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IDFHV�IURP�LPDJHV�RI�LULVHV��(\H�LULV�FRQWRXUV�DUH�PRGHOHG�DV�WZR�SODQDU�FLUFOHV�DQG
ZH� HVWLPDWH� WKH� HOOLSVHV� RI� WKHLU� SURMHFWLRQV� RQWR� D� UHWLQDO� SODQH�� 7KH� XQLTXH
VROXWLRQ�RI� WKH�RULHQWDWLRQV�ZDV�REWDLQHG�EDVHG�RQ�D�JHRPHWULF�FRQVWUDLQW��QDPHO\
WKDW�WKH�QRUPDO�GLUHFWLRQV�RI�WKH�WZR�LULV�FRQWRXUV�VKRXOG�EH�FRQVLVWHQWO\�SDUDOOHO�WR
HDFK�RWKHU��LUUHVSHFWLYH�RI�H\HEDOO�URWDWLRQV�DQG�KHDG�PRYHPHQWV��7KH�UREXVWQHVV�RI
WKLV�DSSURDFK�ZDV�YHULILHG�E\�H[SHULPHQWV�RQ�V\QWKHWLF�DQG�UHDO�LPDJH�GDWD�
,Q�RUGHU�WR�REWDLQ�D�KLJK�UHVROXWLRQ�LULV�LPDJH��D�]RRP�LQ�FDPHUD�LV�XVHG��$�JHQHUDO
DSSURDFK�WKDW�FRPELQHV�KHDG�SRVH�GHWHUPLQDWLRQ�ZLWK�JD]H�HVWLPDWLRQ�LV�SURSRVHG�
$�VHFRQG�FDPHUD�LV�XVHG�IRU�WKH�GHWHUPLQDWLRQ�RI�WKH�KHDG�SRVH���7KH�FDPHUD��ZKLFK
WUDFNV� WKH� LULVHV� XVLQJ� WKH� LQIRUPDWLRQ� IURP� WKH� HVWLPDWHG� SRVH� RI� KXPDQ� KHDG�
SURYLGHV�VXIILFLHQW�UHVROXWLRQ�WR�PHDVXUH�DFFXUDWHO\�WKH�URWDWLRQ�RI�H\HEDOO�

��,QWURGXFWLRQ
7KHUH� DUH� WZR� FRPSRQHQWV� WR� JD]H� RULHQWDWLRQ�� WKH� SRVH� RI� KXPDQ� KHDG� DQG� WKH
RULHQWDWLRQ�RI�WKH�H\H�ZLWKLQ�WKHLU�VRFNHWV��:H�KDYH�LQYHVWLJDWHG�WKHVH�WZR�DVSHFWV�DQG
ZLOO�FRQFHQWUDWH�RQ� WKH� VHFRQG�SDUW� LQ� WKLV�SDSHU��+RZHYHU���'� ORFDWLRQ�RI� WKH�KXPDQ
H\HEDOO� FDQ� DOVR� EH� GHWHUPLQHG� EHVLGHV� WKH� JD]H� RULHQWDWLRQ� LQ� RXU� H\H� JD]H
GHWHUPLQDWLRQ� DOJRULWKP�� $� PHWKRG� WR� GHWHUPLQH� WKH� JD]H� RI� D� SHUVRQ� E\� XVLQJ� WKH
SHUVRQ
V� LULVHV
� FRQWRXUV� LV� GHPRQVWUDWHG�� 7KH� SULRU� NQRZOHGJH� RI� WKH� H\H� PRGHO� KDV
EHHQ�XWLOL]HG� LQ�RXU�PHWKRG�� QDPHO\� WKDW� OHIW� DQG� ULJKW� LULV� ERXQGDULHV� DUH� UHDVRQDEO\
FLUFXODU� DQG� WKDW� WKH�QRUPDOV�RI� WKH� WZR� LULV�SODQHV�DUH�SDUDOOHO� LUUHVSHFWLYH�RI�H\HEDOO
URWDWLRQV�DQG�KHDG�PRYHPHQW��7KLV�³QRUPDO�FRQVWUDLQW´�PHDQV�ZH�DVVXPH�WKH�SHUVRQ�LV
IRFXVHG� DW� LQILQLW\�� :H� IRXQG� WKDW� WKLV� DVVXPSWLRQ� LV� DSSOLFDEOH� ZKHQ� WKH� REVHUYHG
WDUJHW�LV�DW�D�JLYHQ�GLVWDQFH�RI�PRUH�WKDQ�KDOI�PHWHU�DZD\��,W�LV�KHQFH�DSSOLFDEOH�IRU�RXU
KXPDQ�PDFKLQH� LQWHUDFWLRQ� DSSOLFDWLRQV��$� JD]H� FDPHUD� LV�PRXQWHG�RQ� WKH� WRS� RI� WKH
PRQLWRU�� WKH�GLVWDQFH�EHWZHHQ�WKH�RSHUDWRU�DQG�WKH�FDPHUD�LV�DERXW�RQH�PHWHU�� �%XW�LQ
IDFW�� WKLV� FRQVWUDLQW� FDQ� EH� VOLJKWO\� UHOD[HG�� � 7KH� WZR� LULV� SODQHV� QHHG� QRW� EH� H[DFWO\
SDUDOOHO���,I�WKH�SHUVRQ�LV�YLHZLQJ�DQ�REMHFW�QRW�WRR�IDU�DZD\��WKH�WZR�H\HV�ZLOO�YHUJH�DW
DQ� DQJOH�� � ,I� WKH� LULV� SODQHV� DUH� FORVH� WR� EHLQJ� SDUDOOHO�� WKLV� FRQGLWLRQ� LV� VXIILFLHQW� IRU
GLVDPELJXDWLRQ� RI� WKH� WZR� SRVVLEOH� VROXWLRQV�� � 2QFH� GLVDPELJXDWHG�� WKH� DFWXDO� JD]H
GLUHFWLRQ�RI�WKH�WZR�LULVHV�FDQ�EH�FRPSXWHG���:H�WKHQ�WDNH�WKH�DYHUDJH�RI�WKHVH�WZR�JD]H
GLUHFWLRQV�WR�GHILQH�WKH�JD]H�RI�WKH�SHUVRQ��'LIIHULQJ�IURP�WKH�H[LVWLQJ�H\H�PRGHOV��WKH
LULV�FRQWRXUV�DUH�PRGHOHG�DV�WZR�FLUFOHV�UHVSHFWLYHO\�DQG�WKHLU�SURMHFWLRQV�DUH�VR�ILWWHG�DV
HOOLSVHV� UDWKHU� WKDQ� DV� FLUFOHV�� ,Q� PRVW� H[LVWLQJ� DSSURDFKHV�� WKH� LULV� FRQWRXUV� RQ� WKH
LPDJH�SODQH�DUH�DVVXPHG�WR�EH�FLUFOHV��VR�WKH�FLUFXODU�JHRPHWU\�LV�XWLOL]HG�DQG�LULV�RXWHU
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ERXQGDULHV� �OLPEXV�� DUH� GHWHFWHG� XVLQJ� FLUFOH� HGJH� RSHUDWRU�� 7KH� JD]H�� GHILQHG� DV� WKH
YHFWRU�VWDUWLQJ�IURP�FHQWHU�RI�WKH�H\HEDOO�DQG�HQGLQJ�DW�FHQWHU�RI�LULV�FRQWRXU��VKRXOG�EH
FRQVLVWHQW�IRU�WZR�H\HV�LUUHVSHFWLYH�RI�H\HEDOO�URWDWLRQV�DQG�KHDG�PRYHPHQWV���$QG�WKH
JD]H�FDQ�EH�GHWHUPLQHG�XVLQJ�LWV�FLUFOH�HOOLSVH�FRUUHVSRQGHQW��)XUWKHUPRUH��LI�ZH�NQRZ
WKH�UDGLXV�RI�WKH�LULV��WKHQ�ZH�FDQ�FDOFXODWH�WKH�UHODWLYH�FHQWHU�RI�WKH�LULV��1RZ��WKH�LULV�LV
SDUWLDOO\�RFFOXGHG�E\�WKH�XSSHU�DQG�ORZHU�H\HOLGV�VR�LW�ZLOO�EH�GLIILFXOW�WR�ILW�HOOLSVH�ZLWK
KLJK� SUHFLVLRQ�� � $� ]RRP�LQ� FDPHUD� LV� XVHG� IRU� LULV� WUDFNLQJ� LQ� RUGHU� WR� LPSURYH� WKH
UHVROXWLRQ�� $� ]RRP�LQ� FDPHUD�� ZLWK� ���PP� OHQV�� LV� XVHG� IRU� LULV� WUDFNLQJ� LQ� RUGHU� WR
LPSURYH�WKH�UHVROXWLRQ��$�VXEMHFW�VL]H�RI����FP�×���FP�ILOO�XS�WKH�ZKROH�LPDJH�ZKHQ�WKH
GLVWDQFH� EHWZHHQ� WKH� VXEMHFW� DQG� WKH� FDPHUD� LV� RQH� PHWHU�� 7KH� SUREOHP� RI� KDYLQJ
SRVVLEOH� RXW�RI�ILHOG� YLHZV� FDQ� EH� VHWWOHG� E\� JXLGLQJ� WKH� JD]H� FDPHUD� XVLQJ� WKH� KHDG
SRVH�LQIRUPDWLRQ�REWDLQHG�IURP�WKH�SRVH�FDPHUD��7KH�UREXVWQHVV�RI�RXU�DOJRULWKP�ZDV
YHULILHG�ZLWK�WKH�H[SHULPHQWDO�UHVXOWV�RQ�V\QWKHWLF�DQG�UHDO�LPDJH�GDWD�
���)DFLDO�IHDWXUHV�VXFK�DV�WKH�FRUQHUV�RI�WKH�H\H�DQG�PRXWK��WKH�WLS�RI�WKH�QRVH��UDWLRV�RI
GLVWDQFHV�EHWZHHQ� IHDWXUH�SRLQWV�FDQ�EH�XWLOL]HG� WR�GHWHUPLQH� WKH�SRVH�RI�KXPDQ�KHDG
>��@� DQG� JD]H� >�@�� 0RUH� FRPSDFW� IHDWXUHV� VXFK� DV� H\H� FRQWRXUV� KDV� EHHQ� XWLOL]HG� WR
LPSURYH� WKH� UREXVWQHVV�� � )RU� LQVWDQFH�� DIILQH� GHIRUPDWLRQV� RI� WKH� OHIW� DQG� ULJKW� H\H
FRQWRXUV�DUH�XVHG�WR�HVWLPDWH�WKH�KHDG�GLVSODFHPHQW�LQ�>��@��$�WHFKQLTXH�ZDV�SUHVHQWHG
WR� LQIHU� WKH� FRPSXWHU� VFUHHQ� ORFDWLRQ� FXUUHQWO\� REVHUYHG� E\� WKH� XVHU� IURP� WKH
PHDVXUHPHQW�RI�LPDJH�RI�WKH�H\H�SXSLO�GLVSODFHPHQWV�>�@��,Q�>�����@��H\HV�DUH�WUDFNHG�IRU
KXPDQ�FRPSXWHU� LQWHUDFWLRQ� E\� HPEHGGLQJ� DQ� LQIUD�UHG� FDPHUD�� SURYLGHG� ZLWK� D
WUDQVPLWWHU� DQG� UHFHLYHU�� ZKLFK� HYDOXDWHV� WKH� FXUUHQW� SXSLO� SRVLWLRQ� E\� H[SORLWLQJ� WKH
GLIIHUHQFHV�LQ�LQIUDUHG�UHIOHFWLRQ�EHWZHHQ�WKH�SXSLO�DQG�WKH�VXUURXQGLQJ�LULV�DQG�VFOHUD�
+RZHYHU��WKH�V\VWHP¶V�FDOLEUDWLRQ�LV�VHQVLWLYH�WR�PRYHPHQW�RI�WKH�VXEMHFW¶V�KHDG��VR�WKH
VXEMHFW�PXVW�HLWKHU�UHPDLQ�SHUIHFWO\�VWLOO��RU�ZHDU�FXPEHUVRPH�KHDGJHDU� WR�PDLQWDLQ�D
FRQVWDQW� VHSDUDWLRQ�EHWZHHQ� WKH� VHQVRU� DQG� H\H��$��*HH� HW� DO� >�@� GLG�QRW� FRQVLGHU� WKH
H\HEDOO�URWDWLRQ�DQG�HVWLPDWH�JD]H�GLUHFWLRQ�E\�URWDWLQJ� WKH� IDFLDO�QRUPDO�E\�DERXW����

DURXQG�WKH�H\H�OLQH��.��7DOPL�HW�DO�>�@�LQWURGXFHG�D�G\QDPLF�PRGHO�ZKLFK�GLVWLQJXLVKHV
EHWZHHQ�WKH�FKDQJHV�RI�JD]H�YHFWRUV�GXH�WR�KHDG�PRYHPHQW�DQG�GXH�WR�WKH�YDULHG�JD]H
GLUHFWLRQ�DQG�FRPSHQVDWHV�WKH�KHDG�PRYHPHQW�
���)URP� WKH� REVHUYHG� SHUVSHFWLYH� SURMHFWLRQ� RI� D� FLUFOH� KDYLQJ� NQRZQ� UDGLXV�� LW� LV
SRVVLEOH� WR� LQIHU� DQDO\WLFDOO\� WKH� SODQH� RQ� ZKLFK� WKH� FLUFOH� OLHV� DV� ZHOO� DV� ZKHUH� WKH
FHQWHU� RI� WKH� FLUFOH� OLHV� >�@�� ,Q� WKLV� SDSHU�� ZH� GHYHORS� LW� IXUWKHU� IRU� KXPDQ� JD]H
GHWHUPLQDWLRQ�LQ�FRQMXQFWLRQ�ZLWK�WZR�LULV�FRQWRXUV��7KH�XQLTXH�VROXWLRQ�RI�JD]H�FDQ�EH
GHWHUPLQHG�EDVHG�RQ�WKH�³QRUPDO�FRQVWUDLQW´�

��3RVLWLRQLQJ
:H�GHWHUPLQH�WKH�KXPDQ�JD]H�E\�XVLQJ�WKH�FXUYHG�IHDWXUHV��QDPHO\�WKH�FRQWRXUV�RI�WKH
LULV�� 7KH\� DUH� DVVXPHG� WR� EH� FLUFOHV� LQ� WKH� UHDO� ZRUOG��7KH� SHUVSHFWLYH� RI� D� FLUFOH� RQ
LPDJH�SODQH�LV�DQ�HOOLSVH��7KH�HTXDWLRQ�RI�WKH�HOOLSVH�FDQ�EH�REWDLQHG�IURP�OHDVW�VTXDUH
ILWWLQJ�RI�TXDGUDWLF�FXUYH�XVLQJ�WKH�GHWHFWHG�LULV�HGJHV��:LWK�WZR�LULVHV��LW�ZLOO�EH�VKRZQ
WKDW�WKH�WZR�UHVSHFWLYH�HTXDWLRQV�OHDG�WR�D�XQLTXH�VROXWLRQ�RI�WKH�H\H�JD]H��$�PRQRFXODU
FDPHUD�KDV�EHHQ�XVHG�WR�FDSWXUH�WKHVH�WZR�LULVHV��FLUFOHV��

����7ZR�FLUFOHV�DOJRULWKP
*LYHQ�WKH�LPDJH�RI�D�FLUFOH�LQ��'�VSDFH�DQG�WKH�FRUUHVSRQGLQJ�HOOLSVH�LQ�WKH�LPDJH��LWV
SRVH� UHODWLYH� WR� WKH� FDPHUD� IUDPH� FDQ� EH� DQDO\WLFDOO\� VROYHG�� 5HVHDUFKHUV� KDYH
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P
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�H[LVW�LQ�HTXDWLRQ�����LI�λ�≠λ���)RU�WKH�REMHFW�WR�EH�LQ�IURQW�RI�WKH�FDPHUD��WKH�=�D[LV

GLUHFWLRQ�RI� P
v
LV�DOZD\V�SRVLWLYH��VR� P

v
�DQG� Q

v
�KDYH� WZR�GLIIHUHQW�JURXSV�RI�VROXWLRQ�

)RUWXQDWHO\��WKH�QRUPDO�OLQHV�RI�WKH�WZR�LULV�FRQWRXUV�VKRXOG�EH�FRQVLVWHQWO\�SDUDOOHO�WR






HDFK�RWKHU�LUUHVSHFWLYH�RI�H\HEDOO�URWDWLRQV�DQG�KHDG�PRYHPHQWV��VR�ZH�FDQ�UHPRYH�WKH
DPELJXRXV�VROXWLRQV�DQG�ILQG�WKH�XQLTXH�VROXWLRQ�RI�URWDWLQJ�D[LV�P

v
��7KH�FHQWHUV�RI�WKH

WZR�LULV�FRQWRXUV�L�H�� 
22
vv

�YHFWRU�FDQ�EH�GHWHUPLQHG�WKHQ�

����'HJHQHUDWH�FDVHV
,Q� RXU� KXPDQ�PDFKLQH� DSSOLFDWLRQV�� WKH� ³WZR�FLUFOHV´� DOJRULWKP� ZLOO� EH� GHJHQHUDWH
ZKHQ�WKH� IROORZLQJ�FRQGLWLRQ� LV� VDWLVILHG�� WKH� WZR� LULV�FRQWRXUV�DUH� V\PPHWULFDO�DERXW
WKH�<�=� SODQH� RI� WKH� FDPHUD�� ZKHUH�<�� DQG�=�� D[LV� LV� YHUWLFDO� DQG� RSWLFDO� D[LV� RI� WKH
FDPHUD�UHVSHFWLYHO\�
���:H�REWDLQ�WZR�QRUPDO�VROXWLRQV�IRU�HDFK�FLUFOH�IURP�LWV�SURMHFWLRQ�UHVSHFWLYHO\��7KH
WZR�VROXWLRQV�RI�WKH�ILUVW�FLUFOH�DUH�WKH�VDPH�DV�WKH�WZR�VROXWLRQV�RI�WKH�VHFRQG�FLUFOH��6R
ZH�FDQQRW�REWDLQ�WKH�XQLTXH�VROXWLRQ�EDVHG�RQ�RXU�QRUPDO�FRLQFLGHQFH�FRQVWUDLQW�LQ�WKLV
FDVH��$FWXDOO\��WKLV�FRQGLWLRQ�FRUUHVSRQGV�WR�WKH�FDVH�WKDW�XVHU�LV�IDFLQJ�IURQW��ZKHUHE\
WKH�WZR�LULVHV�DUH�V\PPHWULFDO�DERXW�WKH�RSWLFDO�D[LV��7KXV�LW�LV�LPSRVVLEOH�WR�GLVWLQJXLVK
IURP�WKH�HOOLSVHV�ZKHWKHU� WKH�SHUVRQ� LV� ORRNLQJ�XSZDUGV�RU�GRZQZDUGV�� ,W� LV� LOO�SRVHG
IRU� WKLV� FDVH�� :H� FDQ� VHH� WKLV� LQ� )LJ�� ��� )RUWXQDWHO\�� WKLV� GHJHQHUDWH� FDVH� FDQ� EH
SUHYHQWHG�LQ�RXU�DSSOLFDWLRQ�E\�VLPSO\�SXWWLQJ�WKH�FDPHUD�VOLJKWO\�VNHZHG�WR�WKH�IDFH�

��(\H�PRGHO�DQG�H[SHULPHQWDO�UHVXOWV
:H�KDYH�WHVWHG�RXU�JD]H�GHWHUPLQDWLRQ�PHWKRG�XVLQJ�D�3HQWLXP����3&�����0%�5$0�
7KH�DOJRULWKP�UXQV�RQ�,PDJH�3UR�3OXV�LPDJH�SURFHVVLQJ�VRIWZDUH�ZLWK�0DWUR[�0HWHRU�
,,�LPDJLQJ�ERDUG��7KH�IRFDO�OHQJWK�RI�WKH�FDPHUD�FDQ�EH�DGMXVWHG�IURP������WR����PP�
7KH�GLVWDQFH�EHWZHHQ�WKH�FDPHUD�DQG�WKH�RSHUDWRU�LV�DERXW�KDOI�D�PHWHU�

����6LPXODWLRQV�RQ�H[DFW�GDWD
,Q�RUGHU� WR�XQGHUVWDQG� WKH�DFFXUDF\�RI� WKH�SURSRVHG�DOJRULWKP��D�PRGHO�RI� WKH�KXPDQ
H\H�LV�XVHG�LQ�RXU�VLPXODWLRQV�

������(\H�PRGHO
$�VLPSOH�H\H�PRGHO� LV�GHILQHG��)LJ������7KH�H\HEDOO� LV�DVVXPHG� WR�EH�D� VSKHUH�ZLWK�D
UDGLXV�5�� 7KH� LULV� LV� ORFDWHG� DW� WKH� IURQW� RI� H\HEDOO� DQG�PRGHOHG� DV� D� FLUFXODU� ULQJ� RI
UDGLXV�U��VHH�)LJ����D����7KH�GLVWDQFH�IURP�WKH�FHQWHU�RI�WKH�H\HEDOO�WR�WKH�LULV�SODQH�LV�G�
7KH�UHODWLRQ�DPRQJ�5��U�DQG�G�LV��)LJ����F���
������������������������������������������������������� ��� GU5 += ����������
���7KH�RSWLFDO�D[LV�RI�WKH�H\H�LV�WKH�OLQH�SDVVLQJ�WKURXJK�WKH�FHQWHU�RI�WKH�H\HEDOO�DQG�WKH
FHQWHU�RI�WKH�LULV�DQG�LW�LV�GHILQHG�DV�WKH�JD]H�GLUHFWLRQ��%\�FKDQJLQJ�WKH�JD]H�GLUHFWLRQ�
WKH�H\HEDOO�URWDWHV�DURXQG�LWV�FHQWHU��)LJ����G����

)LJ���7KH�H\H�PRGHO��D��H\HEDOO��LULV�DQG�JD]H���E��FRRUGLQDWH�V\VWHP��WRS�DQG�ORZHU�H\HOLGV���F��UDGLXV�RI
H\HEDOO��LULV��GLVWDQFH�EHWZHHQ�FHQWHU�RI�WKH�H\HEDOO�DQG�LULV��G��URWDWLRQ�RI�LULV�DERXW�FHQWHU�RI�H\HEDOO
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���7KH�XSSHU�DQG�ORZHU�H\HOLGV�DUH�PRGHOHG�DV�WZR�SDUDERODV��)LJ�����E����7KH�HTXDWLRQ
RI� WKH� H\HOLGV� FDQ� EH� REWDLQHG� E\� XVLQJ� WKH� FRRUGLQDWHV� RI� IRXU� SRLQWV�� 3��[��� \���
3��[��� \����3��[��� \��� DQG�3��[��� \���� ,Q� JHQHUDO�� XSSHU� DQG� ORZHU� H\HOLGV� LQ� UHDO� IDFH
LPDJHV�RFFOXGH�SDUWV�RI�WKH�LULV�FRQWRXUV�DQG�RQO\�WKH�XQRFFOXGHG�LULV�HGJHV�FDQ�EH�XVHG
WR�ILW�WKH�LULV�FRQWRXU�RQ�WKH�LPDJH�SODQH��&RQVLVWHQWO\��WKH�V\QWKHWLF�LULV�FRQWRXU�HGJHV
WKDW� OLH� EHWZHHQ� WKH� XSSHU� DQG� ORZHU� H\HOLGV� DUH� ORFDWHG� DQG� XVHG� WR� ILW� WKH� HOOLSWLFDO
FRQWRXU�LQ�RXU�VLPXODWLRQV��)RU�LQVWDQFH��FXUYHV�8�/��DQG�8�/��VKRZQ�LQ�)LJ����E��DUH
WKH�ILWWLQJ�HGJHV�ZH�ZDQW��7KHVH�ILWWLQJ�HGJHV�FDQ�EH�ORFDWHG�E\�XVLQJ�WKH�HTXDWLRQV�RI
LULV�DQG�H\HOLGV�

������([SHULPHQWDO�UHVXOWV�RQ�V\QWKHWLF�GDWD
7KH�LQWULQVLF�SDUDPHWHUV�RI�WKH�FDPHUD�DQG��'�FHQWHUV�RI�WKH�WZR�LULVHV�DUH�VHW�LQLWLDOO\�
7KH�FRRUGLQDWH�V\VWHP�RI�WKH�FDPHUD�LV�GHILQHG�DV�DERYH��L�H���WKH�LPDJH�SODQH�LV�GHILQHG
DV� WKH� ;�<� SODQH� DQG� WKH�=�D[LV� LV� DORQJ� WKH� RSWLFDO� D[LV� RI� WKH� FDPHUD� DQG� SRLQWLQJ
WRZDUG�WKH�IURQWDO�REMHFW��7KH�LQLWLDO�SODQH�LV�ZKHUH�WZR�LULVHV�DUH�SRVLWLRQHG�SDUDOOHO�WR
WKH�;�<�SODQH�RI�WKH�FDPHUD��7KH�SURMHFWLYH�LPDJH�FDQ�EH�REWDLQHG�XVLQJ�WKH�SHUVSHFWLYH
WUDQVIRUP�PDWUL[�RI�WKH�FDPHUD���7KH�WZR�SURMHFWLYH�HOOLSVHV�FDQ�EH�HVWLPDWHG�E\�OHDVW�
VTXDUHV�� 7KH� �'� ORFDWLRQ� �VL[� GHJUHHV� RI� IUHHGRP�� WKUHH� IRU� WUDQVODWLRQ� DQG� WKUHH� IRU
URWDWLRQ�� FDQ� EH� FDOFXODWHG� XVLQJ� ³WZR�FLUFOHV´� DOJRULWKP�� 7KH� HUURUV� EHWZHHQ� WKH
FDOFXODWHG�UHVXOWV�DQG�FRUUHVSRQGLQJ�RULJLQDO�V\QWKHWLF�GDWD�FDQ�EH�REWDLQHG���7KHVH�VHWV
RI�HUURUV�DUH�REWDLQHG�XQGHU�GLIIHUHQW�SRVHV��$Q�H[DPSOH�LV�JLYHQ�DV�IROORZV�
���7KH�VL]H�RI�WKH�LPDJH�LV����×�����7KH�LQWULQVLF�SDUDPHWHUV�RI�WKH�FDPHUD�DUH�GHVFULEHG
DV�IROORZV�

���������������X� ��������Y� �����������I[ ����������I\ ������������������������������������ ����������
ZKHUH��X���ν���DUH�FRRUGLQDWHV�RI�WKH� LPDJH�FHQWHU�SRLQW� �SULQFLSOH�SRLQW��� I[�DQG� I\�DUH
WKH�VFDOH�IDFWRUV�RI�WKH�FDPHUD�DORQJ�WKH�[��DQG�\�D[LV�UHVSHFWLYHO\��7KH�VHWWLQJ�RI�I[�DQG
I\�KHUH�LPSO\�WKDW�WKHUH�LV�D�FRQVWUDLQW�LQ�RXU�DSSOLFDWLRQ���7KH�FDPHUD��]RRP�LQ��UHTXLUHV
D�ODUJHU�IRFDO�OHQJWK�LQ�RUGHU�IRU�WKH�H\HV�WR�DSSHDU�ELJ�HQRXJK�RQ�WKH�LPDJH��������PP
IRFDO�OHQJWK�LV�XVHG�LQ�RXU�UHDO�LPDJH�H[SHULPHQWV�WKDW�NHHS�D�GLVWDQFH�DERXW�������FP
EHWZHHQ� KXPDQ� IDFH� DQG� FDPHUD�� 7KH� �'� FRRUGLQDWH� �UHSUHVHQWHG� LQ� WKH� FRRUGLQDWH
V\VWHP�RI�FDPHUD��RI�WKH�FHQWHUV�RI�WKH�WZR�FLUFOHV��QDPHG�DV�FLUFOH���DQG�FLUFOH����DUH�
�� �[�F��\�F��]�F� ����������������FP�����������[�F��\�F��]�F�� ���������������FP�� ����������
L�H��WKH�LQLWLDO�FRQWRXUV�RI�WZR�LULVHV��FLUFOHV��OLH�SDUDOOHO�WR�WKH�LPDJH�SODQH���7KH�UDGLL�RI
WKH�WZR�LULVHV�DUH�VHW�DV�
����������������U� �����FP��������������U� �����FP������������� ����������
���7KH� �'� SRVLWLRQ� RI� DQ\� SRLQW� OLH� LQ� WKH� FLUFOH��� FDQ� EH� REWDLQHG� XVLQJ� IROORZLQJ
SDUDPHWULF�HTXDWLRQV�
������������������[�=�[�F�U�FRV�θ�����\�=�\�F�U�VLQ�θ�����]�=�]�F� ��� ����������
ZKHUH�� ���≤ ≤θ ���7KHUH�LV�D�VLPLODU�IRUPXOD�IRU�FLUFOH���
���7KH�UDWLR�RI�WKH�UDGLXV�RI�D�SHUVRQ¶V�H\HEDOO�DQG�WKH�UDGLXV�RI�KLV�KHU�LULV�LV�DVVXPHG�WR
EH�D�JHQHULF�FRQVWDQW��,W�LV�DVVXPHG�WR�EH���KHUH��6R�WKH�UDGLXV�RI�WKH�H\HEDOO�LV��5 ���
FP��7KH�GLVWDQFH�IURP�H\HEDOO�FHQWHU�WR�WKH�LULV�SODQH�FDQ�EH�FDOFXODWHG�XVLQJ�HTXDWLRQ
�����ZH�DUULYH�DW�

�������������������G� ������FP� �� ���������
���7KH�GLVWDQFH�EHWZHHQ�WZR�H[WUHPH�FRUQHUV�RI�WKH�SDUDEROD�LV�DVVXPHG��3�3�� �����FP�
7KH� WRS� DQG� ERWWRP� SRLQWV� RI� SDUDEROD� DUH� V\PPHWU\� DERXW� LQLWLDO� LULV� FHQWHU�� WKH
GLVWDQFH��3�2� �3�2� �����FP�
���:H�FRQVLGHU�WKH�SRVVLEOH�SRVHV�RI�H\H�LULVHV�DV�IROORZV��/HW�WKH�KHDG�ORRN�WRZDUG�WKH
FDPHUD�DQG�WKH�H\HEDOO�DUH�URWDWHG�DURXQG�FHQWHU�RI� WKH�H\HEDOO�DERXW�<�D[LV��YHUWLFDO�






DQG�;�D[LV��KRUL]RQWDO��RI�FDPHUD�FRRUGLQDWH�V\VWHP��&RQVHTXHQWO\�WZR�LULV�FRQWRXU�ZLOO
URWDWH�IROORZ�WKH�H\HEDOO��:H�SURMHFW�WKH�URWDWHG�H\HEDOO�DQG�WZR�LULVHV�RQWR�WKH�LPDJH
SODQH�DQG�UH�HVWLPDWH�WKH�SRVHV�DQG�FRPSXWH�WKH�HUURU�ZLWK�WKH�DFWXDO�SRVHV��7KH�HUURUV
KHUH�DUH�PHDVXUHG�XVLQJ�WKH�DQJOH�EHWZHHQ�WKH�DFWXDO�DQG�HVWLPDWHG�JD]H�GLUHFWLRQV��7KH
LULV�FRQWRXUV��EHLQJ�WZR�HOOLSVHV��DUH�ILWWHG�DQG�WKHLU��'�ORFDWLRQV�DUH�UHFDOFXODWHG�XVLQJ
³WZR�FLUFOHV´� DOJRULWKP��7KH� SRLQWV� WKDW� OLH�ZLWKLQ� WKH� XSSHU� DQG� ORZHU� SDUDERODV� DUH
IRXQG�DQG�XVHG�WR�ILW�WKH�WZR�LULVHV�HOOLSWLFDO�FRQWRXU�UHVSHFWLYHO\�
���5RWDWLQJ� WKH�H\HEDOO�DERXW�YHUWLFDO�D[LV� IURP� ����� WR����� VWHS���� �D]LPXWK��DQG�DERXW
KRUL]RQWDO�D[LV�IURP�±����WR�����VWHS�����HOHYDWLRQ��IRUPV�D�VHW�RI�V\QWKHWLF�LPDJHV�
���7KH� LPDJH�ZKHQ� WKH� URWDWLRQ� DQJOH� DURXQG�<�D[LV� ±���� DQG�;�D[LV� ±���� LV� VKRZQ� LQ
)LJ�����D���7KH�UHVXOWV�RI�QRUPDO�YHFWRUV��JD]H��DQG�FHQWHUV�RI�FLUFOH���DQG�FLUFOH���DUH
OLVWHG�LQ�7DEOH���

���������������6ROXWLRQ�� ������������������6ROXWLRQ��

&LUFOH��

*D]H ����������������������� ���������������������

&HQWHU ����������������������� ������������������������

&LUFOH��

*D]H ����������������������� ����������������������

&HQWHU ��������������������� ������������������������

��� 7DEOH���7KH�UHVXOWV�RI�WKH�WZR�FLUFOHV¶�QRUPDO�YHFWRUV

���7KH�VROXWLRQ���RI�FLUFOH����JD]H�DQG�FHQWHU��DQG� WKH� VROXWLRQ���RI�FLUFOH��� �JD]H�DQG
FHQWHU��DUH�DFFHSWHG�EDVHG�RQ�WKH�QRUPDO�FRQVWUDLQW��7KH�DFWXDO�JD]H�RI�WKH�WZR�LULVHV�DUH
HTXDO�H[DFWO\�DQG�FDQ�EH�REWDLQHG�IURP�V\QWKHWLF�GDWD�HTXDOV�

������������������������

���6R�WKH�HUURU�RI�WKH�HVWLPDWHG�JD]H�HTXDOV��������
���7KH�FHQWHUV�RI�WZR�FLUFOHV�DUH�FDOFXODWHG�DQG�FRPSDUHG�ZLWK�WKH�DFWXDO�YDOXHV��OLVWHG�LQ
7DEOH���

����&DOFXODWHG��FP� �������������5HDO��FP� (UURU��FP�

&LUFOH�� ���������������������� ���������������������� ��������

&LUFOH�� ��������������������� ���������������������� ��������

7DEOH���7KH�HUURUV�RI�WKH�WZR�FLUFOHV¶�FHQWHU

���7KH�UHVXOWV�DUH�UH�SURMHFWHG�WR�WKH�RULJLQDO�LPDJH��VHH�)LJ���E��
���7KH�HUURUV�EHWZHHQ�FDOFXODWHG�UHVXOWV�DQG�DFWXDO�V\QWKHWLF�YDOXHV�RI�GLIIHUHQW�SRVHV�DUH
VKRZQ�DV�)LJ����D��

)LJ����5HVXOWV�RI�WKH�V\QWKHWLF�H\H�LPDJHV��D��5RWDWLQJ�LULV������DERXW�<�D[LV�DQG������DERXW�;�D[LV��WKH
DFWXDO� JD]H� YHFWRUV� DQG� HOOLSVH� ILWWLQJ� SRLQWV� DUH� VKRZQ�� �E��2YHUOD\LQJ� WKH� UHVXOWV� RQWR� WKH� RULJLQDO
LPDJH� VKRZQ� LQ� �D��� 7KH� UHVXOWV� LQFOXGH� WKH� OHDVW�VTXDUHV� ILWWHG� LULV� FRQWRXU� �GRWWHG� HOOLSVH�� DQG� WKH
HVWLPDWHG�JD]H��7KH�JD]H�GLUHFWLRQ�LV�UHSUHVHQWHG�DV�DQ�DUURZ�WKDW�VWDUWLQJ�IURP�WKH�H\HEDOO�FHQWHU�DQG
HQGLQJ�DW�WKH�LULV�FHQWHU����F��2YHUOD\LQJ�WKH�UHVXOW�RQWR�WKH�RULJLQDO�LPDJH�ZKHUH�WKH�URWDWLRQ�DQJOH�RI
WKH� LULV� LV� ���� RQ�<�D[LV� DQG� ���� RQ�;�D[LV� DQG� WKH� SRVLWLRQV� RI� WKH� ILWWLQJ� SRLQWV� DUH� SHUWXUEHG� E\
*DXVVLDQ�QRLVH��7KH�PDJQLWXGH��5BQRLVH��RI�WKH�QRLVH�LV�RQH�SL[HO�

� �
�������������������D������������������������������������������������E� ����������������F�
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����5REXVWQHVV�WR�JHRPHWULFDO�GLVWXUEDQFHV
8VLQJ� WKH� VDPH� YLUWXDO� FDPHUD� DQG� WZR� FLUFOHV�� ZH� WHVW� IRU� WKH� HUURUV� FDXVHG� E\
JHRPHWULFDO� GLVWXUEDQFHV�� 7KH� LPDJHG� IHDWXUH� ORFDWLRQV� ZHUH� FRUUXSWHG� E\� ]HUR�PHDQ
*DXVVLDQ�QRLVH�ZLWK�D�VWDQGDUG�GHYLDWLRQ�RI�RQH�SL[HO�
���&RQVLGHU�ZH�SURGXFH�D�MWK�SRLQW�RQ�FLUFOH�DV�VHFWLRQ������7KHQ�WKH�LPDJH�FRRUGLQDWH
� B � B �[ M \ M �RI�MWK�SRLQW�ZLOO�EH�GLVWXUEHG�DV�

[BM�=�[BM�5BQRLVH×UDQGB[������������������������������ ��������
\BM�=�\BM�5BQRLVH×UDQGB\�� ��������

ZKHUH� UDQGB[��� DQG� UDQGB\��� DUH� WZR� RUWKRJRQDO� UDQGRP� *DXVVLDQ� QRLVH� JHQHUDWRUV
�]HUR�PHDQ�DQG�XQLW\�YDULDQFH���5BQRLVH�UHSUHVHQWV�WKH�PDJQLWXGH�RI�WKH�QRLVH��SL[HOV��

)LJ�� � �� (UURU� RI� WKH
JD]H� IRU� GLIIHUHQW
SRVHV� �D�� QR� QRLVH� �E�
SHUWXUEHG� E\
6WDQGDUG� *DXVVLDQ
QRLVH� �]HUR� PHDQ�
VWDQGDUG� GHYLDWLRQ
HTXDOV���

:H�FDOFXODWH�WKH�HUURUV�RI�WKH�DQJOH�EHWZHHQ�HVWLPDWHG�JD]H�DQG�DFWXDO�JD]H��7KH�HUURUV
RI�WKH�FHQWHUV�RI�WZR�FLUFOHV�KDYH�DOVR�EHHQ�FDOFXODWHG�UHVSHFWLYHO\��:H�GR�WKLV�NLQG�RI
VLPXODWLRQ�����WLPHV�IRU�HYHU\�JD]H�DQG�WKH�PHDQ�HUURU�RI�����UHVXOWV�LV�UHFRUGHG�WR�EH
WKH�HUURU�RI�WKH�JD]H��2QH�H[DPSOH�RI�WKH�UHVXOWV�RI�JHRPHWULFDO�GLVWXUEDQFHV�DSSOLHG�LQ
WKH�VLPXODWLRQ�LV�VKRZQ�LQ�)LJ����F��
���7KH�H[SHULPHQWV� VKRZ� WKDW� WKH�DOJRULWKP�ZH�GHYHORSHG� LV� UREXVW� HQRXJK��:KHQ�ZH
GLVWXUE��'�SRVLWLRQ�RI�ILWWLQJ�SRLQWV�ZLWK�D�VWDQGDUG�*DXVVLDQ�QRLVH��]HUR�PHDQ��VWDQGDUG
YDULDQFH�HTXDOV�����WKH�HUURUV�RI�WKH�JD]H�RI�GLIIHUHQW�SRVHV�DUH�OHVV�WKDQ���GHJUHH��)LJ���
�E����WKH�HUURU�RI�WKH�FHQWHUV�RI�WZR�FLUFOHV�DUH�ERWK�OHVV�WKDQ�����FP�

����([SHULPHQWV�RQ�UHDO�VFHQH
7KH�FRQWRXU�RI�DQ�LULV�LV�PRGHOHG�DV�D�FLUFOH�VR�WKH�SURMHFWLRQ�RI�WKH�LULV�LV�PRGHOHG�DV�DQ
HOOLSVH� ZKRVH� FHQWHU� ORFDWHV� WKH� SXSLO�� ,W� LV� REVHUYHG� WKDW� VRPH� H\H� UHJLRQV� KDYH
UHODWLYHO\�KLJK�FRQWUDVW�� VXFK�DV�ERXQGDU\�SRLQWV�EHWZHHQ�H\H�ZKLWH�DQG�H\HEDOO��7KLV
FDQ�EH�HPSOR\HG�WR�JXLGH�WKH�LULV�GHWHFWLRQ�SURFHVV����$Q�HIIHFWLYH�LULV�GHWHFWLRQ�PHWKRG
LV�SURSRVHG�LQ�WKLV�SDSHU�
���7KH�HOOLSVH�FRQWRXU�RI� WKH� LULVHV�FDQ�EH�ILWWHG�IURP�WKH� LULV�HGJH�UHVXOWV�E\�XVLQJ� WKH
PHWKRG�SURSRVHG�E\�%RRNVWHLQ�>�@��,W�LV�VWDEOH�WR�GHWHFW�HOOLSVH�HYHQ�XQGHU�WKH�FRQGLWLRQ
ZKHQ�WKH�LULV�PRYHV�WR�RQH�H[WUHPH�VLGH�RI�WKH�H\H�
)RU� WKH� VHWWLQJV� RI� I[� DQG� I\� LQ� WKH� VHFWLRQ� RQ� VLPXODWLRQV�� LW� LPSO\� WKDW� WKHUH� DUH
FRQVWUDLQWV�IRU�RXU�DSSOLFDWLRQ��L�H��WKH�FDPHUD�PXVW�XVH�ODUJHU�IRFDO�OHQJWK�LQ�RUGHU�IRU
WKH� H\HV� WR� DSSHDU� ELJJHU� RQ� WKH� LPDJH�� &260,&$5�79�=220� OHQV� ��������PP� LV
XVHG��������PP�IRFDO�OHQJWK�LV�VHW�LQ�RXU�UHDO�LPDJH�H[SHULPHQWV�WKDW�NHHSV�WKH�H\HV�ELJ
HQRXJK�IURP�D�GLVWDQFH�RI�DERXW�������FP�EHWZHHQ�WKH�KXPDQ�IDFH�DQG�WKH�PRQLWRU��2QH
H[DPSOH� RI� LULV� FRQWRXU� GHWHFWLRQ� DQG� JD]H� GHWHUPLQDWLRQ� UHVXOW� LV� VKRZQ� LQ� )LJ�� ��






7KHUH�DUH����DQG����HGJH�SRLQWV�IRU�ILWWLQJ�OHIW�DQG�ULJKW�HOOLSVHV�UHVSHFWLYHO\��7KH�WZR
VROXWLRQV�RI�WKH�QRUPDO�YHFWRU�DQG�WKH�FHQWHU�RI�WZR�HOOLSVHV�DUH�FDOFXODWHG�DQG�OLVWHG�LQ
7DEOH���

����� ����� ����� ������
������������ ���������������D�� ��������������E�������������������������F�������������������������G�

����� ������ ����� ������
���������������H��������������������������I��������������������������J�������������������������K�

�D��2ULJLQDO� LPDJH�� �E��7KH� H\H�UHJLRQV� ORFDWHG� E\� WKH� SRVH� GHWHUPLQDWLRQ�PHWKRG�� �F�� 6HJPHQWDWLRQ

UHVXOWV�RI�WKH�H\H�UHJLRQV���G��6HSDUDWLQJ�WKH�LULVHV�XVLQJ�PRUSKRORJLFDO�RSHQ������VWUXFWXULQJ�HOHPHQW�
RSHUDWLRQ�� �H�� 7KH� ODUJHVW� VHJPHQWHG� UHJLRQV� ZLWKLQ� WKH� H\H�UHJLRQ� DUH� GHHPHG� WR� EH� LULVHV�� �I�� 7KH

ORQJHVW�YHUWLFDO�HGJHV������YHUWLFDO�RSHUDWRU��DUH�GHHPHG�WR�EH�LULVHV�HGJHV���J��2YHUOD\LQJ�WKH�V�RQWR�WKH
RULJLQDO�LPDJH���K��2YHUOD\LQJ�WKH�OHDVW�VTXDUHV�ILWWHG�HOOLSVH�RQWR�WKH�RULJLQDO�LPDJH�

���������������������������������)LJ����LULV�FRQWRXU�GHWHFWLRQ�DQG�JD]H�GHWHUPLQDWLRQ

���������������6ROXWLRQ�� ���������6ROXWLRQ��

&LUFOH��

*D]H��15B� ����������������������� �����������������������

&HQWHU�&5B� ������������������������ �����������������������

&LUFOH��

*D]H�1/B� ����������������������� ���������������������

&HQWHU�&/B� ���������������������� ���������������������

���������7DEOH���5HVXOWV�RI�QRUPDO�YHFWRUV�DQG�FHQWHU�SRLQWV�RI�WZR�LULVHV

)LJ���� 6RPH� H[DPSOHV� RI� H\H�JD]H�GHWHUPLQDWLRQ� UHVXOWV� �RYHUOD\LQJ� WKH� LULV� HGJHV�� ILWWHG�HOOLSVHV� DQG
JD]H�GLUHFWLRQ�RQWR�WKH�RULJLQDO�LPDJHV��JD]H�GLUHFWLRQ�DUH�UHSUHVHQWHG�E\�DQ�DUURZ�WKDW�VWDUWLQJ�IURP
FHQWHU�RI�WKH�H\HEDOO�DQG�HQGLQJ�DW�WKH�FHQWHU�RI�WKH�LULV�FRQWRXU�

7KH�DQJOH�EHWZHHQ�15B��DQG�1/B���15B��DQG�1/B���15B��DQG�1/B���15B��DQG�1/B�
DUH��������������������DQG������� UHVSHFWLYHO\��)URP� WKH�QRUPDO� FRQVWUDLQW�� VROXWLRQ���RI
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ULJKW� FLUFOH� DQG� WKH� VROXWLRQ� �� RI� OHIW� FLUFOH� VKRXOG� EH� FRQVLVWHQW�� L�H�� WKH� XQLTXH� RI
VROXWLRQ�FDQ�EH�REWDLQHG�
7KH�QRUPDO�VKRXOG�EH�WKH�DYHUDJH�RI�WKH�WZR�JD]H�GLUHFWLRQV�

15B�����������������������������DQG��1/B����������������������������
7KH�FHQWHU�RI�WKH�ULJKW�DQG�OHIW�HOOLSVH�VKRXOG�EH�

������������������������DQG������������������������
���+HQFH�� WKH� GLVWDQFH� EHWZHHQ� WKH� FHQWHUV� RI� WKH� WZR� FLUFOHV� HTXDOV� WR� ����� FP��7KH
DFWXDO�GLVWDQFH�EHWZHHQ�WKH�FHQWHUV�RI�WKH�WZR�FLUFOHV�LV�PDQXDOO\�PHDVXUHG�WR�EH�DERXW
�� FP��:H� FDQ� VHH� WKDW� WKH� UHODWLYH� HUURU� RI� WKH� GLVWDQFH� EHWZHHQ� WKH� FHQWHUV� RI� WZR
FLUFOHV�LV�OHVV�WKDQ����ZLWKLQ�WKH�GLVWDQFH�UDQJH�RI����FP�
���6RPH� JD]H� GHWHUPLQDWLRQ� UHVXOWV� DUH� VKRZQ� LQ� )LJ� ��� ZKHUH� ZH� KDYH� DVVXPHG� WKH
UDGLXV�RI� WKH� LULVHV� DUH������FP�HDFK�� DQG� WKH� UDGLXV�RI� H\HEDOO� LV� ����FP��7KH� JD]H� LV
UHSUHVHQWHG�E\�DQ�DUURZ�VWDUWLQJ�IURP�FHQWHU�RI�H\HEDOO��DQG�HQGLQJ�DW�WKH�FHQWHU�RI�LULV
FRQWRXU��7KLV� LV� FDOFXODWHG�XVLQJ� WKH� FHQWHU�RI� LULV�� WKH� UDGLXV�RI� H\HEDOO� DQG� WKH� JD]H
UHVXOW��,Q�RUGHU�WR�REWDLQ�KLJK�UHVROXWLRQ�LULV�LPDJHV��ZH�XVH�D�FDPHUD�ZLWK����PP�OHQV�
7KH� GUDZEDFN� RI� WKLV� DSSURDFK� LV� WKH� SUREOHP� FDXVHG� E\� WKH� QDUURZ� ILHOG� RI� YLHZ
FDXVLQJ�WKH�H\H�LULVHV��WR�EH�HDVLO\�ORVW�IURP�LPDJH��$�QHZ�DSSURDFK�WKDW�ZH�XVH�KHUH�LV
WR�XVH�WZR�FDPHUDV�LQVWHDG��RQH�IRU�SRVH�GHWHUPLQDWLRQ��SRVH�FDPHUD��DQG�WKH�RWKHU�IRU
JD]H� GHWHUPLQDWLRQ� XVLQJ� ³WZR�FLUFOHV´� PHWKRG� �JD]H� FDPHUD��� 2XU� PHWKRG� RI� SRVH
GHWHUPLQDWLRQ�KDV�EHHQ�SUHVHQWHG�HOVHZKHUH�DQG�ZLOO�QRW�EH�GHDOW�ZLWK�LQ�WKLV�SDSHU��7KH
JD]H� FDPHUD��ZKLFK� LV�PRXQWHG� RQ� D� SDQ�WLOW� GHYLFH�� FDQ� WUDFN� WKH� YLHZHU¶V� WZR� H\HV
XVLQJ�WKH��'�LQIRUPDWLRQ�DERXW�WKH�WZR�H\H�SRVLWLRQV�WKDW�REWDLQHG�E\�WKH�SRVH�FDPHUD�
7KH� OHIW�SLFWXUH�RI�)LJ���� LV� WKH� UHVXOW� RI�SRVH�GHWHUPLQDWLRQ� IURP�DQ� LPDJH�XVLQJ� WKH
SRVH� FDPHUD� �OHQV�� ����� PP��� WKH� ULJKW� SLFWXUH� RI� )LJ�� �� LV� WKH� FRUUHVSRQGLQJ� JD]H
GHWHUPLQDWLRQ�UHVXOW���%HFDXVH�RQO\�WKH�H[WULQVLF�SDUDPHWHUV�RI�WKH�JD]H�FDPHUD�QHHG�WR
EH�DGMXVWHG��LW�LV�HDV\�WR�OLQN�WKH�SRVH�DQG�JD]H�UHVXOWV�

����������)LJ����3RVH��OHIW��DQG�WKH�FRUUHVSRQGLQJ�JD]H��ULJKW��GHWHUPLQDWLRQ�UHVXOWV

�� &RQFOXVLRQ
,Q� WKLV� SDSHU�� ZH� SUHVHQW� DQ� RULJLQDO� DSSURDFK� WKDW� REWDLQV� JD]H� EDVHG� RQ� LULV
LQIRUPDWLRQ�� ,W� HIIHFWLYHO\� FRPELQHV� LULV� GHWHFWLRQ� DQG� TXDGUDWLF�EDVHG� SRVH
GHWHUPLQDWLRQ�PHWKRG��:H� REWDLQ� WKH� XQLTXH� VROXWLRQ� EDVHG� RQ� WKH� QRUPDO� FRQVWUDLQW
�WKDW� WKH�QRUPDOV�RI� WZR�LULV�SODQHV�DUH� LQYDULDQW� IRU�H\HEDOO� URWDWLRQV�DQG�KHDG�SRVH��
'HJHQHUDWH� FDVHV� XQGHU� WKH� QRUPDO� FRQVLVWHQF\� DVVXPSWLRQ� RFFXUUHG� ZKHQ� JD]H
RULHQWDWLRQ� QHDUO\� SDUDOOHO� WR� WKH� YLHZ� D[LV� RI� WKH� FDPHUD�� 7KLV� GHJHQHUDF\� KDV� EHHQ
SUHYHQWHG�LQ�RXU�DSSOLFDWLRQ��KXPDQ�PDFKLQH�LQWHUDFWLRQ��E\�SXWWLQJ�WKH�FDPHUD�RQ�WKH
WRS� RI� WKH� PRQLWRU� DQG� VOLJKWO\� VNHZHG� WR� WKH� IDFH�� 6LPXODWLRQV� RQ� D� YLUWXDO� FDPHUD
PRGHO�KDYH�VKRZQ�WKDW�WKH�DOJRULWKP�LV�UREXVW�XQGHU�JHRPHWULF�GLVWXUEDQFHV��:KHQ�ZH
GLVWXUE�WKH��'�SRVLWLRQ�RI�LULV�HGJH�SRLQWV�XVLQJ�D�VWDQGDUG�*DXVVLDQ�QRLVH��]HUR�PHDQ
DQG�VWDQGDUG�GHYLDWLRQ� LV�RQH�SL[HO��� WKH�HUURU�RI� WKH�URWDWLRQ�DQJOH� LV� OHVV� WKDQ����� WKH






HUURU� RI� FHQWHUV� RI� WZR� FLUFOHV� LV� OHVV� WKDQ� ���� FP�ZLWKLQ� WKH� UDQJH� ��� FP�� :H� DUH
ZRUNLQJ�WRZDUG�WR�LPSURYH�WKH�SUHFLVLRQ�IXUWKHU�E\�XVLQJ�LPDJH�RI�RQH�H\H�UDWKHU�WKDQ
WZR�LULVHV�
���,Q� RUGHU� WR� WROHUDWH� LQDFFXUDFLHV� GXH� WR� ORZ� UHVROXWLRQ� RI� WKH� LULV� LPDJHV�� D� FDPHUD
]RRP�OHQV�LV�XVHG��$�JHQHUDO�DSSURDFK�WKDW�XVHV�WZR�FDPHUDV�LV�GHYHORSHG�LQ�WKLV�SDSHU�
RQH�FDPHUD�IRU�SRVH�GHWHUPLQDWLRQ�RI�KXPDQ�KHDG�DQG�RQH�IRU�JD]H�GHWHUPLQDWLRQ��7KH
JD]H�FDPHUD�FDQ�WUDFN�LULVHV�E\�XWLOL]LQJ��'�LQIRUPDWLRQ�RI�KXPDQ�KHDG�REWDLQHG�IURP
WKH�SRVH�FDPHUD�
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