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/DQGLQJ� RI� D�PRGHUQ� DLU� OLQHU� LV� D� FRPSOH[� DQG� UHVSRQVLEOH� SURFHVV� GHPDQGLQJ� VSHFLDO� DSSURDFK� DQG�KLJKHU�DWWHQWLRQ�RI�D�FUHZ��DQG�DOVR�RI�JURXQG�VHUYLFHV��7KH�V\VWHP�RI�DXWRPDWLF�ODQGLQJ�ZLWK�WKH�XVH�RI�&96� FDQ� EH� RIIHUHG� WR� KHOS� WKH� FUHZ� DQG� LW� DOVR� FDQ� EH� XVHG� DV� D� V\VWHP� RI� ODQGLQJ� LQ� HPHUJHQF\�VLWXDWLRQV��7KH�V\VWHP�RI�DXWRPDWLF� ODQGLQJ� LV�D�SDUW�RI� WKH�DXWRPDWHG�FRQWURO�V\VWHP�RI� IOLJKWV�DW� WKH�DLUSRUW��
/HW
V� FRQVLGHU� WKH�SURFHVV� RI� SODQH�DXWRPDWLF� FRQWURO� DW� ODQGLQJ� DSSURDFK�ZKLFK�EHJLQV�ZLWK� WKH� IOLJKW�KHLJKW�RI���������PHWHUV�DQG�FRPHV� WR�DQ�HQG�ZLWK�D� VWRS�RQ�D� WDNHRII� VWULS�� �7KH�PRYHPHQW�RI� WKH�SODQH� LV� SHUIRUPHG� RQ� D� ULJLG� RU� IOH[LEOH� WUDMHFWRU\�� ,Q� WKH� ILUVW� FDVH� WKH� UHTXLUHG� SDWK� RI� PRYHPHQW��JOLGHSDWK��LV�VHW�E\�PHDQV�RI�WKH�GHYLFHV�SODFHG�RQ�WKH�JURXQG��EDVHG�RQ�UDGLR�ODQGLQJ�DLGV��$QG�LQ�WKH�VHFRQG�FDVH�WKH�LQIRUPDWLRQ�DERXW�SODQH�SRVLWLRQ�LQ�UHODWLRQ�WR�WRXFKGRZQ�SRLQW�LV�VKRZQ�ZLWK�WKH�KHOS�RI�RQERDUG�GHYLFHV��7KH�UDGLR�DXWRPDWLF�LQVWUXPHQW�ODQGLQJ�DSSURDFK�V\VWHP�ZLWK�WKH�KHOS�RI�GHYLFHV�>���@�FRQVLVWV� RI� WKH� RQERDUG� DQG� JURXQG� HTXLSPHQW�� 7KH� JURXQG� HTXLSPHQW� FRQVLVWV� IURP� D� JOLGH� VORSH�EHDFRQ�� FRXUVH� EHDFRQ�� QHDU�� PLGGOH� DQG� GLVWDQW� EHDFRQ� PDUNHU� LQGLFDWRUV�� 7UDQVPLWWHUV� RI� EHDFRQ�PDUNHU�LQGLFDWRUV�DUH�SODFHG�LQ�D�GLUHFWLRQ�RI�WKH�FHQWUDO�OLQH�RI�IOLJKW�VWULS�DW�WKH�GLVWDQFHV�RI����P�������P DQG������P�DFFRUGLQJO\��7KH�SODQH�FRPPHQFHV�GHVFHQW�EHLQJ�DW� WKH�KHLJKW�RI���������P�� L�H�� WKH�ODQGLQJ�DSSURDFK�V\VWHP�VWDUWV�ZRUNLQJ�DW�ZKLOH�SDVVLQJ�D�GLVWDQW�PDUNHU�LQGLFDWRU�>�@��7KH�DGYDQWDJH�RI�VXFK�V\VWHP�LV�WKH�RSSRUWXQLW\�RI�FRPPXQLFDWLRQ�ZLWK�WKH�IOLJKW�FRQWUROOHU��DQG�WKH�GLVDGYDQWDJH�RQ�WKH�RWKHU�KDQG�LV�D�FRPSOH[LW\�RI�WKH�UDGLR�DLGV��QRW�FDSDEOH�WR�ZRUN�ZLWK�QDUURZ�EHDPV�RI�UDGLR�HFKR�VLJQDOV�UHIOHFWHG� IURP� WKH� HDUWK� DW� WKH� SODQH¶V� DSSURDFK� WR� WKH�JURXQG� DW� VPDOO� KHLJKWV� DQG� GLVWDQFHV� IURP�D�IOLJKW�VWULS��
$LUSODQH�FRQWURO�ZLWK� WKH�KHOS�RI�&96� WKDW� LV�EHLQJ�GLVFXVVHG� LQ� WKLV�DUWLFOH�EHJLQV� IURP�WKH�PRPHQW�D�SODQH�SDVVHV�D�GLVWDQW�PDUNHU�LQGLFDWRU��������P��
7KH�ILUVW�VWDJH�LQ�WKH�ZRUNLQJ��IXQFWLRQLQJ��SURFHVV�RI�DXWRPDWLF�ODQGLQJ�V\VWHP�EDVHG�RQ�&96�LV�D�VWDJH�RI�FDSWXUH�RI�WKH�SODQH�GXULQJ�WKH�PRPHQW�RI�LWV�DSSHDUDQFH�LQ�LWV�YLVLELOLW\�UDQJH��&DSWXUH�RI�WKH�SODQH�LV�FDUULHG�RXW�E\�D�FRQWUROOHU��ZKR�LQGLFDWHV�LW�RQ�D�GLVSOD\�VFUHHQ��GLVSOD\LQJ�D�ILHOG�LQ�VLJKW�RI�WKH�FDPHUD�RU�DXWRPDWLFDOO\�ZLWK�WKH�XVH�RI�DOJRULWKPV�RI�UHFRJQLWLRQ�DQG�VHJPHQWDWLRQV��$�WUDFLQJ�IUDPH�LV�SODFHG�LQ�WKH�SODQH�LPDJH�DQG�WKH�SURFHVV�RI�WUDFNLQJ�EHJLQV��7LOO�WKH�PRPHQW�WKH�SODQH�HQWHUV�WKH�ILHOG�RI�YLVLRQ��&96� IXOILOOV� WKH� VWRUDJH� RI� ILHOG� LQ� VLJKW� WR� H[FOXGH� D� EDFNJURXQG� IURP� WKH� LPDJH� LQ� WKH� SURFHVV� RI�WUDFNLQJ��,W�DOORZV�LQFUHDVH�MDPPLQJ�UHVLVWDQFH�RI�WKH�V\VWHP��
,Q�>�@�ZH�GHVFULEH�D�IOLJKW�FRQWUROOHU�RI�D�SODQH�ODQGLQJ�RQ�JOLGHSDWK��*OLGHSDWK�LV�WKH�UDGLR�EHDP�FRPLQJ�RXU�IURP�D�JOLGH�SDWK�EHDFRQ�WKDW� LV�ORFDWHG�WKH�QHDU�WKH�VWULS�DW�DQ�DQJOH������ 'XULQJ�ODQGLQJ�FRQWURO�ZLWK�WKH�KHOS�RI�&96��YLGHR�FDPHUD�RI�D�V\VWHP�PXVW�EH�IL[HG�LQ�VXFK�D�ZD\��WKDW�D�VLJKW�OLQH�LQFOLQDWLRQ�
�DQJOH��T LV����� DQG��WKXV��WKHUH�ZLOO�EH�D�JOLGH�VORSH�OLQH�UHSUHVHQWHG��PDWFKLQJ�ZLWK�WKH�VLJKW�OLQH��&96�
FDPHUD�PXVW�EH�VHW�DW�WKH�VDPH�SODFH�ZLWK�D�EHDFRQ�PDUNHU�LQGLFDWRU��7KH�SODQH�ZLOO�EH�DW�WKH�KHLJKW�������P�DW�WKH�FURVV�SRLQW�ZLWK�WKLV�EHDFRQ�PDUNHU�LQGLFDWRU���
:KLOH�ODQGLQJ�DXWRSLORW�FRQWUROV�WKH�DLUFUDIW�LQ�VXFK�D�ZD\�WKDW�D�YHORFLW\�YHFWRU�RI�LWV�FHQWHU�RI�PDVV�LQ�D�IL[HG�PRGH�LV�GLUHFWHG�DORQJ�WKH�JOLGH�SDWK��:KHQ�WKH�SODQH�GRHV�QRW�PRYH�DORQJ�WKH�JOLGH�SDWK��LWV�LPDJH�DQG�WKH�FHQWHU�RI�WUDFLQJ�IUDPH�ZLOO�EH�GHIOHFWHG�ZLWK�UHVSHFW�WR�WKH�YLHZLQJ�ILHOG�FHQWHU�RI�&96��)RU�&96�FRQWURO�WKH�FRQWURO�VLJQDO�LV�IRUPHG�RQ�EDVLV�RI�PLVPDWFK�VLJQDO�GHWHUPLQHG�ZLWK�WKH�KHOS�RI�LQIRUPDWLRQ�DERXW�GHIOHFWLRQ�RI�WUDFLQJ�IUDPH�FHQWHU�IURP�WKH�YLHZLQJ�ILHOG�FHQWHU�RI�&96��7KH�VLWXDWLRQ�GHVFULEHG�LQ�ILJ����KDSSHQV�DW�WKH�WLPH�SRLQW�W��± DXWRPDWLF� ODQGLQJ�FRQWURO�FDSWXUHV�DQ�DLUFUDIW��)LJ����VKRZV�WKDW�WKH�WUDFLQJ�IUDPH�FHQWHU� LV�GHIOHFWHG�ZLWK�UHVSHFW�WR�WKH�EHJLQQLQJ�RI�FRRUGLQDWHV�LQ�SODQH�;�<�� :H�FRQQHFW�SRLQWV�% DQG�& �LQWHUVHFWLRQ�RI�FRRUGLQDWH�V\VWHP�;V<V LQ�WUDFLQJ�IUDPH�ZLWK�WKH�D[HV�;��DQG�<���ZLWK�LPDJH�FHQWHU�LQ�&96�FDPHUD�ZKHUH�
VLJKW�OLQH�SDVVHV��DQG�ZH�JHW�DQJOH�E ± FRXUVH�GHIOHFWLRQ�IURP�OLQH�RI�VLJKW�LQ�YHUWLFDO�SODQH�DQG�DQJOH�J ±
FRXUVH�GHIOHFWLRQ�LQ�KRUL]RQWDO�SODQH��:H�GHQRWH�WKH�GLVWDQFH�LQ�SL[HOV�IURP�WKH�WUDFLQJ�IUDPH�FHQWHU�WR�WKH�
D[LV� ��E\�K� DQG�WR�WKH�D[LV�<�± ]� 9DOXHV�RI�WUDFLQJ�IUDPH�GHIOHFWLRQ�IURP�WKH�YLHZLQJ�ILHOG�FHQWHU�FDQ�EH�GHWHUPLQHG�DV�IDU�DV�ZH�DOZD\V�NQRZ�FRRUGLQDWHV�RI�WUDFLQJ�IUDPH�FHQWHU��
7R�VROYH�WKH�SUREOHP�RI�SODQH�ODQGLQJ�RQ�D�JOLGH�SDWK�ZH�QHHG�WR�FUHDWH�FRQWURO�ODZ�WKDW�ZLOO�UHGXFH�WR�]HUR�WKH�H[LVWLQJ�FRXUVH�DQG�WKHUHIRUH�WUDFLQJ�IUDPH�GLVSODFHPHQWV��$QG�&96�ZLOO�FRQWURO�WKH�SURFHVV�RI�SODQH�DSSURDFK�WR�WKH�JOLGH�VORSH�OLQH��
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ZKHUH�P�±�PDVV�RI�D�SODQH�
�

Y ± VSHHG�RI�WKH�SODQH�� �
� 7 ± MHW�WKUXVW��
� D ± DQJOH�RI�DWWDFN��
� , ± VHFRQG�PRPHQW�RI�WKH�SODQH�ZLWK�UHVSHFW�WR�WKH�D[LV�]���
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F[ \± NQRZQ�IXQFWLRQV�RI�QXPEHU� D
Y0  DQG�RI�DQJOH�RI�DWWDFN�D� � � ± VSHHG�RI�VRXQG�

RQ��DW��WKH�JLYHQ�KHLJKW��
� 6 ± ZLQJ�DUHD��

� U ± DLU�GHQVLW\��NQRZQ�DV�D�IXQFWLRQ�RI�KHLJKW� DW�WKH�FRQVWDQW�WHPSHUDWXUH��
� G ± GHIOHFWLRQ�DUHD�RI�HOHYDWRU��
� P ± IXHO�FRQVXPSWLRQ��
� T ± LQFOLQDWLRQ��VORSH��DQJOH�RI�WKH�FXUYH��SDWK��� �
- � SLWFK�DQJOH���

7KHVH�DUH�IXQGDPHQWDO�HTXDWLRQV�E\�WKH�GHYHORSPHQW�RI�REMHFW��SODQH��FRQWURO�HTXDWLRQV�DW�DOO�VWDJHV�RI�IOLJKW��)RU�WKH�ODQGLQJ�VWDJH�RQ�D�JOLGH�SDWK�LQ�>�@�ZH�JHW�D�VLPSOLILHG�HTXDWLRQ�E\�PHDQV�RI�HTXDWLRQ�OLQHDUL]DWLRQ������7KLV�LV�D�VLPSOLILHG�HTXDWLRQ�RI�GLVWXUEHG�PRWLRQ�DW�PLQRU�GHYLDWLRQV�RI�YHFWRU�GLUHFWLRQ�RI�PDVV�FHQWHU�VSHHG�RI�D�SODQH�IURP�D�JOLGH�SDWK��
GK '� N�� � ����

P
Y6FFP

PN [\
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ZKHUH�K � YDOXH�RI�PLVPDWFK�RI�FXUUHQW�DQG�UHTXLUHG�KHLJKW�RI�WKH�SODQH�IOLJKW��
'G�� GHIOHFWLRQ�DUHD�RI�HOHYDWRU�

G
]P � FRHIILFLHQW�RI�PRPHQW�RI�IRUFH�WKDW�DSSHDUV�EHFDXVH�RI�WKH�HOHYDWRU�GHIOHFWLRQ�RQ�DQJOH�G

ZLWK�UHVSHFW�WR�WKH�D[LV�]�
D
]P � FRHIILFLHQW�RI�PRPHQW�RI�IRUFH�WKDW�DSSHDUV�DW�DWWDFN�DQJOH�GHIOHFWLRQ�IURP�WKH�QHFHVVDU\�

YDOXH��
F[ ± �FRHIILFLHQW�IURQWDO�UHVLVWDQFH�DORQJ�WKH�D[LV�RI�WKH�SODQH��

D
\F � GHULYDWLYH�RI�ULVLQJ�IRUFH�DW�DWWDFN�DQJOH�GHIOHFWLRQ�IURP�WKH�QHFHVVDU\�YDOXH�RQ�DQJOH�'D�

(TXDWLRQ�����LV�OLQHDUL]HG�PDWKHPDWLFDO�PRGHO�RI�REMHFW��SODQH��FRQWURO��
�

9DOXH�'G� LV� GHWHUPLQHG� IURP� ���� E\� VROYLQJ� WKLV� V\VWHP� LQ�PRYHPHQW�GLPHQVLRQDO� LQDFFXUDFLHV� RI� DQ�
DLUFUDIW�IURP�UHTXLUHG�SDUDPHWHU�YDOXHV��$W�WKH�VDPH�WLPH�WKH�RXWSXW�FRRUGLQDWH�K PXVW�EH�PHDVXUHG�LQ�
IOLJKW�� :H� DOVR� PHDVXUH� WKH� YDOXH� RI� FRQWURO� IXQFWLRQ�'G� �GHIOHFWLRQ� DUHD� RI� HOHYDWRU��� ,Q� RUGHU� WR�
FRQVWUXFW�FRQWURO�V\VWHP��ZH�QHHG�WR�FORVH�WKH�FRQWURO�REMHFW�ZLWK�EDFN�FRXSOLQJ��EDFN�DFWLRQ���ZKHUH�K
EHFRPHV� DQ� LQSXW� IXQFWLRQ� DQG�'G� DQ� RXWSXW� IXQFWLRQ�� 7KH� IXQFWLRQ� FRQQHFWLQJ�'G� ZLWK� DQ� LQSXW�
FRRUGLQDWH�K LV�FDOOHG�FRQWURO�ODZ��
$SSO\LQJ�WKH�SULQFLSOHV�RI�V\QWKHVLV�RI�FRQWURO�V\VWHPV�XQGHU�FRQGLWLRQV�RI�XQFHUWDLQW\�GHVFULEHG� LQ�>�@��ZH�FRQVWUXFW�DQ�DGDSWLYH�FRQWURO�V\VWHP�IRU�D�FRQWURO�REMHFW�GHVFULEHG�ZLWK�DQ�HTXDWLRQ������$Q�XQGHWHUPLQHG�SDUDPHWHU�ZLOO� EH� FRHIILFLHQW�N��ZKLFK� WDNHV� LQ�DFFRXQW�DLUFUDIW�SDUDPHWHUV�� ,Q� WKLV� FDVH�ZH�KDYH�RQO\�RQH�XQGHWHUPLQHG�SDUDPHWHU��ZKLFK�VLPSOLILHV�WKH�WDVN�LQ�FRPSDULVRQ�ZLWK�H[DPSOH�GHVFULEHG�LQ�>�@��
/HW¶V�VLJQLI\� K� ]Y � $ ��N ���X 'G�DQG�WKHUHIRUH� K���  ]Y � G'� NY]� � WKHQ�WKH�HTXDWLRQ�����ZLOO�
KDYH�WKH�IRUP�



3 D J H �_��

$XY]  � � ����

$X
Y]  �

�
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/HW¶V�VLJQLI\�WKH�ULJKW�VLGH�DV�[ DQG�ZH�JHW�D�QHZ�HTXDWLRQ�RI�REMHFW�FRQWURO�
[ ]Y�� � ����

,Q� WKLV� HTXDWLRQ� WKH� FRQWURO� IXQFWLRQ� LV� GHWHUPLQHG� ZLWK� WKH� KHOS� RI� %HOOPDQ� PHWKRG� IURP� PLQLPXP�FRQGLWLRQ�RI�FRQWURO�TXDOLW\�IXQFWLRQDO�

> @GW[[, ³f �� 
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/HW¶V� VXEVWLWXWH� ����ZLWK� D� V\VWHP�RI� HTXDWLRQV� [  ��� [[Y] �� DQG� Y] [�� WKHQ�ZH� JHW� DQ� RSWLPDO�
OLQHDU�ODZ�RI�FRQWURO�

]�]� Y.Y. � [ � � ����
%\ HTXDWLQJ�H[SUHVVLRQV�����DQG�����ZH�JHW�WKH�HTXDWLRQ�RI�DGDSWLYH�UHJXODWRU�
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7DNH�QRWLFH�WKDW� N$
�� �  '

K
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LQ������ZKHUH�N�LV�DQ�XQGHWHUPLQHG�FRHIILFLHQW��ZKLFK�WDNHV�LQ�DFFRXQW�
WKH�FKDUDFWHULVWLFV�RI�DQ�DLUFUDIW��VR�WKDW�WKH�GHQRPLQDWRU�GRHV�QRW�HTXDO�]HUR��:H�ILQG�WKH�FRHIILFLHQWV� �DQG� ��LQ�����E\�VROYLQJ�WKH�V\VWHP�RI�5LFFDWL�HTXDWLRQV�DV�LQ�>�@��6R�ZH�JHW�FRQWURO�ODZ�RI�HOHYDWRU��ZKLFK�
FRQQHFWV� WKH� YDOXH� RI� GHIOHFWLRQ� DUHD� RI� HOHYDWRU�G ZLWK� WKH� YDOXH�RI� IOLJKW� DOWLWXGH� GHIOHFWLRQ�K IURP�
UHTXLUHG� KHLJKW�� :LWK� WKH� KHOS� RI� WKLV� FRQWURO� ODZ� ZH� FDQ� GHWHUPLQH� WKH� YDOXH� RI� GHIOHFWLRQ� DUHD� RI�HOHYDWRU�DW�DQ\�WLPH�SRLQW��
7R�ILQG�WKH�RULJLQDO�YDOXH�RI�D�TXDQWLW\�K ZH�XVH�D�PLVPDWFK�YDOXH�LQ�SL[HOV�KN� ZKLFK�LV�GHWHUPLQHG�LQ�WKH�YLHZLQJ�ILHOG�RI�&96�DV�D�GLVWDQFH�IURP�WKH�FHQWHU�RI�D�WUDFLQJ�IUDPH�WR�WKH�D[LV� � 7KHVH�YDOXHV�DUH�
FRQQHFWHG�ZLWK�HDFK�RWKHU�WKURXJK�VRPH�VFDOH�FRHIILFLHQW�P

K PKN�
7KH�YDOXH�RI�D�VFDOH�FRHIILFLHQW�P FDQ�EH�GHWHUPLQHG�XVLQJ�ODZV�RI�RSWLFV�DQG�DVVXPLQJ�WKDW�WKH�REMHFWLYH�
OHQV�RI�&96�YLGHR�FDPHUD�LV�SUHVHQWHG�ZLWK�RQH�OHQV��7KH�YDOXH�RI�PLVPDWFK�RQ�WKH�LPDJH�KN ZLOO�EH�WKH�
LPDJH�RI�YDOXH�K� 8VLQJ�WKH�NQRZQ�HTXDWLRQV�RI�WKH�OHQV�

5IN
KK  �

LW IROORZV�WKDW�

NNI
5 PKKK   � ����

ZKHUH�5�LV�D�GLVWDQFH�WR�DQ�DLUFUDIW��
� I�±�LV�D�GLVWDQFH�IURP�REMHFWLYH�OHQV�WR�WKH�&&'�PDWUL[��WR�WKH�LPDJH���
6R ZH� KDYH� GHWHUPLQHG� WKH� YDOXH� RI� VFDOH� FRHIILFLHQW�P� 1RZ� ZH� UHZULWH� ���� WDNLQJ� LQ� DFFRXQW� WKH�
DIRUHPHQWLRQHG�����DQG�JHW�
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7KH�VFDOH�FRHIILFLHQW�LV�UHGXFHG��:H�GHWHUPLQH�WKH�ILUVW�DQG�VHFRQG�GHULYDWLYHV�KN DV�SURMHFWLRQ�RI�VSHHG�DQG�DFFHOHUDWLRQ�RQ�WKH�D[LV�<� DFFRUGLQJO\�DQG�JHW�
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� ZKHUH�'KN��±�FKDQJH�RI�GHIOHFWLRQ�RI�WUDFLQJ�IUDPH�FHQWHU�IURP�WKH�D[LV� ��RQ�WKH�SUHYLRXV�VWHS��WLPH�SRLQW�W����'KN��±�FKDQJH�RI�GHIOHFWLRQ�RI�WUDFLQJ�IUDPH�FHQWHU�IURP�WKH�D[LV� ��RQ�WKH�FXUUHQW�VWHS��WLPH�SRLQW�W����KN ± GHIOHFWLRQ�RI�WUDFLQJ�IUDPH�FHQWHU�IURP�WKH�D[LV� ��
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7KH� FRRUGLQDWH� V\VWHP� �<�� LV� SODFHG� LQ� WKH� FHQWHU� RI� &96� YLHZLQJ� ILHOG�� ,QFUHPHQWV� RI� YDOXH�KN� �DUH�
YDOXHV�RI�WUDFLQJ�IUDPH�GHIOHFWLRQ��ZKLFK�DUH�GHWHUPLQHG�DW�HDFK�VWHS�DV�LW�LV�GHVFULEHG�LQ�>�@��9DOXH�KNLWVHOI�LV�GHWHUPLQHG�DV�D�GLVWDQFH�EHWZHHQ�WKH�FHQWHU�RI�D�WUDFLQJ�IUDPH�DQG�D[LV� �
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