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�3UDMDNWD�$UYLQG�7RWNDU���3URI��-D\VKUHH�6XU\DZDQVKL

�6WXGHQW���3URIHVVRU
���'HSDUWPHQW�RI�$UWLILFLDO�,QWHOOLJHQFH�DQG�'DWD�6FLHQFH�(QJLQHHULQJ

���$MHHQN\D�'<�3DWLO�6FKRRO�RI�(QJLQHHULQJ��3XQH��,QGLD
�WRWNDUSUDMDNWD��#JPDLO�FRP���MD\DVKUHH\RJ#JPDLO�FRP

$EVWUDFW

&OHDQ�GULQNLQJ�ZDWHU�LV�IXQGDPHQWDO�IRU�WKH�ZHOIDUH�RI�KXPDQNLQG��DQG�DOWKRXJK�PDQ\�HIIRUWV�DUH�EHLQJ�
PDGH�LQ�WKH�GLUHFWLRQ�RI�DXWRPDWHG�ZDWHU�TXDOLW\�PRQLWRULQJ��WKH�SURFHVV�RI�VDPSOLQJ�VHQVRUV�PDQXDOO\�DQG�
VHQGLQJ�WKHP�WR�D�ODE�ZKHUH�WKHLU�FRQWHQW�XQGHUJRHV�FKHPLFDO�DQDO\VLV�LV�VWLOO�SUHGRPLQDQWO\�DSHULRGLF�>�@��
>�@��WKXV�UHVXOWLQJ�LQ�FRQWDPLQDWLRQ�RI�WKH�ZDWHU�EHLQJ�GLVFRYHUHG�WRR�ODWH��5HFHQW�UHVHDUFK�KDV�FRQILUPHG�
WKDW�LQH[SHQVLYH�,R7�GHYLFHV�FDQ�FRQYH\�UHDO�WLPH�GDWD�FRQFHUQLQJ�WKH�ZDWHU
V�S+��WXUELGLW\��WRWDO�GLVVROYHG�
VROLGV��7'6���DQG�WHPSHUDWXUH�WR�WKH�FORXG�>�@��ZKHUHDV�0/�KDV�SURYHQ�FDSDEOH�RI�FODVVLI\LQJ�ZDWHU�TXDOLW\�
DV�HLWKHU�JRRG�RU�EDG��FDOFXODWLQJ�WKH�:DWHU�4XDOLW\�,QGH[��:4,���DQG�GHWHFWLQJ�DQRPDOLHV�>�@��>�@��:H�
FRQGXFWHG�D�UHYLHZ�RI�WKH�OLWHUDWXUH�FRQVLVWLQJ�RI�HLJKW�UHOHYDQW�VWXGLHV�DQG�IRXQG�RXW�WKDW�WKHUH�DUH�WKUHH�
UHFXUULQJ� WUHQGV�� WKH�PDMRULW\�RI�,R7�V\VWHPV� ODFN�D�SUHGLFWLRQ�IHDWXUH� >�@�� >�@��PRVW�0/�VWXGLHV�XWLOL]H�
WUDLQLQJ�GDWD�IRU�WKHLU�DOJRULWKPV�>�@��DQG�D�FRQVLVWHQW�,QWHUQHW�FRQQHFWLRQ�LV�UHTXLUHG�IRU�PRVW�V\VWHPV�>�@��
>�@��:H�SURSRVH�D� OD\HUHG�V\VWHP�FRQVLVWLQJ�RI�6HQVLQJ�/D\HU��(GJH�DQG�&RPPXQLFDWLRQ�/D\HU��&ORXG�
/D\HU�� ,QWHOOLJHQFH� /D\HU�� DQG�$SSOLFDWLRQ� DQG�$OHUW� /D\HU� XVLQJ� (63��� PLFURFRQWUROOHU� DV� WKH� PDLQ�
HOHPHQW�� ZLWK� WKH� PHWKRGRORJ\� IRU� GDWD� SUHSURFHVVLQJ�� :4,� FDOFXODWLRQ�� 0/� FODVVLILFDWLRQ�� DQRPDO\�
GHWHFWLRQ��DQG�DOHUW�GHOLYHU\�EHLQJ�GHVFULEHG�LQ�GHWDLO��LQFOXGLQJ�D�UHSUHVHQWDWLYH�H[DPSOH�VFHQDULR��6LQFH�
WKH�UHVHDUFK�LV�FXUUHQWO\�DW�WKH�FRQFHSWXDO�VWDJH��QR�LPSOHPHQWDWLRQ�RU�SHUIRUPDQFH�HYDOXDWLRQ�LV�FDUULHG�
RXW��DQG�DQ�HYDOXDWLRQ�DSSURDFK�LV�SURYLGHG�IRU�IXUWKHU�UHVHDUFK�

.H\ZRUGV� ��$QRPDO\�'HWHFWLRQ��$UWLILFLDO� ,QWHOOLJHQFH��&ORXG�&RPSXWLQJ�� (63���� ,QWHUQHW� RI�7KLQJV��
0DFKLQH�/HDUQLQJ��5HDO�7LPH�0RQLWRULQJ��6PDUW�6HQVRUV��:DWHU�4XDOLW\�,QGH[��:DWHU�4XDOLW\�0RQLWRULQJ

,��,1752'8&7,21

$FFHVV�WR�DQG�WKH�TXDOLW\�RI�VDIH�ZDWHU�FRXOG�GUDVWLFDOO\�YDU\��$Q�LQFLGHQW�RI�SROOXWLRQ�LQ�D�YLOODJH�ZHOO��D�
VFKRRO� WDQN��RU�HYHQ�WKH�ZDWHU�FKDLQ�LQ� WKH�KRVSLWDO�FRXOG�TXLFNO\�DIIHFW�KXQGUHGV�RI�LQGLYLGXDOV�ZLWKLQ�
KRXUV�>�@��>�@��&RQYHQWLRQDO�WHVWV�DUH�SHULRGLFDOO\�FRQGXFWHG�E\�KXPDQ�EHLQJV��7KHUHIRUH��WKHUH�H[LVWV�DQ�
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HQRUPRXV�JDS�RI�EOLQG�SHULRG�GXULQJ�ZKLFK�WKHUH�ZRXOG�EH�QR�LQIRUPDWLRQ�DERXW�WKH�TXDOLW\�RI�WKH�ZDWHU�
IORZLQJ�WKURXJK�WKH�WDS�>�@��>�@�

'HYHORSPHQW�RI�WKH�,R7�SDUDGLJP�KDV�EURXJKW�DERXW�LQFUHGLEOH�LQQRYDWLRQV�LQ�WKH�VSKHUH�RI�HQYLURQPHQW�
PRQLWRULQJ��,QH[SHQVLYH�PLFURFRQWUROOHUV�VXFK�DV� WKH�(63���RU�1RGH0&8�FRXOG�EH�HTXLSSHG�ZLWK�S+��
WXUELGLW\��7'6��DQG�WHPSHUDWXUH�VHQVRUV�DQG�VHQW�GDWD�WR�WKH�FORXG�VHUYHU�HYHU\�IHZ�VHFRQGV�>�@��>�@��6XFK�
DSSURDFK�ZRXOG� JLYH� LQVLJKWV� UHJDUGLQJ� WKH� FXUUHQW� VWDWH� RI� WKH�PRQLWRUHG� WKDW� LV� LPSRVVLEOH� WR� REWDLQ�
WKURXJK�FRQYHQWLRQDO�ODE�WHVWV�

<HW�VRPHWLPHV��XQSURFHVVHG�UDZ�GDWD�LV�QRW�YHU\�KHOSIXO��DQG�IXUWKHU�DQDO\VLV�LV�UHTXLUHG�LQ�RUGHU�WR�GHWHFW�
XVHIXO�SDWWHUQV��7KH�DOJRULWKPV� OLNH�5DQGRP�)RUHVW��690��;*%RRVW�� DQG�/670�FDQ�EH� WUDLQHG�RQ� WKH�
VHQVRU� GDWD� WR� FODVVLI\� D� JLYHQ� ZDWHU� VDPSOH� DV� GULQNDEOH� RU� QRW� GULQNDEOH�� HVWLPDWH� LWV�:4,�� GHWHFW�
DQRPDOLHV��DQG�SHUIRUP�RWKHU�WDVNV�>�@��>�@��>�@��$OVR��LW�KDV�EHHQ�SURYHG�WKDW�WKH�DIRUHPHQWLRQHG�DOJRULWKPV�
FDQ�VXFFHVVIXOO\�PDNH�SUHGLFWLRQV�DERXW�WKH�ZDWHU�TXDOLW\�SDUDPHWHUV�EDVHG�RQ�WKH�KLVWRULFDO�GDWD�>�@��XVHG�
0/�IRU�SUHGLFWLQJ�PLFURELDO�FRQWDPLQDWLRQ�RI�ZDWHU��ZKLFK�FDQQRW�EH�GHWHFWHG�ZLWK�D�QDNHG�H\H�>�@�

1RQH�RI�WKH�WHFKQLTXHV�LV�HQRXJK�RQ�WKHLU�RZQ��0RQLWRULQJ�RQO\�VROXWLRQV�DFFXPXODWH�WKH�GDWD�ZLWKRXW�DQ\�
LQWHOOLJHQW�DOHUWLQJ�>�@��>�@��VWXGLHV�RI�0/�RIWHQ�XVH�KLVWRULFDO�GDWDVHWV�LQVWHDG�RI�OLYH�VHQVRU�VWUHDPV�>�@��
PRVW�LQWHJUDWHG�VROXWLRQV�UHTXLUH�D�FRQVWDQW�LQWHUQHW�FRQQHFWLRQ�>�@��>�@��,W�OHDGV�WR�D�PXOWL�OD\HUHG�DSSURDFK��
ZKHUH�VHQVLQJ��HGJH�FRPSXWDWLRQ��FORXG�VWRUDJH��DQG�0/�DUH�FRPELQHG�ZLWK�ORFDO�IDOOEDFN�ZKHQ�WKH�LQWHUQHW�
FRQQHFWLRQ�LV�SRRU��6XFK�DQ�DSSURDFK�LV�SURSRVHG�LQ�WKLV�SDSHU��ZKLFK LV�EDVHG�RQ�WKH�OLWHUDWXUH�UHYLHZ�>�@±
>�@�

7KH�FRQWULEXWLRQV�RI�WKH�SUHVHQW�SDSHU�LQFOXGH���L��V\VWHPDWLF�OLWHUDWXUH�UHYLHZ�RI�HLJKW�SDSHUV�UHODWHG�WR�,R7�
DQG�0/�HQDEOHG�:40���LL��OD\HUHG�DUFKLWHFWXUH�RI�$,�HQDEOHG�VPDUW�:40�V\VWHP���LLL��PHWKRGRORJ\�IRU�
:4,� FRPSXWDWLRQ�� 0/�EDVHG� FODVVLILFDWLRQ�� DQG� DQRPDO\� GHWHFWLRQ�� DQG� �LY�� H[DPSOH� VFHQDULR� DQG�
HYDOXDWLRQ�VWUDWHJ\��QRW�LQFOXGLQJ�DQ\�LPSOHPHQWDWLRQ�GHWDLOV�RU�PHDVXUHPHQW�UHVXOWV�IRU�QRZ�

7KH�UHVW�RI�WKH�SDSHU�LV�RUJDQL]HG�DV�IROORZV��5HODWHG�ZRUN�LV�GLVFXVVHG�LQ�6HFWLRQ�,,��7KH�SUREOHP�DQG�
REMHFWLYHV�DUH�VWDWHG�LQ�6HFWLRQ�,,,��7KH�SURSRVHG�DUFKLWHFWXUH�LV�GHVFULEHG�LQ�6HFWLRQ�,9��7KH�PHWKRGRORJ\�
LV�JLYHQ�LQ�6HFWLRQ�9��$Q�H[DPSOH�VFHQDULR�LV�SURYLGHG�LQ�6HFWLRQ�9,��7KH�H[SHFWHG�RXWFRPHV�DUH�GLVFXVVHG�
LQ�6HFWLRQ�9,,�DQG�FRPSDUHG�ZLWK�RWKHU�DSSURDFKHV�LQ�6HFWLRQ�9,,,��&KDOOHQJHV�DQG�UHOLDELOLW\�LVVXHV�DUH�
DGGUHVVHG�LQ�6HFWLRQ�,;��(YDOXDWLRQ�DSSURDFK�DQG�IXWXUH�ZRUN�DUH�RXWOLQHG�LQ�6HFWLRQ�;��&RQFOXVLRQ�LV�
JLYHQ�LQ�6HFWLRQ�;,�

,,��5(/$7('�:25.

$�� ,R7�%DVHG�:DWHU�4XDOLW\�0RQLWRULQJ�6\VWHP�� ,Q� WKH� ILUVW� DWWHPSW� DW� ,R7�� WKH� VHQVLQJ� DQG� UHPRWH�
YLHZLQJ�ZHUH�FDUULHG�RXW��ZKHUH�WKH�PLFURFRQWUROOHUV�ZHUH�HPSOR\HG��DQG�WKH�FORXG�GDVKERDUGV�WRRN�WKH�
SODFH�RI�WKH�PDQXDO�VDPSOLQJ�WULS��)RU�SRQG�PDQDJHPHQW�SXUSRVHV��.XPDU�HW�DO��HPSOR\HG�DQ�(63���WR�
LQWHJUDWH�S+��7'6��DQG�WXUELGLW\�VHQVRUV�LQWR�DQ�,R7�FORXG��DQG�UHDO�WLPH�PRQLWRULQJ�ZDV�SHUIRUPHG��DORQJ�
ZLWK� KLJKO\� DFFXUDWH� UHVXOWV� DQG� UHPRWH� DFFHVV� >�@�� %KDUGZDM� DQG� .XPDU� HPSOR\HG� (63��� VHQVRUV�
LQWHJUDWHG�ZLWK�FORXG�SODWIRUP�IRU�UHOLDEOH�UHPRWH�PRQLWRULQJ�>�@��DQG�3DWHO�DQG�6KDK�HPSOR\HG�1RGH0&8�
DQG�FORXG�FRPSXWLQJ�IRU�UHPRWH�PRQLWRULQJ�DQG�LQVWDQW�QRWLILFDWLRQV�WR�WKH�XVHUV�>�@��:KLOH�DOO�WKH�DERYH�
V\VWHPV�GHPRQVWUDWH�WKH�XVH�RI�ORZ�FRVW�KDUGZDUH�IRU�VHQVLQJ�WDVNV�FRQWLQXRXVO\��WKH\�GR�QRW�HPSOR\�DQ\�
IRUP�RI�SUHGLFWLYH�DQDO\WLFV�RU�ZDWHU�TXDOLW\�FODVVLILFDWLRQ�XVLQJ�PDFKLQH�OHDUQLQJ�>�@��>�@��>�@�
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%��0DFKLQH�/HDUQLQJ�$SSURDFK�IRU�:DWHU�4XDOLW\�$VVHVVPHQW��=KDQJ�HW�DO��WHVWHG�WKH�SHUIRUPDQFH�RI�
5DQGRP�)RUHVW��$UWLILFLDO�1HXUDO�1HWZRUN��DQG�690�RQ�GHWHFWLQJ�ZDWHU�SROOXWLRQ��DQG�UHSRUWHG�LPSURYHG�
DFFXUDF\�RI�GHWHFWLRQ�>�@��+RZHYHU��LQ�WKH�SUHVHQW�VWXG\��WKH�DXWKRUV�KDYH�HPSOR\HG�KLVWRULFDO�GDWDVHWV��QRW�
GDWD�IURP�OLYH�,R7�VHQVRUV�>�@�

&�� ,R7� DQG� 0DFKLQH� /HDUQLQJ� 6\VWHPV� ,QWHJUDWHG� 7RJHWKHU�� 7KH� ODWHVW� UHVHDUFK� LQFOXGHV� ERWK��
.XVKZDKD�DQG�3DQGH\�XVHG�(63����7KLQJ6SHDN��DQG�HPSOR\HG�VXFK�PRGHOV�DV�5DQGRP�)RUHVW��690��
;*%RRVW��DQG�/670�IRU�SUHGLFWLQJ�ZDWHU�TXDOLW\��DQRPDOLHV�GHWHFWLRQ�DQG�FDOFXODWLRQ�RI�:4,��KRZHYHU��
WKHUH�LV�VWLOO�WKH�QHHG�IRU�D�ELJ�GDWDVHW�DQG�SHULRGLF�VHQVRUV�FDOLEUDWLRQ�>�@��:LU\DVDSXWUD�HW�DO��FRPELQHG�
$UGXLQR��1%�,R7�DQG�FORXG�FRPSXWLQJ�ZLWK�'HFLVLRQ�7UHH��5DQGRP�)RUHVW��DQG�690�PRGHOV�DQG�IRXQG�
RXW�WKDW�'HFLVLRQ�7UHH�PRGHO�JLYHV�KLJK�DFFXUDF\�IRU�WKH�SUHGLFWLRQ�RI�SRWDEOH�ZDWHU��EXW�WKH�V\VWHP�UHTXLUHV�
1%�,R7�DQG�VWDEOH�FORXG�FRQQHFWLYLW\�>�@��&KDNUDQDUDQ\DQ�DQG�6KDLNK�LQWHJUDWHG�,R7�VHQVRUV��$,��0/�DQG�
FORXG�FRPSXWLQJ� IRU� FRQWDPLQDWLRQ�GHWHFWLRQ�� WUHQG�SUHGLFWLRQ� DQG�DXWRPDWLF� DOHUWV�� KRZHYHU�� WKHUH� DUH�
LQWHUQHW�GHSHQGHQFH��F\EHUVHFXULW\��DQG�PDLQWHQDQFH�SUREOHPV�OHIW�XQUHVROYHG�>�@�

'��0LFURELDO�&RQWDPLQDWLRQ�3UHGLFWLRQ��6LQJK�DQG�:DOLQJR�XVHG�ZLUHOHVV� VHQVRU�QHWZRUNV� DQG� VXFK�
PRGHOV� DV�5DQGRP�)RUHVW��$GD%RRVW�� DQG�690�IRU�PLFURELDO� FRQWDPLQDWLRQ�SUHGLFWLRQ� >�@��7KLV� VWXG\�
SURYHV�WKDW�WKH�XVH�RI�$,�KHOSV�WR�GHWHFW�WKUHDWV�ZKLFK�FDQQRW�EH�GHWHFWHG�E\�SK\VLFDO�VHQVRUV��KRZHYHU��LW�
IRFXVHV�RQO\�RQ�PLFURELDO�SUHGLFWLRQ�>�@�

(��*DSV�LQ�5HVHDUFK�,GHQWLILHG��7DEOH�,�RXWOLQHV�WKH�UHVHDUFK�PHWKRGRORJ\��FRQWULEXWLRQV��DQG�UHPDLQLQJ�
JDSV� IRU� DOO� WKH� UHYLHZHG� DUWLFOHV�� 7KHUH� DUH� ILYH� FRPPRQ� JDSV� IRXQG� LQ� WKH� OLWHUDWXUH� UHYLHZHG�� ����
QXPHURXV�GHSOR\PHQWV�HQG�ZLWK�PHUH�PRQLWRULQJ�ZLWK�QR�SUHGLFWLYH�PRGXOH�>�@��>�@������PDQ\�,QWHUQHW�RI�
7KLQJV�DSSOLFDWLRQV�IRU�ZDWHU�TXDOLW\�GR QRW�XWLOL]H�0/�WR�DXWRPDWLFDOO\�FODVVLI\�ZDWHU�TXDOLW\�>�@������WKHUH�
LV�OLWWOH�FDSDFLW\�IRU�DXWRPDWLF�DOHUWLQJ�ZKHQ�WKH�ZDWHU�EHFRPHV�FRQWDPLQDWHG�>�@������VRPH�DUWLFOHV�XVH�YHU\�
VPDOO�GDWDVHWV��KLVWRULFDO�RU�VLPXODWHG�GDWDVHWV��ZKLFK�PDNHV�WKHP�OHVV�DSSOLFDEOH�LQ�UHDO�OLIH�VLWXDWLRQV�>�@��
>�@��DQG�����PRVW�V\VWHPV�DVVXPH�D�ZRUNLQJ�LQWHUQHW�FRQQHFWLRQ��ZKLFK�LV�TXLWH�UDUH�LQ�WKH�UXUDO�DUHDV�ZKHUH�
LW�LV�HVSHFLDOO\�QHHGHG�>�@��>�@��$QRWKHU�FRPPRQ�JDS�LV�VHQVRU�GULIW�DQG�SHULRGLF�FDOLEUDWLRQ�>�@��>�@��>�@�
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,R7�VHQVRUV�ZLWK�$,��
PDFKLQH�OHDUQLQJ��DQG�
FORXG�FRPSXWLQJ

'HWHFWV�FRQWDPLQDWLRQ��
SUHGLFWV�WUHQGV��DQG�
SURYLGHV�DXWRPDWLF�DOHUWV

,QWHUQHW�GHSHQGHQF\��
F\EHUVHFXULW\�
FRQFHUQV��DQG�
PDLQWHQDQFH�LVVXHV

>�@
.XVKZDKD�	�
3DQGH\�������

(63���ZLWK�
7KLQJ6SHDN��5DQGRP�
)RUHVW��690��
;*%RRVW��/670

3UHGLFWV�ZDWHU�TXDOLW\��
GHWHFWV�DQRPDOLHV��DQG�
FDOFXODWHV�WKH�:DWHU�
4XDOLW\�,QGH[��:4,�

5HTXLUHV�ODUJH�GDWDVHWV�
DQG�SHULRGLF�VHQVRU�
FDOLEUDWLRQ

>�@
.XPDU�HW�DO��
������

(63���ZLWK�S+��7'6��
DQG�WXUELGLW\�VHQVRUV�
FRQQHFWHG�WR�DQ�,R7�
FORXG

5HDO�WLPH�PRQLWRULQJ�RI�
SRQG�ZDWHU�ZLWK�KLJK�
DFFXUDF\�DQG�UHPRWH�DFFHVV

)RFXVHV�RQ�
PRQLWRULQJ��QR�
PDFKLQH�OHDUQLQJ�
SUHGLFWLRQ�OD\HU

>�@
:LU\DVDSXWUD�HW�
DO��������

$UGXLQR�ZLWK�1%�,R7�
DQG�FORXG�FRPSXWLQJ��
'HFLVLRQ�7UHH��5DQGRP�
)RUHVW��690

'HFLVLRQ�7UHH�DFKLHYHG�
KLJK�DFFXUDF\�IRU�SRWDEOH�
ZDWHU�SUHGLFWLRQ�ZLWK�FORXG�
PRQLWRULQJ

'HSHQGV�RQ�1%�,R7�
LQIUDVWUXFWXUH�DQG�
VWDEOH�FORXG�
FRQQHFWLYLW\

>�@
6LQJK�	�
:DOLQJR�������

:LUHOHVV�VHQVRU�
QHWZRUNV�ZLWK�5DQGRP�
)RUHVW��$GD%RRVW��
690

3UHGLFWV�PLFURELDO�
FRQWDPLQDWLRQ�XVLQJ�$,�
WHFKQLTXHV

)RFXVHV�RQ�PLFURELDO
SUHGLFWLRQ�UDWKHU�WKDQ�
RYHUDOO�ZDWHU�TXDOLW\

>�@
%KDUGZDM�	�
.XPDU�������

,R7�VHQVRUV�ZLWK�
(63���DQG�D�FORXG�
SODWIRUP

(QDEOHV�UHOLDEOH�UHPRWH�
ZDWHU�TXDOLW\�PRQLWRULQJ

1R�SUHGLFWLYH�DQDO\WLFV�
RU�$,�LQWHJUDWLRQ

>�@
=KDQJ�HW�DO��
������

5DQGRP�)RUHVW��
$UWLILFLDO�1HXUDO�
1HWZRUNV��690

0DFKLQH�OHDUQLQJ�
LPSURYHG�SROOXWLRQ�
GHWHFWLRQ�DFFXUDF\

8VHV�KLVWRULFDO�GDWDVHWV�
UDWKHU�WKDQ�UHDO�WLPH�
,R7�VHQVRU�GDWD

>�@
3DWHO�	�6KDK�
������

1RGH0&8�ZLWK�,R7�
VHQVRUV�DQG�FORXG�
FRPSXWLQJ

5HPRWH�PRQLWRULQJ�DQG�
LQVWDQW�QRWLILFDWLRQ�WR�XVHUV

1R�$,�EDVHG�
FODVVLILFDWLRQ�RI�ZDWHU�
TXDOLW\
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$�ODUJH�QXPEHU�RI�YLOODJHV��VFKRROV��KRVSLWDOV��LQGXVWULHV�DQG�UHVLGHQWLDO�FRPSOH[HV�KDYH�QR�SURYLVLRQ�IRU�
FRQVWDQW� PRQLWRULQJ� RI� ZDWHU� TXDOLW\�� 7UDGLWLRQDO� PHWKRGV� RI� WHVWLQJ� DUH� FXPEHUVRPH�� H[SHQVLYH� DQG�
LQFDSDEOH�RI�SURYLGLQJ�D�ZDUQLQJ�RI�FRQWDPLQDWHG�ZDWHU�LQ�WLPH�FDXVLQJ�FRQVXPSWLRQ�RI�XQVDIH�ZDWHU�>�@��
>�@�� /RZ� FRVW� ZDWHU� TXDOLW\� PRQLWRULQJ� V\VWHPV� FDSDEOH� RI� PHDVXULQJ� FRQWLQXRXVO\� DQG� DQDO\]LQJ�
SDUDPHWHUV�LQWHOOLJHQWO\�DQG�SURYLGLQJ�DOHUWV�LI�ZDWHU�LV�SROOXWHG�DUH�QHFHVVDU\�>�@��>�@��+HQFH�WKH�QHHG�IRU�
WKH�IROORZLQJ�GHVLJQ�JRDOV�

��� &RQWLQXRXV�0RQLWRULQJ� ± 0HDVXUHPHQW� RI� ZDWHU� TXDOLW\� SDUDPHWHUV� OLNH� S+�� 7XUELGLW\�� 7'6� DQG�
WHPSHUDWXUH�QHHGV�WR�EH�GRQH�DW�VKRUW�LQWHUYDOV�>�@��>�@�

���,QWHOOLJHQW�&ODVVLILFDWLRQ�± 7KH�ZDWHU�TXDOLW\�VWDWXV�PXVW�EH�FODVVLILHG�E\�XVLQJ�0/�WHFKQLTXHV�VXFK�DV�
5DQGRP�)RUHVW��690��;*%RRVW��DQG�/670�>�@��>�@��>�@�

���4XDOLW\� ,QGH[LQJ�DQG�$QRPDO\�'HWHFWLRQ�± &DOFXODWH�ZDWHU�TXDOLW\� LQGH[�DQG�GHWHFW� DQRPDOLHV� LQ�
VHQVRU�UHDGLQJV�>�@�

���,PPHGLDWH�1RWLILFDWLRQ�± 7KH�V\VWHP�PXVW�JLYH�LQVWDQW�ZDUQLQJV�WR�UHVSHFWLYH�DXWKRULWLHV�>�@��>�@�

���&RVW�HIIHFWLYHQHVV�DQG�6FDODELOLW\�± 7KH�V\VWHP�PXVW�XVH�FKHDS�KDUGZDUH�DQG�EH�FRPSDFW�HQRXJK�WR�
DGRSW�LW�LQ�VPDUW�FLWLHV�DQG�UXUDO�DUHDV�>�@�

���5HVLOLHQF\�± 7KH�V\VWHP�PXVW�SURYLGH�ORFDO�QRWLILFDWLRQV�DQG�EXIIHU�WKH�GDWD�LI�LW�LV�GLVFRQQHFWHG�IURP�
WKH�LQWHUQHW�>�@��>�@�

7KH� DERYHPHQWLRQHG� GHVLJQ� JRDOV� DUH� GHVLUDEOH� IRU� EXLOGLQJ� WKH� SURSRVHG� IUDPHZRUN�� +RZHYHU�� WKHLU�
LPSOHPHQWDWLRQ�DQG�H[SHULPHQWDWLRQ�DUH�QRW�WKH�JRDO�RI�WKH�FXUUHQW�UHVHDUFK�SDSHU�DQG�ZLOO�EH�GRQH�LQ�IXWXUH�
�SOHDVH�VHH�6HFWLRQ�;��

)LJ�����%ORFN�GLDJUDP�RI�WKH�SURSRVHG�$,�SRZHUHG�VPDUW�ZDWHU�TXDOLW\�PRQLWRULQJ�V\VWHP
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$��$UFKLWHFWXUH�2YHUYLHZ��7KH�SURSRVHG�V\VWHP�FRQVLVWV�RI�ILYH� LQWHUDFWLQJ� OD\HUV��6HQVLQJ��(GJH�DQG�
&RPPXQLFDWLRQ��&ORXG��,QWHOOLJHQFH��DQG�$SSOLFDWLRQ�DQG�$OHUW�/D\HUV��)LJXUH�����6HQVRU�GDWD�PRYHV�IURP�
WKH�VRXUFH�WR�WKH�XVHU�LQ�DQ�XSZDUG�GLUHFWLRQ��ZKHUHDV�FRQWURO�DQG�FDOLEUDWLRQ�VLJQDOV�PRYH�GRZQZDUG�

)LJ�����/D\HUHG�DUFKLWHFWXUH�RI�WKH�SURSRVHG

&��(GJH�DQG�&RPPXQLFDWLRQ�/D\HU��7KH�(63���EDVHG�V\VWHP�UHDGV�WKH�VHQVRU�YDOXHV��SHUIRUPV�LQLWLDO�
ILOWHULQJ��DQG�VHQGV�WKHP�YLD�:L�)L� WR�WKH�FORXG�SHULRGLFDOO\��SHU�>�@��>�@��DQG�>�@��7KH�(GJH�/D\HU�DOVR�
LPSOHPHQWV�WKH�EXIIHU�DQG�WKH�WKUHVKROG�FKHFN��WR�PDNH�VXUH�WKDW�WKH�VHQVRU�UHDGLQJV�DUH�QRW�ORVW�DQG�DQ�
DOHUW�FDQ�EH�WULJJHUHG�ORFDOO\�LQ�FDVH�WKH�FORXG�FRQQHFWLRQ�JRHV�GRZQ��,I�WKHUH�LV QR�:L�)L�FRQQHFWLRQ��RWKHU�
FRPPXQLFDWLRQ�RSWLRQV�OLNH�1%�,R7�FDQ�EH�XWLOL]HG��SHU�>�@�

'��&ORXG�/D\HU��&ORXG�,R7�3ODWIRUP�LV�UHVSRQVLEOH�IRU�VWRULQJ�WKH�LQSXW� WLPH�VHULHV�GDWD�DQG�PDNLQJ�LW�
DFFHVVLEOH�WR�WKH�,QWHOOLJHQFH�/D\HU�DQG�GDVKERDUGV��DV�LPSOHPHQWHG�E\�WKH�7KLQJ6SHDN�SODWIRUP�SHU�>�@��
7KH� FORXG� OD\HU� HQVXUHV� UHPRWH� DFFHVV� WR� WKH� FXUUHQW� DQG� KLVWRULFDO� VHQVRU� UHDGLQJV�� WKLV� LV� WKH�PDMRU�
DGYDQWDJH�RI�WKH�FORXG�FRQQHFWHG�PRQLWRULQJ�V\VWHPV��SHU�>�@�DQG�>�@�

(��,QWHOOLJHQFH�/D\HU��7KLV�OD\HU�KROGV�WKH�DQDO\WLFDO�HOHPHQWV��GDWD�SUH�SURFHVVLQJ��:4,�FDOFXODWLRQ��0/�
EDVHG� ZDWHU� TXDOLW\� FODVVLILFDWLRQ�� DQG� DQRPDO\� GHWHFWLRQ�� 7KHVH� DQDO\WLFDO� HOHPHQWV� LPSOHPHQW� WKH�
LQWHJUDWHG�DSSURDFKHV�SUHVHQWHG�LQ�>�@�DQG�>�@�DQG�H[SODLQHG�LQ�6HFWLRQ�9�

)��$SSOLFDWLRQ�DQG�$OHUW�/D\HU��7KH� OD\HU�VKRZV� OLYH�UHDGLQJV��:4,�YDOXH��DQG�VDIH�XQVDIH�VWDWH�RQ�D�
GDVKERDUG�DQG�DOHUWV�LQ�FDVH�XQVDIH�YDOXHV�DUH�IRXQG�>�@��>�@��7KH�XVHU��ZKLFK�DFWV�DV�D�FDUHWDNHU�RU�D�ZDWHU�
VXSSO\�SURYLGHU��FDQ�FKHFN�WKH�DOHUW�DQG�FRQILUP�LW�XVLQJ�ODERUDWRU\�WHVW�LQ�FDVH�UHTXLUHG�

*�� 6$&$�2SHUDWLQJ�/RRS��7KH� SURSRVHG� V\VWHP�ZRUNV� DFFRUGLQJ� WR� WKH� IROORZLQJ� IRXU�VWDJHV� ORRS��
QDPHG�6$&$��)LJ������,Q�WKH�VHQVLQJ�VWDJH��UHDGLQJV�DUH�DFTXLUHG�E\�WKH�VHQVRUV��,Q�WKH�DQDO\]LQJ�VWDJH��
UHDGLQJV�DUH�ILOWHUHG�DQG�WKH :4,�LV�FRPSXWHG��,Q�WKH�FODVVLILFDWLRQ�VWDJH��0/�PRGHO�FODVVLILHV�WKH�ZDWHU�
DQG�DQRPDO\�GHWHFWRU�FKHFNV�WKH�ODWHVW�WUHQG��/DVWO\��LQ�WKH�DOHUWLQJ�VWDJH��DQ\�XQVDIH�DEQRUPDO�FRQGLWLRQ�
WULJJHUV�DQ�DOHUW��5HYLHZ�DQG�EDFNXS�PHFKDQLVP�LV�SODFHG�DW�WKH�KHDUW�RI WKH�ORRS��WR�HQDEOH�KXPDQ�RSHUDWRU�
WR�UHYLHZ�DOHUWV�DQG�IRU�ORFDO�DOHUWV�WR�EH�SURYLGHG�LQ�FDVH�WKH�FRQQHFWLRQ�LV�ORVW�
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)LJ�����7KH�6HQVH±$QDO\]H±&ODVVLI\±$OHUW��6$&$��ORRS��ZLWK�RSHUDWRU�UHYLHZ�DQG�HGJH�IDOOEDFN�DW�LWV�
FHQWHU�

9��0(7+2'2/2*<

$��'DWD�&ROOHFWLRQ�DQG�5HSUHVHQWDWLRQV��,Q�HYHU\�VDPSOH�LQWHUYDO��HGJH�GHYLFH�UHFRUGV�D�WXSOH�UW  ��WLPH�
VWDPS��S+��WXUELGLW\��7'6��WHPSHUDWXUH���5HFHQW�WXSOHV�DUH�VDYHG�LQ�D�VOLGLQJ�ZLQGRZ�:�WR�HQDEOH�LQVSHFWLRQ�
RI�VKRUW�WHUP WUHQGV��7KHVH�WXSOHV�DUH�VDYHG�LQ�D�WLPH�VHULHV�LQ�FORXG�DQG�XVHG�DV�LQSXW�IHDWXUHV�LQ�WKH�0/�
PRGHO�

%��3UHSURFHVVLQJ��6HQVRU�UHDGLQJV�FROOHFWHG�E\�WKH�V\VWHP�FRQWDLQ�QRLVH��(YHU\�UHDGLQJ�LV�ILOWHUHG�E\�LWV�
SK\VLFDOO\�PHDQLQJIXO�UDQJH�DQG�LQYDOLG�RQHV�DUH GURSSHG��0RYLQJ�PHGLDQ�ILOWHU�LV�DSSOLHG�WR�UHPRYH�VKRUW�
WHUP�SHDNV��DQG�7'6�LV�DGMXVWHG�EDVHG�RQ�WHPSHUDWXUH��9DOXHV�RI�VHQVRUV�DUH�VFDOHG�EHIRUH�EHLQJ�IHG�LQWR�
GLVWDQFH�EDVHG�PRGHOV�VXFK�DV�690��RU�QHXUDO�EDVHG�PRGHOV�VXFK�DV�/670��2IIVHW�FDOLEUDWLRQ�LV SHUIRUPHG�
DW�WKH�HGJH�QRGH�XVLQJ�UHFHQW�YDOXHV�>�@��>�@�

&��:DWHU�4XDOLW\�,QGH[��:DWHU�4XDOLW\�,QGH[�LV�D�FRQGHQVHG�YDOXH�RI�D�IHZ�SDUDPHWHUV��,Q�RXU�DSSURDFK��
ZH�SURSRVH�D�ZHLJKWHG�DULWKPHWLF�RQH�DV�IROORZV�

:4,� �Ȉ��TL ZL����Ȉ�ZL ���

ZKHUH�WKH�TXDOLW\�UDWLQJ�LV�GHILQHG�DV�TL  ������9L í�9L
R�����6L í�9L

R���XQLW�ZHLJKW�DV�ZL  �.���6L��9L LV�WKH�
YDOXH�RI�SDUDPHWHU�L�PHDVXUHG�E\�VHQVRUV��6L LV�LWV�SHUPLVVLEOH�VWDQGDUG�YDOXH��9L

R LV�LWV�LGHDO�YDOXH��DQG�.�
LV�WKH�SURSRUWLRQDOLW\�FRQVWDQW��7KH�VWDQGDUG YDOXHV�DUH�FDOFXODWHG�IURP�WKH�GULQNLQJ�ZDWHU�VSHFLILFDWLRQ��
VXFK�DV�%,6�,6�������>�@��H�J���WKH�JHQHUDOO\�DFFHSWHG�UDQJH�IRU�S+�LV�IURP�����WR������7KH�VPDOOHU�WKH�YDOXH�
RI�:4,�LV��WKH�EHWWHU�LV�WKH�TXDOLW\�RI�ZDWHU��DQG�WKH�UDQJHV�FRUUHVSRQG�WR�WKH�FDWHJRULHV�RI�JRRG��SRRU��DQG�
XQVXLWDEOH�IRU�GULQNLQJ�
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'��0DFKLQH�/HDUQLQJ�&ODVVLILFDWLRQ��7KH�GULQNLQJ�ZDWHU�LV�FODVVLILHG�DV�VDIH�RU�XQVDIH��SRWDEOH�RU�QRQ�
SRWDEOH��XVLQJ�D�VXSHUYLVHG�FODVVLILHU�WDNLQJ�DV�LQSXW�WKH�SURFHVVHG�YDOXHV�RI�WKH�VHQVRU�GDWD�DQG�:4,��7KH�
IRXU�PDFKLQH�OHDUQLQJ�PHWKRGV�ZLOO�EH�H[SORUHG��5DQGRP�)RUHVW��690��;*%RRVW��DQG�/670�>�@��>�@��>�@��
7KH�WUHH�EDVHG�PRGHOV�FDQ�EH�FRQVLGHUHG�DWWUDFWLYH�EHFDXVH�RI�WKHLU�ORZ�FRPSOH[LW\�DQG�VXLWDELOLW\�IRU�VPDOO�
WDEXODU�GDWDVHWV��'HFLVLRQ�7UHH�DQG�5DQGRP�)RUHVW�KDYH�SURYHG�HIILFLHQW�LQ�SRWDEOH�ZDWHU�SUHGLFWLRQ�LQ�>�@��
7KH�/670(

YWKH�ZDWHU�DV�XQVDIH��ZKLOH�WKH�DQRPDO\�GHWHFWRU�SLFNV�XS�D�VXGGHQ�LQFUHDVH�RI�WXUELGLW\��&RPLQJ�WR�WKH�
$OHUW�VWDJH��LI�WKH�,QWHUQHW�FRQQHFWLRQ�LV�ORVW��QRW�XQOLNHO\�LQ�D�VWRUP\�ZHDWKHU���D�ORFDO�DODUP�ULQJV�DQG�WKH�
DOHUW�LV�VWRUHG�LQ�WKH�HGJH�GHYLFH�PHPRU\�XQWLO�WKH�FRQQHFWLRQ�LV�UH�HVWDEOLVKHG��7KH�FDUHWDNHU�FDQ�WKHQ�WDNH�
DFWLRQ��KDOW�WKH�VXSSO\�DQG�UHTXHVW�D�ODE�FRQILUPDWLRQ�EHIRUH�DQ\�ZDWHU�LV�GUXQN�

7KH�EHQHILW�RI�VXFK�D�V\VWHP�LV�UHIOHFWHG�LQ�WKH�VFHQDULR��D�ZDUQLQJ�LV�LVVXHG�ZKHQ�WKH�FRQGLWLRQ�VWDUWV��QRW�
ZKHQ�WKH�FDUHWDNHU�ZLOO�SHUIRUP�WKH�QH[W�SODQQHG�WHVW�

9,,��(;3(&7('�287&20(6�$1'�',6&866,21

6LQFH�WKH�IUDPHZRUN�LV�QRW�LQ�SODFH��WKH�SDSHU�FDQQRW�FODLP�WR�PHDVXUH�WKH�SHUIRUPDQFH�RXWFRPHV�LQ�WHUPV�
RI�LWV�HIIHFWLYHQHVV��7KHUHIRUH��WKH�H[SHFWHG�DGYDQWDJHV�FRPH�IURP�WKH�UHVXOWV�DFKLHYHG�E\�WHFKQLTXHV��RQ�
ZKLFK�WKH�V\VWHP�LV�EDVHG��7KH�FORXG�HQDEOHG�V\VWHPV�XVLQJ�'HFLVLRQ�7UHH�DQG�5DQGRP�)RUHVW�PRGHOV�IRU�
SRWDEOH�ZDWHU�SUHGLFWLRQ�ZHUH�VKRZQ�WR�EH�YHU\�DFFXUDWH�>�@��ZKLFK�VXSSRUWV�WKH�&ODVVLI\�VWHS��7KH�V\VWHPV��
ZKLFK�XVHG�(63���DQG�7KLQJ6SHDN��FDOFXODWHG�WKH�:4,�DQG�IRXQG�DQRPDOLHV�LQ�QHDU�UHDO�WLPH�>�@��ZKLFK�
VXSSRUWV�WKH�$QDO\]H�VWHS��,R7�V\VWHPV��ZKLFK�XWLOL]HG�WKH�VHQVRUV�RI S+��7'6��DQG�WXUELGLW\�OHYHOV��KDYH�
SURYHQ�WR�EH�DFFXUDWH�LQ�UHDO�WLPH�VHQVLQJ�DQG�UHPRWH�PRQLWRULQJ�>�@��ZKLFK�VXSSRUWV�WKH�6HQVH�DQG�&ORXG�
OD\HUV��ZKHUHDV�DXWRPDWLF�QRWLILFDWLRQV�ZHUH�VKRZQ�LQ�>�@�DQG�>�@��7KH�ZLUHOHVV�VHQVRU�QHWZRUNV�FRXSOHG�
ZLWK�WKH�HQVHPEOH�PHWKRGV�SUHGLFWHG�WKH�FRQWDPLQDWLRQ�ZLWK�PLFUREHV�>�@��$OO�WKRVH�UHVXOWV�VKRZ�WKDW�WKH�
LPSOHPHQWDWLRQ�RI�WKHVH�WHFKQLTXHV�LQ�RQH�DIIRUGDEOH�IUDPHZRUN�LV�D�UHDVRQDEOH�FKRLFH�IRU�WKH�SURSRVHG�
V\VWHP�

9,,,��&203$5,621�72�(;,67,1*�$3352$&+(6

7DEOH�,,�EHORZ�LOOXVWUDWHV�WKH�FRPSDULVRQV�EHWZHHQ�WKH�SURSRVHG�DSSURDFK�DQG�SUHYLRXV�DSSURDFKHV�WKURXJK�
VL[�FULWHULD�LQFOXGLQJ�UHDO�WLPH�VHQVLQJ��FORXG�SODWIRUP��PDFKLQH�OHDUQLQJ�FODVVLILFDWLRQ��ZDWHU�TXDOLW\�LQGH[��
DQRPDOLHV�GHWHFWLRQ��DQG�DXWRPDWLF�QRWLILFDWLRQV�DQG�RIIOLQH�UHVLOLHQF\��&RPSDULVRQ�LV�TXDOLWDWLYH�DFFRUGLQJ�
WR�WKH�LQIRUPDWLRQ�SURYLGHG�E\�WKH�UHYLHZ�RI�HDFK�SDSHU��DQG�15�PHDQV�1RW�5HSRUWHG�
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7$%/(�,,

48$/,7$7,9(�&203$5,621�2)�:$7(5�48$/,7<�021,725,1*�$3352$&+(6

$SSURDFK
5HDO�7LPH�
6HQVLQJ

&ORXG�
3ODWIRUP

0/�
&ODVVLILFDWLRQ

:4,� ��
$QRPDO\�
'HWHFWLRQ

$XWRPDWLF�
$OHUWV

2IIOLQH�
5HVLOLHQFH

&KDNUDQDUDQ\DQ� 	�
6KDLNK�>�@

<HV <HV <HV 3DUWLDO <HV 1R

.XVKZDKD� 	�
3DQGH\�>�@

<HV <HV <HV <HV 15 15

.XPDU�HW�DO��>�@ <HV <HV 1R 1R 15 15
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*LYHQ�WKDW�GHFLVLRQV�UHJDUGLQJ�ZDWHU�TXDOLW\�DIIHFW�SHRSOH
V�KHDOWK��WKH�SURSRVHG�IUDPHZRUN�ZDV�GHYHORSHG�
LQ�VXFK�D�ZD\�DV�WR�FRPSOHPHQW��QRW�VXEVWLWXWH��WKH�ODERUDWRU\�WHVWV��&RQVLGHUDWLRQV�WKDW�FDQ�EH�IRXQG�LQ�WKH�
OLWHUDWXUH�UHYLHZHG�LQFOXGH�WKH�IROORZLQJ�

���'HSHQGHQFH�RQ�WKH�,QWHUQHW��0RVW�RI�WKH�V\VWHPV�UHYLHZHG�GHSHQG�RQ�WKH�,QWHUQHW�FRQQHFWLRQ�>�@��>�@�

���6HQVRU�GULIW�DQG�FDOLEUDWLRQ��2YHU�WLPH��VHQVRUV�WHQG�WR�ORVH�DFFXUDF\�DQG�UHTXLUH�FDOLEUDWLRQ�>�@��>�@��
>�@��$V�VXFK��WKH�IUDPHZRUN�SODQV�UHJXODU�FDOLEUDWLRQ�FKHFN�LQV�DQG�ZLOO�IODJ�VXVSLFLRXV�UHDGLQJV�

���'DWD�UHTXLUHPHQW�DQG�JHQHUDOL]DWLRQ�FDSDELOLW\��:HOO�WUDLQHG�0/�PRGHOV�JHQHUDOO\�QHHG�WR�EH�IHG�
ZLWK�PDQ\�GDWD�LQ�RUGHU�WR�EH�DEOH�WR�ZRUN�SURSHUO\��DQG�WKH\�PD\�VXIIHU�IURP�EULWWOHQHVV�ZKHQ�GHDOLQJ�
ZLWK�QHZ�VFHQDULRV�>�@��>�@��7KHUHIRUH��D�PRGHO�QHHGV�WR�EH�WHVWHG�LQ�WKH�WDUJHW�HQYLURQPHQW�SULRU�WR�
DQ\�GHSOR\PHQW�

���6HFXULW\� LVVXHV��&RQQHFWHG�GHYLFHV� UHSUHVHQW� D� WKUHDW� WR� QHWZRUNV� >�@�� ,W� LV� QHFHVVDU\� WR� XVH� VHFXUH�
FRPPXQLFDWLRQ�SURWRFROV�IRU�FORXG�FRQQHFWHG�V\VWHPV�
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���&RVW� DQG�PDLQWHQDQFH��7KH� FRVW� DQG�PDLQWHQDQFH� GHPDQGV� RI� WKH� V\VWHP� FRQVWLWXWH� DQ� LPSRUWDQW�
FRQVWUDLQW�HVSHFLDOO\� LQ� UXUDO� DUHDV� >�@�� >�@��7KHUHIRUH�� ORZ�FRVW� DQG�VLPSOLFLW\�DUH�HVVHQWLDO� IRU� WKH�
GHVLJQ�

���)DOVH�SRVLWLYHV��7RR�PDQ\�IDOVH�SRVLWLYHV�PD\�FDXVH�WKH�RSHUDWRU�WR�EHFRPH�LQGLIIHUHQW�WR�WKHP��7KH�
WKUHVKROG� IRU� WKH� DQRPDO\� GHWHFWRU� DQG� DOHUWV� VKRXOG� EH� FDUHIXOO\� VHW� XS�� 3RVLWLYH� DOHUWV� VKRXOG� EH�
YHULILHG�WKURXJK�ODERUDWRU\�WHVWV�

;��(9$/8$7,21�3/$1�$1'�)8785(�:25.

$V�WKH�QH[W�VWHS��LW�LV�QHFHVVDU\�WR�EXLOG�D�SURWRW\SH�IRU�WKH�6HQVLQJ��(GJH��&ORXG��DQG�,QWHOOLJHQFH�OD\HUV�
DQG�SHUIRUP�DQ�LQLWLDO�HYDOXDWLRQ�EHIRUH�LPSOHPHQWLQJ�WKH�SURMHFW�LQ�WKH�ILHOG��(YDOXDWLRQ�VKRXOG�LQFOXGH�
WKH�IROORZLQJ�DVSHFWV���L��VHQVRU�DFFXUDF\�ZKLFK�FDQ�EH�DVVHVVHG�E\�FRPSDULQJ�LW�ZLWK�D�UHIHUHQFH�FDOLEUDWHG�
PHDVXULQJ�LQVWUXPHQW�RU�ZLWK�WKH�ODERUDWRU\�DQDO\VLV���LL��FODVVLILFDWLRQ�SHUIRUPDQFH�PHDVXUHG�DV�DFFXUDF\��
SUHFLVLRQ�� UHFDOO�� DQG�)��E\�DSSO\LQJ� WKH�PRGHO� FRPSDULVRQ�PHWKRG� IURP�>�@�� >�@� WR� ODEHOHG� ODERUDWRU\�
VDPSOHV���LLL��DOHUW�ODWHQF\�IURP�WKH�PRPHQW�RI�GHWHFWLQJ�WKH�GDQJHURXV�VLWXDWLRQ�XQWLO�UHFHLYLQJ�WKH�DOHUW��
�LY��V\VWHP�UREXVWQHVV�PHDVXUHG�LQ�WHUPV�RI�GDWD�VWRUDJH�DQG�ORFDO�DOHUWV�LQ�FDVH�RI�OLQN�IDLOXUH��DQG��Y��FRVW�
HVWLPDWHG�DV�WKH�KDUGZDUH�SULFH�RI�HDFK�PRQLWRULQJ�QRGH�

)XUWKHU�GHYHORSPHQW�RI�WKH�SURMHFW�LQFOXGHV�LPSOHPHQWDWLRQ�RI�OLJKWZHLJKW�0/�PRGHOV�RQ�WKH�HGJH�WR�DOORZ�
LQGHSHQGHQW� FODVVLILFDWLRQ�� XVH� RI� ORZ�SRZHU� ORQJ�UDQJH� FRPPXQLFDWLRQ� WHFKQRORJ\� IRU� UHPRWH� DUHDV��
DGGLQJ�QHZ�VHQVRUV�VXFK�DV�UHVLGXDO�FKORULQH��DQG�PLFURELDO�ULVN�SUHGLFWLRQ�XVLQJ�WKH�DSSURDFK�GHVFULEHG�
LQ�>�@�

;,��&21&/86,21

7KH�SUHVHQW�SDSHU�RIIHUV�D�UHYLHZ�EDVHG�DSSURDFK�WR�GHYHORSLQJ�DQ�$,�EDVHG�VPDUW�V\VWHP�IRU�ZDWHU�TXDOLW\�
PRQLWRULQJ�EDVHG�RQ�,R7��&RQVLGHULQJ�WKH�IROORZLQJ�HLJKW�DUWLFOHV�>�@��>�@��>�@�RQ�,R7�VHQVRUV�>�@��>�@��>�@��
>�@��>�@��DQG�>�@�FRQFHUQLQJ�0/�DSSOLFDWLRQ��VPDUW�V\VWHPV�>�@��>�@��>�@��>�@��>�@��DQG�PRGHOV�RI�PLFURELDO�
ZDWHU� TXDOLW\� SUHGLFWLRQ� >�@�� WKH� FXUUHQW� WUHQGV� LQ� WKH� ILHOG� RI� UHVHDUFK� ZHUH� LGHQWLILHG�� 7KH\� LQFOXGH�
QHJOHFWLQJ�WKH�QHFHVVLW\�RI�LQFRUSRUDWLQJ�SUHGLFWLYH�DELOLWLHV�LQWR�WKH�PRQLWRULQJ�V\VWHP��DSSO\LQJ�PDFKLQH�
OHDUQLQJ�PHWKRGV�ZLWKRXW�,R7�GDWD��ODFN�RI�DXWRPDWLF�DOHUWV��DQG�,QWHUQHW�GHSHQGHQF\��$�FRQFHSW�RI�VPDUW�
ZDWHU�HFRV\VWHP�ZDV�RIIHUHG�WKDW�LQFOXGHV��DORQJ�ZLWK�WKH�PDLQ�V\VWHP�FRPSRQHQWV��WKH�PHWKRGRORJ\�RI�
SUH�SURFHVVLQJ��FDOFXODWLRQ�RI�WKH�:4,��FODVVLILFDWLRQ�ZLWK�WKH�KHOS�RI�0/��DQRPDO\�GHWHFWLRQ��DQG�DOHUWV��
$OVR��D�VFHQDULR�RI�V\VWHP�IXQFWLRQDOLW\�GHPRQVWUDWLRQ�DQG�HYDOXDWLRQ�RI�LWV�SURWRW\SH�ZDV�VXJJHVWHG��7KH�
PDMRU�UHVXOWV�RI�WKH�UHVHDUFK�DUH�WKH�FRPELQDWLRQ�RI�,R7��FORXG�FRPSXWLQJ��DQG�0/��WRJHWKHU�ZLWK D�EDFNXS

$PRQJ�DOO� W\SHV�RI�0/�DOJRULWKPV�DYDLODEOH�ORFDOO\�� LW�HPHUJHV�DV� WKH�PRVW�SURPLVLQJ�GLUHFWLRQ�IRU� WKH�
FUHDWLRQ� RI� LQWHOOLJHQW� V\VWHPV� WKDW�ZLOO� EH� XVHG� IRU�PRQLWRULQJ�ZDWHU� TXDOLW\� LQ� IXWXUH� XUEDQ� DQG� UXUDO�
VHWWOHPHQWV�
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>�@ &KDNUDQDUDQ\DQ�� 3�� DQG� 6KDLNK��$�+�� �$,�%DVHG� 6PDUW�:DWHU�0RQLWRULQJ� 6\VWHP�� ,QWHUQDWLRQDO�
-RXUQDO�RI�3URJUHVVLYH�5HVHDUFK�LQ�(QJLQHHULQJ�0DQDJHPHQW�DQG�6FLHQFH��,-35(06��YRO�����QR�����
SS�������������0D\������

>�@ .XVKZDKD�� 6�� DQG� 3DQGH\�� 5�� �,QWHOOLJHQW� ,R7� EDVHG� :DWHU� 4XDOLW\� 0RQLWRULQJ� DQG� 3UHGLFWLYH�
$QDO\VLV� XVLQJ� 0DFKLQH� /HDUQLQJ��$,� 6\VWHPV� (QJLQHHULQJ�� YRO�� ��� QR�� ��� SS�� ������ ������ GRL��
���������GQT�WE���

>�@ .XPDU�� -���*XSWD��5���6KDUPD��6�� &KDNUDEDUWL��7���&KDNUDEDUWL��3��� DQG�0DUJDOD��0���,R7�HQDEOHG�
DGYDQFHG�ZDWHU�TXDOLW\�PRQLWRULQJ�V\VWHP�IRU�3RQG�0DQDJHPHQW�DQG�(QYLURQPHQWDO�&RQVHUYDWLRQ��
,(((�$FFHVV��YRO������SS���������������������GRL����������$&&(66��������������

>�@ :LU\DVDSXWUD�� 5��� +XDQJ�� &�<�� /LQ�� <�-�� <DQJ�� &�7�� �$Q� ,R7� UHDO�WLPH� SRWDEOH� ZDWHU� TXDOLW\�
PRQLWRULQJ�DQG�SUHGLFWLRQ�PRGHO�EDVHG�RQ�FORXG�FRPSXWLQJ�DUFKLWHFWXUH��6HQVRUV��YRO������QR�����
�����

>�@ 6LQJK��<�� DQG�:DOLQJR�� 7�� �6PDUW� ZDWHU� TXDOLW\� PRQLWRULQJ� ZLWK� ,R7� ZLUHOHVV VHQVRU� QHWZRUNV��
6HQVRUV��YRO������QR����������

>�@ 6��%KDUGZDM�DQG�$��.XPDU���,R7�EDVHG�VPDUW�ZDWHU�TXDOLW\�PRQLWRULQJ�V\VWHP���,QWHUQDWLRQDO�-RXUQDO�
RI�(QYLURQPHQWDO�(QJLQHHULQJ��YRO������QR�����SS��������������

>�@ /��=KDQJ��<��:DQJ��DQG�+��&KHQ���0DFKLQH�/HDUQLQJ�$SSURDFKHV�IRU�:DWHU�3ROOXWLRQ�'HWHFWLRQ���
(QYLURQPHQWDO�0RQLWRULQJ�-RXUQDO���YRO������QR�����SS����������������

>�@ 0��3DWHO�DQG�.��6KDK���5HDO�WLPH�ZDWHU�PRQLWRULQJ�XVLQJ�,R7�DQG�FORXG�FRPSXWLQJ���3URF�� ,(((�
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�6PDUW�6\VWHPV��SS����������������

>�@ %XUHDX�RI�,QGLDQ�6WDQGDUGV���'ULQNLQJ�:DWHU�± 6SHFLILFDWLRQ��6HFRQG�5HYLVLRQ���� ,6�������������
1HZ�'HOKL��,QGLD�������

>��@ ,��(VVDPODOL��+��1KDLOD��DQG�0��(O�.KDLOL���$GYDQFHV�LQ�0DFKLQH�/HDUQLQJ�DQG�,R7 IRU�:DWHU�4XDOLW\�
0RQLWRULQJ�� $� &RPSUHKHQVLYH� 5HYLHZ��� +HOL\RQ�� YRO�� ���� QR�� ��� H������� ������ GRL��
��������M�KHOL\RQ������H������

>��@ *��'KDUPDUDWKQH��$��0��6��5��$EHNRRQ��0��%RJDKDZDWKWKD��-��$ODZDWXJRGD��DQG�'��3��3��0HGGDJH��
�$�5HYLHZ�RI�0DFKLQH�/HDUQLQJ�DQG�,QWHUQHW�RI�7KLQJV�RQ�WKH�:DWHU�4XDOLW\�$VVHVVPHQW��0HWKRGV��
$SSOLFDWLRQV� DQG� )XWXUH� 7UHQGV��� 5HVXOWV� LQ� (QJLQHHULQJ�� $UW�� QR�� �������� ������ GRL��
��������M�ULQHQJ�������������

>��@ �$�+\EULG�0DFKLQH�/HDUQLQJ�DQG�(PEHGGHG�,R7�%DVHG�:DWHU�4XDOLW\�0RQLWRULQJ�6\VWHP���,QWHUQHW�
RI�7KLQJV��YRO��������������������GRL����������M�LRW�������������

>��@ $��%KDUGZDM��9��'DJDU��0��2��.KDQ��$��$JJDUZDO��5��$OYDUDGR��0��.XPDU��0��,UIDQ��DQG�5��3URVKDG��
�6PDUW� ,R7� DQG�0DFKLQH� /HDUQLQJ�%DVHG� )UDPHZRUN� IRU�:DWHU� 4XDOLW\�$VVHVVPHQW� DQG� 'HYLFH�
&RPSRQHQW�0RQLWRULQJ���(QYLURQPHQWDO�6FLHQFH�DQG�3ROOXWLRQ�5HVHDUFK��YRO������QR������SS��������
�������������GRL����������V������������������
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>��@ �&ULWLFDO�5HYLHZ�RQ�:DWHU�4XDOLW\�$QDO\VLV�8VLQJ�,R7�DQG�0DFKLQH�/HDUQLQJ�0RGHOV���-RXUQDO�RI�
,QWHJUDWHG� DQG� ,QWHOOLJHQW� (QJLQHHULQJ�� YRO�� ��� QR�� ��� �������� ������ GRL��
��������M�MMLPHL�������������

>��@ %�� 1JZHQ\D��7�� 3DHSDH�� DQG� 3�� 1�� %RNRUR�� �0RQLWRULQJ�$PELHQW�:DWHU� 4XDOLW\� 8VLQJ�0DFKLQH�
/HDUQLQJ�DQG�,R7��$�5HYLHZ�DQG�5HFRPPHQGDWLRQV�IRU�$GYDQFLQJ�6'*�,QGLFDWRU���������-RXUQDO�RI�
:DWHU�3URFHVV�(QJLQHHULQJ��YRO��������������������GRL����������M�MZSH�������������

>��@ 5��0��3��1��6��%DQGDUD��$��%��-D\DVLJQKH��DQG�*��5HWVFKHU���7KH�,QWHJUDWLRQ�RI�,R7��,QWHUQHW�RI�7KLQJV��
6HQVRUV� DQG� /RFDWLRQ�%DVHG� 6HUYLFHV� IRU� :DWHU� 4XDOLW\� 0RQLWRULQJ�� $� 6\VWHPDWLF� /LWHUDWXUH�
5HYLHZ���6HQVRUV��YRO������QR�����������������GRL����������V���������

>��@ 7��)��+DVDQ��1��$��.DEDVKL��7��6DOHK��0��=��$ODP��0��)��:DKDE��DQG�$��+��1RXU���:DWHU�4XDOLW\�
0RQLWRULQJ� 8VLQJ� 0DFKLQH� /HDUQLQJ� DQG� ,R7�� $� 5HYLHZ��� &KHPLFDO� DQG� 1DWXUDO� 5HVRXUFHV�
(QJLQHHULQJ�-RXUQDO��YRO�����QR�����������GRL�����������FQUHM�Y�L������


