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Abstract: K-PHDQV LV RQH RI WKH PRVW LPSRUWDQW DQG ZLGHO\ DSSOLHG
FOXVWHULQJ DOJRULWKPV LQ OHDUQLQJ V\VWHPV. HRZHYHU, LW VXIIHUV IURP FHQWURLGV
LQLWLDOLVDWLRQ WKDW PDNHV K-PHDQV DOJRULWKP XQVWDEOH. TKH SHUIRUPDQFH DQG
WKH VWDELOLW\ RI WKH K-PHDQV DOJRULWKP PD\ EH GHJUDGHG LI EHQLJQ RXWOLHUV
(L.H., ORQJ-WHUP LQGHSHQGHQFH GDWD SRLQWV) DSSHDU LQ GDWD. IQ WKLV SDSHU,
ZH GHYHORSHG D QRYHO DOJRULWKP WR RSWLPLVH K-PHDQV SHUIRUPDQFH LQ WKH
SUHVHQFH RI EHQLJQ RXWOLHUV. WH ILUVWO\ LGHQWLILHG WKH EHQLJQ RXWOLHUV DQG
H[HFXWHG K-PHDQV DFURVV WKHP, WKHQ K-PHDQV UXQV RYHU DOO GDWD SRLQWV
WR UH-ORFDWH FOXVWHUV¶ FHQWURLGV, SURYLGLQJ KLJK DFFXUDF\. TKH H[SHULPHQWDO
UHVXOWV RYHU VHYHUDO EHQFKPDUNLQJ DQG V\QWKHWLF GDWDVHWV FRQILUP WKDW WKH
SURSRVHG PHWKRG VLJQLILFDQWO\ RXWSHUIRUPHG VRPH H[LVWLQJ DSSURDFKHV ZLWK
EHWWHU DFFXUDF\ EDVHG RQ DSSOLHG SHUIRUPDQFH PHWULFV.
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SZHGHQ LQ 2011. HH DOVR FRPSOHWHG KLV PKD IURP WKH CRPSXWHU AUFKLWHFWXUH
DHSDUWPHQW DW WKH UQLYHUVLWDW PROLWH́FQLFD GH CDWDOXQ\D BDUFHORQD THFK
(UPC), SSDLQ LQ FHEUXDU\ 2015. HH KDV EHHQ FDUULHG RXW VHYHUDO LQWHUQDWLRQDO
UHVHDUFK FROODERUDWLRQV, VHYHUDO IXQGV DQG JUDQWV, DQG VHYHUDO LQYLWHG WDONV
DQG SUHVHQWDWLRQV.

SKDILT UUUH́KPDQ LV THFK LHDG AI/ML DQG SHQLRU THFKQLFDO E[SHUW DW
CKLQD EXUR VHKLFOH THFKQRORJ\ AB (CEVT), SZHGHQ. HH KDV 15 \HDUV
RI H[SHULHQFH LQ GHYHORSLQJ AI/ML/WHFKQLFDO SURMHFWV IRU YDULRXV LQGXVWULHV
VSUHDGLQJ IURP PLQLQJ, DXWRPRWLYH, IRUHVWU\, FRPPXQLFDWLRQ, DVVLVWLYH DQG
PHGLFLQH. BHIRUH MRLQLQJ CEVT, KH KDV EHHQ ZRUNLQJ DV DQ AVVRFLDWH
PURIHVVRU DQG WKH DLUHFWRU RI L2ODE DW WKH UPHD UQLYHUVLW\, SZHGHQ,
DQG DQ AVVRFLDWH PURIHVVRU DW WKH LLQNR̈SLQJ UQLYHUVLW\, SZHGHQ DQG WKH
FRXQGHU/THDP LHDG RI IQWHOOLJHQW S\VWHPV GURXS DW UEL, UK.

MXVWDQVDU AOL GKD]DQIDU LV FXUUHQWO\ D LHFWXUHU DW WKH UQLYHUVLW\ RI EDVW
LRQGRQ (UEL), UK. HH KDV EHHQ H[WHQVLYHO\ ZRUNLQJ RQ PDFKLQH OHDUQLQJ,
GHHS OHDUQLQJ, DUWLILFLDO LQWHOOLJHQFH, DQG EXVLQHVV DQDO\WLFV. HH UHFHLYH KLV
PKD LQ MDFKLQH LHDUQLQJ IURP WKH UQLYHUVLW\ RI SRXWKDPSWRQ UK LQ 2012.
HH KDV PRUH WKDQ 10 \HDUV RI LQGXVWULDO DQG DFDGHPLF H[SHULHQFH. HH KDV
PRUH WKDQ 50 LQWHUQDWLRQDO SXEOLFDWLRQV DQG DFFRUGLQJ WR GRRJOH SFKRODU, KLV
UHVHDUFK DWWUDFWV PRUH WKDQ 0.5 FLWDWLRQ SHU GD\ LQ 2019.

1 Introduction

OQH RI WKH PRVW SULPLWLYH KXPDQ DFWLRQV LV JURXSLQJ DQG FODVVLI\LQJ VLPLODU DQG
KHWHURJHQHRXV REMHFWV LQWR GLVWLQFW FDWHJRULHV (KDUDPL DQG GXHUUHUR-ZDSDWD, 2014). IQ
H[SORUDWRU\ GDWD DQDO\VLV DQG GDWD PLQLQJ GRPDLQ, WKLV WDVN LV NQRZQ DV FOXVWHULQJ.
COXVWHULQJ LV WKH XQVXSHUYLVHG FODVVLILFDWLRQ WHFKQLTXH WKDW GLYLGHV D VHW RI JLYHQ GDWD
LQWR GLIIHUHQW FOXVWHUV, LQ ZKLFK WKH VLPLODU GDWD DUH JURXSHG LQWR D VDPH FOXVWHU (KDUDPL
DQG GXHUUHUR-ZDSDWD, 2015D; LL, 2011). COXVWHULQJ WHFKQLTXHV KDYH EHHQ HPSOR\HG LQ
PDQ\ DSSOLFDWLRQV, VXFK DV ZLUHOHVV VHQVRU QHWZRUNV, PHGLFLQH, ELRORJ\, SV\FKRORJ\,
VWDWLVWLFV, FRPSXWHU QHWZRUNLQJ, SURJUDP FRPSUHKHQVLRQ, VRIWZDUH YLVXDOLVDWLRQ DQG
HQJLQHHULQJ (CHOHEL HW DO., 2013; KKDQPRKDPPDGL HW DO., 2017; AODHL HW DO., 2018).

APRQJ PDQ\ FOXVWHULQJ DOJRULWKPV GHYHORSHG LQ WKH SDVW 60 \HDUV, K-PHDQV LV
RQH RI WKH ROGHVW DQG FRPPRQO\ XVHG DOJRULWKPV, ILUVW HPSOR\HG E\ JDPHV MDFQXHHQ
LQ 1967. K-PHDQV LV VLPSOH, HDV\ WR LPSOHPHQW, VXLWDEOH IRU ODUJH GDWDVHWV, DQG YHU\
HIILFLHQW ZLWK OLQHDU WLPH FRPSOH[LW\. HRZHYHU, LW VXIIHUV IURP VHYHUDO GUDZEDFNV, RQH
VXFK GUDZEDFN LV WKDW LW LV VHQVLWLYH WR FOXVWHUV¶ FHQWURLGV LQLWLDOLVDWLRQ, SDUWLFXODUO\ LQ WKH
SUHVHQFH RI ORZ-IUHTXHQW SDWWHUQV FDOOHG RXWOLHUV (KDUDPL DQG GXHUUHUR-ZDSDWD, 2015D;
GDQ DQG NJ, 2017; MLQ DQG KDL-IHL, 2015; KDUDPL, 2018).

TKH ORZ-IUHTXHQW GDWD SDWWHUQV DUH PRVWO\ PaOigQaQW RXWOLHUV, ZKLFK DGYHUVHO\
DIIHFW WKH FOXVWHULQJ TXDOLW\. DHWHFWLQJ DQG UHPRYLQJ VXFK PDOLJQDQW RXWOLHUV LPSURYHV
WKH FOXVWHULQJ DFFXUDF\. MXFK UHVHDUFK RQ FOXVWHULQJ DWWHPSWV WR UHPRYH WKHVH XVLQJ
µRXWOLHU UHPRYDO WHFKQLTXHV¶ (GDQ DQG NJ, 2017; HDXWDPD̈NL HW DO., 2005) RU FRPELQH
PHWD-KHXULVWLF RSWLPLVDWLRQ DOJRULWKPV ZLWK PDFKLQH OHDUQLQJ WHFKQLTXHV (SDQWKDQDP
DQG PDGPDYDWKL, 2015; MDUJKQ\ DQG TDORED, 2011; SKDKUH]D HW DO., 2011) LQ RUGHU WR
LPSURYH K-PHDQV LQ WKH SUHVHQFH RI VXFK RXWOLHUV.
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IQ FRQWUDVW, beQigQ RXWOLHUV KDYH EHHQ JHWWLQJ OHVV DWWHQWLRQ, PRVW DSSURDFKHV VLPSO\
LJQRUH WKHP GXULQJ WUDLQLQJ (KDUDPL DQG GXHUUHUR-ZDSDWD, 2015D; SKLQ HW DO., 2017).
BHQLJQ RXWOLHUV DUH WKH ORQJ-WHUP LQGHSHQGHQW GDWD SRLQWV WKDW DUH PRVWO\ QRW LQFOXGHG
LQ D 90%–95% FRQILGHQFH LQWHUYDO RI QRUPDOO\ GLVWULEXWHG GDWD (JDFK DQG KRNRV]ND,
2008). SLQFH WKH EHQLJQ RXWOLHUV DUH LQKHUHQWO\ D SDUW RI RULJLQDO GDWD (VHH FLJXUH 1 LQ
SHFWLRQ 2) DQG WKH\ PXVW EH DYDLODEOH IRU WUDLQLQJ SXUSRVHV (L.H., WKH\ DUH QRW VHYHUH RU
PDOLJQDQW RXWOLHUV), UHPRYLQJ WKHP PLJKW UHVXOW LQ LQDSSURSULDWH WUDLQLQJ, XQVWDEOH DQG
GLYHUJH PRGHOOLQJ. IW PHDQV WKDW, WKH EHQLJQ RXWOLHUV H[LVW LQ DOO WKH GDWDVHWV DQG XVHUV
PXVW GHFLGH WR WDNH DZD\ D VPDOO SRUWLRQ RI GDWD (L.H., RXW RI 95% RI QRUPDO GLVWULEXWLRQ)
DV EHQLJQ RU D ODUJH SRUWLRQ (L.H., RXW RI 90% RI QRUPDO GLVWULEXWLRQ) DV EHQLJQ.

IQ WKLV UHVHDUFK ZRUN, ZH IRFXV RQ WKH EHQLJQ RXWOLHUV WR LPSURYH WKH VWDELOLW\ DQG
WKH UREXVWQHVV RI K-PHDQV DOJRULWKP WKURXJK QRYHO FHQWURLG LQLWLDOLVDWLRQ WHFKQLTXH. IQ
RXU DSSURDFK ZH LQLWLDOO\ LGHQWLI\ WKH EHQLJQ RXWOLHUV DQG LQLWLDOLVH K-PHDQV FHQWURLGV
DFURVV WKHP. TKHQ, K-PHDQV UXQV RYHU DOO GDWD SRLQWV WR UH-ORFDWH FOXVWHUV¶ FHQWURLGV,
SURYLGLQJ EHWWHU FODVVLILFDWLRQ DQG DFFXUDF\ UDWH.

TKH UHVW RI WKLV SDSHU LV RUJDQLVHG DV IROORZV. SHFWLRQ 2 GLVFXVVHV WKH LPSRUWDQFH
RI WKH EHQLJQ RXWOLHUV. SHFWLRQ 3 GHVFULEHV K-PHDQV FOXVWHULQJ DOJRULWKP. TKH SURSRVHG
PHWKRG LV SUHVHQWHG DQG GLVFXVVHG LQ SHFWLRQ 4. E[SHULPHQWDO UHVXOWV DUH SUHVHQWHG LQ
SHFWLRQ 5, DQG, FRQFOXVLRQ LV JLYHQ LQ SHFWLRQ 6.

2 Benign outliers

OXWOLHUV DUH GDWD SRLQWV WKDW DUH GLVWDQW IURP RWKHU GDWD DQG PD\ LQGLFDWH H[SHULPHQWDO
HUURU, RIWHQ UHVXOWLQJ LQ H[FOXVLRQ IURP WKH GDWDVHW. OXWOLHUV PD\ RFFXU GXH WR VHYHUDO
UHDVRQV, VXFK DV, PHDVXUHPHQW HUURU, LQFLGHQWDO V\VWHPDWLF HUURU, RU E\ FKDQFH. IW LV RIWHQ
QRW WULYLDO WR DVFHUWDLQ WKH FDXVH RI DQ RXWOLHU, UHVXOWLQJ LQ, QRW D VWUDLJKWIRUZDUG ZD\ WR
H[SUHVV UXOHV IRU WKHLU UHPRYDO. FRU LQVWDQFH, D SHUVRQ ZLWK DQ IQ RI 130 LV QRW RXWOLHU.
OXWOLHUV PD\ RU PD\ QRW EH D SUREOHP GHSHQGLQJ RQ VHYHUDO IDFWRUV (MDUU, 2015):

• VRPH VWDWLVWLFDO WHVWV DUH UREXVW DQG FDQ DFFRPPRGDWH RXWOLHUV, RWKHUV PD\ EH
VHYHUHO\ LQIOXHQFHG E\ RXWOLHUV

• VRPH GDWD W\SHV ZLOO QDWXUDOO\ FRQWDLQ H[WUHPH YDOXHV ZKLFK DUH HQWLUHO\ LQKHUHQW

• WKH SUHVHQFH RI RXWOLHUV PD\, LQ IDFW, EH RI LQWHUHVW.

FLJXUH 1 GHSLFWV D VDPSOH RI GDWD GLVWULEXWLRQ ZLWK D VHW RI GDWD VDPSOHV WKDW DUH IDU
IURP WKH 90%–95% RI WKH QRUPDO GLVWULEXWLRQ; KRZHYHU, WKH\ DUH QRW PDOLJQDQW RU VHYHUH
RXWOLHUV. HHQFH, ZH FDQQRW UHPRYH WKHP EHFDXVH WKH\ DUH LQKHUHQWO\ D PDLQ SDUW RI WKH
RULJLQDO GDWD. IQ WKLV UHVHDUFK ZRUN, ZH FDOO WKHP beQigQ RXWOieU, E\ UHPRYLQJ WKHP
PLJKW UHVXOW LQ LQDSSURSULDWH WUDLQLQJ, XQVWDEOH DQG GLYHUJH GDWD PRGHOOLQJ. TR EH DEOH
WR GHDO DFFXUDWHO\ ZLWK WKH EHQLJQ RXWOLHUV, ZH ZRXOG LQLWLDOO\ QHHG WR LGHQWLI\ WKHP. TR
GR VR, ZH HPSOR\ HRWHOOLQJ¶V T-VTXDUHG GLVWULEXWLRQ WHFKQLTXH (YL HW DO., 2016).

2.1 HRWeOOiQg¶V T-VTXaUed diVWUibXWiRQ

TKH HRWHOOLQJ¶V T-VTXDUHG GLVWULEXWLRQ LV D PXOWLYDULDWH JHQHUDOLVDWLRQ RI WKH SWXGHQW¶V
W-WHVW. TKH IRUP RI WKH HRWHOOLQJ¶V T-VTXDUHG LV DV IROORZV:

T 2 = (X − X̄)W−1(X − X̄) (1)
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ZKHUH X LV WKH RULJLQDO GDWD PDWUL[, X̄ LV WKH PHDQ RI WKH GDWDVHW, DQG W LV
WKH FRYDULDQFH PDWUL[ RI X . TKH HRWHOOLQJ¶V T-VTXDUHG VWDWLVWLF LV DSSUR[LPDWHO\
F -GLVWULEXWHG DV IROORZV:

Fp,n,α ∼ T 2 (n− a)

a(n− 1)
(2)

AQ\ VDPSOH WKDW KDV DQ F -YDOXH H[FHHGLQJ WKH FULWLFDO F -YDOXH FDQ EH FRQVLGHUHG DV
DQ RXWOLHU. TKHUH LV QR DQ REYLRXV F -YDOXH DQG PXVW EH HPSLULFDOO\ FKRVHQ. WH VHWXS
F -value = 3 H[SHULPHQWDOO\ WR ILQG WKH PRVW SUREDEOH GDWD SRLQWV DV EHQLJQ RXWOLHU.

Figure 1 A VDPSOH RI QRUPDO GLVWULEXWLRQ (VHH RQOLQH YHUVLRQ IRU FRORXUV)

3 K-means clustering algorithm

K-PHDQV FOXVWHULQJ DOJRULWKP JURXSV WKH VHW RI GDWD SRLQWV LQWR D SUHGHILQHG QXPEHU
RI FOXVWHUV EDVHG RQ D GLVWDQFH IXQFWLRQ, PRVW FRPPRQO\ XVHG GLVWDQFH IXQFWLRQ
LV EXFOLGHDQ GLVWDQFH (KDUDPL DQG GXHUUHUR-ZDSDWD, 2015D). TKH VWDQGDUG K-PHDQV
DOJRULWKP LV VXPPDULVHG DV IROORZV:

1 UDQGRPO\ LQLWLDOLVH K FHQWURLGV

2 FDOFXODWH EXFOLGHDQ GLVWDQFH EHWZHHQ HDFK GDWD SRLQWV DQG FHQWURLGV DQG VHOHFW WKH
VPDOOHVW GLVWDQFH DV WKH FORVHVW FOXVWHU FHQWURLG WR GDWD SRLQW

3 UHFDOFXODWH WKH FOXVWHU FHQWURLGV XVLQJ WKH PHDQ RI GDWD SRLQWV LQ HDFK FOXVWHU

4 UHSHDW VWHS 2 DQG 3 XQWLO WKH FHQWURLGV GR QRW FKDQJH DQ\ PRUH LQ WKH SUHGHILQHG
QXPEHU RI LWHUDWLRQ RU D PD[LPXP QXPEHU RI LWHUDWLRQV KDYH EHHQ UHDFKHG.

4 7he proposed method

TKH SURSRVHG PHWKRG IRU RSWLPDO SODFHPHQW RI FOXVWHU FHQWURLGV LQ WKH SUHVHQFH RI
EHQLJQ RXWOLHUV ZLWK K-PHDQV DOJRULWKP LV GHVFULEHG LQ AOJRULWKP 1.
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Algorithm 1 TKH SVHXGRFRGH RI WKH SURSRVHG PHWKRG

Input: TUDLQLQJ GDWDVHW
Output: WHOO-VHSDUDWHG FOXVWHUV XVLQJ K-PHDQV
N = TKH QXPEHU RI WUDLQLQJ GDWD
T = TKH PD[LPXP QXPEHU RI LWHUDWLRQ
K = TKH QXPEHU RI FOXVWHUV
F − V alue = TKH WKUHVKROG YDOXH IRU ILQGLQJ EHQLJQ RXWOLHUV
Phase 1: Identif\ Benign Outliers
Zhile N do
(1) IGHQWLI\ Benign.Outliers XVLQJ HTXDWLRQV (1) DQG (2)

end Zhile
Phase 2: Initialise K-means centroids
(1) Centers = PODFH UDQGRPO\ K FHQWURLGV DFURVV Benign.Outliers GDWD SRLQWV
Phase 3: 5un K-means
Zhile Iter < T RU FOXVWHU FHQWURLGV GR QRW FKDQJH DQ\ PRUH do
(1) FLQG WKH FORVHVW Centers WR HDFK GDWD SRLQW XVLQJ EXFOLGHDQ GLVWDQFH:√∑N

i=1

∑K
j=1(Datai − Centersj)2

(2) RHFDOFXODWH Centers XVLQJ WKH PHDQ RI GDWD SRLQWV ZLWKLQ D VDPH FOXVWHU
end Zhile
return WHOO-VHSDUDWHG FOXVWHUV

OXU SURSRVHG DOJRULWKP PRGLILHV WKH RULJLQDO K-PHDQV FOXVWHULQJ DOJRULWKP E\
LQWURGXFLQJ DQ LQLWLDOLVDWLRQ VWDJH ZKHUH ZH LGHQWLI\ WKH EHQLJQ RXWOLHUV DQG UDQGRPO\
SODFH FHQWURLGV DFURVV WKHP. TKH WLPH FRPSOH[LW\ RI WKH SURSRVHG DOJRULWKP
(AOJRULWKP 1) LV WKHUHIRUH FDOFXODWHG LQ WZR VWDJHV. TKH ILUVW VWDJH (L.H., LGHQWLI\LQJ
EHQLJQ RXWOLHUV IRU FHQWURLGV LQLWLDOLVDWLRQ) KDV D FRPSOH[LW\ RI O(N), DQG WKH VHFRQG
VWDJH (L.H., UXQQLQJ K-PHDQV FOXVWHULQJ) KDV D FRPSOH[LW\ RI O(T.N.K). TKH RYHUDOO
FRPSOH[LW\ RI WKH SURSRVHG DSSURDFK LV O(N + T.N.K), ZKLFK UHGXFHV WR O(T.N.K).
IQ SUDFWLFH, DOWKRXJK WKH SURSRVHG WHFKQLTXH LQFUHDVHV WKH WLPH FRPSOH[LW\ E\ O(N)
UHTXLUHG IRU WKH LQLWLDOLVDWLRQ VWDJH, WKLV DGGLWLRQDO FRVW UHVXOWV LQ LPSURYHG FOXVWHULQJ
SHUIRUPDQFH.

5 E[perimental results

TR DVVHVV WKH SHUIRUPDQFH DQG DFFXUDF\ RI WKH SURSRVHG PHWKRG, ZH FRPSDUH LW
DJDLQVW WZR H[LVWLQJ ZLGHO\-XVHG DOJRULWKPV, K-PHDQV++ (AUWKXU DQG VDVVLOYLWVNLL,
2007) DQG GHQVLW\ K-PHDQV (YXDQ HW DO., 2015). WH SHUIRUP WKH FRPSDULVRQ XVLQJ
VHYHUDO SHUIRUPDQFH PHWULFV, QDPHO\, PHDQ VTXDUH HUURU (MSE), VWDQGDUG GHYLDWLRQ
(SWG.), GHWHFWLRQ UDWH (DR), IDOVH SRVLWLYH UDWH (FPR), DQG SXULW\. TKHVH DUH ZHOO-NQRZQ
PHWULFV XVHG IRU DVVHVVLQJ DQG FRPSDULQJ WKH SHUIRUPDQFH DQG WKH DFFXUDF\ RI FOXVWHULQJ
DOJRULWKPV (KDUDPL DQG GXHUUHUR-ZDSDWD, 2015D, 2015E).

WH XVH HLJKW GDWDVHWV IURP WZR GLIIHUHQW VRXUFHV IRU WKH FRPSDULVRQ, HQVXULQJ WKDW
WKHUH DUH GLYHUVLW\ LQ WKH GDWDVHWV DQG D JHQHUDOLW\ LQ WKH UHVXOWV. TKH ILUVW VRXUFH RI
GDWD KDV WKUHH 2D V\QWKHWLF GDWDVHW DQG LV FXUUHQWO\ EHLQJ XVHG WR DQDO\VH OHDUQLQJ
DOJRULWKP (KDUDPL DQG JRKDQVVRQ, 2014). FLJXUH 2 VKRZV WKHVH WKUHH V\QWKHWLF GDWDVHWV.
AQRWKHU VRXUFH RI GDWD JLYHV ILYH FODVVLF EHQFKPDUN SUREOHPV IURP UCI PDFKLQH
OHDUQLQJ UHSRVLWRU\, QDPHO\, IULV, GODVV, WLQH, IRQRVSKHUH, DQG ZRR. TDEOH 1 VKRZV WKH
FKDUDFWHULVWLFV (IHDWXUHV, FODVVHV DQG SDWWHUQV) IRU WKHVH ILYH EHQFKPDUN GDWDVHWV.
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Figure 2 S\QWKHWLF GDWDVHWV GHULYHG IURP KDUDPL DQG JRKDQVVRQ (2014), (D) RXWOLHU
(D = 1,020, K = 5) (E) FRPSRXQG (D = 399, K = 6) (F) SLQZKHHO (D = 1,200, K = 6)
(VHH RQOLQH YHUVLRQ IRU FRORXUV)

(D) (E) (F)

NRWHV: D – WKH QXPEHU RI GDWD SRLQWV; K – WKH QXPEHU RI FODVVHV.

7able 1 TKH ILYH DSSOLHG EHQFKPDUN GDWDVHWV

DaWaVeW FeaWXUeV COaVVeV PaWWeUQV

IULV 4 3 150
GODVV 9 6 214
WLQH 13 3 178
IRQRVSKHUH 34 2 351
ZRR 17 7 101

5.1 ReVXOWV Rf V\QWheWic daWa

FLJXUHV 3(D), 5(D) DQG 7(D) VKRZ WKH ILUVW VWDJH RI WKH SURSRVHG DOJRULWKP. WH VHOHFWHG
D UDQGRP K IRU HDFK GDWDVHW WR EH DEOH WR YLVXDOLVH WKH IXQFWLRQDOLW\ RI WKH ILUVW VWDJH
RI WKH SURSRVHG PHWKRG. TKLV VWDJH GLVFRYHUHG WKH EHQLJQ RXWOLHUV (H.J., WKH EROG DQG
KLJKOLJKWHG GDWD SRLQWV) DQG LQLWLDOLVHG FOXVWHUV¶ FHQWURLGV DFURVV WKHP. IQLWLDO FHQWURLGV
DUH GUDZQ ZLWK \HOORZ VTXDUHV. FLJXUHV 3(E), 5(E) DQG 7(E) VKRZ WKH ILQDO SODFHPHQW RI
FOXVWHUV¶ FHQWURLGV WR YLVXDOLVH WKH SHUIRUPDQFH RI WKH SURSRVHG PHWKRG RYHU DSSOLHG 2D
GDWDVHWV.

TKH MSE YDOXHV RI WKUHH PHWKRGV RYHU DSSOLHG GDWDVHWV DUH GHSLFWHG LQ FLJXUHV 4, 6,
DQG 8 ZLWK GLIIHUHQW UDQGRP K YDOXHV. AV ZH H[SHFWHG, WKH LQLWLDO MSE YDOXH IURP RXU
PHWKRG LV KLJK GXH WR VSUHDGLQJ LQLWLDO FHQWURLGV LQ IDU VSRWV. HRZHYHU, DIWHU D ZKLOH
WKURXJK K-PHDQV LWHUDWLRQV, WKH SURSRVHG PHWKRG FRXOG VLJQLILFDQWO\ SURYLGH OHVV RU
UHDVRQDEOH MSE DV FRPSDUHG WR H[LVWLQJ PHWKRGV. TKLV QRQ-VLJQLILFDQW MSE UHVXOW LV D
FRVW RI FRQVLGHULQJ EHQLJQ RXWOLHUV. IQ FRQWUDVW, WKLV SURYLGHV VLJQLILFDQW UHVXOWV EDVHG RQ
KLJKHU DR DQG ORZHU FPR DW WKH VDPH WLPH, WKDW DUH WKH PDLQ DWWULEXWHV IRU FRQVLGHULQJ
FOXVWHULQJ TXDOLW\. TR HYDOXDWH WKH DFFXUDF\ DQG WKH UREXVWQHVV RI WKH SURSRVHG PHWKRG,
ZH FRQVLGHUHG VHYHUDO QXPEHUV RI FHQWURLGV DQG SUHVHQWHG WKH EHVW UHVXOWV RI 10 WLPHV
LQGLYLGXDO UXQV LQ TDEOHV 2–4. AFFRUGLQJ WR UHVXOWV, WKH SURSRVHG PHWKRG SHUIRUPHG ZHOO
DV FRPSDUHG WR RWKHU PHWKRGV LQ WHUPV RI KLJK DR, ORZ FPR DQG KLJK SXULW\ DW WKH
VDPH WLPH.
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Figure 3 TKH UHVXOWV RI SURSRVHG PHWKRG IRU RXWOLHU GDWDVHW (K = 20), (D) FHQWUH LQLWLDOLVDWLRQ
(E) DIWHU WUDLQLQJ (VHH RQOLQH YHUVLRQ IRU FRORXUV)

(D) (E)

Figure 4 MSE UHVXOWV ZLWK GLIIHUHQW K IRU RXWOLHU GDWDVHW, (D) K = 7 (E) K = 12 (F) K = 20
(VHH RQOLQH YHUVLRQ IRU FRORXUV)

(D) (E) (F)

7able 2 TKH DYHUDJH UHVXOWV RI FOXVWHULQJ IRU RXWOLHU GDWDVHW

K (ceQWUe) MeWhRdV MSE SWd. DR (%) FPR (%) PXUiW\

7 PURSRVHG PHWKRG 0.237 0.1023 83.17 3.43 0.96
K-PHDQV++ 0.2312 0.1001 82.66 3.45 0.955

DHQVLW\ K-PHDQV 0.2313 0.1002 82.53 3.88 0.954
12 PURSRVHG PHWKRG 0.174 0.073 92.86 1.40 0.98

K-PHDQV++ 0.169 0.0758 88.30 2.46 0.96
DHQVLW\ K-PHDQV 0.18 0.0796 90.68 2.71 0.96

20 PURSRVHG PHWKRG 0.1354 0.0555 100 0 1
K-PHDQV++ 0.1279 0.0533 98.33 0.45 0.995

DHQVLW\ K-PHDQV 0.1298 0.0541 94.73 0.84 0.98
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Figure 5 TKH UHVXOWV RI SURSRVHG PHWKRG IRU FRPSRXQG GDWDVHW (K = 17), (D) FHQWUH
LQLWLDOLVDWLRQ (E) DIWHU WUDLQLQJ (VHH RQOLQH YHUVLRQ IRU FRORXUV)

(D) (E)

Figure 6 MSE UHVXOWV ZLWK GLIIHUHQW K IRU FRPSRXQG GDWDVHW, (D) K = 12 (E) K = 17
(F) K = 20 (VHH RQOLQH YHUVLRQ IRU FRORXUV)

(D) (E) (F)

7able 3 TKH DYHUDJH UHVXOWV RI FOXVWHULQJ IRU FRPSRXQG GDWDVHW

K (ceQWUe) MeWhRdV MSE SWd. DR (%) FPR (%) PXUiW\

12 PURSRVHG PHWKRG 0.1824 0.088 94.22 5.28 0.925
K-PHDQV++ 0.1537 0.0925 91.09 5.33 0.904

DHQVLW\ K-PHDQV 0.177 0.0868 89.77 3.86 0.897
17 PURSRVHG PHWKRG 0.1641 0.0807 96.10 3.04 0.9323

K-PHDQV++ 0.1353 0.0669 94.27 6.15 0.9223
DHQVLW\ K-PHDQV 0.1379 0.0933 93.28 3.97 0.929

20 PURSRVHG PHWKRG 0.119 0.067 97.73 1.19 0.9674
K-PHDQV++ 0.1175 0.0634 95.76 2.22 0.9599

DHQVLW\ K-PHDQV 0.1181 0.068 95.35 1.44 0.9574

5.2 ReVXOWV Rf beQchPaUNiQg daWa

WH DGGHG D ZKLWH GDXVVLDQ QRLVH WR EHQFKPDUNLQJ GDWDVHWV IRU FUHDWLQJ ORZ IUHTXHQF\
QRLVHV DV EHQLJQ RXWOLHUV. IQ WKLV H[SHULPHQW, WKH VLJQDO-WR-QRLVH UDWLR LV 10 GB. FLJXUH 9
VKRZV D VDPSOH RI DGGHG ZKLWH GDXVVLDQ QRLVH WR VDZWRRWK VLJQDO.
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Figure 7 TKH UHVXOWV RI SURSRVHG PHWKRG IRU SLQZKHHO GDWDVHW (K = 10), (D) FHQWUH
LQLWLDOLVDWLRQ (E) DIWHU WUDLQLQJ (VHH RQOLQH YHUVLRQ IRU FRORXUV)

(D) (E)

Figure 8 MSE UHVXOWV ZLWK GLIIHUHQW K IRU PLQZKHHO GDWDVHW, (D) K = 8 (E) K = 10 (F) K = 14
(VHH RQOLQH YHUVLRQ IRU FRORXUV)

(D) (E) (F)

7able 4 TKH DYHUDJH UHVXOWV RI FOXVWHULQJ IRU PLQZKHHO GDWDVHW

K (ceQWUe) MeWhRdV MSE SWd. DR (%) FPR (%) PXUiW\

8 PURSRVHG PHWKRG 0.1421 0.0998 97.73 1.32 0.975
K-PHDQV++ 0.1432 0.102 97.02 1.61 0.9717

DHQVLW\ K-PHDQV 0.1424 0.1 96.83 1.80 0.9708
10 PURSRVHG PHWKRG 0.1322 0.0942 98.26 1.22 0.979

K-PHDQV++ 0.1268 0.0897 97.71 1.46 0.976
DHQVLW\ K-PHDQV 0.1319 0.0939 97.12 1.52 0.972

14 PURSRVHG PHWKRG 0.107 0.0725 99.03 0.59 0.989
K-PHDQV++ 0.1157 0..0834 98.19 0.9 0.983

DHQVLW\ K-PHDQV 0.1069 0.0764 98.47 1.011 0.98

AOO H[SHULPHQWV RYHU EHQFKPDUNLQJ GDWDVHWV ZHUH UXQ 10 WLPHV ZLWK GLIIHUHQW K
YDOXHV, DQG WKH DYHUDJH FODVVLILFDWLRQ HUURU (AYH.) DQG WKH VWDQGDUG GHYLDWLRQ (SD) ZHUH
FRPSXWHG. IQ WKH FRQGXFWHG H[SHULPHQWV, 70% RI GDWDVHW LV XVHG IRU WUDLQLQJ DQG WKH
UHVW LV FRQVLGHUHG DV WHVW GDWD LQ RUGHU WR YDOLGDWH WKH TXDOLW\ RI WKH SURSRVHG PHWKRG.
AIWHU WUDLQLQJ, WKH ODEHO (FODVV) RI HDFK IRUPHG FOXVWHU FRPHV IURP WKH ODUJHVW QXPEHU
RI D FODVV ZLWKLQ D VDPH FOXVWHU. FRU LQVWDQFH, LI D FOXVWHU FRQWDLQV WZR LQVWDQFHV IURP
FODVV A, 12 LQVWDQFHV IURP FODVV B, DQG RQH LQVWDQFH IURP FODVV C, WKH ODEHO RI WKLV
FOXVWHU LV FRQVLGHUHG DV FODVV B DQG WKH WKUHH LQVWDQFHV IURP FODVVHV A DQG C DUH
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FRQVLGHUHG DV PLVFODVVLILFDWLRQ. TKH UHVXOWV KDYH EHHQ VXPPDULVHG LQ TDEOH 5. TKH
UHVXOWV VKRZ WKDW WKH SURSRVHG PHWKRG WHQGV WR REWDLQ PRUH DFFXUDWH FODVVLILFDWLRQ UDWH
(AYH.) DQG ORZHU SD DV FRPSDUHG WR RWKHU PHWKRGV.

Figure 9 AGGHG ZKLWH GDXVVLDQ QRLVH WR VDZWRRWK VLJQDO (VHH RQOLQH YHUVLRQ IRU FRORXUV)

7able 5 CODVVLILFDWLRQ HUURU (%) RI DSSOLHG PHWKRGV RYHU EHQFKPDUNLQJ GDWDVHWV

MeWhRd T\Se CUiWeUia DaWaVeW

IUiV GOaVV WiQe IRQRVSheUe ZRR

PURSRVHG PHWKRG TUDLQLQJ AYH. 3.804 12.684 13.854 8.375 7.51
SD 0.83 1.958 1.747 1.892 2.035

THVW AYH. 3.361 11.345 12.91 7.286 6.631
SD 0.858 2.02 1.927 1.892 1.688

K-PHDQV++ TUDLQLQJ AYH. 5.211 16.689 16.011 9.533 9.727
SD 2.129 2.836 2.86 2.593 2.648

THVW AYH. 4.407 15.437 16.203 9.464 9.592
SD 2.118 2.958 2.675 2.532 2.157

DHQVLW\ K-PHDQV TUDLQLQJ AYH. 4.461 16.474 15.875 10.658 9.201
SD 1.563 2.739 2.442 2.941 2.287

THVW AYH. 4.496 15.279 15.523 9.078 7.899
SD 1.572 2.765 2.23 2.578 2.311

K-PHDQV TUDLQLQJ AYH. 4.74 15.043 17.112 10.103 10.01
SD 2.165 3.401 3.545 4.001 3.877

THVW AYH. 6.192 16.123 15.455 9.912 9.136
SD 2.152 3.131 4.031 4.002 3.563
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6 Conclusions

IQ WKLV SDSHU, D QHZ FHQWURLG LQLWLDOLVDWLRQ PHWKRG IRU K-PHDQV FOXVWHULQJ DOJRULWKP
ZDV LQWURGXFHG. TKH SURSRVHG PHWKRG ILUVWO\ FRQVLGHUHG DQG GLVFRYHUHG EHQLJQ RXWOLHUV
ZKLFK H[LVW LQKHUHQWO\ LQ DOPRVW DOO GDWDVHWV. BHQLJQ RXWOLHUV DUH XVXDOO\ RXW RI
90%–95% RI FRQILGHQWLDO LQWHUYDO RI QRUPDO GLVWULEXWLRQ RI GDWD. AFFRUGLQJ WR WKH
H[SHULPHQWDO UHVXOWV, FOXVWHUV¶ FHQWURLGV LQLWLDOLVDWLRQ WKURXJK WKHVH WDQJLEOH GDWD SRLQWV
FRQVWUXFWHG FOXVWHUV ZLWK KLJKHU DFFXUDF\ DV FRPSDUHG WR VRPH H[LVWLQJ PHWKRGV.
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