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$LU�ZDWHU�)ORZ�3URSHUWLHV�(VWLPDWLRQ
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$EVWUDFW

+LJK�YHORFLW\� DLU�ZDWHU� IORZV� DUH� IUHTXHQWO\� REVHUYHG� DW� K\GUDXOLF� VWUXFWXUHV�� H�J��� VSLOOZD\V� DQG� ORZ�OHYHO�
RXWOHWV��DQG�WKH\�DUH�FKDUDFWHUL]HG�E\�D�VWURQJ�LQWHUDFWLRQ�EHWZHHQ�WKH�WZR�SKDVHV�DQG�E\�YRLG�IUDFWLRQV�UDQJLQJ�
IURP�D�IHZ�SHUFHQW�WR�XS�WR������DW�WKH�IUHH�VXUIDFH��,QWUXVLYH�SKDVH�GHWHFWLRQ�SUREHV�UHSUHVHQW�WKH�PRVW�ZLGHO\�
XVHG� LQVWUXPHQWDWLRQ� LQ� K\GUDXOLF� HQJLQHHULQJ� WR� PHDVXUH� DLU�ZDWHU� IORZ� SURSHUWLHV�� VXFK� DV� YRLG� IUDFWLRQ��
LQWHUIDFLDO� YHORFLW\�� DQG� SDUWLFOH� FKRUG� OHQJWKV�� 6XFK SUREHV� DUH� HVSHFLDOO\� HIIHFWLYH� IRU� DSSOLFDWLRQV�
FKDUDFWHUL]HG� E\� KLJK� OHYHOV� RI� DHUDWLRQ� ZKHUH� RSWLFDO� DQG� DFRXVWLF� WHFKQLTXHV� ZRXOG� IDLO�� +HUHLQ�� DQ�
H[SHULPHQWDO�VHWXS�FDSDEOH�RI�SURGXFLQJ�DLU�EXEEOHV�PRYLQJ�YHUWLFDOO\�DW�VHOHFWHG�YHORFLWLHV�LV�SUHVHQWHG��7KH�
VHWXS�FRQVLVWV�RI��L��D�YHUWLFDO��DFU\OLF�JODVV�SLSH�ZLWK�YDULDEOH�ZDWHU�IORZ�UDWHV���LL��DQ�DLU�LQMHFWLRQ�V\VWHP�ZLWK�
YDULDEOH�DLU�IORZ�UDWHV��DQG��LLL��D�VWHUHR�FDPHUD�VHWXS��FRPSULVLQJ�D�EHDP�VSOLWWHU�DQG�D�KLJK�VSHHG�FDPHUD��
7KH�EHDP�VSOLWWHU�VHWXS�DOORZV�VLPXOWDQHRXVO\�REWDLQLQJ�SHUSHQGLFXODU�VWHUHR�LPDJHV�RI�WKH�EXEEOHV��HQDEOLQJ�
WKUHH�GLPHQVLRQDO� LQIRUPDWLRQ� RQ� EXEEOH� YHORFLWLHV� DQG� VKDSH� WR� EH� UHFRUGHG�� 7KH� EXEEOH� SURSHUWLHV�
UHFRQVWUXFWHG� IURP�WKH�KLJK�VSHHG� LPDJHV�ZHUH�FRPSDUHG� WR� LQWHUIDFLDO�YHORFLWLHV�DQG�FKRUG� WLPHV�REWDLQHG�
IURP�D�GXDO�WLS�SKDVH�GHWHFWLRQ�FRQGXFWLYLW\�SUREH��,Q�FRQFOXVLRQ��WKH�UHVXOWV�IURP�WKLV�VWXG\�KHOS�WR�TXDQWLI\�WKH�
PHDVXUHPHQW� XQFHUWDLQW\� RI� FRPPRQO\� XVHG� DLU�ZDWHU� IORZ� LQVWUXPHQWDWLRQ�� 7KH� GHWDLOV� RQ� WKH� WKUHH�
GLPHQVLRQDO�IHDWXUHV�RI�WKH�EXEEOHV�PD\�DOVR�HQDEOH�WR�IXUWKHU�LPSURYH�WKH�GHVLJQ�RI�SKDVH�GHWHFWLRQ�SUREHV�
LQ�IXWXUH�VWXGLHV�

.H\ZRUGV�$LU�ZDWHU�IORZ�SURSHUWLHV��$LU�EXEEOHV��'XDO�WLS�SKDVH�GHWHFWLRQ�SUREH��&RQGXFWLYLW\�SUREH��,PDJH�SURFHVVLQJ�

�� ,1752'8&7,21

*DV�OLTXLG�IORZV�SOD\�DQ�LPSRUWDQW�UROH�LQ�ERWK�QDWXUDO HQYLURQPHQWV��H�J���PRXQWDLQ�VWUHDPV DQG EUHDNLQJ�
ZDYHV DV�ZHOO�DV�LQ LQGXVWULDO�DSSOLFDWLRQV��H�J���QXFOHDU�UHDFWRUV�DQG�FKHPLFDO SODQWV �7LDQ�HW�DO�������� DQG�
ZDWHU� LQIUDVWUXFWXUH� 0DQ\� LQYHVWLJDWLRQV DLPLQJ� DW� HQKDQFLQJ� WKH� NQRZOHGJH� RI� WZR�SKDVH� IORZV ZHUH�
SHUIRUPHG�LQ�WKH�SDVW��LQFOXGLQJ�VWXGLHV�RQ�YRLG�IUDFWLRQ DQG�IORZ�SDWWHUQV �H�J�� .DLFKLUR�	�,VKLL��������;LQJ�HW�
DO����������DQG�LQWHUIDFLDO�DUHD�FRQFHQWUDWLRQ �6KHQ�HW�DO�������� /XFDV�HW�DO�������� 6KHQ�HW�DO��������� ,Q�WKH�
SDVW� GHFDGHV�� GLIIHUHQW� PHDVXUHPHQW� WHFKQLTXHV� KDYH� EHHQ� GHYHORSHG� DQG� XVHG� WR� REWDLQ� WKH�PDLQ� ORFDO�
LQWHUIDFLDO� SDUDPHWHUV�� L�H��� LQWHUIDFLDO� YHORFLW\�� YRLG� IUDFWLRQ� DQG� LQWHUIDFLDO� DUHD� FRQFHQWUDWLRQ �+LELNL HW� DO���
����� 6KHQ�HW�DO�������� &KDQVRQ���������7KHVH�LQFOXGH�QRQ�LQWUXVLYH�WHFKQLTXHV VXFK�DV YLGHR�LPDJLQJ��ODVHU�
'RSSOHU� DQHPRPHWU\� �/'$��� SDUWLFOH� LPDJH� YHORFLPHWU\� �3,9��� DQG� LQWUXVLYH� WHFKQLTXHV�� H�J��� PXOWL�VHQVRU�
HOHFWULFDO�DQG�RSWLFDO�SUREHV��7KH�IRUPHUV DUH�DSSOLFDEOH�RQO\� WR� IORZV�FKDUDFWHUL]HG�E\ ORZ�YRLG� IUDFWLRQV WR�
DYRLG�LQWHUIHUHQFH�RI�EXEEOHV�ZLWK�WKH�RSWLFDO�RU�DFRXVWLF�VLJQDO� WKXV�OLPLWLQJ�WKHLU�DSSOLFDELOLW\�LQ�WKH�FRQWH[W�RI
PDQ\�K\GUDXOLF�HQJLQHHULQJ SUREOHPV LQFOXGLQJ KLJKO\�WXUEXOHQW�DLU�ZDWHU�IORZV�RFFXUULQJ�LQ�GDP�VSLOOZD\V�DQG�
ORZ�OHYHO�RXWOHWV �)HOGHU�	�3ILVWHU��������.UDPHU�	�&KDQVRQ��������)HOGHU�HW�DO���������.UDPHU�HW�DO�������D��
$W�WKH�VDPH�WLPH��SKDVH�GHWHFWLRQ�LQWUXVLYH�SUREHV KDYH EHHQ�XVHG�IRU�PDQ\�GHFDGHV DV D�UHOLDEOH�LQVWUXPHQW�
IRU�LQYHVWLJDWLQJ DLU�ZDWHU�IORZ�SURSHUWLHV�DQG�IRU�SURYLGLQJ�NH\�GHVLJQ�JXLGHOLQHV��H�J�� %RHV�DQG�+DJHU�������
3ILVWHU�HW�DO����������,Q�WKLV�UHJDUG��D�ZLGH�UDQJH RI�LQWUXVLYH�SKDVH�GHWHFWLRQ SUREH�V\VWHPV�FKDUDFWHUL]HG�E\�
GLIIHUHQW WLS�GLDPHWHUV��VSDFLQJ��DFTXLVLWLRQ�DQG�GDWD�DQDO\VHV�PHWKRGV ZHUH�GHYHORSHG�DW�YDULRXV�ODERUDWRULHV��
H�J�� ,QVWLWXW�GH�PpFDQLTXH�GH�*UHQREOH��&DUWHOOLHU�	�$FKDUG���������8QLYHUVLW\�RI�4XHHQVODQG��VHH�&KDQVRQ�
DQG�7RRPEHV���������1LKRQ�8QLYHUVLW\��VHH�7DNDKDVKL�DQG�2KWVX���������5:7+�$DFKHQ�8QLYHUVLW\��VHH�)HOGHU�
DQG &KDQVRQ���������DQG�816:�$XVWUDOLD��VHH�)HOGHU�DQG�6HYHUL�������� 7KH�XVH�RI�VXFK�SUREHV�WR�VWXG\�WZR�
SKDVH IORZV�FRYHUHG D�ZLGH�UDQJH�RI�DSSOLFDWLRQV LQ�K\GUDXOLFV��H�J���VWHSSHG�VSLOOZD\�IORZV��%RHV�DQG�+DJHU��
������ K\GUDXOLF� MXPSV� �&KDQVRQ�� ������ ZDWHU� MHWV� �1HWR� HW� DO�������� FDYLWDWLRQ� SKHQRPHQD� �%DUUH� HW� DO���
������ FKXWH�DHUDWLRQ��.UDPHU�	�+DJHU�������� DV�ZHOO�DV�LQ�RWKHU DUHDV��H�J���QXFOHDU�HQJLQHHULQJ��,VKLL�	�.LP��
�������SURFHVVLQJ�HQJLQHHULQJ �1JX\HQ�	�%XL�������� DQG�FKHPLFDO�HQJLQHHULQJ��:RQJZDLOLNKLW�HW�DO���������
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,QWUXVLYHQHVV�LQGHHG�UHSUHVHQWV WKH�PDMRU�LQWULQVLF�OLPLWDWLRQ�RI�SKDVH�GHWHFWLRQ�SUREHV��DQG�PDQ\ VWXGLHV
KLJKOLJKWHG�WKH�PDLQ�ELDVHV�DIIHFWLQJ�PHDVXUHG�YHORFLWLHV LQ�KLJKO\�DHUDWHG IORZV��WKHVH LQFOXGH �D� ELDVHV GXH�
WR�SDUWLFOH�SUREH�LQWHUDFWLRQ �9HMUDåND�HW�DO�����������E� ELDVHV GXH�WR�WKH�QRQ�DOLJQPHQW�RI�WKH�SUREH�VHQVRUV�
ZLWK�WKH�VWUHDPOLQHV�RI�WKH�ZDWHU�IORZ �:DQJ�HW�DO����������DQG��F� ELDVHV GXH�WR�PXOWLSOH�SDUWLFOHV�LPSDFWLQJ�WKH�
SUREH� DW� KLJK� YHORFLWLHV �.UDPHU� HW� DO��� ����E��� 7KH HIIHFWV� RI LQWUXVLYHQHVV� RI� GXDO�WLS� SUREHV ZHUH DOVR�
GRFXPHQWHG�E\ PDQ\�VWXGLHV�ZKLFK�IRFXVHG�RQ�YLGHRV�IURP�KLJK�VSHHG�FDPHUDV��VKRZLQJ�D�VWURQJ�FUDZOLQJ�
HIIHFW GXULQJ� WKH�EXEEOH�SUREH� LQWHUDFWLRQ�� L�H���EXEEOH�GHIRUPDWLRQV�DQG�GHFHOHUDWLRQ� �9HMUDåND�HW�DO���������
3HUUHW�������� ,Q�WKH�SURFHVV�RI�D�EXEEOH LQWHUDFWLQJ�ZLWK�D�GXDO�WLS�SUREH��WKUHH�VWDJHV�DUH FOHDUO\�GLVWLQJXLVKHG
�+RKHUPXWK�HW�DO�����������L� SULRU�WR LQWHUDFWLRQ� ZKHQ�WKH XQGLVWXUEHG�IORZ�VXUURXQGV�WKH�OHDGLQJ�WLS��)LJ� �D��
E����LL��GXULQJ�WKH�OHDGLQJ�WLS�SLHUFLQJ��ZKLFK�LQFOXGHV�EXEEOH�GHIRUPDWLRQ�DQG�FUDZOLQJ�HIIHFW �)LJ� �F���DQG��LLL�
GXULQJ�WKH�FRPELQHG�SLHUFLQJ�RI�WKH�OHDGLQJ�DQG�WUDLOLQJ�WLS��FKDUDFWHUL]HG�E\�HQKDQFHG FUDZOLQJ HIIHFW �)LJ� �G��
H��I��

,Q�WKLV�SDSHU� WKH�YHORFLWLHV DQG�FKRUG�WLPHV�RI DLU�EXEEOHV�ULVLQJ�LQ�YHUWLFDOO\ XSZDUGV�SLSH�IORZ�DW�GLIIHUHQW�
ZDWHU�YHORFLWLHV ZHUH PHDVXUHG�ZLWK�D�GXDO�WLS�FRQGXFWLYLW\�SUREH��DQG�WKHQ�FRPSDUHG�WR�PHDVXUHPHQWV PDGH
IURP�YLGHRV�UHFRUGHG�E\�D�KLJK�VSHHG�FDPHUD� )LQDOO\��WKH�SUHVHQW�ZRUN DLPV�DW�DQDO\]LQJ�WKH�PDMRU�VRXUFHV�RI�
HUURU�FKDUDFWHUL]LQJ�GXDO�WLS�SKDVH�GHWHFWLRQ�FRQGXFWLYLW\�SUREH�

)LJXUH����,QWHUDFWLRQ EHWZHHQ�D�ULVLQJ�EXEEOH�DQG�WKH�WLSV�RI�WKH SKDVH�GHWHFWLRQ�SUREH DW�GLIIHUHQW�VWDJHV�
�D�E��EHIRUH���F�G��GXULQJ���H�I��DIWHU�LQWHUDFWLRQ �7HVW�Q�������ZDWHU�YHORFLW\� ��P�V� EXEEOH�GLDPHWHU� ���PP��

�� (;3(5,0(17$/�6(783

$Q H[SHULPHQWDO�VHWXS�DOORZLQJ�WKH�REVHUYDWLRQ�RI�VLQJOH�DLU�EXEEOHV�LPSDFWLQJ�D�GXDO�WLS�FRQGXFWLYLW\�SUREH�
VXUURXQGHG�E\�D�ULVLQJ��YHUWLFDO�ZDWHU IORZ ZDV�EXLOW�LQ�WKH�/DERUDWRU\�RI�+\GUDXOLFV��+\GURORJ\�DQG�*ODFLRORJ\�
�9$:� DW (7+� =XULFK� 7KH� VHWXS� FRQVLVWHG� RI� D� SUHVVXUL]HG�IORZ� FLUFXLW� FKDUDFWHUL]HG� E\� YDULDEOH� ZDWHU�
GLVFKDUJH �)LJ� ��� $Q DFU\OLF�JODVV SLSH�ZLWK D�OHQJWK�RI�����P��DQ�LQQHU�GLDPHWHU�RI������P�DQG�D�ZDOO�WKLFNQHVV�
RI�������P ZDV�LQVWDOOHG�YHUWLFDOO\��:DWHU�ZDV�WDNHQ�IURP�D�GLVWULEXWLRQ�SLSH�DQG�FRQYH\HG�WR�WKH�YHUWLFDO�SLSH�
E\�PHDQV�RI�VWHHO�SLSHV�ZLWK�DQ�LQQHU�GLDPHWHU�RI����� P� 7KH�ZDWHU�IORZ�ZDV�FRQWUROOHG�E\�D�JDWH�YDOYH�DQG�
WKH�IORZ�GLVFKDUJH�ZDV�PHDVXUHG�E\�D (�+�3URPDJ��� HOHFWURPDJQHWLF�IORZ�PHWHU� $LU�EXEEOHV�ZHUH�LQVHUWHG�
IURP�WKH�ERWWRP�HQG�RI� WKH�YHUWLFDO�SLSH�YLD�D�QDUURZ��/�VKDSHG�FDSLOODU\ VWHHO WXEH�FRQQHFWHG� WR�D EXWWHUIO\�
YDOYH��D�SUHVVXUH�UHGXFWLRQ�YDOYH�DQG�DQ�DLU�FRPSUHVVLRQ�V\VWHP� ,Q�WKH�XSSHU�SRUWLRQ RI�WKH�WHVW�SLSH��D GXDO�
WLS FRQGXFWLYLW\�SUREH ZDV�LQVWDOOHG LQ�D�ZD\�WKDW WKH�WLSV ZHUH DOLJQHG�ZLWK�WKH�FHQWUDO�D[LV�RI�WKH�SLSH��IDFLQJ�
GRZQZDUGV��$ 8�VKDSHG�UHFLUFXODWLRQ�SLSH�FROOHFWHG�WKH�ZDWHU IORZ IURP�WKH�WRS�FURVV�VHFWLRQ�RI� WKH�DFU\OLF�
JODVV�SLSH�DQG�FRQYH\HG LW�WR�WKH�XQGHUJURXQG�UHFLUFXODWLRQ�FKDQQHO� )LQDOO\��D FXVWRP�PDGH�EHDP�VSOLWWHU DQG�
D�KLJK�VSHHG�FDPHUD�ZHUH�SODFHG�DW�WKH�KHLJKW�RI�WKH�SUREH�WLSV��DOORZLQJ�D�V\QFKURQL]HG�VWHUHR�YLHZ�RI�WKH�
ULVLQJ�EXEEOHV� LPSDFWLQJ� WKH�SUREH� 7R�DYRLG�GLVWRUWLRQ�HIIHFWV�� WZR� IODW�DFU\OLF�JODVV�ZLQGRZV� IRUPLQJ�D�����
DQJOH�EHWZHHQ�WKHP�ZHUH�LQVWDOOHG�RQ�WKH�YHUWLFDO�SLSH �VHH�)LJ�����
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)LJXUH����6NHWFK�RI�WKH�H[SHULPHQWDO�VHWXS DQG�SLFWXUH�RI�WKH�PDLQ�VWUXFWXUH�

��� 'XDO�WLS�&RQGXFWLYLW\�3UREH

$�GXDO�WLS�FRQGXFWLYLW\�SKDVH�GHWHFWLRQ�SUREH�SUHYLRXVO\�XVHG�DW�9$:��H�J���+RKHUPXWK�HW�DO���������ZDV
WHVWHG�LQ�WKH�H[SHULPHQWDO�VHWXS GHVFULEHG� 7KLV�ZDV�PDQXIDFWXUHG�DW�WKH�816:�:DWHU�5HVHDUFK�/DERUDWRU\�
�:5/���DQG�LW�KDG�D�VLPLODU�GHVLJQ�WR�PDQ\�SUREHV�XVHG�LQ�SDVW�\HDUV�WR�LQYHVWLJDWH�WKH�SURSHUWLHV�RI�DLU�ZDWHU�
IORZV �H�J���7RRPEHV�	�&KDQVRQ��������)HOGHU�	�&KDQVRQ� �������7KH�SUREH�ZDV�FKDUDFWHUL]HG�E\�VHQVRUV�
FRPSRVHG�RI�DQ�LQQHU�HOHFWURGH�RI�GLDPHWHU�ĭ  �������PP�PDGH�RI�SODWLQXP�ZLUH��DQG�DQ�RXWHU�HOHFWURGH�RI�
GLDPHWHU�ĭ�  � ������ PP PDGH� RI� K\SRGHUPLF� QHHGOHV�� 7KH� VHQVRUV� ZHUH� ORFDWHG VLGH�E\�VLGH�� GLVSODFHG
ǻ\  ���� PP� LQ� WKH� VWUHDPZLVH� GLUHFWLRQ�� ǻ]  ���� PP� LQ� WUDQVYHUVH DQG URXJKO\� DOLJQHG� LQ WKH� YHUWLFDO
GLUHFWLRQ��L�H���ǻ[  �� PP �VHH�)LJ����� 7KH�FRQGXFWLYLW\�SUREH�UDZ�VLJQDO�ZDV�DPSOLILHG�ZLWK�D�:5/�HOHFWURQLF�
XQLW�WR�D�UDQJH�RI���WR�����9�DQG�LW�ZDV�VDPSOHG�E\�PHDQV�RI�D�KLJK�VSHHG�GDWD�DFTXLVLWLRQ�XQLW��1,86%������
FRQWUROOHG�ZLWK D�/DE9,(:�HQYLURQPHQW� 3LFWXUHV�RI�WKH�GXDO�WLS�SUREH�XVHG�LQ WKH�SUHVHQW�VWXG\�FDQ�EH�IRXQG�
LQ�)HOGHU�HW�DO��������

��� $LU�%XEEOHV�,QMHFWLRQ

&RPSUHVVHG� DLU� ZDV� LQMHFWHG LQWR� WKH� ULVLQJ ZDWHU� IORZ� WKURXJK D� QR]]OH� LQVHUWHG� LQWR� D� VSHFLDO� EORFN�
LQVWDOOHG�RQ�WKH�DFU\OLF�JODVV�YHUWLFDO�SLSH��URXJKO\�����P�GRZQVWUHDP�RI�WKH�SUREH� 7KH�QR]]OH�ZDV�PDGH�RI�D�
VWHHO�URG�GULOOHG�DORQJ�LWV FHQWUDO�D[LV� ZLWK�DQ H[WHUQDO�GLDPHWHU RI�� PP DQG DQ�LQWHUQDO�GLDPHWHU�RI�� PP� 2Q�
LWV�XSSHU�H[WUHPLW\��D�WKUHDG�PDGH�LW�SRVVLEOH�WR�VFUHZ�LQ�VSHFLDO�HOHPHQWV�DOORZLQJ�WR�YDU\ WKH LQQHU�GLDPHWHU
GQ �)LJ������)RU�WKH�H[SHULPHQWDO�FDPSDLJQ�GHVFULEHG�KHUH��WKH�QR]]OH�GLDPHWHU�ZDV�VHW�WR�GQ  ���PP� 7KH /�
VKDSH RI�WKH�QR]]OH�KHOSHG�WR�UHGXFH�WXUEXOHQFH DQG�GLVWXUEDQFH�DW WKH�SRLQW�RI�EXEEOH�LQMHFWLRQ� 7KH�QR]]OH
ZDV�FRQQHFWHG E\�)(672�DLU� WXEHV �ĭ  ���PP� WR D�.HOOHU�3$$���SUHVVXUH VHQVRU ZLWK�� PEDU�DFFXUDF\��
PHDVXULQJ WKH�SUHVVXUH�3D RI�WKH�LQMHFWHG DLU��7KH�DLU�IORZ�ZDV�FRQWUROOHG�E\ D FXVWRP�PDGH�PDQXDO�EXWWHUIO\�
YDOYH DQG D� )(672 0�� SQHXPDWLF� SUHVVXUH� UHGXFWLRQ� YDOYH ZLWK� RXWSXW� SUHVVXUHV� UDQJLQJ� ���� ± �� EDU��
FRQQHFWHG WR D FRPSUHVVHG�DLU�V\VWHP�DW �� EDU� 7KH�VHWXS�UHVXOWHG�LQ�WKH�LQMHFWLRQ�RI�EXEEOHV�ZLWK�DQ�HTXLYDOHQW�
GLDPHWHU�UDQJLQJ�EHWZHHQ���� ��GHT ����� PP� L�H�� WKH�GLDPHWHU�RI�D�VSKHUH�RI HTXDO YROXPH�

)LJXUH����$LU�QR]]OH EHIRUH �OHIW�SLFWXUH� DQG�DIWHU �ULJKW�SLFWXUH� LQVWDOODWLRQ�
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��� 6WHUHR�YLHZ�6HWXS

7KH� FDPHUD� XVHG� WR� UHFRUG� EXEEOH�SUREH� LQWHUDFWLRQV�ZDV�D�)$67&$0�0LQL�$;��� W\SH ���.�0��*%��
FKDUDFWHUL]HG�E\ D�PD[LPXP�IUDPH�UDWH�RI���������ISV�DW�D�UHVROXWLRQ�RI���� [ ���SL[HOV��WULJJHU�LQSXWV� ���ELW�
PRQRFKURPH�'\QDPLF�5DQJH�DQG��*%�RI�LQWHUQDO�PHPRU\��)RU�WKLV�H[SHULPHQWDO�FDPSDLJQ��WKH�FDPHUD�ZDV�
XVHG�DW�D�IUDPHUDWH�RI������� ISV�DQG�D�UHVROXWLRQ�RI���� [�����SL[HOV��DOORZLQJ�D�PD[LPXP�UHFRUGLQJ�GXUDWLRQ�
RI����� VHF��L�H��������� IUDPHV� 7R�JHW�DQ�DFFXUDWH�HVWLPDWLRQ�RI�WKH�YHORFLW\�RI�WKH�EXEEOHV�DQG�WR�SHUIRUP�D�
�'�UHFRQVWUXFWLRQ�RI�WKHLU�VKDSH��D�VLPXOWDQHRXV�UHFRUGLQJ�IURP GLIIHUHQW�SHUVSHFWLYHV ZDV�QHHGHG��7KLV�ZDV�
DFKLHYHG�E\�XVLQJ�D�VLQJOH�FDPHUD�DQG�D�FXVWRP�PDGH�EHDP�VSOLWWHU��ZKLFK DOORZV�SHUIHFW�V\QFKURQL]DWLRQ�RI�
D�VWHUHRVFRSLF�YLHZ�EXW�FRPHV�DW�WKH�FRVW�RI�GHFUHDVHG�LPDJH�UHVROXWLRQ��

7KH�EDVH�RI�WKH�EHDP�VSOLWWHU�FRQVLVWHG�RI�D 39&�WDEOH�FKDUDFWHUL]HG�E\ ILYH�HQJUDYLQJV REWDLQHG�E\�����
PP�SUHFLVH�&1&�PLOOLQJ��WKHVH�ZHUH XVHG�WR�SUHFLVHO\�DUUDQJH�WKH PLUURU�FRPSRQHQWV��WRJHWKHU�ZLWK�WKH�KHOS�
RI�DGMXVWDEOH�FODPSLQJ�DUPV �)LJ���E�� 7KH�FRPSRQHQWV� LQFOXGHG�D�NQLIH�HGJH� ULJKW�DQJOH�SULVP�FRDWHG�ZLWK
DOXPLQXP�PLUURU��WZR�XQFRDWHG�ULJKW�DQJOH�SULVPV DQG WZR�ULJKW�DQJOH�SULVP�PLUURUV�FRDWHG�ZLWK�DOXPLQXP �)LJ��
�D�� $OO� WKH�SULVPV�ZHUH�FKDUDFWHUL]HG�E\�D�VLGH�GLPHQVLRQ�RI�/  ����PP�DQG�D� UHIOHFWLRQ� OLJKW�ZDYHOHQJWK�
UDQJLQJ�IURP�����QP WR�����P� %RWK�WKH�FDPHUD�DQG�WKH�VWHUHR�YLHZ�V\VWHP ZHUH�PRXQWHG�RQ�D�WDLORU�PDGH
IUDPH FRPSRVHG RI�VWLII�DOXPLQXP�EDUV FRQQHFWHG�WR�WKH�FRQFUHWH�FHLOLQJ��WR�DYRLG�YLEUDWLRQV�GXULQJ�WKH�WHVWV
ZKLOH�VWLOO�DOORZLQJ IUHH DGMXVWPHQWV DORQJ DOO�WKUHH GLUHFWLRQV� ,Q�DGGLWLRQ��ERWK�WKH�FDPHUD�DQG�WKH�EHDP�VSOLWWHU
WDEOH�ZHUH�PRXQWHG� WR� WKH� DOXPLQXP� IUDPH� XVLQJ WULSRG� KHDGV ZLWK PLFURPHWULF� NQREV DQG� LQEXLOW� OHYHOOLQJ
EXEEOHV ZKLFK�DOORZHG�PRUH�SUHFLVH�DGMXVWPHQWV�

)LJXUH����6NHWFK�DQG SLFWXUH�RI�WKH�EHDP�VSOLWWHU VHWXS� 7KH�SDSHU�PDUNLQJV�RQ�WKH�WZR�ZLQGRZV�ZHUH�XVHG�
IRU�D�ILUVW�URXJK�DOLJQPHQW�RI�EHDP�VSOLWWHU�DQG�FDPHUD�

�� 0(7+2'2/2*<

$�WRWDO�RI��� WHVWV�ZHUH�SHUIRUPHG��DQG WKUHH�YDOXHV�RI�YHUWLFDO�ZDWHU�YHORFLW\�ZHUH�LQYHVWLJDWHG� 9Z  ������
����DQG���� P�V��7DEOH���OLVWV�WKH�PDLQ�K\GUDXOLF�SDUDPHWHUV�FKDUDFWHUL]LQJ�WKH�H[SHULPHQWDO�WHVWV�FRQGXFWHG��
'XULQJ�HDFK�WHVW��WKH�JDWH�YDOYH�ZDV�RSHUDWHG�XQWLO�WKH WDUJHW YDOXH�RI�ZDWHU�GLVFKDUJH 4Z ZDV�UHDFKHG��$W�WKDW�
SRLQW��WKH�DLU�SUHVVXUH�UHGXFWLRQ�YDOYH�ZDV�VHW�WR�����EDU��DQG�WKH�EXWWHUIO\�DLU�YDOYH�ZDV�VORZO\�RSHQHG�XQWLO WKH
DLU�EXEEOHV�ZHUH�VWDUWLQJ WR�EH�LQMHFWHG�LQWR�WKH�YHUWLFDO�DFU\OLF�JODVV�SLSH� 7KH�SUHVVXUH�VHQVRU�GLVSOD\HG�WKH
YDOXH�RI DLU SUHVVXUH�3D LQMHFWHG�LQWR�WKH ULVLQJ ZDWHU�IORZ� 7KHQ��WKH�UHFRUGLQJ�RI�WKH�GXDO�WLS�SKDVH�GHWHFWLRQ�
SUREH VLJQDO ZDV�VWDUWHG� 7KH�ILUVW EXEEOH�KLWWLQJ WKH�OHDGLQJ�WLS�VHQW D�WULJJHU�VLJQDO�WR�WKH�KLJK�VSHHG�FDPHUD
ZKLFK�WKHQ�VDYHG WKH�IUDPHV�EHIRUH�DQG�DIWHU�WKH�WULJJHU UHOHDVH��FHQWHUHG�WULJJHU�� 7KH�SURFHGXUH�ZDV WKHQ
UHSHDWHG�WR�FUHDWH��� WHVWV�ZLWK FRPSOHWH�GXDO�WLS�SKDVH�GHWHFWLRQ�SUREH�UHFRUGLQJV��L�H���WKH�EXEEOH�KLWWLQJ�ERWK�
WLSV� IRU�HDFK�YDOXH�RI�ZDWHU�YHORFLW\�

)RU�WKLV�VWXG\��WKH�SUREH�GDWD�ZHUH�UHJLVWHUHG�XVLQJ /DE9,(:� ZKLOH�WKH�KLJK�VSHHG�FDPHUD�ZDV�RSHUDWHG�
E\�WKH�3KRWURQ�)DVWFDP�9LHZHU����3)9�� VRIWZDUH��'DWD�ZHUH WKHQ SURFHVVHG�DQG�DQDO\]HG� LQGHSHQGHQWO\�
DQG�TXDOLWDWLYH�DQG�TXDQWLWDWLYH�FRPSDULVRQV�ZHUH�PDGH�

7DEOH����/LVW�RI�WKH�H[SHULPHQWDO�WHVWV
7HVW
Q�

9Z
>P�V@

4Z

>O�V@
3D

>EDU@

� ���� ���� �����
� ���� ���� �����
� ���� ���� �����
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��� 3KDVH�'HWHFWLRQ�3UREH�'DWD�3URFHVVLQJ

)RU�HDFK�WHVW��WKH�SUREH�UHFRUGHG DW�D�IUHTXHQF\�IS  �������.+] IRU ��V��7KUHH FKDQQHOV�ZHUH�UHFRUGHG�
L�H���WKH�UDZ�6�U DQG�GLJLWDO�6�G VLJQDOV�RI�WKH�OHDGLQJ�WLS�DQG�WKH�UDZ�6�U VLJQDO�RI�WKH�WUDLOLQJ�WLS �)LJ� ��� 7KH�
VLJQDOV�ZHUH�WKHQ�SRVW�SURFHVVHG�E\�XVLQJ�WKH�0$7/$%��������6LJQDO�3URFHVVLQJ�7RROER[� 7KH�GLJLWDO�VLJQDO�
RI� WKH� OHDGLQJ� WLS�ZDV�XVHG�DV�D� WULJJHU� IRU� WKH� YLGHR� UHFRUGLQJ� UHOHDVLQJ�D� WULJJHU� DV� VRRQ�DV� WKH� YROWDJH�
GURSSHG�EHORZ���� 9� ,Q�WKH�SUREH�VLJQDO��D�KLJK�YDOXH�RI�YROWDJH�FRUUHVSRQGV�WR�ZDWHU�VXUURXQGLQJ�WKH�SUREH�
WLSV��ZKLOH�YDOXHV�FORVH�WR�]HUR�DUH�DVVRFLDWHG�WR�DLU �VHH�)LJ� ����7KH�UDZ�VLJQDOV�ZHUH�XVHG�WR�HVWLPDWH�WKH�
EXEEOH�YHORFLW\�9S DQG�WKH�FKRUG�WLPHV��WF��S DQG��WF��S��L�H���WKH�DPRXQW�RI�WLPH�WKDW�WKH�OHDGLQJ�DQG�WUDLOLQJ�SUREH�
WLSV�VSHQW�LQVLGH�WKH�EXEEOH��UHVSHFWLYHO\��7R�GR�VR��WKH�LQGLFHV�L���L���L� DQG�L� ZHUH�HVWLPDWHG��FRUUHVSRQGLQJ�WR�
WKH�LQVWDQWV�ZKHQ�WKH�OHDGLQJ�DQG�WUDLOLQJ�WLSV�HQWHUHG DQG�OHIW�WKH�EXEEOH� L�H���W���W���W���W���UHVSHFWLYHO\��7KHVH�
ZHUH�GHWHUPLQHG�XVLQJ�D�VLQJOH�YROWDJH�WKUHVKROG�RI���9��FRUUHVSRQGLQJ WR�FRPPRQ�SUDFWLFH� LQ�EXEEO\� IORZV
�H�J���5HYDQNDU�	�,VKLL��������.LP�HW�DO����������7R�WKLV�HQG��)LJ���D DQG�E VKRZ�WKH�WKUHVKROG� OHYHO�XVHG�WR�
GHWHUPLQH�W���W���W���W� IRU�WKH�UDZ�VLJQDOV�RI�WKH�OHDGLQJ�DQG�WUDLOLQJ�WLS��UHVSHFWLYHO\��$IWHUZDUGV��WKH�SDUDPHWHUV�
RI�LQWHUHVW�ZHUH�HVWLPDWHG DV 9S  �ǻ\��W� ± W�����WF��S  �W� ± W� DQG��WF��S  �W� ± W�� 'XH�WR�WKH�QDWXUH�RI�WKH�WHVWV��L�H���
VLQJOH EXEEOHV� LQWHUDFWLQJ�ZLWK� WKH�SUREH�� WKH�DQDO\VLV� GLG QRW� IROORZ WKH� W\SLFDOO\ XVHG�PHWKRG LQ K\GUDXOLF�
HQJLQHHULQJ� IRU KLJKO\�DHUDWHG� IORZV��ZKHUH� WKH�PRVW� SUREDEOH� WUDYHO� WLPHV� RI WKH JDV±OLTXLG� LQWHUIDFHV� DUH�
HVWLPDWHG�E\�SHUIRUPLQJ�D�FURVV�FRUUHODWLRQ�DQDO\VLV�RYHU�JURXSV�RI�PXOWLSOH�EXEEOHV �.UDPHU�HW�DO��������

)LJXUH����5DZ VLJQDO�RI�WKH�D��OHDGLQJ�DQG�E��WUDLOLQJ�WLS��LQFOXGLQJ WKH ��9�WKUHVKROG WR�GHWHUPLQH�W���W���W���W��
F��GLJLWDO�VLJQDO�RI�WKH�OHDGLQJ�WLS��G��FRPELQHG GDWD�

��� +LJK�6SHHG�&DPHUD�'DWD�3URFHVVLQJ

)RU�HDFK WHVWHG FRQGLWLRQ��YLGHRV RI� WKH�EXEEOH�SUREH� LQWHUDFWLRQ�ZHUH� UHFRUGHG� DQG� WKH� UHVXOWLQJ ILOHV�
ZHUH�SRVW�SURFHVVHG�E\�XVLQJ�WKH�0$7/$%��������&RPSXWHU�9LVLRQ�7RROER[��7KH�FDSWXULQJ�SURFHVV�VWDUWHG
ZKHQ�D�EXEEOH SXOOHG�WKH�GLJLWDO WULJJHU E\�KLWWLQJ�WKH�OHDGLQJ�WLS�RI�WKH�SUREH��DW�WKLV�SRLQW��D UHFRUGLQJ�ZLQGRZ
§���V�ORQJ�FHQWHUHG�RQ�WKH�WULJJHU�SXOOLQJ�IUDPH�ZDV�DXWRPDWLFDOO\�VDYHG��DQG�LW�ZDV�WKHQ�PDQXDOO\�FURSSHG�WR�
GXUDWLRQV�VPDOOHU�WKDQ������VHFRQGV�IRU�DQ�HDVLHU�KDQGOLQJ RI�WKH�UHVXOWLQJ�UDZ�ILOH�IRUPDW� $OO�WKH�WHVWV�ZHUH�
UHFRUGHG�ZLWK�WKH�IROORZLQJ�KLJK�VSHHG�FDPHUD�VHWWLQJV��IUDPHUDWH��IF  ��������ISV��VKXWWHU�VSHHG�RI ����������
VHF��UHVROXWLRQ�RI ���[����SL[HOV� ,Q�DGGLWLRQ�� WKH�SRVW�SURFHVVLQJ�RSHUDWLRQV DUH VFKHPDWLFDOO\ SUHVHQWHG�LQ�
)LJXUH ���)LUVW��IRU�HDFK�WHVW��DOO�IUDPHV ZHUH�H[WUDFWHG�IURP�WKH�YLGHR UHFRUGLQJV DQG�VWRUHG ORFDOO\��7KHQ��HDFK�
IUDPH�ZDV�GLYLGHG�LQWR�D�OHIW�DQG�D�ULJKW�SDUW��L�H���YLHZ�IURP�WKH�OHIW�DQG�ULJKW�PLUURUV�RI�WKH�EHDP�VSOLWWHU �VWHS�
����DQG�HDFK�SRUWLRQ ZDV DQDO\]HG�LQGHSHQGHQWO\��7KH�PHDQ�LQWHQVLW\ RI�HDFK�SL[HO�WKURXJKRXW�DOO�WKH�IUDPHV
ZDV�VXEWUDFWHG IURP HDFK SL[HO��WR�UHPRYH�WKH�EDFNJURXQG IURP�WKH�SLFWXUH �VWHS�����WKHQ LPDJH�ELQDUL]DWLRQ�
ZDV SHUIRUPHG��VWHS���� )LQDOO\� IRU HDFK�IUDPH� DQ�HOOLSVH GHILQHG�E\�WKH�FHQWURLG�2  ��[2��\2���WKH�PDMRU�D[LV�
D��WKH�PLQRU�D[LV�E��DQG�WKH�RULHQWDWLRQ�ș ZDV ILWWHG�WR�WKH�[�\�DQG�]�\�SURMHFWLRQV RI�WKH�EXEEOH �VWHS���� 1RWH�
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WKDW�LQ�WKH�WH[W�WKH�VXEVFULSWV�³G[´�DQG�³V[´�UHIHU�WR�WKH�ULJKW�DQG�OHIW�SRUWLRQ�RI�WKH YLHZ�IURP�WKH�EHDP�VSOLWWHU��
UHVSHFWLYHO\�

7KH� SDUDPHWHUV� GHILQLQJ� WKH� HOOLSVHV� ILWWHG� DW� HDFK� IUDPH� OHG� WR� WKH� HVWLPDWLRQ� RI� LPSRUWDQW� TXDQWLWLHV�
FKDUDFWHUL]LQJ�DLU�EXEEOHV��VFKHPDWLFDOO\�SUHVHQWHG�LQ�)LJXUH����)LUVW��WKH�IUDPH�E\�IUDPH�LQVWDQWDQHRXV�EXEEOH�
YHORFLWLHV�ZHUH�FRPSXWHG�E\�DSSO\LQJ�WKH�ILQLWH�GLIIHUHQFHV�PHWKRG�WR�WKH�HOOLSVH�FHQWURLG�2��)RU�ERWK�WKH�OHIW�
DQG� ULJKW� LPDJHV�� WKH� YHUWLFDO� DQG� KRUL]RQWDO� YHORFLW\� FRPSRQHQWV�ZHUH� HVWLPDWHG�� L�H���9[�� �9\�V[��9]�� �9\�G[��
UHVSHFWLYHO\��,W�LV�ZRUWK�PHQWLRQLQJ�WKDW�IRU�WKH�UHIHUHQFH�V\VWHP�FKRVHQ�DQG�IRU�WKH�JHRPHWULFDO�FKDUDFWHULVWLFV�
RI� WKH� VHWXS�� �9\�V[ §� �9\�G[ Ł�9\�� )XUWKHUPRUH�� WKH�PDJQLWXGH� RI� WKH� EXEEOH� FHQWURLG� YHORFLW\� LQ� VSDFH�ZDV�
HVWLPDWHG�DV�_9_� ��9[� ��9\� ��9]�������7KHQ��IRU�HDFK�IUDPH��D��'�UHFRQVWUXFWLRQ�RI�WKH�EXEEOH�ZDV�SHUIRUPHG�
E\�DVVXPLQJ�DQ�HOOLSVRLG�RI�D[HV�M  �DV[��N  �DG[ DQG�O  ������EV[ ��EG[���WKH�YROXPH�RI�WKH�HOOLSVRLG�ZDV�FRPSXWHG�
DQG��DW�HDFK�IUDPH��WKH�HTXLYDOHQW�EXEEOH�GLDPHWHU�GHT ZDV�HVWLPDWHG��/DVW��WKH�FKRUG�WLPH��WF��F ZDV�FDOFXODWHG�
E\� FRXQWLQJ� WKH� IUDPHV� IRU� ZKLFK� WKH� OHDGLQJ� WLS� ZDV� O\LQJ� VLPXOWDQHRXVO\� LQVLGH� WKH� [�\� DQG� ]�\� EXEEOH�
SURMHFWLRQV�� LQ� WKH� VDPH� IDVKLRQ�� �WF��F ZDV�HVWLPDWHG� IRU� WKH� WUDLOLQJ� WLS�� 7KHUHDIWHU�� E\� NQRZLQJ� WKH� IUDPHV�
FRUUHVSRQGLQJ�WR�WKH�EXEEOH�HQWHULQJ�DQG�OHDYLQJ�HDFK�RI�WKH�SUREH�WLSV��IRXU�GLIIHUHQW�HVWLPDWLRQV�RI�WKH�YHORFLW\�
DORQJ�WKH�\�D[LV�ZHUH�GLVWLQJXLVKHG��L�H���_9F\_%,��_9F\_',��_9F\_$,��_9F\_*��FRUUHVSRQGLQJ�WR�WKH�PRGXOXV�RI�WKH�YHUWLFDO�
YHORFLW\�FRPSRQHQW�EHIRUH��VXEVFULSW�³%,´���GXULQJ��VXEVFULSW�³',´��DQG�DIWHU��VXEVFULSW�³$,´��WKH�LQWHUDFWLRQ�ZLWK
WKH�SUREH�WLSV�DQG�WR�WKH�JOREDO��VXEVFULSW�³*´��YDOXH�RI�_9F\_�DYHUDJHG�RYHU�DOO�WKH�IUDPHV�DYDLODEOH��,W�LV�ZRUWK�
PHQWLRQLQJ�WKDW�ZH�DOZD\V�UHIHU�WR�WKH�DEVROXWH�YDOXH�RI�WKH�YHUWLFDO�FRPSRQHQW�RI�WKH�EXEEOH�FHQWURLG�YHORFLW\�
VLQFH�LWV�YDOXH�LV�DOZD\V�QHJDWLYH�DFFRUGLQJ�WR�WKH�UHIHUHQFH�V\VWHP�DGRSWHG��)LJ�����

)LJXUH����6WHSV�IRU�WKH�SRVW�SURFHVVLQJ�RI�WKH�IUDPHV�H[WUDFWHG�IURP�WKH�KLJK�VSHHG�FDPHUD UHFRUGLQJV� ,Q�WKH�
ILUVW�SLFWXUH�WR�WKH�OHIW��WKH�VFDOH�EDU�VXJJHVWV WKH�UHDO�GLPHQVLRQ�RI�WKH�HOHPHQWV�GHSLFWHG��

)LJXUH����5HIHUHQFH�V\VWHP DGRSWHG�
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7KH�GDWD�REWDLQHG�IURP�WKH�H[SHULPHQWDO�WHVWV�ZHUH�DQDO\]HG DQG�FRPSDUHG IRU�WKH�YDOLGDWLRQ�RI�WKH�GXDO�
WLS� SKDVH�GHWHFWLRQ� SUREH� )LUVW�� WKH� EXEEOH� YHORFLWLHV�PHDVXUHG� E\� WKH� SUREH�9S ZHUH� FRPSDUHG� WR� WKH \�
FRPSRQHQW�HVWLPDWHG�IURP�WKH�KLJK�VSHHG�FDPHUD GXULQJ�WKH�EXEEOH�SUREH�LQWHUDFWLRQ��L�H���_9F\_', �)LJ� �D�� 7KH�
SORW�VKRZV D�JRRG�DJUHHPHQW�EHWZHHQ�WKH�WZR�GDWDVHWV� VXJJHVWLQJ�D�VOLJKW�WHQGHQF\�RI�WKH�YHORFLWLHV�HVWLPDWHG�
IURP�WKH�KLJK�VSHHG�FDPHUD�WR�EH�VPDOOHU WKDQ�WKH�RQHV�PHDVXUHG�E\ WKH�SUREH��,Q�DGGLWLRQ��)LJXUH��E VKRZV�
WKDW�WKH�UHODWLYH�SHUFHQWDJH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�HVWLPDWLRQV LV�KLJKHU�IRU�_9F\_', ����� P�V�WKDQ�IRU�ODUJHU�
YHORFLWLHV��DQG WKDW WKH�SUREH�WHQGV�WR�RYHUHVWLPDWH LQ�WKLV�UHJLRQ� $V _9F\_', LQFUHDVHV��QR�V\VWHPDWLF�WUHQG�FDQ�
EH�REVHUYHG��ZLWK�PRVW�RI�WKH�REVHUYDWLRQV O\LQJ�LQVLGH�D����� LQWHUYDO� 7KLV�GLVFUHSDQF\�LV�PDLQO\�GXH�WR�WKH
JHRPHWU\ RI� WKH�EXEEOHV� LQYROYHG��VLQFH� LGHDOO\� WKH�SUREH�PHDVXUHPHQWV ZRXOG�PDWFK� WKH�UHDO�FRXQWHUSDUWV�
RQO\� IRU�D� IODW�EXEEOH� LQWHUIDFH� LPSDFWLQJ� WKH�QHHGOHV�SHUSHQGLFXODUO\ �VHH�/HXQJ�HW�DO�� ����� 0LVKUD�HW�DO���
�������:KLOH� WKHVH�HIIHFWV� WHQG� WR�DYHUDJH�RXW�RYHU�PDQ\�EXEEOHV VLQFH� WKH� LPSDFW� ORFDWLRQ�DQG DQJOH�DUH�
V\PPHWULFDOO\�GLVWULEXWHG��WKH\ FDQ�OHDG�WR�VLJQLILFDQW�GHYLDWLRQV�ZKHQ�LQYHVWLJDWLQJ�VLQJOH�EXEEOHV� ,Q�DGGLWLRQ��
VPDOOHU� XQFHUWDLQWLHV� DUH� LQWURGXFHG� E\� WKH� ZHWWLQJ� DQG� GU\LQJ� SURFHVVHV RI� WKH� SUREH� WLSV�� DIIHFWLQJ� WKH�
HVWLPDWLRQ�RI�WKH�LQGLFHV�L���L���L���L���DQG�LQ�WXUQ�LQIOXHQFLQJ�WKH�YDOXH�RI�9S �/XWKHU��������.UDPHU�HW�DO�������E��

)LJXUH��� D� 9S DQG�E���9S í _9F\_',��_9F\_', YV� _9F\_',��PHDVXUHG�GXULQJ�WKH�EXEEOH�SUREH�LQWHUDFWLRQ�

)URP�WKH�YLGHR�UHFRUGLQJV��D�GHIOHFWLRQ��GHIRUPDWLRQ�DQG�VORZLQJ�GRZQ�RI�WKH�EXEEOHV�DIWHU�LQWHUDFWLQJ�ZLWK�
WKH�SUREH�FDQ�EH�RIWHQ�QRWLFHG�VLPLODU�WR�PHFKDQLVPV�GHVFULEHG�LQ�+RKHUPXWK�HW�DO����������7R�DVVHVV�EXEEOH�
GHFHOHUDWLRQ��WKH�UDWLR�RI�_9F\_�FRPSXWHG�EHIRUH�DQG�GXULQJ�WKH�EXEEOH�SUREH�LQWHUDFWLRQ��L�H���_9F\_%,�_9F\_',��ZDV�
SORWWHG�DJDLQVW�WKH�JOREDO�YDOXH��L�H���_9F\_*���JURXSHG�E\�GLIIHUHQW�HTXLYDOHQW�GLDPHWHU�UDQJHV��L�H���������G� ������
PP��������G� ������PP��������G� ������PP��������G� ������PP��������G� �����PP��VHH�)LJXUH�����7KH�HIIHFW�
VHHPV�WR�SDUWLFXODUO\� LQIOXHQFH�EXEEOHV� WUDYHOOLQJ�DW�YHORFLWLHV� _9F\_* ������P�V��ZKLOH� IRU� ODUJHU�YHORFLWLHV� WKH�
HIIHFW�WHQGV�WR�GHFUHDVH�LQ�DJUHHPHQW�ZLWK�WKH�WKHRU\�RI�+RKHUPXWK�HW�DO���������

)LJXUH��� _9F\_%,�_9F\_', YV��_9F\_*��WRJHWKHU�ZLWK�WKH�SHUIHFW�DJUHHPHQW�OLQH�

)LQDOO\��)LJXUH��� VKRZV�D�FRPSDULVRQ�RI WKH�FKRUG�WLPHV��WF��F� �WF��F���WF��S���WF��S HVWLPDWHG�IURP�FDPHUD�
UHFRUGLQJV�DQG�SUREH� IRU� WKH� OHDGLQJ�DQG� WKH� WUDLOLQJ� WLS�� UHVSHFWLYHO\��)LJXUH���D�VKRZV�D�JRRG�DJUHHPHQW�
EHWZHHQ� �WF��F DQG� �WF��S�� VXJJHVWLQJ� WKDW� WKH� FKRUG� WLPHV�HVWLPDWHG� IURP� WKH�KLJK�VSHHG�FDPHUD� WHQG� WR�EH
VOLJKWO\ ODUJHU�WKDQ�WKH�SUREH�FRXQWHUSDUW IRU�VPDOOHU�YHORFLWLHV� :KHQ�FRPSDULQJ�WKH�GDWD�IURP�WKH�WUDLOLQJ�WLS��
UHVXOWV�DSSHDU�WR�EH�PRUH�VFDWWHUHG �)LJXUH ��E���FRQILUPLQJ�WKDW�WKH�PRVW�UHOLDEOH�HVWLPDWLRQ�RI�WKH�FKRUG�WLPH�
LV�JLYHQ�E\�WKH�OHDGLQJ�WLS��GXH�WR SLHUFLQJ��GHIRUPDWLRQ��DQG FUDZOLQJ�HIIHFWV�RQ�WKH�EXEEOH�GXULQJ�WKH�LQWHUDFWLRQ
�+RKHUPXWK�HW� DO��� ������ 7R� VWUHQJWKHQ� WKLV� VWDWHPHQW��ZKHQ� FRPSDULQJ� WKH� FKRUG� WLPHV�RI� WKH OHDGLQJ WLS�
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����� ,$+5��8VHG�ZLWK�SHUPLVVLRQ���,661�/����������

YHUVXV�WUDLOLQJ�WLS�IURP�WKH�VDPH�HVWLPDWLRQ�PHWKRG��GDWD�VHHP�WR�EH�PRUH�VFDWWHUHG�WKDQ�WKH�RQHV�VKRZQ�E\�
WKH DQDORJRXV�FRPSDULVRQ�RI�WKH�OHDGLQJ�WLS�HVWLPDWLRQV �)LJXUHV���F��G��

)LJXUH�����&KRUG�WLPHV�FRPSDULVRQ��D��OHDGLQJ�WLS�DQG�E��WUDLOLQJ�WLS��FDPHUD�YV�SUREH���
OHDGLQJ�YV�WUDLOLQJ�WLS�IRU�F��FDPHUD�DQG�G��SUREH�

�� &21&/86,216

$�FXVWRP�PDGH�H[SHULPHQWDO�VHWXS�ZDV�EXLOW� LQ�WKH�/DERUDWRU\�RI�+\GUDXOLFV��+\GURORJ\�DQG�*ODFLRORJ\�
�9$:���(7+�=XULFK�� WR�YDOLGDWH�D�GXDO�WLS�SKDVH�GHWHFWLRQ�FRQGXFWLYLW\�SUREH�DJDLQVW�D�KLJK�VSHHG�FDPHUD�
%XEEOHV�ZHUH�LQVHUWHG�YLD�DQ�DLU�QR]]OH�LQWR DQ�DFU\OLF�JODVV�YHUWLFDO�SLSH�ZLWK�XSZDUGV�IORZLQJ�ZDWHU�DW�YHORFLWLHV�
��� 9Z � � P�V��UHVXOWLQJ�LQ�DLU�EXEEOHV�RI�HTXLYDOHQW�GLDPHWHU�UDQJLQJ�EHWZHHQ������ GHT � ��� PP� 7KH�PDLQ�
SDUDPHWHUV�FKDUDFWHUL]LQJ�DLU�ZDWHU�IORZV��L�H���EXEEOH�YHORFLW\�9��OHDGLQJ�WLS�FKRUG�WLPH�WF���WUDLOLQJ�WLS�FKRUG�WLPH�
WF�� ZHUH�PHDVXUHG�E\�PHDQV�RI�D GXDO�WLS�FRQGXFWLYLW\�SUREH DQG�RI�D�VWHUHR�YLHZ�RSWLFDO�V\VWHP��PDGH�XS RI�
D�KLJK�VSHHG�FDPHUD�DQG�D�EHDP�VSOLWWHU� 5HVXOWV�VKRZHG�D�JRRG�DJUHHPHQW�EHWZHHQ�WKH�YHORFLWLHV�HVWLPDWHG�
ZLWK�WKH�SUREH�DQG�WKH�YHUWLFDO�FRPSRQHQW�RI�WKH�YHORFLWLHV HVWLPDWHG�E\�WKH RSWLFDO�PHWKRG��ZLWK�VRPH�ELDVHV�
IRU�EXEEOH�YHORFLWLHV�VPDOOHU�WKDQ�����P�V��ZKHUH�WKH�SUREH�WHQGV�WR�RYHUHVWLPDWH�EXEEOH�YHORFLWLHV� ,Q�JHQHUDO�
ZLWKLQ WKH�WHVWHG�UDQJH�RI�YHORFLWLHV��PRVW�RI WKH�FRQGXFWLYLW\�SUREH�PHDVXUHPHQWV�OLH�LQVLGH�WKH������RI�WKH�
FDPHUD�EDVHG YHORFLW\��,QGHHG��WKH�GLVFUHSDQFLHV�DUH�SDUWLDOO\ GXH�WR�XQFHUWDLQWLHV�LQWURGXFHG�E\�ZHWWLQJ�DQG�
GU\LQJ�SURFHVVHV�RI�WKH�SUREH�WLSV DQG�WR�WKH�DVVXPSWLRQV�EHKLQG�SUREH�HVWLPDWLRQV��L�H���IODW�EXEEOH�VXUIDFH�
DQG� SHUSHQGLFXODU� EXEEOH�SUREH� LQWHUDFWLRQ�� DV� ZHOO� DV� E\� FUDZOLQJ� HIIHFWV�� LQIOXHQFLQJ WKH� SUREH� YHORFLW\�
HVWLPDWLRQV� 5HJDUGLQJ� WKH� FKRUG� WLPHV�� D� JRRG� DJUHHPHQW� LV� VKRZQ� IRU� WKH� OHDGLQJ� WLS� EHWZHHQ WKH� WZR�
PHWKRGV��L�H�� �WF��F DQG��WF��S��ZKLOH�JUHDWHU�LQDFFXUDFLHV�DSSHDU�ZKHQ WKH�WUDLOLQJ�WLS�FRXQWHUSDUWV��L�H�� �WF��F DQG�
�WF��S��DUH LQYROYHG��GXH� WR� WKH�FUDZOLQJ�HIIHFW� LQIOXHQFLQJ�EXEEOH�VKDSH��GLUHFWLRQ�DQG�YHORFLW\��+RZHYHU�� WKH�
H[DFW�PHFKDQLVPV�RFFXUULQJ�GXULQJ�EXEEOH�SUREH�LQWHUDFWLRQV DQG�WKH�XQFHUWDLQWLHV�LQ�ERWK�WKH�PHDVXUHPHQW�
PHWKRGV QHHG�WR�EH�DQDO\]HG�LQ�PRUH�GHWDLO�

�� $&.12:/('*(0(176

7KH�DXWKRUV�WKDQN�3URI��'U��2XWL�6XSSRQHQ DQG�*XLOODXPH�%RNPDQ�IURP�WKH�,QVWLWXWH�RI�)OXLG�'\QDPLFV�
(7+� =XULFK�� IRU� OHWWLQJ XV XVH WKHLU KLJK�VSHHG� FDPHUD� DQG� KHOSLQJ� XV� ZLWK� WKH� VHWXS� 7KH� VXSSRUW� RI� WKH�
WHFKQLFDO� VWDII� RI WKH /DERUDWRU\� RI� +\GUDXOLFV�� +\GURORJ\� DQG� *ODFLRORJ\� �9$:��� (7+� =XULFK LV� JUDWHIXOO\�
DFNQRZOHGJHG��3DWULFN�(JOL��6WHIDQ�*ULEL� 'DQLHO�*XEVHU� 5DSKDHO�+HLQL� 'RUGH�0DVRYLF��0DULR�0RVHU��$QGUHDV�
6FKOXPSI�� +HQU\� =ROOHU �LQ� DOSKDEHWLFDO� RUGHU�� 7KH� SURMHFW� LV� VXSSRUWHG� E\� WKH� 6ZLVV� 1DWLRQDO� 6FLHQFH�
)RXQGDWLRQ��616)��*UDQW�������B��������
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�� 5()(5(1&(6

%DUUH��6���5ROODQG��-���%RLWHO��*���*RQFDOYHV��(���	�3DWHOOD��5��)����������([SHULPHQWV�DQG�PRGHOLQJ�RI�FDYLWDWLQJ�
IORZV�LQ�YHQWXUL��DWWDFKHG�VKHHW�FDYLWDWLRQ� (XURSHDQ�-RXUQDO�RI�0HFKDQLFV�%�)OXLGV� ���������������

%RHV�� 5�� 0��� 	� +DJHU�� :�� +�� �������� +\GUDXOLF� GHVLJQ� RI� VWHSSHG� VSLOOZD\V� -RXUQDO� RI� +\GUDXOLF�
(QJLQHHULQJ� ����������������

&DUWHOOLHU��$���	�$FKDUG��-��/�� ��������/RFDO�SKDVH�GHWHFWLRQ�SUREHV� LQ� IOXLG�IOXLG� WZRǦSKDVH� IORZV� 5HYLHZ�RI�
6FLHQWLILF�,QVWUXPHQWV� ���������������

&KDQVRQ��+����������%XEEO\�IORZ�VWUXFWXUH�LQ�K\GUDXOLF�MXPS� (XURSHDQ�-RXUQDO�RI�0HFKDQLFV�%�)OXLGV� �������
��������

&KDQVRQ��+����������+\GUDXOLFV�RI�DHUDWHG�IORZV��TXL�SUR�TXR"� -RXUQDO�RI�+\GUDXOLF�5HVHDUFK� ���������������
&KDQVRQ�� +��� 	� 7RRPEHV�� /�� �������� $LU±ZDWHU� IORZV� GRZQ� VWHSSHG� FKXWHV�� WXUEXOHQFH� DQG� IORZ� VWUXFWXUH�

REVHUYDWLRQV� ,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ� ������������������
)HOGHU��6���	�&KDQVRQ��+����������7ULSOH�GHFRPSRVLWLRQ�WHFKQLTXH�LQ�DLU±ZDWHU�IORZV��DSSOLFDWLRQ�WR�LQVWDWLRQDU\�

IORZV�RQ�D�VWHSSHG�VSLOOZD\� ,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ� ������������
)HOGHU��6���	�&KDQVRQ��+����������6FDOH�HIIHFWV�LQ�PLFURVFRSLF�DLU�ZDWHU�IORZ�SURSHUWLHV�LQ�KLJK�YHORFLW\�IUHH�

VXUIDFH�IORZV� ([SHULPHQWDO�7KHUPDO�DQG�)OXLG�6FLHQFH� ����������
)HOGHU��6���	�3ILVWHU��0����������&RPSDUDWLYH�DQDO\VHV�RI�SKDVH�GHWHFWLYH�LQWUXVLYH�SUREHV�LQ�KLJK�YHORFLW\�DLU±

ZDWHU�IORZV� ,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ� �����������
)HOGHU��6���	�6HYHUL��$�� �������'HFHPEHU���(QWUDSSHG�DLU� LQ�KLJK�YHORFLW\� IUHH�VXUIDFH� IORZV�RQ�D� IODW�VORSHG�

VSLOOZD\��,Q 3URFHHGLQJV�RI���WK�$XVWUDODVLDQ�)OXLG�0HFKDQLFV�&RQIHUHQFH��3HUWK��:$�
)HOGHU�� 6���+RKHUPXWK�� %��� 	�%RHV��5��0�� ��������+LJK�YHORFLW\� DLU�ZDWHU� IORZV� GRZQVWUHDP�RI� VOXLFH� JDWHV�

LQFOXGLQJ�VHOHFWLRQ�RI�RSWLPXP�SKDVH�GHWHFWLRQ�SUREH� ,QWHUQDWLRQDO�-RXUQDO�RI 0XOWLSKDVH�)ORZ� ���������
����

+LELNL��7���+RJVHWW��6���	�,VKLL��0����������/RFDO�PHDVXUHPHQW�RI�LQWHUIDFLDO�DUHD��LQWHUIDFLDO�YHORFLW\�DQG�OLTXLG�
WXUEXOHQFH�LQ�WZR�SKDVH�IORZ� 1XFOHDU�HQJLQHHULQJ�DQG�GHVLJQ� ������������������

+RKHUPXWK�� %��� .UDPHU�� 0��� )HOGHU�� 6��� 	� 9DOHUR�� '�� �������� 9HORFLW\� ELDV� LQ� LQWUXVLYH� JDV�OLTXLG� IORZ�
PHDVXUHPHQWV� 1DWXUH�FRPPXQLFDWLRQV� �����������

,VKLL��0���	�.LP��6����������0LFUR�IRXU�VHQVRU�SUREH�PHDVXUHPHQW�RI�LQWHUIDFLDO�DUHD�WUDQVSRUW�IRU�EXEEO\�IORZ�LQ�
URXQG SLSHV� 1XFOHDU�HQJLQHHULQJ�DQG�GHVLJQ� ������������������

.DLFKLUR�� 0��� 	� ,VKLL�� 0�� �������� )ORZ� UHJLPH� WUDQVLWLRQ� FULWHULD� IRU� XSZDUG� WZR�SKDVH� IORZ� LQ� YHUWLFDO�
WXEHV� ,QWHUQDWLRQDO�-RXUQDO�RI�+HDW�DQG�0DVV�7UDQVIHU� ���������������

.LP��6���)X��;��<���:DQJ��;���	�,VKLL��0����������'HYHORSPHQW�RI�WKH�PLQLDWXUL]HG�IRXU�VHQVRU�FRQGXFWLYLW\�SUREH�
DQG�WKH�VLJQDO�SURFHVVLQJ�VFKHPH� ,QWHUQDWLRQDO�MRXUQDO�RI�KHDW�DQG�PDVV�WUDQVIHU� ������������������

.UDPHU��.���	�+DJHU��:��+����������$LU�WUDQVSRUW�LQ�FKXWH�IORZV� ,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ� ������
���������������

.UDPHU��0���	�&KDQVRQ��+����������2SWLFDO�IORZ�HVWLPDWLRQV�LQ�DHUDWHG�VSLOOZD\�IORZV��)LOWHULQJ�DQG�GLVFXVVLRQ�
RQ�VDPSOLQJ�SDUDPHWHUV� ([SHULPHQWDO�7KHUPDO�DQG�)OXLG�6FLHQFH� �������������

.UDPHU��0���&KDQVRQ��+���	�)HOGHU��6�� �����D���&DQ�ZH� LPSURYH� WKH�QRQ�LQWUXVLYH�FKDUDFWHUL]DWLRQ�RI�KLJK�
YHORFLW\� DLU±ZDWHU� IORZV"� $SSOLFDWLRQ� RI� /,'$5� WHFKQRORJ\� WR� VWHSSHG� VSLOOZD\V�� -RXUQDO� RI� +\GUDXOLF�
5HVHDUFK�����������������

.UDPHU��0���+RKHUPXWK��%���9DOHUR��'���	�)HOGHU��6�������E���%HVW�SUDFWLFHV�IRU�YHORFLW\�HVWLPDWLRQV�LQ�KLJKO\�
DHUDWHG�IORZV�ZLWK�GXDO�WLS�SKDVH�GHWHFWLRQ�SUREHV� ,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ� ������������

/HXQJ��:�� +��� 5HYDQNDU�� 6�� 7��� ,VKLL�� <��� 	� ,VKLL��0�� �������� $[LDO� GHYHORSPHQW� RI� LQWHUIDFLDO� DUHD� DQG� YRLG�
FRQFHQWUDWLRQ� SURILOHV�PHDVXUHG� E\� GRXEOH�VHQVRU� SUREH�PHWKRG� ,QWHUQDWLRQDO� MRXUQDO� RI� KHDW� DQG�PDVV�
WUDQVIHU� ���������������

/XFDV��*���=KDR��;���	�3UDGKDQ��6����������2SWLPLVDWLRQ�RI�IRXU�VHQVRU�SUREHV IRU�PHDVXULQJ�EXEEOH�YHORFLW\�
FRPSRQHQWV�LQ�EXEEO\�DLU±ZDWHU�DQG�RLO±ZDWHU�IORZV� )ORZ�0HDVXUHPHQW�DQG�,QVWUXPHQWDWLRQ� �������������

/XWKHU��6���5HQVHQ��-���	�*XHW��6����������%XEEOH�DVSHFW�UDWLR�DQG�YHORFLW\�PHDVXUHPHQW�XVLQJ�D�IRXU�SRLQW�ILEHU�
RSWLFDO�SUREH��([SHULPHQWV�LQ�IOXLGV�����������������

0$7/$%��������� YHUVLRQ���������5����E���1DWLFN��0DVVDFKXVHWWV��7KH�0DWK:RUNV�,QF�
0LVKUD��5��� /XFDV��*�� 3��� 	�.LHFNKRHIHU�� +�� �������� $�PRGHO� IRU� REWDLQLQJ� WKH� YHORFLW\� YHFWRUV� RI� VSKHULFDO�

GURSOHWV� LQ� PXOWLSKDVH� IORZV� IURP� PHDVXUHPHQWV� XVLQJ� DQ� RUWKRJRQDO� IRXU�VHQVRU� SUREH� 0HDVXUHPHQW�
6FLHQFH�DQG�7HFKQRORJ\� ������������

1HWR�� ,�� (�� /��� =KX�� '�� =��� 	� 5DMDUDWQDP�� 1�� �������� %XEEO\� MHWV� LQ� VWDJQDQW� ZDWHU� ,QWHUQDWLRQDO� -RXUQDO� RI�
0XOWLSKDVH�)ORZ� ������������������

1JX\HQ�� 9�� 7��� 	� %XL�� +�� �������� 'HYHORSPHQW� RI� &RQGXFWLYLW\� 3UREH� DQG� 6LJQDO� 3URFHVVLQJ� $OJRULWKP� IRU�
0HDVXULQJ�RI�/RFDO�7ZR�3KDVH�)ORZ�3DUDPHWHUV�

3HUUHW��0��1��������� /RFDO�RSWLFDO�SKDVH�GHWHFWLRQ�SUREHV�ZLWK�DQ�DSSOLFDWLRQ�WR�D�KLJK�VSHHG�ERXQGDU\�OD\HU��
3K'�7KHVLV��8QLYHUVLW\�RI�,RZD�
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����� ,$+5��8VHG�ZLWK�SHUPLVVLRQ���,661�/����������

3ILVWHU�� 0��� +DJHU�� :�� +��� 	� %RHV�� 5�� 0�� �������� 7UDMHFWRULHV� DQG� DLU� IORZ� IHDWXUHV� RI� VNL� MXPS�JHQHUDWHG�
MHWV� -RXUQDO�RI�+\GUDXOLF�5HVHDUFK� ���������������

5HYDQNDU��6��7���	�,VKLL��0����������/RFDO�LQWHUIDFLDO�DUHD�PHDVXUHPHQW�LQ�EXEEO\�IORZ� ,QWHUQDWLRQDO�MRXUQDO�RI�
KHDW�DQG�PDVV�WUDQVIHU� ���������������

6KHQ��;���+LELNL��7���	�1DNDPXUD��+����������'HYHORSLQJ�VWUXFWXUH�RI�WZR�SKDVH�IORZ�LQ�D�ODUJH�GLDPHWHU�SLSH�DW�
ORZ�OLTXLG�IORZ�UDWH� ,QWHUQDWLRQDO�MRXUQDO�RI�KHDW�DQG�IOXLG�IORZ� ����������

6KHQ��;���6DLWR��<���0LVKLPD��.���	�1DNDPXUD��+�� ��������0HWKRGRORJLFDO� LPSURYHPHQW�RI�DQ� LQWUXVLYH� IRXU�
VHQVRU� SUREH� IRU WKH�PXOWL�GLPHQVLRQDO� WZR�SKDVH� IORZ�PHDVXUHPHQW� ,QWHUQDWLRQDO� MRXUQDO� RI�PXOWLSKDVH�
IORZ� ���������������

6KHQ��;���6DLWR��<���0LVKLPD��.���	�1DNDPXUD��+����������$�VWXG\�RQ�WKH�FKDUDFWHULVWLFV�RI�XSZDUG�DLU±ZDWHU�
WZR�SKDVH�IORZ�LQ�D�ODUJH�GLDPHWHU�SLSH� ([SHULPHQWDO�WKHUPDO�DQG�IOXLG�VFLHQFH� �������������

7DNDKDVKL��0���	�2KWVX��,����������$HUDWHG�IORZ�FKDUDFWHULVWLFV�RI�VNLPPLQJ�IORZ�RYHU�VWHSSHG�FKXWHV� -RXUQDO�
RI�+\GUDXOLF�5HVHDUFK� ���������������

7LDQ��'���<DQ��&���	�6XQ��/����������0RGHO�RI�EXEEOH�YHORFLW\�YHFWRU�PHDVXUHPHQW� LQ�XSZDUG�DQG�GRZQZDUG�
EXEEO\�WZR�SKDVH�IORZV�XVLQJ�D�IRXU�VHQVRU�RSWLFDO�SUREH� 3URJUHVV�LQ�QXFOHDU�HQHUJ\� ������������

7RRPEHV��/���	�&KDQVRQ��+����������,QWHUIDFLDO�DHUDWLRQ�DQG�EXEEOH�FRXQW�UDWH�GLVWULEXWLRQV�LQ�D�VXSHUFULWLFDO�
IORZ�SDVW�D�EDFNZDUG�IDFLQJ�VWHS� ,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ� ���������������

9HMUDåND��-���9HþHĜ��0���2UYDOKR��6���6HFKHW��3���5X]LFND��0��&���	�&DUWHOOLHU��$����������0HDVXUHPHQW�DFFXUDF\�
RI�D�PRQR�ILEHU�RSWLFDO�SUREH�LQ�D�EXEEO\�IORZ��,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ�����������������

:DQJ��.���7DQJ��5���%DL��5���	�:DQJ��+����������(YDOXDWLQJ�SKDVH�GHWHFWLRQ�EDVHG�DSSURDFKHV�IRU�LQWHUIDFLDO�
YHORFLW\� DQG� WXUEXOHQFH� LQWHQVLW\� HVWLPDWLRQ� LQ� D� KLJKO\�DHUDWHG� K\GUDXOLF� MXPS� )ORZ� 0HDVXUHPHQW� DQG�
,QVWUXPHQWDWLRQ� �����������

:RQJZDLOLNKLW��.���'LHWULFK��1���+pEUDUG��*���	�3DLQPDQDNXO��3�� ��������3HUIRUPDQFH�RI� D�PRQRILEHU� RSWLFDO�
SUREH� LQ� GHWHUPLQLQJ� WKH� GURSOHW� VL]H� DQG� YHORFLW\� LQ� VSUD\� V\VWHPV� FRPSDUHG� ZLWK� D� KLJK�VSHHG�
FDPHUD� ,QGXVWULDO�	�(QJLQHHULQJ�&KHPLVWU\�5HVHDUFK� ��������������������

;LQJ��'���<DQ��&���0D��;���	�6XQ��/����������(IIHFWV�RI�YRLG�IUDFWLRQ�FRUUHODWLRQV�RQ�SUHVVXUH�JUDGLHQW�VHSDUDWLRQ�
RI�DLU±ZDWHU�WZR�SKDVH�IORZ�LQ�YHUWLFDO�PLQL�UHFWDQJXODU�GXFWV� 3URJUHVV�LQ�1XFOHDU�(QHUJ\� ����������


