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= $GYDQFHV LQ GDWD GULYHQ PRGHOV IRU IDWLJXH OLIH SUHGLFWLRQ

WTe % w P P50 E— Y-1°0 8'fr 'DQJ 3 6XQ 6 =KDQJ 4 =KDQJ

7 < ,QWURGXFWLRQ WR PHFKDQLFV LQIRUPDWLFV #HIN A* A AT

WHOA U> Pn0; aNaTe #°L G3PO Q$Y5 >E +a4d/-AlIANé# DpEE5 " ja 0;-

o} :DQJ 5 = /LDR ' =KDQJ ; & HW DO &UHHS IDWLJXH OLIH GH\
WHPSHUDWXUH VWUXFWXUHV )JURP PDWHULDOV WR FRPSRQHQWY * A-ECH A%
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<DQJ 4 OHQJ 6 + =KRQJ = HW DO %LJ GDWD LQ PHFKDQLFDC
DSSOLFDWLRQV DQG FKDOOHQJHV !DV A-ECH
" aE — iPEPe 2& [ E- E-F .. <DQJ : "'LILQWHO
PHFKDQLFV2*RYHUQLQJ WKH GLJLQWHO HUD !DV A-ECH
$EUDPVRQ - $GOHU - 'XQJHU - HW DO $FFXUDWH VWUXFWXUH SUHGLF\V
ZLWK $OSKD)ROG .ATURE
$EX ORVWDID < 6 0DJGRQ ,VPDLO 0 /LQ + 7 ,EARNINGAFROMASATA $0/%RF
3RO\PDWKLF $, 7KH ZHOO $ FROOHFWLRQ RI PDFKLQH OHDUQLQJ GDWL
VI\VWHPV $FFHVVHG
$00HQ $ ODUNRX 6 7HEEXWW : HW DO (QG WR HQG GDWD GULYHQ ZHDWHK
$OOHQ 0 3 7LOGHVOH\ ' - &RPSXWHU VLPXODWLRQ RI OLTXLGV &ODUHQGH
$QJHORSRXORV $ &DKRRQ - ) $OWHURYLW] 5 7UDQVIRUPLQJ VFLHQFH O
GLVFRYHU\ 3ClI A20BOT HDGP
$UFKHW\SH $, $UFKHW\SH $, 2IILFLDO ZHEVLWH KWWSV Z7ZZZ DUFKHW\SH
$XIXVWLQH 0 7 $ VXUYH\ RQ XQLYHUVDO DSSUR[LPDWLRQ WKHRUHPY DU;l
%DKUL < '\HU ( .DSODQ - HW DO ([SODLQLQJ QHXUDO VFDOLQJ ODZV (
H
%DQVDO + /LQ = ;LH 7 HW DO 9LGHRSK\ (YDOXDWLQJ SK\VLFDO FRPPF
DU;LY SUHSULQW DU;LY
%DUGXFFL $ %RQRPL O 3DUULQHOOR 0 OHWDG\QDPLFV 7ILEYA)NTERDISC
%DWWDJOLD 3 3DVFDQX 5 /DL O HW DO ,QWHUDFWLRQ QHWZRUNV IRU O
SK\VLFV IDV A_.EURALA)NF AOROCESS A3Ys
%DW]QHU 6 OXVDHOLDQ $ 6XQ / HW DO ( HTXLYDULDQW JUDSK QHXUD¢
DFFXUDWH LQWHUDWRPLF SRWHQWLDOV .AT A#OMMUN
%HKOHU - 3DUULQHOOR 0 *HQHUDOL]HG QHXUDO QHWZRUN UHSUHVHQW
HQHUJ\ VXUIDFHV O0HYS A2EV A ETT
%HOVN\ $ +HOOHQEUDQGW 0 .DUHQ 9 / HW DO 1HZ GHYHORSPHQWYV LQ
GDWDEDVH ,&6' $FFHVVLELOLW\ LQ VXSSRUW RI PDWHULDOV UHVHDUFK DQG
%HQ ODKPRXG & *DUGQHU -/ 'HULQJHU 9 / 'DWD DV WKH QH[W FKDOOF
OHDUQLQJ .AT A#OMPUT A3ClI
%HQ 'DYLG 6 %OLW]HU - &UDPPHU . HW DO $ WKHRU\ RI OHDUQLQJ IL
,EARN
%HQLWR 7 %DUULHQWRV $ $Q LQWHOOLJHQW KXPDQ PDFKLQH LQWHUIDF
URERW KDQGOLQJ LQ IXVLRQ UHDFWRU HQYLURQPHQWV IPPL A3CI
%RQDWWL & ORKU 2QH IRU DOO 8QLYHUVDO PDWHULDO PRGHO EDVH
QHWZRUNV 3Cl AIDV HDEI
%URQVWHLQ 0 0 %UXQD - &RKHQ 7 HW DO *HRPHWULF GHHS OHDUQLQJ

DQG JDXJHV DU;LY SUHSULQW DU;LY
%WUXQWRQ 6 / 3URFWRU - / . XW] - 1 'LVFRYHULQJ JRYHUQLQJ HTXDW
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LGHQWLILFDWLRQ RI QRQOLQHDU G\QDPLFDO V\VWHPV O0ROC A.ATL AICAD A3C

&DL 6 ODR = :DQJ = HW DO 3K\WLFV LQIRUPHG QHXUDO QHWZRUNV 3,1
UHYLHZ !CTAA-ECH A3IN

&DQW\ 5 % %HQQHWW - $ %URZQ . $ HW DO 6FLHQFH DFFHOHUDWLRQ D
ODEV .AT A#OMMUN

&KHQ & 2QJ 6 3 $ XQLYHUVDO JUDSK GHHS OHDUQLQJ LQWHUDWRPLF SRV
#OMPUT A3cCl

&KHQ 3 & *DR 0 OF&DQGOHU & $ HW DO &RPSOHWH PLVFLELOLW\ RI L
QDQRPHWUH VFDOH .AT A_.ANOTECHNOL

&KPLHOD 6 9DVVLOHY *DOLQGR 9 8QNH 2 7 HW DO $FFXUDWH JOREDO F
PROHFXOHV ZLWK KXQGUHGV RI DWRPV 3Cl AIDV HDGI

&ROOLQV . 0 6XFKROXWVN\ , %KDWW 8 HW DO %XLOGLQJ PDFKLQHV WKD
(UMANA"EHAV

&RQVRUWLXP ( (XURSHDQ YLUWXDO KXPDQ WZLQ $FFHVVHG

&RUQHOLR & 'DVK 6 $XVWHO 9 HW DO &RPELQLQJ GDWD DQG WKHRU\ |
ZLWK $, '"HVFDUWHV AT A#OMMUN

&RUURVLRQ 'DWD &HQWHU &255'$7$ &255'$7$ &RUURVLRQ GDWD
KWWSV ZZZ FRUUGDWD RUJ FQ $FFHVVHG

&XUWDUROR 6 &HGHU * "\QDPLFV RI DQ LQKRPRJHQHRXVO\ FRDUVH JUDLQ
JETT

&\EHQNR * $SSUR[LPDWLRQ E\ VXSHUSRVLWLRQV RI D VLIPRLGDO IXQFW|
'"HQJ % =KRQJ 3 -XQ . HW DO &+*1HW DV D SUHWUDLQHG XQLYHUVDO
FKDUJH LQIRUPHG DWRPLVWLF PRGHOOLQJ .AT A-ACH A)NTELL

'LUDF 3 $ 0 4AXDQWXP PHFKDQLFV RI PDQ\ HOHFWURQ V\VWHPV O0ROC A2C
'"URUL , 7KH VFLHQFH RI GHHS OHDUQLQJ &DPEULGJH 8QLYHUVLW\ 3UHVV
(OGHU . *UDQW 0 3URYDWDV 1 HW DO 6KDUS LQWHUIDFH OLPLWV RI S
(YHUVRQ 5 B6LURYLFK / .DUKXQHQi/RHYH SURFHGXUH IRU JDSS\ GDWD * /
YLIVKDUH JLJVKDUH $FFHVVHG

JRUWXQDWR 6 %HUJVWURP & 7 %|UQHU . HW DO 6FLHQFH RI VFLHQFH 3C
*DUGLQHU 5 *RRGZLQ 3 'RGG 6 HW DO 1RQ HTXLOLEULXP VIQWKHVLV R
-ATER

*KDERXVVL - *DUUHWW -U - :X ; .QRZOHGJH EDVHG PRGHOLQJ RI PDWt
QHWZRUNV * A%NG A-ECH

*KDIDUROODKL $ %XHKOHU 0 - $XWRPDWLQJ DOOR\ GHVLJQ DQG GLVFRYH
PXOWLDJHQW $, OROC A.ATL AICAD A3ClI H

*LW 6&0 *LW )DVW VFDODEOH GLVWULEXWHG UHYLVLRQ FRQWURO V\VYV

*RWWZHLV - :HQJ : + 'DU\LQ $ HW DO 7RZDUGVY DQ $, FR VFLHQWLV\
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*XR . <DQJ = <X & + HW DO $UWLILFLDO LQWHOOLJHQFH DQG PDFKLQH ¢
PDWHULDOV -ATER A(ORI

+D ' B6FKPLGKXEHU - :RUOG PRGHOV DU;LY SUHSULQW DU;LY

+DQ < 'LQJ & :DQJ - HW DO (IILFLHQW FU\WWDO VWUXFWXUH SUHGLF
SULQFLSOH .AT A#OMPUT A3ClI

+DUULV 3 6KDQDKDQ 3 $ YLUWXRXV F\FOH *HQHUDWLYH $, DQG GLVFR
$YDLODEOH DW KWWSV PLW JHQDL SXESXE RUJ SXE HZS FNPI UHOHDVH
+HQNHV $ (VKUDJKLDQ - . :HVVHOV + 6SLNLQJ QHXUDO QHWZRUNV IRU
IPENA3CI

+RUQLN . BWLQFKFRPEH 0 :KLWH + OXOWLOD\HU IHHGIRUZDUG QHWZRUN
.EURALA.ETW

+RUWRQ 0. +XFN 3 <DQJ 5 ; HW DO $FFHOHUDWHG GDWD GULYHQ PDWH!
SURMHFW .AT A-ATER +

+XPPHU * JURP WUDQVLWLRQ SDWKV WR WUDQVLWLRQ VWDWHY DQG UDW

,VLKDUD $ 6WDWLVWLFDO SK\VLFV $FDGHPLF 3UHVV

-DFREVHQ $ O0OLUDQGD $]HYHGR 5 GH -XW\ 1 HW DO )$,5 SULQFLSO
LPSOHPHQWDWLRQ FRQVLGHUDWLRQV $ATAA)NTELL

-LQ 5 <XDQ ; *DR ( $WRPLF VWLIIQHVV IRU EXON PRGXOXV SUHGLFWLRQ
Rl XOWUDLQ FRPSUHVVLEOH FU\WVWDOV .AT A#OMMUN

-LQJ % 6WIUN + -DDNNROD 7 HW DO *HQHUDWLYH PRGHOLQJ RI PROHFX
SUHSULQW DU;LY

-XQJ + &RYLQR 5 $UMXQ $ HW DO ODFKLQH JXLGHG SDWK VDPSOLQJ
PROHFXODU VHOI RUJDQL]DWLRQ .AT A#OMPUT A3cClI

.DELU 0 /DX 7 7 5RGQH\"' HW DO BUHGLFWLQJ GLVORFDWLRQ FOLPE DQ
GHWDLOV OHYS A2EV A ETT

.DQJ % <XH < /X 5 HW DO +RZ IDU LV YLGHR JHQHUDWLRQ IURP ZRU
SHUVSHFWLYH DU;LY SUHSULQW DU:LY

.DSWH\Q 0 * .QH]JHYLF ' - +X\QK ' HW DO 'DWD GULYHQ SK\VLFV EDVHG C
RI FRPSRQHQW EDVHG UHGXFHG RUGHU PRGHOV )NT A* AAUMER A-ETHODSA%N
.DSWH\Q 0 * 3UHWRULXV - 9 :LOOFRJ[ . ( $ SUREDELOLVWLF JUDSKLFDO P
SUHGLFWLYH GLJLWDO WZLQV DW VFDOH .AT A#OMPUT A3CI

.D\ : &DUUHLUD - B6LPRQ\DQ . HW DO 7KH NLQHWLFV KXPDQ DFWLRQ YI
DU;LY

.HQQHG\ 0 & 271+DJDQ $ %D\HVLDQ FDOLEUDWLRQ RI FRPSXWHU PRGHOV

.LUFKGRHUIHU 7 2UWL] O '‘DWD GULYHQ FRPSXWDWLRQDO PHFKDQLFV #

.R 7 : )LQNOHU - $ *RHGHFNHU 6 HW DO $ IRXUWK JHQHUDWLRQ KLJK
SRWHQWLDO ZLWK DFFXUDWH HOHFWURVWDWLFV LQFOXGLQJ QRQ ORFDO FKD!
.RYDFKNL 1 /L = /LX % HW DO 1HXUDO RSHUDWRU /HDUQLQJ PDSV ElI
DSSOLFDWLRQV WR 3'(V * A-ACH A,EARN A2ES

IDNH % 0 800PDQ 7 ' 7HQHQEDXP - % HW DO %XLOGLQJ PDFKLQHV WKDW
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"EHAV A"RAINA3CI H

/H&XQ < %RWWRX / %HQJLR < HW DO *UDGLHQW EDVHG OHDUQLQJ DSSO]
) % % %

/IL % 'HQJ % 6KRX : HW DO &RPSXWDWLRQDO GLVFRYHU\ RI PLFURVWUXI
VWLIIQHVV WRXJKQHVV WUDGH RIIV 3Cl AlDV HDGN

/L + ;X = 7D\ORU * HW DO 9LVXDOL]LQJ WKH ORVV ODQGVFDSH RI QHX
/L . B5XEXQJR $ 1 /HL ; HW DO BURELQJ RXW RI GLVWULEXWLRQ JHQHUDC
PDWHULDOV #OMMUN A-ATER

/L = .RYDFKNL 1 $]JL]]JDGHQHVKHOL . HW DO JRXULHU QHXUDO RSHUDWRU
HTXDWLRQV DU;LY SUHSULQW DU;LY

/ILX % /L ; =KDQJ - HW DO D $GYDQFHV DQG FKDOOHQJHV LQ IRXQGDWL
LOQWHOOLJHQFH WR HYROXWLRQDU\ FROODERUDWLYH DQG VDIH VIVWHPV DU
/LX ' =KDQJ - 'LQK $ ' HW DO E *HQHUDWLYH SK\VLFDO $, LQ YLVLRQ $ V
/LX 0 $UWIXNKRY 9, /HH + HW DO &DUE\QH IURP ILUVW SULQFLSOHV &K
QDQRURSH !#3A.ANO

/ILX ; <X = ;LDQJ 1 $SSO\LQJ )$,5 56 SULQFLSOHV WR GHYHORS DQ LQWHJ
IRU WKH PDJQHWLF FRQILQHPHQW IXVLRQ 3CI A$SATA

/ILX ; =HQJ . /XR = HW DO F )J)LQH WXQLQJ XQLYHUVDO PDFKLQH OHDUC
WXWRULDO RQ PHWKRGY DQG DSSOLFDWLRQV DU;LY SUHSULQW DU;LY

/ILX = :DQJ % SBUHGLFWLRQ RI LGHDO VWUHQJWK E\ PDFKLQH OHDUQLQJ -,
/LX = .LWRXQL 2 1ROWH 1 6 HW DO 7RZDUGV XQGHUVWDQGLQJ JURN
UHSUHVHQWDWLRQ OHDUQLQJ !DV A_.EURALA)NF AOROCESS A3YS

/LX = :DQJ < 9DLG\D 6 HW DO .$1 .ROPRJRURYiI$UQROG QHWZRUNYV
/IX & /X & /DQJH 5 7 HW DO 7KH $, VFLHQWLVW 7RZDUGV IXOO\ DXWRH
GLVFRYHU\ DU;LY SUHSULQW DU;LY

/IX | -LQ 3 .DUQLDGDNLV * ( '"HHS21HW /HDUQLQJ QRQOLQHDU RSHUDWR
HTXDWLRQV EDVHG RQ WKH XQLYHUVDO DSSUR[LPDWLRQ WKHRUHP RI RSHUDW
/X 3 < .LP 6 B6ROMDbpLU O ([ WUDFWLQJ LQWHUSUHWDEOH SK\VLFDO SDL
VIVWHPV XVLQJ XQVXSHUYLVHG OHDUQLQJ OHYS A2EV As

IXQGEHUJ 6 0 /HH 6 , $ XQLILHG DSSURDFK WR LQWHUSUHWLQJ PRGHO
OROCESS A3Ys

IXR < /L 0 <XDQ + HW DO BUHGLFWLQJ ODWWLFH WKHUPDO FRQGXFWLY
UHYLHZ NPJA#OMPUT A-ATER

/I\X < <DQJ = /LDQJ + HW DO $UWLILFLDO LQWHOOLJHQFH DVVLVWHG ID!
PRUSKLQJ DQG IXOO\ FRQYROXWLRQDO QHWZRUNV &ATIGUEA&RACT A%NG A-A
0ODDVYV : 1HWZRUNV RI VSLNLQJ QHXURQV 7KH WKLUG JHQHUDWLRQ RI QHX
ODUGW $ 3DVTXDOL / :X + HW DO 9%$03QHWY IRU GHHS OHDUQLQJ RI PRO]

ODUWLQ 5 0 (OHFWURQLF VWUXFWXUH %DVLF WKHRU\ DQG SUDFWLFDO PH
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ODUWLQ 5 & &OHDQ DUFKLWHFWXUH $ FUDIWVPDQYV JXLGH WR VRIWZDUH
3UHVV
ODWHULDOV &ORXG ODWHULDOV FORXG $FFHVVHG
ODW:HE //& ODW:HE 2QOLQH PDWHULDOV LQIRUPDWLRQ UHVRXUFH
$FFHVVHG
OF*UHLY\ 1 +DNLP $ :HDN EDVHOLQHV DQG UHSRUWLQJ ELDVHV OHDG
OHDUQLQJ IRU IOXLG UHODWHG SDUWLDO GLIIHUHQWLDO HTXDWLRQV .AT A-A
OHKWD 3 6FKZDE ' - $Q H[DFW PDSSLQJ EHWZHHQ WKH YDULDWLRQDO UH
OHDUQLQJ DU;LY SUHSULQW DU;LY
OHUFKDQW $ %DW]QHU 6 6FKRHQKRO] 6 6 HW DO 6FDOLQJ GHHS OHDUQL
ORDOOHP\ 2XUHK $ %HGGDU :LHVLQJ 6 1DWKHU 5 HW DO ODUNHG QHXUD
LQYROYLQJ D G\QDPLF JUDSK QHXUDO QHWZRUN DU;LY SUHSULQW DU;LY
ORUR 9 /RK & 'DQJRYVNL 5 HW DO OXOWL PRGDO IRXQGDWLRQ PRGHOV I
DQG GLVFRYHU\ .EWTON
OR]DIIDU 0 %RVWDQDEDG 5 &KHQ : HW DO 'HHS OHDUQLQJ SUHGLFWV S
.ATL AICAD A3cClI
1DWLRQDO $FDGHPLHV RI 6FLHQFHV ( OHGLFLQH JRXQGDWLRQDO UHVHD
GLJLWDO WZLQV 1DWLRQDO $FDGHPLHV 3UHVYV
1IDWLRQDO ,QVWLWXWH IRU ODWHULDOV 6FLHQFH 1,06 1,06 PDWHULDOV
LQGH[BHQ KWPO $FFHVVHG
IDWLRQDO ,QVWLWXWH RI 6WDQGDUGYV DQG 7HFKQRORJ\ 1,67 1,67
KWWSV PDWHULDOVGDWD QLVW JRY $FFHVVHG
1Rp ) 1XVNH) $ YDULDWLRQDO DSSURDFK WR PRGHOLQJ VORZ SURFHVVH
-ULTISCALEA-ODEL A3IMUL
1Rp) 20VVRQ 6 .|KOHU - HW DO %ROW]PDQQ JHQHUDWRUV 6DPSOLQJ ¢+
VIVWHPV ZLWK GHHS OHDUQLQJ 3CIENCE HDDZ
IRHWKHU ( ,QYDULDQW YDULDWLRQ SUREOHPV 4RANSP A4HEORYA3TAT Ao
2JDWD 6 /L - <LS 6 ,GHDO SXUH VKHDU VWUHQJWK RI DOXPLQXP DQG FRS
2KDQD 5 OF&DEH 0 OH\HU / 7 HW DO 7KH ZHOO $ ODUJH VFDOH FRO

VLPXODWLRQV IRU PDFKLQH OHDUQLQJ ,Q 7KH 7KLUW\ HLJKW &RQIHUHQFH
6\VWHPV 'DWDVHWYVY DQG %HQFKPDUNYV 7UDFN

2SHQ 6FLHQFH IRU (QJLQHHULQJ 2SHQ VFLHQFH IRU HQJLQHHULQJ $FFHV)
2SHQS$, &KDW*37 ZLWK GHHS UHVHDUFK KWWSV RSHQDL FRP FKDWJSW $
3DQJ - /L 6 :DQJ = =KDQJ = 5HODWLRQV EHWZHHQ IDWLJXH VWUHQJWK D
RI PHWDOOLF PDWHULDOV &ATIGUEA&RACT A%NGR A-ATER A3TRUCT
3DUOLDPHQW ( &RXQFLO 5HIXODWLRQ (8 Rl WKH (XURSHDQ 3DUC
RI '"HFHPEHU RQ KDUPRQLVHG UXOHV RQ IDLU DFFHVV WR DQG XVH RI GO
'"HFHPEHU

3DUOLDPHQW ( &RXQFLO 5HIXODWLRQ (8 Rl WKH (XURSHDQ 3DUC
RI -XQH OD\LQJ GRZQ KDUPRQLVHG UXOHV RQ DUWLILFLDO LQWHOOLJHC
-X 0\

3HDUO - &DXVDOLW\ &DPEULGJH 8QLYHUVLW\ 3UHVYV
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3RO\DN $ =RKDU $ %URZQ $ HW DO ORYLH *HQ $ FDVW RI PHGLD IRXQ
SUHSULQW DU;LY

3R]GQ\DNRY 6 1 :LOODWW 0 - %DUWyYN $ 3 HW DO ,QFRPSOHWHQHVV RI D
OHYS A2EV A ETT

3ULQ] - + :X + B6DULFK 0 HW DO ODUNRY PRGHOV Rl PROHFXODU NLQHWL
* A#HEM AOHYS

5DFFXJOLD 3 (OEHUW . & $GOHU 3 ' HW DO ODFKLQH OHDUQLQJ DVVLVWF
H[SHULPHQWYV .ATURE

5DLVVL 0 3HUGLNDULV 3 .DUQLDGDNLV * ( 3K\WLFV LQIRUPHG QHXUDC

IUDPHZRUN IRU VROYLQJ IRUZDUG DQG LQYHUVH SUREOHPV LQYROYLQJ QRQC
#OMPUT AOHYS

58&6 % 3URWHLQ GDWD EDQN 5&6% 3'% $FFHVVHG

5LEHLUR 0 7 6LQJK 6 *XHVWULQ & K\ VKRXOG , WUXVW \RX" ([SODLQL
FODVVLILHU ,Q 3URF QG $&0 6,*."' ,QW &RQI .QRZO 'LVFRY 'DWD 0LQ ;
5LHEHVHOO - *RRGDOO 5 ( %HQQHU 3 HW DO $ IUDPHZRUN WR HYDOXDW
SUHGLFWLRQV .AT A-ACH A)NTELL

5REHUWY ' $ <DLGD 6 +DQLQ % 7KH SULQFLSOHV RI GHHS OHDUQLQJ WKH
5XELR 3 % &KDPRLQ / /RXI) 5HDO WLPH %D\HVLDQ GDWD DVVLPLODWLRQ
RI PRGHO ELDV DQG RQ WKH IO\ XQFHUWDLQW\ SURSDJDWLRQ #OMPTESA2ENI
5XGLQ & 6WRS H[SODLQLQJ EODFN ER[ PDFKLQH OHDUQLQJ PRGHOV IRL
LOQWHUSUHWDEOH PRGHOV LQVWHDG .AT A-ACH A)NTELL

5XG\ 6 + %UXQWRQ 6 / 3URFWRU -/ HW DO 'DWD GULYHQ GLVFRYHU\ RI
3Ccl AIDV H

6DDO - ( .LUNOLQ 6 $\NRO 0 HW DO ODWHULDOV GHVLJQ DQG GLVFRYH
IXQFWLRQDO WKHRU\ 7KH RSHQ TXDQWXP PDWHULDOV GDWDEDVH 240' */-
6DHHG : 2POLQ & ([SODLQDEOH $, ;$, $ VI\WVWHPDWLF PHWD VXUYH\ R
IXWXUH RSSRUWXQLWLHY +NOWL "ASEDA3YST

6FKLOOLQJ :LOKHOPL 0 5tRV *DUFtD 0 6KDELK 6 HW DO JURP WH[W WR L
IRU FKHPLFDO GDWD H[WUDFWLRQ #HEM A30C A2EV

6KDLNHHD $ - ' &XL + 270DVWD 0 HW DO 7KH WRXJKQHVV Rl PHFKDQLFD!

6KDR 4 /L 5 <XH = HW DO 'DWD GULYHQ GLVFRYHU\ DQG XQGHUVWDQGLC(
#HEM A-ATER

6KDUNH\ / &KXJKWDL % %DWVRQ - HW DO 2SHQ SUREOHPV LQ PHFKD
SUHSULQW DU;LY

6KHD ' ( %UXQWRQ 6 / .XW] - 1 6,1'\ %93 6SDUVH LGHQWLILFDWLRQ RI
ERXQGDU\ YDOXH SUREOHPV OHYS A2EV A2ES

6KHQ 6 & %XHKOHU 0 - 1DWXUH LQVSLUHG DUFKLWHFWHG PDWHULDOV
#OMMUN A%NG

6KL 3 )HQJ 6 ;X = 1RQ HTXLOLEULXP QDWXUH RI IUDFWXUH GHWHUPLQHYV
JETT

6KL 3 ;X = ([SORULQJ IUDFWXUH RI K %1 DQG JUDSKHQH E\ QHXUDO QF
#ONDENS A-ATTER
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6KZDUW] =LY 5 7LVKE\ 1 2SHQLQJ WKH EODFN ER[ RI GHHS QHXUDO QHVW
SUHSULQW DU;LY

6RQJ - 6KDQ < =KDQJ = HW DO 3KDVH ILHOG LQIRUPHG PDFKLQH OHDUQL
VLQJOH FU\WWDO VXSHUDOOR\V * A-ATER A)NFORM

6WURKPDQQ 7 OHOFKLQJ ' 3D\WDQ ) HW DO 7RZDUGV VHOI GULYLQJ ODE)\
GDWD FHQWULF DSSURDFK IRU IDWLJXH FUDFN DQDO\VLV LQ DHURVSDFH PDW!
6WURKPDQQ 7 6WDURVWLQ 3HQQHU ' %UHLWEDUWK ( 5HTXHQD * $XWRP

SDWKV XVLQJ GLJLWDO LPDJH FRUUHODWLRQ DQG FRQYROXWLRQDO QHXUD
3TRUCT

6XUMDGL - 8 3RUWHOD & 0 (QDEOLQJ WKUHH GLPHQVLRQDO DUFKLWHFWH
WLPHVFDOHV .AT A-ATER

6XWWRQ 5 7KH %LWWHU /HVVRQ KWWS Z7ZZZ LQFRPSOHWHLGHDV QHW ,QF
7DOLU] / .XPEKDU 6 3DVVDUR ( HW DO ODWHULDOV FORXG D SODWIRUP
3ClI ASATA

7DQJ + &KHQ = <DR ; HW DO OHFKDQLFDO SHUIRUPDQFH GDWDVHW IRU
WHPSHUDWXUHV 3Cl ASATA

7DQJ . =KDQJ 3 =KDR < HW DO '"HHS OHDUQLQJ EDVHG VHPDQWLF VHJ
IUDFWRJUDSK\ %NG A&RACT A-ECH

7HQHQEDXP - % .HPS & *ULIILWKVY 7 / HW DO +RZ WR JURZ D PLQG 6
DEVWUDFWLRQ 3CIENCE

7H]VH]HQ ( <LJFL ' $KPDGSRXU $ HW DO $, EDVHG PHWDPDWHULDO GHYV
7LDQ 6 =KRX . <LQ : HW DO ODFKLQH OHDUQLQJ HQDEOHV WKH GLVFRY
PRQROD\VHUV AT A#OMMUN

7LVKE\ 1 3HUHLUD ) & %LDOHN : 7KH LQIRUPDWLRQ ERWWOHQHFN
SK\VLFV

7LVKE\ 1 =DVODYVN\ 1 '"HHS OHDUQLQJ DQG WKH LQIRUPDWLRQ ERWWC
DU;LY

7RP * 6FKPLG 6 3 %DLUG 6 * HW DO 6HOI GULYLQJ ODERUDWRULHV IRU
#HEM A2EV

800OPDQ 7 ' B6WXKOP<OOHU $ *RRGPDQ 1 ' HW DO /HDUQLQJ SK\VLFDO
VFHQHV #OGN AOSYCHOL

9DOLDQW / * $ WKHRU\ RI WKH OHDUQDEOH #OMMUN AOFATHEA!#-

9DOOH 3pUH] * /RXLV $ $ *HQHUDOL]DWLRQ ERXQGV IRU GHHS OHDU
9DSQLN 9 7KH QDWXUH RI VWDWLVWLFDO OHDUQLQJ WKHRU\ 6SULQJHU
9RWHU $ ) ORQWDOHQWL ) *HUPDQQ 7 & ([ WHQGLQJ WKH WLPH VFDOH
PDWHULDOV INNU A2EV A-ATER A2ES

:lOFKOL ' :HEHU 3 &KDW]LPDQRODNLY 0 HW DO ,QYHUVH UHLQIRUFH
GLVFRYHU\ LQ FROOHFWLYH EHKDYLRU RI DUWLILFLDO VZLPPHUV OHYS A2EV /
:DQJ - 20VVRQ 6 :HKPH\HU & HW DO ODFKLQH OHDUQLQJ RI FRDUVH JUD

ILHOGV #3A#ENT A3cClI
:DQJ : *yPH] %RPEDUHOOL 5 &RDUVH JUDLQLQJ DXWR HQFRGHUV IRU PRO
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-ATER

'DQJ < 6XQ - %DL - HW DO .ROPRJRURY $UQROG LQIRUPHG QHXUDO QHW
OHDUQLQJ IUDPHZRUN IRU VROYLQJ IRUZDUG DQG LQYHUVH SUREOHPV EDVH
DU;LY SUHSULQW DU:LY

':DQJ = :X . 'LQJ - HW DO BWUXW EXFNOLQJ WUDQVIRUPDWLRQ HQDEOL
WRXJKHQLQJ ODZ LQ XOWUDOLJKW ODWWLFH PHWDPDWHULDOV !DV A-ATER
‘HL - :DQJ ; 6FKXXUPDQV ' HW DO &KDLQ RI WKRXJKW SURPSWLQJ H
ODQJXDJH PRGHOV DU;LY SUHSULQW DU;LY

‘HQ 0 7DGPRU ( % +\EULG QHXUDO QHWZRUN SRWHQWLDO IRU PXOWLO

:LOF]HN ) )XQGDPHQWDOV 7HQ NH\V WR UHDOLW\ 3HQJXLQ

'LONLQVRQ 0 ' 'XPRQWLHU 0 $DOEHUVEHUJ , - HW DO 7KH )$,5 JXLGLQJ S
PDQDJHPHQW DQG VWHZDUGVKLS 3Cl A$SATA

'LQHV ' &KRXGKDU\ . &+,36 )) (YDOXDWLQJ XQLYHUVDO PDFKLQH OHDUQI
SURSHUWLHV !#3A-ATER AETT

X - <LOGLULP , /LP - - HW DO *DOLOHR 3HUFHLYLQJ SK\VWLFDO REMH
SK\VLFV HQJLQH ZLWK GHHS OHDUQLQJ !DV A.EURALA)NF AOROCESS

X | =KX = ( : 7RZDUGV XQGHUVWDQGLQJ JHQHUDOL]DWLRQ RI GHHS O
ODQGVFDSHV DU:LY SUHSULQW DU;LY

X = D (QYLURQPHQWDOO\ DVVLVWHG IDWLJXH DW VPDOO VFDOHV ,Q &RP
E\O + ) $OLDEDGL : 2 6RER\HMR B6HFRQG (GLWLRQ (OVHYLHU SS +
X = E J)UDFWXUH RI ORZ GLPHQVLRQDO PDWHULDOV ,Q &RPSUHKHQVLYH
) $OLDEDGL : 2 6RER\HMR B6HFRQG (GLWLRQ (OVHYLHU SS +

X = 5SHOLDELOLW\ LQ KHWHURJHQHRXV LQWHJUDWLRQ $ WKHRUHWLFDO Y
'X = =KDQJ = 7KH QHHG IRU VWDQGDUGL]LQJ IDWLJXH GDWD UHSRUWLQJ

<DPDGD < /DQJH 5 7 /X & HW DO 7KH $, 6FLHQWLVW 9 :RUNVKRS OH
GLVFRYHU\ YLD DJHQWLF WUHH VHDUFK DU;LY SUHSULQW DU;LY

<DQJ ) =KDR : 5X < HW DO 7UDQVIHU OHDUQLQJ HQDEOHV WKH UDSLG Gt}
ZLWK VXSHULRU FUHHS UHVLVWDQFHV DW XOWUDKLJK WHPSHUDWXUH NPJA#C
=HQL & 3LQVOHU 5 =+JQHU ' HW DO $ JHQHUDWLYH PRGHO IRU LQRUJDC

=HQRGR =HQRGR $FFHVVHG

=KDQJ / +DQ - :DQJ + HW DO '"HHS SRWHQWLDO PROHFXODU G\QDPLFV
DFFXUDF\ RI TXDQWXP PHFKDQLFV OHYS A2EV A ETT

=KDQJ = 7DQJ + ;X = YDWLJXH GDWDEDVH Rl FRPSOH[ PHWDOOLF DOOR\V
=KDQJ (X = J)DLOXUH OLIH SUHGLFWLRQ IRU FDUERQ QDQRWXEHV * A-EC
=KDQJ (X = )DWLIJXH GDWDEDVH RI DGGLWLYHO\ PDQXIDFWXUHG DOOR\V
=KDR < /LX < ;X = 6WDWLVWLFDO OHDUQLQJ SUHGLFWLRQ RI IDWLJXH FU
ZHLIJKWLQJ 4HEO AIPPL A-ECH A ETT

=KDR < 6RQJ < ;X ) HW DO D 3UHGLFWLQJ EUDLQ PRUSKRJHQHVLV YLD ¢
SUHSULQW DU;LY

=KDR < ;X = D 1HXUDO QHWZRUN PRGHOLQJ RI PLFURVWUXFWXUH FRPSOH
,EARN A3CI A4ECHNOL

=KDR < ;X = E 3K\WLFV WUDQVIHU OHDUQLQJ $ IUDPHZRUN WR DGGUH
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GLOHPPD LQ PRGHOLQJ PRUSKRORJLFDO FRPSOH[LWLHYV LQ EUDLQ GHYHORS
ODFKLQH /HDUQLQJ OXOWLVFDOH 3URFHVVHYV

=KDR < =KRX + =KDQJ = HW DO E 'LVFRYHULQJ KLJK VWUHQJWK DOOR\
-ATTER

=KHQJ ; =KDQJ ; &KHQ 7 7 HW DO '"HHS OHDUQLQJ LQ PHFKDQLFDO PHW
DQG JHQHUDWLRQ WR LQYHUVH GHVLJQ !DV A-ATER

=KRX : <DQJ < =KHQJ * HW DO 3URWRQ LUUDGLDWLRQ GHFHOHUDWHG
DOOR\V LQ PROWHQ VDOW .AT A#OMMUN

=KX 5 1RQJ : <DPD]DNL 6 HW DO \&U\VW :\FNRIlI LQRUJDQLF FU\VWD!
-ATTER

=LOOV ) B6FKIIHU 0 7RYH\ 6 HW DO =Q7UDFN 'DWD DV FRGH DU;LY SUHSL

(CS +5F : "0)
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SHVROYLQJ SK\VLFDO FRPSOH[LWLHY ZLWK PDFKk

e=S Y$}$t

gR$t YZsS=t$%,,R$ k S ,$ $t Sd(((M; S]Y$ts

$EVWUDFW =tI,,R stI$t S Y,S,,js $BtRY$}RSA, b,,tS8s ,,$sjS8%${,BR ,Z{ Z,,
},.PB,8st{,SstISZR$t S Y,8S BS8s,,S},,1${ $BtRSs,,S}$3%B sjS B}${RS$tSRBj
A,s8SA,tI$t SstsjkR$R S]sZ{YkTRSR ,,RRSI,P$t$ $BtS BSV,,Y,t$ZRTAsSR,IS{,
js $BtSP,s8,bB,,RSP$tlIS ,,s SRZ{{,RRS$tSslIl,,RR$t S,t $t,,,$t S},BAj,8R SO
}i,-$ kS{Ysjj,.t ,RS Y,S{Bt%,t $BtsjSUBAR,,%s $BtTYk}B Y,R$RT8BI,j1Ss}}.Bs
,,kS$tIZR ,$sjSR,{ B,RSRZ{YSsRSs,,BR}s{, Stz{j,s,S.,t,, k SstISR,8%${BtIz{ B
R$BtSBPSY$ YT},,PB,8st{,S{B8}Z $t SY$ YT Y,BZ Y}Z S,-},,$8,t R Sls sSR{
1{,S},B%$1,SsS{B8}j,8,t s,kSRBjZ $BtS BSR{$,t $P${SI$SR{B%,,kSstIS,t $t,,,
RZ,R S<Bb,%,, SZtj$,,S Y,$,Ss}}j${s $BtRS$tS%$R$BtSstISjst Zs ,SIB8s$tR
R ,Bt ,,Sls sT8BI,jS$tP,,,t{,S{s}sA$j$ $,R S<$ YTJIZsj$ k S}YKkR${sjjkS{BtRS$F
.,$,$,RSs,,St,,I,IS BS,tYst{,s8BI,jS},,PB,8st{, S ,t,,sj$9s $Bt SstIS$t ,,},, SAS
3}YKR${R S ,stRP,,"SstlS3,,sj$ kS,,{BtR ,Z{ $Bt"SBPP,,S Z$I$t S},$t{$}j.R S
{B8}j,-SA,Ys%$B,R SG$ YSPZ, Y,,SRZ}}B, SP,B8S{B t$ $%,SR{S$,t{, S$t ,jj$ .
t{,Ss,,S$t{,,sR$t jkS{s}sAj,SBPSsRR$R $t SB,S,%,tS,,}js{$t S,,R,s,{Y,.RS
., SRBt$t S$tS{B8}j,- SIkts8${SR{,ts,$BR SqY$RS}s},,S.,.., %% ,bRS,,kS$tRS$ Y F
8,{Yst${RSstISI$SR{ZRR,RSs{ $%,S,,R,s,{YSs,,sRS Y,BZ YS Y,Sj,tR,RSBPSj,
b$ YS}s, ${Zjs,S,8}YsR$RSBtS8Z) $R{sj,S8,{Yst${RSstIS Y,SjBt T ,,8SR,,%$
R .,z{ zZ,,R

.H\ZRUGV R}s $B ,8}B,sjS{B8}j,-$ k S}YKR${RS ,stRP,, S,,sj$ kS,,{BtR ,Z{ $
B},tSR{$,t{,

i,{,$%,IUS SFZjkS1(1x Ss{{,} ,IUS1ES!{ BA,,S1(1x SBtj$t,US1 S!{ BA,,S1(1x
~1SeT8s$jUS-Z9}0 R$t YZs ,1Z {t
EIL(1ES &8#0%'5S+0S '%*#0+%5
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