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)DFXOW\ RI (QJLQHHULQJ� 7KH 8QLYHUVLW\ RI 7RN\R
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$EVWUDFW$EVWUDFW

,Q WKH VLWXDWLRQV ZKHQ WKH ILHOG RI YLHZ RI WKH FDPHUD PRXQWHG RQ WKH KHDG RI WKH VODYH URERW

FDQQRW EH VHW LGHQWLFDO WR WKDW RI WKH KHDG PRXQWHG GLVSOD\� WKH RSHUDWRU UHFRJQL]HV WKH

UHPRWH HQYLURQPHQW DV D VWUDQJH ZRUOG� (YHQ WKRXJK� WKH VWUDQJHQHVV LQ GRLQJ WDVNV FDQ EH

UHGXFHG E\ FRQWUROOLQJ WKH URWDWLRQDO PRWLRQ RI WKH KHDG RI WKH VODYH URERW� )RFXVLQJ RQ WKH

YHVWLEXOR�RFXODU UHIOH[� D PHWKRG WR VHW WKH VFDOLQJ IDFWRU RI WKH KHDG URWDWLRQ LV VKRZQ�

.H\ ZRUGV�.H\ ZRUGV� WHOH�H[LVWHQFH� PDVWHU�VODYH V\VWHP� KHDG PRXQWHG GLVSOD\ �+0'��

ILHOG RI YLHZ �)29�� YHVWLEXOR�RFXODU UHIOH[ �925�� YLUWXDO HQYLURQPHQW

�� ,QWURGXFWLRQ�� ,QWURGXFWLRQ

8VLQJ WKH WHFKQRORJ\ RI WHOH�H[LVWHQFH� WKH RSHUDWRU FDQ H[HFXWH WDVNV HDVLHU WKDQ E\ XVLQJ

FRQYHQWLRQDO WHOH�RSHUDWLRQ WHFKQLTXHV� DV KH�VKH FDQ UHFRJQL]H WKH UHPRWH HQYLURQPHQW DV D

QDWXUDO WKUHH GLPHQVLRQDO VSDFH>�@� :KHQ H[HFXWLQJ WDVNV E\ WHOH�H[LVWLQJ LQ UHDO DQG�RU

YLUWXDO HQYLURQPHQW� LW LV LPSRUWDQW IRU WKH V\VWHP WR HQVXUH WKH RSHUDWRU WKDW WKH

HQYLURQPHQW LV UHFRJQL]HG DV D QDWXUDO WKUHH GLPHQVLRQDO VSDFH DQG WKH WDVN FDQ EH H[HFXWHG

ZLWK HDVH� 7R LPSOHPHQW WKLV FKDUDFWHULVWLFV� WKH V\VWHP KDV WR EH GHVLJQHG VXFK WKDW WKH

FRQVLVWHQF\ EHWZHHQ WKH NLQHVWKHWLF VHQVDWLRQ DQG WKH YLVXDO VHQVDWLRQ LV NHSW� $FFRUGLQJ WR

RXU SUHYLRXV H[SHULPHQW>�@� WHOH�H[LVWHQFH RSHUDWLRQV DUH H[HFXWHG PRVW HIILFLHQWO\ ZKHQ WKH

NLQHVWKHWLF SDUDPHWHUV DQG WKH YLVXDO SDUDPHWHUV RI WKH VODYH URERWV DQG�RU YLUWXDO KXPDQ

DUH VHW LGHQWLFDO WR WKRVH RI WKH PDVWHU V\VWHP�

+RZHYHU� WKHUH H[LVWV D VLWXDWLRQ LQ ZKLFK WKH SDUDPHWHUV RI WKH VODYH URERWV DQG�RU YLUWXDO

KXPDQ FDQQRW EH VHW LGHQWLFDO WR WKDW RI WKH PDVWHU V\VWHP� )RU H[DPSOH� ZH FDQ FRQVLGHU WKH

IROORZLQJ VLWXDWLRQV�

z :KHQ WKH RSHUDWRU VXSHUYLVHV PXOWLSOH URERWV RI GLIIHUHQW W\SHV� KH�VKH KDV WR FRQWURO WKH

URERWV ZLWK GLIIHUHQW NLQHVWKHWLF DQG�RU YLVXDO SDUDPHWHUV� XVLQJ D VLQJOH PDVWHU FRQWURO

V\VWHP� )RU H[DPSOH� LQ WKH FRQFHSW RI 5�&XEH �5HDO�WLPH 5HPRWH 5RERWLFV� 5�� >�@� WKH

RSHUDWRU FRQWUROV YDULRXV W\SH RI UHPRWH URERWV WKURXJK QHWZRUN� XVLQJ D PDVWHU V\VWHP
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FDOOHG 5�&XEH FRQVROH� 7KH RSHUDWRU KDV WR FRQWURO PXOWLSOH W\SHV RI URERWV XVLQJ D VLQJOH

FRQVROH�

z 6XSSRVH WKDW WKH RSHUDWRU LV JLYHQ WKH WDVNV LQ ZKLFK KH�VKH VKRXOG ORRN DERXW ZLGH DUHD

LQ WKH UHPRWH�YLUWXDO HQYLURQPHQW� VXFK DV H[SORULQJ LQ WKH XQNQRZQ HQYLURQPHQW WR

ILQG VRPHWKLQJ� $V WKH PRVW RI KHDG PRXQWHG GLVSOD\V �+0'� FXUUHQWO\ DYDLODEOH KDYH

D VLJQLILFDQWO\ UHVWULFWHG ILHOG RI YLHZ �)29� FRPSDUHG ZLWK WKDW RI RUGLQDU\ KXPDQ

EHLQJ� WKH RSHUDWRU PD\ IHHO XQHDV\ WR FRPSOHWH WKH WDVN� ,Q VXFK D FDVH� RQH PLJKW

ZDQW WR JHW ZLGHU ILHOG RI YLHZ DW D JODQFH� 7KH ILHOG RI YLHZ IRU WKH +0'� KRZHYHU�

FDQQRW EH FKDQJHG� ZKLFK LPSOLHV WKH QHFHVVLW\ RI XVLQJ ODUJHU )29 IRU WKH UHPRWH

FDPHUD WKDQ WKDW RI WKH +0'�

,Q WKLV SDSHU� ZH IRFXV RQ WKH GLIIHUHQFH EHWZHHQ WKH YLVXDO SDUDPHWHU RI WKH PDVWHU VLGH DQG

WKDW RI WKH VODYH VLGH� HVSHFLDOO\ WKH GLIIHUHQFH EHWZHHQ WKH ILHOG RI YLHZ RI FDPHUDV PRXQWHG

RQ WKH URERW KHDG DQG WKDW RI WKH +0' XVHG E\ WKH RSHUDWRU� ,Q 6HFWLRQ �� ZH GHVFULEH WKH

PDSSLQJ RI YLGHR LPDJH IURP WKH UHPRWH FDPHUD WR WKH GLVSOD\ DQG SRLQW RXW WKH SUREOHP LI

GLIIHUHQW YDOXH RI WKH ILHOG RI YLHZ LV XVHG� ,Q 6HFWLRQ �� ZH SURSRVH D PHWKRG WR UHGXFH WKH

LQIOXHQFH RI WKH VWUDQJHQHVV� UHJDUGLQJ YHVWLEXOR�RFXODU UHIOH[>�@ �925�� 7KH HIIHFW RI WKH )29

DQG 925 LQ WKH ILHOG RI YLUWXDO UHDOLW\ KDV EHHQ LQYHVWLJDWHG UHODWHG ZLWK VLPXODWRU

VLFNQHVV>�@� KRZHYHU� WKH\ DUH GHGLFDWHG WR H[DPLQH WKH LQIOXHQFH RQ KXPDQ EHLQJ ZKHQ

H[SRVHG WR VLPXODWRUV RU YLUWXDO UHDOLW\ V\VWHPV� ,Q 6HFWLRQ �� DQ H[SHULPHQW ZDV PDGH XVLQJ

YLUWXDO HQYLURQPHQW WR VKRZ WKH DSSOLFDELOLW\ RI WKH SURSRVHG PHWKRG�

�� 0DSSLQJ�� 0DSSLQJ YLGHR LPDJH IURP FDPHUD WR GLVSOD\YLGHR LPDJH IURP FDPHUD WR GLVSOD\

0DMRU YLVXDO SDUDPHWHUV UHODWHG WR WHOH�H[LVWHQFH�YLUWXDO UHDOLW\ WDVNV DUH DV IROORZV�

�D� GLVWDQFH EHWZHHQ WKH WZR YLHZLQJ SRLQWV �FDPHUDV��

�E� ILHOG RI YLHZ RI WKH FDPHUD RU SURMHFWLRQ WUDQVIRUPDWLRQ XVHG WR FUHDWH JUDSKLFV LPDJHV�

,I WKHVH SDUDPHWHUV RI WKH FDPHUD DQG WKH +0' DUH VHW LGHQWLFDO WR HDFK RWKHU� WKH RSHUDWRU

FDQ IHHO DV LI KH�VKH DFWXDOO\ H[LVWV LQ WKH UHPRWH URERW RU WKH YLUWXDO KXPDQ� L�H�� KH�VKH

UHFRJQL]HV WKH REMHFWV LQ WKH UHPRWH�YLUWXDO HQYLURQPHQW MXVW DV WKH\ DUH ORFDWHG ZLWK DFWXDO

VL]H� :KHQ WKH RSHUDWRU URWDWHV KLV�KHU KHDG DQG WKH URERW RU YLUWXDO KXPDQ IROORZV KLV�KHU

PRWLRQ ZLWK DFFXUDF\ DQG QR ODWHQF\� KH�VKH GRHV QRW KDYH WR SD\ PXFK DWWHQWLRQ WR WKH

H[LVWHQFH RI WKH V\VWHP ZKLFK LQWHUPHGLDWH WKH RSHUDWRU DQG WKH UHPRWH�YLUWXDO HQYLURQPHQW�

7KLV IDFW LPSOLHV WKH V\VWHP SURYLGHV YLVXDO GLVSOD\ FRQVLVWHQW ZLWK WKH PHFKDQLVP RI KXPDQ

EHLQJ·V YHVWLEXOR�RFXODU UHIOH[ �925��

+RZHYHU� LI WKH FRQGLWLRQ RI LGHQWLW\ IRU HLWKHU RI DERYH SDUDPHWHUV LV YLRODWHG� LQFRQVLVWHQF\

EHWZHHQ WKH GLVSOD\HG HQYLURQPHQW DQG WKH RUGLQDU\ HQYLURQPHQW RFFXUV� :KHQ WKH GLVWDQFH

EHWZHHQ WZR FDPHUDV DUH GLIIHUHQW IURP WKDW RI WKH RSHUDWRU·V H\HV� WKH RSHUDWRU IHHOV DV LI

KH�VKH EHFRPHV JLDQW RU VPDOO KXPDQ� GHSHQGLQJ XSRQ ZKHWKHU WKH GLVWDQFH EHWZHHQ

FDPHUDV DUH ZLGHU RU QDUURZHU WKDQ WKH GLVWDQFH RI WKH RSHUDWRU·V H\HV� )LJXUH � �D� VKRZV

WKH HIIHFW FDXVHG E\ WKLV GLIIHUHQFH� ,I WKH RSHUDWRU H[HFXWHV WDVNV XVLQJ KDQGV XQGHU VXFK D

FRQGLWLRQ� WKH EHVW SHUIRUPDQFH LV REWDLQHG E\ FRQWUROOLQJ WKH SRVLWLRQ RI WKH HQG

HIIHFWRU�KDQG VXFK WKDW LWV WUDQVODWLRQDO PRWLRQ LV VFDOHG E\ WKH IDFWRU HTXDO WR WKH UDWLR RI WKH

FDPHUD GLVWDQFH WR WKH H\H GLVWDQFH>�@
�
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�D� 'LVWDQFH EHWZHHQ FDPHUDV �E� )LHOG RI YLHZ

)LJXUH �� (IIHFW RI XVLQJ GLIIHUHQW YLVXDO SDUDPHWHUV DW WKH UHPRWH VLWH

7KH HIIHFW RI WKH VHFRQG SDUDPHWHU� WKH ILHOG RI YLHZ� LV PRUH FULWLFDO� ,I ZH XVH FDPHUDV ZKRVH

ILHOG RI YLHZ LV GLIIHUHQW IURP WKDW RI WKH +0' DQG LI ZH VLPSO\ GLVSOD\ WKH YLGHR LPDJH

REWDLQHG IURP WKH FDPHUD WR WKH +0'� WKH LPDJH RI WKH ZRUOG LV H[SDQGHG RU VKUXQN�

GHSHQGLQJ XSRQ ZKHWKHU WKH FDPHUD·V )29 LV VPDOOHU RU ODUJHU WKDQ WKDW RI WKH +0'�

)LJXUH � �E� VKRZV WKH HIIHFW FDXVHG E\ WKLV GLIIHUHQFH� 7KLV VLWXDWLRQ FDXVHV WKH RSHUDWRU WR

UHFRJQL]H WKH UHPRWH�YLUWXDO HQYLURQPHQW DV D VWUDQJH ZRUOG� 7KH VWUDQJHQHVV FDQ EH

FDWHJRUL]HG DV IROORZV�

�� 7KH ZRUOG LV GLVWRUWHG� WKH VL]H RI WKH REMHFW LQ WKH ZRUOG VHHPV WR EH GLIIHUHQW IURP WKH

DFWXDO RQH� DQG WKH GLVWDQFH IURP WKH RSHUDWRU WR WKH REMHFW VHHPV WR EH LQFRUUHFW� 7KLV

SKHQRPHQRQ LV LQKHUHQW LI WKH LPDJH ZLWK GLIIHUHQW )29 LV SURMHFWHG RQ WKH +0'� WKH

LQIOXHQFH RI ZKLFK LV KDUG WR EH HOLPLQDWHG�

�� ,Q W\SLFDO WHOH�H[LVWHQFH V\VWHPV� WKH KHDG RI WKH VODYH URERW LV FRQWUROOHG WR IROORZ WKH

RSHUDWRU·V KHDG PRWLRQ� ,I WKH ILHOG RI YLHZ RI WKH URERW FDPHUD LV LGHQWLFDO WR WKDW RI WKH

+0' DQG WKH URERW LV FRQWUROOHG ZLWK DFFXUDF\ DQG QR WLPH GHOD\� WKH RSHUDWRU IHHOV WKDW

KH�VKH DFWXDOO\ H[LVWV LQ WKH UHPRWH ZRUOG� L�H�� WKH ZKROH ZRUOG H[LVWV VWDEOH UHJDUGOHVV RI

KRZ KH�VKH PRYHV WKH KHDG� +RZHYHU� ZKHQ WKLV FRQGLWLRQ RI LGHQWLW\ LV EURNHQ� WKH

GLVSOD\HG LPDJH IORZV XQH[SHFWHGO\� L�H�� WKH RSHUDWRU IHHOV DV LI WKH ZRUOG LV VWXFN WR

KLV�KHU KHDG RU H[FHVVLYHO\ PRYLQJ LQ WKH RSSRVLWH GLUHFWLRQ DJDLQVW WKH KHDG PRWLRQ�

,Q WKLV SDSHU� ZH UHVWULFW RXUVHOYHV WR WKH ODWWHU IDFWRU�

$Q H[SOLFLW PHWKRG WR REWDLQ QDWXUDO WKUHH GLPHQVLRQDO YLVXDO VHQVDWLRQ LV WR FRQYHUW WKH

YLGHR LPDJH WR ILW WKH )29 RI WKH +0'� 8VLQJ WKLV PHWKRG� ZH KDYH WR XVH +0'V ZLWK D ZLGH

)29� LI ZH ZDQW WR JHW YLGHR LPDJHV ZLWK ZLGH )29 DW D JODQFH� +RZHYHU� +0'V ZLWK

H[WUHPHO\ ZLGH )29 XVLQJ FRQYHQWLRQDO GLVSOD\ GHYLFHV GHJUDGH WKH TXDOLW\ RI LPDJHV LQ WKH

VHQVH RI DYDLODEOH SL[HO UHVROXWLRQ� ZKLFK UHVXOW LQ IRUFLQJ WKH RSHUDWRU WR ORRN DW EOXUUHG�

XQFOHDU LPDJH� 7KH FXUUHQW VWDWXV� ZKLFK +0'V ZLWK ZLGH )29 DQG KLJK UHVROXWLRQ DUH QRW

\HW DYDLODEOH� UHTXLUHV DQ DOWHUQDWLYH PHWKRG WR DYRLG VXFK VWUDQJHQHVV�

���� $$ PHWKRG WR UHGXFH WKH HIIHFW RI WKH )29 LQFRQVLVWHQF\PHWKRG WR UHGXFH WKH HIIHFW RI WKH )29 LQFRQVLVWHQF\

,Q RUGHU WR UHDOL]H VPRRWK WDVN H[HFXWLRQ XQGHU VXFK D VLWXDWLRQ� ZH DUH JRLQJ WR H[SORUH D

PHWKRG WR HOLPLQDWH WKH LQIOXHQFH RI WKH LPDJH IORZ� +HUH ZH SURSRVH D PHWKRG WR FRQWURO

WKH KHDG URWDWLRQ RI WKH VODYH URERW XVLQJ D FHUWDLQ VFDOLQJ IDFWRU� 7KLV IDFWRU VKRXOG EH VHW

VXFK WKDW WKH FRQGLWLRQ IRU YHVWLEXOR�RFXODU UHIOH[ �925� LV VDWLVILHG� ,I WKLV FRQGLWLRQ LV

VDWLVILHG� WKH RSHUDWRU LV FRQVLGHUHG WR IHHO WKDW D SRLQW LQ WKH ZRUOG LV VWLOO� DV IDU DV KH�VKH

JD]HV DW WKDW SRLQW� WKRXJK WKH ZKROH LPDJH LV VWLOO GLVWRUWHG�



rotation 
scaling

field of view 
conversion

remote site/virtual environment operator's site

)LJXUH �� &RQFHSW RI WKH SURSRVHG PHWKRG

)LJXUH � VKRZV WKH FRQFHSW RI WKH PHWKRG� 7KH URERW·V KHDG LV HTXLSSHG ZLWK VWHUHR FDPHUDV

ZKRVH )29 LV GLIIHUHQW IURP WKDW RI WKH +0'� 7KH YLGHR LPDJH REWDLQHG E\ WKH URERW FDPHUD

LV GLUHFWO\ GLVSOD\HG WR WKH +0' DQG WKH URWDWLRQDO PRWLRQ RI WKH URERW KHDG LV LQFUHDVHG RU

GHFUHDVHG GHSHQGLQJ RQ ZKHWKHU WKH )29 RI WKH FDPHUD LV ZLGHU RU QDUURZHU WKDQ WKDW RI WKH

+0'�

β
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(a) Normal case (b) Rotation * α

(c) Field of view * β (d) Rotation * α and Field of view * β
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)LJXUH �� 6FDOLQJ )29 DQG KHDG URWDWLRQ

&RQVLGHU WKH +0' ZKRVH )29 LV �ϕ� DV VKRZQ LQ )LJXUH �� )LJXUH � �D� VKRZV WKH QRUPDO

FDVH� LQ ZKLFK WKH JD]LQJ SRLQW PRYHV WR WKH OHIW LQ WKH GLVSOD\HG LPDJH DV D UHVXOW RI WKH

RSHUDWRU·V KHDG URWDWLRQ WR WKH ULJKW� ,I ZH FRQWURO WKH URERW KHDG VXFK WKDW WKH DPRXQW RI WKH



URWDWLRQ DQJOH LV α WLPHV DV ODUJH DV WKDW RI WKH RSHUDWRU·V PRWLRQ �)LJXUH � �E��� WKH VKLIW RI

WKH SRLQW EHFRPHV ODUJHU �α ! �� WKDQ WKDW RI WKH QRUPDO FDVH� 1H[W� OHW XV FRQVLGHU WKH FDVH LQ

ZKLFK WKH )29 RI WKH FDPHUD LV β WLPHV DV ZLGH DV WKDW RI WKH +0'� DV VKRZQ LQ )LJXUH � �F��

,Q WKLV FDVH� WKH REWDLQHG LPDJH E\ WKH FDPHUD LV VKUXQN �β ! �� ZKHQ GLVSOD\HG WR WKH +0'�

VR WKDW WKH LPDJH VKLIW EHFRPHV OHVV WKDQ WKH QRUPDO FDVH� )LQDOO\� LQ )LJXUH � �G�� ERWK RI WKH

KHDG URWDWLRQ DQG )29 DUH VFDOHG� ,I ZH VHWXS WKH VFDOLQJ IDFWRU IRU WKH KHDG URWDWLRQ α
DSSURSULDWHO\ DFFRUGLQJ WR WKH YDOXH RI WKH )29 VFDOLQJ IDFWRU β� WKH VKLIW DPRXQW RI WKH

JD]LQJ SRLQW FDQ EH LGHQWLFDO WR WKDW RI WKH QRUPDO FDVH� ,Q WKLV FDVH� ZH FDQ VDWLVI\ WKH

FRQGLWLRQ RI FRQVLVWHQW 925�
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)LJXUH �� &DOFXODWLRQ RI WKH UHODWLRQVKLS EHWZHHQ WZR VFDOLQJ IDFWRUV

7KH UHODWLRQVKLS EHWZHHQ WKH VFDOLQJ IDFWRUV IRU WKH KHDG URWDWLRQ DQG WKDW RI WKH )29 ZKLFK

VDWLVI\ 925 FRQGLWLRQ LV FDOFXODWHG DV IROORZV�
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ZKHUH

α� 6FDOLQJ IDFWRU IRU WKH KHDG URWDWLRQ DQJOH�

β� 6FDOLQJ IDFWRU IRU WKH ILHOG RI YLHZ�

ϕ� +DOI RI WKH RULJLQDO ILHOG RI YLHZ RI WKH +0'�

[� 'LVWDQFH IURP WKH FHQWHU RI WKH VFUHHQ WR WKH JD]LQJ SRLQW�

:� 'LVWDQFH IURP WKH FHQWHU RI WKH VFUHHQ WR WKH HGJH RI WKH VFUHHQ �KDOI RI WKH VFUHHQ

ZLGWK��

ξ� UDWLR RI �WKH GLVWDQFH IURP WKH FHQWHU RI WKH VFUHHQ WR WKH JD]LQJ SRLQW� WR �WKH GLVWDQFH

IURP WKH FHQWHU RI WKH VFUHHQ WR WKH HGJH RI WKH VFUHHQ��

7KH PHDQLQJ IRU HDFK YDULDEOH LV VKRZQ LQ )LJXUH �� 7KH DERYH HTXDWLRQ ZDV REWDLQHG E\

OHWWLQJ WKH DQJOH Gθ·· RQ WKH VFUHHQ ZKLFK GLVSOD\V WKH VKUXQN LPDJH LGHQWLFDO WR WKH RULJLQDO

URWDWLRQ DQJOH Gθ�

�� ([SHULPHQW�� ([SHULPHQW

,Q RUGHU WR FRQILUP WKH HIIHFWLYHQHVV RI WKH SURSRVHG PHWKRG� DQ H[SHULPHQW ZDV PDGH XVLQJ



D YLUWXDO HQYLURQPHQW>�@� %\ XVLQJ WKH YLUWXDO HQYLURQPHQW� LW ZDV DEOH WR FRQWURO WKH YLVXDO

SDUDPHWHU VHWWLQJ HDVLO\� DV WKH ILHOG RI YLHZ IRU WKH JHQHUDWHG LPDJH DQG WKH VFDOLQJ IDFWRU

IRU WKH KHDG URWDWLRQ ZHUH FRQWUROOHG E\ VRIWZDUH�

7KH FRQILJXUDWLRQ RI WKH H[SHULPHQWDO V\VWHP LV VKRZQ LQ )LJXUH �� 7KH +0' ZKRVH ILHOG RI

YLHZ LV �� GHJUHHV LQ KRUL]RQWDO ZDV XVHG� 7KH URWDWLRQDO PRWLRQ RI WKH VXEMHFW·V KHDG ZDV

PHDVXUHG E\ URWDU\ HQFRGHUV DWWDFKHG WR WKH OLQN PHFKDQLVP� WKH HQG RI ZKLFK ZDV D KHOPHW

HTXLSSHG ZLWK WKH +0'� %\ XVLQJ WKLV V\VWHP� WKH VXEMHFW·V KHDG PRWLRQ ZDV PHDVXUHG

ZLWK KLJK DFFXUDF\ DQG QR WLPH GHOD\� 7KLV PDVWHU V\VWHPV LV DEOH WR PHDVXUH �� GHJUHHV RI

IUHHGRP �'2)� GDWD LQFOXGLQJ KHDG WUDQVODWLRQ� ULJKW DUP PRWLRQ� HWF�� WKRXJK RQO\ � '2)

GDWD IRU WKH KHDG URWDWLRQ ZDV XVHG� 7KH PHDVXUHG GDWD ZHUH FRQYHUWHG LQWR QXPHULFDO

YDOXHV E\ WKH 3&� DQG VHQW WR WKH JUDSKLFV ZRUNVWDWLRQV ZKLFK UHQGHU WKH LPDJH RI WKH YLUWXDO

HQYLURQPHQW�
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)LJXUH �� &RQILJXUDWLRQ RI WKH H[SHULPHQWDO V\VWHP�

,Q WKH H[SHULPHQW� D FURVV FXUVRU YLUWXDOO\ IL[HG WR WKH VXEMHFW·V KHDG ZDV GLVSOD\HG LQ IURQW RI

WKH VXEMHFW� DQG WKH VXEMHFW ZDV DVNHG WR WUDFN D WDUJHW E\ URWDWLQJ KLV�KHU KHDG� 7KH WDUJHW

ZDV GULYHQ E\ D ORZ�SDVV ILOWHUHG UDQGRP VLJQDO� 7KH PRWLRQ RI WKH WDUJHW DQG WKH VXEMHFW·V

KHDG ZHUH UHFRUGHG WR FDOFXODWH WKHLU FURVV�FRUUHODWLRQ� 7KH UHVXOWV IRU IRXU FDVHV ZHUH

FRPSDUHG�

�D� 1RUPDO FDVH� WKH ILHOG RI YLHZ RI WKH YLUWXDO FDPHUD ZDV VHW LGHQWLFDO WR WKDW RI WKH +0'

DQG WKH URWDWLRQ DQJOH RI WKH YLUWXDO FDPHUD ZDV VHW LGHQWLFDO WR WKH VXEMHFW·V PRWLRQ�

�E� 5RWDWLRQ VFDOHG� WKH VFDOLQJ IDFWRU IRU WKH URWDWLRQ DQJOH ZDV VHW WR ���� ZKHUHDV WKH ILHOG

RI YLHZ UHPDLQHG LGHQWLFDO WR WKDW RI WKH +0'� 7KH VFDOLQJ IDFWRU YDOXH RI ��� ZDV

FDOFXODWHG E\ VXEVWLWXWLQJ WKH YDOXH RI WKH ILHOG RI YLHZ DQG WKH +0' DQG WKDW RI WKH

FDPHUD �β  �����  �� DW WKH FHQWHU RI WKH GLVSOD\ �ξ  ���
�F� )LHOG RI YLHZ VFDOHG� WKH ILHOG RI YLHZ RI WKH FDPHUD ZDV VHW WR �� GHJUHHV LQ KRUL]RQWDO

�WZLFH DV ODUJH DV WKDW RI WKH +0'�� ZKHUHDV WKH URWDWLRQ DQJOH UHPDLQHG LGHQWLFDO WR

WKDW RI WKH VXEMHFW�

�G� 925 VDWLVILHG� WKH ILHOG RI YLHZ RI WKH FDPHUD ZDV VHW WR �� GHJUHHV DQG WKH VFDOLQJ IDFWRU

IRU WKH URWDWLRQ DQJOH ZDV VHW WR ���� ,Q WKLV FDVH WKH FRQGLWLRQ IRU WKH YHVWLEXOR�RFXODU

UHIOH[ ZDV VDWLVILHG�

)LJXUH � VKRZV WKH VHTXHQFH RI WKH KRUL]RQWDO URWDWLRQ �\DZ DQJOH�� ,Q HDFK GLDJUDP� WKH VROLG

OLQH VKRZV WKH URWDWLRQDO DQJOH RI WKH WDUJHW� DQG WKH GDVKHG OLQH VKRZV WKH DQJOH RI WKH

RSHUDWRU·V KHDG URWDWLRQ�



,Q )LJXUH � �E�� DQ RYHUVKRRW LV IRXQG LQ WKH KHDG PRWLRQ� ZKLFK PHDQV WKH RSHUDWRU URWDWHV

WKH KHDG WRR PXFK DJDLQVW WKH WDUJHW� DV WKH FDPHUD KHDG URWDWHV XQH[SHFWHGO\ ODUJH LI WKH

RSHUDWRU URWDWHV KLV�KHU KHDG DV XVXDO� ,Q )LJXUH � �F�� DQ XQGHUVKRRW RU ODUJH WLPH ODJ LV

IRXQG� LQGLFDWLQJ WKH QHFHVVLW\ RI DVVLVWDQFH RI IXUWKHU YLVXDO IHHGEDFN� ,Q )LJXUH � �G�� WKH

RSHUDWRU·V PRWLRQ LV VLPLODU WR WKH QRUPDO FDVH �D��
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�D� 1RUPDO FDVH �E� 5RWDWLRQ DQJOH VFDOHG
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�F� )29 VFDOHG �G� )29 	 URWDWLRQ VFDOHG �925 VDWLVILHG�

)LJXUH �� +HDG URWDWLRQDO PRWLRQ RI WKH RSHUDWRU
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�D� \DZ DQJOH �E� SLWFK DQJOH

)LJXUH �� &URVV FRUUHODWLRQ RI WKH WDUJHW DQG KHDG PRWLRQ

1H[W� FURVV�FRUUHODWLRQ RI WKH WDUJHW DQG KHDG PRWLRQ LV FDOFXODWHG IRU HDFK FDVH� 7KH

PD[LPDO YDOXHV ZHUH FRPSDUHG WR HVWLPDWH WKH DFFXUDF\ RI WKH WUDFNLQJ WDVN� DQG WKHLU WLPH



GHOD\ YDOXH ZHUH FRPSDUHG WR HVWLPDWH WKH WHPSRUDO FKDUDFWHULVWLFV IRU WKH VXEMHFW� 7KH

UHVXOW LV VKRZQ LQ )LJXUH �� ,Q HDFK GLDJUDP� WKH OLQH ZLWK GLDPRQG PDUNV VKRZV WKH QRUPDO

FDVH� WKH OLQH ZLWK ´�µ PDUNV VKRZV WKH ´URWDWLRQ VFDOHGµ FDVH� WKH OLQH ZLWK VTXDUH PDUNV

VKRZV WKH ´)29 VFDOHGµ FDVH� DQG WKH OLQH ZLWK ´[µ PDUNV VKRZ WKH ´925 VDWLVILHGµ FDVH� 7KH

PD[LPDO YDOXHV DQG WKH WLPH ODJV DW WKH PD[LPDO YDOXH DUH VKRZQ LQ 7DEOH �� &RPSDUHG ZLWK

WKH QRUPDO FDVH� WKH ´URWDWLRQ VFDOHGµ FDVH DQG WKH ´)29 VFDOHGµ FDVH VKRZHG WKH GHJUDGDWLRQ

RQ WKH DFFXUDF\ DQG WKH WLPH GHOD\� UHVSHFWLYHO\� 2Q WKH RWKHU KDQG� WKH ´925 VDWLVILHGµ

FDVH VKRZHG DFFHSWDEOH YDOXH IRU ERWK RI WKH DFFXUDF\ DQG WLPH GHOD\�

7DEOH �� 0D[LPDO YDOXH DQG WLPH ODJ RI WKH FURVV�FRUUHODWLRQ

�D� QRUPDO FDVH� �E� URWDWLRQ VFDOHG� �F� )29 VFDOHG� �G� )29 	 URWDWLRQ VFDOHG

\DZ SLWFK

0D[LPDO YDOXH 7LPH ODJ >VHF@ 0D[LPDO YDOXH 7LPH ODJ >VHF@

�D� ���� ���� ���� ����

�E� ���� ���� ���� ����

�F� ���� ���� ���� ����

�G� ���� ���� ���� ����

�� &RQFOXGLQJ UHPDUNV�� &RQFOXGLQJ UHPDUNV

$PHWKRG WR HQDEOH VPRRWK WDVN H[HFXWLRQ E\ UHGXFLQJ WKH LQIOXHQFH RI LQFRQVLVWHQF\ RQ )29

EHWZHHQ PDVWHU DQG VODYH V\VWHPV ZDV SURSRVHG� DQG LWV HIIHFWLYHQHVV ZDV VKRZQ E\ D

WUDFNLQJ H[SHULPHQW� 2I FRXUVH� WKH LGHDO V\VWHP LV WKH RQH WKDW WKH )29 RI WKH FDPHUD DQG

WKH +0' LV GHVLJQHG LGHQWLFDO WR HDFK RWKHU� 7KH PHWKRG SURSRVHG KHUH LV DQ DOWHUQDWLYH

VROXWLRQ XQGHU H[LVWHQFH RI LQHYLWDEOH UHVWULFWLRQ�

5HIHUHQFHV5HIHUHQFHV

>�@ 6� 7DFKL DQG .� <DVXGD� (YDOXDWLRQ ([SHULPHQWV RI 7HOH�H[LVWHQFH 0DQLSXODWLRQ 6\VWHP�

3URFHHGLQJV RI WKH �UG ,QWHUQDWLRQDO &RQIHUHQFH RQ $UWLILFLDO 5HDOLW\ DQG 7HOH�([LVWHQFH

�,&$7 ·���� SS������� 7RN\R� -DSDQ ������

>�@ <� <DQDJLGD DQG 6� 7DFKL� &RKHUHQF\ RI .LQHVWKHWLF DQG 9LVXDO 6HQVDWLRQ LQ 9LUWXDO

5HDOLW\� 3URFHHGLQJV RI WKH ���� ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ 0XOWLVHQVRU )XVLRQ

DQG ,QWHJUDWLRQ IRU ,QWHOOLJHQW 6\VWHPV �,(((�0), 
���� /DV 9HJDV� 1HYDGD� 86$�

SS�������� ������

>�@ 85/ KWWS���ZZZ�LURID�FRP�UFXEH�

>�@ 0� 'UDSHU� &DQ <RXU (\HV 0DNH <RX 6LFN" ,QYHVWLJDWLQJ WKH 5HODWLRQVKLS EHWZHHQ WKH

9HVWLEXOR�2FXODU 5HIOH[ DQG 9LUWXDO 5HDOLW\� 8QSXEOLVKHG SDSHU� +XPDQ ,QWHUIDFH

7HFKQRORJ\ /DE� 8QLYHUVLW\ RI :DVKLQJWRQ� 6HDWWOH� :$� ������

�KWWS���ZZZ�KLWO�ZDVKLQJWRQ�HGX�SURMHFWV�YHVWLEXODU�GLV��KWPO�

>�@ (XJHQLD 0� .RODVLQVNL� 6LPXODWRU VLFNQHVV LQ YLUWXDO HQYLURQPHQWV� 8�6� $UP\ 5HVHDUFK

,QVWLWXWH 7HFKQLFDO 5HSRUW ���� ������ �KWWS���ZZZ�F\EHUHGJH�FRP��D�D�KWPO�

>�@ <� <DQDJLGD DQG 6� 7DFKL� 9LUWXDO (QYLURQPHQW &RQVWUXFWLRQ 0HWKRG 8VLQJ &ODVV

/LEUDU\� 7KH 7UDQVDFWLRQV RI WKH ,QVWLWXWH RI (OHFWULFDO (QJLQHHUV RI -DSDQ &� 9RO�����&�

1R��� SS�������� ������ >LQ -DSDQHVH@

 




