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,QVWLWXWH RI 0DWKHPDWLFV DQG &RPSXWHU 6FLHQFHV

'HSDUWPHQW RI &RPSXWHU 6FLHQFH DQG 6WDWLVWLFV

/DERUDWRU\ RI &RPSXWDWLRQDO ,QWHOOLJHQFH
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H�PDLO� IMDXJXVWR� PFPRQDUGJ#LFPF�VF�XVS�EU

$EVWUDFW

0DFKLQH /HDUQLQJ _ 0/ _ LV D nHOG LQ $UWLnFLDO ,QWHOOLJHQFH ZKHUH DQ LQGXFWLYH

FRQFHSW LV OHDUQW _ D FODVVLnHU _ IURP JLYHQ FRQFHSW LQVWDQFHV� 2QH FRPPRQ

GLpFXOW\ IDFHG E\ EHJLQQHUV LQ 0/ UHIHUV WR EDVLF WHUPV DQG FRQFHSWV WKDW DUH

DVVXPHG WR EH NQRZQ� 7KLV ZRUN WULHV WR PLQLPL]H WKLV GLpFXOW\� FRPSLOLQJ LQWR RQH

GRFXPHQW PDQ\ WHUPV� FRQFHSWV DQG PHWKRGV WKDW DUH JHQHUDOO\ VSUHDG RXW DFURVV

VHYHUDO 0/ ELEOLRJUDSKLHV�

7KLV ZRUN SURYLGHV VRPH GHnQLWLRQV RI OHDUQLQJ� ZK\ WR XVH 0/ DV ZHOO DV VRPH

FDWHJRUL]DWLRQ RI OHDUQLQJ V\VWHPV� 'HnQLWLRQV DFFRPSOLVKHG E\ H[DPSOHV� IRUPXODV

DQG nJXUHV DUH JLYHQ H[SODLQLQJ VRPH FRPPRQ WHUPV XVHG LQ 0/� 6LQFH PRVW OHDUQ�

LQJ V\VWHPV XVH VRPH NLQG RI VHDUFK� ZH DOVR GLVFXVV VRPH XQLQIRUPHG DQG LQIRUPHG

VHDUFK VWUDWHJLHV� 5HVDPSOLQJ WHFKQLTXHV DUH DOVR GHVFULEHG LQYROYLQJ KROGRXW� UDQ�

GRP� FURVV^YDOLGDWLRQ� OHDYH^RQH^RXW DQG ERRWVWUDS VDPSOHV�

$QRWKHU SRLQW FRQVLGHUHG LV WKH ELDV YDULDQFH GHFRPSRVLWLRQ RI FODVVLnHUV ZKLFK PD\

H[SODLQ� LQ FHUWDLQ ZD\� WKH VXFFHVV RI HQVHPEOHV OLNH EDJJLQJ� ERRVWLQJ DQG DUFLQJ�

EH\RQG RWKHUV� DOVR FRQVLGHUHG LQ WKLV UHSRUW�

6LQFH LQ PDQ\ DSSOLFDWLRQV LW LV DOVR LPSRUWDQW WKDW WKH FRQFHSW GHVFULSWLRQ LQGXFHG

E\ D 0/ DOJRULWKP FDQ EH LQWHUSUHWHG E\ KXPDQV� GHVFULSWLRQV WKDW DOORZ IRU KX�

PDQ FRPSUHKHQVLELOLW\ H[SUHVVHG LQ WKH IRUP RI GHFLVLRQ WUHHV DQG GHFLVLRQ UXOHV DUH

WUHDWHG LQ VRPH GHWDLO LQ WKLV ZRUN�

.H\ZRUGV� 6XSHUYLVHG /HDUQLQJ� 5HVDPSOLQJ� (QVHPEOHV�

)HEUXDU\ ����

e:RUN SDUWLDOO\ VXSSRUWHG E\ 1DWLRQDO 5HVHDUFK &RXQFLOV _ &$3(6 DQG ),1(3� %UD]LO�



7KLV GRFXPHQW ZDV SURGXFHG ZLWK WKH /$7(; W\SHVHW V\VWHP DQG WKH %LE7(; UHI�
HUHQFH PDQDJHPHQW V\VWHP ZLWK KHOS RI WKH %LE9LHZ WRRO �3UDWL HW DO�� ������ $V
ZLWK DOO UHYLHZLQJ ZRUN� LW DOPRVW FHUWDLQO\ FRQWDLQV HUURUV DQG KDV SOHQW\ RI URRP
IRU LPSURYHPHQWV� 3OHDVH UHSRUW DQ\ HUURU� W\SRV� LQFRQVLVWHQFHV� RPLVVLRQV DQG
VXJJHVWLRQV IRU LPSURYHPHQWV WR MDXJXVWR#LFPF�VF�XVS�EU�

7KLV GRFXPHQW DQG SRVVLEOH XSGDWHV FDQ EH IRXQG DW WKH ,&0& VLWH�
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Fo &RS\ULJKW ���� E\ -RVuH $XJXVWR %DUDQDXVNDV 	 0DULD &DUROLQD 0RQDUG
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,PDJLQDWLRQ LV PRUH LPSRUWDQW WKDQ NQRZOHGJH� .QRZOHGJH LV OLPLWHG

ZKLOH LPDJLQDWLRQ HPEUDFHV WKH HQWLUH ZRUOG�

_$OEHUW (LQVWHLQ� 2Q 6FLHQFH

,Q WKLV ZRUN ZH FRQFHQWUDWH LQ LQGXFWLYH FRQFHSW OHDUQLQJ ZKHUH D FRQFHSW GHVFULSWLRQ� RU FODV�
VLnHU� LV LQGXFHG IURP JLYHQ FRQFHSW LQVWDQFHV �GDWD�� ,Q RWKHU ZRUGV� D FRQFHSW GHVFULSWLRQ
UHSUHVHQWV D JHQHUDOL]DWLRQ RI JLYHQ IDFWV� :H EULHo\ LQWURGXFH WKLV VRUW RI OHDUQLQJ DQG H[�
SODLQ WKH PRVW LPSRUWDQW WHUPV WKDW DUH XVHG LQ 0DFKLQH /HDUQLQJ _ 0/ _ DV ZHOO DV VRPH
GHVFULSWLRQ ODQJXDJHV XVHG WR GHVFULEH LQVWDQFHV� K\SRWKHVHV DQG EDFNJURXQG NQRZOHGJH� $O�
WKRXJK WKLV ZRUN FRQFHQWUDWHV LQ FODVVLnFDWLRQ WDVNV� PRVW FRQFHSWV DOVR DSSO\ WR UHJUHVVLRQ RU
QRQ�V\PEROLF SUREOHPV DV ZHOO�

%HLQJ DQ LQGXFWLYH SURFHVV� WKH FRUUHFWQHVV RI WKH FRQFHSW GHVFULSWLRQ FDQQRW EH JXDUDQWHHG�
7KHUHIRUH� WKH FRQFHSW GHVFULSWLRQ IRXQG VKRXOG DOZD\V KDYH WR EH WHVWHG RQ QHZ GDWD� 6HYHUDO
UHVDPSOLQJ WHFKQLTXHV _ LQFOXGLQJ KROGRXW� UDQGRP� FURVV^YDOLGDWLRQ� OHDYH^RQH^RXW DQG ERRW�
VWUDS _ WKDW DOORZ WR HVWLPDWH WKH WUXH HUURU RI D SUHGLFWRU DV ZHOO DV D VLPSOH VWDWLVWLFDO WHVW
WR PHDVXUH WKH VLJQLnFDQFH RI DQ\ GLmHUHQFH EHWZHHQ WZR FODVVLnHUV DUH DOVR GHVFULEHG� 6LQFH
PRVW OHDUQLQJ V\VWHPV XVH VRPH NLQG RI VHDUFK� ZH DOVR GLVFXVV VRPH XQLQIRUPHG DQG LQIRUPHG
VHDUFK VWUDWHJLHV�

)XUWKHUPRUH� GXH WR WKH IDFW WKDW WKH LQGXFHG GHVFULSWLRQV FDQ EH LQFRUUHFW� LQ PDQ\ DSSOLFDWLRQV
LW LV DOVR LPSRUWDQW WKDW WKH\ FDQ EH LQWHUSUHWHG E\ KXPDQV� 'HVFULSWLRQV H[SUHVVHG LQ WKH
IRUP RI GHFLVLRQ WUHHV DQG GHFLVLRQ UXOHV� WUHDWHG LQ VRPH GHWDLO LQ WKLV ZRUN� DOORZ IRU KXPDQ
FRPSUHKHQVLELOLW\�

7KLV ZRUN LV RUJDQL]HG DV IROORZV� 6HFWLRQ � JLYHV VRPH EDFNJURXQG RQ 0DFKLQH /HDUQLQJ LQ�
FOXGLQJ VHYHUDO LQWURGXFWRU\ FRQFHSWV� HPEUDFLQJ VRPH GHnQLWLRQV RI OHDUQLQJ V\VWHPV� FRPPRQ
WHUPV� IRUPXODV DQG PHWKRGV EURDGO\ XVHG LQ WKLV nHOG� VXFK DV VHDUFK VWUDWHJLHV� UHVDPSOLQJ
HVWLPDWRUV� FRPELQLQJ SUHGLFWRUV �HQVHPEOHV� DQG D VLPSOH WHVW IRU FRPSDULQJ WZR DOJRULWKPV
XVLQJ HUURUV� 6HFWLRQ � EULHo\ GHVFULEHV LQGXFWLRQ RI GHFLVLRQ WUHHV DQG 6HFWLRQ � GLVFXVV WKH
UXOH LQGXFWLRQ SURFHVV� )LQDOO\� FRQFOXGLQJ UHPDUNV DUH JLYHQ LQ 6HFWLRQ ��

$ ���������� ������ ��������

7KH EHVW ZD\ WR OHDUQ DERXW VRPHWKLQJ LV GRLQJ LW�

_0DULD &DUROLQD 0RQDUG

7KLV VHFWLRQ GHVFULEHV WKH VXSHUYLVHG FODVVLnFDWLRQ OHDUQLQJ SUREOHP DQG WKH WHUPV XVHG WKURXJK�
RXW WKLV ZRUN� 5HDGHUV QRW IDPLOLDU ZLWK 0DFKLQH /HDUQLQJ FRQFHSWV PLJKW ZLVK WR FRQVXOW WH[W
ERRNV RQ WKH VXEMHFW� VXFK DV �:HLVV DQG .XOLNRZVNL� ����� /DQJOH\� ����� 0LWFKHOO� ������

$%# &�' ������ ��������(

+XPDQV DUH QDWXUDO REVHUYHUV� :H XVXDOO\ REVHUYH RQH SURFHVV RFFXUULQJ LQ QDWXUH� RU KXPDQ
FUHDWHG� DQG ZH nJXUH RXW KRZ WR XQGHUVWDQG LW� 6RPHWLPHV� ZH GHFLGH WR PHDVXUH VRPH IHDWXUHV
RI VXFK D SURFHVV� KRSLQJ WKH\ FRXOG KHOS XV RQ FRPSUHKHQGLQJ LW�
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$IWHU JDWKHULQJ WKRVH IHDWXUHV WKH\ DUH VWRUHG LQWR nYH EDVLF VWRUDJH VWDJHV�

�� KXPDQ PLQG UHFRUGLQJ�

�� PDQXDO UHFRUGLQJ LQ FDUGV RU SDSHU PHGLD�

�� FDSWXULQJ GDWD LQWR FRPSXWHU oDW nOHV� LQFOXGLQJ WH[W nOHV DQG VSUHDGVKHHWV� ZKRVH SUL�
PDU\ SXUSRVH LV VWRULQJ GDWD LQ GLJLWDO IRUP�

�� 'DWD %DVH 0DQDJHPHQW 6\VWHP _ '%06 _ ZKRVH SULPDU\ SXUSRVH LV UHOLDEOH VWRUDJH
DQG IDVW GDWD DFFHVV�

�� GDWD PDUWLQJ RU GDWD ZDUHKRXVLQJ� ZKRVH PDLQ SXUSRVH LV GDWD VWRUDJH IRU GHFLVLRQ VXS�
SRUW�

1RWH WKDW RQH FRXOG VWDUW LQ WKH nUVW VWDJH HQGLQJ XS LQ WKH ODVW RQH� GHSHQGLQJ RQ WKH QXPEHU
RI IHDWXUHV DQG LQVWDQFHV EHLQJ VWRUHG DV ZHOO DV WKH DYDLODEOH WHFKQRORJ\�

2QFH VWRUHG LQ D GLJLWDO IRUP� WKH GDWD LV JHQHUDOO\ XVHG LQ D OLPLWHG ZD\� XVXDOO\ TXHU\LQJ
WKURXJK VRPH ZHOO�NQRZQ DSSOLFDWLRQ RU UHSRUW JHQHUDWLQJ IDFLOLW\� :KLOH WKLV WUDGLWLRQDO PRGH
RI LQWHUDFWLRQ LV VDWLVIDFWRU\ IRU ZHOO�GHnQHG TXHULHV� LW LV QRW GHVLJQHG WR VXSSRUW DQVZHUV WR
TXHVWLRQV OLNH�

q ,V LW SRVVLEOH WR SUHGLFW WKH EHKDYLRXU RI VXFK SURFHVV"

q +RZ WKH GDWD FDQ EH XVHG WR EXLOG FODVVLnHUV RI WKH XQGHUO\LQJ SURFHVV ZKLFK JHQHUDWHG
LW"

q +RZ WR XQGHUVWDQG EHWWHU WKH GDWD DQG XVH LW WR JDLQ VRPH VRUW RI DGYDQWDJH RU PDNH WKH
SURFHVV EHWWHU"

7KHVH TXHVWLRQV DUULYH QDWXUDOO\ ZKHQ WKH XVHU GRHV QRW NQRZ KRZ WR GHVFULEH WKH JRDO LQ WHUPV
RI D WUDGLWLRQDO TXHU\� ,Q WKLV FDVH� D PRUH QDWXUDO ZD\ RI LQWHUDFWLQJ ZLWK WKH GDWD LV WR VWDWH
WKH 4XHU\ %\ ([DPSOH _ 4%( _ W\SLFDOO\ PRUH IHDVLEOH EHFDXVH KXPDQV nQG QDWXUDO WR
LQWHUDFW DW OHYHO RI H[DPSOHV �RU LQVWDQFHV�� 8VXDOO\ WKLV LV SHUIRUPHG E\ ODEHOLQJ D WUDLQLQJ VHW
RI LQVWDQFHV RI RQH FODVV YHUVXV RWKHU FODVVHV DQG OHWWLQJ D 0/ V\VWHP WR EXLOG D FODVVLnHU IRU
GLVWLQJXLVKLQJ FODVVHV�

$IWHU WKDW� RQH FDQ WKHQ DSSO\ WKH H[WUDFWHG FODVVLnHU WR VHDUFK DOO GDWD �QRW RQO\ WKH WUDLQLQJ
VHW� IRU VLWXDWLRQV RI LQWHUHVW� $V VWDWHG LQ �%UHLPDQ HW DO�� ������ GDWD�GHULYHG FODVVLnFDWLRQV
FDQ VHUYH IRU WZR EDVLF SXUSRVHV�

�� WR SUHGLFW WKH FODVV ODEHO FRUUHVSRQGLQJ WR QHZ PHDVXUHPHQWV RI IHDWXUHV DV DFFXUDWHO\ DV
SRVVLEOH�

�� WR XQGHUVWDQG WKH VWUXFWXUDO UHODWLRQVKLS EHWZHHQ WKH FODVV ODEHO DQG WKH PHDVXUHG IHD�
WXUHV�

7KH QH[W VHFWLRQ LQWURGXFHV VRPH FRQFHSWV DERXW WKH OHDUQLQJ KLHUDUFK\� SURYLGLQJ D GLVWLQFWLRQ
DPRQJ OHDUQLQJ V\VWHPV�
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,W LV RQO\ WKH OLPLWDWLRQV RI WKH KXPDQ PLQG WKDW PDNH WKH SRVVLEOH�

LPSRVVLEOH�

_0DUF 'UDNH

6LPRQ �6LPRQ� ����� GHnQHG OHDUQLQJ DV�

?/HDUQLQJ GHQRWHV FKDQJHV LQ WKH V\VWHP WKDW DUH DGDSWLYH LQ WKH VHQVH WKDW WKH\
HQDEOH WKH V\VWHP WR GR WKH VDPH WDVN RU WDVNV GUDZQ IURP WKH VDPH SRSXODWLRQ
PRUH HpFLHQWO\ DQG PRUH HmHFWLYHO\ WKH QH[W WLPH��

:HLVV �:HLVV DQG .XOLNRZVNL� ����� GHnQHG OHDUQLQJ DV�

?$ OHDUQLQJ V\VWHP LV D FRPSXWHU SURJUDP WKDW PDNHV GHFLVLRQV EDVHG RQ WKH DFFX�
PXODWHG H[SHULHQFH FRQWDLQHG LQ VXFFHVVIXOO\ VROYHG FDVHV��

,QGXFWLYH OHDUQLQJ LV DFFRPSOLVKHG E\ UHDVRQLQJ IURP H[WHUQDOO\ VXSSOLHG LQVWDQFHV� ,Q VXSHU�
YLVHG OHDUQLQJ� DOVR NQRZQ DV SDWWHUQ UHFRJQLWLRQ RU GLVFULPLQDWLRQ� WKH LQGXFHU LV VXSSOLHG ZLWK
D VHW RI WUDLQLQJ LQVWDQFHV IRU ZKLFK WKH WUXH FODVV ODEHOV DUH NQRZQ� (DFK LQVWDQFH LV GHVFULEHG
W\SLFDOO\ E\ D YHFWRU RI IHDWXUH YDOXHV DQG D FODVV ODEHO� 7KH WDVN RI WKH LQGXFWLRQ DOJRULWKP
LV WR OHDUQ D FODVVLnHU WKDW FRUUHFWO\ FODVVLnHV QHZ XQODEHOHG LQVWDQFHV L�H�� ZLWKRXW FODVV ODEHO�
)RU GLVFUHWH FODVV ODEHOV WKH SUREOHP LV NQRZQ DV FODVVLnFDWLRQ DQG IRU FRQWLQXRXV FODVV ODEHOV DV
UHJUHVVLRQ� 2Q WKH RWKHU KDQG� LQ XQVXSHUYLVHG OHDUQLQJ WKH FODVVHV DUH LQIHUUHG IURP WKH GDWD�
)LJXUH � VKRZV WKH OHDUQLQJ KLHUDUFK\ MXVW GHVFULEHG ZKHUH VKDGHG QRGHV OHDG WR VXSHUYLVHG
FODVVLnFDWLRQ OHDUQLQJ� WKH WRSLF RI WKLV ZRUN�

)LJXUH � VKRZV DQ H[DPSOH RI D FODVVLnFDWLRQ SURFHVV� $V FDQ EH VHHQ� EDFNJURXQG NQRZOHGJH
DERXW WKH GRPDLQ PD\ EH XVHG ZKHQ FKRRVLQJ WKH GDWD RU SURYLGLQJ VRPH LQIRUPDWLRQ DOUHDG\
NQRZQ DV LQSXW WR WKH 0/ LQGXFHU� $IWHU LQGXFHG� WKH FODVVLnHU LV XVXDOO\ HYDOXDWHG DQG
WKH FODVVLnFDWLRQ SURFHVV PD\ EH UHSHDWHG LI QHFHVVDU\� 2QH LPSRUWDQW LVVXH WR FRQVLGHU LV
WKDW FODVVLnHUV VKRXOG SURYLGH D PRUH FRPSDFW GHVFULSWLRQ RI WKH FRQFHSW HPEHGGHG RQ WKH
XQGHUO\LQJ GDWD� ,Q RWKHU ZRUGV� LI ZH KDYH Q LQVWDQFHV WKHQ LW LV H[SHFWHG WKDW WKH LQGXFHG
FODVVLnHU VKRXOG SURYLGH D GHVFULSWLRQ OHQJWK OHVV WKDQ Q �RU WKH GDWD ZRXOG GHVFULEH LWVHOI EHWWHU
WKDQ WKDW FODVVLnHU��� )RU H[DPSOH� D GHFLVLRQ WUHH LQGXFHG IURP Q LQVWDQFHV VKRXOG KDYH OHVV
WKDQ Q OHDI QRGHV�

$QRWKHU LPSRUWDQW UHTXLUHPHQW LV WKDW 0/ VKRXOG EH DEOH WR GHDO ZLWK LPSHUIHFW GDWD� ,Q
JHQHUDO� LQVWDQFHV FRQWDLQ D FHUWDLQ DPRXQW RI HUURUV LQ WKHLU GHVFULSWLRQ RU VRPH IHDWXUHV PD\
KDYH PLVVLQJ YDOXHV�

/HDUQLQJ V\VWHPV XVXDOO\ DUH FODVVLnHG LQWR WZR PDMRU FDWHJRULHV �.XEDW HW DO�� ����D��

q EODFN�ER[ V\VWHPV ZKLFK GHYHORS WKHLU RZQ FRQFHSW UHSUHVHQWDWLRQ L�H�� WKHLU LQWHUQDO UHS�
UHVHQWDWLRQ FDQQRW EH HDVLO\ LQWHUSUHWHG E\ KXPDQV DQG SURYLGHV QHLWKHU LQVLJKW QRU H[�
SODQDWLRQ RI WKH UHFRJQLWLRQ SURFHVV�

q NQRZOHGJH�RULHQWHG V\VWHPV ZKLFK DLP DW FUHDWLQJ V\PEROLF VWUXFWXUHV WKDW DUH KXPDQ
FRPSUHKHQVLEOH �0LFKDOVNL� ������
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U nsu pervise d
Lea rnin g

Re gre ssio nC lass ific atio n

Indu ctiv e
Lea rnin g

Su pervise d
Lea rnin g

)LJXUH �� 7KH OHDUQLQJ KLHUDUFK\� VKDGHG QRGHV OHDG WR VXSHUYLVHG FODVVLnFDWLRQ OHDUQLQJ� WKH

WRSLF RI WKLV ZRUN

I ndependent V a riab les D ependen t
V ariable

X 1 X 2 X 3 X 4 Y
s unny 25 72 y es go
s unny 28 91 y es don t_go
s unny 22 70 no go
s unny 23 95 no don t_go
s unny 30 85 no don t_go

ov ercas t 23 90 y es go
ov ercas t 29 78 no go
ov ercas t 19 65 y es go
ov ercas t 26 75 no go
ov ercas t 20 87 y es don t_go

r ain 22 95 no go
r ain 19 70 y es don t_go
r ain 23 80 y es don t_go
r ain 25 81 no go
r ain 21 80 no go

P rob lem
Sp eci fica tion

M ach ine
Le arn ing

Class ifie r

E va lua tion

B ack gro und
K no wle dge

B ack gro und
K no wle dge

R aw
D ata

)LJXUH �� 7KH FODVVLnHU WRZDUG WKH ULJKW SURYLGHV D FRPSDFW LQWHUSUHWDWLRQ RI WKH GDWD
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$ GLVWLQFWLRQ EHWZHHQ WKHVH WZR FDWHJRULHV KDV EHHQ IRUPXODWHG LQ �0LFKLH� ����� LQ WHUPV RI
WKUHH FULWHULD�

q ZHDN FULWHULRQ� WKH V\VWHP XVHV GDWD WR JHQHUDWH DQ XSGDWHG EDVLV IRU LPSURYHG SHUIRU�
PDQFH RQ VXEVHTXHQW GDWD� 1HXUDO 1HWZRUNV DQG 6WDWLVWLFDO PHWKRGV VDWLVI\ WKLV FULWHULRQ�

q VWURQJ FULWHULRQ� WKH ZHDN FULWHULRQ LV VDWLVnHG� %HVLGHV WKDW� WKH V\VWHP LV DEOH WR FRP�
PXQLFDWH LWV LQWHUQDO UHSUHVHQWDWLRQ LQ H[SOLFLW V\PEROLF IRUP�

q XOWUD�VWURQJ FULWHULRQ� ZHDN DQG VWURQJ FULWHULD DUH VDWLVnHG� 0RUHRYHU� WKH V\VWHP LV DEOH
WR FRPPXQLFDWH LWV LQWHUQDO UHSUHVHQWDWLRQ LQ H[SOLFLW V\PEROLF IRUP WKDW FDQ EH XVHG E\
D KXPDQ ZLWKRXW EHLQJ DLGHG E\ FRPSXWHU L�H�� XVLQJ RQO\ WKH KXPDQ PLQG�

,Q WKLV ZRUN ZH VKDOO FRQFHQWUDWH LQ OHDUQLQJ E\ V\PEROLF VXSHUYLVHG FODVVLnFDWLRQ� 7KH WHUP
V\PEROLF LQGLFDWHV WKDW FODVVLnHUV VKRXOG EH KXPDQ UHDGDEOH DQG FRPSUHKHQVLEOH� 7KH WHUP
VXSHUYLVHG VXJJHVWV WKDW VRPH SURFHVV� VRPHWLPHV FDOOHG WKH WHDFKHU� KDV SUHYLRXVO\ FODVVLnHG
WKH LQVWDQFHV LQ WKH WUDLQLQJ VHW� )LQDOO\� DV H[SODLQHG EHIRUH� WKH WHUP FODVVLnFDWLRQ GHQRWHV
WKH IDFW WKDW WKH FODVV ODEHO LV GLVFUHWH L�H�� LW FRQVLVWV RI D IHZ XQRUGHUHG YDOXHV�

1H[W� VRPH WHUPV EURDGO\ XVHG WKURXJK WKLV ZRUN DUH GHnQHG�

$%* +�,����	��

$OO WKLQJV JRRG WR NQRZ DUH GLpFXOW WR OHDUQ�

*UHHN 3URYHUE

,QGXFHU ,QIRUPDOO\� WKH WDVN RI DQ LQGXFHU �RU D OHDUQLQJ SURJUDP� LV WR JHQHUDWH D JRRG FODVVL�
nHU IURP D VHW RI FODVVLnHG LQVWDQFHV� 7KH FODVVLnHU FDQ WKHQ EH XVHG WR FODVVLI\ XQODEHOHG
LQVWDQFHV ZLWK WKH JRDO RI FRUUHFWO\ SUHGLFWLQJ WKH ODEHO RI HDFK XQODEHOHG LQVWDQFH� 7KHQ�
WKH FODVVLnHU FDQ EH HYDOXDWHG IRU DFFXUDF\ �6DO]EHUJ� ����� 'LHWWHULFK� ����E�� FRPSUHKHQ�
VLELOLW\ �)UHLWDV� ����E� +RUVW� ������ OHDUQLQJ VSHHG� VWRUDJH UHTXLUHPHQWV� FRPSDFWQHVV
DQG DQ\ RWKHU GHVLUDEOH SURSHUW\ WKDW GHWHUPLQHV KRZ JRRG DQG DSSURSULDWH LW LV IRU WKH
WDVN DW KDQG �0LFKLH HW DO�� ������ )RU JHQHUDOLW\� ZH GHnQH D SUHGLFWRU DV D FODVVLnHU IRU
FODVVLnFDWLRQ RU UHJUHVVLRQ SUREOHPV�

,QVWDQFH $Q LQVWDQFH �DOVR GHVFULEHG DV DQ H[DPSOH� FDVH RU UHFRUG LQ WKH OLWHUDWXUH�� LV D n[HG
OLVW RI IHDWXUHV YDOXHV �RU D YHFWRU RI IHDWXUH YDOXHV�� $Q LQVWDQFH GHVFULEHV WKH EDVLF HQWLW\
WKDW ZH DUH GHDOLQJ ZLWK� VXFK DV D SDWLHQW� D '1$ VHTXHQFH RU D PHGLFDO GDWD DERXW VRPH
GLVHDVH�

)HDWXUH $ IHDWXUH �VRPHWLPHV FDOOHG DQ DWWULEXWH RU nHOG� GHVFULEHV VRPH FKDUDFWHULVWLF RU
DVSHFW RI DQ LQVWDQFH� 1RUPDOO\� WKHUH DUH WZR IHDWXUHV W\SH� QRPLQDO �H�J�� FRORU� UHG�
JUHHQ� EOXH� DQG FRQWLQXRXV �H�J�� ZHLJKW � 5� D UHDO QXPEHU�� &RQWLQXRXV IHDWXUHV DUH
XVHG ZKHQHYHU WKHUH LV D OLQHDU RUGHULQJ RQ WKH YDOXHV� HYHQ LI WKH\ DUH QRW WUXO\ FRQWLQXRXV
�H�J�� ZHLJKW PD\ EH VSHFLnHG WR WKH QHDUHVW LQWHJHU NLORJUDP��

)RU DQ\ VRUW RI IHDWXUHV� XVXDOO\ WKHUH LV DOVR DQ LPSRUWDQW YDOXH WKDW PHDQV XQNQRZQ

IRU PRVW LQGXFHUV� 7KLV VSHFLDO YDOXH LV YHU\ GLmHUHQW RI� IRU LQVWDQFH� ]HUR�YDOXHV �IRU
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QXPEHUV� RU HPSW\ VWULQJV� ,Q PRVW RI WKH ZHOO NQRZQ LQGXFHUV WKLV YDOXH LV UHSUHVHQWHG
DV D TXHVWLRQ PDUN �"��

$OVR� VHYHUDO LQGXFHUV DVVXPH WKDW WKH RULJLQDO IHDWXUHV GHVFULELQJ LQVWDQFHV DUH UHOHYDQW

HQRXJK WR OHDUQ WKH WDVN DW KDQG� +RZHYHU� VRPH RI WKH IHDWXUHV PD\ QRW EH GLUHFWO\
UHOHYDQW DQG RWKHU IHDWXUHV PD\ EH LUUHOHYDQW� $ IHDWXUH LV LUUHOHYDQW LI WKHUH LV D FRPSOHWH

DQG D FRQVLVWHQW GHVFULSWLRQ �VHH GHnQLWLRQ EHORZ� RI WKH FODVVHV WR EH OHDUQHG WKDW GRHV
QRW XVH WKDW IHDWXUH �0LFKDOVNL DQG .DXIPDQ� ������ 7KXV� D QRQHVVHQWLDO IHDWXUH PD\
EH HLWKHU UHOHYDQW RU LUUHOHYDQW EXW LW FDQ EH GLVSHQVDEOH ZKHQ OHDUQLQJ WDNHV SODFH �/HH�
������

2QH LPSRUWDQW LVVXH WR EH FRQVLGHUHG LV FKRRVLQJ IHDWXUHV ZLWK SUHGLFWLYH FDSDELOLW\� 1R
PDWWHU ZKDW OHDUQLQJ PHWKRG LV HPSOR\HG� WKH FRQFHSWV ZKLFK FDQ EH OHDUQHG DUH DW WKH
PHUF\ RI WKH GDWD DQG WKH TXDOLW\ RI WKH IHDWXUHV �:HLVV DQG .XOLNRZVNL� ������ )RU
H[DPSOH� RQH FRXOG FKRVH IHDWXUHV ZLWK ORZ SUHGLFWLYH SRZHU� VXFK DV �KDLU FRORU� H\HV
FRORU� FDU PRGHO� QXPEHU RI FKLOGUHQ� RU IHDWXUHV ZLWK KLJKHU SUHGLFWLYH SRZHU� VXFK DV
�WHPSHUDWXUH� VNLQ UHVLVWDQFH� OXQJ H[DPLQDWLRQ�� )RU WKLV VSHFLnF OHDUQ WDVN� LQ WKH VHFRQG
FDVH� EHWWHU SUHGLFWLRQV EDVHG RQ QHZ XQODEHOHG LQVWDQFHV SUREDEO\ ZLOO RFFXU WKDQ LQ WKH
IRUPHU FDVH �

&ODVV ,Q VXSHUYLVHG OHDUQLQJ HYHU\ LQVWDQFH KDV D VSHFLDO IHDWXUH� WKH ODEHO �DOVR FDOOHG RXWSXW
RU FODVV�� ZKLFK GHVFULEHV WKH SKHQRPHQRQ RI LQWHUHVW L�H�� WKH WDVN ZH ZRXOG OLNH WR OHDUQ
DQG PDNH SUHGLFWLRQV DERXW� $Q XQODEHOHG LQVWDQFH LV WKH SDUW RI WKH LQVWDQFH ZLWKRXW
WKH ODEHO L�H�� WKH OLVW RI IHDWXUH YDOXHV� 7KH FODVV ODEHO YDOXHV DUH W\SLFDOO\ GUDZQ IURP D
GLVFUHWH �QRPLQDO� VHW RI FODVVHV I&�� &�� � � � � &NJ LQ WKH FDVH RI FODVVLnFDWLRQ RU IURP WKH
UHDO YDOXHV LQ WKH FDVH RI UHJUHVVLRQ�

'DWDVHW $ GDWDVHW LV D VHW RI FODVVLnHG �ODEHOHG� LQVWDQFHV� 7DEOH � VKRZV WKH JHQHUDO IRUPDW RI
D GDWDVHW 7 ZLWK Q LQVWDQFHV DQGP IHDWXUHV� ,Q WKLV WDEOH D URZ L UHIHUV WR WKH L�WK LQVWDQFH
�L  �� �� � � � � Q� DQG FROXPQ HQWULHV [LM UHIHU WR WKH YDOXH RI WKH M�WK �M  �� �� � � � �P�
IHDWXUH ;M RI LQVWDQFH L�

;� ;� c c c ;P <

7� [�� [�� c c c [�P \�
7� [�� [�� c c c [�P \�
���

���
���

� � �
���

���
7Q [Q� [Q� � � � [QP \Q

7DEOH �� 'DWDVHW LQ WKH IHDWXUH�YDOXH RU VSUHDGVKHHW IRUPDW

$V FDQ EH VHHQ� LQVWDQFHV DUH WXSOHV 7L  �[L�� [L�� � � � � [LP� \L�  �[L� \L� DOVR UHIHUUHG
DV �;� FODVV�;�� RU �;� < � ZKHUH WKH ODVW FROXPQ� < � LV ZKDW ZH WU\ WR SUHGLFW JLYHQ
WKH RWKHU ; IHDWXUHV L�H�� <  I�;�� 2EVHUYH WKDW HDFK ; LV DQ HOHPHQW RI WKH VHW
;� d;� d � � �d;P ZKHUH ;M LV WKH GRPDLQ RI WKH M�WK IHDWXUH DQG < EHORQJV WR RQH RI
WKH N FODVVHV L�H�� < � I&�� &�� � � � � &NJ�

8VXDOO\� D GDWDVHW LV VSOLW LQWR WZR GLVMXQFW VHWV� WKH WUDLQLQJ VHW ZKLFK LV XVHG WR OHDUQ WKH
FRQFHSW DQG WKH WHVW VHW XVHG WR PHDVXUH WKH HmHFWLYHQHVV RI WKH OHDUQHG FRQFHSW� 7KH\
DUH QRUPDOO\ GLVMXQFW WR HQVXUH WKDW PHDVXUHV XVLQJ WKH WHVW VHW DUH IURP DQ LQGHSHQGHQW
VHW \LHOGLQJ D VWDWLVWLFDOO\ YDOLG PHDVXUHPHQW�

1RWH WKDW� DIWHU LQGXFLQJ D FODVVLnHU� LW LV SRVVLEOH WR HYDOXDWH WKLV FODVVLnHU LQ WKH WUDLQLQJ
VHW DV ZHOO DV LQ WKH WHVW VHW� ,W LV XVXDO WR FDOO PHDVXUHPHQWV XVLQJ WKH SHUIRUPDQFH RI

�



WKH FODVVLnHU LQ WKH WUDLQLQJ VHW DV DSSDUHQW �DOVR NQRZ DV UHVXEVWLWXWLRQ� PHDVXUH DQG LQ
WKH WHVW VHW DV WUXH PHDVXUH �OLNH� IRU H[DPSOH� DSSDUHQW HUURU DQG WUXH HUURU�� )RU PRVW
W\SH RI SUHGLFWRUV� WKH DSSDUHQW PHDVXUH LV D SRRU HVWLPDWRU RI IXWXUH SHUIRUPDQFH� VLQFH
LW WHQGV WR EH ELDVHG RSWLPLVWLFDOO\�

1RLVH ,W LV FRPPRQ� LQ WKH UHDO ZRUOG� WR ZRUN ZLWK LPSHUIHFW GDWD� ,PSHUIHFW GDWD FRXOG
EH GHULYHG IURP WKH SURFHVV ZKLFK JHQHUDWHV WKH GDWD LWVHOI� WKH GDWD DFTXLVLWLRQ SURFHVV�
WKH GDWD WUDQVIRUPDWLRQ SURFHVV RU HYHQ LQFRUUHFWO\ ODEHOHG FODVVHV �IRU H[DPSOH� LQVWDQFHV
ZLWK WKH VDPH IHDWXUH YDOXH EXW GLmHUHQW FODVV ODEHOV�� ,Q WKLV FDVH� ZH VD\ WKHUH LV QRLVH

LQ WKH GDWD� $OVR� IHDWXUHV WKDW DUH QRW PRUH SUHGLFWLYH WKDQ FKDQFH WR WKH OHDUQLQJ WDVN
FDQ EH FRQVLGHUHG QRLVH �:HLVV DQG .XOLNRZVNL� ����� &KDSWHU ���

'DWD 3UHSDUDWLRQ 8VXDOO\� WKHUH DUH VHYHUDO VWHSV SUHFHGLQJ WKH OHDUQLQJ VWHS� )RU H[DPSOH D
FOHDQLQJ VWHS FDQ EH XVHG WR LPSURYH WKH TXDOLW\ RI GDWD E\ PRGLI\LQJ LWV IRUP RU FRQWHQW�
VXFK DV UHPRYLQJ RU FRUUHFWLQJ GDWD YDOXHV WKDW DUH LQFRUUHFW� ,I WKLV VWHS LV QRW LQLWLDOO\
DSSOLHG WR WKH GDWD� WKH OHDUQLQJ SURFHVV PD\ LQGLFDWH WKDW IXUWKHU FOHDQLQJ LV GHVLUHG IRU
LPSURYLQJ WKH TXDOLW\ RI WKH H[WUDFWHG NQRZOHGJH�

$IWHU FOHDQLQJ� LW PD\ EH VWLOO QHFHVVDU\ WR WUDQVIRUP WKH GDWD EHIRUH SDVVLQJ LW WURXJK
DQ LQGXFHU� 7KLV PD\ UHTXLUH VPRRWKLQJ IHDWXUH YDOXHV RU HYHQ GDWD WUDQVIRUPDWLRQV LQ
RUGHU WR PHHW WKH UHTXLUHPHQWV LPSRVHG E\ VSHFLnF LQGXFHUV�

$OVR� LI WKHUH LV D ORW RI QRQHVVHQWLDO IHDWXUHV LQ WKH LQLWLDO VHW RI LQVWDQFHV� WKH FRPSOH[LW\
RI WKH OHDUQLQJ SURFHVV PD\ LQFUHDVH VLJQLnFDQWO\� ,Q WKLV FDVH� GDWD UHGXFWLRQ WHFKQLTXHV
FDQ EH XVHG� 2QH SRVVLEOH DSSURDFK LV WR XVH )HDWXUH 6XEVHW 6HOHFWLRQ _ )66 _ PHWKRGV
WR GHWHUPLQH WKH PRVW UHOHYDQW IHDWXUHV IRU D JLYHQ LQGXFHU �.LUD DQG 5HQGHOO� ����� -RKQ
HW DO�� ����� %OXP DQG /DQJOH\� ����� � ,Q �%DUDQDXVNDV DQG 0RQDUG� ����E� %DUDQDXVNDV
DQG 0RQDUG� ����D� %DUDQDXVNDV HW DO�� ����D� %DUDQDXVNDV HW DO�� ����E� %DUDQDXVNDV
DQG 0RQDUG� ����� /HH HW DO�� ����� ZH UHSRUW VRPH H[SHULPHQWDO UHVXOWV XVLQJ )66 E\
nOWHULQJ DQG ZUDSSLQJ LQGXFHUV DURXQG �.RKDYL DQG 6RPPHUnHOG� ����� .RKDYL� ������
5HIHU WR �:HLVV DQG ,QGXUNK\D� ����� IRU D JRRG UHYLHZ RI GDWD SUHSDUDWLRQ WHFKQLTXHV�

%DFNJURXQG .QRZOHGJH ,Q JHQHUDO %DFNJURXQG .QRZOHGJH _ %. _ LQFOXGHV LQIRUPDWLRQ
DERXW YDOLG IHDWXUH YDOXHV� D SUHIHUHQFH FULWHULRQ IRU FKRRVLQJ DPRQJ SRVVLEOH IHDWXUHV RU
HYHQ K\SRWKHVHV� %. PD\ DOVR LQFOXGH UHODWLRQVKLS FRQVWUDLQWV EHWZHHQ IHDWXUHV� UXOHV IRU
JHQHUDWLQJ KLJK OHYHO FRQFHSWV� QHZ IHDWXUHV SRVVLEO\ GHULYHG IURP WKH RULJLQDO RQHV� DV
ZHOO DV VRPH LQLWLDO K\SRWKHVLV� 1RW DOO LQGXFHUV DUH DEOH WR XVH %. ZKHQ OHDUQLQJ FRQFHSWV
L�H�� WKH\ XVH RQO\ WKH GDWD� 2EVHUYH WKDW WKH QXPEHU RI KLGGHQ XQLWV DQG ZHLJKWV DV ZHOO
DV WRSRORJ\ LQ D QHXUDO QHW LV D VRUW RI EDFNJURXQG NQRZOHGJH SURYLGHG E\ WKH XVHU�

&ODVVLnHU *LYHQ D VHW RI WUDLQLQJ LQVWDQFHV� WKH LQGXFHU RXWSXWV D FODVVLnHU �DOVR FDOOHG D
K\SRWKHVLV RU D FRQFHSW GHVFULSWLRQ� VXFK WKDW� JLYHQ D QHZ LQVWDQFH� LW DFFXUDWHO\ SUHGLFWV
LWV ODEHO < � $OO FODVVLnHUV XVH VWRUHG GDWD VWUXFWXUHV WKDW DUH WKHQ LQWHUSUHWHG DV D PDSSLQJ
IRU DQ XQFODVVLnHG LQVWDQFH WR D ODEHO�

)RUPDOO\� LQ VXSHUYLVHG FODVVLnFDWLRQ DQ LQVWDQFH LV D SDLU �;� I�;�� ZKHUH ; LV WKH LQSXW
DQG I�;� LV WKH RXWSXW� 7KH WDVN RI DQ LQGXFHU LV� JLYHQ D VHW RI LQVWDQFHV� WR LQGXFH D
IXQFWLRQ K WKDW DSSUR[LPDWHV I � ,Q WKLV FDVH� K LV FDOOHG DQ K\SRWKHVLV RYHU I �

)LJXUH � VKRZV DQ H[DPSOH RI WKLV FRQFHSW �5XVVHO DQG 1RUYLJ� ������ 6XSSRVH ZH KDYH
DV LQVWDQFHV SRLQWV LQ WKH SODQH VKRZQ DV FLUFOHV LQ �D�� ZKHUH WKH WDVN LV WR nQG D IXQFWLRQ
K�;� WKDW nWV WKH SRLQWV ZHOO� $ SRVVLEOH DSSUR[LPDWLRQ IRU WKH UHDO IXQFWLRQ I FRXOG EH
WR FRQQHFW HDFK LQVWDQFH ZLWK WKH QH[W WKURXJK VWUDLJKW OLQHV �E�� 2I FRXUVH� WKLV FRXOG EH
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(a) (b )

(c) (d )

)LJXUH �� *LYHQ WKH LQVWDQFHV LQ �D�� UHSUHVHQWHG DV SRLQWV LQ WKH IRUP �;� I�;��� �E�� �F�
DQG �G� VKRZ SRVVLEOH FRQVLVWHQW K\SRWKHVHV K IRU DSSUR[LPDWLQJ WKH UHDO IXQFWLRQ I ZKLFK LV
XQNQRZQ

D RYHU VLPSOLnHG DSSUR[LPDWLRQ IRU IXQFWLRQ I � 6R� ZH FRXOG DSSUR[LPDWH I E\ D VPRRWK
SRO\QRPLDO IXQFWLRQ� DV FDQ EH VHHQ LQ �F�� +RZHYHU� WKLV K\SRWKHVLV FRXOG EH FRQVLGHUHG
WRR FRPSOLFDWHG E\ WKH nQDO XVHU� +HQFH� D PRUH VLPSOH K\SRWKHVLV FRXOG EH LQGXFHG DV
VKRZQ LQ �G�� ZKLFK FRPSOHWHO\ LJQRUHV RQH LQVWDQFH L�H�� WUHDWLQJ RXWOLHUV DV QRLVH�

%LDV 6WLOO FRQVLGHULQJ )LJXUH �� DV WKH UHDO IXQFWLRQ I LV DFWXDOO\ XQNQRZQ WKHUH DUH PDQ\
SRVVLEOH FKRLFHV IRU K� EXW ZLWKRXW H[WUD NQRZOHGJH� ZH KDYH QR ZD\ WR FKRRVH EHWZHHQ
K\SRWKHVHV �E�� �F� RU �G�� $Q\ SUHIHUHQFH IRU RQH K\SRWKHVLV RYHU DQRWKHU� EHVLGHV VLPSOH
FRQVLVWHQF\ ZLWK WKH LQVWDQFHV� LV FDOOHG D ELDV �5XVVHO DQG 1RUYLJ� ������ %HFDXVH WKHUH
DUH DOPRVW DOZD\V D ODUJH QXPEHU RI SRVVLEOH FRQVLVWHQW K\SRWKHVHV DOO LQGXFHUV H[KLELW
VRPH VRUW RI ELDV� ,QGHHG� OHDUQLQJ ZLWKRXW ELDV LV LPSRVVLEOH� 7KHUHIRUH� DQ XQELDVHG
SUHGLFWRU PHDQV WKDW WKH SUHGLFWRU ZLOO� RYHU D ORQJ UXQ� DYHUDJH WR WKH WUXH HUURU�

9DULDQFH %HVLGHV ELDV� DQRWKHU LPSRUWDQW IDFWRU WR EH DZDUH RI LV WKH YDULDQFH RI WKH FODVVLnHU�
ZKLFK PHDVXUHV KRZ PXFK WKH OHDUQLQJ DOJRULWKP
V JXHVV oXFWXDWHV IRU GLmHUHQW WUDLQLQJ
VHWV RI WKH JLYHQ VL]H �KRZ RIWHQ WKH\ GLVDJUHH�� 6HH 6HFWLRQ ���� SDJH ��� IRU PRUH GHWDLOV�

'HVFULSWLRQ 6SDFH ,W FDQ EH REVHUYHG WKDW P IHDWXUHV FDQ EH LQWHUSUHWHG DV D YHFWRU� HDFK
IHDWXUH FRUUHVSRQGLQJ WR D FRRUGLQDWH LQ D P�GLPHQVLRQDO VSDFH �RU GHVFULSWLRQ VSDFH��
$OVR� HDFK SRLQW LQ WKH VSDFH FDQ EH ODEHOHG ZLWK LWV FRUUHVSRQGLQJ DVVRFLDWHG FODVV�

)URP WKLV SRLQW RI YLHZ� D FODVVLnHU GLYLGHV WKLV VSDFH LQWR UHJLRQV� HDFK UHJLRQ ODEHOHG ZLWK
D FODVV� $Q XQVHHQ LQVWDQFH LV FODVVLnHG E\ GHWHUPLQLQJ WKH UHJLRQ ZKHUH WKH FRUUHVSRQGLQJ
ODEHOHG SRLQW IDOOV LQWR DQG DVVLJQLQJ WKH FODVV DVVRFLDWHG ZLWK WKDW UHJLRQ�

)LJXUH � VKRZV DQ H[DPSOH IRU WZR FODVVHV IR� �J DQG WZR IHDWXUHV I;��;�J� 6XSSRVH
LQ �D� WKH H[WUDFWHG FODVVLnHU� LQ V\PEROLF IRUP� LV JLYHQ E\ CLI ;� � � DQG ;� � � WKHQ
FODVV R HOVH FODVV �
� 7KLV FODVVLnHU GLYLGHV WKH GHVFULSWLRQ VSDFH LQWR D WZR UHJLRQV� WKH
LQVLGH RI WKH UHFWDQJOH ZKHUH ;� � � DQG ;� � � �FRQVLGHULQJ SRVLWLYH YDOXHV IRU ERWK
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)LJXUH �� $ FODVVLnHU GLYLGHV WKH GHVFULSWLRQ VSDFH LQWR UHJLRQV� HDFK UHJLRQ ODEHOHG ZLWK D FODVV
�D�� WKH XQODEHOHG LQVWDQFH 

 LV FODVVLnHG DFFRUGLQJ ZLWK WKH UHJLRQ ZKHUH LW IDOOV �E�

IHDWXUHV� DQG RXWVLGH LW� 1RZ� LQ �E� D QHZ XQODEHOHG LQVWDQFH C
 ZLWK �;��;��  ����� ��
ZLOO EH FODVVLnHG DV FODVV R VLQFH LW IDOOV LQVLGH WKH UHJLRQ ZKLFK GHnQHV WKDW FODVV�

6WDELOLW\ 6RPH LQGXFHUV DUH XQVWDEOH LQ WKH VHQVH WKDW VPDOO SHUWXUEDWLRQV LQ WKH WUDLQLQJ
VHW RU LQ LWV FRQVWUXFWLRQ PD\ UHVXOW LQ ODUJH FKDQJHV LQ WKH H[WUDFWHG SUHGLFWRU� )RU
LQVWDQFH� IHDWXUH VXEVHW VHOHFWLRQ LQ UHJUHVVLRQ� GHFLVLRQ WUHHV LQ UHJUHVVLRQ RU FODVVLnFDWLRQ
DQG QHXUDO QHWV DUH DOO XQVWDEOH� QHDUHVW QHLJKERUV DQG OLQHDU GLVFULPLQDQW DQDO\VLV DUH
VWDEOH �%UHLPDQ� ����G��

8QVWDEOH SUHGLFWRUV DUH FKDUDFWHUL]HG E\ KLJK YDULDQFH� DV WKH WUDLQLQJ VHW FKDQJHV� H[�
WUDFWHG SUHGLFWRUV FDQ GLmHU FRQVLGHUDEO\ IURP HDFK RWKHU� 6WDEOH SUHGLFWRUV� RQ WKH RWKHU
KDQG� GR QRW FKDQJH PXFK RYHU VPDOO FKDQJHV LQ WKH WUDLQLQJ VHW� 7KHUH LV D WUDGH�Rm
EHWZHHQ ELDV DQG YDULDQFH� XQVWDEOH SUHGLFWRUV XVXDOO\ KDYH KLJK YDULDQFH EXW WKH\ FDQ
KDYH ORZ ELDV� 6WDEOH SUHGLFWRUV KDYH ORZ YDULDQFH� EXW WKH\ FDQ KDYH KLJK ELDV�

(UURU DQG $FFXUDF\ $ YHU\ FRPPRQ PHDVXUH XVHG LV WKH HUURU UDWH RI D FODVVLnHU K� DOVR
NQRZ DV PLVFODVVLnFDWLRQ UDWH GHQRWHG E\ FH�K� LQ FODVVLnFDWLRQ SUREOHPV� 8VXDOO\ WKH
HUURU UDWH LV REWDLQHG XVLQJ (TXDWLRQ � ZKLFK FRPSDUHV HDFK ODEHOHG LQVWDQFH ZLWK WKH
SUHGLFWHG FODVVLnHU ODEHO� 7KH N ( N RSHUDWRU UHWXUQV � LI ( LV WUXH DQG ]HUR RWKHUZLVH DQG
Q LV WKH QXPEHU RI LQVWDQFHV� 7KH HUURU UDWH FRPSOHPHQW� WKH FODVVLnHU DFFXUDF\� GHQRWHG
E\ FD�K� LV JLYHQ E\ (TXDWLRQ ��

FH�K�  
�

Q

Q;

L �

N \L � K�[L� N ���

FD�K�  �b FH�I� ���

)RU UHJUHVVLRQ SUREOHPV� WKH SUHGLFWRU HUURU �SH� FDQ EH HVWLPDWHG FDOFXODWLQJ WKH GLVWDQFH
EHWZHHQ WKH WUXH YDOXH DJDLQVW WKH SUHGLFWHG RQH� 8VXDOO\� WZR PHDVXUHV DUH FRPPRQO\
XVHG� WKH PHDQ VTXDUHG HUURU �PVH� DQG WKH PHDQ DEVROXWH GLVWDQFH �PDG�� JLYHQ E\
(TXDWLRQV � DQG �� UHVSHFWLYHO\�
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8QGHU� DQG 2YHUnWWLQJ :KHQ H[WUDFWLQJ DQ K\SRWKHVLV IURP GDWD� LW LV SRVVLEOH WKH SUHGLF�
WRU WR EH YHU\ VSHFLnF IRU WKH WUDLQLQJ VHW� $V WKH WUDLQLQJ VHW LV RQO\ D VDPSOH RI DOO
SRVVLEOH LQVWDQFHV� LW LV SRVVLEOH WR JHQHUDWH SUHGLFWRUV WKDW LPSURYH SHUIRUPDQFH RQ WKLV
WUDLQLQJ VHW ZKLOH GHFUHDVLQJ SHUIRUPDQFH RQ RWKHU LQVWDQFHV RXWVLGH WKLV WUDLQLQJ VHW� ,Q
WKLV VLWXDWLRQ WKH HUURU �RU RWKHU PHDVXUH� RQ DQ LQGHSHQGHQW WHVW VHW \LHOGV WR D SRRU
SHUIRUPDQFH SUHGLFWRU �:HLVV DQG ,QGXUNK\D� ������ ,Q WKLV FDVH ZH VD\ WKDW WKH SUHGLFWRU
RYHUnWV WKH WUDLQLQJ VHW�

)RU H[DPSOH� WKH EHVW FODVVLnHU LV WKH %D\HV FODVVLnHU ZKLFK LV HTXLYDOHQW WR D GLUHFW WDEOH
ORRNXS IRU LQVWDQFHV LQ WKH WUDLQLQJ VHW� 7KLV WDEOH ORRNXS FODVVLnHU KDYH ]HUR DSSDUHQW
HUURU UDWH VLQFH WHVWLQJ WKH RULJLQDO GDWD PDNHV QR PLVWDNHV �DVVXPLQJ LQVWDQFHV ZLWK VDPH
IHDWXUH YDOXHV EHORQJLQJ WR WKH VDPH FODVV L�H�� QRLVH�IUHH LQVWDQFHV�� %XW ZKHQ XVLQJ QHZ
GDWD LW ZLOO EH H[WUHPHO\ GLpFXOW WR REWDLQ ]HUR HUURU GXH WR WKH HQRUPRXV QXPEHU RI
SRVVLEOH FRPELQDWLRQV�

2Q WKH RWKHU KDQG� LW LV DOVR SRVVLEOH WKDW IHZ UHSUHVHQWDWLYH LQVWDQFHV DUH JLYHQ WR WKH
OHDUQLQJ V\VWHP �IRU H[DPSOH� GHFLVLRQ WUHHV RU UXOH LQGXFWLRQ DOJRULWKPV� RU WKH XVHU
SUH�GHnQHV WKH FODVVLnHU VL]H WRR VPDOO �IRU H[DPSOH� LQVXpFLHQW QHXURQV DQG ZHLJKWV
DUH GHnQHG LQ D QHXUDO QHW RU D KLJK SUXQLQJ IDFWRU LV GHnQHG IRU D GHFLVLRQ WUHH� RU
D FRPELQDWLRQ RI ERWK� 7KHUHIRUH� LW LV DOVR SRVVLEOH WR JHQHUDWH SUHGLFWRUV WKDW SRRUO\
LPSURYH SHUIRUPDQFH RQ WKH WUDLQLQJ VHW DV ZHOO DV RQ D WHVW VHW� ,Q WKLV FDVH� WKH SUHGLFWRU
XQGHUnWV WKH WUDLQLQJ VHW�

)LJXUH � LOOXVWUDWHV WKH LPSDFW RI XQGHU� DQG RYHUnWWLQJ� 7KH KRUL]RQWDO D[LV RI WKLV nJXUH
LQGLFDWHV WKH FRPSOH[LW\ �VL]H� RI WKH SUHGLFWRU �L�H� QXPEHU RI QRGHV LQ D GHFLVLRQ WUHH�
QXPEHU RI UXOHV LQ UXOH LQGXFWLRQ RU QXPEHU RI QHXURQV RU ZHLJKWV LQ D QHXUDO QHW�� 7KH
YHUWLFDO D[LV LQGLFDWHV WKH HUURU RI SUHGLFWLRQV PDGH E\ WKH SUHGLFWRU� 7KH GRWWHG OLQH
VKRZV WKH HUURU RI WKH SUHGLFWRU RYHU WKH WUDLQLQJ VHW ZKHUHDV WKH VROLG OLQH VKRZV HUURU
PHDVXUHG RYHU WKH WHVW VHW ZKLFK LV QRW LQFOXGHG LQ WKH WUDLQLQJ VHW� $V H[SHFWHG� WKH
HUURU RYHU WKH WUDLQLQJ VHW �DSSDUHQW HUURU� GHFUHDVHV PRQRWRQLFDOO\ DV WKH SUHGLFWRU LV
EXLOW� +RZHYHU� WKH HUURU PHDVXUHG RYHU WKH WHVW VHW �WUXH HUURU� nUVW GHFUHDVHV XS WR 1�
WKHQ LQFUHDVHV�

+DYLQJ WKLV LQ PLQG� ZKLFK K\SRWKHVLV VKRXOG EH EHWWHU" 7KH 2FNKDP
V UD]RU �.HDUQV
DQG 9D]LUDQL� ����� SULQFLSOH JLYHV D FOXH� ,W VWDWHV WKDW WKH PRVW OLNHO\ K\SRWKHVLV LV WKH

VLPSOHVW RQH WKDW LV FRQVLVWHQW ZLWK DOO REVHUYDWLRQV� ,Q IDFW� WKLV PHDQV WKDW� RWKHU WKLQJV
EHLQJ HTXDO� D VLPSOH K\SRWKHVLV WKDW LV FRQVLVWHQW ZLWK WKH LQVWDQFHV LV PRUH OLNHO\ WR EH
FRUUHFW WKDQ D FRPSOH[ RQH�

2YHUWXQLQJ 2YHUWXQLQJ PD\ RFFXU ZKHQ DQ DOJRULWKP GHYHORSHU WXQHV D OHDUQLQJ DOJRULWKP�
RU LWV SDUDPHWHU VHWWLQJV� WRR ZHOO LQ RUGHU WR RSWLPL]H LWV SHUIRUPDQFH RQ DOO WKH DYDLODEOH
GDWD� 7KLV PD\ EH D KDUPIXO WHFKQLTXH ZKHQHYHU DOO DYDLODEOH GDWD LV XVHG IRU DOJRULWKP
GHYHORSPHQW DQG WXQLQJ� /LNH RYHUnWWLQJ� RYHUWXQLQJ FDQ EH GHWHFWHG DQG DYRLGHG E\
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)LJXUH �� 7KH UHODWLRQVKLS EHWZHHQ SUHGLFWRU VL]H DQG HUURU

XVLQJ RQO\ SDUW RI WKH GDWD IRU DOJRULWKP GHYHORSPHQW DQG XVLQJ WKH UHPDLQGHU RI WKH
GDWD IRU nQDO V\VWHP WHVWLQJ� 2I FRXUVH� DV RUGLQDU\ RYHUnWWLQJ� LI WKH GDWD LV QRW KHOG RXW
IRU nQDO HYDOXDWLRQ� WKH REVHUYHG SHUIRUPDQFH RI WKH V\VWHP FDQQRW EH FRQnGHQWO\ XVHG
DV DQ HVWLPDWH RI WKH H[SHFWHG SHUIRUPDQFH RI WKH V\VWHP�

3UXQLQJ 3UXQLQJ LV D VWDQGDUG ZD\ RI GHDOLQJ ZLWK QRLVH DQG RYHUnWWLQJ LQ GHFLVLRQ WUHHV RU
UXOH OHDUQLQJ� 7KH FRPPRQ LGHD LV WR GHDO ZLWK WKH SUREOHP RI RYHUnWWLQJ E\ OHDUQLQJ
DQ RYHUO\ JHQHUDO K\SRWKHVLV IURP WKH WUDLQLQJ VHW LQ RUGHU WR LPSURYH WKH SUHGLFWLRQ RQ
XQVHHQ LQVWDQFHV� 7KHUH DUH� EDVLFDOO\� WZR GLmHUHQW DSSURDFKHV WR SUXQLQJ�

�� SUH�SUXQLQJ ZKLFK PHDQV WKDW GXULQJ WKH K\SRWKHVLV JHQHUDWLRQ VRPH WUDLQLQJ LQ�
VWDQFHV DUH GHOLEHUDWHO\ LJQRUHG LQ RUGHU WKDW WKH nQDO K\SRWKHVLV GRHV QRW FODVVLI\
DOO WUDLQLQJ LQVWDQFHV FRUUHFWO\�

�� SURV�SUXQLQJ ZKLFK PHDQV WKDW nUVW WKH K\SRWKHVLV WKDW SHUIHFWO\ H[SODLQV DOO WUDLQLQJ
LQVWDQFHV LV JHQHUDWHG� $IWHU WKDW� WKH K\SRWKHVLV LV JHQHUDOL]HG E\ HOLPLQDWLQJ VRPH
SDUWV OLNH FXWWLQJ Rm EUDQFKHV RI GHFLVLRQ WUHHV RU VRPH FRQGLWLRQV LQ UXOH LQGXFWLRQ�

&RPSOHWHQHVV DQG &RQVLVWHQF\ 2QFH LQGXFHG� DQ K\SRWKHVLV FDQ EH HYDOXDWHG DERXW LWV
FRPSOHWHQHVV� LI LW FODVVLnHV DOO LQVWDQFHV DQG FRQVLVWHQF\� LI LW FRUUHFWO\ FODVVLnHV WKH LQ�
VWDQFHV� 6R� JLYHQ DQ K\SRWKHVLV� LW FDQ EH FRQVLGHUHG� �D� FRPSOHWH DQG FRQVLVWHQW� �E�
LQFRPSOHWH DQG FRQVLVWHQW� �F� FRPSOHWH DQG LQFRQVLVWHQW RU �G� LQFRPSOHWH DQG LQFRQVLV�
WHQW� )LJXUH � VKRZV DQ H[DPSOH RI WKHVH IRXU FDVHV FRQVLGHULQJ WZR IHDWXUHV ;� DQG ;��
WKUHH FODVV ODEHOV �R� �� � DQG WKH LQGXFHG K\SRWKHVLV IRU HDFK FODVV� 7KH\ DUH UHSUHVHQWHG
E\ WZR VROLG OLQH UHJLRQV IRU FODVV R� WZR GRWWHG OLQH UHJLRQV IRU FODVV � DQG RQH GDVKHG
OLQH UHJLRQ IRU FODVV �

&RPSOH[ $ �FRPSOH[! LV D GLVMXQFWLRQ RI FRQMXQFWLRQV RI IHDWXUH WHVWV LQ WKH IRUP�

;L RS 9DOXH

ZKHUH ;L LV D IHDWXUH� RS LV DQ RSHUDWRU LQ WKH VHW I �� � ���� !�wJ DQG 9DOXH LV D YDOLG
IHDWXUH ;L FRQVWDQW YDOXH�

��
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(d)

)LJXUH �� +\SRWKHVLV FRPSOHWHQHVV DQG FRQVLVWHQF\

,W LV DOVR SRVVLEOH WR KDYH D OLQHDU FRPELQDWLRQ RI IHDWXUHV �IRU FRQWLQXRXV IHDWXUHV� LQ WKH
IRUP�

F� d;� � F� d;� � � � �� FP d;P RS 9DOXH

ZKHUH FL LV D FRQVWDQW� ;L LV D FRQWLQXRXV �LQWHJHU RU UHDO� IHDWXUH� RS LV DQ RSHUDWRU LQ
WKH VHW I���� !�wJ DQG 9DOXH LV D FRQVWDQW YDOXH�

5XOH $ UXOH DVVXPHV WKH IRUP

LI �FRPSOH[! WKHQ �FODVV  &L!

ZKHUH &L EHORQJV WR WKH VHW RI SRVVLEOH N FODVV YDOXHV I&�� &�� � � � � &NJ� 7KH �FRPSOH[!
SDUW LV DOVR GHQRPLQDWHG UXOH FRQGLWLRQV DQG �FODVV  &L! LV GHQRPLQDWHG UXOH FRQFOXVLRQ�
/HDUQHG UXOHV DUH XVXDOO\ FRQVLVWHQW DQG FRPSOHWH ZLWK UHJDUG WR WKH WUDLQLQJ GDWD�

,QVWDQFHV WKDW VDWLVI\ WKH �FRPSOH[! SDUW RI WKH UXOH FRPSRVHV LWV FRYHUHG VHW RU� LQ RWKHU
ZRUGV� WKRVH LQVWDQFHV DUH FRYHUHG E\ WKH UXOH� ,QVWDQFHV WKDW VDWLVI\ ERWK WKH �FRPSOH[!
DQG WKH FRQFOXVLRQ �FODVV  &L! DUH SRVLWLYHO\ FRYHUHG E\ WKH UXOH� 2Q WKH RWKHU KDQG�
LQVWDQFHV VDWLVI\LQJ WKH �FRPSOH[! EXW ZLWK �FODVV� &L! DUH FDOOHG QHJDWLYHO\ FRYHUHG�
DV VKRZQ LQ 7DEOH ��

,QVWDQFHV VDWLVI\LQJ � � � $UH � � �

�FRPSOH[! FRYHUHG E\ UXOH
�FRPSOH[! DQG �FODVV  &L! SRVLWLYHO\ FRYHUHG E\ UXOH
�FRPSOH[! DQG �FODVV� &L! QHJDWLYHO\ FRYHUHG E\ UXOH

7DEOH �� 5XOH FRYHUDJH GHnQLWLRQV

��



$VVRFLDWLRQ 5XOH $VVRFLDWLRQ OHDUQLQJ V\VWHPV nQG FRQMXQFWLYH LPSOLFDWLRQ UXOHV RI WKH IRUP�

LI �FRPSOH[�! WKHQ �FRPSOH[�!

ZKHUH WKHUH DUH QR FRPPRQ IHDWXUHV DPRQJ WKHP� L�H� �FRPSOH[�! ? �FRPSOH[�!  ��
$V FDQ EH QRWHG� WKHUH LV QR H[SOLFLW FODVV GHnQLWLRQ LQ WKLV FDVH DQG DQ\ IHDWXUH FDQ EH
XVHG DV SDUW RI UXOH FRQFOXVLRQV� )RU LQVWDQFH�

LI ;� DQG ;� WKHQ ;� DQG ;�

2EVHUYH WKDW DQ DVVRFLDWLRQ UXOH LV D JHQHUDOL]DWLRQ RI D FRQYHQWLRQDO UXOH GHnQHG SUHYL�
RXVO\� 7KXV� FULWHULD XVHG WR HYDOXDWH DVVRFLDWLRQ UXOHV FDQ EH XVHG WR HYDOXDWH FRQYHQWLRQDO
UXOHV DV ZHOO� &RQYHQWLRQDO DVVRFLDWLRQ V\VWHPV nQG DVVRFLDWLRQ UXOHV WKDW VDWLVI\ VRPH
PLQLPXP FULWHULD �$JUDZDO HW DO�� ����� $JUDZDO DQG 6ULNDQW� ����� .OHPHWWLQHQ HW DO��
����� %D\DUGR DQG $JUDZDO� ������ 7KHUHIRUH� LW LV HDV\ WR H[WHQG UXOH FRYHUDJH GHnQLWLRQV
VKRZQ LQ 7DEOH � WR DVVRFLDWLRQ UXOHV DV 7DEOH � VKRZV�

,QVWDQFHV VDWLVI\LQJ � � � $UH � � �

�FRPSOH[�! FRYHUHG E\ UXOH
�FRPSOH[�! DQG �FRPSOH[�! SRVLWLYHO\ FRYHUHG E\ UXOH
�FRPSOH[�! DQG QRW �FRPSOH[�! QHJDWLYHO\ FRYHUHG E\ UXOH

7DEOH �� $VVRFLDWLRQ UXOH FRYHUDJH GHnQLWLRQV

7ZR ZLGHO\ XVHG FULWHULD IRU UXOH HYDOXDWLRQ DUH VXSSRUW DQG FRQnGHQFH� /HW XV GHQRWH
Q DV WKH WRWDO QXPEHU RI WUDLQLQJ LQVWDQFHV� Q� DV WKH QXPEHU RI LQVWDQFHV VDWLVI\LQJ
�FRPSOH[�! DQG Q�� DV WKH QXPEHU RI LQVWDQFHV WKDW VDWLVI\ ERWK �FRPSOH[�! DQG
�FRPSOH[�!� 7KXV� (TXDWLRQV � DQG � GHnQH VXSSRUW DQG FRQnGHQFH� UHVSHFWLYHO\�

6XSSRUW  
Q��

Q
���

&RQnGHQFH  
Q��

Q�
���

&RQIXVLRQ 0DWUL[ $ FRQIXVLRQ PDWUL[ RmHUV D HmHFWLYHQHVV PHDVXUH RI WKH FODVVLnFDWLRQ
PRGHO L�H�� WKH LQGXFHG K\SRWKHVLV K� E\ VKRZLQJ WKH QXPEHU RI FRUUHFW FODVVLnFDWLRQV
DJDLQVW SUHGLFWHG FODVVLnFDWLRQV IRU HDFK FODVV� 5HVXOWV DUH VXPPDUL]HG LQ WZR GLPHQ�
VLRQV� QDPHO\ WUXH FODVVHV DQG SUHGLFWHG FODVVHV DV VKRZQ LQ 7DEOH � IRU N GLmHUHQW FODVVHV
I&�� &�� � � � � &NJ� (DFK HOHPHQW 0�&L� &M� RI WKLV PDWUL[ LQGLFDWHV WKH QXPEHU RI LQ�
VWDQFHV WKDW DFWXDOO\ EHORQJV WR WKH WUXH FODVV &L EXW ZHUH SUHGLFWHG DV EHLQJ FODVV &M DV
VKRZQ LQ (TXDWLRQ � ZKHUH 7 UHSUHVHQWV WKH GDWDVHW� $V GHnQHG EHIRUH WKH N ( N RSHUDWRU
UHWXUQV � LI ( LV WUXH DQG ]HUR RWKHUZLVH�

0�&L� &M�  
;

I��[�\��7 � \ &LJ

N K�[�  &M N ���

��



&ODVV /DEHO SUHGLFWHG &� SUHGLFWHG &� c c c SUHGLFWHG &N

WUXH &� 0�&�� &�� 0�&�� &�� c c c 0�&�� &N�
WUXH &� 0�&�� &�� 0�&�� &�� c c c 0�&�� &N�

���
���

���
� � �

���
WUXH &N 0�&N� &�� 0�&N� &�� c c c 0�&N� &N�

7DEOH �� &RQIXVLRQ PDWUL[

7KH QXPEHU RI FRUUHFW SUHGLFWLRQV IRU HDFK FODVV IDOOV DORQJ WKH PDLQ GLDJRQDO 0�&L� &L�
RI WKH PDWUL[ � $OO RWKHU HOHPHQWV 0�&L� &M�� IRU L � M DUH WKH QXPEHU RI HUURUV IRU D
SDUWLFXODU W\SH RI PLVFODVVLnFDWLRQ HUURU�

2I FRXUVH� WKH LGHDO FODVVLnHU ZRXOG KDYH DOO WKHVH HQWULHV HTXDO WR ]HUR VLQFH LW PDNHV QR
PLVWDNHV� DV 7DEOH � VKRZV�

&ODVV /DEHO SUHGLFWHG &� SUHGLFWHG &� c c c SUHGLFWHG &N

WUXH &� 0�&�� &�� � c c c �
WUXH &� � 0�&�� &�� c c c �

���
���

���
� � �

���
WUXH &N � � c c c 0�&N� &N�

7DEOH �� &RQIXVLRQ PDWUL[ IRU LGHDO FODVVLnHU

*LYHQ D UXOH� DQ LQVWDQFH DQG D FODVV� WKHUH DUH IRXU SRVVLEOH FDVHV WKDW PLJKW RFFXU�

�� WKH LQVWDQFH VDWLVnHV WKH �FRPSOH[! �DOO FRQGLWLRQV� RI WKH UXOH DQG LWV FODVV LV WKH
VDPH DV WKH RQH SUHGLFWHG E\ WKH �FODVV  &L! FRQFOXVLRQ�

�� WKH LQVWDQFH VDWLVnHV WKH �FRPSOH[! �DOO FRQGLWLRQV� RI WKH UXOH DQG LWV FODVV LV QRW
WKH VDPH DV WKH RQH SUHGLFWHG E\ WKH �FODVV  &L! FRQFOXVLRQ�

�� WKH LQVWDQFH GRHV QRW VDWLVI\ WKH �FRPSOH[! �DOO FRQGLWLRQV� RI WKH UXOH DQG LWV
FODVV LV WKH VDPH DV WKH RQH SUHGLFWHG E\ WKH �FODVV  &L! FRQFOXVLRQ�

�� WKH LQVWDQFH GRHV QRW VDWLVI\ WKH �FRPSOH[! �DOO FRQGLWLRQV� RI WKH UXOH DQG LWV
FODVV LV QRW WKH VDPH DV WKH RQH SUHGLFWHG E\ WKH �FODVV  &L! FRQFOXVLRQ�

7KH HUURU UDWH FH�K� DQG LWV FRPSOHPHQW DFFXUDF\ FD�K� _ GHnQHG LQ (TXDWLRQV � DQG ��
UHVSHFWLYHO\ LQ SDJH � _ DUH WZR RI WKH PRUH ZLGHO\ XVHG PHWULFV IRU HYDOXDWLQJ SHUIRU�
PDQFH RI OHDUQLQJ V\VWHPV� )RU VLPSOLFLW\ OHW XV FRQVLGHU D WZR�FODVV FODVVLnFDWLRQ SUREOHP�
:LWK MXVW WZR FODVVHV� XVXDOO\ ODEHOHG DV ?�� DQG ?b�� WKH FKRLFHV DUH VWUXFWXUHG WR SUHGLFW
WKH RFFXUUHQFH RU QRQ�RFFXUUHQFH RI D VLQJOH HYHQW RU K\SRWKHVLV� :KHQ MXVW WZR FODVVHV
DUH FRQVLGHUHG� WKH WZR SRVVLEOH HUURUV DUH GHQRPLQDWHG IDOVH SRVLWLYH DQG IDOVH QHJDWLYH�
7DEOH � LOOXVWUDWHV WKH FRQIXVLRQ PDWUL[ IRU WZR�FODVV FODVVLnFDWLRQ SUREOHP ZKHUH 73 LV
WKH QXPEHU RI FRUUHFWO\ FODVVLnHG SRVLWLYH H[DPSOHV DQG )1 LV WKH QXPEHU RI PLVFODVVLnHG
SRVLWLYH LQVWDQFHV IURP D WRWDO RI Q  �73 � )1 � )3 � 71 � LQVWDQFHV�

6WLOO FRQVLGHULQJ 7DEOH �� QRWH WKDW IRXU VLWXDWLRQV PD\ RFFXU� LOOXVWUDWHG LQ )LJXUH � IRU
�FODVV  &�!�

�� WKH LQVWDQFH EHORQJV WR FODVV &� DQG LV SUHGLFWHG E\ WKH FODVVLnHU DV FODVV &�� ,Q
WKLV FDVH� ZH VD\ WKLV LQVWDQFH LV D WUXH SRVLWLYH�

�� WKH LQVWDQFH EHORQJV WR FODVV &
b

DQG LV SUHGLFWHG E\ WKH FODVVLnHU DV FODVV &
b

� ,Q
WKLV FDVH� ZH VD\ WKLV LQVWDQFH LV D WUXH QHJDWLYH�

��



&ODVV ODEHO SUHGLFWHG &� SUHGLFWHG &
b

&ODVV HUURU UDWH 7RWDO HUURU UDWH

7UXH SRVLWLYHV )DOVH QHJDWLYH

WUXH &� 73 )1
)1

73�)1
)3�)1

Q
)DOVH SRVLWLYHV 7UXH QHJDWLYHV

WUXH &
b

)3 71
)3

)3�71

7DEOH �� 7ZR FODVV FODVVLnFDWLRQ SHUIRUPDQFH

X 1

X 2

True  P ositiv es

F alse  P ositiv es

Fa lse  N eg a tiv es

Pred icte d  C lass Tru e  C lass

)LJXUH �� 7UXH SRVLWLYHV� IDOVH SRVLWLYHV DQG IDOVH QHJDWLYHV

�� WKH LQVWDQFH EHORQJV WR FODVV &
b

DQG LV SUHGLFWHG E\ WKH FODVVLnHU DV FODVV &�� ,Q
WKLV FDVH� ZH VD\ WKLV LQVWDQFH LV D IDOVH SRVLWLYH�

�� WKH LQVWDQFH EHORQJV WR FODVV &� DQG LV SUHGLFWHG E\ WKH FODVVLnHU DV FODVV &b� ,Q
WKLV FDVH� ZH VD\ WKLV LQVWDQFH LV D IDOVH QHJDWLYH�

2WKHU IUHTXHQF\ UDWLRV GHULYHG IURP WKH QXPEHUV LQ 7DEOH � FDQ EH FRPSXWHG DV LOOXVWUDWHG
LQ (TXDWLRQV � WR �� �:HLVV DQG .XOLNRZVNL� ������

&� 3UHGLFWLYH 9DOXH  
73

73 � )3
���

&
b

3UHGLFWLYH 9DOXH  
71

71 � )1
���

7UXH &� 5DWH RU 6HQVLWLYLW\ RU 5HFDOO  
73

73 � )1
����

��



7UXH &
b

5DWH RU 6SHFLnFLW\  
71

)3 � 71
����

$FFXUDF\  
73 � 71

Q
����

)RU H[DPSOH� KLJK VHQVLWLYLW\ �RU ORZ HUURU UDWH LQ &�� LQGLFDWHV WKH DELOLW\ WR FRUUHFWO\
FODVVLI\ SRVLWLYH LQVWDQFHV� +RZHYHU� WKH VSHFLnFLW\ PD\ EH SRRU LI PDQ\ SRVLWLYH LQVWDQFHV
DUH LQFRUUHFWO\ FODVVLnHG DV QHJDWLYH�

(UURU &RVWV 3URSHUO\ PHDVXULQJ WKH SHUIRUPDQFH RI FODVVLnHUV� WKURXJK HUURU �RU DFFXUDF\�
UDWH� SOD\V DQ LPSRUWDQW UROH LQ 0DFKLQH /HDUQLQJ� VLQFH WKH JRDO LV EXLOGLQJ FODVVLnHUV
ZLWK ORZ HUURU UDWH RQ XQVHHQ LQVWDQFHV �%DWLVWD� ����� %DWLVWD DQG 0RQDUG� ������ 6WLOO�
FRQVLGHULQJ WKH WZR�FODVV VLWXDWLRQ� LI WKH FRVW RI KDYLQJ IDOVH SRVLWLYH HUURU DQG IDOVH
QHJDWLYH HUURU LV QRW WKH VDPH� WKHQ RWKHU SHUIRUPDQFH PHDVXUHV VKRXOG EH XVHG� $
QDWXUDO DOWHUQDWLYH LV WR XVH PLVFODVVLnFDWLRQ FRVW ZKLFK LV D SHQDOW\ QXPEHU DVVLJQHG IRU
PDNLQJ D PLVWDNH� ,Q WKLV FDVH HUURUV DUH FRQYHUWHG LQWR FRVWV E\ PXOWLSO\LQJ DQ HUURU E\
LWV PLVFODVVLnFDWLRQ FRVW� 7KXV� LQVWHDG RI GHVLJQLQJ D FODVVLnHU WR PLQLPL]H HUURU UDWHV�
WKH JRDO ZRXOG EH WR PLQLPL]H PLVFODVVLnFDWLRQ FRVWV�

&ODVV 3UHYDOHQFH $QRWKHU IDLUO\ FRPPRQ LVVXH LV WKH LPEDODQFH RI WKH GDWDVHW
V FODVV SUHYD�
OHQFH� )RU H[DPSOH� VXSSRVH D GDWDVHW ZLWK FODVV GLVWULEXWLRQ_ WKH SURSRUWLRQ RI LQVWDQFHV
LQ HDFK FODVV _ �&�� &�� &��  �������� ������ ������� $ VLPSOH FODVVLnHU WKDW SUHGLFWV
DOZD\V WKH PDMRULW\ FODVV &� ZRXOG KDYH DQ DFFXUDF\ RI ������� 7KLV FDQ EH XQGHVLU�
DEOH ZKHQ PLQRULW\ FODVVHV DUH WKRVH ZKLFK KROG YHU\ LPSRUWDQW LQIRUPDWLRQ� IRU H[DPSOH�
SUHGLFWLQJ &�� QRUPDO SDWLHQWV� &�� SDWLHQW KDV GLVHDVH $ DQG &�� SDWLHQW KDV GLVHDVH %�

,W LV LPSRUWDQW WR EH DZDUH� ZKHQ ZRUNLQJ ZLWK LPEDODQFHG GDWDVHWV� WKDW LV GHVLUDEOH WR
XVH D SHUIRUPDQFH PHDVXUH RWKHU WKDQ DFFXUDF\ �.XEDW HW DO�� ����E�� 7KLV LV GXH WR WKH
IDFW WKDW PRVW OHDUQLQJ V\VWHPV DUH GHVLJQHG WR RSWLPL]H DFFXUDF\� EHKDYLQJ SRRUO\ LI WKH
WUDLQLQJ VHW LV KLJKO\ LPEDODQFHG� 7KH LQGXFHG FODVVLnHUV WHQG WR EH KLJKO\ DFFXUDWH RQ WKH
PDMRULW\ FODVV LQVWDQFHV EXW XVXDOO\ PLVFODVVLI\ PDQ\ RI PLQRULW\ FODVV LQVWDQFHV� 6RPH
DSSURDFKHV KDYH EHHQ GHYHORSHG WR GHDO ZLWK WKLV LVVXH OLNH D PHFKDQLVP WKDW UHPRYHV UH�
GXQGDQW RU KDUPIXO LQVWDQFHV RU D PHWKRG WR GHWHFW ERUGHUOLQH DQG QRLV\ LQVWDQFHV �.XEDW
DQG 0DWZLQ� ����� .XEDW HW DO�� ����� %DWLVWD HW DO�� ������

/HDUQLQJ 0RGH :KHQHYHU DOO LQVWDQFHV VKRXOG EH SUHVHQW IRU OHDUQLQJ� WKH OHDUQLQJ PRGH LV
QRQ^LQFUHPHQWDO DOVR NQRZQ DV EDWFK PRGH� 2Q WKH RWKHU KDQG LI WKH LQGXFHU GRHV QRW
KDYH WR VWDUW IURP VFUDWFK ZKHQ QHZ LQVWDQFHV DUH DGGHG WR WKH WUDLQLQJ VHW WKH PRGH LV
LQFUHPHQWDO� 7KHUHIRUH� LQ WKH LQFUHPHQWDO PRGH WKH LQGXFHU MXVW WU\ WR XSGDWH LWV ROG
K\SRWKHVLV ZKHQHYHU QHZ LQVWDQFHV DUH DGGHG WR WKH WUDLQLQJ VHW�

,Q JHQHUDO� QRQ^LQFUHPHQWDO OHDUQLQJ VKRXOG JLYH EHWWHU UHVXOWV VLQFH WKH LQGXFHU LV DOORZHG
WR ORRN DW DOO WUDLQLQJ LQVWDQFHV DW RQFH� +RZHYHU� LI FRPSXWDWLRQDO WLPH LV DQ LPSRUWDQW
LVVXH DQG QHZ LQVWDQFHV DUH IUHTXHQWO\ DGGHG WR WKH WUDLQLQJ VHW� QRQ^LQFUHPHQWDO OHDUQLQJ
FRXOG VDYH WLPH�

��



$%- +�������	� ���������

:KHQ VROYLQJ SUREOHPV XVLQJ FRPSXWHUV� LW LV LPSRUWDQW WR GHnQH KRZ WR WUDQVODWH WKH SUREOHP
LQWR FRPSXWDWLRQDO WHUPV� 6SHFLnFDOO\� LQ 0/ WKLV PHDQV KRZ WR UHSUHVHQW LQVWDQFHV� K\SRWKHVLV
DQG WKH EDFNJURXQG NQRZOHGJH� 7R GHVFULEH WKHP� WKH IROORZLQJ GHVFULSWLRQ ODQJXDJHV DUH XVHG�

q ,QVWDQFH 'HVFULSWLRQ /DQJXDJH _ ,'/�

q +\SRWKHVLV 'HVFULSWLRQ /DQJXDJH _ +'/�

q %DFNJURXQG .QRZOHGJH 'HVFULSWLRQ /DQJXDJH _ %'/

:H RXWOLQH VRPH GHVFULSWLRQ ODQJXDJHV PRVW IUHTXHQWO\ XVHG LQ OHDUQLQJ LQ DVFHQGLQJ RUGHU
RI WKHLU FRPSOH[LW\ DQG H[SUHVVLYH SRZHU� :H SURYLGH MXVW LQWXLWLRQDO H[SODQDWLRQV RI WKHVH
ODQJXDJHV� DYRLGLQJ XQQHFHVVDU\ PDWKHPDWLFDO FRPSOH[LW\� 6LQFH D GHVFULSWLRQ ODQJXDJH FDQ
UHSUHVHQW LQVWDQFHV� K\SRWKHVHV RU EDFNJURXQG NQRZOHGJH ZLWKLQ WKLV VHFWLRQ ZH UHIHU WR WKHP
VLPSO\ DV DQ REMHFW�

=HUR 2UGHU RU 3URSRVLWLRQDO &DOFXOXV ,Q SURSRVLWLRQDO FDOFXOXV WKH REMHFW WR EH UHSUH�
VHQWHG LV GHVFULEHG E\ FRQMXQFWLRQV� GLVMXQFWLRQV DQG QHJDWLRQV RI ERROHDQ FRQVWDQWV WKDW
VWDQG IRU LQGLYLGXDO IHDWXUHV� )RU H[DPSOH�

IHPDOH A JURZQ XS � FDQ KDYH FKLOGUHQ

7KLV ODQJXDJH KDV ORZ GHVFULSWLYH SRZHU� EHLQJ QRW DEOH RI GHVFULELQJ REMHFWV ZKHUH UHOD�
WLRQV DUH LQYROYHG�

$WWULEXWLRQDO /RJLF ,Q RUGHU WR UHSUHVHQW LQVWDQFHV DQG FRQFHSWV PDQ\ RI WKH H[LVWLQJ SURSR�
VLWLRQDO LQGXFWLYH OHDUQLQJ DOJRULWKPV XVH D IHDWXUH�EDVHG �DOVR FDOOHG DWWULEXWH�EDVHG� ODQ�
JXDJH� )RUPDOO\� DWWULEXWLRQDO ORJLF LV HTXLYDOHQW WR SURSRVLWLRQDO FDOFXOXV EXW HPSOR\HV
D PRUH SRZHUIXO DQG oH[LEOH QRWDWLRQ� 7KH LPSURYHPHQW LV WKDW WKH IHDWXUHV DUH WUHDWHG
DV YDULDEOHV WKDW FDQ WDNH RQ YDULRXV YDOXHV� )RU LQVWDQFH�

VH[ IHPDOH A DJH JURZQ XS � FODVV FDQ KDYH FKLOGUHQ

RU HTXLYDOHQWO\�

VH[�IHPDOH� A DJH�JURZQ XS� � FODVV�FDQ KDYH FKLOGUHQ�

$OWKRXJK PRVW LQGXFHUV XVH DWWULEXWLRQDO ORJLF IRU GHVFULELQJ LQVWDQFHV DQG FRQFHSWV�
WKH VWURQJ FRQVWUDLQW RI WKLV ODQJXDJH VWLOO SUHYHQWV UHSUHVHQWLQJ VWUXFWXUHG REMHFWV DV
ZHOO DV UHODWLRQV DPRQJ REMHFWV RU DPRQJ LWV FRPSRQHQWV� 7KXV� UHOHYDQW DVSHFWV RI WKH
WUDLQLQJ LQVWDQFHV� ZKLFK VRPHKRZ FRXOG FKDUDFWHUL]H WKH FRQFHSW EHLQJ OHDUQHG� FDQQRW
EH UHSUHVHQWHG�

)LUVW 2UGHU /RJLF ,Q RUGHU WR RYHUFRPH WKH UHSUHVHQWDWLRQDO OLPLWDWLRQV LPSRVHG E\ DQ DW�
WULEXWLRQDO ODQJXDJH� OHDUQLQJ LQ UHSUHVHQWDWLRQV WKDW DUH PRUH SRZHUIXO� VXFK DV VRPH
YDULDQWV RI nUVW RUGHU ORJLF KDV UHFHLYHG PRUH DWWHQWLRQ� )LUVW RUGHU ORJLF SURYLGHV D IUDPH�
ZRUN IRU GHVFULELQJ DQG UHDVRQLQJ DERXW REMHFWV DQG SUHGLFDWHV WKDW VSHFLnHV SURSHUWLHV RU
UHODWLRQVKLSV DPRQJ REMHFWV�

$Q LPSRUWDQW VXEVHW RI nUVW RUGHU ORJLF LV +RUQ FODXVHV� $ +RUQ FODXVH FRQVLVWV RI D KHDG
ZLWK MXVW RQH SUHGLFDWH DQG D ERG\ ZLWK ]HUR� RQH RU PRUH SUHGLFDWHV� )RU H[DPSOH�
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EURWKHU�;�< � �b PDOH�;�� SDUHQW�;�=�� SDUHQW�< �=�

7KLV H[DPSOH VD\V WKDW D SHUVRQ ; LV EURWKHU RI SHUVRQ < LI ; LV PDOH DQG ERWK ; DQG <

KDYH WKH VDPH SDUHQW =� 7KH SDUW WR WKH OHIW IURP WKH WRNHQ �b LV WKH KHDG DQG WKH SDUW
WR WKH ULJKW IURP WKH WRNHQ LV WKH ERG\ RI WKH FODXVH� 7KH WRNHQ �b LV HTXLYDOHQW WR WKH
ORJLFDO LPSOLFDWLRQ� DQG LV FDOOHG QHFN�� 7KH FRPPDV VHSDUDWLQJ HDFK SUHGLFDWH VWDQG IRU
ORJLFDO FRQMXQFWLRQV� $OVR� DOO YDULDEOHV DUH DOZD\V XQLYHUVDOO\ TXDQWLnHG� 9DULDEOHV LQVLGH
SDUHQWKHVHV DUH FDOOHG DUJXPHQWV DQG WKH QXPEHU RI DUJXPHQWV LV WKH SUHGLFDWH DULW\�

2EVHUYH WKDW LI DOO SUHGLFDWHV KDYH DULW\ ]HUR� WKH ODQJXDJH UHGXFHV LQWR ]HUR RUGHU ORJLF
DQG LI DOO SUHGLFDWHV KDYH DULW\ RQH DQG DOO DUJXPHQWV DUH FRQVWDQWV �QR YDULDEOHV DUH
LQYROYHG�� WKH ODQJXDJH UHGXFHV LQWR DWWULEXWLRQDO ORJLF�

6HWV RI nUVW RUGHU +RUQ FODXVHV FDQ EH LQWHUSUHWHG DV SURJUDPV LQ WKH ORJLF SURJUDPPLQJ
ODQJXDJH 3URORJ �%UDWNR� ����� 6WHUOLQJ DQG 6KDSLUR� ������ )RU WKLV UHDVRQ� LQGXFWLYH
OHDUQLQJ RI nUVW RUGHU UXOHV LV RIWHQ FDOOHG ,QGXFWLYH /RJLF 3URJUDPPLQJ _ ,/3 �)ODFK�
����� 0XJJOHWRQ DQG 5DHGW� ����� &DXONLQV� ������

6HFRQG 2UGHU /RJLF 7KH VHFRQG RUGHU ORJLF LV DQ H[WHQVLRQ RI WKH nUVW RUGHU ORJLF� DOORZLQJ
WKH SUHGLFDWH QDPHV WKHPVHOYHV WR EH FRQVLGHUHG DV YDULDEOHV� )RU H[DPSOH� VXSSRVH WKH
VFKHPD�

3��;�< � �b 3��;�� 3��;�=�� 3��<�=�

ZKHUH 3�� 3�� 3�� 3� DUH SUHGLFDWHV� $ SRVVLEOH LQVWDQWLDWLRQ FRXOG EH

EURWKHU�;�< � �b PDOH�;�� SDUHQW�;�=�� SDUHQW�< �=�

&RQVHTXHQWO\� WKH VFKHPD UHPDLQV XQWRXFKHG DQG RQO\ WKH SUHGLFDWH QDPHV FDQ YDU\�
2EVHUYH WKDW WKLV UHSUHVHQWDWLRQDO ODQJXDJH LV VR ULFK DQG oH[LEOH WKDW LWV XVH IRU LV FRP�
SXWDWLRQDOO\ LQIHDVLEOH� 6RPHWLPHV� D FRPPRQ SUDFWLFH LV WR LQWURGXFH FRQVWUDLQWV VXFK
DV OLPLWLQJ WKH QXPEHU RI SUHGLFDWHV LQ WKH FODXVH� H[FOXGLQJ UHFXUVLYH GHnQLWLRQV RU HYHQ
OLPLWLQJ WKH QXPEHU RI SUHGLFDWH DUJXPHQWV �0RULN HW DO�� ������

0DWK )XQFWLRQV 0DWK IXQFWLRQV FDQ EH XVHG WR GHVFULEH WKH K\SRWKHVHV� VSHFLDOO\ IRU QHXUDO
QHWV� ,Q WKLV FDVH� WKH GHVFULSWLRQ VSDFH LV GLYLGHG LQWR FRPSOH[ UHJLRQV WURXJK FRPELQD�
WLRQV RI VHYHUDO PDWK IXQFWLRQV�

7DEOH � VKRZV WKH UHSUHVHQWDWLRQDO ODQJXDJHV RI VRPH V\PEROLF DQG QRQ�V\PEROLF LQGXFHUV�
,QFOXGHG LQ WKLV WDEOH DUH GHFLVLRQ WUHH V\VWHPV VXFK DV &$57 �%UHLPDQ HW DO�� ������ DQG
&��� �4XLQODQ� ����� DV ZHOO DV UXOH LQGXFWLRQ V\VWHPV OLNH &1� �&ODUN DQG 1LEOHWW� ����� &ODUN
DQG 1LEOHWW� ����� &ODUN DQG %RVZHOO� ������ )2,/ �4XLQODQ� ����� DQG 5LSSHU �&RKHQ� ������
$W ODVW� RQH QRQ�V\PEROLF V\VWHP� QHXUDO QHWV� LV FRQVLGHUHG� 2EVHUYH WKDW RQO\ 5LSSHU DQG
)2,/ DUH DEOH WR SURFHVV EDFNJURXQG NQRZOHGJH�

�
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,QGXFHU ,'/ +'/ %'/

&��� DWWULEXWLRQDO DWWULEXWLRQDO
&$57 DWWULEXWLRQDO DWWULEXWLRQDO
&1� DWWULEXWLRQDO DWWULEXWLRQDO
5LSSHU DWWULEXWLRQDO DWWULEXWLRQDO DWWULEXWLRQDO
)2,/ DWWULEXWLRQDO nUVW RUGHU nUVW RUGHU

1HXUDO 1HW DWWULEXWLRQDO PDWK IXQFWLRQV

7DEOH �� 'HVFULSWLRQ ODQJXDJHV RI VRPH LQGXFHUV

$%. ��������

1RZ WKLV LV QRW WKH HQG� ,W LV QRW HYHQ WKH EHJLQQLQJ RI WKH HQG� %XW

LW LV� SHUKDSV� WKH HQG RI WKH EHJLQQLQJ�

_:LQVWRQ &KXUFKLOO

:KHQ ORRNLQJ IRU JRRG K\SRWKHVHV DQ LQGXFHU FDQ XVH VHYHUDO VHDUFK VWUDWHJLHV� $ VHDUFK
SURFHVV WKHQ H[SORUHV VWDWHV RU QRGHV LQ WKH LQGXFHU
V UHSUHVHQWDWLRQDO ODQJXDJH GHVFULSWLRQ
VSDFH DFFRUGLQJ ZLWK�

,QLWLDO 6WDWH 7KH LQLWLDO VWDWH LV WKH VWDUWLQJ SRLQW RI WKH VHDUFK�

6HDUFK 2SHUDWRUV 7KH VHDUFK RSHUDWRUV FRPSRVH WKH VHW RI SRVVLEOH DFWLRQV WKDW FDQ EH WDNHQ
ZKHQ VHDUFKLQJ� :KHQ RQH RSHUDWRU LV DSSOLHG WR D VWDWH �RU D VHW RI VWDWHV�� WKH UHVXOW LV
WKH VHW RI VWDWHV WKDW FDQ EH UHDFKHG E\ FDUU\LQJ RXW WKH DFWLRQV LQ D SDUWLFXODU FDVH�

7HUPLQDWLRQ &ULWHULRQ 7KH WHUPLQDWLRQ FULWHULRQ� RU JRDO WHVW� LV DSSOLHG WR D VLQJOH VWDWH
GHVFULSWLRQ WR GHWHUPLQH LI LW LV WKH JRDO VWDWH�

6HDUFK 6WUDWHJ\ 7KH VHDUFK VWUDWHJ\ GHnQHV XQGHU ZKDW FRQGLWLRQV DQG WR ZKLFK VWDWH DQ
RSHUDWRU LV WR EH DSSOLHG�

(YDOXDWLRQ )XQFWLRQ 7KH HYDOXDWLRQ IXQFWLRQ� XVHG RQO\ LQ LQIRUPHG VHDUFK� UHWXUQV D QXP�
EHU WKH GHVFULEHV WKH GHVLUDELOLW\ RI H[SDQGLQJ D VWDWH�

8QLQIRUPHG DQG LQIRUPHG VHDUFK WHFKQLTXHV DUH ZLGHO\ XVHG LQ 0DFKLQH /HDUQLQJ� %RWK DUH
EULHo\ GHVFULEHG LQ WKH IROORZLQJ WZR VHFWLRQV�

����� 8QLQIRUPHG� ([KDXVWLYH RU %OLQG 6HDUFK

,Q WKH XQLQIRUPHG VHDUFK VWUDWHJ\ WKH RQO\ LQIRUPDWLRQ DYDLODEOH LV KRZ WR GLVWLQJXLVK D JRDO
VWDWH IURP D QRQ JRDO VWDWH� 7ZR IXQGDPHQWDO VWUDWHJLHV RI XQLQIRUPHG VHDUFK DUH IROORZLQJ
GHVFULEHG�

'HSWK�nUVW *LYHQ WKH LQLWLDO VWDWH 6�� LQ WKH GHSWK�nUVW VHDUFK DQ RSHUDWRU 2� IURP WKH VHW
I2�� 2�� � � � J LV DSSOLHG WR LW DUULYLQJ DW D QHZ VWDWH 6�� ,I 6� LV QRW WKH JRDO VWDWH WKHQ
RSHUDWRU 2� LV DSSOLHG DJDLQ WR 6�� WKXV DUULYLQJ DW D QHZ VWDWH 6� DQG VR RQ� ,I WKHUH DUH
QR PRUH VWDWHV WR EH UHDFKHG IURP VWDWH 6� WKHQ WKH VHDUFK EDFNWUDFNV� UHWXUQLQJ WR WKH

��



SUHYLRXV VWDWH 6� DQG WULHV WR DSSO\ DQRWKHU RSHUDWRU IURP WKH VHW I2�� 2�� � � � J� ,I DJDLQ
LW LV QRW SRVVLEOH WR UHDFK DQ\ VWDWH IURP WKH SUHVHQW VWDWH WKH VHDUFK EDFNWUDFNV IXUWKHU
XQWLO D VWDWH WKDW DOORZV WKH DSSOLFDWLRQ RI VRPH RSHUDWRU LV IRXQG� ,I QR VXFK VWDWH FDQ EH
IRXQG� WKH VHDUFK WHUPLQDWHV� )LJXUH ��D� VKRZV WKH RUGHU LQ ZKLFK WKH QRGHV DUH YLVLWHG
XVLQJ GHSWK�nUVW VHDUFK�

7KH GHSWK�nUVW VHDUFK LV QHLWKHU RSWLPDO VLQFH LW GRHV QRW DOZD\V nQG WKH KLJKHVW TXDOLW\
VROXWLRQV DPRQJ VHYHUDO VROXWLRQV QRU FRPSOHWH EHFDXVH WKH VWUDWHJ\ LV QRW JXDUDQWHHG WR
nQG D VROXWLRQ ZKHQ WKHUH UHDOO\ LV RQH� +RZHYHU� GHSWK�nUVW VHDUFK KDV YHU\ PRGHVW
PHPRU\ UHTXLUHPHQWV� VLQFH LW QHHGV WR VWRUH RQO\ D VLQJOH SDWK IURP WKH LQLWLDO VWDWH WR
WKH FXUUHQW VWDWH DORQJ ZLWK WKH UHPDLQLQJ XQH[SDQGHG VLEOLQJ QRGHV IRU HDFK RQ WKH SDWK�
$VVXPLQJ E RSHUDWRUV DQG G H[SDQVLRQV _ DOVR FDOOHG VHDUFK OHYHO _ SHUIRUPHG VR IDU�
GHSWK�nUVW VHDUFK UHTXLUHV 2�EG� FRPSXWHU WLPH EXW RQO\ 2�EG� RI PHPRU\�
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(a )

(b )

)LJXUH �� $Q H[DPSOH RI GHSWK�nUVW VHDUFK LQ �D� EUHDWK�nUVW VHDUFK LQ �E�� 7KH QXPEHUV LQVLGH
HDFK FLUFOH LQGLFDWH WKH RUGHU LQ ZKLFK VWDWHV DUH YLVLWHG

%UHDGWK�nUVW 2Q WKH RWKHU KDQG� LQ WKH EUHDGWK�nUVW VHDUFK VWDUWLQJ DW WKH LQLWLDO VWDWH 6� DOO
RSHUDWRUV I2�� 2�� � � � J DUH DSSOLHG WR LW� DUULYLQJ DW QHZ VWDWHV I6�� 6�� � � � J� 7KHQ� HDFK
UHVXOWLQJ VWDWH LV WHVWHG XVLQJ WKH WHUPLQDWLRQ FULWHULRQ� ,I WKH WHUPLQDWLRQ WHVW VXFFHHGV
LQ VRPH RI WKHP� WKH VHDUFK WHUPLQDWHV� 'LmHUHQWO\ WKDQ GHSWK�nUVW� REVHUYH WKDW EUHDWK�
nUVW VHDUFK GRHV QRW XVH EDFNWUDFNLQJ� )LJXUH ��E� VKRZV WKH RUGHU LQ ZKLFK WKH QRGHV
DUH YLVLWHG XVLQJ EUHDGWK�nUVW VHDUFK�

&RQWUDU\ WR GHSWK�nUVW VHDUFK� EUHDWK�nUVW VHDUFK LV RSWLPDO DQG FRPSOHWH� +RZHYHU�
REVHUYH WKDW DW HDFK VWDWH 6L DOO E RSHUDWRUV DUH DSSOLHG� WKXV JLYHQ E QHZ VWDWHV� ,I WKH
JRDO VWDWH LV QRW UHDFKHG� WKHQ E� QHZ VWDWHV DUH JHQHUDWHG DSSO\LQJ E RSHUDWRUV WR HDFK
RQH RI WKH E SUHYLRXV VWDWHV DQG VR RQ�

7KHUHIRUH� WKH QXPEHU RI VWDWHV WHVWHG EHIRUH nQGLQJ D VROXWLRQ LV � � E � E� � � � � � EG�
ZKLFK LQFOXGHV WKH WHVW LQ WKH LQLWLDO VWDWH DQG G LV WKH QXPEHU RI H[SDQVLRQV SHUIRUPHG
VR IDU� 7KLV LV WKH PD[LPXP QXPEHU L�H�� WKH ZRUVW FDVH EXW QRWH WKDW WKH VROXWLRQ DW
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OHYHO G FDQ EH IRXQG DW DQ\ SRLQW WKXV JLYHQ� LQ WKH EHVW FDVH� D VPDOOHU QXPEHU RI VWDWHV
WR EH WHVWHG�

7ZR PDMRU SUREOHPV DERXW EUHDWK�nUVW VHDUFK LV WLPH DQG PHPRU\ UHTXLUHPHQWV ERWK
UHDFKLQJ 2�EG�� VLQFH DOO VWDWHV PXVW EH PDLQWDLQHG LQ PHPRU\ DW WKH VDPH WLPH� &RQVLG�
HULQJ E  �� RSHUDWRUV� G  �� OHYHOV� DQG D FRPSXWHU DEOH WR SURFHVV ���� VWDWHV�VHFRQG�
HDFK VWDWH UHTXLULQJ ��� E\WHV RI PHPRU\ WKHQ ��� GD\V DQG � 7HUDE\WH ZRXOG EH QHFHV�
VDU\ IRU EUHDWK�nUVW VHDUFK WR WHUPLQDWH �5XVVHO DQG 1RUYLJ� ������ &RQVHTXHQWO\� RQO\ LQ
VPDOOHU SUREOHPV EUHDWK�nUVW VHDUFK FDQ EH XVHG�

����� ,QIRUPHG RU +HXULVWLF 6HDUFK

$V RQH FDQ UHDOL]H� XQLQIRUPHG VHDUFK VWUDWHJLHV DUH QRW YHU\ HpFLHQW LQ ODUJH VHDUFK VSDFHV�
,Q WKHVH FDVHV� KHXULVWLFV JXLGLQJ WKH VHDUFK PXVW EH FRQVLGHUHG� +HXULVWLFV FDQ GHFLGH ZKLFK
RI WKH DYDLODEOH RSHUDWRUV ZLOO OHDG WKH VHDUFK FORVHVW WR WKH nQDO VWDWH� $V VWDWHG HDUOLHU WKLV
UHTXLUHV DQ HYDOXDWLRQ IXQFWLRQ WR DVVHVV WKH JRRGQHVV YDOXH RI HDFK VWDWH UHDFKHG�

%HVW�nUVW 7KH EHVW�nUVW VHDUFK GLmHUV IURP EUHDGWK�nUVW LQ WKDW LW DOZD\V ORRNV IRU WKH PRVW
SURPLVLQJ VWDWH� WU\LQJ WR VSHHG XS WKH VHDUFK� +RZHYHU� WKHUH LV WKH GDQJHU RI IDOOLQJ WR
D ORFDO PD[LPXP RI WKH HYDOXDWLRQ IXQFWLRQ UDWKHU WKDQ WKH JOREDO PD[LPXP�

*UHHG\ )RU PRVW SUREOHPV� WKH HYDOXDWLRQ IXQFWLRQ FDQ EH HVWLPDWHG EXW FDQQRW EH GHWHUPLQHG
H[DFWO\� $ IXQFWLRQ WKDW HVWLPDWHV WKH HYDOXDWLRQ IXQFWLRQ LV FDOOHG D KHXULVWLF IXQFWLRQ�
:KHQ WKH EHVW�nUVW VHDUFK XVHV WKH KHXULVWLF IXQFWLRQ WR VHOHFW WKH QH[W VWDWH WR H[SDQG
LW LV FDOOHG JUHHG\ VHDUFK� )RU H[DPSOH� FRQVLGHU D PDS ZLWK VHYHUDO FLWLHV EXW QR URXWH
LV DFWXDOO\ VKRZQ LQ WKH PDS� $Q KHXULVWLF IXQFWLRQ WKDW FDQ EH XVHG WR UHSODFH WKH WUXH
GLVWDQFH IURP RQH FLW\ WR RWKHUV LV WKH VWUDLJKW OLQH GLVWDQFH�

*UHHG\ VHDUFK UHVHPEOHV GHSWK�nUVW VHDUFK� VXmHULQJ IURP WKH VDPH GHIHFWV� LW LV QRU
RSWLPDO QHLWKHU FRPSOHWH�

%HDP $ PRUH HFRQRPLFDO VHDUFK WKDQ EHVW�nUVW �UHPHPEHU LW VWRUHV DOO JHQHUDWHG VWDWHV� LV
WKH EHDP VHDUFK WKDW UHWDLQV RQO\ 6 EHVW VWDWHV DW DQ\ WLPH� 7KHUHIRUH� DW HDFK VWHS� LI
WKH QXPEHU RI FXUUHQW VWDWHV LV ODUJHU WKDQ 6� WKH DOJRULWKP NHHSV RQO\ WKH 6 EHVW VWDWHV
DQG GHOHWHV DOO RWKHUV�

+LOO�&OLPELQJ +LOO�FOLPELQJ LV DQ LQVWDQWLDWLRQ RI EHDP VHDUFK� GHnQLQJ 6  �� 7KH QDPH LV
PHDQW WKH UHVHPEODQFH WR KLOO FOLPEHUV VWULYLQJ WR nQG WKH VKRUWHVW SDWK WR WKH SHDN DQG
DOZD\V SLFNLQJ WKH VWHHSHVW SDWK�

$%/ ��� ���� ���� 0������ +�	
�	����	�

7KLV GHFRPSRVLWLRQ LV XVHIXO LQ XQGHUVWDQGLQJ WKH SURSHUWLHV RI

SUHGLFWRUV�

_/HR %UHLPDQ �%UHLPDQ� ����F�

7KH SUHGLFWRU )XQGDPHQWDO 'HFRPSRVLWLRQ �%UHLPDQ� ����F� %UHLPDQ� ����D� SULQFLSOH VWDWHV
WKDW WKH SUHGLFWRU HUURU FDQ EH YLHZHG DV WKUHH EDVLF FRPSRQHQWV�
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�� WKH PLQLPXP HUURU WKDW FDQ EH REWDLQHG E\ WKH LGHDO FODVVLnHU RU SUHGLFWRU� WKH ORZHU
ERXQG RQ WKH H[SHFWHG HUURU RI DQ\ OHDUQLQJ DOJRULWKP�

�� WKH ELDV ZKLFK PHDVXUHV KRZ FORVHO\ WKH OHDUQLQJ DOJRULWKP
V DYHUDJH JXHVV� RYHU DOO SRV�
VLEOH WUDLQLQJ VHWV RI WKH JLYHQ VL]H WKDW PDWFKHV WKH WDUJHW�

�� WKH YDULDQFH ZKLFK PHDVXUHV KRZ PXFK WKH OHDUQLQJ DOJRULWKP
V JXHVVHV ZLOO YDU\ ZLWK
UHVSHFW WR HDFK RWKHU L�H�� KRZ RIWHQ LW oXFWXDWHV IRU GLmHUHQW WUDLQLQJ VHWV RI WKH JLYHQ
VL]H�

)RU FODVVLnFDWLRQ� LQ (TXDWLRQ ��� I  %e LV WKH %D\HV FODVVLnHU� ZKLFK JLYHV WKH PLQLPXP
FODVVLnFDWLRQ HUURU UDWH FH�I�  FH�%e�� )RU UHJUHVVLRQ� LQ (TXDWLRQ ��� SH�I� LV WKH PLQLPXP
UHJUHVVLRQ HUURU JLYHQ E\ WKH WUXH K\SRWKHVLV �IXQFWLRQ� I � %LDV DQG YDULDQFH DUH DOZD\V SRVLWLYH
WHUPV _ VHH �%UHLPDQ� ����F� IRU PRUH GHWDLOV RQ KRZ WR FRPSXWH ELDV DQG YDULDQFH RI D
SUHGLFWRU� $W VRPH GDWD SRLQWV ELDV SUHGRPLQDWHV� DW RWKHUV WKH YDULDQFH� %XW� LQ JHQHUDO� DW
HDFK SRLQW ; ERWK FRQWULEXWLRQV DUH SRVLWLYH�

FH�K�  FH�I� � ELDV�K� � YDULDQFH�K� ����

SH�K�  SH�I� � ELDV�K� � YDULDQFH�K� ����

7KLV GHFRPSRVLWLRQ LV LPSRUWDQW LQ FRPSUHKHQGLQJ WKH UHODWLRQVKLS EHWZHHQ ELDV DQG YDULDQFH
DQG WKH EHKDYLRXU RI D SUHGLFWRU� ,Q JHQHUDO� DQ LQGXFHU EXLOGV SDUWLWLRQV LQ WKH GHVFULSWLRQ
VSDFH LQ D FHUWDLQ ZD\ VXFK WKDW FDQ EH FRQVLGHUHG DV D IDPLO\ RI IXQFWLRQV+� )RU LQVWDQFH� PRVW
RI GHFLVLRQ WUHHV RU UXOH LQGXFWLRQ LQGXFHUV GLYLGH WKH VSDFH LQWR UHFWDQJXODU UHJLRQV ZKHUHDV
QHXUDO QHW FDQ GLYLGH WKH VSDFH LQWR PRUH FRPSOH[ UHJLRQV� ,Q DQ\ FDVH� HDFK LQGXFHU WULHV WR
VHOHFW WKH EHVW FODVVLnHU K� XVLQJ WKH WUDLQLQJ VHW� IURP WKH VHW RI IXQFWLRQV +�

)RU H[DPSOH� LI WKH IDPLO\ RI IXQFWLRQV + WKDW FDQ EH JHQHUDWHG E\ DQ LQGXFHU LV WKH VPDOO
VHW RI OLQHDU IXQFWLRQV DQG WKH WUXH SUHGLFWRU I LV IDLUO\ QRQOLQHDU� WKHQ WKH ELDV RI K ZLOO EH
ODUJH� 2Q WKH RWKHU KDQG� VLQFH D VPDOO QXPEHU RI SDUDPHWHUV DUH HVWLPDWHG IURP WKH VPDOO
VHW +� WKH YDULDQFH RI K ZLOO EH ORZ� %XW LI + LV D ODUJH IDPLO\ RI IXQFWLRQV OLNH WKH VHW RI
IXQFWLRQV UHSUHVHQWHG E\ GHFLVLRQ WUHHV RU QHXUDO QHWV WKHQ WKH ELDV LV XVXDOO\ VPDOO �VLQFH LV
DOPRVW SRVVLEOH WR DSSUR[LPDWH WKH WUXH IXQFWLRQ I E\ VRPH K � +� EXW WKH YDULDQFH FDQ EH
ODUJH �EHFDXVH VHYHUDO SDUDPHWHUV FDQ EH DGMXVWHG��

$%1 ������� 2���
���	�3 ����
�����

,I \RX ZDQW WR VKRZ WKDW RQH DOJRULWKP LV DOZD\V PRUH DFFXUDWH� WKHQ

IRUJHW LW� WKLV VLPSO\ FDQQRW EH SURYHQ�

_6WHYHQ /� 6DO]EHUJ �6DO]EHUJ� �����

$V GHVFULEHG HDUOLHU� D OHDUQLQJ V\VWHP H[WUDFWV D SUHGLFWRU IURP D GDWDVHW� 8VXDOO\� WKH GDWDVHW
LWVHOI LV D VDPSOH IURP D ODUJHU SRSXODWLRQ� :H DOVR KDYH SRLQWHG RXW WKDW WKH GDWDVHW LV GLYLGHG
LQWR WZR GLVMRLQW VHWV� WKH WUDLQLQJ VHW DQG WKH WHVW VHW� 0HDVXUHV� IRU H[DPSOH HUURUV� WDNHQ
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IURP WKH WHVW VHW FDQ EH FRQVLGHUHG DV WKH WUXH HUURU VLQFH LW DSSUR[LPDWHV WR WKH SRSXODWLRQ
HUURU LI WKH WHVW VHW VL]H LV ODUJH HQRXJK� :KHQ WHVW VDPSOH VL]H UHDFKHV ����� WKH HVWLPDWHV DUH
H[WUHPHO\ DFFXUDWH DQG ZLWK ���� LQVWDQFHV WKH VDPSOH HVWLPDWH LV DOPRVW LGHQWLFDO WR WKH WUXH
HUURU RI WKH SRSXODWLRQ �:HLVV DQG .XOLNRZVNL� ������

,W LV LPSRUWDQW IRU HVWLPDWLQJ WKH WUXH HUURU WKH VDPSOH WR EH UDQGRP� 7KLV PHDQV WKDW WKH
VDPSOHV VKRXOG QRW EH SUH�VHOHFWHG LQ DQ\ ZD\� )RU UHDO SUREOHPV� RQH LV JLYHQ D VDPSOH IURP D
VLQJOH SRSXODWLRQ RI VL]H Q DQG WKH WDVN LV WR HVWLPDWH WKH WUXH HUURU IRU WKDW SRSXODWLRQ �QRW IRU
DOO SRSXODWLRQV�� 7KHUH DUH VHYHUDO SDUDGLJPV IRU HVWLPDWLQJ WKH WUXH HUURU WKDW DUH IROORZLQJ
GHVFULEHG DQG DOVR VXPPDUL]HG LQ 7DEOH ��

KROGRXW UDQGRP OHDYH�RQH�RXW U�IROG FY U�IROG VWUDW FY ERRWVWUDS
7UDLQ VL]H SQ W Qb � Q�U b �� U Q�U b �� U Q
7HVW VL]H ��b S�Q Qb W � Q U Q U Qb W
,WHUDWLRQV � , ~ Q Q U U ���
5HSODFHPHQW QR QR QR QR QR \HV
&ODVV 3UHYDOHQFH QR QR QR QR \HV \HV�QR

7DEOH �� (VWLPDWRUV 3DUDPHWHUV

5HVXEVWLWXWLRQ 7KLV SURFHGXUH FRQVLVWV LQ EXLOGLQJ WKH FODVVLnHU DQG WHVWLQJ LWV SHUIRUPDQFH
RQ WKH VDPH GDWDVHW L�H�� WKH WUDLQLQJ VHW DQG WKH WHVW VHW DUH LGHQWLFDO� ,W LV DOVR FDOOHG
DSSDUHQW PHDVXUH HVWLPDWLRQ� ,W LV ZHOO NQRZQ WKDW SHUIRUPDQFHV FRPSXWHG ZLWK WKLV
PHWKRG DUH RSWLPLVWLFDOO\ ELDVHG� WKH JRRG SHUIRUPDQFH RQ WKH WUDLQLQJ VHW GRHV QRW
H[WHQG WR LQGHSHQGHQW WHVW VHWV�

6LQFH WKH ELDV RI WKH UHVXEVWLWXWLRQ HVWLPDWRU KDV EHHQ GLVFRYHUHG� FURVV�YDOLGDWLRQ PHWK�
RGV KDYH EHHQ SURSRVHG� 7KH\ DUH DOO EDVHG RQ WKH VDPH SULQFLSOH� WKHUH VKRXOG EH QR
FRPPRQ GDWD LQ WKH OHDUQLQJ DQG LQ WKH WHVW VHWV�

+ROGRXW 7KH KROGRXW HVWLPDWRU VSOLWV WKH GDWD LQ D n[HG SHUFHQWDJH RI LQVWDQFHV S IRU WUDLQLQJ
DQG �� b S� IRU WHVWLQJ� XVXDOO\ WDNLQJ S ! � �� 7\SLFDO YDOXHV XVHG DUH S  � � DQG
��b S�  � �� DOWKRXJK WKHUH LV QR WKHRUHWLFDO IRXQGDWLRQV RQ WKHVH YDOXHV�

,Q RUGHU WR PDNH WKH UHVXOW OHVV GHSHQGHQW RQ WKH VSOLWWLQJ� RQH FDQ DYHUDJH VHYHUDO KROGRXW
UHVXOWV� E\ EXLOGLQJ VHYHUDO SDUWLWLRQV WKXV JLYLQJ DQ DYHUDJHG KROGRXW PHWKRG� 6LQFH D
FODVVLnHU GHVLJQHG RQ WKH HQWLUH GDWD VHW ZLOO� RQ DYHUDJH� SHUIRUP EHWWHU WKDQ D FODVVLnHU
GHVLJQHG RQ RQO\ D SDUW RI WKH GDWD� WKLV PHWKRG KDV D WHQGHQF\ WR RYHUHVWLPDWH WKH DFWXDO
HUURU�UDWH�

5DQGRP 5DQGRP VXEVDPSOLQJ FDQ SURGXFH EHWWHU HUURU HVWLPDWHV WKDQ D KROGRXW HVWLPDWLRQ�
,Q WKLV FDVH� , SUHGLFWRUV� , ~ Q� DUH LQGXFHG IURP HDFK WUDLQLQJ VHW DQG WKH HUURU LV WKH
DYHUDJH RI WKH HUURU IRU SUHGLFWRUV GHULYHG IRU LQGHSHQGHQWO\ DQG UDQGRPO\ JHQHUDWHG WHVW
VHWV�

U�IROG FURVV�YDOLGDWLRQ 7KLV HVWLPDWRU LV D FRPSURPLVH EHWZHHQ WKH KROGRXW DQG WKH OHDYH�
RQH�RXW HVWLPDWRU� ,Q WKH U�IROG FURVV�YDOLGDWLRQ _ &9 _ WKH LQVWDQFHV DUH UDQGRPO\
GLYLGHG LQWR U PXWXDOO\ H[FOXVLYH SDUWLWLRQV �IROGV� RI DSSUR[LPDWHO\ HTXDO VL]H RI Q U
LQVWDQFHV� ZLWK U ~ Q� 7KH LQVWDQFHV LQ WKH �U b �� IROGV DUH LQGHSHQGHQWO\ XVHG IRU
WUDLQLQJ DQG WKH H[WUDFWHG SUHGLFWRU LV WHVWHG RQ WKH UHPDLQLQJ IROG� 7KLV SURFHVV LV
UHSHDWHG U WLPHV� HDFK WLPH FRQVLGHULQJ D GLmHUHQW IROG IRU WHVWLQJ� 7KH FURVV�YDOLGDWLRQ
HUURU LV WKH DYHUDJH HUURU RYHU DOO U IROGV�
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7KLV URWDWLRQ SURFHGXUH UHGXFHV ERWK WKH ELDV LQKHUHQW WR WKH KROGRXW PHWKRG DQG WKH
FRPSXWDWLRQDO EXUGHQ RI WKH OHDYH�RQH�RXW� +RZHYHU� REVHUYH WKDW� IRU H[DPSOH� LQ D WHQ�
IROG FURVV�YDOLGDWLRQ� HDFK SDLU RI WUDLQLQJ VHWV VKDUHV ��� RI WKH LQVWDQFHV� ,W LV HDV\ WR
JHQHUDOL]H WKDW WKH SURSRUWLRQ RI VKDUHG LQVWDQFHV LQ FURVV�YDOLGDWLRQ LV JLYHQ E\ ��b � U�
IRU U w � IROGV� SORWWHG LQ )LJXUH �� $V WKH QXPEHU RI IROGV LQFUHDVHV� WKLV RYHUODS PD\
SUHYHQW VWDWLVWLFDO WHVWV IURP REWDLQLQJ D JRRG HVWLPDWH RI WKH DPRXQW RI YDULDWLRQ WKDW
ZRXOG EH REVHUYHG LI HDFK WUDLQLQJ VHW ZHUH FRPSOHWHO\ LQGHSHQGHQW IURP HDFK RWKHU�
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)LJXUH �� 1XPEHU RI IROGV YHUVXV SHUFHQWDJH RI VKDUHG WUDLQLQJ LQVWDQFHV LQ FURVV�YDOLGDWLRQ

U�IROG VWUDWLnHG FURVV�YDOLGDWLRQ 7KH VWUDWLnHG FURVV�YDOLGDWLRQ LV VLPLODU WR FURVV�YDOLGDWLRQ
EXW ZKHQ JHQHUDWLQJ WKH PXWXDOO\ H[FOXVLYH IROGV� WKH FODVV GLVWULEXWLRQ _ WKH SURSRUWLRQ
RI LQVWDQFHV LQ HDFK FODVV _ LV FRQVLGHUHG GXULQJ VDPSOLQJ� 7KLV PHDQV� IRU LQVWDQFH� WKDW
LI WKH RULJLQDO GDWDVHW ZLWK WZR FODVV ODEHOV KDYLQJ ��� DQG ��� GLVWULEXWLRQ� HDFK IROG
ZLOO DOVR IROORZ WKLV UDWLR�

/HDYH�RQH�RXW /HDYH�RQH�RXW LV D VSHFLDO FDVH RI FURVV^YDOLGDWLRQ� ,W LV FRPSXWDWLRQDOO\ H[�
SHQVLYH DQG LV RIWHQ XVHG LQ VPDOO VDPSOHV� )RU D VDPSOH RI VL]H Q D SUHGLFWRU LV H[WUDFWHG
XVLQJ �Q b �� LQVWDQFHV DQG WHVWHG RQ WKH VLQJOH UHPDLQLQJ LQVWDQFH� 7KLV SURFHVV LV UH�
SHDWHG Q WLPHV� HDFK WLPH EXLOGLQJ D SUHGLFWRU E\ OHDYLQJ RQH LQVWDQFH RXW� 7KH HUURU LV
WKH VXP RI HUURUV RQ WKH VLQJOH WHVW LQVWDQFHV GLYLGHG E\ Q�

%RRWVWUDS )RU WKH ERRWVWUDS HVWLPDWRU �(IURQ DQG 7LEVKLUDQL� ������ WKH EDVLF LGHD LV WR UHSHDW
VHYHUDO WLPHV WKH ZKROH FODVVLnFDWLRQ H[SHULPHQW D ODUJH QXPEHU RI WLPHV DQG WR HVWLPDWH
TXDQWLWLHV OLNH ELDV IURP WKHVH UHSOLFDWH H[SHULPHQWV� HDFK H[SHULPHQW EHLQJ SURFHHG RQ
WKH EDVLV RI D QHZ WUDLQLQJ VHW REWDLQHG E\ UHVDPSOLQJ ZLWK UHSODFHPHQW LQ WKH RULJLQDO
GDWDVHW�

7KHUH DUH PDQ\ ERRWVWUDS HVWLPDWRUV� 7KH PRVW FRPPRQ ERRWVWUDS HVWLPDWRU LV WKH
H� ERRWVWUDS� $ ERRWVWUDS WUDLQLQJ VHW FRQVLVW RI Q LQVWDQFHV �DV WKH RULJLQDO GDWDVHW�
VDPSOHG ZLWK UHSODFHPHQW IURP WKH RULJLQDO GDWDVHW� 7KLV PHDQV WKDW DQ LQVWDQFH 7L PD\
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QRW DSSHDU LQ WKH ERRWVWUDS WUDLQLQJ VHW� VRPH 7L PD\ DSSHDU PRUH WKDQ RQFH� 7KH
UHPDLQLQJ LQVWDQFHV �WKRVH WKDW GLG QRW DSSHDU LQ WKH ERRWVWUDS WUDLQLQJ VHW� DUH XVHG DV
WKH WHVW VHW� ,Q WKH UHPDLQLQJ RI WKLV ZRUN ZH ZLOO DOZD\V UHIHU WR ERRWVWUDS DV WKH H�

ERRWVWUDS�

)RU D JLYHQ ERRWVWUDS VDPSOH� DQ LQVWDQFH LQ WKH WUDLQLQJ VHW KDV SUREDELOLW\ �b��b� Q�Q

RI EHLQJ VHOHFWHG DW OHDVW RQFH LQ WKH Q WLPHV LQVWDQFHV DUH UDQGRPO\ VHOHFWHG IURP WKH
WUDLQLQJ VHW� )RU ODUJH Q� WKLV LV DSSUR[LPDWHO\ �b � H  ������

7KHUHIRUH� IRU WKLV WHFKQLTXH� WKH DYHUDJH IUDFWLRQ RI QRQ UHSHDWHG LQVWDQFHV LQ WKH WUDLQLQJ
VHW LV ����� DQG WKH H[SHFWHG IUDFWLRQ RI VXFK LQVWDQFHV LQ WKH WHVW VHW LV ������ 7KH
HVWLPDWHG HUURU LV WKH DYHUDJH RI WKH HUURU RYHU WKH QXPEHU RI LWHUDWLRQV� $ERXW ���
LWHUDWLRQV IRU ERRWVWUDS HVWLPDWHV DUH FRQVLGHUHG QHFHVVDU\ WR REWDLQ D JRRG HVWLPDWH LI
WKH RULJLQDO GDWDVHW LV VPDOO� 7KH HVWLPDWH RI WKH HUURU IURP WKLV PHWKRG LV VWDWLVWLFDOO\
HTXLYDOHQW WR WKH OHDYH�RQH�RXW HUURU HVWLPDWH�

$%4 �	
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(QVHPEOHV DUH ZHOO�HVWDEOLVKHG DV D PHWKRG IRU REWDLQLQJ KLJKO\

DFFXUDWH FODVVLnHUV E\ FRPELQLQJ OHVV DFFXUDWH RQHV� 7KHUH DUH VWLOO

PDQ\ TXHVWLRQV� KRZHYHU� DERXW WKH EHVW ZD\ WR FRQVWUXFW HQVHPEOHV

DV ZHOO DV LVVXHV DERXW KRZ WR XQGHUVWDQG WKH GHFLVLRQV PDGH E\

HQVHPEOHV�

_7KRPDV *� 'LHWWHULFK �'LHWWHULFK� ����D�

$Q HQVHPEOH FRQVLVWV RI D VHW RI LQGLYLGXDO SUHGLFWRUV ZKRVH SUHGLFWLRQV DUH FRPELQHG ZKHQ
SUHGLFWLQJ QRYHO LQVWDQFHV ODEHOV� 3UHYLRXV UHVHDUFK KDV VKRZQ WKDW DQ HQVHPEOH LV RIWHQ PRUH
DFFXUDWH WKDQ DQ\ RI WKH LQGLYLGXDO SUHGLFWRUV LQ WKH HQVHPEOH L�H�� PXOWLSOH FODVVLnHUV KDYH EHHQ
VKRZQ WR OHDG WR LPSURYHG SUHGLFWLYH DFFXUDF\ ZKHQ FODVVLI\LQJ LQVWDQFHV WKDW DUH QRW DPRQJ
WKH WUDLQLQJ VHW� 7KHUH LV FRQVLGHUDEOH GLYHUVLW\ LQ WKH PHWKRGV XVHG WR DVVHPEOH WKH HQVHPEOHV�
LQFOXGLQJ�

6WDFN ,Q 6WDFNLQJ �:ROSHUW� ����� WKH GHVFULSWLRQV RI WKH WUDLQLQJ LQVWDQFHV DUH H[WHQGHG WR
LQFOXGH WKH UHVXOWV RI FODVVLI\LQJ WKH LQVWDQFHV ZLWK DQ LQLWLDO VHOHFWLRQ RI FODVVLnHUV� 7KH
QHZ GHVFULSWLRQV DUH WKHQ DQDO\]HG WR \LHOG IXUWKHU FODVVLnHUV� DQG VR RQ�

:LQGRZ :LQGRZLQJ �4XLQODQ� ����� VHOHFWV D VXEVHW RI LQVWDQFHV �D ZLQGRZ� IURP WKH WUDLQLQJ
VHW DQG JHQHUDWHV D K\SRWKHVLV IURP WKLV VXEVHW� 7KLV K\SRWKHVLV LV WKHQ XVHG WR FODVVLI\
WKH UHPDLQLQJ WUDLQLQJ LQVWDQFHV L�H�� WKRVH WKDW KDYH QRW EHHQ LQFOXGHG LQ WKH ZLQGRZ� ,I
WKHUH DUH PLVFODVVLnHG LQVWDQFHV� D VHOHFWLRQ RI WKHP LV DGGHG WR WKH LQLWLDO ZLQGRZ DQG D
VHFRQG K\SRWKHVLV LV FRQVWUXFWHG IURP WKH HQODUJHG ZLQGRZ� 7KLV F\FOH LV UHSHDWHG XQWLO D
K\SRWKHVLV EXLOW IURP WKH FXUUHQW ZLQGRZ FRUUHFWO\ FODVVLnHV DOO WUDLQLQJ LQVWDQFHV RXWVLGH
WKH ZLQGRZ RU WKH QXPEHU RI F\FOHV H[FHHGV D SUH�GHnQHG YDOXH / DV VKRZQ LQ $OJRULWKP �
�RQFH DJDLQ� WKH N ( N RSHUDWRU UHWXUQV � LI ( LV WUXH DQG ]HUR RWKHUZLVH��

%DJJ %DJJLQJ �%UHLPDQ� ����E� _ %RRWVWUDS $JJUHJDWLRQ _ JHQHUDWHV RQH ERRWVWUDS VDPSOH
6� DQG LQGXFHV DQ K\SRWKHVLV K�� 7KLV F\FOH LV UHSHDWHG / WLPHV IRU HDFK ERRWVWUDS VDPSOH
6�� 6�� � � � � 6/ LQGXFLQJ K\SRWKHVHV K�� K�� � � � � K/� UHVSHFWLYHO\� $IWHU WKDW� DOO H[WUDFWHG
FODVVLnHUV DUH FRPELQHG LQWR WKH nQDO FODVVLnHU Ke XVLQJ D PDMRULW\ YRWH DV VKRZQ LQ
$OJRULWKP � L�H�� WKH PRVW FRPPRQO\ SUHGLFWHG FODVV E\ DOO K�� K�� K�� � � � � K/ FODVVLnHUV LV
WKH SUHGLFWHG FODVV JLYHQ E\ Ke DV (TXDWLRQ �� VKRZV�
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$OJRULWKP � :LQGRZLQJ

5HTXLUH� ,QVWDQFHV� D VHW RI Q ODEHOHG LQVWDQFHV I�[L� \L�� L  �� �� � � � � QJ
,QGXFHU� D OHDUQLQJ DOJRULWKP
: � WKH LQLWLDO ZLQGRZ VL]H� : � PD[I���Q� �SQJ LQ �4XLQODQ� �����
,� WKH LQFUHPHQW WR ZLQGRZ� , � PD[I���:� �J LQ �4XLQODQ� �����

�� SURFHGXUH ZLQGRZ�Q�,QVWDQFHV�,QGXFHU�/�: �,�
�� ZLQGRZO � VDPSOH�: �,QVWDQFHV�
�� / � �Qb: � , �� QXPEHU RI ZLQGRZV

�� IRU O � � WR / GR

�� KO � ,QGXFHU�ZLQGRZO�
�� HUURU�KO� � 

3
[L��ZLQGRZO

N KO�[L�  \L N �� HUURU RQ LQVWDQFHV RXWVLGH WKH ZLQGRZ

�� LI HUURU�KO�  � WKHQ
�� H[LW ORRS �� DOO LQVWDQFHV FRUUHFWO\ FODVVLnHG

�� HQG LI

��� ZLQGRZO�� � ZLQGRZO � LQFOXGH DOPRVW , PLVFODVVLnHG LQVWDQFHV E\ KO IURP ,QVWDQFHV
��� HQG IRU

��� Ke�[� � KO�[�
��� UHWXUQ Ke

$OJRULWKP � %DJJLQJ

5HTXLUH� ,QVWDQFHV� D VHW RI Q ODEHOHG LQVWDQFHV I�[L� \L�� L  �� �� � � � � QJ
,QGXFHU� D OHDUQLQJ DOJRULWKP
/� WKH QXPEHU RI EDJJLQJ FODVVLnHUV

�� SURFHGXUH EDJJ�Q�,QVWDQFHV�,QGXFHU�/�
�� IRU L � � WR Q GR

�� SL � � Q �� LQLWLDOL]H QRUPDOL]HG ZHLJKWV
�� HQG IRU

�� IRU O � � WR / GR

�� 6O � ERRWVWUDS VDPSOH�Q�S�,QVWDQFHV�
�� KO � ,QGXFHU�6O�
�� HQG IRU

�� Ke�[� � DUJPD[
\�I&��&����� �&NJ

3/
O � N KO�[�  \ N

��� UHWXUQ Ke

Ke�[�  DUJPD[
\�I&��&����� �&NJ

/;

O �

N KO�[�  \ N ����

,Q UHJUHVVLRQ SUREOHPV� Ke LV XVXDOO\ WDNHQ DV WKH DYHUDJH YDOXH IRU DOO SUHGLFWRUV DV VKRZQ
LQ (TXDWLRQ ���

Ke�[�  
�

/

/;

O �

KO�[� ����

%DJJLQJ LV PRVW HmHFWLYH RQ XQVWDEOH OHDUQLQJ DOJRULWKPV ZKHUH VPDOO FKDQJHV LQ WKH
WUDLQLQJ VHW UHVXOW LQ ODUJH FKDQJHV LQ SUHGLFWLRQV�
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:DJJ :DJJLQJ _ :HLJKW $JJUHJDWLRQ _ LV VLPLODU WR EDJJLQJ EXW LW FKDQJH WKH ZHLJKWV RI
LQVWDQFHV LQ WKH WUDLQLQJ VHW LQVWHDG RI VDPSOLQJ� ,Q IDFW� WKLV PHWKRG UHSHDWHGO\ SHUWXUEV
WKH WUDLQLQJ VHW DV EDJJLQJ GRHV EXW� LQVWHDG RI VDPSOLQJ IURP LW� ZDJJLQJ DGGV *DXVVLDQ
QRLVH WR HDFK ZHLJKW ZLWK PHDQ ]HUR DQG D n[HG VWDQGDUG GHYLDWLRQ� XVXDOO\ WZR� $W HDFK
WULDO ZDJJLQJ VWDUWV ZLWK DOO ZHLJKWV HTXDO DQG WKHQ QRLVH LV DGGHG WR WKH ZHLJKWV DQG D
FODVVLnHU LV LQGXFHG �%DXHU DQG .RKDYL� ������

%RRVW %RRVWLQJ ZDV LQWURGXFHG E\ �6FKDSLUH� ����� DV D PHWKRG IRU ERRVWLQJ WKH SHUIRU�
PDQFH RI D ZHDN OHDUQLQJ DOJRULWKP� $IWHU VRPH LPSURYHPHQWV WKH $GD%RRVW _ $GDS�
WLYH %RRVWLQJ _ ZDV LQWURGXFHG E\ �)UHXQG DQG 6FKDSLUH� ������ VRPHWLPHV FDOOHG $G�
D%RRVW�0� �)UHXQG DQG 6FKDSLUH� ������

7KH ERRVWLQJ DOJRULWKP� VKRZQ LQ $OJRULWKP �� JHQHUDWHV FODVVLnHUV VHTXHQWLDOO\ ZKLOH
EDJJLQJ FDQ JHQHUDWH WKHP LQ SDUDOOHO� (DFK WUDLQLQJ LQVWDQFH KDV DQ DVVRFLDWHG ZHLJKW�
$W HYHU\ ERRVWLQJ LWHUDWLRQ D FODVVLnHU LV EXLOW IURP WKH ZHLJKWHG WUDLQLQJ LQVWDQFHV DQG
HDFK FDVH LV WKHQ UHZHLJKWHG DFFRUGLQJ WR ZKHWKHU RU QRW LW LV PLVFODVVLnHG�

:KHQ LQGXFLQJ WKH nUVW FODVVLnHU DOO LQVWDQFHV DUH HTXLSUREDEOH L�H�� HDFK LQVWDQFH KDYH WKH
VDPH ZHLJKW DVVRFLDWHG ZLWK LW� $IWHU LQGXFLQJ WKLV nUVW FODVVLnHU� ERRVWLQJ FKDQJHV WKH
ZHLJKWV RI WKH WUDLQLQJ LQVWDQFHV SURYLGHG DV LQSXW WR WKH LQGXFHU EDVHG RQ WKH FODVVLnHUV
WKDW ZHUH SUHYLRXVO\ EXLOW� 7KLV F\FOH LV UHSHDWHG / WLPHV�

7KH nQDO FODVVLnHU LV IRUPHG XVLQJ D ZHLJKWHG YRWLQJ VFKHPH ZKHUH WKH ZHLJKW RI HDFK
FODVVLnHU GHSHQGV RQ LWV SHUIRUPDQFH RQ WKH WUDLQLQJ VHW XVHG WR EXLOG LW DV (TXDWLRQ ��
VKRZV� ,Q WKLV HTXDWLRQ� HUURU�KO� LV WKH HUURU IRU FODVVLnHU KO LQ LWV FRUUHVSRQGLQJ WUDLQLQJ
VHW�

Ke�[�  DUJPD[
\�I&��&����� �&NJ

/;

O �

ORJ

t
�b HUURU�KO�

HUURU�KO�

u
N KO�[�  \ N ����

7KH $GD%RRVW DOJRULWKP UHTXLUHV DQ LQGXFHU ZKRVH HUURU LV ERXQGHG E\ D FRQVWDQW VWULFWO\
OHVV WKDQ � � _ VHH �)UHXQG DQG 6FKDSLUH� ����� IRU PRUH GHWDLO� 6RPH LPSOHPHQWDWLRQV
RI ERRVWLQJ XVHV UHVDPSOLQJ EHFDXVH VRPH LQGXFHUV DUH XQDEOH WR VXSSRUW ZHLJKWHG LQ�
VWDQFHV �)UHXQG DQG 6FKDSLUH� ������ 6RPH HYLGHQFH VKRZ WKDW UHZHLJKWLQJ ZRUNV EHWWHU
LQ SUDFWLFH �4XLQODQ� ����� VLQFH WKH LQGXFHU LV JLYHQ DOO LQVWDQFHV �ZLWK ZHLJKWV� LQVWHDG
RI MXVW D VDPSOH�

7KHUH DUH PDQ\ UHYLVLRQV WR WKH $GD%RRVW DOJRULWKP� 7ZR VSHFLDO UHYLVLRQV VXJJHVWHG
E\ �%UHLPDQ� ����F� %UHLPDQ� ����D� DUH VKRZQ LQ $OJRULWKP �� ,I HUURU�KO�� WKH HUURU RI
FODVVLnHU KO� EHFRPHV HTXDO RU JUHDWHU WKDQ � �� EHWWHU UHVXOWV FDQ EH REWDLQHG E\ VHWWLQJ
DOO ZHLJKWV ZL HTXDO WR � Q DQG UHVWDUWLQJ� $OVR� LI HUURU�KO� LV HTXDO ]HUR� PDNLQJ WKH
VXEVHTXHQW VWHS XQGHnQHG� DJDLQ DOO ZHLJKWV DUH VHW HTXDO WR � Q�

$QRWKHU LPSOLFLW FKDQJH LV UHODWHG WR WKH XVH RI UHVDPSOLQJ LQVWHDG RI UHZHLJKWLQJ LQ WKH
DOJRULWKP� 7KLV LV DQ LPSRUWDQW LVVXH� VLQFH� IRU GHWHUPLQLVWLF LQGXFHUV OLNH GHFLVLRQ WUHHV
RU UXOH LQGXFWLRQ� VHWWLQJ DOO ZHLJKWV HTXDO WR � Q ZRXOG JHQHUDWH WKH VDPH FODVVLnHU DJDLQ�

,Q �%DXHU DQG .RKDYL� ������ UHZHLJKWLQJ LV XVHG DV VXJJHVWHG LQ WKH RULJLQDO $GD%RRVW
DOJRULWKP� EXW ZKHQ HUURU�KO� w � � RU HUURU�KO�  �� D ERRWVWUDS VDPSOH LV WDNHQ ZLWK
ZHLJKWV HTXDO WR � � IRU DOO LQVWDQFHV DQG DOPRVW /  �� FODVVLnHUV DUH EXLOW� DOVR SUHFLVLRQ
SUREOHPV DUH UHSRUWHG IRU ZHLJKWV DQG WKH\ KDYH FKDQJHG WKH RULJLQDO ZHLJKW GLVWULEXWLRQ
WR VXP Q LQVWHDG VXPPLQJ ��

��



$OJRULWKP � %RRVWLQJ �$GD%RRVW�0��

5HTXLUH� ,QVWDQFHV� D VHW RI Q ODEHOHG LQVWDQFHV I�[L� \L�� L  �� �� � � � � QJ
,QGXFHU� D OHDUQLQJ DOJRULWKP DFFHSWLQJ LQVWDQFHV ZHLJKWLQJ
/� WKH QXPEHU RI ERRVWLQJ FODVVLnHUV

�� SURFHGXUH ERRVW�Q�,QVWDQFHV�,QGXFHU�/�
�� IRU DOO L � � WR Q GR

�� ZL � � Q �� LQLWLDOL]H WKH ZHLJKWV

�� HQG IRU

�� IRU O � � WR / GR

�� IRU L � � WR Q GR

�� SL � ZL �
3Q

M �ZM� �� QRUPDOL]H WKH ZHLJKWV

�� HQG IRU

�� KO � ,QGXFHU�,QVWDQFHV�S�
��� HUURU�KO� � 

3Q
L � SL N KO�[L�� \L N �� FRPSXWH WKH K\SRWKHVLV HUURU

��� LI HUURU�KO� ! � � WKHQ
��� / � O b �
��� H[LW ORRS

��� HQG LI

��� nO � HUURU�KO� ��bHUURU�KO��
��� IRU L � � WR Q GR

��� LI KO�[L�  \L WKHQ
��� ZL � ZLnO �� FRPSXWH QHZ ZHLJKWV

��� HQG LI

��� HQG IRU

��� HQG IRU

��� Ke�[� � DUJPD[
\�I&��&����� �&NJ

3/
O � ORJ�� nO� N KO�[�  \ N

��� UHWXUQ Ke

$UF $GDSWLYHO\ 5HVDPSOH DQG &RPELQH _ $UFLQJ _ LV D WHUP GHnQHG LQ �%UHLPDQ� ����D�
WR GHVFULEH WKH IDPLO\ RI DOJRULWKPV WKH DGDSWLYHO\ UHVDPSOH DQG FRPELQH� LQFOXGLQJ $G�
D%RRVW ZKLFK KH FDOOV DUF�IV �LQ KRQRU RI )UHXQG 	 6FKDSLUH� DV WKH SULPDU\ H[DPSOH RI
DQ DUFLQJ DOJRULWKP� %UHLPDQ DOVR FRQWUDVWV DUFLQJ ZLWK WKH 3	& IDPLO\ �3HUWXUE DQG
&RPELQH�� RI ZKLFK EDJJLQJ LV WKH SULPDU\ H[DPSOH�

7KH DUF�[� DOJRULWKP� VKRZQ LQ $OJRULWKP � ZDV GHVFULEHG E\ %UHLPDQ DV EHLQJ DV DFFXUDWH
DV DUF�IV �$GD%RRVW� ZLWKRXW WKH ZHLJKWLQJ VFKHPH XVHG ZKHQ EXLOGLQJ WKH nQDO DUF�IV
FODVVLnHU� 7KXV� WKH $GD%RRVW
V VWUHQJWK LV GHULYHG IURP WKH DGDSWLYH UHZHLJKWLQJ RI
LQVWDQFHV DQG QRW IURP WKH nQDO FRPELQDWLRQ� DV VWDWHG E\ �%UHLPDQ� ����F��

?+HUH LV KRZ DUF�[� ZDV GHYLVHG� $IWHU WHVWLQJ DUF�IV , VXVSHFWHG WKDW LWV VXF�
FHVV OD\ QRW LQ LWV VSHFLnF IRUP EXW LQ LWV DGDSWLYH UHVDPSOLQJ SURSHUW\� ZKHUH
LQFUHDVLQJ ZHLJKW ZDV SODFHG RQ WKRVH FDVHV PRUH IUHTXHQWO\ PLVFODVVLnHG� 7R
FKHFN RQ WKLV� , WULHG WKUHH VLPSOH XSGDWH VFKHPHV IRU WKH SUREDELOLWLHV SL� ,Q
HDFK� WKH XSGDWH ZDV RI WKH IRUP �� � [DL � � DQG D  �� �� � ZDV WHVWHG RQ WKH
ZDYHIRUP GDWD�� 7KH ODVW RQH GLG WKH EHVW DQG EHFDPH DUF�[�� +LJKHU YDOXHV
RI D ZHUH QRW WHVWHG VR IXUWKHU LPSURYHPHQW LV SRVVLEOH��

�7KH YDOXH [L UHIHUV WR WKH QXPEHU RI WLPHV WKH LQVWDQFH L ZDV PLVFODVVLnHG E\ WKH SUHYLRXV H[WUDFWHG FODVVLnHUV�

1RWH WKDW WKH QRWDWLRQ [L LQ WKLV TXRWH KDV QR UHODWLRQVKLS ZLWK WKH QRWDWLRQ DGRSWHG LQ WKLV ZRUN WR GHVFULEH

LQVWDQFHV�

��



$OJRULWKP � %RRVWLQJ �ZLWK UHYLVLRQV VXJJHVWHG E\ %UHLPDQ�

5HTXLUH� ,QVWDQFHV� D VHW RI Q ODEHOHG LQVWDQFHV I�[L� \L�� L  �� �� � � � � QJ
,QGXFHU� D OHDUQLQJ DOJRULWKP DFFHSWLQJ LQVWDQFHV ZHLJKWLQJ
/� WKH QXPEHU RI ERRVWLQJ FODVVLnHUV

�� SURFHGXUH ERRVW�Q�,QVWDQFHV�,QGXFHU�/�
�� IRU L � � WR Q GR

�� ZL � � Q �� LQLWLDOL]H WKH ZHLJKWV

�� HQG IRU

�� IRU O � � WR / GR

�� IRU L � � WR Q GR

�� SL � ZL �
3Q

M �ZM� �� QRUPDOL]H WKH ZHLJKWV

�� HQG IRU

�� 6O � ERRWVWUDS VDPSOH�Q�S�,QVWDQFHV�
��� KO � ,QGXFHU�6O�
��� HUURU�KO� � 

3
[L�6O

SL N KO�[L�� \L N �� FRPSXWH WKH K\SRWKHVLV HUURU RYHU 6O

��� LI HUURU�KO� w � � RU HUURU�KO�  � WKHQ
��� IRU L � � WR Q GR

��� ZL � � Q
��� HQG IRU

��� HOVH

��� nO � HUURU�KO� ��bHUURU�KO��
��� IRU L � � WR Q GR

��� LI KO�[L�  \L WKHQ
��� ZL � ZLnO �� FRPSXWH QHZ ZHLJKWV

��� HQG LI

��� HQG IRU

��� HQG LI

��� HQG IRU

��� Ke�[� � DUJPD[
\�I&��&����� �&NJ

3/
O � ORJ�� nO� N KO�[�  \ N

��� UHWXUQ Ke

,Q JHQHUDO� EDJJLQJ LV DOPRVW DOZD\V PRUH DFFXUDWH WKDQ D VLQJOH FODVVLnHU� EXW LW LV VRPHWLPHV
PXFK OHVV DFFXUDWH WKDQ ERRVWLQJ� 2Q WKH RWKHU KDQG� ERRVWLQJ FDQ FUHDWH HQVHPEOHV WKDW DUH
OHVV DFFXUDWH WKDQ D VLQJOH FODVVLnHU� ,Q VRPH VLWXDWLRQ� ERRVWLQJ FDQ RYHUnW QRLV\ GDWDVHWV� WKXV
GHFUHDVLQJ LWV SHUIRUPDQFH�

2Q WKH RWKHU KDQG� HQVHPEOHV XVXDOO\ JHQHUDWH D ODUJH FODVVLnHU� FRQWUDU\ DV VWDWHG LQ WKH
2FNKDP
V UD]RU� )RU H[DPSOH� LQ �0DUJLQHDQWX DQG 'LHWWHULFK� ������ XVLQJ WKH )UH\�6ODWHU
OHWWHU GDWDVHW �%ODNH HW DO�� ����� ZLWK �� QXPHULF IHDWXUHV DQG ����� LQVWDQFHV� LW LV SRVVLEOH
WR DFKLHYH YHU\ JRRG DFFXUDF\ RQ WKH WHVW VHW ZLWK ���� LQVWDQFHV E\ YRWLQJ ��� FODVVLnHUV�
,QFOXGLQJ WUDLQLQJ DQG WHVW VHWV� WKH GDWDVHW UHTXLUHV OHVV WKDQ ��� .E\WHV �LQ IDFW� OHVV WKDQ
��� .E\WHV ZLWKRXW GHOLPLWHUV�� +RZHYHU� HDFK FODVVLnHU UHTXLUHV ��� .E\WHV RI PHPRU\� VR DQ
HQVHPEOH RI ��� FODVVLnHUV UHTXLUHV �� 0E\WHV� PRUH WKDQ �� WLPHV JUHDWHU WKDQ WKH GDWDVHW �RU
��� WLPHV WKH ZKROH GDWDVHW ZLWKRXW GHOLPLWHUV��

��



$OJRULWKP � $UFLQJ �DUF�[��

5HTXLUH� ,QVWDQFHV� D VHW RI Q ODEHOHG LQVWDQFHV I�[L� \L�� L  �� �� � � � � QJ
,QGXFHU� D OHDUQLQJ DOJRULWKP DFFHSWLQJ LQVWDQFHV ZHLJKWLQJ
/� WKH QXPEHU RI DUFLQJ FODVVLnHUV

�� SURFHGXUH EDJJ�Q�,QVWDQFHV�,QGXFHU�/�
�� IRU DOO L � � WR Q GR

�� SL � � Q �� LQLWLDOL]H WKH ZHLJKWV

�� PL � � �� QXPEHU RI PLVFODVVLnFDWLRQ RI LQVWDQFH L E\ FODVVLnHUV �� �� � � � � O
�� HQG IRU

�� IRU O � � WR / GR

�� 6O � ERRWVWUDS VDPSOH�Q�S�,QVWDQFHV�
�� KO � ,QGXFHU�6O�
�� IRU L � � WR Q GR

��� PL � PL� N KO�[L�� \L N �� XSGDWH PLVFODVVLnFDWLRQV

��� HQG IRU

��� IRU L � � WR Q GR

��� SL � �� �P�L � �
3Q

M � �� �P�M �� �� FRPSXWH QHZ QRUPDOL]HG ZHLJKWV
��� HQG IRU

��� HQG IRU

��� Ke�[� � DUJPD[
\�I&��&����� �&NJ

3/
O � N KO�[�  \ N

��� UHWXUQ Ke

$%6 2��������� 5�����	��

([SHULPHQWDO PDFKLQH OHDUQLQJ UHVHDUFK QHHGV WR VFUXWLQL]H LWV DSSURDFK

WR H[SHULPHQWDO GHVLJQ� ,I QRW GRQH FDUHIXOO\� FRPSDUDWLYH VWXGLHV

RI FODVVLnFDWLRQ DOJRULWKPV FDQ HDVLO\ UHVXOW LQ VWDWLVWLFDOO\ LQYDOLG

FRQFOXVLRQV�

_6WHYHQ /� 6DO]EHUJ �6DO]EHUJ� �����

0DFKLQH /HDUQLQJ LV D SRZHUIXO WRRO� EXW WKHUH LV QR DOJRULWKP WKDW GRPLQDWHV DOO RWKHUV IRU
DOO SUREOHPV� 7KXV� LW LV LPSRUWDQW WR XQGHUVWDQG WKH VWUHQJWKV DQG OLPLWDWLRQV RI GLmHUHQW
DOJRULWKPV�

2QH DSSURDFK WKDW FDQ ZRUN ZHOO LQ SUDFWLFH LV WR WU\ GLmHUHQW DOJRULWKPV� HVWLPDWH WKHLU DFFX�
UDF\� DQG SLFN WKH RQH ZLWK WKH KLJKHVW HVWLPDWHG DFFXUDF\ IRU D JLYHQ GRPDLQ� 7KLV PHWKRG
ZLOO ZRUN ZHOO DV ORQJ DV WKHUH DUH QRW WRR PDQ\ DOJRULWKPV EHLQJ WULHG DQG ZKHQ ZH KDYH UHDVRQ
WR EHOLHYH WKDW WKH\ DUH DSSURSULDWH IRU WKH GRPDLQ�

$ VWDQGDUG HYDOXDWLRQ PHWKRGRORJ\ DGDSWHG IURP �5XVVHO DQG 1RUYLJ� ����� &KDSWHU ��� LV WKH
IROORZLQJ�

�� FROOHFW D ODUJH VHW RI LQVWDQFHV� DOO ZLWK FRUUHFW IHDWXUH YDOXHV DQG FODVV ODEHOV L�H�� QRLV\
IUHH LQVWDQFHV IRU D VSHFLnF GRPDLQ� ,I ���� QRLV\ IUHH GDWD LV QRW SRVVLEOH� WU\ WR UHGXFH
LQVWDQFHV ZLWK LQFRUUHFW IHDWXUH YDOXHV RU ZURQJ FODVV ODEHOV� $V PXFK DV SRVVLEOH� WU\
WR FKRRVH IHDWXUHV ZLWK SUHGLFWLYH SRZHU VRPHZKDW DERYH UDQGRP FKDQFH WR WKH SUREOHP
EHLQJ FRQVLGHUHG�

�� UDQGRPO\ GLYLGH WKLV VHW LQWR WZR GLVMRLQW VHWV� WKH WUDLQLQJ VHW DQG WKH WHVW VHW �RU XVH

��



RQH RI WKH UHVDPSOLQJ HVWLPDWRUV RU HQVHPEOHV GHVFULEHG LQ WKH WZR HDUOLHU VHFWLRQV��

�� DSSO\ RQH RU PRUH LQGXFHUV WR WKH WUDLQLQJ VHW� REWDLQLQJ RQH GLVWLQFW K\SRWKHVLV K IRU
HDFK RQH�

�� PHDVXUH SHUIRUPDQFH RI WKH JHQHUDWHG SUHGLFWRU K RQ WKH WHVW VHW� +HUH LW LV SRVVLEOH
WR PHDVXUH VLPSO\ HUURU �VHH 6HFWLRQ ����� IRU FRPSDULQJ DOJRULWKPV XVLQJ HUURU�� 2WKHU
DVSHFWV FDQ DOVR EH FRQVLGHUHG OLNH WLPH IRU OHDUQLQJ� VL]H RI WKH H[WUDFWHG SUHGLFWRU� UXOH
TXDOLW\ �)UHLWDV� ����D� )UHLWDV� ����E� +RUVW� ������ HWF�

�� WR VWXG\ WKH HpFLHQF\ DQG UREXVWQHVV RI DQ LQGXFHU� UHSHDW VWHSV � WR � IRU GLmHUHQW
WUDLQLQJ VHWV DQG VL]HV RI WUDLQLQJ VHWV�

�� LI \RX DUH SURSRVLQJ RU DGMXVWLQJ DQ LQGXFHU� VWDUW DJDLQ ZLWK VWHS � WR DYRLG HYROYLQJ WKH
DOJRULWKP WR ZRUN ZHOO RQ MXVW RQH GDWDVHW IRU D VSHFLnF GRPDLQ�

����� &DOFXODWLQJ 0HDQ DQG 6WDQGDUG 'HYLDWLRQ XVLQJ 5HVDPSOLQJ

%HIRUH FRPSDULQJ WZR DOJRULWKPV� VRPH DGGLWLRQDO HTXDWLRQV ZLOO EH QHFHVVDU\� :H DVVXPH WKH
XVH RI FURVV^YDOLGDWLRQ VLQFH LW LV D IDLUO\ XVHG PHWKRG LQ 0/� +RZHYHU� DQ\ RWKHU UHVDPSOLQJ
WHFKQLTXH �H[FHSW UHVXEVWLWXWLRQ� FDQ EH XVHG EHVLGHV FURVV^YDOLGDWLRQ�

*LYHQ DQ DOJRULWKP $� IRU HDFK IROG L WKH HUURU� GHQRWHG E\ SH�KL�� L  �� �� � � � � U LV FDOFXODWHG�
7KHQ WKH nQDO PHDQ� YDULDQFH DQG VWDQGDUG GHYLDWLRQ IRU DOO IROGV DUH FDOFXODWHG E\ (TXDWLRQV ���
�� DQG ��� UHVSHFWLYHO\�

PHDQ�$�  
�

U

U;

L �

SH�KL� ����

YDU�$�  
�

U

�
�

U b �

U;
L �

�SH�KL�bPHDQ�$���
�

����

VG�$�  
T
YDU�$� ����

2EVHUYH WKDW WKH WHUP � �Ub �� LQ (TXDWLRQ �� FRPHV IURP WKH GHnQLWLRQ RI XQELDVHG YDULDQFH
HVWLPDWRU ZKHUHDV WKH WHUP � U FRPHV IURP WKH &HQWUDO /LPLW 7KHRUHP �UHPHPEHU WKDW SH�KL�
LV LWVHOI DQ DYHUDJH� IRU HVWLPDWLQJ YDULDQFH RI DYHUDJHV �0RVHV� ����� &KDSWHU ���

7R PDNH WKLV LGHD PRUH FOHDU� VXSSRVH UXQQLQJ D WHQ�IROG FURVV^YDOLGDWLRQ L�H�� U  ��� IRU DO�
JRULWKP $ ZLWK WKH IROORZLQJ HUURUV ������ ������ ������ ����� ����� ������ ������ ������ ����� �������
7KHQ (TXDWLRQV �� DQG �� EHFRPH�

PHDQ�$�  
�����

��
 ����

VG�$�  

V
�

�����
�����  ����

��



,Q JHQHUDO� WKH HUURU LV UHSUHVHQWHG DV LWV PHDQ IROORZHG E\ WKH WRNHQ ?h� IROORZHG E\ LWV VWDQGDUG
GHYLDWLRQ� LQ RXU H[DPSOH� WKH HUURU LV ����h �����

,W LV LPSRUWDQW WR QRWH WKDW PRVW RI 0/ SURJUDPV WKDW SHUIRUP FURVV^YDOLGDWLRQ DOUHDG\ WDNH
FDUH RI WKHVH FDOFXODWLRQV� IRU H[DPSOH� WKH0/&�� OLEUDU\ �.RKDYL HW DO�� ����� .RKDYL HW DO��
����� )HOL[ HW DO�� ����� RU WKH 0LQH6HW70 �5DWKMHQV� ����� WRRO�

����� &RPSDULQJ 7ZR $OJRULWKPV

:KHQ WU\LQJ WR FRPSDUH WZR DOJRULWKPV MXVW ORRNLQJ WR QXPEHUV� IRU H[DPSOH HUURU UDWHV IRU
FODVVLnFDWLRQ RU HUURU IRU UHJUHVVLRQ� LW LV QRW HDV\ WR UHDOL]H LI RQH DOJRULWKP LV EHWWHU WKDQ WKH
RWKHU� ,Q PDQ\ VLWXDWLRQV� WR FRPSDUH D SDLU RI 0/ DOJRULWKPV� WKH HUURU �PHDQ DQG VWDQGDUG
GHYLDWLRQ� REWDLQHG WKURXJK U�IROG VWUDWLnHG FURVV^YDOLGDWLRQ LV XVXDOO\ XVHG �WR PDLQWDLQ FODVV
GLVWULEXWLRQ�� ,Q IDFW� PDQ\ SDSHUV UHSRUW HUURU XVLQJ WHQ�IROG FURVV^YDOLGDWLRQ RU VWUDWLnHG
FURVV^YDOLGDWLRQ�

:KHQ FRPSDULQJ GLmHUHQW LQGXFHUV RQ WKH VDPH GRPDLQ� WKH VWDQGDUG GHYLDWLRQ PD\ EH VHHQ DV
DQ LPDJH RI WKH DOJRULWKP UREXVWQHVV� LI WKH HUURU RQ GLmHUHQW WHVW VHWV ZLWK WKH FODVVLnHUV EXLOG
RQ GLmHUHQW WUDLQLQJ VHWV LV YHU\ GLmHUHQW IURP RQH WHVW WR DQRWKHU WKH FODVVLnFDWLRQ DOJRULWKP
LV QRW UREXVW WR D FKDQJH RI WKH WUDLQLQJ VHW WDNHQ IURP WKH VDPH GDWDVHW�

1RZ� VXSSRVH RQH ZLVK WR FRPSDUH WZR DOJRULWKPV ZLWK HUURU UDWHV HTXDOV WR ���� h ���� DQG
����h����� :KLFK RQH LV VLJQLnFDQWO\ EHWWHU �DW ��� FRQnGHQFH OHYHO�" 7R DQVZHU WKLV TXHVWLRQ�
DVVXPH WKH JHQHUDO FDVH WR GHWHUPLQDWH ZKHWKHU WKH GLmHUHQFH EHWZHHQ WZR DOJRULWKPV _ VD\ $6

DQG $3 _ LV VLJQLnFDQW RU QRW� ,Q JHQHUDO� FRPSDULVRQV DUH PDGH VXFK WKDW $3 LV WKH DOJRULWKP
SURSRVHG DQG$6 LV WKH VWDQGDUG DOJRULWKP� )RU WKLV� WKH FRPELQHG PHDQ DQG VWDQGDUG GHYLDWLRQ
DUH FDOFXODWHG DFFRUGLQJ ZLWK (TXDWLRQV �� DQG ��� UHVSHFWLYHO\� 7KH DEVROXWH GLmHUHQFH LQ
VWDQGDUG GHYLDWLRQV LV FRPSXWHG XVLQJ (TXDWLRQ ���

PHDQ�$6 b$3 �  PHDQ�$6�bPHDQ�$3 � ����

VG�$6 b$3 �  

V
VG�$6�

� � VG�$3 �
�

�
����

DG�$6 b$3 �  
PHDQ�$6 b$3 �

VG�$6 b$3 �
����

,I DG�$6 b $3 � ! � WKHQ $3 RXWSHUIRUPV $6 � 1RZ� LI DG�$6 b $3 � w � VWDQGDUG GHYLDWLRQV
WKHQ $3 RXWSHUIRUPV $6 DW ��� FRQnGHQFH OHYHO� 2Q WKH RWKHU KDQG� LI DG�$6 b$3 � � � WKHQ
$6 RXWSHUIRUPV $3 DQG LI DG�$6b$3 � � b� WKHQ $6 RXWSHUIRUPV $3 DW ��� FRQnGHQFH OHYHO�

%DFNLQJ WR WKH VDPH H[DPSOH GHVFULEHG HDUOLHU� DVVXPH $6  ����h����� WKH VWDQGDUG DOJRULWKP
DQG $3  ����h ����� WKH SURSRVHG DOJRULWKP� /RRNLQJ MXVW WR WKH QXPEHU WKHUH LV D WHQGHQF\
WR VD\ WKDW $3 LV EHWWHU WKDQ $6 EXW XVLQJ (TXDWLRQV ��� �� DQG ��� ZH REWDLQ�

��



PHDQ�$6 b$3 �  ����b ����  ����

VG�$6 b$3 �  

V
����� � �����

�
 ����

DG�$6 b$3 �  
����

����
 ����

&RQVHTXHQWO\� DV DG�$6b$3 � � �� $3 GRHV QRW VLJQLnFDQWO\ RXWSHUIRUP $6 �DW ��� FRQnGHQFH
OHYHO�� 7KHUH DUH VHYHUDO RWKHUV VWDWLVWLFDO WHVWV WR PHDVXUH WKH VLJQLnFDQFH RI DQ\ GLmHUHQFH
EHWZHHQ WZR DOJRULWKPV� EHVLGHV WKH RQH KHUH GHVFULEHG �)UHHGPDQ HW DO�� ������ )RU D JRRG
UHYLHZ RQ FRPSDULQJ SUHGLFWRUV� UHIHU WR �6DO]EHUJ� ����� 'LHWWHULFK� ����E��

$%#7 ��

��'

,W LV RI LQWHUHVW WR QRWH WKDW ZKLOH VRPH GROSKLQV DUH UHSRUWHG WR KDYH

OHDUQHG (QJOLVK _ XS WR nIW\ ZRUGV XVHG LQ FRUUHFW FRQWH[W _ QR

KXPDQ EHLQJ KDV EHHQ UHSRUWHG WR KDYH OHDUQHG GROSKLQHVH�

_&DUO 6DJDQ

7R PDNH PDFKLQH OHDUQLQJ ZRUN� ZH PXVW LQYHVWLJDWH GLmHUHQW VWUXFWXUHV WKDW PD\ EH DSSUR�
SULDWH IRU GLmHUHQW FRQWH[WV DQG XQGHUVWDQG WKHLU VWUHQJWKV DQG OLPLWDWLRQV� 0DFKLQH OHDUQLQJ
ZRUNV LQ PDQ\ SUDFWLFDO DSSOLFDWLRQV EHFDXVH WKH WDUJHW FRQFHSWV DUH QRW HTXLSUREDEOH DQG WKH
DOJRULWKPV DUH VRPHZKDW ?DOLJQHG� ZLWK UHDO ZRUOG SKHQRPHQD� IHDWXUHV DUH XVXDOO\ VHOHFWHG
E\ H[SHUWV DQG VPRRWKQHVV DVVXPSWLRQV WKDW DOJRULWKPV DVVXPH GR KROG LQ PDQ\ VLWXDWLRQV�

7KH PRUH ZH XQGHUVWDQG DERXW WKH XQGHUO\LQJ VWUXFWXUHV XVHG E\ FODVVLnHUV� WKH PRUH ZH FDQ
PRGLI\ WKHP EDVHG RQ EDFNJURXQG NQRZOHGJH� 6LPLODUO\� WKH PRUH ZH XQGHUVWDQG WKH LQGXFWLRQ
DOJRULWKPV DQG WKHLU DVVXPSWLRQV� WKH HDVLHU LW LV WR PRGLI\ WKHP�

,Q WKH QH[W WZR VHFWLRQV ZH VKDOO FRQFHQWUDWH LQ JHQHUDO DOJRULWKPV WKDW OHDUQ FRQFHSWV UHS�
UHVHQWHG E\ SURSRVLWLRQDO GHVFULSWLRQV VXFK DV GHFLVLRQ WUHHV _ 6HFWLRQ � _ DQG UXOH VHWV _
6HFWLRQ ��

* �	� +	�� ������	� 	 +����	� �����

:KHQ .HSOHU IRXQG KLV ORQJ�FKHULVKHG EHOLHI GLG QRW DJUHH ZLWK WKH

PRVW SUHFLVH REVHUYDWLRQ� KH DFFHSWHG WKH XQFRPIRUWDEOH IDFW� +H

SUHIHUUHG WKH KDUG WUXWK WR KLV GHDUHVW LOOXVLRQV� WKDW LV WKH KHDUW RI

6FLHQFH�

_&DUO 6DJDQ

:H VWDUW WKLV VHFWLRQ H[SODLQLQJ EDVLF FRQFHSWV DERXW LQGXFWLYH OHDUQLQJ ZKHQ DFTXLUHG NQRZO�
HGJH LV UHSUHVHQWHG DV D GHFLVLRQ WUHH� 7KLV VRUW RI DOJRULWKPV DUH PHPEHUV RI WKH 7RS 'RZQ
,QGXFWLRQ RI 'HFLVLRQ 7UHHV _ 7','7 _ IDPLO\�

$ 'HFLVLRQ 7UHH _ '7 _ LV D UHFXUVLYH GDWD VWUXFWXUH GHnQHG DV�

��



q D OHDI QRGH WKDW LQGLFDWHV D FODVV ODEHO� RU

q D GHFLVLRQ QRGH WKDW FRQWDLQV D WHVW RQ D IHDWXUH YDOXH� )RU HDFK RXWFRPH RI WKH WHVW WKHUH
DUH RQH EUDQFK DQG RQH VXEWUHH� (DFK VXEWUHH KDV WKH VDPH VWUXFWXUH DV WKH WUHH�

)LJXUH �� VKRZV DQ LOOXVWUDWLYH H[DPSOH RI D GHFLVLRQ WUHH IRU GLDJQRVLQJ D SDWLHQW� ,Q WKLV nJXUH�
HDFK HOOLSVH LV D WHVW LQ RQH IHDWXUH IURP VRPH SDWLHQW GDWD� (DFK ER[ LV D FODVV ODEHO L�H�� WKH
GLDJQRVLV� 7R GLDJQRVH �FODVVLI\� D SDWLHQW ZH VWDUW DW WKH URRW MXVW IROORZLQJ HDFK WHVW GRZQ
WKH WUHH XQWLO D OHDI LV UHDFKHG�

Pa tien t´s
te m p erature

≤ 37

noyes

>  37

h eal thy s ick

no yes

h eal thy

s ick

H as patient
pa in?

Is p atie nt feel ing
 goo d?

)LJXUH ��� $ VLPSOH GHFLVLRQ WUHH IRU GLDJQRVLQJ D SDWLHQW

,W LV HDV\ WR VHH WKDW D WUHH FDQ EH UHSUHVHQWHG DV D VHW RI UXOHV� (DFK UXOH VWDUWV DW WKH URRW
DQG ZDONV GRZQ WR WKH OHDYHV� )RU LQVWDQFH� WKH WUHH VKRZQ LQ )LJXUH �� FDQ EH UHDG DV�

LI LV SDWLHQW IHHOLQJ JRRG  \HV WKHQ
FODVV  KHDOWK\

HOVH

LI KDV SDWLHQW SDLQ  QR WKHQ

LI SDWLHQW
V WHPSHUDWXUH � �� WKHQ

FODVV  KHDOWK\
HOVH ISDWLHQW
V WHPSHUDWXUH ! ��J
FODVV  VLFN

HQG LI

HOVH IKDV SDWLHQW SDLQ  \HVJ
FODVV  VLFN

HQG LI

HQG LI

$V UXOHV WKDW UHSUHVHQW D GHFLVLRQ WUHH DUH GLVMXQFW L�H�� RQO\ RQH LV nUHG ZKHQ D QHZ XQODEHOHG
LQVWDQFH LV FODVVLnHG� DQ DOWHUQDWLYH ZD\ RI UHSUHVHQWLQJ WKHVH UXOHV ZRXOG EH ZULWLQJ D VHSDUDWH
UXOH IRU HDFK OHDI QRGH� VWDUWLQJ DW WKH URRW� FRQVHTXHQWO\ QR HOVH LV UHDOO\ QHHGHG�

��



LI LV SDWLHQW IHHOLQJ JRRG  \HV WKHQ
FODVV  KHDOWK\

HQG LI

LI LV SDWLHQW IHHOLQJ JRRG  QR DQG KDV SDWLHQW SDLQ  QR
DQG SDWLHQW
V WHPSHUDWXUH � �� WKHQ
FODVV  KHDOWK\

HQG LI

LI LV SDWLHQW IHHOLQJ JRRG  QR DQG KDV SDWLHQW SDLQ  QR
DQG SDWLHQW
V WHPSHUDWXUH ! �� WKHQ
FODVV  VLFN

HQG LI

LI LV SDWLHQW IHHOLQJ JRRG  QR DQG KDV SDWLHQW SDLQ  \HV WKHQ
FODVV  VLFN

HQG LI

*%# �������� � +����	� ����

7KH PHWKRG IRU FRQVWUXFWLQJ D GHFLVLRQ WUHH IURP D VHW 7 RI WUDLQLQJ LQVWDQFHV LV VXUSULVLQJO\
VLPSOH� /HW WKH FODVVHV EH GHQRWHG E\ I&�� &�� � � � � &NJ WKHQ WKH IROORZLQJ VWHSV VKRXOG EH
IROORZHG�

�� 7 FRQWDLQV RQH RU PRUH LQVWDQFHV� DOO EHORQJLQJ WR D VLQJOH FODVV &M� ,Q WKLV FDVH� WKH '7
IRU 7 LV D OHDI LGHQWLI\LQJ WKH FODVV &M�

�� 7 FRQWDLQV QR LQVWDQFHV� $JDLQ� LQ WKLV VLWXDWLRQ WKH '7 LV D OHDI EXW WKH FODVV DVVRFLDWHG
ZLWK WKH OHDI PXVW EH GHWHUPLQHG IURP LQIRUPDWLRQ RWKHU WKDQ 7 � )RU H[DPSOH� WKH PRVW
IUHTXHQW FODVV DW WKH SDUHQW RI WKLV QRGH FRXOG EH XVHG�

�� 7 FRQWDLQV LQVWDQFHV WKDW EHORQJ WR VHYHUDO FODVVHV� ,Q WKLV FDVH WKH LGHD LV WR UHnQH 7 LQWR
VXEVHWV RI LQVWDQFHV WKDW DUH �RU VHHP WR EH� VLQJOH�FODVV VHWV RI LQVWDQFHV�

1RUPDOO\� D WHVW LV FKRVHQ� EDVHG RQ D VLQJOH IHDWXUH� WKDW KDV RQH RU PRUH PXWXDOO\
H[FOXVLYH RXWFRPHV �LQ IDFW� HDFK LQGXFHU KDV LWV RZQ ZD\ WR FKRRVH WKH IHDWXUH WR WHVW��
/HW XV GHQRWH WKHVH RXWFRPHV DV I2�� 2�� ���� 2UJ� 7 LV WKHQ SDUWLWLRQHG LQWR VXEVHWV 7��
7�� ���� 7U� ZKHUH 7L FRQWDLQV DOO FDVHV LQ 7 WKDW KDYH RXWFRPH 2L IRU WKH FKRVHQ WHVW� 7KH
'7 IRU 7 FRQVLVWV RI D LQWHUQDO GHFLVLRQ QRGH LGHQWLnHG E\ WKH FKRVHQ WHVW DQG RQH EUDQFK
IRU HDFK SRVVLEOH RXWFRPH�

�� 6WHSV ��� �� DQG �� DUH DSSOLHG UHFXUVLYHO\ WR HDFK VXEVHW RI WUDLQLQJ LQVWDQFHV VR WKDW WKH
L�WK EUDQFK OHDGV WR WKH '7 FRQVWUXFWHG IURP WKH VXEVHW 7L RI WUDLQLQJ LQVWDQFHV�

�� $IWHU EXLOGLQJ WKH '7� SUXQLQJ PD\ WDNH SODFH �VHH 6HFWLRQ �����

*%$ ��		���� ��� ���� !������ �	 �����

7KH NH\ WR WKH VXFFHVV RI D '7 OHDUQLQJ DOJRULWKP GHSHQGV RQ WKH FULWHULRQ XVHG WR VHOHFW WKH
IHDWXUH IRU VSOLWWLQJ� 6RPH SRVVLELOLWLHV IRU VHOHFWLQJ WKLV IHDWXUH DUH�

q 5DQGRP� VHOHFW DQ\ IHDWXUH DW UDQGRP�

��



q /HDVW^9DOXHV� FKRRVH WKH IHDWXUH ZLWK WKH VPDOOHVW QXPEHU RI SRVVLEOH YDOXHV�

q 0RVW^9DOXHV� FKRRVH WKH IHDWXUH ZLWK WKH ODUJHVW QXPEHU RI SRVVLEOH YDOXHV�

q 0D[�*DLQ� FKRRVH WKH IHDWXUH WKDW KDV WKH ODUJHVW H[SHFWHG LQIRUPDWLRQ JDLQ L�H�� VHOHFW
WKH IHDWXUH WKDW ZLOO UHVXOW LQ WKH VPDOOHVW H[SHFWHG VL]H RI WKH VXEWUHHV URRWHG DW LWV
FKLOGUHQ

q *LQL �%UHLPDQ HW DO�� ������

q *DLQ UDWLR �4XLQODQ� ������

*%* ���� 5������

$IWHU EXLOGLQJ WKH '7� LW LV SRVVLEOH WKDW WKH JHQHUDWHG FODVVLnHU WR EH YHU\ VSHFLnF IRU WKH
WUDLQLQJ GDWD� ,Q WKLV FDVH� ZH VD\ WKDW WKH FODVVLnHU RYHUnWV WKH WUDLQLQJ GDWD WRR ZHOO� $V
WKH WUDLQLQJ GDWD LV RQO\ D VDPSOH RI DOO SRVVLEOH LQVWDQFHV� LW LV SRVVLEOH WR DGG EUDQFKHV WR
WKH WUHH WKDW LPSURYH SHUIRUPDQFH RQ WKLV WUDLQLQJ GDWD ZKLOH GHFUHDVLQJ SHUIRUPDQFH RQ RWKHU
LQVWDQFHV RXWVLGH WKLV WUDLQLQJ GDWD� ,Q WKLV VLWXDWLRQ� WKH DFFXUDF\ �RU RWKHU PHDVXUH� RQ DQ
LQGHSHQGHQW �XQVHHQ� GDWDVHW \LHOGV WR D SRRU SHUIRUPDQFH FODVVLnHU�

)LJXUH �� _ ZKLFK LV VLPLODU WR )LJXUH � _ LOOXVWUDWHV WKH LPSDFW RI RYHUnWWLQJ LQ GHFLVLRQ WUHH
OHDUQLQJ �0LWFKHOO� ������ 7KH KRUL]RQWDO D[LV RI WKLV nJXUH LQGLFDWHV WKH WRWDO QXPEHU RI QRGHV
LQ WKH '7� DV WKH WUHH LV EHLQJ FRQVWUXFWHG� 7KH YHUWLFDO D[LV LQGLFDWHV WKH HUURU RI SUHGLFWLRQV
PDGH E\ WKH WUHH� 7KH GRWWHG OLQH VKRZV WKH HUURU UDWH RI WKH '7 RYHU WKH WUDLQLQJ GDWD ZKHUHDV
WKH VROLG OLQH VKRZV HUURU UDWH PHDVXUHG RYHU WKH WHVW GDWD ZKLFK LV QRW LQFOXGHG LQ WKH WUDLQLQJ
GDWD� $V H[SHFWHG� WKH HUURU RYHU WKH WUDLQLQJ GDWD �DSSDUHQW HUURU� GHFUHDVHV PRQRWRQLFDOO\
DV WKH WUHH LV JURZQ� +RZHYHU� WKH HUURU PHDVXUHG RYHU WKH WHVW GDWD �WUXH HUURU� nUVW GHFUHDVHV
XS WR 1� QRGHV LQ WKH WUHH� WKHQ LQFUHDVHV�

Num ber o f nodes (tes ts )

E rro r
ra te

N1 N2 N3

Tes t
(unse en )

data

Tra in ing
data

)LJXUH ��� 7KH UHODWLRQVKLS EHWZHHQ WUHH VL]H DQG HUURU UDWH

,Q RUGHU WR WU\ QRW RYHUnWWLQJ WKH GDWD� VRPH LQGXFHUV SUXQH WKH '7 DIWHU LQGXFLQJ LW� 7KLV
SURFHVV� VKRZQ LQ )LJXUH ��� UHGXFHV WKH QXPEHU RI LQWHUQDO WHVW QRGHV WKXV UHGXFLQJ WKH WUHH
FRPSOH[LW\ ZKLOH JLYLQJ D EHWWHU SHUIRUPDQFH WKDQ WKH RULJLQDO WUHH� ,Q JHQHUDO� '7 LQGXFHUV

��



)LJXUH ��� $ ODUJHU WUHH LV nUVW JURZQ WKDW RYHUnWV WKH GDWD DQG WKHQ SUXQHG EDFN WR D VPDOOHU
�VLPSOHU� WUHH

VSOLW E\ LWVHOI WKH GDWDVHW LQWR D WUDLQLQJ VHW �ZKLFK LV XVHG IRU EXLOGLQJ WKH '7� DQG D SUXQH
VHW ZKLFK LV DFWXDOO\ XVHG IRU SUXQLQJ�

7KLV W\SH RI SUXQLQJ LV DOVR FDOOHG SRV�SUXQLQJ VLQFH LW RFFXUV DIWHU EXLOGLQJ WKH '7� 7KHUH DUH
PDQ\ SRV�SUXQLQJ PHWKRGV LQFOXGLQJ HUURU�FRPSOH[LW\ �%UHLPDQ HW DO�� ����� DQG SHVVLPLVWLF
HUURU �4XLQODQ� ������

,W LV DOVR SRVVLEOH WR XVH SUH�SUXQLQJ� 7KLV SURFHVV LV GRQH ZKLOH WKH '7 LV LQGXFHG� +RZHYHU�
SUH�SUXQLQJ VXmHUV RQH VLGH�HmHFW� FRQMXQFWLRQV RI WHVWV PD\ EH WKH EHVW ZD\ IRU SDUWLWLRQLQJ
WKH LQVWDQFHV� EXW WKHLU LQGLYLGXDO IHDWXUHV PD\ QRW GLVWLQJXLVK ZHOO WKH LQVWDQFHV� 7KXV� SUH�
SUXQLQJ FDQ SUHYHQW WKH FRQMXQFWLRQV IURP DSSHDULQJ LQ WKH WUHH�

*%- ������ '��� 8�� ��������

$ '7 FDQ EH XVHG WR FODVVLI\ QHZ LQVWDQFHV E\ VWDUWLQJ DW WKH URRW RI WKH WUHH DQG JRLQJ WKURXJK
HDFK GHFLVLRQ QRGH XQWLO D OHDI LV IRXQG� :KHQ D OHDI LV HQFRXQWHUHG� WKH FODVV ODEHO RI WKH QHZ
LQVWDQFH LV SUHGLFWHG DV WKDW RQH UHFRUGHG DW WKH OHDI�

5HPHPEHU WKHUH LV RQO\ RQH SDWK IURP WKH URRW WR WKH OHDI RI HYHU\ WUHH� (DFK SDWK IURP WKH
URRW WR HDFK OHDI FDQ EH FRQVLGHUHG DV D UXOH� ,Q WKLV FDVH� JLYHQ DQ LQVWDQFH LW FDQ EH FODVVLnHG
RQO\ E\ RQH UXOH� RU LQ RWKHU ZRUGV� HDFK LQVWDQFH FODVVLnHG E\ RQH UXOH FDQ QRW EH FODVVLnHG
E\ DQRWKHU UXOH� ,W LV HDV\ WR JHQHUDOL]H� DV DOUHDG\ SRLQWHG RXW� WKDW DOO UXOHV H[WUDFWHG IURP
GHFLVLRQ WUHHV DUH DOZD\V GLVMXQFW�

*%. ���� ���	����


7KH EDVLF 7','7 LQGXFHU LV LOOXVWUDWHG LQ $OJRULWKP ��

*%/ �� 29�
���

7KLV VHFWLRQ VKRZV D UXQQLQJ H[DPSOH� DGDSWHG IURP �4XLQODQ� ������ IRU EHWWHU XQGHUVWDQGLQJ
KRZ WR EXLOG DQG XVH D '7� ,Q RUGHU WR FODULI\ WKH GLmHUHQFH DPRQJ WKH YDULRXV PDFKLQH OHDUQLQJ
DSSURDFKHV FRQVLGHUHG LQ WKLV ZRUN� WKH VDPH H[DPSOH ZLOO EH XVHG LQ WKH UHPDLQLQJ VHFWLRQV�

/HW XV VXSSRVH D GDWDVHW FRQWDLQLQJ GD\�E\�GD\ PHDVXUHV IURP ZHDWKHU FRQGLWLRQV ZKHUH HDFK
LQVWDQFH LV FRPSRVHG RI WKH IROORZLQJ IHDWXUHV�

��



$OJRULWKP � 7','7V

�� SURFHGXUH 7','7�,QVWDQFHV�
�� 6SOLW ,QVWDQFHV LQWR 7UDLQLQJ,QVWDQFHV DQG 3UXQH,QVWDQFHV
�� WUHH � JHQHUDWH WUHH�7UDLQLQJ,QVWDQFHV�
�� 3UXQHG WUHH � SUXQH�WUHH�3UXQH,QVWDQFHV�
�� UHWXUQ 3UXQHG WUHH

�� SURFHGXUH JHQHUDWH WUHH�,QVWDQFHV�
�� LI WHUPLQDWLRQ FRQGLWLRQ�,QVWDQFHV� WKHQ
�� 1RGH � PDMRULW\ FODVV�,QVWDQFHV�
�� HOVH

�� %HVW WHVW � VHOHFWLRQ IXQFWLRQ�,QVWDQFHV�
�� 1RGH � QHZ QRGH�%HVW WHVW�
�� IRU DOO RXWFRPH YDOXH 2 RI %HVW WHVW GR
�� 6 � I7 LQ ,QVWDQFHV � VDWLVnHV�7 �%HVW WHVW  2�J
�� 1RGH�VXEWUHH>2@ � JHQHUDWH WUHH�6�

��� HQG IRU

��� HQG LI

��� UHWXUQ 1RGH

q RXWORRN� DVVXPHV GLVFUHWH YDOXHV ?VXQQ\�� ?RYHUFDVW� RU ?UDLQ��

q WHPSHUDWXUH� D QXPHULF YDOXH LQGLFDWLQJ WKH WHPSHUDWXUH LQ &HOVLXV GHJUHHV�

q KXPLGLW\� DOVR D QXPHULF YDOXH LQGLFDWLQJ WKH SHUFHQWDJH RI KXPLGLW\�

q ZLQG\� DVVXPHV GLVFUHWH YDOXHV ?\HV� RU ?QR� LQGLFDWLQJ LI LW LV D ZLQG\ GD\�

)XUWKHUPRUH� IRU HDFK GD\ �LQVWDQFH�� VRPHRQH KDV ODEHOHG HDFK GD\�E\�GD\ PHDVXUH DV ?JR�
LI ZHDWKHU ZDV QLFH HQRXJK IRU WDNLQJ D WULS WR WKH IDUP RU ?GRQW JR� LI WKLV LV QRW WKH FDVH�
7KH GDWD FRXOG ORRN MXVW OLNH WKH RQH VKRZQ LQ 7DEOH �� $OWKRXJK WKLV H[DPSOH KDV RQO\ WZR
SRVVLEOH FODVV ODEHOV� LW LV LPSRUWDQW WR UHFDOO WKDW D '7 FDQ KDQGOH DQ\ QXPEHU N RI FODVVHV
I&�� &�� � � � � &NJ�

,QVWDQFH 1R� 2XWORRN 7HPSHUDWXUH +XPLGLW\ :LQG\ 9R\DJH"

7� VXQQ\ �� �� \HV JR

7� VXQQ\ �� �� \HV GRQW JR

7� VXQQ\ �� �� QR JR

7� VXQQ\ �� �� QR GRQW JR

7� VXQQ\ �� �� QR GRQW JR

7� RYHUFDVW �� �� \HV JR

7� RYHUFDVW �� �� QR JR

7� RYHUFDVW �� �� \HV GRQW JR

7� RYHUFDVW �� �� QR JR

7�� RYHUFDVW �� �� \HV JR

7�� UDLQ �� �� QR JR

7�� UDLQ �� �� \HV GRQW JR

7�� UDLQ �� �� \HV GRQW JR

7�� UDLQ �� �� QR JR

7�� UDLQ �� �� QR JR

7DEOH �� 7KH YR\DJH GDWD

��



1RZ� OHW XV LQGXFH D GHFLVLRQ WUHH IURP WKLV GDWD� 6LQFH WKH WUDLQLQJ VHW 7 FRQWDLQV LQVWDQFHV
EHORQJLQJ WR PRUH WKDQ RQH FODVV� ZH QHHG WR FKRRVH D WHVW EDVHG RQ D VLQJOH IHDWXUH� $V GHVFULEHG
LQ 6HFWLRQ ���� FKRRVLQJ D IHDWXUH WR VSOLW WKH GDWD GHSHQGV RQ HDFK LQGXFHU LPSOHPHQWDWLRQ�
)RU WKLV H[DPSOH� OHW XV FKRRVH RXWORRN DV WHVW KDYLQJ WKUHH SRVVLEOH RXWFRPHV I2�� 2�� 2�J  
IVXQQ\� RYHUFDVW� UDLQJ� 7KHQ 7 LV SDUWLWLRQHG LQWR � VXEVHWV DV VKRZQ LQ 7DEOH �� DQG LWV
FRUUHVSRQGLQJ )LJXUH ���

7HVW ,QVW�1R� 2XWORRN 7HPSHUDWXUH +XPLGLW\ :LQG\ 9R\DJH"

LI RXWORRN  VXQQ\ 7� VXQQ\ �� �� \HV JR

7� VXQQ\ �� �� \HV GRQW JR

7� VXQQ\ �� �� QR JR

7� VXQQ\ �� �� QR GRQW JR

7� VXQQ\ �� �� QR GRQW JR

LI RXWORRN  RYHUFDVW 7� RYHUFDVW �� �� \HV JR

7� RYHUFDVW �� �� QR JR

7� RYHUFDVW �� �� \HV GRQW JR

7� RYHUFDVW �� �� QR JR

7�� RYHUFDVW �� �� \HV JR

LI RXWORRN  UDLQ 7�� UDLQ �� �� QR JR

7�� UDLQ �� �� \HV GRQW JR

7�� UDLQ �� �� \HV GRQW JR

7�� UDLQ �� �� QR JR

7�� UDLQ �� �� QR JR

7DEOH ��� %XLOGLQJ D '7 IURP WKH YR\DJH GDWD �VWHS ��

overca st ra insun ny

o utlo ok

)LJXUH ��� %XLOGLQJ D '7 IURP WKH YR\DJH GDWD �VWHS ��

$V FDQ EH VHHQ� HDFK VXEVHW VWLOO FRQWDLQV LQVWDQFHV EHORQJLQJ WR VHYHUDO FODVVHV� WKHUHIRUH ZH
QHHG WR FKRRVH D QHZ WHVW EDVHG RQ D VLQJOH IHDWXUH� /HW XV FKRRVH KXPLGLW\ IRU WKH VXQQ\ DQG
RYHUFDVW RXWFRPHV DQG ZLQG\ IRU WKH UDLQ RXWFRPH� (DFK VXEVHW LV QRZ SDUWLWLRQHG DV VKRZQ LQ
7DEOH �� DQG LWV FRUUHVSRQGLQJ )LJXUH ���

$IWHU KDYLQJ FRQVWUXFWHG WKH FRPSOHWH '7 IURP WKH GDWD� FRQVLGHU WKH EUDQFK�

LI RXWORRN  RYHUFDVW WKHQ
LI KXPLGLW\ ! �� WKHQ

FODVV  JR I&RYHUHG LQVWDQFHV� 7�� 7�� 7�� 7��J
HOVH IKXPLGLW\ � ��J
FODVV  GRQW JR I&RYHUHG LQVWDQFH� 7�J

HQG LI

HQG LI

,W FDQ EH VHHQ WKDW WKHUH LV RQO\ RQH LQVWDQFH �7�� IRU WKH WHVW ?KXPLGLW\ � ���� DOO RWKHU
LQVWDQFHV IRU WKH RYHUFDVW RXWFRPH EHORQJ WR ?FODVV  JR�� 7KLV PD\ LQGLFDWH DQ RYHUnWWLQJ RI
WKH GDWD DQG WKH LQGXFHU PD\ SUXQH WKLV WUHH� DV FDQ EH VHHQ LQ LQ 7DEOH �� DQG LWV FRUUHVSRQGLQJ

��



7HVW ,QVW�1R� 2XWORRN 7HPSHUDWXUH +XPLGLW\ :LQG\ 9R\DJH"

LI RXWORRN  VXQQ\ 7� VXQQ\ �� �� \HV JR

DQG KXPLGLW\ � �� 7� VXQQ\ �� �� QR JR

LI RXWORRN  VXQQ\ 7� VXQQ\ �� �� \HV GRQW JR

DQG KXPLGLW\ ! �� 7� VXQQ\ �� �� QR GRQW JR

7� VXQQ\ �� �� QR GRQW JR

LI RXWORRN  RYHUFDVW 7� RYHUFDVW �� �� \HV JR

KXPLGLW\ ! �� 7� RYHUFDVW �� �� QR JR

7� RYHUFDVW �� �� QR JR

7�� RYHUFDVW �� �� \HV JR

LI RXWORRN  RYHUFDVW

DQG KXPLGLW\ � �� 7� RYHUFDVW �� �� \HV GRQW JR

LI RXWORRN  UDLQ 7�� UDLQ �� �� QR JR

DQG ZLQG\  QR 7�� UDLQ �� �� QR JR

7�� UDLQ �� �� QR JR

LI RXWORRN  UDLQ 7�� UDLQ �� �� \HV GRQW JR

DQG ZLQG\  \HV 7�� UDLQ �� �� \HV GRQW JR

7DEOH ��� %XLOGLQJ D '7 IURP WKH YR\DJH GDWD �VWHS ��

humidity

≤ 78

overcast rainsunny

> 78

go dont_go

≤ 70 > 70

dont_go go

no yes

go dont_go

windyhumidity

outlook

)LJXUH ��� %XLOGLQJ D '7 IURP WKH YR\DJH GDWD �VWHS ��

)LJXUH ���

7UHH SUXQLQJ� LQ JHQHUDO� ZLOO LPSURYH WUXH FODVVLnFDWLRQ RQ XQVHHQ GDWD� 7KLV PD\ DSSHDU
FRXQWHU^LQWXLWLYH VLQFH E\ SUXQLQJ VRPH LQIRUPDWLRQ LV WKURZQ DZD\ _ LQVWDQFH 7� LQ WKLV
H[DPSOH� +RZHYHU� ZKHQ OHDUQLQJ IURP QRLV\ GDWD� D FRUUHFW DPRXQW RI SUXQLQJ PD\ LPSURYH
FODVVLnFDWLRQ RQ XQVHHQ GDWD� ,Q IDFW� SUXQLQJ PD\ HOLPLQDWHV HUURU LQ GDWD GXH WR QRLVH LQVWHDG
RI WKURZLQJ DZD\ UHOHYDQW LQIRUPDWLRQ �%UDWNR� ������

*%1 :�	
���� ������������	�

&RQVLGHULQJ LQVWDQFHV DV D YHFWRU RI P IHDWXUHV� VXFK D YHFWRU FRUUHVSRQGV WR D SRLQW LQ WKH
P�GLPHQVLRQDO IHDWXUH VSDFH� )URP WKLV SRLQW RI YLHZ� D '7 FRUUHVSRQGV WR D GLYLVLRQ �IRU HDFK
WHVW� RI WKLV VSDFH LQWR UHJLRQV� HDFK UHJLRQ ODEHOHG ZLWK D FODVV�

��



7HVW ,QVW�1R� 2XWORRN 7HPSHUDWXUH +XPLGLW\ :LQG\ 9R\DJH"

LI RXWORRN  VXQQ\ 7� VXQQ\ �� �� \HV JR

DQG KXPLGLW\ � �� 7� VXQQ\ �� �� QR JR

LI RXWORRN  VXQQ\ 7� VXQQ\ �� �� \HV GRQW JR

DQG KXPLGLW\ ! �� 7� VXQQ\ �� �� QR GRQW JR

7� VXQQ\ �� �� QR GRQW JR

LI RXWORRN  RYHUFDVW 7� RYHUFDVW �� �� \HV JR

7� RYHUFDVW �� �� QR JR

7� RYHUFDVW �� �� \HV GRQW JR

7� RYHUFDVW �� �� QR JR

7�� RYHUFDVW �� �� \HV JR

LI RXWORRN  UDLQ 7�� UDLQ �� �� QR JR

DQG ZLQG\  QR 7�� UDLQ �� �� QR JR

7�� UDLQ �� �� QR JR

LI RXWORRN  UDLQ 7�� UDLQ �� �� \HV GRQW JR

DQG ZLQG\  \HV 7�� UDLQ �� �� \HV GRQW JR

7DEOH ��� 3UXQLQJ WKH '7 IURP WKH YR\DJH GDWD

humidity

≤ 78

overcast rainsunny

> 78

go dont_go

no yes

go dont_go

windy

outlook

go

)LJXUH ��� 3UXQLQJ WKH '7 IURP WKH YR\DJH GDWD

����� )HDWXUH�9DOXH

$V DQ H[DPSOH� FRQVLGHU MXVW RQO\ WZR FRQWLQXRXV IHDWXUHV �;� DQG ;�� DQG WZR FODVVHV �R DQG
��� )LJXUH �� VKRZV DQ H[DPSOH IRU WHVWV RI WKH IROORZLQJ W\SH�

;L RS 9DOXH

ZKHUH ;L � I;�� ;�J� RS LV DQ RSHUDWRU LQ WKH VHW I�� !J DQG 9DOXH LV D YDOLG IHDWXUH ;� RU ;�

FRQVWDQW YDOXH�

)RU WKLV VRUW RI WHVW� WKH GHVFULSWLRQ VSDFH LV SDUWLWLRQHG LQWR UHFWDQJXODU UHJLRQV� QDPHO\ K\�
SHUSODQHV WKDW DUH RUWKRJRQDO WR WKH D[LV RI WKH WHVWHG IHDWXUH DQG SDUDOOHO WR DOO RWKHU IHDWXUHV
D[LV� 7KLV LV DQ LPSRUWDQW REVHUYDWLRQ VLQFH UHJLRQV SURGXFHG E\ GHFLVLRQ WUHHV WKDW XVH VXFK
WHVWV DUH DOO K\SHUUHFWDQJOHV� $V WKH WUHH LV EXLOW� PRUH DQG PRUH UHJLRQV DUH DGGHG WR WKH VSDFH
�VROLG OLQHV��

��
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(d )

)LJXUH ��� 1RQ�RYHUODSSLQJ UHJLRQV DUH IRUPHG E\ GHFLVLRQ WUHH LQ WKH GHVFULSWLRQ VSDFH

����� /LQHDU &RPELQDWLRQ RI )HDWXUHV

6WLOO FRQVLGHULQJ )LJXUH ��� LW VKRXOG EH REVHUYHG WKDW LQ �G�� D VLPSOH �GDVKHG OLQH� K\SRWKHVLV
FRXOG EHWWHU FODVVLI\ WKRVH LQVWDQFHV� 7KLV KDV PRWLYDWHG EXLOGLQJ REOLTXH GHFLVLRQ WUHHV ZKLFK
SURGXFHV QRQ�RUWKRJRQDO K\SHUSODQHV �%UHLPDQ HW DO�� ����� &KDSWHU ��� �0XUWK\ HW DO�� ������
,Q WKLV FDVH� WHVWV DUH RI WKH IROORZLQJ W\SH�

F� d;� � F� d;� � � � �� FP d;P RS 9DOXH

ZKHUH FL LV D FRQVWDQW� ;L LV D FRQWLQXRXV �LQWHJHU RU UHDO� IHDWXUH� RS LV DQ RSHUDWRU LQ WKH
VHW I���� !�wJ DQG 9DOXH LV D FRQVWDQW YDOXH� )RU WKLV VRUW RI WHVW� WKH GHVFULSWLRQ VSDFH LV
SDUWLWLRQHG LQWR QRQ UHFWDQJXODU UHJLRQV� QDPHO\ K\SHUSODQHV WKDW DUH QRW QHFHVVDULO\ RUWKRJRQDO
WR WKH D[LV�

��



*%4 ��

��'

7KH LPSRUWDQW WKLQJ LV QHYHU WR VWRS TXHVWLRQLQJ�

_$OEHUW (LQVWHLQ

,QGXFWLRQ RI GHFLVLRQ WUHHV LV RQH RI WKH PRVW ZLGHO\ XVHG OHDUQLQJ PHWKRGV LQ SUDFWLFH� ,W FDQ
RXWSHUIRUP KXPDQ H[SHUWV LQ PDQ\ GRPDLQV� 6RPH RI LW VWUHQJWKV LQFOXGH LW LV D IDVW PHWKRG
IRU OHDUQLQJ FRQFHSWV� LW LV VLPSOH WR LPSOHPHQW� LW FDQ FRQYHUW UHVXOW WR D VHW RI LQWHUSUHWDEOH
UXOHV� PDWXUH WHFKQRORJ\� HPSLULFDOO\ YDOLG LQ PDQ\ FRPPHUFLDO SURGXFWV� LW FDQ KDQGOH QRLV\
GDWD�

+RZHYHU WKHUH DUH VRPH ZHDNQHVVHV� ODUJHU WUHHV DUH JHQHUDOO\ GLpFXOW WR UHDG� HYHQ DIWHU WUHH
SUXQLQJ� LW UHTXLUHV n[HG^OHQJWK IHDWXUH FROXPQV� LW LV QRQ^LQFUHPHQWDO OHDUQLQJ�

$OVR� XQLYDULDWH �RU PRQRWKHWLF� WUHHV ZKLFK XVH RQO\ RQH IHDWXUH DW HDFK LQWHUQDO QRGH DUH
OLPLWHG WR D[LV^SDUDOOHO SDUWLWLRQV RI WKH GHVFULSWLRQ VSDFH� OLPLWLQJ WKH FRQFHSW WKDW PD\ EH
OHDUQHG� 2EOLTXH �RU SRO\WKHWLF� WUHHV ZKLFK FDQ XVH PRUH WKDQ RQH IHDWXUH DW HDFK LQWHUQDO
QRGH DUH FRPSXWDWLRQDOO\ H[SHQVLYH WR LQGXFH�

- ���� ������	�

7KHUH DUH PDQ\ K\SRWKHVHV LQ VFLHQFH ZKLFK DUH ZURQJ� 7KDW
V

SHUIHFWO\ DOO ULJKW� WKH\
UH WKH DSHUWXUH WR nQGLQJ RXW ZKDW
V ULJKW�

6FLHQFH LV D VHOI�FRUUHFWLQJ SURFHVV� 7R EH DFFHSWHG� QHZ LGHDV PXVW

VXUYLYH WKH PRVW ULJRURXV VWDQGDUGV RI HYLGHQFH DQG VFUXWLQ\�

_&DUO 6DJDQ

$V GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ� GHFLVLRQ WUHH LQGXFWLRQ UHFXUVLYHO\ GLYLGHV WKH GDWD LQWR
VPDOOHU VXEVHWV� WU\LQJ WR VHSDUDWH HDFK FODVV IURP RWKHUV� 5XOH LQGXFWLRQ� RQ WKH RWKHU KDQG�
LQGXFHV UXOHV GLUHFWO\� ,Q WKLV SURFHVV HDFK UXOH FRYHUV D VXEVHW RI LQVWDQFHV WKDW EHORQJV WR RQH
VSHFLnF FODVV�

,Q JHQHUDO� WKH 'LVMXQFWLYH 1RUPDO )RUP _ '1) _ LV WKH PRVW FRPPRQ UHSUHVHQWDWLRQ XVHG E\
PDQ\ UXOH LQGXFHUV� 7KXV� D UXOH LV D GLVMXQFWLRQ RI FRQMXQFWLYH FRQGLWLRQV� %DVLFDOO\� WKHUH DUH
WZR VRUW RI UXOH LQGXFWLRQ� RUGHUHG DQG XQRUGHUHG ZKLFK DUH H[SODLQHG LQ WKH IROORZLQJ VHFWLRQV�

-%# ;������ ���� ������	�

7KH LQGXFWLRQ RI RUGHUHG UXOHV ZRUNV LQ DQ LWHUDWLYH ZD\� HDFK LWHUDWLRQ VHDUFKLQJ IRU D�FRPSOH[!
ZKLFK FRYHUV D ODUJH QXPEHU RI LQVWDQFHV RI D VLQJOH FODVV &L DQG IHZ RI RWKHU FODVVHV &M � M� L�

+DYLQJ IRXQG D JRRG �FRPSOH[!� WKRVH FRYHUHG LQVWDQFHV WKDW EHORQJ WR WKH FODVV &L EHLQJ
OHDUQHG �DV ZHOO DV� HYHQWXDOO\� RWKHU IHZ LQVWDQFHV KDYLQJ FODVV &M� M � L DOVR FRYHUHG E\ WKH
VDPH �FRPSOH[!� DUH UHPRYHG IURP WKH WUDLQLQJ VHW DQG WKH UXOH ?LI �FRPSOH[! WKHQ FODVV
 &L� LV DGGHG WR WKH HQG RI WKH UXOH OLVW� 7KLV SURFHVV LWHUDWHV XQWLO QR PRUH FRPSOH[HV FDQ EH
IRXQG�

��



����� %DVLF $OJRULWKP

7KH EDVLF RUGHUHG UXOH LQGXFWLRQ �RU LQGXFWLRQ RI RUGHUHG SURGXFWLRQ UXOHV� LQGXFHU LV GHVFULEHG
LQ $OJRULWKP ��

$OJRULWKP � 2UGHUHG UXOH LQGXFWLRQ

�� SURFHGXUH LQGXFH RUGHUHG UXOHV�,QVWDQFHV�
�� 5XOHOLVW � IJ
�� UHSHDW

�� FRPSOH[ � nQG EHVW FRQMXQFWLRQ�,QVWDQFHV�
�� LI FRPSOH[� IJ WKHQ
�� & � PRVW IUHTXHQW FODVV�FRPSOH[�,QVWDQFHV�
�� 5XOH � ,) FRPSOH[ 7+(1 FODVV  &
�� 5XOHOLVW � 5XOHOLVW � I5XOHJ
�� ,QVWDQFHV � ,QVWDQFHV b I7 � 7 LQ ,QVWDQFHV DQG VDWLVnHV�7 �FRPSOH[�J

��� HQG LI

��� XQWLO �,QVWDQFHV  IJ� RU �FRPSOH[  IJ�
��� UHWXUQ 5XOHOLVW

����� $Q ([DPSOH

7KH VDPH H[DPSOH XVHG LQ 6HFWLRQ ��� ZLOO EH XVHG KHUH� )RU VLPSOLFLW\� WKH GDWDVHW LQ 7DEOH �
LV SUHVHQWHG DJDLQ LQ 7DEOH ���

,QVWDQFH 1R� 2XWORRN 7HPSHUDWXUH +XPLGLW\ :LQG\ 9R\DJH"

7� VXQQ\ �� �� \HV JR

7� VXQQ\ �� �� \HV GRQW JR

7� VXQQ\ �� �� QR JR

7� VXQQ\ �� �� QR GRQW JR

7� VXQQ\ �� �� QR GRQW JR

7� RYHUFDVW �� �� \HV JR

7� RYHUFDVW �� �� QR JR

7� RYHUFDVW �� �� \HV GRQW JR

7� RYHUFDVW �� �� QR JR

7�� RYHUFDVW �� �� \HV JR

7�� UDLQ �� �� QR JR

7�� UDLQ �� �� \HV GRQW JR

7�� UDLQ �� �� \HV GRQW JR

7�� UDLQ �� �� QR JR

7�� UDLQ �� �� QR JR

7DEOH ��� 7KH YR\DJH GDWD

7DEOH �� VKRZV D UXOH OLVW� ZKHUH 5� LV WKH nUVW LQGXFHG UXOH� 5� LV WKH VHFRQG RQH DQG VR RQ�
$OVR SRVLWLYHO\ FRYHUHG �3&� LQVWDQFHV DQG QHJDWLYHO\ FRYHUHG �1&� LQVWDQFHV DUH VKRZQ IRU HDFK
UXOH� &RQVLGHULQJ WKH LQLWLDO GLVFRYHUHG UXOH 5�� DOO LQVWDQFHV WKDW VDWLVI\ UXOH FRQGLWLRQV DQG DUH
LQ WKH VDPH FODVV SUHGLFWHG E\ WKH UXOH FRQFOXVLRQ _ LQVWDQFHV 7�� 7�� 7�� 7�� 7�� 7��� 7�� _ DV
ZHOO DV WKRVH LQVWDQFHV WKDW VDWLVI\ UXOH FRQGLWLRQV EXW GR QRW EHORQJ WR WKH SUHGLFWHG FODVV JR
_ LQVWDQFHV 7��� 7�� _ DUH UHPRYHG E\ WKH RUGHUHG UXOH LQGXFWLRQ DOJRULWKP IURP WKH WUDLQLQJ
VHW DQG DQ HOVH LV LQWURGXFHG LQ WKH UXOH OLVW EHIRUH LQGXFLQJ WKH QH[W UXOH� $IWHU WKDW� WKH QH[W

��



5XOH 3& 1&

5� LI KXPLGLW\ � �� WKHQ FODVV  JR 7�� 7�� 7�� 7�� 7�� 7��� 7�� 7��� 7��
5� HOVH LI WHPSHUDWXUH w �� WKHQ FODVV  GRQW JR 7�� 7�� 7� 7�
5� HOVH LI RXWORRN  UDLQ WKHQ FODVV  JR 7��
5� HOVH FODVV  GRQW JR 7��

7DEOH ��� 7KH YR\DJH RUGHUHG UXOHV

UXOH LV LQGXFHG E\ WKH DOJRULWKP DQG WKH SURFHVV JRHV RQ� 2EVHUYH WKDW WKH ODVW UXOH 5� LV WKH
GHIDXOW UXOH� ZKLFK RQO\ nUHV ZKHQ QRQH RI WKH SUHYLRXV UXOHV 5�� 5�� 5� nUH�

����� &ODVVLI\LQJ 1HZ ,QVWDQFHV

7R FODVVLI\ QHZ LQVWDQFHV� WKH RUGHUHG UXOH LQGXFWLRQ FODVVLnHU DSSOLHV DQ LQWHUSUHWDWLRQ LQ ZKLFK
HDFK UXOH LV WULHG LQ RUGHU XQWLO LW LV IRXQG RQH ZKRVH FRQGLWLRQV DUH VDWLVnHG E\ WKH QHZ LQVWDQFH
EHLQJ FODVVLnHG� 7KH UHVXOWLQJ FODVV SUHGLFWLRQ RI WKLV UXOH LV WKHQ DVVLJQHG DV WKH FODVV RI WKDW
LQVWDQFH� 7KXV WKH RUGHU RI UXOHV LV LPSRUWDQW� ,I QR UXOH LV VDWLVnHG� WKH GHIDXOW UXOH DVVLJQV
WKH PRVW FRPPRQ FODVV LQ WKH WUDLQLQJ VHW WR WKH QHZ LQVWDQFH�

����� *HRPHWULF ,QWHUSUHWDWLRQ

2UGHUHG UXOHV FDQ EH VHHP DV D GHJHQHUDWHG ELQDU\ WUHH� VLQFH WR FODVVLI\ DQ XQODEHOHG LQVWDQFH
HDFK UXOH LV WULHG LQ RUGHU XQWLO RQH nUHV� $V WKLV VLWXDWLRQ FRUUHVSRQGV WR DQ LI�WKHQ�HOVLI

VWDWHPHQW� WKH GHVFULSWLRQ VSDFH FDQ EH FRQVLGHUHG DV SDUWLWLRQHG LQWR QRQ�RYHUODSSLQJ UHJLRQV
DV IRU GHFLVLRQ WUHHV�

-%$ <�	������ ���� ������	�

7KH PDLQ PRGLnFDWLRQ WR WKH RUGHUHG UXOH DOJRULWKP LV WR LWHUDWH IRU HDFK FODVV LQ WXUQ� EXW
UHPRYLQJ RQO\ FRYHUHG LQVWDQFHV RI WKDW FODVV ZKHQ D UXOH KDV EHHQ IRXQG� 7KXV� XQOLNH IRU
RUGHUHG UXOHV� WKH LQVWDQFHV IURP FODVVHV &M� M� L LQFRUUHFWO\ FRYHUHG E\ WKH FXUUHQW �FRPSOH[!
VKRXOG UHPDLQ EHFDXVH QRZ HDFK UXOH PXVW LQGHSHQGHQWO\ VWDQG DJDLQVW DOO LQFRUUHFWO\ FRYHUHG
LQVWDQFHV� &RYHUHG LQVWDQFHV KDYLQJ WKH FRUUHFW FODVV &L EHLQJ OHDUQHG PXVW EH UHPRYHG WR VWRS
UHSHDWHGO\ nQGLQJ WKH VDPH UXOH�

����� %DVLF $OJRULWKP

7KH EDVLF XQRUGHUHG UXOH LQGXFHU LV GHVFULEHG LQ $OJRULWKP ��

����� $Q ([DPSOH

7KH VDPH H[DPSOH XVHG LQ WKH SUHYLRXV VHFWLRQ ZLOO EH XVHG KHUH� 7DEOH �� VKRZV D UXOH VHW�
ZKHUH 5� LV WKH nUVW LQGXFHG UXOH� 5� LV WKH VHFRQG RQH DQG VR RQ� $JDLQ� SRVLWLYHO\ FRYHUHG
�3&� LQVWDQFHV DQG QHJDWLYHO\ FRYHUHG �1&� LQVWDQFHV DUH VKRZQ IRU HDFK UXOH� &RQVLGHULQJ
WKH LQLWLDO GLVFRYHUHG UXOH 5�� LQVWDQFHV WKDW VDWLVI\ UXOH FRQGLWLRQV DQG DUH LQ WKH VDPH FODVV
SUHGLFWHG E\ WKH UXOH FRQFOXVLRQ _ LQVWDQFHV 7�� 7�� 7�� 7� _ DUH UHPRYHG IURP WKH WUDLQLQJ VHW�

��



$OJRULWKP � 8QRUGHUHG UXOH LQGXFWLRQ

�� SURFHGXUH LQGXFH XQRUGHUHG UXOHV�,QVWDQFHV�
�� 5XOHVHW � IJ
�� IRU FODVV & LQ ,QVWDQFHV GR
�� 5XOHV IRU RQH FODVV � IJ
�� UHSHDW

�� FRPSOH[ � nQG EHVW FRQMXQFWLRQ�,QVWDQFHV�&�
�� LI FRPSOH[� IJ WKHQ
�� 5XOHV IRU RQH FODVV � 5XOHV IRU RQH FODVV � I,) FRPSOH[ 7+(1 FODVV  &J
�� ,QVWDQFHV � ,QVWDQFHV b I7 � 7 LQ ,QVWDQFHV DQG VDWLVnHV�7 �FRPSOH[ DQG FODVV &�J

��� HQG LI

��� XQWLO �,QVWDQFHV  IJ� RU �FRPSOH[  IJ�
��� 5XOHVHW � 5XOHVHW � 5XOHV IRU RQH FODVV
��� HQG IRU

��� UHWXUQ 5XOHVHW

5XOH 3& 1&

5� LI RXWORRN  RYHUFDVW WKHQ FODVV  JR 7�� 7�� 7�� 7� 7��
5� LI RXWORRN  VXQQ\ DQG KXPLGLW\ ! �� WKHQ FODVV  GRQW JR 7�� 7�� 7�
5� LI WHPSHUDWXUH ! �� WKHQ FODVV  JR 7�� 7�� 7�� 7��
5� LI RXWORRN  UDLQ DQG ZLQG\  QR WKHQ FODVV  JR 7��� 7��� 7��
5� LI RXWORRN  UDLQ DQG ZLQG\  \HV WKHQ FODVV  GRQW JR 7��� 7��
5� FODVV  JR 7�� 7�� 7�� 7�� 7�� 7��

7�� 7�� 7��� 7�� 7��� 7��
7��� 7��� 7��

7DEOH ��� 7KH YR\DJH XQRUGHUHG UXOHV

2EVHUYH WKDW LQVWDQFHV FRYHUHG E\ WKH UXOH EXW WKDW GR QRW EHORQJ WR WKH VDPH FODVV SUHGLFWHG
E\ UXOH FRQFOXVLRQ _ LQVWDQFH 7�� _ UHPDLQ LQ WKH WUDLQLQJ VHW� $IWHU WKDW� WKH QH[W UXOH LV
LQGXFHG DQG WKH SURFHVV JRHV RQ� $V LQ RUGHUHG UXOHV� REVHUYH WKDW WKH ODVW UXOH 5� LV WKH GHIDXOW
UXOH� ZKLFK RQO\ nUHV ZKHQ QRQH RI WKH SUHYLRXV UXOHV 5�� 5�� � � � � 5� nUH�

����� &ODVVLI\LQJ 1HZ ,QVWDQFHV

7R FODVVLI\ D QHZ LQVWDQFH XVLQJ LQGXFHG XQRUGHUHG UXOHV� DOO UXOHV DUH WULHG DQG WKRVH ZKLFK
nUH DUH FROOHFWHG� ,I PRUH WKDQ RQH FODVV LV SUHGLFWHG E\ nUHG UXOHV� WKH XVXDO PHWKRG XVHG LV WR
WDJ HDFK UXOH ZLWK WKH GLVWULEXWLRQ RI FRYHUHG LQVWDQFHV DPRQJ FODVVHV DQG WKHQ WR VXP WKHVH
GLVWULEXWLRQV WR nQG WKH PRVW SUREDEOH FODVV� )RU LQVWDQFH� FRQVLGHU D GLmHUHQW H[DPSOH ZLWK
WKUHH LQGXFHG UXOHV�

LI KHDG VTXDUH DQG KROG JXQ WKHQ FODVV HQHP\ FRYHUV >����@
LI VL]H WDOO DQG oLHV QR WKHQ FODVV IULHQG FRYHUV >����@
LI ORRN DQJU\ WKHQ FODVV HQHP\ FRYHUV >����@

+HUH WKH WZR FODVVHV DUH IHQHP\�IULHQGJ DQG >����@ GHQRWHV WKDW WKH UXOH FRYHUV �� WUDLQLQJ
LQVWDQFHV RI HQHP\ DQG � RI IULHQG� *LYHQ D QHZ LQVWDQFH RI D URERW ZKLFK KDV VTXDUH KHDG�
FDUULHV D JXQ� WDOO� QRQ�o\LQJ DQG DQJU\� DOO WKUHH UXOHV DUH nUHG� 8VXDOO\� WKH XQRUGHUHG UXOH

��
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)LJXUH ��� 2YHUODSSLQJ UHJLRQV DUH JHQHUDOO\ IRUPHG E\ XQRUGHUHG UXOH LQGXFWLRQ LQ WKH GHVFULS�
WLRQ VSDFH

DOJRULWKP UHVROYHV WKLV FODVK E\ VXPPLQJ WKH FRYHUHG LQVWDQFHV >�����@ DQG WKHQ SUHGLFWLQJ WKH
PRVW FRPPRQ FODVV LQ WKH VXP _ HQHP\�

����� *HRPHWULF ,QWHUSUHWDWLRQ

,QGXFLQJ XQRUGHUHG UXOHV GLYLGHV WKH GHVFULSWLRQ VSDFH LQWR RYHUODSSLQJ UHJLRQV� VLQFH RQH LQ�
VWDQFH FDQ EH FRYHUHG E\ PRUH WKDQ RQH UXOH�

$V DQ H[DPSOH� FRQVLGHU MXVW RQO\ WZR IHDWXUHV �;� DQG;�� DQG WZR FODVVHV �R DQG ��� )LJXUH ��
VKRZV IRXU UXOHV �RQH IRU HDFK UHFWDQJXODU UHJLRQ�� WZR UHFWDQJOHV ZLWK VROLG OLQHV ZKLFK UHSUHVHQW
WKH WZR UXOHV KDYLQJ �FODVV  R! DQG WZR UHFWDQJOHV ZLWK GDVKHG OLQHV UHSUHVHQWLQJ WKH WZR
UXOHV KDYLQJ �FODVV  �! � 2I FRXUVH� DV LQ GHFLVLRQ WUHHV WKLV GLYLVLRQ RI WKH GHVFULSWLRQ VSDFH
FRUUHVSRQGV WR IHDWXUH�YDOXH WHVWV� )RU OLQHDU FRPELQDWLRQ RI IHDWXUHV� WKH GHVFULSWLRQ VSDFH
GLYLVLRQ ZRXOG ORRN QRQ�RUWKRJRQDO UHFWDQJOHV�

-%* ��

��'

'RXEW LV WKH IDWKHU RI LQYHQWLRQ�

_*DOLOHR *DOLOHL

:H KDYH SUHVHQWHG WZR EDVLF UXOH LQGXFWLRQ DOJRULWKPV ZKHUH WKH RUGHU RI HYDOXDWLRQ RI WKH
UXOHV LV UHOHYDQW �RUGHUHG UXOHV� DQG ZKHUH WKHUH LV QR LPSOLFLW RUGHU DPRQJ UXOHV �XQRUGHUHG
UXOHV��

7KH VWUHQJWKV RI UXOH LQGXFWLRQ LV FRPSUHKHQVLELOLW\ DQG ORZ VWRUDJH UHTXLUHPHQWV� +RZHYHU�
WKH SURFHVV RI LQGXFLQJ UXOHV LV D VORZHU SURFHVV WKDQ LQGXFLQJ GHFLVLRQ WUHHV DQG WKHUH DUH RIWHQ
PDQ\ YDULDEOHV WR WXQH�

��
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, QHYHU WKLQN RI WKH IXWXUH� ,W FRPHV VRRQ HQRXJK�

_$OEHUW (LQVWHLQ

,Q WKLV ZRUN ZH SUHVHQW EDVLF WHUPV FRPPRQO\ XVHG DV ZHOO DV VRPH FRQFHSWV WKDW DUH LPSRU�
WDQW LQ WKH nHOG RI 0DFKLQH /HDUQLQJ� PDNLQJ QR DVVXPSWLRQV DERXW WKH UHDGHU
V EDFNJURXQG�
)URP WKH VHYHUDO IRUP RI OHDUQLQJ ZH FRQFHQWUDWH LQ LQGXFWLYH VXSHUYLVHG OHDUQLQJ ZKLFK LV WKH
PRVW UHVHDUFKHG NLQG RI OHDUQLQJ LQ $UWLnFLDO ,QWHOOLJHQFH DQG KDV SURGXFHG PDQ\ VROLG UHVXOWV�
6SHFLnFDOO\� ZH FRQFHQWUDWH LQ FODVVLnFDWLRQ� ZKHUH WKH FODVV ODEHO RI WKH WUDLQLQJ H[DPSOHV XVHG
E\ WKH 0/ DOJRULWKP DUH GLVFUHWH�

$IWHU LQWURGXFLQJ WKH EDVLF WHUPLQRORJ\ DQG FRQFHSWV� ZH GLVFXVV WKH LPSRUWDQFH RI HPSLULFDOO\
HYDOXDWLQJ WKH DFFXUDF\ RI FODVVLnHUV LQGXFHG E\ 0/ DOJRULWKPV� DQG ZH SUHVHQW VRPH EDVLF
VWDWLVWLFDO PHWKRGV WR HVWLPDWH FODVVLnHUV �RU K\SRWKHVHV� DFFXUDF\� $OVR� VHYHUDO PHWKRGV WR
FRPELQH FODVVLnHUV �HQVHPEOHV� LQ RUGHU WR LPSURYH WKH DFFXUDF\ REWDLQHG E\ HDFK LQGLYLGXDO
FODVVLnHU� DUH GLVFXVVHG LQ VRPH GHWDLO�

/HDUQLQJ DOJRULWKPV GHSHQG RQ WKH ODQJXDJH LQ ZKLFK GDWDVHWV DQG EDFNJURXQG NQRZOHGJH DUH
GHVFULEHG DQG WKH OHDUQHG FRQFHSWV DUH UHSUHVHQWHG� ,Q WKLV ZRUN ZH FRQFHQWUDWH LQ UHODWLRQDO
GHVFULSWLRQV DQG GLVFXVV SUDFWLFDO LVVXHV LQ OHDUQLQJ GHFLVLRQ WUHHV DQG LI�WKHQ UXOHV IURP IHDWXUH�
YDOXH GDWDVHWV�

,W VKRXOG EH REVHUYHG WKDW 0DFKLQH /HDUQLQJ LV D SRZHUIXO WRRO IRU RYHUFRPLQJ WKH ERWWOHQHFN
RI NQRZOHGJH DFTXLVLWLRQ� DQG VHYHUDO DOJRULWKPV KDYH EHHQ LPSOHPHQWHG DQG DOVR ZLOO EH LPSOH�
PHQWHG LQ WKH IXWXUH� 7KH YHU\ EDVLF �EXW VWLOO LPSRUWDQW� OHVVRQ WR EH OHDUQW LV WKDW WKHUH LV QR
DOJRULWKP WKDW GRPLQDWHV DOO RWKHUV IRU DOO SUREOHPV� 7KH EHVW ZH FDQ KRSH IRU LV WR XQGHUVWDQG
WKH VWUHQJWKV DQG OLPLWDWLRQV RI GLmHUHQW DOJRULWKPV� DQG EDVHG RQ EDFNJURXQG NQRZOHGJH IRU D
JLYHQ GRPDLQ� PDNH UHFRPPHQGDWLRQV DV WR ZKLFK DOJRULWKPV WR XVH�

2QH DSSURDFK WKDW FDQ ZRUN ZHOO LQ SUDFWLFH LV WR WU\ GLmHUHQW DOJRULWKPV� HVWLPDWH WKHLU DFFX�
UDF\� DQG SLFN WKH RQH ZLWK WKH KLJKHVW HVWLPDWHG DFFXUDF\ IRU D JLYHQ GRPDLQ� 7KLV PHWKRG
ZLOO ZRUN ZHOO DV ORQJ DV WKHUH DUH QRW WRR PDQ\ DOJRULWKPV EHLQJ WULHG DQG ZKHQ ZH KDYH
UHDVRQV WR EHOLHYH WKDW WKH\ DUH DSSURSULDWH IRU WKH GRPDLQ�

$FNQRZOHGJPHQWV� :H DUH JUDWHIXO WR +XHL 'LDQD /HH DQG -DTXHOLQH %ULJODGRUL 3XJOLHVL IRU
KHOSIXO FRPPHQWV RQ D GUDIW RI WKLV UHSRUW�

�� ������

$JUDZDO� 5�� ,PLHOLQVNL� 7�� DQG 6ZDPL� $� ������� 0LQLQJ DVVRFLDWLRQV EHWZHHQ VHWV RI LWHPV
LQ PDVVLYH GDWDEDVHV� ,Q 3URFHHGLQJV RI WKH $&0�6,*02' ,QWHUQDWLRQDO &RQIHUHQFH RQ

0DQDJHPHQW RI 'DWD� SDJHV ���^���� :DVKLQJWRQ '�&�

$JUDZDO� 5� DQG 6ULNDQW� 5� ������� )DVW DOJRULWKPV IRU PLQLQJ DVVRFLDWLRQ UXOHV LQ ODUJH
GDWDEDVHV� ,Q 3URFHHGLQJV RI WKH ��WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 9HU\ /DUJH 'DWDEDVHV�
KWWS���ZZZ�DOPDGHQ�LEP�FRP�X�UDJUDZDO�SXEV�KWPO�

%DUDQDXVNDV� -� $� DQG 0RQDUG� 0� &� �����D�� ([SHULPHQWDO IHDWXUH VHOHFWLRQ XVLQJ WKH
ZUDSSHU DSSURDFK� ,Q 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ 'DWD 0LQLQJ� SDJHV
���^���� 5LR GH -DQHLUR� 5-� KWWS���ZZZ�IPUS�XVS�EU�zDXJXVWR�SV�,&'0���ZHE�SV�]LS�

��



%DUDQDXVNDV� -� $� DQG 0RQDUG� 0� &� �����E�� 0HWRGRORJLDV SDUD VHOHzFaDR GH DWULEX�
WRV� :RUNVKRS GH 7HVHV H 'LVVHUWDzFaRHV GR 6LPSuRVLR %UDVLOHLUR GH ,QWHOLJAHQFLD $UWLnFLDO

�6%,$�� KWWS���ZZZ�IPUS�XVS�EU�zDXJXVWR�SV�6%,$���ZHE�SV�]LS�

%DUDQDXVNDV� -� $� DQG 0RQDUG� 0� &� ������� 7KH 0/&�� ZUDSSHU IRU IHD�
WXUH VXEVHW VHOHFWLRQ XVLQJ GHFLVLRQ WUHH� SURGXFWLRQ UXOH� LQVWDQFH EDVHG DQG VWD�
WLVWLFDO LQGXFHUV� 6RPH H[SHULPHQWDO UHVXOWV� 7HFKQLFDO 5HSRUW ��� ,&0&�863�
IWS���IWS�LFPF�VF�XVS�EU�SXE�%,%/,27(&$�UHO WHF�5W ���SV�]LS�

%DUDQDXVNDV� -� $�� 0RQDUG� 0� &�� DQG +RUVW� 3� 6� �����E�� (YDOX�
DWLRQ RI &1� LQGXFHG UXOHV XVLQJ IHDWXUH VHOHFWLRQ� $UJHQWLQH 6\PSR�

VLXP RQ $UWLnFLDO ,QWHOOLJHQFH �$6$,�-$,,2�6$',2�� SDJHV ���^����
KWWS���ZZZ�IPUS�XVS�EU�zDXJXVWR�SV�$6$,���ZHE�SV�]LS�

%DUDQDXVNDV� -� $�� 0RQDUG� 0� &�� DQG +RUVW� 3� 6� �����D�� (YDOXDWLRQ RI IHDWXUH VHOHF�
WLRQ E\ ZUDSSLQJ DURXQG WKH &1� LQGXFHU� (QFRQWUR 1DFLRQDO GH ,QWHOLJAHQFLD $UWLnFLDO

�(1,$�6%&�� SDJHV ���^���� KWWS���ZZZ�IPUS�XVS�EU�zDXJXVWR�SV�(1,$���ZHE�SV�]LS�

%DWLVWD� *� (� $� 3� $� ������� 8P DPELHQWH GH DYDOLDzFaDR GH DOJRULWPRV GH DSUHQGL]DGR GH
PuDTXLQD XWLOL]DQGR H[HPSORV� 'LVVHUWDzFaDR GH 0HVWUDGR� ,&0&�863�

%DWLVWD� *� (� $� 3� $�� &DUYDOKR� $� &� 3� /�� DQG 0RQDUG� 0� &� ������� $SSO\LQJ RQH�VLGHG
VHOHFWLRQ WR XQEDODQFHG GDWDVHWV� ,Q 3URFHHGLQJV RI WKH 0H[LFDQ &RQJUHVV RQ $UWLnFLDO

,QWHOOLJHQFH �0,&$,�� /HFWXUH 1RWHV LQ $UWLnFLDO ,QWHOOLJHQFH� 6SULQJHU�9HUODJ� �LQ SULQW��

%DWLVWD� *� (� $� 3� $� DQG 0RQDUG� 0� &� ������� 'HVFULzFaDR GD LPSOHPHQWDzFaDR GRV PuHWRGRV
HVWDWurVWLFRV H GH UHVDPSOLQJ GR DPELHQWH $036$0� 7HFKQLFDO 5HSRUW ��� ,&0&�863�

%DXHU� (� DQG .RKDYL� 5� ������� $Q HPSLULFDO FRPSDULVRQ RI YRWLQJ FODVVLnFDWLRQ DOJRULWKPV�
%DJJLQJ� ERRVWLQJ� DQG YDULDQWV� 0DFKLQH /HDUQLQJ� ������^����

%D\DUGR� 5� -� DQG $JUDZDO� 5� ������� 0LQLQJ WKH PRVW LQWHUHVWLQJ UXOHV� ,Q 3URFHHG�

LQJV RI WKH �WK ,QWHUQDWLRQDO &RQIHUHQFH RQ .QRZOHGJH 'LVFRYHU\ DQG 'DWD 0LQLQJ�
KWWS���ZZZ�DOPDGHQ�LEP�FRP�X�UDJUDZDO�SXEV�KWPO�

%ODNH� &�� .HRJK� (�� DQG 0HU]� &� -� ������� 8&, UHSRVLWRU\ RI PDFKLQH OHDUQLQJ GDWDEDVHV�
KWWS���ZZZ�LFV�XFL�HGX�zPOHDUQ�0/5HSRVLWRU\�KWPO�

%OXP� $� /� DQG /DQJOH\� 3� ������� 6HOHFWLRQ RI UHOHYDQW IHDWXUHV DQG H[DPSOHV LQ PDFKLQH
OHDUQLQJ� $UWLnFLDO ,QWHOOLJHQFH� SDJHV ���^����

%UDWNR� ,� ������� 3URORJ 3URJUDPPLQJ IRU $UWLnFLDO ,QWHOOLJHQFH� $GGLVRQ^:HVOH\�

%UHLPDQ� /� �����D�� $UFLQJ FODVVLnHUV� 7HFKQLFDO UHSRUW� 6WDWLVWLFV 'HSDUWPHQW� 8QLYHUVLW\
RI &DOLIRUQLD� IWS���IWS�VWDW�EHUNHOH\�HGX�SXE�XVHUV�EUHLPDQ��

%UHLPDQ� /� �����E�� %DJJLQJ SUHGLFWRUV� 0DFKLQH /HDUQLQJ� ���������^����

%UHLPDQ� /� �����F�� %LDV� YDULDQFH DQG DUFLQJ FODVVLnHUV� 7HFKQLFDO 5HSRUW ���� 6WDWLVWLFV
'HSDUWPHQW� 8QLYHUVLW\ RI &DOLIRUQLD�

%UHLPDQ� /� �����G�� 7KH KHXULVWLFV RQ LQVWDELOLW\ LQ PRGHO VHOHFWLRQ� 7HFKQLFDO UHSRUW� 6WDWLV�
WLFV 'HSDUWPHQW� 8QLYHUVLW\ RI &DOLIRUQLD� IWS���IWS�VWDW�EHUNHOH\�HGX�SXE�XVHUV�EUHLPDQ��

%UHLPDQ� /�� )ULHGPDQ� -�� 2OVKHQ� 5�� DQG 6WRQH� &� ������� &ODVVLnFDWLRQ DQG 5HJUHVVLRQ

7UHHV� :DGVZRUWK 	 %RRNV� 3DFLnF *URYH� &$�

&DXONLQV� &� :� ������� $TXLVLzFaDR GH FRQKHFLPHQWR XWLOL]DQGR DSUHQGL]DGR GH PuDTXLQD UHOD�
FLRQDO� ([DPH GH 4XDOLnFDzFaDR GH 0HVWUDGR� ,&0&�863�

��



&ODUN� 3� DQG %RVZHOO� 5� ������� 5XOH LQGXFWLRQ ZLWK &1�� 6RPH UHFHQW LPSURYHPHQWV�
,Q .RGUDWRm� <�� HGLWRU� 3URFHHGLQJV RI WKH �WK (XURSHDQ &RQIHUHQFH �(:6/ ���� SDJHV
���^���� 6SULQJHU�9HUODJ�

&ODUN� 3� DQG 1LEOHWW� 7� ������� ,QGXFWLRQ LQ QRLVH GRPDLQV� ,Q %UDWNR� ,� DQG /DYUD�F� 1��
HGLWRUV� 3URFHHGLQJV RI WKH 6HFRQG (XURSHDQ :RUNLQJ 6HVVLRQ RQ /HDUQLQJ� SDJHV ��^���
:LOPVORZ� 8.� 6LJPD�

&ODUN� 3� DQG 1LEOHWW� 7� ������� 7KH &1� LQGXFWLRQ DOJRULWKP� 0DFKLQH /HDUQLQJ� ��������^
����

&RKHQ� :� :� ������� )DVW HmHFWLYH UXOH LQGXFWLRQ� ,Q 3URFHHGLQJV RI WKH 7ZHOIWK ,QWHUQDWLRQDO
&RQIHUHQFH RQ 0DFKLQH /HDUQLQJ� SDJHV ���^���� 6DQ )UDQFLVFR� &$� 0RUJDQ .DXIPDQQ�

'LHWWHULFK� 7� *� �����D�� 0DFKLQH OHDUQLQJ UHVHDUFK� )RXU FXUUHQW GLUHFWLRQV�
IWS���IWS�FV�RUVW�HGX�SXE�WJG�SDSHUV�

'LHWWHULFK� 7� *� �����E�� 6WDWLVWLFDO WHVWV IRU FRPSDULQJ VXSHUYLVHG FODVVLnFDWLRQ OHDUQLQJ
DOJRULWKPV� IWS���IWS�FV�RUVW�HGX�SXE�WJG�SDSHUV�

(IURQ� %� DQG 7LEVKLUDQL� 5� ������� $Q ,QWURGXFWLRQ WR WKH %RRWVWUDS� &KDSPDQ 	 +DOO�

)HOL[� /� &� 0�� 5H]HQGH� 6� 2�� 'RL� &� <�� GH 3DXOD� 0� )�� DQG 5RPDQDWR� 0� -� �������
0/&�� ELEOLRWHFD GH DSUHQGL]DGR GH PuDTXLQD HP &��� 7HFKQLFDO 5HSRUW ��� ,&0&�863�
IWS���IWS�LFPF�VF�XVS�EU�SXE�%,%/,27(&$�UHO WHF�5W ���SV�]LS�

)ODFK� 3� ������� 6LPSO\ /RJLFDO� ,QWHOOLJHQW 5HDVRQLQJ E\ ([DPSOHV� -RKQ :LOH\ 	 6RQV /WG�

)UHHGPDQ� '�� 3LVDQL� 5�� DQG 3XUYHV� 5�� HGLWRUV ������� 6WDWLVWLFV� 7KLUG HGLWLRQ� :� :�
1RUWRQ 	 &RPSDQ\� WKLUG HGLWLRQ HGLWLRQ�

)UHLWDV� $� $� �����D�� $ PXOWL�FULWHULD DSSURDFK IRU WKH HYDOXDWLRQ RI UXOH LQWHUHVWLQJQHVV� ,Q
3URFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ 'DWD 0LQLQJ� SDJHV �^��� 5LR GH -DQHLUR�
5-�

)UHLWDV� $� $� �����E�� 2Q REMHFWLYH PHDVXUHV RI UXOH VXUSULVLQJQHVV� ,Q 3ULQFLSOHV RI 'DWD

0LQLQJ 	 .QRZOHGJH 'LVFRYHU\� 3URFHHGLQJV RI WKH 6HFRQG (XURSHDQ 6\PS� /HFWXUH 1RWHV

LQ $UWLnFLDO ,QWHOOLJHQFH� YROXPH ����� SDJHV �^��

)UHXQG� <� DQG 6FKDSLUH� 5� (� ������� $ GHFLVLRQ�WKHRUHWLF JHQHUDOL]DWLRQ RI RQ�OLQH OHDUQLQJ
DQG DQ DSSOLFDWLRQ WR ERRVWLQJ� ,Q 3URFHHGLQJV RI WKH 6HFRQG (XURSHDQ &RQIHUHQFH RQ

&RPSXWDWLRQDO /HDUQLQJ 7KHRU\� SDJHV ��^��� 6SULQJHU�9HUODJ�

)UHXQG� <� DQG 6FKDSLUH� 5� (� ������� ([SHULPHQWV ZLWK D QHZ ERRVWLQJ DOJRULWKP� ,Q
3URFHHGLQJV RI WKH 7KLUWHHQWK ,QWHUQDWLRQDO &RQIHUHQFH RQ 0DFKLQH /HDUQLQJ� SDJHV ���^
���� /DNH 7DKRH� &DOLIRUQLD� 0RUJDQ .DXIPDQQ�

+RUVW� 3� 6� ������� $YDOLDzFaDR GR FRQKHFLPHQWR DGTXLULGR SRU DOJRULWPRV GH DSUHQGL]DGR GH
PuDTXLQD XWLOL]DQGR H[HPSORV� 'LVVHUWDzFaDR GH 0HVWUDGR� ,&0&�863�

-RKQ� *�� .RKDYL� 5�� DQG 3oHJHU� .� ������� ,UUHOHYDQW IHDWXUHV DQG WKH VXEVHW VHOHFWLRQ
SUREOHP� ,Q .DXIPDQQ� 0�� HGLWRU� 3URFHHGLQJV RI WKH 7HQWK ,QWHUQDWLRQDO &RQIHUHQFH RQ

0DFKLQH /HDUQLQJ� SDJHV ���^���� 6DQ )UDQFLVFR� &$�

.'' ������� 3URFHHGLQJV RI WKH )LUVW ,QWHUQDWLRQDO &RQIHUHQFH RQ .QRZOHGJH 'LVFRYHU\ DQG

'DWD 0LQLQJ �.''����� 0HQOR 3DUN� &$� $PHULFDQ $VVRFLDWLRQ IRU $UWLnFLDO ,QWHOOLJHQFH�

.HDUQV� 0� -� DQG 9D]LUDQL� 8� 9�� HGLWRUV ������� $Q ,QWURGXFWLRQ WR &RPSXWDWLRQDO /HDUQLQJ

7KHRU\� (OOLV +RUZRRG�

��



.LUD� .� DQG 5HQGHOO� /� $� ������� 7KH IHDWXUH VHOHFWLRQ SUREOHP� 7UDGLWLRQDO PHWKRGV DQG
D QHZ DOJRULWKP� ,Q 7HQWK 1DWLRQDO &RQIHUHQFH RQ $UWLnFLDO ,QWHOOLJHQFH� SDJHV ���^����
0,7 3UHVV�

.OHPHWWLQHQ� 0�� 0DQQLOD� +�� 5RQNDLQHQ� 3�� 7RLYRQHQ� +�� DQG 9HUNDPR� $� ,� �������
)LQGLQJ LQWHUHVWLQJ UXOHV IURP ODUJH VHWV RI GLVFRYHUHG DVVRFLDWLRQ UXOHV� 7KLUG ,QWHUQDWLRQD
&RQIHUHQFH RQ ,QIRUPDWLRQ DQG .QRZOHGJH 0DQDJPHQWH� ������^����

.RKDYL� 5� ������� :UDSSHUV IRU IHDWXUH VXEVHW VHOHFWLRQ� $UWLnFLDO ,QWHOOLJHQFH� ������^����

.RKDYL� 5� DQG 6RPPHUnHOG� '� ������� )HDWXUH VXEVHW VHOHFWLRQ XVLQJ WKH ZUDSSHU PRGHO�
2YHUnWWLQJ DQG G\QDPLF VHDUFK VSDFH WRSRORJ\� ,Q �.''� ������ SDJHV ���^����

.RKDYL� 5�� 6RPPHUnHOG� '�� DQG 'RXJKHUW\� -� ������� 0/&��� $ 0DFKLQH /HDUQLQJ /L�

EUDU\ LQ &��� ,((( &RPSXWHU 6RFLHW\ 3UHVV�

.RKDYL� 5�� 6RPPHUnHOG� '�� DQG 'RXJKHUW\� -� ������� 'DWD PLQLQJ XVLQJ 0/&��� $
PDFKLQH OHDUQLQJ OLEUDU\ LQ &��� 7RROV ZLWK $UWLnFLDO ,QWHOOLJHQFH� SDJHV ���^����

.XEDW� 0�� %UDWNR� ,�� DQG 0LFKDOVNL� 5� 6� �����D�� $ 5HYLHZ RI 0DFKLQH /HDUQLQJ 0HWKRGV�
SDJHV �^��� ,Q �0LFKDOVNL HW DO�� ������

.XEDW� 0�� +ROWH� 5� &�� DQG 0DWZLQ� 6� ������� /HDUQLQJ ZKHQ QHJDWLYH H[DPSOHV DERXQG�
2QH�VLGHG VHOHFWLRQ� ,Q 3URFHHGLQJV RI WKH (XURSHDQ &RQIHUHQFH RQ 0DFKLQH /HDUQLQJ

�(&0/�� SDJHV ���^���� 6SULQJHU�9HUODJ�

.XEDW� 0�� +ROWH� 5� &�� DQG 0DWZLQ� 6� �����E�� 0DFKLQH OHDUQLQJ IRU GHWHFWLRQ RI RLO VSLOOV
LQ VDWHOOLWH UDGDU LPDJHV� 0DFKLQH /HDUQLQJ� ������^����

.XEDW� 0� DQG 0DWZLQ� 6� ������� $GGUHVVLQJ WKH FXUVH RI LPEDODQFHG WUDLQLQJ VHWV� 2QH�
VLGHG VDPSOLQJ� ,Q 3URFHHGLQJV RI WKH )RXUWHHQWK ,QWHUQDWLRQDO &RQIHUHQFH RQ 0DFKLQH

/HDUQLQJ� SDJHV ���^���� 6DQ )UDQFLVFR� 0RUJDQ .DXIPDQQ�

/DQJOH\� 3� ������� (OHPHQWV RI 0DFKLQH /HDUQLQJ� 0RUJDQ .DXIPDQQ 3XEOLVKHUV� ,QF�

/HH� +� '� ������� 6HOHzFaDR H FRQVWUXzFaDR GH IHDWXUHV UHOHYDQWHV SDUD R DSUHQGL]DGR GH PuDTXLQD�
'LVVHUWDzFaDR GH 0HVWUDGR� ,&0&�863�

/HH� +� '�� 0RQDUG� 0� &�� DQG %DUDQDXVNDV� -� $� ������� (PSLULFDO FRPSDULVRQ RI ZUDS�
SHU DQG nOWHU DSSURDFKHV IRU IHDWXUH VXEVHW VHOHFWLRQ� 7HFKQLFDO 5HSRUW ��� ,&0&�863�
IWS���IWS�LFPF�VF�XVS�EU�SXE�%,%/,27(&$�UHO WHF�5W ���SV�]LS�

0DUJLQHDQWX� '� '� DQG 'LHWWHULFK� 7� *� ������� 3UXQLQJ DGDSWLYH ERRVWLQJ� ,Q 3URFHHGLQJV

RI WKH )RXUWHHQWK ,QWHUQDWLRQDO &RQIHUHQFH RQ 0DFKLQH /HDUQLQJ� SDJHV ���^���� 6DQ
)UDQFLVFR� 0RUJDQ .DXIPDQQ�

0LFKDOVNL� 5� 6� ������� $ WKHRU\ DQG PHWKRGRORJ\ RI LQGXFWLYH OHDUQLQJ� $UWLnFLDO ,QWHOOL�
JHQFH� ������^����

0LFKDOVNL� 5� 6�� %UDWNR� ,�� DQG .XEDW� 0�� HGLWRUV ������� 0DFKLQH /HDUQLQJ DQG 'DWD

0LQLQJ 0HWKRGV DQG $SSOLFDWLRQV� -RKQ :LOH\ 	 6RQV /WG�� :HVW 6XVVH[� (QJODQG�

0LFKDOVNL� 5� 6� DQG .DXIPDQ� .� $� ������� 'DWD 0LQLQJ DQG .QRZOHGJH 'LVFRYHU\� $

5HYLHZ RI ,VVXHV DQG D 0XOWLVWUDWHJ\ $SSURDFK� SDJHV ��^���� ,Q �0LFKDOVNL HW DO�� ������

0LFKLH� '� ������� 0DFKLQH OHDUQLQJ LQ WKH QH[W nYH \HDU� ,Q 3URFHHGLQJV RI WKH 7KLUG (XURSHDQ
:RUNLQJ 6HVVLRQ RQ /HDUQLQJ (:6/���� *ODVJRZ� /RQGRQ� 3LWPDQ�

0LFKLH� '�� 6SLHJHOKDOWHU� '� -�� DQG 7D\ORU� &� &�� HGLWRUV ������� 0DFKLQH /HDUQLQJ� 1HXUDO

DQG 6WDWLVWLFDO &ODVVLnFDWLRQ� (OOLV +RUZRRG�

0LWFKHOO� 7� 0� ������� 0DFKLQH /HDUQLQJ� 0F*UDZ^+LOO�

��



0RULN� .�� :UREHO� 6�� - .QRZOHGJH $FTXLVLWLRQ DQG 0DFKLQH /HDUQLQJ� 7KHRU\� 0HWKRGV�

DQG $SSOLFDWLRQV� +DUFRXUW %UDFH 	 &RPSDQ\� 3XEOLVKHUV�

0RVHV� /� (�� HGLWRU ������� 7KLQN DQG ([SODLQ ZLWK 6WDWLVWLFV� $GGLVRQ^:HVOH\�

0XJJOHWRQ� 6� +� DQG 5DHGW� /� '� ������� ,QGXFWLYH ORJLF SURJUDPPLQJ� 7KH -RXUQDO RI /RJLF
3URJUDPPLQJ� ���������^����

0XUWK\� 6� .�� .DVLI� 6�� DQG 6DO]EHUJ� 6� /� ������� $ V\VWHP IRU LQGXFWLRQ
RI REOLTXH GHFLVLRQ WUHHV� -RXUQDO RI $UWLnFLDO ,QWHOOLJHQFH 5HVHDUFK� ������^���
KWWS���ZZZ�FV�MKX�HGX�zVDO]EHUJ�MDLU���SV�

3UDWL� 5� &�� %DUDQDXVNDV� -� $�� DQG 0RQDUG� 0� &� ������� %LE9LHZ� 8P VLVWHPD SDUD
DX[LOLDU D PDQXWHQzFaDR GH UHJLVWURV SDUD R %LE7(;� 7HFKQLFDO 5HSRUW ��� ,&0&�863�
IWS���IWS�LFPF�VF�XVS�EU�SXE�%,%/,27(&$�UHO WHF�5W ���SV�]LS�

4XLQODQ� -� 5� ������� &��� 3URJUDPV IRU 0DFKLQH /HDUQLQJ� 0RUJDQ .DXIPDQQ� &$�

4XLQODQ� -� 5� ������� /HDUQLQJ ORJLFDO GHnQLWLRQ IURP UHODWLRQV� 0DFKLQH /HDUQLQJ� �����^
����

4XLQODQ� -� 5� ������� %DJJLQJ� ERRVWLQJ DQG &���� ,Q 3URFHHGLQJV RI WKH 7KLUWHHQWK 1DWLRQDO

&RQIHUHQFH RQ $UWLnFLDO ,QWHOOLJHQFH� SDJHV ���^���� $PHULFDQ $VVRFLDWLRQ IRU $UWLnFLDO
,QWHOOLJHQFH�

5DWKMHQV� '� ������� 0LQH6HW70 8VHU
V *XLGH� 6LOLFRQ *UDSKLFV� ,QF�

5XVVHO� 6� DQG 1RUYLJ� 3� ������� $UWLnFLDO ,QWHOOLJHQFH� $ 0RGHUQ $SSURDFK� 3UHQWLFH +DOO�

6DO]EHUJ� 6� /� ������� 2Q FRPSDULQJ FODVVLnHUV� $ FULWLTXH RI FXUUHQW UHVHDUFK DQG PHWKRGV�
7HFKQLFDO 5HSRUW -+8������� 'HSDUWPHQW RI &RPSXWHU 6FLHQFH� -RKQV +RSNLQV 8QLYHU�
VLW\� KWWS���ZZZ�FV�MKX�HGX�zVDO]EHUJ�FULWLTXH�SV�

6FKDSLUH� 5� (� ������� 7KH VWUHQJWK RI ZHDN OHDUQDELOLW\� 0DFKLQH /HDUQLQJ� ��������^����

6LPRQ� +� ������� :K\ VKRXOG PDFKLQHV OHDUQ" ,Q 0LFKDOVNL� 5� 6�� &DUERQHOO� -� *�� DQG
0LWFKHOO� 7� 0�� HGLWRUV� 0DFKLQH OHDUQLQJ� $Q $UWLnFLDO ,QWHOOLJHQFH $SSURDFK� YROXPH ��
0RUJDQ .DXIPDQQ�

6WHUOLQJ� /� DQG 6KDSLUR� (� ������� 7KH $UW RI 3URORJ� �QG HGLWLRQ� 7KH 0,7 3UHVV�

:HLVV� 6� 0� DQG ,QGXUNK\D� 1� ������� 3UHGLFWLYH 'DWD 0LQLQJ� $ 3UDFWLFDO *XLGH� 0RUJDQ
.DXIPDQQ� 6DQ )UDQFLVFR� &$�

:HLVV� 6� 0� DQG .XOLNRZVNL� &� $� ������� &RPSXWHU 6\VWHPV WKDW /HDUQ� 0RUJDQ .DXIPDQQ�
6DQ 0DWHR� &$�

:ROSHUW� '� +� ������� 6WDFNHG JHQHUDOL]DWLRQ� 1HXUDO 1HWZRUNV� �����^����

��


