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,QWHUQDWLRQDO &RQIHUHQFH RQ &RPSXWHU 6\VWHPV DQG 7HFKQRORJLHV ± &RPS6\V7HFK¶��

*,�OHDUQLQJ� DQ RSWLPL]HG IUDPHZRUN IRU JUDPPDWLFDO LQIHUHQFH

3LHWUR &RWWRQH� 0DUFR 2UWRODQL� *DEULHOH 3HUJROD �

$EVWUDFW�
,Q WKLV SDSHU� ZH SUHVHQW D QHZ RSHQ�VRXUFH VRIWZDUH OLEUDU\� *,�OHDUQLQJ� IRU JUDPPDWLFDO LQIHUHQFH� 7KH

ULVH RI QHZ DSSOLFDWLRQ VFHQDULRV LQ UHFHQW \HDUV KDV UHTXLUHG RSWLPL]HG PHWKRGV WR DGGUHVV NQRZOHGJH H[WUDF�
WLRQ IURP KXJH DPRXQWV RI GDWD DQG WR PRGHO KLJKO\ FRPSOH[ V\VWHPV� 2XU OLEUDU\ LPSOHPHQWV WKH PDLQ VWDWH�
RI�WKH�DUW DOJRULWKPV LQ WKH JUDPPDWLFDO LQIHUHQFH ILHOG �531,� ('60� / �� UHGHVLJQHG WKURXJK WKH 2SHQ03
OLEUDU\ IRU D SDUDOOHO H[HFXWLRQ WKDW GUDVWLFDOO\ GHFUHDVHV H[HFXWLRQ WLPHV� 7R RXU EHVW NQRZOHGJH� LW LV DOVR
WKH ILUVW FRPSUHKHQVLYH OLEUDU\ LQFOXGLQJ D QRLVH WROHUDQFH OHDUQLQJ DOJRULWKP� VXFK DV %OXH� WKDW VLJQLILFDQWO\
EURDGHQV WKH UDQJH RI WKH SRWHQWLDO DSSOLFDWLRQ VFHQDULRV IRU JUDPPDU PRGHOV� 7KH PRGXODU GHVLJQ RI RXU &��
OLEUDU\ PDNHV LW DQ HIILFLHQW DQG H[WHQVLEOH IUDPHZRUN IRU WKH GHVLJQ RI IXUWKHU QRYHO DOJRULWKPV�

.H\ ZRUGV� *UDPPDWLFDO LQIHUHQFH� SDUDOOHO DOJRULWKPV� VRIWZDUH OLEUDU\�

,1752'8&7,21
.QRZOHGJH H[WUDFWLRQ DQG GDWD PRGHOLQJ DUH LQFUHDVLQJO\ JDLQLQJ LPSRUWDQFH LQ WKH

ODUJHU ILHOG RI PDFKLQH OHDUQLQJ >��� ��� �@� LQ SDUWLFXODU� D EURDG OLWHUDWXUH KDV EHHQ SURGXFHG
UHJDUGLQJ WKH VSHFLILF WDVN RI JUDPPDWLFDO LQIHUHQFH >��@� DQ LQGXFWLYH SURFHVV DLPLQJ DW
JHQHUDWLQJ PRGHOV DEOH WR GHVFULEH WKH VWUXFWXUHV EHKLQG GDWD� ,Q WKLV FRQWH[W� VDPSOHV DUH
FRQVLGHUHG VWULQJV RI D ODQJXDJH ZKRVH V\QWD[ QHHGV WR EH JXHVVHG� KHQFH PRGHOV DUH
SURYLGHG LQ WKH IRUP RI DXWRPDWD�

7KH IXQGDPHQWDO SDUDGLJP HPSOR\HG WR LQIHU WKH UHODWLRQV DPRQJ GDWD LV GXH WR*ROG >��@�
DQG LV WKH VR�FDOOHG ,GHQWLILFDWLRQ LQ WKH OLPLW� ZKLFK WKHRUHWLFDOO\ HQVXUHV WKH FDSDELOLW\ RI DQ
DOJRULWKP WR SURGXFH D JUDPPDU IURP H[DPSOHV� ,Q SDUWLFXODU� UHJXODU ODQJXDJHV DQG ILQLWH
VWDWH DXWRPDWD �)6$� KDYH EHHQ LQYHVWLJDWHG LQ GHSWK� DQG WZR PDLQ VWUDWHJLHV KDYH KLVWRU�
LFDOO\ HPHUJHG� QDPHO\� RIIOLQH VWUDWHJLHV� LQFOXGLQJ DOJRULWKPV EDVHG RQ VWDWH PHUJLQJ >�@�
DQG RQOLQH VWUDWHJLHV� W\SLFDOO\ UHO\LQJ RQ DFWLYH OHDUQLQJ >�@� 0RUH UHFHQWO\� WKH ILHOG LV EH�
LQJ UHYLWDOL]HG WKDQNV WR QHZ DSSOLFDWLRQ VFHQDULRV ZKHUH D VWUXFWXUDO DSSURDFK ZDV SURYHG
SDUWLFXODUO\ ZHOO VXLWHG WR H[WUDFW PHDQLQJIXO LQIRUPDWLRQ >��� ��@� +RZHYHU� WKRVH VFHQDULRV
JDYH ULVH WR DGGLWLRQDO GLIILFXOWLHV� UHODWHG WR GHDOLQJ ZLWK HPEHGGHG QRLVH LQ GDWD� WKDW UH�
TXLUH SURSHU OHDUQLQJ DOJRULWKPV LQ RUGHU WR DOORZ IRU QRLVH WROHUDQFH LQ WKH LQIHUHQFH SURFHVV
>�@� WKLV LV WKH FDVH IRU LQVWDQFH RI %OXH >��� �@ WKDW H[SORLWV VWDWLVWLFDO WHFKQLTXHV� VXFK DV
K\SRWKHVLV WHVWLQJ� WR JXLGH WKH VHOHFWLRQ RI D ILQDO� PRUH UHOLDEOH� PRGHO�

7R GDWH� PDQ\ RI WKH PHQWLRQHG DOJRULWKPV KDYH EHHQ LPSOHPHQWHG LQ SXEOLFO\ DYDLODEOH
IUDPHZRUNV� KRZHYHU� VXFK WRROV XVXDOO\ IRFXV RQ MXVW RQH OHDUQLQJ VWUDWHJ\ >��@� WKH\ GR QRW
LQFOXGH VWDWH�RI�WKH�DUW DOJRULWKPV >�@� RU DUH ZULWWHQ LQ D SURWRW\SDO ODQJXDJH �H�J� 0DWODE�
>�@ QRW VXLWDEOH IRU UHDO DSSOLFDWLRQ VFHQDULRV FKDUDFWHUL]HG E\ D KLJK YROXPH RI GDWD�

7KLV ZRUN GRFXPHQWV RXU SURSRVDO IRU D QHZ� FRPSUHKHQVLYH OLEUDU\ ± *,�OHDUQLQJ ±
ZKLFK SURYLGHV FRPSXWDWLRQDOO\ HIILFLHQW LPSOHPHQWDWLRQ IRU WKH PDLQ UHSUHVHQWDWLYH DOJR�
ULWKPV RI WKH DERYH�PHQWLRQHG FDWHJRULHV� 531,� ('60 DQG %OXH IRU WKH VWDWH�PHUJLQJ
DSSURDFK DQG >�@ IRU WKH DFWLYH OHDUQLQJ� 7KH OLEUDU\ LV ZULWWHQ LQ &�� DQG DLPV WR SURYLGH

�:RUN SDUWLDOO\ VXSSRUWHG E\ WKH ,WDOLDQ 0LQLVWU\ RI (GXFDWLRQ� 8QLYHUVLW\ DQG 5HVHDUFK RQ WKH ³3$&´ FDOO
IXQGLQJ WKH ³6(59,)< �6(59,FH )LUVWO<�´ SURMHFW� UHI� 321��3(B�����B�� &83� %��)�����������
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DQ RSWLPL]HG VHW RI WRROV WR FRSH ZLWK JUDPPDWLFDO LQIHUHQFH LQ WKH SUHVHQFH RI FRPSOH[ V\V�
WHPV DQG FRQVLGHUDEOH GDWD IORZV� ,Q RUGHU WR PD[LPL]H SHUIRUPDQFHV� D SDUDOOHOL]DEOH IORZ
RI H[HFXWLRQ ZDV GHVLJQHG RQ WRS RI WKH 2SHQ03 OLEUDU\ >��@� VR DV WR G\QDPLFDOO\ GHFUHDVH
WKH H[HFXWLRQ WLPH E\ FUHDWLQJ LQGHSHQGHQW WKUHDGV� DW WKH VDPH WLPH� D PRGXODU VWUXFWXUH
HDVHV WKH H[WHQVLRQ DQG PDLQWHQDQFH SURFHVV RI WKH OLEUDU\�

,Q WKH UHVW RI WKH SDSHU� DIWHU D FRQFLVH UHYLHZ RI WKHPDLQ DOJRULWKPV IRU UHJXODU JUDPPDU
LQIHUHQFH� D FRPSDULVRQ RI WKH H[LVWLQJ OLEUDULHV IROORZV� IRFXVLQJ RQ WKHLU IHDWXUHV ZLWK UHJDUG
WR HIILFLHQF\� VRIWZDUH DUFKLWHFWXUH� DQG VXSSRUW WR GHYHORSHUV� 7KH VWUDWHJLHV DQG WRROV
DGRSWHG LQ WKH SURSRVHG OLEUDU\ ±*,�OHDUQLQJ ± DUH GHVFULEHG ZLWK SDUWLFXODU UHJDUG WR SDUDOOHO
H[HFXWLRQ� H[WHQVLELOLW\ DQG WKH SURYLGHGPHWKRGV WRPDQDJH DXWRPDWD� )LQDOO\� H[SHULPHQWDO
DVVHVVPHQWV DUH UHSRUWHG WR FRPSDUH WKH SHUIRUPDQFH RI RXU OLEUDU\ WR H[LVWLQJ RQHV LQ WKH
VFHQDULRV RI RIIOLQH DQG RQOLQH OHDUQLQJ�

35(/,0,1$5,(6� $3352$&+(6 72 *5$00$7,&$/ ,1)(5(1&(
%HIRUH GHVFULELQJ RXU OLEUDU\� ZH JLYH KHUH DQ RYHUYLHZ RI WKH WKHRUHWLF IRXQGDWLRQV DQG

SURSHUWLHV RI WKH PDLQ DOJRULWKPV IRU JUDPPDWLFDO LQIHUHQFH�
6WDWH PHUJLQJ DOJRULWKPV� 6XFK PHWKRGV UHO\ RQ D VSHFLILFDOO\ GHILQHG HTXLYDOHQFH

UHODWLRQ IRU VHOHFWLQJ SDLUV RI ')$ VWDWHV SRWHQWLDOO\ FDQGLGDWH IRU PHUJLQJ >��@� 7KH\ VWDUW E\
EXLOGLQJ D FDQRQLFDO DXWRPDWRQ �WKH VR�FDOOHG 37$ ± 3UHIL[ 7UHH $FFHSWRU�� H[DFWO\ PDWFKLQJ
DOO SRVLWLYH H[DPSOHV � DQG SURFHHG E\ UHSHDWHGO\ DSSO\LQJ WKH HTXLYDOHQFH FULWHULRQ� WKH
UHVXOWLQJ DXWRPDWD KDYH IHZHU VWDWHV� KHQFH WKH\ LGHQWLI\ ODQJXDJHV ZLWK D KLJKHU FDUGLQDOLW\
DQG HIIHFWLYHO\ LPSOHPHQW D JHQHUDOL]DWLRQ SURFHVV� QHJDWLYH H[DPSOHV DUH H[SORLWHG WR
SUHYHQW RYHUJHQHUDOL]DWLRQ� 6XFKPHWKRGV JOREDOO\ SHUIRUP D VHDUFK LQ WKH VSDFH RI DOO SRVVL�
EOH VHTXHQFHV RI VWDWH PHUJLQJ� ,Q RUGHU WR VSHHG XS VXFK SURFHVV� WKH 5HG�%OXH IUDPHZRUN
>��@ ZDV SURSRVHG LQ WKH $EEDGLQJR FRPSHWLWLRQ� LW LQWURGXFHV D EODQG FULWHULRQ RI ORFDOLW\ WR
OLPLW WKH PHUJHV WR DVVHVV DW HDFK VWHS� WKXV UHGXFLQJ WKH RYHUDOO FRPSXWDWLRQV�

5HJXODU 3RVLWLYH DQG 1HJDWLYH ,QIHUHQFH �531,� >��@ LV WKH ILUVW KLVWRULFDOO\ UHOHYDQW
VWDWH�PHUJLQJ DOJRULWKP� WKDQNV WR LWV DELOLW\ WR LGHQWLI\ D ODQJXDJH LQ WKH OLPLW IURP D FKDU�
DFWHULVWLF VHW IRU D WDUJHW JUDPPDU� ,WV PDLQ OLPLWDWLRQ LV GXH WR SHUIRUPLQJ DQ H[KDXVWLYH
GHSWK�ILUVW VHDUFK� ZKLFK LV ERXQG WR EH FRPSXWDWLRQDOO\ LQWHQVLYH� D QDWXUDO HYROXWLRQ WKXV
FRQVLVWHG LQ WKH LQWURGXFWLRQ RI D KHXULVWLF WR GULYH WKH VHDUFK� JLYLQJ ULVH WR WKH VWDWH�RI�WKH�DUW
DOJRULWKP NQRZQ DV (YLGHQFH 'ULYHQ 6WDWH 0HUJLQJ �('60� >��@�

('60 LV DQ H[DFW OHDUQLQJ DOJRULWKP EHFDXVH WKH EXLOW 'HWHUPLQLVWLF )LQLWH VWDWH $X�
WRPDWRQ �')$� PRGHOV SRVLWLYH DQG QHJDWLYH H[DPSOHV ZLWKRXW HUURUV RU DSSUR[LPDWLRQV�
+RZHYHU� LQ D UHDO DSSOLFDWLRQ VFHQDULR� WKH WDUJHW DXWRPDWRQ LV UDUHO\ DYDLODEOH� VR FKHFNLQJ
ZKHWKHU WKH WUDLQLQJ VHW FRPSULVHV D FKDUDFWHULVWLF VHW RI H[DPSOHV LV QRW D YLDEOH RSWLRQ�
PRUHRYHU� WKH SUHVHQFH RI QRLVH LQ GDWD PD\ VLJQLILFDQWO\ FRPSURPLVH WKH ILQDO ')$� ZKLFK
EHFRPHV QHHGOHVVO\ ODUJHU DQG ZRXOG PDWFK WKH RULJLQDO� QRLVH�IUHH� GDWD ZLWK ORZ DFFXUDF\
UDWH� $Q HIIHFWLYH VWUDWHJ\ ZRXOG EH WR HYDOXDWH WKH UHOHYDQFH RI H[DPSOHV E\ FRQVLGHULQJ
WKHLU IUHTXHQF\ LQIRUPDWLRQ� L�H� D GLVWULEXWLRQ RYHU WKH H[DPSOH VHW� 7R WKLV HQG� WKH %OXH
DOJRULWKP ZDV SURSRVHG >��@� ,WV NH\ LQVLJKW LV D VWDWLVWLFDO GLVWLQFWLRQ EHWZHHQ UHOHYDQW DQG
LUUHOHYDQW LQIRUPDWLRQ� ZKLFK LV WUHDWHG DV QRLVH� 7R SURFHVV VXFK GDWD DQG GHDO ZLWK QRLVH
WKHUH DUH GLIIHUHQW DSSURDFKHV� IUHTXHQWO\ GHQRWHG WKURXJK WKH ³IHDWXUHV VHOHFWLRQ´ WHUPL�
QRORJ\ >��@� %OXH ERUURZV WKH VR�FDOOHG ZUDSSHU VWUDWHJ\� DQG GHDOV ZLWK QRLVH GXULQJ WKH
LQIHUHQFH SURFHVV� DOVR SUHVHUYLQJ D GHWHUPLQLVWLF ILQDO PRGHOV� 7KH VWUXFWXUH RI WKH %OXH
DOJRULWKP UHVHPEOHV WKDW RI ('60� ZKHUH WKH RQO\ GLIIHUHQFH LV WKH KHXULVWLF IXQFWLRQ ZKLFK
FRPSXWHV VWDWLVWLFDO VFRUHV�

$FWLYH OHDUQLQJ $ WRWDOO\ GLIIHUHQW OHDUQLQJ SDUDGLJP LV $FWLYH OHDUQLQJ� GHILQHG DFFRUG�
LQJ WR WKH PRGHO NQRZQ DV ³OHDUQLQJ IURP TXHULHV´ E\ $QJOXLQ >�@� ,W LV D PRGHO EDVHG RQ WKH
LQWHUDFWLRQ EHWZHHQ D OHDUQHU DQG D WHDFKHU � LQVWHDG RI SHUIRUPLQJ D VWDWH�PHUJLQJ SURFH�
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GXUH� LW GHILQHV OHDUQLQJ E\ LWHUDWLYH TXHULHV� DQG VWDWH�VSOLWWLQJ RSHUDWLRQV ZKLFK JHQHUDWH
K\SRWKHVHV OHDGLQJ WRZDUGV WKH PLQLPXP DXWRPDWRQ�

7KH WHDFKHU LV D GHYLFH DZDUH RI WKH WDUJHW DXWRPDWRQ� DQG DEOH WR FRUUHFWO\ DQVZHU
VRPH NLQG RI TXHULHV DVNHG E\ WKH OHDUQHU� 8QOLNH RWKHU LQGXFWLYH VWUDWHJLHV� WKH UROH RI WKH
WHDFKHU DOORZV WR PRGHO D FXVWRPL]HG ZD\ WR VXSSO\ H[DPSOHV WR WKH OHDUQHU LQ WKH PRVW
HIIHFWLYH ZD\ LQ RUGHU WR LQIHU WKH WDUJHW DXWRPDWRQ� 7KH PDLQ DOJRULWKP LQ WKLV FRQWH[W LV
FDOOHG / GHVLJQHG E\ $QJOXLQ� D EDVHOLQH DOJRULWKP IRU PDQ\ RWKHUV GLIIHUHQW PHWKRGV>�@�
,W HQVXUHV WHUPLQDWLRQ RI WKH SURFHVV E\ SURGXFLQJ D PLQLPXP FRQVLVWHQW ')$ UHFRJQL]LQJ
WKH WDUJHW UHJXODU ODQJXDJH� )XUWKHUPRUH� GHQRWHG E\ WKH QXPEHU RI VWDWHV RI WKH WDUJHW
')$ DQG E\ DQ XSSHU ERXQG IRU WKH OHQJWK RI DQ\ FRXQWHUH[DPSOH SURYLGHG E\ WKH WHDFKHU�
WKH WLPH FRPSOH[LW\ RI WKH ZKROH LQIHUHQFH SURFHVV LV SRO\QRPLDOO\ ERXQGHG LQ DQG � 7KH
WHDFKHU EHORQJV WR WKH FODVV RI 0LQLPDOO\ $GHJXDWH 7HDFKHUV �0$7�� DEOH WR DQVZHU WZR
NLQGV RI TXHULHV� QDPHO\ PHPEHUVKLS DQG HTXLYDOHQFH TXHULHV� ,Q WKH IRUPHU W\SH� OHDUQHU
SURSRVHV D VDPSOH WR WKH WHDFKHU� ZKLFK FRQILUPV RU GHQLHV LI WKH VDPSOH EHORQJV WR WDUJHW
ODQJXDJH� ,Q WKH ODWWHU W\SH RI TXHU\� WKH OHDUQHU SURSRVHV D UHSUHVHQWDWLRQ RI WKH K\SRWKHVLV
ODQJXDJH� W\SLFDOO\ E\ LWV DXWRPDWRQ� 7KH WHDFKHU DQVZHUV SRVLWLYHO\ LI WKH K\SRWKHVLV LV
HTXLYDOHQW WR WKH WDUJHW ODQJXDJH� RQ WKH FRQWUDU\� LW UHWXUQV D FRXQWHUH[DPSOH� L�H� D VDPSOH
EHORQJLQJ WR WKH V\PPHWULF GLIIHUHQFH VHW� RI K\SRWKHVLV DQG WDUJHW ODQJXDJH�

$ PDUJLQDO QRWH UHJDUGV ZKLFK WHDFKHUV DUH DFWXDOO\ DYDLODEOH IRU WKH LQIHUHQFH WDVN�
6RPH LQVWDQFHV DUH GLUHFW LPSOHPHQWDWLRQV RI VRPH NQRZQ GHWHUPLQLVWLF PDFKLQHV� )XU�
WKHUPRUH� GLIIHUHQW ZRUNV SRLQWHG RXW VHYHUDO ³WHDFKHUV´ RWKHU WKDQ DXWRPDWD� )RU LQVWDQFH�
HYHQ WKRXJK D WUDLQHG UHFXUUHQW QHXUDO QHWZRUN LV MXVW D ³EODFN ER[´� LW PD\ VWLOO SURILWDEO\
EH XVHG DV D WHDFKHU >��@� $QRWKHU H[DPSOH FRPHV IURP KDUGZDUH WHVWLQJ� ZKLFK PLJKW EH
FDUULHG RXW E\ IHHGLQJ D VHTXHQFH RI RSHUDWLRQV WR WKH GHYLFH XQGHU WHVW DQG XVLQJ WKH RXWSXW
IRU PHPEHUVKLS TXHULHV >��@� 2Q WKH OHDUQHU VLGH� VRPH LQWHUHVWLQJ ZRUNV DWWHPSW WR LPSURYH
WKH OHDUQLQJ WDVN E\ DGYDQFHG PDQDJHPHQW RI FRXQWHUH[DPSOHV >��@�

29(59,(: 2) (;,67,1* /,%5$5,(6
/HDUQLQJ DOJRULWKPV IRU JUDPPDU LQIHUHQFH KDYH EHHQ LPSOHPHQWHG LQWR PDQ\ VRIWZDUH

OLEUDULHV� W\SLFDOO\ LQ RUGHU WR SURYLGH D EHQFKPDUN IRU SHUIRUPDQFH DQG HIILFDF\ RI VSHFLILF
WHVWV� 7KH\ DUH RIWHQ SURWRW\SHV� VSHFLILFDOO\ GHVLJQHG IRU DUWLILFLDO XVH FDVHV� ZKHUH WKH
LQYROYHG GDWD ZHUH V\QWKHVL]HG WR UHSURGXFH H[SHULPHQWDO VFHQDULRV DERXW WKH LQIHUHQFH
SURFHVV� RU WR DVVHVV PRGLILFDWLRQV WR H[LVWLQJ DOJRULWKPV� 'XH WR ODFN RI D PRGXODU DQG
UHXVDEOH VWUXFWXUH� WKH\ DUH QRW LPPHGLDWHO\ SRUWDEOH LQWR GLIIHUHQW IUDPHZRUNV� IRU WKH VDPH
UHDVRQ� DOVR RSWLPL]LQJ WKHLU H[HFXWLRQ LV RIWHQ FKDOOHQJLQJ�

$PRQJ WKH IHZ DWWHPSWV WR GHVLJQ FDUHIXOO\ VWUXFWXUHG OLEUDULHV� /HDUQ/LE >��@� OLEDOI >�@
DQG *, WRROER[ >�@ DUH ZRUWK PHQWLRQLQJ �VHH 7DEOH ���

8S XQWLO ����� /HDUQ/LE ZDV WKH RQO\ SXEOLFO\ DYDLODEOH OLEUDU\� ,W ZDV FUHDWHG DW WKH
8QLYHUVLW\ RI 'RUWPXQG� ZDV ZULWWHQ LQ -DYD� DQG LQFOXGHG WKH PDLQ DOJRULWKPV IRU WKH DFWLYH
OHDUQLQJ DSSURDFK� VXFK DV / >�@� DQG VRPH RI LWV VXEVHTXHQW H[WHQVLRQV >��@� ,W DOORZV LQIHU�
HQFH RI WZR W\SHV RI DXWRPDWD� QDPHO\ ')$ DQG 0HDO\ PDFKLQHV� L�H� ILQLWH VWDWH PDFKLQHV
ZKLFK SURGXFH DQ RXWSXW VWULQJ ZKLOH SURFHVVLQJ WKH LQSXW >��@�

:LWK WKH DLP WR JHW EHWWHU SHUIRUPDQFH� D QHZ OLEUDU\ ± OLEDOI ± ZDV LPSOHPHQWHG� DGRSW�
LQJ WKH &�� ODQJXDJH� ,W LV RSHQ VRXUFH� DQG XQOLNH /HDUQ/LE FRQWDLQV DOJRULWKPV IRU ERWK
VWDWH PHUJLQJ DQG DFWLYH OHDUQLQJ� ,Q OLEDOI SDUODQFH� LW LPSOHPHQWV ³SDVVLYH RIIOLQH´ DOJR�
ULWKPV� VXFK DV %LHUPDQQ¶V >�@ DQG 531, >��@ DQG ³DFWLYH RQOLQH´ DOJRULWKPV� VXFK DV / �

�7KH V\PPHWULF GLIIHUHQFH EHWZHHQ WZR ODQJXDJHV � DQG �� GHQRWHG E\ � �� LV GHILQHG DV�

� � � � � � � � � �
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*,�OHDUQLQJ /HDUQ/LE OLEDOI *, WRROER[

$OJRULWKP VWUDWHJLHV 2IIOLQH�2QOLQH 2QOLQH 2IIOLQH�2QOLQH 2IIOLQH
1RLVH WROHUDQFH <HV 1R 1R 1R
3DUDOOHO LPSO� <HV 1R 1R 1R
(IILFLHQF\ 9HU\ +LJK +LJK 0HGLXP /RZ

3URJU� ODQJXDJH &�� -DYD &��� -DYD �-1,� 0DWODE
+LHUDUFKLFDO VWUXFWXUH <HV <HV <HV 1R
&RGH GRFXPHQWDWLRQ <HV <HV 1R <HV

7DEOH �� $ TXDOLWDWLYH FRPSDULVRQ RI WKH PDLQ OHDUQLQJ OLEUDULHV ZLWK UHVSHFW WR *,�OHDUQLQJ�

5LYHVW�6FKDSLUH >��@� DQG RWKHUV� $OWKRXJK OLEDOI GLG RXWSHUIRUP WKH RULJLQDO LPSOHPHQWDWLRQ
RI /HDUQ/LE� WKH ODWWHU LQ LWV ODWHVW YHUVLRQV REWDLQHG D VLJQLILFDQW HIILFLHQF\ LQFUHDVH� WKXV
UHYHUVLQJ WKH VLWXDWLRQ�

$Q RSHQ�VRXUFH LPSOHPHQWDWLRQ RI JUDPPDWLFDO LQIHUHQFH DOJRULWKPV LV DOVR SURYLGHG
LQ 0DWODE� DV WKH *, WRROER[� 8QOLNH WKH SUHYLRXV OLEUDULHV� LW IRFXVHV PDLQO\ RQ WKH VWDWH�
PHUJLQJ DSSURDFK� JLYLQJ URRP WR DOJRULWKPV VXFK DV 531,� ('60 >��@� DQG DOJRULWKPV
IRU OHDUQLQJ N�WHVWDEOH ODQJXDJHV >��@� ZKLFK FRUUHVSRQG WR D VSHFLILF VXEVHW RI UHJXODU ODQ�
JXDJHV� *UDPPDWLFDO LQIHUHQFH DOJRULWKPV DUH LPSOHPHQWHG E\ HPSOR\LQJ PDWULFHV DV WKH
IXQGDPHQWDO GDWD VWUXFWXUH WR HQFRGH ')$� GXH WR WKH RSWLPL]DWLRQ RI 0DWODE SURFHVVHV ZLWK
UHJDUG WR WKHVH VWUXFWXUHV� 7KH LPSOHPHQWHG PHWKRGV IROORZ WKH GHILQLWLRQ SURYLGHG E\ GH OD
+LJXHUD >��@� HQWDLOLQJ WKH XVH RI WKH 5HG�%OXH IUDPHZRUN� 2QH RI WKH DGYDQWDJHV GHULYLQJ
IURP WKH 0DWODE IUDPHZRUN LV WKH HDVH WR H[SORLW LWV RWKHU WRROER[HV� VXFK DV IRU LQVWDQFH
WKH RQH IRU JHQHWLF DOJRULWKPV� KRZHYHU� GHVSLWH WKH IDFW WKDW WKH SURWRW\SLFDO IHDWXUHV RI WKLV
SURJUDPPLQJ ODQJXDJH DOORZ IRU D GLUHFW VRIWZDUH LPSOHPHQWDWLRQ� SHUIRUPDQFH RSWLPL]DWLRQ
PD\ EH VLJQLILFDQWO\ KLQGHUHG LQ WHUPV RI FRPSXWDWLRQV DQG PHPRU\ PDQDJHPHQW�

8QIRUWXQDWHO\� IRU WRGD\¶V VWDQGDUGV� WKH H[HFXWLRQ VSHHG RI ERWK /HDUQ/LE DQG OLEDOI LV
DOVR DJDLQ LQDGHTXDWH IRU PRVW UHDO DSSOLFDWLRQ VFHQDULRV� )RU H[DPSOH� /HDUQ/LE ZDV ZLGHO\
HPSOR\HG WR LPSURYH VRIWZDUH TXDOLW\ E\ D PRGHO�EDVHG WHVWLQJ DSSURDFK� ZKHUH D PRGHO RI
H[LVWLQJ VRIWZDUH �H�J� D ILQLWH VWDWH PDFKLQH� LV DGRSWHG WR UHGXFH VRIWZDUH IDLOXUH UDWHV DQG
WR FKHFN WKH FRUUHFWQHVV RI DFWXDO EHKDYLRU� +RZHYHU� DFWXDOO\ JHQHUDWLQJ D VRIWZDUH PRGHO
VWLOO UHPDLQV RSHQ UHVHDUFK� DQG JUDPPDU LQIHUHQFH KDV SURYHQ WR EH D SURPLVLQJ VWUDWHJ\
ERWK WKURXJK RIIOLQH DQG RQOLQH VWUDWHJLHV� ,Q WKH IRUPHU FDVH� OHDUQLQJ VWDUWV IURP ORJV RI
VRIWZDUH H[HFXWLRQV� ZKHUHDV LQ WKH ODWWHU FDVH� DQ DFWLYH OHDUQLQJ DSSURDFK LV VSHFLILHG�
ZKHUH D ³OHDUQHU´ LQWHUDFWV ZLWK WKH VRIWZDUH�XQGHU�OHDUQLQJ �68/�� WKDW SOD\V WKH UROH RI D
³WHDFKHU´� D VRIWZDUH PRGHO UHVXOWV IURP WKLV FRRSHUDWLRQ� LQ WHUPV RI ILQLWH VWDWH PDFKLQH�
DQG LW FDQ EH XVHG WR FRQGXFW VRIWZDUH DQDO\VHV� 6HYHUDO UHDO�ZRUOG VRIWZDUH WRROV KDYH
EHHQ VXFFHVVIXOO\ PRGHOHG RYHU /HDUQ/LE >��@� KRZHYHU� IRU FRPSOH[ V\VWHPV� WKH WLPH FRVW
LV VWLOO RIWHQ SURKLELWLYH� )RU LQVWDQFH� D PRGHO IRU D FRQWURO VRIWZDUH RI D SULQWHU UHTXLUHG
DQ LQIHUHQFH SURFHVV H[HFXWLQJ ORQJHU WKDQ �� GD\V� KHQFH VXFK VFHQDULRV PD\ VWLOO EHQHILW
HYHQ IURP VPDOO SHUIRUPDQFH LPSURYHPHQWV�

*,�OHDUQLQJ� WKH OLEUDU\ SUHVHQWHG LQ WKLV SDSHU� ZDV GHVLJQHG DLPLQJ WR PD[LPL]H WKH
SHUIRUPDQFH RI WKH LPSOHPHQWHG LQIHUHQFH DOJRULWKPV E\ XVLQJ GHHS SDUDOOHOLVP� DQG HIILFLHQW
H[HFXWLRQ� WKDQNV WR WKH IXOO FRQWURO RIIHUHG E\ &�� ODQJXDJH DQG LWV OLEUDULHV� ,Q RUGHU WR
VXSSRUW DV PDQ\ DSSOLFDWLRQ VFHQDULRV DV SRVVLEOH� LQIHUHQFH DOJRULWKPV ERWK IRU RIIOLQH DQG
RQOLQH DSSURDFKHV KDYH EHHQ LPSOHPHQWHG� DV ZLOO EH GHWDLOHG LQ WKH IROORZLQJ�
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�E� ')$ FODVVHV�

)LJXUH �� +LHUDUFKLFDO VWUXFWXUH RI SURSRVHG OLEUDU\ FODVVHV�

7+( *,�/($51,1* )5$0(:25.
*,�OHDUQLQJ LV DQ RSHQ�VRXUFH DQG DFWLYHO\ PDLQWDLQHG OLEUDU\�� ,W ZDV GHVLJQHG ZLWK

HIILFLHQF\� IOH[LELOLW\� DQG H[WHQVLELOLW\ LQ PLQG� DQG LW KDV EHHQ ZLGHO\ WHVWHG� %HVLGHV DOORZ�
LQJ LQIHUHQFH RI ILQLWH VWDWH DXWRPDWD� DQG SDUWLFXODUO\ ')$� LW DOVR LQFOXGHV PDQ\ VXSSRUW
PHWKRGV WR PDNH DXWRPDWD PDQDJHPHQW HDVLHU�

,Q RUGHU WR REWDLQ VDWLVIDFWRU\ HIILFLHQF\� *,�OHDUQLQJ DOORZV FUHDWLQJ UHSUHVHQWDWLRQV RI
KXJH DPRXQWV RI GDWD LQ WKH IRUP RI JUDPPDUV� 7KHUHIRUH� LQIHUHQWLDO SURFHVVHV DUH RSWL�
PL]HG WKURXJK G\QDPLF SDUDOOHOLVP LQYROYLQJ VLPSOH DQG HIILFLHQW GDWD VWUXFWXUHV�

'\QDPLF SDUDOOHOLVP LV DFKLHYHG E\ PHDQV RI 2SHQ03 >��@� D PXOWL�SODWIRUP OLEUDU\ IRU
SDUDOOHO DSSOLFDWLRQV LQ VKDUHG�PHPRU\ V\VWHPV� ,W SURYLGHV VXSSRUW IRU SDUDOOHOLVP LQ VRIW�
ZDUH� HQVXULQJ UREXVWQHVV� HIILFLHQF\ DQG FRPSDWLELOLW\ DFURVV PDQ\ SODWIRUPV� IXUWKHUPRUH�
LW G\QDPLFDOO\ VHWV WKH QXPEHU RI WKUHDGV WR VSDZQ GHSHQGLQJ RQ WKH VSHFLILF DUFKLWHFWXUH�
WKXV PDNLQJ WKH SURSRVHG*,�OHDUQLQJ OLEUDU\ VXLWDEOH IRU FDVHV ZKHQPXOWLSOH FRUHV DUH DYDLO�
DEOH� WUDQVSDUHQWO\ WR WKH XVHUV� 0RUH VSHFLILFDOO\� ZH EXLOW DOO WKH DOJRULWKPV EHORQJLQJ WR WKH
5HG�%OXH IUDPHZRUN �531,� ('60 DQG %OXH� RQ WRS RI LW� LQ WKLV FRQWH[W� VHYHUDO WKUHDGV DUH
FUHDWHG WR HYDOXDWH PRUH WKDQ RQH PHUJH DW D WLPH� DQG WR FDUU\ RQ WKH SDLU�ZLVH FRPSXWDWLRQ
RI WKH KHXULVWLF VFRUHV RI UHG DQG EOXH VWDWHV LQ SDUDOOHO�

2XU PRGXODU DQG KLHUDUFKLFDO VWUXFWXUH PDNHV IXOO XVH RI WKH LQKHULWDQFH PHFKDQLVP
VR DV WR DOORZ HDV\ PDLQWHQDQFH� DQG VWUDLJKWIRUZDUG DGGLWLRQ RI IXUWKHU DOJRULWKPV� E\ H[�
WHQGLQJ WKH H[LVWLQJ FODVVHV DQG GDWD VWUXFWXUHV� $ VFKHPH RI RXU KLHUDUFK\ RI FODVVHV ERWK
IRU GDWD VWUXFWXUHV DQG DOJRULWKPV LV UHSRUWHG LQ )LJXUH �� 7KH KLHUDUFK\ RI VWDWH�PHUJLQJ
DOJRULWKPV� LQ SDUWLFXODU� GHULYHV IURP D FODVV WKDW LPSOHPHQWV DOO WKH VKDUHG
SURSHUWLHV DQG PHWKRGV� VXEVHTXHQWO\ VSHFLDOL]HG E\ 531,� ('60 DQG %OXH�

)URP WKH XVHU¶V SRLQW RI YLHZ� WKH OLEUDU\ LV KLJKO\ IOH[LEOH� DOORZLQJ WR VHW XS WKH H[HFXWLRQ
RI DQ DOJRULWKPV ZLWK MXVW D IHZ OLQHV RI FRGH� ,W H[SORLWV HQFDSVXODWLRQ� E\ DGRSWLQJ VLPSOH
LQWHUIDFHV WR VSHFLI\ DOO WKH UHTXLUHG SDUDPHWHUV� IRU LQVWDQFH� WKH LQSXW RI VWDWH�PHUJLQJ
DOJRULWKPV LV D WH[W ILOH� FRPSRVHG E\ DQ DOSKDEHW RI D FXVWRPL]HG QXPEHU RI V\PEROV� DQG
WKH VWULQJV RYHU WKLV DOSKDEHW� ODEHOHG DV SRVLWLYH RU QHJDWLYH H[DPSOHV� $GGLWLRQDOO\� ERWK
NLQGV RI H[DPSOHV FDQ KDYH DQ DVVRFLDWHG ZHLJKW �H�J� WKHLU IUHTXHQF\� IRU XVH E\ DOJRULWKPV
VXFK DV %OXH� WKLV IHDWXUH IDFLOLWDWHV IXWXUH H[WHQVLRQV RI WKH OLEUDU\ WR DOJRULWKPV LQIHUULQJ

�6RIWZDUH DYDLODEOH DW�

https://github.com/piecot/GI-learning


'5
$)
7

,QWHUQDWLRQDO &RQIHUHQFH RQ &RPSXWHU 6\VWHPV DQG 7HFKQRORJLHV ± &RPS6\V7HFK¶��

531, ('60

*,�OHDUQLQJ
/HDUQ/LE
/LEDOI

*, WRROER[

7DEOH �� ([SHULPHQWV ZLWK UHJDUG RI VXSSOLHG DOJRULWKPV E\ OLEUDULHV�

SUREDELOLVWLF DXWRPDWD >��@� 6LPLODUO\� WKH / DOJRULWKP PD\ UHFHLYH DQ LQSXW ILOH ZLWK WKH ')$
WDUJHW NQRZQ E\ WKH ³WHDFKHU´�

7KH IXQGDPHQWDO FODVV LQ WKH OLEUDU\ LV WKH FODVV� ZKRVH LQVWDQFHV RI FRXUVH UHS�
UHVHQW GHWHUPLQLVWLF ILQLWH VWDWH DXWRPDWD DQG ZKRVH DWWULEXWHV DQG PHWKRGV DUH LQLWLDOL]HG
UHJDUGOHVV RI WKH OHDUQLQJ DOJRULWKP�

$PRQJ WKHP� WKH PHWKRG LV ZRUWK PHQWLRQLQJ DV LW GHWHFWV WKH HTXLY�
DOHQW VWDWHV RI DQ DXWRPDWRQ� DQG LV XVHG DV D ILUVW VWHS RI WKH ')$ PLQLPL]DWLRQ PHWKRGV�
$QRWKHU PHWKRG RI WKH FODVV DGGUHVVHV WKH ³HTXLYDOHQFH TXHU\´� WKDW FKHFNV ZKHWKHU
WZR DXWRPDWD DUH HTXLYDOHQW RU QRW� WKLV PHWKRG LV DOVR EDVHG RQ WKH WDEOH�ILOOLQJ DOJRULWKP�
,I WZR DXWRPDWD DUH LGHQWLILHG DV QRW HTXLYDOHQW� D FRXQWHU�H[DPSOH VWULQJ FDQ EH JHQHUDWHG
DV D SURRI RI WKH GLIIHUHQFH DPRQJ WKHP� LQGHHG� VXFK VWULQJ LV DFFHSWHG E\ RQH DXWRPDWRQ
DQG UHMHFWHG E\ WKH RWKHU RQH� 7KH ³PHPEHUVKLS TXHU\´ PHWKRG UHWXUQV WKH PHPEHUVKLS RI
D VWULQJ EHORQJLQJ WR WKH ODQJXDJH LGHQWLILHG E\ DQ DXWRPDWRQ�

)LQDOO\� D UHOHYDQW IHDWXUHV RI WKH FODVV LV WKH JUDSKLF UHSUHVHQWDWLRQ SURGXFHG E\ D
PHWKRG HQFRGLQJ D ')$ LQ '27� D VLPSOH DQG HIIHFWLYH ODQJXDJH IRU JUDSK GHVFULSWLRQ� 7KH
SURGXFHG UHSUHVHQWDWLRQV DUH DFFHSWDEOH ERWK IRU YLVXDO LQVSHFWLRQ RU IRU IXUWKHU DXWRPDWLF
SDUVLQJ E\ VRIWZDUH� IRU LQVWDQFH� ')$ FDQ EH UHDGLO\ YLVXDOL]HG WKURXJK *UDSKYL]� DQ RSHQ�
VRXUFH WRRO PDQDJLQJ '27�HQFRGHG JUDSKV�

(;3(5,0(17$/ $66(660(17
:H GHYLVHG VHYHUDO H[SHULPHQWV LQ RUGHU WR DVVHVV WKH LPSDFW RI RXU RSWLPL]HG DQG

SDUDOOHO LPSOHPHQWDWLRQ RI WKH OHDUQLQJ DOJRULWKPV LQ WHUPV RI H[HFXWLRQ VSHHG�
7KH VSHFLILF GLIIHUHQFHV LQ WKH DOJRULWKPV DV LPSOHPHQWHG E\ WKH YDULRXV VRIWZDUH OL�

EUDULHV ZHUH WDNHQ LQWR DFFRXQW ZKHQPHDVXULQJ DQG FRPSDULQJ WKH WLPH VSHQW WR LQIHU ')$V�
7DEOH � VXPPDUL]HV WKH FRPSDULVRQV EHWZHHQ WKH DYDLODEOH DOJRULWKPV� ,Q WKH FRQWH[W RI
VWDWH�PHUJLQJ DSSURDFKHV� *, WRROER[ LV ZRUWK FRQVLGHULQJ� WR GDWH� DV LW LV WKH RQO\ OLEUDU\
SURYLGLQJ D VWDEOH LPSOHPHQWDWLRQ RI WKH VWDWH�RI�WKH�DUW DOJRULWKP� ('60� 2Q WKH RWKHU VLGH�
WKH DFWLYH OHDUQLQJ DSSURDFK LV DGGUHVVHG E\ DOO WKH FRQVLGHUHG OLEUDULHV� ZLWK WKH H[FHSWLRQ
RI *, WRROER[� DOORZLQJ D ZLGH FRPSDUDELOLW\ RI GLIIHUHQW LPSOHPHQWDWLRQV�

7HVWV ZHUH FRQGXFWHG RQ D 'HOO 3RZHU(GJH 7��� VHUYHU ZLWK � TXDG�FRUHV ,QWHO ;HRQ�
��� *% 5$0� UXQQLQJ &HQW26 � [��� WKH &�� FRPSLOHU LV J�� ����� ZLWK �2� RSWLPL]DWLRQ
SDUDPHWHU VHW� -DYD ZDV YHUVLRQ ��� RI WKH 2UDFOH 90� 7LPHV ZHUH FRPSXWHG IURP GDWD
VXEPLVVLRQ WR WKH SURGXFWLRQ RI WKH ILQDO ')$� LQ D ��K WLPH ZLQGRZ� DQ H[SHULPHQW QRW
WHUPLQDWLQJ ZLWKLQ WKH DOORWWHG WLPH LV DVVXPHG WR KDYH IDLOHG� ')$VZHUH UDQGRPO\ JHQHUDWHG
XVLQJ WKH /HDUQ/LE JHQHUDWRU� ZLWK D YDULDEOH VL]H UDQJLQJ IURP �� XS WR ��� VWDWHV� DQG IRU
WKUHH DOSKDEHW VL]HV ��� �� DQG �����

$V UHJDUGV VWDWH�PHUJLQJ DOJRULWKPV� D JUDSKLFDO UHSUHVHQWDWLRQ RI WKH SHUIRUPDQFH RI
*,�OHDUQLQJ DQG OLEDOI IRU 531, LV VKRZQ LQ )LJ� �� ERWK OLEUDULHV VLJQLILFDQWO\ RXWSHUIRUPHG *,
WRROER[ E\ D IDFWRU RI ��� ZKLFK� IRU WKH ODUJHU DOSKDEHW GLG QRW HYHQ FRPSOHWH LWV H[HFXWLRQ� VR
ZH FKRVH WR QRW UHSRUW LW LQ WKH SORW� $ VLPLODU WUHQG ZDV REWDLQHG IRU ('60� ZKHQ *,�OHDUQLQJ
FRQVLVWHQWO\ RXWSHUIRUPHG*, WRROER[� UHVXOWV DUH QRW VKRZV GXH WR VSDFH FRQVWUDLQWV� )LQDOO\�
DV UHJDUGV DFWLYH OHDUQLQJ� DQ H[SHULPHQWDO DVVHVVPHQW ZDV FRQGXFWHG IRU WKH DOJRULWKP�
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�F� 6L]H RI DOSKDEHW� ���

)LJXUH �� 531, SHUIRUPDQFH IRU VHYHUDO VL]H RI DOSKDEHW DQG QXPEHU RI H[DPSOHV�

&21&/86,21 $1' 21�*2,1* :25.
7KLV ZRUN KDV SUHVHQWHG D QRYHO IUDPHZRUN ± *,�OHDUQLQJ ± ZKLFK LPSOHPHQWV WKH VWDWH�

RI�WKH�DUW DOJRULWKPV LQ WKH ILHOG RI JUDPPDWLFDO LQIHUHQFH� ,W SURYLGHV D UHDG\�WR�XVH VRIWZDUH
OLEUDU\ VXLWDEOH WR H[WHQG H[LVWLQJ DOJRULWKPV� DQG WR DGGUHVV QHZ DSSOLFDWLRQ VFHQDULRV� DG�
YDQFHG DSSOLFDWLRQV� LQ SULQFLSOH SURKLELWLYH GXH WR WKH LQYROYHG FRPSOH[LW\� EHFRPH QRZ IHD�
VLEOH WKDQNV WR SDUDOOHO H[HFXWLRQ RI UHOHYDQW FRPSXWDWLRQV� ZKLOH WKHPRGXODU DQG KLHUDUFKLFDO
VWUXFWXUH DOORZV IRU D VWUDLJKWIRUZDUG XVH DQG HQKDQFHPHQW RI VXSSOLHG PHWKRGV� 2YHUDOO�
H[SHULPHQWDO HYDOXDWLRQ KDV VKRZQ WKDW *,�OHDUQLQJ JHWV PRUH DGYDQWDJHRXV SHUIRUPDQFHV
ZLWK UHVSHFW WR WKHPDLQ OLEUDULHV DGRSWHG LQ OLWHUDWXUH VR IDU� DQG WKRVH LPSURYHPHQWV EHFRPH
PRUH VLJQLILFDQW DV YROXPH RI GDWD LQFUHDVHV� 6RPH LQWHUHVWLQJ DQG RQ�JRLQJ DGYDQFHPHQWV
FRQFHUQ WKH LPSOHPHQWDWLRQ RI PHWKRGV WR HVWLPDWH FRQIRUPDQFH EHWZHHQ DXWRPDWD� DV ZHOO
DV IXUWKHU RSWLPL]DWLRQ RI DOJRULWKPV LQ WKH DFWLYH OHDUQLQJ SDUDGLJP�

5()(5(1&(6
>�@ +DVDQ ,EQH $NUDP HW DO� ³*UDPPDWLFDO ,QIHUHQFH $OJRULWKPV LQ 0$7/$%´� ,Q� 3URF� RI

WKH ��WK ,QW� &RQI� RQ *UDPPDWLFDO ,QIHUHQFH� ,&*,¶��� 9DOHQFLD� 6SDLQ� �����
>�@ $OHVVDQGUD 'H 3DROD� 0DUFR /D &DVFLD� *LXVHSSH /R 5H� 0DUFR 0RUDQD� 0DUFR 2U�

WRODQL� ³0LPLFNLQJ ELRORJLFDO PHFKDQLVPV IRU VHQVRU\ LQIRUPDWLRQ IXVLRQ´� ,Q� %LRORJL�
FDOO\ ,QVSLUHG &RJQLWLYH $UFKLWHFWXUHV � ������� SS� ��±���

>�@ $OHVVDQGUD 'H 3DROD� 6DOYDWRUH *DJOLR� *LXVHSSH /R 5H� )DEUL]LR 0LOD]]R� 0DUFR 2U�
WRODQL� ³$GDSWLYH 'LVWULEXWHG 2XWOLHU 'HWHFWLRQ IRU :61V´� ,Q� ,((( 7UDQVDFWLRQV RQ
&\EHUQHWLFV 33��� ������� SS� �±���

>�@ $OIRQVR )DUUXJJLD� *LXVHSSH /R 5H� 0DUFR 2UWRODQL� ³'HWHFWLQJ IDXOW\ ZLUHOHVV VHQVRU
QRGHV WKURXJK 6WRFKDVWLF FODVVLILFDWLRQ´� ,Q� ,((( ,QW� &RQI� RQ 3HUYDVLYH &RPSXWLQJ
DQG &RPPXQLFDWLRQV :RUNVKRSV� 0DU� ����� SS� ���±����

>�@ 'DQD $QJOXLQ� ³/HDUQLQJ 5HJXODU 6HWV IURP 4XHULHV DQG &RXQWHUH[DPSOHV´� ,Q� ,QIRU�
PDWLRQ DQG &RPSXWDWLRQ �1RY� ������

>�@ 'DQD $QJOXLQ� ³4XHULHV DQG FRQFHSW OHDUQLQJ´� ,Q� 0DFKLQH OHDUQLQJ ��� �������
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>�@ $� :� %LHUPDQQ HW DO� ³2Q WKH 6\QWKHVLV RI )LQLWH�6WDWH 0DFKLQHV IURP 6DPSOHV RI
7KHLU %HKDYLRU´� ,Q� ,((( 7UDQV� &RPSXW� ���� �-XQH ������

>�@ %HQHGLNW %ROOLJ HW DO� ³OLEDOI� 7KH $XWRPDWD /HDUQLQJ )UDPHZRUN´� ,Q� &RPSXWHU $LGHG
9HULILFDWLRQ� ��QG ,QWHUQDWLRQDO &RQIHUHQFH� (GLQEXUJK� 8.� 6SULQJHU� �����

>�@ 0LJXHO %XJDOKR HW DO� ³,QIHUHQFH RI 5HJXODU /DQJXDJHV 8VLQJ 6WDWH0HUJLQJ $OJRULWKPV
ZLWK 6HDUFK´� ,Q� 3DWWHUQ 5HFRJQ� ���� �6HSW� ������

>��@ 0DWWKHZ 6� &ROOLQV HW DO� ³(IILFLHQW ,QGXFWLRQ RI )LQLWH 6WDWH $XWRPDWD´� ,Q� 3URF� RI WKH
��WK &RQI� RQ 8QFHUWDLQW\ LQ $UWLILFLDO ,QWHOOLJHQFH� �����

>��@ /HRQDUGR 'DJXP HW DO� ³2SHQ03� $Q ,QGXVWU\�6WDQGDUG $3, IRU 6KDUHG�0HPRU\ 3UR�
JUDPPLQJ´� ,Q� ,((( &RPSXW� 6FL� (QJ� �-DQ� ������

>��@ /HH *LOHV HW DO� ³1RLV\ WLPH VHULHV SUHGLFWLRQ XVLQJ UHFXUUHQW QHXUDO QHWZRUNV DQG JUDP�
PDWLFDO LQIHUHQFH´� ,Q� 0DFKLQH OHDUQLQJ �������

>��@ (� 0DUN *ROG� ³/DQJXDJH LGHQWLILFDWLRQ LQ WKH OLPLW´� ,Q� ,QIRUPDWLRQ DQG FRQWURO �������
>��@ $QGUHDV +DJHUHU HW DO� ³0RGHO JHQHUDWLRQ E\PRGHUDWHG UHJXODU H[WUDSRODWLRQ´� ,Q� )XQ�

GDPHQWDO $SSURDFKHV WR 6RIWZDUH (QJLQHHULQJ� 6SULQJHU� �����
>��@ &ROLQ GH OD +LJXHUD� *UDPPDWLFDO ,QIHUHQFH� /HDUQLQJ $XWRPDWD DQG *UDPPDUV� 1HZ

<RUN� 1<� 86$� &DPEULGJH 8QLYHUVLW\ 3UHVV� �����
>��@ +RSFURIW HW DO� ,QWURGXFWLRQ WR $XWRPDWD 7KHRU\� /DQJXDJHV� DQG &RPSXWDWLRQ� �����
>��@ 5DPRQ -DQVVHQ HW DO� /HDUQLQJ D VWDWH GLDJUDP RI 7&3 XVLQJ DEVWUDFWLRQ� �����
>��@ *HRUJH + -RKQ HW DO� ³,UUHOHYDQW IHDWXUHV DQG WKH VXEVHW VHOHFWLRQ SUREOHP´� ,Q� 0D�
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