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S HEH L YLREY HP E H U 7KH LQFUHDVLQJ GWSOIMWHRRURI GHEIRVLWY DQG W
5HFHLYHG LQ 5HYLVHGFRBSOH[LW\ RI VXEVXUIDFH JHRORJLFDO HQYLURQPH
'HFHPEHU IRU GEDUM/PHQGWKONWHRQDO IUDPHZRUNV LQ PLQHUDO
SPFHSWHGE UXDU\ VWXG\ LQWURGXFHVY DQ LQWHJUDWHG ' RUH SURVSH

SXEOLVKHG RAVEQMOUIEDPELQHV D 'HHS $XWRHQFRGHU '$( ZLWK ORQWH &

EDVHG XQFHUWDLQW\ TXDQWLILFDWHR®OXWRLR®OHOQF
SURVSHFWLYLW\ SUHGLFWLRQV DQG UREXVW HVWLPD
VRXUFPHFOIHRWLPLFREBWDWIHAN JHRORJ\ JHRFKHPLVWU\
2 MP H DQG ERUHKROH IURPRWHN BRDQK F KHVYKRHKV H Q@ WILROG. R

H\ZRUGYV VIVWHP LQ QRUWKZHVWHUQ ,UDQ ZDV YR[HOL]JHG LQW

VFDOH FRQYROXWLRQDO '$( DUFKLWHFWXUH HIIHFW
" RUH SURVSHFWLYLW\SBoHWIHUQYVY DVVRFLDWHG ZLWK DOWHUDWLRQ ]JRQH
'HHs $XxWRHQFReHu JHRSK\VLFDO DQRPDOLHV ZKLOH VWRFKDVWLF IRU

8OFHUWDLOW\ TXDQWLD’VH(‘DWL HFRPSRVLWLRQ RI DOHDWRULF DQG HSLVWHP

+84 PBHO DFKLHYHG DQ DFFXUDM\SRIRI DQG DQ 5

QWUWDHRRWHG JROG GHSRNISY UIRUPLQJ FRQYHQWLRQDO DXWRHQFRGHUV &1
6LDKFKHVKPHK E\+ +LJRKURVSHFWLYLW\ UHJLRQV ! DFFRXQWHG
PRGHO YROXPH \HW FDSWXUHG RI PLQHUDOLI]H

8QFHUWDLQW\ DQDO\WLY UHYHDOHG HOHYDWHG XQFI
VSDUVH JRQHV DQXGPHHAOWBLQWKLYIK[HOV LQFUHDVH
DFFXUDF\ WR 7KH VSDWLDO FBUBNSSRYEMOWH

YRIHOM XS RQRWDWULGILFLILFDWLRQ KDORV DQG WUDQV
YDOLGDWHYV WKH JHRORJLFDO UHOLDELOLW\ RI WKH
84 IUDPHZRUN RIIHUV D VEFDODWHE &/HR OX@/HMHRWDQWIIRILQ WP L (
SURVSHFWLYLW\ DQDO\VLYVY LQ VWUXFWXUDOO\ FRPSO
JHQHUDOL]DELOLW\ DQG UREXVWQHVYV KLIJKOLJKW LW
GHSRVLW W\SHV DQYRXPHUJIHRY PIXHrODQ\WFIH GDWDVHW YV

,QWURGXFWLRQ

7KH VXVWDLQDEOH GLVFRYHU\RRHPEQHGBQ WPHRORHUERIMDWLRQ FRY
UHPDLQV IXQGDPHQWDO WR JOREP®YHBRQRRLIFOVM[SBIRUDMWLRQ DSSUF
WHFKQRORJLFDO SURJUHVV DQSUWGER PWQ D Q WIONE BAYY M@IZ SR R JL F D
OREDUERQ HQHUJ\ VAIVWHPV LW S/KHD 5 DRJIG BSDHAML WGBO JHRSK\VL
GHSOHWLRQWRDPHDBEGHK GHSRVLWIUWHKYW DUH RIWHQ LQVXIILFLHQW I
PLQLQJ LQGXVWU\ LV LQFUHDVRIQYOUDPKDIDWHRIHA QVRKHWHURJHQH|
LGHQWLI\ FRQNHDOWGE GHH /W W XFWXLLUIDIVO F K D U D WK B V H] HGH EW RPICFW
FRPSOH[ RUHERGLHV FRPPRQO\ YREMMEMHG E\GWRWANHUPDO DOWHUDMW

E &RUUHVSRQGEQ KWROWK M WoDK WRIX G L
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SURQRXQFHG GDWD VSDUVLW\ S5BERRYWTXBHOQWOOQ\FHYW LQ GHHS OHL
SDUDGLJP VKLIW KDV RFFXUUHWUWRXDRIGP HGWHIRJIDWIIGRVSHFWLYLW
GDWDLYHQ ' RUH SURVSHFWIHQMNROIRRGHWOK®I XQVXSHUYLVHG H
230 7KLY DSSURDFK V\VWHP DKUHADIUWRAK LARNH DUPRYISW WLDO IHDW XU
PXOWMRIXUFH JHRWKFLIGBIWEHORX GLQUR[HOL]HE RXXEWLGDWDVHWY 7KHVH
JHRORJLFDO JHRFKHPLFDO FROOYKWWHDQDWO\DR&WSHUIRUP WUDGI
VWUXFWXUDOW R G DG&/HDYIHWAW REONIBROWRDFKHY LQ GHWHFWLQJ VXEWC
SUREDELOLVWLF SUHGLFWLRQVLIRDWRUGINUBOL]IDWLRAER $PRQJ GHH
SRWHQWLDO ZLWKLGGLPH®W®L RQBEOF KLKNUHHRHV XUHY  'HHS $XWRHQFRGH

VSDWLDO IUDPHZRUN > @ SDUWLFXODUO\ HIIHFWLYH IRU GLPHQ
' RUH SURVSHFWLYLW\ PRGHO DRG] DRIRFOPDADL WG MMEN. FPIM QR/Q RIQ® X L J K
ULJRURXW XYIS@WILLWDWLYH 1UDPHIRRWF GHYWLQHG GDWD 7KH\  SuU

WR GHOLQHDWH JRQHV RI KLJK FFIRPHXMDLYDR W QPR Q CB\R WIHIQRL HIDAV VR O X\
WKURXJK WKH V\VWHPDWLF LQ@BEHWDWERQHRY LROXRDPHISOMY FRPSDU
HYLGHQWLDO OD\HUV ZLWKLQ DFRPEIMSREPVMHIBREBQWIUBRQVIRUPHU F
VIVWHP *,6 HQYLURQPHQW 230KRMWKRGCROKRUEHNWUQWY D QRYHO ' R
DUH EURDGO\ FODVVLILHG LQWR RWHR LRDIL Q UDIPMERRIWL HVKDW LQWH J
NQRZOGGUWHQ MBQG YGIIWDSSURD BKMARHQ@RGHU ZLWK ORQWH &DUOR '
.QRZOHIBUHYHQ PHWKRGV UHO\ IRQY PREKOMWNDIIHRXV XQFHUWDLQW\ -
PLQHUDO V\WWHP PRGHOV H[SEHRWK MDXGHIPMRW. F @G HSLVWHPLF FF
WHFKQLTXHV VXFK DV IXR! ORWME RUKHHBEIRWNKHVKPGRWHGWURQ®GR
HYLGHQFH WR DVVLJQ DQG SGRSRVLWHLQI QIRAHORZIHD/AVHYQ ,UDQ W
ZHLJKWV PDNLQJ WKHP SDUW LSHX OBBSOQR ¥V B X DHE@HWR® KW LRIQI K UL V1
JUHHQILHOG DUHDV ZKHUH HP S EDIOREQ DADMD TURV YHBPWEWLW\ PRGHO
DQG JHRORJLFDO UHDVRQLQJLBYWHBCRPLQYDWHNWLIE@ UHOLDELOLW\
FRQWUDGWLYEBQWPHWKRGYV OHY HFRPBD PDFEFKWEPWORIJHQLF WHUUDLQV >
OHDUQLQJ DQG VWDWLVWLFDO LQIHUHQFH WR GLUHFWO\ H{WUDFW
SUHGLFWLYH SDWWHUQV IURP WOBWERGRGOIWDVHWY WKDW
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VWRFKDVWLF IRUZDUG SDVVHV FHDO NMROPHEZ&LOHDMHHSERHUDJHMGVHPE
GURSRXW DFWLYH S GXUUGFRQVMWWUXFEMH RDKLWUURU UHVFDOH
DSSURDFK DOORZHG VLPXOWDQHBRWHGQWWRED\WRRY RHWHKHSHILQHG X'
SUHGLFWLYH PHDQ DOHDWRURBWKXKPFEUWHKUMNVKROGD ORGHO SHU
6KDQQRQ HQWURS\ DQG HSLVWHFLHFUWQEQWNDUBWLDELOLW\ ZHUH
PXWXDO LQIRUPDWLRQ DSSUR[VRDWWGIRB\G VIVVIRYMDWLRQ DQG T

YDULDQFH LQGHSHQGHQW VHW RI ZLWKKHOG HI[S
3KDVH ' 3URVSHFWLYLW\ 0ODSSLQJ DQG@
9DOLGDWLRQ JLQDO SURVSHFWLYLW\ VFRUHV ZHUH
’7 Data Preparation ) DAE Architecture Design { Uncertainty Quantification Prospectivity Mapping J
Geological Database DAE Architecture MCD implementation Prospectivity Index
Compilation Design Calculary
) ) . o Uncertainty Maps Validation with Known
3D Grid Generation Supervised Training Genaratlon —
LN, 00
Date Reprocessing Model Optimization Sensitivity Analysis Geostatistical
l interpolation
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 QWHJUDWHG ZRSANIOREZHRRWKHRSY( ' RUH SURVSHFWLYLW\ PRGHOLQG
TXDQWLILFDWLRQ

Y)LIXUH

ORGHO $UFKLWHFWXUH DQG 7DFMQUYDIWLRQ D@BRROLQJPD$Y JOREDO

. W LMQDO ODWH
LPSOHPHQWHG DV D IXOO\ # FR éﬁ@% @ﬁgﬁgﬁylHFWLYHO\FR

GHFRGHU QHWWKARUNKH DUFKLW
SHUIRUPV XQVXSHUYLVHG IHDW SQ %Fthwégﬁw
VXSSRUWLQJ ZHDNO\ VXSHUYLVH HEW DQVSRVHGF
WKURXJK UHFRQVWUXFWLRQ HU ﬁ) v VHHVIRUJUDGXD

(QFRGHU 7KH HQFRGHU |% (1R IRU JUDGXD
VHTXHQWLDO FRQYROXWLRQD HER P LOHOWLEDO
JROORZLQJ U

SURJUHVVLYHO\ ODUJHU NHUQH FOE)% AFW A

P IXOFWLRQ
i7 11 WR FDSWWEMOW;?RF EWLRQV HeoeRzLed
QRUPU%%]Q%égg UWK, /g UHIXODUL]DWLRQ

UHODWLRQVKLSYV (DFK

FRQYROXWLRQ EDWFK

i "UHILE:sF|;Z" :sFUL; EIlS!®

KHUBGHQRWHY ELQDU\ PLQHUDWR|DWIQRQE DVEGRQ YDOLGDWLRQ OF
IURP ERUHKROH LQWHUFHSWV HSRBRXWHQY XULQUVFRQYHUJHQFH ZL
VWUDWHJILFDOBR QYR E KXW HREQS\W FRWD L ELD/MDWIHHG GDWDVHW VWUDWLI
0&' GXULQJ LQIHUHQFH 7UDLQIQWKRWROLPHG WK @
$GDP: RSWLPL]HU ZLWK DQ LQLWLBIOQOHD PQQAJU DNO®WBWLIRQ ODEHOV .
i qj FRVLQH DQQHDOLQJ VFKH®RXOQYJEDNVPE RDUORUHKROH LQWHUF
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YR[HO ZDV ODEHOHG PLQHUDOLMIOLGRWLRQLQBMHWIWAWHGSQFHUWDL
DQ\ GULOOLQJ LQWHUYDO ZLWIQ WK UDRGHG QVQWDRV WMRIQH ' YLV XDOL
H[FHHGLQJ JW RWKHUZLVH RWDFDW\OPERBR®EBWIIRUHIR[HOV ZLWK
,Q FDVHV ZKHUH D YR[HO FRERWDHL. QDG MRSOMPEDHE WKUHVKROG
LQWHUFHSWV WKH KLIKHVW $X UHOQG HUZHGN WIUQ/GNKEDNY WRWMW O  HIITHFW
GHWHUPLQHG WKH ODEHO HPSKDVL]LQJ USAOR\DEHRHNVK YLKV UHJLR
7LHUH[SORUDWLRQ WDUJHWV DQG I

8QFHUWDLQW)\ 4XDQWLILFDWLBAILFLHQW DUHDS/UL[R\ULWU_HHU/ ORGH

8QFHUWDLQW\ TXDQWLILFDWL%& U'VDQ ﬁ*ql\% 52% HFi\;%%FfVLEQSOE
H[HEXWHG YLD ORQWH &DUOR

%D\HVLDQ DSSUR[LPDWLRQ WH KHZV FRUUH

GURSRXW DV YDULDWLRQDO LQI %&%HWWLUDLOF(;/\
FDSWXUH DOHDWRULF DQG H \6/ H WKH

ZLWKRXW DGGLWLRQDO PRGHO I'H FgCT?\VLV ZDV SH
QJ YR[HOV .

'XULQJ LQIHUHQFH GURSRXW
DFWLYH S DQG VWRFKDV

ZHUH FRQGXFWHG SHU YR[HO IW 7KLVSS|?C?|?|:\'
DSSUR[LPDWH SRVWHULRU GLV Q| SURVS]

ZHLIJKWV 7KH SUHGLFWLYH PHD
L§T;, ZDV FRPSXWHG DV WKH HQ
DFURVV LWHUDWLRQVQS$OHDW R KgPFGDe/LHOV\(V\?\I >H[so
TXDQWLILHG XVLQJ 6KDQQRQ Q B

QRUPDOL]HG SUHGLFWLYH GLVWULGEV&()Wd’\RﬁJHD DQG 'DWD
£ *HRORJLFDO 6HWWLQJ

(i LRT L Hie T 7KH 6LDKEKHVKP HK O DOMAGX VIRQG
e GHSRVLW ,5* LV ORFDWHG ZLWKLC
ZKHUH ?ba&= GHQRWHYV QRKWDU ODJPDWLF $UF 8'0$ D SU
PLQHUDOL]HG PLQHUDOL]JHG FERYRHNVLF PISW\DWIORUAHQLF EHOW LQ G
XQFHUWRTQM™MYV GHULYHG IURP7I®RDWYNE IRUPHG DV THWHK\WDXQOW RI
LQIRUPDWLRQ EHWZHHQ SUHGLFWLEREXFWQR QS RVAVHRIAHRG E\ FRQWLQHC
Gt LR LT E R L] S @ 7KH 8'0$ KRVWV YDULRXV GHS
o I I LQFOXGLQJ SMMNSKHAILWKHUPDO $X D
DSSUR[LPDWHG HPSLULFDOO\ YND WP PSSR YIDW VD @RHORIBLADVOHG WZR. W
RI ELQDU\ SUHGLFWLR@V; ZTRW D ¢ KRMH-RUQLMLFW\PDIPDWLVP  7KH 6L
QRUPDOL]HG WRXGQGFHO®WDHQW\ YHKR$REVYW LV FHQWHUHG DW FRRUG
[ ZHUH PDVNHG LQ ILQDO PDBV (WRLQWHEBDOHIDWLROQLRFARHY LQ 2
XQUHOLDEOH SUHGLRWERQWDLZAWOHVLORA WR PRQ]JRGLRULWLF LQW
KLISSURVSHFWLYLW\ UHJLRQV ZHURQVSR L RREMQHEER O ARGWHBU VHTXHQF
H[SORUDWLRQ WDUJHWV 7KLV *ROGDIYDSUUPDHODX SHWHVHQW DV GLV
FRPSXWDWLRQDO WUDFWDELOLWQGS LQ WARODER@OWWLPYHHLQV  7KHVI
DQG VHDPOHVV L QW HIRHHOHRD WRIGW U RIBOHAG FEWUDQVSUHVVLYH IDXO
' FRQYROXWLRQ SLSHOLQHV > 1 f@ VWWAaN$H VWUXFWXUHV ZLWK OF
H[FHHGLQJ J W $X +\GURWKHUPDO D

L IDWLRQ ZDV

LG EGT FRQFHQWULF J]RQHV DURXQG WKH LQ
)LQDO ' RUH SURRSHEMMIMLWIQFOXGLQJ VLOLFLILFDWLRQ SK\0O
SURGXFHG IURP WHRNHUBDWEPROWLWLF DVVHPEODJHV T7KHVH

UHFRQVWUXFWLRQ HUURU DFURWY B&J LW N UG \8 DRGZIMYZHGQ \EKUH DVUN JBRHQ
DYHUDJH HUURUV FRUUHVSRQG MRXDHEKLIKHU @LNHOLKRRG

RI PLQHUDOL]DWLRQ 3URVSHFWLYLW\ VFRUHV ZHUH

UHVFDOHG WR WKH UDQ@RHB][ > @DVXDMQW PRE ([SORUDWLRQ /D\HUYV

QRUPDOLIDWISRQVHQWUKO — [RQHVg EREFEYHKHQWRMU X QWRYVFLHQWL
LGHQWLILHG E\ DSSO\LQJ DQ @§\R}§W|’+WH 2BHYUHRES OHG 1URP L}

RSWLPLJHG YLD <RXGHQTV - KWMPAWHYWpo RRsdRUbWLRQ UHFRUG
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DQDO\WHV WR FRQVWUXFW D UREWSWLQWMYQGORQMGEDOYRIXREG PLQF
IUDPHZRUN 7DEOH *HRORJLFIS GDWD FRQVLVW RI
KLIKHVROXWLRQ VXUIDFH PDSSL®HRBW\VDFDO GDWD ZHUH

VEFDOH FRYHULQJ OLWKRORJ\ REWTH\QHGH|EEDNG XY H\V LQFO X
PLFURGLRULWH SRUSK\ULWLPDJQMR\Q]R G IPRIUDIMXM HP HGWSROBIQG G
K\GURWKHUPDO DOWHUDWLRQ H®QHVULKNDO LEHMADMLR@W) DQG LQG)
EUHFFLDWLRQ SK\OOLF DUJLSORFLOLRQG 0D WQHWFWXUWEDOND ZHUH F
IHDWXUHV PDLQO\ IDXOWV OK8WM VEGDWBG ZHBHDSDUW ZLWK VWEL
FRPSOHPHQWHG E\ ORJV IURP ERUHKROWXUXIHWK DHYHDOHG D PDJ[L
WRWDO GHSWK RI P *HRFKHPURMHWGPWRWBOUXWH DQRPDO\ RI
ZKRORFN DQDO\VHV IURP SAXRAEFNLODGCWHEKE@REBROHY 573
ERUHKROH VDPSOHV IRFXVLQJXBQDUROER BWLQXPGLR® ZHDWHE DQDO\
FRSSHU &X FRQFHQWUDWLRQBSSTKWHEH WRLBERWMAP DQG GHOLQ
OD\HUV ZHUH GHULYHG V H SIUDXWFMY XD O QRBBVOOAUHY  7KH ,3 DQG
PDS VHSDUDWH &X DQRPDO\ RPIDKOLJKWRPBLQREGHY Rl HOHYDWHG F
$ X &X DGGLWLYH PDS WR UHRIQGRKPWISRWHQWEBRQVLVWHEW  ZLW
VIQHUJLVWLF VLJQDOV $QRPD®LQWUDOUADWERQW ISIQEBGJIJHRSK\VLFDO
XVLQJ FRQ EDDVES DAWIDRFQWDO PRGHEMHFWHG WR ' LQYHUVLRQ DQG
$00 JHRFKHPLFDO OD\HUV ZHUHLQ@WHBRROD\MB G LIQQWRR WHKKHH YR[HO J
' YR[HO JULG XVLQJ LQYHUVH GLVWDQFH ZHLLKWLERD > ': @

'  WR HPSKDVL]H SRVVLEOH K\GURWKHUPDO
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PRGHO G ' DOWHUDWLRQ JRQHV LQFOXGLQJ VLOLFLILFDWLRQ EUHI
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7DEOH (PSOR\HG GDWD OD\HUV LQ WKH VWXGLHG DUHD

ODLQ 'DWD (PSOR\HG OD\HU 'HWDLO
$OWHUDWLRQ JRQH 6LOLFLILFDWLRQ %UHFFLDWLRQ $UJLOOLF 3K\O
*HRORJ\ )DXVOWWHPV IRXU IDXOW V\VWHPV
+RVW URFN $QGHVLWH %DVDOW OLFUR 'LRULWH 3RUSK\ULW
*ROG DQRPDO\ $X
*HRFKHPLVWUWRSSHU DQRPDO\ &X LQFOXGH VDPSOHV DQDO\]HG
$GGLWLYH PDS $X &X
(OHFWULF

D *HRSK\VLFV .QGXFHG SRODUL]DWLRQ .3
E 5HVLVWLYLW\ PDS 56 SURICOHV LQFOXGH SRLQWYV

*HRSK\VLFvV _ODJQHWLF
D 5HVLGXDO DQG 5HGXFH WR SROH 0DS 573
E 8SZDUG P 0DS SURILOHV DQG VWDWLRQV VHW DW LQWHUYDOV
F $ODO\WLF VLJQDO RI PDJQHWRHWETUND L§ BOX G H SRLQWYV
G ' PRGHO RI OD.VXVFHS
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5HVXOWYV LPSURYHG DFFXUDF\ E\ UHODWLYH V
ORGHO 3HUIRUPDQFH (YDOXDVWIDR/®OLQH SDUWLFXODBRQWWDVWHVRC
XH s RO DEKLAYIIG %%\ézw@%%
SUHFLVLRQ U HVFEROUAH LR RI UHEDOO RI
0&& DQG $82&RQ WKH VSDWLDO IIZYLHCEg V FRUUHODWL
WHVW VHW 7DEOH ORGHO HYD ZDV Q WKH
RQ D RRWGWHVW VHW WKDW ZDV D\Q&VW VHW 7
FRPSULVHG RI WKH WRWDO ER W D I \ IURP WR |
ERUHKROHY UHSUHVHQWLQJ DS [ EXUDE\ VWDEL
GULOOLQJ 6WUDWLILFDWLRQ L V U %&é& Be:)é:OLQH PRGHOV
UHSUHVHQWDWLRQ DRURWV GHSW I VWDQGDUG $XWF

P * P DQG PDMRU OLWKR F Cg11
$GGLWLRQDOO\ H[SORUDWLR

1’:
FRPSOHWHO\ ZLWKKHOG IURP wu '(:g z%ﬁg%%EKDW)IHRUHVW
IRU LQGHSHQGHQW YD O LTRUDIR HEWXUH ERP
JHQHUDOL]DWLRQ 7UDLQLQJ ORYV WLlL WLRQ LPSUR
RYHU HSRFKV ZLWK YDO w\:| WKH EHVW EDVHOI

VWDELOL]LQJ)LDWUH %DVHOLQH P

\%%%wgmem@oéﬁﬁﬁgmgwq OV ME WL

DFFXUDF\ $8&52&11 JUL
DQG 5DQGRP )RUHVW (/;KH PXOW@
VFDOH FRQYROXWLRQDO GHVLJQ DQG 0& LQWHJUDWLRQ

7DEOH &RPSDULVRQ RI WKH SURSRVHG '$( 84 PRGHO ZLWK EDVHOLQH PR
ORGHO $FFXUDF\ 3UHFLVLREHFDOO) VFRUH 52&$8&
$(:84 3URES
BWDQGDUG ¢
&11 1R
69 (
5DQGRP

B8QFHUWDLQW\ $QDO\VLV DQ$FF 6 EBDRMBPOWLRQ &XUYH $QDO\VLV

LVWULEXWLRQ 7KH XQF HUMANDHEOWWIRQ EXUYH GHPROQ
8QFHUWDLQW\ PDSV UHY HDOHG WORZWWHF O BGX QB HNURYB OY WALWK WRWD O
LQ WKH FHQWUDO DQG QR UVQRKBDWHG Q SUMHBWFWIRWKBWFFXUDF\ ||
VWXG\ DUHD 7KHVH UHJLRQ¥ FRLQF LGZEKEDW KS VWURQIL KX RI WKH PRC
&X JHRFKHPLFDO DQRPDOLHV KILIKUEKDUSHBEFOMMVRQ EDVHG RQ DOHE
JRQHV DQG NQRZQ PLQHUDOL]HG\EROBKBONWHHSKHUH LQLWLDO DFFXUD
$OHDWRULF XQFHUWDLQW\ ZDV HOHPBWIHE D SO DVORMY DWKH WKUHVKRO
VRXWKHUQ PDUJLQV ZKHUH G DW®H MRIFMULIRIH XML QL PISWWGEHPLF XQF HU W
7KLV SDWWHUQ SULPDULO\ UHIOHFNMMHOUGDWRIU YIDRQWIE\WHWW L@LWK L\
WKH LOSXW GDWD (SLVWHPLF XQFOHLLDRQIEGIWD FWHRVYL @HKE GRPDLQ 7KH R
WKURXJKRXW WKH HQWLSRLOWGHRFFERPHIGQ DW DSSUR[LPDWHC
LOQGLEDWLQJ UREXVW DQG FRQV LWHWHFW LARHD UTGKILY J WRA U Y WRIQ®Y U H G X F H
VSDWLDO IHDWXUHV SURWVEHFW(Y WK GOSN VH SHULSKHUDO JRQHV ZL
YR[HOV ! WKUHVKROG VKR ZMRV W \RU FERY HASDMILBOHU NQRZQ PLQHL
RYHUODS ZLWK WUDQVSUHVVEYH |®XONWLYOWGDQWAWLRORYLGHYV D S
DQG VLOLFLILEDWLRQ DOWHUDWYWQDWKDOFSY WERQN\GHQFH KLORZ
FRUUHVSRQGHQFH VWURQJO\ VXSORHWWDWKWM\ JHURGIROM FHQG EHOSULR UL
PRGHO RI VWUXFWXUDO DQG K\&DRWKMY PBOEBHDWHLEDM LRQRVSHFWLY H
FRQWUROV RQ JROG PLQHUDOL]DWQROIHG DNGEILBIGGLWLRQDO GDWD FROO
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(a) Train Loss of All Models

— SE Network+UQ

—— CNN (Standard)

—— SE Network (No UQ)
SVM

—— Random Forest

o 10 20 30 40 50 60
Epochs
(b)

- Train Accuracy of All Models

—— SE Network+UQ p
0.95 | —— CNN (Standard) e
== SE Network (No UQ) =

0.90
5. 0.85
8
5 0.80
2
o5

0.70

Epochs
(c) ROC Curves

—— SE Network+UQ (AUC=0.88)

—— CNN (Standard) (AUC=0.87)

= SE Network (No UQ) (AUC=0.86)
SVM (AUC=0.83)

—— Random Forest (AUC=0.82)

-== Chance

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

YLIXUH D 7UDLQLQJ DQG YDOLGDWLRQ ORVV EFXUYHV E 3GDEXQUYH DQG )
RI WKH SURSRVHG 'HHS $XWRHQFRGHU ZLWK ORQWH &D HIAIR PRRESHFOXW XQFHU

Total uncertainty Aleatoric uncertainty
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Epistemic uncertainty
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XQDOWHUHG YROFDQLF XQLWV DQG
JHRSK\WVLFDO UHVSRQVHV ,QGHSHQC
XVLQJ FRPSOHWHO\ ZLWKKHOG

GULOOKROHV FRQILUPHG WKH VXSHL
7KH '$84 PRGHO DFKLHYHG D KLW U
! JW LORRLIBHQXEFHLRZDLQW\

JRQHV ,Q FRPSDULVRQ WKH VWDQGI
\LHOGHG WKH ' &11 DQG 5DC
YRUHVW > @ 7KHVH UHVXOWYV
WKH SUDFWLFDO YD®XHHRP R E& URD L
LQ SULRULWL]LQJ WBOUBBWVH ZKILHW
LGHQWLI\LQJ DUHDV UHTXLULQJ IXUWI

'LVFXVVLRQ

7KH '$84 IUDPHZRUN DFKLHYHG VX
SHUIRUPDQFH ZLWK DFFXUDF\
52&%$8& RXWSHUIRUPLQJ DOO EDVHO
7KLV LPSURYHPHQW VWHPV IURP WKHF
DELOLW\ WR UHMRRQGWHMQXWHW O P X ® YH
SDWWHUQV LQ DQ XQVXSHUYLVHG P
ZLWK 0&'V HIIHFWLYH TXDQWLILFDV
DOHDWRULF DQG HSLVWHPLF XQFHUMW
VFDOH FRQYROXWLRQDO HQFRGHU VX
KLHUDUFKLFDO VSDWLDO IHDWXUHV ¢
JUDGLHQWY DQG SUR[LPLW\ WR IDXO\
HITHFWLYH WKDQHV&QIVOHQ GHWHFWLQ
DPSOLWXGH JHRFKHPLFDO VLJQDOV
VXSHUYLVIDGV WHQWLRQ PRGHOV DSS
VLPLODU K\GURWKHUPDO V\VWHPV
UHSRUWW DFFXUDF\ WKH '$( DSSURI
GHPRQVWUDWHG JUHDWHU UREXVWC
ERWWOHQHFN UHGXFHG VHQVLWLYLW
DQG LPSURYHG JHQHUDOL]DWLRQ DF

JLIXUH S$HOXMHRWLRQ FXUYHV "PWRRHFEOWD GHQVLWY DW GLITHUHC
XQFHUWDLQW\ E DOHDWRULF F I-@LVWHPLF LQIOHFWL

SRLQWYV PDUN XQFHUWDLQW\ WK GKHKXQEVUWDLQW\ T%<DQWLILFDWLR
KH #8484 IUDPHZRUN RIIHUV VXEVW

JLQDO ' 3URVSHFWLYLW\ o@@@EW@FB@G(WLOLW\ IAROUN H QSIOIRU D W L
,OQWHUSUHWDWLRQ FRPSOH[ PHWDOORJHQLF VA\VWHPV ¢
URVSHFWLYLW\ VEFRUHV ZLWK

7KH ILQDO ' RUH SURVSHFWLY, \HIEJ G(WQLQV D\(X/"rk@vvpmswolLHQDE
KLISRWHQWLDO JRQHV SURVSHRVAIGIMA Sy LRy WK B BWwWRQ J 16 W FD UH D
RFF XS\ Rl WKH WRWDO YRIHO, Y RQEPHY ?*&TNHV ZLWK KLJK SURVSE
JRQHV FDSWXUHG RI WKH N@R& R dHRQFHUWDLQW\
ERUHKROH LIQWHHFRHSK/RVSHFWLYSWHo o\ R$Hv ZLWK PLQLPDO UL

YR[HOV VKRZHG VWURQJ VSRWLDEDo RQG W FHQWUD
RYHUODSSLQJ LQ RIZEDVHV \IZIJI-MR@ FKDUDFWHUL VW
WUDQVSUHVVLYH IDXOW LQWHY ,y@,fqu\bo V bk T VR

DOWHUDWLRQ KDORV DQG ) Hy § LWLMPHSRM@\NQRZQ
JHRFKHPLFDO DQRPIORN\%HFQ/R Wi ERUMKROHMY EDSWXU
|'4
L

ULs}
UHJL RQ# PDLQO\ DORQJ WK Ho WREHW Q ZKLOH RFFXS\LQJ RQO
H[WHQVLRQV RI - WKH VIVWHPypg4F LV ¥ UL 91 R SHHF WIL YK W \
XQFHUWDLQW\ DQG DUH UHFRPRKQGH\E \HKDhG&IJr\WDL REDOHDWRULF
GDWD DFTXLVLWLRQ WR LPSURY Ky F QJH?%QLFLW%J BREGLWLRQDO GDW
SURVSHFWLYLW\ DUHDV FRUUHVSROG FORVHD\ WR

(0p)n
§$E

o
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LQILOO JHRSK\VLFV RU GULOOBQHGMFRVLIRHG/X EXWL @®XR GLUHFWYV D
YDULDELOLWDUHMWU ORZ SURWSMBIWYUWNY VXFK DV WDUJHWHG ,3
UHJDUGOHVV RI XQFHUWDLQW)\ X@FH EW DA WAL RADLAMRNV HGW\WR UHILQH
RSWLPL]H UHVRXUFH DOORFDWLRWHUDWLYHO\ > @

$ GHHSHU JHRORJLFDO LQWHUSUEWIDVIHREQ UKYAPOWDLRIW  GHFRF
KLMQFHUWDLQW)\ ]JRQHV FRUUHOKRZH GG WHKFWOHSIMMKHPLFE XQFHUW
VSHFLILF FRPSOH[LWLHYVY DQG GPRQVLYVSWHQWO\LQRWDQFH DFURVV W
HOHYDWHG DOHDWRULF XQFHUGRRMV) DIORQLQCRFOWHYQUREXVW (
PDUJLQMIJXUKE DOLJQV ZLWK IBUPLWBGSDWWHUQV LQ WKH ODWHQ
JHRSK\VLFDO FRYHUDJH LQ ,3 DGG® HBHML \OMYHOW\ ¥XHYH\GDWD DUH V
JLIXUH ZKHUH VSDUVH VWDWLRQHDS\DRFFWIQR YORMHUMWDLQW\ ZDV GRPL
WR LQWHUSRODWLRQ DUWLIDFWM QKW \ZH VDK H QW FOFOSVORH ARIL QIF RS K\V L F D
ZLWK EGXMWM®H VKHDU JRQHVHIDMHEWM XWKWH GLUHFW LQIOXHQFH
LQWHUVHEWXRBY LQWURGXFLQYDQERIELOLW\ RQ SUHGLFWLRQ VWDE
VWDWLRQDULW\ LQ DOWHUDWRP®\VLYWHHPRWAWUDRHG D FOHDU
PLQHUDOL]DWLRQ SDWWHUQV HVKD®XGLQPSOLRI WRYSOW UHGXFHG ID
YDULDELOLW\ (SLVWHPLF XQFHUVWDLQWORMXRKHDOVORXLOH PDLQWD
RYHUDOO VOLJKWO\ LQFUHDVHWRYQHGH S HUY OB YNHIDRZQ PLQHUDOL]HC
P GXH WR UHGXFHG HRXHKROHSGRYVGWY D TXD QWL I|LEDHEOZHHW UDG
KLJKOLJKWLQJ PRGHO LJQRUDQBSH HGLRYERQU WHOHDHEQWHE\ DQG VS
VXEVXUIDFH HQYLURQPHQWEHG KRN XQBBWWDLQW\ @
DQDO\WVLV QRW RQO\ PLWLJDWHV RYHUFRQILGHQW

JLIXUH ' FBYH® SURVSHFWLYLW\ PDS RI WKH 6L E&F RHRGKHH KV KR Z XY L &L KK T
SRWHQWLDO ]JRQHVY DQG H[SORUDWRU\ GULOOKROH ORFDW!
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2YHUDOO W K HD Z20QHH U /DI D

%3:% NH\ JHRORJLFDO IHDWXUHV Y
HQDEOMNVUDWNILHG WRIQJH@H Q £

LDELOLW\ RI WKH DSSURDFK %\ G
s VSHFWX®QEWU G\GULOO
ORXQFHUW D ISQ\R V SKHLEM(L Y LW\ ]R@ B EHBHU‘\?L W“QMJ A
GHVLJQDWHG DFUUBDIGY WD UJJ Gy’ " HH

SDUWLFXODUO\ ZKHUH WKH\ [OL] \%/%RWQH \é\LJDQLclsLSa(é;/(Vg
VWUXFWXUDO F R Q WRROWG H Q R %YHUiBIDO?U[V\P Qme

SURVSHFWLYH DUBDDVUDQWHWGG VLRNIY 0 ROWRUQ
; WLYLW\ F
IJ—‘ HG PHWDC(

\ |
LB @Bj? ‘
WG E @N ?iV&L COFRUSRUL
X

)
WDUJHWLQJ 7KLV VWUDWHI\ FRGH
WUDGLWLRQDO HQVHPEOH PHW
JRUHVW ZKLFK DFKLHYH FRPS
HVWLPDWHYV RQO\ DW VLJO o
FRPSXWDWLRQ 30 RFVB\HW W kY I W\ ) HL@V v KNSHUVSHFWUDO
WKH ILQDO PRGHO FORVHO\ FRUUHVSRQG WR
WUDQVSUHVVLYH IDXOW LQWHUVH (@/%R v/ %%G ;f\ %LQ/PD%
DOWHUDWLRQ KDORV IX0O\ FRQHV'{ Lh[%v\\f\)' WK Y Y W HUHA
LOQWUNMMDRWHG JROG GHSRVLW PRIGBDEWKIRYVWAKH ODUH QR FRPSHWI
8UPEYRNKWDU ODJPDWLF $UF 7KH VSDWLDO
RYHUODS ZLWK FRPELQHG $X )JOQ®Q®RPDOLHV DQG

FKDUJHDELOLW\ KLJKV IXUWKHU liﬁL|Q<§éJ|f(5|j/Z\B6I-bHFH|L|WQ_|_I|:@QRU WKL\
UROH RFROWOWOOHG IO0OXLG SDWKZD\ LQ RUH

ORFDOL]DWLRQ > @ /LPLWDWLRQYNpR$WHK D FRUGHHRW VWXG)\
LQFOXGH WKH P YR[HO UHVROXWLRQ ZKLFK PD\

VPRRWKHADQH YHLQ QHWZRUNV DOICHGHBWONHWY¥H IJHQHUDWHG DQG L
RQ ERUHKROH GHQVLW)\ IRU DFRXKbMyMVWEX©\D OV kb OEHIHQIIEOH TURP W
YXWXUH LPSURYHPHQWYV FRROWKRY qFWRQUHMOY RQDEOH UHTXHVW
K\SHUVSHFWUDO UHPRWH VHQVLQJ GDWD IRU HQKDQFHG

VXUIDFH DOWHUDWLRQ PDSSLQPHUUHREHNY\ DGYDQFHG
YDULDWLRQDO LQIHUHQFH WHFEPUUDND WR +mdHL@H )YDDVVHQ &
HSLVWHPLF XQFHUWDL QAP LHWHE HPOHY MV R DQR IGIORK B ¥ HIRF DOMISRN. W QG W

HIWHQVLRQV RI WKH PRGHO > DSSOLF@MVNLRQULYHQGIPWDRHUDO SURVSHEF
PDSSRQ@H *HRORJ\ 5HYLHZV

&RQFOXVLRQ > @XR 5 <DQJ ) &KHQJ 4 LUHX]HU
7KLV VWXG\ SUHVHQWV D IirQRYH%J Q RY HQ B DOWDG $HJ LOHIO PRGHO
SURVSHFWLYLW\ PRGHOLQJ IUD ﬁ%ﬁglNQ\’NRBW/L'LL(gWJG@W'HQ/OLJHQFH z
D '"HHS $XWRHQFRGHU '$( zLWACORPWEK 'BBFERHUDO SURVBHFWLYLW)
'"URSRXW 0&' IRU UREXVW > @@PRUWDLQWYX :DQJ * &DUUDQID (
TXDQWLILEFDWLRQ $SSOLHG WRDQVKH 68KPKFKHMMPHK =KDQJ ; 'R
LOQWUNMOP&'HG JROG GHSRVLW_ LQ QRUWKAHNWHIRHUDO SURVSHFWLY
,UDOQ WK#84 '$S{RGHO DEKLHYHGFO MODQFHG IRFDO RVV IXQFWLRQ R

DFFXUDF\ DQG $8& WERRXJIK HIIHER{RH QF 19 CDRHIPDRINY DO *HRVELHQFHYV
UHFRQVWUXFWLRQJFH PXOR(HO GDWD

0&' HQDEOHG LQGHSHQGHQW HVWE@RBRALRQ-RP D50 HDWRYUHE ' 6F
DQG HSLVWHPLF XQFHUWDLQWLHNDUJHWR)GLIDIFQLWLRQ VWUDWHIL
FRPSUHKHQVLYH YLHZ RI SUHGLHFWRRRP Hrlo HIQV-RXUQDO RI
+LJEURVSHFWLYLW\ JRQHV ! EFHHEERYOWHG IRU

RQO\ Rl WKH PRGHO YROXPH \HaN. FDSWXKH® G * IXR |/ OLQHL

RI NQRZQ PLQHUDOL]HG ERUHKFOR VISO RIS W VP DBISH QY JED WG QJ D W
JRQHV H[KLELW VWURQJ VSDWLFBQYROYW VRRRZAVH! X DD WK WAZARUNM Z V
IDXOW LQWHUVHFWLRQV VLOLFLILFDWLRQ KDORV DQG $X

&X JHRFKHPLFDO DQRPDOLHV > @BQMLWHQWODIKWIKGL $ *KH]HOE
HVWDEOLVKHG FRQWUROW HEQ JROWEWSWLRQIBG $SSOLFDWLRQ RI 362 IR
PLQHUDOL]DWLRQ > @ 7KHWX@IRMH WXGILJQBHQWUDPHWHUYV RI 6
EHWZHHRRRLUEHQFMF HORZDL QW\ D@ PDRIVKMMRBXWHUV  *HRVFLHQFHV



%»DKURXGL DQG )DUDKDQL -RXUQDO RI OLQLQJ (QYLURQPHQW 3XEOLV

> @%RQKEOEPUWHU * )*HRJUDSKLP @HDWRQ - SEHYLHIHRI WKH EF
LQIRUPDWLRQ V\VWHPV IRU JHRVFIOHDVIQBYV , ORBROGHMIRZLWK %HQJILR
* 6 3HUJDPRQ 3UHVV &RXUYLID@OHWLF 3URJUDPPLQJ DQG (YR
> @DUKDGL 6 7DWXOOR 6 %Rvﬂ??m‘@g%/ou 0 v
$1]DO 3 (YDOXDWLQJ 6WDFNLQJ& H%@‘:HBI%JC}H ]
PRGHOV IRU HQKDQFHG OLWKRORJLBDO® RKODVVKDKRIDPDRQ =Q '"URSR Y
JHRORJLFDO -RPUSEIL®J RI *HRFKWBLADIODQ DSSUR[LPDWLRQ 5HSUHVHC
(ISORUDWLRQ XQFHUWDLQW\ LGQURIFHS GAHDVQRQWKH U
KWWSV GRL RUJ M JH[SQEWHUQDWLRQDO &RQIHUHQFH RQ ODFKL
> @RXUJKRODP 0 0 $GLE $ $I]DO 3 5DKEDU
*KROLQHMDG 0 'HHS OHBUQLRD D@BG %D - $GDP $ PHW

IUDFAWYBOHW WHFKQLTXHNSDWVRIUW HR D J @ WWR EWBIV W LR VRIS WQ P W]IDRVMUIRAW &R QIHU
H[SORUDWLRQ L6FLHDQUWRPILHBGSRURY /HDUQLQJ 5HSUHVHQWDWLRQV ,&/5

KWWSV  GRL RUJ v > @RVKFKLORY +XWWHU ) 'H
> @LX = <X 6 'HQJ + -LDQJ ZHLDIQN GHFD\ UQIX©ODQDDVRIFDD &RQIH U
<DQJ ; 6RQJ - &KHQ - ODR RQ /HDUQLQJ 5HSUHVHQWDWLRQV ,&/5

PLQHUDO SURVSHFWLYLW\ PRGHOLQJ H QVKDQGD i
JROGILHOG &KLQD XVLQJ WKH f%ﬁ%wgﬁ%% 6%@“{] Q;Q/IVRGQLQRY 'E)UL]K*
QHWZRUN ZLWK DWWHWLWORH%L bYW zD\ 'WR SUHYHQW QHXUDO Q

SHYLHZV RYHUILWMWULQ@DO RI ODFKLQH /HDUQLQJ 5
> @WHVKRY < *DOL\HY ' *DOL\HY 6 G5\WEHNRY

. 1DXU\]JED\HYD 3RWHQ

LQFUHDVLQJ WKH HIILFLHQF\ RI E%%éﬁﬁz& P P YEOOE D on
PLQLQJ WKH VROLG PLQHUDO V) EpYAl WROH PRGHOY IR e
GLILWDOL]DWLRQ ~DQG 0DGY®RFRIG (OFUTIILRY ko RI OHXUDD HWLRUNY
OLQHUDO "HSRVLWY UHJUHVVLRQ WUHHV DQG VMBSRUW YHF

> @DO < *KDKUDPDQL = *BHRORIW 5BV LTH Z V

%D\HVLDQ DSSUR[LPDWLRQ SHSUE@{*BE%VLL‘JQ({ fRG,BBPDOLSRXU $ % D

XQFHUWDLQW\ LQUGRPFFHSIGD_HQUQFRIQWK ,
H (+$ IUDFWDO DQDO\VL'
QWHUQDWLRQDO &RQIHUHQFH RQ*BB,F'? pLéﬁ%mﬂla_‘]QJ JHRFKHPLFDO DQR
&KHVKPHK RSKLROLWHRBUHNHINMLD: ,UDQ
> @HQJ + =KHQJ < &KHQ - <X 6 ;LDR

ODR : /HDUQLQJ ' PLQHUDQ SURVSHEWIYLW) o X
IURP ' JHRORJLFDO PRGHOV XVLQ%FF@Q& g@gﬁ&?g gﬂ#&aﬁg\g _'-)OHS‘WJVOHT'
QHWZRUNV $SSOLFDWLRRQWIRROD Lli 5 SUDL. S dLonubo
K\GURW KH UP D O&RPGE VGHIER V "W R V F Ve wrer o 8w RS, E

6DEJHYDU RSKLROLWH LQ 1( ,UDQ DQG W

> @L 5 7DQ 6 =KDQJ 0 =KDQJWHBFWRQ@LF+HYROXWLRQ RUFDEBRQ® LQHQ

=KX |/ *HRORJLFDO GLVDVWFHMWDQXVFHABWVYWLQAIQNWKH OHVR]RLF 7HV

HYDOXDWLRQ XVLQJ D UDQGRP ERLUIMRD R BIPSRZ BRFEHAW\ Rl $PHULFD % XO
LQIRUPDWLRQ T&D\OWDMQ DFEER®H @/ \

> @RRGIHOORZ %HQJLR < >& RXIKYOL|OGH K $ 0 &DVWUR $ %DGU]DG
'"HHS OHDO,gLIUIHVYV 9RIW . *HRFKHPLVWU\ DQG SHWU

. @LQIPD ' 3 %D - s oe BEEHIKRL °OXLEERLEPRETP SoRRLY,
IRU VWRFKDVWLR WRISWQ B WIDRAQLIR® CRoalT: RJJ?QDO Rl $VLDQ (DUWK 6FLHQFH
RQ /HDUQLQJ 5HSUHVHQWDWLRQV ,&

> @HQGDOO $ *DO < KDW_ XQF QWLHV .
GRUZH QHHG LQ %D\HVLDQ GHHS GHIDIIA YRy EReSAGALESKIVLEY
YLVLREX¥'DQFHV LQ 1HXUDO ,QIRUPpI UGT \ %J

6\WWHPYV
> ODULD 6 2VNRRL % ORVWDIL

> @DR : /LX = +X & 6RQJ : kY %0 Q< PSURY°LQJ WKH
PR/é(HoloL J L 7gKILDLTJ-|V-'\-/QKVLVRF%DHOWﬂKH L'JPQE{)U XPYWV XVLQJ DX[LOLDU\ YD
Q Q Q L D RHAFKRGQGF¥H ,QIRUPDWLF

UHYLHZ DQG SHUVGHFMWLYGIVDQDO\V
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KWWSV GRL RUJ v > @NVKPLQDUD\DQDQ % 3ULW]HO $
6LPSOH DQG VFDODEOH SUHGLFWL
> @RVWDIDHL . ODOHNL -RGHéV}% E%W%b@ﬁﬂ%%f%%ﬁmmo
<RXVHIL 0 3UHGLFWLQJ JRO Y R
VXSSRUW YHFWRU PDFKLQH DQG QHXW@O\QHWZR U RIRUGHPOWUDW-H +XQWLQ
DQ HYLGHQFH OD\HU IRU " SURYSRBWUYVWQ RI DLUERUQH K\SHUVS
DQDO\WWHUQDWLRQDO -RXUQDO R(20LQ+\GHWL@R® *HRU PLQHUDO PDSSLC
(QJLQHHULQJ 7UDQVDFWLRQV RQ *HRVFLHQFH DQG 5lI
> @6HQJH 5  %|VQHU 6 '"HPEF]\ VNL .
+DDVHQULWWHU - %DKQKRII2 1 'ROQAIDXQGHOO & &RUQHELVH - .DYXN
+«OOHUPHLHU ( SHOLDEOH HBOWVYWLILFDWLRQ:HLJKW XQFHUWDLQW

/HDUQLQJ FODVVLILHUV WKDW GLYMWQBYR®KHBZQBDWRRLFWBEAG QG ,QWH
HSLVWHPLF XQIRUPWLEWWY\ 6FLHQFHMR QIHUHQFH RQ ODFKLQH /HDUQLQJ
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