
,PSURYHG 8OWUDVRXQG 6SHFNOH 0RWLRQ 7UDFNLQJ 8VLQJ 1RQOLQHDU

'LIIXVLRQ )LOWHULQJ
$EG (O�0RQHP (O�6KDUNDZ\� .KDOHG $EG�(OPRQLHP� $ERX�%DNU 0� <RXVVHI� DQG <DVVHU 0� .DGDK

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

$%675$&7

,Q VSHFNOH PRWLRQ WUDFNLQJ� EORRG YHORFLW\ PDJQLWXGH DQG GLUHFWLRQ DUH HVWLPDWHG IURP VSHFNOH SDWWHUQ FKDQJHV EHWZHHQ

VXFFHVVLYH LPDJHV EDVHG RQ HLWKHU WZR�GLPHQVLRQDO FRUUHODWLRQ RU VXP�DEVROXWH�GLIIHUHQFH �6$'� PHWKRGV� (YHQ WKRXJK

WKHVH WHFKQLTXHV KDYH EHHQ SURYHQ XVHIXO IRU IORZ PDSSLQJ DSSOLFDWLRQV� WKH\ VXIIHU IURP ELDV HIIHFWV LQ HVWLPDWLRQ GXH WR
WKH SUHVHQFH RI FOXWWHU LQGXFHG IURP VWUXFWXUDO PRWLRQ� ,Q WKLV ZRUN� ZH SURSRVH D WHFKQLTXH IRU UHGXFLQJ WKH FOXWWHU HIIHFW�

DQG KHQFH HQKDQFLQJ WKH UREXVWQHVV RI YHORFLW\ HVWLPDWLRQ� 7KH SURSRVHG WHFKQLTXH UHOLHV RQ VHSDUDWLQJ WKH VSHFNOH IURP WKH

XQGHUO\LQJ VSHFXODU VWUXFWXUHV� 7KH EDVLF LGHD LV WR HPSOR\ D VSHFNOH UHGXFWLRQ VWUDWHJ\ EDVHG RQ QRQOLQHDU FRKHUHQW

GLIIXVLRQ ILOWHULQJ WR REWDLQ VSHFNOH IUHH LPDJH RI YHVVHOV IURP DQ RULJLQDO %�PRGH� 7KHQ� VXEWUDFWLQJ VXFK LPDJH IURP WKH

RULJLQDO LPDJH� DQ LPDJH IRU VSHFNOH LV REWDLQHG� 1RQOLQHDU FRKHUHQW GLIIXVLRQ ILOWHULQJ KDV EHHQ SURYHQ VXFFHVVIXO LQ

UHPRYLQJ 5D\OHLJK GLVWULEXWHG VSHFNOH SDWWHUQ UHVXOWLQJ PDLQO\ IURP EORRG VFDWWHUHUV LQ %�PRGH LPDJHV ZKLOH SUHVHUYLQJ

VWUXFWXUDO LQIRUPDWLRQ� 7KLV DOORZV VXFK VFDWWHULQJ SDWWHUQ WR EH XWLOL]HG PRUH DFFXUDWHO\ LQ FDOFXODWLQJ WKH YHORFLW\

HVWLPDWHV� 7KH SURSRVHG PHWKRG LV DSSOLHG WR REWDLQ SXUH VSHFNOH LPDJHV LQ ERWK QXPHULFDO DQG H[SHULPHQWDO SKDQWRPV

XVLQJ DQ XOWUDVRXQG UHVHDUFK V\VWHP DQG YHORFLW\ HVWLPDWHV ZHUH REWDLQHG XVLQJ WZR�GLPHQVLRQDO FRUUHODWLRQ�

.H\ZRUGV� 7LVVXH 0RWLRQ� 1RQOLQHDU 'LIIXVLRQ )LOWHULQJ� �' 6SHFNOH 7UDFNLQJ�

�� ,1752'8&7,21

8OWUDVRXQG LPDJLQJ KDV EHFRPH DQ HVVHQWLDO GLDJQRVWLF WRRO LQ PDQ\ DSSOLFDWLRQV� ,WV XVHV H[WHQG IURP JHQHUDO LPDJLQJ RI

DQDWRP\ WR IORZ PDSSLQJ� ZKLFK PDNHV LW D YHUVDWLOH WRRO IRU FOLQLFDO SUDFWLFH� $PRQJ WKH PRVW SURPLVLQJ WHFKQRORJLHV LQ

XOWUDVRXQG LPDJLQJ� IORZ PDSSLQJ RIIHUV D XQLTXH FDSDELOLW\ WR YLVXDOL]H DQDWRP\ DQG DVVHVV IXQFWLRQ RI WKH KXPDQ YDVFXODU

V\VWHP� 7KH DQDWRP\ LV GLVSOD\HG LQ JUD\�VFDOH ZKLOH WKH EORRG IORZ YHORFLW\ RU SRZHU DUH FRGHG LQ VKDGHV RI UHG DQG EOXH

WR GHVLJQDWH WKH GLUHFWLRQ RI IORZ� 7KLV LV WKH UHDVRQ ZK\ WKLV WHFKQRORJ\ LV WHUPHG FRORU IORZ PDSSLQJ
�
�

(YHQ WKRXJK WKH GLDJQRVWLF LQIRUPDWLRQ FRQWHQW LQ FXUUHQW FRORU IORZ PDSSLQJ WHFKQRORJ\ LV KLJK� D QXPEHU RI
OLPLWDWLRQV H[LVW WKDW KLQGHU WKLV WHFKQRORJ\ IURP UHDOL]LQJ LWV IXOO SRWHQWLDO� $Q LPSRUWDQW H[DPSOH RI VXFK OLPLWDWLRQV LV WKH

DEVHQFH RI VXIILFLHQW LQIRUPDWLRQ DERXW WKH IORZ GLUHFWLRQ� ,Q SDUWLFXODU� WKH H[DFW GLUHFWLRQ RI WKH IORZ LV QRW NQRZQ H[FHSW

IRU LWV FRPSRQHQW LQ RQO\ RQH GLUHFWLRQ UHSUHVHQWLQJ WKH GLUHFWLRQ RI WKH SUREH� $QRWKHU OLPLWDWLRQ LV WKH PD[LPXP YHORFLW\

WKDW FDQ EH GHWHFWHG ZLWK D SDUWLFXODU SXOVH UHSHWLWLRQ IUHTXHQF\� 7KLV OLPLWDWLRQ SXWV DQ XSSHU OLPLW RQ WKH UDQJH RI GHSWKV

ZKHUH FRORU IORZ PDSSLQJ FDQ EH XVHG HIILFLHQWO\� 7KHVH OLPLWDWLRQV FDQ EH VKRZQ WR EH D GLUHFW FRQVHTXHQFH RI XVLQJ WKH

FODVVLFDO IUHTXHQF\ GRPDLQ PHWKRGV EDVHG RQ WKH 'RSSOHU HTXDWLRQ IRU YHORFLW\ HVWLPDWLRQ
�
�

$QRWKHU FODVV RI WHFKQLTXHV WKDW FDQ EH XVHG IRU FRORU IORZ PDSSLQJ WKDW KDV WKH SRWHQWLDO WR RYHUFRPH WKHVH

OLPLWDWLRQV LV WKH WLPH�GRPDLQ FRUUHODWLRQ WHFKQLTXHV� 7KLV FODVV RI WHFKQLTXHV UHOLHV RQ WUDFNLQJ WKH UDQGRP SDWWHUQ RI

VFDWWHUHUV LQ WKH EORRG EHWZHHQ DFTXLVLWLRQV WR HVWLPDWH WKH GLVWDQFH RI WKHLU WUDYHO� *LYHQ WKH WLPH GLIIHUHQFH EHWZHHQ WKH

DFTXLVLWLRQV� WKLV GLVWDQFH FDQ EH WUDQVODWHG LQWR DQ HVWLPDWH RI WKH DYHUDJH YHORFLW\ ZLWKLQ WKH YROXPH FHOO RI LQWHUHVW� 7KLV

FODVV RI WHFKQLTXHV DOORZV WKH HVWLPDWLRQ RI IORZ GLUHFWLRQ DV SURMHFWHG RQWR WKH LPDJH SODQH DV D E\�SURGXFW IURP WKH
YHORFLW\ HVWLPDWLRQ SURFHGXUH� 0RUHRYHU� WKH YHORFLW\ HVWLPDWH LQ WKLV FODVV LV QRW GLUHFWO\ UHODWHG WR WKH SXOVH UHSHWLWLRQ

IUHTXHQF\� 2Q WKH RWKHU KDQG� WKH FRPSXWDWLRQDO FRPSOH[LW\ RI WKLV FODVV RI WHFKQLTXHV LV DOZD\V GHPDQGLQJ HVSHFLDOO\ IRU

WKRVH WHFKQLTXHV EDVHG RQ ��' FURVV�FRUUHODWLRQ�

$Q LPSRUWDQW H[DPSOH RI WKH FODVV RI FRUUHODWLRQ WHFKQLTXHV LV %�PRGH VSHFNOH WUDFNLQJ� ,Q WKLV WHFKQLTXH�

FRQVHFXWLYH %�PRGH IUDPHV DUH DQDO\]HG WR HVWLPDWH D PDS IRU WKH YHORFLW\ YDULDWLRQV ZLWKLQ WKH XOWUDVRXQG LPDJH� +HQFH�

WKLV WHFKQLTXH FDQ EH XVHIXO WR HVWLPDWH ERWK EORRG IORZ YHORFLW\ DQG WLVVXH PRWLRQ� 7KH EDVLF LGHD LV WKDW WKH UHWXUQHG

VSHFNOH RI PRYLQJ WLVVXHV LV WUDQVODWHG GHSHQGLQJ RQ LWV VSHHG RI PRWLRQ LQ VXFK D ZD\ WKDW WKH RULJLQDO VKDSH RI WKH PRYLQJ

VSHFNOH LV PRVWO\ UHWDLQHG ZLWKLQ FRQVHFXWLYH IUDPHV� %ORFN PDWFKLQJ WHFKQLTXHV DUH XVHG WR HVWLPDWH WKH SURMHFWHG YHORFLW\

YHFWRUV RI WKH PRYLQJ VSHFNOH RQWR WKH ��' LPDJH SODQH� 7KH WHFKQLTXH ZRUNV E\ LGHQWLI\LQJ D UHJXODU JULG RI NHUQHO UHJLRQV

RI D FHUWDLQ VL]H LQ WKH ILUVW XOWUDVRXQG LPDJH IUDPH� (DFK NHUQHO UHJLRQ LV VXEVHTXHQWO\ FRPSDUHG WR DOO SRVVLEOH

QHLJKERULQJ UHJLRQV RI WKH VDPH VL]H LQ WKH IROORZLQJ IUDPH ZLWKLQ D SUHGHWHUPLQHG VHDUFK UHJLRQ� 7KH VL]H RI WKH VHDUFK

UHJLRQ LV VHOHFWHG WR EH JUHDWHU WKDQ WKH NHUQHO VL]H� ,Q JHQHUDO� WKH VPDOOHU WKH NHUQHO VL]H DQG WKH ELJJHU WKH VHDUFK UHJLRQ�
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WKH PRUH DFFXUDWH YHORFLW\ YHFWRUV DUH HVWLPDWHG� ,W LV LPSRUWDQW WR QRWH WKDW WKHVH PHWKRGV SURYLGH YHFWRU YHORFLW\ PDSV RI

YHU\ GLIIHUHQW D[LDO DQG ODWHUDO UHVROXWLRQV� 7KH D[LDO UHVROXWLRQ LV VLJQLILFDQWO\ KLJKHU WKDQ WKH ODWHUDO� &RQVHTXHQWO\� WKH

HVWLPDWHV IRU WKH D[LDO FRPSRQHQW RI WKH YHORFLW\ DUH XVXDOO\ PRUH DFFXUDWH WKDQ WKH RQHV IRU WKH ODWHUDO FRPSRQHQW�

,Q WKLV ZRUN� ZH SURSRVH D PHWKRG IRU LPSURYLQJ WKH DFFXUDF\ RI VSHFNOH WUDFNLQJ PHWKRGV� 6WDUWLQJ ZLWK D VLPSOH

PRGHO IRU WKH HVWLPDWLRQ SURFHGXUH� ZH VKRZ WKDW WKH XQGHUO\LQJ VWUXFWXUHV ZLWKLQ WKH EORRG YHVVHO RU QHDU WKH YHVVHO ZDOOV

FDXVH ELDV HIIHFWV WKDW PLJKW LQGXFH HUURUV LQ WKH YHORFLW\ HVWLPDWHV QHDU WKRVH UHJLRQV� :H SURSRVH D QHZ PHWKRG WKDW
HQDEOHV VXFK ELDV HIIHFWV WR EH UHGXFHG� 7KH QHZ PHWKRG UHOLHV RQ VHSDUDWLQJ WKH VWUXFWXUHV IURP WKH VSHFNOH SDWWHUQ XVLQJ D

IDVW VSHFNOH UHGXFWLRQ WHFKQLTXH DQG XVHV WKH VSHFNOH�RQO\ GLIIHUHQFH LPDJH WR HVWLPDWH WKH YHORFLW\ PDS� 7KH SURSRVHG

WHFKQLTXH LV WHVWHG RQ VLPXODWHG DQG UHDO LPDJH DQG LWV SHUIRUPDQFH LV DQDO\]HG�

�� 63(&./( 75$&.,1* 02'(/

7ZR PDLQ WHFKQLTXHV DUH XVHG IRU ��' VSHFNOH WUDFNLQJ� QDPHO\� WKH QRUPDOL]HG FRUUHODWLRQ DOJRULWKP DQG WKH VXP�DEVROXWH�

GLIIHUHQFH PHWKRG� 7KH ODWWHU PHWKRG LV FRPSXWDWLRQDOO\ HIILFLHQW DQG WKXV FDQ EH XVHG IRU UHDO�WLPH HVWLPDWLRQ ZLWK D YHU\

FORVH PHDVXUHPHQW DFFXUDF\ WR WKDW RI WKH ILUVW WHFKQLTXH� 7KH HTXDWLRQV GHVFULELQJ ERWK WHFKQLTXHV DUH DV IROORZV
����

�
1RUPDOL]HG &RUUHODWLRQ 0HWKRG�
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LV WKH YDOXH RI WKH JUD\ OHYHO RI SL[HO �L�M� LQ WKH NHUQHO UHJLRQ RI WKH LPDJH ;� DQG
QMPL

\
�� �

LV WKH YDOXH RI WKH

JUD\ OHYHO RI SL[HO � L�P�M�Q � ZLWKLQ WKH VHDUFK UHJLRQ RI LPDJH < FRUUHVSRQGLQJ WR D GLVSODFHPHQW �P�Q�� [ DQG \ DUH

WKH PHDQ SL[HO YDOXHV LQ WKH FRUUHVSRQGLQJ ZLQGRZV ZLWK O DQG N DV WKH ZLQGRZ GLPHQVLRQV� $V FDQ EH REVHUYHG� ERWK

PHWKRGV UHO\ RQ WKH LQWHQVLW\ GLVWULEXWLRQV RI WKH WZR LPDJHV LQ WKH VHTXHQFH WR REWDLQ WKH YHORFLW\ HVWLPDWH� +HQFH� LW LV

LPSRUWDQW WR DQDO\]H WKH FRPSRQHQWV WKDW FRQWULEXWH WR WKH LQWHQVLW\ SDWWHUQ ZLWKLQ D YHVVHO WR SURSHUO\ LGHQWLI\ WKHLU HIIHFW

RQ WKH HVWLPDWLRQ SURFHVV�

$W ILUVW JODQFH� ZH UHDOL]H WKDW VWUXFWXUDO PRWLRQ UHVXOWLQJ IURP ZDOO PRWLRQ RU FOXWWHU �VLPLODU WR ZKDW ZDV
GHVFULEHG LQ FODVVLFDO 'RSSOHU IRUPXODWLRQV� PD\ GUDPDWLFDOO\ GHJUDGH WKH YHORFLW\ YHFWRU HVWLPDWH IURP VSHFNOH WUDFNLQJ

WHFKQLTXHV� $ PDWKHPDWLFDO GHVFULSWLRQ RI WKLV HIIHFW FDQ EH GHVFULEHG DV IROORZV� $W WKH RXWSXW RI WKH EHDPIRUPHU DQG SULRU

WR WKH ORJDULWKPLF FRPSUHVVLRQ VWDJH IRU WKH HQYHORSH VLJQDO� VSHFNOH QRLVH FDQ EH DSSUR[LPDWHG DV D PXOWLSOLFDWLYH QRLVH�

7KDW LV�

� ������������ \[\[\[J\[I
DP

KK � ���

+HUH J�[�\� LV DQ XQNQRZQ SLHFHZLVH FRQVWDQW ��' IXQFWLRQ UHSUHVHQWLQJ WKH QRLVH�IUHH RULJLQDO LPDJH� I�[�\� LV WKH QRLV\

REVHUYDWLRQ RI J�[�\��
P

K DQG
D

K DUH PXOWLSOLFDWLYH DQG DGGLWLYH QRLVH UHVSHFWLYHO\ 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 LQWHUIHUHQFH� � � � � �� ���

\[\[
PD

�� K��K (T����

FDQ EH UHZULWWHQ DV�

� ��������� \[\[J\[I
P

K| ���

7KH ORJDULWKPLF DPSOLILFDWLRQ WUDQVIRUPV WKH PRGHO LQ (T���� LQWR WKH FODVVLFDO VLJQDO LQ DGGLWLYH QRLVH IRUP� 7KDW LV�

� � � � � � ����ORJ���ORJ���ORJ \[\[J\[I
P

K� ���

RU

� ��������� \[\[J\[I
O

D

OO
K� ���
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ZKHUH ��� \[
O

D
K LV DSSUR[LPDWHG DV DGGLWLYH ZKLWH QRLVH� :H DVVXPH KHUH WKDW WKH VSHFNOH SDWWHUQ KDV D ZKLWH *DXVVLDQ

QRLVH PRGHO� 7KLV DVVXPSWLRQ LV YDOLG HVSHFLDOO\ LI ZH FRQVLGHU WKH VSHFNOH QDWXUH �LQLWLDOO\ 5D\OHLJK VFDWWHUHG� DIWHU

HQYHORSLQJ DQG SHUIRUPLQJ ORJDULWKPLF DPSOLILFDWLRQ RQ WKH 5) VLJQDO�

,Q WKH DEVHQFH RI XQGHUO\LQJ VWUXFWXUHV� WKH VSHFNOH SDWWHUQ DQG QRLVH FDQ ERWK EH DVVXPHG WR KDYH D ZKLWH

*DXVVLDQ QRLVH PRGHO� ,Q WKLV FDVH� DQ\ WZR FRQVHFXWLYH LPDJHV IURP WKH UHFHLYHG IUDPH VHTXHQFH FDQ EH H[SUHVVHG DV�

�������

�������

��

��

\[Q\\[[6,PDJH

\[Q\[6,PDJH

�'�'� 

� 
���

+HUH
�

,PDJH DQG
�

,PDJH DUH WKH UHFHLYHG FRQVHFXWLYH LPDJH IUDPHV� 6 LV WKH VSHFNOH�
�
Q DQG

�
Q DUH HOHFWURQLFV

SURGXFHG UDQGRP QRLVH �[ DQG \ DUH WKH &DUWHVLDQ FRRUGLQDWHV� ZKLOH '[ DQG '\ DUH WKH GLVSODFHPHQW RI WKH VSHFNOH SDWWHUQ

EHWZHHQ WKH WZR IUDPHV� 7KH VSHFNOH DQG QRLVH DUH RI ZKLWH *DXVVLDQ QRLVH GLVWULEXWLRQ ZLWK ]HUR PHDQV DQG YDULDQFHV
�

V
V DQG

�

Q
V UHVSHFWLYHO\ �7KH FURVV�FRUUHODWLRQ IXQFWLRQ �;FRUU� EHWZHHQ

�
,PDJH DQG

�
,PDJH FDQ EH FRPSXWHG DV�

���������������������
���

\[Q\[6;FRUU\\[[6\[6;FRUU,PDJH,PDJH;FRUU �'�'� 

� ������������������ \[Q\[Q;FRUU\\[[6\[Q;FRUU
�����

����
���

� ������ ���'�'� \\[[G

7KLV UHYHDOV WKDW WKH PRWLRQ FDQ EH DFFXUDWHO\ GHWHUPLQHG E\ HVWLPDWLQJ WKH SHDN ORFDWLRQ RI WKH FURVV�FRUUHODWLRQ IXQFWLRQ�

,Q WKH SUHVHQFH RI XQGHUO\LQJ VWUXFWXUHV UHSUHVHQWHG E\ D GHWHUPLQLVWLF VPRRWK IXQFWLRQ� ��� \[G � WKH FDOFXODWLRQV FKDQJH

DV IROORZV�

���������,PDJH

���������,PDJH

��

��

GG
\\[[G\[Q\\[[6

\[G\[Q\[6

'�'���'�'� 

�� 
� ���

� �
�
�������
��

\\[[\\[[LPDJHLPDJH;FRUU '�'��'�'� GG

+HUH '[¶ DQG '\¶ UHSUHVHQW WKH GLVSODFHPHQW RI VWUXFWXUHV� 7KLV VKRZV WKDW WKHUH LV DQ DPELJXLW\ LQ GHWHUPLQLQJ WKH YHORFLW\
YHFWRU LQ WKH SUHVHQFH RI VWUXFWXUDO QRLVH XVLQJ WHPSODWH�PDWFKLQJ WHFKQLTXHV� ,Q SDUWLFXODU� ZKHQ WKH DERYH WKHRUHWLFDO GHOWD

IXQFWLRQ LV FRQYROYHG ZLWK D VPRRWK IXQFWLRQ WKDW FRUUHVSRQGV WR WKH LPSXOVH UHVSRQVH RI WKH DFTXLVLWLRQ SURFHVV� WKH DFWXDO

SHDN RI WKH FURVV�FRUUHODWLRQ IXQFWLRQ PD\ LQ IDFW EH ELDVHG WRZDUGV D PLGGOH SRLQW LQ EHWZHHQ WKH WZR WUXH SHDNV� 6LQFH WKH

VWUXFWXUDO PRWLRQ LV H[SHFWHG WR EH YHU\ VPDOO DQG PXFK OHVV WKDQ WKDW IRU EORRG IORZ LQ JHQHUDO� WKH REWDLQHG IORZ YHORFLW\

ZLOO EH XQGHUHVWLPDWHG� +HQFH� LI ZH FDQ VHSDUDWH WKLV GHWHUPLQLVWLF FRPSRQHQW IURP WKDW RI WKH UDQGRP FRPSRQHQW� WKH

HVWLPDWLRQ DFFXUDF\ RI WKH SURFHGXUH ZLOO EH HQKDQFHG� 7KLV LV ZKDW ZH ZLOO DWWHPSW WR GR LQ WKH IROORZLQJ VHFWLRQV�

�� &2+(5(17 121/,1($5 ',))86,21 ),/7(5,1*

$ VLPSOH SURFHGXUH WR VHSDUDWH WKH VSHFNOH SDWWHUQ FRUUHVSRQGLQJ WR VFDWWHUHUV DQG UDQGRP QRLVH LV WR XVH D QRLVH

VXSSUHVVLRQ �RU VSHFNOH UHGXFWLRQ� WHFKQLTXH DQG REWDLQ WKH GLIIHUHQFH LPDJH EHWZHHQ WKH RULJLQDO DQG ILOWHUHG LPDJHV� 7KH

EDVLF FULWHULD IRU WKH VSHFNOH UHGXFWLRQ WHFKQLTXH IRU SUDFWLFDO XVH LQ WKLV ZRUN LQFOXGH HGJH SUHVHUYDWLRQ� HIILFLHQW

FRPSXWDWLRQ DOJRULWKP� DQG PLQLPDO QHHG IRU XVHU LQWHUDFWLRQ� $PRQJ WKH OLVW RI SRVVLEOH WHFKQLTXHV� WKH RQH EDVHG RQ

QRQOLQHDU GLIIXVLRQ ILOWHULQJ ZDV VHOHFWHG WR PHHW DOO WKH DERYH UHTXLUHPHQWV�

'LIIXVLRQ DOJRULWKPV UHPRYH QRLVH IURP DQ LPDJH E\ PRGLI\LQJ WKH LPDJH YLD D SDUWLDO GLIIHUHQWLDO HTXDWLRQ �3'(��

&RQVLGHU DQ P�GLPHQVLRQDO UHFWDQJXODU LPDJH GRPDLQ � � � �
P

DD �� ��
�

uu : � ZLWK ERXQGDU\ :w � DQG D JUD\ OHYHO

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

IDPLO\ ^ `�tW7
W

I 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�

&RQVLGHU DSSO\LQJ WKH LVRWURSLF GLIIXVLRQ HTXDWLRQ �WKH KHDW HTXDWLRQ� JLYHQ E\ ,�����,� � ww FGLYWW\[ � XVLQJ

WKH RULJLQDO GHJUDGHG RU QRLV\ LPDJH ���,� �\[ DV WKH LQLWLDO FRQGLWLRQ� ZKHUH � � �

�o�
�

� ���, \[ LV DQ LPDJH LQ WKH

FRQWLQXRXV GRPDLQ� �[�\� VSHFLILHV VSDWLDO SRVLWLRQ� W LV DQ DUWLILFLDO WLPH SDUDPHWHU� F LV WKH GLIIXVLRQ FRQVWDQW� DQG ,� LV

WKH LPDJH JUDGLHQW� 0RGLI\LQJ WKH LPDJH DFFRUGLQJ WR WKLV OLQHDU LVRWURSLF GLIIXVLRQ HTXDWLRQ LV HTXLYDOHQW WR ILOWHULQJ WKH

LPDJH ZLWK D *DXVVLDQ ILOWHU�
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���� 2ULJLQDO QRQOLQHDU GLIIXVLRQ IRUPXODWLRQ
1RQOLQHDU DQLVRWURSLF GLIIXVLRQ ZDV ILUVW SURSRVHG WR DYRLG EOXUULQJ DQG ORFDOL]DWLRQ SUREOHPV RI OLQHDU ILOWHULQJ� 7KDW LV� WR

IXUWKHU HQFRXUDJH VPRRWKLQJ ZLWKLQ D UHJLRQ LQ SUHIHUHQFH WR VPRRWKLQJ DFURVV WKH ERXQGDULHV
�
� 7KH QRQ�XQLIRUP SURFHVV

UHGXFHV WKH GLIIXVLYLW\ DW WKRVH ORFDWLRQV KDYLQJ D ODUJHU OLNHOLKRRG WR EH HGJHV� VLQFH WKH\ UHYHDO ODUJHU JUDGLHQWV� $ ILOWHUHG

LPDJH � �W[ �, FDQ EH REWDLQHG DV WKH VROXWLRQ RI D QRQOLQHDU GLIIXVLRQ HTXDWLRQ ZLWK WKH RULJLQDO LPDJH DV WKH LQLWLDO

FRQGLWLRQ DQG UHIOHFWLQJ ERXQGDU\ FRQGLWLRQV �
�
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(TQ����� LV WKH PDWKHPDWLFDO IRUPXODWLRQ RI WKH UHIOHFWLQJ ERXQGDU\ FRQGLWLRQV ZKLFK LV DOVR FDOOHG 1HXPDQQ ERXQGDU\

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

� ��,J � LV WKH GLIIXVLYLW\ IXQFWLRQ RU WKH HGJH�VWRSSLQJ IXQFWLRQ
��
� 7KLV IXQFWLRQ LV FKRVHQ WR VDWLVI\ � � �o[J ZKHQ

fo[ DQG LV PRQRWRQLFDOO\ GHFUHDVLQJ VR WKDW WKH GLIIXVLRQ RU WKH VPRRWKLQJ GHFUHDVHV DV WKH JUDGLHQW VWUHQJWK LQFUHDVH

DQG WKH GLIIXVLRQ LV VWRSSHG DFURVV HGJHV� J LV D PRQRWRQLFDOO\ GHFUHDVLQJ GLIIXVLYLW\ WKDW FDQ WDNH WKH IRUP�
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$OWKRXJK J�[� FDQ EH D VFDODU IXQFWLRQ DQG GLIIXVLRQ LV VWLOO DQLVRWURSLF EXW VLQFH ,� VHUYHV RQO\ DV DQ HGJH GHWHFWRU� WKH

DSSOLFDELOLW\ RI WKH DERYH ILOWHU LV UHVWULFWHG WR VPRRWKLQJ ZLWK HGJH HQKDQFHPHQW� ,Q JHQHUDO J�[� FDQ EH LQ D WHQVRU IRUP

WKDW PHDVXUHV ORFDO FRKHUHQFH RI VWUXFWXUHV VXFK WKDW WKH GLIIXVLRQ SURFHVV EHFRPH PRUH GLUHFWLRQDO LQ ERWK WKH JUDGLHQW WKH

FRQWRXU GLUHFWLRQV� WKH GLUHFWLRQV RI PD[LPXP DQG PLQLPXP YDULDWLRQV UHVSHFWLYHO\�

���� &RKHUHQW 1RQOLQHDU $QLVRWURSLF 'LIIXVLRQ
7KH FRKHUHQW QRQOLQHDU 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[ LV PRUH VHQVLWLYH WR QRLVH� ZH SUHIHUUHG WR XVH WKH VWUXFWXUH WHQVRU� 7KH PXOWL�VFDOH VWUXFWXUH

PDWUL[ WDNHV WKH IRUP�
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7KH DERYH FRQYROXWLRQ LV SHUIRUPHG FRPSRQHQW�ZLVH PDLQO\ WR DYHUDJH D IHDWXUH RYHU D NQRZQ QHLJKERUKRRG �VFDOH� ZKHUH

UU LV WKH LQWHJUDWLRQ VFDOH �WKH ZLQGRZ VL]H� RYHU ZKLFK WKH RULHQWDWLRQ LQIRUPDWLRQ LV DYHUDJHG
�
� 7KH HLJHQYHFWRUV
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��
�ZZ DQG WKH HLJHQYDOXHV

��
�PPPP FRUUHVSRQG WR WKH GLUHFWLRQV RI PD[LPXP DQG PLQLPXP YDULDWLRQV DQG WKH VWUHQJWK RI

WKHVH YDULDWLRQV UHVSHFWLYHO\�

7KH IRUPXODWLRQ LQ ���� FDQ EH H[SUHVVHG DV�
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���� &RKHUHQW GLIIXVLRQ IRU VSHFNOH UHGXFWLRQ
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 XVHG WKH IROORZLQJ VSHFLILFDWLRQV IRU WKH

GLIIXVLRQ WHQVRU
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�� 0(7+2'6

7KH DERYH ILOWHULQJ ZDV DSSOLHG WR REWDLQ VSHFNOH IUHH LPDJHV IURP WKH RULJLQDO %�PRGH IUDPHV� 7KH VSHFNOH IUHH ILOWHUHG

LPDJHV ZHUH DVVXPHG WR SURYLGH D JRRG HVWLPDWH IRU WKH GHWHUPLQLVWLF VWUXFWXUDO FRPSRQHQW� +HQFH� WKH ILOWHUHG LPDJHV FDQ

EH VXEWUDFWHG IURP WKH RULJLQDO WR REWDLQ DQ HVWLPDWH IRU WKH VSHFNOH LPDJH� 7KH 6$' WHFKQLTXH ZDV DSSOLHG WR HVWLPDWH WKH

YHORFLW\ PDS IURP WKH VSHFNOH LPDJHV� 7KH WHFKQLTXH ZDV DSSOLHG WR REWDLQ IORZ PDSV IRU VLPXODWHG DQG UHDO GDWD�

)RU WKH FRPSXWHU VLPXODWLRQV� WZR LPDJHV ZHUH JHQHUDWHG DV IROORZV XVLQJ WKH IROORZLQJ VWHSV�
�� 7ZR YHVVHO ERXQGDULHV DUH JHQHUDWHG VXFK WKDW WKH\ KDYH DQ H[SRQHQWLDO VKDSH LQ ERWK LPDJHV�

�� $ VWUXFWXUDO SDWWHUQ KDYLQJ D JDXVVLDQ VKDSH LV VXSHULPSRVHG LQVLGH WKH YHVVHO RI WKH ILUVW LPDJH DQG VKLIWHG VOLJKWO\

LQ WKH VHFRQG�

�� $ ZKLWH *DXVVLDQ UDQGRP QRLVH LV DGGHG WR ERWK LPDJH VLPXODWLQJ HOHFWURQLF QRLVH� 7KH QRLVH YDULDQFH LV
Q

V DQG

WKH WZR QRLVH SDWWHUQV LQ WKH WZR LPDJHV DUH JHQHUDWHG LQGHSHQGHQWO\�

�� 6SHFNOH LV VLPXODWHG DV DQRWKHU ZKLWH *DXVVLDQ QRLVH SDWWHUQ RI YDULDQFH
V

V DQG ZDV DGGHG WR ERWK LPDJHV ZLWK D

NQRZQ VKLIW LQ WKH VSHFNOH SDWWHUQ RI WKH WZR LPDJHV FRUUHVSRQGLQJ WR WKH GLVSODFHPHQW GXH WR IORZ�

7KLV VLPXODWLRQ LV XVHG WR WHVW WKH SURSRVHG WHFKQLTXH DQG WR DVVHVV LWV SHUIRUPDQFH ZLWK YDU\LQJ DPRXQWV RI UDQGRP QRLVH�

7KH SURSRVHG WHFKQLTXH ZDV DOVR DSSOLHG WR HVWLPDWH IORZ PDSV IURP UHDO XOWUDVRXQG LPDJHV RI D KXPDQ OLYHU�

�� 5(68/76

)LJXUH � VKRZV WKH VLPXODWHG EORRG YHVVHO ZLWK WKH WKUHH FRPSRQHQWV FRUUHVSRQGLQJ WR VWUXFWXUH� UDQGRP QRLVH DQG VSHFNOH�

)LJXUH � SUHVHQWV WKH UHVXOWV RI DSSO\LQJ WKH VSHFNOH UHGXFWLRQ WHFKQLTXH RQ WKH VLPXODWHG LPDJH RI )LJXUH �� 7KLV UHVXOW LV

DVVXPHG DV D JRRG HVWLPDWH IRU WKH VWUXFWXUH LQ WKLV LPDJH� 7KH FODVVLFDO 6$' WHFKQLTXH ZDV DSSOLHG DQG FRPSDUHG ZLWK DQG

ZLWKRXW WKH SURSRVHG WHFKQLTXH� $V FDQ EH REVHUYHG IURP )LJXUHV � DQG �� WKH SURSRVHG WHFKQLTXH ZDV PRUH UREXVW LQ WKH

DUHDV ZKHUH WKHUH LV VLJQLILFDQW VWUXFWXUH SDUWLFXODUO\ QHDU WKH YHVVHO ZDOOV� 7KH RXWSXW DW HDFK VPDOO UHJLRQ ZDV GHVLJQDWHG

DQ DUURZ WKDW UHSUHVHQWV WKH PDJQLWXGH DQG GLUHFWLRQ RI HVWLPDWHG IORZ LQ WKLV DUHD� 7KH HIIHFW RI GHJUDGLQJ WKH VLJQDO�WR�

QRLVH UDWLRQ LV VKRZQ LQ )LJXUH �� $V FDQ EH VHHQ� WKH SURSRVHG WHFKQLTXH KHOSV LPSURYH WKH DFFXUDF\ RI HVWLPDWLRQ FORVH WR

WKDW RI WKH FDVH ZKHQ WKHUH LV QR VWUXFWXUDO LQIRUPDWLRQ WR ELDV WKH UHVXOWV�

7R GHPRQVWUDWH WKH SURSRVHG WHFKQLTXH RQ UHDO GDWD� )LJXUH � VKRZV D SURILOH RI WKH FURVV�VHFWLRQ RI D YHVVHO QHDU D

EUDQFKLQJ VLWH� $V FDQ EH VHHQ� WKH VWUXFWXUDO LQIRUPDWLRQ LV SURPLQHQW LQ WKLV SURILOH DQG VKRZV WKH YDOLGLW\ RI WKH SURSRVHG

PRGHO� $OVR� WKH SURSRVHG WHFKQLTXH ZDV DSSOLHG WR HVWLPDWH IORZ PDSV IURP D VHTXHQFH RI OLYHU LPDJHV LQ )LJXUH �
REWDLQHG IURP D 1HZ 6RQLFV ± &RPSDFW H[SHULPHQWDO XOWUDVRXQG V\VWHP �,QWHUQDWLRQDO (OHFWURQLFV ± %LRPHGLFDO 'LYLVLRQ�

(J\SW�� 7KH UHVXOWV RI FRPSDULQJ WKH 6$' WHFKQLTXH ZLWK DQG ZLWKRXW WKH SURSRVHG WHFKQLTXH DUH VKRZQ LQ )LJXUHV � DQG ��

7KH HVWLPDWHG IORZ PDSV EHFRPH PRUH FRKHUHQW ZKHQ WKH SURSRVHG WHFKQLTXH LV DSSOLHG�
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)LJXUH �� (VWLPDWHG IORZ PDS XVLQJ WKH SURSRVHG WHFKQLTXH

)LJXUH �� (VWLPDWHG IORZ PDS XVLQJ RULJLQDO LPDJHV�

)LJXUH �� )LOWHUHG LPDJH VKRZLQJ D JRRG DSSUR[LPDWLRQ WR WKH XQGHUO\LQJ VWUXFWXUDO LQIRUPDWLRQ�

)LJXUH �� 6LPXODWHG LPDJH FRQVLVWLQJ RI VFDWWHUHUV� QRLVH DQG XQGHUO\LQJ VPRRWK VWUXFWXUH�
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)LJXUH �� (YDOXDWLRQ RI WKH HIIHFW RI 615 RQ WKH DFFXUDF\ RI YHORFLW\ HVWLPDWLRQ

)LJXUH �� $ FURVV VHFWLRQ VKRZLQJ LQWHQVLW\ GLVWULEXWLRQ DFURVV D YHVVHO VKRZLQJ WKH VXSHULPSRVHG VWUXFWXUDO LQIRUPDWLRQ�

6WUXFWXUH

:LWKRXW 1HZ

7HFKQLTXH

6LJQDO�WR�1RLVH 5DWLR 'LYLVRU �G� �615 ���G�

6WUXFWXUH

ZLWK 1HZ

7HFKQLTXH

1R 6WUXFWXUH

� � �� �� �� �� �� �� ��
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)LJXUH �� 9HORFLW\ YHFWRUV FDOFXODWHG IURP RULJLQDO LPDJHV

)LJXUH �� $Q LPDJH RI WKH KHSDWLF YHLQ IURP WKH DFTXLUHG VHTXHQFH RI IUDPHV

)LJXUH �� 9HORFLW\ YHFWRUV FDOFXODWHG XVLQJ WKH SURSRVHG WHFKQLTXH
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�� &21&/86,216

$ QHZ WHFKQLTXH IRU LPSURYLQJ WKH DFFXUDF\ RI YHORFLW\ HVWLPDWLRQ LV GHYHORSHG� 7KH QHZ WHFKQLTXH UHGXFHV WKH ELDV HIIHFWV
UHVXOWLQJ IURP WKH XQGHUO\LQJ VWUXFWXUHV� 7KH QHZ WHFKQLTXH ZDV DSSOLHG RQ VLPXODWLRQ DV ZHOO DV UHDO XOWUDVRXQG GDWD DQG

WKH UHVXOWV FRQILUP WKH YDOLGLW\ RI WKLV DSSURDFK� )XWXUH ZRUN FDQ EH GRQH WR IXUWKHU GHYHORS WKLV WHFKQLTXH IRU FOLQLFDO XVH�

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

7KLV ZRUN LV SDUWLDOO\ VXSSRUWHG E\ WKH 5HVHDUFK DQG 'HYHORSPHQW GHSDUWPHQW RI ,QWHUQDWLRQDO (OHFWURQLFV� %LRPHGLFDO

GLYLVLRQ� � RI 2FWREHU &LW\� *L]D� (J\SW�

�� 5()(5(1&(6

�� <�0� .DGDK DQG $�+� 7HZILN� �(IILFLHQW GHVLJQ RI XOWUDVRXQG WUXH�YHORFLW\ IORZ PDSSLQJ�� ,((( (QJLQHHULQJ LQ

0HGLFLQH DQG %LRORJ\ 0DJD]LQH� YRO� ��� QR� �� SS� �������� 6HSW� �����

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

,QWHOO� �3$0,�� YRO� ��� QR� �� SS� �������� -XO\ �����

�� 0� -� %ODFN� *� 6DSLUR� '�+� 0DULPRQW� DQG '� +HHJHU� ³5REXVW DQLVRWURSLF GLIIXVLRQ�´ ,((( 7UDQV� ,PDJ� 3URF�� YRO�

�� QR� �� SS� �������� 0DUFK�����

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

6FLHQFH� YRO� ���� SS� �������� �����

�� .� =� $EG�(OPRQLHP� <�0� .DGDK� $��%�0� <RXVVHI� ³5HDO 7LPH $GDSWLYH 8OWUDVRXQG 6SHFNOH 5HGXFWLRQ DQG
&RKHUHQFH (QKDQFHPHQW�´ 3URF� ,QW� &RQI� RI ,PDJH 3URFHVVLQJ �,&,3������� 2FWREHU �����

�� $� .� -DLQ� )XQGDPHQWDOV RI 'LJLWDO ,PDJH 3URFHVVLQJ� 3UHQWLFH�+DOO� 1HZ -HUV\� �����

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

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

�� '�+� (YDQV DQG :� 1RUPDQ 0F'LFNHQ� 'RSSOHU 8OWUDVRXQG 3K\VLFV� ,QVWUXPHQWDWLRQ DQG 6LJQDO 3URFHVVLQJ� -RKQ

:LOH\ 	 6RQV� 1HZ <RUN� �����

�� /� 1� %RKV� %� -� *HLPDQ� 0� (� $QGHUVRQ� 6�&� *HEKDUW� *� (� 7UDKH\� ³6SHFNOH WUDFNLQJ IRU PXOWL�GLPHQVLRQDO IORZ

(VWLPDWLRQ�´ 8OWUDVRQLFV� YRO� ��� SS� �������� �����

��� /�1� %RKV� %HWK -� *HLPDQ� .�5� 1LJKWLQJDOH� &�'� &KRL� %�+� )ULHPHO DQG *�(� 7UDKH\� ³(QVHPEOH 7UDFNLQJ� $ 1HZ

0HWKRG IRU �' 9HFWRU 9HORFLW\ 0HDVXUHPHQWV�´ ,((( ���� ,QWHUQDWLRQDO 8OWUDVRQLFV 6\PSRVLXP � SS� ��������

2FWREHU �����
��� %�+� )ULHPHO� /�1� %RKV� *�(� 7UDKH\� ³5HODWLYH 3HUIRUPDQFH RI 7ZR�'LPHQVLRQDO 6SHFNOH�7UDFNLQJ 7HFKQLTXHV�

1RUPDOL]HG &RUUHODWLRQ� 1RQ�1RUPDOL]HG &RUUHODWLRQ DQG 6XP�$EVROXWH�'LIIHUHQFH�´ ,((( ���� ,QWHUQDWLRQDO

8OWUDVRQLFV 6\PSRVLXP� SS� �������� �����

��� 3� 0XQN DQG -�$� -HQVHQ� ³3HUIRUPDQFH RI D YHFWRU YHORFLW\ HVWLPDWRU�´ ,((( ���� ,QWHUQDWLRQDO 8OWUDVRQLFV

6\PSRVLXP� SS� �������� �����
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