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$GVRUSWLYH�5HPRYDO�RI�&KURPLXP��9,��E\�3DSD\D�6HHG�
IURP�$TXHRXV�0HGLD�

'HML�.�&��DQG�.KDJHQGUD�3UDVDG�%RKDUD

&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\��7ULEKXYDQ�8QLYHUVLW\��.LUWLSXU��.DWKPDQGX��1HSDO�
(�PDLO���NKDJHQGUDBDUVHQLF#\DKRR�FRP�

$EVWUDFW�

%DWFK�DGVRUSWLYH� UHPRYDO� RI� FKURPLXP� �9,�� IURP�DTXHRXV� VROXWLRQ�XVLQJ� UDZ�SDSD\D� VHHG�SRZGHU�
�536��ZDV�LQYHVWLJDWHG�DV�D�IXQFWLRQ�RI�S+��HTXLOLEULXP�WLPH��DPRXQW�RI�DGVRUEHQW�DQG�FRQFHQWUDWLRQ�RI�
FKURPLXP�9,���$GVRUSWLRQ� HIILFLHQF\� LV� KLJKO\� S+�GHSHQGHQW� DQG� WKH� UHVXOWV� LQGLFDWH� WKDW� WKH� RSWLPXP�
UHPRYDO� ZDV� DFKLHYHG� DW� S+� ��� .LQHWLFV� DQG� LVRWKHUP� PRGHOLQJ� VWXGLHV� GHPRQVWUDWHG� WKDW� WKH�
H[SHULPHQWDO� GDWD� EHVW� ILWWHG� D� SVHXGR�VHFRQG� RUGHU� DQG� /DQJPXLU� LVRWKHUP�PRGHO�� UHVSHFWLYHO\�� 7KH�
PD[LPXP�/DQJPXLU�DGVRUSWLRQ�FDSDFLW\�ZDV�IRXQG�WR��������PJ�J���

.H\�:RUGV��&KURPLXP�9,���$GVRUSWLRQ��3DSD\D�6HHG��,VRWKHUP��.LQHWLF�

,QWURGXFWLRQ

&KURPLXP� LV� D� FRPPRQ� DQG� YHU\� WR[LF� SROOXWDQW� LQWURGXFHG� LQWR� QDWXUDO� ZDWHUV� IURP� D� YDULHW\� RI�
LQGXVWULDO� ZDVWHZDWHUV�� 7KH� PDLQ� LQGXVWULDO� VRXUFHV� RI� FKURPLXP� LQ� ZDWHU� DUH� OHDWKHU� WDQQLQJ��
HOHFWURSODWLQJ��G\HLQJ��VWHHO�IDEULFDWLRQ��DJULFXOWXUDO�UXQRII��&KURPLXP�LV�DOVR�XVHG�LQ�H[SORVLYH��FHUDPLFV�
DQG�SKRWRJUDSK\������

&KURPLXP�H[LVWV�LQ�HQYLURQPHQW�ERWK�DV�WULYDOHQW�DQG�KH[DYDOHQW�IRUPV�RI�ZKLFK�KH[DYDOHQW�IRUP�RI�
FKURPLXP�LV�����WLPHV�PRUH�WR[LF�WKDQ�WULYDOHQW�RQH��+XPDQ�WR[LFLW\�RI�&U�9,��LQFOXGHV�VNLQ�LUULWDWLRQ��
OXQJ� FDQFHU�� DV� ZHOO� DV� NLGQH\�� OLYHU� DQG� JDVWUXP� GDPDJH��� +H[DYDOHQW� FKURPLXP� ZKLFK� LV� SULPDULO\�
SUHVHQW�LQ�WKH�IRUP�RI�FKURPDWH��&U2��

����DQG�GLFKURPDWH��&U�2�
��� SRVVHVVHV�VLJQLILFDQWO\�KLJKHU�OHYHO�RI�

WR[LFLW\� WKDQ� RWKHU� YDOHQF\� VWDWHV���&U�9,�� LRQV�PRVWO\� H[LVWV� LQ� DQLRQLF� IRUP� DW� KLJKO\� DFLGLF�PHGLXP�
�S+ ���� $W� S+� ���� WKHUH� LV� HTXLOLEULXP� EHWZHHQ� WKH� DQLRQLF� VSHFLHV�� +H[DYDOHQW� FKURPLXP� KDV� EHHQ�
UHSRUWHG� WR� EH� FDUFLQRJHQLF�� 7KH� WROHUDQFH� OLPLW� IRU� &U�9,�� IRU� GLVFKDUJH� LQWR� LQODQG� VXUIDFH� ZDWHU� LV�
���PJ�O�DQG�SRWDEOH�ZDWHU�LV������PJ�O���7R�FRPSO\�ZLWK�WKH�OLPLW��LQGXVWULDO�HIIOXHQWV�QHHG�WR�EH�WUHDWHG�
WR�UHGXFH�WKH�&U�9,��WR�DFFHSWDEOH�OHYHO�

$�QXPEHU�RI�WUHDWPHQW�PHWKRGV�KDYH�EHHQ�UHSRUWHG�IRU�UHPRYDO�RI�PHWDO�LRQV�IURP�DTXHRXV�VROXWLRQV��
7KH�PRVW�FRPPRQO\�HPSOR\HG�SURFHVV�RI�WUHDWLQJ�ZDVWH�ZDWHU�FRQWDLQLQJ�&U�9,��LQFOXGH�LWV�UHGXFWLRQ�WR�
WULYDOHQW�VWDWH�E\�DGGLWLRQ�RI�UHGXFLQJ�DJHQWV��H�J��1D+62��DQG�)H62���IROORZHG�E\�DONDOLQH�SUHFLSLWDWLRQ�
RI� &U�2+��

��� 7KLV� PHWKRG� LV� UHOLDEOH� EXW� UHTXLUHV� ODUJH� VHWWOLQJ� WDQNV� IRU� SUHFLSLWDWLRQ� RI� YROXPLQRXV�
K\GUR[LGHV� DQG� VXEVHTXHQW� VOXGJH� WUHDWPHQW� DQG� LWV� GLVSRVDO�� 2WKHU� PHWKRGV� DUH� LRQ� H[FKDQJH��

&RUUHVSRQGLQJ�DXWKRU
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HOHFWURGLDO\VLV�� HOHFWURFKHPLFDO� SUHFLSLWDWLRQ�� HYDSRUDWLRQ�� VROYHQW� H[WUDFWLRQ�� UHYHUVH� RVPRVLV� DQG�
DGVRUSWLRQ�RQ�DFWLYDWHG�FDUERQ���%XW�PRVW� RI� WKHVH�PHWKRGV� VXIIHU� IURP�GUDZEDFNV�GXH� WR�KLJK�FDSLWDO�
LQYHVWPHQW��KLJK�RSHUDWLRQDO�DQG�PDLQWHQDQFH�FRVW�DQG�VDIH�GLVSRVDO�RI�WKH�UHVLGXDO�PHWDO�VOXGJH��7KHVH�
PHWKRGV�DUH�OLPLWHG�E\�WHFKQLFDO�DQG�HFRQRPLFDO�FRQVWUDLQV��HVSHFLDOO\�ZKHQ�FRQFHQWUDWLRQ�LV�EHORZ�����
PJ�/�� ,Q� VXFK� FDVHV� DGVRUSWLRQ� LV� SURPLVLQJ� WHFKQLTXH�� $GVRUSWLRQ� KDV� DGYDQWDJHV� RYHU� WKH� RWKHU�
PHWKRGV�EHFDXVH�LW�LV�VLPSOH�LQ�GHVLJQ�DQG�UHTXLUHV�ORZ�RSHUDWLRQDO�FRVW����

5HFHQWO\�� DJUR� ZDVWHV� FRQWDLQLQJ� IXQFWLRQDO� JURXSV� DVVRFLDWHG� ZLWK� SURWHLQV�� SRO\VDFFKDULGHV� DQG�
FHOOXORVH�DV�PDMRU�FRQVWLWXHQWV�KDYH�EHHQ�XVHG�DV�DGVRUEHQWV�IRU�WKH�UHPRYDO�RI�PHWDO�LRQV�IURP�DTXHRXV�
VROXWLRQV� VLQFH� LW�RIIHUV� IOH[LELOLW\� LQ�GHVLJQ�DQG�RSHUDWLRQ�ZLWK� WKH�DGYDQWDJHV� VXFK�DV�� ORZ�FRVW��KLJK�
HIILFLHQF\��PLQLPL]DWLRQ�RI�VOXGJH��UHJHQHUDWLRQ�DELOLW\�DQG�SRVVLELOLW\�RI�PHWDO�UHFRYHU\���������7KH�PHWDO�
LRQ�ELQGLQJ�RFFXUV�DV�D� UHVXOW�RI�SK\VLRFKHPLFDO� LQWHUDFWLRQV��PDLQO\� LRQ�H[FKDQJH�RU� VXUIDFH�FRPSOH[�
IRUPDWLRQ�EHWZHHQ�PHWDO�LRQV�DQG�WKH�DFLGLF�IXQFWLRQDO�JURXSV�SUHVHQW�RQ�WKH�VXUIDFH�RI�DGVRUEHQW���

7KH�HIIHFWLYHQHVV�RI�GLIIHUHQW�ELRORJLFDO�PDWHULDOV�VXFK�DV�FDFWXV�DQG�SLQH�QHHGOHV���VSKDJQXP�PRVV�
SHDW���PDL]H�EUDQ���� VDZ�GXVW���� ULFH�KXVN����DFWLYDWHG�FRZ�GXQJ�FDUERQ���� ILODPHQWRXV�DOJDH���� WDPDULQG�
KXOO����JUDSH�ZDVWH����PRVV����FRUQ�FRE����FRFRQXW�KXVN�DQG�SDOP�SUHVVHG�ILEUHV����VXQIORZHU�ZDVWH����JUHHQ�
0RULQJD� WHD� OHDYHV���� ZKHDW� VWUDZ� DQG� (XSDWRULXP� DGHQRSKRUXP� VWHP���� ULFH� VWUDZ��� WRZDUGV� WKH�
DGVRUSWLRQ�RI�FKURPLXP�9,��IURP�DTXHRXV�PHGLD�KDYH�EHHQ�UHSRUWHG�E\�D�QXPEHU�RI�UHVHDUFKHUV��

3DSD\D� VHHG� LV�RQH�RI� WKH�FRPPRQO\�GLVFDUGHG�DJUR�ZDVWH��3DSD\D� VHHG� LV� FRPSRVHG�RI� OLJQLQ�DQG�
FHOOXORVH� DV� PDMRU� FRQVWLWXHQWV� DQG� FRQWDLQ� RWKHU� SRODU� IXQFWLRQDO� JURXSV� RI� OLJQLQ�� ZKLFK� LQFOXGH�
DOFRKROV�� DOGHK\GHV��NHWRQHV��FDUER[\OLF��SKHQROLF�� DQG�HWKHU�JURXSV��7KHVH�JURXSV�KDYH�DELOLW\� WR�ELQG�
KHDY\�PHWDO�LRQV�E\�GRQDWLRQ�RI�DQ�HOHFWURQ�SDLU�IURP�WKHVH�JURXSV�WR�IRUP�FRPSOH[HV�ZLWK�WKH�PHWDO�LRQV�
LQ�VROXWLRQ����7KH�XVH�RI�SDSD\D�VHHGV�DV�DGVRUEHQW�LV�YHU\�LQWHUHVWLQJ�IURP�HQYLURQPHQWDO�DQG�HFRQRPLF�
SRLQW�RI�YLHZ�VLQFH�LW�LV�DQ�DJULFXOWXUDO�UHVLGXH�WKDW�LV�DYDLODEOH�DW�ORZ�FRVW��

,Q� WKLV� VWXG\��SDSD\D�VHHG� IURP�DJULFXOWXUDO�ZDVWH� LV�H[SORUHG� IRU� WKH�DGVRUSWLYH� UHPRYDO�RI�&U�9,��
IURP�DTXHRXV�VROXWLRQ�DW�URRP�WHPSHUDWXUH��

([SHULPHQWDO�0HWKRGV�

0HWDO�LRQ�VROXWLRQ�SUHSDUDWLRQ�

&KURPLXP�9,��VWRFN�VROXWLRQ�ZDV�SUHSDUHG�E\�GLVVROYLQJ�SUHGHILQHG�DPRXQW�RI�DQ�DQDO\WLFDO�JUDGH��
SRWDVVLXP�GLFKURPDWH LQ�GLVWLOOHG�ZDWHU�LQ�YROXPHWULF�IODVN��VR�DV�WR�DFKLHYH�FRQFHQWUDWLRQ�RI������PJ�/��
/DERUDWRU\�GLVWLOOHG�ZDWHU�ZDV�XVHG�IRU�WKH�SUHSDUDWLRQ�RI�VWDQGDUG�FKURPLXP�9,��VDPSOHV�IURP�WKH�VWRFN�
VROXWLRQ��

3UHSDUDWLRQ�RI�$GVRUEHQW�

5DZ�SDSD\D� VHHG� FROOHFWHG�ZDV�ZDVKHG� WKRURXJKO\�ZLWK�GLVWLOOHG�ZDWHU� WR� UHPRYH�GXVW� SDUWLFOHV�� ,W�
ZDV�OHIW�DW�URRP�WHPSHUDWXUH�IRU���GD\�WR�RR]H�RXW�H[FHVV�ZDWHU�DQG�ZDV�GULHG�LQ�DLU�GU\�RYHQ�DW������&�
IRU����KRXUV��7KH�GULHG�SDSD\D� VHHG�ZDV� WKHQ�JULQGHG� LQ� WR� VPDOO�SDUWLFOH� VL]H�DQG�ZDV� VLHYHG�E\�����
PLFURQ�PHVK�WR�REWDLQ�GHILQLWH�SDUWLFOH�VL]H�UDZ�SDSD\D�VHHG�SRZGHU��536���
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$GVRUSWLRQ�H[SHULPHQWV�DQG�DQDO\VLV�

([SHULPHQWV� ZHUH� SHUIRUPHG� LQ� ����P/� UHDJHQW� ERWWOH� LQ� EDWFK�PRGH� WDNLQJ� ���P/�� S+� DGMXVWHG�
V\QWKHWLF� ZRUNLQJ� VROXWLRQV� RI� FKURPLXP�9,�� RI� SUHGHWHUPLQHG� LQLWLDO� FRQFHQWUDWLRQV� DQG� SUH�GHILQHG�
DPRXQWV� RI� DGVRUEHQW�� UDZ� SDSD\D� VHHG� SRZGHU� �536��� DW� URRP� WHPSHUDWXUH�� 7KH� UHDJHQW� ERWWOH� ZDV�
VKDNHQ� LQ�PHFKDQLFDO� VKDNHU� DW� VSHHG� RI� ���� USP� WR� DWWDLQ� HTXLOLEULXP��7KH� HTXLOLEUDWHG� VROXWLRQ�ZDV�
ILOWHUHG� XVLQJ� RUGLQDU\� ILOWHU� SDSHU� DQG� WKH� ILOWUDWH� ZDV� DQDO\]HG� IRU� WKH� UHVLGXDO� FRQFHQWUDWLRQ� RI�
FKURPLXP�9,�� LRQV�� 7KH� PHWDO� FRQFHQWUDWLRQ� EHIRUH� DQG� DIWHU� DGVRUSWLRQ� ZHUH� GHWHUPLQHG� E\� XVLQJ�
:3$6�����6SHFWURSKRWRPHWHU��DW����QP�XVLQJ�����'LSKHQ\O�FDUED]LGH�VROXWLRQ�LQ�DFLGLF�PHGLXP����7KH�
S+�RI�HDFK�VROXWLRQ�ZDV�DGMXVWHG�WR�WKH�GHVLUHG�YDOXH�XVLQJ�����0�+12��DQG�����0�1D2+�VROXWLRQV��S+�
PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�XVLQJ�S+�PHWHU��$OO�H[SHULPHQWV�ZHUH�SHUIRUPHG�LQ�WULSOLFDWH�DQG�DYHUDJH�
YDOXHV�DUH�UHSRUWHG��&RQFHQWUDWLRQ�RI�FKURPLXP�9,��UHWDLQHG�LQ�WKH�DGVRUEHQW�DW�HTXLOLEULXP��TH��PJ�J���
DQG�WKH�DGVRUSWLRQ�HIILFLHQF\����UHPRYDO���ZHUH�FRPSXWHG�DFFRUGLQJ�WR�WKH�H[SUHVVLRQV�����DQG������

TH�� 
�&L���&H��9 PJ�J
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��5HPRYDO� 
�&L���&H����
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:KHUH�&L�DQG�&H�DUH�WKH�LQLWLDO�DQG�HTXLOLEULXP�RU�ILQDO�FRQFHQWUDWLRQV�RI�WKH�FKURPLXP�9,��LQ�PJ�/�
UHVSHFWLYHO\�� 9� LV� YROXPH� RI� WKH� FKURPLXP�9,�� VROXWLRQ� WDNHQ� LQ� OLWUH� �/�� DQG� P� LV� WKH� PDVV� RI� WKH�
DGVRUEHQW�LQ�JUDP�J���

7KH�HIIHFW�RI� LQLWLDO�S+��DGVRUEHQW�GRVH�� FRQWDFW� WLPH�� DQG� LQLWLDO� FKURPLXP�9,�� FRQFHQWUDWLRQ�ZHUH�
LQYHVWLJDWHG�E\�YDU\LQJ�DQ\�RQH�RI�WKH�SURFHVV�SDUDPHWHUV�NHHSLQJ�WKH�RWKHUV�FRQVWDQW��

5HVXOWV�DQG�'LVFXVVLRQ�

(IIHFW�RI�S+�

7R� HYDOXDWH� WKH� LQIOXHQFH� RI� S+�RQ� WKH� VRUSWLRQ� SURFHVV�� H[SHULPHQWV�ZHUH� FDUULHG� RXW� DW� GLIIHUHQW�
LQLWLDO�S+��7KH�HIIHFW�RI�S+�RQ�WKH�VRUSWLRQ�HIILFLHQFLHV�RI�FKURPLXP�9,��RQ�WKH�UDZ�SDSD\D�VHHG�SRZGHU�
LV�VKRZQ�LQ�ILJXUH����

(IIHFW�RI�LQLWLDO�S+�LQ�WKH�UHPRYDO�RI�&U�9,��RQWR�536
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)LJXUH����(IIHFW�RI�S+�RQ�WKH�DGVRUSWLRQ�RQWR�536��
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5HPRYDO�RI�FKURPLXP�9,��GHFUHDVHG�ZLWK�WKH�LQFUHDVH�LQ�S+�DQG�WKH�RSWLPXP�S+�IRU�WKH�PD[LPXP�
XSWDNH�ZDV�IRXQG�WR�EH����7KH�KLJK�GHJUHH�RI�DGVRUSWLRQ�DW�ORZ�S+�FDQ�EH�H[SODLQHG�E\�WKH�IDFW�WKDW�DW�
ORZ�S+��&U�9,��H[LVWV�LQ�WKH�IRUP�RI�R[\DQLRQV�VXFK�DV�+&U2�

���&U�2�
����&U2�

����HWF�DQG�ORZHULQJ�RI�S+�
FDXVHG�WKH�VXUIDFH�RI�WKH�DGVRUEHQWV�WR�EH�SURWRQDWHG�WR�D�JUHDWHU�H[WHQW�DV�D�UHVXOW�D�VWURQJ�HOHFWURVWVWLF�
DWWUDFWLRQ�H[LVWV�EHWZHHQ�WKH�R[\DQLRQV�RI�&U�9,��DQG�WKH�SRVLWLYHO\�FKDUJHG�VXUIDFH�RI�WKH�DGVRUEHQWV��$V�
D�FRQVHTXHQFH� WKH�XSWDNH� LQFUHDVHV�ZLWK�GHFUHDVH� LQ�S+�RI� WKH� VROXWLRQ��ZKHUHDV�DW�KLJK�S+�DGVRUEHQW�
VXUIDFH�ZLOO�EH�QHJDWLYHO\�FKDUJHG�WKHUH�E\�FDXVLQJ�KLQGUDQFH�LQ�WKH�DGVRUSWLRQ�RI�R[\DQLRQV�RI�&U�9,��
UHVXOWLQJ�LQ�GHFUHDVH�LQ�UHPRYDO�HIILFLHQF\�DW�KLJK�S+��ZKLFK�LQGLFDWHV�WKDW�VRUSWLRQ�RI�&U�9,��LQ�DTXHRXV�
VROXWLRQ�WKURXJK�DQLRQ�VRUSWLRQ�PHFKDQLVP� 6LPLODU�ILQGLQJV�KDYH�EHHQ�UHSRUWHG�E\�RWKHUV�������

(IIHFW�RI�$GVRUEHQW�'RVH�

7KH�HIIHFW�RI�DGVRUEHQW�GRVH�ZDV�VWXGLHG�E\�YDU\LQJ�WKH�DPRXQW�RI�DGVRUEHQW�IURP����PJ�WR�����PJ�
DQG� HTXLOLEUDWHG� IRU� ��� KRXUV� DW� S+� �� DQG� DW� LQLWLDO� &U�9,�� LRQ� FRQFHQWUDWLRQ� �� PJ�/�� 7KH� HIIHFW� RI�
DGVRUEHQW�GRVH�RQ�WKH�DGVRUSWLRQ�HIILFLHQF\�RI�&U�9,��E\�536�LV�VKRZQ�LQ�ILJXUH���ZKLFK�VKRZV�WKDW�WKH
DGVRUSWLRQ�RI�&U�9,��ZDV�IRXQG�WR�EH�LQFUHDVHG�ZLWK�DQ�LQFUHDVH�LQ�DGVRUEHQW�GRVH�LQLWLDOO\�EXW�DGVRUSWLRQ�
UHPDLQV�DOPRVW�XQFKDQJHG�DIWHU�DGVRUEHQW�GRVH�RI�����PJ��

(IIHFW�RI�DGVRUEHQW�GRVH�RQ�WKH�UHPRYDO�HIILFLHQF\�RI�FKURPLXP�9,��RQWR�536
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$GVRUEHQW�GRVH�LQ�PJ
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)LJXUH����(IIHFW�RI�DGVRUEHQW�'RVH�RQ�WKH�DGVRUSWLRQ�RQWR�536��

,QFUHDVH�LQ�DGVRUSWLRQ�ZLWK�LQFUHDVH�LQ�DGVRUEHQW�GRVHV�DWWULEXWHG�WR� WKH�DYDLODELOLW\�RI� ODUJH�VXUIDFH�
DUHD� DQG�PRUH� DGVRUSWLRQ� VLWHV�� $W� ORZ� DGVRUEHQW� GRVH�� WKH� DGVRUEHQW� VXUIDFH� EHFRPHV� VDWXUDWHG� ZLWK�
&U�9,��DQG�WKH�FRUUHVSRQGLQJ�UHVLGXDO�&U�9,��LRQ�FRQFHQWUDWLRQ�LQ�WKH�VROXWLRQV�LV�ODUJH���

(IIHFW�RI�FRQWDFW�WLPH�

7KH�HIIHFW�RI�FRQWDFW�WLPH�RQ�WKH�DGVRUSWLRQ�RI�&U�9,��ZDV�VWXGLHG�E\�WDNLQJ����P/�DOLTXRW�RI���PJ�/�
&U�9,�� VROXWLRQ� ZLWK� ��� PJ� RI� DGVRUEHQW�� DQG� VKDNLQJ� DW� D� VSHHG� RI� ���� USP� LQ� WKH� UDQJH� �� WR� ����
PLQXWHV��
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(IIHFW�RI�FRQWDFW�WLPH�RQ�WKH�DGVRUSWLRQ�RI�FKURPLXP�9,��RQWR�536
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&RQWDFW�WLPH�LQ�PLQ
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)LJXUH����(IIHFW�RI�&RQWDFW�7LPH�RQ�WKH�DGVRUSWLRQ�RQWR�536��

7KH�HTXLOLEULXP�FRQWDFW�WLPH�IRU�DGVRUSWLRQ�RI�&U�9,��RQ�WR�536�UHDFKHG�ZLWKLQ�WKH�ILUVW����PLQXWHV�
DV�VKRZQ�LQ�ILJXUH����7KH�H[SHULPHQWDO�UHVXOWV�VKRZHG�WKDW�WKH�DGVRUSWLRQ�UDWH�ZDV�UDSLG�DW�ILUVW�EHFDXVH�
RI� WKH�SUHVHQFH�RI� ODUJH�QXPEHU�RI� DGVRUSWLRQ� VLWHV� VR� WKDW� ODUJH�DPRXQW�RI�&U�9,��R[\DQLRQV�DWWDFKHG�
VHOHFWLYHO\� WR� WKH�DGVRUEHQW� VLWHV� LQLWLDOO\��7KH�FKURPLXP�9,�� UHPRYDO�JUDGXDOO\� UHGXFHG� WLOO� LW� DWWDLQHG�
HTXLOLEULXP� DW� VSHFLILF� WLPH� IRU� WKH� DGVRUEHQWV� EH\RQG� ZKLFK� WKHUH� ZDV� QR� VLJQLILFDQW� LQFUHDVH� LQ�
DGVRUSWLRQ�UDWH�GXH�WR�GHFUHDVH�LQ�DFWLYH�DGVRUSWLRQ�VLWHV�LQ�WKH�DGVRUEHQW�DQG�DIWHU�UHDFKLQJ�WKH�VDWXUDWLRQ�
SRLQW� DGVRUSWLRQ�EHFRPHV� FRQVWDQW�� 6LJQLILFDQW� DGVRUSWLRQ� HIILFLHQF\�RI�536� FRXOG�EH� DWWULEXWHG� WR� WKH�
KLJKHU�DYDLODELOLW\�RI�GLIIHUHQW�R[\DQLRQ�VHOHFWLYH�VXUIDFH�IXQFWLRQDO�JURXSV�������

(IIHFW�RI�,QLWLDO�&RQFHQWUDWLRQ�

$GVRUSWLRQ�LVRWKHUP�IRU�WKH�DGVRUSWLRQ�RI�FKURPLXP�9,��RQWR�536

�

��

��

��

��

���

���

� �� �� �� �� ��� ��� ��� ���

&H�LQ�PJ�O

T
H�
LQ
�P
J�
J

)LJXUH����(IIHFW�RI�,QLWLDO�&RQFHQWUDWLRQ�RQ�WKH�DGVRUSWLRQ�RQWR�536��

7KH�HIIHFW�RI�&U�9,��FRQFHQWUDWLRQ�LV�VKRZQ�LQ�ILJXUH���ZKLFK�VKRZV�WKDW�DGVRUSWLRQ�RI�&U�9,��RQ�UDZ�
SDSD\D� VHHG� SRZGHU� LQFUHDVHV� ZLWK� LQFUHDVH� LQ� LQLWLDO� FRQFHQWUDWLRQ� RI� &U�9,�� VROXWLRQ� DQG� DWWDLQV�
HTXLOLEULXP� ZKLFK� LV� DWWULEXWHG� WR� WKH� DYDLODELOLW\� RI� OLPLWHG� DGVRUSWLRQ� VLWHV�� 7KH� LQFUHDVH� LQ�
FRQFHQWUDWLRQ�RI�&U�9,��LQFUHDVHV�WKH�PDVV�WUDQVIHU�GULYLQJ�IRUFH�DQG�WKHUHIRUH�LQFUHDVHV�WKH�UDWH�DW�ZKLFK�
&U�9,��LRQV�SDVV�IURP�WKH�EXON�VROXWLRQ�WR�WKH�SDUWLFOH�VXUIDFH�WKDW�ZRXOG�UHVXOWV�LQ�KLJKHU�DGVRUSWLRQ����



-��1HSDO�&KHP��6RF���9RO����������

������

,W�ZDV� IRXQG� WKDW� RQ� FKDQJLQJ� WKH� LQLWLDO� FRQFHQWUDWLRQ� RI�&U�9,�� IURP� �� WR� ����PJ�/� WKH� DPRXQW�
DGVRUEHG�LQFUHDVHG�IURP������PJ�J�WR��������PJ�J�DW�RSWLPXP�S+���VLJQLI\LQJ�WKDW�WKH�536�LV�HIIHFWLYH�
IRU�WKH�DGVRUSWLYH�UHPRYDO�RI�&U�9,��IURP�DTXHRXV�VROXWLRQ��

,VRWKHUP�PRGHOLQJ�

7KH� H[SHULPHQWDO� GDWD� IRU� WKH� DGVRUSWLYH� UHPRYDO� RI� FKURPLXP�9,�� IURP� DTXHRXV� VROXWLRQ� ZDV�
DQDO\]HG� E\� XVLQJ� /DQJPXLU� DQG� )UHXQGOLFK� LVRWKHUP� PRGHOV�� 7KH� /DQJPXLU� LVRWKHUP���� �� DVVXPHV�
PRQROD\HU�DGVRUSWLRQ�RQWR�D�VXUIDFH�ZLWK�D�ILQLWH�QXPEHU�RI�LGHQWLFDO�VLWHV�ZLWK�KRPRJHQHRXV�DGVRUSWLRQ�
HQHUJ\��DQG�LWV�OLQHDU�IRUP�FDQ�EH�H[SUHVVHG�DV�IROORZV��

&H�TH���� ����TPE���&H�TP

:KHUH��TH�LV�WKH�DPRXQW�RI�DGVRUEDWH�DGVRUEHG�SHU�XQLW�PDVV�RI�DGVRUEHQW�DW�HTXLOLEULXP�LQ��PJ�J���&H

LV�WKH�HTXLOLEULXP�FRQFHQWUDWLRQ�RI�WKH�DGVRUEDWH�LQ�PJ�/��TP�LV�WKH�PD[LPXP�DGVRUSWLRQ�FDSDFLW\��PJ�J��
DQG�µE¶�LV�WKH�/DQJPXLU�DGVRUSWLRQ�HTXLOLEULXP�FRQVWDQW���PJ��

7KH� )UHXQGOLFK� HTXDWLRQ���� ��� SURSRVHV� DQ� HPSLULFDO�PRGHO� WKDW� LV� EDVHG� RQ� VRUSWLRQ� RQ� KHWHURJHQHRXV�
VXUIDFH�DQG�KDV�WKH�OLQHDU�IRUP��

ORJ�TH� �ORJ�.�����Q�ORJ�&H

:KHUH�� TH� LV� WKH� DPRXQW� RI� DGVRUEDWH� DGVRUEHG� SHU� XQLW� PDVV� RI� DGVRUEHQW� �PJ�J��� &H� LV� WKH�
HTXLOLEULXP� FRQFHQWUDWLRQ� RI� WKH� DGVRUEDWH� �PJ�/��� µ.¶� DQG� µQ¶� DUH� )UHXQGOLFK� HTXLOLEULXP� FRHIILFLHQW��
ZKLFK�DUH�FRQVLGHUHG�WR�EH�WKH�UHODWLYH�LQGLFDWRUV�RI�DGVRUSWLRQ�FDSDFLW\�DQG�DGVRUSWLRQ�LQWHQVLW\���

7DEOH����5HVXOWV�RI�FKURPLXP�9,��DGVRUSWLRQ�LVRWKHUP�PRGHOLQJ�RQ�536��

6�1�� $GVRUEHQW� /DQJPXLU�LVRWKHUP� � )UHXQGOLFK�LVRWKHUP�

� � TP�PJ�J�� E�/�PJ�� 5�� .�PJ�J�� ��Q� 5�

�� 536� ������� ������ ������� ����� ������ �������

/DQJPXLU� DQG� )UHXQGOLFK� SDUDPHWHUV� VKRZQ� LQ� DQG� WDEOH� �� ZHUH� GHWHUPLQHG� IURP� WKHLU� UHVSHFWLYH�
SORWV��7KH�YDOXHV�RI�/DQJPXLU�HTXLOLEULXP�SDUDPHWHU�EHWZHHQ���DQG���LQGLFDWHG�WKDW�HTXLOLEULXP�GDWD�ILWV�
ZHOO�ZLWK�/DQJPXLU� DGVRUSWLRQ� LVRWKHUP��7KH�YDOXHV� RI� ��Q� EHWZHHQ��� DQG� �� LQGLFDWHG� WKDW� DGVRUSWLRQ�
SURFHVV�ZDV�IDYRUDEOH�

/DQJPXLU�DGVRUSWLRQ�LVRWKHUP�IRU�WKH�DGVRUSWLRQ�RI�FKURPLXP�9,��RQWR�536
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)LJXUH����/DQJPXLU�$GVRUSWLRQ�,VRWKHUP�IRU�WKH�DGVRUSWLRQ�RI�FKURPLXP�9,��RQWR�536�
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+RZHYHU��WKH�FRUUHODWLRQ�FRHIILFLHQW�YDOXHV�IRU�/DQJPXLU�LVRWKHUPV�ZHUH�IRXQG�WR�EH�JUHDWHU�WKDQ�WKDW�
RI� )UHXQGOLFK� LVRWKHUPV� LQGLFDWLQJ� WKDW� WKH� DGVRUSWLRQ� SURFHVV� LV� EHWWHU� GHILQHG� E\� WKH� /DQJPXLU�
DGVRUSWLRQ�LVRWKHUP�PRGHO�WKDQ�E\�WKH�)UHXQGOLFK��LQGLFDWLQJ�WKH�KRPRJHQHRXV�GLVWULEXWLRQ�RI�DFWLYH�VLWHV�
RQ� WKH�VXUIDFH�RI�DGVRUEHQWV��$FFRUGLQJ� WR� WKH�/DQJPXLU�DGVRUSWLRQ� LVRWKHUP�DV�VKRZQ�LQ�ILJXUH���� WKH�
PRQROD\HU�VRUSWLRQ�FDSDFLW\�ZDV�IRXQG�WR�EH��������PJ�J��

.LQHWLF�0RGHOLQJ�

7KH�NLQHWLFV�IRU�WKH�DGVRUSWLRQ�RI�FKURPLXP�9,��RQWR�536�ZDV�DQDO\]HG�XVLQJ�SVHXGR�ILUVW�RUGHU��������
3VHXGR�VHFRQG�RUGHU���PRGHOV��7KH�OLQHDU�IRUP�RI�WKH�SVHXGR�ILUVW�RUGHU�HTXDWLRQ�RI�/DJHUJUHQ�PRGHO�FDQ�
EH�H[SUHVVHG�DV��

ORJ��TH���TW�� �ORJ�TH�±�.��W�������

�:KHUH� TH� DQG� TW� LV� WKH� DPRXQW� RI� OHDG�,,�� LRQV� DGVRUEHG� SHU� JUDP� RQ� VXUIDFH� RI� DGVRUEHQW� � DW�
HTXLOLEULXP� DQG� � DW� WLPH� 
W
� LQ� PJ�J�� .�� � LV� WKH� UDWH� FRQVWDQW� RI� SVHXGR�ILUVW� RUGHU� DGVRUSWLRQ��
�PLQ�����

7KH�SVHXGR�VHFRQG�RUGHU�NLQHWLF�UDWH�HTXDWLRQ�FDQ�EH�H[SUHVVHG�DV��
W�TW� ���.�TH

����W�TH

:KHUH��.��LV�WKH�UDWH�FRQVWDQW�IRU�SVHXGR�VHFRQG�RUGHU�DGVRUSWLRQ�LQ��J�PJ
���PLQ�����TH�DQG�TW�DUH�WKH�

DPRXQW�RI�OHDG�,,��LRQV�DGVRUEHG��PJ�J��DW�DQ\�WLPHµW¶�DQG�DW�HTXLOLEULXP�WLPH�H��UHVSHFWLYHO\��

3VHXGR�VHFRQG�RUGHU�NLQHWLF�PRGHO�IRU�DGVRUSWLRQ�RI�FKURPLXP�9,��RQWR�536
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)LJXUH����3VHXGR�VHFRQG�RUGHU�NLQHWLF�PRGHO�IRU�DGVRUSWLRQ�RI�FKURPLXP�9,��RQWR�536��

7KH� FRUUHODWLRQ� FRHIILFLHQW� IRU� SVHXGR� VHFRQG� RUGHU� ZDV� IRXQG� WR� EH� ������� IRU� 536�ZKHUHDV� WKH�
FRUUHODWLRQ�FRHIILFLHQW� �5��� IRU� WKH�SVHXGR�ILUVW�RUGHU�ZDV� ORZHU� WKDQ� WKDW�RI�SVHXGR�VHFRQG�RUGHU��7KLV�
ILWQHVV� RI� WKH� H[SHULPHQWDO� GDWD� WR� SVHXGR� VHFRQG� RUGHU� PRGHO� DV� VKRZQ� LQ� ILJXUH� ���
��SORW�RI�W�TW�YHUVXVµW¶���LPSOLHV�WKDW��WKH�UDWH�±�OLPLWLQJ�VWHS�IRU�WKH�DGVRUSWLRQ�RI�FKURPLXP�9,��RQWR�536�
PD\� EH� FKHPLVRUSWLRQV� LQYROYLQJ� YDOHQFH� IRUFHV� WKURXJK� VKDULQJ� RU� H[FKDQJH� RI� HOHFWURQV� EHWZHHQ�
DGVRUEHQW�DQG�FKURPLXP�9,��LRQV��������
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&RQFOXVLRQV�

5HPRYDO�RI�FKURPLXP�9,��E\�XVLQJ�DJUR�ELRPDVV�UDZ�SDSD\D�VHHG�SRZGHU��536��ZDV�LQYHVWLJDWHG��
%DVLF�DGVRUSWLRQ�H[SHULPHQWV�LQGLFDWHG�WKDW�WKH�DGVRUSWLRQ�RI�FKURPLXP�9,��RQWR�536�ZDV�DQ�DGVRUEDWH��
DGVRUEHQW�GHSHQGHQW�SURFHVV�DQG�WKH�RSWLPXP�DGVRUSWLRQ�FDSDFLW\�IRU�536�ZDV�DFKLHYHG�DW�S+����ZLWK�
HTXLOLEULXP�FRQWDFW�WLPH�RI����PLQ��LQLWLDO�FRQFHQWUDWLRQ�RI���PJ�/�DQG�DGVRUSWLRQ�GRVH�RI�����PJ��7KH�
PD[LPXP�DGVRUSWLRQ�FDSDFLW\�ZDV�IRXQG�WR�EH��������PJ�J�IRU�536�DQG�UHVXOWV�UHYHDOHG�WKDW�/DQJPXLU�
DGVRUSWLRQ�LVRWKHUP�PRGHO�ZDV�IRXQG�WR�EH�PRUH�DSSOLFDEOH�WKDQ�)UHXQGOLFK�DGVRUSWLRQ�LVRWKHUP�PRGHO�
IRU�WKH�EHWWHU�GHVFULSWLRQ�RI�WKH�DGVRUSWLRQ�EHKDYLRU�RI�FKURPLXP�9,���LRQ�RQWR�UDZ�SDSD\D�VHHG�SRZGHU��
LQGLFDWLQJ� VXUIDFH� KRPRJHQHLW\�� 7KH� NLQHWLF� GDWD� ZHUH� EHVW� ILWWHG� E\� WKH� SVHXGR�VHFRQG� RUGHU� NLQHWLF�
PRGHO��ZKLFK�LQGLFDWHG�WKDW�FKHPLVRUSWLRQV�ZHUH�WKH�UDWH�±�OLPLWLQJ�VWHS�LQ�WKH�DGVRUSWLRQ�SURFHVV��+HQFH�
LW�FDQ�EH�FRQFOXGHG�WKDW�UDZ�SDSD\D�VHHG�SRZGHU�SRVVHVVHV�VLJQLILFDQW�SRWHQWLDOLW\�WRZDUGV�WKH�DGVRUSWLYH�
UHPRYDO�RI�FKURPLXP�9,��IURP�DTXHRXV�VROXWLRQ���

$FNQRZOHGJHPHQWV�

:H�ZLVK�WR�WKDQN�+HDG�RI�WKH�'HSDUWPHQW��&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\��7ULEKXYDQ�8QLYHUVLW\��
.DWKPDQGX��1HSDO�IRU�SURYLGLQJ�QHFHVVDU\�ODERUDWRU\�IDFLOLW\��

5HIHUHQFHV

�� '��'RQPH]��DQG�=��$NVX��3URFHVV�%LRFKHPLVWU\�����������������

�� 0��'DNLN\��$��.KDPL��$��0DQDVVUD��0��0HU¶HE��$GYDQFHV�LQ�(QYLURQPHQWDO�5HVHDUFK��������
��������

�� '��&��6KDUPD��DQG�&�)��)RUVWHU��%LRUHVRXU��7HFKQRO������������������

�� +��/L��=��/L��7��/LX��;��;LDR��=��3HQJ��/��'HQJ��%LRUHVRXU��7HFKQRO�������������������

�� $��.�%KDWWDFKDU\D��6�1��0DQGDO��6�.��'DV��,QGLDQ�-RXUQDO�RI�&KHPLFDO�7HFKQRORJ\��������
���������
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�� �7��9LUDUDJKDYDQ��5��6DVNDWFKHZDQ��0�0��'URQDPUDMXP��7���-��(QYLURQ�6FL��+HDOWK�� �������
$����������

��� �'��6XG���6��0DKDMDQ��0�3��.DXU��%LRUHVRXU��7HFKQRO�������������������

��� �6��(��%DLOH\��7��-��2OLQ��5��0��%ULFND��'��'��$GULDQ��:DWHU�5HV�������������������

��� �)��1��$FDU��=��(UHQ��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV��������%����������

��� 6��+��+DVDQ��.�.��6LQJK��2��3UDNDVK��0��7DODW��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV�������������
�����

��� $�� .�� %KDWWDFKDU\D�� 7�.�� 1DL\D�� 6�1�� 0DQGDO�� 6�.�� 'DV��&KHPLFDO� (QJLQHHULQJ� -RXUQDO��
����������������

��� 0��%DQVDO��'��6LQJK��9�.��*DUJ��-RXUQDO�RI�+D]DUGRXV�PDWHULDOV�����������������
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��� '�� '�� 'DV�� 5�� 0DKDSDWUD�� -�� 3UDGKDQ�� 6�1�� 'DV�� 5�6�� 7KDNXU�� -RXUQDO� RI� &ROORLGV� DQG�
,QWHUIDFH�6FLHQFH������������������

��� 9��.��*XSWD��$��.��6KULYDVWDYD��1��-DLQ��:DWHU�5HVHDUFK������������������

��� $��9HUPD��6��&KDNUDERUW\��-�.��%DVX��6HS��3XULI��7HFKQRO������������������

��� 5��&KDQG��.��1DULPXUD��+��.DZDNLWD��.��2KWR��7��:DWDUL��.��,QRXH��-RXUQDO�RI�+D]DUGRXV�
PDWHULDOV������������������

��� &��.��/HH��.��6��/RZ��.��/��.HN��%LRUHVRXU��7HFKQRO������������������

��� 6��%RVLQFR��-��5RXVV\��(��*XLEDO��3��/H�&ORLUHF��(QYLURQ��7HFKQRO�����������������

��� :��7��7DQ��6��7��2RL��&�.��/HH��(QYLURQ��7HFKQRO������������������

��� 0��-DLQ��9�.��*DUJ��.��.DGLUYHOX��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV������������������

��� &�&�� 7LPER�� 0�� .DQGDZD�6FKXO]�� 0�� $PXDQ\HQD�� +�0�� .DZDDPEZD�� -RXUQDO� RI�
(QFDSVXODWLRQ�DQG�$GVRUSWLRQ�6FLHQFHV����������������

��� '�� 6RQJ��.�� 3DQ��$�� 7DULT��$��$]L]XLLDK�� )�� 6XQ�� =�� /L�� 4��;LRQJ��3/R6�21(�� ����������
H���������

��� +��*DR��<��/LX��*��=HQJ��:��;X��7��/L��:��;LD��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV�������������
�����

��� (�/��8QXDERQDK��*�8��$GLH��2�2��/RUD��*�$��2ODOHUH��&KHPLFDO�(QJLQHHULQJ�-RXUQDO��������
����������

��� $3+$�� 6WDQGDUG�0HWKRGV� IRU� WKH� ([DPLQDWLRQ� RI� :DVWH� DQG�:DVWHZDWHU�� ��WK� HG��� ������
$PHULFDQ�3XEOLF�+HDOWK�$VVRFLDWLRQ��:DVKLQJWRQ��'&��

��� 9�.��*XSWD��$��5DVWRJL��$��1D\DN��-RXUQDO�RI�FROORLG�DQG�,QWHUIDFH�VFLHQFH������������������

��� 3�� %KDWWDUDL�� .�3�� %RKDUD��0�5�� 3RNKUHO�� -RXUQDO� RI� ,QVWLWXWH� RI� 6FLHQFH� DQG� 7HFKQRORJ\��
���������������
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��� '�� /LDR�� :�� =KHQJ�� ;�� /L�� 4�� <DQJ�� ;�� <XH�� /�� *XR�� *�� =HQJ�� -RXUQDO� RI� +D]DUGRXV�
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