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$EVWUDFW² 8UEDQ�GUDLQDJH�FKDQQHOV�DUH�RIWHQ�LQVSHFWHG�RQO\�DIWHU�ZDWHU�ORJJLQJ�KDV�EHJXQ��DQG�PRVW�
ORZ�FRVW�,R7�PRQLWRUV�UDLVH�D�VLQJOH�DOHUW�ZKHQ�D�ZDWHU�OHYHO�WKUHVKROG�LV�FURVVHG��7KLV�SDSHU�UHYLHZV�
WZHQW\�VWXGLHV�RQ�,R7�EORFNDJH�GHWHFWLRQ��OHYHO�EDVHG�EORFNDJH�DQDO\VLV��XOWUDVRQLF�VHQVLQJ��PDFKLQH�
OHDUQLQJ�IRU�VHZHU�V\VWHPV�DQG�$,R7�DUFKLWHFWXUHV��GHULYHV VL[�UHVHDUFK�JDSV�IURP�WKHP��DQG�SURSRVHV�
D� FRQFHSWXDO� $,R7�%DVHG� 'UDLQDJH� %ORFNDJH� (DUO\� :DUQLQJ� 6\VWHP� �$,R7� VWDQGV� IRU�$UWLILFLDO�
,QWHOOLJHQFH�RI�7KLQJV���7KH�GHVLJQ�SODFHV�WZR�+&�65���XOWUDVRQLF�VHQVRUV�XSVWUHDP�DQG�GRZQVWUHDP�
RI�D�SRVVLEOH�EORFNDJH�WRJHWKHU�ZLWK�D�IORZ�LQSXW��SURFHVVHV�WKH�UHDGLQJV�RQ�DQ�(63���PLFURFRQWUROOHU�
HYHU\�VHFRQG��FODVVLILHV�WKH�FKDQQHO�DV�1RUPDO��'HYHORSLQJ�%ORFNDJH�RU�6HYHUH�%ORFNDJH��DQG�VLJQDOV�
WKH� UHVXOW� ORFDOO\� WKURXJK�JUHHQ��\HOORZ�DQG� UHG�/('V�DQG�D�EX]]HU�DQG� UHPRWHO\� WKURXJK�D�FORXG�
GDVKERDUG��$�WUDQVSDUHQW�ODERUDWRU\�FKDQQHO�ZLWK�D�VHUYR�FRQWUROOHG�EORFNDJH�LV�SODQQHG�IRU�UHSHDWDEOH�
WHVWLQJ��7KH�FLUFXLW�GHVLJQ�DQG�D�:RNZL�VLPXODWLRQ�DUH�FRPSOHWH��DQG�WKH�HVWLPDWHG�KDUGZDUH�FRVW�LV�
DERXW� ൟ������� 7KH� FRQWULEXWLRQ� LV� D OLWHUDWXUH�JURXQGHG� GHVLJQ� DQG� UHVHDUFK� DJHQGD�� WKH� SK\VLFDO�
SURWRW\SH�DQG�WKH�PDFKLQH�OHDUQLQJ�FODVVLILHU�KDYH�QRW�\HW�EHHQ�EXLOW�RU�YDOLGDWHG�

.H\ZRUGV² $,R7�� GUDLQDJH� EORFNDJH� GHWHFWLRQ�� HDUO\�ZDUQLQJ� V\VWHP�� (63���� XOWUDVRQLF� VHQVRU��
ZDWHU�OHYHO�PRQLWRULQJ��5DQGRP�)RUHVW��HGJH�LQWHOOLJHQFH��VPDUW�FLWLHV�

,� ,1752'8&7,21

7KH�XUEDQ GUDLQDJH�FDQDOV WDNH DZD\�UDLQ ZDWHU�DQG�ZDVWH�IURP�WKH�VWUHHWV DQG WKH EXLOGLQJV�:KHQ D�
FKDQQHO� LV� EORFNHG� E\� VROLG� ZDVWH�� VLOW� RU� GHEULV�� ZDWHU� EXLOGV� XS� EHKLQG� WKH� REVWUXFWLRQ� DQG� FDQ�
RYHUIORZ�� FDXVLQJ� ZDWHU�ORJJLQJ�� SURSHUW\� GDPDJH�� WUDIILF� GLVUXSWLRQ� DQG� SXEOLF�KHDOWK� ULVNV��
%ORFNDJHV�DUH�FRPPRQO\�IRXQG�WKURXJK�SHULRGLF�PDQXDO�LQVSHFWLRQ�RU�DIWHU�UHVLGHQWV�FRPSODLQ��VR�WKH�
UHVSRQVH�FRPHV�ODWH�DQG�WKH�LQVSHFWLRQ�HIIRUW�LV�KLJK�

7KH� ,QWHUQHW� RI�7KLQJV� �,R7��PDNHV� FRQWLQXRXV� UHPRWH�PRQLWRULQJ� RI� GUDLQV� DIIRUGDEOH�� /RZ�FRVW�
XOWUDVRQLF�VHQVRUV��PLFURFRQWUROOHUV�ZLWK�:L�)L�DQG�FORXG�GDVKERDUGV�KDYH�EHHQ�XVHG�WR�PHDVXUH�ZDWHU�
OHYHO�DQG�VHQG�DQ�DOHUW�ZKHQ�D�OLPLW�LV�H[FHHGHG�>�@±>�@��7KH�$UWLILFLDO�,QWHOOLJHQFH�RI�7KLQJV��$,R7��
JRHV�RQH�VWHS�IXUWKHU�E\�DGGLQJ�OHDUQLQJ�DQG�GHFLVLRQ�PDNLQJ�WR�WKH�VHQVLQJ�QRGHV��VR�WKDW�WKH�V\VWHP�
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FDQ�LQWHUSUHW�WKH GDWD�LQVWHDG�RI�RQO\�UHSRUWLQJ�LW�>��@��>��@��0RYLQJ�SDUW�RI�WKH�LQWHOOLJHQFH�WR�WKH�HGJH��
FORVH�WR�WKH�VHQVRU��DOVR�UHGXFHV�GHSHQGHQFH�RQ�WKH�QHWZRUN�>��@��>��@�

$�EORFNDJH�FKDQJHV�WKH�K\GUDXOLFV�RI�D�FKDQQHO�LQ�D�PHDVXUDEOH�ZD\��:DWHU�OHYHO�ULVHV�XSVWUHDP�RI�WKH�
REVWUXFWLRQ��GURSV�RU�VWD\V�ORZ�GRZQVWUHDP�RI�LW��DQG�WKH�IORZ�UHGXFHV�>�@��>�@��$�V\VWHP�WKDW�FRPSDUHV�
WZR�PHDVXUHPHQW�SRLQWV�DQG�WKH�IORZ��LQVWHDG�RI�ZDWFKLQJ�RQH�OHYHO�DJDLQVW�D�IL[HG�OLPLW��FDQ�WKHUHIRUH�
QRWLFH�D�GHYHORSLQJ�EORFNDJH�HDUOLHU�DQG�FDQ�DOVR� WHOO�KRZ�VHYHUH� LW� LV��7KLV� LV� WKH� LGHD�EHKLQG� WKH�
V\VWHP�SUHVHQWHG�LQ�WKLV�SDSHU�

7KH�SULQFLSDO�FRQWULEXWLRQV�RI�WKLV�ZRUN�DUH�VXPPDULVHG�DV�IROORZV�

���$�UHYLHZ�RI�WZHQW\�VWXGLHV�RQ�EORFNDJH�GHWHFWLRQ��XOWUDVRQLF�VHQVLQJ��PDFKLQH�OHDUQLQJ�IRU VHZHU�
V\VWHPV�DQG�$,R7��FRPSDULQJ�WKHLU�PHWKRGV�DQG�ILQGLQJV�

���6L[�UHVHDUFK�JDSV�GHULYHG�IURP�WKDW�UHYLHZ��DQG�D�VLQJOH�PDLQ�JDS�WKDW�QR�UHYLHZHG�VWXG\�FORVHV�

�� �$� FRQFHSWXDO�� ORZ�FRVW� �DERXW� ൟ�������$,R7� HDUO\�ZDUQLQJ�GHVLJQ� WKDW� FRPSDUHV� XSVWUHDP� DQG
GRZQVWUHDP�OHYHOV�ZLWK�IORZ��FODVVLILHV�WKUHH�EORFNDJH�VWDWHV�RQ�DQ�(63���DQG�DOHUWV�ORFDOO\�DQG�
UHPRWHO\�

�� �$� FRPSOHWHG� FLUFXLW� GHVLJQ� DQG�:RNZL� VLPXODWLRQ�� DQ� LPSOHPHQWDWLRQ� URDGPDS�� D� TXDOLWDWLYH�
FRPSDULVRQ�ZLWK�UHODWHG�ZRUN�DQG�DQ�HYDOXDWLRQ�SODQ�IRU WKH�SK\VLFDO�SURWRW\SH�

7KH�VWUXFWXUH RI�WKH�UHPDLQLQJ SDSHU�LV�DV�IROORZV��6HFWLRQ�,,�RIIHUV OLWHUDWXUH UHYLHZ�DQG�GLVFXVVLRQ�
RI�SUHYLRXV�ZRUNV��6HFWLRQ�,,,�GHILQHV WKH�SUREOHP�� WKH�DLPV DQG�UHVHDUFK�TXHVWLRQV��6HFWLRQ�,9�
GHVFULEHV� WKH� DUFKLWHFWXUH RI WKH� V\VWHP� WKH WHVW� EHQFK� DQG� FRVW�� 6HFWLRQ� 9� GLVFXVVHV WKH�
PHWKRGRORJ\� XVHG� IRU� FRPSXWDWLRQ�� FODVVLILFDWLRQ� DQG� GDWD� FROOHFWLRQ�� 6HFWLRQ� 9,� SUHVHQWV� WKH�
RQJRLQJ SURJUHVV RI WKH SURMHFW�DQG VLPXODWLRQ��FRPSDUDWLYH�DQDO\VLV�DQG�HYDOXDWLRQ�SODQ��6HFWLRQ�
9,,� SUHVHQWV WKH VLJQLILFDQFH RI VXVWDLQDELOLW\�� 6HFWLRQ�9,,,� GHVFULEHV OLPLWDWLRQV� DQG� SUDFWLFDO�
LVVXHV��6HFWLRQ�,;�FRQFOXGHV�WKH�DUWLFOH DQG�SURYLGHV LGHDV IRU IXUWKHU GHYHORSPHQW�

,,� 5(/$7('�:25.

,Q WRWDO�� WZHQW\� UHVHDUFK� SDSHUV ZHUH� H[DPLQHG DQG� RUJDQL]HG LQWR� ILYH GLVWLQFW WKHPHV� LQFOXGLQJ
EORFNDJH�GHWHFWLRQ�XVLQJ� ,R7� EORFNDJH�PRQLWRULQJ� WKURXJK�HTXLSPHQW� OHYHO�PRQLWRULQJ��XOWUDVRQLF�
VHQVRUV� IRU� EORFNDJH� LGHQWLILFDWLRQ DQG� VHSDUDWLRQ��PDFKLQH� OHDUQLQJ� IRU� VHZDJH V\VWHPV�� DQG WKH�
GHSOR\PHQW�RI�DQ $,R7�DUFKLWHFWXUH��7KH HYROXWLRQ�RI�WKH ILHOG�KDV�DGYDQFHG IURP WKH�SURFHVVHV�RI
PDQXDO� LQVSHFWLRQ� WKURXJK� WKUHVKROG�EDVHG� ,R7� QRWLILFDWLRQV DQG� OHYHO� PRQLWRULQJ WR�$,�HQKDQFHG
UHPRWH PRQLWRULQJ��)LJXUH ���7DEOH�,�VXPPDULVHV�WKH�UHYLHZHG�VWXGLHV�



Ь«ĺīŪıôϙ͑ ϠϙIŜŜŪôϙ͔ ϙϼ�ôŕťôıæôŘϱièťĺæôŘϙ͑ ͏͕͑Ͻ ϼ�ŕôèĖÍīϙIŜŜŪôϙ͐ ϽϙϙϙϙϙϙϙϙϙϙϙI��bϡϙ͒ ͐͒͘ϱ͓͕͐͗ϙϼiĲīĖĲôϽ

�V""ϱ͑͏͕͑ϱ͏͏͖͐͐и�i"FI«��X�F�ϙVi��b�[ϙi>ϙ"I«(��(ϙ"I��I�[Ib( иϙſſſϟæĤîîĤĺŪŘĲÍīϟĺŘČ иϙϙ͓͔͒

)LJ�����(YROXWLRQ�RI�GUDLQDJH�PRQLWRULQJ�� IURP�PDQXDO� LQVSHFWLRQ� WR�$,R7 HDUO\�ZDUQLQJ��ZLWK� WKH�
UHYLHZHG�VWXGLHV�WKDW�UHSUHVHQW�HDFK�VWHS�

$��,R7�%DVHG�%ORFNDJH�'HWHFWLRQ

1DYLD�HW�DO��GHWHFW�EORFNDJHV�LQ�VWRUPZDWHU�GUDLQV�ZLWK�DQ�+&�65���XOWUDVRQLF�VHQVRU�DQG�D�'+7���
VHQVRU��VHQG�WKH�GDWD�RYHU�/R5D:$1�WR�D�FORXG�SODWIRUP�DQG�UDLVH�DQ�DOHUW�ZKHQ�D�EORFNDJH�LV�SRVVLEOH�
>�@��3DWLO�HW�DO��XVH�DQ�XOWUDVRQLF�VHQVRU�ZLWK�DQ�(63�����DQG�%O\QN��IODJ�D�EORFNDJH�ZKHQ�WKH�OHYHO�
SDVVHV�D�SUHVHW� WKUHVKROG��DOHUW�D�FRQWURO�URRP�DQG�DGG�D�PRWRULVHG�FOHDQLQJ�XQLW�>�@��6DOHKLQ�HW�DO��
EXLOG�DQ�RYHUORDG�GHWHFWLRQ�DQG�DOHUW�V\VWHP�ZLWK�DQ�$UGXLQR�812��DQ�(WKHUQHW�VKLHOG�DQG�D�ZHE�VHUYHU�
ZKRVH�GDWD�FDQ�EH�YLHZHG�UHPRWHO\�E\�,3�DGGUHVV�>�@��$OO�WKUHH�UHO\�RQ�WKH�OHYHO�DW�D�VLQJOH�SRLQW��DQG�
QRQH�UHSRUWV�JUDGHG�VHYHULW\�

%��+\GUDXOLF�%DVLV�DQG�/HYHO�%DVHG�$QDO\VLV

5RPDQRYD�HW�DO��VKRZ�ZLWK�ORZ�FRVW�DFRXVWLF�LQVWUXPHQWDWLRQ�WKDW�D�EORFNDJH�LQ�D�SDUWLDOO\�IXOO�SLSH�
SURGXFHV�D�PHDVXUDEOH�KHDG�ORVV�WKDW�FDQ�EH�HVWLPDWHG�DQG�ORFDWHG�>�@��:DQJ�HW�DO��LGHQWLI\�DQG�SRVLWLRQ�
VHZHU�EORFNDJHV�IURP�OLTXLG�OHYHO�DQDO\VLV�LQ�SLORW�DQG�IXOO�VFDOH�WHVWV��XVLQJ�WKH�UDQJH�DQG�UDWH�RI�OHYHO�
FKDQJH�XSVWUHDP�DQG�GRZQVWUHDP�WRJHWKHU�ZLWK�D�WKUHVKROG�PDWUL[�>�@��7KH\�VWUHVV WKDW�WKH YDULDELOLW\�
RI WKH ILHOG LPSRVHV FRQVWUDLQWV RQ WKH ILQDO WKUHVKROGV� ZKLFK�OHDGV�WR WKH�LQLWLDWLRQ RI DQ DOJRULWKP RI
GDWD�SUHSURFHVVLQJ�

&��8OWUDVRQLF�6HQVLQJ��)LOWHULQJ�DQG�&DOLEUDWLRQ

3HUHLUD� DQG FROOHDJXHV WHVWHG +&�65��� DJDLQVW� UHIHUHQFH� VFDOHV LQ� IORZLQJ ZDWHU FKDQQHOV� DQG�
REVHUYHG WKDW�WKH PHDVXULQJ HUURUV LQFUHDVHG ZLWK LQFUHDVLQJ WXUEXOHQFH��DOWKRXJK WKH\ UHPDLQHG ORZHU
WKDQ ����� P� ,Q� DGGLWLRQ� $QGD\DQL� HW� DO�� SHUIRUPHG FDOLEUDWLRQ� RI +&�65��� VHQVRUV� DW� D� UDQJH�
EHWZHHQ ���FP�DQG ��� FP� REWDLQLQJ�DQ HUURU�QRW�H[FHHGLQJ ����>�@��)RU�QRLV\�GDWD��%DH�DQG�-L�
FRPELQH�D� UDQJH�FXW�RII��D�PRGLILHG�=�VFRUH�DQG�(:0$�VPRRWKLQJ�>�@��DQG�$O�7DKWDZL�GHVLJQV�D�
.DOPDQ�ILOWHU�IRU�WKH�+&�65����QRWLQJ�WKDW�D�VPDOOHU�FRYDULDQFH�ILOWHUV�EHWWHU�EXW�UHVSRQGV�PRUH�VORZO\�
>�@��7KHVH�VWXGLHV�VXSSRUW�ORZ�FRVW�XOWUDVRQLF�OHYHO�VHQVLQJ�EXW�DUH�QRW�WLHG�WR�EORFNDJH�FODVVLILFDWLRQ�
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'��0DFKLQH�/HDUQLQJ�IRU�6HZHU�0RQLWRULQJ

5RVLQ�HW�DO��FRPELQH�HYROXWLRQDU\�DUWLILFLDO�QHXUDO�QHWZRUNV�ZLWK�VWDWLVWLFDO�SURFHVV�FRQWURO�WR�GHWHFW�
EORFNDJHV�QHDU�FRPELQHG�VHZHU�RYHUIORZV�ZLWK�IHZ�IDOVH�DODUPV�>��@��=KDQJ�HW�DO��FRPSDUH�(OPDQ��
1$5;��/670�DQG�*58�QHWZRUNV�IRU�IORZ�DQG�OHYHO�IRUHFDVWLQJ��ILQG�/670�DQG�*58�VWURQJHVW��DQG�
VKRZ� WKDW�PXOWL�WDVN� OHDUQLQJ� DFURVV� VHYHUDO� VHQVRUV� JHQHUDOO\� EHDWV� VLQJOH�WDVN�PRGHOV� >��@±>��@��
=KDQJ�HW�DO��DOVR�DSSO\�XQVXSHUYLVHG�OHDUQLQJ ZLWK�GLPHQVLRQDOLW\�UHGXFWLRQ�WR�VHZHU�GDWD�>��@��DQG�
5XVVR� HW� DO�� XVH� D� �'�&11� DXWRHQFRGHU� WR� IODJ� DQRPDOLHV� IURP� UHFRQVWUXFWLRQ� HUURU� >��@�� 7KHVH�
PHWKRGV�DUH�W\SLFDOO\�DSSOLHG�WR�FLW\�VFDOH�VHZHU�QHWZRUNV�ZLWK�ULFK�GDWD��QRW�WR�D�ORZ�FRVW�HPEHGGHG�
HDUO\�ZDUQLQJ�QRGH�

(��$,R7�$UFKLWHFWXUH�DQG�(GJH�,QWHOOLJHQFH

=KDQJ� DQG� 7DR� >��@� DQG� 6LDP� HW� DO�� >��@� VXUYH\�$,R7� DQG� GHVFULEH� LWV� VHQVLQJ�� FRPSXWLQJ� DQG�
QHWZRUNLQJ�FRPSRQHQWV��=KRX�HW�DO��>��@�DQG�$IDFKDR�DQG�$EX�0DKIRX]�>��@�DUJXH�WKDW�LQWHOOLJHQFH�
VKRXOG�PRYH�WR�WKH�QHWZRUN�HGJH�ZKHUH�,R7�GDWD�LV�SURGXFHG��6LQJK�HW�DO��SUHVHQW�WKH�FORVHVW�$,R7�
H[DPSOH�LQ�WKH�VHZHU�GRPDLQ��D�GHHS�OHDUQLQJ�IRUHFDVWLQJ�GHPRQVWUDWLRQ�DFURVV�FORXG�DQG�HGJH�WKDW�
SUHGLFWV�RYHUIORZ�EDVLQ�ILOOLQJ�WR�HQDEOH�HDUO\�DFWLRQ�>��@�

)RXU�SDWWHUQV�UHFXU��3UDFWLFDO�EORFNDJH�GHWHFWLRQ�V\VWHPV�PRVWO\�XVH�RQH�VHQVRU�DQG�D�IL[HG�OHYHO�OLPLW�
>�@±>�@��7KH�VWXGLHV�WKDW�DQDO\VH�XSVWUHDP�DQG�GRZQVWUHDP�EHKDYLRXU�GHSHQG�RQ�WKUHVKROGV�DQG�UHSRUW�
ILHOG� YDULDELOLW\� >�@�� 0DFKLQH� OHDUQLQJ� LV� DSSOLHG� PDLQO\� WR IRUHFDVWLQJ� DQG� DQRPDO\� GHWHFWLRQ� DW�
QHWZRUN�VFDOH�>��@±>��@��DQG�WKH�HGJH�$,�OLWHUDWXUH�LV�JHQHUDO�UDWKHU�WKDQ�GUDLQDJH�VSHFLILF�>��@±>��@��
)LQDOO\��VHQVRU�ILOWHULQJ�ZRUN�>�@��>�@�LV�UDUHO\�FRPELQHG�ZLWK�EORFNDJH�FODVVLILFDWLRQ�

7$%/(�,��&RPSDUDWLYH�6XPPDU\�RI�5HYLHZHG�/LWHUDWXUH

5HI� 6WXG\�DQG�PHWKRG .H\�ILQGLQJ

>�@
1DYLD�HW�DO����������+&�65�����'+7����
/R5D:$1��FORXG

$OHUW�RQ�SRVVLEOH�EORFNDJH��VLQJOH�SRLQW�VHQVLQJ�

>�@
3DWLO�HW�DO����������XOWUDVRQLF��(63������
%O\QN��PRWRULVHG�FOHDQHU

%ORFNDJH� IODJJHG� DW� D� SUHVHW� WKUHVKROG�� FRQWURO�
URRP�DOHUWHG�

>�@
6DOHKLQ� HW� DO�� �\HDU� QRW� FRQILUPHG���
XOWUDVRQLF��$UGXLQR�812��ZHE�VHUYHU

'HWHFWV� RYHUORDGHG� GUDLQDJH�� UHPRWH� YLHZ�� QR�
VHYHULW\�OHYHOV�

>�@
5RPDQRYD� HW� DO�� �������� DFRXVWLF�
VHQVLQJ�LQ�ODERUDWRU\�SLSHV

/RFDWHV�D�EORFNDJH�DQG�HVWLPDWHV�LWV�KHDG�ORVV�

>�@
:DQJ� HW� DO�� �������� OHYHO� VHQVRUV��
WKUHVKROG�PDWUL[

8SVWUHDP�GRZQVWUHDP� OHYHO� UDQJH� DQG� UDWH�
LGHQWLI\�D�EORFNDJH��ILHOG�YDULDELOLW\�QRWHG�

>�@
%DH�	�-L���������UDQJH�FXW�RII��=�VFRUH��
(:0$

5HPRYHV� RXW�RI�UDQJH� HFKRHV� DQG� UDQGRP�
GLVSHUVLRQ�
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5HI� 6WXG\�DQG�PHWKRG .H\�ILQGLQJ

>�@
$O�7DKWDZL� ��������.DOPDQ� ILOWHU��+&�
65��

5HGXFHV� QRLVH�� VPDOOHU� FRYDULDQFH� LV� EHWWHU� EXW�
VORZHU�

>�@
3HUHLUD� HW� DO�� �������� +&�65��� YV�
UHIHUHQFH�UXOHUV

(UURUV�XQGHU�������P��FDUH�QHHGHG�EH\RQG�����P�

>�@
$QGD\DQL� HW� DO�� �������� +&�65���
FDOLEUDWLRQ

:RUNV�RYHU���±����FP��PD[LPXP�UHODWLYH�HUURU�
�����

>��@
5RVLQ�HW�DO����������HYROXWLRQDU\�$11���
63&

'HWHFWV� EORFNDJHV� QHDU� RYHUIORZV� TXLFNO\�� IHZ�
IDOVH�DODUPV�

>��@
=KDQJ� HW� DO�� �������� (OPDQ�� 1$5;��
/670

/670�EHVW�RI�WKH�WKUHH�IRU�IORZ�IRUHFDVWV�

>��@
=KDQJ�HW�DO����������/670�DQG�*58����
PLQ�GDWD

6WURQJHVW�IRU�ORQJHU�PXOWL�VWHS�IRUHFDVWV�

>��@
=KDQJ� HW� DO�� �������� PXOWL�WDVN�
*58�/670��'HHS&62�

0XOWL�WDVN�OHDUQLQJ�JHQHUDOO\�EHDWV VLQJOH�WDVN�

>��@
=KDQJ� HW� DO�� �������� XQVXSHUYLVHG�
OHDUQLQJ

/DEHO�IUHH�OHDUQLQJ�RQ�VHZHU�PRQLWRULQJ�GDWD�

>��@
5XVVR� HW� DO�� �������� �'�&11�
DXWRHQFRGHU

)ODJV�DQRPDOLHV�LQ�PXOWLYDULDWH�VHZHU�VHULHV�

>��@ =KDQJ�	�7DR���������$,R7�VXUYH\ 3HUFHLYLQJ��OHDUQLQJ��UHDVRQLQJ��EHKDYLQJ�

>��@ 6LDP�HW�DO����������$,R7�VXUYH\
5HYLHZV� FRUH� $,R7� FRPSRQHQWV� DQG� GRPDLQ�
V\VWHPV�

>��@
=KRX� HW� DO�� �������� HGJH� GHHS�OHDUQLQJ�
VXUYH\

$,�VKRXOG�PRYH�WR�WKH�HGJH�

>��@
$IDFKDR 	�$EX�0DKIRX]� �������� HGJH�
,R7�UHYLHZ

5HYLHZV�LQWHOOLJHQW�,R7�GHYLFHV�DW�WKH�HGJH�

>��@
6LQJK� HW� DO�� �������� FORXG� DQG� HGJH�
IRUHFDVWLQJ

)RUHFDVWV�RYHUIORZ�EDVLQ�ILOOLQJ�IRU�HDUO\�DFWLRQ�

,,,� 352%/(0�67$7(0(17

7KH�V\VWHP�DGGUHVVHV�WKH�IROORZLQJ�SUREOHP�VWDWHPHQW��³'UDLQDJH�%ORFNDJH�(DUO\�:DUQLQJ�6\VWHP�±
DQ�$,R7�EDVHG�V\VWHP�IRU�HDUO\�GHWHFWLRQ�RI�XUEDQ�GUDLQDJH�EORFNDJHV�E\�PRQLWRULQJ�XSVWUHDP�DQG�
GRZQVWUHDP�ZDWHU� OHYHOV�DQG� IORZ�SDWWHUQV� LQ� UHDO� WLPH�´�'UDLQDJH�EORFNDJHV�FDXVH�ZDWHU�ORJJLQJ��
IORRGLQJ��SURSHUW\�GDPDJH�DQG�SXEOLF�KHDOWK�SUREOHPV��\HW�PRVW�PRQLWRULQJ�VWLOO� UHOLHV�RQ�SK\VLFDO�
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LQVSHFWLRQ�RU�RQ�D�VLQJOH�OHYHO�VHQVRU�WKDW�UHDFWV�RQO\�RQFH�ZDWHU�LV�DOUHDG\�KLJK��$�ZDUQLQJ�LV�QHHGHG�
EHIRUH�WKH�EORFNDJH�OHDGV�WR�FULWLFDO�ZDWHU�EXLOG�XS�RU�RYHUIORZ��&RQFUHWHO\��WKLV�GHFRPSRVHV�LQWR�ILYH�
REMHFWLYHV�

���7R�PRQLWRU�WKH�XSVWUHDP�DQG�GRZQVWUHDP�ZDWHU�OHYHOV�RI�D�GUDLQDJH�FKDQQHO�XVLQJ�WZR�XOWUDVRQLF�
VHQVRUV�

�� �7R�PHDVXUH� DQG� VLPXODWH� WKH�ZDWHU�IORZ� FRQGLWLRQ� XVLQJ� D� IORZ� LQSXW� �D� SRWHQWLRPHWHU� LQ� WKH�
VLPXODWLRQ�DQG�D�IORZ�VHQVRU�LQ�WKH�KDUGZDUH�SURWRW\SH��

�� �7R�DQDO\VH� WKH�VHQVRU�GDWD�ZLWK�DQ�$,�EDVHG�GHFLVLRQ�DQG�FODVVLILFDWLRQ�DSSURDFK� WKDW� LGHQWLILHV�
1RUPDO��'HYHORSLQJ�%ORFNDJH�DQG�6HYHUH�%ORFNDJH�FRQGLWLRQV�

���7KH JRDO LV WR SURYLGH DGYDQFHG ZDUQLQJV LQ UHDO WLPH YLD FRORUHG /(' /LJKWV DQG�DODUPV ZKLOH
VDYLQJ GDWD�LQ FORXG�IRU�UHPRWH�DFFHVV�

� &RQGXFW D WKRURXJK VWXG\ RI WKH UHFHQW OLWHUDWXUH RQ UHVSRQVHV WR�SUREOHPV RI ,R7 DQG $,R7�

$��5HVHDUFK�*DSV

,Q H[DPLQLQJ WZHQW\ UHOHYDQW VWXGLHV� RQH FDQ�REVHUYH VL[ LPSRUWDQW JDSV�WKDW�ZDUUDQW WKLV SURMHFW�

*���6LQJOH�SRLQW��WKUHVKROG�EDVHG�GHWHFWLRQ� 7KH XVH RI WKH WUDGLWLRQDO V\VWHP IRU PRQLWRULQJ RQH
LQGLFDWRU OHDGV WR GHOD\HG DFWLRQ DQG�LQDELOLW\ WR GLIIHUHQWLDWH EORFNDJH�IURP�KLJK�IORZ >�������@�

*���1R�JUDGHG�VHYHULW\� 0RVW V\VWHPV�GHWHFW EORFNDJHV DV ZHOO DV RYHUORDGV EXW�GR�QRW�GLIIHUHQWLDWH
EHWZHHQ GHYHORSLQJ�DQG VHULRXV SUREOHPV >����@�

*���/LPLWHG�LQWHOOLJHQFH�DW�WKH�QRGH� 0DQ\ VWXGLHV IRFXV RQ�SHUIRUPDQFH�SUHGLFWLRQ DQG�DQRPDO\�
GHWHFWLRQ�>�����@�DQG�YLFH YHUVD��,W LV�GLIILFXOW WR ILQG YLDEOH GHVLJQV�ZLWK$, FDSDELOLWLHV LQ LQH[SHQVLYH
PLFURFRQWUROOHUV�

*��� +DQGOLQJ QRLVH� JHQHUDWHG E\ WKH VHQVRU� WDNHV� GLIIHUHQW� SDWK�� )LOWHULQJ� DQG� FDOLEUDWLRQ� RI�
XOWUDVRQLF�VHQVRUV�DUH�VWXGLHG�RQ�WKHLU�RZQ�>�@±>�@�DQG�UDUHO\�EXLOW�LQWR�D�EORFNDJH�GHWHFWLRQ�SLSHOLQH�

*�� 'HSHQGHQW RQ�FRQQHFWLRQ� $V SHU�WKH�SXEOLVKHG�ILQGLQJV� ,R7�GHYLFHV VHQG�QRWLILFDWLRQV YLD WKH�
,QWHUQHW ZHE�VHUYHU�RU�FRQWURO�VWDWLRQ� >�@±>�@��LW�LV�QRW�PHQWLRQHG�LQ�WKRVH�DUWLFOHV�LI ORFDO�DODUPV�FDQ
EH XVHG LQ FDVH RI QHWZRUN EUHDNGRZQ�

*���/LPLWHG�FRQWUROOHG�YDOLGDWLRQ� 5HVHDUFK VKRZV YDULDELOLW\�ZLWK�ILHOG�WULDOV��DQG�SURWRW\SHV�KDYH
QHYHU EHHQ WHVWHG LQ FRQWUROOHG�FRQGLWLRQV ZLWK�UHSHDWDEOH�EORFNDJHV�

0DLQ� JDS� QR� UHYLHZHG� VWXG\� FRPELQHV� XSVWUHDP±GRZQVWUHDP� OHYHO� DQDO\VLV�� IORZ� LQIRUPDWLRQ��
JUDGHG�VHYHULW\�FODVVLILFDWLRQ��HGJH�SURFHVVLQJ�ZLWK�ORFDO�DODUPV�DQG�D�UHSHDWDEOH�WHVW�EHQFK�LQ�RQH�
ORZ�FRVW�V\VWHP��7KLV�LV�WKH�JDS�WKH�SURSRVHG�V\VWHP�WDUJHWV�
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,9� 6<67(0�$5&+,7(&785(

$��'HVLJQ�3ULQFLSOHV�DQG�/D\HUV

7KH�V\VWHP�HOLPLQDWHV WKH�LVVXHV SRVHG E\ IRXU�GHVLJQ�FRQFHSWV� ,W�LV�FRPSDUDWLYH��LW�UHDGV�WZR�SRLQWV�
DQG�WKH�IORZ�LQVWHDG�RI�RQH�OHYHO��*����,W�LV�JUDGHG��LW�UHSRUWV�1RUPDO��'HYHORSLQJ�%ORFNDJH�DQG�6HYHUH�
%ORFNDJH��*���� ,W� LV�HGJH�ILUVW�DQG�GHSHQGDEOH�� WKH�(63���FODVVLILHV� WKH�VWDWH�DQG�VRXQGV� WKH� ORFDO�
DODUP�HYHQ�LI�WKH�QHWZRUN�LV�GRZQ��*���*����,W�LV�WHVWDEOH��D�VHUYR�FRQWUROOHG�EORFNDJH�RQ�D�WUDQVSDUHQW�
FKDQQHO�PDNHV� H[SHULPHQWV� UHSHDWDEOH� �*����6HQVRU�YDOLGDWLRQ�DQG� ILOWHULQJ� DUH� LQWHJUDWHG LQWR WKH�
SLSHOLQH��*���

)LJ����VKRZV�WKH�OD\HUV�RI�WKH�V\VWHP��7KH�VHQVLQJ�OD\HU�KDV�WZR�+&�65���XOWUDVRQLF�VHQVRUV�DQG�D�
IORZ�LQSXW��7KH�HGJH�OD\HU�LV�DQ�(63�� WKDW�DFTXLUHV��YDOLGDWHV�DQG�FODVVLILHV�WKH�GDWD��7KH�,R7�OD\HU�
VHQGV� UHFRUGV� RYHU� :L�)L� WR� D� FORXG� VHUYLFH�� DQG� WKH� XVHU� LQWHUIDFH� SUHVHQWV� D� GDVKERDUG� DQG�
QRWLILFDWLRQV�� (63�� JHQHUDWHV ORFDO DOHUWV�� 6RODU�SRZHUHG EDWWHU\ DQG� ZDWHU TXDOLW\� DQG� FDPHUD�
VHQVRUV�DUH�LQFOXGHG LQ�WKH�EORFN�GLDJUDP�IRU IXWXUH�LPSOHPHQWDWLRQ� EXW�WKH\ DUH�QRW�SDUW�RI�WKH�ILUVW�
YHUVLRQ�

)LJ�����3URSRVHG�VWUDWLILHG VWUXFWXUH RI�WKH�$,R7�GUDLQDJH�EORFNDJH�DGYDQFHG QRWLFH SURJUDP�

%��+DUGZDUH�DQG�7HVW�%HQFK

7KH� WHVW� LPSOHPHQW �)LJ�� ��� LV� D� FOHDU GUDLQDJH� WXEH VXSSOLHG IURP� D� SRRO RI ZDWHU� XVLQJ D� WLQ\
XQGHUZDWHU SXPS�RSHUDWHG E\�PHDQV�RI D�UHOD\�V\VWHP��7KH ZDWHU IORZV WKURXJK�WKH XOWUDVRQLF�GHWHFWRU�
VLWXDWHG�EHIRUH WKH�ZDWHUIORZ GHWHFWLRQ�GHYLFH DQG�WKURXJK WKH PHFKDQLVP�IRU�UHVWULFWLQJ�ZDWHUIORZ
�ZKLFK�LV�D�EDUULHU�LQVHUWHG RU�DGMXVWHG E\ WKH 6*���VHUYR�� DIWHU WKDW WKH ZDWHU UHDFKHV WKH�XOWUDVRQLF�
GHWHFWRU�ORFDWHG�DIWHU�WKH�REVWDFOH DQG�IORZV DZD\ YLD WKH�H[LW�DQG WR�D�FROOHFWLRQ�EXFNHW��&KDQJLQJ WKH�
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SRVLWLRQ�RI WKH�VHUYR�DOORZV IRU FUHDWLQJ DQ REVWDFOH ZLWK WKH�GHVLUHG VHYHULW\�OHYHO�7DEOH�,,�OLVWV�WKH�
(63���FRQQHFWLRQV�XVHG�LQ�WKH�FLUFXLW�GHVLJQ�DQG�WKH�VLPXODWLRQ�

)LJ�����7KH WHVW�SODWIRUP�RI�WKH�ODERUDWRU\�ZLOO�WHVW ZDWHU�IORZ WKURXJK�WKH�FKDQQHO�DQG�WKH�FRQQHFWLRQ
RI WKH�(63�� ERDUG�WR�WKH�IORZ�SDWK�

7$%/(�,,��(63���&RQQHFWLRQV�DQG�&RPSRQHQW�5ROHV

&RPSRQHQW (63���SLQ 5ROH���QRWH

+&�65�������XSVWUHDP�OHYHO�
*3,2�����75,*������
�(&+2�

��9�VXSSO\��GLVWDQFH�WR�ZDWHU�VXUIDFH

+&�65��� ��� �GRZQVWUHDP�
OHYHO�

*3,2�����75,*������
�(&+2�

��9�VXSSO\��GLVWDQFH�WR�ZDWHU�VXUIDFH

)ORZ�LQSXW *3,2���
3RWHQWLRPHWHU� LQ� VLPXODWLRQ�� <)�6���� LQ�
KDUGZDUH

*UHHQ�/(' *3,2��� 1RUPDO������ȍ�UHVLVWRU

<HOORZ�/(' *3,2��� 'HYHORSLQJ�EORFNDJH������ȍ�UHVLVWRU

5HG�/(' *3,2��� 6HYHUH�EORFNDJH������ȍ�UHVLVWRU

%X]]HU *3,2��� $XGLEOH�DOHUW

2/('��66'������,�&���VHUYR�
�6*�����UHOD\���SXPS

7R�EH�DVVLJQHG +DUGZDUH�VWDJH�RQO\��QRW�LQ�WKH�VLPXODWLRQ
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:KLOH�FRQVWUXFWLQJ WKH�KDUGZDUH� ZH�PXVW�UHGXFH WKH���YROWV HFKR�RXWSXW�IURP WKH�+&�65���WR PDWFK
WKH (63��
V ����YROWV ORJLF�OHYHO� XVLQJ HLWKHU D�YROWDJH�GLYLGHU�RU D OHYHO�VKLIWHU� 7KH <)�6����SXOVH�
RXWSXW�KDV WR XQGHUJR VLPLODU�WUHDWPHQW��,Q WKH�SLFWXUH VHHQ LQ�)LJ���� ZH FDQ VHH WKDW WKH FRPSOHWHG
FLUFXLW LV GLVSOD\HG� 7ZR XOWUDVRQLF�VHQVRUV�WKDW�RSHUDWH�RQ ��YROWV� ZLWK WKHLU RZQ WULJJHU�DQG�HFKR�
SLQV� DUH�FRQQHFWHG�WR WKH�FLUFXLW� $OVR� D SRWHQWLRPHWHU DV�D IORZ�VHQVRU�LV�ILWWHG�DW WKH�DQDORJXH�LQSXW�
*3,2���� (DFK�LQGLYLGXDO /('�LV�SURWHFWHG�E\�D�����ȍ�UHVLVWRU�DQG�WKH JURXQGLQJ�SRLQW LV�WKH�VDPH�DV�
VKRZQ�LQ�WKH�GLDJUDP��)LQDOO\��D EX]]HU�LV�FRQQHFWHG WR *3,2�

)LJ�����&LUFXLW�GLDJUDP�RI�WKH�V\VWHP��WZR�+&�65���VHQVRUV��IORZ�LQSXW��SRWHQWLRPHWHU���WKUHH�/('V��
EX]]HU�DQG�(63����ZLWK�WKH�SLQ�ZLVH�FRQQHFWLRQ�WDEOH�
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&��:RUNLQJ�3ULQFLSOH

7KH�V\VWHP�ZRUNV�LQ�VL[�VWDJHV������:DWHU�6XSSO\��D�VXEPHUVLEOH�SXPS�PRYHV�ZDWHU�IURP�WKH�UHVHUYRLU�LQWR�
WKH�WUDQVSDUHQW�FKDQQHO������6HQVLQJ��WKH�XSVWUHDP�XOWUDVRQLF�VHQVRU��WKH�IORZ�VHQVRU�DQG�WKH�GRZQVWUHDP�
XOWUDVRQLF�VHQVRU�PHDVXUH�WKH�WZR�ZDWHU� OHYHOV�DQG�WKH�IORZ�UDWH������&RQWUROOHG�2EVWUXFWLRQ��7KH VHUYR�
GHYLFH ZLOO� FUHDWH RU�PRGLI\ DQ�REVWUXFWLRQ� LQ VXFK D ZD\ WKDW XVHUV FDQ� FUHDWH REVWUXFWLRQV�RI�NQRZQ�
LQWHQVLW\������(GJH�$QDO\VLV� 'DWD�IURP WKH�(63���ZLOO EH UHFRUGHG��YHULILHG� DQG�SURFHVVHG RQ�VLWH������
5HFRJQLWLRQ DQG�$ODUP� 'DWD�IURP WKH�FODVVLILHU�ZLOO�FODVVLI\ WKH�FKDQQHO DV 1RUPDO��,QFLSLHQW 2EVWUXFWLRQ�
RU�0DMRU 2EVWUXFWLRQ DQG�FRQWUROOLQJ WKH�2/('��/('V� DQG�WKH�EX]]HU������6XSHUYLVLRQ DQG�$FWLRQ��$OO WKH�
GDWD�ZLOO�EH VHQW� WKURXJK�WKH :L�)L�YLD 7KLQJ6SHDN�RU�%O\QN�DSSOLFDWLRQV� ZKLFK ZLOO GLVSOD\ UHDGLQJV��
IORZ��D�UHDO�WLPH JUDSK� DQG�WKH�DFWLRQ�WDNHQ�

'��(VWLPDWHG�&RVW

7DEOH�,,,�VKRZV WKH�LWHPV DQG�WKHLU�HVWLPDWHG SULFHV�LQ�,QGLDQ�UXSHHV��7KH�WRWDO�RI�WKH�LWHPV�DPRXQWV� WR
ൟ������ KRZHYHU� WKH�WRWDO DPRXQW LV�URXQGHG WR�DERXW�ൟ����� GXULQJ�WKH�SUHVHQWDWLRQ��3ULFHV�PD\�GLIIHU LQ
YDULRXV�SODFHV�

7$%/(�,,,��&RPSRQHQWV�DQG�(VWLPDWHG�&RVW��,15�

&RPSRQHQW 4W\ 8QLW�SULFH 7RWDO

(63���'HY.LW�9� � ��� ���

+&�65���XOWUDVRQLF�VHQVRU � ��� ���

<)�6����ZDWHU�IORZ�VHQVRU � ��� ���

6*�����J�VHUYR�PRWRU � ��� ���

�����LQFK�2/('�66'�����,�&�GLVSOD\ � ��� ���

/('V��JUHHQ��\HOORZ��UHG� � �� ��

����ȍ�UHVLVWRUV � � ��

%UHDGERDUG � ��� ���

-XPSHU�ZLUHV��VHW� � ��� ���

��9�PLQL�VXEPHUVLEOH�ZDWHU�SXPS � ��� ���

��9���FKDQQHO�UHOD\�PRGXOH � ��� ���

3RZHU�VXSSO\�IRU�SXPS����9����$�� � ��� ���

$FWLYH�EX]]HU � �� ��

$GGLWLRQDO�UHVLVWRUV � � ��

7RWDO��LWHPLVHG� �����
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9�0(7+2'2/2*<

$��6HQVLQJ�DQG�3UHSURFHVVLQJ

(YHU\�XQLW�RI +&�65���FDOFXODWHV WKH�GHOD\ W�IRU XOWUDVRQLF�ZDYHV��7KH�GLVWDQFH�IURP WKH�VHQVRU WR ZDWHU
VXUIDFH LV HVWDEOLVKHG EDVHG RQ WKH�VSHHG�RI�VRXQG�DQG�WKH�NQRZQ�KHLJKW�RI�WKH�VHQVRU DERYH WKH�ERWWRP�
OHYHO�RI WKH�FKDQQHO� DV�GHVFULEHG�E\�WKH�IRUPXOD�

G� �W�î�������������� ���

K� �+�í�G ���

,Q�WKH�VLPXODWLRQ�WKH�FKDQQHO�KHLJKW�LV�VHW�WR�+� �����FP��DQG�UHDGLQJV�WKDW�IDOO�RXWVLGH�WKH�UDQJH�����K���+�
DUH�UHMHFWHG��LQ�WKH�PDQQHU�RI�WKH�UDQJH�FXW�RII�LQ�>�@��7KH�VHQVRUV�DUH�UHDG�RQFH�SHU�VHFRQG��D�ORRS�LQWHUYDO�
RI������PV���,I�WKH�UDZ�GDWD�SURYH�QRLV\�RQ�WKH�WHVW�EHQFK��D�PRYLQJ�DYHUDJH��(:0$�>�@�RU�.DOPDQ�ILOWHU�
>�@�FDQ�EH�DGGHG��7KH�FRPSDULVRQ�IHDWXUH�LV�WKH�OHYHO�GLIIHUHQFH�EHWZHHQ�WKH�WZR�SRLQWV�

ǻK� �KXS í�KGRZQ ���

WRJHWKHU�ZLWK�WKH�IORZ�UHDGLQJ�4�DQG�WKH�VKRUW�WHUP�UDWH�RI�FKDQJH�RI�KXS��ǻK�DQG�4��:KHQ�D�EORFNDJH�IRUPV�
EHWZHHQ�WKH�VHQVRUV��KXS DQG�ǻK�WHQG�WR�ULVH�ZKLOH�4�IDOOV�>�@��>�@�

%��&ODVVLILFDWLRQ�DQG�$OHUWV

7KH�FODVVLILHU�PDSV�WKH�IHDWXUHV�WR�RQH�RI�WKUHH�VWDWHV��)LJ������$�UXOH�EDVHG�EDVHOLQH�FRPSDUHV�ǻK��KXS DQG�
4�ZLWK�WKUHVKROGV�FDOLEUDWHG�RQ�WKH�WHVW�EHQFK��7KH�$,�PRGHO�SURSRVHG�IRU�WKH�SURMHFW�LV�D�5DQGRP�)RUHVW�
FODVVLILHU�WUDLQHG�RQ�ODEHOOHG�WHVW�EHQFK�UXQV�LQ�ZKLFK�WKH�VHUYR�LV�KHOG�DW�RSHQ��SDUWO\�FORVHG�DQG�PRVWO\�
FORVHG�SRVLWLRQV��$�5DQGRP�)RUHVW�VXLWV�WKLV�SUREOHP�EHFDXVH�LW�KDQGOHV�D�VPDOO�QXPEHU�RI�QXPHULF�IHDWXUHV��
QHHGV�OLWWOH�WXQLQJ�DQG�FDQ�EH�H[SRUWHG�WR�UXQ�RQ�D�PLFURFRQWUROOHU��7DEOH�,9�JLYHV�WKH�VWDWH�WR�DOHUW�PDSSLQJ�

)LJ�����'HFLVLRQ�SLSHOLQH��LQSXWV��YDOLGDWLRQ��IHDWXUHV��FODVVLILFDWLRQ�DQG�DOHUW�VWDWHV�
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)LJ����VKRZV�KRZ�WKH�5DQGRP�)RUHVW�LV�LQWHQGHG�WR�ZRUN��7KH�LQSXW�IHDWXUHV�DUH�WKH�XSVWUHDP�OHYHO��WKH�
GRZQVWUHDP�OHYHO��WKHLU�GLIIHUHQFH��WKH�IORZ�UHDGLQJ�DQG�WKH�VKRUW�WHUP�UDWHV�RI�FKDQJH��WHPSHUDWXUH�LV�DQ�
RSWLRQDO� H[WUD� $IWHU� FOHDQLQJ� WKH� GDWD� �GHDOLQJ�ZLWK�PLVVLQJ� YDOXHV�� VPRRWKLQJ� RXW� QRLVH�� DQG� VFDOLQJ�
YDOXHV���D�ODEHOOHG�GDWDVHW�ZDV�SUHSDUHG�IURP�WKH�VHUYR�UXQV��'LIIHUHQW�VDPSOHV�RI�GDWD�ZHUH�XVHG�IRU�WUDLQLQJ�
YDULRXV� GHFLVLRQ� WUHHV�� DQG� ILQDOO\�� WKH�PDMRULW\� YRWH� RI� HDFK� WUHH� GHWHUPLQHG� WKH� SUHGLFWHG� DFWLRQ��7KH�
FRPELQDWLRQ� RI� GHFLVLRQ� WUHHV� DOORZV� IRU� VXFFHVV� DJDLQVW� QRLVH� DQG� RYHUILWWLQJ�� ZKLFK� LV� SDUWLFXODUO\�
EHQHILFLDO�LQ�FDVH�RI�OLPLWHG�GDWD��7KH�UHTXLUHG�DFFXUDF\�IRU�FODVVLI\LQJ�LV�DERYH������ZKLFK�KDV�QRW�EHHQ�
UHDFKHG�VR�IDU�

)LJ�����5DQGRP�)RUHVW�SURFHGXUH�LQYROYHV�WKH LQSXW�GDWD��SUHSURFHVVLQJ��YRWLQJ�RI YDULRXV WUHHV� DQG�
SUHGLFWHG�EORFNDJH�VWDWXV�
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7$%/(�,9��&ODVVLILFDWLRQ�6WDWHV�DQG�$OHUWV

6WDWH ,QGLFDWRU %X]]HU 7\SLFDO�SDWWHUQ��WKUHVKROGV�WR�EH�FDOLEUDWHG�

1RUPDO *UHHQ�/(' 2II /HYHOV�VLPLODU�DW�ERWK�SRLQWV��IORZ�VWHDG\

'HYHORSLQJ�
EORFNDJH

<HOORZ�/('
6KRUW� DOHUW�
�FRQILJXUDEOH�

8SVWUHDP�OHYHO�ULVLQJ�UHODWLYH�WR�GRZQVWUHDP��IORZ�
IDOOLQJ

6HYHUH�EORFNDJH 5HG�/(' 2Q /DUJH�OHYHO�GLIIHUHQFH��IORZ�VWURQJO\�UHGXFHG

&��'DWD�/RJJLQJ�DQG�5HOLDELOLW\

(63���HVWDEOLVKHV :L�)L�FRQQHFWLRQ VR WKDW HYHU\�GDWD�LV�VHQW WR�WKH�FORXG��6LPXODWLRQ VNHWFK�WUDQVIHUV GDWD�
WR� *RRJOH� 6KHHW� WKURXJK WKH LQWHUQHW� 7KH KDUGZDUH� GHVLJQ� VXSSRUWV WKH� XVH� RI 7KLQJ6SHDN RU� %O\QN�
GDVKERDUG�VKRZLQJ�KRZ�WR�XVH 0477�DV�D�WKLUG RSWLRQ��7KH ILUPZDUH�IORZFKDUW�LV SUHVHQWHG LQ )LJXUH �
VKRZLQJ WKH UHOLDELOLW\ DVSHFWV� 2XWOLHUV DUH UHPRYHG DQG WKH�ODVW�HVWDEOLVKHG YDOXH�VDYHG ZLWK WKH�UHDGLQJ�
EHLQJ TXDOLILHG��1R QHWZRUN FRQQHFWLRQ LV DOVR YLWDO LQ FODVVLILFDWLRQ DQG ORFDO DOHUWV��,I WKHUH�LV�QR :L�)L�
DFFHVV��WKH�UHFRUG�LV�VWRUHG IRU ODWHU�XSORDG WR PDQDJH FRQQHFWLYLW\��*���

)LJ�����7KH IORZFKDUW IRU�ILUPZDUH�VKRZV YDOLGDWLRQ DQG FODVVLILFDWLRQ�DV WKH�NH\ ILUVW VWHSV��LQ DGGLWLRQ WR
ORFDO�DOHUWV�EHIRUH�XSORDGLQJ�DQG�EXIIHULQJ�
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9,� 352-(&7�67$786�$1'�',6&866,21

$��,PSOHPHQWDWLRQ�5RDGPDS

)LJ����RXWOLQHV WKH�SKDVHV LQYROYHG LQ GHYHORSLQJ DQG WHVWLQJ WKH V\VWHP��3KDVH���LV�WKH�ZRUN�GHVFULEHG LQ�
WKLV� SDSHU ZKLFK� FRQVLVWV� RI WKH� OLWHUDWXUH� UHYLHZ� JDS� DQDO\VLV�� SUREOHP� VWDWHPHQW�� EORFN� DQG� FLUFXLW�
GLDJUDPV��WKH�:RNZL�VLPXODWLRQ�RI�(63���ZLWK�WZR�XOWUDVRQLF�VHQVRUV��D�SRWHQWLRPHWHU�IORZ GDWD LQSXW��
/('V�DQG�D�EX]]HU��DQG�WKH�FRVW�FDOFXODWLRQ��3KDVH���ZRXOG�FDUU\�RXW�WKH�DVVHPEO\�DQG�FDOLEUDWLRQ�RI WKH�
WHVW� EHQFK� DQG� WKH� XOWUDVRQLF� VHQVRUV� LQ� FRPSDULVRQ� WR D� UHIHUHQFH� UXOHU�ZRXOG� UHFRUG� ODEHOOHG� GDWD� DW�
GLIIHUHQW�VHUYR�EORFNDJH�SRVLWLRQV�DQG�IORZ�UDWHV�DQG�WUDLQ�WKH�FODVVLILHU��3KDVH���ZRXOG�UXQ�WKH�PRGHO�RQ�
WKH�(63����FRQQHFW� WKH�GDVKERDUG�DQG�DGG� WKH�DOHUW� ORJLF��3KDVH���ZRXOG�HYDOXDWH� WKH�V\VWHP�ZLWK� WKH�
PHDVXUHV�LQ�7DEOH�9,�

)LJ�����,PSOHPHQWDWLRQ�URDGPDS��3KDVH�RQH LV�FRPSOHWH�DQG�WKH�XSFRPLQJ SKDVHV�DUH�DOUHDG\�RXWOLQHG�

7KH�VLPXODWLRQ�ZDV�FRQVWUXFWHG RQ WKH�:RNZL�RQOLQH�VLPXODWRU��)LJ����� ZKLFK FRQVLVWV�RI WKH�(63����WZR
VHQVRUV� RI� W\SH +&�65���� D� SRWHQWLRPHWHU� DV� WKH� IORZ� LQSXW�� WKUHH�/('V�ZLWK� UHVLVWRUV� DQG� D� EX]]HU��
FRQQHFWHG WR�WKH�SLQV OLVWHG LQ�7DEOH�,,�7KH�VNHWFK�VHWV�WKH�FKDQQHO�KHLJKW�WR�����FP�DQG�WKH�ORRS�LQWHUYDO�
WR������PV��UHDGV�ERWK�VHQVRUV��UHMHFWV�RXW�RI�UDQJH�HFKRHV�DQG�SRVWV�WKH�UHFRUGV�WR�D�*RRJOH�6KHHW�RYHU�
:L�)L��7KH�VLPXODWLRQ�WKHUHIRUH�FRQILUPV�WKH�ZLULQJ��WKH�SLQ�DVVLJQPHQW�DQG�WKH�ORJJLQJ�SDWK��EXW�LW�GRHV�
QRW�WHVW�UHDO�K\GUDXOLFV�RU�D�WUDLQHG�PRGHO�
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)LJ�����:RNZL�VLPXODWLRQ�RI�WKH�(63���FLUFXLW�XVHG�LQ�3KDVH���

%��&RPSDUDWLYH�$QDO\VLV

)LJ�����FRPSDUHV�VL[�UHSUHVHQWDWLYH�UHYLHZHG�VWXGLHV�ZLWK�WKH�SURSRVHG�V\VWHP�RQ�VHYHQ�FDSDELOLWLHV��$�WLFN�
PDUNV�D�FDSDELOLW\�WKH�VWXG\�FRYHUV��D�WLOGH�PDUNV�SDUWLDO�FRYHUDJH�DQG�D�EODQN�PHDQV�QRW�UHSRUWHG��7KH�
PDUNLQJ�LV�TXDOLWDWLYH��LV�EDVHG�RQO\�RQ�WKH�PHWKRGV�DQG�ILQGLQJV�VXPPDULVHG�LQ�7DEOH�,��DQG�WKH�SURSRVHG�
V\VWHP�LV�PDUNHG�DV�LQWHQGHG�E\�LWV�GHVLJQ��QRW�DV�GHPRQVWUDWHG�

)LJ������4XDOLWDWLYH�FDSDELOLW\�FRYHUDJH�RI�UHSUHVHQWDWLYH�VWXGLHV�DQG�WKH�SURSRVHG�V\VWHP�
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7KH�,R7�EORFNDJH�GHWHFWRUV�FRYHU�OHYHO�VHQVLQJ�DQG�UHPRWH�DOHUWV�>�@±>�@��WKH�OHYHO�DQDO\VLV�VWXG\�DGGV�WKH�
XSVWUHDP±GRZQVWUHDP�FRPSDULVRQ�>�@��DQG�WKH�$,�VWXGLHV�FRYHU�OHDUQLQJ�DQG�HGJH�GHSOR\PHQW�EXW�QRW�D�
ORZ�FRVW�EORFNDJH�QRGH�>��@��>��@��7KH�GLVWLQJXLVKLQJ�IHDWXUH�RI�WKH�SURSRVDO�LV�WKHUHIRUH�WKH�FRPELQDWLRQ��
QRW�DQ\�VLQJOH�FRPSRQHQW��7DEOH�9�UHODWHV�HDFK�UHVHDUFK�JDS�WR�WKH�SDUW�RI�WKH�V\VWHP�LQWHQGHG�WR�DGGUHVV�
LW�

7$%/(�9��5HVHDUFK�*DSV�DQG�3URSRVHG�5HVSRQVH

*DS 3URSRVHG�UHVSRQVH

*��6LQJOH�SRLQW�GHWHFWLRQ 7ZR�SRLQW�OHYHO�FRPSDULVRQ�SOXV�IORZ�LQSXW

*��1R�JUDGHG�VHYHULW\ 7KUHH�VWDWH�FODVVLILFDWLRQ�ZLWK�PDWFKLQJ�/('�DQG�EX]]HU�DOHUWV

*��/LPLWHG� LQWHOOLJHQFH� DW� WKH�
QRGH

5DQGRP�)RUHVW�FODVVLILHU�RQ�WKH�(63����UXOH�EDVHG�EDVHOLQH�ILUVW�

*��1RLVH�KDQGOHG�VHSDUDWHO\ 5DQJH�FKHFN�DQG�ILOWHULQJ�EXLOW�LQWR�WKH�SLSHOLQH

*�� 'HSHQGHQFH� RQ�
FRQQHFWLYLW\

/RFDO�DODUP�ILUVW��EXIIHUHG�XSORDG�ZKHQ�:L�)L�UHWXUQV

*�� /LPLWHG� FRQWUROOHG�
YDOLGDWLRQ

6HUYR�FRQWUROOHG�WHVW�EHQFK�DQG�HYDOXDWLRQ�SODQ��7DEOH�9,�

&��(YDOXDWLRQ�3ODQ

%HFDXVH�WKH�V\VWHP�KDV�QRW�EHHQ�EXLOW��7DEOH�9,�VHWV�RXW�WKH�TXHVWLRQV�DQG�PHDVXUHV�WKDW�D�IXWXUH�VWXG\�
QHHGV��7KH�UXOH�EDVHG�EDVHOLQH�DQG� WKH�5DQGRP�)RUHVW�VKRXOG�EH�FRPSDUHG�ZLWK�HDFK�RWKHU�DQG�ZLWK�D�
VLQJOH�VHQVRU�WKUHVKROG�GHWHFWRU�OLNH�WKRVH�LQ�>�@��>�@��5HVXOWV�VKRXOG�EH�UHSRUWHG�IRU�GLIIHUHQW�IORZ�UDWHV�DQG�
EORFNDJH�SRVLWLRQV�UDWKHU�WKDQ�DV�RQH�DYHUDJH�

7$%/(�9,��3URSRVHG�(YDOXDWLRQ�3ODQ

4XHVWLRQ 0HDVXUH

'RHV�LW�FODVVLI\�FRUUHFWO\" &RQIXVLRQ�PDWUL[��SHU�FODVV�SUHFLVLRQ�DQG�UHFDOO�RQ�KHOG�RXW�UXQV

,V�WKH�ZDUQLQJ�HDUO\"
7LPH�IURP�EORFNDJH�RQVHW�WR�WKH�'HYHORSLQJ�DOHUW��YHUVXV�D�VLQJOH�
VHQVRU�WKUHVKROG

$UH�IDOVH�DODUPV�ORZ" )DOVH�DODUPV�SHU�KRXU�DW�QRUPDO�IORZ��LQFOXGLQJ�SXPS�VSHHG�FKDQJHV

$UH�OHYHO�UHDGLQJV�DFFXUDWH" (UURU�DJDLQVW�D�UHIHUHQFH�UXOHU��ZLWK�DQG�ZLWKRXW�ILOWHULQJ�>�@��>�@

,V�LW�IDVW�HQRXJK" 'HOD\�IURP�HYHQW�WR�/('���EX]]HU�DQG�WR�GDVKERDUG�XSGDWH

'RHV�LW�VXUYLYH�QHWZRUN�ORVV" /RFDO�DOHUWV�DQG�EXIIHUHG�ORJJLQJ�ZLWK�:L�)L�GLVDEOHG
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4XHVWLRQ 0HDVXUH

,V�LW�VWDEOH�DQG�DIIRUGDEOH" /RQJ�FRQWLQXRXV�UXQ��SRZHU�XVH�DQG�WRWDO�FRVW�YHUVXV�7DEOH�,,,

9,,� 62&,(7$/�5(/(9$1&(�$1'�6867$,1$%,/,7<

$�EORFNDJH�IRXQG�HDUO\�LV�FKHDSHU�DQG�VDIHU�WR�FOHDU�WKDQ�RQH�IRXQG�DIWHU�IORRGLQJ��7KH�SURSRVHG�V\VWHP�LV�
H[SHFWHG�WR�FRQWULEXWH�WR�ILYH�8QLWHG�1DWLRQV�6XVWDLQDEOH�'HYHORSPHQW�*RDOV��6'*����&OHDQ�:DWHU�DQG�
6DQLWDWLRQ��DQG�6'*�����6XVWDLQDEOH�&LWLHV�DQG�&RPPXQLWLHV���HDUOLHU�GHWHFWLRQ�UHGXFHV�ZDWHU�ORJJLQJ�DQG�
NHHSV�GUDLQV�ZRUNLQJ�LQ�FLWLHV��6'*����,QGXVWU\��,QQRYDWLRQ�DQG�,QIUDVWUXFWXUH���WKH�QRGH�LV�EXLOW�IURP�ORZ�
FRVW�,R7�SDUWV�DQG�FDQ�EH�FRSLHG�DW�PDQ\�ORFDWLRQV��6'*�����5HVSRQVLEOH�&RQVXPSWLRQ�DQG�3URGXFWLRQ��
WKLV�6'*�PHDQV IHZHU�ZDVWHG�UHVRXUFHV�DQG�UHGXFHG PDQXDO�LQVSHFWLRQ�HIIRUW��6'*�����&OLPDWH�$FWLRQ���
JUHHQ DOHUWV DUH�SURYLGHG�WR�VXSSRUW IORRG�UHVLOLHQFH�GXULQJ�KHDY\�UDLQV��7KHVH�FRQWULEXWLRQV�DUH�H[SHFWHG�
IURP�WKH�GHVLJQ�DQG�QRW�PHDVXUHG�

9,,,� /,0,7$7,216�$1'�35$&7,&$/�&+$//(1*(6

7KLV� SDSHU KDV� IRXU�PDMRU OLPLWDWLRQV�� )LUVW�� WKLV LV� D� GHVLJQ��PHDQLQJ RQO\� WKH� FLUFXLW� DQG� WKH :RNZL�
VLPXODWLRQ�H[LVW�ZKLFK PHDQV WKDW SHUIRUPDQFH�LV�H[SHFWHG EXW QRW�PHDVXUHG��6HFRQG��WKH�5DQGRP�)RUHVW�
FODVVLILHU�LV�SURSRVHG�EXW LW KDV�QRW�EHHQ�WUDLQHG��DQG�WKH�WKUHVKROGV�DUH�QRW�\HW�FDOLEUDWHG��7KLUG��WKH�IORZ�
LQSXW� LV� D�SRWHQWLRPHWHU� LQ� VLPXODWLRQ�� WKHUHIRUH� WKH UHDO� IORZ VHQVRU�EHKDYLRU LV� XQNQRZQ��)RXUWK�� WKH�
UHYLHZ�IHDWXUHV�RQO\ WZHQW\�ZRUNV��MXVW HQRXJK�WR�LGHQWLI\�JDSV�EXW�QRW HQRXJK WR�FODLP�WKDW�DQ\RQH GLG�
QRW ZRUN�RQ WKH�JDSV��DQG�WKH�FDSDELOLW\�FRPSDULVRQ�LQ�)LJ����LV�TXDOLWDWLYH��)LQDOO\��WKH UHYLHZHG�V\VWHPV�
XVH�YDULRXV VHQVRUV��UHJLRQV�DQG�EDFNJURXQGV VR�LW LV LPSRVVLEOH WR WUHDW WKHLU UHVXOWV DV�REMHFWLYHV��RQO\ DV�
IHDVLELOLW\�HVWLPDWHV�

7KH�SRWHQWLDO�RI�XOWUDVRQLF OHYHO�VHQVLQJ�KDV�OLPLWDWLRQV��0DQ\�FRQGLWLRQV�OLNH�WXUEXOHQFH�DQG IRDP��IORDWLQJ�
SDUWLFOHV��WHPSHUDWXUH�DQG�PRXQWLQJ�RI�WKH�VHQVRU�LPSDFW WKH�HFKR SURSHUW\ DQG�WKH�HUURU�LQFUHDVHV ZLWK WKH
GLVWDQFH�DQG�WXUEXOHQFH�>�@��>�@��7KH LQ�ILHOG�YHUVLRQ�ZLOO UHTXLUH ZDWHUSURRI�ER[��VWDEOH�SRZHU�VXSSO\��VRODU
EDWWHU\�OD\HU�RQ WKH�EORFN�GLDJUDP���KXPLGLW\�SURWHFWLRQ DQG PDLQWHQDQFH��/DE�FRQGXFWHG WKUHVKROG YDOXHV
ZLOO QRW�EH YDOLG LQ UHDO�GUDLQ��ZKLFK�LV�ZK\ FDOLEUDWLRQ�RQ VLWH�IROORZHG E\ UHWUDLQLQJ�LV LQFOXGHG LQWR WKH�
SODQ�

$�GUDLQDJH�PRQLWRULQJ V\VWHP GRHV QRW FROOHFW DQ\ LQIRUPDWLRQ DERXW�SHRSOH
V�SULYDF\��WKHUHIRUH� SULYDF\�
ULVN LV�ORZ��EXW�FORXG�DFFRXQW��:L�)L�FUHGHQWLDOV�DQG�GDVKERDUG�VWLOO KDYH�WR EH�VDIH DQG�WKH WUDQVPLWWHG GDWD�
PXVW EH HQFU\SWHG��7KH�V\VWHP�VKRXOG�ZRUN DV�DQ DVVLVWDQW��PLVVLQJ WKH EORFNDJH�RU�IDOVH�DODUP�FDQ FUHDWH
SUREOHPV��WKHUHIRUH� ZDUQLQJ�VKRXOG�HQKDQFH UDWKHU WKDQ�VXEVWLWXWH LQVSHFWLRQ�E\�UHVSRQVLEOH�ERG\�

,;� &21&/86,21�$1'�)8785(�:25.

,Q WKLV SDSHU� WZHQW\�UHVHDUFKHV UHJDUGLQJ EORFNDJH�GHWHFWLRQ��OHYHO�EDVHG�DQDO\VLV �/%$���XOWUDVRQLF��86��
WHFKQRORJ\� XVH�RI PDFKLQH�OHDUQLQJ��0/� LQ�VHZHU�V\VWHP DQG DUWLILFLDO�LQWHOOLJHQFH�ZLWK�LQWHUQHW�RI�WKLQJV
�$,R7��KDYH�EHHQ�DQDO\]HG��0RVW�RI�WKH�FXUUHQW ORZ�FRVW�V\VWHPV�ZRUN RQ RQH�OHYHO�RI�PHDVXUHPHQW�RQO\��
KDYH D�IL[HG�WKUHVKROG��GR QRW KDYH�OHYHO�RI VHYHULW\��SHUIRUP YHU\�OLWWOH LQWHOOLJHQFH�DW WKH�QRGH�DQG�DUH�
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KDUGO\ WHVWHG LQ�D�FRQWUROOHG�PDQQHU�7KH�SURSRVHG�$,R7�GUDLQDJH�EORFNDJH�HDUO\�ZDUQLQJ�V\VWHP��ZKLFK�
FRPSDUHV�XSVWUHDP�DQG�GRZQVWUHDP�OHYHOV�ZLWK�IORZ��FODVVLILHV�WKUHH�EORFNDJH�VWDWHV�RQ�DQ�(63����DOHUWV�
ORFDOO\�DQG�UHPRWHO\�DQG�LV�WHVWHG�RQ�D�VHUYR�FRQWUROOHG�FKDQQHO��UHVSRQGV�WR�WKHVH�JDSV��,W�LV�RIIHUHG�DV�D�
OLWHUDWXUH�JURXQGHG�GHVLJQ��ZLWK�D�FRPSOHWHG�FLUFXLW�DQG�VLPXODWLRQ��QRW�DV�D�YDOLGDWHG�V\VWHP�

)XWXUH�ZRUN�ZLOO�IROORZ�WKH�URDGPDS�LQ�)LJ�����EXLOG�WKH�WHVW�EHQFK� FDOLEUDWH�WKH�VHQVRUV��FROOHFW�ODEHOOHG�
GDWD��WUDLQ�DQG�FRPSDUH�WKH�FODVVLILHUV��DQG�HYDOXDWH�ZLWK�WKH�PHDVXUHV�LQ�7DEOH�9,��/DWHU�H[WHQVLRQV�LQFOXGH�
.DOPDQ� ILOWHULQJ� >�@�� /670�EDVHG� OHYHO� IRUHFDVWLQJ� WR� ZDUQ� EHIRUH� D� EORFNDJH� EXLOGV� >��@�� >��@��
DXWRHQFRGHU� DQRPDO\� GHWHFWLRQ� RQ� WKH� ORJJHG� GDWD� >��@�� RQ�GHYLFH� LQIHUHQFH� >��@�� ORQJ�UDQJH�
FRPPXQLFDWLRQ�VXFK�DV�/R5D:$1�>�@��DQG�WKH�RSWLRQDO�ZDWHU�TXDOLW\�VHQVRU��FDPHUD�DQG�VRODU�SRZHU�OD\HU�
IURP�WKH�SURMHFW�EORFN�GLDJUDP�

$&.12:/('*0(17

7KH�DXWKRUV�WKDQN�'U��%KDJ\DVKUHH�'KDNXONDU��+HDG�RI�WKH�'HSDUWPHQW��DQG�'U��9LVKDO�*��3XUDQLN�IRU�WKHLU�
JXLGDQFH�GXULQJ�WKH�OLWHUDWXUH�VXUYH\�DQG�GHVLJQ�VWDJHV�RI�WKLV�SURMHFW�

5()(5(1&(6

>�@�1DYLD�HW�DO���³,R7�%DVHG�%ORFNDJHV�'HWHFWLRQ�LQ�6WRUPZDWHU�'UDLQV�´�(&6$����������

>�@ 3DWLO�HW�DO���³,R7�%DVHG�'UDLQDJH�%ORFN�'HWHFWLRQ�ZLWK�&RQWURO�5RRP�%DVHG�'UDLQDJH�8QLW�&OHDQHU�´�
,5-(7�������

>�@�6DOHKLQ HW�DO���³$�6PDUW�3ROOXWHG�:DWHU�2YHUORDG�'UDLQDJH�'HWHFWLRQ�DQG�$OHUW�6\VWHP��%DVHG�RQ�,R7�´

>�@� 5RPDQRYD�� 7DLW� DQG� +RURVKHQNRY�� ³/RFDO� KHDG� ORVV� PRQLWRULQJ� XVLQJ� DFRXVWLF� LQVWUXPHQWDWLRQ� LQ�
SDUWLDOO\�IXOO�VHZHU�SLSHV�´������

>�@�:DQJ� HW� DO��� ³5HDO�7LPH� ,GHQWLILFDWLRQ� DQG� 3RVLWLRQLQJ� RI� 6HZHU�%ORFNDJH�%DVHG� RQ� /LTXLG� /HYHO�
$QDO\VLV�´�3URFHVVHV�������

>�@�%DH�DQG�-L��³2XWOLHU�'HWHFWLRQ�DQG�6PRRWKLQJ�3URFHVV�IRU�:DWHU�/HYHO�'DWD�0HDVXUHG�E\�8OWUDVRQLF�
6HQVRU�´�:DWHU�������

>�@�$O� 7DKWDZL�� ³.DOPDQ� )LOWHU�$OJRULWKP� 'HVLJQ� IRU� +&�65��� 8OWUDVRQLF� 6HQVRU� 'DWD�$FTXLVLWLRQ�
6\VWHP�´�,-,7((�������

>�@�3HUHLUD�HW�DO���³(YDOXDWLRQ�RI�ZDWHU�OHYHO�LQ�IORZLQJ�FKDQQHOV�XVLQJ�XOWUDVRQLF�VHQVRUV�´�6XVWDLQDELOLW\��
�����

>�@�$QGD\DQL�HW�DO���³.DOLEUDVL�6HQVRU�8OWUDVRQLN�+&�65�� «�6LVWHP�3HULQJDWDQ�'LQL�%HQFDQD�%DQMLU�´�
�����

>��@�5RVLQ�HW�DO���³1HDU�UHDO�WLPH�GHWHFWLRQ�RI�EORFNDJHV�QHDU�FRPELQHG�VHZHU�RYHUIORZV�XVLQJ�HYROXWLRQDU\�
$11V�DQG�63&�´�-��+\GURLQIRUPDWLFV�������

>��@�=KDQJ�HW�DO���³0DQDJH�6HZHU�,Q�/LQH�6WRUDJH�&RQWURO�8VLQJ�+\GUDXOLF�0RGHO�DQG�5HFXUUHQW�1HXUDO�
1HWZRUN�´�:DWHU�5HVRXU��0DQDJH��������
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>��@�=KDQJ�HW�DO���³(QKDQFLQJ�2SHUDWLRQ�RI�D�6HZDJH�3XPSLQJ�6WDWLRQ�«�E\�8VLQJ�'HHS�/HDUQLQJ�DQG�
+\GUDXOLF�0RGHO�´�DU;LY������������������

>��@�=KDQJ�HW�DO���³'HHS&62��)RUHFDVWLQJ�RI�&RPELQHG�6HZHU�2YHUIORZ�DW�D�&LW\ZLGH�/HYHO�XVLQJ�0XOWL�
WDVN�'HHS�/HDUQLQJ�´�DU;LY������������������

>��@� =KDQJ� HW� DO��� ³([SORLWLQJ� &DSDFLW\� RI� 6HZHU� 6\VWHP� 8VLQJ� 8QVXSHUYLVHG� /HDUQLQJ�$OJRULWKPV�
&RPELQHG�ZLWK�'LPHQVLRQDOLW\�5HGXFWLRQ�´�DU;LY������������������

>��@� 5XVVR� HW� DO��� ³$QRPDO\� 'HWHFWLRQ� XVLQJ� 'HHS� $XWRHQFRGHUV� IRU� LQ�VLWX� :DVWHZDWHU� 6\VWHPV�
0RQLWRULQJ�'DWD�´�:DWHUPDWH[�������

>��@� =KDQJ� DQG� 7DR�� ³(PSRZHULQJ� 7KLQJV� ZLWK� ,QWHOOLJHQFH��$� 6XUYH\� RI� 3URJUHVV�� &KDOOHQJHV�� DQG�
2SSRUWXQLWLHV�LQ�$,R7�´�,(((�,QWHUQHW�7KLQJV�-��������

>��@�6LDP�HW�DO���³$UWLILFLDO�,QWHOOLJHQFH�RI�7KLQJV��$�6XUYH\�´�$&0�7UDQV��6HQV��1HWZ��������

>��@�=KRX�HW�DO���³(GJH�,QWHOOLJHQFH��3DYLQJ�WKH�/DVW�0LOH�RI�$UWLILFLDO�,QWHOOLJHQFH�:LWK�(GJH�&RPSXWLQJ�´�
3URF��,(((�������

>��@�$IDFKDR�DQG�$EX�0DKIRX]��³$�5HYLHZ�RI�,QWHOOLJHQW�,R7�'HYLFHV�DW�WKH�(GJH�´�,&$,R7�������

>��@�6LQJK�HW�DO���³$�5HVLOLHQW�6ROXWLRQ�IRU�6HZHU�2YHUIORZ�0RQLWRULQJ�$FURVV�&ORXG�DQG�(GJH�´�,-&$,��
�����


