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$EVWUDFW

/DUJH�/DQJXDJH�0RGHOV��//0V��JHQHUDWH�IOXHQW�DQVZHUV��EXW�WKH\�GHSHQG�PDLQO\�RQ WKHLU�WUDLQLQJ�GDWD��
$V�D�UHVXOW� WKH\�FDQ�JLYH�ZURQJ�RU�RXWGDWHG�UHVSRQVHV��DQG�WKH\�PD\�ODFN�WKH�VSHFLILF� LQIRUPDWLRQ�D�
TXHVWLRQ�QHHGV��5HWUDLQLQJ�D�PRGHO�DJDLQ�DQG�DJDLQ� WR� IL[� WKLV� WDNHV�D�JUHDW�GHDO�RI� WLPH��5HWULHYDO�
$XJPHQWHG�*HQHUDWLRQ��5$*��DGGUHVVHV�WKH�SUREOHP�E\�UHWULHYLQJ�UHOHYDQW�LQIRUPDWLRQ�IURP�H[WHUQDO�
NQRZOHGJH�VRXUFHV�� VXFK�DV�GRFXPHQWV��GDWDEDVHV�DQG� WKH�ZHE��EHIRUH�D� UHVSRQVH� LV�JHQHUDWHG��7KLV�
SDSHU�SUHVHQWV�D�OLWHUDWXUH�VXUYH\�DQG�SUREOHP�XQGHUVWDQGLQJ�IRU�5$*��,W�H[SODLQV�WKH�UHWULHYH±DXJPHQW±
JHQHUDWH�ZRUNIORZ��VWDWHV�WKH�SUREOHP�DQG�VL[�REMHFWLYHV��DQG�UHODWHV�5$*�WR�FXUUHQW�WHFKQRORJ\�WUHQGV��
UHDO�WLPH� LQIRUPDWLRQ�� HQWHUSULVH�$,�� DJHQWLF�$,�� FRVW�HIIHFWLYH� VFDODELOLW\� DQG� UHGXFHG� KDOOXFLQDWLRQ��
(LJKW� VWXGLHV� IURP� ����� WR� ����� DUH� FRPSDUHG� RQ�PHWKRGRORJ\�� NH\� ILQGLQJV� DQG� OLPLWDWLRQV��7KH�
DQDO\VLV� UHYHDOV� WKDW� WKH� TXDOLW\� RI� LQIRUPDWLRQ� UHWULHYDO�� DV� ZHOO� DV� WKH� HIIHFWLYHQHVV�� DFFXUDF\� DQG�
DVVHVVPHQW�� VWLOO� UHPDLQ� XQVWXGLHG� WRSLFV�� )RXU� UHVHDUFK� JDSV� DUH� LGHQWLILHG�� KLJK� FRPSXWDWLRQDO�
UHVRXUFHV��LUUHOHYDQW�RU�LQFRPSOHWH�UHWULHYDO��OLPLWHG�HIIHFWLYHQHVV�LQ�VSHFLDOLVHG�GRPDLQV��DQG�WKH�QHHG�
IRU�EHWWHU�HYDOXDWLRQ�RI�IDFWXDOLW\��UHOHYDQFH�DQG�UHOLDELOLW\�

.H\ZRUGV� � UHWULHYDO�DXJPHQWHG� JHQHUDWLRQ�� ODUJH� ODQJXDJH� PRGHOV�� KDOOXFLQDWLRQ�� GHQVH� UHWULHYDO��
YHFWRU�GDWDEDVHV��NQRZOHGJH�LQWHQVLYH�1/3��OLWHUDWXUH�VXUYH\

,��,1752'8&7,21

1RZDGD\V��/DUJH�/DQJXDJH�0RGHOV��//0V��DUH�DVVRFLDWHG�ZLWK�WDVNV�UHODWHG�WR�TXHVWLRQ�DQVZHULQJ��
VXPPDUL]DWLRQ�DQG�FRQYHUVDWLRQDO�DJHQWV��+RZHYHU��VXFK�PRGHOV�XVH�VWDWLF�NQRZOHGJH�DFTXLUHG�DW�WKH�
SRLQW�RI�WUDLQLQJ��7KHUHIRUH��IRU�LQVWDQFH��LQ�FDVH�RI�D�TXHVWLRQ�DERXW�D�UHFHQW�HYHQW�RU�D�VSHFLDOL]HG�WRSLF�
WKDW�ZDV�SRRUO\�UHSUHVHQWHG�LQ�WKH�WUDLQLQJ�GDWDVHW��//0V�ZLOO�JHQHUDWH�WKH�DQVZHU�WKDW�ZLOO�EH�RXWGDWHG��
LQDFFXUDWH�RU�HYHQ�LPDJLQDU\��2QH�RI�WKH�UHDVRQV�IRU�WKDW�LV�WKDW�XSGDWLQJ�WKH�ZKROH�PRGHO�ZKHQHYHU�
WKHUH�DUH�FKDQJHV�LQ�IDFWV�LV�D�WLPH�FRQVXPLQJ�DQG�H[SHQVLYH�SURFHVV��5HWULHYDO�$XJPHQWHG�*HQHUDWLRQ�
�5$*��LV�D�*HQHUDWLYH�$,�IUDPHZRUN�WKDW�FRPELQHV�WKH�FDSDELOLWLHV�RI�//0V�ZLWK�DQ�H[WHUQDO�NQRZOHGJH�
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VRXUFH�>�@��,QVWHDG�RI�UHO\LQJ�RQO\�RQ�LQIRUPDWLRQ�OHDUQHG�GXULQJ�WUDLQLQJ��5$*�UHWULHYHV�UHOHYDQW�DQG�
XS�WR�GDWH� LQIRUPDWLRQ� IURP� GRFXPHQWV�� GDWDEDVHV� RU� WKH� ZHE� EHIRUH� JHQHUDWLQJ� D� UHVSRQVH�� 7KLV�
LPSURYHV�WKH�DFFXUDF\��UHOHYDQFH�DQG�UHOLDELOLW\�RI�$,�JHQHUDWHG�DQVZHUV�ZKLOH�UHGXFLQJ�KDOOXFLQDWLRQV��
5$*�LV�QRZ�ZLGHO\�XVHG�LQ�FKDWERWV��HQWHUSULVH�VHDUFK��KHDOWKFDUH��OHJDO�DVVLVWDQFH��FXVWRPHU�VXSSRUW�
DQG�HGXFDWLRQ�

7KLV�SDSHU�UHSRUWV�WKH�OLWHUDWXUH�VXUYH\�DQG�SUREOHP�XQGHUVWDQGLQJ�VWDJH�RI�D�WHFKQLFDO�VHPLQDU�RQ�5$*��
,WV�FRQWULEXWLRQV�DUH���L��D�FOHDU�VWDWHPHQW�RI�WKH�SUREOHP�DQG�VL[�REMHFWLYHV���LL��D�GLVFXVVLRQ�RI�ZK\�
5$*�PDWWHUV�IRU�FXUUHQW�WHFKQRORJ\�WUHQGV���LLL��D�FRPSDULVRQ�RI�HLJKW�VWXGLHV�>����������������������@�E\�
PHWKRGRORJ\�� ILQGLQJV�DQG� OLPLWDWLRQV��DQG� �LY�� IRXU� UHVHDUFK�JDSV� WKDW� IROORZ�IURP� WKH�FRPSDULVRQ��
6HFWLRQ�,,�H[SODLQV�WKH�5$*�ZRUNIORZ��6HFWLRQ�,,,�VWDWHV�WKH�SUREOHP�DQG�REMHFWLYHV��6HFWLRQ�,9�FRYHUV�
UHOHYDQFH� WR� FXUUHQW� WUHQGV�� 6HFWLRQ�9� SUHVHQWV WKH� OLWHUDWXUH� VXUYH\�� 6HFWLRQ�9,� GLVFXVVHV� SUREOHP�
XQGHUVWDQGLQJ�DQG�WKH�UHVHDUFK�JDS��DQG�6HFWLRQ�9,,�FRQFOXGHV�

,,��%$&.*5281'��7+(�5$*�:25.)/2:

$�5$*�V\VWHP�DGGV�D�UHWULHYDO�VWHS�LQ�IURQW�RI�WKH�ODQJXDJH�PRGHO��)LJ����VKRZV�WKH�ILYH�VWDJHV�RI�WKH�
ZRUNIORZ�

�� 4XHVWLRQ��WKH�XVHU�DVNV�D�TXHVWLRQ�

�� 5HWULHYH�� WKH� V\VWHP� IRUPV� D� UHWULHYDO� TXHU\� DQG� VHDUFKHV� WKH� NQRZOHGJH� EDVH� IRU� UHOHYDQW�
LQIRUPDWLRQ�

�� $XJPHQW��WKH�PRVW�UHOHYDQW�UHWULHYHG�WH[WV�DUH�DGGHG�WR�WKH�SURPSW�

�� *HQHUDWH��WKH�//0�JHQHUDWHV�D�UHVSRQVH�IURP WKH�TXHVWLRQ�DQG�WKH�UHWULHYHG�FRQWH[W�

�� 5HVSRQVH��WKH�XVHU�UHFHLYHV�DQ�DFFXUDWH��FRQWH[W�DZDUH�DQVZHU�

)LJXUH� ��� :RUNIORZ� RI� 5HWULHYDO�$XJPHQWHG� *HQHUDWLRQ�� D� TXHVWLRQ� WULJJHUV� UHWULHYDO� IURP� WKH�
NQRZOHGJH�EDVH��WKH�UHWULHYHG�WH[WV�DXJPHQW�WKH�SURPSW��DQG�WKH�//0�JHQHUDWHV�WKH�UHVSRQVH�

7KH�NQRZOHGJH�EDVH�KROGV�WKH�WUXVWHG�GDWD�VRXUFHV�RI�WKH�V\VWHP��GRFXPHQWV��GDWDEDVHV��$3,V�DQG�ZHE�
RU�H[WHUQDO�FRQWHQW��%HFDXVH�WKH�NQRZOHGJH�OLYHV�RXWVLGH�WKH�PRGHO��LW�FDQ�EH�FKDQJHG�ZLWKRXW�PRGLI\LQJ�
WKH�PRGHO�LWVHOI��7KH�RULJLQDO�5$*�IUDPHZRUN�SDLUV�D�SUHWUDLQHG�VHTXHQFH�WR�VHTXHQFH�JHQHUDWRU�ZLWK�D�
GHQVH�YHFWRU�:LNLSHGLD�LQGH[�DQG�D�QHXUDO�UHWULHYHU�>�@�
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$��3UREOHP�6WDWHPHQW

//0V�FDQ�JLYH�ZURQJ�RU�RXWGDWHG�DQVZHUV�EHFDXVH�WKH\�GHSHQG�PDLQO\�RQ�WKHLU�WUDLQLQJ�GDWD��7KH\�PD\�
QRW�KDYH�DFFHVV�WR�WKH�ODWHVW�RU�VSHFLILF�LQIRUPDWLRQ�ZKHQ�DQVZHULQJ�D�TXHVWLRQ��DQG�XSGDWLQJ�WKH�HQWLUH�
PRGHO�UHSHDWHGO\�UHTXLUHV�D�ORW�RI�WLPH��5$*�DGGUHVVHV�WKHVH�FKDOOHQJHV�RI�KDOOXFLQDWHG��LQDFFXUDWH�RU�
RXWGDWHG� LQIRUPDWLRQ� E\� UHWULHYLQJ� UHOHYDQW� LQIRUPDWLRQ� IURP� H[WHUQDO� NQRZOHGJH� VRXUFHV� EHIRUH�
JHQHUDWLQJ�UHVSRQVHV��7KLV�LPSURYHV�WKH�DFFXUDF\��UHOLDELOLW\��WUDQVSDUHQF\�DQG�WUXVWZRUWKLQHVV�RI�$,�
JHQHUDWHG�DQVZHUV�

%��2EMHFWLYHV

7KH�VWXG\�LV�JXLGHG�E\�VL[�REMHFWLYHV�

�� ,PSURYH�DFFXUDF\��UHWULHYH�UHOHYDQW�LQIRUPDWLRQ�IURP�H[WHUQDO�VRXUFHV�WR�JHQHUDWH�PRUH�DFFXUDWH�
DQG�FRQWH[WXDOO\�UHOHYDQW�UHVSRQVHV�

�� 0LQLPL]H�WKH�RFFXUUHQFH�RI�HUURUV��&UHDWH�DQOLQ�WKH�DQVZHUV�SURYLGHG�E\�JURXQGLQJ�WKHP�RQ�
DFWXDO�DQG�WUXVWHG�LQIRUPDWLRQ�DQG�UHOLDEOH�VRXUFHV�

�� .HHS� LQIRUPDWLRQ� XSGDWHG�� JDLQ� DFFHVV� WR� QHZ� GDWD� IURP� H[WHUQDO� GDWDEDVHV� RU� GRFXPHQWV�
ZLWKRXW�D�QHHG�IRU�//0�FRQVWDQW�UHWUDLQLQJ�

�� 6XSSRUW�GRPDLQ�VSHFLILF�NQRZOHGJH��OHW�//0V�DQVZHU�XVLQJ�VSHFLDOLVHG�LQIRUPDWLRQ�IURP�ILHOGV�
VXFK�DV�KHDOWKFDUH��ILQDQFH��HGXFDWLRQ�DQG�WHFKQRORJ\�

�� (QKDQFH� UHOLDELOLW\� DQG� WUXVW�� PDNH� UHVSRQVHV� PRUH� GHSHQGDEOH� E\� FRQQHFWLQJ� JHQHUDWHG�
DQVZHUV�ZLWK�VXSSRUWLQJ�LQIRUPDWLRQ�

�� /RZHU�WKH�FRVW��8VH�DQ�H[WHUQDO�NQRZOHGJH�EDVH�UDWKHU�WKDQ�JRLQJ�WKURXJK�WKH�ZKROH�SURFHVV�RI�
UHWUDLQLQJ�

,9��5(/(9$1&(�72�&855(17�7(&+12/2*<�75(1'6

� 5HDO�WLPH� DQG� XSGDWHG� LQIRUPDWLRQ�� 5$*� UHWULHYHV� WKH� ODWHVW� LQIRUPDWLRQ� IURP� GDWDEDVHV��
GRFXPHQWV�DQG�NQRZOHGJH�EDVHV��ZKLFK�VXLWV�DSSOLFDWLRQV�ZKHUH�LQIRUPDWLRQ�FKDQJHV�IUHTXHQWO\�

� (QWHUSULVH�$,��7KLV�V\VWHP�FRXOG�EH�D�JUHDW�UHVRXUFH�RI�GLIIHUHQW�SDSHUV�DQDO\]LQJ�//0V��5$*�
DUFKLWHFWXUH��GHQVH�UHWULHYLQJ��YHFWRU�GDWDEDVHV��DQG�NQRZOHGJH�LQVLGH�$,�

� $JHQWLF�$,��5$*�LV�EHFRPLQJ�LPSRUWDQW�LQ�$,�DJHQWV��EHFDXVH�DJHQWV�FDQ�UHWULHYH�LQIRUPDWLRQ�
IURP�VHYHUDO�VRXUFHV�DQG�XVH�LW�WR�SHUIRUP�FRPSOH[�WDVNV�DQG�PDNH�GHFLVLRQV�

� &RVW�HIIHFWLYH�DQG�VFDODEOH��2UJDQLVDWLRQV�FDQ�XSGDWH�WKH�NQRZOHGJH�EDVH�LQVWHDG�RI�UHWUDLQLQJ�D�
ODUJH�PRGHO��ZKLFK�PDNHV�WKH�V\VWHP�HDVLHU�DQG�FKHDSHU�WR�PDLQWDLQ�

� 5HGXFHG�KDOOXFLQDWLRQ��5HWULHYLQJ�VXSSRUWLQJ�LQIRUPDWLRQ�EHIRUH�DQVZHULQJ�KHOSV�UHGXFH�IDOVH�RU�
PDGH�XS�RXWSXW�
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$��5HYLHZ�$SSURDFK

$QDO\VHV�RI�VFLHQWLILF�SDSHUV�RQ�//0V��5$*�DUFKLWHFWXUHV��GHQVH�UHWULHYDO�V\VWHPV��YHFWRU�GDWDEDVHV��
DQG NQRZOHGJH�HQKDQFHG�$,�ZHUH�FDUULHG�RXW��([LVWLQJ�5$*�IUDPHZRUNV�DQG�UHWULHYDO�WHFKQLTXHV�ZHUH�
WKHQ�VWXGLHG�DQG�FRPSDUHG�RQ�DUFKLWHFWXUH��UHWULHYDO�PHWKRG�DQG�JHQHUDWLRQ�TXDOLW\��7KH�HLJKW�VWXGLHV�
VHOHFWHG�IRU�WKH�VXUYH\�PDWUL[�DUH�VXPPDULVHG�LQ�7DEOH���DQG�SODFHG�LQ�WLPH�LQ�)LJ����

%��)RXQGDWLRQDO�:RUN

7KH� DXWKRUV� /HZLV� HWDO>�@� SURSRVHG� WKH� 5$*� IUDPHZRUN� ZKHUHE\� WKH\� FRPELQH� WKH� SUH�WUDLQHG�
VHTXHQFH�WR�VHTXHQFH�JHQHUDWRU�ZLWK�WKH�GHQVH�YHFWRU�LQGH[�IURP�:LNLSHGLD�DQG�XVH�D�QHXUDO�UHWULHYHU�
IRU�EHWWHU�SHUIRUPDQFH��2QFH�UHWULHYDO�HUURUV�KDSSHQ��WKH\�ZLOO�FRQWLQXH�WR�SURGXFH�ZURQJ�JHQHUDWLRQ�
VLQFH�WKH�RULJLQDO�V\VWHP�GHSHQGV�KLJKO\�RQ�RQH�IL[HG�NQRZOHGJH�EDVH�

,]DFDUG�DQG�*UDYH�>�@��RQ�WKH�RWKHU�VLGH��UHWULHYH�VHYHUDO�SDVVDJHV�DW�RQFH�LQGHSHQGHQWO\�RI�HDFK�RWKHU�
DQG�IXVH�WKHP�LQ�DQ�DEVWUDFW�JHQHUDWRU�GHFRGHU�WKDW�ZLOO�OHDG�WR�LPSURYHPHQWV�EH\RQG�H[SHFWDWLRQ�LQ�
TXHVWLRQ� DQVZHULQJ�� 7KH� XVH� RI� ORWV� RI� UHWULHYHG� GDWD� FDQ� OHDG� WR� LQFUHDVHG� FRVW� DQG� SURFHVVLQJ�
UHTXLUHPHQWV�

$WODV>�@�LV�DQRWKHU�H[DPSOH�RI�D�SUH�WUDLQHG�PRGHO

&��$GDSWLYH�DQG�6WUXFWXUHG�5HWULHYDO

6HOI�5$*�XWLOL]HV�DQ�DGDSWLYH�UHWULHYDO�DSSURDFK�FRPELQHG�ZLWK�JHQHUDWLRQ�DQG�VHOI�UHIOHFWLRQ�DQDO\VLV�
YLD� UHIOHFWLRQ� WRNHQV��7KH� V\VWHP� GHWHUPLQHV� ZKHQ� D� UHWULHYDO� RSHUDWLRQ� LV� QHHGHG�� ZKLFK�PDNHV� LW�
SRVVLEOH�WR�HQKDQFH�IDFWXDOLW\�DQG�DFFXUDF\�RI�FLWDWLRQV��KRZHYHU��WKH�GRZQVLGH�LV�WKH�DGYDQFHG�V\VWHP�
FRPSOH[LW\�DQG�VSHFLDOL]HG�WUDLQLQJ�

(GJH�HW�DO��LQWURGXFH�JUDSK�UHSUHVHQWDWLRQ�EDVHG�NQRZOHGJH�DQG�FRPPXQLW\�VXPPDUL]DWLRQ�IRU�UHWULHYDO�
SXUSRVHV�

'��6XUYH\V�DQG�(YDOXDWLRQ

&KHQ�HW�DO��>�@�FDUU\�RXW�D�WKRURXJK�HYDOXDWLRQ�RI�NQRZOHGJH�EDVHG�UHWULHYDO��JHQHUDWLQJ�PHFKDQLVPV��
PXOWLPRGDO�GDWD�DQG�UHDVRQLQJ�DVSHFWV��7KH�DXWKRUV�PHQWLRQ�VXFK�DQ�LPSRUWDQW�VSKHUH�DV�NQRZOHGJH�
LQFRUSRUDWLRQ��LQWHUSUHWDELOLW\��HIILFLHQF\�RI�UHWULHYDO�DQG�DGDSWDELOLW\�WR�YDULRXV�FRQWH[WV��XQIRUWXQDWHO\��
PDWFKLQJ�LQIRUPDWLRQ�DQG�ZLGHO\�DSSO\LQJ�H[WHUQDO�VRXUFHV�VWLOO�SURYHV�WR�EH�KDUG�

:X�HW�DO��>�@�DQDO\VH�5$*�DUFKLWHFWXUHV��UHWULHYDO�VWUDWHJLHV��JHQHUDWLRQ��HYDOXDWLRQ�DQG�DSSOLFDWLRQV�IRU�
QDWXUDO� ODQJXDJH� SURFHVVLQJ�� 7KH\� VKRZ� WKH� UDSLG� HYROXWLRQ� RI� 5$*� DQG� PDUN� UHWULHYDO� TXDOLW\��
HIILFLHQF\��IDFWXDOLW\�DQG�UREXVWQHVV�DV�PDMRU�UHVHDUFK�DUHDV��$V�D�VXUYH\��WKH�ZRUN�LQWURGXFHV�QR�VLQJOH�
QHZ�DUFKLWHFWXUH�

8SDGK\D\� HW� DO�>�@� GHVFULEH� WKH 75(&� ����� 5$*� 7UDFN� ZKLFK� DVVHVVHV� V\VWHPV� ZLWK� H[WHQVLYH�
GHVFULSWLYH� TXHULHV� DQG�PHWULFV� OLNH� UHOHYDQF\�� SUHFLVLRQ�� DQG� DWWULEXWLRQ��$OWKRXJK� WKLV� IRUPXODWLRQ�
EULQJV�QHZ�SRLQWV�RI�YLHZ� LQWR� HYDOXDWLRQ�� LW� FDQ� VWLOO� SURYH� WR�EH� LQHIIHFWLYH� LQ� WHUPV�RI� HYDOXDWLQJ�
FRPSOLFDWHG�UHDVRQLQJ�WHFKQLTXHV�DQG�DWWULEXWLRQ�SUREOHPV�
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)LJXUH����7LPHOLQH�RI�WKH�HLJKW�VXUYH\HG�VWXGLHV��IURP�WKH�RULJLQDO�5$*�IUDPHZRUN��������WR�UHFHQW�
VXUYH\V�DQG�HYDOXDWLRQ�ZRUN��������

7$%/(��

/,7(5$785(�6859(<�0$75,;

$XWKRU�<HDU 0HWKRGRORJ\�XVHG .H\�ILQGLQJV /LPLWDWLRQV

/HZLV�HW�DO��
�������>�@

&RPELQHV�D�SUHWUDLQHG�
VHT�VHT�JHQHUDWRU�ZLWK�D�
GHQVH�YHFWRU�:LNLSHGLD�
LQGH[�DQG�QHXUDO�UHWULHYHU

(VWDEOLVKHG�WKH�5$*�
IUDPHZRUN��LPSURYHG�
IDFWXDOLW\�DQG�SHUIRUPDQFH�
RQ�NQRZOHGJH�LQWHQVLYH�
1/3�WDVNV

5HWULHYDO�HUURUV�FDQ�
SURSDJDWH�LQWR�
JHQHUDWLRQ��UHOLHV�KHDYLO\�
RQ�D�IL[HG�NQRZOHGJH�
LQGH[

,]DFDUG�	�
*UDYH��������
>�@

5HWULHYHV�PXOWLSOH�SDVVDJHV�
LQGHSHQGHQWO\�DQG�IXVHV�
WKHP�WKURXJK�D�JHQHUDWLYH�
HQFRGHU�GHFRGHU

&RPELQLQJ�LQIRUPDWLRQ�
IURP�PXOWLSOH�SDVVDJHV�
VXEVWDQWLDOO\�LPSURYHV�
RSHQ�GRPDLQ�4$

3URFHVVLQJ�PDQ\�
SDVVDJHV�LQFUHDVHV�
FRPSXWDWLRQDO�DQG�
PHPRU\�UHTXLUHPHQWV

,]DFDUG�HW�DO��
�������>�@

3UH�WUDLQHG�UHWULHYDO�
DXJPHQWHG�/0�IRU�IHZ�
VKRW�NQRZOHGJH�LQWHQVLYH�
WDVNV

6WURQJ�IHZ�VKRW�4$�
SHUIRUPDQFH�ZLWK�IDU�IHZHU�
SDUDPHWHUV

5HTXLUHV�D�KLJK�TXDOLW\�
UHWULHYDO�LQGH[�DQG�
VXEVWDQWLDO�SUH�WUDLQLQJ

$VDL�HW�DO��
�������>�@

$GDSWLYH�UHWULHYDO�
FRPELQHG�ZLWK�JHQHUDWLRQ�
DQG�VHOI�FULWLTXH�XVLQJ�
UHIOHFWLRQ�WRNHQV

0RGHO�GHFLGHV�ZKHQ�
UHWULHYDO�LV�QHHGHG��
LPSURYHV�IDFWXDOLW\�DQG�
FLWDWLRQ�DFFXUDF\

5HTXLUHV�VSHFLDOLVHG�
WUDLQLQJ��LQFUHDVHV�
V\VWHP�FRPSOH[LW\

(GJH�HW�DO��
�������>�@

*UDSK�EDVHG�
UHSUHVHQWDWLRQV�DQG�
FRPPXQLW\�VXPPDULHV�
XVHG�WR�UHWULHYH�LQIRUPDWLRQ

,PSURYHV�JOREDO�
VHQVHPDNLQJ�RYHU�ODUJH�
GRFXPHQW�FROOHFWLRQV�
FRPSDUHG�ZLWK�FKXQN�
EDVHG�UHWULHYDO

*UDSK�FRQVWUXFWLRQ�FDQ�
EH�H[SHQVLYH�DQG�
UHTXLUHV�DGGLWLRQDO�
SURFHVVLQJ



Ь«ĺīŪıôϙ͑ϠϙIŜŜŪôϙ͔ϙϼ�ôŕťôıæôŘϱièťĺæôŘϙ͑͏͕͑Ͻ ϼ�ŕôèĖÍīϙIŜŜŪôϙ͐ϽϙϙϙϙϙϙϙϙϙϙϙI��bϡϙ͒͐͒͘ϱ͓͕͐͗ϙϼiĲīĖĲôϽ

�V""ϱ͑͏͕͑ϱ͏͏͓͐͏и�i"FI«��X�F�ϙVi��b�[ϙi>ϙ"I«(��(ϙ"I��I�[Ib(ϙϙиϙſſſϟæĤîîĤĺŪŘĲÍīϟĺŘČ иϙϙ͖͐͑

$XWKRU�<HDU 0HWKRGRORJ\�XVHG .H\�ILQGLQJV /LPLWDWLRQV

&KHQJ�HW�DO��
�������>�@

5HYLHZV�NQRZOHGJH�
RULHQWHG�5$*��UHWULHYDO�
PHFKDQLVPV��JHQHUDWLRQ��
PXOWLPRGDO�GDWD�DQG�
UHDVRQLQJ

,GHQWLILHV�NQRZOHGJH�
LQWHJUDWLRQ��LQWHUSUHWDELOLW\��
UHWULHYDO�HIILFLHQF\�DQG�
GRPDLQ�DGDSWDWLRQ�DV�
LPSRUWDQW�GLUHFWLRQV

.QRZOHGJH�DOLJQPHQW�
DQG�HIILFLHQW�LQWHJUDWLRQ�
RI�GLYHUVH�H[WHUQDO�
VRXUFHV�UHPDLQ�GLIILFXOW

:X�HW�DO��
�������>�@

&RPSUHKHQVLYH�DQDO\VLV�RI�
5$*�DUFKLWHFWXUHV��
UHWULHYDO�VWUDWHJLHV��
JHQHUDWLRQ��HYDOXDWLRQ�DQG�
DSSOLFDWLRQV

6KRZV�UDSLG�HYROXWLRQ�RI�
5$*��LGHQWLILHV�UHWULHYDO�
TXDOLW\��HIILFLHQF\��
IDFWXDOLW\�DQG�UREXVWQHVV�DV�
PDMRU�UHVHDUFK�DUHDV

6XUYH\�EDVHG��GRHV�QRW�
LQWURGXFH�D�VLQJOH�QHZ�
5$*�DUFKLWHFWXUH

8SDGK\D\�HW�
DO���������>�@

(YDOXDWHV�5$*�V\VWHPV�
XVLQJ�ORQJ�QDUUDWLYH�TXHULHV�
DQG�PHWULFV�VXFK�DV�
UHOHYDQFH��FRPSOHWHQHVV�
DQG�DWWULEXWLRQ

0RYHV�5$*�HYDOXDWLRQ�
WRZDUG�FRPSOH[�UHDO�ZRUOG�
LQIRUPDWLRQ�QHHGV�DQG�
FLWDWLRQ�VXSSRUWHG�DQVZHUV

(YDOXDWLRQ�UHPDLQV�
FKDOOHQJLQJ�IRU�FRPSOH[�
UHDVRQLQJ�DQG�DWWULEXWLRQ

9,��352%/(0�81'(567$1',1*�$1'�5(6($5&+�*$3

$��3UREOHP�8QGHUVWDQGLQJ

7KH�VXUYH\�UHYHDOV�D�GHYHORSPHQW��,W�FDQ�EH�VKRZQ�WKDW�WKH�5$*�PHWKRG�DQG�WKH�XVH�RI�PXOWL�SDVVDJHV�
LOOXVWUDWH�WKDW�LQIRUPDWLRQ�IURP�WKH�RXWVLGH�ZRUOG�KDV�D�SRVLWLYH�LPSDFW�RQ�DQVZHULQJ�IDFWXDO�TXHVWLRQV��
$FFRUGLQJ� WR�$WODV�� H[WHUQDOO\�DFFHVVHG� LQIRUPDWLRQ� FDQ� SURYLGH� DGHTXDWH� UHVXOWV� IRU� VPDOO� V\VWHPV��
$IWHU�WKDW��IXUWKHU�UHVHDUFK�LPSURYHG�WKH�SURFHVV�RI�UHWULHYLQJ�LQIRUPDWLRQ�E\�DOORZLQJ�WKH�V\VWHPV�WR�
FKRRVH� WKH�PRVW� DSSURSULDWH� WLPH� WR� DFFHVV� WKH� LQIRUPDWLRQ�RU�RUJDQL]LQJ�GDWD� DV� D�JUDSK�� ,Q� UHFHQW�
VWXGLHV�� WKH� DXWKRUV� WXUQ� WR� WKH� YHU\�EDVLFV� DQG� DQDO\]H� WKH� GHYHORSPHQW� RI� WKH� ILHOG� XQGHU� UHDOLVWLF�
LQIRUPDWLRQ� UHWULHYDO� GHPDQGV��7ZR� LGHDV� DUH� IRXQG� LQ� WKH� OLPLWDWLRQV� FROXPQ� RI�7DEOH� ��� )LUVW�� WKH�
SURFHVV�RI�UHWULHYLQJ�RU�JHQHUDWLQJ�VRPHWKLQJ�XVXDOO\�UHTXLUHV�D�KLJKHU�DPRXQW�RI�FRPSXWDWLRQ��WUDLQLQJ��
RU�FRPSOH[LW\�RI�WKH�V\VWHP�

%��5HVHDUFK�*DS

7KH�FRPSDULVRQ�OHDGV�WR�IRXU�UHVHDUFK�JDSV��ZKLFK�DUH�PDSSHG�WR�WKH�VXUYH\HG�HYLGHQFH�LQ�7DEOH���

�� 5$*�V\VWHPV�UHTXLUH�KLJK�FRPSXWDWLRQDO�UHVRXUFHV�IRU�UHWULHYDO��LQGH[LQJ�DQG�JHQHUDWLRQ�

�� ,UUHOHYDQW�RU�LQFRPSOHWH�UHWULHYHG�LQIRUPDWLRQ�FDQ�OHDG�WR�LQDFFXUDWH�RU�KDOOXFLQDWHG�UHVSRQVHV�

�� ([LVWLQJ�5$*�PRGHOV�KDYH�OLPLWHG�HIIHFWLYHQHVV�LQ�VSHFLDOLVHG�GRPDLQV�ZLWKRXW�GRPDLQ�VSHFLILF�
NQRZOHGJH�

�� %HWWHU�PHWKRGV�DUH�QHHGHG�WR�HYDOXDWH�WKH�IDFWXDOLW\��UHOHYDQFH�DQG�UHOLDELOLW\�RI�5$*�JHQHUDWHG�
DQVZHUV�
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7$%/(��

5(6($5&+�*$36�$1'�6833257,1*�(9,'(1&(

5HVHDUFK�JDS (YLGHQFH�LQ�VXUYH\HG�VWXGLHV

+LJK�FRPSXWDWLRQDO�UHVRXUFHV 0DQ\�SDVVDJHV�UDLVH�FRPSXWH�DQG�PHPRU\�>�@��JUDSK�FRQVWUXFWLRQ�
LV�H[SHQVLYH�>�@��ODUJH�LQGH[�DQG�SUH�WUDLQLQJ�QHHGHG�>�@

,UUHOHYDQW�RU�LQFRPSOHWH�
UHWULHYDO

5HWULHYDO�HUURUV�SURSDJDWH�LQWR�JHQHUDWLRQ�>�@��DGDSWLYH�UHWULHYDO�
DQG�VHOI�FULWLTXH�DGG�FRPSOH[LW\�>�@

/LPLWHG�GRPDLQ�HIIHFWLYHQHVV .QRZOHGJH�DOLJQPHQW�DQG�GRPDLQ�DGDSWDWLRQ�UHPDLQ�GLIILFXOW�>�@

(YDOXDWLRQ�RI�IDFWXDOLW\��
UHOHYDQFH�DQG�UHOLDELOLW\

(YDOXDWLRQ�RI�UHDVRQLQJ�DQG�DWWULEXWLRQ�LV�FKDOOHQJLQJ�>�@��IDFWXDOLW\�
DQG�UREXVWQHVV�UHPDLQ�RSHQ�>�@

9,,��&21&/86,21

�7KLV�SDSHU�KDV�FRPSOHWHG�WKH�OLWHUDWXUH�UHYLHZ�DQG�WKH�SKDVH�RI�XQGHUVWDQGLQJ�WKH�SUREOHP�IRU�5$*��
7KH�WRSLF�RI�WKH�VHPLQDU�DQG�WKH�VWDWHPHQW�RI�WKH�SUREOHP�ZHUH�GHWHUPLQHG��7KH�SDSHUV�RQ�//0V��5$*�
DUFKLWHFWXUHV��GHQVH�UHWULHYDO��YHFWRU�GDWDEDVHV�DQG�NQRZOHGJH�EDFNHG�$,�WHFKQRORJLHV�ZHUH�VWXGLHG��DQG�
WKH�H[LVWLQJ�5$*�WHFKQRORJLHV�DQG�UHWULHYDO�DSSURDFKHV�KDYH�EHHQ FRPSDUHG� LQ� WHUPV�RI� WKH� W\SH�RI�
DUFKLWHFWXUH��UHWULHYDO�WHFKQLTXH�DQG�WKH�JHQHUDWLRQ�TXDOLW\��7KH�PDWUL[�RI�OLWHUDWXUH�UHYLHZV�ZDV�FUHDWHG�
DQDO\]LQJ� WKH�ZD\V� DQG� ILQGLQJV� DQG� OLPLWDWLRQV� RI� HLJKW� VWXGLHV�� )URP� WKH�PDWUL[�� IRXU� JDSV� ZHUH�
GHWHFWHG��KLJK�H[SHQVHV��UHWULHYDO�LUUHOHYDQW�RU�LQFRPSOHWH�UHVXOWV��OLPLWHG�HIILFLHQF\�LQ�GHILQLWH�GRPDLQV�
DQG�HYDOXDWLRQ�RI�IDFWXDOLW\��UHOHYDQFH�DQG�UHOLDELOLW\�

5()(5(1&(6

>�@ 3��/HZLV��(��3HUH]��$��3LNWXV��HW�DO���³5HWULHYDO�DXJPHQWHG�JHQHUDWLRQ�IRU�NQRZOHGJH�LQWHQVLYH�1/3�
WDVNV�´������

>�@ *��,]DFDUG�DQG�(��*UDYH��³/HYHUDJLQJ�SDVVDJH�UHWULHYDO�ZLWK�JHQHUDWLYH�PRGHOV�IRU�RSHQ�GRPDLQ�
TXHVWLRQ�DQVZHULQJ�´�LQ�3URF��($&/��������SS�����±����

>�@ ,]DFDUG�HW�DO���³$WODV��)HZ�VKRW�OHDUQLQJ�ZLWK�UHWULHYDO�DXJPHQWHG�ODQJXDJH�PRGHOV�´������

>�@ $VDL�HW�DO���³6HOI�5$*��/HDUQLQJ�WR�UHWULHYH��JHQHUDWH��DQG�FULWLTXH�WKURXJK�VHOI�UHIOHFWLRQ�´������

>�@ (GJH�HW�DO���³)URP�ORFDO�WR�JOREDO��$�*UDSK�5$*�DSSURDFK�WR�TXHU\�IRFXVHG�VXPPDUL]DWLRQ�´������

>�@ &KHQJ�HW�DO���³$�VXUYH\�RQ�NQRZOHGJH�RULHQWHG�UHWULHYDO�DXJPHQWHG�JHQHUDWLRQ�´������

>�@ :X�HW�DO���³5HWULHYDO�DXJPHQWHG�JHQHUDWLRQ�IRU�QDWXUDO�ODQJXDJH�SURFHVVLQJ��$�VXUYH\�´�$UWLILFLDO�
,QWHOOLJHQFH�5HYLHZ�������

>�@ 8SDGK\D\�HW�DO���³2YHUYLHZ�RI�WKH�75(&������5HWULHYDO�$XJPHQWHG�*HQHUDWLRQ��5$*��7UDFN�´�
�����


