$XVWUDODVLDQ TUDQVSRUW 5HVHDUFK )RUXP SURFHHGL
6HSWHPEHU 2FWREHU &DQEHUUD $XVWUDOLD

SXEOLFDWLRQIIHRBEYLYWHi"7XBM7Q

ORGHOOLQJPRGHFKRLFH ZLWK PDF
DOJRULWKPYV

ODWWKHZ -RKG5 L-PKDE&ICIM VINRSK =L0OO

! 6FKRRO RIODWKHPDWLFV DQG 3K\VLFV 7KH 8QLYHUVLW\RI4XHHQVOD
29HLWFK /LVWHU &RQVXOWLQJ ODU\B6WUHHW %ULVEDQH
(PDLOIRU FRUUHVSRQGHQFH MDQ JLOO#YHLWFKOLVWHU I

$SEVWUDFW

7KLV SDSHU H[DPLQHV VHYHUDO PDFKLQH OHDUQLQJ PHWEk
GHFLVLRQV LQ WKH JUHDWHU OHOERXUQH DUHD EDVHG RQ V
RI 7UDYHO DQG $FWLYLW\ 9,67$ D UHYHDOHG SUHIHUHQFH
FRPSDUHWKHUHVXOWVWRDZHOO FDOLEUDWHG QHVWHG OR.,
WUDQVSRUWPRGHOV :HSHUIRUPWKLVFRPSDULVRQLQWZRC
DOOPRGHOVWUDLQHG RQ WKH VDPHVHWRILQSXW IHDWXUHYV
GLVFUHWH FKRLFH PRGHO 6HFRQG ZH DOVR FRPSDUH WKH
EHIRUH WR PDFKLQH OHDUQLQJ PRGHOV WUDLQHG RQ WKH H
WKH 9,67$% :HILQG WKDW FHUWDLQ PDFKLQH OHDUQLQJ PRGH
GLVFUHWHEKRLFHPRGHO EXW SUHGLFWLRQDFFXUDF\LV ERC
RQDOOIHDWXUHYVY :HWKHUHIRUHDOVRLQYHVWLIJDWH WKH L
PDFKLQH OHDUQLQJPRGHOV DQG LQYHVWLIJDWH WKHLU VHQV

 QWURGXFWLRQ

7KH SUREOHP RI PRGH FKRLFH GHWHUPLQDWLRQ LV DQ LPSRU
WLRQ PRGHOOLQJDQGIRUHFDVWLQJ 'LRV2UWX]DUDQG :LOO
FKRLFH PRGHOV DUH HFRQRPHWULF GLVFUHWH FKRLFH PRGH
KDYLRXUDO SULQFLSOH RIUDQGRP XWLOLW\ PD[LPLVDWLRQ I
SUHWDEOH %HQ $NLYD /HUPDQ DQG /HUPDQ +HQVKHU
7UDLQ +RZHYHU GLVFUHWH FKRLFHPRGHOV XVXDOO\ UH
LIN\DQG HVWLPDWH 2IWHQ D WUDYHO PDUNHW LV VHIPHQWH(
HJ WUDYHO SXUSRVH DQG WKHQ IRUHDFK RI WKRVH VHJIPH(
RI WKH REVHUYHG SDUW Rl WKH XWLOLW\ LV VSHFLILHG GHS
XQREVHUYHG SDUW Rl WKH XWLOLW\ KDV D IL[HG VWDWLVWL]I
/JHUPDQ DQG /HUPDQ +HQVKHU 5RVH DQG *UHHQH 7
WLRQDOO\ UDQGRP XWLOLW\PRGHOV DUH HVYWLPDWHG RQ D
FDUHIXO FRQVLGHUDWLRQRIELDVHV LQ WKH GDWD DUH QHFH

ODFKLQH OHDUQLQJ 0/ WHFKQLTXHVDUHIXQGDPHQWDOO\
GR QRW PDNHDVVXPSWLRQV UHJDUGLQJWKH VWUXFWXUH RI"
WLRQ RI XQGHUO\LQJ VWUXFWXUH WKURXJK WKH ILWWLQJ SU]
WKH LQSXW GDWD WR IXOILO VXFK VWURQJ VWDWLVWLFDO DV
ELQRPLDO LQSXW IHDWXUHV DOORZV D VLQJOH PRGHO WR EH
ZKLFK ZRXOG EH W\SLFDOO\VHJPHQWHG RYHU IRUORJLW PRG|
LWHUDWLYH SURFHGXUH RI SDUDPHWHU HVWLPDWLRQ :KLOH



$75) 3URFHHGLQJV

KDYHWXQDEOH K\SHU SDUDPHWHUV WKHVHFDQ EHRSWLPLV
XVLQJDJULGRUUDQGRP VHDUFK &RQVHTXHQWO\ 0/ WHFKQL
PRGHFKRLFHPRGHOOLQJUHVHDUFKLQUHFHQW\HDUV & ;LH

DQG < ;LH 2PUDQL HW DO 2PUDQL +DJHQDXHU DQC
&KRZ DQG ;X /JHH 'HUULEOH DQG 3HUHLUD ‘DQJDQG
HW DO =KDR HW DO 7KHVH ZRUNV KDYH JHQHUDOO\ |1

PXOWL QRPLDO ORJLW 01/ PRGHOV LQ WHUPV RI RXW RI VDP
HYHU PRGH FKRLFH PRGHOV ZLWK GHWDLOHG PRGH EUHDN G
WKHLQGHSHQGHQFH RILUUHOHYDQWDOWHUQDWLYHV GXHW
DWWULEXWHV %HQ $NLYD /HUPDQ DQG/HUPDQ TKHUHIF
DUHJHQHUDOO\EHWWHU VXLWHG WR PRGHFKRLFHPRGHOOLC
'LRV 2UWX]DUDQG :LOOXPVHQ 6XEVHTXHQWO\ZH FRP
VLILHUV ZLWK D ZHOO FDOLEUDWHG 1/ PRGHO 9HLWFK /LVWF
WKH H[LVWLQJ OLWHUDWXUH ZH ORRN WR LQYHVWLJDWH OR
JUDGLHQW ERRVWLQJPDFKLQHVDQG QHXUDO QHWZRUNYV
7KH FRPSDULVRQ RIO/PRGHOV WR WKH 1/ PRGHO LV SHUIRU
PRWLYDWHG E\ WKH IDFW WKDW RQH RI WKH PRVW LPSRUWDQ
PRGHOV LV IRUHFDVWLQJ IXWXUH WUDYHO GHPDQG $V VXFK
KDYH WR EH DYDLODEOH LQ IXWXUH \HDUV DQG LW LV YHU\ LI
SUHWDEOH ,Q OLJKW RI WKLV ZH FRPSDUH WKH SHUIRUPDQF
PRGHO ZLWK VLPLODU LQSXW YDULDEOHYVY HWKHQ FRPSDUH"
HOV XVLQJ DGGLWLRQDO YDULDEOHYV GUDZQ IURP WKH IXOO
LQWHUSUHWDELOLW\ RI WKH EHVW SHUIRUPLQJ 0O/ PRGHO D J
PRUHGHWDLODQG SURYLGH UHVXOWYV IRUYDULDEOH LPSRUYV
7KH UHVW RI WKLY SDSHU LV VWUXFWXUHG DV IROORZV :H
0/FODVVLILHUV XVHGLQ WKLV ZRUN ‘HWKHQJLYHPRUHGHWI
XVHG IRUFRPSDULVRQ EHIRUHH[DPLQLQJWKH GDWD XVHG IF
PRGHOV 1H[W ZH FRPSDUH WKH UHVXOWYV RI WKH 0/ PRGHOV
LQSXW IHDWXUHV ‘HFRQWUDVW WKLV WR WKH SHUIRUPDQFI
DYDLODEOH LQSXW IHDWXUHYVY EHIRUH LQVSHFWLQJ WKH LQV
ZH SUHVHQW RXU FRQFOXVLRQV

OHWKRGRORJ\

ODFKLQH OHDUQLQJ FODVVLILHUYV

‘HSUHVHQWDEULHIEXWQHFHVVDU\GLVFXVVLRQ RIWKHFRQ'
OHDUQLQJPHWKRGYVY SUHVHQWHG 7KHPDWKHPDWLFDO VSHFL
ZHOO GRFXPHQWHG DQG IXUWKHU GHWDLOV FDQ UHDGLO\ EH
PRGHOV DUH GHYHORSHG XVLQJ WKH S\WKRQ SDFNDJH VFLNL
ZLWK WKH HIFHSWLRQ RI WKH QHXUDO QHWZRUN ZKLFK XVH\
DO YLD WKHWHQVRUIORZ ODUWtQ $EDGL HW DO LPS
UDPHWHUYVY LQFOXGHG EHORZ IRU HDFK PRGHO ZHUH GHWHUP
VHDUFKHV RYHU WKH UDQJH RITHDVLEOH SDUDPHWHU LQSXW'

/IRJLVWLF UHJUHVVLRQ

, QLWVVLPSOHVWIRUP ORJLVWLFUHJUHVVLRQPRGHOVDELQ
VSDFH XVLQJ D ORJLVWLF FXUYH \LHOGLQJ D SUREDELOLW\ |
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JHQHUDOLVDWLRQ LV XVHG WR HIWHQG WR WKH PXOWL FODV)\
WKHRXWSXW LQWHUSUHWDWLRQ DV SUREDELOLWLHYV /RJLV\
RIPD[LPXP OLNHOLKRRG HVWLPDWLRQ VLPLODUWRGLVFUHW
WKH 6$*$ RSWLPLVDWLRQ DOJRULWKP 'HID]JLR %DFK DQG /D
7KH PRGHOV ZHUH FRQVWUXFWHG LQ WKH PXOWL FODVV VHQV
VFKHPH DQG GLG QRW XVH FODVV ZHLJKWLQJV ,Q RUGHU WF
FRPSRQHQW LWHUDWLYH SURFHGXUHV WKHLQSXW IHDWXUH
DQG YDULDQFH RQH

I1HXUDO QHWZRUN

1HXUDO QHWZRUNV FRQVLVW RI UHSHDWHG OD\HUV RI LQWH!
UHIHUUHG WR DV QHXURQV 7KH WUDQVIRUPDWLRQ RI LQSXYV
DOORZV IRU FRPSOH[LQWHUDFWLRQ HIITHFWV DQG VWUXFWX
WUDLQLQJRIZHLIJKWY LQ HDFK OD\HU LV DFKLHYHG WKURXJK
SURSDIJDWLRQDOJRULWKP RUYDULDWLRQV WKHUHRI <DQQ
QHWZRUN PRGHO XVLQJ WKH $'$0 RSWLPLVDWLRQ DOJRULWK
WUDLQHG ZLWK KLGGHQ OD\HUV HDFK FRQVLVWLQJ RI QHX
ORVV IXQFWLRQDQG WUDLQLQJHSRFKV ZHUH XVHG )LQDO
ZHUH XVHG IRU WKH EDVHOLQH DQG IXOO IHDWXUH VHWYV UHV
ORJLVWLF UHJUHVVLRQ WKHLQSXW IHDWXUHY ZHUH VWDQGLE

SDQGRP IRUHVW

7KH UDQGRP IRUHVW LV DQ HQVHPEOH PHWKRG ZKLFK LPSUR
FRQVWLWXHQW GHFLVLRQ WUHH PRGHOV 'HFLVLRQ WUHHV U
LQWR VPDOOHU UHJLRQV XVLQJ ELQDU\ SDUWLWLRQV RI IHDW
DWHUPLQDO UHJLRQ LV UHDFKHG DQG WKH FRUUHVSRQGLQJ
FRQVWDQW IXQFWLRQ IRU WKDW SDUWLFXODU VHIJPHQW RU \
REVHUYDWLRQV 7KHVKRUWFRPLQJRIVXFKPRGHOV LV WKH G
WKH FRUUHFW VL]H VXFK WKDW LW GRHV QRW RYHU ILW RU X
DQG )ULHGPDQ SsS

7KH UDQGRP IRUHVW DGGUHVVHV WKLV E\ WDNLQJ D FROOH
HDFK WUDLQHG RQ D UDQGRP LQGHSHQGHQW VXE VDPSOH RI
IRUDQ\JLYHQ LQSXW YHFWRU LV WKH FODVVLILFDWLRQ PRV\
PDWRUV 7KHVH PRGHOV DUH UREXVW GHVSLWH WKH SRWHOQ\
PRGHOV ZLWKLQ WKH HQVHPEOH %UHLPDQ $IWHU K\SHU
EHVW SHUIRUPLQJ PRGHO XVHG HVWLPDWRUV ZLWK XQFRQ
WHUPLQDO QRGH VL]H EXW UHTXLULQJDW OHDVW WZR REVHU

*UDGLHQW ERRVWLQJ

KLOH DOVR DQ HQVHPEOH WUHH PHWKRG JUDGLHQW ERRVYV
UDWKHU WKDQ SDUDOOHO DSSURDFK WR FRQQHFW WKH FRPS
DWLYHO\ VPDOO VLIHDUH ILWWHG VXFFHVVLYHO\ ZKHUH WKI
WKH ORVV IXQFWLRQ RI WKH SUHYLRXVO\ HVWDEOLVKHG FOL
WUDLQHG FODVVLILHUV LV XVHG WR GHWHUPLQH WKH RXWSX\
RGVDUH IRXQG WR SHUIRUP SDUWLFXODUO\ZHOO LQ PDQ\ FR
UHVXOWYVY DOWKRXJKWKHUHLVDWLPHFRVWDVVRFLDWHG ZL
PDQ S 7KH WUDLQHG PRGHOV ZHUH GHWHUPLQHG WR



$75) 3URFHHGLQJV

VTXDUHG HUURU OHDUQLQJ UDWH RI ORJDULWKPLF VFDO|
HVWLPDWRUYV

'LVFUHWH FKRLFH PRGHO

'LVFUHWH FKRLFH PRGHOV DUH KHDYLO\ XVHG LQ WUDQVSRU\
PDQ DQG /HUPDQ +HQVKHU 5RVH DQG *UHHQH 7UDLC
DQG:LOOXPVHQ 7KH\FDQEHGHULYHG IURPUDQGRP XWLC
UHDGLO\LQWHUSUHWDEOH +RZHYHU WKH\UHO\RQ WKH PRG
RI WKH REVHUYHG SDUW RI WKH XWLOLW\ DQG IRUFH WKH XQF
DVSHFLILF GLVWULEXWLRQ 7KLV PHDQV WKH VSHFLILFDWLR
SURFHVV DQG XVXDOO\LQYROYHV VHYHUDO LWHUDWLRQV

7KHPRGHO ZH XVHKHUH LV 9HLWFK /LVWHU &RQVXOWLQJYV =
ILVWHU &RQVXOWLQJ W LV DQHVWHG ORJLW PRGHO ZLV
WULS SXUSRVHV HDFK VHIJPHQWHG E\ FDUV SHU KRXV
EDVHG SXUSRVHV HDFK ZLWK LWV RZQ VSHFLILFDWLRQ RI W|
XWLOLW\ IXQFWLRQV DUH OLQHDU LQ SDUDPHWHUV DQG FRQ!
WUDYHO WLPH IRU FDU ELNH ZDON DQG D JHQHUDOLVHG FR
WUDYHO WLPH ZDLW WLPH DQGIDUHFRVW IRUSXEOLFWUDQ\
DJJUHJDWH UHJLRQV )RU H[DPSOH WKH FLW\ FHQWUH KDV D
SDUNLQJ FRVWV IRU FDU 7KH FRQVLGHUHG PRGHV IRU SXEOL
HJUHVV PRGHV Rl ZDON SDUN DQG NLVV DQG ULGH 3DUDPH!
E\ PD[LPXP OLNHOLKRRG HVWLPDWLRQ ZLWK WKH ELRJHPH S
GHWDLOHG VSHFLILFDWLRQV DQG YDOLGDWLRQ VHH 9HLWFK

7R FRPSDUH WKLV PRGHO WR WKH 0/ PRGHOV ZH PLFUR VLI
WULS LQ WKH 9,67$ VXUYH\ L H ZHGUDZ D UDQGRP HUURU WH
DGG LW WR WKH REVHUYHG XWLOLW\ WKHQ FKRRVH WKH DOV
UHVXOWV DUHREWDLQHGLQ VDPSOH L H IXOOGDWD ZDV XVH
YHU\ OLNHO\RYHUHVWLPDWHY WKH DEFXUDF\ Rl WKH GLVFUH
WKH DIRUH PHQWLRQHG KHDYLO\ UHVWULFWHG VWDWLVWLEL
YDULDEOHV GLVFUHWH FKRLFHPRGHOV GR QRW HDVLO\ RYH L
WKH FRPSDULVRQ DSSURSULDWH

'DWD

7KH 9,67$ GDWDVHW LV FRPSULVHG Rl WULSV UHFRUGHG E\ U
ZKR FRPSOHWH D WUDYHO GLDU\ UHFRUGLQJ DOO WULSV FRP
ULD 6WDWH *RYHUQPHQW 'HSDUWPHQW RI 7UDQVSRUW |
GUDZQ IURP WKH JUHDWHU OHOERXUQH UHJLRQ LQFOXGLQJ
DQG *HHORQJ $Q DJJUHJDWLRQ RI WKH 9,67$ GDWD IURP

WULSV RFEXUULQJRQ ZHHNHQGV RU GXULQJ VFKRRO KROLGD
D VWDQGDUG ZHHN GD\ 7KH UHVXOWDQW GDWDVHW FRPSUL
(DFK HQWU\ FRQWDLQV GHWDLOV SHUWDLQLQJWR WKHLQGLY
DERXW WKHLU KRXVHKROG ZKLFK LV VXPPDULVHG LQ 7DEOH

WULSVY DUH QRW QHFHVVDULO\DQ XQELDVHG UHSUHVHQWDW
WDNHQ LQ WKH *UHDWHU OHOERXUQH UHJLRQ LQ SUDFWLFH |
LQIRUPHG E\FHQVXV SRSXODWLRQHVWLPDWHV LV SHUIRUPHC
LQ WKH QHVWHG ORJLW PRGHO 9HLWFK /LVWHU &RQVXOWLQ.
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ULWKPVFRQVLGHUHG KHUH WKLV SDSHULVRQO\FRQFHUQHG
WR WKLY GDWDVHW LQOLQHZLWK FRPPRQ DSSOLFDWLRQ
7KH 9,67$ GDWD LV DGGLWLRQDOO\ VXSSOHPHQWHG ZLWK |
SURGXFHG E\ 9HLWFK /LVWHUTVY =HQLWK WUDIILF PRGHO )RU
FRVW LQFRUSRUDWLQJWUDYHO WLPH ZDLW WLPHDQG IDUH
RIWUDYHO WLPH $GGLWLRQDOO\ WKH]RQHV DUHJURXSHG L
ERXUQH *HHORQJDQG 5SHIJILRQDO WR LQFOXGH DV JHRJUDSK
WXUHV UDWKHU WKDQ XVLQJWKHDUELWUDU\6%$]RQLQJUHJL

7TKHPRGHOV DUH FRQVWUXFWHG WR SURYLGH DVLQJOH PR
WKHDJJUHIJDWH FDWHJRULHV RI ELF\FOH FDU SXEOLF WUDQ
IHZ WULSVY PDGHE\ELNH FRPSULVLQJMXVW XQGHU RIDOO
LVSUHVHUYHGWRGHPRQVWUDWH WKH GLIILFXOW\RIZRUNLQ
DJJUHIJDWLRQ RIEXV WUDLQDQG WUDP UHVXOWYV LQ D SXEOL
WULSV ZKLFK LV VWLOOD UHODWLYHO\VPDOO VHIPHQW 7KF
PDNLQJ XS ZLWKWKHUHPDLQLQJE\IRRW ,WVKRXOG EH Q!
UHIHUV WR DQ\ SULYDWH YHKLFOH LQFOXGLQJ PRWRUF\FOH)
FRQWDLQLQJ FKDQJHV RI PRGH WKH SUHGRPLQDQW PRGH LV
DQG WKLV ODEHO LV XVHG

7TDEOH 6 XPPDU\RI IHDWXUHVY LQFOXGHG LQ WKH 9,67$ GDWDVHW

7ULS '"HWDLOV 'HVFULSWLRQ| 3BHUVRQ '"HWDLOV 'HVFULSWLRQ

'HSDUWXUH 7LPHV DW ZKLFK WULS,E R F
DUULYDO WLPBIQG ILQLVKHYV ZF%E)(SIB%L'?QYQ 2FFXSDWLRQ RI SHUVRQ LI HP

2ULJ GHVW 6$LQGLFDWRU RIWUL&?WR)P(!,"\JJI'\%H 7\SHRISUL VHF WHUWLDU\
UHJLRQ DQG GHVWLQDWLRQ VWXG\FRPSOHWHG E\ SHUVRQ LI DC
2ULJ GHVW $FWLYLW\WUDYHOOH%<|§&/(\EIE|HMV\E: WKHU VWXG\ RFFXSDWLRQ
DFWLYLW\ DW WULS RULJLQDQG L I)'('OORUSDUWWLPH

3XUSRVH  SRWHIRULFDO SXUSRY DIV AQHS
'LVWDQFH 7KH GLVWDQFH WUDQGIHOWOHG NPODOH RU IHPDOH

ORGHRU OLVWRI PRB'&BM\/%I}-‘QMU:E&&N/‘HKHU WUDYHOOHU KDV IXOO
7UDYHO PRGHWR FRPSOHWH WULS dhEt‘R'ﬁ'& OHDUQHU SUREDWLRQDU\OLFHQF

PDMRULW\PRGHLV
$JH $JHRIWUDYHOOHU \UV

7UDYHOOHU LV FKLOG VLQJOH PDL
SHODWLRQVS#}%HQW JUDQGSDUHQW

+RXVHKROG
'"HWDLOV

'"HVFULSWLRQ THRVC(I\D/ESSOG'HVFULSWLRQ

ZHOOLQy WiSEIOOLEI LY KRXVH WRZGKRHYH

'ZHOOLQJ +RXVHLVRZQHG UHQWAGXH KLWH
RZQHUVKLS PRUWJDJHG RWKHU &ROODU :RUNHUV

+RPH ORFDWLRQ 6$ UHJLRQ HQFDQ\)Q'&fQQ%gPH

+RXVHKROG LQBPRMAIRULFDO HQFRGL
TXLQWLOH KRXVHKROG LQFRPH é?Q]FﬁJSOR\HG

LQFOXGHYVY SDUW WLPH ZRUNHU

1XPEHU RI SHUVRQV ZL 1XPEHURI FDUV DYDLODEOH WR
SHUVRQV  ('RXVHKROG LGP KRXVHKROG WR XVH
. $GXOW &KLRRBEHU RIELNHV DYDLODEOH WR
HSHQGDQWYV %LNHYV KRXVHKROG WR XVH

TR HYDOXDWH WKH PDFKLQH OHDUQLQJ PRGHOV ZH WUDLQ W
VHW XVLQJ HTXLYDOHQW IHDWXUHV WR WKH 1/ PRGHO DQG V
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FOXGLQJDGGLWLRQDO SRWHQWLDO H[SODQDWRU\YDULDEOH
IHDWXUHVY DUH SUHVHQWHG LQ 7DEOH 7TKHVH DUH FKRVHQ W
XVHG LQWKHGLVFUHWH FKRLFHPRGHO WR SURYLGHD IDLU Gl
WXUH VHW PDNHV XVHRIDOO WKHIHDWXUHY SUHVHQW LQ 7DE
GLVWDQFHDQG DUULYDO WLPHWRDYRLGDQ\LQIRUPDWLRQ C
WKHH[WHQW WR ZKLFK ULFK IHDWXUH VHWYVY EHQHILW 0/ WHFK

7TDEOH %DVHOLQH IHDWXUHV XVHG WR HYDOXDWH PDFKLQH OHDUQLQJPRGHO St

JHDWXUH '"HVFULSWLRQ

$OWHUQDWLYH VSHFLILF JHQHUDOLVHG FRVW
*HQHUDOLVHS FRERPLQDQWO\ WUDYHO WLPH LQFRUSRUDWHYV ZDLW WL
IRUSXEOLF WUDQVSRUW
% QDU\LQGLFDWRU YDULDEOHYV
7ULS SXUSRVH: /HVSROGLQOJ WR VHIPHOWY GLVFEXVVHG LO
&DUYV %LQDU\LQGLFDWRU IRU QXPEHU RI FDUV LQ KRXVHKROG

2ULJ GHVW,
SDUNLQJ UHJERJPUVLQGLFDWRU YDULDEOH IRU FRVW RI SDUNLQJ JRQH D

/T RHYDOXDWH SHUIRUPDQFH ZH QRWH WKDW WKHUH DUH W.
VFRUHWKHWHVWHG PHWKRGYVY LQGLYLGXDODQGDJJUHJDWH
DUHLQKHUHQWO\ OLQNHG KRZHYHU LW PXVW EH QRWHG WKL
HPXODWH WKH RYHUDOO PRGH VKDUH GLVWULEXWLRQ 'LRV .
FRQWUDVW PDFKLQH OHDUQLQJ PRGHOV RSWLPLVH WKHLU D
LQGLYLGXDOWULSY *LYHQWKLVGLVWLQFWLRQ LWLVLPSRU
SUDFWLFDOO\LPSRUWDQW DQGHDFKPHWKRGRORJ\LVLQWH
JRULQGLYLGXDO OHYHO SUHGLFWLYH SRZHU WKH RXW RI VD
FURVV YDOLGDWLRQLV XVHG ZKLOH WKH/ QRUP RIWKH SUHC
LV XVHG IRUDJJUHJDWH SHUIRUPDQFH

7DEOH OHDQ RXW RIVDPSOH DFFXUDF\IRU O/ PRGHOV WUDLQHG RQ GLVFUHWH FK

ORGHO /RJILVWLF5HJUHVVLRQ 1HXUDO 1HWZRUN 5DQGRP)RUHVW *UD(
OHDQ 6' OHDQ 6' OHDQ 6' OHDQ 6'

2YHUDOO
%LNH
&DU

37

:DON

7TDEOH OHDQ RXW RIVDPSOH DFFXUDF\IRU O/ PRGHOV WUDLQHG RQHQWLUH VHO

ORGHO /RJLVWLF5HJUHVVLRQ 1HXUDO 1HWZRUN 5DQGRP)RUHVW *UD
OHDQ 6 OHDQ 6' OHDQ 6 OHDQ 6'

2YHUDOO
%LNH
&DU

37

:DON
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7DEOH (YDOXDWLRQRIO/PRGHOV DJJUHJDWH OHYHO SUHGLFWLRQ XVLQJ WKH/
WUXH FODVV GLVWULEXWLRQV IRUERWKLQSXW IHDWXUH VHWYV

YHDWXUH 6 HW 1/ &RPSDULVRQ )X 0O
ORGHO OHDQ 6" OHDQ  6°

/IRJILVWLF 5HIJUHVVLRQ
1IHXUDO 1HWZRUN
5DQGRP )RUHVW
*UDGLHQW %RRVWLQJ

J)LIXUH &RQIXVLRQ PDWUL[IRUUDQGRP IRUHVW PRGHO XVLQJ WKH 1/ FRPSDULVF
ZLWKLQ HDFK JULG LV WKH SURSRUWLRQ RIWULSY SUHGLFWHG DV WKH SDUWLFXO
PRGHRIWKHFRUUHVSRQGHQW URZ &RQVHTXHQWO\ DSHUIHFWPRGHO ZRXOG KD
PDLQ GLDJRQDO DQG JHUR RWKHUZLVH ,WFDQ EHVHHQ WKDW WKHPDLQ GLDJRQD
IRUDOO FODVVHV H[FHSWLQJ ELNH 2YHU SUHGLFWLQJ WKH FDU FODVV LV WKH PD
1RWH WKDW WKH ILIXUHV VKRXOG EH WUHDWHG DV LQGLFDWLYH UDWKHU WKDQ HJ
VWRFKDVWLF GXH WR WKH QDWXUH RI WKH XQGHUO\LQJPRGHOV

bike 4

True label

public_transport 4

walk 1

0.0
& & o o

Predicted label

J)LIXUH &RQIXVLRQ PDWUL[IRUWKH 1/ PRGHO HYDOXDWHG XVLQJ WKH UHVSHFWL

LVODUJHO\VLPLODU WR WKH PDFKLQH OHDUQLQJPRGHOV VKRZLQJGLIILFEXOW\L
LPEDODQFH

bike

True label

public_transport

walk

0.0

Predicted label
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JLIXUH &RQIXVLRQ PDWUL[ FRPSDULVRQ EHWZHHQ JUDGLHQW ERRVWLQJDQG QF
VHW 9HU\VLPLODU EHKDYLRXU LV H[KLELWHG IRUERWKPRGHOV RYHU SUHGLFW|
PDNLQJIHZLQFRUUHFW FODVVLILFDWLRQV

D *UDGLHQW ERRVWLQJ E 1HXUDO 1HWZRUN

&RPSDULVRQ ZLWK VDPH LQSXW YDULDEOHYV

,QVSHFWLQJ WKHUHVXOWV IRUWKH 1/ PRGHO FRPSDULVRQ LC
WKHPLQRULW\PRGHELNHLV D GLIILFXOW WDVN IRUDOO PRG
WKHUH LV D VHYHUH FODVV LPEDODQFH *LYHQ WKDW WKH PR
OLWWOH FRQVHTXHQFH WR SUHGLFWLQJ WKLY SDUWLFXODU
HISHFWDWLRQ WKDW DOO PRGHOV SUHGLFW FDU PRVW DFFXU
HIFHHGLQJ IRUHYHU\PRGHO 7KH ORJLVWLFUHJUHVVLRQ
WKH FDU FODVV EXW WKHUDQGRP IRUHVW LV RQO\PDUJLQDC
PRVWDFFXUDWH IRUDOO RWKHU FODVVHV DQG KDV WKH KLJK

3XEOLF WUDQVSRUW DSSHDUV GLIILFXOW WR SUHGLFW ZLV
LGHQWLILHG LQ WKHEHVW FDVH WKHUDQGRP IRUHVW PRGHO
WKDW RWKHU WKDQ WUDYHO WLPH QR PRGH VSHFLILF LQIRUI
H[DPLQLQJWKHUDQGRPIRUHVW FRQIXVLRQ PDWUL[LQ)LJIXUH
GLIILFXOW\GLVWLQJXLVKLQJFDUWUDYHOIURPRWKHUPRGH)\
LQJIURP IDOVH SRVLWLYHV SUHGLFWLQJFDU :KLOH WKLV LV
PDMRULW\ FODVV LW PD\DOVR VXJJHVW WKH ODEN RI GLVWLC
FRQWULEXWHVY WR WKH LQDFFXUDF\ REVHUYHG 2YHU SUHGL
SDFWIXO IRUWKHELNHPRGH ZKHUH WKH PDMRULW\ Rl WULSV
WKHUDQGRP IRUHVW WKHRWKHUPRGHOVDOO SHUIRUP VLPL
7KHVH WRWDOV KRZHYHU DUH DWWDLQHG GLIIHUHQWO\ 2
FDU DW WKH H[SHQVH RI RWKHU PRGHV SDUWLFXODUO\ ELNH
JUDGLHQW ERRVWLQJ KDV KLJKHU DFEXUDFLHY EDODQFHG DF

7TKH PRVW VLIQLILFDQW UHVXOW KHUH KRZHYHU LV WKH SH
J)LIXUH UHODWLYH WR WKHUHIHUHQFH 1/ PRGHO LQ )LJXUH
OHDUQLQJDOJRULWKP RXWSHUIRUPVY WKH WUDGLWLRQDO PR
WKDW WKLV IHDWXUH VHW LV GHVLJQHG WR ZRUN ZHOO IRU 1/
ULFKHUIHDWXUH VHW ZLOO HIWHQG WKLV SHUIRUPDQFH PDU.



$75) 3URFHHGLQJV

&RPSDULVRQ RIO/PRGHOV ZLWK DOO LQSXW IHLC

&RPSDULQJ 7TDEOHV DQG LWLV FOHDU WKDW DOO PRGHOV |
SURYHPHQWY ZKHQ WUDLQHG RQ WKH IXOO IHDWXUH VHW /R
IRUHVW H[KLELW PDUJLQDO VKLIWV RI DERXW ZKLOH WKH C
WR 7TKHPDLQ FKDQJHLVLQ WKHFDVHRIWKHJUDGLHQW
ZKLFK KDVDQLQFUHDVHRIPHDQRYHUDOODFFXUDF\RI W R
UHVXOWLQJLQ KLIJIKHVW RYHUDOO DFFXUDF\ $GGLWLR
VWDQGDUG GHYLDWLRQLQWKHPHDQ KDV GHFUHDVHG E\DQR
SDULVRQ IHDWXUHV LQGLFDWLQJ WKLV LV D PRUH FHUWDLQ
FODVVVFRUHV VHHD FRUUHVSRQGLQJLQFUHDVHRIDURXQG
IRUWKHFDU FODVV 7KHUDQGRPIRUHVW PRGHO ZKLFK SHU
VRQIHDWXUHV DFWXDOO\H[KLELWY D GHFOLQHLQDFFXUDF\I
7KLVLVODUJHO\UHODWHG WR WKHIDFW WKDW WKH FDU PRG'
*LYHQ WKHLPEDODQFHG QDWXUH RIWKHGDWD WKLV WUDGH F
LQJRYHUDOODFFXUDF\ 7KLVGRHV UDLVHWKHLPSRUWDQW T
PRVWDSSURSULDWH PHWULF WR RSWLPLVH PRGHO SHUIRUPD
ODUJHO\GHFLGHG E\WKHFRQWH[W RIDSSOLFDWLRQ ,Q FHU\
RSWLPLVHDQDFFXUDF\ ZHLJKWHG E\ WKH FODVV VL]HV UHYV X
PLQRULW\FODVVHV DW WKH H[SHQVH RIRYHUDOO DFFXUDF\
(YDOXDWLQJ WKHDJJUHIJDWH OHYHO SHUIRUPDQFH DV VHH
PRGHO KDV WKH VPDOOHVW / QRUP GHYLDWLRQ RI ZLWK
IHDWXUHYVY 7KLV LQGLFDWHV WKDW LW EHVW PDWFKHV WKH F
PDNHV VHQVH JLYHQ WKDW WKLV ZDV DOVR WKH PRVW DFFXU
OHYHO IRUWKHVHLQSXWYVY ORUHQRWDEO\KRZHYHU LV WKDYV
QHWZRUNKDV WKHEHVW SHUIRUPDQFHLQ UHJDUGV WR RYHUL
PRGHO KDV D VLJQLILFDQWO\ODUJHU VWDQGDUG GHYLDWLRC
QHWZRUN VWLOO PDUJLQDOO\RXWSHUIRUPV WKHJUDGLHQW
HYLGHQW ZK\ WKH QHXUDO QHWZRUN GRHVY EHWWHU LQ WKLV I
WKHJUDGLHQW ERRVWLQJPRGHOLQDOO FODVVHV H[FHSW EL
LQ 7TDEOH WKHUH LY OLWWOH GLITHUHQFH RWKHU WKDQ WK
ERRVWLQJPRGHO 7KHPDMRULW\RIFODVVLILFDWLRQ HUURL
ERWK FDVHV VR LW LV XQFOHDU ZK\ WKH SUHGLFWLRQV DQG
WR WKH WUXH GLVWULEXWLRQ IRUWKHQHXUDO QHWZRUN PR
DJJUHJDWH SHUIRUPDQFH RQ WKH IXOO IHDWXUH VHW LV OR.
WKH FDU FODVV IRU LQGLYLGXDO OHYHO DFFXUDF\ VR ZRXOC
DJJUHIJDWH GLVWULEXWLRQ
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SUHGLFWLYH LQVLJKWYV

,Q RUGHU WR GHWHUPLQH WKH YDOXH RI I[HDWXUHV WR WKH 0
HIDPLQHG 7KLV LV FRPSXWHG E\ FRQVLGHULQJ SHUPXWDWLF
DPLQLQIJ WKHHIITHFW WKLV KDV RQPRGHO SUHGLFWLRQV ZLW
UHOLDQFH RI WKH PRGHO RQ WKDW SDUWLFXODU IHDWXUH
VHQWHG IRU WKH JUDGLHQW ERRVWLQJ PRGHO DV LW ZDV Wk
LPSRUWDQFH IRUD UDQGRP IRUHVW LV DOVRLQFOXGHG WR J|
WHQF\RI WKLV PHWULFEHWZHHQ PRGHOV )RUVXFKHQVHPEO
LV VLPSOH WR FRPSXWH DV WKHDYHUDJH RI WKH LPSRUWDRQF
WUHH FODVVLILHUV +DVWLH 7LEVKLUDQL DQG)ULHGPDQ

7TKHUHLVUHDVRQDEOHDVVRFLDWLRQ EHWZHHQ WKH WZR L
ERWK PRGHOV UHJDUGLQJ WKH VDPH ILUVW [HDWXUHYV DV P
JHQHUDOLVHG FRVWYV ZHUH WKH EDVLV IRU WKH FRPSDULVR(
UHDVRQDEOH UHVXOWY LW PDNHV ORJLFDO VHQVH WKDW WK
:KLOVW LWLV H[SHFWHG DJH ZRXOG LPSDFW PRGH FKRLFH VRF
WKH KLJK GHJUHH RI LPSRUWDQFH SODFHG RQ WKLV YDULDE
QXPEHU RI FDUV HQFRGH LQIRUPDWLRQ DERXW WKH YLDELOL
LW LY ORJLFDO WKHVH DUH YDOXHG E\ ERWK PRGHOV )RU W
JLRQLQGLFDWRUV ZKLFKIROORZ WKHUH LV QRW D GLVWLQF\
QHDULGHQWLFDO PHDQ DQG QRQWULYLDO YDULDQFH IRU WK
KRZHYHU VWLOO LQGLFDWH WKDW WKHLU FROOHFWLYH LPSR
PRGH G\QDPLFV LQ WKHFHQWUDO EXVLQHVYVY GLVWULFW ,Q W
HQW ERRVWLQJPRGHO PDNHV XVHRIVRPHRIWKHELQDU\ HQF
SXUSRVHDQG RULJLQ GHVWLQDWLRQDFWLYLW\IHDWXUHV
VRPH KRXVHKROG LQIRUPDWLRQDO ILIXUHV QXPEHU RI SHUYV
LQJWKHVLIQLILFDQWO\KLJKHU VWDQGDUG GHYLDWLRQLQ W
ERRVWLQJ PRGHO WKLV FDQ OLNHO\ EH DWWULEXWHG WR WHEK
RSSRVHG WR WKH SDUDOOHO FRQVWUXFWLRQ RI'lRUHVWYV *
VLIQHG WR FRUUHFW SULRU RQHV WKLV FRQVWUXFWLRQ PD
LQSXW IHDWXUHYVY DUH SHUPXWHG

7TKHUHSHWLWLRQ RI VLPLODU IHDWXUHYV UHJDUGLQJ WKH Q
KROGUDLVHVDNQRZQLVVXHZLWKIHDWXUHLPSRUWDQFH ZK
IHDWXUHV LV VSOLW DPRQJVW WKHP OROQDU VHFWLRQ
FROOHFWLYH LPSRUWDQFH DVVRFLDWHG WR WKH QXPEHU RI
ZKHWKHU LW LVD SDUWLFXODUDVSHFWWKDWLVLPSRUWDQW
WKH\ DUH DOO UHJDUGHG DV YDOXDEOH )RU FDWHJRULFDO Y
LOWHUSUHWLQJIHDWXUHLPSRUWDQFH JLYHQ WKDW IRU PRG
GHSHQGHQW ELQDU\YDULDEOHY )RUERWKPRGHOV WKHKRP
VHIPHQW LV XVHIXO DQG RULJLQ DQG GHVWLQDWLRQ DFWLYL
ERRVWLQJ ,GHDOO\WKHFROOHFWLYHFRQWULEXWLRQRIDO(
ZRXOGEHHYDOXDWHG 8QIRUWXQDWHO\ WKLV LVQRWWKHV:
GRHV QRWDFFRXQW IRULQWHUDFWLRQ HITHFWV )XUWKHU GF
FRQWULEXWLRQ PD\KHOS FODULI\WKH YDOXHRILQFOXGLQJ



$75) 3URFHHGLQJV

JLIXUH &RPSDULVRQ RI YDULDEOH LPSRUWDQFH IRUWKHWZR PRVW VXFFHVVIXO
JUDGLHQW ERRVWLQJ 1RWH WKDW WKLV LVD WUXQFDWLRQ RI WKH PRVW LPSRU
WUDLQHG RQH 7KH FROOHFWLYH VXP RIDOO WKHLPSRUWDQFH VFRUH RIDOO IHD\

D *UDGLHQW ERRVWLQJ

E 5DQGRP )RUHVW



$75) 3URFHHGLQJV

JLIXUH 3DUWLDO GHSHQGHQFH SORWV IRUWKH IHDWXUHY FDUV SHU OLFHQFH KF
IURP WKHJUDGLHQW ERRVWLQJPRGHO 5HODWLYHO\OLWWOHFKDQJHLQ SURSRU
VDPSOH YDOXHV IRUERWK SORWYV 1RWH WKDW WKH[D[LVLQ E LVQRWDOLWHUD
UDWKHU D VFDOLQJ SURSRUWLRQDO WR WKH WLPH

D &DUV SHU OLFHQFH KROGBUSDWWUDDEHBHOH SDUWLDO GHSHQC
GHQFH

TRVXSSOHPHQW WKHIHDWXUHLPSRUWDQFHSORWY SDUWL
ZKLFK H[DPLQH WKH HITHFWV RI SHUWXUELQJD VLQJOHLQSXW
D XVHIXO GLDJQRVWLF WRRO IRULQWHUSUHWLQJ PDFKLQH C
DSSHDU WR EH RIOLPLWHG XVHIXOQHVV IRU WKH PRGH FKRLF
YHU\OLWWOH FKDQJH LV H[KLELWHG LQ WKHPRGH GLVWULEX!
ERWK FDUV SHU OLFHQFH KROGHU DQG FDU WUDYHO WLPH ,Q
YDU\LQJ D VLQJOH SDUDPHWHU LQ LVRODWLRQ UHVXOWYV LQ
$GMXVWLQJ FDUV SHU OLFHQFH KROGHU GRHVY QRW DGMXVW V
VRQV RU XQGHUO\LQJLQGLUHFW IDFWRUV VXFK DV KRXVHKR
WUDYHO WLPH E\ FDU FDQ SURGXFH LQIHDVLEOH VFHQDULRYV
WRDQH[WHQW 3HUWXUELQJD VLQJOHIHDWXUH KRZHYHU GF
VHTXHQWO\ SDUWLDO GHSHQGHQFH FDQ SURGXFH WULSV ZLW
PDUJLQDO WUDYHO WLPHV EMIRRW :KLOH WKLV LV SRVVLEOH
QRW VWDQGDUG EHKDYLRXU )XUWKHUPRUH WKH KLJK GHJU
IHDWXUHV SRWHQWLDOO\ PHDQV WKDW DOO PRGH WUDYHO W
VHQVHIRUD SDUWLFXODU PRGH

7KLV KLIKOLJKWV D SRWHQWLDO HIWHQVLRQ IRU IXUWKHU !
LQIJDQG WKHPRGH FKRLFH SUREOHP ODFKLQH OHDUQLQJ WH
YHUVDWLOH PDQQHU ZKLFK SRWHQWLDOO\ GLVFDUGYV NQRZ¢
SDUWLFXODU IRUPRGH FKRLFH D SRWHQWLDO HIWHQVLRQ Z
IURP SDUWLWLRQLQJ SDUWLFXODU FODVVHYVY )RUH[DPSOH L'
WUDYHO WLPHDQG FRVW VKRXOG QRW GLFWDWH D GHFLVLRQ
LQJ KRZHYHU WKLV LV SHUIHFWO\ OHJDO IRUVWDQGDUG PDF
VXFKUHVWULFWLRQV RQ WKH XQGHUO\LQJ GHFLVLRQ WUHHYV
HITHFWLYHDQG LOQOWHUSUHWDEOH PRGHOV IRU WKLV SDUWLEF’
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&RQFOXVLROQ

7KH SHUIRUPDQFH RI PDFKLQH OHDUQLQJ PHWKRGV ZHUH DV
SUREOHP UHODWLYH WR D 1/ PRGHO 2YHUDOO SURPLVLQJ I
SHUIRUPLQJ ZHOO LQ UHJDUGV WR ERWK LQGLYLGXDO OHYHO
JDWHPRGH VKDUH $GGLWLRQDOO\ WKHVHPRGHOV ZHUH IRX
1/ UHIHUHQFH LPSOHPHQWDWLRQ ([WHQGLQJO/WRULFKIHD)
VSHFLILFOHYHO GDWD UHVXOWHG LQLQFUHPHQWDOO\KLJK
IRUPLQJPRGHO ZDVJUDGLHQW ERRVWLQJZLWKDPHDQ SUHG!
GDUG GHYLDWLRQ , QWHUSUHWDWLYH HYDOXDWLRQ ZC
LPSRUWDQFH DQG SDUWLDO GHSHQGHQFH RI PRGHOV :KLOV
ZLWKWKHHFRQRPHWULF XQGHUVWDQGLQJRILQIOXHQWLDO I
HITHFWLYHO\LQYHVWLJDWH WKH FROOHFWLYHLPSRUWDQFH
JRULFDO IHDWXUHV )LQDOO\ LW ZDV SURSRVHG WKDW FXVW]
DGYDQWDJH RI WKH HVWDEOLVKHG UHODWLRQVKLS EHWZHHC(
WKH FKRLFHVHW FRXOG SURGXFH PRUHDFFXUDWHDQG LQWH

$FNQRZOHGJHPHQWYV

7KH DXWKRUV DFNQRZOHGJH WKH LQGXVWU\ H[SHULHQFH SU
PDWLFV DQG 3K\VLFV DW WKH 8QLYHUVLW\RI4XHHQVODQG W
WKLV ZRUN 7LP 9HLWFK DQG SHGUR &DPDUJR IRU LQVSLULQJ
IRUSURRI UHDGLQJ
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