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:H SUHVHQW WHPSRUDOO\ UHOLDEOH PRWLRQ YHFWRUV WKDW DLP DW GHHSHU H[SORUDWLRQ
RI WHPSRUDO FRKHUHQFH� HVSHFLDOO\ IRU WKH JHQHUDOO\ EHOLHYHG GLIȌFXOW
DSSOLFDWLRQV RQ VKDGRZV� JORVV\ UHȍHFWLRQV� DQG RFFOXVLRQV� :H VKRZ WKDW RXU
WHPSRUDOO\ UHOLDEOH PRWLRQ YHFWRUV SURGXFH VLJQLȌFDQWO\ PRUH UREXVW
WHPSRUDO UHVXOWV WKDQ FXUUHQW WUDGLWLRQDO PRWLRQ YHFWRUV ZKLOH LQWURGXFLQJ
QHJOLJLEOH RYHUKHDG�

���� ,1752'8&7,21

7KH VWDWH�RI�WKH�DUW UHFRQVWUXFWLRQ PHWKRGV >�� �� �� ��@ DOO UHO\ RQ WHPSRUDO
ȌOWHULQJ� 7KRXJK LW LV GHPRQVWUDWHG WR EH SRZHUIXO� UREXVW WHPSRUDO UHXVH
KDV EHHQ YHU\ FKDOOHQJLQJ GXH WR WKH IDFW WKDW PRWLRQ YHFWRUV DUH VRPHWLPHV
QRW YDOLG� )RU H[DPSOH� D VWDWLF ORFDWLRQ LQ WKH EDFNJURXQG PD\ EH EORFNHG E\
D PRYLQJ REMHFW LQ WKH SUHYLRXV IUDPH� ,Q WKLV FDVH� WKH PRWLRQ YHFWRU GRHV QRW
H[LVW DW WKH FXUUHQW ORFDWLRQ� $OVR� WKH PRWLRQ YHFWRUV PD\ EH ZURQJ IRU
HIIHFWV OLNH VKDGRZV DQG UHȍHFWLRQV� )RU H[DPSOH� D VWDWLF VKDGRZ UHFHLYHU
ZLOO DOZD\V KDYH D ]HUR�OHQJWK PRWLRQ YHFWRU� EXW WKH VKDGRZV FDVWHG RQWR LW
PD\ PRYH DUELWUDULO\ DORQJ ZLWK WKH OLJKW VRXUFH� ,Q DQ\ RI WKHVH FDVHV� ZKHQ
FRUUHFW PRWLRQ YHFWRUV DUH QRW DYDLODEOH EXW WHPSRUDO ȌOWHULQJ LV DSSOLHG
DQ\ZD\� JKRVWLQJ DUWLIDFWV �XQUHDVRQDEOH OHDN RU ODJ RI VKDGLQJ RYHU WLPH�
ZLOO HPHUJH�

$OWKRXJK WKH WHPSRUDO IDLOXUHV FDQ EH GHWHFWHG ZLWK VPDUW KHXULVWLFV >��@� WKH
WHPSRUDO LQIRUPDWLRQ LQ WKHVH FDVHV ZLOO EH VLPSO\ UHMHFWHG QRQHWKHOHVV� %XW
ZH EHOLHYH WKDW WKH LQIRUPDWLRQ FDQ EH EHWWHU XWLOL]HG� ,Q WKLV FKDSWHU� ZH
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SUHVHQW GLIIHUHQW W\SHV RI PRWLRQ YHFWRUV IRU GLIIHUHQW HIIHFWV� WR PDNH WKH
VHHPLQJO\ XQXVDEOH WHPSRUDO LQIRUPDWLRQ DYDLODEOH DJDLQ� 6SHFLȌFDOO\� ZH
LQWURGXFH WKH IROORZLQJ�

! $ VKDGRZ PRWLRQ YHFWRU IRU PRYLQJ VKDGRZV�

! $ VWRFKDVWLF JORVV\ UHȍHFWLRQ PRWLRQ YHFWRU IRU JORVV\ UHȍHFWLRQV�

! $ GXDO PRWLRQ YHFWRU IRU RFFOXVLRQV�

���� %$&.*5281'

,Q WKLV VHFWLRQ� ZH EULHȍ\ JR RYHU WKH FDOFXODWLRQ RI WUDGLWLRQDO PRWLRQ YHFWRUV�
DQG H[SODLQ KRZ WKH\ DUH XVHG LQ WHPSRUDO ȌOWHULQJ�

:KHQ WZR FRQVHFXWLYH IUDPHV L Ǟ � �SUHYLRXV� DQG L �FXUUHQW� DUH JLYHQ� WKH
LGHD RI EDFN�SURMHFWLRQ LV WR ȌQG IRU HDFK SL[HO ;L LQWHUVHFWHG E\ WKH SULPDU\
UD\� ZKHUH LWV ZRUOG�VSDFH VKDGLQJ SRLQW 6L ZDV LQ WKH SUHYLRXV IUDPH DW ;LǞ��
%HFDXVH ZH NQRZ WKH HQWLUH UHQGHULQJ SURFHVV� WKH EDFN�SURMHFWLRQ SURFHVV
FDQ EH DFFXUDWHO\ FRPSXWHG� ȌUVW� SURMHFW WKH SL[HO ;L EDFN WR LWV ZRUOG
FRRUGLQDWH LQ WKH LWK IUDPH� WKHQ WUDQVIRUP LW EDFN WR WKH �L Ǟ ���WK IUDPH
DFFRUGLQJ WR WKH PRYHPHQW RI WKH JHRPHWU\� DQG ȌQDOO\ SURMHFW WKH
WUDQVIRUPHG ZRUOG FRRUGLQDWH LQ WKH �L Ǟ ���WK IUDPH EDFN WR WKH LPDJH VSDFH
WR JHW ;LǞ�� 'HQRWH 3  0Y0PYS DV WKH YLHZSRUW 0Y WLPHV WKH
PRGHO�YLHZ�SURMHFWLRQ WUDQVIRUPDWLRQ 0PYS SHU IUDPH DQG 7 DV WKH JHRPHWU\
WUDQVIRUPDWLRQ EHWZHHQ IUDPHV� WKHQ� WKH EDFN�SURMHFWLRQ SURFHVV FDQ EH
IRUPDOO\ ZULWWHQ DV

;LǞ�  3LǞ�7Ǟ�3Ǟ�L ;L� ������

ZKHUH WKH VXEVFULSWV UHSUHVHQW GLIIHUHQW IUDPHV� $FFRUGLQJ WR (TXDWLRQ �����
WKH PRWLRQ YHFWRUP�;L�  ;LǞ� Ǟ ;L LV GHȌQHG DV WKH GLIIHUHQFH EHWZHHQ WKH
EDFN�SURMHFWHG SL[HO DQG WKH FXUUHQW SL[HO LQ WKH LPDJH VSDFH� 7KH IROORZLQJ
SVHXGRFRGH VKRZV KRZ WKLV WUDGLWLRQDO PRWLRQ YHFWRU LV FDOFXODWHG�

� +�H+h`�/JQiBQMo2+iQ`UmBMik TBt2HAM/2t- 7HQ�i9 ?BiSQb- mBMi ?BiJ2b?A.V&
� ff 6Q` 2�+? TBt2H snB UBM BK�;2 bT�+2V XXX
� 7HQ�ik s 4 TBt2HAM/2t Y 7HQ�ikUyX87- yX87Vc
� ff XXX 7BM/ Bib rQ`H/@bT�+2 b?�/BM; TQBMi anBX
� 7HQ�i9 a 4 ?BiSQbc
� ff h?2M- i`�Mb7Q`K anB #�+F iQ i?2 T`2pBQmb 7`�K2 iQ ;2i anUB@RVX
� ff h?2 +mbiQK 7mM+iBQM ;2ihUXXXV `2im`Mb i?2 ;2QK2i`v i`�Mb7Q`K�iBQM 7Q`

� ;Bp2M K2b?- �M/ BMp2`b2UXXXV BMp2`ib � 9t9 K�i`BtX
� 7HQ�i9t9 BMph 4 BMp2`b2U;2ihU?BiJ2b?A.VVc
� 7HQ�i9 T`2pa 4 KmHUa- BMphV
�� ff 6BM�HHv- T`QD2+i Bi iQ b+`22M bT�+2 iQ ;2i snUB@RVX
�� ff h?2 +mbiQK 7mM+iBQM iQa+`22MUXXXV T`QD2+ib � ;Bp2M rQ`H/@bT�+2 TQBMi

iQ b+`22M bT�+2 iQ ;2i +Q``2bTQM/BM; i?2 BK�;2@bT�+2 TBt2HX
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�� 7HQ�ik T`2ps 4 iQa+`22MUT`2paVc
�� ff _2im`M i`�/BiBQM�H KQiBQM p2+iQ`X
�� `2im`M T`2ps @ sc
�� '

7KH PRWLRQ YHFWRU IRU HDFK SL[HO ;L LV FRPSXWHG WRJHWKHU ZLWK WKH UHQGHULQJ
SURFHVV DQG FDQ EH DFTXLUHG DOPRVW ZLWKRXW DQ\ SHUIRUPDQFH RYHUKHDG� :LWK
WKH PRWLRQ YHFWRUV� WHPSRUDO ȌOWHULQJ EHFRPHV VWUDLJKWIRUZDUG� ,Q SUDFWLFH� LW
LV D VLPSOH OLQHDU EOHQGLQJ EHWZHHQ WKH FXUUHQW DQG SUHYLRXV SL[HO YDOXHV�

F̄L�;L�  α · F̃L�;L� � �� Ǟ α� · F̄LǞ��;LǞ��� ������

ZKHUH F LV WKH SL[HO YDOXH� ȌUVW ȌOWHUHG VSDWLDOO\ SHU IUDPH UHVXOWLQJ LQ F̃� WKHQ
EOHQGHG ZLWK WKH SL[HO YDOXH RI LWV SUHYLRXV FRUUHVSRQGHQFH F̄LǞ�� 7KH α LV D
IDFWRU EHWZHHQ � DQG � WKDW GHWHUPLQHV KRZ PXFK WHPSRUDO LQIRUPDWLRQ LV
WUXVWHG DQG XVHG� XVXDOO\ VHW WR ��� WR ��� LQ SUDFWLFH� LQGLFDWLQJ KHDY\
WHPSRUDO GHSHQGHQFH RQ SUHYLRXV IUDPHV� 7KH WHPSRUDO ȌOWHULQJ SURFHVV
FRQWLQXHV DV PRUH DQG PRUH IUDPHV DUH UHQGHUHG� DFFXPXODWLQJ WR D FOHDQHU
UHVXOW� 7KXV� ZH XVH WKH ¯ DQG ˜ V\PEROV WR LQGLFDWH OHVV DQG PRUH QRLVH�
UHVSHFWLYHO\�

)URP (TXDWLRQ ����� ZH FDQ VHH WKDW RQH IUDPHǢV FRQWULEXWLRQ RYHU WLPH LV DQ
H[SRQHQWLDO IDOORII� 7KXV� LI WKH PRWLRQ YHFWRUV FDQQRW DFFXUDWHO\ UHSUHVHQW
FRUUHVSRQGHQFH EHWZHHQ DGMDFHQW IUDPHV� JKRVWLQJ DUWLIDFWV ZLOO DSSHDU�
9DULRXV PHWKRGV DUH GHVLJQHG WR DOOHYLDWH WKH WHPSRUDO IDLOXUH� 6DOYL >�@
SURSRVHG WR FODPS WKH SUHYLRXV SL[HO YDOXH F̄LǞ��;LǞ�� WR WKH QHLJKERUKRRG RI
WKH FXUUHQW SL[HO YDOXH� LQ RUGHU WR VXSSUHVV WKH JKRVWLQJ DUWLIDFWV DQG SURYLGH
D IDVWHU UDWH RI FRQYHUJHQFH WR WKH FXUUHQW IUDPH� 7KH VSDWLRWHPSRUDO
YDULDQFH�JXLGHG ȌOWHULQJ �69*)� PHWKRG >�@ IRFXVHV RQ D EHWWHU VSDWLDO
ȌOWHULQJ VFKHPH WR DFTXLUH F̃L�;L� E\ FRQVLGHULQJ VSDWLDO DQG WHPSRUDO
YDULDQFHV WRJHWKHU� $QG WKH DGDSWLYH 69*) �$�69*)� PHWKRG >��@ GHWHFWV
UDSLG WHPSRUDO FKDQJHV WR DGMXVW WKH EOHQGLQJ IDFWRU α WR UHO\ PRUH RU OHVV RQ
VSDWLDO ȌOWHULQJ� WUDGLQJ JKRVWLQJ DUWLIDFWV IRU QRLVH�

���� 7(0325$//< 5(/,$%/( 027,21 9(&7256

,Q WKLV VHFWLRQ� ZH GHVFULEH RXU WHPSRUDOO\ UHOLDEOH PRWLRQ YHFWRUV�
6SHFLȌFDOO\� ZH ZLOO IRFXV RQ WKH WKUHH FRPPRQO\ HQFRXQWHUHG WHPSRUDO
IDLOXUH FDVHV� VKDGRZV� JORVV\ UHȍHFWLRQV� DQG RFFOXVLRQV� ,Q FRQWUDVW WR WKH
SUHYLRXV PHWKRGV� ZH LQWHQG WR EHWWHU XWLOL]H WKH SUHYLRXV LQIRUPDWLRQ� L�H�� ZH
ZRXOG OLNH WR ȌQG D PRUH UHOLDEOH F̄LǞ��;LǞ�� VR WKDW PLQLPDO VSHFLDO WUHDWPHQW
LV IXUWKHU QHHGHG� 2XU LQVLJKW LV WKDW IRU VKDGRZV DQG JORVV\ UHȍHFWLRQV� LW LV
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)LJXUH ����� �D� &RPSXWDWLRQ RI RXU VKDGRZ PRWLRQ YHFWRUV� �E� 7KH QRQSODQDU VKDGRZ
UHFHLYHU LVVXH�

QRW WKH JHRPHWU\ LQ D SL[HO WKDW ZH ZDQW WR WUDFN LQ WKH SUHYLRXV IUDPH� EXW
WKH SRVLWLRQ RI WKH VKDGRZ DQG WKH UHȍHFWHG YLUWXDO LPDJH� )RU RFFOXVLRQV� LW
LV HDVLHU IRU WKH SUHYLRXVO\ RFFOXGHG UHJLRQV LQ WKH EDFNJURXQG WR ȌQG
FRUUHVSRQGHQFHV DOVR LQ WKH EDFNJURXQG UDWKHU WKDQ RQ WKH RFFOXGHU� $IWHU
LQWURGXFLQJ WKH FRUUHVSRQGLQJ PRWLRQ YHFWRUV� ZH WKHQ FRPSDUH WKHP ZLWK
WKH VWDWH�RI�WKH�DUW PHWKRGV DQG UHSRUW WKH FRPSXWDWLRQ FRVW�

������ 6+$'2:6

,QVSLUHG E\ SHUFHQWDJH FORVHU VRIW VKDGRZV �3&66� >�@� ZKLFK HVWLPDWH WKH
VKDGRZ VL]H EDVHG RQ WKH DYHUDJH EORFNHU GHSWK DQG OLJKW VL]H� ZH SURSRVH WR
WUDFN WKH PRYHPHQW RI VKDGRZV E\ IROORZLQJ WKH EORFNHU DQG OLJKW SRVLWLRQV
RYHU WLPH�

)LJXUH ����D LOOXVWUDWHV RXU VFKHPH IRFXVLQJ RQ WZR FRQVHFXWLYH IUDPHV �L Ǟ ��
DQG L� :H VKRRW RQH VKDGRZ UD\ SHU SL[HO WRZDUG D UDQGRPO\ FKRVHQ SRVLWLRQ
RQ WKH OLJKW� )RU D SL[HO ;L �LQ LPDJH VSDFH� LQ VKDGRZ� ZH NQRZ H[DFWO\ LWV
VKDGLQJ SRLQW 6L� WKH EORFNHU SRVLWLRQ %L� DQG WKH OLJKW VDPSOH SRVLWLRQ /L �DOO LQ
ZRUOG VSDFH�� %HFDXVH WKH EORFNHU DQG WKH OLJKW VDPSOH SRVLWLRQV DUH
DVVRFLDWHG ZLWK FHUWDLQ REMHFWV� ZH LPPHGLDWHO\ NQRZ WKHLU WUDQVIRUPDWLRQ
PDWULFHV EHWZHHQ WKHVH WZR IUDPHV� VR ZH DUH DEOH WR ȌQG WKHLU ZRUOG�VSDFH
SRVLWLRQV %LǞ� DQG /LǞ�� UHVSHFWLYHO\� LQ WKH �L Ǟ ���WK IUDPH� ,I WKH JHRPHWU\
DURXQG WKH VKDGRZ UHFHLYHU 6L LV D ORFDOO\ ȍDW SODQH� ZH FDQ ȌQG WKH
LQWHUVHFWLRQ 6LǞ� EHWZHHQ WKLV SODQH DQG WKH OLQH FRQQHFWLQJ /LǞ� DQG %LǞ� LQ
WKH SUHYLRXV IUDPH� )LQDOO\� ZH SURMHFW WKLV LQWHUVHFWLRQ WR WKH VFUHHQ VSDFH�
,Q WKLV ZD\� WKLV SURMHFWHG SL[HO ;9LǞ� LV RXU WUDFNHG VKDGRZ SRVLWLRQ IURP ;L�

;9LǞ�  3LǞ� LQWHUVHFW>7
Ǟ�/L → 7Ǟ�%L�7Ǟ�SODQH�6L�@� ������
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ZKHUH WKH WUDQVIRUPDWLRQV 7 EHWZHHQ IUDPHV FDQ EH GLIIHUHQW IRU WKH OLJKW
VDPSOH� EORFNHU� DQG VKDGLQJ SRLQW�

(TXDWLRQ ���� LPSOLHV WKDW RXU VKDGRZ PRWLRQ YHFWRU LVP9�;L�  ;9LǞ� Ǟ ;L� 7KH
SVHXGRFRGH IRU FDOFXODWLQJ WKH VKDGRZ PRWLRQ YHFWRU ORRNV DV IROORZV�

� +�H+a?�/QrJQiBQMo2+iQ`UmBMik TBt2HAM/2t- 7HQ�i9 ?BiSQb- 7HQ�i9 ?BiLQ`K�H-
mBMi ?BiJ2b?A.- 7HQ�i9 #HQ+F2`SQb- mBMi #HQ+F2`J2b?A.- 7HQ�i9 HB;?iSQb-
mBMi HB;?iJ2b?A.V&

� ff 6Q` 2�+? TBt2H snB BM b?�/Qr UBM BK�;2 bT�+2V XXX
� 7HQ�ik s 4 TBt2HAM/2t Y 7HQ�ikUyX87- yX87Vc
� ff XXX 7BM/ Bib b?�/BM; TQBMi anB- #HQ+F2` TQBMi "nB- �M/ HB;?i b�KTH2

TQBMi GnB U�HH BM rQ`H/ bT�+2VX
� 7HQ�i9 a 4 ?BiSQbc
� 7HQ�i9 " 4 #HQ+F2`SQbc
� 7HQ�i9 G 4 HB;?iSQbc
� ff h?2M- i`�Mb7Q`K "nUB@RV �M/ GUB@RV #�+F iQ i?2 T`2pBQmb 7`�K2X
� ff h?2 +mbiQK 7mM+iBQM ;2ihUXXXV `2im`Mb i?2 ;2QK2i`v i`�Mb7Q`K�iBQM 7Q`

� ;Bp2M K2b?- �M/ BMp2`b2UXXXV BMp2`ib � 9t9 K�i`BtX
�� 7HQ�i9 T`2p" 4 KmHU"- BMp2`b2U;2ihU#HQ+F2`J2b?A.VVVc
�� 7HQ�i9 T`2pG 4 KmHUG- BMp2`b2U;2ihUHB;?iJ2b?A.VVVc
�� ff L2ti- 7BM/ i?2 BMi2`b2+iBQM Q7 i?2 pB`im�H TH�M2 U/27BM2/ #v anB �M/

Bib MQ`K�H BM i?2 T`2pBQmb 7`�K2V �M/ i?2 `�v U7`QK GnUB@RV iQ "nUB
@RVVX

�� 7HQ�i9 Q`B;BM 4 T`2pGc
�� 7HQ�i9 /B`2+iBQM 4 T`2p" @ T`2pGc
�� 7HQ�i9t9 BMph 4 BMp2`b2U;2ihU?BiJ2b?A.VVc
�� 7HQ�i9 T`2pLQ`K�H 4 KmHU?BiLQ`K�H- BMphVc
�� 7HQ�i9 T`2pa 4 KmHUa- BMphVc
�� ff h?2 +mbiQK 7mM+iBQM `�vSH�M2AMi2`b2+iUXXXV 7BM/b i?2 BMi2`b2+iBQM

#2ir22M � `�v U/27BM2/ #v Q`B;BM �M/ /B`2+iBQMV �M/ � TH�M2 U
/27BM2/ #v TQBMi �M/ MQ`K�HVX

�� 7HQ�i9 BMi2`b2+iBQM 4 `�vSH�M2AMi2`b2+iUQ`B;BM- /B`2+iBQM- T`2pa-
T`2pLQ`K�HVc

�� ff 6BM�HHv- T`QD2+i Bi iQ b+`22M bT�+2 iQ 7BM/ s�UoVnUB@RVX
�� ff h?2 +mbiQK 7mM+iBQM iQa+`22MUXXXV T`QD2+ib � ;Bp2M rQ`H/@bT�+2 TQBMi

iQ b+`22M bT�+2 iQ ;2i +Q``2bTQM/BM; i?2 BK�;2@bT�+2 TBt2HX
�� 7HQ�ik T`2ps 4 iQa+`22MUBMi2`b2+iBQMVc
�� ff _2im`M i?2 b?�/Qr KQiBQM p2+iQ`X
�� `2im`M T`2ps @ sc
�� '

7R XVH RXU VKDGRZ PRWLRQ YHFWRUV� ZH VOLJKWO\ PRGLI\ WKH WHPSRUDO ȌOWHULQJ
(TXDWLRQ ���� E\ DGGLQJ D OLJKWZHLJKW FOHDQ�XS ȌOWHULQJ SDVV �DW PRVW �× ��
DIWHU WHPSRUDO EOHQGLQJ� 7KLV LV EHFDXVH WKH PRWLRQ YHFWRUVP9�;L� FDQ EH
QRLV\ GXH WR UDQGRP VDPSOLQJ RQ WKH OLJKW� VR WKH IHWFKHG 9̄LǞ��;LǞ�� FDQ EH
QRLV\ DV ZHOO� GHVSLWH WKH VPRRWKQHVV RI 9̄LǞ� LWVHOI LQ WKH SUHYLRXV IUDPH� 7KH
VDPH FOHDQ�XS ȌOWHU ZLOO EH XVHG IRU JORVV\ UHȍHFWLRQV DQG RFFOXVLRQV�

7R SHUIRUP VSDWLDO ȌOWHULQJ RI WKH QRLV\ VKDGRZV LQ WKH FXUUHQW IUDPH L� ZH
UHIHU WR /LX HW DO� >�@� ZKLFK DFFXUDWHO\ FDOFXODWHV WKH ȌOWHU VL]H� +RZHYHU� ZH
QRWLFH WKDW EDVHG RQ WKH SUHYLRXV FRPSXWDWLRQ� RQO\ WKRVH SL[HOV LQ VKDGRZV LQ

���
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WKH FXUUHQW IUDPH DUH DVVRFLDWHG ZLWK RXU VKDGRZ PRWLRQ YHFWRUV� 7R GHDO
ZLWK WKLV SUREOHP� DQG WR DFKLHYH ERWK HIȌFLHQW ȌOWHULQJ SHUIRUPDQFH DQG
FOHDQ VKDGRZ ERXQGDULHV� ZH FRQFHSWXDOO\ LQWHUSUHW WKH ȌOWHULQJ RI VKDGRZV
DV WKH VSODWWLQJ RI HDFK LQ�VKDGRZ SL[HOǢV YLVLELOLW\� DORQJ ZLWK RWKHU
DVVRFLDWHG SURSHUWLHV�

',6&866,21� 1213/$1$5 6+$'2: 5(&(,9(5 7KH RQO\ DVVXPSWLRQ ZH
PDNH LV WKDW WKH JHRPHWU\ LV ORFDOO\ ȍDW IRU HDFK VKDGLQJ SRLQW GXULQJ WKH
FRPSXWDWLRQ RI RXU VKDGRZ PRWLRQ YHFWRUV� +RZHYHU� DV )LJXUH ����E VKRZV�
DIWHU WKH EDFN�SURMHFWLRQ LQ WKH �L Ǟ ���WK IUDPH� LW LV SRVVLEOH WKDW 69LǞ�� WKH
VKDGLQJ SRLQW RI SL[HO ;9LǞ�� LV QRW RQ WKH YLUWXDO UHFHLYHU SODQH GHȌQHG E\ 6L DQG
LWV QRUPDO Q�6L� �LQYHUVH WUDQVIRUPHG LI WKH VKDGRZ UHFHLYHU PRYHV RYHU WLPH�
RPLWWHG KHUH IRU VLPSOLFLW\�� 7KHVH WZR VKDGLQJ SRLQWV PD\ QRW KDYH WKH VDPH
QRUPDOV DQG FRXOG HYHQ EH RQ GLIIHUHQW REMHFWV� ,Q WKLV FDVH� LW VHHPV WKDW RXU
VKDGRZ PRWLRQ YHFWRU FRXOG QR ORQJHU EH XVHG�

7R GHDO ZLWK WKH SUREOHP LQWURGXFHG EHFDXVH RI QRQSODQDU VKDGRZ UHFHLYHUV�
ZH LQWURGXFH D VLPSOH EXW HIIHFWLYH IDOORII KHXULVWLF� 7KDW LV� ZH PHDVXUH WKH
H[WHQW RI WKH ǤQRQSODQDULW\�ǥ )LJXUH ����E LOOXVWUDWHV RXU LGHD� 2QFH ;9LǞ� LV
FDOFXODWHG� ZH PHDVXUH WKH DQJOH θ EHWZHHQ WKH QRUPDO RI WKH YLUWXDO UHFHLYHU
SODQH Q�6L� DQG WKH GLUHFWLRQ 6L → 69LǞ�� 2XU NH\ REVHUYDWLRQ LV WKDW� RQO\ ZKHQ
θ LV FORVH WR ��◦� ZH FDQ IXOO\ GHSHQG RQ RXU VKDGRZ PRWLRQ YHFWRU� 2WKHUZLVH�
ZH VKRXOG WUXVW PRUH RQ WKH VSDWLDOO\ ȌOWHUHG UHVXOW� 6R� ZH XVH θ WR DGMXVW WKH
α� UHSODFLQJ LW ZLWK D VSHFLȌF α9 LQ (TXDWLRQ ���� DV

α9  � Ǟ *
(
θ Ǟ

π

�
� �� ���

)
· �� Ǟ α�� ������

ZKHUH *�[�µ�σ� LV D *DXVVLDQ IXQFWLRQ ZLWK LWV SHDN YDOXH QRUPDOL]HG WR ��
FHQWHUHG DW µ� DQG ZLWK D VWDQGDUG GHYLDWLRQ RI σ� )LQDOO\� ZH DFKLHYH
KLJK�TXDOLW\� QRQ�ODJJLQJ VKDGRZV� 7KLV SURFHVV ORRNV DV IROORZV�

� ff PM+2 s�UoVnUB@RV Bb +�H+mH�i2/ XXX
� 7HQ�ik T`2ps 4 s Y b?�/QrJQiBQMo2+iQ`c
� ff XXX K2�bm`2 i?2 �M;H2 i?2i� #2ir22M i?2 MQ`K�H Q7 anB UBM i?2 T`2pBQmb

7`�K2V �M/ i?2 /B`2+iBQM anB@=a�onUB@RVX
� 7HQ�i9 a 4 ?BiSQbc
� ff h?2 +mbiQK 7mM+iBQM ;2iS`2p>BiSQbUXXXV `2im`Mb i?2 rQ`H/@bT�+2 b?�/BM;

TQBMi 7Q` � ;Bp2M TBt2H BM i?2 T`2pBQmb 7`�K2X
� 7HQ�i9 T`2pao 4 ;2iS`2p>BiSQbUT`2psVc
� 7HQ�ij /B`2+iBQM 4 MQ`K�HBx2U7HQ�ijUT`2pao @ aVVc
� ff h?2 +mbiQK 7mM+iBQM ;2ihUXXXV `2im`Mb i?2 ;2QK2i`v i`�Mb7Q`K�iBQM 7Q` �

;Bp2M K2b?- �M/ BMp2`b2UXXXV BMp2`ib � 9t9 K�i`BtX
� 7HQ�ij T`2pLQ`K�H 4 7HQ�ijU?BiLQ`K�H- BMp2`b2U;2ihU?BiJ2b?A.VVVVc
�� 7HQ�i i?2i� 4 �+Qb7U/QiU/B`2+iBQM- T`2pLQ`K�HVV
�� ff lb2 i?2i� iQ �/Dmbi i?2 �HT?��oX

���
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�� ff h?2 +mbiQK 7mM+iBQM ;�mbbB�MUXXXV `2im`Mb � p�Hm2 #2ir22M y iQ R
�++Q`/BM; iQ i?2i�X

�� 7HQ�i �HT?�o 4 RXy7 @ ;�mbbB�MUi?2i� @ SA f k- yX7- yXR7V  URXy7 @ �HT?�Vc

:H FRPSDUH RXU UHVXOWV ZLWK WKH RQHV JHQHUDWHG XVLQJ WUDGLWLRQDO PRWLRQ
YHFWRUV� ZLWK DQG ZLWKRXW WKH QHLJKERUKRRG FODPSLQJ DSSURDFK XVHG LQ
WHPSRUDO DQWLDOLDVLQJ �7$$� >�@� 7KH FODPSLQJ PHWKRGV UHSUHVHQW WKH OLQH RI
LGHDV WKDW IRUFH WKH XVH RI WHPSRUDO LQIRUPDWLRQ� :H DOVR FRPSDUH RXU
PHWKRG ZLWK WKH 69*) DQG $�69*) PHWKRGV DV UHSUHVHQWDWLYHV WKDW EDODQFH
WKH XVH RI WHPSRUDO DQG VSDWLDO LQIRUPDWLRQ� 1HLWKHU NLQG RI WKHVH PHWKRGV
DLPV DW EHWWHU XWLOL]LQJ WKH WHPSRUDO LQIRUPDWLRQ�

)LJXUH ���� VKRZV WKH IHQFH VFHQH ZLWK D UDSLGO\ PRYLQJ IHQFH LQ IURQW DQG DQ
DUHD OLJKW EHKLQG LW� ,Q WKLV H[DPSOH� ZH GHPRQVWUDWH WKDW RXU VKDGRZ PRWLRQ
YHFWRUV DUH DEOH WR SURGXFH VKDGRZV WKDW DUH FORVHO\ DWWDFKHG WR WKH IHQFH�

,Q FRPSDULVRQ� WUDGLWLRQDO PRWLRQ YHFWRUV SURGXFH VLJQLȌFDQW JKRVWLQJ
DUWLIDFWV� 7KLV LV H[SHFWHG EHFDXVH WKH\ ZLOO DOZD\V EH ]HUR LQ WKLV FDVH� :LWK
FODPSLQJ� WKH UHVXOWV DUH OHVV ODJJLQJ EXW PXFK PRUH QRLV\� +RZHYHU� WKH
QRLVH LV DJJUHVVLYHO\ ȌOWHUHG E\ 69*)� UHVXOWLQJ LQ RYHUEOXU� 7KH $�69*)
PHWKRG GLVFDUGV WHPSRUDO LQIRUPDWLRQ� UHVXOWLQJ LQ FRORU EORFNV VLPLODU WR WKH
W\SLFDO ǤVPHDULQJǥ DUWLIDFW LQ ELODWHUDO LPDJH ȌOWHULQJ DQG OHDYLQJ EHKLQG
ORZ�IUHTXHQF\ QRLVH WKDW FDQ EH HDVLO\ REVHUYHG LQ D YLGHR VHTXHQFH�

OursGT

Ours

Trad. (No Clamp) Trad. (Clamp)

SVGF A-SVGF

)LJXUH ����� 7KH IHQFH VFHQH ZLWK D UDSLGO\ PRYLQJ IHQFH LQ IURQW DQG DQ DUHD OLJKW EHKLQG LW� 2XU
VKDGRZ PRWLRQ YHFWRUV DUH DEOH WR SURGXFH VKDGRZV WKDW DUH FORVHO\ DWWDFKHG WR WKH IHQFH�

���
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6LPLODU WR WUDFNLQJ WKH VKDGRZV� ZH FDQ DOVR WUDFN WKH PRYHPHQW RI JORVV\
UHȍHFWLRQV�

2XU LQVLJKW LV WKDW QR PDWWHU ZKHWKHU ZH DUH XVLQJ WKH VSHFXODU RU VDPSOHG
GLUHFWLRQ� ZKDW ZH QHHG WR GR LV VWLOO ȌQG WKH FRUUHVSRQGLQJ SL[HO LQ WKH
SUHYLRXV IUDPH RI WKH VHFRQGDU\ KLW SRLQW +L� +RZHYHU� EHFDXVH JORVV\ %5')V
PRGHO D QRQ�GHOWD GLVWULEXWLRQ� PXOWLSOH SL[HOV PD\ UHȍHFW WR WKH VDPH KLW
SRLQW� IRUPLQJ D ȌQLWH DUHD LQ WKH VFUHHQ VSDFH� 7KLV LQGLFDWHV WKDW WKHUH ZLOO
EH PXOWLSOH SL[HOV IURP WKH SUHYLRXV IUDPH WKDW FRUUHVSRQG WR ;L LQ WKH FXUUHQW
IUDPH� 2XU VWRFKDVWLF JORVV\ PRWLRQ YHFWRU DLPV DW ȌQGLQJ RQH DW D WLPH�

*LYHQ WKDW WKH FHQWHU RI D JORVV\ %5') OREH LV XVXDOO\ WKH VWURQJHVW� ZH
DOZD\V KDYH D YDOLG FKRLFH ZLWK ZKLFK WR VWDUW� 7KDW LV� ZH ȌUVW DVVXPH WKDW
WKH JORVV\ %5') GHJHQHUDWHV WR SXUH VSHFXODU� WKHQ ZH FDQ LPPHGLDWHO\ ȌQG
WKH FRUUHVSRQGLQJ SRLQW 6&LǞ� VLPLODU WR =LPPHU HW DO� >��@� 7KHQ� RXU LQVLJKW LV
WKDW� DV WKH JORVV\ OREH JUDGXDOO\ HPHUJHV� D UHJLRQ ZLOO DSSHDU DURXQG 6&LǞ� LQ
ZKLFK DOO WKH SRLQWV DUH DEOH WR UHȍHFW WR WKH VDPH KLW SRLQW +LǞ�� 7KLV UHJLRQ
FDQ EH DSSUR[LPDWHG E\ WUDFLQJ D JORVV\ OREH �ZLWK WKH VDPH URXJKQHVV DW
6&LǞ�� IURP WKH YLUWXDO LPDJH RI +LǞ� WRZDUG 6&LǞ��

)LJXUH ���� LOOXVWUDWHV WKH ZD\ WKDW ZH ȌQG RQH FRUUHVSRQGLQJ SL[HO ;5LǞ� LQ WKH
SUHYLRXV IUDPH� :H VWDUW IURP WKH LPSRUWDQFH�VDPSOHG VHFRQGDU\ UD\ DW WKH
VKDGLQJ SRLQW 6L DQG WKH VHFRQGDU\ KLW SRLQW +L LQ WKH ZRUOG VSDFH� :H
WUDQVIRUP +L WR WKH SUHYLRXV IUDPH �L Ǟ �� LQ WKH ZRUOG VSDFH� ȌQG LWV
PLUURU�UHȍHFWHG LPDJH� WKHQ SURMHFW LW WR WKH VFUHHQ VSDFH WR UHWULHYH 6&LǞ� LQ
WKH ZRUOG VSDFH DJDLQ�

7KHQ� VLPLODU WR WKH VKDGRZ FDVH� ZH DVVXPH D ORFDOO\ ȍDW YLUWXDO SODQH
DURXQG 6&LǞ� DQG ȌQG WKH LQWHUVHFWHG UHJLRQ EHWZHHQ WKLV SODQH DQG WKH JORVV\
OREH WUDFHG IURP WKH LPDJH RI +LǞ� WRZDUG 6&LǞ�� ,Q SUDFWLFH� WKHUH LV QR QHHG WR
WUDFH DQ\ FRQHV� DQG ZH VLPSO\ DVVXPH WKDW WKH JORVV\ OREH LV D *DXVVLDQ LQ
GLUHFWLRQV DQG WKDW WKH LQWHUVHFWHG UHJLRQ LV D *DXVVLDQ LQ SRVLWLRQV DV ZHOO DV
LQ WKH LPDJH VSDFH� ZKLFK FDQ EH HIȌFLHQWO\ DSSUR[LPDWHG E\ WUDFNLQJ WKH
HQGSRLQWV RI PDMRU DQG PLQRU D[HV� ,Q WKLV UHJLRQ� RXU VWRFKDVWLF PRWLRQ
YHFWRU IRU JORVV\ UHȍHFWLRQ UDQGRPO\ ȌQGV ;LǢV FRUUHVSRQGHQFH DW

;5LǞ�  VDPSOH
(
3LǞ� PLUURU>7Ǟ�+L�7Ǟ�SODQH�6L�@�Σ

)
� ������

ZKHUH VDPSOH�µ�Σ� LPSRUWDQFH�VDPSOHV D *DXVVLDQ IXQFWLRQ ZLWK FHQWHU µ
DQG FRYDULDQFH Σ� DQG 7 VWLOO UHSUHVHQWV GLIIHUHQW WUDQVIRUPDWLRQV DW GLIIHUHQW

���
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Frame (i – 1)

Hi – 1

Si – 1
Si – 1
C

Si

Hi

Frame (i)

R

)LJXUH ����� 7KH FRPSXWDWLRQ RI RXU VWRFKDVWLF JORVV\ UHŨHFWLRQ PRWLRQ YHFWRUV� )RU DQ
LPSRUWDQFH�VDPSOHG VHFRQGDU\ UD\� ZH EDFN�SURMHFW WKH YLUWXDO LPDJH RI LWV KLW SRLQW LQ WKH
SUHYLRXV IUDPH�

SODFHV� 7KH SVHXGRFRGH IRU FDOFXODWLQJ RXU VWRFKDVWLF JORVV\ PRWLRQ YHFWRU
ORRNV DV IROORZV�

� +�H+:HQbbvJQiBQMo2+iQ`UmBMik TBt2HAM/2t- 7HQ�i9 ?BiSQb- 7HQ�i9 ?BiLQ`K�H-
mBMi ?BiJ2b?A.- 7HQ�i9 b2+QM/�`v>BiSQb- mBMi b2+QM/�`v>BiJ2b?A.V&

� ff 6Q` 2�+? TBt2H snB- 7BM/ i?2 b2+QM/�`v ?Bi TQBMi >nBX
� 7HQ�ik s 4 TBt2HAM/2t Y 7HQ�ikUyX87- yX87Vc
� 7HQ�i9 > 4 b2+QM/�`v>BiSQbc
� ff h`�Mb7Q`K >nB #�+F iQ i?2 T`2pBQmb 7`�K2X
� ff h?2 +mbiQK 7mM+iBQM ;2ihUXXXV `2im`Mb i?2 ;2QK2i`v i`�Mb7Q`K�iBQM 7Q`

� ;Bp2M K2b?- �M/ BMp2`b2UXXXV BMp2`ib � 9t9 K�i`BtX
� 7HQ�i9 T`2p> 4 KmHU>- BMp2`b2U;2ihUb2+QM/�`v>BiJ2b?A.VVVc
� ff h?2M- 7BM/ Bib KB``Q`@`27H2+i2/ BK�;2 mbBM; i?2 TH�M2 /27BM2/ #v anB

�M/ Bib MQ`K�H BM i?2 T`2pBQmb 7`�K2X
� 7HQ�i9 a 4 ?BiSQbc
�� 7HQ�i9t9 BMph 4 BMp2`b2U;2ihU?BiJ2b?A.VVc
�� 7HQ�i9 T`2pLQ`K�H 4 KmHU?BiLQ`K�H- BMphVc
�� 7HQ�i9 T`2pa 4 KmHUa- BMphVc
�� ff h?2 +mbiQK 7mM+iBQM KB``Q`UXXXV 7BM/b i?2 KB``Q`@`27H2+i2/ BK�;2

#2?BM/ � ;Bp2M TH�M2 7Q` � ;Bp2M TQBMiX
�� 7HQ�i9 KB``Q`2/S`2p> 4 KB``Q`UT`2p>- T`2pa- T`2pLQ`K�HVc
�� ff L2ti- T`QD2+i Bi iQ b+`22M bT�+2 iQ 7BM/ i?2 ]+2Mi2`X]
�� ff h?2 +mbiQK 7mM+iBQM iQa+`22MUXXXV T`QD2+ib � ;Bp2M rQ`H/@bT�+2 TQBMi

iQ b+`22M bT�+2 iQ ;2i i?2 +Q``2bTQM/BM; BK�;2@bT�+2 TBt2HX
�� 7HQ�ik +2Mi2` 4 iQa+`22MUKB``Q`2/S`2p>Vc
�� ff 6BM�HHv- b�KTH2 QM2 TQbBiBQM BM BK�;2 bT�+2 �`QmM/ i?Bb +2Mi2`X
�� ff h?2 F2v B/2� ?2`2 Bb iQ bBKTHv �TT`QtBK�i2 � k. �MBbQi`QTB+ :�mbbB�M

QM i?2 TH�M2- i?2M T`QD2+i Bi iQ b+`22M bT�+2X
�� ff �bbmK2 i?�i i?2 ;HQbbv HQ#2 Bb � :�mbbB�M BM /B`2+iBQMb rBi? p�`B�M+2

bB;K� UmbBM; +mbiQK 7mM+iBQM :�mbbB�M.BbiUXXXVVc i?2M- r2 +�M
BKK2/B�i2Hv 7BM/ � k. :�mbbB�M QM i?2 TH�M2 �++Q`/BM; iQ i?2
/Bbi�M+2 7`QK i?2 HQ#2 iQ i?2 TH�M2 UmbBM; +mbiQK 7mM+iBQM iQSH�M2
UXXXVVX

�� 7HQ�iktk +Qp�`B�M+2 4 iQSH�M2U;�mbbB�M.BbiUbB;K�V- T`2pa- T`2pLQ`K�HV
�� ff h?2M- T`QD2+i Bi iQ b+`22M bT�+2 iQ ;2i i?2 +Qp�`B�M+2 Q7 i?Bb k.

�MBbQi`QTB+ :�mbbB�M QM b+`22MX
�� +Qp�`B�M+2 4 iQa+`22MU+Qp�`B�M+2Vc

���
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�� ff h?2 +mbiQK 7mM+iBQM b�KTH2:�mbbB�Mk.UXXXV b�KTH2b � k. TQBMi BM BK�;2
bT�+2 �++Q`/BM; iQ i?2 :�mbbB�M 7mM+iBQM rBi? ;Bp2M +2Mi2` �M/

+Qp�`B�M+2X
�� 7HQ�ik T`2ps 4 b�KTH2:�mbbB�Mk.U+2Mi2`- +Qp�`B�M+2Vc
�� ff _2im`M i?2 ;HQbbv KQiBQM p2+iQ`X
�� `2im`M T`2ps @ sc
�� '

7KH XVDJH RI RXU VWRFKDVWLF JORVV\ UHȍHFWLRQ PRWLRQ YHFWRUV LV VLPLODU WR WKH
VKDGRZ PRWLRQ YHFWRUV� $OVR� WKH ǤQDWXUDO KLHUDUFK\ǥ VWLOO H[LVWV� L�H�� ZKHQ
WKH URXJKQHVV LV KLJK� WKH JORVV\ UHȍHFWLRQ PRWLRQ YHFWRUV ZLOO EH PRUH QRLV\�
EXW WKH WHPSRUDOO\ ȌOWHUHG UHVXOW ZLOO EH WKHQ VSDWLDOO\ FOHDQHG XS LQ D PRUH
DJJUHVVLYH PDQQHU�

:H VKRZ WKH VXQ WHPSOH VFHQH LQ )LJXUH ����� ZKLFK FRQWDLQV JORVV\
UHȍHFWLRQV RI YDULRXV REMHFWV� :H FRPSDUH RXU PHWKRG ZLWK IRXU DSSURDFKHV�
��� XVLQJ WKH WUDGLWLRQDO UHȍHFWRUVǢ PRWLRQ YHFWRUV EXW ZLWKRXW FODPSLQJ RI
SUHYLRXV SL[HO YDOXHV� ��� XVLQJ WUDGLWLRQDO PRWLRQ YHFWRUV ZLWK FODPSLQJ�
��� XVLQJ WUDGLWLRQDO PRWLRQ YHFWRUV ZLWK WKH WHPSRUDO FRPSRQHQW RI $�69*)
�WKH WHPSRUDO JUDGLHQW PHWKRG�� DQG ��� XVLQJ VSHFXODU UHȍHFWHG UD\VǢ KLW
SRLQWVǢ PRWLRQ YHFWRUV� DOVR ZLWK FODPSLQJ� )RU DOO WKH FRPSDULVRQV� ZH XVH
WKH VSDWLDO ȌOWHU GLVFXVVHG LQ >�@ DV WKH VSDWLDO FRPSRQHQW RI RXU GHQRLVLQJ
SLSHOLQH�

7KH FRPSDULVRQ LQGLFDWHV WKDW RXU JORVV\ UHȍHFWLRQ PRWLRQ YHFWRUV GR QRW
LQWURGXFH JKRVWLQJ DUWLIDFWV� +RZHYHU� ZLWK WUDGLWLRQDO PRWLRQ YHFWRUV� QDLYH
ȌOWHULQJ SURGXFHV VLJQLȌFDQW JKRVWLQJ� &ODPSLQJ UHOLHYHV WKH ODJJLQJ EXW
LQWURGXFHV VHYHUH GLVFRQWLQXRXV DUWLIDFWV� :LWK VSHFXODU PRWLRQ YHFWRUV� WKH
UHVXOWV ORRN SODXVLEOH LQ PRVW UHJLRQV� EXW GLVFRQWLQXRXV DUWLIDFWV FDQ VWLOO EH
IRXQG DURXQG WKH HGJHV RI WKH UHȍHFWHG REMHFWV� 7KH $�69*) ZLOO DOZD\V
UHVXOW LQ QRLV\ UHVXOWV EHFDXVH WKH WHPSRUDO JUDGLHQW FKDQJHV VR IDVW WKDW LW

Ours Temporal
Grad.

Spec. Ref.
mvec

Ours GTTrad. 
(No Clamp)

Trad. 
(Clamp)

)LJXUH ����� 7KH VXQ WHPSOH VFHQH ZLWK D UDSLGO\ PRYLQJ FDPHUD� 2XU VWRFKDVWLF JORVV\
UHŨHFWLRQ PRWLRQ YHFWRU LV DEOH WR SURGXFH DFFXUDWH UHŨHFWLRQV� ZKHUHDV WKH WUDGLWLRQDO PRWLRQ
YHFWRUV UHVXOW LQ VLJQLŧFDQW JKRVWLQJ DUWLIDFWV�

���
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PRVWO\ XVHV RQO\ WKH QRLV\ FXUUHQW IUDPH� 2XU PHWKRG SURGXFHV WKH FORVHVW
UHVXOW WR WKH JURXQG WUXWK �UD\ WUDFHG ZLWKRXW ȌUHȍ\ UHPRYDO� WKXV DOZD\V
ORRNV EULJKWHU��

������ 2&&/86,216

'LIIHUHQW IURP WKH SUHYLRXV FDVHV RQ VKDGRZV DQG JORVV\ UHȍHFWLRQ� ZKHQ
RFFOXVLRQ KDSSHQV� LQ WKHRU\ WKHUH DUH QR WHPSRUDO FRUUHVSRQGHQFHV ;2LǞ� RI
WKH SL[HOV ;L DSSHDULQJ IURP WKH SUHYLRXVO\ RFFOXGHG UHJLRQV� 7KH
EDFN�SURMHFWHG PRWLRQ YHFWRUV RI WKHVH SL[HOV ZLOO DOZD\V ODQG RQ WKH
RFFOXGHUV� WKXV WKH SUHYLRXV SL[HO YDOXHV FDQQRW HDVLO\ EH XVHG�

7R DOOHYLDWH WKLV LVVXH� ZH VWDUW IURP WKH FODPSLQJ WHFKQLTXH E\ 6DOYL >�@ LQ 7$$
PHWKRGV� 2XU LQVLJKW LV WKDW LI WKH FRORU YDOXH DW ;2LǞ� LV FORVHU WR WKH YDOXH DW
;L� WKH LVVXHV SURGXFHG E\ WKH FODPSLQJ PHWKRG FDQ EH EHWWHU UHVROYHG� $OVR�
FORVH FRORU YDOXHV RIWHQ DSSHDU RQ WKH VDPH REMHFW� ,QVSLUHG E\ %RZOHV HW
DO� >�@� ZH SURSRVH D QHZ PRWLRQ YHFWRU IRU WKH MXVW�DSSHDUHG UHJLRQ WR ȌQG D
VLPLODU FRUUHVSRQGHQFH LQ WKH SUHYLRXV IUDPH� 7R GR WKDW� ZH UHIHU WR WKH
UHODWLYH PRWLRQ�

$V )LJXUH ����D VKRZV� WKH WUDGLWLRQDO PRWLRQ YHFWRU JLYHV WKH ;L → <
FRUUHVSRQGHQFH� EXW� XQIRUWXQDWHO\� FDQQRW EH HDVLO\ XVHG� 2XU PHWKRG
FRQWLQXHV WR WUDFN WKH PRYHPHQW RI <→ = IURP WKH SUHYLRXV IUDPH WR WKH
FXUUHQW� XVLQJ WKH PRWLRQ RI WKH RFFOXGHU� 7KHQ� EDVHG RQ WKH UHODWLYH
SRVLWLRQV RI ;L DQG =� ZH DUH DEOH WR ȌQG WKH ORFDWLRQ ;2LǞ� LQ WKH SUHYLRXV

Frame (i – 1)Frame (i)

Xi X i – 1
O YZ

Ours mvecTrad. mvec

2

1

Frame (i)

Frame (i)

(a) (b)�D�

Frame (i – 1)Frame (i)

Xi X i – 1
O YZ

Ours mvecTrad. mvec

2

1

Frame (i)

Frame (i)

(a) (b)�E�

)LJXUH ����� �D� 7KH FRPSXWDWLRQ RI RXU GXDO PRWLRQ YHFWRUV IRU RFFOXVLRQV� DQG FRPSDULVRQ ZLWK
WUDGLWLRQDO PRWLRQ YHFWRUV� �E� +RZ WKH UHSHWLWLYH SDWWHUQ LV SURGXFHG ZKHQ VLPSO\ UHXVLQJ FRORUV
ZLWK RXU GXDO PRWLRQ YHFWRUV�

���
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IUDPH� 7KLV SURFHVV FDQ EH VLPSO\ UHSUHVHQWHG DV

;2LǞ�  < � �;L Ǟ =�� ������

ZKHUH <  3LǞ�7Ǟ��;L�3Ǟ�L ;L DQG =  3L7�<�3Ǟ�LǞ�<�

(TXDWLRQ ���� LQGLFDWHV WKDW ZH KDYH DSSOLHG D EDFN�SURMHFWLRQ IROORZHG E\ D
IRUZDUG�SURMHFWLRQ� HVVHQWLDOO\ XVLQJ WZR PRWLRQ YHFWRUV� 7KXV� ZH QDPH RXU
DSSURDFK GXDO PRWLRQ YHFWRUV IRU RFFOXVLRQV� ,Q WKLV ZD\� ZH DUH DEOH WR ȌQG D
FRUUHVSRQGHQFH ;2LǞ� ZLWK D PXFK FORVHU FRORU YDOXH WR ;L� 1RWH WKDW EHFDXVH
ZH XVH 3 RI WZR IUDPHV WR WUDFN ;L� ZH DUH DEOH WR VXSSRUW WKH PRYHPHQW RI
WKH FDPHUD DQG REMHFWV VLPXOWDQHRXVO\� 7KH SVHXGRFRGH IRU FDOFXODWLQJ RXU
RFFOXVLRQ PRWLRQ YHFWRU ORRNV DV IROORZV�

� +�H+P++HmbBQMJQiBQMo2+iQ`UmBMik TBt2HAM/2t- 7HQ�i9 ?BiSQb- mBMi ?BiJ2b?A.-
mBMi Q++Hm/2`J2b?A.V&

� ff 6Q` 2�+? TBt2H snB i?�i T`2pBQmbHv Q++Hm/2/ XXX
� 7HQ�ik s 4 TBt2HAM/2t Y 7HQ�ikUyX87- yX87Vc
� ff XXX 7BM/ u QM i?2 Q++Hm/2` BM i?2 T`2pBQmb 7`�K2X
� 7HQ�i9 a 4 ?BiSQbc
� ff h?2 +mbiQK 7mM+iBQM ;2ihUXXXV `2im`Mb i?2 ;2QK2i`v i`�Mb7Q`K�iBQM 7Q`

� ;Bp2M K2b?- �M/ BMp2`b2UXXXV BMp2`ib � 9t9 K�i`BtX
� 7HQ�i9 T`2pa 4 KmHUa- BMp2`b2U;2ihU?BiJ2b?A.VVVc
� ff h?2 +mbiQK 7mM+iBQM iQS`2pa+`22MUXXXV T`QD2+ib � ;Bp2M rQ`H/@bT�+2

TQBMi iQ b+`22M bT�+2 iQ ;2i i?2 +Q``2bTQM/BM; BK�;2@bT�+2 TBt2H
7Q` i?2 T`2pBQmb 7`�K2X

� 7HQ�ik u 4 iQS`2pa+`22MUT`2paVc
�� ff h?2M- 7BM/ w QM Q++Hm/2` BM i?2 +m``2Mi 7`�K2X
�� ff h?2 +mbiQK 7mM+iBQM ;2iS`2p>BiSQbUXXXV `2im`Mb i?2 rQ`H/@bT�+2

b?�/BM; TQBMi 7Q` � ;Bp2M TBt2H BM i?2 T`2pBQmb 7`�K2X
�� 7HQ�i9 au 4 ;2iS`2p>BiSQbUuVc
�� 7HQ�i9 +m`au 4 KmHUau- ;2ihUQ++Hm/2`J2b?A.VVc
�� ff h?2 +mbiQK 7mM+iBQM iQa+`22MUXXXV T`QD2+ib � ;Bp2M rQ`H/@bT�+2 TQBMi

iQ b+`22M bT�+2 iQ ;2i i?2 +Q``2bTQM/BM; BK�;2@bT�+2 TBt2HX
�� 7HQ�ik w 4 iQa+`22MU+m`auVc
�� ff _2im`M i?2 Q++HmbBQM KQiBQM p2+iQ`X
�� `2im`M u Y s @ wc
�� '

1RWH WKDW EHFDXVH ZH GHDO ZLWK GLIIHUHQW HIIHFWV VHSDUDWHO\ IRU VKDGRZV DQG
JORVV\ UHȍHFWLRQ� DQG WKH VKDGLQJ SDUW FDQ DOUHDG\ EH UHDVRQDEO\
DSSUR[LPDWHG LQ D QRLVH�IUHH ZD\ �H�J�� XVLQJ WKH /LQHDU 7UDQVIRUPHG &RVLQHV
�/7&� PHWKRG >�@�� ZH RQO\ KDYH WR DSSO\ RXU GXDO PRWLRQ YHFWRUV WR LQGLUHFW
LOOXPLQDWLRQ� 0RUHRYHU� DV JORVV\ LQGLUHFW LOOXPLQDWLRQ KDV EHHQ HOHJDQWO\
DGGUHVVHG XVLQJ RXU JORVV\ UHȍHFWLRQ PRWLRQ YHFWRUV� ZH FDQ QRZ IRFXV RQO\
RQ GLIIXVH PDWHULDOV�

',6&866,21� 5(86,1* &2/25 9(5686 ,1&,'(17 5$',$1&( $V
)LJXUH ����E LQGLFDWHV� VLPSO\ DSSO\LQJ WKH FRORU YDOXHV DV LQ %RZOHV HW DO� >�@�
XVLQJ WKH GXDO PRWLRQ YHFWRU ZLOO UHVXOW LQ D FOHDU UHSHWLWLYH SDWWHUQ EHFDXVH LW

���
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)LJXUH ����� �D� 2XU SDUWLDO WHPSRUDO UHXVH VFKHPH� 2QO\ WKH VDPH GLUHFWLRQV LQ WKH RYHUODSSHG
VROLG DQJOH ZLOO VKDUH WHPSRUDOO\ FRKHUHQW UDGLDQFH� �E� :H XVH VL[ VOLJKWO\ RYHUODSSLQJ FRQHV RQ D
KHPLVSKHUH WR VWRUH LQFLGHQW UDGLDQFH DSSUR[LPDWHO\�

LV HVVHQWLDOO\ FRS\LQJ DQG SDVWLQJ LPDJH FRQWHQWV� 7KLV LV HVSHFLDOO\
SUREOHPDWLF ZKHQ WKH QRUPDOV DW 6L DQG 62LǞ� DUH GLIIHUHQW� 5HPRYLQJ WKH
WH[WXUHV IURP FRORUV �L�H�� GHPRGXODWLRQ� GRHV QRW KHOS EHFDXVH ZKHQ WKH
QRUPDOV GLIIHU� WKH LQWHQVLW\ RI WKH VKDGLQJ UHVXOW FDQ GLIIHU VLJQLȌFDQWO\�

7R DGGUHVV WKLV LVVXH� ZH SURSRVH WR WHPSRUDOO\ UHXVH WKH LQFLGHQW UDGLDQFH
LQVWHDG RI WKH VKDGLQJ UHVXOW� 6SHFLȌFDOO\� IRU WKH DSSOLFDWLRQ RI GLIIXVH
LQGLUHFW LOOXPLQDWLRQ� ZH UHFRUG WKH �' LQGLUHFW LQFLGHQW UDGLDQFH SHU SL[HO�

)LJXUH ����D VKRZV DQ H[DPSOH� 6XSSRVH WKDW ZH KDYH UHFRUGHG WKH LQFLGHQW
UDGLDQFH RI 6L DQG 62LǞ�� HDFK RQ D KHPLVSKHUH� WKHQ� ZH LPPHGLDWHO\ NQRZ
WKDW DOO WKH GLUHFWLRQV LQ WKH RYHUODSSHG UHJLRQV RI WKHVH WZR KHPLVSKHUHV
�PDUNHG DV JUHHQ� FRXOG EH WHPSRUDOO\ UHXVHG� ZKLOH WKH QRQ�RYHUODSSLQJ SDUW
�PDUNHG DV \HOORZ� VKRXOG UHPDLQ XVLQJ RQO\ WKH VSDWLDO FRQWHQW IURP IUDPH L�
7KHQ� WKH UDGLDQFH IURP ERWK SDUWV ZLOO EH XVHG WR UH�LOOXPLQDWH WKH VKDGLQJ
SRLQW ;L� OHDGLQJ WR DQ DFFXUDWH WHPSRUDOO\ DFFXPXODWHG VKDGLQJ UHVXOW�

)RU VWRULQJ DQG EOHQGLQJ WKH LQFLGHQW UDGLDQFH� ZH UHIHU WR WKH UHSUHVHQWDWLRQ
LQ WKH YR[HO FRQH WUDFLQJ DSSURDFK >�@� :H VXEGLYLGH D KHPLVSKHUH LQWR VL[
VOLJKWO\ RYHUODSSLQJ FRQHV ZLWK HTXDO VROLG DQJOHV π�� SRLQWLQJ LQ GLIIHUHQW
GLUHFWLRQV� DQG ZH DVVXPH WKDW WKH UDGLDQFH UHPDLQV FRQVWDQW ZLWKLQ HDFK
FRQH� 'XULQJ VSDWLDO RU WHPSRUDO ȌOWHULQJ� LQVWHDG RI DYHUDJLQJ WKH VKDGLQJ
UHVXOW� ZH ȌOWHU IRU HDFK FRQH LQGLYLGXDOO\� XVLQJ WKH RYHUODSSLQJ VROLG DQJOHV
EHWZHHQ HDFK SDLU RI FRQHV DV WKH ȌOWHULQJ ZHLJKW� )LJXUH ����E LOOXVWUDWHV
RXU LGHD� )LQDOO\� ZH DUH DEOH WR DFKLHYH D PXFK FOHDQHU UHVXOW IRU GLIIXVH
LQGLUHFW LOOXPLQDWLRQ�

���
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OursGT

Ours

Trad. (No Clamp) Trad. (Clamp)

SVGF A-SVGF

10×

)LJXUH ����� $ YLHZ RI WKH 3,&$ VFHQH ZLWK REMHFWV PRYLQJ IURP OHIW WR ULJKW�

:H GHPRQVWUDWH WKH HIIHFWLYHQHVV RI RXU RFFOXVLRQ PRWLRQ YHFWRUV LQ WKH 3,&$
VFHQH ZLWK PRYLQJ REMHFWV LQ )LJXUH ����� 2QO\ LQGLUHFW LOOXPLQDWLRQ LV VKRZQ�
DQG LWV LQWHQVLW\ LV VFDOHG WHQ WLPHV IRU EHWWHU YLVLELOLW\� 1HZ XQRFFOXGHG
UHJLRQV ZLOO DSSHDU DURXQG WKH ERXQGDULHV RI IRUHJURXQG REMHFWV� ,Q WKHVH
UHJLRQV� WKH WHPSRUDO LQIRUPDWLRQ ZLOO VLPSO\ EH UHMHFWHG ZLWK WUDGLWLRQDO
PRWLRQ YHFWRUV� 7KHUHIRUH� LQ WKLV FDVH WKH 69*) VWLOO UHVXOWV LQ D VLJQLȌFDQW
DPRXQW RI RYHUEOXU� ZKHUHDV $�69*) DJDLQ DSSHDUV WR EH VPHDUHG VSDWLDOO\
DQG ORVHV WHPSRUDO VWDELOLW\� 7KH FODPSLQJ DSSURDFK WULHV WR XVH SL[HO YDOXHV
IURP WKH RFFOXGHUV� KRZHYHU� EHFDXVH WKH SL[HO YDOXHV RQ WKH IRUHJURXQG DQG
EDFNJURXQG XVXDOO\ GLIIHU GUDVWLFDOO\ LQ WKH RFFOXVLRQ FDVH� WKLV ZLOO VWLOO
LQWURGXFH JKRVWLQJ DUWLIDFWV�

���� 3(5)250$1&(

)LJXUH ���� VKRZV WKH DYHUDJH FRPSXWDWLRQ FRVW RI HDFK VWHS RI GHQRLVLQJ
LQGLYLGXDO HIIHFWV XVLQJ RXU PRWLRQ YHFWRUV� 7KH DYHUDJH FRVW RI DQ LQGLYLGXDO
VWHS ZDV HVWLPDWHG IURP ��� IUDPHV UHQGHUHG DW ����× ���� RQ DQ 19,',$
7,7$1 57;� &RPSDUHG ZLWK 69*) �WUDGLWLRQDO PRWLRQ YHFWRUV�� LW FDQ GHQRLVH
GLIIHUHQW HIIHFWV ZLWK D VLPLODU FRVW� DURXQG ���� PV SHU IUDPH�

$V RQH ZRXOG H[SHFW IURP WKH VLPSOH FRPSXWDWLRQ LQ 6HFWLRQ ����� LQ SUDFWLFH
ZH REVHUYHG RQO\ D QHJOLJLEOH SHUIRUPDQFH FRVW E\ UHSODFLQJ ZLWK RXU PRWLRQ
YHFWRUV� ZKLFK LV DOZD\V OHVV WKDQ ���� PV� %HVLGHV� ZH KDYH DOVR QRWLFHG WKDW
RXU LPSOHPHQWDWLRQ RI GHQRLVLQJ VKDGRZV DQG JORVV\ UHȍHFWLRQV LV DOUHDG\

���
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SVGF

Motion Vector
Temploral Filtering
Spatial Filtering
Total

Ours Direct
(Shadows)

Ours Glossy
(Glossy Reflections)

Ours Indirect
(Occulusions) 

Av
er

ag
e 

Co
st

 [m
s]

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

4.
0

4.
5

0.15

0.47

2.49

3.11

0.22

0.48

1.28

1.98

0.23
0.35

0.16

0.68

1.25

1.83

3.31

4.15

)LJXUH ����� 5XQWLPH EUHDNGRZQ RI RXU PHWKRGV�

PXFK IDVWHU WKDQ 69*)� DV ZH XVH PXFK VLPSOHU VSDWLDO ȌOWHUV DQG IHZHU
OHYHOV RU SDVVHV� )LQDOO\� ZKHQ GHQRLVLQJ LQGLUHFW LOOXPLQDWLRQ� LW LV ZRUWK
PHQWLRQLQJ WKH DGGLWLRQDO FRVW ZKHQ ZH LQWURGXFH WKH FRQHV IRU VWRULQJ DQG
ȌOWHULQJ WKH LQFLGHQW UDGLDQFH� )RU WKLV� FRPSDUHG ZLWK UHXVLQJ FRORUV� ZH
IRXQG WKDW WKH W\SLFDO FRVW RI GHQRLVLQJ HDFK IUDPH LQFUHDVHG DURXQG ��� PV�

���� &21&/86,21

,Q WKLV FKDSWHU� ZH KDYH SURSRVHG PXOWLSOH W\SHV RI PRWLRQ YHFWRUV IRU EHWWHU
XWLOL]DWLRQ RI WHPSRUDO LQIRUPDWLRQ LQ UHDO�WLPH UD\ WUDFLQJ� :LWK RXU PRWLRQ
YHFWRUV� ZH DUH DEOH WR WUDFN WKH PRYHPHQW RI VKDGRZV DQG JORVV\ UHȍHFWLRQV
DQG WR ȌQG VLPLODU UHJLRQV WR EOHQG ZLWK SUHYLRXVO\ RFFOXGHG UHJLRQV� :H
VKRZHG WKDW RXU PRWLRQ YHFWRUV DUH WHPSRUDOO\ PRUH UHOLDEOH WKDQ WUDGLWLRQDO
PRWLRQ YHFWRUV DQG SUHVHQWHG FOHDQHU UHVXOWV FRPSDUHG WR WKH
VWDWH�RI�WKH�DUW PHWKRGV ZLWK QHJOLJLEOH SHUIRUPDQFH RYHUKHDG�

)RU PRUH LQIRUPDWLRQ DERXW LPSOHPHQWDWLRQ GHWDLOV� FRPSDULVRQV� DQG
OLPLWDWLRQV� ZH UHIHU UHDGHUV WR RXU SDSHU >��@ DQG WKH DFFRPSDQ\LQJ YLGHR�

5()(5(1&(6

>�@ %RZOHV� +�� 0LWFKHOO� .�� 6XPQHU� 5� :�� 0RRUH� -�� DQG *URVV� 0� ,WHUDWLYH LPDJH ZDUSLQJ�
&RPSXWHU *UDSKLFV )RUXP� ����SW������Ǟ���� ����� '2,�
��������M����������������������[�

���
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>�@ &KDLWDQ\D� &� 5� $�� .DSODQ\DQ� $� 6�� 6FKLHG� &�� 6DOYL� 0�� /HIRKQ� $�� 1RZURX]H]DKUDL� '��
DQG $LOD� 7� ,QWHUDFWLYH UHFRQVWUXFWLRQ RI 0RQWH &DUOR LPDJH VHTXHQFHV XVLQJ D UHFXUUHQW
GHQRLVLQJ DXWRHQFRGHU� $&0 7UDQVDFWLRQV RQ *UDSKLFV� ����������Ǟ������ ����� '2,�
������������������������

>�@ &UDVVLQ� &�� 1H\UHW� )�� 6DLQ]� 0�� *UHHQ� 6�� DQG (LVHPDQQ� (� ,QWHUDFWLYH LQGLUHFW
LOOXPLQDWLRQ XVLQJ YR[HO FRQH WUDFLQJ� &RPSXWHU *UDSKLFV )RUXP� ����������Ǟ����� �����
'2,� ��������M����������������������[�

>�@ )HUQDQGR� 5� 3HUFHQWDJH�FORVHU VRIW VKDGRZV� ,Q $&0 6,**5$3+ ���� 6NHWFKHV� SDJH ���
����� '2,� ������������������������

>�@ +HLW]� (�� 'XSX\� -�� +LOO� 6�� DQG 1HXEHOW� '� 5HDO�WLPH SRO\JRQDO�OLJKW VKDGLQJ ZLWK
OLQHDUO\ WUDQVIRUPHG FRVLQHV� $&0 7UDQVDFWLRQV RQ *UDSKLFV� ����������Ǟ����� ����� '2,�
������������������������

>�@ /LX� (�� /ODPDV� ,�� .HOO\� 3�� HW DO� &LQHPDWLF UHQGHULQJ LQ 8(� ZLWK UHDO�WLPH UD\ WUDFLQJ
DQG GHQRLVLQJ� ,Q (� +DLQHV DQG 7� $NHQLQH�0¸OOHU� HGLWRUV� 5D\ 7UDFLQJ *HPV�
SDJHV ���Ǟ���� $SUHVV� �����

>�@ 0DUD� 0�� 0F*XLUH� 0�� %LWWHUOL� %�� DQG -DURV]� :� $Q HIȌFLHQW GHQRLVLQJ DOJRULWKP IRU
JOREDO LOOXPLQDWLRQ� ,Q +LJK 3HUIRUPDQFH *UDSKLFV� SDJHV �Ǟ�� �����

>�@ 6DOYL� 0� $QWL�DOLDVLQJ� $UH ZH WKHUH \HW" 2SHQ 3UREOHPV LQ 5HDO�7LPH 5HQGHULQJ�
6,**5$3+ &RXUVH� �����

>�@ 6FKLHG� &�� .DSODQ\DQ� $�� :\PDQ� &�� 3DWQH\� $�� &KDLWDQ\D� &� 5� $�� %XUJHVV� -�� /LX� 6��
'DFKVEDFKHU� &�� /HIRKQ� $�� DQG 6DOYL� 0� 6SDWLRWHPSRUDO YDULDQFH�JXLGHG ȌOWHULQJ�
5HDO�WLPH UHFRQVWUXFWLRQ IRU SDWK�WUDFHG JOREDO LOOXPLQDWLRQ� ,Q 3URFHHGLQJV RI +LJK
3HUIRUPDQFH *UDSKLFV� SDJH �� �����

>��@ 6FKLHG� &�� 3HWHUV� &�� DQG 'DFKVEDFKHU� &� *UDGLHQW HVWLPDWLRQ IRU UHDO�WLPH DGDSWLYH
WHPSRUDO ȌOWHULQJ� 3URFHHGLQJV RI WKH $&0 RQ &RPSXWHU *UDSKLFV DQG ,QWHUDFWLYH
7HFKQLTXHV� ���������Ǟ������ ����� '2,� ����������������

>��@ =KHQJ� =�� 6KLTLX� /�� -LQJOHL� <�� /X� :�� DQG /LQJ�4L� <� 7HPSRUDOO\ UHOLDEOH PRWLRQ YHFWRUV
IRU UHDO�WLPH UD\ WUDFLQJ� &RPSXWHU *UDSKLFV )RUXP �3URFHHGLQJV RI (XURJUDSKLFV ������
��������Ǟ��� ����� '2,� ��������FJI��������

>��@ =LPPHU� +�� 5RXVVHOOH� )�� -DNRE� :�� :DQJ� 2�� $GOHU� '�� -DURV]� :��
6RUNLQH�+RUQXQJ� 2�� DQG 6RUNLQH�+RUQXQJ� $� 3DWK�VSDFH PRWLRQ HVWLPDWLRQ DQG
GHFRPSRVLWLRQ IRU UREXVW DQLPDWLRQ ȌOWHULQJ� &RPSXWHU *UDSKLFV )RUXP� ���������Ǟ����
����� '2,� ��������FJI�������

2SHQ $FFHVV 7KLV FKDSWHU LV OLFHQVHG XQGHU WKH WHUPV RI WKH &UHDWLYH &RPPRQV
$WWULEXWLRQ�1RQ&RPPHUFLDO�1R'HULYDWLYHV ��� ,QWHUQDWLRQDO /LFHQVH
�KWWS���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�QF�QG������� ZKLFK SHUPLWV DQ\

QRQFRPPHUFLDO XVH� VKDULQJ� GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP RU IRUPDW� DV ORQJ DV \RX JLYH
DSSURSULDWH FUHGLW WR WKH RULJLQDO DXWKRU�V� DQG WKH VRXUFH� SURYLGH D OLQN WR WKH &UHDWLYH &RPPRQV OLFHQVH
DQG LQGLFDWH LI \RX PRGLȌHG WKH OLFHQVHG PDWHULDO� <RX GR QRW KDYH SHUPLVVLRQ XQGHU WKLV OLFHQVH WR VKDUH
DGDSWHG PDWHULDO GHULYHG IURP WKLV FKDSWHU RU SDUWV RI LW�
7KH LPDJHV RU RWKHU WKLUG SDUW\ PDWHULDO LQ WKLV FKDSWHU DUH LQFOXGHG LQ WKH FKDSWHUǢV &UHDWLYH &RPPRQV

OLFHQVH� XQOHVV LQGLFDWHG RWKHUZLVH LQ D FUHGLW OLQH WR WKH PDWHULDO� ,I PDWHULDO LV QRW LQFOXGHG LQ WKH FKDSWHUǢV
&UHDWLYH &RPPRQV OLFHQVH DQG \RXU LQWHQGHG XVH LV QRW SHUPLWWHG E\ VWDWXWRU\ UHJXODWLRQ RU H[FHHGV WKH
SHUPLWWHG XVH� \RX ZLOO QHHG WR REWDLQ SHUPLVVLRQ GLUHFWO\ IURP WKH FRS\ULJKW KROGHU�
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