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7KLV� DUWLFOH� FRQVLGHUV� WKH� SUREOHP� RI� UHTXLULQJ� WKH� KDUGZDUH� DQG� VRIWZDUH� LPSOHPHQWDWLRQ� RI� FRPSOH[� FDOFXODWLRQV� DOORZLQJ�
DXWRPDWLQJ�WKH�ZKROH�SURFHVV�RI�DQDO\VLV�DQG�SURFHVVLQJ�RI�WKH�ILHOG�GDWD�DFTXLUHG�XVLQJ�WKH�VHQVRUV�LQVWDOOHG�RQ�8$9��7KH�DUWLFOH�
UHYHDOV�DQG�VXEVWDQWLDWHV�WKH�QHFHVVLW\�RI�EXLOGLQJ�D�IOH[LEOH�DUFKLWHFWXUH�RI�WKH�KDUGZDUH�VRIWZDUH�FRPSOH[��7KH�KDUGZDUH�VRIWZDUH�
FRPSOH[�LV�IRFXVHG�RQ�PHDVXULQJ�KXPLGLW\�RI�WKH�VXUIDFH�DLU�OD\HU�DERYH�WKH�VR\D�ILHOG�LQ�RUGHU�WR�FRQWURO�WKH�LUULJDWLRQ�TXDOLW\��7KH�
PHDVXUHPHQWV�VKRZHG�JRRG�FRUUHODWLRQ�ZLWK�WKH�JURXQG�KXPLGLW\�IDFWRUV��0&5,��LQGH[�ZDV�XVHG�WR�DVVHVV�WKH�VWDWH�RI�YHJHWDWLRQ�LQ�
FRQWUROOHG�DUHDV��,Q�WKH�SDUW�RI�WKH�ILHOG�ZLWK�KLJK�KXPLGLW\��0&5,��LQGH[�ZDV�DOVR�KLJKHU��7KH�UHVXOWV�RI�DHULDO�SKRWR�SURFHVVLQJ��DV�
ZHOO�DV�DQDO\VLV�DQG�LQWHUSUHWDWLRQ�RI�DHULDO�VXUYH\�GDWD�FDQ�EH�IXUWKHU�XVHG�WR�WDNH�PHDVXUHV�WR�LPSURYH�WKH�PLFURFOLPDWH�RI�FURSV�
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7KHUH� DUH� WKUHH� PDLQ� PHWKRGV� RI� ZDWHULQJ� WKH� DJULFXOWXUDO�
SODQWDWLRQV� NQRZQ� LQ� PRGHUQ� DJUDULDQ� LQGXVWU\�� IXUURZ�
LUULJDWLRQ�� ODUJH� DQG� ILQH� VSULQNOLQJ� DQG� GULS� LUULJDWLRQ�
�KWWSV���ZZZ�DJURGLDORJ�FRP�XD�VR\D�L�RURVKHQLH�KWPO��� (DFK�
RI�WKHVH�PHWKRGV�KDV�LWV�DGYDQWDJHV�DQG�GLVDGYDQWDJHV��)XUURZV�
LUULJDWLRQ�LV�VLPSOHU�DQG�WKH�FRVW�RI�LPSOHPHQWDWLRQ�LV�PLQLPDO��
2QH�RI�WKH�OLPLWDWLRQV�RI�WKLV�PHWKRG�RI�LUULJDWLRQ�LV�D�FRPSOH[�
WRSRJUDSK\�� 7KH� GLVDGYDQWDJHV� LQFOXGH�� KLJK� ZDWHU�
FRQVXPSWLRQ��XQHYHQQHVV�RI�KXPLGLILFDWLRQ�
7KH� XQLIRUPLW\� RI� KXPLGLILFDWLRQ� DQG� WKH� TXDOLW\� RI� LUULJDWLRQ�
DUH�PRQLWRUHG�E\�DJURQRPLVW��:KHQ�ZDWHULQJ� WKURXJK�IXUURZV��
WKH�GHSWK�DQG�FRQWRXUV�RI�VRLO�ZHWWLQJ�DUH�PRQLWRUHG�DORQJ�WKH�
OHQJWK� RI� WKH� VWULS� DW� WKH� EHJLQQLQJ��PLGGOH� DQG� HQG�� )RU� WKLV�
SXUSRVH��WKH�ERUHU�XVHG�WR�WDNH�VRLO�VDPSOHV�IRU�GHWHUPLQLQJ�LWV�
PRLVWXUH� DQG� XQLIRUPLW\� FRHIILFLHQW� .S�� ZKLFK� DW� JRRG�
LUULJDWLRQ� VKRXOG� EH� HTXDO� WR� ����� ���� ����� �³&DZDWHU�LQIR´��
KWWS���ZZZ�FDZDWHU�LQIR�QHW�EN�������������KWP��
5HTXLUHPHQW� IRU� WKH� VRLO� PRLVWXUH� PRQLWRULQJ� KDV� DQ� XUJHQW�
QHHG�RQ�IDUPV��)LHOG�VRLO�PRLVWXUH�PHDVXUHPHQWV�E\�DJULFXOWXUDO�
ZRUNHUV� DUH� LPSRUWDQW� IRU� LUULJDWLRQ� TXDOLW\� FRQWURO�� EXW� WKHVH�
PHDVXUHPHQWV� DUH� PDLQO\� SRLQW� PHDVXUHPHQWV� DQG� VXEMHFWLYH��
$UHDO� LQIRUPDWLRQ� RQ� WKH� FURSV� FRQGLWLRQ� FDQ� EH� LGHQWLILHG�
WKURXJK� WKH� XVH� RI� UHPRWH� VHQVLQJ �:HOLNKH� HW� DO��� ������
6DWHOOLWH�EDVHG�UHPRWH�VHQVLQJ�GDWD�KDYH�DOVR�EHHQ�VXFFHVVIXOO\�
DSSOLHG�WR�FDOFXODWH�WKH�VRLO�PRLVWXUH�UHVHUYHV��WRWDO�HYDSRUDWLRQ�
DQG� RWKHU� FKDUDFWHULVWLFV� RI� ZDWHU� DQG� KHDW� FRQGLWLRQV� LQ� WKH�
VWXG\� DUHD� �(�/�� 0X]\OHY� HW� DO��� ������� 8VH� RI� GDWD� IURP�
PHDVXUHPHQWV� RI� UDGLRPHWHUV� $9+55�12$$�� 02',6�(26�
7HUUD� DQG�$TXD�� 6(9,5,�0HWHRVDW���� �����068�05�´0HWHRU�
0´� ʋ�� RI� VFDWWHURPHWHU� $6&$7�0HW2S� �$��%� SURYLGH�
HVWLPDWHV�RI�VRLO�VXUIDFH�PRLVWXUH� LQ� WKH�UHJLRQ�DQG�DUHD�RI�WKH�
VWXG\���7KH�XVH�RI�8$9�LQ�DJULFXOWXUH�FDQ�EH�WKH�PDLQ�WRRO�IRU�
SUHFLVH�DJULFXOWXUH�

+HUH�ZH�FRQVLGHU�WKH�SRVVLELOLWLHV�DQG�IHDWXUHV�RI�DSSOLFDWLRQ�RI�
XQPDQQHG� DHULDO� YHKLFOHV� IRU�DHULDO�SKRWRJUDSK\��PHDVXUHPHQW�
RI� KXPLGLW\�� WHPSHUDWXUH� DQG� KHDW� LQGH[� ZLWK� WKH� KHOS� RI� WKH�
VHQVRU� LQ� WKH� RSHQ� VSDFH�� DV�ZHOO� DV�GHYHORSPHQW� RI� KDUGZDUH�
DQG�VRIWZDUH�FRPSOH[�IRU�UHPRWH�GDWD�UHFRUGLQJ��7KH�REMHFW�RI�
UHVHDUFK� LV� D� �[���� NP�� LUULJDWLRQ� ILHOG� ZLWK� VR\EHDQ� FXOWXUDO�
SODQWDWLRQ�LQ�YLFLQLW\�RI�$OPDW\�FLW\��5HSXEOLF�RI�.D]DNKVWDQ��
,QLWLDOO\��WKH�8$9�ZDV�XVHG�WR�SHUIRUP�SKRWRJUDPPHWULF�VXUYH\�
RI�WKH�VWXG\�DUHD�LQ�WKH�QHDU�LQIUDUHG�VSHFWUXP�
$QDO\VLV�DQG�LQWHUSUHWDWLRQ�RI�DHULDO�VXUYH\�GDWD�FDQ�EH�XVHG�IRU�
IXUWKHU�PHDVXUHV�WR�LPSURYH�WKH�PLFURFOLPDWH�RI�WKH�FURSV��7KH�
ZRUN� ZDV� FDUULHG� RXW� ZLWKLQ� WKH� IUDPHZRUN� RI� WKH� SURMHFW�
³'HYHORSPHQW� RI� KDUGZDUH� DQG� VRIWZDUH� FRPSOH[� IRU� UHPRWH�
VHQVLQJ� EDVHG� RQ� XVLQJ� WKH� XQPDQQHG� DHULDO� YHKLFOH��� DQG�
5HSXEOLFDQ� EXGJHW� SURJUDP� ³$SSOLHG� VFLHQWLILF� UHVHDUFK� LQ�
VSDFH� DFWLYLWLHV´�� 3ODQQLQJ� DQG� GHYHORSPHQW� RI� DJULFXOWXUDO�
SURGXFWLRQ� UHTXLUHV� FRQVLGHUDWLRQ� DQG� DQDO\VLV� RI� ERWK� WKH�
FRQGLWLRQV� RI� DJULFXOWXUDO� FURSV� DQG� WKH� PHDVXUHV� XVHG� WR�
LQFUHDVH�WKH�\LHOG�
,Q� SUDFWLFH�� WKH� UHVXOWV� RI� ILHOG� ZRUN� DUH� VHWV� RI� SDUDPHWHUV�
PHDVXUHPHQWV�� KXPLGLW\�� WHPSHUDWXUH� DQG� KHDW� LQGH[� LQ� WKH�
RSHQ�VSDFH��REWDLQHG�ZLWK�WKH�KHOS�RI�VSHFLDO�HTXLSPHQW��DW�WKH�
SRLQWV�RI�WKH�VWXGLHG�DUHD��5HVXOWV�RI�WKH�VWXG\�RI�WKH�FRQWUROOHG�
DUHD� DUH� FDUULHG� RXW� XVLQJ� 8$9�� DQG� WKHQ� WKH� REWDLQHG�
LQIRUPDWLRQ�LV�WUDQVPLWWHG�WR�ODERUDWRU\��7KURXJK�PDWKHPDWLFDO�
FDOFXODWLRQV� WKH� DQDO\VLV� LV� FDUULHG� RXW�ZLWK� FRQFOXVLRQ� RQ� WKH�
VWDWH�RI�YHJHWDWLRQ�LQ�WKH�FRQWUROOHG�DUHD�
5HOHYDQFH�RI�ZRUN��7RGD\��UHVHDUFKHUV�IDFH�WKH�SUREOHP�RI�WKH�
UHTXLUHPHQW� WR� LPSOHPHQW� IDVW� DQG� DFFXUDWH� FRPSOH[�
FDOFXODWLRQV�WKDW�DOORZ�DXWRPDWLQJ�WKH�HQWLUH�SURFHVV�RI�DQDO\VLV�
RI� ILHOG� GDWD� IURP� WKH�PRPHQW� WKH\� DUULYH� DW� WKH� ODERUDWRU\� WR�
WKH�IDFW�RI�PDNLQJ�D�FRQFOXVLRQ�DERXW�WKH�SRVVLELOLW\�RI�IXUWKHU�
UHVHDUFK�� 7KH� VSHHG� DQG� DFFXUDF\� RI� FDOFXODWLRQV� GHWHUPLQH�
VXFK�UHTXLUHPHQW�WR�WKH�V\VWHP�DV�LWV�IOH[LELOLW\�DQG�DYDLODELOLW\�
RI� WKH� SRVVLEOH� UDSLG� LQWHUDFWLRQ� EHWZHHQ FRPSRQHQWV�� ZKLFK�
SXWV� WKH� GHYHORSHU� WKH� WDVN� RI� GHVLJQLQJ� D� KLJK�TXDOLW\�
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DUFKLWHFWXUDO�KDUGZDUH�DQG�VRIWZDUH�FRPSOH[��)URP�WKH�DERYH�LW�
IROORZV� WKDW� WKH�SUREOHP�RI�GHYHORSLQJ� IOH[LEOH�DUFKLWHFWXUH�RI�
KDUGZDUH� DQG� VRIWZDUH�FRPSOH[� IRU�FDOFXODWLQJ�DQG�SURFHVVLQJ�
ILHOG�GDWD�LV�UHOHYDQW�WRGD\�
7KH�SXUSRVH�RI� WKH�ZRUN� LV� WR�GHYHORS�DQG�VWXG\�VRIWZDUH�DQG�
KDUGZDUH� IRU� WKH� FRPSOH[� GLDJQRVWLFV� RI� FRQWUROOHG� WHUULWRULHV�
XVLQJ�8$9�
$�QRYHOW\�RI�WKH�ZRUN�LV�WKH�GHILQLWLRQ�RI�WKH�KDUGZDUH�VRIWZDUH�
FRPSOH[� DUFKLWHFWXUH� DQG� SURSRVHG� DOJRULWKPV� RI� SURFHVVLQJ�
UHPRWH� GLDJQRVWLFV� GDWD� FRPLQJ� IURP� VHQVRUV� LQVWDOOHG� RQ� WKH�
8$9�YLD�FRPPXQLFDWLRQ�FKDQQHOV�
2QH�RI�WKH�DGYDQFHG�GLUHFWLRQV�LQ�ZKLFK�PXOWL�FRSWHUV�DUH�XVHG�
LV� WKH� FUHDWLRQ� RI� HOHFWURQLF� ILHOG� PDSV�� DV� ZHOO� DV� 1'9,�
YHJHWDWLRQ�LQGH[�PDSV�
8VLQJ� VSHFWUDO� VHQVRUV� LQVWDOOHG�RQ�PXOWL�FRSWHUV�RU� XQPDQQHG�
DHULDO� YHKLFOHV� �8$9��� LW� LV� SRVVLEOH� WR�REWDLQ� LQIRUPDWLRQ�QRW�
RQO\�LQ�WKH�YLVLEOH�VSHFWUXP��EXW�DOVR�LQ�D�TXDOLWDWLYHO\�QHZ�W\SH�
RI� KXPLGLW\� PHDVXUHPHQWV�� $OO� GDWD� FDQ� EH� SUHVHQWHG� ZLWK�
SUHFLVH� FRRUGLQDWHV� DQG� FDQ� EH� VWXGLHG� DQG� DQDO\]HG� LQ�GHWDLO��
8$9�LPDJLQJ�LV�D�WHFKQRORJ\�WKDW�DOORZV�WR�UHFRUG�DQG�FRQWURO�
WKH� VWDWH� RI� DJULFXOWXUDO� ODQG�� LW� LV� WR� RSWLPL]H� ZDWHU�
FRQVXPSWLRQ�� FDOFXODWH� WKH� RSWLPDO� DPRXQW� RI� IHUWLOL]HUV� DQG
FKHPLFDOV�DSSOLHG��FUHDWH�DQ�HOHFWURQLF�PDS�RI�WKH�ILHOGV��SUHGLFW�
FURS�\LHOGV��SODQQLQJ�WKH�OD\LQJ�RI�GUDLQDJH�V\VWHPV��HWF��8VLQJ�
WKLV� WHFKQRORJ\�� ZH� FDQ� REWDLQ� SKRWRJUDSKV� WR� DQDO\]H� WKH�
FRQGLWLRQ� RI� WKH� FURS�� LWV� WKLFNQHVV� DQG� XQLIRUPLW\�� DV�ZHOO� DV�
WKH�VWDWH�RI�YHJHWDWLRQ�
$SSOLFDWLRQ� RI� 8$9� VLPSOLILHV� WKH� FROOHFWLRQ� RI� QHFHVVDU\�
LQIRUPDWLRQ�DERXW� WKH� VWDWH�RI�FURSV��'ROJLUHY�HW�DO���������� ,Q�
FRQWUDVW� WR� VSDFHFUDIW��8$9V�� LQ�RXU�FDVH�PXOWLURWRUV�DUH�PRUH�
PRELOH�DQG�SURYLGH�GHWDLOV�XS�WR�VHYHUDO�FHQWLPHWHUV��ZKHQ�LW�LV�
SRVVLEOH� WR� VWXG\� HDFK� LQGLYLGXDO� SODQWLQJ� EXVK� �$LQDNXORY� HW�
DO���������
0DQ\� DJULFXOWXUDO� ODQGV� DUH� LUULJDWHG� ZLWK� GLWFKHV�� ZKLFK� DUH�
XVHG�IRU�ZDWHULQJ�DW�FHUWDLQ�WLPHV��8QHYHQ�ZDWHULQJ�RI�WKH�ILHOG�
RI�XVHIXO�YHJHWDWLRQ�IRU�KXPDQ�UHVXOWV�LQ�ORVV�RI�\LHOG��,Q�RUGHU�
WR� FUHDWH� FRPIRUWDEOH� FRQGLWLRQV� IRU� WKH� SODQW� LQ� PRLVWHQ� VRLO�
DQG� WKH�VXUIDFH�DLU�OD\HU��WKHUH�LV�D�SUREOHP�RI�GHWHUPLQLQJ�WKH�
OHYHO� RI� PRLVWXUH�� HDFK� VTXDUH� PHWHU� RI� ILHOG� ZLWK� LWV� H[DFW�
JHRJUDSKLFDO� FRRUGLQDWHV�� VR� WKDW� LQ� WKH� IXWXUH� WR� PDNH�
DGMXVWPHQWV� WR� WKH� ZDWHULQJ� V\VWHP�� 7R� VROYH� WKLV� SUREOHP�� D�
WHFKQRORJ\� ZDV� GHYHORSHG� IRU� UHPRWH� PHDVXUHPHQW� RI� WKH�
KXPLGLW\� RI� WKH� VXUIDFH� DLU� OD\HU� XVLQJ� WKH� UHOHYDQW� KDUGZDUH�
DQG�VRIWZDUH�V\VWHP�
,Q� SUDFWLFH�� WKH� ILHOG� ZDV� E\SDVVHG� E\ DJULFXOWXUDO� ZRUNHUV� WR�
PRQLWRU�WKH�LUULJDWLRQ�V\VWHP�DQG�DVVHVV�WKH�VRLO�FRQGLWLRQ��7KH�
KXPDQ� IDFWRU� LQIOXHQFHV� WKH� VXEMHFWLYLW\� RI� DVVHVVPHQW� RI� VRLO�
PRLVWXUH� OHYHO�� WKHUHIRUH�� WR� DXWRPDWH� WKH� SURFHVV� RI� REMHFWLYH�
REVHUYDWLRQ�DQG�IL[LQJ�WKH�TXDOLW\�RI�LUULJDWLRQ��WKH�LGHD�RI�XVLQJ�
DSSURSULDWH� VHQVRUV� RQ� ERDUG� WKH� 8$9�� DV� ZHOO� DV� WKH�
GHYHORSPHQW�RI�KDUGZDUH�DQG�VRIWZDUH�FRPSOH[�IRU�WKH�VWXG\�RI�
WKH�FRQWUROOHG�DUHD��KDV�VWDUWHG�XS��$V�D�PHDVXULQJ�GHYLFH�KDYH�
FKRVHQ� KXPLGLW\� VHQVRUV��ZKLFK� GXH� WR� WKHLU� FRPSDFWQHVV� DQG�
ORZ�ZHLJKW��PHHW�WKH�8$9�IOLJKW�FKDUDFWHULVWLFV�
7KH� WHPSHUDWXUH� DQG� KXPLGLW\� VHQVRUV� '+7��� DQG� '7+���
LQFOXGH� WZR� XVHIXO� LQGLFDWRUV� WKDW� DIIHFW� WKH� TXDOLW\� RI� WKH�
PHDVXULQJ� LQVWUXPHQWV� � WKHUPRPHWHU� DQG� K\JURPHWHU�
�)LJXUH ���

)LJXUH����'7+���VHQVRU�LQ�SODVWLF�KRXVLQJ

,QVLGH� WKH� '+7[[� VHQVRUV� WKHUH� LV� D� FKLS� WKDW� SHUIRUPV�
DQDORJXH�WR�GLJLWDO� FRQYHUVLRQV� DQG� GLYLGHV� WKH� GLJLWDO� VLJQDO�
LQWR� DQ� DQDORJXH� RQH�� DV� WHPSHUDWXUH� DQG� KXPLGLW\� GDWD�� 7KLV�
GDWD� LV� YHU\� HDVLO\� UHDG� E\� WKH� PLFURFRQWUROOHU� FKLS�� 7KLV�
PLFURFRQWUROOHU�LV�GHVLJQHG�WR�FRQWURO�HOHFWURQLF�GHYLFHV��LQ�RXU�
FDVH� LW� LV� D� PLFURFRQWUROOHU� EDVHG� RQ� $UGXLQR� 812��
$7PHJD����
:KHQ�FRQQHFWLQJ� WR�$7PHJD����PLFURFRQWUROOHU�EDVHG�RQ� WKH�
$UGXLQR�812�ERDUG��)LJXUH�����D�SXOO�XS�UHVLVWRU�RI����N2KP�
UDWH� VKRXOG� EH� SODFHG� EHWZHHQ� 9''� DQG� 'DWD� RXWSXWV�� 7KH�
$UGXLQR�ERDUG�KDV�D�EXLOW�LQ�SXOO�XS��KRZHYHU�� WKH\�KDYH�YHU\�
ORZ�FDSDFLW\��DERXW����N2KP�

)LJXUH����&RQQHFWLQJ�'+7���VHQVRU�WR�$UGXLQR

)LJXUH�� VKRZV�WKH�'+7���VHQVRU�FRQQHFWLRQ�FKLS�WR�$UGXLQR�
8QR�ERDUG��PDGH�E\�)/3URJ�VRIWZDUH��ZKLFK�DOORZV�WR�JHW�WKH�
VRIWZDUH�FRGH�DXWRPDWLFDOO\�

)LJXUH����(OHFWULF�FLUFXLW�DQG�YLVXDO�SURJUDPPLQJ�'+7���WR�
$UGXLQR�8QR�ERDUG

,Q� RUGHU� WR� REWDLQ� FRUUHFW� PHDVXUHPHQWV� RI� WKH� HQYLURQPHQW�
SK\VLFDO�SURSHUWLHV��FRQVLGHUDWLRQ�ZDV�JLYHQ�WR�WKH�IDFW�WKDW�WKH�
DLU� IORZV� SURGXFHG� E\� URWRUV� FDQ� YHU\� PXFK� GLVWRUW� WKH�
PHDVXUHPHQWV�RI�VHQVRUV��/RFDWLRQ�RI�VHQVRUV�RQ�PXOWL�URWRUV�LV�
RQH� RI� WKH� PRVW� GLIILFXOW� VROXWLRQV�� 7KH� ZRUN� �5ROGiQ� HW� DO���
������GHVFULEHG�WKH�PRGHOOLQJ�RI�DHURG\QDPLFV�RI�WKH�DLU�IORZV�
IURP� TXDGURFRSWHU� LQ� RUGHU� WR� GHWHUPLQH� WKH� RSWLPDO� SODFH� WR�
LQVWDOO�WKH�PHDVXULQJ�HTXLSPHQW��)LJXUH�������
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)LJXUH����$LU�VWUHDPV�DERYH�TXDGURFRSWHU

)LJXUH����$LU�VWUHDPV�XQGHU�TXDGURFRSWHU

$V� D� UHVXOW� RI� PRGHOOLQJ� DQG� WHVWLQJ� RI� TXDGURFRSWHU� LQ� WKH�
JUHHQKRXVH��WKH�RSWLPDO�ORFDWLRQ�RI�VHQVRUV�DQG�WKH�XSSHU�FHQWHU�
RI�TXDGURFRSWHU�ZHUH�GHWHUPLQHG��)LJXUH����

)LJXUH����2SWLPXP�VHQVRU�DUUDQJHPHQW

$QDO\VLV� RI� UHVHDUFKHV� ZDV� FRQGXFWHG� E\� IRUHLJQ� DXWKRUV�
GHYRWHG� WR� WKH� SUREOHP� RI� GHWHUPLQLQJ� WKH� PLFURFOLPDWH� RI�
SDUWLFXODU� W\SH�RI�YHJHWDWLRQ�RI�DJULFXOWXUDO�SXUSRVH��5ROGiQ�HW�
DO����������)LJXUH�����DV�ZHOO�DV�WKH�FKDUDFWHULVWLFV�DIIHFWLQJ�WKH�
SURGXFWLYLW\� RI� DJULFXOWXUDO� FURSV��0RVW� RI� WKH� UHVHDUFKHV�ZDV�
FDUULHG�RXW�LQVLGH�WKH�JUHHQKRXVHV�

)LJXUH����([SHULPHQWDO�JUHHQKRXVH

�� +$5':$5(�$1'�62)7:$5(�6&+(0(�)25�
0($685(0(176�,1�,1)5$5('�63(&75$/�5$1*(

,Q� RUGHU� WR� REWDLQ� GDWD� LQ� WKH� LQIUDUHG� �,5�� VSHFWUDO� UDQJH� DQG�
PLQLPL]H�FRVWV�� WKH�RSWLPDO�8$9�SDFNDJH�KDV�EHHQ�GHYHORSHG�
WR�SHUIRUP�UHPRWH�PHDVXUHPHQWV�XVLQJ�'+7���KXPLGLW\�VHQVRU�
PRXQWHG�RQ�D�PXOWL�URWRU��7KH�XVH�RI� VXFK�VHQVRUV� LV� UHOHYDQW��

DV�WKH�SK\VLRORJLFDO�VWDWH�RI�YHJHWDWLRQ�GHSHQGV�RQ�WKH�OHYHO�RI�
KXPLGLW\�RI�WKH�JURXQG�OD\HU��DQG�WKH�ORZHU�DLU�OD\HU�
&RRUGLQDWLRQ�DQG�DXWRPDWLRQ�RI�UHPRWH GDWD�UHFRUGLQJ�IURP�WKH�
KXPLGLW\� VHQVRU� DQG� *36� UHFHLYHU� ZDV� SHUIRUPHG� RQ� ILYH�
GLIIHUHQW� SRLQWV� RI� WKH� VXUYH\HG� VR\EHDQ� ILHOG� DUHD�� $Q�
HOHFWURQLF� VFKHPH� IRU� UHPRWH� KDUGZDUH� KXPLGLW\�PHDVXUHPHQW�
DW�DQ�DOWLWXGH�RI�RQH�PHWHU�XVLQJ�WKH�PXOWL�URWRU�ZDV�GHYHORSHG�
DQG� FUHDWHG�� 'DWD� ZHUH� WDNHQ� IURP� WKH� VHQVRUV� XVLQJ� WKH�
$UGXLQR� VRIWZDUH� DQG� UHFRUGHG� RQ� D� PLFUR6'� LQ� WH[W� IRUPDW��
'DWD� IURP� WKH� KXPLGLW\� VHQVRU� ZHUH� WUDQVPLWWHG� WR� ODERUDWRU\�
IRU�WKH�IXUWKHU�SURFHVVLQJ�XVLQJ�WKH�$UGXLQR�VRIWZDUH�

�� 0(7+2'6�2)�$(5,$/�6859(<�'$7$�
352&(66,1*�$1'�(;7(51$/�25,(17$7,21

7KH� XVH� RI� 8$9� IRU� WKH� QHHGV� RI� DJULFXOWXUDO� SURGXFHUV� LV� D�
QHFHVVLW\�LQ�LQFUHDVLQJ�WKHLU�ZRUN�HIILFLHQF\��VDYLQJ�HQHUJ\�DQG�
ZDWHU�� � ,QIRUPDWLRQ� DERXW� WKH� ILHOG� FRQGLWLRQ� DOORZV� WR� XVH�
RSWLPDO� PHWKRGV� RI� LUULJDWLRQ� SURFHVV� FRQWURO� DV� ZHOO� DV� WR�
UHGXFH�RSHUDWLQJ�FRVWV�GXH�WR�FRUUHFW�ZDWHU�GLVWULEXWLRQ�
7KH� DLUFUDIW� LV� HTXLSSHG� ZLWK� D� VHQVRU� WR� REWDLQ� TXDQWLWDWLYH�
HVWLPDWHV�RI�WKH�KXPLGLW\�LQ�PRQLWRUHG�DUHD��7KH�DFTXLVLWLRQ�RI�
DUHD� KXPLGLW\� FKDUDFWHULVWLFV� RI� WKH� ILHOG� LV� FDUULHG� RXW� E\�
UHPRWH� PHDVXUHPHQWV� EDVHG� RQ� VHQVRUV� DQG� PLFURFRQWUROOHUV��
XVLQJ�DYDLODEOH�VRIWZDUH��EXW�GRHV�QRW�DOZD\V�OHDG�WR�WKH�GHVLUHG�
UHVXOWV� LQ� GDWD� SURFHVVLQJ�� 'DWD� EHFRPHV� HVSHFLDOO\� LPSRUWDQW�
ZKHQ� V\QFKURQL]DWLRQ� RI� WKH� PHDVXULQJ� LQVWUXPHQWV� LV� FDUULHG�
RXW��ZKHQ�VHYHUDO�RSHUDWLRQV�PXVW�EH�VWDUWHG�VLPXOWDQHRXVO\�RQ�
VHYHUDO�GHYLFHV��)RU�H[DPSOH��WKH�UDWLR�RI�ELRPDVV�WR�WKH�DPRXQW�
RI� PRLVWXUH� FRQVXPHG� LV� LPSRUWDQW� DQG�� ZLWK� NQRZQ� H[DFW�
JHRJUDSKLFDO� FRRUGLQDWHV� RI� HDFK� XQLW� RI� WKH� JURZLQJ� FURS��
DFWLRQ�FDQ�EH�WDNHQ�RQ�WKHP�DV�SRLQW�E\�SRLQW�
8$9�ZLWK� D� VHQVRU�PRXQWHG� RQ� LW� WR� WDNH�SLFWXUHV� DQG� UHFRUG�
KXPLGLW\�IDFWRUV�RI�WKH�VXUIDFH�DLU�OD\HU�LQ�WKH�RSHQ�VSDFH��7KH�
REMHFW�RI�WKH�VWXG\�ZDV�DQ�LUULJDWLRQ�ILHOG�ZLWK�VR\EHDQ�FXOWXUH�
�)LJXUH����� ,Q�RUGHU� WR� WUXVW� WKH�8$9
V� LQVWUXPHQWV�DQG� UHFRUG�
WKH�SURSHUWLHV�RI�WKH�HQYLURQPHQW��WKH�PHDVXUHPHQW�WHFKQRORJ\�
ZDV� XVHG�� ZLWK� WKH� KHOS� RI� ZKLFK� JURXQG�EDVHG� DQG� UHPRWH�
PHDVXUHPHQWV�ZHUH�PDGH�VLPXOWDQHRXVO\�
7KH� ILUVW� SKRWRJUDPPHWULF� VXUYH\� RI� WKH� ILHOG� ZDV� PDGH� E\�
FDPHUD��LQ�WKH�LQIUDUHG�VSHFWUDO�DUHD��$Q�XSJUDGHG�621<�1(;�
�1�FDPHUD��*HRVFDQ��KWWSV���ZZZ�JHRVFDQ�DHUR�UX�DERXW����ZLWK�
PDWUL[� DQG� UHPRWH� FRORU� ILOWHU� ILOP� �,QVWUXFWDEOHV��
KWWSV���ZZZ�LQVWUXFWDEOHV�FRP�LG�1LJKW�9LVLRQ�&DPHUD�
���LQWUR���ZDV�XVHG�WR�PDNH�WKH�DHULDO�SKRWRJUDSKV��7KH�UHPRWH�
PHDVXUHPHQW� RI� VRLO� KXPLGLW\� UHIOHFWV� WKH� HOHFWURPDJQHWLF�
UDGLDWLRQ� RI� WKH� VRLO� VXUIDFH�� 7KH� QHDU� LQIUDUHG� VSHFWUXP� RI�
UDGLDWLRQ� LV� DEVRUEHG� E\� ZDWHU� PROHFXOHV� LQ� WKH� VRLO� VXUIDFH�
OD\HU� DQG� LQ� WKH� DLU� OD\HU� RQH�PHWHU DERYH� WKH�JURXQG�VXUIDFH��
ZKHUH� WKH� UHIOHFWHG� UDGLDWLRQ� VKRZV� WKH� YDOXH� RI� VXUIDFH�
KXPLGLW\�
6XUYH\�ZDV�FDUULHG�RXW�ZLWK�D�EXLOW�LQ�KXPLGLW\�VHQVRU�PRXQWHG�
RQ�8$9��LQ�ILYH�SRLQWV�ORFDWHG�RQ�WKH�HQYHORSH�V\VWHP�
0HDVXUHPHQWV�ZHUH� WDNHQ�DW� WKH�JURXQG�VXUIDFH�DQG�RQH�PHWHU�
IURP�WKH�VXUIDFH�IRU���PLQXWHV�DW�HDFK�SRLQW��)LJXUH�����'XULQJ�
PHDVXUHPHQWV�DW�SRLQWV�©�ª��©�ª��©�ª��©�ª�D�OLWWOH�UDLQ�GUL]]OHG��
DW� WKH�FRQWURO� OHYHO�©�ª�D�FROXPQ�ZDV� IORZLQJ��DQG�SDUW�RI� WKH�
ILHOG� ZDV� LOOXPLQDWHG� E\� WKH� VXQ�� WKH� VHFRQG� SDUW� ZDV� LQ� WKH�
VKDGRZ�RI�WKH�FORXG��WKH�ZLQG�ZDV�ZHVW�WR���P�V�
&RRUGLQDWLRQ� DQG� DXWRPDWLRQ� RI� UHPRWH� GDWD� UHFRUGLQJ� RI� WKH�
KXPLGLW\� VHQVRU� DQG� *36� UHFHLYHU� ZDV� FDUULHG� RXW� DW� ILYH�
VHSDUDWHG� JURXQG� FRQWURO� SRLQWV�� ZKLFK� DOVR� VHUYHG� DV� FRQWURO�
SRLQWV�IRU�WKH GDWD�DUUD\�REWDLQHG�IURP�WKH�VXUYH\�LQ�WKH�LQIUDUHG�
UDQJH�RI�WKH�ILHOG�DUHD�VSHFWUXP�
0HDVXUHPHQW� GDWD� IURP�KXPLGLW\� VHQVRU�ZDV� UHFRUGHG�HYHU\���
VHFRQGV��)RU�WKH�FOHDU�H[SHULPHQW��WKH�UHDGLQJV�IURP�WKH�VHQVRUV�
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DW� HDFK�PHDVXUHPHQW� SRLQW�ZHUH�PDGH� HYHU\��� VHFRQGV�GXULQJ�
PLQXWHV��WKHQ�WKHVH�GDWD�ZHUH�SURFHVVHG�LQ�WKH�SURFHVVLQJ�RIILFH�
�WDEOH����

)LJXUH����,UULJDWHG�VR\EHDQ�ILHOG���[����NP���ZLWK�JURXQG�
PHDVXUHPHQW�SRLQWV

7R�GHWHUPLQH�KRZ�WKH�KXPLGLW\�RI�WKH�VXUIDFH�DLU�OD\HU�FKDQJHV�
DW�KHLJKW�RI���PHWHU��WKH�UHJUHVVLRQ�DQDO\VLV�RI�WKH�GDWD�ZLWK�WKH�
REWDLQHG�GDWD�RQ� WKH�JURXQG�ZDV�FDUULHG�RXW� �7DEOHV�������7KH�
PHDVXUHG� KXPLGLW\� GDWD� ZHUH� DYHUDJHG� RQ� WKH� EDVLV� RI� WKH�
QXPEHU�RI�UHFRUGV�ZLWKLQ���PLQXWH�WLPH�SHULRG�����LQGLFDWRUV���
'HWHUPLQDWLRQ�FRHIILFLHQW�LV�HTXDO�WR�������ZKLFK�LQGLFDWHV�WKDW�
WKH�GDWD�REWDLQHG�DUH�FRQVLVWHQW�

6WDWLRQ

0HDQ�YDOXH
7HPSHUDWXUH�RQ�
(DUWK�DQG�DW�
+ �P�LQ�&

+XPLGLW\�RQ�
(DUWK�DQG�DW�
+ �P�LQ��

+HDW�,QGH[�RQ�
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� ����� ����� ����� ����� ����� �����
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� ����� ����� ����� ����� ����� �����

� ����� ����� ����� ����� ����� �����

7DEOH����0HDVXUHPHQW�GDWD�DYHUDJHG�E\�KXPLGLW\�VHQVRU�
'+7��

5HJUHVVLRQ�VWDWLVWLFV

5 PXOWLSOH ����

5�VTXDUH ����
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6WDQGDUG�HUURU ����
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7RWDO � �������

7DEOH����'LVSHUVLRQ�DQDO\VLV�RI�KXPLGLW\�VHQVRU�PHDVXUHPHQWV�
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7DEOH����5HJUHVVLRQDO�UHODWLRQVKLS

7KH�UHJUHVVLRQ�GHSHQGHQFH�<� �����������;�LQGLFDWHV�WKDW�WKH�
JUHDWHU� WKH� YDOXH� RI�;�� WKH� JUHDWHU� WKH�<�� L�H�� WKHUH� LV� D� GLUHFW�
FRUUHODWLRQ�EHWZHHQ�WKHP��,Q�DGGLWLRQ�WR�WKH�KXPLGLW\�GDWD��WKH�
DPELHQW� WHPSHUDWXUH� DQG� KHDW� LQGH[� DUH� UHDG� E\� WKH� VHQVRU��
)RUHFD�FRP�GDWD� IURP� WKH�PHWHRURORJLFDO�VWDWLRQ� LQ� WKH�QHDUHVW�
VHWWOHPHQW� ZHUH� XVHG� WR� FRPSDUH� WKH� REWDLQHG� UHDGLQJV� IRU�
DPELHQW�WHPSHUDWXUH RQ�WKH�GDWH�RI�VXUYH\��7DEOH�����%RWK�GDLO\�
DQG�KRXUO\�GDWD�ZHUH�REWDLQHG�IRU�FRUUHFW�FRPSDULVRQ�ZLWK�WKH�
DHULDO�VXUYH\�WLPH��7KH�ILJXUHV�ZHUH�PDWFKLQJ�DQG�FRUUHVSRQG�WR�
����&�
/DQG

VWDWLRQV
� � � � �
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PP+J�

UDLQLQJ

PP+J�

UDLQLQJ

PP+J� PP+J�

UDLQLQJ

PP+J�

OLJKW�

UDLQ

:LQG�
:HVW�

��P�V

:HVW�

��P�V

:HVW�

��P�V

:HVW�

��P�V

:HVW�

��P�V

7DEOH����:HDWKHU�LQ�$OPDO\EDN�RQ������������ GDWD�UHJLVWHUHG�
DW�$OPDW\�VWDWLRQ

$� MRLQW� GDWD� DQDO\VLV� RI� ,5� VXUYH\� DQG� VHQVRU� UHDGLQJV� ZDV�
PDGH��7KH�PHDVXUHPHQWV�DW�SRLQWV�©�ª�DQG�©�ª�LQ�WKH�VXQOLJKW�
SDUW�RI�WKH�ILHOG�VKRZ�UHODWLYHO\�KLJK�YDOXHV�RI�WKH�UHIOHFWHG�,5�
VLJQDO��LQ�7DEOH���WKHVH�SRLQWV�DUH KLJKOLJKWHG�LQ�EOXH���$W�WKDW��
WKH�KLJKHU�WKH�KXPLGLW\�YDOXH��WKH�KLJKHU�WKH�YDOXH�RI�UHIOHFWHG�
,5�VLJQDO� �QHDU� LQIUDUHG�ZDYHOHQJWK�UDQJH��� ,Q� WKH�VKDGRZ�SDUW�
RI�WKH�ILHOG�WKH�LQWHQVLW\�RI�,5�UDGLDWLRQ�LV�ORZHU��DERXW�WZLFH�DV�
PXFK��7KLV�LV�GXH�WR�WKH�IDFW�WKDW�SDUW�RI�WKH�ILHOG�ZDV�LQ�VKDGRZ�
RI� WKH� FORXGV�� &ORXGV� DUH� NQRZQ� WR� SDUWLDOO\� DEVRUE� WKH� VRODU�
UDGLDWLRQ�

6WDWLRQ� +XPLGLW\� ,5�FKDQQHO

58� ����� ��

/8� ����� ���

0� ����� ��

5/� ����� ��

//� ����� ���

7DEOH����3DUDPHWHUV�RI�WKH�VXUIDFH�DLU�OD\HU�EDVHG�RQ�UHPRWH�
PHDVXUHPHQW�ZLWK�DQ�,5�FDPHUD�DQG�KXPLGLW\�VHQVRU

2EWDLQHG� GDWD� LQ� ,5� VSHFWUXP� UDQJH�� KDYH� KLJK� VSDWLDO�
UHVROXWLRQ� RI� �� FP�� DFFRUGLQJ� WR� WKH� UHVXOWV� RI� WKH� SURFHVVHG�
LPDJHV�FDQ�FRQFOXGH�WKDW�VR\EHDQ�JURZWK�KDV�VRPH�XQHYHQQHVV��
DQG� DOVR� WKHUH� LV� D� FHUWDLQ� GHSHQGHQFH� RI� VR\EHDQ� JURZWK�
FRQGLWLRQ� IURP� KXPLGLW\� RI� WKH� VXUIDFH� DLU� OD\HU� �)LJXUH� �����
$GGLWLRQDO�FRQWURO�SDUDPHWHU�RI�YHJHWDWLRQ�VWDWH�ZDV�FDOFXODWLRQ�
RI�0&$5,��LQGH[��LPSURYHG�PRGLILHG�FKORURSK\OO�DEVRUEVKHQ�
UDWLR� LQGH[�� XQGHU� RUWKRSKRWR� SODQ� RI� DHULDO� VXUYH\� LQ� QHDU�
LQIUDUHG� ]RQH� �5D]DNRYD� HW� DO��� ����� ,I� KLJK� SKRWRV\QWKHWLF�
DFWLYLW\� LV�DVVRFLDWHG�ZLWK�D� ODUJH�SK\WRPDVV�RI�YHJHWDWLRQ�� WKH�
DUHDV�ZLWK�ODUJH�YDOXHV�RI�0&$5,��LQGH[�FRUUHVSRQG�WR�WKH�SDUW�
RI�WKH�ILHOG�ZLWK�KLJK�KXPLGLW\�YDOXHV�RI�WKH�VXUIDFH�DLU�OD\HU�

)LJXUH����)UDJPHQWV�RI�LPDJHV�REWDLQHG�IURP�WKH�DHULDO�VXUYH\

DW�KXPLGLW\�RI�WKH�VXUIDFH�DLU�OD\HU�$��������%�������

$UHDV� RI� ILHOG� %������� ZLWK� UHODWLYHO\� KLJK� KXPLGLW\� YDOXHV�
KDYH�D�KLJKHU�0&$5,��LQGH[��)LJXUH����DQG� WKH�OHDYHV�KDYH�D�
ULFKHU�JUHHQ�FRORXU�

6HQVRU� LQVWDOOHG� RQ� 8$9� UHFRUGV� DQRWKHU� LQGLFDWRU�� WKH� VR�
FDOOHG�KHDW�LQGH[��7KH�+HDW�,QGH[�LV�D�PHDVXUH�RI�KRZ�PXFK�LW�
UHDOO\�IHHOV�ZKHQ�UHODWLYH�KXPLGLW\�GHSHQGV�IURP�WKH�DFWXDO�DLU�
WHPSHUDWXUH� �1DWLRQDO� :HDWKHU� 6HUYLFH��
KWWSV���ZZZ�ZHDWKHU�JRY�VDIHW\�KHDW�LQGH[���

)LJXUH�����+HDW�LQGH[����&� ���)�± ���������

7KH�WDEOH�DERYH��)LJXUH�����LV�WDNHQ�IURP�WKH�1DWLRQDO�:HDWKHU�
6HUYLFH��86$��VHUYHU��2XWGRRUV��DV�UHODWLYH�KXPLGLW\�LQFUHDVHV��
WKH� ILUVW� VPRNH� DSSHDUV� DQG� HYHQWXDOO\� D� WKLFNHU� FORXG� FRYHU��
UHGXFLQJ� WKH� DPRXQW� RI� GLUHFW� VXQOLJKW� UHDFKLQJ� WKH� HDUWK
V�
VXUIDFH�

�� &21&/86,21

$V�RI�GDWD� WDNHQ�ERWK� LQ� WKH� LQIUDUHG� UDQJH�RI�HOHFWURPDJQHWLF�
UDGLDWLRQ�DQG�ZLWK� WKH�KHOS�RI�KXPLGLW\�VHQVRU� LW� LV�SRVVLEOH�WR�
TXLFNO\�PRQLWRU� WKH� KXPLGLW\� OHYHO� RI� WKH� VXUIDFH� DLU� OD\HU�� DV�
ZHOO� DV� DVVHVV� WKH� FRQGLWLRQ� RI� FURSV�� &RPSOHWH� FRYHUDJH��
SUHFLVH� JHRJUDSKLF� ORFDWLRQ� DQG� REMHFWLYH� ILHOG� FOLPDWH�
LQGLFDWRUV� SURYLGH� WKH� LQIRUPDWLRQ� EDVLV� IRU� FURS� LUULJDWLRQ�
GHFLVLRQV�� $JULFXOWXUDO� SURGXFHUV FDQ� PDNH� WKH� UHDVRQHG�
GHFLVLRQV�IRU�XQLIRUP�LUULJDWLRQ�
7KH� JURZWK� UDWH� �ELRPDVV� LQFUHDVH�� RI� WKH� FURS� LV� GLUHFWO\�
SURSRUWLRQDO� WR� VRLO� PRLVWXUH�� 8VH� RI� WKH� REWDLQHG�
WKHUPRSK\VLFDO� SDUDPHWHUV� RI� WKH� ORZHU� VXUIDFH� DLU� OD\HU� ZLWK�
WKH� KHOS� RI� 8$9� JLYHV� WKH� IROORZLQJ� SRVVLELOLWLHV�� XQLIRUP�
GLVWULEXWLRQ� RI� WKH� FURS� ZDWHULQJ�� LQFUHDVH� RI� SRWHQWLDO� \LHOG��
UHGXFLQJ� RI� SURGXFWLRQ� FRVWV�� 7KH� WHFKQRORJ\� RI� REWDLQLQJ�
FRQGLWLRQHG� GDWD� RQ� KXPLGLW\� ZLWK�PLQLPXP� H[SHQVHV� RQ� WKH�
EDVLV� RI� WKH� GHYHORSHG� DUFKLWHFWXUH� RI� KDUGZDUH� DQG� VRIWZDUH�
FRPSOH[�LV�RIIHUHG�
7KXV�� WKH� KDUGZDUH� DQG� VRIWZDUH� FRPSOH[� GHYHORSHG� E\� XV�
DOORZV�DXWRPDWLQJ�WKH�ZKROH�SURFHVV�RI�DQDO\VLV��SURFHVVLQJ�DQG�
LQWHUSUHWDWLRQ� RI� ILHOG� GDWD� WDNHQ� ZLWK� WKH� KHOS� RI� VHQVRUV�
LQVWDOOHG�RQ�8$9�

5()(5(1&(6

$LQDNXORY =K�=K��� )HGRURY� ,�2��� (UJDOL\HY� 5�.�� &RQQHFWLQJ�
'+7;;� WHPSHUDWXUH� DQG� KXPLGLW\� VHQVRU� WR� $30� FRQWUROOHU�
EDVHG�RQ�$5'8,12�ERDUG�IRU�XVH�RQ�PXOWLFRSWHUV�����0DWHULDOV�
RI� WKH� ;,9� ,QWHUQDWLRQDO� $VLDQ� 6FKRRO�6HPLQDU� ³3UREOHPV� RI�
2SWLPL]LQJ�&RPSOH[�6\VWHPV´��-XO\��������������3DUW����S�����
��

$LQDNXORY�=K�=K���0DNDUHQNR�1�*���3DOWDVKHY�7�7��([SHULHQFH�
RI�PRGHOLQJ�PLQLQJ�ODQGVFDSHV�E\�XVLQJ�PHWKRGV�RI�LQWHOOLJHQW�
PRQLWRULQJ�����7KH�MRXUQDO�©&XUUHQW�SUREOHPV�LQ�UHPRWH�VHQVLQJ�
RI� WKH� (DUWK� IURP� VSDFHª�� ������ 9ROXPH� ���� ʋ��� 3�� �������
85/��KWWS���G���LQIRVSDFH�UX�G��BFRQI�VE����W��������SGI
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WKHUPDO� UHJLPHV� RI� UXUDO� DUHDV�� 0RGHUQ� SUREOHPV� RI� UHPRWH�
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