
3VHXGR�ELDVHG FRKHUHQW GLIIXVLRQ IRU UREXVW UHDO�WLPH XOWUDVRXQG VSHFNOH

UHGXFWLRQ

.KDOHG =� $EG�(OPRQLHP� $ERX�%DNU 0� <RXVVHI� DQG <DVVHU 0� .DGDK

%LRPHGLFDO (QJLQHHULQJ 'HSDUWPHQW� &DLUR 8QLYHUVLW\� *L]D ������ (J\SW

$%675$&7

:H SURSRVH D QRYHO WHFKQLTXH IRU XOWUDVRXQG VSHFNOH UHGXFWLRQ EDVHG RQ LWHUDWLYH VROXWLRQV WR WKH FRKHUHQW GLIIXVLRQ

HTXDWLRQ ZLWK WKH VSHFNOHG LPDJH FRQVLGHUHG DV WKH LQLWLDO KHDW GLVWULEXWLRQ� $FFRUGLQJ WR WKH H[WHQW RI VSHFNOH� WKH PRGHO

FKDQJHV SURJUHVVLYHO\ IURP LVRWURSLF GLIIXVLRQ WKURXJK DQLVRWURSLF FRKHUHQW GLIIXVLRQ WR PHDQ FXUYDWXUH PRWLRQ� 7KLV

VWUXFWXUH PD[LPDOO\ ORZ�SDVV ILOWHUV WKRVH SDUWV RI WKH LPDJH FRUUHVSRQGLQJ WR IXOO\�IRUPHG VSHFNOH� ZKLOH SUHVHUYLQJ

LQIRUPDWLRQ DVVRFLDWHG ZLWK UHVROYHG REMHFW VWUXFWXUHV� 7KH GLVWDQFH PHDVXUH XVHG WR DVVHVV WKH GHYLDWLRQ EHWZHHQ LPDJHV LV

HPEHGGHG ZLWKLQ WKH GLIIXVLYLW\ WHQVRU DQG LV XWLOL]HG DV DQ LQWULQVLF VWRSSLQJ FULWHULRQ WKDW HQGV WKH GLIIXVLRQ SURFHVV

FRPSOHWHO\ LQ DOO GLUHFWLRQV ZKHQ WKH GHYLDWLRQ EHWZHHQ WKH RULJLQDO DQG WKH ILOWHUHG LPDJH H[FHHGV WKH VSHFNOH OLPLW� 7KLV

PRGHO LV WHUPHG SVHXGR�ELDVHG GLIIXVLRQ GXH WR WKLV XQLTXH IRUPXODWLRQ� +HQFH� WKHUH LV QR QHHG IRU VSHFLI\LQJ WKH QXPEHU

RI LWHUDWLRQV LQ DGYDQFH DV ZLWK SUHYLRXV PHWKRGV� 0RUHRYHU� WKH VWHDG\ VWDWH VROXWLRQ GRHV QRW FRQYHUJH WR WKH WULYLDO VLQJOH

JUD\ OHYHO VROXWLRQ� EXW UDWKHU WR DQ LPDJH WKDW LV FORVH LQ VWUXFWXUH WR WKH RULJLQDO EXW ZLWK VSHFNOH QRLVH VXEVWDQWLDOO\

UHGXFHG� (IILFLHQW GLVFUHWL]DWLRQ VFKHPHV DOORZ ODUJH WLPH VWHSV WR EH XVHG LQ REWDLQLQJ WKH VROXWLRQ WR DFKLHYH UHDO�WLPH

SURFHVVLQJ�

.H\ZRUGV� QRQOLQHDU FRKHUHQW GLIIXVLRQ� VSHFNOH UHGXFWLRQ� GHQRLVLQJ�

�� ,1752'8&7,21

8OWUDVRXQG %�VFDQ HFKR LPDJLQJ LQYROYHV VLJQDOV REWDLQHG E\ FRKHUHQW VXPPDWLRQ RI HFKR VLJQDOV IURP XOWUDVRXQG

VFDWWHUHUV ORFDWHG LQ WKH WLVVXH XQGHU LQYHVWLJDWLRQ� 7KHVH VFDWWHUHUV DULVH IURP LQKRPRJHQHLWLHV DQG VWUXFWXUHV RI VL]HV

VPDOOHU WKDQ WKH ZDYHOHQJWKV RI XOWUDVRXQG LQFLGHQW ZDYH WKDW DUH QRW UHVROYHG E\ WKH LPDJLQJ V\VWHP� 7KH FRKHUHQW

VXPPDWLRQ RI VLJQDOV JLYHV ULVH WR DQ LQWHUIHUHQFH SDWWHUQ FRPPRQO\ NQRZQ DV VSHFNOH� 7KLV VSHFNOH KDV D UDQGRP QDWXUH

VLQFH LW LV IRUPHG E\ VLJQDOV IURP UDQGRPO\ ORFDWHG VFDWWHUHUV� 7KH DQDO\VLV RI WKLV VSHFNOH KDV EHHQ D PDMRU VXEMHFW RI

LQYHVWLJDWLRQ DV LW FDQ EH VHHQ DV XQZDQWHG QXLVDQFH EHFDXVH LW PD\ REVFXUH VWUXFWXUHV LQ PHGLXP XQGHU REVHUYDWLRQ�

$OWHUQDWLYHO\� LQ RWKHU VLWXDWLRQV� LW FDQ EH VHHQ DV D VLJQDO WKDW LV FDUU\LQJ LPSRUWDQW LQIRUPDWLRQ RQ XQGHUO\LQJ UDQGRPO\

GLVWULEXWHG VFDWWHUHUV� 7KHUHIRUH� WKH DQDO\VLV RI WKH HFKR HQYHORSH WRRN WZR GLYHUJLQJ GLUHFWLRQV WR DGGUHVV WKH SUREOHPV RI

VSHFNOH UHPRYDO DQG FKDUDFWHUL]DWLRQ RI VSHFNOH SDWWHUQ WR FODVVLI\ PHGLD
�������

�

���� %DFNJURXQG

,W KDV EHHQ VKRZQ WKDW XQGHU WKH FRQGLWLRQ RI ODUJH QXPEHU RI UDQGRPO\ ORFDWHG VFDWWHUHUV ZLWK VPDOO VFDWWHU VSDFLQJ

FRPSDUHG WR ZDYHOHQJWK RI XOWUDVRXQG� WKH VWDWLVWLFV RI WKH HQYHORSH VLJQDO VKRZ D 5D\OHLJK GLVWULEXWLRQ
������

� ,Q VXFK

VFDWWHULQJ UHJLPH� WKH RQO\ LQIRUPDWLRQ DYDLODEOH DERXW WKH VLJQDO LV WKH PHDQ EDFNVFDWWHUHG SRZHU� 7KH LQWHUIHUHQFH SDWWHUQ

LQ WKH HFKR LPDJHV XQGHU VXFK UHJLPH LV NQRZQ DV IXOO\ IRUPHG VSHFNOH �))6�� 5DOHLJK VWDWLVWLFDO PRGHO UHTXLUHV VFDWWHUHU

GHQVLWLHV RI WHQ VFDWWHUHUV RU KLJKHU SHU UHVROXWLRQ FHOO� ,Q SUDFWLFDO VLWXDWLRQV� RWKHU SDWWHUQV RFFXU ZKHUH WKHUH LV D FRKHUHQW

FRPSRQHQW �VWUXFWXUDO QRQUDQGRP FRPSRQHQW WKDW DUH ODUJHU WKDQ D ZDYHOHQJWK� SUHVHQW LQ WKH HFKR VLJQDO RU ZKHQ WKH

HIIHFWLYH VFDWWHUHU GHQVLW\ LV EHORZ WHQ ZKLFK LV WKH ORZHU OLPLW RI 5D\OHLJK PRGHO� 'HYLDWLRQV IURP 5DOHLJK GLVWULEXWHG

VSHFNOH SDWWHUQ LQ VXFK VSHFLDO VFDWWHULQJ FRQGLWLRQV KDYH EHHQ SUHYLRXVO\ PRGHOHG YLD 5LFH GLVWULEXWLRQ WR DFFRXQW IRU WKH

DGGLWLRQ RI VWUXFWXUDO RU QRQ�UDQGRP FRKHUHQW FRPSRQHQW WR WKH EDFNVFDWWHUHG VLJQDO� ,Q DGGLWLRQ� WKH . GLVWULEXWLRQ KDV

EHHQ XVHG WR DFFRXQW IRU GHYLDWLRQV WR QRQ�XQLIRUPLW\ LQ VFDWWHUHU GLVWULEXWLRQ DQG IRU UHGXFHG VFDWWHUHU GHQVLWLHV
������

�

&OLQLFDO XOWUDVRXQG LPDJLQJ V\VWHPV HPSOR\ QRQOLQHDU DPSOLILFDWLRQ WR UHGXFH WKH G\QDPLF UDQJH RI WKH LQSXW HFKR

VLJQDO WR PDWFK WKH VPDOO G\QDPLF UDQJH RI FRPPRQ GLVSOD\ GHYLFHV� 7KH LQSXW VLJQDO XVXDOO\ KDV D G\QDPLF UDQJH LQ WKH

RUGHU RI ������ G% ZKHUHDV D W\SLFDO GLVSOD\ ZRXOG KDYH D G\QDPLF UDQJH LQ WKH RUGHU RI ����� G%� 6XFK UHGXFWLRQ LV

FRQYHQWLRQDOO\ DFKLHYHG XVLQJ ORJDULWKPLF DPSOLILFDWLRQ� 7KLV QRQOLQHDU DPSOLILFDWLRQ WRWDOO\ FKDQJHV WKH VWDWLVWLFV RI WKH

LQSXW HQYHORSH VLJQDO VXFK WKDW WKH HYDOXDWLRQ RI WKH PRGLILHG VWDWLVWLFV EHFRPHV GLIILFXOW �GHWDLOHG DQDO\VLV RQ WKLV VXEMHFW
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FDQ EH IRXQG LQ
����

�� 'XH WR WKH SUREOHP FRPSOH[LW\� QRQ�SDUDPHWULF PHWKRGV IRU VSHFNOH UHGXFWLRQ KDYH JDLQHG ZLGH

DFFHSWDQFH LQ WKLV ILHOG�

���� &XUUHQW 0HWKRGV IRU 6SHFNOH 5HGXFWLRQ

6SHFNOH GHJUDGHV ERWK VSDWLDO UHVROXWLRQ DQG FRQWUDVW LQ XOWUDVRXQG LPDJHV DQG WKHUHE\ UHGXFHV WKH GLDJQRVWLF YDOXH RI WKH

LPDJHV� 7KH DLP RI VSHFNOH UHGXFWLRQ LV WR UHPRYH WKH GLVWUDFWLQJ VSHFNOH SDWWHUQ ZLWKRXW DIIHFWLQJ WKH GLDJQRVWLF GHWDLOV LQ

WKH XOWUDVRXQG LPDJH� WKXV PDNLQJ XOWUDVRXQG LPDJHV HDVLHU WR LQWHUSUHW� 7KH SUREOHP RI VSHFNOH UHGXFWLRQ KDV EHHQ

LQYHVWLJDWHG H[WHQVLYHO\ LQ WKH ODVW WZR GHFDGHV� 5HGXFWLRQ ZDV DFKLHYHG XVLQJ VHYHUDO PHWKRGV� ,Q PD[LPXP DPSOLWXGH

ZULWLQJ� VHYHUDO VFDQV ZLWK GLIIHUHQW SDUDPHWHUV DUH SURGXFHG� WKH ILQDO LPDJH LV IRUPHG IURP SRLQWV RI PD[LPDO DPSOLWXGH

DW HDFK VSDWLDO ORFDWLRQ� 6SHFNOH FDQ DOVR EH UHGXFHG E\ IRUPLQJ DQ LPDJH IURP LQFRKHUHQW DYHUDJLQJ RI LPDJHV ZLWK

GLIIHUHQW VSHFNOH SDWWHUQV� 6XFK LPDJHV PD\ EH DFTXLUHG E\ YDU\LQJ WKH DQJOH IURP ZKLFK D WDUJHW LV LPDJHG �D WHFKQLTXH

NQRZQ DV VSDWLDO FRPSRXQGLQJ�� RU E\ FKDQJLQJ WKH VSHFWUXP RI DFRXVWLFDO SXOVH �IUHTXHQF\ FRPSRXQGLQJ�
�
�

$ PRUH HODERUDWH WHFKQLTXH IRU VXFK DQ DSSOLFDWLRQ LV QRQOLQHDU DGDSWLYH ILOWHULQJ� 7KLV ILOWHULQJ SURFHGXUH UHFRJQL]HV

WKRVH SDUWV RI DQ LPDJH WKDW UHTXLUH PD[LPDO VPRRWKLQJ �L�H�� ZKLFK FRUUHVSRQG WR ))6�� $ PHDVXUH RI VLPLODULW\ KDV EHHQ

XVHG WR PD[LPDOO\ VPRRWK UHJLRQV RI WKH LPDJH WKDW FORVHO\ UHVHPEOH ))6� 2Q WKH RWKHU KDQG� UHJLRQV ZLWK SURSHUWLHV WKDW

DUH OHDVW VLPLODU WR ))6 DUH QRW VPRRWKHG� 'XH WR WKH VLPSOLFLW\ RI WKHVH PRGHOV� EOXUULQJ FRXOG QRW EH DYRLGHG�

0RUH DGYDQFHG WHFKQLTXHV IRU VSHFNOH UHGXFWLRQ DUH EDVHG RQ WKH ZDYHOHW WUDQVIRUP� :DYHOHW WUDQVIRUP GHFRPSRVHV D

VLJQDO �RU DQ LPDJH� LQWR 6HYHUDO LQFUHDVLQJO\ VPRRWKHU �DOVR FDOOHG ORZ�SDVV ILOWHUHG� VFDOHV� $W HDFK VFDOH� WKH JUDGLHQW RU

WKH /DSODFLDQ LV HVWLPDWHG LQ HDFK GLUHFWLRQ DV DQ HVWLPDWH RI WKH KLJK IUHTXHQF\ FRPSRQHQWV� 7KH UHVXOWV DUH FDOOHG

ZDYHOHWV DQG FDQ EH VHHQ DV EDQG�SDVV ILOWHUHG LQVWDQFHV RI WKH FRUUHVSRQGLQJ VFDOH� :DYHOHW�EDVHG WHFKQLTXHV UHPRYH

ZDYHOHW FRHIILFLHQWV DW ILQH VFDOHV FRQWDLQLQJ XQFRUUHODWHG FRHIILFLHQWV
�����

RU DSSO\ VRIW WKUHVKROGLQJ RI ZDYHOHW FRHIILFLHQWV

LQ WKH )RXULHU GRPDLQ WR UHPRYH WKRVH FRHIILFLHQWV ZLWK DEVROXWH YDOXHV EHORZ D FHUWDLQ WKUHVKROG
�����

� *LYHQ WKDW

XOWUDVRXQG LPDJHV DUH FKDUDFWHUL]HG E\ D ORZHU VLJQDO�WR�QRLVH UDWLR �615� WKDQ RWKHU LPDJLQJ W\SHV� WKH ZDYHOHW�EDVHG

WHFKQLTXHV FRXOG QRW HIILFLHQWO\ UHPRYH VSHFNOH LQ WKLV W\SH ZLWKRXW VHYHUHO\ GLVWRUWLQJ WKH LPDJH�

���� 2YHUYLHZ

*HQHUDOO\ VSHDNLQJ� DQ HIILFLHQW VSHFNOH UHGXFWLRQ DOJRULWKP PXVW VXSSUHVV ))6 ZKLOH VXEVWDQWLDOO\ SUHVHUYLQJ WKH LPDJH

FRPSRQHQW FRUUHVSRQGLQJ WR UHVROYHG �RU SDUWLDOO\ UHVROYHG� REMHFW VWUXFWXUH� 2XU DSSURDFK IRU UHGXFLQJ VSHFNOH LV EDVHG RQ

WKH WKHRU\ RI QRQOLQHDU FRKHUHQW GLIIXVLRQ PRGHO
�����

� 1HYHUWKHOHVV� WKH HYROXWLRQ RI WKH DOJRULWKP LV FRQWUROOHG YLD D

GLVWDQFH PHDVXUH WKDW LV XVHG WR DYRLG ODUJH GHYLDWLRQV EHWZHHQ WKH RULJLQDO VSHFNOHG LPDJH DQG WKH ILOWHUHG RQH� ,Q WKLV

SDSHU� ZH UHYLHZ WKH QRQOLQHDU FRKHUHQW GLIIXVLRQ PRGHO DQG SUHVHQW WKH ELDVHG GLIIXVLRQ PRGHO� 7KHQ� ZH GHULYH D PRGHO

WKDW FRPELQHV WKH DWWULEXWHV RI ERWK ELDVHG DQG FRKHUHQW GLIIXVLRQ ZKLOH WDNLQJ DGYDQWDJH RI WKH IDVW GLVFUHWL]DWLRQ VFKHPH

RI
��
� 7KH UHVXOWV RI DSSO\LQJ WKLV DOJRULWKP WR W\SLFDO XOWUDVRXQG LPDJHV DUH SUHVHQWHG� )LQDOO\� ZH GLVFXVV WKH DSSOLFDWLRQV

RI WKH QHZ WHFKQLTXH DQG SURYLGH LGHDV IRU IXWXUH ZRUN�

�� 0(7+2'2/2*<

���� $SSUR[LPDWH 6SHFNOH 1RLVH 0RGHO

$ JHQHUDO PRGHO IRU XOWUDVRXQG LPDJHV ZLWK VSHFNOH QRLVH LV�

������������ \[\[\[J\[I
DP

K�K 
� ���

ZKHUH J�[�\� LV DQ XQNQRZQ SLHFHZLVH FRQVWDQW ��' IXQFWLRQ UHSUHVHQWLQJ QRLVH�IUHH RULJLQDO LPDJH WR EH UHFRYHUHG� I�[�\� LV

WKH QRLV\ REVHUYDWLRQ RI J�[�\��
P

K DQG
D

K DUH PXOWLSOLFDWLYH DQG DGGLWLYH QRLVH PRGHOV UHVSHFWLYHO\� DQG [ DQG \ DUH

YDULDEOHV RI VSDWLDO ORFDWLRQV WKDW EHORQJ WR ��' VSDFH RI DOO UHDO QXPEHUV � � �
� ��\[ � 6LQFH WKH HIIHFW RI DGGLWLYH QRLVH

�VXFK DV VHQVRU QRLVH� LV FRQVLGHUDEO\ VPDOO FRPSDUHG WR WKDW RI PXOWLSOLFDWLYH QRLVH �FRKHUHQW LQWHUIHULQJ��

� � � �� ���

�� \[\[
PD
K��K � (T� ��� FDQ EH DSSUR[LPDWHG E\�

��������� \[\[J\[I
P

K 
� ���

7KH ORJDULWKPLF DPSOLILFDWLRQ WUDQVIRUPV WKH PRGHO LQ (T� ��� LQWR DQ DGGLWLYH RQH� 7KDW LV�
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RU
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ZKHUH ��� \[
O

DK LV DSSUR[LPDWHG DV DGGLWLYH ZKLWH QRLVH
����

�

���� 2ULJLQDO 1RQOLQHDU 'LIIXVLRQ )RUPXODWLRQ

&RQVLGHU DQ P�GLPHQVLRQDO UHFWDQJXODU LPDJH GRPDLQ � � � �PDD �� �� � uu : � ZLWK ERXQGDU\ :w � DQG D JUD\ OHYHO LPDJH

JLYHQ E\ D ERXQGHG PDSSLQJ �o:�I � ,Q VFDOH�VSDFH WKHRU\� DQ LPDJH LV HPEHGGHG LQWR D FRQWLQXRXV IDPLO\

^ `W7W �tI RI JUDGXDOO\ VPRRWKHU �GLIIXVHG� YHUVLRQV RI LW� 7KH RULJLQDO LPDJH FRUUHVSRQGV WR VFDOH W  � DQG LQFUHDVLQJ

WKH VFDOH VKRXOG VLPSOLI\ WKH LPDJH ZLWKRXW FUHDWLQJ VSXULRXV VWUXFWXUHV� 1RQOLQHDU DQLVRWURSLF GLIIXVLRQ ZDV ILUVW SURSRVHG

WR DYRLG WKH EOXUULQJ DQG ORFDOL]DWLRQ SUREOHPV RI OLQHDU ILOWHULQJ� 7KDW LV� WR IXUWKHU HQFRXUDJH VPRRWKLQJ ZLWKLQ D UHJLRQ

LQ SUHIHUHQFH WR VPRRWKLQJ DFURVV WKH ERXQGDULHV
��
� 7KLV QRQ�XQLIRUP SURFHVV UHGXFHV WKH GLIIXVLYLW\ DW WKRVH ORFDWLRQV WKDW

KDYH D ODUJHU OLNHOLKRRG WR EH HGJHV VLQFH WKH\ UHYHDO ODUJHU JUDGLHQWV� 3HURQD DQG 0DOLN REWDLQHG WKH ILOWHUHG LPDJH � �W[ �,

DV D VROXWLRQ RI WKH QRQOLQHDU GLIIXVLRQ HTXDWLRQ ZLWK WKH RULJLQDO LPDJH DV LQLWLDO FRQGLWLRQ DQG UHIOHFWLQJ ERXQGDU\

FRQGLWLRQV �
�

P GHQRWHV WKH GHULYDWLYH QRUPDO WR WKH LPDJH ERXQGDU\ :w ��
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(T� ��� LV WKH PDWKHPDWLFDO IRUPXODWLRQ RI WKH UHIOHFWLQJ ERXQGDU\ FRQGLWLRQV� ZKLFK DUH DOVR FDOOHG 1HXPDQQ ERXQGDU\

FRQGLWLRQV� 7KH WLPH W LV D VPRRWKLQJ SDUDPHWHU� ODUJHU YDOXHV FRUUHVSRQG WR VLPSOHU �RU EOXUUHG� LPDJH UHSUHVHQWDWLRQV

� �W�[, � � ��,J � LV D PRQRWRQLFDOO\ GHFUHDVLQJ GLIIXVLYLW\ WKDW WDNHV WKH IRUP�
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,Q JHQHUDO� J�[� FDQ EH H[SUHVVHG LQ D WHQVRU IRUP WKDW PHDVXUHV ORFDO FRKHUHQFH RI VWUXFWXUHV� ,Q VXFK FDVHV� WKH DQLVRWURS\

RI WKH GLIIXVLRQ SURFHVV EHFRPHV PRUH GLUHFWLRQDO LQ ERWK WKH JUDGLHQW DQG WKH FRQWRXU GLUHFWLRQV� WKH GLUHFWLRQV RI

PD[LPXP DQG PLQLPXP YDULDWLRQV UHVSHFWLYHO\�

���� %LDVHG 1RQOLQHDU 'LIIXVLRQ

7KH HYROXWLRQ RI (T� ��� FRQYHUJHV WR DQ HTXLOLEULXP VWDWH DW ZKLFK�

� � �
�  '

f
W, � ���

ZKLFK RFFXUV RQO\ ZKHQ WKH LQWHQVLW\ PDS UHDFKHV D VLQJOH IODW YDOXH� 'XH WR WKLV XQLQKLELWHG VLQJOH JUD\ OHYHO HTXLOLEULXP

VROXWLRQ RI WKH QRQOLQHDU GLIIXVLRQ HTXDWLRQ� DQ DGGLWLRQDO WHUP ZDV SURSRVHG WR PDNH WKH VWHDG\ VWDWH VROXWLRQ D QRQWULYLDO

RQH
��
� ,Q WKLV FDVH� WKH PRGLILHG GLIIXVLRQ HTXDWLRQ WDNHV WKH IRUP�

� � � �� �W,W,GLY,W ��¸
¹
·

¨
©
§ �¸

¹
·¨

©
§ � w

�

�
,,J � ���

7KLV IRUPXODWLRQ FRQYHUJHV WR D VWHDG\ VWDWH YDOXH DW ZKLFK�
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:LWK WKH IRUPXODWLRQ RI (T� ���� WKH LPDJHV DUH UHSHDWHGO\ ILOWHUHG XQWLO D QRQWULYLDO VWHDG\ VWDWH LV UHDFKHG ZLWKRXW QHHG WR

VSHFLI\ WKH QXPEHU RI LWHUDWLRQV� 1HYHUWKHOHVV� WKLV ELDV WHUP � � � �� �W,W, �� LV UHVSRQVLEOH IRU LQFUHDVLQJ WKH FRPSOH[LW\ RI WKH

GLIIHUHQWLDO HTXDWLRQ VXFK WKDW RQO\ WKH IRUZDUG GLVFUHWL]DWLRQ VFKHPH FDQ EH XVHG IRU WKH QXPHULFDO VROXWLRQ� ,Q SUDFWLFDO

VLWXDWLRQV� WKH HTXLOLEULXP VWDWH LQ (T� ���� QHHGV DQ HYROXWLRQ WLPH RI PRUH WKDQ ILYH RU VL[� :LWK IRUZDUG GLVFUHWL]DWLRQ

VFKHPH� WKH HYROXWLRQ RI WKH GLIIHUHQWLDO HTXDWLRQ LV OLPLWHG WR D WLPH VWHS � �PW �� �d' � ZKHUH P LV WKH QXPEHU RI

GLPHQVLRQV� WR PDLQWDLQ WKH VWDELOLW\ RI WKLV PHWKRG� 7KLV WUDQVODWHV LQWR D ODUJH QXPEHU RI LWHUDWLRQV RI PRUH WKDQ �� RQ �'

LPDJHV� ZKLFK PDNHV WKH SURFHVVLQJ WLPH RI WKH WHFKQLTXH SURKLELWLYHO\ VORZ�

���� &RKHUHQW 1RQOLQHDU $QLVRWURSLF 'LIIXVLRQ

7KH FRKHUHQW GLIIXVLRQ PRGHO WDNHV WKH IRUP�

� � > @,��, � ww 'GLYWW\[ � ����

ZKHUH
��u��' LV D V\PPHWULF SRVLWLYH VHPL�GHILQLWH GLIIXVLRQ WHQVRU UHSUHVHQWLQJ WKH UHTXLUHG GLIIXVLRQ LQ ERWK JUDGLHQW

DQG FRQWRXU GLUHFWLRQV DQG KHQFH HQKDQFLQJ FRKHUHQW VWUXFWXUHV DV ZHOO DV HGJHV� 7KHUH DUH WZR WHQVRUV ZLGHO\ XVHG WR

GHWHFW WKH ORFDO FRKHUHQFH� WKH VWUXFWXUH WHQVRU �DOVR FDOOHG VFDWWHU PDWUL[ RU ZLQGRZHG VHFRQG PRPHQW WHQVRU�� DQG WKH

+HVVLDQ WHQVRU ZKLFK UHSUHVHQWV WKH VHFRQG RUGHU GHULYDWLYHV�

���
	�� ��� 
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%HFDXVH WKH +HVVLDQ PDWUL[ ZDV IRXQG PRUH VHQVLWLYH WR QRLVH� WKH VWUXFWXUH WHQVRU IRUP ZLOO EH XVHG WKURXJKRXW WKLV SDSHU�

7KH PXOWL�VFDOH �RU ZLQGRZ� VWUXFWXUH PDWUL[ WDNHV WKH IRUP
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7KH FRQYROXWLRQ DERYH LV GRQH FRPSRQHQW�ZLVH PDLQO\ WR DYHUDJH D IHDWXUH RYHU D NQRZQ QHLJKERUKRRG �VFDOH� ZKHUH U LV

WKH LQWHJUDWLRQ VFDOH �RU ZLQGRZ VL]H� RYHU ZKLFK WKH RULHQWDWLRQ LQIRUPDWLRQ LV DYHUDJHG
��
�

7KH IRUPXODWLRQ LQ (T� ���� FDQ EH SXW DV�
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7KH HLJHQYHFWRUV
��

�ZZ DQG WKH HLJHQYDOXHV �� PP � FRUUHVSRQG WR WKH GLUHFWLRQV RI PD[LPXP DQG PLQLPXP YDULDWLRQV

DQG WKH VWUHQJWK RI WKHVH YDULDWLRQV UHVSHFWLYHO\�

���� &RKHUHQW 'LIIXVLRQ IRU 6SHFNOH 5HGXFWLRQ

7KH GLIIXVLRQ WHQVRU ' VKRXOG EH FKRVHQ ZLWK WKH VDPH HLJHQYHFWRUV RI WKH VWUXFWXUH PDWUL[ EXW ZLWK DGDSWLYH HLJHQYDOXHV

WKDW UHSUHVHQW WKH VWUHQJWK RI GLIIXVLRQ LQ HDFK SULQFLSDO GLUHFWLRQ� ,Q SDUWLFXODU� ZH XVH WKH IROORZLQJ VSHFLILFDWLRQV IRU WKH

GLIIXVLRQ WHQVRU
��
�
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7KH DQDO\VLV RI WKLV PRGHO ZLOO EH IXOO\ GHVFULEHG ZLWKLQ WKH IUDPHZRUN RI WKH SURSRVHG SVHXGR�ELDVHG GLIIXVLRQ LQ WKH QH[W

VHFWLRQ�

�� 36(8'2�%,$6(' ',))86,21

$OWKRXJK WKH SUHYLRXV PRGHO KDV SURYHG WR EH HIILFLHQW LQ UHPRYLQJ VSHFNOH� KRZHYHU� ZLWKRXW SULRU NQRZOHGJH RI WKH

DSSURSULDWH WLPH HYROXWLRQ QHHGHG WR UHDFK WKLV VSHFNOH IUHH LPDJH� WKH PRGHO FRQWLQXHV WR HYROYH WR WKH WULYLDO VROXWLRQ�

7KLV EHKDYLRU LV QRW UHFRPPHQGHG IRU SDUDPHWHU UREXVWQHVV� 7KH RYHUDOO WLPH VWHS LV D YHU\ LPSRUWDQW SDUDPHWHU WKDW

GUDVWLFDOO\ LQIOXHQFHV WKH ILQDO VWDWXV RI WKH ILOWHUHG LPDJH� +RZHYHU� WKH EHKDYLRU RI D UREXVW ILOWHULQJ DOJRULWKP VKRXOG QRW

EH VHQVLWLYH WR SDUDPHWHU VHOHFWLRQ HVSHFLDOO\ WR WKH WLPH HYROXWLRQ� 7KHUHIRUH� WKH IORZ G\QDPLFV RI WKH GLIIXVLRQ SURFHVV

VKRXOG EH FRQWUROOHG EDVHG RQ ERWK WKH VSDWLDO ORFDO FRKHUHQFH DQG DOVR WKH WHPSRUDO GLVWDQFH EHWZHHQ WKH RULJLQDO VSHFNOHG

LPDJH DQG WKH FXUUHQW HYROYHG LPDJH� 0HDQZKLOH� WKH DGGHG GLIIXVLRQ FRQWURO VKRXOG QRW LQFUHDVH �DW OHDVW� PLQLPDOO\� WKH

FRPSOH[LW\ RI WKH QXPHULFDO LPSOHPHQWDWLRQ RI WKH SURFHVV�

���� 3URSRVHG 0RGHO )RUPXODWLRQ

7KH SURSRVHG PRGHO FDQ EH VXPPDUL]HG LQ WKH GHVLJQ IRU WKH UHTXLUHG GLIIXVLRQ HLJHQYDOXHV�

/HW� � � � �� � ���
�

dEd��E� G �W,W, � ����

DQG�

� �� � � �

G�D O
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HOVH

VLIV

����

7KH GLVWDQFH EHWZHHQ WKH RULJLQDO DQG WKH HYROYHG LPDJHV �UHSUHVHQWHG DV LQ (T� ����� LV FRQWLQXRXVO\ PHDVXUHG DW DOO WLPH

LQVWDQWV DQG LV HPEHGGHG ZLWKLQ WKH IRUPXODWLRQ RI WKH HLJHQYDOXHV WR FRQWURO WKH VWDWXV RI GLIIXVLRQ SURFHVV� 7KLV

PRGLILFDWLRQ KDV WKH HIIHFW RI FRPSOHWHO\ VWRSSLQJ WKH IORZ RI WKH GLIIXVLRQ DW DQ\ WLPH DQG ORFDWLRQ ZKHUH WKH GHYLDWLRQ

EHWZHHQ WKH WZR LPDJHV EHFRPHV XQUHDVRQDEOH DV ZLOO EH DQDO\]HG�

���� 0RGHO $QDO\VLV

7KH G\QDPLFV RI WKH SURSRVHG PRGHO FDQ EH FOHDUO\ XQGHUVWRRG IURP WKH HLJHQ�DQDO\VLV IUDPHZRUN� 7KH IORZ LV DIIHFWHG E\

WZR IDFWRUV� WKH ILUVW RQH LV WKH GLVWDQFH EHWZHHQ WKH HYROYHG LPDJH DW DQ\ WLPH W DQG WKH RULJLQDO LPDJH DW WLPH W  � �WKDW

ZH FDOO WHPSRUDO GLVWDQFH�� 7KH VHFRQG IDFWRU LV WKH VSDWLDO ORFDO FRKHUHQFH RU DQLVRWURS\ �VSDWLDO FRKHUHQFH��

$W ORZ WLPH LQVWDQWV �
�

WW | �� WKH WHPSRUDO GLVWDQFH HIIHFW LV FRPSOHWHO\ QHJOLJLEOH � �|G � DQG WKH RQO\ GRPLQDQW IDFWRU

LV WKDW RI WKH VSDWLDO FRKHUHQFH� :KHQ WKH ORFDO FRKHUHQFH� PHDVXUHG E\ � ��� P�P � LV FORVH WR ]HUR� L�H�� WKH UHJLRQ

FRUUHVSRQGV WR VSHFNOH SDWWHUQ FORVH WR ))6 FDUU\LQJ OLWWOH WLVVXH LQIRUPDWLRQ� GLIIXVLRQ PXVW EHFRPH LVRWURSLF � D P|P
��

�

DQG LQYHUVHO\ SURSRUWLRQDO WR WKH LQIRUPDWLRQ FRQWHQW �ZKLFK LV DOVR UHODWHG WR � ��� P�P �� 2Q WKH RWKHU KDQG� ZKHQ LPDJH

DQLVRWURS\ EHFRPHV ODUJH� ZKLFK FRUUHVSRQGV WR VWUXFWXUHG WLVVXH� LPDJH WH[WXUH LV ULFK RI LQIRUPDWLRQ DERXW WKH LPDJHG

WLVVXH DQG WKHUHIRUH GLIIXVLRQ VKRXOG EH YHU\ VHOHFWLYH LQ ERWK GLUHFWLRQ DQG VWUHQJWK� 7KLV LGHD LV LPSOHPHQWHG E\ WKH DERYH

PHQWLRQHG 7XNH\¶V IXQFWLRQ� ZKLFK LV PRQRWRQLFDOO\ GHFUHDVLQJ VXFK WKDW DV LQIRUPDWLRQ FRQWHQW LQFUHDVHV� GLIIXVLRQ

EHFRPHV PRUH DQG PRUH DQLVRWURSLF� $ IXOO\ VWUXFWXUHG UHJLRQ FRUUHVSRQGLQJ WR
��

�� V�� !O�O LV DVVRFLDWHG ZLWK

GLIIXVLRQ RQO\ LQ FRQWRXU GLUHFWLRQ�

$V WLPH HYROXWLRQ JRHV IRUZDUG� WKH LPDJH FRQWLQXHV WR GLIIXVH DQG VRPH VWUXFWXUHV PD\ EH LQHYLWDEO\ XQVKDUSHQHG� ,Q

VXFK FDVHV� WKH WHPSRUDO GLVWDQFH LQFUHDVHV EHWZHHQ WKH RULJLQDO DQG GLIIXVHG HGJH VKDUSQHVV� 7KH HPEHGGLQJ RI WKLV

GLVWDQFH LQ WKH GLIIXVLRQ PDWUL[ KDV WKH HIIHFW RI FKRNLQJ H[WUD GLIIXVLRQ LQ WKHVH ORFDWLRQV� 7KLV HIIHFW GRPLQDWHV RYHU WKH
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HIIHFW RI VSDWLDO FRKHUHQFH DQG WKXV� OLPLWLQJ GLIIXVLRQ� :LWK WLPH� WKH XQVKDSHG HGJHV EHFRPH UHODWLYHO\ VKDUSHU WKDQ EHIRUH

ZLWK UHVSHFW WR LQWHU�UHJLRQ IOXFWXDWLRQV�

���� 'LVFUHWL]DWLRQ 6FKHPH

7KH WHQVRU�IRUP QRQOLQHDU KHDW HTXDWLRQ FDQ EH UHSUHVHQWHG DV�
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7KH FRUUHVSRQGLQJ GLIIHUHQFH HTXDWLRQ LQYROYHV DOO WKH ��QHLJKERUKRRG SRLQWV DQG WKXV FDQ QRW EH VSOLW E\ WKH WUDGLWLRQDO

PHWKRGV� 7KH IROORZLQJ GLVFUHWL]DWLRQ VFKHPH ZDV SURSRVHG�
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,Q WKLV VFKHPH� DGGLWLYH RU PXOWLSOLFDWLYH VSOLWWLQJ FDQ EH XVHG WR FRQYHUW WKH V\VWHP PDWUL[ LQWR WZR WULGLDJRQDO PDWULFHV

WKDW DUH HDVLO\ VROYHG
��
�

�� 5(68/76 $1' ',6&866,21

7KH PRGHO ZDV ILUVW DSSOLHG RQ LPDJHV RI D FRPPHUFLDO FRQWUDVW GHWDLO SKDQWRP �$76 ODERUDWRULHV� %ULGJHSRUW� &7�
��
�

&RQWUDVW UHJLRQV KDG YDU\LQJ VFDWWHUHU QXPEHU GHQVLW\ WR SURGXFH VWDQGDUG FRQWUDVW OHYHOV IURP ±�� G% WR ��� G%� 7KHVH

LPDJHV ZHUH ORJDULWKPLFDOO\ FRPSUHVVHG LQ WKH SRVW�SURFHVVLQJ VWDJH WR VLPXODWH FRPSUHVVHG %�VFDQ LPDJHV� 7KH SKDQWRP

LPDJH VL]H LV ���[��� FRQWDLQLQJ HLJKW UHJLRQV RI GLIIHUHQW FRQWUDVW YDOXHV� IRXU SRVLWLYH FRQWUDVW UHJLRQV DQG IRXU QHJDWLYH

FRQWUDVW UHJLRQV� 5HJLRQV DUH RUGHUHG LQ WZR URZV� 7KH XSSHU URZ FRQWDLQV WKH QHJDWLYH FRQWUDVW UHJLRQV ZKLOH WKH ORZHU

FRQWDLQV WKH SRVLWLYH FRQWUDVW UHJLRQV� $ UHIHUHQFH LPDJH LV FRQVWUXFWHG PDQXDOO\ IURP WKH VSHFNOHG LPDJH E\ HYDOXDWLQJ WKH

PHDQ YDOXH LQ HDFK UHJLRQ� 7KH REWDLQHG UHVXOWV DUH FRPSDUHG ZLWK WKLV UHIHUHQFH LPDJH�

7KH PRGHO LQ (T� ���� ZDV DSSOLHG ZLWK HLJHQYDOXHV DV LQ (T� ���� WR UHSUHVHQW WKH XQELDVHG GLIIXVLRQ DQG ZLWK

HLJHQYDOXHV RI (T� ���� WR UHSUHVHQW WKH SURSRVHG SVHXGR�ELDVHG GLIIXVLRQ� %RWK PRGHOV XWLOL]HG WKH VDPH YDOXHV IRU WKH

FRPPRQ DOJRULWKP SDUDPHWHUV� 7R FODULI\ IORZ LPSURYHPHQW E\ WKH SURSRVHG PRGHO� ZH GLG WKH SKDQWRP H[SHULPHQW ZLWK

UHOD[HG SDUDPHWHUV� %RWK PRGHOV ZHUH DSSOLHG IRU �� LWHUDWLRQV ZLWK D WLPH VWHS � 'W SHU LWHUDWLRQ� � D � �� V � DQG

���� E LQ WKH SVHXGR�ELDVHG PRGHO� )LJXUH � VKRZV WKH HYROXWLRQ RI ERWK PRGHOV ZLWK VXFFHVVLYH LWHUDWLRQV� )LJXUH ���D� E�

VKRZ WKH HYROXWLRQ RI D OLQH SDVVLQJ WKURXJK GLIIHUHQW SRVLWLYH FRQWUDVW UHJLRQV ZLWK ERWK PRGHOV�

,Q WKH VHFRQG H[SHULPHQW� WKH WZR DOJRULWKPV ZHUH DSSOLHG RQ D UHDO JUD\ VFDOH XOWUDVRXQG LPDJHV� 7KH ILUVW RQH VKRZV D

EORRG YHVVHO DQG WKH VHFRQG RQH VKRZV WKH KHDUW FKDPEHUV� WKH VL]H RI ERWK LPDJHV LV ���[���� ,Q WKLV H[SHULPHQW� ZH

HPSOR\HG SDUDPHWHU YDOXHV WKDW DUH PRUH FRQVHUYDWLYH� %RWK PRGHOV VKDUH WKH VDPH SDUDPHWHUV IRU �� LWHUDWLRQV ZLWK D WLPH

VWHS � 'W SHU LWHUDWLRQ� � D � �� V � DQG ��� E LQ WKH SVHXGR�ELDVHG PRGHO� )LJXUH � DQG )LJXUH � VKRZ WKH UHVXOWV

REWDLQHG IURP WKH WZR LPDJHV� )LJXUH ���F� G� DQG �H� I� SUHVHQW WKH HYROXWLRQ RI WZR OLQHV WKURXJK WKH LPDJHV� /LQH SRVLWLRQV

LQ WKH RULJLQDO LPDJHV DUH VKRZQ LQ UHYHUVH YLGHR LQ )LJXUH ���J� DQG )LJXUH ���J�� UHVSHFWLYHO\�

(GJHV RI ERWK SKDQWRP DQG YHVVHO LPDJHV KDYH EHHQ UHVWRUHG EHWWHU WKDQ ZLWK WKH SVHXGR�ELDVHG PRGHO HYHQ ZLWK

H[FHVVLYH LWHUDWLRQV� 7KH XQELDVHG PRGHO LV VWLOO LWHUDWLRQ�GHSHQGDQW DQG WKXV FRQWLQXHV WRZDUG WKH WULYLDO VLQJOH JUD\ OHYHO

VROXWLRQ� (GJH SUHVHUYDWLRQ DQG LWHUDWLRQ�UREXVWQHVV RI WKH SURSRVHG PRGHO FRPH ZLWK PLQLPDO H[WUD FRPSOH[LW\ LQ WKH

LPSOHPHQWDWLRQ RI WKH PRGHO� %RWK XQELDVHG DQG SVHXGR�ELDVHG PRGHOV WDNH DOPRVW WKH VDPH WLPH SHU LWHUDWLRQ�

6LQFH WKH PRGLILFDWLRQ ZDV PHUHO\ LQ WKH GHWHUPLQDWLRQ RI WKH GLIIXVLRQ FRPSRQHQWV� WKH SURSRVHG PRGHO VKDUHV WKH

XQELDVHG GLIIXVLRQ WKH VDPH VLPSOLFLW\ RI GLVFUHWL]DWLRQ� 2QO\ WZR DGGLWLRQV DQG WZR PXOWLSOLFDWLRQ RSHUDWLRQV DUH QHHGHG

SHU SL[HO IRU HPEHGGLQJ WKH GLVWDQFH FRPSRQHQW RI (T� ����� &RQVLGHULQJ WKH RYHUDOO FRPSOH[LW\� WKHVH DGGLWLRQDO RSHUDWLRQV

DUH WUXO\ LQVLJQLILFDQW�

Proc. SPIE Vol. 4322 781



�� &21&/86,216

:H SUHVHQWHG LQ WKLV SDSHU D PRGHO IRU VSHFNOH UHGXFWLRQ EDVHG RQ WKH QRQOLQHDU FRKHUHQW GLIIXVLRQ WKDW SUHVHUYHV FRKHUHQW

VWUXFWXUHV� 'LIIXVLRQ SURFHVVHV GR QRW VWRS QDWXUDOO\ XQOHVV LW UHDFKHV WR D QRQ�YDU\LQJ VLQJOH JUD\ OHYHO LPDJH� 6RPH

DXWKRUV SUHIHUUHG WR XVH D ELDVLQJ WHUP WR IRUFH WKH SURFHVV WR VWRS DW D SRLQW RWKHU WKDQ WKH WULYLDO VROXWLRQ� +RZHYHU� WKDW

PRGHO DGG H[WUD FRPSOH[LW\ WR WKH QXPHULFDO LWHUDWLYH VROXWLRQ RI WKH GLIIHUHQFH HTXDWLRQ ZKLFK PDNH LW XQSUDFWLFDO ZLWK

UHDO GDWD ZKLFK QHHG D ODUJH WLPH RI GLIIXVLRQ WR VPRRWK QRLVH� 7KH SURSRVHG PRGHO KRZHYHU� FRPELQHV WKH DGYDQWDJHV RI

VLPSOH GLVFUHWL]DWLRQ VFKHPH SUHVHQWHG LQ D SUHYLRXV SDSHU DQG LQ WKH VDPH WLPH LW KDV DQ LPEHGGHG �LQWULQVLF� PHDVXUH WKDW

VWRSV GLIIXVLRQ QDWXUDOO\ DIWHU D FHUWDLQ WLPH DQG WKXV QR QHHG IRU VSHFLI\LQJ WKH QXPEHU RI LWHUDWLRQV LQ DGYDQFH� :H DUH

QRZ LQYROYHG LQ WKH DQDO\VLV RI WKH HIIHFW RI RWKHU SDUDPHWHUV RI WKH PRGHO DQG WKH VHQVLWLYLW\ WR HDFK RI WKHP WU\LQJ WR ILQG

D FHUWDLQ PHDVXUH IRU DXWRPDWLF VHOHFWLRQ RI WKHVH SDUDPHWHUV�

$&.12:/('*(0(176

7KLV UHVHDUFK LV VXSSRUWHG LQ SDUW IURP WKH 5	' 'HSDUWPHQW DW ,QWHUQDWLRQDO (OHFWURQLFV� %LRPHGLFDO 'LYLVLRQ� � 2FWREHU

&LW\� (J\SW�

5()(5(1&(6

�� *� 7UDKH\ HW DO�� ³$ 4XDQWLWDWLYH $SSURDFK WR 6SHFNOH 5HGXFWLRQ YLD )UHTXHQF\ &RPSRXQGLQJ�´ 8OWUDVRQLF

,PDJLQJ� �� SS� �������� -XO\ �����

�� -� %DPEHU DQG &� 'DIW� ³$GDSWLYH )LOWHULQJ )RU 5HGXFWLRQ RI 6SHFNOH LQ 8OWUDVRQLF SXOVH�HFKR ,PDJHV�´ 8OWUDVRQLFV�

��� SS� ������ -DQ� �����

�� -� &� %DPEHU DQG -� 9� 3KLOSV� ³5HDO�WLPH LPSOHPHQWDWLRQ RI FRKHUHQW VSHFNOH VXSSUHVVLRQ LQ %�VFDQ LPDJHV�´

8OWUDVRQLFV� ��� SS� �������� 0D\ �����

�� &� %� %XUNKDUGW� ³6SHFNOH LQ 8OWUDVRXQG %�0RGH 6FDQV�´ ,((( 7UDQV� 6RQ� 8OWUDVRQ�� 68���� QR� �� SS� ���� -DQ�

�����

�� 5� )� :DJQHU DQG 0� )� ,QVDQD� ³$QDO\VLV RI XOWUDVRXQG LPDJH WH[WXUH YLD JHQHUDOL]HG 5LFLDQ VWDWLVWLFV�´ 3URF� 63,(

���� SS� �������������

�� 5� )� :DJQHU� 0� )� ,QVDQD� DQG '� *� %URZQ� ³8QLILHG DSSURDFK WR WKH GHWHFWLRQ DQG FODVVLILFDWLRQ RI VSHFNOH WH[WXUH

LQ GLDJQRVWLF XOWUDVRXQG�´ 2SW� (QJ�� ��� SS� �������� -XQH �����

�� 7� $� 7XWKLOO� 5� +� 6SHUU\� DQG .� -� 3DUNHU� ³'HYLDWLRQ IURP 5D\OHLJK VWDWLVWLFV LQ XOWUDVRQLF VSHFNOH�´ 8OWUDVRXQG

,PDJLQJ� ��� SS� ������ $SULO �����

�� $� .� -DLQ� )XQGDPHQWDOV RI 'LJLWDO ,PDJH 3URFHVVLQJ� (QJOHZRRG &OLIIV� 1-� 3UHQWLFH�+DOO� �����

�� '� &� &URZIRUG� '� 6� %HOO� DQG -� &� %DPEHU� ³&RPSHQVDWLRQ IRU WKH VLJQDO SURFHVVLQJ FKDUDFWHULVWLFV RI XOWUDVRXQG %�

PRGH VFDQQHUV LQ DGDSWLYH VSHFNOH UHGXFWLRQ�´ 8OWUDVRXQG LQ 0HG� 	 %LRO�� ��� SS� �������� �����

��� 9LQD\DN 'XWW� ³6WDWLVWLFDO DQDO\VLV RI XOWUDVRXQG HFKR�HQYHORSH´� 3K�'� WKHVLV� 0D\R *UDGXDWH 6FKRRO� �����

��� -� :� *RRGPDQ� ³6RPH IXQGDPHQWDO SURSHUWLHV RI VSHFNOH�´ -� 2SW� 6RF� $PHU�� ��� QR� ��� SS� ���������������

��� ;� =RQJ� $� )� /DLQH� DQG (� $� *HLVHU� ³6SHFNOH 5HGXFWLRQ DQG &RQWUDVW (QKDQFHPHQW RI (FKRFDUGLRJUDPV YLD

0XOWLVFDOH 1RQOLQHDU 3URFHVVLQJ�´ ,((( 7UDQV� 0HG� ,PJ�� ��� QR� �� $XJ� �����

��� 3� 3HURQD DQG -� 0DOLN� ³6FDOH VSDFH DQG HGJH GHWHFWLRQ XVLQJ DQLVRWURSLF GLIIXVLRQ�´ ,((( 7UDQV� 3$0,� ��� QR� �� SS�

�������� -XO\ �����

��� 1� 1RUGVWURP� ³%LDVHG DQLVRWURSLF GLIIXVLRQ ±$ XQLILHG UHJXODUL]DWLRQ DQG GLIIXVLRQ DSSURDFK WR HGJH GHWHFWLRQ�´

,PDJH 9LVLRQ &RPSXW�� �� QR� �� SS� �������� �����

��� -� :HLFNHUW� ³0XOWLVFDOH WH[WXUH HQKDQFHPHQW�´ &RPSXWHU DQDO\VLV RI LPDJHV DQG SDWWHUQV� /HFWXUH QRWHV LQ� &RPS�

6FLHQFH� ���� %HUOLQ� SS� �������������

��� $NUDP $OGURXEL DQG 0LFKDHO 8QVHU� :DYHOHWV LQ 0HGLFLQH DQG %LRORJ\� 1HZ <RUN� &5& 3UHVV� �����

��� ;XOL =RQJ� HW DO�� ³6SHFNOH 5HGXFWLRQ DQG &RQWUDVW (QKDQFHPHQW RI (FKRFDUGLRJUDPV YLD 0XOWLVFDOH 1RQOLQHDU

3URFHVVLQJ�´ ,((( 7UDQV� 0HG� ,PDJLQJ� ��� QR� �� SS� �������� $XJXVW �����

��� <DQVXQ ;X� HW DO�� ³:DYHOHW 7UDQVIRUP 'RPDLQ )LOWHUV� $ 6SDWLDOO\ 6HOHFWLYH 1RLVH )LOWUDWLRQ 7HFKQLTXH�´ ,((( 7UDQV�

,PJ� 3URF�� �� QR� �� SS� �������� 1RY� �����

��� .KDOHG =� $EG�(OPRQLHP� <DVVHU 0� .DGDK� $ERX�%DNU 0� <RXVVHI� ³5HDO 7LPH $GDSWLYH 8OWUDVRXQG 6SHFNOH

5HGXFWLRQ DQG &RKHUHQFH (QKDQFHPHQW�´ ,QW� &RQI� RI ,PDJH 3URFHVVLQJ� ,&,3© �����
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)LJXUH �� 3KDQWRP UHVXOWV� �D� 6SHFNOHG LPDJH� �E� 5HIHUHQFH LPDJH� �F� H� J� L� N� (YROXWLRQ RI XQELDVHG GLIIXVLRQ DIWHU �� ��

��� ��� DQG �� LWHUDWLRQV UHVSHFWLYHO\� �G� I� K� M� O� (YROXWLRQ RI SVHXGR�ELDVHG GLIIXVLRQ DIWHU �� �� ��� ��� DQG �� LWHUDWLRQV

UHVSHFWLYHO\�
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)LJXUH �� 7KH HYROXWLRQ RI D UHDO XOWUDVRXQG LPDJH ZLWK ERWK PRGHOV� �D� 2ULJLQDO VSHFNOHG LPDJH� �E� F� G� H� I� 7KH HYROXWLRQ ZLWK WKH

XQELDVHG GLIIXVLRQ DIWHU �� �� �� �� �� LWHUDWLRQV UHVSHFWLYHO\� �J� 6SHFNOHG LPDJH ZLWK D GHWDLO OLQH SRVLWLRQ LQGLFDWHG� �K� L� M� N� O� SUHVHQW

WKH HYROXWLRQ ZLWK WKH SVHXGR�ELDVHG PRGHO DIWHU �� �� �� �� �� LWHUDWLRQV UHVSHFWLYHO\�
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)LJXUH �� 7KH HYROXWLRQ RI D UHDO XOWUDVRXQG LPDJH RI WKH KHDUW ZLWK ERWK PRGHOV� �D� 2ULJLQDO VSHFNOHG LPDJH� �E� F� G� H� I� 7KH HYROXWLRQ

ZLWK WKH XQELDVHG GLIIXVLRQ DIWHU �� �� �� �� �� LWHUDWLRQV UHVSHFWLYHO\� �J� 6SHFNOHG LPDJH ZLWK D GHWDLO OLQH SRVLWLRQ LQGLFDWHG� �K� L� M� N�

O� SUHVHQW WKH HYROXWLRQ ZLWK WKH SVHXGR�ELDVHG PRGHO DIWHU �� �� �� �� �� LWHUDWLRQV UHVSHFWLYHO\�

Proc. SPIE Vol. 4322 785



)LJXUH �� 3ORWWLQJ RI OLQH IURP LPDJHV RI SUHYLRXV ILJXUHV H[SORULQJ WKH HYROXWLRQ ZLWK XQELDVHG GLIIXVLRQ �/HIW�� 7KH HYROXWLRQ ZLWK

SVHXGR�ELDVHG GLIIXVLRQ �ULJKW�� 8S� $ SRVLWLYH FRQWUDVW OLQH IURP )LJXUH �� 0LGGOH� $ OLQH ZKRVH SRVLWLRQ LV PDUNHG LQ )LJXUH ��J�

'RZQ� $ OLQH ZKRVH SRVLWLRQ LV PDUNHG LQ )LJXUH ��J�

               Proc. SPIE Vol. 4322786
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