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     ,QWURGXFWLRQ

�����+HDY\�LURQ�WDEOH�ZLWK�VHYHQ�FRPEV�ZDV�XVHG�IRU�%,/�FKDPEHU�SURWRW\SH�DVVHPEOLQJ�LQ

,+(3�>�@��7KH�FRPEV�DUH�PDGH�RI�DOXPLQXP�SODWH�ZLWK�JOXHG�EDOOV�RQ�WKHLU�WRS�VXUIDFH�

3RVLWLRQV�RI�WKH�FRPEV�ZHUH�PHDVXUHG�E\�RSWLFDO�WRROV�ZLWK�SUHFLVLRQ����µP��EXW��VXFK
PHWKRG�FRQVXPHV�PXFK�WLPH��)RU�PDVV�SURGXFWLRQ�RI�WKH�FKDPEHUV�PRUH�VLPSOH�FRQWURO

V\VWHP�RI�FRPE�SRVLWLRQ�ZLOO�EH�QHFHVVDU\�
���%HORZ�ZH�VKDOO�GHVFULEH�V\VWHP�RI�FRPE�SRVLWLRQ�FRQWURO��ZKLFK�DV�ZH�VXSSRVH�LV�VLPSOH

DQG�KDV�DFFHSWDEOH�SUHFLVLRQ��7KH�ILUVW�UHVXOWV�RI�PHDVXUHPHQWV�SHUIRUPHG�ZLWK�PHQWLRQHG
DERYH�WDEOH�ZLOO�EH�DOVR�SUHVHQWHG�

��� 'HVFULSWLRQ�RI�WKH�V\VWHP�

���7KH�V\VWHP�LV�EDVHG�RQ�XWLOL]DWLRQ�RI�OLJKW�EHDP�GLIIUDFWLRQ�DIWHU�URXQG�VFUHHQ��,W�LV

VFKHPDWLFDOO\�VKRZQ�LQ�ILJ����7KHUH�LV�D�ODVHU��λ ����QP���DW�RQH�HQG�RI�WKH�WDEOH��/LJKW
EHDP�DIWHU�ODVHU�JRHV�WKURXJK�RSWLFDO�VKDSHU�DQG�LV�GLUHFWHG�RYHU�FRPEV�DW�RQH�VLGH�RI�WKH

WDEOH��7ZR�SHQWDSUL]PHV�UHIOHFWHG�WKH�EHDP��ZKLFK�FRPHV�EDFN�RYHU�WKH�FRPEV�RI�DQRWKHU

VLGH�RI�WKH�WDEOH�DQG�KLW�&&'��SODFHG�DW�WKH�VDPH�HQG�RI�WKH�WDEOH�DV�WKH�ODVHU��,I�URXQG

VFUHHQ��LQ�RXU�FDVH�LW�LV�D�EDOO���ILJ�����LV�SODFHG�LQWR�WKH�EHDP�WKHQ�&&'�LPDJH�JLYHV�XV

GLIIUDFWLRQ�SLFWXUH�ZKLFK�PDLQ�PD[LPXP�SRVLWLRQ�FRUUHVSRQGV�WR�SURMHFWLRQ�RI�EDOO�FHQWHU�RQ

&&'�SODQH��$Q�H[DPSOH�RI�W\SLFDO�GLIIUDFWLRQ�&&'�LPDJH�LV�JLYHQ�LQ�ILJ����/DUJH�EODFN�ULQJ

LV�EDOO�VKDGRZ�LQVLGH�RI�ZKLFK�WKHUH�LV�ZKLWH�QDUURZ�VSRW�FRUUHVSRQGLQJ�WR�WKH�PDLQ

GLIIUDFWLRQ�PD[LPXP��,WV�UDGLXV�LV�JLYHQ�E\�H[SUHVVLRQ�

ZKHUH��O�LV�GLVWDQFH�EHWZHHQ�EDOO�DQG�&&'��G�LV�GLDPHWHU�RI�WKH�EDOO�DQG�λ�LV�ZDYH�OHQJWK�RI
ODVHU�OLJKW��9DOXH�RI�U�LV����µP�IRU�WKH�FORVHVW�WR�&&'�SRVLWLRQ����LQ�ILJ����DQG�����µP��IRU
WKH�ODUJHVW�GLVWDQFH��$V�FHQWHU�RI�WKH�EDOO�SURMHFWLRQ�RQ�&&'�SODQH�ZH�XVHG�WKH�FHQWHU�RI

JUDYLW\�RI�WKH�PDLQ�GLIIUDFWLRQ�VSRW��0HDVXUHG�VWDWLVWLFDO�SUHFLVLRQ�RI�WKLV�YDOXH�LV�DERXW�RI

�µP�IRU�WKH�ILUVW�SRLQW�DQG�����µP�IRU�WKH�ODUJHVW�GLVWDQFH�IURP�&&'�DQG�LW�LV�FDXVHG�E\
GLIIUDFWLRQ�RI�OLJKW�DW�SDUWV�RI�WKH�ODVHU�DQG�EHDP�VKDSHU�DQG�LQKRPRJHQLW\�DLU�UHIUDFWLYH

LQGH[�DORQJ�EHDP�SDWK��0RYLQJ�WKH�EDOO�IURP�RQH�FRPE�WR�DQRWKHU�DW�ERWK�VLGHV�RI�WKH�WDEOH

DQG�PHDVXULQJ�FRRUGLQDWHV�RI�PDLQ�VSRW��<�LV�SHUSHQGLFXODU�WR�WDEOH�SODQH��=�LV�GLUHFWHG

DORQJ�FRPE��ZH�FDQ�FRQWURO�WKH�UHODWLYH�SRVLWLRQ�RI�FRPEV�HQGV��6XFK�PHWKRG�JLYHV

LQIRUPDWLRQ�DERXW�VDJ�RI�WKH�WDEOH�EXW�LW�LV�LQVHQVLWLYH�IRU�WZLVW�RI�RQH�

���)RU�LGHDO�FRPEV�DQG�EHDP�ZLWKRXW�GLYHUJHQFH�ZH�ZRXOG�REWDLQ�OLQHU�GHSHQGHQFH�RI�WKH

PHDVXUHG�EDOO�FRRUGLQDWH��<�RU�=��YHUVXV�GLVWDQFH�RI�WKH�EDOO�IURP�&&'��;���'XH�WR

XQFHUWDLQWLHV�RI�WKH�SHQWDSUL]PHV�WKHUH�DUH�WZR�OLQHV�IRU�GLUHFW�DQG�EDFN�EHDP���,Q�ILJ��

<�FRRUGLQDWH�RI�EDOO�SODFHG�DW����SRLQWV�LV�SORWWHG�YHUVXV�GLVWDQFH�RI�WKH�EDOO�IURP�&&'

DORQJ�EHDP��+HUH�DQG�IXUWKHU�ZH�VKDOO�SUHVHQW�UHVXOWV�IRU���PP�GLDPHWHU�EDOOV�DW�SRLQWV����

DQG�����PP�IRU�SRLQWV�������8QIRUWXQDWHO\�WKHUH�ZDV�VRPH�GLYHUJHQFH�RI�RXU�OLJKW�EHDP��,W�LV

HTXLYDOHQW�WR�EHDP�IURP�SRLQW�OLNH�VRXUFH�DW�GLVWDQFH�DERXW����P�IURP�&&'��ILJ������)RU

GLYHUJHQFH�EHDP�LI�FHQWHUV�RI�EDOOV�DUH�HYHQ�DW�LGHDO�OLQH�GHSHQGHQFH�RI�WKHLU�FRRUGLQDWH

YHUVXV�GLVWDQFH�IURP�&&'�LV�QRW�OLQHDU�
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7R�FDQFHO�WKH�QRQOLQHDULW\�ZH�VKDOO�XVH�ODWHU�IROORZ�IXQFWLRQ�

ZKHUH� i3 �LV�PHDVXUHG�FRRUGLQDWH��<�RU�=����RI��SURMHFWLRQ�EDOO�FHQWHU�DW�&&'�SODQH�ZKHQ

EDOO�LV�SODFHG�DW�GLVWDQFH�
L

; �IURP��&&'�

��� 5HVXOWV�RI�FRPEV�SRVLWLRQ�PHDVXUHPHQWV

���0HDVXUHPHQWV�ZHUH�SHUIRUPHG�GXULQJ�VHYHUDO�GD\V�DW�VLJQLILFDQWO\�GLIIHUHQW�FRQGLWLRQV�

WHPSHUDWXUH�RI�WKH�WDEOH�ZDV�PHDVXUHG�IURP������WR����� R

&��VXQ�OLJKW�FRQGLWLRQV�ZHUH�QRW

VWDEOH�DOVR��0RUHRYHU�EHWZHHQ�WKH�ILUVW�DQG�WKH�VHFRQG�PHDVXUHPHQWV�WKHUH�ZDV�GLVSODFHPHQW

RI�WKH�SHQWDSUL]PHV��5HVXOWV�RI�PHDVXUHPHQWV�DUH�JLYHQ�LQ�ILJ����D��DQG�F��SUHVHQW�<��DQG�=�

FRRUGLQDWH�RI�EDOO�SURMHFWLRQ�YHUVXV�GLVWDQFH�IURP�&&'��E��DQG�G����GLVSODFHPHQW�RI

PHDVXUHG�EDOO�FRRUGLQDWH�IURP�VWUDLJKW�OLQH�ZKLFK�JRHV�WKURXJK�SRLQWV�IRU�WKH�ILUVW�DQG�WKH

VHYHQWK�FRPEV��7KH�OLQHV�ZHUH�LQGHSHQGHQW�IRU�GLUHFW�DQG�EDFN�EHDPV��,W�LV�VHHQ��WKDW

SURMHFWLRQ�FRRUGLQDWHV�GLIIHU�XS�WR�KDOI�RI�PLOOLPHWHU��EXW�GHYLDWLRQ�RI�WKH�SRLQWV�IURP�WKH

VWUDLJKW�OLQH�LV�OHVV�WKDQ����µP�DQG�WKHLU�VSUHDG�IURP�RQH�PHDVXUHPHQW�WR�DQRWKHU�LV�OHVV�WKDQ

������µP��7KH��
WK
�FRPE�KDV�WKH�ODUJHVW�=�GLVSODFHPHQW��DERXW�RI����µP��ZLWK�GLIIHUHQW�VLJQ

DQG�DERXW�HTXDO�DEVROXWH�YDOXH�IRU�GLUHFW�DQG�EDFN�EHDPV��7KLV�GLVSODFHPHQW�FRUUHVSRQGV�WR

���µP�VKLIW�RI�WKH��
WK
�FRPEV�DV�D�ZKROH�

���<�FRRUGLQDWHV�RI�EDOO�SURMHFWLRQV�GHYLDWH�IURP�WKH�OLQH�OHVV�WKDQ�������µP��7KH�ODUJHVW

GHYLDWLRQV�ZHUH�PHDVXUHG�E\�GLUHFW�EHDP�IRU�WKH��
WK
�FRPE�DQG��EDFN�EHDP�IRU�WKH��G��RQH�

$V�DJDLQVW�WR�=�FRRUGLQDWH��GLVSODFHPHQWV�RI�EDOO�SURMHFWLRQV�LQ�<�GLUHFWLRQ��DUH�QRW

FRUUHODWHG�IRU�GLUHFW�DQG�EDFN�EHDPV��$Q�HVWLPDWLRQ�RI�PHDVXUHPHQW�SUHFLVLRQ�LV�JLYHQ�LQ

WDEOH����ZKHUH�506�RI�GLVSODFHPHQWV�IRU�HDFK�SRLQW�REWDLQHG�IURP����PHDVXUHPHQWV�DUH

SUHVHQWHG�

7DEOH���

������'LUHFW�EHDP�

���������RI�SRLQWV � � � � � � �

��������506��µP
������=�FRRUGLQDWH ��� ��� ��� ��� ��� ��� ���

��������506��µP
������<�FRRUGLQDWH ��� ��� ��� ��� ��� ��� ���

�������%DFN�EHDP�

���������RI�SRLQWV �� �� �� �� �� � �

��������506��µP
������=�FRRUGLQDWH ��� ��� ��� ��� ��� ��� ���

��������506��µP
������<�FRRUGLQDWH ��� ��� ��� ��� ��� ��� ���

���0D[LPDO�YDOXH�RI�506�LQ�WKH�WDEOH�LV�����µP��LW�FRUUHVSRQGV�WR�DERXW�RI������µP�LI�ILW�IRU

DOO���FRPEV�ZRXOG�EH�XVHG�

FRQVW
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������������7DEOH�GHIRUPDWLRQ�GXH�WR�OLJKW�LOOXPLQDWLRQ

���7KHUH�DUH����GD\�OLJKW�ODPSV�����:�HDFK��SODFHG�RYHU�WKH�WDEOH�DW�KHLJKW�DERXW���P���7KHLU

LOOXPLQDWLRQ�FDXVHV�KHDWLQJ�RI�WKH�WDEOH��7R�LQYHVWLJDWH�LWV�LQIOXHQFH�ZH�SHUIRUPHG

PHDVXUHPHQWV�RI�WKH�WDEOH�VKDSH�E\�PHDQV�RI�RXU�V\VWHP�GXULQJ�VHYHUDO�KRXUV�DIWHU�VZLWFK�RQ

WKH�ODPSV��5HVXOWV�DUH�JLYHQ�LQ�ILJ����D��DQG�F��SUHVHQW�<��DQG�=�FRRUGLQDWH�RI��EDOO��YHUVXV

GLVWDQFH�IURP��&&'���E��DQG�G����GLVSODFHPHQW�RI�PHDVXUHG�EDOO�FRRUGLQDWHV�IURP�VWUDLJKW

OLQH�ZKLFK�JRHV�WKURXJK�SRLQWV�IRU�WKH�ILUVW�DQG�WKH�VHYHQWK�FRPEV�LQGHSHQGHQWO\�IRU�GLUHFW

DQG�EDFN�EHDPV��,W�LV�FOHDUO\�VHHQ�FKDQJH�RI��ODVHU��EHDP�LQFOLQDWLRQ�IRU�<�FRRUGLQDWH

�ILJ���D���:LWKLQ�RI�RXU�PHDVXUHPHQW�SUHFLVLRQ�ZH�GR�QRW�VHH�DQ\�LQIOXHQFH�RI�WKH�ODPSV�IRU

=�FRRUGLQDWH�DQG�IRU�<��DQG�=�GLVSODFHPHQWV�IURP��OLQH�ZKLFK�JRHV�WKURXJK�WKH��
VW
�DQG��

WK

FRPEV�

���7DEOH�GHIRUPDWLRQ�DIWHU�FKDQJH�RI�IHHW

���,QLWLDOO\�WKH�WDEOH�KDG���VWHHO�IHHW�ZLWK�DUHD����[����PP
2
�HDFK��7KH�%,/�FKDPEHU

DVVHPEOLQJ�ZDV�SHUIRUPHG�ZLWK�VXFK�IHHW�DQG�ZLWK�TXLWH�XQNQRZQ�SRVLWLRQV�RI�WDEOH�VXSSRUW

SRLQWV��'XULQJ�WHVW�RI�WKH�WDEOH�ZLWK�KHOS�RI�WKH�V\VWHP�GHVFULEHG�KHUH�LWV�IHHW�ZHUH�UHSODFHG

WR�UHDOL]H�WUHH�SRLQWV�VXSSRUW�LQ�WKH�VDPH�DUHD���'HSHQGHQFH�RI�<�FRRUGLQDWH�FRPEV

GLVSODFHPHQW�IURP�OLQH�JRLQJ�WKURXJK�WKH��
VW
�DQG�WKH��

WK
�FRPEV�LV�VKRZQ�LQ�ILJ���D�IRU�WZR

PHDVXUHPHQWV��EHIRUH�FKDQJH�RI�IHHW�DQG�WZR�PHDVXUHPHQWV�DIWHU��7KHUH�LV�DERXW����µP
GLIIHUHQFH�RI�WDEOH�VDJ�IRU�WZR�VHWV�RI�PHDVXUHPHQWV�

����6LPLODU�UHVXOWV�IRU�=�FRRUGLQDWH�DUH�JLYHQ�LQ�ILJ���E��&KDQJH�RI�WKH�WDEOH�IHHW�GLG�QRW�HIIHFW

RQ�FRPE�SRVLWLRQ�LQ�WKLV�SURMHFWLRQ�

���7DEOH�GHIRUPDWLRQ�XQGHU�KHDWLQJ

����:H�SHUIRUPHG�DOVR�WKH�PHDVXUHPHQWV�RI�KHDWLQJ�LQIOXHQFH�RQ�WKH�WDEOH�VKDSH�ZKHQ�WKH

ERWWRP�VXUIDFH�RI�WKH�WDEOH�ZDV�KHDWHG�E\�����:�ODPS�GXULQJ����PLQXWHV�DW�GLIIHUHQW�SODFHV�

��� DW�WKH�PLGGOH�RI�WKH�WDEOH�

��� DW�WKH�HQG�RI�WKH�WDEOH�ZLWK�ODVHU�DQG�&&'�

��� DW�WKH�HQG�RI�WKH�WDEOH�ZLWK�SHQWDSUL]PHV�

�,Q�ILJ���GHYLDWLRQV�IURP�WKH�VWUDLJKW�OLQH�IRU�<�FRRUGLQDWHV�RI�FRPEV�DUH�SUHVHQWHG�IRU�WZR

PHDVXUHPHQWV�ZLWKRXW�KHDWLQJ�DQG�IRU�WUHH�PHDVXUHPHQWV�ZLWK�GLIIHUHQW�ORFDO�KHDWLQJ��,W�LV

VHHQ�WKDW�WKH�ORFDO�KHDWLQJ�RI���DQG���W\SHV�FDQ�LQGXFH�VDJ�DERXW�������µP��7ZR�UHVXOWV

ZLWKRXW�WKH�KHDWLQJ�VKRZ�SUHFLVLRQ�RI�WKH�PHDVXUHPHQWV�

���,QIOXHQFH�RI�DLU�IORZ�RQ�SUHFLVLRQ�RI�WKH�PHDVXUHPHQWV

���$Q\�VRXUFH�RI�KHDW�FDQ�FDXVH�DQ�LQKRPRJHQLW\�RI�UHIUDFWLYH�LQGH[�RI�DLU�DORQJ�WKH�EHDP

SDWK���ZKLFK�JLYHV�DV�UHVXOW�D�GLVWRUWLRQ�RI�LPDJH��7R�UHPRYH�VXFK�LQIOXHQFH�WKH�ODVHU�EHDP

ZDV�HQFORVHG�LQWR�SLSHV��DV�LW�LV�VKRZQ�LQ�ILJ����'XULQJ�PHDVXUHPHQWV�UHVXOWV�RI�ZKLFK�ZHUH

SUHVHQWHG�EHIRUH�WXEHV�ZHUH�UHPRYHG�FRQVHTXHQWO\�DQG�DOO�PHDVXUHPHQWV�ZHUH�GRQH�ZLWKRXW

RQH�RI�WKH�WXEHV��7R�LQYHVWLJDWH�DQ�LQIOXHQFH�RI�DEVHQFH�RI�WKH�WXEH�DURXQG�WKH�EHDP�ZH�GLG

VSHFLDO�WHVW�LQ�KDUG�FRQGLWLRQV�ZKHQ�����:�ODPS�ZDV�SODFHG�RYHU�FHQWHU�RI�WKH�WDEOH�DW��P

KHLJKW���5HVXOWV�RI�WKH�WHVW�DUH�VKRZQ�LQ�ILJ�����ZKHUH�GLIIHUHQFH�RI�EDOO�<�FRRUGLQDWHV�LQ

SRLQWV���������������PHDVXUHG�ZLWKRXW�RQH�RI�WKH�SLSHV�DURXQG�WKH�EHDP�DQG�ZLWK�DOO�SLSHV�LV

SUHVHQWHG���'LVSODFHPHQW�RI�LPDJH�FDQ�EH�DERXW�����µP�GXH�WR�DLU�IORZ�
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&RQFOXVLRQV

��� 6LPSOH�V\VWHP�IRU�FRQWURO�RI�FRPEV�UHODWLYH�SRVLWLRQ�RQ�WKH�DVVHPEOLQJ�WDEOH�LQ�<��DQG

=�GLUHFWLRQV�ZLWK�SUHFLVLRQ�EHWWHU�WKDQ���µP�LV�GHVFULEHG��7KH�V\VWHP�FDQ�PHDVXUH�VDJ�RI

WKH�WDEOH�EXW�LW�FDQ�QRW�PHDVXUH�LWV�WZLVW�

��� 7KHUH�DUH�ZD\V�IRU�LQFUHDVLQJ�RI�PHDVXUHPHQWV�SUHFLVLRQ�
�� FDUHIXO�HQYHORSLQJ�RI�EHDP�SDWK�IURP�DLU�IORZV�

�� GHFUHDVLQJ�RI�OLJKW�EHDP�GLYHUJHQFH�DQG�UHPRYLQJ�RI�GLIIUDFWLRQ�DW�ODVHU�DQG�EHDP
VKDSHU�SDUWV�

�� GHFUHDVLQJ�RI�EHDP�OHQJWK�E\�PHDQV�RI�XVLQJ�WZR�&&'V�DQG�VSOLWWLQJ�RI�WKH�ODVHU�EHDP�
��� 3UHFLVLRQ�RI�FRPEV�DOLJQPHQW�GRQH�EHIRUH�%,/�FKDPEHU�DVVHPEOLQJ�LQ������ZDV

FKHFNHG�E\�LQGHSHQGHQW�PHWKRG��,WV�YDOXH�±���µP�FODPHG�LQ�>�@�ZDV�FRQILUPHG�

�����������5HIHUHQFHV

���%,/�FKDPEHU�SURWRW\SH�DVVHPEO\�LQ�3URWYLQR��$7/$6�,QWHUQDO�1RWH��0821�1R�����
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����������������������)LJ����6HWXS�RI�FRQWURO�V\VWHP�RQ�WKH�DVVHPEOLQJ�WDEOH�ZLWK�FRPEV�

����)LJ����6FKHPH�RI��EDOO�VHWWLQJ�RQ�WKH�FRPE�
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���������������������)LJ����&&'�LPDJH�RI�GLIIUDFWLRQ�IURP�WKH�EDOO�

)LJ����<�FRRUGLQDWH�RI�EDOO�SURMHFWLRQ�RQ�&&'�SODQH�IRU����SRVLWLRQV

����������RI�WKH�EDOO�DORQJ��ODVHU�EHDP�

3RLVVRQ��VSRW

%DOO��VKDGRZ

'LIIUDFWLRQ�IURP�VXSSRUW��ZLUH

Direct  beam

Reversed  beam

1

7

8 14
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)LJ����6FKHPH�IRU�GHILQLWLRQ�RI�FRUUHFWLRQV�IRU�GLYHUJHQW�EHDP�

Point-like
   source
  of light

    CCD
     plane
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)LJ���D���<�FRRUGLQDWH�RI�EDOOV� )LJ���E���<�FRRUGLQDWH�GHYLDWLRQV

����������������������������������������������������������������������������������������������������IURP�VWUDLJKW�OLQH�

)LJ���F���=�FRRUGLQDWH�RI�EDOOV� )LJ���G���=�FRRUGLQDWH�GHYLDWLRQV

����������������������������������������������������������������������������������������������������IURP�VWUDLJKW�OLQH�
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)LJ���D���<�FRRUGLQDWH�RI�EDOOV����������������������������������)LJ���E���<�FRRUGLQDWH�GHYLDWLRQV

��������������������������������������������������������������������������������������������������IURP�VWUDLJKW�OLQH�

)LJ���F���=�FRRUGLQDWH�RI�EDOOV����������������������������������������)LJ���G���=�FRRUGLQDWH�GHYLDWLRQV

��������������������������������������������������������������������������������������������������������IURP��VWUDLJKW�OLQH�
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)LJ���D���<�FRRUGLQDWH�GHYLDWLRQV�IURP�VWUDLJKW�OLQH�EHIRUH�DQG�DIWHU

����������������������������LQVWDOODWLRQ�RI���SRLQWV�VXSSRUW�IRU�WKH�WDEOH�

)LJ���E���=�FRRUGLQDWH�GHYLDWLRQV�IURP�VWUDLJKW�OLQH�EHIRUH�DQG�DIWHU

���������������������������LQVWDOODWLRQ�RI���SRLQWV�VXSSRUW�IRU�WKH�WDEOH�
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)LJ����<�FRRUGLQDWH�GHYLDWLRQ�RI�EDOOV�IURP�VWUDLJKW�OLQH�ZLWK�DQG�ZLWKRXW

�����������������������ORFDO�KHDWLQJ�RI�WKH�WDEOH�

)LJ�����'LIIHUHQFH�RI�EDOO�<�FRRUGLQDWH�ZLWKRXW�DQG�ZLWK�SLSH�DURXQG�EHDP�
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