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�$��HQULFKHG�51$�VHTXHQFLQJ��%0&�*HQRPLFV������±����������

�� =KX��<��3��HW�DO��,PPXQH�UHVSRQVH�WR�LQWUDYHQRXV�LPPXQRJOREXOLQ�LQ�SDWLHQWV�ZLWK�.DZDVDNL
GLVHDVH�DQG�0,6�&��-��&OLQ��,QYHVW��������������

�� 6KDPLH��,��HW�DO��$�&KLQHVH�KDPVWHU�WUDQVFULSWLRQ�VWDUW�VLWH�DWODV�WKDW�HQDEOHV�WDUJHWHG�HGLWLQJ�RI
&+2�FHOOV��1$5�JHQRPLFV�DQG�ELRLQIRUPDWLFV����OTDE�����������

�� .DURWWNL��.��-��OD�&��HW�DO��$ZDNHQLQJ�GRUPDQW�JO\FRV\OWUDQVIHUDVHV�LQ�&+2�FHOOV�ZLWK�&5,635D�
%LRWHFKQRO��%LRHQJ����������±�����������

�� 6SHLU��0��HW�DO��3WSQ��LQKLELWV�FDVSDVH���DQG�5LSN��0ONO�GHSHQGHQW�LQIODPPDWLRQ��1DW��,PPXQRO�
������±����������

�� ;LRQJ��.��HW�DO��5HGXFHG�DSRSWRVLV�LQ�&KLQHVH�KDPVWHU�RYDU\�FHOOV�YLD�RSWLPL]HG�&5,635
LQWHUIHUHQFH��%LRWHFKQRO��%LRHQJ�����������±������������

��� $ODVIRXU��$��HW�DO��&RDUVH�EHKDYLRUDO�FRQWH[W�GHFRGLQJ��-��1HXUDO�(QJ��������������������

��� .XR��&��&��HW�DO��7KH�HPHUJLQJ�UROH�RI�V\VWHPV�ELRORJ\�IRU�HQJLQHHULQJ�SURWHLQ�SURGXFWLRQ�LQ
&+2�FHOOV��&XUU��2SLQ��%LRWHFKQRO��������±����������

��� -LDQJ��;��	�6KDPLH��,��.�'R\OH�:��)ULHGPDQ�'��'XJDQ�3��'HYLQVN\�2��(VNDQGDU�(��&DVK�66�
7KHVHQ�7��+DOJUHQ�(��������5HSOD\�RI�ODUJH�VFDOH�VSDWLR�WHPSRUDO�SDWWHUQV�IURP�ZDNLQJ�GXULQJ
VXEVHTXHQW�15(0�VOHHS�LQ�KXPDQ�FRUWH[��6FL��5HS�����������

��� .ULVKQDQ��*��3��HW�DO��&HOOXODU�DQG�QHXURFKHPLFDO�EDVLV�RI�VOHHS�VWDJHV�LQ�WKH�WKDODPRFRUWLFDO
QHWZRUN��(OLIH����H�������������

[LLL
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8VLQJ�(PHUJLQJ�1H[W�*HQHUDWLRQ�6HTXHQFLQJ�7HFKQRORJLHV�WR�(QKDQFH�WKH�/LIHF\FOH�RI
%LRSKDUPDFHXWLFDOV

E\

,VDDF�6DP�6KDPLH

'RFWRU�RI�3KLORVRSK\�LQ�%LRLQIRUPDWLFV�	�6\VWHPV�%LRORJ\

8QLYHUVLW\�RI�&DOLIRUQLD�6DQ�'LHJR������

3URIHVVRU�1DWKDQ�(��/HZLV��&KDLU
3URIHVVRU�&KULV�%HQQHU��&R�&KDLU

%LRSKDUPDFHXWLFDOV�DUH�HPHUJLQJ�DV�D�SURPLVLQJ�DYHQXH�IRU�WUHDWLQJ�D�UDQJH�RI�GLVHDVHV ���DQG

EULQJLQJ�GRZQ�WKH�FRVWV�RI�SURGXFWLRQ��DV�ZHOO�DV�PRQLWRULQJ�WKH�UHVSRQVH�WR�WUHDWPHQW��LV�RI�KLJK

LPSRUWDQFH���2QH�WHFKQRORJ\�WR�DVVLVW�LQ�WKHVH�QHHGV�LV�QH[W�JHQHUDWLRQ�VHTXHQFLQJ��1*6���,Q�WKLV

GLVVHUWDWLRQ��,�XVH�HPHUJHQW�1*6�WHFKQLTXHV�WR�SURYLGH�YDOXDEOH�UHVRXUFHV�LQ�WZR�LPSRUWDQW�FHOO�W\SHV��WKH

[LY



&KLQHVH�KDPVWHU�RYDU\��&+2��FHOO�OLQH�LQ�&KDSWHU����DQG�&'����KDHPDWRSRLHWLF�VWHP�DQG�SURJHQLWRU

FHOOV��+63&V��LQ�&KDSWHU���

&+2�FHOOV�DUH�FXUUHQWO\�WKH�PRVW�XVHG�FHOO�OLQH�IRU�SURGXFLQJ�UHFRPELQDQW�PRQRFORQDO�DQWLERGLHV�

DQG�RSWLPL]DWLRQ�RI�WKLV�FHOO�OLQH�LQFOXGLQJ�PHGLD�FRQWURO�DQG�JHQH�HQJLQHHULQJ�KDV�EURXJKW�GRZQ

SURGXFWLRQ�FRVWV ���+RZHYHU��FRVWV�FDQ�VWLOO�EH�SURKLELWLYH� DQG�WKH�JHQRPH�UHVRXUFHV�UHTXLUHG�IRU�QRYHO

JHQH�HQJLQHHULQJ�WHFKQLTXHV�DUH�OLPLWHG�E\�WKH�UHVROXWLRQ�RI�WKH�JHQRPH�DQQRWDWLRQ��,Q�&KDSWHU����,�UHYLVH

WKH�766�JHQRPH�DQQRWDWLRQ�XVLQJ�WZR�GLIIHUHQW�766�VHTXHQFLQJ�WHFKQLTXHV�DFURVV�PXOWLSOH�WLVVXHV�LQ�WKH

&KLQHVH�KDPVWHU��766V�ZHUH�GHWHFWHG�LQ ������SURWHLQ�FRGLQJ JHQHV��DQG�GHWHFWHG�766V�LQ�������RI�WKHVH

JHQHV�KDG�766V�UHYLVHG�E\�DW�OHDVW����EDVH�SDLUV�IURP�WKH�QHDUHVW�1&%,�5HI6HT�766� 0RUH�SURPRWHU

PRWLI�HOHPHQWV�ZHUH�GHWHFWHG�DW�WKH�UHYLVHG�766V�WKDQ�DW�WKH�1&%,�766V� 7R�GHPRQVWUDWH�WKH�DFFXUDF\

DQG�IXQFWLRQDOLW\�RI�RXU�UHYLVHG�766�DQQRWDWLRQ�ZH�DFWLYDWHG�WKH�GRUPDQW 0JDW� JHQH�LQ�&+2�FHOOV�E\

&5,635�DFWLYDWLRQ � XVLQJ�D�QRYHO�LGHQWLILHG�766�

&'����+63&�FHOOV�DUH�WKH�WDUJHW�LQ�F\WRNLQH�WKHUDSLHV�WR�UHFUXLW�FHOOV�WR�GLIIHUHQWLDWH�LQWR�GHVLUHG

LPPXQH�OLQHDJHV��6WXG\LQJ�WKH�FORQDO�OLQHDJH�PXOWLSRWHQW�FDSDFLW\�LV�LPSRUWDQW�IRU�XQGHUVWDQGLQJ�FHOOXODU

UHVSRQVH�WR�WKHUDS\��5HFHQW�VWXGLHV�KDYH�VKRZQ�WKDW�WKHUH�LV�KHWHURJHQHLW\�LQ�+63&�FORQHV��ZKLFK�DUH

FHOOV�IURP�WKH�VDPH�SK\ORJHQHWLF�RULJLQ��LQ�ERWK�WKHLU�JURZWK�DQG�KHPDWRSRLHWLF�PXOWLSRWHQW�FDSDFLW\�

+RZHYHU��WUDFNLQJ�+36&�FORQHV�LQ�KXPDQV�LV�OLPLWHG��,Q�&KDSWHU����FORQDO�KHWHURJHQHLW\�LV�WUDFNHG�DFURVV

PXOWLSOH�GRQRUV�LQ�VWHDG\�VWDWH�DQG�LQ�UHVSRQVH�WR H[�YLYR F\WRNLQH�FRFNWDLO�XVLQJ�PLWRFKRQGULDO

VLQJOH�FHOO�$7$&�VHT��&HOOV�DUH�JURXSHG�LQWR�FORQHV�XVLQJ�QDWXUDOO\�RFFXUULQJ�VRPDWLF�PLWRFKRQGULDO

PXWDWLRQV��DQG�WKHLU�OLQHDJHV�DVVHVVHG�XVLQJ�UHJXODWRU\�UHJLRQV�LQ�WKH�QXFOHDU�RSHQ�FKURPDWLQ��/DUJHU

FORQHV�PDNH�XS�D�ODUJH�IUDFWLRQ�RI�GRQRU�+63&�GRQRU�SRSXODWLRQV��ZLWK�QR�FORQH�SUHIHUHQWLDOO\

UHVSRQGLQJ�WR�FXOWXUH��0RVW�FORQHV�VKRZ�PXOWLSRWHQW�FDSDFLW\��GLIIHUHQWLDWLQJ�LQWR�PXOWLSOH�LPPXQH

OLQHDJH�SURJHQLWRUV�
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2YHUDOO��WKLV�GLVVHUWDWLRQ�SURYLGHV�DQ�LPSURYHG�JHQRPH�DQQRWDWLRQ�LQ�&+2�FHOOV�DQG�DQ�DQDO\VLV

RQ�+63&�OLQHDJH�ELDV�LQ�VWHDG\�VWDWH�DQG�LQ�UHVSRQVH�WR�F\WRNLQH�WUHDWPHQW�
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����%LRWKHUDSHXWLFV�DV�HPHUJLQJ�WKHUDSLHV

,Q������WKH�)'$�DSSURYHG�WKH�ILUVW�ELRWKHUDSHXWLF�GUXJ��+XPXOLQ��D�KXPDQ�LQVXOLQ�UHFRPELQDQW

SURWHLQ�SURGXFHG�LQ�EDFWHULDO�FHOOV ������6LQFH�WKHQ WKH�QXPEHU�RI�ELRWKHUDSHXWLFV��GHVFULEHG�E\�WKH�:RUOG

+HDOWK�2UJDQL]DWLRQ�DV�³ELRORJLFDO�PHGLFLQDO�SURGXFWV�XVLQJ�JHQHWLFDOO\�HQJLQHHUHG�EDFWHULD��\HDVW��IXQJL�

FHOOV�RU�HYHQ�ZKROH�DQLPDOV�DQG�SODQWV´ ���KDV�ZLGHO\ H[SDQGHG��7KLV�LQFOXGHV�WKHUDSLHV�VXFK�DV

UHFRPELQDQW�SURWHLQ��53��(QEUHO��D�IXVLRQ�DQWLERG\�IRU�WUHDWLQJ�DXWRLPPXQH�GLVHDVHV��F\WRNLQH�EDVHG

WKHUDS\�VXFK�DV�LQWHUOHXNLQ���WR�WUHDW�FDQFHUV��DQG�DXWRORJRXV�JHQH�WKHUDS\�WR�WUHDW�VLFNOH�FHOO�GLVHDVH ��

����ELRSKDUPDFHXWLFDOV�ZHUH�RQ�WKH�PDUNHW�LQ����� ���DQG�DV�RI�1RYHPEHU������WKHUH�DUH����

)'$�OLFHQVHG�ELRORJLFV��WKH�ELRORJLFDO�WKHUDSHXWLF�SURGXFW� ���LQFOXGLQJ�PRQRFORQDO�DQWLERGLHV��P$%V��

KRUPRQHV��FORWWLQJ�IDFWRUV��DQG�HQJLQHHUHG�FHOO�EDVHG�SURGXFWV��'LVFRYHU\�RI�HIIHFWLYH�VPDOO�PROHFXOH

WKHUDSLHV�KDV�EHHQ�LQ�GHFOLQH��OHDGLQJ�WR�PRUH�UHVHDUFK�DQG�LQYHVWPHQW�LQWR�ELRWKHUDSLHV��7KHUH�DUH

SUHVVLQJ�QHHGV��KRZHYHU��WR�ERWK�EULQJ�GRZQ�SURGXFWLRQ�FRVWV�RI�WKHVH�WKHUDSLHV �±�� DQG�WR�XQGHUVWDQG�WKH

GRZQVWUHDP�SK\VLRORJLFDO�HIIHFWV�RI�WKHVH�PROHFXOHV ��±���

����1*6�WHFKQRORJLHV�IRU�DGYDQFLQJ�ELRWKHUDSHXWLF�GHYHORSPHQW�DQG�PRQLWRULQJ

&RPSOHPHQWLQJ�WKH�UHVHDUFK�LQWR�ELRWKHUDSLHV�RYHU�WKH�ODVW����\HDUV�LV�WKH�ULVH�RI�GLYHUVH�DQG

FRVW�HIIHFWLYH�QH[W�JHQHUDWLRQ�VHTXHQFLQJ��1*6��WHFKQRORJLHV��ZKLFK�SHUIRUP�PLOOLRQV�RI�UHDFWLRQV�LQ

SDUDOOHO�WR�SURYLGH�D�KLJK�WKURXJKSXW�DQG�VHQVLWLYH�WHFKQLTXH�WR�PHDVXUH�PXOWLSOH�PROHFXOHV�DW�RQFH ���

1*6�KDV�UHYROXWLRQL]HG�KRZ�ZH�XQGHUVWDQG�PROHFXODU�ELRORJ\ �������DQG�WKH�ILUVW�KXPDQ�JHQRPH�VROHO\

XVLQJ�WKLV�WHFKQLTXH�ZDV�SXEOLVKHG�LQ����� �� �WKH ILUVW�KXPDQ�JHQRPH�SXEOLVKHG�LQ��������$V�WKH�FRVW�RI

VHTXHQFLQJ�GHFUHDVHV�DQQXDOO\��JHQHWLF�WHVWLQJ��DQG�PDSSLQJ�PRGHO�RUJDQLVPV¶�JHQRPHV�ZHUH�SURPLVHG

WR�UHYROXWLRQL]H�RXU�DSSURDFK�WR�KXPDQ�PHGLFLQH��,W�ZDV�UHDOL]HG�HDUO\�RQ��KRZHYHU��WKDW�WKH�JHQRPH�ZDV

MXVW�WKH�VWDUW�WR�FUHDWLQJ�EUHDNWKURXJK�WKHUDSHXWLFV�DW�D�UDSLG�SDFH��DQG�1*6�WHFKQRORJ\�ZDV�WKHQ�IXUWKHU
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GHYHORSHG�WR�QRW�MXVW�VWXG\�µJHQRPLFV¶��ZKLFK�PHDVXUHV�DQ�RUJDQLVP
V�FRPSOHWH�VHW�RI�'1$��EXW�WR

LQYHVWLJDWH�RWKHU�DUHDV�RI�³�RPLFV´��7KLV�LQFOXGHV�WUDQVFULSWRPLFV��ZKLFK��GHSHQGLQJ�RQ�WKH�WHFKQLTXH�

PHDVXUHV�H[SUHVVLRQ�RI�GLIIHUHQW�51$�PROHFXOHV��HSLJHQRPLFV��ZKLFK�PHDVXUHV�GLIIHUHQW�HSLJHQRPLF

VLJQDWXUHV�GHSHQGLQJ�RQ�WKH�WHFKQLTXH��DQG�PRUH�UHFHQWO\��VLQJOH�FHOO��RPLFV��ZKLFK�PHDVXUHV�WKH

PROHFXOH�W\SH�RI�LQWHUHVW�LQ�PXOWLSOH�VLQJOH�FHOOV�DW�RQFH��$GGLWLRQDOO\��PXOWL�RPLFV�DOORZV�WKH

VLPXOWDQHRXV�PHDVXUHPHQWV�RI�GLVWLQFW�W\SHV�RI�PDFURPROHFXOHV��:KLOH��RPLFV�KDV�EHHQ�LQIRUPDWLYH�LQ

GHYHORSLQJ�DQG�PHDVXULQJ�HIIHFWV�RI�ELRWKHUDSLHV��WKHUH�VWLOO�DSSHDUV�WR�EH�JDSV�LQ�LQFRUSRUDWLQJ�QHZ�1*6

WHFKQLTXHV�WR�GHYHORS�QRYHO�WKHUDSLHV �������)XUWKHU� ZKHQ�SURGXFLQJ�WKHUDSHXWLFV��PXFK�RI�WKH�UHVHDUFK�LV

EDVHG�RQ�SULYDWH�GDWDVHWV�DQG�SURSULHWDU\�NQRZOHGJH��DQG�WKHUH�LV�D�ODFN�RI�IRFXV�RQ�FUHDWLQJ�XVHIXO�VKDUHG

UHVRXUFHV��ZLGHQLQJ�LQIRUPDWLRQ�JDSV�WKDW�ZKHQ�ILOOHG��FDQ�EHQHILW�WKH�HQWLUH�ILHOG��:KHQ�GHYHORSLQJ�DQG

WHVWLQJ�QRYHO�WKHUDSLHV�VXFK�DV�F\WRNLQH�WKHUDS\�DQG�VWHP�FHOO�WUDQVSODQWDWLRQ��ZH�ZDQW�WR�XQGHUVWDQG�WKH

HIIHFWV�RQ�WKH�ERG\�LQ�KLJK�UHVROXWLRQ��ZKLFK�1*6�SURYLGHV��,Q�WKLV�ZRUN��,�KHOS�FUHDWH�YDOXDEOH�UHVRXUFHV

XVLQJ�UHFHQWO\�GHYHORSHG�1*6�WHFKQLTXHV�WR�WKH�JHQHUDO�ELRSKDUPDFHXWLFDO�LQGXVWU\�WR�DVVLVW�LQ�SURGXFLQJ

DQG�PRQLWRULQJ�HIIHFWV�RI�ELRWKHUDSLHV�ZLWK�WZR�H[DPSOHV�

����&KDUDFWHUL]LQJ�WKH�WUDQVFULSWLRQDO�DUFKLWHFWXUH�LQ�LQGXVWULDOO\�UHOHYDQW�&+2�FHOOV

7KH�&KLQHVH�KDPVWHU�RYDU\��&+2��FHOO�OLQH�LV�RQH�RI�WKH�PRVW�XVHG�PDPPDOLDQ�FHOO�OLQH�IRU

SURGXFWLRQ�RI�UHFRPELQDQW�SURWHLQV�VXFK�DV�(QEUHO�DQG�P$%V ���$IWHU�WKHLU�LPPRUWDOL]DWLRQ� ����WKHLU

SRSXODULW\�DV�ELRWKHUDSHXWLF�SURGXFHUV�URVH�GXH�WR�WKHLU�KLJK�JURZWK�UDWH ����HDVH�RI�JHQHWLF�PDQLSXODWLRQ�

DQG�DELOLW\�WR�SURGXFH�FRPSOH[�SRVW�WUDQVODWLRQDOO\�PRGLILHG�SURWHLQV�WKDW�DUH�QRW�LPPXQRJHQLF�LQ

KXPDQV ����2SWLPL]LQJ�&+2�FHOOV�WR�LQFUHDVH�SURGXFWLRQ TXDQWLW\�DQG�LPSURYLQJ�TXDOLW\�KDV�EHHQ�D

SULRULW\�WR�UHGXFH�FRVWV��2YHU�WKH�SDVW�IHZ�GHFDGHV��WKHVH�RSWLPL]DWLRQ�HIIRUWV�KDYH�SURJUHVVHG�IURP

HQJLQHHULQJ�WKH�PHGLD�DQG�ELRUHDFWRUV�WR�WUDQVJHQH�FRGRQ�VHTXHQFH�DQG�PRUH�UHFHQWO\��FHOO�HQJLQHHULQJ

DQG�V\QWKHWLF�ELRORJ\ ������
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*HQRPH�VHTXHQFLQJ�HIIRUWV�LQ�ERWK�&+2�FHOOV�DQG�WKH�&KLQHVH�KDPVWHU�KDYH�KHOSHG�RXU�DELOLW\�WR

HQJLQHHU�&+2�FHOOV ��±����7R�LPSURYH�FHOO�SHUIRUPDQFH�DQG�SURGXFW�TXDOLW\��1*6�WHFKQRORJLHV�KDYH�EHHQ

XVHG�WR�GHYHORS�PHWDEROLF�PRGHOV��ILQG�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�EHWZHHQ�KLJK��DQG�ORZ�SURGXFLQJ

FHOO�OLQHV��DQG�GLVFRYHU�FRQWH[W�VSHFLILF�SURPRWHUV ��±����&RVWV��KRZHYHU��DUH�VWLOO�SURKLELWLYH��DQG

GLIIHUHQWLDO�H[SUHVVLRQ�GRHV�QRW�SURYLGH�HQRXJK�DFWLRQDEOH�GLUHFWLRQ��DV�RIWHQ�GR]HQV�WR�KXQGUHGV�RI�JHQHV

DUH�GHWHFWHG�DFURVV�FRQGLWLRQV��7KLV�KDV�OHG�WKH�ILHOG�WR�FRQVLGHU�JHQHWLF�HQJLQHHULQJ�WKH�KRVW�&+2�FHOOV

HLWKHU�UDWLRQDOO\ �������RU�LQ�D�V\VWHPDWLF�DQG�XQELDVHG PDQQHU�WKURXJK�ODUJH�VFDOH�JHQHWLF�VFUHHQV � WR

EHWWHU�FKDUDFWHUL]H�JHQH�HIIHFWV��&5,635�DFWLYDWLRQ��&5,635D ����DQG�RWKHU�JHQHWLF�HQJLQHHULQJ�PHWKRGV

FRXOG�SURYH�LQVWUXPHQWDO�WR�LPSURYLQJ�WKHUDSHXWLF�SURWHLQ�SURGXFWLRQ��7R�HQJLQHHU�JHQH�H[SUHVVLRQ�

KRZHYHU��NQRZOHGJH�RI�WKH�XQGHUO\LQJ�UHJXODWRU\�HOHPHQWV�LV�FULWLFDO��7KLV�LV�GXH�LQ�SDUW�WR�WKH�IDFW�WKDW

WKH�&KLQHVH�KDPVWHU�JHQRPH�DQQRWDWLRQ��ZKLFK�PDSV�WKH�JHQH�UHJLRQV�LQ�WKH�JHQRPH��UHPDLQV�IDU�IURP

FRPSOHWH��HVSHFLDOO\�IRU�WKH�DSSUR[LPDWHO\�����RI�JHQHV�WKDW�DUH�VLOHQFHG�LQ�&+2�FHOOV��LQFOXGLQJ�PDQ\

QHHGHG�IRU�SURGXFLQJ�PRUH�KXPDQ�OLNH�SURWHLQV ��� 6SHFLILFDOO\��QR�PHWKRG�WKDW�PDSV�WUDQVFULSWLRQ�VWDUW

VLWHV��766V��KDV�EHHQ�XVHG�LQ�PDSSLQJ�WKH�KDPVWHU�DQQRWDWLRQ��766�PDSSLQJ�LV�YLWDO�IRU�XVLQJ�JHQHWLF

HQJLQHHULQJ�WHFKQLTXHV�VXFK�DV�&5,635D�DQG�&5,635�LQKLELWLRQ��&5,635L��UHO\LQJ�RQ�WKH�JXLGH�51$V

WDUJHWLQJ�ZLWKLQ�����EDVHSDLUV�RI�WKH�JHQH�VWDUW�VLWH �������,Q�&KDSWHU����WR�DVVLVW�LQ�SURGXFWLRQ�RI�53V� ,

LQWHQG�WR�UHILQH�DQG�H[WHQG�WKH�WUDQVFULSW�DQQRWDWLRQ�RI�WKH�&KLQHVH�KDPVWHU�XVLQJ�VHQVLWLYH�WUDQVFULSWLRQ

VWDUW�VLWH�VHTXHQFLQJ��766�6HT��PHWKRGV��,�ZLOO�WKHQ�GHPRQVWUDWH�KRZ�WKLV�UHILQHPHQW�FDQ�DLG�IXUWKHU

RSWLPL]DWLRQ�RI�WKH�FHOO�OLQH�WR�SURGXFH�UHFRPELQDQW�SURWHLQV�WKURXJK�HIIHFWLYH�JHQH�HQJLQHHULQJ�XVLQJ

&5,635�DFWLYDWLRQ��&5,635D��

����7UDFNLQJ�FORQDO�OLQHDJH�ELDV�LQ�FOLQLFDOO\�UHOHYDQW�+63&V

%LRWKHUDSLHV�WDUJHWLQJ�WKH�LPPXQH�V\VWHP�KDYH�DFKLHYHG�UHFHQW�VXFFHVV�ZLWK�WKH�GHYHORSPHQW�RI

F\WRNLQH�EDVHG�WKHUDSLHV��VWHP�FHOO�WDUJHWHG�JHQH�WKHUDSLHV��DQG�&$5�7�WKHUDS\��,Q�EHWD�JORELQ�JHQH

WKHUDS\�LQ�VLFNOH�FHOO�GLVHDVH�SDWLHQWV��&'����KDHPDWRSRLHWLF�VWHP�DQG�SURJHQLWRU�FHOOV��+63&V��FHOOV�DUH

HLWKHU�WDNHQ�IURP�WKH�SDWLHQW��µDXWRORJRXVO\¶��RU�IURP�D�GRQRU��µDOORJHQLF¶���DQG�JHQHWLFDOO\�PRGLILHG�WR
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FDUU\�WKH�WKHUDSHXWLF�JHQH��DQG�DUH�WKHQ�SODFHG�LQWR�WKH�SDWLHQW��7KHVH�FHOOV�FDQ�WKHQ�GLIIHUHQWLDWH�LQWR

FLUFXODWLQJ�EORRG�FHOOV�ZLWK�WKH�FRUUHFWHG�JHQH��HIIHFWLYHO\�WUHDWLQJ�WKH�GLVHDVH��,VVXHV�UHPDLQ��KRZHYHU��LQ

JHQHUDWLQJ�VXIILFLHQW�FHOOV�DV�ZHOO�DV�WUDFNLQJ�WKH�OLQHDJH�IDWHV�RI�WKH�JHQHWLFDOO\�PRGLILHG�+63&�FORQHV

RQFH�WUDQVSODQWHG�LQ�WKH�GRQRU��&'����+63&V�DUH�DOVR�DQ�LPSRUWDQW�WDUJHW�IRU�GLIIHUHQW�F\WRNLQH�WKHUDSLHV

WKDW�DLP�WR�UHFUXLW�VSHFLILF�LPPXQH�FHOOV�WR�D�GLVHDVH ����� VXFK�DV�ZLWK�LQWHUOHXNLQ�� ����WR�SURPRWH

GLIIHUHQWLDWLRQ�RI�7��FHOOV��DPRQJVW�RWKHUV�� DQG )OW�O�WR�SURPRWH�GHQGULWLF�FHOO�GLIIHUHQWLDWLRQ ������ 7KH

ORQJ�WHUP�HIIHFW�RI�WKHVH�+63&�FHOOV��LQFOXGLQJ�WKHLU�JURZWK�DQG�OLQHDJH�SRWHQWLDO��VWLOO�UHPDLQV�DQ�DFWLYH

DUHD�RI�UHVHDUFK ��±����(DUO\�KHPDWRSRLHWLF�VWHP�FHOOV �+6&V��DUH�VLQJOH�FHOOV�ZLWK�WKH�SRWHQWLDO�WR

UHFRQVWLWXWH�WKH�EORRG�FHOO�SRSXODWLRQ��DQG�+6&�FORQHV�DUH�GRZQVWUHDP�FHOOV�FRPLQJ�IURP�WKH�VDPH�+6&�

7KHVH�FORQHV�JURZ�DQG�UHVSRQG�GLIIHUHQWO\�WR�WUHDWPHQW��5HFHQW�VWXGLHV�KDYH�DOVR�VKRZQ�WKDW�JHQHWLF

PXWDWLRQV�LQ�VSHFLILF�FORQHV�LQFUHDVH�WKHLU�JURZWK�UDWH�DQG�FRUUHODWHV�ZLWK�ERQH�PDUURZ�PDOLJQDQFLHV

��±����'HWHFWLQJ�D�FORQH
V�SRWHQWLDO�IRU�GLIIHUHQWLDWLQJ LQWR�GLIIHUHQW�SURJHQLWRU�OLQHDJHV��RU�LWV�PXOWLSRWHQF\�

LQ�WKHVH�+6&V�LV�KDPSHUHG�E\�RXU�DELOLW\�WR�WUDFN�FHOO�FORQDO�UHODWLRQVKLSV�LQ�D�KXPDQ�DORQJ�ZLWK�WKHLU

GRZQVWUHDP�LPPXQH�OLQHDJHV��6WXG\LQJ�+63&�OLQHDJH�IDWH�UHTXLUHV�GHOLQHDWLRQ�RI�FHOO�KLVWRU\��ZKLFK

UHTXLUHV�WKH�XVH�RI�µEDUFRGH¶��ZKLFK�LV�XVXDOO\�D�QXFOHRWLGH�VHTXHQFH�WR�LGHQWLI\�WKH�FHOO��WKDW�FDQ�EH

SDVVHG�RQWR�GDXJKWHU�FHOOV��'XH�WR�WKH�OLPLWDWLRQ�RI�LQVHUWLQJ�H[RJHQRXV�EDUFRGHV�LQ�KHDOWK\�KXPDQV�

WUDFNLQJ�FORQDO�UHODWLRQVKLSV�LQ�KXPDQV�KDV�EHHQ�OLPLWHG�WR�JHQH�WKHUDS\�WUDQVSODQW�VWXGLHV��DQG�FDQFHU

FHOOV�XVLQJ�VRPDWLF�PXWDWLRQV��6LQJOH�FHOO�1*6�WHFKQLTXHV�WKDW�FDSWXUH�WKH�HSLJHQRPH�DQG�WUDQVFULSWRPH

KDYH�EHHQ�XVHG�WR�LQIHU�OLQHDJH�DQG�FORQH�UHODWLRQVKLSV��EXW�WKHVH�PHDVXUHPHQWV�GR�QRW�GLUHFWO\�FDSWXUH

WKHVH�FHOO�UHODWLRQVKLSV ���

,Q�&KDSWHU����ZH�H[SORUH�FORQDO�VL]H�KHWHURJHQHLW\�DQG�OLQHDJH�ELDV�LQ�QDWLYH�KHPDWRSRLHVLV�DV

ZHOO�DV�LQ�UHVSRQVH�WR�F\WRNLQHV�LQ�KXPDQV�DQG�PLFH��7KLV�HVWDEOLVKHV�D�EDVHOLQH�WR�XQGHUVWDQG�WKH

WKHUDSHXWLFDOO\�UHOHYDQW�%0�&'����FHOOV�
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����2YHUYLHZ

,Q�&KDSWHU����,�UHYLVH�WKH�&KLQHVH�+DPVWHU�WUDQVFULSWLRQ�VWDUW�VLWH�DQQRWDWLRQ�XVLQJ�PXOWLSOH

FRPSOHPHQWDU\�1*6�WHFKQLTXHV��*52�VHT �����¶*52�VHT ����FV51$�VHT ����ULERVRPDO�51$�GHSOHWHG

51$�VHT�DQG�$7$&�VHT ����E\�FDSWXULQJ�DQG�FRQILGHQWO\ PDSSLQJ�QDVFHQW�766V�LQ�&+2�.��FHOOV����

&+�GHULYHG�WLVVXHV�DQG�KDPVWHU�ERQH�PDUURZ�GHULYHG�PDFURSKDJHV��%0'0V���766V�GHWHFWHG�DUH

LQWHJUDWHG�DFURVV�DOO�WLVVXHV�WR�UHYLVH�JHQH�766V�DQQRWDWHG�E\�1&%,��DQG�GLVFRYHU�DGGLWLRQDO�XQDQQRWDWHG

766V��7KHVH�766V�LPSURYH�WKH�FDSWXUH�RI�LQLWLDWRU�DQG�7$7$�ER[�PRWLI�HOHPHQWV�FRPSDUHG�WR�WKH�SULRU

DQQRWDWLRQ��$GGLWLRQDOO\��766V�VSHFLILF�WR�FHUWDLQ�WLVVXHV�WKDW�FRUURERUDWH�ZLWK�SULRU�NQRZQ�WLVVXH�VSHFLILF

JHQHV��DV�ZHOO�DV�VKDUHG�DQG�GLVWLQFW�SURPRWHU�HOHPHQWV�DFURVV�VDPSOHV��$�QHZ�766�LQ�0*$7��LV�WKHQ

FRUUREDUDWHG�XVLQJ�&5,635D�WR�SURGXFH�D�FOLQLFDOO\�UHOHYDQW�JO\FDQ�

,Q�FKDSWHU����OLQHDJH�ELDV�LV�DVVHVVHG�DFURVV�&'����+63&�FORQHV�LQ�ERWK�QDWLYH�VWHDG\�VWDWH

KHPDWRSRLHVLV�DFURVV�PXOWLSOH�KHDOWK\�GRQRUV��DQG�LQ�UHVSRQVH�WR�F\WRNLQH�WUHDWPHQW��7KLV�LV�GRQH�XVLQJ�D

UHFHQWO\�GHYHORSHG�1*6�WHFKQLTXH�WKDW�WUDFNV�FHOO�FORQDOLW\�XVLQJ�VRPDWLF�PLWRFKRQGULDO��07��YDULDQWV�DV

QDWXUDOO\�RFFXUULQJ�EDUFRGHV��DV�ZHOO�DV�QXFOHDU�RSHQ�FKURPDWLQ�UHJLRQV�WR�LQIRUP�FHOO�OLQHDJH�WKURXJK

WKHLU�HSLJHQRPH��7KH�WHFKQLTXH��PLWRFKRQGULDO�VLQJOH�FHOO�DVVD\�IRU�WUDQVSRVDVH�DFFHVVLEOH�FKURPDWLQ

VHTXHQFLQJ��PW�VF$7$&�VHT���WDNHV�DGYDQWDJH�RI�WKH�07¶V�VPDOO�JHQRPH�VL]H��KLJK�PXWDWLRQ�UDWH��DQG

KLJK�SHU�FHOO�FRS\�QXPEHUV�WR�ILQG�ERWK�SHUVLVWHQW�DQG�QRYHO�YDULDQWV�LQ�FHOOV�RI�NQRZQ�SK\ORJHQHWLF

�FORQDO��UHODWLRQVKLS��,Q�WKLV�VWXG\��,�VKRZ�GRQRUV�FDQ�EH�PXOWLSOH[HG�LQ�D�VDPSOH�DQG�VHSDUDWHG�XVLQJ

JHUPOLQH�07�PXWDWLRQV��DQG�GHILQH�FORQHV�XVLQJ�VRPDWLF�07�PXWDWLRQV��&ORQDO�GHWHFWLRQ�VKRZHG�WKDW�D

IHZ�ODUJHU�FORQHV�PDNH�XS�D�ODUJH�IUDFWLRQ�RI�WKH�FORQH�SRSXODWLRQ��&HOOV�ZHUH�WKHQ�FOXVWHUHG�XVLQJ�WKHLU

RSHQ�FKURPDWLQ�UHJLRQV�DQG�DVVLJQHG�OLQHDJH�W\SHV�EDVHG�RQ�IXQFWLRQDO�DQQRWDWLRQ�RI�WKHVH�UHJLRQV�

LQFOXGLQJ�SUR[LPLW\�WR�OLQHDJH�JHQHV�DQG�H[SRVHG�OLQHDJH�PRWLIV�LQ�D�FHOO��0RVW�FORQHV�FDUU\�PXOWLSRWHQW

FDSDFLW\��SURGXFLQJ�PXOWLSOH�GRZQVWUHDP�OLQHDJHV��7KLV�FDSDFLW\�ZDV�IXUWKHU�PHDVXUHG�XVLQJ�WKH�HQWURS\

RI�D�FORQH¶V�OLQHDJH�IDWH��DQG�LV�IRXQG�WR�EH�FRQVLVWHQW�DFURVV�FORQHV�
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7RJHWKHU��WKLV�GLVVHUWDWLRQ�SURYLGHV�LPSURYHG�XQGHUVWDQGLQJ�RI�ELRWKHUDSHXWLFDOO\�UHOHYDQW�FHOO

W\SHV�
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&+$37(5��

����$EVWUDFW

&KLQHVH�KDPVWHU�RYDU\��&+2��FHOOV�DUH�ZLGHO\�XVHG�IRU�SURGXFLQJ�ELRSKDUPDFHXWLFDOV��DQG

HQJLQHHULQJ�JHQH�H[SUHVVLRQ�LQ�&+2�LV�NH\�WR�LPSURYLQJ�GUXJ�TXDOLW\�DQG�DIIRUGDELOLW\��+RZHYHU�

HQJLQHHULQJ�JHQH�H[SUHVVLRQ�RU�DFWLYDWLQJ�VLOHQW�JHQHV�UHTXLUHV�DFFXUDWH�DQQRWDWLRQ�RI�WKH�XQGHUO\LQJ

UHJXODWRU\�HOHPHQWV�DQG�WUDQVFULSWLRQ�VWDUW�VLWHV��766V���8QIRUWXQDWHO\��PRVW�766V�LQ�WKH�SXEOLVKHG

&KLQHVH�KDPVWHU�JHQRPH�VHTXHQFH�ZHUH�FRPSXWDWLRQDOO\�SUHGLFWHG�DQG�DUH�IUHTXHQWO\�LQDFFXUDWH��+HUH�

ZH�XVH�QDVFHQW�WUDQVFULSWLRQ�VWDUW�VLWH�VHTXHQFLQJ�PHWKRGV�WR�UHYLVH�766�DQQRWDWLRQV�IRU��������&KLQHVH

KDPVWHU�JHQHV�DQG�������QRQ�FRGLQJ�51$V�EDVHG�RQ�H[SHULPHQWDO�GDWD�IURP�&+2�.��FHOOV�DQG���

KDPVWHU�WLVVXHV��:H�IXUWKHU�FDSWXUH�WHQV�RI�WKRXVDQGV�RI�SXWDWLYH�WUDQVFULEHG�HQKDQFHU�UHJLRQV�ZLWK�WKLV

PHWKRG��2XU�UHYLVHG�766V�LPSURYHV�XSRQ�WKH�5HI6HT�DQQRWDWLRQ�E\�UHYHDOLQJ�FRUH�VHTXHQFH�IHDWXUHV�RI

JHQH�UHJXODWLRQ�VXFK�DV�WKH�7$7$�ER[�DQG�WKH�,QLWLDWRU�DQG��DV�H[HPSOLILHG�E\�WDUJHWLQJ�WKH

JO\FRV\OWUDQVIHUDVH�JHQH�0JDW���IDFLOLWDWH�DFWLYDWLQJ�VLOHQW�JHQHV�E\�&5,635D��7RJHWKHU��ZH�HQYLVLRQ�RXU

UHYLVHG�DQQRWDWLRQ�DQG�GDWD�ZLOO�SURYLGH�D�ULFK�UHVRXUFH�IRU�WKH�&+2�FRPPXQLW\��LPSURYH�JHQRPH

HQJLQHHULQJ�HIIRUWV�DQG�DLG�FRPSDUDWLYH�DQG�HYROXWLRQDU\�VWXGLHV�

����,QWURGXFWLRQ

&KLQHVH�KDPVWHU�RYDU\��&+2��FHOOV�DUH�WKH�SUHGRPLQDQW�PDPPDOLDQ�V\VWHP�IRU�ODUJH�VFDOH

SURGXFWLRQ�RI�FOLQLFDO�WKHUDSHXWLF�SURWHLQV ���7KH\ DUH�YDOXHG�IRU�WKHLU�KLJK�JURZWK�UDWH ����HDVH�RI JHQHWLF

PDQLSXODWLRQ�DQG�DELOLW\�WR�SURSHUO\�IROG��DVVHPEOH�DQG�SURGXFH�FRPSOH[�SRVW�WUDQVODWLRQDOO\�PRGLILHG

SURWHLQV�WKDW�DUH�QRW�LPPXQRJHQLF�LQ�KXPDQV ����$V RI�����������RI�)'$�DSSURYHG�PRQRFORQDO

DQWLERGLHV�ZHUH�SURGXFHG�LQ�&+2�FHOOV � DQG�E\�VDOHV LQ���������RXW�RI�WKH�WRS����GUXJV�DUH�&+2�GHULYHG

UHFRPELQDQW�SURWHLQV ����2SWLPL]LQJ�&+2�FHOOV�WR�LQFUHDVH SURGXFWLRQ�TXDQWLW\�DQG�TXDOLW\�KDV�EHHQ�D

SULRULW\�IRU�HIIRUWV�WR�UHGXFH�WKH�FRVWV�RI�ELRSKDUPDFHXWLFDOV��2YHU�WKH�SDVW�IHZ�GHFDGHV��WKHVH

RSWLPL]DWLRQ�HIIRUWV�KDYH�SURJUHVVHG�IURP�HQJLQHHULQJ�WKH�PHGLD�DQG�ELRUHDFWRUV�WR�WUDQVJHQH�FRGRQ

VHTXHQFH�DQG�PRUH�UHFHQWO\��FHOO�HQJLQHHULQJ�DQG�V\QWKHWLF�ELRORJ\ ������
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*HQRPH�VHTXHQFLQJ�HIIRUWV�IRU�&+2�FHOOV�DQG�WKH�&KLQHVH�KDPVWHU ����� KDYH�EHHQ�IXQGDPHQWDO

IRU�VWXG\LQJ�DQG�HQJLQHHULQJ�&+2�FHOOV��,Q�SDUWLFXODU��WKH\�HQDEOHG�V\VWHPDWLF�LGHQWLILFDWLRQ�RI�JHQHV

DVVRFLDWHG�ZLWK�LPSURYHG�FHOO�SHUIRUPDQFH�DQG�SURGXFW�TXDOLW\ ��������������±����)XUWKHUPRUH��WKH�VHTXHQFHV

HQDEOHG�WKH�LPSOHPHQWDWLRQ�RI�&+2�FHOO�HQJLQHHULQJ�XVLQJ�WRROV�LQFOXGLQJ�WUDQVFULSWLRQ�DFWLYDWRU�OLNH

HIIHFWRU�QXFOHDVHV��7$/(1V� ����51$�GLUHFWHG�'1$�PHWK\ODWLRQ �5G'0� ����&5,635�&DV� ����DQG�RWKHUV

IRU�JHQHWLF�VFUHHQV�DQG�WKH�WDUJHWHG�LQKLELWLRQ�RU�DFWLYDWLRQ�RI�JHQHV �������+RZHYHU��WKH�&KLQHVH�KDPVWHU

JHQRPH�DQQRWDWLRQ�UHPDLQV�IDU�IURP�FRPSOHWH��HVSHFLDOO\�IRU�WKH�DSSUR[LPDWHO\�����RI�JHQHV�WKDW�DUH

VLOHQFHG�LQ�&+2�FHOOV��LQFOXGLQJ�PDQ\�QHHGHG�IRU�SURGXFLQJ�PRUH�KXPDQ�OLNH�SURWHLQV ����&5,635

DFWLYDWLRQ��&5,635D �� DQG�RWKHU�JHQHWLF�HQJLQHHULQJ PHWKRGV�FRXOG�EH�LQVWUXPHQWDO�WR�LPSURYH

WKHUDSHXWLF�SURWHLQ�SURGXFWLRQ��+RZHYHU��WR�HQJLQHHU�JHQH�H[SUHVVLRQ��NQRZOHGJH�RI�WKH�XQGHUO\LQJ

UHJXODWRU\�HOHPHQWV�LV�FULWLFDO�

5HFUXLWPHQW�RI�WKH�51$�3RO\PHUDVH�,,�SUH�LQLWLDWLRQ�FRPSOH[��51$3,,��E\�&5,635D�RU

EORFNLQJ�RI�WKH�51$3,,�E\�&5,635�LQKLELWLRQ��&5,635L��DQG�SURPRWHU�HGLWLQJ ����� UHTXLUH�NQRZOHGJH�RI

WKH�SRO\PHUDVH¶V�QDWLYH�WUDQVFULSWLRQ�VWDUW�VLWH��766���8QIRUWXQDWHO\��WKH�YDVW�PDMRULW\�RI�766V�LQ�WKH

&KLQHVH�KDPVWHU�5HI6HT�DQQRWDWLRQ�ZHUH�SUHGLFWHG�FRPSXWDWLRQDOO\

�KWWSV���ZZZ�QFEL�QOP�QLK�JRY�JHQRPH�DQQRWDWLRQBHXN�SURFHVV�� DQG�PD\�QRW�FRUUHVSRQG�WR�WKH�DFWXDO

VWDUW�VLWHV LQ�YLYR��:KLOH�SUHYLRXV�ZRUN�DQQRWDWHG ������766V�XVLQJ�VWHDG\�VWDWH��ƍ51$�HQGV�E\�FDS

DQDO\VLV�JHQH�H[SUHVVLRQ��&$*(��LQ�&+2�FHOOV ����WKH GDWD�DQG�DQQRWDWLRQ�DUH�QRW�SXEOLFO\�DYDLODEOH�

&RQVHTXHQWO\��FXUUHQW�LQDFFXUDFLHV�LQ�WKH�DQQRWDWLRQ�RI�WKH�&KLQHVH�KDPVWHU�JHQRPH�DQG�LWV�766V�SUHVHQW

D�PDMRU�KXUGOH�IRU�WDUJHWHG�HQJLQHHULQJ�RI�JHQH�H[SUHVVLRQ�LQ�&+2�FHOOV�

7R�UHPHG\�WKLV�LVVXH��ZH�JHQHUDWHG�PXOWLSOH�FRPSOHPHQWDU\�H[SHULPHQWDO�GDWD�W\SHV�WR�DFFXUDWHO\

FDSWXUH�QDVFHQW�WUDQVFULSWLRQ�VWDUW�VLWHV��766V��DW�VLQJOH�QXFOHRWLGH�UHVROXWLRQ�>�ƍ*52�VHT ����FV51$�VHT
����*52�VHT ��@��H[SUHVVHG�JHQHV��ULERVRPDO�51$�GHSOHWHG 51$�VHT���VPDOO�51$V�>V51$�VHT ��@�DQG

RSHQ�FKURPDWLQ��$7$&�VHT �����7R�PRUH�FRPSUHKHQVLYHO\ GHILQH�UHJXODWRU\�HOHPHQWV�LQ�&+2�FHOOV�

LQFOXGLQJ�IRU�VLOHQFHG�JHQHV��ZH�LQWHUURJDWHG�QRW�RQO\�&+2�.��FHOOV�EXW�DOVR����WLVVXHV�DQG�ERQH�PDUURZ

GHULYHG�PDFURSKDJHV��%0'0V��IURP�&KLQHVH�KDPVWHUV�RI�WKH�RULJLQDO�FRORQ\�ZKHUH�&+2�FHOOV�ZHUH

GHULYHG ����7KURXJK�WKLV�ZRUN��ZH�GHYHORSHG�D�FRPSUHKHQVLYH FRPSHQGLXP�RI�&KLQHVH�KDPVWHU�JHQH

H[SUHVVLRQ��LQFOXGLQJ�JHQHV��HQKDQFHUV��XQVWDEOH�GLYHUJHQW�WUDQVFULSWV��GLYHUVH�QRQ�FRGLQJ�51$V�DQG�WKHLU

UHVSHFWLYH�766V��*LYHQ�WKHLU�LPSRUWDQFH�LQ�GHSOR\LQJ�&5,635D��ZH�IXUWKHU�DQDO\]HG�WKH�766V�RI
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SURWHLQ�FRGLQJ�JHQHV��7KHVH�GDWD�HQDEOHG�XV�WR�DFFXUDWHO\�DQQRWDWH�WKH�766�RU�766V�RI�������

SURWHLQ�FRGLQJ�JHQHV�DQG�������QRQ�FRGLQJ�51$V��1RWDEO\��IRU�������������RI�REVHUYHG�JHQHV��JHQHV�

DOO�GHWHFWHG�766V�ZHUH�UHYLVHG�E\�!���EDVH�SDLUV��ES��IURP�WKH�QHDUHVW�1&%,�5HI6HT�766��DQG�����

������E\�!����ES��7R�GHPRQVWUDWH�WKH�DFFXUDF\�DQG�IXQFWLRQDOLW\�RI�RXU�UHYLVHG�766�DQQRWDWLRQ�ZH

DFWLYDWHG�WKH�GRUPDQW0JDW� �ȕ�����PDQQRV\O�JO\FRSURWHLQ ��ȕ�1�DFHW\OJOXFRVDPLQ\OWUDQVIHUDVH��LQ

&+2�FHOOV�E\�&5,635D � XVLQJ�D�QRYHO�LGHQWLILHG�766� ,Q�DGGLWLRQ�WR�DFFXUDWH�766V��WKH�GDWD�JHQHUDWHG

SURYLGH�LQVLJKWV�LQWR�WKH�'1$�PRWLIV�DQG�WUDQVFULSWLRQDO�UHJXODWRU\�SDWKZD\V�XQGHUO\LQJ�WLVVXH�VSHFLILFLW\

LQ�KDPVWHUV��7RJHWKHU��ZH�HQYLVLRQ�RXU�GDWD�DQG�UHYLVHG�766�DQQRWDWLRQ�IRU�WKH�&KLQHVH�KDPVWHU�ZLOO

SURYLGH�D�ULFK�UHVRXUFH�IRU�WKH�&+2�FRPPXQLW\��IDFLOLWDWH�LQWHJUDWLQJ�WKH�&KLQHVH�KDPVWHU�LQWR

FRPSDUDWLYH�VWXGLHV��DQG�LPSURYH�HQJLQHHULQJ�DQG�PDQLSXODWLRQ�IRU�RSWLPL]LQJ�WKH�SURGXFWLRQ�RI

WKHUDSHXWLF�UHFRPELQDQW�SURWHLQV�LQ�&+2�FHOOV�

����0DWHULDOV�DQG�0HWKRGV

����� 6DPSOH�SUHSDUDWLRQ

)HPDOH�&KLQHVH�KDPVWHUV��&ULFHWXOXV�JULVHXV��ZHUH JHQHURXVO\�SURYLGHG�E\�*HRUJH�<HUJDQLDQ

�&\WRJHQ�5HVHDUFK�DQG�'HYHORSPHQW��,QF���DQG�KRXVHG�DW�WKH�8QLYHUVLW\�RI�&DOLIRUQLD�6DQ�'LHJR�DQLPDO

IDFLOLW\�RQ�D���K���K�OLJKW�GDUN�F\FOH�ZLWK�IUHH�DFFHVV�WR�QRUPDO�FKRZ�IRRG�DQG�ZDWHU��$OO�DQLPDO

SURFHGXUHV�ZHUH�DSSURYHG�E\�WKH�8QLYHUVLW\�RI�&DOLIRUQLD�6DQ�'LHJR�,QVWLWXWLRQDO�$QLPDO�&DUH�DQG�8VH

&RPPLWWHH�LQ�DFFRUGDQFH�ZLWK�8QLYHUVLW\�RI�&DOLIRUQLD�6DQ�'LHJR�UHVHDUFK�JXLGHOLQHV�IRU�WKH�FDUH�DQG�XVH

RI�ODERUDWRU\�DQLPDOV��1RQH�RI�WKH�XVHG�KDPVWHUV�ZHUH�VXEMHFW�WR�DQ\�SUHYLRXV�SURFHGXUHV�DQG�DOO�ZHUH

XVHG�QDLYHO\��ZLWKRXW�DQ\�SUHYLRXV�H[SRVXUH�WR�GUXJV��(XWKDQL]HG�KDPVWHUV�ZHUH�TXLFNO\�FKLOOHG�LQ�D�ZHW

LFH�HWKDQRO�PL[WXUH��䍐��������RUJDQV�ZHUH�LVRODWHG��SODFHG�LQWR�7UL]RO�/6��IODVK�IUR]HQ�LQ�OLTXLG�QLWURJHQ

DQG�VWRUHG�DW�����&�IRU�ODWHU�XVH��&+2�.��FHOOV�ZHUH�JURZQ�LQ�)�.���PHGLXP��*,%&2�,QYLWURJHQ�

&DUOVEDG��&$��86$��DW����&�ZLWK����&2��

������%RQH�PDUURZ�GHULYHG�PDFURSKDJH��%0'0��FXOWXUH

+DPVWHU�ERQH�PDUURZ�GHULYHG�PDFURSKDJHV��%0'0V��ZHUH�JHQHUDWHG�DV�GHWDLOHG�SUHYLRXVO\

LQ����)HPXU��WLELD�DQG�LOLDF�ERQHV�ZHUH�IOXVKHG�ZLWK '0(0�KLJK�JOXFRVH��&RUQLQJ���UHG�EORRG�FHOOV�ZHUH

O\VHG��DQG�FHOOV�FXOWXUHG�LQ�'0(0�KLJK�JOXFRVH������������/����FHOO�FRQGLWLRQHG�ODERUDWRU\�PDGH

�
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PHGLD��DV�VRXUFH�RI�PDFURSKDJH�FRORQ\�VWLPXODWLQJ�IDFWRU��0�&6)��������)%6��2PHJD�6FLHQWLILF������

8�PO�SHQLFLOOLQ�VWUHSWRP\FLQ�/�JOXWDPLQH��*LEFR��DQG�����ȝJ�PO�$PSKRWHULFLQ�%��+\&ORQH���$IWHU��

GD\V�RI�GLIIHUHQWLDWLRQ�������QJ�PO�PRXVH�0�&6)��6KHQDQGRDK�%LRWHFKQRORJ\��ZDV�DGGHG��$IWHU�DQ

DGGLWLRQDO���GD\V�RI�FXOWXUH��QRQ�DGKHUHQW�FHOOV�ZHUH�ZDVKHG�RII�ZLWK�URRP�WHPSHUDWXUH�'0(0�WR�REWDLQ

D�KRPRJHQHRXV�SRSXODWLRQ�RI�DGKHUHQW�PDFURSKDJHV�ZKLFK�ZHUH�VHHGHG�IRU�H[SHULPHQWDWLRQ�LQ�1XQF�&HOO

&XOWXUH�GLVKHV��7KHUPR�6FLHQWLILF��RYHUQLJKW�LQ�'0(0�FRQWDLQLQJ�����)%6������8�PO

SHQLFLOOLQ�VWUHSWRP\FLQ�/�JOXWDPLQH������ȝJ�PO�$PSKRWHULFLQ�%�DQG������QJ�PO�0�&6)��)RU�.GR��/LSLG

$��./$��DFWLYDWLRQ��PDFURSKDJHV�ZHUH�WUHDWHG�ZLWK����QJ�PO�./$��$YDQWL�3RODU�/LSLGV��IRU���KRXU�

������51$�VHT

51$�ZDV�H[WUDFWHG�IURP�RUJDQV�WKDW�ZHUH�KRPRJHQL]HG�LQ�7UL]RO�/6�XVLQJ�DQ�2PQL�7LVVXH

KRPRJHQL]HU��$IWHU�LQFXEDWLRQ�DW�57�IRU���PLQ��VDPSOHV�ZHUH�VSXQ�DW������� J IRU���PLQ��VXSHUQDWDQW

WUDQVIHUUHG�WR�D�QHZ�WXEH�DQG�51$�H[WUDFWHG�IROORZLQJ�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��6WUDQG�VSHFLILF�WRWDO

51$�VHT�OLEUDULHV�IURP�ULERVRPDO�51$�GHSOHWHG�51$�ZHUH�SUHSDUHG�XVLQJ�WKH�7UX6HT�6WUDQGHG�7RWDO

51$�/LEUDU\�NLW��,OOXPLQD��DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU�VXSSOLHG�SURWRFRO��/LEUDULHV�ZHUH�VHTXHQFHG

����ES�SDLUHG�HQG�WR�D�GHSWK�RI�����±�����PLOOLRQ�UHDGV�RQ�DQ�,OOXPLQD�+L6HT�����LQVWUXPHQW�

������FV51$�VHT�SURWRFRO

&DSSHG�VPDOO�51$�VHTXHQFLQJ�ZDV�SHUIRUPHG�LGHQWLFDOO\�DV�GHVFULEHG�LQ ����%ULHIO\��WRWDO�51$

ZDV�VL]H�VHOHFWHG�RQ�����DFU\ODPLGH����0�85($�DQG��î�7%(�JHO��,QYLWURJHQ�(&����%2;���HOXWHG�DQG

SUHFLSLWDWHG�RYHU�QLJKW�DW�����&��*LYHQ�WKDW�WKH�5,1�RI�WKH�WLVVXH�51$�ZDV�RIWHQ�DV�ORZ�DV����HVVHQWLDO

LQSXW�OLEUDULHV�ZHUH�JHQHUDWHG�WR�IDFLOLWDWH�DFFXUDWH�SHDN�FDOOLQJ ����FV51$�OLEUDULHV�ZHUH�WZLFH�FDS

VHOHFWHG�SULRU�WR�GHFDSSLQJ��DGDSWHU�OLJDWLRQ�DQG�VHTXHQFLQJ��,QSXW�OLEUDULHV�ZHUH�GHFDSSHG�SULRU�WR

DGDSWHU�OLJDWLRQ�DQG�VHTXHQFLQJ�WR�UHSUHVHQW�WKH�ZKROH�UHSHUWRLUH�RI�VPDOO�51$V��6DPSOHV�ZHUH�TXDQWLILHG

E\�4ELW��,QYLWURJHQ��DQG�VHTXHQFHG�XVLQJ�WKH�,OOXPLQD�1H[W6HT�����SODWIRUP�XVLQJ����F\FOHV�VLQJOH�HQG�

������*OREDO�UXQ�RQ�QXFOHDU�VHTXHQFLQJ�SURWRFRO

1XFOHL�IURP�KDPVWHU�WLVVXHV�ZHUH�LVRODWHG�DV�GHVFULEHG�LQ ����+DPVWHU�%0'0�DQG�&+2�QXFOHL

ZHUH�LVRODWHG�XVLQJ�K\SRWRQLF�O\VLV�>���P0�7ULV�+&O�S+��������P0�0J&O�����P0�&D&O�@�ZLWK������DQG

�����,*(3$/��UHVSHFWLYHO\��1XFOHL�ZHUH�IODVK�IUR]HQ�DQG�ODWHU����±��î�����QXFOHL�LQ�����ȝO

*52�IUHH]LQJ�EXIIHU�>���P0�7ULV�+&O�S+��������P0�0J&O�� ����*O\FHURO@�ZHUH�XVHG�LQ�UHDFWLRQV�ZLWK

��

https://paperpile.com/c/GUGQPJ/DJtih
https://paperpile.com/c/GUGQPJ/DJtih
https://paperpile.com/c/GUGQPJ/zg0QW


�[�152�EXIIHU�>���P0�7ULV�&O�S+����������P0�0J&O�������P0�'77������P0�.&O������8�ȝO�RI

683(5DVH�,Q�������6DUNRV\O������ȝ0�$73��*73��5RFKH��DQG�%U�873��6LJPD�$OGULFK��DQG�����ȝ0�&73

�5RFKH��WR�OLPLW�UXQ�RQ�OHQJWK�WR�䍐���QW�@�DV�GHVFULEHG�LQ ����5XQ�RQ�UHDFWLRQV�ZHUH�VWRSSHG��SXULILHG�DQG

*52�VHT�DQG��ƍ*52�VHT�OLEUDULHV�JHQHUDWHG�H[DFWO\�DV�GHVFULEHG�LQ ����%U8�HQULFKPHQW�ZDV�SHUIRUPHG

XVLQJ�D�%UG8�$QWLERG\��6LJPD�%���������ȝO�0RXVH�PRQRFORQDO�%8�����FRXSOHG�WR�3URWHLQ�*��'\QDO

����'��EHDGV��)RU�HDFK�VDPSOH����î����ȝO�RI�3URWHLQ�*�EHDGV�ZHUH�ZDVKHG�WZLFH�LQ�'3%6�������7ZHHQ

����'3%6�7��DQG�WKHQ�WKH�DQWLERG\�FRXSOHG�LQ�D�WRWDO�YROXPH�RI���PO�'3%6�7�XQGHU�JHQWOH�URWDWLRQ�

$ERXW���ȝO�RI�DQWLERG\�ZDV�XVHG�SHU���ȝO�RI�EHDGV��6DPSOHV�ZHUH�DPSOLILHG�IRU����F\FOHV��VL]H�VHOHFWHG�IRU

���±����ES�DQG�VHTXHQFHG�RQ�DQ�,OOXPLQD�1H[W6HT�����XVLQJ����F\FOHV�VLQJOH�HQG�

������$VVD\�IRU�WUDQVSRVDVH�DFFHVVLEOH�FKURPDWLQ�VHTXHQFLQJ��$7$&�VHT��SURWRFRO

$SSUR[LPDWHO\�����N�QXFOHL�LQ������ȝO�*52�IUHH]LQJ�EXIIHU��LVRODWHG�DV�GHVFULEHG�IRU�*52�VHT

DERYH��ZHUH�PL[HG�ZLWK����ȝO��î�'0)�EXIIHU�>��P0�7ULV�DFHWDWH��S+� �����������.�$FHWDWH�����P0

0J�$FHWDWH������'0)@�DQG�WDJPHQWHG�XVLQJ�����ȝO�'1$�7Q���1H[WHUD�'1$�/LEUDU\�3UHSDUDWLRQ�.LW�

,OOXPLQD��DGGHG��7KH�PL[WXUH�ZDV�LQFXEDWHG�DW����&�IRU����PLQ�DQG�VXEVHTXHQWO\�SXULILHG�XVLQJ�WKH

=\PRJHQ�&K,3�'1$�SXULILFDWLRQ�NLW��'������DV�GHVFULEHG�E\�WKH�PDQXIDFWXUHU��'1$�ZDV�DPSOLILHG

XVLQJ�WKH�1H[WHUD�3ULPHU�$G��DQG�XQLTXH�$G��Q�EDUFRGLQJ�SULPHUV�XVLQJ�1(%1H[W�+LJK�)LGHOLW\��î

3&5�00�IRU���F\FOHV��3&5�UHDFWLRQV�ZHUH�SXULILHG�XVLQJ�����YROXPHV�RI�6SHHG%HDGV�LQ�����0�1D&O�

����3(*������VL]H�VHOHFWHG�IRU����±����ES�IUDJPHQWV�DQG�VHTXHQFHG�XVLQJ�WKH�,OOXPLQD�1H[W6HT����

SODWIRUP�XVLQJ����F\FOHV�VLQJOH�HQG��7KLV�VL]H�UDQJH�ZDV�VHOHFWHG�WR�HQULFK�IRU�QXFOHRVRPH�IUHH�UHJLRQV�

������&5,635D

&5,635D�ZDV�FDUULHG�RXW�DV�SUHYLRXVO\�GHVFULEHG�LQ ����%ULHIO\��JXLGH�51$V��J51$V��ZHUH

GHVLJQHG�LQ�D�UHJLRQ�SUR[LPDO�WR�RXU�QHZ�UHYLVHG�766�IRU 0JDW� �1&%,�*HQH,'�������������DQG

SULRULWL]HG�EDVHG�RQ�RII�WDUJHWV�SUR[LPLW\�WR�WKH�766��7DUJHW�VHTXHQFHV�DQG�J51$�ROLJRV�DUH�OLVWHG�LQ

7DEOHV�6��� DQG 6�����UHVSHFWLYHO\��J51$V�ZHUH�WUDQVIHFWHG DORQJ�ZLWK�D�G&DV��935�IXVLRQ�SODVPLG

>935�G&DV���DGGJHQH���������@�LQWR�PXWDQW�&+2�6�FHOOV�FDUU\LQJ�NQRFNRXWV�RI0JDW�D��E DQG ��

6W�JDO��� DQG �� %�JQW�� 6SSO� DQG )XW� LQ�ELRORJLFDO WULSOLFDWHV��1RQ�WDUJHWLQJ�J51$V�ZHUH�WUDQVIHFWHG

ZLWK��17�J51$��DQG�ZLWKRXW�935�G&DV���17�&DV���DV�FRQWUROV��7ZR�GD\V�DIWHU�WUDQVIHFWLRQ��FHOOV�ZHUH

KDUYHVWHG�WR�DVVHVV�DFWLYDWLRQ�YLD�T57�3&5��LQ�WHFKQLFDO�WULSOLFDWH��DQG�1�JO\FDQ�DQDO\VLV��7UDQVFULSW

��
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OHYHOV�ZHUH�QRUPDOL]HG�WR�WKH�PHDQ�RI +SUW DQG *QE� DQG�UHODWLYH�H[SUHVVLRQ�OHYHOV�ZHUH�FDOFXODWHG�XVLQJ

WKH��±ǻǻ&W�PHWKRG ���

������*O\FDQ�TXDQWLILFDWLRQ

1�*O\FDQV�ZHUH�IOXRUHVFHQWO\�ODEHOHG�DQG�TXDQWLILHG�YLD�/&�06�DV�GHVFULEHG�SUHYLRXVO\�LQ ���

%ULHIO\��WKH�VXSHUQDWDQW�ZDV�FRQFHQWUDWHG�XVLQJ�$PLFRQ��8OWUD���&HQWULIXJDO�)LOWHU�8QLWV��6HFUHWRPH

SURWHLQV�ZHUH�IOXRUHVFHQWO\�ODEHOHG�ZLWK�*O\FR:RUNV�5DSL)OXRU�06�1�*O\FDQ�.LW��:DWHUV��0LOIRUG�

0$���1�OLQNHG�JO\FDQ�DQDO\VLV�ZDV�SHUIRUPHG�E\�/&�06�XVLQJ�D�:DWHUV�$FTXLW\�*O\FDQ�%(+�$PLGH

���ௗc������ௗPPௗ�îௗ����ௗPP�����ௗȝP�FROXPQ��:DWHUV��0LOIRUG��ZLWK�D�7KHUPR�8OWLPDWH������+3/&�ZLWK

WKH�IOXRUHVFHQFH�GHWHFWRU�FRXSOHG�RQOLQH�WR�D�7KHUPR�9HORV�3UR�,RQWUDS�06��UXQ�LQ�SRVLWLYH�PRGH��DQG�D

VHSDUDWLRQ�JUDGLHQW�RI���±����EXIIHU��7KH�DPRXQW�RI�1�JO\FDQ�ZDV�PHDVXUHG�E\�LQWHJUDWLQJ�WKH�DUHDV

XQGHU�WKH�QRUPDOL]HG�IOXRUHVFHQFH�VSHFWUXP�SHDNV�ZLWK�7KHUPR�;FDOLEXU�VRIWZDUH��7KHUPR�)LVKHU

6FLHQWLILF��JLYLQJ�QRUPDOL]HG��UHODWLYH�JO\FDQ�TXDQWLWLHV�

������51$�VHT�SURFHVVLQJ

6HTXHQFH�GDWD�IRU�DOO�51$�VHT��ULERVRPDO�GHSOHWHG�51$�VHT��FV51$�VHT���ƍ*52�VHT�

V51$�VHT��*52�VHT���GDWD�ZHUH�TXDOLW\�FRQWUROOHG�XVLQJ�)DVW4&��Y��������%DEUDKDP�,QVWLWXWH��������

DQG�FXWDGDSW�Y���� �� ZDV�XVHG�WR�WULP�DGDSWHU�VHTXHQFHV DQG�ORZ�TXDOLW\�EDVHV�IURP�WKH�UHDGV��5HDGV

ZHUH�DOLJQHG�WR�WKH�&KLQHVH�KDPVWHU�JHQRPH�DVVHPEO\�3,&5�DQG�DQQRWDWLRQ�*&)B�������������SDUW�RI

WKH�1&%,�$QQRWDWLRQ�5HOHDVH������6HTXHQFH�DOLJQPHQW�ZDV�DFFRPSOLVKHG�XVLQJ�WKH�67$5�Y�����D

DOLJQHU �� ZLWK�GHIDXOW�SDUDPHWHUV��5HDGV�PDSSHG�WR PXOWLSOH�ORFDWLRQV�ZHUH�UHPRYHG�IURP�DQDO\VLV�

������$7$&�VHT�SURFHVVLQJ

6HTXHQFH�GDWD�IRU�$7$&�VHT�ZDV�SURFHVVHG�XVLQJ�WKH�(1&2'(�$7$&�VHT�SLSHOLQH

�KWWSV���JLWKXE�FRP�NXQGDMHODE�DWDFBGQDVHBSLSHOLQHV�� 7KH�UHDGV�ZHUH�WULPPHG�XVLQJ�FXWDGDSW�Y������

5HDGV�ZHUH�DOLJQHG�XVLQJ�%RZWLH��Y����� �� WR�WKH VDPH�&KLQHVH�KDPVWHU�JHQRPH��3HDNV�ZHUH�FDOOHG

XVLQJ�0$&6��Y����� �� ZLWK�D 3�YDOXH�RI������DQG�UHSOLFDWHV ZHUH�PHUJHG�XVLQJ�LUUHSURGXFLEOH�GLVFRYHU\

UDWH��,'5� �� RI������7KH�IROG�FKDQJH�YDOXH�LV�WKH QXPEHU�RI�QRUPDOL]HG�FRXQWV�RYHU�WKH�ORFDO�EDFNJURXQG�

WDNHQ�DV�D��������ES�VXUURXQGLQJ�UHJLRQ�

�������'HWHFWLQJ�766V

��
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7R�FDOO�766�SHDNV��WKH�+RPHU �� YHUVLRQ������766�SLSHOLQH�ZDV�XVHG�ZLWK�WKH�FRPPDQG

µILQG3HDNV��VW\OH�WVV¶��KWWS���KRPHU�XFVG�HGX�KRPHU�QJV�WVV�LQGH[�KWPO���%ULHIO\��IUDJPHQW�OHQJWKV�DUH�VHW

WR����DQG�����ES�UHJLRQV�VLJQLILFDQWO\�HQULFKHG�ZLWK�IUDJPHQWV�DERYH�WKH�ORFDO�JHQRPLF�EDFNJURXQG

UHJLRQ��DV�ZHOO�DV���IROG�DERYH�WKH�LQSXW�GDWD��*52�VHT�DQG�V51$�VHT���)'5�FRUUHFWLRQ�RI������DFURVV

SHDNV�LQ�HDFK�VDPSOH�ZDV�XVHG��7KH�VDPSOHV�DUH�WKHQ�PHUJHG�WRJHWKHU�LQWR�RXU�LQLWLDO��SXWDWLYH

H[SHULPHQWDO�766V��$GGLWLRQDOO\��WKH�WRWDO�51$�VHT�ZDV�XVHG�WR�FDOO�766V�DV�VWDEOH�LI�UHDGV�DUH�LGHQWLILHG

EHWZHHQ������DQG������ES�XSVWUHDP�RI�WKH�766�

6DPSOH�SHDNV�ZHUH�PHUJHG�XVLQJ�WKH�PHUJH3HDNV�FRPPDQG�LQ�+RPHU��,I�VDPSOHV�KDYH

RYHUODSSLQJ�SHDNV��WKH\�DUH�FRPELQHG�LQWR�RQH��ZKHUH�WKH�VWDUW�SRVLWLRQ�LV�WKH�PLQLPXP�VWDUW�SRVLWLRQ�DQG

WKH�HQG�LV�PD[LPXP�HQG�SRVLWLRQ��:KHQ�PHUJLQJ�WKH�UHSOLFDWH�SHDN�H[SUHVVLRQ�LQ�WKH�VDPH�ELRORJLFDO

VDPSOH��WKH�DYHUDJH�FRXQWV�SHU�PLOOLRQ��&30��ZDV�XVHG�

�������5HYLVHG�SURPRWHU�DQQRWDWLRQ

7R�DQQRWDWH�SURWHLQ�FRGLQJ�766V��D�GLVWDQFH�WKUHVKROG�IURP�WKH�RULJLQDO�DQQRWDWLRQV�ZDV

HQIRUFHG��8OWLPDWHO\��ZH�UHWDLQHG�766V�WKDW�DUH�ZLWKLQ�������ES�DQG�������ES�IURP�WKH�LQLWLDO�UHSRUWHG

766��$GGLWLRQDOO\��766V�IRXQG�LQ�LQWURQV��FRGLQJ�VHTXHQFHV��DQG�RSSRVLWH�VWUDQG�766V��GLYHUJHQW

WUDQVFULSWV��IRXQG�LQ�WKH�766�UHJLRQ�ZHUH�UHPRYHG��)LJXUH�6������7KHUH�ZHUH�WZR�DQQRWDWLRQV�XVHG�LQ WKLV

VWXG\�WR�SURYLGH�JHQH�SURPRWHU�ODQGPDUNV��RQH�IURP�WKH�1&%,�5HI6HT�$QQRWDWLRQ�����UHOHDVH�XVLQJ�WKH

3,&5�JHQRPH��DQG�WKH�RWKHU�ZLWK�ERWK�1&%,¶V�DQQRWDWLRQ�DQG�D�SURWHRJHQRPLFV�DQQRWDWLRQ

�GRL���������V\Q����������WKDW�XVHG�51$�VHT��SURWHRPLFV�DQG�5LER�VHT�WR�UHILQH�JHQH�PDSSLQJV ���

:KHQ�VDPSOHV�DUH�PHUJHG�WRJHWKHU��WKH�766V�WKDW�DUH�PHUJHG�PD\�EH�RIIVHW�E\�D�IHZ�ES��2XU

UHYLVHG�DQQRWDWLRQ�766�ORFDWLRQ�LV�DVVLJQHG�DV�WKH�&+2�766�ORFDWLRQ�LI�WKHUH�LV�RQH�SUHVHQW��RU�WKH

ORFDWLRQ�RI�WKH�766�LQ�WKH�VDPSOH�ZKLFK�KDG�WKH�KLJKHVW�H[SUHVVLRQ�LQ�&30��$Q�DGGLWLRQDO�DQQRWDWLRQ

LQWHJUDWLQJ�SURPRWHU�766V�IRXQG�LQ�HLWKHU�DQQRWDWLRQ�LV�DOVR�UHSRUWHG�

7KH�DQQRWDWLRQ�SURYLGHG��6XSSOHPHQWDU\�'DWD�����LQ ����LQFOXGHV�WKH�FKURPRVRPH��VWDUW�SRVLWLRQ

���EDVHG�LQGH[�VLPLODU�WR�EHG�IRUPDW���VWUDQG��SRVLWLRQ��FRUUHVSRQGLQJ�JHQH�QDPH��FRUUHVSRQGLQJ

WUDQVFULSW��FRPPD�VHSDUDWHG�OLVW�RI�ELRVDPSOHV�WKDW�H[SUHVV�WKH�766��DQG�D�FRQILGHQFH�VFRUH�VLJQLI\LQJ�WKH

766�KDYLQJ���&30�LQ�DW�OHDVW����ƍ*52�VHT�DQG�RU�FV51$�VHT�H[SHULPHQW�

��
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�������'LVWDO�766V

'LVWDO�766V��G766V���RU�LQWHUJHQLF�766V��ZHUH�GHILQHG�DV�EHLQJ�!�����NLOREDVH�SDLUV��NES��DZD\

IURP�DQ�DQQRWDWHG�JHQH��QF51$�DQG�SURWHLQ�FRGLQJ��

�������51$�VHT�766�VHT�FRPSDULVRQ

7R�FRPSDUH�51$�VHT�WR�766�VHT��ZH�XVHG������&+2�VDPSOHV�RI�GLIIHUHQW�OLQHV�WKDW�ZHUH�D

FRPELQDWLRQ�RI�LQ�KRXVH�DQG�SXEOLF�VDPSOHV��VHH 7DEOH 6��� IRU�DFFHVVLRQ�,'V���7KHVH�ZHUH�TXDQWLILHG

DQG�FRQYHUWHG�LQWR�WUDQVFULSW�SHU�NLOREDVH�JHQH�SHU�PLOOLRQ�PDSSHG�UHDGV��730��XVLQJ�6DOPRQ�ZLWK

GHIDXOW�SDUDPHWHUV���

�������5HDG�KLVWRJUDPV

)RU )LJXUH ���$�%� +RPHU�DQQRWDWH3HDNV�SO�ZLWK�WKH �KLVW�FRPPDQG�ZDV�XVHG�WR�FRQVWUXFW�WKH

KLVWRJUDP�ZLWK�D�ELQ�VL]H�RI���ES��DQG�WKH�&30�SHU�766�ZDV�FDOFXODWHG��:H�UHVWULFW�WKH�PD[LPXP�QXPEHU

RI�WDJV�WR�FRXQW�SHU�QXFOHRWLGH�WR���WR�SUHYHQW�KLJK�H[SUHVVLQJ�766V�IURP�VDWXUDWLQJ�WKH�VLJQDO�

�������0RWLI�DQDO\VLV

0RWLI�DQDO\VLV�RI�WKH�FRUH�SURPRWHU�HOHPHQWV�WKH�,QLWLDWRU�HOHPHQW�DQG�WKH�7$7$�%R[�VHHQ�LQ

)LJXUH ��� ZHUH�GRQH�XVLQJ�),02�RI�WKH�0(0(�6XLWH ������SDFNDJH�ZLWK�GHIDXOW�SDUDPHWHUV ����VFDQQHG

DFURVV�D�����ES�ZLQGRZ�FHQWHUHG�RQ�WKH�766��3RVLWLRQ�ZHLJKW�PDWUL[�VFRUHV�RI�WKH�PRWLIV�DUH�VXPPHG

DFURVV�DOO�766V�DQG�FRQYHUWHG�LQWR�D�ORJ��OLNHOLKRRG UDWLR�VFRUH�IRU�HDFK�PRWLI�ZLWK�UHVSHFW�WR�HDFK

VHTXHQFH�SRVLWLRQ�DQG�WKHQ�FRQYHUWV�WKHVH�VFRUHV�WR 3�YDOXHV��ZLWK�D�FXWRII�RI��������

)RU�PRWLI�DQDO\VLV�LQ )LJXUH������WKH�SURPRWHU�UHJLRQV ZHUH������ES�WR������ES�GRZQVWUHDP�RI

HDFK�766�XVLQJ�+RPHU�FRPPDQG�µILQG0RWLIV*HQRPH�SO¶�ZLWK�SDUDPHWHUV�µ�VL]H�����������OHQ�������¶�

)RU�HDFK�VDPSOH��SURWHLQ�FRGLQJ�766V�ZLWK�ORJ��&30�RI���VWDQGDUG�GHYLDWLRQV�DERYH�WKH�PHDQ�ZHUH

WDNHQ�DV�HQULFKHG�SURPRWHUV��7KH�EDFNJURXQG�FKRVHQ�ZDV�UDQGRPO\�VHOHFWHG�*&�FRQWUROOHG�UHJLRQV��7KH

QHJDWLYH�ORJH3�YDOXH�RI�WKH�WRS���HQULFKHG�PRWLIV IURP�HDFK�VDPSOH�DUH�WDNHQ�DQG�WKH�7)V�ZHUH�FOXVWHUHG

EDVHG�RQ�WKHLU�HQULFKPHQW 3�YDOXHV�

�������7LVVXH�VSHFLILF�JHQH�HQULFKPHQW�DQDO\VLV��76($�

76($�ZDV�GRQH�XVLQJ�WKH�ZHEVHUYHU KWWS���JHQHWLFV�ZXVWO�HGX�MGODE�WVHD�� 7KLV�SHUIRUPV

HQULFKPHQW�DQDO\VLV�XVLQJ�)LVKHU¶V�([DFW�WHVW��DQG�WKH�%HQMDPLQL�+RFKEHUJ�FRUUHFWHG�ORJ 3�YDOXHV�ZHUH

��
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XVHG�IRU )LJXUH����'��8QLTXH�JHQHV�IRU�HDFK�VDPSOH�ZHUH�GHILQHG�DV�RQO\�RQH�VDPSOH�KDYLQJ�DQ�REVHUYHG

SURPRWHU�LQ�WKDW�JHQH��+RPRORJRXV�JHQHV�WR�WKH�KXPDQ�VHW�LQ�76($�ZHUH�WDNHQ�XVLQJ�JHQH�QDPHV�

�������*O\FR*HQH�GDWDEDVH

+XPDQ�JO\FRV\ODWLRQ�JHQHV�DQG�WKHLU�DVVRFLDWHG�HQ]\PH�FODVVHV�ZHUH�WDNHQ�IURP�WKH�µ(Q]\PDWLF

$FWLYLW\¶�VHFWLRQ�RI�WKH�*O\FR*HQH�'DWDEDVH ����+RPRORJRXV JHQHV�ZHUH�WDNHQ�DV�GHVFULEHG�DERYH�

����5HVXOWV

1DVFHQW��ƍ�51$�VHTXHQFLQJ�DFURVV�KDPVWHU�WLVVXHV�HQDEOHV�DFFXUDWH�UHDQQRWDWLRQ�RI�51$�VWDUW�VLWHV
DW�VLQJOH�QXFOHRWLGH�UHVROXWLRQ

$OJRULWKPV�SUHGLFWLQJ�JHQH�DQQRWDWLRQV�UHO\�RQ�KLJKO\�FRQVHUYHG�IHDWXUHV�VXFK�DV�SURWHLQ

GRPDLQV��KWWSV���ZZZ�QFEL�QOP�QLK�JRY�JHQRPH�DQQRWDWLRQBHXN�SURFHVV��� &RQVHTXHQWO\��DOWKRXJK�JHQH

H[RQ�UHJLRQV�DUH�FRPPRQO\�DVVLJQHG�FRUUHFWO\��WKH�DQQRWDWLRQV�RI�WKHLU�766V��DQG�HDFK�DVVRFLDWHG

SURPRWHU��DUH�RIWHQ�LQDFFXUDWH��DV�WKHVH�IHDWXUHV�HYROYH�UDSLGO\�DQG�FDQ�UHORFDWH�WR�QRQ�KRPRORJRXV

UHJLRQV ����7R�FRUUHFWO\�DQQRWDWH�WKH�766�RI�SURWHLQ JHQHV�DQG�QRQ�FRGLQJ�51$V��H�J��SUL�PL51$V�

OQF51$V�DQG�VQR51$V���LW�LV�QHFHVVDU\�WR�H[SHULPHQWDOO\�GHWHUPLQH�WKHVH�IHDWXUHV��:H�WKHUHIRUH

FDSWXUHG�>�ƍ*52�VHT ����FV51$�VHT ��@��DFWLYH�WUDQVFULSWLRQ >*52�VHT ��@��H[SUHVVHG�JHQHV��ULERVRPDO

51$�GHSOHWHG�51$�VHT���VPDOO�51$V�>V51$�VHT ��@��DQG RSHQ�FKURPDWLQ�>$7$&�VHT ��@�LQ�&+2�.�

FHOOV�DV�ZHOO�DV�WHQ�WLVVXHV�DQG�ERQH�PDUURZ�GHULYHG�PDFURSKDJHV��%0'0V��LQ�IHPDOH�KDPVWHUV�IURP�'U

*HRUJH�<HUJDQLDQ��UHSUHVHQWLQJ�WKH�RULJLQDO�FRORQ\�IURP�ZKLFK�&+2�FHOOV�ZHUH�GHULYHG�LQ����� ��

�)LJXUH����$� )LJXUH�6���$ DQG 7DEOH�6������8QOLNH 51$�VHT���ƍ*52�VHT�DQG�FV51$�VHT�SURYLGH

DFFXUDWH�766V�RI�VWDEOH�WUDQVFULSWV�VXFK�DV�P51$V��)LJXUH����%��RU�QF51$V�EXW�DOVR�XQVWDEOH�51$V

VXFK�DV�HQKDQFHUV�51$V��)LJXUH����&� ����� DW�VLQJOH QXFOHRWLGH�UHVROXWLRQ��(YHQ�IRU�KLJKO\�H[SUHVVHG

JHQHV��VXFK�DV�WKH�(XNDU\RWLF�7UDQVODWLRQ�(ORQJDWLRQ�)DFWRU���$OSKD��(HI�D����51$�VHT�DQG�UHODWHG

PHWKRGV�WKDW�FDSWXUH�WKH�FRPSOHWH�WUDQVFULSWRPH�KDYH�OLPLWHG�LQIRUPDWLRQ�DERXW�WKH�H[DFW�ORFDWLRQ�ZKHUH

JHQHV�VWDUW�DQG�RIWHQ�IDOO�VKRUW�LQ�WKH�GHWHFWLRQ�RI�WKH�766V�IRU�OHVV�DEXQGDQW�WUDQVFULSWV��)LJXUH �����

&DSWXULQJ�WKH�766V�RI�QDVFHQW�WUDQVFULSWV�IXUWKHU�KHOSV�WR�DYRLG�SRWHQWLDO�IDOVH�SRVLWLYH��ƍHQGV�FDXVHG�E\

51$�SURFHVVLQJ�RU�UHFDSSLQJ�RI�F\WRVROLF��VWHDG\�VWDWH��P51$V ���

��
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)LJXUH�����$�&KLQHVH�KDPVWHU�7UDQVFULSWRPH�$WODV�
�$��2YHUYLHZ�RI�GDWDVHWV�JHQHUDWHG�WR�LGHQWLI\�WUDQVFULSWLRQ VWDUW�VLWHV���'HQRWH�FHOO�OLQHV���GHQRWH�SULPDU\�FHOOV�
�% DQG &��,*9�YLHZHU�RI�GDWD��8QLWV�DUH�LQ�FRXQWV SHU�PLOOLRQ��&30���%��([DPSOH�WUDQVFULSWLRQ�VWDUW�VLWH�DW
VLQJOH�QXFOHRWLGH�UHVROXWLRQ�DV�GHILQHG�E\��ƍ*52�VHT�DQG�FV51$�VHT��XVLQJ�*52�VHT�DQG�V51$�VHT�DV�LQSXW�
UHVSHFWLYHO\��RI�WKH�IRFXVHG�(XNDU\RWLF�7UDQVODWLRQ�(ORQJDWLRQ�)DFWRU���$OSKD��(HI�$���SURPRWHU�LQ�&+2�FHOOV�DQG
GLYHUVH�WLVVXHV��%UDLQ�51$�VHT�UHDGV�DUH�VKRZQ�LQ�RUDQJH���&��([DPSOH�RI�XQVWDEOH�WUDQVFULSWLRQ�VWDUW�VLWHV�RI
HQKDQFHU�51$V�WKDW�DUH�SRRUO\�GHWHFWHG�E\�FRQYHQWLRQDO�51$�VHT�DW�WKH�6S��µVXSHU�HQKDQFHU¶�ORFXV�LQ�&+2�FHOOV�
1RWH��5DZ�,*9�EURZVHU�YLVXDOL]DWLRQ�GDWD�DUH�SURYLGHG�LQ�)LJXUH�6������'��1XPEHU�RI�766V�FDSWXUHG��JURXSHG E\
766�W\SH�DQG�VDPSOHV�GHWHFWHG�LQ��(���&XPXODWLYH�SORW DFURVV�DOO�VDPSOHV�RI�SURWHLQ�FRGLQJ�JHQHV�ZLWK�D�766
GHWHFWHG�E\�FV51$�VHT�DQG�RU��ƍ*52�VHT�HQULFKPHQW�RYHU�*52�VHT�DQG�RU�FV51$�VHT��6RUWHG�E\�WDNLQJ�&+2�DV
WKH�ILUVW�VDPSOH��IROORZHG�E\�KDPVWHU�WLVVXHV�

��



$V�WKH�SULPDU\�JRDO�RI�WKLV�VWXG\�ZDV�WKH�GHWHUPLQDWLRQ�RI�FRQILGHQW�766V��ZH�HPSOR\HG�WZR

LQGHSHQGHQW�QDVFHQW�766�PHWKRGV��FV51$�VHT�DQG��ƍ*52�VHT��+RZHYHU��ZKLOH�FV51$�VHT�DFFXUDWHO\

FDSWXUHV�766V�IURP�WRWDO�51$���ƍ*52�VHT�UHTXLUHV�VHYHUDO�PLOOLRQ�SXULILHG�QXFOHL��ZKLFK�ZDV�QRW

IHDVLEOH�IRU�VRPH�WLVVXHV��8VLQJ�FV51$�VHT�DOORZHG�XV�WR�H[SDQG�RXU�DQDO\VLV�DFURVV�PRUH�GLYHUVH

KDPVWHU�WLVVXHV��,Q�DGGLWLRQ��ZH�HPSOR\HG�*52�VHT�DQG�VPDOO�51$�VHT��V51$�VHT��GDWD�DV�D

EDFNJURXQG�FRQWURO��DOVR�NQRZQ�DV�LQSXW��WR�ERRVW�WKH�FRQILGHQFH�RI�766�FDOOV�E\��ƍ*52�VHT�DQG

FV51$�VHT��UHVSHFWLYHO\��)LJXUH�6���%���1H[W��ZH�LQWHJUDWHG $7$&�VHT�WR�ILOWHU�766V�WKDW�PDSSHG

RXWVLGH�RI�RSHQ�FKURPDWLQ�UHJLRQV��)LJXUH�6���$�� )LQDOO\��DV�QDVFHQW�766�PHWKRGV�GHWHFW�ERWK�VWDEOH�DQG

XQVWDEOH�766V��ZH�XVHG�FRQYHQWLRQDO�ULERVRPDO�51$�GHSOHWHG�51$�VHT�WR�DVVLJQ�766V�DV�VWDEOH�LI

51$�VHT�FRYHUDJH�ZDV�GHWHFWHG�EHWZHHQ������DQG������EDVH�SDLUV�IURP�WKH�766 ����,QWHJUDWLQJ�WKHVH

PXOWLSOH�LQGHSHQGHQW�GDWD�VHWV�DOVR�HQDEOHG�DQ�LQWULQVLF�TXDOLW\�FRQWURO�PHWULF�DQG�KLJKOLJKWHG�WKH

FRQILGHQFH�RI�FDSWXUHG�766V��)RU�H[DPSOH��WKH�FRUUHODWLRQ�DPRQJ��ƍ*52�VHT�UHSOLFDWHV�DQG�EHWZHHQ

�ƍ*52�VHT�DQG�FV51$�VHT�ZHUH�KLJKO\�FRQVLVWHQW�LQ�WKHLU�SRVLWLRQ�DQG�H[SUHVVLRQ�VWUHQJWK��3HDUVRQ

FRUUHODWLRQ�RI U  ������DQG U  �������UHVSHFWLYHO\� )LJXUH�6������$�OLVW�RI�WKH����GDWDVHWV�JHQHUDWHG LQ�WKLV

VWXG\�LV�SURYLGHG�LQ 7DEOH�6�����7KHVH�GDWD�FDSWXUH RYHU���������WUDQVFULEHG�UHJLRQV�DW�VLQJOH�QXFOHRWLGH

UHVROXWLRQ��)LJXUH����'� )LJXUH�6���$±&��6XSSOHPHQWDU\ 'DWD���LQ ����DQG�SURYLGH�D�FRPSUHKHQVLYH

YLHZ�RI�WKH�KDPVWHU�WUDQVFULSWRPH��7KH�PDMRULW\�RI�WKHVH�UHJLRQV��Q  ����������PDUN�SXWDWLYH�GLVWDO

UHJXODWRU\�HOHPHQWV��VRPHWLPHV�UHIHUUHG�WR�DV�µHQKDQFHUV¶�IRU�VLPSOLFLW\ ����DQG�XQVWDEOH�GLYHUJHQW

WUDQVFULSWV��WZR�FRPPRQ�KDOOPDUNV�RI�PDPPDOLDQ�JHQH�H[SUHVVLRQ �������DV�ZHOO�DV������QRQ�FRGLQJ

51$V��)LJXUH ���'���,PSRUWDQWO\�IRU�SURWHLQ�HQJLQHHULQJ� ZH�IRFXV�RQ�WKH�GHWHFWHG�766V�WKDW�PDUN�WKH

SURPRWHU�RU�SURPRWHUV�RI�D�FXPXODWLYH��������5HI6HT�SURWHLQ�FRGLQJ�JHQHV�FDSWXUHG�DQG�WKHLU�UHYLVHG

SURPRWHU�766V��)LJXUH����(��6XSSOHPHQWDU\�'DWD���LQ �����)XQFWLRQDO�JHQH�JURXSV�WKDW�ZHUH�OHVV�FRYHUHG

E\�RXU�GDWD�LQFOXGH�WKRVH�DVVRFLDWHG�ZLWK�ROIDFWLRQ��WDVWH��WKH�PDOH�VH[�RUJDQ��WHVWLV���GHYHORSPHQW�DQG�WKH

DGDSWLYH�LPPXQH�V\VWHP��)LJXUH�6���'�(���7RJHWKHU� RXU�H[SHULPHQWDO�GDWD�SURYLGH�DFFXUDWH�766V�IRU

����RI�DQQRWDWHG�KDPVWHU�SURWHLQ�FRGLQJ�JHQHV�DQG������QRQ�FRGLQJ�51$V��:H�DGGLWLRQDOO\�OHYHUDJH

SURPRWHU�766V�SUHGLFWHG�E\�D�UHFHQW�SURWHRJHQRPLFV�DQQRWDWLRQ �� WR�GHWHFW�DQG�UHYLVH�DGGLWLRQDO

SURPRWHUV��6XSSOHPHQWDU\�'DWD���LQ ����

��
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5HDOLJQPHQW�RI�1&%,�&KLQHVH�KDPVWHU�5HI6HT�766V�H[SRVHV�NH\�IHDWXUHV�RI�WUDQVFULSWLRQ

*HQRPH�DQQRWDWLRQV�DUH�DQ�HVVHQWLDO�SDUW�RI�PDQ\�VHTXHQFLQJ�DQG�ELRLQIRUPDWLF�DQDO\VHV�DQG

766V�SURYLGH�WKH�IRXQGDWLRQ�IRU�DFFXUDWH�DQQRWDWLRQ�RI��ƍ�HQGV��:H�WKHUHIRUH�WHVWHG�WKH�ULJRU�RI�RXU

H[SHULPHQWDOO\�GHWHUPLQHG�SURWHLQ�FRGLQJ�766V�DQG�RXU�UHYLVHG�DQQRWDWLRQ�XVLQJ�D�QXPEHU�RI

LQGHSHQGHQW�PHDVXUHV��)LUVW��ZH�HYDOXDWHG�WKH�UHODWLRQVKLS�RI�RXU�UHYLVHG�766V�WR�WKH�&KLQHVH�KDPVWHU

5HI6HT�766V��*&)B��������������766V�FDOOHG�E\�HLWKHU��ƍ*52�VHT�RU�FV51$�VHT�GLVSOD\HG�VLPLODU

GLVWULEXWLRQV��)LJXUH����$�� +RZHYHU��ERWK�H[SHULPHQWDOO\ GHWHUPLQHG�766V�GLVSOD\HG�D�FOHDU�RIIVHW�IURP

WKH�5HI6HT�DQQRWDWLRQ��$�FRPSDUDEOH�RIIVHW�ZDV�DOVR�REVHUYHG�IRU�SURWHLQ�FRGLQJ�766V�PHDVXUHG�LQ

GLYHUVH�WLVVXHV��)LJXUH����%���7R�IXUWKHU�H[SORUH WKHVH�GLIIHUHQFHV�ZH�QH[W�SORWWHG�WKH�SUR[LPDWH�'1$

QXFOHRWLGH�IUHTXHQF\�GLVWULEXWLRQV�IRU�ERWK�5HI6HT�DQG�RXU�UHYLVHG�766��%DVDO�WUDQVFULSWLRQ�IDFWRUV�RIWHQ

ELQG�FRUH�SURPRWHU�HOHPHQWV�WR�UHFUXLW�DQG�SRVLWLRQ�WKH�51$3�,,�WUDQVFULSWLRQ�FRPSOH[�ZKLFK

SUHIHUHQWLDOO\�LQLWLDWHV�RQ�SXULQHV ��±����7KHVH�QXFOHRWLGH SUHIHUHQFHV�DUH�FOHDUO\�YLVLEOH�ZKHQ�DQDO\]LQJ�WKH

KXPDQ�5HI6HT��*5&K����DQQRWDWLRQ�DQG�LQ�RXU�UHYLVHG�KDPVWHU�DQQRWDWLRQ��EXW�QRW�LQ�WKH�FXUUHQW�&KLQHVH

KDPVWHU�5HI6HT�DQQRWDWLRQ��)LJXUH����&���,Q�DGGLWLRQ WR�WKH�LQFUHDVHG�LQIRUPDWLRQ�FRQWHQW�LQ�WKH

766�SUR[LPDWH�QXFOHRWLGH�IUHTXHQFLHV��WKH�7$7$�ER[�DQG�,QLWLDWRU��,QU��FRUH�SURPRWHU�HOHPHQWV ��±���

ZHUH�IRXQG�DW�WKH�H[SHFWHG�����DQG����ES�SRVLWLRQV�UHVSHFWLYHO\�LQ�WKH�KXPDQ�5HI6HT�DQG�LQ�RXU�UHYLVHG

KDPVWHU�DQQRWDWLRQV��EXW�QRW�WKH�ROG�5HI6HT�DQQRWDWLRQ��)LJXUH����'��

��
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)LJXUH���� $Q�H[SHULPHQWDO�UHDOLJQPHQW�RI�766�DQQRWDWLRQ�IRU�WKH
&KLQHVH�KDPVWHU�XQFRYHUV�H[SHFWHG�JHQRPLF�HOHPHQWV
$�FRPSDULVRQ�RI�RXU�766V�WR�&KLQHVH�KDPVWHU�5HI6HT�DQQRWDWLRQ
*&)B�������������$ DQG%��$YHUDJH�QRUPDOL]HG�&30�DURXQG
SURWHLQ�FRGLQJ�UHIHUHQFH�766V���$��&RPSDULVRQ�RI�H[SHULPHQWDOO\
GHILQHG�766V�IURP�&+2�FHOOV�E\��ƍ*52�VHT�DQG�FV51$�VHT�UHODWLYH
WR�WKH�5HI6HT�DQQRWDWLRQ���%��&RPSDULVRQ�RI�H[SHULPHQWDOO\�GHILQHG
766V�IURP�UHSUHVHQWDWLYH�WLVVXHV�UHODWLYH�WR�WKH�5HI6HT�DQQRWDWLRQ���&�
1XFOHRWLGH�IUHTXHQF\�SORWV�RI�766V�DQG�WKHLU�UHODWLYH�LQIRUPDWLRQ
FRQWHQW�LQ�+XPDQ�5HI6HT��&KLQHVH�KDPVWHU�5HI6HT��DQG�RXU�UHYLVHG
&KLQHVH�KDPVWHU�DQQRWDWLRQ���'��)UHTXHQF\�RI�SRVLWLRQDO FRUH
SURPRWHU�HOHPHQWV��WKH�7$7$�ER[�DQG�WKH�,QLWLDWRU�WKDW�DUH�FRPPRQO\
IRXQG�DW�����DQG�����UHODWLYH�WR�WKH�766���(��)UHTXHQF\ RI�GLVWDQFH
EHWZHHQ�UHYLVHG�766V�REVHUYHG�DQG�WKH�QHDUHVW�5HI6HT�766���)�
6XPPDU\�RI�WRWDO�SURWHLQ�FRGLQJ�DQG�QRQ�GLVWDO�QF51$�766V
REVHUYHG�DQG�WKHLU�GLVWDQFHV�WR�5HI6HT�766V�

��



��



1H[W��ZH�XWLOL]HG�SXEOLVKHG�HSLJHQHWLF�FKURPDWLQ�VWDWHV�IURP�&+2�VDPSOHV �� ZKLFK�UHYHDOHG�D

VWULNLQJ�HQULFKPHQW�RI�RXU�UHYLVHG�766V�LQ�WKH�µDFWLYH�SURPRWHU¶�FDWHJRU\��KLJKOLJKWLQJ�WKDW�RXU

H[SHULPHQWDO�&+2�GDWDVHW�LV�FRQVLVWHQW�ZLWK�SULRU�SXEOLVKHG�&+2�FKURPDWLQ�VWDWHV��)LJXUH�6���%���2Q

WKH�FRQWUDU\��ERWK�RXU�UHYLVHG�SURPRWHU�766V�DQG�WKH�1&%,�5HIVHT�766V�IHOO�LQWR�PRUH�TXLHVFHQW�VWDWHV�

VXJJHVWLQJ�WKHVH�UHJLRQV�DUH�QHDU�VLOHQFHG�&+2�JHQHV��/DVWO\��ZH�LQWHJUDWHG������&+2�51$�VHT

VDPSOHV �����±�� WR�DVVHVV�SRWHQWLDO�IDOVH�SRVLWLYH DQG�IDOVH�QHJDWLYH�766V�LQ�RXU�UHYLVHG�DQQRWDWLRQ��*HQHV

ZKHUH�ZH�IDLOHG�WR�H[SHULPHQWDOO\�GHWHFW�D�766�VKRZHG�OLWWOH�WR�QR�H[SUHVVLRQ�DFURVV�WKH�&+2�51$�VHT

GDWDVHWV�ZKLOH�WKRVH�ZKHUH�ZH�FDSWXUHG�D�&+2�766�ZHUH�FRQVLVWHQWO\�H[SUHVVHG��)LJXUH�6�����

VXJJHVWLQJ�D�ORZ�IDOVH�GLVFRYHU\�UDWH�

2YHUDOO��WKH�GLVWDQFH�RI�SURWHLQ�FRGLQJ�766V�WR�WKH QHDUHVW�5HI6HT�766�YDULHG�ZLGHO\��)LJXUH

���(���ZLWK�D�PHGLDQ�GLVWDQFH�RI�����ES��)LJXUH����)�� 1RWDEO\��5HI6HT�SURPRWHUV��WKDW�UHSUHVHQW

GLIIHUHQW�WUDQVFULSW�LVRIRUPV��ZLWK�D�GHWHFWDEOH�766�ZHUH�UHYLVHG�E\�D�PHGLDQ�RI����ES��DQG������RI�WKH

SURPRWHU�766V�ZHUH�UHYLVHG�E\�!����ES��:KHQ�ZH�ORRN�IXUWKHU�DW�WKH�VPDOOHVW�UHYLVLRQ�DFURVV�WKH

SURPRWHU�766¶�RI�HDFK�JHQH��WKH�PHGLDQ�GLVWDQFH�LV����EDVH�SDLUV��,PSRUWDQWO\���������ZHUH�UHYLVHG�!��

ES��DQG������!����ES��)LJXUH����(�)���QF51$V�766V DOVR�YDULHG��DQG�KDG�D�PHGLDQ�GLVWDQFH�RI����ES�

DQG�������UHYLVHG�E\�!����ES��)LJXUH����)���,Q�VXPPDU\� WKHVH�REVHUYDWLRQV�SURYLGH�DQ�LQGHSHQGHQW

YDOLGDWLRQ�IRU�RXU�UHYLVHG�DQQRWDWLRQ�DQG�VWUHVV�WKH�LPSRUWDQFH�RI�H[SHULPHQWDO�766�GDWD�IRU�DFFXUDWH

JHQRPH�DQQRWDWLRQV�

7LVVXH�VSHFLILF�766�DQG�JHQH�H[SUHVVLRQ�SDWWHUQV�LQ�WKH�&KLQHVH�KDPVWHU

&DSWXULQJ�WKH�SURWHLQ�FRGLQJ�766V�DFURVV�WLVVXHV�DQG�FHOO�OLQHV�UHYHDOHG�WKDW�DERXW�����RI

DQQRWDWHG�JHQHV�ZHUH XELTXLWRXVO\�H[SUHVVHG��ZKLOH RQO\�D�FRPSDUDWLYHO\�VPDOO�QXPEHU�RI�JHQHV�ZHUH

WLVVXH�VSHFLILF��)LJXUH����$���8VLQJ�ULERVRPDO�GHSOHWHG 51$�VHT�WR�PHDVXUH�WKH�VWHDG\�VWDWH

WUDQVFULSWRPH�KLJKOLJKWV�WKH�YDULDWLRQ�RI�JHQH�H[SUHVVLRQ�DFURVV�WLVVXHV��)LJXUH����%���7KH�QXPEHU�RI

JHQHV�ZLWK�GHWHFWHG�P51$�ZHUH������DQG������LQ�ERQH�PDUURZ�GHULYHG�PDFURSKDJHV��%0'0V��SRROHG

UHVWHG�DQG�VWLPXODWHG�FRQGLWLRQV��DQG�&+2�FHOOV��UHVSHFWLYHO\��0HDQZKLOH��WKH�QXPEHU�VSDQQHG�IURP

�����JHQHV�ZLWK�PHDVXUHG�P51$�LQ�WKH�SDQFUHDV�WR��������LQ�WKH�EUDLQ��)LJXUH����%���7KH�QXPEHU�RI

WLVVXH�VSHFLILF�JHQHV�LV�UHODWHG�WR�WKH�WLVVXHV
�GHJUHH�RI�VSHFLDOL]DWLRQ�DQG�WKH�QXPEHU�RI�GLIIHUHQW�FHOO

W\SHV�IRXQG�ZLWKLQ�WKH�WLVVXH��EXW�DOVR�DIIHFWHG�E\�KLJK�DEXQGDQFH�WUDQVFULSWV�WKDW�FDQ�KLQGHU�GHWHFWLRQ�RI

OHVV�DEXQGDQW�RQHV ����,Q�WKH�SDQFUHDV��IRU�H[DPSOH� PXFK�RI�WUDQVFULSWLRQ�LV�GLUHFWHG�WRZDUGV�H[SUHVVLQJ

��
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VHFUHWRU\�HQ]\PHV�VXFK�DV�FK\PRWU\SVLQRJHQ�RU�FDUER[\SHSWLGDVH ����ZKLOH�LQ�WKH�EUDLQ��D�KLJKHU�GLYHUVLW\

RI�WUDQVFULSWV�DUH�H[SUHVVHG �������

��
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)LJXUH�����&RPSRVLWLRQ�RI�GLYHUVH�WLVVXH�VSHFLILF�&KLQHVH�KDPVWHU�WUDQVFULSWRPHV
�$��([SHULPHQWDOO\�GHWHFWHG�JHQHV�DQG�WKH�QXPEHU�RI WLVVXHV�ZKHUHLQ�WKH\�ZHUH�FRQILGHQWO\
H[SUHVVHG��DV�GHILQHG�E\�FV51$�VHT�DQG��ƍ*52�VHT���%��&XPXODWLYH�SORW�RI�WKH�GLVWULEXWLRQ�RI
WUDQVFULSW�DEXQGDQFH�DV�GHILQHG�E\�51$�VHT�LQ�YDULRXV�WLVVXHV��7KH�WUDQVFULSWRPH�RI�KLJKO\
VSHFLDOL]HG�WLVVXHV�VXFK�DV�WKH�KHDUW�RU�WKH�SDQFUHDV�LV�PRUH�GRPLQDWHG�E\�WKH�KLJK�H[SUHVVLRQ�RI�D
VPDOO�VHW�RI�VSHFLILF�51$V�WKDQ�WKRVH�RI�FRPSOH[�WLVVXHV�VXFK�DV�WKH�EUDLQ���&��&RPSDULVRQ�RI
JHQH�H[SUHVVLRQ�GLVWULEXWLRQV�DFURVV�WLVVXHV�DV�GHILQHG�E\�FV51$�VHT�DQG��ƍ*52�VHT���'�
7LVVXH�VSHFLILF�JHQH�HQULFKPHQW�DQDO\VLV��76($��FRPSDULQJ�WKH�JHQH�H[SUHVVLRQ�SDWWHUQV�RI�RXU
VDPSOHV�DV�GHILQHG�E\�FV51$�VHT�DQG��ƍ*52�VHT�WR�RUWKRORJRXV�KXPDQ�SUH�GHILQHG
WLVVXH�VSHFLILF�JHQHV���ORJH��3�YDOXH��YDOXHV�DUH VKRZQ���( DQG)��0RWLI�DQDO\VLV�ZLWK�+RPHU�
6LJQLILFDQFH�RI�K\SHUJHRPHWULF�HQULFKPHQW�RI�WKH�PRWLIV�VKRZQ�DV��ORJH��3�YDOXH�� �(�
7UDQVFULSWLRQ�IDFWRU�PRWLIV��WRS���SHU�VDPSOH��HQULFKHG�LQ�766V�IRU�HDFK�WLVVXH�KLJKOLJKW
FRQVHUYDWLRQ�DQG�IDFWRUV�LQYROYHG�LQ�PDLQWDLQLQJ�WLVVXH�VSHFLILF�H[SUHVVLRQ�SDWWHUQV� �)�
7UDQVFULSWLRQ�IDFWRU�PRWLIV�HQULFKHG�LQ�DOO�SURWHLQ�FRGLQJ�JHQH�DVVRFLDWHG�766V�LQ�WKH�UHYLVHG
766�DQQRWDWLRQ�

��



��



2I�WKH�JHQHV�IRU�ZKLFK�766V�ZHUH�FRQILGHQWO\�GHWHFWHG������ZHUH�H[SUHVVHG�LQ�DOO����WLVVXHV�RU

FHOO�W\SHV�DQG�DQRWKHU�����ZHUH�IRXQG�LQ����VDPSOHV��$SSUR[LPDWHO\����RI�FDSWXUHG�JHQHV�ZHUH�XQLTXH

WR�D�WLVVXH�RU�FHOO�W\SH�ZKLFK�LQFUHDVHG�WR�����DQG�����IRU�JHQHV�H[SUHVVHG�LQ����RU����VDPSOHV�

UHVSHFWLYHO\��)LJXUH����&�� 7KH�JHQHV�XQGHUO\LQJ�WKHVH WLVVXH�VSHFLILF�JHQH�H[SUHVVLRQ�VLJQDWXUHV�LQ

KDPVWHUV�DW�ODUJH�UHVHPEOHG�WKRVH�RI�DQDORJRXV�KXPDQ�WLVVXHV��DV�GHWHUPLQHG�E\�7LVVXH�6SHFLILF�*HQH

(QULFKPHQW�$QDO\VLV��76($ ���� )LJXUH����'���&DSWXULQJ WKH�766�RI�D�JLYHQ�JHQH�DFURVV�PXOWLSOH�WLVVXHV

SURYLGHG�DQ�DGGLWLRQDO�FRQWURO��LQ�DGGLWLRQ�WR�RXU�XVH�RI�WZR�GLVWLQFW�PHWKRGV�IRU�766�GHWHFWLRQ�

1HYHUWKHOHVV��IRU�PDQ\�FRQVHUYHG�JHQHV��LQ�ZKLFK�DW�OHDVW�RQH�766�ZDV�GHWHFWHG�LQ�HDFK�VDPSOH���WKH

UHVSHFWLYH�SURPRWHUV�GHWHFWHG�GLIIHUHG�DPRQJ�WLVVXHV��)LJXUH�6���'���$GGLWLRQDOO\��ZLWKLQ�FRQVHUYHG

SURPRWHUV��WKHUH�ZHUH�VPDOO�EXW�VOLJKW�VKLIWV�RI�WKH�FDOOHG�WLVVXH�766�IURP�WKH�UHYLVHG�766�DQQRWDWLRQ

�)LJXUH�6���(���WRJHWKHU�VKRZLQJ�D�UHPDUNDEOH�GLYHUVLW\ LQ��ƍ�HQGV��7KLV�ILQGLQJ�KLJKOLJKWV�UHJXODWRU\

SODVWLFLW\�DV�D�FULWLFDO�IDFWRU�WR�PDLQWDLQ�JHQH�H[SUHVVLRQ�LQ�GLVWLQFW�FHOO�W\SHV�

7R�JDLQ�LQVLJKWV�LQWR�WKH�XQGHUO\LQJ�UHJXODWRU\�SURJUDP��ZH�QH[W�SUREHG�WKH�SURPRWHUV�RI

WLVVXH�VSHFLILF�JHQHV¶�SURPRWHUV�IRU�GLIIHUHQWLDOO\�HQULFKHG�WUDQVFULSWLRQ�IDFWRU�ELQGLQJ�PRWLIV��7R�GR�WKLV�

ZH�XVHG�+RPHU�WR�VFDQ�IRU�NQRZQ�PRWLIV�����ES�XSVWUHDP�WR�����ES�GRZQVWUHDP�RI�766V�XQLTXH�WR�D

VDPSOH��VHH�0DWHULDOV�DQG�0HWKRGV�VHFWLRQ���7KH�WRS���HQULFKHG�PRWLIV�IURP�HDFK�VDPSOH�DQG�WKHLU

HQULFKPHQW�YDOXHV�DUH�VKRZQ�LQ )LJXUH����(��:H�IRXQG NH\�UHJXODWRUV�RU�OLQHDJH�GHWHUPLQLQJ

WUDQVFULSWLRQ�IDFWRUV�ZLWK�SUHIHUHQWLDO�H[SUHVVLRQ�DQG�ELQGLQJ�VLWHV�IRU�HDFK�WLVVXH�VXFK�DV�5);�IDFWRUV�IRU

WKH�EUDLQ �����+1)� ��� DQG�33$5Į�IDFWRUV�IRU�WKH NLGQH\�DQG�OLYHU ������� RU�WKH�0$'6�ER[�WUDQVFULSWLRQ

IDFWRUV�0HI�E�F�DQG�G�IRU�WKH�KHDUW�DQG�PXVFOH��)LJXUH ���(� ���������&ORVHO\�UHODWHG�WLVVXHV��VXFK�DV

PXVFOH�DQG�KHDUW�RU�OLYHU�DQG�NLGQH\��GLVSOD\HG�D�FRPELQDWLRQ�RI�VKDUHG�DQG�XQLTXH�IDFWRUV��ZKLFK�DOVR

EHFDPH�DSSDUHQW�IRU�RWKHU�WLVVXHV�ZKHQ�PRUH�PRWLIV�ZHUH�LQWHJUDWHG�LQWR�WKH�DQDO\VLV��7KLV�REVHUYDWLRQ�LV

LQ�OLQH�ZLWK�WKH�K\SRWKHVLV�WKDW�WLVVXH�VSHFLILF�UHJXODWRU\�SDWKZD\V�DULVH�E\�WLQNHULQJ�ZLWK�H[LVWLQJ

SDWKZD\V��UDWKHU�WKDQ�FRPSOHWH�LQQRYDWLRQ ������� RI�UHJXODWRU\�HOHPHQWV�QHHGHG��2Q�WKH�RWKHU�KDQG�

XELTXLWRXVO\�H[SUHVVHG�JHQHV�ZHUH�HQULFKHG�IRU�WKH�ELQGLQJ�PRWLIV�RI�VWURQJ��XELTXLWRXV�DFWLYDWRUV�VXFK�DV

63��./)�IDPLO\�PHPEHUV �����(76�IDFWRUV�RU�1)<��)LJXUH ���)���7RJHWKHU��WKHVH�ILQGLQJV�DUJXH�WKDW�D

FRPSDUDWLYHO\�ODUJH�IUDFWLRQ�RI�JHQHV��LQFOXGLQJ�XELTXLWRXV�WUDQVFULSWLRQ�IDFWRUV��HQVXUH�WKH�FHOO
V�YLWDO

FRUH�SURJUDPV��ZKLOH�D�VPDOOHU�QXPEHU�RI�JHQHV�HIIHFWLYHO\�IDFLOLWDWHV�VSHFLDOL]DWLRQ��0RUHRYHU��RXU
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LGHQWLILFDWLRQ�RI�WLVVXH�VSHFLILF�JHQHV�DQG�WUDQVFULSWLRQ�IDFWRUV�HQULFKHG�LQ�WKHLU�SURPRWHUV�DUH�FRQVLVWHQW

ZLWK�RWKHU�PDPPDOV��IXUWKHU�YDOLGDWLQJ�RXU�UHYLVHG�766V�DQG�51$�VHT�GDWD�

3URILOLQJ�GLYHUVH�KDPVWHU�WLVVXHV�LGHQWLILHV�766V�IRU�LPSRUWDQW��EXW�VLOHQFHG�JHQHV�LQ�&+2�FHOOV

:KLOH�&+2�FHOOV�DUH�H[FHSWLRQDO�SURWHLQ�SURGXFWLRQ�KRVWV��PDQ\�JHQHV�WKDW�FRXOG�LPSURYH

SURGXFW�TXDOLW\�RU�TXDQWLW\�OD\�GRUPDQW��,QGHHG��DERXW�����RI�JHQHV��LQFOXGLQJ�PDQ\�WKDW�FRQWULEXWH�WR

LPSRUWDQW�KXPDQ�SRVW�WUDQVODWLRQDO�PRGLILFDWLRQV��DUH�VLOHQW ����:H�GHWHFWHG�766V�IRU�RQO\�����RI�DOO

SURWHLQ�FRGLQJ�JHQHV�LQ�&+2�FHOOV��)LJXUH����(���,QWHJUDWLQJ RXU�766V�IURP�WHQ�WLVVXHV�DQG�PDFURSKDJHV
��� FRQILGHQWO\�GHILQHG�766V�IURP�DQ�DGGLWLRQDO����� SURWHLQ�FRGLQJ�JHQHV��,Q�DGGLWLRQ��ZH�LGHQWLILHG

DOWHUQDWLYH�SURPRWHUV�UHVSRQVLEOH�IRU�WUDQVFULSW�LVRIRUPV�IRU�����RI�WKH�5HI6HT�DQQRWDWHG�SURWHLQ�FRGLQJ

SURPRWHUV��)LJXUH�6���&���2XU�UHYLVHG�766�DQQRWDWLRQ SURYLGHV�PXOWLSOH�SURPRWHUV�SHU�JHQH�DORQJ�ZLWK

DGGLWLRQDO�SURPRWHUV�XQFKDUDFWHUL]HG�LQ�5HI6HT��)LJXUH 6���$�%���7KLV�LVRIRUP�DQQRWDWLRQ�LV�LPSRUWDQW

DV�LW�IDFLOLWDWHV�WKH�WDLORUHG�H[SUHVVLRQ�RI�SURWHLQ�LVRIRUPV�WKDW�FDQ�H[KLELW�GLIIHUHQWLDO�DFWLYLW\�RU�GLVWLQFW

IXQFWLRQV ���������7KLV�FKDUDFWHUL]DWLRQ�RI�!���N SURWHLQ�FRGLQJ�JHQHV�DQG�!���N�DQQRWDWHG�SURPRWHUV

SURYLGH�WKH�QHFHVVDU\�IRXQGDWLRQ�IRU�RQJRLQJ�HIIRUWV�WR�RSWLPL]H�GUXJ�SURGXFWLRQ�LQ�&+2�FHOOV�WKURXJK

HQJLQHHUHG�DFWLYDWLRQ�RI�GRUPDQW�JHQHV��*LYHQ�WKDW�PRVW�SURWHLQ�WKHUDSHXWLFV�DUH�JO\FRV\ODWHG��DQG�WKH

JO\FDQV�FDQ�LPSDFW�GUXJ�VDIHW\��HIILFDF\�DQG�KDOI�OLIH �����ZH�QH[W�VSHFLILFDOO\�LQYHVWLJDWHG

JO\FRV\ODWLRQ�UHODWHG�JHQHV�LQ�WKH�FRQWH[W�RI�RXU�XSGDWHG�DQQRWDWLRQ��)LJXUH����$���:KHQ�H[DPLQLQJ

&+2�KRPRORJXHV�RI�FXUDWHG�KXPDQ�JO\FRV\ODWLRQ�HQ]\PHV��ZH�GHWHFWHG�GR]HQV�RI�766V�DFURVV�GLYHUVH

FODVVHV�RI�JO\FRV\ODWLRQ�HQ]\PH�JHQHV��)LJXUH����$�� 7RJHWKHU��WKHVH�QHZ�DQQRWDWLRQV�VKRXOG�RSHQ�XS

QHZ�SRVVLELOLWLHV�IRU�HQJLQHHULQJ�JHQH�H[SUHVVLRQ�SURJUDPV��VXFK�DV�JO\FRV\ODWLRQ�LQ�&+2�FHOOV�
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)LJXUH���� ([SHULPHQWDOO\�PHDVXUHG�766V�IDFLOLWDWHV JHQRPH
HQJLQHHULQJ�WR�KXPDQL]H�JO\FRV\ODWLRQ
�$��/LVW�RI�KXPDQ�JO\FRV\ODWLRQ�HQ]\PH�FODVVHV�GHWHFWHG LQ�RXU�VDPSOHV�DV
GHILQHG�E\��ƍ*52�VHT�FV51$�VHT�LQ�WKH�&KLQHVH�KDPVWHU��7KH�QXPEHU�RI
JHQHV�H[SUHVVHG�LQ�&+2�FHOOV��EOXH��DQG�DGGLWLRQDO�JHQHV�IRU�ZKLFK
H[SHULPHQWDO�766V�ZHUH�GLVFRYHUHG�LQ�RXU�WLVVXH�VDPSOHV��UHG��DUH�VKRZQ�
�%��2YHUYLHZ�RI�WKH�5HI6HT�766�WDUJHWHG�E\�JXLGH�51$V ZLWK�&5,635D�WR
LQGXFH0JDW� H[SUHVVLRQ�LQ�&+2�FHOOV��7KH 0JDW��HQFRGHG
JO\FRV\OWUDQVIHUDVH�FDWDO\]HV�WKH�DGGLWLRQ�RI�ELVHFWLQJ�1�DFHW\OJOXFRVDPLQH
RQ�JO\FRSURWHLQV��EXW�LV�VLOHQFHG�LQ�&+2�FHOOV���&� 4XDQWLWDWLYH�57�3&5
PHDVXUHPHQW�RI0JDW� H[SUHVVLRQ�LQ�&+2�FHOOV�DQG�XSRQ DFWLYDWLRQ�E\�WKH
WKUHH�GHVLJQHG�J51$V�XVLQJ�RXU�QHZ�766V��$V�D�FRQWURO��WKH�FHOOV�ZHUH
WUDQVIHFWHG�ZLWK�17�J51$��J51$�&WUO��RU�17�J51$�DQG�935�G&DV�
�&DV��&WUO����(��&RPSDULVRQ�RI�WKH�OHYHOV�RI�ELVHFWLQJ 1�DFHW\OJOXFRVDPLQH
LQ�VHFUHWRPH�IROORZLQJ�&5,635D��$V�D�FRQWURO��WKH�FHOOV�ZHUH�WUDQVIHFWHG
ZLWK�17�J51$��J51$�&WUO����(��2YHUYLHZ��([SHULPHQWDO�766�IDFLOLWDWHV
HIILFLHQW�HQJLQHHULQJ�RI0JDW� LQ�DQ�XSVWUHDP�SURPRWHU�

��



��



766�GHWHFWHG�LQ�XSVWUHDP�SURPRWHU�IDFLOLWDWHV�&5,635�DFWLYDWLRQ�RI�WKH�GRUPDQW�JHQH�0JDW��LQ

&+2

7R�WHVW�WKH�IHDVLELOLW\�RI�JHQRPH�HQJLQHHULQJ�EDVHG�RQ�RXU�UHYLVHG�DQQRWDWLRQV�ZH�DLPHG�WR

DFWLYDWH0JDW� �)LJXUH����%���ZKLFK�LV�QDWXUDOO\�GRUPDQW LQ�&+2�FHOOV ��� XVLQJ�D�QRYHO�LGHQWLILHG

DOWHUQDWLYH�SURPRWHU�VWDEOH�766�WKDW�LV��������ES�XSVWUHDP�RI�WKH�SURPRWHU�SUHYLRXVO\�XVHG�IRU 0JDW�

DFWLYDWLRQ ���0JDW� LV�UHTXLUHG�IRU�ELVHFWLQJ�1�DFHW\OJOXFRVDPLQHV ZKLFK�SOD\�DQ�LPSRUWDQW�UROH�LQ

UHJXODWLQJ�FRPSOH[�JO\FRV\ODWLRQ�PDWXUDWLRQ�DQG�LPSDFW�DQWLERG\�HIIHFWRU�IXQFWLRQ ������� DQG�LV�KHQFH

ZHOO�VWXGLHG�LQ�ERWK�KXPDQV�DQG�&+2�FHOOV�

&5,635�&DV��HQDEOHV�UDSLG�DQG�FRVW�HIIHFWLYH�JHQRPH�HGLWLQJ��JHQH�LQKLELWLRQ��&5,635L���DQG

DFWLYDWLRQ��&5,635D��ZLWKRXW�DOWHULQJ�WKH�QDWLYH�'1$�VHTXHQFH ����������+RZHYHU��WKH�VXFFHVV�RI�WKHVH DQG

VLPLODU�SUHFLVH�JHQRPH�HQJLQHHULQJ�DSSURDFKHV�GHSHQGV�RQ�DFFXUDWH�JHQH�DQQRWDWLRQV ��������*LYHQ�WKDW

0JDW� KDV�SUHYLRXVO\�EHHQ�WDUJHWHG�E\�&5,635D ��� ZH�XVHG�WKLV�H[SHULPHQWDO�V\VWHP�WR�VKRZ�WKDW�WKH

JHQH�FDQ�EH�DFWLYDWHG�E\�WDUJHWLQJ�DQ�H[SHULPHQWDOO\�LGHQWLILHG�SURPRWHU��HYHQ�ZKHQ�ORFDWHG�!���NE�DZD\

IURP�WKH�5HI6HT�JHQH�766��7R�DFWLYDWH 0JDW� ZH�GHVLJQHG WKUHH�&5,635�JXLGH�51$V��J51$V�

FRPSOHPHQWDU\�WR�WKH�'1$�VHTXHQFH�QHDU�RXU�DOWHUQDWLYH�766��)LJXUH����&���&5,635D�UHVXOWHG�LQ�D

PHDQ�RI�����������DQG����IROG�XSUHJXODWLRQ�RI0JDW� XVLQJ�WKH�WKUHH�GLIIHUHQW�J51$V�LQGLYLGXDOO\��Q  �

VDPSOHV�HDFK���DQG����IROG�IRU�D�PL[WXUH�RI�WKH����DV�PHDVXUHG�E\�T57�3&5��)LJXUH����'���7R�WHVW�LI WKH

DFWLYDWLRQ�RI0JDW� WUDQVFULSWV�LPSDFWV�JO\FDQ�V\QWKHVLV� ZH�PHDVXUHG�WKH�UHODWLYH�DEXQGDQFH�RI�JO\FDQV

RQ�WKH�VHFUHWRPH��7KLV�DQDO\VLV�UHYHDOHG�WKDW�ZKLOH�XQGHWHFWDEOH�LQ�FRQWURO�FHOOV��������RI�JO\FDQV�ZHUH

ELVHFWLQJ�1�DFHW\OJOXFRVDPLQHV�DIWHU0JDW� DFWLYDWLRQ �)LJXUH����(���7RJHWKHU��WKHVH�GDWD�VKRZ�WKH�XVH

RI�RXU�UHYLVHG�DQQRWDWLRQ�IRU�JHQRPH�HQJLQHHULQJ��:LWK�RXU�QHZO\�UHSRUWHG�766V�IRU��������JHQHV�DFURVV

!�������GHWHFWHG�SURPRWHUV��ZH�DQWLFLSDWH�IXUWKHU�XVDJH�RI�WKHVH�766V�IRU�FHOO�OLQH�HQJLQHHULQJ�

����'LVFXVVLRQ

,Q�WKLV�VWXG\�ZH�PHDVXUHG�DQG�DQDO\]HG�WKH�FRGLQJ�DQG�QRQ�FRGLQJ�51$�LQ�WKH�&KLQHVH�KDPVWHU

JHQRPH�XVLQJ�VWHDG\�VWDWH�DQG�QDVFHQW�51$�VHTXHQFLQJ�H[SHULPHQWV�IRU�GLYHUVH�KDPVWHU�WLVVXHV�DQG�FHOO

OLQHV��7KURXJK�WKLV�ZH�ZHUH�DEOH�WR�FRPSUHKHQVLYHO\�PDS�766V�IRU�!����RI�DQQRWDWHG�&KLQHVH�KDPVWHU
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JHQHV�DQG�QRQ�FRGLQJ�51$V��LQFOXGLQJ�PDQ\�JHQHV�QRUPDOO\�VLOHQFHG�LQ�&+2�FHOOV��,PSRUWDQWO\��WKHVH

H[SHULPHQWDOO\�GHWHUPLQHG�766�HQDEOHG�XV�WR�UHDOLJQ�FXUUHQW�5HI6HT�766V��ZKLFK�ZHUH�SUHGRPLQDQWO\

FRPSXWDWLRQDOO\�SUHGLFWHG�DQG�RIWHQ�LQDFFXUDWH��8QOLNH�WKH�SUHYLRXV�5HI6HT�766��RXU�UHYLVHG�766V

DQQRWDWLRQV�GLVSOD\�H[SHFWHG�'1$�QXFOHRWLGH�IUHTXHQF\�IHDWXUHV�VXFK�DV�WKH�,QLWLDWRU�PRWLI�RU�WKH�7$7$

ER[�LQ�WKH�FRUH�SURPRWHU��)XUWKHUPRUH��ZH�GHPRQVWUDWHG�WKDW�DFFXUDWH�766V�DQG�NQRZOHGJH�RI�DOWHUQDWLYH

SURPRWHUV�FDQ�EH�XVHG�WR�DFWLYDWH�D�VLOHQFHG�JHQH�RI�LQWHUHVW�XVLQJ�&5,635D��7KURXJK�WKLV�ZH�SUHVHQW�D

UHVRXUFH�WR�JXLGH�JHQRPH�HGLWLQJ�DQG�JHQRPLF�DQDO\VLV�RI�&+2�FHOOV�

+HUH��ZH�FDSWXUHG��������QDVFHQW�SURWHLQ�FRGLQJ�766V�FRUUHVSRQGLQJ�WR��������JHQHV��DORQJ

ZLWK������QF51$V��OQF51$��PL51$��VQ51$��VQR51$�DQG�W51$���DQG���������GLVWDO�SHDNV��HQKDQFHU

51$V�HWF����7KLV�UHVRXUFH�SURYLGHV�ULFK�LQIRUPDWLRQ�IRU�SUHFLVH�FHOO�HQJLQHHULQJ��)XUWKHUPRUH��LQFOXGLQJ

GLYHUVH�KDPVWHU�WLVVXHV�KHOSV�LQ�HIIRUWV�WR�ILQH�WXQH�H[LVWLQJ�&+2�JHQH�UHJXODWRU\�SURJUDPV��DV�ZHOO�DV

DFWLYDWH�JHQHV�RU�SDWKZD\V�QDWXUDOO\�HQFRGHG�LQ�WKH�&KLQHVH�KDPVWHU�JHQRPH�EXW�GRUPDQW�LQ�&+2�FHOOV�

2XU�766V�DUH�D�SUHUHTXLVLWH�IRU�WKH�GHVLJQ�DQG�WHVWLQJ�RI�J51$V�DQG�HYHQWXDOO\��DQ�HIIHFWLYH�J51$

OLEUDU\�IRU�WKH�DFWLYDWLRQ�RI�GLYHUVH�&KLQHVH�KDPVWHU�JHQHV�E\�&5,635D��)LJXUH����)���,W�FDQ�DOVR

FRPSOHPHQW�H[LVWLQJ�GDWD�RQ�HSLJHQHWLF�PDUNHUV�RI�&+2�FHOOV�LQ�HIIRUWV�WR�ILQG�HQGRJHQRXV�SURPRWHUV

WKDW�DYRLG�VLOHQFLQJ�VHHQ�ZLWK�FRPPRQ�YLUDO�SURPRWHUV�RU�KDUQHVV�HQGRJHQRXV�UHJXODWRU\�FLUFXLWV

LQYROYHG�LQ�(5�VWUHVV�RU�FROG�VKRFN ����

2XU�WUDQVFULSWRPLF�GDWDVHWV�DOVR�SURYLGH�D�FRPSUHKHQVLYH�UHVRXUFH�IRU�IXWXUH�UHVHDUFK�DQG

GLVFRYHU\��,Q�DGGLWLRQ�WR�RXU�JHQH�FHQWULF�DWODV�RI�&KLQHVH�KDPVWHU�766V�UHSRUWHG�KHUH��RXU�GDWD�FRYHU�D

SOHWKRUD�RI�WUDQVFULSWRPLF�IHDWXUHV�WKDW�UHPDLQ�WR�EH�H[SORUHG�LQFOXGLQJ�PL51$V��SUL�PL51$V�DQG�ZHOO

RYHU�D�����N�SXWDWLYH�GLVWDO�UHJXODWRU\�HOHPHQWV�WKDW�DUH�FRPPRQO\�UHIHUUHG�WR�DV�HQKDQFHUV

�6XSSOHPHQWDU\�'DWD���LQ �����$OWKRXJK�EH\RQG�WKH IRFXV�RI�WKLV�PDQXVFULSW��WKLV�H[WHQVLYH��WUDQVFULSW

VWDELOLW\�LQGHSHQGHQW�UHVRXUFH�RI�766V�FRXOG�DOVR�DLG�WR�LPSURYH�RXU�XQGHUVWDQGLQJ�RI�KRZ�JHQH

H[SUHVVLRQ�LV�UHJXODWHG�LQ�KDPVWHUV�DQG�KRZ�WLVVXH�VSHFLILF�UHJXODWRU\�SURJUDPV�HPHUJHG��:KLOH�D�NH\

DGYDQWDJH�RI�&5,635D�LV�WKH�DELOLW\�WR�DFWLYDWH�GHVLUHG�JHQHV�LQGHSHQGHQW�RI�WLVVXH�VSHFLILF�WUDQVFULSWLRQ

IDFWRUV��IXWXUH�HQJLQHHULQJ�HIIRUWV�PD\�EH�PRUH�WDLORUHG�WRZDUGV�DGMXVWLQJ�WUDQVFULSWLRQDO�SURJUDPV��UDWKHU

WKDQ�RQH�RU�D�IHZ�VSHFLILF�JHQHV��)RU�H[DPSOH��RXU�GHILQLWLRQ�RI�WUDQVFULSWLRQ�IDFWRUV�WKDW�ZHUH�KLJKO\

HQULFKHG�LQ�WKH�SURPRWHUV�RI�WLVVXH�VSHFLILF�JHQHV�SURYLGHV�D�ILUVW�VWHS�WR�DGYDQFH�RXU�XQGHUVWDQGLQJ�RI

ZKLFK�DQG�ZK\�VSHFLILF�JHQHV�RU�SDWKZD\V�DUH�VLOHQW�LQ�&+2�FHOOV��,PSURYHG�NQRZOHGJH�RI�KRZ�JHQH

��
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UHJXODWRU\�QHWZRUNV�IXQFWLRQ�LQ�KDPVWHUV�PD\�XOWLPDWHO\�DOORZ�XV�WR�SUHGLFW�KRZ�DFWLYDWLRQ�RI�RQH�JHQH

LPSDFWV�WKH�KDPVWHU�UHJXORPH�DQG�WR�HYHQWXDOO\�ILQH�WXQH�GHVLUHG�UHJXODWRU\�SURJUDPV��UDWKHU�WKDQ

LQGLYLGXDO�JHQHV �����*RLQJ�EH\RQG�FDSWXULQJ�766V� RXU�GDWD�DOVR�FRQWDLQ�PDSV�RI�RSHQ�FKURPDWLQ��DV

GHILQHG�E\�$7$&�VHT��QDVFHQW�WUDQVFULSWLRQ��DV�GHILQHG�E\�*52�VHT��DQG�PDWXUH�51$V��DV�GHILQHG�E\

ULERVRPDO�51$�GHSOHWHG�51$�VHT�IRU�&+2�FHOOV��KDPVWHU�PDFURSKDJHV�DQG�GLYHUVH�KDPVWHU�WLVVXHV�WKDW

ZHUH�SULPDULO\�XVHG�LQ�WKLV�VWXG\�DV�D�FULWLFDO�LQSXW�IRU�WKH�LGHQWLILFDWLRQ�RI�KLJK�FRQILGHQFH�766V��2XU

GDWD�WKXV�DOVR�SURYLGH�D�ULFK�UHVRXUFH�IRU�IXWXUH�VWXGLHV�DQG�HQDEOH�WKH�LQWHJUDWLRQ�RI�WKH�&KLQHVH�KDPVWHU

LQWR�FRPSDUDWLYH�RU�HYROXWLRQDU\�VWXGLHV��IRU�H[DPSOH��DV�DQ�RXWJURXS�WR�PLFH ���

,Q�VXPPDU\��RXU�GDWD�KDYH�HQDEOHG�WKH�GHYHORSPHQW�RI�D�FRPSHQGLXP�RI�H[SHULPHQWDOO\�GHILQHG

766V�DQG�WUDQVFULSWRPLF�IHDWXUHV�IURP�PXOWLSOH�WLVVXHV�DQG�FHOO�W\SHV�IURP�WKH�VDPH�KDPVWHU�FRORQ\�IURP

ZKLFK�&+2�FHOOV�ZHUH�JHQHUDWHG��2XU�UHYLVHG�DQQRWDWLRQ�VKRZV�FRQVLGHUDEOH�LPSURYHPHQW�RYHU�WKH

FXUUHQW�5HI6HT�E\�VHYHUDO�PHDVXUHV�LQFOXGLQJ�DJUHHPHQW�ZLWK�SXEOLVKHG�51$�VHT�GDWDVHWV��766

LQIRUPDWLRQ�FRQWHQW�DV�ZHOO�DV�FRUH�SURPRWHU�PRWLIV��0RUH�EURDGO\��WKHVH�ILQGLQJV�HPSKDVL]H�WKH

LPSRUWDQFH�RI�UHILQHG�766�PDSSLQJ�PHWKRGV�VXFK�DV��ƍ*52�VHT�*52FDS�RU�FV51$�VHT�IRU�DFFXUDWH

DQQRWDWLRQ�RI�D�JHQH¶V��ƍ�HQG��7KH�766�LV�D�ODQGPDUN�LQ�JHQH�UHJXODWLRQ�DQG�LWV�DFFXUDF\�EHFRPHV

LPSHUDWLYH�LQ�DQ�HUD�RI�JHQHWLF�HQJLQHHULQJ��:H�IXUWKHU�HQYLVLRQ�WKDW�RXU�GDWD�DQG�DQQRWDWLRQ�ZLOO�SURYLGH

D�ULFK�UHVRXUFH�IRU�WKH�&+2�FRPPXQLW\�DQG�EH\RQG�DV�WKH�&KLQHVH�KDPVWHU�LV�IXUWKHU�LQFOXGHG�LQ

FRPSDUDWLYH�DQG�HYROXWLRQDU\�VWXGLHV��$W�LWV�FRUH��WKH�LPSURYHG�766V�PDS�ZLOO�DLG�&+2�JHQH�HQJLQHHULQJ

HIIRUWV�DLPLQJ�WR�LPSURYH�WKH�TXDOLW\�DQG�TXDQWLW\�RI�GHVLUHG�UHFRPELQDQW�SURWHLQV�DQG�XOWLPDWHO\�UHGXFH

GUXJ�PDQXIDFWXULQJ�FRVWV�

����'DWD�$YDLODELOLW\

$OO�VHTXHQFLQJ�GDWD�DUH�VXEPLWWHG�WR�WKH�*HQH�([SUHVVLRQ�2PQLEXV��*(2��ZLWK�*(2�,'

*6(��������7KH�6XSSOHPHQWDU\�'DWD�SURYLGHG�LV�DOVR�XSORDGHG�WR�6\QDSVH��V\QDSVH�RUJ���ZLWK�,'

V\Q����������7KLV�LQFOXGHV�RXU�UHYLVHG�SURWHLQ�FRGLQJ SURPRWHU�766�DQQRWDWLRQ��LQ�ZKLFK�HDFK�RI�766

KDV�DQ�DVVRFLDWHG�5HI6HT�WUDQVFULSW�DQG�JHQH�DVVRFLDWLRQ��7KLV�LV�GRQH�IRU�ERWK�1&%,�5HI6HT

�6XSSOHPHQWDU\�'DWD���LQ ����DQG�ZLWK�5HI6HT�LQ�FRQMXQFWLRQ ZLWK�WKH�SURWHRJHQRPLFV�DQQRWDWLRQ

UHSRUWHG�LQ �� �6XSSOHPHQWDU\�'DWD���LQ �����2SHQ�FKURPDWLQ UHJLRQV�PHUJHG�DFURVV�VDPSOHV�DUH�SURYLGHG

RQ�V\QDSVH�DV�D�EHG�ILOH�DV�ZHOO�

��
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,Q�DGGLWLRQ��ZH�UHOHDVH�DOO�RXU�766V�GHWHFWHG��6XSSOHPHQWDU\ 'DWD���LQ �����ZKLFK�LQFOXGH�GLVWDO

766V��SXWDWLYH�HQKDQFHU�UHJLRQV��GLYHUJHQW�WUDQVFULSWV���DV�ZHOO�DV�QRQ�FRGLQJ�51$�SURPRWHU�766V�DQG

SURWHLQ�FRGLQJ�766V��DORQJ�ZLWK�WKH�&30�IURP�HDFK�WLVVXH�SHU�766�DQG�WKH�UHVSHFWLYH�766�ORFDWLRQV�RI

WKH�WLVVXH�LI�LW�H[SUHVVHG�WKDW�766��7KLV�ZLOO�DOORZ�UHVHDUFKHUV�VWXG\LQJ�UHJXODWRU\�HOHPHQWV�WR�KDYH�HDV\

DFFHVV�WR�D�FRPSUHKHQVLYH�766�GDWDVHW�

��
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����6XSSOHPHQWDU\�)LJXUHV�DQG�7DEOHV

)LJXUH�6����&RPSXWDWLRQDO�ZRUNIORZ�IRU�766�DQQRWDWLRQ
�$� %LRLQIRUPDWLFV�SLSHOLQH�IRU�SURPRWHU�766�DQQRWDWLRQ� 7KLV�VKRZV�WKH�VWHSV�UHTXLUHG�DORQJ�ZLWK
WKH�FRPPDQGV�XVHG�WR�UXQ�WKHVH�VWHSV���%��6FKHPH�RI�WUDQVFULSWLRQ�VWDUW�VLWH�LGHQWLILFDWLRQ�IRU
FV51$�VHT��DQG�KRZ�VWDEOH�766V�DUH�FDOOHG�

��



)LJXUH�6����766�VLPLODULW\�DFURVV�H[SHULPHQWV
�$� 'HQVLW\�SORW�RI�WKH�GLVWDQFH�EHWZHHQ�SHDNV�LQ GLIIHUHQW�&+2�UHSOLFDWHV�UHODWLYH�WR�D
&+2�*52FDS�VDPSOH�%��&+2�FV51$�DQG�*52FDS�VDPSOH�$�DUH�VKRZQ�QHDUE\� �%�
1XPEHU�RI�RYHUODSSLQJ�WRWDO�766V�DFURVV�DOO�&+2�UHSOLFDWHV� �&� 'HQVLW\�VFDWWHUSORW�RI
&+2�UHSOLFDWHV��9DOXHV�DUH�LQ�ORJ��&30��/HIW��&+2�*52�FDS�$�YV�FV51$�VHT��SHDUVRQ
U ������S�YDOXH����������5LJKW��&+2�*52�FDS�UHSOLFDWHV���U ������S�YDOXH����������

��



)LJXUH�6�����766�VHTXHQFLQJ�KLJKOLJKWV�GLYHUVLW\�RI�UHJLRQV�FDSWXUHG�
�$��,*9�EURZVHU�VKRWV�IURP�(XNDU\RWLF�7UDQVODWLRQ�(ORQJDWLRQ�)DFWRU���$OSKD��*HQH�DQG��%��SURPRWHU���&��,*9
EURZVHU�VKRW�RI�WKH�6S��³VXSHU�HQKDQFHU´���'��(QULFKHG�SDWKZD\V�XVLQJ�'$9,'�DQG�JHQH�RQWRORJ\�XVLQJ�0HWDVFDSH
�(��RI�JHQHV�IRU�ZKLFK�766V�ZHUH�QRW�GHWHFWHG�LQ�RXU�VDPSOHV�

��



)LJXUH�6�����(SLJHQHWLF�FKDUDFWHUL]DWLRQ�RI�SURWHLQ�FRGLQJ�H[SHULPHQWDO�766V�
�$� $7$&�6HT�SLOHXS�RYHU�766�UHJLRQV��9DOXHV�DUH��ORJ�� S�YDOXH�RI�WKH�EDVH�SDLU�EHLQJ�LQ
RSHQ�FKURPDWLQ��7RS��+LVWRJUDP�RI�D�&+2�$7$&�6HT�VDPSOH�XVLQJ�DOO�UHYLVHG�SURWHLQ�FRGLQJ�766V
WKDW�ZHUH�H[SUHVVHG�LQ�&+2��%RWWRP��7KH�VDPH�UHJLRQV��LQ�KHDWPDS�IRUP��ZKHUH�HDFK�URZ�LV�D�UHYLVHG
766� �%� 2YHUODS�RI�SURWHLQ�FRGLQJ�766�ZLWK�FKURPDWLQ PRGLILFDWLRQV��RXU�H[SHUL��PHQWDO�&+2�766V�
RXU�XSGDWHG�DQQRWDWLRQ��DOO�SURWHLQ�FRGLQJ�UHYLVHG�766V��DQG�WKH�5HI6HT�766V�JURXSHG�E\�FKURPDWLQ
VWDWH�PDGH�XVLQJ�FKURP+00�ZLWK�KLVWRQH�PDUNV�IURP�&+2�LQ�)HLFKWLQJHU�HW�DO�������

��



)LJXUH�6�����'HWHFWHG�766V�IRXQG�LQ�H[SUHVVHG�&+2�JHQHV�
9LROLQ�SORWV�RI�JHQH�H[SUHVVLRQ�LQ�&+2�FHOOV��JURXSHG�EDVHG�RQ
H[SHULPHQWDO�766�ILQGLQJV��������51$�VHT�VDPSOHV�ZHUH�XVHG�DFURVV
GLIIHUHQW�&+2�FHOO�OLQHV�DQG�H[SHULPHQWV��([SUHVVLRQ�LV�LQFUHDVHG�LQ
JHQHV�ZKHUH�WKHUH�DUH�766V�

��



)LJXUH�6�����'LYHUVLW\�RI�SURPRWHU�DQG�766�XVDJH�DFURVV�DQQRWDWLRQ�DQG�WLVVXHV�
�$� 1XPEHU�RI�GHWHFWHG�SURPRWHUV�SHU�5HI6HT�JHQH��FRUUHVSRQGLQJ WR�GLIIHUHQW�LVRIRUPV�� �%� 1XPEHU�RI�UHYLVHG
SURPRWHUV�SHU�5HI6HT�SURPRWHUV� �&� )UDFWLRQ�RI�5HI6HT SURPRWHUV�GHWHFWHG�E\�HDFK�WLVVXH�DQG�FHOO�W\SH� �'� %DU
SORW�RI�KRZ�PDQ\�WLVVXHV�GHWHFWHG�LQ�SURPRWHUV�RI�FRQVHUYHG�JHQHV��GHILQHG�DV�KDYLQJ�DW�OHDVW�RQH�SURPRWHU�766
GHWHFWHG�LQ�DOO�VDPSOHV�� �(� 'LVWULEXWLRQ�RI�WKH PD[LPXP�GLVWDQFH��ESV��EHWZHHQ�WKH�ILQDO�UHYLVHG�766�DQQRWDWLRQ
EDVHG�RQ�LQWHJUDWLQJ�WKH�WLVVXH�766V��DQG�WKH�LQLWLDO�WLVVXH�766V�LQ�WKH�VDPH�SURPRWHU�UHJLRQ�LQ�FRQVHUYHG�SURPRWHUV
�HDFK�WLVVXH�KDYLQJ�D�GHWHFWHG�766�LQ�WKH�SURPRWHU��

��



7DEOH�6����6DPSOHV�DQG�VHTXHQFLQJ�H[SHULPHQWV�LQ�WKH�&KLQHVH�KDPVWHU�DQG�&+2�FHOOV

7DEOH�6����0JDW��J51$�WDUJHW�VHTXHQFHV

7DEOH�6����0JDW��J51$�VHTXHQFHV

��



7DEOH�6����&+2�51$�VHT
$FFHVVLRQ�,'V�IRU�GDWD�LQ�)LJXUH
6���

��



����$FNQRZOHGJHPHQWV

:H�OLNH�WR�WKDQN�0DUWHQ�$��+RHNVHPD�IRU�FXOWXULQJ�%0'0V�

'HGLFDWLRQ��7KH�DXWKRUV�GHGLFDWH�WKLV�ZRUN�WR�'U� *HRUJH�<HUJDQLDQ������±�������ZKR�SURYLGHG

WKH�KDPVWHUV�IRU�WKLV�VWXG\��DQG�IRU�WKH�RULJLQDO�&+2�FHOOV�LQ������

&KDSWHU����LQ�IXOO��LV�D�UHSULQW�RI�WKH�PDWHULDO�DV�LW�DSSHDUV�LQ�³,VDDF�6KDPLH��6DVFKD�+�'XWWNH�

.DUHQ�-�OD�&RXU�.DURWWNL��&ODXGLD�=�+DQ��$QGHUV�+�+DQVHQ��+RRPDQ�+HI]L��.DL�;LRQJ��6KDQJ]KRQJ�/L�

6DPXHO�-�5RWK��-HQKDQ�7DR��*\XQ�0LQ�/HH��&KULVWRSKHU�.�*ODVV��+HOHQH�)DXVWUXS�.LOGHJDDUG�

&KULVWRSKHU�%HQQHU��1DWKDQ�(�/HZLV��$�&KLQHVH�KDPVWHU�WUDQVFULSWLRQ�VWDUW�VLWH�DWODV�WKDW�HQDEOHV�WDUJHWHG

HGLWLQJ�RI�&+2�FHOOV��1$5�*HQRPLFV�DQG�%LRLQIRUPDWLFV��9ROXPH����,VVXH����6HSWHPEHU�������OTDE����

KWWSV���GRL�RUJ���������QDUJDE�OTDE����´�7KH�GLVVHUWDWLRQ�DXWKRU�ZDV�WKH�SULPDU\�LQYHVWLJDWRU�DQG�DXWKRU�

����)XQGLQJ

1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�1DWLRQDO�,QVWLWXWH�RI�*HQHUDO�0HGLFDO�6FLHQFHV�>.��*0�������WR

6�+�'@��1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�>$,��������*0�������WR�&�%�@��1RYR�1RUGLVN�)RXQGDWLRQ

>11)��&&���������11)��6$��������WR�1�(�/���$�+�+���11)��2&��������WR�+�)�.�@��&DQFHU

5HVHDUFK�,QVWLWXWH�,UYLQJWRQ�3RVWGRFWRUDO�)HOORZVKLS�3URJUDP��WR�&�=�+���

&RQIOLFW�RI�LQWHUHVW�VWDWHPHQW��1RQH�GHFODUHG�

��



&+$37(5��

&RPSDUDWLYH�VLQJOH�FHOO�OLQHDJH�ELDV�LQ�KXPDQ�DQG�PXULQH�KHPDWRSRLHWLF�VWHP�FHOOV

,VDDF 6KDPLH��� 0HJKDQ %OLVV�0RUHDX���� -DPLH &DVH\ /HH��� 1DWKDQ (� /HZLV����ĭ� <DQIDQJ 3HLSHL

=KX��ĭ��%HQ�$��&URNHU������ĭ

�'HSDUWPHQW�RI�%LRHQJLQHHULQJ��8&�6DQ�'LHJR��/D�-ROOD� &$��86$

�'LYLVLRQ�RI�+HPDWRORJ\�2QFRORJ\��%RVWRQ�&KLOGUHQ¶V +RVSLWDO��%RVWRQ�0$��86$

�'HSDUWPHQW�RI�3HGLDWULFV��+DUYDUG�0HGLFDO�6FKRRO� %RVWRQ�0$��86$�

�'LYLVLRQ RI 5KHXPDWRORJ\� $OOHUJ\ 	 ,PPXQRORJ\� 'HSDUWPHQW RI 3HGLDWULFV� 6FKRRO RI 0HGLFLQH� 8&

6DQ�'LHJR��/D�-ROOD��&$��86$�

.H\ZRUGV� PLWRFKRQGULDO OLQHDJH WUDFLQJ� VF$7$&�6HT� KHPDWRSRLHWLF VWHP FHOOV� &'���� +63&V�

OLQHDJH�ELDV

$EVWUDFW�ZRUG�FRXQW�

:RUG�FRXQW�

7KH�DXWKRUV�GHFODUH�QR�ILQDQFLDO�FRQIOLFWV�RI�LQWHUHVW�

FRQWULEXWHG�HTXDOO\

ĭFRQWULEXWHG�HTXDOO\

��



&RUUHVSRQGHQFH� %HQ $� &URNHU� HPDLO� EFURNHU#KHDOWK�XFVG�HGX� <DQIDQJ 3HLSHL =KX� HPDLO�

SHLSHL]KX#KHDOWK�XFVG�HGX��1DWKDQ�(��/HZLV��HPDLO��QOHZLVUHV#XFVG�HGX

����$EVWUDFW

7KH ELDVHG FRPPLWPHQW RI KHPDWRSRLHWLF VWHP FHOOV �+6&� WR P\HORLG� HU\WKURLG� DQG O\PSKRLG

OLQHDJHV LV LQIOXHQFHG E\ FHOO�LQWULQVLF DQG HSLJHQHWLF GLIIHUHQFHV LQ WKH +6& SRSXODWLRQ� 7R LQYHVWLJDWH

WKH QDWXUH RI OLQHDJH FRPPLWPHQW ELDV LQ KXPDQ +6&� ZH XVH PLWRFKRQGULDO VLQJOH FHOO �VF�

51$�6HTXHQFLQJ �PW�VF$7$&�6HT� ZKLFK H[SORLWV VRPDWLF PXWDWLRQV LQ PLWRFKRQGULDO '1$� DFWLQJ DV

QDWXUDO EDUFRGHV� WR WUDFN WKH H[ YLYR GLIIHUHQWLDWLRQ SRWHQWLDO RI +6& WR P\HORLG DQG HU\WKURLG FHOOV�

&ORQDO OLQHDJHV RI KXPDQ &'��� FHOOV DQG WKHLU PDWXUH SURJHQ\ ZHUH QRUPDOO\ GLVWULEXWHG DFURVV WKH

KHPDWRSRLHWLF OLQHDJH WUHH ZLWKRXW HYLGHQFH RI VLJQLILFDQW VNHZLQJ� 7KHVH GDWD VXJJHVW WKDW WKH YDULDWLRQ

LQ�VWHP�FHOO�OLQHDJH�FRPPLWPHQW�LV�UHVWULFWHG�LQ�QRUPDO�ERQH�PDUURZ�KHPDWRSRLHVLV�

��
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����,QWURGXFWLRQ

+HPDWRSRLHWLF VWHP FHOOV �+6&V� DUH FODVVLFDOO\ FRQVLGHUHG WR KDYH WKH FDSDFLW\ IRU FRPSOHWH

UHJHQHUDWLRQ RI WKH KHPDWRSRLHWLF FRPSDUWPHQW� 0RUH UHFHQW DQDO\VHV LQGLFDWH DGGLWLRQDO FRPSOH[LW\ DQG

KHWHURJHQHLW\ LQ WKH +6& FRPSDUWPHQW� ZLWK OLQHDJH�UHVWULFWHG RU OLQHDJH�ELDVHG +6&V FRQVLGHUHG D

IHDWXUH RI PDPPDOLDQ KHPDWRSRLHVLV ���±���� ,Q KXPDQV� ERQH�PDUURZ &'��� FHOOV ZHUH GLVFRYHUHG WR

FRQWDLQ ERWK VWHP DQG SURJHQLWRU FHOOV �+63&V� ZLWK GLIIHUHQW OLQHDJH GLIIHUHQWLDWLRQ FDSDELOLWLHV ���±����

LQFOXGLQJ ORQJ�WHUP +6&V �/7�+6&V�� ZKLFK FDQ UH�SRSXODWH WKH UHTXLUHG GRZQVWUHDP OLQHDJHV EXW ZKR¶V

KHWHURJHQHLW\ LQ VHOI�UHQHZDO DQG GLIIHUHQWLDWLRQ FDSDELOLWLHV DUH VWLOO EHLQJ XQFRYHUHG� 8QGHUVWDQGLQJ WKH

KHPDWRSRLHWLF FDSDFLW\ LQ +6& µFORQHV¶ �FHOOV UHODWHG WR WKH VDPH +6&� LQ WKH %0 DQG RWKHU DGXOW WLVVXHV

UHTXLUHV SUHFLVH GHOLQHDWLRQ RI GLIIHUHQWLDWLRQ WUDMHFWRULHV IURP VWHP FHOOV WR PDWXUH FHOOV DW VLQJOH�FHOO

UHVROXWLRQ� &ORQDO UHODWLRQVKLSV EHWZHHQ +63& DQG PDWXUH KHPDWRSRLHWLF OLQHDJHV KDYH DOVR EHHQ

H[SORUHG XVLQJ LQGXFLEOH '1$ µµEDUFRGLQJ¶¶ PHWKRGRORJLHV GXULQJ HPEU\RJHQHVLV RU SRVWQDWDO OLIH� RU

XSRQ WKH WUDQVSODQWDWLRQ RI YLUDOO\�WUDQVGXFHG EDUFRGHG VLQJOH +6&V WR OHWKDOO\�LUUDGLDWHG RU

KHPR�DEODWHG DGXOW PXULQH RU 1+3 UHFLSLHQWV ���±���� ,Q KXPDQV� KRZHYHU� LQ YLYR FORQDO�EDUFRGLQJ KDV

EHHQ OLPLWHG WR [HQRJUDIW WUDQVSODQWDWLRQ� FDQFHU FORQDOLW\� DQG LQWHJUDWLRQ VLWH WUDFNLQJ RI JHQH�HGLWHG

+63&V LQ SDWLHQWV UHFHLYLQJ JHQH�WKHUDS\ ���±���� 7KH LGHQWLILFDWLRQ RI FHOO VXUIDFH PDUNHUV WKDW DUH

HQULFKHG LQ VSHFLILF VXEVHWV RI +63&V KDV HQDEOHG WKH SURVSHFWLYH LVRODWLRQ RI +63& VXESRSXODWLRQV IRU

FHOOXODU DQG ELRFKHPLFDO DQDO\VLV H[ YLYR� DQG IRU SUHFLVH FHOOXODU WUDFNLQJ RI +6& DQG WKHLU SURJHQ\ LQ

WUDQVSODQWHG PLFH� ,Q PLFH DQG KXPDQV� QH[W JHQHUDWLRQ VHTXHQFLQJ �1*6� DQG JHQH H[SUHVVLRQ DQDO\VHV

KDYH LGHQWLILHG GLIIHUHQWLDOO\ H[SUHVVHG VXUIDFH UHFHSWRU JHQHV PRGXODWHG ZLWKLQ WKH /7�+6& DQG

GRZQVWUHDP PXOWLSRWHQW SURJHQLWRU �033� SRSXODWLRQV� DQG HQDEOHG GHYHORSPHQW RI DQWLERGLHV IRU

SXULILFDWLRQ DQG SKHQRW\SLF DQDO\VLV ���±���� DOWKRXJK QXPHURXV GLVWLQFW GHILQLWLRQV VWLOO FXUUHQWO\ H[LVW IRU

WKHP� 0RUH UHFHQWO\� +63& VXEW\SHV KDYH EHHQ DVVLJQHG XVLQJ VLQJOH�FHOO 1*6 WKDW PHDVXUHV D FHOO¶V

WUDQVFULSWRPH RU HSLJHQRPH� &RXSOHG ZLWK FRPSXWDWLRQDO OLQHDJH�WUDFLQJ WHFKQLTXHV ������±���� WKHVH

PHWKRGV KDYH UHYHDOHG RYHUODSSLQJ VXEW\SHV DV )$&6�EDVHG PHWKRGV� EXW ZLWK DGGLWLRQDO GLYHUVLW\ DQG

��
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FKDUDFWHUL]DWLRQ� +RZHYHU� WKHVH VWXGLHV LQIHU FHOO OLQHDJH WUDMHFWRULHV XVLQJ FRPSXWDWLRQDO WUDMHFWRU\

LQIHUHQFH DQG GLPHQVLRQDOLW\ UHGXFWLRQ PHWKRGV� ZKLFK DVVXPHV D GLUHFW FRXSOLQJ RI WKH WUDQVFULSWRPH RU

HSLJHQRPH�WR�FHOO�FORQDOLW\ ���

7UDFNLQJ UHODWHG FHOOV LQ KXPDQV LQ YLYR DQG H[ YLYR LV OLPLWHG GXH WR WKH LQDELOLW\ WR DGG JHQHWLF

EDUFRGHV RU WUDQVSODQWDWLRQ LQ KHDOWK\ KXPDQV� 'HWHFWLQJ FORQHV LQ LQWDFW FHOOV LV VRPHWLPHV GRQH XVLQJ

WKHLU VRPDWLF PXWDWLRQ VLPLODULWLHV� EXW WKLV VXIIHUV IURP ORZ PXWDWLRQ UDWH DQG FRYHUDJH� 5HFHQWO\�

/XGZLJ HW DO� ��� UHSRUWHG WKDW PLWRFKRQGULDO VRPDWLF PXWDWLRQV FDQ EH XVHG DV QDWXUDO EDUFRGHV WR WUDFN

VLQJOH�FHOOV� DQG D ODWHU SURWRFRO GHHPHG GHHPHG PLWRFKRQGULDO VLQJOH�FHOO $7$&�VHT �PW�VF$7$&�VHT�

ZDV GHYHORSHG WKDW VLPXOWDQHRXVO\ PHDVXUHV PLWRFKRQGULDO �07� '1$ DQG QXFOHDU RSHQ�FKURPDWLQ

UHJLRQV LQ VLQJOH FHOOV ���� 8VLQJ PLWRFKRQGULDO YDULDQWV WR WUDFN FORQHV LV DGYDQWDJHRXV GXH WR WKH 07

JHQRPH KDYLQJ D KLJK SHU�FHOO FRS\�QXPEHU� D VPDOOHU JHQRPH� D KLJKHU PXWDWLRQ UDWH WKDQ WKH QXFOHDU

JHQRPH� DQG IDFWRUV VXFK DV UDQGRP JHQHWLF GULIW DQG UHOD[HG UHSOLFDWLRQ DOORZ WKH JHQRPH WR UHDFK

KLJKHU KHWHURSODVPLF SURSRUWLRQ �IUDFWLRQ RI 07 FRSLHV ZLWK D YDULDQW� �������±���� $GGLWLRQDOO\� OLQHDJH ELDV

RI +63& SURJHQLWRUV FDQ EH DVVHVVHG XVLQJ WKH GHWHFWHG OLQHDJH PDUNHUV LQ WKH RSHQ�FKURPDWLQ UHJLRQV RI

WKH�QXFOHDU�JHQRPH�

+HUH ZH UHSRUW RQ LQKHUHQW +6& OLQHDJH ELDV SRWHQWLDO LQ VWHDG\�VWDWH DQG FXOWXUHG +63& &'���

FHOOV¶ OLQHDJH SRWHQWLDO XVLQJ PW�VF$7$&�VHT� :H ILQG KHWHURJHQHLW\ LQ +63& FORQDO VL]HV� ZLWK D IHZ

ODUJHU FORQHV PDNLQJ XS D ODUJH IUDFWLRQ RI WKH SRSXODWLRQ� /LQHDJH PDUNHUV� DV GHWHUPLQHG XVLQJ WKH

RSHQ�FKURPDWLQ HSLJHQRPH� ZHUH DVVLJQHG WR FHOOV� DQG OLPLWHG GLIIHUHQFHV LQ OLQHDJH ELDV DFURVV WKH

+63& FORQHV� 2YHUDOO� RXU GDWD VXSSRUWV D PRGHO RI KHPDWRSRLHVLV ZKHUH +6& GULYHV PXOWL�OLQHDJH

UHFRQVWLWXWLRQ�RI�PDPPDOLDQ�KHPDWRSRLHVLV�ZLWKRXW�VXEVWDQWLDO�OLQHDJH�ELDV�

��
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����5HVXOWV

������PW�VF$7$&�VHT�GHILQHV�FORQDO�OLQHDJHV�LQ�PRELOL]HG�KXPDQ�&'����FHOOV

7R VWXG\ GLIIHUHQWLDWLRQ RI SULPDU\ KXPDQ &'��� FHOOV WR FRPPLWWHG P\HORLG DQG HU\WKURLG FHOOV�

ZH SXULILHG *�&6)�PRELOL]HG &'��� FHOOV IURP KHDOWK\ GRQRUV� DQG FXOWXUHG WKHP IRU �� KRXUV LQ WKH

SUHVHQFH RI D F\WRNLQH FRFNWDLO PDGH RI 6&)�,/���,/���)OW�/�*�&6)�*0�&6)� 'RQRU &'��� FHOOV ZHUH

PXOWLSOH[HG LQ WKUHH EDWFK H[SHULPHQWV IRU VLQJOH FHOO FDSWXUH DQG OLEUDU\ SUHSDUDWLRQ EHIRUH RU DIWHU

FXOWXUH �)LJXUH ���$� 7DEOH 6���� VHH 0HWKRGV�� &HOOV IURP HLJKW KHDOWK\ GRQRUV ZHUH DQDO\]HG LQ WRWDO�

DQG 'RQRUV ��� FRQWDLQHG YHULILHG PXWDWLRQV DVVRFLDWHG ZLWK FORQDO KDHPDWRSRLHVLV RI LQGHWHUPLQDWH

SRWHQWLDO ���� :H XWLOL]HG PLWRFKRQGULDO '1$ VRPDWLF PXWDWLRQV WKDW ZHUH GHILQHG E\ VF$7$&�6HT WR

JHQHUDWH OLQHDJH�VSHFLILF µQDWXUDO¶ EDUFRGHV� ZKLFK ZHUH LQKHULWHG E\ FORQHV WKDW RULJLQDWHG IURP RQH

VLQJOH &'��� FHOO WR GHOLQHDWH FORQDOLW\ RI WKHVH &'��� VWHP FHOOV DQG WKHLU SURJHQ\� ,Q SDUDOOHO� WKH

ORZHU�FRYHUDJH UHDGV LQ QXFOHDU RSHQ�FKURPDWLQ UHJLRQV ZHUH XVHG IRU DVVLJQLQJ FHOO OLQHDJHV E\

DVVHVVPHQW RI GLIIHUHQWLDO SHDNV LQ JHQH UHJXODWRU\ UHJLRQV� 7KHVH WHFKQLTXHV DOORZHG XV WR WUDFN WKH IDWH

RI WKHVH &'��� +63&V WR DVVHVV WKHLU OLQHDJH SRWHQWLDO DW VLQJOH FHOO OHYHO� 7KLV PRGLILHG SURWRFRO

H[SORLWV D IL[DWLRQ VWHS DQG D PRGLILHG SHUPHDELOL]DWLRQ SURWRFRO WR UHWDLQ PLWRFKRQGULD LQ FHOOV IRU

VXEVHTXHQW FDSWXUH DQG OLEUDU\ SUHSDUDWLRQ �VHH 0HWKRGV� DQG ����� &RPSDUHG WR VF51$�6HT ZLWK FXVWRP

DPSOLILFDWLRQ RI PLWRFKRQGULDO UHDGV� WKLV PHWKRG DFKLHYHV QHDU FRPSOHWH FRYHUDJH RI WKH PLWRFKRQGULDO

JHQRPH IRU RSWLPDO YDULDQW FDOOLQJ DQG FHOOXODU µEDUFRGLQJ´� ([DPLQDWLRQ RI VLQJOH FHOO FRYHUDJH DFURVV

HDFK PLWRFKRQGULDO '1$ SRVLWLRQ LQ GLIIHUHQW GRQRUV \LHOGHG FRQVLVWHQW KLJK�OHYHO FRYHUDJH RI JUHDWHU

WKDQ ��[����[ LQ D PLQLPXP RI ���� FHOOV �)LJXUH ���%�& DQG )LJXUH 6���$�� $OWKRXJK WKHUH ZDV

YDULDEOH UHDG FRYHUDJH DFURVV VHTXHQFLQJ UXQV� XQLIRUP FRYHUDJH DFURVV WKH 07 JHQRPH ZDV REVHUYHG

�)LJXUH ���%�� /RZ�TXDOLW\ FHOOV DQG 07 DOOHOHV ZLWK ORZ FRYHUDJH DQG EDVH�TXDOLW\ ZHUH ILOWHUHG� DQG

WKHQ DGGLWLRQDO YDULDQWV ZHUH H[FOXGHG XVLQJ WKH 0LWRFKRQGULDO *HQRPH $QDO\VLV 7RRONLW �0*$7.� ����

ZKLFK UHPRYHV YDULDQWV ZLWK D ORZ FRUUHODWLRQ RI DOOHOLF UHDGV DFURVV VWUDQGV DQG D ORZ YDULDQFH�PHDQ

UDWLR �)LJXUH ��6�%� VHH 0HWKRGV�� 7R GH�PXOWLSOH[ HDFK GRQRU DFURVV FRQGLWLRQV ZH XVHG WKH 9LUHR

��
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DOJRULWKP RQ JHUPOLQH 07 YDULDQWV �)LJXUH ��6�� VHH 0HWKRGV�� 7KH GRQRU SUHGLFWHG YDULDQW

DOOHOH�IUHTXHQF\ �9$)� UHYHDOHG XS WR �� �)LJXUH 6���%�(� 7DEOH 6���� YDULDQWV RI KLJK PHDQ 9$) �PHDQ

!��� LQ GRQRU� ���� LQ RWKHUV�� KLJKOLJKWLQJ PDQ\ GRQRU�VSHFLILF YDULDQWV� SULPDULO\ WUDQVLWLRQ PXWDWLRQV

�)LJXUH 6���&�� 3HUIRUPDQFH ZDV DVVHVVHG E\ YDU\LQJ WKH QXPEHU RI GRQRUV DQG FDOFXODWLQJ WKH PRGHO

ORVV� DQG WKH µHOERZ UXOH¶ ILQGV WKDW WKH WUXH QXPEHU RI GRQRUV LV WKH LQIOHFWLRQ SRLQW LQ ZKLFK SHUIRUPDQFH

JDLQ LV UHGXFHG ZLWK DGGLWLRQDO GRQRUV DGGHG WR WKH PRGHO �)LJXUH 6���'�� 0RUH GRQRUV GLG OHDG WR ORZHU

UHFRYHU\ RI GRQRU VSHFLILF YDULDQWV �)LJXUH 6���(�� ZKLFK LV SRVVLEO\ GXH WR KDYLQJ OHVV XQLTXH YDULDQWV

DFURVV�PRUH�GRQRUV��EXW�ZDV�VWLOO�DEOH�WR�VHSDUDWH�WKH�GRQRUV�FRQILGHQWO\�

��



)LJXUH�����PW�VF$7$&�VHT�GHILQHV�FORQDO�OLQHDJHV�LQ�PRELOL]HG�KXPDQ�&'����FHOOV
�$� 2YHUYLHZ�RI�PLWRFKRQGULDO�PW�VF$7$&�VHT�ZRUNIORZ �%� &RYHUDJH�DFURVV�07�JHQRPH�LQ�VLQJOH�FHOOV�DFURVV
VHTXHQFLQJ�H[SHULPHQWV��%ODFN�OLQH�LV�WKH�PHDQ�DW�HDFK�SRVLWLRQ �&� 1XPEHU�RI�07�SRVLWLRQV�FRYHUHG�DFURVV D
UDQJH�RI�FHOOV�DQG�FRYHUDJH�WKUHVKROGV�LQ�WKH�6��LQSXW�VDPSOH

��



��

��



������6LQJOH�&'����VWHP�FHOOV�H[SDQG�LQWR�FORQHV�RI�YDULDEOH�VL]HV�LGHQWLILHG�E\�PLWRFKRQGULDO

YDULDQWV

&ORQH DVVLJQPHQW LV FULWLFDO WR WUDFN WKH IDWH RI &'��� VWHP FHOOV DW WKH VLQJOH FHOO OHYHO� ,Q

DGGLWLRQ WR WKH VHSDUDWLRQ RI GRQRUV XVLQJ GRQRU�VSHFLILF JHUPOLQH YDULDQWV� ZH XVHG VRPDWLF 07 YDULDQWV

WR IDFLOLWDWH FORQH DVVLJQPHQW LQ KXPDQ &'��� FHOOV SUH� DQG SRVW� F\WRNLQH�GULYHQ GLIIHUHQWLDWLRQ DW ��

KRXUV RI H[ YLYR FXOWXUH� 7R DFKLHYH WKLV JRDO� ZH XVHG D SUHYLRXVO\ UHSRUWHG DSSURDFK ��� DQG GHWHFWHG

FORQHV XVLQJ D FRPPXQLW\�EDVHG N�QHDUHVW QHLJKERUV �.11� FOXVWHULQJ DOJRULWKP RQ 9$)V DFURVV

VLQJOH�FHOOV� $IWHU UHPRYLQJ FORQHV ZLWK IHZHU WKDQ � FHOOV� ZH GHWHFWHG ����� FORQHV SHU GRQRU �7DEOH

����� :H ILQG WKDW D IHZ FORQHV PDNH XS PDMRULW\ RI WKH SRSXODWLRQ LQ GRQRU � �)LJXUH ���$� 7DEOH �����

ZLWK ��� RI WKH FORQHV PDNLQJ XS ��� RI WKH QXPEHU RI FHOOV LQ WKH +63& SRRO� IROORZHG E\ ORQJHU WDLO

RI VPDOO FORQHV� ZLWK ����� PDNLQJ XS ���� ,QWHUHVWLQJO\� QR FORQH LQ 'RQRU � DSSHDUHG WR EH

SUHIHUHQWLDOO\ H[SDQGHG LQ FXOWXUH �)LJXUH ���%�� VXJJHVWLQJ WKDW ERWK ODUJH DQG VPDOO FORQHV DUH DFWLYHO\

FRQWULEXWLQJ WR KHPDWRSRLHVLV� 6LPLODU FORQH VL]H KHWHURJHQHLW\ ZDV VHHQ DFURVV GRQRUV �7DEOH ���� )LJXUH

���(�� DOWKRXJK WKH GRQRUV WKDW ZHUH VHTXHQFHG DIWHU FXOWXUH DSSHDUHG WR KDYH ODUJHU FORQHV PDNH XS D

ODUJHU IUDFWLRQ RI WKHLU SRSXODWLRQ �GRQRUV ���� )LJXUH ���(�� 7KLV FRXOG EH LQ SDUW GXH WR VRPH FORQHV

SUHIHUHQWLDOO\ H[SDQGLQJ LQ FXOWXUH WKDW ZDV QRW REVHUYHG LQ GRQRU � DQG GRQRU � GXH WR ORZHU QXPEHU RI

FHOOV GHWHFWHG �7DEOH 6����� 7KH FORQHV GHWHFWHG KDG D UDQJH RI GLVWLQFW 07 YDULDQWV WKDW VHSDUDWHG WKRVH

FHOOV IURP WKH RWKHU FORQHV �)LJXUH ���&� )LJXUH ���'�� +RZHYHU� DV WKH 07 JHQRPH LV KHWHURSODVPLF�

FORQH DVVLJQPHQW ZDV EDVHG RQ 9$) UDWKHU WKDQ ELQDU\ YDULDQW FDOOV� ,QGHHG� FHOOV LQ FORQHV ZHUH

GLVWLQJXLVKHG DFURVV D UDQJH RI 9$) �)LJXUH 6����� ,QWHUHVWLQJO\� ZH QRWLFHG WKDW VRPH YDULDQWV ZHUH

VKDUHG DFURVV FORQHV� VHHQ LQ YDULDQW ����* �L�H� DOOHOH * DW SRVLWLRQ ���� RI WKH 07 JHQRPH� �)LJXUH

���'�� 7KHVH YDULDQWV VKDUHG DFURVV FORQHV DUH SUHGLFWHG WR KDYH DULVHQ IURP D FRPPRQ DQFHVWUDO VWHP

FHOO� :H QRWH WKDW YDULDQW ORVV LV DOVR SRVVLEOH� DV FORQHV µ'����¶ �QXPEHUHG E\ VL]H� DQG µµ'���� LQ GRQRU

� VKDUH EDUFRGH �����* EXW FORQH 
µ'����¶ LV PLVVLQJ ����*� :H DOVR FRPSDUHG GLIIHUHQW YDULDQW�FDOOLQJ

DQG FORQH�GHWHFWLRQ ZRUNIORZV �VHH 0HWKRGV�� DQG ILQG D KLJK FRQFRUGDQFH RI FHOO SDLU FORQDO

UHODWLRQVKLSV REVHUYHG DFURVV SDUDPHWHUV �)LJXUH 6���$�%�� EXW ZH GLG ILQG ORZHU SHUIRUPDQFH ZKHQ WKH

��
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QXPEHU RI QHDUHVW QHLJKERUV LQ WKH .11 DOJRULWKP ZDV ORZ �UHVXOWLQJ LQ ODUJHU� PRUH VSDUVH FOXVWHUV��

OHDGLQJ WR ORZHU FRQVLVWHQF\ LQ FORQHV GHWHFWHG ZKHQ UH�UXQQLQJ WKH PHWKRG LQ VXEVDPSOHG FHOOV �)LJXUH

6���&� VHH�0HWKRGV��

��



)LJXUH�����6LQJOH�&'����VWHP�FHOOV�H[SDQG�LQWR�FORQHV�RI�YDULDEOH�VL]HV�LGHQWLILHG�E\
PLWRFKRQGULDO�YDULDQWV
�$�'� &ORQHV�GHWHFWHG�LQ�GRQRU�� �$� 1XPEHU�RI�FHOOV LQ�HDFK�FORQH��FRORUHG�E\�FRQGLWLRQ� �%�
6FDWWHUSORW�RI�QXPEHU�RI�FHOOV�DFURVV�LQSXW�DQG�FXOWXUHG�FHOOV��3HDUVRQ�FRUUHODWLRQ�U�DQG�S�YDOXH
VKRZQ� �&� %DUFRGHV�GHWHFWHG�LQ�UHSUHVHQWDWLYH�FORQHV� ,Q�EOXH�LV�WKH�SHUFHQW�RI�FHOOV�ZLWK�WKH
EDUFRGH�LQ�WKH�FORQH��DQG�LQ�RUDQJH�LV�WKH�SHUFHQW�LQ�FHOOV�RXWVLGH�RI�WKH�FORQH��VKRZQ�IRU�WKH�WRS
GLVWLQJXLVKLQJ�EDUFRGHV�IRU�HDFK�FORQH� �'� $YHUDJH 9$)��RI�HDFK�YDULDQW�LQ�HDFK�FORQH��0D[
FXW�RII�DW������9DULDQW�W\SHV�VKRZQ�IRU�HDFK�YDULDQW�DQG�QXPEHU�RI�FHOOV�IRU�HDFK�FORQH� �(�
&XPXODWLYH�GLVWULEXWLRQ�RI�WKH�QXPEHU�RI�FHOOV�FDSWXUHG�ZLWK�LQFUHDVLQJ�QXPEHU�RI�FORQHV��VRUWHG
E\�ODUJHVW�WR�VPDOOHVW��DFURVV�DOO�GRQRUV

��



7DEOH�����&ORQDO��GHWHFWLRQ�RI�KXPDQ�&'����%0�FHOOV�XVLQJ�07�YDULDQWV�DFURVV���GRQRUV

������PW�VF$7$&�VHT�LGHQWLILHV�YDULDEOH�FHOO�OLQHDJHV�LQ�KXPDQ�&'����VWHP�FHOO�H[�YLYR�FXOWXUH

$IWHU ZH VXFFHVVIXOO\ LGHQWLILHG WKH FORQDO OLQHDJH RI &'��� KXPDQ +63&V LQ HDFK PXOWLSOH[HG

GRQRU XVLQJ WKH PLWRFKRQGULDO RSHQ�FKURPDWLQ FDSWXUHG E\ PW�VF$7$&�VHT� ZH WKHQ XVHG WKH QXFOHDU

JHQRPLF RSHQ�FKURPDWLQ WKDW ZDV FDSWXUHG IURP WKH VDPH H[SHULPHQWV WR LGHQWLI\ DFWLYH JHQRPLF ORFL WR

DVVLJQ FHOO OLQHDJH WKHUHIRUH DGGUHVV WKH GLIIHUHQWLDWLRQ SRWHQWLDO RI HDFK &'��� FHOO� 7R DFKLHYH WKLV JRDO�

QXFOHDU RSHQ�FKURPDWLQ UHDGV ZHUH SURFHVVHG XVLQJ FRQYHQWLRQDO VF$7$&�6HT WRROV� HQDEOLQJ GLPHQVLRQ

UHGXFWLRQ DQG FHOO FOXVWHULQJ� 4XDOLW\ FRQWURO RI H[SHULPHQWV VKRZHG D FRPSDUDEOH QXPEHU RI GHWHFWHG

SHDNV DFURVV H[SHULPHQWV �)LJXUH 6����� )RFXVLQJ RQ WKH WZR GRQRUV WKDW KDG ERWK VWHDG\�VWDWH DQG

FXOWXUHG IRU �� KRXUV� ZH XVHG WKH 6LJQDF SURWRFRO WR LQWHJUDWH VDPSOH GDWD� SUHSURFHVV� DQG ELQDUL]H GDWD

IURP FHOOV �VHH 0HWKRGV�� 7KHVH FHOOV ZHUH HPEHGGHG LQWR D �' PDS XVLQJ XQLIRUP PDQLIROG

DSSUR[LPDWLRQ 	 SURMHFWLRQ �80$3� DQG FOXVWHUHG� :H LGHQWLILHG �� SRSXODWLRQV LQ WKH &'��� FHOOV

EHIRUH� DQG DIWHU� ��K FHOO FXOWXUH EDVHG RQ DQDO\VLV RI WKH JHQH DFWLYLW\ VFRUHV LQ H[RQLF DQG SURPRWHU

UHJLRQV WKDW ZHUH GHPRQVWUDWHG WR EH FULWLFDO IRU HDFK FHOO OLQHDJH �)LJXUH ���� 7DEOH 6����� $V SHDNV ZHUH

DOVR IRXQG LQ LQWHUJHQLF DQG RWKHU QRQ�FRGLQJ UHJLRQV �)LJXUH 6���'�� ZH FRQILUPHG PDUNHUV XVLQJ

&KURP9DU WUDQVFULSWLRQ IDFWRU �7)� DFWLYLW\ ��� DV ZHOO� EDVHG RQ WKH 7) PRWLIV GHWHFWHG LQ D FHOO¶V

RSHQ�FKURPDWLQ SHDNV� :H IRXQG WKDW LQ GLIIHUHQW FOXVWHUV JHQH DFWLYLW\ VFRUHV DUH HQULFKHG DW UHJLRQV WKDW

��

https://paperpile.com/c/GUGQPJ/LPqUY


UHJXODWH WKH GLIIHUHQWLDWLRQ RI +63&V WRZDUGV XQLTXH EORRG FHOO OLQHDJHV� LQGLFDWLQJ WKH OLQHDJH�IDWH RI

HDFK FOXVWHU RI WKHVH H[ YLYR FXOWXUHG &'��� KXPDQ +63&V �)LJXUH ���&�� $PRQJ WKHVH FOXVWHUV� �

FOXVWHUV GLVSOD\ KLJK .,7 DFWLYLW\ VXJJHVWLQJ WKH\ DUH +63& VXEVHWV� 7KH WUDMHFWRU\ RI 63,� DFWLYLW\ IURP

WKHVH FOXVWHUV WRZDUGV RWKHU FOXVWHUV VXSSRUWV WKLV DQQRWDWLRQ� 7KH HQULFKPHQW RI &32;�$1.� LGHQWLILHV

D PHJDNDU\RF\WH SURJHQLWRU �0N3� FOXVWHU� (OHYDWHG DFWLYLW\ DW +%%�+%*� VXJJHVWV � FOXVWHU ZLWK

HU\WKURF\WH SRWHQWLDO� 7KH FRPELQDWLRQ RI 63,�� )/7�� $73�%� VXJJHVWV P\HORLG OLQHDJH SRWHQWLDO LQ

VHYHUDO FOXVWHUV DQG WKHVH � FOXVWHUV FRXOG WKHQ EH IXUWKHU LGHQWLILHG DV PRQRF\WHV� QHXWURSKLOV� RWKHU

JUDQXORF\WHV� DQG S'& EDVHG RQ DQDO\VLV LQ JHQH UHJLRQV VKRZQ LQ )LJXUH �&� 1RWDEO\ WKHUH LV � FOXVWHU

WKDW GLVSOD\V SUH�% SKHQRW\SH� DQG ZDV ORVW LQ SRVW�FXOWXUH VDPSOHV �)LJXUH ���%�� $QDO\VLV RI 7)

DFWLYLWLHV EHWZHHQ FOXVWHUV XVLQJ FKURP9$5 ��� VXSSRUWV WKH FHOO OLQHDJH DVVLJQPHQW LQ HDFK FOXVWHU

�)LJXUH ���'�� :H DGGLWLRQDOO\ UDQ WKH VDPH SLSHOLQH E\ LQWHJUDWLQJ FHOOV DFURVV DOO � GRQRUV �)LJXUH

6���$�� IRXQG VLPLODU 80$3 OLQHDJHV� DQG IRXQG FXOWXUHG FHOOV PRUH UHSUHVHQWHG LQ GRZQVWUHDP

SURJHQLWRU OLQHDJHV �)LJXUH 6���%�'�� 7KH QXPEHU RI SHDNV GHWHFWHG DFURVV WKH 80$3 ZDV VLPLODU�

DOWKRXJK LW ZDV HOHYDWHG LQ WKH GHWHFWHG S'& OLQHDJH �)LJXUH 6���&�� $GGLWLRQDOO\� ZH IRXQG PXOWLSOH

FOXVWHUV�RI�VLPLODU�W\SH��VXFK�DV�WZR�QHXWURSKLO�FOXVWHUV��WKDW�ZHUH�QRW�DEOH�WR�EH�UHVROYHG��)LJXUH����$��

7R YDOLGDWH WKH UHVXOWV RI PW�VF$7$&�VHT ZH SHUIRUPHG IORZ F\WRPHWU\ LQ SDUDOOHO� 'LPHQVLRQ

UHGXFWLRQ DQG DXWRPDWHG FOXVWHULQJ ZHUH SHUIRUPHG RQ KXPDQ &'��� FHOOV EHIRUH� DQG DIWHU� ��K FXOWXUH

EDVHG RQ VXUIDFH SURWHLQ H[SUHVVLRQ OHYHOV RI +63& PDUNHUV &'���&'��� �F�.LW�� O\PSKRLG OLQHDJH

PDUNHUV &'��&'���&'��� JUDQXORF\WH OLQHDJH PDUNHUV &'��E�)Fİ5,Į�6LJOHF�� PRQRF\WH OLQHDJH

PDUNHUV &'���&'���&'���&'��F� DQG DGGLWLRQDO GHYHORSPHQWDO DQG PDWXUDWLRQ PDUNHUV

&'���&'���&'����&'��E�+/$�'5� 7KH UHVXOW UHYHDOHG KLJK FRQVLVWHQF\ ZLWK WKH PW�VF$7$&�VHT WKDW

�� FOXVWHUV ZHUH LGHQWLILHG LQFOXGLQJ � +63& VXEVHWV� � JUDQXORF\WH�OLNH FOXVWHU� � FODVVLFDO PRQRF\WH

FOXVWHU� � QRQ�FODVVLFDO PRQRF\WH FOXVWHU� � SUH�% DQG � S'& FOXVWHU� � DGGLWLRQDO &'��� FOXVWHU DQG �

&'��� FOXVWHUV �)LJXUH 6����� 6LPLODU WR WKH PW�VF$7$&�VHT UHVXOWV� WKH VLQJOH SUH�% DQG VLQJOH S'&

FOXVWHUV GLVDSSHDUHG DIWHU ��K FHOO FXOWXUH� VXJJHVWLQJ WKDW WKHVH WZR SRSXODWLRQV PD\ EH D UHVXOW RI

FURVV�FRQWDPLQDWLRQ IURP WKH &'��� FHOO VRUWLQJ DQG XQGHUJR FHOO GHDWK LQ WKH H[ YLYR FXOWXUH� 2Q WKH

��
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RWKHU KDQG� WKH IUHTXHQF\ RI WKHVH FOXVWHUV LGHQWLILHG E\ PW�VF$7$&�VHT DQG IORZ F\WRPHWU\ DUH KLJKO\

FRQVLVWHQW �)LJXUH ���)�� VXJJHVWLQJ WKH UHVXOWV IURP PW�VF$7$&�VHT DUH YDOLG� 7KHVH UHVXOWV WRJHWKHU�

GHPRQVWUDWH WKDW WKH &'��� FHOOV WKDW ZHUH HQULFKHG IURP PRELOL]HG KXPDQ EORRG FRQVLVW RI

KHWHURJHQHRXV +63& SRSXODWLRQV� DQG PD\ GLIIHUHQWLDWH LQWR YDULDEOH OLQHDJHV RI FHOOV H[ YLYR LQ WKH

SUHVHQFH�RI�WKH�F\WRNLQH�FRFNWDLO�PDGH�RI�6&)�,/���,/���)OW�/�*�&6)�*0�&6)���)LJXUH����%��

��



)LJXUH�����PW�VF$7$&�VHT�LGHQWLILHV�YDULDEOH�FHOO�OLQHDJHV�LQ�KXPDQ�&'����VWHP�FHOO
VWHDG\�VWDWH�DQG�LQ H[�YLYR FXOWXUH
�'�80$3�HPEHGGLQJ�RI�VLQJOH�FHOOV�LQ�VHTXHQFLQJ�UXQ�6�����GRQRUV��XVLQJ�QXFOHDU
$7$&�VHT�UHJLRQV �$� 80$3�RI�VLQJOH�FHOOV��ZLWK�HDFK FHOO�FRORUHG�E\�FOXVWHU�ODEHOV��DQG
PDQXDO�+63&�W\SH�DQQRWDWLRQ�RYHUODLG�RQ�80$3 �%� 80$3 VSOLW�E\�FRQGLWLRQV�DQG
FRORUHG�E\�DVVLJQHG�FOXVWHU�ODEHOV����&�'��/LQHDJH PDUNHUV�XVHG�WR�LQIRUP�DQQRWDWLRQ �&�
*HQH�DFWLYLW\�VFRUHV�IRU�VHOHFW�PDUNHUV�RYHUODLG�RQ�80$3 �'� 7UDQVFULSWLRQ�IDFWRU��DFWLYLW\
VFRUHV�IRU�VHOHFW�PDUNHUV

��



������PW�VF$7$&�VHT�UHYHDOV�PLQLPXP�OLQHDJH�ELDV�LQ�VWHDG\�VWDWH�DQG H[�YLYR GLIIHUHQWLDWLRQ�RI

KXPDQ�&'����FHOOV

:H�QH[W�ORRNHG�WR�HYDOXDWH�WKH�PXOWLSRWHQF\�RI�WKHVH�FORQHV�DQG�DVVHVV�WKHLU�OLQHDJH�ELDV�E\

PW�VF$7$&�VHT��:KHQ�RYHUOD\LQJ�FHOOV�IURP�FORQHV�RQ�WKH�80$3�XVLQJ�WKH�GRQRUV�LQ�LQSXW�DQG�FXOWXUH

�)LJXUH����$���DQG�DQDO\]LQJ�WKHLU�GLVWULEXWLRQ��)LJXUH ���&���FORQHV�DSSHDUHG�UDQGRPO\�FOXVWHUHG�ZLWK

QHJOLJLEOH�HYLGHQFH�RI�OLQHDJH�ELDV��,QWHUHVWLQJO\��ZKLOH�ZH�GHWHFWHG�YDULDWLRQ�LQ�FORQH�VL]H�ZLWKLQ�HDFK

FOXVWHU��PRVW�VL]HV�DUH�ZLWKLQ�D�VLPLODU�UDQJH���:H�WHVWHG�LI�DQ\�FORQH�ZDV�ELDVHG�WR�FHUWDLQ�+63&�FOXVWHUV

XVLQJ�D�K\SHUJHRPHWULF�WHVW�RQ�FORQH�VL]HV�LQ�WKH�LQSXW�FRQGLWLRQ��VHH�0HWKRGV���:H�IRXQG�QR�ELDVHG

FORQHV�LQ�GRQRU����EXW���FORQH�FOXVWHU�SDLUV�VLJQLILFDQW�LQ�GRQRU����&ORQH�µ'����¶�LV�VLJQLILFDQW�LQ�ERWK

S'&�DQG�SUH�%�DQQRWDWHG�FHOOV��FORQH�µ'����¶�LQ�JUDQXORF\WHV��DQG�µ'����¶�LQ�WKH�+63&���FOXVWHU

�%HQMDPLQL�+RFKEHUJ�DGMXVWHG�S�YDOXH���������7KHVH�ZHUH�VPDOOHU�FOXVWHUV��EXW�ZHUH�QRW�WKH�RQO\�FORQHV

H[FOXVLYHO\�KDYLQJ�WKHVH�FHOOV��)LJXUH����%���+RZHYHU� DV�PHQWLRQHG�HDUOLHU��WKH�S'&�DQG�%�FHOOV�ZHUH

QRW�IRXQG�LQ�WKH H[�YLYR GLIIHUHQWLDWHG�FRQGLWLRQ �)LJXUH����&���:H�DOVR�FRPSDUHG�FORQH�OLQHDJH�ELDV IURP

WKH�FOXVWHUV�IRXQG�DFURVV�DOO�GRQRUV��)LJXUH������ :H�ORRNHG�WR�DVVHVV�OLQHDJH�ELDV�LQ�HDFK�FORQH�XVLQJ�WKH

HQWURS\�PHWULF��VHH�0HWKRGV���ZKLFK�PHDVXUHV�KRZ�PXFK�LQIRUPDWLRQ�LV�FRQYH\HG�LQ�D�GLVWULEXWLRQ�LI�D

FORQH�LV�ELDVHG�WR�RQH�FORQH��LW�ZLOO�KDYH�ORZHU�HQWURS\��:H�VHH�OLWWOH�YDULDELOLW\�DFURVV�FORQH�HQWURS\��DQG

WKH�ORZHU�HQWURS\�FORQHV�ZHUH�VPDOOHU��)LJXUH����&�� :H�WKHQ�H[DPLQHG�WKH�OLQHDJH�SURSRUWLRQV�LQ�HDFK

FORQH��DQG�IRXQG�WKDW�WKLV�YDULHG�ZLGHO\�DFURVV�OLQHDJHV��)LJXUH����'���0DLQO\��PRVW�FORQHV�ZHUH�IRXQG�LQ

WKH�ILUVW�WZR�+63&�FOXVWHUV�DQG�D�VL]DEOH�IUDFWLRQ�LQ�WKH�0N3�SRSXODWLRQ��+RZHYHU��WKH�YDULDWLRQ�DFURVV

FORQHV�ZLWKLQ�HDFK�OLQHDJH�ZDV�VPDOOHU�ZLWKLQ�HDFK�OLQHDJH�FRPSDUHG�WR�EHWZHHQ�WKHP��)LJXUH����'��

7KLV�ZDV�DOVR�PHDVXUHG�DFURVV�DOO�GRQRUV�XVLQJ�HQWURS\�LQ�HDFK�OLQHDJH��FRQYHUWLQJ�WKH�FORQDO�FRXQWV�LQWR

SUREDELOLW\�GLVWULEXWLRQV�IRU�HDFK�OLQHDJH���VHH�0HWKRGV���0RVW�GRQRUV�VKDUHG�VLPLODU�HQWURS\�YDOXHV�

DOWKRXJK�'RQRUV������ZKLFK�XQGHUZHQW H[�YLYR FXOWXUH� KDG�ORZHU�HQWURS\�LQ�O\PSKRLG�EDVHG�FOXVWHUV

�)LJXUH����'���:KLOH�WKH�PDMRULW\�RI�FORQHV�VKRZHG QR�VNHZLQJ�DFURVV�FOXVWHUV��ZH�DOVR�GHWHUPLQHG�LI�WKH

UHVROXWLRQ�RI�FORQH�GHWHFWLRQ�LQIOXHQFHG�WKHVH�GDWD��7R�GR�WKLV��ZH�H[DPLQHG�LQGLYLGXDO�07�YDULDQW

EDUFRGHV�DFURVV�WKH�+63&�FOXVWHUV�DQG�ZHUH�XQDEOH�WR�ILQG�VLJQLILFDQW�ELDVHV�DFURVV�WKH�FOXVWHUV�LQ�GRQRU��

��



DQG�GRQRU����)LJXUH�6������7RJHWKHU��RXU�GDWD�VXJJHVWV�WKDW�GHWHFWDEOH�+63&�FORQHV�KDYH�PXOWL�SRWHQW

FDSDFLW\�FRQWULEXWLQJ�WR�KHPDWRSRLHVLV�LQ�KXPDQV�

��



)LJXUH������PW�VF$7$&�VHT�UHYHDOV�PLQLPXP�OLQHDJH�ELDV�LQ�WKH H[�YLYR GLIIHUHQWLDWLRQ�RI��KXPDQ�&'����FHOOV
/HIW��GRQRU�'RQRU����5LJKW��'RQRU�� �$� &HOOV�LQ�UHSUHVHQWDWLYH FORQH�LQ�HDFK�GRQRU�HPEHGGHG�LQ�80$3��%�'�
/LQHDJH�IDWHV�RI�FHOOV�LQ�LQSXW �%� 5DZ�FHOO�FRXQWV LQ�HDFK�FORQH��FRORUHG�E\�OLQHDJH�FOXVWHU �&� 3HUFHQW RI�LPPXQH
OLQHDJH�FOXVWHUV�DFURVV�HDFK�FORQH�IRU�GRQRUV��%R[HG�YDOXHV�DUH�VLJQLILFDQW��S������DFFRUGLQJ�WR�K\SHUJHRPHWULF�DQG
QRQ�SDUDPHWULF�WHVWV� �'� 3HUFHQW�RI�OLQHDJH�LQ�D FORQH��DFURVV�DOO�FORQHV���(��6DPH�DV��%���EXW�IRU�FHOOV�LQ����KRXU
FXOWXUH��/HJHQG�LV�WKH�VDPH�DV��%��

��



��



)LJXUH������0LQLPXP�OLQHDJH�ELDV�LQ�KXPDQ�&'����+63&�FORQHV�DFURVV�DOO�GRQRUV
�$� 'LVWULEXWLRQ�RI�FHOOV�RQ�80$3��FRORUHG�E\�DQQRWDWHG FOXVWHU�ODEHOV �%� 3URSRUWLRQ�RI�FHOOV�DFURVV�+63& FOXVWHUV
LQ�HDFK�GRQRU �&� (QWURS\�RI�OLQHDJH�IDWH�LQ�HDFK FORQH��VRUWHG�E\�UDQN�ZLWKLQ�HDFK�GRQRU��6DPH�FRORU�OHJHQG�DV�LQ
�E� �'� (QWURS\�RI�FORQDO�ELDV�LQ�HDFK�OLQHDJH�IRU HDFK�GRQRU��6DPH�FRORU�OHJHQG�DV�LQ��%���%ODFN�OLQH�LV�PD[LPXP
HQWURS\�SRVVLEOH�JLYHQ�WKH�PD[LPXP�QXPEHU�RI�FORQHV�REVHUYH�DFURVV�GRQRUV�

��



����'LVFXVVLRQ

+HUH ZH UHSRUW RQ WUDFNLQJ FORQDO +63&V DQG WKHLU OLQHDJH FRPPLWPHQW SRWHQWLDO LQ KXPDQV DQG

PLFH XVLQJ FXWWLQJ�HGJH 1*6 WRROV DQG LQQRYDWLYH DSSURDFKHV� :H SURYLGH HYLGHQFH WKDW &'��� FORQHV

FDQ SUROLIHUDWH DQG GLIIHUHQWLDWH WRZDUGV P\HORLG� O\PSKRLG� DQG HU\WKURLG OLQHDJHV ZLWKRXW VXEVWDQWLDO

YDULDWLRQ DFURVV +6& FORQHV� ,Q KXPDQV� PW�VF$7$&�VHT FDQ EH XVHG WR VLPXOWDQHRXVO\ WUDFN 07

YDULDQWV DQG RSHQ�FKURPDWLQ UHJLRQV LQ VLQJOH�FHOOV� &ORQHV LQ WKH LQSXW &'��� IUDFWLRQ DUH GLVWULEXWHG

GLYHUVHO\ E\ $7$&±6HT VLJQDWXUH� DQG GLIIHUHQWLDWH WR GLYHUVH OLQHDJHV XSRQ FXOWXUH� VXJJHVWLQJ WKDW WKH

07 YDULDQWV IRXQG LQ FORQDO OLQHDJHV DUH EHLQJ LQKHULWHG IURP D /7�+6&� DQG QRW IURP OLQHDJH�UHVWULFWHG

SURJHQLWRU FHOOV� /RQJHU WHUP FXOWXUH PD\ HQDEOH GRPLQDQW RXWJURZWK RI VSHFLILF OLQHDJHV DQG PDVN WKH

WUXH SRWHQWLDO RI &'��� FORQDO OLQHDJHV WR JHQHUDWH GLYHUVH KHPDWRSRLHWLF FHOO W\SHV ���� 7KHVH GDWD DUH

FRQVLVWHQW ZLWK IORZ F\WRPHWULF DQDO\VLV RI FXOWXUHG FHOOV RYHU ��K� ,Q WRWDO� ZH ILQG OLWWOH HYLGHQFH RI ELDV

LQ OLQHDJH FRPPLWPHQW LQ PRELOL]HG SULPDU\ KXPDQ SHULSKHUDO EORRG &'��� FHOOV DQG LQ ���KRXU

F\WRNLQH�FXOWXUH H[�YLYR�

7KH PHWKRGRORJ\ LQ WKLV UHSRUW DOVR SURYLGHV DQ RSSRUWXQLW\ WR HQKDQFH WKH VWXG\ RI KXPDQ

+63& H[ YLYR DQG LQ YLYR� 7KH VWXG\ RI JHQHWLF DQG ELRFKHPLFDO UHJXODWRUV RI +6& SUROLIHUDWLRQ DQG

GLIIHUHQWLDWLRQ FDQ EH H[SORUHG XVLQJ GLYHUVH PHWKRGRORJ\ LQFOXGLQJ FORQDO FXOWXUH DVVD\V� VLQJOH FHOO

WUDQVFULSWRPLFV DQG HSLJHQRPLFV� DQG LQ YLYR GLIIHUHQWLDWLRQ DQG IXQFWLRQ ���� 7KH HIIHFWV RI KHPDWRSRLHWLF

JURZWK IDFWRUV� LQIODPPDWRU\ F\WRNLQHV DQG SDWKRJHQ�GHULYHG PROHFXOHV RQ JHQH H[SUHVVLRQ� FHOO

IXQFWLRQ� DQG HQJUDIWPHQW� FDQ DOVR EH H[SORUHG ZLWK KLJKHU UHVROXWLRQ DQG FRQILGHQFH LQ WKH FHOO W\SH LQ

TXHVWLRQ� %DUFRGLQJ DQG WUDQVSODQWDWLRQ WHFKQLTXHV SURYLGH H[FHOOHQW FORQH�GHWHFWLRQ PHWKRGV� KRZHYHU

WKH FHOOXODU DQG LPPXQH UHVSRQVH WR WKHVH HGLWLQJ WHFKQLTXHV FDQ LQWURGXFH FRQIRXQGLQJ HIIHFWV WKDW

UHTXLUH FRQVLGHUDWLRQ LQ H[SHULPHQWDO DQG WKHUDSHXWLF GHVLJQ� D IDFWRU WKDW LV DYRLGHG XVLQJ QDWXUDOO\

RFFXUULQJ PLWRFKRQGULDO '1$ EDUFRGHV ���������������� PW�VF$7$&�VHT DOORZV IRU FORQDO GHWHFWLRQ RI LQWDFW
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FHOOV XVLQJ 07 EDUFRGHV DV VRPDWLF PXWDWLRQV� :H ZHUH DEOH WR PXOWLSOH[ GRQRUV E\ DGRSWLQJ D PHWKRG WR

FRPSXWDWLRQDOO\ VHSDUDWH GRQRUV XVLQJ 07 VRPDWLF PXWDWLRQV� $V ZLWK DOO EDUFRGLQJ VWUDWHJLHV� WKH

OLPLWDWLRQV RI RXU VWXG\ LQFOXGH WKH VHQVLWLYLW\ RI WKH QXPEHU RI FORQHV GHWHFWHG WR FRYHUDJH� 6PDOOHU

FORQHV PD\ JR XQGHWHFWHG LI WKH\ DUH SUHVHQW LQ ORZ IUHTXHQFLHV� DQG WKRVH PD\ H[KLELW ELDV� +RZHYHU�

SULRU VWXGLHV KDYH VXJJHVWHG WKRVH DUH QRW VLJQLILFDQW FRQWULEXWRUV WR KDHPDWRSRLHVLV DW WKH WLPH RI

VDPSOLQJ� 2XU DELOLW\ WR REVHUYH PXOWLSRWHQW FORQHV DFURVV FRQGLWLRQV LQ KLJK DQG ORZ FHOO QXPEHUV

VXJJHVW WKLV LPSDFW LV OLPLWHG ZLWK WKLV PHWKRG� 6LQJOH�FHOO 1*6 KDV DOORZHG IRU UDSLGO\ DGYDQFLQJ

FKDUDFWHUL]DWLRQ RI OLQHDJH VXEW\SHV �����������±���� 7KLV H[SHULPHQW DOVR HQDEOHV WKH DVVLJQPHQW RI OLQHDJH

VXEW\SHV XVLQJ QXFOHDU FKURPDWLQ DFFHVVLELOLW\ DW JHQH SURPRWHUV� DQG LV FRUURERUDWHG E\ IORZ F\WRPHWULF

DQDO\VLV��7KHVH�ILQGLQJV�DUJXH�DJDLQVW�VXEVWDQWLDO�OLQHDJH�ELDV�LQ�KHPDWRSRLHWLF�VWHP�FHOOV�LQ�KXPDQV�

����0HWKRGV

+XPDQ�SULPDU\�FHOOV�VDPSOHV

&U\RSUHVHUYHG�&'�����KHPDWRSRLHWLF�VWHP�DQG�SURJHQLWRU�FHOOV�ZHUH�REWDLQHG�IURP�DQ�LQGXVWULDO

SDUWQHU��'RQRUV������'RQRUV�$�'�IRU�)$&6�VRUWLQJ��RU�6WHP&HOO�7HFKQRORJLHV��'RQRUV�������7KH

LQGXVWULDO�SDUWQHU�VDPSOHV�FRQWDLQHG�KHDOWK\�GRQRUV�DJHG�������ZLWK�YHULILHG�PXWDWLRQV�DVVRFLDWHG�ZLWK

FORQDO�KHPDWRSRLHVLV�RI�LQGHWHUPLQDWH�SRWHQWLDO��&+,3� �����6DPSOHV��ZKHUH�DSSOLFDEOH��ZHUH�FXOWXUHG�IRU

���KRXUV�LQ�D�F\WRNLQH�FXOWXUH�FRQVLVWLQJ�RI��6&)�,/���,/���)OW�/�*�&6)�*0�&6)��7KH�&'�����VDPSOHV

ZHUH�GH�LGHQWLILHG�DQG�SURFHVVHG�LQ�ERWK�WKH�PWVF$7$&�VHT�OLEUDU\�SUHSDUDWLRQ�DQG�)$&6�VRUWLQJ�

PWVF$7$&�VHT�OLEUDU\�SUHSDUDWLRQ

PW�VF$7$&�VHT�OLEUDULHV�ZHUH�JHQHUDWHG�E\�DGDSWLQJ�WKH���;�*HQRPLFV�SURWRFRO�IRU�VLQJOH�FHOO

$7$&�VHT��DFFRUGLQJ�WR�PRGLILFDWLRQV�PDGH�E\�/DUHDX�HW�DO� �����7KLV�PRGLILHG�SURWRFRO�H[SORLWV�D�IL[DWLRQ

VWHS�DQG�D�PRGLILHG�SHUPHDELOL]DWLRQ�SURWRFRO�WR�UHWDLQ�PLWRFKRQGULD�LQ�FHOOV�IRU�VXEVHTXHQW�FDSWXUH�DQG

OLEUDU\�SUHSDUDWLRQ��)LJXUH����$���:KROH�FHOOV�ZHUH UHWDLQHG�IROORZLQJ�DQ�DGDSWHG�SURWRFRO�RI���;
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*HQRPLFV�6LQJOH�FHOO�$7$&�VHT �����'LJLWRQLQ�DQG�7ZHHQ����ZHUH�RPLWWHG�LQ�WKH�O\VLV�DQG�ZDVK�EXIIHUV

WR�JHQHUDWH�D�KLJKHU�UHWHQWLRQ�RI�PLWRFKRQGULDO�'1$�IUDJPHQWV�SHU�VLQJOH�FHOO��&HOOV�ZHUH�DOVR�IL[HG�LQ

���)RUPDOGHK\GH�WR�GHFUHDVH�WKH�FKDQFH�RI�PLWRFKRQGULDO�'1$�IUDJPHQWV�IURP�FURVV�FRQWDPLQDWLQJ

XSRQ�O\VLV��&RPSDUHG�WR�VF51$�6HT�ZLWK�FXVWRP�DPSOLILFDWLRQ�RI�PLWRFKRQGULDO�UHDGV��WKLV�PHWKRG

DFKLHYHV�QHDU�FRPSOHWH�FRYHUDJH�RI�WKH�PLWRFKRQGULDO�JHQRPH�IRU�RSWLPDO�YDULDQW�FDOOLQJ�DQG�FHOOXODU

µEDUFRGLQJ´�

(DFK�SDWLHQW�VDPSOH�ZDV�FRXQWHG�XVLQJ�D�KHPRF\WRPHWHU�DV�ZHOO�DV�D���LQVHUW�7DOL�FRXQWHU�QDPH��

:KROH�FHOOV�ZHUH�REWDLQHG�E\�IROORZLQJ�WKH�GHPRQVWUDWHG�SURWRFRO�1XFOHL�,VRODWLRQ�IRU�6LQJOH�&HOO�$7$&

VHTXHQFLQJ��&*��������ZLWK�PRGLILFDWLRQV�PDGH�E\�/DUHDX�HW�DO��DQG�DV�VWDWHG�KHUH��2QFH�VDPSOHV�ZHUH

WKDZHG�IURP�OLTXLG�QLWURJHQ�DFFRUGLQJ�WR�FRPPRQ�SUDFWLFH��3DWLHQW�VDPSOHV�ZHUH�IL[HG�IRU����PLQ�DW

URRP�WHPSHUDWXUH�LQ����)RUPDOGHK\GH�RU����3DUDIRUPDOGHK\GH�LQ�3%6��VXEVHTXHQWO\�JO\FLQH�ZDV�DGGHG

DW�D�FRQFHQWUDWLRQ�RI�������0�WR�TXHQFK�WKH�UHDFWLRQ��&HOOV�ZHUH�WKHQ�ZDVKHG�WZLFH�LQ�3%6�LQ�D�ORZ

ELQGLQJ�(SSHQGRUI�WXEH�DQG�FHQWULIXJHG�IRU���PLQ�DW����J�LQ��& WKHQ�UHFRXQWHG�XWLOL]LQJ�WKH�VDPH�PHWKRG

DV�EHIRUH��6DPSOHV�ZHUH�WKHQ�PXOWLSOH[HG�E\�WDNLQJ�WKH�VDPH�DPRXQW�RI�FHOOV�SHU�SDWLHQW�VDPSOH�WR�JHW�D

WRWDO�QXPEHU�RI�FHOOV�DERYH���������WR�DFFRXQW�IRU�DQ\�FHOO�ORVV��,I�WKH�FHOO�FRXQW�WRWDO�IRU�DOO�SDWLHQW

VDPSOHV�ZDV�JRLQJ�WR�EH�OHVV�WKDQ���������DIWHU�SRROLQJ�WKH�FHOOV��ZH�IROORZHG�WKH�³/RZ�&HOO�,QSXW

1XFOHL�,VRODWLRQ´�LQ�WKH�DSSHQGL[��:KROH�FHOOV�ZHUH�WKHQ�UHWDLQHG�E\�UHPRYLQJ�7ZHHQ����DQG�'LJLWRQLQ

IURP�WKH�ZDVK�DQG�O\VLV�EXIIHU�DV�GRQH�E\�/DUHDX�HW�DO��1RWH�WKDW�WKH�VDPSOHV�ZHUH�LQFXEDWHG�LQ�O\VLV

EXIIHU�IRU�H[DFWO\���PLQ�RQ�LFH�SULRU�WR�ZDVKLQJ��$IWHU�FHQWULIXJDWLRQ�RI�VDPSOH�DW�����UFI�IRU���PLQ��WKH

FHOO�VXSHUQDWDQW�ZDV�GLVFDUGHG�DQG�WKH�FHOO�SHOOHW�ZDV�UHVXVSHQGHG�LQ�D�FDOFXODWHG�YROXPH�RI��;�'LOXWHG

1XFOHL�EXIIHU±7KH�FDOFXODWHG�YROXPH�FRUUHVSRQGLQJ�WR�WKH�SUHYLRXV�FHOO�FRQFHQWUDWLRQ�FRXQW�REWDLQHG�

&HOOV�ZHUH�FRXQWHG�D�ILQDO�WLPH�DQG�WKHQ�SURFHVVHG�DFFRUGLQJ�WR�WKH�&KURPLXP�6LQJOH�&HOO�$7$&

6ROXWLRQ�XVHU�JXLGH�XVLQJ�WKH�&KURPLXP�1H[W�*(0�6LQJOH�&HOO�$7$&�/LEUDU\�.LW��&KURPLXP�1H[W

*(0�6LQJOH�&HOO�$7$&�*HO�%HDG�.LW��&KURPLXP�1H[W�*(0�&KLS�+�6LQJOH�&HOO�.LW��DQG�6LQJOH�,QGH[
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.LW�1�6HW�$��/DVWO\��TXDOLW\�FRQWURO��4&��WHVWV�ZHUH�UXQ�RQ�HDFK�OLEUDU\�SUHS�XVLQJ�$JLOHQW�7DSH6WDWLRQ

+LJK�6HQVLWLYLW\�'������$JLOHQW��DQG�4XELW�GV'1$�+6�$VVD\�NLW��,QYLWURJHQ��SULRU�WR�VHTXHQFLQJ�

3URFHVVLQJ�RI�PW�VF$7$&�VHT�VHTXHQFLQJ�IUDJPHQWV

3URFHVVLQJ�RI�PW�VF$7$&�VHT�UHDGV�ZDV�SHUIRUPHG�VLPLODUO\�WR �����%ULHIO\��IDVWT�ILOHV�ZHUH

DOLJQHG�XVLQJ�FHOOUDQJHU�DWDF�Y������WR�WKH�KJ���JHQRPH�:H�XVHG�WKH�EODFNOLVWHG�JHQRPH�IURP ��� E\

KDUG�PDVNLQJ�QXFOHDU�UHJLRQV�WKDW�DOLJQ�WR�WKH�07�ZLWK�VLQJOH�ES�HUURUV��&HOO�EDUFRGHV�DQG

RSHQ�FKURPDWLQ�SHDNV�ZHUH�FDOOHG�DQG�ILOWHUHG�XVLQJ�FHOOUDQJHU�

9DULDQW�FDOOLQJ�LQ�WKH�07�JHQRPH

:H�ILOWHUHG�FHOOV�ZLWK�OHVV�WKDQ�����ESV�LQ�WKH�07�JHQRPH�DQG�UHPRYHG�IUDJPHQW�GXSOLFDWHV��7KH

FRYHUDJH�IRU�WKRVH�FHOOV�DUH�VKRZQ�LQ )LJXUH����%� $IWHU��ZH�ILOWHUHG�IRU�FHOOV�DQG�SRVLWLRQV�ZLWK�KLJK

TXDOLW\��6SHFLILFDOO\��ZH�UHPRYHG�SRVLWLRQV�ZLWK�OHVV�WKDQ�WHQ�FHOOV�ZLWK�DW�OHDVW���[�FRYHUDJH��DQG�ZLWK

OHVV�WKDQ����FHOOV�KDYLQJ��[�FRYHUDJH�RI�D�SXWDWLYH�YDULDQW�DW�WKDW�SRVLWLRQ��$GGLWLRQDOO\��WKH�FHOOV�UHTXLUHG

DQ�DYHUDJH�3KUHG�EDVH�TXDOLW\�VFRUH��%4��RI�RYHU����DW�WKH�SXWDWLYH�YDULDQW��$IWHU�WKLV��ZH�XVH�0*$7.

ILOWHUV��ZKLFK�UHPRYH�YDULDQWV�ZLWK�ORZ�VWUDQG�FRQFRUGDQFH�DQG�ORZ�YDULDQFH�PHDQ�UDWLR�IRU�HDFK�YDULDQW

DFURVV�DOO�FHOOV�LQ�D�VDPSOH��7KH�WKUHVKROGV�XVHG�ZHUH�WKH�VDPH�DV�LQ�WKH�RULJLQDO�SDSHU��ZLWK�FRQFRUGDQFH

RI������DQG�ORJ����YDULDQFH�PHDQ�UDWLR�RI����

6HSDUDWLQJ�PXOWLSOH[HG�GRQRU�FHOOV

7R�VHSDUDWH�GRQRUV�IURP�WKH�VDPH�VHTXHQFLQJ�UXQ��ZH�XVH�WKH�DOJRULWKP�9LUHR �����ZKLFK�LV�D

YDULDWLRQDO�ED\HVLDQ�LQIHUHQFH�DOJRULWKP�WKDW�UHFRQVWUXFWV�HDFK�GRQRU
V�DOOHOH�IUHTXHQF\�SURILOH��WKH

GRQRU¶V�PHDQ�$)�LV�WKH�ODWHQW�YDULDEOH��DQG�DVVLJQV�D�SUREDELOLW\�RI�HDFK�FHOO�WR�WKDW�GRQRU��$Q\�FHOO�ZLWK

OHVV�WKDQ�����SUREDELOLW\�WR�EH�DVVLJQHG�WR�D�FORQH�LV�UHPRYHG��7KH�DOJRULWKP�DOVR�DVVLJQV�D�µGRXEOHW¶

SUREDELOLW\�IRU�HDFK�FHOO��ZKLFK�LV�WKH�OLNHOLKRRG�RI�WKH�FHOO�EHLQJ�SDUW�RI�PXOWLSOH�GRQRUV�YHUVXV�RQH��&HOOV
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ZLWK�PRUH�WKDQ�����SUREDELOLW\�RI�D�GRXEOHW�ZHUH�DOVR�UHPRYHG��7R�HQVXUH�WKH�GRQRUV�ZH�FDOOHG�ZHUH

FRUUHFW��ZH�YDULHG�WKH�QXPEHU�RI�GRQRUV�LQ�9LUHR�������IURP�WKH�WUXH�QXPEHU�RI�GRQRUV��7KH�PRGHO¶V

UHFRQVWUXFWLRQ�HUURU�LV�VDYHG�IRU�HDFK��DQG�WKH�µHOERZ�UXOH¶��LV�XVHG��ZKLFK�ILQGV�WKH�HUURU¶V�LQIOHFWLRQ

SRLQW�XSRQ�LQFUHDVLQJ�WKH�QXPEHU�RI�GRQRUV��'RQRU�VSHFLILF�KRPR]\JRXV�YDULDQWV�ZHUH�FDOFXODWHG�DV

KDYLQJ�D�PHDQ�$)�JUHDWHU�WKDQ������,Q�DOO�RXU�FDVHV��WKH�WUXH�QXPEHU�RI�GRQRUV�LV�ZKHUH�WKH�HOERZ�RFFXUV�

&ORQDO�GHWHFWLRQ�XVLQJ�07�EDUFRGHV

$IWHU�FRPSXWDWLRQDOO\�VHSDUDWLQJ�WKH�GRQRUV��ZH�LPSXWHG�VLQJOH�FHOO�YDULDQW�$)�IRU�KLJK�FRYHUDJH

SRVLWLRQV�WR�UHGXFH�VSXULRXV�FORQH�FDOOLQJ��DQG�WKHQ�UH�UDQ�0*$7.��ZKLFK�JDYH�D�QHZ�VHW�RI�FDOOHG

YDULDQWV�IRU�HDFK�GRQRU��7R�GHWHFW�FHOOV�RI�WKH�VDPH�FORQH��ZH�XVHG�WKH�N�QHDUHVW�QHLJKERUV�OHLGHQ�EDVHG

FRPPXQLW\�GHWHFWLRQ�DOJRULWKP��VLPLODU�WR �����7KH UHVROXWLRQ�SDUDPHWHU�ZDV�VHW�WR�����DV�DIWHU�YDU\LQJ�WKDW

QXPEHU�ZH�ILQG�LW�LV�UREXVW�IURP��������DQG�WKH�FRVLQH�GLVWDQFH�FXWRII�RI�WKH�DOJRULWKP�ZDV�VHW�WR�����

:H�XVHG�WKUHH�GLIIHUHQW�YDULDQW�SURFHVVLQJ�PHWKRGV�WR�PHUJH�YDULDQWV�DFURVV�FRQGLWLRQV��DQG

H[DPLQHG�LQWHUQDO�FRQVLVWHQF\�DFURVV�WKH�GLIIHUHQW�PHWKRGV��)LJXUH�6������0HWKRG�µLQWHUVHFW¶��WRRN

YDULDQWV�WKDW�RQO\�RYHUODSSHG�LQ�ERWK�FRQGLWLRQV��LI�WKHUH�ZHUH�DQ\��DIWHU�GH�PXOWLSOH[LQJ��ZKLOH�PHWKRG

µXQLRQ¶�WRRN�DOO�YDULDQWV�IRXQG�MXVW�EHIRUH�UXQQLQJ�0*$7.��:H�XOWLPDWHO\�XVHG��XQLRQ�PJDWN¶¶��ZKLFK

WDNHV�DOO�YDULDQWV�EHIRUH�UXQQLQJ�0*$7.��LPSXWHV�KLJK�FRYHUDJH�SRVLWLRQV��DQG�UHUXQV�0*$7.�RQ�HDFK

GRQRU��$GGLWLRQDOO\��N ���ZDV�XVHG�LQ�WKH�.11�DOJRULWKP�DIWHU�UXQQLQJ�IRU�N�DV�������DQG����

7R�PHDVXUH�FRQVLVWHQF\�DFURVV�ZRUNIORZV��IRU�HDFK�SDLU�RI�ZRUNIORZV��ZH�ORRNHG�DW�HDFK�FHOO�SDLU

DQG�GHWHUPLQHG�LI�WKH\�ZHUH�HLWKHU�D��DVVLJQHG�WKH�VDPH�FORQH�LQ�ERWK�PHWKRGV��3RVLWLYH�>3@�3RVLWLYH��E�

DVVLJQHG�GLIIHUHQW�FORQHV�LQ�ERWK�PHWKRGV��1HJDWLYH�>1@�1HJDWLYH��F��DVVLJQHG�WKH�VDPH�FORQH�LQ�RQH

PHWKRG�EXW�QRW�WKH�RWKHU��3�1�	�1�3���:H�ILQG�WKDW�WKHUH�LV�FRQFRUGDQFH�DFURVV�WKH�PHWKRGV��)LJXUH

6���$�%���$OWKRXJK�WKH�QXPEHU�RI�FORQHV�GHWHFWHG�GLG FKDQJH��WKH�YDULDQW�EDUFRGHV�ZHUH�DEOH�WR�EH

GLVWLQJXLVKHG�DFURVV�WKH�PHWKRGV��
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7R�FDOFXODWH�WKH�SHUFHQWDJH�RI�FHOOV�ZLWK�WKH�EDUFRGH�LQ�D�FORQH�DQG�RXWVLGH�D�FORQH�LQ )LJXUH

���&��ZH�ELQDUL]HG�YDULDQWV�ZLWK�D�PLQLPXP�RI���UHDGV DQG�DQ�$)�IUHTXHQF\�RI��������7KH�WRS���YDULDQWV

ZLWK�WKH�KLJKHVW�SRVLWLYH�GLIIHUHQFH�LQ�SHUFHQWDJH�EHWZHHQ�FORQHV�DQG�QRQ�FORQHV�ZHUH�FKRVHQ��)RU

)LJXUH����'��FRPSOHWH�OLQNDJH�XVLQJ�FRVLQH�VLPLODULW\ ZDV�XVHG��VHWWLQJ�$)�RI�!����WR�����WR�LPSURYH

YLVLELOLW\��%DUFRGHV�ZLWK�DQ�DYHUDJH�RI�OHVV�WKDQ������LQ�HDFK�FORQH�ZDV�UHPRYHG��)RU 6)���WKH�GLVWULEXWLRQ

RI�HDFK�EDUFRGH�ZDV�SORWWHG�DFURVV�FHOOV�LQ�HDFK�FORQH��:H�XVHG�D�ER[HQSORW�ZLWK�GHIDXOW�SDUDPHWHUV�LQ

VHDERUQ�Y���������ZKLFK�LV�D�PRGLILHG�IRUP�RI�D�ER[SORW�WKDW�EHWWHU�UHSUHVHQWV�WKH�GLVWULEXWLRQ�IRU�ODUJH

GDWD ����

3URFHVVLQJ�VLQJOH�FHOO�QXFOHDU�RSHQ�FKURPDWLQ�UHJLRQV

:H�QH[W�H[DPLQHG�WKH�SHDNV�GHWHFWHG�XVLQJ�WKH�QXFOHDU�RSHQ�FKURPDWLQ�UHDGV�LQ�HDFK�FHOO�

%ULHIO\��ZH�IROORZHG�WKH�6LJQDF��9�����SURWRFRO�WR�LQWHJUDWH�WKH�GLIIHUHQW�FRQGLWLRQV��SUHSURFHVV�DQG

ELQDUL]H�WKH�FHOOV��UXQ�ODWHQW�VHPDQWLF�LQGH[LQJ��/6,���IROORZHG�E\�80$3�GLPHQVLRQDOLW\�UHGXFWLRQ��DQG

.11�/RXYDLQ�FOXVWHULQJ�WR�DVVLJQ�FOXVWHU�ODEHOV��,Q )LJXUH���� DQG )LJXUH���� WKH�LQWHJUDWLRQ�ZDV�GRQH

DFURVV�WKH�,QSXW�DQG���K�FXOWXUH�IRU�WKH�VHTXHQFLQJ�EDWFK�6���ZKLOH )LJXUH�6���� )LJXUH�6�����DQG )LJXUH

��� ZDV�GRQH�E\�LQWHJUDWLQJ�DFURVV�DOO�VHTXHQFLQJ UXQV�

)RU�RSHQ�FKURPDWLQ�UHJLRQV��ZKHQ�DJJUHJDWLQJ�DFURVV�H[SHULPHQWDO�UXQV��ZH�WDNH�WKH�GHWHFWHG

SHDNV�DQG�PHUJH�WKHP�E\�H[SDQGLQJ�WKH�SHDNV�ZKHQ�WKHUH�LV�RYHUODS�DFURVV�UXQV��3HDNV�OHVV�WKDQ����ES

DQG�!��������ES�ZHUH�UHPRYHG�DQG�IUDJPHQW�FRXQWV�UH�FRPSXWHG��:H�FUHDWH�D�6LJQDF�PRGHO�DQG�UHPRYH

UHJLRQV�ZLWK�OHVV�WKDQ����FHOOV��DQG�FHOOV�ZLWK�OHVV�WKDQ�����IHDWXUHV��:H�DGGLWLRQDOO\�ILOWHU�E\�NHHSLQJ

SHDNV�ZLWK��D��DW�OHDVW����DQG�OHVV�WKDQ��������IUDJPHQWV�E��ZLWK�DW�OHDVW�����RI�WKH�QXFOHRWLGHV�LQ�UHDGV

IRXQG�LQ�WKH�SHDN�LV�DFWXDOO\�FRYHUHG�LQ�WKH�SHDN��VLQFH�D�UHDG�FDQ�VSDQ�WKH�SHDN�UHJLRQ�DQG�RXWVLGH�WKH

UHJLRQ���:H�DOVR�NHHS�FHOOV�D��ZLWK�D�QXFOHRVRPH�VLJQDO�RI�DW�OHDVW����µL�H��WKH�UDWLR�RI�PRQRQXFOHRVRPDO�WR

QXFOHRVRPH�IUHH�IUDJPHQWV�SHU�FHOO¶���E��ZLWK�D�766�HQULFKPHQW�RI�DW�OHDVW������DV�GHILQHG�KHUH�
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KWWSV���ZZZ�HQFRGHSURMHFW�RUJ�GDWD�VWDQGDUGV�WHUPV����DQG�F��ZLWK�D�UDWLR�RI�UHDGV�DOLJQHG�WR�EODFNOLVW

UHJLRQV�RYHU�UHDGV�DOLJQHG�WR�SHDNV�OHVV�WKDQ������

$IWHU�WKLV��ZH�ELQDUL]H�WKH�SHDNV�DQG�UXQ�WHUP�IUHTXHQF\±LQYHUVH�GRFXPHQW�IUHTXHQF\��7)�,')�

IROORZHG�E\�69'��ZKLFK�FRPELQHG�LV�WKH�ODWHQW�VHPDQWLF�LQGH[LQJ�PHWKRG��80$3�LV�WKHQ�UXQ�RQ

GLPHQVLRQV�������DV�WKH�ILUVW�IDFWRU�FRUUHODWHV�ZLWK�GHSWK���$IWHU�WKLV��ZH�LQWHJUDWH�DFURVV�UXQV�XVLQJ

)LQG,QWHJUDWLRQ$QFKRUV RI�WKH�6HXUDW�SDFNDJH ��� XVLQJ WKH�OVL�WUDQVIRUPHG�GDWD��$IWHU�LQWHJUDWLRQ��ZH�UXQ

80$3�RQ�GLPHQVLRQV���WR����RI�WKH�LQWHJUDWHG�OVL�FRPSRQHQWV��WKHQ�FOXVWHU�XVLQJ )LQG1HLJKERUV DQG

)LQG&OXVWHUV ZLWK�WKH�6/0�DOJRULWKP�

$QQRWDWLQJ�FHOO�FOXVWHUV�XVLQJ�OLQHDJH�PDUNHUV

&HOOV�ZHUH�DQQRWDWHG�E\�WDNLQJ�NQRZQ�OLQHDJH�PDUNHUV�RI�ERWK�JHQH�DFWLYLW\�DQG�7)�DFWLYLW\�DQG

RYHUOD\LQJ�WKH�GHQVLW\�RI�WKH�IHDWXUH�DFURVV�WKH�80$3�HPEHGGLQJ��*HQH�DFWLYLW\�VFRUHV�IRU�HDFK�JHQH�ZDV

FDOFXODWHG�E\�VXPPLQJ�WKH�QXPEHU�RI�SHDNV�IRXQG�LQ�D�JHQH�DQG���NE�XSVWUHDP��)HDWXUH�FRXQWV�IRU�HDFK

FHOO�DUH�GLYLGHG�E\�WKH�WRWDO�FRXQWV�IRU�WKDW�FHOO��PXOWLSOLHG�E\�WKH�PHGLDQ�JHQH�DFWLYLW\�LQ�WKDW�FHOO��DQG

WKHQ�QDWXUDO�ORJ�WUDQVIRUPHG�WR�JHW�WKH�DFWLYLW\�VFRUH��7)�DFWLYLW\�ZDV�FDOFXODWHG�XVLQJ�WKH�FKURP9$5 ���

H[WHQVLRQ�LQ�6LJQDF��ZKLFK�HVWLPDWHV�DFWLYLW\�EDVHG�RQ�WKH�QXPEHU�RI�7)�PRWLIV�GHWHFWHG�LQ�D�FHOO¶V

RSHQ�FKURPDWLQ�SHDNV��0DQXDO�DQQRWDWLRQ�ZDV�SHUIRUPHG�RQ�WKH�FOXVWHUV�XVLQJ�ERWK�WKH�JHQH�DQG�7)

DFWLYLW\�LQ�NQRZQ�PDUNHUV�

+\SHUJHRPHWULF�WHVW�WR�PHDVXUH�OLQHDJH�ELDV�LQ�FORQHV

7R�GHWHFW�FORQDO�ELDV�WRZDUGV�D�VSHFLILF�OLQHDJH��ZH�XVHG�WKH�K\SHUJHRPHWULF�FXPXODWLYH

GLVWULEXWLRQ�WHVW�IRU�HDFK�FORQH�FOXVWHU�SDLU��DQG�S�YDOXHV�ZHUH�DGMXVWHG�XVLQJ�%HQMDPLQL�+RFKEHUJ�WR

FRQWURO�WKH�IDOVH�GLVFRYHU\�UDWH��$�VLJQLILFDQFH�WKUHVKROG�RI�����ZDV�XVHG��EXW�WR�DFFRXQW�IRU�FORQH�DQG

FOXVWHU�VL]HV�DIIHFWLQJ�WKH�WHVW��ZH�FUHDWHG�D�QRQ�SDUDPHWULF�QXOO�GLVWULEXWLRQ�LQ�ZKLFK�WKH�FOXVWHU�ODEHOV�IRU

HDFK�FHOO�ZHUH�VKXIIOHG������WLPHV�DQG�WKH�S�YDOXHV�IRU�HDFK�FORQH�FOXVWHU�SDLU�FRPSXWHG��7KH�S�YDOXHV�LQ
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HDFK�VLPXODWLRQ�ZHUH�XVHG�DV�D�EDFNJURXQG�GLVWULEXWLRQ��DQG�HPSLULFDO�S�YDOXHV�ZHUH�FDOFXODWHG�IRU�HDFK

FORQH�FOXVWHU�SDLU��D�VLJQLILFDQFH�RI�S ����ZDV�XVHG�LQ�UHSRUWLQJ�VLJQLILFDQFH�YDOXHV�LQ )LJXUH�����

&ORQH�DQG�OLQHDJH�HQWURS\�PHDVXUHV

,Q�RUGHU�WR�PHDVXUH�WKH�OLQHDJH�ELDV�D�FORQH�KDV��ZH�XVHG�WKH�HQWURS\�PHWULF��)LJXUH�6���%���7R

GR�WKLV��ZH�ILUVW�UHPRYHG�WKH�µ+63&¶�OLQHDJH�FOXVWHUV�DQG�FDOFXODWHG�WKH�IUHTXHQF\�LQ�HDFK�FORQH��ZKLFK

ZDV�XVHG�DV�WKH�SUREDELOLW\�GLVWULEXWLRQ��:H�WKHQ�FDOFXODWHG�WKH�VWDQGDUG�HQWURS\�PHDVXUH�XVLQJ�HQWURS\

IURP�WKH�6FL3\�Y������VWDWV�SDFNDJH �����7R�FDOFXODWH WKH�PD[LPXP�HQWURS\�SRVVLEOH��ZH�WRRN�WKH�ODUJHVW

QXPEHU�RI�FORQHV�DFURVV�GRQRUV��DQG�FDOFXODWHG�WKH�HQWURS\�RYHU�D�XQLIRUP�GLVWULEXWLRQ�DFURVV�WKRVH

FORQHV��VR�IRU����FORQHV��WKH�SUREDELOLW\�IRU�HDFK�FORQH�ZLOO�EH��������(QWURS\�ZDV�DOVR�FDOFXODWHG�LQ�HDFK

OLQHDJH��ZKLFK�LV�PHDVXULQJ�LI�WKHUH�DUH�FORQHV�RYHU��RU�XQGHU�UHSUHVHQWHG�DFURVV�OLQHDJHV��)LJXUH�6���&��

)RU�D�VLQJOH�OLQHDJH��ZH�WRRN�DOO�WKH�FORQH�SURSRUWLRQV�LQ�WKDW�OLQHDJH��DQG�WKHQ�FRQYHUWHG�WKHP�LQWR�D

SUREDELOLW\�GLVWULEXWLRQ�E\�GLYLGLQJ�E\�WKHLU�VXP�

)ORZ�F\WRPHWU\

)ORZ�F\WRPHWU\�ZDV�GRQH�IRU�IRXU�KHDOWK\�&'����GRQRUV��DQG�FXOWXULQJ�ZDV�GRQH�DV�PHQWLRQHG

DERYH��7KH�PDUNHUV�XVHG�IRU�WKH�80$3V�LQ )LJXUH�6��� ZHUH�+/$�'5��&'�����&'��F��&'��E��&'���

&'����&'����&'����)FH5,D��&'����&'����&'��E��&'�����6LJOHF���&'���&'����&'���
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(/%2
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SULPDU\�LQYHVWLJDWRU�DQG�DXWKRU�RI�WKLV�SDSHU�
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3ODWIRUP�(QDEOHV�6\VWHPDWLF�'LVVHFWLRQ�RI�WKH�8QIROGHG�3URWHLQ�5HVSRQVH� &HOO ����
����±�����H����������

��� :DOGPDQQ��7��$��&\WRNLQHV�LQ�&DQFHU�,PPXQRWKHUDS\� &ROG�6SULQJ�+DUE��3HUVSHFW��%LRO�
��� �������

��� 6LP��*��&��	�5DGYDQ\L��/��7KH�,/���F\WRNLQH�IDPLO\ LQ�FDQFHU�LPPXQRWKHUDS\� &\WRNLQH
*URZWK�)DFWRU�5HY� ��� ���±�����������

��� -LDQJ��7���=KRX��&��	�5HQ��6��5ROH�RI�,/���LQ FDQFHU�LPPXQRWKHUDS\� 2QFRLPPXQRORJ\ ��
H���������������

��� &XHWR��)��-��	�6DQFKR��'��7KH�)OW�/�)OW��$[LV LQ�'HQGULWLF�&HOO�%LRORJ\�DQG�&DQFHU
,PPXQRWKHUDS\� &DQFHUV ��� �������

��� 7VDSRJDV��3���0RRQH\��&��-���%URZQ��*��	�5ROLQN� $��7KH�&\WRNLQH�)OW��/LJDQG�LQ�1RUPDO
DQG�0DOLJQDQW�+HPDWRSRLHVLV� ,QW��-��0RO��6FL� ��� �������

��� :DQJ��:���=KDQJ��<���'HWWLQJHU��3���5HLPDQQ��$�� .XOO��7���/RHIIOHU��'���0DQ]��0��*��
/HQJHUNH��&��	�6FKURHGHU��7��&\WRNLQH�FRPELQDWLRQV�IRU�KXPDQ�EORRG�VWHP�FHOO�H[SDQVLRQ
LQGXFH�FHOO�W\SH±�DQG�F\WRNLQH�VSHFLILF�VLJQDOLQJ�G\QDPLFV� %ORRG ���� ���±����3UHSULQW�DW
KWWSV���GRL�RUJ���������EORRG����������� ������

��� 6LHQD��6���6FKLDYR��5���3HGUD]]ROL��3��	�&DUOR�6WHOOD� &��7KHUDSHXWLF�UHOHYDQFH�RI�&'���FHOO
GRVH�LQ�EORRG�FHOO�WUDQVSODQWDWLRQ�IRU�FDQFHU�WKHUDS\� -��&OLQ��2QFRO� ��� ����±������������

��� 7DQKHKFR��<��&��	�%KDWLD��0��+HPDWRSRLHWLF�VWHP FHOO�WUDQVSODQWDWLRQ�DQG�FHOOXODU�WKHUDS\
LQ�VLFNOH�FHOO�GLVHDVH��ZKHUH�DUH�ZH�QRZ" &XUU��2SLQ� +HPDWRO� ��� ���±�����������

��� 3DUN��'��6���$NXIIR��$��$���0XHQFK��'��(���*ULPHV� +��/���(SOLQJ�%XUQHWWH��3��.���0DLQL��3�
.���$QGHUVRQ��$��5��$��	�%RQVDOO��0��%��&ORQDO�KHPDWRSRLHVLV�RI�LQGHWHUPLQDWH�SRWHQWLDO
DQG�LWV�LPSDFW�RQ�SDWLHQW�WUDMHFWRULHV�DIWHU�VWHP�FHOO�WUDQVSODQWDWLRQ� 3/R6�&RPSXW��%LRO� ���
H���������������

��� 6WHHQVPD��'��3��&OLQLFDO�FRQVHTXHQFHV�RI�FORQDO KHPDWRSRLHVLV�RI�LQGHWHUPLQDWH�SRWHQWLDO�
+HPDWRORJ\�$P��6RF��+HPDWRO��(GXF��3URJUDP ����� ���±��� �������

��� 9DOHQW��3���.HUQ��:���+RHUPDQQ��*���0LORVHYLF )HHQVWUD��-��'���6RWODU��.���3IHLOVW|FNHU��0��
*HUPLQJ��8���6SHUU��:��5���5HLWHU��$���:ROI��'���$URFN��0���+DIHUODFK��7��	�+RUQ\��+��3�
&ORQDO�+HPDWRSRLHVLV�ZLWK�2QFRJHQLF�3RWHQWLDO��&+23���6HSDUDWLRQ�IURP�&+,3�DQG�5RDGV
WR�$0/� ,QW��-��0RO��6FL� ��� �������
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��� :DJQHU��'��(��	�.OHLQ��$��0��/LQHDJH�WUDFLQJ�PHHWV�VLQJOH�FHOO�RPLFV��RSSRUWXQLWLHV�DQG
FKDOOHQJHV� 1DW��5HY��*HQHW� ��� ���±�����������

��� &RUH��/��-���:DWHUIDOO��-��-��	�/LV��-��7��1DVFHQW 51$�6HTXHQFLQJ�5HYHDOV�:LGHVSUHDG
3DXVLQJ�DQG�'LYHUJHQW�,QLWLDWLRQ�DW�+XPDQ�3URPRWHUV� 6FLHQFH ���� ����±�����3UHSULQW�DW
KWWSV���GRL�RUJ���������VFLHQFH�������� ������

��� /DP��0��7��<���&KR��+���/HVFK��+��3���*RVVHOLQ� '���+HLQ]��6���7DQDND�2LVKL��<���%HQQHU��&��
.DLNNRQHQ��0��8���.LP��$��6���.RVDND��0���/HH��&��<���:DWW��$���*URVVPDQ��7��5��
5RVHQIHOG��0��*���(YDQV��5��0��	�*ODVV��&��.��5HY�(UEV�UHSUHVV�PDFURSKDJH�JHQH
H[SUHVVLRQ�E\�LQKLELWLQJ�HQKDQFHU�GLUHFWHG�WUDQVFULSWLRQ� 1DWXUH ���� ���±�����������

��� 'XWWNH��6��+���&KDQJ��0��:���+HLQ]��6��	�%HQQHU� &��,GHQWLILFDWLRQ�DQG�G\QDPLF
TXDQWLILFDWLRQ�RI�UHJXODWRU\�HOHPHQWV�XVLQJ�WRWDO�51$� *HQRPH�5HV� ��� ����±������������

��� %XHQURVWUR��-��'���*LUHVL��3��*���=DED��/��&�� &KDQJ��+��<��	�*UHHQOHDI��:��-��7UDQVSRVLWLRQ
RI�QDWLYH�FKURPDWLQ�IRU�IDVW�DQG�VHQVLWLYH�HSLJHQRPLF�SURILOLQJ�RI�RSHQ�FKURPDWLQ�
'1$�ELQGLQJ�SURWHLQV�DQG�QXFOHRVRPH�SRVLWLRQ� 1DW� 0HWKRGV ��� ����±������������

��� 8UTXKDUW��/��7RS�FRPSDQLHV�DQG�GUXJV�E\�VDOHV LQ������ 1DW��5HY��'UXJ�'LVFRY� ��� ���
�������

��� .LP��&��/��	�/HH��*��0��,PSURYLQJ�UHFRPELQDQW ERQH�PRUSKRJHQHWLF�SURWHLQ����%03���
SURGXFWLRQ�E\�DXWRUHJXODWRU\�IHHGEDFN�ORRS�UHPRYDO�XVLQJ�%03�UHFHSWRU�NQRFNRXW�&+2
FHOO�OLQHV� 0HWDE��(QJ� ��� ��±����������

��� .RO��6���/H\��'���:XOII��7���'HFNHU��0���$UQVGRUI� -���6FKRIIHOHQ��6���+DQVHQ��$��+���-HQVHQ�
7��/���*XWLHUUH]��-��0���&KLDQJ��$��:��7���0DVVRQ��+��2���3DOVVRQ��%��2���9ROGERUJ��%��*��
3HGHUVHQ��/��(���.LOGHJDDUG��+��)���/HH��*��0��	�/HZLV��1��(��0XOWLSOH[�VHFUHWRPH
HQJLQHHULQJ�HQKDQFHV�UHFRPELQDQW�SURWHLQ�SURGXFWLRQ�DQG�SXULW\� 1DW��&RPPXQ� ��� ����
�������

��� .DURWWNL��.��-��OD�&���OD�&RXU�.DURWWNL��.��-�� +HI]L��+���/L��6���3HGHUVHQ��/��(���6SDKQ��3��
-RVKL��&���5XFNHUEDXHU��'���%RUW��-��+���7KRPDV��$���/HH��-��6���%RUWK��1���/HH��*��0��
.LOGHJDDUG��+��)��	�/HZLV��1��(��$�PHWDEROLF�&5,635�&DV��VFUHHQ�LQ�&KLQHVH�KDPVWHU
RYDU\�FHOOV�LGHQWLILHV�JOXWDPLQH�VHQVLWLYH�JHQHV��3UHSULQW�DW
KWWSV���GRL�RUJ��������������������������

��� &KULVWLDQ��0���&HUPDN��7���'R\OH��(��/���6FKPLGW� &���=KDQJ��)���+XPPHO��$���%RJGDQRYH�
$��-��	�9R\WDV��'��)��7DUJHWLQJ�'1$�GRXEOH�VWUDQG�EUHDNV�ZLWK�7$/�HIIHFWRU�QXFOHDVHV�
*HQHWLFV ���� ���±�����������

��� *DOOHJR�%DUWRORPp��-���/LX��:���.XR��3��+���)HQJ� 6���*KRVKDO��%���*DUGLQHU��-���=KDR��-�
0��&���3DUN��6��<���&KRU\��-��	�-DFREVHQ��6��(��&R�WDUJHWLQJ�51$�3RO\PHUDVHV�,9�DQG�9
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3URPRWHV�(IILFLHQW�'H�1RYR�'1$�0HWK\ODWLRQ�LQ�$UDELGRSVLV� &HOO ���� ����±�����H��
�������

��� *LOEHUW��/��$���/DUVRQ��0��+���0RUVXW��/���/LX� =���%UDU��*��$���7RUUHV��6��(���6WHUQ�*LQRVVDU�
1���%UDQGPDQ��2���:KLWHKHDG��(��+���'RXGQD��-��$���/LP��:��$���:HLVVPDQ��-��6��	�4L��/�
6��&5,635�PHGLDWHG�PRGXODU�51$�JXLGHG�UHJXODWLRQ�RI�WUDQVFULSWLRQ�LQ�HXNDU\RWHV� &HOO
���� ���±�����������

��� &KDYH]��$���7XWWOH��0���3UXLWW��%��:���(ZHQ�&DPSHQ� %���&KDUL��5���7HU�2YDQHV\DQ��'��
+DTXH��6��-���&HFFKL��5��-���.RZDO��(��-��.���%XFKWKDO��-���+RXVGHQ��%��(���3HUULPRQ��1��
&ROOLQV��-��-��	�&KXUFK��*��&RPSDULVRQ�RI�&DV��DFWLYDWRUV�LQ�PXOWLSOH�VSHFLHV� 1DW��0HWKRGV
��� ���±�����������

��� -DNREL��7���%ULQNUROI��.���7DXFK��$���1ROO��7�� 6WR\H��-���3�KOHU��$��	�*RHVPDQQ��$�
'LVFRYHU\�RI�WUDQVFULSWLRQ�VWDUW�VLWHV�LQ�WKH�&KLQHVH�KDPVWHU�JHQRPH�E\�QH[W�JHQHUDWLRQ
51$�VHTXHQFLQJ� -��%LRWHFKQRO� ���� ��±����������

��� /LQN��9��0���'XWWNH��6��+���&KXQ��+��%���+ROWPDQ� ,��5���:HVWLQ��(���+RHNVHPD��0��$���$EH�
<���6NROD��'���5RPDQRVNL��&��(���7DR��-���)RQVHFD��*��-���7URXWPDQ��7��'���6SDQQ��1��-���6WULG�
7���6DNDL��0���<X��0���+X��5���)DQJ��5���0HW]OHU��'���5HQ��%��	�*ODVV��&��.��$QDO\VLV�RI
*HQHWLFDOO\�'LYHUVH�0DFURSKDJHV�5HYHDOV�/RFDO�DQG�'RPDLQ�ZLGH�0HFKDQLVPV�WKDW
&RQWURO�7UDQVFULSWLRQ�)DFWRU�%LQGLQJ�DQG�)XQFWLRQ� &HOO ���� ����±�����H����������

��� +HW]HO��-���'XWWNH��6��+���%HQQHU��&��	�&KRU\� -��1DVFHQW�51$�VHTXHQFLQJ�UHYHDOV�GLVWLQFW
IHDWXUHV�LQ�SODQW�WUDQVFULSWLRQ� 3URF��1DWO��$FDG� 6FL��8��6��$� ���� �����±�������������

��� 'XWWNH��6��+��&���/DFDGLH��6��$���,EUDKLP��0� 0���*ODVV��&��.���&RUFRUDQ��'��/���%HQQHU��&��
+HLQ]��6���.DGRQDJD��-��7��	�2KOHU��8��+XPDQ�SURPRWHUV�DUH�LQWULQVLFDOO\�GLUHFWLRQDO� 0RO�
&HOO ��� ���±�����������

��� /LYDN��.��-��	�6FKPLWWJHQ��7��'��$QDO\VLV�RI�UHODWLYH JHQH�H[SUHVVLRQ�GDWD�XVLQJ�UHDO�WLPH
TXDQWLWDWLYH�3&5�DQG�WKH�����'HOWD�'HOWD�&��7���PHWKRG��PHWKRGV���������±���������� 9LHZ
$UWLFOH��*RRJOH�6FKRODU��3XE0HG�1&%,

��� 0DUWLQ��0��&XWDGDSW�UHPRYHV�DGDSWHU�VHTXHQFHV IURP�KLJK�WKURXJKSXW�VHTXHQFLQJ�UHDGV�
(0%QHW�MRXUQDO ��� ��±����������

��� 'RELQ��$���'DYLV��&��$���6FKOHVLQJHU��)���'UHQNRZ� -���=DOHVNL��&���-KD��6���%DWXW��3��
&KDLVVRQ��0��	�*LQJHUDV��7��5��67$5��XOWUDIDVW�XQLYHUVDO�51$�VHT�DOLJQHU� %LRLQIRUPDWLFV
��� ��±����������

��� /DQJPHDG��%��	�6DO]EHUJ��6��/��)DVW�JDSSHG�UHDG DOLJQPHQW�ZLWK�%RZWLH��� 1DW��0HWKRGV ��
���±�����������

��� =KDQJ��<���/LX��7���0H\HU��&��$���(HFNKRXWH��-�� -RKQVRQ��'��6���%HUQVWHLQ��%��(���1XVEDXP�
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&���0\HUV��5��0���%URZQ��0���/L��:��	�/LX��;��6��0RGHO�EDVHG�DQDO\VLV�RI�&K,3�6HT
�0$&6�� *HQRPH�%LRO� �� 5�����������

��� /L��4���%URZQ��-��%���+XDQJ��+��	�%LFNHO��3��-� 0HDVXULQJ�UHSURGXFLELOLW\�RI
KLJK�WKURXJKSXW�H[SHULPHQWV� DRDV �� ����±������������

��� +HLQ]��6���%HQQHU��&���6SDQQ��1���%HUWROLQR��(�� /LQ��<��&���/DVOR��3���&KHQJ��-��;���0XUUH�
&���6LQJK��+��	�*ODVV��&��.��6LPSOH�FRPELQDWLRQV�RI�OLQHDJH�GHWHUPLQLQJ�WUDQVFULSWLRQ
IDFWRUV�SULPH�FLV�UHJXODWRU\�HOHPHQWV�UHTXLUHG�IRU�PDFURSKDJH�DQG�%�FHOO�LGHQWLWLHV� 0RO�
&HOO ��� ���±�����������

��� /L��6���&KD��6��:���+HIIQHU��.���+L]DO��'��%�� %RZHQ��0��$���&KDHUNDG\��5���&ROH��5��1��
7HMZDQL��9���.DXVKLN��3���+HQU\��0���0HOHDG\��3���6KDUIVWHLQ��6��7���%HWHQEDXJK��0��-��
%DIQD��9��	�/HZLV��1��(��3URWHRJHQRPLF�$QQRWDWLRQ�RI�&KLQHVH�+DPVWHUV�5HYHDOV
([WHQVLYH�1RYHO�7UDQVODWLRQ�(YHQWV�DQG�(QGRJHQRXV�5HWURYLUDO�(OHPHQWV� -��3URWHRPH�5HV�
��� ����±������������

��� 6KDPLH��,���'XWWNH��6��+���.DURWWNL��.��-��OD &���+DQ��&��=���+DQVHQ��$��+���+HI]L��+���;LRQJ�
.���/L��6���5RWK��6��-���7DR��-��	�2WKHUV��$�&KLQHVH�KDPVWHU�WUDQVFULSWLRQ�VWDUW�VLWH�DWODV�WKDW
HQDEOHV�WDUJHWHG�HGLWLQJ�RI�&+2�FHOOV� 1$5�JHQRPLFV DQG�ELRLQIRUPDWLFV �� OTDE�����������

��� 3DWUR��5���'XJJDO��*���/RYH��0��,���,UL]DUU\� 5��$��	�.LQJVIRUG��&��6DOPRQ�SURYLGHV�IDVW�DQG
ELDV�DZDUH�TXDQWLILFDWLRQ�RI�WUDQVFULSW�H[SUHVVLRQ� 1DW��0HWKRGV ��� ���±�����������
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��� 6LQJK��$���.LOGHJDDUG��+��)��	�$QGHUVHQ��0��5��$Q�2QOLQH�&RPSHQGLXP�RI�&+2�51$�6HT
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DFWLYDWHV�WUDQVFULSWLRQ�DQG�IRUPV�KHWHURGLPHUV�ZLWK�+1)�� (0%2�-� ��� ����±������������

���� 7UHPEOD\��0���6DQFKH]�)HUUDV��2��	�%RXFKDUG� 0��*$7$�WUDQVFULSWLRQ�IDFWRUV�LQ
GHYHORSPHQW�DQG�GLVHDVH� 'HYHORSPHQW ���� 3UHSULQW DW�KWWSV���GRL�RUJ���������GHY�������
������

���� %HUJHU��-��	�0ROOHU��'��(��7KH�PHFKDQLVPV�RI DFWLRQ�RI�33$5V� $QQX��5HY��0HG� ���
���±�����������

���� /LQ��4���6FKZDU]��-���%XFDQD��&��	�2OVRQ��(� 1��&RQWURO�RI�PRXVH�FDUGLDF�PRUSKRJHQHVLV
DQG�P\RJHQHVLV�E\�WUDQVFULSWLRQ�IDFWRU�0()�&� 6FLHQFH ���� ����±������������

���� %ODFN��%��/��	�2OVRQ��(��1��7UDQVFULSWLRQDO�FRQWURO RI�PXVFOH�GHYHORSPHQW�E\�P\RF\WH
HQKDQFHU�IDFWRU����0()���SURWHLQV� $QQX��5HY��&HOO 'HY��%LRO� ��� ���±�����������

���� 6DQHWUD��0���%HJHPDQQ��*���%HFNHU��0��%��	�0H\HU� $��&RQVHUYDWLRQ�DQG�FR�RSWLRQ�LQ
GHYHORSPHQWDO�SURJUDPPHV��WKH�LPSRUWDQFH�RI�KRPRORJ\�UHODWLRQVKLSV� )URQW��=RRO� �� ��
�������

���� *UHJRU\��7��5��7KH�(YROXWLRQ�RI�&RPSOH[�2UJDQV� (YROXWLRQ��(GXFDWLRQ�DQG�2XWUHDFK ��
���±�����������

���� .DGRQDJD��-��7���&RXUH\��$��-���/DGLND��-��	 7MLDQ��5��'LVWLQFW�UHJLRQV�RI�6S��PRGXODWH
'1$�ELQGLQJ�DQG�WUDQVFULSWLRQDO�DFWLYDWLRQ� 6FLHQFH ���� ����±������������

���� 5DHW]��&��5��+���*DUUHWW��7��$���5H\QROGV��&� 0���6KDZ��:��$���0RRUH��-��'���6PLWK��'��&���-U�
5LEHLUR��$��$���0XUSK\��5��&���8OHYLWFK��5��-���)HDUQV��&���5HLFKDUW��'���*ODVV��&��.��
%HQQHU��&���6XEUDPDQLDP��6���+DUNHZLF]��5���%RZHUV�*HQWU\��5��&���%XF]\QVNL��0��:��
&RRSHU��-��$���'HHPV��5��$��	�'HQQLV��(��$��.GR��/LSLG�$�RI�(VFKHULFKLD�FROL��D�GHILQHG
HQGRWR[LQ�WKDW�DFWLYDWHV�PDFURSKDJHV�YLD�7/5��� -� /LSLG�5HV� ��� ����±������������
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�����±�������������
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WUDQVFULSW�LVRIRUP�GLIIHUHQFHV�DFURVV�KXPDQ�WLVVXHV� 1XFOHLF�$FLGV�5HV� ��� ���±�����������
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