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<X�/HQ +XDQJ DQG 5XH\�)HQJ &KDQJ

'HSDUWPHQW RI &RPSXWHU 6FLHQFH DQG ,QIRUPDWLRQ (QJLQHHULQJ

1DWLRQDO &KXQJ &KHQJ 8QLYHUVLW\

&KLD\L� 7DLZDQ ������ 5�2�&

$%675$&7

,Q WKLV SDSHU� ZH SUHVHQW QRQOLQHDU LQWHUSRODWLRQ VFKHPHV IRU

LPDJH UHVROXWLRQ HQKDQFHPHQW� 7KH 0XOWLOD\HU SHUFHSWURQ

�0/3� LQWHUSRODWLRQ VFKHPHV EDVHG RQ WKH ZDYHOHW WUDQVIRUP

DQG VXEEDQG ILOWHULQJ DUH SURSRVHG� %HFDXVH HVWLPDWLQJ HDFK

VXE�LPDJH VLJQDO LV PRUH HIIHFWLYH WKDQ HVWLPDWLQJ WKH ZKROH

LPDJH VLJQDO� SL[HOV LQ WKH ORZ�UHVROXWLRQ LPDJH DUH XVHG DV

LQSXW VLJQDO RI WKH 0/3 WR HVWLPDWH DOO RI WKH ZDYHOHW VXE�LPDJH

RI WKH FRUUHVSRQGLQJ KLJK�UHVROXWLRQ LPDJH� 7KH LPDJH RI

LQFUHDVHG UHVROXWLRQ LV ILQDOO\ SURGXFHG E\ WKH V\QWKHVLV

SURFHGXUH RI ZDYHOHW WUDQVIRUP� $V FRPSDUHG ZLWK RWKHU

SRSXODU PHWKRGV� WKH UHVXOWV VKRZ WKDW WKH LPSURYHPHQW LV

UHPDUNDEOH� 7KH GHWDLO VLPXODWLRQ UHVXOWV RI LQWHUSRODWHG LPDJHV

DQG LPDJH VHTXHQFHV FDQ EH IRXQG LQ ZHE SDJH�

KWWS���ZZZ�FV�FFX�HGX�WZ�aK\O�ZPL��

�� ,1752'8&7,21

,QWHUSRODWLRQ LV XVHG H[WHQVLYHO\ LQ GLJLWDO LPDJH SURFHVVLQJ WR

PDJQLI\ LPDJHV DQG FRUUHFW VSDWLDO GLVWRUWLRQV� ,PDJH

LQWHUSRODWLRQ LV XVHG IRU VHYHUDO GLIIHUHQW SXUSRVHV VXFK DV

LPDJH UHVROXWLRQ HQKDQFHPHQW� PXOWL�UHVROXWLRQ S\UDPLGDO

FRPSUHVVLQJ� SRVLWLRQ FRPSXWLQJ IRU URWDWHG LPDJH SL[HOV� DQG

HWF� ,Q WKH SDVW \HDUV� PDQ\ OLQHDU DQG QRQOLQHDU LPDJH

LQWHUSRODWLRQ WHFKQLTXHV KDYH EHHQ SURSRVHG� ,Q WKH OLQHDU

PHWKRGV� WKH QHDUHVW�QHLJKERU� ELOLQHDU� FXELF %�VSOLQH� DQG

FXELF FRQYROXWLRQ LQWHUSRODWLRQ PHWKRGV DUH ZLGHO\ XVHG WR

LQFUHDVH UHVROXWLRQ RI LPDJHV� %RWK WKH QHDUHVW�QHLJKERU DQG

ELOLQHDU PHWKRGV SURYLGH WKH LQWHUSRODWLRQ IXQFWLRQ ZLWK D YHU\

VPDOO FRPSXWDWLRQ WLPH� EXW WKH\ ZLOO FDXVH FRQVSLFXRXV

EORFNLQJ DUWLIDFWV� 7KH FXELF LQWHUSRODWLRQ DOJRULWKPV FDQ

UHGXFH WKH EORFNLQJ HIIHFWV� EXW LW DOZD\V EOXUUHG WKH

UHFRQVWUXFWHG LPDJH DQG SURGXFHG VRPH ULQJLQJ HIIHFWV LQ WKH

HGJH UHJLRQV� :LWK WKH UDSLG LQFUHDVH LQ DYDLODEOH FRPSXWLQJ

SRZHU� WKH QRQOLQHDU WHFKQLTXHV IRU LPDJH LQWHUSRODWLRQ KDYH

UHFHLYHG LQFUHDVLQJ DWWHQWLRQ UHFHQWO\ >���@� %HFDXVH WKH

FKDUDFWHULVWLFV RI WKH HGJHV LQ D GLJLWDO LPDJH FDQ EH UHVHUYHG

IRU PDQ\ VFDOHV RI UHVROXWLRQ DQG WKH HGJHV DUH DOZD\V

LPSRUWDQW IRU KXPDQ YLVLRQ� PRVW RI WKH QRQOLQHDU LQWHUSRODWLRQ

DOJRULWKPV WHQG WR IRFXV RQ WKH HGJH LQIRUPDWLRQ� ,Q WKHVH

SDSHUV� WKH ORFDO HGJH VWUXFWXUH RI WKH RULJLQDO LPDJH LV

SUHVHUYHG WR SUHYHQW WKH EOXUULQJ DQG EORFNLQJ HIIHFWV LQ WKH

LQWHUSRODWHG LPDJH� 7KH SURSRVHG PHWKRGV GHWHUPLQH WKH HGJH

ORFDOL]DWLRQ RU FODVVLILFDWLRQ E\ H[SORLWLQJ DQ HGJH ILWWLQJ

WHFKQLTXH ZLWKLQ VPDOO RYHUODSSLQJ ZLQGRZV RI WKH RULJLQDO

LPDJH� :H QRWLFH WKDW WKH LQWHUSRODWLRQ VFKHPHV XWLOL]H GLIIHUHQW

UHFRQVWUXFWLRQ UXOHV WKDW DUH GHFLGHG E\ WKH HGJH SDWWHUQ�

+RZHYHU� LI WKH ZLQGRZ VL]H LV ODUJHU WKDQ �Ø� RU WKH HGJHV LQ

D ZLQGRZ DUH LUUHJXODU� WKH LPSOHPHQWDWLRQ ZLOO EHFRPH

FRPSOH[ DQG LQHIILFLHQW� DQG WKHQ WKH VFKHPHV ZLOO SURGXFW SRRU

SHUIRUPDQFH IRU LPDJH UHVROXWLRQ HQKDQFHPHQW� 7KXV� ZH GHVLUH

WR GHYHORS VLPSOH DQG IOH[LEOH LQWHUSRODWLRQ VFKHPH WR VROYH WKH

SUREOHP�

7KH ZDYHOHW WUDQVIRUP KDV EHHQ LGHQWLILHG DV DQ HIIHFWLYH WRRO

IRU WLPH�IUHTXHQF\ UHSUHVHQWDWLRQ RI VLJQDOV >���@� ,W FDQ

GHFRPSRVH D GLJLWDO LPDJH LQWR VRPH IUHTXHQF\ VXE�LPDJHV�

HDFK UHSUHVHQWHG ZLWK SURSRUWLRQDO IUHTXHQF\ UHVROXWLRQ� 7KH

UHVXOWLQJ EDQG�SDVV UHSUHVHQWDWLRQ SURYLGHV WKDW WKH VROXWLRQ

VSDFH RI PDQ\ LPDJH�SURFHVVLQJ SUREOHPV FDQ EH GHFRPSRVHG

LQWR LWV ORZHU IUHTXHQF\ VXEVSDFH DQG KLJKHU IUHTXHQF\

VXEVSDFHV� ,Q WKLV SDSHU� LQ RUGHU WR UHGXFH WKH FRPSOH[LW\ RI

LQWHUSRODWLRQ SUREOHP� ZH KDYH GHYHORSHG DQ DFFXUDWH PHWKRG

RI ORZ LPSOHPHQWDWLRQ FRPSOH[LW\ WKDW LV ZHOO VXLWHG IRU

LQFUHDVLQJ UHVROXWLRQ RI LPDJHV EDVHG RQ ZDYHOHW WUDQVIRUP�

0XOWLOD\HU SHUFHSWURQV �0/3V�� DQ LPSRUWDQW FODVV RI QHXUDO

QHWZRUNV �11�� KDYH EHHQ IRXQG WR EH SDUWLFXODUO\ HIIHFWLYH IRU

SUREOHPV WKDW FDQ PDNH XVH RI VXSHUYLVHG WUDLQLQJ� 7KH 0/3 LV

HQDEOHG WR H[WUDFW KLJKHU�RUGHU VWDWLVWLFV E\ DGGLQJ RQH RU PRUH

KLGGHQ OD\HUV� 7KLV PRGHO KDV EHFRPH H[WUHPHO\ SRSXODU IRU

ERWK FODVVLILFDWLRQ DQG SUHGLFWLRQ� 0DQ\ GHWDLOV RQ LWV

LPSOHPHQWDWLRQ DQG XVHV DUH JLYHQ LQ >���@� ,Q WKLV SDSHU� ZH

HPSOR\ WKH 0/3 PRGHO DV WKH SUHGLFWRU IRU ERWK RI WKH VSDWLDO

DQG IUHTXHQF\ VLJQDOV WR LQFUHDVH UHVROXWLRQ RI LPDJH�

7KH UHVW RI WKLV SDSHU LV RUJDQL]HG DV IROORZV� 6HFWLRQ � UHYLHZV

WKH PDLQ IHDWXUHV RI ZDYHOHW WUDQVIRUP DQG 0/3V� 6HFWLRQ �

GHVFULEHV WKH FRQVWUXFWLRQ RI WKH VSDWLDO 0/3 LQWHUSRODWLRQ

PRGHO� )XUWKHU� 6HFWLRQ � SUHVHQWV WKH VWUXFWXUH RI WKH 0/3

LQWHUSRODWLRQ VFKHPH EDVHG RQ ZDYHOHW WUDQVIRUP� ([SHULPHQWDO

UHVXOWV DUH JLYHQ LQ 6HFWLRQ �� )LQDOO\� FRQFOXVLRQV DUH GUDZQ LQ

6HFWLRQ ��

�� :$9(/(76 $1' 0/3

)RU IDVW FRPSXWDWLRQ� WKH EL�RUWKRJRQDO ZDYHOHW WUDQVIRUP LV

XVHG LQ WKLV ZRUN� 7KH EL�RUWKRJRQDO ZDYHOHW ILOWHUV UHTXLUH IHZ

WDSHV� XQOLNH VWDQGDUG VXEEDQG 40) PHWKRGV� 7KH GHWDLO

SURSHUWLHV DQG FRQVWUXFWLRQ RI UHJXODU EL�RUWKRJRQDO ZDYHOHW

WUDQVIRUP DUH GHVFULEHG LQ >�@� )XUWKHUPRUH� WKH 0/3� ZKLFK LV

WKH VWDQGDUG QHXUDO QHWZRUN PRGHO� LV DOVR SHUIRUPHG LQ WKLV

SDSHU� ,Q JHQHUDO� WKH HUURU EDFN�SURSDJDWLRQ DOJRULWKP UHSRUWHG

LQ >����@ LV WKH PRVW ZLGHO\ XVHG DQG D SRZHUIXO OHDUQLQJ

DOJRULWKP IRU WKH 0/3� )RU FRPSOHWHQHVV� ZH UHYLHZ WKH

FRQFHSWV RI WKH EL�RUWKRJRQDO ZDYHOHW DQDO\VLV DQG WKH 0/3

PRGHO DV IROORZV�

��� %L�RUWKRJRQDO :DYHOHW 7UDQVIRUP

,Q SUDFWLFH� WKH ZDYHOHW WUDQVIRUP LV LPSOHPHQWHG ZLWK D SHUIHFW

UHFRQVWUXFWLRQ ILOWHU EDQN� 7KH LGHD LV WR GHFRPSRVH WKH LPDJH

VLJQDOV LQWR VXE�LPDJHV FRUUHVSRQGLQJ WR GLIIHUHQW IUHTXHQF\

7KLV ZRUN ZDV VXSSRUWHG E\ WKH 1DWLRQDO 6FLHQFH &RXQFLO�

7DLZDQ� 5HSXEOLF RI &KLQD� XQGHU *UDQW 16&���������(�����

����



FRQWHQWV� /HW +��� DQG *��� DUH WKH ORZ�SDVV DQG KLJK�SDVV

ILOWHUV RI D SHUIHFW UHFRQVWUXFWLRQ ILOWHU EDQN� UHVSHFWLYHO\� ,Q

RQH�GLPHQVLRQDO ���'� FDVH ZLWK RQH OHYHO GHFRPSRVLWLRQ� WKH

LQSXW VLJQDO [>Q@ LV ILOWHUHG E\ K>Q@ DQG J>Q@� 7KHQ� WKH UHVXOWHG

VXE�LPDJH VLJQDOV DUH GRZQ�VDPSOHG E\ D IDFWRU RI WZR� ,Q WKH

WZR�GLPHQVLRQDO ���'� FDVH� WKH ��' GHFRPSRVLWLRQ SURFHGXUH

LV ILUVW DSSOLHG WR HDFK URZ RI DQ LPDJH VLJQDO� 7KH

GHFRPSRVLWLRQ UHVXOWV LQ WZR LQWHUPHGLDWH VXE�LPDJHV� 7KHQ WKH

VDPH SURFHGXUH LV DSSOLHG WR HDFK FROXPQ RI WKH LQWHUPHGLDWH

VXE�LPDJHV� )RU D RQH OHYHO GHFRPSRVLWLRQ� WKLV UHVXOWV LQ IRXU

VXE�LPDJHV //� /+� +/� DQG ++� ,Q KLHUDUFKLFDO ZDYHOHW

GHFRPSRVLWLRQ� WKH VXE�LPDJH // LV IXUWKHU GHFRPSRVHG LQWR

RWKHU IRXU VXE�LPDJHV� 6LPLODUO\� WKH UHFRQVWUXFWLRQ IRU WKH

LPDJH LV GRQH RQH OHYHO DW D WLPH E\ XVLQJ WKH ��'

UHFRQVWUXFWLRQ SURFHGXUH�

��� 0XOWLOD\HU SHUFHSWURQ �0/3�

$ 0/3 PRGHO FRQWDLQV RQH RU PRUH KLGGHQ OD\HUV DQG WKH

IXQFWLRQ RI QHXURQV LQ WKH KLGGHQ OD\HU LV WR DUELWUDWH EHWZHHQ

WKH LQSXW DQG WKH RXWSXW RI QHXUDO QHWZRUN� 7KH LQSXW IHDWXUH

YHFWRU LV IHG LQWR WKH VRXUFH QRGHV LQ WKH LQSXW OD\HU RI WKH

QHXUDO QHWZRUN DW ILUVW� 7KH QHXURQV RI WKH LQSXW OD\HU FRQVWLWXWH

WKH LQSXW VLJQDOV DSSOLHG WR WKH QHXURQV RI WKH KLGGHQ OD\HU� 7KH

RXWSXW VLJQDOV RI WKH KLGGHQ OD\HU FDQ EH XVHG DV LQSXWV WR WKH

QH[W KLGGHQ OD\HU RU WKH RXWSXW OD\HU� )LQDOO\� WKH RXWSXW OD\HU

SURGXFWV WKH RXWSXW UHVXOWV DQG WHUPLQDWHV WKH QHXUDO FRPSXWLQJ

SURFHVV�

$PRQJ WKH DOJRULWKPV XVHG WR GHVLJQ WKH 0/3V� WKH EDFN�

SURSDJDWLRQ DOJRULWKP LV WKH PRVW SRSXODU RQH� 7KHUH DUH

WZR GLIIHUHQW SKDVHV� WKH IRUZDUG SKDVH DQG WKH EDFNZDUG

SKDVH LQ WKH EDFN�SURSDJDWLRQ DOJRULWKP� ,Q WKH IRUZDUG SKDVH�

WKH LQSXW VLJQDOV DUH FRPSXWHG DQG SDVVHG WKURXJK WKH QHXUDO

QHWZRUN OD\HU E\ OD\HU� 7KHQ� WKH QHXURQV LQ RXWSXW OD\HU

SURGXFW WKH RXWSXW VLJQDOV RI WKH QHXUDO QHWZRUN� ,Q WKLV WLPH�

WKH HUURU VLJQDOV FDQ EH JHQHUDWHG E\ FRPSDULQJ WKH RXWSXW

UHVSRQVH RI WKH QHXUDO QHWZRUN ZLWK WKH GHVLUHG UHVSRQVH� ,Q WKH

EDFNZDUG SKDVH RI WKH EDFN�SURSDJDWLRQ DOJRULWKP� VRPH IUHH

SDUDPHWHUV DUH DEOH WR EH DGMXVWHG E\ UHIHUULQJ WKH HUURU VLJQDOV�

7KLV ZRUN FDQ EH XVHG WR PLQLPL]H WKH GLVWRUWLRQ RI WKH 0/3�

,Q WKLV ZRUN� WKH EDFN�SURSDJDWLRQ OHDUQLQJ DOJRULWKP LV

LWHUDWLYHO\ H[HFXWHG IRU WKH WUDLQLQJ VHW DQG WKHQ SURGXFWV WKH

V\QDSWLF ZHLJKW YHFWRUV� %\ XVLQJ WKH ILQDO V\QDSWLF ZHLJKW

YHFWRUV LQWR WKH 0/3� LW LV XVHG WR SUHGLFW WKH XQNQRZQ SL[HOV LQ

RXU LPDJH LQWHUSRODWLRQ VFKHPHV�

�� $'$37,9( 0/3 ,17(532/$7,21

,Q WKLV VHFWLRQ� ZH LQWURGXFH WKH ILUVW QHZ LQWHUSRODWLRQ VFKHPH�

L�H� VSDWLDO DGDSWLYH 0/3 LQWHUSRODWLRQ VFKHPH �6$0,�� ZKLFK

FDQ EH XVHG WR LQFUHDVH WKH LPDJH UHVROXWLRQ E\ D IDFWRU RI WZR

LQ WKH VSDWLDO GRPDLQ� 7KH 0/3 PRGHO LV XVHG WR LQWHUSRODWH WKH

GLJLWDO LPDJHV DV D QRQOLQHDU SUHGLFWRU� ,Q RUGHU WR SUHVHUYH WKH

ILQH UHJLRQV RI WKH UHFRQVWUXFWHG LPDJH� RXU VFKHPH FRQWDLQV D

VLPSOH FODVVLILFDWLRQ DOJRULWKP DQG QHXUDO QHWZRUN SUHGLFWRUV WR

SURGXFH WKH XQNQRZQ SL[HOV DQG DYRLG WKH LPDJH EXUULQJ HIIHFWV�

$W ILUVW� WKH 6REHO RSHUDWRUV DUH XVHG WR GHWHFW OLQHDU HGJHV IRU D

ORZ�UHVROXWLRQ LPDJH� UHVXOWLQJ LQ D GHWHFWHG HGJH LPDJH� 7KH

LQIRUPDWLRQ RI WKH HGJH UHSUHVHQWDWLRQ LV XVHG DV WKH LQSXW RI

RYHUODSSLQJ ZLQGRZ FODVVLILHU� :H FODVVLI\ D KLJK�UHVROXWLRQ

ZLQGRZ LQWR WZR FDVHV EDVHG RQ WKH VWDQGDUG GHYLDWLRQ σ RI WKH

ORZ�UHVROXWLRQ HGJH LPDJH ZLQGRZ� 7KH VWDQGDUG GHYLDWLRQ LV

XVHG WR GHWHUPLQH WKH FDVH IRU HDFK KLJK�UHVROXWLRQ ZLQGRZ E\

WKH FODVVLILFDWLRQ UXOHV WKDW GHVFULEHG DV IROORZV�

&DVH � �6PRRWK UHJLRQ ZLQGRZ�� LI σ ≤ 7�

&DVH � �1RQ�VPRRWK UHJLRQ ZLQGRZ�� LI σ ! 7�

ZKHUH 7 LV WKH SUHGHILQHG WKUHVKROG� %DVHG WKH VLPSOH

FODVVLILFDWLRQ DOJRULWKP� WKH 6$0, VFKHPH XVHV WZR 0/3

PRGXOHV WR HVWLPDWH WKH XQNQRZQ SL[HOV LQ WKH KLJK�UHVROXWLRQ

ZLQGRZ�

2 × 2 × 2 × 2
× × × × × × ×
2 × 2 ∆ 2 × 2
× × ∆ ∆ ∆ × ×
2 × 2 ∆ 2 × 2
× × × × × × ×
2 × 2 × 2 × 2

)LJXUH �� 7KH LQSXW DQG RXWSXW SL[HOV LQ D ZLQGRZ ZLWK

VL]H � Õ � IRU 6$0, VFKHPH� 7KH VDPSOH ORFDWLRQV

GHQRWHG 2� ×� DQG ∆ DUH WKH LQSXW� XQNQRZQ� DQG RXWSXW

VLJQDOV� UHVSHFWLYHO\�

$Q H[DPSOH RI LQWHUSRODWLRQ ZLQGRZ ZLWK VL]H � × � LV VKRZQ

LQ )LJ� �� 7KH 0/3 XWLOL]HV WKH NQRZQ SL[HOV ZLWKLQ WKH KLJK�

UHVROXWLRQ LPDJH WR HVWLPDWH JUD\ OHYHOV RI XQNQRZQ SL[HOV�

$IWHU HDFK KLJK�UHVROXWLRQ ZLQGRZ KDV EHHQ SURFHVVHG� ILYH

XQNQRZQ SL[HOV ZLOO EH LQWHUSRODWHG� ([FHSW WKH FHQWUDO SL[HO RI

WKH RYHUODSSLQJ ZLQGRZV� DOO RI WKH XQNQRZQ SL[HOV LQ WKH KLJK�

UHVROXWLRQ LPDJH ZLOO EH FDOFXODWHG WZLFH� )RU WKHVH SL[HOV� WKH

DYHUDJH RI WKH WZR SUHGLFWHG JUD\ OHYHOV LV XVHG DV WKH ILQDO

UHVXOW� 0RUHRYHU� XVLQJ WKH ELOLQHDU LQWHUSRODWLRQ RSHUDWRU FDQ

SURGXFH WKH XQNQRZQ SL[HOV ORFDWHG RQ WKH IULQJHV RI WKH KLJK�

UHVROXWLRQ LPDJH� ,Q WKH FRPSXWHU VLPXODWLRQ� WKH 6$0,

DFKLHYHV D OLPLWHG VXFFHVV LQ LPSURYLQJ WKH LQWHUSRODWLRQ TXDOLW\

RI QDWXUDO LPDJH� :H IRXQG WKH UHDVRQ LV WKDW WKH QDWXUDO LPDJH

VLJQDOV DUH QRQVWDWLRQDU\ LQ VSDWLDO GRPDLQ� 7KHUH DUH WZR ZD\V

WR LPSURYH WKH SHUIRUPDQFH RI WKH 6$0, VFKHPH� DGRSWLQJ WKH

PRUH DFFXUDWH FODVVLILFDWLRQ DOJRULWKP LQ WKH LQWHUSRODWLRQ

VFKHPH RU WXUQLQJ WR LQWHUSRODWH WKH ORZ�UHVROXWLRQ LPDJH E\

XVLQJ D EDQG OLPLWHG WUDQVIRUPDWLRQ� %HFDXVH RI WKH

LPSOHPHQWDWLRQ FRPSOH[LW\ PXVW EH LQFUHDVHG KHDYLO\ ZKHQ WKH

FODVVLILFDWLRQ DOJRULWKP EHFRPHV FRPSOH[� +HQFH� LQ RUGHU WR

UHGXFH WKH FRPSXWDWLRQ WLPH� ZH GHYHORSHG WKH VHFRQG QHXUDO

QHWZRUN LQWHUSRODWLRQ VFKHPH WKDW H[SORLWV WKH ZDYHOHW

WUDQVIRUP IRU LPDJH UHVROXWLRQ HQKDQFHPHQW�

�� 0/3 ,17(532/$7,21 86,1*
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%\ XVLQJ WKH ZDYHOHW WUDQVIRUP� WKH VROXWLRQ VSDFH RI WKH

LQWHUSRODWLRQ SUREOHP FDQ EH GHFRPSRVHG LQWR LWV ORZ�

IUHTXHQF\ VXEVSDFH DQG KLJKHU�IUHTXHQF\ VXEVSDFHV� %DVHG RQ

WKLV LGHD� ZH GHYHORS WKH ZDYHOHW 0/3 LQWHUSRODWLRQ �:0,�

VFKHPH WKDW XWLOL]HV WKH SURSHUW\ RI GLYLGLQJ LPDJH VSHFWUXP WR

DXJPHQW WKH LQWHUSRODWLRQ DFFXUDF\ RI WKH QHXUDO QHWZRUNV�

:0, GRHV QRW XVH WKH WUDGLWLRQDO HGJH FODVVLILFDWLRQ DOJRULWKP

WR HQKDQFH RU UHVHUYH WKH KLJK�IUHTXHQF\ SRUWLRQ RI LQWHUSRODWHG

LPDJH� ,Q JHQHUDO� WKH ��' ZDYHOHW WUDQVIRUP VSOLWV WKH

QRQVWDWLRQDU\ LPDJH VSHFWUXP LQWR IRXU PRUH VWDWLRQDU\ VXE�

LPDJHV //� /+� +/� DQG ++� 7KHQ� RQO\ WKH ORZHVW IUHTXHQF\

VXE�LPDJH // LV IXUWKHU VSOLW LQWR IRXU VPDOOHU VXE�LPDJHV� ,Q

WKLV SDSHU� ZH FRQVLGHU WKH RQH OHYHO DQDO\VLV�V\QWKHVLV



SURFHGXUH RI ZDYHOHW WUDQVIRUP IRU LQFUHDVLQJ WKH LPDJH

UHVROXWLRQ E\ D IDFWRU RI WZR�

$V VKRZQ LQ )LJ� �� WKH VLJQDOV LQ WKH RYHUODSSLQJ ZLQGRZV RI

ORZ�UHVROXWLRQ LPDJH LV XVHG DV LQSXW YHFWRU RI QHXUDO QHWZRUN

SUHGLFWRU� DQG WKHQ WKH RXWSXW VLJQDO RI UHFRQVWUXFWHG ZDYHOHW

VXE�LPDJH // LV JHQHUDWHG� 7KH VDPH VWUXFWXUH LV DOVR HPSOR\HG

IRU WKH UHFRQVWUXFWLRQ RI WKH KLJKHU�IUHTXHQF\ VXE�LPDJHV� $OVR�

DOO RI WKHVH IRXU PRGXOHV XVH WKH 0/3 WR HVWLPDWH WKH VXE�LPDJH

VLJQDOV� 7KH ILQDO V\QDSWLF ZHLJKW YHFWRUV �Z//� Z/+� Z+/� DQG

Z++� IRU WKH FRUUHVSRQGLQJ ZDYHOHW VXE�LPDJH SUHGLFWRU LV

JHQHUDWHG E\ WKH EDFN�SURSDJDWLRQ OHDUQLQJ DOJRULWKP ZLWK WKH

LPDJHV LQ WUDLQLQJ VHW DQG LWV VXE�LPDJH VLJQDOV WKDW JHQHUDWHG

E\ WKH ZDYHOHW DQDO\VLV SURFHGXUH� 7KH 0/3 SUHGLFWRUV XWLOL]H

WKH ORZ�UHVROXWLRQ LPDJH VLJQDOV WR HVWLPDWH WKH VLJQDOV LQ WKH

ZDYHOHW VXE�LPDJHV RI KLJK�UHVROXWLRQ LPDJH� )LQDOO\� WKH

HVWLPDWHG ZDYHOHW VXE�LPDJHV DUH XVHG WR FRPSRVH WKH

LQWHUSRODWHG KLJK�UHVROXWLRQ LPDJH WKURXJK WKH ��' ZDYHOHW

V\QWKHVLV RSHUDWRU� 7KH LQWHUSRODWLRQ DOJRULWKP IRU DQ 0 Õ 1

ORZ�UHVROXWLRQ LPDJH ZLWK WKH GHVLUHG LQFUHDVLQJ UHVROXWLRQ

IDFWRU E\ = LV GHVFULEHG DV IROORZV�

6WHS �� ,QLWLDOO\� VWRUH WKH HYDOXDWHG ILQDO V\QDSWLF ZHLJKW

YHFWRUV LQWR WKH FRUUHVSRQGLQJ 0/3 SUHGLFWRU� 6HW WKH

ZLGWK P DQG KHLJKW Q RI KLJK�UHVROXWLRQ LPDJH� DV P

← � × 0 DQG Q ← � × 1� 6HW L ← ��

6WHS �� 7KH 0/3 ZLWK WKH V\QDSWLF ZHLJKW YHFWRUV Z// LV XVHG

WR HVWLPDWH DOO RI WKH VLJQDOV LQ WKH // VXE�LPDJH RI

WKH KLJK�UHVROXWLRQ LPDJH� 7KH VLJQDOV LQ WKH ORZ�

UHVROXWLRQ LPDJH DUH XVHG DV WKH LQSXW YHFWRU RI 0/3�

6LPLODUO\� WKH /+� +/� DQG ++ VXE�LPDJHV FDQ EH

SURGXFHG E\ WKH FRUUHVSRQGLQJ VXE�LPDJH 0/3

SUHGLFWRUV� UHVSHFWLYHO\�

6WHS �� %RXQGDU\ SL[HOV RI WKH // VXE�LPDJH WKDW DUH

LQFDOFXODEOH IRU WKH // VXE�LPDJH SUHGLFWRU DUH VWRUHG

WKH JUD\ OHYHO LQ ORZ�UHVROXWLRQ LPDJH DW

FRUUHVSRQGLQJ SRVLWLRQ� 7KH LQFDOFXODEOH VLJQDOV LQ

WKH HVWLPDWHG /+� +/� DQG ++ VXE�LPDJHV DUH VHW ��

6WHS �� 8VH WKH ��' ZDYHOHW V\QWKHVLV SURFHGXUH WR FRPSRVH

WKH HVWLPDWHG ZDYHOHW VXE�LPDJHV DQG UHVXOW LQ DQ P ×
Q LQWHUSRODWHG LPDJH ZLWK LQFUHDVLQJ WKH RULJLQDO

UHVROXWLRQ E\ IDFWRU �L�

6WHS �� ,I = � �L ! �� WKHQ VHW L ← L � �� VHW P ← � × P DQG Q

← � × Q� JR WR VWHS ��

,Q WKH :0, VFKHPH� WKH QHXUDO QHWZRUN SUHGLFWRUV FDQ EH

DGDSWHG WR WKH VWDWLVWLFDO SURSHUWLHV RI HDFK ZDYHOHW VXE�LPDJH�

DQG KHQFH HVWLPDWLQJ HDFK VWDWLRQDU\ VXE�LPDJH VLJQDOV LV PRUH

HIILFLHQW WKDQ HVWLPDWLQJ WKH ZKROH QRQVWDLRQDU\ VSDWLDO VLJQDOV�

7KH DERYH DOJRULWKP LV DOZD\V SUDFWLFDO HYHQ LI WKH HGJHV LQ

LPDJH DUH FRPSOH[ RU LUUHJXODU� )XUWKHUPRUH� WKH SURSRVHG

VFKHPH VXSSRUWV D SURJUHVVLYH LQWHUSRODWLRQ SURFHVVLQJ� 7KH

UHFRQVWUXFWHG KLJK�UHVROXWLRQ LPDJH ZLWK DFFHSWDEOH JRRG

TXDOLW\ FDQ EH DFKLHYHG E\ RQO\ HVWLPDWLQJ WKH ORZHVW�IUHTXHQF\

VXE�LPDJH� 7KH ILQH UHJLRQ RI WKH LPDJH LV DEOH WR HQKDQFH E\

DGGLQJ RQH RU PRUH KLJKHU�IUHTXHQF\ VXE�LPDJH SUHGLFWLQJ�

)XUWKHUPRUH� WKH SURSRVHG DOJRULWKP FDQ EH DGRSWHG IRU WKH

VXEEDQG ILOWHULQJ ZLWKRXW DQ\ PRGLILFDWLRQ�

7KH 0/3V DUH QRW RQO\ IDVW� EXW WKH\ DOVR LQWULQVLFDOO\ SDUDOOHO�

0RUHRYHU� ZKHQ WKH SHUIRUPDQFH RI WKH QHXUDO QHWZRUN

SUHGLFWRU LV QRW JRRG HQRXJK IRU VRPH LPDJHV� WKH OHDUQLQJ

DOJRULWKP FDQ EH UHXVHG WR SURGXFH D QHZ VHW RI V\QDSWLF ZHLJKW

YHFWRUV E\ DGMXVWLQJ WKH IUHH SDUDPHWHUV RU DGGLQJ VRPH GLVWLQFW

WUDLQLQJ VDPSOHV LQWR WKH WUDLQLQJ VHW� 3HUPLWWLQJ DQ XSGDWH RI

WKH QHZ V\QDSWLF ZHLJKW YHFWRUV FDQ FRQWURO WKH TXDOLW\ RI WKH

UHFRQVWUXFWHG LPDJH

)LJXUH �� %ORFN GLDJUDP RI WKH // ZDYHOHW VXE�LPDJH

UHFRQVWUXFWLRQ LQ :0, VFKHPH�

�� 6,08/$7,216 5(68/76

,Q WKH VLPXODWLRQV� ZH XVH WKH WKUHH�OD\HU 0/3V DV QRQOLQHDU

SUHGLFWRUV WR HVWLPDWH WKH ZDYHOHW VXE�LPDJH RU VSDWLDO VLJQDOV

LQ WKH SURSRVHG VFKHPHV� 7KH ILQDO V\QDSWLF ZHLJKWV DUH

JHQHUDWHG IURP WKH WUDLQLQJ VHW RI ILYH GLIIHUHQW LPDJHV� %RDW�

3HSSHUV� 6DLOERDW� 7LIIDQ\� DQG 7R\V� 7KH KLJK�UHVROXWLRQ VWLOO

LPDJHV ERWK LQVLGH DQG RXWVLGH WKH WUDLQLQJ VHW DUH PRQRFKURPH

LPDJHV RI VL]H ��� × ��� ZLWK ��� JUD\ OHYHOV� 7KH LPDJHV DUH

GRZQ VDPSOHG DV WHVW ORZ�UHVROXWLRQ LPDJHV RI VL]H ���×����
7KH LPDJH VHTXHQFH )RRWEDOO ���� × ���� �� IUDPHV� LV DOVR

XVHG WR HYDOXDWH WKH SHUIRUPDQFH RI SURSRVHG DSSURDFK� 7R

HYDOXDWH WKH SHUIRUPDQFH RI LQWHUSRODWLRQ VFKHPH QXPHULFDOO\�

WKH SHDN VLJQDO�WR�QRLVH UDWLR �3615� EHWZHHQ WKH WZR LPDJHV

KDV EHHQ FDOFXODWHG�

7KH SURSRVHG LQWHUSRODWLRQ PHWKRGV DQG RWKHU SRSXODU H[LVWLQJ

LQWHUSRODWLRQ DSSURDFKHV DUH LPSOHPHQWHG LQ WKLV VWXG\� :H

FRPSDUH VL[ LQWHUSRODWLRQ PHWKRGV� WKH ��' EL�GLUHFWLRQDO OLQHDU

LQWHUSRODWLRQ �GHQRWHG E\ %LOLQHDU�� WKH FXELF %�VSOLQH

LQWHUSRODWLRQ �GHQRWHG E\ &XELF�� DQG IRXU SURSRVHG

LQWHUSRODWLRQ VFKHPHV LQ WKH VLPXODWLRQV� 7KH IRXU QHXUDO

QHWZRUN LQWHUSRODWLRQ VFKHPHV DUH� ��� 6$0,� ��� :0, XVLQJ

RQO\ WKH VXE�LPDJH // ZLWKRXW KLJK�IUHTXHQF\ VXE�LPDJHV

HVWLPDWLQJ �GHQRWHG E\ :0,���� ��� :0, ZLWK FRPSOHWH KLJK�

IUHTXHQF\ VXE�LPDJHV HVWLPDWLQJ �GHQRWHG E\ :0,���� DQG ���

VXEEDQG 0/3 LQWHUSRODWLRQ �GHQRWHG E\ 60,� ZKLFK HPSOR\HG

WKH VDPH VWUXFWXUH DV :0, RQO\ WKH DQDO\VLV�V\QWKHVLV

SURFHGXUH DGRSWHG WKH VXEEDQG ILOWHU EDQN� ,Q WKH 6$0,� ZH

VHOHFW WKH LQWHQVLW\ WKUHVKROG 7 DV �� IRU GHWHUPLQLQJ WKH FDVH RI

DQ LQWHUSRODWLRQ ZLQGRZ� 7KH EL�RUWKRJRQDO ��� ILOWHU SURSRVHG

LQ >�@ LV XVHG IRU WKH :0, VFKHPHV� ,Q WKH 60,� ZH XVH WKH

ILOWHU FRHIILFLHQWV RI WKH ��' ���WDS 40) GHVLJQDWHG DV ��& LQ

>��@�

7DEOH � VKRZV WKH 3615 YDOXHV �G%� RI VLPXODWLRQ UHVXOWV IRU

WKH UHFRQVWUXFWHG LPDJHV ZLWK LQFUHDVLQJ UHVROXWLRQ E\ IDFWRU �

RXWVLGH WKH WUDLQLQJ VHW� )URP WKH VLPXODWLRQ UHVXOWV� ZH ILQG

WKDW WKH SURSRVHG DOJRULWKPV VKRZ EHWWHU TXDOLW\ RI LQWHUSRODWHG

LPDJHV WKDQ WKH FRQYHQWLRQDO LQWHUSRODWLRQ PHWKRGV� :H DOVR

FRPSDUH WKH FRPSXWDWLRQ WLPH IRU WKH LQWHUSRODWLRQ VFKHPHV�

// VXE�

LPDJH 0/3

SUHGLFWRU

)LQDO V\QDSWLF ZHLJKW

YHFWRUV Z//

5HFRQVWUXFWHG

// VXE�LPDJH

/RZ�UHVROXWLRQ

LPDJH



$OO VLPXODWLRQV DUH PDGH RQ D VLQJOH�&38 ,QWHO 3HQWLXP����

SHUVRQDO FRPSXWHU ZLWK WKH :LQGRZV �� RSHUDWLQJ V\VWHP�

7DEOH � VKRZV WKH H[HFXWLRQ WLPH IRU WKH WHVW LPDJH /HQD� 7KH

GLIIHUHQFH EHWZHHQ WKH RULJLQDO KLJK�UHVROXWLRQ LPDJH DQG WKH

LQWHUSRODWHG LPDJHV WKDW DUH JHQHUDWHG E\ WKH &XELF DQG :0,�

�DOJRULWKP DUH VKRZQ LQ )LJV� ��D���E�� UHVSHFWLYHO\� )LJ� �

VKRZV WKH VLPXODWLRQ UHVXOWV 3615 �G%� IRU LQWHUSRODWHG LPDJHV

RI WKH )RRWEDOO VHTXHQFH ZLWK LQFUHDVLQJ UHVROXWLRQ E\ IDFWRU ��

,Q DOO VLPXODWLRQ UHVXOWV� WKH LPDJHV UHVXOWHG IURP WKH

LQWHUSRODWLRQ ZLWK WKH QHZ DOJRULWKP XVLQJ ZDYHOHW WUDQVIRUP

DFKLHYH WKH EHWWHU LPDJH TXDOLW\ DQG WKH VSHHG\ FRPSXWDWLRQ

WKDQ WKRVH REWDLQ ZLWK RWKHU DSSURDFKHV�

7KH PRUH GHWDLO VLPXODWLRQ UHVXOWV DUH FDQ EH IRXQG LQ WKH ZHE

SDJH� KWWS���ZZZ�FV�FFX�HGX�WZ�aK\O�ZPL��

7DEOH �� 7KH 3615 YDOXHV �LQ G%� RI WKH LPDJHV ZLWK

LQFUHDVLQJ UHVROXWLRQ RXWVLGH WKH WUDLQLQJ VHW�

%LOLQHDU &XELF 6$0, :0,�� :0,�� 60,

/HQD ����� ����� ����� ����� ����� �����

)DPLO\ ����� ����� ����� ����� ����� �����

)��� ����� ����� ����� ����� ����� �����

%DERRQ ����� ����� ����� ����� ����� �����

7DEOH �� 7KH H[HFXWLRQ WLPH �LQ VHFRQGV� RI WKH

LQWHUSRODWLRQ VFKHPHV IRU LPDJH /HQD�

%LOLQHDU &XELF 6$0, :0,�� :0,�� 60,

���� ����� ���� ���� ���� �����

�D� �E�

)LJXUH �� 5HVXOWV RI WKH GLIIHUHQFH EHWZHHQ RULJLQDO

LPDJH DQG UHFRQVWUXFWHG LPDJH /HQD� �D� LQWHUSRODWHG E\

&XELF� DQG �E� LQWHUSRODWHG E\ :0,���
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%LOLQHDU
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)LJXUH �� 7KH VLPXODWLRQ UHVXOWV IRU LQWHUSRODWHG LPDJHV

RI WKH )RRWEDOO VHTXHQFH ZLWK LQFUHDVLQJ UHVROXWLRQ E\

IDFWRU ��

�� &21&/86,216

,Q WKLV SDSHU� ZH SURSRVHG WKH HIILFLHQW VFKHPHV IRU WKH GLJLWDO

LPDJH LQWHUSRODWLRQ� 7KH SURSRVHG DOJRULWKPV LQFUHDVH WKH

UHVROXWLRQ RI D ORZ�UHVROXWLRQ LPDJH E\ XVLQJ WKH QHXUDO

QHWZRUN� 7KH 6$0, VFKHPH FRQWDLQV D VLPSOH ZLQGRZ HGJH

FODVVLILHU ZKLFK FDQ DYRLG WKH GLVDGYDQWDJHV RI XVLQJ WKH HGJH�

EDVHG LQWHUSRODWLRQ VFKHPHV� 7KH :0, VFKHPH DGRSWV WKH

0/3V WR SUHGLFW DOO ZDYHOHW VXE�LPDJHV RI KLJK�UHVROXWLRQ

LPDJH LQ RUGHU WR HVWLPDWH WKH LQWHUSRODWHG LPDJH PRUH

DFFXUDWHO\� 7KH ZDYHOHW DQDO\VLV�V\QWKHVLV SURFHGXUH DQG 0/3

FDQ EH LPSOHPHQWHG HDVLO\ E\ XVLQJ 9/6, WHFKQLTXHV� WKXV WKH

KDUGZDUH GHVLJQ IRU WKH VFKHPHV LV VLPSOH DQG HIILFLHQW�

0RUHRYHU� WKH SURSRVHG VFKHPHV FDQ REWDLQ WKH VXSHULRU LPDJH

TXDOLW\ DQG YLVXDO TXDOLW\ DERXW HGJH UHJLRQ� )URP WKH

H[SHULPHQWDO UHVXOWV� ZH ILQG WKDW WKH SURSRVHG VFKHPHV DUH

H[SHFWHG WR EH XVHIXO LQWHUSRODWLRQ VFKHPHV IRU QDWXUDO LPDJHV�

�� 5()(5(1&(6
>�@ .� -HQVHQ DQG '� $QDVWDVVLRX� �6XESL[HO HGJH ORFDOL]DWLRQ

DQG WKH LQWHUSRODWLRQ RI VWLOO LPDJHV�� ,((( 7UDQV� ,PDJH

3URFHVVLQJ� YRO� �� QR� �� 0DU� ����� SDJHV ��������

>�@ .� 3� +RQJ� -� .� 3DLN� +� -� .LP� DQG &� +� /HH� �$Q

HGJH�SUHVHUYLQJ LPDJH LQWHUSRODWLRQ V\VWHP IRU D GLJLWDO

FDPFRGHU�� ,((( 7UDQV� &RQVXPHU (OHFWURQLFV� YRO� ��� QR�

�� $XJ� ����� SDJHV ��������

>�@ $� 0� 'DUZLVK� 0� 6� %HGDLU� DQG 6� ,� 6KDKHHQ� �$GDSWLYH

UHVDPSOLQJ DOJRULWKP IRU LPDJH ]RRPLQJ�� ,(( 3URF��9LV�

,PDJH 6LJQDO 3URFHVV� YRO� ���� QR� �� $XJ� ����� SDJHV�

��������

>�@ 0� $QWRQLQL� 0� %DUODXG� 3� 0DWKLHX� DQG ,� 'DXEHFKLHV�

�,PDJH FRGLQJ XVLQJ ZDYHOHW WUDQVIRUP�� ,((( 7UDQV�

,PDJH 3URFHVVLQJ� YRO� �� QR� �� $SU� ����� SDJHV ��������

>�@ 7� &KDQJ DQG &� -� .DR� �7H[WXUH DQDO\VLV DQG

FODVVLILFDWLRQ ZLWK WUHH�VWUXFWXUHG ZDYHOHW WUDQVIRUP��

,((( 7UDQV� ,PDJH 3URFHVVLQJ� YRO� �� QR� �� 2FW� �����

SDJHV ��������

>�@ $YHUEXFK� '� /D]DU� DQG 0� ,VUDHOL� �,PDJH FRPSUHVVLRQ

XVLQJ ZDYHOHW WUDQVIRUP DQG PXOWLUHVROXWLRQ

GHFRPSRVLWLRQ�� ,((( 7UDQV� ,PDJH 3URFHVVLQJ� YRO� �� QR�

�� -DQ� ����� SDJHV �����

>�@ 6� +D\NLQ� 1HXUDO 1HWZRUNV� 0DFPLOODQ� 1HZ <RUN� �����

>�@ 7� 0DVWHUV� 6LJQDO DQG ,PDJH 3URFHVVLQJ ZLWK 1HXUDO

1HWZRUNV� :LOH\� 1HZ <RUN� �����

>�@ 5� +� 1LHOVHQ� �7KHRU\ RI WKH EDFN�SURSDJDWLRQ QHXUDO

QHWZRUN�� LQ 3URF� ,QW� -RLQW &RQI� 1HXUDO 1HWZRUNV� YRO� ��

����� SS� ��������

>��@ <� +LURVH� .� <DPDVKLWD� DQG 6� +LMLYD� �%DFN�SURSDJDWLRQ

DOJRULWKP ZKLFK YDULHV WKH QXPEHU RI KLGGHQ XQLWV��

1HXUDO 1HWZRUNV� YRO� �� SDJHV ������ �����

>��@ -� '� -RKQVWRQ� �$ ILOWHU IDPLO\ GHVLJQHG IRU XVH LQ

TXDGUDWXUH PLUURU ILOWHU EDQNV�� LQ 3URF� ,((( ,QW� &RQI�

$FRXVW�� 6SHHFK� 6LJQDO 3URFHVVLQJ� ����� SDJHV ��������


