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Abstract: The Coronavirus Disease 2019 (COVID-19) is widespread throughout the world and
poses a serious threat to public health and safety. A COVID-19 infection can be recognized using
computed tomography (CT) scans. To enhance the categorization, some image segmentation
techniques are presented to extract regions of interest from COVID-19 CT images. Multi-level
thresholding (MLT) is one of the simplest and most effective image segmentation approaches,
especially for grayscale images like CT scan images. Traditional image segmentation methods
use histogram approaches; however, these approaches encounter some limitations. Now, swarm
intelligence inspired meta-heuristic algorithms have been applied to resolve MLT, deemed an NP-
hard optimization task. Despite the advantages of using meta-heuristics to solve global optimization
tasks, each approach has its own drawbacks. However, the common flaw for most meta-heuristic
algorithms is that they are unable to maintain the diversity of their population during the search,
which means they might not always converge to the global optimum. This study proposes a
cooperative swarm intelligence-based MLT image segmentation approach that hybridizes the
advantages of parallel meta-heuristics and MLT for developing an efficient image segmentation
method for COVID-19 CT images. An efficient cooperative model-based meta-heuristic called
the CPGH is developed based on three practical algorithms: particle swarm optimization (PSO),
grey wolf optimizer (GWO), and Harris hawks optimization (HHO). In the cooperative model,
the applied algorithms are executed concurrently, and a number of potential solutions are moved
across their populations through a procedure called migration after a set number of generations.
The CPGH model can solve the image segmentation problem using MLT image segmentation. The
proposed CPGH is evaluated using three objective functions, cross-entropy, Otsu’s, and Tsallis,
over the COVID-19 CT images selected from open-sourced datasets. Various evaluation metrics
covering peak signal-to-noise ratio (PSNR), structural similarity index (SSIM), and universal
quality image index (UQI) were employed to quantify the segmentation quality. The overall ranking
results of the segmentation quality metrics indicate that the performance of the proposed CPGH is
better than conventional PSO, GWO, and HHO algorithms and other state-of-the-art methods for
MLT image segmentation. On the tested COVID-19 CT images, the CPGH offered an average
PSNR of 24.8062, SSIM of 0.8818, and UQI of 0.9097 using 20 thresholds.
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,QWURGXFWLRQ

7KH FRURQDYLUXV GLVHDVH &29," LVDVHYHUHLQIHFWLR:
SDQGHG ZRUOGZLGHDQG LV JURZLQJDW DQ H[SRQHQWLDO UDWH :
DIIHFWHG PDQ\OLYHV LW FRQWULEXWHG WR PLOOLRQV RI GHDW

WUDFWFRPSOLFDWLRQVDQGIDWDOLWLHY L H &29,' SQHXPRQL
6\QGURPH $5'6 DQGDFXWHUHVSLUDWRU\IDLOXUH 2QO0DUFK
2UJDQL]DWLRQ :+2 GHFODUHG WKH QRYHO &29,' RXWEUHDN LC

HPSKDVLIHG WKHLPSRUWDQFHRIDJOREDO XQLRQ WR SURYLGH DS
PRUWDOLW\ DQG EXUGHQ RQ KHDOWK FDUH VA\VWHPYV >6RKUDEL H'
LVDQHHGIRUWHFKQRORJLHVY WR GLDJQRVH WKLY OHWKDO GLVH
WHVWV WR GHWHFW &29,' LVRQHRIWKHVHYHUHLVVXHV 7KH PF
UHDO WLPH SRO\PHUDVH FKDLQ UHDFWLRQ UHDO WLPH 3&5 LV FRI
H[SUHVVLRQ 7KHGLDJQRVLVLVIDOVH QHIJDWLYH WDNHV D ORQJ
WHVW WKDW LV FUXFLDO WR WKHGLDJQRVLV RI &29,' LV FKHVW
7KH SDWKRSK\WWLRORJ\ GHVFULEHG E\ &7 FDQ EH XVHG DV D JXLG
SURJUHVVLRQ RISDUWLFXODU GLVHDVH VWDJHV ,W KDV GHYHORS
WHFKQLTXH IRUWUHDWLQJ &29,' UHODWHG OXQJ GLVHDVH >+
&7 VKRZV D KLJIK GHWHFWLRQ VHQVLWLYLW\IRUD OXQJ GLVHDVt
DFFRUGLQJWR SUHOLPLQDU\VWXGLHV

,QFRPSXWHU YLVLRQ DSSOLFDWLRQV VXFK DV PHGLFDO LPDJI
DXWRQRPRXVUHFRIJQLWLRQ URERWLFYLVLRQ DQG PDQ\RWKHL
VLGHUHG WKH HVVHQWLDO SURFHVVIRUDQDO\ILQJDQG LQWHU S
5HVPDDQG 1DLU +RXVVHLQ HW DO G +RXVVHLQHW DO
DSSURDFKHVDUHYLWDOLQGLDJQRVLQJFRPSOH[GLVHDVHVDQGL
KHOS GRFWRUV GLDJQRVH WUHDW DQG GHWHFW OLIH WKUHDW|
LQIRUPDWLRQ FDQ EH H{WUDFWHG IURP FKHVW &7 LPDJHV KRZH
WKHVHLPDJHV LVLQDFFXUDWH )RUWKLVY UHDVRQ VHYHUDODOJ

LQLGHQWLI\LQJDQG GLDJQRVLQJ &29," OXOWLOHYHO LPDJH VH
RI WKH SUDFWLFDO DSSURDFKHV WKDW KDYH EHHQ DSSOLHG WR
>+RXVVHLQ HW DO D +RXVVHLQ HW DO F +RXVVHLQ HW DC

,PDJHVHIJPHQWDWLRQLVRQHRIWKHFULWLFDO VWDJHV IRU SU
LW KDV EHHQ ZLGHO\HPSOR\HG LQ VHYHUDO PHGLFDO DSSOLFDW
0/7 LVD VLPSOHDQG SRZHUIXO LPDJH VHIPHQWDWLRQ WHFKQL
PHWKRGV XVH KLVWRJUDP WKUHVKROGLQJDSSURDFKHV KRZHYH
VRPH GLIILFXOWLHY OHWD KHXULVWLF DOJRULWKPV KDYH EHH(
FRQVLGHUHG DQ 13 KDUG SUREOHP >$EXDOLJDK HW DO E (O
VHIPHQWDWLRQ FDQ EH GHILQHG DV SDUWLWLRQLQJDQLPDJHLQW
NQRZQ DV LPDJHUHJLRQVRUREMHFWY EDVHG RQ YDULRXV FULW
FRORU VKDSH RUWH[WXUHV >%DE\5HVPD DQG 1DLU 5RGUtJX
ORUH SUHFLVHO\ LPDJHVHJPHQWDWLRQLVDVVLIJQLQJD ODEHO W
SL[HOV ZLWK WKH VDPH ODEHO VKDUH VSHFLILF SURSHUWLHYV ORVW
DUHEDVHG RQ VLPLODULW\DQG GLVFRQWLQXLW\ WZR FULWLFD(
VLPLODULW\WHFKQLTXH ZKLFKUHOLHVRQVLPLODULW\DPRQJLPC
FULWHULD IRUSDUWLWLRQLQJ LVZLGHO\HPSOR\HG >%DE\5HVPL

7KHUH DUH FRPPRQO\IRXU SURPLQHQW W\SHV RILPDJHVHJPHQW
ZLGHO\XVHG 7KHVHWHFKQLTXHY FDQ EH FODVVLILHG LQWR WKH IF
EDVHG DSSURDFKHV PHUJLQJDQG UHJLRQ EDVHG VSOLW DSSURTE
EDVHG DSSURDFKHV DQG WH[WXUHDQDO\VLY EDVHG DSSURDFKHYV
WKH YDULRXV VLPLODULW\ EDVHG WHFKQLTXHVY VRPH QRWDEOH R
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H[SDQVLRQ UHJLRQ VSOLWWLQJ DQG PHUJLQJ $PRQJWKHVH D
WHFKQLTXH VWDQGV RXW DV WKH PRVW IDYRUDEOH FKRLFH GXH
UREXVWQHVV >0HU]JEDQ DQG (OED\RXPL @ $ WKUHVKROG EDVH
VXEGLYLGHV DQ LPDJH LQWR VPDOOHU VHIJPHQWY E\ GHWHUPLQ
OHDVW RQH JUD\ OHYHO YDOXH ,Q DGGLWLRQ EL OHYHODQG 0/7 [
DSSURDFKHV %L OHYHO WHFKQLTXHV XWLOL]JHD VLQJOH WKUHV
LQWR WZR VHFWLRQV H J KRPRJHQHRXVIRUHJURXQG DQG EDF
ZLOOILQG PXOWLSOH JUD\ OHYHO WKUHVKROG YDOXHV WR GLIIHU!
WKH LPDJHYV EDFNJURXQG

,QUHFHQW \HDUV VHYHUDO WKUHVKROGLQJ EDVHG VHJPHQWD
YHORSHG )RULQVWDQFH 0 6H]JLQHWDO >6H]JLQDQG6DQNXU
GLVFRYHUHG WKDW JOREDO KLVWRJUDP EDVHG WHFKQLTXHV DUH
WKH WKUHVKROG YDOXHV LQ 0/7 7ZR ZLGHO\ UHJDUGHG LPDJH W
2WVXTV DSSURDFK ZKLFK XWLOL]HV WKH FRQFHSW RIEHWZHHQ
DQG .DSXUYVDSSURDFK ZKLFKLVEDVHG RQ WKH SULQFLSOH RI H¢
7KHVH PHWKRGV DUH FRQVLGHUHG DPRQJWKH WRS FKRLFHV IRU LF
7KH\DUH XVHG WR LGHQWLI\ WKHEHVW WKUHVKROGV IRUGLYLGLQ
LQDQLPDJH GHSHQGLQJRQVRPHSUH GHILQHG FULWHULD ,Q 2W
WKHEHWZHHQ FODVV YDULDQFH RIJUD\OHYHOV RI WKH KLVWRJULC
PRVW DSSURSULDWH WKUHVKROG YDOXHV ,Q FRQWUDVW LQ .DSX
PD[LPL]JHG 2WVXfVDQG .DSXUfVWHFKQLTXHV KDYHEHHQ SURSRV
WKUHVKROGLQJSUREOHP +RZHYHU ERWK H[SORLW DQ H[KDXVWLY
WR RSWLPL]H WKHREMHFWLYH IXQFWLRQ DQG WKXV WKH FRPSXWLI
ZLWK WKH QXPEHU RIWKUHVKROG YDOXHV )RUWKLV UHDVRQ WKH\
SUREOHPV >%DE\5HVPDDQG 1DLU @ 3UHYLRXVVWXGLHV UHYF
KDYH EHHQ GHYHORSHG WR ERRVW HIILFLHQF\DQG GHFUHDVH W
DSSURDFKHV )RU H[DPSOH D IDVWHU IRUP RI 2WVXJV PHWKRG V
DOJRULWKP ZLWK D ORRN XS WDEOH KDV EHHQ SURSRVHG E\/LDR HV
OHVVHQ WKHORQJSURFHVVLQJWLPHQHHGHG IRUREWDLQLQJWKH
ZKHQ WKH QXPEHU RI WKUHVKROGV LV LQFUHDVHG WKHDSSURDFI
FRPSXWH >6RQJHW DO @

7KH SUHVHQFH RID ODUJH QXPEHU RILPDJH WKUHVKROGYV PDNHV
YDOXHV D FUXFLDO VWHS ZKHQ SHUIRUPLQJLPDJH VHIJPHQWDWLRQ
DFKDOOHQJLQJRSWLPL]DWLRQ SUREOHP WKDW PXVW EH UHVROY
KDYH GHPRQVWUDWHG WKH DELOLW\RIPHWD KHXULVWLF DOJRUL
RSWLPL]DWLRQ SUREOHPV LQ GLIIHUHQW DUHDV VXFK DV ELRLQI
QLFDWLRQ GUXJGHVLJQ DQGIHDWXUH VHOHFWLRQ >7KDKHU D
GHWHUPLQLVWLFDSSURDFKHY PHWDKHXULVWLF WHFKQLTXHV L
SOR\LQJVHDUFKDJHQWY WR H[SORUH WKH ODQGVFDSH RID SURE
WKH SRSXODWLRQ UHSUHVHQWY D FDQGLGDWH VROXWLRQ WKDW L
RSHUDWRUV 7KHVH RSHUDWRUV HQDEOH GLYHUVH VHDUFK EHKD
RQ WKHLU FRPELQDWLRQV $VD UHVXOW VHDUFK VWUDWHJILHV |
E\DZLGH UDQJHRIQDWXUDO DQG DUWLILFLDO SURFHVVHV BRPF
KHXULVWLF DOJRULWKPV VXFK DV WKH*HQHWLF $OJRULWKP *$ >
(YROXWLRQ '( >DPSLQHQDQG 6WRUQ @ DQG 3DUWLFOH 62D
>3ROLHW DO @ H[HPSOLI\WKHVHLQIOXHQFHYV ,Q DGGLWLR
PDQ\UHFHQWO\LQWURGXFHG PHWD KHXULVWLF WHFKQLTXHV V3
ULWKP *6$ >5DVKHGL HW DO @ JUD\ZROIRSWLPL]HU *:2 >0L!I
DULWKPHWLF RSWLPL]DWLRQ DOJRULWKP $2$ >$EXDOLJDK HW I
$2 >$EXDOLJDKHW DO F@ +DUULVKDZNVRSWLPL]DWLRQ ++2
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ORWK IODPHRSWLPL]DWLRQ 0)2 >0LUMDOLOL @ DQGEHH VZ]
>$NEDUL HW DO @ KDYHDOVR HDUQHG VSHFLDO FRQVLGHUDWL
DUHH[WHQVLYHO\LQYHVWLIJDWHG LQ GLIHRIZHYW G PRIVMDV >+RXVV
FXUUHQWO\DYDLODEOH PHWD KHXULVWLFV DUHFRQVLGHUHG V
'"HVSLWH WKHLU VXFFHVV LQ GHDOLQJ ZLWK YDULRXV RSWLPL]DWI
LV QRW DOZD\VHQVXUHG PDLQO\ZKHQ GHDOLQJZLWK ODUJH VFL
WKLV UHJDUG WKH SUREDELOLW\RIEHLQJVWXFNLQWR ORFDORS
WLPHIRUREWDLQLQJD VDWLVIDFWRU\VROXWLRQ EHFRPHV KLJK

,QWKH SDUDOOHO GHVLJQ RIPHWD KHXULVWLF WKUHH SDUDC
OHYHO LWHUDWLRQ OHYHO DQG VROXWLRQ OHYHO FDQ EH HPSO
KHXULVWLF DOJRULWKP LY SDUDOOHOL]JHG DWHDFKLWHUDWLRQ D
FKDQJH 7KHPDLQ JRDO RI WKLV W\SHLV WR UHGXFHWKH VHDUFK
SUREOHPV WKH LWHUDWLRQ OHYHO PRGHO UHTXLUHV D ODUJH
>7DOEL @ $VLQJOHVROXWLRQIURP WKH VHDUFK VSDFH LV K
$VLQ WKHLWHUDWLRQ OHYHO WKH KHXULVWLFfV EHKDYLRU VW
PRGHO WZR W\SHV RI SDUDOOHOL]DWLRQ LQFOXGLQJLQGHSHQGF
PHWD KHXULVWLFV FDQEH XWLOL]JHG ,Q WKHFDVHRILQGHSHQGH
PHWD KHXULVWLFV DUHUXQ ZLWKRXW DQ\FRRSHUDWLRQ ,Q WK
VLPLODUO\WR WKH VHTXHQWLDO UXQ RIWKHPHWD KHXULVWLFV
ZLOO FKDQJH WKH VHDUFK EHKDYLRUV RI WKH PHWD KHXULVWLFV
WLRQV ,Q WKHFRRSHUDWLYHPRGHRISDUDOOHO PHWD KHXULVW
LQIRUPDWLRQ EHORQJLQJWR WKH VHDUFKWRLPSURYH WKH TXDOL
VROXWLRQV >7DOEL @ &RRSHUDWLYHPHWD KHXULVWLFV SUH’
RSWLPL]DWLRQ DOJRULWKP WKDW OHYHUDJHV WKH DGYDQWDJHYV
DQGPHWD KHXULVWLFV 7KLV VIQHUJLVWLFDSSURDFK SURYHV SDL
LQWULFDWHRSWLPL]DWLRQ SUREOHPV ZKLOH PLQLPL]LQJ WKH D\
WDWLRQDO H[SHQVHV >&UDLQLF @ ,Q WKLV ZRUN WKH FRRSHU
ZLWK WKH 0/7 RILPDJHVHIJPHQWDWLRQ GXHWRLWY DGYDQWDJHV

ORWLYDWLRQVDQG &RQWULEXWLRQV

2YHUWKH\HDUV VHYHUDO PHWD KHXULVWLFPHWKRGVKDYHEHHQ
LPDJH VHIPHQWDWLRQ LVVXHV +RZHYHU HDFK DOJRULWKP KD\
VROYLQJD VSHFLILF SUREOHP )XUWKHUPRUH WKHH[SORUDWLRQ
WKHPHWKRG XQGHU FRQVLGHUDWLRQ VLIJQLILFDQWO\LPSDFW SH
DUH W\SLFDOO\ LQWHJUDWHG WRDGGUHVV WKH VKRUWFRPLQJV
JRULQVWDQFH DWHFKQLTXH WKDW LPSURYHV WKHH[SORUDWLI
HILVWLQJDOJRULWKPZLWKD VWURQJH[SORLWBWILGRMWDSDELOLW\
UHIHUULQJWRWKHI1IR)UHH/XQFK 1)/ WKHRUHP >:ROSHUW @ Q
DOJRULWKP FDQ EH FRQVLGHUHG WR VROYHDOO W\SHV RIRSWLP
DOWHUQDWLYH ZRUGV WKH GRRU LV VWLOO RSHQ WR LQYHVWL
PHWD KHXULVWLFVY EDVHGDSSURDFKHYV 7KHVHUHDVRQV KDYH |
XSRQ SUHYLRXV ZRUNDQG LQWHJUDWH,QWKWWBIOGHTUXHEWLQWR H
KDYHLQWURGXFHGDQHIILFLHQW 0,6 DSSURDFKE\DGDSWLQJD FRF
SDUDGLJP 7TREHVSHFLILF WKHFRQWULEXWLRQVRIWKLV UHVHDU

+$FRRSHUDWLYHVZDUP LQWHOOLJHQFHPRGHO KDV EHHQ SURSR\
NQRZQ PHWDKHXULVWLFVFDOOHG 362 *:2 DQG ++2IRUKDQGOLQ
SUREOHPYV

+7KHSURSRVHG VHIPHQWDWLRQ PRGHO LV YHULILHG RYHU D VH\
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I+

O9DULRXV REMHFWLYHIXQFWLRQV LQFOXGLQJ2WVX FURVV HQ\
HIDPLQHG

6HIJPHQWDWLRQ TXDOLW\LV TXDQWLILHG E\XWLOL]LQJWKUHH Zt
3HDN VLJQDO WR QRLVH UDWLR 3615 VWUXFWXUDO VLPLODUL\
TXDOLW\LQGH[ 84,

+7KHVWDELOLW\DQG HITHFWLYHQHVV RIWKHVXJJHVWHG WHFKQL
VHIPHQWDWLRQ OHYHOV

+&RPSDUDWLYH UHVXOWV DQG DQDO\WLYVY UHYHDOHG WKDW WK
DFKLHYHG EHWWHU SHUIRUPDQFH WKDQ RWKHU FRQVLGHUHG D

7TKHUHPDLQGHU RIWKHSDSHULVVWUXFWXUHGDVIROORZV 6HF
VWDWH RI WKH DUW UHVHDUFK HITRUWYV RQ PHWDKHXULVWLFV E
FRQIHUVDQ RYHUYLHZ RI WKH HPSOR\HG PHWKRGVY WR GHYHOR
6HFWLRQ LQWURGXFHV WKH SURSRVHG FRRSHUDWLYHRSWLPL]!
WKHH[SHULPHQWDO UHVXOWV DQGDQDO\VLV /DVWO\ 6HFWLRQ
SDSHUDQG IXWXUH ZRUN

I+

SHODWHG :RUNV

OHWD KHXULVWLFEDVHG PXOWL OHYHO WKUHVKROGLQJRILPI

7KH OLWHUDWXUH FRQVLVWHQWO\ KLJKOLJKWV WKH FRPSHOOL
KHXULVWLF DOJRULWKPYV ZLWKLQ WKH UHDOP RI PXOWLOHYHO L
>+RXVVHLQHW DO E (ODJL]HW DO 5RGUtJXH] (VSDU]D HW I
FROOHFWLYHO\VKRZFDVH WKH VLIJQLILFDQW FRQWULEXWLRQV DC
LQ WKLV SDUWLFXODU GRPDLQ 7KHUHDUH VHYHUDO VXFFHVVIX
SOLFDWLRQV LQ WKLV ILHOG +RZHYHU DIHZUHPDUNDEOH VWDW
SUHVHQWHG KHUH )RULQVWDQFH WR UHVROYH WKH SUREOHP F
&URZ 6HDUFK $OJRULWKP &6%$ ZDVLQWURGXFHG E\>8SDGK\D\ D¢
HVWLPDWLQJRSWLPDO YDOXHV RIPXOWLOHYHO WKUHVKROGV 6H
RQ EHQFKPDUNHG LPDJHV IRUYDULRXV WKUHVKROG YDOXHV 7KH
DSSURDFK ZDV FRPSDUHG DJDLQVW VHYHUDO DOJRULWKPV LQF(
DQG FXFNRR VHDUFK &6 ([SHULPHQWDO UHVXOWVY UHYHDO WKDW
EHWWHU SHUIRUPDQFH WKDQ RWKHU DOJRULWKPV XVLQJ ZHOO H\
VXFKDV 3615 66,0 DQG IHDWXUH VLPLODULW\LQGH][ )6,0

> KDLUX]]DPDQ DQG &KDXGKXU\ @ DSSOLHG *:2 WR VROYH
2WVXTV DQG .DSXUTV IXQFWLRQV ZHUH XVHG WR LGHQWLI\ WKH
SURSRVHG DSSURDFK ZDV WHVWHG RQ D FROOHFWLRQ RI VWDQG
SHUIRUPDQFH ZDV FRPSDUHG DJDLQVW HQKDQFHG IRUPV RI EDFW
%)2 DQG 362DOJRULWKPV 7KHPHDQ VWUXFWXUDO VLPLODULW\
DVDQHYDOXDWLRQPHDVXUH $V D UHVXOW *:2 FRQYHUJHG EHWW
%)2DQG 362 ([SHULPHQWDO UHVXOWY UHYHDOHG WKDW WKH SURS
DQG\LHOGHG KLJKHU TXDOLW\VROXWLRQV WKDQ 362DQG %)2 ED
WKH *:2 EDVHG PHWKRG KDV EHHQ VKRZQ WR EH IDVWHU WKDQ WKF
VORZHU WKDQ WKH 362 EDVHG DSSURDFK

$Q 0/7 DSSURDFK EDVHG RQ D PRGLILHG YHUVLRQ RI WKH JUDV
DOJRULWKP *2$ ERRVWHG ZLWK /pY\IOLJKW ZDV GHYHORSHG E\
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FRORULPDJHVHIJPHQWDWLRQ 7VDOOLV FURVV HQWURS\ZDV XV
IXQFWLRQ WRRSWLPL]HWKUHVKROG YDOXHVIRUPXOWLOHYHOLPD
RIWKH SURSRVHG DSSURDFK ZDV H[DPLQHG RQ VL[UHDO OLIHEHQ
VWRPDWD LPDJHV ,Q DGGLWLRQ WKH SHUIRUPDQFH RI 7VDOOL\
ZLWK WZR WKUHVKROGLQJWHFKQLTXHVY LQFOXGLQJEHWZHHQ FO
HQWURS\ ([SHULPHQWY ZHUH FRQGXFWHG XVLQJILYH ZHOO NQRZ
DQG WKH SURSRVHG JUDVVKRSSHU EDVHG DOJRULWKP 4XDOLWDYV
WKDW WKH SURSRVHG LPDJH VHIJPHQWDWLRQ DSSURDFK UHFRUGHG
ZLWK IHZHU LWHUDWLRQV FRPSDUHG WR RWKHU FRQVLGHUHG DOJ

>$EGHO %DVVHW HW DO @ SURSRVHG DQ 0/7 VHOHFWLRQ PHW
EDVHGRQDQRYHO PHWD KHXULVWLF FDOOHG (TXLOLEULXP 2SWLP|
DSSOLHGDVDQREMHFWLYHIXQFWLRQWRILQG RSWLPDO WKUHVKR
ZDV FRPSDUHG ZLWK VHYHQ RWKHU DOJRULWKPV LQFOXGLQJWKH
:2$ VDOSVZDUP DOJRULWKP 66$ ++2 EDWDOJRULWKP %$ VL
6&% &6$DV ZHOODV 362 8VLQJD VHWRIZHOO NQRZQ WHVW LPD
%HUNHOH\VHIJPHQWDWLRQ GDWDVHW WKHSURSRVHG DOJRULWKP
LQWHUPV RI YDULRXV VROXWLRQ TXDOLW\PHWULFV VXFKDV 361F
VXUHV LQFOXGLQJPD[LPXP DEVROXWHHUURU DQG FRPSXWDWLRQ
+RZHYHU WKH SURSRVHG (2 EDVHG DOJRULWKP UHFRUGHG ZRUYV
DQG FRPSXWDWLRQDO WLPH WKDQ RWKHUYV

$V SUHVHQWHG LQ >5RGUtJXH] (VSDU]D HW DO @ DQHIILFLH
SURSRVHG XVLQJWKH UHFHQWO\DSSHDUHG ++2 DOJRULWKP DQG W
DQHYDOXDWLRQ IXQFWLRQ 7RDVVHVV WKHHITHFWLYHQHVV RI W
WHVWHG RYHUD EHQFKPDUN VHW RILPDJHV REWDLQHG IURP WKH %'
DQG PHGLFDO LPDJHV RI GLILWDO PDPPRJUDSK\ 7KUHH PDWULF
66,0 DQG)6,0 ZHUHDSSOLHG WR YHULI\WKH TXDOLW\RIVHJPHQW#F
VXJIJHVWHG PHWKRG WR 362 KDUPRQ\VHDUFK +6 '( DUWLILFLDC
6&$ LWFDQEHFRQFOXGHG WKDW WKH SURSRVHG DSSURDFK FDQ G
RITXDOLW\ FRQVLVWHQF\ DQG DFFXUDF\ 7KH UHVXOWV RI ++2 Z
WZR PDFKLQH OHDUQLQJ WHFKQLTXHV . PHDQV DQG IX]]\ ,WHU#$
UHYHDOHG WKDW WKH ++2 EDVHG DSSURDFK LPSURYHG RYHU RW
FXUUHQWO\ DSSOLHG LQ WKH OLWHUDWXUH OHDQZKLOH XVLOQ.
>'tD] & RUWpPV HW DO @ SURSRVHG DQ DSSURDFK IRU VROYLC
UHJLRQDO ERUGHUV LQ ORZ UHVROXWLRQ WKHUPRJUDSK\LPDJH
ZDV DSSOLHG WR GHWHUPLQH WKH RSWLPDO WKUHVKROG YDOXF
FDQFHU GLDJQRVLV LQ WKHUPDO LPDJLQJ 8VLQJD VHW RI HLJK"
'$ %UHDVW 7KHUPRJUDSK\ GDWDEDVH DQG 2WVX DQG .DSXUYV D
HYDOXDWLQJWKH T TXDOLW\RIWKHREWDLQHG VROXWLRQ E\WKH '$
WKH'$ DOJRULWKP RXWSHUIRUPHG 362 *$ DQG NULOO KHUG .+ DO.
DOJRULWKP 55%

ORVW PHWD KHXULVWLF EDVHG DSSURDFKHV HPSOR\HG LQ WKH
UDQJHRIFRPSOH[RSWLPL]DWLRQWDVNV VXIIHUIURPPDLQ GUDZED
RSWLPD HDUO\FRQYHUJHQFH DQGD ODFNRIJOREDO VHDUFK DELC
UHVHDUFKHUV WR LQWURGXFH PRGLILHG DQG K\EULG YHUVLRQV |
ULWKPVWRRYHUFRPHWKHDERYHPHQWLRQHG OLPLWDWLRQV 2S
LV RQH RI WKH PRVW VXFFHVVIXO DSSURDFKHV IRULPSURYLQJW
PHWD KHXULVWLF DOJRULWKPV >5RMDV ORUDOHV HW DO @ :
PDQ\PHWD KHXULVWLFWHFKQLTXHVLQVHYHUDO ZD\VWRERRVW W
RI0/7 SUREOHPV )RULQVWDQFH 2%/DQG G\QDPLF &DXFK\PXWDWL
WR LPSURYH HOHSKDQW KHUGLQJ RSWLPL]DWLRQ (+2 LQ >&KDN
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ZDV XWLOL]HG WR UHVROYH GHOD\HG FRQYHUJHQFH ZKLOH '&0 ZD
FRQYHUJHQFHRI(+2 ,QDGGLWLRQ WKH SURSRVHG DOJRULWKP
SUREOHP 7KHDXWKRUV XVHG 2WVX DQG .DSXUJV DSSURDFKHV W
YDOXHV IRULPDJH VHIPHQWDWLRQ :KHQ FRPSDULQJWKH SHUIRUP
DOJRULWKP ZLWK WKH UHVXOWV RI IRXU RWKHU SRSXODU PHWD
362 $%& &6 %$ DQG DWUDGLWLRQDO G\QDPLF SURJUDPPLQJPF
DSSURDFK RXWSHUIRUPHG DOO LWV FRPSHWLWRUYV

$ UHFHQW DQG LQQRYDWLYH DSSURDFK IRUHQKDQFLQJ WKH 29
E\>+RXVVHLQ HW DO G@ 7KLV VWXG\SURSRVHG D PRGLILHG
KHXULVWLF DOJRULWKP FDOOHG WKH PDULQH SUHGDWRUV DOJRU
7KH 2%/ ZDV HPSOR\HG WR HQKDQFH WKH VHDUFKDELOLW\DQG FRC
RULJLQDO 03$ 7KH SURSRVHG 03$ 2%/ 2WVX DQG .DSXUfV PHWK
REMHFWLYH IXQFWLRQV 7KH SHUIRUPDQFHRIWKUHH UHJXODUO\ X
BWUXFWXUDO VLPLODULW\ 66,0 3HDNVLJQDO WR QRLVH UDWLR
)6,0 ZDV XVHG WR DVVHVV WKH TXDOLWDWLYHO\DQG TXDQWLWDV
2%/ EDVHG DSSURDFK RYHUD YDULHW\RIEHQFKPDUN LPDJHV DW Y]
,QDGGLWLRQ VWDWLVWLFDO SRVW KRFDQDO\VLV VKRZHG WKDW
KLIKO\HIILFLHQW DQG DFFXUDWH RXWFRPHV FRPSDUHG WR RWKH

ORUHRYHU +RXVVHLQDQG (PDPHW DO >+RXVVHLQ HW DO F
PHFKDQLVP DQG WKH 2%/ VWUDWHJ\WR HQKDQFH WKH SHUIRUPDQF
DOJRULWKP &K2$ WKHPRGLILHG YHUVLRQ FDOOHG ,&K2$ 7KH , &}
XVHG WR VROYH LPDJH VHIJPHQWDWLRQ SUREOHPV DQG SHUIRUP\
DOJRULWKPYV

(PDP HW DO >(PDP HW DO @ SURSRVHG D PRGLILHG UHSW
P56% IRUJOREDO RSWLPL]DWLRQDQGLPDJHVHIJPHQWDWLRQ SURE
LQFRUSRUDWHY WKH 56$ DOJRULWKP ZLWK WKH 581JH .XWWD R
P56%$ZDV DSSOLHG DVPXOWLOHYHO LPDJH VHIJPHQWDWLRQ IRU 0
2WVXTV PHWKRG DV DQ DFWLYDWLRQ IXQFWLRQ 7KH H[SHULPHQ
VXSHULRULW\RIWKH SURSRVHG P56$

SHFHQWO\ WR VROYHWKHLPDJHVHIJPHQWDWLRQ SUREOHP >%
SURSRVHG D QRYHO 0/7 DSSURDFK XVLQJWKH .ULOO KHUG .+ PHWD
LGHDO WKUHVKROG YDOXHV FDQ EHUHDFKHG E\DSSO\LQJWKH .+ Wt
RU 2WVXTV REMHFWLYH IXQFWLRQ 6HYHUDO EHQFKPDUN LPDJH
DSSOLFDELOLW\DQG FRPSXWDWLRQDO HIILFLHQF\RIWKH .+ EDVH
GHWDLOHG FRPSDULVRQV ZLWK RWKHU H[LVWLQJELR LQVSLUHG
0)2 DQG %DFWHULDO)RUDJLQJ %) ZHUHGRQHWRGHPRQVWUDWH
WKHSURSRVHG DSSURDFK 7KHFRPSDUDWLYHDQDO\VLVY UHYHDOH(¢
WKH FRPSXWDWLRQDO WLPH QHHGHG IRUFRPSXWLQJWKHRSWLPI

+RXVVHLQ HW DO >+RXVVHLQ HW DO D@ SURSRVHG D QRYHO L
EDVHG RQ 2WVXTV ILWQHVV IXQFWLRQ ZKLFK XVHG DQ LPSURYH ¢
DOJRULWKP WR VHOHFW WKH EHVW WKUHVKROG YDOXHV IRU VNLQ

&KHQ HW DO >&KHQ HW DO @ SURSRVHG DQ HQVHPEOH PXOW
IURJOHDSLQJDOJRULWKP ZLWK KRULJRQWDO DQG YHUWLFDO FUR'
LPDJH VHIPHQWDWLRQ

+HORQJHWDO ><XHW DO @ SUHVHQWHG DQ HQKDQFHG PXOW
IRUPXOWL WKUHVKROG VHIJPHQWDWLRQ RI/HDI6SRW 'LVHDVHV R
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OHWD KHXULVWLFEDVHG PXOWL OHYHO WKUHVKROGLQJIRU &F

WLRQ
5HFHQWO\ PDQ\PHWD KHXULVWLF EDVHG 0/7 DSSURDFKHV KDY
&7 VFDQV WR GLVFRYHU &29," LQIHFWLRQV )RULQVWDQFH >$%

SURSRVHG DQ 0/7 WHFKQLTXH XVLQJDQ HYROXWLRQDU\ $2$ DOJR
ZDV HPSOR\HG WR HQKDQFH WKH ORFDO VHDUFK RI WKH $2$ DOJR L
YDULDQFH .DSXUfV PHDVXUH IXQFWLRQV WKH SHUIRUPDQFH RI
H[DPLQHG RQ QDWXUH DQG &7 VFDQ &29,' LPDJHV 7KHDFFXUDF\R
ZDV GHWHUPLQHG EDVHG RQ WZR VWDQGDUG PHDVXUHV FRPSULVL
SRVHG '$2$ DOJRULWKP UHFRUGHG KLJKHU TXDOLW\VROXWLRQV FR
DOJRULWKPYV

7RHQKDQFH WKH GLDJQRVWLF OHYHO RI &29," >/LX HW DO
WHFKQLTXHFDOOHG &/$&2 0,6 EDVHGRQDQW FRORQ\RSWLPL]DWLF
MXQFWLRQ ZLWK HDFK RI WKH &DXFK\PXWDWLRQ DQG WKH JUHHG\
&29," ; UD\LPDJHVHJPHQWDWLRQ ,QDGGLWLRQ '.DSXUTV HQ\
DVDQHYDOXDWLRQIXQFWLRQ &/$&2 DOJRULWKP ZDV FRPSDUHC
DVZHOO DV RWKHU HIILFLHQW DOJRULWKPV RQ EHQFKPDUN IX¢
&(& WR SURYH LWV VXSHULRULW\LQ WHUPV RI FRQYHUJHQFH
WKH DELOLW\WR DYRLG WKH ORFDO RSWLPXP ORUHRYHU WKH F
&/$&2 0,6 \LHOGHG EHWWHU VHIJPHQWDWLRQ LQIOXHQFHDW YDUL
SHHUV LQ DFKLHYLQJVHJPHQWDWLRQRI &29," &7VFDQLPDJHV

$V SUHVHQWHG LQ >1DPD @ 6XNDQWD 1DPD GHYHORSHG DQ L
VOLPHPROGDOJRULWKP 60$%$ ZLWK WKH TXDVL UHIOHFWLRQ RSHU
FKHVW ; UD\LPDJHVHJPHQWDWLRQ 4XDVL UHIOHFWLRQ EDVHG MX
WKH FRQYHUJHQFH DYRLG ORFDO RSWLPXP DQG FRQWURO WKH
DQG H[SORUDWLRQ 7KHH[SHULPHQWDO ILQGLQJV VKRZ WKDW WK
UREXVW VHDUFKDELOLW\WKDQ WKHRULJLQDO 60$DQG GLIIHUHC
YDULRXV PHDVXUHV VXFKDV FRQYHUJHQFHDQG GLYHUVLW\ 7KH D
FRXOGEH XVHGDVDQHIIHFWLYH 0/7 DSSURDFKIRULPDJH VHJPH
DYDLODEOH DSSURDFKHYV

$ K\EULG DSSURDFK WKDW H[SORLWYV WKH SURSHUWLHV Rl W?Z
ULWKPV 03$DQGO0)2 ZDV SURSRVHG E\ >(OD]L]HW DO @ ,Q WK
03$0)2 WKHO0)2LVHPSOR\HGDVDORFDO VHDUFK VWUDWHJ\IRU 0O
RSWLPD WUDS 7KH 03%$0)2ZDVLQWURGXFHG DV DQ 0/7 DSSURDFK
WLRQ SUHVHQWLQJRXWVWDQGLQJSHUIRUPDQFHLQDOO FRQGXF
HIILFLHQF\R103$0)2 WZR GLIIHUHQW WHVWV ZHUH SHUIRUPHG ,Q
JUD\ VFDOHLPDJHV ZHUH VHIJPHQWHG XVLQJWKH 03$0)2 PHWKRG Z
03$0)2 ZDVWHVWHG IRUD UHDO ZRUOG DSSOLFDWLRQ H J &7LPD.
WKLUWHHQ &7 LPDJHV ZHUH XWLOL]HG WR H[DPLQH WKH SHUIRUPD
H[WHQVLYH FRPSDULVRQV ZLWK VHYHUDO VZDUP LQWHOOLJHQF]|
HYDOXDWH WKH TXDOLW\ RI WKH VHIJPHQWDWLRQ DQG WKH SHUIRU
H[SHULPHQWDO RXWFRPHV FRQILUPHG WKDW WKH 03$0)2 LV D UR
GHPRQVWUDWHG LWV VXSHULRULW\ FRPSDUHG WR H[LVWLQJPHW

7KH DXWKRUV LQ >.D\D HW DO @ SURSRVHG D QHZ PHWKRG WR
[ UD\LPDJHV XVLQJDQJOH WUDQVIRUPDWLRQ ZLWK *RRJOH1HW DC
WKH DQJOH LQIRUPDWLRQLYV FUHDWHG E\HDFK SL[HO RQ WKH LPD.
7KHLPDJHV DUHWUDLQHG ZLWK D K\EULG GHHS OHDUQLQJPRGH
ORQJVKRUW WHUP PHPRU\ OHQGHOH\GDWDEDVH LV XVHG WR HY
DFKLHYLQJDQDFEXUDF\RI
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,Q>(NHQ @ WKHUHVHDUFKHUVY SURSRVHG D PHWKRG WR GHW
LVGHWHFWHG XVLQJD QRYHO FDSVXOH QHWZRUN EDVHG PRGHO |

JXUWKHUPRUH LQ ><OO0OPD] @ <LOPD]JHWDO SURSRVHG D
WLRQDO 1HXUDO 1HWZRUN &11 PHWKRG WR GHWHFW &29,"' UF
PXOWLFKDQQHO &11 DUFKLWHFWXUH FRQVLVWV RIILYHFRQYRO
PXOWL FKDQQHO &11ZDV WUDLQHG RQ WKH WKUHH GLITHUHQW GDW
GDWD UHSRVLWRU\

,Q>1DLUHWDO @ WKHDXWKRUVY SUHVHQWHG DIXOO\DXWI
&7 VFDQV WR SUHGLFW &29,' 7TKHPRGHO LV FDOOHG &251HW Z
SHVIHWDUFKLWHFWXUH 7KH SURSRVHGDSSURDFK KDV EHHQ HY
LPDJHV RIFRPPXQLW\ DFTXLUHG SQHXPRQLD &%$3 DQG RWKHU QR

,Q>3DQZDU HW DO E@ WKHDXWKRUV SUHVHQWHG D GHH:
PHWKRG QDPHG Q&29QHW 7KLV DOWHUQDWLYHIDVW VFUHHQLQJ I
E\ XVLQJ; UD\VLPDJHV 7KH3URSRVHG PHWKRG GHWHFWYV &29,' S

U
D
H

DQDFFXUDF\RI ZKHUHDV WKHRYHUDOO DFFXUDF\RI WKH SURS
7TKHDXWKRUV RI>3DQZDU HW DO D@ SURSRVHG D GHHS WUD (
UHYV WKH GHWHFWLRQ RI &29,°' XVLQJ; UD\DQG &7 LPDJHV 7KH!

&29," FKHVW ; UD\ 6%$56 &29 &7 VFDQ DQG &KHVW ; 5D\ ,PDJHV
7TKHUHVXOWY VKRZ WKDW WKH SURSRVHG GHHS OHDUQLQJPRGHO
VvV W

FDVHV IDVWHU WKDQ 57 3&5 WHVWV LQ OH KDQ VHFRQGV
,Q>6LGGLTXLHW DO @ 6LGGLTXLHWDO SURSRVHGDN PHDQ
OHDUQLQJPHWKRG RQ WKH GDWD VHW IURP GLITHUHQW UHJLRQV F
4L $LOLDQJ HWDO >4LHWDO @ SURSRVHG D PXOWLOHYH!
QLTXHEDVHG RQDQLPSURYHG DQW FRORQ\RSWLPL]DWLRQ DOJ
VHIPHQWDWLRQ RI &29,' ; UD\V
,Q >+RXVVHLQ HW DO F@ +RXVVHLQ HW DO SURSRVHGDQLP

WKDW LQFRUSRUDWHY WKH VWDQGDUG RSHUDWRUV ZLWK WKH GL
SUHYHQW WKH DOJRULWKP IURPEHLQJWUDSSHG LQ ORFDO RSWLPEC
, (2 ZDVHPSOR\HG DV DQ 0,6 WHFKQLTXH 7KH SURSRVHG PHWKR
& (&1 EHQFKPDUN IXQFWLRQV DQG TXDQWLWDWLYHDQG TXDOL
WKH VXSHULRULW\DQG UREXVWQHVV RI WKH SURSRVHG DOJRULWKk
RSWLPL]JHUV ,Q DGGLWLRQ , (2ZDV DOVRDSSOLHG DV 0/7 VHJIP}
DVHW RI &7 LPDJHV Rl &29," YLD PD[LPL]LQJ WKH IX]]\ HQWURS
VHIPHQWDWLRQ UHVXOWY GHPRQVWUDWHG WKH H[FHOOHQW SHL
H[SHULPHQWY 7KH\DSSURYHG WKDW WKH SURSRVHG , (2 DSSUF
DFFXUDWH WRRO IRULPDJH VHIJPHQWDWLRQ )LQDOO\ >&RKHQ
D@ >6X HW DO @ UHSUHVHQW VXFFHVVIXO H[DPSOHV RI DSS(
0/7IRU &RYLG LPDJHVVHIJPHQWDWLRQ
7KHDERYHOLWHUDWXUHUHYLHZ SRLQWY WR WKH YDULRXV VKRU
&7 LPDJHV VXFKDV L ZRUNLQJRQRQO\RQHDFWLYDWLRQ IXQFW
KLVWRJUDP WKH\GRQIW XVH WKH HQWURS\ EDVHG PHWKRGV |
WHFKQLTXHV DSSOLHG WR D GLYHUVLILHG UDQJH RIRSWLPL]DW
FRPHZLWK VSHFLILF VKRUWFRPLQJV VXFKDV WUDSSLQJLQ ORFDO
QHHGLQJPRUHJOREDO VHDUFKDELOLW\ 7KHRYHUDOO RXWFRPHR
UHODWHG WR WKH 0,6 SUREOHP VKRZV WKDW WKH 0,6 PHWKRG E|I
RSWLPL]DWLRQ DOJRULWKP LV ZLGHO\DGRSWHG ,W LV DOVR RE
VHW LQ WKH 0,6 DSSURDFK KLJKO\UHOLHV RQ WKHDSSOLHG PHWLE
ZRUGV DKLJK SHUIRUPDQFHPHWD KHXULVWLFDOJRULWKP FDQ QF
7KLV KDV PRWLYDWHG WKH DXWKRUV RI WKLY ZRUN WR HQKDQFH
H[SORLWLQJWKHPHULWYV RI SDUDOOHO FRPSXWLQJWHFKQLTXHV D



7TKDKHU7 6DEKDO (PDP0O O &RRSHUDWLYHG6ZDUP , QWHOOLJHQFH

PHWD KHXULVWLFDOJRULWKPV EDVHG 0,6 PRGHO IRUVHJIPHQWLQ.

%DFNJURXQG

7KLVVHFWLRQ FRYHUV WKHWHFKQLTXHVLQYROYHGLQ GHYHORSE
DSSURDFK 7KH IXQGDPHQWDOV RI LPDJH VHIPHQWDWLRQ WKUH
FXVVHG DQG WKHVWUXFWXUHDQG RSHUDWLRQ RIWKHEDVLF 36
DUH FODULILHG

7TKUHVKROGLQJ 7THFKQLTXHVIRU ,PDJH6HIJPHQWDWLRQ

7TKUHVKROGLQJPHWKRGYV DUHPRVW IUHTXHQWO\ XWLOL]JHG IRU VI
JUD\WVFDOH LPDJHV WKHVHWKUHVKROGY GHWHUPLQH WKH LQW€F
LPDIJHLQWR VHYHUDO JURXSV $FFRUGLQJWR WKUHVKROGLQJ OH)
UDQJH WKUHVKROGLQJVFKHPHVY RUWHFKQLTXHVY FDQ EH GLYLGHE
EL OHYHO WKUHVKROGLQJDQGO0/7>6XUHVKDQG /DO @

%L OHYHO 7TKUHVKROGLQJ

7KHEL OHYHOWKUHVKROGLQJPHWKRG GLYLGHVDQ LPDJHLQWR
WKUHVKROG OHYHO )RU H[DPSOHALWK HQWHQDAWFYOBXRDUD QJIL
I[IURP NWR N UHSUHVHQWY WKH KLIJKHVW SRVVLEOHLQWHQVLW\YDO
WKUHVKROGLQJLGHQWLILHYVDQLQWHQVLW\YDOXH WKDW DOOR
REMHFWV WR EH GLVWLQJXLVKHG DV LQ (T

Co=fl(x;y)2Xj0 I(xy) k 1g
Ci=fl(xy)2Xijk I(xy) N 1g

ZKHUHHIHUV WR WKH LPDJI&KEHLW D O GRARVWHCH SL[HOTV FRUUHV SR
LQWHQVLW\YDOXHDV LQGLFDW H G DWe&H. KRR WE D W KFDMX HV JL
YDOXK GBQGRWHVY WKH FODVYV

9DULRXV DSSURDFKHV DUHHPSOR\HG WR GHWHUPLQH WKH RSWLI
ELQDUL]DWLRQ 7KHVHDSSURDFKHV HQFRPSDVV WHFKQLTXHV VXF
SL[HO YDOXHVDQG HYDOXDWLQJHQWURS\YDOXHV >6H]JLQ DQG €
SOD\D YLWDO UROHLQ HIITHFWLYHO\WUDQVIRUPLQJ JUD\VFDOH LP

[ —

OXOWLOHYHO 7TKUHVKROGLQJ 0/7

7TKHEL OHYHO WKUHVKROGLQJWHFKQLTXHIDOOVVKRUWLQVLWXD
WKH EDFNJURXQG DQG REMHFWV RI LQWHUHVW EHFRPHYVY FKDOO
DSSOLFDWLRQV RIWHQLQYROYHLPDJHV ZLWK PRUHWKDQ WZR FO
RIPXOWLOHYHO WKUHVKROGLQJ PHWKRGY &RQVHTXHQWO\ DV
WKUHVKROGLQJDSSURDFKHV EHFRPHY QHFHVVDU\ >$URUD HW DO
ZLOO ILQG PXOWLSOHJUD\ OHYHO WKUHVKROG YDOXHV WR GLIIHUI
WKHLPDJHYV EDFNJURXQG

0/7GLYLGHV DJUD\VFDOH LPDJHLQWR VHYHUDO UHJLRQV E\V
WKUHVKROG YDOXH $FFRUGLQJO\ WKHLPDJHLVGLYLGHG LQWR
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UHSUHVHQWLQJ WKHEDFNJURXQGDQG RWKHUREMHFWY 7KLV L
RUHG RULQWULFDWHEDFNJURXQGV RQ ZKLFKELQDU\WKUHVKRC(
>%DQG\RSDGK\D\HW DO

7TKHIROORZLQJGHILQLWLRQ RIWKHO0/7 SUREOHP 7KH QXPEHUR
LPDIJH¥M+1 D@QGNKUHVKROGV DUHQHHGHG WR GLYLGH WKHLPDJHL
SUREOHP FDQ EH PDWKHPDWLFDOO\IRUPXODWHGDV LQ (T

2Xj0 I(xy) ki 1g
Ci=fl(xy)2Xjki I1(xy) ko 1g

Y)2 X ki 1(xy) kia 19
Cm=fl(xy)2X jkm I(xy) N 1g

ZKHW KV WKFHODVYV RI WKHAHPQRWHY WKH WKKZHVKROG YDOXH IRU

mLVYVWKHWRWDO QXPEHU RI G LMWLKQH WDWLKRMXPVIKQRW I QNDLOMK\H VL
YDOXH

&RQVHTXHQWO\ WKHSULPDU\REMHFWLYHRIO/7LVWRLGHQWL
GLYLGHWKHSL[HOVLQDQLPDIJHLQWRJURXSVRUVHIPHQWY 6HYH
ROGLQIJWHFKQLTXHVKDYHEHHQ ZLGHO\ XVHG LQ QXPHURXV PXOW|
DSSOLFDWLRQV ([DPSOHVRIWKHVHPHWKRGYV DUH 2WVXTV PHWKR
DQG7VDOOLVHQWURS\>6XUHVKDQG /DO %DQG\RSDGK\D\ HW

Q)
o
1
—
—~
2
<
N

2ZWV XTIV PHWKRG

7KLV VXEVHFWLRQ GHVFULEHV WKH PDWKHPDWLFDO PRGHO RI'W
ZKLFKLVD WKUHVKROGLQJPHWKRGEDVHG RQ WKHPDI[LPXP YDUL
VHIPHQWDWLRQ SURFHVV GHSHQGV RQ WKH LPDJH KLVWRJUDP >*(
LV SDVVHG WR RWVXYVPHWKRG VHOHFWLQJ WKHEHVW WKUHVK
LOQWR YDULRXV FODVVHV 7KLVQWAHFGEQLWXD BDYNQ®VF RV WKHLPDJH DC
SUREDELOLW\LV REWDLQHG E\ (T ,WFDQEHXVHGIRU5*% LPDJHV
HDFK OD\HULQGLYLGXDOO\

ZKHIUHQGLFDWHV LQWHQV LW\ OHYNDOGAMQRWHY WKH WRWDO
QXPEHU RhSLYHMORH QXPEHU RI LQWH@WKWM\LPBIJTXBEBRWHG E\ WKH
KLVWRJUDP ,Q D SUR EFNE WDKK GLWWULER WY RRUPDOL]HG 7KH F
IRUELOHYHO VHIJPHQWDWLRQ DUHFRPSXWHG EDVHG RQ WKH SUR/|

_ Phy . Phy _ Phi. Phe,
C1= Ty oy DR Toah) L)
ZKHY(@th) DQEth) DUH SUREDE L O LW LG{ \D GIGWWKLDLVE X W G Rl QLVQI IR G
E\ (T

X v
lothy=  Ph DQ@th)=  Ph;
i=1 th +1
,WLVHVVHQWLDO WR FDOF@ QW BW & H \PHDLE 68 MWKHDRO DV VHYV E\ (-
$IWHU WKRVH RSHUDWRUV KDYH EHHQ GHM/HRPLSXH\GH @ EH 2WV X EH
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(T

1IRWLFH WRBWQ (T DUH WKH ¢DRB QKHDWRIGHQWLILHG DV
IROORZV

1=1o( 0+ )2 DQS=!1( 1+ y)?
ZKHYH g o+ 171 1 %DVHG RQ WKKBPIQ¥d® OXHWLOOXVWUDWHY WKH
REMHFWLYHIXQFWLRQ $VDUHVXOW WKHRSWLPL]DWLRQ SUREOHTF
WKHLQWHQVLWN\OHYHO ZKLFKPD[LPL]HV (T

Fosu (th) = Max( 3(th));0 th L, 1

ZKH@Hh) LQGLFDWHY WKH 2W VYR KB SURWXPHBS SURDFK LV XVH
IRUD VLQJOH OD\HU IURPDQ LPDJH ZKLFKPHDQV DSSO\LQJLW W
LPDJHV LV UHTXLUHG 7KHLQLWLDOLGHDRIDELOHYHO WHFKQLTXH
PXOWLSOH WKUHVKRO Gy @ H QLITQ HAVD/Q XBIFPMDRQHG IRU PXOWLSO
WKUHVKROGV EDVHG RQ WKH IROORZLQJ

Fosu (TH)= Max( 3(th)); 0 th; L, 1;i=[1;23;:;K]
Z K HIUHH= [thy;tho; thy 1] GHQRWHV D YHFWRULQYROYLQJPXOWLSOH

DQG WKH YDULDQFHV FDQ EHFDOFXODWHG E\ (T
X X

i = (1 y)?
i=1 i=1

ZKHUGHQRWHY WKH!Y PHFAUQBEPDWW WKH RFFXUUHQFH SUREDEL!
WKHFODVV PHDQ UHVSHFWLYHO\ )RUPXOWLSOHWKUHVKROGV

¥v
Iy 1(th) = P h;
i=th+1

2
B

IRUPHDQ YDOXHV
X ipn,
i=thy +1 Fa(thi)

,Q WKLV SDSHU ZH XVH 2WVXYV PHWKRG DV DILWQHVV IXQFWL
7TKHUHDVRQ IRUXVLQJRWVXIVPHWKRGLVWKDWLWLVRQHRI WK
PXOWL OHYHO WKUHVKROGLQJLPDJH VHIPHQWDWLRQ SUREOHPV
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(QWURS\EDVHG WKUHVKROGLQJ

(QWURS\ FUHDWHV D VWDWLVWLFDO YDULHW\VFRUHEDVHG RQ W
DJH (QWURS\ EDVHG WKUHVKROGLQJLVY DUHOLDEOH WHFKQLTX
LQGHSHQGHQW RIVOLJKW YDULDWLRQV LQ WKHLQSXW LPDJHDQ
DQG REMHFWLYH TXDOLW\RIWKHLPDJH KLVWRJUDP >.DSXU HW |
FURVV HQWURS\ EDVHG REMHFWLYH IXQFWLRQ KDV UHFHQWO\ SL
EUDLQ 05, VHIPHQWDWLRQ SUREOHP >%DQG\RSDGK\D\HW DO
WKH &29," &7 LPDJHVHJPHQWDWLRQ SUREOHP WKHHQWURS\ ED\
LV SUHIHUUHG LQ WKH F XU U HQW®R WW MG W YRS WKL N BXQB\R\GHD V DQ RE
WLYH IXQFWLRQ IRUWKH ILWQHVV DVVLIQPHQW RI WKHJHQHUDWH
LQ WKH SURSRVHG FRRSHUDWLYH RSWLPL]DWLRQ PRGHO

&URVV HQWURS\TV PHWKRG

7KH &URVV HQWURS\PHWKRG QDPHG .DSXU>.DSXUHW DO E@ V
LQIWHFKQLTXH XVHG WR GHYHORS WKHLPDJHVHIJPHQWDWLRQ SUI
WKHEHVW WKUHVKROGLQJEDVHG RQ PD[LPLILQJHQWURS\ 7KHI
KDVRXWOLQHGDVIROORZYV

Fkapur (th)y= Hi+ H»
ZKHUH WKHHH QWSRDSUIHHNRPSXWHG DV

X' ph  Ph
Hi= “In(—) DQHG =

T T

i=1
ZKHRNHLY WKH SUREDELOLW\ GLVWULEXWLRQ Rl WKH LQWHQVLW
I o(th) DQth) DUH SUREDELOLWLHYV GL\CWD QEBX M NRIQVKRU WKH FOD\
2WVX WHFKQLTXH WKH .DSXUPHWKRG KDV EHHQ PRGLILHG IRU P
FUXFLDO WR GLY LI H QEKHUPDBHKILWRROGY 7KH IROORZLQJ IRUP:
UHSUHVHQWY WKH QHZ ILWQHVV IXQFWLRQ

P
!

hi |n(P7hi)
. Iy
i=th+1

X
I:kapur (TH): Hi
i=1
TH = [thy;thy;sthy 1] LV D YHFWRU FRQWDLQV GLITHUHQW WKUHVKRO!
Q

FDOFXODWHG LQGHSHQGHQWO\tb Q 0\ VHH® LLV@MKIHV VR EFLDWHG YD
HQWURS\LV UHSUHVHQWHG E\

S : .
|PhI In(IPh'
N 1 :

H = )

i=th o1 N1

7KH SUREDELOLW\ YO X HV R )FXKIWBIKKC-OHV VHY DUH REWDLQHG
EN(T DQG WKH SUREDENW.GQLWKGLVWULEXWLRQ

7VDOOLV HQWURS\

TKHHQWURS\RIDGLVFUHWHVRXUFHLVIUHTXHQWO\GHWHUPLQHG
ZKHRYH Prf UHSUHVHQWY WKH SUREDELOLW\RIILQGLQJ WKH VA\VWH
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Xn
j >3JUDZDO HWP®r>1D@GPr,=1 7KH6KDQQRQHQWURS\FDQ EH

j=0
GHILQHG DV

X
Sh= PI'J' q@l’j)

j=1

ZKHUHNLV WKHWRWDO QXPEHU RIVWDWHY 6KDQQRQ HQWURS!
S(A+ B)= S(A)+ S(B)

%DVHG RQPXOWL IUDFWDO WKHRU\ 7VDOOLV HQWURS\FDQ EH

VI\VWHPV XVLQJD IDPLOLDUHQWURSLFIRUPXOD >7VDL @
X
1 (Prj)q
_ j=1

ZKHUH TLV WKH PHDVXUH RI WKH GHJUHH RI QRQ HJ
WKH 7vDOOLY SDUDPHWHU RUHQWURSLFLQGH[ 7VDO
DGGLWLYLWV\HQWURSLFUXOH XVLQJ (T

WHQVLYLW
OLV HQW U

Sq=(A+B)=Sq(A)+ Sq(B)+(1 @) Sq(A) Sq(B)

7KLV NLQG RI WHFKQLTXH LV H[SORLWHG IRBGIWKUHVKROGLQJ
JUD\OHYHOV DUH SUHVHQWHG LQ WKH LQSXWPLiPPDJH KDYLQJ D UDC
Pri;Pra; «;Prgrg LV WKH SUREDELOLW\ GLVWULEXWLRQ RIJUD\LQWH (
WKHDERYHWZR SUREDELOLW\GLVWULEXWLRQV WZR FODVVHYV C
REWDLQHG IRUEDFNJURXQGDQGIRUWKHREMHFWRILQWHUHVW

Pri Pry Pr; Priva Pris Pror
Pra = ; N and Prg = ; N
AT PraTprA PrA 7 Prs’ pre PrB
X R
ZKHRIM = Pri D @@ = Pr;

i=1 i=t+l
JRUHDFK FODVY 7VDOOLVHQWURS\FDQEHFODVVLILHG DV

Xt »x
1 (Pri/PrA)d 1 r(Pri/Pr8)s

A ey — i=1 . B /e — i=t+1
SHO ST SO 1
OD[LPL]JLQIWKHFRPSXWDWLRQRILQIRUPDWLRQ EHWZHHQ FODV
LGHDO WKUHVKROG YDOXHLVUHIHUUHG WR DV WKHFRUUHVSRQG
YDOXHIRUEL OHYHO WKUHVKROGLQJLVWKHJUH\OHYHO IRU ZKLFK
WZR FODVVHYVY IRUHJURXQG DQG EDFNJURXQG LV PD[LPL]JHG WK
XWLOL]JLQJ WKHREMHFWLYHIXQFWLRQ ZLWK OLWWOHFRPSXWDW
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T=DUJIBPH+ SE(M)+@ g SHt) SE(1)]

$FFRUGLQJ WR WKH IRPOR PLQ JIKRQ\VIW PDALQRNVE |
7KHDERYH SURFHVV FDQEHVLPSO\H[WHQGHG IRUPXOWL OHYF

[T1;T2;5Tm] = DUJ BRD+ S+ i+ Sy (D+(@ ) Sg(t)  SF(t)=Sy' ()]

ZKHUH
X2 X
1 (Pri/Prtyd 1 (Pri/Pr?)
i= i=t;+1
Sit) = — DS = —
Yer
1 (Pri/PrM)a

DQSQ"(t): i:(tm+1)q - ‘M =m+1

6ZDUP LQWHOOLJHQFHLQVSLUHG PHWD KHXULVWLFV

OHWD KHXULVWLFV DUHJHQHUDO SXUSRVHG DSSUR[LPDWH DOJRL
UDQJHRIRSWLPL]IDWLRQ SUREOHPYV SDUWLFXODUO\FRPELQDWHF
SURPLQHQW W\SHRIVWRFKDVWLF RSWLPL]DWLRQ WKDW XVHV VRPI
KLJK TXDOLWN L H QHDU RSWLPDO VROXWLRQV LQDUHDVRQD
WR >ORYHUDQG .RFKHQEHUJHU @ PHWD KHXULVWLFV DUH VF
WUDWH WKHLQWHUSOD\EHWZHHQ WRS OHYHO VWUDWHJLHV DQ
KDUPRQLRXV FRRUGLQDWLRQ OHDGV WR WKH FUHDWLRQRIDQ HII
FROQOGXFWLQJUHOLDEOHJOREDO VHDUFKHV *ORYHUYV SHUVSHFW
PHWD KHXULVWLFVLQEDODQFLQJH[SORUDWLRQDQG H[SORLWD
$vVDUHVXOW WKHVHPHWKRGY GHFUHDVH WKH VL]HRIWKH VHDUFK
WKH SURPLVLQJUHJLRQV >7DOEL @ ,QO0HWD KHXULVWLFV F
DUHIUHTXHQWO\RSSRVLQJ SURFHVVHVY OHWD KHXULVWLFV XVH
RSHUDWRUV LQ WKH H[SORUDWLRQ SURFHVV WR WU\ WR H[SORU
&RQWUDULO\ H[SORLWDWLRQIRFXVHV RQLGHQWLI\LQJWKH YLF
DFTXLUH KLJKHU TXDOLW\VROXWLRQV $Q\UHOLDEOHOHWD KHXU|
DFKLHYHD EDODQFHEHWZHHQ HISORLWDWLRQDQG H[SORUDWLR
JHWWLQJ VWXFNLQ ORFDO RSWLPD >%RXVVDwG HW DO @
OHWD KHXULVWLFV FDQJHQHUDOO\EHFDWHJRUL]J]HG EDVHG RQ I
FODVVLI\LQJ WKHP LOQWR WUDMHFWRU\ DQG SRSXODWLRQ EDVH
SRSXODUFODVVLILFDWLRQVLQWKHOLWHUDWXUH >(VKWD\HW DO
DOJRULWKPV SRSXODWLRQ EDVHG DOJRULWKPV RIITHU PRUH VL.
6SHFLILFDOO\ DSRSXODWLRQRISRVVLEOHVROXWLRQV LV FUHDW
WKH VHDUFK SURFHVV XQWLO VDWLVIDFWRU\ UHVXOWY DUH RE'
KHXULVWLFVDUH SRSXODWLRQ EDVHG DOJRULWKPV WKDW GUDZ
EHKDYLRUREVHUYHGLQ YDULRXV VZDUPLQJDQLPDOVVXFKDYV ZD
ELUGY WHUPLWHYVY DQGPRUH 7KHVHQDWXUDO LQVSLUHG DOJRU
DQGGHFHQWUDOL]HG VA\VWHPV H[KLELWHG E\WKHVHVZDUPLQJFUH
%\ UHSOLFDWLQJ WKH FROOHFWLYHLQWHOOLJHQFHDQG FRRSH
LQWHOOLJHQFH PHWD KHXULVWLFV RIITHUD SRZHUIXO DSSURDFK IF
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SUREOHPY 7KHHVVHQWLDO IHDWXUHV RI WKH 6ZDUP LQWHOOL.
>7TDOEL @ DUHWKDW WKH SDUWLFOHVY DUHVLPSOHDJHQWV \
GHFLVLRQ VSDFHYLDDQLQGLUHFWRSHUDWLRQ 7KHPRVW XVHG
ZKLFK ZDVILUVW LQWURGXFHG E\>(EHUKDUWDQG .HQQHG\ @
DQG ++2>+HLGDULHWDO E@ DUH RWKHUH[DPSOHV RIVZDUP
7KLV VWXG\LQWURGXFHV D FRRSHUDWLYH VZDUP LQWHOOLJHQI
WKUHH ZHOO UHIJDUGHG DOJRULWKPV 362 *:2 DQG ++2 7KHVHD(
EHFDXVH WKH\KDYHEHHQ VXFFHVVIXOO\H[SORLWHG WR WDFNOH
SUREOHPV LQ GLITHUHQW GRPDLQV 7KHIROORZLQJVXEVHFWLRQV
DQRYHUYLHZ RIWKHVHDOJRULWKPV

SDUWLFOHG6ZDUP 2SWLPL]DWLRQ 362

2QHRIWKHPRVW HIITHFWLYH VZDUP RSWLPL]DWLRQ DOJRULWKPYV ZI
(EHUKDUWDQG LV NQRZQDV 362 >(EHUKDUWDQG .HQQHG\ @ 7KI
LPLWDWH WKH EHKDYLRU RI IORFNLQJELUGV XVLQJD FROOHFWLRGC
WKDW VHDUFK DFURVV WKH VHDUFK VSDFH WR ILQG WKH EHVW VR
PHWKRG WKDW GLUHFWV HDFK SDUWLFOH WRZDUG WKH RSWLPDO C
DQG WKHEHVW ORFDWLRQ IRUDOO SDUWLFOHV HDFK SDUWLFOH H
DQG H[SORLWDWLRQ 7RDFFRPSOLVK WKHVHWZR RSHUDWLRQV HE
LQ WKH VHDUFK VSDFH GHSHQGLQJRQ WZR YDULDEOHV YHORFL
JLIXUH VKRZV WKH VFKHPDWLF RSHUDWLRQ RIEDVLF 362 7KH XSC
362 DOJRULWKP DUH VKRZQLQ HTXDWLRQV DQG

J)LIXUH 6FKHPDWLFRIEDVLF SDUWLFOHVZDUP RSWLPL]DWLR

v{ (t+1)="1 1v{ (t)+ clrl(pbest x{ (1) + czrz(gbesi x! (1)

xl(t+1)= X (t)+ Vi (t+12)
ZKHUMHHIHUV WR LWHUDWLRQ_ OXPENVHWGRKHRLEROWMLDR QZ MIKIHKWHD U F &
WHQGHQFLHV HLWKHU IR U \J ®)REWDHOVRIQ W R FDIOHVIRAMWHIQRD VHO RF L
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LWHUDRUMRK G L P HQ WIKRIMIMMMY WK GLPHQWKREDUWQVLFOH 7ZR
UDQGRP QXPEHUV EHWZHHQ r; DQI H[GEHMISHIG VO @\M U P V
WKHLQGLYLGXDO DQG VR F L [pBe$tDRMERSUY/H ILHHV\S R FVKLHY SOV VK@D O
DQG JOREDO EHVW VROXWLRQV L H DJHQW WbetSHFWLYHO\ 6LQF
DQBest VROXWLRQV 362 VKRZV D IDVW FRQYHUJHQFH EHKDYLRU
H[SORUDWLRQDQG H[SORLWDWLRQ SURFHVVHV +RZHYHU 362 LQ\
ORFDO RSWLPD SUREOHPV ZKHQ KDQGOLQJFRPSOH[DQG PXOWL P
>7KDKHU HW DO E@

*UH\:ROI 2SWLPL]JHU *:2

7KH*:2LVDZHOO UHJDUGHG RSWLPL]DWLRQ DOJRULWKP SURSRVH!
7KH EDVLF LGHD RI WKLV DOJRULWKP LVLQVSLUHG E\WKH VRFLDO V
JUH\ZROYHV LQ WKH ZLOG 7KHOHDGHUVKLS KLHUDUFK\LV VLPXOD
RIJUH\ZROYHV LQFOXGLQJDOSKD EHWD GHOWD DQGRPHJID $GC
KXQWLQJWHFKQLTXHV ORRNLQJIRUSUH\ VXUURXQGLQJSUH\ D
FDUU\RXW RSWLPL]DWLRQ

,QWKH ZLOG JUH\ZROYHV EHJLQ WKHLU KXQW E\WUDFNLQJDQG
WKHQ SXUVXHDQG VXUURXQG WKHSUH\XQWLOLW VWRSY $WWDFNL
VWHS 7KHIROORZLQJPDWKHPDWLFDO PRGHO FRXOG EH XVHG WR

D= CXp(t) X(1) ]

X(t+1)= Xp(t)+ AD
A=2a f a

C=2x
ZKHUH WKH QXPEHU RILWHUDWLRQV _ _LVWKHDEVROXWH YD
E\ FRPSRQHQW PXOWL\S /KFHOGULWNMADD QR YHFWRD@GSHFLILHG LQ (T
CDUHUDQGRP FRHIILFLHQW YHFWRUV DUKHIDO¥XMXIHWHG DV LQ (T

SUH\ SRVLWX®QAYMFRWHRIWD\ ZROI SRVLWLRQ YHFWRU 7KH GHWDL(
PRGHO RI *:2 XSGDWLQJUXOHV LY SUHVHQWHG LQ WKHRULJLQDO S
JLIXUH H[KLELWV WKH SRWHQWLDO QH[W SRVLWLRQRIDVHDUFK

+DUULV KDZNV RSWLPL]DWLRQ ++2

++2 LV D SRSXODU ZHOO UHJDUGHG VZDUP EDVHG JUDGLHQ
LQWURGXFHG E\ >+HLGDUL HW DO E@LQ 7KH PDLQ OR
GHVLJQHG EDVHG RQ WKH FKDLQ RIDFWLRQ DQG UHDFWLRQV
KXQWLQJ SURFHVV 7KH FRUH PDWKHPDWLFDO IRXQGDWLRQ RI V
WKH RULJLQDO SDSHU RI ++2 PDNHV LW DQ HIIHFWLYH RSWLPL]
FRQVWUDLQHG DQG XQFRQVWUDLQHG SUREOHPV 7KH VHDUFK DJH(
WKURXJK WZR SKDVHV RI H[SORUDWLRQDQG IRXU SKDVHV RI H[SORLI
VHYHUDO WLPH YDU\LQJPHFKDQLVPVDQGDJUHHG\VFKHPH WRLP
7KHVWDJHV RI ++2 DUH GHPRQVWUDWHG LQ )LJXUH 7KH GHWDLO}
PDWKHPDWLFDO PRGHO RI ++2 DUH UHYHDOHG LQ WKH RULJLQDO S
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