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)OXRUHVFHQW� SURWHLQ� LQGLFDWRUV� RI� WUDQV�PHPEUDQH� YROWDJH
RIIHU� WKH�SURVSHFW�RI�GLUHFWO\� LPDJLQJ� WKH�YROWDJH�G\QDPLFV�RU
VSLNLQJ� DFWLYLW\� RI� JHQHWLFDOO\� GHILQHG� FHOO� W\SHV� >���@�� )RU
H[DPSOH��RSWLFDO�H[SHULPHQWV�XVLQJ�VXFK�VHQVRUV�PLJKW�SUREH
WKH�ELRSK\VLFDO�G\QDPLFV�RI�LQGLYLGXDO�QHXURQV��RU�WKH�QHWZRUN
G\QDPLFV� RI� QHXURQDO� HQVHPEOHV�� 2YHU� SULRU� GHFDGHV�� WKHUH
KDYH� EHHQ� PDQ\� RSWLFDO� VWXGLHV� WKDW� XVHG� YROWDJH�VHQVLWLYH
G\HV� WR� UHFRUG� DFWLRQ� SRWHQWLDOV� RU� V\QDSWLF� SRWHQWLDOV� LQ
LQGLYLGXDO� QHXURQV� RU� QHXURQDO� SRSXODWLRQV� >�±�@�� 6PDOO
PROHFXOH�RSWLFDO�YROWDJH�VHQVRUV�FDQ�H[KLELW�VXEVWDQWLDO�VLJQDOV
�ǻ)�)� !� ����� DQG� PLFURVHFRQG� NLQHWLFV�� DQG� KDYH� WKXV
UHYHDOHG�QHXURQDO�G\QDPLFV�DFURVV�D�YDULHW\�RI�VHWWLQJV� >���@�
7RGD\�� WKHUH� LV� D� UDSLGO\� JURZLQJ� VHW� RI� JHQHWLF� WRROV� IRU
GLVVHFWLQJ� QHXUDO� FLUFXLW� IXQFWLRQ�� DQG� D� JHQHWLFDOO\� HQFRGHG
YROWDJH� LQGLFDWRU� ZRXOG� EH� D� NH\� DGGLWLRQ� WR� WKLV� WRRONLW�
0RUHRYHU��FRQWLQXDO�ORQJ�WHUP�H[SUHVVLRQ�RI�WKH�VHQVRU�SURWHLQ
ZRXOG� RSHQ� XS� WKH� SRVVLELOLW\� RI� WLPH�ODSVH� H[SHULPHQWV� RYHU

PXOWLSOH� GD\V� RU� ZHHNV�� 7KHUH� DUH� K\EULG� DSSURDFKHV� WKDW
FRPELQH� WKH� H[SUHVVLRQ� RI� D� JHQHWLFDOO\� HQFRGHG� IOXRUHVFHQW
SURWHLQ�ZLWK� WKH�DGGLWLRQ�RI�DQ�H[RJHQRXV�VPDOO�PROHFXOH��EXW
WKHVH� UHTXLUH� WKH� DSSOLFDWLRQ� RI� WKH� H[RJHQRXV� DJHQW� SULRU� WR
HDFK� LPDJLQJ� VHVVLRQ� DQG� KDYH� QRW� EHHQ� XVHG� IRU� ORQJ�WHUP
LPDJLQJ� >���@�� *HQHWLFDOO\� HQFRGHG� IOXRUHVFHQW� LQGLFDWRUV� RI
LQWUDFHOOXODU� >&D��@� DOUHDG\� KDYH� D�PDMRU� UROH� LQ� QHXURVFLHQFH
UHVHDUFK�� EXW� LQ� PDQ\� QHXURQ� W\SHV� &D��� LPDJLQJ� SRRUO\
FDSWXUHV� VSLNLQJ� G\QDPLFV��0RUHRYHU�� &D��� LPDJLQJ� JHQHUDOO\
GRHV� QRW� SURYLGH� WKH� FDSDELOLW\� WR� H[DPLQH� VXE�WKUHVKROG
YROWDJH� G\QDPLFV� RU� KLJK� IUHTXHQF\� VSLNLQJ�� 6XLWDEOH
JHQHWLFDOO\�HQFRGHG�YROWDJH�VHQVRUV�PLJKW�KHOS�H[DPLQH�VXFK
SKHQRPHQD�� DQG� UHFHQW�ZRUN� WRZDUGV� WKH� DWWDLQPHQW� RI� VXFK
VHQVRUV� KDV� HYROYHG� RQ� PXOWLSOH� IURQWV� EDVHG� RQ� IOXRUHVFHQW
SURWHLQV�DQG�PLFURELDO�RSVLQV�
$Q� HDUO\� JHQHWLFDOO\� HQFRGHG� YROWDJH� VHQVRU� XVHG� WKH

6KDNHU�.��FKDQQHO�DV�WKH�YROWDJH�VHQVLWLYH�GRPDLQ��96'���EXW
VXEVHTXHQW� ZRUN� IRFXVHG� RQ� WKH�&LRQD� LQWHVWLQDOLV� 96'� �&L�
96'�� >���@��)RU�H[DPSOH�� WKH�FRPELQDWLRQ�RI�&L�96'�DQG� UHG�
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VKLIWHG� IOXRURSKRUHV� OHG� WR� )5(7� YROWDJH� VHQVRUV� �96)3��[�
96)3�P8.*�P.2ț�� DQG� 96)3�FORYHU�P5XE\� YDULDQWV�� ZLWK
a�������PV�NLQHWLFV�DQG�VXSHULRU�VHQVLWLYLW\�FRPSDUHG�WR�SULRU
VHQVRUV� >��±��@�� 2WKHU� VHQVRUV� EDVHG� RQ� S+�VHQVLWLYH� *)3�
FLUFXODUO\� SHUPXWHG�*)3�� DQG�K\EULG�&L�96'�GRPDLQV� \LHOGHG
IXUWKHU� HQKDQFHPHQWV� LQ� G\QDPLF� UDQJH� DQG� NLQHWLFV� >��±��@�
+RZHYHU�� GHVSLWH� WKH� IDFW� WKDW� &L�96'� EDVHG� VHQVRUV� KDYH
XVHG� EULJKW� IOXRUHVFHQW� SURWHLQV�� WKH\� KDYH� \HW� WR� UHDOL]H� WKH
ODUJH� G\QDPLF� UDQJH� DQG� IDVW� NLQHWLFV� RI� WKH� VPDOO� PROHFXOH
YROWDJH�VHQVLWLYH� G\HV� �H�J�� >�±�@��� &L�96'� EDVHG� VHQVRUV
JHQHUDOO\�KDYH�D�PRGHVW�UHVSRQVH��ǻ)�)�������WR�QHXUDO�DFWLRQ
SRWHQWLDOV�
$QRWKHU� UHFHQW� FODVV� RI� YROWDJH� VHQVRUV� KDV� HPSOR\HG

UKRGRSVLQ� IDPLO\� SURWHLQV�� ZKLFK� FRQWDLQ� ERWK� D� YROWDJH�
VHQVLWLYH� GRPDLQ� DQG� D� IOXRURSKRUH�� :RUN� RQ� WKH
EDFWHULRUKRGRSVLQ�SKRWRF\FOH�KDV�UHYHDOHG�WKDW�UKRGRSVLQ�DFWV
DV�D�SURWRQ�SXPS�E\�DEVRUELQJ�D�SKRWRQ�DQG�XVLQJ�WKH�HQHUJ\
IRU� LVRPHUL]DWLRQ� RI� WKH� ERXQG� UHWLQDO�� 7KH� VXEVHTXHQW
FRQIRUPDWLRQDO� DQG� HOHFWURQLF� UHDUUDQJHPHQWV� LQGXFH� WUDQVIHU
RI� D� SURWRQ� IURP� WKH� LQVLGH� WR� WKH� RXWVLGH� RI� WKH� FHOO� >�����@�
$UFKDHUKRGRSVLQ��� �$UFK�� LV� VWUXFWXUDOO\� KRPRORJRXV� WR
EDFWHULRUKRGRSVLQ� DQG� SXPSV� D� K\SHUSRODUL]LQJ� FXUUHQW� ZKHQ
H[FLWHG�RSWLFDOO\�>��@�
7KH�LQLWLDO�VWDWH�RI�$UFK�FRQWDLQLQJ�WKH�LVRPHUL]HG�UHWLQDO�DQG

GHSURWRQDWHG� 6FKLII� EDVH� LV� YROWDJH�VHQVLWLYH�� DQG� WUDQV�
PHPEUDQH� YROWDJH� PRGXODWHV� DEVRUSWLRQ� LQ� ERWK
SURWHRUKRGRSVLQ� DQG� $UFK� >�����@�� 7KLV� LQ� WXUQ� FRQIHUV� D
PRGXODWLRQ� WR�$UFK¶V�ZHDN� IOXRUHVFHQFH��+HQFH�� IOXRUHVFHQFH
LQ�ZLOG�W\SH�$UFK�UHSRUWV�PHPEUDQH�YROWDJH�G\QDPLFV�ZLWK�VXE�
PLOOLVHFRQG� UHVSRQVH� WLPHV�� +RZHYHU�� WKH� VLPXOWDQHRXV
SKRWRFXUUHQW� JHQHUDWHG� E\� WKH� LPDJLQJ� LOOXPLQDWLRQ� FDQ� DOWHU
QHXURQDO� IXQFWLRQ�� $� PXWDWLRQ� RI� $UFK� �'��1�� HOLPLQDWHG� WKH
SKRWRFXUUHQW�DQG�GHPRQVWUDWHG�JUHDWHU�G\QDPLF� UDQJH� �a���
SHU�����P9��EXW�DOVR�H[KLELWHG�VORZ�NLQHWLFV�ZLWK�D�a���PV�ULVH
WLPH�DW�URRP�WHPSHUDWXUH�>��@��7KHVH�$UFK�YROWDJH�VHQVRUV�DUH
DOVR�UHODWLYHO\�GLP��H[KLELWLQJ�WZR�WR�WKUHH�RUGHUV�RI�PDJQLWXGH
ORZHU�TXDQWXP�\LHOG�WKDQ�*)3�
,PSURYHPHQWV� WR� YROWDJH� VHQVRUV� SHUIRUPDQFH� KLQJH� RQ

LQFUHDVHV� LQ� EULJKWQHVV�DV�ZHOO� DV�ǻ)�)� UHVSRQVHV� WR� YROWDJH
DFWLYLW\�� ZKLFK� ERWK� FRQWULEXWH� WR� RSWLFDO� GHWHFWLRQ� FDSDELOLWLHV
>��@��7KH�VHQVRUV�ZLWKRXW�SKRWRFXUUHQW� IURP� WKH�&L�96'�FODVV
DQG� WKH� $UFK� FODVV� DOO� H[KLELW� OLPLWHG� UHVSRQVHV� WR� DFWLRQ
SRWHQWLDOV� �ǻ)�)� �� ����� DV� WKHLU� VORZ� ULVH� WLPHV� RI� WHQV� RI
PLOOLVHFRQGV�SUHYHQW�WKH�VHQVRUV�IURP�WDNLQJ�DGYDQWDJH�RI�WKHLU
ODUJH��VWHDG\�VWDWH��G\QDPLF�UDQJH��a����SHU�����P9���7KXV�
IDVWHU� NLQHWLFV�� OHDGLQJ� WR� LQFUHDVHV� LQ�ǻ)�)� UHVSRQVHV� WR� IDVW
YROWDJH�WUDQVLHQWV��FRXOG�VLJQLILFDQWO\� LPSURYH�WKH�SURVSHFWV�RI
XVLQJ� VXFK� JHQHWLFDOO\� HQFRGHG� YROWDJH� VHQVRUV� IRU� LPDJLQJ
DFWLRQ�SRWHQWLDOV�
+HUH� ZH� SUHVHQW� QHZ� $UFKDHUKRGRSVLQ� IOXRUHVFHQW� YROWDJH

VHQVRUV� ZLWK� IDVWHU� NLQHWLFV� DQG� ODUJHU� G\QDPLF� UDQJH� WKDQ
$UFK�'��1�� :H� DOVR� VKRZ� WKDW� LPSURYHG� WUDIILFNLQJ� VLJQDOV
LPSURYH� WKH� PHPEUDQH� ORFDOL]DWLRQ� RI� $UFK� VHQVRUV�� ZKLFK
SURPRWHV� VXSHULRU� RSWLFDO� UHDGRXWV� RI�PHPEUDQH� YROWDJH��:H
WKHQ�GHVFULEH�QHZ�PXWDWLRQV�RI�$UFK� WKDW� LPSURYH� LWV� NLQHWLFV
DQG�G\QDPLF�UDQJH��%\�XVLQJ�VLJQDO�GHWHFWLRQ�WKHRU\�WR�DQDO\]H
RXU� H[SHULPHQWDO� PHDVXUHPHQWV�� ZH� VKRZ� WKDW� WKHVH
LPSURYHPHQWV� \LHOG� D� VHQVRU� WKDW� UHSRUWV� QHXURQ� DFWLRQ

SRWHQWLDOV� ZLWK� XS� WR� a�� WLPHV� WKH� VSLNH� GHWHFWLRQ� ILGHOLW\� RI
$UFK�'��1� ²� ZLWKRXW� SKRWRFXUUHQW� LQGXFHG� E\� WKH� LPDJLQJ
LOOXPLQDWLRQ�

5HVXOWV

(QKDQFHG�WUDIILFNLQJ�PRWLIV�LPSURYHG�$UFK�PHPEUDQH
ORFDOL]DWLRQ
$V�D�ILUVW�VWHS�LQ�HQKDQFLQJ�YROWDJH�VHQVRU�SHUIRUPDQFH��ZH

VRXJKW�WR�LPSURYH�WKH�VHQVRU¶V�WDUJHWLQJ�WR�WKH�FHOO�PHPEUDQH�
,Q�WKH�RULJLQDO�VWXG\�RI�$UFK¶V�FDSDELOLWLHV�DV�D�YROWDJH�VHQVRU�
FRPSXWDWLRQDO� ZHLJKWLQJ� RI� LPDJH� SL[HOV� ZDV� QHFHVVDU\� WR
VHSDUDWH� XVHIXO� IOXRUHVFHQFH� UHVSRQVHV� WR� FKDQJHV� LQ� WUDQV�
PHPEUDQH� SRWHQWLDO� IURP� QRQ�UHVSRQVLYH�� EDFNJURXQG
IOXRUHVFHQFH� >��@��0XFK�RI� WKH� ODWWHU� IOXRUHVFHQFH� OLNHO\�DURVH
IURP� PLV�WDUJHWHG� $UFK� PROHFXOHV�� %\� XVLQJ� D� KLJK� RSWLFDO
PDJQLILFDWLRQ� DQG� WKHQ� KHDYLO\� ZHLJKWLQJ� SL[HOV� DW� WKH� FHOO
PHPEUDQH�� LW� ZDV� SRVVLEOH� WR� ODUJHO\� GLVUHJDUG� WKH� PDMRULW\�
QRQ�UHVSRQVLYH�SL[HOV��+RZHYHU�� LI�RQH�ZLVKHV�WR� LPDJH�PDQ\
FHOOV�RYHU�D�ZLGH�ILHOG�RI�YLHZ��WKLV�VWUDWHJ\�RI�KLJKO\�PDJQLI\LQJ
WKH�LPDJH�RI�HDFK�QHXURQ�LV�QRW�YLDEOH�
7R�HQKDQFH�WKH�PHPEUDQH� ORFDOL]DWLRQ�RI�$UFK�VHQVRUV��ZH

HPSOR\HG� WKH� VDPH� WUDIILFNLQJ� PRWLIV� XVHG� SUHYLRXVO\� ZLWK� D
EURDG�FODVV�RI� LQKLELWRU\�RSVLQV� >�����@��3ULRU�ZRUN�KDG�VKRZQ
WKDW� WKH� HQGRSODVPLF� UHWLFXOXP� �(5�� H[SRUW� VHTXHQFH
�)&<(1(9�� DQG� WKH� *ROJL� H[SRUW� WUDIILFNLQJ� VLJQDO� �76�
VHTXHQFH� �.65,76(*(<,3/'4,',19��� IRXQG� LQ� PHPEUDQH
ORFDOL]HG� .LU���� SRWDVVLXP� FKDQQHOV� >��@�� LPSURYHG� 1S+5
PHPEUDQH� ORFDOL]DWLRQ�ZKHQ�DGGHG� WR� WKH�DSSURSULDWH� WHUPLQL
RI� WKH� RSVLQ� SURWHLQ�� 7KH� UHVXOWLQJ� HQKDQFHG� RSVLQV� KDG� �±�
WLPHV� JUHDWHU� SKRWRFXUUHQW� WKDQ� FRXQWHUSDUWV� ZLWKRXW� WKH
WUDIILFNLQJ�PRWLIV��ZLWK�IHZHU�LQWUDFHOOXODU�DJJUHJDWHV�>��������@�
$OWKRXJK�UHSRUWV�WKDW�DQRWKHU�.LU�����H[SRUW�PRWLI�LPSURYHG�WKH
PHPEUDQH�ORFDOL]DWLRQ�RI�RWKHU�YROWDJH�VHQVRUV�VXFK�DV�96)3�
EXWWHUIO\� >��@�� WKLV� H[SRUW� PRWLI� GLG� QRW� QRWDEO\� LPSURYH
UKRGRSVLQ�PHPEUDQH�ORFDOL]DWLRQ�LQ�SUHYLRXV�VWXGLHV�>��@�
:H�JHQHUDWHG�DOO�RI�WKH�$UFK�YDULDQWV�GLVFXVVHG�LQ�WKLV�SDSHU

ZLWKLQ� D� VLPLODU� FRQVWUXFW� FRQWDLQLQJ� WKH� &D0.,,Į� �&DPN�D�
SURPRWHU� DQG� WKH� ZRRGFKXFN� KHSDWLWLV� SRVW�WUDQVFULSWLRQDO
UHJXODWRU\�HOHPHQW��:35(���)LJXUH��D���,Q�QHXURQV�WUDQVIHFWHG
ZLWK� FRQVWUXFWV� FRQWDLQLQJ� WKH� WUDIILFNLQJ� VLJQDOV�� <)3�� DQG
$UFK�IOXRUHVFHQFH�VLJQDOV�ZHUH�JHQHUDOO\�PHPEUDQH�ORFDOL]HG�
LQGLFDWLYH�RI�PLQLPDO�LQWUDFHOOXODU�DJJUHJDWLRQ��)LJXUH��E��
:H� DSSOLHG� D� YROWDJH� VWHS� SURWRFRO� WR� QHXURQV� H[SUHVVLQJ

$UFK� YDULDQWV� ZKLOH� ZH� PRQLWRUHG� IOXRUHVFHQFH� HPLVVLRQV
�0HWKRGV��� 7R� TXDOLWDWLYHO\� DVVHVV� WKH� GHJUHH� RI� PHPEUDQH
ORFDOL]DWLRQ�� ZH� FRPSXWHG� WKH� FKDQJHV� LQ� IOXRUHVFHQFH
LQWHQVLW\�ǻ)�)�DFURVV�HQWLUH�LPDJHV��)LJXUH��E���7KH�SL[HOV�ZLWK
WKH�JUHDWHVW�ǻ)�)�YDOXHV�ZHUH�ORFDWHG�DW�WKH�RXWHU�HGJHV�RI�WKH
FHOO� LPDJH�� EXW� ZH� DOVR� REVHUYHG� VXEVWDQWLDO� ǻ)�)� YDOXHV� IRU
SL[HOV� ZLWKLQ� WKH� FHOO¶V� LQWHULRU�� 7KHVH� SL[HOV� LQFOXGHG
IOXRUHVFHQFH�VLJQDOV�IURP�SDUWV�RI�WKH�FHOO�PHPEUDQH�WKDW�ZHUH
RXWVLGH� WKH� IRFDO� SODQH�� EXW� IURP� ZKLFK� ZH� QRQHWKHOHVV
FDSWXUHG� IOXRUHVFHQFH� HPLVVLRQV� GXH� WR� WKH� ODFN� RI� RSWLFDO
VHFWLRQLQJ�� $V� H[SHFWHG�� LQWHULRU� SL[HOV� H[KLELWHG� ORZHU
HPLVVLRQ� LQWHQVLWLHV� EXW� RQO\� PRGHUDWHO\� ORZHU� ǻ)�)� YDOXHV
WKDQ�SL[HOV�RQ�FHOOV¶�RXWHU�HGJHV��7KHVH�REVHUYDWLRQV�VXJJHVW
WKH� WUDIILFNLQJ� VLJQDOV� LPSURYHG� PHPEUDQH� ORFDOL]DWLRQ� DQG

(QKDQFHG�$UFK�9ROWDJH�6HQVRUV
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UHGXFHG�YROWDJH�LQVHQVLWLYH�$UFK�SURWHLQ�DJJUHJDWLRQ�LQ�WKH�FHOO
ERG\�� *LYHQ� WKLV� LPSURYHG� ORFDOL]DWLRQ�� ZH� ELQQHG� SL[HOV� WR
PXFK� ORZHU� UHVROXWLRQ� WKDQ� LQ� SUHYLRXV� VWXGLHV�� UDQNHG�SL[HOV
EDVHG� RQ� WKHLU� VLJQDO�WR�QRLVH� UDWLR� �615��� DQG� VHOHFWHG� D
VXIILFLHQW� QXPEHU� RI� SL[HOV� WR� FRYHU� WKH� FHOO� VRPD� �0HWKRGV��
6XFK� FRDUVH�JUDLQHG� DQDO\VHV� DUH� FRPSDWLEOH� ZLWK� LPDJLQJ
VWXGLHV�RYHU�D�ODUJH�ILHOG�RI�YLHZ��ZKLOH�SUHVHUYLQJ�WKH�G\QDPLF
UDQJH�RI�WKH�H[SHULPHQWDOO\�PHDVXUHG�ǻ)�)�YDOXHV�

$UFK�PXWDQWV�H[KLELWHG�IDVWHU�NLQHWLFV�DQG�ODUJHU
G\QDPLF�UDQJH�WKDQ�$UFK�'��1
7R� HQKDQFH� $UFK¶V� YROWDJH� VHQVLWLYLW\�� ZH� GUHZ� RQ� WKH

H[WHQVLYH� OLWHUDWXUH� UHJDUGLQJ�KRZ�SURWHLQ�PXWDWLRQV�DIIHFW� WKH
EDFWHULRUKRGRSVLQ� SKRWRF\FOH�� 8VLQJ� WKH� KRPRORJ\� EHWZHHQ
EDFWHULRUKRGRSVLQ�DQG�$UFK�LQ�WKHLU�DPLQR�DFLG�VHTXHQFHV��ZH
QRWHG� WKDW� WKH� SURWRQ� SXPSLQJ� SURFHVV� WUDQVORFDWHV� D� SURWRQ
WKURXJK� WKH� '���� '����� (����� DQG� '���� SRVLWLRQV� RI� $UFK
>��±��@��7KH�GHSURWRQDWLRQ�RI� WKH�6FKLII�EDVH�DQG�GRQDWLRQ�RI
FKDUJH�WR�WKH�'���SRVLWLRQ�LV�WKH�ILUVW�SURWRQ�WUDQVORFDWLRQ�VWHS
RI�WKH�SKRWRF\FOH��5HSURWRQDWLRQ�RI�WKH�6FKLII�EDVH��ZLWK�FKDUJH
GRQDWHG� IURP� WKH� '���� SRVLWLRQ�� LV� WKH� ILQDO� VWHS� >�����@�
%HFDXVH� WKHVH� WZR� VWHSV� DUH� NH\� WR� PRGXODWLQJ� WKH� FKDUJH
VWDWH� RI� WKH� 6FKLII� EDVH�� DQG� WKHUHE\� WKH� DEVRUSWLRQ� DQG
IOXRUHVFHQFH�� ZH� FRQVLGHUHG� PXWDWLRQV� DW� WKHVH� SRVLWLRQV� WR
HQKDQFH�$UFK¶V�YROWDJH�VHQVLWLYLW\�
0XWDWLQJ�WKH�'���DPLQR�DFLG�WR�DQ�XQFKDUJHG�DPLQR�DFLG�LV

D� JHQHUDO� ZD\� WR� HOLPLQDWH� SKRWRFXUUHQW� >�����±��@�� %HVLGHV
WKH�DIRUHPHQWLRQHG�'��1�PXWDWLRQ��'��6�DQG�'��7�PXWDWLRQV
DW� WKH� KRPRORJRXV� SRVLWLRQ� LQ� EDFWHULRUKRGRSVLQ� OHG� WR� D� &O�
FXUUHQW��ZKLFK�ZRXOG�QRW�EHQHILW�YROWDJH�LPDJLQJ�>��@��,Q�UHFHQW
UHSRUWV�� WKH� PXWDWLRQ� LQ� EDFWHULRUKRGRSVLQ� KRPRORJRXV� WR
'��4� DOVR� HOLPLQDWHG� SKRWRFXUUHQW� >��@�� :H� H[DPLQHG� WKLV

PXWDWLRQ� LQ�$UFK��:KHQ�H[SUHVVHG� LQ�+(.�FHOOV�� WKLV�PXWDWLRQ
\LHOGHG� ���� ǻ)�)� SHU� ����P9� FKDQJH� LQ�PHPEUDQH� YROWDJH
DQG�QR�SKRWRFXUUHQW��EXW� LW�DOVR�H[KLELWHG�VORZ�NLQHWLFV��ZLWK�D
a���PV�RQ�WLPH��PXFK�OLNH�$UFK�'��1�
0XWDWLRQV� WR� SRVLWLRQV� KRPRORJRXV� WR� WKH� $UFK�'���� LQ

EDFWHULRUKRGRVSLQ�DOVR�PRGLILHG�WKH�SKRWRF\FOH��%HFDXVH�'���
VHUYHV�DV�WKH�GRQRU�WR�WKH�6FKLII�EDVH�GXULQJ�WKH�UHSURWRQDWLRQ
VWHS�� FKDQJLQJ�'���� WR� DQ�XQFKDUJHG�DPLQR�DFLG� VORZHG� WKH
SKRWRF\FOH� DQG� UHGXFHG� WKH� SKRWRFXUUHQW� >��@�� :H� LQLWLDOO\
HPSOR\HG� WKH� PXWDWLRQ� '���1� LQ� $UFK� LQ� KRSHV� RI� UHGXFLQJ
SKRWRFXUUHQW�� EXW� WKH� PXWDQW� GHPRQVWUDWHG� QRQ�QHJOLJLEOH
SKRWRFXUUHQW�ZLWKRXW�YROWDJH�VHQVLWLYLW\� �GDWD�QRW�VKRZQ���7KLV
REVHUYDWLRQ� VXJJHVWHG� WKDW� '���� LV� WKH� SULPDU\� FRQGXLW� IRU
HOHFWURQV� WR� SURWRQDWH� DQG� GHSURWRQDWH� WKH� YROWDJH�VHQVLWLYH
6FKLII� EDVH� GXULQJ� PRGXODWLRQV� RI� PHPEUDQH� YROWDJH�� 7KXV�
PXWDWLRQ�RI� WKH�DVSDUWLF�DFLG� WR� WKH�KRPRORJRXV�JOXWDPLF�DFLG
FRXOG�VKLIW� WKH�UHODWLYH�S.D�EHWZHHQ�WKH�'����SRVLWLRQ�DQG�WKH
6FKLII� EDVH�� DOWHULQJ� WKH� NLQHWLFV� RI� SURWRQDWLRQ� DQG
GHSURWRQDWLRQ�� 7KLV� FRPELQDWLRQ� RI� REVHUYDWLRQV� RQ� WKH� '��
DQG�'����SRVLWLRQV� OHG�XV� WR� WU\� WKH�GRXEOH�PXWDWLRQV�'��1�
'���(��$UFK�((1��DQG�'��4�'���(��$UFK�((4��
6SHFWUDOO\�� WKH� WZR�$UFK�PXWDQWV� �ZKLFK�ZH�ZLOO� WHUP�$UFK�

(([��ZKHQ�UHIHUULQJ�WR�WKHP�ERWK��DUH�VLPLODU�WR�$UFK�'��1�LQ
ERWK� DEVRUSWLRQ� DQG� HPLVVLRQ� �)LJXUH� �F��� $UFK�(([� KDG
JUHDWHU�G\QDPLF�UDQJH�WKDQ�$UFK�'��1�LQ�UHVSRQVH�WR�YDULRXV
YROWDJH�DQG�FXUUHQW�ZDYHIRUPV��0HWKRGV���)LUVW��ZH�FRPSDUHG
WKH�VWHS�UHVSRQVH�RI�$UFK�'��1��$UFK�((1��DQG�$UFK�((4�LQ
QHXURQV� DW� ORZ� IUDPH� UDWH� ���� +]� �)LJXUH� �D��� :H� WKHQ
H[DPLQHG�WKH� LQLWLDO� ULVH�RI�HDFK�PXWDQW¶V�RSWLFDO�ZDYHIRUP�E\
LPDJLQJ� ZLWK� KLJK� IUDPH� UDWH� ������ +]�� WKH� IOXRUHVFHQFH
UHVSRQVH�WR�D�YROWDJH�GHSRODUL]DWLRQ�IURP�����P9�WR�����P9
�)LJXUH��E���7KH�'���(�PXWDWLRQ�\LHOGHG�IDVW�NLQHWLFV� IRU�ERWK

)LJXUH�����)OXRUHVFHQFH�VSHFWUD�DQG�PHPEUDQH�ORFDOL]DWLRQ�RI�HQKDQFHG�$UFK�FRQVWUXFWV����D��:H�H[SUHVVHG�WKH�HQKDQFHG
$UFK�FRQVWUXFWV��((4�DQG�((1�YHUVLRQV��DV�D�IXVLRQ�ZLWK�H<)3�XQGHU�WKH�FRQWURO�RI�WKH�&DPN�D�SURPRWHU�DQG�WDUJHWHG�WKH�IXVLRQ
SURWHLQ�WR�WKH�FHOO�PHPEUDQH�XVLQJ�WKH�ORFDOL]DWLRQ�VHTXHQFHV�76�DQG�(5���E��)OXRUHVFHQFH�VLJQDOV�IURP�D�ODEHOHG�QHXURQ��DV�VHHQ
LQ� WKH�<)3��OHIW��DQG�$UFK�((1��PLGGOH�� IOXRUHVFHQFH�FKDQQHOV��DORQJ�ZLWK� WKH�QRUPDOL]HG�VSDWLDO�PDS��ULJKW��RI� WKH� IOXRUHVFHQFH
UHVSRQVH�WR�D�YROWDJH�VWHS�GHSRODUL]DWLRQ��5HJLRQV�LQ�ZKLFK�<)3�IOXRUHVFHQFH�ZDV�YLVLEOH�DOVR�JHQHUDOO\�VKRZHG�UHVSRQVHV�E\�$UFK
WR�YROWDJH�GHSRODUL]DWLRQ��ZKLFK�LV�LQGLFDWLYH�RI�VXFFHVVIXO�PHPEUDQH�WDUJHWLQJ��6FDOH�EDU�LV�����P���F��$EVRUSWLRQ�DQG�IOXRUHVFHQFH
VSHFWUD�RI�$UFK�((1��7KH�VSHFWUD�RI�$UFK�((4�DUH�VLPLODU�
GRL����������MRXUQDO�SRQH���������J���
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WKH�'��1� DQG�'��4�PXWDWLRQV�� UHVXOWLQJ� LQ� D� a�±���PV� ULVH
WLPH�WR�ZLWKLQ���H�RI�WKH�IXOO�UHVSRQVH��DV�FRPSDUHG�WR�a���PV
IRU�$UFK�'��1��0HWKRGV���:H�DOVR�REVHUYHG�D�IDVW�FRPSRQHQW
RI�WKH�IOXRUHVFHQFH�ULVH�IRU�ERWK�$UFK�((1�DQG�$UFK�((4��7KLV
IDVW� FRPSRQHQW� LPSURYHG� WKH� ǻ)�)� LQ� UHVSRQVH� WR� DFWLRQ
SRWHQWLDOV��DV�GHVFULEHG�EHORZ��:H�DYHUDJHG� WKH�VWHDG\�VWDWH
ǻ)�)� DV� D� IXQFWLRQ� RI� WKH� DSSOLHG� YROWDJH� �)LJXUH� �F��� DQG

REVHUYHG� WKDW� $UFK�((4� RXWSHUIRUPHG� $UFK�'��1�� UHDFKLQJ
����ǻ)�)�SHU�����P9��$UFK�((1�ZDV�LQIHULRU�WR�$UFK�'��1�LQ
WKLV�UHJDUG��\LHOGLQJ�RQO\�����ǻ)�)�SHU�����P9�YROWDJH�VWHS�
%HFDXVH� ZLOG�W\SH� $UFK� JHQHUDWHV� LQKLELWRU\� SKRWRFXUUHQW

WKDW� PRGLILHV� QHXURQ� IXQFWLRQ�� ZH� DOVR� FKHFNHG� ZKHWKHU� WKH
QHZ� PXWDQWV� SURGXFHG� DQ\� SKRWRFXUUHQW�� :H� REVHUYHG
VXEVWDQWLDO�SKRWRFXUUHQW�IRU�D�QHXURQ�WUDQVIHFWHG�ZLWK�ZLOG�W\SH

)LJXUH���� �(QKDQFHG�$UFK�YDULDQWV� UHVSRQG�PRUH�TXLFNO\�DQG�ZLWK�JUHDWHU�G\QDPLF� UDQJH� WR�YROWDJH�GHSRODUL]DWLRQ�� � �D�
2SWLFDO�VWHS�UHVSRQVHV�RI�QHXURQV�WUDQVIHFWHG�ZLWK�$UFK�'��1��$UFK�((1��DQG�$UFK�((4��LPDJHG�DW�����+]��:H�KHOG�QHXURQV�DW�
���P9�DW�WKH�VWDUW�RI�HDFK�WUDFH�DQG�VWHSSHG�WR�FRPPDQG�YROWDJHV�UDQJLQJ�IURP������P9�WR������P9���E��2SWLFDO�VWHS�UHVSRQVH�RI
$UFK�FRQVWUXFWV�H[SUHVVHG�LQ�QHXURQV�ZKHQ�UDLVLQJ�WKH�YROWDJH�IURP�����P9�WR�����P9��QRUPDOL]HG�WR�HDFK�VHQVRU¶V�PD[LPXP
VWHS�UHVSRQVH�DQG�GLVSOD\HG�RYHU�VKRUWHU� WLPH�VFDOHV� WKDQ� LQ��D��� LPDJHG�DW������+]���F��6WHDG\�VWDWH� IOXRUHVFHQFH�UHVSRQVH�RI
$UFK� FRQVWUXFWV� DV� D� IXQFWLRQ� RI� PHPEUDQH� YROWDJH�� �G�� $UFK�:7� JHQHUDWHG� DSSUHFLDEOH� SKRWRFXUUHQW� ZLWK� ���� QP� LOOXPLQDWLRQ
�PDJHQWD�EDUV���ZKHUHDV�$UFK�((4�JHQHUDWHG�QHJOLJLEOH�SKRWRFXUUHQW���H��6WHDG\�VWDWH�SKRWRFXUUHQWV�RI�YDULRXV�$UFK�FRQVWUXFWV�LQ
UHVSRQVH� WR� WKH� VDPH�����QP� LOOXPLQDWLRQ��(UURU� EDUV� UHSUHVHQW� VWDQGDUG�HUURU� WR� WKH�PHDQ� �V�H�P��� ,OOXPLQDWLRQ� LQWHQVLW\� DW� WKH
VSHFLPHQ�ZDV������P:�PP��IRU�DOO�SDQHOV�
GRL����������MRXUQDO�SRQH���������J���
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$UFK�GXULQJ� WKH�DSSOLFDWLRQ�RI� WKH�H[FLWDWLRQ� ODVHU�DW� WKH�VDPH
LOOXPLQDWLRQ� LQWHQVLWLHV� ������ P:�PP��� XVHG� GXULQJ� LPDJLQJ
�)LJXUH� �G��� +RZHYHU�� XQGHU� LGHQWLFDO� RSWLFDO� FRQGLWLRQV� ZH
UHFRUGHG�OLWWOH�SKRWRFXUUHQW�IRU�D�QHXURQ�WUDQVIHFWHG�ZLWK�$UFK�
((4�� %\� DYHUDJLQJ� WKH� PHDVXUHG� SKRWRFXUUHQW� RYHU� PDQ\
FHOOV�� ZH� REVHUYHG� QHJOLJLEOH� SKRWRFXUUHQW� IRU� ERWK�$UFK�((1
������S$�������S$��Q� ����FHOOV��DQG�$UFK�((4������S$�������S$�
Q� ����FHOOV���)LJXUH��H��
7KH� IDVWHU� NLQHWLFV� RI� WKH� $UFK�(([�PXWDQWV� DOVR� LPSURYHG

WKH� IOXRUHVFHQFH� UHVSRQVHV� WR� QHXURQDO� DFWLRQ� SRWHQWLDOV�
7\SLFDO�RSWLFDO�WUDFHV��IUDPH�UDWH�����+]��FRUUHVSRQGHG�ZHOO�WR
VLPXOWDQHRXVO\� UHFRUGHG� WUDFHV�RI� HOHFWULFDO� DFWLYLW\�� UHJDUGLQJ
ERWK�VSLNLQJ�DQG�VXE�WKUHVKROG�G\QDPLFV��)LJXUH��D���1RWDEO\�
WKH� $UFK�(([� VHQVRUV¶� IDVW� DQG� VORZ� UHVSRQVH� FRPSRQHQWV
VHUYHG�GLVWLQFW� IXQFWLRQV��7KH� IDVW� FRPSRQHQW� IDFLOLWDWHG�VSLNH
GHWHFWLRQ�� ZKHUHDV� WKH� FRPELQDWLRQ� RI� WKH� IDVW� DQG� VORZ
FRPSRQHQWV� UHOD\HG� WKH� IOXFWXDWLRQV� LQ� EDVHOLQH� YROWDJH�� :H
FRPSXWHG�WKH�ǻ)�)�RI�LQGLYLGXDO�QHXURQV�LQ�UHVSRQVH�WR�VLQJOH
DFWLRQ�SRWHQWLDOV�LQGXFHG�E\�VKRUW�FXUUHQW�LQMHFWLRQV��)LJXUH��E�
F��� 7KH� HOHFWURSK\VLRORJLFDO� UHFRUGLQJV� IRU� FHOOV� H[SUHVVLQJ
$UFK�((4�� �((1�� DQG� �'��1� UHVSHFWLYHO\� UHYHDOHG� ):+0
DFWLRQ�SRWHQWLDO�ZLGWKV�RI�����������PV������������PV��DQG������
����PV��PHDQ���VWDQGDUG�GHYLDWLRQ��Q� ��±���FHOOV���)LJXUH��E��
ZKLFK�DUH�W\SLFDO�YDOXHV�IRU�FXOWXUHG�QHXURQV��'XH�WR�LWV�IDVWHU
NLQHWLFV��$UFK�((1�H[KLELWHG�D�a��IROG�LQFUHDVH�LQ�SHDN�ǻ)�)�LQ
UHVSRQVH�WR�QHXUDO�VSLNHV�DV�FRPSDUHG�WR�$UFK�'��1��GHVSLWH
$UFK�((1¶V� UHGXFHG� VWHDG\�VWDWH� G\QDPLF� UDQJH�� 6LPLODUO\�
$UFK�((4� KDG� D� ��IROG� LQFUHDVH� LQ� SHDN� ǻ)�)� UHVSRQVH� WR
VSLNHV�YHUVXV�$UFK�'��1��ZLWK�ǻ)�)�YDOXHV�DV�KLJK�DV�����IRU
VLQJOH� FHOOV�� ,W� LV� OLNHO\� WKDW� LPSURYHG� SL[HO� VHOHFWLRQ� DQG
EDFNJURXQG�VXEWUDFWLRQ�FRXOG�\LHOG�HYHQ�KLJKHU�ǻ)�)�YDOXHV�

$UFK�PXWDWLRQV�LPSURYHG�VSLNH�GHWHFWLRQ�ILGHOLW\
:H� FKDUDFWHUL]HG� WKH� QHZ� $UFK� PXWDQWV� XVLQJ� YDULRXV

PHDVXUHV�RI�615�DQG�VSLNH�GHWHFWLRQ� FDSDELOLWLHV�� DQG� IRXQG
WKDW� WKH� VHQVRUV� RXWSHUIRUPHG�$UFK�'��1��$� VLPSOLVWLF� QRWLRQ
RI�615�LV�WKH�SHDN�UHVSRQVH�GLYLGHG�E\�WKH�VWDQGDUG�GHYLDWLRQ
RI� WKH� EDVHOLQH� IOXRUHVFHQFH� LQ� RQH� WLPH� ELQ� �0HWKRGV��� :H
FRPSDUHG� WKH� VKRW�QRLVH� OLPLWHG� SHUIRUPDQFH� RI� WKH� YDULRXV
VHQVRUV� XVLQJ� WKLV�PHWULF�� DOO� DW� WKH� VDPH� LPDJLQJ� FRQGLWLRQV
����� +]� IUDPH� UDWH�� ����� P:�PP�� LOOXPLQDWLRQ�� �)LJXUH� �D��
%HFDXVH� RI� WKH� VLPLODU� EULJKWQHVV� RI� DOO� WKUHH� PXWDQWV� XQGHU
����QP�H[FLWDWLRQ��WKH�QHZ�$UFK�PXWDQWV�KDG�VLPLODU�LQFUHDVHV
LQ� 615�� DV� SUHGLFWHG� IURP� WKH� LQFUHDVHV� LQ� SHDN� ǻ)�)
UHVSRQVHV�
:H� DOVR� XVHG� D� VLJQDO� GHWHFWLRQ� WKHRUHWLF� IUDPHZRUN� WR

TXDQWLI\� WKH� ILGHOLW\� RI� VSLNH� GHWHFWLRQ� >��@�� 7KH� VSLNH
GLVFULPLQDELOLW\� GHVFULEHG� LQ� 5HI�� ���� GHQRWHG� KHUH� DV� G¶�
LQGH[HV� WKH� UHFHLYHU�RSHUDWLQJ� FKDUDFWHULVWLF� �52&�� FXUYH� IRU
VSLNH�GHWHFWLRQ�DQG�TXDQWLILHV� WKH�GHJUHH� WR�ZKLFK�VSLNHV�FDQ
EH�FRUUHFWO\� LGHQWLILHG�ZLWKLQ� IOXRUHVFHQFH�GDWD�DWWDLQHG�DW� WKH
SK\VLFDO�QRLVH� OLPLWV�VHW�E\�SKRWRQ�VKRW�QRLVH��0HWKRGV���7KLV
ILJXUH� RI� PHULW� WDNHV� LQWR� FRQVLGHUDWLRQ� D� QHXURQ¶V
H[SHULPHQWDOO\� GHWHUPLQHG� IOXRUHVFHQFH� EDVHOLQH�� WKH� SHDN
ǻ)�)� UHVSRQVH� WR� D� VSLNH�� DQG� WKH� WHPSRUDO� GXUDWLRQ� RI� WKH
VHQVRU¶V� UHVSRQVH� WR� D� VSLNH�� %\� DJJUHJDWLQJ� SKRWRQV� RYHU
PXOWLSOH� IUDPHV� DQG� DFFRXQWLQJ� IRU� VHQVRU� NLQHWLFV�� WKLV
IUDPHZRUN� SURYLGHV� D� IDU� PRUH� UHDOLVWLF� PHDVXUH� RI� VSLNH

GHWHFWLRQ� ILGHOLW\� WKDQ�PRUH� WUDGLWLRQDO�� VLPSOLVWLF�PHDVXUHV� RI
615�VXFK�DV�WKDW�VKRZQ�LQ�)LJXUH��D�
7R� FRPSDUH� VSLNH� GLVFULPLQDELOLW\�� ZH� FRPELQHG� RQWR� RQH

SORW�WKH�LVR�FRQWRXUV�RI�G¶��WKH�VHQVRUV¶�SHDN�ǻ)�)�YDOXHV��DQG
WKH� WRWDO� QXPEHU� RI� SKRWRQV� DJJUHJDWHG� ZLWKLQ� D� IOXRUHVFHQW
WUDQVLHQW� �)LJXUH� �E��� 'HVSLWH� WKH� LQIHULRU� SHDN� ǻ)�)� YDOXH� RI
$UFK�'��1�� WKH� VORZ� NLQHWLFV� RI� $UFK�'��1� SURYLGHG� SDUWLDO
FRPSHQVDWLRQ� ZKHQ� FRPSDULQJ� LWV� G¶� YDOXH� WR� WKRVH� RI� $UFK�
(([��$UFK�'��1¶V�VORZHU�NLQHWLFV�\LHOGHG�ORQJHU�WUDQVLHQWV�WKDW

)LJXUH� ��� � (QKDQFHG� $UFK� VHQVRUV� UHSRUW� VLQJOH� DFWLRQ
SRWHQWLDOV�ZLWK�JUHDWHU�SHDN�DPSOLWXGH�WKDQ�$UFK�'��1����D�
)OXRUHVFHQFH�WUDFHV�IURP�D�QHXURQ�H[SUHVVLQJ�$UFK�((4��WRS�
DQG� D� QHXURQ� H[SUHVVLQJ� $UFK�((1� �ERWWRP�� VKRZHG� VKDUS
SHDNV� FRUUHVSRQGLQJ� WR� DFWLRQ� SRWHQWLDOV� LQ� WKH� VLPXOWDQHRXV
HOHFWURSK\VLRORJ\� PHDVXUHPHQWV�� �E�� 7KH� DYHUDJH� RSWLFDO
ZDYHIRUPV��DYHUDJH�RI�Q� ���������DQG����WUDFHV�IRU�WKH�((4�
((1�� DQG� '��1� WUDFHV�� UHVSHFWLYHO\�� RI� WKH� $UFK� VHQVRUV¶
UHVSRQVH��WRS��ZHUH�VLPLODUO\�VKDSHG� WR� WKH�DYHUDJH�HOHFWULFDO
ZDYHIRUP�RI�LQGLYLGXDO�DFWLRQ�SRWHQWLDOV��ERWWRP��Q� ����WUDFHV��
�F�� $YHUDJH� SHDN� UHVSRQVHV� WR� VLQJOH� DFWLRQ� SRWHQWLDOV� IRU
$UFK�'��1� �Q�  � �� FHOOV��� $UFK�((1� �Q�  � ��� FHOOV��� DQG�$UFK�
((4� �Q�  � ��� FHOOV��� (UURU� EDUV� DUH� V�H�P�� 7KH� IOXRUHVFHQFH
LPDJLQJ� UDWH� ZDV� ���� +]�� DQG� WKH� LOOXPLQDWLRQ� LQWHQVLW\� ZDV
�����P:�PP��IRU�DOO�SDQHOV�
GRL����������MRXUQDO�SRQH���������J���
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)LJXUH� ��� � (QKDQFHG� $UFK� VHQVRUV� RXWSHUIRUPHG� $UFK�
'��1� LQ� VHYHUDO� PHDVXUHV� FKDUDFWHUL]LQJ� GHWHFWLRQ� RI
QHXURQDO� VSLNHV�� � �D�� 3HDN� ǻ)�)� YDOXHV� RI� WKH� RSWLFDO
UHVSRQVHV� WR� DFWLRQ� SRWHQWLDOV� SORWWHG� DV� D� IXQFWLRQ� RI� WKH
DYHUDJH�SKRWRQ�HPLVVLRQ�UDWH��)���GXULQJ�WKH�EDVHOLQH�SHULRGV�
DV� GHWHUPLQHG� IURP� WKH� H[SHULPHQWDO� RSWLFDO� ZDYHIRUPV�� 7KH
GDVKHG� OLQHV�UHSUHVHQW� LVR�FRQWRXUV�RI�615�DW� WKH� WLPH�RI� WKH
HPLVVLRQ�SHDN��GHILQHG�DV�WKH�UDWLR�RI�WKH�SHDN�UHVSRQVH�WR�WKH
VWDQGDUG�GHYLDWLRQV�LQ�WKH�EDVHOLQH�VKRW�QRLVH�� ΔF � F � F� � ν�
$UFK�((4� RXWSHUIRUPHG� $UFK�'��1� E\� D� IDFWRU� RI� a��� ZKLOH
$UFK�((1�RXWSHUIRUPHG�$UFK�'��1�E\�D�IDFWRU�RI�a����E��3HDN
ǻ)�)�YDOXHV�RI�WKH�RSWLFDO�UHVSRQVHV�WR�DFWLRQ�SRWHQWLDOV�SORWWHG
DV�D�IXQFWLRQ�RI�WKH�HVWLPDWHG�WRWDO�QXPEHU�RI�SKRWRQV�GHWHFWHG
SHU� VSLNH�� 'DVKHG� OLQHV� UHSUHVHQW� LVR�FRQWRXUV� RI� VSLNH
GHWHFWLRQ� ILGHOLW\�� G¶�� DV� GHILQHG� LQ� :LOW� HW� DO�� ����� DQG� DV
GHWHUPLQHG� IURP� WKH� H[SHULPHQWDOO\� PHDVXUHG� RSWLFDO
ZDYHIRUPV��$UFK�((4�RXWSHUIRUPHG�$UFK�'��1�E\�D� IDFWRU�RI
a����� �F�� 7KH� HQKDQFHG� $UFK� VHQVRUV� HQDEOHG� ORQJHU
H[SHULPHQWDO� LPDJLQJ� GXUDWLRQV� DERYH� PLQLPXP� YDOXHV� RI
GHWHFWLRQ�ILGHOLW\��)RU�H[SHULPHQWV�WKDW�VWDUW�ZLWK�DQ�LQLWLDO�YDOXH
RI� G¶�� WKH� VROLG� OLQHV� SORW� WKH� WRWDO� LPDJLQJ� WLPH� �7�� WKDW� WKH
VHQVRUV� FDQ�SURYLGH�D�VSLNH�GHWHFWLRQ� ILGHOLW\�!G¶�H��)RU� LQLWLDO
YDOXH�RI�G¶�VKRZQ��$UFK�((4�DFKLHYHG�WRWDO� LPDJLQJ�GXUDWLRQV
DQ� RUGHU� RI� PDJQLWXGH� ORQJHU� WKDQ� WKRVH� DFKLHYHG� E\� $UFK�
'��1��:H�REWDLQHG�DOO�LPDJLQJ�GDWD�DW�D�IUDPH�UDWH�RI�Ȟ� ����
+]� DQG� DQ� LOOXPLQDWLRQ� LQWHQVLW\� RI� ����� P:�PP��� $OO� GDWD
SRLQWV�UHSUHVHQW�PHDQ���V�H�P�
GRL����������MRXUQDO�SRQH���������J���

LQFUHDVHG� WKH� WRWDO� SKRWRQ� FRXQW� DVVRFLDWHG� ZLWK� DFWLRQ
SRWHQWLDOV�� +RZHYHU�� $UFK�((4� DQG� $UFK�((1� VWLOO
RXWSHUIRUPHG� $UFK�'��1�� E\� IDFWRUV� RI� ���� DQG� ���� LQ� G¶�
UHVSHFWLYHO\�
$QRWKHU� ZD\� WR� DVVHVV� YROWDJH� VHQVRUV¶� HIILFDF\� LV� WR

FRPSDUH�WKH�WRWDO�GXUDWLRQV�RYHU�ZKLFK�WKH\�DOORZ�UHOLDEOH�VSLNH
GHWHFWLRQ� EHIRUH� XQGHUJRLQJ� SKRWREOHDFKLQJ�� :H� GHWHUPLQHG
WKLV�GXUDWLRQ��7��IRU�WKH�YDULRXV�$UFK�VHQVRUV�E\�H[DPLQLQJ�WKH
SKRWREOHDFKLQJ� NLQHWLFV� �)LJXUH� �F�� �0HWKRGV��� ,QFUHDVLQJ
LOOXPLQDWLRQ� LQWHQVLW\� LPSURYHV� G¶� E\� LQFUHDVLQJ� WKH� SKRWRQ
HPLVVLRQ� UDWH�� EXW� LW� DOVR� UHGXFHV� 7� E\� VSHHGLQJ
SKRWREOHDFKLQJ��:H�FKDUDFWHUL]HG�WKLV�WUDGH�RII�EHWZHHQ�G¶�DQG
7�DFURVV�YDU\LQJ� LOOXPLQDWLRQ� LQWHQVLWLHV�E\�GHILQLQJ�D�FRQVWDQW
µSKRWRQ�FDSDFLW\¶�IRU�HDFK�VHQVRU�DV�WKH�SURGXFW�RI�WKH�VHQVRU¶V
SKRWREOHDFKLQJ� WLPH� DQG� LQLWLDO� SKRWRQ� HPLVVLRQ� UDWH� �)LJXUH
�F���%HFDXVH�G¶�LV�SURSRUWLRQDO�WR�SHDN�ǻ)�)��DQ\�LPSURYHPHQW
LQ�WKH�ODWWHU�FDQ�\LHOG�FRUUHVSRQGLQJ�SHUFHQWDJH�LQFUHDVHV�LQ�7
LI� RQH� UHGXFHV� WKH� LOOXPLQDWLRQ� LQWHQVLW\� WR� DFKLHYH� D� IL[HG� G¶
YDOXH��7KH�7�YDOXH�IRU�$UFK�((4�ZDV�JUHDWHU�WKDQ�WKDW�RI�$UFK�
'��1�E\�DQ�RUGHU�RI�PDJQLWXGH��DW�DQ\�IL[HG�G¶��)LJXUH��F��

$UFK�LV�FRPSDWLEOH�ZLWK�PXOWL�VSHFWUDO�H[FLWDWLRQ�DQG
LPDJLQJ
7KH� UHG�VKLIWHG� DEVRUSWLRQ� DQG� IOXRUHVFHQFH� VSHFWUXP� RI

$UFK� ZHUH� FRPSDWLEOH� ZLWK� VLPXOWDQHRXV� H[FLWDWLRQ� RI� RWKHU
SURWHLQV�ZLWK�F\DQ�RU�JUHHQ� OLJKW��:H�HPSOR\HG� WKH��$� OLQNHU�
ZKLFK� DOORZV� WKH� WZR� SDUWV� RI� D� ELFLVWURQLF� VHTXHQFH� WR� EH
H[SUHVVHG� DV� VHSDUDWH� SURWHLQ�PROHFXOHV� E\� EUHDNLQJ� SURWHLQ
WUDQVODWLRQ� DW� WKH� �$� OLQNHU� SRVLWLRQ� >�����@�� 7KLV� DSSURDFK
HQDEOHG�XV�WR�H[SUHVV�$UFK�((4�DORQJ�ZLWK�DQRWKHU�SURWHLQ�RI
LQWHUHVW� LQ�WKH�VDPH�VHW�RI�FHOOV��3RO\SHSWLGH�OLQNHUV�DQG�,5(6
VHTXHQFHV� DOVR� HQDEOH� H[SUHVVLRQ� RI� WZR� SURWHLQV� XVLQJ� RQO\
RQH�FRQVWUXFW�LQ�HLWKHU�IXVLRQ�RU�VHSDUDWHG�IRUPV��+RZHYHU��WKH
�$�OLQNHU�SHUPLWV�VWRLFKLRPHWULF�H[SUHVVLRQ�EXW�GLVWLQFW�SDWWHUQV
RI� ORFDOL]DWLRQ� IRU� WKH� WZR� SURWHLQ� VSHFLHV�� IRU� HDFK� SURWHLQ
UHWDLQV� LWV�RZQ� WUDIILFNLQJ�PRWLIV� >�����@��$V� LOOXVWUDWLRQV��XVLQJ
WKH� S�$� VHOI�FOHDYLQJ� OLQNHU� ZH� PDGH� FRQVWUXFWV� WKDW
VLPXOWDQHRXVO\� H[SUHVV� $UFK� ZLWK� &K5�� >��@� DQG� *&D03�
>��@�� 3ULRU�ZRUN� KDV� VKRZQ� WKDW� DQ�1S+5��$�&K5�� FRQVWUXFW
\LHOGHG� ERWK� VLJQLILFDQW� H[FLWDWRU\� DQG� LQKLELWRU\� FXUUHQW�
GHSHQGLQJ� RQ� WKH� H[FLWDWLRQ� ZDYHOHQJWK�� DQG� WKDW� PXOWLSOH
PHPEUDQH�SURWHLQV�FDQ�H[SUHVV�LQ�RQH�FHOO�>��@�
)LUVW��ZH�PDGH�DQ�$UFK�((4��$�K&K5��FRQVWUXFW��WR�HQDEOH

VLPXOWDQHRXV� RSWLFDO� FRQWURO� DQG� UHDGRXW� RI� QHXURQDO� YROWDJH
�)LJXUH� �D��� 8QGHU� VLPLODU� LOOXPLQDWLRQ� DV� DERYH�� ZH
VLPXOWDQHRXVO\� LPDJHG� WKH� $UFK� VHQVRU� ����� QP� H[FLWDWLRQ�
����� P:�PP��� DQG� GHSRODUL]HG� WKH� QHXURQ� �F\DQ� EDUV�� ���
QP� H[FLWDWLRQ�� �� P:�PP��� �)LJXUH� �E��� (OHFWULFDO� UHFRUGLQJV
FRQILUPHG� WKDW� DFWLRQ� SRWHQWLDOV� RFFXUUHG� GXULQJ� WKH� F\DQ
VWLPXODWLRQ�� 6HFRQG�� ZH� PDGH� DQ� $UFK�((4��$�*&D03�
FRQVWUXFW��IRU�VLPXOWDQHRXV�UHDGRXWV�RI�D�QHXURQ¶V�YROWDJH�DQG
FDOFLXP�G\QDPLFV� �)LJXUH��F���$UFK�ZDV�PHPEUDQH� ORFDOL]HG�
ZKHUHDV�*&D03��H[SUHVVLRQ�ZDV�F\WRVROLF��DV�H[SHFWHG�ZLWK
WKLV�FRQVWUXFW� �)LJXUH��G���7KLV�VHJUHJDWHG� ORFDOL]DWLRQ�SDWWHUQ
PLJKW�IDFLOLWDWH�VHSDUDWLRQ�RI�VLJQDOV�IURP�WKH�WZR�IOXRUHVFHQFH
FKDQQHOV�� :H� WULJJHUHG� DFWLRQ� SRWHQWLDOV� E\� LQMHFWLQJ� EULHI
FXUUHQW�SXOVHV�DQG�REVHUYHG� WKH�HQVXLQJ�YROWDJH�DQG�FDOFLXP
G\QDPLFV�FRQFXUUHQWO\� �)LJXUH��H���6LQFH�VRPH�RI� WKH�FXUUHQW
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)LJXUH� ��� � %LFLVWURQLF� FRQVWUXFWV� H[SUHVVLQJ� $UFK�((4
ZLWK� HLWKHU� &K5�� RU� *&D03�� HQDEOHG� YROWDJH� LPDJLQJ� LQ
FRPELQDWLRQ� ZLWK� HLWKHU� RSWRJHQHWLF� FRQWURO� RU� FDOFLXP
LPDJLQJ�� � �D��6FKHPDWLF�RI� WKH�$UFK��$�K&K5��FRQVWUXFW�� �E�
7KH� $UFK��$�K&K5�� FRQVWUXFW� HQDEOHG� DOO�RSWLFDO� VWLPXODWLRQ
DQG� UHDGRXW�RI�QHXURQV��:H� LPDJHG�QHXURQV� WUDQVIHFWHG�ZLWK
WKH� $UFK��$�K&K5�� FRQVWUXFW� DQG� VLPXOWDQHRXVO\� PHDVXUHG
WKH� WUDQVPHPEUDQH� SRWHQWLDO� �EODFN� WUDFH�� DQG� $UFK
IOXRUHVFHQFH� �EOXH� WUDFH���3KRWRH[FLWDWLRQ�RI�&K5�� �KRUL]RQWDO
F\DQ�EDUV��Ȝ� �����QP����P:�PP���HOLFLWHG�VSLNHV�LQ�ERWK�WKH
RSWLFDO� DQG� HOHFWULFDO� PHDVXUHPHQWV�� �F�� 6FKHPDWLF� RI� WKH
$UFK��$�*&D03�� FRQVWUXFW�� �G�� :H� REVHUYHG� QHXURQV
WUDQVIHFWHG� ZLWK� WKH� $UFK��$�*&D03�� FRQVWUXFW� E\
VLPXOWDQHRXVO\�LPDJLQJ�*&D03��IOXRUHVFHQFH��JUHHQ�FKDQQHO�
F\WRVRO� ORFDOL]HG�� DQG� $UFK� IOXRUHVFHQFH� �UHG� FKDQQHO�
PHPEUDQH� ORFDOL]HG��� 6FDOH� EDU� LV� ��� �P�� �H�� 7KH� $UFK��$�
*&D03�� FRQVWUXFW� HQDEOHG� VLPXOWDQHRXV� PHDVXUHPHQWV� RI
YROWDJH� �EOXH� WUDFH�� DQG� LQWUDFHOOXODU� FDOFLXP� �JUHHQ� WUDFH��
$OWKRXJK�DFWLRQ�SRWHQWLDOV�ZHUH�DSSDUHQW�LQ�ERWK�WKH�$UFK�DQG
*&D03�� VLJQDOV� �EODFN� WULDQJXODU� PDUNHUV� LQ� WKH� *&D03�
WUDFH�� Ȝ�  � ���� QP� H[FLWDWLRQ�� ,�  � ��� P:�PP���� $UFK� VLJQDOV
ZHUH� IDU� VXSHULRU� LQ� UHSRUWLQJ� EULHI�� VXE�WKUHVKROG
GHSRODUL]DWLRQV� �RUDQJH� FLUFOHV� LQ� WKH� $UFK� WUDFH��� 7KH
IOXRUHVFHQFH� LPDJLQJ� UDWH� ZDV� ���� +]�� DQG� WKH� LOOXPLQDWLRQ
LQWHQVLW\� IRU�$UFK�H[FLWDWLRQ� �Ȝ� �����QP�H[FLWDWLRQ��ZDV�����
P:�PP��IRU�DOO�SDQHOV�
GRL����������MRXUQDO�SRQH���������J���

SXOVHV� IDLOHG� WR� LQLWLDWH� DFWLRQ� SRWHQWLDOV�� WKHVH� LQGXFHG� RQO\
VXE�WKUHVKROG� YROWDJH� GHSRODUL]DWLRQV� LQ� WKH� PHPEUDQH
SRWHQWLDO� �0HWKRGV��� 7KH� $UFK� IOXRUHVFHQFH� WUDFH� UHSRUWHG
WKHVH�VXE�WKUHVKROG�HYHQWV��RUDQJH�PDUNHUV���EXW�WKH�*&D03�
IOXRUHVFHQFH�WUDFH�GLG�QRW�

'LVFXVVLRQ

:H�KDYH�SUHVHQWHG�DQ�$UFK�YROWDJH�VHQVRU�WKDW�RXWSHUIRUPV
WKH�SUHYLRXVO\�SXEOLVKHG�YHUVLRQ�E\�D�IDFWRU�RI�����LQ�G¶��'LUHFW
FRPSDULVRQV� WR� RWKHU� FODVVHV� RI� JHQHWLFDOO\� HQFRGHG� YROWDJH
VHQVRUV� �PRVWO\� EDVHG� RQ� YDULDQWV� RI� *)3�� DUH� GLIILFXOW�� DV
HDFK� FODVV� RI� VHQVRU� KDV� GLIIHUHQW� H[FLWDWLRQ� DQG� HPLVVLRQ
ZDYHOHQJWKV�� DQG� DUH� WHVWHG� XQGHU� GLIIHUHQW� H[FLWDWLRQ� SRZHU
OHYHOV�� 7KHVH� WKUHH� IDFWRUV� FRQWULEXWH� WR� WKH� OHYHO� RI
EDFNJURXQG� IOXRUHVFHQFH��RSWLFDO�VFDWWHULQJ��DQG�SKRWRWR[LFLW\�
ZKLFK� DUH� DOO� LPSRUWDQW� SDUDPHWHUV� WR� FRQVLGHU� UHJDUGLQJ� WKH
XWLOLW\� RI� YROWDJH� VHQVRUV� LQ� EUDLQ� VOLFH� DQG� OLYH� DQLPDO
SUHSDUDWLRQV�
$OWKRXJK� YROWDJH� VHQVRUV� EDVHG� RQ�&L�96'� KDYH� H[KLELWHG

ODUJH� VWHDG\� VWDWH� ǻ)�)� YDOXHV� ����� SHU� ����P9��� VORZ� ULVH
WLPHV� KDYH� OLPLWHG� RSWLFDO� UHVSRQVHV� WR� VSLNHV� WR� a��
IOXRUHVFHQFH�FKDQJHV��,Q�EUDLQ�VOLFHV�DQG� LQ�YLYR�SUHSDUDWLRQV�
EDFNJURXQG� DQG� DXWRIOXRUHVFHQFH� HPLVVLRQV� DUH� IDU� PRUH
VXEVWDQWLDO� WKDQ� LQ� FXOWXUHG� QHXURQV�� FDXVLQJ� IXUWKHU
GHJUDGDWLRQ�RI�XVDEOH�VLJQDOV��([FLWDWLRQ�SRZHUV�LQ�WKH�WHQV�RI
P:�PP�� DUH� QHHGHG� WR� GHWHFW� VSLNHV� ZLWK� G¶� !���� IRUFLQJ
VHYHUH� WUDGHRIIV�EHWZHHQ�KDYLQJ�VXIILFLHQW�VLJQDO�EXW�DYRLGLQJ
SKRWREOHDFKLQJ�� 6LQFH� YROWDJH� VHQVRUV� EDVHG� RQ� &L�96'
JHQHUDOO\� DOUHDG\� KDYH� IOXRURSKRUHV� RI� KLJK� TXDQWXP� \LHOG
�!����� DWWDFKHG� WR� WKH�96'�� LW� LV� OLNHO\� WKDW� LPSURYHPHQWV� LQ
WKH�HIIHFWLYH�SHDN�ǻ)�)�ZLOO�EH�QHHGHG�IRU�WKLV�FODVV�RI�VHQVRU
WR� LPSURYH�YROWDJH�LPDJLQJ�RI�VLQJOH�VSLNHV�LQ�EUDLQ�VOLFH�RU� LQ
YLYR�� HLWKHU� E\� LPSURYLQJ� 615� RU� UHGXFLQJ� WKH� UHTXLVLWH
LOOXPLQDWLRQ�OHYHOV�
%\�FRPSDULVRQ��$UFK�VXIIHUV�IURP�ORZ�TXDQWXP�\LHOG�EXW�KDV

D� VXEVWDQWLDO� SHDN� ǻ)�)� UHVSRQVH�� 7KH� H[FLWDWLRQ� SRZHU
GHQVLWLHV� XVHG� KHUH� ZLWK� $UFK� HQDEOH� VLQJOH� FHOO� VWXGLHV� LQ
FXOWXUH�� EXW� GR� QRW� HDVLO\� SHUPLW� ZLGH�ILHOG� IOXRUHVFHQFH
LPDJLQJ�LQ�EUDLQ�VOLFHV��IRU�ZKLFK�WKH�KLJK�LOOXPLQDWLRQ�LQWHQVLW\
LV� OLNHO\� WR� \LHOG� VXEVWDQWLDO� EDFNJURXQG� DXWR�IOXRUHVFHQFH�� ,Q
IDFW�� VWXGLHV� HPSOR\LQJ� LQ� XWHUR� HOHFWURSRUDWLRQ� ZLWK� $UFK
FRQVWUXFWV�KDYH�DOUHDG\�UHSRUWHG�WKDW�WKH�IOXRUHVFHQFH�VLJQDOV
ZHUH�QHJOLJLEOH�LQ�FRPSDULVRQ�WR�EDFNJURXQG�DXWR�IOXRUHVFHQFH
>�@�� 7KXV�� UHVHDUFKHUV� VKRXOG� LPSURYH� XSRQ� WKH� ORZ� TXDQWXP
\LHOG�RI�$UFK��HLWKHU�E\�GLUHFW�PXWDWLRQ�WR�WKH�$UFK�FKURPRSKRUH
RU� E\� LQGLUHFW� DSSURDFKHV� VXFK� DV� XVLQJ� )5(7� H[FLWDWLRQ�
5HJDUGOHVV�RI�$UFK¶V�HPLVVLRQ�SURSHUWLHV��ZH�KDYH�VKRZQ�WKDW
$UFK� GHWHFWV� YROWDJH� WUDQVLHQWV� ZLWK� UHODWLYHO\� ODUJH� G\QDPLF
UDQJH�DQG�IDVW�NLQHWLFV�FRPSDUHG�WR�H[LVWLQJ�IOXRUHVFHQW�SURWHLQ
YROWDJH�VHQVRUV��DQG�WKXV�VHUYHV�DV�D�YLDEOH�DOWHUQDWLYH�WR�&L�
96'�DV�D�YROWDJH�VHQVLWLYH�GRPDLQ�
9ROWDJH�VHQVRUV�DUH�OLNHO\�WR�SOD\�GLIIHUHQW�UROHV�WKDQ�FDOFLXP

VHQVRUV�LQ�QHXURVFLHQFH�UHVHDUFK��7KH�PRVW�UHFHQW�JHQHWLFDOO\
HQFRGHG�FDOFLXP�VHQVRUV�DUH�DSSURDFKLQJ�UHOLDEOH��VLQJOH�VSLNH
VHQVLWLYLW\��DOWKRXJK�WKHLU�VORZ�NLQHWLFV� OLPLWV� WKHP�WR�GHWHFWLQJ
WHPSRUDOO\�VSDUVH�DFWLRQ�SRWHQWLDOV�>��@��6WLOO��WKLV�IRUP�RI�VSLNH
GHWHFWLRQ� FRXOG� EH� VXIILFLHQW� IRU� VWXG\LQJ� WKH� VSDUVH� VSLNLQJ
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G\QDPLFV� RI� LPSRUWDQW� FHOO� FODVVHV�� VXFK� DV� QHRFRUWLFDO
S\UDPLGDO� QHXURQV��*HQHWLFDOO\� HQFRGHG�YROWDJH� VHQVRUV�PD\
ILQG� QLFKH� DSSOLFDWLRQV� LQ� WKH� VWXG\� RI� IDVW�VSLNLQJ�� VXE�
WKUHVKROG�� RU� SRSXODWLRQ�OHYHO� G\QDPLFV� LQ� JHQHWLFDOO\� GHILQHG
QHXURQ� W\SHV�� DOO� RI�ZKLFK� FDOFLXP�VHQVRUV� SRRUO\� UHSRUW� >��@�
0DQ\�QHXURQDO�QHWZRUNV�FRQWDLQ�IDVW�VSLNLQJ�LQKLELWRU\�QHXURQV
WKDW�UHJXODWH�RWKHU�FHOOV¶�VXE�WKUHVKROG�YROWDJHV��OHDGLQJ�WR�ULFK
FODVVHV�RI�RVFLOODWRU\�DFWLYLW\��$V�UHYHDOHG�E\�RXU�VLPXOWDQHRXV
YROWDJH� DQG� FDOFLXP� LPDJLQJ� VWXGLHV�� YROWDJH� VHQVRUV� ZLWK
VXIILFLHQWO\�IDVW�NLQHWLFV��ULVH�WLPH�����PV��DQG�ODUJH�ǻ)�)�����
SHU�����P9��FDQ�GHWHFW�VXE�WKUHVKROG�DFWLYLW\�WKDW�LV�PLVVHG�E\
FDOFLXP�VHQVRUV��7KXV��LPDJLQJ�VWXGLHV�RI�IDVW�VSLNLQJ�DQG�VXE�
WKUHVKROG� G\QDPLFV� XVLQJ� ZLWK� WKH� QHZ� JHQHUDWLRQ� RI� YROWDJH
VHQVRUV� PLJKW� FRQWULEXWH� WR� WKH� XQGHUVWDQGLQJ� RI� QHWZRUNV¶
H[FLWDWRU\�LQKLELWRU\�EDODQFH�DQG�RVFLOODWRU\�SKHQRPHQD�

0HWKRGV

(WKLFV�6WDWHPHQW
7KH�6WDQIRUG�8QLYHUVLW\�$GPLQLVWUDWLYH�3DQHO� RQ�/DERUDWRU\

$QLPDO�&DUH��$3/$&��DSSURYHG�DOO�DQLPDO�H[SHULPHQWV�

$UFK�FRQVWUXFWV
$UFK� PXWDQWV� RULJLQDWHG� IURP� $UFK�*)3� �$GGJHQH� SODVPLG

��������:H�FRQVWUXFWHG�$UFK�((1��$UFK�((4��DQG�HQKDQFHG
$UFK�'��1� E\� VLWH�GLUHFWHG� PXWDJHQHVLV� LQ� $UFK�� DQG
VXEVHTXHQW� RYHUODS� DVVHPEO\� ZLWK� H<)3� DQG� WUDIILFNLQJ
VLJQDOV�� :H� UHPRYHG� WKH� H<)3� SRUWLRQ� RI� WKH� $UFK�((4
FRQVWUXFW� ZKHQ� PDNLQJ� WKH� $UFK��$� FRQVWUXFWV�� 7KH� $UFK
YDULDQWV�DUH�GHSRVLWHG�RQ�$GGJHQH�DV�SODVPLGV������� �$UFK�
((4��DQG��������$UFK�((1��

3ULPDU\�FHOO�FXOWXUH
:H� GLVVHFWHG� UDW� KLSSRFDPSDO� FHOOV� IURP� 6SUDJXH�'DZOH\

SXSV��SRVWQDWDO�GD\����&KDUOHV�5LYHU�/DEV��DQG�FXOWXUHG� WKHP
LQ�1HXUREDVDO�PHGLD��,QYLWURJHQ��VXSSOHPHQWHG�ZLWK�JOXWDPLQH
DQG�%����,QYLWURJHQ��>��@��:H�WUDQVIHFWHG�$UFK�PXWDQW�SODVPLG
'1$� XVLQJ� FDOFLXP� SKRVSKDWH� �±�� GD\V� DIWHU� SODWLQJ� DQG
LPDJHG�WKH�QHXURQV��±��GD\V�DIWHU�WUDQVIHFWLRQ�

(OHFWURSK\VLRORJ\
:H� VLPXOWDQHRXVO\� REWDLQHG� IOXRUHVFHQFH� PHDVXUHPHQWV

DQG� YROWDJH� RU� FXUUHQW� FODPS� PHDVXUHPHQWV� DW� ���&� ZKLOH
KROGLQJ� QHXURQV� LQ� D� SHUIXVLRQ� FKDPEHU� PRXQWHG� RQ� WKH
PLFURVFRSH�VWDJH��7KH�H[WUDFHOOXODU�VROXWLRQ�FRQWDLQHG�����P0
1D&O����P0�.&O�����P0�JOXFRVH�����P0�+(3(6����P0�&D&O��
DQG���P0�0J&O���7KH�LQWUDFHOOXODU�VROXWLRQ�FRQWDLQHG�����P0
.�JOXFRQDWH�����P0�.&O�����P0�+(3(6��DQG���P0�1D��$73�
:H�SXOOHG�SDWFK�SLSHWWHV�PDGH�RI� ERURVLOLFDWH� JODVV�SXOOHG� WR
UHVLVWDQFHV� RI� ���� 0ȍ� �6XWWHU� ,QVWUXPHQWV� 3������ \LHOGLQJ
DFFHVV�UHVLVWDQFHV�RI������0ȍ�LQ�ZKROH�FHOO�PRGH�
:H� SDWFKHG� QHXURQV� XVLQJ� DQ� $[RSDWFK� ���%� DPSOLILHU

�$[RQ� ,QVWUXPHQWV��� DQG� XVHG� S&ODPS� VRIWZDUH� �$[RQ
,QVWUXPHQWV��WR�JHQHUDWH�WKH�YDULRXV�FRQWURO�ZDYHIRUPV�DQG�WR
UHFRUG� YROWDJH� DQG� FXUUHQW� WUDFHV�� 7KH� YROWDJH� FRQWURO
ZDYHIRUP�DSSOLHG�D�KROGLQJ�SRWHQWLDO�RI� ����P9�DW� WKH�VWDUW�RI
HDFK� F\FOH� DQG� WKHQ� DSSOLHG� VWHSV� ODVWLQJ� �� V� WR� YROWDJHV

UDQJLQJ� IURP� �����P9� WR� �����P9� LQ� ���P9� LQFUHPHQWV�� 7R
JHQHUDWH�DFWLRQ�SRWHQWLDOV�LQ�FXUUHQW�FODPS��ZH�LQMHFWHG�FXUUHQW
XVLQJ� ERWK� ORQJ� SXOVHV� ���±���� S$�� !� ���V�� RU� VKRUW� SXOVHV
����������S$����PV���7KH�VKRUW�FXUUHQW�SXOVHV�WULJJHUHG�VSLNHV
ZLWK� QHDU� XQLW\� HIILFLHQF\� ZKHQ� WXQHG� DERYH� WKH� VSLNLQJ
WKUHVKROG��DQG�WULJJHUHG�VSLNHV�ZLWK�a����HIILFLHQF\�ZKHQ�QHDU
WKH� VSLNLQJ� WKUHVKROG�� :H� FRUUHFWHG� SRVW� KRF� WKH� PHPEUDQH
YROWDJH�IRU�WKH�MXQFWLRQ�SRWHQWLDO�DQG�DFFHVV�UHVLVWDQFH�

)OXRUHVFHQFH�LPDJLQJ
:H� XVHG� DQ� HSL�IOXRUHVFHQFH� PLFURVFRSH� �2O\PSXV� ,;���

ZLWK� D� ��î� ���� 1$� ZDWHU� LPPHUVLRQ� REMHFWLYH� IRU� WLPH�ODSVH
LPDJLQJ��:H�XVHG�D�����QP�/('� ����1RUWK�+HOLRSKRUH�� RU� D
���� QP� +H1H� ODVHU�� WKHVH� VRXUFHV� SDVVHG� WKURXJK� DQ
H[FLWDWLRQ� ILOWHU�� HLWKHU� ������� QP� RU� ������� QP�� IRU� *)3�
*&D03�<)3�DQG�$UFK�H[FLWDWLRQ�� UHVSHFWLYHO\��:H� LPDJHG�DOO
$UFK� IOXRUHVFHQFH� WUDFHV� XVLQJ� DQ� LOOXPLQDWLRQ� RI� ����
P:�PP�� DW� WKH� VSHFLPHQ� SODQH�� )OXRUHVFHQFH� HPLVVLRQV
SDVVHG� WKURXJK� D� ���� QP� GLFKURLF� PLUURU� DQG� D� ORQJ�SDVV
HPLVVLRQ� ILOWHU� IRU� *)3�*&D03�<)3� LPDJLQJ�� EXW� WKURXJK� D
���� QP� GLFKURLF� PLUURU� DQG� D� ������� QP� HPLVVLRQ� ILOWHU� IRU
$UFK�� 'XDO� FRORU� H[SHULPHQWV� XVHG� D� TXDG�EDQG
����������������QP�H[FLWDWLRQ�ILOWHU��6HPURFN��DQG�D�'XDO9LHZ
HPLVVLRQ� VSOLWWHU� �2SWLFDO� ,QVLJKWV��� 7KH� ODWWHU� VSOLW� WKH� JUHHQ
HPLVVLRQ�DQG�DUFK�HPLVVLRQ�XVLQJ�D�����QP�GLFKURLF�PLUURU��WKH
WZR�UHVXOWLQJ�IOXRUHVFHQFH�FKDQQHOV�KDG��������QP�DQG�������
QP�HPLVVLRQ� ILOWHUV�� UHVSHFWLYHO\��$Q�$QGRU� L;RQ�����HOHFWURQ�
PXOWLSOLHG� FKDUJH�FRXSOHG� GHYLFH� FDPHUD� FRROHG� WR� ����&
UHFRUGHG�WKH�HPLVVLRQ�DW����±����+]��XVLQJ�ELQQHG�SL[HOV�RI��
�P�î����P��RU�ODUJHU��LQ�WKH�LPDJH�SODQH�WR�DFKLHYH�WKH�LPDJH�
DFTXLVLWLRQ�VSHHG�

'HWHUPLQDWLRQ�RI�ǻ)�)�PDSV
:H� FRPSXWHG� ǻ)�)� PDSV� DV� WKH� GLIIHUHQFH� EHWZHHQ� WKH

PHDQ� IOXRUHVFHQFH�ZLWK�DQG�ZLWKRXW� WKH�DSSOLHG� YROWDJH� VWHS�
IRU� HDFK� SL[HO�� :H� UDQNHG� SL[HOV� DFFRUGLQJ� WR� WKHLU� 615�
GHILQHG� KHUH� DV� ΔF � F � F�� ZKHUH� ǻ)�)� LV� WKH� FKDQJH� LQ
QRUPDOL]HG�IOXRUHVFHQFH�ZKHQ�DSSO\LQJ�WKH�YROWDJH�VWHS��DQG�F
LV� WKH�PHDQ� IOXRUHVFHQFH�RI� WKH�SL[HO� IRU� WKH�HQWLUH� WUDFH��:H
WKHQ� DJJUHJDWHG� WKH� IOXRUHVFHQFH� IURP� WKH� WRS� ���� LPDJH
SL[HOV�WR�SURGXFH�IOXRUHVFHQFH�WLPH�WUDFHV�IRU�IXUWKHU�DQDO\VLV�
7KLV�VXEVHW�RI�SL[HOV�ZDV�VXIILFLHQW�WR�FRYHU�WKH�FHOO�VRPD�

$EVRUSWLRQ�DQG�HPLVVLRQ�VSHFWUD
:H�REWDLQHG�DEVRUSWLRQ�DQG�HPLVVLRQ�VSHFWUD�E\�WUDQVIHUULQJ

$UFK� PXWDQWV� WR� SODVPLGV� ZLWK� WKH� &09� SURPRWHU� DQG
WUDQVIHFWLQJ�+(.�FHOOV�DW�D�WRWDO�YROXPH�RI�����P/�IRU���GD\V�
:H�DGGHG�DOO�WUDQV�UHWLQDO�����0��DQG�FXOWXUHG�WKH�FHOOV� LQ� WKH
GDUN�IRU���K��:H�SHOOHWHG�WKH�FHOOV��O\VHG�WKHP�XVLQJ�D�VRQLFDWRU
LQ����P0�7ULV�ZLWK���P0�0J&O��DW�S+������DQG�SHOOHWHG�DJDLQ�
)LQDOO\�� ZH� KRPRJHQL]HG� WKH� O\VDWH� LQ� 3%6� �S+� ����
VXSSOHPHQWHG�ZLWK������GRGHF\O�PDOWRVLGH�DQG�SHOOHWHG�RQFH
PRUH�� :H� REWDLQHG� WKH� DEVRUSWLRQ� VSHFWUXP� XVLQJ� WKH
VXSHUQDWDQW�DQG�D�VSHFWURSKRWRPHWHU��7HFDQ�6DILUH���89±9LV��
:H� REWDLQHG� WKH� HPLVVLRQ� VSHFWUXP� XVLQJ� WKH� VDPH� LPDJLQJ
VHWXS� IRU� SDWFK� H[SHULPHQWV�� D� VSHFWURPHWHU� �7KRUODEV
&&6������DQG�����QP�H[FLWDWLRQ�
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'HWHUPLQDWLRQV�RI�SKRWREOHDFKLQJ�UDWH�DQG�SKRWRQ
FDSDFLW\
:H�UH�XVHG�WKH�VDPH�WUDFHV�LQ�WKH�SDWFK�FODPS�H[SHULPHQWV

WR� GHWHUPLQH� SKRWRQ� FRXQWV� DQG� EOHDFKLQJ� GHFD\� WLPHV�� IURP
ZKLFK�ZH�FRPSXWHG� WKH� WRWDO�QXPEHU�RI�SKRWRQV�HPLWWHG�E\�D
FHOO� EHIRUH� SKRWREOHDFKLQJ�� %\� SHUIRUPLQJ� H[SRQHQWLDO� ILWV� WR
UHVWLQJ� SHULRGV� LQ� WKH� IOXRUHVFHQFH� WUDFHV� ZLWKRXW
HOHFWURSK\VLRORJLFDO� PDQLSXODWLRQV�� ZH� GHWHUPLQHG� WKH
SKRWREOHDFKLQJ�WLPH�FRQVWDQW�IRU�HDFK�WUDFH��:H�FRPSXWHG�WKH
SKRWRQ� FDSDFLW\� DV� WKH� SURGXFW� RI� WKH� LQLWLDO� SKRWRQ� HPLVVLRQ
UDWH�DQG�WKH�SKRWREOHDFKLQJ�WLPH�����

'HWHUPLQDWLRQ�RI�VSLNH�GHWHFWLRQ�ILGHOLW\
%HFDXVH� ZH� LPDJHG� DOO� $UFK� VDPSOHV� ZLWK� WKH� VDPH

LOOXPLQDWLRQ� LQWHQVLW\� �,�  � ����� P:�PP���� ZH� ZHUH� DEOH� WR
FRPSDUH� GLUHFWO\� WKH� SKRWRQ� HPLVVLRQ� UDWHV� RI� WKH� GLIIHUHQW
VHQVRUV�� :H� ILUVW� GHILQHG� 615� IRU� VSLNH� GHWHFWLRQ� LQ� D� VKRW�
QRLVH�OLPLWHG�RSWLFDO�WUDFH�DV�615 ΔF � F � F� � ν��ZKHUH�)��LV
WKH� SKRWRQ� HPLVVLRQ� UDWH� IRU� D� QHXURQ� DQG� Ȟ� LV� WKH� GDWD
VDPSOLQJ� UDWH�� 7KLV�615� LV� WKH� SHDN� UHVSRQVH�ǻ)� GLYLGHG�E\
WKH� VWDQGDUG� GHYLDWLRQ� RI� WKH� EDVHOLQH� � F� � ν��� :H� DOVR
FRPSXWHG�LVR�FRQWRXUV�RI�615�XVLQJ�WKLV�UHODWLRQ�
,Q� DGGLWLRQ�� ZH� XVHG� D� VLJQDO� GHWHFWLRQ� IUDPHZRUN� WR

FRPSXWH� WKH� VSLNH� GLVFULPLQDELOLW\� SDUDPHWHU�� G¶� ������ 7KLV
FKDUDFWHUL]HV� D� VHQVRU¶V� VSLNH� GHWHFWLRQ� ILGHOLW\� LQ� D�ZD\� WKDW

FRQVLGHUV� ERWK� WKH� GXUDWLRQ� DQG� WKH� LQWHQVLW\� RI� WKH
IOXRUHVFHQFH�VLJQDO� LQ� UHVSRQVH� WR�DFWLRQ�SRWHQWLDOV��:H�XVHG
H[SHULPHQWDO�GHWHUPLQDWLRQV�RI�WKH�PHDQ�IOXRUHVFHQFH�LQWHQVLW\
DQG� WKH�DYHUDJH� IOXRUHVFHQFH�ZDYHIRUP� LQ� UHVSRQVH� WR�VLQJOH
DFWLRQ�SRWHQWLDOV��H�J��)LJXUH��E��WR�FRPSXWH�G¶��:H�FRPSXWHG
LVR�FRQWRXUV�RI�G¶�E\�DSSUR[LPDWLQJ�WKH�IOXRUHVFHQFH�WUDQVLHQWV
DV�PRQR�H[SRQHQWLDO�GHFD\V��DQG�FRPSXWLQJ�WKH�LQLWLDO�YDOXH�RI
G¶�IURP�ǻ)�)�DQG�WKH�HVWLPDWHG�WRWDO�QXPEHU�RI�SKRWRQV�ZLWKLQ
WKH� WUDQVLHQW� ������)RU�H[SHULPHQWV�ZLWK�DQ� LQLWLDO� YDOXH�G¶��ZH
GHILQHG�WKH�LPDJLQJ�WLPH��7��DV�WRWDO�H[SHULPHQWDO�GXUDWLRQ�WKDW
WKH�VHQVRU�SURYLGHV�D�VSLNH�GHWHFWLRQ�ILGHOLW\�!G¶�H�

$FNQRZOHGJHPHQWV

7KH� DXWKRUV� WKDQN� <DQSLQJ� =KDQJ� IRU� KHOS� ZLWK� WKH� SURWHLQ
H[WUDFWLRQ� SURWRFRO�� DQG� $P\� /DP� RI� WKH� 0LFKDHO� /LQ� ODE� IRU
KHOS�ZLWK�WKH�VSHFWURVFRS\�PHDVXUHPHQWV�

$XWKRU�&RQWULEXWLRQV

&RQFHLYHG�DQG�GHVLJQHG�WKH�H[SHULPHQWV��<*�0-6��3HUIRUPHG
WKH� H[SHULPHQWV�� <*�� $QDO\]HG� WKH� GDWD�� <*�� &RQWULEXWHG
UHDJHQWV�PDWHULDOV�DQDO\VLV� WRROV�� <*� -=/�� :URWH� WKH
PDQXVFULSW�� <*� -=/� 0-6�� 3UHSDUHG� VHQVRU� FRQVWUXFWV�� <*
-=/�

5HIHUHQFHV

�� 3HWHUND�'6��7DNDKDVKL�+��<XVWH�5��������,PDJLQJ�YROWDJH�LQ�QHXURQV�
1HXURQ� ���� �±���� GRL���������M�QHXURQ�������������� 3XE0HG�
���������

�� 0XWRK� +�� $NHPDQQ� :�� .Q|SIHO� 7� ������� *HQHWLFDOO\� HQJLQHHUHG
IOXRUHVFHQW� YROWDJH� UHSRUWHUV�� $FV� &KHP� 1HXURVFL� ��� ��������� GRL�
��������FQ������E��3XE0HG�����������

�� *ULQYDOG�$��+LOGHVKHLP�5��������96',��D�QHZ�HUD�LQ�IXQFWLRQDO�LPDJLQJ
RI�FRUWLFDO�G\QDPLFV��1DW�5HY�1HXUR�������������GRL���������QUQ�����
3XE0HG�����������

�� &KHPOD� 6�� &KDYDQH� )� ������� 9ROWDJH�VHQVLWLYH� G\H� LPDJLQJ�
7HFKQLTXH�UHYLHZ�DQG�PRGHOV��-�3K\VLRO�3DULV�������������GRL���������
M�MSK\VSDULV��������������3XE0HG�����������

�� 6DO]EHUJ� %0�� *ULQYDOG� $�� &RKHQ� /%�� 'DYLOD� +9�� 5RVV� :1� ������
2SWLFDO� 5HFRUGLQJ� RI� 1HXURQDO� $FWLYLW\� LQ� DQ� ,QYHUWHEUDWH� &HQWUDO
1HUYRXV� 6\VWHP�� 6LPXOWDQHRXV� 0RQLWRULQJ� RI� 6HYHUDO� 1HXURQV�� -
1HXURSK\VLRO����������������3XE0HG���������

�� 6DO]EHUJ�%0��2EDLG�$/��%H]DQLOOD�)��������0LFURVHFRQG�5HVSRQVH�RI
D� 9ROWDJH�6HQVLWLYH� 0HURF\DQLQH� '\H�� )DVW� 9ROWDJH�&ODPS
0HDVXUHPHQWV�RQ�6TXLG�*LDQW�$[RQ��-DSQ�-�3K\VLRO�����6XSSO�����6���
6���

�� &KDQGD�%��%OXQFN�5��)DULD�/&��6FKZHL]HU�)(��0RG\� ,�HW�DO�� �������$
K\EULG�DSSURDFK�WR�PHDVXULQJ�HOHFWULFDO�DFWLYLW\�LQ�JHQHWLFDOO\�VSHFLILHG
QHXURQV�� 1DW� 1HXURVFL� ��� ����±������ GRL���������QQ������ 3XE0HG�
���������

�� 6MXOVRQ�/��0LHVHQE|FN�*��������5DWLRQDO�2SWLPL]DWLRQ�DQG�,PDJLQJ�,Q
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����±������ GRL���������-1(8526&,��������������� 3XE0HG�
���������

�� 6LHJHO�06�� ,VDFRII� (<� ������� $� JHQHWLFDOO\� HQFRGHG� RSWLFDO� SUREH� RI
PHPEUDQH� YROWDJH�� 1HXURQ� ���� ���±����� GRL���������
6����������������������3XE0HG����������

��� 6DNDL�5��5HSXQWH�&DQRQLJR�9��5DM�&'��.Q|SIHO�7� �������'HVLJQ�DQG
FKDUDFWHUL]DWLRQ� RI� D� '1$�HQFRGHG�� YROWDJH�VHQVLWLYH� IOXRUHVFHQW
SURWHLQ�� (XU� -� 1HXURVFL� ���� ����±������ GRL���������M���������[�
�����������[��3XE0HG�����������

��� /XQGE\� $�� 0XWRK� +�� 'LPLWURY� '�� $NHPDQQ� :�� .Q|SIHO� 7� ������
(QJLQHHULQJ� RI� D� JHQHWLFDOO\� HQFRGDEOH� IOXRUHVFHQW� YROWDJH� VHQVRU
H[SORLWLQJ� IDVW� &L�963� YROWDJH�VHQVLQJ� PRYHPHQWV�� 3/26� 21(� ��
H������GRL���������MRXUQDO�SRQH����������3XE0HG�����������

��� /XQGE\�$��$NHPDQQ�:��.Q|SIHO�7��������%LRSK\VLFDO�FKDUDFWHUL]DWLRQ
RI�WKH�IOXRUHVFHQW�SURWHLQ�YROWDJH�SUREH�96)3����EDVHG�RQ�WKH�YROWDJH�

VHQVLQJ�GRPDLQ�RI�&L�963��(XU�%LRSK\V�-���������±������GRL���������
V������������������3XE0HG�����������

��� 0XWRK�+��3HUURQ�$��'LPLWURY�'�� ,ZDPRWR�<��$NHPDQQ�:�HW�DO�� ������
6SHFWUDOO\�UHVROYHG� UHVSRQVH� SURSHUWLHV� RI� WKH� WKUHH� PRVW� DGYDQFHG
)5(7�EDVHG�IOXRUHVFHQW�SURWHLQ�YROWDJH�SUREHV��3/26�21(����H�����
GRL���������MRXUQDO�SRQH����������3XE0HG�����������

��� 7VXWVXL� +�� .DUDVDZD� 6�� 2NDPXUD� <�� 0L\DZDNL� $� ������� ,PSURYLQJ
PHPEUDQH� YROWDJH� PHDVXUHPHQWV� XVLQJ� )5(7� ZLWK� QHZ� IOXRUHVFHQW
SURWHLQV��1DW�0HWKRGV�������±�����GRL���������QPHWK�������3XE0HG�
���������

��� /DP� $-�� 6W�3LHUUH� )�� *RQJ� <�� 0DUVKDOO� -'�� &UDQILOO� 3-� HW� DO�� ������
,PSURYLQJ�)5(7�G\QDPLF� UDQJH�ZLWK�EULJKW�JUHHQ�DQG� UHG� IOXRUHVFHQW
SURWHLQV�� 1DW� 0HWKRGV� ��� ����±������ GRL���������QPHWK������
3XE0HG�����������

��� -LQ�/��+DQ�=��3ODWLVD�-��:RROWRUWRQ�-5$��&RKHQ�/%�HW�DO���������6LQJOH
$FWLRQ� 3RWHQWLDOV� DQG� 6XEWKUHVKROG� (OHFWULFDO� (YHQWV� ,PDJHG� LQ
1HXURQV�ZLWK� D� )OXRUHVFHQW� 3URWHLQ� 9ROWDJH� 3UREH�� 1HXURQ� ���� ���±
�����GRL���������M�QHXURQ��������������3XE0HG�����������

��� %DUQHWW� /�� 3ODWLVD� -�� 3RSRYLF� 0�� 3LHULERQH� 9$�� +XJKHV� 7� ������� $
)OXRUHVFHQW��*HQHWLFDOO\�(QFRGHG�9ROWDJH�3UREH�&DSDEOH�RI�5HVROYLQJ
$FWLRQ� 3RWHQWLDOV�� 3/26� 21(� ��� H������� GRL���������MRXUQDO�SRQH�
���������3XE0HG�����������

��� 3HUURQ�$��0XWRK�+�� /DXQH\�7��.Q|SIHO� 7� �������5HG�VKLIWHG� YROWDJH�
VHQVLWLYH�IOXRUHVFHQW�SURWHLQV��&KHP��%LRO����������±�����

��� 0LVKLQD� <�� 0XWRK� +�� .Q|SIHO� 7� ������� 7UDQVIHU� RI� .Y���� 9ROWDJH
6HQVRU� )HDWXUHV� WR� WKH� ,VRODWHG� &L�963� 9ROWDJH�6HQVLQJ� 'RPDLQ�
%LRSK\V� -� ����� ���±����� GRL���������M�ESM�������������� 3XE0HG�
���������

��� $NHPDQQ� :�� 0XWRK� +�� 3HUURQ� $�� 3DUN� <.�� ,ZDPRWR� <�� .Q|SIHO� 7
������� ,PDJLQJ� QHXUDO� FLUFXLW� G\QDPLFV� ZLWK� D� YROWDJH�VHQVLWLYH
IOXRUHVFHQW� SURWHLQ�� -� 1HXURSK\VLRO� ����� ����������� GRL���������MQ�
������������3XE0HG�����������

��� /DQ\L�-.��������%DFWHULRUKRGRSVLQ��$QQX�5HY�3K\VLRO��������������GRL�
��������DQQXUHY�SK\VLRO�������������������3XE0HG�����������

��� /DQ\L� -.� ������� 3URWRQ� WUDQVIHU� DQG� HQHUJ\� FRXSOLQJ� LQ� WKH
EDFWHULRUKRGRSVLQ� SKRWRF\FOH�� -� %LRHQHUJHW� %LRPHPEU� ���� ��������
GRL���������%)����������3XE0HG����������

��� &KRZ�%<��+DQ�;��'REU\�$6��4LDQ�;��&KXRQJ�$6�HW� DO�� �������+LJK�
SHUIRUPDQFH� JHQHWLFDOO\� WDUJHWDEOH� RSWLFDO� QHXUDO� VLOHQFLQJ� E\� OLJKW�
GULYHQ� SURWRQ� SXPSV�� 1DWXUH� ����� ��±����� GRL���������QDWXUH������
3XE0HG�����������
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