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0DSSLQJ�&RQWULEXWLQJ�$UHDV�IRU
6WRUPZDWHU�'LVFKDUJH�WR�6WUHDPV
8VLQJ�7HUUDLQ�$QDO\VLV
E\�-HUHP\�6��)ULHG��'DQLHO�*��%URZQ��0DUN�2��=ZHLIOHU��DQG�0LFKDHO�$��*ROG

$EVWUDFW

$Q�DSSURDFK�WR�GHOLQHDWLQJ�ULSDULDQ�FRQWULEXWLQJ�VRXUFH�DUHDV�RI�VWRUPZDWHU
GLVFKDUJH�WR�SHUHQQLDO�VWUHDPV�ZDV�HYDOXDWHG��8VLQJ�SXEOLFO\�DYDLODEOH�GDWD�DQG
VRIWZDUH��IRXU�YDULDEOH�ZLGWK�LQYHVWLJDWLYH�EXIIHU�PRGHOV��ZHUH�FRQVWUXFWHG
XVLQJ�FXPXODWLYH�FRVW�GLVWDQFH�FDOFXODWHG�RYHU�IX]]\�VHW�FRPELQDWLRQV�RI
ZDWHUVKHG�UHODWLYH�ZHWQHVV�DQG�VWUHDP�SRZHU�IRU�D����NP�ILUVW�RUGHU�0LFKLJDQ
VWUHDP��7KHVH�PRGHOV�ZHUH�FRPSDUHG�WR�DVVHVV�WKH�VHQVLWLYLW\�RI�EXIIHU
GHOLQHDWLRQ�WR�FKRLFH�RI�G\QDPLF�YHUVXV�VWDWLF�ZHWQHVV�LQGH[��YDULDEOH�YHUVXV
XQLIRUP�VRLO�SURSHUWLHV��DQG�IORZ�URXWLQJ�DOJRULWKP��7KHVH�PRGHOV�DUH�JURXQGHG
LQ�WKH�DVVXPSWLRQ�WKDW�ULSDULDQ�VHJPHQWV�UHFHLYLQJ�WKH�JUHDWHVW�GLVFKDUJH�KDYH
XSVORSH�FRQWULEXWLQJ�DUHDV�GRPLQDWHG�E\�VDWXUDWHG�VRLOV�DQG�KDYH�VXIILFLHQW
VWUHDP�SRZHU�IRU�VDWXUDWHG�IORZ�WR�UHDFK�WKH�VWUHDP��0RGHO�LQSXWV�FRQVLVWHG�RI
8�6��*HRORJLFDO�6XUYH\����IRRW����PHWHU��WRSRJUDSKLF�FRQWRXUV�DQG�FRXQW\�VRLO
VXUYH\�GLJLWDO�GDWD��9DOLGDWLRQ�ZDV�FRQGXFWHG�XVLQJ�GDWD�FROOHFWHG�GXULQJ�D�SRVW
VWRUP�HYHQW�*36�ILHOG�VXUYH\�RI�SRQGHG�VWRUP�IORZ�DFFXPXODWLRQV�DQG
FRQFHQWUDWHG�VWRUPIORZ�GLVFKDUJH�VLWHV��7KH�LPSOLFDWLRQV�RI�WKHVH�PRGHOV�IRU
WDUJHWLQJ�ZDWHU�SROOXWLRQ�UHPHGLDWLRQ�HIIRUWV�DUH�GLVFXVVHG�

,QWURGXFWLRQ

,QFUHDVLQJ�FRQFHUQ�DERXW�VXUIDFH�ZDWHU�TXDOLW\�KDV�OHG�WR�WKH�GHYHORSPHQW�RI
EHVW�PDQDJHPHQW�SUDFWLFHV�VXFK�DV�JUDVVHG�ZDWHUZD\V��EXIIHU�VWULSV��FRYHU�FURSV�
DQG�QR�WLOO�DJULFXOWXUH�IRU�PLWLJDWLQJ�QRQ�SRLQW�VRXUFH�SROOXWLRQ�IURP�VHGLPHQW
DQG�DGVRUEHG�SROOXWDQWV��(IIHFWLYH�LPSOHPHQWDWLRQ�RI�WKHVH�VWUDWHJLHV�UHTXLUHV�DQ
XQGHUVWDQGLQJ�RI�WKH�SURFHVVHV�E\�ZKLFK�VRLOV��ODQG�XVH�FRYHU��WHUUDLQ�DQG�ODQG
PDQDJHPHQW�SUDFWLFHV�LQIOXHQFH�WKH�GHWDFKPHQW�DQG�GHOLYHU\�RI�VHGLPHQW�WR
VXUIDFH�ZDWHUV��*HRJUDSKLF�LQIRUPDWLRQ�V\VWHPV��*,6��SURYLGH�DQ�HQYLURQPHQW
ZLWKLQ�ZKLFK�VXFK�GDWD�FDQ�EH�PDQDJHG�DQG�DQDO\]HG��DQG�LQ�ZKLFK�IRUPDO
PRGHOV�RI�SROOXWDQW�GHOLYHU\�SURFHVVHV�FDQ�EH�IRUPXODWHG�DQG�WHVWHG��'LVWULEXWHG
ZDWHUVKHG�PRGHOV��H�J���$16:(56��$*136��DUH�XVHIXO�IRU�VLPXODWLQJ�VHGLPHQW
HURVLRQ��GHSRVLWLRQ�DQG�GHOLYHU\�WR�VXUIDFH�ZDWHUV��H�J���%HDVOH\�DQG�+XJJLQV
������<RXQJ�HW�DO���������EXW�LQFXU�VXEVWDQWLDO�FRVWV�IRU�FROOHFWLQJ�DQG�FRPSLOLQJ
WKH�VSDWLDO�DQG�DWWULEXWH�GDWD�QHHGHG�DV�LQSXWV��*UD\VRQ�HW�DO��������-RmR�DQG
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:DOVK��������(YHQ�ZKHQ�SROOXWLRQ�FRQWULEXWLQJ�DUHDV�FDQ�EH�ORFDWHG��DGGLWLRQDO
GDWD�FROOHFWLRQ��H�J���RZQHUVKLS��PDQDJHPHQW�SUDFWLFHV��]RQLQJ��LV�XVXDOO\
UHTXLUHG�WR�LGHQWLI\�IHDVLEOH�PLWLJDWLRQ�VROXWLRQV�

:KHWKHU�DUHDV�RI�SRWHQWLDOO\�KLJK�HURVLRQ��L�H���VHGLPHQW�SURGXFWLRQ��DUH
LGHQWLILHG�XVLQJ�D�GLVWULEXWHG�HURVLRQ�PRGHO�RU�VRPH�VLPSOHU�PHWKRG��H�J���WKH
5HYLVHG�8QLYHUVDO�6RLO�/RVV�(TXDWLRQ���FROOHFWLRQ�RI�VSDWLDOO\�GLVWULEXWHG�HURVLRQ
SRWHQWLDO�DQG�PDQDJHPHQW�SUDFWLFH�GDWD�LQ�VXSSRUW�RI�WKH�PLWLJDWLRQ�HIIRUW�FDQ
EH�FRVWO\��7KLV�FKDSWHU�GHVFULEHV�D�WHUUDLQ�DQDO\VLV�DSSURDFK�JURXQGHG�LQ
K\GURORJLFDO�SULQFLSOHV�WKDW�FDQ�OLPLW�WKH�JHRJUDSKLF�VFRSH�RI�WKH�GDWD�FROOHFWLRQ
HIIRUW��$�WZR�VWDJH�SURFHVV�LV�VXJJHVWHG��,Q�6WDJH����)LJXUH��D���WKH�IRFXV�LV�RQ
FROOHFWLQJ�DQG�DQDO\]LQJ�D�OLPLWHG�VHW�RI�WKHPDWLF�LQIRUPDWLRQ�DERXW�DQ�HQWLUH
ZDWHUVKHG��L�H���WHUUDLQ��GUDLQDJH�FKDQQHOV��DQG�VRLOV���7HUUDLQ�DQDO\VLV�LV�WKHQ
XVHG�WR�LGHQWLI\�SRWHQWLDO��KRW�VSRWV��ZKHUH�VHGLPHQW�IURP�SRWHQWLDOO\�HURGLEOH
VRXUFH�DUHDV�PLJKW�EH�GHOLYHUHG�WR�WKH�VWUHDP�FKDQQHOV��:H�VXJJHVW�WKH�WHUP
LQYHVWLJDWLYH�ULSDULDQ�EXIIHU�IRU�WKLV�]RQH�RI�SRWHQWLDO�KRW�VSRWV��6WDJH���HQWDLOV�D
GDWD�FROOHFWLRQ�HIIRUW�VSDWLDOO\�IRFXVHG�ZLWKLQ�WKLV�LQYHVWLJDWLYH�ULSDULDQ�EXIIHU�
EXW�PRUH�H[SDQVLYH�LQ�DWWULEXWHV��H�J���ODQG�FRYHU��RZQHUVKLS��WR�VXSSRUW�WKH
UDQNLQJ�RI�SRWHQWLDO�UHPHGLDWLRQ�VLWHV�EDVHG�RQ�D�ULFKHU�LQIRUPDWLRQ�VHW��)LJXUH
�E���7KH�WHUUDLQ�DQDO\VLV�PRGHOV�SUHVHQWHG�KHUH�VKRXOG�EH�XVHIXO�IRU�PDNLQJ�WKH
6WDJH���VHOHFWLRQ�

:KLOH�D�QXPEHU�RI�DXWKRUV�KDYH�VXJJHVWHG�WKDW�ZDWHU�TXDOLW\�PDQDJHPHQW
DFWLYLWLHV�VKRXOG�IRFXV�ZLWKLQ�D�VHW�GLVWDQFH�IURP�VWUHDPV��'XGD�DQG�-RKQVRQ
������0DDV�HW�DO��������3KLOOLSV�������1DWLRQDO�5HVHDUFK�&RXQFLO��������DQG�WKDW
VXFK�D�GLVWDQFH�PLJKW�ZHOO�YDU\�ZLWKLQ�D�ZDWHUVKHG��:DOOLQJ��������WKH�DSSURDFK
GHVFULEHG�KHUH�H[WHQGV�WKHVH�LGHDV�WR�WKH�FRQFHSW�RI�D�YDULDEOH�ZLGWK
LQYHVWLJDWLYH�EXIIHU�DURXQG�VWUHDP�FKDQQHOV��+XQVDNHU�DQG�/HYLQH��������7KH
PHWKRGV�ZH�SURSRVH�FDQ�EH�FDUULHG�RXW�ZLWK�UHDGLO\�REWDLQDEOH�GDWD�XVLQJ�ZHOO
GHYHORSHG�K\GURORJLFDO�SULQFLSOHV�HPEHGGHG�LQ�WKH�7$3(6�*�VRIWZDUH�WR
GHOLQHDWH�VXFK�LQYHVWLJDWLYH�EXIIHUV�

,PSOLFDWLRQV�RI�6HGLPHQW�IRU�:DWHU�4XDOLW\

6HGLPHQW�LV�WKH�PRVW�XELTXLWRXV�SROOXWDQW�RI�VXUIDFH�ZDWHUV�E\�ERWK�YROXPH�DQG
PDVV��&KHVWHUV�	�6FKLHURZ��������(URGHG�VRLOV�DQG�RWKHU�SDUWLFXODWHV�GHSRVLWHG
LQ�UHFHLYLQJ�ZDWHUV�GDPDJH�DTXDWLF�HFRV\VWHPV��GHJUDGH�WKH�DHVWKHWLF�DQG
UHFUHDWLRQDO�YDOXH�RI�VXUIDFH�ZDWHUV��LQFUHDVH�IORRGLQJ�DQG�GHFUHDVH�WKH�VWRUDJH
FDSDFLW\�RI�UHVHUYRLUV��1RYRWQ\�	�2OHP��������1XWULHQWV�DQG�RWKHU�FKHPLFDO
SROOXWDQWV�DGVRUEHG�WR�VHGLPHQWV�FDQ�H[DFHUEDWH�VHGLPHQWV
�PRUH�GLUHFW�QHJDWLYH
ZDWHU�TXDOLW\�LPSDFWV��1DWLRQDO�5HVHDUFK�&RXQFLO��������,Q�WKH�VWXG\�VLWH�XVHG
IRU�WKLV�DQDO\VLV��GHFRPSRVLWLRQ�RI�VHGLPHQWV�FRQWULEXWHG�E\�DJULFXOWXUDO�UXQRII
DQG�VWUHDPEDQN�HURVLRQ�VHYHUHO\�OLPLWV�DYDLODEOH�GLVVROYHG�R[\JHQ�IRU�DTXDWLF
OLIH��6XSSQLFN��������7KXV��WKLV�UHVHDUFK�DGGUHVVHV�D�YHU\�UHDO�SUREOHP�WKDW�LV�RI
ZLGHVSUHDG�FRQFHUQ�
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6HGLPHQW�0DQDJHPHQW�ZLWK�5LSDULDQ�%XIIHU�6WULSV

2QH�PDQDJHPHQW�RSWLRQ�WKDW�KDV�EHHQ�VKRZQ�WR�EH�HIIHFWLYH�LV�WKH�LQVWDOODWLRQ�RI
ULSDULDQ�EXIIHU�VWULSV��5%6���/RZUDQFH��������5%6�FRQVLVW�RI�D�PL[WXUH�RI�JUDVVHV�
IRUEV��WUHHV�DQG�VKUXEV�DGMDFHQW�WR�VXUIDFH�ZDWHUV�WKDW�LV�GHVLJQHG�DQG�PDQDJHG
WR�HQKDQFH�WKH�FDSDFLW\�RI�ULSDULDQ�HFRV\VWHPV�WR�FDSWXUH�DQG�VWRUH�SRWHQWLDO
SROOXWDQWV�FRQWDLQHG�LQ�VXUIDFH�UXQRII�DQG�QHDU�VXUIDFH�WKURXJKIORZ�EHIRUH�WKH\
FDQ�EH�GHOLYHUHG�WR�VXUIDFH�ZDWHUV��'LOODKD�������2VERUQH�	�.RYDFLN������
%LQIRUG�	�%XFKHQDX�������

(FRQRPLF�FRQVWUDLQWV�XVXDOO\�SUHFOXGH�WKH�LQVWDOODWLRQ�RI�5%6�DORQJ�HYHU\
VWUHDP��FUHHN�DQG�GUDLQ��VR�D�UHDO�QHHG�H[LVWV�IRU�D�V\VWHP�RI�SULRULWL]LQJ�VWUHDP
UHDFKHV�ZKHUH�5%6�UHPHGLDWLRQ�LV�PRVW�QHHGHG�DQG�PRVW�OLNHO\�WR�VXFFHHG��:KLOH
FRQVLGHUDEOH�HIIRUW�KDV�EHHQ�LQYHVWHG�LQ�WHVWLQJ�DOWHUQDWLYH�5%6�GHVLJQV��WKH�VLWLQJ
LVVXH�KDV�UHFHLYHG�OLWWOH�DWWHQWLRQ�WR�GDWH��7KH�DSSURDFK�WR�GHOLQHDWLQJ�YDULDEOH
ZLGWK�LQYHVWLJDWLYH�ULSDULDQ�EXIIHUV�SUHVHQWHG�KHUH�LV�WKH�ILUVW�VWHS�LQ�D�VWUDWHJ\
WR�SULRULWL]H�SRWHQWLDO�5%6�VLWHV��+LJK�SULRULW\�VLWHV�DUH�WKRVH�VWUHDP�VLGH
ORFDWLRQV�ZKHUH�WKH�JUHDWHVW�TXDQWLWLHV�RI�VHGLPHQW�ODGHQ�UXQRII�DUH�OLNHO\�WR�EH
LQWHUFHSWHG�DW�WKH�ORZHVW�FRVW�ERWK�LQ�WHUPV�RI�ILQDQFLDO�UHVRXUFHV�LQ�LQFUHDVLQJO\
WLJKW�ILVFDO�WLPHV��DQG�LQ�GLVUXSWLRQV�WR�ULSDULDQ�ODQGRZQHUV
�GHVLUHG�XVHV�RI�WKHLU
ODQG��0DDV�HW�DO��������$XOO�������

+\GURORJLFDO�3ULQFLSOHV

7KH�LQYHVWLJDWLYH�ULSDULDQ�EXIIHUV�SUHVHQWHG�KHUH�DUH�GHOLQHDWHG�XVLQJ�PRGHOV
EDVHG�RQ�D�FRPELQDWLRQ�RI�K\GURORJLF�SULQFLSOHV�DQG�DG�KRF�MXGJPHQWV�RI�WKH
LQYHVWLJDWRUV��7KH�SULQFLSOHV�DUH��IRU�WKH�PRVW�SDUW��ZHOO�HVWDEOLVKHG�LQ�WKH
K\GURORJLFDO�OLWHUDWXUH�DQG�DUH�EULHIO\�VXPPDUL]HG�KHUH��:KHUH�DG�KRF�MXGJPHQWV
ZHUH�PDGH��WKHVH�DUH�VWDWHG�H[SOLFLWO\�LQ�WKH�PHWKRGV�RU�UHVXOWV�

7HUUDLQ�PRGHOLQJ�RIIHUV�D�SURPLVLQJ�QHZ�DSSURDFK�WR�DQ�ROG�SUREOHP��REWDLQLQJ
VLWH�VSHFLILF�HVWLPDWHV�RI�VHGLPHQW�PRYHPHQW�SURFHVVHV��5HVHDUFKHUV��H�J��
:DOOLQJ�������1RYRWQ\�	�&KHVWHUV�������KDYH�ORQJ�VRXJKW�WR�RYHUFRPH
FKDOOHQJHV�LQ�OLQNLQJ�XSODQG�HURVLRQ�UDWHV�WKURXJKRXW�D�ZDWHUVKHG�WR�VHGLPHQW
\LHOG�LQ�UHFHLYLQJ�VXUIDFH�ZDWHUV��7KH\�KDYH�IRXQG�WKDW�WKH�DPRXQW�RI�VHGLPHQW
WKDW�VKRZV�XS�LQ�WKH�VWUHDP�LV�XVXDOO\�GZDUIHG�E\�WKDW�FDOFXODWHG�DV�HURGLQJ
XSVORSH��7KH�DPRXQW�RI�VHGLPHQW�GHOLYHUHG�WR�D�VWUHDP�FDQ�EH�FRQFHSWXDOL]HG�DV
WKH�SURGXFW�RI�UXQRII�YROXPH�DQG�VXVSHQGHG�VHGLPHQW�FRQFHQWUDWLRQ��EXW�ERWK
IDFWRUV�DUH�WRR�KHWHURJHQRXV��ERWK�VSDWLDOO\�DQG�WHPSRUDOO\��WR�PDNH�FDOFXODWLRQV
SUDFWLFDO��'LVWXUEDQFH�RI�YHJHWDWLYH�FRYHU�E\�KXPDQ�DFWLYLWLHV��H�J���DJULFXOWXUH�
WLPEHU�KDUYHVW��DQG�FRQVWUXFWLRQ��OHDYH�VRLOV�YXOQHUDEOH�WR�HURVLRQ��EXW
WRSRJUDSK\��VRLO�K\GURORJLF�SURSHUWLHV�DQG�ODQGVFDSH�SRVLWLRQ�ODUJHO\�GHWHUPLQH
ZKHUH�DQG�KRZ�PXFK�HURGHG�VHGLPHQW�LV�DFWXDOO\�WUDQVSRUWHG�WR�VXUIDFH�ZDWHUV
YLD�VWRUPZDWHU�IORZV��(URGHG�VHGLPHQWV�W\SLFDOO\�WUDYHO�VKRUW�GLVWDQFHV�ZLWK
UXQRII��,QILOWUDWLRQ�DQG�GHFOLQHV�LQ�YHORFLW\�ZKLFK�RFFXU�ZKHQ�UXQRII�WUDYHUVHV
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XQVDWXUDWHG�VRLOV��VXUIDFH�GHSUHVVLRQV��ORZ�JUDGLHQW�VORSHV�RU�WKLFN�YHJHWDWLRQ
DQG�ZKHQ�UDLQIDOO�DEDWHV�UHVXOW�LQ�GHSRVLWLRQ�RI�PXFK��LI�QRW�DOO��RI�WKH�VHGLPHQW
ORDG�

:LWKLQ�DQ\�JLYHQ�VSDQ�RI�WLPH��RQO\�D�VPDOO�IUDFWLRQ�RI�VHGLPHQW�HURGHG�ZLWKLQ�D
ZDWHUVKHG�VKRZV�XS�DV�VHGLPHQW�LQ�GRZQVORSH�VWUHDPV��7KLV�IUDFWLRQ��IRUPDOO\
NQRZQ�DV�WKH�VHGLPHQW�GHOLYHU\�UDWLR��1RYRWQ\�	�&KHVWHUV��������LV�FDOFXODWHG�DV
WKH�UDWLR�RI�VHGLPHQW�GHOLYHUHG�DW�WKH�FDWFKPHQW�RXWOHW�WR�JURVV�HURVLRQ�ZLWKLQ
WKH�ZDWHUVKHG��7KRXJK�WKH�UDWLR�PD\�EH�D�XVHIXO�FRQFHSWXDO�GHYLFH�LQ�GLVFXVVLRQV
RI�QRQ�SRLQW�VRXUFH�SROOXWLRQ��LW�IDLOV�WR�FDSWXUH�WKH�VSDWLDOO\�GLVWULEXWHG�QDWXUH
RI�RYHUODQG�VHGLPHQW�WUDQVSRUW�FDSDFLW\��WKHUHE\�FRQIHUULQJ�D�ORSVLGHG
LPSRUWDQFH�WR�DUHDV�RI�KLJK�KLOOVORSH�HURVLRQ�RYHU�VRXUFHV�RI�KLJK�ZDWHU�SROOXWLRQ
SRWHQWLDO��,Q�IDFW��KLJKO\�HURGLEOH�DUHDV�IDU�IURP�WKH�VWUHDP�PD\�FRQWULEXWH�IDU
OHVV�SROOXWLRQ�WKDQ�OHVV�HURGLEOH�DUHDV�FORVH�WR�WKH�VWUHDP��1RYRWQ\�	�&KHVWHUV
������

7KH�GLIILFXOW\�DQG�H[SHQVH�RI�GLUHFWO\�VDPSOLQJ�VWRUP�UXQRII�KDV�ORQJ�KDPSHUHG
ZDWHUVKHG�VFDOH�VHGLPHQWDWLRQ�UHVHDUFK��:DOOLQJ��������,QGLUHFW�VDPSOLQJ�EDVHG
RQ�WUDFNLQJ�WKH�&HVLXP����WKDW�ZDV�GHSRVLWHG�RQ�DOO�VRLOV�E\�UDGLRDFWLYH�IDOORXW
GXULQJ�WKH�PLGGOH�RI�WKLV�FHQWXU\�KDV�EHHQ�XVHG�HIIHFWLYHO\�LQ�ILHOG�VWXGLHV�RI
VHGLPHQW�UHGLVWULEXWLRQ��5LWFKLH�	�0F+HQU\��������6XFK�VWXGLHV�IRXQG�HYLGHQFH
WKDW�WKH�YDVW�PDMRULW\�RI�HURGHG�SDUWLFOHV�IURP�XSODQG�ILHOGV�DUH�GHSRVLWHG�LQ
XSODQG�GHSUHVVLRQV��JUDVVHG�ILHOG�ERUGHUV��IHQFH�OLQHV��KHGJHURZV�DQG�URDGVLGH
GLWFKHV��DQG�IRU�DOO�SUDFWLFDO�SXUSRVHV��LPPRELOL]HG�LQGHILQLWHO\��:LONLQ�DQG
+HEHO��������7KH�UHVHDUFK�DOVR�KLJKOLJKWV�WKH�LPSRUWDQFH�RI�ULSDULDQ�FRQGLWLRQ�LQ
GHWHUPLQLQJ�VHGLPHQW�GHOLYHU\�WR�VWUHDPV��)RU�H[DPSOH��UHSODFHPHQW�RI�ULSDULDQ
IRUHVWV�ZLWK�URZ�FURS�DJULFXOWXUDO�ERWK�SODFHV�D�SRWHQWLDO�VHGLPHQW�VRXUFH�FORVH
WR�WKH�VWUHDP�DQG�VHYHUHO\�OLPLWV�WKH�ULSDULDQ�]RQH·V�DELOLW\�WR�IXQFWLRQ�DV�D
VHGLPHQW�WUDS�IRU�XSODQG�UXQRII��&RRSHU�HW�DO��������/RZUDQFH�HW�DO��������

$Q�DVVXPSWLRQ�PRWLYDWLQJ�WKLV�ZRUN�LV�WKDW�ZDWHU�TXDOLW\�PRGHOLQJ�DQG
PDQDJHPHQW�HIIRUWV�FRXOG�EH�PDGH�PRUH�HIIHFWLYH�E\�UH�IRFXVLQJ�DQDO\VLV�HIIRUWV
IURP�DOO�VRXUFH�DUHDV�RI�VHGLPHQW�JHQHUDWLRQ�LQ�WKH�ZDWHUVKHG�WR�WKRVH�VRXUFH
DUHDV�ZLWK�D�KLJK�SUREDELOLW\�RI�VHGLPHQW�WUDQVSRUW�WR�VWUHDPV�YLD�RYHUODQG�IORZ�
7KH�ILUVW�VWHS�LQ�VXFK�DQ�DSSURDFK�LV�GHOLQHDWLRQ�RI�FRQWULEXWLQJ�DUHDV�IRU
VWRUPZDWHU�GLVFKDUJH�WR�VWUHDPV�EHFDXVH�WDLQWHG�ZDWHU�LQ�VXFK�DUHDV�KDV�WKH
JUHDWHVW�SUREDELOLW\�RI�UHDFKLQJ�WKH�VWUHDPV��7KH�SDUWLDO�RU�YDULDEOH�VRXUFH�DUHD
FRQFHSW�RI�RYHUODQG�IORZ�VXJJHVWV�WKDW�PRVW�RYHUODQG�IORZ�LQ�KXPLG
HQYLURQPHQWV�RFFXUV�RQ�SRUWLRQV�RI�WKH�ODQGVFDSH�ZKHUH�UDLQ�IDOOV�RQ�VDWXUDWHG
VRLOV��JHQHUDWLQJ�VDWXUDWLRQ�UXQRII��7KH�DUHDO�]RQH�RI�VRLO�VDWXUDWLRQ�H[SDQGV�LQ
WKH�SUHVHQFH�RI�SUHFLSLWDWLRQ�DQG�FRQWUDFWV�LQ�LWV�DEVHQFH��%HWVRQ�	�0DULXV������
'XQQH�	�%ODFN�������'XQQH�������SUHYLRXV�FKDSWHUV"���0DLGPHQW��������PDNHV
WKH�FDVH�WKDW�SDUWLDO�IORZ�DUHDV�FRQWULEXWLQJ�VWRUPZDWHU�GLVFKDUJH�WR�VWUHDPV�DUH
SUHGRPLQDQWO\�ORFDWHG�LQ�WKH�ULSDULDQ�]RQH�
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����LQ�PRVW�UDLQIDOOV�RQ�PRVW�ZDWHUVKHGV��RYHUODQG�IORZ�LV�QRW�RFFXUULQJ
DW�DOO��RU�LI�LW�LV�RFFXUULQJ��WKH�DUHD�FRQWULEXWLQJ�WR�UXQRII�LV�FRQFHQWUDWHG
DURXQG�WKH�VWUHDP�QHWZRUN��7KLV�FRQFHSW�RI�ORFDOL]HG�IORZ�LV�FDOOHG
SDUWLDO�DUHD�IORZ��DQG�DOWKRXJK�WKH�FRQFHSW�KDV�EHHQ�NQRZQ�IRU�DERXW���
\HDUV��LW�KDV�QRW�EHHQ�LQFRUSRUDWHG�LQWR�PDQ\�VXUIDFH�ZDWHU�K\GURORJ\
PRGHOV�EHFDXVH�RI�D�ODFN�RI�DELOLW\�WR�GHWHUPLQH�WKH�VL]H�DQG�ORFDWLRQ�RI
WKH�H[SDQGLQJ�FRQWULEXWLQJ�IORZ�DUHDV�DV�UDLQIDOO�LQFUHDVHV�DQG
GHFUHDVHV��%\�XVLQJ�*,6�FRXSOHG�WR�PRGHOV�RI�VRLO�VDWXUDWLRQ�LW�PD\�EH
SRVVLEOH�WR�GHYHORS�PRUH�UHDOLVWLF�PRGHOV�RI�VWUHDPIORZ�JHQHUDWLRQ�����
�0DLGPHQW�������S�����

6RLO�ZDWHU�UHGLVWULEXWLRQ�EHWZHHQ�DQG�GXULQJ�SUHFLSLWDWLRQ�HYHQWV�DFFRXQWV�IRU
WKH�FRQFHQWUDWLRQ�RI�VXUIDFH�UXQRII�FRQWULEXWLQJ�DUHDV�LQ�QHDU�VWUHDP�SRVLWLRQV�
6RLO�ZDWHU�PRYHV�ERWK�YHUWLFDOO\�DQG�KRUL]RQWDOO\��ZLWK�ODWHUDO�PRYHPHQW
UXQQLQJ�SDUDOOHO�WR�VXUIDFH�JUDGLHQWV��)UHH]H�	�&KHUU\�������'XQQH��������7KXV�
VRLO�ZDWHU�WUDYHOV�GRZQVORSH�IROORZLQJ�VXUIDFH�JUDGLHQWV�DQG�DFFXPXODWHV�LQ�IODW
DUHDV�DQG�GHSUHVVLRQV�ZKHUH�ORZ�K\GUDXOLF�JUDGLHQWV�LQKLELW�GUDLQDJH��5HODWLYH
WR�WKH�UHVW�RI�D�ZDWHUVKHG��ULSDULDQ�]RQHV�KDYH�WKUHH�FKDUDFWHULVWLFV�ZKLFK�PDNH
WKHP�OLNHO\�WR�UHFHLYH�VRLO�ZDWHU�DW�UDWHV�WKDW�H[FHHG�WKHLU�GUDLQDJH�FDSDFLW\����
JUHDWHU�XSVORSH�FRQWULEXWLQJ�DUHDV�ZKLFK�FDXVH�WKHP�WR�UHFHLYH�PRUH�ODWHUDO
VXEVXUIDFH�IORZ�WKDQ�SRVLWLRQV�FORVHU�WR�WKH�GUDLQDJH�GLYLGH�����JURXQGZDWHU
WDEOH�OHYHOV�WKDW�DUH�UHODWLYHO\�FORVH�WR�WKH�VXUIDFH��DQG����UHODWLYHO\�ORZ�JUDGLHQWV�
'XULQJ�SUHFLSLWDWLRQ�HYHQWV��WKH�DUHDO�]RQH�RI�VRLO�VDWXUDWLRQ�LQ�ULSDULDQ�DUHDV
H[SDQGV�XSVORSH�LQ�D�QRQ�XQLIRUP�IDVKLRQ��ZLWK�PRUH�UDSLG�DGYDQFHV�XSVORSH�LQ
DUHDV�RI�WRSRJUDSKLF�FRQYHUJHQFH��L�H���ZDWHU�JDWKHULQJ�ORFDWLRQV��WKDQ�LQ�DUHDV
FRQVLVWLQJ�RI�ZDWHU�GLVSHUVLQJ�ULGJH�OLQHV�RU�XQLIRUP�VORSHV�

%\�LWVHOI��VRLO�VDWXUDWLRQ�LV�D�QHFHVVDU\�EXW�QRW�VXIILFLHQW�FRQGLWLRQ�IRU�LGHQWLI\LQJ
DUHDV�ZLWK�D�KLJK�SUREDELOLW\�RI�VHGLPHQW�FRQWULEXWLRQ��)RU�H[DPSOH��ZKLOH
ULSDULDQ�ZHWODQGV�KDYH�KLJK�VRLO�VDWXUDWLRQ��WKH\�DOVR�KDYH�KLJK�FDSDFLW\�WR�WUDS
VHGLPHQW�DV�VWRUPZDWHU�UXQRII�VORZO\�ILOWHUV�WKURXJK�VXFK�ORZ�JUDGLHQW�DUHDV�
'HOLYHU\�RI�VHGLPHQWV�DQG�RWKHU�136�SROOXWDQWV�WR�VXUIDFH�ZDWHUV�YLD�RYHUODQG
IORZ�LQYROYHV�D�WZR�SKDVH�SURFHVV��GHWDFKPHQW�DQG�WUDQVSRUW��7KH�YHORFLW\�RI
VWRUPZDWHU�IORZ�YDULHV�ZLWK�WKH�WHUUDLQ�DV�LW�PRYHV�RYHUODQG�WRZDUGV�WKH�VWUHDP�
DQG�ZKHUH�YHORFLW\�LV�ORZ��SDUWLDO�RU�FRPSOHWH�UHGHSRVLWLRQ�RI�HQWUDLQHG
VHGLPHQW�DQG�RWKHU�SROOXWDQWV�PD\�RFFXU�EHIRUH�WKH\�FDQ�EH�GHOLYHUHG�WR
UHFHLYLQJ�ZDWHUV��&KHVWHUV�	�6FKLHURZ���������7KH�VDWXUDWHG�FRQGLWLRQ�RI�YDULDEOH
VRXUFH�DUHDV�IDFLOLWDWHV�VHGLPHQW�GHWDFKPHQW�EXW�VHGLPHQWV�ZLOO�RQO\�EH�PRYHG
GRZQVORSH�LI�VXUIDFH�UXQRII�KDV�VXIILFLHQW�DQG�VXVWDLQHG�VWUHDPSRZHU�WR
WUDQVSRUW�WKH�VHGLPHQW�ORDG��%HFDXVH�RI�WKHLU�SUR[LPLW\�WR�UHFHLYLQJ�ZDWHUV�
SROOXWDQWV�GHWDFKHG�LQ�YDULDEOH�VRXUFH�DUHDV�LQ�DQG�DGMDFHQW�WR�ULSDULDQ�]RQHV
KDYH�D�UHODWLYHO\�KLJK�ODQG�WR�VXUIDFH�ZDWHU�GHOLYHU\�UDWLR�
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0RRUH�HW��DO���������PRGHOHG�WKH�GLVWULEXWLRQ�RI�HSKHPHUDO�JXOOLHV�RQ�D����
KHFWDUH��EDUH�IDOORZ�FXOWLYDWHG�FDWFKPHQW�XVLQJ�WKHVH�FRQFHSWV��7KH\�IRXQG�WKDW
HSKHPHUDO�JXOO\�ORFDWLRQV�FRXOG�EH�SUHGLFWHG�IURP�WKH�PDJQLWXGHV�RI�WKH
FRPSRXQG�WRSRJUDSKLF�YDULDEOHV�ZHWQHVV��OQ�$E�6���ZKHUH�$E�LV�WKH�ORFDO
XSVORSH�FRQWULEXWLQJ�DUHD�SHU�XQLW�ZLGWK�RI�FRQWRXU�OLQH�DQG�6�LV�WKH�ORFDO�VORSH
DW�WKH�GRZQVORSH�FRQWULEXWLQJ�DUHD�FRQWRXU�VHJPHQW��DQG�D�VWUHDP�SRZHU�LQGH[
�$E��6���:HWQHVV�DQG�VWUHDP�SRZHU�ZHUH�ERWK�JUHDWHVW�DW�WKH�FDWFKPHQW�RXWOHW�
DQG�KLJK�YDOXHV�RI�ERWK�H[WHQGHG�VRPH�GLVWDQFH�XSVORSH�DORQJ�WKH��YDOOH\�IORRUV�
RI�ZDWHU�JDWKHULQJ��L�H���FRQYHUJHQW��WRSRJUDSK\��$OWKRXJK�QRW�IRFXVHG�RQ�WKH
ULSDULDQ�]RQH��WKH�VWURQJ�UHODWLRQVKLSV�WKH\�IRXQG�EHWZHHQ�HURVLRQ�DFWLYLW\�DQG
ERWK�ZHWQHVV�DQG�VWUHDP�SRZHU�KDYH�FOHDU�DSSOLFDELOLW\�LQ�WKH�ULSDULDQ�]RQH�

7KH�WRSRJUDSKLF�LQGLFHV�OQ�$E�6��DQG�$E×6�DVVXPH��VWHDG\�VWDWH��FRQGLWLRQV��DQG
DUH�UHIHUUHG�WR�KHUH�DV�VWDWLF�ZHWQHVV�DQG�VWUHDP�SRZHU��&DOFXODWLRQ�RI�WKHVH
LQGLFHV�UHOLHV�RQ�WKH�DVVXPSWLRQ�WKDW�HYHU\�SRLQW�LQ�WKH�FDWFKPHQW�KDV�UHDFKHG
VXEVXUIDFH�GUDLQDJH�HTXLOLEULXP��DQG�XSVORSH�FRQWULEXWLQJ�DUHDV�FDQ�EH�TXLWH
ODUJH��%DUOLQJ�HW�DO���������QRWHG�VRPH�VHULRXV�OLPLWDWLRQV�RI�WKHVH�VWDWLF
WRSRJUDSKLF�LQGLFHV�IRU�GHVFULELQJ�G\QDPLF�IORZ�SURFHVVHV�DQG�SUHGLFWLQJ
VSHFLILF�VDWXUDWHG�VRLO�DQG�KLJK�VWUHDP�SRZHU�ORFDWLRQV��0RVW�FDWFKPHQW
ORFDWLRQV�RQO\�UHFHLYH�FRQWULEXWLRQV�RI�VXEVXUIDFH�IORZ�IURP�D�VPDOO�SURSRUWLRQ
RI�WKHLU�WRWDO�XSVORSH�DUHD��7KLV�SURSRUWLRQ�GHSHQGV�XSRQ�DQWHFHGHQW�PRLVWXUH
FRQGLWLRQV�DQG�VWHDGLO\�LQFUHDVHV�WKURXJKRXW�WKH�GXUDWLRQ�RI�D�VWRUP�HYHQW�
6SDWLDOO\�H[SOLFLW�SUHGLFWLRQV�RI�WKH�GLVWULEXWLRQ�RI�VRLO�PRLVWXUH�DQG�UXQRII
VWUHDP�SRZHU�ZLWKLQ�D�ZDWHUVKHG�UHTXLUHV�WKH�DELOLW\�WR�GHVFULEH�WKLV��G\QDPLF�
XSVORSH�FRQWULEXWLQJ�DUHD�WRSRJUDSKLF�YDULDEOH�

7R�WKLV�HQG��%DUOLQJ�GHYHORSHG�D�TXDVL�G\QDPLF�ZHWQHVV�LQGH[�WKDW�LPSURYHV�RQ
WKH�VWHDG\�VWDWH�ZHWQHVV�LQGH[�E\�LQFRUSRUDWLQJ�ERWK�WKH�WRSRJUDSK\�ZLWKLQ�WKH
XSVORSH�FRQWULEXWLQJ�DUHD�DQG�WKH�WLPH�UHTXLUHG�IRU�VXEVXUIDFH�GUDLQDJH�WR
UHGLVWULEXWH�VRLO�ZDWHU��)LHOG�REVHUYDWLRQV�RQ�WKH�VDPH�H[SHULPHQWDO�FDWFKPHQW
XVHG�LQ�0RRUH
V��������VWXG\�YHULILHG�WKDW�WKH�TXDVL�G\QDPLF�ZHWQHVV�LQGH[
EHWWHU�SUHGLFWHG�VRLO�PRLVWXUH�GLVWULEXWLRQV�DQG�ORFDWLRQ�RI�HSKHPHUDO�JXOOLHV
WKDQ�GLG�VWDWLF�LQGLFHV��%DUOLQJ�HW�DO���������7KLV�VWXG\�UHSUHVHQWV�D�ORJLFDO
H[WHQVLRQ�RI�0RRUH·V�DQG�%DUOLQJ·V�ZRUN�LQ�DQ�DSSOLFDWLRQ�WR�ULSDULDQ
PDQDJHPHQW�IRU�ZDWHU�TXDOLW\�

6WXG\�$UHD

6\FDPRUH�&UHHN��DQ�XQXVXDOO\�ZHOO�VWXGLHG�ZDWHUVKHG�DGMDFHQW�WR�WKH�0LFKLJDQ
6WDWH�8QLYHUVLW\�FDPSXV��VHUYHV�DV�WKH�ODERUDWRU\�IRU�RXU�ULSDULDQ�YHJHWDWHG
EXIIHU�VWULS�VLWLQJ�UHVHDUFK��7RSRJUDSK\�LQ�WKLV�SULPDULO\�UXUDO�ZDWHUVKHG�LV�IODW
WR�JHQWO\�UROOLQJ��)LJXUH�����DQG�ODQG�FRYHU�FRQVLVWV��LQ�GHVFHQGLQJ�RUGHU�E\�DUHD�
RI�D�PL[�RI�URZ�FURS�	�SDVWXUH�EDVHG�DJULFXOWXUH��IRUHVW��UHVLGHQWLDO�DQG�XUEDQ��,Q
������WKLV����WKRXVDQG�KHFDWUH�ZDWHUVKHG�FHQWHUHG�DURXQG�WKH�FLW\�RI�0DVRQ�
0LFKLJDQ��SRSXODWLRQ����������DQG�ERUGHUHG�RQ�WKH�QRUWK�E\�/DQVLQJ��SRSXODWLRQ
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����������ZDV�VHOHFWHG�DV�RQH�RI����K\GURORJLF�XQLWV�DFURVV�WKH�8�6��WR�EH�LQFOXGHG
LQ�D�8QLWHG�6WDWHV�'HSDUWPHQW�RI�$JULFXOWXUH��86'$��DQG�(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\��(3$��IXQGHG�GHPRQVWUDWLRQ�SURMHFW�WR�SURYLGH�IHHGEDFN�RQ
QRQ�SRLQW�VRXUFH�SROOXWLRQ�UHPHGLDWLRQ�HIIRUWV�IRU�VPDOO�ZDWHUVKHGV��6&6�HW�DO��
�������7KH�PRVW�VHULRXV�SROOXWLRQ�SUREOHP�LGHQWLILHG�LQ�6\FDPRUH�&UHHN�LV
VWUHDP�VHGLPHQWDWLRQ�ZLWK�DVVRFLDWHG�VHGLPHQW�R[\JHQ�GHPDQG�DQG�KDELWDW
LPSDLUPHQW��6WUHDP�EDQN�DQG�DJULFXOWXUDO�HURVLRQ��DV�ZHOO�DV�XUEDQ�UXQRII��KDYH
EHHQ�LGHQWLILHG�DV�WKH�SULPDU\�FDXVHV�RI�VHGLPHQWDWLRQ��6XSSQLFN��������
6\FDPRUH�&UHHN�LV�HVSHFLDOO\�ZHOO�VXLWHG�WR�EXIIHU�VWULS�VLWLQJ�UHVHDUFK�EHFDXVH�RI
LWV�SUR[LPLW\�WR�0LFKLJDQ�6WDWH�8QLYHUVLW\��ZKLFK�IDFLOLWDWHV�GDWD�FROOHFWLRQ
GXULQJ�VWRUP�HYHQWV���LWV�IDPLOLDULW\�WR�D�GLYHUVH�JURXS�RI�8QLYHUVLW\�VFLHQWLVWV
DQG�DJHQF\�VWDII��WKH�FRPPXQLW\
V�DZDUHQHVV�RI�DQG�GHVLUH�WR�SDUWLFLSDWH�LQ
ZDWHU�TXDOLW\�SURWHFWLRQ�HIIRUWV��DQG�WKH�DYDLODELOLW\�RI�UHODWLYHO\�FRPSOHWH�
FXUUHQW�GDWDEDVHV��0LFKLJDQ�6WDWH�8QLYHUVLW\
V�,QVWLWXWH�RI�:DWHU
5HVHDUFK�&HQWHU�IRU�5HPRWH�6HQVLQJ��,:5�&56���WKH�86'$�1DWXUDO�5HVRXUFH
&RQVHUYDWLRQ�6HUYLFH��15&6���WKH�0LFKLJDQ�'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV
�0'15��DQG�WKH�,QJKDP�&RXQW\�+HDOWK�'HSDUWPHQW�KDYH�DVVHPEOHG�D�ULFK�GDWD
EDVH�RI�HQYLURQPHQWDO�GHVFULSWRUV�DV�ZHOO�DV�GDWD�FROOHFWHG�YLD�VXUIDFH�DQG
JURXQGZDWHU�PRQLWRULQJ�SURJUDPV��:KLOH�WKH�WLPH��HIIRUW�DQG�PRQH\�H[SHQGHG
WR�DVVHPEOH�LQIRUPDWLRQ�VRXUFHV�WKDW�UDQJH�IURP�PXOWL�VSHFWUDO�VDWHOOLWH�LPDJHU\
WR�GHHS�ZHOO�PRQLWRULQJ�VWDWLRQV�FDQ�QRW�EH�HDVLO\�GXSOLFDWHG�IRU�RWKHU
ZDWHUVKHGV��WKH�ULFK�6\FDPRUH�&UHHN�GDWD�EDVH�FDQ�EH�XVHG�WR�YHULI\�PRUH
SDUVLPRQLRXV�GLDJQRVWLF�WHFKQLTXHV�ZLWK�EURDGHU�DSSOLFDWLRQ�SRWHQWLDO�

0HWKRGV

,Q�WKH�LQWHUHVW�RI�OLPLWLQJ�WKH�VSDWLDO�H[WHQW�RI�WKLV�DQDO\VLV��DQG�WKH�FRQFRPLWDQW
GDWD�UHTXLUHPHQWV��GXULQJ�WKH�WHVWLQJ�DQG�UHILQHPHQW�SKDVHV�RI�PRGHO
GHYHORSPHQW��ZH�QDUURZHG�WKH�VFRSH�WR�D�VLQJOH�VXE�ZDWHUVKHG�RI�6\FDPRUH
&UHHN��NQRZQ�DV�%DUQDUG�'UDLQ��$IWHU�VHOHFWLQJ�WKH�DUHD�RI�VWXG\��IRXU�SULQFLSOH
WDVNV�UHPDLQHG��DFTXLVLWLRQ�RI�*,6�GDWDEDVHV�DQG�FRQVWUXFWLRQ�RI�D�GLJLWDO
HOHYDWLRQ�PRGHO�RI�WKH�DUHD��FRPSXWDWLRQ�RI�WHUUDLQ�LQGLFHV�YLD�7$3(6�
IRUPXODWLRQ�DQG�FRPSXWDWLRQ�RI�DOWHUQDWLYH�LQYHVWLJDWLYH�EXIIHU�PRGHOV��DQG
FROOHFWLRQ�DQG�DQDO\VLV�RI�YDOLGDWLRQ�GDWD�

*,6�'DWDEDVH�DQG�7HUUDLQ�0RGHO�&UHDWLRQ

2XU�PDSV�RI�LQYHVWLJDWLYH�ULSDULDQ�EXIIHUV�ZHUH�FRQVWUXFWHG�IURP�WKUHH�SULPDU\
*,6�GDWD�OD\HUV�REWDLQHG�IRU�WKH�%DUQDUG�'UDLQ�VXEZDWHUVKHG�RI�6\FDPRUH�&UHHN�
VWUHDPV�DQG�GUDLQV��WRSRJUDSKLF�FRQWRXUV�����IRRW�LQWHUYDO���DQG�VRLOV��$�*,6
FRYHUDJH��ZLWK�D�EDVH�VFDOH�RI�����������FRQWDLQLQJ�VWUHDP�DQG�GUDLQ�FHQWHU�OLQHV
IRU�DOO�QDPHG�VWUHDPV�DQG�GUDLQV�LQ�6\FDPRUH�&UHHN�ZDV�REWDLQHG�IURP�WKH
0LFKLJDQ�'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV��0'15���7KH�GHPDUFDWLRQ�EHWZHHQ
VWUHDPV�DQG�GUDLQV�LQ�WKLV�ZDWHUVKHG�LV�QRW�GLVWLQFW��LW�LV�QRW�XQFRPPRQ�IRU
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VWUHDPV�WR�EH�DUWLILFLDOO\�H[WHQGHG�XSVORSH�DV�GUDLQV��DQG�WKH�ELR�SK\VLFDO
FKDUDFWHULVWLFV�RI�VRPH�GUDLQV�DUH�DOO�EXW�LQGLVWLQJXLVKDEOH�IURP�WKRVH�RI�VWUHDPV
RI�FRPSDUDEOH�RUGHU��&RQWRXU�GDWD��K\SVRJUDSK\��ZHUH�SXUFKDVHG�IURP�86*6�DV
GLJLWDO�OLQH�JUDSK��'/*��ILOHV�RQ���WUDFN�WDSH��&RQWRXU�OLQHV�IRU�WKH�VRXWKHUQ�WKLUG
RI�WKH�%DUQDUG�VXE�ZDWHUVKHG�ZHUH�GLJLWL]HG�PDQXDOO\�IURP�86*6�WRSRJUDSKLF
TXDGUDQJOH�VKHHWV�EHFDXVH�'/*�ILOHV�IRU�WKRVH�TXDGV�ZHUH�QRW�\HW�DYDLODEOH��6RLO
SRO\JRQV�DQG�SURILOH�DWWULEXWH�GDWD��RULJLQDOO\�GLJLWL]HG�E\�86'$�15&6�ZHUH
FRQWULEXWHG�E\�15&6�IRU�WKLV�DQDO\VLV�

7KH�VWUHDPV�DQG�GUDLQV�FRYHUDJH�ZDV�FRQYHUWHG�WR�UDVWHU�IRUPDW�LQ�SUHSDUDWLRQ
IRU�PRGHOLQJ��KRZHYHU��K\SVRJUDSK\�DQG�VRLOV�UHTXLUHG�VLJQLILFDQW�DGGLWLRQDO
SURFHVVLQJ�

7RSRJUDSKLF�VLQNV�ZHUH�FRGHG�LQ�WKH�FRQWRXU�FRYHUDJH�E\�LGHQWLI\LQJ�FORVHG
FRQWRXU�GHSUHVVLRQV�RQ�WKH�K\SVRJUDSK\�OD\HU��$�GLJLWDO�HOHYDWLRQ�PRGHO��'(0�
IRU�WKH�%DUQDUG�VXEZDWHUVKHG�ZDV�FRQVWUXFWHG�IURP�WKH�K\SVRJUDSK\�WKHPH
XVLQJ�$5&�,1)2
V�7232*5,'�PRGXOH��VHH�+XWFKLQVRQ��WKLV�YROXPH��
7232*5,'�ZDV�H[HFXWHG�XVLQJ�UHFRPPHQGHG�WROHUDQFHV�ZLWK�GUDLQDJH
HQIRUFHPHQW�WR�WKH�VWUHDPV�DQG�GUDLQV�OD\HU�DQG�WKH�VLQNV�ILOH�WR�FUHDWH�RXWSXW
ZLWK�D�WHQ�PHWHU�JULG�FHOO�VL]H��:KLOH�WKH�UHVXOWLQJ�'(0�VXUIDFH�DSSHDUHG�WR�EH
UHODWLYHO\�VPRRWK��KLVWRJUDPV�RI�FHOO�IUHTXHQF\�E\�HOHYDWLRQ�YDOXH�GHPRQVWUDWHG
WKH�GLVWLQFWO\�VWDLU�VWHS�VLJQDWXUH�WKDW�KDV�EHHQ�ZLGHO\�REVHUYHG�E\�WKRVH�ZKR
KDYH�UHOLHG�RQ�FRQWRXU�LQWHUSRODWLRQ�LQ�UHJLRQV�RI�JHQWOH�WRSRJUDSKLF�UHOLHI��H�J��
+XWFKLQVRQ�FKDSWHU�LQ�WKLV�ERRN��(NOXQGK�DQG�0DUWHQVRQ��������&RQWUDU\�WR�RXU
H[SHFWDWLRQ�WKDW�WKLV�DUWLIDFW�RI�WKH�LQWHUSRODWLRQ�DOJRULWKP�ZRXOG�OHDG�WR�ORFDOO\
HOHYDWHG�ZHWQHVV�LQGH[�YDOXHV��GXH�WR�UHODWLYHO\�ORZHU�VORSH�YDOXHV�LQ�WKH
YLFLQLW\�RI�FRQWRXU�OLQHV���QR�VXFK�SKHQRPHQRQ�ZDV�REVHUYHG��:H�WKHUHIRUH
DFFHSWHG�DQG�XVHG�WKH�UHVXOWV�IURP�7232*5,'�DV�DQ�DGHTXDWH�UHSUHVHQWDWLRQ�RI
WKH�WRSRJUDSK\�LQ�WKH�DUHD�

$OWKRXJK�7$3(6*�GRHV�QRW�UHO\�RQ�VRLO�SURSHUWLHV�WR�FDOFXODWH�VWDWLF�ZHWQHVV�DQG
VWUHDP�SRZHU��'<1:(7*�GRHV�XVH�VDWXUDWHG�K\GUDXOLF�FRQGXFWLYLW\��.��DQG
HIIHFWLYH�SRURVLW\��3��LQIRUPDWLRQ�DORQJ�ZLWK�VORSH��6��LQ�FDOFXODWLQJ�G\QDPLF
LQGLFHV�YLD�D�IRUPXOD�IRU�DYHUDJH�OLQHDO�YHORFLW\��9(/��RI�VRLO�GUDLQDJH��L�H��WKH
VSHHG�RI�QHDU�VXUIDFH�WKURXJKIORZ��EDVHG�RQ�'DUF\
V�ODZ�

9(/� �.6�3

,Q�WKLV�FDOFXODWLRQ��SHUFHQW�VORSH�DW�WKH�VXUIDFH��HDVLO\�GHULYHG�IURP�D�'(0�DQG
DXWRPDWLFDOO\�LQFOXGHG�LQ�7$3(6*�RXWSXW��VHUYHV�DV�D�VXUURJDWH�IRU�K\GUDXOLF
JUDGLHQW��)LHOG�PHDVXUHPHQWV�RI�.�DQG�3��KRZHYHU��DUH�H[WUHPHO\�FKDOOHQJLQJ�WR
REWDLQ�DQG�WKHVH�YDULDEOHV�DUH�XVXDOO\�TXLWH�VSDWLDOO\�KHWHURJHQHRXV��'<1:(7*
DFFHSWV�.�DQG�3�DV�VSDWLDOO\�XQLIRUP�SDUDPHWHUV��DYHUDJHV�RYHU�WKH�VWXG\�DUHD�
RU�DV�VSDWLDOO\�YDULDEOH�SDUDPHWHUV�LQ�WKH�IRUP�RI�UDVWHU�ILOHV��%RWK�XQLIRUP�DQG
YDULDEOH�VRLO�SDUDPHWHU�DVVXPSWLRQV�ZHUH�LQFOXGHG�LQ�WKLV�DQDO\VLV��8QLIRUP
DYHUDJHV�DQG�YDULDEOH�UDVWHU�ILOHV�RI�.�	�3�ZHUH�HVWLPDWHG�IURP�VXUURJDWH
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PHDVXUHV�LQ�WKH�86'$�15&6�,QJKDP�&RXQW\�6RLO�6XUYH\�GLJLWDO�GDWDEDVH
DVVRFLDWHG�ZLWK�WKH�GLJLWL]HG�YHUVLRQ�RI�WKH�FRXQW\�VRLO�VXUYH\�PDS��3HUPHDELOLW\�
PHDVXUHG�LQ�D�ODERUDWRU\�HQYLURQPHQW�DV�WKH�UDWH�RI�YHUWLFDO�PRYHPHQW�RI�ZDWHU
WKURXJK�D�VRLO�FROXPQ�LQ�LQFKHV�KRXU��VHUYHG�DV�D�VXUURJDWH�IRU�.��7KH�PHDQ�RI
SHUPHDELOLW\��ZHLJKWHG�E\�KRUL]RQ�WKLFNQHVV��IRU�DOO�VXUIDFH�VRLO�KRUL]RQV
SURYLGHG�WKH�VLQJOH�YDOXH�SHU�VRLO�W\SH�UHTXLUHG�E\�'<1:(7*��%HFDXVH�ODWHUDO
PRYHPHQW�RI�VRLO�ZDWHU�LV�GRPLQDWHG�E\�QHDU�VXUIDFH�IORZV��RQO\�VXUIDFH�VRLO
KRUL]RQV�ZHUH�FRQVLGHUHG��:H�LGHQWLILHG�VXUIDFH�KRUL]RQV�DV�WKRVH�ERWK�DERYH
WKH�UHFRUGHG�KLJK�ZDWHU�WDEOH�OHYHO�DQG�DERYH�WKH�ILUVW�DTXLFOXGH��GHILQHG�KHUH�DV
D�ILQH�WH[WXUHG�VRLO�KRUL]RQ�ZLWK�SHUPHDELOLW\�� ���������KRXU��

'UDLQDEOH�SRURVLW\��HVWLPDWHG�IURP�VRLO�WH[WXUH�FODVV���H�J��ORDP\�VDQG��VDQG\
ORDP��ORDP�HWF���DQG�D�WDEOH�UHODWLQJ�WH[WXUH�FODVVLILFDWLRQV�WR�GUDLQDEOH�SRURVLW\��
)RWK�������)LJXUH��������ZDV�XVHG�DV�D�VXUURJDWH�IRU�HIIHFWLYH�SRURVLW\�LQ�WKH
PRGHOV�GHVFULEHG�LQ�WKLV�FKDSWHU��$OWHUQDWLYHO\��D�WDEOH�ZKLFK�SHUPLWV�D�GLUHFW
ORRNXS�RI�HIIHFWLYH�SRURVLW\�EDVHG�RQ�VRLO�WH[WXUH�LV�JLYHQ�E\�5DZOV�HW�DO���������
DQG�WKRVH�VHHNLQJ�WR�HPXODWH�RU�H[WHQG�WKLV�WHUUDLQ�DQDO\VLV�DSSOLFDWLRQ�DUH
DGYLVHG�WR�FRQVXOW�LW�

*HQHUDWLRQ�RI�7HUUDLQ�$QDO\VLV�,QGLFHV

2XU�DQDO\VLV�EHJLQV�ZLWK�WKH�XVH�RI�WKH�VLPSOHVW�PRGHOV�RI�ZHWQHVV�DQG�VWUHDP
SRZHU��7KHQ�ZH�PRGLI\�WKH�DVVXPSWLRQV�WR�WHVW�WKH�VHQVLWLYLW\�RI�WKH�UHVXOWV�WR
PRUH�HODERUDWH�PRGHOV��7KH�%DUQDUG�'(0�ZDV�SURFHVVHG�WZLFH�ZLWK�7$3(6*�
RQFH�XVLQJ�WKH�'��IORZ�URXWLQJ�DOJRULWKP��DQG�RQFH�XVLQJ�'(021��)RU�HDFK
7$3(6*�UXQ��WKH�RXWSXWV�VORSH��6���IORZ�GLUHFWLRQ��DQG�XSVORSH�FRQWULEXWLQJ�DUHD
�$��ZHUH�XVHG�WR�FDOFXODWH�VWDWLF�LQGLFHV�DQG�WR�SURYLGH�LQSXWV�WR�'<1:(7*�
$OWHUQDWLYHV�WR�WKH�'��IORZ�URXWLQJ�DOJRULWKP�DUH�QRW�FXUUHQWO\�DYDLODEOH�LQ�WKH
'<1:(7*�VRIWZDUH��:H�SURGXFHG�TXDVL�G\QDPLF�LQGLFHV�XVLQJ�ERWK�XQLIRUP
DQG�GLVWULEXWHG�VRLO�SDUDPHWHU�DVVXPSWLRQV�ZLWK�D����KRXU�GUDLQDJH�WLPH��7KH
GLVWULEXWHG�VRLO�SDUDPHWHUV�ZHUH�SURGXFHG�DV�GHVFULEHG�DERYH��7KH�SULQFLSOH
'<1:(7*�RXWSXW�XVHG�LQ�RXU�PRGHOV�ZDV�(IIHFWLYH�8SVORSH�&RQWULEXWLQJ�$UHD
�$H��

$�WRWDO�RI�IRXU�VHWV�RI�ZHWQHVV�DQG�VWUHDP�SRZHU�LQGLFHV��EHJLQQLQJ�ZLWK�WKH
VLPSOHVW��ZHUH�XOWLPDWHO\�JHQHUDWHG�IURP�XSVORSH�FRQWULEXWLQJ�DUHD��$���HIIHFWLYH
XSVORSH�FRQWULEXWLQJ�DUHD��$H���DQG�VORSH��6��WR�VHUYH�DV�WKH�EDVLV�IRU�IRXU�PRGHOV�
���6WDWLF�'������6WDWLF�'(021�����'\QDPLF�8QLIRUP�6RLOV��DQG����'\QDPLF
9DULDEOH�6RLOV��)RU�WKH�VWDWLF�FDVHV��WRSRJUDSKLF�ZHWQHVV�LQGH[��7:,��ZDV
FDOFXODWHG�DV�7:,� �OQ��$�6��DQG�VWUHDP�SRZHU��3:5��DV�3:5� �$6��DQG�IRU�WKH
G\QDPLF�FDVHV��7:,� �OQ��$H�6��DQG�3:5� �$H�6�

7KH�FRQWULEXWLQJ�DUHD�DQG�VORSH�FRPSRQHQWV�ZHUH�WUDQVIHUUHG�WR�$UF�,QIR�JULG
ILOHV�XVLQJ�D�FRQYHUVLRQ�URXWLQH�LQ�WKH�7$3(6�SDFNDJH��7$3(672$5&��DQG
(65,
V�$6&,,*5,'�FRPPDQG��:HWQHVV�DQG�VWUHDP�SRZHU�LQGLFHV�ZHUH�FDOFXODWHG
XVLQJ�$UF�,QIR�*5,'�IURP�WKH�WHUUDLQ�SULPLWLYHV��KRZHYHU��RQH�FRXOG�MXVW�DV
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HDVLO\�REWDLQ�WKHVH�IURP�WKH�RXWSXW�ILOHV�SURGXFHG�E\�7$3(6*�DQG�RU
'<1:(7*��2QH�FDXWLRQ�LV�WKDW��LQ�RUGHU�WR�SURGXFH�DEVROXWH�DQG�FRPSDUDEOH
UHVXOWV��NHHSLQJ�WUDFN�RI�XQLWV�LV�HVVHQWLDO��H�J���LV�VORSH�LQ�GHJUHHV��SHUFHQW��RU�DV
ULVH�RYHU�UXQ��ZDV�7$3(6*�UXQ�IRU�DUHDO�XQLWV�RU�QXPEHUV�RI�FHOOV��DV�WKH\�FDQ
KDYH�JUHDW�LPSDFW�RQ�WKH�PDJQLWXGH�RI�FDOFXODWHG�LQGH[�YDOXHV�

)RUPXODWLRQ�RI�,QYHVWLJDWLYH�%XIIHU�0RGHO

%XLOGLQJ�RQ�0RRUH�HW�DO�·V��������FRQFOXVLRQ�WKDW�LQGLFHV�RI�ERWK�ZHWQHVV�DQG
VWUHDP�SRZHU�SURYLGHG�SUHGLFWLYH�SRZHU�LQ�PRGHOLQJ�WKH�ORFDWLRQV�RI�HSKHPHUDO
JXOOLHV��ZLWK�UHODWLYH�SUHGLFWLYH�SRZHU�RI�WKHVH�LQGLFHV�GHWHUPLQHG�E\�VORSH
SRVLWLRQ��ZH�VRXJKW�WR�EXLOG�D�PRGHO�WKDW�ZRXOG�FRPELQH�WKHVH�LQGLFHV�WR
LGHQWLI\�OLNHO\�VWRUP�ZDWHU�FRQWULEXWLQJ�DUHDV���2XU�DSSURDFK�LV�VLPLODU�WR
0RRUH·V��LQ�WKDW�ZH�DUH�FRPELQLQJ�ZHWQHVV�DQG�VWUHDP�SRZHU�PDSV�WR�ILQG�DUHDV
ZLWK�KLJK�OHYHOV�RI�ERWK��EXW�GLIIHUV�LQ�WKDW�ZH�LGHQWLI\�DUHDV�RI�KLJK�ZHWQHVV�DQG
KLJK�VWUHDP�SRZHU�DV�IX]]\��UDWKHU�WKDQ�ERROHDQ��VHWV��%XUURXJK����������:H�XVHG
IX]]\�ORJLF�WR�FUHDWH�FRQWLQXRXV�VXUIDFHV�IRU�LQGHQWLI\LQJ�FRQWULEXWLQJ�DUHDV
EHFDXVH�RI�KLJKO\�VNHZHG�GLVWULEXWLRQV�RI�VWUHDP�SRZHU�FRPSDUHG�ZLWK�IDLUO\
QRUPDO�ZHWQHVV�GLVWULEXWLRQV���7KH�IX]]\�ORJLFDO�DSSURDFK�ZDV�XVHG�WR�DVVLJQ
ORFDWLRQV�WR�VHWV�FDOOHG��KLJK�VWUHDP�SRZHU��DQG��KLJK�ZHWQHVV��LQ�D�ZDWHUVKHG�
UHODWLYH�IDVKLRQ�EDVHG�RQ�SHUFHQWLOHV�ZLWKLQ�WKH�GLVWULEXWLRQ��GHVFULEHG�EHORZ��

7KH�IX]]\�LQWHUVHFWLRQ�RI�WKH�ZHWQHVV�DQG�VWUHDP�SRZHU�VHWV�VHUYHG�DV�LQSXW�WR
WKH�FDOFXODWLRQ�RI�FRVW�GLVWDQFH�IURP�WKH�VWUHDP�FKDQQHO��ZKLFK�ZDV�XVHG�WR
LGHQWLI\�YDULDEOH�EXIIHU�ZLGWKV�DQG�IRFXV�WKH�LQYHVWLJDWLRQ�RQ�QHDU�VWUHDP
ORFDWLRQV���3UHVXPDEO\��DUHDV�ZLWK�KLJK�YDOXHV�RI�ERWK�VWUHDP�SRZHU�DQG�ZHWQHVV
PHULW�LQYHVWLJDWLRQ�IRU�SRVVLEOH�VHGLPHQW�FRQWULEXWLRQ���%HFDXVH�FRQWLQXLW\
EHWZHHQ�VHGLPHQW�SURGXFWLRQ�DQG�WKH�VWUHDP�LV�UHTXLUHG�IRU�136�SROOXWLRQ�WR
RFFXU��ZH�XVHG�WKH�FXPXODWLYH�FRVW�GLVWDQFH�FDOFXODWLRQ�IURP�WKH�VWUHDP�WR
FRQVWUXFW�D�EXIIHU�ZKLFK�ZDV�ZLGHU�ZKHUH�VLWHV�ZLWK�KLJK�VWUHDP�SRZHU�DQG
ZHWQHVV�RFFXUUHG�QHDU�WKH�VWUHDP�DQG�QDUURZHU�ZKHUH�YDOXHV�RI�VWUHDP�SRZHU�RU
ZHWQHVV�ZHUH�ORZHU�QHDU�WKH�VWUHDP���7KH�IX]]\�LQWHUVHFWLRQ�RI�ZHWQHVV�DQG
VWUHDP�SRZHU��WKHQ��VHUYHG�DV�D�XQLW�FRVW�LQSXW�WR�FXPXODWLYH�FRVW�GLVWDQFH
FDOFXODWLRQ��ZKHUH�ORFDWLRQV�ZLWK�KLJKHU�YDOXHV�RI�ZHWQHVV�DQG�VWUHDP�SRZHU
FRUUHVSRQG�ZLWK�ORZHU�XQLW�FRVW�VR�WKDW�FXPXODWLYH�FRVW�GLVWDQFH�FRQWRXUV�EXOJH
RXW�IURP�WKH�VWUHDP�DW�VXFK�ORFDWLRQV�

:H�FUHDWHG�WZR�IX]]\�PHPEHUVKLS�VXUIDFHV�IRU�HDFK�GLIIHUHQW�PRGHO��RQH�IRU
ZHWQHVV�DQG�RQH�IRU�VWUHDP�SRZHU���7KH�IX]]\�VHWV�RQ�������������LQWHUYDOV�ZHUH
GHVLJQHG�VR�WKDW�FHOOV�ZLWK�WKH�JUHDWHVW�YDOXHV�RI�ZHWQHVV�DQG�VWUHDP�SRZHU
ZRXOG�EH�DVVLJQHG�WKH�PLQLPXP�FRVW�DQG�WKRVH�ZLWK�WKH�ORZHVW�YDOXHV��DQG�WKXV
OHDVW�OLNHO\�WR�FRLQFLGH�ZLWK�GHWDFKPHQW�DQG�WUDQVSRUW��ZRXOG�EH�DVVLJQHG�WKH
PD[LPXP�FRVW���7KH�IX]]\�PHPEHUVKLS�IXQFWLRQV�IRU�HDFK�LQGH[�ZHUH�GHILQHG
VXFK�WKDW�WKH\�GHFOLQH�OLQHDUO\�IURP������WR������IURP�WKH���WK�WR�WKH���WK
SHUFHQWLOH�RQ�WKH�VWUHDP�SRZHU�DQG�ZHWQHVV�GLVWULEXWLRQV��DV�IROORZV�
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7KH�LQWHUVHFWLRQ�RI�WZR�IX]]\�VHWV��L�H���WKH�DVVLJQPHQW�RI�D�YDOXH�RI�PHPEHUVKLS
LQ�WKH�VHW�IRUPHG�E\�WKH�LQWHUVHFWLRQ�RI�6HW�$�DQG�6HW�%��FDQ�EH�HLWKHU�KDUG��XVLQJ
WKH�0,1,080�RSHUDWLRQ��RU�VRIW��XVLQJ�PXOWLSOLFDWLRQ��%XUURXJK����������:H
XVHG�WKH�VRIW�LQWHUVHFWLRQ�RSHUDWLRQ�WR�DVVLJQ�XQLW�FRVW�GLVWDQFH�YDOXHV���5HVXOWDQW
YDOXHV�ZHUH�ORZ�ZKHUH�ZHWQHVV�DQG�VWUHDP�SRZHU�ZHUH�ERWK�KLJK�UHODWLYH�WR�WKH
UHVW�RI�WKH�ZDWHUVKHG�

&XPXODWLYH�FRVW�GLVWDQFH�YDOXHV��EDVLFDOO\�WKH�PLQLPXP�VXP�RI�XQLW�FRVW
GLVWDQFHV�WUDYHUVHG�EHWZHHQ�D�FHOO�DQG�WKH�QHDUHVW��FRVW�GLVWDQFH��VWUHDP�FHOO�
ZHUH�DVVLJQHG�WR�HDFK�FHOO�E\�DFFXPXODWLQJ�WKH�FRVW�YDOXHV�DV�UHFRUGHG�LQ�WKH
IX]]\�LQWHUVHFWLRQ�PDS�VWDUWLQJ�IURP�WKH�VWUHDP���)URP�WKH�FXPXODWLYH�FRVW
GLVWDQFH�PDS��D�PDS�RI�WKH�LQYHVWLJDWLYH�ULSDULDQ�EXIIHU�ZDV�JHQHUDWHG�E\
DVVLJQLQJ�WKH�ORZHVW�Q�SHUFHQW�RI�YDOXHV�WR���DQG�DOO�RWKHUV�WR�����7KH�VHOHFWLRQ�RI
Q�ZDV�GHSHQGHQW�RQ�ZDWHUVKHG�VSHFLILF�FULWHULD�DQG�FRXOG�EH�VOLFHG�XVLQJ
PXOWLSOH�WKUHVKROG�SHUFHQWLOHV�WR�REWDLQ�EDQGV�RI�SURJUHVVLYHO\�GLPLQLVKHG
FRQFHUQ��H�J�������LOH�������LOH��HWF�����1RWH�WKDW�LQFUHDVHV�LQ�Q�GR�QRW�H[SDQG�WKH
EXIIHU�DW�D�XQLIRUP�UDWH�RU�LQ�D�VHOI�VLPLODU�IDVKLRQ�DFURVV�HYHU\�VHJPHQW�RI
VWUHDP�

&ROOHFWLRQ�RI�9DOLGDWLRQ�'DWD

7ZR�W\SHV�RI�YDOLGDWLRQ�ZHUH�SHUIRUPHG�IRU�WKHVH�PRGHOV��%HFDXVH�WKH
WUDGLWLRQDO�DSSURDFK�WR�LQYHVWLJDWLYH�ULSDULDQ�EXIIHU�VLWLQJ�LV�EDVHG�RQ�PDS
LQWHUSUHWDWLRQ�E\�ZDWHU�TXDOLW\�H[SHUWV�RU�ILHOG�REVHUYDWLRQV�RI�ULSDULDQ
FRQGLWLRQ��WKHVH�DOWHUQDWLYHV�PDNH�DSSURSULDWH�EHQFKPDUNV�DJDLQVW�ZKLFK�PRGHO
SHUIRUPDQFH�FDQ�EH�MXGJHG�

([SHUW�,QWHUSUHWDWLRQ�RI�7RSRJUDSKLF�0DSV

7ZR�H[SHUWV�IURP�WKH�K\GURORJLF�XQLW�DW�WKH�0LFKLJDQ�'HSDUWPHQW�RI
(QYLURQPHQWDO�4XDOLW\��0'(4��/DQG�DQG�:DWHU�0DQDJHPHQW�'LYLVLRQ�ZHUH
SURYLGHG�ZLWK���������VFDOH�86*6�WRSRJUDSKLF�PDSV�FRYHULQJ�%DUQDUG�'UDLQ
DQG�DVNHG�WR�LGHQWLI\�IORZ�SDWKV�ZKHUH�WKH\�ZRXOG�H[SHFW�WR�ILQG�VXUIDFH�IORZ
GHVWLQHG�IRU�WKH�VWUHDP��EDVHG�RQO\�RQ�WKH�FOXHV�SURYLGHG�E\�WRSRJUDSK\��,Q
HVVHQFH��WKH\�ZHUH�DVNHG�WR�PDQXDOO\�LQWHUSUHW�WKH�PDSV�WR�ILQG�FRLQFLGHQFH�RI
FRQYHUJHQW�WRSRJUDSK\�DQG�HYLGHQFH�RI�VXIILFLHQW�VWHDP�SRZHU�WR�JLYH�VXUIDFH
IORZ�D�KLJK�SUREDELOLW\�RI�UHDFKLQJ�WKH�VWUHDP��7KH�FRUUHVSRQGHQFH�EHWZHHQ

Percentile
range

Fuzzy set value

0-50 1.00

50-95

1 0 99
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−

−
−
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WKHVH�H[SHUWV
�DVVHVVPHQW�RI�WKH�URXWHV�WKDW�VXUIDFH�IORZ�ZRXOG�IROORZ��L�H���OLQHDU
IHDWXUHV��DQG�WKH�SUHGLFWLRQV�RI�WKH�ZHWQHVV�LQGLFHV�FDQ�EH�FKHFNHG�WR�SURYLGH�D
IRUP�RI�YDOLGDWLRQ�RI�HLWKHU�DSSURDFK�

'HOLQHDWLRQ�RI�VXE�ZDWHUVKHGV�DW�WKLV�NLQG�RI�VFDOH�IRU�HQJLQHHULQJ�SXUSRVHV�DQG
ILVKHULHV�DQG�ZDWHU�TXDOLW\�DVVHVVPHQW�DQG�PRQLWRULQJ�LV�D�GDLO\�DFWLYLW\�IRU
H[SHUWV�DW�0'(4·V�K\GURORJLF�XQLW��7KHVH�H[SHUWV�KDG�VRPH�GLIILFXOW\�FRPSO\LQJ
ZLWK�RXU�UHTXHVW�EHFDXVH�WKH\�ZHUH�DFFXVWRPHG�WR�RSHUDWLQJ�ZLWK�VRPH�GHVLJQ
SRLQWV�LQ�PLQG��H�J���VSHFLI\LQJ�FXOYHUW�GLPHQVLRQV�EDVHG�RQ�SUHGLFWHG�IORZV��DQG
GHOLQHDWLQJ�XSVORSH�DUHD�RQ�PDSV�WR�LGHQWLI\�VXE�ZDWHUVKHGV��SUH�GHOLQHDWLQJ�D
ZDWHUVKHG�EHIRUH�D�SUREOHP�KDV�EHHQ�LGHQWLILHG�ZKLFK�ZRXOG�SURYLGH�WKHP�D
FRQWH[W�ZDV�FOHDUO\�D�QRYHO�XQGHUWDNLQJ�IRU�WKHP��,W�LV�DOVR�ZRUWK�QRWLQJ�WKDW
WKH\�UHSHDWHGO\�DVNHG�WR�EH�DOORZHG�WR�XVH�DGGLWLRQDO�LQIRUPDWLRQ��VXFK�DV�VRLO
VXUYH\�GDWD��DQG�DHULDO�SKRWR�VWHUHR�SDLUV��LQ�PDNLQJ�WKHLU�MXGJPHQWV��SUREDEO\
LQ�VHDUFK�RI�FOXHV�FRQFHUQLQJ�ODQG�FRYHU�DQG�WRSRJUDSK\��7KH�IORZ�SDWKV�GUDZQ
E\�WKH�0'(4�VWDII�ZHUH�GLJLWL]HG�WR�FUHDWH�D�*,6�FRYHUDJH�DQG�FRPSDUHG
YLVXDOO\�ZLWK�RXWSXW�IURP�WKH�PRGHOV�

*36�5HIHUHQFHG�)LHOG�2EVHUYDWLRQV�RI�:HWQHVV�,QGLFDWRUV

,I�WKH�WHFKQLTXH�RI�XVLQJ�WHUUDLQ�DQDO\VLV�ZHWQHVV�LQGLFHV�WR�SUHGLFW�VXUIDFH�IORZ
LV�WR�SURYH�IUXLWIXO��LW�LV�VXUHO\�UHDVRQDEOH�WR�H[SHFW�JUHDWHU�YDOXHV�RI�ZHWQHVV
LQGH[�ZKHUH�VDWXUDWHG�FRQGLWLRQV�DUH�REVHUYDEOH�LQ�WKH�ILHOG��6WUHDP�SRZHU
PLJKW�RU�PLJKW�QRW�EH�JUHDWHU�DW�VXFK�ORFDWLRQV��GHSHQGLQJ�SULQFLSDOO\�RQ�VORSH�
3UHVXPDEO\��ZHW�DUHDV�FORVH�WR�WKH�VWUHDP�KDYH�D�JUHDWHU�OLNHOLKRRG�RI
FRQWULEXWLQJ�VHGLPHQW�GHWDFKHG�ORFDOO\��DQG�RI�WUDQVSRUWLQJ�WR�WKH�VWUHDP
VHGLPHQW�JHQHUDWHG�IDUWKHU�XSVORSH��7R�WHVW�WKH�FRUUHVSRQGHQFH�EHWZHHQ
REVHUYHG�ZHWQHVV�DQG�WKH�WHUUDLQ�EDVHG�LQGLFHV��ZH�VXUYH\HG�WKH�IXOO�OHQJWK�RI
ERWK�VLGHV�RI�%DUQDUG�'UDLQ�RYHU�D�SHULRG�RI�D�IHZ�GD\V�LQ�$SULO��������VKRUWO\
IROORZLQJ�D�VHULHV�RI�VLJQLILFDQW�UDLQ�HYHQWV��WR�LGHQWLI\�VLWHV�ZLWK�LQGLFDWLRQV�RI
VRLO�VDWXUDWLRQ�RU�HURVLRQ�DFWLYLW\��8VLQJ�DQ�LQWHJUDWHG�*36�GDWD�ORJJHU�����VLWHV
VKRZLQJ�HYLGHQFH�RI�ZHWQHVV�ZHUH�JHR�UHIHUHQFHG�DV�SRLQWV�DQG�DWWULEXWHG�DV
ZHW�VSRWV��VRLO�VDWXUDWHG�DQG�RU�SRQGLQJ�HYLGHQW���GUDLQ�SRLQWV��HYLGHQFH�RI
FRQFHQWUDWHG�IORZ�EXW�YHJHWDWLRQ�VWLOO�SUHVHQW���DQG�VPDOO�JXOOLHV�EDQN�HURVLRQ
VLWHV��YHJHWDWLRQ�DQG�RU�WRSVRLO�DSSDUHQWO\�UHPRYHG�E\�WKH�IRUFH�RI�FRQFHQWUDWHG
IORZ���5HODWLYH�ZHWQHVV�DQG�VWUHDP�SRZHU�IRU�HDFK�RI�WKHVH����SRLQWV��ZKLFK�ZH
UHIHU�WR�JHQHULFDOO\�DV�´ZHW�VSRWVµ��ZHUH�FDOFXODWHG�WR�GHWHUPLQH�ZKHWKHU�RXU
H[SHFWDWLRQV�ZRXOG�EH�UHDOL]HG�LQ�%DUQDUG�'UDLQ�

:HW�VSRWV�ZHUH�FRQYHUWHG�WR�UDVWHU�JULG�FHOOV��WKHQ�H[SDQGHG�IURP�RQH�JULG�FHOO
����P�E\����P��WR�DUHDV�WKDW�ZHUH�WKUHH�E\�WKUHH�JULG�FHOOV��L�H������P�E\����P��LQ
VL]H�XVLQJ�*5,'
V�)2&$/0$;�RSHUDWRU��7KLV�´IX]]LQHVVµ�ZDV�DGGHG�EHFDXVH���
HYHQ�ZLWK�GLIIHUHQWLDO�FRUUHFWLRQ��*36�EDVHG�ORFDWLRQ�HVWLPDWHV�FDQ�HDVLO\�EH�RII
E\�RQH�FHOO�LQ�D����P�JULG�DQG����WKH�WHQGHQF\�RI�'��IORZ�URXWLQJ�WR�FRQVWUDLQ
IORZ�SDWKV�WR�HYHQ�PXOWLSOHV�RI����GHJUHH�D]LPXWKV�FRXOG�SURGXFH�DUWLIDFWV
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ZKLFK�LQWURGXFH�SRVLWLRQDO�HUURUV�RI�DV�PXFK�DV�RQH�FHOO��%HFDXVH�PRVW�RI�WKH
UHFRUGHG�ZHW�VSRWV�ZHUH�ZLWKLQ�D�FHOO�RU�WZR�RI�WKH�VWUHDP��WKHVH�WKUHH�E\�WKUHH
JULG�FHOO�DUHDV�WHQGHG�WR�RYHUODS�WKH�VWUHDP�RU��LQ�VRPH�FDVHV��SRUWLRQV�RI�WKH
RSSRVLWH�EDQN��&HOOV�LQ�D�UDVWHUL]HG�YHUVLRQ�RI�WKH�86*6�EOXH�OLQH�UHSUHVHQWDWLRQ
RI�WKH�VWUHDP�DQG�FHOOV�RQ�WKH�RSSRVLWH�VLGH�RI�WKH�VWUHDP�ZHUH�UHPRYHG�IURP�WKH
DUHDO�UHSUHVHQWDWLRQV�RI�ZHW�VSRWV��OHDYLQJ�D�JULG�RI�ZHW�SDWFKHV�ZLWK�D�YDULHW\�RI
VKDSHV�DQG�VL]HV��EHWZHHQ�WZR�DQG�QLQH�JULG�FHOOV��

6WUHDP�SRZHU�DQG�ZHWQHVV�IRU�DOO�JULG�FHOOV�LQ�HDFK�ZHW�SDWFK�ZHUH�DYHUDJHG�DQG
FRPSDUHG�ZLWK�WKH�GLVWULEXWLRQ�RI�YDOXHV�ZLWKLQ�D����PHWHU�EXIIHU�DURXQG�WKH
VWUHDP�WR�REWDLQ�UHODWLYH��SHUFHQWLOH��UHSUHVHQWDWLRQV�RI�WKHVH�YDULDEOHV��7KLUW\
PHWHUV�ZDV�FKRVHQ�EHFDXVH�LW�ZDV�WKH�PLQLPXP�EXIIHU�GLVWDQFH�WKDW�LQFOXGHG�DOO
EXW�RQH�RI�WKH�ZHW�VSRWV��7KH�VWDWLVWLFDO�GLVWULEXWLRQV�RI�YDOXHV�RI�VWUHDP�SRZHU
DQG�ZHWQHVV��GHULYHG�XVLQJ�HDFK�RI�WKH�YDULRXV�PHWKRGV�GHVFULEHG�DERYH��ZHUH
VXPPDUL]HG�XVLQJ�SHUFHQWLOHV��L�H���SHUFHQWDJH�RI�YDOXHV�EHORZ�D�JLYHQ�YDOXH�
FDOFXODWHG�RQ�DOO�FHOOV�ZLWKLQ�WKH����PHWHU�EXIIHU��Q� ��������7KH�SHUFHQWLOHV�ZHUH
WKHQ�FDOFXODWHG�IRU�WKH�DYHUDJH�RI�WKH�PXOWLSOH�JULG�FHOOV�LQ�HDFK�ZHW�SDWFK��+LJK
SHUFHQWLOH�YDOXHV��L�H���FORVHU�WR�������SDUWLFXODUO\�IRU�ZHWQHVV��LQGLFDWHG
FRQVLVWHQF\�EHWZHHQ�WKH�PRGHO�DQG�REVHUYDWLRQV�RQ�WKH�JURXQG�LQ�WKDW�WKHVH
ZHUH�DPRQJ�WKH�ZHWWHVW�VLWHV�QHDU�WKH�VWUHDP�

5HVXOWV

7KUHH�W\SHV�RI�UHVXOWV�ZHUH�SURGXFHG�IRU�HDFK�RI�WKH�IRXU�DOWHUQDWLYH�PRGHOV��WKH
FDOFXODWHG�ZHWQHVV�DQG�VWUHDP�SRZHU�LQGLFHV��WKH�YDULDEOH�ZLGWK�LQYHVWLJDWLYH
EXIIHUV��DQG�GHJUHH�RI�DJUHHPHQW�ZLWK�WKH�YDOLGDWLRQ�GDWDVHW��2XWSXWV�DPRQJ�WKH
PRGHOV�DUH�FRQWUDVWHG�DQG�VRPH�SRWHQWLDO�H[SODQDWLRQV�H[SORUHG�

&RPSDULVRQ�RI�,QGLFHV

*LYHQ�WKH�PXOWLSOH�RUGHU�RI�PDJQLWXGH�GLIIHUHQFH�EHWZHHQ�$��PHDQ ����
PD[ ���������ZKLFK�UHSUHVHQWV�DQ�DFFXPXODWLRQ�RI�FRQWULEXWLQJ�FHOOV�DOO�WKH�ZD\
WR�WKH�WRS�RI�WKH�ZDWHUVKHG��DQG�$H����PHDQ �����PD[ ������ZKLFK�UHSUHVHQWV
RQO\�WKRVH�FHOOV�IURP�ZKLFK�ZDWHU�ZRXOG�IORZ�IROORZLQJ�D����KRXU�SUHFLSLWDWLRQ
HYHQW��LW�LV�QRW�VXUSULVLQJ�WKDW�PDSV�RI�VWUHDP�SRZHU�DQG�ZHWQHVV�FDOFXODWHG
IURP�WKHVH�PHDVXUHV�ORRN�HQWLUHO\�GLIIHUHQW��)LJXUH�����%RWK�HIIHFWLYH�DQG�XSVORSH
FRQWULEXWLQJ�DUHD�DUH�KLJKO\�OHIW�VNHZHG��)LJXUH�����:KLOH�ZHWQHVV��ERWK�VWDWLF
DQG�G\QDPLF��LV�ORJJHG�DQG�FDQ�EH�DSSUR[LPDWHG�E\�D�QRUPDO�GLVWULEXWLRQ�
VWUHDP�SRZHU�LV�QRW��,Q�WKH�VWDWLF�FDVH��UHJDUGOHVV�RI�ZKHWKHU�IORZ�URXWLQJ�LV�E\
'(021�RU�'���VWUHDP�SRZHU�LQ�WKH�FKDQQHOV�LV�VR�JUHDW��GXH�WR�WKH�KLJK�YDOXHV
RI�$���WKDW�WKH�YDULDEOH�FDQQRW�EH�VFDOHG�VXFK�WKDW�YDULDWLRQ�LV�YLVLEOH�HOVHZKHUH�
'\QDPLF�VWUHDP�SRZHU�VKRZV�PRUH�YDULDWLRQ�RXWVLGH�RI�WKH�FKDQQHO�QHWZRUN
WKDQ�GRHV�VWDWLF��GHPRQVWUDWHV�D�GLVWLQFWO\�FKHFNHUHG�SDWWHUQ�ZLWK�GLVFHUQDEOH
GLDJRQDO�WUHQGV�FKDUDFWHULVWLF�RI�'���DQG�DSSHDUV�WR�EH�FRQWUROOHG�PRVW�VWURQJO\
E\�VORSH�LQ�XSODQG�DUHDV��DQG�E\�FRQWULEXWLQJ�DUHD�QHDU�WKH�FKDQQHOV��)LJXUH����
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'LIIHUHQFHV�EHWZHHQ�ZHWQHVV�PDSV�IRU�WKH�G\QDPLF�FDVHV��YDULDEOH�DQG�XQLIRUP
VRLOV��ZHUH�JUHDW�DQG�WKRVH�EHWZHHQ�WKH�VWDWLF�FDVHV��'(021�DQG�'��IORZ
URXWLQJ��ZHUH�HYHQ�PRUH�SURQRXQFHG��EXW�ERWK�ZHUH�GZDUIHG�E\�WKH�GLIIHUHQFHV
EHWZHHQ�VWDWLF�DQG�G\QDPLF�FDVHV��)LJXUHV���DQG�����7KH�VWDWLF�ZHWQHVV�PRGHO
ZKLFK�UHOLHG�RQ�'(021�IORZ�URXWLQJ�H[KLELWHG�PXFK�VPRRWKHU�VSDWLDO
WUDQVLWLRQV�EHWZHHQ�KLJK�DQG�ORZ�ZHWQHVV�YDOXHV�ZKLFK�PD\�UHSUHVHQW�DQ
DHVWKHWLF�LPSURYHPHQW��EXW�WKHUH�LV�D�VXEVWDQWLYH�GLIIHUHQFH�DV�ZHOO��WKH�GURS�RII
LQ�UHODWLYH�ZHWQHVV�YDOXH�ZLWK�GLVWDQFH�IURP�WKH�VWUHDP�LV�PRUH�JUDGXDO��:KLOH
HYHU\�SRWHQWLDO�FKDQQHO�LV�FOHDUO\�GHPDUFDWHG�E\�KLJK�YDOXHV�RI�VWDWLF�ZHWQHVV�
FRQWLJXRXV�DUHDV�RI�KLJK�G\QDPLF�ZHWQHVV�DUH�OHVV�FRPPRQ�DQG�VRPHZKDW�OHVV
SURQRXQFHG�

&RPSDULVRQ�RI�9DULDEOH�:LGWK�,QYHVWLJDWLYH�%XIIHUV

:KLOH�LW�PD\�EH�SRVVLEOH�WR�LGHQWLI\�DUHDV�RI�UHODWLYHO\�KLJKHU�VWRUP�ZDWHU
FRQWULEXWLRQ�E\�YLVXDOO\�LQWHUSUHWLQJ�WKH�FRVW�GLVWDQFH�PDS�GHULYHG�IURP�WKH�FRVW
VXUIDFH�FUHDWHG�E\�WKH�IX]]\�LQWHUVHFWLRQ�RI�ZHWQHVV�DQG�VWUHDP�SRZHU��)LJXUH����
PRVW�ZDWHUVKHG�PDQDJHUV�ZRXOG�OLNHO\�SUHIHU�D�PDS�SURGXFW�GHOLQHDWLQJ�DQ
LQYHVWLJDWLYH�EXIIHU�ZLWKLQ�ZKLFK�DWWHQWLRQ�VKRXOG�EH�FRQFHQWUDWHG��2QH�ZD\�RI
FUHDWLQJ�VXFK�D�PDS�LV�WR�VHOHFW�D�SHUFHQWLOH�WKUHVKROG�IRU�FRVW�GLVWDQFH��EHORZ
ZKLFK�LV�EXIIHU��DQG�DERYH�ZKLFK�LV�QRW��:LWKRXW�IXUWKHU�ILHOG�YDOLGDWLRQ�DQG
DQDO\VLV��LW�LV�LPSRVVLEOH�WR�DUULYH�DW�DQ�HPSLULFDOO\�GHWHUPLQHG�WKUHVKROG��$V�D
ILUVW�DSSUR[LPDWLRQ�WR�IDFLOLWDWH�RXU�HYDOXDWLRQ�RI�WKH�DSSURDFK��ZH�PDGH�WKH�DG
KRF�GHFLVLRQ�WR�VHOHFW�WKH�ILIWHHQWK�SHUFHQWLOH�DV�WKH�WKUHVKROG�IRU�WKH�H[DPSOH
EXIIHUV�VKRZQ�LQ�WKH�IROORZLQJ�ILJXUHV�

$OO�IRXU�PRGHOV�JHQHUDWHG�ZKDW�FRXOG�EH�FKDULWDEO\�GHVFULEHG�DV�YDULDEOH�ZLGWK
LQYHVWLJDWLYH�EXIIHUV��KRZHYHU��WKHUH�ZHUH�VWULNLQJ�GLIIHUHQFHV�LQ�IRUP�DPRQJ
WKHP��DQG�WKRVH�JHQHUDWHG�E\�WKH�VWDWLF�PRGHOV�ERUH�D�FORVHU�UHVHPEODQFH�WR�D
GHQGULWLF�QHWZRUN�WKDQ�WKH�NLQG�RI�YDULDEOH�ZLGWK�LQYHVWLJDWLYH�EXIIHU�WKDW�ZH
KDG�LQ�PLQG�ZKHQ�ZH�XQGHUWRRN�WKH�DQDO\VLV��7KH�EXIIHUV�FUHDWHG�XVLQJ�VWDWLF
ZHWQHVV�ZLWK�ERWK�WKH�'��DQG�'(021�IORZ�URXWLQJ�DOJRULWKPV�ZHUH�TXLWH
VLPLODU�WR�RQH�DQRWKHU��)LJXUHV��D�DQG��E���7KH�SULPDU\�REVHUYDEOH�GLIIHUHQFH
ZDV�WKH�SUHVHQFH�RI�QXPHURXV�VWUDQGV�RI�EXIIHU�RULHQWHG�LQ�DQ�HYHQ�PXOWLSOH�RI
���GHJUHHV��XQGRXEWHGO\�DQ�DUWLIDFW�RI�WKH�'��UHTXLUHPHQW�WKDW�DOO�IORZ�EH�URXWHG
WR�D�VLQJOH�FHOO��DQG�WKH�UHODWLYHO\�HYHQ�WRSRJUDSK\�FKDUDFWHUL]LQJ�WKLV�ZDWHUVKHG�

7KH�G\QDPLF�PRGHOV�SURGXFHG�EXIIHUV�WKDW�ZHUH�PXFK�PRUH�FRQVROLGDWHG�WKDQ
WKH�VWDWLF�PRGHOV��DQG�ZKLFK�PRUH�FOHDUO\�IODJJHG�VHJPHQWV�RI�WKH�VWUHDP
PHULWLQJ�FORVHU�LQYHVWLJDWLRQ�WR�DVVHVV�H[LVWLQJ�VHGLPHQW�ILOWUDWLRQ�FDSDFLW\�DQG
RSSRUWXQLWLHV�IRU�UHPHGLDWLRQ��7KH�XQLIRUP�DQG�YDULDEOH�VRLOV�G\QDPLF�PRGHOV
SURGXFHG�EXIIHUV�WKDW�ZHUH�TXLWH�GLIIHUHQW�IURP�RQH�DQRWKHU��ZLWK�WKH�XQLIRUP
VRLOV�EXIIHU�WHQGLQJ�WRZDUGV�WKH�GHQGULWLF�VWUXFWXUH�GRPLQDQW�LQ�WKH�VWDWLF
PRGHOV��)LJXUHV��D�G��
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7KH�FKRLFH�RI�WKUHVKROG�IRU�FRVW�GLVWDQFH�KDV�D�VLJQLILFDQW�LPSDFW�RQ�EXIIHU
GHOLQHDWLRQ��DQG�EXIIHU�WKLFNQHVV�GRHV�QRW�H[SDQG�LQ�DQ\�NLQG�RI�SUHGLFWDEOH
IDVKLRQ�DV�WKH�SHUFHQWLOH�WKUHVKROG�LQFUHDVHV��$�����LOH�WKUHVKROG�JHQHUDWHV�D
EXIIHU�RQ�IDU�PRUH�VHJPHQWV�RI�VWUHDP�WKDQ�GRHV�D���LOH�EXIIHU��)LJXUH�����:H
FKRVH�WKH����EXIIHU�IRU�DOO�VXEVHTXHQW�ILJXUHV�WR�OLPLW�LQYHVWLJDWLYH�EXIIHU�VL]H
DQG�IRFXV�RQO\�RQ�WKH�DUHDV�PRVW�VXVFHSWLEOH�WR�136�SROOXWLRQ�

&RQFRUGDQFH�ZLWK�9DOLGDWLRQ�'DWDVHW

)ORZOLQHV

2YHUOD\�DQDO\VLV�RI�GLJLWL]HG�IORZ�SDWKV�RQ�FRVW�EXIIHUV�SURGXFHG�E\�WKH�IRXU
PRGHOV�UHYHDOHG�WKDW�EXIIHU�VWUDQGV�FRLQFLGHG�ZLWK�DOO�RU�SRUWLRQV�RI�WKH�IORZ
SDWKV�IRU�DOO����RI�WKH�IORZ�SDWKV�IRU�ERWK�VWDWLF�PRGHOV��IRU���RI�WKH�IORZ�SDWKV�LQ
WKH�YDULDEOH�VRLOV�G\QDPLF�PRGHO��DQG�IRU����RI�WKH�IORZ�SDWKV�LQ�WKH�XQLIRUP
VRLOV�G\QDPLF�PRGHO��+RZHYHU��IRU�WKH�VWDWLF�PRGHOV��WKHUH�ZHUH�PDQ\��IDOVH�
EXIIHU�VWUDQGV��DW�OHDVW�LI�WKH�IORZ�SDWKV�GHOLQHDWHG�E\�0'15�VWDII�DUH�FRQVLGHUHG
JURXQG�WUXWK���DQG�RYHUDOO��DERXW�D�����UDWLR�RI�IDOVH�WR�WUXH�EXIIHU�VWUDQGV��)LJXUH
���

7KH�UHDVRQV�IRU�WKH�IDLOXUH�RI�WKH�G\QDPLF�PRGHOV�WR�JHQHUDWH�ZLGHU�EXIIHUV�RU
EXIIHU�VWUDQGV�IRU�VRPH�RI�WKH�IORZ�SDWKV�ZHUH�HYLGHQW�ZKHQ�IORZ�SDWKV�ZHUH
RYHUODLG�RQ�G\QDPLF�ZHWQHVV�LQGH[��)LJXUH������,Q�VHYHUDO�FDVHV����RI������LW
DSSHDUHG�WKDW�PRGHOHG�ZHWQHVV�ZDV�ORZ�EHFDXVH�ZKDW�PLJKW�DSSHDU�WR�EH�D�IORZ
SDWK�HQFRXQWHUHG�D�IODW�RU�ZDWHU�GLVSHUVLQJ�DUHD�EHIRUH�UHDFKLQJ�WKH�VWUHDP
�)LJXUH���D���%HFDXVH�QHLWKHU�G\QDPLF�ZHWQHVV�QRU�VWUHDP�SRZHU�PDLQWDLQHG
KLJK�YDOXHV�DOO�WKH�ZD\�WR�WKH�VWUHDP��DQG�EHFDXVH�WKH�EXIIHUV�DUH�FRQVWUXFWHG�DV
D�FRVW�GLVWDQFH�IURP�WKH�VWUHDP��LW�LV�QRW�VXUSULVLQJ�WKDW�WKHVH�PRGHOV�GLG�QRW
JHQHUDWH�ZLGH�EXIIHUV�LQ�VXFK�LQVWDQFHV��0RUHRYHU��LW�LV�HQWLUHO\�DSSURSULDWH�IRU
WKHVH�DUHDV�QRW�WR�KDYH�ZLGH�EXIIHUV��DV�WKH�OLNHOLKRRG�RI�VHGLPHQW�WUDQVSRUW�WR
WKH�VWUHDP�XQGHU�VXFK�FRQGLWLRQV�LV�UHODWLYHO\�ORZ��,Q�RWKHU�FDVHV����RI������ODFN�RI
FRLQFLGHQFH�FRXOG�EH�DWWULEXWHG�WR�GLIIHUHQFHV�EHWZHHQ�WKH�KXPDQ�LQWHUSUHWHUV
DQG�7232*5,'�LQ�ORFDWLQJ�GUDLQDJH�URXWHV�WKDW�VRPHWLPHV�OHG�WR�RIIVHWV�RI�DV
PXFK�DV����PHWHUV��)LJXUH���E��

,Q�FRQWUDVW�WR�WKH�VWDWLF�PRGHOV��WKH�G\QDPLF�PRGHOV�SURGXFHG�UHODWLYHO\�IHZ
�IDOVH��ZLGH�VSRWV�DQG�VWUDQGV��7KH�XQLIRUP�VRLOV�PRGHO��IRU�H[DPSOH��SURGXFHG
RQO\�D�KDQGIXO�RI�WKHVH�IDOVH�SRVLWLYHV�

6RPH�RI�WKH�IORZ�SDWKV�WKDW�WKH�0'15�LQWHUSUHWHUV�KDG�WKH�PRVW�GLIILFXOW\
GHFLGLQJ�DERXW�LQYROYHG�ODUJH�VXE�FDWFKPHQWV�ZLWK�ORZ�JUDGLHQWV�QHDU�WKH
ERWWRP�RI�WKH�FDWFKPHQW��7KH�LQWHUSUHWHUV�ZHUH�XQFHUWDLQ�DV�WR�ZKHWKHU�WKH\
VKRXOG�LQFOXGH�VXFK�IORZ�SDWKV�EHFDXVH�WKH\�ZHUH�QRW�FRQILGHQW�WKDW�VXFK�IORZ
ZRXOG�XOWLPDWHO\�H[WHQG�WR�WKH�VWUHDP��7KHVH�ZHUH�WKH�VDPH�IORZ�SDWKV�WKDW�ZHUH
QRW�PDWFKHG�E\�ZLGH�EXIIHUV�LQ�WKH�G\QDPLF�PRGHOV�
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:HW�6SRWV

5HVXOWV�RI�WKH�YDOLGDWLRQ�XVLQJ�ILHOG�REVHUYDWLRQV�SRLQW�WR�PRUH�DJUHHPHQW�WKDQ
GLIIHUHQFHV�DPRQJ�WKH�PRGHOV��$QG��IRU�HYHU\�PRGHO��WKH�H[SHFWHG�YDOXHV�RI�ERWK
ZHWQHVV�DQG�VWUHDP�SRZHU�IRU�WKH����REVHUYHG�ZHW�VSRWV�DUH�LQ�WKH�WRS�KDOI�RI�WKH
GLVWULEXWLRQ�RI�VXFK�YDOXHV�ZLWKLQ����PHWHUV�RI�WKH�VWUHDP��)XUWKHUPRUH��WKHVH
SHUFHQWLOH�GLVWULEXWLRQV�DUH�DOO�ULJKW�VNHZHG���GURSSLQJ�HYHQ�WKH�WZR�RU�WKUHH
SRLQWV�ZLWK�WKH�ORZHVW�YDOXHV��ZKHQ�WKHUH�LV�MXVWLILFDWLRQ�IRU�GRLQJ�VR��VXFK�DV�WKH
IDFW�WKDW�SRLQWV����������DQG�����FRXOG�QRW�EH�GLIIHUHQWLDOO\�FRUUHFWHG�DQG�WKXV
PD\�DSSHDU�XS�WR���FHOOV�IURP�WKHLU�WUXH�ORFDWLRQV��DQG�TXLWH�SRVVLEO\�RXWVLGH�WKH
HVWDEOLVKHG����P�EXIIHU��EULQJV�WKH�DYHUDJH�LQGH[�YDOXHV�XS�FRQVLGHUDEO\�
%HFDXVH�DOO�WKH�IHDWXUHV�LQ�WKLV�GDWDVHW�ZHUH�DVVRFLDWHG�ZLWK�ZHW�VSRWV��UDWKHU
WKDQ�KLJK�WUDQVSRUW�SRWHQWLDO���ZH�H[SHFWHG�WR�ILQG�EHWWHU�FRQFRUGDQFH�LQ�WKH
ZHWQHVV�LQGLFHV�WKDQ�LQ�VWUHDP�SRZHU��KRZHYHU��WKH�VWDWLVWLFV�DSSHDU�WR
FRQWUDGLFW�WKLV�H[SHFWDWLRQ��,Q�HYHU\�FDVH��PHDQ�VWUHDP�SRZHU�SHUFHQWLOH�ZDV
JUHDWHU�WKDQ�PHDQ�ZHWQHVV�SHUFHQWLOH�

$OWKRXJK�WKH�'��6WDWLF�PRGHO�JHQHUDWHG�WKH�ODUJHVW�PHDQ�ZHWQHVV�SHUFHQWLOH������
WKH�9DULDEOH�6RLOV�'\QDPLF�PRGHO�ZDV�D�FORVH�VHFRQG�DW�����DQG�LV�SUHIHUUHG�RYHU
WKH�RWKHUV�IRU�WKH�UHDVRQV�UHODWHG�WR�WKH�IORZ�OLQH�YDOLGDWLRQ�DQG�LQYHVWLJDWLYH
EXIIHU�IRUP�RXWOLQHG�DERYH��$Q�LPSURYHG�FRUUHVSRQGHQFH�PLJKW�EH�HVWDEOLVKHG�LI
REVHUYHG�ZHW�DUHDV�DUH�GLJLWL]HG�DV�SRO\JRQ�UDWKHU�WKDQ�SRLQW�GDWD�
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7DEOH�5���5HODWLYH�LQGH[�YDOXHV�IRU�ILHOG�REVHUYHG�ZHW�VSRWV�IRU�HDFK�PRGHO�DV
SHUFHQWLOH�RI�DOO�FHOOV�ZLWKLQ�D����PHWHU�EXIIHU�DERXW�WKH�VWUHDP��5RZV�DUH�VRUWHG
LQ�GHVFHQGLQJ�RUGHU�E\�G\QDPLF�ZHWQHVV�LQGH[�IRU�WKH�YDULDEOH�VRLOV�FDVH�

Percentiles

D8 DEMON Uniform Variable

Point# Point
Type

Cells Pwr Wet Pwr Wet Pwr Wet Pwr Wet

408 BANKEROS 3 88 88 64 66 95 96 100 100

107 WETSPOT 3 90 92 55 62 92 98 92 99

124 DRAINPOINT 3 98 90 87 23 99 94 100 99

403 DRAINPOINT 3 89 88 95 86 88 86 99 99

112 WETSPOT 3 90 94 35 30 90 97 88 98

237 DRAINPOINT 3 91 87 94 88 93 87 97 97

505 DRAINPOINT 3 54 53 56 70 56 56 94 97

410 DRAINPOINT 6 88 85 28 82 78 86 87 95

218 DRAINPOINT 6 90 85 89 55 98 77 100 93

108 WETSPOT 3 89 96 88 91 28 88 18 91

233 DRAINPOINT 4 88 88 32 81 44 89 35 91

216 DRAINPOINT 6 93 82 82 16 99 65 100 78

220 DRAINPOINT 6 90 83 23 11 98 60 100 71

411 DRAINPOINT 3 86 87 93 90 55 93 6 69

405 BANKEROS 2 83 83 90 94 33 84 13 67

214 DRAINPOINT 5 92 74 43 4 99 43 100 62

222 DRAINPOINT 9 40 67 43 72 35 61 36 59

117 WETSPOT 9 72 42 69 35 84 47 92 50

122 DRAINPOINT 4 79 28 86 34 87 28 96 48

207 BANKEROS 4 80 20 65 7 82 14 93 35

118 DRAINPOINT 9 27 24 70 59 39 27 56 33

212 DRAINPOINT 5 96 84 76 6 98 43 98 21

228 DRAINPOINT 3 67 55 60 61 52 47 21 17

512 BANKEROS 2 74 60 81 70 80 62 26 11

MEAN 81 72 67 54 75 68 73 70

'LVFXVVLRQ

7KH�FRQVLGHUDEOH�GLIIHUHQFHV�LQ�IRUP�DQG�SDWWHUQ�DPRQJ�EXIIHUV�SURGXFHG�XVLQJ
GLIIHUHQW�PRGHOLQJ�DVVXPSWLRQV�GHPRQVWUDWHV�WKDW�EXIIHU�GHOLQHDWLRQ�LV�KLJKO\
VHQVLWLYH�WR�WKH�FKRLFH�RI�ZHWQHVV�LQGH[�DQG�VRLO�SDUDPHWHUV��LQ�WKH�FDVH�RI
G\QDPLF�ZHWQHVV���DQG�OHVV�VHQVLWLYH�WR�WKH�FKRLFH�RI�IORZ�URXWLQJ�DOJRULWKP��LQ
WKH�FDVH�RI�VWDWLF�ZHWQHVV���7KLV�ODVW�ILQGLQJ�LV�HQFRXUDJLQJ��DV�WKH�VRIWZDUH�GRHV
QRW�\HW�H[LVW�WR�LPSOHPHQW�WKH�'(021�URXWLQJ�DOJRULWKP�LQWR�G\QDPLF�ZHWQHVV
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LQGH[�FDOFXODWLRQV��$V�QRWHG�LQ�&KDSWHU�""�RI�WKLV�ERRN�DQG�HOVHZKHUH��H�J��
&RVWD�&DEUDO�DQG�%XUJHVV���������WKH�'(021�DOJRULWKP�SURYLGHV�D�PRUH
UHDOLVWLF�UHSUHVHQWDWLRQ�RI�WZR�GLPHQVLRQDO�IORZ�DQG�SURGXFHV�PRUH�DFFXUDWH
HVWLPDWHV�RI�VSHFLILF�FRQWULEXWLQJ�DUHDV��<HW��LI�WKH�UHVXOWV�RI�WKH�VWDWLF�PRGHO
FRPSDULVRQ�DUH�DW�DOO�YDOLG��D�'(021�EDVHG�G\QDPLF�ZHWQHVV�EDVHG�EXIIHU
FRXOG�EH�H[SHFWHG�WR�EH�VRPHZKDW�VPRRWKHU�DQG�OHVV�IUDJPHQWHG�WKDQ�WKRVH
SURGXFHG�E\�'���EXW�QRW�KDYH�DQ�DSSUHFLDEO\�GLIIHUHQW�SDWWHUQ�RI�EXIIHU�WKLFNQHVV
DORQJ�WKH�VWUHDP�

2I�WKH�PRGHOV�WHVWHG��WKH�YDULDEOH�VRLOV�G\QDPLF�ZHWQHVV�PRGHO�SURGXFHG�EXIIHUV
WKDW�PRVW�UHVHPEOHG�WKH�LGHDOL]HG�YDULDEOH�ZLGWK�LQYHVWLJDWLYH�ULSDULDQ�EXIIHU
HQYLVLRQHG�DW�WKH�RXWVHW��DQG�WKDW�VWDQG�WKH�EHVW�FKDQFH�RI�EHLQJ�LQWHUSUHWDEOH�E\
ZDWHUVKHG�PDQDJHUV�VHHNLQJ�WR�SULRULWL]H�VLWHV�IRU�ULSDULDQ�EXIIHU�VWULS
LQVWDOODWLRQ��7KLV�PRGHO�DOVR�UDQNHG�VHFRQG�LQ�FRUUHVSRQGHQFH�EHWZHHQ�ILHOG
LGHQWLILHG�ZHW�VSRWV�DQG�KLJK�ZHWQHVV�LQGH[�YDOXHV�

7UDQVSRUW�DSSHDUHG�WR�EH�IDU�EHWWHU�UHSUHVHQWHG�E\�WKH�G\QDPLF�PRGHO��LQ�WKDW
EXIIHU�ZLGWKV�UHIOHFWHG�WHUUDLQ�LQGXFHG�UHGXFWLRQV�LQ�VWUHDP�SRZHU�DQG�ZHWQHVV
SUHVHQW�DORQJ�SRWHQWLDO�IORZ�SDWKV��%HFDXVH�VWDWLF�PRGHOV�SUHVXSSRVH�IORZ�IURP
WKH�HQWLUH�XSVORSH�FRQWULEXWLQJ�DUHD��H[WHQGLQJ�WR�WKH��WRS��RI�WKH�ZDWHUVKHG��
QHDUO\�HYHU\�SRWHQWLDO�IORZ�SDWK�LV�UHSUHVHQWHG�DV�D�FRQWLJXRXV�FKDLQ�RI�FHOOV
ZLWK�KLJK�ZHWQHVV�DQG�VWUHDP�SRZHU��7KLV�VXUHO\�UHSUHVHQWV�D�GHSDUWXUH�IURP�DOO
EXW�WKH�PRVW�LQIUHTXHQW��H�J�������\HDU�VWRUP��SUHFLSLWDWLRQ�HYHQWV�

7KH�YDULDEOH�VRLOV�G\QDPLF�PRGHO�EHVW�PDWFKHG�WKH�IORZ�SDWK�GHOLQHDWLRQV�RI
0'15�H[SHUWV��ZKHQ��IDOVH�SRVLWLYHV��DUH�WDNHQ�LQWR�DFFRXQW��7KH�JHQHUDO
DJUHHPHQW�EHWZHHQ�PRGHOHG�ZHWQHVV��DQG�EXIIHUV��DQG�IORZ�SDWKV�LQWHUSUHWHG
IURP�WRSRJUDSKLF�PDSV�VKRXOG�LQVWLOO�FRQILGHQFH�LQ�WKH�DSSURDFK�LQ�WKH�PLQGV�RI
ZDWHUVKHG�PDQDJHUV�

)RU�WKHVH�UHDVRQV��WKH�YDULDEOH�VRLOV��G\QDPLF�EXIIHU�DSSHDUV�WR�EH�WKH�EHVW�FKRLFH
IRU�ULSDULDQ�LQYHVWLJDWLYH�EXIIHU�GHOLQHDWLRQ��+RZHYHU��IXUWKHU�ZRUN�LV�QHHGHG�WR
DVFHUWDLQ�WKH�EHVW�GUDLQDJH�WLPH�VHWWLQJV�DQG�FRVW�GLVWDQFH�WKUHVKROGV��$GGLWLRQDO
PRGHOLQJ�PXVW�EH�VXSSOHPHQWHG�ZLWK�PRUH�H[WHQVLYH�DQG�ULJRURXV�ILHOG
YDOLGDWLRQ�RI�VRLO�PRLVWXUH�WKDW�PD\�ZHOO�LQYROYH�G\QDPLF�PRQLWRULQJ�DW�D�ILQH
VSDWLDO�UHVROXWLRQ�WR�UHODWH�VDWXUDWHG�FRQGLWLRQV�WR�VWRUP�HYHQWV�RI�YDULRXV
GXUDWLRQV��,GHDOO\��YDOLGDWLRQ�ZRXOG�DOVR�HQWDLO�PHDVXUHPHQW�RI�VLWH�VSHFLILF
ZDWHU�DQG�VHGLPHQW�IORZ�GXULQJ�VWRUP�HYHQWV�DQG�VSULQJ�PHOW�

/RJLFDO�H[WHQVLRQV�RI�WKLV�ZRUN�LQFOXGH�VHYHUDO�DOWHUQDWLYHV�IRU�LQWHJUDWLQJ�ODQG
XVH�FRYHU�LQIRUPDWLRQ��3KLOOLSV�������;LDQJ��������$Q�HDV\�H[WHQVLRQ�WR
LPSOHPHQW�ZRXOG�EH�WR�SULRULWL]H�H[LVWLQJ�ODQG�XVHV�ZLWKLQ�WKH�LQYHVWLJDWLYH
EXIIHU�IRU�ULSDULDQ�EXIIHU�VWULS�LQVWDOODWLRQ��$�SUHUHTXLVLWH�WR�WKLV�H[WHQVLRQ�LV
HYDOXDWLRQ�RI�WKH�QDWXUDO�EXIIHULQJ�FDSDFLW\��H�J���VHGLPHQW�WUDSSLQJ�FDSDFLW\��RI
GLIIHUHQW�ODQG�FRYHU�W\SHV�YLD�ILHOG�PHDVXUHPHQWV�GXULQJ�DQG�IROORZLQJ
SUHFLSLWDWLRQ�HYHQWV��7KHQ��WKHVH�ODQG�W\SHV�ZRXOG�KDYH�WR�EH�PDSSHG�ZLWKLQ�WKH
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LQYHVWLJDWLYH�ULSDULDQ�EXIIHU��)LJXUH�����VR�WKDW�WKRVH�ODQG�XVHV�ZLWK�OLWWOH
LQKHUHQW�EXIIHULQJ�FDSDFLW\�DQG�WKRVH�GHHPHG�PRVW�OLNHO\�WR�EH�QHW�FRQWULEXWRUV
RI�SRWHQWLDO�SROOXWDQWV�FRXOG�EH�HIILFLHQWO\�WDUJHWHG��+RZHYHU��FXUUHQW�ODQG
XVH�FRYHU�LQIRUPDWLRQ�FDQ�EH�GLIILFXOW�WR�REWDLQ��DQG�LQ�DUHDV�RI�UDSLG�ODQG�XVH
WXUQRYHU��PD\�QHHG�IUHTXHQW�XSGDWLQJ��H�J���IURP�UHFHQW�DHULDO�SKRWRJUDSKV���$
IXQGDPHQWDO�DGYDQWDJH�RI�WKH�LQYHVWLJDWLYH�EXIIHU�DSSURDFK�LV�WKDW�VXFK
LQIRUPDWLRQ�ZRXOG�EH�QHHGHG�IRU�DQ�DUHD�IDU�VPDOOHU�WKDQ�WKH�ZKROH�ZDWHUVKHG
�H�J���WKH�������RI�WKH�ZDWHUVKHG�ERXQGHG�E\�WKH�LQYHVWLJDWLYH�EXIIHU��

$�VRPHZKDW�PRUH�GLIILFXOW�H[WHQVLRQ�ZRXOG�DGGUHVV�WKH�QDWXUH�RI�ODQG�FRYHU
�DQG�SROOXWLRQ�JHQHUDWLQJ�FDSDFLW\��XSVORSH�IURP�HDFK�FHOO��7KH�PRGHOV
SUHVHQWHG�KHUH�ZHUH�GHVLJQHG�WR�LGHQWLI\�DUHDV�RI�VXUIDFH�IORZ�H[WHQGLQJ�WR�WKH
VWUHDP��EXW�QR�DFFRXQWLQJ�IRU�XSVORSH�ODQG�FRYHU�LV�FRQVLGHUHG��7KXV��D�ZLGH
EXIIHU�ZLWK�SROOXWHG�ZDWHU�FRQWULEXWHG�IURP�DQ�XSVORSH�IHHGORW�RU�DJULFXOWXUDO
ILHOG�LV�LQGLVWLQJXLVKDEOH�IURP�D�ZLGH�EXIIHU�ZLWK�FOHDQ�ZDWHU�FRQWULEXWHG
HQWLUHO\�IURP�DQ�XSVORSH�IRUHVWHG�DUHD��,I�ZHLJKWLQJV�RU�SROOXWDQW�ORDGLQJV�FDQ�EH
FDOFXODWHG�IRU�GLIIHUHQW�ODQG�XVHV��WKHVH�FRXOG�EH�DFFXPXODWHG�LQ�WKH�FDOFXODWLRQ
RI�G\QDPLF�LQGLFHV�ZLWK�VRPH�PRGLILFDWLRQ�RI�WKH�'<1:(7�VRIWZDUH��+RZHYHU�
DQ\�JDLQV�LQ�H[SODQDWRU\�SRZHU�UHVXOWLQJ�IURP�WKH�HQGRJHQRXV�LQFOXVLRQ�RI�ODQG
XVH�LQ�VXFK�D�PRGHO�PXVW�EH�ZHLJKHG�DJDLQVW�WKH�FRVWV�RI�WKH�DGGLWLRQDO�GDWD
QHHGHG�WR�LPSOHPHQW�LW�

)LQDOO\��WR�EH�HIIHFWLYHO\�LPSOHPHQWHG��VXFK�WHFKQLFDO�PRGHOLQJ�HIIRUWV�PXVW
XOWLPDWHO\�EH�LQWHJUDWHG�ZLWK�LQVWLWXWLRQDO�UHDOLWLHV�DQG�WKH�SUHIHUHQFHV�RI
ULSDULDQ�ODQGRZQHUV��$�FRPELQDWLRQ�RI�WHUUDLQ�PRGHOLQJ�DQG�ODQG�XVH�FRYHU
PDSSLQJ�PD\�EH�XVHIXO�IRU�VHOHFWLQJ�ULSDULDQ�VHJPHQWV�PHULWLQJ�D�KLJK�SULRULW\
IRU�UHPHGLDWLRQ�HIIRUW��EXW�VRPH�NLQG�RI�UHJXODWRU\�RU�LQFHQWLYH�VWUXFWXUH�ZLOO
OLNHO\�EH�QHHGHG�WR�WUDQVODWH�VXFK�DQDO\VHV�LQWR�UHPHGLDWLRQ�RQ�WKH�JURXQG�
2ZQHUVKLS�SDWWHUQV��H�J���SDUFHO�VL]H�GLVWULEXWLRQV��PD\�DOVR�EH�LPSRUWDQW�LQ�WKH
VLWLQJ�GHFLVLRQ�LI�FRVWV�RI�HGXFDWLRQ�DQG�WHFKQLFDO�DVVLVWDQFH�DUH�KLJK�RQ�D�SHU
ODQGRZQHU�EDVLV��%HFDXVH�WKH�WRSRJUDSKLF�SUHGLVSRVLWLRQ�RI�ULSDULDQ�VHJPHQWV
WRZDUGV�EHLQJ�YDULDEOH�VRXUFH�]RQHV�RI�SRWHQWLDO�SROOXWLRQ�LV�UHODWLYHO\�VWDWLF��DW
OHDVW�RQ�KXPDQ�WLPH�VFDOHV���FRXQWLHV��WRZQVKLSV�DQG�GUDLQ�FRPPLVVLRQV�PD\
ILQG�LW�XVHIXO�WR�GHQRWH�WHUUDLQ�SUHGLVSRVLWLRQ�RQ�SURSHUW\�UHFRUGV�WR�IDFLOLWDWH
WDUJHWLQJ�RI�ODQGRZQHU�FRQWDFWV�DQG�DVVLVWDQFH�HIIRUWV�

&RQFOXVLRQV

7HUUDLQ�PRGHOLQJ�RI�FRQWULEXWLQJ�DUHDV�IRU�VWRUPZDWHU�GLVFKDUJH�DSSHDUV�WR�EH
DQ�DSSOLFDWLRQ�RI�WHUUDLQ�DQDO\VLV�ZLWK�JUHDW�SURPLVH�IRU�JXLGLQJ�VLWH�VSHFLILF
ZDWHU�SROOXWLRQ�UHPHGLDWLRQ�HIIRUWV��$QDO\VLV�IRU�ODUJH�ZDWHUVKHGV�VKRXOG�QRW�EH
DSSUHFLDEO\�PRUH�GLIILFXOW�RU�WLPH�FRQVXPLQJ�WKDQ�IRU�VPDOO�RQHV��VR�WKH
SRWHQWLDO�IRU�VFDOH�HFRQRPLHV�H[LVWV��:KLOH�WKHUH�LV�JHQHUDO�DJUHHPHQW�EHWZHHQ
PDSV�SURGXFHG�E\�WHUUDLQ�PRGHOLQJ�DQG�WKRVH�SURGXFHG�E\�KXPDQ
LQWHUSUHWDWLRQ�RI�WRSRJUDSKLF�PDSV��WKH�DUHDV�RI�GLVDJUHHPHQW�DUH�HYHQ�PRUH
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LQWHUHVWLQJ��7KH�DUHDV�RI�JUHDWHVW�GLVDJUHHPHQW�WHQG�WR�EH�UHODWLYHO\�IODW��OHQGLQJ
FUHGHQFH�WR�WKH�FRQYHQWLRQDO�ZLVGRP�WKDW�IORZ�SDWK�GHWHUPLQDWLRQ�E\�DQ\
PHWKRG�FDQ�EH�HVSHFLDOO\�FKDOOHQJLQJ�LQ�DUHDV�RI�ORZ�UHOLHI���3UHOLPLQDU\
YDOLGDWLRQ�RI�PRGHO�RXWSXWV�DJDLQVW�ILHOG�REVHUYDWLRQV�RI�ZHW�VSRWV�SURYLGHG
HQFRXUDJLQJ�HYLGHQFH�RI�PRGHO�DFFXUDF\�

/LWHUDWXUH�&LWHG

$XOO��*�+���7�/��/RXGRQ�DQG�-�%��*HULVK��������5XQRII�TXDOLW\�HQKDQFHPHQW�ZLWK�D
YHJHWDWHG�EXIIHU��3DSHU�1R�����������$PHULFDQ�6RFLHW\�RI�$JULFXOWXUDO
(QJLQHHUV�

$XOO��*�+���������&URSODQG��%XIIHU��DQG�6WUHDP��$�&DVH�6WXG\�LQ�$JULFXOWXUDO
1RQSRLQW�6RXUFH�:DWHU�3ROOXWLRQ��3K�'��'LVVHUWDWLRQ��0LFKLJDQ�6WDWH
8QLYHUVLW\�

%DUOLQJ��5�'���,�'��0RRUH�DQG�5�%��*UD\VRQ��������$�TXDVL�G\QDPLF�ZHWQHVV
LQGH[�IRU�FKDUDFWHUL]LQJ�WKH�VSDWLDO�GLVWULEXWLRQV�RI�]RQHV�RI�VXUIDFH
VDWXUDWLRQ�DQG�VRLO�ZDWHU�FRQWHQW��:DWHU�5HVRXUFHV�5HVHDUFK�������������
�����

%HDVOH\��'�%��DQG�/�)��+LJJLQV��������$16:(56��8VHUV�0DQXDO��(3$���������
�����&KLFDJR��,OOLQRLV��8�6��(3$�����S�

%HWVRQ��5�3��DQG�-�%��0DULXV��������6RXUFH�DUHDV�RI�VWRUP�UXQRII��:DWHU�5HVRXUFHV
5HVHDUFK������������

%LQIRUG��0�:��DQG�0�-��%XFKHQDX��������5LSDULDQ�JUHHQZD\V�DQG�ZDWHU
UHVRXUFHV��,Q��(FRORJ\�RI�*UHHQZD\V��'�6��6PLWK�DQG�3�&��+HOOPXQG��HGV��8�
RI�0LQQHVRWD�3UHVV��0LQQHDSROLV��SS���������

%XUURXJK��3�$���������)X]]\�PDWKHPDWLFDO�PHWKRGV�IRU�VRLO�VXUYH\�DQG�ODQG
HYDOXDWLRQ���-RXUQDO�RI�6RLO�6FLHQFH��������������

&KHVWHUV��*��DQG�/�-��6FKLHURZ��������$�SULPHU�RQ�QRQSRLQW�SROOXWLRQ��-��RI�6RLO
DQG�:DWHU�&RQVHUYDWLRQ�������������

&RRSHU��-�5���-�:��*LOOLDP��5�%��'DQLHOV��DQG�:�3��5REDUJH��������5LSDULDQ�DUHDV
DV�ILOWHUV�IRU�DJULFXOWXUDO�VHGLPHQW��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO�
�����������

&RVWD�&DEUDO��0�&��DQG�6�-��%XUJHV��������'LJLWDO�HOHYDWLRQ�PRGHO�QHWZRUNV
�'(021���$�PRGHO�RI�IORZ�RYHU�KLOOVORSHV�IRU�FRPSXWDWLRQ�RI
FRQWULEXWLQJ�DQG�GLVSHUVDO�DUHDV��:DWHU�5HVRXUFHV�5HVHDUFK������������������

'LOODKD��7�$���-�+��6KHUUDUG�DQG�'RZDQ�/HH��������/RQJ�WHUP�HIIHFWLYHQHVV�RI
YHJHWDWHG�ILOWHU�VWULSV��:DWHU�(QYLURQPHQW�	�7HFKQRORJ\��1RYHPEHU�������
SS���������
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'XGD��$�0��DQG�5�-��-RKQVRQ��������&RVW�HIIHFWLYH�WDUJHWLQJ�RI�DJULFXOWXUDO
QRQSRLQW�VRXUFH�SROOXWLRQ�FRQWUROV��-��RI�6RLO�DQG�:DWHU�&RQVHUYDWLRQ�
��������������

'XQQH��7��������)LHOG�VWXGLHV�RI�KLOO�VORSH�SURFHVVHV��,Q�.LUNE\��HG���+LOOVORSH
+\GURORJ\��-RKQ�:LOH\�DQG�6RQV��1HZ�<RUN�

'XQQH��7��DQG�5�'��%ODFN��������3DUWLDO�DUHD�FRQWULEXWLRQV�WR�VWRUP�UXQRII�LQ�D
VPDOO�1HZ�(QJODQG�ZDWHUVKHG��:DWHU�5HVRXUFHV�5HVHDUFK�������������

(NOXQGK��/��DQG�9��0DUWHQVVRQ��������5DSLG�JHQHUDWLRQ�RI�GLJLWDO�HOHYDWLRQ
PRGHOV�IURP�WRSRJUDSKLF�PDSV��,QWHUQDWLRQDO�-RXUQDO�RI�*HRJUDSKLF
,QIRUPDWLRQ�6\VWHPV�����������

)RWK��+��������)XQGDPHQWDOV�RI�6RLO�6FLHQFH���WK�HGLWLRQ��-RKQ�:LOH\�DQG�6RQV�
1HZ�<RUN�

)UHH]H��5�$��DQG�-�$��&KHUU\��������*URXQGZDWHU��3UHQWLFH�+DOO��(QJOHZRRG
&OLIIV��1HZ�-HUVH\�

*UD\VRQ��5�%���,�'��0RRUH��7�$��0F0DKRQ��������3K\VLFDOO\�EDVHG�K\GURORJLF
PRGHOLQJ����,V�WKH�FRQFHSW�UHDOLVWLF"�:DWHU�5HVRXUFHV�5HVHDUFK��������������

+XQVDNHU��&�7��DQG�'�$��/HYLQH��������+LHUDUFKLFDO�DSSURDFKHV�WR�WKH�VWXG\�RI
ZDWHU�TXDOLW\�LQ�ULYHUV��%LRVFLHQFH���������������

+XWFKLQVRQ��0�)��������$�QHZ�SURFHGXUH�IRU�JULGGLQJ�HOHYDWLRQ�DQG�VWUHDPOLQH
GDWD�ZLWK�DXWRPDWLF�UHQHZDO�RI�VSXULRXV�SLWV��-��RI�+\GURORJ\��������������

-RmR��(�0��DQG�6�-��:DOVK��������*,6�LPSOLFDWLRQV�IRU�K\GURORJLF�PRGHOLQJ�
VLPXODWLRQ�RI�QRQ�SRLQW�SROOXWLRQ�JHQHUDWHG�DV�D�FRQVHTXHQFH�RI
ZDWHUVKHG�GHYHORSPHQW�VFHQDULRV��&RPSXWHUV��(QYLURQPHQW�DQG�8UEDQ
6\VWHPV�������������

/RZUDQFH�5�6���6��0F,QW\UH�DQG�&��/DQFH��������6HGLPHQW�GHSRVLWLRQ�LQ�D
ILHOG�IRUHVW�V\VWHP�HVWLPDWHG�XVLQJ�FHVVLXP�����DFWLYLW\��-��RI�6RLO�DQG
:DWHU�&RQVHUYDWLRQ����������������

0DDV��5�3��0�'��6PROHQ�DQG�6�$�'UHVVLQJ�������6HOHFWLQJ�FULWLFDO�DUHDV�IRU
QRQSRLQW�VRXUFH�SROOXWLRQ�FRQWURO��-��RI�6RLO�DQG�:DWHU�&RQVHUYDWLRQ�
������������

0DLGPHQW��'�5���������*,6�DQG�K\GURORJLFDO�PRGHOLQJ��,Q��(QYLURQPHQWDO�PRGHOLQJ
ZLWK�*,6��0�)��*RRGFKLOG��%�2��3DUNV�DQG�/�7��6WH\DHUW��(GLWRUV��1HZ
<RUN�2[IRUG�8QLYHUVLW\�3UHVV��SS����������

0RRUH��,�'���*�-��%XUFK�DQG�'�+��0DFNHQ]LH��������7RSRJUDSKLF�HIIHFWV�RQ�WKH
GLVWULEXWLRQ�RI�VXUIDFH�VRLO�ZDWHU�DQG�WKH�ORFDWLRQ�RI�HSKHPHUDO�JXOOLHV�
7UDQVDFWLRQV�RI�WKH�$6$(������������������
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0RRUH��,�'��DQG�*�-��%XUFK��������6HGLPHQW�WUDQVSRUW�FDSDFLW\�RI�VKHHW�DQG�ULOO
IORZ��DSSOLFDWLRQ�RI�XQLW�VWUHDP�SRZHU�WKHRU\��:DWHU�5HVRXUFHV�5HVHDUFK
�������������

1DWLRQDO�5HVHVDUFK�&RXQFLO��������6RLO�DQG�:DWHU�4XDOLW\��$Q�$JHQGD�IRU
$JULFXOWXUH��1DWLRQDO�$FDGHP\�3UHVV��:DVKLQJWRQ�'�&��

1RYRWQ\��9��DQG�*��&KHVWHUV��������'HOLYHU\�RI�VHGLPHQW�DQG�SROOXWDQWV�IURP
QRQSRLQW�VRXUFHV��$�ZDWHU�TXDOLW\�SHUVSHFWLYH��-��RI�6RLO�DQG�:DWHU
&RQVHUYDWLRQ����������������

1RYRWQ\��9��DQG�+��2OHP��������:DWHU�4XDOLW\��SUHYHQWLRQ��LGHQWLILFDWLRQ�DQG
PDQDJHPHQW�RI�GLIIXVH�SROOXWLRQ��9DQ�1RVWUDQG�5HLQKROG��1HZ�<RUN�

2VERUQH��/�/��DQG�'�$��.RYDFLF��������5LSDULDQ�YHJHWDWHG�EXIIHU�VWULSV�LQ�ZDWHU�
TXDOLW\�UHVWRUDWLRQ�DQG�VWUHDP�PDQDJHPHQW��)UHVKZDWHU�%LRORJ\���������
����

3KLOOLSV��-�'���������$Q�HYDOXDWLRQ�RI�WKH�IDFWRUV�GHWHUPLQLQJ�WKH�HIIHFWLYHQHVV�RI
ZDWHU�TXDOLW\�EXIIHU�]RQHV��-��RI�+\GURORJ\��������������

5DZOV��:�-���'�/��%UDNHQVLHN��.�(��6D[WRQ��������(VWLPDWLRQ�RI�VRLO�ZDWHU
SURSHUWLHV��7UDQV��RI�WKH�$6$(��������������������

5LWFKLH�-�&��	�-�5��0F+HQU\��������$SSOLFDWLRQ�RI�UDGLRDFWLYH�IDOORXW�FHVVLXPB���
IRU�PHDVXULQJ�VRLO�HURVLRQ�DQG�VHGLPHQW�DFFXPPXODWLRQ�UDWHV�DQG
SDWWHUQV��$�UHYLHZ��-��RI�(QYLURQPHQWDO�4XDOLW\�������������

6&6��&(6��$6&6��������6\FDPRUH�&UHHN�:DWHUVKHG�:DWHU�4XDOLW\�3ODQ��,QJKDP
&RXQW\��8QSXEOLVKHG�UHSRUW�SUHSDUHG�E\�6RLO�&RQVHUYDWLRQ�6HUYLFH�
&RRSHUDWLYH�([WHQVLRQ�6HUYLFH��$JULFXOWXUDO�6WDELOL]DWLRQ�DQG
&RQVHUYDWLRQ�6HUYLFH�����S��""

6XSSQLFN��-�'��������$�QRQSRLQW�VRXUFH�SROOXWLRQ�ORDG�DOORFDWLRQ�IRU�6\FDPRUH
&UHHN�LQ�,QJKDP�&RXQW\��0FKLJDQ��,Q��3URFHHGLQJV�RI�WKH�6XUIDFH�:DWHU
4XDOLW\�DQG�(FRORJ\�6\PSRVLXP��:DWHU�(QYLURQPHQW�)HGHUDWLRQ��1HZ
2UOHDQV��/$��6HSW��������������

:DOOLQJ��'�(���������7KH�VHGLPHQW�GHOLYHU\�SUREOHP��-��RI�+\GURORJ\�������������

:LONLQ��'�&��DQG�6�-��+HEHO��������(URVLRQ��UHGHSRVLWLRQ��DQG�GHOLYHU\�RI�VHGLPHQW
WR�PLGZHVWHUQ�VWUHDPV��:DWHU�5HVRXUFHV�5HVHDUFK������������������

;LDQJ��:�1��������$SSOLFDWLRQ�RI�D�*,6�EDVHG�VWUHDP�EXIIHU�JHQHUDWLRQ�PRGHO�WR
HQYLURQPHQWDO�SROLF\�HYDOXDWLRQ��(QYLURQPHQWDO�0DQDJHPHQW���������������

<RXQJ��5�$���&�$��2DVWDG��'�'��%RVFK�DQG�:�3��$QGHUVRQ��������$*136��$�QRQ�
SRLQW�VRXUFH�SROOXWLRQ�PRGHO�IRU�HYDOXDWLQJ�DJULFXOWXUDO�ZDWHUVKHGV��-��RI
6RLO�DQG�:DWHU�&RQVHUYDWLRQ������������
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$FNQRZOHGJPHQWV

)XQGLQJ�IRU�WKLV�UHVHDUFK�ZDV�SURYLGHG�E\�WKH�0LFKLJDQ�6WDWH�8QLYHUVLW\�2IILFH
RI�2XWUHDFK�WKURXJK�D�FRPSHWLWLYH�6WDWHZLGH�,VVXHV�5HVSRQVH�*UDQW��7KH�DXWKRUV
DFNQRZOHGJH�QRW�RQO\�WKH�IXQGLQJ�EXW�DOVR�WKH�JXLGDQFH�SURYLGHG�E\�WKH
6WDWHZLGH�,VVXHV�5HVSRQVH�7HDP�ZKLFK�VHUYHG�LQ�DQ�DGYLVRU\�UROH�RQ�WKLV�SURMHFW�

7KH�PDS�LQWHUSUHWDWLRQ�HIIRUWV�RI�0LFKLJDQ�'HSDUWPHQW�RI�(QYLURQPHQWDO
4XDOLW\�K\GURORJLVWV�-HUU\�)XOFKHU�DQG�5LFN�3RSS�RQ�ZKLFK�SDUW�RI�WKH�PRGHO
YDOLGDWLRQ�LV�EDVHG�DUH�JUHDWO\�DSSUHFLDWHG��7KH�DXWKRUV�JUDWHIXOO\�DFNQRZOHGJH
FRQWULEXWLRQV�RI�GDWD��DGYLFH�DQG�RU�WHFKQLFDO�DVVLVWDQFH�E\�0LFKLJDQ�6WDWH
8QLYHUVLW\·V�,QVWLWXWH�IRU�:DWHU�5HVHDUFK�DQG�&HQWHU�IRU�5HPRWH�6HQVLQJ��WKH
0LFKLJDQ�'HSDUWPHQW�RI�(QYLURQPHQWDO�4XDOLW\��-RKQ�*DOODQW��-RKQ�:LOVRQ�DQG
'HPHWULRV�*DW]LROLV�

)LJXUHV

)LJXUH��� �D��,QYHVWLJDWLRQ�RI�WKH�ZKROH�ZDWHUVKHG�DW�D�UHVROXWLRQ�VXLWDEOH�IRU
PRGHOLQJ�\LHOGV�OLWWOH�LQIRUPDWLRQ�GHSWK���E��UH�GHSOR\PHQW�RI�WKH�VDPH
LQYHVWLJDWLYH�HIIRUW��ZLWKLQ�WKH�K\GURORJLFDOO\�DFWLYH�ULSDULDQ�]RQH
HQDEOHV�WKH�FROOHFWLRQ�RI�D�ULFKHU�DWWULEXWH�GDWD�VHW�IRU�VXSSRUWLQJ
PRGHOLQJ�DQG�SODQQLQJ�

)LJXUH��� 7KH�%DUQDUG�'UDLQ�VXE�ZDWHUVKHG���D��'UDLQDEOH�VRLO�SRURVLW\���E�
6DWXUDWHG�K\GUDXOLF�FRQGXFWLYLW\���F��7RSRJUDSK\�����IRRW�FRQWRXU
LQWHUYDO���K\GURJUDSK\�DQG�KLJKZD\

)LJXUH���� ,QGH[�PDSV�RI�VWUHDP�SRZHU�DQG�ZHWQHVV�EDVHG�RQ�VWDWLF�DQG
G\QDPLF�XQLIRUP�VRLOV�PRGHOV��0DSV�ZHUH�JHQHUDWHG�XVLQJ�D�OLQHDU
JUD\�VWUHWFK�VXFK�WKDW�OLJKWHU�VKDGHV�FRUUHVSRQG�WR�KLJK�LQGH[�YDOXHV�

)LJXUH���� +LVWRJUDPV�RI�XSVORSH�FRQWULEXWLQJ�DUHD�FDOFXODWHG�ZLWK��D��VWDWLF
'(021��$��DQG��E��G\QDPLF��XQLIRUP�VRLOV��$H��PRGHOV�IRU�%DUQDUG
'UDLQ��1RWH�WKH�ORJ�VFDOHV�RQ�WKH�[�D[HV�

)LJXUH���� �D��6ORSH��YLD�ILQLWH�GLIIHUHQFH�PHWKRG��DV�FRPSXWHG�E\�7$3(6*
DQG��E��$H��'\QDPLF��XQLIRUP�VRLOV��IRU�%DUQDUG�'UDLQ�

)LJXUH���� �D��6WDWLF�ZHWQHVV�LQGH[�FRPSXWHG�ZLWK�'(021�IORZ�URXWLQJ
DOJRULWKP���E��'\QDPLF�ZHWQHVV�FRPSXWHG�XVLQJ�YDULDEOH�VRLOV�DQG�D���
KRXU�GUDLQDJH�WLPH��%RWK�PDSV�JHQHUDWHG�XVLQJ�OLQHDU�JUD\�VWUHWFK�
ZLWK�OLJKWHU�VKDGHV�UHSUHVHQWLQJ�KLJKHU�LQGH[�YDOXHV�

)LJXUH��� &RVW�GLVWDQFH�YDOXHV�JHQHUDWHG�XVLQJ�G\QDPLF�ZHWQHVV�DQG�YDULDEOH�VRLO
SDUDPHWHUV�IRU�D�SRUWLRQ�RI�%DUQDUG�'UDLQ�GLVSOD\HG�XVLQJ�D�OLQHDU�JUD\
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VWUHWFK�ZLWK�WKH�VWUHDP�RYHUODLG��'DUNHU�VKDGHV�FRUUHVSRQG�WR�WKH
ORZHVW�FRVW�GLVWDQFH�YDOXHV��L�H���FHOOV�WKDW�DUH�FORVH�WR�WKH�VWUHDP�DQG
KDYH�UHODWLYHO\�KLJK�ZHWQHVV�DQG�RU�VWUHDP�SRZHU��

)LJXUH��� &RVW�GLVWDQFH�EXIIHUV�DW�WKH����LOH�WKUHVKROG�ZLWK�LQWHUSUHWHG�IORZ
SDWKV��GRWWHG�OLQHV��RYHUODLG�IRU�WKH��D��VWDWLF��'����E��VWDWLF��'(021���F�
G\QDPLF��XQLIRUP�VRLOV��DQG��G��G\QDPLF��YDULDEOH�VRLOV�PRGHOV�

)LJXUH���� &RVW�GLVWDQFH�EXIIHUV�IRU����EODFN�������EODFN���GDUN�JUD\���DQG���
�EODFN���GDUN�JUD\���OLJKW�JUD\��SHUFHQWLOH�WKUHVKROGV�JHQHUDWHG�IURP
WKH�G\QDPLF��YDULDEOH�VRLOV�PRGHO�

)LJXUH���� ,QWHUSUHWHG�IORZ�SDWKV��JUHHQ��DQG����IRRW�FRQWRXUV��\HOORZ�
RYHUODLG�RQ�ZHWQHVV�LQGH[�PDSV��OLQHDU�JUD\�VWUHWFK��IRU�D�SRUWLRQ�RI
%DUQDUG�'UDLQ�SURGXFHG�E\��D��VWDWLF��'����E��VWDWLF��'(021���F�
G\QDPLF��XQLIRUP�VRLOV��DQG��G��G\QDPLF��YDULDEOH�VRLOV�PRGHOV�

)LJXUH���� 3RWHQWLDO�IORZ�SDWKV��VWUDQGV�RI�KLJK�ZHWQHVV��WKDW��D��GLVSHUVH�GXH
WR�IODW�WRSRJUDSK\�DQG��E��GLYHUJH�IURP�IORZ�SDWKV�PDQXDOO\�GHOLQHDWHG
E\�ZDWHUVKHG�H[SHUWV�

)LJXUH���� /DQG�XVH�ZLWKLQ�WKH�LQYHVWLJDWLYH�EXIIHU�DW�WKH�ILYH�SHUFHQWLOH
WKUHVKROG�SURGXFHG�E\�WKH�G\QDPLF��YDULDEOH�VRLOV�PRGHO�
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Drainable Porosity Saturated Hydraulic Conductivity Topography

Drainable Porosity
0 - 0.1
0.1 - 0.2
0.2 - 0.3
0.3 - 0.4
0.4 - 0.5

Barnard Drain
Saturated Hydraulic Conductivity

0 - 1.3
1.3
1.3 - 3.2
3.2 - 4
4 - 13

Barnard Drain

Barnard_v
Barnard Drain
Ten foot contours
U.S. Highway 127

Figure 2.
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Stream Power Wetness Index

Static D8 Dynamic, Uniform Soils Static D8 Dynamic, Uniform Soils

Figure 3.
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Slope Upslope Contributing Area

Figure 5.
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Static DEMON Dynamic, Variable Soils

Figure 6.
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Dynamic, Variable Soils -- Cost Distance

Figure 7.
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(a) (d)(c)(b)

Figure 8.
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Figure 9.
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(a) (b)

(c) (d)

Figure 10.
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a)

b)

Figure 11
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Landuse_v8

Residential
Commercial/Industrial
Crops
Feedlot/pasture
Wetland
Forest
Water
Other

Figure 12.
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