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5HPRYDO�RI��&KURPLXP��9,��)URP�$TXHRXV�6ROXWLRQ�XVLQJ��
&KHPLFDOO\�0RGLILHG�6ZHHW�/LPH��&LWUXV�/LPHWWD��3HHOV��DV�

$GVRUEHQW

�'HYL�/DO�$GKLNDUL���5DP�/RFKDQ�$U\DO���6LWDUDP�%KDWWDUDL��6XUHQGUD�.XPDU�*DXWDP��DQG��

%KRM�5DM�3RXGHO�

�'HSDUWPHQW�RI�&KHPLVWU\��7UL��&KDQGUD�0XOWLSOH�&DPSXV��7ULEKXYDQ8QLYHUVLW\�1HSDO�
�'HSDUWPHQW�RI�&KHPLVWU\�$PULW�&DPSXV��7ULEKXYDQ8QLYHUVLW\��1HSDO�

(�PDLO���EKRMUDMSRXGHO#\DKRR�FRP�

$EVWUDFW�

&KURPLXP� LV� WR[LF�PHWDO� ZKLFK� LV� LQWURGXFHG� LQ� WR� WKH� HFRV\VWHP� DV� D� UHVXOW� RI� YDULRXV� LQGXVWULDO�
RSHUDWLRQV� OLNH� OHDWKHU� WDQQLQJ�� WH[WLOH�� HOHFWURSODWLQJ�� PHWDO� ILQLVKLQJ�� SDLQW� LQGXVWU\�� FKURPDWH�
SUHSDUDWLRQ�HWF��6LQFH�WKH�&U�9,��LV�SULRULW\�WR[LF��PXWDJHQLF��FDUFLQRJHQLF��QRQ�ELRGHJUDGDEOH�DQG�FDQ�
DFFXPXODWH�LQ�WKH�WLVVXHV��WKH�SUHVHQFH�DQG�UHOHDVH�RI�WKLV�HOHPHQW�WKURXJK�WKH�HIIOXHQWV�LV�DVVRFLDWHG�ZLWK�
GDQJHURXV�HIIHFW�RQ�OLIH�F\FOH�7KXV��LQ�WKLV�UHVHDUFK�ZRUN�DGVRUSWLRQ�RI�&U�9,��LRQV�RQ�UDZ�&LWUXV�OLPHWWD�
SHHOV� �5&/3��DQG�FKHPLFDOO\�PRGLILHG�&LWUXV� OLPHWWD�SHHOV� �&0&/3��KDV�EHHQ� VWXGLHG�E\�XVLQJ�EDWFK�
DGVRUSWLRQ�WHFKQLTXH�7R�HYDOXDWH�WKH�GLIIHUHQW�EDWFK�SDUDPHWHUV�OLNH�S+��LQLWLDO�FRQFHQWUDWLRQ��DGVRUEHQW�
GRVH�DQG�FRQWDFW�WLPH�&LWUXV�OLPHWWD�SHHOV�ZHUH�LQYHVWLJDWHG��5HVXOWV�VKRZ�WKDW�DOO�SDUDPHWHUV�HIIHFW�RQ�
WKH� DGVRUSWLRQ� UHPRYDO� RI� &U�9,�� LRQ�� 7KH� PD[LPXP� UHPRYDO� RI� &U�9,�� ZDV� IRXQG� DW� S+� ��� LQLWLDO�
FRQFHQWUDWLRQ� ��� PJ»/�� � HTXLOLEULXP� WLPH� ���� PLQXWHV�DGVRUEHQW� GRVH� ���� PJ�� 3VHXGR� VHFRQG� RUGHU�
NLQHWLF� PRGHO� LV� IROORZHG� E\� NLQHWLF� GDWD�/DQJPXLU� DQG� )UHXQGOLFK� LVRWKHUP�PRGHO� ZHUH� IROORZHG� E\�
GVRUSWLRQ�GDWD�EXW�EHVW�ILWWLQJ�PRGHO�LV�)UHXQGOLFK�LVRWKHUP�7KH�PD[LPXP�&U��9,��UHPRYDO�ZHUH�IRXQG�WR�
EH���������PJ»J��DQG�������PJ»JIRU�UDZ�&LWUXV�OLPHWWD�SHHOV�DQG�FKHPLFDOO\�PRGLILHG�&LWUXV�OLPHWWD�SHHOV�
UHVSHFWLYHO\�� 6DPSOH� FKDUDFWHUL]DWLRQ� EHIRUH� DQG� DIWHU� DGVRUSWLRQ� ZDV� DQDO\]HG� E\� )7�,5�� ;5'� DQG�
%RHKP�WLWUDWLRQ��)URP�WKH�H[SHULPHQWDO�UHVXOW�LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�UDZ�&LWUXV�OLPHWWD�SHHOV�DQG�
FKHPLFDOO\�PRGLILHG�&LWUXV�OLPHWWD�SHHOV�FDQ�EH�HPSOR\HG�DV�ORZ�FRVW�DOWHUQDWLYH�FRPPHUFLDO�DGVRUEHQW�
WR�UHPRYDO�RI�&U�9,��IURP�ZDVWH�ZDWHU��

.H\�ZRUGV��&U�9,���DGVRUSWLRQ�LVRWKHUP��EDWFK�H[SHULPHQW��&LWUXV�OLPHWWD�

,QWURGXFWLRQ�

3ROOXWLRQ�LV�WKH�SURFHVV�RI�PL[LQJ�RI�XQZDQWHG�IDFWRUV�LQ�QDWXUDO�UHVRXUFH��7KHUH�DUH�GLIIHUHQW�W\SHV�RI�
SROOXWLRQ��0RVW�RI�WKHP�ZDWHU�SROOXWLRQ�LV�D�RQH�RI�WKH�GLJHVW�SUREOHP�RI�HQYLURQPHQW��:DWHU�LV�WKH�PRVW�
YLWDO� HOHPHQWV� DPRQJ� WKH� QDWXUDO� UHVRXUFHV�� DQG� FUXFLDO� IRU� WKH� VXUYLYDO� RI� DOO� OLYLQJ� RUJDQLVPV� EXW�
LQFUHDVLQJ�XUEDQL]DWLRQ�DQG�LQGXVWULDOL]DWLRQ�KDYH�QHJDWLYH�LPSOLFDWLRQV�IRU�ZDWHU�ERGLHV��9DULRXV�W\SHV�
RI� LOO�HIIHFWV�RI�SROOXWLRQV�DUH�GXH�WR�HDFK�W\SHV�RI�SROOXWDQWV�RQ�KXPDQ��SODQWV��DQLPDOV�DQG�HFRORJ\����

+HDY\�PHWDO�SROOXWLRQ�LV�RQH�RI�WKH�PDLQ�SUREOHP�EHFDXVH�WKH\�DUH�QRQ�ELRGHJUDGDEOH��1DWXUDOO\�KHDY\�
PHWDOV� DUH� UHOHDVH� IURP� URFN�IRUPLQJ�� RUH�� PLQHUDOV�� VRLO�� VHGLPHQWV� DQG� PLQLQJ� SURFHVV�� &U�9,�� DOVR�

&RUUHVSRQGLQJ�DXWKRU
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UHOHDVHV� IURP� GLIIHUHQW� W\SHV� RI� LQGXVWULHV� OLNH� PHWDOOXUJ\�� EDWWHU\� PDQXIDFWXULQJ�� PLQH�� GUDLQDJH��
FKHPLFDO�PDQXIDFWXULQJ��OHDWKHU�WDQQLQJ�DQG�HOHFWURSODWLQJ�LQGXVWULHV�HWF�����

+HDY\�PHWDOV��VS��ZW��!���J�FP����ZKLFK�DUH�KHDYLHU�WKDQ�ZDWHU��DUH�FRQVLGHUHG�DV�WR[LF�SROOXWDQWV�GXH�
WR�WKHLU�WR[LFLW\�RFFXUV�HYHQ�LQ�ORZ�FRQFHQWUDWLRQV�RI�DERXW���������PJ�/��)RU�KXPDQ��&U�9,��LV�NQRZQ�
DVWR[LF��FDUFLQRJHQLF�DQG�PXWDJHQLF�E\�WKH�LQKDODWLRQ�RI�&U�9,��FRPSRXQGV��7KH�LQWHUQDWLRQDO�DJHQF\�IRU�
UHVHDUFK�RQ�FDQFHU��,$5&��KDV�FODVVLILHG�&U�9,��FRPSRXQGV�LQ�JURXS�,�DV�FDUFLQRJHQLF�WR�KXPDQ��������

,Q� PRVW� RI� WKH� FRXQWULHV�� KDYH� WKHLU� RZQ� VWULFW� OHJLVODWLRQV� WR� FRQWURO� ZDWHU� SROOXWLRQ�� 9DULRXV�
UHJXODWRU\� V\VWHP� KDV� VHW� WKH� PD[LPXP� SUHVFULEHG� OLPLWV� IRU� WKH� GLVFKDUJH� RI� WR[LF� KHDY\� PHWDOV� LQ�

DTXDWLF� V\VWHP�� 7KH� SUHVFULEHG� OLPLWV� RI� KHDY\�PHWDOV� � �� E\�:+2� DUH� �����=Q��� ��������&X���

����&G�������3E�����������)H�����������0Q��DQG����������&U�����������

7KH�FKURPLXP�H[LVWV� LQ�GLIIHUHQW�R[LGDWLRQ�VWDWH��&U�,,,�� DQG�&U�9,�� DUH�PRVW� FRPPRQ�GXH� WR� WKHLU�
VWDELOLW\�LQ�ZDWHU��,Q�FRQWDPLQDQW�HQYLURQPHQW��GRPLQDQW�WR[LFLW\�RI�&U�9,��LV�GXH�WR�WKH�SUHVHQFH�LQ�WKH�
IRUP� RI� DFLG� FKURPDWH� � LRQV� WKDQ� WKH� RWKHU�
YDOHQFH�VWDWHV��������

&KURPLXP� JHQHUDOO\� XVHG� LQ� GLIIHUHQW� LQGXVWU\� DV� SODQWLQJ�� DOOR\LQJ�� WDQQLQJ� RI� DQLPDO� KLGHV��
LQKLELWLRQ� RI� ZDWHU� FRUURVLRQ�� WH[WLOH�� G\HV�� SLJPHQWV�� FHUDPLF� JOD]HV�� UHIUDFWRU\� EULFNV� DQG� SUHVVXUH�
WUHDWHG�OXPEHU��'XH�WR�WKHVH�ZLGH�DQWKURSRJHQLF�XVHV�RI�FKURPLXP�WKH�HQYLURQPHQWDO�FRQWDPLQDWLRQ�KDV�
EHHQ� LQFUHDVLQJ�� &KURPLXP� LV� SRLVRQV�� FDUFLQRJHQLF� DQG� GLIIHUHQW� GLVHDVHV� FDXVLQJ� HOHPHQW�� ,W� FDXVHV�
FDQFHU�� DQXULD��QHSKULWLV��JDVWUR� LQWHVWLQDO�XOFHUDWLRQ��SHUIRUDWLRQ� LQ�SDUWLWLRQ�RI�QRVH��DIIHFWV� WKH�FHQWUDO�
QHUYRXV� V\VWHP�� FDXVHV� UHVSLUDWRU\� WURXEOH� DQG� OXQJ� WXPRU� E\� LQKDOHG�� VR� VWXG\� RQ� UHPRYDO� RI� KHDY\�
PHWDO�SROOXWLRQV�DUH�LQFUHDVLQJ�FKDOOHQJHV�������

,Q�RUGHU� WR�RYHUFRPH�VXFK�SROOXWLRQ� IURP� LQGXVWULDO�ZDVWH�ZDWHU�YDULRXV� W\SH�RI�SK\VLFDO�� FKHPLFDO�
DQG�ELRORJLFDO�PHWKRGV�DUH�DYDLODEOH��VRPH�RI�WKHP�DUH�FKHPLFDO�SUHFLSLWDWLRQ��LRQ�H[FKDQJH��UHGXFWLRQ��
HOHFWURFKHPLFDO� SUHFLSLWDWLRQ�� VROYHQW� H[WUDFWLRQ�� PHPEUDQH� VHSDUDWLRQ�� HYDSRUDWLRQ�� IRDP� VHSDUDWLRQ�
FRDJXODWLRQ�� IORWDWLRQ�� FU\VWDOOL]DWLRQ� DQG� XOWUDILOWUDWLRQ�� RQH� RI� WKHP� ELRDGVRUSWLRQ� PHWKRG� LV� PRVW�
LPSRUWDQW�������

%LRDGVRUSWLRQ�KDV�EHHQ�HPHUJHG�DV�DQ�DWWUDFWLYH�SURFHVV�GXH�WR�LWV�HDVH�WR�KDQGOH�DQG�HIILFLHQF\�IRU�
UHPRYLQJ� WR[LF� VXEVWDQFHV����%LRDGVRUSWLRQ� LV� D�PRVW� FRQYHQLHQW� WUHDWPHQW�PHWKRG�EHFDXVH� LW� LQFOXGHV�
ORZ� FRVW� KLJK� HIILFLHQF\� RI�PHWDO� UHPRYDO�� PLQLPL]DWLRQ� RI� FKHPLFDO� ELRORJLFDO� VOXGJH�� QR� DGGLWLRQDO�
VXEVWLWXHQWV�UHTXLUHG��UHJHQHUDWLRQ�RI�ELRDGVRUEHQW��DQG�(FR�IULHQG���

&LWUXV�OLPHWWD�IUXLWV�DUH�YHU\�IDPRXV�LQ�DOO�VHDVRQ�IRU�MXLFH��FRPPRQO\�NQRZQ�DV�VZHHW�OLPHV��� &LWUXV�
OLPHWWD� IUXLWV� FKRRVH� DV� WKH� ELRDGVRUEHQWV� IRU� UHPRYDO� RI� KH[DYDOHQW� FKURPLXP� IURP� ZDWHU�� ZKLFK� LV�
FRPPRQ�ZDVWH��KLJKO\�HIIHFWLYH�SRVVLELOLW\�RI�PHWDO�UHFRYHU��QR�QHHG�IRU�DQ\�DGGLWLRQDO�QXWULHQW�UHTXLUH�
IRU�PHWDO�UHFRYHU\�IURP�ZDVWH�ZDWHU����7KH�FRPSRVLWLRQ�RI�&LWUXV�OLPHWWD�SHHO�FRQWDLQV�VROXEOH�VXJDU�D�
SHFWLQ�DV�PDLQ�FRPSRQHQW��7KH�&LWUXV�OLPHWWD�SHHO�LV�D�IDFW�FRQVWLWXWHG�E\�VROXEOH�VXJDU�LV��������ZHLJKW�
RI�VWDUFK�LV��������ZHLJKW�RI�ILEHU�FHOOXORVH��LV��������ZHLJKW��RI�KHPLFHOOXORVH�������ZHLJKW�RI�OLJQLQ�
LV��������ZHLJKW�RI�SHFWLQ�LV��������DVKHV������IDWV�DUH�������ZHLJKW�RI�SURWHLQ������E\�ZHLJKW������
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7KH� ELRDGVRUSWLRQ� FDSDFLW\� RI� ELR� DGVRUEHQW� FDQ� GHWHUPLQH� E\� YDU\LQJ�� FRQFHQWUDWLRQ� RI� &U�9,��
VROXWLRQ��S+�RI�VROXWLRQ��DGVRUEHQW�GRVH��HIIHFW�RI�FRQWDFW� WLPH�DQG�WHPSHUDWXUH�NHHSLQJ�RWKHU�FRQVWDQW��
7KH�DPRXQW�RI�&U�9,��DGVRUEHG�SHU�XQLW�PDVV�RI�DGVRUEHQW�LV�PHDVXUHG�E\�WKH�UHODWLRQ���������

TH� � «�����������

�����������������������ZKHUH��

: �ZHLJKW�RI�DGVRUEHQW�� ��

�������������������������������&L� �LQLWLDO�FRQFHQWUDWLRQ�RI�DGVRUEDWH�� ��
&H� �HTXLOLEULXP�FRQFHQWUDWLRQ�RI�DGVRUEDWH�� ��
9� �YROXPH�RI�DGVRUEDWH��/��
7KH�SHUFHQW�UHPRYDO�RI�&U�9,��FDQ�EH�FDOFXODWHG�DV�IROORZV���������

���������3HUFHQWDJH�UHPRYDO��5��� ��� �î�����������««��������

�������������������ZKHUH��
�&L� �LQLWLDO�FRQFHQWUDWLRQ�RI�DGVRUEDWH�� ��
&H� �HTXLOLEULXP�FRQFHQWUDWLRQ�RI�DGVRUEDWH��

([SHULPHQWDO�0HWKRGV�

&KHPLFDO�DQG�,QVWUXPHQWV�
$OO�WKH�FKHPLFDO�UHDJHQWV�ZHUH�RI�/5�$5�JUDGH�DQG�XVHG�ZLWKRXW�DQ\�IXUWKHU�SXULILFDWLRQ�6RPH�XVHG�

FKHPLFDOV�ZHUH�K\GURFKORULF� DFLG� �+&O��� VXOSKXULF� DFLG� � �+��62����'LSKHQ\O� FDUED]LGH� >&R� �1+�1+&�

+����@��EXIIHU�WDEOHW�RI�S+���DQG�S+�����DQG�SRWDVVLXP�GLFKURPDWH�VROXWLRQ��.��&U��2���DQG�LQVWUXPHQWV�
XVHG�LQ�ODE�ZHUH�ZHLJKLQJ�EDODQFH��'��������%DOLQJHQ�*HUPDQ\��KRW�DLU�RYHQ��S+�PHWHU�������6LHYH������
P�� 6SHFWURSKRWRPHWHU�� (/,&2�6/����VKDNHU�)/$6.� 6+$.(5� 6)��8.�YROXPHWULF� IODVN� DQG�
:KDWPDQ�ILOWHU�SDSHU��

3UHSDUDWLRQ�RI�%LRDGVRUEHQWV�
5DZ�&LWUXV�OLPHWWD�3HHOV�3RZGHU�

&LWUXV� OLPHWWD� SHHOV� ZHUH� FROOHFWHG� IURP� IUXLW� MXLFH� VKRS� QHDU� WKH� %DQHVDZRU� .DWKPDQGX�� 7KH�
FROOHFWHG� SHHOV�ZHUH�ZDVKHG�ZLWK� GLVWLOOHG�ZDWHU� DQG� WKHQ� NHSW� WR� GU\� IRU� WZR�ZHHN� LQ� VXQOLJKW��$IWHU�
FRPSOHWH�GU\LQJ�� LW�ZDV�JULQGHG�DQG�VFUHHQHG��7KH�JULQGHG�SHHOV�SRZGHU�ZDV�SDVVHG� WKURXJK�VLHYHV�RI�
VL]H� ��

&KHPLFDOO\�0RGLILHG�&LWUXV�OLPHWWD�3HHOV�3RZGHU�
7KH�JULQGHG�&LWUXV�OLPHWWDSHHOV�ZDV�WUHDWHG�ZLWK�FRQFHQWUDWHG�VXOSKXULF�DFLG�VROXWLRQ�WR�LPSURYH�WKH�

HIILFLHQF\�RI�PHWDO�XSWDNH�IRU�WKLV����J�RI�UDZ�SHHOV�SRZGHU�ZDV�WUHDWHG�ZLWK�FRQFHQWUDWHG�VXOSKXULF�DFLG�
VROXWLRQ� IRU� ��� KRXUV� LQ� VKDNHU� ZLWK� FRQWLQXRXV� VKDNLQJ� DW� ���� UPS�� $IWHU� UHSHDWHG� GHFDQWDWLRQ� DQG�
ILOWUDWLRQ��WKH�FKHPLFDOO\�PRGLILHG�ELRPDVV�ZDV�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU�XQWLO�WKH�QHXWUDO�S+�YDOXH�RI�
ILOWUDWH��7KHQ�WKH�PRGLILHG�ELRPDVV�ZDV�GULHG�RQ�RYHQ�DW���� WR�JHW�FRQVWDQW�PDVV�DQG�ZKLFK�ZDV�VWRUHG�
LQ�DLU�WLJKW�ERWWOH��
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)LJXUH�����L��5&/3������������������LL��&0&/3�

)LJXUH����3ODXVLEOH�UHDFWLRQ�VFKHPH�IRU�FKDUULQJ�ZLWK�VXOSKXULF�DFLG��

3UHSDUDWLRQ�RI�6WRFN�6ROXWLRQ�
6WRFN� VROXWLRQ� ������ SSP�� RI� SRWDVVLXP� GLFKURPDWH� �.�� &U�� 2��� ZDV� SUHSDUHG� E\� GLVVROYLQJ� �����

JUDP�.��&U��2���ZDV�WDNHQ�LQ������P/�YROXPHWULF�IODVN�DQG�GLVVROYH�LQ����1�QLWULF�DFLG�DQG�PDNH�XS�WR�
PDUN��

5HVXOWV�DQG�'LVFXVVLRQ��

&KDUDFWHUL]DWLRQ�RI�%LRDGVRUEHQW�

)7�,5�$QDO\VLV��

)LJXUH����)7�,5�VSHFWUXP�RI�&0&/3�DQG�0$&/3�

��� ��� ���� ���� ���� ���� ���� ���� ���� ����
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)7�,5�DQDO\VLV�IRU�PRGLILHG�VDPSOH�LV�VKRZQ�LQ�)LJXUH����IURP�WKH�ILJXUH�DQG�IURP�GDWD�DQDO\VLV��LW�LV�
FOHDU�WKDW�ORWV�RI�FKDQJH�KDYH�EHHQ�GRQH��OLNH�EDQG�DW��

�����FP����KDYH�EHHQ�VKLIWHG�WR����������FP����ZKLFK�LV�GXH�WR�WKH�FRQYHUVDWLRQ�RI�PHWK\O�HVWHU�DQG�
QRQ��LRQLF�FDUER[\O�JURXS�LQWR�LRQLF�IRUP�E\�UHDFWLRQ�ZLWK�FRQFHQWUDWHG�VXOSKXULF�DFLG��$QRWKHU�FKDQJH�
ZDV� QHZ�SHDN� DSSHDUHG� DW� � �������� FP��� � DQG��������� FP� ���ZKLFK� LQGLFDWHV� WKDW� WKHUH� LV� SUHVHQFH�RI�
DOFRKRO��FDUER[\OLF�DFLG��HVWHU�DQG�HWKHU�HWF������������

;5'�$QDO\VLV�

)LJXUH����;5'�DQDO\VLV�GDWD�IRU�5&/3��&0&/3�DQG�0$&/3�

;5'�JUDSK� RI� ELRDGVRUEHQW� DUH� JLYHQ� LQ� )LJXUH� ��� IURP� WKH� JUDSK�� LW� FDQ� EH� VDLG� WKDW�PRUSKRORJ\� RI�
ELRDGVRUEHQW�LV�DPRUSKRXV�QDWXUH��

%RHKP�7LWUDWLRQ��
%RHKP� WHFKQLTXH�ZDV� DSSOLHG� WR� FKDUDFWHUL]HG� WKH� VXUIDFH� FKHPLFDO� SURSHUWLHV� RI� 5&/3� DQG�&0&/3��

7KHUH�DUH�YDULRXV�DVVXPSWLRQV�WR�FDOFXODWH�WKH�VXUIDFH�DFLGLF�DQG�EDVLF�JURXS��,Q�WKLV�WHFKQLTXH��LW�ZDV�DVVXPHG�
WKDW�DFLGLF�JURXS�DUH�JHQHUDOO\�FRXOG�RQO\�EH�QHXWUDOL]HG�E\�1D2+�DQG�DOO�WKH�EDVLF�JURXS�ZRXOG�EH�QHXWUDOL]HG�
E\�+&O��7DEOH��� VKRZV� WKH� VXPPDU\�RI� WKH�SURSHUWLHV�RI� WKH� VXUIDFH� IXQFWLRQDO� JURXS� WKURXJK� WKH�%RHKP�
WLWUDWLRQ��7KH�VLJQLILFDQW�LQFUHDVH�LQ�DFLGLF�JURXS�LQ�FRPSDULVRQ�WR�WKH�EDVLF�JURXS�VXJJHVW�WKDW�WKH�PDMRULW\�RI�
WKH�IXQFWLRQDO�JURXS�RQ�WKH�DGVRUEHQW�VXUIDFH�DUH�DFLGLF��7KH�PRUH�DFLGLF�JURXSV�LQGLFDWLQJ�SUHVHQW�RI�PRUH�
R[\JHQDWHG�IXQFWLRQDO�JURXSV��JLYH�ULVH�WR�KLJKHU�DGVRUSWLRQ�RI�KHDY\�PHWDOV���������

7DEOH����%RHKP¶V�WLWUDWLRQ�GDWD�IRU�5&/3�DQG�&0&/3�

%LR�VRUEHQW�� ���%RHKP¶V�WLWUDWLRQ�PHWKRG��

$FLGLF� � %DVLF�

5&/3� ������ ������

&0&/3� ������ ������

�� �� �� �� �� �� ��
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%DWFK�$GVRUSWLRQ�([SHULPHQWV��
3UHSDUDWLRQ�RI�&DOLEUDWLRQ�&XUYH�

)LJXUH����$EVRUEDQFH�YHUVXV�FRQFHQWUDWLRQ�RI�&U��9,��LQ�SSP�
'LSKHQ\O�FDUED]LGH� FRPSOH[�PHWKRG�ZDV� XVHG� WR� GHWHUPLQH� PD[

��+HUH� WKH�PD[LPXP�DEVRUSWLRQ�RI�&U�
�9,����'3&,�FRPSOH[�ZDV�IRXQG�DW�����QP����7KH�FDOLEUDWLRQ�FXUYH�RI�&U��9,��ZDV�GHWHUPLQH�DW� PD[�����
QPE\�YDU\LQJ�WKH�FRQFHQWUDWLRQ�RI�&U�9,��'3&,�FRPSOH[�VROXWLRQ�DV�VKRZQ�LQ�)LJXUH���ZKLFK�KHOSV�WR�
GHWHUPLQH�GLUHFWO\�PHDVXUDEOH�UDQJH�E\�PHWKRG�RI�VWDQGDUG�DGGLWLRQ�DQG�GLOXWLRQ���

(IIHFW�RI�S+�
)LJXUH� �� VKRZV� WKH� UHPRYDO� RI� &U�9,�� DW� YDULRXV� S+� UDQJH�� DSSO\LQJ� RWKHUV� SDUDPHWHUV� FRQVWDQW��
0D[LPXP�DGVRUSWLRQ�RI�&U�9,��LRQV�REVHUYHG�DW�S+���IRU�5&/3�DQG�&0&/3��$W�ORZHU�S+��WKH�VXUIDFH�
RI� DGVRUEHQW� LV� KLJKO\� SURWRQDWHG��ZKLFK� DOORZV� WKH� HOHFWURVWDWLF� LQWHUDFWLRQ�ZLWK� SUHGRPLQDQW� DQLRQLF�
IRUP��

� LRQV� FRPSHWH� WR� HDFK� RWKHU� DQG� UHPRYDO� RI�&U�9,�� LV�
GHFUHDVHV���

)LJXUH����(IIHFW�RQ�S+�RQ�WKH�DGVRUSWLRQ�RI�&U�9,��RQWR�5&/3�DQG�&0&/3�
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(IIHFW�RI�&RQFHQWUDWLRQ��

)LJXUH����(IIHFW�RI�LQLWLDO�FRQFHQWUDWLRQ�RQ�WKH�DGVRUSWLRQ�RI�&U�9,��RQWR�5&/3�DQG�&0&/3�

7KH� DPRXQW� RI� FKURPLXP� DGVRUEHG� �TH�� LQFUHDVH�ZLWK� LQFUHDVLQJ� LQLWLDO� FRQFHQWUDWLRQ� RI� WHVW� VROXWLRQ��
ZKHUHDV� UHPRYDO� SHUFHQW� �5��� GHFUHDVH� ZLWK� LQFUHDVLQJ� LQLWLDO� PHWDO� LRQ� FRQFHQWUDWLRQ�� 7KLV� W\SH� RI�
UHVXOW�LV�PDLQO\�GXH�WR�WKH�LQWHUDFWLRQ�RI�LRQV�ZLWK�ELQGLQJ�VLWHV�DQG�VLJQLILFDQW�GULYLQJ�IRUFH�LRQV���������

(IIHFW�RI�$GVRUEHQW�'RVH�

)LJXUH����(IIHFW�RI�DGVRUEHQW�GRVH�RQ�DGVRUSWLRQ�RI�&U�9,��RQWR�5&/3�DQG�&0&/3�

7KH� UHVXOW� IURP� LQGLFDWHV� WKDW�� WKH�SHUFHQW� UHPRYDO�RI�&U�9,�� LQFUHDVLQJ�ZLWK� LQFUHDVH� LQ� WKH�DGVRUEHQW�
GRVH�EXW�XQLW�DGVRUSWLRQ�GHFUHDVHV�ZLWK�LQFUHDVH�LQ�GRVH��LW�LV�PDLQO\�GXH�WR�WKH�DJJUHJDWLRQ�DQG�QXPEHU�
RI� DFWLYH� VLWHV� DYDLODEOH� IRU� ELRDGVRUSWLRQ�� 7KH� DGVRUSWLRQ� UDWH� RI� &0&/3� LV� KLJKHU� LQ� FRPSDULVRQ� RI�
5&/3� DV� VKRZQ� LQ� ILJ� ��� ,W� LV� PDLQO\� GXH� WR� WKH� LQFUHDVH� RI� DFWLYH� VLWHV�� EHWWHU� H[FKDQJH� UDWH� DQG�
LQFUHDVHPHQW�RI�QHZ�IXQFWLRQDOLW\�E\�FKHPLFDO�PRGLILFDWLRQ�������
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(IIHFW�RI�&RQWDFW�WLPH�

)LJXUH����(IIHFW�RI�FRQWDFW�WLPH�RQ�WKH�DGVRUSWLRQ�RI�&U�9,��RQWR�5&/3�DQG��&0&/3�

)LJXUH���VKRZV�WKDW�SHUFHQWDJH�UHPRYDO�LV�LQFUHDVLQJ�XS�WR�WKH�����PLQXWHV�WKHQ�UHPDLQLQJ�FRQVWDQW�� LV�
GXH�WR�DYDLODEOH�RI�ODUJH�VXUIDFH�DUHD�RI�ELRDGVRUEHQW�DQG�KLJK�FRQFHQWUDWLRQ�JUDGLHQW�DW�LQLWLDO�WLPH��DIWHU�
WKDW�DFWLYH�VLWHV�RI�DGVRUEHQW�JHW�H[KDXVWHG������

$GVRUSWLRQ�,VRWKHUP��
$GVRUSWLRQ�LVRWKHUP�LV�D�SURFHVV�RI�PHWDO�XSWDNH�SHU�XQLW�PDVV�RI�DGVRUEHQW�WR�HTXLOLEULXP�DGVRUEDWH�

FRQFHQWUDWLRQ� LQ� WKH� EXON� RI� IOXLG� SKDVH� EDVHG� RQ� KRPRJHQHLW\� RU� KHWHURJHQHLW\� QDWXUH� RI� DGVRUEHQW��
LQWHUDFWLRQ�EHWZHHQ�WKH�DGVRUEDWH�VSHFLHV�DQG�DGVRUEHQW�DQG�W\SHV�RI�FRYHUDJH��8VXDOO\�DGVRUSWLRQ�GDWD�
FDQ�EH�DQDO\]HG�E\� WKH�DGVRUSWLRQ� LVRWKHUP�PRGHO��6XFK�DV�/DQJPXLU�DQG�)UHXQGOLFK�LVRWKHUPV��7KHVH�
LVRWKHUPV�UHODWH�PHWDO�XSWDNH�SHU�XQLW�PDVV�RI�DGVRUEHQW��TH��WR�WKH�HTXLOLEULXP�DGVRUEDWH�FRQFHQWUDWLRQ�LQ�
WKH�EXON�IOXLG�SKDVH��&H������

/DQJPXLU�,VRWKHUP��
/DQJPXLU� LVRWKHUP� LV� EDVHG�RQ� WKH� DVVXPSWLRQ� WKDW� ³PD[LPXP�DGVRUSWLRQ�RFFXUV�ZKHQ� D� VDWXUDWHG�

PRQROD\HU�RI�VROXWH�PROHFXOHV�LV�SUHVHQW�RQ�WKH�DGVRUEHQW�VXUIDFH´��7KH�HQHUJ\�RI�DGVRUEHQW�LV�FRQVWDQW�
DQG�WKHUH�LV�QR�PLJUDWLRQ�RI�DGVRUEDWH�PROHFXOHV�LQ�WKH�VXUIDFH�SODQH�������������

)LJXUH�����/DQJPXLU�DGVRUSWLRQ�LVRWKHUP�IRU�WKH�DGVRUSWLRQ�RI�&U�9,��RQWR�5&/3�DQG�&0/&3�
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7KH� 5/� YDOXHV� IURP� /DQJPXLU� LVRWKHUP� PRGHO� IRXQG� WR� EH� ����� DQG� ����� IRU� 5&/3� DQG� &0&/3�
UHVSHFWLYHO\�� :KLFK� EHORQJ� WR� UDQJH� ��5/���� ZKLFK� LV� LQGLFDWHG� WKDW� WKH� SURFHVV� LV� IDYRUDEOH� DQG�
DGVRUSWLRQ�GDWD�ZHOO�ILW�LQ�/DQJPXLU�DGVRUSWLRQ�LVRWKHUP��

)UHXQGOLFK�$GVRUSWLRQ�,VRWKHUP�
7KH� )UHXQGOLFK� LVRWKHUP� KHOSV� WR� GHWHUPLQH� WKH� HTXLOLEULXP� UHODWLRQVKLS� EHWZHHQ� VROLG� DQG� OLTXLG�

SKDVH�FDSDFLW\�EDVHG�RQ�PXOWLOD\HU�DGVRUSWLRQ�SURSHUWLHV�FRQVLVWLQJ�KHWHURJHQHRXV�VXUIDFH�RI�DGVRUEHQW�����
������

)LJXUH�����)UHXQGOLFK�DGVRUSWLRQ�LVRWKHUP�IRU�WKH�DGVRUSWLRQ�RI�&U�9,��RQWR�5&/3�DQG�&0/&3�

)UHXQGOLFK�LVRWKHUP�WKH�YDOXHV�RI� �HTXDOV�WR������DQG������IRU�5&/3�DQG�&0&/3�UHVSHFWLYHO\�DQG�
OLHV�EHWZHHQ���DQG����ZKLFK�LQGLFDWHG�WKDW�)UHXQGOLFK�LVRWKHUP�DOVR�IROORZHG�E\�WKH�UHVXOWLQJ�GDWD��7KH�
FRPSDULVRQ� EHWZHHQ� FRUUHODWLRQ� FRHIILFLHQW� YDOXHV� RI� /DQJPXLU� DQG� )UHXQGOLFK� DGVRUSWLRQ� LVRWKHUP�
LQGLFDWH�WKDW�)UHXQGOLFK�DGVRUSWLRQ�LVRWKHUP�LV�EHWWHU�WKDQ�/DQJPXLU�DGVRUSWLRQ�LVRWKHUP������

7DEOH����/DQJPXLU�DQG�)UHXQGOLFK�SDUDPHWHUV�IRU�WKH�DGVRUSWLRQ�RI�&U�9,��RQWR�5&/3�DQG�&0&/3���

%DWFK�.LQHWLF�6WXGLHV�
7KH� DGVRUSWLRQ� NLQHWLFV� H[SODLQ� WKH� UHDFWLRQ� SURFHVV� DORQJ� WLPH� WR� UHDFK� WKH� HTXLOLEULXP��:KLFK� LV�

GHSHQGV� XSRQ� WKH� GLIIHUHQW� FKHPLFDO� DQG� SK\VLFDO� SURSHUWLHV� RI� ELR� VRUEHQW� PDWHULDOV�� :KLFK� LV� DOVR�
LQIOXHQFH� WKH�VRUSWLRQ�PHFKDQLVP�LQ�RUGHU� WR� LGHQWLI\� WKH�PHFKDQLVP�RI�VRUSWLRQ��7KHUH� LV� VRPH�XVHIXO�
PRGHO�WR�XVH�DW�GLIIHUHQW�H[SHULPHQWDO�FRQGLWLRQ�IRU�WKH�VRUSWLRQ�SURFHVV��������������
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3VHXGR�)LUVW�2UGHU�0RGHO�
7KLV�LV�WKH�ILUVW�HTXDWLRQ�IRU�WKH�VRUSWLRQ�SURFHVV�EDVHG�RQ�VROLG�FDSDFLW\��7KLV�PRGHO�FDQ�EH�H[SUHVVHG�

DV��

(TXDWLRQ�����FDQ�EH�LQWHJUDWHG�IRU�WKH�ERXQGDU\�FRQGLWLRQ�WKHQ��

:KHUH�� TW� � LV� WKH� DPRXQW� RI� VROXWH� RQ� WKH� VXUIDFH� RI� DGVRUEHQW� DW� WLPH� µW¶� DQG�TH� LV� WKH� DPRXQW� RI�
DGVRUEHQW� DW� HTXLOLEULXP� DQG� .�� LV� WKH� HTXLOLEULXP� UDWH� FRQVWDQW� RI� SVHXGR� ILUVW� RUGHU�TH� DQG� .�� DUH�
FDOFXODWHG�E\�XVLQJ�WKH�LQWHUFHSW�DQG�VORSH�RQ��ORJ �TH�TW����DJDLQVW�WLPH��PLQXWHV��SORWV��

)LJXUH�����3VHXGR�ILUVW�RUGHU�NLQHWLF�PRGHO�IRU�DGVRUSWLRQ�RG�&U�9,��RQWR�5&/3�DQG�&0&/3�

3VHXGR�6HFRQG�2UGHU�0RGHO��
7KH�SVHXGR�VHFRQG�RUGHU�PRGHO�FDQ�EH�H[SUHVVHG�DV�

%\� LQWHJUDWLQJ� HTXDWLRQ� ������ IRU� ERXQGDU\� FRQGLWLRQ� UHDUUDQJLQJ� LW� WR� REWDLQ� WKH� OLQHDUL]HG� IRUPZH�
JHW�

7KHQ��HTXDWLRQ������ZLOO�EH��

:KHUH�.��LV�WKH�HTXLOLEULXP�UDWH�FRQVWDQW�DQG�9��LV�WKH�LQLWLDO�VRUSWLRQ�UDWH�7KH�HTXLOLEULXP�FRQVWDQW�FDQ�
EH�GHWHUPLQHG�E\�SORWWLQJ��W»TW���YHUVXV��
W
�

��������
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)LJXUH�����3VHXGR�VHFRQG�RUGHU�NLQHWLF�PRGHO�IRU�DGVRUSWLRQ�RI�&U��9,��RQWR�5&/3�DQG�&0&/3�

6HFRQG�2UGHU�0RGHO�
7KH�VHFRQG�RUGHU�PRGHO�FDQ�EH�H[SUHVVHG�DV��

7KLV�HTXDWLRQ�FDQ�EH�IXUWKHU�VLPSOLILHG�DV��

��

7KLV�OLQHDULW\�RI�WKHVH�SORWV�LQGLFDWHV�WKH�DSSOLFDELOLW\�RI�WKHVH�PRGHO¶V�FDSDFLWLHV������

)LJXUH����6HFRQG�RUGHU�NLQHWLF�PRGHO�IRU�DGVRUSWLRQ�RI�&U�9,��RQWR�5&/3�DQG�&0&/3�7DEOH�
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7DEOH����NLQHWLF�SDUDPHWHU�IRU�WKH�ELR�VRUSWLRQ�ZLWK�FRUUHODWLRQ�FRHIILFLHQW��

&RQFOXVLRQV�

7KH� RSWLPXP� DGVRUSWLRQ� FDSDFLW\� RI� 5&/3� DQG� &0&/3� ZHUH� DFKLHYHG� DW� LQLWLDO� S+� ����� LQLWLDO�
FRQFHQWUDWLRQ�

� UHVSHFWLYHO\�� 7KH�
DGVRUSWLRQ� GDWD� WHVWHG� ERWK� IRU� /DQJPXLU� DQG� )UHXQGOLFK� DGVRUSWLRQ� LVRWKHUP�� PRVW� RI� WKH� SDUDPHWHU�
LQGLFDWHV� WKDW� LW� IROORZV� ERWK� /DQJPXLU� DQG� )UHXQGOLFK� DGVRUSWLRQ� LVRWKHUP� PRGHO� EXW� EHVW� ILWWLQJ�
LVRWKHUP�LV�)UHXQGOLFK�DGVRUSWLRQ�LVRWKHUP��([SHULPHQWDO�GDWD�VKRZ�WKDW�WKH�EHVW�NLQHWLF�PRGHO�LV�SVHXGR�
VHFRQG� RUGHU�� 6DPSOH� FKDUDFWHUV�ZHUH� DQDO\]HG� E\� )7�,5��;5'� DQG�%RHKP� WLWUDWLRQ�� IURP� WKH� )7�,5�
GLIIHUHQW�IXQFWLRQDO�JURXS�ZHUH�LGHQWLILHG��IURP�;5'��DPRUSKRXV�QDWXUH�RI�ELRDGVRUEHQW�ZDV�REVHUYHG��
$QG�IURP�%RHKP�WLWUDWLRQ�PRUH�DFLGLF�IXQFWLRQDO�JURXS�ZHUH�GHWHFWHG�LQ�WKH�VXUIDFH�RI�DGVRUEHQW��

$FNQRZOHGJPHQWV�

7KH� DXWKRUV� DUH� YHU\� WKDQNIXO� WR� WKH� KHDG� RI� GHSDUWPHQW�� 'HSDUWPHQW� RI� &KHPLVWU\�7UL�&KDQGUD�
0XOWLSOH�&DPSXV�*KDQWDJKDU�.DWKPDQGX��1HSDO�IRU�SURYLGLQJ�WKH�DYDLODEOH�UHVHDUFK�IDFLOLWLHV�WR�FRQGXFW�
WKLV�UHVHDUFK�ZRUN��WR�&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\�IRU�,5�DQDO\VLV�DQG�1$67�IRU�;5'�DQDO\VLV���

5HIHUHQFHV�

�� 1��*DQGKL��'��6LULVK��6��&KDUGUD��$GVRUSWLRQ�VWXGLHV�RI�FKURPXLP�E\�XVLQJ�ORZ�FRVW�DGVRUEHQWV��
2XU�1DWXUH����������������������

�� $��0��)UDKDQ��1��0��6DOHP��$��+��'XMDLOL��$��$ZZDG�%LR�VRUSWLRQ�VWXGLHV�RI�&U�9,��LRQV�IRUP�
HOHFWURSODWLQJ� ZDVWH� ZDWHU� E\� ZDOQXW� VKHOO� SRZGHU�� $PHULFDQ� -RXUQDO� RI� (QYLURQPHQWDO�
(QJLQHHULQJ����������������������

�� $��)��8JEH��$��3DP��9��$��,NXGD\LVL��7KHUPRG\QDPLF�SURSHUWLHV�RI�&U�,,,�� LRQV�DGVRUSWLRQ�E\�
VZHHW�RUDQJH�SHHO�$PHULFDQ�-RXUQDO�RI�$QDO\WLFDO�&KHPLVWU\�������������������

�� '�� 6LYDNXPDU�� +H[DYDOHQW� FKURPLXP� UHPRYDO� LQ� WDQQHU\� ZDVWH� ZDWHU� XVLQJ� ULFH� KXVN� VLOLFD��
*OREDO�-��(QYLURQPHQW�6FLHQFH��������������������

$GVRUE��

HQW�

������

3VHXGR�ILUVW�RUGHU�� 3VHXGR�VHFRQG�RUGHU�� 6HFRQG�RUGHU��

��

0LQ��

0J��

5&/3� ������ ����� ����� ����� ����� ������ �����
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�� 7�� 3�� 'KXQJDQD�� 3�� 1�� <DGDY�� 'HWHUPLQDWLRQ� RI� FKURPLXP� LQ� WDQQHU\� HIIOXHQW� DQG� VWXG\� RI�
DGVRUSWLRQ� RI� &U�9,�� RQ� VDZ� GXVW� DQG� FKDUFRDO� IURP� VXJDU� FDQH� EDJDVVH¶V�� -XUQDO� RI� 1HSDO�
&KHPLFDO�6RFLHW\��������������������

�� 6�� &KHQ�� 4�� *DR�� 4�� /L�� ;�� ;X�� .�� )X� $GVRUSWLRQ� RI� KH[DYDOHQW� &KURPLXP� IURP� DTXHRXV�
VROXWLRQ�E\�PRGLILHG�FRUQ�VWDON��D�IL[HG�EHG�FROXPQ�VWXG\��%LRUHVRXUFH�7HFKQRORJ\������������
��������

�� '��:LOOLDP��&��%LUNLQVKDZ��7��)UDQFLV��+HDY\�PHWDO�DGVRUEHQW�SUHSDUHG�IURP�WKH�PRGLILFDWLRQ�RI�
FHOOXORVH��DUHYLHZ��%LR�5HVRXUFH�7HFKQRORJ\������������������������

�� 7�� 1�� $EGHO�*KDQL�� $�� *�� (/�&KDJKDE\�%LR� VRUSWLRQ� IRU� PHWDO� LRQV� UHPRYDO� IURP� DTXHRXV�
VROXWLRQ�� DUHYLHZ�RI�5HFHQW�6WXGLHV�� � ,QWHUQDWLRQDO� -RXUQDO�RI�/DWHVW�5HVHDUFK� LQ�6FLHQFH�DQG�
7HFKQRORJ\�������������������

�� &��$��3RRMDUL��'��6��0DLQG��$��6��%KDOHUDR��(IIHFWLYH�UHPRYDO�RI�&U�9,��IURP��DTXHRXV�VROXWLRQ�
XVLQJ� ULQG� RI� RUDQJH�� -RXUQDO� RI�&XUUHQW�0LFURELRORJ\�DQG�$SSOLHG� 6FLHQFH�� ������������ ����
������

��� 5�� 3�� *DXWDP�� 0�� 5�� 3RNKUHO�� 5HPRYDO� RI� &U�9,�� IURP� DTXHRXV� VROXWLRQ� XVLQJ� FKDUUHG�
SRPHJUDQDWH�ZDVWH��-RXUQDO�RI�1HSDO�&KHPLFDO�6RFLHW\��������������������

��� (��9DLRSRXORX�� 3��*LUDV��(IIHFWV� RI� FKURPLXP�RQ� DFWLYDWHG� VOXGJH� DQG� RQ� WKH� SHUIRUPDQFH� RI�
ZDVWH�ZDWHU�WUHDWPHQW�SODQWV��D�UHYLHZ�:DWHU�5HVHDUFK����������������������

��� '��%��.KDGND�� 3��0LVKUD��$GVRUSWLYH� UHPRYDO� RI�&U�9,�� IURP� DTXHRXV� VROXWLRQ� E\� VXJDUFDQH�
ELRPDVV��5HVHDUFK�-RXUQDO�RI�&KHPLFDO�6FLHQFH���������������������

��� 6��5HJPL��.��1��*KLPLUH��0��5��3RNKUHO��'��%��.KDGND��$GVRUSWLYH� UHPRYDO� DQG� UHFRYHU\�RI�
$OXPLQXP�,,,��� ,URQ�,,�� DQG� &KURPLXP�9,�� RQ� WR� D� ORZ� FRVW� IXQFWLRQDOL]HG� SKUDJPLWLHVNDUN
ZDVWH��-RXUQDO�RI�,QVWLWXWH�RI�6FLHQFH�DQG�7HFKQRORJ\���������������������

��� '��.ULVKQD�� 5�� 3DGPD� 6KUHH�� 5HPRYDO� RI� FKURPLXP� IURP� DTXHRXV� VROXWLRQ� E\� FXVWDUG� DSSOH�
�$QQRQD� VTXDPRVD�� SHHO� SRZGHU� DV� DGVRUEHQW�� ,QWHUQDO� -RXUQDO� RI� $SSOLHG� 6FLHQFH� DQG�
(QJLQHHULQJ�����������������������

��� &��-H\DVHHODP��$��*XSWD��*UHHQ�WHD�OHDYHV�DV�D�QDWXUDO�DGVRUEHQW�IRU�WKH�UHPRYDO�RI�&U�9,��IURP�
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