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$EVWUDFW

7KLV SDSHU DGGUHVVHV WKH SUREOHP RI REMHFW UHFRJQL�
WLRQ EDVHG RQ FRQWRXU GHVFULSWLRQV� 7ZR DSSURDFKHV�
QDPHO\ KLGGHQ 0DUNRY PRGHOV �+00� DQG V\QWDF�
WLF PRGHOLQJ EDVHG RQ VWRFKDVWLF nQLWH�VWDWH JUDPPDUV
�6)6*�� DUH DQDO\]HG DQG DSSOLHG WR WKH FODVVLnFDWLRQ
RI KDUGZDUH WRROV�

� ,QWURGXFWLRQ

7KH UHFRJQLWLRQ RI �' REMHFWV UHTXLUHV WZR VWHSV�
WKH H[WUDFWLRQ RI LPDJH IHDWXUHV DQG WKHLU FODVVLnFD�
WLRQ� 6HYHUDO PHWKRGV H[LVW WR SHUIRUP HDFK RI WKHVH
RSHUDWLRQV� $ ODUJH DWWHQWLRQ KDV EHHQ IRFXVHG RQ WKH
DQDO\VLV RI WKH REMHFW ERXQGDU\ XVLQJ JOREDO DQG ORFDO
UHSUHVHQWDWLRQV� *OREDO UHSUHVHQWDWLRQV �H�J�� )RXULHU
GHVFULSWRUV� LQYDULDQW PRPHQWV� DUH HDV\ WR PDQLSX�
ODWH DQG FODVVLI\� +RZHYHU� LWV FRPSXWDWLRQ GHSHQGV
RQ WKH HQWLUH VKDSH DQG� WKHUHIRUH� ORFDO GHIRUPDWLRQV
DQG RFFOXVLRQV RIWHQ SURGXFH VWURQJ GHYLDWLRQV LQ DOO
WKH IHDWXUHV� /RFDO IHDWXUHV �H�J�� GLmHUHQWLDO FKDLQ
FRGHV� DUH PRUH UREXVW DJDLQVW GHIRUPDWLRQV DQG RF�
FOXVLRQV EXW WKH\ UHTXLUH VRSKLVWLFDWHG FODVVLnFDWLRQ
WHFKQLTXHV�
2EMHFW UHFRJQLWLRQ EDVHG RQ VWULQJ FRQWRXU GHVFULS�

WLRQV DUH W\SLFDOO\ SHUIRUPHG XVLQJ VWULQJ PDWFKLQJ
WHFKQLTXHV >�@� SUHOLPLQDU\ UHVXOWV RQ VKDSH FOXVWHU�
LQJ XVLQJ VWRFKDVWLF JUDPPDUV DUH UHSRUWHG LQ >�@� ,Q
WKLV SDSHU� D PRGHO�EDVHG DSSURDFK LV DGGUHVVHG� 7ZR
PRGHOLQJ � FODVVLnFDWLRQ VWUDWHJLHV� ZKLFK DUH XVX�
DOO\ VWXGLHG VHSDUDWHO\� DUH FRQVLGHUHG� KLGGHQ 0DUNRY
PRGHOV �+00� >�@ DQG V\QWDFWLF PRGHOV >��@� +LG�
GHQ 0DUNRY PRGHOV KDYH EHHQ LQWHQVLYHO\ XVHG LQ WKH
FRQWH[W RI VSHHFK UHFRJQLWLRQ DV D WRRO WR UHSUHVHQW
WKH G\QDPLF SURSHUWLHV RI WKH VSHHFK IHDWXUHV �H�J��
VSHFWUDO FRHpFLHQWV� GXULQJ DQ XWWHUDQFH >�� �@� 7KH
DSSOLFDWLRQ RI +00V LQ REMHFW DQG VKDSH UHFRJQLWLRQ
LV OHVV SRSXODU� +RZHYHU� WKH\ KDYH EHHQ XVHG ZLWK
VXFFHVV LQ VKDSH DQG FXUVLYH KDQGZULWWHQ UHFRJQLWLRQ
�H�J�� VHH >�� ��@�� 7\SLFDO DSSOLFDWLRQV RI V\QWDFWLF
PHWKRGV KDYH EHHQ LQ WKH DUHDV RI SDWWHUQ UHFRJQL�
WLRQ >�@� VSHHFK UHFRJQLWLRQ >�@� QDWXUDO ODQJXDJHV
DQG SURJUDPPLQJ ODQJXDJHV� ,Q WKLV SDSHU� +00V

e7KLV ZRUN KDV EHHQ SDUWO\ VXSSRUWHG E\ -1,&7 SURMHFWV
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DQG V\QWDFWLF PRGHOV EDVHG RQ VWRFKDVWLF nQLWH�VWDWH
JUDPPDUV DUH DSSOLHG DQG FRPSDUHG LQ REMHFW UHFRJ�
QLWLRQ EDVHG RQ FRQWRXU GHVFULSWLRQV H[WUDFWHG IURP
LPDJHV RI KDUGZDUH WRROV�

� +LGGHQ 0DUNRY 0RGHOV DQG

6WRFKDVWLF )LQLWH 6WDWH *UDPPDUV

+00V DQG 6)6* VKDUH PDQ\ FRPPRQ FKDUDFWHU�
LVWLFV� EHLQJ LQVWDQFHV RI D PRUH JHQHUDO FODVV RI PRG�
HOV GHVLJQDWHG E\ VWRFKDVWLF nQLWH VWDWH QHWZRUNV >�@�
7KH\ ERWK JHQHUDWH DQ LQWHUQDO �QRQ�REVHUYDEOH� VH�
TXHQFH RI V\PEROV �VWDWHV� DQG D VHTXHQFH RI H[WHUQDO
�REVHUYDEOH� V\PEROV� XVLQJ SUREDELOLVWLF UXOHV� %DVHG
RQ WKH WKHRU\ RI VWRFKDVWLF SURFHVVHV� WKH\ KRZHYHU DV�
VXPH GLmHUHQW IRUPDOLVPV DQG GLVWLQFW PHFKDQLVPV RI
LQIHUHQFH�
)RUPDOO\� D +00 LV FKDUDFWHUL]HG E\� +  

�4�h� $�%�{�� ZKHUH 4 LV D nQLWH VHW RI VWDWHV TL � h
LV D VHW RI SRVVLEOH REVHUYDWLRQ V\PEROV� $ LV D PDWUL[
ZLWK WKH VWDWH WUDQVLWLRQ SUREDELOLWLHV �$ � 4 d 4 �

>�� �@�� % UHSUHVHQWV WKH REVHUYDWLRQ V\PERO SUREDELO�

LW\ GLVWULEXWLRQ LQ D VWDWH� DQG { LV WKH LQLWLDO VWDWH
GLVWULEXWLRQ� *LYHQ D +00� WKH SUREDELOLW\ RI WKH

REVHUYDWLRQ VHTXHQFH [  [�[� � � � [Q�[L � h� LV JLYHQ
E\
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,Q RUGHU WR GHnQH D +00 RQH QHHGV WR NQRZ LWV

VWUXFWXUH �QXPEHU RI VWDWHV DQG DOORZHG VWDWH WUDQVL�

WLRQV� DQG SDUDPHWHU YDOXHV� 7KH VWUXFWXUH RI +00V

LV FKRVHQ D SULRUL� WXQLQJ WR WKH GDWD LV W\SLFDOO\ SHU�

IRUPHG RQ D WULDO EDVLV� HYHQWXDOO\ FRQGLWLRQHG E\ H[�

LVWHQW NQRZOHGJH� 7ZR W\SHV RI DUFKLWHFWXUHV DUH XVX�

DOO\ FRQVLGHUHG� ��WRWDOO\ FRQQHFWHG PRGHOV� ZKHUH DOO

VWDWH WUDQVLWLRQV DUH DOORZHG� �� OHIW�WR�ULJKW PRGHOV�

ZKHUH WHPSRUDO FRQVWUDLQWV DUH WDNHQ LQWR DFFRXQW E\

GHnQLQJ XQLTXH LQLWLDO DQG nQDO VWDWHV� DQG VWDWHV DUH

RUGHUHG LQ VXFK D ZD\ WKDW LI TL � TM WKHQ$�TM� TL�  ��
7RWDOO\ FRQQHFWHG PRGHOV DUH JHQHUDO EXW WKH\ PD\

GHSHQG RQ D ODUJH QXPEHU RI SDUDPHWHUV ZKLFK DUH

KDUG WR HVWLPDWH� 7KHUHIRUH WKH\ DUH QRW QHFHVVDU�

LO\ WKH EHVW VROXWLRQ� 3DUDPHWHU HVWLPDWLRQ LV SHU�

IRUPHG LQ D QRQ RSWLPDO ZD\� 7ZR SRSXODU PHWKRGV



DUH WKH %DXP�:HOFK UH�HVWLPDWLRQ DOJRULWKP DQG WKH

9LWHUEL HVWLPDWLRQ DOJRULWKP >�@� 7KH %DXP�:HOFK

DOJRULWKP WULHV WR RSWLPL]H WKH OLNHOLKRRG IXQFWLRQ RI

WKH WUDLQLQJ VHW DSSO\LQJ DQ (0 DSSURDFK� 7KH DO�

JRULWKP FRQYHUJHV WR ORFDO PD[LPD RI WKH OLNHOLKRRG

IXQFWLRQ ZKLFK GHSHQG RQ WKH DOJRULWKP LQLWLDOL]DWLRQ�

7KH 9LWHUEL HVWLPDWLRQ LV VLPSOHU EXW VXE�RSWLPDO�

WKH KLJKHVW SUREDELOLW\ VWDWH VHTXHQFH DVVRFLDWHG ZLWK

HDFK WUDLQLQJ VHTXHQFH LV FRPSXWHG� 7KH PRGHO SD�

UDPHWHUV DUH WKHQ HVWLPDWHG E\ FRPSXWLQJ WKH UHODWLYH

IUHTXHQFLHV RI WUDQVLWLRQV DQG RXWSXW V\PEROV� DVVXP�

LQJ WKDW WKH WUDLQLQJ VHTXHQFHV ZHUH JHQHUDWHG E\ WKH

HVWLPDWHG VWDWH VHTXHQFH� 7KH RXWSXW RI WKH 9LWHUEL

DOJRULWKP DOVR GHSHQG RQ WKH LQLWLDO HVWLPDWHV RI WKH

PRGHO SDUDPHWHUV�

$ 6)6* >��@ LV GHnQHG E\ *  �1�h� 3� }� � ZKHUH
1 D nQLWH VHW RI QRQ�WHUPLQDO V\PEROV� h LV WKH VHW RI

REVHUYDEOH V\PEROV �YRFDEXODU\�� 3 LV D nQLWH VHW RI

SURGXFWLRQV RI WKH IRUP SLM � $� D% RU SLM � $� D�
$�% � 1 � D � h� SLM EHLQJ WKH UXOH SUREDELOLW\� } � 1
LV WKH VWDUW V\PERO� *LYHQ D 6)6*� *� WKH SUREDELOLW\
RI [  [�[� � � � [Q EHLQJ JHQHUDWHG E\ * LV JLYHQ E\
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UHSUHVHQWV WKH SUREDELOLW\ RI WKH MWK

GHULYDWLRQ RI [ IURP WKH VWDUW V\PERO } DFFRUGLQJ WR
WKH UXOHV LQ 3 � $ 6)6* FDQ EH UHSUHVHQWHG E\ D JUDSK
ZKHUH HDFK QRGH LV DVVRFLDWHG ZLWK D QRQ�WHUPLQDO

V\PERO� ZLWK DQ LQLWLDO QRGH ODEHOHG }� D nQDO DE�
VRUELQJ QRGH� DQG WKH DUFV OLQN QRGHV DVVRFLDWHG E\

UXOHV LQ 3 � 7KH QXPEHU DQG VWUXFWXUH RI WKH UXOHV DUH
DXWRPDWLFDOO\ LQIHUUHG IURP WKH WUDLQLQJ GDWD VHW E\

JUDPPDWLFDO LQIHUHQFH PHWKRGV >�� �@� 0RVW RI WKHVH

SURFHGXUHV XVH KHXULVWLF LQIRUPDWLRQ WR GHWHFW FRP�

PRQ VWUXFWXUHV LQ VWULQJ SDWWHUQV� PRGHOHG LQ WHUPV

RI UXOHV� 0D[LPXP OLNHOLKRRG WHFKQLTXHV DSSOLHG WR

WKH HVWLPDWLRQ RI UXOH SUREDELOLWLHV RI QRQ�DPELJXRXV

JUDPPDUV �RQO\ RQH GHULYDWLRQ LV SRVVLEOH IRU HDFK

VWULQJ LQ WKH ODQJXDJH� OHDG WR WKH FRPSXWDWLRQ RI UHOD�

WLYH IUHTXHQFLHV RI UXOHV XVDJH LQ WKH GHULYDWLRQ RI WKH

WUDLQLQJ VHW� $FFRUGLQJ WR WKH PHWKRG RI VWRFKDVWLF

SUHVHQWDWLRQ� WKH SUREDELOLVWLF QDWXUH RI WKH SDWWHUQV

DUH UHSUHVHQWHG E\ WKH UHODWLYH IUHTXHQF\ RI RFFXUUHQFH

RI VDPSOHV LQ WKH WUDLQLQJ VHW� :KHQ DPELJXRXV JUDP�

PDUV DUH FRQVLGHUHG� QRQ�RSWLPDO HVWLPDWHV EDVHG RQ

VLQJOH GHULYDWLRQ SHU VDPSOH DUH FRPPRQ SUDFWLFH�

,W FDQ EH VKRZQ >�@ WKDW WKH DERYH IRUPDOLVP RI

+00 FDQ EH SXW LQ DQ HTXLYDOHQW IRUP ZLWK REVHUYD�

WLRQ SUREDELOLW\ GLVWULEXWLRQV LQ WKH WUDQVLWLRQV� GHV�

LJQDWHG E\ +007� :KLOH WKLV JHQHUDO PRGHO LV QRW

HTXLYDOHQW WR D 6)6*� +00V ZLWK REVHUYDWLRQ SURE�

DELOLW\ GLVWULEXWLRQV LQ WKH WUDQVLWLRQV DQG ZLWK nQDO

VWDWH DUH HTXLYDOHQW WR 6)6*V� 7KH WZR DSSURDFKHV

WKHUHIRUH GLmHU PDLQO\ RQ WKH ZD\ RI GHnQLWLRQ RI WKH

QHWZRUN VWUXFWXUH� WKH nUVW DVVXPLQJ DQ D SULRUL VWUXF�

WXUH DQG WKH ODWWHU LQIHUULQJ LW IURP WKH GDWD� EDVHG RQ

VRPH KHXULVWLF LQIRUPDWLRQ XQGHUO\LQJ WKH JUDPPDWL�

FDO LQIHUHQFH SURFHGXUH� (VWLPDWHV RI UXOHV SUREDELO�

LWLHV EDVHG RQ WKH PHWKRG RI VWRFKDVWLF SUHVHQWDWLRQ

IRU 6)6*V DUH FRPSDUDEOH WR WKH HVWLPDWHV SURYLGHG

E\ WKH 9LWHUEL DOJRULWKP IRU WKH +00V�

� 2EMHFW 5HFRJQLWLRQ
+00V DQG 6)6*V ZHUH XVHG LQ �' VKDSH UHFRJ�

QLWLRQ RI KDUGZDUH WRROV� 7KH IROORZLQJ SUHVHQWV WKH

PHWKRGRORJ\ DQG H[SHULPHQWDO VHWXS�

��� ,PDJHV 'DWDEDVH
$ GDWDEDVH ZLWK LPDJHV RI �� KDUGZDUH WRROV �VRPH

RI WKHP KDYLQJ PRYLQJ SDUWV� ZDV XVHG �VHH nJXUH ���

7KH GDWDEDVH FRQWDLQV �� LPDJHV RI HDFK WRRO DFTXLUHG

ZLWK GLmHUHQW SRVHV DQG VKDSHV� LQ WKH FDVH RI WRROV

ZLWK PRYLQJ SDUWV� 7KH GDWDEDVH ZDV VSOLW LQ WZR

HTXDO OHQJWK VHWV RI GDWD� RQH XVHG LQ PRGHO WUDLQLQJ

DQG WKH RWKHU IRU SHUIRUPDQFH HYDOXDWLRQ�

)LJXUH �� ,PDJHV RI KDUGZDUH WRROV�

��� 6WULQJ &RQWRXU 'HVFULSWLRQV
(DFK LPDJH ZDV VHJPHQWHG WR VHSDUDWH WKH REMHFW

IURP WKH EDFNJURXQG DQG WKH REMHFW ERXQGDU\ ZDV

VDPSOHG DW �� HTXDOO\ VSDFHG SRLQWV �VHH nJXUH ���

2EMHFWV VKDSHV ZHUH HQFRGHG XVLQJ DQ ��GLUHFWLRQDO

GLmHUHQWLDO FKDLQ FRGH >�@ �WKH UHSUHVHQWDWLRQ LV DS�

SUR[LPDWHO\ LQYDULDQW WR WUDQVODWLRQ URWDWLRQ DQG VFDO�

LQJ WUDQVIRUPDWLRQV��

��� &RQWRXU 0RGHOLQJ
+00V DQG 6)6*V ZHUH XVHG IRU PRGHOLQJ RI RE�

MHFW
V FRQWRXUV� 7HVWV ZLWK +00 LQFOXGHG IXOO\ FRQ�

QHFWHG DQG OHIW�WR�ULJKW PRGHOV �/5+00�� WUDLQHG E\

9LWHUEL DQG %DXP�:HOFK DOJRULWKPV� )XUWKHUPRUH�

WKH QXPEHU RI VWDWHV ZDV PRGLnHG LQ WKHVH WHVWV LQ

RUGHU WR HYDOXDWH LWV LQoXHQFH RQ WKH nQDO UHVXOWV�

&RQFHUQLQJ WKH V\QWDFWLF DSSURDFK� WKH N�WDLO

PHWKRG >�@ ZDV DGRSWHG IRU JUDPPDWLFDO LQIHUHQFH�

7KLV DOJRULWKP� EDVHG RQ WKH FRQFHSW RI N�WDLO HTXLYD�

OHQFH EHWZHHQ VWDWHV� IRUFHV VRPH VRUW RI DOLJQPHQW EH�

WZHHQ WKH PRGHOHG VWULQJV� HPSKDVL]LQJ DQG GHVFULE�



)LJXUH �� ([DPSOH RI WRRO DQG FRUUHVSRQGLQJ ERXQG�

DU\ VDPSOHG DW �� HTXDOO\ VSDFHG SRLQWV�

LQJ ZLWK JUHDWHU GHWDLO WKHLU N�OHQJWK WDLOV� 6HYHUDO

YDOXHV IRU WKH N SDUDPHWHU ZHUH WHVWHG� (VWLPDWHV RI
UXOHV SUREDELOLWLHV XVHG WKH PHWKRG RI VWRFKDVWLF SUH�

VHQWDWLRQ�

��� 2EMHFW &ODVVLnFDWLRQ
$FFRUGLQJ WR WKH DERYH SUREDELOLVWLF PRGHOV� WKH

SUREDELOLW\ RI DQ REVHUYDWLRQ VHTXHQFH FDQ EH FRP�

SXWHG� &ODVVLnFDWLRQ XVHV %D\HV GHFLVLRQ FULWHULRQ�

� ([SHULPHQWDO 5HVXOWV
)LJXUH � VKRZV WKH W\SLFDO QHWZRUN VWUXFWXUHV RI

WKH PRGHOV XQGHU HYDOXDWLRQ� LOOXVWUDWHG IRU WKH WRRO
FODVV LQ nJXUH �� ,W FDQ EH VHHQ WKDW WKH N�WDLO PHWKRG
WHQGV WR HQKDQFH VWULQJ WDLO DOLJQPHQW� ZKLOH QR HP�
SKDVLV LV SXW WR DQ\ SDUWLFXODU VWULQJ UHJLRQ E\ WKH
+00V�
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)LJXUH �� )XOO\ FRQQHFWHG +00 �� VWDWHV�� 6)6*

�N �� DQG OHIW�WR�ULJKW +00 �� VWDWHV� IRU WKH WRRO

FODVV LQ nJXUH � �LQ WKH FDVH RI +00 RQO\ WUDQVLWLRQV

ZLWK VLJQLnFDQW SUREDELOLW\ ZHUH UHSUHVHQWHG��

&RQFHUQLQJ WKH HVWLPDWLRQ RI +00 SDUDPHWHUV�
WZR PHWKRGV ZHUH HYDOXDWHG� 7KH EHVW UHVXOWV ZHUH
DFKLHYHG ZLWK WKH %DXP�:HOFK DOJRULWKP WKDW SUR�
GXFHG KLJKHU YDOXHV IRU WKH OLNHOLKRRG IXQFWLRQ S�[M+��
7KLV DOJRULWKP ZDV WKHQ XVHG WR WUDLQ WKH PRGHOV DV�
VRFLDWHG ZLWK WKH GLmHUHQW WRROV� 7KH EHVW UHFRJQL�
WLRQ UDWHV ZHUH REWDLQHG ZLWK OHIW�WR�ULJKW +00 PRG�
HOV �SHUIHFW UHFRJQLWLRQ ZDV DFKLHYHG ZLWK D �� VWDWH
PRGHO�� ,Q WKLV FDVH WKH +00 EHFRPHV HTXLYDOHQW WR

7HVW . � . � . �

VHW 3H 3P 3HF 3H 3P 3HF 3H 3P 3HF
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W� � � � � � � � � �
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W�� � � � � � � �� �� �

7DEOH �� &ODVVLnFDWLRQ UHVXOWV RI WHVW VDPSOHV IRU VHY�

HUDO YDOXHV RI N� �3H � SUREDELOLW\ RI HUURU� 3P �

SHUFHQWDJH RI VWULQJV QRW UHFRJQL]HG� 3HF � QHDUHVW�

QHLJKERU FODVVLnFDWLRQ HUURU UDWH��

D '\QDPLF 7LPH :DUSLQJ DOJRULWKP DOWKRXJK LW VWLOO
KDV WKH DGYDQWDJH RI DOORZLQJ DQ DXWRPDWLF HVWLPD�
WLRQ RI DOO WKH FRVW ZHLJKWV�� )XOO\ FRQQHFWHG PRG�
HOV DFKLHYHG VOLJKWO\ ZRUVH UHVXOWV ������ ZLWK D ��
VWDWH PRGHO� DQG WKHLU WUDLQLQJ LV VORZHU� ,W PXVW
EH VWUHVVHG WKDW VRPH WRROV KDYH PRYLQJ SDUWV DQG
JHQHUDWH FKDLQ FRGHV ZLWK GLmHUHQW VWUXFWXUHV� 7KH
UHFRJQLWLRQ VFRUH REWDLQHG ZLWK ERWK W\SHV RI PRGHOV
VKRZ WKDW +00V DUH DEOH WR FDSWXUH WKH YDULDELOLW\
FRQWDLQHG LQ WKH GDWD� SUHVHUYLQJ WKH FDSDELOLW\ WR GLV�
FULPLQDWH EHWZHHQ GLmHUHQW REMHFWV�

,Q WKH SUHYLRXV WHVWV WKH LQLWLDO SRLQWV RI WKH REMHFWV
ERXQGDULHV ZHUH FDUHIXOO\ VHOHFWHG� 7R DVVHVV WKH UR�
EXVWQHVV RI WKH +00 UHFRJQL]HU ZLWK UHVSHFW WR HUURUV
LQ WKH LQLWLDO SRLQW HVWLPDWH� WKH VDPH PHWKRGRORJ\
ZDV DSSOLHG WR D VHW RI GDWD FRQVLVWLQJ RI VKLIWHG YHU�
VLRQV RI DOO WUDLQLQJ VHTXHQFHV� 5HFRJQLWLRQ VFRUHV RE�
WDLQHG ZLWK DUELWUDU\ LQLWLDO SRLQW DUH ����� IRU IXOO\
FRQQHFWHG PRGHOV ��� VWDWHV� DQG ����� IRU OHIW�WR�
ULJKW PRGHOV ��� VWDWHV�� FRQnUPLQJ WKH UREXVWQHVV RI
WKH +00 DSSURDFK�

$FFRUGLQJ WR WKH V\QWDFWLF DSSURDFK� JUDPPDUV
ZHUH LQIHUUHG IRU GLmHUHQW YDOXHV RI WKH WDLO SDUDP�
HWHU� 7KH VHOHFWLRQ RI N FRQWUROV WKH OHYHO RI JHQHU�
DOL]DWLRQ RI SDWWHUQV EH\RQG WKH WUDLQLQJ VHW� 6PDOO
YDOXHV OHDG WR RYHU�JHQHUDOL]DWLRQ� ZKLOH KLJK YDOXHV
OLPLWV UHFRJQLWLRQ WR VDPSOHV ZLWKLQ WKH WUDLQLQJ VHW�
WKH FRQFHSW RI KLJK DQG ORZ EHLQJ SDWWHUQ GHSHQGHQW�
7KLV LV LOOXVWUDWHG LQ WDEOH �� 7ZR W\SHV RI HUURUV
DUH FRQVLGHUHG� �� WKH WHVW VDPSOH LV UHFRJQL]HG E\ WKH
JUDPPDU DVVRFLDWHG ZLWK WKH FRUUHFW FODVV EXW LV DOVR
UHFRJQL]HG E\ DQRWKHU JUDPPDU ZLWK D KLJKHU SURED�
ELOLW\� �� WKH VDPSOH FDQQRW EH UHFRJQL]HG DFFRUGLQJ
WR WKH JUDPPDU IRU LWV FODVV� 7KH ODVW W\SH RI HUURUV
LV UHSUHVHQWHG LQ WKH FROXPQV ODEHOHG 3P� 7KH HUURU
SUREDELOLW\ �FROXPQV 3H� VXPV ERWK W\SH RI HUURUV�
)RU N  �� RYHU JHQHUDOL]DWLRQ OHDGV WR HUURUV LQ WKH
FODVVLnFDWLRQ RI WRROV W�� W� DQG W� �W� DQG W� DUH DU�
WLFXODWHG REMHFWV ZLWK PRYLQJ SDUWV�� +LJKHU YDOXHV



,WHU 5HF W� W� W� W� W��W� W� W��W�� W�� W��W��

� ����� N� N� N� N� N� N� N� N� N�

� ����� N� N� N� N� N� N� N� N� N�

� ����� N� N� N� N� N� N� N� N� N�

� ����� N� N� N� N� N� N� N� N� N�

� ����� N� N� N� N� N� N� N� N� N�

� ����� N� N� N� N� N� N� N� N� N�

� ����� N� N� N� N� N� N� N� N� N�

� �����
 N� N� N� N� N� N� N� N� N�

� �����
 N�� N�� N� N�� N� N� N� N� N�

�� ���
 N�� N�� N� .� N� N� N� N� N�

7DEOH �� &ODVVLnFDWLRQ UHVXOWV�

RI N OHDG WR LQFUHDVHG GLVFULPLQDWLQJ SRZHU EXW VRPH
WHVW VDPSOHV DUH QRW UHFRJQL]HG E\ WKH LQIHUUHG JUDP�
PDUV �QRQ�]HUR 3

P
�� $V WKH ODWHU DUH WUHDWHG DV HUURUV�

WKH SUREDELOLW\ RI HUURU 3H GHWHULRUDWHV� 7KLV SUREOHP
FDQ EH FLUFXPYHQWHG E\ SUREDELOLVWLF QHDUHVW�QHLJKERU
FODVVLnFDWLRQ EDVHG RQ HUURU�FRUUHFWLQJ SDUVLQJ >��@ DW
WKH H[SHQVH RI KLJKHU FRPSXWDWLRQDO FRVWV� 7DEOH �
VKRZV WKDW HUURU UDWHV WKXV REWDLQHG �3HF� GHFUHDVH DV
N LQFUHDVHV� XQUHFRJQL]HG VDPSOHV DUH RQFH DJDLQ FRU�
UHFWO\ FODVVLnHG DQG KLJKHU VHSDUDELOLW\ EHWZHHQ SDW�
WHUQ JUDPPDUV LV REWDLQHG� $ WUDGH�Rm PXVW WKHUHIRUH
EH DFFRPSOLVKHG LQ RUGHU WR DFKLHYH DGHTXDWH PRGHO�
LQJ RI WKH GDWD DQG KHQFH ORZ FODVVLnFDWLRQ HUURU UDWHV�
&RQVLGHULQJ WKH DERYH UHVXOWV� WKH IROORZLQJ DS�

SURDFK ZDV DGRSWHG� VWDUWLQJ ZLWK ORZ YDOXHV IRU N�
WKH FODVVLnFDWLRQ FRQIXVLRQ PDWUL[ ZDV DQDO\]HG DQG
WKH YDOXH RI N ZDV IUR]HQ IRU WKH VHW RI WRROV FRU�
UHFWO\ FODVVLnHG� WKH YDOXH RI N ZDV LQFUHDVHG IRU WKH
UHPDLQLQJ WRROV DQG WKH SURFHVV ZDV UHSHDWHG XQWLO QR
LPSURYHPHQW ZDV REWDLQHG� 7KH UHVXOWV DUH VXPPD�
UL]HG LQ WDEOH � ZKHUH WKH VHFRQG FROXPQ LQGLFDWHV WKH
JOREDO SHUFHQWDJH RI FRUUHFW FODVVLnFDWLRQV� )UR]HQ N
YDOXHV DUH UHSUHVHQWHG LQ LWDOLFV� 7KH VWDU LQ FROXPQ
� LQGLFDWHV WKDW QHDUHVW�QHLJKERU FODVVLnFDWLRQ �HUURU�
FRUUHFWLQJ SDUVLQJ� ZDV SHUIRUPHG�
,W VKRXOG EH HPSKDVL]HG WKDW WKH QXPEHU RI VWDWHV

WKXV REWDLQHG IRU HDFK WRRO LV YDULDEOH� GHSHQGLQJ RQ
WKH FRPSOH[LW\ RI WKH FRQWRXUV LQYROYHG� DV RSSRVHG
WR WKH n[HG OHQJWK VWUXFWXUH LPSRVHG LQ WKH +00 DS�
SURDFK� )RU LQVWDQFH� IRU N  � WKH QXPEHU RI VWDWHV
UDQJHV IURP � WR � �DYHUDJH �� DV IRU WKH FRQnJXUD�
WLRQV RI WKH �WK DQG ��WK LWHUDWLRQV WKH DYHUDJH QXP�
EHU RI VWDWHV LV �� �UDQJLQJ IURP � WR ���� 7KHUHIRUH
SHUIHFW REMHFW UHFRJQLWLRQ ZDV DFKLHYHG ZLWK WKH V\Q�
WDFWLF DSSURDFK ZLWK D OHVV FRPSOH[ PRGHO WKDQ WKH
RQH REWDLQHG XVLQJ +00V�

� 6XPPDU\ DQG &RQFOXVLRQV

+00V DQG 6)6*V ZHUH XVHG LQ �' VKDSH UHFRJQL�
WLRQ RI KDUGZDUH WRROV� 2EMHFWV VKDSHV ZHUH HQFRGHG
XVLQJ D GLmHUHQWLDO FKDLQ FRGH� 7KH N�WDLO PHWKRG ZDV
DGRSWHG IRU JUDPPDWLFDO LQIHUHQFH DQG VHYHUDO YDOXHV
IRU WKH N SDUDPHWHU ZHUH HYDOXDWHG� 7HVWV ZLWK +00
LQFOXGHG IXOO\ FRQQHFWHG DQG OHIW�WR�ULJKW PRGHOV�
&ODVVLnFDWLRQ UHVXOWV REWDLQHG ZLWK WKH V\QWDFWLF

DSSURDFK DUH FRPSDUDEOH ZLWK WKH RQHV REWDLQHG ZLWK
WKH /5+00� PHDQLQJ WKDW� IRU FODVVLnFDWLRQ SXU�
SRVHV� LW LV VXpFLHQW WR DQDO\]H RQO\ SDUW RI WKH FRQ�

WRXU� 7KLV LV FRUURERUDWHG E\ H[SHULPHQWV ZLWK WKH
N�WDLO PHWKRG DSSOLHG WR WKH ODVW KDOI RI WKH VWULQJ
GHVFULSWLRQV� )RU RSWLPDO REMHFW UHFRJQLWLRQ� PRGHOV
LQIHUUHG XVLQJ WKH JUDPPDUV SDUDGLJP ZHUH OHVV FRP�
SOH[ WKDQ WKH FRUUHVSRQGLQJ /5+00V� 2Q WKH RWKHU
KDQG� WKH V\QWDFWLF DSSURDFK LV OHVV UREXVW WKDQ WKH
+00 LQ WKH VHQVH WKDW ODUJHU WUDLQLQJ GDWD VHWV DUH
QHHGHG LQ RUGHU WR DFKLHYH H[DFW UHFRJQLWLRQ� DV WKH
VWUXFWXUH LV FRQGLWLRQHG E\ WKH WUDLQLQJ VHWV DQG VWUXF�
WXUDOO\ FRPSOHWH GDWD VHWV DUH HVVHQWLDO LQ RUGHU WR RE�
WDLQ DFFXUDWH LGHQWLnFDWLRQ RI PRGHOV� )XWXUH ZRUN RQ
WKH VXEMHFW LQFOXGHV FRPSDUDWLYH VWXGLHV XVLQJ RWKHU
LQIHUHQFH PHWKRGV DQG PRGHOV YDOLGDWLRQ FRQFHUQLQJ
WKH SUREDELOLVWLF VWUXFWXUHV�
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