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Abstract

The task of single image super-resolution (SISR) has been approached several times in the
recent history, due to its relevance in supporting other computer vision algorithms (e.g. face
recognition, object detection), which might have certain requirements in terms of input data
resolution, so as to provide accurate results. Modern implementations make use of repre-
sentation learning for mapping the SR space. Thus, the paper represents a study on deep
learning-based methods for efficient mobile single image super-resolution, using various up-
scaling factors (x2, x3, x4), first optimizing for peak signal-to-noise ratio (PSNR), then for
perceptual loss. In order to minimize the inference time, the considered architectures are de-
signed to be as shallow as possible, balancing out the number of trainable parameters through

width, which ensures a higher level of GPU parallelism.

Keywords: single image super-resolution, efficient super-resolution, mobile super-resolution,

deep learning, computer vision
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I[LVW RI)LIXUHYV

[ 7KH 65&1T > @ DQG[)65&1]1 > @ PRGHOV
[ 7KH (63&1 DUFKLWHFWXUH > @

| 7KH 1&IHW PRGHO > @

| 7KH DUFKLWHFWXUH TRU[WKH ,0'1 PRGHO > @

[ 7KH LQIRUPDWLRQ PXOWL GLVWLOODWLRQ EORFN ,0'%
[ 7KH 5)1 PRGHO DUFKLWHFWXUH

[ 7KH $%31 PRGHO DUFKLWHFWXUH > @

[ 7KH 58IHW DUFKLWHFWXUH > @ > @

[ 7KH 7’0 DUFKLWHFWXUH > @

[ 7KH 65351 JHQHUDWRU DQG GLVFULPLQDWRU QHWZRUN I

7KH (63&1 > @ PRGHO DV LW ZDV LPSOHPHQWHG GXULQ
7KH 6&651 PRGHO > @

6&6511V UHSDUDPHWHUL]HG EORFN DUFKLWHFWXUH > @
7KH 8) (63&1 PRGHO

7KH )5 81(7 PRGHO

7KH 5 6&651 DUFKLWHFEWXUH

7KH )5 6&651 DUFKLWHFWXUH

7KH '5 (63&1 PRGHO

7KH '5 6&651 PRGHO

9LVXDO FRPSDULVRQ EHWZHHQ WKH EDVHOLQHYV DQG '5

"HLIKWV GLVWULEXWLRQ IRU WKH '5 6&651 PRGHO

'5 6&651TV PDLQ EUDQFK RXWSXW

9LVXDO FRPSDULVRQ EHWZHHQ WKH EDVHOLQHYV DQG '5
$ VFUHHQVKRW RI WKH GHPRQVWUDWLYH PRELOH VXSHU
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ILVW RI 7TDEOHYV

7KH H[SHULPHQWDO UHVXOWYV IRU [ VXSHU UHVROXWLF
VFDOHG /5 LPDJHV
7KH H[SHULPHQWDO UHVXOWY IRU UHDOLVWLF [ VXSHU
7KH H[SHULPHQWDO UHVXOWYV IRU [ VXSHU UHVROXWLF
VFDOHG /5 LPDJHYV
7KH H[SHULPHQWDO UHVXOWYV IRU [ VXSHU UHVROXWLF
VFDOHG /5 LPDJHYV
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&KDSWHMWURGXFWLRQ

7KH WDVN RI VLQJOH LPDJH VXSHU UHVROXWLRQ 6,65 LPSOL
ORZ UHVROXWLRQ /5 LPDJH WKXV HQKDQFLQJ WKH OHYHO F
VXDO DUWLIDFWYVY WKDW ILW WKH VHPDQWLF FRQWH[W 7KLV F
LWV HVWDEOLVKPHPW QW XWKHE O@WBIQG LWV SRSXODULW\ KDV
WKH HPHUJHQFH RI UHSUHVHQWDWLRQ OHDUQLQJ EDVHG PHW
UHVXOWYVY ERWK IURP D SHDN VLIJIQDO WR QRLVH UDWLR SHUYV

7TKHUH LV DQ RQJRLQJ HIIRUW RI LPSURYLQJ WKH SHUIRUPDQ|
RI LQIHUHQFH WLPH LQ RUGHU WR SURYLGH HIILFLHQW H[HF
7TKHVH FRQVWUDLQWY UHTXLUH VXFK QHXUDO DUFKLWHFWXU
OLJKW QDWXUH WKURXJK ZLGWK HQVXULQJ DQ DGHTXDWHO\
OHDUQHG 65 VSDFH PDSSLQJ FDQ EH DV UHSUHVHQWDWLYH D

6XSHU UHVROXWLRQ PHWKRGV SURYLGH VLJQLILFDQW YDOXH
ULWKPV VXFK DV REMHFW GHWHFWLRQ > @ RU IDFLDO UHFR.:
EHWWHU UHVXOWYV RQ KLJK UHVROXWLRQ IHDWXUH ULFK LPL
DGRSWLQJ 65 PRGHOV LQ PHGLFDO LPDJLQJ > @ > @ DOORZL
GLDJQRVHV ZLWK EHWWHU DFFXUDF\ /DVWO\ D IXUWKHU UH(
FRQVWUXFWLQJ PHGLD WKDW KDV SUHYLRXVO\ EHHQ GRZQ VF
PDQQHU > @

7KH IROORZLQJ VHFWLRQV RI WKLV FKDSWHU SUHVHQW DQ R>
YDQFHV \LHOGHG E\ LW G6HFWLRQ PDSV RXW WKH PRWLY]
HITLFLHQW VXSHU UHVROXWLRQ RQ PRELOH GHYLFHV 7KHQ

FRQWULEXWLRQV WR WKH WKHVLV )LQDOO\ 6HFWLRQ GHV
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ORWLYDWLRQ

SHFHQW LPSURYHPHQWY LQ WHUPV RI PRELOH FRPSXWH FDS
FRUGLQJ WR ORRUHfVY ODZ > @ KDYH HQDEOHG WKH XVDJH F
VPDUWSKRQHYV *LYHQ WKH ZLGH DYDLODELOLW\ RI VXFK GH"®
UHTXLUHYV PLJUDWLQJ DQG GHSOR\LQJ WKH H[LVWLQJ PRGHO"®

&RQFHUQLQJ WKH VLQJOH LPDJH VXSHU UHVROXWLRQ WDVN
WKLV WDVN KDYH D GHHS QDWXUH JLYHQ WKH QHHG IRU KDC(
LPSOLHY OHDUQLQJ WKH DSSURSULDWH IHDWXUH UHSUHVHQV
UHFRQVWUXFW VXLWDEOH KLJK ITUHTXHQF\ GHWDLOV DQG VXS
VXFK GHHS QHWZRUNV FDQ EH FRVWO\ ZKHQ SHUIRUPHG ZLW
ZKLFK SRVVHVV OLPLWHG FRPSXWLQJ SRZHU LPSRVLQJ WKH
QHWZRUNYV LGHDOO\ ZLWKRXW WUDGLQJ RII HIILFLHQF\

&ROQWULEXWLRQV

7KLV UHSRUWYTV REMHFWLYH LV WR GHYHORS DQG FRPSDUH
HIILELHQW PRELOH VLQJOH LPDJH VXSHU UHVROXWLRQ FRQV
[ ZKHUH WKH WDUJHW +5 LPDJH UHVROXWLRQ LV . DSSUR
ZHUH EHQFKPDUNHG ERWK RQ FRPSXWHU *38fV DLPLQJ IRU |
SURFHVVLQJ XQLWVY WDUJHWLQJ DQ LQIHUHQFH WLPH RI EHO
DSSOLHG VR DV WR DWWHPSW IXUWKHU UXQWLPH UHGXFWLF
VWDWHG LQ WKH 17,5( LPDJH DQG VXSHU UHVROXWLRQ F
HYDOXDWHG LQ UHODWLRQ WR WKH HYHQW ZLQQHUV DQG

7KH PHWULFV FRQVLGHUHG LQ WKH 17,5( FKDOOHQJH EHQFKPI
3615 ORJDULWKPLF PHDVXUHPHQW IRU GHWHUPLQLQJ LPDJ
PHDVXUH > @ 66,0 PDWKHPDWLFDO HVWLPDWLRQ IRU SHUF}
WLPH 7KH VWXGLHG PRGHOV DUH LQLWLDOO\ WUDLQHG WR
PLQLPL]H WKH OHDUQHG SHUFHSWXDO LPDJH SDWFK VLPLOD
LQGH[ WKDW \LHOGV UHVXOWV WKDW DUH FORVHU WR KXPDQ
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fKHVLV 6WUXFWXUH

7KH RYHUDOO VWUXFWXUH RI WKH WKHVLV ZDV FKRVHQ VR D
GHUVWDQGLQJ RI WKH WUHDWHG VXEMHFW 7KXV &KDSWHU
VHWWLQJ OD\LQJ GRZQ WKH PDLQ FRQWH[WXDO DVSHFWV L
EXWLRQV EURXJKW E\ WKH HVWDEOLVKHG UHVHDUFK 7KHQ I
RI VXSHU UHVROXWLRQ DUH SUHVHQWHG LQ &KDSWHU RUGH
IURP WUDGLWLRQDO FRPSXWHU YLVLRQ DSSURDFKHV WRZDU
TXHQWO\ &KDSWHU GHWDLOV WKH PHWKRGV H[SORUHG GXU
LQJ WKH EDVHOLQH PRGHOV DQG WKH SURSRVHG PHWKRGV :
&KDSWHU ILUVW RXWOLQHV WKH PHWKRGRORJ\ XVHG IRU GH
JRHV RYHU WKH PRWLYDWLRQ EHKLQG WKH DUFKLWHFWXUDO
SURFHVV 7KHQ WKH FKDSWHU GLVSOD\V WKH UHVXOWV DF}
FRQVLGHUHG EDVHOLQHV )LQDOO\ &KDSWHU LWHUDWHV R
UHVHDUFK SURFHVV LQ UHODWLRQ WR WKH SUHYLRXVO\ VW
ZRUN GLUHFWLRQV
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&SKDSWHULRUGB6XSHU 5HVROXW

$FWLYH UHVHDUFK LQ WKH DUHD RI VLQJOH LPEFHQWXIHUV UB
7KH VWDWH Rl WKH DUW PRGHOV WKDW HPSOR\ WUDGLWLRQ]
WKLV SUREOHP XVLQJ OHDUQHG DWRP GLFWLRQDULHYV DQG Q
SUHVHQWHG LQ 6HFWLRQ

7KH GHYHORSPHQW RI PRUH SRZHUIXO FRPSXWH KDUG¥®DUH |
FHQWXU\ GHWHUPLQHG DQ DEUXSW ULVH LQ SRSXODULW\ RI C
WKH ILHOG RI FRPSXWHU YLVLRQ FRQYROXWLRQDO QHXUDO
LQ WKH WDVN RI LPDJH VXSHU UHVROXWLRQ DV GHVFULEHG
QHWZRUN W\SHV ZHUH SURSRVHG RYHU WLPH 6HFWLRQ Gt
> @ DQG 1&1HW> @ ZKLFK HIILFLHQWO\ SDUDOOHOL]H WKH
PHQVLRQDO IHDWXUH PDSV DQG D KLJK QXPEHU RI FKDQQH:!
LPDJH XVLQJ D VXE SL[HO FRQYROXWLRQDO OD\HU 6HFWLRQ
WLOODWLRQ QHWZRUNV ZKLFK H[WUDFW IHDWXUHV KLHUDUF
LQIRUPDWLRQ PXOWL GLVWLOODWLRQ EORFNV > @

6HFWLRQ RXWOLQHV WKH DGRSWLRQ RI DWWHQWLRQ PHFKI
YROXWLRQDO QHXUDO QHWZRUNV ZKLFK ZKHQ FRPELQHG ZL
> @ DFKLHYHG VWDWH RI WKH DUW SHUIRUPDQFH IRU VLQJO

6HFWLRQ SURYLGHY DQ RYHUYLHZ RI 8 1HW DUFKLWHFWXU
> @ > @ 6XFK PRGHOV KDYH UHFHQWO\ EHHQ XWLOL]JHG VXI
UHVROYLQJ SDUW RI ODWHQW GLIIXVLRQ QHWZRUNV > @ ZKL
JHQHUDWLYH WDVNYV

JLQDOO\ 6HFWLRQ GLVFXVVHV WKH SULRU LQFRUSRUDWLR
HIFHOOLQJ LQ JHQHUDWLQJ SKRWR UHDOLVWLF KLJK UHVROX
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7TUDGLWLRQDO &RPSXWHU 9LVLRQ $SSUF

6WDWH RI WKH DUW WUDGLWLRQDO FRPSXWHU YLVLRQ DSSU!
EDVHG RQ VSDUVH OHDUQHG DWRP GLFWLRQDULHYVY DQG QHL
WKH FDVH RI WKH $ DOJRULWKP > @ WKH VSDUVH GLFWLRQ
DQG +5 LPDJH SDWFKHVY DUH OHDUQHG WKURXJK VHYHUDO L\
D GLFWLRQDU\ OHDUQLQJ DOJRULWKP VXFK DV . 69" > @ DQ
GLQJ UHJUHVVLRQ PRGHO LV WUDLQHG WR FOXVWHU WKH GLF
QHDUHVW QHLJKERXUYVY DSSURDFK ZKHUH WKH FRQVLGHUHG

WKH DWRPV $IWHU WKDW IRU HDFK /5 DWRP D SURMHFWLRC
LW ZLWK WKH FRUUHVSRQGLQJ +5 SDWFK

7TKXV LQ WKH LQIHUHQFH VWDJH WKH /5 LPDJH LV GLYLGHG
WKH +5 SDWFKHVY DUH JHQHUDWHG XVLQJ WKH QHLJKERU HP
OHDUQHG SURMHFWLRQ PDWULFHYV 7KH +5 LPDJH LV WKHQ U
SDWFKHV

7KH IHDWXUHV FRQVLGHUHG E\ VXFK DOJRULWKPYV DUH JHQH
QHO VLQFH WKH KXPDQ H\H LV PRVW VHQVLWLYH WR LQWHC
DUH XS VFDOHG XVLQJ UHJXODU LOQOWHUSRODWLRQ PHWKRGYV
LOQWHUSRODWLRQ
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'"HHS &RQYROXWLRQDO ORGHOV

J)LIXUH 7KH DUFKLWHFWXUHV IRU WKH 65&11 > @ DQG )65
GLITHUHQFHY DUH FRPSULVHG RI WKH IDFW WKDW 65&11 LQI
ELFXELF LQWHUSRODWLRQ ZKLOH )65&11 SHUIRUPV IHDWXUF
WKHQ VKULQNLQJ WKH ILOWHU FRXQW VR DV WR VSHHG XS
)65&11 XS VFDOHV WKH UHVXOWLQJ IHDWXUH PDSV WKURXJK
VLIQLILFDQWO\ VORZHU GXH WR WKH IDFW WKDW WKH IHDW
LPDJHYV GLPHQVLRQV ZKLOH )65&11 IHDWXUH PDSV PDLQW

'HHS OHDUQLQJ PHWKRGV SURYHG WR DFKLHYH EHWWHU SHU
IURP D SHDN VLIQDO WR QRLVH UDWLR DQG IURP D VWUXFW X
ORGHUQ DSSURDFKHY PDNH XVH RI FRQYROXWLRQDO QHXUDO
IURP WKH ORZ UHVROXWLRQ WR WKH KLJK UHVROXWLRQ VSDF

65&11 > @ UHSUHVHQWYV WKH LQLWLDO DWWHPSW RI GRLQJ V
JRULWKP > @ LQ WHUPV RI SUHFLVLRQ 3ULRU WR WKH QHX
XS VFDOHG XVLQJ ELFXELF LOQWHUSRODWLRQ 7KH ILUVW VW
UHWULHYDO WKURXJK D FRQYROXWLRQDO OD\HU ZKLOH DOVI
WUDFW LPDJH IHDWXUHYV 7KH VHFRQG VWDJH KDQGOHV QRQ
SDWFKHVY 7KH ODVW SDUW LQYROYHV UHGXFLQJ WKH IHDW X
RI WKH +5 LPDJH 7KH FRQYROXWLRQ RSHUDWLRQV DUH JRLQ.
RSHUDWLRQ WKDW LV EHLQJ SHUIRUPHG SUHYLRXV WKH QHXU
WKH /5 LPDJH WR +5 UHVROXWLRQ

7KH )65&11 > @ PRGHO UHSUHVHQWY D PRUH HIILFLHQW UH LW
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ZKLFK SUHVHQWHG HYHQ EHWWHU SHUIRUPDQFH )LJXUH Sl
DUFKLWHFWXUHV LQGLFDWLQJ WKDW )65&11 GRHV QRW SHUIF
SKDVH WKXV PDLQWDLQLQJ WKH /5 LPDJH GLPHQVLRQV WKUF
)XUWKHUPRUH DIWHU WKH LQLWLDO IHDWXUH H[WUDFWLRQ
GXFHG WR PLQLPL]H WKH UXQWLPH $IWHU WKH QRQ OLQHD!
H[SDQGHG VR DV WR HQFDSVXODWH DV PXFK LQIRUPDWLRQ D
ZKLFK PDNHV XVH RI D GHFRQYROXWLRQ OD\HU WR LQFUHDYV
PHQVLRQV

6XE 3LIHO &RQYROXWLRQDO 1HXUDO 1HYV

J)LIXUH 7KH (63&1 DUFKLWHFWXUH > @ ZKLFK FRQVLVWYV
HIWUDFWLRQ DQG QRQ OLQHDU PDSSLQJ EORFN IROORZHG E
EOHQGY IHDWXUH PDS SL[HO YDOXHV LQWR WKH ILQD!

SUHYLRXV GHHS FRQYROXWLRQDO PHWKRGYV SHUIRUPHG XS VI
DW WKH ILQDO VWDJH RI WKH QHWZRUN XVLQJ LQYHUVH FRQ
PDNH XVH RI VXE SLIHO FRQYROXWLRQDO OD\HUV DOVR FDOC
SDUDOOHOLVP DQG HIILFLHQF\ ZKHQ UHFRQVWUXFWLQJ WKH -
QRW RSHUDWH RYHU LQ WKH VSDFH GLPHQVLRQ RI WKH IHDYV
GHSWK FRPSRQHQW EHLQJ KLJKO\ SDUDOOHOL]DEOH RQ WK
LQIHUHQFH WLPH 7KH (63&1 > @ LV WKH ILUVW DUFKLWHFWX
OD\HU DV LWV ILQDO EORFN DV LW FDQ EH VHHQ LQ )LJXUH
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JLIXUH 7KH 1&1HW PRGHO > @ ZKLFK UHILQHV WKH RULJL
DGGLQJ DQ DGGLWLRQDO LQWHUSRODWLRQ EUDQFK WKDW XV
WR D IURJHQ FRQYROXWLRQDO OD\HU ZLWK D NHUQHO HTXDO

EUDQFK WR OHDUQ WKH UHVLGXDO EHWZHHQ WKH +5 LPD

$V VKRZQ LQ )LIXUH WKH 1&1HW PRGHO > @ DGGV DQ DGGL\
UDO QHWZRUN ZKLFK FDQ EH H[HFXWHG LQ SDUDOOHO ZLWK
LV FRPSULVHG RI D QHDUHVW FRQYROXWLRQ RSHUDWLRQ ZK
OD\HU ZLWK OLQHDU DFWLYDWLRQ ZKRVH NHUQHO LV HTXD
WRZDUGV WKH +5 LPDJH GLPHQVLRQ 7KH EUDQFKHYVY DUH LQW
WKHUHIRUH IRUFLQJ WKH PDLQ EUDQFK WR OHDUQ WKH UHVL
WKH +5 LPDJH UHVXOWLQJ LQ TXLFNHU FRQYHUJHQFH 7KH

SHUIRUPDQFH ORVV DIWHU TXDQWL]DWLRQ DQG GXH WR LW
ELOH $, DFFHOHUDWRUYV PDNLQJ LW VXLWDEOH IRU UXQQLQJ
HITLFLHQF\ DQG DFFXUDF\
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JHDWXUH ' 'LVWLOODWLRQ 1HWZRUNYV

J)LIXUH 7KH DUFKLWHFWXUH IRU WKH ,0'1l PRGHO > @ ZK
PXOWL GLVWLOODWLRQ EORFNV ,0'% LQ RUGHU WR H[WUDF
VSOLWYV

D 7KHLQIRUPDWLRQ PXOWH GKNWRQ®DW VRQIEZDRIANFKDQQHO |
,0'% ZKLFKH[WUDFW\WID\HWX&&Y > @ XVHG IRUFRPSXWLC
KLHUDUFKLFDOO\WKURXJK.P3QWWHQH H KD Q/GHVHOHFWHG IHE
VSOLWV $IWHU FRQFDWHQDWLQJWKHIHDWXUHV WKH
FRQWUDVW DZDUH FKDQQHO DWWHQWLRQ OD\HU
&&$ > @ FRPSXWHV WKHLPSRUWDQFH RIWKH
VHOHFWHG IHDWXUHYV

J)LIXUH 7TKH LQIRUPDWLRQ PXOWL GLVWLOODWLRQ EOF

$QRWKHU VXFFHVVIXO LWHUDWLRQ RYHU WKH VXE SL[HO FRQ"
UHVROXWLRQ ZDV GHVLIJQHG XVLQJ IHDWXUH GLVWLOODWLR
PRGHO > @ ZKLFK UHSUHVHQWY D VKDOORZ YDULDQW RI1 VX
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IRUPDWLRQ PXOWL GLVWLOODWLRQ EORFNV ,0'% ZKLFK H[W
WLSOH FKDQQHO VSOLWYVY DV VKRZQ LQ )LJXUH $IWHU FRQF
D FRQWUDVW DZDUH FKDQQHO DWWHQWLRQ OD\HU &&$ > @
VHOHFWHG IHDWXUHYV

JLIXUH 7KH HQKDQFHPHQW EURXJKW WR ,0'1l WKURXJK WK
VKDOORZ UHVLGXDO EORFN 65% DV D UHSODFHPHQW IRU W
EORFN VR DV WR OHDUQ WKH GLVFULPLQDWLYH IHD

7KH 5HVLGXDO HDWXUH 'LVWLOODWLRQ 1HWZRUN 5)'1 > @
WXUH WKDW UHSODFHVY WKH RXWHU FRQYROXWLRQDO OD\HU\
D VKDOORZ UHVLGXDO EORFN 65% LQ RUGHU WR OHDUQ WKt
VKRZQ LQ )LIJXUH

SWWHQWLRQ %DVHG ORGHOV

7KH DGRSWLRQ RI DWWHQWLRQ PHFKDQLVPV LQ WKH SUHYLR
WKH SHUIRUPDQFH RI QHXUDO QHWZRUNV > @ HQDEOLQJ WKt
LQSXW E\ FRPSXWLQJ DQ DWWHQWLRQ YHFWRU ZKLFK LQGLF
WR WKH JLYHQ FRQWH[W WKXV EHLQJ DEOH WR UHWDLQ LQ
7KLV PHWKRG SURYHG WR EH HIIHFWLYH LQ QDWXUDO ODQJX
IRU WUDQVIRUPHU QHWZRUNV ZKLFK XVH VHOI DWWHQWLRQ
PRGHOV ZHUH XVHG VXFFHVVIXOO\ LQ FRQYROXWLRQDO QHW.:
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J)LIXUH 7KH $%31 PRGHO > @ HQKDQFLQJ WKH EDFN SURM
E\ LOQOWURGXFLQJ VHOI DWWHQWLRQ OD\HUV LQ WKH IHDWX L
UHILQHG EDFN SURMHFWLRQ EORFN $GGLWLRQDOO\ VSD\
FURVV FRUUHODWLRQ IRU IHDWXUH PDSV H[WUDFWH

7KH LQWHJUDWLRQ RI DWWHQWLRQ LQ EDFN SURMHFWLRQ >
PDQFH IRU WKH VXSHU UHVROXWLRQ WDVN HYHQ ZLWK VKDO
$%31 > @ PDNHV XVH RI WKH VHOI DWWHQWLRQ OD\HU DQG S
DWWHQWLRQ EORFN 6HOlI DWWHQWLRQ DSSHDUV RQFH LQ W
SURMHFWLRQ EORFN VR DV WR LGHQWLI\ UHOHYDQW UHODW
UHQFH LV LQ WKH UHILQHG EDFN SURMHFWLRQ EORFN DIWHU
IRUP Rl WKH HVWLPDWHG 65 LPDJH ZKLFK LV JHQHUDWHG E\
WLDO DWWHQWLRQ EORFN FRPSXWHV FURVV FRUUHODWLRQ |
WKURXJKRXW WKH EDFN SURMHFWLRQ EORFN
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8 1HW SUFKLWHFWXUHYV

JLIXUH  7KH 581HW DUFKLWHFWXUH > @ > @ D YDULDWLR
DGGV UHVLGXDO FRQQHFWLRQV RQ WKH GRZQ VFDOLQJ VWD.
PRUH FRPSOH[ IHDWXUHV ,QVWHDG RI XS VFDOLQJ WKURXJK

PDNHV XVH RI SL[HO VKXIIOH OD\HUV GHSWK WR V

$QRWKHU QHXUDO DUFKLWHFWXUH IRU SHUIRUPLQJ LPDJH VX!
FHQWO\ EHFDPH SRSXODU WKURXJK WKH GHYHORSPHQW RI OC
YDULDWLRQ IRU WKLY DUFKLWHFWXUH LV WKH 581HW > @ >

XS VFDOHG /5 LPDJH $V VKRZQ LQ )LJXUH WKH IHDWXUH P
FUHDVHG WKURXJK SRROLQJ OD\HUV ZKLOH WKH FKDQQHO FR
7KLY SDUWLFXODU VWDJH WDNHV WKH UROH RI D IHDWXUH H
DUFKLWHFWXUH > @ WKH FRQYROXWLRQDO VHTXHQFHYV DGG
ZRUN WR OHDUQ PRUH FRPSOH[ IHDWXUHV ,Q WKH VHFRQG St
XS VFDOLQJ WKURXJK SL[HO VKXIIOH OD\HUV GHSWK WR VSCLC
FRXQW %HIRUH HDFK FRQYROXWLRQ RSHUDWLRQ LQ WKH VF
WKH IHDWXUHV WKDW ZHUH SUHYLRXVO\ UHILQHG LQ WKH GR
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J)LIXUH 7KH /'0 DUFKLWHFWXUH > @ ZKLFK PDSV WKH LQS
WKURXJK WKH GLIIXVLRQ SURFHVV *LYHQ WKH ODWHQW UH
LPDJH DQG SHUIRUPV WKH GHQRLVLQJ VWHS XVLQJ DQ 8 1F

5HFHQW HIIRUWYV LQ JHQHUDWLYH PRGHOV GHYHORSPHQW OH
> @ ZKLFK SUHVHQWHG JUHDW SHUIRUPDQFH IRU YDULRXV J
DJH JHQHUDWLRQ LQSDLQWLQJ DQG VXSHU UHVROXWLRQ )
DJHV WKH WUDQVIRUPHU > @ DQG DXWR HQFRGHU DUFKLWHI
LQWR D ODWHQW VSDFH WKURXJK WKH GLIIXVLRQ SURFHVV

ZRUN JHQHUDWHV DQ LPDJH DQG SHUIRUPV WKH GHQRLVLQJ
FURVV DWWHQWLRQ
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*HQHUDWLYH $GYHUVDULDO 1HWZRUNV

J)LIXUH 7KH DUFKLWHFWXUH IRU WKH JHQHUDWRU DQG GL
/KH JHQHUDWRU XVHV D UHVLGXDO FRQYROXWLRQDO QHWZRI
FROQOYROXWLRQDO PRGHO $OWKRXJK 65*$1 DFKLHYHV EHORZ
Rl SHDN VvVLIQDO WR QRLVH UDWLR WKH UHVXOWY DUH SKRW

*HQHUDWLYH DGYHUVDULDO PRGHOV > @ *$1V ZHUH VXFFH)
LQJ SKRWR UHDOLVWLF 65 LPDJHV RSWLPL]JLQJ IRU YLVXDO S
E\ PD[LPL]LQJ WKH VWUXFWXUDO VLPLODULW\ LQGH[ PHDVXUFE
SOH RI VXFK PRGHO OHYHUDJLQJ WKH WUDGLWLRQDO *$1 DL
WKH PRGHO LV FRPSULVHG RI WZR VHSDUDWH FRQYROXWLRQ
GLVFULPLQDWRU WKH VHFRQG RQH EHLQJ XVHG RQO\ GXULQ
OHDUQV WR GLVWLQJXLVK EHWZHHQ UHDO VDPSOHV DQG VDP
,Q SbUDOOHO WKH JHQHUDWRU OHDUQV WR SURGXFH VDPSC(
VXSHU UHVROXWLRQ VR DV WR FRQIXVH WKH GLVFULPLQDWF
DUH DFWXDOO\ UHDO $OWKRXJK 65*$1 DFKLHYHV EHORZ VWI
SHDN VLIQDO WR QRLVH UDWLR WKH UHVXOWY DUH SKRWR U
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&SKDSWKHIWBORUHG OHWKRGYV

7KLY FKDSWHU ILUVW JRHV RYHU WKH EDVHOLQH PRGHOV V¢
HUHG IRU WKH H[SHULPHQWY WKHQ GHVFULEHV WKH DUFKLY
6HFWLRQ 7TKH GHVLJQ GHFLVLRQV WKDW ZHUH UHJDUGHG
WKHU PRWLYDWHG LQ &KDSWHU

7KH EDVHOLQHVY WKDW ZHUH XVHG DV D VWDUWLQJ SRLQW |
EDVHG RQ ERWK SHUIRUPDQFH DQG HIILFLHQF\ FULWHULD RS
VR DV WR HQDEOH WKH DGGLWLRQ RI VXSSOHPHQWDU\ FRPSH
HQFH WLPH FRQVWUDLQWY HQVXULQJ UHDO WLPH H[HFXWLRC
LQIHUHQFH WLPH IRU PRELOH SURFHVVRUV

%“DVHOLQHORGHOV

7KH EDVHOLQH PRGHOV XVHG DV D VWDUWLQJ SRLQW IRU WK
SLIHO FRQYROXWLRQDO QHXUDO QHWZRUNV JLYHQ WKH VKD
WXUHVY DFKLHYLQJ JRRG SHUIRUPDQFH DQG LQIHUHQFH WLPF

6HFWLRQ GHVFULEHV WKH FRQVLGHUHG (63&1 DUFKLWHF
ILUVW VWDJH RI WKH H[SHULPHQWYV 7KHQ 6HFWLRQ JRH
651 PRGHO > @ ZKLFK H[SDQGV WKH RULJLQDO VXE SL[HO FI
UHVLGXDO OHDUQLQJ WKURXJK FRQFDWHQDWLRQ EDVHG VNL!
PHDQW WR LQFUHDVH WKH PRGHOfV HIIHFWLYHQHVYVY WKURXJ
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(IILFLHQW 6 XE 3L[HO &RQYROXWLRQDO 1HXUDO

YLIXUH 7KH DUFKLWHFWXUH IRU WKH (63&1 > @ LQ WKH
GXULQJ WKH UHSRUW H[SHULPHQWYV 7KH PRGHO PDNHV XVH
FRXQW LQ WKH IHDWXUH H[WUDFWLRQ VHFWLRQ 7KH UHFI
FRQYROXWLRQ ZLWK D FKDQQHO FRXQW HTXDO WR WKH VTX
WDUJHW FKDQQHO FRXQW VR WKDW WKH IHDWXUH PDSV FDC
LPDJH WKURXJK WKH GHSWK WR VSDFH OD\HU 7KH LPSOHP]
K\SHUEROLF WDQJHQW DFWLYDWLRQ H[FOXVLYHO\ DQG WKH
VFDOHG GXULQJ WKH LQLWLDOL]DWLRQ SURFHVV XVLQJ D UL
VWDQGDUG GHYLDWLRQ

7KH ILUVW FRQVLGHUHG EDVHOLQH PRGHO LV WKH (IILFLHQW
(63&1 > @ ZKLFK HPSOR\V WKH VXE SL[HO FRQYROXWLRQDC
VLWLRQ WKXV SUHVHUYLQJ D IHDWXUH PDS GLPHQVLRQ HTXE
ZKLOH DGGLQJ FRPSOH[LW\ WKURXJK LQFUHDVHG GHSWK $V :
IRU LQFUHDVHG SDUDOOHOLVP IRU WKH FRQYROXWLRQDO RS}t
IRU GLIIHUHQW FKDQQHOV FRQFXUUHQWO\

JLIXUH GHSLFWV WKH (63&1 DUFKLWHFWXUH ZKLFK VHTXH
OLQHDUO\ DFWLYDWHG FRQYROXWLRQDO OD\HUV XVLQJ D Gt
IHDWXUH HIWUDFWLRQ VHFWLRQ 7KH VHFRQG SDUW RI WKH C
D FKDQQHO FRXQW HTXDO WR WKH VTXDUHG XSVFDOLQJ IDFW
VR WKDW WKH IHDWXUH PDSV FDQ EH WUDQVIRUPHG LQWR WK
WR VSDFH OD\HU DV SLFWXUHG LQ )LJXUH

7KH (IILFLHQW 6XE 3L[HO &RQYROXWLRQDO 1HXUDO 1HWZRUN
IRUDOO WKH SHUIRUPHG H[SHULPHQWY DV IXUWKHU H[SDQG
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6NLS &RQFDWHQDWHG 6 XSHU 5SHVROXWLRQ 1HW

J)LIXUH 7KH 6NLS &RQFDWHQDWHG 6XSHU 5HVROXWLRQ 1H'
WKH (63&1 DUFKLWHFWXUH > @ E\ DGGLQJ D VNLS OD\HU W
LPDJH ZLWK WKH LQWHUPHGLDU\ IHDWXUH PDSV DV D PRUF

UHVLGXDO SURYLGLQJ EHWWHU LQIHUHQFH WLPH FRPSDUHG
J)LIXUH WKH QHWZRUN PDNHV XVH RI UHSDUDPHWHUL]HG

WKURXJK RYHU SDUDPHWHUL]DWLRQ

YLIXUH 7KH UHSDUDPHWHUL]HG EORFN DUFKLWHFWXU
6NLS &RQFDWHQDWHG 6XSHU 5HVROXWLRQ 1HWZRUN 6&6"
FRQYROXWLRQV ZKLFK DFW DV WZR VHSDUDWH FRQYROXWL
GXULQJ WKH WUDLQLQJ VWDJH $IWHU WUDLQLQJ WKH QHWZ
LQWR D VLQJOH RQH LPSURYLQJ WKH EORFNYV H[HFXWLRQ W
XVHG WKURXJKRXW WKH UHSRUWSfV H[SHULPHQWY GRHV QRW
VDPH QHWZRUN DUFKLWHFWXUH GXULQJ ERWK WUDLQLQ

J)LIXUH SRUWUD\V WKH EDVHOLQH XVHG IRU WKH VHFRQG VW
LILHG YHUVLRQ RI WKH 6NLS &RQFDWHQDWHG 6XSHU 5HVROX'
WKH DIRUHPHQWLRQHG VXE SL[HO FRQYROXWLRQDO DUFKLWI
QDWHYV WKH ORZ UHVROXWLRQ LPDJH ZLWK WKH LQWHUPHGLI
RI SURSDJDWLQJ WKH UHVLGXDO SURYLGLQJ EHWWHU LQIHUF
,Q RUGHU WR LPSURYH QHWZRUN SHUIRUPDQFH WKURXJK RYF
LQJ HIILFLHQF\ WKH DXWKRUV SURSRVH WKH XVDJH RI D UHS
UHSDUDPHWHUL]J]HG FRQYROXWLRQV DV VKRZQ LQ )LIJXUH

WKH H[SHULPHQWY XWLOL]J]HVY VLPSOH FRQYROXWLRQ RSHUDW
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URSRVHG ORGHOV

7KH IROORZLQJ VHFWLRQV DUH GHVFULELQJ WKH DUFKLWHFW
WDWLRQ SKDVH DQG FRPSDUHG WR WKH EDVHOLQHV SUHVH(
RXvVO\ WKH JRDOV ZHUH WR VHTXHQWLDOO\ RSWLPL]JH IRU S
WKH OHDUQHG SHUFHSWXDO LPDJH SDWFK VLPLODULW\ VFRU
VLPLODULW\ LQGH[ PHDVXUH > @ ZKHQ GHVLJQLQJ WKH PRC
ZDV FRQVLGHUHG ZKHQ EXLOGLQJ WKH QHWZRUNYV ZDV PDLQYV
*389V DQG EHORZ VHFRQGV LQIHUHQFH WLPH RQ PRELOH Sl

7KH ILUVW LWHUDWLRQ 8) (63&1 ZKLFK LV GHVFULEHG LQ 6H
FKLWHFWXUH > @ E\ XVLQJ D IL[HG VL]H NHUQHO DQG D FRQ
FRQYROXWLRQDO OD\HUV H[FHSW IRU WKH ODVW RQH ZKLFK
QHOV LQ D PDQQHU WKDW VHUYHV WKH SL[HO VKXIIOH OD\HU

7TKHQ 6HFWLRQ GHVFULEHVY DQ DOWHUQDWLYH IRU WKH 8
ZKLFK UHPRYHV WKH SRROLQJ DQG GHFRQYROXWLRQDO OD\}F
GLPHQVLRQ DQG HQVXUH WKDW WKH ORZ UHVROXWLRQ LPDJ

6HFWLRQ DQG 6HFWLRQ GHVFULEH WZR SURSRVHG QF
IRU WKH EDVHOLQH 6&651 PRGHO > @ WKURXJK WKH DGGLYV
EORFN IROORZHG E\ D GHSWK WR VSDFH DWWHPSWLQJ WR
PDQFH ZLWKRXW LPSDFWLQJ WKH LQIHUHQFH WLPH PDLQWD

/IDVWO\ 6HFWLRQ SUHVHQWYV WKH ILQDO DUFKLWHFWXUH
(63&1 DQG WKH 6&651 7KH GLVFXVVHG PRGHO UHSRVLWLRQV "
RI WKH PDLQ EUDQFK VR DV WR IXUWKHU LPSURYH SHUIRUPD!
WKH QHWZRUN ZLWK DQ XSVFDOHG EDVHOLQH 7KH QHWZRUN
E\ FROQOWLQXLQJ WR HQIRUFH UHVLGXDO OHDUQLQJ
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8QLIRUP )LOWHU (63&1

)LIXUH 7KH 8) (63&1 PRGHO ZKLFK ZDV WHVWHG LQ WZF
UHVSHEFWLYHO\ FRQYROXWLRQDO OD\HUV 7KH DUFKLWHFW
VZLWEKLQJ WR 5H/8 DFWLYDWLRQV UHYHUVLQJ WKH RUGHU |
LQLWLDOL]JLQJ FRQYROXWLRQV XVLQJ WKH *ORURW QRUPDO C

QXPEHU RI FKDQQHOV DQG D IL[HG NHUQHO VL]

7KH ILUVW LWHUDWLRQ LPSOHPHQWHG LQ WKH H[SHULPHQWD
LQJ (63&1 DUFKLWHFWXUH > @ GHVFULEHG LQ 6HFWLRQ

WR SUHYHQW WKH YDQLVKLQJ JUDGLHQW LVVXH ZKLFK RFFX
K\SHUEROLF WDQJHQW VORZLQJ GRZQ WKH QHWZRUNYTV FRQY
LPSOHPHQWDWLRQ FOLSY WKH RXWSXW DIWHU VXSHU UHVRO"
LV LQ WKH UHTXLUHG UDQJH +RZHYHU UHYHUVLQJ WKH RUG
FDXVHG DQ LQFUHDVH LQ LQIHUHQFH VSHHG $QRWKHU LPSUF
QRUPDO ZHLJKW LQLWLDOL]J]DWLRQ ZLWK WKH *ORURW QRUPD
YDULDWLRQ IRU WKH DEWLYDWLRQV UHPDLQV UHODWLYHO\ FF
SURFHVV )LQDOO\ WKH FRQYROXWLRQV ZHUH DOO VHW WR D
VL]H RIT  HQVXULQJ D FRQVLVWHQW LQIRUPDWLRQ IORZ ZKLC
QXPEHU RI IORDWLQJ SRLQW RSHUDWLRQV *LYHQ WKLV SURS
8QLIRUP )LOWHU (63&1 8) (63&1 7ZR YDULDQWYV ZHUH WHVW
FRQYROXWLRQDO OD\HUV DV VKRZQ LQ )LJXUH
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)XOO 5HVROXWLRQ 8 1HW

YLIXUH 7KH DUFKLWHFWXUH IRU WKH )5 81(7 PRGHO ZKL
DUFKLWHFWXUH > @ UHPRYLQJ WKH IHDWXUH PDS GRZQ VF
LQ WKH DIRUHPHQWLRQHG QHWZRUN ZHUH REWDLQHG XVLQJ

7KLV LV UHTXLUHG LQ RUGHU WR SURYLGH WKH PRGHO ZLW|

7KH )XOO 5HVROXWLRQ 8 1HW )5 81(7 UHSUHVHQWY DQ LWHU
WXUH > @ GHVFULEHG LQ 6HFWLRQ ZKLFK GRHV QRW GRZ1
OD\HUV QRU GRHV LW SHUIRUP XS VFDOLQJ WKURXJK LQYHUV
VHUYHG LQ )LIXUH 7KLV ZDV UHTXLUHG WR HQVXUH WKDW \
YDULDEOH GLPHQVLRQV VLQFH SHUIRUPLQJ GHFRQYROXWLRC(
WLRQ WR WKH RULJLQDO VL]H GXH WR XQHYHQ GLYLVLRQ Ztk
PDSV IURP WKH GRZQ VFDOLQJ EORFN ZLWK WKRVH IURP WKH
WLRQ VWDJH RI WKH 8 1HW XVHV D FKDQQHO FRQYROXWLRC
OD\HUV ZLWK WKH ILOWHU FRXQW LQFUHDVLQJ IURP WR

SKDVH LV GHVLIJQHG WR EH V\PPHWULF WR WKH ILUVW VWDJI
7KH ODVW WZR FRQYROXWLRQDO OD\HUV DUH GHVLJQHG WR E
WKDW DOORZV WKH SL[HO VKXIIOH RSHUDWLRQ WR UHFRQVWI
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SHVLGXDO 6&651

J)LIXUH 7KH 5 6&651 DUFKLWHFWXUH ZKLFK HIWHQGV WKH
QHDUHVW QHLJKERUV XS VFDOLQJ EUDQFK VR DV WR IDFLOL
LWV SHUIRUPDQFH LQ WHUPV RI WKH RSWLPL]JHG PHWULF
VSDFH WR GHSWK RSHUDWLRQ EHIRUH EHLQJ DSSHQGHG WR
VXPPHG XS YDOXH LV FOLSSHG WKURXJK WKH FOLS RSHUDWL

$V GHSLFWHG LQ )LJXUH WKH 5HVLGXDO 6&651 5 6&651 Q!
SUHYLRXV 6&651 DUFKLWHFWXUH > @ GHWDLOHG LQ 6HFWLR
UHVLGXDO EHWZHHQ WKH HOHPHQWDU\ QHDUHVW QHLJKERUYV
DQG WKH WDUJHW KLJK UHVROXWLRQ LPDJH DLPLQJ WR VSHI
WHQWLDOO\ LWYV SHUIRUPDQFH 7KH DGGLWLRQ RI DQ XS VEF
WUDLQDEOH SDUDPHWHUY DQG FDQ EH HIHFXWHG FRQFXUUHC
SDUWV EHLQJ LQGHSHQGHQW RI HDFK RWKHU XQWLO WKH\ DL
VKXIIOH RSHUDWLRQ 7KH ODVW OD\HU RQ WKH XS VFDOLQJ EI
RI WKH GHSWK WR VSDFH RSHUDWLRQ ZKLFK WUDQVSRVHV S
OHYHO EDVHG RQ WKH VSHFLILHG IDFWRU 7KLV ZDV XVHG |
YDOXH RQ WKH VSHFLILHG UDQJH XVLQJ WKH FOLS OD\HU ZKk
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JLOWHUHG 5HVLGXDO 6&651

YLIXUH 7KH )5 6&651 DUFKLWHFWXUH ZKLFK H[WHQGV WKF
DQ DGGLWLRQDO FRQYROXWLRQDO OD\HU RQ WKH QHDUHVW «
DGGLWLRQDO QRQ OLQHDU GDWD PDSSLQJV *LYHQ WKH IDF\
FRQFXUUHQWO\ WKLV LPSURYHPHQW ZRXOG OHDG WR EHYV
HIILFLHQF\ LQ WHUPV Rl WKH QHWZRUNYfV LQIHUF

7KH )LOWHUHG 5HVLGXDO 6&651 )5 6&651 ZKLFK LV SLFWXU
DIRUHPHQWLRQHG 5 6&651 PRGHO GLVFXVVHG LQ 6HFWLRQ

WKH VHFRQGDU\ XS VFDOLQJ EUDQFK ZLWK WKH XVH RI D FR
UHILQH WKH XSVFDOHG /5 LPDJH IHDWXUHYV VR DV WR OHDUQ
FUHDVLQJ WKH QHWZRUNYV JRRGQHVV RI ILW :KLOH WKLV ZF
QDLYH LQWHUSRODWLRQ VWDJH WKH RYHUDOO HIILFLHQF\ IR
DQ\ VLIJQLILFDQW GHFOLQH JLYHQ WKH IDFW WKDW WKH QHD
WKH PDLQ EUDQFK XVHV WLPHV PRUH FRQYROXWLRQDO OD\I
LWLHV RI PRGHUQ *381V WKH WZR QHWZRUN VWDJHV ZRXOG
UHVXOWLQJ LQ QR LPSDFW LQ WHUPV RI WKH WRWDO LQIHUH(
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'"HSWKZLVH 5HVLGXDO (63&1 6&651

YLIXUH 7KH '5 (63&1 DUFKLWHFWXUH ZKLFK H[WHQGV WKH
DGGLQJ D UHVLGXDO OHDUQLQJ FRPSRQHQW VLPLODU WR
YXUWKHUPRUH WKH QHDUHVW QHLJKERUV LQWHUSRODWHG O
WKH PDLQ (63&1 VWDJH LQ DQ DWWHPSW WR IXUWKHU LP
SHUIRUPDQFH ZKLOH WUDGLQJ RII LQIHUHQFH

JLIXUH 7KH '5 6&651 PRGHO WKDW VKLIWV WKH QDLYH °
6HFWLRQ DQG XVHV LW DV D IRXQGDWLRQ IRU WKH 6&65
FRQYHUJHQFH DQG D EHWWHU JRRGQHVYV RI ILW IR

7KH '"HSWKZLVH 5HVLGXDO (63&1 '5 (63&1 UHSUHVHQWHG LC
S5HVLGXDO 6&651 '5 6&651 VKRZQ LQ )LJIJXUH UHSUHVHQW V
H[SORUHG LQ WKH UHSRUW 7KHVH PRGHOV HQKDQFH WKHLU
ZLWK WKH GHSWKZLVH UHVLGXDO EORFN ZKLFK LV REWDLQH
WHUSRODWLRQ FRPSRQHQW WR WKH PDLQ EUDQFK RI WKH Ql
VKLIW LV WR SURYLGH WKH SULQFLSDO VWDJH RI WKH QHWZ
WR EH UHILQHG WKXV IXUWKHU HQKDQFLQJ SHUIRUPDQFH D¢
HITLFLHQF\ WR D FHUWDLQ H[WHQW 7KLV DUFKLWHFWXUH P!
WURGXFHG LQ 6HFWLRQ UH DGGLQJ WKH QDLYHO\ XS VF

EUDQFK EHIRUH WKH FOLSSLQJ OD\HU
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&SKDSWHHWKRGRORJ\DQG ([SH

7KLV FKDSWHU ZLOO ILUVW JR LQWR WKH PHWKRGRORJ\ XVHG
RI VLQJOH LPDJH VXSHU UHVROXWLRQ WKURXJKRXW 6HFWLR
ERWK WUDLQLQJ DQG HYDOXDWLRQ WKH FRPELQDWLRQ RI K\
UDWLRQ DQG WKH PHWULFV WKDW ZHUH XVHG HLWKHU DV OF
WKH PRGHOV 7KHQ 6HFWLRQ GHVFULEHV WKH LWHUDWLY
RI WKH QHWZRUNV WKDW ZHUH SUHYLRXVO\ GHILQHG LQ 6HFW
WLRQHG LQ 6HFWLRQ )LQDOO\ BHFWLRQ JRHV RYHU
PRGHOV IRU DOO XSVFDOLQJ IDFWRUV DQG PRWLYDWHV WKFE
DV WKH EHVW SHUIRUPLQJ PRGHO RXW RI WKH RQHV WKDW Zt

OHWKRGRORJ\

7KLV VHFWLRQ SUHVHQWY WKH PHWKRGRORJ\ XVHG GXULQJ V
IRUPDWLRQ UHJDUGLQJ WKH GDWDVHW WKH SURFHVVLQJ DQC
XVHG GXULQJ WUDLQLQJ DQG WKH H[SHULPHQWDO FRPSXWH
HOV

'‘DWDVHW

*LYHQ WKH FRPSOH[LW\ RI WKH WDFNOHG VXSHU UHVROXWLR
UHTXLUHY ODUJH DPRXQWV RI GDWD LQ RUGHU IRU WKH PRGH
JHQHUDOL]JLQJ WKH WDUJHW GLVWULEXWLRQ WKH GDWDVHW
WHUPV RI VLIH DQG GLYHUVLW\ &RQVHTXHQWO\ WKH QHWZF
> @ ZKLFK FRQVLVWYV RI WUDLQLQJ LPDJHV YDOLGDWL
RI ZKLFK KDYH D . UHVROXWLRQ $0OO LPDJHV LQ ',9 . IROORZ
WKH WUDLQLQJ DQG YDOLGDWLRQ VHWY DUH SXEOLFO\ DYDL(
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ILUVW KDOI Rl WKH YDOLGDWLRQ GDWDVHW ZDV XVHG IRU YD
VHUYHG DV D WHVW GDWDVHW 7KH QHWZRUNV IRU DOO WKH
WUDLQHG DQG YDOLGDWHG XVLQJ WKH 17,5( JXLGHOLQHYV
GRZQVFDOHG WUDLQLQJ LPDJHV +RZHYHU LQ DGGLWLRQ WR
DOVR WUDLQHG XVLQJ WKH 17,5¢( PHWKRGRORJ\ > @ WKHX
DQG YDOLGDWLRQ VHWV ZKRVH ORZ UHVROXWLRQ LPDJHV S
LV LPDJH GHSHQGHQW LQWURGXFLQJ WKH SRVVLELOLW\ RI G

'‘DWD 3URFHVVLQJDQG $XJPHQWDWLRQ 3LSHOLQ

7KH GDWDVHW LPDJHV ZHUH QRUPDOL]JHG E\ VFDOLQJ WKHP 1
ZDV VWRUHG LQ WKH IRUP RI PHPRU\ PDSV GXH WR WKH OLPL
ZKLFK ZDV OLPLWHG WR *% 5$0 OHPRU\ PDSV DUH PHDQW
DFFHVVLQJ WKH UHTXLUHG FKXQNV RQ GHPDQG DOORZLQJ W
LQJ ORZ UHVROXWLRQ LPDJHV ZHUH VSOLW LQWR GLVMRLQW
FRXQWHUSDUWY ZHUH VSOLW LQWR SDWFKHV RI DSSURSULDV
'XULQJ RSWLPL]IDWLRQ RQ HDFK HSRFK WKH WUDLQLQJ EDWI
PDWLRQV DUH SHUIRUPHG RQ HDFK FRQWDLQHG LPDJH SDLU
GDWD DXJPHQWDWLRQ E\ UDQGRPO\ IOLSSLQJ WKHP KRUL]R(
WDWLQJ WKHP FORFNZLVH RU FRXQWHUFORFNZLVH IRU D PD[

+\SHUSDUDPHWHUYV

7KH PRGHOV ZHUH LQLWLDOO\ WUDLQHG IRU HSRFKV RSWI
IRU SHDN VLJQDO WR QRLVH UDWLR > @ :KLOH 3615 LV FRPP
E\ DVVHVVLQJ WKH GLVWRUWLRQ OHYHO WKURXJK SL[HO ZLV|
WXDO PHWULFV VXFK DV WH[WXUH GLIIHUHQFH 7KXV IRU H
PRGHO LV ILQH WXQHG IRU HSRFKV RQ OHDUQHG SHUFHSW
VR DV WR DFKLHYH PRUH UHDOLVWLF UHVXOWYVY /3,36 FRPSX\
IRU HDFK WHVWHG LPDJH DV LQIHUUHG WKURXJK D YLVXDOG
RQ ,PDIJH1IHW > @ 7KHUHIRUH LW OHYHUDJHV WKH H[WUDFW|
D SHUFHSWXDO SRLQW RI YLHZ 7KH QHWZRUN XVHG IRU LQL
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ZDV 9** OLQ ZKLFK FRQWDLQV D IUR]JHQ SUH WUDLQHG 9** VW
OD\HUV 7KH 9** OLQ ZDV IRUPHUO\ ILQH WXQHG RQ %HUNHOL
'‘DWDVHW %$336 ,Q DGGLWLRQ WR WKH DIRUHPHQWLRQHG F
LWHUDWLRQ SURFHVV ERWK WKH LQIHUHQFH WLPH DQG WKH
HUHG 7KH RSWLPL]J]HU XVHG GXULQJ WUDLQLQJ zZDV $GDP >

UDWH 7KH LPDJHV ZHUH JURXSHG LQWR EDWFKHV RI VL]H

([SHULPHQWDO (QYLURQPHQW

7KH QHWZRUN UXQWLPH ZDV FRPSXWHG ERWK RQ 19,',$ 7 *38!
RQ PRELOH 4XDOFRPP $GUHQR [/ *381V *% 7)/236 XVLC(
WLRQ RQ )3 LQIHUHQFH

SEODWLRQ 6WXGLHV

7KH IROORZLQJ VHFWLRQV JR RYHU WKH RXWFRPHV DFKLHYH
GXULQJ WKH H[SHULPHQWLQJ SURFHVV FRPSDULQJ HDFK PR!
FKLWHFWXUH FRQVLGHULQJ WKH SUHYLRXVO\ VWDWHG PHWU

8QLIRUPLQJWKH &RQYROXWLRQDO )LOWHUV RI (

7KH (63&1 QHWZRUN > @ GHVFULEHG LQ 6HFWLRQ ZDV W
SHULPHQWDWLRQ VWDJH JLYHQ WKH OLJKW QDWXUH RI WKH |
SOHPHQWDU\ FRPSRQHQWY VLQFH WKH LQIHUHQFH WLPH UHS
LPDWHO\ PLOOLVHFRQGV IRU FRPSXWHU *38fV DQG PLOOL
WKH ILUVW LWHUDWLRQ ZDV DQ H[WHQVLRQ RI WKH (63&1 FD
6HFWLRQ VZLWFKHG WR 5H/8 DFWLYDWLRQV WR SUHYH(
RFFXUV LQ VLIPRLGDO DFWLYDWLRQV 7KHQ WKH RUGHU IR
UHYHUVHG VR DV WR RSWLPL]J]H WKH FOLSSLQJ VSHHG WKURX
WLDOL]DWLRQ zZDV XVHG IRU WKH FRQYROXWLRQDO ZHLJKWYV
VHW WR D IL[HG DQG [ VL]H WKHUHIRUH UHGXFLQJ WKH C
6WULFWO\ IRU [ VXSHU UHVROXWLRQ WKH )/23 FRXQW ZDV U
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WUDLQDEOH SDUDPHWHUV I[URP WR 7TKH FRPSXWHU

DQG WKH PRELOH SURFHVVRU LQIHUHQFH WLPH GURSSHG
VXIITHUHG D VLIJQLILFDQW LQFUHDVH RI GHFLEHOV IRU QRL
UHDOLVWLF [ 65 7KH H[WHQGHG 8) (63&1 DUFKLWHFWXUH Z
WLRQDO OD\HUV GLG QRW EULQJ DQ\ IXUWKHU EHQHILW UHV
WKH FRPSXWHU DQG PRELOH LQIHUHQFH WLPH E\ DQG UH
WKDW WKH 8) (63&1 QHWZRUNYTV SHUIRUPDQFH GRHV QRW VFD
JHVWLQJ WKDW WKH QH[W PRGHOV VKRXOG DGRSW D GLIIHUH

ODLQWDLQLQJD &RQVWDQW )LOWHU 6L]H IRU 8 11

7KH QH[W DWWHPSW UHSUHVHQWHG WKH 8 1HW > @ YDULDQ
81(7 ZKLFK GRHV QRW XVH SRROLQJ RU GHFRQYROXWLRQDO C
LV LQYDULDQW WR WKH LQSXW LPDJH GLPHQVLRQV DQG GRF
RU KHLIJIKW DOORZLQJ IRU ODWHU FRQFDWHQDWLRQ +RZHYH
FXUUHQW UHVXOWY 7KH 3615 GHFUHDVHG E\ IRU [ VXSHU
YDOXH IRU UHDOLVWLF [ 65 :KHQ FRPSDUHG WR WKH 8) (63&
DQG PRELOH SURFHVVRU LQIHUHQFH WLPH LQFUHDVHG E\

RI IXUWKHU H[SDQGLQJ WKH 8 1HW DUFKLWHFWXUH ZDV GURS

$GGLQJD 1HDUHVW 1HLJKERUV 8SVDPSOLQJ %ULIL

7KH QH[W LWHUDWLRQ SHUIRUPHG LPSOLHG EXLOGLQJ RQ WR
BHFWLRQ E\ DGGLQJ D QHDUHVW QHLJKERUV LQWHUSRO
XDO OHDUQLQJ $V VKRZQ LQ 6HFWLRQ IROORZLQJ WKH
IRUPV D VSDFH WR GHSWK RSHUDWLRQ WUDQVSRVLQJ WKH V
VR DV WR HQDEOH FOLSSLQJ IRU WKH HQWLUH VXPPHG XS
WKH GHSWK WR VSDFH IXQFWLRQ 7KH EDVHOLQH 6&651 PRGF
(63&1 LQ WHUPV RI 3615 E\ GHFLEHOV IRU | GHFLEH
IRU[ +RZHYHU IRU UHDOLVWLF [ VXSHU UHVROXWLRQ 6&6"
EHOV 7KH FRPSXWHU *38 LQIHUHQFH WLPH LQFUHDVHG E\
DQG [ 65 7KH PRELOH SURFHVVRU UXQWLPH DOVR LQFUHDV#
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UXQWLPH LQFUHDVH ZDV GHWHUPLQHG E\ WKH KLIJIKHU QHWZI
WLYH WR WKH 6&651 WKH 5 6&651 DFKLHYHG 3615 YDOXHV KLJ
DQG GHFLEHOV IRU IDFWRUV [ DQG [ ZKLOH RQO\ WUDGI
LQIHUHQFH WLPH DQG UHVSHFWLYHO\ DQG PRELOH H[H

$SSHQGLQJD &RQYROXWLRQ WR WKH 8SVDPSOLC

7KHQ WKH )5 6&651 PRGHO GHVFULEHG LQ 6HFWLRQ H[WH
DQRWKHU FRQYROXWLRQDO OD\HU DIWHU WKH VSDFH WR GHS
OLQHDU GDWD PDSSLQJV DQG UHILQH WKH XSVFDOHG /5 LPDJ
WR EH GHWULPHQWDO WR WKH QHWZRUN SHUIRUPDQFH ZKRYV
65 ZKLOH DOVR GHFUHDVLQJ HIILFLHQF\ LQ WHUPV RI FRPSX
DQG UHVSHFWLYHO\ 7KHUHIRUH QR IXUWKHU PRGLILFDWI
EUDQFK

8VLQIJS5XGLPHQWDU\ , QWHUSRODWLRQDV D %DV|

(YHQWXDOO\ WKH ODVW LWHUDWLRQV LPSOLHG WKH DGGLW
ERWK WKH (63&1 > @ DQG WKH 6&651 > @ PRGHOV UHVXO\
'5 (63&1 DQG '5 6&651 ZKLFK DUH GHVFULEHG LQ 6HFWLRQ
UHVLGXDO QHWZRUNV DUH FRQVWUXFWHG E\ WUDQVIHUULQJ
SRODWLRQ EUDQFK WR WKH PDLQ EUDQFK PDLQWDLQLQJ W
SURYLGLQJ WKH SULQFLSDO VWDJH ZLWK D QDLYHO\ XSVFDO
YHUJHQFH VSHHG DQG WKH JRRGQHVV RI ILW )LUVWO\ WKH
SUHYLRXVO\ GHILQHG 5 6&651 IRU [ VXSHU UHVROXWLRQ L¢
+RZHYHU WKLV VROXWLRQ ZDV VLJQLILFDQWO\ TXLFNHU LP
SURFHVVRU LQIHUHQFH WLPHV E\ DQG UHVSHFWLYHO\
WKH EHVW SHUIRUPDQFH RXW RI DOO WKH PRGHOV WKDW ZHU
JRU GHIDXOW DQG UHDOLVWLF [ VXSHU UHVROXWLRQ WKH
3615 E\ DQG GHFLEHOV ZKLOH SUHVHQWLQJ DQ LQFUHD
FRPSXWHU DQG PRELOH *387V )RU 65 ZLWK IDFWRUV [ DQG |
DQG GHFLEHOV ZLWK UHVSHFW WR WKH 3615 ZKLOH WK}
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FUHDVHG E\ DQG DQG WKH PRELOH *38 UXQWLPH UDLVI
UHDVRQ WKH '5 6&651 ZDV IXUWKHU ILQH WXQHG IRU OHDUQ
/13,36 > @

SHVXOWYV

7KH UHVXOWYV ZHUH FRPSXWHG IRU WKH EDVHOLQH DQG SURS
VWUXFWHG WHVW GDWDVHW ZKLFK FRQVLVWV RI WKH ODVW
DV VSHFLILHG LQ 6HFWLRQ 7KH 3615 66,0 DQG /3,36 DUH
DQG WKH TXDQWL]HG PRGHOV 7KH FRPSXWHU UXQWLPH FRQ
LQIHUULQJ XVLQJ WKH 19,',$ 7 *38 ZKLOH WKH PRELOH H[HFX
TXDQWL]J]HG QHWZRUN ZLWK )3 LQIHUHQFH RQ WKH 4XDOFF
UHODWHG PHWULFV DUH PHDVXUHG LQ PLOOLVHFRQGV DQG |
HIHFXWLRQV VXSHU UHVROYLQJ WR . UHVROXWLRQ

([SHULPHQWDO 5HVXOWV IRU[ 6XSHU 5HVROXWI

ORGHO 3615 66,0 /3,36 &RPSXWHU ORELOH *3|83DUDPM /236
5XQWLPH | 5XQWLPH

%LFXELF 13 13 13 13

(63&1

8) (63&1

8) (63&1

)5 81(7

6&651

'5 6&651

'5 6&651

/3,36 ILQH WXQHG

7TDEOH 7KH H[SHULPHQWDO UHVXOWYV IRU [ VXSHU UHVRO
/5 LPDJHV
7TDEOH VKRZV WKDW IRU [ VXSHU UHVROXWLRQ H[FHSW

PRGHOV SHUIRUPHG ZRUVH WKDQ WKH ELFXELF XSVFDOLQJ EI
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WKH H[SHULPHQWDO PHWKRGRORJ\ GHVFULEHG LQ 6HFWLRQ
SUHVHQWHG UHVXOWY WKDW DUH VLPLODU WR WKH ELFXELF
ERWK 3615 DQG 66,0 '5 6&651 DFKLHYHG WKH EHVW SHUIRUPL

GE 3615 DQG 66,0 IRU WKH GHIDXOW PRGHO ZKLFK C

DIWHU TXDQWL]DWLRQ $IWHU SHUFHSWXDO VLPLODULW
/13,36 DQG JLYHQ LWV TXDQWL]HG YHUVLRQ 7KH LQIHUH ¢
FRPSXWHU *381V DQG PLOOLVHFRQGYV IRU PRELOH SURFHYV

([SHULPHQWDO 5HVXOWV IRUS5HDOLVWLF][ 6XSH

ORGHO 3615 66,0 /3,36 &RPSXWHU OBRELOH *3|83DUDPA)/236
5XQWLPH | 5XQWLPH

%LFXELF 13 13 13 13

(63&1

8) (63&1

8) (63&1

)5 81(7

6&651

'5 6&651

'5 6&651

/3,36 ILQH WXQHG

7TDEOH 7KH H[SHULPHQWDO UHVXOWYV IRU UHDOLVYV

$V SLFWXUHG LQ 7DEOH IRU UHDOLVWLF [ 65 DOO PRGH(
LOWHUSRODWLRQ PHWKRG JLYHQ WKH KDUGHU QDWXUH RI W
UDO QHWZRUNV FDQ OHDUQ FRPSOH[ UHODWLRQVKLSV IRU Wk
DQG '5 6&651 \LHOGHG WKH KLIJKHVW 3615 YDOXHV )5 81(7 KL

ZKHQ FRPSDUHG WR WKH RWKHU WZR PRGHOV ZLWK GE

WL]DWLRQ '5 6&651 SUHVHQWHG GE DQG GE ,Q W
DFKLHYHG DQG ZKLOH )5 81(7 VFRUHG DQG

DFKLHYHG DQG 7KH SHUFHSWXDO VLPLODULW)\ ILQH \

/13,36
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([SHULPHQWDO 5HVXOWV IRU[ 6XSHU 5HVROXWI

ORGHO 3615 66,0 /3,36 &RPSXWHU OBRELOH *383DUDPY 236
5XQWLPH | 5XQWLPH

%LFXELF 13 13 13 13

8) (63&1

6&651

5 6&651

)5 6&651

'5 (63&1

'5 6&651

'5 6&651

/3,36 ILQH WXQHG

7TDEOH 7KH H[SHULPHQWDO UHVXOWYV IRU [ VXSHU UHVRO
/5 LPDJHV

7TDEOH VKRZV WKDW IRU[ VXSHU UHVROXWLRQ '5 6&651 \l
GE EHIRUH DQG GE DIWHU TXDQWL]DWLRQ $V LQ WKH
DJHG WR DFKLHYH EHWWHU 3615 YDOXHV LQ UHODWLRQ WR V
66,0 ERWK 5 6&651 DQG '5 6&651 SUHVHQWHG VLPLODU UHVX
DQG 7KH /3,36 VFRUH IRU WKH '5 6&651 ZDV DQG
PRGHO 7KH QHWZRUNYYV LQIHUHQFH WLPH ZDV PLOOLVHF
PLOOLVHFRQGV IRU PRELOH *38¢9V
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([SHULPHQWDO 5HVXOWV IRU[ 6XSHU 5HVROXWI

ORGHO 3615 66,0 13,36 &RPSXWHU OBELOH *3[83DUDPY/ 236
5XQWLPH | 5XQWLPH

%LFXELF 18 1$ 1$ |18

8) (63&1

68651

5 6&651

'5 6&651

'5 6&651

/3,36 ILQH WXQHG

7TDEOH 7KH H[SHULPHQWDO UHVXOWYV IRU [ VXSHU UHVRO
/5 LPDJHV
/IDVWO\ IRU WKH WDVN RI'[ VXSHU UHVROXWLRQ RQO\ 5 6&6

SDVV WKH ELFXELF PHWKRGTV 3615 DQG 66,0 YDOXHV ERWK
7KH 3615 IRU 'S5 6&651 ZDV GE DQG GE DQG WKH 6

JLQH SHUFHSWXDO VLPLODULW)\ ILQH WXQHG '5 6&651 VF
UXQWLPH IRU WKH PRGHO ZDV PLOOLVHFRQGV IRU FRPSXYV
PRELOH *38qMV ZKLFK LV EHORZ WKH GHVLUHG XSSHU ERXQG
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([SHULPHQWDO 5HVXOWY 2EVHUYDWLRQV

D %LFXELF[ E 6&651[ F '5 6&651[ G '5 6&651
/3,36 ILQH WXQHG |

H %LFXELF[ | 6&651 | J '5 6&651[ K '5 6&651
/3,36 ILQH WXQHG |

L %LFXELF[ M 6&651[ N '5 6&651[ O '5 6&651
/3,36 ILQH WXQHG |
YLIXUH 9LVXDO FRPSDULVRQ EHWZHHQ DQ LPDJH SDWFK X
6&651 DQG WKH SURSRVHG '5 6&651 PHWKRG EHIRUH DQG D
/3,36

*LYHQ WKH DIRUHPHQWLRQHG SHUIRUPDQFH PHDVXUHV 'S5 6.
PRVW FDVHV LQ WHUPV RI1 3615 DQG 66,0 WKH RQO\ H[FHSWLR
LQ ZKLFK FDVH LW DFKLHYHG SHUIRUPDQFH WKDW LV FRPSDU

$V H[SHFWHG WKH QHWZRUNV DFKLHYHG EHWWHU UHVXOWYV
LHU QDWXUH RI WKH SUREOHP KDYLQJ WR JHQHUDWH IHZHU
UXQWLPHY ZHUH DFKLHYHG IRU [ VXSHU UHVROXWLRQ VLQFI
VLIH ZKLOH WKH 65 LPDJHV KDG WKH VDPH VL]HV IRU DOO W
ZHUH FRQVLGHUDEO\ ZRUVH WKDQ WKH RQHYVY DFKLHYHG IRU |
LPDIJHY VLQFH WKH UHDOLVWLF VHW RI LPDJHVY FRQWDLQHG
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DQG 3RLVVRQ QRLVH WKDW LV LPDJH GHSHQGHQW LQWURG XI

$V REVHUYHG WKH 3615 GURSSHG DIWHU ILQH WXQLQJ '5 6&
LV NQRZQ DV WKH SHUFHSWLRQ GLVWRUWLRQ WUDGHRII > @
PDWKHPDWLFDOO\ PHDVXUH GLVWRUWLRQ GRHV QRW \LHOG E
SRLQW RI YLHZ +HQFH D ORZHU 3615 RU 66,0 GRHV QRW QH
VLPLODULW\ DQG YLFH YHUVD $OWKRXJK ERWK /3,36 DQG 6¢
LV VHQVLWLYH WR FKDQJHV LQ LPDJH VWUXFWXUH DQG WH[W
YLVXDO SHUFHSWXDO GLVWRUWLRQV ZKLFK PLIKW QRW EH F

SDUWLFLSDWLRQLQWKH17,5( SHDO 7LPH6XS

‘KLOH SDUWLFLSDWLQJ LQ WKH 17,5¢( 5HDO 7LPH 6XSHU 5H
VXSHU UHVROXWLRQ > @ “sDE&B5UHVCSHYRASHHGDWDVHW XVHG
VFRULQJ ZDV FRPSULVHG Rl LPDJHV DFTXLUHG IURP JHQHUD\
DQG FDPHUD SKRWRV )RU [ 65 '5 6&651 DFKLHYHG GE 3
FRQVLGHULQJ RQO\ WKH OXPD FKDQQHO 7KHQ IRU [ 65 WKF
ZKHQ FRQVLGHULQJ DOO FKDQQHOV DQG GE IRU WKH 0OX
66,0 LW DFKLHYHG DQG IRU[ DQG UHVSHFWLYHO\
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&§KDSWIEKBQFOXVLRQ

7KLY FKDSWHU VXPPDUL]HV WKH WRSLFV DQG H[SHULPHQWYV
ZKLFK JLYHQ 6HFWLRQ FRYHU WKH LQLWLDOO\ GHILQHG V
HITLFLHQW VLQJOH LPDJH VXSHU UHVROXWLRQ RQ PRELOH Gl
RI SRWHQWLDO GLUHFWLRQV WKDW FRXOG EH IROORZHG WKU
GHILQHV LQ WKLV WKHVLV ZKLFK IDFHG FHUWDLQ OLPLWDW
GDWDVHW VL]H

'LVFXVVLRQ

7R VXPPDUL]H WKLV UHSRUW FRYHUV WKH UHVHDUFK RI VLQ.
GHHS OHDUQLQJ IRU UHDO WLPH LQIHUHQFH LQ WKH FRQWH
VHFRQGYVY UXQWLPH ZLWK UHJDUG WR FRQVWUDLQHG PRELOH
XSVFDOLQJ IDFWRUV [ [ DQG [ DQG DUH LQLWLDOO\ WUDL!
UDWLR WKHQ ILQH WXQHG RQ OHDUQHG SHUFHSWXDO LPDJH |
LVWLF VXSHU UHVROYHG LPDJHVY 7KH GDWDVHW HPSOR\HG G
> @ UHSUHVHQWLQJ D VWDQGDUG GDWDVHW IRU 6,65 *LYHQ
WKH PRGHOV DUH GHVLIJQHG WR EH DV VKDOORZ DV SRVVLE
*3891V KDYH VWURQJ SDUDOOHOL]DWLRQ FDSDELOLWLHV GXF
IRU FRQFXUUHQW SURFHVVLQJ

7KH H[SHULPHQWY VWDUWHG IURP D VHW RI EDVHOLQH PRGHC
ZKLFK SUHYLRXVO\ DFKLHYHG VLIJQLILFDQW UHVXOWV RQ WK
VWDUWLQJ SRLQWYV IRU WKH H[SHULPHQWDO LWHUDWLRQV $
> @ ZDV EHQFKPDUNHG DJDLQVW WKH RWKHU PRGHOV

7KH EHVW SHUIRUPLQJ SURSRVHG PRGHO '5 6&651 ZKLFK HP.
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WHFWXUH EXLOW RQ WRS RI WKH DIRUHPHQWLRQHG 6&651 QH
WR WKH 17,5( SHDO 7LPH 6XSHU 5HVROXWLRQ FKDOOHQJH
WLYH UHVXOWVYYRIUQLL WKASHU UHVROGIMRWLR Q/ XBOIGE UHVROXWLRC

)XWXUH :RUN

*LYHQ WKH KDUGZDUH UHVRXUFH OLPLWDWLRQV WKDW FRQVW
RI FRPSXWDWLRQ D UHOHYDQW DVSHFW WKDW FRXOG LPSUR)
PRGHOV ZRXOG EH WR WUDLQ WKHP IRU D ODUJHU QXPEHU I
*389V 3RWHQWLDOO\ WKDW FRXOG OHDG WR D PXFK EHWWH!
D /3,36 SHUVSHFWLYH

$GGLWLRQDOO\ IXWXUH LWHUDWLRQV FRXOG PDNH XVH RI P.
EHWWHU JHQHUDOL]DWLRQ WKURXJK D KLJKHU YDULHW\ RI GI
UHVROXWLRQ GDWDVHW WKH FXUUHQW WUDMHFWRU\ LQ GHH
ZLWK VIQWKHWLF DUWLILFLDOO\ JHQHUDWHG GDWDVHWYV VL
LQVXIILFLHQW GDWD > @ )XUWKHUPRUH JLYHQ LWV QDWXU
WUDLQLQJ QHWZRUNV LQ D IXOO\ VHOI VXSHUYLVHG PDQQHU
WUDLQLQJ GDWD WKH RQO\ FRQVLGHUDWLRQV WKDW ZRXOG
YDULHW\ LQ WHUPV RI WKH GDWD GLVWULEXWLRQ

)LQDOO\ DQ DOWHUQDWLYH WKDW FRXOG OHDG WR EHWWHU |
WDWLRQ SURFHVV IRU WKLV UHSRUW ZRXOG EH WR HPSOR\ .
RSWLPL]H IRU YLVXDO SHUFHSWXDO VLPLODULW\ LQVWHDG F
VLPLODULW\ PHWULF
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%LEOLRJUDSK\

\Y

@LULNXU $JXVWVVRQ DQG 5DGX 7LPRIWH 31WLUH FKD
UHVROXWLRQ 'DWDVBIWRPBIBGLWIXGRI WEKH ,(((FRQIHUHQFH
DQG SDWWHUQ UHFRJQLWSRQ ZRUNVKRSYV

@LFKDO $KDURQ OLFKDHO (ODG DQG $0OIUHG %UXFNVWHL
VLIQLQJ RYHUFRPSOHWH GLFWLRQDULHV(IMRIWD 8D BWH RWH.
VLIQDO SURFHVVLQJSS *

@<DVLQ $OPDOLRJOX HW DO 3(QGR/ + GHHS VXSHU UHVRO
,(((7TUDQVDFWLRQV RQOHGLFDO ,®JLQ&

@]PLWU\ %DKGDQDX .\XQJK\XQ &KR DQG <RVKXD %HQJLR
E\ MRLQWO\ OHDUQLQJ WR DDOLLY SDQESWUPW DODMWH  ,Q

@<RFKDL %ODX DQG 7RPHU OLFKDHOL 37KH S HIURFHMIAR @ 5
RIWKH ,(((FRQIHUHQFHRQ FRPSXWHU YLVLEBG DQG+SDWWHU

@DUFRV 9 &RQGH (GXDUG =DPILU 5DGX 7LPRIWH ODULD
FLHQW 'HHS ORGHOV IRU 5HDO 7LPH . ,PDJH 6XSHU 5HVRO
DQG 5HSRBWRFHHGLQJV RIWKH ,((( &9) &RQIHUHQFH RQ &R
5HFRJQLWLRQ :RUNVKRSYV

@LD 'HQJ HW DO 3,PDJHQHW $ ODUJH VFDOH KLHUBDUFKLF
FRQIHUHQFHRQ FRPSXWHU YLVLRHHBIQG SDWWHU® UHFRJQL

@ KDR 'RQJ HW DO 3,PDJH VXSHU UHVROXWLRQ XVKQ@J GHH:
WUDQVDFWLRQV RQ SDWWHUQ DQDO\VLV D% PDEKLQH LQW

@ KDR 'RQJ &KHQ &KDQJH /R\ DQG :LDRRX 7DQJ 3$FFHOF
FRQYROXWLRQDO QHXBBOXOHWZRWNRQE(&&9 WK (XUF
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HQFH $PVWHUGDP 7KH 1HWKHUODQGYV 2FWREH&/SULQJHU <
SS *

@GULHQ *DLGRQ $QWRQLR /RSH] DQG )ORUHQW 3HUURQQ
VIOWKHWLF YLV ) OD\CHCGRWWLR QDO -RXUQDO RI &RPSXWHY 9L\

@DQ]JRULJ *DQNKX\DJ HW DO 36NLS &RQFDWHQDWHG ,PDJH
ELOH 'HYLFHW $EBHVYV

@DYLHU *ORURW DQG <RVKXD %HQJLR 38QGHUVWDQGLQJ \
IRUZDUG QHXUDO BUHRVFARHIANNIIV@®I WKH WKLUWHHQWK LQW
WLILFLDO LQWHOOLJ}EGBF HRDO® KR\SD /Q BWBLAEQ IHUHQFH 3 UR|
SS +

@DQ *RRGIHOORZ HW DO 3*HQHUDWL&RPIPKQH EDWULIRO/ Q HW
SS *

@ XKDPPDG +DULV *UHJRU\ 6KDNKQDURYLFK DQG 1RULPLF
QHWZRUNYV IRU VXSHBURHFHRIGAWIRRT WRH ,((( FRQIHUHQFH
DQG SDWWHUQ UHFE3QLWERQ

@LDRGDQ +X HW DO 3581HW $ UREXVW 81HW DUFKLWHFW
,Q3URFHHGLQJV RI WKH ,((( &9) &RQIHUHQFH RQ &RPSXWHU
RUNVKRSV SS

@KHQJ +XL ;LQER *DR <XQFKX <DQJ DQG ;LXPHL :DQJ 3/
UHVROXWLRQ ZLWK LQIRUPDWLRQ RBX®WH HXL LW VORD DWVKLER C
LQWHUQDWLRQDO FRQIHUHGBSH RQPXOWLPHGLD

@ XDQ +X\QK 7KX DQG ORKDPPHG *KDQEDUL 36FRSH RI YDOI
TXDOLW\ DVVHVY/PHRWRQLFY OHWWESV +

@QGUH\ ,JQDWRY HW DO S3(IILFLHQW DQG DFFXUDWH TXDQ
ELOH 138V PRELOH $, $,0 F K D GRHP@ XW HUHSBIRMULWR Q +, (& &
RUNVKRSVY 7HO $YLY ,VUDHO 2FWREHU *6SULQJHIRFHH(
SS *
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@HKUGDG .KDQL 9LEKDDODNVKPL 6LYDUDPDQ DQG ORKDF
FRPSUHVVLRQ YLD FRQWHQW DGDBBWEMHGDEINWRUWYKROXW
WHUQDWLRQDO &RQIHUHQFH R®S&RPSXWHU 9LVLRQ

@LHGHULN 3 .LQJPD DQG -LPP\ %D 3:$GDP $ PHWKRG IRU V
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QLWLRQ SS +
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LPDJH VXSHU UHYROPIYWWRQI9LWLRQ+(&&9 "RUNVKRSV *O
* SURFHHGLQJV6SDU®WIHU SS *

@KL 6RQJ /LX HW DO 3,PDJH VXSHU UHVROXWLRQ YLD DW
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@LZHL /XR HW DO 3)DVW QHDUHVW FRQYROXWLRQ IRU UHD
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&RPSXWHU 9LVLRQ DQG 3IDWWHUQ 5HFRJQLWLRQ :RUNVKRS)

@HQ]KH 6KL HW DO 35HDO WLPH VLQJOH LPDJH DQG YLGH
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@DGX 7LPRIWH 9LQFHQW 'H 6PHW DQG /XF 9DQ *RRO 3$
KRRG UHJUHVVLRQ IRU IDVWRKSXW HIHYRARWEBQREI, Q
&RQIHUHQFHRQ &RPSXWHUO9LVLRQ 6LQJDSRUH 6LQJDSRU
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APPENDICES

Appendices

A.1. Model Analysis

The following section represents a discussion regarding certain analytical aspects of the de-

veloped DR-SCSRN model, which was previously defined in Section

A.1.1. DR-SCSRN Weights Distribution
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Figure 21: The distribution for the average convolutional kernel weights of the DR-SCSRN
model, ordered by depth, which remains mostly similar for all upscaling factors, the only
exception occurring in the last layer, which precedes the depth-to-space operation.
Convolutional layers with lower kernel sizes have higher weights, indicating that the network
focus on learning texture-level details, given the fact that the higher-level features are treated
by the nearest neighbors interpolation operation which is summed up to the main model
branch.

depicts the distribution for the averaged DR-SCSRN convolutional kernel weights,

ordered by depth. The last three convolutions have different numbers of channels, each being
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equal to the squared upscaling factors, multiplied by a factor of 3. As expected, the dis-
tribution remains mostly similar, for all upscaling factors. However, the analysis shows that
the average kernel weight values for lower upscaling factors tend to be slightly higher when
compared to higher factors. Moreover, for the last layer, which occurs before the depth-to-
space operation, the difference in values becomes significantly higher. Additionally, convo-
lutions with larger kernel sizes tend to have substantially lower weights, when compared to
convolutional layers with smaller kernels, proving that the network emphasizes learning lower-
level features, such as edges and textures, rather than higher-level characteristics. In fact, the
higher-level features are already present in the nearest neighbors interpolated image which is
summed up to the main model branch output, thus enforcing the network to only learn to

append texture-level details.
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