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�6DMLG�7DGYL���3URI��*HHWD�.RGDEDJL�
�6WXGHQW��7�(��8QGHUJUDGXDWH����0HQWRU�

�'HSDUWPHQW�RI�$UWLILFLDO�,QWHOOLJHQFH�DQG�'DWD�6FLHQFH�
�$MHHQN\D�'<�3DWLO�6FKRRO�RI�(QJLQHHULQJ��3XQH��,QGLD

�(PDLO��VDMLG�WDGYL#G\SLF�LQ��(PDLO��JHHWDNRGDEDJL#G\SLF�LQ

$EVWUDFW

$GYDQFHG�3HUVLVWHQW�7KUHDWV��$37V��DUH�WDUJHWHG��ORQJ�WHUP�F\EHUDWWDFNV�WKDW�XQIROG�LQ�VHYHUDO�VWDJHV�DQG�
DUH� GHOLEHUDWHO\� GHVLJQHG� WR� VWD\� KLGGHQ�� VR� GHWHFWLQJ� WKHP� IURP� LVRODWHG� DOHUWV� LV� XQUHOLDEOH��0DFKLQH�
OHDUQLQJ��0/���EHKDYLRXUDO�DQDO\VLV��HYHQW�FRUUHODWLRQ��SURYHQDQFH�DQDO\VLV�DQG�VHFXULW\�LQIRUPDWLRQ�DQG�
HYHQW�PDQDJHPHQW� �6,(0��DUH� LQFUHDVLQJO\� DSSOLHG� WR� WKLV�SUREOHP��7KLV�SDSHU� UHYLHZV� ILIWHHQ� VWXGLHV�
SXEOLVKHG�EHWZHHQ������DQG������WKDW�FRYHU�$37�WDFWLFV��WHFKQLTXHV�DQG�SURFHGXUHV��773V���VXSHUYLVHG��
GHHS�� K\EULG� DQG� HYROXWLRQDU\� GHWHFWRUV�� SURYHQDQFH�JUDSK� OHDUQLQJ�� DWWDFN�VWDJH� SUHGLFWLRQ� DQG�
XQFHUWDLQW\�DZDUH� FODVVLILFDWLRQ��$�FULWHULRQ�EDVHG�FRPSDULVRQ� VKRZV� WKDW� QRQH�RI� WKH� UHYLHZHG� VWXGLHV�
FRPELQHV�IXOO�OLIHF\FOH�FRYHUDJH��PXOWL�VRXUFH�GDWD�IXVLRQ��SUHGLFWLRQ�RI�WKH�DWWDFNHU¶V�QH[W�DFWLRQ��KDQGOLQJ�
RI� XQFHUWDLQW\� DQG� GULIW�� DQG� YDOLGDWLRQ� LQ� D� UHDOLVWLF� HQYLURQPHQW��7R� DGGUHVV� WKLV� QHHG��ZH� SURSRVH� D�
FRQFHSWXDO�IUDPHZRUN�IRU�PXOWL�VRXUFH�GDWD�IXVLRQ��PXOWL�VWDJH�GHWHFWLRQ��VWDJH�DQG�QH[W�DFWLRQ�SUHGLFWLRQ��
XQFHUWDLQW\�DZDUH� SULRULWLVDWLRQ� DQG� DXWRPDWHG� UHVSRQVH�� DQG� GHILQH� DQ� HYDOXDWLRQ� SURWRFRO� IRU� LW�� 7KH�
IUDPHZRUN�LV�SURSRVHG�UDWKHU�WKDQ�LPSOHPHQWHG��RSHQ�FKDOOHQJHV�DQG�IXWXUH�GLUHFWLRQV�DUH�GLVFXVVHG�

.H\ZRUGV� $GYDQFHG� 3HUVLVWHQW� 7KUHDWV�� &\EHUVHFXULW\�� 0DFKLQH� /HDUQLQJ�� 0XOWL�6WDJH� 'HWHFWLRQ��
3URYHQDQFH�*UDSKV��6,(0��$XWRPDWHG�5HVSRQVH�

,��,QWURGXFWLRQ

$GYDQFHG� 3HUVLVWHQW� 7KUHDWV� �$37V�� DUH� WDUJHWHG�� VRSKLVWLFDWHG� DQG� ORQJ�WHUP� F\EHUDWWDFNV� LQ� ZKLFK�
DWWDFNHUV�JDLQ�XQDXWKRULVHG�DFFHVV�WR�D�V\VWHP�DQG�WKHQ�UHPDLQ�XQGHWHFWHG�IRU�DQ�H[WHQGHG�SHULRG�>������
��@��$Q�$37 FDPSDLJQ�LV�JHQHUDOO\�PXOWL�VWDJH��LW�LQYROYHV�LQLWLDO�DFFHVV��SHUVLVWHQFH��ODWHUDO�PRYHPHQW��
FRPPDQG�DQG�FRQWURO��DQG�GDWD�H[ILOWUDWLRQ��$WWDFNHUV�RIWHQ�UHO\�RQ�OHJLWLPDWH�WRROV��FXVWRPLVHG�WHFKQLTXHV�
DQG�VWHDOWK\�PHWKRGV��ZKLFK�DOORZV�WKHP�WR�HYDGH�FRQYHQWLRQDO�VHFXULW\�PHFKDQLVPV�>�@�

7UDGLWLRQDO�VHFXULW\�V\VWHPV�PD\�DQDO\VH�LQGLYLGXDO�DOHUWV�VHSDUDWHO\��ZKLFK�PDNHV�LW�GLIILFXOW�WR�XQGHUVWDQG�
WKH� FRPSOHWH� EHKDYLRXU� RI� DQ� DWWDFN� >�@�� )RU� WKLV� UHDVRQ�� UHFHQW� UHVHDUFK� LQFUHDVLQJO\� DSSOLHV�$,�0/��
EHKDYLRXUDO�DQDO\VLV��HYHQW�FRUUHODWLRQ��SURYHQDQFH�DQDO\VLV�DQG�6,(0�WR�$37�GHWHFWLRQ�>���������������@��
0RGHOV�RI�WKLV�NLQG�KDYH�UHSRUWHG�YHU\�KLJK�DFFXUDF\�RQ�VRPH�GDWDVHWV��IRU�H[DPSOH��5DQGRP�)RUHVW�DQG�
;*%RRVW�UHDFKHG�������DFFXUDF\�LQ�LGHQWLI\LQJ�$37�DOHUWV�>�@�
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1HYHUWKHOHVV��IRXU�OLPLWDWLRQV�UHPDLQ�IRU�SUDFWLFDO�XVH��)LUVW��GDWDVHWV�WKDW�UHSUHVHQW�DOO�VWDJHV�RI�DQ�$37�
DWWDFN�DUH�VFDUFH��DUH�RIWHQ�V\QWKHWLF�RU�GHULYHG�IURP�RWKHU�GDWD��DQG�VXIIHU�IURP�VHYHUH�FODVV�LPEDODQFH�>���
�����@��6HFRQG��PDQ\�VWXGLHV�DGGUHVV�RQO\�RQH�RU�D�IHZ�VWDJHV�LQVWHDG�RI�WKH�FRPSOHWH�OLIHF\FOH��DQG�WKH\�
DQDO\VH�QHWZRUN��KRVW��ORJ�DQG�YXOQHUDELOLW\�LQIRUPDWLRQ�LQGHSHQGHQWO\��7KLUG��PRVW�V\VWHPV�GHFLGH�ZKHWKHU�
DQ� DFWLYLW\� LV�PDOLFLRXV� EXW� GR� QRW� HVWLPDWH�ZKDW� WKH� DWWDFNHU� LV� OLNHO\� WR� GR� QH[W�� )RXUWK�� HYHQ� KLJK�
SHUIRUPLQJ�PRGHOV� QHHG� YDOLGDWLRQ� LQ� UHDOLVWLF� HQYLURQPHQWV�� EHFDXVH� FKDQJLQJ� DWWDFNHU� EHKDYLRXU� FDQ�
UHGXFH�WKHLU�SHUIRUPDQFH�DJDLQVW�XQVHHQ�FDPSDLJQV�

7KLV�SDSHU�PDNHV�WKH�IROORZLQJ�FRQWULEXWLRQV�

� $�UHYLHZ�DQG�RXWOLQH�RI� UHFHQW� UHVHDUFK�RQ�0/�EDVHG�$37�GHWHFWLRQ��SURYHQDQFH�JUDSK� OHDUQLQJ��
VWDJH�SUHGLFWLRQ�DQG�DXWRPDWHG�UHVSRQVH�

� $�FRQFHSWXDO��HQG�WR�HQG�IUDPHZRUN�WKDW�EULQJV�WKHVH�WKHPHV�WRJHWKHU��DQG�D�SURSRVHG�HYDOXDWLRQ�
SURWRFRO�

� $�GLVFXVVLRQ�RI�DSSOLFDWLRQV��OLPLWDWLRQV�DQG�IXWXUH�GLUHFWLRQV�

7KH�UHVW�RI�WKH�SDSHU�LV�RUJDQLVHG�DV�IROORZV��7KH�EDFNJURXQG�LV�SUHVHQWHG�LQ�6HFWLRQ�,,��WKH�OLWHUDWXUH�LV�
UHYLHZHG�LQ�6HFWLRQ�,,,��UHVHDUFK�JDSV�DUH�GLVFXVVHG�LQ�6HFWLRQ�,9��WKH�IUDPHZRUN�LV�SUHVHQWHG�LQ�6HFWLRQ�
9��DQG�DSSOLFDWLRQV��OLPLWDWLRQV��IXWXUH�ZRUN�DQG�FRQFOXVLRQV�DUH�SUHVHQWHG�LQ�6HFWLRQV�9,±,;�

,,��%$&.*5281'

$��$37�/LIHF\FOH�DQG�773V

$Q�$37�LV�FKDUDFWHULVHG�E\�WKH�WDFWLFV��WHFKQLTXHV�DQG�SURFHGXUHV��773V��RI�WKH�DWWDFNHU�DFURVV�D�FDPSDLJQ��
7KH�W\SLFDO�VWDJHV�DUH�LQLWLDO�DFFHVV��SHUVLVWHQFH��ODWHUDO�PRYHPHQW��FRPPDQG�DQG�FRQWURO��&����DQG�GDWD�
H[ILOWUDWLRQ��(DFK�VWDJH�OHDYHV�GLIIHUHQW�HYLGHQFH��QHWZRUN�WUDIILF��KRVW�DFWLYLW\��VHFXULW\�DOHUWV�DQG�V\VWHP�
ORJV��'HWHFWLRQ�UHVHDUFK�LV�WKHUHIRUH�PRYLQJ�IURP�VLJQDWXUH�EDVHG�PHWKRGV�WR�EHKDYLRXU��WKHQ�FRQWH[W��DQG�
XOWLPDWHO\�DWWDFNHU�LQWHQW��1HWZRUN�OHYHO�EHKDYLRXU�UHPDLQV�DQ�LPSRUWDQW�VRXUFH�RI�HYLGHQFH�>�@�

%��0/�%DVHG�'HWHFWLRQ�DQG�3UHGLFWLRQ

6XSHUYLVHG�FODVVLILHUV�VXFK�DV�5DQGRP�)RUHVW�DQG�;*%RRVW�KDYH�EHHQ�XVHG�WR�GHWHFW�$37�UHODWHG�HYHQWV�
DQG�WR�UHGXFH�DOHUWV�>�@��+\EULG�HQVHPEOHV�DQG�&11�/670�PRGHOV�KDYH�EHHQ�DSSOLHG�WR�DQ�$37�DZDUH�
GDWDVHW�GHULYHG�IURP�816:�1%���>�@��DQG�WUHH�EDVHG�JHQHWLF�SURJUDPPLQJ�KDV�EHHQ�DSSOLHG�WR�WKH�'$37�
�����GDWDVHW�>��@��)RU�VWDJH�SUHGLFWLRQ��D�VHTXHQFH�RI�REVHUYDWLRQV�R��7 FDQ�EH�PRGHOOHG�ZLWK�D�+LGGHQ�
0DUNRY�0RGHO��+00���ZKRVH�PRVW�OLNHO\�VWDJH�VHTXHQFH�LV�REWDLQHG�E\�9LWHUEL�GHFRGLQJ�>�����@�

ǆ��7  �DUJPD[�3�V��3�R�_V����W ���7 3�VW_VWí��3�RW_VW� ���

&��3URYHQDQFH�*UDSK�/HDUQLQJ

$�SURYHQDQFH�JUDSK�*  ��9��(��UHSUHVHQWV�V\VWHP�HQWLWLHV��VXFK�DV�SURFHVVHV��ILOHV�DQG�QHWZRUN�VRFNHWV��DV�
QRGHV�9 DQG�WKH�HYHQWV�EHWZHHQ�WKHP�DV�HGJHV�(��*UDSK�QHXUDO�QHWZRUNV�FDQ�OHDUQ�QRGH�UHSUHVHQWDWLRQV�
GLUHFWO\�IURP�WKLV�VWUXFWXUH��,Q�*UDSK6$*(�>��@� ZKLFK�LV�XVHG�LQ�>�����@�� WKH�KLGGHQ�VWDWH�RI�D�QRGH�LV�
XSGDWHG�IURP�LWV�QHLJKERXUV�

KY�O���  �ı��: ā�>�KY�O� �O��KX^�**$�ۅ ��X א 1�Y��`��@�� ���
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ZKHUH�ı�LV�D�QRQ�OLQHDULW\��: D�OHDUQHG�ZHLJKW�PDWUL[�DQG�$**�D�QHLJKERXUKRRG�DJJUHJDWRU��7KH�UHVXOWLQJ�
HPEHGGLQJV�DUH�WKHQ�VFRUHG�E\�DQRPDO\�GHWHFWRUV�RU�FOXVWHUHG�WR�ILQG�PDOLFLRXV�QRGHV�RU�VXEJUDSKV�>�������
��@�

'��8QFHUWDLQW\�DQG�6,(0�%DVHG�5HVSRQVH

(YLGHQWLDO�GHHS�OHDUQLQJ�OHWV�D�FODVVLILHU�RXWSXW�WKH�SDUDPHWHUV�ĮN RI�D�'LULFKOHW�GLVWULEXWLRQ�RYHU�. FODVVHV��
IURP�ZKLFK� WKH�XQFHUWDLQW\�X  �. ��ȈN ĮN IROORZV�>��@��$SSOLHG� WR�DWWDFN�VWDJH�FODVVLILFDWLRQ�� WKLV�JLYHV�
FDOLEUDWHG�FRQILGHQFH�DQG�FDQ�IODJ�RXW�RI�GLVWULEXWLRQ�LQSXWV�WKDW�PD\�VLJQDO�FKDQJHG�WDFWLFV�>�@��2Q�WKH�
RSHUDWLRQDO� VLGH��6,(0�EDVHG�SLSHOLQHV�FRPELQH�HYHQW�GHWHFWLRQ�PRGXOHV�ZLWK�0/�WR� UHGXFH�DOHUWV� DQG�
VXSSRUW�DXWRPDWHG�SRVW�DOHUW�GHFLVLRQV�>�@��$Q�DQDO\VW�VXSSRUW�SLSHOLQH�FDQ�EH�VXPPDULVHG�DV�GHWHFWLRQ��
FODVVLILFDWLRQ��SULRULWLVDWLRQ��GHFLVLRQ�DQG�UHVSRQVH�

,,,��/,7(5$785(�5(9,(:

7KH�PHWKRGRORJ\��PDLQ�ILQGLQJ�DQG�OLPLWDWLRQV�UHSRUWHG�E\�WKH�DXWKRUV�RI�WKH�ILIWHHQ�SULPDU\�VWXGLHV�ZHUH�
DQDO\VHG��7DEOH�,�VXPPDULVHV�WKLV�LQIRUPDWLRQ�

6XUYH\V�DQG�ODQGVFDSH�VWXGLHV�$ODJHHO�DQG�0DIIHLV�>�@�LQYHVWLJDWH�QHWZRUN�EDVHG�$37�773V�DQG�QRWH�WKDW�
EHWWHU�PXOWL�SURWRFRO�EHKDYLRXUDO�GHWHFWLRQ�LV�UHTXLUHG��<XOGRVKNKXMDHY�HW�DO� >�@�JLYH�D�GHFDGH�ORQJ�YLHZ�
RI�$37�DFWRUV��WHFKQLTXHV�DQG�WUHQGV�IURP�WKUHDW�LQWHOOLJHQFH�UHSRUWV��EXW�WKLV�KLVWRULFDO�NQRZOHGJH�PXVW�
VWLOO�EH�WUDQVODWHG�LQWR�UHDO�WLPH�DGDSWLYH�GHWHFWLRQ�DQG�SUHGLFWLRQ��7KH�VXUYH\V�LQ�>���������@�FRYHU�$37�
EHKDYLRXUV�� WKH� OLIHF\FOH� DQG� ,R7� HQYLURQPHQWV�� DQG� SRLQW� WR� WKH� QHHG� IRU� EHWWHU� LQWHJUDWLRQ� RI� DWWDFN�
FKDUDFWHULVWLFV��WR�HYROYLQJ�WHFKQLTXHV��DQG�WR�OLPLWHG�GDWDVHWV�DQG�FODVV�LPEDODQFH�

0/�DQG�HQVHPEOH�GHWHFWRUV� $OL�HW�DO� >�@�FRPELQH�5DQGRP�)RUHVW��;*%RRVW�DQG�D�6,(0�ZLWK�VL[�HYHQW�
GHWHFWLRQ� PRGXOHV� DQG� ��� PDOLFLRXV�EHKDYLRXU� W\SHV�� UHSRUWLQJ� ������ DFFXUDF\�� DOWKRXJK� GDWDVHW�
OLPLWDWLRQV�DQG�JHQHUDOLVDWLRQ�UHPDLQ�RSHQ��7LMMDQL�HW�DO� >�@�VKRZ�WKDW�K\EULG�HQVHPEOHV�RXWSHUIRUP�VLQJOH�
FODVVLILHUV�DQG�WKDW�&11�/670�VXUSDVVHV�WUDGLWLRQDO�0/��EXW�RQO\�RQ�D�GHULYHG�GDWDVHW��0DPXQ�HW�DO� >��@�
UHDFK� ������� DYHUDJH� EDODQFHG� DFFXUDF\�ZLWK� JHQHWLF� SURJUDPPLQJ� DQG� D� YHU\� IDVW� LQIHUHQFH� WLPH� RI�
�������PV��DW�WKH�FRVW�RI�D�������IDOVH�SRVLWLYH�UDWH�LQ�ELQDU\�PRGH�DQG�URXJKO\���±���PLQXWHV�RI�WUDLQLQJ��
0/$37�>��@�SUHGLFWV�$37�DWWDFNV�LQ�WKHLU�HDUO\�VWHSV�ZLWK�������DFFXUDF\��EXW�GDWHV�IURP�������$FFXUDF\�
ILJXUHV�IURP�GLIIHUHQW�GDWDVHWV�DUH�QRW�GLUHFWO\�FRPSDUDEOH�

3URYHQDQFH�JUDSK�PHWKRGV�$37�0&/�>�@�OHDUQV�VWUXFWXUDO�DQG�EHKDYLRXUDO�YLHZV�RI�D�SURYHQDQFH�JUDSK�
ZLWKRXW�VXSHUYLVLRQ�DQG�UHDFKHV�D�PDFUR�)��RI�XS�WR�������RQ�&$'(76��DOWKRXJK�VXSHUYLVHG�PRGHOV�VWLOO�
ZLQ�RQ�VRPH�GDWDVHWV�DQG�WUDLQLQJ�FRVW�LV�KLJKHU��5$3,'�>��@�REWDLQV�JUDSK�OHYHO�SUHFLVLRQ�DQG�UHFDOO�RI
�����RQ�7+(,$��&$'(76�DQG�3XEOLF�$UHQD�DW�DERXW����î��� ORJV�V��EXW�QRGH�OHYHO�SUHFLVLRQ�LV�RQO\�����±
�����DQG�SHULRGLF�XSGDWHV�DUH�QHHGHG�IRU�FRQFHSW�GULIW��3URF6$*(�>��@�UHDFKHV�����DFFXUDF\�DQG�)��RQ�
6WUHDP6SRW�ZLWK�����OHVV�WLPH�DQG�����OHVV�PHPRU\�WKDQ�6WUHDP6SRW��EXW�ZDV�WHVWHG�RQ�RQH�GDWDVHW�DQG�
DVVXPHV�DWWDFN�IUHH�WUDLQLQJ�GDWD�

6WDJH� SUHGLFWLRQ�� XQFHUWDLQW\� DQG� UHVSRQVH� (�+L'1HW >�@� FRXSOHV� D� &11�511� ZLWK� DQ� +00� DQG�
PRGLILHG�9LWHUEL�GHFRGLQJ�WR�SUHGLFW�$37�VWDJHV�ZLWK�����±�����DFFXUDF\��EXW�RQO\�RQ�D�V\QWKHWLF�GDWDVHW��
*DXGHQ]L�HW�DO� >�@�XVH�HYLGHQWLDO�GHHS�OHDUQLQJ�IRU�XQFHUWDLQW\�DZDUH�VWDJH�FODVVLILFDWLRQ��LQ�SUHOLPLQDU\�
VLPXODWHG�H[SHULPHQWV�ZLWKRXW�UHSRUWHG�PHWULFV��*LOEHUW�HW�DO� >�@�VKRZ�WKDW�DGYDQFHG�GHWHFWLRQ�FRPELQHG�
ZLWK�D�VWUXFWXUHG�UHVSRQVH�SODQ�FDQ�LPSURYH�$37�GHIHQFH��WKRXJK�UHDO�HQYLURQPHQWV�DGG�FRPSOH[LW\�WKDW�
VLPXODWLRQV�PLVV�
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7$%/(�,

6800$5<�2)�7+(�5(9,(:('�678',(6

5HI� $SSURDFK�DQG�PDLQ�ILQGLQJ 5HSRUWHG�OLPLWDWLRQV

>�@����� ,QYHVWLJDWLRQ� RI� QHWZRUN�EDVHG� $37� 773V��
DWWDFN� WHFKQLTXHV� DQG� HYDVLRQ�� KLJKOLJKWV� WKH�
LPSRUWDQFH�RI�QHWZRUN�OHYHO�DWWDFNHU�EHKDYLRXU�

%HWWHU� PXOWL�SURWRFRO� EHKDYLRXUDO�
GHWHFWLRQ�LV�UHTXLUHG�

>�@����� /RQJLWXGLQDO� DQDO\VLV� RI�$37� FDPSDLJQV� XVLQJ�
&7,�DQG�SXEOLF�UHSRUWV��JLYHV�D�GHFDGH�ORQJ�YLHZ�
RI�DFWRUV��WHFKQLTXHV�DQG�JOREDO�WUHQGV�

+LVWRULFDO�&7,�PXVW�EH�WUDQVODWHG�LQWR�
UHDO�WLPH� DGDSWLYH� GHWHFWLRQ� DQG�
SUHGLFWLRQ�

>�@����� (�+L'1HW�� &11�511�ZLWK� D� +LGGHQ�0DUNRY�
0RGHO�DQG�PRGLILHG�9LWHUEL�GHFRGLQJ��SUHGLFWV�
$37� VWDJHV� ZLWK� ����±����� DFFXUDF\� RQ� D�
V\QWKHWLF�GDWDVHW�

(YDOXDWHG�RQO\�RQ�V\QWKHWLF�GDWD��UHDO�
ZRUOG� SHUIRUPDQFH� LV� QRW�
GHPRQVWUDWHG�

>�@����� $37�0&/�� XQVXSHUYLVHG� PXOWL�YLHZ�
SURYHQDQFH�JUDSK� OHDUQLQJ� �*UDSK6$*(��
L)RUHVW�� FR�WUDLQLQJ���PDFUR�)�� XS� WR� ������ RQ�
&$'(76�

6XSHUYLVHG�PRGHOV� VWLOO�ZLQ� RQ� VRPH�
GDWDVHWV�� KLJKHU� WUDLQLQJ� FRVW��
WKUHVKROG�VHQVLWLYH�

>�@����� 5DQGRP� )RUHVW�� ;*%RRVW� DQG� 6,(0� ZLWK� VL[�
HYHQW�GHWHFWLRQ�PRGXOHV�DQG����EHKDYLRXU�W\SHV��
0/�EDVHG� DOHUW� UHGXFWLRQ� DQG� DXWRPDWHG� SRVW�
DOHUW�GHFLVLRQV��������DFFXUDF\�

'DWDVHW� OLPLWDWLRQV�� UHDO�ZRUOG�
JHQHUDOLVDWLRQ�

>�@����� $QDO\VLV� RI� $37� FKDUDFWHULVWLFV�� DQRPDO\�
GHWHFWLRQ�� EHKDYLRXUDO� DQDO\WLFV�� WKUHDW�
LQWHOOLJHQFH�DQG�LQFLGHQW�UHVSRQVH�

5HDO� HQYLURQPHQWV� PD\� DGG�
FRPSOH[LWLHV� QRW� FDSWXUHG� E\�
VLPXODWLRQV�

>�@����� 0XOWL�VWDJH�K\EULG�HQVHPEOHV�DQG�&11�/670�
RQ�DQ�$37�DZDUH�GDWDVHW�GHULYHG�IURP�816:�
1%����K\EULGV�EHDW�VLQJOH�FODVVLILHUV�

6LPXODWLRQ� UHVXOWV� RQ� D� GHULYHG�
GDWDVHW��QRW�UHDO�$37�WUDIILF�

>�@����� (YLGHQWLDO� GHHS� OHDUQLQJ� �'LULFKOHW� RXWSXW�� IRU�
XQFHUWDLQW\�DZDUH�VWDJH�FODVVLILFDWLRQ��IODJV�RXW�
RI�GLVWULEXWLRQ�LQSXWV�

3UHOLPLQDU\� VLPXODWHG� H[SHULPHQWV��
QR�UHSRUWHG�PHWULFV�

>�@����� 35,60$�EDVHG� V\VWHPDWLF� UHYLHZ� RI� $37�
EHKDYLRXUV�DQG�GHWHFWLRQ�VWUDWHJLHV�

%HWWHU� LQWHJUDWLRQ� RI� GLIIHUHQW� DWWDFN�
FKDUDFWHULVWLFV�LV�UHTXLUHG�

>��@�
����

6XUYH\� RI� WKH� $37� OLIHF\FOH� DQG� GHWHFWLRQ�
WHFKQLTXHV�

(YROYLQJ� DWWDFN� WHFKQLTXHV� PDNH�
UHOLDEOH�GHWHFWLRQ�GLIILFXOW�

>��@�
����

7UHH�EDVHG� JHQHWLF� SURJUDPPLQJ� RQ� '$37�
������ ������� DYHUDJH� EDODQFHG� DFFXUDF\��
�������PV�LQIHUHQFH�

������ IDOVH�SRVLWLYH� UDWH� �ELQDU\�
PRGH���DERXW���±���PLQ�WUDLQLQJ�
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5HI� $SSURDFK�DQG�PDLQ�ILQGLQJ 5HSRUWHG�OLPLWDWLRQV

>��@�
����

5$3,'�� VHOI�VXSHUYLVHG� %L�/670� RQ�
SURYHQDQFH�ORJ� HPEHGGLQJV�ZLWK�JUDSK� WUDFLQJ�
DQG�'%6&$1��JUDSK�OHYHO�SUHFLVLRQ�DQG�UHFDOO�
RI������

1HHGV�XSGDWHV�IRU�FRQFHSW�GULIW��QRGH�
OHYHO�SUHFLVLRQ�����±�����

>��@�
����

3URF6$*(�� SURFHVV�FHQWULF� SURYHQDQFH� JUDSKV�
ZLWK�*UDSK6$*(�DQG�FOXVWHULQJ������DFFXUDF\�
DQG�)��RQ�6WUHDP6SRW�

2QH� GDWDVHW�� DVVXPHV� DWWDFN�IUHH�
WUDLQLQJ� GDWD�� QR� FRQFHSW�GULIW�
KDQGOLQJ�

>��@�
����

5HYLHZ�RI�0/�EDVHG�,'6�DQG�$37�FKDOOHQJHV�LQ�
,R7�HQYLURQPHQWV�

/LPLWHG� FRPSUHKHQVLYH� GDWDVHWV��
VHYHUH�FODVV�LPEDODQFH�

>��@�
����

0/$37�� HLJKW� GHWHFWLRQ� PRGXOHV�� DOHUW�
FRUUHODWLRQ�DQG�DQ�0/�PRGXOH�WKDW�SUHGLFWV�$37�
SURJUHVVLRQ��������DFFXUDF\�LQ�HDUO\�VWHSV�

'DWHV� IURP� ������ PD\� QRW� UHIOHFW�
FXUUHQW�WHFKQLTXHV�DQG�WRROLQJ�

,9��5(6($5&+�*$3�$1$/<6,6

$OO� UHYLHZHG� VWXGLHV� ZHUH�PDUNHG� DJDLQVW� ILYH� FULWHULD� WKDW� ZH� UHJDUG� DV� WKH�PRVW� LPSRUWDQW� UHVHDUFK�
FKDOOHQJHV�� OLIHF\FOH�FRYHUDJH��PXOWL�VRXUFH�IXVLRQ��QH[W�VWHS�SUHGLFWLRQ��XQFHUWDLQW\�DQG�GULIW�KDQGOLQJ��
DQG� UHDO�ZRUOG� YDOLGDWLRQ�� 7KH� UDWLQJ� LQ� )LJ�� �� LV� WKH� DXWKRUV¶� TXDOLWDWLYH� UHDGLQJ� RI� WKH� LQIRUPDWLRQ�
VXPPDULVHG�LQ�7DEOH�,��³QRW�DGGUHVVHG´�PHDQV�WKDW�WKH�FULWHULRQ�LV�QRW�UHSRUWHG�WKHUH��,W�LV�QRW�D�TXDQWLWDWLYH�
EHQFKPDUN�

)LJ�����&RYHUDJH�RI�ILYH�GHVLJQ�FULWHULD�E\�WKH�UHYLHZHG�VWXGLHV��TXDOLWDWLYH�UDWLQJ��
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7KH�IROORZLQJ�FDQ�EH�VHHQ�IURP�WKH�PDWUL[�

� *��± /LIHF\FOH�IUDJPHQWDWLRQ�0RVW�VWXGLHV�DGGUHVV�RQO\�RQH�RU�D�IHZ�VWDJHV��'DWDVHWV�WKDW�UHSUHVHQW�
HYHU\�VWDJH�DUH�VFDUFH��VR�FRQQHFWLRQV�EHWZHHQ�DWWDFN�DFWLYLWLHV�FDQ�EH�PLVVHG�

� *��± 6LORHG�GDWD�1HWZRUN��KRVW��ORJ��YXOQHUDELOLW\�DQG�EHKDYLRXUDO�LQIRUPDWLRQ�DUH�UDUHO\�FRPELQHG��
WKH�6,(0�EDVHG�ZRUN�LQ�>�@�FRPHV�FORVHVW�

� *��± 5HDFWLYH�GHWHFWLRQ� 0RVW�V\VWHPV�GHFLGH�ZKHWKHU�DQ�DFWLYLW\�LV�PDOLFLRXV��RQO\�>�@�DQG�>��@�
DOVR�SUHGLFW�KRZ�DQ�DWWDFN�ZLOO�SURJUHVV�

� *��± 'ULIW�DQG�XQFHUWDLQW\� 2QO\�>�@�PRGHOV�XQFHUWDLQW\�H[SOLFLWO\��DQG�LW�LV�SUHOLPLQDU\��FKDQJLQJ�
DWWDFNHU�EHKDYLRXU�DQG�FRQFHSW�GULIW�DUH�PRVWO\�OHIW�RSHQ�

� *��± 9DOLGDWLRQ� 6HYHUDO�VWXGLHV�XVH�V\QWKHWLF�RU�GHULYHG�GDWD�>��������@��DQG�IHZ�HYDOXDWH�LQ�UHDOLVWLF�
HQYLURQPHQWV�

9��7+(�(19,6,21('�&21&(378$/�)5$0(:25.

7R�DGGUHVV�*�±*��ZH�VNHWFK�WKH�SLSHOLQH�LQ�)LJ�����,W�LV�D�SURSRVDO��QR�LPSOHPHQWDWLRQ�RU�H[SHULPHQWDO�
UHVXOW�LV�SUHVHQWHG�LQ�WKLV�SDSHU�

)LJ�����3URSRVHG�PXOWL�VWDJH�GHWHFWLRQ�DQG�DXWRPDWHG�GHIHQFH�SLSHOLQH�
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$��'DWD�&ROOHFWLRQ�DQG�*UDSK�&RQVWUXFWLRQ

7KH� LQSXW� FRPELQHV� QHWZRUN� HYHQWV�� KRVW� HYHQWV�� VHFXULW\� DOHUWV�� SURYHQDQFH� ORJV� DQG� YXOQHUDELOLW\�
LQIRUPDWLRQ�� 3XEOLF� GDWDVHWV� XVHG� LQ� WKH� UHYLHZHG�ZRUN�� VXFK� DV� WKH�816:�1%���GHULYHG� GDWDVHW� >�@��
'$37������>��@��&$'(76�DQG�7+(,$�>�����@�DQG�6WUHDP6SRW�>��@��FDQ�EH�FRPSOHPHQWHG�E\�LQ�KRXVH�
GDWD� ZKHUH� DYDLODEOH�� (YHQWV� DUH� WLPH�DOLJQHG�� DQG� KRVW� DFWLYLW\� LV� WXUQHG� LQWR� SURYHQDQFH� JUDSKV� DV�
GHVFULEHG� LQ�6HFWLRQ� ,,�&��&RPSOHWH�FDPSDLJQV�DUH� VHW� DVLGH�DV�D�KHOG�RXW�JURXS� WKDW� LV�QHYHU�XVHG� IRU�
WUDLQLQJ�

%��0XOWL�6RXUFH�'HWHFWLRQ

(QVHPEOH�FODVVLILHUV�VXFK�DV�5DQGRP�)RUHVW�DQG�;*%RRVW�>�@�SURFHVV�DOHUW�DQG�QHWZRUN�IHDWXUHV��ZKLOH�
SURYHQDQFH�JUDSK�HPEHGGLQJV�>�����@�GHVFULEH�KRVW�EHKDYLRXU��7KHLU�RXWSXWV�DUH�IXVHG�VR�WKDW�HYLGHQFH�
IURP�VHYHUDO�VRXUFHV�FRQWULEXWHV�WR�RQH�GHFLVLRQ��ZKLFK�WDUJHWV�*��DQG�*��

&��6WDJH�,QIHUHQFH�DQG�1H[W�$FWLRQ�3UHGLFWLRQ

$�VHTXHQFH�PRGHO�� IRU�H[DPSOH�D�&11�511�ZLWK�+00�GHFRGLQJ�>�@�� LQIHUV�WKH�FXUUHQW�VWDJH�DQG�WKH�
GLVWULEXWLRQ�RYHU� OLNHO\�QH[W� VWDJHV� IURP� WKH�DOHUW� VHTXHQFH��ZKLFK� WDUJHWV�*���$Q�HYLGHQWLDO�RXWSXW� >�@�
SURYLGHV�DQ�XQFHUWDLQW\�HVWLPDWH��DQG�LQSXWV�ZLWK�KLJK�XQFHUWDLQW\�DUH�IODJJHG�DV�SRVVLEOH�QHZ�WDFWLFV��ZKLFK�
WDUJHWV�*��

)LJ�����&RQFHSWXDO�LOOXVWUDWLRQ�RI�$37�OLIHF\FOH�VWDJHV�DQG�GDWD�VRXUFHV��ILOOHG�FHOOV�PDUN�VRXUFHV�WKDW�PD\�
JLYH�HYLGHQFH�DW�D�VWDJH��VFKHPDWLF��QRW�H[SHULPHQWDO�GDWD��

'��3ULRULWLVDWLRQ��'HFLVLRQ�DQG�$XWRPDWHG�5HVSRQVH

'HWHFWLRQ��VWDJH�DQG�XQFHUWDLQW\�DUH�FRPELQHG�LQWR�D�ULVN�VFRUH�WKDW�SULRULWLVHV�DOHUWV�IRU�WKH�62&��/RZ�
XQFHUWDLQW\��KLJK�ULVN�FDVHV�FDQ�WULJJHU�6,(0�UHVSRQVH�SOD\ERRNV�>����@��ZKHUHDV�KLJK�XQFHUWDLQW\�FDVHV�
DUH�SDVVHG�WR�DQ�DQDO\VW��&DQGLGDWH�WHFKQLTXHV�IRU�HDFK�FRPSRQHQW�DUH�OLVWHG�LQ�7DEOH�,,�
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7$%/(�,,

3,3(/,1(�&20321(176�$1'�&$1','$7(�7(&+1,48(6

&RPSRQHQW &DQGLGDWH�WHFKQLTXH %DVLV

$OHUW�GHWHFWLRQ 5DQGRP� )RUHVW�� ;*%RRVW� ZLWK� 6,(0� HYHQW�GHWHFWLRQ�
PRGXOHV

>�@

+RVW�GHWHFWLRQ *UDSK6$*(�HPEHGGLQJV��L)RUHVW��FOXVWHULQJ >���������@

6WDJH�SUHGLFWLRQ &11�511�ZLWK�+00�9LWHUEL��&11�/670 >����@

8QFHUWDLQW\ (YLGHQWLDO�GHHS�OHDUQLQJ��'LULFKOHW�RXWSXW� >�@

5HVSRQVH 6,(0�GULYHQ�SRVW�DOHUW�GHFLVLRQV >����@

(��9DOLGDWLRQ�DQG�)HHGEDFN

7KH�IUDPHZRUN�VKRXOG�EH�WHVWHG�LQ�D�UHDOLVWLF�HQYLURQPHQW��IRU�H[DPSOH�E\�UHSOD\LQJ�UHDO�FDPSDLJQV��UDWKHU�
WKDQ�RQO\�RQ�V\QWKHWLF�GDWD��ZKLFK�WDUJHWV�*���$QDO\VW�FRQILUPHG�RXWFRPHV�DUH�IHG�EDFN�DV�QHZ�ODEHOV��DQG�
WKH�PRGHOV�DUH�XSGDWHG�SHULRGLFDOO\�WR�IROORZ�FRQFHSW�GULIW�>��@�

7$%/(�,,,

352326('�(9$/8$7,21�0(75,&6

&RPSRQHQW 0HWULFV

'HWHFWLRQ 3UHFLVLRQ�� UHFDOO�� )��PDFUR�)��� IDOVH�SRVLWLYH� UDWH�� QRGH�OHYHO� DQG� JUDSK�
OHYHO

6WDJH�SUHGLFWLRQ 6WDJH�DFFXUDF\��QH[W�VWDJH�DFFXUDF\

8QFHUWDLQW\ &DOLEUDWLRQ�HUURU��RXW�RI�GLVWULEXWLRQ�GHWHFWLRQ�UDWH

*HQHUDOLVDWLRQ 3HUIRUPDQFH�GURS�RQ�KHOG�RXW�FDPSDLJQV

(IILFLHQF\ 7KURXJKSXW��ORJV�V���WUDLQLQJ�WLPH��PHPRU\

2SHUDWLRQV $OHUW�UHGXFWLRQ��WLPH�WR�GHWHFW�DQG�UHVSRQG��DQDO\VW�ZRUNORDG

)��(YDOXDWLRQ�3URWRFRO

7KH�IUDPHZRUN�VKRXOG�EH�FRPSDUHG�DJDLQVW�DSSURSULDWH�EDVHOLQHV��VXFK�DV�D�VLQJOH�VRXUFH��VLQJOH�VWDJH�
FODVVLILHU�RQ�DOHUWV�DQG�D�SURYHQDQFH�RQO\�GHWHFWRU��%HFDXVH�D�PRGHO�FDQ�ORRN�VWURQJ�RQ�D�IDPLOLDU�GDWDVHW�
\HW�IDLO�RQ�D�QHZ�FDPSDLJQ��HYDOXDWLRQ�VKRXOG�LQFOXGH�KHOG�RXW�FDPSDLJQV��DQG�UHVXOWV�VKRXOG�EH�UHSRUWHG�
RQ�PRUH�WKDQ�RQH�GDWDVHW��7KH�PHDVXUHV�DUH�OLVWHG�LQ�7DEOH�,,,�

9,��$33/,&$7,216

:KHQ�UHDOLVHG��WKH�DSSURDFK�FDQ�VXSSRUW�VHFXULW\�RSHUDWLRQV�FHQWUHV��62&V��LQ�DOHUW�WULDJH��SULRULWLVDWLRQ�
DQG�GHFLVLRQ�PDNLQJ��UHGXFLQJ�PDQXDO�ZRUNORDG�DQG�UHVSRQVH�WLPH��,W�FDQ�EH�XVHG�IRU�WKUHDW�KXQWLQJ�DQG�
LQYHVWLJDWLRQ�RQ�KRVWV�XVLQJ�SURYHQDQFH�JUDSKV��IRU�PRQLWRULQJ�HQWHUSULVH�DQG�,R7�HQYLURQPHQWV��DQG�IRU�
HDUO\�ZDUQLQJ��VLQFH�SUHGLFWLQJ�WKH�QH[W�DWWDFNHU�DFWLRQ�OHDYHV�WLPH�WR�UHVSRQG��%HFDXVH�WKH�RXWSXW�LQFOXGHV�
VWDJH�DQG�XQFHUWDLQW\��DQDO\VWV�FDQ�VHH�ZK\�DQ�DOHUW�ZDV�UDLVHG�DQG�ZKHUH�KXPDQ�UHYLHZ�LV�QHHGHG�
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9,,��/,0,7$7,216�$1'�&+$//(1*(6

7KH�UHYLHZ�FRYHUV�RQO\�ILIWHHQ�SULPDU\�VWXGLHV��VR�FRQFOXVLRQV�DERXW�WKH�OLWHUDWXUH�DV�D�ZKROH�VKRXOG�EH�
GUDZQ�ZLWK�FDUH��DQG�WKH�UDWLQJV�LQ�)LJ����DUH�TXDOLWDWLYH��5HSRUWHG�UHVXOWV�FRPH�IURP�GLIIHUHQW�GDWDVHWV�DQG�
PHWULFV�DQG�FDQQRW�EH�FRPSDUHG�GLUHFWO\��7KH�SURSRVHG�IUDPHZRUN�KDV�QRW�EHHQ�LPSOHPHQWHG��VR�LWV�EHQHILW�
LV�QRW�GHPRQVWUDWHG��6LJQLILFDQW�FKDOOHQJHV�LQFOXGH�WKH�DYDLODELOLW\�RI�UHDOLVWLF�PXOWL�VWDJH�GDWDVHWV��FODVV�
LPEDODQFH��WKH�FRVW�RI�WUDLQLQJ�DQG�RI�EXLOGLQJ�SURYHQDQFH�JUDSKV�DW�VFDOH��IDOVH�SRVLWLYHV��FRQFHSW�GULIW�DQG�
GLVWULEXWLRQ�VKLIW�EHWZHHQ�WUDLQLQJ�DQG�GHSOR\PHQW��DQG�WKH�ULVN�RI�DXWRPDWHG�UHVSRQVHV�DFWLQJ�RQ�ZURQJ�
SUHGLFWLRQV��$Q\�SUHGLFWHG�GHWHFWLRQ�VWLOO�UHTXLUHV�YDOLGDWLRQ�LQ�D�UHDOLVWLF�HQYLURQPHQW�

9,,,��)8785(�',5(&7,216

1DWXUDO�H[WHQVLRQV�LQFOXGH�EXLOGLQJ�GDWDVHWV�WKDW�FRYHU�WKH�FRPSOHWH�$37�OLIHF\FOH��IXVLQJ�QHWZRUN��KRVW��
ORJ�DQG�YXOQHUDELOLW\�LQIRUPDWLRQ��DQG�SUHGLFWLQJ�DWWDFNHU�LQWHQW�DQG�QH[W�DFWLRQV�UDWKHU�WKDQ�RQO\�GHWHFWLQJ�
PDOLFLRXV�DFWLYLW\��8QFHUWDLQW\�DZDUH�DQG�GULIW�DZDUH�PRGHOV��ZLWK�RQOLQH�XSGDWLQJ��VKRXOG�EH�H[SORUHG�VR�
WKDW�QHZ�FDPSDLJQV�DUH�KDQGOHG�PRUH�UHOLDEO\��7LJKWHU�FRXSOLQJ�RI�GHWHFWLRQ�ZLWK�DXWRPDWHG�UHVSRQVH��ZLWK�
DQDO\VWV� LQ� WKH� ORRS�� LV� DQRWKHU�GLUHFWLRQ�� ,PSOHPHQWLQJ� DQG�EHQFKPDUNLQJ� WKH�SURSRVHG� IUDPHZRUN�RQ�
SXEOLF�$37�GDWDVHWV�DQG�LQ�UHDOLVWLF�HQYLURQPHQWV�LV�WKH�QDWXUDO�QH[W�VWHS�

,;��&21&/86,21

5HFHQW�ZRUN�DSSOLHV�0/��EHKDYLRXUDO�DQDO\VLV��SURYHQDQFH�JUDSK�OHDUQLQJ�DQG�6,(0�WR�$37�GHWHFWLRQ�DQG�
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