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$EVWUDFW��PD[�����ZRUGV��FXUUHQWO\���������

+HSDWLWLV�&�YLUXV��+&9��(��HQYHORSH�JO\FRSURWHLQ�LV�FUXFLDO�IRU�YLUXV�HQWU\�LQWR�KHSDWRF\WHV��$�FRQVHUYHG����

UHJLRQ�RI�(��HQFRPSDVVLQJ�DPLQR�DFLGV����������HSLWRSH�,��DQG�FRQWDLQLQJ�7US������D�UHVLGXH�FULWLFDO�IRU����

YLUXV�HQWU\�� LV� UHFRJQL]HG�E\�VHYHUDO�EURDGO\�QHXWUDOL]LQJ�DQWLERGLHV��3HSWLGHV�HPERG\LQJ� WKLV�HSLWRSH�,����

VHTXHQFH� DGRSW� D� ȕ�KDLUSLQ� FRQIRUPDWLRQ� ZKHQ� ERXQG� WR� QHXWUDOL]LQJ� PRQRFORQDO� DQWLERGLHV� �0$EV�����

$3���DQG�+&9����:H�WKHUHIRUH�JHQHUDWHG�QHZ�PRXVH�0$EV�WKDW�ZHUH�DEOH�WR�ELQG�WR�D�F\FOLF�SHSWLGH����

FRQWDLQLQJ�(�� UHVLGXHV� �������� �&�(SLWRSH� ,�� EXW� QRW� WR� WKH� OLQHDU� FRXQWHUSDUW��7KHVH�0$EV�ERXQG� WR����

SXULILHG�(��ZLWK�DIILQLWLHV�RI�DERXW����Q0��EXW�WKH\�ZHUH�XQDEOH�WR�QHXWUDOL]H�YLUXV�LQIHFWLRQ��6WUXFWXUDO����

DQDO\VLV�RI�WKH�FRPSOH[�EHWZHHQ�&�(SLWRSH�,�DQG�RQH�RI�RXU�0$EV��&���VKRZ�WKDW�WKH�7US����VLGH�FKDLQ����

LV�ODUJHO\�EXULHG�LQ�WKH�FRPELQLQJ�VLWH�DQG�WKDW�WKH�$VQ����VLGH�FKDLQ��ZKLFK�LV�JO\FRV\ODWHG�LQ�(��DQG����

VROYHQW�H[SRVHG�LQ�RWKHU�FRPSOH[HV��LV�VOLJKWO\�EXULHG�XSRQ�&��ELQGLQJ��$OVR��WKH�RULHQWDWLRQ�RI�WKH�F\FOLF����

SHSWLGH� LQ� WKH� DQWLERG\� FRPELQLQJ� VLWH� LV� URWDWHG� E\� ����� FRPSDUHG� WR� RWKHU� FRPSOH[HV�� $OO� WKHVH����

VWUXFWXUDO�IHDWXUHV��KRZHYHU��GR�QRW�H[SODLQ�WKH�ODFN�RI�QHXWUDOL]DWLRQ�DFWLYLW\��7KLV�LV�LQVWHDG�DVFULEHG�WR����

WKH� KLJK� VHOHFWLYLW\� RI� WKH� QHZ�0$EV� IRU� WKH� F\FOLF� HSLWRSH� DQG� WR� WKHLU� LQDELOLW\� WR� LQWHUDFW� ZLWK� WKH����

HSLWRSH� LQ� PRUH� IOH[LEOH� DQG� H[WHQGHG� FRQIRUPDWLRQV�� ZKLFK� UHFHQW� GDWD� VXJJHVW� SOD\� D� UROH� LQ� WKH����

PHFKDQLVPV�RI�QHXWUDOL]DWLRQ�HVFDSH������

����

,PSRUWDQFH��PD[�����ZRUGV��FXUUHQWO\���������

+HSDWLWLV�&�YLUXV��+&9��UHPDLQV�D�PDMRU�KHDOWK�FDUH�EXUGHQ�DIIHFWLQJ�DOPRVW����RI�WKH�JOREDO�SRSXODWLRQ�����

7KH� FRQVHUYHG� HSLWRSH� ,� FRPSULVLQJ� UHVLGXHV� �������� RI� WKH� YLUDO� (�� JO\FRSURWHLQ�� LV� D� YDOLG� YDFFLQH����

FDQGLGDWH� EHFDXVH� DQWLERGLHV� UHFRJQL]LQJ� WKLV� UHJLRQ� H[KLELW� SRWHQW� QHXWUDOL]LQJ� DFWLYLW\�� 7KLV� HSLWRSH����

DGRSWV�D�ȕ�KDLUSLQ�FRQIRUPDWLRQ�ZKHQ�ERXQG�WR�QHXWUDOL]LQJ�0$EV��:H�H[SORUHG�WKH�SRWHQWLDO�RI�F\FOLF����

SHSWLGHV�PLPLFNLQJ�WKLV�VWUXFWXUH�WR�HOLFLW�DQWL�+&9�DQWLERGLHV��0$EV�WKDW�VSHFLILFDOO\�UHFRJQL]H�D�F\FOLF����

YDULDQW� RI� WKH� HSLWRSH� ELQG� WR� VROXEOH� (��ZLWK� ORZHU� DIILQLW\� WKDQ� RWKHU� EORFNLQJ� DQWLERGLHV� DQG� GRQ
W����
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QHXWUDOL]H�YLUXV��7KH� VWUXFWXUH�RI� WKH� FRPSOH[�EHWZHHQ�RQH� VXFK�0$E�DQG� WKH�F\FOLF� HSLWRSH�� WRJHWKHU����

ZLWK� QHZ� VWUXFWXUDO� GDWD� VKRZLQJ� WKH� OLQHDU� SHSWLGH� ERXQG� WR� QHXWUDOL]LQJ� 0$EV� LQ� H[WHQGHG����

FRQIRUPDWLRQV�� VXJJHVWV� WKDW� WKH� HSLWRSH� GLVSOD\V� D� FRQIRUPDWLRQDO� IOH[LELOLW\� WKDW� FRQWULEXWHV� WR����

QHXWUDOL]DWLRQ�HVFDSH��6XFK�IHDWXUHV�FDQ�EH�RI�PDMRU�LPSRUWDQFH�IRU�WKH�GHVLJQ�RI�HSLWRSH�EDVHG�DQWL�+&9����

YDFFLQHV�����

����

�,QWURGXFWLRQ����

+HSDWLWLV�&�YLUXV��+&9���D�SRVLWLYH�VWUDQG�51$�YLUXV�EHORQJLQJ�WR�WKH�)ODYLYLULGDH�IDPLO\��LQIHFWV�QHDUO\����

���RI�WKH�ZRUOG�SRSXODWLRQ������,Q�DSSUR[LPDWHO\��������RI�SDWLHQWV�+&9�HVWDEOLVKHV�D�FKURQLF�LQIHFWLRQ����

LQ�WKH�OLYHU�WKDW�FDQ�OHDG�WR�FLUUKRVLV��OLYHU�IDLOXUH��DQG�KHSDWRFHOOXODU�FDUFLQRPD������+&9�H[KLELWV�D�KLJK����

GHJUHH�RI�JHQHWLF�YDULDELOLW\�DQG�LV�FODVVLILHG�LQWR�VHYHQ�PDMRU�JHQRW\SHV��HDFK�FRQWDLQLQJ�D�ODUJH�QXPEHU����

RI� UHODWHG� VXEW\SHV� ��������7KLV�GLYHUVLW\� DQG� WKH�KLJK� LQWUD�KRVW�YDULDELOLW\� �TXDVLVSHFLHV�� FRQWULEXWH� WR����

YLUXV�SHUVLVWHQFH�LQ�WKH�LQIHFWHG�KRVWV��7KH�UHFHQWO\�GHYHORSHG�QHZ�WKHUDSLHV�KDYH�SURIRXQGO\�LPSURYHG����

FXUH�UDWHV��+RZHYHU��KLJKHU�FRVWV�DVVRFLDWHG�ZLWK�WKHVH�QHZ�PHGLFDWLRQV�DUH�H[SHFWHG�WR�OLPLW�WKHLU�ZLGHU����

XWLOL]DWLRQ��������$V�\HW�WKHUH�LV�QR�YDFFLQH�DYDLODEOH�DJDLQVW�WKH�YLUXV�����

+&9�HQWU\�LQWR�WDUJHW�FHOOV�LV�EHOLHYHG�WR�EH�PHGLDWHG�E\�D�PXOWLVWHS�SURFHVV�LQYROYLQJ�WKH�LQWHUSOD\�RI����

WKH� YLUDO� HQYHORSH� JO\FRSURWHLQV� (�� DQG� (�� DQG� VHYHUDO� KRVW� FHOO� IDFWRUV� VXFK� DV� KHSDUDQ� VXOIDWH�����

WHWUDVSDQLQ�&'����VFDYHQJHU�UHFHSWRU�FODVV�%�W\SH�,��65�%,���DQG�WKH�WLJKW�MXQFWLRQ��7-��SURWHLQV�FODXGLQ����

�� �&/'1��� DQG� RFFOXGLQ� ����� (�� DQG� (�� DUH� WUDQVPHPEUDQH� SURWHLQV� ZLWK� H[WHQVLYH� 1�OLQNHG����

JO\FRV\ODWLRQ� ��� DQG� ��� 1�OLQNHG� JO\FRV\ODWLRQ� VLWHV�� UHVSHFWLYHO\�� FRQVLVWLQJ� RI� D� ODUJH� 1�WHUPLQDO����

HFWRGRPDLQ�DQG�D�&�WHUPLQDO�K\GURSKRELF�DQFKRU������7KH�HFWRGRPDLQ�RI�(��SURWHLQ�FRQWDLQV�WKUHH�KLJKO\����

YDULDEOH�UHJLRQV��7KH�K\SHUYDULDEOH�UHJLRQ����+95���UHVLGXHV�����������ORFDWHG�DW�WKH�1�WHUPLQXV�RI�(������

SOD\V� DQ� LPSRUWDQW� UROH� LQ� +&9� HQWU\�� DQWLERG\� ELQGLQJ� DQG� GLVHDVH� RXWFRPH� ������ ,W� LV� QRZ� ZHOO����
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HVWDEOLVKHG�WKDW�(��ELQGV�&'���DQG�65�%��DQG�WKDW� WKHVH�LQWHUDFWLRQV�DUH�D�SUHUHTXLVLWH�IRU�YLUXV�HQWU\����

���������+RZHYHU��WKH�SUHFLVH�UROH�RI�(��(��HQYHORSH�SURWHLQ�FRPSOH[�LQ�+&9�HQWU\�LV�VWLOO�XQFOHDU������

7KH� YLUDO� JO\FRSURWHLQ� (�� LV� WKH� PDMRU� WDUJHW� IRU� QHXWUDOL]LQJ� DQWLERGLHV�� 7KH� PDMRULW\� RI� EURDGO\����

QHXWUDOL]LQJ�DQWL�(��DQWLERGLHV�LVRODWHG�WR�GDWH�WDUJHW�HSLWRSHV�VSDQQLQJ�WKH�UHSRUWHG�&'���ELQGLQJ�VLWHV����

RI�(���,PSRUWDQWO\��PRXVH�0$E�$3���������UDW�0$E������������KXPDQ�0$EV�+&9��������+&��������DQG����

+X�%��Y�� ����� EORFN� WKH� LQWHUDFWLRQ� RI� (�� WR� &'��� E\� ELQGLQJ� WR� OLQHDU� HSLWRSHV� ORFDWHG� ZLWKLQ� WKH����

KLJKO\�FRQVHUYHG�(��VLWH�HQFRPSDVVLQJ�UHVLGXHV����±�����UHIHUUHG�WR�DV�$QWLJHQLF�6LWH������$6��������������

RU�HSLWRSH�,� ������2WKHU�0DEV�UHFRJQL]H�GLVFRQWLQXRXV�(��HSLWRSHV�RYHUODSSLQJ�ZLWK� WKH�&'���ELQGLQJ����

VLWH�RQ�(��DQG� LQYROYLQJ� UHVLGXHV����±��������±����� DQG�RU����±���� ���������5HVLGXHV���������KDYH����

EHHQ�SURSRVHG�DV�D�SRWHQWLDO�WDUJHW�IRU�+&9�YDFFLQH�GHVLJQ������������������

$OWKRXJK�WZR�LQGHSHQGHQW�FU\VWDO�VWUXFWXUHV�RI�+&9�(��KDYH�EHHQ�UHFHQWO\�UHSRUWHG�����������WKH\�GR�QRW����

SURYLGH�DQ\�VWUXFWXUDO�GDWD� IRU� WKH� UHJLRQ���������� ,QGHHG�� WKH�FRQVWUXFW�XVHG�E\�.KDQ�DQG�FR�ZRUNHUV����

�����VSDQQHG�(��UHVLGXHV�����WR�����ZKHUHDV�LQ�WKH�VWUXFWXUH�GHVFULEHG�E\�.RQJ�DQG�FR�ZRUNHUV������WKH����

1�WHUPLQDO�SRUWLRQ�HQFRPSDVVLQJ�WKH���������UHJLRQ�LV�GLVRUGHUHG�LQ�WKH�FU\VWDO��,QWHUHVWLQJO\��D�SHSWLGH����

UHSUHVHQWLQJ� WKLV� DQWLJHQLF� VLWH� ZKHQ� FRPSOH[HG� ZLWK� QHXWUDOL]LQJ� 0$EV� $3���� +X�%��Y�� RU� +&9�����

DGRSWV�D�β�KDLUSLQ�FRQIRUPDWLRQ��LQ�ZKLFK�/HX�����*OQ�����*O\����DQG�7US����DUH�NH\�UHVLGXHV�GLUHFWO\����

LQYROYHG�LQ�WKH�K\GURSKRELF�ELQGLQJ�VXUIDFH���������������6LQFH�WKH�KDLUSLQ�OLNH�VWUXFWXUH�RI�WKH�DQWLERG\����

ERXQG�SHSWLGHV�VXJJHVWV�WKDW�UHJLRQ���������DGRSWV�D�VLPLODU�FRQIRUPDWLRQ�LQ�WKH�FRQWH[W�RI�WKH�SURWHLQ�����

ZH�GHVLJQHG�DQG�SUHSDUHG�D�F\FOLF�YDULDQW�RI�WKH�HSLWRSH�WR�KHOS�WKH�IUDJPHQW�WR�DVVXPH�D�VWUXFWXUH�DOLNH�����

7KH� F\FOLF� SHSWLGH� ZDV� XVHG� WR� LPPXQL]H� PLFH� ZLWK� D� YLHZ� WR� LVRODWLQJ� QRYHO� DQWL�(�� 0$EV�� %\� D����

VXEWUDFWLYH� VFUHHQLQJ� DSSURDFK� ZH� VHOHFWHG� D� VXE�VHW� RI�0$EV� UHFRJQL]LQJ� RQO\� WKH� F\FOLF� DQWLJHQ� WR����

H[SORUH� WKH� SRVVLELOLW\� RI� JHQHUDWLQJ� $3���OLNH� DQWLERGLHV� ZLWK� LPSURYHG� ELQGLQJ� DIILQLW\� DQG����

QHXWUDOL]DWLRQ�SRWHQF\��:H�UHDVRQHG�WKDW�VXFK�DQ�DSSURDFK�PLJKW�JHQHUDWH�DQWLERGLHV�ZLWK�WKH�SRWHQWLDO�WR����

PRUH�HIILFLHQWO\�FDSWXUH�DQG� ORFN� WKH�HSLWRSH� LQ�D�FRQIRUPDWLRQ�FORVH� WR� WKDW� LW�SXWDWLYHO\�DGRSWV� LQ� WKH����
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FRQWH[W�RI�WKH�SURWHLQ�LQ�FRPSOH[�ZLWK�QHXWUDOL]LQJ�DQWLERGLHV��+RZHYHU��WKHVH�0$EV�XQH[SHFWHGO\�IDLOHG����

WR�QHXWUDOL]H�YLUXV�LQIHFWLRQ��;�UD\�VWXGLHV�RI�WKH�FRPSOH[�RI�RQH�RI�WKHVH�0$EV�ZLWK�WKH�F\FOLF�SHSWLGH�����

WRJHWKHU�ZLWK�DQWLJHQ�DQWLERG\�UHDFWLYLW\�GDWD��SURYLGH�SRVVLEOH�H[SODQDWLRQV�IRU�WKH�ODFN�RI�QHXWUDOL]DWLRQ�����

DFWLYLW\�DQG�RIIHU�QRYHO�LQVLJKWV�IRU�GHVLJQLQJ�YDFFLQH�FDQGLGDWHV�WDUJHWLQJ�WKH���������DQWLJHQLF�VLWH�������

�����

0DWHULDOV�DQG�0HWKRGV�����

5HDJHQWV�����

75,]RO� ZDV� SXUFKDVHG� IURP� ,QYLWURJHQ� �&DUOVEDG�� &$�� 86$��� 7KH� SURWHLQ� *� DQG� $� FROXPQV�� DQG�����

5HDJHQWV� IRU�6XUIDFH�3ODVPRQ�5HVRQDQFH�ZHUH�SXUFKDVHG� IURP�*(�+HDOWKFDUH��)UHXQG
V� FRPSOHWH� DQG�����

LQFRPSOHWH� DGMXYDQW�� DQG� DOO� PHGLD� LQFOXGLQJ� 'XOEHFFR
V� PRGLILHG� (DJOH
V� PHGLXP� �'0(0��� 237,�����

0(0� DQG� VHUXP�ZHUH� SXUFKDVHG� IURP�*,%&2� �/LIH� 7HFKQRORJLHV�� ,WDOLD�� DQG� 6LJPD�$OGULFK� �0LODQ������

,WDO\��� 7KH� 530,� ����� PHGLXP�� FRQWDLQLQJ� ���� )HWDO� %RYLQH� 6HUXP� �)%6�� DQG� ��� 3HQLFLOOLQ������

6WUHSWRP\FLQ� DQG�*OXWDPLQH� �36*��ZDV� XVHG� IRU�PDLQWDLQLQJ�P\HORPD� FHOOV�� 7KH�530,�*0�PHGLXP�����

FRQWDLQHG� 530,� ����� ZLWK� DGGHG� ��� QRQ�HVVHQWLDO� DPLQR� DFLGV�� )RU� WKH� IXVLRQ� RI� VSOHQRF\WHV� DQG�����

P\HORPD�FHOOV�ZH�XVHG�DQ�530,������PHGLXP�VXSSOHPHQWHG�ZLWK�����)%6�����+$7��+\SR[DQWKLQH�����

$PLQRSWHULQ�7K\PLGLQH��� ��� 36*� DQG� ���� +(6� �+\EULGRPD� (QKDQFLQJ� 6XSSOHPHQW��� 7KH� VDPH�����

PHGLXP��ODFNLQJ�+(6��ZDV�XVHG�IRU�K\EULGRPD�FORQH�VHOHFWLRQ��5HDJHQWV�IRU�SHSWLGH�V\QWKHVLV�ZHUH�IURP�����

1RYDELRFKHP��/DXIHOILQJHQ��&+���,QELRV��1DSROL��,WDO\��DQG�*/�%LRFKHP��6KDQJKDL��35&���6ROYHQWV�IRU�����

SHSWLGH�V\QWKHVLV�DQG�SXULILFDWLRQ�ZHUH�IURP�5RPLO��'XEOLQ��,UHODQG���2WKHU�UHDJHQWV�ZHUH�IURP�6LJPD�����

$OGULFK� �0LODQR�� ,WDO\���./+� �.H\KROH� /LPSHW�+HPRF\DQLQ��ZDV� IURP� 3LHUFH�7KHUPR)LVKHU� �0LODQR������

,WDO\��� 7KH� EURDGO\� QHXWUDOL]LQJ� PRXVH� 0$E� $3��� KDV� EHHQ� GHVFULEHG� SUHYLRXVO\� ����� ����� ,W� ZDV�����

JHQHUDWHG� IROORZLQJ� LPPXQL]DWLRQ� RI� %DOE� &� PLFH� ZLWK� D� PDPPDOLDQ� FHOO�H[SUHVVHG� UHFRPELQDQW�����

VHFUHWRU\�IRUP�RI�WKH�+&9�JHQRW\SH��D�VWUDLQ�*OD�(�(��ODFNLQJ�WKHLU�UHVSHFWLYH�WUDQVPHPEUDQH�GRPDLQV�����

������6ROXEOH�(���KHUHDIWHU�V(����DPLQR�DFLGV����������*HQEDQN�$FFHVVLRQ�1R��$)��������JHQRW\SH��D�����
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VWUDLQ�+����ZDV�H[SUHVVHG�E\� LQIHFWLQJ�+LJK�)LYH� LQVHFW�FHOOV�ZLWK�D� UHFRPELQDQW�EDFXORYLUXV��DQG� WKH�����

SURWHLQ�VHFUHWHG�LQWR�WKH�PHGLXP�ZDV�SXULILHG�E\�1L�17$�FKURPDWRJUDSK\�������

�����

3HSWLGH�GHVLJQ��V\QWKHVLV�DQG�SXULILFDWLRQ�����

3HSWLGHV�ZHUH�SUHSDUHG�XQGHU�VWDQGDUG�FRQGLWLRQV�RI�)PRF�VROLG�SKDVH�V\QWKHVLV� ������$�F\FOLF�SHSWLGH�����

FRUUHVSRQGLQJ�WR�UHJLRQ���������RI�(���VHTXHQFH�4/,171*6:+,��ZDV�GHVLJQHG�WR�IDFLOLWDWH�WKH�OLQHDU�����

HSLWRSH� WR� DGRSW� D� KDLUSLQ�OLNH� FRQIRUPDWLRQ�� 7KH� VWUXFWXUHV� RI� WKH� FRPSOH[HV� RI� WKH� OLQHDU� SHSWLGHV�����

FRUUHVSRQGLQJ�WR�HSLWRSH���������ZLWK�0$EV�$3����+X�%��Y��DQG�+&9����������ZHUH�XVHG�DV�D�JXLGH�����

LQ�WKH�GHVLJQ��7KH�SHSWLGH�ZDV�JHQHUDWHG�E\�UHSODFLQJ�,OH����DQG�$VQ����RI�(��ZLWK�WZR�F\VWHLQHV��ZKLFK�����

ZHUH� WKHQ�R[LGL]HG� WR� IRUP�D�GLVXOSKLGH�EULGJH��)LJXUH��$���7ZR�O\VLQH�UHVLGXHV�ZHUH�DGGHG�DW� WKH�1�����

WHUPLQXV� WR� DOORZ� FRQMXJDWLRQ� WR� ./+� DQG� WR� %6$� YLD� JOXWDUDOGHK\GH� �DPLQH�WR�DPLQH� FURVVOLQNLQJ�������

7KLV� SHSWLGH� ZDV� KHUH� QDPHG� &�(SLWRSH� ,�� 7KH� OLQHDU� YDULDQW� �KHUHDIWHU� /�(SLWRSH� ,�� XVHG� LQ� WKH�����

H[SHULPHQWV�DV�D�FRQWURO�ZDV�REWDLQHG�E\�DON\ODWLRQ�RI�WKH�F\VWHLQH�WKLROV��$ODQLQH�PXWDWHG�YDULDQWV�RI�&�����

(SLWRSH�,�ZHUH�GHVLJQHG�DQG�SUHSDUHG�XQGHU�WKH�VDPH�FRQGLWLRQV�WR�LQYHVWLJDWH�WKH�FRQWULEXWLRQ�RI�VSHFLILF�����

UHVLGXHV�WR�UHFRJQLWLRQ�E\�DQWLERGLHV��7R�RYHUFRPH�WKH�VWUXFWXUDO�VLPLODULW\�RI�DODQLQH�ZLWK�VRPH�RI� WKH�����

QDWLYH� UHVLGXHV��ZH� UHSODFHG� WKH� G\DG�*O\����6HU����ZLWK� JOXWDPLF� DFLGV� LQ� SHSWLGH�PXWDQW� ,,,��$IWHU�����

V\QWKHVLV� DQG� SXULILFDWLRQ�� SHSWLGHV� ZHUH� F\FOL]HG� DV� UHSRUWHG� HOVHZKHUH� ������ 7R� VXSSUHVV� F\VWHLQH�����

UHDFWLYLW\��WKH�OLQHDU�SHSWLGH�ZDV�PHWK\ODWHG�ZLWK�PHWK\O�LRGLGH�DV�UHSRUWHG�SUHYLRXVO\�������0HWK\ODWLRQ�����

ZDV�FKRVHQ�DV�WKH�PRGLILFDWLRQ�LQWURGXFLQJ�WKH�PLQLPXP�VWUXFWXUDO�FKDQJH�ZLWKLQ�WKH�PROHFXOH�������

�����

&LUFXODU�GLFKURLVP�����

7KH� SXULILHG� F\FOLF� SHSWLGH� ZDV� FKDUDFWHUL]HG� E\� &LUFXODU� 'LFKURLVP� �&'�� XVLQJ� D� -$6&2� -���������

VSHFWURSRODULPHWHU� �-$6&2�&RUS���� HTXLSSHG�ZLWK� D� 3HOWLHU� WHPSHUDWXUH� FRQWURO� V\VWHP� DQG� D� ����46�����

TXDUW]�FXYHWWH�ZLWK�����FP�SDWK�OHQJWK��6SHFWUD�ZHUH�FROOHFWHG�RQ�SHSWLGH�VROXWLRQV�DW�����P0�LQ����P0�����



��
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SKRVSKDWH�EXIIHU��S+������XVLQJ�WKH�IROORZLQJ�VHWWLQJV��ZDYHOHQJWK�UDQJH����������QP��VFDQQLQJ�VSHHG������

��� QP�PLQ�� GDWD� SLWFK�� ���� QP�� EDQG�ZLGWK�� �� QP�� UHVSRQVH� WLPH�� �� V�� 5HFRUGHG� VSHFWUD�ZHUH� VLJQDO�����

DYHUDJHG�IURP�DW�OHDVW�ILYH�LQGHSHQGHQW�UHDGLQJV�DQG�VPRRWKHG������

�����

,PPXQRJHQ�SUHSDUDWLRQ�����

2QH�PJ�RI�&�(SLWRSH�,�ZDV�FRQMXJDWHG�ZLWK�����PJ�RI�FDUULHU�SURWHLQV��./+�RU�%6$��LQ�����PO�RI����P0�����

SKRVSKDWH�EXIIHU�S+�����FRQWDLQLQJ������Y�Y�JOXWDUDOGHK\GH�E\�VWLUULQJ�WKH�PL[WXUH�IRU���K��2QH�PO�RI�������

0�JO\FLQH�LQ�ZDWHU�ZDV�DGGHG�WR�EORFN�WKH�UHDFWLRQ��WKHQ�VROXWLRQV�ZHUH�H[WHQVLYHO\�GLDO\]HG�DJDLQVW�3%6�����

S+� ���� EHIRUH� EHLQJ� O\RSKLOL]HG�� 7KH� DPRXQW� RI� SHSWLGH�SURWHLQ� FRQMXJDWH� ZDV� GHWHUPLQHG� XVLQJ� D�����

%,25$'�NLW��%LR5DG��0LODQR���7KH�VDPH�SURFHGXUH�ZDV�XVHG�WR�SUHSDUH�JOXWDUDOGHK\GH�VHOI�FRQMXJDWHG�����

%6$� �%6$���� %6$�� ZDV� XVHG� LQ� WKH� (/,6$� DVVD\� DV� FRQWURO� WR� H[FOXGH� FORQHV� SURGXFLQJ� DQWLERGLHV�����

SRWHQWLDOO\�UHFRJQL]LQJ�WKH�DPLQH�FURVV�OLQNHG�JOXWDUDOGHK\GH������������

�����

,PPXQL]DWLRQ�RI�PLFH�DQG�JHQHUDWLRQ�DQG�SXULILFDWLRQ�RI�0$EV������

%$/%�F�PLFH�ZHUH�KRXVHG� DQG�KDQGOHG� DFFRUGLQJ� WR� WKH� LQVWLWXWLRQDO� JXLGHOLQHV� �3URMHFW� LGHQWLILFDWLRQ�����

FRGH� �������������� DSSURYHG� E\� WKH� (WKLFDO� $QLPDO� &DUH� DQG� 8VH� &RPPLWWHH�� 8QLYHUVLW\� RI� 1DSOHV�����

³)HGHULFR� ,,´�� 'DWH� RI� DSSURYDO� $SULO� ��WK� ������� )RXU� ��ZHHN� ROG� %DOE�F� PLFH� �-DFNVRQ� /DE�� ZHUH�����

LPPXQL]HG�ZLWK�����ȝJ�RI�./+�FRQMXJDWHG�SHSWLGH�HPXOVLILHG�ZLWK�&RPSOHWH�)UHXQG
V�DGMXYDQW��)RXU�����

LQGHSHQGHQW� LQMHFWLRQV�ZHUH� FDUULHG� RXW� VXEFXWDQHRXVO\�ZLWK� ��� ȝO� LPPXQRJHQ�� %HIRUH� LPPXQL]DWLRQ������

�����O� EORRG� VDPSOHV�ZHUH� WDNHQ� IURP�HDFK�PRXVH� IURP� WKH� FDXGDO� YHLQ� DQG� XVHG� DV� WKH� SUH�LPPXQH�����

FRQWURO� �7�� VDPSOHV���0LFH�ZHUH�ERRVWHG�ZLWK� WKH� VDPH�DPRXQW�RI� LPPXQRJHQ� LQ� LQFRPSOHWH�)UHXQG
V�����

DGMXYDQW�DW�GD\����DIWHU�WKH�ILUVW�LPPXQL]DWLRQ��%ORRG�VDPSOHV�ZHUH�WDNHQ�IURP�WKH�FDXGDO�YHLQ�������/������

EHIRUH�HYHU\�VXEVHTXHQW�ERRVWLQJ�DQG� WHVWHG�E\�(/,6$�WR�PRQLWRU�DQWLERG\� WLWHU��$�ILQDO�DQWLJHQ�ERRVW�����



��
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ZDV�DGPLQLVWHUHG�LQWUDYHQRXVO\�LQ�PLFH�VKRZLQJ�WKH�KLJKHVW�DQWLERG\�WLWHU����GD\V�EHIRUH�EHLQJ�VDFULILFHG�����

DQG�VSOHQHFWRPLVHG�DV�GHVFULEHG�EHORZ������

&HOOV� KDUYHVWHG� IURP� VSOHHQV�RI� VDFULILFHG� DQLPDOV�ZHUH� IXVHG�ZLWK�P\HORPD�63���� �$7&&�� FHOOV� DW� D�����

UDWLR�RI�����LQ�530,�*0�FRQWDLQLQJ�SRO\HWK\OHQH�JO\FRO��3(*�������������+\EUL�0D[��6LJPD�$OGULFK������

0LODQR��DQG������'062��6LJPD�$OGULFK��0LODQR��DV�GHVFULEHG������ 7KH�IXVHG�K\EULGRPD�FHOOV�ZHUH�UH�����

VXVSHQGHG�LQ����PO�RI�VHOHFWLRQ�PHGLXP�FRQVLVWLQJ�RI�530,±*0�PHGLXP�FRQWDLQLQJ�3(*����������������

����)%6�� ����8�PO� SHQLFLOOLQ�� ����ȝJ�PO� VWUHSWRP\FLQ�� ����ȝ0�K\SR[DQWKLQH�� ���ȝ0� WK\PLGLQH� DQG�����

����Q0�DPLQRSWHULQ� �530,�+$7�6LJPD�$OGULFK��0LODQR���7KH�FHOO�VXVSHQVLRQ�ZDV�GLVSHQVHG�LQWR��������

ZHOO� SODWHV� DQG� LQFXEDWHG� DW� ��� �&� LQ� D� ��� &2�� DWPRVSKHUH� ZLWK� SHULRGLF� UHSOHQLVKPHQW� ZLWK� IUHVK�����

VHOHFWLRQ�PHGLXP��$IWHU����WR����GD\V��FHOO�PHGLXP�ZDV�VFUHHQHG�E\�(/,6$�IRU�ELQGLQJ�WR�&�(SLWRSH�,�����

DQG�WR�LWV�OLQHDU�DQDORJXH��+\EULGRPDV�VHFUHWLQJ�DQWLERGLHV�ZLWK�VWURQJ�UHDFWLYLW\�ZLWK�&�(SLWRSH�,��EXW�����

QRW�/�(SLWRSH�,��ZHUH�UH�FORQHG�WZLFH�E\�OLPLWLQJ�GLOXWLRQ��DQG�WKHLU�UHDFWLYLW\�UH�FRQILUPHG�E\�(/,6$������

6XE�FORQHG� K\EULGRPD� FHOOV� ZHUH� FXOWXUHG� LQ� 237,�0(0� PHGLXP� FRQWDLQLQJ� ���� )%6�� DGDSWHG�����

JUDGXDOO\� WR� VHUXP�IUHH� FHOO�PHGLXP�� DQG� WKHQ� WUDQVIHUUHG� WR� ELRUHDFWRUV� �,17(*5$�%LRVFLHQFHV�$*������

&+������ &KXU�� 6ZLW]HUODQG�� IRU� ODUJH�VFDOH� DQWLERG\� SURGXFWLRQ�� $QWLERGLHV� ZHUH� SXULILHG� WR�����

KRPRJHQHLW\� E\� SURWHLQ� *� DIILQLW\� FKURPDWRJUDSK\� IROORZHG� E\� JHO� ILOWUDWLRQ�� $QWLERGLHV� ZHUH�����

FKDUDFWHUL]HG� E\� 6'6�3$*(�� � DQDO\WLFDO� VL]H�H[FOXVLRQ� FKURPDWRJUDSK\� DQG� ZHVWHUQ� EORWWLQJ������

,PPXQRUHDFWLYLW\�RI�SXULILHG�DQWLERGLHV�ZLWK�DQWLJHQ�ZDV�GHWHUPLQHG�E\�(/,6$��DV�GHVFULEHG�EHORZ������

�����

)DE�IUDJPHQW�JHQHUDWLRQ�DQG�SXULILFDWLRQ�����

%ULHIO\��)DE�IUDJPHQWV�ZHUH�SUHSDUHG�E\�SDSDLQ�GLJHVWLRQ�RI�SXULILHG�,J*V��7KH�UHDFWLRQ��PRQLWRUHG�E\�����

6'6�3$*(��ZDV�RSWLPL]HG�LQ����P0�VRGLXP�SKRVSKDWH�DQG����P0�('7$�S+�����EXIIHU�XVLQJ�SDSDLQ�����

������Z�Z�UDWLR��6LJPD�$OGULFK��0LODQR��IRU���K�DW�����&���7KH�)F�SRUWLRQ�ZDV�UHPRYHG�XVLQJ�D�+L7UDS�����

3URWHLQ�*�FROXPQ��*(�+HDOWKFDUH��0LODQR���WKHQ�WKH�)DE�IUDJPHQW�ZDV�IXUWKHU�SXULILHG�E\�JHO�ILOWUDWLRQ�����



��
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RQ�D�6HSKDGH[����FROXPQ��*(�+HDOWKFDUH��0LODQR��LQ�3%6�RU����P0�7ULV�+&O������P0�1D&O�S+����������

&RQFHQWUDWLRQ�DQG�SXULW\�RI�DQWLERGLHV�DQG�)DE�IUDJPHQWV�ZHUH�HVWLPDWHG�E\�DEVRUEDQFH�DW�����QP�XVLQJ�����

1DQR'URS�������6'6�3$*(�DQG�VL]H�H[FOXVLRQ�KLJK�SHUIRUPDQFH�OLTXLG�FKURPDWRJUDSK\�������

�����

(/,6$�DVVD\V��������

7LWUDWLRQV� RI� DQWLERG\� LQ� PRXVH� VHUD� DQG� VFUHHQLQJ� RI� K\EULGRPD� VXSHUQDWDQWV� ZHUH� SHUIRUPHG� E\�����

(Q]\PH�/LQNHG� ,PPXQRVRUEHQW� $VVD\V� �(/,6$��� $QWLERG\� WLWUDWLRQV� LQ� PRXVH� VHUD� DQG� VFUHHQLQJ� RI�����

K\EULGRPD� VXSHUQDWDQWV� ZHUH� SHUIRUPHG� E\� (Q]\PH�/LQNHG� ,PPXQRVRUEHQW� $VVD\V� �(/,6$�� DV�����

GHVFULEHG� HOVHZKHUH� ������+\EULGRPDV�ZHUH� VFUHHQHG� IRU� WKHLU� DELOLW\� WR� VHFUHWH�0$EV� VSHFLILF� IRU� WKH�����

F\FOLF�DQWLJHQ��)RU�WKLV�SXUSRVH��VXSHUQDWDQWV�ZHUH�WHVWHG�E\�FRDWLQJ�SODWHV�ZLWK�ERWK�%6$�FRQMXJDWHG�&�����

(SLWRSH�,�DQG�%6$�FRQMXJDWHG�/�(SLWRSH�,��$OVR�%6$��ZDV�XVHG�DV�FRQWURO�WR�H[FOXGH�FORQHV�SURGXFLQJ�����

DQWLERGLHV� UHFRJQL]LQJ� WKH�%6$�OLQNHG� JOXWDUDOGHK\GH�� 3RVLWLYH� FORQHV�ZHUH� VWDELOL]HG� E\� �� VHTXHQWLDO�����

URXQGV�RI�OLPLWLQJ�GLOXWLRQ�SDVVDJHV�LQ����ZHOO�SODWHV��)ROORZLQJ�LQFXEDWLRQ�IRU���ZHHNV�DW�����&�XQGHU�����

���&2���VXSHUQDWDQWV�IURP�HDFK�ZHOO�ZHUH�DJDLQ�WHVWHG�IRU�WKH�SUHVHQFH�RI�DQWLERGLHV�DJDLQVW�WKH�SHSWLGH�����

DQWLJHQ��+\EULGRPDV� VHFUHWLQJ� WKH�KLJKHVW� DQWLERG\� WLWHU�ZHUH� IXUWKHU� VXEMHFWHG� WR��� URXQGV�RI� OLPLWLQJ�����

GLOXWLRQ�FORQLQJ��)LQDOO\��DQWLERGLHV�VHFUHWHG�E\�VHOHFWHG�K\EULGRPDV�ZHUH�SXULILHG�DQG�WHVWHG�E\�(/,6$�����

IRU�UHDFWLYLW\�WR�WKH�IUHH�&�(SLWRSH�,�DQG�LWV�OLQHDU�YDULDQW��%ULHIO\��(/,6$��1XQF��0D[LVRUS��SODWH�ZHOOV�����

ZHUH�FRDWHG�ZLWK�WKH�DSSURSULDWH�SHSWLGH�DW�����ȝJ�PO�LQ�3%6�E\�LQFXEDWLQJ�RYHUQLJKW�DW����&��7KH�ZHOOV�����

ZHUH� EORFNHG�ZLWK�%6$� DQG� WKHQ�ZDVKHG�ZLWK� 3%6�7� DV� GHVFULEHG� DERYH��$QWLJHQ�FRDWHG�ZHOOV�ZHUH�����

LQFXEDWHG�ZLWK�����ȝJ�PO�RI�DSSURSULDWH�DQWLERGLHV�DW�����&�IRU����PLQ��ZDVKHG�DV�DERYH�DQG�WKHQ�IXUWKHU�����

LQFXEDWHG�ZLWK�+53�FRQMXJDWHG�DQWL�PRXVH�,J*����������%LRUDG��DW�����&�IRU����PLQ��$IWHU�ZDVKLQJ��WKH�����

ERXQG� DQWLERG\� ZDV� GHWHFWHG� E\� DGGLQJ� SHUR[LGDVH� VXEVWUDWH� VROXWLRQ� �SUHSDUHG� E\� GLVVROYLQJ� R�����

SKHQ\OHQHGLDPLQH�GLK\GURFKORULGH�DW�����PJ�PO�LQ�����0�FLWULF�DFLG�DQG�����0�1D�+32��EXIIHU��S+����������

DQG�DGGLQJ�����ȝO�PO�RI�����+�2����)ROORZLQJ�LQFXEDWLRQ�DW�URRP�WHPSHUDWXUH�LQ�WKH�GDUN��WKH�UHDFWLRQ�����



���
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ZDV� VWRSSHG�ZLWK� D� ����0�+�62�� VROXWLRQ�� DQG� WKH� RSWLFDO� GHQVLW\� DW� ���� QP�ZDV� GHWHUPLQHG� XVLQJ� D�����

PLFURSODWH�UHDGHU��%LR7HN��:LQRRVNL��97��86$���6SHFLILFLW\�ZDV�DVVHVVHG�XVLQJ�DQ�XQUHODWHG�PRQRFORQDO�����

DQWLERG\� �7UDVWX]XPDE��*HQHQWHFK�� LQGLFDWHG� DV� QHJDWLYH� FRQWURO� �1&�� DQG�0$E�$3��� DV� D� SRVLWLYH�����

FRQWURO��DW�WKH�VDPH�FRQFHQWUDWLRQV�������

$Q� (/,6$� WR� GHWHFW� 0$E� ELQGLQJ� WR� PDPPDOLDQ� FHOO�H[SUHVVHG� V(��� IXOO�OHQJWK� �)/�� (�� DQG� (�(������

JO\FRSURWHLQ�ZDV�SHUIRUPHG�HVVHQWLDOO\� DV�GHVFULEHG�SUHYLRXVO\� ����������%ULHIO\��+(.���7�FHOOV�ZHUH�����

FR�WUDQVIHFWHG�ZLWK�DSSURSULDWH�VHTXHQFH�FRQWDLQLQJ�SODVPLGV��DQG�WKH�H[SUHVVHG�JO\FRSURWHLQV�SUHVHQW�LQ�����

ODULILHG�O\VDWHV�RI�WKHVH�FHOOV�ZHUH�FDSWXUHG�RQ�WR�*1$��*DODQWKXV�1LYDOLV�$JJOXWLQLQ��FRDWHG�,PPXORQ�,,�����

HQ]\PH� LPPXQRDVVD\� �(,$�� SODWHV� �7KHUPRODE� V\VWHPV��� $QWL�(�� 0$EV� ZHUH� DGGHG�� DQG� ERXQG�����

JO\FRSURWHLQV� ZHUH� GHWHFWHG� ZLWK� DQ� DQWL�PRXVH� LPPXQRJOREXOLQ� *�KRUVHUDGLVK� SHUR[LGDVH� �6LJPD������

8QLWHG� .LQJGRP�� DQG� 70%� ���������WHWUDPHWK\OEHQ]LGLQH�� 6LJPD�� 8QLWHG� .LQJGRP�� VXEVWUDWH������

$EVRUEDQFH�YDOXHV�ZHUH�GHWHUPLQHG�DW�����QP��6FUHHQLQJ�DVVD\V�RI�FORQHV�ZHUH�SHUIRUPHG�DW�OHDVW�WZLFH�����

LQ�TXDGUXSOLFDWHV��'DWD�DUH�UHSRUWHG�DV�DYHUDJH�RI�UHVXOWV�IURP�DOO�H[SHULPHQWV�DQG�UHSOLFDWHV���VWDQGDUG�����

GHYLDWLRQ����6'���%LQGLQJ�DVVD\V�RI�0$EV�WR�SHSWLGHV�DQG�UHFRPELQDQW�SURWHLQV�ZHUH�SHUIRUPHG�DW�OHDVW�����

WZLFH��'DWD�DUH�UHSRUWHG�DV�DYHUDJH�RI�UHVXOWV�IURP�DOO�H[SHULPHQWV�DQG�UHSOLFDWHV���6'������

�����

6HTXHQFLQJ�RI�DQWLERG\�YDULDEOH�UHJLRQV�DQG�LVRW\SH�GHWHUPLQDWLRQ�������

7R�FORQH�WKH�,J�KHDY\�DQG�OLJKW�FKDLQ�YDULDEOH�UHJLRQ�JHQHV�HQFRGLQJ�D�VXEVHW�RI�WKH�DQWL�(��0$EV��WRWDO�����

51$�IURP�K\EULGRPD�FHOOV�ZDV�XVHG�ILUVW� WR�JHQHUDWH�F'1$�OLEUDULHV�E\�UHYHUVH�WUDQVFULSWLRQ�UHDFWLRQV�����

ZLWK� D� 6XSHU6FULSW� ,,,� ILUVW�VWUDQG� NLW� �,QYLWURJHQ�� XVLQJ� UDQGRP� KH[DPHUV�� 7KH� ,J*� )DE� IUDJPHQWV�����

FRUUHVSRQGLQJ�WR�WKH�DQWLJHQ�ELQGLQJ�YDULDEOH�UHJLRQV�ZHUH�WKHQ�DPSOLILHG�E\�SRO\PHUDVH�FKDLQ�UHDFWLRQ�����

�3&5��XVLQJ�D�VHW�RI�KHDY\�FKDLQ�DQG�OLJKW�FKDLQ�SULPHUV�VSHFLILF�IRU�PRXVH�,J��7KH�QXFOHRWLGH�VHTXHQFHV�����

RI�3&5�SURGXFWV�ZHUH�GHWHUPLQHG�DQG�WKHLU�DPLQR�DFLG�VHTXHQFHV�GHGXFHG�XVLQJ�WKH�SURJUDP�³7UDQVODWH´�����
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IURP� ([3$6\� SURWHRPLF� VHUYHU�� 7KH� LVRW\SHV� RI� WKH� 0$EV� ZHUH� GHWHUPLQHG� XVLQJ� D� 0RQRFORQDO�����

$QWLERG\�,VRW\SLQJ�.LW�>,VR6WULS��3LHUFH��5RFNIRUG��,/�86$@�DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU
V�LQVWUXFWLRQV�������

�����

635�DQDO\VLV�����

$OO�635�DQDO\VHV�ZHUH�SHUIRUPHG�RQ�D�%LDFRUH������LQVWUXPHQW�IURP�*(�+HDOWKFDUH��XVLQJ�&0��VHQVRU�����

FKLSV� DQG� FHUWLILHG� +%6� EXIIHU� ���� P0� +(3(6�� ����� 0� 1D&O�� S+� ����� 3���� ��������� DW� ��� �&������

,PPRELOL]DWLRQ� ZDV� FDUULHG� RXW� IROORZLQJ� WKH� FDQRQLFDO� DPLQH� FRXSOLQJ� FKHPLVWU\� XVLQJ� WKH� VXUIDFH�����

LPPRELOL]DWLRQ�ZL]DUG�SURFHGXUH�RSHUDWLQJ�DW����O�PLQ��&KDQQHOV�ZHUH�DFWLYDWHG�ZLWK�('&�1+6�PL[WXUH�����

IRU���PLQ�� WKHQ� WKH� OLJDQG��DSSURSULDWHO\�GLOXWHG� LQ� WKH�SUH�VHOHFWHG�VRGLXP�DFHWDWH�EXIIHU��ZDV�FRXSOHG�����

XQWLO� D� W\SLFDO���������58� OHYHO�ZDV�DFKLHYHG��5HPDLQLQJ�DFWLYH�HVWHU�JURXSV�ZHUH�EORFNHG�ZLWK���0�����

HWKDQRODPLQH�+&O�� S+������ 635�ELQGLQJ�PHDVXUHPHQWV� WR�/�(SLWRSH��&�(SLWRSH� ,� DQG� DODQLQH�PXWDWHG�����

YDULDQWV�� ZHUH� FDUULHG� RXW� E\� LPPRELOL]LQJ� HDFK� DQWLERG\� RU� )DEV� RQ� &0�� VHQVRU� FKLSV�� $QWLERG\�����

LPPRELOL]DWLRQ��LQFOXGLQJ�$3����ZDV�HIILFLHQWO\�SHUIRUPHG�DW������J�PO�LQ�VRGLXP�DFHWDWH����P0�S+����������

DFKLHYLQJ�LPPRELOL]DWLRQ�OHYHOV�RI�DURXQG���������58�LQ�HYHU\�FDVH��7KH�VDPH�SURFHGXUH�ZDV�DSSOLHG�WR�����

SUHSDUH� D� V(��IXQFWLRQDOL]HG� VHQVRU� FKLS�� $Q� ,J*�� LVRW\SH�PDWFKHG� DQWLERG\� ZDV� XVHG� DV� QHJDWLYH�����

FRQWURO� DW� D� FRQFHQWUDWLRQ� RI� ����µ0��)RU� HSLWRSH�PDSSLQJ�� WKH� )DE� IUDJPHQW� RI� WKH�&�� DQWLERG\�ZDV�����

GLUHFWO\� LPPRELOL]HG� RQWR� D� &0�� VHQVRU� FKLS� DW� ���� �J�PO� LQ� VRGLXP� DFHWDWH� ��� P0� S+� ��������

�LPPRELOL]DWLRQ� OHYHO� RI� DURXQG� �������� 58��� 2Q� HYHU\� VHQVRU� FKLS�� DQ� XQGHULYDWL]HG� VXUIDFH� ZDV�����

SUHSDUHG�DQG�XVHG�DV�D�EODQN�FRQWURO��$OO�DQDO\VHV�ZHUH�FDUULHG�RXW�DW�D�IORZ�UDWH�RI�����O�PLQ��LQMHFWLQJ�D�����

FRQVWDQW�YROXPH�RI�����O�RI�SURWHLQ�RU�SHSWLGH�VROXWLRQV�DSSURSULDWHO\�GLOXWHG�LQ�WKH�+%6�UXQQLQJ�EXIIHU������

)RU�HYHU\�DQDO\VLV��H[SHULPHQWDO�VHQVRUJUDPV�ZHUH�DOLJQHG��EODQN�VLJQDO�ZDV�VXEWUDFWHG�DQG�RYHUODSSHG������

$OO�PDWKHPDWLFDO�PDQLSXODWLRQV�DQG� ILWWLQJ�ZHUH�SHUIRUPHG�XVLQJ� WKH�%LD(YDOXDWLRQ�VRIWZDUH��YHUV����������

�*(�+HDOWKFDUH���$OO�H[SHULPHQWDO�GDWD�JDYH�RSWLPDO�ILWWLQJV�ZKHQ�SURFHVVHG�DVVXPLQJ�D�����/DQJPXLU�����

ELQGLQJ�LQWHUDFWLRQ������



���
�

�����

+&9FF�QHXWUDOL]DWLRQ�DVVD\V�����

&HOO� FXOWXUH� LQIHFWLRXV�+&9� �+&9FF��ZDV� SURGXFHG�E\� HOHFWURSRUDWLRQ� RI� KXPDQ�KHSDWRPD� FHOO�+XK������

ZLWK� YLUDO� JHQRPLF�51$� WKDW�ZDV� JHQHUDWHG� E\� LQ� YLWUR� WUDQVFULSWLRQ� XVLQJ� WKH� SODVPLG� S8&�-)+�� RU�����

S8&�-)+��1���7�DV�WHPSODWH�DV�GHVFULEHG������������9LUXV�QHXWUDOL]DWLRQ�DVVD\V�ZHUH�SHUIRUPHG�XVLQJ�����

+XK��-��� UHSRUWHU� FHOOV�� DQG� YLUXV� LQIHFWLYLW\� OHYHOV� ZHUH� GHWHUPLQHG� E\� 6($3� UHSRUWHU� DVVD\�� DV�����

GHVFULEHG�SUHYLRXVO\�����.�%ULHIO\��+XK��-���FHOOV�ZHUH�SODWHG�RXW�DW�D�GHQVLW\�RI���[�����SHU�ZHOO�LQ�D��������

ZHOO�SODWH��9LUXV�ZDV�SUH�LQFXEDWHG�DW�����&�IRU���K�ZLWK�WKH�WHVW�DQWLERG\�SULRU�WR�LQIHFWLQJ�FHOOV�DW�P�R�L�����

RI������$W���K�SRVW�LQIHFWLRQ��WKH�LQRFXOXP�ZDV�UHSODFHG�ZLWK�IUHVK�'0(0��$W����K�SRVW�LQIHFWLRQ�6($3�����

UHSRUWHU�DFWLYLW\� �ZKLFK�FRUUHODWHV�GLUHFWO\�ZLWK�YLUXV� LQIHFWLYLW\� OHYHOV�� LQ� WKH�PHGLXP�RI� LQIHFWHG�FHOOV�����

ZDV�GHWHUPLQHG�DV�GHVFULEHG�SUHYLRXVO\������������

�����

&U\VWDOOL]DWLRQ�DQG�GLIIUDFWLRQ�GDWD�FROOHFWLRQ������

&U\VWDOOL]DWLRQ�WULDOV�RQ�WKH�)DE�&��SHSWLGH�FRPSOH[�ZHUH�VHW�XS�DW�����.�XVLQJ�WKH�KDQJLQJ�GURS�YDSRXU�����

GLIIXVLRQ�PHWKRG��7KH�SHSWLGH�DQG�WKH�)DE�ZHUH�SUHYLRXVO\�PL[HG�ZLWK�D�PRODU�UDWLR�RI������3UHOLPLQDU\�����

VFUHHQLQJV�RI�WKH�FU\VWDOOL]DWLRQ�FRQGLWLRQV�ZHUH�FDUULHG�RXW�XVLQJ�FRPPHUFLDOO\�DYDLODEOH�VSDUVH�PDWUL[�����

NLWV� �&U\VWDO� 6FUHHQ� NLWV� ,�,,� DQG� ,QGH[� E\� +DPSWRQ� 5HVHDUFK�� ������ 7KHVH� VFUHHQLQJV� \LHOGHG�PLFUR�����

FU\VWDOV� WKDW�ZHUH�RSWLPL]HG�E\� ILQH�WXQLQJ�SURWHLQ�DQG�SUHFLSLWDQW� FRQFHQWUDWLRQV��&U\VWDOV� VXLWDEOH� IRU�����

FU\VWDOORJUDSKLF� LQYHVWLJDWLRQV� ZHUH� REWDLQHG� XVLQJ� D� )DE� FRQFHQWUDWLRQ� RI� a� ���� PJ�PO� DQG� ���� 0�����

$PPRQLXP�VXOSKDWH�DQG������Z�Y��3(*�������LQ�D�EXIIHU�FRQWDLQLQJ�����0�%LV�7ULV�S+������������

'LIIUDFWLRQ�GDWD�ZHUH�FROOHFWHG�LQ�KRXVH�DW����.�XVLQJ�D�5LJDNX�0LFURPD[�����+)�JHQHUDWRU�SURGXFLQJ�����

&X�.Į�UDGLDWLRQ�DQG�HTXLSSHG�ZLWK�D�6DWXUQ����&&'�GHWHFWRU��'DWD�ZHUH�FROOHFWHG�DW�����.�E\�DGGLQJ�D�����

VROXWLRQ�RI������Y�Y��HWK\OHQH�JO\FRO�DV�D�FU\RSURWHFWDQW�WR�WKH�SUHFLSLWDWLQJ�VROXWLRQ��7KH�GDWD�VHW�ZDV�����

VFDOHG� DQG�PHUJHG� XVLQJ�+./����� SURJUDP� SDFNDJH� ������$OWKRXJK� WZR� DQJOHV� RI� WKH� XQLW� FHOO�ZHUH�����



���
�

QXPHULFDOO\�FORVH�WR������WKH�FU\VWDOV�RI�WKH�FRPSOH[�DUH�WULFOLQLF��,QGHHG��DOO�DWWHPSWV�WR�SURFHVV�WKH�GDWD�����

ZLWK� KLJKHU� V\PPHWU\� \LHOGHG� YHU\� KLJK� 5PHUJH� YDOXHV�� 7KH� DQDO\VLV� RI� WKH� 9P� YDOXH� RI� WKLV� FU\VWDO�����

VXJJHVWV�WKH�SUHVHQFH�RI�WZR�PROHFXOHV�LQ�WKH�DV\PPHWULF�XQLW�������

�����

&U\VWDOORJUDSKLF�UHILQHPHQW������

7KH�VWUXFWXUH�RI�WKH�FRPSOH[�ZDV�VROYHG�E\�PROHFXODU�UHSODFHPHQW�XVLQJ�3KDVHU�������6WDUWLQJ�PRGHOV�IRU�����

WKH� OLJKW� DQG� WKH� KHDY\� FKDLQV�ZHUH� VHOHFWHG� E\� ORRNLQJ� IRU�3'%� VWUXFWXUHV�ZLWK� WKH� KLJKHVW� VHTXHQFH�����

LGHQWLWLHV�ZLWK� WKH� FKDLQV� RI� RXU�)DE��8VLQJ� WKLV� DSSURDFK�� WKH� VWDUWLQJ�PRGHOV� IRU� WKH� KHDY\� DQG� OLJKW�����

FKDLQV� ZHUH� H[WUDFWHG� IURP� WKH� 3'%� VWUXFWXUHV� �9/�� �LGHQWLW\� ����� DQG� �'**� �LGHQWLW\� ����������

UHVSHFWLYHO\��7DNLQJ� LQWR� DFFRXQW� WKH�YDULDELOLW\�RI� WKH� UHODWLYH�RULHQWDWLRQ�RI� WKH�FRQVWDQW� DQG�YDULDEOH�����

UHJLRQV�� ERWK� KHDY\� DQG� WKH� OLJKW� FKDLQV�ZHUH� IUDJPHQWHG� E\� FRQVLGHULQJ� WKH� LQGLYLGXDO� )DE� GRPDLQV������

7KHUHIRUH�� VLQFH� WKH� DV\PPHWULF� XQLW� FRQWDLQV� WZR� LQGHSHQGHQW� PROHFXOHV�� DQ� HQVHPEOH� RI� HLJKW�����

LQGLYLGXDO� IUDJPHQWV� FRQVWLWXWHG� WKH� VWDUWLQJ� VWUXFWXUHV� LQ� WKH� PROHFXODU� UHSODFHPHQW� VHDUFK�� 7KH�����

DSSOLFDWLRQ� RI� WKLV� SURFHGXUH� SURYLGHG� D� VWUDLJKWIRUZDUG� VROXWLRQ�� 7KLV� PRGHO� ZDV� XVHG� IRU� DXWRPDWLF�����

UHEXLOGLQJ�FDUULHG�RXW�XVLQJ�$US�:DUS�������&U\VWDOORJUDSKLF�UHILQHPHQW�ZDV�FDUULHG�RXW�DJDLQVW�����RI�����

WKH�PHDVXUHG� GDWD� XVLQJ� WKH� FFS�L� SURJUDP� VXLWH�� 7KH� UHPDLQLQJ� ���RI� WKH� REVHUYHG� GDWD��ZKLFK�ZDV�����

UDQGRPO\� VHOHFWHG�� ZDV� XVHG� LQ� 5� IUHH� FDOFXODWLRQV� WR� PRQLWRU� WKH� SURJUHVV� RI� UHILQHPHQW�� 1RQ�����

FU\VWDOORJUDSKLF� UHVWUDLQWV�ZHUH�DSSOLHG� LQ�5()0$&������ZLWK�PHGLXP�UHVWUDLQWV� IRU�PDLQ�FKDLQ�DWRPV�����

DQG� ORRVH� UHVWUDLQWV� IRU� VLGH�FKDLQ� DWRPV�� 0DQXDO� PRGHOOLQJ� ZDV� SHUIRUPHG� XVLQJ� &RRW� ������ :DWHU�����

PROHFXOHV� ZHUH� LQFRUSRUDWHG� LQWR� WKH� VWUXFWXUH� LQ� VHYHUDO� URXQGV� RI� VXFFHVVLYH� UHILQHPHQWV�� 7KH�����

FRRUGLQDWHV�RI�WKH�PRGHO�DQG�WKH�H[SHULPHQWDO�VWUXFWXUH�IDFWRUV�RI�WKH�FRPSOH[�DUH�EHLQJ�GHSRVLWHG�LQ�WKH�����

3'%��HQWU\�FRGH��(2&�������

�����

�����



���
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0ROHFXODU�G\QDPLF�VWXGLHV�����

,Q� RUGHU� WR� JDLQ� LQVLJKWV� LQWR� WKH� LQWULQVLF� FRQIRUPDWLRQDO� SURSHUWLHV� RI� WKH� F\FOLF� SHSWLGH�� D�PROHFXODU�����

G\QDPLFV��0'��VLPXODWLRQ�ZDV�FRQGXFWHG�XVLQJ�WKH�VWUXFWXUH�RI�WKH�SHSWLGH�GHWHFWHG�LQ�WKH�FRPSOH[�ZLWK�����

)DE�&��DV�VWDUWLQJ�PRGHO��7KH�0ROHFXODU�G\QDPLFV�VLPXODWLRQ�ZDV�SHUIRUPHG�XVLQJ�*520$&6�VRIWZDUH�����

SDFNDJH�������������WKH�$0%(5��VE�IRUFH�ILHOG�DQG�7,3�3�DV�ZDWHU�PRGHO��7KH�SHSWLGH�ZDV�LPPHUVHG�LQ�����

D� FXELF� ER[� RI� ����[����[����� QP�� FRQWDLQLQJ� ����� ZDWHU� PROHFXOHV�� 7KH� VLPXODWLRQ� ZDV� UXQ� ZLWK�����

SHULRGLF�ERXQGDU\�FRQGLWLRQV��7KH�WHPSHUDWXUH�DQG�SUHVVXUH�RI�WKH�V\VWHPV�ZHUH�VWDELOL]HG�DW�����.�DQG�������

DWP��UHVSHFWLYHO\��(QHUJLHV�ZHUH�PLQLPL]HG�E\�IL[LQJ�WKH�SURWHLQ�DWRPV�DQG�WKHQ�ZLWKRXW�UHVWUDLQWV��7KH�����

WLPHVFDOH�RI� WKH�VLPXODWLRQ�ZDV�����QV��ZLWK�D� WLPH�VWHS�RI�������SV��7KH�3DUWLFOH�0HVK�(ZDOG��30(������

PHWKRG��JULG�VSDFLQJ�RI������QP��ZDV�XVHG� WR�FDOFXODWH� WKH�HOHFWURVWDWLF� LQWHUDFWLRQV��$�FXWRII�RI����c�����

ZDV�DSSOLHG�WR�WUHDW�/HQQDUG�-RQHV�LQWHUDFWLRQV��%RQG�OHQJWKV�ZHUH�FRQVWUDLQHG�E\�WKH�/,1&6�SURFHGXUH������

7UDMHFWRULHV� ZHUH� FKHFNHG� WR� DVVHVV� WKH� TXDOLW\� RI� WKH� VLPXODWLRQ� XVLQJ� *520$&6� URXWLQHV�� +�ERQG�����

LQWHUDFWLRQV� ZHUH� LGHQWLILHG� EDVHG� RQ� FXWRIIV� IRU� WKH� DQJOH� K\GURJHQ�GRQRU±DFFHSWRU� �a����� DQG� WKH�����

GLVWDQFH�GRQRU±DFFHSWRU��a����c��E\�XVLQJ�*520$&6�XWLOLWLHV�����������

�����

5(68/76�����

3URGXFWLRQ�DQG�VHOHFWLRQ�RI�0$EV�DJDLQVW�&�(SLWRSH�,�����

+\EULGRPD� FHOO� VXSHUQDWDQWV�ZHUH�GLUHFWO\� VFUHHQHG� DJDLQVW� ERWK�&�(SLWRSH� ,� DQG� LWV� OLQHDU� �/��YDULDQW�����

FRQMXJDWHG� WR� %6$�� +\EULGRPDV� VHFUHWLQJ� DQWLERGLHV� DEOH� WR� VSHFLILFDOO\� UHFRJQL]H� WKH� F\FOLF� SHSWLGH�����

ZHUH�VHOHFWHG�IRU�IXUWKHU�VWXGLHV��7KLV�VFUHHQLQJ�VWUDWHJ\�OHG�WR�WKH�VHOHFWLRQ�RI�VHYHQ�GLIIHUHQW�K\EULGRPD�����

FORQHV� UHQDPHG� &�� WR� &�� �)LJXUH� �%��� %6$�� ZDV� XVHG� LQ� WKH� VXEVHTXHQW� WHVWV� WR� H[FOXGH� DQWLERGLHV�����

ELQGLQJ�WR�JOXWDUDOGHK\GH�FURVV�OLQNHG�%6$��7KHVH�GDWD�ZHUH�FRQILUPHG�LQ�(/,6$�ELQGLQJ�DVVD\V�ZKHUH�����

WKH�IUHH��XQFRQMXJDWHG�SHSWLGHV�ZHUH�FRDWHG�RQ�WKH�SODWH�VXUIDFH��7KH�VHOHFWHG�0$EV�ERXQG�WR�&�(SLWRSH�����

,�LQ�D�GRVH�GHSHQGHQW�IDVKLRQ��)LJXUH��&���EXW�QRW�WR�WKH�/�(SLWRSH�RU�WKH�%6$��FRQWURO��)LJXUH��&���$V�����



���
�

H[SHFWHG��DQ�XQUHODWHG� ,J*�� LVRW\SH�PDWFKHG�0$E��XVHG�DV�D�QHJDWLYH�FRQWURO� �1&���GLG�QRW� UHFRJQLVH�����

HLWKHU� SHSWLGH� �)LJXUH� �%���0$E�$3���� XVHG� DV� SRVLWLYH� FRQWURO�� ERXQG� WR� ERWK� WKH� F\FOLF� DQG� OLQHDU�����

SHSWLGHV��)LJXUH��'���$�PRUH�GHWDLOHG�FKDUDFWHUL]DWLRQ�RI�SHSWLGH�ELQGLQJ�WR�DOO�DQWLERGLHV�ZDV�SHUIRUPHG�����

E\�635��VHH�EHORZ���$OO�VHOHFWHG�0$EV�ZHUH�RI�WKH�,J*��LVRW\SH�ZLWK�NDSSD�OLJKW�FKDLQV������

�����

(YDOXDWLRQ�RI�ELQGLQJ�DIILQLW\�RI�0$EV�&��WR�&��IRU�&�(SLWRSH�,�����

%LQGLQJ�DQDO\VHV�ZHUH�SHUIRUPHG�E\�635��ZLWK�WKH�SXULILHG�DQWLERGLHV�LPPRELOL]HG�RQ�GLVWLQFW�FKDQQHOV�����

RI�&0��VHQVRU�FKLSV��635�GRVH�UHVSRQVH�ELQGLQJ�DVVD\V�FRQILUPHG�WKDW�RQO\�WKH�F\FOL]HG�SHSWLGH�ERXQG�����

WKH�0$EV�ZLWK� YHU\� KLJK� DIILQLW\� �)LJXUH� �$�*� DQG�7DEOH� ���ZKLOH� QR� RU� YHU\� SRRU� LQWHUDFWLRQV�ZHUH�����

REVHUYHG�ZLWK� WKH� OLQHDU� YDULDQW� �WHVWHG� DW� WKH�KLJKHVW� FRQFHQWUDWLRQ�RI�����0��)LJXUH��+���7KH� F\FOLF�����

SHSWLGH� ERXQG� DOO� WKH� LPPRELOL]HG�0$EV�ZLWK� VLPLODU� DVVRFLDWLRQ� NLQHWLFV��'LVVRFLDWLRQV�ZHUH� LQVWHDG�����

PXFK�VORZHU�IRU�0$EV�&��DQG�&���ZKLFK�H[KLELWHG�.'�YDOXHV�RI�DERXW�����Q0�DQG�����Q0��UHVSHFWLYHO\�����

�7DEOH� ���� 7KH� RWKHU�0$EV� VKRZHG�.'V� UDQJLQJ� IURP���� Q0� WR� ��� Q0��0$E�$3���� UDLVHG� DJDLQVW� D�����

UHFRPELQDQW�VROXEOH� IRUP�RI�(�(��������KDG�D�����IROG�KLJKHU�DIILQLW\� WR� WKH� OLQHDU�SHSWLGH� WKDQ� WR� WKH�����

F\FOLF�RQH��.'� �����Q0�YHUVXV�.'� ����Q0���)LJXUH��,�/�DQG�7DEOH����������

�����

%LQGLQJ�RI�0$EV�WR�UHFRPELQDQW�V(��SURWHLQ�����

:H�QH[W�HYDOXDWHG�WKH�DELOLW\�RI�DQWLERGLHV�WR�UHFRJQL]H�UHFRPELQDQW�VROXEOH�(���V(����WKH�UHODWLYH�SXULW\�����

RI�WKLV�SURWHLQ�LV�VKRZQ�LQ�)LJXUH�����)RU�WKLV�SXUSRVH��GRVH�GHSHQGHQW�ELQGLQJ�DVVD\V�ZHUH�FDUULHG�RXW�RQ�����

D� V(��IXQFWLRQDOL]HG� &0�� VHQVRUFKLS�� %LQGLQJ� RI� $3���ZDV� REVHUYHG� DW� FRQFHQWUDWLRQV� UDQJLQJ� IURP�����

������ Q0� WR� �� Q0� ZKLOH� WKH� LQWHUDFWLRQ� ZLWK� DQWL�&�(SLWRSH� ,� DQWLERGLHV� ZDV� REVHUYHG� DW� 0$EV�����

FRQFHQWUDWLRQV�UDQJLQJ�IURP�����Q0�WR���ȝ0��)LJXUH��$�)���,Q�OLQH�ZLWK�WKHVH�REVHUYDWLRQV��635�NLQHWLFV�����

DQG�DIILQLW\�SDUDPHWHUV�� VXPPDUL]HG� LQ�7DEOH���� VKRZ� WKDW�$3���ELQGV� V(��ZLWK�D�FRQVLGHUDEO\�KLJKHU�����

DIILQLW\��.'� �������Q0��WKDQ�DQWL�&�(SLWRSH�,�0$EV�ZKLFK��ZLWK�WKH�H[FHSWLRQ�RI�&���H[KLELW�.'�YDOXHV�����



���
�

DURXQG����Q0��$V�H[SHFWHG��QR�ELQGLQJ�WR�V(��ZDV�GHWHFWHG�XVLQJ�D�LVRW\SH�PDWFKHG�XQUHODWHG�,J*��HYHQ�����

DW�FRQFHQWUDWLRQV�DV�KLJK�DV���ȝ0���)LJXUH��*�������

&ROOHFWLYHO\��635�GDWD�LQGLFDWH�WKDW�DQWL�&�(SLWRSH�,�0$EV�DUH�DEOH�WR�UHFRJQL]H�WKH�UHFRPELQDQW�VROXEOH�����

(��SURWHLQ��DOWKRXJK�WKHLU�DIILQLWLHV�DUH�VLJQLILFDQWO\�ORZHU�WKDQ�WKDW�WR�WKH�&�(SLWRSH�,�SHSWLGH��DQG�WKDQ�����

WKDW�H[KLELWHG�E\�$3����,W�LV�ZRUWK�QRWLQJ�WKDW�$3���ELQGV�PRUH�HIILFLHQWO\�WR�V(��WKDQ�WR�HLWKHU�WKH�&�����

(SLWRSH�,�SHSWLGH��.'�RI�DERXW����Q0��7DEOH����RU�WKH�OLQHDU�/�(SLWRSH�,�SHSWLGH��.'�DERXW�����Q0��7DEOH�����

����:H�ZLVKHG�WR�WHVW�ZKHWKHU�0$EV�FRXOG�ELQG�QRW�RQO\�WR�V(��EXW�DOVR�WR�WKH�IXOO�OHQJWK��)/��(��SURWHLQ�����

DQG� WKH� (�(�� KHWHURGLPHU�� 7UDQVLHQW� WUDQVIHFWLRQ� RI�+(.� FHOOV� ZDV� XVHG� WR� SURGXFH� V(��� )/� (�� DQG�����

(�(��� 3URWHLQV� IURP� FHOO� H[WUDFWV� ZHUH� FDSWXUHG� RQWR� *1$�FRDWHG� (/,6$� SODWHV�� $GGLWLRQ� RI� DQWL�&�����

(SLWRSH�,�0$EV�&���&���&���&��DQG�&��DW����ȝJ�PO�JDYH�D�ZHDN�ELQGLQJ�VLJQDO�ZLWK�&��RQO\��ZKLOH�QR�����

ELQGLQJ�ZDV� REVHUYHG�ZLWK� WKH� RWKHU�0$EV� �)LJXUH� ���� � ,Q� FRQWUDVW��0$E�$3��� DW� ����� ȝJ�PO� JDYH� D�����

VWURQJ�VLJQDO�ZLWK�DOO�IRUPV�RI�WKH�JO\FRSURWHLQ��)LJXUH���������

:H� QH[W� WHVWHG�ZKHWKHU�0$EV�ZHUH� FDSDEOH� RI� QHXWUDOL]DWLRQ� RI�+&9SS� DQG�+&9FF��:H� IRXQG� WKDW������

XQOLNH�0$E�$3���� DOO� DQWL�&�(SLWRSH� ,�0$EV� �XVHG� DW� ��� DQG� ���� ȝJ�P/�� WKDW� LV� ���� DQG� ���� Q0������

UHVSHFWLYHO\��IDLOHG�WR�QHXWUDOL]H�+&9SS�EHDULQJ�(�(��GHULYHG�IURP�+&9�JHQRW\SH��D�VWUDLQ�+����GDWD�����

QRW� VKRZQ��� 6LPLODUO\�� WKHVH� 0$EV� ZHUH� DOVR� XQDEOH� WR� QHXWUDOL]H� LQIHFWLRQ� RI� +XK��� FHOOV� ZLWK� WKH�����

JHQRW\SH��D�VWUDLQ�-)+���+&9FF��GDWD�QRW�VKRZQ��VHH�IRU�H[DPSOH�DOVR�)LJXUH�����&ROOHFWLYHO\��WKHVH�GDWD�����

DUH� LQ� DJUHHPHQW� ZLWK� WKH� ODFN� RI� V(�� ELQGLQJ� H[KLELWHG� E\� DQWL�F\FOLF� SHSWLGH� 0$EV�� DOWKRXJK� LQ�����

FRQVLGHUDWLRQ�RI�WKH�FRQFHQWUDWLRQ�XVHG�LQ�WKH�QHXWUDOL]DWLRQ�WHVWV�DQG�WKH�.'V�PHDVXUHG�E\�635��WKH\�GR�����

QRW� IXOO\�H[SODLQ� WKH�FRPSOHWH�DEVHQFH�RI�DFWLYLW\��%LDFRUH�ELQGLQJ�PHDVXUHPHQWV�EHWZHHQ�V(��DQG� WKH�����

)DEV�RI�ERWK�&��DQG�$3���VKRZHG�WKDW�ERWK�0$EV�GLVSOD\HG�DQ�DYHUDJH���IROG�DIILQLW\�UHGXFWLRQ�ZKHQ�����

RQO\�RQH�DQWLERG\�DUP�ZDV�XVHG��VHH�7DEOH�����D�UHVXOW�VXJJHVWLYH�RI�DQ�DYLGLW\�HIIHFW�H[KLELWHG�E\�ERWK�����

DQWLERGLHV������

�����



���
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&U\VWDO�VWUXFWXUH�RI�)DE�&��LQ�FRPSOH[�ZLWK�&�(SLWRSH�,������

7R�JDLQ� LQVLJKWV� LQWR� WKH� VWUXFWXUDO�EDVLV�RI� WKH� OLPLWHG�DIILQLW\�RI� WKHVH�0$EV� IRU� V(��DQG� WKH� ODFN�RI�����

QHXWUDOL]DWLRQ� DFWLYLW\��ZH� SHUIRUPHG� FU\VWDOORJUDSKLF� DQDO\VHV� RI� )DE� FRPSOH[HV�ZLWK� WKH�&�(SLWRSH� ,�����

SHSWLGH��$OWKRXJK�ZH�ZHUH�DEOH�WR�REWDLQ�FU\VWDOV�RU�PLFURFU\VWDOV�RI�DOO�WKH�)DEV�ERXQG�WR�WKH�&�(SLWRSH�����

,� SHSWLGH�� RQO\� WKH� )DE� &��SHSWLGH� FRPSOH[� ZDV� VXLWDEOH� IRU� FU\VWDOORJUDSK\�� 7KH� VWUXFWXUH� RI� WKLV�����

FRPSOH[� ZDV� GHWHUPLQHG� WR� ����� c� UHVROXWLRQ�� 7KH� WULFOLQLF� FU\VWDOV� XVHG� IRU� WKH� FU\VWDOORJUDSKLF�����

LQYHVWLJDWLRQV�FRQWDLQ�WZR�LQGHSHQGHQW�FRSLHV�RI�WKH�FRPSOH[��7KH�VWUXFWXUHV�RI�WKHVH�WZR�FU\VWDO�PDWHV�����

DUH�YHU\�VLPLODU��,QGHHG��WKH�URRW�PHDQ�VTXDUH�GHYLDWLRQV�FRPSXWHG�RQ�WKH�&Į�DWRPV�LV������c��7KHUHIRUH������

WKH�VWUXFWXUDO�IHDWXUH�RI�PROHFXOH�$��)LJXUH��$��FRUUHVSRQGLQJ�WR�WKH�KHDY\��+��DQG�OLJKW��/��FKDLQV�ZDV�����

DQDO\VHG�IXUWKHU��7KH�)DE�LV�FRPSRVHG�RI�WKH�FDQRQLFDO�IRXU�LPPXQRJOREXOLQ�VXEXQLWV��7KH�HOERZ�DQJOHV�����

IRU� WKH� WZR�)DE�PROHFXOHV� LQ� WKH� DV\PPHWULF� XQLWV� DUH� ����� DQG� ������7KHVH� YDOXHV� IDOOV� LQ� WKH� UDQJH�����

REVHUYHG�IRU�.DSSD�)DE�VWUXFWXUHV�������7KH�&'5�ORRSV�RI�WKH�)DE�&��DUH�DOVR�VLPLODU�WR�WKRVH�REVHUYHG�����

LQ�FDQRQLFDO�VWUXFWXUHV�������6LQFH�WKH�HDUO\�VWDJHV�RI�WKH�UHILQHPHQW�RI�WKH�FRPSOH[��WKH�LQVSHFWLRQ�RI�WKH�����

HOHFWURQ�GHQVLW\�PDSV�FOHDUO\�LQGLFDWHG�WKH�SUHVHQFH�RI�SHSWLGH�LQ�D�FOHIW�IRUPHG�E\�WKH�YDULDEOH�UHJLRQV�RI�����

WKH�OLJKW�DQG�KHDY\�FKDLQV��$V�VKRZQ�LQ�)LJXUH��%��WKH�HOHFWURQ�GHQVLW\�LV�ZHOO�GHILQHG�IRU�DOO�UHVLGXHV�RI�����

WKH�SHSWLGH��LQFOXGLQJ�WKH�WZR�F\VWHLQH�UHVLGXHV�WKDW�IRUP�WKH�GLVXOSKLGH�EULGJH�WKDW�FORVHV�WKH�ORRS��7KH�����

SHSWLGH�DGRSWV�D�ȕ�KDLUSLQ�VWUXFWXUH�WKDW�LV�VWDELOL]HG�E\�ILYH�K\GURJHQ�ERQGV��IRXU�LQYROYLQJ�PDLQ�FKDLQ�����

DWRPV�DQG�RQH� WKH�VLGH�FKDLQV��7ZR�EDFNERQH�+�ERQGV�DUH�IRUPHG�E\� WKH�QLWURJHQ�DQG�WKH�FDUERQ\O�RI�����

*OQ����ZLWK�WKH�FDUERQ\O�DQG�WKH�QLWURJHQ�RI�,OH�����UHVSHFWLYHO\��$�VLPLODU�SDLU�RI�ERQGV�LV�IRUPHG�E\�����

,OH����DQG�7US�����7KH�QHWZRUN�RI� LQWUD�SHSWLGH�+�ERQGV� LV� FRPSOHWHG�E\� WKH�RQH� IRUPHG�E\� WKH� VLGH�����

FKDLQV�RI�7US�����DWRP�1İ���DQG�7KU�����DWRP�2Ȗ�����)LJXUH��&�������

3HSWLGH�ELQGLQJ�E\�WKH�)DE�&��UHOLHV�RQ�K\GURSKRELF�LQWHUDFWLRQV�DQG�+�ERQGV�HVWDEOLVKHG�DW�WKH�DQWLERG\�����

FRPELQLQJ�VLWH��)LJXUH��'�DQG��(���%RWK�WKH�KHDY\�DQG�WKH�OLJKW�FKDLQV�RI�&��FRQWULEXWH�WR�WKH�ELQGLQJ������

7KH� VXUIDFH� EXULHG� XSRQ� SHSWLGH� ELQGLQJ� LV� ���� c�� DQG� ���� c�� IRU� WKH� OLJKW� DQG� WKH� KHDY\� FKDLQV������



���
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UHVSHFWLYHO\��7KH�LQWHUDFWLRQV�RI�WKH�OLJKW�FKDLQ�ZLWK�WKH�SHSWLGH�LQYROYH�WKH�FRPSOHPHQWDULW\�GHWHUPLQLQJ�����

UHJLRQV� �&'5V�� /�� DQG� /��� ,Q� OLQH� ZLWK� RWKHU� FRPSOH[HV� RI� )DEV� ZLWK� SHSWLGHV�� QR� LQWHUDFWLRQV� DUH�����

HVWDEOLVKHG� E\� &'5� /��� 2Q� WKH� RWKHU� KDQG�� DOO� WKUHH� +�FKDLQ� &'5V� HVWDEOLVK� LQWHUDFWLRQV� ZLWK� WKH�����

SHSWLGH��7KH�PDLQ�K\GURSKRELF� LQWHUDFWLRQV�DUH�HVWDEOLVKHG�E\�7\U����&'5�/���� ,OH�����&'5�/����DQG�����

7US����&'5�+���ZLWK�WKH�QRQSRODU�UHVLGXHV�RI�WKH�SHSWLGH��7US����DQG�,OH������0RVW�RI�WKH�+�ERQGLQJ�����

LQWHUDFWLRQV�LQYROYH�FKDUJHG�VLGH�FKDLQV�RI�WKH�)DE��,QGHHG��$UJ����&'5�+���DQG�$VS�����&'5�+���VLGH�����

FKDLQV�RI�WKH�KHDY\�FKDLQ�ELQG�$VQ����DQG�7US����RI�WKH�SHSWLGH��UHVSHFWLYHO\��0RUHRYHU��WKH�VLGH�FKDLQV�����

RI�$UJ���DQG�$UJ����RI�&'5�/��ELQG� WKH� FDUERQ\O�JURXSV�RI� WKH�PDLQ� FKDLQ�RI�$VQ����DQG�7KU���������

UHVSHFWLYHO\��7KH�HQVHPEOH�RI�WKHVH�LQWHUPROHFXODU�+�ERQGV�LV�FRPSOHWHG�E\�WKH�RQH�IRUPHG�E\�WKH�VLGH�����

FKDLQ� RI� 6HU��� �&'5� /��� DQG� WKH� FDUERQ\O� JURXS� RI� ,OH����� &U\VWDOORJUDSKLF� DQG� VWHUHR�FKHPLFDO�����

VWDWLVWLFV�RI�WKH�ILQDO�PRGHOV�DUH�VXPPDUL]HG�LQ�7DEOH��������

�����

0ROHFXODU�G\QDPLF�DQG�FLUFXODU�GLFKURLVP�VWXGLHV�����

7KH�LQWULQVLF�FRQIRUPDWLRQDO�SURSHUWLHV�RI� WKH�F\FOLF�SHSWLGH�ZHUH�DQDO\]HG�E\�0'��7KHVH�VWXGLHV�ZHUH�����

FRQGXFWHG� XVLQJ� WKH� FRQIRUPDWLRQ� RI� WKH� SHSWLGH� REVHUYHG� LQ� WKH� FRPSOH[�ZLWK� WKH�)DE�&�� DV� VWDUWLQJ�����

PRGHO�� 7KH� DQDO\VLV� RI� WKH� WUDMHFWRU\� VWUXFWXUH� FOHDUO\� LQGLFDWHV� WKDW� WKH� SHSWLGH� XQGHUJRHV� VLJQLILFDQW�����

FRQIRUPDWLRQDO� WUDQVLWLRQ� GXULQJ� WKH�0'� VLPXODWLRQ�� ,QGHHG�� DV� VKRZQ� LQ� )LJXUH� �$� URRW�PHDQ� VTXDUH�����

GHYLDWLRQV��506'��RI�WUDMHFWRU\�VWUXFWXUHV�versus�WKH�VWDUWLQJ�FU\VWDOORJUDSKLF�PRGHO�SUHVHQW�VLJQLILFDQW�����

YDULDWLRQV��$� VLPLODU� EHKDYLRU� LV� KLJKOLJKWHG� E\� WKH� DQDO\VLV� RI� WKH� J\UDWLRQ� UDGLXV� RI� WKH� VLPXODWLRQ�����

VWUXFWXUHV� �)LJXUH� �%��� 7KH� DQDO\VLV� RI� WKH� J\UDWLRQ� UDGLXV� DOVR� LQGLFDWHV� WKDW� WKH� SHSWLGH� IUHTXHQWO\�����

DVVXPHV� VWUXFWXUHV� WKDW� DUH�PRUH� FRPSDFW� FRPSDUHG� WR� WKH� HORQJDWHG� ȕ�KDLUSLQ�PRWLI� REVHUYHG� IRU� WKH�����

SHSWLGH�LQ�WKH�FRPSOH[�ZLWK�WKH�DQWLERG\��,QWHUHVWLQJO\��WKHVH�FRPSDFW�VWUXFWXUHV�RFFDVLRQDOO\�HYROYH�LQWR�����

ȕ�KDLUSLQ�VWDWHV�UHVHPEOLQJ�WKH�FU\VWDOORJUDSKLF�RQH��DW�DSSUR[��DW�����QV��DV�VKRZQ�LQ�)LJXUH��$���7KHVH�����

ILQGLQJV�LQGLFDWH��D��WKDW�WKH�F\FOLF�SHSWLGH�LV�LQWULQVLFDOO\�HQGRZHG�ZLWK�D�VLJQLILFDQW�OHYHO�RI�IOH[LELOLW\�����
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DQG��E��WKDW�WKH�FRQIRUPDWLRQ�GHWHFWHG�LQ�WKH�FRPSOH[�ZLWK�)DE�&��LV�DPRQJ�WKRVH�LQWULQVLFDOO\�DFFHVVLEOH�����

WR�WKH�SHSWLGH�������

7KH� LQWULQVLF� IOH[LELOLW\� RI� WKH� &�� SHSWLGH� LV� FRQILUPHG� E\� D� FLUFXODU� GLFKURLVP� DQDO\VLV� SHUIRUPHG� LQ�����

DTXHRXV�EXIIHU��VHH�PHWKRGV�IRU�GHWDLOV���,QGHHG��DV�VKRZQ�LQ�)LJXUH��&��WKH�&'�VSHFWUXP�RI�WKH�SHSWLGH�����

LV�VXJJHVWLYH�RI�D�YHU\�OLPLWHG�FRQWHQW�RI�UHJXODU�VWUXFWXUH��������

7R�JDLQ�GHHSHU�LQVLJKWV�LQWR�WKH�VWUXFWXUDO�IHDWXUHV�RI�WKH�FRQIRUPDWLRQDO�HQVHPEOH�RI�WKH�F\FOLF�SHSWLGH������

ZH� FRPSDUHG� WKH� WUDMHFWRU\� VWUXFWXUHV� ZLWK� WKH� FRQIRUPDWLRQ� DGRSWHG� E\� WKH� OLQHDU� YDULDQW� ZKHQ�����

FRPSOH[HG� ZLWK� RWKHU� )DEV�� 1RW� VXUSULVLQJO\�� ZKHQ� WUDMHFWRU\� VWUXFWXUHV� DUH� FRPSDUHG� WR� WKH� OLQHDU�����

SHSWLGH�DGRSWLQJ�WKH�ȕ�KDLUSLQ�PRWLIV��DV�LQ�WKH�FRPSOH[�ZLWK�$3����WKH�WUHQGV�DUH�UDWKHU�VLPLODU�WR�WKRVH�����

REVHUYHG� IRU� WKH� F\FOLF� SHSWLGH� �)LJXUH� �$� DQG� �'��� :H� DOVR� VHDUFKHG� WKH� VLPXODWLRQ� HQVHPEOH� IRU�����

VWUXFWXUHV�VKRZLQJ�WKH�KLJKHVW�VLPLODULW\�ZLWK�WKH�FRQIRUPDWLRQ�DGRSWHG�E\�WKH�OLQHDU�YDULDQW�LQ�FRPSOH[�����

ZLWK� $3���� 7KH� FORVHVW� WUDMHFWRU\� VWUXFWXUHV� SUHVHQW� 506'� YDOXHV� DJDLQVW� WKLV� YDULDQW� RI� ���� c������

,QWHUHVWLQJO\��WKH�506'�GLVSOD\HG�E\�WKH�FRQIRUPDWLRQ�DGRSWHG�E\�F\FOLF�SHSWLGH�LQ�WKH�)DE�&��FRPSOH[�����

DJDLQVW�WKH�VDPH�SHSWLGH�LV�ODUJHU�������c���+RZHYHU��DOWKRXJK�WUDMHFWRU\�VWUXFWXUH�EHFRPHV�FORVHU�WR�WKDW�����

RI� WKH� SHSWLGH� ERXQG� WR� $3���� QRQH� RI� WKHP� SHUIHFWO\� UHSURGXFHV� LW�� $V� H[SHFWHG�� WKH� GHYLDWLRQV� RI�����

WUDMHFWRU\� VWUXFWXUHV� YHUVXV� WKH� HORQJDWHG� FRQIRUPDWLRQV� RI� WKH� SHSWLGHV� LQ� FRPSOH[� ZLWK� WKH� )DEV� RI�����

+&����� DQG� ����� DUH� PXFK� ODUJHU� �GDWD� QRW� VKRZ��� 7KLV� LV� DQ� REYLRXV� FRQVHTXHQFH� RI� WKH� UHVWUDLQWV�����

LPSRVHG�E\�WKH�GLVXOILGH�EULGJH�WKDW�LPSHGH�WR�WKH�F\FOLF�SHSWLGH�WR�DGRSW�KLJKO\�H[WHQGHG�FRQIRUPDWLRQV�������

�����

&�(SLWRSH�,�PDSSLQJ�XVLQJ�)DE�&�������

7R� IXUWKHU� LQYHVWLJDWH�ZKLFK�SHSWLGH� UHVLGXHV�ZHUH�PRVWO\� LQYROYHG� LQ� WKH�ELQGLQJ�ZLWK� DQWLERGLHV��ZH�����

GHVLJQHG�DQG�SUHSDUHG�D�SDQHO�RI�DODQLQH�PXWDWHG�F\FOLF�SHSWLGHV��7DEOH�����7KLV�VWXG\�ZDV�FDUULHG�RXW�E\�����

635�GRVH�UHVSRQVH�ELQGLQJ�DVVD\V�RQ�D�VHQVRU�FKLS�IXQFWLRQDOL]HG�ZLWK�WKH�SXULILHG�)DE�IUDJPHQW�RI�&�������

$OO�SHSWLGHV�ZHUH�WHVWHG�DW�FRQFHQWUDWLRQV�UDQJLQJ�EHWZHHQ�����Q0�DQG����0���$V�VKRZQ�LQ�7DEOH����ZH�����
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IRXQG� WKDW�)DE�&��ERXQG� WKH�ZLOG� W\SH�&�(SLWRSH� ,� SHSWLGH�ZLWK�D�.'� VLPLODU� WR� WKDW� H[KLELWHG�E\� WKH�����

ZKROH�DQWLERG\�������Q0�YHUVXV������Q0��UHVSHFWLYHO\���:KHQ�ZH�WHVWHG�WKH�SHSWLGHV�EHDULQJ�PXWDWLRQV�����

DFURVV�UHVLGXHV����������ZH�REVHUYHG�WKDW� WKH�.'�IRU�SHSWLGH�PXWDQW�,,��ZKHUH� WKH�$VQ�7KU�$VQ�DPLQR�����

DFLGV�ZHUH�UHSODFHG�ZLWK�DODQLQHV��ZDV�VXEVWDQWLDOO\�VLPLODU�WR�WKDW�RI�WKH�ZLOG�W\SH��WKDW�LV������Q0�IRU�����

PXWDQW� ,,� DQG� ����� Q0� IRU� WKH� XQPRGLILHG� SHSWLGH�� :LWK� PXWDQWV� ,� DQG� ,,,�� WKH� DIILQLW\� ZDV� JUHDWO\�����

UHGXFHG� �7DEOH� ���� ZKHUHDV�ZLWK�PXWDQW� ,9�� EHDULQJ�PXWDWLRQV� RQ� UHVLGXHV� �������� �7US�+LV�,OH��� WKH�����

ELQGLQJ�ZDV�DEROLVKHG��7KH�GDWD�RYHUDOO�VXJJHVWHG�WKDW� WULSOHW�7US�����+LV����DQG�,OH����� LV�FUXFLDO�IRU�����

DQWLERG\� UHFRJQLWLRQ�� 7KHVH� UHVXOWV� DUH� LQ� NHHSLQJ� ZLWK� WKH� FU\VWDOORJUDSKLF� ILQGLQJV� DQG� SURYLGH�����

TXDQWLWDWLYH�LQIRUPDWLRQ�RQ�WKH�UROH�SOD\HG�E\�VSHFLILF�UHVLGXHV�RI�&�(SLWRSH�,�LQ�)DE�UHFRJQLWLRQ������

�����

1HXWUDOL]DWLRQ�E\�&��RI�WKH�+&9FF�PXWDQW�1���7�������

2XU�VWUXFWXUDO�GDWD�UHYHDO�WKDW�WKH�1����VLGH�FKDLQ�LV�SDUWLDOO\�EXULHG�XSRQ�)DE�&��ELQGLQJ��)LJXUH��'�������

6LQFH�UHVLGXH�1����LV�JO\FRV\ODWHG�LQ�WKH�QDWLYH�SURWHLQ��ZH�K\SRWKHVL]HG�WKDW�1����JO\FRV\ODWLRQ�FRXOG�����

EH� DQ� LPSRUWDQW� IDFWRU� LQ� (�� UHFRJQLWLRQ� E\�0$E� &��� 7R� IXUWKHU� DGGUHVV� WKLV� LVVXH�� ZH� XVHG� D� YLUXV�����

QHXWUDOL]DWLRQ�DVVD\�WR�HYDOXDWH�WKH�DELOLW\�RI�0$E�&��WR�UHFRJQL]H�DQ�(��YDULDQW�FDUU\LQJ�WKH�PXWDWLRQ�����

1���7� WKDW� DEROLVKHV� WKLV� JO\FRV\ODWLRQ� VLWH�� ,Q� WKLV� PXWDQW� WKH� JO\FRV\ODWLRQ� VLWH� LV� VKLIWHG� WR� 1���������

ZKRVH�VLGH�FKDLQ�LV�IXOO\�H[SRVHG�LQ�WKH�VWUXFWXUH�RI�WKH�FRPSOH[�EHWZHHQ�)DE�&��DQG�WKH�F\FOLF�SHSWLGH�����

�)LJXUH��'����7KLV�JO\FDQ�VKLIW�KDV�EHHQ�SURSRVHG�WR�UHQGHU�(��UHVLVWDQW�WR�UHFRJQLWLRQ�E\�DQWL�(SLWRSH�,�����

0$EV�VXFK�DV�$3���������$V�VKRZQ�LQ�)LJXUH��$�DQG��%��0$E�&��IDLOHG�WR�QHXWUDOL]H�1���7�+&9FF�DV�����

ZHOO�DV� WKH�:7�YLUXV��ZKLOH�� DV�H[SHFWHG��0$E�$3���HIILFLHQWO\�QHXWUDOL]HG� WKH�:7�YLUXV��EXW�QRW� WKH�����

1���7�PXWDQW�������7KLV�REVHUYDWLRQ�LQGLFDWHV�WKDW�WKH�LQDELOLW\�RI�0$E�&��WR�UHFRJQL]H�+&9FF�LV�QRW�����

GHSHQGHQW�RQ�WKH�JO\FRV\ODWLRQ�VWDWXV�RI�1���������

�����

�����
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',6&866,21�����

7KH�HOHYDWHG�FRVWV�DVVRFLDWHG�ZLWK�FXUUHQW�DQWLYLUDO�KHSDWLWLV�&�WKHUDSLHV�DQG�WKH�KLJK�GLVHDVH�SUHYDOHQFH�����

QHFHVVLWDWHV� WKH� XUJHQW� GHYHORSPHQW� RI� DOWHUQDWLYH� WKHUDSHXWLF� DSSURDFKHV�� $V� IRU� PDQ\� RWKHU� YLUDO�����

GLVHDVHV�� D� YDFFLQH�ZRXOG� EH� WKH�PRVW� REYLRXV� DQG� OHVV� H[SHQVLYH� RSWLRQ�� +RZHYHU�� WKH� KLJK� JHQHWLF�����

YDULDELOLW\�RI� WKH�YLUXV�LV�D�PDMRU�EDUULHU� WKDW�KDV�VR�IDU�SUHYHQWHG�WKH�JHQHUDWLRQ�RI�HIIHFWLYH�DQWL�+&9�����

YDFFLQHV�� 6HYHUDO� VWXGLHV� KDYH� LQGLFDWHG� WKDW� WKH� +&9� VXUIDFH� JO\FRSURWHLQ� (�� LV� D� PDMRU� WDUJHW� IRU�����

QHXWUDOL]LQJ� DQWLERGLHV��+RZHYHU�� WKH\� DUH� JHQHUDOO\� LVRODWH�VSHFLILF� DQG� GR� QRW� UHFRJQL]H� (�� SURWHLQV�����

IURP� RWKHU� +&9� JHQRW\SHV�� WKXV� SUHYHQWLQJ� WKHLU� XVH� DV� EURDG�VSHFWUXP� QHXWUDOL]LQJ� UHDJHQWV�� 7KH�����

FRQVHUYHG�UHJLRQ���������RI�(��HQFRPSDVVLQJ�7US�����D�NH\�UHVLGXH�IRU�+&9�UHFRJQLWLRQ�E\�WKH�KXPDQ�����

UHFHSWRU�&'������������LV�UHFRJQL]HG�E\�VHYHUDO�QHXWUDOL]LQJ�DQWLERGLHV����������'HVSLWH�WKH�FUXFLDO�UROH�����

WKLV�HSLWRSH�UHVLGXHV�SOD\�LQ�+&9�HQWU\��QR�LQIRUPDWLRQ�RQ�WKH�FRQIRUPDWLRQ�V��WKLV�UHJLRQ�DGRSWV�LQ�WKH�����

FRQWH[W�RI�WKH�(��SURWHLQ�LV�DYDLODEOH��6WUXFWXUDO�VWXGLHV�RQ�FRPSOH[HV�RI�(��SHSWLGH���������ZLWK�WKUHH�����

QHXWUDOL]LQJ�0$EV�KDYH�VKRZQ�D�WHQGHQF\�RI�WKLV�IUDJPHQW�WR�DGRSW�D�β�KDLUSLQ�FRQIRUPDWLRQ������������������

,Q� WKLV� IUDPHZRUN�� WR�JDLQ� LQVLJKWV� LQWR�HSLWRSH���������FRQIRUPDWLRQDO�SUHIHUHQFHV��ZH�JHQHUDWHG�DQG�����

FKDUDFWHUL]HG�D�VHW�RI�0$EV�WKDW�VHOHFWLYHO\�UHFRJQL]H�D�FRQIRUPDWLRQDOO\�UHVWUDLQHG�F\FOLF�YDULDQW�RI�WKLV�����

HSLWRSH�EXW�QRW�LWV�OLQHDU�FRXQWHUSDUW��%LQGLQJ�DVVD\V�GHPRQVWUDWHG�WKDW�VXFK�0$EV�ZHUH�DEOH�WR�ELQG�WKH�����

VROXEOH�(��SURWHLQ�ZLWK�.'V�RI�DERXW����Q0��7KLV�ILQGLQJ�KROGV�DQ�LQWHUHVWLQJ�LPSOLFDWLRQ��&RQVLGHULQJ�����

WKDW� WKH�0$EV� DUH� XQDEOH� WR� UHFRJQL]H� WKH� OLQHDU� SHSWLGH� HPERG\LQJ� WKH� VHTXHQFH� RI� HSLWRSH� ,�� WKHLU�����

DELOLW\�WR�ELQG�(��VXJJHVWV�WKDW�WKH�SURWHLQ�FRQWH[W�KDV�DQ�LPSDFW�RQ�WKH�HSLWRSH�VWUXFWXUH��OLNHO\�VKLIWLQJ�����

LWV� FRQIRUPDWLRQ� WRZDUGV� EHQW� VWDWHV�� +RZHYHU�� WKH� DIILQLW\� IRU� (�� H[KLELWHG� E\� WKHVH� 0$EV� LV�����

VLJQLILFDQWO\�ORZHU�WKDQ�WKDW�H[KLELWHG�E\�WKH�QHXWUDOL]LQJ�0$E�$3����DSSUR[LPDWHO\�����IROG�ORZHU��DQG�����

WKLV�IHDWXUH�ODUJHO\�FRQWULEXWHV�WR�WKH�ODFN�RI�DFWLYLW\�RI�WKH�QHZ�DQWLERGLHV������

$�FU\VWDOORJUDSKLF�DQDO\VLV�RI�WKH�FRPSOH[�EHWZHHQ�WKH�)DE�RI�WKH�&��0$E�DQG�WKH�F\FOLF�SHSWLGH�ZDV�����

XQGHUWDNHQ� WR� XQUDYHO� WKH� EDVLV� RI� WKH� UHGXFHG� DIILQLW\� RI� WKH� 0$EV� IRU� WKH� (�� SURWHLQ� DQG� RI� WKH�����
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FRQVHTXHQW�LQDELOLW\�WR�QHXWUDOL]H�HLWKHU�+&9SS�RU�+&9FF��$�FRPSDULVRQ�RI�WKH�FU\VWDO�VWUXFWXUH�RI�WKH�����

&�(SLWRSH�,�)DE�&��FRPSOH[�ZLWK�WKH�VWUXFWXUH�RI�WKH�OLQHDU�SHSWLGH�ERXQG�WR�KX�%��Y���$3���RU�+&9�������

)DE�������������VKRZV�ERWK�DQDORJLHV�DQG�GLIIHUHQFHV��)LUVWO\��LQ�DOO�RI�WKHVH�FRPSOH[HV�WKH�SHSWLGH�DGRSWV�����

D� β�KDLUSLQ� FRQIRUPDWLRQ� VWDELOL]HG� E\� +�ERQGV� HVWDEOLVKHG� ZLWK� PDLQ� FKDLQ� DWRPV�� 0RUHRYHU�� WKHVH�����

SHSWLGH�)DE� FRPSOH[HV� IHDWXUH� D� VLPLODU� EXULHG� VXUIDFH� �a� ���� c��� ZLWK� DQ� LPSRUWDQW� FRQWULEXWLRQ� WR�����

LQWHUPROHFXODU�LQWHUDFWLRQV�SURYLGHG�E\�WKH�VLGH�FKDLQ�RI�7US�����)LJXUH��'�DQG��(���������������7KHVH�����

REVHUYDWLRQV� LQGLFDWH� WKDW� WKH� &��0$E�� GHVSLWH� LWV� LQDELOLW\� WR� QHXWUDOL]H� YLUXV� LQIHFWLRQ�� VKDUHV� ZLWK�����

KX�%��Y���$3���DQG�+&9���WZR�LPSRUWDQW�IHDWXUHV�UHODWHG�WR�WKH�RYHUDOO�SHSWLGH�FRQIRUPDWLRQ�DQG�WR�WKH�����

WLJKW� ELQGLQJ� WR� WKH�7US���� VLGH� FKDLQ��$�GHHSHU� FRPSDULVRQ� RI� WKHVH� FRPSOH[HV� XQGHUOLQHV�� KRZHYHU������

VRPH� GLVWLQFW� IHDWXUHV� LQ� WKH� UHFRJQLWLRQ� RI� WKH� F\FOLF� SHSWLGH� E\� &��� 3DUWLFXODUO\�� WKH� ELQGLQJ� RI� &�����

(SLWRSH� ,� E\�)DE�&��DSSHDUV� WR�EH� URWDWHG�E\������ FRPSDUHG� WR�RWKHU� FRPSOH[HV� �)LJXUH��$�'���7KLV�����

OHDGV�WR�GLIIHUHQFHV�LQ�WKH�LQWHUDFWLQJ�VXUIDFHV�EHWZHHQ�WKH�OLQHDU�DQG�F\FOLF�YDULDQW�LQ�WKH�FRPSOH[�ZLWK�����

WKHLU�0$EV��)LJXUH�����,Q�SDUWLFXODU��UHVLGXHV�VXFK�DV�/HX����DQG�$VQ�����ZKLFK�LQWHUDFW�ZLWK�$3���DQG�����

+&9��� DUH� IXOO\� H[SRVHG� LQ� WKH� &�� FRPSOH[�� 2Q� WKH� RWKHU� KDQG�� WKH� VLGH� FKDLQ� RI� $VQ����� ZKLFK� LV�����

JO\FRV\ODWHG�LQ�(��DQG�H[SRVHG�WR�WKH�VROYHQW�LQ�WKH�RWKHU�FRPSOH[HV��LV�VOLJKWO\�EXULHG�XSRQ�&��ELQGLQJ�����

�)LJXUH� �'��� ,W� LV� ZRUWK� PHQWLRQLQJ� WKDW� WKH� IDLOXUH� RI� &�� WR� QHXWUDOL]H� YDULDQWV� VXFK� DV� 1���7�� WKDW�����

FDQQRW�EH�JO\FRV\ODWHG�DW�SRVLWLRQ�����������VXJJHVWV�WKDW�WKH�SDUWLDO�EXU\LQJ�RI�$VQ����GRHV�QRW�SOD\�D�����

PDMRU� UROH� LQ�GHWHUPLQLQJ� WKH�GLVWLQFWLYH�EHKDYLRXU�RI�&���)LQDOO\�� WKHUH� LV�D�VOLJKW�VKLIW� LQ� WKH�UHVLGXHV�����

LQYROYHG� LQ� WKH� K\GURJHQ� ERQGLQJ� SDWWHUQV� RI� WKH� KDLUSLQ� LQ� WKH� SHSWLGH�&�� FRPSOH[� FRPSDUHG� WR� WKH�����

RWKHUV�� 7KH� SUHYLRXVO\� UHSRUWHG� VWUXFWXUHV� VKRZ� WKDW� WKH� KDLUSLQ� LV� VWDELOL]HG� E\� +�ERQGV� IRUPHG� E\�����

UHVLGXHV���������DQG���������ZKHUHDV�WKH�FRQIRUPDWLRQ�RI�WKH�F\FOLF�SHSWLGH�ERXQG�WR�&��LV�VWDELOL]HG�����

E\� +�ERQGV� LQYROYLQJ� UHVLGXHV� �������� DQG� ��������� 3UHGLFWLYH� DQDO\VHV�� FDUULHG� RXW� XVLQJ� WKH� 3(3�����

)2/'� VHUYHU� �KWWS���ELRVHUY�USEV�XQLY�SDULV�GLGHURW�IU�VHUYLFHV�3(3�)2/'���� VXJJHVW� WKDW� WKH� VWUXFWXUH�����

REVHUYHG�IRU�WKH�F\FOLF�SHSWLGH�LQ�WKH�FRPSOH[�LV�VLPLODU�WR�WKH�FRQIRUPDWLRQ�LQWULQVLFDOO\�DFFHVVLEOH�WR�WKH�����
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OLQHDU�VHTXHQFH�RI�HSLWRSH����������,QGHHG��WKH�506'�YDOXHV�RI�WKH�F\FOLF�SHSWLGH�VWUXFWXUH�YHUVXV�WKH�����

WZR�WRS�VROXWLRQV�SURYLGHG�E\�3(3�)2/'�DUH�LQ�WKH�UDQJH�RI���������c�������7RJHWKHU��WKHVH�REVHUYDWLRQV�����

PD\�LQ�SULQFLSOH�H[SODLQ�WKH�UHGXFHG�DIILQLW\�RI�&��0$E�IRU�(��DQG�VXJJHVW�WKDW�WKH�ODFN�RI�QHXWUDOL]DWLRQ�����

PD\� RULJLQDWH� IURP� D� FRPELQDWLRQ� RI� ORZ� DQWLERG\� DIILQLW\� DQG� LQDSSURSULDWH� HSLWRSH� DSSURDFKLQJ������

,QGHHG��GHVSLWH� WKH�DQDORJLHV�ZLWK�RWKHU�FRPSOH[HV�� WKH�VSHFLILFLWLHV�RI� WKH�&��FRPSOH[�ZLWK� WKH�F\FOLF�����

YDULDQW� LQ� WHUPV� RI� SHSWLGH� +�ERQG� SDWWHUQV� DQG� VLGH� FKDLQ� FRQIRUPDWLRQV�� DV� ZHOO� DV� LQ� WHUPV� RI� WKH�����

UHODWLYH�RULHQWDWLRQ�RI�WKH�HSLWRSH�DQG�0$E��PD\�OLPLW�WKH�DELOLW\�RI�&��WR�UHFRJQL]H�(���7KLV�LPSOLHV�WKDW�����

WKH�FRQIRUPDWLRQV�RI�WKH�OLQHDU�SHSWLGHV�REVHUYHG�LQ�WKH�+&9��DQG�$3���FRPSOH[HV��UHSUHVHQWV�D�UHOLDEOH�����

PRGHO� RI� WKH� VWUXFWXUH� RI� WKH� HSLWRSH� LQ� WKH� FRQWH[W� RI� UHDO� (��� ,Q� WKLV� IUDPHZRUN�� WKH� DEVHQFH� RI�����

VLJQLILFDQW� QHXWUDOL]LQJ� HIIHFW� RI� WKH� 0$EV� JHQHUDWHG� DJDLQVW� WKH� F\FOLF� YDULDQW� LV� OLNHO\� GXH� WR� WKH�����

LQDELOLW\�RI�WKLV�SHSWLGH��VXSSRUWHG�E\�RXU�0'�DQDO\VLV��WR�IXOO\�UHSURGXFH�WKH�HSLWRSH�FRQIRUPDWLRQ�RI�WKH�����

OLQHDU�YDULDQW�REVHUYHG�LQ�WKH�FRPSOH[HV�ZLWK�$3���DQG�+&9���+RZHYHU��LW�VKRXOG�EH�QRWHG�WKDW��ZKLOH�����

WKLV� PDQXVFULSW� ZDV� LQ� SUHSDUDWLRQ�� WZR� QRYHO� FRPSOH[HV� RI� QHXWUDOL]LQJ� )DEV� ����� DQG� +&����� LQ�����

FRPSOH[�ZLWK�WKH�OLQHDU�HSLWRSH�KDYH�EHHQ�UHSRUWHG�����������6XUSULVLQJO\��LQ�ERWK�WKHVH�QHZ�FRPSOH[HV�����

WKH�ERXQG�SHSWLGHV�DVVXPH�UDWKHU�H[WHQGHG�FRQIRUPDWLRQV�WKDW�DUH�FRPSOHWHO\�XQUHODWHG�WR�WKRVH�REVHUYHG�����

LQ�WKH�FRPSOH[HV�ZLWK�$3���DQG�+&9���7KHVH�QHZ�GDWD�VWURQJO\�VXJJHVWV�WKDW�HSLWRSH���������LV��LQ�WKH�����

SURWHLQ�FRQWH[W��HQGRZHG�ZLWK�D�UHPDUNDEOH�VWUXFWXUDO�YHUVDWLOLW\��D�SURSHUW\�EHOLHYHG�WR�EH�DQ�DGGLWLRQDO�����

PHFKDQLVP�RI�QHXWUDOL]DWLRQ�HVFDSH�����������7KH�REVHUYDWLRQ� WKDW� WKH�HSLWRSH�FRQIRUPDWLRQ�UHFRJQL]HG�����

E\�)DEV������DQG�+&�����PD\�GLIIHU�IURP�WKDW�REVHUYHG�LQ�$3���DQG�+&9��VXJJHVWV�WKDW�WKH�VSHFLILFLWLHV�����

RI�WKH�FRQIRUPDWLRQ�RI�WKH�F\FOLF�SHSWLGH�UHFRJQL]HG�E\�&��PD\�QRW�EH�WKH�RQO\�IDFWRU�UHVSRQVLEOH�RI�WKH�����

LQDFWLYLW\�RI�WKLV�0$E������

,W�LV�OLNHO\�WKDW�RXU�0$EV��ZKLFK�UHFRJQL]H�ZLWK�KLJK�VHOHFWLYLW\�D�FRQIRUPDWLRQDOO\�UHVWUDLQHG�YDULDQW�RI�����

HSLWRSH����������DUH�XQDEOH�WR�DFFRPPRGDWH�DOO�RI� LWV�DFFHVVLEOH�VWUXFWXUDO�VWDWHV��,Q�RWKHU�ZRUGV�� WKHVH�����

0$EV�DUH�DEOH�WR�ELQG�RQO\�D�VXE�SRSXODWLRQ�RI�WKH�GLYHUVH�FRQIRUPDWLRQDO�HQVHPEOH�DGRSWHG�E\�HSLWRSH�����
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���������D�SURSHUW\�WKDW�UHIOHFWV�WKH�UHGXFHG�DIILQLW\�RI�RXU�0$EV�IRU�WKH�(��SURWHLQ�DQG�WKHLU�LQDELOLW\�WR�����

GLVSOD\� DQ\� VLJQLILFDQW� QHXWUDOL]LQJ� DFWLYLW\��2Q� WKH�RWKHU� KDQG�� QHXWUDOL]LQJ�0$EV� VXFK� DV�$3���� WKDW�����

UHFRJQL]H�ERWK�F\FOLF�DQG�OLQHDU�YDULDQWV�RI�HSLWRSH����������KDYH�D�KLJK�DIILQLW\�IRU�(��VLQFH� WKH\�DUH�����

DEOH� WR� FDSWXUH� GLIIHUHQW� FRQIRUPDWLRQDO� VWDWHV�RI� WKLV�(�� UHJLRQ��7KHVH� FRQVLGHUDWLRQV� VKRXOG�EH� WDNHQ�����

LQWR�DFFRXQW�LQ�WKH�VHOHFWLRQ�RI�+&9�QHXWUDOL]LQJ�0$EV�DQG�IRU�WKH�GHVLJQ�RI�QHZ�SRWHQWLDO�YDFFLQHV������

,Q�FRQFOXVLRQ��RXU�GDWD�FRUURERUDWH�WKH�HPHUJLQJ�QRWLRQ�WKDW�HSLWRSH���������LV�FKDUDFWHUL]HG�ZLWKLQ�WKH�����

SURWHLQ� FRQWH[W� E\� D� KLJK� FRQIRUPDWLRQDO� YHUVDWLOLW\� ZKLFK� OLNHO\� FRQWULEXWHV� WR� D� PHFKDQLVP� RI�����

FRQIRUPDWLRQ�GULYHQ� QHXWUDOL]DWLRQ� HVFDSH�� 6LQFH� ULJLG� DQG� IOH[LEOH� UHJLRQV� LQ� D� SURWHLQ� DUH� W\SLFDOO\�����

FKDUDFWHUL]HG�E\�FRQVHUYHG�DQG�YDULDEOH�VHTXHQFHV��UHVSHFWLYHO\��IXUWKHU�VWXGLHV�DUH�QHHGHG�WR�FODULI\�ZK\�����

DQG� KRZ� (�� HSLWRSH� �������� UHJLRQ� FRPELQHV� D� VWUXFWXUDO� IOH[LELOLW\� ZLWK� D� KLJKO\� FRQVHUYHG� ORFDO�����

VHTXHQFH������

�����

)XQGLQJ�LQIRUPDWLRQ������

7KLV�ZRUN�ZDV�VXSSRUWHG�E\�IXQGV�IURP�),5%�0(5,7�1��5%1(��1.+�B����DQG�IURP�321�5LFHUFD�H�����

&RPSHWLWLYLWj������������321��B�������321��B�������321��D�B&�60$57�+($/7+��WR�05��7KH�����

SURMHFW�ZDV�SDUWLDOO\�IXQGHG�E\�5HWH�LQWHJUDWD�SHU�OH�ELRWHFQRORJLH�DSSOLFDWH�D�PROHFROH�DG�DWWLYLWj�����

IDUPDFRORJLFD���)DUPD%LR1HW��DQG�SURJHWWR�%(56$*/,��%HUVDJOL��VRQGH�H�VHJQDOL�LQ�WHUDSLD�GLDJQRVWLFD�����

�%DQGR�SHU�OD�5HDOL]]D]LRQH�GHOOD�5HWH�GHOOH�%LRWHFQRORJLH�&DPSDQH��2ELHWWLYR�2SHUDWLYR�����325�����

&DPSDQLD�������������7KH�ZRUN�LQ�$+3¶V�ODERUDWRU\�ZDV�VXSSRUWHG�E\�WKH�0HGLFDO�5HVHDUFK�&RXQFLO������

8.������

�����

$FNQRZOHGJPHQWV�����

$�6�� GHVLJQHG� DQG� SHUIRUPHG� ELQGLQJ� H[SHULPHQWV�� $�/�� FRQFHLYHG� H[SHULPHQWV� DQG� FRQWULEXWHG� WR�����

DQWLERG\� JHQHUDWLRQ� DQG� WR� DQDO\]H� GDWD�� 5�%�� DQG� $�5�� SHUIRUPHG� FU\VWDOOL]DWLRQ� VWXGLHV�� /�6�� PDGH�����
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LPPXQL]DWLRQ�DQG�K\EULGRPD�H[SHULPHQWV��*�)���1�'��DQG�$�)��SHUIRUPHG�ELQGLQJ�VWXGLHV��'�%�FDUULHG�����

RXW�PROHFXODU� G\QDPLFV� VLPXODWLRQV�� /�0�� DQG� &�)�� SURGXFHG�PRQRFORQDO� DQWLERGLHV�� $�2�� SHUIRUPHG�����

QHXWUDOL]DWLRQ�DQG�ELQGLQJ�H[SHULPHQWV��/�9���$�+�3��DQG�0�5��FRQFHLYHG�WKH�ZRUN��GHVLJQHG�H[SHULPHQWV�����

DQG�DQDO\]HG�WKH�GDWD��$�6���0�5���/�9���$�2��DQG�$�+�3��ZURWH�WKH�SDSHU������

�����

�����

�����

�����

�����

�����

�����

� �����
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5HIHUHQFHV�����

��� 0RKG� +DQDILDK� .�� *URHJHU� -�� )OD[PDQ� $'�� :LHUVPD� 67�� ����� *OREDO� HSLGHPLRORJ\� RI�����

KHSDWLWLV� &� YLUXV� LQIHFWLRQ�� QHZ� HVWLPDWHV� RI� DJH�VSHFLILF� DQWLERG\� WR� +&9� VHURSUHYDOHQFH������

+HSDWRORJ\�����������������������

��� *DORVVL�$��*XDULVFR�5��%HOOLV�/��3XRWL�&��������([WUDKHSDWLF�PDQLIHVWDWLRQV�RI�FKURQLF�+&9�����

LQIHFWLRQ��-RXUQDO�RI�JDVWURLQWHVWLQDO�DQG�OLYHU�GLVHDVHV��-�*DVWURLQWHVWLQ�/LYHU�'LV��������������������

��� 6LPPRQGV�3��%XNK�-��&RPEHW�&��'HOpDJH�*��(QRPRWR�1��)HLQVWRQH�6��+DOIRQ�3��,QFKDXVSp�����

*��.XLNHQ�&��0DHUWHQV�*��0L]RNDPL�0��0XUSK\�'*��2NDPRWR�+��3DZORWVN\�-0��3HQLQ�)������

6DEORQ�(��6KLQ�,�7��6WX\YHU�/-��7KLHO�+-��9LD]RY�6��:HLQHU�$-��:LGHOO�$��������&RQVHQVXV�����

SURSRVDOV�IRU�D�XQLILHG�V\VWHP�RI�QRPHQFODWXUH�RI�KHSDWLWLV�&�YLUXV�JHQRW\SHV��+HSDWRORJ\������������

�������������

��� 6PLWK�'%��%XNK� -��.XLNHQ�&��0XHUKRII�$6��5LFH�&0�� 6WDSOHWRQ� -7�� 6LPPRQGV� 3�� ����������

([SDQGHG�FODVVLILFDWLRQ�RI�KHSDWLWLV�&�YLUXV�LQWR���JHQRW\SHV�DQG����VXEW\SHV��XSGDWHG�FULWHULD�DQG�����

JHQRW\SH�DVVLJQPHQW�ZHE�UHVRXUFH��+HSDWRORJ\����������������������

��� %HORXVRYD�9��$EG�5DERX�$$��0RXVD�6$��������5HFHQW�DGYDQFHV�DQG� IXWXUH�GLUHFWLRQV� LQ� WKH�����

PDQDJHPHQW�RI�KHSDWLWLV�&�LQIHFWLRQV��3KDUPDFRORJ\�	�WKHUDSHXWLFV����&��������������

��� /DZLW]� (�� 6XONRZVNL� 06�� *KDOLE� 5�� 5RGULJXH]�7RUUHV� 0��� <RXQRVVL� =<�� &RUUHJLGRU� $������

(GZLQ� 'H-HVXV�� %ULDQ� 3HDUOPDQ�� 0RUGHFKDL� 5DELQRYLW]�� 1RUPDQ� *LWOLQ�� -RVHSK� .� /LP������

3RFNURV� 3-�� 6FRWW� -'�� )HYHU\� %�� /DPEUHFKW� 7�� 2XZHUNHUN�0DKDGHYDQ� 6�� &DOOHZDHUW� .������

6\PRQGV� :7�� 3LFFKLR� *�� /LQGVD\� ./�� %HXPRQW� 0�� -DFREVRQ� ,0�� ������ 6LPHSUHYLU� SOXV�����

VRIRVEXYLU��ZLWK�RU�ZLWKRXW�ULEDYLULQ��WR�WUHDW�FKURQLF�LQIHFWLRQ�ZLWK�KHSDWLWLV�&�YLUXV�JHQRW\SH���LQ�����

QRQ�UHVSRQGHUV� WR�SHJ\ODWHG�LQWHUIHURQ�DQG�ULEDYLULQ�DQG�WUHDWPHQW�QDLYH�SDWLHQWV�� WKH�&26026�����

UDQGRPLVHG�VWXG\��7KH�/DQFHW����������������±����������
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��� .RUHW]��5/��������5HYLHZ��7HODSUHYLU��ERFHSUHYLU��VLPHSUHYLU��RU�VRIRVEXYLU�LPSURYHV�UHVSRQVH�����

LQ�+&9�W\SH����$QQDOV�RI�,QWHUQDO�0HGLFLQH����������-&��������

��� %UHWW�'��/LQGHQEDFK�	�&KDUOHV�0��5LFH��������7KH�LQV�DQG�RXWV�RI�KHSDWLWLV�&�YLUXV�HQWU\�DQG�����

DVVHPEO\� 1DWXUH�5HYLHZV�0LFURELRORJ\���������������������

��� *RIIDUG�$�	�'XEXLVVRQ�-��������*O\FRV\ODWLRQ�RI�KHSDWLWLV�&�YLUXV�HQYHORSH�SURWHLQV��%LRFKLPLH�����

���������������������

����3LOHUL�3��8HPDWVX�<��&DPSDJQROL�6��*DOOL�*��)DOXJL�)��3HWUDFFD�5��:HLQHU�$-��+RXJKWRQ�0������

5RVD�'��*UDQGL�*��$EULJQDQL�6��������%LQGLQJ�RI�KHSDWLWLV�&�YLUXV�WR�&'����6FLHQFH����������������

�������������

����6FDUVHOOL�(��$QVXLQL�+��&HULQR�5��5RFFDVHFFD�50��$FDOL�6��)LORFDPR�*��7UDERQL�&��1LFRVLD�����

$��&RUWHVH�5��9LWHOOL�$��������7KH�KXPDQ�VFDYHQJHU�UHFHSWRU�FODVV�%�W\SH�,�LV�D�QRYHO�FDQGLGDWH�����

UHFHSWRU�IRU�WKH�KHSDWLWLV�&�YLUXV��7KH�(0%2�-RXUQDO������������������������

����2ZVLDQND� $0�� 7LPPV� -0�� 7DUU� $:�� %URZQ� 5-�� +LFNOLQJ� 73�� 6]ZHMN� $�� %LHQNRZVND�����

6]HZF]\N�.��7KRPVRQ�%-��3DWHO�$+��%DOO�-.��������,GHQWLILFDWLRQ�RI�FRQVHUYHG�UHVLGXHV�LQ�WKH�����

(��HQYHORSH�JO\FRSURWHLQ�RI� WKH�KHSDWLWLV�&�YLUXV� WKDW� DUH� FULWLFDO� IRU�&'���ELQGLQJ�� -RXUQDO�RI�����

9LURORJ\������������������������

����'UXPPHU�+(��%RR�,��0DHU]�$/��3RXPERXULRV�3��������$�FRQVHUYHG�*O\����7US�/HX�$OD�����

*O\�/HX�3KH�7\U�PRWLI�LQ�KHSDWLWLV�&�YLUXV�JO\FRSURWHLQ�(��LV�D�GHWHUPLQDQW�RI�&'���ELQGLQJ�DQG�����

YLUDO�HQWU\��-RXUQDO�RI�9LURORJ\���������������������

����2ZVLDQND�$��7DUU�$:��-XWWOD�96��/DYLOOHWWH�'��%DUWRVFK�%��&RVVHW�)/��%DOO�-.��3DWHO�$+������

������0RQRFORQDO�DQWLERG\�$3���GHILQHV�D�EURDGO\�QHXWUDOL]LQJ�HSLWRSH�RQ�WKH�KHSDWLWLV�&�YLUXV�����

(��HQYHORSH�JO\FRSURWHLQ��-RXUQDO�RI�9LURORJ\��������������������������
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����)OLQW�0��0DLGHQV�&0��/RRPLV�3ULFH�/'��6KRWWRQ�&��'XEXLVVRQ�-��0RQN��3��+LJJLQERWWRP�����

$�� /HY\� 6� DQG� 0F.HDWLQJ� -$�� ������ &KDUDFWHUL]DWLRQ� RI� KHSDWLWLV� &� YLUXV� (�� JO\FRSURWHLQ�����
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)LJXUH�OHJHQGV�����

)LJXUH����6HOHFWLRQ�RI�0$EV�VSHFLILFDOO\�ELQGLQJ�WR�WKH�F\FOLF�YDULDQW�RI�HSLWRSH�,���$��3ULPDU\�VWUXFWXUH�����
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)LJXUH��$�+��2YHUOD\�RI�VHQVRUJUDPV�VKRZLQJ�WKH�GRVH�GHSHQGHQW�ELQGLQJ�RI�0$EV�&���&���&���&���&������

�$�(��DQG�$3����)��WR�VROXEOH�(���V(���UHFRPELQDQW�SURWHLQ�LPPRELOL]HG�RQ�%LDFRUH�VHQVRU�FKLSV��1R�����

LQWHUDFWLRQ�ZDV�GHWHFWHG�XVLQJ�DQ�,J*��LVRW\SH�DW�WKH�FRQFHQWUDWLRQV�RI���µ0��*���$OO�H[SHULPHQWV�ZHUH�����

FDUULHG� RXW� DW� ��� �&�� DW� D� FRQVWDQW� IORZ� UDWH� RI� ��� �O�PLQ� XVLQJ� +%6� DV� UXQQLQJ� EXIIHU�� %LQGLQJ�����
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SDUDPHWHUV�DUH�UHSRUWHG�LQ�7DEOH����+��6'6�3$*(�DQDO\VLV������ELV�DFU\ODPLGH��RI�SXULILHG�V(��XVHG�IRU�����

635�ELQGLQJ�VWXGLHV��/DQH�0��SURWHLQ�VWDQGDUGV�3UHFLVLRQ�3OXV�3URWHLQ�6WDQGDUGV���������N'D��%LRUDG�������

/DQH������˩J�RI�SXULILHG�V(��XQGHU�UHGXFLQJ�FRQGLWLRQV�UHVSHFWLYHO\��3URWHLQV�ZHUH�YLVXDOL]HG�E\�%LR�6DIH�����

&RRPDVVLH�%OXH�VWDLQ������

�����

)LJXUH����%LQGLQJ�RI�0$EV�WR�HQYHORSH�JO\FRSURWHLQV�LQ�(/,6$��3XULILHG�V(��DW����J�PO�DQG������J�PO�����

DQG�+(.�FHOO�O\VDWHV�FRQWDLQLQJ�V(���)/�(��DQG�(�(��ZHUH�LQFXEDWHG�RQ�*1$�FRDWHG�ZHOOV��IROORZHG�E\�����

DGGLWLRQ�RI�0$E�$3����������J�PO��RU�&��&��DQG�&�������J�PO���7KH�ERXQG�DQWLERGLHV�ZHUH�GHWHFWHG�����

XVLQJ�+53�FRQMXJDWHG�DQWL�PRXVH�,J*������

�����

)LJXUH����1HXWUDOL]DWLRQ�RI�:7�DQG�1���7�PXWDQW�+&9FF�E\�0$EV�$3���DQG�&����$��:LOG�W\SH��:7������

-)+��+&9FF�RU��%��+&9FF�FDUU\LQJ�WKH�1���7�PXWDWLRQ�ZHUH�LQFXEDWHG�ZLWK�D�UDQJH�RI�FRQFHQWUDWLRQV�����

RI�0$E�$3��� RU� &�� SULRU� WR� LQIHFWLRQ� RI� +XK��-��� FHOOV�� $W� ��� K� SRVW�LQIHFWLRQ�� WKH� UHSRUWHU� 6($3�����

DFWLYLW\� VHFUHWHG� LQWR� WKH� FHOO�PHGLXP�ZDV�PHDVXUHG� DQG� WKH� LQIHFWLYLW\� OHYHOV� SORWWHG� DV��� LQIHFWLYLW\�����

UHODWLYH�WR�µQR�DQWLERG\¶�FRQWURO������

�����

)LJXUH����6WUXFWXUH�RI�)DE�&��LQ�FRPSOH[�ZLWK�WKH�&�HSLWRSH�,�SHSWLGH��$��2YHUYLHZ�RI�WKH�&�(SLWRSH�,�����

SHSWLGH� ERXQG� LQ� WKH�)DE�&�� FRPELQLQJ� VLWH��7KH� SHSWLGH� FDUERQ� DWRPV� DUH� UDPS�FRORUHG� IURP� WKH�1�����

WHUPLQXV� �EOXH�� WR� WKH�&�WHUPLQXV� �UHG�� WKURXJK�JUHHQ�� �%���)R�)F�HOHFWURQ�GHQVLW\�PDS�RI� WKH�SHSWLGH�����

UHJLRQ� FRQWRXUHG� DW� ���� ı�� �&�� %DFNERQH� LQWUDSHSWLGH� +�ERQGV�� �'�� +�ERQG� DQG� �(�� K\GURSKRELF�����

LQWHUDFWLRQV�DW�WKH�SHSWLGH�)DE�&��LQWHUIDFH������

�����

�����
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)LJXUH����,QWULQVLF�FRQIRUPDWLRQDO�SURSHUWLHV�RI�WKH�F\FOLF�SHSWLGH���$��506'�YDOXHV�FRPSXWHG�RQ�WKH�&Į�DWRPV�����

RI�WKH�0'�WUDMHFWRU\�IUDPHV�DJDLQVW�WKH�VWDUWLQJ�VWUXFWXUH���%��7LPH�HYROXWLRQ�RI�WKH�UDGLXV�RI�J\UDWLRQ�FRPSXWHG�����

RQ�WKH�&Į�DWRPV�RI�WKH�SHSWLGH���&��)DU�89�&'�VSHFWUXP�RI�WKH�SHSWLGH�LQ�SKRVSKDWH�EXIIHU�DW�QHXWUDO�S+���'������

506'�YDOXHV�FRPSXWHG�RQ�WKH�&Į�DWRPV�RI�WKH�WUDMHFWRU\�IUDPHV�DJDLQVW�WKH�FRQIRUPDWLRQ�RI�WKH�OLQHU�SHSWLGH�LQ�����

WKH�FRPSOH[�ZLWK�$3����JUD\�OLQH��3'%�FRGH��*$*���506'�YDOXHV�RI�WKH�WUDMHFWRU\�VWUXFWXUHV�YHUVXV�WKH�����

VWDUWLQJ�FRQIRUPDWLRQ�RI�WKH�F\FOLF�SHSWLGH��EODFN��DUH�VKRZQ�IRU�FRPSDUDWLYH�SXUSRVHV������

�����

)LJXUH����&RPSDULVRQ�RI�FRQIRUPDWLRQV�DGRSWHG�E\�HSLWRSH���������SHSWLGHV�LQ�FRPSOH[�ZLWK�)DEV���$������

6WUXFWXUDO�DOLJQPHQW�RI�SHSWLGHV�ERXQG�WR�$3����EOXH��DQG�WR�)DE�&���PDJHQWD��VKRZV�VLPLODU�ȕ�KDLUSLQ�����

FRQIRUPDWLRQV���%��7KH�FU\VWDO�VWUXFWXUHV�RI�)DE�&���RUDQJH��WKLV�VWXG\��DQG�$3���)DE��SXUSOH��SGE�FRGH�����

�*$*��DUH�VXSHULPSRVHG�DQG�IDGHG�RXW��7KH�SHSWLGH�FDUERQ�DWRPV�DUH�UDPS�FRORUHG�IURP�WKH�1�WHUPLQXV�����

�EOXH�� WR� WKH� &�WHUPLQXV� �UHG�� WKURXJK� JUHHQ�� WR� VKRZ� WKDW� WKH� WZR� SHSWLGHV� DUH� ERXQG� LQ� RSSRVLWH�����

RULHQWDWLRQV� UHODWLYH� WR� WKH� )DE�� �&�� 6XSHULPSRVLWLRQ� RI� WKH� F\FOLF� SHSWLGH� �ZLWK� WKH� FDUERQ� DWRPV� LQ�����

RUDQJH��WR�WKH�OLQHDU�SHSWLGH�LQ�LWV�FRPSOH[�ZLWK�$3�����'��7KH�SHSWLGH�VWUXFWXUHV�LQ�WKH�FRPSOH[HV�ZLWK�����

)DE� &�� �RUDQJH�� DQG� $3��� )DE� �SXUSOH�� DUH� DOLJQHG� WR� VKRZ� KRZ� WKH� WZR� DQWLERGLHV� DSSURDFK� WKH�����

RSSRVLWH�VXUIDFHV�RI�WKH�SHSWLGH�KDLUSLQ�OLNH�VWUXFWXUH������

�����

)LJXUH����+LVWRJUDP�VKRZLQJ�WKH�EXULHG�DUHD�IRU�WKH���������UHVLGXHV�LQ�GLIIHUHQW�SHSWLGH�)DE�FRPSOH[������

�*$*�DQG��*�$�FRUUHVSRQG�WR�WZR�LQGHSHQGHQW�FKDUDFWHUL]DWLRQV�RI�WKH�FRPSOH[�EHWZHHQ�$3���DQG�WKH�����

OLQHDU�HSLWRSH������������'*9�LV� WKH�FRPSOH[�EHWZHHQ�+&9��DQG� WKH� OLQHDU�SHSWLGH��������(2&�LV� WKH�����

VWUXFWXUH�GHVFULEHG�LQ�WKLV�ZRUN��)DE�&��������

�����

�����

�����
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7$%/(����$IILQLW\�RI�DQWLERGLHV�WR�F\FOLF�DQG�OLQHDU�HSLWRSH�����������$VVRFLDWLRQ�DQG�

GLVVRFLDWLRQ�UDWHV�DQG�GLVVRFLDWLRQ�FRQVWDQWV�ZHUH�REWDLQHG�E\�635�IRU�WKH�ELQGLQJ�RI�&�

(SLWRSH�,�DQG�/�(SLWRSH�WR�0$EV�&��WR�&��DQG�$3����'DWD�ZHUH�DQDO\]HG�XVLQJ�WKH�

%LD(YDOXDWLRQ�����VRIWZDUH��
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� �
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7$%/(� ��� � $IILQLW\� RI� DQWLERGLHV� WR� V(��� � $VVRFLDWLRQ� DQG�

GLVVRFLDWLRQ�UDWHV�DQG�GLVVRFLDWLRQ�FRQVWDQWV�ZHUH�REWDLQHG�E\�635�IRU�

WKH�ELQGLQJ�RI�0$EV�&���&���&���&���&���$3���DQG�XQ�UHODWHG�PRXVH�

,J*�� WR� V(���7KH�ELQGLQJ�RI�&��DQG�$3���)DEV� WR� LPPRELOL]HG�V(��

ZDV�PHDVXUHG�WR�DVVHVV�DYLGLW\�HIIHFWV�H[KLELWHG�E\�WKH�IXOO�DQWLERGLHV��

'DWD�ZHUH�DQDO\]HG�XVLQJ�WKH�%LD(YDOXDWLRQ�����VRIWZDUH�

�
�

�
0$E�RU�IUDJPHQW�

�

�
.D���0V��

�
.G���V��

�
.'��0��

�
&��
�

�
����
����

�
����
�����

�
����
�����

&��
�

����
���� ����
����� ����
�����

&��
�

����
���� ����
����� ����
�����

&��
�

����
���� ����
����� ����
�����

&��
�

����
���� ����
����� ����
�����

$3���
�

����
���� ����
����� �����
�����

)DE�&��
�

����
���� ����
����� ���
�����

)DE�$3���
�

����
���� ����
����� ����
�����

,J*��LVRW\SH�
FRQWURO�

�� �� 1�%��
�

�
1�%���1R�%LQGLQJ�



���
�

7$%/(�����'DWD�FROOHFWLRQ�DQG�UHILQHPHQW�VWDWLVWLFV��9DOXHV�LQ�SDUHQWKHVLV�UHIHU�WR�WKH�����������c�����
UHVROXWLRQ�VKHOO������
�����
�
Data collection statistics 
 
6SDFH�JURXS�
�

�3��

&HOO�SDUDPHWHUV�
�
D�c���E�c���F�c���Į�����ȕ�����Ȗ����

�
�
�����������������������������������������

5HVROXWLRQ�UDQJH�c�� ���������� �
1XPEHU�RI�PROHFXOH�LQ�WKH�DV\PPHWULF�XQLW� ��
1XPEHU�RI�XQLTXH�REVHUYDWLRQV� ������
0XOWLSOLFLW\� ����������
&RPSOHWHQHVV����� ������������ �
5PHUJH

D� ��������������
,�ı�,�� ����������� �
Refinement statistics�
5HVROXWLRQ�UDQJH��c�� ����������
5IDFWRU

E�5IUHH
F� ������������

1XPEHU�RI�SURWHLQ�SHSWLGH�DWRPV� ������
1XPEHU�RI�ZDWHU�PROHFXOHV� ����
5RRW�PHDQ�VTXDUH�GHYLDWLRQV�IURP�LGHDOLW\� �
%RQGV��c�� � �������
$QJOHV����� � �����
�
�

D�5PHUJH� � KNO L_,L�KNO�� �� ,�KNO� _� KNO L,L�KNO���ZKHUH� ,L�KNO�� LV� WKH� LQWHQVLW\�RI�DQ�REVHUYDWLRQ�DQG

,�KNO� � LV� WKH� PHDQ� YDOXH� IRU� LWV� XQLTXH� UHIOHFWLRQ�� VXPPDWLRQV� DUH� RYHU� DOO� UHIOHFWLRQV�

E�5IDFWRU� � K_)R�K����)F�K�_� K)R�K���ZKHUH�)R�DQG�)F�DUH�WKH�REVHUYHG�DQG�FDOFXODWHG�VWUXFWXUH�IDFWRU�

DPSOLWXGHV��UHVSHFWLYHO\��

F�5IUHH�ZDV�FDOFXODWHG�ZLWK����RI�WKH�GDWD�H[FOXGHG�IURP�WKH�UHILQHPHQW���

�
�����
� �����
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7$%/(� ��� %LQGLQJ� DIILQLW\� RI� )DE� &�� WR� WKH� HSLWRSH� ,� YDULDQWV� XVHG� LQ� WKLV� VWXG\�� $VVRFLDWLRQ� DQG�����

GLVVRFLDWLRQ� UDWHV� DQG�.'�YDOXHV�ZHUH�GHWHUPLQHG�E\�635� IRU� WKH�ELQGLQJ�RI�SHSWLGHV� WR�)DE�&���'DWD�����

ZHUH�GHULYHG�XVLQJ�%LD(YDOXDWLRQ�VRIWZDUH�YHU�����������

�����
3HSWLGH� 6HTXHQFH��
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&�(SLWRSH�,�
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�����

/�(SLWRSH�,�
�
�

..&�PHWK\O�4/,171*6:+,&�PHWK\O�� 1�%�� �� ��

&�(SLWRSH�,��
0XW�,�
�

..&$$$171*6:+,&� ����
����� ����
���� ����
�����

&�(SLWRSH�,��
0XW�,,�

�

..&4/,$$$*6:+,&� ����
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�
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&�(SLWRSH�,��
0XW�,,,�

�

..&4/,171((:+,&� ����
����� ����
���� ����
�����

&�(SLWRSH�,��
0XW�,9�

�

..&4/,171*6$$$&� 1�%�� �� ��

�����

��,Q�&�(SLWRSH�,�DQG�UHODWHG�PXWDQWV�,�,9��D�GLVXOSKLGH�EULGJH�FRQQHFWV�WKH�WZR�F\VWHLQHV��,Q�/�(SLWRSH�,��F\VWHLQHV�����

DUH�PHWK\ODWHG��0HWK\ODWLRQ�LV�WKH�PLQLPXP�PROHFXODU�PRGLILFDWLRQ�WR�EORFN�UHDFWLYH�WKLROV��0XWDWHG�SHSWLGHV�,��,,�����

DQG�,9�ZHUH�GHVLJQHG�DQG�SUHSDUHG�WR�UHSODFH�QDWLYH�UHVLGXHV�ZLWK�DODQLQHV��,Q�PXWDQW�,,,��JO\FLQH�DQG�VHULQH�ZHUH�����

PXWDWHG�WR�JOXWDPLF�DFLG�EHFDXVH�DODQLQHV�DUH�WRR�VLPLODU�WR�JO\FLQH�DQG�VHULQH��1�%���1R�%LQGLQJ�����
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