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�0DQLVK�3DOLZDO���3URI��3RRQDP�3DZDU���3URI��$UYLQG�5��*DXWDP

�6WXGHQW��7�(��8QGHUJUDGXDWH����0HQWRU���&RRUGLQDWRU
�'HSDUWPHQW�RI�$UWLILFLDO�,QWHOOLJHQFH�DQG�'DWD�6FLHQFH
�$MHHQN\D�'<�3DWLO�6FKRRO�RI�(QJLQHHULQJ��3XQH��,QGLD

$EVWUDFW

([SORULQJ�WKH�YDVW�FKHPLFDO�GHVLJQ�VSDFH�WR�ILQG�EHWWHU�HOHFWURGH�DQG�HOHFWURO\WH�PDWHULDOV�LV�D�URDGEORFN�WR�
HOHFWULF�PRELOLW\�DQG�JULG�VFDOH�VWRUDJH�DV�QR�ODERUDWRU\�FDQ�NHHS�XS��:KLOH�JUDSK�QHXUDO�QHWZRUNV��*11V��
DUH�D�SURPLVLQJ�PHWKRG�IRU�HVWLPDWLQJ�PDWHULDO�SURSHUWLHV�IURP�WKH�DWRPLF�VWUXFWXUH� OLPLWHG�XVH�RI�*11V�
LQ�EDWWHU\�UHVHDUFK�LV�GXH�WR�WKUHH�OLPLWDWLRQV��SUHGLFWLRQV�IURP�*11V�DUH�KDUG�WR�LQWHUSUHW��WKH\�DUH�W\SLFDOO\�
WUDLQHG�IRU�D�VLQJOH�WDUJHW��DQG�WKH\�UHTXLUH�ODEHOOHG�GDWD�ZKLFK�LV�OLPLWHG�IRU�QHZ�FKHPLVWULHV��7KLV�SDSHU�
SURYLGHV�D�UHYLHZ�RI�UHFHQW�UHVHDUFK�RQ�JUDSK�EDVHG�OHDUQLQJ��H[SODLQDEOH�DUWLILFLDO�LQWHOOLJHQFH��;$,���GDWD�
HIILFLHQW�OHDUQLQJ�DQG�PXOWL�REMHFWLYH�RSWLPLVDWLRQ�IRU�EDWWHU\�PDWHULDOV�GLVFRYHU\�IRFXVLQJ�RQ�HLJKW�NH\�
VWXGLHV�DORQJVLGH�VXSSRUWLQJ�H[DPSOHV�IURP�WKH�ODVW�ILYH�\HDUV������±�������OLWHUDWXUH��,W�FDQ�EH�VHHQ�IURP�
WKH� FULWHULRQ�EDVHG� FRPSDULVRQ� PDGH� WKDW� QR� VLQJOH� RI� WKH� UHYLHZHG� VWXGLHV� FRYHUV� WKH� WRSLF� RI�
UHSUHVHQWDWLRQ� RI� WKH� JUDSK�� ([SODLQDELOLW\�� PXOWL�REMHFWLYH� WUDGH�RIIV�� OLPLWHG�GDWD� OHDUQLQJ� DQG�
H[SHULPHQWDO�YDOLGDWLRQ��)LOOHG�ZLWK�WKLV�QHHG��ZH�:H�SURYLGH�D�ZHOO�GHILQHG�FRQFHSWXDO� IUDPHZRUN�IRU�
JUDSK�FRQVWUXFWLRQ��XQFHUWDLQW\�DZDUH�*11�SUHGLFWLRQ��H[SODQDWLRQ��3DUHWR�EDVHG�FDQGLGDWH�VHOHFWLRQ�DQG�
')7�H[SHULPHQWDO�YHULILFDWLRQ��DQG�GHILQH�DQ�HYDOXDWLRQ�SURWRFRO�IRU�LW��7KH�IUDPHZRUN�LV�VXJJHVWHG�UDWKHU�
WKDQ�DSSOLHG�DQG�RSHQ�FKDOOHQJHV�DQG�IXWXUH�GLUHFWLRQV�DUH�GLVFXVVHG�

.H\ZRUGV� %DWWHU\�PDWHULDOV��([SODLQDEOH�$,��*UDSK�1HXUDO�1HWZRUNV��/LPLWHG�'DWD�/HDUQLQJ��0DWHULDOV�
,QIRUPDWLFV��0XOWL�2EMHFWLYH�2SWLPLVDWLRQ��9ROWDJH�3UHGLFWLRQ�

,��,QWURGXFWLRQ

/LWKLXP�LRQ�EDWWHULHV�DQG�QHZHU�� VRGLXP�LRQ�EDWWHULHV��8QGHUSLQ�HOHFWULF��XQGHUSLQ�PXOWLYDOHQW�LRQ��DQG�
VROLG�VWDWH�GHVLJQV��YHKLFOHV��SRUWDEOH�HOHFWURQLFV�DQG�WKH�VWRUDJH�QHHGHG�IRU�LQWHUPLWWHQW�UHQHZDEOH�SRZHU�
5HTXLUHPHQWV� LQ� WHUPV�RI�HQHUJ\�GHQVLW\��VDWLVILHV� WKH�FULWHULD�RI�VDIHW\��VHUYLFH� OLIH�DQG�FRVW��ZKLFK�DUH�
FRQWLQXDOO\� LPSURYLQJ��FDOOV� IRU�QHZ�HOHFWURGH�DQG�HOHFWURO\WH�PDWHULDOV��7KH�FODVVLFDO�DSSURDFK� WR�VXFK�
PDWHULDOV�LV�WR�DOWHUQDWH�V\QWKHVLV�DQG��/DE�FKDUDFWHUL]DWLRQ�RI�WKH�FKDUDFWHUL]DWLRQ��(DFK�LWHUDWLRQ�LV�VORZ�
DQG�FRVWO\��ZKLOH�WKH�QXPEHU�RI�SRVVLEOH�FRPSRVLWLRQV�DQG�FU\VWDO�7KH�FRPELQDWRULDO�VL]H�RI�VWUXFWXUHV�LV�
HQRUPRXV�>�@��>�@�
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7KH�SODQWV�DUH�GHYHORSHG�EHIRUH�DQ\�V\QWKHVLV�LV�FUHDWHG��6LQFH FU\VWDOV�DQG�DWRPV�DQG�WKH�ERQGV�EHWZHHQ�
DWRPV�DUH�WKH�QDWXUDO�GHVFULSWLRQ�RI�PROHFXOHV��EHWZHHQ�WKHP��JUDSK�QHXUDO�QHWZRUNV�FDQ�OHDUQ�IURP�WKLV�
VWUXFWXUH� GLUHFWO\��$� JUDSK� FRQYROXWLRQDO� QHWZRUN� LV� XVHG� WR� FUHDWH� FU\VWDOV� >�@� DQG� 0DWHULDO¶V� *UDSK�
1HWZRUNV �0(*1HW�� >�@�ZHUH�HDUO\�GHPRQVWUDWLRQV�� ODUJH�VFDOH�*11�JXLGHG�H[SORUDWLRQ�KDV� ,QFOXGLQJ�
H[WUD��ODUJHU�FU\VWDOV�>�@��VLQFH�HQODUJHG�WKH�VHW�RI�NQRZQ�VWDEOH�FU\VWDOV�7R�ILOWHU�RXW�KLJK�YROWDJH�OHYHOV��
UHJUHVVRUV�RI�DYHUDJH�YROWDJH�KDYH�EHHQ�XVHG��YROWDJH�VRGLXP�FDWKRGHV�>�@�

1HYHUWKHOHVV��WKHUH�DUH�WKUHH�OLPLWDWLRQV�IRU�SUDFWLFDO�EDWWHU\�UHVHDUFK��)LUVW��PRVW�*11V�DUH�EODFNER[HV��
WKDW�LV��D�UHVHDUFK�VFLHQWLVW�PXVW�UHO\�RQ�WKHLU�H[WHUQDO�EHKDYLRU��FDQ¶W�LGHQWLI\�WKH�DWRPV��ERQGV�RU�GHVFULSWRUV�
WKDW�DUH�UHVSRQVLEOH�IRU�D�+RZHYHU��DQ�LQWHUSUHWDEOH�GHVLJQ�LV�EHJLQQLQJ�WR�EH�GHYHORSHG��SUHGLFWLRQ���DSSHDU�
>�@��>�@��6HFRQGO\��WKHUH�DUH�VHYHUDO�HTXLOLEULXP�HTXDWLRQV�WR�FRQVLGHU�LQ�D�UHDO�FHOO��FRPSHWLQJ�SURSHUWLHV��
PRVW�PRGHOV�DUH� WXQHG� IRU��RQH��7KLUG�� WKHUH�DUH� ODEHOOHG�GDWD�DYDLODEOH� IRU�QHZ�FKHPLVWULHV��ZKLFK�KDV�
VSDUNHG�IHZ�VKRW�DQG�]HUR�VKRW�VWUDWHJLHV��VPDOOV�>�@�

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

x 5HYLHZ�DQG�RXWOLQH�RI�UHFHQW� UHVHDUFK�RQ�*11V��;$,�� OLPLWHG�GDWD�OHDUQLQJ�DQG�PXOWL�REMHFWLYH�
EDWWHU\ PDWHULDOV�

x $Q�DOWHUQDWLYH�VROXWLRQ�WR�WKH�SUREOHP�WR�WKH�RQH�WKDW�LV�DOUHDG\�GHYHORSHG��&RQFHSWXDO��HQG�WR�HQG�
IUDPHZRUN�WKDW�EULQJV�WRJHWKHU�WKH���WKHPHV��SURSRVHG�HYDOXDWLRQ�SURWRFRO�

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

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

,,��%DFNJURXQG

$�JUDSK�LV�XVHG�WR�UHSUHVHQW�PDWHULDOV�DUH�UHSUHVHQWHG�E\�D�JUDSK��$�PDWHULDO�LV�D�JUDSK�*  ��9��(���ZLWK�D�
QRGH� Y FRUUHVSRQGLQJ� WR� DQ� DWRP� DQG� D� QRGH� RQ� WKH� HGJH� HXY FRUUHVSRQGLQJ� WR� D� ERQG�� RU� D� SDLU� RI�
QHLJKERXULQJ�DWRPV�ZLWKLQ�D�JLYHQ�FXW�RII�GLVWDQFH��7KH�DWWULEXWHV�RI�WKH�QRGHV�DUH�W\SLFDOO\�WKH�DWRPLF�
QXPEHU��WKH�DWWULEXWHV�RI�WKH�HGJHV�W\SLFDOO\�DUH�WKH�LQWHUDWRPLF�GLVWDQFH��RU�ERQG�W\SH���DQG�WKH�DWWULEXWHV�
RI�WKH�QRGHV�DUH�W\SLFDOO\�HOHFWURQHJDWLYLW\��LRQLF�UDGLXV�DQG�YDOHQFH��1HLJKERXUV�DUH�VHDUFKHG�RYHU�SHULRGLF�
LPDJHV�RI�WKH�XQLW�FHOO�IRU�FU\VWDOV��6WUXFWXUHV��DQG�FRPSXWHG�SURSHUWLHV��WKDW�FDQ�EH�FRQYHUWHG�WR�JUDSKV�LQ�
WKLV�ZD\�FDQ�EH�REWDLQHG�IURP�RSHQ�GDWDEDVHV��VXFK�DV�0DWHULDOV�3URMHFW�>��@�

$��*11�%DVHG�3URSHUW\�3UHGLFWLRQ

0RVW�IUHTXHQWO\�XVHG�PDWHULDO�RI�*11V�LV�EDVHG�RQ�WKH�PHVVDJH�SDVVLQJ�VFKHPH��(DFK�QRGH�UHFHLYHV�IURP�
LWV�QHLJKERXULQJ�QRGHV�DW�OD\HU�O��DQG�NHHSV�XSGDWLQJ�LWV�KLGGHQ�VWDWH�

݄௩
ሺ௟ାଵሻ

ൌ ߮ ൬݄௩
ሺ௟ሻ
ǡ ۩௨א୒ሺ௩ሻ߰ቀ݄௩

ሺ௟ሻ
ǡ ݄௨

ሺ௟ሻ
ǡ ݁௨௩ቁ൰ ���

7KH�SHUPXWDWLRQ�LQYDULDQW��ZKLFK�FRQVWUXFWV�PHVVDJHV��LV�WKH�RQH�WKDW�\RX�DUH�IDPLOLDU�ZLWK��7KH�XSGDWH�
IXQFWLRQ�LV�GHQRWHG�E\�ĳ DQG�WKH�DJJUHJDWRU�LV�HLWKHU�WKH�VXP��WKH�PHDQ�RU�WKH�PD[��$W�WKH�HQG�RI�/ OD\HUV�D�
UHDGRXW�FROOHFWV�WKH�VWDWHV�IURP�QRGHV�LQWR�D�JUDSK�OHYHO�YHFWRU�ZKLFK�LV�LQSXW�WR�D�SUHGLFWLRQ�KHDG�
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ොݕ ൌ ௏݄௩אቀ۩௩ߩ
ሺ௅ሻ
ቁ ���

%��([SODLQDEOH�$UWLILFLDO�,QWHOOLJHQFH��;$,��IRU�*UDSK�0RGHOV

7ZR�JHQHUDO�NLQGV�RI�H[SODQDWLRQ�PHWKRGV�H[LVW��3RVW�KRF�PHWKRGV�LQYROYH�VWXG\LQJ�D�WUDLQHG�PRGHO��VXFK�
DV�*11([SODLQHU�>��@�WKDW�ORRNV�IRU�D�VPDOO�VXEJUDSK�DQG�IHDWXUH�PDVN�ZKLFK�ZLOO�SUHVHUYH�WKH�SUHGLFWLRQ�
RI�WKH�PRGHO��,QWULQVLFDOO\�LQWHUSUHWDEOH�GHVLJQV�OHDG�WR�DGGLQJ�WUDQVSDUHQF\�WR�WKH�DUFKLWHFWXUH��VXFK�DV��
WKHVH�DUH�GRQH�E\�XVLQJ�DWWHQWLRQ�ZHLJKWV�>�@�RU�DGGLWLYH�VWUXFWXUHV�>��@��([SODQDWLRQ�DUH�W\SLFDOO\�HYDOXDWHG�
EDVHG�RQ�ILGHOLW\��GRHV�WKH�H[SODQDWLRQ�DGKHUH�WR�WKH�WH[W"�,V�LW�UHDGDEOH��H[SODQDWLRQ��DQG�LV�LW�FRPSDFW�
HQRXJK��RU�VSDUVH�HQRXJK��VSDUVLW\�"�$�PXOWL�REMHFWLYH�VHDUFK�DSSURDFK�PLJKW�EH�DEOH�WR�LPSURYH�ERWK�DW�
WKH�VDPH�WLPH�>�@�

&��/HDUQLQJ�IURP�/LPLWHG�'DWD

7KH�IROORZLQJ�DSSURDFKHV��ZKLFK�UHGXFH�WKH�DPRXQW�RI�ODEHOOHG�VDPSOHV�UHTXLUHG��KDYH�EHHQ�FRQVLGHUHG��
SUH�WUDLQLQJ� RQ� D� ODUJH� VHW� RI� FRPSXWHG� VDPSOHV� DQG� ILQH�WXQLQJ�� WUDQVIHU� RI� OHDUQLQJ� EHWZHHQ� VLPLODU�
SURSHUWLHV�� IHZ�VKRW� OHDUQLQJ�� ]HUR�VKRW� LQIHUHQFH�XVLQJ�PDWHULDO� HPEHGGLQJV� >�@� DQG�DFWLYH� OHDUQLQJ� WR�
VHOHFW�WKH�PRVW�LQIRUPDWLYH�VDPSOHV�IRU�ODEHOLQJ�DQG�SK\VLFDO�NQRZOHGJH�DV�SULRUV�RU�FRQVWUDLQWV�

'��0XOWL�2EMHFWLYH 2SWLPLVDWLRQ

7KH�GHVLJQ�WDVN�ZLOO�EH�WUDQVIRUPHG�LQWR�D�SUREOHP�WKDW�KDV�N REMHFWLYHV�

���௫אଡ଼ܨሺݔሻ ൌ ሾ ଵ݂ሺݔሻǡ ǥ ǡ ௞݂ሺݔሻሿ ���

/HW�[D DQG�[E EH�WZR�FDQGLGDWHV��[D LV�VDLG�WR�GRPLQDWH�[E LI�DQG�RQO\�LI�IL�[D����IL�[E��IRU�VRPH�L DQG�HTXDO�WR�
IRU�DOO�L��7KH�QRQ�GRPLQDWHG�FDQGLGDWHV�DUH�SUHVHQWHG�DV�WKH�3DUHWR�IURQW��ZKHUH�WKH�GHFLVLRQ�PDNHU�LV�JLYHQ�
DOO�WKH�WUDGH�RIIV�LQVWHDG�RI�MXVW�D�ZHLJKWHG�VFRUH��7KH�HYROXWLRQDU\�DOJRULWKPV�WKDW�DUH�XVHG�DUH�16*$�,,��
(YROXWLRQDU\�DOJRULWKPV��16*$�,,��DUH�HPSOR\HG��7KHUH�DUH�PDQ\�PHWKRGV�DYDLODEOH�WR�DSSUR[LPDWH�WKLV�
IURQW��RQH�RI�ZKLFK�XVHV�>��@�WR�GR�VR�

,,,��/LWHUDWXUH�5HYLHZ

7KH� W\SH�RI�PHWKRG��PDLQ�UHVXOW�RI� WKH�VWXG\�DQG� OLPLWDWLRQV�GHVFULEHG�E\� WKH�DXWKRUV�RI� WKH���SULPDU\�
VWXGLHV�ZHUH�DQDO\]HG��7DEOH���VXPPDUL]HV�WKLV�LQIRUPDWLRQ�



Ь«ĺīŪıôϙ͑ϠϙIŜŜŪôϙ͔ϙϼ�ôŕťôıæôŘϱièťĺæôŘϙ͑͏͕͑Ͻ ϼ�ŕôèĖÍīϙIŜŜŪôϙ͐ϽϙϙϙϙϙϙϙϙϙϙϙI��bϡϙ͒͐͒͘ϱ͓͕͐͗ϙϼiĲīĖĲôϽ

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

7DEOH����6XPPDU\�RI�WKH�5HYLHZHG�6WXGLHV

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

>��@�����

7KH�*UDSK�UHSUHVHQWDWLRQ�WKH�/HDUQLQJ�RI�/LQNHG�
GDWD�LV�D�FUXFLDO�VWHS��FDWKRGH�PLFURVWUXFWXUH��DQG�
RXWSHUIRUP�WKH�LPDJH�EDVHG�LQ�SUHGLFWLQJ�
SHUIRUPDQFH�

+LJK�FRPSXWH�FRVW��QHHGV�KLJK�
UHVROXWLRQ���'�LPDJLQJ��OLWWOH�
LQGXVWULDO�YDOLGDWLRQ�

>�@�����
/HDUQ�WKH�DERXW������SHUVSHFWLYH�RQ�0/�
SDUDGLJPV��)RU�EDWWHU\�VFLHQFH���IRU�0/��VSHHG�XS�
GLVFRYHU\��PDQXIDFWXULQJ�DQG�PDQDJHPHQW�

6FDUFH�GDWD��ZHDN�JHQHUDOLVDWLRQ��
XQFHUWDLQW\��VFDOH�XS��
H[SHULPHQWDO�FKHFNV�

>�@�����
5HDGDEOH�GHFLVLRQV�IRU�LPSURYHG�VWUXFWXUDO�
FODVVLILFDWLRQ��LQWHUSUHWDEOH�*11�ZLWK�DWWHQWLRQ�

7UDGH�RII��LQWHUSUHWDELOLW\�YV��
DFFXUDF\��VFDOLQJ�RI�ODUJH�
JUDSKV��FRPSOH[LW\�

>�@�����
$FFHOHUDWLRQ�RI�GLVFRYHU\�WKURXJK�')7���0/�
VFUHHQLQJ�RI�KLJK�HQWURS\�PDWHULDOV�

7KH�VHDUFK�VSDFH�LV�ODUJH��WKH�
')7�LV�H[SHQVLYH��DQG�WKHUH�DUH�
QRW�PDQ\�EHQFKPDUNV�

>��@�����

([SODLQDEOH�QHXUDO�QHWZRUN��*$0�6,��±
VHQVLWLYLW\�DQDO\VLV��UDQNV�WKH�SDUDPHWHUV�RI�WKH�
SURFHVV�ZKLFK�DIIHFW�WKH�HOHFWURGH�ORDGLQJ�DQG�
SRURVLW\�

9HU\�QRLV\�IDFWRU\�GDWD��
UHVWULFWHG�UHDO�WLPH�XVH��KLJK�
DPRXQW�RI�VHQVRU�XQFHUWDLQW\�

>�@�����
=HUR�VKRW�OHDUQLQJ�XVLQJ�PDWHULDO�HPEHGGLQJV��
GLVFRYHUV�WKH�ODEHO�OHVV��SURPLVLQJ�RUJDQLF�EDWWHU\�
PDWHULDOV�IRU�HDFK�FODVV�

'RPDLQ�VKLIW��VSDUVH�ODEHOV��
UHOLDELOLW\��ODE�FRQILUPDWLRQ�

>��@�����
,QWHUSUHWDEOH�0/�IRU�HOHFWURGH�YROWDJH��UHYHDOV�
FKHPLFDOO\�PHDQLQJIXO�GHVFULSWRUV�

/LPLWHG�GDWD�GLYHUVLW\��DFFXUDF\�
YV�LQWHUSUHWDWLRQ��SK\VLFV�
LQWHJUDWLRQ�

>�@�����
0XOWL�REMHFWLYH�H[SODQDWLRQ�RI�*11�SUHGLFWLRQV��
PRUH�IDLWKIXO�DQG�FRPSDFW�WKDQ�VLQJOH�REMHFWLYH�
H[SODLQHUV�

2SWLPLVDWLRQ�WKH�FRPSOH[LW\��
RYHUKHDG��FRQVLVWHQF\��DQG�
VFDODELOLW\��

*UDSK�EDVHG�OHDUQLQJ� /L�HW�DO��>��@�VKRZ�WKDW�UHSUHVHQWLQJ�D�&RQQHFWLYLW\�HIIHFWV�FDQ�EH�FDSWXUHG�E\�WKH�
FDWKRGH�PLFURVWUXFWXUH�DV�D�JUDSK��:KLOH�PRGHOV�EDVHG�RQ�SL[HOV�DUH�PLVVLQJ��WKH�DSSURDFK�GHSHQGV�RQ��
FRVWO\���'�LPDJLQJ��-RVHSK�HW�DO��>�@�FRPELQH�DQ�DWWHQWLRQ�PHFKDQLVP�ZLWK�*11V��7R�DFTXLUH�VWUXFWXUH�
FODVVLILFDWLRQV�WKDW�FDQ�EH�LQVSHFWHG��ZKLOH�5HFRJQL]LQJ�WKDW�VRPH�ORVV�RI�DFFXUDF\�PD\�EH�LQFXUUHG�LQ�WKH�
SURFHVV� RI� PDNLQJ� WKH� PRGHO� LQWHUSUHWDEOH��$W� WKH� ODUJHVW� VFDOH�� *11�GULYHQ� GLVFRYHU\� KDV� SURGXFHG�
PLOOLRQV�7KH�YROWDJH�UHJUHVVRUV�DUH�WKH�VDPH�RQHV�XVHG�LQ�WKH�UHJUHVVLRQ�RI�HOHFWURGH�YROWDJH�>�@�DQG�WKH�
FDQGLGDWH�FU\VWDOV�>�@��6RGLXP�FDWKRGHV�KDYH�EHHQ�XVHG�ZLWK�EDVHG�RQ�*11V�>�@�
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,QWHUSUHWDEOH� GDWD�GULYHQ�PRGHOV� /LX� HW� DO�� >��@� XVH� DQ�7KH�$'',(�PRGHO� LV� XVHG� WR� LGHQWLI\� ZKLFK�
SURGXFWLRQ��7KH� SDUDPHWHUV� FRQWURO� WKH�PDVV� ORDGLQJ� DQG� SRURVLW\� RI� WKH� HOHFWURGHV�� =KDQJ� HW� DO�� >��@�
DGGUHVV� WKLV� LVVXH� E\� H[WUDFWLQJ� FKHPLFDOO\� PHDQLQJIXO� GHVFULSWRUV�� )RU� PXOWLYDOHQW�LRQ� HOHFWURO\WHV��
SUHGLFWLQJ�WKH�YROWDJH��%RWK�H[HPSOLI\�WZR�ZD\V�WR�DFKLHYH�WUDQVSDUHQF\��EXW�QHLWKHU�RI�WKHP�ZRUNV��RQ�
DWRPLVWLF� JUDSKV�� /LX� HW� DO�� >�@� FRPH� FORVHVW� WR� JUDSK� SUREOHP� WKDW� LV� EURNHQ� GRZQ� LQWR� VHYHUDO�
REMHFWLYHV�H[SODQDWLRQ�DV�D�PXOWL�REMHFWLYH�SUREOHP�LV�EURNHQ�GRZQ�LQWR�VHYHUDO�REMHFWLYHV��SUREOHP�

6PDOO�DPRXQWV�RI�GDWD�� ODUJH�DPRXQWV�RI�VLPXODWLRQ� :DQJ�>�@�DUJXHV�WKDW�:KHQ�GHVLJQLQJ�DSSOLFDWLRQV�
XVLQJ�0/��VPDOO�GDWDVHWV�PXVW�EH�GHDOW�ZLWK��XQFHUWDLQW\�DQG�YHULILFDWLRQ��7KLV��LQ�WXUQ��LV�WKH�UHDVRQ�ZK\�
3DUN�HW� DO�� >�@�FKRVH� WR�GHYHORS�D�QHZ�GHYLFH��7KH� WDVN�RI�D� VHHPLQJO\�]HUR�VKRW� LQIHUHQFH�RQ�PDWHULDO�
HPEHGGLQJV�,V�ODEHOHG�ZLWK�HDFK�PDWHULDO�FODVV��+RZHYHU��0DVKKDGLPRVOHP�HW�DO��>�@�XVH�')7�DQG�0/�WR�
VWXG\�%XW� VRPH� RI� WKHP� VDFULILFH� DFFXUDF\� IRU� VLPSOLFLW\� RI� FRPSXWDWLRQ�� LQ� WKH� IRUP� RI� KLJK�HQWURS\�
PDWHULDOV��FRVW�

,9��5HVHDUFK�*DS�$QDO\VLV

$OO�RI� WKH� UHYLHZHG�VWXGLHV�ZHUH�PDUNHG�XS�ZLWK�D�YLHZ� WR�PDNLQJ� WKH�JDSV�FOHDU��7KLV�DUWLFOH�ZLOO�EH�
H[SUHVVHG�LQ�WHUPV�RI�ILYH�FULWHULD��JUDSK�UHSUHVHQWDWLRQ��H[SODLQDELOLW\��PXOWL�REMHFWLYH�WUHDWPHQW��IHZ�GDWD�
OHDUQLQJ�DQG�H[SHULPHQWDO�DUH�VRPH�RI�WKH�PRVW�FUXFLDO�UHVHDUFK�FKDOOHQJHV��YDOLGDWLRQ��7KH�UDWLQJ�LQ�WKH�
)LJ����LV�WKH�DXWKRUV¶�TXDOLWDWLYH�UDWLQJ��7KH�UHVXOWV�RI�WKHVH�VWXGLHV�VXPPDUL]HG�LQ�WDEXODU�IRUP��7DEOH����LV�
QRW�D�TXDQWLWDWLYH�UHSUHVHQWDWLRQ�RI�WKH�ILQGLQJV�RI�WKH�VWXGLHV��WDWLYH�EHQFKPDUN�

)LJ�����&RYHUDJH�RI�ILYH�GHVLJQ�FULWHULD�E\�WKH�UHYLHZHG�VWXGLHV��TXDOLWDWLYH�UDWLQJ��

7KH�IROORZLQJ�FDQ�EH�VHHQ�IURP�WKH�PDWUL[�

x *��± 2SDFLW\�$�QXPEHU�RI�PRGHOV�RI�JUDSKV�SURYLGH�OLWWOH�LQVLJKW�LQWR�)RU�ZKDW�UHDVRQV�PDWHULDOV�
PD\�EH�VXFFHVVIXO�
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x *��± 6LQJOH�WDUJHW�IRFXV� 7KLV�LV�RQO\�WDNHQ�LQWR�DFFRXQW�E\�RQH�VWXG\�>�@��ZKHUH�WKHUH�DUH�PXOWLSOH�
REMHFWLYHV��LW�LV�DQ�H[SODQDWLRQ��1RW�WKH�%DWWHU\�FKDUDFWHULVWLFV�

x *�� ± 'DWD� OLPLWV� $� JRRG� H[SHULPHQWDO� GDWD� LV� VFDUFH� ± GHFUHDVHV� DFFXUDF\�� GHFUHDVHV�
JHQHUDOLVDWLRQ�

x *��± )UDJPHQWDWLRQ� 7R�WKH�EHVW�RI�RXU�NQRZOHGJH��WKHUH�LV�QRW�\HW�D�VWXG\�WKDW�LQWHJUDWHV�*11V�
DQG�;$,��2QH�SLSHOLQH�IRU�DQG�PXOWL�REMHFWLYH�RSWLPLVDWLRQ�

x *��± 9HULILFDWLRQ� 7KH�IROORZLQJ�LV�DQ�H[SHULPHQWHG�FRQILUPDWLRQ�RI�$,���5DUHO\�LV�D�UHIHUHQFH�HYHU�
PDGH�WR�WKH�UHSRUWLQJ�RI�SURSRVHG�FDQGLGDWHV�

9��7KH�(QYLVLRQHG�&RQFHSWXDO�6WUXFWXUH

7R� REWDLQ� D� VROXWLRQ� IRU� *�±*�� ZH� SURFHHGHG� WR� VNHWFK� WKH� SLSHOLQH� LQ�� 7KHUH� LV� QR� LQWURGXFWLRQ� RU�
VWDQGDUGLVDWLRQ��7KH�UHVXOWV�RI�WKHVH�H[SHULPHQWV�DUH�SUHVHQWHG�

$��&RQVWUXFWLRQ�RI�'DWD�DQG�*UDSKV

7KH�LQSXW�LV�D�FRPSRVLWLRQ�DQG�VWUXFWXUH�WKDW�FRPHV�IURP�WKH�SXEOLF��'DWD�UHSRVLWRULHV�>��@�DQG�LQ�KRXVH�
PHDVXUHPHQWV��ZKHUH�DYDLODEOH���6WUXFWXUHV�DUH�WUDQVIRUPHG�WR�JUDSKV�DV�RXWOLQHG�LQ�6HFWLRQ�,,��$�VPDOO�EXW�
WUXVWHG�H[SHULPHQWDO�JURXS�LV�VHW�DVLGH�DV�D�³KROGRXW´�JURXS�VHW�WKDW�LV�QRW�HYHU�HPSOR\HG�IRU�WUDLQLQJ�

%��'DWD�'ULYHQ�*11�3UHGLFWRU

$�*11� HQFRGHU� LV� SUH�WUDLQHG�ZLWK� D� ORW� RI� FRPSXWHG� GDWD� SURSHUWLHV� DQG� WKHQ� ILQH�WXQHG� RQ� WKH� IHZ�
H[SHULPHQWDO�ODEHOV��)HZ�VKRW�RU�]HUR�VKRW�FRPSRQHQWV�FDQ�EH�XVHG�IRU�FKHPLVWULHV��,W�LQFOXGHV�QHDUO\�QR�
ODEHOV��6HYHUDO�SUHGLFWLRQ�KHDGV�JXHVV�WKH�YROWDJH��FDSDFLW\��VWDELOLW\�DQG�UHODWHG�WDUJHWV�DQG�HQVHPEOH�RU�
0RQWH�&DUOR� GURSRXW� JLYHV� DQ� HVWLPDWH� RI� WKH� XQFHUWDLQW\� LQ� HYHU\�RXWSXW� WR� LQGLFDWH� LI� D� SUHGLFWLRQ� LV�
XQUHOLDEOH�
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)LJ�����3URSRVHG�H[SODLQDEOH��GDWD�HIILFLHQW��PXOWL�REMHFWLYH�GLVFRYHU\�SLSHOLQH�

&��([SODQDWLRQ�/D\HU

)RU�HDFK�SUHGLFWLRQ��D�VXEJUDSK�PDVN�OLNH�WKDW�RI�D�*11([SODLQHU��7KH�DWRPV��ERQGV�DUH�KLJKOLJKWHG�LQ�
>��@� DQG� GHVFULSWRU DWWULEXWLRQ� >��@� UHVSHFWLYHO\�� DQG� LQFOXGHV� LPSRUWDQW� DWWULEXWHV�� 7KH� TXDOLW\� RI�
H[SODQDWLRQV�LV�FRQWLQXHG�LQ�OLQH�ZLWK�>�@�DV�IROORZV��:DV�YLHZHG�DV�D�FRPSURPLVH�EHWZHHQ�ILGHOLW\�DQG�
VSDUVLW\��&KHPLVWV�FDQ�WKHQ�YHULI\�WKDW�WKHUH�LV�DJUHHPHQW�EHWZHHQ�WKH�KLJKOLJKWHG�VXEVWUXFWXUHV�.QRZQ�
FKHPLVWU\�WKDW�VHUYHV�DV�D�VDQLW\�FKHFN�RI�WKH�PRGHO�

'��0XOWL�2EMHFWLYH�&DQGLGDWH�6HOHFWLRQ

7KH�SURSHUWLHV�SUHGLFWHG�DUH�FRUUHODWHG� WR� WKH�REMHFWLYHV� LQ�7DEOH����DQG�ZDV�SDVVHG� WR� DQ�HYROXWLRQDU\�
RSWLPLVHU��16*$�,,��>��@��7KH�UHVXOW�LV�D�3DUHWR�IURQW��ZKLFK�LV�VKRZQ�LQ�WKH�FRQFHSW�RI�)LJ�����7KH�GRPDLQ�
H[SHUWV�VHOHFW�IURP�)LJ����RQ�WKH�EDVLV�RI��DSSOLFDWLRQ�
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7DEOH����&DQGLGDWH�2EMHFWLYHV�DQG�3UR[LHV

2EMHFWLYH &DQGLGDWH�SUR[\ 'LUHFWLRQ

(QHUJ\�GHQVLW\ ([SHFWHG�PHDQ�YROWDJH�î�VSHFLILF�FDSDFLW\ 0D[LPL]H

2SWLPL]H�6WDELOLW\ )RUPDWLRQ�HQHUJ\���HQHUJ\�DERYH�KXOO 0D[LPL]H

2SWLPL]H�6DIHW\ ,QGLFDWRU�RI�6WUXFWXUDO�DQG�WKHUPDO�VWDELOLW\ 0D[LPL]H

2SWLPL]H�&\FOH�OLIH 9ROXPH�FKDQJH�GXULQJ��GH�LQWHUFDODWLRQ 0LQLPL]H

&RVW $EXQGDQFH�RI�HOHPHQWV���SULFH�SUR[\ 0LQLPL]H

)LJ�����&RQFHSWXDO�3DUHWR�IURQW�IRU�WZR�REMHFWLYHV��VFKHPDWLF�LOOXVWUDWLRQ�ZLWK�V\QWKHWLF�SRLQWV��QRW�
H[SHULPHQWDO�GDWD��

(��9DOLGDWLRQ�DQG�)HHGEDFN

&DQGLGDWHV�ZKR�PDNH� LW� WR� WKH� VKRUW�OLVW� VWDJH� DUH� WKHQ� VXEMHFWHG� WR�')7� YHULILFDWLRQ� RI� VWDELOLW\�� DQG�
YROWDJH��DQG�WKH�PRVW�SURPLVLQJ�DUH�SDVVHG�RQ�IRU�ODE���KRZHYHU�IXUWKHU� WHVWLQJ�LV�VWLOO�UHTXLUHG��RUDWRU\�
V\QWKHVLV��7KH�PHDVXUHG� RXWFRPHV� DUH� EURXJKW� EDFN� WR� WKH� WUDLQLQJ��PDNH� DQG� FRQWURO� WKH� QH[W� VHW RI�
FDQGLGDWHV�WR�EH�H[DPLQHG��DQ�DFWLYH�OHDUQLQJ�ORRS�

)��(YDOXDWLRQ�3URWRFRO

7KH� WKUHH�VWHS�IUDPHZRUN�VKRXOG�EH�FRPSDUHG� WR�DSSURSULDWH�EDVHOLQH�V���6XFK�DV�D�FRQYHQWLRQDO�*11�
ZLWKRXW�H[SODQDWLRQ�RU�PXOWL� 8VLQJ�REMHFWLYH�VWDJHV�DQG�D�UHJUHVVRU�EDVHG�RQ�GHVFULSWLYH�FKDUDFWHULVWLFV��
7KH�PHDVXUHV�OLVWHG�LQ�7DEOH���
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7DEOH����3URSRVHG�(YDOXDWLRQ�0HWULFV

&RPSRQHQW 0HWULFV

3URSHUW\�SUHGLFWLRQ 0$(��506(��5� RQ�KHOG�RXW�DQG�ORZ�GDWD�VSOLWV

8QFHUWDLQW\ &DOLEUDWLRQ�HUURU��HUURU±XQFHUWDLQW\�FRUUHODWLRQ

([SODQDWLRQ )LGHOLW\��VSDUVLW\��VWDELOLW\�DFURVV�UDQGRP�VHHGV

2SWLPLVDWLRQ +\SHUYROXPH��VSUHDG�RI�WKH�3DUHWR�IURQW

9DOLGDWLRQ ')7�DJUHHPHQW��IUDFWLRQ�RI�FDQGLGDWHV�FRQILUPHG�LQ�WKH�ODE

9,��$SSOLFDWLRQV

:KHQ�UHDOLVHG�� WKH� DSSURDFK�FDQ�KHOS�ZLWK� WKH�GHYHORSPHQW�RI� WHPV�� DQG�H�PRELOLW\� VROXWLRQV��(OHFWULF�
YHKLFOH��UHQHZDEOH�HQHUJ\�VWRUDJH�V\VWHPV�DQG�H�PRELOLW\�VROXWLRQV��7HVWLQJ�RI�VROLG�VWDWH�EDWWHULHV��UHVHDUFK�
LQWR�VROLG�VWDWH�EDWWHULHV��DQG�VLPXODWLRQ�VFUHHQLQJ�RI�QRYHO�FKHPLVWULHV��IRU��7KHUH�LV�D�OLPLWHG�DPRXQW�RI�
ODEHOOHG�GDWD�DYDLODEOH��6LQFH�H[SODQDWLRQV�UHIHU�WR�VWUXF� 7KH�RXWSXW�FDQ�DOVR�LQVSLUH�H[SHULPHQWDOLVWV�LQ�WKH�
GHYHORSPHQW�RI�WXUDO�PRWLIV��FKHPLFDOO\�VHQVLEOH�PRGLILFDWLRQV�

9,,��/LPLWDWLRQV�DQG�&KDOOHQJHV

7KH�UHYLHZ�FDQ�RQO\�LQFOXGH�D�IHZ�SULPDU\�VWXGLHV��VR�FRQFOXVLRQV�DERXW�WKH�OLWHUDWXUH�DV�D�ZKROH�VKRXOG�
EH�GUDZQ�IURP�WKHVH��6KRXOG�EH�FRQVLGHUHG�ZLWK�FDUH��:LWK� WKH�SURSRVHG� IUDPHZRUN��7KHUH�DUH�VHYHUDO�
VLJQLILFDQW�FKDOOHQJHV��VXFK�DV�WKH�DYDLODELOLW\�RI�DFFXUDWH�([SHULPHQWDOO\�WHVWHG�GDWD��WUDLQLQJ�FRVWV�RI�*11�
DQG�')7�YDOLGDWLRQ�HUURU�7KH�IROORZLQJ�ZLOO�EH�DGGUHVVHG��WLRQ��SUHGLFWLRQ�XQFHUWDLQW\��GLVWULEXWLRQ�VKLIW�
EHWZHHQ�WUDLQLQJ�DQG�WHVW�WLPH��DQG�PRGHO�XQFHUWDLQW\��1HZ�PDWHULDOV�DQG�UHDO�QHZ�RQHV��WKH�VFDODELOLW\�RI�
JUDSK��PRGHOV��SRWHQWLDO�RPLVVLRQV�RI�H[SODQDWLRQV��RU�PLVOHDGLQJ��DQG�QHFHVVDU\�ODERUDWRU\�FRQILU� 7KH�
WHUP�SUHGLFWHG�FDQGLGDWHV�UHIHUV�WR�WKRVH�WKDW�WKH�VWXGHQW�KDV�PDGH�KLPVHOI�

9,,,��)XWXUH�'LUHFWLRQV

0XFK�SURPLVH� OLHV� LQ� WKH�H[WHQVLRQV� WR�*11�DUFKLWHFWXUH��VXFK�DV� WKH�SK\VLFV�LQIRUPHG�*11��7KH� ODVW�
WKUHH� SUHVHQWDWLRQV� IRFXVHG� RQ� �'�SULQWHU� SULQWLQJ�PDWHULDOV�� WUDQVIHU� OHDUQLQJ� EHWZHHQ� FKHPLVWULHV� DQG�
JUHDWHU�IHZ� VFHQDULR�DQDO\VLV�DUH�HPSOR\HG��VKRW�DQG�]HUR�VKRW�PHWKRGV��XQFHUWDLQW\�DZDUH�SUHGLFWLRQ��DQG�
VFHQDULR�DQDO\VLV�DUH�XVHG��$FWLYH�OHDUQLQJ�ZLWK�H[SHULPHQWV�WKDW�FRPSOHWHV�WKH�ORRS��7LJKWHU�FRXSOLQJ�RI�
PDFKLQH� OHDUQLQJ�ZLWK� VLPXODWLRQ�DQG�DXWRPDWHG�)XUWKHU� UHVHDUFK� LQWR�H[SHULPHQWDWLRQ�VKRXOG�HQKDQFH�
UHOLDELOLW\�� ,PSOHPHQWLQJ� DQG� EHQFKPDUNLQJ� WKH� SURSRVHG� IUDPHZRUN� RQ� SXEOLF� EDWWHU\� GDWDVHWV� LV� WKH�
QDWXUDO�QH[W�VWHS�

,;��&RQFOXVLRQ

5HFHQW�DGYDQFHV�LQ�JUDSK�EDVHG��H[SODLQDEOH�DUWLILFLDO�LQWHOOLJHQFH��;$,��IRU�QHWZRUN�DQDO\VLV�DQG�VSDWLR�
WHPSRUDO�IRUHFDVWLQJ�DUH�UHYLHZHG�KHUH��%DWWHU\�DEOH��GDWD�HIILFLHQW�DQG�PXOWL�REMHFWLYH�OHDUQLQJ�+RZHYHU��
WKHUH�DUH�QR�VWXGLHV�WKDW�FRPELQH�DOO�RI�WKH�PDWHULDOV��DQG�VKRZHG�WKDW�QR�VLQJOH�VWXG\�GRHV��7KHVH�HOHPHQWV�
ZHUH�YDOLGDWHG�E\�H[SHULPHQWV��:H�SURSRVHG�D� ,W� LV�FRQFHSWXDO� IUDPHZRUN�DQG�HYDOXDWLRQ�SURWRFRO� WKDW�
EULQJ� WRJHWKHU� WKH� FRQFHSWV� LQ� WKH� SURJUDP�� WKHP� WRJHWKHU�� 6XFK� DQ� DSSURDFK�PLJKW�PDNH�$,�DVVLVWHG�
GUDIWLQJ� D�ZLQ�ZLQ� VFHQDULR�� ,W� LV�� KRZHYHU��PRUH� WUDQVSDUHQW� DQG�PRUH� HFRQRPLFDO� WR� GLVFRYHU� EDWWHU\�
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PDWHULDOV��LQ�GDWD��DQG�EHWWHU�PDWFKHG�WR�UHDO�GHVLJQ�WUDGH�RIIV��SURYLGHG��LQ�ZKLFK�LW�KDV�EHHQ�FRQILUPHG�E\�
VLPXODWLRQ�DQG�H[SHULPHQW�
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