQFH� RI� KHWHURDWRPV� �%�� 1�� 2�� RQ� SK\VLFDO�FKHPLFDO�� HOHFWUR�FKHPLFDO��DGVRUSWLRQ�DQG�FDWDO\WLF�SURSHUWLHV�RI�FDUERQ�PDWUL[�DV�ZHOO�DV�PHFKDQLVP�RI�VRUS�WLRQ�VHOHFWLYLW\�RI�$&�LQ�UHODWLRQ�WR�HOHFWURSRVLWLYH�PHWDOV�LV�QRW�FRQFOXVLYHO\�HVWDEOLVKHG�DQG�WKH�UHVXOWV�DYDLODEOH�DUH�LQFRQVLVWHQW���0RUHRYHU��WKH�LQIOXHQFH�RI�R[\JHQ�RQ�NLQHWLFV�RI�HOHF�WURFKHPLFDO�SRWHQWLDO�IRUPDWLRQ�DQG�WKH�PHFKDQLVP�RI�VRUSWLRQ�RI�&X��$J��$X�DUH�QRW�LQYHVWL�JDWHG�WLOO�QRZ��7KH�HOHFWURQ�WUDQVIHU�IURP�WKH�$&�PDWUL[�WR�WKH�R[\JHQ�PROHFXOH�RU�WR�LRQ�RI�PHWDO�LV�FKDUDFWHULVWLF�IHDWXUH�IRU�VXFK�SURFHVVHV��,W�LV�GHWHUPLQHG�E\�ZRUN�IXQFWLRQ�RI�HOHFWURQ�IURP�WKH��FDUERQ�PDWUL[��HOHFWURQ�GRQRU�DELOLW\��)HUPL�OHYHO���WKDW�LV�GHSHQGV�RQ�WKH�HOHFWURQ�SRZHU FKDUDFWHULVWLFV�RI�$&��7KH�DQDO\VLV�RI�(6&$�&���V��VSHFWUD�RI�6.1�FDUERQV� WHVWLILHV�WKDW� WKH�DWRPV�RI�FDUERQ�DUH� LQ�VS�� K\EULGL]HG�VWDWH�PDLQO\� �&�V ������H9����y ������� � ,W�DOORZV�WR�XVH�WKH�PRGHO�JUDSKLWH�OLNH�FOXVWHUV� ���Q;Q �;�!�%��1��2��FRQWDLQLQJ����KH[DJRQDO�FHOOV�LQ�SHUIRUPLQJ�WKH�TXDQWXP�FKHPLFDO�FDOFXODWLRQV���7KH�V\VWHPDWLFDO�UHVHDUFK�RI�LQIOXHQFH�RI�GHJUHH�RI�6.1�FDUERQ�R[LGDWLRQ��6(&��RQ�NLQHW�LFV�RI�VWDWLRQDU\�SRWHQWLDO�IRUPDWLRQ�DQG�VRUSWLRQ�RI�FRSSHU�VXEJURXS�PHWDOV�LQFOXGLQJ�$0��FDOFXODWLRQV�RI�WKH�HOHFWURQLF�VWUXFWXUH�RI�PRGHO�FOXVWHUV��JHRPHWULFDO�VWUXFWXUH��FKDUJH�GLVWUL�EXWLRQV�DQG�HQHUJLHV�RI�ERXQGDU\�PROHFXODU�RUELWDOV�� +202�DQG� /8 � ZLWK�YDULRXV�DPRXQW�RI KHWHURDWRPV�LQ�D�FDUERQ�PDWUL[�DQG�LQ�VXUIDFH�IXQFWLRQDO�JURXSV�ZHUH�FDUULHG�RXW��,W�ZDV�HVWDEOLVKHG�WKDW��� 3URJUHVVLQJ�FDUERQ�R[LGDWLRQ��WKH�DFFXPXODWLRQ�RI�WKH�WRWDO�DPRXQW�DQG�GLIIHUHQW�R[\JHQ�IRUPV��JLYHV�D�FRQVLGHUDEOH�FKDQJH�LWV�HOHFWURQ�GRQRU�SURSHUWLHV��7KH�PHFKDQLVP�RI�VWDWLRQ�DU\�SRWHQWLDO�IRUPDWLRQ�IRU�ZHDN�R[LGL]LQJ�FDUERQ��6(& ����y����PJ�HTY�J��LV�GHWHUPLQHG�E\�HOHFWURQ�GHQVLW\�WUDQVIHU�IURP�WKH�FDUERQ�PDWUL[�WR�WKH�R[\JHQ�PROHFXOH�DQG�LW�LV�XQGHU�FRQWURO�RI 6.1�VHPL�FRQGXFWRU� SURSHUWLHV� �)HUPL� OHYHO�� LRQL]DWLRQ�SRWHQWLDO�� +202� YDOXH��� DQG� IRU�VWURQJ�R[LGL]LQJ�FDUERQ��6(&!��� PJ�HTY�J��LW�LV�GHWHUPLQHG�E\�FKDQJH�RI�JHRPHWULFDO�VWUXF�WXUH�RI�WKH�VXUIDFH�RI�FDUERQ�PDWUL[��7KH�PHWKRG�RI�HVWLPDWLRQ�RI�HOHFWURQ�GRQRU�DELOLWLHV�RI�FDUERQ�PDWHULDOV�LQ�DHUDWHG�HOHFWURO\WHV�VROXWLRQV�LV�RIIHUHG��� 7KH�PHFKDQLVP�RI�$X��$J��&X�UHGXFWLRQ�LV�HIIHFWHG�E\�WUDQVIHU�RI�S�HOHFWURQ�GHQVLW\�RI�FDUERQ�RQ��V���S[� �S\� �S] DQG��G[\�DWRPLF�RUELWDOV�RI�PHWDO�FDWLRQ�� ����7KH�LQWHUDFWLRQ�RI�ZHDN�R[LGL]LQJ�FDUERQ��6(&�����PJ�HTY�J��LV�FDUULHG�RXW�E\�WKH�HOHFWURFKHPLFDO�PHFKDQLVP�ZLWK�IRUPDWLRQ�RI�PHWDO�ILOP�RQ�WKH�FDUERQ�VXUIDFH��WKH�UHGXFWLRQ�SURFHVV�RFFXUV�LQ�³FDUERQ���
�´ GRQRU�DFFHSWRU� FRPSOH[HV� LV� GHWHUPLQHG� E\� HOHFWURQ�GRQRU� DELOLWLHV� RI� FDUERQ� DQG� LV�RUELWDO�FRQWUROODEOH��)RU�VWURQJ�R[LGL]LQJ�FDUERQ��6(&!��� PJ�HTY�J��WKH�DPRXQW�RI�R[\JHQ�FRQWDLQLQJ� JURXSV� �&22+��� PDLQO\�� RQ� WKH� FDUERQ� VXUIDFH� LV� LQFUHDVHG�� 7KH� FRRUGLQDWLRQ�FRPSOH[HV��VXFK�DV� �« �«� � FDQ�EH�IRUPHG� LQ� WKHVH�V\VWHPV�ZKHQ� WKH�FKDUJH�FRQWUROODEOH�HOHFWURQLF�GHQVLW\�WUDQVIHU�LV�FDUULHG�RXW�IURP� � JURXSV�RQ�PHWDO�FDWLRQ��� 7KH�LQFUHDVH�RI�FRQFHQWUDWLRQ�%��1�DQG�2�KHWHURDWRPV�LQ�FDUERQ�FOXVWHU� ���LV�UHVXOWHG�LQ�RFFXUUHQFH�RI�PD[LPD�RQ� +202� FRQFHQWUDWLRQ�GHSHQGHQFHV�LQ��y� ��KHWHURDWRPV�UHJLRQ��,W�FRPSDWLEOHV�ZLWK� FKDQJH�RI� FDWDO\WLF� DFWLYLW\� RI� QLWURJHQ�FRQWDLQLQJ� FDUERQV� LQ� UHDFWLRQV�RI�

� �� GHFRPSRVLWLRQ� DQG� �6 R[LGDWLRQ�� DQG� UHGXFWLRQ� FXUUHQWV� RI� &U�2�
��� 2� DQG� )H��� LQ�R[\JHQ�FRQWDLQLQJ� FDUERQV�� ,W� LV� VKRZQ� WKDW� WKH�REVHUYDEOH� HIIHFW� FRUUHODWHV�ZLWK� FKDQJH�RI�S � � � RFFXSDWLRQ� RI� ���Q;Q FOXVWHUV�� LW� LV� FDXVHG� E\� LQIOXHQFH� RI� KHWHURDWRPV�RQ� WKH� �FRXSOLQJ�YDOXH�LQ�WKH�PROHFXODU�VNHOHWRQ�RI�FOXVWHU��
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0ROHFXODU�VWUXFWXUH�RI� �'�JOXFRV\OK\GUR[\PHWK\OXUDFLO��
D ')7�LQYHVWLJDWLRQ�

'��9��.RVHQNRYD�F� *��,��'RYEHVKNRD� 2��9��6KLVKNLQE� /��*RUEF� -��/HV]F]\QVNLF�5��,��=XEDW\XNE

D'HSDUWPHQW� RI�3K\VLFV� RI�%LRORJLFDO�6\VWHPV�� ,QVWLWXWH� RI�3K\VLFV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����3URVSNW�1DXNL��.LHY��������8NUDLQH�
E,QVWLWXWH�IRU�6FLQWLOODWLRQ�0DWHULDOV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH�
F&RPSXWDWLRQDO� &HQWHU� IRU� 0ROHFXODU� 6WUXFWXUH� DQG� ,QWHUDFWLRQV�� 'HSDUWPHQW� RI�&KHPLVWU\�� -DFNVRQ� 6WDWH� 8QLYHUVLW\�� 3�2�� %R[� ������� ����� /\QFK� 6WUHHW�� -DFNVRQ��0LVVLVVLSSL��������86$��$ K\SHUPRGLILHG� QXFOHRVLGH� �'�JOXFRV\OK\GUR[\PHWK\OXUDFLO� �)LJ���� ZDV� IRXQG� LQ�'1$�RI�$IULFDQ� WU\SDQRVRPD�EUXFHL� DQG�DOVR�SUH�VHQW LQ� NLQHWRSODVWLGV� RI�/HLVKPDQLD� GRQRYDQL� DQG�7U\SDQRVRPD�FUX]L� 7KLV�K\SHUPRGLILHG�QXFOHRVLGH�VXEVWLWXWHV��������RI� WK\PLQH� LQ� WKH�'1$�>�@�DQG�SUHIHUHQWXLDO\� ORFDOL]HG� LQ� �***77$�Q� WHORPHUH�UHSHDWV� RI� WKH� '1$�� 7KH� SUHVHQFH� RI� �'�JOXFRV\OK\GUR[\PHWK\OXUDFLO� LV� FRUUHODWHG�ZLWK� WKH�VLOHQFLQJ�RI�WHORPHULF�JHQHV�>�@��7KH�PROHFXODU�VWUXFWXUH�DQG�UHODWLYH�VWDELOLW\�RI�FRQIRUPHUV� RI� WKH� K\SHUPRGLILHG� QXFOHRVLGH� KDV�EHHQ REWDLQHG� DQG� DQDO\]HG� DW� WKH� ')7�%�/<3�OHYHO�XVLQJ�WKH�������*�G��S��EDVLV�VHW��%DGHU¶V�$W�RPV LQ�0ROHFXOHV� �$,0�� WKHRU\� KDV� EHHQ� DSSOLHG�IRU DQDO\VLV� RI� WKH� LQWUDPROHFXODU� K\GURJHQ� ERQGV�LQ�WKH�QXFOHRVLGH��:H KDYH� FRQVLGHUHG� IRXU�PDMRU� FRQIRUPHUV� RI�WKH�QXFOHRVLGH��L�H��QRUWK�DQWL��QRUWK�V\Q��VRXWK�DQWL��DQG� VRXWK�V\Q� 7KH�PXOWLSOH� LQWUDPROHFXODU� K\GUR�JHQ ERQGV�KDYH�EHHQ�IRXQG� LQ�DOO�FRQVLGHUHG�FRQIRUPHUV��7KH�V\Q�FRQIRUPDWLRQV�RI� WKH�QX�FOHRVLGH�DUH� VWDELOL]HG�E\�+�ERQGV�RI�&�+ÂÂÂ2� W\SH�ZLWK�2����DFFHSWRU�DWRP��7KH�DQWL FRQ�IRUPDWLRQV� LQ�DGGLWLRQ� WR�&�+ÂÂÂ2�K\GURJHQ�ERQGV�ZLWK�2��
�� DQG� �2����DFFHSWRU� DWRPV�DUH�VWDELOL]HG� DOVR� E\�2��
��+ÂÂÂ2��*�� K\GURJHQ� ERQG�EHWZHHQ� JOXFRVH� ULQJ� DQG� �
�GHR[\ULERVH�PRLHW\�RI�WKH�QXFOHRVLGH��7KH�DUUDQJHPHQW�RI�WKH�JOXFRVH�ULQJ�LV�GHWHUPLQHG�E\�2��
��+ÂÂÂ2��*��K\GURJHQ�ERQG�LQ�DQWL FRQIRUPDWLRQV� DQG�&����+ÂÂÂ2��*��K\GURJHQ�ERQG� LQ� V\Q FRQIRUPDWLRQV�RI� WKH�QXFOHR�VLGH��7KH�UHODWLYH�IUHH�HQHUJLHV��7 ���.��RI�FRQVLGHUHG�DQWL FRQIRUPHUV�DUH�ORZHU�WKDQ�HQHU�JLHV�RI�WKH�FRUUHVSRQGLQJ�V\Q�FRQIRUPHUV�E\�WR�����NFDO�PRO��+\GURJHQ� ERQGV� RI� �'�JOXFRV\OK\GUR[\PHWK\OXUDFLO� FRXOG� LQIOXHQFH� RQ� WKH� VHFRQGDU\�VWUXFWXUH�RI�WKH�'1$�FRQWDLQLQJ�WKLV�K\SHUPRGLILHG�QXFOHRVLGH����� )��9DQ�/HHXZHQ��0��&��7D\ORU��$��0RQGUDJRQ��+��0RUHDX��:��*LEVRQ��5��.LHIW�� DQG�3��%RUVW��3URF��1DWO��$FDG��6FL��86$ ����SS������±������������
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$ ')7�VLPXODWLRQ�RI�VLOLFD�VXUIDFH�HWFKLQJ�ZLWK�DTXHRXV�
VRGLXP�K\GUR[LGH�

$��$��.UDYFKHQNR� $��*��*UHEHQ\XN�
,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�� *HQHUDO�1DXPRY�VWU������.LHY��������8NUDLQH�

6LOLFD�LV�ZHOO�NQRZQ�WR�EH�UHVLVWDQW�DJDLQVW�GLVVROXWLRQ�LQ�PDQ\�VROYHQWV�H[FHSW�K\GURIOX�RULF�DFLG�DQG�DONDOLQH�PHGLD��7KHUH�DUH�D�ORW�RI�H[SHULPHQWDO�GDWD�FRQFHUQLQJ�WKHVH�SKHQRP�HQD DQG� WKH\� QHHG� D� WKHRUHWLFDO� DQDO\VLV� DW� DWRPLF� VFDOH� OHYHO�� 7KLV�ZRUN� LV� GHYRWHG� WR� WKH�VLPXODWLRQ�RI�WKH�HOHPHQWDU\�DFWV�RI�VLOLFD�VXUIDFH�LQWHUDFWLRQ�ZLWK�DONDOLQH�ZDWHU�VROXWLRQV��7KH�FDOFXODWLRQV�ZHUH�SHUIRUPHG�XVLQJ�WKH�%�/<3�K\EULG�GHQVLW\�IXQFWLRQDO�PHWKRG�LP�SOHPHQWHG�LQ�WKH�*$0(66�SURJUDP�SDFNDJH��7KH�HTXLOLEULXP�JHRPHWULF�SDUDPHWHUV�DQG�WRWDO�HQHUJ\� YDOXHV� IRU� �1D2+�P�+�2�Q FRPSOH[HV� DV�ZHOO� DV� IRU� WKRVH� LQWHUDFWLQJ�ZLWK� FOXVWHUV�VLPXODWHG�IRU�VLOLFD�VXUIDFH�ZHUH�FDOFXODWHG�XVLQJ�WKH��������*�EDVLV�VHW��,Q�DGGLWLRQ��VRPH�WUDQVLWLRQ�VWDWHV�ZHUH�ORFDOL]HG�IRU�YDULRXV�UHDFWLRQV��:KHQ�LQWHUDFWLQJ�ZLWK�ZDWHU�PROHFXOHV��1D2+�PROHFXOH�FDQ�IRUP�F\FOLF�K\GURJHQ�ERQG�WLJKW� VWUXFWXUHV�ZKHUH� VRGLXP� DWRP� FRRUGLQDWHV� R[\JHQ� DWRPV� RI�ZDWHU�PROHFXOHV�ZKHUHDV�K\GUR[\O� JURXS� IRUPV� K\GURJHQ� ERQGV� YLD� LWV� R[\JHQ� DWRP� ZLWK� K\GURJHQ� RQHV� RI� ZDWHU�PROHFXOHV��7KHVH�VSHFLHV�FDQ�WKHQ�DUH�UHDUUDQJHG�LQWR�DQRWKHU�RQHV�FKDUDFWHUL]HG�E\�WKH�VHSD�UDWLRQ�RI�1D� DQG�2+� LRQV��,Q�FDVH�RI�1D2+�ROLJRPHUV��DQDORJRXV�SKHQRPHQD�RFFXU�EXW�WKH�HQHUJHWLF�FKDUDFWHULVWLFV�GHYLDWH�FRQVLGHUDEO\��6LOR[DQH� ROLJRPHUV� FDQ� IRUP� DVVRFLDWHV� ZLWK� JDVHRXV� 1D2+�PROHFXOHV�� 7KHVH� VSHFLHV�WKHQ�WUDQVIRUP�LQWR�DOWHUQDWLYH�VWDWHV�ZKHUH�1D� DUH�VXEVWLWXWHG�IRU�SURWRQV�RI�DFLGLF�W\SH�VL�ODQRO�JURXSV�� �+2��6L�2+���1D2+� �+2��6L2�1D� � +�2��6XFK�SURFHVVHV�DUH�SURPRWHG�E\�DGGLWLRQ�RI�VROYDWLQJ�ZDWHU�PROHFXOHV�DQG�VRGLXP�LRQV�VR�REWDLQ�K\GUDWH�FRYHUV��$OWHUQDWLYHO\��PHWDO�LRQV�FDQ�VXEVWLWXWH�SURWRQV�RI�ZDWHU�PROHFXOHV�FR�RUGLQDWHG�WR�VLOLFRQ�DWRPV��
�+2��6L 2+� � 1D2+� �+2��6L2�1D� � +�2��

7KH�SURFHVV�RI�6L�2�6L�OLQNDJH�FOHDYDJH�ZLWK�DONDOL�K\GUR[LGHV�KDV�EHHQ�H[DPLQHG��6RPH�DQK\GURXV�V\VWHPV�DUH�WHVWHG�DV�ZHOO�DV� WKRVH�DFFRPSDQLHG�ZLWK�GHILQLWH�TXDQWLWLHV�RI�ZDWHU�PROHFXOHV��6XFK�SURFHVVHV�FDQ�EH�GHVFULEHG�PHUHO\�GXH� WR�SDUWLFLSDWLRQ�RI�K\GUR[LGH� LRQ� LQ�WKH�UHDFWLRQ��1HYHUWKHOHVV�WKH�SUHVHQFH�RI�FDWLRQV�DIIHFWV�WKH�YDOXHV�RI�HQHUJHWLF�FKDUDFWHULV�WLFV�RI�WKH�SURFHVV��7KH�ILUVW�VWHS�RI�WKH�DERYH�PHQWLRQHG�UHDFWLRQ�VHHPV�WR�EH�DQ�DGGLWLRQ�RI�D�K\GUR[LGH�LRQ�WR�D�VLOLFRQ�DWRP�IROORZHG�E\�WKH�GLVVRFLDWLRQ�RI�VLOR[DQH�ERQG��
�+2��6L�2�6L�2+�� � 2+� �+2��6L�2+��2�6L�2+��� �+2��6L2��� +26L�2+����

:KHQ�DGGLQJ�D�K\GUR[LGH�LRQ�� WKH�VLOLFRQ�DWRP�RI�VLOR[DQH�FOXVWHU�FKDQJHV�LWV�FRRUGLQD�WLRQ�VSKHUH�IURP�D�WHWUDKHGURQ�WR�D�SHQWDJRQDO�ELS\UDPLG��6R�WKH�YDOXH�RI�DFWLYDWLRQ�HQHUJ\�FDQ�EH�HVWLPDWHG�ZLWKLQ� WKH�IUDPHZRUNV�RI� WKH�GHIRUPDWLRQ�PRGHO��5HDOO\�� WKH�WUXH�YDOXH�RI�WKLV�TXDQWLW\�REWDLQHG�YLD�WKH�VDGGOH�SRLQW�SURFHGXUH�DSSHDUV�WR�EH�YHU\�FORVH�WR�WKDW�HYDOXDWHG�IURP�WKH�GHIRUPDWLRQ�HQHUJ\�FDOFXODWLRQ��� $Q�H[FHVV�RI�VRGLXP�K\GUR[LGH�FDQ�WUDQVIRUP�VLOLFD�SDWWHUQV�LQWR�VRGLXP�VLOLFDWH�RQHV��:H H[DPLQHG�WZR�DOWHUQDWLYH�LVRPHULF�IRUPV�RI�WKH�FRUUHVSRQGLQJ�FOXVWHU�PRGHOV�GLIIHULQJ�E\�WKH�W\SH�RI�VRGLXP�LRQ�HQYLURQPHQW��K\GUDWH�VKHOOV�YHUVXV�LRQV�GLUHFWO\�FRRUGLQDWHG�WR�VLOR[�DQH�DQG�RU�K\GUR[\O�JURXS�R[\JHQ�DWRPV�DV�ZHOO�DV�WR�WKRVH�FRQQHFWHG�ZLWK�VLOLFDWH�LRQV�ZKDW�DUH� WKH� FKDUDFWHULVWLFV� RI� QDWXUDO� K\GUDWHG� DONDOL�PHWDO� VLOLFDWHV�� 7KH� DUUDQJHPHQWV� EHWZHHQ�WKHVH�WZR�VWUXFWXUHV�DUH�UDWKHU�FRPSOLFDWHG�SURFHVVHV�EXW�FDQ�EH�H[DPLQHG�VHSDUDWHO\�VWHS�E\�VWHS��
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&RQIRUPDWLRQ�DQDO\VLV�RI��������GLSURSR[\��������ELV>��
�WULHWKR[\VLO\O�SURS\O@FDOL[>�@DUHQH�FURZQV���

E\�TXDQWXP�±�FKHPLFDO�PHWKRGV�
2��9��.XFKPDD� 0��0��,O¶FKHQNRE� <X��/��=XED�

D,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\�� 1$6FLHQFHV� RI� 8NUDLQH�� ��� *HQHUDO� 1DXPRY� 6WU��� .\LY�������8NUDLQH��
E,QVWLWXWH�RI�FHOO�ELRORJ\�DQG�JHQH�HQJLQHHULQJ��1$6FLHQFHV�RI�8NUDLQH������=DERORWQRJR�6WU���.\LY��������8NUDLQH��&URZQ� HWKHUV� GHULYHG� IURP� FDOL[>�@DUHQHV� DUH� DFWLYHO\� LQYHVWLJDWHG� LQ� VXSUDPROHFXODU�FKHPLVWU\�DQG�VHSDUDWLRQ�VFLHQFH�>�@��7KHVH�PDFURE\F\FOLF�FRPSRXQGV�VKRZ�ELQGLQJ�SURSHU�WLHV�IRU�DONDOL�PHWDO�LRQV��+RZHYHU�ERWK�WKH�VHOHFWLYLW\�DV�D�VWDELOLW\�RI�WKH�FRPSOH[HV�VHHPV�WR�EH�KLJKO\�GHSHQGHQW�RQ�WKH�QXPEHU�RI�R[\JHQ�DWRPV�RQ�WKH�HWKHU�EULGJH�DQG�RQ�WKH�FRQIRUPD�WLRQ� RI� WKH� FDOL[DUHQH� VNHOHWRQ� >�@��3DUWLFXODUO\� LQWHUHVW� FDXVH� WKH� FDOL[>�@DUHQH�FURZQV��� LQ�����DOWHUQDWH�FRQIRUPDWLRQ�ZKLFK�VKRZ�UHPDUNDEOH�VHOHFWLYLW\�LQ�WKH�FRPSOH[DWLRQ�RI�FHVLXP�LRQ�DQG��IRU�WKLV�UHDVRQ��DUH�SURPLVLQJ�LQ�WKH����&V�UHPRYDO�IURP�UDGLRDFWLYH�ZDVWH�>�@��3UHYLRXVO\� ZH� UHSRUWHG� V\QWKHVLV� DQG� LQYHVWLJDWLRQ� RI� VWUXFWXUDO� SURSHUWLHV� RI� ���� ���GLSURSR[\�������ELV>���WULHWKR[\VLO\O�SURS\O@FDOL[>�@DUHQH�FURZQ��� �)LJ�� ��� >�@�� 105� GDWD�
WHVWLI\� WKDW� WKH� WULHWKR[\VLO\O GHULYDWLYH� RI� FDOL[>�@DUHQH�FURZQ��� IL[HG� LQ� ����DOWHUQDWH� FRQ�
IRUPDWLRQ��7KH�DLP�RI� WKH�SUHVHQWHG�ZRUN� LV� WR VWXG\� LQIOXHQFH�RI�GHULYDWLYHV�QDWXUH�RQ� WKH�FRQIRUPDWLRQ�EHKDYLRU�DQG�JHRPHWU\�RI�FDOL[>�@DUHQH�FURZQ���PROHFXOH�DQG�WR�FRPSDUH�RE�WDLQHG�UHVXOWV�ZLWK�105�GDWD���$Q�RSWLPL]DWLRQ�RI�WKH�JHRPHWU\�RI��������GLSURSR[\��������ELV>���WULHWKR[\VLO\O�SURS\O@FDOL[>�@DUHQH�FURZQ���� ZKHUH�WKH�SRVLWLRQ�RI�SKHQROLF�ULQJV�FRQWDLQLQJ�SURSR[\�JURXSV�LV�FKDQJHDEOH�UHODWLYHO\�WKH�RWKHU�DURPDWLF�ULQJV��ZDV�FDUULHG�RXW�ZLWK�TXDQWXP�FKHPLFDO� VHPLHPSLULFDO�$0��DQG�30��PHWKRGV��7KH� DQDO\VLV� RI� UHVXOWV� VKRZHG� WKDW� WKH� GLIIHUHQFH� LQ�YDOXHV�RI�WRWDO�HQHUJLHV��¨ IRUPDWLRQ� RI�WKH�RSWLPL]HG�VWUXF�WXUHV�LV�VOLJKW��+RZHYHU�LW�ZDV�IRXQG�WKDW�D�VWUXFWXUH�ZKHUH�SURSR[\� JURXSV� DQG� WULHWKR[\VLO\O� JURXSV� DUH� GLVSRVHG� LQ�GLIIHUHQW�VLGHV�RI�D�SODQH�SDVVLQJ�WKURXJK�PHWK\OHQH�JURXSV�ZKLFK�ERQG�DURPDWLF�ULQJV�LV�WKH�PRVW�HQHUJHWLFDOO\�IDYRU�DEOH��)LJ������7KHUHIRUH��H[SHULPHQWDO�UHVXOWV�DUH�LQ�D�JRRG�DJUHHPHQW�ZLWK�GDWD�REWDLQHG�ZLWK�TXDQWXP±FKHPLFDO�FDOFXODWLRQV��

� )LJ����
���&DVQDWL�$���6DQVRQH�)��'R]RO�-��)���-��,QFO��3KHQRP��0DFURF��&KHP����� ������������
���&DVQDWL�$���'HOOD�&D�1���6DQVRQH�)���8JR]]ROL�)���8QJDUR�5���7HWUDKHGURQ���� ������������
���&DVQDWL�$���8QJDUR�5���$VIDUL�=���DQG�9LFHQV�-���&URZQ�(WKHUV�'HULYHG�IURP�&DOL[>�@DUHQH��LQ�� =�� $VIDUL�� 9�� %|KPHU�� -�� +DUURZILHOG�� DQG� -�� 9LFHQV� �HGV���� &DOL[DUHQHV� �������'RUGUHFKW��.OXZHU�$FDGHPLF�3XEOLVKHUV��������S�������
���$OH[HHYD�(��$���*UHQ� ,�$���.XFKPD�2�9��� =XE�<X�� /���&KXLNR�$�$��� ³���� ���GLSURSR[\�������ELV>���WULHWKR[\VLO\O�SURS\O@FDOL[>�@DUHQH�FURZQ��� ±� 6\QWKHVLV� DQG� ,GHQWLILFDWLRQ´��©1DQRV\VWHPV��QDQRPDWHULDOV��QDQRWKHFKQRORJ\ª��������LQ�SUHVV����
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7KH�TXDQWXP�FKHPLFDO�UHVHDUFK�
RI VXUIDFH�HOHPHQWDU\�SURFHVVHV�

9��9��.XNXHYD�
)LUH 6DIHW\�,QVWLWXWH���������2QRSULHQNR�VWU�����&KHUNDVV\��8NUDLQH��7KH�VWUXFWXUH�RI�VXUIDFH¶V�FKHPLFDO�FRPSRXQGV�DUH�GHILQHG�QRW�RQO\�WKH�FKHPLVRUSWLRQ¶V�SHFXOLDULWLHV��EXW�WKH�PRGLI\LQJ�VXUIDFH�WUDQVIRUPDWLRQ�WRR��,W�GRHV�UHIHU�QRW�WR�PDQ\�OD\HU�VXU�IDFH�VWUXFWXUH� IRUPDWLRQV��EXW� WR� WKH�FKHPLFDO�DQG� WKHUPDO� WUDQVIRUPDWLRQV�RI� WKH�QHZ�IXQF�WLRQDO�JURXSV�LPPRELOL]LQJ�RQ�WKH�VXUIDFH��7KH�QDWXUH�RI�ERQGLQJ�EHWZHHQ�DGVRUEDW�DQG�VXU�IDFH� LV� VWLOO� VXEMHFW� WR� VRPH� LQWHUSUHWDWLRQ��1RQGLVVRFLDWLYH� DGVRUSWLRQ� SURFHVVHV� DUH� VRPH�WLPHV�FDOOHG�PROHFXODU�DGVRUSWLRQ���,W�LV�QDWXUDOO\�GLIILFXOW�WR�NQRZ�KRZ�PROHFXOHV�GHVRUEHG��PROHFXODUO\�RU�GLVVRFLDWLYHO\��EHFDXVH�LW�LV�KDUG�WR�LQYHVWLJDWH�E\�H[SHULPHQWDOO\��,Q�VXFK�FDVH�WKH�TXDQWXP�FKHPLFDO�FDOFXODWLRQ�FDQ�EH�YHU\�XVHIXO�LQVWUXPHQW�IRU�FODULILFDWLRQ�DQG�H[SODQD�WLRQ�RI�WKH�HOHPHQWDU\�SURFHVVHV�RQ�WKH�VXUIDFHV�GXULQJ�FKHPLVRUSWLRQ���7KH� TXDQWXP�FKHPLFDO� FDOFXODWLRQV� KDYH� EHHQ� SURYLGHG� E\� WKH� DE LQLWLR� PHWKRG� LQ� WKH�����* EDVLV�VHW�WR�LQYHVWLJDWH�WKH�FKHPLFDO�ZD\�WR�GHVWUXFW�RI�RUJDQLF�PROHFXOHV�LPPRELOL]LQJ�RQ WKH�VLOLFD�VXUIDFH��3RLQW�GHIHFWV��VWDELOL]HG�RQ�WKH�DFWLYDWHG�VLOLFD�VXUIDFH�KDYH�WKH�KLJK�UH�DFWLYLW\��DQG�WKH\�KDYH�EHHQ�XVHG�DV�³IRXQGDWLRQ´�IRU�LPPRELOL]HG�RQ�WKH�VXUIDFH�LQWHUPHGL�DWHV�ERWK�GLDPDJQHWLF�DQG�SDUDPDJQHWLF�QDWXUH��7KLV�PHWKRG�LV�IRXQGHG�HIIHFWLYH�IRU�REWDLQ�LQJ�RI�GLIIHUHQW�FKHPLFDO�VWUXFWXUH�LQWHUPHGLDWHV��6XFK�VWUXFWXUHV�KDYH�KLJK�WKHUPDO�VWDELOLW\�DQG�GLGQ¶W�PRYH�TXLFNO\�WR�EH�ERXQGHG�E\�VWURQJ�FKHPLFDO�ERXQGV�DQG�WKLV�IDFW�RSHQV�SRVVL�ELOLW\�IRU�WKH�VWXG\�WKHLU�UHDFWLYLW\�DQG�GHVWUXFWLRQ�SDWKZD\V��7KH�VXEMHFW�RI�UHVHDUFK�ZDV�DO�N\O�UDGLFDOV��&+�

�� &�+�
�� DV�RQH�RI�WKH�UHSUHVHQWDWLYHV�RI�VDWXUDWHG�K\GURFDUERQV���&DOFXODWLRQV�KDYH�EHHQ�SURYLGHG�ERWK�IRU�WKH�LVRODWHG�PROHFXOH�DQG�IRU�WKH�LPPRELOL]LQJ�RQH RQ�WKH�VLOLFD�VXUIDFH��7KH�FDOFXODWLRQ�UHVXOWV�KDYH�SUHVHQWHG�LQ�WKH�WDEOH���

'HVWUXFWLRQ�ZD\� GHVWU��ELQG���D�X����2+��6L2�&+��&+�
� � +�� �������

�2+��6L2�&+��&+�� +� �������
�2+��6L2� � &+�

��&+� �������
�2+��6L2�&+�

� � &+�
�� �������

�2+��6L� � &+�
��&+� �������

$V�ZH�FDQ�VHH�IURP�WKH�WDEOH��WKH�PRUH�SUHIHUDEOH�GHVWUXFWLRQ�ZD\�IURP�WKH�VLOLFD�VXUIDFHV�LV�WKH�DEVWUDFWLRQ�HWK\O�UDGLFDO��FRQQHFWHG�WKURXJK�WKH�R[\JHQ�DWRP��%HVLGHV��LW�LV�QHFHVVDU\�WR�QRWH�WKDW�WKH�GHK\GURJHQDWLRQ�RFFXU������WLPH�HDV\�IURP� �FDUERQ�WKHQ�IURP� �RQH��,W�LV�DOVR�KDV�EHHQ�DJUHHG�ZLWK�H[SHULPHQWDO�SUHGLFWLRQV��>�@���,W�ZDV�FRQILUPHG�E\�WKLV�FDOFXODWLRQ�WKDW�WKH�R[\UDGLFDO��ZKLFK�KDYH�EHHQ�REWDLQHG�E\�WKH�&2�PROHFXOH�DEVWUDFWLRQ�H[WUDFWV�WKH�+�DWRP�IURP�&+��JURXS�RI�WKH�&+��&+� IUDJPHQW��EXW�QRW�IURP�&+��JURXS��LQ�VSLWH�RI�WKLV�FKDQQHO�PRUH�SURILWDEOH�DFFRUGLQJ� WR� WKHUPR�FKHPLVWU\��$OO�RI� WKHVH�SUHGLFWLRQV�DUH�FRLQFLGLQJ�ZLWK�H[SHULPHQWDO�REVHUYDWLRQV�>�@�DQG�VSHFWURVFRSLF�IDFWV�>�@��7KH�HWK\O�UDGLFDO�DOVR�FDQ�DEVWUDFW�IURP�WKH�GHR[\JHQDWHG�VXUIDFH��,W�ZDV�QRWHG�DOVR�WKDW�WKH�LQFUHDVLQJ�RI�WKH�K\GURFDUERQ�FKDLQ�KDV�GLPLQLVKHG�WKH�GHVWUXFWLRQ�HQHUJ\�IURP�WKH�VXUIDFH�����5DGWVLJ�9�$���.LQHWLFD�L�FDWDO\VLV��5XVVLDQ������� ���3���������������3DNDQVN\�-���%URZQ�'�:���&KDQJ�-�6���-�3K\V�&KHP��������9������ ����3�������
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$ QRYHO�LPSURYHPHQW�IRU�WKH�PROHFXODU�JUDSKV�PDWUL[�
FDOFXODWLRQ�DQG�LWV�DSSOLFDWLRQ�LQ�WKH�46$5�VWXGLHV�

9��9��.XWDURY��%��0��.DWV
3K\VLFDO�5HVHDUFK�,QVWLWXWH��,�,��0HFKQLNRY�1DWLRQDO�8QLYHUVLW\�RI�2GHVVD�����3DVWHUD�6W���2GHVVD ������8NUDLQH�

1RZDGD\V�WKH�PROHFXODU�JUDSKV�WKHRU\�EXLOW�RQ�WKH�WRSRORJ\�DQG�JUDSKV�WKHRU\�PDLQ�SULQ�FLSOHV�LV�VXFFHVVIXOO\�XVHG�LQ�WKH�46$5�VWXGLHV��7RGD\�ZH�NQRZ�TXLWH�D�ORW�RI�GLIIHUHQW�PR�OHFXODU�JUDSKV�LQYDULDQWV��7KH�IDPRXV�6KDQQRQ�IRUPXOD�LV�XVHG�IRU�PROHFXODU�VWUXFWXUH�LQIRUPDWLRQ�FRQWHQWV�FDOFXOD�WLRQ��
� ¦� L LSLSN,& �ORJ ����
ZKLFK� LV� VXFFHVVIXOO\� DSSOLHG� IRU� PROHFXODU� FRPSOH[LW\� DQDO\VLV� RI� WKH� KRPRJHQRXV�JUDSKV�UHSUHVHQWLQJ�KRPRQXFOHDU�VNHOHWRQV��+HWHURDWRP�PROHFXODU�JUDSK�DQDO\VLV�RQ�WKH�EDVLV�RI�WKH�VFKHPH�JLYHQ�DERYH�LV�PDGH�E\�PHDQV� RI� WKH�PROHFXODU� JUDSK�PDUNLQJ� LQ� VXFK� D�ZD\� WKDW� WKH� HTXLYDOHQW� YHUWH[HV� EHFRPH�QRQ�HTXLYDOHQW��,W�FDQ�EH�DFKLHYHG�E\�PHDQV�RI�WKH�YHUWH[��DQG�HGJH�ZHLJKWHG�JUDSKV��2QH�RI�WKH�PRVW�VXFFHVVIXO�YHUWH[��DQG�HGJH�ZHLJKWHG�JUDSKV�LQGLFHV�LV�WKH�5RXYUD\�LQGH[�5�

¦ ¦²� L ML LMGLLG5 � ����
,Q�IRUPXOD�����GLL�DQG�GLM�DUH�GLDJRQDO�DQG�QRQ�GLDJRQDO�GLVWDQFH�PDWUL[�HOHPHQWV�IRU�YHU�WH[��DQG�HGJH�ZHLJKWHG�JUDSKV��,Q�SUDFWLFH�LW�LV�YHU\�LPSRUWDQW�WR�GHVFULEH�WKH�KRPRJHQRXV�DQG�KHWHURJHQHRXV�JUDSKV�E\�PHDQV�RI�RQH�VFKHPH��)RU�WKLV�SXUSRVH�ZH�KDYH�VXJJHVWHG�LQWURGXFLQJ�WKH�LQGH[�RI�WKH�PR�OHFXODU�JUDSK�FRPSOHWH�FRPSOH[LW\��

� N,&5N5,& ��� DD �� � ����
ZKHUH� LV�WKH�PROHFXODU�JUDSK�KHWHURJHQHLW\�GHJUHH��,Q�WKDW�ZD\�WKH�QHZ�PRGHO�ZDV�RULJLQDWHG�SHUPLWWLQJ�XV�WR�DFFRXQW�WKH�LQIOXHQFH�RI�PR�OHFXODU�FKDRV�JHQHUDWHG�E\�WKH�PXWXDO�GLVSRVLWLRQ�RI�WKH�DWRPV�LQ�WKH�VSDFH�DV�ZHOO�DV�E\�WKH�GLIIHUHQW�QDWXUH�RI�WKHVH�DWRPV��,Q�SDUWLFXODU�WKH�VWUXFWXUH�SURSHUW\�FRUUHODWLRQV�ZHUH�LQYHVWL�JDWHG�DW�GLIIHUHQW�V\VWHPV��7KH�HTXLOLEULXP�FKDUDFWHULVWLFV�VXFK�DV�DGVRUSWLRQ�KHDW��WKH�*LEEV�SRWHQWLDO��WKH�+HQU\�FRQVWDQW�DQG�JDV�FKURPDWRJUDSKLF�UHWDLQ�LQGH[�DUH�DQDO\]HG�DV�WKH�SURS�HUWLHV�� 7KH\� DUH� FDOFXODWHG� IRU� GLIIHUHQW� VXEVWDQFHV� DGVRUSWLRQ� IURP� WKH� JDVHRXV� DQG� OLTXLG�SKDVHV�RQ� WKH�DFWLYH� FDUERQ��JUDSKLWL]HG� WKHUPDO�FDUERQ�EODFN� DQG�6LOLSRUH������6XEVWDQFHV�ZLWK�GLIIHUHQW�PROHFXODU�JUDSKV�±�KRPRJHQRXV��KHWHURJHQHRXV�DQG�JUDSKV�ZLWK�F\FOHV�DUH�UH�VHDUFKHG��7KXV�WKH�REWDLQHG�GDWD�OHW�XV�GHFODUH�WKDW�ZLWK�WKH�KHOS�RI�LQIRUPDWLRQ�WKHRUHWLF�LQ�GLFHV�RQ�WKH�H[SHULPHQWDO�GDWD�IRU� WKH�UHIHUHQFH�VXEVWDQFH�JURXS�LW� LV�SRVVLEOH�WR�SUHGLFW� WKH�HTXLOLEULXP�DGVRUSWLRQ�FKDUDFWHULVWLFV�IRU�D�QXPEHU�RI�VXEVWDQFHV��ZKRVH�PROHFXODU�VWUXFWXUH�FDQ�EH�GHVFULEHG�E\�PHDQV�RI�PROHFXODU�JUDSKV�RI�RQH�W\SH��7KH�PHWKRG�PHQWLRQHG�DERYH�ZDV�XVHG�E\�XV�IRU�WKH�PROHFXODU�JUDSKV�PDWUL[�DQDO\VLV�HL�WKHU�E\�PHDQV�RI�WKH�GLVWDQFHV�PDWUL[�RU�RI�JUDSK�YHUWH[HV�FRQWLJXLW\�PDWUL[��7KH�:LHQHU�PD�WUL[�DSSOLFDWLRQ�IRU�DONDQHV�LV�ZLGHO\�NQRZQ�KRZHYHU�WKLV�PDWUL[�FDQ¶W�EH�XVHG�IRU�WKH�FRP�ELQHG�PROHFXOH�DQDO\VLV�RI�WKH�RUJDQLF�VXEVWDQFHV�EHORQJLQJ�WR�GLIIHUHQW�KRPRORJLFDO�VHULHV��7KH�:LHQHU�PDWUL[�DSSOLFDWLRQ�UDQJH�FDQ�EH�ZLGHQHG�IRU�VWUXFWXUH�DQDO\VLV�RI�GLIIHUHQW�PROH�FXOHV��)RU� WKLV�SXUSRVH�ZH�VXJJHVW�FRQVLGHULQJ� WKH�FKDUDFWHULVWLF�SRO\QRPLDO�RI� WKH�GLVWDQFH�PDWUL[�� WKH� HOHPHQWV�RI�ZKLFK� VKRXOG�EH�GHILQHG� DV� WKH�5RXYUD\�PDWUL[� HOHPHQWV��+HUH� WKH�FKDUDFWHULVWLF�SRO\QRPLDO�RU�WKH�PDWUL[�JUDSK�VSHFWUDO�PRPHQW�LV�FRQVLGHUHG�DV�D�JUDSK�LQYDUL�DQW��
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�&\FORGH[WULQ�LQFOXVLRQ�FRPSOH[HV�ZLWK�PHWK\O�[DQWKLQHV��
0ROHFXODU�PHFKDQLFV�VWXG\�DFFRXQWLQJ�IRU�WKH�VROYHQW�

<X��9��/LVQ\DN� $��9��*XEVND\D��$��9��0DUW\QRY�
,�0HFKQLNRY�,QVWLWXWH�RI�PLFURELRORJ\�DQG� LPPXQRORJ\��$FDGHP\�RI�0HGLFDO�6FLHQFHV�RI�8NUDLQH��.KDUNRY��0ROHFXODU�LQFDSVXODWLRQ�RI�FRPSRXQGV�ZLWK�ELRORJLFDO�DFWLYLW\�E\�ZDWHU�VROXEOH�DQG�QDWX�UDOO\�DYDLODEOH�KRVWV�VXFK�DV� �F\FORGH[WULQ�� �&'��FRYHUV�D�YDULHW\�RI�GLIIHUHQW�LQWHUHVWV��IURP�VWUXFWXUDO�LQYHVWLJDWLRQV�RI�QRQ�FRYDOHQW�LQWHUDFWLRQV��LQFOXGLQJ�HQ]\PH�PRGHOV��WR�LQGXVWULDO�H[SORLWDWLRQ��(VWDEOLVKHG�DSSOLFDWLRQV�RI� �&'�LQFOXVLRQ�FRPSOH[HV�FRQFHUQ�WKH�SKDUPDFHXWL�FDO�LQGXVWU\��DQG�DUH�DLPHG�DW�LPSURYLQJ�WKH�ELRDYDLODELOLW\�RI�EDUHO\�ZDWHU�VROXEOH�GUXJV��LQ�FUHDVLQJ�WKHLU�VWDELOLW\�DQG�UHGXFLQJ�XQZDQWHG�VLGH�HIIHFWV�>�@��1�PHWK\ODWHG�[DQWKLQH�GHULYD�WLYHV�����GLPHWK\O�[DQWKLQH��WKHRSK\OOLQH��7S�������GLPHWK\O�[DQWKLQH��WKHREURPLQH��7E���DQG�������WULPHWK\O[DQWKLQH��FDIIHLQH��&I���DUH�ZHOO�NQRZQ�DQG�ZLGHO\�XVHG�GUXJV��+RZHYHU��7E�LV�DOPRVW�XQVROYDEOH�DQG�VROXWLRQV�RI�&I�DQG�7S�DUH� UHODWLYHO\�XQVWDEOH�DW�QRUPDO� WHPSHUDWXUH�>�@��6R�WKHLU�LQFOXVLRQ�FRPSOH[HV�ZLWK� �&'�DUH�RI�JUHDW�LQWHUHVW�IRU�SKDUPDFRORJ\�DQG�PHGL�FLQH���)RXU PDLQ�SRLQWV�DUH�WR�EH�FODULILHG�LQ�WKH�VWXG\�RI� LQFOXVLRQ�FRPSOH[HV��SURRI�RI�DFWXDO�LQFOXVLRQ�� VWRLFKLRPHWU\�� DVVRFLDWLRQ� FRQVWDQW�� DQG� JHRPHWU\� RI� WKH� FRPSOH[�� %RWK�VWRLFKLRPHWU\�DQG�WKH�DVVRFLDWLRQ�FRQVWDQWV�IRU� �&'�LQFOXVLRQ�FRPSOH[HV�ZLWK�7S��7E�DQG�&I�LQ�ZDWHU�VROXWLRQ�DUH�NQRZQ�IURP�H[SHULPHQW�>�@��5HFHQWO\��ZH�KDYH�VLPXODWHG�WKH� �&'�LQ�FOXVLRQ�SURFHVVHV�ZLWK�DERYH�FRPSRXQGV�E\�PROHFXODU�PHFKDQLFV�FDOFXODWLRQV� LQ�YDFXR� >�@��)RU HDFK�GUXJ�PROHFXOH�� WKHUH�ZDV� VKRZQ� WKH�SRVVLELOLW\� WR� IRUP� IRXU� W\SHV�RI� VWDEOH� FRP�SOH[HV�ZLWK�SDUWLDO�LQFOXVLRQ�RI�WKH�JXHVW�LQWR� �&'�PDFURF\FOH�FDYLW\��ZLWK�LPLGD]ROH�IUDJ�PHQW�HQWHUHG�LQWR�WKH�ZLGHU�RU�QDUURZHU�ULP�RI�WKH�PDFURF\FOH��$:� RU�%1�FRPSOH[HV��UHVSHF�WLYHO\��RU�ZLWK�S\ULPLGLQH�IUDJPHQW�HQWHUHG�LQWR�WKH�ZLGHU�RU�QDUURZHU�ULP�RI�WKH�PDFURF\FOH��%:� RU�$1��FRPSOH[HV��UHVSHFWLYHO\���$FFRUGLQJ�WR�RXU�FDOFXODWLRQV��$:�FRPSOH[HV�ZHUH�WKH�PRVW VWDEOH��7KH�FDOFXODWHG�YDOXHV�RI�FRPSOH[�VWDELOL]DWLRQ�HQHUJLHV�FRUUHODWH�ZLWK�H[SHULPHQ�WDO� YDOXHV� RI� FRPSOH[� IRUPDWLRQ� FRQVWDQWV� >�@� DV�ZHOO� DV�ZLWK� GLSROH�PRPHQWV� RI� WKH� JXHVW�PROHFXOHV�FDOFXODWHG�E\�$0�����7KH�DLP�RI�WKH�SUHVHQW�VWXG\�ZDV�WR�HVWLPDWH�UHODWLYH�VWDELOLW\�RI�WKH�DERYH�LQFOXVLRQ�FRP�SOH[HV�WDNLQJ�LQWR�DFFRXQW�WKH�HIIHFW�RI�ZDWHU�VROXWLRQ��7KH�FDOFXODWLRQV�ZHUH�FDUULHG�RXW�XVLQJ�$OOLQJHU
V�00������IRUFH�ILHOG��%RQG�GLSROH�DSSUR[LPDWLRQ�ZDV�XVHG�IRU�HOHFWURVWDWLF�LQWHUDF�WLRQV��)RU�HDFK�GUXJ�PROHFXOH��$:�FRPSOH[�REWDLQHG�HDUOLHU�>�@�ZDV�SODFHG�LQ�D�SHULRGLF�ER[�FRQWDLQLQJ�����ZDWHU�PROHFXOHV��7KHVH�PROHFXODU�V\VWHPV�ZHUH�WKHQ�JHQWO\�PLQLPL]HG�>�@��DW�ILUVW��VROXWH�ZDV�IL[HG�DQG�VROYHQW�ZDV�PLQLPL]HG��DQG�WKHQ�WKH�ZKROH�V\VWHP��LQFOXGLQJ�VRO�XWH DQG�VROYHQW��ZDV�PLQLPL]HG��7KH�V\VWHPV�ZHUH�RSWLPL]HG�XQWLOO� WKH�YDOXH�RI� URRW�PHDQ�VTXDUH�JUDGLHQW�IRU�WRWDO�HQHUJ\�ZDV�OHVV�WKDQ�������NFDO����c�PRO����(IIHFW�RI�VROYHQW�DQG�SRODU�SURSHUWLHV�RI�WKH�JXHVW�PROHFXOHV�RQ�UHODWLYH�VWDELOLW\�DQG�JH�RPHWU\�RI�WKH�VXSUDPROHFXODU�FRPSOH[HV��DV�ZHOO�DV�LQWHUSOD\�RI�GLIIHUHQW�FRQWULEXWLRQV�WR�WR�WDO�SRWHQWLDO�HQHUJ\�RI�WKH�KRVW�JXHVW�VXSUDPROHFXODU�V\VWHPV�DUH�GLVFXVVHG������ 6]HMLWOL�-�����0HG��5HV��5HY�±�������9����� ����3����������:HL� <�/��� 'LQJ� /�+��� 'RQJ� &�� HW� DO�� ��� 6SHFWURFKLP� $FWD� $��0RO�� %LRPRO�� 6SHFWURVF���������9�����������3���������� /LVQ\DN� <X�9��� *XEVND\D� $�9��� 3UREOHPV� RI� %LRORJLFDO� DQG� 0HGLFLQDO� &KHPLVWU\��� ,�8NUDLQLDQ�6FL��&RQI��±�3URF��&RQI���.KDUNRY���������3������� /HDFK�$�5��0ROHFXODU�0RGHOLQJ�3ULQFLSOHV�DQG�$SSOLFDWLRQV��±�$GGLVRQ�:HVOH\�/RQJPDQ�/WG��±������������S���
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7KH�FROOHFWLYLW\�RI�PXOWL�FRQILJXUDWLRQ�VWDWHV�
$��9��/X]DQRYD� 2��$��=KLNROD� 2��9��3UH]KGRE

D,QVWLWXWH�IRU�6FLQWLOODWLRQ�0DWHULDOV��67&�³,QVWLWXWH�IRU�6LQJOH�&U\VWDOV´��1DWLRQDO�$FDGHP\�RI 6FLHQFHV��.KDUNRY���������8NUDLQH�
E'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�:DVKLQJWRQ��6HDWWOH��:$�������86$��

7KH� FROOHFWLYLW\� RI�1�HOHFWURQ� ZDYHIXQFWLRQV� LV� D� VRPHZKDW� DPELJXRXV� QRWLRQ�� DQG� LWV�
FRQFUHWH�GHILQLWLRQ�GHVHUYHV�FORVH�DWWHQWLRQ��7KH�FROOHFWLYLW\�VKRXOG�TXDQWLWDWLYHO\�FKDUDFWHU�
L]H� WKH� SDUWLFLSDWLRQ� RI� H[FLWHG� FRQILJXUDWLRQV� LQ� D� JLYHQ� VWDWH� YHFWRU� ������ 1<{< � $V�
FRPPRQO\� DVVXPHG�� < LV� UHSUHVHQWHG� E\� D� VHULHV� RYHU� DOO� N�IROG H[FLWHG� FRQILJXUDWLRQV�
� 1N dd� � ZLWK�UHVSHFW�WR�D�UHIHUHQFH�GHWHUPLQDQW� ) � ,Q�WKH�VLPSOHVW�DSSURDFK�ZH�GHILQH�WKH�
FROOHFWLYLW\�LQGH[� DY1 E\�WKH�DYHUDJH�N�IROG�H[FLWDWLRQ�PHDVXUH� N

<� { ���7U�� ',N1 UDY ����
ZKHUH� U DQG� <

�' DUH�WKH�UHIHUHQFH�'LUDF�)RFN�GHQVLW\�PDWUL[�DQG�WKH�ILUVW�RUGHU�GHQVLW\�PD�
WUL[�IRU� < � UHVSHFWLYHO\��:LWK�VRPH�YDULDWLRQV�WKLV�FROOHFWLYLW\�PHDVXUH�ZDV�XVHG�LQ�>���@��

7KH�SUHVHQW�UHSRUW�HVWDEOLVKHV�D�FORVH�FRQQHFWLRQ�RI�����ZLWK�WKH�FROOHFWLYLW\�LQGH[�UHFHQWO\�
SURSRVHG�LQ�>�@��DQG�FRPSDUHV�WKHVH�LQGLFHV�ZLWK�WKH�XQSDLUHG�HOHFWURQ�LQGH[�SUHVHQWHG�LQ�>�@�
DQG�UHODWHG�ZRUNV��)XUWKHU��DQ�HOHPHQWDU\�FROOHFWLYLW\�PHDVXUH�LV�SURSRVHG�RQ�WKH�EDVLV�RI�UHI�
HUHQFH�FRHIILFLHQW� �& � 7KH�FRUUHVSRQGLQJ�LQGH[�

� �OQ�OQ� �
� F1 F � � ����

DV�ZHOO�DV�WKH�LQGH[������FDQ�EH�LQWHUSUHWHG�DV�WZLFH�WKH�DYHUDJH�QXPEHU�RI�EURNHQ�ERQGV��7KH�
WKHRU\� LV� H[HPSOLILHG� ZLWK� IXOO� &,� FDOFXODWLRQV� RQ� DWRPLF� DQG� PROHFXODU� V\VWHPV� LQ� WKHLU�
JURXQG�� H[FLWHG� DQG� GLVVRFLDWHG� VWDWHV�� 6HYHUDO� GLUHFW� DQG� DSSUR[LPDWH� FDOFXODWLRQV� IRU� WKH�
&&' DQG�&&6'�PRGHOV�DUH�GLVFXVVHG��

�
�� $�9�� /X]DQRY�� 2�$�� =KLNRO�� ,QW�� -�� 4XDQW�� &KHP��� ���� 1R�� ���������KWWS���TFF�UX�aIRFN�SURFHHGLQJV�������������$�9��/X]DQRY��.KDUNRY�8QLYHUVLW\�%XOOHWLQ�������� �����&KHPLFDO�6HULHV�,VVXH������������� 0��+HDG�*RUGRQ��&KHP��3K\V��/HWW������� �������������� .��7DNDWVXND��7��)XHQR��.��-�<DPDJXFKL��7KHRU�&KHP�$FWD����� ������������
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$XWRPDWHG�JHQHUDWLRQ�RI�WKH�GLDJUDPV�DQG�FRPSXWHU�FRGH�
IRU�WKH�VWDWH�VSHFLILF�PXOWLUHIHUHQFH�FRXSOHG�FOXVWHU�WKHRU\��

'��,��/\DNKD� 9��9��,YDQRYD� /��$GDPRZLF]E
D'HSDUWPHQW� RI� &KHPLVWU\� 9�1�.DUD]LQ� .KDUNRY� 1DWLRQDO� 8QLYHUVLW\�� VT�� 6YRERG\�� ���.KDUNRY��8NUDLQH�
E'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��86$�

7KH�FRQWHPSRUDU\�VLQJOH�UHIHUHQFH��65��FRXSOHG�FOXVWHU��&&��WKHRU\�LV�PRVW�SRSXODU�QRQ�
HPSLULFDO� TXDQWXP� FKHPLFDO�PHWKRG� IRU� VPDOO� DQG�PHGLXP� VL]H�PROHFXODU� V\VWHPV�� ,W�ZDV�
GHPRQVWUDWHG�RQ�WKH�QXPHURXV�RFFDVLRQV�WKDW�WKH�&&�PHWKRG�ZLWK�VLQJOH�DQG�GRXEOH�H[FLWD�
WLRQV��&&6'��UHSURGXFHV�YHU\�ZHOO�H[SHULPHQWDO�GDWD�DV�ZHOO�DV�UHVXOWV�RI�RWKHU�KLJK�DFFXUDF\�
WKHRUHWLFDO�PHWKRGV��

6LQFH�65�&&6'�LV�EDVHG�RQ�D�VLQJOH�GHWHUPLQDQW�UHIHUHQFH�IXQFWLRQ�LW�EHFRPHV�OHVV�DFFX�
UDWH�LI�WKH�ZDYH�IXQFWLRQ�VKRZV�D�PXOWLUHIHUHQFH��05��FKDUDFWHU��7KH�PRVW�W\SLFDO�H[DPSOHV�
RI� VXFK� VLWXDWLRQV� DUH� FKHPLFDO� ERQG�EUHDNLQJ� �RU� VLJQLILFDQW� VWUHWFKLQJ��� TXDVLGHJHQHUDWLRQ�
DQG�HOHFWURQLF�H[FLWDWLRQV��7KLV�KDV�OHG�WR�WKH�H[SOLFLW�XVH�RI�UHVWULFWHG�VPDOO�VHW�RI�GHWHUPL�
QDQWV� DV� WKH� UHIHUHQFH� IXQFWLRQV� �05�&&� WKHRU\��� 2QH� RI� SHUVSHFWLYH�05�&&� DSSURDFK� LV�
EDVHG�RQ�WKH�VWDWH�VSHFLILF��RU�VWDWH�VHOHFWLYH� 66�LGHRORJ\��ZKHUH�WKH�VHSDUDWH�FDOFXODWLRQ�LV�
FDUULHG�RXW�IRU�HDFK�FRQVLGHUHG�VWDWH�RI�WKH�V\VWHP��:H�SURSRVHG�WKH�YDULDQW�RI�VXFK�PHWKRG�
�&$6&&6'���

��&Ö��H �� 7Ö7Ö

&$6&&6' � < � �
ZKHUH�WKH�RSHUDWRU� �&Ö�� � JHQHUDWHV�WKH�VXSHUSRVLWLRQ�RI� WKH�UHIHUHQFH�VWDWHV��PRGHO�VSDFH��
DQG�WKH� �� 7Ö7ÖH � JHQHUDWHV�WKH�H[FLWDWLRQV�RXWVLGH�WKH�PRGHO�VSDFH�� � LV�VR�FDOOHG�IRUPDO�UHIHU�
HQFH ZDYH�IXQFWLRQ���

'XH�WR�WKH�FRPSOH[LW\�RI�WKH�DOJHEUDLF�PDQLSXODWLRQV�LQYROYHG�LQ�GHULYLQJ�WKH�&$6&&6'�
HTXDWLRQV�WKH�PHWKRG�IRU�DXWRPDWHG�JHQHUDWLRQ�RI�WKH�&&�GLDJUDPV��DOJHEUDLF�HTXDWLRQV�DQG�
FRUUHVSRQGLQJ�FRPSXWHU�FRGH�KDV�EHHQ�GHYHORSHG�>�@��,Q�RXU�PHWKRG�ZH�XVH�WKH�FRPSDFW�PD�
WUL[ UHSUHVHQWDWLRQ� IRU� WKH�GLDJUDPV� ,W�SURYLGHV�D�VWUDLJKWIRUZDUG�SURFHGXUH�IRU� WKH�JHQHUD�
WLRQ�RI�DOO�QHFHVVDU\�WRSRORJLFDOO\�QRQHTXLYDOHQW�GLDJUDPV�E\�XVLQJ�VLPSOH�RSHUDWLRQV��

6RPH�QXPHULFDO�WHVWV�ZHUH�SHUIRUPHG�IRU�+� DQG�+� PRGHOV�LQ�PLQLPDO�EDVLV�VHW�ZLWK�GLI�
IHUHQW�GHJUHH�RI�GHJHQHUDF\��)RU�VHYHUDO�VPDOO�PROHFXOHV��%+��)+��/L+��/L�� +�2��1�� GLVVR�
FLDWLRQ� FXUYHV� ZHUH� FDOFXODWHG�� 7KH� SUHVHQWHG� DXWRPDWHG� JHQHUDWHG� &$6&&6'�PRGHO� SUR�
YLGHV�WKH�HQHUJLHV�RI�VWDWHV�YHU\�FORVH�WR�WKH�IXOO�FRQILJXUDWLRQ�LQWHUDFWLRQ�UHVXOWV��
�� '�,�/\DNK��9�9�,YDQRY�DQG�/�$GDPRZLF]����-��&KHP��3K\V���9���������������������
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4XDQWXP�FKHPLFDO�VWXG\�RI�VWUXFWXUH��SURSHUWLHV�DQG�
VWUXFWXUDO�FKDQJHV�RI�VRPH�WULD]HQHV��D]R��DQG�ELV�

FRPSRXQGV�
� � J

8]KJRURG�VWDWH�ERUGHU�FRQWUROOLQJ�DQG�WR[LFRORJLFDO�ODERUDWRU\��6WDQFL\QD�6WU�����8]KJRURG������� 6XEFDUSDWKLD��8NUDLQH���%DODQFLQJ�JHRPHWU\�RI�WULD]HQHV�PROHFXOHV�5�&�+��1+�1 1�&�+��12� �ZKHUH�5�±�+��S�&+�� R�&+�� P�&+�� S�&O�� DQG�S�%U��DQG� WKHLU� LVRPHULF� IRUPV�5�&�+��1 1�1+�&�+��12�ZHUH�VWXGLHG�LQ�WKLV�ZRUN�E\�QRQ�HPSLULF�PHWKRG�RI�+DUW\�)RFN�5RRWKDQ�ZLWK�XVH�RI�SURJUDP�*$0(66�>�@�DQG�EDVLF�VHW�����*��,W�ZDV�HVWLPDWHG�WKDW�L]R�IRUP�LQ�JDV�SKDVH�LV�PRUH�DG�YDQWDJHRXV�HQHUJHWLFDOO\��7KH� FRPSOH[HV� RI�PROHFXOHV� RI� WULD]HQHV�ZLWK� VROYHQW�PROHFXOHV�ZHUH� UHJDUGHG�� ,W�ZDV�GHPRQVWUDWHG�WKDW�DW�FKDQJH�IURP�IUHH�PROHFXOHV�WR�WKH�LQWHUPROHFXODU�FRPSOH[HV�ZLWK�PROH�FXOHV�RI�SRODU�VROYHQWV��WZR�PROHFXOHV�RI�ZDWHU�RU�RQH�PROHFXOH�RI�DFHWRQLWU\O�RU�IRUPDPLGH��WKH�GLIIHUHQFH�LQ�HQHUJ\�RI�FRPPRQ�DQG�L]R�SKRUP�RI�WULD]HQV�VRPHZKDW�LQFUHDVHV��7KH�VDPH�VLWXDWLRQ�ZDV�REVHUYHG� LQ�FDOFXODWLRQ�RI�FRQWLQXDO�PRGHO�3&0��7KH�PHFKDQLVP�RI� WUDQVIRU�PDWLRQ�RI�FRPPRQ�IRUP�RI�WULD]HQHV�LQWR�L]R�IRUP�LQ�ZDWHU�PHGLXP�LV�SURSRVHG��,W�VXJJHVWV�V\QFKURQLF�H[FKDQJH�E\�WKH�K\GURJHQ�DWRPV�EHWZHHQ�PROHFXOHV�RI�WULD]RQHV�DQG�ZDWHU���6SDWLDO� VWUXFWXUH� DQG� HQHUJHWLF� FKDUDFWHULVWLFV� RI� WKH� PROHFXOHV� RI� D]R�� DQG� ELV�D]RFRPSRXQGV� S�+�1�&�+��5��1 1�&�+��12� DQG� 2�1�&�+��1 1�&�+��5��1+�1 1�&�+��12� �ZLWK�L]R�IRUPV�LQFOXGLQJ���ZKHUH�5�±�+��R�� QG�S�&+��ZHUH�HVWLPDGHG��3RVVLEOH�FRQWHQW�RI��VROYDWH�FRPSOH[HV�RI�WKHVH�FRPSRXQGV�ZLWK�PROHFXOHV�RI�VROYHQWV��SURGXFHG�GXH�WR K\GURJHQ�ERXQGV�ZLWK�SRODU�JURXSV�ZDV�UHJDUGHG��,W�ZDV�HVWLPDWHG�WKDW�K\GUDWLF�HQYHORSH�RI WKH�PROHFXOHV�RI�D]RFRPSRXQGV�FRQVLVWV�RI� VL[�PROHFXOHV�RI�ZDWHU��7KH� LQIOXHQFH�RI� WKH�DPRXQWV�RI�VROYHQW�PROHFXOHV�LQ�FRPSOH[�DQG�WKHLU�VSDWLDO�VWUXFWXUH�RQ�HQHUJHWLF�VWDELOLW\�ZDV�VWXGLHG��(OHFWURQLF� DEVRUSWLRQ� VSHFWUD� RI� WKH� D]R�� �� ELV�D]RFRPSRXQGV� DQG� WULD]HQHV�ZHUH� FDOFX�ODWHG� E\� WKH� PHWKRG� RI� FRQILJXUDWLRQDO� LQWHUDFWLRQ� ZLWK� WDNLQJ� LQWR� DFFRXQW� RQO\� RQH�HOHFWURQLF�H[LWLQJ��7KH�VSHFWUDO�VKLIWV�FDXVHG�E\�VROYHQW�PROHFXOHV�ZHUH�HVWLPDWHG��
7KH�VSDWLDO�VWUXFWXUH�DQG�UHODWLYH�HQHUJHWLF�VWDELOLW\�RI�GLD]R�FDWLRQV�5�&�+��1���{1� QG�1+�����&�+��12���5�&�+��1 1���2�1�&�+��1 1����ZKLFK�DUH�DEOH�WR�DFW�DV�LQWHUPHGLDWHV�LQWR� UHDFWLRQ� � 5�&�+��1+�1 1�&�+��12� � 2�1�&�+��1���{1 o 2�1�&�+��1+�1 1�&�+��12� � 5�&�+��1���{1 ZHUH�LQYHVWLJDWHG��7KH�VWXG\�VKRZHG�WKDW�FUHDWLRQ�RI�WKUHH�QXFOHDU�FDWLRQ�LQWHUPHGLDWH�LQ�JDV�SKDVH�LV�HQHU�JHWLFDOO\� DGYDQWDJHRXV�SURFHVV� DQG� LWV� GLVUXSWLRQ�QHHGV�RQO\� VPDOO� DPRXQWV�RI� HQHUJ\��7KH�PRVW VWURQJ�ERXQGV�ZHUH�REVHUYHG�EHWZHHQ�GLD]R��FDWKRGH� LRQ�DQG� WZR�PROHFXOHV�RI�ZDWHU�DQG�EHWZHHQ�FDWLRQ�LQWHUPHGLDWH� DQG� IRXU�PROHFXOHV�RI�ZDWHU�� ,W�ZDV� IRXQG� WKDW� VROYDWDWLRQ�FRXOG LQIOXHQFH�VWURQJO\�RQ�HQHUJHWLF�RI�VWXGLHG�SURFHVV����� 0�:��6FKPLGW��.�.��%DOGULGJH��-�$��%RDW]��6�7��(OEHUW��0�6��*RUGRQ��-�+��-HQVHQ��6��.RVHNL��1��0DWVXQDJD��.�$��1JXHQ��6��-��6X��7�/��:LQGXV��0��'XSXLV��DQG�-�$��0RQWJRPHU\��*HQHUDO� DWRPLF� DQG�PROHFXODU� HOHFWURQLF� �� VWUXFWXUH� V\VWHP��5HYLHZ� ��� -��&RPSXW��&KHP��±������ ±�����1�����±�3������������
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(OHFWURQ�SURSHUWLHV�RI�R[\JHQ�FRPSOH[HV�RI�IHUURXV�LRQ�
FHQWHU�

6��0DO\NKLQ� ,��=LOEHUEHUJ��*��0��=KLGRPLURY�
%RUHVNRY�,QVWLWXWH�RI�&DWDO\VLV��1RYRVLELUVN��5XVVLD��

$V ZDV�VKRZQ�E\�3DQRY�ZLWK�FR�ZRUNHUV�R[R�IHUURXV�LRQ�FHQWHU��VR�FDOOHG�DOSKD�FHQWHU��LQ�)H=60��]HROLWHV�UHSUHVHQWV�XQGHU�PRVW�FRQGLWLRQV�>�@��,Q�WKH�SUHVHQW�ZRUN�WKH�UHDFWLYLW\�RI�DOSKD�FHQWHU�LV�VWXGLHG�E\�TXDQWXP�FKHPLFDO�PHDQV��:H�VXJJHVW�WKDW�WKH�UHDFWLYLW\�RI�WKLV�FHQ�WHU�LV�GHWHUPLQHG�E\�WKH�VSHFLILF�HOHFWURQ�VWUXFWXUH�RI�WKH�>)H2@ �IHUULO��PRLHW\�RI�DOSKD�FHQWHU��7KH�>)H2@ LV�PRGHOHG�E\�2)H2+� VSHFLHV��7KH�SUREOHP� LV� WDFNOHG�E\� FRPELQLQJ�&$66&)� WKHRU\� IROORZHG�E\�PXOWL�UHIHUHQFH�SHU�WXUEDWLRQ�WKHRU\��0503���FRUUHFWLRQ�ZLWK�XQUHVWULFWHG�')7�VXSSOHPHQWHG�E\�RULJLQDO�DQDO\�VLV�RI�VSLQ�FRQWDPLQDWHG�VROXWLRQ�LQ�WHUPV�RI�LGHDOL]HG�YDOHQFH�VWUXFWXUHV�>���@��$V SUHGLFWHG� DW� DOO� XVHG� OHYHOV� RI� WKHRU\� WZR� ORZ�O\LQJ� VWDWHV� FDQ� UHSUHVHQW� WKH� JURXQG�VWDWH�RI� WKH� >)H2@ XQLW�� �$� DQG� �%�� WKH� ODWHU� VWDWH� DSSHDUV� WR�EH�XQUHVWULFWHG�')7�VROXWLRQ�
ZLWK�RQH�DFWLYH�VSLQ�FRQWDPLQDWLRQ�GHWHUPLQLQJ�SDLU�RI�RUELWDOV�ZKLFK�KDSSHQ� WR�EH� \S DQG�


\S RUELWDOV�LQ�WKLV�FDVH��7KH�6��H[DSDQWLRQ�WHFKQLTXH�DOORZHG�XV�WR�UHSUHVHQW�WKH��%� VROXWLRQ�

DV�ZHLJKWHG�VXP�RI� ���� 
\\ SS pn � np ���� 

\\ SS DQG� pn���� 
\\ SS ZLWK�TXLWH�ODUJH�ZHLJKW�RI� WKH�

VSOLW�HOHFWURQ�SDLU�FRQILJXUDWLRQ� np ���� 
\\ SS � ,W�LV�WKLV�FRQILJXUDWLRQ�WKDW�VHHPV�WR�EH�UHVSRQ�

VLEOH�IRU�WKH�DFWLYLW\�RI�WKH�>)H2@ PRLHW\�WRZDUGV�WKH�DFWLYDWLRQ�RI�WKH�&�+�ERQG�VLQFH�LW�DO�ORZV F\FORDGGLWLRQ�W\SH� WUDQVLWLRQ� VWDWH� >�@��$W� WKH� GHFUHDVHG� �+�2�)H�2�+�� DQJOHV� WKH� �%�EHFRPHV�WKH�JURXQG�VWDWH�PDNLQJ�>)H2@ DFWLYH�LQ�WKH�R[LGDWLRQ�UHDFWLRQV��7KHUHIRUH��WKH�DFWLYLW\�RI�YDULRXV�R[R�IHUURXV�VSHFLHV�LQ�]HROLWHV�FDQ�EH�YDULHG�E\�WKH�IRUP�RI IHUURXV�LRQ�VWDELOL]DWLRQ��LQ�FDWLRQLF�SRVLWLRQ��LQ�VRPH�GHIHFWV�RI�]HROLWH�ODWWLFH�DQG�VR�RQ���:KLFK�GHWHUPLQHV�LQ�IDFW�WKH�DQJOH�2�)H�2����� *�,��3DQRY��$�.��8ULDUWH��0�$��5RGNLQ��9�,��6REROHY��&DWDO� 7RGD\� ��� ��������������,��=LOEHUEHUJ��6�3K��5X]DNLQ��&KHP��3K\V��/HWW�� ���� ������������� ,��=LOEHUEHUJ��6�3K��5X]DNLQ��6��0DO\NKLQ��*�0��=KLGRPLURY��&KHP� 3K\V��/HWW�� ���� ������������� $��)LHGOHU��'��6FKURGHU��6��6KDLN��+��6FKZDU]��-� $P��&KHP��6RF�� ���� ��������������
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&RPSXWHU�VLPXODWLRQ�RI�WDUJHW�OLJDQG�LQWHUDFWLRQV�
.��9��0LURVKQ\FKHQNR��$��9��6KHVWRSDORYD�

8VLNRY�,QVWLWXWH�RI�5DGLRSK\VLFV�DQG�(OHFWURQLFV�RI�1$6�8NUDLQH��.KDUNRY��7KH�LQYHVWLJDWLRQV�RI�PROHFXODU�PHFKDQLVPV�RI�WDUJHW�OLJDQG�LQWHUDFWLRQV�DUH�QHFHVVDU\�IRU�XQGHUVWDQGLQJ�RI� WKH�GUXJV�SKDUPDFRORJLFDO�DFWLYLW\��7KH�HIILFDF\�RI� WKH�GUXJ�DFWLRQ�RQ� WKH�PROHFXODU� OHYHO� RU� WKH� VSHFLILW\� RI� LWV� LQWHUDFWLRQ� ZLWK� WKH� WDUJHW� ELRSRO\PHU� PROHFXOH� LV�HYDOXDWHG�E\�VKDSH�FRPSOHPHQWDULW\�RI�WKHLU�LQWHUDFWLQJ�SDUWV�DQG�E\�SUHVHQFH�RI�IRUFHV��HOHF�WURVWDWLF�� YDQ� GHU�:DDOV�� K\GURSKRELF��� DOORZLQJ� WR� GHWHUPLQH� WKH� HQHUJHWLF� SUHIHUDELOLW\� RI�VLPXODWHG�V\VWHPV��7KH�REMHFWLYH�RI�WKH�FDUULHG�RXW�UHVHDUFK�ZRUN�ZDV�WR�LQYHVWLJDWH�WKH�FRPSOH[DWLRQ�RI�WKH�GRXEOH VWUDQGHG�SRO\ULERF\WLG\OLF�DFLG�SRO\U& �WDUJHW��)LJ���ZLWK�WKH�DQDORJXH�RI�DQWLFDQFHU�DQWLELRWLF�DFWLQRP\FLQ�'���$FW,,,� �OLJDQG��)LJ����E\�PHDQV�RI�PROHFXODU�GRFNLQJ�DQG�0RQWH�&DUOR�PHWKRG��7KH�GRXEOH�VWUDQGHG�SRO\U&�LV�D�FRQYHQLHQW�PRGHO�RI�QXFOHLF�DFLGV�VHUYLQJ�DV�WDUJHWV�IRU�PDQ\�DQWLFDQFHU�GUXJV��

)LJ����7KH�VWUXFWXUH�RI�GRXEOH�VWUDQGHG�SRO\U&�

)LJ����7KH�RSWLPL]HG�VWUXFWXUH�RI� FW,,,�
7KH�VWUXFWXUH�RI�GRXEOH�VWUDQGHG�SRO\U& ZDV�EXLOW�UHO\LQJ�RQ�WKH�NQRZQ�;�UD\�GLIIUDFWLRQ�DQDO\VLV�GDWD��7KH�SDUWLDO�FKDUJHV�RQ�WKH�DWRPV�RI�SRO\U& SDLU�DQG�$FW,,,�ZHUH�FDOFXODWHG�XV�LQJ�VHPL�HPSLULFDO�TXDQWXP�FKHPLVWU\�PHWKRG�SP���7KH�VWUXFWXUHV�RI�SRO\U& DQG� FW,,,�ZHUH�PLQLPL]HG� ILUVW� LQ� YDFXR� DQG� WKHQ� LQ� WKH�ZDWHU� �PRGHO�7,3�3�� LQ� WKH� IUDPHZRUN� RI� IRUFH� ILHOG�$0%(5�����7KHVH� VWUXFWXUHV�ZHUH� WKHQ�XVHG� IRU� WKH�JHQHUDWLRQ�RI�SRO\U&� FW,,,� FRPSOH[HV�E\�PROHFXODU�GRFNLQJ�PHWKRG� �SURJUDP�SDFNDJH�$XWR'RFN��������7KH�FKRLFH�RI� WKH�PRVW�SUREDEOH�VWUXFWXUHV�IURP�WKH�FRPSOH[HV�REWDLQHG�ZDV�FDUULHG�RXW�XVLQJ�89�VSHFWURSKRWRPHWU\�DQG�5DPDQ�VSHFWURVFRS\�GDWD�FRQFHUQLQJ�K\GURJHQ�ERQG�IRUPDWLRQ�EHWZHHQ�GRQRU�DFFHSWRU�JURXSV�RI�SRO\U&DQG� FW,,,��5HO\LQJ�RQ�WKH�DQDO\VLV�RI�PROHFXODU�GRFNLQJ�UHVXOWV�DQG�H[SHULPHQWDO�GDWD�WKH�ILYH�PRVW�SURE�DEOH�FRPSOH[HV�ZHUH�VHOHFWHG�WKDW�VDWLVILHG�IROORZLQJ�VHOHFWLRQ�FULWHULD��WKH�FDOFXODWHG�HQHUJLHV�RI�WDUJHW�OLJDQG�LQWHUDFWLRQ�ZHUH�PLQLPDO��WKH�IRUPDWLRQ�RI�PD[LPXP�QXPEHU�RI�K\GURJHQ�ERQGV�EHWZHHQ�GRQRU�DFFHSWRU�JURXSV�RI�SRO\U& DQG� FW,,,�ZDV�SRVVLEOH��WKH�JURXSV�RI�F\WRVLQH�DQG�RU�R[\JHQV�RI�WKH�SRO\U& VXJDU�SKRVSKDWH�EDFNERQH�DQG�1+��JURXS�RI�SKHQR[D]RQH�FKURPRSKRUH�RI�$FW,,,�SDUWLFLSDWHG�LQ�K\GURJHQ�ERQGLQJ��7KH�LQIOXHQFH�RI�VROYHQW�±�ZDWHU�PROHFXOHV�RQ�WKH�VWUXFWXUH�RI�FRPSOH[HV�REWDLQHG�XVLQJ�PR�OHFXODU�GRFNLQJ�PHWKRG�ZDV�GHWHUPLQHG�E\�PHDQV�RI�0RQWH�&DUOR�PHWKRG��7KH�VLPXODWLRQ�ZDV�FDU�ULHG�RXW�WDNLQJ�LQWR�DFFRXQW�����ZDWHU�PROHFXOHV��,W�ZDV�VKRZQ�WKDW�ZDWHU�PROHFXOHV�FRXOG�VWDELOL]H�LQ� DGGLWLRQ� FRPSOH[HV� RI� SRO\QXFOHRWLGH� WDUJHW� DQG� OLJDQG� IRUPLQJ� EULGJHV� EHWZHHQ� WKHLU� GRQRU�DFFHSWRU�JURXSV��
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01'2�FDOFXODWLRQV�RQ�R[\JHQ�HYROXWLRQ�DW�3E2� HOHFWURGH�
1��9��1LNROHQNR��$��%��9HOLFKHQNR�

8NUDLQLDQ�6WDWH�&KHPLFDO�7HFKQRORJ\�8QLYHUVLW\��*DJDULQ�$Y������������'QLHSURSHWURYVN��8NUDLQH��8VLQJ�WKH�01'2�PHWKRG��ZH�VLPXODWHG�WKH�SURFHVV�RI�2� HYROXWLRQ�RQ�D�3E2��HOHFWURGH��$FFRUGLQJO\�WR�WKH�FU\VWDOORJUDSKLF�GDWD��WKH�FRRUGLQDWLRQ�QXPEHUV�RI�SOXPEXP�DQG�R[\JHQ�DWRPV� LQ�E�3E2� HTXDO� WR� �� DQG� �� UHVSHFWLYHO\�� $V� WKH� VLPXODWLRQ� RI� WKH� 3E2�� VXUIDFH� E\�3E ��2+��� RU�3E�2+���� PRGHOV�LV�QRW�VXIILFLHQWO\�DSSURSULDWH�E\�UHDVRQ�RI�WKH�ORZ�FRRUGL�QDWLRQ� QXPEHU� RI� R[\JHQ� DWRPV� WKDW� ZH� KDYH� XWLOL]HG� PRUH� FRPSOLFDWHG� PRGHO�3E��2+����+�2���
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$GGLQJ�WZR�PROHFXOHV�RI�+�2 LQVWHDG�RI�2+� LRQV�DOORZHG�WR�UHGXFH�D�WRWDO�FKDUJH�RI�V\V�WHP�XS�WR�]HUR�WKDW� LV�FRQYHQLHQW�DW� WKH�DQDO\VLV�RI�FKDUJLQJ�DQG�RUELWDO� LQWHUDFWLRQV�� ,Q�WKLV�PRGHO�WKH�FHQWUDO�SOXPEXP�LRQ�LV�VXUURXQGHG�E\���R[\JHQ�DWRPV�ZLWK�FRRUGLQDWLRQ�QXPEHU����$IWHU FRPSOHWH�RSWLPL]DWLRQ�RI�WKH�JHRPHWULFDO�VL]HV�RI�D�FOXVWHU�XQGHU�FRQGLWLRQ�RI�LWV�JUHDW�HVW V\PPHWU\� WKH� 3E�2� ERQG� GLVWDQFH� FRPH� WR� ������ QP� �IRU� FRPSDULVRQ�� LQ� D� FOXVWHU�3E�2+���� WKH�3E�2�ERQG�GLVWDQFH�LV�������QP�DQG�LQ�3E�2+���+�2�� � ������QP���6LPXODW�LQJ� RI� WKH� SURFHVV� RI� 2� HYROXWLRQ�ZDV� IRXQGHG� RQ� VR�FDOOHG� ³HOHFWURFKHPLFDO� R[LGH� SDWK´�PHFKDQLVP����+�2 o �2+���DQLRQ��o �2+�UDGLFDO��o �2�ELUDGLFDO��o 2�� 7KHUHIRUH�WZR�DGMRLQLQJ�VSHFLHV��VHH�EROGIDFH�OLQHV�LQ�ILJXUH��WDNH�SDUW�LQ�WKH�R[\JHQ�HYROXWLRQ�SURFHVV��3E��2+����+�2�� o 3E��2+����2+��� � �+��
3E��2+����2+��� o 3E��2+����2+��� � �H��3E��2+����2+��� o 3E��2+����2�� � �+� � �H��3E��2+����2�� o 3E��2+���2� � �+��3E��2+���2� o 3E��2+����YDFDQF\����2��$V�ZH� GLG� QRW� VLPXODWH� WKH� VROYDWLRQ� VKHOO� RI� FOXVWHU� WKDW� WKH� FRPSOHWH� SDWK� RI� HOHFWUR�FKHPLFDO�UHDFWLRQV�ZDV�QRW�LQYHVWLJDWHG��,Q�WKLV�VWXG\�RQO\�IRUHJRLQJ�ILQDO�VWDWHV�RI�3E2��FOXV�WHU�ZHUH� FDOFXODWHG��5HVXOWV� RI�01'2� FDOFXODWLRQV� DUH� VKRZQ� EHORZ� DV� WKH� FRPSDULVRQ� RI�FOXVWHU¶V�KHDW�RI�IRUPDWLRQ��'+��ZLWK�LQWHUDWRPLF�GLVWDQFH�EHWZHHQ�FHQWUDO�3E�DWRP�DQG�R[\�JHQ VSHFLHV��
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$Q�DQDO\VLV�RI�WKH�HQHUJ\�SDUDPHWHUV�IRU�HYROXWLRQ�RI 2� IURP�+�2 ZLWKLQ�WKH�OLPLWDWLRQV�RI WKH�VLPSOLILHG�3E2� FOXVWHU�PRGHO�VXJJHVWV�WKDW�ZHDN�LQWHUDFWLRQ�EHWZHHQ�R[LGH�DQG�R[\�JHQ�VSHFLHV� LV� WKH�PRVW�HVVHQWLDO�SDUDPHWHU� WKDW� LV� LQIOXHQFHG�E\�HOHFWURQLF�SURSHUWLHV�RI� WKH�YHU\�R[LGH��
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3RWHQWLDO�DQWLPLFURWXEXODU�DFWLYLW\�RI�DQWLFDQFHU�
FRPSRXQG�F\SURWHURQH�DFHWDWH�

$��<X��1\SRUNRD� $��(��6WDNKRYVN\E� (��$��6WDNKRYVN\F� <D��%��%OXPHD
�'HSDUWPHQW� RI� *HQRPLFV� DQG� %LRWHFKQRORJ\�� ,QVWLWXWH� RI� &HOO� %LRORJ\� DQG� *HQHWLF�(QJLQHHULQJ��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��DFDG��=DERORWQRJR�VWU��������.LHY��������
�1DWO�0HGLFDO�8QLYHUVLW\��6KHYFKHQNR�EOYUG�������������.LHY��8NUDLQH�
�'HSDUWPHQW�RI�3ODVWLF�DQG�5HFRQVWUDFWLYH�8URORJ\��,QVWLWXWH�RI�8URORJ\��<XU\�.RWVXELQVN\�VWU����D���������.LHY��8NUDLQH��

&\SURWHURQH�DFHWDWH��&\S$���DFWLYH�VWHURLG�FRPSRQHQW�RI�DQWLFDQFHU�GUXJ�$QGURFXU��ELQGV�
KLJKO\� FRPSHWLWLYHO\� ZLWK� GLK\GURWHVWRVWHURQH� DW� DQGURJHQ� UHFHSWRU� VLWHV�� 5HVSHFWLYHO\�� ZH�
DOVR�FDQ�DVVXPH�LWV�DELOLW\�WR�GLUHFWO\�LQWHUDFW�ZLWK�WXEXOLQ�PROHFXOHV�DQG��WKHUHE\��WR�SRVVHVV�
E\�DQWLPLFURWXEXODU�DFWLYLW\��EHFDXVH�WKLV�SURSHUW\�LV�FRPPRQ�IRU�RWKHU�VWHURLGV��SDUWLFXODU\�
IRU�DQWLWXPRU�HVWUDGLROV��HDUOLHU�>����@��7R�YHULI\�WKLV�K\SRWKHVLV�WKH�VSDWLDO�VWUXFWXUH�RI�&\S$�
E\�DE LQLWLR�PHWKRG�ZLWK�XVLQJ�PHGLXP�EDVLV�VHW�ZDV�UHFRQVWUXFWHG��7KLV�VWUXFWXUH�ZDV�FRP�
SDUHG�LW�ZLWK�PROHFXODU�VWUXFWXUHV�RI�GLIIHUHQW�DQWLPLFURWXEXODU�FRPSRXQGV��,W�ZDV�VKRZQ�WKDW�
IHDWXUHV�RI�VSDWLDO�VWUXFWXUH�DQG�HOHFWURQ�SURSHUWLHV�RI�ULQJ�'�RI�&\S$�PROHFXOH�ZLWK�DWWDFKHG�
VLGH�JURXSV�KDYH�DQDORJXHV�LQ�WKH�VSDWLDO�VWUXFWXUH�RI�WD[RO��7KLV�ZHOO�NQRZQ�FRPSRXQG�LQWHU�
DFWV�ZLWK�E�WXEXOLQ�PROHFXOH�WKDW�UHVXOWV�LQ�LUUHYHUVLEOH�VWDELOL]DWLRQ�RI�PLFURWXEXOHV��7R�FKHFN�
WD[RO�OLNH�DFWLYLW\�RI�&\S$�ZH�UHFRQVWUXFWHG�VSDWLDO�VWUXFWXUH�RI� LWV�FRPSOH[�ZLWK�KXPDQ�E�
WXEXOLQ�E\�PDQXDO�GRFNLQJ�&\S$�PROHFXOH� LQWR� WD[RO�ELQGLQJ�VLWH�RQ�E�WXEXOLQ� VXUIDFH�DQG�
FRPSXWHG�PROHFXODU� G\QDPLFV� RI� FRPSOH[HV� ³WXEXOLQ�&\S$´� DQG� ³WXEXOLQ�WD[RO´�� DQG� DOVR�
IUHH�&\S$�DQG�WD[RO�PROHFXOHV��XVLQJ�*520$&6�VRIWZDUH��IIJP[�IRUFH�ILHOG��IRU����QV�WLPH�
LQWHUYDO��&RPSDUDWLYH�DQDO\VLV�RI�REWDLQHG�GDWD�KDV�FOHDUO\�UHYHDOHG�VLPLODU�EHKDYLRU�IHDWXUHV�
RI� ERWK� OLJDQGV��$YHUDJH� YDOXHV� RI� FRQIRUPDWLRQDO� HQHUJ\� RI� OLJDQGV� LQ� ELQGLQJ� VWDWH� KDYH�
EHHQ�IXQGDPHQWDOO\�GHFUHDVHG�LQ�FRPSDULVRQ�ZLWK�WKHLU�IUHH�VWDWH�±�IRU�����N-�PRO�LQ�&\S$�
FDVH�DQG�IRU�����N-�PRO�LQ�WD[RO�FDVH�±�WKDW�WHVWLILHV�DERXW�YHU\�KLJK�VWDELOLW\�ERWK�FRPSOH[HV�
LQ�WLPH��7KXV��ZH�FDQ�DVVHUW�WKDW�F\SURWHURQH�DFHWDWH�UHDOO\�SRVVHVVHV�E\�DIILQLW\�WR�E�WXEXOLQ�
PROHFXOH�DQG�FDQ�LQWHUDFW�ZLWK�WXEXOLQ�LQ�WD[RO�OLNH�PHFKDQLVP��

����9HUGLHU�3LQDUG�3���:DQJ�=���0RKDQDNULVKQDQ�$��.���&XVKPDQ�0���+DPHO�(� $ VWHURLG�GH�ULYDWLYH�ZLWK�SDFOLWD[HO�OLNH�HIIHFWV�RQ�WXEXOLQ�SRO\PHUL]DWLRQ����0RO��3KDUPDF��±�������±�9� ����±�3��������������1\SRUNR�$�<X���6WDNKRYVN\�$�(���6WDNKRYVN\�(�$���%OXPH�<D�%��7KH�VWUXFWXUDO�GHSHQGHQFH�RI� WKH�VZLWFKLQJ�RI�HVWUDGLRO�DQWLWXPRU�HIIHFWV� � IURP�WKH�DFWLRQ�PHFKDQLVP�GHVWDELOL]LQJ�PLFURWXEXOHV� WR� WKDW�VWDELOL]LQJ�RQHV� ���5HSW��1DWO��$FDG��6FL��8NUDLQH��±�������±�1����±�3����������LQ�5XVV����
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7KH�TXDQWXPFKHPLFDO�LQYHVWLJDWLRQ�RI�WKH�
KHWHURF\FOL]DWLRQ�SURFHVV�RI�1�VXOIRQ\OVXEVWLWXWHG�HQGR���

DPLQRPHWK\O�H[R�����HSR[\ELF\FOR>�����@KHSWDQHV�
6��,��2NRY\W\\� $��9��7RNDU��/��,��.DV\DQ�

'QLSURSHWURYVN�1DWLRQDO�8QLYHUVLW\�����1DXFKQD\D�VWU���'QLSURSHWURYVN���������8NUDLQH�
7KH�WULF\FOH�D]DEUHQGDQHV�DV�SRWHQWLDO�ELRORJLFDOO\�DFWLYH�V\VWHPV�UHFHQWO\�EHFRPH�WKH�RE�MHFWV�RI�LQFUHDVH�DWWHQWLRQ�EXW�WKH�UHJXODULWLHV�RI�WKHLU�IRUPDWLRQ�SUDFWLFDOO\�KDYH�QRW�EHHQ�LQ�YHVWLJDWHG��)URP�WKH�H[SHULPHQWDO�UHVXOWV�LW�LV�NQRZQ�WKDW�WKHVH�GHULYDWLYHV�DV�ZHOO�DV�WKH�VXO�IRQDPLGHV� RI� WKH� HSR[\QRUERUQDQH� URZ� �,� D�R�� DUH� WKH� SURGXFWV� RI� R[LGDWLRQ� RI� HQGR���DPLQRPHWK\O�H[R�����HSR[\ELF\FOR>�����@KHSW���HQ�E\�SHUR[\SKWKDOLF�DFLG��,Q�WKLV�ZRUN�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH��3(6��RI�WKH�KHWHURF\FOL]DWLRQ�SURFHVV�KDV�EHHQ�LQYHVWLJDWHG� E\� VHPLHPSLULFDO� TXDQWXPFKHPLFDO� PHWKRG� 30�� DQG� E\� 'HQVLW\� )XQFWLRQDO�7KHRU\��%+DQG+/<3�����*�G����7KH�LQIOXHQFH�RI�VROYHQW�KDV�EHHQ�WDNHQ�LQWR�DFFRXQW�E\�WKH�&2602��3&0�DQG�2Q]DJHU�PRGHOV��7KH� WUDQVLWLRQ�VWDWHV� �,,� D�R��KDYH�EHHQ� ORFDWHG�RQ� WKH�3(6�RI� UHDFWLRQV��9DOXHV�RI� WKH�FRUUHVSRQGLQJ�DFWLYDWLRQ�EDUULHUV�KDYH�EHHQ�FDOFXODWHG�UHOD�WLYHO\�WR�SUHUHDFWLRQ�FRPSOH[HV��
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5�,D�R� �,,D�R�
ZKHUH�5 &+��D���&)��E���&�+���F���&�+��G���R�12�&�+��H���P�12�&�+��I���S�12�&�+��J��� S�&+�&�+��K�����R�S��12�&�+��L�����R�12��S�&+�&�+��M�����R�&+��S�12�&�+��N��� R�2&+��P��12�&�+��O����R�S��&O&�+��P����P�S��&O&�+��Q����R�12��S�&O&�+��R���
7KH� UHVXOWV� RI� FDOFXODWLRQV� KDV� VKRZQ�� WKDW� WKH� WUDQVLWLRQ� VWDWHV� �,,� D�R�� DUH� 61��OLNH� �LW�FRXOG� EH� VHHQ� IURP� WKH� YDOXHV� RI� WKH� ERQG� DQJOHV� 2&�1�� DQG� KDYH� D� ODWH� FKDUDFWHU��U�2&��!U�&�1����7KH�REWDLQHG�UHVXOWV�FRQILUP�WKH�VLJQLILFDQW�LPSRUWDQFH�RI�HOHFWURQ�IDFWRU�LQ�SURFHHGLQJ� RI� WKH� SURFHVV� RI� KHWHURF\FOL]DWLRQ�� LQWURGXFWLRQ� WR� EHQ]HQH� ULQJ� RI� HOHFWURQ�DFFHSWRU� VXEVWLWXHQWV�� VXFK� DV�12��JURXSV�� LQFUHDVH� DFWLYDWLRQ� HQHUJ\��PHDQZKLOH� WKH� HOHF�WURQ�GRQRU�VXEVWLWXHQWV��VXFK�DV�&+��JURXSV��GHFUHDVH� WKHP�� ,Q�DGGLWLRQ�ZH�KDYH�VKRZQ�WKH�LPSRUWDQFH� RI� VWHULF� IDFWRU�� LQYHVWLJDWLRQ� RI� F\FORKH[\O� GHULYDWLYH� �,F�� DQG� WKH� FRPSRXQGV��FRQWDLQLQJ�WZR�VXEVWLWXHQWV�LQ�EHQ]HQH�ULQJ��KDV�VKRZQ�WKH�LQFUHDVLQJ�RI�DFWLYDWLRQ�HQHUJ\�LQ�FRPSDULVRQ�ZLWK�WKRVH�GHULYDWLYHV��ZKLFK�KDYH�VPDOOHU�VXEVWLWXHQWV��&RPSDUDWLYH�DQDO\VLV�RI� WKDW�GDWD��ZKLFK�ZKHUH�REWDLQHG� LQ�FDOFXODWLRQV�ZLWK�FRQVLGHUD�WLRQ�RI�GLIIHUHQW�VROYHQWV��HWK\ODF\WDWH�DQG�FKORURSKRUP��KDV�UHYHDOHG�DQ�HVVHQWLDO� LQIOXHQFH�RI WKH�FKDUDFWHU�RI�PHGLXP�RQ�SURFHHGLQJ�RI�WKH�SURFHVV��HVSHFLDOO\�±�WKH�LPSRUWDQFH�RI�VSH�FLILF�VROYDWDWLRQ��7KH�UHFHLYHG�YDOXHV�RI�DFWLYDWLRQ�HQHUJ\�DOORZHG�DV�DUUDQJH�WKH�FRPSRXQGV�LQ�WKH�IROORZLQJ�URZ��, E!�,�L!�,�H!�,�F!�,�N!�,�R!�,�M!�,�D!�,�O!�,�I!�,�P �,�Q!�,�J!�,�G!�,�K��ZKLFK�LV�LQ�D�JRRG�DJUHHPHQW�ZLWK�H[SHULPHQWDO�GDWD��
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$E�LQLWLR�FDOFXODWLRQV�RI�;�)�VSLQ�VSLQ�FRXSOLQJ�FRQVWDQW�
DQG���) 105�FKHPLFDO�VKLIW�IRU�3) �

� DQG�$V) �
� DQLRQV�

6��,��2NRY\W\\D� 9��9��5RVVLNKLQE� $��9��3ODNKRWQ\NE

D'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH�
E'QHSURSHWURYVN� 1DWLRQDO� 8QLYHUVLW\� RI� 5DLOZD\� 7UDQVSRUW� �� 'QHSURSHWURYVN�� �������8NUDLQH�

&RPSOH[�IOXRULGH�VDOWV�ZLWK�KH[DIOXRURSKRVSKDWH�3) �
� DQG�KH[DIOXRURDUVHQDWH�$V) �

� DQL�
RQV FDQ�EH�XVHG�DV�DQ�DFWLYH�SDUW�RI�HOHFWURO\WHV� LQ�UHFKDUJHDEOH�OLWKLXP�FHOOV�DQG�VXSHUFRQ�GHQVHUV��6LQFH�HOHFWURO\WHV�DUH�PXOWLFRPSRQHQW�V\VWHPV��D�FRPSDULVRQ�RI�WKH�FDOFXODWHG�YDOXHV�RI WKH�VSLQ�VSLQ�FRXSOLQJ�FRQVWDQW�DQG���) FKHPLFDO�VKLWV�ZLWK�H[SHULPHQWDO�GDWD� LV� WKH�RQO\�ZD\�WR�UHOLDEO\�DVVLJQ�105�VLJQDOV�WR�WKH�FRUUHVSRQGLQJ�QXFOHL���

+HUH�ZH�SUHVHQW�+)�DQG�')7�VWXG\�RI�105�VSHFWUD�SDUDPHWHUV�RI��3) �
� DQG��$V) �

� DQL�
RQV� -3�)� DQG� -$V�)� YDOXHV� KDYH� EHHQ� FDOFXODWHG� XVLQJ� VWDQGDUG� ����*�� � ������*��G��S��� ������*��GI��DQG� � UHFHQWO\�GHYHORSHG� >�@�PDJQHWLFDOO\�FRQVLVWHQW�����*���EDVLV� VHWV� �7DEOH���
��) 105�FKHPLFDO�VKLIW�YDOXHV��ZHUH�FDOFXODWHG�DW�+)�����*���OHYHO�RI��WKHRU\���

7DEOH���&DOFXODWHG��3�)�DQG�$V�)�QXFOHDU�VSLQ�VSLQ�FRXSOLQJ�FRQVWDQWV�-��+]��
0ROHFXOH� 0HWKRG� %DVLV�VHW� 1XPEHU�RI�EDVLV�IXQFWLRQV -FDOF� -H[S��

5+)� ����*� ��� ����
%�/<3� ����*� ��� ����
5+)� ������*��G��S�� ���� ����
%�/<3� ������*��G��S�� ���� ����
5+)� ����*��� ���� ����

3&0�5+)� ����*��� ���� ����
%�/<3� ����*��� ���� ����

3)�B

3&0�%�/<3 ����*��� ���� ����

���>�@

5+)� ����*� ��� ����
%�/<3� ����*� ��� �����
5+)� ������*��GI�� ���� ����
%�/<3� ������*��GI�� ���� �����
5+)� ����*��� ���� ����

3&0�5+)� ����*��� ���� ����
%�/<3� ����*��� ���� ����

$V)�B

3&0�%�/<3 ����*��� ���� ����

���

2EWDLQHG�YDOXHV�RI���) FKHPLFDO�VKLIWV��� ������DQG�������SSP�IRU�3) �
� DQG�$V) �

� � DUH�LQ�H[FHOOHQW�DJUHHPHQW�ZLWK�H[SHULPHQWDO�YDOXHV��������>�@�DQG�������SSP�FRUUHVSRQGLQJO\��7KH�UHVXOWV�DUH�GHULYHG�FOHDUO\�GHPRQVWUDWH�WKH�LPSRUWDQFH�RI��WDNLQJ�LQWR�DFFRXQW��HOHFWURQ�FRUUH�ODWLRQ�IRU�WKH�FDOFXODWLRQV�RI�VSLQ�VSLQ�FRXSOLQJ�FRQVWDQWV�DQG�DGYDQWDJHV�RI�SK\VLFDOO\�MXVWL�ILHG�����*���EDVLV�VHW�RYHU�WKH�VWDQGDUG�RQHV��$OO�FDOFXODWLRQV�SHUIRUPHG�E\�WKH�*��:�SDFN�DJH�RI�SURJUDP>�@���
���9��9�5RVVLNKLQ��6�,�2NRY\W\\��/�,�.DV\DQ��(�2�9RURQNRY��/�.�8PULNKLQD��-��/HV]F]\QVNL�-� 3K\V��&KHP��$������� ���� �������� $�9�3ODNKRWQ\N� /�(UQVW��5�6FKPXW]OHU� -�)OXRULQH�&KHP������������������� 0��-��)ULVFK��*��:��7UXFNV��+��%��6FKOHJHO��HW�DO���*DXVVLDQ��,QF���:DOOLQJIRUG�&7�������
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$,0�HOHFWURQ�GHQVLW\�DQDO\VLV�RQ�WKH�VWUXFWXUH�DQG�
ERQGLQJ�LQ�DOLF\FOLF�ROHILQV�DQG�R[LUDQHV�

6��,��2NRY\W\ D� �/��.��6YMDWHQNRE
D'QHSURSHWURYVN��1DWLRQDO��8QLYHUVLW\���������'QHSURSHWURYVN��8NUDLQH�
E.LURYRJUDG�9��9LQQLFKHQNR�6WDWH�3HGDJRJLFDO�8QLYHUVLW\���������.LURYRJUDG��8NUDLQH�7KH�F\FOLF�ROHILQV�DQG�HSR[LGHV�DUH�SHUVSHFWLYH�V\QWRQV�LQ�SURGXFWLRQ�RI�WKH�PHGLFLQH�DQG�SRO\PHU�PDWKHULDOV��6WUDLQ�DQG�SRODULW\�DUH�SURYLGHG�WKHP�WKH�ZLGH�VSHFWUD�RI�WUDQVIRUPDWLRQ�ZLWK�QXFOHRSKLOLF�DQG�HOHFWURSKLOLF� UHDJHQWV��7KH�HOHFWURQLF�DQG�JHRPHWULFDO�VWUXFWXUH�RI�RU�JDQLF�PROHFXOHV�LV�WKH�EDVLV�IRU�LQYHVWLJDWLRQ�RI�WKH�UHDFWLYLW\�RI�RUJDQLF�FRPSRXQGV���7KH�DWRP�LQ�PROHFXOHV��$,0��DSSURDFK�KDV�EHHQ�HPSOR\HG�WR�FDOFXODWLRQ�RI�WKH�HOHFWURQ�GHQ�VLW\�GLVWULEXWLRQ�RI�DOLF\FOLF�ROHILQV��������HSR[LGHV���������HWK\OHQH�DQG�R[LUDQH�PROHFXOHV���

�7KH� FDOFXODWLRQV� KDYH� EHHQ� SHUIRUPHG� DW� WKH� 3%(�3%(������*� OHYHO� RI� WKHRU\�� 7KH�SURSHUWLHV�RI�ERQG�DQG�ULQJ�FULWLFDO�SRLQWV��FKDUJH�GHQVLW\��WKH�/DSODFLDQ�RI�WKH�FKDUJH�GHQVLW\�IRU�DOLF\FOLF�ROHILQV�DQG�HSR[LGHV�KDYH�EHHQ�LQYHVWLJDWHG�DQG�FRPSDUHG�ZLWK�WKRVH�IRU�HWK\O�HQH�DQG�R[LUDQH�FRUUHVSRQGLQJ��)LJ������

� E F�)LJ�� ���0ROHFXODU� JUDSKV� � ��� FRQWRXU�PDSV� RI� WKH� FKDUJH� GHQVLW\� �E��� WKH� /DSODFLDQ� RI� WKH�FKDUJH�GHQVLW\��F��IRU�HWK\OHQH�DQG�R[LUDQH��7KH�DQDO\VLV�RI�WKH�VWUXFWXUHV�DQG�ERQGLQJ�RI�DERYH�PHQWLRQHG�FRPSRXQGV�URZV�KDV�EHHQ�FDUULHG�RXW��7KXV�VWUHQJWK�DQG�HOOLSWLFLW\�RI�  � &�&�DQG�&�2�ERQGV��VXUIDFH�GHORFDOL]DWLRQ�HOHFWURQ�GHQVLW\��S±FKDUDFWHU�RI� WKH�HSR[LGLF�ULQJ�KDYH�EHHQ�FRPSDUHG��7KH�WRSRORJ\�RI� WKH�HOHFWURQ�GHQVLW\�RI�VHYHUDO�ROHILQV�DQG�HSR[LGHV�VKRZ�WKH�H[LVWHQFH�RI�FORVHG�VKHOO�LQWHUDFWLRQ�EHWZHHQ�K\GURJHQ�DWRPV�DWWDFKHG�WR�QRQGRQGLQJ�FDUERQ�DWRPV��
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6WUXFWXUH�RI�2±1±<�DPLGHV��QLWURJHQ�S\UDPLGDOLW\�DQG�
DQRPHULF�HIIHFWV�

'��$��2OHILUD� 2��9��6KLVKNLQE� 5��,��=XEDW\XNE� $��9��7V\JDQNRYD� (��$��.ORW]D��9��*��6KWDPEXUJD� $��9��0D]HSDF� 5��*��.RVW\DQRYVN\G�
D'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��������'QHSURSHWURYVN��8NUDLQH�
E,QVWLWXWH� IRU� 6FLQWLOODWLRQ� 0DWHULDOV�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�� ������.KDUNRY��8NUDLQH��
F$�9�� %RJDWVN\� 3K\VLFR�&KHPLFDO� ,QVWLWXWH�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH��������2GHVVD��8NUDLQH��
G1�1�� 6HPHQRY� ,QVWLWXWH� RI� &KHPLFDO� 3K\VLFV�� 5XVVLDQ� $FDGHP\� RI� 6FLHQFHV�� �������0RVFRZ��5XVVLDQ�)HGHUDWLRQ���$QRPHULF�� DPLGHV�� ZKLFK� FRQWDLQ� WZR� R[\JHQ� VXEVWLWXWHQWV� DW� QLWURJHQ�� KDYH� VWURQJO\�GLIIHUHQW� SURSHUWLHV� FRPSDUHG� WR� ³FODVVLFDO´� DPLGHV�� 5HFHQWO\� >�@� LW� ZDV� IRXQG� WKDW� LQ� 1�DF\OR[\�1�DONR[\EHQ]DPLGHV�DPLGH�QLWURJHQ�DWRP�KDV�VXEVWDQWLDOO\�S\UDPLGDO�FRQILJXUDWLRQ�ZLWK�WKH�VXP�RI�ERQG�DQJOHV�FHQWUHG�RQ�WKH�DWRP�RI�������7KLV�UHVXOWV�LQ�KLJK�FDUERQ\O�VWUHWFK�IUHTXHQFLHV������������FP��� DQG�ORZ�DPLGH�LVRPHULVDWLRQ�EDUULHUV��,Q� WKLV� ZRUN� ZH� KDYH� SHUIRUPHG�;�UD\�GLIIUDFWLRQ�VWXG\�RI�WKH�VHULHV�RI�XUHDV� DQG�FDUEDPDWHV��2XU� UHVXOWV� UH�YHDO� KLJKO\� S\UDPLGDO� FRQILJXUDWLRQ�RI WKH� DPLGH� QLWURJHQ� LQ� WKH� 2�1�2�IUDJPHQW� �WKH� VXP� RI� ERQG� DQJOHV� RI������������ 7ZR� W\SHV� RI� FRQIRUPD�WLRQV� ZHUH� REVHUYHG� LQ� FU\VWDO� ZLWK�FDUERQ\O� JURXS� RI� DF\OR[\�VXEVWLWXWLHQW�RULHQWHG�WRZDUGV�IURQW�RU�UHDU�VLGH�RI�WKH�ORQH�SDLU�RI�DPLGH�QLWURJHQ�DWRP��$QDO\VLV�RI�ERQG�OHQJWKV�GHPRQVWUDWHV�FRQ�VLGHUDEOH�GLIIHUHQFHV�LQ�WKH�1�2�ERQG�OHQJWKV��7KH�1�2&�2�5�ERQG��������������������c��LV�
PXFK�ORQJHU�WKDQ�1�2$ON�ERQG���������������������c��UHIOHFWLQJ�WKH�SUHVHQFH�RI�Q2�5� V1�
< DQRPHULF�LQWHUDFWLRQV�LQ�2�1�2�JURXS��,Q�RUGHU�WR�JHW�PRUH�GHWDLOHG�LQIRUPDWLRQ�DERXW�WKH�IDFWRUV� GHWHUPLQLQJ� PROHFXODU� VWUXFWXUH� RI� VXFK� DPLGHV� ZH� KDYH� SHUIRUPHG� WKH� TXDQWXP�FKHPLFDO�FDOFXODWLRQ�RI�WKH�VHW�RI�2�1�2��DQRPHULF��DPLGHV�DW�WKH�')7��03���&$66&)�DQG�&&6' OHYHOV�RI�WKHRU\��2XU� UHVXOWV� VKRZ� WKDW� WKH�FRQIRUPDWLRQV�REVHUYHG� LQ�FU\VWDO�DUH� WKH�PRVW� VWDEOH� IRU�SDU�WLFXODU�PROHFXOHV��$QDO\VLV�RI�WKH�ZDYH�IXQFWLRQV�LQ�WHUPV�RI�1%2�WKHRU\�VKRZV�WKDW�WKH�PDLQ�
VWDELOL]LQJ�IDFWRUV�DUH�Q2�5�� V1±<� Q2�<�� V1±2�5��DQG�Q2�5�� V&±1�DQRPHULF�LQWHUDFWLRQV�IRXQG LQ� WKDW� FRQIRUPDWLRQV��%DUULHU� RI� WKH� DPLGH� QLWURJHQ� LQYHUVLRQ� LV� FRQVLGHUDEO\� ORZHU�
WKDQ�LQ�1�1�GLDONR[\DPLQHV�DV�D�UHVXOW�RI�Q1 V& 2�LQWHUDFWLRQ�LQ�WUDQVLWLRQ�VWDWH��%DUULHU�RI�&±1 DPLGH�ERQG�URWDWLRQ�LV�DOVR�GHFUHDVHG�GXH�WR�SUHVHUYDWLRQ�RI�K\SHUFRQMXJDWLRQ�LQ�DPLG�JURXS����� $��(��*LOOVRQ��6�$��*ORYHU��'��-��7XFNHU��3��7XUQHU��2UJ� %LRPRO��&KHP�� ����� �������������
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,QWUDPROHFXODU�K\GURJHQ�ERQGV�LQ�FDQRQLFDO�
�¶�GHR[\ULERQXFOHRWLGHV�

*��9��3DODPDUFKXND� 2��9��6KLVKNLQD� 5��,��=XEDW\XND� /��*RUEE� -��/HV]F]\QVNLE
D,QVWLWXWH�IRU�6FLQWLOODWLRQ�0DWHULDOV��1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH��
E&RPSXWDWLRQDO� &HQWHU� IRU� 0ROHFXODU� 6WUXFWXUH� DQG� ,QWHUDFWLRQV�� 'HSDUWPHQW� RI�&KHPLVWU\��-DFNVRQ�6WDWH�8QLYHUVLW\��3�2��%R[�������������/\QFK�6W���-DFNVRQ��06��������86$��7KH� FDQRQLFDO� �¶�GHR[\ULERQXFOHRWLGHV� �'17V�� ��¶�GHR[\WK\PLGLQH��¶�SKRVSKDWH� �SG7����¶�GHR[\F\WLGLQH��¶SKRVSKDWH� �SG&��� ��GHR[\DGHQRVLQH��¶�SKRVSKDWH� �SG$�� DQG� �¶�GHR[\JXDQRVLQH��¶�SKRVSKDWH� �SG*��� DUH� EXLOGLQJ� EORFNV� RI� '1$�PDFURPROHFXOHV�� 7KHUH�IRUH��DQ�LQYHVWLJDWLRQ�RI�WKH�VWUXFWXUH�DQG�FRQIRUPDWLRQDO�FKDUDFWHULVWLFV�RI�WKHVH�PROHFXOHV�LV�YHU\�LPSRUWDQW�IRU�XQGHUVWDQGLQJ�WKH�VWUXFWXUH�RI�WKH�FRQIRUPDWLRQDO�G\QDPLFV�DQG�IXQFWLRQV�RI�WKLV�W\SH�RI�ELRSRO\PHUV���5HFHQWO\�>���@�RQ�WKH�EDVLV�RI�WKH�FDOFXODWLRQV�E\�%�/<3�����*�G��PHWKRG�LW�ZDV�GHPRQ�VWUDWHG� WKDW�FRQIRUPDWLRQ�RI�'17V� LV�DGGLWLRQDOO\� VWDELOL]HG�E\� LQWUDPROHFXODU�1�+«2�DQG�&�+«2�K\GURJHQ�ERQGV��+RZHYHU��VRPH�RI�WKHVH�ERQGV�DUH�UDWKHU�ZHDN�DQG�XQFRQYHQWLRQDO��7KHUHIRUH�� ZH� SHUIRUP� GHWDLOHG� LQYHVWLJDWLRQ� RI� FKDUDFWHULVWLFV� RI� LQWUDPROHFXODU� K\GURJHQ�ERQGV�LQ�PRQRDQLRQLF�'17V�XVLQJ�%�/<3�������*�G�S��PHWKRG��5HVXOWV�RI�FDOFXODWLRQV�UHYHDO�WKDW�DSSOLFDWLRQ�RI�ODUJHU�DQG�PRUH�GLIIXVH�EDVLV�VHW�OHDG�WR�FRPSOHWH�GLVDSSHDUDQFHV�RI�PLQLPD�RQ�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH��3(6���ZKLFK�FRUUHVSRQG�WR�V\Q�FRQIRUPHUV�RI�SG7��,Q�WKH�FDVH�RI�SG&�DQG�SG$�RQO\�RQH�FRQIRUPHU�LV�REVHUYHG�LQ�V\Q�UHJLRQ�RI�WKH�3(6�ZLWK�DOPRVW�RUWKRJRQDO�RULHQWDWLRQ�RI�QXFOHREDVH�ZLWK�UHVSHFW�WR�IXUDQRVH�ULQJ�� ,QWUDPROHFXODU�1�+�2� K\GURJHQ� ERQG� EHWZHHQ� DPLQR� DQG� SKRVSKDWH� JURXSV� VWDELOL]H�VXFK�RULHQWDWLRQ�RI�QXFOHREDVH��)RUPDWLRQ�RI�WKLV�K\GURJHQ�ERQG�UHVXOWV�LQ�VLJQLILFDQW�RXW�RI�SODQH�GHIRUPDWLRQ�RI�S\ULPLGLQH�ULQJ�LQ�F\WRVLQH�DQG�DGHQLQH���6WDEOH�FRQIRUPHUV�ZLWK�V\Q�RULHQWDWLRQ�RI�EDVH�DUH�IRXQG�RQO\�IRU�SG*��7KH\�DUH�VWDELOL]HG�E\� LQWUDPROHFXODU� 1�+«2� K\GURJHQ� ERQG� GXH� WR� VXLWDEOH� ORFDWLRQ� RI� WKH� DPLQR� JURXS� RI�JXDQLQH��7RSRORJLFDO�DQDO\VLV�RI� WKH�HOHFWURQ�GHQVLW\�GLVWULEXWLRQ�XVLQJ�%DGHU¶V�³$WRPV� LQ�0ROH�FXOHV´�WKHRU\�UHYHDOV�SUHVHQFH�RI�VHYHUDO��������ERQG�FULWLFDO�SRLQWV�ZKLFK�FRUUHVSRQGV�WR�LQ�WUDPROHFXODU�&�+«2�K\GURJHQ�ERQGV�IRU�HDFK�VWDEOH�FRQIRUPHU�RI�'17V��+RZHYHU��GHWDLOHG�DQDO\VLV� RI� DGGLWLRQDO� FULWHULD� IRU� K\GURJHQ� ERQGV� �YROXPH� SHQHWUDWLRQ�� FKDUJH� WUDQVIHU� HWF��ZLWKLQ�%DGHU¶V�WKHRU\�LQGLFDWHV�WKDW�VRPH�RI�WKHVH�ERQGV�VKRXOG�EH�FRQVLGHUHG�UDWKHU�DV�HOHF�WURVWDWLF� LQWHUDFWLRQV� EHWZHHQ� FORVHG� VKHOO� DWRPV� WKDQ� UHDO� K\GURJHQ� ERQGV�� 7KHVH� ILQGLQJV�DJUHH�ZHOO�ZLWK�UHVXOWV�RI�FDOFXODWLRQV�RI�LQWHUDFWLRQ�HQHUJ\�EHWZHHQ�DWRPV�XVLQJ�1%2�WKHRU\��,W�LV�IRXQG�WKDW��������FULWLFDO�SRLQWV�ZLWK�YDOXH�RI�HOHFWURQ�GHQVLW\�EHORZ�������DX�FRUUHVSRQG�WR�LQWHUDFWLRQ�EHWZHHQ�WZR�DWRPV�ZLWK�(����HQHUJ\�OHVV�����NFDO�PRO��7KHUHIRUH��VXFK�LQWHUDF�WLRQV�VKRXOG�QRW�EH�FRQVLGHUHG�DV�K\GURJHQ�ERQGV������2��9��6KLVKNLQ��/��*RUE��2��$��=KLNRO��-��/HV]F]\QVNL��-��%LRPRO��6WUXFW��'\Q��������������������2��9��6KLVKNLQ��/��*RUE��2��$��=KLNRO��-��/HV]F]\QVNL��-��%LRPRO��6WUXFW��'\Q�����������������
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,QWHUDFWLRQ�RI�DONDOL�PHWDO�LRQV�ZLWK�WKH�'1$�SKRVSKDWH�
JURXS�

6��0��3HUHSHO\WV\DD� 6��1��9RONRYE�
D7DUDV�6KHYFKHQFR�1DWLRQDO�8QLYHUVLW\��'HSDUWPHQW�RI�3K\VLFV��9RORG\P\UVND�VWU������.LHY��������8NUDLQH�
E%RJRO\XERY� ,QVWLWXWH� IRU� 7KHRUHWLFDO� 3K\VLFV�� 0HWURORJLFKQD� VWU�� ���E�� .LHY� �������8NUDLQH��7KH�LQWHUDFWLRQV�RI�WKH�FRXQWHULRQV�ZLWK�FKDUJHG�SKRVSKDWH�JURXSV�RI�WKH�'1$�EDFNERQH�GHWHUPLQH�WKH�FRQIRUPDWLRQ�RI�WKH�PDFURPROHFXOH�DQG�LWV�PRELOLW\�LQ�WKH�SURFHVVHV�RI�ELRORJL�FDO� IXQFWLRQLQJ� >�@��&RXQWHULRQV�ZLWK� WKH� SKRVSKDWH� JURXSV� IRUP� WKH� XQLIRUP� VWUXFWXUH� WKDW�PD\�EH�FRQVLGHUHG�DV�DQ�LRQ�ODWWLFH��7KH�YLEUDWLRQV�RI�VXFK�D�V\VWHP�KDYH�WR�EH�VXIILFLHQWO\�LQWHQVLYH�DQG�ZHOO�REVHUYHG�RQ�H[SHULPHQWDO�VWXG\��7KH�LQIOXHQFH�RI�WKH�FRXQWHULRQ�VSHFLHV�RQ�'1$�YLEUDWLRQV�UHYHDOV�WKHPVHOYHV�LQ�5DPDQ�ORZ�IUHTXHQF\�VSHFWUD�>�@��EXW�WKH�SODFH�RI�WKH�LRQ�SKRVSKDWH�PRGH�LV�QRW�GHWHUPLQHG�\HW���7R� GHWHUPLQH� WKH� SODFH� RI� LRQ�SKRVSKDWH�PRGHV� LQ� WKH�'1$� ORZ�IUHTXHQF\� VSHFWUD� WKH�PRGHO�RI�FRQIRUPDWLRQDO�YLEUDWLRQV�RI�GRXEOH�KHOL[�ZLWK�WHWKHUHG�LRQV�RI�DONDOLQH�PHWDOV�KDV�EHHQ�HODERUDWHG�>���@��,Q�IUDPHV�RI�WKLV�DSSURDFK�WKH�'1$�LRQ�SKRVSKDWH�YLEUDWLRQ�LV�FRQVLG�HUHG�DV�D�PRGH�RI�LRQ�FU\VWDO��7KH�YDOXH�RI�WKH�IUHTXHQF\�RI�VXFK�D�PRGH�PD\�EH�GHWHUPLQHG�E\�WKH�IROORZLQJ�IRUPXOD��
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0DGHOXQJ� FRQVWDQW� RI� WKH� '1$� LRQ�
SKRVSKDWH�ODWWLFH�� H LV�WKH�LRQ�FKDUJH�� H ± LV�WKH�GLHOHFWULF�FRQVWDQW�RI�HQYLURQPHQW�ZLWKLQ�
WKH� SKRVSKDWH� JURXS�� �U ± WKH� HTXLOLEULXP�
GLVWDQFH�EHWZHHQ�FKDUJHV�� E LV� WKH�UHSXOVLRQ�FRQVWDQW��$OO� WKLV�SDUDPHWHUV�ZHUH� HVWLPDWHG�LQ� >���@� DQG� WKH� IUHTXHQF\� RI� LRQ�SKRVSKDWH�YLEUDWLRQV�ZDV�REWDLQHG��,W� ZDV� VKRZQ� WKDW� WKH� LRQ� PRGH� OLHV� LQ�IUHTXHQF\� UDQJH� RI� ��±���� FP��� DQG�GHSHQGV�RQ�FRXQWHULRQ�W\SH�DQG�GRXEOH�KHOL[�IRUP� �VHH� ILJXUH��� 2XU� FDOFXODWLRQV�TXDOLWDWLYHO\� GHVFULEH� WKH� H[SHULPHQWDO� GDWD�>�@�� 7R�PRUH� H[DFW� GHWHUPLQDWLRQ� RI� VXFK� D�IUHTXHQF\�LW�VKRXOG�EH�XVHIXO� WR�HVWLPDWH�WKH�LRQ�YLEUDWLRQ�FRQVWDQW�����PRUH�H[DFWO\������ /�'��:LOOLDPV��/�-��0DKHU�,,,����$QQX��5HY��%LRSK\V��%LRPRO��6WUXFW��������������������7��:HLGOLFK��-�:��3RZHOO��/��*HQ]HO��$��5XSSUHFKW����%LRSRO\PHUV������������������� 6�0��3HUHSHO\WV\D��6�1��9RONRY����8NU��-��3K\V����� ��������������� 6�� 1�� 3HUHSHO\WV\D� �� 6�� 1�� 9RONRY� ��� %LRSK\VLFDO� EXOOHWLQ�� .KDUNRY�� ��� �����



0$&&����.KDUNLY�����-XQH�����-XO\������ 3RVWHU�

��

0RQWH�&DUOR�VLPXODWLRQ�RI�WKH�DGVRUSWLRQ�RI�VLPSOH�JDVHV�
RQ�WUDQVLWLRQ�PHWDOV�DQG�&2�R[LGDWLRQ�RQ�3W������

1��9��3HWURYD� ,��1��<DNRYNLQ��<X��*��3WXVKLQVNLL�
,QVWLWXWH�RI�3K\VLFV�RI� WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��3URVSHFW�1DXNL�����.LHY��������8NUDLQH��

5HVXOWV� IURP�VLPXODWLRQV�RI� WKH�DGVRUSWLRQ�RI�K\GURJHQ�RQ� WKH� ������ VXUIDFHV�RI�:�DQG�
0R� WKH�VWUXFWXUHV�DQG�DGVRUSWLRQ�NLQHWLFV�RI�R[\JHQ�DQG�&2�RQ�WKH�3W������VXUIDFH��DQG�WKH�
FDWDO\WLF�UHDFWLRQ�RI�&2�R[LGDWLRQ�DUH�SUHVHQWHG��7KH�FKRLFH�RI�WKHVH�V\VWHPV�LV�PRWLYDWHG�QRW�
RQO\�E\�WKHLU�SUDFWLFDO�LPSRUWDQFH�DQG�IXQGDPHQWDO�LQWHUHVW�EXW�DOVR�E\�WKH�IDFW�WKDW�VXEVWDQ�
WLDO�SURJUHVV�KDV�EHHQ�PDGH�WRZDUG�XQGHUVWDQGLQJ�WKH�SURFHVVHV�RI�DGVRUSWLRQ�DQG�WKH�IRUPD�
WLRQ�RI�ILOP�VWUXFWXUHV�IRU�WKHP�ZLWK�WKH�XVH�RI�WKH�0RQWH�&DUOR�PHWKRG��2QH�RI�WKH�PDLQ�UHT�
XLVLWHV� IRU�VLPXODWLRQ�RI� WKH�DGVRUEHG�ILOP�VWUXFWXUHV� LV� WR�DGHTXDWHO\� LQFRUSRUDWH� WKH� ODWHUDO�
LQWHUDFWLRQ�EHWZHHQ�DGVRUEHG�PROHFXOHV��ZKLFK�LQFOXGHV�ERWK�D�GLUHFW�LQWHUDFWLRQ��HOHFWURVWDWLF�
DQG�H[FKDQJH��DQG�LQGLUHFW��YLD�HOHFWURQV�RI�WKH�VXEVWUDWH��� ,Q�SDUWLFXODU��WKH�FRUUHFW�GHVFULS�
WLRQ�RI�WKH�ODWHUDO�LQWHUDFWLRQ�LQ�WKH�VLPXODWLRQ�KDV�SHUPLWWHG�H[SODQDWLRQ�RI�WKH�PHFKDQLVPV�RI�
IRUPDWLRQ�RI� WKH�VWUXFWXUHV�RI�&2�ILOPV�RQ�SODWLQXP��5HVXOWV�RI� WKH�VLPXODWLRQV�DUH� LQ�JRRG�
DJUHHPHQW�ZLWK�H[SHULPHQWV��ZKLFK�VXJJHVWV�YDOLGLW\�RI�WKH�FRQFHSWV�RI�WKH�SUHFXUVRU�VWDWHV�LQ�
WKH�GLVVRFLDWLYH�DGVRUSWLRQ��LQGLUHFW�ODWHUDO�LQWHUDFWLRQ�EHWZHHQ�DGVRUEHG�SDUWLFOHV��DQG�UHYHDOV�
LPSRUWDQW� UROH�RI�PRELOLW\�RI� WKH� VSHFLHV� LQ� IRUPDWLRQ�RI� ILOP�VWUXFWXUHV�DQG� LQ� UHDFWLRQ�EH�
WZHHQ�DGVRUEHG�&2�PROHFXOHV�DQG�2�DWRPV��$�QHZ�PRGHO�RI�FDWDO\WLF�&2�R[LGDWLRQ�UHDFWLRQ��
LQ�ZKLFK�RQO\�R[\JHQ�DWRPV�LQ�KFS�W\SH�WKUHHIROG�DGVRUSWLRQ�VLWHV�RQ�WKH�3W������VXUIDFH�DUH�
FKHPLFDOO\�DFWLYH��LV�VXJJHVWHG��
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4XDQWXP�FKHPLFDO�FDOFXODWLRQ�RI�&X$O� LQWHUPHWDOOLFV�
LQWHUDFWLRQ�ZLWK�FKORULGH�FRQWDLQLQJ�ZDWHU�HQYLURQPHQW�

9��3RNKPXUVNLL��6��.RUQLL� 9��.RS\OHWV�
.DUSHQNR 3K\VLFR�0HFKDQLFDO�,QVWLWXWH�RI�1$6�RI�8NUDLQH���������/YLY��1DXNRZD�VWU������7KH�FXUUHQW�VWDWH�RI�GHYHORSPHQW�RI�WKH�HOHFWURFKHPLFDO�FRUURVLRQ�WKHRU\�LV�FKDUDFWHUL]HG�E\� WUDQVLWLRQ� IURP�VWDQGDUG�SKHQRPHQRORJLFDO�DSSURDFKHV�XS� WR�PROHFXODU�RQHV��:LWKLQ� WKH�IUDPH�RI�VXFK�DSSURDFK�WKH�PHWDO�VXUIDFH�LV�FRQVLGHUHG�QRW�DV�VHWV�RI�KHWHURJHQHRXV�SDUWV�ZLWK�GLIIHUHQW�HOHFWURFKHPLFDO�SURSHUWLHV��EXW�DV�VHWV�RI�DWRPV�RI�RQH�RU�GLIIHUHQW�NLQGV�ZKLFK�DUH�SODFHG�LQ�WKH�FHUWDLQ�SRVLWLRQV�RI�D�FU\VWDO�ODWWLFH��,Q�UHODWLRQ�WR�DQ�HOHFWURGH�WKHVH�DWRPV�KDYH�GLIIHUHQW�YDOXHV�RI�HOHFWURQLF�GHQVLWLHV�WKH�VXUIDFH�EHLQJ�D�V\VWHP�RI�ORFDO�DQRGH�FDWKRGH�FHQ�WUHV� DQG�FDXVLQJ� FRUURVLRQ�GHVWUXFWLRQ�RI�PHWDOV��7KH� HVWLPDWLRQ�RI� FRUURVLRQ�GLVVROXWLRQ�RI�PHWDOV�PD\�EH�GHYHORSHG�E\�FRQVLGHUDWLRQ�RI�VROXWLRQ�LRQV�DQG�ZDWHU�PROHFXOHV�LQIOXHQFH�RQ�WKH�GXUDELOLW\�RI�PHWDO�ERQG�ZLWK�WKH�XVH�RI�TXDQWXP�FKHPLFDO�VHPLHPSLULFDO�FDOFXODWLRQ�DQG�FOXVWHU�PRGHOV�RI�WKH�HOHFWURGH��7KH�REMHFW�RI�RXU�UHVHDUFKHV�ZDV�WKH�DOXPLQLXP�DOOR\�RI�$$�;;;�V\VWHP��,Q�DJUHHPHQW�ZLWK� WKH� ;�UD\� GDWD� WKHUH� RQ� LQWHUPHWDOOLF�SKDVH�&X$O��LV�SUHVHQW�LQ�VXFK�DOOR\V��4XDQ�WXP�FKHPLFDO� FDOFXODWLRQV� ZHUH� FDUULHG� RXW�RQ WKH�FOXVWHU�&X��$O���ZKLFK�KDV�D� OD\HUHG�WHWUDJRQDO�VWUXFWXUH��ILJ������:H�LQYHVWLJDWHG�DGVRUSWLRQ� FKDUDFWHULVWLFV� RI� LQWHUDFWLRQ� RI�ZDWHU� DQG�FKORULQH� LRQV�ZLWK� VXUIDFHV� ������DQG�������RI�WKH�FOXVWHU��(QHUJLHV�RI�DOXPLQ�LXP� DQG� FRSSHU� FDWLRQV� GHVRUSWLRQ� DV�>�+�2�0H&O@Q�� LQWR� HQYLURQPHQW� IURP� WKH�VXUIDFH� ������ZHUH� DOVR� FRPSDUHG�� )RU� FDO�FXODWLRQ�RI�JHRPHWULFDO�DQG�HOHFWURQLF�VWUXFWXUH�RI�WKH�LQWHUPHWDOOLF�FOXVWHU�ZH�XVHG�VHPLHP�SLULFDO�PHWKRG�30��RI�WKH�FRPSXWHU�SDFNDJH�023$&�>�@��7KH�DGVRUSWLRQ�KHDWV�RI�ZDWHU�ZKLFK�ZDV�DGVRUEHG�LQ�DWRS�SRVLWLRQ�RQ�WKH�FOXVWHU�VXUIDFH�������ZHUH������ 9 DQG������ 9 RQ�WKH�OD\HU�RI�FRSSHU�DQG�DOXPLQLXP�DFFRUGLQJO\��7KH�GLI�IHUHQFH�ZDV�FDXVHG�E\�WKH�FRQWULEXWLRQ�RI�G�RUELWDO�WR�WKH�ERQG��LW�UHDFKHG�DOPRVW�����IRU�&X�WKRXJK�LWV�EDQG�ZDV�FRPSOHWHO\�ILOOHG�XS�E\�HOHFWURQV�DQG�ZDV�DEVHQW�IRU�$O��7KH�FKORULGH�LRQ�FRPPXQLFDWHV�ZLWK�WKH�OD\HU�RI�DOXPLQLXP�PRUH�VWURQJO\��EHFDXVH�RI�WKH�QHJOLJLEOH�FRQWULEX�WLRQ�RI�G�EDQG�RI�&X���������DQG�D�VXIILFLHQW�RYHUIORZ�RI�WKH�LRQ�HOHFWURQLF�GHQVLW\�WR�DOXPLQ�LXP�FOXVWHU�IUHH�]RQH������IRU�$O�DQG�RQO\������IRU�&X��&DOFXODWLRQV�RI�KHDWV�RI�FRPSHWLWLYH�DGVRUSWLRQ�RI�WKH�FKORULGH�LRQ�RQ�VXUIDFH��������FRYHUHG�ZLWK�ZDWHU�PROHFXOHV��RQ�D�OD\HU�RI�DOXPLQLXP�±������ 9��RQ�D�OD\HU�RI�FRSSHU�±������ 9��KDYH�VKRZQ�WKH�VLWXDWLRQ��7KH�PRVW�HQ�HUJHWLFDOO\�IDYRXUDEOH�SRVLWLRQ�RI�FKORULGH�LRQ�RQ�WKH�VXUIDFH�RI�D�FRSSHU�OD\HU�LV�DWRS��DQG�RQ�D DOXPLQLXP� OD\HU� LV� EULGJH�� 7KH� SDUDPHWHUV� RI�ZDWHU� DQG� FKORULGH� LRQ� DGVRUSWLRQ� GLIIHU� DW�WKHLU�DGVRUSWLRQ�VLWHV�RQ�WKH�VXUIDFH�������RI�WKH�FOXVWHU�&X��$O���ZKLFK�KDV�D�VWHSSHG�VWUXF�WXUH��7KH�ZDWHU�LV�DGVRUEHG�LQ�DWRS�SRVLWLRQ�RQ�DWRPV�RI�DOXPLQLXP�ZLWK�DGVRUSWLRQ�KHDW������9�� WKH� LRQ�RI�FKORULGH�VHWWOHV�GRZQ�DW�EULGJH�SRVLWLRQ�RYHU� WKH�FRPPXQLFDWLRQ� OLQH�$O±&X��7KXV� KHDW� RI� DGVRUSWLRQ� JURZV� XS� WR� ����� 9�� 7KH� UHFHLYHG� UHVXOWV� WHVWLI\� WKDW� WKH� VXUIDFH�������ZRXOG�EH�GLVVROYHG�PRUH�LQWHQVLYHO\�LQ�&O± HQYLURQPHQW��GXH�WR�D�KLJK�DGVRUSWLRQ�DELO�LW\� RI� WKH� LRQ� RQ� WKLV� VXUIDFH��(QHUJ\� RI� GHVRUSWLRQ� RI� WKH� >�+�2�$O&O@Q�� FRPSOH[� LV� ORZHU�WKDQ�WKDW�RI�FRSSHU�FRPSOH[������� � ����� UHVSHFWLYHO\����7KH�FDOFXODWHG�DGVRUSWLRQ�GHVRUSWLRQ�FKDUDFWHULVWLF�RQ�WKH�VXUIDFH�FOXVWHU�&X$O� LQGLFDWHV�WKH�PRUH�LQWHQVLYH�GLVVROXWLRQ�RI�DOXPLQLXP�IURP�WKH�LQWHUPHWDOOLF�FRPSRXQG�EHFDXVH�RI�WKH�IRUPDWLRQ�RI�ORFDO�DGVRUSWLRQ�FHQWUHV�IRU�WKH�V\VWHP�DOXPLQLXP�±�FRSSHU��6R��RQH�PD\�HVWDE�OLVK�DERXW�WKH�DQRGH�UHDFWLRQV�RQ�$O�DWRPV�DQG�FDWKRGH�SURFHVVHV�RQ�&X�DWRPV����� 6WHZDUW�-�-�3��0RSDF��D�VHPLHPSLULFDO�PROHFXODU�RUELWDO�SURJUDP����-��&RPSXW��$LGHG�0RO��'HV��±������±�9RO���� ��±�3����������

)LJ� ���7KH�FOXVWHU &X��$O��
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3HUIRUPDQFH�RI�32/0$*���FRPSXWDWLRQDO�SURJUDP�IRU�
FDOFXODWLRQV�RI�VWDWLF�PROHFXODU�SRODUL]DELOLWLHV�
9��9��5RVVLNKLQD� (��2��9RURQNRYE� 6��,��2NRY\W\\F� -��/HV]F]\QVNLG

D3ULGQHSURYV¶ND�6WDWH�$FDGHP\�RI�&LYLO�(QJLQHHULQJ�DQG�$UFKLWHFWXUH���������8NUDLQH�
E 'QHSURSHWURYVN�1DWLRQDO�7HFKQLFDO�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH�
F'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH��
G&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��-DFNVRQ�6WDWH�8QLYHUVLW\��86$�7KH�HOHFWULF�GLSROH�SRODUL]DELOLW\�LV�WKH�EDVLF�GHVFULSWRU�RI�WKH�LQWHUDFWLRQ�RI�WKH�PROHFXODU�FKDUJH�GLVWULEXWLRQ�ZLWK�DQ�HOHFWULF� ILHOG��$OWKRXJK�GHYHORSLQJ�RI� WKHRUHWLFDO�DSSURDFKHV� IRU�FDOFXODWLRQV�RI�SRODUL]DELOLW\�ZDV�D�WDUJHW�RI�QXPHURXV�LQYHVWLJDWLRQV��LPSURYHPHQW�RI�FRPSX�WDWLRQDO�VFKHPH�IRU�VXFK�FDOFXODWLRQV�LV�VWLOO�RI�VLJQLILFDQW�LQWHUHVW���+HUH�ZH�SUHVHQW�WKH�UHVXOWV�RI�TXDQWXP�FKHPLFDO�FDOFXODWLRQV�RI�VWDWLF�PROHFXODU�SRODUL]D�ELOLWLHV�IRU�QXPEHU�RI�RUJDQLF�FRPSRXQGV��SHUIRUPHG�E\�FRPSXWDWLRQDO�SURJUDPV�32/0$*�� GHYHORSHG� ZLWKLQ� WKH� IUDPHZRUN� RI� WKH� FRXSOHG� SHUWXUEHG� +DUWUHH�)RFN� DSSURDFK� EDVHG�XSRQ� WKH� VLPXOWDQHRXV� DQDO\WLFDO� GHSHQGHQFH� RI� ERWK� WKH� ERQG� RUGHU� PDWUL[� DQG� EDVLV� VHW�IXQFWLRQV�RQ�WKH�FRUUHVSRQGLQJ�SHUWXUEDWLRQ�SDUDPHWHUV��>����@��7DEOH���7DEOH��3RODUL]DELOLWLHV�RI�PROHFXOHV�LQ�DWRPLF�XQLWV�

$SSURDFK� � +���1 &+�&+�&1� &+�1+� � +���1+�32/0$*���+)�672��*� ������� ������� ������� �������32/0$*���+)�����*� ������� ������� ������� �������+)�����*� ������� ������� ������� �������3%(�3%(�����*� ������� ������� ������� �������+)��������*��G��S�� ������� ������� ������� �������3%(�3%(��������*��G��S�� ������� ������� ������� �������([SHULPHQW� ������>�@� ������>�@� ������>�@� ������>�@�
$SSURDFK� &+�&+2� &+�&�2�&+� �&+���&+&1�32/0$*���+)�672��*� ������� ������� �������32/0$*���+)�����*� ������� ������ �������+)�����*� ������� ������� �������3%(�3%(�����*� ������� ������� �������+)��������*��G��S�� ������� ������� �������3%(�3%(��������*��G��S�� ������� ������� �������([SHULPHQW� ������>�@� ������>�@� ������>�@�

$ FRPSDULVRQ�RI�WKH�FDOFXODWHG�DQG�H[SHULPHQWDO�YDOXHV�FOHDUO\�GHPRQVWUDWHV�WKH�VXSHUL�RULW\�RI� WKH�SURSRVHG�DSSURDFK�ZLWK� WKH� VPDOO�VL]HG�672��*�DQG�����*�EDVLV� VHWV�RYHU� WKH�VWDQGDUG�+)�DQG�')7�FDOFXODWLRQV�ZLWK�WKH�����*�EDVLV�VHW�� ,Q�PRVW�FDVHV�FDOFXODWLRQV�ZLWK�WKH�QHZ�PHWKRG�SURYLGH�EHWWHU�UHVXOWV�LI�FRPSDUHG�WR�WKH�+)�FDOFXODWLRQV�ZLWK�WKH�H[WHQGHG��������*��G��S��EDVLV�VHW�� ���� 9�9�5RVVLNKLLQ�� (�2�9RURQNRY�� 6�,�2NRY\W\\�� /�/�6KDSRYDORY�� 6FLHQWLILF� ,VUDHO� ±� 7HFK�QRORJDFDO�$GYDQWDJHV� ����� �� ������� � � 6�,�2NRY\W\\��(�2�9RURQNRY��9��9�5RVVLNKLQ��2�.�%DODOD\HY�� -�� /HV]F]\QVNL��-� 3K\V��&KHP�������� ���� ���������*�/��'��5LWFKLH��(�:��%ODQFK�-��3K\V��&KHP��$ ����� ���� ���������*�/��'��5LWFKLH��(�:��%ODQFK�-��3K\V��&KHP��$ ����� ���� ���������1��-��%ULGJH��$��'��%XFNLQJKDP��3URF� 5��6RF��/RQGRQ��6HU��$������ ���� ��������9�:�&RXOLQJ��%�:�+DOOLEXUWRQ��5�,�.HLU��*�/�'�5LWFKLH�-� 3K\V��&KHP��$ ����� ���� ���������0�3�%RJDDUG��$��'�%XFNLQJKDP��5��.�3LHUHQV��$��+�:KLWH��-��&KHP��6RF���)DUDGD\�7UDQV��� ����� ��� ������
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0RGHOLQJ�RI�PROHFXODU�LQWHUDFWLRQV�LQ�VHOHFWHG�
ELRPROHFXOHV�

<X��9��5XELQD� <H��3RGRO\DQE� 0��6KXNODE� $��<X��5XELQDD� -��/HV]F]\QVNLE
D,QVWLWXWH�IRU�/RZ�7HPSHUDWXUH�3K\VLFV�	�(QJLQHHULQJ���1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��.KDUNRY��8NUDLQH�
E&RPSXWDWLRQDO�&HQWHU�RQ�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��-DFNVRQ��86$�

%\�WKH�XVH�RI�DE LQLWLR�PHWKRG�DW�0ROOHU�3OHVVHW�OHYHO�RI�WKHRU\��03���DQG�')7�PHWKRG��
ERQG� OHQJWKV�DQG� ,5�VSHFWUD�DUH�FDOFXODWHG�IRU�EDVH�SDLUV� ��F\WRVLQH�JXDQLQH����D]DF\WRVLQH�
JXDQLQH��DQG� LQ�FRPSOH[HV�RI���D]DF\WRVLQH�ZLWK���ZDWHU�PROHFXOHV�DQG���D]DF\WRVLQH�ZLWK�
JXDQLQH�DQG���ZDWHUPROHFXOHV���$]DF\WRVLQH�LV�DQ�LPSRUWDQW�FRPSRXQG�XVHG�WR��WR�FXOWLYDWH�
VWHP�FHOOV�� ,W�LV�UHYHDOHG�WKDW�WKH�IRUPDWLRQ�RI�WKH�K\GURJHQ�ERQG�FKDUDFWHULVWLFV�LQ�WKH�SDLUV�
DQG� FRPSOH[HV� VWXGLHG� DUH� IROORZHG� E\� FKDQJHV� LQ� WKH� VSDWLDO� VWUXFWXUH� RI� WKH� QXFOHLF� DFLG�
FRPSRQHQW� �1$&�� PROHFXOH� DW� IUDJPHQWV� WDNLQJ� SDUW� LQ� WKH� IRUPDWLRQ� RI� WKHVH� K\GURJHQ�
ERQGV�DQG�DW�WKH�DGMDFHQW�IUDJPHQWV��,Q�WKH�FDVH�RI�WKH��D]D&�*���+�2�FRPSOH[�IRUPDWLRQ�
YDOXHV�RI�WKHVH�FKDQJHV�DUH�WKH�KLJKHVW��

,QWHUDFWLRQ�HQHUJLHV�ZHUH�FDOFXODWHG�IRU�WKH��D]D&�*��+�2�FRPSOH[�����EDQGV�LQGXFHG�
E\�YLEUDWLRQV�RI�WKH�2+�JURXSV�RI�ZDWHU�PROHFXOHV�DQG����EDQGV�UHODWHG�WR�WKH�YLEUDWLRQV�RI�
WKH� VXEXQLW� RI� WKH� FRPSOH[� � WKDW� FRQVLVWV� RI� JXDQLQH� �RU� ��D]DF\WRVLQH�� DQG� VHOHFWHG�ZDWHU�
PROHFXOHV��DUH�UHYHDOHG�LQ�WKH�KLJK�IUHTXHQF\������������FP����DQG�ORZ�IUHTXHQF\���������
FP��� UHJLRQV�RI�WKH�,5�VSHFWUXP�RI�WKLV�FRPSOH[���

7KH�DSSOLHG�FDOFXODWLRQ�PHWKRGV����DE LQLWLR�03���DQG�')7�WKHRU\�OHYHOV�ZLWK�WKH�����*�
EDVLV� VHW� SHUPLW� VXIILFLHQWO\� JRRG� �WR� ��� � SUHFLVLRQ�� SUHGLFWLRQV� RI� WKH� ERQG� OHQJWKV� LQ� WKH�
S\ULPLGLQH� ULQJ�� WKH� OHQJWK� RI� WKH� FDUERQ\O� ERQG� LQ� LVRODWHG�1$&� DQG� LWV� FKDQJH� XSRQ� WKH�
FRPSOH[�IRUPDWLRQ��7KHVH�PHWKRGV�GHVFULEH�TXLWH�ZHOO�FKDQJHV� LQ� WKH� IUHTXHQF\�RI� WKH�FDU�
ERQ\O�JURXS�YLEUDWLRQ�LQ�WKH�FDVH�RI�WKH�FRPSOH[�IRUPDWLRQ��2Q�WKH�EDVLV�RI�H[SHULPHQWDO�DQG�
FDOFXODWLRQ�GDWD��WKH�FDUERQ\O�ERQG�OHQJWKV�FKDQJHV�ZHUH�UHODWHG�WR�WKH�QXPEHU�RI�WKH�K\GUR�
JHQ�ERQGV��$Q�HPSLULFDO�GHSHQGHQFH�EHWZHHQ�WKH�ERQG�OHQJWK�RI�WKH�FDUERQ\O�JURXS�DQG�WKH�
IUHTXHQF\�RI�LWV�YLEUDWLRQ�LV�SURYLGHG��

%\�WKH�XVH�RI�DE�LQLWLR�PHWKRG�DW�0ROOHU�3OHVVHW�OHYHO�RI�WKHRU\��03����ERQG�OHQJWKV��HOHF�
WURQ�GLVWULEXWLRQ�DQG�,5�VSHFWUD�DUH�FDOFXODWHG�IRU�FRPSOH[HV�RI�VRPH�DGHQLQH�WDXWRPHUV��ZLWK�
=Q��� LRQ��8SRQ�WKH�IRUPDWLRQ�WKHVH�FRPSOH[HV�WKH�DPLQR�JURXS�URWDWHV�WKURXJK���� ZLWK�WKH�
LRQ�DWWDFKPHQW�DW�1��DQG�1���WKDW�LV�IROORZHG�ZLWK�VLJQLILFDQW�FKDQJHV�LQ�WKH�KLJK�IUHTXHQF\�
UHJLRQ�RI�WKH�VSHFWUXP�� ,Q�WKH�FRPSOH[HV�VWXGLHG�DQ�HVVHQWLDO�WUDQVIHU�RI�FKDUJHV�RFFXUV��DF�
FRPSDQLHG�E\�UHGLVWULEXWLRQ�RI�WKH�HOHFWURQ�GHQVLW\�RQ�WKH�DGHQLQH�PROHFXOH��
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8VH�RI�TXDQWXP�FKHPLFDO�LQWHUDWRPLF�SRWHQWLDO�IRU�0RQWH�
&DUOR�VLPXODWLRQ�RI�K\GUDWH�FRYHU�VWUXFWXUH�IRU�FU\VWDOOLQH�

VLOLFD�VXUIDFH�
2��2��6DQLWVND\D��9��9��/REDQRY�

,QVWLWXWH�RI�6XUIDFH�&KHPLVWU\�RI�1DWLRQDO�$FDGHP\�RI�6FLHQFHV��*HQHUDO�1DXPRY�VWU����������� .\LY��8NUDLQH��3K\VLFR�FKHPLFDO�SURSHUWLHV�RI�KLJK�GLVSHUVH�VLOLFD�DUH�FRQWUROOHG�WR�D�FRQVLGHUDEOH�H[WHQW�E\�WKH�FRPSRVLWLRQ�DQG�VWUXFWXUH�RI�K\GUR[\O�DQG�K\GUDWH�VKHOOV�GXH�WR�D�JUHDW�VSHFLILF�VXUIDFH�DUHD�RI�6L2�� 7KH�K\GUDWH�FRYHU� LV� IRUPHG�EHFDXVH�RI�ELQGLQJ�ZDWHU�PROHFXOHV�ZLWK�VXUIDFH�K\GUR[\O�JURXSV�DV�D�UHVXOW�RI�WKH�IRUPDWLRQ�RI�K\GURJHQ�ERQGV�RU�ZLWK�FRRUGLQDWHO\�XQVDWX�UDWHG�VXUIDFH�VLOLFRQ�DWRPV��$V QRZDGD\V�WKHUH�DUH�QR�VXLWDEOH�PHWKRGV�RI�FDOFXODWLRQ�RI�WKH�LQWHUDFWLRQ�SRWHQWLDO�ZD�WHU PROHFXOHV�ZLWK�DPRUSKRXV�VROLG�VXUIDFH��LW�LV�QHFHVVDU\�WR�VHOHFW�D�GHILQLWH�IDFH�RI�FU\VWDO�OLQH�VLOLFD�DV�D�FOXVWHU�VLPXODWHG�IRU�WKH�VXUIDFH��WKH�SRWHQWLDO�IRU�ZDWHU�ZDWHU�LQWHUDFWLRQ�EHLQJ�WKDW�ZHOO�NQRZQ�IURP�WKH�OLWHUDWXUH��7KH�PDLQ� GLIILFXOW\� FRQVLVWV� LQ� DQ� DSSUR[LPDWLRQ� RI� WKH� SRWHQWLDO� REWDLQHG� QXPHULFDOO\�ZLWK�DQ�DQDO\WLFDO�RQH�DV�ZHOO�DV�WKH�GHYHORSPHQW�RI�D�PHWKRG�IRU�VDWLVI\LQJ�WKH�IURQWLHU�FRQ�GLWLRQV� FRPSDWLEOH� ZLWK� D� KH[DJRQDO� VWUXFWXUH� RI� D� VROLG� VXSSRUW�� 1HYHUWKHOHVV�� FRPELQLQJ�WKHVH�FRQGLWLRQV� VRPHZKDW� VLPSOLILHV� WKH�SUREOHP�DQG�JLYHV� DQ�RSSRUWXQLW\� WR�GLPLQLVK� WKH�QXPEHU�RI�ZDWHU�PROHFXOHV�QHHGHG�IRU�REWDLQLQJ�WUXH�UHVXOWV��7KH�FXUYHV�RI�WKH�UDGLDO�GLVWULEX�WLRQ�RI�R[\JHQ�R[\JHQ� LQWHUDWRPLF�GLVWDQFH�ZLWKLQ� WKH�K\GUDWH� VKHOO� LQ� WKLV� FDVH� FDQ�EH� WKH�H[SHULPHQWDOO\�WHVWHG�SURSHUWLHV��%HVLGHV��WKH�LPSRUWDQW�LQIRUPDWLRQ�FDQ�EH�REWDLQHG�YLD�FRP�SDULQJ�WKH�VWUXFWXUH�RI�K\GUDWH�VKHOOV�DW�VLOLFD�VXUIDFHV�IRU�YDULRXV�FU\VWDOOLQH�PRGLILFDWLRQV��7XUQLQJ� IURP� TXDQWXP� FKHPLFDO� FDOFXODWLRQV� WR� VWDWLVWLFDO� PHWKRGV�� QDPHO\� WR� 0RQWH�&DUOR�PHWKRG��OHW�LW�SRVVLEOH�WR�UHSURGXFH�WKH�HTXLOLEULXP�SDUDPHWHUV�RI�ZDWHU�ILOPV�RQ�VLOLFD�VXUIDFH�DORQJ�ZLWK�WKHLU�PDFURVFRSLF�SURSHUWLHV��7KH� V\VWHP� RI� >�6L�2��Â�+�2�����+�2@�ZDV� WDNHQ� DV� D�PRGHO� FRQVLVWLQJ� RI� WKH� FOXVWHU�VLPXODWHG�IRU�D�UHJLRQ�RI�VLOLFD�VXUIDFH�������IDFH�DQG�ZDWHU�PROHFXOHV�RI�K\GUDWH�VKHOO��7KH�LQWHUDFWLRQ� HQHUJ\� EHWZHHQ� WKH� FOXVWHU� DQG� WKH� ZDWHU� PROHFXOH� ZDV� FRPSXWHG� E\� DE� LQLWLR�TXDQWXP�FKHPLFDO�PHWKRG�ZLWK�����*�EDVLV�VHW�DQG�WKHQ�DSSUR[LPDWHG�ZLWK�D�ILYH�SDUDPHWHU�IXQFWLRQ��7KH�ZDWHU�ZDWHU�LQWHUDFWLRQ�HQHUJ\�ZDV�FDOFXODWHG�ZLWKLQ�VRPH�SRODUL]DWLRQ�PRGHOV�RI YDULRXV�FRPSOH[LWLHV��7KH�VWUXFWXUH�RI�OLTXLG�SKDVH�ZDV�SUHGLFWHG�GXH�WR�WKH�FXUYHV�RI�UDGLDO�GLVWULEXWLRQ�DV�ZHOO�DV�WKH�VWUXFWXUH�DQG�FRPSRVLWLRQ�RI�WKH�FOXVWHUV�RI�ZDWHU�PROHFXOHV�QHDU�VXUIDFHV�RI�GLIIHUHQW�VLOLFD�SRO\PRUSKV��(VWLPDWLRQV�ZHUH�FDUULHG�RXW�RI�ZDWHU�PROHFXOHV�ELQGLQJ�ZLWK�VXUIDFH�VL�ODQRO�JURXSV�DQG�FRRUGLQDWHO\�XQVDWXUDWHG�VLOLFRQ�DWRPV��
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7KH�TXDQWXP�FKHPLFDO�DQDO\VLV�RI�WKH�LQIOXHQFH�RI�D�
JO\FLQH�OLJDQG�RQ�WKH�HOHFWURUHGXFWLRQ�RI�&U�� LRQ�

9��$��6HUHGMXN� 9��)��9DUJDOMXN�
'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'HSDUWPHQW�RI�&KHPLVWU\��'QHSURSHWURYVN��8NUDLQH��7KH�UHVXOWV�RI�WKH�DQDO\VLV�RI�SRVVLEOH�PHFKDQLVP�RI�HOHFWURUHGXFWLRQ�RI�DTXR��DQG�FRP�SRVHG PRQRJO\FLQHDTXRFRPSOH[HV�LQ�D�QHXWUDO�PHGLXP�EDVHG�RQ�WKH�TXDQWXP�FKHPLFDO�PRG�HOLQJ�RI�FKDUJH�WUDQVIHU�UHDFWLRQ�LQ�D�SRODU�PHGLXP�DUH�JLYHQ��7KH�TXDQWXP�FKHPLFDO�FDOFXOD�WLRQV�KDYH�EHHQ�SHUIRUPHG�E\�PHDQV�RI�WKH�*$0(66�VRIWZDUH�FRPSOH[�DW�8+)�������G��S��OHYHO�RI�WKHRU\��7KH�LQIOXHQFH�RI�WKH�K\GUDWDWLRQ�HIIHFW�KDV�EHHQ�FRQVLGHUHG�E\�PHDQV�RI�WKH�.LUNZRRG�2QVDJHU�PRGHO��

)LJ�����*HRPHWU\�RI�D�±�RFWDKHGUDO��DTXRFRPSOH[HV��E���IRXU�FRRUGLQDWLQJ�DTXRFRPSOH[�
$FFRUGLQJ�WR�WKH�FDOFXODWLRQ�IRU�FRPSOH[HV�ZLWK����DQ����R[LGDWLRQ�GHJUHH�WKH�PRVW�VWD�EOH FRQILJXUDWLRQ�LV�RFWDKHGUDO��)LJ��D���D���ZKLFK�LV�LQ�OLQH�ZLWK�WKH�H[SHULPHQWDO�GDWD��:KLOH�WKH�IRXU�FRRUGLQDWLQJ�VTXDUHG�IODW�VWUXFWXUH�WXUQHG�RXW�WR�EH�PRUH�HQHUJHWLFDOO\�VWDEOH�IRU�WKH�LQWHUPHGLDWH�DTXRFRPSOH[HV�&U� �)LJ��E��� ,Q� WKH�FDVH�RI�PRQRJO\FLQHDTXRFRPSOH[� WKH�IRXU�FRRUGLQDWLQJ�VTXDUHG�DQG�WKUHH�FRRUGLQDWLQJ�WULDQJOH�VWUXFWXUHV�KDYH�YLUWXDOO\�WKH�VDPH�HQHUJ\��)LJ��E���F���

)LJ�� ��� *HRPHWU\� RI� D� �� RFWDKHGUDO� � PRQRJO\FLQHDTXRFRPSOH[HV�� E� �� IRXU� FRRUGLQDWLQJ�PRQRJO\FLQHDTXRFRPSOH[��F�±�WKUHH�FRRUGLQDWLQJ�PRQRJO\FLQHDTXRFRPSOH[�
,W�KDV�EHHQ�VKRZQ��WKDW�ERWK�RFWDKHGUDO�FRPSOH[HV�&U����)LJ���D���D��FDQ�UHFHLYH�RQH�HOHF�WURQ�UHODWLYHO\�HDV\�LQ�ERWK�RI�WKH�V\VWHPV�DQG�FDQ�EH�UHGXFHG�WR�D�&U���ZLWKRXW�DQ\�HVVHQWLDO�LQQHU�UHFRQVWUXFWLRQ��$GGLWLRQ�RI�DQ�HOHFWURQ�WR�RFWDKHGUDO�FRPSOH[HV�RI�&U���OHDGV�WR�VLJQLIL�FDQW�LQFUHDVLQJ�RI�HQHUJ\�RI�WKH�V\VWHP��,Q�RUGHU�WR�DGG�DQ�HOHFWURQ�RFWDKHGUDO�FRPSOH[HV�RI�&U���KDYH�WR�EH�WUDQVIHUUHG�WR�IRUP�FRRUGLQDWLQJ�VWDWHV��)LJ���E���E���7KLV�WUDQVIRUPDWLRQ�UH�TXLUHV�D�JUHDW�HQHUJ\�FRQVXPSWLRQ��7KXV��VXFK�D�UHFRQVWUXFWLRQ�DV��

&U�� �+�2DT� &U�� �+�2DT���+�2DT�UHTXLUHV�HQHUJ\�WR�LQFUHDVH�E\������N-�PRO��7KH�SUHVHQFH�RI�JO\FLQH�PROHFXOH�DV�D� OLJDQG�LQ�WKH�V\VWHP�GHFUHDVHV�WKLV�HQHUJ\�WR������N-�PRO��7KH�WUDQVIHU�RI�WKH�WKLUG�HOHFWURQ�GRHV�QRW�UHTXLUH�SUH�UHFRQVWUXFWLRQ�RI�WKH�FRPSOH[HV�RI�&U� DQG�LW�RFFXUV�OLNH�DQ�EDUULHUOHVV�SURFHVV��7KXV�� WKH� WUDQVIHU�RI� WKH� VHFRQG�HOHFWURQ� LV� WKH� OLPLWLQJ� VWDJH�RI� WKH� HOHFWURUHGXFWLRQ�RI�FRPSOH[HV�RI�&U��� 7KH�PDLQ�GLVFKDUJLQJ�VWDWHV�LQ�WKLV�VWDJH�DUH�WKH�IODW�IRXU��)LJ��E���E��RU�WKUHH�IRU�JO\FLQH�V\VWHPV��)LJ��F��FRRUGLQDWHG�VWUXFWXUHV�ZKHUH�WKH�JO\FLQH¶V�SDUWLFLSDWLRQ�GH�FUHDVHV�WKH�UHTXLUHG�LQWUDVSKHUH�HQHUJ\�RI�WKH�WUDQVIRUPDWLRQ�RI�WKH�LQLWLDO�RFWDKHGUDO�V\VWHPV��
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,QIOXHQFH�RI�VXEVWLWXHQWV�RQ�DURPDWLFLW\�RI�EHQ]HQH�ULQJ�LQ�
PRQRVXEVWLWXWHG�EHQ]HQHV�

2��9��6KLVKNLQD�E� ,��9��2PHO¶FKHQNRD� 5��,��=XEDW\XND� /��*RUEE� -��/HV]F]\QVNLE�
D,QVWLWXWH�IRU�6FLQWLOODWLRQ�0DWHULDOV��1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH��
E&RPSXWDWLRQDO� &HQWHU� IRU� 0ROHFXODU� 6WUXFWXUH� DQG� ,QWHUDFWLRQV�� 'HSDUWPHQW� RI�&KHPLVWU\��-DFNVRQ�6WDWH�8QLYHUVLW\��3�2��%R[�������������/\QFK�6W���-DFNVRQ��06��������86$��$URPDWLFLW\�LV�RQH�RI�WKH�NH\�FRQFHSWV�LQ�PRGHUQ�RUJDQLF�FKHPLVWU\��7KHUHIRUH��TXDQWLWD�WLYH� HVWLPDWLRQ�RI� WKLV�SKHQRPHQRQ�ZDV� D� VXEMHFW�RI�QXPHURXV�SDSHUV��+RZHYHU�� RQO\�YHU\�UHFHQWO\�.U\JRZVNL�HW�DO��>�@�WULHG�WR�HVWLPDWH�LQIOXHQFH�RI�VXEVWLWXHQWV�RQ�DURPDWLFLW\�GHJUHH�RI�EHQ]HQH�ULQJ��7KH\�FRQFOXGHG�WKDW�S�V\VWHP�RI�EHQ]HQH�ULQJ�LV�KLJKO\�UHVLVWDQW�ZLWK�UHVSHFW�WR�VXEVWLWXHQWV�HIIHFWV��7KLV�FRQFOXVLRQ�OHDGV�WR�TXHVWLRQ�DERXW�DSSOLFDELOLW\�RI�GLIIHUHQW�DUR�PDWLFLW\�LQGH[HV�IRU�HVWLPDWLRQ�RI�DURPDWLFLW\�RI�EHQ]HQH�ULQJ�LQ�VXFK�PROHFXOHV��7KHUHIRUH��ZH�SHUIRUPHG� WKHRUHWLFDO� VWXGLHV�RI�DURPDWLFLW\�RI�EHQ]HQH� ULQJ�RQ�PRQRVXEVWLWXWHG�GHULYD�WLYHV�RI�EHQ]HQH�XVLQJ�VWUXFWXUDO� �%LUG�DQG�+20$���PDJQHWLF� �1,&6�DQG� LWV�PRGLILFDWLRQV��DQG� UHFHQWO\� GHYHORSHG� (GHI� LQGH[� ZKLFK� UHSUHVHQW� HQHUJ\� RI� RXW�RI�SODQH� GHIRUPDWLRQ� RI�DURPDWLF�ULQJ�>�@��0ROHFXODU�VWUXFWXUH�RI�&�+�; PROHFXOHV��ZKHUH�; +��)��&O��1+�� 2+��20H��&1��&+2��&21+�� &22+��&22(W��12�� &20H��0H��ZDV�RSWLPL]HG�DW�WKH�03��FF�SYG]�OHYHO�RI�WKH�RU\��9DOXHV�RI�1,&6���1,&6��WKHLU�]�FRPSRQHQWV��1,&6�]��DQG�DQLVRWURS\�RI�1,&6�FRPSR�QHQWV� �1,&6�DQLV��ZHUH� FDOFXODWHG�XVLQJ�+)������*�G�S��PHWKRG��5LQJ�GHIRUPDWLRQ�HQHUJ\�ZDV�REWDLQHG�E\�VFDQ�RI�UHOHYDQW�HQGRF\FOLF�WRUVLRQ�DQJOH�ZLWKLQ�EHQ]HQH�ULQJ�>�@��5HVXOWV�RI�FDOFXODWLRQV�GHPRQVWUDWH�WKDW�VWUXFWXUDO�DURPDWLFLW\�LQGH[HV�DUH�QRW�DEOH�WR�UH�SURGXFH� VXEVWLWXHQWV� HIIHFWV�� %LUG� DQG� +20$� DURPDWLFLW\� LQGH[HV� GHPRQVWUDWH� YHU\� VPDOO�UDQJH�RI�YDULDWLRQV�ZLWKRXW�DQ\�UHDVRQDEOH�DJUHHPHQW�ZLWK�VXEVWLWXHQW�VWUHQJWK��,Q�SDUWLFXODU��%LUG�LQGH[�LQGLFDWHV�WKH�ODUJHVW�GHFUHDVH�RI�DURPDWLFLW\�GHJUHH�IRU�PHWKR[\�GHULYDWLYH�ZKLOH�REYLRXVO\�PHWKR[\�JURXS�SRVVHVVHV�VLJQLILFDQWO\�VPDOOHU�SHUWXUEDWLRQ�DELOLW\�DV�FRPSDUHG�WR�DPLQR�RU�QLWURJHQ�JURXSV��6LPLODU�FRQFOXVLRQ�VKRXOG�EH�PDGH�IRU�1,&6��DQG�1,&6��LQGH[HV��9DOXH�RI�WKHVH�LQGH[HV�LQ�VRPH�VXEVWLWXWHG�EHQ]HQHV��5 )�&1��LV�HYHQ�KLJKHU�DV�FRPSDUHG�WR�XQVXEVWLWXWHG�EHQ]HQH��7KHVH� DUH� REYLRXV� DUWLIDFWV� LQGLFDWLQJ� LQDSSOLFDELOLW\� RI� 1,&6�� DQG� 1,&6�� IRU� DQDO\VLV� RI�UHODWLYHO\�VPDOO�YDULDWLRQV�RI�DURPDWLFLW\�LQ�PRQRVXEVWLWXWHG�EHQ]HQHV��7KH�1,&6�]�DQG�1,&6�DQLV�LQGH[HV�FRUUHFWO\�UHSURGXFH�GHFUHDVH�RI�DURPDWLFLW\�GHJUHH�RI�EHQ]HQH�ULQJ�GXH�WR�SUHVHQFH�RI�VXEVWLWXHQWV��+RZHYHU��WKH\�VLJQLILFDQWO\�RYHUHVWLPDWH�LQIOX�HQFH�RI�FDUERQ\O�FRQWDLQLQJ�JURXSV��6XFK�SUREOHPV�DUH�DEVHQW�LQ�WKH�FDVH�RI�DSSOLFDWLRQ�RI�ULQJ�RXW�RI�SODQH�GHIRUPDWLRQ�HQ�HUJ\�IRU�TXDQWLWDWLYH�HVWLPDWLRQ�RI�DURPDWLFLW\��5HVXOWV�RI�FDOFXODWLRQV�GHPRQVWUDWH� WKDW�DUR�PDWLF�ULQJ�LQ�DOO�PROHFXOHV�XQGHU�FRQVLGHUDWLRQ�SRVVHVVHV�D�QRWDEOH�GHJUHH�RI�FRQIRUPDWLRQDO�IOH[LELOLW\��%HQ]HQH� LV� WKH�PRVW� ULJLG�PROHFXOH� SRVVHVVLQJ� WKH� KLJKHVW� ULQJ� GHIRUPDWLRQ� HQ�HUJ\��3UHVHQFH�RI�VXEVWLWXHQW�UHVXOWV�LQ�DQ�LQFUHDVH�RI�DURPDWLF�ULQJ�IOH[LELOLW\�DQG�GHFUHDVH�RI�GHIRUPDWLRQ� HQHUJ\��7KH� ORZHVW�YDOXH�RI�(GHI� LV� REVHUYHG� IRU� WKH� VWURQJHVW� VXEVWLWXHQWV� OLNH�DPLQR��K\GUR[\��PHWKR[\�DQG�QLWUR�JURXSV��&RPSDULVRQ�RI�YDOXHV�RI�GLIIHUHQW�DURPDWLFLW\�LQGH[HV�DQG�+DPPHW�FRQVWDQWV�RI�VXEVWLWX�HQWV� UHYHDOV� UHDVRQDEOH�FRUUHODWLRQ�EHWZHHQ� WKHP��+RZHYHU�� LW� VKRXOG�EH�QRWHG� WKDW�FRUUHOD�WLRQV� IRH� HOHFWURQ� GRQDWLQJ� DQG� HOHFWURQ� ZLWKGUDZLQJ� VXEVWLWXHQWV� DUH� GLIIHUHQW�� ,Q� JHQHUDO�HOHFWURQ�GRQDWLQJ�JURXSV�PRUH�DFWLYHO\�SHUWXUE�DURPDWLF�V\VWHP����� 7��0��.U\JRZVNL��.��(MVPRQW��%��7��6WHSLHQ��0��.��&\UDQVNL��-��3RDWHU��0��6ROD��-��2UJ��&KHP����������������������2��9��6KLVKNLQ��.��<X��3LFKXJLQ��/��*RUE��-��/HV]F]\QVNL��-��0RO��6WUXFW������������������
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0ROHFXODU�VWUXFWXUH�DQG�ULQJ�LQYHUVLQ�RI�VL[�PHPEHUHG�
WHWUDK\GURKHWHURF\FOHV�

6��9��6KLVKNLQD� 6��0��'HVHQNR��2��9��6KLVKNLQ�
,QVWLWXWH� IRU�6FLQWLOODWLRQ�0DWHULDOV��1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH���5HFHQWO\� >�@� LW� ZDV� GHPRQVWUDWHG� WKDW� WKH� ULQJ� LQYHUVLRQ� LQ� F\FORKH[HQH� LQFOXGHV� WKUHH�VWDJHV��7KH�ILUVW�VWDJH�LV�WKH�WUDQVIRUPDWLRQ�RI�WKH�HTXLOLEULXP�KDOI�FKDLU�FRQIRUPDWLRQ�LQWR�D�WZLVW�ERDW�FRQIRUPDWLRQ�YLD�WKH�VRID�FRQIRUPDWLRQ��7KLV�UHTXLUHV�D�VLJQLILFDQW�LQFUHDVH�LQ�HQ�HUJ\�LQ�WKH�PROHFXOH��7KH�VHFRQG�VWDJH�PD\�EH�GHVFULEHG�DV�DQ�H[WUHPHO\�HDV\�SVHXGRURWDWLRQ�IURP�RQH�WZLVW�ERDW�IRUP�WR�DQRWKHU�YLD�ERDW��7KLV�SURFHVV�GRHV�QRW�FDXVH�FKDQJHLQ�HQHUJ\�RI�PROHFXOH��7KH�VL]H�RI�WKLV�SODWHDX�RQ�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH�LQ�WHUPV�RI�WKH�YDOXH�RI�WKH�&�VS���&�VS���&�VS���&�VS�� WRUVLRQ�DQJOH� LV�������')7��DQG�������03����6XFK�FKDUDFWHULV�WLFV�LQ�WKH�HQHUJ\�SURILOH�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�D�PXOWLWXGH�RI�VDGGOH�SRLQWV�IRU�WKH�F\FOR�KH[HQH�ULQJ�LQWHUFRQYHUVLRQ��)URP�D�SK\VLFDO�YLHZSRLQW��DOPRVW�DOO�SRLQWV�ZLWKLQ�WKH�SODWHDX�PD\�EH�FRQVLGHUHG�DV�VDGGOH�SRLQWV��7KH�WKLUG�VWDJH�LQYROYHV�WKH�WUDQVLWLRQ�IURP�D�WZLVW�ERDW�WR D�KDOI�FKDLU�FRQIRUPDWLRQ�DFFRPSDQLHG�E\�D�VLJQLILFDQW�GHFUHDVH�LQ�HQHUJ\��7KH�UHSODFHPHQW�RQH�RI� WKH�&�VS�� DWRPV�LQ�WKH�PROHFXOH�RI�WKH�F\FORKH[HQH�E\�WKH�KHW�HURDWRP� �2��1��6��6H�� OHDGV� WR� WKH� FRQIRUPDWLRQ�RI� WKH�KHWHURF\FOH�EHFRPHV� DV\PPHWULFDO��2QH FDQ�DVVXPH�WKDW�WKH�ORVV�RI�WKH�V\PPHWU\�ZLOO�HQWDLO�WKH�HVVHQWLDO�FKDQJHV�RI�WKH�FRQIRU�PDWLRQDO�FKDUDFWHULVWLFV�RI� WKH�ULQJ��7KHUHIRUH��ZH�SHUIRUPHG�WKH�V\VWHPDWLF� LQYHVWLJDWLRQ�RI�WKH� HTXLOLEULXP�JHRPHWU\�� ULQJ� LQWHUFRQYHUVLRQ�EDUULHU� DQG�D� ULQJ� LQYHUVLRQ�SDWKZD\� IRU� WKH�PROHFXOHV�����DW�WKH�03������*�G��OHYHO�RI�WKHRU\��

;
<

� ; 2� ; 1+� ; 6� ; 6H

� < 2� < 1+� < 6� < 6H �5HVXOWV�RI�FDOFXODWLRQV�GHPRQVWUDWH�WKDW�WKH�HTXLOLEULXP�FRQIRUPDWLRQ�RI�WKH�PROHFXOHV���� LV�DQ�DV\PPHWULFDO�KDOI�FKDLU��7KH�YDOXH�RI�WKH�EDUULHU�IRU�ULQJ�LQYHUVLRQ�YDULHV�LQ�ZLGHUDQJH�����������NFDO�PRO�GHSHQGLQJ�RQ�KHWHURDWRP��7KH�PRVW�LQWHUHVWLQJ�UHVXOWV�ZHUH�REWDLQHG�IRU�ULQJ� LQYHUVLRQ� SDWKZD\�� 7KH� SRWHQWLDO� HQHUJ\� SURILOH� IRU�PROHFXOHV����� KDV� ORVW� WKUHH�VWDJH�FKDUDFWHU��7KLV�DOORZV�WR�GHWHUPLQH�XQDPELJXRXVO\�WKH�FRQIRUPDWLRQ�RI�WKH�WUDQVLWLRQ�VWDWH��,Q�WKH�FDVH�RI�PROHFXOHV������DQG������ULQJ�LQYHUVLRQ�SURILOH�KDV�FOHDU�VDGGOH�SRLQW�FRUUHVSRQGLQJ�WR ERDW�FRQIRUPDWLRQ��+RZHYHU��WKH�FRQIRUPDWLRQ�ERDW�LV�DQ�DGGLWLRQDO�PLQLPXP��RQ�WKH�SR�WHQWLDO�HQHUJ\�VXUIDFH�IRU� WKH�PROHFXOH�FRQWDLQLQJ�WKH�VXOIXU�RU�VHOHQLXP�DWRP�� ,WV�HQHUJ\�LV�����������NFDO�PRO�KLJKHU�DV�FRPSDUHG� WR�HTXLOLEULXP�KDOI�FKDLU�FRQIRUPDWLRQ��$FFRUGLQJO\�WZR VDGGOH�SRLQWV�DSSHDU�RQ�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH�IRU�WKHVH�PROHFXOHV��7KH�FRQIRUPD�WLRQ� RI� WKH� ERWK� WUDQVLWLRQ� VWDWHV� LV� D� WZLVW�ERDW��+RZHYHU�� WKHVH� VDGGOH� SRLQWV� KDYH� VLJQLIL�FDQWO\�GLIIHUHQW�HQHUJ\�GHVSLWH�RI�VLPLODU�FRQIRUPDWLRQ����� 6�9�6KLVKNLQD��2�9�6KLVKNLQ��-�/HV]F]\QVNL��&KHP��3K\V��/HWW��������Y������ ����� � ��������
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$E�LQLWLR�PRGHOLQJ�RI�.��0J�DVSDUDJLQDWHV�LQ�ZDWHU�
VROXWLRQ�

9� 6��6ROGDWRY��$��/��3XVKNDUFKXN� =��,��.XYDHYD��
,QVWLWXWH�RI�3K\VLFDO�±�2UJDQLF�&KHPLVWU\�1$6%���������6XUJDQRYD�����0LQVN��%HODUXV��7KH�3RWDVVLXP�DQG�0DJQHVLXP�$VSDUDK\QDWHV�LV�VXEVWDWLRQ�IRU�D�SUHSDUDWLRQ�RI�$VSDUFDP��3DQDQJLQ��ZKLFK�LV�WKH�PL[�RI�3RWDVVLXP�DQG�0DJQHVLXP�$VSDUDK\QDWHV�LQ�UDWLR������$VSDU�FDP�HOLPLQDWHV� WKH� HOHFWURO\WLF�GLVEDODQFH� LQ� WKH�RUJDQLVP�SURPRWLQJ� WKH�SHQHWUDWLRQ�RI� WKH�SRWDVVLXP�DQG�PDJQHVLXP�LRQHV�LQWR�WKH�LQWUDFHOOXODU�VSDFH��7KH�LQIRUPDWLRQ�FRQFHUQLQJ�VWUXFWXUH�DQG�VWDELOLW\�RI�.�DQG�0J�$VSDUDK\QDWHV�LQ�WKH�ZD�WHU�VROXWLRQV�KDV�SDUDPRXQW�PHDQLQJ�IRU�XQGHUVWDQGLQJ�RI�PHFKDQLVPV�RI�WKHLU�FDUU\�WKURXJK�D FHOOXODU�PHPEUDQH��7R�UHFHLYH�WKLV�LQIRUPDWLRQ��WKH�V\VWHPDWLF�WKHRUHWLFDO�VWXG\�RI�DWRPLF�VWUXFWXUH�RI�YDULRXV�PRGHO� FRPSRXQGV� KDV� EHHQ� GRQH�� 7KH� FKDUJH� GLVWULEXWLRQ� DQG� ERQG� FKDUDFWHULVWLFV� �ERQG�OHQJWKV�DQG�ERQG�RUGHUV��ZHUH�SHUIRUPHG�ZLWKLQ�WKH�DE�LQLWLR��+DUWUHH�)RFN��0,1,��TXDQWXP�FKHPLFDO�PHWKRGV��7KH�$VSDUWLF�DFLG��3RWDVVLXP�$VSDUDK\QDWH���RQH�PROHFXOH�+�2��0DJQH�VLXP�$VSDUDK\QDWHV���IRUH�PROHFXOHV�+�2 ZHUH�FRQVLGHUHG�IRU�WKH�FDOFXODWLRQV��$IWHU�LW�VXSHU�PROHFXOHV�.�DQG�0J�$VSDUDK\QDWHV���������DQG����PROHFXOHV�+�2 KDYH�EHHQ�FDOFXODWHG���,Q� DOO� FDVHV� WKH� VWUXFWXUHV�ZHUH�RSWLPL]HG�E\�XVLQJ� WKH� WRWDO� HQHUJ\�PLQLPL]DWLRQ�RI� WKH�V\VWHP��7KH�VWUXFWXUDO�IRUPXOD�RI�.�DQG�0J�$VSDUDK\QDWHV�����+�2 VXSHUPROHFXOH�DIWHU�IXOO�JHRPHWU\�RSWLPL]DWLRQ�LV�VKRZQ�LQ�)LJ�����
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�)LJ���� 6WUXFWXUDO� IRUPXOD� RI� VXSHUPROHFXOH�� FRQVLVW� RI� >$P&22�@�Â0J���>$P&22�@Â.� DQG����PROHFXOHV�RI�+�2��DIWHU�DE LQLWLR�FDOFXODWLRQ��,Q�ILJXUH�DUH�VKRZQ�FKDUJHV�RQ�DWRPV�LQ�D�X���ERQG�OHQJWKV�LQ�c�DQG�ERQG�RUGHUV��LQ�EUDFNHWV��LQ�D�X��
,V�ZDV�VKRZQ��WKDW�LQ�WKH�ZDWHU�VROXWLRQ�.�DQG�0J�$VSDUDK\QDWHV�IRUP�WKH�VWHDG\�PL[HG�FRPSOH[HV��WKH�VWUXFWXUDO�HOHPHQWV�LQ�ZKLFK�DUH�FRQQHFWHG�E\�HOHFWURVWDWLF�LQWHUDFWLRQ��
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+\GURO\VLV�ZLWK�XUDQ\O�LRQ�SDUWLFLSDWLRQ�LQ�ZDWHU�VROXWLRQ�
DQG�DGVRUSWLRQ�RI�XUDQ\O�LRQ�RQ�6L2� VXUIDFH��
,��9��6WDV\XN��5��<D��6WHWVLY� 7��6��0\VDNRY\FK��9��2��.UDVQRY�

,QVWLWXWH�IRU�&RQGHQVHG�0DWWHU�3K\VLFV����6YLHQWVLWVNLL�6WU��8$�������/YLY��8NUDLQH��
7KH�TXDQWXP�FKHPLFDO�FDOFXODWLRQV� �DE�LQLWLR�PHWKRG��DUH�DSSOLHG� WR� LQYHVWLJDWH� WKH� IRU�

PDWLRQ�RI�K\GUDWLRQ�VKHOO�RI�XUDQ\O�LRQ�LQ�ZDWHU�VROXWLRQV��,W�LV�VKRZQ�WKDW�WKH�XUDQ\O�FRPSOH[�
ZLWK�ILYH�ZDWHU�PROHFXOHV�LV�WKH�PRVW�VWDEOH�RQH��7KH�ILUVW�DQG�VHFRQG�VWDJHV�RI�K\GURO\VLV�DUH�
LQYHVWLJDWHG�� 7KH�PRVW� VWDEOH� LV� WKH� FRPSOH[�ZLWK� IRXU� ZDWHU�PROHFXOHV� DQG� RQH� K\GUR[\O�
�ILUVW�VWDJH��DQG� WKH�FRPSOH[�ZLWK� WKUHH�ZDWHU�PROHFXOHV�DQG� WZR�K\GUR[\OV� �VHFRQG�VWDJH���
7KH�SRVVLELOLW\�RI�IRUPDWLRQ�RI�SROLQXFOHDU�XUDQ\O�FRPSOH[�LQ�ZDWHU�VROXWLRQV�LV�UHYHDOHG��7KH�
FKDUJH�GLVWULEXWLRQV�DQG�GLVWDQFH�EHWZHHQ�DWRPV�LQ�FRPSOH[HV�DUH�REWDLQHG��$W�WKH�DGVRUSWLRQ�
RI XUDQ\O� LRQ� LQ� 6L2� VXUIDFH� WZR� FDVHV� DUH� FRQVLGHUHG�� WKH� FDVH� ZKHQ� XUDQ\O� LV� DGVRUEHG�
ZLWKRXW�K\GUDWLRQ�VKHOO� DQG� WKH�FDVH�ZKHQ� WKH�SUHVHQFH�RI�K\GUDWLRQ�VKHOO� LV� WDNLQJ� LQWR�DF�
FRXQW��7KH�DGVRUSWLRQ�RI�WKH�ZDWHU�PROHFXOHV�RQ�WKH�VLOLFDWH�VXUIDFH�LV�DOVR�LQYHVWLJDWHG��7KH�
K\GURO\VLV�RI�ZDWHU�LV�SUHVHQW��7KH�FKDQJHV�RI�WKH�VXUIDFH�JHRPHWU\��FKDUJH�GLVWULEXWLRQ��DQG�
DGVRUSWLRQ�HQHUJ\�LV�REWDLQHG��
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62�����LQYDULDQW�H[SDQVLRQV�IRU�LQWHUPROHFXODU�
LQWHUDFWLRQV��6KDSH�IDFWRU�RQ�QDQRVFDOH�XQGHU�DVSHFW�RI�
RUGHULQJ�LQ�ELRORJLFDO�PHPEUDQHV�DQG�VRIW�PDWWHUV�

3��3��6KWLIDQ\XND� $��3��)HGRU\DNRD��$��1��3RSRYE
D67&�³,QVWLWXWH�IRU�6LQJOH�&U\VWDOV´��,QVWLWXWH�IRU�6FLQWLOODWLRQ�0DWHULDOV�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�������/HQLQ�$YH���������.KDUNLY��8NUDLQH�
E9��1��.DUD]LQ�.KDUNLY�1DWLRQDO�8QLYHUVLW\����6YRERG\��6T���������.KDUNLY��([SDQVLRQV�RYHU�URWDWLRQDO�LQYDULDQWV�DUH�ZLGHO\�XVHG�LQ�VWDWLVWLFDO�PHFKDQLFV�RI��FRPSOH[�PROHFXODU�V\VWHPV�>���@��7KH\�FDQ�EH�UHQGHUHG�LQWR�D�FRPSXWDWLRQDOO\�WUDFWDEOH�IRUP�ZLWK�DQ�LQKHUHQW�VWUXFWXUH�SHUIHFWO\�VXLWHG�IRU�LPSOHPHQWDWLRQ�RQ�PRGHUQ�GD\�FRPSXWLQJ�DUFKLWHFWXUHV��7KXV�� LW� LV�SRVVLEOH� WR�FDOFXODWH�QXPHURXV� HTXLOLEULXP�REVHUYDEOH�SURSHUWLHV�� LQFOXGLQJ�ERWK�WKHUPRG\QDPLF�DQG�VWUXFWXUDO�TXDQWLWLHV�� LQ�D�FRPSXWDWLRQDOO\� HIILFLHQW�PDQQHU��%XW�QRW� WKH�ODVW�DGYDQWDJHV�RI�WKH�PHWKRGRORJ\�VWHP�IURP�WKH�GLUHFW�FRQWDFW�WR�DQDO\WLFDO�DSSURDFKHV��2QH�FDQ�DOVR�QRWH�WKDW�H[SDQVLRQ�GLVFXVVHG�LV��LQ�IDFW��D�)RXULHU�VHULHV��RQ�JURXS�62�������-XVW�DV�LQ�RWKHU�DSSOLFDWLRQV�RI�)RXULHU�DQDO\VLV�LQ�SK\VLFV��LW�LV�QRW�WKH�VXP�RI�WKH�VHULHV�WKDW�LV�WKH�PRVW�LQWHUHVWLQJ�� EXW� LWV� VSHFLILF� WHUPV�� )URP� WKH�PDWKHPDWLFDO� SRLQW� RI� YLHZ�� RQH�PD\� VD\� WKDW�SXUHO\�SK\VLFDO�HIIHFWV�DUH�PDQLIHVWDWLRQV�RI�SOD\LQJ�WKHVH�RU�WKRVH�FRHIILFLHQWV�RI�FRUUHVSRQG�LQJ�)RXULHU�VHULHV��2XU PRUH�UHFHQW� LQYHVWLJDWLRQV��KRZHYHU�� IRFXVHG�RQ� WKH�GHYHORSPHQW�DQG�VWXG\�RI� � WKH�UROH�RI�PROHFXODU� VKDSH� LQ�PHVRJHQLF� V\VWHPV� DQG�ELRORJLFDO�PHPEUDQHV�� ,Q� WKLV�ZRUN��ZH�SURSRVH�D�VLPSOH�PRGHO�RI�DQLVRWURSLF�,0,��DFFRXQWLQJ�IRU�UHDO�PROHFXODU�VWUXFWXUH�FRQVLGHU�LQJ�ILUVW�RI�DOO�WKHLU�ORQJ�UDQJH�FRPSRQHQWV��)RU RXU�SUREOHP��WKH�PRVW�DSSURSULDWH�VHHP�WR�EH�³VWDQGDUG´�PRGHOV�RI�PROHFXOHV�XVHG�LQ�FRPSXWHU�PRGHOLQJ�ZLWK� UHDO� JHRPHWU\�� UHDO� YDOXHV� RI� DWRPLF�PDVV� �KHQFH�� FDOFXODWHG�PR�PHQWV� RI� LQHUWLD��� EXW�ZLWK� RQH� GLIIHUHQFH��1DPHO\��ZH� DVVXPH� WKDW� DWRPV�RI� DOO�PROHFXOHV�FUHDWH�VLPLODU�IRUFH�ILHOGV��L�H���WKH�HQHUJ\�SDUDPHWHUV�FKDUDFWHUL]LQJ�DWRP�DWRP��QRQ�YDOHQFH��LQWHUDFWLRQV�DUH�WKH�VDPH��6XFK�D�PRGHO�UHIOHFW�WKH�LGHDV�DQG�SHUFHSWLRQV�RI�LQWHUDFWLRQ�RI�XQL�IRUP��³KRPRJHQHRXV´�PROHFXOHV��$V�LQLWLDO�DWRP�DWRP�SRWHQWLDOV��ZH�KDYH�FKRVHQ�/HQQDUG�-RQHV�SRWHQWLDOV��IRU�QRQ�YDOHQFH�LQWHUDFWLRQV��DQG��HOHFWURVWDWLF��)RU�PRGHO�FDOFXODWLRQV��ZH�FKRVH�W\SLFDO�PHVRJHQLF�DQG�PRGHO�OLSLG�PROHFXOHV�ZLWK�YDULRXV�FRQIRUPDWLRQV��:LWK�WKH�YLHZ�WR�XQGHUVWDQG�QXPHURXV�RUGHULQJ�SKHQRPHQD�LQ�PHPEUDQHV��OLTXLG�FU\VWDOV��DQG�RWKHU� VRIW�PDWWHUV���ZH�KDYH� FDOFXODWHG� WKH� FRHIILFLHQWV�RI�62����LQYDULDQW� H[SDQVLRQV��ZKLFK� FKDUDFWHUL]H� HVVHQWLDO� EHKDYLRXU� RI� WKH�PDWHULDO� XQGHU� FRQVLGHUDWLRQ�� DQG� WKHLU� IXQF�WLRQDO�GHSHQGHQFH�IURP�LQWHUPROHFXODU�GLVWDQFH��%DVLQJ�RQ�WKLV�UHVXOWV�ZH�GLVFXVV�VRPH�WKHR�UHWLFDO�SUREOHPV�RI�SKDVH�WUDQVLWLRQ�LQ�PHPEUDQHV�DQG�OLTXLG�FU\VWDOV�DQG�UHODWHG�GLVWLQFW�DQG�FRPPRQ�VWUXFWXUDO�IHDWXUHV������%OXP�/���7RUUXHOOD�$�-����-�&KHP�3K\V�� ��� ����������������&�*�*UD\��.�(�*XEELQV��7KHRU\�RI�PROHFXODU�IOXLGV���2[IRUG�8QLYHUVLW\�3UHVV��1HZ�<RUN����������� � 6KWLIDQ\XN� 3�� 3��� 6KUDPNRY� $�� 1��� <DNRYHQNR� 6�� (��� *HLJHU� $��3K\VLND� $��6WDW�WKHRU�3K\V������� ���������������3�3�6KWLIDQ\XN��$�9�'\RPLQ��/�1�/LVHWVNL��6�(�<DNRYHQNR� � )XQFWLRQDO�0DWHULDOV���� ������������
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&DU�3DUULQHOOR�PROHFXODU�G\QDPLF�VLPXODWLRQ�
RI�SXULQH�'1$�EDVHV�LQ�DTXHRXV�VROXWLRQ�

2��6��6XNKDQRYD� 2��9��6KLVKNLQD�� /��*RUEE� DQG�-��/HV]F]\QVNLE�
D,QVWLWXWH�RI�6FLQWLOODWLRQ�0DWHULDOV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH�
E&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��'HSDUWPHQW�RI�&KHPLVWU\�-DFNVRQ�6WDWH�8QLYHUVLW\��3�2��%R[�������������/\QFK�6WUHHW��-DFNVRQ���06��������86$��$E ,QLWLR�PROHFXODU�G\QDPLFV�VLPXODWLRQV�KDYH�EHHQ�SHUIRUPHG�WR�PLQXWH�VWXG\�IRU�SXULQH�'1$�EDVHV��LQ�H[SOLFLW�ZDWHU�HQYLURQPHQW��:H�SUHVHQW�VHYHUDO�WKHRUHWLFDO�PRGHOV�WR�LQYHVWL�JDWH�WKH�VWUXFWXUH�DQG�ELQGLQJ�RI��DGHQLQH�DQG�JXDQLQH�LQ�DTXHRXV�VROXWLRQ��7KH�ILUVW�VLPXOD�WLRQ�PRGHO�FRQWDLQV��VLQJOH�DGHQLQH��JXDQLQH��ZLWKLQ����ZDWHU�PROHFXOHV��QHWZRUN��XVLQJ�SH�ULRGLF�ERXQGDU\�FRQGLWLRQV��7KH�PRGHO���UHSUHVHQWV�EDVHV�LQ�+�2�+�2� VROYHQW�HQYLURQPHQW�ZLWK�H[FHVV�RI�K\GURQLXP�LRQ��DQG�WKH�PRGHO���LV�WKH�VLPXODWLRQ�RI�SXULQH�EDVHV�VXUURXQGHG�E\�+�2�+2� VROYHQW��&30'�G\QDPLFV�DOORZHG�XV�WR�REVHUYH�ERWK� �SURWRQ�WUDQVIHU�IURP�WKH�+�2�+�2� VROYHQW�QHWZRUN�WR�WKH�VSHFLILF�VLWH�RI�JXDQLQH�DQ�DGHQLQH��DQG�W\SLFDO�GHSURWRQD�WLRQ�SURFHVVHV��LQ��SUHVHQFH�RI����2+� LRQ��7KHVH�UHVXOWV�RSHQ�D�QHZ��SURVSHFWLRQV��IRU�FKDUDF�WHUL]LQJ��EHKDYLRU�RI�ELRORJLFDOO\�LPSRUWDQW�V\VWHP�DW�WKH�PROHFXODU�OHYHO��2QH PRUH� LPSRUWDQW� VWHS� IRUZDUG� KDV� EHHQ�PDGH� KHUH� E\� IRFXVLQJ� RQ� WKH� H[FLWHG�VWDWH�SURWRQDWHG�DQG�XQSURWRQDWHG�JXDQLQH�DQG�DGHQLQH�LQ�ZDWHU�VROXWLRQ��7KHVH�UHVXOWV�FDQ�OHDG�WR�DQ�LPSURYHG�XQGHUVWDQGLQJ�RI�WKH�WDXWRPHULF��WUDQVLWLRQV�RI�'1$�EDVHV�LQ�ZDWHU�PHGLXP��

)LJ������$GHQLQH�ZLWKLQ����ZDWHU�PROHFXOHV�QHWZRUN��:H KDYH�SURYLGHG�GLUHFW�LQVLJKW�LQWR�WKH�PRWLRQV�RI�WKH�ILUVW�ZDWHU�VKHOO�ZLWK�HPSKDVLV�RQ�WKH�K\GURJHQ�ERQGV�OLIHWLPH��PHDQ�QXPEHU�DQG�FRQILJXUDWLRQ��RI�ZDWHU�PROHFXOHV��K\GUDWLRQ�QXPEHU��LQ�WKH�ILUVW�VROYDWLRQ�VKHOO��,W�KDV�EHHQ�VKRZQ�WKDW�HIIHFW�RI�K\GURJHQ�ERQG�FRRSHUD�WLYLW\�FDQ�GLIIHUHQWLDWH�WKH�LQWHUDFWLRQV�EHWZHHQ�SXULQHV�DQG�ZDWHUV�DQG�EHWZHHQ�ZDWHU�PROH�FXOHV��,Q� DGGLWLRQDOO\� UDGLDO� GLVWULEXWLRQ� IXQFWLRQV� FDOFXODWHG� IURP� D� &DU�3DUULQHOOR� PROHFXODU�G\QDPLFV� VLPXODWLRQ�RI� WKH� DTXHRXV� VROXWLRQ� FOHDUO\� VKRZ� DQ�XQXVXDO�K\GURJHQ�ERQGLQJ�RI�ZDWHU��WR�WKH�QLWURJHQ�ORQH�SDLUV�RI�DPLQR�JURXS�DQG��&�+�JURXS�RI�JXDQLQH��DV�ZHOO�DV�SRVVL�ELOLWLHV�RI�ZDWHU�PROHFXOHV��WR�IRUP�VLPXOWDQHRXVO\����K\GURJHQ�ERQGV�WR�SXULQHV�QLWURJHQ�DW�RPV� 6WUXFWXUH�RI�VROYHQW�DOVR�KDV�EHHQ�GLVFXVVHG�LQ�WKH�FRQWH[W�RI�DE�LQLWLR�SDLU�FRUUHODWLRQ�IXQFWLRQV��
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7KHRUHWLFDO�VWXG\�RI�K\GUDWLRQ�DQG�WDXWRPHU�WUDQVLWLRQV�RI�
PRQR��DQG�SRO\K\GUDWHV�HQHUJHWLFDOO\�ORZ�O\LQJ�WDXWRPHUV�

RI SXULQH�'1$�EDVHV�
2��6��6XNKDQRYD� 2��9��6KLVKNLQD�� /��*RUEE� -��/HV]F]\QVNLE�

D,QVWLWXWH�RI�6FLQWLOODWLRQ��0DWHULDOV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH�
E&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��'HSDUWPHQW�RI�&KHPLVWU\�-DFNVRQ�6WDWH�8QLYHUVLW\��3�2��%R[�������������/\QFK�6WUHHW��-DFNVRQ���06��������86$��,Q�WKLV�ZRUN�ZH�LQYHVWLJDWH�WKH�VWUXFWXUH�DQG�SURSHUW\�RI�WKH�ZDWHU�FRPSOH[HV�RI��VHYHUDO�HQHUJHWLFDOO\� ORZ�O\LQJ�WDXWRPHUV�RI�DGHQLQH�DQG�JXDQLQH��3DUWLFXODUO\�HPSKDVLV�ZDV�SODFHG�RQ�JHRPHWU\�DQG�HQHUJ\�RI�DGHQLQH�PRQRK\GUDWHV�REWDLQHG�IURP�IXOO\�FRXQWHUSRLVH��FRUUHFWHG�DE�LQLWLR�FDOFXODWLRQV�DW�WKH�03��DQG�GHQVLW\�IXQFWLRQDO�WKHRU\�OHYHO��:H�KDYH�IRXQG�WKDW�WUDQ�
VLWLRQ�EDUULHU��'*z� R[R�K\GUR[\�DQG�DPLQR�LPLQR�WDXWRPHU�WUDQVLWLRQV��IRU�DGHQLQH�DQG�JXD�QLQH�PRQRK\GUDWHV�RQ�3(6�FRUUHFWHG�IRU�%66(�UHPDUNDEO\�GLIIHU��WR���NFDO�PRO�RU������IURP�XQFRUUHFWHG�YDOXHV��%DUULHUV�RI�SURWRQ�WUDQVIHU�UHDFWLRQV�DUH�IRXQG�WR�EH�KLJKHU�ZKHQ�FRXQWHU�SRLVH�FRUUHFWLRQ�IRU�3(6�ZDV�DSSOLHG��7KH� HQHUJLHV� DQG�K\GURJHQ�ERQGV� FKDUDFWHU� LQ� SXULQH�SRO\K\GUDWHV� � VWURQJO\�GHSHQG�RQ�WDXWRPHULF�IRUP�RI��EDVHV�DQG�ZDWHU�QHWZRUN�VWUXFWXUH���,QVLJQLILFDQW�UHRUJDQL]DWLRQ�RI�ZDWHU�PROHFXOHV�UHVXOWV�LQ�FKDQJH�RI��*LEEV�IUHH�HQHUJLHV�XS�WR���NFDO�PRO��DQG�PRUH�GHHS�PRGLILFD�WLRQ��WR�����NFDO�PRO��7KH��UHVXOWV�VKRZ�WKDW��K\GUDWLRQ�VKHOO�FRQVLVWLQJ�RI����ZDWHU�PROHFXOHV�GUDPDWLFDOO\�VWDELOL]HV�UDUH�DGHQLQH��WDXWRPHUV�EXW��WKH�VROYDWLRQ�VKHOO�ZLWK���ZDWHU�PROHFXOHV�OHDGV� WR�GHVWDELOL]DWLRQ�����NFDO�PRO��RI�SRO\K\GUDWHV� LQ� �FRPSDULVRQ�ZLWK� LVRODWHG�V\VWHPV��7KH�VWDELOL]DWLRQ�E\���NFDO�PRO�GXH�WR�K\GUDWLRQ��LV�W\SLFDO�RI��VHYHUDO��RI��JXDQLQH�WDXWRPHUV���$W WKH� VDPH� WLPH� RXU� FDOFXODWLRQV� VXJJHVW� WKDW� WKH� � K\GUR[\� WDXWRPHUV� RI� JXDQLQH� SRO\K\�GUDWHV� � ORVH� WKHLU�VWDELOLW\� � �� NFDO�PRO�� 7KH�PRVW�SRSXODWHG�UHVRQDQFH�VWUXFWXUH� IURP�157�DQDO\VLV� �ZLWKLQ�:HLQKROG� 1%2� 6FKHPH�� IRU� FDQRQLFDO� DQG� UDUH� WDXWRPHU� IRUPV� DQG� WKHLU�FRQWULEXWLRQ�WR�JHRPHWU\�RI�FRPSOH[HV�ZHUH�DOVR�VWXGLHG���,Q� DGGLWLRQ� DE�LQLWLR�PROHFXODU� G\QDPLFV� VLPXODWLRQV�ZHUH� FDUULHG� RXW� IRU� ERWK� DGHQLQH�PRQRK\GUDWHV�DQG�FRPSOH[HV�RI�JXDQLQH�DQG�DGHQLQH�ZLWK����ZDWHU�PROHFXOHV���

)LJ�����7UDMHFWRU\�VQDSVKRW�DIWHU�����SV�DE�LQLWLR�0'�VLPXODWLRQ��IRU�*XDQLQH���+�2 FRPSOH[��&DU�3DUULQHOOR�PROHFXODU�G\QDPLFV�RI��*XDQLQH���+�2 SRO\K\GUDWH�FOHDUO\�VKRZ�SUHIHU�HQFH RI�ZDWHU�IRU�K\GURJHQ�ERQGLQJ�WR�WKH�JXDQLQH�RYHU�WKH�GLVVRFLDWLRQ�SURFHVVHV��$OVR�0'�UHYHDOV�VLJQLILFDQW�UHRUJDQL]DWLRQ�RI�K\GUDWLRQ�VKHOO�IRU�DGHQLQH���+�2 FRPSOH[��:H�ILQG�WKDW�WKH�HIIHFW�RI�K\GURJHQ�ERQG�FRRSHUDWLYLW\�SOD\V�LPSRUWDQW�UROH�LQ�SRO\K\GUDWHV��



0$&&����.KDUNLY�����-XQH�����-XO\������ 3RVWHU�

��

$E LQLWLR�FDOFXODWLRQV�RI�WKHUPRG\QDPLFV�RI�WKH�
PHWDWKHWLFDO�SURFHVVHV�XVHG�IRU�SURGXFLQJ�RI�WKH�

HOHFWURO\WHV�IRU�OLWKLXP�EDWWHULHV�
/��'��7DUDVRYD��9��1��3ODNKRWQ\N��9��9��5RVVLNKLQ

'QHSURSHWURYVN� 1DWLRQDO� 8QLYHUVLW\� RI� 5DLOZD\� 7UDQVSRUW� �� 'QHSURSHWURYVN�� �������8NUDLQH��/LWKLXP�EDWWHULHV� DUH�QRZDGD\V�SURGXFHG�DW� KLJK� VFDOH� DQG�XVHG� LQ�YDULRXV� ILHOGV� >���@��WKDW�UHTXLUHV�WKH�GHYHORSPHQW�DQG�LQWURGXFWLRQ�RI�QHZ�DGYDQFHG�PHWKRGV�RI�SURGXFLQJ�WKHLU�FRPSRQHQWV��SDUWLFXODUO\��VWDEOH�HOHFWURO\WHV�ZLWK�KLJK�HOHFWULF�FRQGXFWDQFH��$W�SUHVHQW��VROX�WLRQV�RI�IOXRULGH�FRPSOH[�VDOWV��LQ�ILUVW�LQVWDQFH��OLWKLXP�KH[DIOXRURSKRVSKDWH��LQ�WKH�PL[WXUHV�RI FDUERQDWH�HVWHUV�ZLWK�GLIIHUHQW�SRODULW\��DUH�XVHG�PRVW�ZLGHO\�DV�HOHFWURO\WHV�IRU�UHFKDUJH�DEOH�OLWKLXP�LRQ�EDWWHULHV��$W�WKH�VDPH�WLPH��WUDGLWLRQDO�PHWKRGV�RI�WKH�SURGXFWLRQ�RI�WKH�HOHF�WURO\WHV��FRQVLVWLQJ�LQ�SUHSDULQJ�RI�WKRURXJKO\�GULHG�FRPSRQHQWV�IROORZLQJ�ZLWK�REWDLQLQJ�RI�WKH�VROXWLRQV�ZLWK�GHVLUHG�FRQFHQWUDWLRQ��DUH�FRPSOLFDWHG�E\�GLIILFXOWLHV�DULVLQJ�IURP�KLJK�K\�JURVFRSLFLW\�DQG�ORZ�WKHUPDO�VWDELOLW\�RI�OLWKLXP�KH[DIOXRURSKRVSKDWH���:H� VWXGLHG� WKH� SRVVLELOLW\� RI� SURGXFLQJ� RI� WKH� HOHFWURO\WHV�� FRQVLVWLQJ� RI� OLWKLXP�KH[DIOXRURSKRVSKDWH� VROXWLRQV� LQ� WKH� PL[WXUHV� RI� FDUERQDWH� HVWHUV�� SDUWLFXODUO\�� SURS\OHQH�FDUERQDWH� �3&�� DQG� GLPHWK\O� FDUERQDWH� �'0&��� E\� FDUU\LQJ� RXW�PHWDWKHWLFDO� UHDFWLRQV� EH�WZHHQ SRWDVVLXP�RU� VRGLXP�KH[DIOXRURSKRVSKDWH�DQG� OLWKLXP� WHWUDIOXRURERUDWH��7KH� WKHUPDO�VWDELOLW\�RI�WKH�IOXRUR�FRPSOH[�VDOWV�XVHG�DV�VWDUWLQJ�PDWHULDOV�LV�KLJKHU�WKDQ�WKDW�RI�/L3)�� $E�LQLWLR� FDOFXODWLRQV� RI� WKH� WKHUPRG\QDPLFV� SDUDPHWHUV� RI� WKH� GLVFXVVHG� SURFHVVHV� HYLGHQFH�DERXW�FRQVLGHUDEOH�LQIOXHQFH�RI�WKH�QDWXUH�RI�WKH�UHDFWLRQ�PHGLD�DQG�WKH�VL]H�RI�WKH�FDWLRQ�RQ�ERWK *LEEV�HQHUJLHV�DQG�HTXLOLEULXP�FRQYHUVLRQV��7KH�LQIOXHQFHV�RI�WKH�WHPSHUDWXUH�DQG�LQL�WLDO�PRODU�UDWLRV�RI�WKH�UHDFWDQWV�ZHUH�LQYHVWLJDWHG��,W�ZDV�IRXQG�WKDW�WKDW�XVLQJ�RI�SRWDVVLXP�VDOWV�DOORZ�WR�REWDLQ�WKH�HOHFWURO\WHV�RI�KLJKHU�SXULW\��WKDQ�VRGLXP�RQHV��WKDW�LV�LQ�DJUHHPHQW�ZLWK�WKH�GDWD�RQ�VROXELOLW\�RI�.%)� DQG�1D%)� LQ�WKH�PHGLD�LQYHVWLJDWHG���
��) DQG���3 QXFOHDU�PDJQHWLF�UHVRQDQFH�VSHFWURVFRS\�DQG�;�UD\�SRZGHU�GLIIUDFWLRQ�ZHUH�XVHG�WR�FKHFN�WKH�UHVXOWV�RI�WKH�FDOFXODWLRQV�DV�ZHOO�DV�WR�LGHQWLI\�RI�WKH�SURGXFWV�RI�UHDFWLRQ��7KH�GHYLDWLRQ�EHWZHHQ�WKH�GDWD�FDOFXODWHG�E\�GLIIHUHQW�PHWKRGV�DQG�WKH�H[SHULPHQWDO�GDWD�LV�DSSUR[LPDWHO\�����IRU�WKH�SRWDVVLXP�VDOW�DQG�D�IHZ�SHUFHQWV�IRU�WKH�VRGLXP�VDOW��DQG�WKH�JHQ�HUDO�WHQGHQFLHV�RI�WKH�LQIOXHQFH�RI�WKH�PRVW�LPSRUWDQW�SDUDPHWHUV�RQ�WKH�GLVFXVVHG�SURFHVVHV�DUH�QRW�DIIHFWHG�E\�WKH�XVHG�PHWKRGV�>�@����� $��1D]UL��*��3LVWRLD��/LWKLXP�%DWWHULHV��6FLHQFH�DQG�7HFKQRORJ\��.OXZHU�$FDGHPLF�3XE�OLVKHUV������� ����S���� :� $��YDQ�6FKDONZLMN��%��6FURVDWL� $GYDQFHV�LQ�/LWKLXP�,RQ�%DWWHULHV��.OXZHU�$FDGHPLF���3OHQXP�3XEOLVKHUV������� ����S���� %URGG�5��-���7DJDYD�.��(OHNWURNKLP��(QHUJHWLND��(OHFWURFKHPLFDO�3RZHU�������� �� ��������$��9��3ODNKRWQ\N��/��'��7DUDVRYD��/��(UQVW��5��6FKPXW]OHU��=� $QRUJ��$OOJ��&KHP��,Q�SUHVV��
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4XDQWXP�FKHPLFDO�VLPXODWLRQ�RI�R[LGDWLRQ�SURFHVVHV�RQ�
VLOLFRQ�VXUIDFH�ZLWKLQ�FOXVWHU�DSSURDFK�

0��,��7HUHELQVND��9��9��/REDQRY�
,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�� *HQHUDO�1DXPRY�VWU������.\LY��������8NUDLQH���7KHUH�DUH�D�ORW�RI�FRQWUDGLFWLRQV�LQ�WKH�OLWHUDWXUH�FRQFHUQLQJ�WKH�LQLWLDO�VWDJHV�RI�R[LGL]D�WLRQ� RI� VLOLFRQ� VXUIDFH� DQG� 6L2� ILOP� IRUPDWLRQ�� 7KH� SURSHUWLHV� RI� 6L�6L2�� FULWLFDOO\� DIIHFW�ZRUN�RI�WKH�HOHPHQW�EDVH�LQ�PLFURHOHFWURQLFV���7DNLQJ� LQWR� DFFRXQW� D� JUHDW� UROH� RI� FROOHFWLYH� LQWHUDFWLRQV� LQ� VLOLFRQ� VXUIDFH� R[LGDWLRQ� ��ZHOO�NQRZQ�IURP�OLWHUDWXUH�GDWD���LQ�RUGHU�WR�FDOFXODWH�WKH�HQHUJLHV�RI�6L2� OD\HU�IRUPDWLRQ��D�FOXVWHU�ZDV�EXLOW�RI�6L��+���ZLWK�K\GURJHQ�DWRPV�LQVHUWHG�DW�HGJH�DWRPV�IRU�WKH�VDWXUDWLRQ�RI��³EURNHQ´�ERQGV��7KH�FDOFXODWLRQV�ZHUH�FDUULHG�RXW�E\�WKH�GHQVLW\�IXQFWLRQDO�WKHRU\�PHWKRG��$ FRQVLGHUDEOH�GHJUHH�RI�HOHFWURQLF�GHQVLW\� WUDQVIHU� IURP�VXUIDFH�RQWR�2� PROHFXOH� LV�D�FKDUDFWHULVWLF�RI�WKH�VXSUDPROHFXODU�VWUXFWXUH��FKHPLVRUEHG�R[\JHQ�PROHFXOH��IRUPHG�RQ�VLOL�FRQ IDFH��������ZKLFK�UHVXOWV�LQ�GLVVRFLDWLYH��FKHPLVRUSWLRQ�ZLWK�IRUPDWLRQ�RI�6L�2�JURXSV�DW�WRS�SRVLWLRQ�RI�QHLJKERULQJ�VLOLFRQ�DWRPV��7KH�HQHUJ\�RI�WKH�FOXVWHU�VLPXODWHG�IRU�WKH�VWUXFWXUH�RI WRS�WRS�LV�VRPHZKDW�KLJKHU�WKDQ�WKDW�RI�WKH�FOXVWHU�ZKLFK�SUHVHQWV�D�FKHPLVRUEHG�FRPSOH[�RI R[\JHQ�PROHFXOH�RQ�WKH�IDFH�������RI�FU\VWDOOLQH�VLOLFRQ��,W�PHDQV�WKDW� WKH�LQLWLDO�VWDJH�RI�WKH�VHTXHQFH�RI�SURFHVVHV�RI�6L2� IRUPDWLRQ�QHHGV�D�VPDOO�DFWLYDWLRQ�HQHUJ\��$W�D�QH[W�VWDJH�RQH RI�DWRPV�RI�R[\JHQ�LV�LQVHUWHG�LQWR�6L�6L�ERQG�EHWZHHQ�VLOLFRQ�DWRPV�RI�VXUIDFH�DQG�VXE�VXUIDFH�OD\HUV�ZLWK�IRUPDWLRQ�RI�WRU�LQV�VWUXFWXUH��7KH�IXUWKHU�IRUPLQJ�6L2� OD\HU�RQ�WKH�VXU�IDFH�RI�FU\VWDOOLQH�VLOLFRQ�QHHGV�D�IRUPDWLRQ�RI�VXSUDPROHFXODU�FKHPLVRUSWLRQ�VWUXFWXUH�RQ�WKH�VXUIDFH� ZKLFK� DOUHDG\� FRQWDLQV� WKH� WZR� R[\JHQ� DWRPV� LQWHUFDODWHG� LQWR� 6L±6L� ERQGV�� 1H[W�WUDQVIRUPDWLRQ�RI�WKH�LQWHUPHGLDWH�ZLWK�SDUWLFLSDWLRQ�RI�WKH�VHFRQG�R[\JHQ�PROHFXOH�LV�VLPLODU�WR WKH� SURFHVV� RI� LQLWLDO� R[LGDWLRQ� RI� FU\VWDOOLQH� VLOLFRQ�� $V� FRPSXWDWLRQV� VKRZ� WKH� VHFRQG�R[\JHQ�PROHFXOH� VLWV� GRZQ� RQ� WKH� VLOLFRQ� DWRP� DW�ZKLFK� DOUHDG\� KDV� 6L�2�6L� ERQGV�� 7KDQ�R[\JHQ�DWRP�LV�LQVHUWHG�LQWR�WKH�6L±6L�ERQG�VR�FRPSOHWLQJ�6L2��WHWUDHGURQ�IRUPDWLRQ�ZKLFK�LV�WKH�RQO\�EXLOGLQJ�EORFN�RI�VLOLFRQ�GLR[LGH��7KXV�� WKH�FRPSOH[�RI� WKH�UHVXOWV�RI�FRPSXWDWLRQV� IXOILOOHG� OHW� LW�SRVVLEOH�WR�HOXFLGDWH� WKH�PHFKDQLVP�RI�IRUPDWLRQ�RI�VLOLFD�OD\HU�RQ�WKH�IDFH�������RI�FU\VWDOOLQH�VLOLFRQ�DQG�WR�GHILQH�WKH�WKHUPDO�HIIHFWV�RI�WKH�VHSDUDWH�VWDJHV�RI�R[LGDWLRQ�ZLWK�PROHFXODU�R[\JHQ��
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$Q� HQHUJ\� SURILOH� RI� WKH� FRQVHTXHQW� VWDJHV� RI� VLOLFD� ILOP� IRUPDWLRQ� DW� ������ IDFH� RI�FU\VWDOOLQH�VLOLFRQ��7KH�HQHUJ\�]HUR�OHYHO�LV�EHOLHYHG�WR�EH�WKH�VXP�RI�WRWDO�HQHUJLHV�IRU�WKH�FOXVWHU������SOXV�WULSOHW�VWDWH�RI�R[\JHQ�PROHFXOH��
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&$63�YDOLGDWLRQ�RI�D�QRYHO�SURWHLQ�KRPRORJ\�PRGHOOLQJ�
DOJRULWKP�

)��$��7HUHVKFKHQNR��9��6��0DUW\QLXN�
D9HUQDGVNL\�7DXULGD�1DWLRQDO�8QLYHUVLW\�� ��9HUQDGVNL\�$YH���6LPIHURSRO�� �������&ULPHD��8NUDLQH��3UHGLFWLRQ�RI�SURWHLQ�WKUHH�GLPHQVLRQDO�VWUXFWXUH�IURP�LWV�VHTXHQFH�SRVHV�VHULRXV�SUREOHP�IRU�FRPSXWDWLRQDO�ELRORJ\��$Q�DSSURDFK�FDOOHG�KRPRORJ\�PRGHOOLQJ�DOORZV�VWUXFWXUH�SUHGLF�WLRQ�RI�SURWHLQV�WKDW�KDYH�VHTXHQFH�KRPRORJXHV�DPRQJ�SURWHLQV�ZLWK�NQRZQ�VWUXFWXUHV�� ,W� LV�EDVHG�RQ�DQ�DVVXPSWLRQ�WKDW�SURWHLQV�ZLWK�VLPLODU�VHTXHQFHV�ZLOO�IROG�LQWR�VLPLODU�VWUXFWXUHV��+RPRORJ\�PRGHOOLQJ� UHTXLUHV� VHTXHQFH� DOLJQPHQW� EHWZHHQ� WDUJHW �SURWHLQ� WR� EH� SUHGLFWHG��DQG�WHPSODWH��KRPRORJRXV�SURWHLQ�XVHG�IRU�SUHGLFWLRQ���7KLV�DOLJQPHQW�PXVW�EH�GRQH�LQ�VXFK�D ZD\�WKDW�WKH�VHTXHQFHV�RI�WDUJHW�DOLJQHG�WR�WKH�VHFRQGDU\�VWUXFWXUH�HOHPHQWV��D�KHOLFHV�DQG�E�VWUDQGV��RI�WKH�WHPSODWH�DUH�QRW�LQWHUUXSWHG�E\�JDSV��7KH��'�FRRUGLQDWHV�RI�WKH�WDUJHW�EDFN�ERQH¶V�D�KHOLFHV�DQG�E�VWUDQGV�DUH�FRSLHG�IURP�WKH�DWRPLF�FRRUGLQDWHV�RI�WKH�WHPSODWH�EDFN�ERQH��7KH�XVHU�PD\�FKRRVH�WR�FRS\�ORRSV�RI�HTXDO�OHQJWK�RU�WR�PRGHO�WKHP�DE LQLWLR� /RRSV��ZKLFK� FRQQHFW� VHFRQGDU\� VWUXFWXUH� HOHPHQWV�� DUH� EXLOW�DE LQLWLR�XVLQJ� WKH� GRZQKLOO� VLPSOH[�PLQLPL]DWLRQ� DOJRULWKP� >�@�� $Q� HQHUJ\� IXQFWLRQ� LQFRUSRUDWLQJ� GLVWDQFH�GHSHQGHQW� UHVLGXH�UHVLGXH� SRWHQWLDOV� >�@�� YDOLGLW\� RI� YDOHQW� DQG� GLKHGUDO� DQJOHV� IRUPHG� EHWZHHQ� WKH� ODVW� &�WHUPLQDO� ORRS� UHVLGXH� DQG� WKH� ILUVW�1�WHUPLQDO� VHFRQGDU\� VWUXFWXUH� UHVLGXH�� DQG� WKH� GLVWDQFH�EHWZHHQ�WKH�ODVW�ORRS�DWRP�DQG�WKH�ILUVW�VHFRQGDU\�VWUXFWXUH�DWRP�DOORZV�WKH�ORRS�WR�FORVH�DQG�PLQLPL]HV� LWV� HQHUJ\� DW� WKH� VDPH� WLPH� >�@�� 7KH� VLGH�FKDLQV� DUH� SODFHG� XVLQJ� EDFNERQH�GHSHQGHQW�F�DQJOHV�OLEUDU\�>�@��6XEPLVVLRQ�WR�&$63��&ULWLFDO�$VVHVVPHQW�RI�6WUXFWXUH�3UHGLFWLRQ��H[SHULPHQW�LV�WKH�EHVW�ZD\�WR�JHW�LQGHSHQGHQW�YDOLGDWLRQ�RI�DQ\�QHZ�VWUXFWXUH�PRGHOOLQJ�DOJRULWKP�>�@��:H�VXEPLW�WHG�IRXU�WDUJHWV�WR�&$63��>�@�DQG�WZHQW\�WZR�WR�&$63��>�@��,Q�WRWDO��&$63�DVVHVVRUV�HYDOX�DWHG�HLJKWHHQ�SUHGLFWLRQV��6HYHUDO�SUHGLFWLRQV�ZHUH�WKH�EHVW�RU�DPRQJ�WKH�EHVW��FRPSDUHG�WR�SUHGLFWLRQV�VXEPLWWHG�E\�RWKHU�VFLHQWLILF�JURXSV��7KH�JUDSK�EHORZ�VKRZV�GHSHQGHQFH�RI�TXDO�LW\� RI� RXU� SUHGLFWLRQV� �URRW�PHDQ� VTXDUH� GHYLDWLRQ� IURP� DFWXDO� VWUXFWXUH�� YHUVXV� SHUFHQW� RI�KRPRORJ\�EHWZHHQ� WDUJHW� DQG� VHOHFWHG� WHPSODWH� IRU� DOO�&$63� WDUJHWV� VXEPLWWHG�E\�XV��7KLV�GHSHQGHQFH�DOORZV�URXJK�HVWLPDWLRQ�RI�SUHGLFWLRQ�TXDOLW\�IRU�XQNQRZQ�SURWHLQV��
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���1HOGHU��-��$���0HDG��5���������&RPSXWHU�-�����������������%DKDU��,���-HUQLJDQ��5�/���������-��0RO��%LRO������������������ 7HUHVKFKHQNR��)�$���'DUDVHOLD��1�'���������3URFHHGLQJV�RI�&$63��&RQIHUHQFH����������� KWWS���SUHGLFWLRQFHQWHU�OOQO�JRY����7HUHVKFKHQNR��)�$���������3URFHHGLQJV�RI�&$63��&RQIHUHQFH���������
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2Q�WKH�SUREOHP�RI�WKH�LQWHUDFWLRQ�PHFKDQLVP�RI�VLOLFD�
QDQRSDUWLFOHV�ZLWK�SODVPDWLF�PHPEUDQH�

2��0��7VHQGUD��9��9��/REDQRY�
,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�� *HQHUDO�1DXPRY�VWU������.\LY��������8NUDLQH��4XDQWXP� FKHPLVWU\� KDV� DFKLHYHG� D� OHYHO��ZKLFK� OHW� LW� SRVVLEOH� WR� UHVHDUFK� QRW� RQO\� WKH�VWUXFWXUHV� RI� LVRODWHG� VPDOO� PROHFXOHV�� EXW� DOVR� WKRVH� RI� � VHSDUDWH� IUDJPHQWV� RI� ELRORJLFDO�PROHFXOHV� DV�ZHOO� DV� WKH�PHFKDQLVP� DQG� HQHUJHWLFV� RI� WKHLU� LQWHUDFWLRQ� EHWZHHQ� HDFK� RWKHU�DQG�ZLWK� VROYHQW�PROHFXOHV��$Q�DGGLWLRQ��GHYHORSPHQW�RI�QHZ�RUJDQLF�LQRUJDQLF�GUXJV�SXWV�IRUZDUG�D�SUREOHP�RI�MXVWLI\LQJ�WKH�GHWDLOHG�PHFKDQLVP�RI�WKH�LQWHUDFWLRQ�RI�FKHPLFDOO\�DFWLYH�VROLG�VXUIDFH�ZLWK�WKH�HOHPHQWV�RI�SK\VLRORJLFDO�PHGLD�RI�OLYLQJ�ERGLHV��)LUVW�RI�DOO�EORRG�FHOOV�± HU\WKURF\WHV�±�EHORQJ�WR�WKHP��,Q�WKLV�VWXG\�D�PHWKRG�KDV�EHHQ�SURSRVHG�RI�FDOFXODWLRQ�RI�WKH�HQHUJ\�DQG�PHFKDQLVP�RI�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�FOXVWHUV�VLPXODWHG�IRU�K\GUR[\ODWHG�VLOLFD��QDQRSDUWLFOH�ZLWK�QHJD�WLYH�VXUIDFH�FKDUJH�DQG�OLSLG�DUHD�RI�QHJDWLYH�FKDUJHG�VXUIDFH�RI�SODVPDWLF�PHPEUDQH��$V�ERWK�LQWHUDFWLQJ� VSHFLHV� KDYH� WKH� VDPH� VLJQ� � RI� FKDUJH� DQG� WKH� H[SHULPHQW� JLYHV� DQ� HYLGHQFH� RI�WKHLU� FRKHVLRQ�� LQ� RUGHU� WR� SURYLGH� FRQYHUJLQJ� FOXVWHUV�� ZH� SURSRVH� WR� SXW� PRQR�� DQG� GL�K\GUDWHG��SURWRQV�EHWZHHQ�WKHVH�FOXVWHUV��,I�WKH�WRWDO�FKDUJH�RI�WKLV�VXSUDPROHFXODU�VWUXFWXUH�LV�EHOLHYHG�WR�EH�]HUR��DQ�RSWLPL]DWLRQ�RI�VSDWLDO�SDUDPHWHUV�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�D�ZDWHU�ERQGHG�FRPSOH[���7KXV��ZH�FDQ�MXPS�WR�WKH�FRQFOXVLRQ�WKDW�DFFRUGLQJO\�WR�WKH�UHVXOWV�RI�FDOFXODWLRQV��WKH�LQ�WHUDFWLRQ�EHWZHHQ�VLOLFD�QDQRSDUWLFOHV�DQG�SODVPDWLF�PHPEUDQH�DW�ODUJH�GLVWDQFHV����WR���c��LV�SURYLGHG�ZLWK�FKDUJHG�HOHFWURO\WH�SDUWLFOHV�ZKHUHDV�DW�WKH�GLVWDQFHV�ZKHUH�WKH�RUELWDO�RYHUODS�RI HGJH�DWRPV�LV�HVVHQWLDO��D�QHW�LV�IRUPHG�RI�K\GURJHQ�ERQGV��

)LJ��(TXLOLEULXP�VSDWLDO�VWUXFWXUH�RI� WKH�FRPSOH[�ZKHUH�ZDWHU�PROHFXOH�SURYLGH�ELQGLQJ�EH�WZHHQ D�IUDJPHQW�RI�6L2� VXUIDFH�DQG�OLSLG�DUHD�RI�SODVPDWLF�PHPEUDQH�
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4XDQWXP�FKHPLFDO�PRGHOOLQJ�RI�KRPRO\WLF�GHFRPSRVLWLRQ�
UHDFWLRQV�RI�DU\ODON\O�K\GURSHUR[LGHV�

0��$��7XURYVNLM� 2��9��5DNVKD��2��,��*HYXVD�
'HSDUWPHQW� RI� &KHPLVWU\�� 'RQHWVN� 1DWLRQDO� 8QLYHUVLW\�� 8QLYHUVLWHWVNDMD� ���� ������'RQHWVN��8NUDLQH�
D1DWLRQDO�8QLYHUVLW\�³/YLYVND�3ROLWHFKQLND´��6��%DQGHUD�����������/YLY��8NUDLQH�

7R�HVWLPDWH�VWUXFWXUH�HIIHFWV�RI�DU\ODON\O�K\GURSHUR[LGHV�XSRQ�WKHLU�UHDFWLYLW\�WKH�PROHFX�ODU�PRGHOOLQJ� RI� SHUR[LGH� ERQG� KRPRO\VLV� UHDFWLRQ� RI� WKH� LVRSURS\OEHQ]HQH� K\GURSHUR[LGH��522+�������GLPHWK\O���SKHQ\OSURS\O�K\GURSHUR[LGH��5�22+�������GLPHWK\O���SKHQ\OEXW\O�K\GURSHUR[LGH� �5�22+��� DQG� ������WULPHWK\O����S�PHWK\O��SKHQ\O� �5�22+�� K\GURSHUR[LGH�ZDV�FDUULHG�RXW��(TXLOLEULXP�K\GURSHUR[LGHV�FRQILJXUDWLRQV�XVHG�LQ�DOO�TXDQWXP�FKHPLFDO�FDO�FXODWLRQV� ZHUH� REWDLQHG� E\� VHPLHPSLULFDO� $0��PHWKRG� LQ� 5+)� DSSUR[LPDWLRQ� UHDOL]HG� LQ�023$&����SDFNDJH�� $OO� LQYHVWLJDWHG� K\GURSHUR[LGH�FRPSRXQGV�KDYH� WKH� VDPH�FRQILJXUD�WLRQ�RI� WKH�K\GURSHUR[LGH�IUDJPHQW���&22+�� ZKLFK� LV� VFDUFHO\� GHSHQGV�XSRQ� K\GURSHUR[LGH� PROHFXOH� VWUXF�WXUH��&DOFXODWLRQ�RI� WKH�PLQLPXP�HQ�HUJ\� UHDFWLRQ� SDWK� RI� SHUR[LGH� ERQG�FOHDYDJH� ZDV� FDUULHG� RXW� ZLWK� DF�FRXQWV RI� HOHFWURQ� FRUUHODWLRQ�� ,W� LV� D�VPRRWK� FXUYH� �)LJ�� ��� ZKLFK� SDVVHV�WKURXJK�D�PD[LPXP�DQG�FRPHV�WR�WKH�VWDWLRQDU\� YDOXH� FRUUHVSRQGLQJ� WR� WKH�VXP�RI� WZR� UDGLFDOV� HQHUJ\� �WKH� VXFK�FXUYH� LV� W\SLFDO� IRU� WKH� HQGRWKHUPLF�UHDFWLRQV���7UDQVLWLRQ�VWDWH�RI�WKH�V\V�WHP ZDV� ORFDOL]HG� E\� HORQJDWLRQ� RI�SHUR[LGH�ERQG�IURP������WR������c���
)RU� WKH� K\GURSHUR[LGHV� XQGHU� LQ�YHVWLJDWLRQ� WKH�YDOXH�RI� WUDQVLWLRQ�VWDWH�IRUPDWLRQ�HQWKDOS\�LV� OLQHDU\�GHSHQGHG�XSRQ WKH� YDOXH� RI� K\GURSHUR[LGH� IRU�PDWLRQ� HQWKDOS\� LQ� WKH� JURXQG� VWDWH��7KH� UHODWLRQVKLS� REWDLQHG� ZLOO� DOORZ�HVWLPDWLQJ� RI� KRPRO\VLV� DFWLYDWLRQ� HQ�WKDOS\� IRU� DQRWKHU� K\GURSHUR[LGHV� RI�SUHVHQW� VHULHV� DQG� DOVR� WKH� QXPEHU� RI�FRQILJXUDWLRQV� QHVVHVDU\� IRU� WKH� HOHF�WURQ�FRUUHODWLRQ�DFFRXQWLQJ���$FWLYDWLRQ� HQWKDOS\� YDOXHV� HVWL�PDWHG� E\� TXDQWXPFKHPLFDO� PHWKRGV�DUH�OLQHDUO\�GHSHQGHG�XSRQ�H[SHULPHQ�WDOO\� REWDLQHG� DFWLYDWLRQ� SDUDPHWHUV� RI�DU\ODON\O�K\GURSHUR[LGHV�WKHUPRO\VLV�LQ�DFHWRQLWULOH� �)LJ�� ���� 7KXV� REWDLQHG� UH�ODWLRQVKLSV�DOORZ�WR�HVWLPDWH�WKH�NLQHWLF�SDUDPHWHUV� RI� WKHUPDO� GHFRPSRVLWLRQ�UHDFWLRQV� RI� WKH� DU\ODON\O� K\GURSHUR[�LGHV�RQ�WKH�EDVH�RI�TXDQWXP�FKHPLFDO�PRGHOLQJ�RI�WKH�SHUR[LGHV�ERQG�KRPRO\VLV�IRU�WKH�SUH�VHQW FRPSRXQGV�VHULHV��
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)LJ�����5HODWLRQVKLS�EHWZHHQ�H[SHULPHQWDO�DFWLYDWLRQ�SDUDPHWHUV�RI�WKH�DU\ODON\O�K\�GURSHUR[LGHV�GHFRPSRVLWLRQ�DQG�WKH�FDOFX�ODWHG�DFWLYDWLRQ�HQWKDOS\�RI�WKHLU�KRPRO\VLV�
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7KH�FRPSXWDWLRQDO�PRGHOOLQJ�RI�WKH�PRQROD\HU�DGVRUSWLRQ�
LVRWKHUPV�LQ�GLVRUGHUHG�PHGLD�
$��1��9LW\XN��.��$��6DYLQD��9��9��.XWDURY

,�,��0HFKQLNRY�1DWLRQDO�8QLYHUVLW\�RI�2GHVVD����'YRU\DQVND\D�6W���2GHVVD�������8NUDLQH��2QH RI� WKH�HIIHFWLYH�PHWKRGV�RI� WKH�PRQROD\HU�DGVRUSWLRQ� LVRWKHUPV�GHVFULSWLRQ� LQ�QRQ�RUGHUHG�PHGLD� LV� WKH�PHWKRG� RI� LQWHJUDO� HTXDWLRQV�� )RU� WKLV�PHWKRG� DSSOLFDWLRQ� RQH� VKRXOG�NQRZ�D SULRUL�WKH�DGVRUSWLRQ�FHQWUHV�GLVWULEXWLRQ�IXQFWLRQ�ZKLFK�LV�GLIILFXOW�WR�FKRRVH�GXH�WR�WKH� ODFN� RI� UHOLDEOH� WKHUPRG\QDPLF� FULWHULD��%HVLGHV� WKH� NQRZQ� LQWHJUDO� HTXDWLRQV� VROXWLRQV�DUH� DV� D� UXOH� QRQ� DQDO\WLFDO� RQHV�� 7KLV�ZRUN� VXJJHVWV� DSSOLFDWLRQ� RI� WKH� IUDFWLRQDO� LQWHJUDO�HTXDWLRQV�IRU�DGVRUSWLRQ�LVRWKHUPV�GHVFULSWLRQ�LQ�WKH�QRQ�RUGHUHG�PHGLD��7KH�IXQFWLRQ��
³ !�� [ [GWWIW[[I, � ���������

������ D
D

D
LV� FDOOHG� OHIW�VLGH� LQWHJUDO�RI�5LHPDQQ�/LRXYLOOH�RI�RUGHU� �!D IRU� IXQFWLRQ� ������ F/[I � �
ZKHUH� ��D LV�*DPPD�IXQFWLRQ��/HW� ������D DQG ������ �

�� [I,[I D
D

�
�  �

,I� IXQFWLRQ� ��� [I D� DOPRVW� HYHU\ZKHUH� RQ� ���� F KDV� D� GHULYDWLYH�� WKHQ� IXQFWLRQ�
������ �� [I[I' D

D
�c LV�FDOOHG�OHIW�VLGH�GHULYDWLYH�RI�5LHPDQQ�/LRXYLOOH�RI�RUGHU �!D �

/HW� YDOXHV� ��� LL <[ EH REWDLQHG� IURP� WKH� H[SHULPHQW�� :H¶OO� WDON� DERXW� DSSURDFKLQJ�
PDWKHPDWLFDO�PRGHO�RI�WKH�QH[W�WDVN��

� ����������� ��  � �D
D \E[D\[\' � ����

:H ZLOO�ORRN�IRU�VROXWLRQ�RI�WDVN�����LQ�WKH�FODVV�RI�FRQWLQXRXV�RQ� @��> F IXQFWLRQV��)XQF�
WLRQ� ��[\ LV�WKH�VROXWLRQ�RI�WDVN�����LI�DQG�RQO\�LI�LW�LV�WKH�VROXWLRQ�RI�LQWHJUDO�HTXDWLRQ��
� ³ ���� [ GWW\W[DE[[\
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,I�WKH�PHQWLRQHG�DERYH�YDULDEOHV�DUH�JLYHQ�WKH�SK\VLFDO�VHQVH�RI�WKH�DGVRUSWLRQDO�V\VWHP�GHILQLQJ�SDUDPHWHUV���WKH�PRQROD\HU�FDSDFLW\��  ���WKH�+HQU\�FRQVWDQW��E� DQG�WKH�GLVRUGHU�OLQHVV�SDUDPHWHU�� ���LW�LV�SRVVLEOH�WR�FDUU\�RXW�WKH�FRPSXWHU�PRGHOOLQJ�RI�WKH�PRQROD\HU�DG�VRUSWLRQ�LVRWKHUP�LQ�GLVRUGHUHG�PHGLD�E\�PHDQV�RI�(TXDWLRQ������
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$SSOLFDWLRQ�RI�PHWKRGV�RI�FRPSXWDWLRQ�FKHPLVWU\�IRU�
LQYHVWLJDWLRQ�RI�JHRPHWULHV�DQG��+ DQG���& 105�VSHFWUD�RI��

��YLQ\OLPLGD]ROH�DQG���YLQ\O���PHWK\OLPLGD]ROH�
9��.��9RURQRY� ,��$��8VKDNRY��6��$��=DJRUXO
NR��$��9��9DVKFKHQNR�

,UNXWVN�6WDWH�7HFKQLFDO�8QLYHUVLW\����������/HUPRQWRY�6WU������,UNXWVN��5XVVLD��$E LQLWLR�FDOFXODWLRQV�RI�JHRPHWULHV�IRU�PROHFXOHV�RI���YLQ\OLPLGD]ROH���� DQG���YLQ\O���PHWK\OLPLGD]ROH���� ZHUH�FDUULHG�RXW�E\�*DXVVLDQ���:�SURJUDP�SDFNDJH�ZLWK�GLIIHUHQW�EDVLV�VHWV �����*��������G�S���DQG�GLIIHUHQW�PHWKRGV��+)�DQG�%�/<3��7KH�PROHFXODU�HQHUJ\�SRWHQ�WLDO�RI�FRPSRXQGV���� DQG���� DV�D�IXQFWLRQ�RI�WKH�URWDWLRQDO�DQJOH�DURXQG�ERQG�1����&�DOSKD��ZHUH�REWDLQHG����

)LJ���� � � � � � )LJ�����7ZR�PLQLPD�DUH�ORFDWHG�RQ�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH�RI�FRPSRXQGV���� FRUUHVSRQGLQJ�WR SODQDU� FRQIRUPHUV� ZLWK� GLIIHUHQW� VSDWLDO� RULHQWDWLRQ� RI� � YLQ\O� JURXS�� DQWL�&���� �JOREDO�
PLQLPXP��DQG�VLQ�&�����ORFDO�PLQLPXP���)LJ������7KH�HQHUJ\�GLIIHUHQFH�'( LV�HVWLPDWHG�DV�������������.FDO�PRO�DFFRUGLQJ�WR�GLIIHUHQW�PHWKRGV��3DUWLDO�SRSXODWLRQV�1�� 1� IRU�WZR�FRQ�IRUPHUV�ZHUH�HYDOXDWHG�DV������DQWL����������V\Q���IURP�%ROW]PDQQ�HTXDWLRQ�IRU�UHODWLYH�SRSX�ODWLRQ��7KUHH�PLQLPD�DUH�ORFDWHG�RQ�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH�RI�FRPSRXQGV���� FRUUHVSRQGLQJ�WR SODQDU�FRQIRUPHU�ZLWK�DQWL�DUUDQJHPHQW�YLQ\O�JURXS�DQG���PHWK\O�JURXS��JOREDO�PLQLPXP��DQG�WZR�V\PPHWULFDO�PLQLPD��ORFDO�PLQLPD��FRUUHVSRQGLQJ�QRQ�SODQDU�VLQ�RULHQWDWLRQ�RI�YL�Q\O�JURXS�DQG���PHWK\O�JURXS��)LJ������7ZR�ORFDO�PLQLPD�FRUUHVSRQG�WR�WKH�WRUVLRQ�DQJOH����GHJUHH�FRPSO\LQJ�WR�WKH�ORFDWLRQ�RI�YLQ\O�JURXS�RXW�RI�SODQH�LPLGD]ROH�ULQJ��7KH�HQHUJ\�GLI�
IHUHQFH�'( DPRXQWV������WR�����.FDO�PRO�DFFRUGLQJ�WR�GLIIHUHQW�PHWKRGV��3DUWLDO�SRSXODWLRQV�1�� 1� IRU�WUHH�FRQIRUPHUV�ZHUH�HYDOXDWHG�DV�������DQWL����������V\Q���

�+ DQG���& 105�VKLHOGLQJ�FRQVWDQWV�ZHUH�FRPSXWHG�YLD�*,$2�PHWKRG�IRU�FRQIRUPDWLRQV�FRUUHVSRQGLQJ�WR�WKH�VWDWHV�LQ�JOREDO�DQG�ORFDO�PLQLPD�RI�HQHUJ\��7KH�YDOXH�RI�FKHPLFDO�VKLIWV�ZHUH�DYHUDJHG�E\�SDUWLDO�SRSXODWLRQV��7KH�EHVW�FRUUHVSRQGHQFH�ZLWK�H[SHULPHQWDO�GDWD�ZHUH�DFKLHYHG�RQ�PHWKRG�%�/<3�ZLWK�EDVLV�VHW�����*��7KLV�ZRUN�ZDV�ILQDQFLDOO\�VXSSRUWHG�E\�WKH�5XVVLDQ�)RXQGDWLRQ�IRU�%DVLF�5HVHDUFK��3UR�MHFW 1R����������������
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$ SULRUL�LQIRUPDWLRQ�DQG�FRQVWUXFWLQJ�RI�UHJXODUL]LQJ�
DOJRULWKPV�IRU�FDOFXODWLRQ�RI�PROHFXODU�IRUFH�ILHOGV�

$��<DJRODD� *��0��.XUDPVKLQDE
D'HSDUWPHQW�RI�0DWKHPDWFV��)DFXOW\�RI�3K\VLFV�
E'HSDUWPHQW� RI� 3K\VLFDO� &KHPLVWU\�� )DFXOW\� RI� &KHPLVWU\�� 0RVFRZ� 6WDWH� 8QLYHUVLW\��0�9�/RPRQRVRY���9RURE\RY\�*RU\��0RVFRZ����������5XVVLD��0DQ\�SUREOHPV�RI�VFLHQFH��WHFKQRORJ\�DQG�HQJLQHHULQJ�DUH�SRVHG�LQ�WKH�IRUP�RI�RSHUDWRU�HTXDWLRQ�RI�WKH�ILUVW�NLQG�ZLWK�RSHUDWRU�DQG�ULJKW�SDUW�DSSUR[LPDWHO\�NQRZQ��2IWHQ�VXFK�SURE�OHPV� WXUQ�RXW� WR�EH� LOO� SRVHG�� ,W�PHDQV� WKDW� WKH\�PD\�KDYH�QR� VROXWLRQV�� RU�PD\�KDYH�QRQ�XQLTXH� VROXWLRQ�� RU�DQG� WKHVH� VROXWLRQV� PD\� EH� XQVWDEOH�� 8VXDOO\�� QRQ�H[LVWHQFH� DQG� QRQ�XQLTXHQHVV�FDQ�EH�RYHUFRPH�E\�VHDUFKLQJ�VRPH� 

JHQHUDOL]HG

�VROXWLRQV��WKH�ODVW�LV�OHIW�WR�EH�XQVWDEOH��6R�IRU�VROYLQJ�VXFK�SUREOHPV�LV�QHFHVVDU\�WR�XVH�WKH�VSHFLDO�PHWKRGV���UHJXODUL]LQJ�DOJRULWKPV���7KH� WKHRU\�RI� VROYLQJ� OLQHDU�DQG�QRQOLQHDU� LOO�SRVHG�SUREOHPV� LV�DGYDQFHG�JUHDWO\� WRGD\��VHH� IRU� H[DPSOH� >��� �@���$� JHQHUDO� VFKHPH� IRU� FRQVWUXFWLQJ� UHJXODUL]LQJ� DOJRULWKPV� RQ� WKH�EDVH�RI�7LNKRQRY�YDULDWLRQDO�DSSURDFK�LV�FRQVLGHUHG�LQ�>�@��,W�LV�YHU\�ZHOO�NQRZQ�WKDW�LOO�SRVHG�SUREOHPV�KDYH�XQSOHDVDQW�SURSHUWLHV�HYHQ�LQ�WKH�FDVHV�ZKHQ�WKHUH�DUH�H[LVWHG�VWDEOH�PHWKRGV��UHJXODUL]LQJ�DOJRULWKPV��RI�WKHLU�VROXWLRQ��6R�DW�ILUVW�LW�LV�UHFRPPHQGHG�WR�VWXG\�DOO�D�SULRUL�LQIRUPDWLRQ��WR�ILQG�DOO�SK\VLFDO�FRQVWUDLQWV��ZKLFK�PD\�PDNH�LW�SRVVLEOH�WR�FRQVWUXFW�D�ZHOO�SRVHG�PDWKHPDWLFDO�PRGHO�RI�WKH�SK\VLFDO�SKHQRPHQD���&RPSXWDWLRQDO� SURJUDPV� IRU� OLQHDU� LOO�SRVHG� SUREOHPV� ZLWK� D� SULRUL� LQIRUPDWLRQ��PRQRWRQLFLW\��FRQYH[LW\��NQRZQ�QXPEHU�RI�H[WUHPHV��VRXUFHZLVH�UHSUHVHQWDWLRQ�RI�XQNQRZQ�VROXWLRQ��HWF���FRXOG�EH�IRXQG�LQ�>�@�DQG�JHQHUDOL]HG�IRU�QRQOLQHDU�SUREOHPV�DOVR��,I�WKH�FRQ�VWUDLQWV�DUH�QRW�VXIILFLHQW�WR�PDNH�D�SUREOHP�ZHOO�SRVHG��WKHQ�LW�LV�QHFHVVDU\�WR�XVH�DOO�WKHVH�FRQVWUDLQWV�EXW�ZH�PXVW�DOVR�NQRZ�HUURU�OHYHO�RI�H[SHULPHQWDO�GDWD��$V�H[DPSOH�RI�VXFFHVVIXO�DSSOLFDWLRQV�RI�WKHVH�UHJXODUL]LQJ�DOJRULWKPV�WR�SUDFWLFDO�SUREOHPV�ZH�FRQVLGHU�LQYHUVH�SURE�OHPV�RI�YLEUDWLRQDO�VSHFWURVFRS\�>�@��)RU�RYHUFRPLQJ�WKH�LOO�SRVHGQHVV�RI�LQYHUVH�YLEUDWLRQDO�SUREOHP�ZH¶YH�SURSRVHG�WR�XVH�WKH�TXDQWXP�PHFKDQLFDO�GDWD�DV�DQ�DGGLWLRQDO�LQIRUPDWLRQ�DQG�DV�D�VWDELOL]HU�ZLWKLQ�WKH�UHJXODUL]DWLRQ�SURFHGXUH�ZKLOH�ORRNLQJ�IRU�WKH�5HJXODUL]HG�4XDQWXP�0HFKDQLFDO�)RUFH�)LHOG��540))��>�@��1HZ�HQODUJHG�SK\VLFDO�PRGHO�IRU�WKH�GHWHUPLQLQJ�WKH�IRUFH� ILHOG�SDUDPHWHUV�ZLWKLQ� UHJXODUL]LQJ�DOJRULWKPV�DUH�SURSRVHG�ZKLFK�FRQVLGHU� WKH� ODUJH�DPSOLWXGH�PRWLRQ�DQG�DQKDUPRQLFLW\�HIIHFWV��4XDQWXP�PHFKDQLFDO�GDWD�DOVR�VHUYH�DV�D�SULRUL�LQIRUPDWLRQ�RQ�PROHFXODU�IRUFH�ILHOG�PRGHO���7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�5XVVLDQ�)RXQGDWLRQ�IRU�%DVLF�5HVHDUFKHV��*UDQWV���������������������������DQG�5)%5�2%¶�������������������$�1��7LNKRQRY��$�9��*RQFKDUVN\��9�9��6WHSDQRY��DQG�$�*��<DJROD��1XPHULFDO�PHWKRGV�IRU WKH� VROXWLRQ� RI� LOO�SRVHG�SUREOHPV�� .OXZHU� $FDGHPLF� � 3UHVV�� 'RUGUHFKW�� 1HWKHUODQGV������������$�1��7LNKRQRY��$�6�� /HRQRY�� DQG�$�*��<DJROD��1RQOLQHDU� LOO�SRVHG� SUREOHPV�� YRO�� ��� ���&KDSPDQ�DQG�+DOO��/RQGRQ��(QJODQG������������$�*�<DJROD�� ,��9��.RFKLNRY��*�0�.XUDPVKLQD��<X�$�3HQWLQ�� ,QYHUVH�3UREOHPV�RI�9LEUD�WLRQDO�6SHFWURVFRS\��963��=HLVW��7KH�1HWKHUODQGV�����������
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)DYRUDEOH�VLOLFD�PRQROD\HU�VWUXFWXUHV�RQ�WKH�0R������
VXUIDFH�

,��1��<DNRYNLQ�
,QVWLWXWH�RI�3K\VLFV�RI�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��3URVSHFW�1DXNL�����.LHY������� 8NUDLQH��

)DYRUHG�VWUXFWXUHV�RI�6L2Q PRQROD\HUV�RQ� WKH�0R������ VXUIDFH�KDYH�EHHQ�VWXGLHG�XVLQJ�
WKH� WRWDO� HQHUJ\� PLQLPL]DWLRQ� WHFKQLTXH� �DV� LPSOHPHQWHG� LQ� WKH� )+,��PG� FRGH�� EDVHG� RQ�
')7�VHPLUHODWLYLVWLF�DSSURDFK�� ,Q�WKH�>6L2�@ FRPSOH[HV��ZKLFK�IRUP�WKH�F��u���VLOLFD�VWUXF�
WXUH�RQ�WKH�0R�������WKH�ERQGLQJ�RI�WKH�6L�DWRPV�ZLWK�WKH�VXUIDFH�LV�DFFRPSOLVKHG�WKURXJK�WKH�
R[\JHQ�DWRPV��7KH�VWUXFWXUH�ZLWK�D�V\PPHWULF�SRVLWLRQ�RI�R[\JHQ�DWRPV�KDV�EHHQ�IRXQG�WR�EH�
WKH�PRVW� IDYRUDEOH�� ,Q� WKLV� VWUXFWXUH�� WZR� R[\JHQ� DWRPV� RFFXS\� EULGJH�RQ�URZ� VLWHV� RQ� WKH�
0R������VXUIDFH��ZLWK�6L�DWRPV�EHWZHHQ�WKHP��ZKLOH�R[\JHQ�DWRPV�LQ�WKH�WURXJKV�DSSHDU�QRW�
LQ�H[SHFWHG�WKUHHIROG�VLWHV��EXW�DGMXVW�WKHLU�SRVLWLRQV�DORQJ�WKH�PLGGOH�OLQHV�RI�WKH�WURXJKV��(V�
WLPDWHG�PDLQ�SKRQRQ�IUHTXHQF\�DQG�GHQVLW\�RI�VWDWHV�IRU�WKH�V\PPHWULF�>6L2�@ VWUXFWXUH�DJUHH�
ZHOO ZLWK�H[SHULPHQWDO�UHVXOWV��
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&RPSUHKHQVLYH�FRQIRUPDWLRQDO�DQDO\VLV�RI��
�GHR[\ULERVH��
PRGHO�VXJDU�PRWLI�RI�ULERQXFOHRVLGHV��')7�TXDQWXP�

FKHPLFDO�LQYHVWLJDWLRQ�
5��2��=KXUDNLYVN\LD� <H��3��<XUHQNRE�F� 2��6��.RFKLQDG� '��0��+RYRUXQE�

D7DUDV� 6KHYFKHQNR� .\LY� 1DWLRQDO� 8QLYHUVLW\�� )DFXOW\� RI� 5DGLRSK\VLFV�� SU�� +OXVKNRYD� ���NRUS�����������.\LY��8NUDLQH�
E,QVWLWXWH�RI�0ROHFXODU�%LRORJ\�DQG�*HQHWLFV��YXO��=DERORWQRKR�������������.\LY��8NUDLQH��
F/DERUDWRLUH�GH�3K\VLFRFKLPLH�%LRPROpFXODLUH�HW�&HOOXODLUH��805�&156�������8QLYHUVLWp�3LHUUH�HW�0DULH�&XULH����3ODFH�-XVVLHX��)�������3DULV�&HGH[�����)UDQFH�
G.DUD]LQ� .KDUNLY� 1DWLRQDO� 8QLYHUVLW\�� )DFXOW\� RI� 5DGLRSK\VLFV�� SO�� 6YRERG\� ��� �������.KDUNLY��8NUDLQH��

:H�KDYH�ILUVWO\�DSSOLHG�FRPSUHKHQVLYH�FRQIRUPDWLRQDO�DQDO\VLV�RI��c �GHR[\ULERVH��PRGHO�
VXJDU� PRWLI� RI� LVRODWHG� ULERQXFOHRVLGHV�� XVLQJ� � 1:&KHP� FRGH� � DW� WKH�
03��������*�G�S���%�/<3�����*�G�S���OHYHO�RI�WKHRU\��

:H�DQDO\VHG�JHRPHWULF�DQG�HOHFWURQLF�VWUXFWXUH�RI�DOO�FRQIRUPHUV��7KH�HPSKDVLV�ZDV�XQ�
GHUOLQHG� WR� WKH�PRVW� HQHUJ\�RSWLPDO�RQHV�� ,W� VKRXOG�EH�QRWHG� WKDW�&�c� HQGR�DQG�&�c� HQGR�
FRQIRUPDWLRQDO�IDPLOLHV�DUH�WKH�PRVW�SRSXODWHG��

7KH�LQWHUPROHFXODU�2+«2�+�ERQGV�ZHUH�DQDO\VHG�LQ�DOO�IRXQG�FRQIRUPDWLRQV��7KHVH�+�
ERQGV�KDYH�EHHQ�LGHQWLILHG�E\�PHDQV�RI�JHRPHWULF�DQG�VSHFWUDO�FULWHULD��)XUWKHUPRUH��ZH�DS�
SOLHG�WRSRORJLFDO�GHVFULSWLRQV�RI�WKH�HOHFWURQLF�GHQVLW\��$V�D�UHVXOW��$,0�FULWHULD�ZHUH�FUXFLDO�
LQ�+�ERQGV�GHWHUPLQDWLRQ�LQ�WKH�PDMRULW\�RI�FDVHV��

7KH�ELRSK\VLFDO�LPSRUWDQFH�RI�WKH�REWDLQHG�UHVXOWV�LV�GLVFXVVHG��ILUVW�RI�DOO�WKHLU�DSSOLFD�
WLRQ�LQ�LVRODWHG�ULERQXFOHRVLGHV¶�FRQIRUPDWLRQDO�DQDO\VLV��
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$OWHUQDWLYH�ZDYH±IXQFWLRQ�DQVlW]H�LQ�WKH�VWDWH�VSHFLILF�
PXOWLUHIHUHQFH�FRXSOHG�FOXVWHU�WKHRU\�

9��9��,YDQRYD� /��$GDPRZLF]E
D'HSDUWPHQW� RI� &KHPLVWU\�� 9�1�.DUD]LQ� .KDUNRY� 1DWLRQDO� 8QLYHUVLW\�� VT�� 6YRERG\����.KDUNRY��8NUDLQH�
E'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��$=���������86$��7KH�FRXSOHG�FOXVWHU��&&��WKHRU\�LV�RQH�RI�PRVW�H[DFW�TXDQWXP�FKHPLVWU\�PHWKRG�IRU�GH�VFULELQJ� WKH� JURXQG� VWDWH� RI�PROHFXOH��:KLOH� WKH� &&� SURFHGXUH� IRU� FDOFXODWLQJ� WKH� JURXQG�HOHFWURQLF�VWDWH�LV�ZHOO�HVWDEOLVKHG��D�VLPLODU�SURFHGXUH�IRU�WKH�FDOFXODWLRQ�RI�HOHFWURQLF�H[FLWHG�DQG�TXDVL�GHJHQHUDWH�VWDWHV�LV�VWLOO�ODFNLQJ��7KH�DEVHQFH�RI�D�URXWLQH�&&�DSSURDFK�WR�H[FLWHG�VWDWHV�FDQ�EH�DWWULEXWHG�WR�WKH�SUREOHP�ZLWK�GHYHORSLQJ�D�³QDWXUDO´�&&�DQVDW]�IRU�VXFK�FDVHV��,Q�JHQHUDO��RQH�ZRXOG�OLNH�WR�ZULWH� WKH�&&�ZDYH�IXQFWLRQ�IRU� WKH�JURXQG�VWDWH�RU�DQ�H[FLWHG�VWDWH�LQ�WKH�IROORZLQJ�VLPSOH�IRUP��

:KLOH�IRU�WKH�FORVHG±VKHOO�JURXQG�VWDWH�WKH�+DUWUHH±)RFN�GHWHUPLQDQW�� � � LV�WKH�REYLRXV�
FKRLFH�IRU�WKH�UHIHUHQFH�ZDYH�IXQFWLRQ��IRU�RSHQ�VKHOO�VWDWHV�WKH�UHIHUHQFH�ZDYH�IXQFWLRQ�KDV�WR LQFOXGH�LQ�PRVW�FDVHV�VHYHUDO�GHWHUPLQDQWV�WKDW�SURYLGH�DQ�DGHTXDWH�ILUVW±RUGHU�GHVFULSWLRQ�RI WKH�FRQVLGHUHG�VWDWH�� ,Q�RXU�UHFHQW�ZRUNV�IRU�H[FLWHG�DQG�TXDVL±GHJHQHUDWH�VWDWHV�ZH�KDYH�FRQVLGHUHG�DQG�WHVWHG�LQ�WKH�FDOFXODWLRQV�VRPH�QHZ�DSSURDFKHV��$PRQJ�WKRVH�WKH�RQH�WKDW�FDQ�KDQGOH�WKH�JHQHUDO�TXDVLGHJHQHUDF\�SUREOHP�LV�EDVHG�RQ�WKH�IROORZLQJ��VHPL±OLQHDU��6/��IRUP�RI WKH�&&�ZDYH�IXQFWLRQ��

,Q�WKLV�ZDYH�IXQFWLRQ�WKH� LQWHUQDO�RSHUDWRU� �LQW�&Ö E\�DFWLQJ�RQ�WKH�IRUPDO� UHIHUHQFH�� � �
JHQHUDWHV�WKH�PRGHO±VSDFH�UHIHUHQFH�IXQFWLRQ��ZKLOH�WKH�H[WHUQDO�RSHUDWRU� �H[W�7ÖH JHQHUDWHV�H[FL�WDWLRQV�RXWVLGH�WKH�PRGHO�VSDFH��7KH�6/�&&�DSSURDFK�KDV�EHHQ�LPSOHPHQWHG�DV�FRPSOHWH�DF�WLYH�VSDFH�&&6'�PHWKRG��&$6�Q�P�&&6'���7KH�&$6�Q�P�&&6'�ZDYH�IXQFWLRQ�KDV�WKH�IRO�ORZLQJ�IRUP��

ZKHUH� �H[W�7ÖH JHQHUDWHV�DOO�VLQJOH�DQG�GRXEOH�HOHFWURQ�H[FLWDWLRQV�IURP�DOO UHIHUHQFH�IXQFWLRQV�
ZKLFK� DULVH� E\� GLVWULEXWLRQ� RI� Q� HOHFWURQV� DPRQJ�P� VSLQ±RUELWDOV�� 7KH� ��Ö�� �LQW�&� LV� WKH�
&$6�Q�P��ZDYH�IXQFWLRQ��7KH�&&�PHWKRG�EDVHG�RQ�����FDQ�EH�DOVR�DSSOLHG�WR�FDOFXODWH�H[�FLWHG�VWDWHV��&$6&&6'[���)RU�DQ�H[FLWHG�VWDWH�GRPLQDWHG�E\�D�RQH±HOHFWURQ�H[FLWDWLRQ�IURP�WKH�+DUWUHH±)RFN� GHWHUPLQDQW�� WKH� UHIHUHQFH� VSDFH� LV� JHQHUDWHG� E\� XVLQJ� XQLWDU\� H[FLWDWLRQ�
RSHUDWRUV� $,(Ö � ZKLFK�UHSUHVHQWV�HOHFWURQ�SURPRWLRQ�IURP�DQ�RFFXSLHG�RUELWDO��,��WR�DQ�XQRF�
FXSLHG�RUELWDO��$���,Q�WKLV�FDVH�WKH�&$6&&6'[�ZDYH�IXQFWLRQ�FDQ�EH�ZULWWHQ�DV��

7KH�ZDYH�IXQFWLRQV���±���LQYROYH�H[SOLFLW�LQFOXVLRQ�RI�VRPH�KLJK±RUGHU��PRUH�WKDQ�WZR±HOHFWURQ��H[FLWDWLRQV�IURP�WKH�IRUPDO�UHIHUHQFH�GHWHUPLQDQW��$Q�DOWHUQDWLYH�WR�VXFK�DSSURDFK�LV� QRQH[SOLFLW� DFFRXQWLQJ� IRU� WKH� KLJKHU� N�RUGHU� H[FLWDWLRQV�� 7KDW� DOWHUQDWLYH� DSSURDFK� LQ�YROYHV� LQFOXGLQJ� DGGLWLRQDO� SURMHFWLRQV� LQ� WKH�&&� DPSOLWXGH� HTXDWLRQV�� 7KH� UHVXOWLQJ� WHUPV�KDYH�WKH�IROORZLQJ�IRUP��
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7DXWRPHULF�WUDQVIRUPDWLRQV�RI�QXFOHRWLGH�EDVHV�LQ�PRGHO�
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