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$ OHWKRG IRU ' ORUSKRORJLFDO OHDVXUHP
IRFDOL]DWLRQ RI *UHHQ $VSDUDJXV %DV

<2/2Y QYHJ DQG' 5PW D

4LQJTL ¢£XOLDQJ =K®WVRQJ ;£PRER 60D Q 'BXRSHQJI+XL +RQJ
,QVWLWXWH RI $JULFXOWXUDCL DRRQIRSEB G DR QR | GIRILEXWWKQ@ DO 6F
&KLQD
,QVWLWXWH Rl 9HIHWDBOHVS$SEQGHPREHEMWLFXOWXUDO 6FLHQFHYV
$JULFXOWXUDO LQIRUPDWLRQ ,QVWLWXWH &KLQHVH $FDGHP\ RI
.QRZOHGJH OLQLQJ DQG .QRZOHGJH 6HUYLFHV LQ $JULFXOWXUDO &
3XEOLFDWLRQ $GPLQLVWUDWLRQ %HLMLQJ &K1

$SEVWUDFW

/TR DGGUHVV WKH GLIILFXOWLHY LQ UHFRJQLWLRQ DQG ORI
JURZWK IRUPV RI JUHHQ DVSDUDJXV LQ QDWXUDO HQYLURQ
VRLO DQG WKH FKDOOHQJH RI EDODQFLQJ GHWHFWLRQ DI
VHIPHQWDWLRQ DOJRULWKPV GXULQJ DXWRPDWHG KDUY
DVSDUDJXV LQVWDQFH VHJPHQWRWL RED VHREG HROQ QLIPFSHUGR Y
<2/2Y-QHJ LV SURSRVHG )LUVW WKH 6WDU1HW OLJKWZHLJI
WKH RULIJLQDO EDFNERQH VWUXFWXUH UHGXFLQJ WKH FRF
& 1':&4RQYB6WULS PRGXOH LV GHVLIJIQHG E\ LQWHJUDWLQJ (
VWULS FRQYROXWLRQ WR HQKDQFH WKH IHDWXUH H[WUDF
(*$3 PRGXOH LV HPEHGGHG LQWR WKH 633) OD\HU WR LP
DRWQWHUIHUHQFH FDSDELOLW\ DQG WKH 03',R8 ORVV IXQF
ER[ UHJUHVVLRQ DFFXUDF\ )LQDOO\ D PHWKRG FRPELQLQJ
FDOFXODWH WKH OHQJWK DQG GLDPHWHU RI JUHHQ DVSDUI
([SHULPHQWDO UHVXG3EWN2 VDKRZHWHKBWSWBKHEFLVLRQ UHFDOO
DQG UHVSHFWLYHO\ &RPSDUHG WR WKH EDV
LV UHGXFHG E\ DQG WKH FRPSXWDWLRQDO ORDG LV Gl
PHDVXUHPHQW HUURUV IRU DVSDUDJXV OHQJWK DQG GLDPFH
WKH DYHUDJH FXWWLQJ SRLQW ORFDOL]DWLRQ HUURU LV
-HWVRQ 2ULQ 1; HGJH GHYLFH LV )36 ZKLFK LV KL
7KLY PRGHO PDLQWDLQV KLJK DFFXUDF\ ZKLOHWSRMVHVYV
SHUIRUPDQFH PDNLQJ LW VXLWDEOH IRU HPEHGGHG GHSO|
KDUYHVWLQJ URERWYV SURYLGLQJ UHOLDEOH WHFKQLFDO
KDUYHVWLQJ
.H\ZRUGVHHQ $VSDUDJIXV $XWRPDWHGI}FDUIYKWEHQIKW?2/&X
SRLQW /RFDOL]DWLRQ

, QWURGXFWLRQ



$VSDUDJXV LV D SHUHQQLDO HUHFW KHUEDFHRXV SODQW U
HVVHQWLDO IRU WK® KXM® ERG\WKH ZRUOG V ODUJHVW
H[SRUWHU Rl DVSDUDJXV IDFHV FKDOOHQJHV LQ LWV KD]
SULPDULO\ UHOLHV RQ PDQXDO ODERU +RZHYHU GXH W
DVSDUDJXV PXOWLSOH KDUYHVWVY DUH UHTXLUHG GXULQJ
LQWHQVLW\ DQG HOHYDWHG PDQXDO KDUYHVWLQJ FRVWV
DSSOLFDWLRQ RI DXWRPDWHG URERWLFV WHFKQRORJ\ LQ T
GHHS OHDUQLQJ GHWHFWLRQ PRGHOV ZLWK DXWRPDWHG U]
DFWLYLWLHV JLYLQJ ULVH WR DXWRPDWHG DVSDUDJIXV k
JURZWK HQYLURQPHQWY DVSDUDJXV JURZV GHQVHO\ ZLW
VKDSHV DQG KDV SDUWV RI LWV URRWVWDON FRQFHDOHG
IRU DQ DVSDUDJXV KDUYHVWLQJ URERW OLHV LQ DFKLHY
DVSDUDJXV VKDSH IHDWXUHY DQG SUHFLVH ORFDOL]DWLRQ

‘LWK WKH DGYDQFHPHQW RI FRPSXWHU YLVLRQ DQG Gt}
YLVLRQ KDV EHHQ LQFUHDVLQJO\ DSSOLHG E\ VFKRODUV W
LQIRUPDWLRQ {URP,BURBFWHOW \HDUV GXH WR WKHLU ORZ
5*% VHQVRUV KDYH EHHQ ZLGHO\ DGRSWHG E\ UHVHDUFKH!
> @ ,Q WKH PHDVXUHPHQW RI FURS OHQJWEDNB®G REGIXFEM
GHWHFWLRQ DOJRULWKPV FDQ LGHQWLI\ UHJLRQV RI LQWF
>- @ WKH\ VWLOO UHO\ RQ LPDJH SURFHVVLQJ WHFKQL
LQIRUPDWLRQ 7KLV OHDGV WR LQFUHDVHG DOJRULWKP FF
DQG FRQVHTXHQWO\ D UHGXFWLRQ LQ RYHUDOO GHWH
OHDYUEDVHG LQVWDQFH VHJPHQWDWLRQ DOJRULWKPV FD
H[WUDFWLRQ RI ERWK FURS UHJLRQV RI LQWHUHVW DQG F
DOJRULWKP FRPSOH[LW\ FRPSDUHG WR WKH IRUPHU DQG |
*HROROD HW DO-'X&/B\ED5FRPELQHG ZLWK D FRQYROXWLRC
LQVWDQFH VHIJPHQWDWLRQ RI DSSOHV WR HVWLPDWH GLD
VHIJPHQWDWLRQ DOJRULWKP WR GHPRQVWUDWH WKH HIIt
PDWFKLQJ WRPDWRREOGDQNHIQD UHMD\O > @ .LP HW DO SHUI
OHRFFOXGHG RULHQWDO PHORQV LQ YHUWLFDO FXOWLYDW
DQGRFWOXVLRQ PRGHOV > @

,PDJH VHPDQWLF VHIJPHQWDWLRQ FDQ DFFXUDWHO\ VHJI
WKH WDUJHW DQG EDFNJURXQG DQG REWDLQ WKH VSHFLIL
VHIJPHQWDWLRQ LPDJH LQVWDQFH VHJPHQWDWLRQ FDQ |
LQGLYLGXDO REMHFW QRW RQO\ LGHQWLI\LQJ WDUJHWV L
FRQWRXU ERXQGDULHV RI HDFK WDUJHW :3@1iEWVEG SU
LQVWDQFH VHJPHQWDWLRQ PHWKRG LQWHJUDWLQJ GHIR
DWWHQWLRQ PRGXOH LQ WKH EDFNERQH QHWZRUN WR DFK
GLIITHUHQW VWDWHY 7KLV PHWKRG DFKLHYHG H[FHOOHQW
RI DQG D VHIJPHQWDWLRQ P$3 RI S5& Bl RXWH WL DHOG
5HV1IHW DV WKH EDFNERQH QHWZRUN FRPELQHG ZLWK D
IHDWXUH H[WUDFWLRQ WR JHQHUDWH PDVN LPDJHV RI PDW

PDWXUH VWUDZEHUU\ IUXLW SLFNLQJ SRLQWYV VARKRRZHG D
GHPRQVWUDWLQJ VWURQJHU JHQHUDOL]DWLRQ DQG UREX\



DUH-WKRJH PHWKRGV SRVVHVVLQJ KLJK DFFXUDF\ EXW ZLYV
<2/2 VHULHV DOJRUIMMWKIPIM (PHWNRQYOHFKLHYLQJ DQ H[FHC
DFFXUDF\ DQG VSHHG WKXV DWWUDFWLQJ VB@JQE2ALRDIQW D
LQQRYDWLYHO\ GHFRPSRVHG WKH LQVWDQFH -WHI\WPNH\Q W D\
DFKLHYLQXDKQOUW\ REMHFW GHWHFWLRQ DQG VH-MMDMAD WL |
DOJRULWKP > @ ,QVSLUHG E\ <2/$&7 VLPLODU VHJPHQWL
LQWR <2/2 > @ PDNLQJ LWV VSHHG FORVH WR-&21%$&7 DQC
ZKLOH LWV DFFXUDF\ LM&YHUD FFKORHWH QURDEAD RSVBLPDO EDODC
/TR GDWH DQ LQFUHDVLQJ QXPEHU RI UHVHDUERNH® KDY
LOQVWDQFH VHIPHQWDWLRQ PRGHOV IRU VSHFLILF DSSOLFC
OX HW DO XVHBEDPAWDDYWQG DQ LPSURYHG <2/2Y PRGHO WH
JUHHQ DVSDUDJXV DFKLHYLQJ UHODWLYH HUURUV RI OHVYV
DQG GLDPHWHU PHDVXUHPHQWY UHVSHFWLYHO\ > @ &KH
SRLQW FORXG GDWD DFTXLUHG IURP D =(" FDPHUD SHUIRUI
VHIPHQWDWLRQ RI DVSDUDJXV SURSRVLQJ D G\QDPLF VFD:
DVSDUDJXV OHQJWK DQG KDUYHVWLQJ SRLQW SRVLWLRC
PHDVXUHPHQW ZDV FP DQG WKH PHDQ DEVRORWHKN HUUR
GLUHFWLRQ ZDV FP > @ /L HW DO XVHG DQ LPSURYHG
Rl PDQJR IUXLWV DQG VHIPHQWDWLRQ RI WKH VWHP UHJLKFK
SRLQW ORFDOL]|DWLRQ DOJRULWKP WR GHWHUPLQH WKH
DFKLHYLQJ DQ DYHUDJH ORFDOL]DWLRQ VXFFHVV UDWH RI
<2/2Y-VHJ DOJRULWKP FRPEDWD ZARBWKDLEQIHG PDVNV DQG Gt
WRPDWR EXGV DQG VWHPV XVLQJ WKH LQVWDQFH VHJPH(
FDOFXODWH WKH PDLQ VWHP GLDPHWHU RI WRPDWRHV 7Kt

PP DQG D 0$3( RI > @ 6KHQ EDVHG RQ DQ LPSUF
LOQVWDQFH VHIPHQWDWLRQ PRGHO VHIJPHQWHG WKH UHJI
DFKLHYLQJ D P$3# R VLIQLILFDQWO\ UHGXFLQJ *)/2

FRXQW RI RQO\ 0> @ 3DXO HW DO XVHG D 5HDO6HQVH
IRU GHWHFWLRQ DQG VHIPHQWDWLRQ RI FKLOL SHGXQFOH
DQG UHVSHFWLYHO\ > @

7KH DIRUHPHQWLRQHG VWXGLHVY KDYH SURPRWHG WKH
WHFKQRORJ\ LQ VSHFLILF VFHQDULRV EXW WKH IROORZLQ
QRW DFKLHYHG D EDODQFH EHWZHHQ GHWHFVWIFFR®UDFR XU L
PHWKRGV EHLQJ VORZ DQG IDVW PHWKRGV KDYLQJ XQVD
DXWRPDWHG JUHHQ DVSDUDJXV KDUYHVWLQJ WKH JURZW
SODQWLQJ GHQVLW\ LV KLJK DQG RYHUODS DQG RFFOXVLI
QHHGV WR EH GHSOR\HG RQ HGJH GHY L-MH\P HZ LDNXG COLAPAXAUH
GHWHFWLRQ RI JUHHQ DVSDUDJXV LQ FRPSOH[ SODQWLQJ F
ERWK KLJK DFFXUDF\ DQG ORZ FRPSOH[LW\ RWKHUZLVH
SHUIRUP

7R VROYH WKH DIRUHPHQWLRQHG SUREOHFNWYI WRIGHV W X
SURSRVHV D OLJKWZHLJKW JUHHQ DVSDUDJXV-<2Q2WDQFH
TKURXJK LPSURYHPHQWYVY WR WKH EDFNERQH QHWZRUN 63:
WKH PRGHO V FRPSOH[LW\ LV UHGXFHG DFKLHYLQJ OLJKW



DFFXUDF\ IRU JUHHQ DVSDUDJXV 7KLV DFKLHYHV D EDODQ!
HQDEOLQJ GHSOR\PHQW RQ HGJH GHYLFHV IRU SUHFLVH VF
RI JUHHQ DVSDUDJXV

OHWKRGRORJ\

7KLV VWXG\ SURSRVHV D PHWKRG IRU VWHP OHQJWK DQG

ORFDOL]DWLRQ IRU WKH VHOHFWLYH KDUYHVWLQJ RI JU}
LOOXVWUDWHG LQ )LJ JLUVW LPDJHV RKk2I2HHQVBMNDSDARHD.
VHIPHQWDWLRQ DOJRULWKP LV WKHQ HPSOR\HG WR REV
6 XEVHTXHQWO\ LPDJH PRUSKRORJLFDO SURFHVVLQJ DQG V
ZLWK WEKHPWRRNLRQDO SDUDPHWHUV GHULYHG IURP WKH P
GLDPHWHU RI WKH JUHHQ DVSDUDJXV DUH FDOFXODWHG
5HDO6HQVH ' L GHSWK FDPHUD LV XWLOL]J]HG WR FRPSXWH
ORFDOL]H WKH KDUYHVW SRLQW IRU SLFNDEOH JUHHQ DVS
DUH GHVFULEHG LQ WKH IROORZLQJ VHFWLRQV
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)L 9LVXDO UHFRJQLWLRQ IORZFKDUW IRU JUHHQ DVS

'DWD $FTXLVLWLRQ

7KH JUHHQ DVSDUDJXV VDPSOHV XVHG LQ WKLV VWXG\ ZHL

e 1 e ( LQ 6KLEX 7RZQ ;LQMLDQ 'LVWULFW 1C
SBURYLQFH &KLQD $Q ,QWHO 5HDOG6HQVH ' L GHSWK FDPF
GHYLFH ZLWK DQ 5* % UHVRPOWXWLHORE® RQG D GHSWK UHVROXYV
DW )36 'XULQJ GDWD FROOHFWLRQ WKH GHSWK FDPHUD
SODQWLQJ ULGJH DSSUR[LPDWHO\ FP DERYH WKH ULG.
UDQJLQJ IURP PP WR PP G6KRRWLQJ ZDV FRQGXFWH



LOQWHQVLWLHY LQ WKH PRUQLQJ DQG DIWHUQRRQ 7KH O
FRQGLWLRQV WR FDSWXUH LPDJHV IURP -BRQLSIOUIVS O FOH W
$ WRWDO RI UDZ LPDJHV RI JUHHQ DVSDUDJXV ZHUH DFT

(a) (b)

)LJ 6DPSOH LPDJHV RI JUHHQ DVSDUDJXV D $Q LPDJH FDSWXUHG
LPDJH FDSWXUHG XQGHU ZHDNHU DIWHUQRRQ OLJK

'DWDVHW &RQVWUXFWLRQ DQG 'DWD $XJPHQWDWLR

7KH JUHHQ DVSDUDJXV LPDJH GDWD ZHUH DQQRWDWHG XV
DVSDUDJXV LPDJH GDWDVHW ZKLFK ZDV XVHG IRU PRGHO V
RULJLQDO GDWDVHW ZDV VSOLW LQWR WUDLQLQJ DQG YD
DOORFDWHG IRU WUDLQLQJ DQG LPDJHV IRU YDOLGDWLR
7R HQKDQFH WKH UREXVWQHVV DQG JHQHUDOL]DWLRQ F
UHFRJQLWLRQ DQG VHIJPHQWDWLRQ RIIOLQH DQG RQOLQH
H[SDQG WKH RULJLQDO GDWDVHW 2I1IOLQH GDWD DXJPHQW
LQFOXGLQJ UDQGRP EULJKWQHVV DGMXVWPHQW KRUL]JRQ\
DQG QRLVH DGGLWLRQ FROOHFWLYHO\ JHQHUDWLQJ
LOOXVWUDWHG LQ )LJ 2Q0LQH GDWD DXJPHQWDWLRQ PI
SUREDELOLW\ VHW WR SHU HSRFK DQG LWV DSSOLFDW
HSRFKV RI WKH WRWDO HSRFK FRXQW

(e) ® (2) (h)

)L ,PDJH DXJPHQWDWLRQ HIIHFWV D RULJLQDO LPDJH E UDQG
IOLSSLQJ G *DXVVLDQ QRLVH H PRWLRQ EOXU | UDQGRP URWD



QRLVH

,PSURYHG <2/2Y Q ,QVWDQFH 6HIJPHQWDWLRQ OHWK

<2/2Y Q LV DQ HIILFLHQW REMHFW GHWHFWLRQ QHXUDO Q
%XLOW XSRMWVDIMQGHWHFWRU ZLWK WKH DGGLWLRQ RI DQ L
VLPXOWDQHRXVO\ DFFRPSOLVK REMHFW GHWHFWLRQ DQG
SHUIRUPDQFH DQG ORZ ODWHQF\ DQG KDV EHHQ ZLGHO\
DSSOLFDWLRQV 7KH RYHUDOO DUFKLWHFWXUH RI <2/2Y Q
QHWZRUN DQG D KHDG QHWZRUN &RPSDUHG WR <2/2Y W
QHFN QHWZRUNV LV UHSODFHG EAEWXHG&GQHRMRHGX\VRU MWKHPF
DQFKBRWHH DQG D ')/ PRGXOH LV LQFRUSRUDWHG WR HQDEO
ER[ SUHGLFWLRQ 7KH KHDG QHWZRUN LV UHGHVLJQHG ZL
PRGHOfV FDSDELOLW\ IRU IHDWXUH UHSUHVHQWDWLRQ OHL

$OWKRXJIK <2/2Y Q SRVVHVVHV VWURQJ JHQHUDOL]DWLR
IRU VSHFLILF DSSOLFDWLRQ VFHQDULRV VXFK DV JUHHQ DV
HIWUDFWLRQ DELOLW\ VWUXJJOHV ZLWK WKH FRPSOH[ JU
JXUWKHUPRUH ZKHQ GHSOR\HG RQ DXWRPDWR® WDWL IHYMGC
HGJH GHYLFHV LWV OLJKWZHLJKW OHYHO DQG LQIHUHQFH
UHWOPH UHTXLUHPHQWY 7R DGGUHVV WKHMVWMHUVBXHW K ANV K
EDVHOLQH PRGHO IRU LPSURYHPHQW DQG SHUIRUPDQFH FR
IROORZLQJ IRXU DVSHFWV 7KH DUFKLWHFWXUH RI WKH LPS

Segment
£ SPPF_EGAP N

e
Cony Conv ]—P[ Conv2d }*

3 E
Bl .= < F | E
H Conv2d ]-> o] K E = S
~ (>
"""""""""""""""""""" { C2DWCony_Strip '\

C2fDWConv_Strip

StripBlock

StripBlock

Concat \

C2fDWConv_Strip

StarBlock

SPPF_EGAP

DWConv

)L 7TKH PRGHO DUFKIWHFWXUH RI 6(6

,PSURYHPHQW RI WKH %DFNERQH 1HWZRUN



7KLV VWXG\ LQWURGXFHVY WKH PRUH HIILFLHQW EDFNERQH
EDFNERQH LQ WKH EDVHOLQH <2/2Y Q PRGHO 6WDU1IHW FR(
(DFK VWDJH HPSOR\V D FRQYROXWLRQDO OD\HU WR SURJU
PDSV DQG GRXEOH WKH QXPEHU RI FKDQQHOV DQG UHSHWI
HIWUDFWLRQ HQDEOLQJ HIILFLHQW IHDWXUH H[WUDFWLRQ
HOHRZPHYW PXOWLSOLFDWLRQ DQG GHSWKZLVH VHSDUDEOH
LQSXWYV LQWRPBQWKYLRRDO QRQOLQHDU IHDWXUH VSDFH
UHSUHVHQWDWLRQ XQGHU D FRPSDFW QHWZRUN VWUXFW)
LQFUHDVLQJ FRPSXWDWLRQDO FRPSOHQODWHQKLW IGHYDL B QY H
SURYLGLQJ SRWHQWLDO IRU DSSOWEDW LRI X QUWPPHH@QDNAM. R V

$V WKH FRUH PRGXOH RI 6WDU1HW 6WDU%ORFN ILUVW D
R1 h 7KH OBUJNMHUQHO HQVXUHV D VXIILFLHQW VSDWLDC
FDSWXULQJ EURDGHU FRQWH[WXDO LQIRUPDWLRQ DQG HQK
GHVLJQ RI ":&RQY UHGXFHV FRPSXWDWLRQDO FRPSOH[LW\
HITLFLHQW DFTXLVLWLRQ RI ORFDO VSDWLDO IHDWXUHV |UI
LV VKRZQ LQ (TXDWLRQ

Ues L @U; 'S;

ZKHUBHSUHVHQWYV WKH@®eQ &XW WH LNWAXKIHH 'PORBQY FRPSXWDWL
Ug UHSUHVHQWY WKH IHDWXUH PDS REWDLQHG DIWHU ":&RQ

7KH ITHDWXUH PDS RXWSXW IURP WKH ":&RQY LV SDVVHG
OD\HUV ZKLFK H[SDQG WKH QXPEHU RI IHDWXUH FKDQQHC
GLITHUHQW IHDWXUH VSDFHV 7KH 5H/8 DFWLYDWLRQ IXQF!
DQG HOHPHIQWXOWLSOLFDWLRQ LV XVHG IRU QRQOLQHDU L
H[ISUHVVLRQ FDSDELOLW\ DQG VXSSUHVVLQJ UHGXQGDQW 1
LQ WKH IROORZLQJ HTXDWLRQV

BL(%:Us; 't
BL(%:Us;g; u;
VLAA.TB;V B v,

ZKHW¥ DQ@ DUH WZR IXOO\ FRQQHFWMHG VOINHIMDWXUH PD
SDVVLQJ WKURXJK WKH WZR IXO0O\ FRQQHFWHG OD\HUV 5H.
WKH DFWLYDWYR G H QRIFMAL RGKLH HH PEXPMQVEOLFDWLRQ RSH
UHSUHVHQWY WKH IHDWXUH PDS DIWHU IHDWXUH IXVLRQ YL

$ h FRQYROXWLRQ LV WKHQ XVHG WR UHGXFH WKH QXI
RULJLQDO QXPEHU IROP®RZERBQN\ WRVHARMIGHU RSWLPL]H V
UHSUHVHQWDWLRQ 7R HQKDQFH WKH JHQHUDOL]DWLRQ FLC
UDQGRP GURS SDWK 'URS3DWK PHFKDQLVP ZKLFK UHGXF
UHVLGXDO EUDQFKHV 7KLV PHFKDQLYPCBUEY HRDVVSW RHI LFFF
HQVXULQJ KLJK JHQHUDOL]DWLRQ DELOLW\ DQG UREXVWQ
IROORZLQJ HTXDWLRQV

WL %KIRV, W,

UL Qu; X;



el UE &NKL2GPD 'y
ZKHWK IR LY WKH FRPSXWDWLRQ FRURFHOHMNR R KHIHD W XU H
REWDLQHGHD I WRHYUY WA&NMWL RVKH IHDWXUH PDShREWRRYHG DIW
DOQ&NKL2=PHSUHVHQWY WKH UDQGRP GURS SDWK PHFKDQLVF

6WDU%ORFN HQKDQFHV WKH PRGHOLQJ DFFXUDF\ RI OR
PDLQWDLQLQJ ORZ FRPSXWDWLRQDO RYHUKHDG HQDEO
UHSUHVHQWDWLRQDO OHDUQLQJ FDSDELOLW\ XQGHU OLJ
6WDU%ORFN PRGXOH LV VKRZQ LQ )LJ
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)L 6WDU%ORFN PRGXOH

& I":&RQYBBWULS
7KH FRUH FRPSRQHQW & | PRGXOH LQ WKH <2/2Y PRGHO
IHDWXUH UHSUHVHQWDWLRQ FDSDELOLW\ E\ LQWURGXFLQJ
WKH & | PRGXOH FRQWDLQV D VXEVWDQWLDO QXPEHU RI V
LQFUHDVHV UHGXQGDQW FDOFXODWLRQV LQ WKH PRGHO
GHSOR\PHQW RQ HGJH FRPSXWLQJ SODWIRUPV )XUWKHUPTH
KDV OLPLWDWLRQV LQ FDSWXULQJ JOREDO FRQWH[WXDO L
DVSDUDJXV WKDW H[KLELW D VLJQLILFDQW DVSHFW UDWLR
LV FRQVWUDLQHG 7R DGGUHVV WKHVH LVVXHV WKLV VWX
VWDQGDUG FRQYROXWLRQ LQ WKH & | PRGXOH $GGLWLRQ
LPSURYHG BWULS%ORFN LV SURSRVHG WR UHSODFH WKH
EHORZ

7UDGLWLRQDO VWDQGDUG FRQYROXWLRQ LQYROYHV FR
VSDWLDO DQG FKDQQHO GLPHQVLRQVFRDL\PYWDRQH M @DYSLSO
7R LPSURYH PRGHO HIILFLHQF\ WKLV VWXG\ HPSOR\V ':
FRQYROXWLRQ LQ & I':&RQY VLJQLILFDQWO\ UHGXFHV F
PDLQWDLQLQJ WKH PRGHO V UHSUHVHQWDWLRQDO FDSDF
DFFXUDF\ DQG HIILFLHQF\ $V LOOX&WURWR®YEG GBFRRASR\DH\LC
VWDQGDUG FRQYROXWLRQ LQWR WZR LQGHSHQGHQW RSHU
FRQYROXWLRQ 'HSWKZLVH FRQYROXWLRQ LQGHSHQGHQWC
FKDQQHO SUHVHUYLQJ WKH LQWHJULW\ RI ORFDO IHDWX



UHVSRQVLEOH IRU LQIRUPDWLRQ LQWHUDFWLRQ EHWZHHQ
FRPELQDWLRQ

$OWKRXJK WKH XVH RI ':&RQY UHGXFHV FRPSXWDWLRQ
PRGHO V SDUDPHWHU FRXQW WR VRPH H[WHQW WKHUH UH
OLJKWZHLJKW GHVLJQ ORUHRYHU WKH XVH RI ":&RQY PD\
IXUWKHU RSWLPL]H WKH OLJKWZHLJKW GHVLJQ RI WKH
DVSDWXSMKPRLILF UHFRJQLWLRQ WKLV VWXG\ HPSOR\V 6WULS
BWULS%ORFN DGRQNWVDY WKH IHDWXUH H[WUDFWRU EDODQ
FRPSXWDWLRQDO HIILFLHQF\ ,W WKHQ XVHV VD\UJ&S FRQYRH!
WR FDSWXUH WKH ULFK VSDWLDO LQIRUPDWLRQ RI JUHHQ
ZLWK D VLJQLILFDQW DVSHFW UDWLR VWULS FRQYROXWL
GHPRQVWUDWLQJ VWURQJ VHQVLWLYLW\ WR WKH HGJHV D
XQGHU VLPLODU UHFHSWLYH ILHOGV VWULS FRQYROXWL
OD-WHUQHO FRQYROXWLRQV VLJQLILFDQWO\ LPSURYLQJ F
FRQYROXWLRQ ZLWK D IRFMQHY RQ]HDEBEDIVIL GBI SSHRQGHQF L H\
KRULJRQWDO GLUHFWLRQ ZKLOH WKH VHFRIQGIRRMMSYFRQ Y
FDSWXUEQDQORQGHSHQGHQFLHYV LQ WKH KRULJRQWDO GL
FRQYROXWLRQDO OD\HU LV XVHG WR HQDEOH IHDWXUH |
GLPHQVLRQV JAQRICFOMLWORMHLRQ IXQFWLRQ LV DSSOLHG W
HOHPAHOW PXOWLSOLFDWLRQ LV XWLOL]JHG IRU QRQOLQHDU
LPSRUWDQW IHDWXUHV ZKLOH VXSSUHVVLQJ LUUHOHYDQW
IROORZV

T.pasl ?KIRs ?K IR ?KIR- 2 KIRsTis 5 Z;

UL4A. KkgapV T A
KHUH.V WKH | HDYWXRBHGIHRIRWHY WKH FRPSXWDWERQYSURFH\
?KIR- DO™XKIR;s UHSUHVHQW WKH FRPSXWDWLRQ SURFHVVHYV I
VLIHVhRIDQG UHVSHPWIRFKEBORWHY WKH FRPSXWWDWLRQ S|
FRQYROMXMWKXKRESUHVHQWY WKH FRPSXWDWLRQ SURFHVV RI

GHQRWHV WAH H PHKPMQBOLFDWLRQ RSHUDWLRQ 7KH VWU
VKRZQ LQ )LJ F
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)LJ D '"HSWKZLVH FRQYROXWLRQ RSHUDWLRQ E 3RLQWZLVH FR¢
6WULS%ORFN

(*$3 ORGXOH
7KH DFWXDO SODQWLQJ DQG JURZLQJ HQYLURQPHQW RI JU
LVVXHV VXFK DV ORZ HQYLURQPHQWDO OLJKW LQWHQVLW)\
DVSDUDJXV KDUYHVWLQJ VFHQDULRYV IDFWRUV OLNH WHUL
FDXVH 5*% FDPHUDVTWROARMNSWOPDH HWVRZRIWHQ UHVXOWLQJ |
XQFOHDU ERXQGDULHYV RI JUHHQ DVSDUDJXV 7R DGGUHVYV
(GIHDXVVLDQ $JIJUHIJDWLRQ 3UHFLVLRQ (*$3 PRGXOH ZKl
DFFXUDWHO\ FDSWXUH WKH HGJH IHDWXUHV RI JUHHQ DVS
EHWWHU LPDJH VHIPHQWDWLRQ UHVXOWY 7KH VWUXFWXUF

7KH (*$3 PRGXOH ILUVW XWEONVME IDHDBDINXMML HQWSIDLRWUL R (
PRGHO EOXUUHG IHDVE®UBWVYH®HU *DXVVLDQ FRQYROXWLRC
VPRRWK HDFK FKDQQHO KHOSLQJ WR VXSSUHVV LUUHO
OHDQZKLOH OHYHUDJLQJ WKH SURSHUW\ RI *DXVVLDQ GLV
KLIJKOLJKWYV WKH VDOLHQW UHJLRQV RI JUHHQ DVSDUDJXV
DvSDUDJXV DGGUHVVLQJ WKH IHDWXUH UHVSRQVH FKDOOI
SURFHVV LV VKRZQ LQ WKH IROORZLQJ HTXDWLRQ

(Woede)dis (04 st

ZKH@HLY WKH LQOS)NY UHBWHKWHQWY WKH SURFHADWOQWL ZOW K
FROQYROXWLR@QNHNWEHDEOGWXUH RXWSXW DIWHU *DXVVLD

$IWHU WKH (*$3 PRGXOH WKH 5H/8 DFWLYDWLRQ IXQFWI
7KHQ DQ HIILFLHQW FKDQQHO DWWHQWLRQ (&% PHFKDOQ
FRQYROXWLRQ LV DGRSWHG WR DGDSWLYHO\ DGMXVW Fl
LPSRUWDQW HGJH IHDWXUH FKDQQHOV UHGXFHV UHVSRQV
LPSURYHVY RYHUDOO VHPDQWLF GLVFULPLQDWLYH FDSDELO
DW PLQLPDO FRPSXWDWLRQDO FRVW 6XEVHTXHQWO\ WKF
IHDWXUHYV SURFHVVHG E\ (&% )LQDOO\ WKH [IXOBHEHUADW >
FRQYROXWLRQDO EORFN WR HQKDQFH IHDWXUH UHSUHVHAQ



IROORZLQJ HTXDWLRQV

(agok 4A . Ruoede 'Ss
(god "N#(agne st;
(cpadl (o& (Va sy

(guok NWKIRK(cza® 'SV,

ZKHUM.7GHQRWHY WKH FRPSXWDWLRQ S URRHNS BHWHKHVYFVY
FRPSXWDWLRQ SURFHVV RI WKH HIILFLH®N RF K BIQ G MO \D WY\ |
FRPSXWDWLRQ SURPHMVY RR QXRIOWWURE

7KLV VWXG\ SURSRVHV DQ LPSURYHG 633) OD\HU WHUPF
WKH EDFNERQH QHWZRUN ,WV VWUXFWXUH LV VKRZQ LQ
DGYDQWDJHV RI 633) DQG (*$3 GHPRQVWUDWLQJ VWURQJF
JUHHQ DVSDUDJXV ,W KHOSV WKH PRGHO PRUH FOHDUO\
LPSURYHV WKH VHIJPHQWDWLRQ DFFXUDF\ Rl WKH PRGHO |
FRPSXWDWLRQDO HIILFLHQF\

Input Features Gaussian Processing | g :
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)L (*$3 PRGXOH
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Gaussian Weights

H_fr ReLU

B cca

—®
Conv 3x3

,PSURYHPHQW RI WKH /RVV )XQFWLRQ

7KH GHVLJQ RI WKH ERXQGLQJ ER[ UHJUHVVLRQ ORVV IX
ORFDOL]DWLRQ DQG VHJPHQWDWLRQ RI JUHHQ DVSDUDJX
RULJLQDO <2/2Y PRGHO ,W DFKLHYHV KLJKHU SUHGLFWLI
') R8 ORVV IXQFWLRQV E\ FRPSUHKHQVLYHO\ RSWLPL]LQJ
EHWZHHQ WKH SUHGLFWHG DQG JURXQG WUXWK ER[HV WK
DVSHFW UDWLR +RZHYHU VLQFH JUHHQ DVSDUDJXV KDV D
WHUP LQ &,R8 VWUXJJOHV WR DFFXUDWHO\ GHVFULEH W
$GGLWLRQDOO\ WKH FXUYHG JURZWK RI JUHHQ DVSDUD
RULHQWDWLRQSRLDKH GIHVQWHIFH PHWULF LQ &,R8 FDQQR!
SRVLWLRQDO GHYLDWLRQ ZKLFK FDQ UHGXFH PRGHO FRQY
PLVWVHG GHWHFWLRQV DQG IUDPH GLVWRUWLRQ 7R DGGUH
03',R8 ORVV IXQFWLRQ > @ WR UHSODFH &,R8 7KH 03', R¢
IDFWRUV VXFK DV WKH WDUJHW -8 RUQW GEVWBB FRI PYXQHU G
KHLJKW DQG ZLGWK ZKLOH VLPXOWDQHRXVO\ RSWLPL]LQJ
WKH ERXQGLQJCERW IR WRSWRPUQHUYV 6LQFH WKH 03',R
GLUHFWO\ FRQWUROV WKHVH WZR HQGSRLQWV LW FDQ PR
RI JUHHQ DVSDUDJXV ORUHRYHU LW GRHV QRW UHO\ RQ D
IRU JUHHQ DVSDUDJXV LQ YDULRXV FXUYHG JURZWK VWDW!|
SDUWLFX-OUXUBHBHI®R® JUHHQ DVSDUDJXV GHWHFWLRQ DQG



JRU D JLYHQ SUHSLIEWHBERTAL?0 DQG JURXQGWUXWK E
kP Yadalo ZKHG& DUH WKH FRR U GIOGHD W H\R Bifx MYUKDRJQAGNSK H
FRRUGLQDWHVWRIJWWHF EBQAMRPWKH GLVWDQFH VOEHHW ZHH® V
ERWWRKW FRUQHUV RI WKH ERXQGLQJ ER[HV DUH UHVSHF

@ L K22 F 'Iéjgoe = lgf'@o6 SwW
@ L kTgéQ”i: ngoe Eklfég’i: lé;'@o6 'S X
7TKHUHIRUH WKH 03',R8 FDOFXODWLRQ H[SUHVVLRQ LV DV I/
/2&+K7L+K%IF§ 'Sy,
EEnAdi SF/2&+K7 ‘sz

ZKHYK7TUHSUHVHQWY WKH LQWHUVHFWLRQ RYHU XQLRQ EH
ER[H¥VGHQRWHYV WKH GLDJRQDO OHQJWK IREGNKHS VRT B QW VW
QRUPDOL]JHG GLVWDQFH:S:HOGBQRWMHWKH DIIXRS8 ORVV IXQF

ORUSKRORJLFDO OHDVXUHPHQW DQG /RFDOL]DWLRC

7KLV VWXG\ LQWHJUDWHYV 5*% LPDJHV DQG GHSWK LPDJI
DVSDUDJXV VWDONV PHDVXUH WKHLU PRUSKRORJ\ DQG V
yLuvw WKH LPDJH GDWD DFTXLUHG E\ WKH ,QWHO 5HDOG6H
SURSRVHG P-RAGEHRQ QIR DOQWIQPHQW LV SHUIRUPHG EHWZHHQ
REWDLQ WKH GHSWK FDPHUD V LQWULQVLF SDUDPHWHUYV D
7KH VHIPHQWHG JUHHQ DVSDUDJXV PDVN LPDJH LV DFTXL
SURFHVVLQJ 7KH FRQWRXU RI WKH JUHHQ DVSDUDJXV LV
SHUIRUPHG 6XEVHTXHQWO\ UHOHYDQW LQLWLDO SRLQWYV
FDOFXODWH LWV OHQJWK DQG GLDPHWHU )LQDOO\ DIWHU
WKH ILQDO KDUYHVW SRLQW LV ORFDOL]J]HG 7KH UHOHYDC
EHORZ

ORUSKRORJLFDO 3URFHVVLQJ Rl 6HIJPHQWHG ,PDJHV

$IWHU REWDLQLRUQWKIMHYAMILBQ, LPDJH RI JUHHQ DVSDU
VHIPHQWDWLRQ LW LV FRQYHUWHG LQWR D ELQDU\ LPD
SURFHVVLQJ DV VKRZQ LQ )LJ D +RZHYHU GXH WR LQV
WUDLQLQJ DQG FRPSOH[ HQYLURQPHQWY UHO\LQJ VROHO\
WR \LHOG LGHDO UHVXOWV 7KH HGJHV RI WKH DFTXLUHG J
QRLVH ZKLFK FDQ DIIHFW VXEVHTXHQW H[SHULPHQWDO RX
VHIPHQWDWLRQ DFFXUDF\ DQG UHOLDELOLW\ WKLV VWXG\
WKH JUHHQ DVSDUDJXV PDVN )LUVW DQ RSHQLQJ RSHUDW|
DSSOLHG WR WKH JUHHQ DVSDUDJXV PDVN WR HOLPLQDWH
UHJLRQV 7KH SURFHVVLQJ UHVXOW LV VKRZQ LQ )LJ E

HOOLSWLFDO VWUXFWXUDO HOHPHQW LV SHUIRUPHG WR X
PDVN 7KH SURFHVVLQJ UHVXOW LV VKRZQ LQ )LJ F



(a) (b) (c)
J)LJ ORUSKRORJLFDO SURFHVVLQJ RI WKH JUHHQ DVSDUDJXV PDVN
DVSDUDJXV PDVN F VPRRWKHG DVSDUDJXV PDVN ERX

*UHHQ $VSDUDJXV 6WHP 6NHOHWRQ )LWWLQJ DQG /HQIJWK D
$IWHU ORFDWLQJ DQG REWDLQLQJ WKH JUHHQ DVSDUDJXV
LV XVHG WR H[WUDFW WKH DVSDUDJXV FRQWRXU DV VKRZ
RQ WKH FRQWRXU WKH KLIJIKHVW DQG ORZHVW SRLQWYV RI
¥D[LV RI WKH SL[HO FRRUGLQDWH V\VWHP FDQ EH REWDLQ
SURMHFWHG-DRDWR QCKKBLY LGHG LQWR N HTXDD[LWHIPW QW'
LOOXVWUDWHG LQ )LJ E 6XEVHTXHQWO\ EDV-WELRQ WK
SURMHFWLRQ DQG HDFK GLYLGLQJ OLQH DORQJ WKH ERXQG
FRRUGLQDWHY DW WKH DGMDFHQW ERXQGDULHV RI HDFK
FDOFXODWLRQ SURFHVV LV DV IROORZV

Raal 1EXRo s {;
Raccak 1=TkRD ‘tr;
I%.)L %éggégmf%é 'ts;

,Q WKH HTXDWURBAS®HVHQWY WKH QXPEHU RI DWSDUDJX\
GHQRWHV WKH FRRUGLQDWH YDOXHV Rl WRH WY ISNUWKBXKV F
FRRUGLQDWH YDOXH RI WKH ORZHVW SRIDQMERI, W KHNVBKWSD L
FRRUGLQDWH YDOXH RI WKH KLJKHVW SRL@FJLRI BVXE DV
UHSUHVHQWY WKH FRRUGLQDWH Y D OXBIQIBWV WiKBHs! EEX\KGD U \
¥D[LV SURMHMBWYRIVRD WKHKXYV VWDON

7KH YIROXW WKHQ XVHG WR WUDYHUVH DQG REWDLQ WKH
DVSDUDJXV FRQWRXU L H WKH SL[HO FRRUGLQDWHV RQ
VHJIPHQMoad aARX%DVHG RQ WKHVH LQLWLDO SRLQW FRRUGLC
JUHHQ DVSDUDJXV VNHOHWRQ DUH FDOFXODWHG VSHFLILF
LOQLWLDO FRIBBGLIQDWHUYHYDQW FDOFXODWLRQ SURFHVV LV

g £ ¢ .

'XH WR WKH SUHGRPLQDQWO\ LUUHJXODU VKDSHV RI DV¢
FDOFXODWLQJ WKH VWHP OHQJWK RI JUHHQ DVSDUDJXV FD
VWXG\ HPSOR\V D VHIJPHQWHG FDOFXODWLRQ PHWKRG ZK
LPSURYH WKH DFFXUDF\ RI JUHHQ DVSDUDJXV VWHP OHQJW




KLIKHVW SRLQW ORZHVW SRLQW DQG NH\ SRLQWV WKH W
FRQQHFWHG ZLWK VWUDLJKW OLQHV WR IRUP WKH VNHOHW
WKH ILJ F )JXQFWLRQV IURP WKH S\ UHDOVHQVH OLEUDU
ORZHVW SRLQW LQLWLDO SRLQWY DQG VNHOHWRQ NH\ SR
FRUUHVSRQGLQJ FRRUGLQDWHY LQ WKH FDPHUD FRRUGLQ
VHIPHQW LV WKHQ FDOFXODWHG DQG WKH WRWBIPORWJIW
OHQIJWKY 7KH UHOHYDQW FDOFXODWLRQ IRUPXOD LV DV IR
b

OLT 8KH.o5 F BPEKE, s F OEKE, .- F 80 tu;
a@4

,Q WKH HT)DMMRQHSUHVHQW WKH FRUUHVSRQGLQJ FRRUCG
SRLQW ORZHVW SRLQW LQLWLDO SRLQWV DQG VNHOHWR
DQE GHQRWHV WKH WRWDO OHQJWK Rl WKH DVSDUDJXV VW|

O0DQXDO PHDVXUHPHQW RI JUHHQ DVSDUDJXV GLDPHWHU
PHDVXUHPHQW 7KHUHIRUH ZLWKLQ DFFHSWDEOH HUURU
DVSDUDJXV LQWR N HTXDO VHIJPHQWY DQG FDOFXODWHV W
WKH JUHHQ DVSDUDJXV GLDPHWHU 8QOLNH WKH FDOFXOL
FDOFXODWLRQ FDQ EH SHUIRUPHG GLGHPWQV LRRE DVX HF FPROW/
VI\VWHP $V VKRZQ LQ )LJ G RQH VHIJPHQW RI WKH N HT
Tedsy RQ WKH VWHP LV VHOHFWH @y WK H INGIF XSRR W W W R W & RD
WKLV VHIPHQW DUH FRQQHFWHG WR $RUR B\OGQ B AQH WPKHHLLRM
WKH SREGWSHUSHQGLFEBOUHWRQWLQJ Wi B QR @N W H FRAHRUN\
OHWkKRBa > D QHGL kR4 ZKHE &R GHQRWHYV WKH FRAGRQH@QEV L
"D[LV GLUHFWLRQV 7KXV WKH IROORZLQJ HTXDWLRQ FDQ |

R @FE R OR r v
6 HWWLQIIFI; DORSL UF4y WKH IROORZLQJ HTXDWLRQ LV REW
ROFE ROART tw,

%\ WUDYHUVLQJ SRLQWYV RQ WKH JUBH® WD WDFK DK YPPIRWN F
FDOFXODWHG )LQDOO\ WKH GLDPHWHU/RT:@KH JUHHQ DVSI

(d)

=0
bottom
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)LJ D &RQWRXU LPDJH RI JUHHQ DVSDUDJXV E (TXDOO\ GLYLG
FDOFXODWLRQ G 'LDPHWHU FDOFXODWLRQ

/IRFDOL]DWLRQ RI +DUYHVW 3RLQWYV IRU *UHHQ $VSDUDJXV

8QOLNH PRVW RWKHU IUXLWYV DQG YHIJHWDEOHY JUHHQ D
HGLEOH DQG LQHGLEOH SDUWV 7KH VWHP VHIPHQW DERYF
DQG FULVS VHUYLQJ DV WKH HGLEOH SDUW 7KH URRW VH,.
VKRUW SXUSOH WUDQVLWLRQ DRQB \ECIRFKIHWMIQGWIXW WER ¥R Ut
WKH SDUW EHORZ WKH SXUSOH JRQH LV QRW FRQVXPHG GX
WKH HGLEOH TXDOLW\ DQG PD[LPXP \LHOG RI JUHHQ DVSDU
DW WHWHKRQE VHIPHQW RI WKH ILUVW HTXDOO\ GLYLGHG UH,
HTXDOO\ GLYLGHG UHJLRQ DW WKH ERWWRP LV HYHQO\ VS
LV WKH SRLQW RQ WKH PDVN VNHOHWRQ FORVHVW WR WKH
LQ WKH SL[HO FRRUGLQDWH VI\VWHP WKH WZR HQGSRLQW
GHQRWHG,R¥aR DQG@"QaR UHVSHFWLYHO\ 7KXV WKH |
6e>e Hé>é

L+ a—;LV GHULYHG 6XEVHTXHQWO\ WKH FRRUGLQDWHYV

7

FRRUGLQDWH V\VWHP DUH FRQYHUWHG WR WKH FRUUHVSR
VIVWHP XVLQJ IXQFWLRQV IURP WKH S\UHDOVHQVH OLEUD!I

)L 2SWLPDO FXWWLQJ SRLQW ORFDOL]DWLRQ IRU JUH

ORGHO 7UDLQLQJ DQG (YDOXDWLRQ OHWULFYV

([SHULPHQWDO (QYLURQPHQW DQG 3DUDPHWHUYV
7R HQVXUH WKH YDOLGLW\ DQG ULJRU RI WKH H[SHULPHC
FRQGXFWHG XQGHU WKH VDPH KDUGZDUH DQG VRIWZDUH F



XVHG LQFOXGHYVY D@3®WHP 19,',$ *H)RUFH 57; * *38 D
RI PHPRU\ 7KH VRIWZDUH HQYLURQPHQW FRQVLVWYV RI WK
3\WKRQ 3\7TRUFK DQG &8'$

7KH NH\ K\SHUSDUDPHWHUV RI WKH PRGHO GXULQJ WUDL
UDWH LV DQG WKH ILQDO OHDUQLQJ UDWH LV 7K
LPDJH VLIH LV7KH PRGHO LV WUDLQHG IRU HSRFKV XVLQ
PRPHQWXP RI

(YDOXDWLRQ OHWULFV

7R YHULI\ WKH DELOLW\ RI WKH SURSRVHG JUHHQ DVSDUD
HDFK SL[HO RI JUHHQ DVSDUDJXV LQ LPDJHV DQG REWDL
SUHFLVLRQ 3 SHFDOO 5 PHDQ $YHRWDKH SPUHFRNWRIQV P &
JORDWROQQW 2SHUDWLRQV )/23V DQG )UDPHV 3HU 6HFRQ
HYDOXDWLRQ PHWULFV $PRQJ WKHP 3DUDPV )/23V DQ
FRPSXWDWLRQDO F-RAPLSPOHH SIHVWN RN@OG UHD QAUHVSHFWLYHO\ 7K
WKH RWKHU HYDOXDWLRQ PHWULFVY DUH DV IROORZV
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$PRQJ WKHP 73 7UXH 3RVLWLYH GHQRWHV WKH VXFFHV\
JUHHQ DVSDUDJXV WDUJHWYV LQ LPDJHV )3 )DOVH 3RVLWI
DQG ORFDOLIDWHH®@ RYSPRIPIXV WDUIJHWV LQ LPDJHV DQG
WKH IDLOXUH WR VXFFHVVIXOO\ LGHQWLI\ DQG ORFDOL]H Jl

S5HVXOWY DQG $QDO\VLV

$EODWLRQ ([SHULPHQWYV
7R YHULI\ WKH HIITHFWLYHQHVV RI WKH LPSURYHG <2/2Y PH
VHWY RI DEODWLRQ H[SHULPHQWY ZHUH FRQGXFWHG RQ WK
FRPSUHKHQVLYHO\ HYDOXDWH WKH IXQFWLRQ DQG HIIHFW F
)LUVW WKH <2/2Y Q PRGHO ZzDV XVHG WR FRPSDUH WKH
DQG 03',R8 RQ PRGHO SHUIRUPDQFH 7KH H[SHULPHQWDO
PRGHO XVLQJ 03',R8 DV WKH ORVV IXQFWLRQ DFKLHYHG EH\
XVLQJ &,R8 GHPRQVWUDWLQJ WKDW 03',R8 FDQ LPSURYH L
DvSDUDJXV LPDJHVY FROOHFWHG IURP WKH EDVH ZHUH DOV
SHUIRUPDQFH RI WKH WZR ORVV IXQFWLRQV DQG WKH UHV.



I[URP WKH ILIJXUH WKDW GXH WR IDFWRUV VXFK DV ZHHGYV
GHWHFWLRQ UHVXOWYVY PD\ VXIIHU IURP IDOVH GHWHFWL
VHIPHQWDWLRQ +RZHYHU WKH GHWHFWLRQ UHVXOWYV XV
WKRVH XVLQJ &,R8 7KHUHIRUH EDVHG RQ WKH DERYH Ul
IXQFWLRQ LQ WKLV VWXG\ FDQ HIITHFWLYHO\ LPSURYH WKH
DVSDUDJXV

7TDEOBHHVXOWY RI DEODWLRQ H[SHULPHQWY RQ ORVV IXQF

1R /IRVV )XQFWLF SUHFLYV SHFDO P$3 )

&,R8

03',R8

(a) Origin

(b) CloU

(c) MDPIoU

)L )LHOG JUHHQ DVSDUDJXV VHIPHQWDWLRQ UHVXOWYV ZL\
JRU WKH SHUIRUPDQFH FKDQJHYVY UHVXOWLQJ IURP LPSURYH
03',R8 ORVV IXQFWLRQ ZDV XVHG LQ DOO DEODWLRQ H[SHU
UHVXOWY DUH VKRZQ LQ 7DEOH 7TKH EDFNERQH QHWZRUN
OLIKWZHLIJIKW &e\WHMOLIQPGDYW UKWID/XUH WKH PRGHO V GHWHEF'
SHUIRUPDQFH ZHUH LPSURYHG &RPSDUHG ZLWK WKH EDVH
WKH QXPEHU RI PRGHO SDUDPHWHUY GHFUHDVHG E\
0% 7KLV LPSURYHPHQW HIIHFWLYHO\ ORZHUV WKH FRP
UHTXLUHG IRU WKH PRGHO RQ HGJH GHYLFHV $IWHU UHSC
UHFDOO UDWH LQFUHDVHG E\ WKH QXPEHU RI PRGHO ¢
PRGHO VL]H UHGXFHG E\ 0% 7KLV LQGLFDWHYV WKDW W
PRGHO V H[SUHVMMLIRHRB I IHIMWMXUHYV Rl JUHHQ DVSDUDJXV ZK
RI OLIJKWZHLIJKW HQKDQFHPHQW 7KH DGGLWLRQ RI WKH (*$:
SUHFLVLRQ DQG UHFDOO UDWH E\ DQG UHVSHFWLYF
GHPRQVWUDWLQJ WKDW WKH LQWURGXFWLRQ RI (*$3 FDQ
DVSDUDJXV WDUJHWY DQG HQKDQFH WKH HGJH GHWDLOV RI
,Q WKH DEODWLRQ H[SHULPHQWYVY ZLWK SDLUZLVH FRPEL
HDFK FRPELQDWLRQ DFKLHYHG VWDEOH LPSURYHPHQWYV I
P$3# DQG IXUWKHU UHGXFWLRQV LQ WKH QXPEHU RI PRC
WKDW WKHUH LV JRRG VI\QHUJ\ EHWZHHQ WKH PRGXOHYV
&RPELQLQJ DOO WKH DERYH LPSURYHPHZQYWVWRWKD ILC

ic



DFKLHYHG LQFUHDVHV RI DQG LQ SUHFLVLR
UHVSHFWLYHO\ FRPSDUHG ZLWK WKH EDVHOLQH PRGHO
IORDBRIQQW RSHUDWLRQV )/23V DQRG PRGHO VL]H GHFUHLEL
UHVSHFWLYHO\ W FDQ EH VHHQ WKDW XQGHU WKH V\QHUJ
LPSURYHG DQG WKH FRPSXWDWLRQDO FRPSOH[LW\ LV VLJ
DFKLHYH DQ RSWLPDO EDODQFH EHWZHHQ SUHFLVLRQ DQG

7TDEOBHVXOWY RI DEODWLRQ H[SHULPHQWY RQ PRGHO LF

1R 6WDU & I':&RQYBE€ (*$3 3UHFL 5HFI P$3 3DUELC )/23Vv :HLJK
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3HUIRUPDQFH &RPSDULVRQ RI ,QVWDQFH 6HJPHQWDWLRQ O]
7R IXUWKHU YDOLGDWH WKH VXSHULRULW\ RI WKH SURSRV
VHIPHQWDWLRQ WKLV VWXG\ FRPSDUHV VHYHUDO SRSXOD
UHVXOWYV VKRZQ LQ 7DEOH $V FDQ EH VHHQ IURP 7DEOH
VHIPHQWDWLRII2FREHD V<2/2WYHQ <2/2-WHQ DQG <2VHJ Q
i WKH-8262 PRGHO LPSURYHV GHWHFWLRQ SUHFLVLRQ E\
SRLQWY UHVSHFWLYHO\ 5HFDOO LV LQFUHDVHG E\
UHVSHFWLYHSRLQ@WRRBHIQDWLRQV )/23V DUH UHGXFHG E\
UHVSHFWLYHO\ 7KH QXPEHU Rl SDUDPHWHUV LV GHFUHI
UHVSHFWLYHO\ ORGHO VL]H LV UHGXFHG E\ DQG
6(6<2/2 GHPRQVWUDWHY LWV DGYDQWDJHV DFURVV PXOW
DFFXUDF\ DQG FRPSXWDWLRQDO HIILFLHQF\
7TDEOBHUIRUPDQFH FRPSDULVRQ RI GLIITHUHQW PRGHC

ORGHO 3UHFL G5HFD P$3 ) )/23V  3DUDI :HLJK'
<2/2Y -@H * 0 0%
<2/2Y -QH * 0 0%
<2/2Y -@H * 0 0%
<2/2Y -@H * 0 0%

6(6<2/2 * 0 0%




7R IXUWKHU FRPSDUH WKH SHUIRUPDQFH RI GLIIHUHQW P
SUHVHQWYV WKH YLVXDOL]DWLRQ UHVXOWYV RI LQIHUHQFH |
PRGHOV $V VKRZQ LQ WHKHHILBXKIELWM2YV XHV RI IDOVEH
LOQFRPSOHWH VHJPHQWDIWDRG <2V2%W ERWK VXIIHU IURP

GHWHFWLRQV ZXWHIHVKRZY LQFRPSOHWH VHIJPHQWDWLRQ

6(6<2/2 PRGHO VXFFHVVIXOO\ GHWHFWV DOO DVSDUDJXV L
DQG GRHV QRW SURGXFH IDOVH GHWHFWLRQV GHPRQVWUD

(d) YOLOvVI2n-seg (e) SES-YOLO

)L 6 HIPHQWDWLRQ SHUIRUPDQFH FRPSDULVRQ RI GLIIH

([SHULPHQWYVY RQ ORUSKRORJLFDO )HDWXUH &DOFXODWLRQ
*UHHQ $VSDUDJXYV
7R GHWHUPLQH WKH YDOXH RI N KH MH VPHQAN DRARICREX FWH O F
LOQGRRUV XVLQJ IRXU JUHHQ DVSDUDJXV VWDONV ZLWK GLI|
YHUWLFDO DQJOH UHODWLYMNAMWMRIAVNHWURKQG 7KH DRQRGXHYV
JRU HDAKKH OHQJWK RI HDFK VHIJPHQW RI WKH JUHHQ DVS]|
OHQJIJWK ZDV VXEVHTXHQWO\ FRPSEDXWKHUG G) IDQ/EBOOD JWYXHO R &
GLITHNMQWXHY ZHUH FRPSDUHG ZLWK WKH DFWXDO PDQXDC
HUURU UDWHV 7KH UHVXOWY DUH SUHVHQWHG LQ 7DEOH
WKH RYHUDOO HUURU UDWH ZDV PLQLPL]JHG ZKHQ WKH D
TKHUHIRUH WEKB W MBWHWR

7TDEOHHQJIWK HUURU U N WHM HCUNGYLDIGIXIHH\Q W

'"HJUHH N N N N N

f
f
f

f

,Q WKH DXWRPDWHG KDUYHVWLQJ SURFHVV RI JUHHQ
GLDPHWHU LV HVVHQWLDO DV WKH\ VHUYH DV NH\ LQG
KDUYHVWDELOLW\ 7KHUHIRUH WKH PRGHO SURSRVHG LQ W

1C



GHWHFW VHJPHQW DQG FDOFXODWH WKH OHQJWK DQG G
ZHUH WKHQ FRPSXWHG E\ FRPIYLYHGI PMONYXH HPRIQMO/ ZL

PHDVXUHG OHQJWKV DQG GLDPHWHUV $ WRWDO RI WUl
SUHVHQWHG LQ 7DEOH $V VKRZQ LQ 7DEOH WKH OHQJW
1R DQG ZHUH UHODWLYHO\ ODUJH DOO H[FHHGLQJ
HUURU ZDV REVHUYHG IRU VWDON 1R DW 7KH DYH
- ZLWK DQ DYHUDJH UHODWLYH HUURU RI JRU GLDP
VKRZHG UHODWLYHO\ ODUJH HUURUV ERWK H[FHHGLQJ
VWDON 1R 7KH VPDOOHVW GLDPHWHU PHDVXUHPHQW

DYHUDJH GLDPHWHU PHDVXUHAPMIKQVD QHWDYRWDXIHY UHODWLYH
TKHVH UHVXOWYV LQGRHDWXUW& DYD OVKHYV PRGHIDVSDUDJXV OH
PRVWO\ ORZHU WKDQ WKH PDQXDO PHDVXUHPHQWY ZKLFK
PDWXULW\ RI WKH DVSDUDJXV *UHDWHU FXUYDWXUH OHDC
DVSDUDJXV ORQJHU DVSDUDJXV JHQHUDOO\ H[KLELWV OC
ORQJHU DVSDUDJXV LV PRUH DIIHFWHG E\ FXUYDWXUH 7KH
SRVLWLYHO\ FRUUHODWHG ZLWK LWV JURZWK VWDJH ORQ.
WKRXJK WKLV PD\ YDU\ VOLJKWO\ GHSHQGLQJ RQ VSHFLILF

7TDEOMRPSDULVRQ RI PDRPXDOVXDAG BPBBHQ DVSDUDJIJXV OHQJWK I

ODQXI ORGH /HQJV ODQXI ORGH 'LDPH

: , ~ 5HOD) : , _ 5HOD)
PHDV. PHDV. PHDV: PHDV. PHDV. PHDV:
HUUF HUUF
1R PHQV PHQV PHQV PHQV PHQV PHQV
OHQJ OHQJ HUUF GLDPF GLDPF HUUF
OHQJ GLDP}

FP FP FP FP FP FP




PHD - -

7R IXUWKHU YDOLGDWH WKH HIIHFWLYHQHVY DQG DFF’
PHWKRG SURSRVHG LQ WKLV VWXG\ WKH ULGJH VXUIDFH RI
UHIHUHQFH SODQH $ FRPSDUDWLYH HYDOXDWLRQ ZDV FRQ
SRLQWYV D@EDFRKGEGHG FXWWLQJ SRLQWV WKURXJK D WRWI
SUHVHQWHG LQ 7DEOH 7KH UHVXOWY LQGLFDWH WKDW W

REVHUYHG IRU JUHHQ DVSDUDJXV 1R PHDVXULQJ FP
DW FP $00 RWKHU HUURUV ZHUH OHVV WKDQ FF

HUURU ZDV FP WKH DYHUDJH GHSWK ORFDOL]DWLRQ

FXWWLQJ SRLQW ORFDOL]DWLRQ HUURU ZDV FP

7TKHVH UHVXOWY GHPRQVWUDWH WKDW WKH PRGHO DQG
DFFXUDF\ LQ JUHHQ DVSDUDJXV PRUSKRORJLFDO PHDVXUHF
7TDEOBRPSDULVRQ RI FXWWLQJ SRLQW ORFDOL]DWLRQ IRU

ODQXDO PD ORGHO SRVI +RUL]RC '"HSWK FXWWROQ
1R FXWHROQV FXWHROQV SRVLWL SRVLWL GHWHUP
FRRUGLQI FRRUGLQI HUURU HUURU HUURU




PHD

ORGHO '"HSOR\PHQW DQG 7THVWLQJ
7KLV VWXG\ XWLOL]J]HG WKH 19,',$ -HWVRQ 2ULQ 1; DV W
GHSOR\PHQW WHVWLQJ DV VKRZQ LQ )LJ - FRLIHV 190'DSV IR U
$PSHUH DUFKLWHFWXUH *38 ZHRAWKH $5H QVUR W LAARHUAHNVX IDH & 38
RI PHPRU\ W RIIHUV D SHDN FRPSXWLQJ SRZHU RI XS WR
WRROV VXFK DV &8'$ FX'll DQG 7HQVRU57 PSHRAHLQJI Wk
UHWOPH PRGHO LQIHUHQFH

7KH LPSURXER P(RGHO DQG WKH ENWRAOCARGHO2ZZ2Z UG GHS
RQ WKH 19,',$ -HWVRQ 2ULQ 1; HGJH FRPSXWLQJ SODWIRLU
IUDPHZRUN IRU DFFHOHUDWLRQ G6LPXOWDQHRXVO\ LPD
PRGHO wUuDLQLQJ ZHUH FROOHFWHG DV D WHVW VHW IRL
UHVROXWLRQ RI LQSXW LPDJHV EDV X®H RHRO R DREIMXAHN A K
DIWHU PRGHO GHSOR\PHQW DUH VKRZQ LQ 7DEOH $V LQG
6(6<2/2 LV KLIKHU WKDQ WKDW RI WKHJIEDWQKOILWW B8R @/
DFFEXUDF\ LV SHUFHQWDJH SRLQWYV KLJKHU 7KH UHVXOW
LPSURYH&2/@(PRGHO PHHWYVY WKH UHTXLUHPHQWY IRU GHS(
UHWOPH GHWHFWLRQ

L

MTCONN

MTRIAS-

40C000-
16AL7

)LJ 19,",$ -HWVRQ 2ULQ 1; HGJH FRPSXWLQJ SODWIRUF
7TDEOBHUIRUPDQFH FRPSDULVRQ RI PRGHO GHSOR\PHQW R(

b
-



ORGHO  3UHFLV 5HFDO P$3 ) )36

<2/2Y -QH

6(6<2/2

&RQFOXVLRQ

7R DGGUHVV WKH GLIILFXOWLHY LQ UHFRJQLWLRQ DQG
PRUSKRORJ\ RI JUHHQ DVSDUDJXV LQ QDWXUDO HQYLURQP!
LQ VRLO DV ZHOO DV WKH FKDOOHQJH RI EDODQFLQJ DFF
DOJRULWKPV DQ LPSURYHG OLJKWZHLJKW LQZY¥2DQWH VH.
SURSRVHG %DVH®HIQ WK/I2W MRGHO LQWURGXFHV WKH OLJI
WR UHSODFH WKH RULJLQDO VWUXFWXUH GHVLJQV WKH & |
VHSDUDEOH FRQYROXWLRQ DQG VWULS FRQYROXWLRQ L«
PRGXOH DQG DGRSWV WKH 03',R8 ORVV IXQFWLRQ WR RSV
HQKDQFHPHQWY VLJQLILFDQWO\ LPSURYH IHDWXUH H[WUDF
VOHQGHU FXUYHG WDUJHWV ZKLOH VXEVWDQWLDOO\ UHGX

7R YDOLGDWH WKH HIIHFWLYHQHVV RI HDFK LPSURYHG
DEODWLRQ H[SHULPHQWY WHVWLQJ WKH LPSDFW RQ PRGH
QHWZRUN PRGLI\LQJ WKH & | PRGXOH HPEHGGLQJ WKH (*$
IXQFWLRQ ([SHULPHQWDO UHVXOWV VKRZ WKDW HDFK PF
GHWHFWLRQ DFFXUDF\ DQG OLJKWZHLJKW FKDUDFWHULVWI
HIITHFWV 8OWKRD2WPADLQ®(BLQV KLJK VHIPHQWDWLRQ DFFX
SDUDPHWHU FRXQW E\ DQG FRPSXWDWLRQDO ORDG E\

8QGHU LGHQWLFDO H[SHUEKRPHQWDD? FRMSDWH®R QAL WHK(6F
PDLQVWUHDP LQVWDQFH VHJPHQWDWLRHI PRZL/HEWNQ LQFO
<2/2Y -@HJ DQG <2VMU &@®/2 GHPRQVWUDWHG RSWLPDO SH!
NH\ PHWULFV VXFK DV SUHFLVLRQ UHFDOO DQG P$3# 7
FXWWLQJ SRLQW ORFDOL]DW LGRIQN PHIVK\RRG [EFDVLHHEY FHRED KEL* 3K [

DYHUDJH UHODWLYH HUURUV RI IRU OHQJWK DQG
SRLQW ORFDOL]DWLRQ HUURU RI FP )XUWKHUPRUH ZK
GHYLFH<2826 DFKLHYHG D GHWHFWLRQ VSHHG RI )36

LPSURYHPHQW RYHU WKH EDVHOLQH PRGHO






6WDWHPHQWY DQG 'HFODUDWLRQV

&RPSHWLQJ LQWHUHVWYV
$00 DXWKRUV FHUWLI\ WKDW WKH\ KDYH QR DIILOLDWLR(
RQ RU HQWLW\ ZLWK DQ\ H Q@I E DO L QYWHHIBINWNV RILQ QURIQH
U PDWHULDOV GLVFXVVHG LQ WKLV PDQXVFULSW
)XQGLQJ 6WDWHPHQW
7KLV UHVHDUFK ZDV IXQGHG E\ 2SHQ 5HVHDUFK 3URMHFW
HGJH OLQLQJ DQG .QRZOHGJH 6HUYLFHV LQ $JULFXOWXUL
RI $JULFXOWXUDO ,QIRUPDWLRG®XQ@WXQIDVOH6FEBGQ@RAV RI $
WKH 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &K
SHVHDUFK DQG 7DOHQW &XOWLYDWLRQ 3URMHFW RI -LDC
*UDQW 1R -:61.<-&5&
$XWKRU &RQWULEXWLRQV
7KH DXWKRUV FRQILUP FRQWUORXW L R® QFR SWKHD CSL0 B ML R
X DQG <XOLDQJ =KRQJ PHWKRGRORJ\ 4LQJTL /X DQG ;LC
DQG +XL +RQJ YDOLGDWLRQ -LQVRQJ =KRX DQG -LDQ 'l
QG <XOLDQJ =KRQJ LQYHVWLJDWLRQ ;LDRER 6X DQG 5XF
G +XL +RQJ GDWD FXUDWLRRULIL@IDIQ GUDIWLBWOSDUDWL
DQG -LDQ 'LQUUHNILMZLODG HGLWLQJ LDRER 6X DQG <XO
RQ 5XRSHQJ 'X DQG +XL +RQJ VXSHUYLVLRQ -LQVRQJ =
RER 6X IXQGLQJ DFTXLVLWLRQ 4LMRER BX DB/ BQP R SHRI
$00 DXWKRUV UHYLHZHG DQG DSSURYH