
ϭ

7KH�UHODWLRQVKLSV EHWZHHQ�VHHGOLQJ�URRW VFUHHQV��URRW�JURZWK�LQ�WKH�ILHOG�DQG JUDLQ�ϭ
\LHOG IRU�ZLQWHU�ZKHDWϮ

&��%DL���<��*H���5�:��$VKWRQ�� -��(YDQV�� $��0LOQH���0�-��+DZNHVIRUG���:�5��:KDOOH\�� 0��$��ϯ
-��3DUU\���-���0HOLFKDU���'��)HXHUKHOP���3���%DQVHSW�%DVOHU ���0���%DUWVFK�ϰ

ϱ

� 5RWKDPVWHG�5HVHDUFK��+DUSHQGHQ��+HUWIRUGVKLUH��$/���-4��8QLWHG�.LQJGRPϲ

� /DQFDVWHU�(QYLURQPHQW &HQWUH��/DQFDVWHU�8QLYHUVLW\��/DQFDVWHU��/$���<4�ϳ

8QLWHG�.LQJGRPϴ

� 6\QJHQWD�6HHGV�/WG�� +LOO�)DUP�5RDG��:KLWWOHVIRUG��&%���47��8QLWHG�.LQJGRPϵ

� 6\QJHQWD�6$6��$YHQXH�*XVWDYH�(LIIHO�������&KDUWUHV��)UDQFHϭϬ

� 6\QJHQWD�&URS�3URWHFWLRQ��6FKDIIKDXVHUVWUDVVH�����������6WHLQ��6ZLW]HUODQGϭϭ

ϭϮ

&RUUHVSRQGLQJ�DXWKRU�ULFKDUG�ZKDOOH\#URWKDPVWHG�DF�XNϭϯ

ϭϰ

%DFNJURXQG�DQG�DLPV� :H�ZHUH�LQWHUHVWHG WR�NQRZ�LI�ODERUDWRU\�VFUHHQV�RI�URRW�JURZWK�FRXOG�ϭϱ

EH�XVHG�WR�SUHGLFW�URRW�SHUIRUPDQFH DQG�JUDLQ�\LHOG�RI�ZKHDW�ZKHQ�JURZQ�LQ�WKH�ILHOG��$�ϭϲ

VHFRQGDU\�DLP�RI�WKLV�ZRUN�ZDV�WR�H[SORUH�WKH�UHODWLRQVKLS�EHWZHHQ�URRW�GHSWK�DQG�JUDLQ�ϭϳ

\LHOG�ϭϴ

0HWKRGV�:H�VFUHHQHG ����ZKHDW OLQHV��FRPSRVHG�RI�HOLWH�DV�ZHOO�DV�D�OLPLWHG�QXPEHU�RIϭϵ

EUHHGLQJ�OLQHV��WR�LGHQWLI\�ZKHDW OLQHV�ZLWK�FRQWUDVWLQJ�\RXQJ URRW�WUDLWV ZLWK�D�KLJK�ϮϬ

WKURXJKSXW�VFUHHQ���:H�VHOHFWHG�JURXSV RI�ZKHDW OLQHV EDVHG�RQ�WKH�VL]H�RI�WKH�VHHGOLQJ�Ϯϭ

URRW��URRW�GLDPHWHU�DQG�JURZWK�DQJOH� 6HYHQW\�WZR ZKHDW�OLQHV ZHUH�VXEMHFWHG�WR�IXUWKHU�ϮϮ

VFUHHQLQJ�ZLWK�D�ZD[�OD\HU�VFUHHQ�DQG�JURZQ�LQ�D�ILHOG�H[SHULPHQW�LQ�WZR�VXFFHVVLYH�\HDUV�Ϯϯ

5RRW�OHQJWK�GLVWULEXWLRQV��IURP�ILHOG�JURZQ�ZKHDW� ZHUH�GHWHUPLQHG�ZLWK�WKH�FRUH�EUHDN�Ϯϰ

PHWKRG�Ϯϱ

5HVXOWV�:H�ZHUH�XQDEOH�WR�ILQG�UHODWLRQVKLSV�EHWZHHQ�GDWD�IURP�WKH�ODERUDWRU\�URRW�VFUHHQV�Ϯϲ

DQG URRW�GHSWK�LQ�WKH ILHOG��,Q�WKH�ILHOG��ZKHDW�OLQHV�ZLWK�GHHS�URRWV�DOZD\V�KDG�KLJK�JUDLQ�Ϯϳ

\LHOGV��EXW�GHHS�URRWV�ZHUH QRW�HVVHQWLDO�WR�REWDLQ�KLJK�\LHOGV��:KHDW�OLQHV ZLWK�WKH�GHHSHVW�Ϯϴ

URRWV�ZHUH�DOVR�DPRQJVW�WKRVH�ZLWK�WKH�JUHDWHVW�QXPEHU�RI�VKDOORZ�URRWV�Ϯϵ



Ϯ

&RQFOXVLRQ� /DERUDWRU\�URRW�VFUHHQV�GLG�QRW�SUHGLFW�URRW�GHSWK�LQ�WKH�ILHOG� 5RRW�GLDPHWHU��IRU�ϯϬ

UHDVRQV�WKDW�DUH�QRW�FOHDU��LV�FRUUHODWHG�ZLWK�KLJK JUDLQ \LHOG�ϯϭ

.H\ZRUGV�:KHDW��5RRWV��/DERUDWRU\�6FUHHQV��5RRW�GHSWK��<LHOGϯϮ

ϯϯ

,QWURGXFWLRQϯϰ

,Q�WKH�ILHOG WKH�URRW�JURZWK�HQYLURQPHQW�LV�FRPSOH[��GHHS�URRWV�DUH�DOPRVW�H[FOXVLYHO\�WR�EH�ϯϱ

IRXQG�LQ�SUH�H[LVWLQJ�SRUHV��:KLWH�DQG�.LUNHJDDUG��������,QFUHDVHV�LQ�VRLO�VWUHQJWK�ZLWK�ϯϲ

GHSWK�PD\�EH�UHVSRQVLEOH�IRU�FRQILQLQJ�URRWV�WR�H[LVWLQJ�SRUHV��HVSHFLDOO\�ZKHQ�ϯϳ

SHQHWURPHWHU�UHVLVWDQFHV�LQ�WKH�EXON�VRLO�DUH�PXFK�JUHDWHU�WKDQ�����03D��*DR�HW�DO���������ϯϴ

+RGJNLQVRQ��HW�DO����������7KH�LQFUHDVH�LQ�VRLO�VWUHQJWK�ZLWK�GHSWK�LV�D�XELTXLWRXV�ϯϵ

SKHQRPHQRQ�GXH�WR�WKH�LQFUHDVHG�ZHLJKW�RI�VRLO�DV�GHSWK�LQFUHDVHV�DQG�SHQHWURPHWHU�ϰϬ

UHVLVWDQFH�FDQ�H[FHHG�����03D�DW�GHSWKV�DV�VKDOORZ�DV����FP��*DR�HW�DO�������� $OWKRXJK�ϰϭ

ILHOG�VWXGLHV�KDYH�VKRZQ WKDW�URRW�OHQJWK�GHQVLW\�GHFUHDVHV�H[SRQHQWLDOO\�ZLWK�GHSWK��H�J��ϰϮ

*HUZLW]�DQG�3DJH�������)DQ�HW�DO���������WKLV FRQWUDVWV�ZLWK PDQ\�ODERUDWRU\�H[SHULPHQWV�ϰϯ

�H�J��0DQVFKDGL�HW�DO�������-LQ�HW�DO��������*DR�HW�DO���������'LIIHUHQFHV�LQ�SRUH�GLVWULEXWLRQ�ϰϰ

ZLWK�GHSWK��DQG�KRZ�GLIIHUHQW�JHQRW\SHV�FDQ�ORFDWH�SRUHV��PD\�H[SODLQ�WKH�JHQHWLF�ϰϱ

GLIIHUHQFHV�LQ�ZKHDW�URRW�GLVWULEXWLRQ�ZLWK�GHSWK���7KH�LQDELOLW\�RI�URRWV�WR�DFFHVV�ZDWHU�LV�ϰϲ

FRPPRQO\�DWWULEXWHG�WR�D�ORZ�URRW�OHQJWK�GHQVLW\�DW�GHSWK��*UHJRU\�HW�DO������D��E���)RU�WKLV�ϰϳ

UHDVRQ� WKH URRW�GHSWK�RI�ZKHDW�LQ�WKH�8.��DQG�HOVHZKHUH� KDV�EHHQ�RI�FRQVLGHUDEOH�LQWHUHVW�ϰϴ

�H�J��/XSWRQ�HW�DO��������*UHJRU\�HW�DO������D��%DUUDFORXJK�DQG�/HLJK�������:KLWH�HW�DO��ϰϵ

������2EHU�DW�O��������:DVVRQ�HW�DO��������+RGJNLQVRQ�HW�DO���������+RZHYHU��ZLWKLQ�ZKHDW�ϱϬ

OLQHV WKDW DUH�FXUUHQWO\�JURZQ�FRPPHUFLDOO\�LQ�WKH�8.��WKHUH�LV�UHFHQW�HYLGHQFH�WKDW�VRPH�ϱϭ

OLQHV�DUH�PRUH�HIIHFWLYH�DW�DFFHVVLQJ�GHHS�ZDWHU�WKDQ�RWKHUV �:KDOOH\�HW�DO��������ϱϮ

7KH�FRPSOH[�ILHOG�HQYLURQPHQW�PDNHV�WKH�XVH�RI�ODERUDWRU\�VFUHHQV�WR�SUHGLFW�GHHS�ϱϯ

RU�SUROLILF�URRW�JURZWK�LQ�WKH�ILHOG�D�FKDOOHQJLQJ�SUREOHP�7KHUH�KDV�EHHQ�FRQVLGHUDEOH�LQWHUHVW�ϱϰ

LQ�GHYHORSLQJ�ODERUDWRU\�EDVHG�URRW�VFUHHQV LQ�IRU�H[DPSOH IRU�ZKHDW��%DL�HW�DO��������ϱϱ

:KDOOH\�HW�DO���������ULFH��&ODUN�HW�DO���������PDL]H��&KLPXQJX�HW�DO��������DQG�RLO�VHHG�UDSH�ϱϲ



ϯ

�7KRPDV�HW�DO��������ZKLFK�FDQ�SURYLGH�D�UDSLG�ODERUDWRU\�DVVHVVPHQW�RI�WKH�SRWHQWLDO�RIϱϳ

GHHS�URRWLQJ�RU�LQGHHG�DQ\�RWKHU�ILHOG�SHUIRUPDQFH�FKDUDFWHULVWLF� 7KHVH�VFUHHQV��E\�ϱϴ

QHFHVVLW\��SURYLGH�D�VLPSOLILHG�URRW�JURZWK�HQYLURQPHQW��1HYHUWKHOHVV��HYHQ�UHODWLYHO\�VLPSOH�ϱϵ

VFUHHQV��VXFK�DV�WKH�UROOHG�SDSHU�VFUHHQ��%DL�HW�DO��������KDYH�KDG�VRPH�VXFFHVV�LQ�ϲϬ

SUHGLFWLQJ�URRW�GHSWK�RI�ZKHDW�LQ�HDUO\�YHJHWDWLYH�JURZWK LQ�WKH�ILHOG��:DWW�HW�DO�������� 0RUH�ϲϭ

FRPSOH[�VFUHHQV��VXFK�DV�WKH�ZD[�OD\HU�VFUHHQ��:KDOOH\�HW�DO��������DUH�GHVLJQHG�WR�ϲϮ

UHSOLFDWH�KDUG�OD\HUV�LQ�VRLO��KRZHYHU��LQ�ULFH�WKH�DELOLW\�RI�URRWV WR�SHQHWUDWH�VWURQJ�ZD[�ϲϯ

OD\HUV�GRHV�QRW�DOZD\V�LGHQWLI\�OLQHV�ZLWK�GHHS�URRWV�LQ�WKH�ILHOG��&ODUN�HW�DO�������� 7KRPDV�ϲϰ

HW�DO���������IRXQG�WKDW�KLJK�WKURXJKSXW�URRW VFUHHQV�FRXOG�EH�XVHG�WR�SUHGLFW�VHHG�\LHOG�LQ�ϲϱ

RLO�VHHG�UDSH� +LJK�WKURXJKSXW�ODERUDWRU\�VFUHHQV��EDVHG�RQ�JURZLQJ�ZKHDW�VHHGOLQJV�RQ�ϲϲ

VORSLQJ�ILOWHU�SDSHU��KDYH�IRXQG�GLIIHUHQFHV�LQ�URRW�DUFKLWHFWXUH�EHWZHHQ�ZKHDWV�ZLWK�ORZ�DQG�ϲϳ

KLJK�QLWURJHQ�XSWDNH�HIILFLHQF\�LQ�WKH�ILHOG��.HQREL�HW�DO��������� +LJK�WKURXJK�SXW�URRW�ϲϴ

VFUHHQV��EDVHG�RQ�WKH�XVH�RI�VORSLQJ�ILOWHU�SDSHU��DYRLG�WKH�WHFKQLFDO�DQG�ODERXU�FKDOOHQJHV�ϲϵ

RI�ILHOG�EDVHG�DSSURDFKHV�DQG�DGYDQFHG�PDWKHPDWLFDO DSSURDFKHV�KDYH�EHHQ�GHYHORSHG WR�ϳϬ

LQWHUSUHW�VXFK�GDWD��H�J��.DORJLURV�WH�DO����������+RZHYHU��LW�LV�LPSRUWDQW�WR�EH�DEOH WR�UHODWH�ϳϭ

GDWD�IURP�KLJK�WKURXJK�SXW�URRW�VFUHHQV�WR URRW�JURZWK�LQ�WKH�ILHOG��(VSHFLDOO\�VLQFH�:KLWH�HW�ϳϮ

DO���������KDYH�VKRZQ�WKDW�LQ�8.�FRQGLWLRQV�KLJKHU�ZKHDW�\LHOGV�DUH�DVVRFLDWHG�ZLWK�KLJKHU�ϳϯ

URRW�GHQVLWLHV�LQ�WKH�VXUIDFH�OD\HU��DOWKRXJK�WKH�HIIHFW�RI�URRWLQJ�GHSWK�RQ�\LHOG�ZDV�ϳϰ

FRQVLGHUHG�WR�EH�OHVV�LPSRUWDQW��GXH�WR�ORZ�URRW�GHQVLWLHV�LQ�GHHSHU�OD\HUV�ϳϱ

5RRW WUDLWV�WKRXJKW�WR�EH�DVVRFLDWHG�ZLWK�GHHS�URRWV�LQFOXGH�WKLFN�URRWV��VWHHS�URRWV��ϳϲ

URRWV�WKDW�UHVLVW�EXFNOLQJ�DQG�URRW�OHQJWK��7KRPDV�HW�DO��������6WHHOH�HW�DO��������&ODUN�HW�DO��ϳϳ

������&ODUN�HW�DO���������$�PRWLYDWLRQ WR�LGHQWLI\�URRWV�WKDW�FDQ�HORQJDWH�WR�GHSWK�LQ�WKH�ILHOG�ϳϴ

LV�WKDW�GHHS�URRWV�DUH�DVVRFLDWHG�LQ�\LHOG�LQFUHDVHV��/\QFK���������������,Q�WKLV�SDSHU��ZH�ϳϵ

GHVFULEH�WKH�XVH�RI�WKH KLJK�WKURXJKSXW UROOHG�SDSHU�VFUHHQ�WR�FKDUDFWHULVH WKH URRW�JURZWKϴϬ

RI�D�ODUJH�QXPEHU�RI�ZKHDW�OLQHV��7KHVH�GDWD�ZHUH�XVHG�WR�LGHQWLI\�D�VXEVHW�RI�ZKHDW�OLQHV��ϴϭ

ZLWK�FRQWUDVWLQJ�URRW�SKHQRW\SHV� ZKLFK�ZHUH�WKHQ�VFUHHQHG�ZLWK�WKH�ZD[�OD\HU�PHWKRG�DQG�ϴϮ

JURZQ�LQ�WZR�VXFFHVVLYH�\HDUV�LQ�D�ILHOG�H[SHULPHQW��:H�FRPSDUH�ODERUDWRU\�VFUHHQ�GDWD�ϴϯ

ZLWK�URRW�JURZWK�LQ�WKH�ILHOG�DQG�JUDLQ�\LHOG� 7KHVH�GDWD�SURYLGH�WKH�RSSRUWXQLW\�WR�H[SORUH�WKH�ϴϰ



ϰ

UHODWLRQVKLSV�EHWZHHQ�URRW�GHSWK�GLVWULEXWLRQ�DQG�JUDLQ�\LHOG�LQ�WZR�VHDVRQV�ZLWK�YHU\�ϴϱ

GLIIHUHQW�UDLQIDOO SDWWHUQV� )XUWKHUPRUH��WKH�ILHOG�GDWD�PD\�DOVR�SURYLGH�DQ�LQVLJKW�LQWR�ZK\�ϴϲ

VRPH�ZKHDW�OLQHV�KDYH�GHHS�URRWV�DQG�RWKHUV�GR�QRW�ϴϳ

ϴϴ

0DWHULDOV�DQG�PHWKRGVϴϵ

ϵϬ

3ODQW�PDWHULDOϵϭ

$Q�LQLWLDO�VHW�RI�����ZKHDW�OLQHV�ZHUH VFUHHQHG�ZLWK�WKH�KLJK�WKURXJKSXW�µFLJDU�UROO¶�V\VWHP�ϵϮ

�VHH�EHORZ�� 7KH�LQLWLDO�VHW�RI�����ZKHDW�OLQHV�ZDV�VHOHFWHG��E\�WKH�6\QJHQWD�ZKHDW�EUHHGLQJ�ϵϯ

WHDP��WR�LQFOXGH�UHSUHVHQWDWLYH�OLQHV�IURP�DOO�WKH�PDLQ�ZKHDW�JURZLQJ�UHJLRQV�RI�WKH�ZRUOG�DV�ϵϰ

ZHOO�DV�LQFOXGLQJ�OLQHV�NQRZ�WR�EH�KLJK�\LHOGLQJ�RU�GURXJKW�WROHUDQW��%DVHG�RQ�WKHVH�GDWD� ��ϵϱ

OLQHV�ZHUH�VHOHFWHG�DQG�VFUHHQHG ZLWK�WKH�ZD[�OD\HU�V\VWHP�DQG�WKHQ�JURZQ�LQ�ILHOG�ϵϲ

H[SHULPHQWV�LQ�WZR�VXFFHVVLYH�VHDVRQV��7KH�FKRLFH�RI����OLQHV�ZDV�EDVHG�RQ�URRW�GLDPHWHU��ϵϳ

URRW�DQJOH�DQG�URRW�OHQJWK�GHWHUPLQHG�LQ�WKH�FLJDU�UROO�VFUHHQ� DV�GHVFULEHG�LQ�WKH�UHVXOWV�ϵϴ

VHFWLRQ� :H�DOVR�LQFOXGHG�5KW�%�F 'ZDUI�0HUFLD��'ZDUI� DQG 5KW� %�D 0HUFLD��7DOO� QHDU�ϵϵ

LVRJHQLF�OLQHV��ZKLFK�KDG�EHHQ�JURZQ�SUHYLRXVO\�RQ�WKH�VDPH�ILHOG�VLWH �+RGJNLQVRQ�HW�DO��ϭϬϬ

������ϭϬϭ

ϭϬϮ

&LJDU�UROO VFUHHQϭϬϯ

$�VFUHHQLQJ�V\VWHP�EDVHG�RQ�WKH�µFLJDU�UROO¶�V\VWHP�ZDV�XWLOLVHG��=KX�HW�DO���������%DL�HW�ϭϬϰ

DO��������6HHGV�ZHUH�VXUIDFH�VWHULOL]HG�ZLWK������FDOFLXP�K\SRFKORULWH�VROXWLRQ�IRU����PLQ�ϭϬϱ

DQG�WKHQ�ULQVHG���WLPHV�ZLWK�VWHULOLVHG�ZDWHU�DQG�OHIW�LQ�WKH�FROG�URRP����&��RYHU�QLJKW��ϭϬϲ

6XEVHTXHQWO\�WKH�VHHGV�ZHUH�JHUPLQDWHG�LQ�SHWUL�GLVKHV�RQ�WLVVXH�ZLWK�VWHULOLVHG�ZDWHU��)RXU�ϭϬϳ

XQLIRUPO\�JHUPLQDWLQJ�VHHGV�ZHUH�SODFHG�RQ�RQH�JHUPLQDWLRQ�SDSHU�����î����FP��$QFKRU�ϭϬϴ

SDSHU�FRPSDQ\��6W��3DXO��01��86$���ZKLFK�ZDV�WKHQ�UROOHG�WR�ILQDO�GLPHQVLRQV�RI���FP�LQ�ϭϬϵ

GLDPHWHU�DQG����FP�LQ�KHLJKW��VXSSRUWHG�YHUWLFDOO\ E\�D�PHWDO�PHVK�ZLWK���FP�î���FP�KROHV��ϭϭϬ

7KH�H[SHULPHQWDO GHVLJQ�ZDV�D UDQGRPLVHG�EORFN�GHVLJQ ZLWK�WKUHH�UHSOLFDWH�UROOV�SHU�OLQH��LQ�ϭϭϭ



ϱ

WRWDO����SODQWV�SHU�OLQH���7KH�EDVHV�RI�WKH�UROOV�ZHUH�SODFHG�LQ�D�WUD\�ZLWK�QXWULHQW�VROXWLRQ��ϭϭϮ

LQLWLDOO\�FRQWDLQLQJ�����VWUHQJWK�PHGLXP��$IWHU�WKUHH�GD\V��QXWULHQW�VROXWLRQ�ZDV�H[FKDQJHG�WR�ϭϭϯ

��î�PHGLXP��QXWULHQW�VROXWLRQ�ZDV�FKDQJHG�HYHU\�GD\��7KH�QXWULHQW�VROXWLRQ�FRPSULVHG������ϭϭϰ

P0�&D�12�������P0�.12�����P0�1D12�����P0�0J62�����P0�.+�32�������0�)H('7$��ϭϭϱ

����Q0�&X&O��������0�+�%2��������0�0Q&O������Q0�1D�0R2������0�.&O��DQG�����Q0�=Q&O���ϭϭϲ

DW�S+������3ODQWV�ZHUH�JURZQ�LQ�D�FRQWUROOHG�HQYLURQPHQW�JURZWK�URRP�ZLWK�������K�OLJKW�GDUN�ϭϭϳ

F\FOH��OLJKW�LQWHQVLW\�RI������PRO�P�� V��������UHODWLYH�KXPLGLW\�GXULQJ�WKH�GD\�DQG�����ϭϭϴ

GXULQJ�WKH QLJKW�DQG�WHPSHUDWXUH�RI�����&�GXULQJ�WKH�GD\�DQG�����&�GXULQJ�WKH�QLJKW��$IWHU����ϭϭϵ

GD\V��DW���OHDI�VWDJH��RQH�XQIXUOHG���SDSHU�UROOV�ZHUH�RSHQHG�DQG�SKRWRV�ZHUH�WDNHQ�E\�ϭϮϬ

FDPHUD��,PDJH�-��6FKQHLGHU�HW�DO���������VRIWZDUH�ZDV�XVHG�WR�PHDVXUH�URRW�DQJOH��WKHQ�ϭϮϭ

SODQWV�ZHUH�WDNHQ�RII�WKH�JHUPLQDWLRQ�SDSHU�DQG�NHSW�LQ�����HWKDQRO�SULRU�WR�LPDJLQJ��7KH�ϭϮϮ

LQWDFW�URRW�V\VWHPV�ZHUH�VFDQQHG�DV�D�GLJLWDO�LPDJH�ZLWK�D�VFDQQHU��67'�������5HJHQW�ϭϮϯ

,QVWUXPHQWV��4&��&DQDGD� DQG�D�PHGLXP LPDJH�UHVROXWLRQ�RI�����GSL�ZDV�XVHG��7KH URRW�ϭϮϰ

OHQJWK��VXUIDFH�DUHD�DQG�YROXPH�ZHUH�GHWHUPLQHG�IURP�WKH�URRW�LPDJHV�XVLQJ�WKH�URRW�LPDJH�ϭϮϱ

DQDO\VLV�VRIWZDUH�:LQ5+,=2�3UR��5HJHQW�,QVWUXPHQWV��4&��&DQDGD���GLIIHUHQWLDWLQJ�WKH�ϭϮϲ

VHPLQDO�D[HV�DQG�WKH�VHPLQDO�ODWHUDOV�ZLWK�D�GLVWLQJXLVKLQJ�GLDPHWHU�RI������PP��YHULILHG�LQ�ϭϮϳ

HDFK�H[SHULPHQW���)ROORZLQJ�VFDQQLQJ��WKH�SODQWV�ZHUH�RYHQ�GULHG�DW����&�WR�GHWHUPLQH�URRW�ϭϮϴ

DQG�VKRRW�GU\�ZHLJKWV��ϭϮϵ

:D[�OD\HU�VFUHHQϭϯϬ

:H�VFUHHQHG ���OLQHV� VHOHFWHG�IURP�WKRVH�VFUHHQHG�ZLWK�WKH�FLJDU�UROO�VFUHHQ� LQ�D�ZD[�OD\HU�ϭϯϭ

H[SHULPHQW��7KH�H[SHULPHQWV�ZHUH�FDUULHG�RXW�LQ�D�FRQWUROOHG�HQYLURQPHQW�URRP�ZLWK�ϭϯϮ

GD\�QLJKW�WHPSHUDWXUHV�RI����DQG���2&��UHVSHFWLYHO\��DQG�D����K�GD\�OHQJWK��7KH�GHVLJQ�RI�ϭϯϯ

H[SHULPHQW�LV D UDQGRPLVHG�EORFN�GHVLJQ ����OLQHV�[�ZHDN�VWURQJ�ZD[��ZLWK�WZR�UHSOLFDWLRQV�ϭϯϰ

RI�WKH�FRPSOHWH�H[SHULPHQW��L�H� ���OLQHV�[�ZHDN�VWURQJ�ZD[�[�WZR�UHSOLFDWH�H[SHULPHQWV���ϭϯϱ

7KH�UHODWLYH�KXPLGLW\�ZDV�����GXULQJ�WKH�GD\�DQG�����DW�QLJKW��/LJKWLQJ�ZDV�E\�IOXRUHVFHQW�ϭϯϲ

WXEHV��ZLWK�VXSSOHPHQWDU\�WXQJVWHQ�OLJKWLQJ��DQG�WKH�SKRWRV\QWKHWLF�SKRWRQ�IOX[�GHQVLW\�ZDV�ϭϯϳ

����ȝPRO�P�� V�� DW�SODQW�KHLJKW�ϭϯϴ



ϲ

7KH�XVH�RI�ZD[�WR�SURYLGH�VWURQJ�OD\HUV�WR�UHVLVW�URRW�SHQHWUDWLRQ�KDV�EHHQ�GHVFULEHG�ϭϯϵ

SUHYLRXVO\�IRU�ULFH��&ODUN�HW�DO������������������D������E� DQG�IRU�ZKHDW��:KDOOH\�HW�DO��ϭϰϬ

�������:D[�OD\HUV�ZHUH�SUHSDUHG�E\�PHOWLQJ�WRJHWKHU�PL[WXUHV�RI�ZKLWH�VRIW�SDUDIILQ��%HOO��ϭϰϭ

6RQV�	�&R���'UXJJLVWV��/WG��DQG�SDVWLOODWHG�SDUDIILQ�ZD[�������2&�VROLGLILFDWLRQ�SRLQW��0HUFN�ϭϰϮ

/WG��3RROH��8.��DQG�SRXULQJ�WKH�PL[WXUH�LQWR�D�FLUFXODU�DOXPLQLXP�IRLO�PRXOG��7KH�WKLFNQHVV�RI�ϭϰϯ

WKH�ZD[�OD\HUV�ZDV���PP�DQG�WKH�GLDPHWHU������FP��7KH�ZD[�ZDV�PL[HG�WR�WZR�GLIIHUHQW�ϭϰϰ

FRQFHQWUDWLRQV������RI�WKH�VWURQJHU�SDVWLOODWHG�SDUDIILQ�ZD[��ZHDN�ZD[�OD\HU��DQG�����ϭϰϱ

VWURQJHU�ZD[��VWURQJ�ZD[�OD\HU���7KH�SHQHWURPHWHU�UHVLVWDQFHV RI���DQG�����ZD[�OD\HUV�DW�ϭϰϲ

��2&�DUH�������DQG�������03D�UHVSHFWLYHO\��:KDOOH\�HW�DO���������7KH�FRQH�RI�WKH�ϭϰϳ

SHQHWURPHWHU�KDG�D�GLDPHWHU�RI��PP�DQG�WKH�FRQH�DQJOH�ZDV���R� )URP�SUHYLRXV�VWXGLHVϭϰϴ

�:KDOOH\�HW�DO���������WKHVH�WZR�VWUHQJWKV�DOORZ�GLVFULPLQDWLRQ�EHWZHHQ�OLQHV�ZKLFK�DUH�JRRG�ϭϰϵ

DQG�SRRU�DW�SHQHWUDWLQJ�KDUG�OD\HUV�ϭϱϬ

:D[�OD\HUV�ZHUH�LQVWDOOHG���FP�GHHS�LQ�VDQG��5HGKLOO�7�JUDGH�VLOLFD�VDQG��:%%�ϭϱϭ

0LQHUDOV��6DQGEDFK��8.��LQ�SODVWLF�JURZWK�WXEHV�����FP�LQWHUQDO�GLDPHWHU�����FP�OHQJWK���ϭϱϮ

HVVHQWLDOO\�DV�GHVFULEHG�E\�:KDOOH\ HW�DO����������(DFK�WXEH��FRQWDLQLQJ�D�VLQJOH�VHHGOLQJ�ϭϱϯ

SUHYLRXVO\�JHUPLQDWHG��RQ�ILOWHU�SDSHU��ZDV�VHW�XS�LQ�D�WDQN�RI�QXWULHQW�VROXWLRQ�ZLWK�WKH�ϭϱϰ

PHQLVFXV����FP�EHORZ�WKH�VDQG�VXUIDFH��7KH�����PP�JDS�EHWZHHQ�WKH�ZDOO�RI�WKH�WXEH�DQG�ϭϱϱ

WKH�ZD[ OD\HU�DOORZHG�WKH�HQWLUH�FRUH�RI�VDQG�WR�EH�ZDWHUHG�E\�FDSLOODU\�DFWLRQ�IURP�WKH�WDQN��ϭϱϲ

3ODQWV�ZHUH�JURZQ�IRU�VL[�ZHHNV��7KH�QXWULHQW�VROXWLRQ�FRPSRVLWLRQ�ZDV�����P0�&D�12�����ϭϱϳ

�����P0�&D+��32���������P0�.&O������P0�0J62���ZLWK�WKH�IROORZLQJ�PLFURQXWULHQWV� ���ȝ0�ϭϱϴ

%�����ȝ0�)H�����ȝ0�0Q����ȝ0�=Q����ȝ0�&X�DQG�����ȝ0�0R� 7KLV�QXWULHQW�VROXWLRQ�LV�GLIIHUHQW�ϭϱϵ

WR�WKH�RQH�XVHG�LQ�WKH�&LJDU�UROO VFUHHQ�EHFDXVH�ZH�XVHG�WKH�QXWULHQW�VROXWLRQV�ZKLFK�KDG�ϭϲϬ

EHHQ�SUHYLRXVO\�XVHG�VHSDUDWHO\�DQG�VXFFHVVIXOO\�LQ�HDFK�VFUHHQ���ϭϲϭ

$W�KDUYHVW��DSSUR[LPDWHO\�VL[�ZHHNV�IURP�JHUPLQDWLRQ���WKH�QXPEHUV�RI�URRWV�ϭϲϮ

SHQHWUDWLQJ�HDFK�ZD[�OD\HU�ZHUH�FRXQWHG��7KH�WRWDO�QXPEHU�RI�URRWV�ZDV�DOVR�FRXQWHG��ϭϲϯ

LQFOXGLQJ�WKRVH�WKDW�JUHZ�GRZQ�EHWZHHQ�WKH�HGJH�RI�WKH�ZD[�GLVF�DQG�WKH�ZDOO�RI�WKH�SODVWLF�ϭϲϰ

JURZWK�WXEH���7KH�IUHVK�DQG�GU\�ZHLJKW�RI�URRWV�ZDV�PHDVXUHG�IRU�ERWK�VKDOORZHU��OHVV�WKHQ�ϭϲϱ

�FP��DQG�GHHSHU�URRWV���6KRRW�GU\�ZHLJKW�ZDV�DOVR�PHDVXUHG�DQG�WKH�QXPEHU�RI�WLOOHUV�ϭϲϲ



ϳ

FRXQWHG��:H�DOVR�PHDVXUHG�WKH�GLVWDQFH�EHWZHHQ�WKH�SRLQW�RI�SHQHWUDWLRQ�RQ�WKH ZHDN�ZD[�ϭϲϳ

OD\HU�DQG�WKH�FHQWUH�RI�WKH�ZD[�GLVF��WKLV�ZDV�XVHG�DV�PHDVXUH�RI�URRW�VSUHDG�ϭϲϴ

ϭϲϵ

ϭϳϬ

)LHOG�H[SHULPHQWϭϳϭ

:H�XVHG�WZR�H[SHULPHQWDO�ILHOG�VLWHV��:DUUHQ�)LHOG�������������DQG�WKH�QHLJKERXULQJ�ϭϳϮ

%URDGPHDG��������������ORFDWHG�QHDU�:REXUQ��%HGIRUGVKLUH��8.��7KH�VRLOV�DUH�GHVFULEHG�ϭϳϯ

DV�D�µW\SLFDO�DOOXYLDO�JOH\�VRLO¶�ZLWK�D�WH[WXUH�FODVVLILFDWLRQ�RI�VLOW\�FOD\�ORDP�VRLO��VLPLODU�WR�ϭϳϰ

)$2�FODVVLILFDWLRQ�)OXYLVRO���%RWK�VLWHV�DUH�PDQDJHG�E\�5RWKDPVWHG�5HVHDUFK�DQG�KDYH�D�ϭϳϱ

ORQJ�KLVWRU\�XQGHU�DUDEOH�DJULFXOWXUH�XVLQJ�WKH PRXOGERDUG�SORXJK�DV�WKH�SULPDU\�WLOODJH��,Q�ϭϳϲ

WKLV�H[SHULPHQW�ZKHDWV LQ VHDVRQ ��������� ZHUH�VRZQ�IROORZLQJ�DW�OHDVW�RQH�\HDU�RI�ϭϳϳ

FDQROD�RLO VHHG�UDSH��%UDVVLFD�QDSXV���7KH�VXUIDFH�OD\HU��DSSUR[LPDWHO\���FP��KDV�KLJKHU�ϭϳϴ

RUJDQLF�PDWWHU�FRQWHQW�DQG�KDV�D�ORZHU�EXON�GHQVLW\�WKDQ�GHHSHU�OD\HUV���,Q�:DUUHQ�)LHOG�ϭϳϵ

ZKHDW�URRWV�WDNH�XS�ZDWHU�WR�D�GHSWK�RI�DSSUR[LPDWHO\���P��6KDQDKDQ�HW�DO���������7KH�VRLO�ϭϴϬ

SURILOH�RQ WKHVH�ILHOGV LV�FRQVLVWHQW�ZLWK�GHVFULSWLRQ�RI�D�VRLO�SURILOH�E\�:HLU�HW�DO���������WKDW�ϭϴϭ

VKRXOG�EH�H[SHFWHG�WR�SURGXFH�KLJK�\LHOGV�LQ�ZLQWHU�ZKHDW�ϭϴϮ

7KH�ILHOG�VLWHV�ZHUH�VRZQ�LQ�WKH�VDPH�PDQQHU�LQ�ERWK�\HDUV����� VHSDUDWH���P�[�����P�SORWV��ϭϴϯ

GLYLGHG�LQWR�WKUHH�IXOO\�UDQGRPLVHG�EORFNV��ZLWK�HDFK�EORFN�FRQWDLQLQJ��� SORWV�RI�GLIIHUHQW�ϭϴϰ

ZKHDW�OLQHV DQG�RQH�IDOORZ�SORW �L�H�����SORWV�LQ�WRWDO�� &XOWLYDUV�DQG�IDOORZ�SORWV�ZHUH�ϭϴϱ

UDQGRPO\�DUUDQJHG�ZLWKLQ�HDFK�EORFN� 7KH�SORWV�ZHUH�VRZQ�RQ������������LQ���������DQG�ϭϴϲ

�����������LQ����������7KH�ILHOG�VLWHV�ZHUH�UDLQ�IHG�ZLWK�QR�DGGLWLRQDO�LUULJDWLRQ� ,Q�HDFK�ϭϴϳ

\HDU��KXVEDQGU\�RI�WKH�FURSV�IROORZHG�VWDQGDUG�DJURQRPLF�SURWRFROV�IRU�WKH�8.��ZLWK�LQSXWV�ϭϴϴ

WR�HQVXUH�DGHTXDWH�QXWULWLRQ��ZHHG��SHVW�DQG�GLVHDVH�FRQWURO��ϭϴϵ

:DWHU�FRQWHQW�SURILOHV�ZHUH�PHDVXUHG�LQ�ERWK�JURZWK�VHDVRQV��1HXWURQ�SUREH��&3,�ϭϵϬ

+\GUR3UREH�PRGHO����7'5��UHDGLQJV�ZHUH�WDNHQ�LQ�WKH�ILHOG� $OXPLQLXP�DFFHVV�WXEHV�ZHUH�ϭϵϭ

LQVWDOOHG�DSSUR[LPDWHO\���P�IURP�WKH�HQG�RI�VHOHFWHG�SORWV�DQG�PHDVXUHPHQWV�ZHUH�PDGH�DW�ϭϵϮ

GHSWKV�RI������������������������������������DQG������P��,Q�������WZR�EORFNV�ZHUH�PRQLWRUHGϭϵϯ



ϴ

DQG�LQ������DOO�WKUHH�EORFNV�ZHUH�PRQLWRUHG��7KLV�ZDV�GXH�WR�D�PRUH�OLPLWHG�DYDLODELOLW\�RI�ϭϵϰ

DFFHVV�WXEHV�LQ������ 6RLO�ZDWHU�FRQWHQW�SURILOHV�ZHUH�PHDVXUHG�RQ����0DU��������$SU�����ϭϵϱ

���0D\��������-XQ��������-XO��������0DU��������$SU��������$SU��������0D\�����ϭϵϲ

2QFH�WKH�ZKHDW�KDG FRPH�LQWR�KHDG����FP�GLDPHWHU�FRUHV�ZHUH�WDNHQ�WR�D�GHSWK�RI���ϭϵϳ

P��2QH FRUH�ZDV�WDNHQ�IURP�HDFK�SORW��5RRW�OHQJWK�GLVWULEXWLRQV�ZHUH�HVWLPDWHG�ZLWK�WKH�ϭϵϴ

FRUH�EUHDN�PHWKRG��:KLWH�DQG�.LUNHJDDUG�������+RGJNLQVRQ�HW�DO��������ϭϵϵ

/HDI�DUHD�LQGH[�ZDV�PHDVXUHG RQFH�SHU�PRQWK�ZLWK�D�VXQ�VFDQ �'HOWD�7�'HYLFHV��ϮϬϬ

%XUZHOO��&DPEULGJH��8.��GXULQJ�WKH�JURZLQJ�VHDVRQ��&URS�KHLJKW�ZDV�PHDVXUHG�ZLWK�PHWHU�ϮϬϭ

UXOHU��$W�KDUYHVW� JUDLQ�\LHOG�ZDV�PHDVXUHG�ZLWK�D�SORW�FRPELQH�KDUYHVWHU�ϮϬϮ

ϮϬϯ

6WDWLVWLFDO�DQDO\VLVϮϬϰ

:H�XVHG�XVLQJ�*HQ6WDW�����ZZZ�YVQL�FR�XN��IRU�DOO�WKH�VWDWLVWLFDO�DQDO\VLV��/DERUDWRU\�URRW�ϮϬϱ

GDWD�IURP�WKH�FLJDU�UROO�ZHUH�DQDO\VHG�ZLWK�UHJUHVVLRQ� ,Q�WKH�FLJDU�UROO�VFUHHQ�ZH�DQDO\VHG�ϮϬϲ

GDWD�RQ�URRW�OHQJWK�VHPLQDO�DQG�VHPLQDO�ODWHUDO�URRWV��URRW�JURZWK�DQJOH�DQG�URRW�GLDPHWHU�LQ�ϮϬϳ

WKH�FLJDU�UROO�VFUHHQ��,Q�WKH�ZD[�OD\HU�VFUHHQ�ZH�DQDO\VHG�URRW�SHQHWUDWLRQ�WKURXJK�VWURQJ�ϮϬϴ

DQG�ZHDN�OD\HUV DV�ZHOO�DV�WKH�DQJXODU�VSUHDG�RI�URRWV ZDV�DQDO\VHG�ZLWK�$QDO\VLV�RI�ϮϬϵ

9DULDQFH��:H�XVHG�D�EORFN�VWUXFWXUH�RI�([SHULPHQW�QR��3RW�DQG�D�WUHDWPHQW�VWUXFWXUH�RI�ϮϭϬ

/LQH
:D[�OD\HU�VWUHQJWK��:H�XVHG�UHJUHVVLRQ�LQ�DQ�DWWHPSW�WR�ILQG�FRUUHODWLRQV�EHWZHHQ�GDWD�Ϯϭϭ

IURP�WKH�FLJDU�UROO�DQG�ZD[�OD\HU�VFUHHQV�DQG�GDWD�IURP�WKH�ILHOG�H[SHULPHQW�ϮϭϮ

,Q�WKH�ILHOG�GDWD��WKH�QXPEHUV�RI�URRWV�ZHUH�WUDQVIRUPHG�XVLQJ�VTXDUH�URRWV�WR�Ϯϭϯ

VWDELOL]H�WKH�YDULDQFH�DQG�WKH�SURILOHV�PRGHOOHG�ZLWK�OLQHDU�PL[HG�PRGHOV�ZLWK�GHSWK�EHLQJ�Ϯϭϰ

WUHDWHG�DV�D�FRQWLQXRXV�YDULDEOH�DQG�OLQH�DV�D�IDFWRU�LQ�WKH�IL[HG�PRGHO��7KH�UDQGRP�PRGHO�Ϯϭϱ

DFFRXQWHG�IRU�EORFNV��SORWV��GHSWK��DV�D�IDFWRU���IDFH��WKH�H[SRVH�VRLO�IDFH�LQ�WKH�FRUH�EUHDN��Ϯϭϲ

L�H�����DQG�URWDWLRQ �URRWV�ZHUH�FRXQWHG�WKUHH�WLPHV�HDFK�ZLWK�D�URWDWLRQ�RI����R DSDUW�IURP�Ϯϭϳ

WKH�SUHYLRXV�FRXQW����$�VSOLQH�WHUP�IRU�GHSWK��FRPPRQ�WR�DOO�OLQHV��ZDV�LQFOXGHG�WR�UHSUHVHQW�Ϯϭϴ

WKH�QRQ�OLQHDU�GHSDUWXUH�IURP�WKH�OLQHDU�UHVSRQVH��$Q�DXWRUHJUHVVLYH�WHUP�RYHU�GHSWK�ZDV�Ϯϭϵ



ϵ

DOVR�LQFOXGHG�LQ�WKH�UDQGRP�PRGHO�IRU�WKH������GDWD�WR�DFFRXQW�IRU�VLPLODULWLHV�EHWZHHQ�URRW�ϮϮϬ

OHQJWKV�DW�DGMDFHQW�GHSWKV��7KH�PRGHO�WKHUHIRUH�LQFOXGHG�D�OLQHDU�WUHQG�WR�H[SODLQ�WKH�ϮϮϭ

GHFUHDVH�LQ�URRW�QXPEHUV�ZLWK�GHSWK�ZLWK�WKH�VSOLQH�VXSHULPSRVHG�RQ�WKH�OLQHDU�WUHQG�WR�ϮϮϮ

DFFRXQW�IRU�WKH�QRQOLQHDU�QDWXUH�RI�WKH�URRW�FRXQW�ZLWK�GHSWK��7KH�LQWHUDFWLRQ�EHWZHHQ�ZKHDW�ϮϮϯ

OLQH�DQG�GHSWK�ZDV�XVHG�WR�FRPSDUH�WKH�VORSHV�RI�WKH�OLQHDU�WUHQG�WR�GHWHUPLQH�LI�WKHUH�ZHUH�ϮϮϰ

DQ\�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�OLQHV���VHH�+RGJNLQVRQ�HW�DO���������ϮϮϱ

:H�H[SHFWHG�WKDW�WKH�QXPEHU�RI�VKDOORZ�URRWV�REVHUYHG�ZRXOG�OLPLW�WKH�DVVRFLDWHG�ϮϮϲ

QXPEHU RI�WKH�GHHS�URRWV EHFDXVH�GHHS�URRWLQJ�LV�SDUWO\�D�VWRFKDVWLF�SURFHVV� )URP�YLVXDO�ϮϮϳ

LQVSHFWLRQ�RI�WKH�GDWD�LW�DSSHDUHG�WKDW�WKH�GDWD�GLG�LQGHHG�FRQIRUP�WR�D�ERXQGDU\�OLQH�PRGHO�ϮϮϴ

ZKHUH�WKH�ERXQGDU\�OLQH�GHVFULEHV�WKLV�OLPLW��7KH�ERXQGDU\ OLQH PRGHO��ILUVW�SURSRVHG�E\�ϮϮϵ

:HEE���������GHVFULEHV VHWV�RI�GDWD�LQ�ZKLFK�RQH�YDULDEOH��WKH�H[SODQDWRU\ YDULDEOH��ϮϯϬ

DSSHDUV�WR�OLPLW�WKH�UHVSRQVH�RI�WKH�RWKHU��WKH UHVSRQVH�YDULDEOH���7KH�FRQFHSW�LV�WKDW�WKHUH�Ϯϯϭ

LV�VRPH XSSHU��RU�ORZHU��OLPLW�WR�WKH�YDOXH�RI�WKH�UHVSRQVH YDULDEOH�DW�DQ\�JLYHQ�YDOXH�RI�WKH�ϮϯϮ

LQGHSHQGHQW�YDULDEOH VR�WKDW�YDOXHV�ODUJHU�WKDQ�WKH�ERXQGDU\��RU�VPDOOHU�LQ�WKH�FDVH�RI�D�Ϯϯϯ

ORZHU�ERXQGDU\��DUH QRW�SRVVLEOH H[FHSWLQJ�WKDW�DWWULEXWHG�WR�HUURU�Ϯϯϰ

:H�DOVR H[SHFWHG� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� QXPEHU� RI� GHHS� URRWV�DQG� \LHOG� WR�Ϯϯϱ

FRQIRUP�WR�D�ERXQGDU\�OLQH�PRGHO��+HUH�ZH�H[SHFWHG�WKH�QXPEHU�RI�GHHS�URRWV�WR�FRQVWUDLQ�Ϯϯϲ

WKH� ORZHU� OLPLW� RI� \LHOG��:H�XVHG� WKH PHWKRG�GHVFULEHG� LQ� /DUN DQG�0LOQH� ������� WR� ILW WKH�Ϯϯϳ

ERXQGDU\�OLQH�PRGHOV��7KH�XQGHUO\LQJ�DVVXPSWLRQ� WR� WKLV�PHWKRG� LV� WKDW� WKH�GDWD�GHVFULEHϮϯϴ

FHQVRUHG�ELYDULDWH�SUREDELOLW\�GLVWULEXWLRQV��7KH�FHQVRU LQ�WKH�GLVWULEXWLRQ�LV�WKH�ERXQGDU\�OLQH��Ϯϯϵ

DQG�D� SDUDPHWHU RI� YDULDWLRQ� TXDQWLILHV� WKH� HUURU� DURXQG� WKH ERXQGDU\� OLQH��7KH� FHQVRUHG�ϮϰϬ

ELYDULDWH�GLVWULEXWLRQ�ZDV�ILWWHG�WR�WKH�GDWD�E\�PD[LPXP�OLNHOLKRRG��Ϯϰϭ

5HVXOWVϮϰϮ

&LJDU�UROO GDWDϮϰϯ

7KH�GLVWULEXWLRQV�RI�URRW�DQJOH��URRW�GLDPHWHU��VHPLQDO�ODWHUDO�URRW�OHQJWK�DQG�VHPLQDO�D[LV�Ϯϰϰ

URRW�OHQJWK�IURP�WKH�FLJDU�UROO�VFUHHQ�DUH�VKRZQ�LQ�)LJ�����7KHVH GHPRQVWUDWHG JHQRW\SLF�Ϯϰϱ



ϭϬ

YDULDWLRQ�LQ�WKH�URRW�WUDLWV �OHQJWK��GLDPHWHU�DQG�JURZWK�DQJOH� RI�\RXQJ VHHGOLQJV��7KH�Ϯϰϲ

UHODWLRQVKLSV�EHWZHHQ�WKHVH�GLIIHUHQW�PHDVXUHV�RI�URRW�V\VWHP�DUFKLWHFWXUH�DUH�VKRZQ�LQ�)LJ��Ϯϰϳ

���5HJUHVVLRQ�VKRZHG�WKDW�ERWK UHODWLRQVKLSV�DUH�VLJQLILFDQW��3���������EXW�RQO\�D�VPDOO�Ϯϰϴ

SHUFHQWDJH�RI�WKH�YDULDQFH�LV�DFFRXQWHG�IRU E\�UHJUHVVLRQ��������IRU�WKH�UHODWLRQVKLS�Ϯϰϵ

EHWZHHQ�URRW�DQJOH�DQG�GLDPHWHU�DQG������IRU�WKH�UHODWLRQVKLS�EHWZHHQ�VHPLQDO�ODWHUDO�ϮϱϬ

OHQJWK�DQG�VHPLQDO�D[LV�OHQJWK��1HYHUWKHOHVV��WKHVH�GDWD�DOORZHG�XV�WR�VHOHFW�JURXSV�RI�Ϯϱϭ

ZKHDW�ZLWK�WKLFN�VWHHS�URRWV��VSUHDG�RXW�ILQH�URRWV��ODUJH�URRW�V\VWHPV�RU�VPDOO�URRW�V\VWHPV�ϮϱϮ

:KHDW�JURXS�VHOHFWLRQϮϱϯ

:H�FKRVH�IRXU�JURXSV�GHSHQGLQJ�RQ�ODERUDWRU\�SKHQRW\SH�GDWD�DQG�VHHG�DYDLODELOLW\��7KH�Ϯϱϰ

JURXSV�ZHUH�DV�IROORZV��7DEOHV � DQG�6����*URXS���KDG�WKLFN�URRWV�ZLWK�D�QDUURZ�DQJXODU�Ϯϱϱ

VSUHDG��*URXS���KDG�WKLQ�URRWV�ZLWK�D�ZLGH�DQJXODU�VSUHDG� *URXS���KDG ORQJ�VHPLQDO�DQG�Ϯϱϲ

VHPLQDO�ODWHUDO�URRWV��*URXS���KDG�VKRUW�VHPLQDO�DQG�VHPLQDO�ODWHUDO URRWV��*URXS���ZDV�Ϯϱϳ

VHOHFWHG�E\�EUHHGHUV�EDVHG�RQ�D�SULRUL VKRRW�SKHQRW\SHV�DQG�WLPH�WR�KHDGLQJ��SODQWV�RI�Ϯϱϴ

PHGLXP�KHLJKW�DQG�D�PL[WXUH�RI�HDUO\�DQG�ODWH�KHDGLQJ� DQG�*URXS�� ZDV�VHOHFWHG�WR�PDNH�Ϯϱϵ

WKH�QXPEHU�RI�OLQHV�XS�WR�����WKLV�JURXS�LQFOXGHG WKH�GZDUI�DQG�WDOO�1,/V���7KH�UHDVRQ��LQ�ϮϲϬ

SDUW��IRU LQFOXGLQJ�RI�JURXSV���DQG���LV�WKDW�WKH\�SURYLGHG�LQWHUPHGLDWH�SKHQRW\SHV�WKDW�Ϯϲϭ

UHIOHFWHG�WKH�FRQWLQXXP�RI�SKHQRW\SLF�UHODWLRQV�GHVFULEHG�EHORZ�LQ�WKH�����OLQHV�WKDW�ZHUH�ϮϲϮ

VFUHHQHG�LQ�WKH�ODERUDWRU\���Ϯϲϯ

:D[�OD\HU�VFUHHQϮϲϰ

)HZHU�URRWV�SHQHWUDWHG WKH�VWURQJ�ZD[�OD\HU��2I�WKH�URRWV�WKDW�LQWHUFHSWHG�WKH�ZD[�OD\HU��WKH�Ϯϲϱ

PHDQ�QXPEHU�RI�SHQHWUDWLQJ�URRWV��WDNHQ�DFURVV�DOO�ZKHDW�OLQHV��IRU�WKH�VWURQJ�OD\HU�ZDV�����Ϯϲϲ

FRPSDUHG�ZLWK������IRU�WKH�ZHDN�OD\HU��3���������7KHUH�ZDV�QR�JHQRW\SLF�HIIHFW��3 �������Ϯϲϳ

QRU�ZDV�WKHUH�DQ\ VLJQLILFDQFH�LQWHUDFWLRQ�EHWZHHQ�ZD[�OD\HU�VWUHQJWK�DQG�JHQRW\SH�Ϯϲϴ

�3 ��������6RPH�RI�WKH�URRWV�JUHZ�DW�D�VXIILFLHQWO\�VKDOORZ�DQJOH�WKDW�WKH\�PLVVHG�WKH�ZD[�Ϯϲϵ

OD\HU�DQG�JUHZ�LQ�WKH�JDS�EHWZHHQ�WKH�ZD[�OD\HU�DQG�WKH�WXEH�ZDOO��7KHVH�URRWV�ZRXOG�QRW�ϮϳϬ

EH�H[SHFWHG�WR�SHQHWUDWH�WKH�VWURQJ�ZD[�OD\HU��:KDOOH\�HW�DO������� DQG�WKHVH�GDWD�Ϯϳϭ



ϭϭ

UHSUHVHQW�WKH�WRWDO�QXPEHU�RI�URRW�D[LV��,Q�WKHVH�URRWV��WKHUH�ZDV�D�VLJQLILFDQW�JHQRW\SLF�ϮϳϮ

HIIHFW��3 ��������DQG�WKH�GDWD�DUH�SORWWHG�LQ�)LJ������:H�GLG�ILQG�WKDW�WKH�PHDQ�QXPEHU�RI�Ϯϳϯ

URRWV�SHQHWUDWLRQ�WKH�KDUG�ZD[�OD\HU�E\�JURXS���ZDV������FRPSDUHG�WR������IRU�JURXS����DV�Ϯϳϰ

PLJKW�EH�H[SHFWHG��:KDOOH\�HW�DO���������KRZHYHU��WKLV�GLIIHUHQFH�ZDV�QRW�VWDWLVWLFDOO\�Ϯϳϱ

VLJQLILFDQW��:H�IRXQG�QR FRUUHODWLRQV�EHWZHHQ�URRW�OHQJWK��DQJOH�DQG�GLDPHWHU�LQ�WKH�FLJDU�Ϯϳϲ

UROO�VFUHHQ�DQG�QXPEHU�RI�SHQHWUDWLQJ�URRWV�LQ�WKH�ZD[�OD\HU�VFUHHQ�Ϯϳϳ

Ϯϳϴ

)LHOG�GDWDϮϳϵ

,Q������WKH�PHDQ�\LHOG�ZDV�����W�KD�FRPSDUHG�ZLWK�����W�KD�LQ�������7KH�\LHOGV�IRU�WKH�ϮϴϬ

GLIIHUHQW�ZKHDW�OLQHV�DUH�VWURQJO\�FRUUHODWHG�EHWZHHQ WKH�WZR�VHDVRQV �)LJ����� ,Q�ERWK�Ϯϴϭ

VHDVRQ� WKHUH�ZHUH�VLJQLILFDQW�HIIHFWV�RI�ZKHDW�OLQH�RQ�\LHOG��3�������� ,Q������WKH�6('�RI�ϮϴϮ

WKH�PHDQ�\LHOG�ZDV������� �����GI��DQG�LQ������LW�ZDV�����������GI���$�KLJKHU�PHDQ�\LHOG�LQ�Ϯϴϯ

�����LV�FRQVLVWHQW�ZLWK�D�UHGXFHG�YDULDQFH�DQG�VPDOOHU�6('�Ϯϴϰ

7KH�PHDQ�URRW�GHSWK GLVWULEXWLRQV IRU������DQG�������WDNHQ�DFURVV�DOO�ZKHDW OLQHV��Ϯϴϱ

DUH�FRPSDUHG�LQ�)LJ���D� ,Q�ERWK�\HDUV� WKH�GLVWULEXWLRQ�RI�URRWV�GHHSHU�WKDQ�DSSUR[LPDWHO\�Ϯϴϲ

���FP�ZDV�VLPLODU��EXW�WKH�QXPEHU RI�VKDOORZ�URRWV�GLIIHUHG�JUHDWO\� $ FRPSDULVRQ�RI�VRLO�Ϯϴϳ

GU\LQJ��E\�WDNLQJ�WKH�PHDQ�DFURVV�DOO�OLQHV��DW�DSSUR[LPDWHO\�VLPLODU�VRLO�PRLVWXUH�GHILFLWV����Ϯϴϴ

PP�LQ������DQG����PP�LQ�������VKRZHG�VLPLODU�VRLO�GU\LQJ�SURILOHV��)LJ���E��� 7KH�UDLQIDOO��Ϯϴϵ

VRLO�PRLVWXUH�GHILFLW�DQG�WHPSHUDWXUH�GXULQJ�ERWK�H[SHULPHQWV�DUH�VKRZQ�LQ�)LJ��� DQG�WKH�ϮϵϬ

SHULRGV�IRU�WKH�VRLO�GU\LQJ�GDWD�DUH�LQGLFDWHG� 7KH�JUHDWHU�UDLQIDOO�DQG�VPDOOHU�VRLO�PRLVWXUH�Ϯϵϭ

GHILFLW LQ������ZDV�FRQVLVWHQW�ZLWK�WKH�KLJKHU�PHDQ�JUDLQ�\LHOG LQ�WKDW�VHDVRQ��ϮϵϮ

,Q�ERWK�VHDVRQV�URRW�GLVWULEXWLRQ�GDWD�IRU�WKH�GLIIHUHQW�ZKHDW OLQHV�ZHUH�FRPSDUHG�E\�Ϯϵϯ

ILWWLQJ�D�VSOLQH�IXQFWLRQ�ZLWK�DQ�DGGLWLYH�OLQHDU�VORSH�DV�GHVFULEHG�E\�+RGJNLQVRQ�HW�DO��Ϯϵϰ

��������7KH�VORSHV�RI�WKH�OLQHDU�WUHQG�EHWZHHQ�URRW�FRXQW�DQG�GHSWK�ZHUH�VLJQLILFDQWO\�Ϯϵϱ

DIIHFWHG�E\�ZKHDW�OLQH�LQ�������3 ������ DQG�������3 ��������$OWKRXJK LQ�HDFK�\HDU�WKHUH�Ϯϵϲ

ZDV�D�VLJQLILFDQW�OLQH�HIIHFW��WKHUH�ZDV�QR�FRUUHODWLRQ�EHWZHHQ�WKH�VORSHV�RI�WKH OLQHDU�WUHQG�Ϯϵϳ



ϭϮ

EHWZHHQ�\HDUV��LQGLFDWLQJ�WKDW�WKH�ZKHDW�OLQHV EHKDYHG�GLIIHUHQWO\�LQ�HDFK�\HDU��,Q�)LJ����WKH�Ϯϵϴ

QXPEHU�RI�GHHS�URRWV�LV�SORWWHG�DJDLQVW�WKH�QXPEHU�RI�VKDOORZ�URRWV���7KH ILWWHG�ERXQGDU\�Ϯϵϵ

OLQH�LQGLFDWHV WKDW�ZKHQ�D�ZKHDW�KDG PDQ\ VKDOORZ�URRWV��LW�ZDV PRUH�OLNHO\�WR�KDYH�GHHS�ϯϬϬ

URRWV� 7KH�VFDWWHU�DURXQG�WKH�ERXQGDU\�ZDV�UHODWLYHO\�VSDUVH�DQG�VR�LWV�H[DFW�SRVLWLRQ�LV�ϯϬϭ

XQFHUWDLQ�DV�LQGLFDWHG�E\�WKH�HUURU��VHH�7DEOH����ϯϬϮ

:H�GLG�QRW�ILQG�D�WLJKW�FRUUHODWLRQ�EHWZHHQ�JUDLQ�\LHOG�DQG�GHHS�URRW FRXQW��7KH�ϯϬϯ

UHODWLRQVKLS EHWZHHQ�WKH�QXPEHU RI�GHHS�URRWV�DQG�\LHOG�FRXOG�EH�GHVFULEHG�E\�D�ERXQGDU\�ϯϬϰ

OLQH�PRGHO��)LJ������KRZHYHU��ZKLFK VKRZHG WKDW�LI�D�ZKHDW�GLG�KDYH�GHHS�URRWV�LW�ZDV�ϯϬϱ

XQOLNHO\�WR�KDYH�D�ORZ�JUDLQ�\LHOG �VHH�7DEOH���� 5HJUHVVLRQ�EHWZHHQ�\LHOG�DQG�WKH�QXPEHU�RI�ϯϬϲ

VKDOORZ�RU�GHHS�URRWV�DUH�VXPPDULVHG�LQ 7DEOH����,Q�WKH�GULHU�RI�WKH�WZR�VHDVRQV�������VHH�ϯϬϳ

)LJ���� WKH�GHHS�URRWV�ZHUH�PRUH�LPSRUWDQW�DQG�DFFRXQWHG IRU�����RI�WKH�YDULDQFH�LQ�\LHOG�ϯϬϴ

FRPSDUHG�ZLWK����LQ�������,Q�ERWK�\HDUV�DQ�LQFUHDVLQJ�QXPEHU�RI�VKDOORZ�URRWV�ZDV�ϯϬϵ

DVVRFLDWHG�ZLWK�D�KLJKHU�\LHOG��7DEOH�����$W�VRPH�GHSWKV�LW�ZDV�SRVVLEOH�WR�REWDLQ�ϯϭϬ

FRUUHODWLRQV�EHWZHHQ�URRW�FRXQW�DQG�VRLO�GU\LQJ��EXW�WKH\�ZHUH�WRR�ZHDN�WR�JLYH�VLPLODU Dϯϭϭ

UDQNLQJ RI�ZKHDW�OLQH EHWZHHQ�VRLO�GU\LQJ�DQG�URRW�FRXQW��ϯϭϮ

7KH�PHDQ�OHDI�DUHD LQGH[�GDWD�DUH�SORWWHG�LQ�)LJ��6���7KHVH�GDWD�DQG�VRLO�GU\LQJ�ϯϭϯ

GDWD��DORQJ�ZLWK�URRW�GLDPHWHU�GDWD�DOORZHG�HPSLULFDO�UHODWLRQVKLSV�WR�EH�GHYHORSHG�ZKLFK�ϯϭϰ

FRXOG�H[SODLQ�DV�PXFK�DV����� RI�WKH�JUDLQ�\LHOG��+RZHYHU� WKLV�HPSLULFDO�FRUUHODWLRQ�ϯϭϱ

GHSHQGHG�RQ�WKH�VHDVRQ�DQG�LW�LV�XQOLNHO\�WR�EH�UHSOLFDWHG LQ�GLIIHUHQW�\HDUV� WKH�HIIHFWV�RI�ϯϭϲ

³VRLO�GU\LQJ´�DQG�³\HDU´�RQ�\LHOG�KDG D�VLJQLILFDQW LQWHUDFWLRQ�DW�3 ������ϯϭϳ

5HODWLRQVKLSV�EHWZHHQ�ODERUDWRU\�VFUHHQV�DQG�ILHOG�H[SHULPHQWVϯϭϴ

:H�ZHUH�XQDEOH�WR�ILQG�DQ\�UHODWLRQVKLSV�EHWZHHQ�WKH�ODERUDWRU\�URRW�VFUHHQV�DQG�ϯϭϵ

URRW�JURZWK�LQ�WKH�ILHOG��:H�GLG�ILQG�WKDW��XVLQJ�JURXSHG�UHJUHVVLRQ� JUDLQ�\LHOG�ZDV�SRVLWLYHO\�ϯϮϬ

FRUUHODWHG�ZLWK�URRW�GLDPHWHU�DQG�H[SODLQHG������SHUFHQW�RI�WKH�YDULDQFH�LQ�JUDLQ�\LHOG�ϯϮϭ

�3������� �)LJ�����7KLV�UHODWLRQVKLS�LV�DOVR�VHHQ�LQ�7DEOH����ZKHUH�*URXS����ZKLFK�FRQWDLQHG�ϯϮϮ

QDUURZ�URRWV��KDV�D�ORZHU�\LHOG�LQ�ERWK�VHDVRQV� $�FRUUHODWLRQ�PDWUL[�IRU�ERWK�\HDUV�WR�ϯϮϯ



ϭϯ

FRPSDUH�GDWD�IURP�WKH�FLJDU�UROO�VFUHHQ��ZD[�OD\HU�VFUHHQ�DQG�ILHOG�H[SHULPHQW�LV�VKRZQ�LQ�ϯϮϰ

7DEOH���ϯϮϱ

ϯϮϲ

'LVFXVVLRQϯϮϳ

,Q�HDFK�\HDU��WKHUH�ZDV�JHQRW\SLF�YDULDWLRQ�LQ�URRW�GHSWK�LQ�WKH�ILHOG��KRZHYHU��ZH�GLG�QRW�ILQG�ϯϮϴ

DQ\�FRQVLVWHQF\�EHWZHHQ�WKH�WZR�VHDVRQV��7KH UDQNLQJ�RI \LHOG�ZDV�YHU\�FRQVLVWHQW�EHWZHHQ�ϯϮϵ

WKH�WZR�VHDVRQV��LQGLFDWLQJ�SODQW�SODVWLFLW\�LQ�FRQVHUYLQJ�\LHOG��:H�GLG�ILQG�VRPH�FRQVLVWHQF\�ϯϯϬ

LQ�WKH�FRPSDULVRQ�RI�WZR 5KW 1,/V��+HUH�DQ�H[WUHPH�GZDUI�KDG�GHHSHU�URRWV�LQ�ERWK�VHDVRQV�ϯϯϭ

LQ�FRPSDULVRQ�ZLWK�D�WDOO�ZKHDW��+RGJNLQVRQ�HW�DO���������DOVR�IRXQG�WKDW�WKH�VDPH�GZDUI�1,/ϯϯϮ

KDG GHHSHU�URRWV WKDQ�WKH�WDOO�1,/�LQ�RQH�RXW�RI�WZR�\HDUV��ZKLOH�LQ�WKH�VHFRQG�\HDU URRWLQJ�ϯϯϯ

GHSWKV�ZHUH�VLPLODU� ZKLFK�ZDV�DWWULEXWHG�WR�KLJKHU�OHYHOV�RI�VRLO�PRLVWXUH�GXULQJ�HDUO\�ϯϯϰ

JURZWK��,Q�FRPPRQ�ZLWK�+RGJNLQVRQ�HW�DO����������ZH�IRXQG�WKDW�ZKHDW�KDG�D�PXFK�JUHDWHU�ϯϯϱ

QXPEHU�RI�VKDOORZ�URRWV�RQ�:DUUHQ�)LHOG�LQ�FRPSDULVRQ�ZLWK�%URDGPHDG��:DVVRQ�HW�DO��ϯϯϲ

�������DOVR�IRXQG�WKDW�GLIIHUHQW�ILHOGV�JDYH�FRQVLVWHQWO\�GLIIHUHQW�URRW�OHQJWK�GLVWULEXWLRQV�ZLWK�ϯϯϳ

GHSWK�DFURVV�D�QXPEHU�RI�GLIIHUHQW ZKHDW�JHQRW\SHV��7KDW�WKH�ILHOG�DSSHDUV�WR�KDYH�D�ϯϯϴ

FRQVLVWHQW�HIIHFW�RQ WKH�GLVWULEXWLRQ�RI�URRWV�ZLWK�GHSWK��KLJKOLJKWV�WKH�HIIHFW�RI�VRLO�RQ�URRW�ϯϯϵ

OHQJWK�GLVWULEXWLRQ�ZLWK�GHSWK��+RZHYHU��LW�LV�QRW�FOHDU�ZKLFK�DVSHFWV�RI�WKH�VRLO�SURILOH�LQ�ϯϰϬ

:DUUHQ�)LHOG HQFRXUDJH�D�JUHDWHU�QXPEHU�RI�VKDOORZ�URRWV�FRPSDUHG�ZLWK�%URDGPHDG��,Q�ϯϰϭ

WKLV�ZRUN��ZH�IRXQG�WKH�GLVWULEXWLRQV�RI�GHHS�URRWV�ZHUH�VLPLODU�LQ�ERWK�VHDVRQ��)LJ������ϯϰϮ

%RXQGDU\�OLQH�DQDO\VLV�VKRZHG�WKDW�GHHS�URRWV�DUH�PRUH�OLNHO\��LI�WKHUH�DUH�D�ODUJH�QXPEHU�RI�ϯϰϯ

VKDOORZ�URRWV �)LJ������+RZHYHU� LW�VKRXOG�EH�QRWHG�WKDW�WKH�ODUJH�GLIIHUHQFH LQ�WKH�QXPEHU�RI�ϯϰϰ

VKDOORZ�URRWV�EHWZHHQ�VHDVRQV GLG QRW�DSSHDU�WR�JUHDWO\�DIIHFW�WKH�GLVWULEXWLRQ�RI�GHHS�URRWV�ϯϰϱ

�)LJ������$OWKRXJK� WKH�QXPEHU�RI�GHHS�URRWV�LQ�%URDGPHDG�ZDV�VOLJKWO\�VPDOOHU��ϯϰϲ

5RRWV�ZLWK�ODUJHU�GLDPHWHUV�DUH�EHWWHU�DW�SHQHWUDWLQJ�KDUG�OD\HUV LQ�ODERUDWRU\�ϯϰϳ

VWXGLHV��WKLV�KDV�EHHQ�IRXQG�IRU�ULFH��&ODUN�HW�DO��������DQG�PDL]H��&KLPXQJX�HW�DO���������,Q�ϯϰϴ

ULFH�DQG�PDL]H�WKHUH�LV�D�PXFK�JUHDWHU�GLYHUVLW\�LQ�GLDPHWHU�FRPSDUHG�ZLWK�ZKHDW�ZKHUH�WKH�ϯϰϵ



ϭϰ

UDQJH�RI�GLDPHWHUV�LV�VPDOO��)LJ������,Q�PDL]H� WKHUH�ZDV�D�WZRIROG�GLIIHUHQFH�EHWZHHQ�WKH�ϯϱϬ

VPDOOHVW�DQG�JUHDWHVW�GLDPHWHU�PDL]H��&KLPXQJX�HW�DO��������ZKHUHDV�LQ�ULFH�WKHUH�ZDV�DQ�ϯϱϭ

��IROG LQFUHDVH�LQ�GLDPHWHU�EHWZHHQ�ULFH�OLQHV�ZLWK�WKH�VPDOOHVW�URRW�GLDPHWHUV�DQG�WKRVH�ϯϱϮ

ZLWK�WKH�JUHDWHVW �&ODUN�HW�DO���������,Q�ZKHDW��QRW�RQO\�DUH�URRW�GLDPHWHUV�DUH�PXFK�VPDOOHU��ϯϱϯ

ZLWK�D�PHDQ�GLDPHWHU�RI�DSSUR[LPDWHO\����PP�FRPSDUHG�WR�DERXW�����PP�IRU�PDL]H�DQG�����ϯϱϰ

PP�IRU�ULFH��EXW�WKH�UDQJH�LQ�URRW�GLDPHWHUV�LV�DOVR�VPDOO��5RRW�DQJOH�LV�D WUDLW�WKDW�LV�DOVR�ϯϱϱ

DVVRFLDWHG�ZLWK�GHHS�URRWV��/\QFK�HW�DO���������6WHHS�URRWV�LQFUHDVH�WKH�SUREDELOLW\�WKDW�ϯϱϲ

URRWV�ZLOO�VXFFHVVIXOO\�SHQHWUDWH�D�KDUG�OD\HU��:KDOOH\�HW�DO��������DOWKRXJK�URRW�DQJOH PD\�ϯϱϳ

DOVR�KDYH�VRPH�HIIHFW�RQ�KRZ�URRW�V\VWHP�DUFKLWHFWXUH�LQWHUDFWV�ZLWK�VRLO�VWUXFWXUH� 3ODQWV�ϯϱϴ

ZLWK�D�QDUURZHU�DQJXODU�VSUHDG�RI�URRWV�DUH�WKRXJKW�WR�EH�DW�DQ�DGYDQWDJH�LQ�ZDWHU�OLPLWHG�ϯϱϵ

HQYLURQPHQWV��0DQVFKDGL�HW DO����������������ZKHUHDV�D�ZLGH�DQJXODU�VSUHDG�RI�URRWV�LV�ϯϲϬ

WKRXJKW�WR�EHQHILW�QXWULHQW�XSWDNH��HVSHFLDOO\�3��*H�HW DO���������5XELR�HW DO���������/\QFK��ϯϲϭ

����������� 6KHQ�HW DO��������� :H�PHDVXUHG�URRW�DQJOH DW�WKH�VHHGOLQJ�VWDJH��DV�LV�ϯϲϮ

FRPPRQSODFH�LQ�KLJK�WKURXJKSXW�URRW�VFUHHQV��EXW�IRXQG�QR�FRUUHODWLRQ�ZLWK�URRW�GHSWK�LQ�WKH�ϯϲϯ

ILHOG� ,Q�WKLV�SURMHFW��ZH�GHOLEHUDWHO\�JUHZ�OLQHV�LQ�WKH�ILHOG�ZLWK�FRQWUDVWLQJ�ODERUDWRU\�URRW�ϯϲϰ

SKHQRW\SHV��1RQH�RI�WKH�GDWD�IURP ODERUDWRU\�URRW�VFUHHQV��FLJDU�UROO�RU�ZD[�OD\HU��ZHUH�ϯϲϱ

FRUUHODWHG�ZLWK DQ\�DVSHFW�RI�URRW�JURZWK�LQ�WKH�ILHOG��:DWW�HW�DO���������DOVR�IRXQG�QR�ϯϲϲ

UHODWLRQVKLS�EHWZHHQ�GDWD�IURP�VHHGOLQJ�URRW�VFUHHQV�DQG�WKH�URRWLQJ�SDWWHUQV�RI�PDWXUH�ϯϲϳ

ZKHDW�LQ�WKH�ILHOG��DOWKRXJK�WKHUH�ZDV�HYLGHQFH�WKDW�ODERUDWRU\�VFUHHQV�FRXOG�SUHGLFW�URRW�ϯϲϴ

GHSWK�LQ�WKH�ILHOG�DW�WKH�ILYH�OHDI�VWDJH��3 �������ϯϲϵ

5RRW�GLDPHWHU�IURP�RXU KLJK�WKURXJKSXW�ODERUDWRU\�VFUHHQ�ZDV�FRUUHODWHG�ZLWK�JUDLQ�ϯϳϬ

\LHOG��:H�KDYH�QR�HYLGHQFH�WR�VXSSRUW�WKH�LGHD�WKDW�WKLV�ZDV�LQ�DQ\�ZD\�UHODWHG�WR�LPSURYHG�ϯϳϭ

URRW�JURZWK��:H�IRXQG�QR�FRUUHODWLRQ�EHWZHHQ�URRW�GLDPHWHU�DQG�ZDWHU�XSWDNH�RU�URRW�GHSWK��ϯϳϮ

*RQJ�DQG�0DFGRQDOG��������IRXQG WKDW�WZR�47/V�IRU�URRW�GLDPHWHU�ZHUH�DVVRFLDWHG�ZLWK�ϯϳϯ

PDMRU�47/V�IRU�JUDLQ�\LHOG LQ�EDUOH\� *LYHQ�WKDW�QHLWKHU�LPSURYHG�ZDWHU�XSWDNH�QRU�URRW�GHSWK�ϯϳϰ

DSSHDUHG�WR�EH�UHODWHG�WR�URRW�GLDPHWHU LW�LV�PRVW�OLNHO\�WKDW�WKH�HơHFW�RI�URRW�GLDPHWHU RQ�ϯϳϱ

\LHOG�LV�UHODWHG�WR�VRPH�XQNQRZQ SOHLRWURSLF HIIHFW� $WNLQVRQ�HW�DO���������IRXQG�WZR�47/V�IRU�ϯϳϲ



ϭϱ

VHHGOLQJ�URRW WUDLWV�WKDW�FR�ORFDOL]HG ZLWK�47/V�TXDQWLILHG�IURP�ILHOG�WULDOV IRU JUDLQ�\LHOG�DQG�ϯϳϳ

1�XSWDNH��RQ�FKURPRVRPHV��%�DQG��'��UHVSHFWLYHO\��$OWKRXJK WKH�VHHGOLQJ�WUDLWV�GLG�QRWϯϳϴ

LQFOXGH�URRW�GLDPHWHU��7KRPDV�HW�DO�������� IRXQG�WKDW��LQ�RLO�VHHG�UDSH��VHHG�\LHOG�ZDV�ϯϳϵ

FRUUHODWHG�ZLWK�WKH�OHQJWK�RI�SULPDU\�URRWV�LQ�KLJK�WKURXJKSXW�VFUHHQV�VLPLODU�WR�WKH�RQH�ZH�ϯϴϬ

XVHG�LQ�WKLV�ZRUN��+RZHYHU��IRU�ZKHDW�ZH�IRXQG�QR�VXFK�UHODWLRQVKLSV�ϯϴϭ

%RXQGDU\�OLQH�DQDO\VLV�VKRZHG�WKDW�ZKHDW�OLQHV ZLWK�GHHS�URRWV�DUH�QRW�OLNHO\�WR�KDYH�ϯϴϮ

ORZ�\LHOGV��DOWKRXJK��GHHS�URRWV��DW�OHDVW�LQ�WKH�8.��DUH QRW�DQ�HVVHQWLDO�WUDLW�IRU�KLJK�\LHOGLQJ�ϯϴϯ

FRPPHUFLDO�ZKHDW YDULHWLHV� ,Q�WKH�GULHU�RI�WKH�WZR�\HDUV��������WKH�QXPEHU�RI�GHHS�URRWV�����ϯϴϰ

WR����FP��ZDV�SRVLWLYHO\�FRUUHODWHG�ZLWK�KLJKHU�\LHOGV��7DEOH���� 8QIRUWXQDWHO\��WKH�VLPSOH�ϯϴϱ

ODERUDWRU\�EDVHG�URRW�VFUHHQV�GR�QRW�VHHP�WR�EH�DEOH�WR�SUHGLFW�URRW GHSWK��)XUWKHUPRUH��ϯϴϲ

URRW GHSWK�GRHV�QRW�VHHP�WR�EH�D�WUDLW�WKDW�FDQ�EH�REVHUYHG�FRQVLVWHQWO\�EHWZHHQ�VHDVRQV�LQ�ϯϴϳ

DQ\ JLYHQ�ZKHDW�OLQH��$Q�H[FHSWLRQ WR�WKLV�LV WKH�FRPSDULVRQ�EHWZHHQ WKH�GZDUI�DQG�WDOO�1,/V��ϯϴϴ

ZKHUH�WKH�GZDUI�1,/�JDYH�FRQVLVWHQWO\�GHHSHU�URRWLQJ��7KLV�PD\�EH�GXH�WR�JUHDWHU�QXPEHU�RI�ϯϴϵ

URRWV�LQ�WKH�GZDUI�1,/�FRPSDUHG�ZLWK�WKH�WDOO�1,/�ϯϵϬ

&RQFOXVLRQϯϵϭ

:KHDW�OLQHV ZLWK�GHHS�URRWV�DUH�KLJK�\LHOGLQJ��EXW�LW�LV�QRW�HVVHQWLDO�WR�KDYH�GHHS�URRWV�IRU�ϯϵϮ

KLJK�\LHOGV LQ�WKH�8.�HQYLURQPHQW��7KH�GHHSHVW�URRWLQJ�ZKHDW�OLQHV ZHUH�DPRQJVW WKRVH�ZLWK�ϯϵϯ

WKH�JUHDWHVW�QXPEHU�RI�VKDOORZ URRWV��7KLV�LPSOLHV�D�VWRFKDVWLF�HOHPHQW�LQ�GHWHUPLQLQJ�ϯϵϰ

URRWLQJ GHSWK��:H�GLG�QRW�ILQG��LQ�RXU�ILHOG�H[SHULPHQWV IRU�ZKHDW��D VLPSOH�ODERUDWRU\�ϯϵϱ

VFUHHQLQJ�PHWKRG�WKDW SURGXFHG�D�SKHQRW\SH�WKDW�ZDV�FRUUHODWHG�ZLWK�URRWLQJ�GHSWK RI�ϯϵϲ

PDWXUH�SODQWV LQ�WKH�ILHOG�� :H�GLG�ILQG�WKDW�URRW�GLDPHWHU�PHDVXUHG�LQ�KLJK�WKURXJKSXW�ϯϵϳ

VFUHHQV�ZDV�FRUUHODWHG�ZLWK�\LHOG��IRU�UHDVRQV�WKDW�UHPDLQ�WR�EH�GHWHUPLQHG� :KLOH�WKH�\LHOG�ϯϵϴ

RI��� ZKHDW�OLQHV�ZDV�KLJKO\�FRUUHODWHG�RYHU�WZR�VHDVRQV��ZH�IRXQG�OLWWOH�FRQVLVWHQF\�LQ�URRW�ϯϵϵ

JURZWK��,Q�GU\HU�\HDUV��ZH�KDYH�FRQILUPHG�WKDW�ZKHDW�OLQHV�ZLWK�GHHS�URRWLQJ�DUH�DVVRFLDWHG�ϰϬϬ

ZLWK�LQFUHDVHG�\LHOGV�ϰϬϭ

$FNQRZOHGJPHQWV�ϰϬϮ
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ϰϬϯ

7KH�ZRUN�GHVFULEHG�LQ�WKH�SDSHU�ZDV�IXQGHG�E\�6\QJHQWD�/WG�ϰϬϰ
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5HIHUHQFHV

$WNLQVRQ�-$��:LQJHQ�/8��*ULIILWKV�0��3RXQG�03��*DMX�2��)RXONHV�0-��*RXLV�-/��*ULIILWKV�6��
%HQQHWW�0-��.LQJ�-��:HOOV�'0��������3KHQRW\SLQJ�SLSHOLQH�UHYHDOV�PDMRU�VHHGOLQJ�URRW�
JURZWK�47/�LQ�KH[DSORLG�ZKHDW��-RXUQDO�RI�([SHULPHQWDO�%RWDQ\�������������

%DL�&��/LDQJ�<��+DZNHVIRUG�0-��������,GHQWLILFDWLRQ�RI�47/�DVVRFLDWHG�ZLWK�VHHGOLQJ�URRW�
WUDLWV�DQG�WKHLU�FRUUHODWLRQ�ZLWK�PDWXUH�SODQW�KHLJKW�LQ�ZKHDW��-�([S�%RW ������������

%DUUDFORXJK��3�%���/HLJK��5���������7KH�JURZWK�DQG�DFWLYLW\�RI�ZLQWHU�ZKHDW�URRWV�LQ�WKH�ILHOG��
WKH�HIIHFW�RI�VRZLQJ�GDWH�DQG�VRLO�W\SH�RQ�URRW�JURZWK�RI�KLJK�\LHOGLQJ�FURSV��-�$JU�6FL�
�����������

&ODUN�/-��$SKDOp�6/��%DUUDFORXJK�3%��������6FUHHQLQJ�WKH�DELOLW\�RI�ULFH�URRWV�WR�RYHUFRPH�
WKH�PHFKDQLFDO�LPSHGDQFH�RI�ZD[�OD\HUV��LPSRUWDQFH�RI�WHVW�FRQGLWLRQV�DQG�PHDVXUHPHQW�
FULWHULD��3ODQW�6RLO��������±���

&ODUN�/-��&RSH�5(��:KDOOH\�:5��%DUUDFORXJK��3�%��DQG�:DGH��/�-���������5RRW�SHQHWUDWLRQ�
RI�VWURQJ�VRLO�LQ�UDLQIHG�ORZODQG�ULFH��FRPSDULVRQ�RI�ODERUDWRU\�VFUHHQV�ZLWK�ILHOG�
SHUIRUPDQFH��)LHOG�&URS�5HV �����������

&ODUN�/-��)HUUDULV�6��3ULFH�$+� :KDOOH\ :5 �����D��$�JUDGXDO�UDWKHU�WKDQ�DEUXSW�LQFUHDVH�LQ�
VWUHQJWK�JLYHV�EHWWHU�URRW�SHQHWUDWLRQ�RI�VWURQJ�OD\HUV��3ODQW�6RLO���������������

&ODUN�/-��3ULFH�$+��6WHHOH�.$��:KDOOH\�:5 �����E��(YLGHQFH�IURP�QHDU�LVRJHQLF�OLQHV�WKDW�
URRW�SHQHWUDWLRQ�LQFUHDVHV�ZLWK�URRW�GLDPHWHU�DQG�EHQGLQJ�VWLIIQHVV�LQ�ULFH��)XQFW�3ODQW�
%LRO �������������

&KLPXQJX�-*��/RDGHV�.:��/\QFK�-3 �������5RRW�DQDWRPLFDO�SKHQHV�SUHGLFW�URRW�
SHQHWUDWLRQ�DELOLW\�DQG�ELRPHFKDQLFDO SURSHUWLHV�LQ�PDL]H��=HD�0D\V���-�([S�%RW ����
����±�����

)DQ�-��0F&RQNH\�%��:DQJ�+��-DQ]HQ�+������� 5RRW�GLVWULEXWLRQ�IRU�WHPSHUDWH�DJULFXOWXUDO�
FURSV��)LHOG�&URS�5HV������������

*DR�:��+RGJNLQVRQ�/��-LQ�.��:DWWV�&:��$VKWRQ�5:��6KHQ�-��5HQ�7��'RGG�,&��%LQOH\�$��
3KLOOLSV�$/��+HGGHQ�3��+DZNHVIRUG�0-��:KDOOH\�:5 ������ 'HHS�URRWV�DQG�VRLO�VWUXFWXUH��
3ODQW�&HOO�(QYLURQ���������������

*H�=<��5XELR�*��/\QFK�-3������� 7KH�LPSRUWDQFH�RI�URRW�JUDYLWURSLVP�IRU�LQWHU�URRW�
FRPSHWLWLRQ�DQG�SKRVSKRUXV�DFTXLVLWLRQ�HIILFLHQF\��UHVXOWV�IURP�D�JHRPHWULF�VLPXODWLRQ�
PRGHO��3ODQW�6RLO���������±���

*HUZLW]�$��3DJH�(5 ������ $Q�HPSLULFDO�PDWKHPDWLFDO�PRGHO�WR�GHVFULEH�SODQW�URRW�V\VWHPV��
-�$SSOLHG�(FRO��������±����

*UHJRU\�3-��0F*RZDQ�0��%LVFRH�39��+XQWHU�% �����D� :DWHU�UHODWLRQV�LQ�ZLQWHU�ZKHDW����
*URZWK�RI�WKH�URRW�V\VWHP��-�$JULF�6FL�����������

*UHJRU\��3-��0F*RZDQ�0���+XQWHU�%������E��:DWHU�UHODWLRQV�LQ�ZLQWHU�ZKHDW����6RLO�ZDWHU�
UHODWLRQV�-�$JULF�6FL�����������

+RGJNLQVRQ�/��'RGG ,&��%LQOH\�$��$VKWRQ�5:��:KLWH�53��:DWWV�&:��:KDOOH\�:5 �������
5RRW�JURZWK�LQ�ILHOG�JURZQ�ZLQWHU�ZKHDW��VRPH�HIIHFWV�RI�VRLO�FRQGLWLRQV��VHDVRQ�DQG�
JHQRW\SH��(XU�-�$JURQ ������±��

-LQ�.��6KHQ�-%��$VKWRQ�5��:KLWH�53��'RGG�,&��3DUU\�0$-��:KDOOH\�:5 ������ :KHDW�URRW�
JURZWK�UHVSRQVHV�WR�KRUL]RQWDO�VWUDWLILFDWLRQ�RI�IHUWLOLVHU�LQ�D�ZDWHU�OLPLWHG�HQYLURQPHQW��
3ODQW�6RLO������������

.DORJRULV�',��$GL�02��:KLWH�3-��%URDGOH\�05��'UD\H�;��3WDVKQ\N�0��%HQJRXJK�$*��'XSX\�
/;��������$QDO\VLV�RI�5RRW�JURZWK�IURP�D�SKHQRW\S\LQJ�GDWD�VHW�XVLQJ�D�GHQVLW\�EDVHG�
PRGHO�-�([S�%RW���������������

.HQREL�.��$WNLQVRQ�-$��:HOOV�'0��*DMX�2��'H�6LOYD�-*���)RXONHV�0-��'U\GHQ�,/��:RRG�$7$��
%HQQHWW�0-��������-�([S�%RW��������������

/DUN�50��0LOQH�$( ������ %RXQGDU\�OLQH�DQDO\VLV�RI�WKH�HIIHFW�RI�ZDWHU�ILOOHG�SRUH�VSDFH�RQ�
QLWURXV�R[LGH�HPLVVLRQ�IURP�FRUHV�RI�DUDEOH�VRLO��(XU�-�6RLO�6FL������������������
��������HMVV������

/XSWRQ�)*+��2OLYHU�5+��(OOLV�)%��%DUQHV�%7��+RZVH�.5��:HOEDQN�3-��7D\ORU�3- ������
5RRW DQG�VKRRW�JURZWK�RI�VHPL�GZDUI�DQG�WDOOHU�ZKHDWV��$QQDOV�$SSO�%LRO������������

/\QFK�-3 ������ 5RRWV�RI�WKH�VHFRQG�JUHHQ�UHYROXWLRQ��$XVW�-�%RW �������±�����



ϭϴ

/\QFK�-3 ������ 5RRW�SKHQHV�IRU�HQKDQFHG�VRLO�H[SORUDWLRQ�DQG�SKRVSKRUXV�DFTXLVLWLRQ��
WRROV�IRU�IXWXUH�FURSV��3ODQW�3K\VLRO ���������±�����

/\QFK�-3��&KLPXQJX�-*��%URZQ�.0������� 5RRW�DQDWRPLFDO�SKHQHV�DVVRFLDWHG�ZLWK�ZDWHU�
DFTXLVLWLRQ�IURP�GU\LQJ�VRLO��WDUJHWV�IRU�FURS�LPSURYHPHQW��-�([S�%RW ��������±�����

0DQVFKDGL�$��+DPPHU�*/��&KULVWRSKHU�-��'H9RLO�3 ������ *HQRW\SLF�YDULDWLRQ�LQ�VHHGOLQJ�
URRW�DUFKLWHFWXUDO�WUDLWV�DQG�LPSOLFDWLRQV�IRU�GURXJKW�DGDSWDWLRQ�LQ�ZKHDW��7ULWLFXP
DHVWLYXP�/����3ODQW�6RLO ������������

2EHU�(6��:HUQHU�3��)ODWPDQ�(��$QJXV�:-��-DFN�3��6PLWK�5HHYH�/��7DSVHOO�& ������
*HQRW\SLF�GLIIHUHQFHV�LQ�GHHS�ZDWHU�H[WUDFWLRQ�DVVRFLDWHG�ZLWK�GURXJKW�WROHUDQFH��
)XQFWLRQDO�3ODQW�%LRO���������������

5XELR�9��/LQKDUHV�)��6RODQR�5��0DUWLQ�$&��,JOHVLDV�-��/H\YD�$��3D]�$UHV�- ������ $�
FRQVHUYHG�0<%�WUDQVFULSWLRQ�IDFWRU�LQYROYHG�LQ�SKRVSKDWH�VWDUYDWLRQ�VLJQDOLQJ�ERWK�LQ�
YDVFXODU�SODQWV�DQG�LQ�XQLFHOOXODU�DOJDH��*HQH�'HY ��������±�����

6FKQHLGHU�&$��5DVEDQG�:6��(OLFHLUL�.:������� 1,+�,PDJH�WR�,PDJH-�����\HDUV�RI�,PDJH�
$QDO\VLV��1DW�0HWKRGV �������������

6KDQDKDQ�3��%LQOH\�$��:KDOOH\�:5��:DWWV�&: �������7KH�XVH�RI�HOHFWURPDJQHWLF�LQGXFWLRQ�
�(0,��WR�PRQLWRU�FKDQJHV�LQ�VRLO�PRLVWXUH�SURILOHV�EHQHDWK�GLIIHUHQW�ZKHDW�FXOWLYDUV��6RLO�
6FL�6RF�$P�-�����������

6KHQ�-%��/L�&-��0L�*+��/L /��<XDQ�/;��-LDQJ�5)��=KDQJ�)6 ������ 0D[LPL]LQJ�
URRW�UKL]RVSKHUH�HIILFLHQF\�WR�LPSURYH�FURS�SURGXFWLYLW\�DQG�QXWULHQW�XVH�HIILFLHQF\�LQ�
LQWHQVLYH�DJULFXOWXUH�RI�&KLQD��-�([S�%RW ��������±�����

6WHHOH�.$��3ULFH�$+��:LWFRPEH�-��6KUHVWKD�%1��6LQJK�%1��*LEERQV�-0��9LUN�'6�������
47/V�DVVRFLDWHG�ZLWK�URRW�WUDLWV�LQFUHDVH�\LHOG�LQ�XSODQG�ULFH�ZKHQ�WUDQVIHUUHG WKURXJK�
PDUNHU�DVVLVWHG VHOHFWLRQ��7KHRU�$SSO�*HQHW ��������±����

7KRPDV�&/��*UDKDP�16��+D\GHQ�5��0HDFKDP�0&��1HXJHEDXHU�.��1LJKWLQJDOH�0��'XSX\�/��
+DPPRQG�-3��:KLWH�3-��%URDGOH\�05 �������+LJK�WKURXJKSXW�SKHQRW\SLQJ��+73��
LGHQWLILHV�VHHGOLQJ�URRW�WUDLWV�OLQNHG�WR YDULDWLRQ�LQ�VHHG�\LHOG�DQG�QXWULHQW�FDSWXUH�LQ�ILHOG�
JURZQ�RLOVHHG�UDSH �%UDVVLFD�QDSXV�/��� $QQ�%RW��������������

:DWW 0� 0RRVDYL 6� &XQQLQJKDP 6&��.LUNHJDDUG -$� 5HEHW]NH *-� 5LFKDUGV�5$ �������$
UDSLG�FRQWUROOHG� HQYLURQPHQW VHHGOLQJ URRW VFUHHQ IRU ZKHDW FRUUHODWHV ZHOO ZLWK�URRWLQJ�
GHSWKV�DW�YHJHWDWLYH��EXW�QRW�UHSURGXFWLYH��VWDJHV�DW�WZR�¿HOG�VLWHV��$QQ�%RW���������±
����������

:DVVRQ�$3��5HEHW]NH�*-� .LUNHJDDUG�-$��&KULVWRSKHU�-��5LFKDUGV�5$��:DWW�0 ������ 6RLO�
FRULQJ�DW�PXOWLSOH�ILHOG�HQYLURQPHQWV�FDQ�GLUHFWO\�TXDQWLI\�YDULDWLRQ�LQ�GHHS�URRW�WUDLWV�WR�
VHOHFW�ZKHDW�JHQRW\SHV�IRU�EUHHGLQJ��-�([S�%RW���������± �����

:HEE��������8VH�RI�WKH�%RXQGDU\�/LQH�LQ�WKH�DQDO\VLV�RI�ELRORJLFDO�GDWD��-��+RUWLFXOWXUDO�
6FLHQFH���������±����

:HLU�$+��5D\QHU�-+��&DWW�-$��6KLSOH\�'*��+ROOLHV�-' ������ 6RLO�IDFWRUV�DIIHFWLQJ�WKH�\LHOG�
RI�ZLQWHU�ZKHDW��DQDO\VLV�RI�UHVXOWV�IURP�,�&�,��VXUYH\V����������-�$JULF�6FL�&DPE������
�������

:KDOOH\�:5��%LQOH\�$��:DWWV�&:��6KDQDKDQ 3��'RGG�,&��2EHU�(6��$VKWRQ�5:��:HEVWHU�
&3��:KLWH�53��+DZNHVIRUG�0- ������ 0HWKRGV�WR�HVWLPDWH�FKDQJHV�LQ�VRLO�ZDWHU�IRU�
SKHQRW\SLQJ�URRW�DFWLYLW\�LQ�WKH�ILHOG��3ODQW�6RLO ��������±����

:KDOOH\�:5��&ODUN�/-��)LQFK�6DYDJH�:(��&RSH�5( �������7KH�LPSDFW�RI�PHFKDQLFDO�
LPSHGDQFH�RQ�WKH�HPHUJHQFH�RI�FDUURW�DQG�RQLRQ�VHHGOLQJV��3ODQW�6RLO��������������

:KDOOH\�:5��'RGG�,&��:DWWV�&:��:HEVWHU�&3��3KLOOLSV�$/��$QGUDORMF�-��:KLWH�53��'DYLHV��
:-��3DUU\��0$-������� *HQRW\SLF�YDULDWLRQ�LQ�WKH�DELOLW\�RI�ZKHDW�URRWV�WR�SHQHWUDWH�ZD[�
OD\HUV��3ODQW�6RLO���������±����

:KLWH�5��.LUNHJDDUG�-$�������� 7KH�GLVWULEXWLRQ�DQG�DEXQGDQFH�RI�ZKHDW�URRWV�LQ�D�GHQVH��
VWUXFWXUHG�VXEVRLO�± LPSOLFDWLRQV�IRU�ZDWHU�XSWDNH��3ODQW�&HOO�(QYLURQ ������������

:KLWH�&$��6\OYHVWHU�%UDGOH\�5��%HUU\�30 ������ 5RRW�OHQJWK�GHQVLWLHV�RI�8.�ZKHDW�DQG�
RLOVHHG�UDSH�FURSV�ZLWK�LPSOLFDWLRQ�IRU�ZDWHU�FDSWXUH�DQG�\LHOG��-�([S�%RW
GRL���������M[E�HUY���



ϭϵ

=KX -��.DHSSOHU�60��/\QFK�-3 ������ 0DSSLQJ�RI�47/V�IRU�ODWHUDO�URRW�EUDQFKLQJ�DQG�OHQJWK�
LQ�PDL]H��=HD�PD\V�/���XQGHU�GLIIHUHQWLDO�SKRVSKRUXV�VXSSO\��7KHRU�$SSO�*HQHW ���������
����



ϮϬ

dĂ
ďů
Ğ�
ϭ�
t
ŚĞ

Ăƚ
�Ő
ƌŽ
ƵƉ

Ɛ�
ƐĞ
ůĞ
Đƚ
ĞĚ

�Ƶ
Ɛŝ
ŶŐ

�ƚŚ
Ğ�
ĚĂ

ƚĂ
�Ĩƌ
Žŵ

�ƚŚ
Ğ�
Đŝ
ŐĂ
ƌ�ƌ
Žů
ů�Ɛ
Đƌ
ĞĞ

Ŷ�
;'
ƌŽ
ƵƉ

Ɛ�ϭ
͕�Ϯ

͕�ϰ
�Ă
ŶĚ

�ϱ
Ϳ͘�
dŚ

Ğ�
ŵ
ĞĂ

ŶƐ
�Ă
ŶĚ

�Ɛ
ƚĂ
ŶĚ

Ăƌ
Ě�
ĚĞ

ǀŝ
Ăƚ
ŝŽ
Ŷ�
;^
͘�
͘Ϳ�
Ăƌ
Ğ�

ƌĞ
ƉŽ

ƌƚ
ĞĚ

͘

�
ĞƐ
Đƌ
ŝƉ
ƚŝŽ

Ŷ
E
Ƶŵ

ďĞ
ƌ�

ŽĨ
�ůŝ
ŶĞ

Ɛ

ZŽ
Žƚ
�

ĂŶ
Őů
Ğ

;Ě
ĞŐ
ƌĞ
ĞƐ
Ϳ

ZŽ
Žƚ
�

Ěŝ
Ăŵ

Ğƚ
Ğƌ

;ŵ
ŵ
Ϳ

^Ğ
ŵ
ŝŶ
Ăů
�

�ǆ
ĞƐ
�

>Ğ
ŶŐ

ƚŚ
;ŵ

ŵ
Ϳ

^Ğ
ŵ
ŝŶ
Ăů
�

ůĂ
ƚĞ
ƌĂ
ů�

ůĞ
ŶŐ

ƚŚ
;ŵ

ŵ
Ϳ

D
ĞĂ

Ŷ
Ɛ͘
Ě͘

D
ĞĂ

Ŷ
Ɛ͘
Ě͘

D
ĞĂ

Ŷ
Ɛ͘
Ě͘

D
ĞĂ

Ŷ
Ɛ͘
Ě͘

'
ƌŽ
ƵƉ

�ϭ
E
Ăƌ
ƌŽ
ǁ
�ƌŽ

Žƚ
�Ă
ŶŐ

ůĞ
ĂŶ

Ě�
ƚŚ
ŝĐ
Ŭ�
ƌŽ
Žƚ
Ɛ

ϲ
ϱϯ

͘ϭ
ϱ

ϯ͘
ϰϵ

Ϭ͘
ϰϲ

ϰ
Ϭ͘
Ϭϭ

ϭ
ϭϮ

Ϯ͘
ϲ

Ϯ͘
ϵϭ

ϭ
ϲϵ

͘ϭ
ϵ

ϲ͘
ϬϮ

'
ƌŽ
ƵƉ

�Ϯ
t
ŝĚ
Ğ�
ĂŶ

Őů
Ğ
ĂŶ

Ě�
ƚŚ
ŝŶ
�

ƌŽ
Žƚ
Ɛ

ϭϭ
ϵϬ

͘ϭ
ϰ

ϭϮ
͘ϴ

Ϭ͘
ϯϴ

Ϭ͘
Ϭϯ

Ϯ
ϭϭ

ϯ͘
Ϯ

ϭϱ
͘ϭ
ϵ

ϲϲ
͘ϲ
ϭ

ϭϲ
͘ϲ
ϵ

'
ƌŽ
ƵƉ

�ϯ
^Ğ
ůĞ
Đƚ
ĞĚ

�ď
Ǉ�
ďƌ
ĞĞ

ĚĞ
ƌƐ

ϭϴ
ϴϬ

͘Ϯ
ϯ

ϭϬ
͘ϵ
ϳ

Ϭ͘
ϰϴ

ϭ
Ϭ͘
Ϭϯ

ϵ
ϭϭ

ϯ͘
Ϯ

ϭϬ
͘ϲ
ϵ

ϱϳ
͘ϭ

ϭϮ
͘ϴ
ϲ

'
ƌŽ
ƵƉ

�ϰ
ůŽ
ŶŐ

�Ɛ
Ğŵ

ŝŶ
Ăů
�ƌŽ

Žƚ
Ɛ

ϲ
ϳϵ

͘ϱ
ϯ

ϭϰ
͘ϭ
ϱ

Ϭ͘
ϰϱ

ϰ
Ϭ͘
Ϭϭ

ϱ
ϭϯ

ϳ͘
Ϯ

ϰ͘
ϵϰ

ϭ
ϴϰ

͘ϲ
ϭϳ

͘Ϯ
'
ƌŽ
ƵƉ

�ϱ
^Ś

Žƌ
ƚ�Ɛ
Ğŵ

ŝŶ
Ăů
�ƌŽ

Žƚ
Ɛ

ϭϭ
ϳϳ

͘ϴ
ϰ

ϵ͘
ϴϭ

ϳ
Ϭ͘
ϰϲ

ϯ
Ϭ͘
ϬϮ

ϭϬ
ϵ͘
ϱ

ϵ͘
ϳϮ

ϱ
ϰϯ

͘Ϭ
ϴ

ϭϱ
͘ϯ

'
ƌŽ
ƵƉ

�ϲ
ϭϵ

ϴϱ
͘ϴ

ϳ͘
ϭ

Ϭ͘
ϰϰ

ϴ
Ϭ͘
Ϭϯ

ϭϭ
ϱ͘
ϰ

ϭϭ
͘Ϯ
ϴ

ϱϵ
͘ϯ
ϳ

ϭϬ
͘Ϭ
ϯ



Ϯϭ

7DEOH����(VWLPDWHG�SDUDPHWHU�YDOXHV IRU�WKH�ILWWHG�ERXQGDU\�OLQH�PRGHOV��ݕ ൌ ݔܽ ൅ ܾ��DQG�
HVWLPDWHG�HUURU DURXQG�WKH�ERXQGDU\

3DUDPHWHU�ܽ ZLWK�����
FRQILGHQFH�LQWHUYDO

3DUDPHWHU�ܾ ZLWK�����
FRQILGHQFH�LQWHUYDO

(UURU�ZLWK�����
FRQILGHQFH�LQWHUYDO

'HHS�YV VKDOORZ�
URRW�OHQJWK�����

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

'HHS�YV�VKDOORZ�
URRW�OHQJWK�����

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

<LHOG�YV�GHHS�
URRW�OHQJWK�����

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

<LHOG�YV�GHHS�
URRW�OHQJWK�����

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

7DEOH���/LQHDU�FRUUHODWLRQV�EHWZHHQ�\LHOG�DQG�HLWKHU�WKH�FRXQW�RI�VKDOORZ�RU�GHHS�URRWV��5���
<LHOG��<��LV�UHJUHVVHG�DJDLQVW�WKH�WRWDO�FRXQW�RI�URRWV�LQ WKH�VKDOORZ�RU�GHHS�OD\HUV

6KDOORZ�RU�GHHS�
URRWLQJ

���� ����

7RWDO�URRW�FRXQW�
��WR����FP

ܻ ൌ ͲǤͲ͸͸ܴ ൅ ͷǤʹͶͷ
$FFRXQWV�IRU�����RI�WKH�YDULDQFH

3������

ܻ ൌ ͲǤͲͶͲܴ ൅ ͶǤ͵ͷ
$FFRXQWV�IRU�����RI�WKH�YDULDQFH

3������

7RWDO�URRW�FRXQW�
���WR����FP

ܻ ൌ ͲǤͲ͹͸ܴ ൅ ͺǤͳ͵ͳ
$FFRXQWV�IRU����RI�WKH�YDULDQFH

3 �����

ܻ ൌ ͲǤͲͻͻܴ ൅ ͸Ǥ͹͸
$FFRXQWV�IRU�����RI�WKH�YDULDQFH

3������

$FFXPXODWHG�
VRLO�PRLVWXUH�
GHILFLW

������ PP�GD\V �������� PP�GD\V
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7DEOH����$�FRUUHODWLRQ�PDWUL[�IRU�ERWK�\HDUV�WR�FRPSDUH�GDWD�IURP�WKH�FLJDU�UROO�VFUHHQ��ZD[�
OD\HU�VFUHHQ�DQG�ILHOG�H[SHULPHQW��7KRVH�FRUUHODWLRQV�WKDW�FRUUHVSRQG�WR�D�VLJQLILFDQW�
UHJUHVVLRQ�DUH�VKRZQ�LQ�EROG�DQG�KLJKOLJKWHG�LQ�JUH\�

����

*UDLQ�\LHOG ��
'HSWK�RI�GHHSHVW�URRW�
LQ�WKH�ILHOG ������ ��

5RRW�$QJOH ������ ������� ��

6HPLQDO�$[HV�$YHUDJH�
'LDPHWHU ���� ����� ������� ��

6HPLQDO�$[HV�/HQJWK ������ ������� ������� ������ ��

6HPLQDO�/DWHUDO�OHQJWK ������ ������� ������� ������� ������
1XPEHU�RI�5RRWV ������� ������� ������� ������� ������ ������ ��

+DUG�/D\HU�3HQHWUDWLRQ ������� ������ ������� ������ ������ ����� ������ �
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*UDLQ�\LHOG ��
'HSWK�RI�GHHSHVW�URRW�
LQ�WKH�ILHOG ������ ��
5RRW�$QJOH ������� ������ ��
6HPLQDO�$[HV�$YHUDJH�
'LDPHWHU ������ ������� ������� ��
6HPLQDO�$[HV�/HQJWK ������ ������ ������� ������ ��
6HPLQDO�/DWHUDO�OHQJWK ������� ������ ������ ������� ������
1XPEHU�RI�5RRWV ������� ������ ������� ������� ������ ������ ��
+DUG�/D\HU�3HQHWUDWLRQ ������� ������� ������� ������� ������ ������ ������ ��
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&DSWLRQV

)LJ� ��'LVWULEXWLRQV�RI�URRW�DQJOH �GHJUHHV���URRW�GLDPHWHU �PP���VHPLQDO�ODWHUDO�URRW�OHQJWK
�PP��DQG�VHPLQDO�D[LV�URRW�OHQJWK �PP� LQ�WKH�GDWD IURP�WKH FLJDU�UROO�VFUHHQ�RI�����ZKHDW�
OLQHV��VKRZQ�DV�KLVWRJUDPV�

)LJ����7KH�UHODWLRQVKLS�EHWZHHQ�URRW�JURZWK�DQJHO�DQG�URRW�GLDPHWHU�DQG�EHWZHHQ�WKH�
OHQJWKV�RI�WKH�VHPLQDO�D[HV DQG�WKH�VHPLQDO�ODWHUDO�URRWV� IRU�WKH�ZKHDW�OLQHV�VFUHHQHG�ZLWK�
WKH�&LJDU�UROO PHWKRG� /LQHDU�UHJUHVVLRQ�VKRZHG�WKDW�ERWK�UHODWLRQVKLSV�DUH�VLJQLILFDQW�
�3���������EXW�RQO\�D�VPDOO�SHUFHQWDJH�RI�WKH�YDULDQFH�LV�DFFRXQWHG�IRU�E\�UHJUHVVLRQ��
������IRU�WKH�UHODWLRQVKLS�EHWZHHQ�URRW�DQJOH�DQG�GLDPHWHU�DQG������IRU�WKH�UHODWLRQVKLS�
EHWZHHQ�VHPLQDO�ODWHUDO�OHQJWK�DQG�VHPLQDO�D[LV�OHQJWK�

)LJ�����7KH�PDLQ�HIIHFW�RI�URRW�QXPEHU�SHQHWUDWLQJ�WKH�ZD[�OD\HU� 7KH�LQWHUDFWLRQ�EHWZHHQ�
ZKHDW�OLQH�DQG�WKH�VWUHQJWK�RI�WKH�ZD[�OD\HU�ZDV�QRW�VLJQLILFDQW��3 ���������WKH�GDWD�SORWWHG�
DUH�WKH�PHDQV�WDNHQ�DFURVV�ERWK�ZD[�OD\HU�WUHDWPHQWV��7KH�6('�IURP�$129$�LV�SORWWHG�

)LJ�����*UDLQ�\LHOG�IURP����ZKHDW�OLQHV�IURP�WZR�VXFFHVVLYH�VHDVRQV�SORWWHG�DJDLQVW�HDFK�
RWKHU� $OWKRXJK��WKH�PHDQ�\LHOGV�ZHUH�GLIIHUHQW�LQ�HDFK�VHDVRQ��WKHVH�GDWD�GHPRQDWUWH�WKDW�
WKH�UDQNLQJ�RI�WKH�ZKHDW�OLQHV�DFFRUGLQJ�WR�JUDLQV�\LHOG�ZDV�VLPLODU�LQ�ERWK�VHDVRQV�

)LJ����0HDQ�URRW�GLVWULEXWLRQV�ZLWK�GHSWK�DQG�WKH�PHDQ�FKDQJH�LQ�ZDWHU�FRQWHQW��
&RPSDULVRQV�RI�VRLO�GU\LQJ�DUH�PDGH�DW�VLPLODU�VRLO�ZDWHU�GHILFLWV�����PP�RQ����0D\������
DQG����PP�RQ����$SULO�������DQG�WKH�VWDQGDUG�HUURU�RI�WKH�PHDQV�DUH�VKRZQ�

)LJ� ��5DLQIDOO��PP��DQG�SRWHQWLDO�VRLO�PRLVWXUH�GHILFLW�GDWD��PP��FDOFXODWHG�ZLWK�WKH�
3HQPDQ�0RQWHLWK�PHWKRG���7KH�VRZLQJ�DQG�KDUYHVW�GDWHV�DUH�DOVR�LQGLFDWHG���

)LJ����7KH�GHHS�URRW�FRXQW�SORWWHG�DJDLQVW�WKH�VKDOORZ�URRW�FRXQW��7KH�VROLG�OLQH�LV�WKH�ILWWHG�
ERXQGDU\�OLQHV�VKRZLQJ�WKDW�GHHS�URRWLQJ�LV�PRUH�OLNHO\�LI�WKHUH�DUH�ODUJH�QXPEHUV�RI�VKDOORZ�
URRWV� 7KH�GHHS�URRW�FRXQW�LV�WKH�VXP�RI�DOO�URRW�FRXQWV�EHWZHHQ����DQG����FP�DQG�WKH�
VKDOORZ�URRW�FRXQW�LV�WKH�VXP�RI�DOO�URRW�FRXQWV�EHWZHHQ���DQG����FP�

)LJ�����*UDLQ�\LHOG�SORWWHG�DJDLQVW�GHHS�URRW�FRXQW �VXP�RI�DOO�URRW�FRXQWV�EHWZHHQ����DQG����
FP���7KH�VROLG�OLQHV�DUH�WKH�ILWWHG�ERXQGDU\�OLQHV�VKRZLQJ�WKDW�ZKHDW�ZLWK�GHHS�URRWV�LV�OLNHO\�
WR�EH�KLJK�\LHOGLQJ��EXW�GHHS�URRWV��LQ�8.�FRQGLWLRQV��DUH�QRW�HVVHQWLDO�IRU�KLJK�\LHOGV�

)LJ����7KH�UHODWLRQVKLS�EHWZHHQ�JUDLQ�\LHOG�LQ�WKH�ILHOG�H[SHULPHQW�DQG�URRW�GLDPHWHU�LQ�WKH�
FLJDU�UROO�VFUHHQ��$�UHJUHVVLRQ�OLQH�ILWWHG�WR�DOO�GDWD�IRU�ERWK�VHDVRQV�DFFRXQWHG�IRU������
SHUFHQW�RI�WKH�YDULDQFH�LQ�\LHOG��3����������*URXSHG�UHJUHVVLRQ�ZLWK�VHSDUDWH�ILWWHG�FXUYHV�



Ϯϱ

IRU�HDFK�VHDVRQ��VKRZQ�LQ�WKH�ILJXUH��DFFRXQWHG�IRU������SHUFHQW�RI�WKH�YDULDQFH�LQ�\LHOG�
�3��������



















6XSSOHPHQWDO�GDWD�

:KHDW�URRWV��URRWLQJ�GHSWK��URRW�VFUHHQV�DQG�\LHOG�

&��%DL���<��*H���5�:��$VKWRQ�� -��(YDQV�� $��0LOQH���0�-��+DZNHVIRUG���:�5��:KDOOH\�� 0��$��
-��3DUU\���-���0HOLFKDU���'��)HXHUKHOP���3���%DQVHSW�%DVOHU ���0���%DUWVFK�

��5RWKDPVWHG�5HVHDUFK��+DUSHQGHQ��+HUWIRUGVKLUH��$/���-4��8QLWHG�.LQJGRP

� /DQFDVWHU�(QYLURQPHQW�&HQWUH��/DQFDVWHU�8QLYHUVLW\��/DQFDVWHU��/$���<4�

8QLWHG�.LQJGRP

�6\QJHQWD�6HHGV�/WG�� +LOO�)DUP�5RDG��:KLWWOHVIRUG��&%���47��8QLWHG�.LQJGRP

��6\QJHQWD�6$6��$YHQXH�*XVWDYH�(LIIHO�������&KDUWUHV�� )UDQFH

��6\QJHQWD�&URS�3URWHFWLRQ��6FKDIIKDXVHUVWUDVVH�����������6WHLQ��6ZLW]HUODQG

�� *URXSLQJ�RI�ZKHDW�OLQHV

�� /HDI�DUHD�LQGH[�GDWD



tŚĞĂƚ�ůŝŶĞ�ŐƌŽƵƉŝŶŐƐ
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