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$EVWUDFW

7KH�WUDGLWLRQDO�QDYLJDWLRQ�V\VWHPV�IRFXV�SULPDULO\�RQ�ILQGLQJ�WKH�VKRUWHVW�URXWH��LJQRULQJ�PDQ\�WKLQJV�VXFK�
DV�ZHDWKHU��WUDIILF��DFFLGHQWV��SDUNLQJ�DQG�SUHIHUHQFHV�RI�WUDYHOHUV��7KH�UHFHQW�ZRUN�XVHV�IRU�WKH�SXUSRVH�RI�
SHUVRQDOL]HG� WULS� SODQQLQJ� YDULRXV� VWDWH�RI�WKH�DUW� WHFKQRORJLHV�� VXFK� DV� PDFKLQH� OHDUQLQJ�� SUHGLFWLYH�
DQDO\WLFV��1/3��//0V�DQG�UHDO�WLPH�GDWD��7KH�H[LVWLQJ�V\VWHPV��KRZHYHU��DUH�DOO�EXLOW�RQ�D�VLQJOH�WDVN��UHO\�
RQ�H[WHUQDO�$3,V��DQG�RIWHQ�GR�QRW�SURYLGH�DQ\�SULYDF\�FRQVLGHUDWLRQV�RU�YDOLGDWLRQ�RI�WKH�UHDO�ZRUOG��7KLV�
SDSHU�SURYLGHV� UHYLHZ�RI� HLJKW� VWXGLHV�SXEOLVKHG� LQ������������ LGHQWLILHV� VL[� UHVHDUFK�JDSV��7KH� SDSHU�
SURSRVHV�GHVLJQ�RI�DQ�$,�EDVHG�VPDUW�WUDYHO�DVVLVWDQW�WKDW�LV�FDSDEOH�RI�WDNLQJ�LQWR�DFFRXQW�H[WHUQDO�IDFWRUV�
IRU� WKH� SXUSRVH� RI� HIIHFWLYH� GHFLVLRQ�PDNLQJ��7KH� GHVLJQHG� V\VWHP� IHDWXUHV� D� GDWD� LQWHJUDWLRQ� OD\HU�� D�
SUHGLFWLRQ� HQJLQH�� D�PXOWL�FULWHULD� GHFLVLRQ� SURFHVVRU� DQG� D�PRGXOH� SURYLGLQJ� H[SODQDWLRQV� RI� GHFLVLRQ�
PDGH��$Q�LPSOHPHQWDWLRQ�SODQ�DQG�HYDOXDWLRQ�SURFHVV�DUH�SUHVHQWHG��7KLV�SDSHU�FRQWULEXWHV�WR�OLWHUDWXUH�E\�
SURYLGLQJ�D�JURXQGHG�GHVLJQ�RI�VXFK�D�V\VWHP�DQG�GLVFXVVLQJ�UHVHDUFK�DJHQGD�IRU�IXUWKHU�VWXG\�RI�WKH�WRSLF�
7KH�SURSRVHG V\VWHP�DLPV�WR�LPSURYH�WUDYHO�HIILFLHQF\�E\�SURYLGLQJ�DGDSWLYH�URXWH�UHFRPPHQGDWLRQV�EDVHG�
RQ�FKDQJLQJ�UHDO�WLPH�FRQGLWLRQV�DQG�LQGLYLGXDO�WUDYHOHU�SUHIHUHQFHV��)XWXUH�ZRUN�ZLOO�IRFXV�RQ�SURWRW\SH�
LPSOHPHQWDWLRQ��UHDO�ZRUOG�WHVWLQJ��DQG�HYDOXDWLQJ�WKH�V\VWHP¶V�DFFXUDF\��UHOLDELOLW\��DQG�SHUVRQDOL]DWLRQ�

.H\ZRUGV� $UWLILFLDO� LQWHOOLJHQFH�� '\QDPLF� GHFLVLRQ� LQWHOOLJHQFH�� ,QWHOOLJHQW� URXWH� SODQQLQJ�� 0DFKLQH�
OHDUQLQJ�� 3HUVRQDOL]HG� WUDYHO� DVVLVWDQW�� 3UHGLFWLYH� DQDO\WLFV�� 5HFRPPHQGDWLRQ� V\VWHP�� 5HDO�WLPH� GDWD�
LQWHJUDWLRQ��6PDUW�WUDQVSRUWDWLRQ
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,��,QWURGXFWLRQ

7KH�DGYHQW�RI�PRGHUQ�$UWLILFLDO�,QWHOOLJHQFH��$,���0DFKLQH�/HDUQLQJ��0/���WKH�,QWHUQHW�RI�7KLQJV��,R7��
DQG� VPDUW� FLW\� WHFKQRORJLHV� KDYH� FRPSOHWHO\� FKDQJHG� WKH� ZD\� ZH� WUDYHO� QRZDGD\V�� &RQYHQWLRQDO�
QDYLJDWLRQDO�V\VWHPV�FRQFHQWUDWH�RQ�ILQGLQJ�WKH�VKRUWHVW�URXWH�DQG�QHJOHFW�LPSRUWDQW�IDFWRUV�VXFK�DV�WUDIILF�
FRQGLWLRQV��ZHDWKHU�FRQGLWLRQV��VDIHW\�RI�URDGV�DQG�SDUNLQJ�VSRWV�DV�ZHOO�DV�XVHU�SUHIHUHQFHV�ZKLFK�OHDGV�
WR�UDWKHU�LQHIILFLHQW�WUDYHO�GHFLVLRQV�

7KH�$,�EDVHG�SHUVRQDOL]HG�VPDUW�WUDYHO�DVVLVWDQW�ZLWK�G\QDPLF�GHFLVLRQ�LQWHOOLJHQFH�LV�FRPSRVHG�RI�$,�DQG�
DSSOLHV� SUHGLFWLYH� DQDO\WLFV�� UHFRPPHQGDWLRQ� V\VWHPV� DQG� UHDO�WLPH� GDWD� WR� RIIHU� LQWHOOLJHQW� DQG�
SHUVRQDOL]HG� WUDYHO� UHFRPPHQGDWLRQV��7KH� WHFKQRORJ\� FDQ� HYDOXDWH� WUDIILF� MDPV�� DFFLGHQW� QRWLILFDWLRQV��
ZHDWKHU�FRQGLWLRQV��URDG�FRQGLWLRQV��SDUNLQJ�DYDLODELOLW\��SUHGLFWHG�WUDYHO�GXUDWLRQ�DV�ZHOO�DV�KLVWRULFDO�GDWD�
DERXW�XVHUV�WUDYHOOLQJ�KDELWV�WR�PDNH�UHFRPPHQGDWLRQV�RQ�SRVVLEOH�ZD\V�DQG�RSWLPDO�WLPH�

'\QDPLF�GHFLVLRQ�PDNLQJ�FDQ�DOORZ�XVHUV�WR�ILQG�VDIH�DQG�HIILFLHQW�URXWHV��GHFUHDVH�XQQHFHVVDU\�ZDLW�WLPH��
RSWLPL]H� WKH� XVH� RI� UHVRXUFHV�� DQG� FRQWULEXWH� WRZDUGV�PRUH� HIIHFWLYH� DQG� HQYLURQPHQWDOO\� UHVSRQVLEOH�
WUDQVSRUWDWLRQ��7KH�OLWHUDWXUH�UHIOHFWV�D�WHQGHQF\�WR�XVH�//0V�LQ�FRQMXQFWLRQ�ZLWK�UHDO�WLPH�H[WHUQDO�GDWD�
VRXUFHV�IRU�SURYLGLQJ�DGDSWDEOH��FRQWH[W�VSHFLILF�UHFRPPHQGDWLRQV�LQVWHDG�RI�UHO\LQJ�RQ�VWDWLF��UXOH�EDVHG�
SODQQLQJ�WRROV��+RZHYHU��WKLV�GHYHORSPHQW�KDV�LWV�GUDZEDFNV��UHOLDQFH�RQ�WKLUG�SDUW\�$3,V�LV�D�VRXUFH�RI�
ULVNV�GXH�WR�WKH�SRWHQWLDO�LVVXHV�UHODWLQJ�WR�WKH�YXOQHUDELOLW\ RI�D�VLQJOH�SRLQW�RI�IDLOXUH��DQG�WKH�REVFXUH�
QDWXUH�RI� WKH�VXJJHVWLRQV�RIIHUHG�E\�//0V� OLPLWV�ERWK� WUDQVSDUHQF\�DQG� WUXVW�RI�XVHUV�� ,Q� WKH�SURSRVHG�
SDSHU��ZH�SUHVHQW�WKUHH�FRQWULEXWLRQV��)LUVWO\��ZH�DQDO\]H�HLJKW�SXEOLFDWLRQV�RQ�$,�EDVHG�WUDYHO�DVVLVWDQFH�
GHYHORSHG�EHWZHHQ������DQG������DQG�H[SORUH�WKHLU�PHWKRGRORJLHV��ILQGLQJV��DQG�OLPLWDWLRQV��6HFWLRQ�,,,���
6HFRQGO\�� ZH� RXWOLQH� VL[� JDSV� LQ� UHVHDUFK� EDVHG� RQ� WKLV� DQDO\VLV� �6HFWLRQ� ,9��� /DVWO\�� ZH� LQWURGXFH� D�
FRQFHSWXDO� IUDPHZRUN�� LPSOHPHQWDWLRQ� URDGPDS�� DQG� HYDOXDWLRQ� SODQ� DLPHG� DW� DGGUHVVLQJ� WKHVH� JDSV�
�6HFWLRQV�9±;���7KXV��WKH�VWXG\�LV�URRWHG�LQ�H[LVWLQJ�OLWHUDWXUH�

7KH�SURSRVHG�IUDPHZRUN�DOVR�HPSKDVL]HV�SULYDF\�SURWHFWLRQ��H[SODLQDEOH�UHFRPPHQGDWLRQV��DQG�UHOLDEOH�
GHFLVLRQ�PDNLQJ�XQGHU�FKDQJLQJ�WUDYHO FRQGLWLRQV��,W�SURYLGHV�D�IRXQGDWLRQ�IRU�GHYHORSLQJ�DQ�LQWHOOLJHQW�
WUDYHO�DVVLVWDQW� WKDW� LQWHJUDWHV�PXOWLSOH�GDWD�VRXUFHV�WR�GHOLYHU�SHUVRQDOL]HG�� WUDQVSDUHQW��DQG�VXVWDLQDEOH�
WUDYHO�UHFRPPHQGDWLRQV�

,,��3UREOHP�6WDWHPHQW�DQG�2EMHFWLYHV

$��3UREOHP�6WDWHPHQW

1RZGD\V�QDYLJDWLRQ�DSSV�DUH�GHVLJQHG�WR�ILQG�WKH�TXLFNHVW�ZD\�DQG�RIWHQ�LJQRUH�WUXH�WUDIILF�VWDWXV��ZHDWKHU��
VDIHW\�RQ�URDGV��DV�ZHOO�DV�DYDLODELOLW\�RI�SDUNLQJ��6XFK�DSSURDFK�FDQ�OHDG�WR�GHOD\V��IXHO�ZDVWDJH��VDIHW\�
LVVXHV�DQG�RYHUDOO�LQHIIHFWLYH�WUDYHO��+HQFH��WKH�SDSHU�ZLOO�IRFXV�RQ�KRZ�WKH�DSSOLFDWLRQ�RI�$,��SUHGLFWLYH�
DQDO\WLFV�DQG�G\QDPLF�GHFLVLRQ�LQWHOOLJHQFH�FDQ�IDFLOLWDWH�SHUVRQDOL]HG�QDYLJDWLRQ�GHFLVLRQV�EDVHG�RQ�UHDO�
WLPH�WUDIILF��ZHDWKHU��SDUNLQJ�DYDLODELOLW\��URDG�VDIHW\�DQG�SUHIHUHQFHV�RI�XVHUV�

%��2EMHFWLYHV

�� 6WXG\� WKH� DSSOLFDWLRQ� RI� $UWLILFLDO� ,QWHOOLJHQFH�� 0DFKLQH� /HDUQLQJ� DQG� '\QDPLF� 'HFLVLRQ�
,QWHOOLJHQFH�LQ�SHUVRQDOL]HG�VPDUW�WUDYHO�DVVLVWDQFH�

�� $QDO\]H�UHFHQW�UHVHDUFK�SDSHUV�DQG�H[LVWLQJ�LQWHOOLJHQW�WUDQVSRUWDWLRQ�V\VWHPV�IRU�UHDO�WLPH�URXWH�
SODQQLQJ�DQG�SHUVRQDOL]HG�WUDYHO�UHFRPPHQGDWLRQV�
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�� ([DPLQH� KRZ� UHDO�WLPH� GDWD� VXFK� DV� WUDIILF� FRQGLWLRQV��ZHDWKHU�� URDG� VDIHW\�� DFFLGHQWV�� SDUNLQJ�
DYDLODELOLW\�DQG�XVHU�SUHIHUHQFHV�FDQ�LPSURYH�WUDYHO�GHFLVLRQ�PDNLQJ�

�� (YDOXDWH�WKH�VRFLHWDO�LPSDFW��VXVWDLQDELOLW\�DQG�HWKLFDO�DVSHFWV�RI�$,�SRZHUHG�VPDUW�WUDYHO�V\VWHPV�
LQ�HQKDQFLQJ�FRPPXWHU�VDIHW\��UHGXFLQJ�WUDYHO�WLPH�DQG�RSWLPL]LQJ�WUDQVSRUWDWLRQ�UHVRXUFHV�

�� 8QGHUVWDQG�WKH�IXWXUH�VFRSH�DQG�HPHUJLQJ�WUHQGV�RI�$,�GULYHQ�LQWHOOLJHQW�WUDQVSRUWDWLRQ�V\VWHPV�DQG�
WKHLU�UROH�LQ�VPDUW�FLWLHV�DQG�QH[W�JHQHUDWLRQ�PRELOLW\�VROXWLRQV�

,,,��5HODWHG�:RUN

(LJKW�VWXGLHV�SXEOLVKHG�EHWZHHQ������DQG������ZHUH�UHYLHZHG��7KH�ILHOG�KDV�PRYHG�IURP�VWDWLF�VKRUWHVW�
URXWH�QDYLJDWLRQ�WKURXJK�SUHGLFWLYH�DQDO\WLFV�DQG�0/�EDVHG�SODQQHUV�WR�//0�EDVHG�DVVLVWDQWV�WKDW�XVH�UHDO�
WLPH�GDWD��)LJ������7DEOH�,�VXPPDULVHV�WKH�UHYLHZHG�VWXGLHV��ZKLFK�DUH�JURXSHG�EHORZ�E\�DSSURDFK�

$��3UHGLFWLYH�$QDO\WLFV�DQG�7UDYHO�6HUYLFHV

%XUXJXOOD�>�@�XVHG�SUHGLFWLYH�DQDO\VLV�DQG�PDFKLQH�OHDUQLQJ�WR H[DPLQH�ERRNLQJ�KLVWRU\��ZHDWKHU�WUHQGV�
DQG�WUDYHO�SDWWHUQV�LQ�WHUPV�RI�WUDYHO�SUHGLFWLRQ��7KH�SURFHGXUHV�XVHG�UHVXOWHG�LQ�EHWWHU�WUDYHO�SUHGLFWLRQV��
UHFRPPHQGDWLRQV� DV� ZHOO� DV� LPSURYHG� FXVWRPHU� H[SHULHQFH�� ,QFUHDVHG� YROXPHV� RI� UHDO�WLPH� GDWD� LV�
QHFHVVDU\ DQG�UDLVHV�SULYDF\�LVVXHV��2Q�WKH�RWKHU�KDQG��%DUXD�DQG�.DLVHU�>�@�RIIHU�D�PLFURVHUYLFHV�EDVHG�
V\VWHP� WKDW� FRXOG� LQWHJUDWH�$,��PDFKLQH� OHDUQLQJ� DQG� SUHGLFWLYH� DQDO\VLV� IRU� D� WUDYHO� ERRNLQJ� V\VWHP��
PLQLPL]LQJ�WKH�WLPH�WDNHQ�WR�PDNH�DFFXUDWH�WUDYHO�SUHGLFWLRQV��UHVSRQG�WR�UHTXHVWV�DQG�VFDOH�RSHUDWLRQV�
ZKLOH�LQFUHDVLQJ�FRVWV�DQG�GHSHQGHQFH�RQ�FORXG�VHUYLFHV�

%��//0�%DVHG�7UDYHO�$VVLVWDQWV

,Q�WKH�VWXG\�RI�&KHQ�HW�DO��>�@��7UDYHO$JHQW�LV�FUHDWHG��D�WUDYHO�DVVLVWDQW�EXLOW�RQ�//0V�WKDW�XWLOL]HV�XVHUV¶�
SUHIHUHQFHV DQG� UHDO�WLPH� GDWD� WR� SURGXFH� DQ� LQGLYLGXDOL]HG� WULS� LWLQHUDU\� WKDW� VXUSDVVHV� WKH� H[LVWLQJ�
VROXWLRQV��WKH�PRGHO�UHTXLUHV�WKH�GDWD�WR�EH�DFFXUDWH�DQG�WKH�XVHUV¶�SUHIHUHQFHV�WR�EH�ZHOO�VSHFLILHG��:KHUHDV�
LQ�WKH�VWXG\�RI�&KRUH�HW�DO��>�@��//0V�DUH�FRPELQHG�ZLWK�YDULRXV�WHFKQRORJLHV�VXFK�DV�1/3�DQG�0/��DORQJ�
ZLWK�PHPRU\�EDVHG�FXVWRPL]DWLRQ�DQG� UHDO�WLPH�$3,V��DQG�D�PXOWL�DJHQW� DSSURDFK� LV�GHYHORSHG��ZKLFK�
DOORZV�WKH�FUHDWLRQ�RI�SHUVRQDOL]HG�UHFRPPHQGDWLRQV�DQG�FXWV�WKH�WLPH�RI�SODQQLQJ��EXW�UHOLDQFH�RQ�H[WHUQDO�
$3,V�PD\�OHDG�WR�RXWGDWHG�LQIRUPDWLRQ�DQG�SULYDF\�LVVXHV�

)LJ� ���(YROXWLRQ�RI�WUDYHO�DVVLVWDQFH��IURP�VWDWLF�QDYLJDWLRQ�WR�G\QDPLF�GHFLVLRQ�LQWHOOLJHQFH��ZLWK�WKH�
UHYLHZHG�VWXGLHV�WKDW�UHSUHVHQW�HDFK�VWHS�
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7DEOH

,� &RPSDUDWLYH�6XPPDU\�RI�5HYLHZHG�/LWHUDWXUH

5H
I�

$XWKRU���
<HDU

0HWKRGRORJ\ .H\�ILQGLQJ /LPLWDWLRQ

>�@ $��&KHQ�HW�
DO��������

//0�EDVHG�WUDYHO�
DVVLVWDQW�
�7UDYHO$JHQW��XVLQJ�
UHDO�WLPH�GDWD�DQG�
XVHU�SUHIHUHQFHV

%HWWHU�SHUVRQDOL]HG�
SODQQLQJ�DQG�
UHFRPPHQGDWLRQ�TXDOLW\�
WKDQ�H[LVWLQJ�$,�WUDYHO�
DJHQWV

'HSHQGV�RQ�DFFXUDWH�
UHDO�WLPH�GDWD�DQG�
GHWDLOHG�XVHU�
SUHIHUHQFHV

>�@ 'U��$QLWKD�6��
HW�DO��������

$,�DQG�0/�RQ�XVHU�
SUHIHUHQFHV��EXGJHW�
DQG�WUDYHO�KLVWRU\

5HGXFHG�SODQQLQJ�WLPH��
KLJKHU�XVHU�VDWLVIDFWLRQ

5HOLHV�RQ�TXDOLW\�XVHU�
LQSXW�DQG�WKLUG�SDUW\�
WUDYHO�VHUYLFHV

>�@ -��.��5��
%XUXJXOOD�
������

3UHGLFWLYH�DQDO\WLFV�
DQG�0/�RQ�ERRNLQJ�
KLVWRU\��ZHDWKHU�DQG�
WUDYHO�WUHQGV

%HWWHU�WUDYHO�SUHGLFWLRQ��
SHUVRQDOL]HG�
UHFRPPHQGDWLRQV�DQG�
FXVWRPHU�H[SHULHQFH

5HTXLUHV�ODUJH�UHDO�WLPH�
GDWDVHWV��SULYDF\�
FRQFHUQV

>�@ %��%DUXD�	�
0��6��.DLVHU�
������

0LFURVHUYLFHV�
IUDPHZRUN�LQWHJUDWLQJ�
$,��0/�DQG�SUHGLFWLYH�
DQDO\WLFV

+LJKHU�SUHGLFWLRQ�
DFFXUDF\��IDVWHU�
UHVSRQVH��VFDODELOLW\

+LJK�LPSOHPHQWDWLRQ�
FRVW��GHSHQGHQF\�RQ�
FORXG�LQIUDVWUXFWXUH

>�@ .DY\DVKUHH�
(��'��HW�DO��
������

$,�UHFRPPHQGDWLRQ�
HQJLQH��0/�DQG�UHDO�
WLPH�$3,V��ZHDWKHU��
PDSV��KRWHOV��WUDIILF��
WUDQVSRUW�

%HWWHU�SHUVRQDOL]HG�
SODQQLQJ��RSWLPL]HG�
WUDYHO�WLPH�DQG�EXGJHW

'HSHQGV�RQ�$3,�
DFFXUDF\�DQG�
FRQQHFWLYLW\��RXWGDWHG�
GDWD�PD\�DIIHFW�TXDOLW\

>�@ 0��&KRUH�HW�
DO��������

//0V��1/3��0/�DQG�
PHPRU\�EDVHG�
SHUVRQDOL]DWLRQ�LQ�D�
PXOWL�DJHQW�
DUFKLWHFWXUH�ZLWK�UHDO�
WLPH�$3,V

$GDSWLYH�
UHFRPPHQGDWLRQV��OHVV�
SODQQLQJ�WLPH��EHWWHU�
LWLQHUDU\�TXDOLW\

5HOLHV�RQ�H[WHUQDO�$3,V��
PD\�JLYH�RXWGDWHG�
LQIRUPDWLRQ��SULYDF\�
FRQFHUQV
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>�@ 9��6��.RWDUL�
HW�DO��������

//0�ZLWK�1H[W�MV��
7\SH6FULSW��&RQYH[�
GDWDEDVH�DQG�
LQWHUDFWLYH�PDSV

/HVV�SODQQLQJ�WLPH��
SHUVRQDOL]HG�GD\�ZLVH�
LWLQHUDULHV��URXWH�
YLVXDOL]DWLRQ

'HSHQGV�RQ�//0�
DFFXUDF\��ODFNV�
FRPSOHWH�UHDO�WLPH�
ZHDWKHU�DQG�ERRNLQJ�
LQWHJUDWLRQ

>�@ &��
'HVKPXNK�HW�
DO��������

*RRJOH�*HPLQL�$3,��
1/3�DQG�1RGH�MV�ZLWK�
UHDO�WLPH�WUDYHO�GDWD

3HUVRQDOL]HG�SODQV�DQG�
RSWLPL]HG�URXWHV��
VFDODEOH

'HSHQGV�RQ�LQWHUQHW�DQG�
$3,�DFFXUDF\��OLPLWHG�
UHDO�ZRUOG�YDOLGDWLRQ

&��$,�DQG�0/�7ULS�3ODQQHUV

$QLWKD� HW� DO�� >�@� OHYHUDJH� DUWLILFLDO� LQWHOOLJHQFH� �$,�� DQG�PDFKLQH� OHDUQLQJ� �0/�� WHFKQLTXHV� WR� DQDO\]H�
WUDYHOHU�SUHIHUHQFHV��EXGJHW��DQG�WUDYHO�KLVWRU\�IRU�HIIHFWLYH�WULS�SODQQLQJ��VWDWLQJ�WKDW�WKH�UHGXFWLRQ�RI�WKH�
SODQQLQJ�GXUDWLRQ�HQVXUHV�KLJKHU�VDWLVIDFWLRQ�OHYHOV�RI�XVHUV��\HW�WKH�TXDOLW\�UHOLHV�RQ�WKH�XVHU�LQSXW�DQG�
RWKHU�FRPSDQLHV
�VHUYLFHV��.DY\DVKUHH�HW�DO��>�@�XWLOL]H�WKH�$,�UHFRPPHQGDWLRQ�HQJLQH�DQG�PDFKLQH�OHDUQLQJ�
LQ� FRPELQDWLRQ� ZLWK� WKH� UHDO�WLPH�$3,� IRU� ZHDWKHU�� PDSV�� KRWHOV�� WUDIILF�� DQG� WUDQVSRUW� LQIRUPDWLRQ� WR�
GHYHORS� FXVWRPL]HG� MRXUQH\�SODQV� WKDW� RSWLPL]H� WKH� WLPH� DQG�PRQH\�XVHG��4XDOLW\�� KRZHYHU��PLJKW� EH�
FRPSURPLVHG�LQ�WKH�FDVH�RI�XVLQJ�RXWGDWHG�LQIRUPDWLRQ�RU�D�ZHDN�FRQQHFWLRQ��.RWDUL�HW�DO��>�@�GHYHORSHG�D�
VPDUW� LWLQHUDU\� SODQQHU�ZLWK� WKH� DSSOLFDWLRQ� RI� ODUJH� ODQJXDJH�PRGHOV� �//0���1H[W�MV��7\SH6FULSW�� DQG�
&RQYH[�GDWDEDVH��VWLOO�ODFNLQJ�FRPSOHWH�UHDO�WLPH�ZHDWKHU�IRUHFDVWV�DQG�RWKHU�ERRNLQJ�V\VWHPV��'HVKPXNK�
HW�DO��>�@�UHO\�RQ�WKH *RRJOH�*HPLQL�$3,��1/3��DQG�1RGH�MV�EDFNHQG�IRU�FUHDWLQJ�SHUVRQDOL]HG�SODQV�DQG�
RSWLPL]HG�URXWHV�E\�PHDQV�RI�XS�WR�GDWH�WUDYHO�GDWD�ZLWKRXW�SUDFWLFH�YHULILFDWLRQ�LQ�WKH�UHDO�ZRUOG�

'��&URVV�&XWWLQJ�2EVHUYDWLRQV

)RXU�SDWWHUQV�UHFXU��0RVW�V\VWHPV�GHSHQG�RQ�H[WHUQDO�$3,V�>�@��>�@��>�@��>�@�RU�FORXG�VHUYLFHV�>�@��6HYHUDO�
UDLVH�SULYDF\�FRQFHUQV�>�@��>�@��0DQ\�IRFXV�RQ�LWLQHUDU\�JHQHUDWLRQ�UDWKHU�WKDQ�RQ�URXWH�DQG�WLPLQJ�GHFLVLRQV�
PDGH�IURP�VHYHUDO�OLYH�IDFWRUV�WRJHWKHU��$QG�UHDO�ZRUOG�YDOLGDWLRQ�LV�OLPLWHG�>�@� 7KHVH�SDWWHUQV�PRWLYDWH�
WKH�UHVHDUFK�JDSV�LQ�6HFWLRQ�,9�

,9��5HVHDUFK�*DSV

7KH�HLJKW�VWXGLHV�UHYHDO�VL[�JDSV�WKDW�LQVSLUH�WKH�IUDPHZRUN�GLVFXVVHG�LQ�6HFWLRQ�9�

*���1R�UHDO�WLPH�GDWD�LQWHJUDWLRQ� 7KH�PRVW�RI�WKH�V\VWHPV�XVH�RXWVLGH�$3,V�IRU�WUDIILF�VLWXDWLRQ��ZHDWKHU��
PDSV�DQG�WUDQVSRUW�LQIRUPDWLRQ�DQG�WKH�SHUIRUPDQFH�TXDOLW\�WHQGV�WR�IDOO�ZKHQ�UHDO�WLPH�GDWD�LV�XQDYDLODEOH�
RU�RXWGDWHG�>�@��>�@��>�@�

*���1R�SHUVRQDOL]DWLRQ� 7KH�FXUUHQW�SODQQHUV�PDNH�XVH�RQO\�RI�EDVLF�SUHIHUHQFHV�DQG�KLVWRU\�DQG�GR�QRW�
XSGDWH�WKHLU�UHFRPPHQGDWLRQV�DV�SHU�WKHLU�XVHUV¶�EHKDYLRU�DQG�FXUUHQW�HYHQWV�>�@��>�@�

*���'HSHQGHQFH�RQ�H[WHUQDO�VROXWLRQV� ([LVWLQJ�VROXWLRQV�LQ�SUDFWLFH�RIWHQ�XWLOL]H�*RRJOH�0DSV��ZHDWKHU�
$3,V��KRWHO�UHVHUYDWLRQ�$3,V��DQG�RWKHU�WKLUG�SDUW\�VHUYLFHV�ZKLFK�UHQGHUV�WKH�V\VWHP�YXOQHUDEOH�WR�IDLOXUHV�
LQ�WKRVH�VHUYLFHV�>�@��>�@�
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*���$EVHQFH�RI�G\QDPLF�GHFLVLRQ�PDNLQJ�FDSDELOLW\�0RVW�VWXGLHV�DUH�GRLQJ�UHVHDUFK�RQ�URXWH�SODQQLQJ��
RU�LWLQHUDU\�JHQHUDWLRQ�EXW�IDLO�WR�LQFOXGH�UHDO�WLPH�FRPSRQHQWV�OLNH�WUDIILF��ZHDWKHU��DFFLGHQWV��SDUNLQJ��DQG�
SUHIHUHQFHV�>�@��>�@�

*���3HUVRQDO�SULYDF\�DQG�GDWD�VHFXULW\�FKDOOHQJHV� 7KH�$,�WUDYHO�DVVLVWDQW�JDWKHUV�LQIRUPDWLRQ�RQ�WKH�
XVHU¶V�WUDYHO�DQG�ORFDWLRQ�EXW�SURYLGHV�OLWWOH�JXDUDQWHH�RQ�WKH�SULYDF\�DQG�VHFXULW\�RI�WKDW�GDWD�>�@��>�@�

*���,QVXIILFLHQW�UHDO�ZRUOG�WHVWLQJ� ([LVWLQJ�VROXWLRQV�KDYH�EHHQ�HYDOXDWHG�WKURXJK�VLPXODWLRQV�DQG�VPDOO�
GDWDVHWV��ZLWK�IHZ�VROXWLRQV�WHVWHG�LQ�WKH�UHDO�ZRUOG�RQ�D�ODUJH�VFDOH�>�@�

0DLQ� JDS� QR� UHYLHZHG� VWXG\� FRPELQHV� OLYH� PXOWL�IDFWRU� GDWD�� SHUVRQDOL]DWLRQ�� GHSHQGDEOH� RSHUDWLRQ�
ZLWKRXW�D�VLQJOH�H[WHUQDO�$3,��SULYDF\�KDQGOLQJ�DQG�H[SODLQDEOH�GHFLVLRQV�LQ�RQH�WUDYHO�DVVLVWDQW�

9��3URSRVHG�)UDPHZRUN

$��'HVLJQ�3ULQFLSOHV

7KH�IUDPHZRUN�DGGUHVVHV�WKH�LGHQWLILHG�JDSV�LQ�6HFWLRQ�,9�E\�SURYLGLQJ��D�OD\HU�IRU�LQWHJUDWLQJ�GDWD�ZLWK�
YDOLGDWLRQ��*����DGDSWLYH�SHUVRQDOL]DWLRQ��*����WKH�XVH�RI�FDFKLQJ�DQG�DOWHUQDWLYH�VRXUFHV��*����D�GHFLVLRQ�
PDNLQJ� HQJLQH� WKDW� FRQVLGHUV� DOO� OLYH� SDUDPHWHUV� �*���� GDWD� SURFHVVLQJ� WKDW� UHVSHFWV� SULYDF\� �*���� WKH�
UXQQLQJ�RI�D�SLORW�HYDOXDWLRQ��*����7KH�GHVLJQ�LV�JXLGHG�E\�IRXU�SULQFLSOHV�

x &RQWH[WXDOLW\� HDFK�UHFRPPHQGDWLRQ�FRQVLGHUV�LVVXHV�UHODWLQJ�WR�WUDIILF��ZHDWKHU��DFFLGHQWV��RYHUDOO�
URDG�FRQGLWLRQV��SDUNLQJ��URDG�VDIHW\�DQG�XVHU�SUHIHUHQFHV�

x 5HOLDELOLW\� WKH�V\VWHP�FRQWLQXHV�IXQFWLRQLQJ�ZLWK�FDFKHG�RU�EDFN�XS�GDWD�ZKHQ�D�OLYH�VRXUFH�IDLOV��
DQG�WKH�XVHU�LV�LQIRUPHG�DERXW�KRZ�FXUUHQW�LWV�GDWD�LV�

x 8QGHUVWDQGDELOLW\� HYHU\�UHFRPPHQGDWLRQ�LV�GHOLYHUHG�ZLWK�D�UDWLRQDOH�VR�WKDW�XVHUV�OHDUQ�WR�WUXVW�
LW�

x $ZDUHQHVV�RI�SULYDF\� ERWK�SHUVRQDO�DQG�ORFDWLRQ�GDWD�LV�PLQLPL]HG�DQG�XVHG�ZLWK�FRQVHQW�RQO\�
DIWHU�VHFXUHO\�SHUVLVWLQJ�LW�

%��6\VWHP�$UFKLWHFWXUH

7KH�OD\HUV�RI�WKH�DVVLVWDQW�DUH�GHSLFWHG�LQ�)LJ�����'DWD�VRXUFHV�JR�WR�DQ�LQWHJUDWLRQ�OD\HU�ZKLFK�YHULILHV�
LQFRPLQJ�GDWD�DQG�FDFKHV�LW��7KH�SUHGLFWLRQ�PRGXOH�IRUHFDVWV�FRQJHVWLRQ��WUDYHO�WLPH��DQG�GHOD\��ZKLOH�WKH�
SHUVRQDOL]DWLRQ�PRGXOH�SURFHVVHV�XVHU�SUHIHUHQFHV�DQG�KLVWRU\��DV�ZHOO�DV�DFFHSWV�UHTXHVWV�VWDWHG�LQ�QDWXUDO�
ODQJXDJH�YLD�//0�RU�1/3�V\VWHPV��7KH�G\QDPLF�GHFLVLRQ�HQJLQH�HYDOXDWHV�URXWHV�DQG�WUDYHO�WLPHV�WR�JLYH�
WKHLU�VFRUH�DQG�RUGHU�ZKLOH�WKH�H[SODQDWLRQ�LQWHUIDFH�VKRZV�WKH�RXWFRPH�ZLWK�H[SODQDWLRQV�DQG�QRWLILFDWLRQV��
8VHU� IHHGEDFN� ZLOO� EH� VHQW� EDFN� WR� WKH� GDWD� DQG� SHUVRQDOL]DWLRQ� OD\HUV�� 7KH� IXQFWLRQV� RI� WKH� YDULRXV�
VXSSRUWLQJ� WHFKQRORJLHV� DUH� VXPPDUL]HG� LQ� 7DEOH� ,,� 7KLV� OD\HUHG� DUFKLWHFWXUH� HQDEOHV� FRQWLQXRXV�
LQIRUPDWLRQ� H[FKDQJH� EHWZHHQ� PRGXOHV�� DOORZLQJ� WKH� V\VWHP� WR� DGDSW� UHFRPPHQGDWLRQV� DFFRUGLQJ� WR�
FKDQJLQJ�URDG�FRQGLWLRQV�DQG�XVHU�UHTXLUHPHQWV��,W�DOVR�VXSSRUWV�PRGXODU�GHYHORSPHQW��HDVLHU�PDLQWHQDQFH��
DQG�IXWXUH�LQWHJUDWLRQ�RI�DGYDQFHG�$,�WHFKQRORJLHV�WR�LPSURYH�WKH�RYHUDOO�WUDYHO�H[SHULHQFH�



Ь«ĺīŪıôϙ͑ϠϙIŜŜŪôϙ͔ϙϼ�ôŕťôıæôŘϱièťĺæôŘϙ͑͏͕͑Ͻ ϼ�ŕôèĖÍīϙIŜŜŪôϙ͐ϽϙϙϙϙϙϙϙϙϙϙϙI��bϡϙ͒͐͒͘ϱ͓͕͐͗ϙϼiĲīĖĲôϽ

�V""ϱ͑͏͕͑ϱ͏͏͐͐͐ иϙ�i"FI«��X�F�ϙVi��b�[ϙi>ϙ"I«(��(ϙ"I��I�[Ib( иϙſſſϟæĤîîĤĺŪŘĲÍīϟĺŘČ иϙϙ͓͔͑

)LJ� ���3URSRVHG�OD\HUHG�DUFKLWHFWXUH�RI�WKH�VPDUW�WUDYHO�DVVLVWDQW��ZLWK�D�IHHGEDFN�ORRS�IURP�WKH�LQWHUIDFH�

7DEOH�,,� 7HFKQRORJ\�5ROHV�LQ�WKH�)UDPHZRUN

7HFKQRORJ\ 5ROH�LQ�WKH�IUDPHZRUN

$,�DQG�0DFKLQH�/HDUQLQJ 5HDO�WLPH�DQDO\VLV��SUHGLFWLRQ�DQG�LQWHOOLJHQW�GHFLVLRQV

5HDO�WLPH�GDWD�DQG�,R7 /LYH�WUDIILF��ZHDWKHU�DQG�URDG�VDIHW\�GDWD�WKURXJK�GHYLFHV�DQG�
$3,V

6PDUW�FLWLHV�DQG�,76 &RQJHVWLRQ�PDQDJHPHQW�DQG�EHWWHU�FRPPXWHU�H[SHULHQFH

3HUVRQDOL]DWLRQ $GDSWLYH��XVHU�FHQWULF�UHFRPPHQGDWLRQV

3UHGLFWLYH DQDO\WLFV )RUHFDVWLQJ�RI�WUDIILF��GHOD\V�DQG�WUDYHO�WLPH

*36�DQG�ORFDWLRQ 3RVLWLRQLQJ�DQG�URXWH�WUDFNLQJ
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&��'DWD�6RXUFHV�DQG�,QWHJUDWLRQ

7KH�LQWHJUDWLRQ�OD\HU�FROOHFWV�WKH�GDWD�WKDW�GULYHV�HDFK�GHFLVLRQ��7DEOH�,,,�OLVWV�WKH�VRXUFHV�FRQVLGHUHG�DQG�
KRZ�HDFK�LV�XVHG��,QFRPLQJ�GDWD�LV�FKHFNHG�IRU�IUHVKQHVV�DQG�SODXVLELOLW\�EHIRUH�XVH��DQG�UHFHQW�YDOXHV�DUH�
FDFKHG��7KLV� OHWV� WKH�DVVLVWDQW�NHHS�ZRUNLQJ�ZKHQ�D�VRXUFH� LV�VORZ�RU�XQDYDLODEOH��ZKLFK�DGGUHVVHV� WKH�
VLQJOH�SRLQW�RI�IDLOXUH�SUREOHP�LGHQWLILHG�LQ >�@��>�@�

7DEOH�,,,� 'DWD�6RXUFHV�DQG�7KHLU�8VH

'DWD�VRXUFH 8VH�LQ�WKH�V\VWHP

7UDIILF�FRQJHVWLRQ 5RXWH�FKRLFH��HVWLPDWHG�WUDYHO�WLPH

:HDWKHU 6DIHW\��GHOD\�DQG�WLPLQJ�DGYLFH

$FFLGHQW�DOHUWV $YRLGLQJ�EORFNHG�RU�ULVN\�URDGV

5RDG�FRQGLWLRQV���VDIHW\ 6DIHU�URXWH�UDQNLQJ

3DUNLQJ�DYDLODELOLW\ 'HVWLQDWLRQ�SODQQLQJ��DUULYDO�WLPH

8VHU�KLVWRU\�DQG�SUHIHUHQFHV 3HUVRQDOL]DWLRQ�RI�UDQNLQJ

'��3UHGLFWLRQ�DQG�3HUVRQDOL]DWLRQ

7KH�PRGXOH�RI�SUHGLFWLRQ�LV�XWLOL]LQJ�WKH�PHWKRG�RI�0/�DQG�SUHGLFWLYH�DQDO\WLFV�WR�IRUHFDVW�FRQJHVWLRQ�LQ�D�
ZD\�VLPLODU�WR�WKDW�DSSOLHG�LQ�>�@�DQG�>�@��7KXV��LW�EHFRPHV�SRVVLEOH�IRU�WKH�DVVLVWDQW�WR�JLYH�DGYLFH�UHJDUGLQJ�
GHSDUWXUH�WLPH�DQG�D�URXWH��7KH�PRGXOH�RI�SHUVRQDOL]DWLRQ�FUHDWHV�D�XVHU�SURILOH�EDVHG�RQ�WKHLU�SUHIHUHQFHV�
DQG�WKHLU�WUDYHO�KLVWRU\��)RU�WKH�SHUVRQDOL]DWLRQ�PRGXOH�WR�IXQFWLRQ�FRUUHFWO\��DFFHVV�WR�IHHGEDFN�LV�QHHGHG�
DQG�WKH�XVHU�SURILOH�EXLOW�XVLQJ�WKH�PHWKRG�GHSLFWHG�LQ�>�@�DQG�>�@�VKRXOG�EH�XSGDWHG�

(��'\QDPLF�'HFLVLRQ�(QJLQH

7KH�SURSRVDO�LV�XQLTXH�GXH�WR�WKH�GHFLVLRQ�HQJLQH��*����$V�LQGLFDWHG�LQ�)LJ�����WKH�GHFLVLRQ�HQJLQH�DQDO\]HV�
UHDO�WLPH� IDFWRUV� DQG� XVHU� SUHIHUHQFHV�� DSSOLHV� D� PXOWL�FULWHULD� VFRULQJ� DSSURDFK� ZKHUH� DOO� URXWHV� DQG�
GHSDUWXUH�WLPHV�DUH�DVVLJQHG�VFRUHV��DQG�UDQNV�WKHP��:HLJKWV�DUH�GHILQHG�DFFRUGLQJ�WR�WKH�XVHU�SURILOH��)RU�
H[DPSOH��D�FRPPXWHU�LV�H[SHFWHG�WR�ZHLJK�WLPH�PRUH��ZKLOH�D�YLVLWRU�PD\�FRQVLGHU�VDIHW\�DQG�SDUNLQJ�PRUH�
LPSRUWDQW��7DEOH� ,9�SUHVHQWV� VRPH�XVHU� SURILOHV��0RUHRYHU�� WKH� GHFLVLRQ� HQJLQH� UHJLVWHUV�ZKLFK� IDFWRUV�
VKDSHG�WKH�UDQNLQJ�LQ�RUGHU�WR�PDNH�WKH�UHDVRQLQJ�SURFHVV�WUDQVSDUHQW�LQ�WKH�LQWHUIDFH�
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)LJ� ���'\QDPLF�GHFLVLRQ�HQJLQH��OLYH�IDFWRUV�DQG�XVHU�ZHLJKWV�SURGXFH�UDQNHG�RSWLRQV�DQG�WKH�UHDVRQV�IRU�
WKHP�

7DEOH�,9� ([DPSOH�8VHU�3URILOHV�DQG�)DFWRU�:HLJKWV

3URILOH 7LPH 6DIHW\ 3DUNLQJ &RVW

'DLO\�FRPPXWHU +LJK 0HGLXP 0HGLXP /RZ

6DIHW\�ILUVW�WUDYHOOHU 0HGLXP +LJK /RZ /RZ

9LVLWRU���WRXULVW 0HGLXP 0HGLXP +LJK 0HGLXP

%XGJHW�WUDYHOOHU /RZ 0HGLXP 0HGLXP +LJK

)��5HOLDELOLW\�DQG�3ULYDF\

$V�LOOXVWUDWHG�LQ�)LJ�����WKH�DVVLVWDQW�JDWKHUV�GDWD�IURP�OLYH�IHHGV��DQG�LI�WKHUH�DUH�LVVXHV�ZLWK�WKH�WLPHOLQHVV�
RI�WKH�GDWD��WKHQ�LW�DFFHVVHV�WKH�GDWD�VWRUHG�LQ�LWV�FDFKH�DQG�SURYLGHV�UHVXOWV�ZLWK�DQ�DFFRPSDQ\LQJ�QRWH�
LQGLFDWLQJ�WKH�FRUUHFWQHVV�RI�WKH�LQIRUPDWLRQ�XVHG��%RWK�UHOLDELOLW\�DQG�WUDQVSDUHQF\�DUH�HTXDOO\�LPSRUWDQW��
XVHUV�VKRXOG�EH�LQIRUPHG�LI�D�VXJJHVWLRQ�LV�EDVHG�RQ�RXWGDWHG�GDWD��:LWK�UHVSHFW�WR�SULYDF\��WKH�GDWD�QHHGHG�
IRU�WKH�GHFLVLRQ�VKRXOG�EH�FROOHFWHG�RQO\��WKH�KLVWRULHV�VKRXOG�EH�VHFXUHO\�VWRUHG�DQG�NHSW�RQO\�IRU�D�VSHFLILHG�
SHULRG�RI�WLPH��DQG�WKH�XVHUV�VKRXOG�UHWDLQ�FRQWURO�RYHU�WKH�GDWD�WKH\�FKRRVH�WR�VKDUH�
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)LJ� ���'DWD�UHOLDELOLW\�ZRUNIORZ��OLYH�GDWD�ZKHQ�DYDLODEOH��FDFKHG�RU�DOWHUQDWH�GDWD�RWKHUZLVH��ZLWK�D�
FRQILGHQFH�QRWH�

9,��,PSOHPHQWDWLRQ�5RDGPDS

%HLQJ�WKDW�WKH�IUDPHZRUN�LV�D�GHVLJQ��)LJ����SURYLGHV�WKH�VWHSV�WKDW�ZLOO�FRQWULEXWH�WR�LWV�FRQVWUXFWLRQ�DQG�
WHVWLQJ��)RU�SKDVH����ZKLFK�FRQFHUQV�D�OLWHUDWXUH�UHYLHZ�DQG�JDS�DQDO\VLV��WKH�ZRUN�UHSRUWHG�LQ�WKLV�SDSHU�LV�
GRQH��3KDVH���UHTXLUHV�WKH�GHYHORSPHQW�RI�D�GDWD�OHYHO�LQYROYLQJ�$3,�LQWHJUDWLRQ��YDOLGDWLRQ��FDFKLQJ��DQG�
D�IDOOEDFN�PHFKDQLVP��3KDVH���DQWLFLSDWHV�WKH�GHYHORSPHQW�RI�SUHGLFWLYH�DQG�SHUVRQDOL]LQJ�PRGHOV��3KDVH�
��LQYROYHV�WKH�LQFRUSRUDWLRQ�RI�D�GHFLVLRQ�PDNLQJ�HQJLQH�DQG�DQ�H[SODQDWLRQ�LQWHUIDFH��3KDVH���LQYROYHV�
SHUIRUPLQJ�D�SLORW�SURMHFW�DQG�HYDOXDWLQJ�LWV�UHVXOWV�DV�SHU WKH�FULWHULD�LQGLFDWHG�LQ�7DEOH�9,�
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)LJ� ���3URSRVHG�LPSOHPHQWDWLRQ�URDGPDS��3KDVH���LV�FRPSOHWH��ODWHU�SKDVHV�DUH�SODQQHG�

9,,��&RPSDUDWLYH�$QDO\VLV

)LJXUH� �� VKRZV� WKH� FRPSDULVRQ� EHWZHHQ� WKH� VWXGLHV� UHYLHZHG� DQG� WKH� VXJJHVWHG� IUDPHZRUN� RQ� VHYHQ�
DWWULEXWHV�LGHQWLILHG�IURP�7DEOH�,��SUHGLFWLYH�0/��XVLQJ�HLWKHU�//0�RU�1/3��JDLQLQJ�LQVLJKW�IURP�UHDO�WLPH�
GDWD��SHUVRQDOL]DWLRQ��RSWLPL]DWLRQ�RI�URXWHV��SUHVHUYLQJ�SULYDF\��DQG�LQGHSHQGHQFH�IURP�WKH�RQO\�RSHUDWLRQ�
YLD� RQH�$3,��$� WLFN� VKRZV�ZKHWKHU� RU� QRW� WKH� VWXG\� LQ� TXHVWLRQ� HPSOR\V� WKLV� DWWULEXWH��ZKLOH� WKH� WLOGH�
LQGLFDWHV�SDUWLDO�LPSOHPHQWDWLRQ�RI�WKH�FDSDELOLW\��7KH�PDUNLQJ�SURFHVV�LV�TXDOLWDWLYH�DQG�GRHV�QRW�LQYROYH�
WKH�LQIRUPDWLRQ�SUHVHQWHG�LQ�WKH�PHWKRGV��RXWFRPHV��DQG�OLPLWDWLRQV�GHVFULSWLRQV�SURYLGHG�LQ�7DEOH�,��WKH�
HYDOXDWLRQ�RI�WKH�VXJJHVWHG�IUDPHZRUN�LV�PDGH�EDVHG�RQ�KRZ�LW�LV�GHVLJQHG�UDWKHU�WKDQ�RQ�LWV�SHUIRUPDQFH�

7KH�FRPSDULVRQ�HYDOXDWHV�H[LVWLQJ�VWXGLHV�DQG�WKH�SURSRVHG�$,�SRZHUHG�VPDUW�WUDYHO�DVVLVWDQW�XVLQJ�VHYHQ�
LPSRUWDQW� IHDWXUHV�� 7KHVH� LQFOXGH�PDFKLQH� OHDUQLQJ�� 1/3�//0V�� UHDO�WLPH� GDWD�� SHUVRQDOL]DWLRQ�� URXWH�
RSWLPL]DWLRQ��SULYDF\�SURWHFWLRQ��DQG�UHGXFHG�GHSHQGHQF\�RQ�D�VLQJOH�$3,��,W�KHOSV�LGHQWLI\�WKH�VWUHQJWKV�
DQG� OLPLWDWLRQV� RI� FXUUHQW� WUDYHO� DVVLVWDQFH� V\VWHPV�� 7KH� SURSRVHG� IUDPHZRUN� DLPV� WR� FRPELQH� WKHVH�
IHDWXUHV� WR�SURYLGH�PRUH�UHOLDEOH��SHUVRQDOL]HG��DQG�HIILFLHQW� WUDYHO� UHFRPPHQGDWLRQV��7KH�HYDOXDWLRQ� LV�
EDVHG�RQ�WKH�V\VWHP�GHVLJQ�UDWKHU�WKDQ�DFWXDO�WHVWLQJ�RU�SHUIRUPDQFH�UHVXOWV�
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)LJ� ���4XDOLWDWLYH�FDSDELOLW\�FRYHUDJH�RI�WKH�UHYLHZHG�VWXGLHV�DQG�WKH�SURSRVHG�IUDPHZRUN��ض FRYHUHG��a�
SDUWLDO��EODQN�QRW�UHSRUWHG��

0RVW� VWXGLHV� FRYHU� SHUVRQDOL]DWLRQ� DQG� UHDO�WLPH� GDWD�� DQG� WKH� //0�EDVHG� RQHV� DGG� QDWXUDO�ODQJXDJH�
SODQQLQJ�>�@��>�@±>�@��3UHGLFWLYH�DQDO\WLFV�LV�FRYHUHG�E\�>�@��>�@��>�@��1RQH�RI�WKH�UHYLHZHG�VWXGLHV�UHSRUWV�
SULYDF\�KDQGOLQJ�RU�RSHUDWLRQ�ZKHQ�DQ�$3,�IDLOV��VHYHUDO�OLVW�WKHVH�DV�OLPLWDWLRQV�LQVWHDG��7KH�GLVWLQJXLVKLQJ�
IHDWXUH�RI�WKH�SURSRVDO�LV�WKHUHIRUH�WKH�FRPELQDWLRQ��QRW�DQ\ VLQJOH�FRPSRQHQW�

7DEOH�9�DQG�)LJ����UHODWH�HDFK�UHVHDUFK�JDS�WR�WKH�SDUW�RI�WKH�IUDPHZRUN�LQWHQGHG�WR�DGGUHVV�LW�

7DEOH�9� 5HVHDUFK�*DSV�DQG�3URSRVHG�5HVSRQVH

*DS 3URSRVHG�UHVSRQVH

*��5HDO�WLPH�GDWD ,QWHJUDWLRQ�OD\HU�ZLWK�YDOLGDWLRQ�DQG�IUHVKQHVV�FKHFNV

*��3HUVRQDOL]DWLRQ 3URILOH�EXLOW�IURP�KLVWRU\�DQG�IHHGEDFN

*��7KLUG�SDUW\�GHSHQGHQF\ &DFKLQJ�DQG�IDOOEDFN�VRXUFHV
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*��'HFLVLRQ�LQWHOOLJHQFH :HLJKWHG�PXOWL�FULWHULD�GHFLVLRQ�HQJLQH

*��3ULYDF\�DQG�VHFXULW\ 'DWD�PLQLPLVDWLRQ��FRQVHQW��VHFXUH�VWRUDJH

*��5HDO�ZRUOG�YDOLGDWLRQ 3LORW�VWXG\�ZLWK�UHDO�XVHUV��6HFWLRQ�,;�

)LJ� ���0DSSLQJ�RI�WKH�VL[�UHVHDUFK�JDSV�WR�WKH�FRPSRQHQWV�RI�WKH�SURSRVHG�IUDPHZRUN�

9,,,��(WKLFDO�DQG�3UDFWLFDO�&RQVLGHUDWLRQV

$�WUDYHO�DVVLVWDQW�PDQDJHV�FRQILGHQWLDO�LQIRUPDWLRQ�VXFK�DV�DQ�LQGLYLGXDO
V�UHVLGHQFH��RFFXSDWLRQ��DQG�WUDYHO�
VFKHGXOHV��7KH�PDWWHU�RI�SULYDF\�LV�DQDO\]HG�LQ�>�@�DQG�>�@��7KH�V\VWHP�FROOHFWV�WKH�QHFHVVDU\�LQIRUPDWLRQ�
RQO\��JHWV�VWRUDJH�DSSURYDO�IURP�WKH�FOLHQW��DQG�GRHV�QRW�NHHS�WKH GDWD�ORQJHU�WKDQ�QHHGHG��7KH�KHOS�JLYHQ�
VKRXOG�EH�VXJJHVWLRQV��VLQFH�LW�LV�WKH�WUDYHOHU�ZKR�KDV�WKH�ILQDO�VD\��7KH�RXWFRPH�REWDLQHG�IURP�//0�LV�
VRPHWLPHV�ZURQJ�RU�RXWGDWHG�>�@��>�@��ZKLFK�LV�ZK\�WKH�LQIRUPDWLRQ�DERXW�URXWH�DQG�VHFXULQJ�VKRXOG�QRW�
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WRWDOO\�UHO\�RQ�WKH�ODQJXDJH�PRGHO��5HDVRQLQJ�LV�LPSRUWDQW�LQ�WKLV�FDVH�EHFDXVH�LW�KHOSV�WR�PDNH�8,�VHH�ZK\�
D�SDUWLFXODU�URXWH�KDV�EHHQ�JLYHQ�WKH�ILUVW�SRVLWLRQ��$QRWKHU�LVVXH�LV�IDLUQHVV��$�WRRO�DGMXVWHG�IRU�DYHUDJH�
XVHUV�FDQ�WUHDW�GLIIHUHQW�DXGLHQFHV�ZLWK�D�ORZHU�OHYHO�RI�TXDOLW\��DFFHVVLELOLW\�LVVXHV�FDQ�EH�HQFRXQWHUHG�WRR�

7KH�VRFLHWDO�FDVH�IRU�VXFK�D�V\VWHP�LV�VDIHU�DQG�PRUH�HIILFLHQW�WUDYHO��VKRUWHU�GHOD\V��ORZHU�IXHO�XVH�DQG�
EHWWHU�XVH�RI�WUDQVSRUW�UHVRXUFHV��7KHVH�EHQHILWV�DUH�H[SHFWHG��QRW�\HW�PHDVXUHG��DQG�WKH\�VKRXOG�EH�FKHFNHG�
LQ�D�UHDO�ZRUOG�VWXG\�

,;��(YDOXDWLRQ�3ODQ

'XH�WR�QRQ�LPSOHPHQWDWLRQ�RI�WKH�V\VWHP��WKH�TXHVWLRQV�DQG�PHDVXUHV�WKDW�D�IXWXUH�UHVHDUFK�VWXG\�ZLOO�QHHG�
DUH� LOOXVWUDWHG� LQ�7DEOH�9,�� (DFK�PHDVXUH�PXVW� EH� FRPSDUHG�ZLWK� D� VWDQGDUG�PHDVXUH�� IRU� LQVWDQFH�� D�
QDYLJDWLRQ� WRRO� WKDW�KHOSV� ILQG� WKH�VKRUWHVW� URXWH��7KH�UHVXOWV�PXVW�EH�SUHVHQWHG� LQ�D�GLVDJJUHJDWHG�ZD\�
FRQVLGHULQJ�YDULRXV�DVSHFWV�VXFK�DV�FLWLHV��WLPH��DQG�ZHDWKHU�FRQGLWLRQV�UDWKHU�WKDQ�LQ�DQ�DJJUHJDWHG�PDQQHU�

7DEOH�9,� 3URSRVHG�(YDOXDWLRQ�3ODQ

4XHVWLRQ 0HDVXUH

'RHV�LW�VDYH�WUDYHO�WLPH" 7UDYHO�WLPH�DQG�GHOD\�YV��EDVHOLQH

$UH�SUHGLFWLRQV�DFFXUDWH" (7$�DQG�FRQJHVWLRQ�IRUHFDVW�HUURU

$UH�UHFRPPHQGDWLRQV�UHOHYDQW" 8VHU�DFFHSWDQFH�DQG�UDWLQJV

,V�LW�IDVW�HQRXJK" 5HVSRQVH�WLPH�SHU�UHTXHVW

'RHV�LW�VXUYLYH�$3,�IDLOXUH" 4XDOLW\�ZLWK�VRXUFHV�GLVDEOHG

,V�XVHU�GDWD�SURWHFWHG" 3ULYDF\�DQG�VHFXULW\�DXGLW

'R�XVHUV�WUXVW�LW" )HHGEDFN�RQ�H[SODQDWLRQV

$�SLORW�VKRXOG�HQJDJH�JHQXLQH�XVHUV�IRU�D�QXPEHU�RI�ZHHNV�VR�WKDW�SHUVRQDOL]DWLRQ�FDQ�DGMXVW��*���DQG�PXVW�
LQYROYH�SKDVHV�ZKHUH�RXWVLGH�VHUYLFHV�DUH�SXUSRVHO\�UHVWULFWHG�LQ�RUGHU�WR�H[DPLQH�WKH�IDOOEDFN�GHVLJQ��*����
&RPELQHG��ERWK�VXJJHVWLRQV�WDFNOH�WKH�LVVXH�RI�ODFN�RI�SURSHU�YDOLGDWLRQ��*���

;��/LPLWDWLRQV�DQG�7KUHDWV�WR�9DOLGLW\

7KLV�SDSHU�KDV�WKUHH�PDMRU�VKRUWFRPLQJV��7R�EHJLQ�ZLWK��LW�LV�D�OLWHUDWXUH�EDVHG�UHYLHZ��PHDQLQJ�WKDW�QR�
SURWRW\SH�LV�DYDLODEOH�WR�SURYH�WKH�SRVLWLYH�HIIHFWV�RI�WKH�SURSRVHG�IUDPHZRUN��7KH�UHYLHZ�FRQVLGHUV�RQO\�
HLJKW�VWXGLHV��ZKLFK�LV�VXIILFLHQW�WR�GLVFRYHU�JDSV�EXW�QRW�WR�VWDWH�WKDW�QR�RWKHU�VWXGLHV�H[LVW�WKDW�GHDO�ZLWK�
WKRVH�JDSV��7KLUGO\��WKH�FRPSDULVRQ�RI�WKH�V\VWHPV¶�FDSDELOLWLHV�SURYLGHG�LQ�)LJ����LV�TXDOLWDWLYH�DQG�GHSHQGV�
RQ�KRZ� WKH�DXWKRU� VXPPDULVHV� HDFK�SDSHU� LQ�7DEOH� ,²RWKHU� UHDGHUV�PD\�DVVHVV� VRPH�FHOOV�GLIIHUHQWO\��
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$QRWKHU�GUDZEDFN�LV�WKDW�WKH�LQYHVWLJDWHG�IUDPHZRUNV�ZHUH�GHYHORSHG�IRU�GLIIHUHQW�ORFDWLRQV��GDWD�VRXUFHV��
DQG�WHFKQRORJLHV��ZKLFK�PDNHV�FRPSDULVRQV�LPSRVVLEOH�

;,��&RQFOXVLRQ�DQG�)XWXUH�:RUN

7KLV� SDSHU� UHYLHZHG� YDULRXV� VWXGLHV� RQ� 7UDYHO�$VVLVWDQWV� EDVHG� RQ�$,� WHFKQLFDO� DGYDQFHV�� 3UHGLFWLYH�
DQDO\WLFV��PDFKLQH�OHDUQLQJ�DQG�ODQJXDJH�PRGHOV�FRPELQHG�ZLWK�UHDO�WLPH�GDWD�HQKDQFH�WUDYHO�SODQQLQJ�
DQG�XVHU�H[SHULHQFH��EXW�WKH�V\VWHPV�VWLOO�GHSHQG�RQ�RWKHU�FRPSDQLHV¶�$3,V�DV�ZHOO�DV�WKH�TXDOLW\�RI�UHDO�
WLPH�GDWD��PRUHRYHU��OLPLWHG�SHUVRQDOL]DWLRQ��WRR�OLWWOH�DWWHQWLRQ�WR�SULYDF\�LVVXHV�DQG�YHU\�IHZ�V\VWHPV�WKDW�
KDYH�EHHQ�YDOLGDWHG�LQ�SUDFWLFH�DUH�WKH�LVVXHV�LQ�WKH�ILHOG��7KH�DXWKRUV�SURSRVH�D�VROXWLRQ�WKDW�ILOOV�WKHVH�
JDSV��L�H��WKH�V\VWHP�WKDW�LQFOXGHV�LQWHJUDWLRQ�OD\HU��IDOOEDFN�PHWKRGV��SHUVRQDOL]DWLRQ��GHFLVLRQ�HQJLQH�DQG�
H[SODQDWRU\�DQG�LV�SUHVHQWHG�DV�D�GHVLJQ�EDVHG�RQ�OLWHUDWXUH�UHYLHZ��7KH�SODQV�IRU�WKH�IXWXUH�ZRUN�EDVHG�RQ�
WKH� URDGPDS� VKRZQ� LQ�)LJ�� �� LQYROYH� EXLOGLQJ GDWD� OD\HU� DQG�PRGHOV�� LQWURGXFLQJ� GHFLVLRQ� HQJLQH� DQG�
H[SODQDWRU\�LQWHUIDFH�DQG�WHVWLQJ�WKH�V\VWHP�DFFRUGLQJ�WR�WKH�PHDVXUHV�SUHVHQWHG�LQ�7DEOH�9,�GXULQJ�D�SLORW�
SURMHFW�

$FNQRZOHGJPHQW

7KH� DXWKRU� WKDQNV� 3URI�� 6DQGHHS� -D\VZDO� IRU� JXLGDQFH� GXULQJ� WKH� OLWHUDWXUH� VXUYH\� DQG� SUREOHP�
XQGHUVWDQGLQJ�VWDJHV�RI�WKLV�WHFKQLFDO�VHPLQDU�
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