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7KH SUREOHP DGGUHVVHG LV WKDW RI DXWRPDW�
LQJ WKH WDVN RI YLVXDO LQVSHFWLRQ RI LPDJHV WR
GHWHFW REMHFWV RI LQWHUHVW� 'HWHFWRUV DUH IXQF�
WLRQV RI WKH SL[HO LQIRUPDWLRQ� :KHQ PRYHG
DFURVV DQ LPDJH WKHVH GLVFULPLQDWH REMHFWV
IURP QRQ�REMHFWV DFFRUGLQJ WR WKH YDOXH WKDW
LV FRPSXWHG� 7KH GHWHFWRU LV HYROYHG Rm�OLQH
LQ WZR HYROXWLRQ VWDJHV� 7KLV VWUDWHJ\ UHVXOWV
LQ SUDFWLFDO HYROXWLRQ WLPHV� ,W SURGXFHV IDVW
DXWRPDWLF GHWHFWRUV WKDW FDQ EH LQWHUSUHWHG
WR XQGHUVWDQG REMHFW GHWHFWLRQ SULQFLSOHV�

� ,QWURGXFWLRQ

$Q DWWUDFWLRQ RI *HQHWLF 3URJUDPPLQJ LV LWV DELOLW\ WR
UHWXUQ D WDQJLEOH IRUPXOD RU FRPSXWHU SURJUDP WKDW
FDQ VKHG OLJKW LQWR WKH ORJLF HPSOR\HG WR VROYH D WDVN�
)RU WKH SUREOHP RI PDFKLQH YLVLRQ� DQ DQDO\VLV RI WKLV
ORJLF PD\ H[SODLQ VRPH JHQHUDO SULQFLSOH IRU GLVFULPL�
QDWLQJ DQ REMHFW IURP D VFHQH�

7KH PHWKRG GLVFXVVHG LQ WKLV SDSHU XVHV D QXPEHU RI
H[DPSOHV RI CREMHFW
 DQG CQRQ�REMHFW
 WR HYROYH D GLV�
FULPLQDWRU RU REMHFW GHWHFWRU� 7KH HYROXWLRQ LV DQ LQ�
GXFWLYH OHDUQLQJ DQG &38 LQWHQVLYH WDVN WKDW LV FDUULHG
RXW Rm�OLQH WR GLVFRYHU D GHWHFWRU WKDW FDQ EH DSSOLHG
WR D JUHDW QXPEHU RI LPDJHV RQ�OLQH�

$ SRWHQWLDO SUREOHP DUHD ZLWK *3 LV WKH JURZWK RI LWV
VWUXFWXUHV� KRZHYHU� WKLV DSSHDUV WR UHODWH WR LWV SRZHU
DV D VHDUFK PHWKRG� 7KLV JURZWK FDQ VLJQLnFDQWO\ DXJ�
PHQW WKH FRPSXWLQJ UHTXLUHPHQWV RI HYROXWLRQ� ,W DOVR
PHDQV WKDW ODUJH GHWHFWRUV FDQ EH GLpFXOW WR LQWHUSUHW
HYHQ DIWHU WKH\ KDYH EHHQ VLPSOLnHG DOJHEUDLFDOO\� GH�
WHFWRUV ZLOO FRQWDLQ PRUH RSHUDWLRQV� DQG SRVVLEO\ WDNH
ORQJHU WR SURFHVV DQ LPDJH�

$ VWDJHG HYROXWLRQDU\ SURFHVV LV GHYHORSHG LQ VHFWLRQ �

WR FLUFXPYHQW VRPH RI WKHVH GLpFXOWLHV� 7KH YDOLGLW\ RI
WKLV DSSURDFK LV GLVFXVVHG LQ VHFWLRQ � ZLWK UHIHUHQFH WR
D 6$5 LPDJH DQDO\VLV SUREOHP� $Q ,5 LPDJH DQDO\VLV
WDVN LQ VHFWLRQ � LOOXVWUDWHV KRZ WKH DSSURDFK FDQ EHJLQ
WR DGGUHVV WKH VR FDOOHG VWDELOLW\�SODVWLFLW\ GLOHPPD >�@�

� 6WDJHG DSSURDFK

*LYHQ D UHFWDQJXODU LPDJH RI GLPHQVLRQV 1 [ 0 SL[�
HOV� FRQWDLQLQJ REMHFWV WKDW FDQ EH ERXQGHG LQ VXE�
ZLQGRZV RI VL]H Q [ Q SL[HOV� WKH WDVN LV WR FRQVWUXFW
D IXQFWLRQ RI SL[HO GDWD ZLWK VXSSRUW Q [ Q WKDW FDQ
EH V\VWHPDWLFDOO\ PRYHG DFURVV WKH HQWLUH LPDJH� L�H�
LV HYDOXDWHG SL[HO E\ SL[HO DQG OLQH E\ OLQH� 7\SLFDOO\�
1 [ 0 LV 2����� SL[HOV DQG Q [ Q LV 2����� SL[HOV�

$W HDFK SL[HO WKH IXQFWLRQ UHWXUQV D YDOXH WKDW LV HLWKHU
SRVLWLYH �3� RU QHJDWLYH �1� WR HLWKHU GHQRWH GHWHFWLRQ
RI DQ REMHFW RU RI D QRQ�REMHFW UHVSHFWLYHO\� 8VXDOO\�
WKH QXPEHU RI QRQ�REMHFW SL[HOV GRPLQDWHV� L�H� WKH
QXPEHU RI REMHFW SL[HOV LQ 1 [ 0 LV YHU\ VPDOO�

$ QXPEHU RI VXFK LPDJHV LV VHOHFWHG WR HYROYH WKH GH�
WHFWRU� DQG D CWUXWK
 RI NQRZQ REMHFW ORFDWLRQV LV SUH�
SDUHG IRU HDFK LPDJH� $ WUXH SRVLWLYH �73� UHVXOWV
ZKHQ WKH GHWHFWRU FRUUHFWO\ GHWHFWV DQ REMHFW IURP WKH
WUXWK� D IDOVH SRVLWLYH �)3� RFFXUV ZKHQ LW LQFRUUHFWO\
GHWHFWV DQ REMHFW � DOVR NQRZQ DV D CIDOVH DODUP
� 6LP�
LODUO\ D WUXH QHJDWLYH �71� LV D FRUUHFW QRQ�REMHFW GH�
WHFWLRQ DQG D IDOVH QHJDWLYH �)1� LV DQ REMHFW PLVVHG�

:KHQ DQ REMHFW LV IDLUO\ VPDOO� H�J� Q [ Q  2���� DV
LQ VHFWLRQ �� LW LV DSSURSULDWH WR GHQRWH WKH REMHFW DV
D VLQJOH SL[HO� )RU ODUJHU REMHFWV� H�J� DV LQ VHFWLRQ ��
D VPDOO DUHD RI SL[HOV RU D OLQH RI SL[HOV PD\ EH XVHG�

7KH HYROXWLRQ SURFHVV WKDW DWWHPSWV WR GLVFULPLQDWH
HYHU\ REMHFW SL[HO IURP HYHU\ QRQ�REMHFW SL[HO LQ WKH
LPDJH LV SURKLELWLYHO\ H[SHQVLYH DV LW UHTXLUHV UHSHDWHG
IXQFWLRQ HYDOXDWLRQV DW DOO 1 [ 0 SL[HOV�

,Q WKH VWDJHG *3 PHWKRG SUHVHQWHG KHUH� WKH nUVW



VWDJH RI *3 DWWHPSWV WR GLVFULPLQDWH HYHU\ REMHFW SL[HO
IURP D VPDOO UDQGRP VHOHFWLRQ RI QRQ�REMHFW SL[HOV�
8SRQ FRPSOHWLRQ RI WKH nUVW VWDJH RI *3� WKH nWWHVW
GHWHFWRU LV DSSOLHG WR WKH HQWLUH LPDJH� L�H� DOO 1 [ 0
SL[HOV� 7KLV UHVXOWV LQ D QXPEHU RI PLVFODVVLnFDWLRQV
RU )3 � QRQ�REMHFW SL[HOV WKDW DUH VLPLODU WR REMHFW
SL[HOV� ,Q D VHFRQG VWDJH� D EUDQG QHZ UXQ RI *3 QRZ
DWWHPSWV WR GLVFULPLQDWH HYHU\ REMHFW SL[HO IURP WKHVH
GLVFRYHUHG )3�

7KH nWWHVW GHWHFWRU IURP WKH nUVW VWDJH LV FRPELQHG RU
CIXVHG
 ZLWK WKH nWWHVW GHWHFWRU IURP WKH VHFRQG VWDJH�
,W LV GRQH VXFK WKDW ERWK GHWHFWRUV PXVW GHWHFW WKH
REMHFW IRU LW WR EH FRXQWHG DV GHWHFWHG� L�H� ERWK PXVW
UHWXUQ D SRVLWLYH YDOXH� :KHQ DSSO\LQJ WKHP WR DQ
LPDJH RQ�OLQH� WKH nUVW GHWHFWRU LV HYDOXDWHG nUVW DW DOO
1 [ 0 SL[HOV� DQG WKH VHFRQG GHWHFWRU LV DSSOLHG RQO\
WR WKH SRVLWLYH UHWXUQV IURP WKH nUVW � D YHU\ VPDOO
QXPEHU RI SL[HOV UHODWLYH WR 1 [0 � ,W LV LPSRUWDQW WR
QRWH WKDW WKH VHFRQG HYROXWLRQ VWDJH KDV D WRXJKHU MRE
WKDQ WKH nUVW VWDJH EHFDXVH LW PXVW GLVFULPLQDWH OLNH
IURP OLNH� $QRWKHU REVHUYDWLRQ LV WKDW WKHUH LV OLWWOH
SRLQW LQ YDU\LQJ WKH UDQGRP VHW RI QRQ�REMHFW SL[HOV
XVHG E\ WKH nUVW VWDJH EHFDXVH CGLpFXOW
 QRQ�REMHFW
SL[HOV DUH IHZ DQG XQOLNHO\ WR EH FRYHUHG ZLWK VXFK D
VPDOO UDQGRP VHW RI QRQ�REMHFW SL[HOV�

,W WXUQV RXW WKDW RQH FDQ H[SORLW WKLV VLWXDWLRQ WR FLU�
FXPYHQW WKH SURJUDP JURZWK DQG VRPH RI WKH DSSDU�
HQW GLVDGYDQWDJHV RI *3� %HFDXVH WKH nUVW GHWHFWRU VR
GRPLQDWHV WKH &38 WLPH RI RQ�OLQH LPDJH SURFHVVLQJ
LW LV HVVHQWLDO WKDW LW EH D VPDOO DQG HpFLHQW IXQFWLRQ�
7KLV LV DFKLHYHG E\ VHWWLQJ D ORZ PD[LPXP VL]H RI
WUHH DQG OLPLWLQJ WKH YDULHW\ RI WHUPLQDO QRGHV LQ WKH
nUVW HYROXWLRQ VWDJH� 7KHVH FRQVWUDLQWV GR QRW FRPSUR�
PLVH WKH SRZHU RI WKH RYHUDOO HYROXWLRQ SURFHVV EHFDXVH
RQO\ WKH VHFRQG HYROXWLRQ VWDJH KDV WKH GLpFXOW MRE RI
GLVFULPLQDWLQJ OLNH IURP OLNH� DQG LW KDV WKH IUHHGRP
WR HYROYH ODUJH WUHHV ZLWK PDQ\ W\SHV RI WHUPLQDOV WR
DFKLHYH LWV WDVN�

$V D UHVXOW� DQ HpFLHQW RQ�OLQH REMHFW GHWHFWRU LV SUR�
GXFHG DQG DOVR D nUVW GHWHFWRU LV SURGXFHG WKDW FDQ
DOZD\V EH LQWHUSUHWHG DV LW LV YHU\ VPDOO� H�J� �� QRGHV�
(YROXWLRQ WLPHV DUH DOVR UHDVRQDEOH EHFDXVH WKH VWDJHG
HYROXWLRQ SURFHVV LQYROYHV D PLQRULW\ RI SL[HOV IURP WKH
1 [ 0 VHW�

7KH WZR VWDJH *3 SURFHVV FDQ EH JHQHUDOLVHG LQWR
D PXOWL�VWDJHG SURFHVV WR DGGUHVV DGGLWLRQDO UHTXLUH�
PHQWV DV GLVFXVVHG LQ VHFWLRQ ��

� 7ZR�VWDJH *3

7KH H[SHULPHQWV LQ WKLV VHFWLRQ GHPRQVWUDWH WKH XWLO�
LW\ RI DQ HYROXWLRQ VWUDWHJ\ LQYROYLQJ WZR *3 VWDJHV

LQ D UHDO ZRUOG LPDJH DQDO\VLV SUREOHP VHWWLQJ� 7KH
UHDGHU FDQ FRQVXOW UHIHUHQFHV >���@ IRU D PRUH FRPSOHWH
DFFRXQW WKDQ LV SURYLGHG LQ WKLV VHFWLRQ�

��� 7HVW SUREOHP DQG *3 IRUPXODWLRQ

7KH REMHFWLYH ZDV WR HYROYH DQ DXWRPDWLF VKLS GHWHF�
WRU IRU 6\QWKHWLF $SHUWXUH 5DGDU �6$5� LPDJHV RI WKH
(QJOLVK &KDQQHO WDNHQ E\ WKH (56�� VDWHOOLWH ERWK DW
�� PHWUH DQG ��� PHWUH UHVROXWLRQ� ,Q RUGHU WR SUR�
GXFH D GHWHFWRU WKDW JHQHUDOLVHG ZHOO� WKH VHW RI LPDJHV
ZDV GLYLGHG LQWR WKUHH� WUDLQLQJ� WHVW� DQG EOLQG VHWV�
7KHVH FRQVLVWHG RI RQH� WZR� DQG WZR LPDJHV UHVSHF�
WLYHO\� )LJXUH � VKRZV WZR RI WKHVH LPDJHV WKDW DUH
W\SLFDO� (DFK LPDJH LV PDGH XS RI DSSUR[LPDWHO\ RQH
PLOOLRQ JUH\ OHYHO SL[HOV�

)LJXUH �� 6$5 LPDJHV RI WKH (QJOLVK &KDQQHO�

7KH REMHFWV LQ WKLV SUREOHP DUH HVVHQWLDOO\ YHU\ VPDOO
DQG ZHUH UHSUHVHQWHG LQ WKH WUXWK DW VLQJOH SL[HO ORFD�
WLRQV� 7KH Q [ Q VXEZLQGRZ DV GHnQHG LQ VHFWLRQ �
ZDV NHSW VPDOO� L�H� LW QHYHU H[FHHGHG � [ �� )LJXUH �
VKRZV VRPH RI WKHVH VKLSV LQ�VLWX� $ VWHDG\�VWDWH *3
LPSOHPHQWDWLRQ� ZDV UXQ ZLWK 06 9LVXDO &�� XQGHU
:LQGRZV 17 DQG RQ D QXPEHU RI 3HQWLXP ,, 3&V� ,W
ZDV PRGLnHG WR ZRUN ZLWK SUH�FRPSXWHG VWDWLVWLFV RI
SL[HO GDWD DV WKH *3 SULPLWLYHV � D WHFKQLTXH GLVFXVVHG
E\ 3ROL >�@�

)LJXUH � LOOXVWUDWHV VRPH RI WKH *3 SULPLWLYHV GHnQHG
LQ WKH Q [ Q VXE�ZLQGRZ� )RU H[DPSOH� ,� LV WKH DYHU�
DJH RI WKH SL[HO YDOXHV LQ D � E\ � ER[ FHQWUHG RQ WKH
SL[HO� 9� LV WKH VWDQGDUG GHYLDWLRQ RI WKH SL[HO YDOXHV
LQ D � SL[HO SHULPHWHU RQ WKH HGJH RI WKLV � E\ � ER[� 3�
LV WKH FRUUHVSRQGLQJ DYHUDJH RI WKH VDPH DUHD� ZKLOH
'��  ,�b 3� FDQ EH WKRXJKW RI DV D CVSRW
 VWDWLVWLF�
9HU\ VLPSOH PDWKHPDWLFDO RSHUDWLRQV OLVWHG LQ 7DEOH �
ZHUH FKRVHQ IRU WKH *3 WUHH�



)LJXUH �� 3UHVHQFH RI VKLSV LQ WKH 6$5 LPDJH VXEMHF�
WLYHO\ FODVVLnHG LQWR JUDGHV�

)LJXUH �� ([DPSOHV RI SUHFRPSXWHG VWDWLVWLFV GHnQHG
LQ Q [ Q �IURP OHIW�� SL[� ,�� ,�� 9� RU 3�� DQG '�[��

����� 7UDLQLQJ GDWD DQG nWQHVV PHDVXUHV

7KH DYDLODELOLW\ RI WKH ���P UHVROXWLRQ 6$5 LPDJHU\
PDGH LW SUDFWLFDO WR GHVLJQ D WUXWK IRU WKH FRUUHVSRQG�
LQJ ����P UHVROXWLRQ 6$5 LPDJHU\� %\ WKLV PHWKRG LW
ZDV SRVVLEOH WR LGHQWLI\ YHU\ IDLQW REMHFWV LQ WKH ����P
UHVROXWLRQ LPDJHV� 7KHUHIRUH� REMHFWV LQ WKH WUXWK YDU�
LHG TXLWH VLJQLnFDQWO\ LQ VL]H DQG LQ LQWHQVLW\ PDNLQJ
LW SRVVLEOH WR VXEMHFWLYHO\ JUDGH WKH VKLSV LQ WHUPV RI
WKHLU GLVWLQFWLRQ� )LYH JUDGHV ZHUH DUELWUDULO\ GHWHU�
PLQHG� VXFK WKDW ORZHU JUDGHV LGHQWLnHG PRUH GLVWLQFW
VKLSV� )RU JUDGH � VXE�LPDJHV� LW ZDV GHFLGHG WKDW
WKH VKLSV LQ WKH ���P UHVROXWLRQ VXE�LPDJHV ZHUH QRW
GLVWLQJXLVKDEOH LQ WKH FRUUHVSRQGLQJ ����P UHVROXWLRQ
VXE�LPDJHV� 5HIHUULQJ WR )LJXUH � WKH JUDGH � WR �
VKLSV DUH FOHDUO\ YLVLEOH� EXW WKH JUDGH � VKLS �LQ WKH
ER[� LV LQGLVWLQJXLVKDEOH IURP WKH JHQHUDO RFHDQ FOXW�
WHU� &RQVHTXHQWO\� RQO\ WKH FOHDUHU VKLSV �JUDGHV � WR
�� ZHUH XVHG WR HYROYH GHWHFWRUV�

7KH GHWHFWRU PXVW ERWK PLQLPLVH WKH QXPEHU RI IDOVH
DODUPV DQG WKH QXPEHU RI REMHFW PLVVHV� )LWQHVV PHD�
VXUHV LQYROYLQJ )3 DQG 73 ZHUH WHVWHG WR GHWHUPLQH
ZKLFK FRXOG PRVW UHOLDEO\ SURGXFH DFFXUDWH GHWHFWRUV�
,Q RWKHU ZRUGV� LW ZDV QRW DQ REMHFWLYH RI WKLV SUREOHP

7DEOH �� *3 SDUDPHWHU WDEOH

SDUDPHWHU VHWWLQJ

IXQFWLRQV �� �� 
� �� PLQ� PD[�
WHUPLQDOV LQWHJHU �������������

UHDO ����� �������� �����
UHDO ��������������������
SL[HO VWDWLVWLFV� SL[�
,����,�� 3����3�� 9����9��
'�[�� '�[�� '�[��

�VW *3 VWDJH ���� QRQ�REMHFWV � �� REMHFWV�
�QG *3 VWDJH )3 IURP �VW VWDJH � �� REMHFWV�

WR VHW WKH EDODQFH EHWZHHQ IDOVH DODUPV DQG PLVVHV WR
VRPH SUHFLVH OHYHO� EXW LQVWHDG WR FRQVLVWHQWO\ SURGXFH
D IDPLO\ RI GHWHFWRUV WKDW FRXOG EH FRQVLGHUHG VXSHULRU
LQ WKH 3DUHWR UDQNLQJ WR WKRVH SURGXFHG ZLWK RWKHU nW�
QHVV PHDVXUHV RU ZLWK ULYDO WHFKQLTXHV VXFK DV QHXUDO
QHWZRUNV� :KLOH 3DUHWR UDQNLQJ LV VRPHZKDW TXDOLWD�
WLYH D FRPSDULVRQ� WKH DFFXUDF\ DQG JHQHUDOLW\ RI WKH
HYROYHG GHWHFWRUV ZDV PRUH H[DFWO\ HVWDEOLVKHG E\ FDO�
FXODWLQJ D nJXUH RI PHULW �)20� WKDW DVVXPHG D QHX�
WUDO VWDQFH RQ GHVLUDELOLW\ RI IDOVH DODUPV DQG PLVVHV�

)20  
73

VKLSV� )3
���

ZKHUHE\ VKLSV VWDQGV IRU WKH WRWDO QXPEHU RI VKLS RE�
MHFWV LQ WKH WUXWK �LQFOXGLQJ JUDGH � VKLSV��

7KH nWQHVV PHDVXUH WKDW FRQVLVWHQWO\ SURGXFHG VXSH�
ULRU GHWHFWRUV WRRN VKLS JUDGH LQWR DFFRXQW E\ UHZDUG�
LQJ PRUH KLJKO\ IRU GHWHFWLRQV RI WKH PRUH GLVWLQJXLVK�
DEOH� ORZHU JUDGH� VKLS REMHFWV� DQG KDG WKH IROORZLQJ
IRUP�

I0  

3
KLWV��b 6*�

3
VKLSV��b 6*� � )3

b � ���

+HUH VKLSV LV WKH QXPEHU RI JUDGH ��� VKLSV LQ WKH
WUDLQLQJ LPDJH� KLWV LV 73 RU WKH WRWDO QXPEHU RI GH�
WHFWLRQV DQG 6* LV WKH VKLS JUDGH RI WKH REMHFW LQ WKH
WUXWK�

(DFK HYROXWLRQDU\ VWDJH SURFHVVHG �� VKLSV �JUDGH � WR
�� IURP WKH WUDLQLQJ LPDJH� %RWK nUVW DQG VHFRQG *3
HYROXWLRQ VWDJHV XVHG WKH VDPH nWQHVV PHDVXUH� 7KH
QXPEHU RI UDQGRP QRQ�REMHFW SL[HOV �RFHDQV� XVHG LQ
WKH nUVW VWDJH ZDV ����� 3DUDPHWHUV VXFK DV SRSX�
ODWLRQ VL]H� WRXUQDPHQW VL]H� DQG PDWLQJ UDGLXV ZHUH
YDULHG DQG HDFK FRPELQDWLRQ ZDV UXQ XVLQJ �� UDQ�
GRP VHHGV ��� LQGHSHQGHQW UXQV�� 3DUDPHWHUV ZHUH
YDULHG DV IROORZV� SRSXODWLRQ VL]HV IURP ��� WR �����
WRXUQDPHQW VL]HV IURP � WR �� DQG PDWLQJ UDGLXVHV
IURP ��� WR SRSXODWLRQ VL]H� 7KH UDQGRP VHHG JRY�



HUQHG WKH YDULRXV UDQGRP VHOHFWLRQV� H�J� LQLWLDO SRSX�
ODWLRQ� WRXUQDPHQW VHOHFWLRQ� FURVVRYHU SRLQW VHOHFWLRQ�
HWF� +RZHYHU� HDFK UXQ XVHG WKH VDPH ���� QRQ�REMHFW
SL[HOV�

$V GLVFXVVHG LQ VHFWLRQ �� WKH PD[LPXP VL]H RI WKH
GHWHFWRU LQ WKH nUVW HYROXWLRQ VWDJH ZDV UHVWULFWHG WR
SURGXFH VLPSOH DQG IDVW GHWHFWRUV� ,QLWLDOO\� WKH PD[�
LPXP WUHH VL]H ZDV YDULHG� 7KH VDPH VROXWLRQ ZDV
GHULYHG ZKHQHYHU WKH VL]H ZDV JUHDWHU WKDQ ��� QRGHV�
7KH HYROYHG GHWHFWRU DOZD\V KDG OHVV WKDQ �� QRGHV
DQG LW FRPPRQO\ KDG OHVV WKDQ �� QRGHV� ,Q RUGHU
WR HQFRXUDJH D VLPSOH VROXWLRQ� WKH PD[LPXP VL]H RI
WKH nUVW GHWHFWRU ZDV VHW WR �� QRGHV� ,Q DGGLWLRQ�
WKH nUVW GHWHFWRU SURFHVVHG D PLQLPDO QXPEHU RI SL[HO
VWDWLVWLFV� 7KUHH VWDWLVWLFV ZHUH nUVW LQYHVWLJDWHG� ,��
3� DQG 9�� +RZHYHU� LW ZDV IRXQG WKDW SL[ RU WKH
YDOXH RI WKH FHQWUH SL[HO ZDV DOVR UHTXLUHG LQ RUGHU WR
KLW VPDOO� IDLQW VKLSV� 7KH nUVW GHWHFWRU ZDV DOORZHG
WR HYROYH IRU H[DFWO\ �� JHQHUDWLRQV� 7KH PD[LPXP
VL]H RI WKH GHWHFWRU RI WKH VHFRQG *3 VWDJH ZDV VHW WR
����� &URVVRYHU ZDV XVHG LQ DQ HOLWLVW VWUDWHJ\ ZLWK
QR PXWDWLRQ� 7KH FKLOG ZDV IRUPHG XVLQJ WKH VKRUWHU
VLGH RI WKH VZDS ZKHQ FURVVRYHU WKUHDWHQHG WR H[FHHG
WKH PD[LPXP SUHVFULEHG WUHH VL]H� 7KH SRSXODWLRQ RI
VHFRQG GHWHFWRUV ZDV HYROYHG IRU �� JHQHUDWLRQV�

$ SURFHGXUH ZDV GHYHORSHG WR DVVHVV JHQHUDOLVDWLRQ�
)RU HDFK UXQ FRUUHVSRQGLQJ WR D FKRLFH RI *3 SDUDP�
HWHUV WKH WHQ EHVW XQLTXH GHWHFWRUV DW HDFK JHQHUDWLRQ
RI WKH VHFRQG HYROXWLRQ VWDJH ZHUH VDYHG DQG WKHQ HDFK
RI WKHVH ZDV IXVHG ZLWK WKH nUVW GHWHFWRU� 7KH )20
ZDV FRPSXWHG RYHU ERWK WHVW LPDJHV� DQG WKH FKRVHQ
IXVHG GHWHFWRU ZDV WKH RQH ZLWK WKH KLJKHVW DYHUDJHG
)20 � SURYLGHG WKDW )20 ! ��� IRU ERWK LPDJHV�
$V H[SHFWHG )20 DOZD\V LQFUHDVHG IRU WKH WUDLQLQJ
LPDJH� EXW RYHU�WUDLQLQJ RFFXUHG DIWHU D JLYHQ JHQHUD�
WLRQ ZKHQ WKH )20 EHJLQV WR GURS IRU VRPH RU DOO RI
LPDJHV LQ WKH WHVW VHW�

��� 'LVFXVVLRQ RI 5HVXOWV

&RQFOXVLRQV RI WKH *3 SDUDPHWHU RSWLPLVDWLRQ VWXG\
FDQ EH IRXQG LQ >���@� 7KLV VKRZHG WKDW WKH ODUJHU
SRSXODWLRQ DQG WRXUQDPHQWV VL]HV PRUH FRQVLVWHQWO\
SURGXFHG VXSHULRU VKLS GHWHFWRUV�

7KH SHUIRUPDQFH RI WKH EHVW IXVHG GHWHFWRU SDLU ZDV
PHDVXUHG XS WR UHVXOWV E\ )RXONHV DW '(5$ �>�@ SJ�
��� ZKR WHVWHG D QXPEHU RI DOJRULWKPV LQFOXGLQJ PXOWL�
OD\HU SHUFHSWURQ QHXUDO QHWZRUNV� +LV EHVW UHVXOWV ZHUH
REWDLQHG ZLWK D .RKRQHQ 620� 7KHVH DUH GLVSOD\HG
VLGH E\ VLGH WR WKRVH ZLWK WKH EHVW *3 GHWHFWRUV LQ
7DEOH �� 7KH FRPSDULVRQ LV IDLU LQ WKH VHQVH WKDW ERWK
WHDPV GHYRWHG D FRQVLGHUDEOH WLPH WR WKLV SUREOHP
DQG XVHG WKH VDPH LPDJH IRU WUDLQLQJ WKH DXWRPDWLF

GHWHFWRUV� )URP 7DEOH � WKHUH LV QR FDVH ZKHUH WKH
*3 PHWKRG KDV IHZHU 73 DQG PRUH )3 � ,W FDQ EH
FRQFOXGHG WKDW WKH WZR�VWDJH HYROXWLRQ *3 VWUDWHJ\
HYROYHG DFFXUDWH VKLS GHWHFWRUV� ,W ZDV DOVR QRWDEOH

7DEOH �� WZR�VWDJH *3 YV� 620 IRU DOO WKH LPDJHV�

VKLS WUXWK 620 *3
JUDGHV ��� 73 )3 73 )3

�� �� � �� �
�� �� � �� �
�� �� � �� �
�� �� �� �� �
�� �� � �� �

WKDW FHUWDLQ UDQGRP VHHGV UHVXOWHG LQ VPDOO VHFRQG GH�
WHFWRUV� )RU H[DPSOH� WKH SHUIRUPDQFH RI WKH IROORZ�
LQJ YHU\ VKRUW nW GHWHFWRU SDLU DSSURDFKHG WKDW RI WKH
FKDPSLRQ GHWHFWRU�

�VW GHWHFWRU�

PLQ>SL[b ����� PD[�SL[�3��@b �����b ����3� b 9�

�QG GHWHFWRU�

SL[b �b ,� b 9� �����

7KH VHFRQG GHWHFWRU FDQ EH UHJDUGHG DV D PHWKRG IRU
UHGXFLQJ )3 RU QXPEHU RI IDOVH DODUPV DW WKH H[SHQVH
RI D VOLJKW LQFUHDVH LQ )1 RU QXPEHU RI PLVVHG REMHFWV�
$QG ZKHQ YLHZHG WKLV ZD\ LW EHFDPH LQWHUHVWLQJ WR
LQYHVWLJDWH ZKHWKHU WKH HmHFW ZDV WR VLPSO\ PRYH WKH
WKUHVKROG RI GHWHFWLRQ IURP WKH FRQGLWLRQ� LV REMHFW
ZKHQ ( ! � WR WKH FRQGLWLRQ� LV REMHFW ZKHQ ( ! q�
ZKHUH q LV D VPDOO SRVLWLYH QXPEHU DQG ( VWDQGV IRU WKH
HYDOXDWLRQ RI WKH GHWHFWRU IXQFWLRQ RYHU WKH VXSSRUW Q
[ Q� %XW WKLV ZDV QRW WR EH WKH FDVH � LW ZDV D PRUH
FRPSOH[ HmHFW WR DFKLHYH EHWWHU GHWHFWLRQ UDWHV >�@�

��� $QDO\VLV RI 'HWHFWRUV

)RUPXODV IRU DOO FKDPSLRQ GHWHFWRUV DUH UHSRUWHG LQ
>�@� :KHQ VLPSOLnHG� WKH nUVW GHWHFWRUV WR D nUVW DS�
SUR[LPDWLRQ� KDG WKH IROORZLQJ W\SH RI IRUPXODWLRQ�

SL[HO YDOXH � ORFDO PHDQ � ORFDO YDULDQFH � FRQVWDQW

7KLV LV HTXLYDOHQW WR ORFDO VSRW GHWHFWLRQ DQG� LQ WKH
DEVHQFH RI IXUWKHU LQIRUPDWLRQ VRXUFHV � VXFK DV LQ�
WXLWLRQ� SDVW H[SHULHQFH� JHRJUDSKLFDO DQG VFHQDULR
NQRZOHGJH E\ DQDO\VWV � FRXOG EH FRQVLGHUHG WR EH D
URXJK DSSUR[LPDWLRQ WR WKH CKXPDQ H\H
 DSSURDFK WR
VKLS GHWHFWLRQ� 'HWHFWRUV HYROYHG IRU WKH ���P UHVR�
OXWLRQ LPDJHV PL[HG D WKUHVKROG W\SH GHWHFWRU ZLWK D
VSRW W\SH GHWHFWRU � WKLV LV XQGHUVWDQGDEOH ZKHQ FRQ�
VLGHULQJ WKDW VKLSV LQ WKH ���P UHVROXWLRQ 6$5 LPDJHV
DUH FOHDUHU�



� 0XOWL�VWDJH *3

7KLV VHFWLRQ GHPRQVWUDWHV WKH XWLOLW\ RI H[WHQGLQJ WKH
WZR�VWDJH *3 WR D VWUDWHJ\ ZLWK PXOWLSOH VWDJHV IRU
WKH SXUSRVH RI DGGUHVVLQJ WKH PRUH FKDOOHQJLQJ SURE�
OHP RI REMHFW UHFRJQLWLRQ LQ SRRUO\ FRQVWUDLQHG HQYL�
URQPHQWV DQG ZLWK REMHFWV KDYLQJ ODUJH YDULDELOLW\� ,W
JLYHV D YHU\ EULHI DFFRXQW RI WKRVH H[SHULPHQWV ZKLOH
>���@ SURYLGH D PRUH FRPSOHWH SUHVHQWDWLRQ�

��� 7HVW SUREOHP

7KH REMHFWLYH ZDV UHFRJQLWLRQ RI DQ\ PRWRULVHG YHKL�
FOH LQ LQIUDUHG OLQHVFDQ �,5/6� LPDJHU\ REWDLQHG E\
ORZ o\LQJ PLVVLRQV� 7KH REMHFWV YDULHG LQ VL]H LQ D
YDULDEOH HQYLURQPHQW� L�H� DXWRPRELOHV RU ORUULHV� DV
GLVWLQJXLVKHG IURP URDGV� YHJHWDWLRQ� DQG EXLOGLQJV�
)LJXUH � LOOXVWUDWHV W\SLFDO LQIUDUHG VLJQDWXUH IRU VXFK
YHKLFOHV DQG WKHLU ODUJH YDULDELOLW\� 7KH SUREOHP ZDV

)LJXUH �� ([DPSOHV RI YHKLFOHV IURP WKH ,5/6 LPDJHU\

PDGH PRUH GLpFXOW E\ LWV RSHUDWLRQDO UHTXLUHPHQWV�
7KH GHWHFWRU PXVW ZRUN ZLWK LPDJHV WDNHQ DW GLmHU�
HQW KHLJKWV DQG WKH SHUIRUPDQFH RI VHQVRU HTXLSPHQW
GRHV LQ IDFW YDU\ VXEVWDQWLDOO\�

��� )RUPXODWLRQ

$V WKH YHKLFOHV YDU\ LQ VKDSH� VL]H� RULHQWDWLRQ DQG
DSSHDUDQFH LW ZDV XQGHVLUDEOH WR GHWHFW YHKLFOH IHD�
WXUHV VXFK DV ZLQGVFUHHQV� EXPSHUV� RU ZKHHOV� 7KH
VWDJHG HYROXWLRQ VWUDWHJ\ ZDV GHVLJQHG WR CGLVFRYHU


WKHVH LPDJH IHDWXUHV IRU LWVHOI ZLWK WKH nUVW HYROXWLRQ
VWDJH WXQHG IRU VHQVLWLYLW\ DQG WKH VHFRQG HYROXWLRQ
VWDJH WXQHG IRU VSHFLnFLW\� 7KH Q [ Q IRU WKHVH YHKLFOH
REMHFWV LV 2����� VR WKDW WKH\ FDQQRW EH UHSUHVHQWHG
E\ D VLQJOH SL[HO�

$ VXFFHVVIXO JHQHUDO VFKHPH ZDV GHYHORSHG� $ YHKLFOH
ZDV VLPSO\ UHSUHVHQWHG E\ D VLQJOH SL[HO VXEMHFWLYHO\
SODFHG WRZDUGV WKH FHQWHU RI WKH YHKLFOH� $ CYHKLFOH
ER[
 ZDV FHQWHUHG RQ WKLV SRLQW WR FRQWDLQ PRVW RI
WKH YHKLFOH� *3 ZDV UHZDUGHG ZKHQHYHU LW SURGXFHG D
GHWHFWLRQ ZLWKLQ WKLV ER[� 7KH WDUJHW KDG WR EH CKLW
�

$ OLQH ZDV GUDZQ DORQJ WKH PDMRU D[LV RI HDFK YHKLFOH
LQ WKH WUXWK� 3L[HOV RQ WKHVH OLQHV ZHUH WDNHQ DV WKH
REMHFW SL[HOV IRU WKH nUVW HYROXWLRQ VWDJH� 1H[W� ZKHQ
VZHHSLQJ WKH WUDLQLQJ LPDJHV ZLWK WKH FKDPSLRQ nUVW
GHWHFWRU� SRVLWLYHV LQVLGH YHKLFOH ER[HV ZHUH FRXQWHG
DV REMHFW SL[HOV IRU WKH VHFRQG *3 VWDJH�V��

7KH VHFRQG *3 VWDJH ZDV GHFRPSRVHG LQWR D QXPEHU RI
VXE�VWDJHV� H�J� �L� �LL� �LLL� 7KH nUVW VHFRQG VWDJH� �L�
DWWHPSWHG WR HOLPLQDWH DOO RI WKH )3 DQG WR KLW DV PDQ\
YHKLFOHV DV SRVVLEOH� $ VHFRQG VHFRQG VWDJH� �LL� WRRN
DOO PLVVHV IURP WKH �L VWDJH IRU LWV WDUJHW SL[HOV DQG
WULHG WR KLW DV PDQ\ RI WKHP ZKLOH DJDLQ HOLPLQDWLQJ
DOO RI WKH )3� 6XEVHTXHQW VHFRQG VWDJHV FRQWLQXHG ZLWK
WKLV SURFHVV XQWLO DOO WDUJHWV KDG EHHQ KLW�

6WDWLVWLFV ZHUH YHU\ VLPLODU WR WKRVH LQ VHFWLRQ �� ZLWK
WKH H[FHSWLRQ WKDW WKH VWDWLVWLFV RI )LJXUH � ZHUH PDGH
LUURWDWLRQDO E\ GHnQLQJ WKHP RYHU FRQFHQWULF FLUFOHV
RI WKLFNQHVV RQH SL[HO� )RXU W\SHV RI VWDWLVWLFV ZHUH
GHnQHG RQ HDFK FLUFOH DW SHULPHWHUV ��� ��� ��� DQG ���
�D� SHULPHWHU DYHUDJHV� SHULPHWHU VWDQGDUG GHYLDWLRQV�
HGJHV IRXQG RQ WKH SHULPHWHU� DQG HGJH GLVWULEXWLRQ
QRUP YDOXHV �UHIHUHQFH >���@ IRU GHnQLWLRQV��

7KLV FKRLFH RI VWDWLVWLFV SURYLGHG WKH HYROXWLRQDU\ SUR�
FHVV ZLWK� ��� DQ LUURWDWLRQDO FKDUDFWHU� ��� UREXVWQHVV
WR KLJK YDULDELOLW\ LQ SL[HO GDWD� ��� ERWK DQJXODU DQG
UDGLDO LQIRUPDWLRQ� )RXULHU DQDO\VLV DQG LQYDULDQW PR�
PHQWV KDYH RQO\ PDUJLQDOO\ LPSURYHG WKH DFFXUDF\ RI
WKH GHWHFWRUV � QRLV\ LPDJHU\� 7KH VL]H RI FRQFHQWULF
FLUFOHV ZDV VFDOHG DFFRUGLQJ WR oLJKW KHLJKW� 7KH nW�
QHVV PHDVXUH ZDV D YHUVLRQ RI HTXDWLRQ ��� ZLWK FRQ�
VWDQW 6*  ��

��� 5HVXOWV

8SRQ FRPSOHWLRQ RI WKH nUVW VWDJH� DOO GHWHFWLRQ ZLWKLQ
YHKLFOH ER[HV ZHUH GHnQHG DV YHKLFOH SRLQWV IRU WKH VHF�
RQG HYROXWLRQ VWDJH� 7KLV UHVXOWHG LQ D ODUJHU FRYHUDJH
RYHU YHKLFOH DUHDV� DQG PDQ\ PRUH YHKLFOH ER[HV� *3
WKHQ VDFULnFHG PDQ\ RI WKHVH DV WKH IXQFWLRQ RI WKH
VHFRQG HYROXWLRQ VWDJH LV WR WUDGH Rm YHKLFOH GHWHF�
WLRQ DJDLQVW IDOVH DODUPV� 9HKLFOH SL[HOV WKDW VXUYLYHG



WKLV SURFHVV ZHUH WR EH IRXQG LQ SDUWV RI WKH PRWRU�
L]HG YHKLFOH WKDW *3 FRQVLGHUHG WR EHVW UHSUHVHQW WKH
YHKLFOH� 7KHUHIRUH *3 ZDV DEOH WR GLVFRYHU ERWK WKH
FKDUDFWHULVWLF IHDWXUHV DQG WKHLU ORFDWLRQ E\ JHQHUDO�
L]LQJ DFURVV WKHVH YHKLFOH VXE�LPDJHV� 7KLV SURFHGXUH
RYHUFDPH WKH QHHG WR D�SULRUL GLVFRYHU IHDWXUHV IURP
YHKLFOH VXE�LPDJHV WKDW FKDUDFWHUL]H DOO YHKLFOHV� )LJ�
XUH � LOOXVWUDWHV WKLV� ,W DSSOLHV WKH HYROYHG GHWHFWRUV
WR RQH RI WKH LPDJHV LQ WKH WUDLQLQJ VHW� 1RWH WKDW D
VHFRQG GHWHFWRUV PD\ KLW D FDU WKRXJK LW PD\ KDYH QRW
WUDLQHG RQ LW�

)LJXUH �� ,OOXVWUDWLRQ RI PXOWL�VWDJHG HYROXWLRQ VWUDW�
HJ\� )URP WRS WR ERWWRP� �VW� �VW��L� �VW��LL�
�VW��LLL� IXVLRQ RU �VW $1' ��L 25 �LL 25 �LLL�

7KH WUDGLWLRQDO PHWKRG WR KDQGOH LQIUDUHG LPDJHU\ KDV
EHHQ WR DSSO\ D VLPSOH nOWHU WKDW UHWXUQV DQ\WKLQJ
WKDW LV EULJKW� 7KH PHWKRG ZH KDYH GHYHORSHG LV PRUH
SRZHUIXO DV LW UHWXUQV DQ\WKLQJ WKDW ORRNV OLNH D YH�
KLFOH� +RZHYHU� LW LV FUXFLDO WR WKH VWDELOLW\�SODVWLFLW\
GLOHPPD WKDW WKH nUVW HYROXWLRQ VWDJH UHWXUQ D SRV�
LWLYH GHWHFWLRQ IRU DQ\ QHZ YHKLFOH WKDW LV SUHVHQWHG

IRU WUDLQLQJ� 6R IDU LW DOZD\V KDV� 1HZ DQG GLmHU�
HQW W\SHV RI YHKLFOHV DUH KDQGOHG ZLWK D QHZ VHFRQG
GHWHFWRU VWDJH DQG WKH UHVXOWLQJ GHWHFWRU LV IXVHG WR
WKH H[LVWLQJ VHW ZLWK WKH 25 IXQFWLRQ� 7KH SHQDOW\ LQ
RQ�OLQH HYDOXDWLRQ RI WKLV DSSURDFK LV QRW VLJQLnFDQW�

� &RQFOXVLRQV

7KH WZR�VWDJH PHWKRG KDV EHHQ VKRZQ WR SURGXFH Hp�
FLHQW DQG DFFXUDWH GHWHFWRUV WKDW JHQHUDOLVH DQG FRP�
SDUH ZHOO WR WKRVH SURGXFHG ZLWK ULYDO $, WHFKQLTXHV�
7KH WZR�VWDJHG PHWKRG LV DEOH WR FLUFXPYHQW WKH QHHG
WR FRQWURO EORDWLQJ LQ *HQHWLF 3URJUDPPLQJ�

$ PXOWL�VWDJH PHWKRG KDV EHHQ GHYHORSHG WKDW GRHV
QRW UHTXLUH YHKLFOH IHDWXUHV WR EH SUHVFULEHG D�SULRUL� ,W
LV DOVR DEOH WR DGGUHVV WKH VR FDOOHG VWDELOLW\�SODVWLFLW\
GLOHPPD RI LQGXFWLYH OHDUQHUV�
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