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&RPSXWHU�DVVLVWHG� VXUJLFDO� V\VWHPV� PXVW� EULQJ� GLDJQRVWLF� LPDJHV�� VXUJLFDO� SODQV�� SDWLHQW

DQDWRP\�� VXUJLFDO� WRROV�� URERWV�� YLVLRQ� V\VWHPV�� DQG� RWKHU� FRPSRQHQWV� LQWR� DFFXUDWH

DOLJQPHQW�ZLWK�RQH�DQRWKHU��0XOWL�VWHS�UHJLVWUDWLRQ�SURFHGXUHV�KDYH�EHHQ�GHYLVHG��ZKLFK�DUH

GLIILFXOW�WR�DQDO\]H��RU�HYHQ�WR�GHVFULEH�FRQFLVHO\�

$� PHWKRG� IRU� GLDJUDPPLQJ� UHJLVWUDWLRQ� VWUDWHJLHV� DQG� SURFHGXUHV� PDNHV� GHVFULSWLRQV

VWUDLJKWIRUZDUG� DQG� VLPSOLILHV� DQDO\VLV�� $� QRWDWLRQ� WKDW� XVHV� D� JUDSK� WKHRUHWLF� IUDPHZRUN

FRQVLVWLQJ�RI� WZR�SULPDU\� HOHPHQWV�� IHDWXUHV�� UHSUHVHQWLQJ�REMHFWV� �RU�SDUWV�RI�REMHFWV��� DQG

OLQNV�� UHSUHVHQWLQJ� PHDVXUHPHQW� DFWLRQV� LV� LQWURGXFHG�� &RQQHFWLYLW\� SURSHUWLHV� RI� WKH

UHVXOWLQJ�UHJLVWUDWLRQ�JUDSK�DUH�UHDGLO\�GHWHUPLQHG�E\�LQVSHFWLRQ�

7R�SURYLGH�TXDQWLWDWLYH�DV�ZHOO�DV�TXDOLWDWLYH�DQDO\VLV�RI�D�UHJLVWUDWLRQ�VWUDWHJ\��D�PRGHO�IRU

SURSDJDWLQJ�PHDVXUHPHQW�XQFHUWDLQWLHV�WKURXJK�WKH�JUDSK�LV�SUHVHQWHG��7KH�PRGHO�LQYROYHV

WKH�ILUVW�DQG�VHFRQG�VWDWLVWLFDO�PRPHQWV��PHDQ�DQG�FRYDULDQFH��0HWKRGV�IRU�FRPELQLQJ�WKH

PHDQV�DQG�FRYDULDQFHV�RI�VHULDO�DV�ZHOO�DV�SDUDOOHO�PHDVXUHPHQWV�DUH�VKRZQ�

7KH� UXOHV� DQG� DOJRULWKPV�JRYHUQLQJ� WKH� UHJLVWUDWLRQ� JUDSK� DQG� XQFHUWDLQW\� DQDO\VLV� DUH

LPSOHPHQWHG�DV�D�&���OLEUDU\�DQG�:LQGRZV�SURJUDP��$�FDVH�VWXG\�RI�D�UHJLVWUDWLRQ�VWUDWHJ\

YHULILHV�WKDW�WKH�OLEUDU\�DQG�SURJUDP�DUH�HIIHFWLYH��DQG�VKRZV�WKDW�UHJLVWUDWLRQ�LV�PRUH�WKDQ

MXVW�D�´ILQDO�DOLJQPHQW�EHWZHHQ�WRRO�DQG�SDWLHQW�µ



LY

$FNQRZOHGJPHQWV
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,QWHOOLJHQW�0HFKDQLFDO� 6\VWHPV�� ,W�ZDV� KH�ZKR� VDZ� WKH� SRWHQWLDO� RI� WKH� UHJLVWUDWLRQ� JUDSK

ZKHQ�,�VKRZHG�KLP�VRPH�VNHWFK\�´PXVLQJVµ�,� WKRXJKW�KHOSHG�H[SODLQ�UHJLVWUDWLRQ��,�KRSH

WKDW�D�MXVW�D�VPLGJHQ�RI�KLV�DPD]LQJ�LQVLJKW�KDV�UXEEHG�RII�RQ�PH�

,� DOVR�ZRXOG� OLNH� WR� WKDQN�3URI��(G�&ROJDWH�� FR�GLUHFWRU� RI�/,06� DQG�PHPEHU� RI�P\

GLVVHUWDWLRQ� FRPPLWWHH�� ZKRVH� NQRZOHGJH� DQG� ULJRURXV� DSSURDFK� WR� SUREOHPV� KDYH� EHHQ

HYHU� VR� LQVWUXFWLYH�� 7KDQNV� DOVR� WR� P\� WKLUG� GLVVHUWDWLRQ� FRPPLWWHH� PHPEHU�� 3URI�� 6FRWW

'HOS��ZKR�DOZD\V�EURXJKW�D�PHGLFDOO\�PLQGHG�SHUVSHFWLYH�WR�WKH�WDEOH�

2YHU�WKH�FRXUVH�RI�P\�JUDGXDWH�ZRUN��,�KDYH�KDG�WKH�SOHDVXUH�RI�PHHWLQJ�DQG�GLVFXVVLQJ

ZRUN� LQ� WKH� ILHOG� RI� FRPSXWHU�DVVLVWHG� VXUJHU\� ZLWK� PDQ\� SHRSOH�� LQFOXGLQJ� 5XVV� 7D\ORU�
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QR� SDUWLFXODU� RUGHU�� WKDQNV� WR�0LNH� %URNRZVNL��.HQ�*UDFH�� 3DW� -HQVHQ�� .HLWK� $QGHUVRQ�

3DXO� 0LOOPDQ�� $PEDULVK� *RVZDPL�� :LWD\D� :DQQDVXSKRSUDVLW�� -XOLR� 6DQWRV�0XQQp�� &DUO
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0RRUH��%HUQLH�5HJHU��DQG�0LNH�%URZQ��0DQ\�RWKHUV�UHPDLQ�XQQDPHG�KHUH�EXW�NQRZ�ZKR

WKH\�DUH���WKDQNV�WR�\RX�DOVR�

$� VSHFLDO� WKDQNV� WR� 3URI�� 3KLO� *XLFKHODDU� RI� :HVWHUQ� 0LFKLJDQ� 8QLYHUVLW\�� ZKRVH

WHDFKLQJ�VW\OH�DQG�SHUVRQDO�IULHQGVKLS�LQVSLUHG�PH�WR�FKRRVH�WKH�SDWK�WKDW�OHG�WR�WKH�3K�'�

,�ZRXOG�OLNH�WR�H[WHQG�D�ORQJ�GHVHUYHG�WKDQN�\RX�WR�P\�SDUHQWV��7RP�DQG�/RXLVH��7KHLU

YDOXHV�DQG�OHVVRQV�WDXJKW�PH�WR�HQMR\�ERWK�ZRUN�DQG�SOD\��WKH�WZR�RI�ZKLFK�,�RIWHQ�FDQQRW

GLVWLQJXLVK�IURP�RQH�DQRWKHU��,�KRSH�,�KDYH�PDGH�WKHP�SURXG�ZLWK�WKLV�DFKLHYHPHQW�� LW� LV

WKH�OHDVW�,�FRXOG�GR�IRU�DOO�WKH\�KDYH�GRQH�IRU�PH��7KDQNV�DOVR�WR�P\� LQ�ODZV��0XUUD\�DQG

+D]HO��IRU�WKHLU�HQFRXUDJHPHQW�DQG�XQGHUVWDQGLQJ�WKURXJKRXW�P\�VWXGLHV�

)LQDOO\�� P\� PRVW� KHDUW�IHOW� WKDQNV� JR� WR� P\� ZLIH� DQG� VRXOPDWH�� 6DUDK�� :LWKRXW� KHU

XQG\LQJ�ORYH��SDWLHQFH��DQG�VXSSRUW��WKLV�ZRXOG�QHYHU�KDYH�EHHQ�SRVVLEOH�

7KLV�ZRUN�ZDV�VXSSRUWHG�E\�D�:DOWHU�3��0XUSK\�)HOORZVKLS�IURP�WKH�0F&RUPLFN�6FKRRO�RI

(QJLQHHULQJ�� DQG� JUDQWV� IURP� WKH� 1DWLRQDO� 6FLHQFH� )RXQGDWLRQ� DQG� WKH� :KLWDNHU

)RXQGDWLRQ�
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)LJXUH������5HJLVWUDWLRQ�JUDSK�IRU� WKH�1RUWKZHVWHUQ�7.5�V\VWHP��ZLWK� WUDQVLHQW� DQG
VXVWDLQHG�HYHQW�WDJV�PDUNHG�ZLWK�´Wµ�DQG�´Vµ�UHVSHFWLYHO\������������������������������������������������� ��

)LJXUH������7KH�IHDWXUHV�RI�WKH�HQG�HIIHFWRU�ULJLG�ERG\�JURXS�KDYH�EHHQ�UHGXFHG�WR�D
VLQJOH�IHDWXUH�XVLQJ�WKH�UHGXFWLRQ�UXOH� ����������������������������������������������������������������������������������� ��

)LJXUH� ����� 5HJLVWUDWLRQ� JUDSK� RI� WKH� 6WHDOWK6WDWLRQ� DV� XVHG� IRU� SHGLFOH� VFUHZ
SODFHPHQW� ������������������������������������������������������������������������������������������������������������������������������������ ��

)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�/RQJ�%HDFK�VWHUHRWDFWLF�QHXURVXUJHU\�V\VWHP������������������� ��

)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�1RUWKZHVWHUQ�SHGLFOH�VFUHZ�SODFHPHQW�V\VWHP� ��������������� ��

)LJXUH� �����5HJLVWUDWLRQ� JUDSK�RI� WKH�*UHQREOH� SHGLFOH� VFUHZ�SODFHPHQW� V\VWHP� WKDW
HPSOR\V�D�IOXRURVFRSH�LQWUDRSHUDWLYHO\� ��������������������������������������������������������������������������������� ��

)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�,PSHULDO�&ROOHJH�NH\KROH�VXUJHU\�V\VWHP���������������������������� ��

)LJXUH������3RVLWLRQLQJ�RI�D����PP�FXEH�LQ�D����PP�FXELF�KROH���D��QRPLQDO�SRVLWLRQ
�FHQWHUHG�LQ�KROH����E��∆[� �����PP���F��∆\� ������PP���G��∆θ� ��°� ������������������������������ ��
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)LJXUH������7KH�DSSUR[LPDWH� WUDQVIRUPDWLRQV�DVVRFLDWHG�ZLWK�GLUHFW� OLQNV� DUH�XVHG� WR
GHULYH�WKH�DSSUR[LPDWH�WUDQVIRUPDWLRQV�RI�WKH�LQGXFHG�OLQNV�������������������������������������������� ��

)LJXUH� ����� $Q� LQGXFHG� OLQN� PD\� KDYH� VHYHUDO� VXEJUDSKV� WKDW� YDOLGDWH� LW�� 7KH� OLQN
>52%27� �� EDVH�→� 2%-(&7� �� EDVH@� KDV� WZR� YDOLG� VXEJUDSKV�� RQH� WKDW� SDVVHV
WKURXJK�>&$0(5$����EDVH@�DQG�DQRWKHU�WKDW�SDVVHV�WKURXJK�>&$0(5$����EDVH@� ������������� ��

)LJXUH������7KH�DSSUR[LPDWH�WUDQVIRUPDWLRQV�IRU�WKH�LQGXFHG�OLQN�>&$0(5$����EDVH�→
&$0(5$����EDVH@�LV�QRW�FRPSXWDEOH�VLQFH�WKH�VXEJUDSKV�FDQQRW�EH�UHGXFHG�WR�D
VLQJOH�OLQN�������������������������������������������������������������������������������������������������������������������������������������� ��

)LJXUH������+HLUDUFK\�RI�REMHFW�RZQHUVKLS�LQ�WKH�UHJLVWUDWLRQ�JUDSK�&���OLEUDU\������������������������ ��

)LJXUH������7KH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP����������������������������������������������������������������������������������� ��

)LJXUH� ����� �D��7KH� VLPSOLILHG� GLVWDQFHV� IURP� WKH�&00�EDVH� UHIHUHQFH� IUDPH� WR� WKH
IHDWXUHV�RI�WKH�HQG�HIIHFWRU��E��7KH�GLVWDQFH�IURP�WKH�ILGXFLDO�SLQ����������������������������������� ��

)LJXUH������3RUWLRQ�RI�WKH�1RUWKZHVWHUQ�7.5�UHJLVWUDWLRQ�JUDSK�VKRZLQJ�PHDVXUHPHQW
RSHUDWLRQV�RQ�WKH�HQG�HIIHFWRU�XVLQJ�WKH�&00�������������������������������������������������������������������� ��

)LJXUH������(UURU�HOOLSVHV�IRU�WKH�>(1'�())(&725���PRXQWLQJ�IODQJH�→�(1'�())(&725
�� SUREH@� LQGXFHG� OLQN�� 7KH� HOOLSVHV� FRUUHVSRQG� WR� D� ���� SUREDELOLW\� �N��  
��������������������������������������������������������������������������������������������������������������������������������������������������� ��

)LJXUH������3RVLWLRQV�RI�WKH�FRRUGLQDWH�IUDPHV�RI�WKH�URERW��PRXQWLQJ�IODQJH��ILGXFLDO
SLQV��DQG�UHVHFWLRQ�SODQ�DV�FRQILJXUHG�LQ�WKH�RSHUDWLQJ�URRP� ������������������������������������������ ��

)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�IXOO�1RUWKZHVWHUQ�7.5�V\VWHP�������������������������������������������� ��

)LJXUH������(UURU�HOOLSVHV�IRU�WKH�>52%27���EDVH�→�)(085���ILGXFLDO�SLQV@�LQGXFHG�OLQN� ������������ ��

)LJXUH� ����� 5HJLVWUDWLRQ� JUDSK� VKRZLQJ� WKH� H[WUD� LQGXFHG� OLQN� EHWZHHQ� WKH� )(085� �
UHVHFWLRQ�DQG�(1'�())(&725��FXWWLQJ�JXLGH�IHDWXUHV����������������������������������������������������������� ��

)LJXUH������(UURU�HOOLSVHV�IRU�WKH�>52%27���EDVH�→�)(085���ILGXFLDO�SLQV@�LQGXFHG�OLQN� ������������ ��

)LJXUH�$����0DLQ�ZLQGRZ�RI�WKH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP� ��������������������������������������������������� ��

)LJXUH�$����$GGLQJ�ULJLG�ERGLHV�WR�WKH�UHJLVWUDWLRQ�JUDSK����������������������������������������������������������������� ��

)LJXUH�$����$GGLQJ�IHDWXUHV�WR�WKH�ULJLG�ERGLHV� ��������������������������������������������������������������������������������� ��

)LJXUH�$����$GGLQJ�GLUHFW�OLQNV�WR�WKH�UHJLVWUDWLRQ�JUDSK� ����������������������������������������������������������������� ��

)LJXUH�$���$GGLQJ�DQ�LQGXFHG�OLQN�WR�WKH�UHJLVWUDWLRQ�JUDSK� ���������������������������������������������������������� ��
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� ,QWURGXFWLRQ

'XULQJ�ZRUN�WRZDUG�P\�PDVWHU·V�GHJUHH�,�ZDV�LQYROYHG�LQ�WKH�GHYHORSPHQW�RI�D�FRPSXWHU�

DVVLVWHG�VXUJHU\�V\VWHP�IRU�WRWDO�NQHH�UHSODFHPHQW�>�@>�@��7KH�WRWDO�NQHH�UHSODFHPHQW�V\VWHP

XWLOL]HG�SUHRSHUDWLYHO\�REWDLQHG�&7�GDWD�WR�FRQVWUXFW�D��'�PRGHO�RI�WKH�SDWLHQW·V�IHPXU�RQ�D

FRPSXWHU��2WKHU� �'�PRGHOV�RI� NQHH� LPSODQWV� �� WLWDQLXP�FRPSRQHQWV� XVHG� WR� UHSODFH� WKH

DUWLFXODWLQJ�VXUIDFHV�RI� WKH�NQHH� MRLQW� �� FRXOG�EH� WULHG�RXW�RQ� WKH�ERQH�PRGHO� WR�DVFHUWDLQ

WKHLU�ILW��2QFH�D�SDUWLFXODU�LPSODQW�ZDV�FKRVHQ��WKH�SRVLWLRQV�RI�WKH�QHFHVVDU\�FXWV�DQG�KROHV

WR�DFFRPPRGDWH�WKH�LPSODQW�DV�ZHOO�DV�WKUHH�ZLGHO\�VSDFHG�ILGXFLDO�SRLQWV��GHILQHG�E\�VPDOO

LPSODQWHG�SLQV��RQ�WKH�ERQH�ZHUH�GLJLWDOO\�VWRUHG�DORQJ�ZLWK�WKH��'�PRGHO�RI�WKH�IHPXU�

,Q� WKH� RSHUDWLQJ� URRP�� D� URERW� ZDV� XVHG� WR�PHDVXUH� WKH� WKUHH� ILGXFLDO� SRLQWV� RQ� WKH

SDWLHQW·V� LPPRELOL]HG� IHPXU�� 7KHVH� SRLQWV� ZHUH� WKHQ� PDWFKHG� WR� WKRVH� LQ� WKH� �'� ERQH

PRGHO�� WKHUHE\� UHJLVWHULQJ� WKH� SUHRSHUDWLYHO\� GHWHUPLQHG� UHVHFWLRQ� SRVLWLRQV� ZLWK� WKH

LQWUDRSHUDWLYH�SRVLWLRQ�RI�WKH�IHPXU��7KH�URERW�WKHQ�GLVSOD\HG�ZKHUH�UHVHFWLRQV�ZHUH�WR�EH

PDGH�E\�DOLJQLQJ�D�FXWWLQJ�JXLGH�DJDLQVW�WKH�IHPXU��DQG�WKH�VXUJHRQ�PDGH�WKH�UHVHFWLRQV�ZLWK

D�FRQYHQWLRQDO�VXUJLFDO�VDZ�

,W�LV�REYLRXV�WKDW�XQOHVV�UHJLVWUDWLRQ�ZDV�SHUIRUPHG�VXFFHVVIXOO\��WKH�VXEVHTXHQW�GLVSOD\

RI�UHVHFWLRQ�SRVLWLRQV�E\�WKH�URERW�ZRXOG�EH�LPSRVVLEOH��$�PRUH�GDQJHURXV�SURVSHFW�OD\�LQ

UHJLVWUDWLRQ� EHLQJ� SHUIRUPHG� LQDFFXUDWHO\�� UHVXOWLQJ� LQ� HUURQHRXV� GLVSOD\� RI� WKH� UHVHFWLRQ
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SRVLWLRQV��6RXUFHV�RI�LQDFFXUDF\�DUH�QRW�DOZD\V�DSSDUHQW��DQG�FDQ�EH�IRXQG�QRW�RQO\�LQ�WKH

LQWUDRSHUDWLYH� PHDVXUHPHQW� VWHS�� ZKLFK� FRPSOHWHV� UHJLVWUDWLRQ�� EXW� DOVR� WKURXJKRXW� DOO

PHDVXUHPHQWV�WKDW�PDNH�XS�WKH�DUFKLWHFWXUH�RI� WKH�FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHP��7KLV

LVVXH� LV� QRW� XQLTXH� WR� WRWDO� NQHH� V\VWHP� GHVFULEHG� DERYH� �� LW� LV� D� FRPPRQ� WUDLW� RI� DOO

FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHPV�

$QRWKHU�DVSHFW�RI�UHJLVWUDWLRQ�FDXVLQJ�TXLWH�D�ELW�RI�FRQIXVLRQ�LQ�WKH�FRPSXWHU�DVVLVWHG

VXUJHU\�FRPPXQLW\�LV�WKDW�UHJLVWUDWLRQ�VWUDWHJLHV�YDU\�ZLGHO\��:KLOH�WKH�SUHGRPLQDQW�WKHPH

RI�UHJLVWUDWLRQ�LQ�WKH�FRQWH[W�RI�FRPSXWHU�DVVLVWHG�VXUJHU\�LV�WR�DOLJQ�LPDJH�GDWD��EH�LW�&7�RU

05,� VFDQV�� IOXRURVFRSLF� [�UD\V�� RU� XOWUDVRXQG� LPDJHV�� ZLWK� GHYLFHV� VXFK� DV� URERWV� RU

FRPSXWHU�WUDFNHG� KDQG�KHOG� WRROV�� WKHUH� DUH� PDQ\� PLQRU� DVSHFWV� LQ� DQ\� RQH� UHJLVWUDWLRQ

VWUDWHJ\�ZKLFK�VHW�LW�DSDUW�IURP�RWKHUV��$W�FRQIHUHQFHV��DQ�LQGLYLGXDO�SUHVHQWLQJ�ZRUN�GRQH

ZLWK�D�V\VWHP�IRU�D�SDUWLFXODU�VXUJHU\�RIWHQ�ZLOO�ILQG�WKDW�PHPEHUV�RI�WKH�DXGLHQFH�WHQG�WR

PDNH�IDOVH�DVVXPSWLRQV�DERXW�WKH�UHJLVWUDWLRQ�VWUDWHJ\�EDVHG�RQ�H[SHULHQFHV�ZLWK�WKHLU�RZQ

V\VWHPV��RIWHQ�GHYHORSHG�IRU�FRPSOHWHO\�GLIIHUHQW�VXUJHULHV�DQG�XVLQJ�GLIIHUHQW�KDUGZDUH��,Q

DGGLWLRQ��WKH�FRPSXWHU�DVVLVWHG�VXUJHU\�ILHOG�LV�LQKHUHQWO\�PXOWLGLVFLSOLQDU\�DQG�WKH�HQJLQHHUV

DQG�GRFWRUV� LQ�DWWHQGDQFH�VSHDN� LQ�GLIIHUHQW� WHFKQLFDO�YHUQDFXODUV��7KLV� OHDGV� WR�FRQIXVLRQ

ZLWKLQ� WKH� FRPPXQLW\� DV� WR� ZKDW� DFWXDOO\� FRPSRVHV� D� UHJLVWUDWLRQ� VWUDWHJ\� IRU� D� JLYHQ

FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHP�

,W� LV� P\� LQWHQW� LQ� WKLV� WKHVLV� WR� DGGUHVV� WKHVH� WZR� SUREOHPV� �� D�� XQGHUVWDQGLQJ� D

UHJLVWUDWLRQ� VWUDWHJ\·V� DUFKLWHFWXUH� DQG� E�� XQGHUVWDQGLQJ� HIIHFWV� WKDW� HUURUV� KDYH� RQ� WKH

V\VWHP·V�RYHUDOO�DFFXUDF\� �� WKURXJK� WKH�XVH�RI�DQ� LOOXVWUDWLYH�FRQVWUXFW�FDOOHG� WKH� UHJLVWUDWLRQ

JUDSK�
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��� &RPSXWHU�$VVLVWHG�6XUJHU\

7R�WKH�XQLQLWLDWHG�LW�ZRXOG�VHHP�WKDW�QHDUO\�DOO�LQVWUXPHQWV�IRXQG�LQ�DQ�RSHUDWLQJ�URRP�IDOO

XQGHU� WKH� EDQQHU� RI� FRPSXWHU�DVVLVWHG� VXUJHU\�� )RU� LQVWDQFH�� DQ� (.*�PDFKLQH� FRQWDLQV

PLFURSURFHVVRUV�DV�ZHOO�DV�D�&57�RU�/&'�VFUHHQ�WR�GLVSOD\�HOHFWULFDO�VLJQDOV�FRUUHVSRQGLQJ

WR� FRQWUDFWLRQV� RI� D� SDWLHQW·V� KHDUW��'HYLFHV� DV� VLPSOH� DV� D�PRGHUQ� WKHUPRPHWHU� HPSOR\

WKHUPRHOHFWULF�VHQVRUV�DQG�DQ�/('�UHDGRXW�WR�PHDVXUH�D�SDWLHQW·V�ERG\�WHPSHUDWXUH��:KLOH

WKHVH�LQVWUXPHQWV�FRXOG�EH�FRQVLGHUHG�´FRPSXWHUL]HGµ�DQG�PD\�EH�XVHG�LQ�VXUJHU\��WKH\�DUH

QRW�HOHPHQWV�RI�D�FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHP�

)RU� WKH�SXUSRVHV�RI� WKLV� WKHVLV� DQG� LQ� DFFRUGDQFH�ZLWK� WKH� UDSLGO\� HPHUJLQJ� ILHOG�� WKH

VFRSH�RI� FRPSXWHU�DVVLVWHG� VXUJHU\�ZLOO� LQFOXGH� WKRVH� V\VWHPV�RI� LQVWUXPHQWV�XVHG� WR�KHOS

WKH�VXUJHRQ�PRYH�WRROV�DQG�RU�LPSODQWV�LQWR�GHVLUHG�SRVLWLRQV�ZLWK�UHVSHFW�WR�WKH�SDWLHQW·V

DQDWRP\�� 7R� GHILQH� ZKDW� FRPSULVHV� VXFK� V\VWHPV�� WKH� IROORZLQJ� ZRUNLQJ� GHILQLWLRQ� LV

LQWURGXFHG�

&RPSXWHU�DVVLVWHG� VXUJHU\� V\VWHPV� LQYROYH� VRPH� FRPSRQHQWV� WKDW� LPDJH�

PHDVXUH�� RU� FRQWURO� SRVLWLRQ�� 7KHVH� LQFOXGH� URERWV�� DUWLFXODWHG� SRLQWHUV�

RSWLFDO� WUDFNLQJ� GHYLFHV�� IOXRURVFRSHV�� DQG� &7� RU� 05,� VFDQQHUV�� 2WKHU

FRPSRQHQWV�FDQQRW�EH�VR�GHVFULEHG��EXW�DUH�HTXDOO\�LPSRUWDQW��7KHVH�LQFOXGH

ERQHV�� WLVVXHV�� ILGXFLDOV�� FXWWLQJ� WRROV�� DQG�PDQ\� RWKHUV�� 6XFK� FRPSRQHQWV

DUH� FROOHFWLYHO\� XVHG� WR� KHOS� WKH� VXUJHRQ� SRVLWLRQ� D� WRRO� RQ� WKH� SDWLHQW·V

DQDWRP\� LQ� D�PDQQHU� WKDW� LV� HDVLHU��PRUH� DFFXUDWH�� DQG� RIWHQ� OHVV� LQYDVLYH

WKDQ�FRQYHQWLRQDO�WHFKQLTXHV�DOORZ�
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,W�LV�LPSRVVLEOH�WR�OLVW�HDFK�DQG�HYHU\�FRPSRQHQW�WKDW�PLJKW�EH�LQFOXGHG�LQ�D�FRPSXWHU�

DVVLVWHG�VXUJHU\�V\VWHP��2IWHQ� LW� LV� WKH�QRYHO� LQWHJUDWLRQ�RI�FRPSRQHQWV�E\�D�GHVLJQHU�WKDW

\LHOGV� D� QHZ� FRPSXWHU�DVVLVWHG� VXUJHU\� V\VWHP�� 1HZ� WHFKQRORJLHV� DUH� DOZD\V� EHLQJ

LQWURGXFHG� WKDW�PDNH�QHZ�GHVLJQV�SRVVLEOH��$� ORRN� DW� WZR� FRPPHUFLDOO\� DYDLODEOH� V\VWHPV

ZLOO� VKRZ� XV� WKH� GLYHUVLW\� RI� FRPSXWHU�DVVLVWHG� VXUJHU\� V\VWHPV� DQG�ZLOO� FRPSOHPHQW� RXU

ZRUNLQJ�GHILQLWLRQ�RI�WKH�FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHP�

7KH� ,QWHJUDWHG� 6XUJLFDO� 6\VWHPV� 5RER'RF�� V\VWHP� >�@>�@� �VHH� )LJXUH� ����� LV� XVHG� LQ

WRWDO�KLS�UHSODFHPHQW�DQG�ZDV�GHYHORSHG�RXW�RI�D�FROODERUDWLRQ�EHWZHHQ�+RZDUG�3DXO�DW�WKH

8QLYHUVLW\�RI�&DOLIRUQLD�DW�'DYLV�DQG�5XVV�7D\ORU�DW�,%0��QRZ�DW�-RKQV�+RSNLQV�8QLYHUVLW\�

>�@��7KH�V\VWHP�LV�XVHG�WR�PLOO�D�FDYLW\�LQWR�WKH�SUR[LPDO�HQG�RI�WKH�IHPXU��7KH�FDYLW\�ZLOO

DFFHSW� WKH� ORQJ� VWHP� RI� DQ� LPSODQW� XVHG� WR� UHSODFH� WKH� IHPRUDO� KHDG�� ,W� LV� KRSHG� WKDW� D

SUHFLVHO\�VKDSHG�FDYLW\�ZLOO�UHGXFH�JDSV�EHWZHHQ�ERQH�DQG�LPSODQW��WKHUHE\�SURPRWLQJ�ERQH

JURZWK�LQWR�SRURXV�VXUIDFHV�RQ�WKH�LPSODQW�DQG�HOLPLQDWLQJ�WKH�QHHG�IRU�ERQH�FHPHQW�

$�&7�VFDQ�LV�SHUIRUPHG�SUHRSHUDWLYHO\�ZLWK�VPDOO� WLWDQLXP�ODQGPDUN�VFUHZV�SODFHG�RQ

WKH� IHPXU�� 7KH� FRQYHQWLRQDO� SODQQLQJ� WHFKQLTXH� LV� UHSODFHG� ZLWK� D� JUDSKLF� FRPSXWHU

ZRUNVWDWLRQ��LQ�ZKLFK�WKH�&7�GDWD�DUH�XVHG�WR�GLVSOD\�D��'�UHSUHVHQWDWLRQ�RI�WKH�KLS�MRLQW�

8VLQJ� WKLV� ZRUNVWDWLRQ�� D� PRGHO� RI� WKH� LPSODQW� LV� SODFHG� LQ� D� GHVLUHG� SRVLWLRQ� RQ� WKH

UHSUHVHQWDWLRQ�RI�WKH�IHPXU��DQG�WKH�&7�FRRUGLQDWHV�RI�WKH�ODQGPDUN�VFUHZV�DQG�WKH�LPSODQW

FDQ� EH� VDYHG�� 7KH� VXUJHRQ� FDQ� FKRRVH� GLIIHUHQW� LPSODQWV� DQG�PDQLSXODWH� WKHP� RQVFUHHQ

XQWLO�FRPSOHWHO\�VDWLVILHG�ZLWK�WKH�SUHRSHUDWLYH�SODQ�
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�D�
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)LJXUH������ �D��7KH�5RER'RF��V\VWHP�HPSOR\V� D� FRPSXWHU�ZRUNVWDWLRQ� WR�SUHRSHUDWLYHO\
SUHVFULEH� WKH� SRVLWLRQ� RI� WKH� IHPRUDO� FRPSRQHQW� LQ� WRWDO� KLS� UHSODFHPHQW�� �E�� ,Q� WKH
RSHUDWLQJ� URRP�� D�PRGLILHG� 6&$5$� URERW� LV� XVHG� WR� PLOO� RXW� WKH� FDYLW\� IRU� WKH� IHPRUDO
FRPSRQHQW�
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2QFH� LQ� WKH� RSHUDWLQJ� URRP�� WKH� RSHQLQJ� LQFLVLRQV� DUH� PDGH� DQG� WKH� IHPXU� LV

LPPRELOL]HG�XVLQJ�D�FXVWRP�ERQH�FODPS�DWWDFKHG�WR�WKH�V\VWHP·V�EDVH�XQLW��7KH�V\VWHP�XVHV

D�PRGLILHG�6&$5$� URERW�RXWILWWHG�ZLWK� DQ� DGGLWLRQDO� SLWFK�D[LV� MRLQW� DW� WKH� URERW·V�ZULVW�

2WKHU�PRGLILFDWLRQV� LQFOXGH�D�VORZHU��ZHDNHU�GULYH� V\VWHP� �ODUJH� IRUFHV� DW� WKH� WRRO� WLS� DUH

QRW� UHTXLUHG�� DQG� UHGXQGDQW� HQFRGHUV� WR� HQVXUH� VDIHW\�� $� SUREH� PRXQWHG� WR� WKH� URERW·V

ZULVW�LV�JXLGHG�WR�WKH�ODQGPDUN�VFUHZV�DQG�WKH�SRVLWLRQ�RI�HDFK�VFUHZ�LV�GHWHUPLQHG�LQ�WKH

URERW·V�ZRUNVSDFH��7KHVH�SRVLWLRQV�DUH�WKHQ�PDWFKHG�WR�WKRVH�RI�WKH�VFUHZV�LQ�WKH�&7�GDWD�

UHJLVWHULQJ�WKH�SUHRSHUDWLYH�IHPRUDO�LPSODQW�SRVLWLRQ�ZLWK�WKH�LQWUDRSHUDWLYH�SRVLWLRQ�RI�WKH

IHPXU��$�KLJK�VSHHG�EXUULQJ�WRRO�UHSODFHV�WKH�SUREH�RQ�WKH�URERW��DQG�WKH�FDYLW\� LV�PLOOHG

RXW��$� IRUFH� VHQVRU�� DIIL[HG� WR� WKH�ZULVW� RI� WKH� URERW� EHWZHHQ� WKH� ODVW� MRLQW� DQG� WKH� KLJK

VSHHG�EXUU��HQVXUHV�WKDW�WKH�RSHUDWLRQ�SURFHHGV�DW�WKH�SURSHU�FXWWLQJ�VSHHG�WKURXJK�ERWK�WKH

VRIW�WUDEHFXODU�ERQH�DQG�WKH�KDUGHU�FRUWLFDO�ERQH�>�@��'LPHQVLRQDO�DFFXUDF\�RI�WKH�FDYLW\�KDV

UHSRUWHGO\�LQFUHDVHG�E\�DQ�RUGHU�RI�PDJQLWXGH�ZLWK�UHVXOWDQW�WROHUDQFHV�XQGHU������PP��7KH

V\VWHP� LV� ZLGHO\� XVHG� LQ� (XURSH�� DQG� ZLOO� EH� LQWURGXFHG� GRPHVWLFDOO\� SHQGLQJ� )'$

DSSURYDO�

7KH�6WHDOWK6WDWLRQ���VHH�)LJXUH������E\�6XUJLFDO�1DYLJDWLRQ�7HFKQRORJLHV��D�VXEVLGLDU\

RI�WKH�6RIDPRU�'DQHN�*URXS��LV�XVHG�LQ�VXUJHULHV�RI�WKH�KHDG�DQG�VSLQH��DQG�HYROYHG�RXW�RI

ZRUN� GRQH� E\� 5LFKDUG� %XFKRO]� DW� WKH� 6W�� /RXLV� 8QLYHUVLW\� 6FKRRO� RI� 0HGLFLQH� >�@�

6WHUHRWDFWLF� PHWKRGV� KDYH� ORQJ� EHHQ� XVHG� E\� QHXURVXUJHRQV� WR� SLQSRLQW� WKH� SRVLWLRQ� RI

VWUXFWXUHV� LQVLGH� WKH�VNXOO� WKDW�KDYH�EHHQ� LGHQWLILHG�SUHRSHUDWLYHO\�YLD� D�&7�RU�05,� VFDQV�

7KH� 6WHDOWK6WDWLRQ� SURYLGHV� DQ� LQWXLWLYH� DQG� XVHU�IULHQGO\� DOWHUQDWLYH� WR� FRQYHQWLRQDO

VWHUHRWDFWLF�WRROV�
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�D�

�E�

)LJXUH� ����� �D�� 7KH� 6WHDOWK6WDWLRQ�� E\� 6XUJLFDO� 1DYLJDWLRQ� 7HFKQRORJLHV� XVHV� DQ� RSWLFDO
ORFDOL]HU�DQG�FRPSXWHU�WR�WUDFN�WKH�SRVLWLRQ�RI�D�SUREH�ILWWHG�ZLWK� LQIUDUHG�/('V�� �E��7KH
SRVLWLRQ�RI�WKH�WLS�RI�WKH�SUREH�LV�VKRZQ�RQ�WKH�FRPSXWHU�VFUHHQ�DV�ERWK�D�FURVVKDLU�LQ�WKH
DSSURSULDWH�&7�RU�05,�LPDJH�DQG�DV�SRLQWHU�RQ�D��'�PRGHO�RI�WKH�ERQH��ILJXUH�E��
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2QH� DSSOLFDWLRQ� WKDW� WKH�6WHDOWK6WDWLRQ� LV�ZHOO� VXLWHG� WR� LV� VSLQDO� IL[DWLRQ� RI� WKH� ORZHU

EDFN��7KLV�SURFHGXUH� UHTXLUHV� VFUHZV� WR�EH� LPSODQWHG� LQWR� VOHQGHU� FROXPQV�RI�ERQH� �� WKH

SHGLFOHV���RQ�HDFK�YHUWHEUD�LQYROYHG��&RQYHQWLRQDO�WHFKQLTXHV�IRU�LPSODQWLQJ�WKH�VFUHZV�UHO\

RQ�YLVXDOO\�RULHQWLQJ�WKH�VFUHZV�ZLWK�UHVSHFW�WR�ORFDO�DQDWRPLFDO�ODQGPDUNV�RQ�WKH�VXUIDFH�RI

WKH�YHUWHEUD��7KH�6WHDOWK6WDWLRQ�DOORZV�WKH�VXUJHRQ�WR�GLUHFWO\�YLVXDOL]H�WKH�ILQDO�SRVLWLRQ�RI

WKH�VFUHZ�LQ�WKH�SHGLFOH�E\�GLVSOD\LQJ�WKH�VFUHZ·V�WUDMHFWRU\�RQ�LPDJHV�GHULYHG�IURP�D�&7�RU

05,�VFDQ�

,Q�XVH��D�&7�RU�05,�VFDQ�LV�REWDLQHG�DQG�WKH�VXUJHRQ�VWXGLHV�WKH�LPDJHV�SUHRSHUDWLYHO\

LQ� WKH� FRQYHQWLRQDO� PDQQHU�� ,QWUDRSHUDWLYHO\�� WKH� &7�05,� GDWD� LV� ORDGHG� LQWR� D� JUDSKLF

FRPSXWHU� ZRUNVWDWLRQ� DQG� GLVSOD\HG� LQ� IRXU� GLIIHUHQW� YLHZV� RQVFUHHQ�� 7KH� SDWLHQW� LV

SUHSDUHG� DV� XVXDO� E\� PDNLQJ� DQ� LQFLVLRQ� DORQJ� WKH� VSLQH� DQG� UHWUDFWLQJ� WKH� VXUURXQGLQJ

WLVVXHV�

$Q�RSWLFDO� ORFDOL]HU�LV�XVHG�WR�WUDFN�WKH�SRVLWLRQV�RI�KDQG�KHOG�WRROV�DQG�RWKHU�REMHFWV�

7KH�RSWLFDO�ORFDOL]HU�DFKLHYHV�WKLV�E\�WULDQJXODWLQJ�WKH�SRVLWLRQ�RI�LQIUDUHG�/('V�DIIL[HG�WR

HDFK�WRRO��7RROV�RXWILWWHG�ZLWK�/('V�LQFOXGH�SRLQWLQJ�SUREHV��GULOOV��DQG�GULOO�JXLGHV��DV�ZHOO

DV� D� VSHFLDO� ERQH� ¶IODJ·� WKDW� LV� FODPSHG� WR� D� UHODWLYHO\� ODUJH� ILQOLNH� VWUXFWXUH�� WKH� VSLQRXV

SURFHVV�� RQ� WKH� YHUWHEUD��8VLQJ� D� SRLQWLQJ� SUREH�� WKH� VXUJHRQ� GLJLWL]HV� FHUWDLQ� DQDWRPLFDO

ODQGPDUNV� RQ� WKH� YHUWHEUD�� 7KH� FRRUGLQDWHV� RI� WKHVH� ODQGPDUNV� DUH� PDWFKHG� WR� OLNH

FRRUGLQDWHV� LQ� WKH�&7�05,�GDWD�� DQG�RQFH�GRQH�SURYLGH� WKH�QHHGHG� UHJLVWUDWLRQ�EHWZHHQ

WKH�LQWUDRSHUDWLYH�SRVLWLRQ�RI�WKH�YHUWHEUD�LQ�WKH�RSWLFDO� ORFDOL]HU·V�UHIHUHQFH�IUDPH�DQG�WKH

SUHRSHUDWLYH�SRVLWLRQ�RI� WKH�YHUWHEUD� LQ� WKH�&7�05,� UHIHUHQFH� IUDPH��7KH�YHUWHEUDO� ¶IODJ·

SURYLGHV�FRQWLQXRXV� IHHGEDFN� WR� WKH� V\VWHP�DV� WR� WKH�YHUWHEUD·V�SRVLWLRQ�� WKXV� HOLPLQDWLQJ
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WKH�QHHG�WR�LPPRELOL]H�WKH�YHUWHEUD��2QFH�UHJLVWUDWLRQ�LV�FRPSOHWH��WKH�VXUJHRQ�FDQ�SRLQW�WR

IHDWXUHV� RQ� WKH� YHUWHEUD� XVLQJ� WKH� SRLQWLQJ� SUREH� DQG� WKH� FRUUHVSRQGLQJ� SRVLWLRQ� RI� WKH

SUREH·V� WLS� LV� VKRZQ�VXSHULPSRVHG�RQ� WKH�YLHZV�RI� WKH�&7�05,�GDWD�RQ� WKH�ZRUNVWDWLRQ

VFUHHQ�� 7KH� VXUJHRQ� FDQ� DOLJQ� D� GULOO� RU� GULOO� JXLGH� LQ� D� VLPLODU� PDQQHU� DQG� SHUIRUP� WKH

QHFHVVDU\�RSHUDWLRQV��7KH�VFUHZV�DUH�DIIL[HG�LQ�WKH�FRQYHQWLRQDO�PDQQHU�

7KHVH� WZR�V\VWHPV�DUH�TXLWH� UHSUHVHQWDWLYH�RI�ERWK� WKH�KDUGZDUH�XVHG�DQG�DSSURDFKHV

WDNHQ� LQ� WKH�FRPSXWHU�DVVLVWHG�VXUJHU\� ILHOG��$Q�H[FHOOHQW� UHIHUHQFH�JXLGH�DQG�RYHUYLHZ�RI

UHFHQW�ZRUNV� FDQ� EH� IRXQG� LQ� >�@��$Q� HDUOLHU� VXUYH\� RI� URERWV� LQ�PHGLFLQH� SURYLGHV� VRPH

KLVWRULFDO�LQVLJKW�DQG�FDQ�EH�IRXQG�LQ�>�@�

��� 5HJLVWUDWLRQ

6LPSO\�SXW��UHJLVWUDWLRQ�LV�D�VHULHV�RI�PHDVXUHPHQWV�DQG�DOLJQPHQWV�RI�WKH�HOHPHQWV��H�J����'

[�UD\V���'�&7�VFDQV��URERWLF�PDQLSXODWRUV��RI�D�FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHP��0DQ\�RI

WKHVH�PHDVXUHPHQWV�PXVW�EH�SHUIRUPHG�HDFK�WLPH�WKH�V\VWHP�LV�XVHG��L�H���IRU�HYHU\�VXUJHU\�

7KLV�PHWULF�DVSHFW�RI�UHJLVWUDWLRQ�LV�UHDGLO\�DSSDUHQW��2WKHU�PHDVXUHPHQWV�LQFOXGH�PDFKLQHG

GLPHQVLRQV�DQG�FDOLEUDWLRQ�SURFHGXUHV�SHUIRUPHG�ZKHQ�WKH�V\VWHP�LV�EHLQJ�EXLOW�RU�VHW�XS�LQ

D� KRVSLWDO�� $� PRUH� VXEWOH� DVSHFW� RI� UHJLVWUDWLRQ� LV� WKH� WHPSRUDO� DUUDQJHPHQW� RI� WKHVH

PHDVXUHPHQWV� DQG� DOLJQPHQWV�� DQG� WKH� GHSHQGHQFH� WKDW� FHUWDLQ� PHDVXUHPHQWV� KDYH� RQ

SUHYLRXVO\�REWDLQHG�PHDVXUHPHQWV�

$V� DQ� H[DPSOH�� FRQVLGHU� WKH� UHJLVWUDWLRQ� VWUDWHJ\� HPSOR\HG� LQ� WKH� 5RER'RF� V\VWHP�

:KHQ� XVLQJ� WKH� V\VWHP� LQ� WKH� RSHUDWLQJ� URRP�� RQH� W\SLFDOO\� WDNHV� IRU� JUDQWHG� WKDW� WKH

NLQHPDWLF�PRGHO�RI�WKH�URERW�LQFOXGHV�QRW�RQO\�WKH�SDUDPHWHUV�XVHG�WR�GULYH�HDFK�MRLQW�LQWR
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GHVLUHG�SRVLWLRQV�� EXW� DOVR� WKH�SDUDPHWHUV� WKDW� GHVFULEH�ZKHUH� WKH� WRRO� �H�J��� WKH� SUREH�� LV

PRXQWHG�RQ� WKH� URERW·V�ZULVW��:LWKRXW� D�PRGHO�RI� WKH� WRRO� DV�PRXQWHG�RQ� WKH� URERW�� WKH

LQWUDRSHUDWLYH�PHDVXUHPHQW�RI�ODQGPDUN�VFUHZ�SRVLWLRQV�ZRXOG�EH�LPSRVVLEOH��7KH�PRGHO�RI

WKH� WRRO� PXVW� EH� NQRZQ�� DQG� PXVW� EH� NQRZQ� EHIRUH� WKH� ODQGPDUN� VFUHZ� SRVLWLRQV� DUH

PHDVXUHG�

,W�LV�QRW�QHFHVVDU\�WR�FRPSOHWHO\�LOOXVWUDWH�UHJLVWUDWLRQ�DW�WKLV�WLPH��7KH�QDWXUH�DQG�VFRSH

RI�UHJLVWUDWLRQ�ZLOO�EH�QDWXUDOO\�UHYHDOHG�LQ�&KDSWHU���DV�WKH�UHJLVWUDWLRQ�JUDSK�LV�GHYHORSHG�

��� 2YHUYLHZ�RI �WKH�7KHVLV

7KH�LQWHQGHG�DXGLHQFH�RI�WKLV� WKHVLV� LV� WKH�PXOWLGLVFLSOLQDU\�FRQVWLWXHQF\�RI� WKH�FRPSXWHU�

DVVLVWHG� VXUJHU\� ILHOG�� WKDW� LV�� HQJLQHHUV� DQG� VXUJHRQV�� $V� PHQWLRQHG� HDUOLHU�� UHJLVWUDWLRQ

VWUDWHJLHV�DUH�RIWHQ�PLVXQGHUVWRRG�DQG�LW�LV�KRSHG�WKDW�WKH�UHJLVWUDWLRQ�JUDSK�ZLOO�SURYLGH�D

IRXQGDWLRQ�IRU�D�FRPPRQ�YRFDEXODU\�DPRQJ�DOO�GLVFLSOLQHV�LQYROYHG��,�DVVXPH�WKDW�UHDGHUV

RI� WKLV� WKHVLV� DUH� VRPHZKDW� IDPLOLDU� ZLWK� PHDVXULQJ� GHYLFHV� XVHG� LQ� FRPSXWHU�DVVLVWHG

VXUJHU\�� VXFK� DV� URERWV� DQG� &7� VFDQQHUV�� DV� ZHOO� DV� VXUJLFDO� SURFHGXUHV� OLNH� WRWDO� NQHH

UHSODFHPHQW�RU�ELRSV\�RI�D�WXPRU�ZLWKLQ�WKH�EUDLQ�

,Q�&KDSWHU����WKH�UHJLVWUDWLRQ�JUDSK�LV�LQWURGXFHG�DQG�WKH�UXOHV�JRYHUQLQJ�UHJLVWUDWLRQ�DUH

SUHVHQWHG�DV� WKH� UHJLVWUDWLRQ�JUDSK� LV�GHYHORSHG� WKURXJK� WKH� ILUVW� KDOI� RI� WKH� FKDSWHU��7KH

FKDSWHU� DOVR� FRQWDLQV� D� EULHI� VXUYH\� RI� UHJLVWUDWLRQ� VWUDWHJLHV� LQ� ZKLFK� NH\� DVSHFWV� RI

SDUWLFXODU� V\VWHP·V� UHJLVWUDWLRQ� PHWKRG� DUH� QRWHG� E\� LQVSHFWLRQ� RI� LWV� FRUUHVSRQGLQJ

UHJLVWUDWLRQ� JUDSK�� 7KLV� FKDSWHU� VKRXOG� EH� RI� LQWHUHVW� WR� DOO� ZKR� ZRXOG� OLNH� D� EHWWHU

XQGHUVWDQGLQJ�RI�ZKDW�UHJLVWUDWLRQ�LV�
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&KDSWHU� �� SUHVHQWV� WKH� WKHRU\� EHKLQG� D� PHWULF� PRGHO� IRU� DVFHUWDLQLQJ� D� UHJLVWUDWLRQ

VWUDWHJ\·V�YLDELOLW\��0HDVXUHPHQWV�DVVRFLDWHG�ZLWK�D�UHJLVWUDWLRQ�VWHS�DUH�PRGHOHG�QRW�RQO\�E\

WKHLU�PHDQV��EXW�DOVR�WKHLU�FRYDULDQFHV��0HWKRGV�IRU�FRPELQLQJ�VHULDO�PHDVXUHPHQWV��H�J���DV

LQ� WKH� NLQHPDWLF�PRGHO� RI� D� URERW�� DV� ZHOO� DV� SDUDOOHO� PHDVXUHPHQWV� �H�J��� PHDVXULQJ� WKH

SRVLWLRQ�RI�DQ�REMHFW�XVLQJ�WZR�GLIIHUHQW�URERWV��DUH�SUHVHQWHG�

7KH�UHJLVWUDWLRQ�JUDSK�DQG�PHWULF�XQFHUWDLQW\�PRGHO�DUH�FRPELQHG� LQ�&KDSWHU����+HUH�

WKH� UHJLVWUDWLRQ� JUDSK� DQG� QHFHVVDU\� ORJLF� DQG� DOJRULWKPV� DUH� HPERGLHG� DV� D� FODVV� OLEUDU\

ZULWWHQ� LQ� &���� $Q� LQWHUDFWLYH� SURJUDP� GHYHORSHG� IRU� WKH� 0LFURVRIW� :LQGRZV�� �����

SODWIRUP�LV�SUHVHQWHG��7KH�SURJUDP�XVHV�WKH�FODVV� OLEUDU\�DQG�DOORZV�D�XVHU� WR� LQWHUDFWLYHO\

EXLOG�DQG�H[SORUH�UHJLVWUDWLRQ�JUDSKV�

$� FDVH� VWXG\� WKDW� KLJKOLJKWV� WKH� XVHIXOQHVV� RI� WKH� UHJLVWUDWLRQ� JUDSK� LV� SUHVHQWHG� LQ

&KDSWHU����)LQDOO\��FRQFOXGLQJ�UHPDUNV�DQG�IXWXUH�ZRUN�DUH�GLVFXVVHG�LQ�&KDSWHU����7R�DVVLVW

WKRVH�WKDW�PD\�ZLVK�WR�XVH�WKH�UHJLVWUDWLRQ�JUDSKHU�SURJUDP��D�XVHU·V�JXLGH� LV�IRXQG� LQ�WKH

DSSHQGL[�
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� 4XDOLWDWLYH�0RGHOLQJ�ZLWK
5HJLVWUDWLRQ�*UDSKV

7KH�1RUWKZHVWHUQ�WRWDO�NQHH�UHSODFHPHQW�V\VWHP�ZLOO�EH�XVHG�WR� LQWURGXFH�WKH�UHJLVWUDWLRQ

JUDSK��7KH�V\VWHP�ZDV�EULHIO\�LQWURGXFHG�LQ�&KDSWHU���DQG�FRQWDLQV�PDQ\�VLPLODULWLHV�WR�WKH

5RER'RF� V\VWHP� GLVFXVVHG� WKHUHLQ�� $Q� RYHUYLHZ� WKDW� ZLOO� HQDEOH� WKH� LQWURGXFWLRQ� RI� WKH

UHJLVWUDWLRQ�JUDSK�IROORZV��ZKLOH�D�PRUH�GHWDLOHG�GHVFULSWLRQ�FDQ�EH�IRXQG�LQ�>�@>�@�

3UHRSHUDWLYHO\��WLWDQLXP�ODQGPDUN�VFUHZV�DUH�LQVHUWHG�LQWR�WKH�SDWLHQW·V�IHPXU�DQG�WLELD�

DQG� D� &7� VFDQ� RI� WKH� NQHH� MRLQW� LV� REWDLQHG� DQG� LV� ORDGHG� LQWR� D� JUDSKLF� FRPSXWHU

ZRUNVWDWLRQ�� 7KH� GHVLUHG� SRVLWLRQ� RI� WKH� NQHH� LPSODQWV� LV� SUHVFULEHG� E\�PDQLSXODWLQJ� �'

PRGHOV�RI�WKH�LPSODQWV�RQ�D�&7�GHULYHG�PRGHO�RI�WKH�NQHH�MRLQW��3RVLWLRQV�RI�WKH�ODQGPDUN

VFUHZV�DQG�WKH�UHVHFWLRQV�UHTXLUHG�IRU�WKH�LPSODQWV�DUH�VDYHG�

,QWUDRSHUDWLYHO\�� WKH� NQHH� MRLQW� LV� LPPRELOL]HG� XVLQJ� VSHFLDOL]HG� ERQH� FODPSV�� $IWHU

PHDVXULQJ� WKH� LQWUDRSHUDWLYH� ORFDWLRQV� RI� WKH� ODQGPDUN� VFUHZV� WKHUHE\� UHJLVWHULQJ� WKH

SRVLWLRQ� RI� WKH� SUHRSHUDWLYH� SODQ� WR� WKH� LQWUDRSHUDWLYH� SRVLWLRQV� RI� WKH� ERQHV�� WKH� URERW

PRYHV� D� FXWWLQJ� JXLGH� LQWR� SODFH�� 7KH� UHTXLUHG� UHVHFWLRQV� DUH� PDGH� ZLWK� D� FRQYHQWLRQDO

UHFLSURFDWLQJ�VDZ�DQG�WKH�LPSODQWV�DUH�ILWWHG�RQ�WKH�ERQHV�

)LJXUH�����VKRZV�WKH�UHJLVWUDWLRQ�JUDSK�RI�WKH�1RUWKZHVWHUQ�7.5�V\VWHP�
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��� )HDWXUHV�DQG�/LQNV

$� UHJLVWUDWLRQ� JUDSK� FRQVLVWV� RI� IHDWXUHV� LQWHUFRQQHFWHG� E\� OLQNV�� 7KH� WHUPV� YHUWLFHV� DQG

HGJHV�DUH�PRUH�VWDQGDUG�LQ�JUDSK�WKHRU\�>��@��EXW�WKH�JHRPHWULF�FRQQRWDWLRQV�RI�WKHVH�WHUPV

PDNH�WKHP�FRQIXVLQJ�LQ�WKLV�FRQWH[W�

)HDWXUHV�� VKRZQ� DV� VPDOO� FLUFOHV�� UHSUHVHQW� REMHFWV�� ([DPSOHV� LQ� )LJXUH� ���� LQFOXGH� WKH

URERW·V�EDVH��ILGXFLDO�SLQV��WKH�&7�VFDQQHU�EDVH��WKH�SUREH�RQ�WKH�URERW
V�HQG�HIIHFWRU��WKH

´KDQGµ�RI�WKH�URERW���WKH�FRRUGLQDWH�PHDVXULQJ�PDFKLQH��&00���DQG�WKH�FXWWLQJ�JXLGH��7KH

VXUJLFDO�SODQ�RI�LQWHQGHG�UHVHFWLRQ�SRVLWLRQV� LV�RI�FRXUVH�QRW�D�SK\VLFDO�REMHFW��EXW� LW� WXUQV
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)LJXUH������)HDWXUHV�DQG�OLQNV�RI�WKH�UHJLVWUDWLRQ�JUDSK�IRU�WKH�1RUWKZHVWHUQ�7.5�V\VWHP�
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RXW�WR�FRQQHFW�WR�RWKHU�REMHFWV�LQ�D�PDQQHU�VLPLODU�WR�WKDW�RI�D�SK\VLFDO�REMHFW��VR�LW�LV�DOVR

VKRZQ�DV�D�IHDWXUH�

$Q�XQXVXDO�DQG�NH\�FKDUDFWHULVWLF�RI�UHJLVWUDWLRQ�JUDSKV�LV�WKDW�PHDVXUHPHQW�GHYLFHV��DQG

WKH�REMHFWV�ZKRVH�SRVLWLRQV� WKH\�PHDVXUH��HQWHU� LQWR� WKH�JUDSK� LQ� LGHQWLFDO� IDVKLRQ�� DOO� DUH

VLPSO\� IHDWXUHV�� �2SWLRQDOO\�� D� IHDWXUH�PD\� EH� WKRXJKW� RI� DV� VSHFLILFDOO\� UHSUHVHQWLQJ� DV� D

FRRUGLQDWH� IUDPH� DVVRFLDWHG�ZLWK� DQ�REMHFW�� DV� LQ�3DXO� >��@��7KLV� LV� HVSHFLDOO\� XVHIXO�ZKHQ

LQWHUSUHWLQJ�IHDWXUHV�VXFK�DV�WKH�>52%27���EDVH@�LQ�)LJXUH������DQG�VXFK�WKLQNLQJ�ZLOO�VHUYH�XV

ZHOO�&KDSWHU����

$� ULJLG� ERG\� JURXS�� LQGLFDWHG�E\� D� URXQGHG� UHFWDQJOH�� YLVXDOO\� FROOHFWV� IHDWXUHV� WKDW�ZLOO

QHYHU�PRYH�UHODWLYH�WR�RQH�DQRWKHU��7KH�VHW�RI�IHDWXUHV�FDQ�EH�WKRXJKW�RI�DV�SDUWV�RI�D�VLQJOH

ULJLG�ERG\��)RU� LQVWDQFH�� WKH�SUREH� DQG� FXWWLQJ� JXLGH�RI� WKH� HQG� HIIHFWRU� DUH� DFWXDOO\� WZR

GLIIHUHQW� SDUWV�� EXW� FDQ� EH� WKRXJKW� RI� DV� D� VLQJOH� ULJLG� ERG\� EHFDXVH� WKH� SUREH� LV� WLJKWO\

DIIL[HG� WR� WKH�ERG\�RI� WKH� FXWWLQJ� JXLGH��7KH� UHJLVWUDWLRQ�JUDSK� UXOHV� DQG� ORJLF�GHYHORSHG

EHORZ�GR�QRW� UHTXLUH� WKH� XVH� RI� ULJLG� ERG\� JURXSV�� DQG� WKXV� ULJLG� ERG\� JURXSV� DUH� QRW� D

QHFHVVLW\��+RZHYHU��FOHDU�H[SODQDWLRQ�RI�D�UHJLVWUDWLRQ�VWUDWHJ\�WKURXJK� LW
V�JUDSK� LV�RQH�RI

RXU�SULPDU\�JRDOV��DQG�ULJLG�ERG\�JURXSV�VHUYH� WKH�SXUSRVH�RI�KLHUDUFKLFDOO\� DUUDQJLQJ� WKH

IHDWXUHV�VR�WKH�JUDSK�FDQ�EH�HDVLO\�LQWHUSUHWHG�

/LQNV��VKRZQ�DV�OLQHV��FRQQHFW�WZR�IHDWXUHV��7KH\�UHSUHVHQW�DQ�DFW�RI�PHDVXUHPHQW��ZKLFK

HVWDEOLVKHV�D�NQRZQ�VSDWLDO�UHODWLRQVKLS�EHWZHHQ�WKH�REMHFWV�UHSUHVHQWHG�E\�WKH�WZR�IHDWXUHV�

:KLOH�LW�PLJKW�VHHP�DSSURSULDWH�WR�VKRZ�OLQNV�DV�DUURZV�UHSUHVHQWLQJ�LQ�ZKDW�GLUHFWLRQ�WKH

PHDVXUHPHQW� LV�EHLQJ�PDGH�� D� UHJLVWUDWLRQ�´GLJUDSKµ�XQQHFHVVDULO\� FRPSOLFDWHV� WKH�SLFWXUH
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DQG�ZURQJO\�LQIHUV�WKDW�WKH�RQO\�ZD\�WR�PRYH�IURP�IHDWXUH�WR�IHDWXUH�LV�LQ�WKH�GLUHFWLRQ�RI�DQ

DUURZ�

2QH� XVXDOO\� WKLQNV� RI� D� PHDVXULQJ� GHYLFH� GLVSDVVLRQDWHO\� PHDVXULQJ� WKH� VSDWLDO

UHODWLRQVKLS� EHWZHHQ� WZR� RWKHU� REMHFWV�� WKXV� HVWDEOLVKLQJ� D� FRQQHFWLRQ� EHWZHHQ� WKHP�� $

QRWDWLRQ� FRQVLVWHQW�ZLWK� WKLV� SKLORVRSK\�ZRXOG� VKRZ� D�PHDVXULQJ� GHYLFH� VROHO\� DV� D� OLQN�

FRQQHFWLQJ� WKH�REMHFWV� LW�PHDVXUHV��+HUH��KRZHYHU�� D�PHDVXULQJ�GHYLFH� LV� UHSUHVHQWHG�DV� D

IHDWXUH�� DQG� DV� D� FRQVHTXHQFH� LW� LV� PRUH� LQWLPDWHO\� LQYROYHG�� LW� UHDFKHV� RXW� WR� PHDVXUH

�WKURXJK�OLQNV��WKH�UHODWLRQVKLS�RI�LWV�RZQ�FRRUGLQDWH�IUDPH�WR�WKDW�RI�DQRWKHU�REMHFW�

2WKHU�JUDSK�FRQYHQWLRQV�PLJKW�VHHP�PRUH�QDWXUDO��DQG�FRXOG�HTXDOO\�ZHOO�GHVFULEH�WKH

1RUWKZHVWHUQ� 7.5� UHJLVWUDWLRQ� VWUDWHJ\�� 6RPH� FDQGLGDWHV� H[SORUHG� ZKLOH� ORRNLQJ� IRU� WKH

DSSURSULDWH� UHSUHVHQWDWLRQ� IRU� UHJLVWUDWLRQ� LQFOXGH� JUDSK�WKHRUHWLF� WHFKQLTXHV� RI� GDWD� IORZ

GLDJUDPV� LQ�VWUXFWXUHG�DQDO\VLV� >��@�DQG�3HWUL�QHWV� >��@��7KH�RQH�GHVFULEHG�KHUH� LV� WKH�RQO\

FRQYHQWLRQ� ,� KDYH� IRXQG� WKDW� H[WHQGV� VXFFHVVIXOO\� WR� DUELWUDULO\� FRPSOH[� UHJLVWUDWLRQ

VWUDWHJLHV�

7KH�UHJLVWUDWLRQ�JUDSK�LQ�)LJXUH�����VKRZV�DOO�RI�WKH�PHDVXUHPHQW�RSHUDWLRQV��DQG�DOO�RI

WKH�REMHFWV�WKDW�DUH�LQYROYHG�LQ�UHJLVWUDWLRQ�LQ�WKH�1RUWKZHVWHUQ�7.5�V\VWHP�

• $�FRRUGLQDWH�PHDVXULQJ�PDFKLQH��&00��PHDVXUHV�LWV�RZQ�UHODWLRQ�WR�WKUHH�SDUWV�RI�WKH

HQG HIIHFWRU��WKH�SUREH��WKH�PRXQWLQJ�IODQJH��DQG�WKH�FXWWLQJ�JXLGH�

• $�&7�VFDQQHU�PHDVXUHV�LWV�RZQ�UHODWLRQ�WR�WKH�ILGXFLDO�SLQV��$�´SODQµ�IHDWXUH�LV�VKRZQ�DV

ZHOO��ZLWK�D�OLQN�WR�WKH�&7�OLNH�WKDW�RI�WKH�ILGXFLDO�SLQV�
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• 7KH�URERW�PHDVXUHV�LWV�RZQ�UHODWLRQ�WR�WKH�HQG�HIIHFWRU�IODQJH��,W�FDQ�DOVR�FRPPDQG�WKDW

UHODWLRQ��EXW�WKDW�FDSDELOLW\�LV�QRW�UHOHYDQW�WR�XV�\HW�

• $OO�RI�WKH�OLQNV�OLVWHG�DERYH�FRQQHFW�RQH�IHDWXUH�WKDW�LV�FDSDEOH�RI�PHDVXULQJ��WR�RQH�WKDW

LV�QRW��2QH� OLQN�ZDV�QRW� OLVWHG�� WKH�RQH�WKDW�FRQQHFWV�SUREH� WR� ILGXFLDO�SLQV��1HLWKHU�D

SUREH�QRU�D�ILGXFLDO�SLQ�LV�QRUPDOO\�WKRXJKW�RI�DV�D�PHDVXULQJ�GHYLFH��<HW�WKH\�GR�KDYH�D

YHU\�OLPLWHG�PHDVXULQJ�FDSDELOLW\��WKH\�FDQ�PHDVXUH�FRLQFLGHQFH��%ULQJLQJ�WZR�REMHFWV�LQWR

SK\VLFDO�FRQWDFW�FDQ�EH�WKRXJKW�RI�DV�D�PHDVXUHPHQW�RSHUDWLRQ�

2QH� FDQ� QRZ� REVHUYH� WKH� VHULHV� RI� OLQNV� WKDW� FRQQHFWV� SODQ� WR� WRRO�� ,W� LV� MXVW� VXFK� D

FRQQHFWHG�VXEJUDSK�WKDW�YDOLGDWHV�UHJLVWUDWLRQ��+RZHYHU��WKH�FRQQHFWHG�VXEJUDSK�LQ�)LJXUH

����GRHV�QRW�UHIOHFW�VHYHUDO�RI�WKH�LPSRUWDQW�DVSHFWV�RI�UHJLVWUDWLRQ��)LUVW��WKH�OLQNV�DUH�YDOLG

DW� GLIIHUHQW� WLPHV�� )RU� LQVWDQFH�� WKH� YDOLGLW\� RI� WKH� >(1'�())(&725� �� SUREH�→� )(085� �

ILGXFLDO� SLQV@� OLQN� LV� EURNHQ� E\� PRYLQJ� WKH� HQG� HIIHFWRU� WR� RULHQW� WKH� FXWWLQJ� JXLGH�� VR

UHJLVWUDWLRQ�ZRXOG�VHHP�WR�EH�ORVW�DW�WKDW�SRLQW��6HFRQG��WKH�URERW�DSSHDUV�WR�EH�XQLQYROYHG�

,Q�SUDFWLFH�WKH�URERW�LV�WKH�FHQWUDO�GHYLFH��DQG�D�SULPDU\�HUURU�VRXUFH��7KHVH�SUREOHPV�DUH

UHVROYHG�E\�WKH�LQWURGXFWLRQ�RI�HYHQWV�DQG�LQGXFHG�OLQNV�

��� (YHQWV�7DJV�DQG�,QGXFHG�/LQNV

:KHQ�REMHFWV� �IHDWXUHV��PRYH�UHODWLYH�WR�RQH�DQRWKHU��PHDVXUHPHQW�RSHUDWLRQV��OLQNV�� WKDW

ZHUH�SUHYLRXVO\�SHUIRUPHG�EHFRPH�LQYDOLG��7R�JURXS�OLQNV�WKDW�DUH�VLPXOWDQHRXVO\�YDOLG�ZH

LQWURGXFH�HYHQWV��$�OLQN
V�YDOLGLW\�GXULQJ�RQH�RU�PRUH�HYHQWV�LV�LQGLFDWHG�E\�RQH�RU�PRUH�HYHQW

WDJV�RQ�WKH�OLQN��7KH�HYHQW�WDJ�FDQ�EH�LQWHUSUHWHG�DV�D�IXQFWLRQ�RQ�WKH�OLQN�VHWWLQJ�WKH�OLQN·V
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´UHVLVWDQFHµ� WR� ]HUR� ZKHQ� WKH� OLQN� LV� YDOLG� DQG� WR� LQILQLW\� ZKHQ� QRW�� $V� D� PDWWHU� RI

FRQYHQWLRQ��ZH�ZLOO�XVH�����DV�WKH�HDUOLHVW�SRVVLEOH�HYHQW�

0DQ\�OLQNV�DUH�SHUPDQHQWO\�YDOLG�RQFH�HVWDEOLVKHG��QRWDEO\�RQHV�HVWDEOLVKHG�EHWZHHQ�WZR

REMHFWV� RQ� D� VLQJOH� ULJLG� ERG\�� ,� ZLOO� SUHVHQW� D� FRQVWUXFW� WKDW� DFFRXQWV� IRU� WKH� OHQJWK� RI

YDOLGLW\�PRPHQWDULO\��)RU�QRZ��,�ZLOO�VLPSO\�PDUN�WKHVH�OLQNV�ZLWK�DOO�DSSURSULDWH�HYHQW�WDJV�

)RU�LQVWDQFH��WKH�ILUVW�HYHQW��FKURQRORJLFDOO\��LQFOXGHV�PHDVXUHPHQWV�RI�WKH�UHODWLRQ�EHWZHHQ

WKH�&00�DQG�WKH�WKUHH�FRPSRQHQWV�RI�WKH�HQG HIIHFWRU��7KHVH�OLQNV�DUH�PDUNHG�ZLWK�HYHQW

WDJ�����LQ�)LJXUH������+RZHYHU��WKH�>52%27���EDVH�→�(1'�())(&725���PRXQWLQJ�IODQJH@�OLQN

LV�DOZD\V�NQRZQ�RQFH� WKH� URERW� LV�SRZHUHG�XS�IRU�XVH� LQ� WKH�RSHUDWLQJ� URRP��DQG� LV� WKXV

PDUNHG�ZLWK�WDJV�������

7KH�OLQNV�WR�WKH�&00�EHFRPH�LQYDOLG�ZKHQ�WKH�HQG HIIHFWRU�LV�UHPRYHG�IURP�WKH�WHVW

ED\� RI� WKH� &00�� +RZHYHU�� WKH� VSDWLDO� UHODWLRQVKLS�V�� RI� WKH� FRPSRQHQWV� WR� HDFK� RWKHU�

ZKLFK�FDQ�EH�GHULYHG�IURP�WKH�OLQNV�WR�WKH�&00��SHUVLVWV��$�QHZ�FRQVWUXFW��WKH�LQGXFHG�OLQN�

FDSWXUHV�WKLV�SHUVLVWHQFH��7KH�OLQNV�ZH�KDYH�VKRZQ�XS�WR�QRZ�ZLOO�EH�NQRZQ�DV�GLUHFW�OLQNV�

$Q� LQGXFHG� OLQN�� VKRZQ�DV� D�GDVKHG� OLQH�FRQQHFWLQJ� WZR� IHDWXUHV�� LV�YDOLG� LI� WKHUH� LV� D

VLPXOWDQHRXV� FRQQHFWHG� VXEJUDSK� WKDW� FRQQHFWV� WKH� WZR� IHDWXUHV�� $� VLPXOWDQHRXV� FRQQHFWHG

VXEJUDSK� LV� VLPSO\� D� VXEVHW� RI� WKH� IHDWXUHV� DQG� OLQNV�� VXFK� WKDW� DOO� RI� WKH� IHDWXUHV� DUH

FRQQHFWHG�WR�RQH�DQRWKHU��GLUHFWO\�RU�LQGLUHFWO\��YLD�OLQNV�WKDW�EHORQJ�WR�D�FRPPRQ�HYHQW��7R

SUHYHQW�H[FHVVLYH�SUROLIHUDWLRQ�RI�YDOLG� VXEJUDSKV� IRU� DQ� LQGXFHG� OLQN��RWKHU� LQGXFHG� OLQNV

ZLWK�WKH�VDPH�HYHQW�DUH�QRW�XVHG�WR�GHWHUPLQH�YDOLGLW\�
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)LJXUH�����VKRZV�WKH�1RUWKZHVWHUQ�7.5�V\VWHP�DJDLQ��QRZ�LQFOXGLQJ�WKH�LQGXFHG�OLQNV�

,QGXFHG� OLQNV� LQGLFDWH� LQGLUHFW� NQRZOHGJH� RI� WKH� VSDWLDO� UHODWLRQVKLS� EHWZHHQ� WZR� REMHFWV�

GHULYHG� YLD� WKH� VLPXOWDQHRXV� FRQQHFWHG� VXEJUDSK� WKDW� FRQQHFWV� WKHP��7KH� YDOLGLW\� RI� WKH

LQGLUHFW�NQRZOHGJH�PD\�JUHDWO\�RXWODVW�WKDW�RI�WKH�VXEJUDSK��ZKLFK�LQGXFHG�LW��0RVW�RI� WKH

LQGXFHG�OLQNV�FRQQHFW�SDLUV�RI�REMHFWV�WKDW�EHORQJ�WR�D�VLQJOH�ULJLG�ERG\��1R�UHODWLYH�PRWLRQ

HYHU�RFFXUV�EHWZHHQ�VXFK�SDLUV��VR�WKHLU�YDOLGLW\�LV�SHUPDQHQW�

+RZHYHU�� FRQVLGHU� WKH� LQGXFHG� OLQN� >52%27� �� EDVH� →� )(085� �� ILGXFLDO� SLQV@�� 7KH

VLPXOWDQHRXV� FRQQHFWHG� VXEJUDSK� WKDW� LQGXFHG� LW� LV� >52%27� �� EDVH�→� (1'�())(&725� �

PRXQWLQJ� IODQJH�→� (1'�())(&725� �� SUREH�→� )(085� �� ILGXFLDO� SLQV@�� DOO� RI� ZKLFK� DUH
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PHPEHUV�RI�HYHQW������7KH�LQGXFHG�OLQN�>52%27���EDVH�→�)(085���ILGXFLDO�SLQV@�LV�YDOLG�VR

ORQJ�DV�WKH�IHPXU�GRHV�QRW�PRYH�UHODWLYH�WR�WKH�URERW��7KLV�LV�UHIOHFWHG�LQ�WKH�KDUGZDUH�RI

WKH�1RUWKZHVWHUQ�7.5�V\VWHP��WKH�IHPXU�LV�ULJLGO\�IL[WXUHG�ZLWK�UHVSHFW�WR�WKH�URERW��IURP

WKH� WLPH� WKH� ILGXFLDO� SLQV� DUH� WRXFKHG� XQWLO� WKH� FRPSXWHU�DVVLVWHG� SKDVH� RI� VXUJHU\� LV

FRPSOHWH�

��� &RQQHFWLYLW\�3URSHUWLHV

:H�FDQ�QRZ�PDNH� VRPH�REVHUYDWLRQV�FRQFHUQLQJ� WKH�FRQQHFWLYLW\�RI� D� UHJLVWUDWLRQ�JUDSK�

)LUVW��WKH�JUDSKV�SURYLGH�D�EDVLF�FRQGLWLRQ�IRU�UHJLVWUDWLRQ�

%DVLF� FRQQHFWLYLW\�� 5HJLVWUDWLRQ� UHTXLUHV� WKDW� WKHUH� H[LVW� D� VLPXOWDQHRXV

FRQQHFWHG� VXEJUDSK� FRQWDLQLQJ� WKH� SODQ� DQG� WKH� WRRO�� ,Q� )LJXUH� ����� WKH

VXEJUDSK�LV�>)(085���UHVHFWLRQV��SODQ��→�)(085� �� ILGXFLDO�SLQV�→�52%27��

EDVH�→�(1'�())(&725���PRXQWLQJ�IODQJH�→�(1'�())(&725���FXWWLQJ�JXLGH

�WRRO�@�

1RW�DOO�FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHPV�FRQWDLQ�DQ�DFWLYH�SRVLWLRQLQJ�GHYLFH��)RU�WKRVH

WKDW�GR��LQ�WKH�SUHVHQW�H[DPSOH��D�URERW��D�IXUWKHU�FRQQHFWLYLW\�SURSHUW\�LV�QHHGHG��LQ�RUGHU

WR�EH�DEOH�WR�FRPSXWH�WKH�DFWXDWRU�YHORFLWLHV�QHHGHG�WR�PRYH�WKH�WRRO��7KLV�FDSDELOLW\�PLJKW

EH�FDOOHG�FRQWURO�

&RQWURO�FRQQHFWLYLW\��&RQWURO�UHTXLUHV�WKDW�WKH�URERW��RU�RWKHU�DFWLYH�SRVLWLRQLQJ

GHYLFH��PXVW�DOVR�EH�D�SDUW�RI�WKH�VLPXOWDQHRXV�FRQQHFWHG�VXEJUDSK�
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,I� D� JUDSK� KDV� EDVLF� FRQQHFWLYLW\� EXW� QRW� FRQWURO� FRQQHFWLYLW\�� LW� LV� VWLOO� SRVVLEOH� WR

GHWHUPLQH� WKH� DFWXDO� WRRO� SRVLWLRQ�ZLWK� UHVSHFW� WR� WKH� SODQ��+RZHYHU� LW� LV� QRW� SRVVLEOH� WR

SUHGLFW�ZKDW�HIIHFW�D�SDUWLFXODU�FRPPDQGHG�PRWLRQ�RI� WKH�SRVLWLRQLQJ�GHYLFH�ZLOO�KDYH�RQ

WKH�WRRO
V�ORFDWLRQ�ZLWK�UHVSHFW�WR�WKH�SODQ�

��� 0DLQWDLQLQJ�UHJLVWUDWLRQ

,W�LV�QRW�HQRXJK�WR�HVWDEOLVK�UHJLVWUDWLRQ�DW�D�VLQJOH�PRPHQW��ZH�PXVW�FRQWLQXRXVO\�PDLQWDLQ

UHJLVWUDWLRQ�ZKLOH�WKH�URERW�PRYHV�WKH�WRRO��,W�PD\�DOVR�EH�SRVVLEOH�WR�PDLQWDLQ�UHJLVWUDWLRQ

ZKLOH� WKH� SDWLHQW� PRYHV� GXULQJ� VXUJHU\�� ,I� VR�� WKH� SDWLHQW� GRHV� QRW� QHHG� WR� EH� ULJLGO\

LPPRELOL]HG�� DQ� DWWUDFWLYH� IHDWXUH� IRU� D� VXUJLFDO� V\VWHP�� %RWK� LVVXHV� FDQ� EH� DGGUHVVHG

WKURXJK�WKH�FRQQHFWLYLW\�SURSHUWLHV�RI�UHJLVWUDWLRQ�JUDSKV�

:H�PDNH�D�GLVWLQFWLRQ�EHWZHHQ�WZR�NLQGV�RI�HYHQWV��WUDQVLHQW�DQG�VXVWDLQHG�

$� WUDQVLHQW� HYHQW� GHVFULELQJ� D� OLQN·V� YDOLGLW\�� VKRZQ� E\� DSSHQGLQJ� WKH� QXPHUDO� RI� WKH

HYHQW�WDJ�ZLWK�D�´Wµ��LQGLFDWHV�D�RQH VKRW�PHDVXUHPHQW�RSHUDWLRQ��([DPSOHV��D�ERQH�FRQWRXU

LV� LGHQWLILHG� LQ� D� &7� LPDJH�� D� SUREH� WRXFKHV� D� ILGXFLDO� PDUNHU� RU� ERQH� FRQWRXU�� D� VLQJOH

IOXRURVFRSLF�LPDJH�RI�DQ�DOLJQPHQW�DUWLIDFW�LV�DFTXLUHG�

$� VXVWDLQHG� HYHQW� GHVFULELQJ� D� OLQN·V� YDOLGLW\�� VKRZQ� E\� DSSHQGLQJ� WKH� QXPHUDO� RI� WKH

HYHQW�WDJ�ZLWK�DQ�´Vµ��LQGLFDWHV�DQ�RQJRLQJ�PHDVXUHPHQW�RSHUDWLRQ�SHUIRUPHG�E\�RQH�RI�WKH

WZR� IHDWXUHV��$OVR��ZKHQ� WZR�REMHFWV� DUH�EURXJKW� LQWR� FRLQFLGHQFH� DQG� ORFNHG�� WKH� OLQN� LV

FRQVLGHUHG�WR�EH�VXVWDLQHG��([DPSOHV��DQ�RSWLFDO�ORFDOL]HU�PRQLWRUV�WKH�ORFDWLRQ�RI�DQ�/('

´IODJµ�RQ�D�PRYLQJ�ERQH��D�WRRO�LV�KHOG�E\�D�URERW�WKDW�SRVVHVVHV�MRLQW�HQFRGHUV��FOLSV�RQ�D

VWHUHRWDFWLF�KHDGIUDPH�DUH�EURXJKW�LQWR�FRQWDFW�ZLWK�PRXQWLQJ�EUDFNHWV�DQG�IDVWHQHG�
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)LJXUH� ���� VKRZV� WKH� UHJLVWUDWLRQ� JUDSK� IRU� WKH� 1RUWKZHVWHUQ� 7.5� V\VWHP� ZLWK� WKH

DSSURSULDWH�HYHQW�WDJV�WR�UHIOHFW�WKHLU�OLQNV·�WUDQVLHQW�RU�VXVWDLQHG�FKDUDFWHU�

,� QRWHG� DERYH� WKDW� WKH� LQGXFHG� OLQN� >52%27� �� EDVH�→� )(085� �� ILGXFLDO� SLQV@� LQ� WKH

1RUWKZHVWHUQ�7.5�V\VWHP�UHTXLUHG�D�IHPXU�IL[DWRU�WR�PDLQWDLQ� LW��0RUH�JHQHUDOO\��ZH�FDQ

PDNH�WKH�IROORZLQJ�REVHUYDWLRQ�

)L[DWLRQ�� ,QGXFHG� OLQNV� UHTXLUH� LPPRELOL]DWLRQ� WR� UHPDLQ� YDOLG� RQFH� WKH

VXEJUDSK�V��WKDW�HQDEOHG�WKH�OLQN�LV�H[SLUHG�

6RPHWLPHV� WKH� UHTXLUHG� LPPRELOL]DWLRQ� LV� WULYLDOO\� SUHVHQW� EHFDXVH� WKH� LQGXFHG� OLQN

FRQQHFWV�REMHFWV��ZKLFK� DUH�ERWK�SDUWV�RI� D� VLQJOH� ULJLG�ERG\�� H�J�� WKH� HQG HIIHFWRU��2WKHU
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LQGXFHG�OLQNV�UHTXLUH�WKH�H[SOLFLW�XVH�RI�IL[DWLRQ�GHYLFHV��)RU�LQVWDQFH��WKH�>52%27���EDVH�→

)(085� �� ILGXFLDO� SLQV@� LQGXFHG� OLQN� UHTXLUHV� D� IHPXU� IL[DWRU� LQ� WKH� 1RUWKZHVWHUQ� 7.5

V\VWHP�

:KHUH�DQ�H[SOLFLW�IL[DWLRQ�GHYLFH�LV�QHHGHG��LW�PD\�FRXSOH�WKH�IHDWXUHV�GLUHFWO\��RU�LW�PD\

FRXSOH�DQ\�IHDWXUHV�RI�WKH�ULJLG�ERGLHV�WR�ZKLFK�WKH\�EHORQJ��5HFDOO�WKDW�ULJLG�ERG\�JURXSV

DUH� PHUHO\� DQ� RUJDQL]DWLRQDO� WRRO�� WKH\� GR� QRW� DIIHFW� WKH� FRQQHFWLYLW\� SURSHUWLHV� RI� WKH

JUDSKV�� +RZHYHU�� WKH\� PDNH� WKH� QHHG� IRU� LPPRELOL]DWLRQ� GHYLFHV� HVSHFLDOO\� YLVLEOH� E\

HPSKDVL]LQJ�LQGXFHG�OLQNV�WKDW�DUH�QRW�FRQWDLQHG�ZLWKLQ�D�ULJLG�ERG\�JURXS�

:H�FDQ�QRZ�DGG�D�WKLUG�FRQQHFWLYLW\�SURSHUW\�

6XVWDLQHG� FRQQHFWLYLW\��&RQWLQXRXV� UHJLVWUDWLRQ�GHVSLWH� WRRO�PRWLRQ�DQG�SDWLHQW

PRWLRQ�UHTXLUHV�WKDW�WKH�VLPXOWDQHRXV�FRQQHFWHG�VXEJUDSK�FRQVLVW�HQWLUHO\�RI

VXVWDLQHG�DQG�LQGXFHG�OLQNV�

6XVWDLQHG� FRQQHFWLYLW\� GRHV� QRW� QHFHVVDULO\� LPSO\� WKDW� D� QRQ IL[DWHG� SDWLHQW� GXULQJ

VXUJHU\� LV� SRVVLEOH�� ,PPRELOL]DWLRQ� UHTXLUHPHQWV� FUHDWHG� E\� LQGXFHG� OLQNV� EHWZHHQ� WKH

DQDWRP\�ULJLG�ERG\�JURXS�DQG�RWKHU�ULJLG�ERG\�JURXSV�VWLOO�SHUWDLQ�

��� *UDSK�5HGXFWLRQ�DQG�([SDQVLRQ

2QH� RI� WKH� EHQHILWV� RI� WKH� UHJLVWUDWLRQ� JUDSK� LV� WKDW� LW�PDNHV� H[SOLFLW� WKH� HQWLUH� FKDLQ� RI

PHDVXUHPHQWV� WKDW� FRPSULVH� �DQG� FRQWULEXWH� HUURU� WR�� UHJLVWUDWLRQ�� +RZHYHU� H[SOLFLWQHVV

VRPHWLPHV�FRPHV�DW�WKH�H[SHQVH�RI�FODULW\�DQG�FRQFLVHQHVV��:H�PD\�SUHIHU�WR�UHSUHVHQW�DQ

HQG HIIHFWRU�DV�D�VLQJOH�IHDWXUH��DV� LQ�)LJXUH������UDWKHU�WKDQ�DV�D�FXWWLQJ�JXLGH��SUREH��DQG



��

PRXQWLQJ� IODQJH�ZKRVH� UHODWLRQVKLS� KDV� EHHQ� HVWDEOLVKHG� E\� D� &00�� DV� LQ� )LJXUH� ����� $

UHGXFWLRQ� UXOH� PDNHV� FOHDU� WKH� FRQGLWLRQV� XQGHU� ZKLFK� VXFK� FROODSVH� FDQ� EH� SHUIRUPHG

ZLWKRXW�DIIHFWLQJ�DQ\�FRQQHFWLYLW\�SURSHUWLHV�

5HGXFWLRQ� UXOH�� 7ZR� IHDWXUHV� FRQQHFWHG� E\� D� OLQN�ZLWK� D� VXVWDLQHG� HYHQW� WDJ

PD\�EH�FROODSVHG�LQWR�RQH�IHDWXUH�

7KH�FRQYHUVH� LV� WUXH�� VR�ZH�DOVR�PD\� WKLQN�RI� WKH� UHGXFWLRQ�UXOH�DV�DQ�H[SDQVLRQ�UXOH�

$OWKRXJK� ZH� KDYH� UHSUHVHQWHG� WKH� URERW� DV� D� VLQJOH� OLQN� EHWZHHQ� WKH� URERW� EDVH� DQG

PRXQWLQJ� IODQJH�� ZH� FRXOG� LQVWHDG� VKRZ� WKH� URERW� DV� VHYHQ� VHULDOO\� FRQQHFWHG� IHDWXUHV

UHSUHVHQWLQJ�HDFK�OLQNDJH�RI�WKH�URERW�

plan

fiducial
pins

CT
base
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END EFFECTOR
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cutting guide
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(2t)

(3t)

(3s)
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(2s)

)LJXUH������7KH�IHDWXUHV�RI�WKH�HQG�HIIHFWRU�ULJLG�ERG\�JURXS�KDYH�EHHQ�UHGXFHG�WR�D�VLQJOH
IHDWXUH�XVLQJ�WKH�UHGXFWLRQ�UXOH�



��

7KH�UHGXFWLRQ�UXOH�VKRXOG�EH�XVHG�VSDULQJO\�WR�UHPRYH�XQLQWHUHVWLQJ�FOXWWHU��RU�WR�KHOS

GHWHUPLQH� KRZ� QHZ� FRPSRQHQWV� VKRXOG� EH� UHSUHVHQWHG��$� JRRG� UXOH� RI� WKXPE� LV� QRW� WR

FROODSVH� IHDWXUHV� XQOHVV� WKH� FRPELQHG� IHDWXUH� FDQ� EH� JLYHQ� DQ� HQOLJKWHQLQJ� QDPH�� )RU

LQVWDQFH��VHYHQ�URERW�IHDWXUHV�FDQ�EH�FROODSVHG�WR�D�VLQJOH�IHDWXUH�QDPHG�´URERWµ��DQG� WKH

VHYHUDO� FRPSRQHQWV� RI� DQ� HQG HIIHFWRU� FDQ� EH� FROODSVHG� WR� D� VLQJOH� IHDWXUH� QDPHG

´HQG HIIHFWRUµ�� ,W� LV� XVXDOO\� QRW� D� JRRG� LGHD� WR� FROODSVH� D� URERW� DQG� LWV� HQG HIIHFWRU� WR� D

VLQJOH� IHDWXUH��$OVR��FROODSVLQJ�D� URERW�DQG�D� IOXRURVFRSH�FDQ�RQO\� UHVXOW� LQ� D�´IOXRURERWµ�

DQG�LV�D�SRRU�LGHD�

 ,W� VKRXOG�EH�QRWHG� WKDW� WKH� UHJLVWUDWLRQ�JUDSK� VKRXOG�EH� H[WHQGLEOH� WR� WKH�SUREOHP�RI

QRQ�ULJLG�UHJLVWUDWLRQ�E\�PHDQV�RI�VFDOH��WKDW�LV��D�JUDSK�FDQ�EH�H[SDQGHG�WR�D�ILQLWH�HOHPHQW

OHYHO�RI�GHWDLO��7KH�HUURU�DQDO\VLV�RI�&KDSWHU���VKRXOG�DOVR�H[WHQG�ZHOO�WR�VXFK�GHWDLO��7KLV�LV

QRW�DWWHPSWHG�KHUHLQ��DV�LW�LV�EH\RQG�WKH�VFRSH�RI�WKLV�WKHVLV�

��� $�6KRUW�6XUYH\�RI �5HJLVWUDWLRQ�6WUDWHJLHV

,Q� WKH� IROORZLQJ� VHFWLRQV�� ,� JUDSK� RWKHU� FRPSXWHU�DVVLVWHG� VXUJHU\� V\VWHPV�� VHOHFWHG� WR

LOOXVWUDWH�D�YDULHW\�RI�LQWHUHVWLQJ�DVSHFWV�RI�UHJLVWUDWLRQ�VWUDWHJLHV��7KH�JUDSKV�DUH�GHWDLOHG�WR

WKH�H[WHQW�,�FDQ�GHWHUPLQH�HDFK�V\VWHP
V�UHJLVWUDWLRQ�SURFHGXUHV�IURP�WKH�OLWHUDWXUH�RU�RWKHU

FRPPXQLFDWLRQ��,Q�FDVHV�ZKHUH�WKH�GHYLFH�E\�ZKLFK�D�PHDVXUHPHQW�LV�PDGH�LV�XQNQRZQ��,

KDYH�VLPSO\�SUHVXPHG�WKDW�WKH�PHDVXUHPHQW�LV�HVWDEOLVKHG�E\�&00�

����� 2WKHU�V\VWHPV�OLNH�WKH�1RUWKZHVWHUQ�7.5�V\VWHP

)LJXUH� ���� VKRZHG� WKH� UHJLVWUDWLRQ�JUDSK�RI� WKH�1RUWKZHVWHUQ�7.5� V\VWHP�� 6HYHUDO� RWKHU

FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHPV�KDYH�YLUWXDOO\�LGHQWLFDO�UHJLVWUDWLRQ�VWUDWHJLHV�WR�WKDW�RI�WKH
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1RUWKZHVWHUQ� 7.5� V\VWHP�� 7KHVH� LQFOXGH� WKH� 5RER'RF� V\VWHP� GHVFULEHG� LQ� &KDSWHU� �

>�@>�@�� WKH� PRVW� UHFHQW� V\VWHP� IRU� WRWDO� NQHH� UHSODFHPHQW� E\� )DGGD� HW� DO�� >��@� DW� 5L]]ROL

,QVWLWXWHV��DQG�D�V\VWHP�IRU�IHPRUDO�RVWHRWRPLHV�E\�0RFWH]XPD��HW�DO��>��@�DW�WKH�,QVWLWXWH�IRU

0DFKLQH�7RROV�DQG�,QGXVWULDO�0DQDJHPHQW�LQ�0�QLFK�

����� 6WHDOWK6WDWLRQ�6\VWHP

$�QRWDEOH� DVSHFW� RI� WKLV� V\VWHP�� GHVFULEHG� LQ�&KDSWHU� ��� LV� WKDW� UHJLVWUDWLRQ� LV�PDLQWDLQHG

GHVSLWH� SDWLHQW�PRWLRQ� GXULQJ� VXUJHU\�� DQG� WKHUHIRUH� QR� IL[DWLRQ� RI� WKH� LQYROYHG� ERQH� LV

UHTXLUHG��&RQVWUXFWLRQ�RI�D�UHJLVWUDWLRQ�JUDSK�PDNHV�WKLV�DSSDUHQW��5HIHUULQJ�WR�)LJXUH�����

landmarks
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(plan)
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)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�6WHDOWK6WDWLRQ�DV�XVHG�IRU�SHGLFOH�VFUHZ�SODFHPHQW�
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LQ�ZKLFK� WKH�6WHDOWK6WDWLRQ� LV�XVHG� WR�GULOO� D�SLORW�KROH�GRZQ� WKH� VKDIW�RI� WKH�SHGLFOH�RI� D

YHUWHEUD��ZH�ILQG�WKDW

• $�&7�VFDQ�LV�REWDLQHG�SUHRSHUDWLYHO\��,QWUDRSHUDWLYHO\��D�FRPSXWHU�GLVSOD\V�WKH�&7�GDWD

DV�ZHOO� DV� D��'� UHFRQVWUXFWLRQ�RI� WKH�YHUWHEUD�GHULYHG� IURP� WKH�&7�GDWD��7KH�GHVLUHG

GULOO�WUDMHFWRU\�WKURXJK�WKH�SHGLFOH��WKH�SODQ��FDQ�EH�LPSOLFLWO\�YLHZHG�LQ�WKH�&7�GDWD��$Q

LQGXFHG� OLQN� LV� WKXV�IRUPHG�EHWZHHQ�WKH�SODQ�DQG�RWKHU�SDUWV�RI� WKH�YHUWHEUD�QRWHG�DV

ODQGPDUNV�

• ,QWUDRSHUDWLYHO\�� D� ¶IODJ·�� LQVWUXPHQWHG�ZLWK� LQIUDUHG� /('V�� LV� DWWDFKHG� WR� WKH� VSLQRXV

SURFHVV�RI�WKH�YHUWHEUD��$Q�RSWLFDO�ORFDOL]HU�WUDFNV�WKH�PRWLRQ�RI�WKLV�IODJ�

• $�SRLQWLQJ�SUREH��RXWILWWHG�ZLWK�/('V��LV�XVHG�WR�GLJLWL]H�YDULRXV�ODQGPDUN�SRLQWV�IURP

WKH�VXUIDFH�RI�WKH�YHUWHEUD��:KLOH�WKH�SUREH�FRQWDFWV�WKH�VXUIDFH�RI�WKH�YHUWHEUD��D�>/('

352%(� �� WLS�→�9(57(%5$� �� ODQGPDUN@� WUDQVLHQW� OLQN�H[LVWV��7KLV� FUHDWHV� D� >9(57(%5$� �

IODJ�→�9(57(%5$���ODQGPDUN@�LQGXFHG�OLQN���,W� LV�ZRUWK�QRWLQJ�WKDW�D��' �'�PDWFKLQJ

DOJRULWKP�LV� W\SLFDOO\�XVHG�WR�FRUUHODWH�WKH�GLJLWL]HG�SRLQWV�IURP�WKH�RSWLFDO� ORFDOL]HU� WR

WKH� &7� LPDJH� RI� WKH� YHUWHEUD�� 7KH� GLIILFXOW\� RI� WKLV� PDWFKLQJ� RSHUDWLRQ� LV� QRW

DFNQRZOHGJHG�E\�WKH�UHJLVWUDWLRQ�JUDSK��

• 7KH� RSWLFDO� ORFDOL]HU� WUDFNV� D� KDQG�KHOG� VXUJLFDO� GULOO�� RXWILWWHG� ZLWK� /('V�� ZKLOH� WKH

VXUJHRQ� RULHQWV� WKH� GULOO� ELW� WR� WKH� GHVLUHG� WUDMHFWRU\�� 7KH� WUDMHFWRU\� WKDW� WKH� GULOO� ELW

PDNHV�WKURXJK�WKH�SHGLFOH�LV�GLVSOD\HG�RQ�WKH�FRPSXWHU�VFUHHQ�VKRZLQJ�WKH�&7�LPDJHV�

�QRWH��WKH�/('�GULOO�LV�QRW�D�SDUW�RI�WKH�FRPPHUFLDO�6WHDOWK6WDWLRQ��+RZHYHU��D�GULOO�ZLWK

/('V�FDQ�EH�DQG�RIWHQ�LV�EXLOW�DQG�XVHG�E\�WKH�RSHUDWRUV�RI�WKH�V\VWHP��



��

7KH�VXEJUDSK�>9(57(%5$���SHGLFOH��SODQ��→�9(57(%5$���ODQGPDUNV�→�9(57(%5$���/('

IODJ�→� 237,&$/� /2&$/,=(5� �� EDVH�→� /('� '5,//� �� ELW� �WRRO�@� ZKLFK� HVWDEOLVKHV� VXVWDLQHG

FRQQHFWLYLW\� GRHV� QRW� LQFOXGH� DQ\� LQGXFHG� OLQNV� EHWZHHQ� ULJLG� ERG\� JURXSV� �ZKLFK�ZRXOG

VLJQDO�D�QHHG�IRU�IL[WXULQJ���7KXV�WKH�JUDSK�VKRZV�WKDW�WKH�YHUWHEUD�QHHG�QRW�EH�IL[WXUHG�

7KH� JUDSK� GRHV� QRW� KDYH� FRQWURO� FRQQHFWLYLW\�� EHFDXVH� WKHUH� LV� QR� DFWLYH� SRVLWLRQLQJ

GHYLFH�� ,W�ZRXOG�EH�SRVVLEOH� WR� LQFOXGH� WKH� ´FRPSXWHU FRQWUROOHG� VXUJHRQµ�XVHG�KHUH� LQWR

WKH�UHJLVWUDWLRQ�JUDSK��EXW�,�KDYH�QRW�GRQH�VR�KHUH�

6HYHUDO�V\VWHPV�EHDU�VLPLODU�UHJLVWUDWLRQ�JUDSKV�WR�WKDW�RI�WKH�6WHDOWK6WDWLRQ��/DYDOOpH�HW

DO��>��@�DW�*UHQREOH�8QLYHUVLW\�+RVSLWDO�LQ�/D�7URQFKH��)UDQFH�KDYH�GHYHORSHG�D�FRPSXWHU�

DVVLVWHG�VXUJHU\�V\VWHP�IRU�LPSODQWLQJ�SHGLFOH�VFUHZV�WKDW�XVHV�DQ�H[SOLFLW�SUHRSHUDWLYH�SODQ

WR�SUHVFULEH�VFUHZ�SODFHPHQW��1ROWH��HW�DO���>��@�DW�WKH�8QLYHUVLW\�RI�%HUQ�LQ�6ZLW]HUODQG�KDYH

GHYHORSHG�D�V\VWHP�IRU�SHGLFOH�VFUHZ�SODFHPHQW�ZLWK�DQ�LGHQWLFDO�UHJLVWUDWLRQ�JUDSK�WR�WKDW

RI�/DYDOOpH�HW�DO�

����� /RQJ�%HDFK�6WHUHRWDFWLF�1HXURVXUJHU\�6\VWHP

7KH� URERWLF� VWHUHRWDFWLF� QHXURVXUJHU\� V\VWHP� XVHG� E\� .ZRK�� HW� DO�� >��@� DW� WKH� 0HPRULDO

0HGLFDO� &HQWHU� RI� /RQJ� %HDFK� ZDV� RQH� RI� WKH� ILUVW� FRPSXWHU�DVVLVWHG� VXUJHU\� V\VWHPV

GHYHORSHG��7KH� UHJLVWUDWLRQ�JUDSK�RI� WKLV� V\VWHP� LV� W\SLFDO� RI� V\VWHPV� WKDW� XVH� VWHUHRWDFWLF

IUDPHV��VXFK�DV�*ODXVHU�HW�DO��>��@��'UDNH�HW�DO���>��@��5HIHUULQJ�WR�)LJXUH�����

• $�&7� LPDJH� LV� REWDLQHG� RI� WKH� SDWLHQW
V� KHDG�� VKRZLQJ� DOVR� WKH� ILGXFLDO�PDUNHUV� RQ� D

UHPRYDEOH�KHDGIUDPH�WKDW�WKH�SDWLHQW�ZHDUV��$�SODQ��D�V\ULQJH�WUDMHFWRU\�WKDW�UHDFKHV�WKH

ELRSV\�VLWH� LQ�WKH�EUDLQ�VDIHO\�� LV�FUHDWHG�LQ�WKH�GDWD�IURP�WKH�&7��DQG�WKXV�DQ� LQGXFHG



��

OLQN� LV� VKRZQ� IURP� ILGXFLDO� PDUNHUV� WR� SODQ�� 5HFDOO� WKDW� LQGXFHG� OLQNV� UHTXLUH

LPPRELOL]DWLRQ��ZKLFK�LV�SURYLGHG�KHUH�E\�IL[DWLQJ�WKH�KHDGIUDPH�WR�WKH�VNXOO�

• /DWHU��PRXQWLQJ� FOLSV� RQ� WKH� KHDGIUDPH� DUH� ORFNHG� WR� EUDFNHWV� DWWDFKHG� WR� WKH� URERW

EDVH��7KLV�FRQVWLWXWHV�D�VXVWDLQHG�´FRLQFLGHQFHµ�OLQN�

• 7KH�LQGXFHG�OLQNV�>+($')5$0(���ILGXFLDO�PDUNHUV�→�+($')5$0(���PRXQWLQJ�FOLSV@�DQG

>52%27� �� EDVH�→� 52%27� �� PRXQWLQJ� EUDFNHW@�� ZHUH� DSSDUHQWO\� HVWDEOLVKHG� HDUOLHU� E\

GLUHFW� PHDVXUHPHQW� �KHUH� DVVXPHG� WR� EH� SHUIRUPHG� E\� &00�� �� DOWKRXJK� RQH� FRXOG

LPDJLQH�GRLQJ�LW�GLIIHUHQWO\�E\�WRXFKLQJ�WKH�D�SUREH�PRXQWHG�RQ�WKH�HQG�HIIHFWRU�WR�WKH

IHDWXUHV��ZKLFK�ZRXOG�UHVXOW�LQ�D�GLIIHUHQW�UHJLVWUDWLRQ�JUDSK��RI�FRXUVH��

biopsy
path (plan)

base

SKULLCT

CMM

base

fiducial
markers

HEADFRAME

(3t)

(3t) (3s)

ROBOT

mounting
bracket

(4s)

(1t)

mounting
clips

CMM

base

base
(1t)

(1s)

END-EFFECTOR

syringe (tool)

(2t)

(2t)
(2s)

(4s)

"scan
patient"

"calibrate
frame"

"calibrate
bracket"

"attach
bracket"

"robot
arm"

)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�/RQJ�%HDFK�VWHUHRWDFWLF�QHXURVXUJHU\�V\VWHP�
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7KH� VXEJUDSK� >6.8//� �� ELRSV\� SDWK� �SODQ�� →� +($')5$0(� �� ILGXFLDO� PDUNHUV� →

+($')5$0(� �� PRXQWLQJ� FOLSV�→� 52%27� �� PRXQWLQJ� EUDFNHW�→� 52%27� �� EDVH�→� (1'�

())(&725���V\ULQJH��WRRO�@�HVWDEOLVKHV�VXVWDLQHG�FRQQHFWLYLW\��EXW�LQYROYHV�WZR�IL[WXUHV��RQH

WR�PDLQWDLQ�WKH�LQGXFHG�OLQN�IURP�KHDGIUDPH�WR�SDWLHQW·V�VNXOO��DQG�DQRWKHU�FRUUHVSRQGLQJ�WR

WKH�VXVWDLQHG�´FRLQFLGHQFHµ�OLQN�EHWZHHQ�WKH�PRXQWLQJ�FOLSV�DQG�WKH�PRXQWLQJ�EUDFNHW�

����� 1RUWKZHVWHUQ�3HGLFOH�6FUHZ�3ODFHPHQW�6\VWHP

6DQWRV 0XQQp� >��@>��@� DW� 1RUWKZHVWHUQ� 8QLYHUVLW\� GHVFULEHV� D� V\VWHP� IRU� SHGLFOH� VFUHZ

SODFHPHQW��7KH� GHVLJQ� SKLORVRSK\� LV� WR� VWD\� DV� FORVH� WR� FRQYHQWLRQDO� SUDFWLFH� DV� SRVVLEOH�

II camera
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ROBOT

base
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(plan)

VERTEBRA

fiducial spheres

drill guide (tool)

END-EFFECTOR
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)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�1RUWKZHVWHUQ�SHGLFOH�VFUHZ�SODFHPHQW�V\VWHP�
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ZKLOH� DFKLHYLQJ� JUHDWHU� DFFXUDF\� WKURXJK� WKH� XVH� RI� D� URERW� IRU� GULOO� JXLGDQFH�� $V� LQ

FRQYHQWLRQDO� SUDFWLFH�� SODQQLQJ� LV� GRQH� LQ� WZR� SDUWV�� FRUUHVSRQGLQJ� WR� WZR� RUWKRJUDSKLF

SURMHFWLRQV��5HIHUULQJ�WR�)LJXUH�����

• 7KH� URERW
V� HQG� HIIHFWRU� FRQVLVWV� RI� D� GULOO� JXLGH�� DQ� DUUD\� RI� ILGXFLDO� VSKHUHV�� DQG� D

PRXQWLQJ�IODQJH��,QGXFHG�OLQNV�EHWZHHQ�WKH�FRPSRQHQWV�ZHUH�FUHDWHG�E\�&00�

• ,QWUDRSHUDWLYHO\� DQ� DQWHULRU�SRVWHULRU� �$3�� IOXRURVFRSLF� LPDJH� RI� WKH� YHUWHEUD� DQG� WKH

DUUD\� RI� ILGXFLDO� VSKHUHV� RQ� WKH� HQG� HIIHFWRU�� ZKLFK� LV� KHOG� FORVH� WR� WKH� SDWLHQW�� LV

REWDLQHG�� 7KH� LPDJH� LV� XVHG� WR� FUHDWH� WKH� $3� SURMHFWLRQ� RI� WKH� SODQ�� $� VDJLWWDO

IOXRURVFRSLF�LPDJH�LV�XVHG�VLPLODUO\�

$Q� LQGXFHG� OLQN� LV� HVWDEOLVKHG� EHWZHHQ� WKH� YHUWHEUD� DQG� WKH� URERW�� YLD� WKH� FRQQHFWHG

VXEJUDSK� >9(57(%5$� �� SHGLFOH� �SODQ��→� )/82526&23(� �� ,,� FDPHUD�→� (1'�())(&725� �

ILGXFLDO�VSKHUHV�→�(1'�())(&725���PRXQWLQJ�IODQJH�→�52%27���EDVH@�

7KH� VXEJUDSK� >9(57(%5$� �� SHGLFOH� �SODQ�� →� 52%27� �� EDVH� →� (1'�())(&725� �

PRXQWLQJ� IODQJH�→� (1'�())(&725� �� GULOO� JXLGH� �WRRO�@� HVWDEOLVKHV� VXVWDLQHG� FRQQHFWLYLW\�

+RZHYHU�� WKH� >9(57(%5$� �� SHGLFOH� �SODQ�� →� 52%27� �� EDVH@� LQGXFHG� OLQN� UHTXLUHV

LPPRELOL]DWLRQ�

����� *UHQREOH�3HGLFOH�6FUHZ�3ODFHPHQW�6\VWHP

$Q�HDUOLHU� V\VWHP� IRU�SHGLFOH� VFUHZ�SODFHPHQW�GHYHORSHG� DW�*UHQREOH� WKDQ� WKDW� RI� >��@� LV

GHVFULEHG� E\� 7URFFD]� HW� DO�� >��@�� DQG� XVHV� PXFK� RI� WKH� VDPH� LQVWUXPHQWDWLRQ� DV� WKH

1RUWKZHVWHUQ�SHGLFOH� VFUHZ�SODFHPHQW� V\VWHP��+RZHYHU�� WKH�1RUWKZHVWHUQ� DQG�*UHQREOH



��

V\VWHPV�GR�QRW�VKDUH�WKH�VDPH�UHJLVWUDWLRQ�VWUDWHJ\��DQG�WKHUHIRUH�WKH�UHJLVWUDWLRQ�JUDSKV�DUH

GLIIHUHQW��5HIHUULQJ�WR�)LJXUH�����

• 'ULOO�WUDMHFWRU\�SODQQLQJ�LV�GRQH�RQ�D��'�UHFRQVWUXFWLRQ�RI�WKH�YHUWHEUD�REWDLQHG�IURP

&7��7KHUHIRUH��DQ�LQGXFHG�OLQN�H[LVWV�EHWZHHQ�SODQ�DQG�WKH�YHUWHEUDO�ERQH�VXUIDFH�

• $� UHIHUHQFH� JULG� KHOG� E\� WKH� URERW� LV� LPDJHG� E\� WKH� IOXRURVFRSH�� DQG� WKH� VXEJUDSK

>)/82526&23(���,,�FDPHUD�→�5()(5(1&(�*5,'� �� ILGXFLDO�KROHV�→�5()(5(1&(�*5,'� �

II camera

FLUOROSCOPE

ROBOT

base

pedicle
(plan)

VERTEBRA

pointing laser
(tool)

END-EFFECTOR

mounting
flange CMM

base
(1t)

(1t)
(1s)

(2s)

(5s)

bone
surface

CT

base
(3t)

(3t)
(3s)

fiducial holes

REFERENCE GRID

mounting
flange

CMM

base
(2t)

(2t)
(2s)

(4t)
(4s)

(5t)

(4t)

"scan
patient"

"get image
of bone" "get image

of grid"

"robot arm"

"robot arm"

"calibrate
grid"

"calibrate
tool"

)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�*UHQREOH�SHGLFOH�VFUHZ�SODFHPHQW�V\VWHP�WKDW�HPSOR\V�D
IOXRURVFRSH�LQWUDRSHUDWLYHO\�
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PRXQWLQJ�IODQJH�→�52%27���EDVH@�HVWDEOLVKHV�DQ�LQGXFHG�OLQN�>)/82526&23(���,,�FDPHUD

→� 52%27� �� EDVH@�� 7KLV� LQGXFHG� OLQN� PXVW� EH� PDLQWDLQHG� E\� IL[WXULQJ� URERW� WR� WKH

IOXRURVFRSH�

• $�IOXRURVFRSLF�LPDJH�RI�WKH�YHUWHEUD�LV�DFTXLUHG��7RJHWKHU�ZLWK�WKH�>)/82526&23(���,,

FDPHUD�→�52%27���EDVH@�LQGXFHG�OLQN��D�FRQQHFWHG�VXEJUDSK�LV�FUHDWHG�ZKLFK�LQGXFHV�D

>9(57(%5$���ERQH�VXUIDFH�→�52%27���EDVH@�OLQN�

7KH�UHIHUHQFH�JULG� LV� UHPRYHG� IURP� WKH� URERW� DQG� UHSODFHG�ZLWK�D�SRLQWLQJ� ODVHU��7KH

VXUJHRQ�XVHV�WKH�ODVHU�EHDP�DV�D�JXLGH�IRU�GULOOLQJ�

7KH�VXEJUDSK�>9(57(%5$���SHGLFOH��SODQ��→�9(57(%5$���ERQH�VXUIDFH�→�52%27���EDVH

→�(1'�())(&725���PRXQWLQJ�IODQJH�→�(1'�())(&725���ODVHU��WRRO�@�HVWDEOLVKHV�VXVWDLQHG

FRQQHFWLYLW\��7KH�>9(57(%5$���ERQH�VXUIDFH�→�52%27���EDVH@�LQGXFHG�OLQN�UHTXLUHV�IL[DWLRQ

GXULQJ� VXUJHU\�� 7KH� >)/82526&23(� �� ,,� FDPHUD� →� 52%27� �� EDVH@� LQGXFHG� OLQN� LV� QRW

LQYROYHG� LQ� WKH� VXEJUDSK�� ,W�ZDV� RQO\� XVHG� WR� HVWDEOLVK� WKH� >9(57(%5$� �� ERQH� VXUIDFH�→

52%27���EDVH@�OLQN��DQG�PD\�EH�EURNHQ�WKHUHDIWHU�

$� OLNH� UHJLVWUDWLRQ�VWUDWHJ\�KDV�EHHQ�XVHG� LQ�RWKHU� V\VWHPV�GHYHORSHG�E\� WKH�*UHQREOH

JURXS��QRWDEO\�D�V\VWHP�IRU�VWHUHRWDFWLF�QHXURVXUJHU\�E\�/DYDOOpH�HW�DO��>��@�

����� ,PSHULDO�&ROOHJH�.H\KROH�6XUJHU\

$� V\VWHP� IRU� SHUFXWDQHRXV� ELRSVLHV� �RI�� IRU� H[DPSOH�� WKH� NLGQH\�� KDV� EHHQ� GHYHORSHG� E\

3RWDPLDQRV�� HW� DO�� >��@� DW� ,PSHULDO� &ROOHJH� LQ� /RQGRQ�� 7KLV� V\VWHP� GLVSOD\V� D� FRPSXWHU�

JHQHUDWHG� LPDJH� RI� D� ELRSV\� QHHGOH� VXSHULPSRVHG� RQ� VWDWLF� IOXRURVFRSLF� LPDJHV� RI� WKH



��

SDWLHQW�DV�WKH�UHDO�QHHGOH�LV�PDQXDOO\�PRYHG�DERXW��7KH�UHJLVWUDWLRQ�JUDSK��VKRZQ�LQ�)LJXUH

�����LV�QRWDEOH�LQ�WKDW�WKHUH�LV�QR�SUHRSHUDWLYH�SODQ�

• $�IOXRURVFRSH�LPDJH�RI�WKH�ELRSV\�VLWH�LV�DFTXLUHG�

• $�SUREH�RQ� WKH�SDVVLYH�PDQLSXODWRU
V� HQG�HIIHFWRU� LV�SODFHG� LQWR�FRQWDFW�ZLWK�D� VWHULOH

DWWDFKPHQW� RQ� WKH� IOXRURVFRSH�� 7KLV� LQGXFHV� D� OLQN� EHWZHHQ� WKH�PDQLSXODWRU� DQG� WKH

ELRSV\�VLWH�

PASSIVE
MANIPULATOR

base

biopsy
path (plan)

KIDNEY

II camera

FLUOROSCOPE

sterile
attachment

CMM

base
(2t)

(2t)
(2s)

probe

biopsy needle
(tool)

END-EFFECTOR

mounting
flange

CMM

base

(1t)

(1t)

(1t)

(1s)

(1s)

(3s)

(3s)

(3t)

(3t)
"get image
of kidney"

"robot arm"

"touch
attachment"

"calibrate
tool"

"calibrate
fluoroscope"

)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�,PSHULDO�&ROOHJH�NH\KROH�VXUJHU\�V\VWHP�
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7KH�VXEJUDSK�>.,'1(<���ELRSV\�VLWH�→�3$66,9(�0$1,38/$725���EDVH�→�(1'�())(&725

�� PRXQWLQJ�IODQJH� →� (1'�())(&725� �� QHHGOH@� HVWDEOLVKHV� VXVWDLQHG� FRQQHFWLYLW\�� 7KH

>3$66,9(�0$1,38/$725���EDVH�→�.,'1(<���ELRSV\�VLWH@�LQGXFHG�OLQN�PXVW�EH�PDLQWDLQHG�E\

LPPRELOL]LQJ�WKH�SDWLHQW�

��� 6XPPDU\

7KH� UHJLVWUDWLRQ� JUDSKV� VKRZQ� LQ� FKDSWHU� LOOXVWUDWH� KRZ� FRQQHFWLYLW\� SURSHUWLHV� RI

UHJLVWUDWLRQ� JUDSKV� DUH� XVHIXO� LQ� WKH� VWXG\� RI� UHJLVWUDWLRQ� SDWKZD\V� DQG� LPPRELOL]DWLRQ

UHTXLUHPHQWV�RI�FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHPV�� ,Q� WKH�QH[W�FKDSWHU��ZH�ZLOO�GHULYH� WKH

QHFHVVDU\�WKHRU\�WR�DGG�D�TXDQWLWDWLYH�PHDVXUH�RI�DQDO\VLV�WR�WKH�UHJLVWUDWLRQ�JUDSK�
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� 4XDQWLWDWLYH�0RGHOLQJ�XVLQJ
8QFHUWDLQW\�$QDO\VLV

7KH�FRQQHFWLYLW\�UXOHV�RI�WKH�SUHYLRXV�FKDSWHU�SURYLGH�VLPSOH�´JRµ�RU�´QR�JRµ�IHHGEDFN�DV

WR� ZKHWKHU� RU� QRW� UHJLVWUDWLRQ� KDV� EHHQ� DFKLHYHG�� 7KH� QH[W� XVHIXO� VWHS� LQ� PRGHOLQJ

UHJLVWUDWLRQ� VWUDWHJLHV� LV� WR� LPSOHPHQW�D�TXDQWLWDWLYH�PHWULF� DV� WR�KRZ�ZHOO� WKH� UHJLVWUDWLRQ

KDV�EHHQ�SHUIRUPHG��7KDW�LV��JLYHQ�WKDW�FRQQHFWLYLW\�RI�D�VLPXOWDQHRXVO\�FRQQHFWHG�VXEJUDSK

LV�HVWDEOLVKHG��KRZ�FHUWDLQ�DUH�ZH�WKDW�WKH�FRPELQDWLRQ�RI�PHDVXUHPHQWV�DORQJ�WKH�VXEJUDSK

UHDVRQDEO\�UHSUHVHQW�WKH�WUXH�UHODWLYH�SRVLWLRQ�RI�WKH�ILUVW�IHDWXUH�LQ�WKH�VXEJUDSK�WR�WKH�ODVW

IHDWXUH�LQ�WKH�VXEJUDSK"

,Q� WKLV� FKDSWHU�� WKH� WKHRU\� EHKLQG� D� XVHIXO� PHWKRG� IRU� DQVZHULQJ� WKLV� TXHVWLRQ� LV

SUHVHQWHG�� 7KH� VSDWLDO� PHDVXUHPHQWV� DUH� PRGHOHG� E\� WKHLU� ILUVW� DQG� VHFRQG� VWDWLVWLFDO

PRPHQWV��PHDQV�DQG�FRYDULDQFHV��,W�LV�VKRZQ�KRZ�WR�´DGG�XSµ�WKH�PHDQV�DQG�FRYDULDQFHV

RI�D�VLPXOWDQHRXVO\�FRQQHFWHG�VXEJUDSK�WKDW�SURYLGHV�D�SDWK�IRU�UHJLVWUDWLRQ��7KH�´DGGLWLRQµ

WDNHV�LQWR�DFFRXQW�ERWK�WKH�FRPPRQ�VHULDO�FRPSRXQGLQJ�RI�PHDVXUHPHQWV��IRU�FRPELQLQJ

OLQNV� FRQQHFWHG� LQ� D� VXEJUDSK�� DV� ZHOO� DV� SDUDOOHO� FRPSRXQGLQJ� �IRU� FRPELQLQJ� PXOWLSOH

VXEJUDSKV�FRQQHFWLQJ�WZR�IHDWXUHV���)LQDOO\��D�PHWKRG�IRU�YLVXDOL]LQJ�WKH�K\SHU�GLPHQVLRQDO

HUURU�HOOLSVRLG�WKDW�LV�GHVFULEHG�E\�D�PHDVXUHPHQW·V�FRYDULDQFHV�LV�VKRZQ�



��

��� 5HSUHVHQWLQJ�3RVLWLRQ

7KH� PHDVXUHPHQWV� WKDW� SURYLGH� SRVLWLRQ� LQIRUPDWLRQ� DERXW� RQH� IHDWXUH� ZLWK� UHVSHFW� WR

DQRWKHU� DUH� REYLRXVO\� RI� SULPDU\� LPSRUWDQFH� LQ� UHJLVWUDWLRQ�� 7KURXJK� VHULHV� RI� VXFK

PHDVXUHPHQWV� �DFKLHYHG� XVLQJ� PHDVXULQJ� GHYLFHV� FRPPRQ� WR� FRPSXWHU�DVVLVWHG� VXUJHU\�

URERWV��RSWLFDO�ORFDOL]HUV��&7�VFDQQHUV��IOXRURVFRSHV��HWF���LW�LV�SRVVLEOH�WR�´OHDUQµ�WKH�UHODWLYH

VSDWLDO�UHODWLRQ�WKDW�H[LVWV�EHWZHHQ�GLVSDUDWH�REMHFWV��7KH�UHJLVWUDWLRQ�JUDSK�SUHVHQWHG�LQ�WKH

SUHYLRXV� FKDSWHU� SURYLGHV� XV� ZLWK� WKH� OLQN� FRQVWUXFW� WR� UHSUHVHQW� WKH� DFW� RI� WKLV

PHDVXUHPHQW��,W�LV�QRZ�QHFHVVDU\�WR�GHILQH�D�UHSUHVHQWDWLRQ�IRU�WKLV�PHDVXUHPHQW�

7KH��'�SRVH�RI�D�IHDWXUH�ZLWK�UHVSHFW�WR�DQRWKHU�LV�GHVFULEHG�E\�D�WUDQVIRUPDWLRQ�WKDW�LV

D�IXQFWLRQ�RI�WKH�VL[�GHJUHH�RI�IUHHGRPV��'2)��WKDW�H[LVW�EHWZHHQ�WZR�FRRUGLQDWH�IUDPHV�

T = f x y z( , , , , , )φ θ ψ �����

�7KH�ILUVW�WKUHH�FRPSRQHQWV�RI�WKH�SDUDPHWHU�YHFWRU��[��\��]��VSHFLI\�WKH�SRVLWLRQ�EHWZHHQ�WKH

RULJLQV�RI� WKH�IHDWXUHV·�FRRUGLQDWH� IUDPHV��DQG� WKH�VHFRQG� WKUHH�FRPSRQHQWV� UHSUHVHQW� WKH

URWDWLRQV�QHFHVVDU\�WR�GHVFULEH�WKH�UHODWLYH�RULHQWDWLRQ�EHWZHHQ�WKH�IUDPHV��,�ZLOO�XVH�WKH�UROO�

SLWFK�� DQG� \DZ� �53<�� VHTXHQFH� RI� URWDWLRQV� WR� GHVFULEH� WKH� RULHQWDWLRQ�� ZKHUH� UROO� LV� D

URWDWLRQ�φ� DERXW� WKH�]�D[LV��SLWFK� LV� D� URWDWLRQ�θ� DERXW� WKH� \�D[LV�� DQG� \DZ� LV� D� URWDWLRQ�ψ

DERXW�WKH�[�D[LV�

7KH�IXQFWLRQDO�UHSUHVHQWDWLRQ�RI�WKH�WUDQVIRUPDWLRQ�LV�D��[��PDWUL[�ZKRVH�XSSHU�OHIW��[�

VXE�PDWUL[� UHSUHVHQWV� WKH� URWDWLRQV�QHFHVVDU\� WR�RULHQW� WKH� ILUVW� IHDWXUH·V� FRRUGLQDWH� IUDPH

ZLWK�WKH�VHFRQG·V�IUDPH��DQG�WKH�XSSHU�ULJKW��[��YHFWRU�UHSUHVHQWV�WKH�WUDQVODWLRQV�QHHGHG�WR

PDWFK�WKH�ILUVW�IUDPH·V�RULJLQ�ZLWK�WKH�VHFRQG·V�RULJLQ�
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
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7KH�ERWWRP�URZ�FRQWDLQV�D�VHULHV�RI��·V� DQG�D����PDNLQJ� WKLV� D�KRPRJHQHRXV� WUDQVIRUPDWLRQ

�WKH� KRPRJHQHRXV� UHSUHVHQWDWLRQ� SURYLGHV� PDQ\� EHQHILWV� VXFK� DV� VLPSOH� PDWUL[

PXOWLSOLFDWLRQ� WR� ´DGGµ� WUDQVIRUPDWLRQV� DQG� WKH� DELOLW\� WR� LQFOXGH� VFDOLQJ� DQG� SHUVSHFWLYH

HIIHFWV��6HH�>��@�IRU�PRUH�GHWDLO���7KH�YHFWRU�W�LV�VLPSO\�WKH�WKUHH�WUDQVODWLRQDO�FRPSRQHQWV

t = [ ]x y z tr �����

ZKHUH�WU�GHQRWHV�WKH�YHFWRU�WUDQVSRVH��7KH�URWDWLRQ�PDWUL[�IRU�53<�UHSUHVHQWDWLRQ�LV

R =
− +
+ −

−















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cos

s

φ θ φ θ ψ φ ψ φ θ ψ φ ψ
φ θ φ θ ψ φ ψ φ θ ψ φ ψ

θ θ ψ θ ψ

cos cos sin sin sin cos cos sin cos sin sin

cos sin sin sin cos cos sin sin cos cos sin

sin cos sin cos cos

in �����

,W�LV�RIWHQ�QHFHVVDU\�WR�H[WUDFW�WKH�SDUDPHWHU�YHFWRU�IURP�WKH��[��KRPRJHQHRXV�PDWUL[��7KH

FRPSRQHQWV�RI�WKH�WUDQVODWLRQDO�YHFWRU�W�DUH�VLPSO\�FRSLHG�LQWR�WKH�ILUVW�WKUHH�FRPSRQHQWV�RI

WKH�SDUDPHWHU�YHFWRU��7KH�URWDWLRQDO�SDUDPHWHUV�FDQ�IRXQG�IURP

φ = atan2( , )R R21 11 �����

φ φ= + °180 �����

θ φ φ= − +atan2( ,cos sin )R R R31 11 21 �����

ψ φ φ φ φ= − − +atan2(sin cos , sin cos )R R R R13 23 12 22 �����
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��� 5HSUHVHQWLQJ�8QFHUWDLQW\

$� VHFRQG�PHWULF� WKDW� LV� XVHIXO� LV� KRZ�ZHOO� WKH�PHDVXUHPHQWV� UHSUHVHQW� WKH� DFWXDO� UHODWLYH

SRVLWLRQV�RI�WKH�IHDWXUHV��7KLV�LV�D�VLJQLILFDQW�SUREOHP�LQ�UHJLVWUDWLRQ��DQG�KDV�EHHQ�UHFHLYLQJ

GHVHUYHG�DWWHQWLRQ�UHFHQWO\��,Q�>��@>��@��6LPRQ�SUHVHQWV�WHFKQLTXHV�IRU�UHFRPPHQGLQJ�SRLQWV

WR�EH�GLJLWL]HG�IRU�D��'��'�SRLQW�WR�VXUIDFH�PDWFKLQJ�DOJRULWKP��H�J��´SLFNLQJµ�SRLQWV�RQ�D

ERQH��WKDW�XVH�D�PHDVXUH�RI�WKH�´VWLIIQHVVµ�RI�UHVXOWDQW�UHJLVWUDWLRQ�EDVHG�RQ�WKH�XQFHUWDLQW\

SUHVHQW�LQ�GLJLWL]LQJ�WKH�SRLQWV��(OOLV�>��@�FRPSDUHV�WKH�HUURUV�RI�UHJLVWUDWLRQV�EHWZHHQ�GDWD

VHWV� DFKLHYHG� E\� ILQGLQJ� ILGXFLDO� PDUNHUV� RQ� WKH� IHPXU� DQG� WLELD� XVLQJ� 5RHQWJHQ

6WHUHRJUDPPHWULF�$QDO\VLV��&7� VFDQV�� DQG� D�SRLQWHU�PRXQWHG� WR� D�SDVVLYH�PHWURORJ\� DUP�

1ROWH�>��@�SURYLGHV�VRPH�PHDVXUH�RI�WKH�UHJLVWUDWLRQ�HUURU�LQ�D�V\VWHP�IRU�VSLQH�VXUJHU\��DQG

*ULPVRQ�>��@�GLVFXVV�HUURUV�REVHUYHG�LQ�VXSHULPSRVLQJ�05,�GDWD�RQWR�WKH�YLGHR�LPDJH�RI�D

SDWLHQW� LQ� D� V\VWHP� IRU� ´HQKDQFHG� UHDOLW\µ� YLVXDOL]DWLRQ�� 6LPRQ� DOVR� KDV� GRQH� VRPH

LQYHVWLJDWLRQ� LQWR�RYHUDOO� DFFXUDF\� LQ� DQ� LPDJH�JXLGHG� V\VWHP� IRU�RUWKRSHGLFV� LQ�ZKLFK�KH

SURSRVHV� D� VFUHZ� D[LV� UHSUHVHQWDWLRQ� RI� LPSODQW� SODFHPHQW� HUURU� >��@��*ORVVRS� VXJJHVWV� D

WZR�SDUDPHWHU�HUURU�PHWULF�IRU�WKH�SODFHPHQW�RI�SHGLFOH�VFUHZV�>��@�

0RVW�RI�WKH�DIRUHPHQWLRQHG�ZRUNV�XQIRUWXQDWHO\��IRU�XV��GR�QRW�PRGHO�DOO�HUURUV�SUHVHQW

LQ� D� FRPSXWHU�DVVLVWHG� VXUJHU\� V\VWHP�� EXW� RQO\� WKDW� RI� HUURU� LQ� WKH� ODVW� GHILQLQJ� VWHS� RI

UHJLVWUDWLRQ��7KLV� LV�GXH� LQ�SDUW� WR� WKH� IDFW� WKDW� WKH�DXWKRUV� DUH� LQWHUHVWHG� WR� VHH�KRZ�ZHOO

FHUWDLQ�DOJRULWKPV��H�J����'�PDWFKLQJ��DUH�EHKDYLQJ��$GGLWLRQDOO\��WKH�HUURU�PHWULFV�SURSRVHG

LQ�>��@>��@�GR�QRW�ZRUN�ZHOO�ZLWK�RXU���YHFWRU�UHSUHVHQWDWLRQ�RI�UHODWLYH�SRVLWLRQV�EHWZHHQ
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IHDWXUHV�� 7R� LPSOHPHQW� DQ� XQFHUWDLQW\� PHWULF� LQ� WKH� UHJLVWUDWLRQ� JUDSK�� ZH� PXVW� ORRN

HOVHZKHUH�

$Q�XQFHUWDLQW\�PHDVXUH�WKDW�LV�FRPSDWLEOH�RXU�FKRVHQ�UHSUHVHQWDWLRQ�IRU�SRVLWLRQ�ZRXOG

LQFOXGH�HUURUV�IRU�HDFK�RI�WKH�VL[�YDULDEOHV��7KHUH�DUH�WZR�GRPLQDQW�PHWKRGV�IRU�GHVFULELQJ

XQFHUWDLQW\�LQ�WKLV�PDQQHU��VWRFKDVWLF�PHDVXUHV��VXFK�D�FRYDULDQFHV��DQG�JHRPHWULF�PHDVXUHV�

����� *HRPHWULF�%RXQGV

7D\ORU� FKRVH� DQ� LQHTXDOLW\� UHSUHVHQWDWLRQ� IRU� WKH� H[SHFWHG� HUURUV� RQ� HDFK� YDULDEOH� LQ� KLV

GRFWRUDO�WKHVLV�>��@�DQG�XVHV�WKLV�LQ�VXEVHTXHQW�ZRUN�>��@��7KH�PD[LPXP�HUURUV�DUH�W\SLFDOO\

GHULYHG�IURP�KLVWRULFDO�ZRUVW�FDVH�HYLGHQFH�RI��VD\��D�URERW�OLQNDJHV�DFWXDO�SRVLWLRQ�YHUVXV�LWV

FRPPDQGHG�SRVLWLRQ��RU�JHRPHWULF�FRQVWUDLQWV�LQ�WKH�ZRUNVSDFH��)RU�LQVWDQFH��SRVLWLRQV�DQG

RULHQWDWLRQV�RI� D����PP�FXEH�SODFHG�QRPLQDOO\� LQ� WKH� FHQWHU�RI� D� ���PP�FXELF�KROH� �VHH

)LJXUH������E\�D�URERW�ZRXOG�PD[LPDOO\�EH�ERXQGHG�E\

− ≤ ≤0 5 05. .x �����

− ≤ ≤0 5 0 5. .y ������

− ≤ ≤6 6ο οθ ������

x

y

x

y

x

y

x

y

�D� �E� �F� �G�

)LJXUH� ����� 3RVLWLRQLQJ� RI� D� ��� PP� FXEH� LQ� D� ��� PP� FXELF� KROH�� �D�� QRPLQDO� SRVLWLRQ
�FHQWHUHG�LQ�KROH����E��∆[� �����PP���F��∆\� ������PP���G��∆θ� ��°�
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7KH� HUURUV� PD\� EH� OHVV� LI� WKH� URERW·V� LQKHUHQW� DFFXUDF\� LV� JUHDWHU� WKDQ� WKDW� RI� WKH

JHRPHWULF� FRQVWUDLQWV� FUHDWHG� E\� WKH� KROH�� 7KH� VHW� RI� LQHTXDOLWLHV� GHVFULEHV� D� SRO\WRSH�� D

JHRPHWULF�YROXPH�ERXQGHG�E\�LQWHUVHFWLQJ�SODQHV��7KH�SRO\WRSH�LV�WKH�XQFHUWDLQW\�YROXPH�

9LVXDOL]DWLRQ� RI� WKH� SRO\WRSH� LV� DFFRPSOLVKHG� E\� SURMHFWLQJ� LWV� ´VKDGRZµ�RQWR� D� WZR�

GLPHQVLRQDO�SODQH��H�J��WKH�[�\�SODQH���UHVXOWLQJ�LQ�D�SRO\JRQ�GHVFULELQJ�WKH�HUURUV�LQ�WKH�WZR

YDULDEOHV� DVVRFLDWHG� ZLWK� WKH� SODQH�� 7KH� SURMHFWLRQ� DOJRULWKP� LV� KLJKO\� RSWLPL]HG� VLQFH

SURMHFWLRQ�RI�KLJK�RUGHU�SRO\WRSHV��ZKLFK�UHVXOW�IURP�VHULDO�FRPSRXQGLQJ�RI�PHDVXUHPHQWV

�DV�LQ�D�URERW���DUH�H[WUHPHO\�FRPSOH[�DQG�EUXWH�IRUFH�DOJRULWKPV�IRU�SURMHFWLRQ�DUH�VORZ�

%URRNV�GHYHORSV�D�V\PEROLF�PHWKRG�IRU�FRPSXWDWLRQ�RI�WKH�SRO\WRSH�VR�WKDW�TXHVWLRQV

RWKHU� WKDW� ´:KDW� LV� WKH� UHVXOWDQW� DFFXUDF\� RI� SRVLWLRQLQJ� E\� WKLV� URERW"µ� FDQ� EH� DVNHG

>��@>��@�� 2QH� VXFK� LQWHUHVWLQJ� TXHVWLRQ� LV� ´*LYHQ� WKH� GHVLUHG� UHVXOWDQW� DFFXUDF\�� KRZ

DFFXUDWH�PXVW�WKLV�URERW�EH"µ

*HRPHWULF� ERXQGV� RQ� XQFHUWDLQW\� DUH� FHUWDLQO\� UREXVW� LQ� WKDW� WKH\� FDQ� EH� XVHG� WR

UHSUHVHQW�D�ZRUVW�FDVH�HUURU��DQG�WKXV�ZRXOG�VHHP�ZHOO�VXLWHG�WR�WKH�WDVN�RI�HUURU�DQDO\VLV�LQ

FRPSXWHU�DVVLVWHG� VXUJHU\�� +RZHYHU�� JHRPHWULF� ERXQGV� DUH� QRW� FRPPRQO\� VSHFLILHG� LQ

SURGXFW� OLWHUDWXUH� IRU� URERWV�� RSWLFDO� ORFDOL]HUV�� HWF��� DQG� DUH� QRW� IDPLOLDU� WR� PRVW� RI� WKH

FRPSXWHU�DVVLVWHG� VXUJHU\� ILHOG�� ,� ZLOO� FKRRVH� D� PRUH� FRPPRQ� HUURU� ERXQG�� FRYDULDQFH�

ZKLFK�LV�GHVFULEHG�QH[W�
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����� 6WRFKDVWLF�%RXQGV

3HUKDSV�WKH�PRVW�IDPLOLDU�PHWULF�IRU�WKH�´JRRGQHVVµ�RI�D�PHDVXUHPHQW� LV� VWDQGDUG�GHYLDWLRQ�

6WDQGDUG�GHYLDWLRQ� LV� D�PHDVXUH�RI�KRZ�PHDVXUHPHQWV� YDU\� DERXW� WKHLU�PHDQV�� DQG� LV� WKH

VTXDUH�URRW�RI�WKH�PHDVXUHPHQWV·�YDULDQFH��9DULDQFH�RI�D�VHW�RI�Q�PHDVXUHPHQWV�LV�GHILQHG�E\
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ZKHUH�[�²�UHSUHVHQWV�WKH�PHDVXUHPHQWV·�PHDQ�SRVLWLRQ�REWDLQHG�E\
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,Q� PXOWLYDULDWH� FDVHV�� DQRWKHU� PHDVXUH�� FRYDULDQFH�� LV� QHFHVVDU\� WR� GHVFULEH� MRLQW� HUURUV

EHWZHHQ�WKH�YDULDEOHV��&RYDULDQFH�LV�JLYHQ�E\
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DQG�LV�UHODWHG�WR�WKH�YDULDQFHV�RI�WKH�YDULDEOHV�E\�WKH�FRUUHODWLRQ�FRHIILFLHQW
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ZKLFK�FDQ�YDU\�IURP����WR����0RUH�GHWDLO�FDQ�EH�IRXQG�LQ�>��@�

,Q� WKH� �� '2)� FDVH�� WKH� FRYDULDQFHV� DUH� OLVWHG� LQ� D� �[�� PDWUL[�� SURYLGLQJ� XV� ZLWK� D

FRQYHQLHQW�UHSUHVHQWDWLRQ�IRU�PDWKHPDWLFDO�PDQLSXODWLRQ�RI�DOO�WKH�FRYDULDQFHV��7KH�PDWUL[

KDV�WKH�IRUP
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1RWH�WKDW�DQ�HOHPHQW�RI�WKH�FRYDULDQFH�PDWUL[�FDQ�EH�H[SUHVVHG�DV

Cij ij i j= ρ σ σ ������

7KLV�LV�FRQVLVWHQW�ZLWK�YDULDQFHV�VLQFH�IRU�HOHPHQWV�DORQJ�WKH�GLDJRQDO��L M�DQG�ρ
LL�

 ��

'XUUDQW�:K\WH� SUHVHQWV� D� VWRFKDVWLF� PRGHO� RI� DQ� REMHFW·V� SRVLWLRQ� DV� PHDVXUHG� E\� D

VWHUHR�FDPHUD�DQG�D� URERW�PDQLSXODWRU� >��@��+LV�PRGHO�XVHV� WKH� LQYHUVH�RI� WKH�FRYDULDQFH

PDWUL[�� WKH� LQIRUPDWLRQ� PDWUL[�� ZKLFK� LV� XVHIXO� LQ� WKDW� ZKHQ� RQO\� SDUWLDO� LQIRUPDWLRQ� LV

DYDLODEOH� �H�J��� RQO\� DQ� REMHFW·V� [� DQG� \� SRVLWLRQ� DUH� REVHUYDEOH��� WKH� LQILQLWH� YDULDQFHV

DVVRFLDWHG� ZLWK� WKH� XQNQRZQ� LQIRUPDWLRQ� DUH� UHSUHVHQWHG� DV� ]HURV�� 7KH� QHWZRUN� RI

WUDQVIRUPDWLRQV�UHODWLQJ�GLVSDUDWH�REMHFWV�LV�PRGHOHG�E\�D�SDWK�PDWUL[�ZKRVH�HOHPHQWV�DUH��

RU���WR�LQGLFDWH�D�ZKHWKHU�RU�QRW�D�WUDQVIRUPDWLRQ�EHORQJV�WR�D�ORRS�RI�WUDQVIRUPDWLRQV��DQG

DQ� LQFLGHQFH� PDWUL[� KDYLQJ� HOHPHQWV� ��� ��� RU� ��� WKDW� LQGLFDWH� ZKLFK� REMHFWV� HDFK

WUDQVIRUPDWLRQ� H[LVWV� EHWZHHQ�� 7KHVH� WZR�PDWULFHV� DUH� XVHG� LQ� DOJRULWKPV� WKDW� DGMXVW� WKH

WUDQVIRUPDWLRQ�HVWLPDWLRQV� VR� WKH�QHWZRUN� UHPDLQV� FRQVLVWHQW�� WKDW� LV�� WKH� ORRSV� ´VXPµ� WR

]HUR�

6PLWK�DQG�&KHHVHPDQ�SUHVHQW�D�PHWKRG�IRU�PRGHOLQJ�WUDQVIRUPDWLRQV�ZLWK�PHDQV�DQG

FRYDULDQFHV� >��@��7KH� SUREOHP� WKH\�ZHUH� LQWHUHVWHG� LQ� LV� HVWLPDWLQJ� WKH� ILQDO� SRVLWLRQ� DQG

XQFHUWDLQW\�RI� D�PRELOH� URERW� DIWHU� D�QXPEHU�RI�PRYHV�ZLWK� UHVSHFW� WR� LWV� LQLWLDO� SRVLWLRQ�
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7KLV� UHODWLRQ� LV� GHULYHG� E\� PHWKRGLFDOO\� UHGXFLQJ� WKH� LQWHUPHGLDWH� WUDQVIRUPDWLRQV

�GHWHUPLQHG�ZLWK�VD\��ZKHHO�HQFRGHUV��DVVRFLDWHG�ZLWK�HDFK�PRYH�WR�D�VLQJOH�WUDQVIRUPDWLRQ�

$GGLWLRQDOO\�� WKH� URERW·V�SRVLWLRQ�FRXOG�EH� UHPRWHO\�REVHUYHG� �H�J���ZLWK� D� FDPHUD� V\VWHP�

SURYLGLQJ�D�GLUHFW�PHDVXUH�RI�WKH�UHODWLYH�LQLWLDO�DQG�ILQDO�SRVLWLRQV��$OJRULWKPV�DUH�SUHVHQWHG

WKDW� FRPELQH� WZR� VHULDO� FRQQHFWHG� WUDQVIRUPDWLRQV� DV� ZHOO� DV� WZR� SDUDOOHO� FRQQHFWHG

WUDQVIRUPDWLRQV�� 5HSHDWHG� XVH� RI� WKH� FRPELQDWLRQ� DOJRULWKPV� UHVXOWV� LQ� WKH� VLQJOH� GHVLUHG

HVWLPDWH�RI�WKH�SRVLWLRQ�DQG�XQFHUWDLQW\��7KLV�LPSOHPHQWDWLRQ�LQWHJUDWHV�PRUH�QDWXUDOO\�LQWR

WKH�UHJLVWUDWLRQ�JUDSK�WKDQ�WKDW�RI�'XUUDQW�:K\WH�VLQFH�WKH�HYHQW�WDJV�RQ�UHJLVWUDWLRQ�JUDSK

OLQNV�PDNH�RQO\�SDUWV�RI� WKH� UHJLVWUDWLRQ�JUDSK�YDOLG� DW� D� JLYHQ�PRPHQW��5HSUHVHQWLQJ� WKH

UHJLVWUDWLRQ�JUDSK�ZLWK�SDWK�DQG�LQFLGHQFH�PDWULFHV�ZRXOG�EH�GLIILFXOW�DW�EHVW�

��� 7KH�$SSUR[LPDWH�7UDQVIRUPDWLRQ

,QVWHDG�RI�UHSUHVHQWLQJ�WKH�PHDVXUHPHQWV�RI�D�IHDWXUH�ZLWK�UHVSHFW�WR�DQRWKHU�VLPSO\�E\�LWV

SRVLWLRQ�YHFWRU��ZH�ZDQW�WR�LQFOXGH�WKH�FRYDULDQFH�PDWUL[�WKDW�UHSUHVHQWV�WKH�XQFHUWDLQW\�RI

WKH�PHDVXUHPHQW��6PLWK�DQG�&KHHVHPDQ�FDOO� WKLV�YHFWRU�DQG�PDWUL[�FRPER�WKH�DSSUR[LPDWH

WUDQVIRUPDWLRQ�� :KHQ� XVLQJ� D� FRPSXWHU�DVVLVWHG� VXUJHU\� V\VWHP�� PHDVXUHPHQWV� FDQ� EH

UHSHDWHGO\�VDPSOHG�DQG�PHDQV�DQG�YDULDQFHV�FDQ�EH�H[SOLFLWO\�FDOFXODWHG��,Q�FDVHV�ZKHUH�WKLV

LV�LPSRVVLEOH�DQG�ZKHQ�H[SORULQJ�D�UHJLVWUDWLRQ�VWUDWHJ\�VLPSO\�´RQ�SDSHUµ��D�SULRUL�HVWLPDWHV

RI�FRYDULDQFHV�FDQ�EH�XVHG�ZLWK�VLQJOH�PHDVXUHPHQWV�WR�SURYLGH�D�PHDVXUH�RI�KRZ�DFFXUDWH

WKH� UHJLVWUDWLRQ� VWUDWHJ\� LV�� ,Q� FDVHV� ZKHUH� RQO\� WKH� YDULDQFHV� RU� VWDQGDUG� GHYLDWLRQV� DUH

NQRZQ��H�J���D�URERW·V�DFFXUDF\�VSHFLILFDWLRQ�IURP�WKH�PDQXIDFWXUHU���WKH�FRYDULDQFHV�ZLOO�EH

DVVXPHG�WR�EH�]HUR�
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*LYHQ� WKDW� WKH� OLQNV� RI� WKH� UHJLVWUDWLRQ� JUDSK� ZLOO� QRZ� FDUU\� PHDQ� DQG� FRYDULDQFH

LQIRUPDWLRQ�� ZH� QHHG� WR� ORRN� WKH� PHWKRGV� IRU� FRPELQLQJ� WKH� LQIRUPDWLRQ� VR� WKDW

DSSUR[LPDWH�WUDQVIRUPDWLRQ�EHWZHHQ�GLVSDUDWH�IHDWXUHV��VXFK�DV�D�´WRROµ�DQG�D�´SODQµ��FDQ

EH�GHWHUPLQHG�

����� 6HULDO�&RPSRXQGLQJ

6HULDO�FRPSRXQGLQJ� LV�XVHG�WR�FRPELQH� WKH�DSSUR[LPDWH� WUDQVIRUPDWLRQV�RI� WZR� OLQNV� WKDW

FRQQHFW�WKUHH�IHDWXUHV��6XFK�FRPSRXQGLQJ�LV�IRXQG�LQ�WKH�UHJLVWUDWLRQ�JUDSK�ZKHQ�WZR��RU

PRUH��GLUHFW� OLQNV� FUHDWH� DQ� LQGXFHG� OLQN��7KH� DSSUR[LPDWH� WUDQVIRUPDWLRQ�RI� WKH� LQGXFHG

OLQN�LV�GHULYHG�IURP�WKH�DSSUR[LPDWH�WUDQVIRUPDWLRQV�RI�WKH�GLUHFW�OLQNV��,Q�)LJXUH������GLUHFW

OLQNV�>&00���EDVH�→�(1'�())(&725���SUREH@�DQG�>&00���EDVH�→�(1'�())(&725���PRXQWLQJ

IODQJH@�LQGXFH�WKH�OLQN�>(1'�())(&725���PRXQWLQJ�IODQJH�→�(1'�())(&725���SUREH@��$OVR�

WKH� OLQNV� >&00� �� EDVH�→� (1'�())(&725� �� FXWWLQJ� JXLGH� �WRRO�@� DQG� >&00� �� EDVH�→� (1'�

())(&725� ��PRXQWLQJ� IODQJH@� LQGXFH� WKH� OLQN� >(1'�())(&725� ��PRXQWLQJ� IODQJH�→� (1'�

())(&725���FXWWLQJ�JXLGH��WRRO�@��7KH�QRPLQDO�WUDQVIRUPDWLRQV�DUH�FRPSXWHG�E\

END EFFECTOR :
mounting flange

END EFFECTOR :
probe

END EFFECTOR :
mounting flange

END EFFECTOR :
probe

T T T= ⋅CMM
base

CMM
base

:

:
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END EFFECTOR :
mounting flange

END EFFECTOR :
cutting guide (tool)

END EFFECTOR :
mounting flange

END EFFECTOR :
cutting guide (tool)

T T T= ⋅CMM
base

CMM
base

:

:

������
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ZKHUH� 7� LV� WKH� KRPRJHQHRXV� PDWUL[� IRUP� RI� WKH� WUDQVIRUPDWLRQ�� 1RWH� WKDW� WKH

WUDQVIRUPDWLRQ� (1'� ())(&725� �� PRXQWLQJ� IODQJH� 7�
&00� �� EDVH

� ZRXOG� VHHP� WR� LPSO\� WKDW� WKH� HQG� HIIHFWRU

PHDVXUHV� LWV� UHODWLRQ� ZLWK� UHVSHFW� WR� WKH� &00�� ,Q� DFWXDOLW\�� WKH� UHYHUVH� PHDVXUHPHQW� LV

DFKLHYDEOH��7KHUHIRUH��WKH�WUDQVIRUPDWLRQ�(1'�())(&725� ��PRXQWLQJ� IODQJH�7�
&00� �� EDVH

�LV�IRXQG�E\�LQYHUWLQJ

WKH�DFKLHYDEOH�WUDQVIRUPDWLRQ

END EFFECTOR :
mounting flange

END EFFECTOR :
mounting flange

T TCMM base
CMM base

:
:= −1 ������

:KHQ�WKH�UHYHUVH�WUDQVIRUPDWLRQ�LV�QHHGHG��ZH�PXVW�DOVR�UHYHUVH�WKH�FRYDULDQFH�PDWUL[�

7KLV� LV� GRQH� E\� ILUVW� DSSUR[LPDWLQJ� WKH� LQYHUVH� QRPLQDO� WUDQVIRUPDWLRQ� E\� D� ILUVW�RUGHU

7D\ORU�VHULHV�H[SDQVLRQ�WR�REWDLQ�D�GHYLDWH�PDWUL[

[ ] [ ]∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆′ ′ ′ ′ ′ ′ =x y z x y z
tr trφ θ ψ φ θ ψJ ������

probe

cutting guide
(tool)

END-EFFECTOR

mounting
flange

CMM

base

(1t)

(1t)

(1t)

(1s)

(1s)

)LJXUH������7KH�DSSUR[LPDWH�WUDQVIRUPDWLRQV�DVVRFLDWHG�ZLWK�GLUHFW�OLQNV�DUH�XVHG�WR�GHULYH�WKH
DSSUR[LPDWH�WUDQVIRUPDWLRQV�RI�WKH�LQGXFHG�OLQNV�
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ZKHUH� ′�GHQRWHV�WKH�UHYHUVH�QRPLQDO� WUDQVIRUPDWLRQ�DQG�-� LV� WKH��[��-DFRELDQ�HYDOXDWHG�DW

WKH�PHDQ�YDOXHV�RI�WKH�YDULDEOHV
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7KH� HVWLPDWH� RI� WKH� UHYHUVH� FRYDULDQFH� LV� DFKLHYHG� WKURXJK� ´VTXDULQJµ� ERWK� VLGHV� RI

HTXDWLRQ�E\�SRVW�PXOWLSO\LQJ�E\�WKHLU�UHVSHFWLYH�WUDQVSRVHV�DQG�WDNLQJ�WKH�H[SHFWDWLRQ�RI�WKH

UHVXOW
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)RU�WKH�UHYHUVH�WUDQVIRUPDWLRQ�RI�HTXDWLRQ�������WKH�UHYHUVH�FRYDULDQFH�LV

END EFFECTOR :
mounting flange

END EFFECTOR :
mounting flange

C J C JCMM base
CMM base tr

:
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2QFH� WKH� QRPLQDO� WUDQVIRUPDWLRQV� KDYH� EHHQ� FRPSXWHG� DQG� WKH� FRYDULDQFH� PDWULFHV

UHYHUVHG�VR�WKDW�WKH�VXEJUDSK�FDQ�EH�WUDYHUVHG�LQ�WKH�FRUUHFW�GLUHFWLRQ��VHULDOO\�FRPSRXQGHG

FRYDULDQFHV� FDQ� EH� FRPSXWHG�� 7KLV� LV� GRQH� E\� DSSUR[LPDWLQJ� WKH� FRPSRXQG� QRPLQDO

WUDQVIRUPDWLRQ�E\�D�ILUVW�RUGHU�7D\ORU�VHULHV�H[SDQVLRQ�WR�REWDLQ�D�GHYLDWH�PDWUL[��DQG�WDNLQJ

WKH� H[SHFWDWLRQ� RI� WKH� ´VTXDUHGµ� GHYLDWH� PDWUL[�� )RU� WKH� LQGXFHG� OLQN� >(1'�())(&725� �

PRXQWLQJ�IODQJH�→�(1'�())(&725���SUREH@��ZH�REWDLQ�WKH�IROORZLQJ�FRYDULDQFH�PDWUL[

END  EFFECTOR :
mounting flange

END  EFFECTOR :
probe

END  EFFECTOR :
mounting flange

CMM :
base

CMM :
base

END  EFFECTOR :
probe
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ZKHUH�WKH�-�LV�WKH��[���-DFRELDQ�RI�WKH�FRPSRXQG�WUDQVIRUPDWLRQ�HYDOXDWHG�DW�WKH�PHDQV�RI

WKH� YDULDEOHV� [�� \�� ]�� φ�� θ�� ψ� RI� WKH� WUDQVIRUPDWLRQV� (1'� ())(&725� �� PRXQWLQJ� IODQJH� 7�
&00� �� EDVH

� DQG

&00� �� EDVH�7�
(1'�())(&725� �� SUREH

���7KH��[���-DFRELDQ�FDQ�EH�ZULWWHQ�DV�WKH�FRQFDWHQDWLRQ�RI�WZR��[�

-DFRELDQV�DV

[ ]J P Q≅ ������

DQG�HTXDWLRQ������WKHQ�WDNHV�WKH�IRUP

END  EFFECTOR :
mounting flange

END  EFFECTOR :
probe

END  EFFECTOR :
mounting flange

CMM :
base

CMM :
base

END  EFFECTOR :
probe

C P C P Q C Q≅ +tr tr ������

����� 3DUDOOHO�&RPSRXQGLQJ

3DUDOOHO�FRPSRXQGLQJ�LV�XVHG�WR�FRPELQH�WKH�DSSUR[LPDWH�WUDQVIRUPDWLRQV�RI�WZR�OLQNV�WKDW

FRQQHFW� MXVW� WZR� IHDWXUHV��:KLOH� WKLV� LV� QRW�GLUHFWO\� DOORZHG� LQ� WKH� UHJLVWUDWLRQ� JUDSK�� LW� LV
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HQFRXQWHUHG� ZKHQ� FDOFXODWLQJ� WKH� DSSUR[LPDWH� WUDQVIRUPDWLRQ� IRU� DQ� LQGXFHG� OLQN� ZKHUH

WZR� VLPXOWDQHRXV� FRQQHFWHG� VXEJUDSKV� KDYH� EHHQ� UHGXFHG� WR� WZR� OLQNV� E\� WKH� VHULDO

FRPSRXQGLQJ� RSHUDWLRQ� RI� 6HFWLRQ� ������� $� K\SRWKHWLFDO� H[DPSOH� LV� VKRZQ� LQ� )LJXUH� ���

ZKHUH�WKH�LQGXFHG�OLQN�>52%27���EDVH�→�2%-(&7���EDVH@�LV�FUHDWHG�E\�WKH�VXEJUDSKV�>52%27��

EDVH�→�&$0(5$����EDVH�→�2%-(&7���EDVH@�DQG�>52%27���EDVH�→�&$0(5$����EDVH�→�2%-(&7

��EDVH@�

7KH� ILUVW� VWHS� LQ� SDUDOOHO� FRPSRXQGLQJ� LV� WR� FRPSXWH� WKH� .DOPDQ� JDLQ� PDWUL[�� 7KH

.DOPDQ�ILOWHU� >��@� LV�XVHG�H[WHQVLYHO\� LQ� WKH� ILHOG�RI�GLJLWDO� ILOWHULQJ� WR�HVWLPDWH� WKH�FXUUHQW

VWDWH� RI� D� VLJQDO� EDVHG� RQ� SUHYLRXV� HVWLPDWHV� DQG� D� FXUUHQW� PHDVXUH� RI� WKH� VLJQDO�� 7KH

.DOPDQ�JDLQ�PDWUL[�LV�D�ZHLJKWLQJ�IDFWRU�DSSOLHG�WR�WKH�FXUUHQW�PHDVXUHPHQW�DQG�SUHYLRXV
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HVWLPDWHV�WKDW�PLQLPL]HV�WKH�FRYDULDQFH�RI�WKH�FXUUHQW�HVWLPDWH��$�FRQFLVH�RYHUYLHZ�RI�WKH

.DOPDQ�ILOWHU�FDQ�EH� IRXQG� LQ� >��@�� ,Q� WKH�H[DPSOH�RI�)LJXUH������ WKH� WZR� OLQNV� WKDW� UHVXOW

IURP� VHULDOO\� FRPSRXQGLQJ� WKH� VXEJUDSKV� WKDW� LQGXFH� >52%27� �� EDVH�→� 2%-(&7� �� EDVH@

SURGXFH�WKH�.DOPDQ�JDLQ�PDWUL[
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)RU� SDUDOOHO� FRPSRXQGLQJ�� DSSURSULDWH� WUDQVIRUPDWLRQ� UHYHUVDOV� PXVW� EH� GRQH� VR� DOO

VXEJUDSKV�DUH�WUDYHUVHG�IURP�D�´VWDUWµ�IHDWXUH�WR�D�´ILQLVKµ�IHDWXUH�



��

����� &RPELQLQJ�3URFHGXUH

7KH�SURFHGXUHV�JLYHQ�LQ�6HFWLRQ�������DQG�6HFWLRQ�������IRU�VHULDO�DQG�SDUDOOHO�FRPSRXQGLQJ

FDQ� EH� XVHG� WR� UHGXFH� QXPHURXV� VXEJUDSKV� WKDW� HDFK� FRQWDLQ� VHYHUDO� OLQNV�� $� UHFXUVLYH

DOJRULWKP�LV�GHVFULEHG�E\�6PLWK�DQG�&KHHVHPDQ�>��@�WKDW�DFFRPSOLVKHV�WKLV�

�� 0DUN�WKH�´VWDUWµ�DQG�´ILQLVKµ�IHDWXUHV�

�� &RPSRXQG�DQ\�WZR�VHULDO�OLQNV�ZKRVH�FRPPRQ�IHDWXUH�LV�QRW�WKH�´VWDUWµ�RU�´ILQLVKµ

IHDWXUH�

�� &RPSRXQG�DQ\�WZR�SDUDOOHO�OLQNV�

�� 5HSHDW�VWHSV���DQG���XQWLO�WKH�VHW�RI�VXEJUDSKV�KDV�EHHQ�UHGXFHG�WR�D�VLQJOH�OLQN�

8VLQJ�WKLV�DOJRULWKP��WKH�DSSUR[LPDWH�WUDQVIRUPDWLRQ�IRU�DOPRVW�DQ\�LQGXFHG�OLQN�LQ�WKH

UHJLVWUDWLRQ�JUDSK�FDQ�EH�FRPSXWHG��7KH�RQH�FDYHDW�LV�WKDW�WKH�DSSUR[LPDWH�WUDQVIRUPDWLRQ

IRU�D�OLQN�ZKRVH�VXEJUDSKV�DUH�DUUDQJHG�DV�D�´:KHDWVWRQH�EULGJHµ�FDQQRW�EH�FRPSXWHG��)RU
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)LJXUH������7KH�DSSUR[LPDWH�WUDQVIRUPDWLRQV�IRU�WKH�LQGXFHG�OLQN�>&$0(5$����EDVH�→
&$0(5$����EDVH@�LV�QRW�FRPSXWDEOH�VLQFH�WKH�VXEJUDSKV�FDQQRW�EH�UHGXFHG�WR�D�VLQJOH�OLQN�
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H[DPSOH� LQ� )LJXUH� ����� WKH� DSSUR[LPDWH� WUDQVIRUPDWLRQ� IRU� WKH� OLQN� >&$0(5$�� �� EDVH�→

&$0(5$����EDVH@�FDQQRW�EH�FRPSXWHG�EHFDXVH�WKH�VXEJUDSKV�ZLOO�QRW�UHGXFH�WR�D�VLQJOH�OLQN�

7KLV� FDQ� DGGUHVVHG� E\� XVLQJ� D� ´'HOWD�<µ� WUDQVIRUPDWLRQ� DGRSWHG� IURP� HOHFWULFDO� FLUFXLW

WKHRU\��+RZHYHU��LQ�SUDFWLFH�,�KDYH�QRW�HQFRXQWHUHG�WKLV�SUREOHP�LQ�D�UHJLVWUDWLRQ�JUDSK�

��� 9LVXDOL]LQJ�WKH�(UURU�(OOLSVRLG

7KH�QRPLQDO�WUDQVIRUPDWLRQ��[��\��]��φ��θ��ψ�DVVRFLDWHG�ZLWK�D�OLQN�LV�UHDGLO\�XQGHUVWRRG��DV�LW

UHODWHV�WKH�UHODWLYH�SRVLWLRQ�RI�WZR�IHDWXUHV��7KH�YDULDQFHV��RU�VWDQGDUG�GHYLDWLRQV��DVVRFLDWHG

ZLWK� WKH� YDULDEOHV� DUH� DOVR� HDVLO\� LQWHUSUHWHG� DV� OLNHOLKRRG� ERXQGV� RQ� WKH� QRPLQDO

WUDQVIRUPDWLRQ��+RZHYHU��FRYDULDQFHV�DUH�D�ELW�PRUH�GLIILFXOW�WR�LQWHUSUHW��VR�ZH�ZLOO�GHULYH�D

VHW�RI�HTXDWLRQV� WKDW�ZLOO� DOORZ�XV� WR�SORW� WKH�HUURU�HOOLSVHV�RI� WKH�K\SHU�GLPHQVLRQDO�HUURU

HOOLSVRLG�

5HFDOO� WKDW� WKH�DSSUR[LPDWH�WUDQVIRUPDWLRQ� LV�UHSUHVHQWHG�E\�D�QRPLQDO� WUDQVIRUPDWLRQ

�D���SDUDPHWHU�YHFWRU�� DQG�D�FRYDULDQFH�PDWUL[��$VVXPLQJ� WKDW� WKH�SUREDELOLW\� GLVWULEXWLRQ

DERXW� WKH�QRPLQDO� WUDQVIRUPDWLRQ� LV�*DXVVLDQ�� WKH�SUREDELOLW\� WKDW� VRPH� WUDQVIRUPDWLRQ� LV

OLHV�QHDU�WKH�QRPLQDO�WUDQVIRUPDWLRQ�LV�JLYHQ�E\
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ZKHUH�[� LV� WKH���SDUDPHWHU�YHFWRU�RI� VRPH� WUDQVIRUPDWLRQ��²�[� LV� ��SDUDPHWHU� YHFWRU�RI� WKH

QRPLQDO� WUDQVIRUPDWLRQ�� DQG� Q� LV� WKH� QXPEHU� RI� GLPHQVLRQV�� 7KH� VXUIDFHV� RI� FRQVWDQW
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SUREDELOLW\�GHILQH�WKH�K\SHU�GLPHQVLRQDO�HUURU�HOOLSVRLG��DQG�DUH�FHQWHUHG�DERXW�WKH�QRPLQDO

WUDQVIRUPDWLRQ��²�[���7KH�HTXDWLRQ�RI�WKLV�HOOLSVRLG�LV�JLYHQ�E\
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��� 6XPPDU\

:H�QRZ�KDYH�D�VHW�RI� WRROV� IRU�ERWK�TXDOLWDWLYH�DQG�TXDQWLWDWLYH�DQDO\VLV�RI� UHJLVWUDWLRQ� LQ

FRPSXWHU�DVVLVWHG� VXUJHU\�� +RZHYHU�� PDQXDOO\� GUDZLQJ� JUDSKV� DQG� PDNLQJ� ORQJKDQG

FDOFXODWLRQV�LV�WHGLRXV��,Q�WKH�QH[W�FKDSWHU��,�SUHVHQW�D�&���LPSOHPHQWDWLRQ�RI�WKH�UXOHV�DQG

DOJRULWKPV� RI� &KDSWHUV� �� DQG� ��� DV� ZHOO� DV� DQ� LQWHUDFWLYH� :LQGRZV� ������ SURJUDP� IRU

H[SORULQJ�UHJLVWUDWLRQ�VWUDWHJLHV�
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� $�&���&ODVV�/LEUDU\�DQG�*UDSKLFDO
3URJUDP

$V� D� SURRI� RI� YLDELOLW\� RI� WKH� UHJLVWUDWLRQ� JUDSK� GHYHORSHG� LQ� &KDSWHU� ��� ,� ZDQWHG� WR

LPSOHPHQW� WKH� UXOHV� LQ� FRPSXWHU� FRGH� VR� WKDW� UHJLVWUDWLRQ� JUDSKV� FRXOG� EH� DXWRPDWLFDOO\

DQDO\]HG�� 7KH� XQFHUWDLQW\� DQDO\VLV� RI�&KDSWHU� �� DOVR�ZDV� D� FDQGLGDWH� IRU� LPSOHPHQWDWLRQ�

:KDW�IROORZV�LQ�WKLV�FKDSWHU�DUH�DQ�RYHUYLHZ�RI�WKH�&���FODVV�OLEUDU\�GHYHORSHG�WKDW�UHDOL]HV

WKH� UHJLVWUDWLRQ�JUDSK� DQG� D�GHVFULSWLRQ�RI� D� JUDSKLFDO�&$'�OLNH�SURJUDP� WKDW� UXQV� XQGHU

0LFURVRIW� :LQGRZV� ������� 7KH� SURJUDP� ZLOO� EH� XVHG� WR� LOOXVWUDWH� D� VLPSOH� H[DPSOH� LQ

&KDSWHU���

��� 7KH�&���/LEUDU\

,Q�RUGHU�WR�LPSOHPHQW�WKH�UHJLVWUDWLRQ�JUDSK�LQ�FRPSXWHU�FRGH��WKH�ILUVW�GHFLVLRQ�RQH�IDFHV�LV

ZKDW�ODQJXDJH�WR�XVH��'XH�WR�LWV�SRSXODULW\�LQ�WKH�HQJLQHHULQJ�ILHOG��WKH�&�ODQJXDJH�>��@�ZDV�D

IURQW�UXQQHU� FDQGLGDWH�� +RZHYHU�� WKH� UHJLVWUDWLRQ� JUDSK� LV� LQKHUHQWO\� REMHFW�RULHQWHG� LQ

QDWXUH��DQG�&·V�VHTXHO���&�����ZDV�FKRVHQ��8VLQJ�WKH�&���ODQJXDJH�>��@��HDFK�HOHPHQW�RI

WKH�UHJLVWUDWLRQ�JUDSK�FRXOG�EH�LPSOHPHQWHG�DV�DQ�REMHFW�FODVV�WKDW�GHILQHV�ERWK�LWV�LQKHUHQW

SURSHUWLHV� �H�J��� D� ULJLG� ERG\� FRQWDLQV� D� OLVW� RI� LWV� IHDWXUHV�� DQ� HYHQW� WDJ� LV� WUDQVLHQW� RU

VXVWDLQHG�� DQG� UXOHV� WKDW� JRYHUQ� KRZ� WKH� HOHPHQW� LQWHUDFWV� ZLWK� RWKHU� HOHPHQWV� RI� WKH
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UHJLVWUDWLRQ� JUDSK� �H�J��� DQ� LQGXFHG� OLQN� LV� YDOLG� LI� D� VLPXOWDQHRXVO\� FRQQHFWHG� VXEJUDSK

FRQQHFWLQJ� LWV� IHDWXUHV� H[LVWV��� %HORZ� ,� GLVFXVV� WKH� NH\� DVSHFWV� RI� HDFK� HOHPHQW� RI� WKH

UHJLVWUDWLRQ� JUDSK� OLEUDU\�� )RU� WKLV� FKDSWHU�� NQRZOHGJH� RI� WKH� &��� ODQJXDJH� LV� QRW� D

SUHUHTXLVLWH�EXW�LW�LV�DVVXPHG�WKDW�WKH�UHDGHU�KDV�D�JHQHUDO�´IHHOµ�IRU�REMHFW�RULHQWHG�GHVLJQ�

7R� WKRVH� FRQYHUVDQW� RQO\� LQ� &� �RU� VLPLODU� ODQJXDJH�� ,� RIIHU� WKLV�� WKLQN� RI� D� &��� REMHFW

VLPSO\�DV�D�&�struct�WKDW�FRQWDLQV�SURJUDPPLQJ�YDULDEOHV�DQG�IXQFWLRQV�WKDW�DFW�RQ�WKRVH

YDULDEOHV�RU�RWKHU�REMHFWV�

7R�G\QDPLFDOO\�PDQDJH�WKH�PHPRU\�DOORFDWHG�WR�HDFK�REMHFW��,�KDYH�XVHG�WKH�6WDQGDUG

7HPSODWH� /LEUDU\� �67/�� >��@>��@�� ZKLFK� LV� D� VHW� RI� GHILQLWLRQV� �KHDGHU� ILOHV�� IRU� GDWD

VWUXFWXUHV�OLNH�YHFWRUV��OLQNHG�OLVWV��HWF��)RU�YHFWRU�DQG�PDWUL[�PDQLSXODWLRQ�,�KDYH�ZULWWHQ�D

VPDOO�� XQFRPSOLFDWHG� VHW� RI� FODVVHV�� 7KHUHIRUH�� WKH� UHJLVWUDWLRQ� JUDSK� OLEUDU\� VKRXOG� HDVLO\

SRUW�DQG�UHFRPSLOH�WR�SODWIRUPV�RWKHU�WKDQ�WKH�3&�RQ�ZKLFK�LW�ZDV�GHYHORSHG�

����� 7KH�+LHUDUFK\

$�&��� FODVV� KDV� EHHQ�ZULWWHQ� IRU� HDFK� HOHPHQW� RI� WKH� UHJLVWUDWLRQ� JUDSK�� (DFK� FODVV� LV� D

GHILQLWLRQ� RI� WKH� VHW� RI� YDULDEOHV� DQG� IXQFWLRQV� DVVRFLDWHG� ZLWK� HDFK� HOHPHQW�� :KLOH� DQ

LQVWDQFH�RI�HDFK�HOHPHQW�FDQ�EH�FUHDWHG�DV�D�VWDQG�DORQH�REMHFW�LQ�FRGH��H�J���MXVW�DV�int i

FUHDWHV� DQ� LQWHJHU� REMHFW� QDPHG� ´Lµ�� RGFeature femur� FUHDWHV� D� IHDWXUH� REMHFW� QDPHG

´IHPXUµ��� WKH\� DUH�XVHOHVV� IRU� DQDO\VLV� XQWLO� DVVLJQHG� WR� WKHLU� DSSURSULDWH� ´SDUHQWµ��7KLV� LV

DFFRPSOLVKHG�ZLWK�PHPEHU�IXQFWLRQV�LQ�HDFK�FODVV�WKDW�PDQDJH�WKH�DGGLWLRQ�DQG�GHOHWLRQ�RI

´FKLOGµ�REMHFWV��,QWHUQDOO\��HDFK�´SDUHQWµ�REMHFWV�PDLQWDLQV�D�OLVW�RI� LWV�´FKLOGµ�REMHFWV��7KH

KLHUDUFK\�RI�RZQHUVKLS�LV�VKRZQ�LQ�)LJXUH�����



��

����� 7KH�5HJLVWUDWLRQ�*UDSK�&ODVV

7KH�WRS�OHYHO�FODVV�LV�WKH�RGGraph�FODVV��7KH�SUHIL[�RG�GHQRWHV�WKDW�WKLV�FODVV�EHORQJV�WR�WKH

5HJLVWUDWLRQ�*UDSK� OLEUDU\�� ,QVLGH�DQ�RGGraph�REMHFW�� WZR� OLVWV� �67/�vector<>� WHPSODWHV�

DUH�PDLQWDLQHG��RQH� WKDW� UHFRUGV� WKH� ULJLG�ERGLHV� �RGRigidBody� REMHFWV�� EHORQJLQJ� WR� WKH

JUDSK�DQG�DQRWKHU�WKDW�UHFRUGV�WKH�OLQNV��RGLink�REMHFWV���5HFDOO�WKDW�IHDWXUHV�DQG�OLQNV�DUH

WKH�SULPDU\�HOHPHQWV�RI� WKH� UHJLVWUDWLRQ�JUDSK��7KLV�KLHUDUFKLFDO� DUUDQJHPHQW� IRU� WKH� FODVV

OLEUDU\�GRHV�QRW�YLRODWH� WKH� UHJLVWUDWLRQ�JUDSK�DUFKLWHFWXUH�� WKH� ULJLG�ERG\�FODVV� FRXOG�KDYH

EHHQ� OHIW� RXW� RU� PDGH� D� ´VLEOLQJµ� RI� WKH� IHDWXUH� FODVV�� %\� VHWWLQJ� WKH� ULJLG� ERG\� FODVV

KLHUDUFKLFDOO\� DERYH� WKH� IHDWXUH� FODVV� VR� WKH RGGraph� FODVV� GRHV� QRW� PDQDJH� D� OLVW� RI

IHDWXUHV��ZH�PD\�XVH�WKH�VDPH�LQWXLWLYH�QDPH�LGHQWLILHU�IRU�PDQ\�IHDWXUHV�LQ�WKH�JUDSK��H�J�

´EDVHµ���UDWKHU�WKDQ�PRUH�FRQIXVLQJ�QDPHV��H�J���´&7EDVHµ�RU�´52%27EDVHµ��

RGGraph
object

RGRigidBody
object

RGRigidBody
object

RGLink
object

RGLink
object

RGLink
object

RGFeature
object

RGFeature
object

RGFeature
object

RGFeature
object

RGEventTag
object

RGEventTag
object

RGEventTag
object

RGEventTag
object

RGFeature
object
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��

0DQDJHPHQW� RI� WKH� OLVWV� LV� SURYLGHG� WKURXJK� D� VHW� RI� SXEOLF� PHPEHU� IXQFWLRQV� �

IXQFWLRQV�WKDW�DUH�DFFHVVLEOH�E\�WKH�XVHU�RI�WKH�FODVV�OLEUDU\��7KH�SXEOLF�IXQFWLRQV�DUH�VKRZQ

LQ�7DEOH� �����0XWDWRU� IXQFWLRQV� �AddRigidBody��DeleteRigidBody��«�� DUH� XVHG� WR� DGG

DQG� UHPRYH� ULJLG� ERG\� DQG� OLQN� REMHFWV� IURP� WKH� LQWHUQDO� OLVWV�� ,QVSHFWRU� IXQFWLRQV

�GetRigidBody��GetLink�� VHDUFK� WKH� DSSURSULDWH� LQWHUQDO� OLVW� IRU� DQ� REMHFW�PDWFKLQJ� WKH

LGHQWLILHU�DUJXPHQW��D�QDPH�VWULQJ� �H�J���´52%27µ�� LQ� WKH�FDVH�RI�D� ULJLG�ERG\�REMHFW�DQG

WZR� IHDWXUHV� GHILQLQJ� D� OLQN� LQ� WKH� FDVH� RI� D� OLQN� REMHFW�� 7KH� IsUniqueRigidBody� DQG

IsUniqueLink� DQDO\VLV� IXQFWLRQV� DUH� FDOOHG� E\� WKHLU� UHVSHFWLYH�Add«�IXQFWLRQV� WR� FKHFN

ZKHWKHU�RU�QRW�D�VLPLODU�ULJLG�ERG\���OLQN�KDV�EHHQ�DGGHG�WR�WKH�JUDSK�DOUHDG\��7KH�IXQFWLRQV

FKHFN� WKH� WKHLU�REMHFW� DUJXPHQW�DJDLQVW� WKRVH� LQ� WKH� LQWHUQDO� OLVWV�E\�FKHFNLQJ� WKH�REMHFWV·

LGHQWLILHU�V���7KHVH�IXQFWLRQV�DUH�SXEOLFO\�OLVWHG�VLQFH�WKH\�DUH�DOVR�XVHIXO�WR�D�SURJUDPPHU��D

XVHU� RI� WKH� OLEUDU\��� )LQDOO\�� WKH� LQWHUQDO� FRQWURO� URXWLQHV� �RewindRigidBodies�

AdvanceRigidBodies��«��DUH�XVHG�WR�WUDYHUVH�WKH�REMHFW�OLVWV�

Public:
   // mutators
   bool AddRigidBody(RGRigidBody *const);
   bool DeleteRigidBody(RGRigidBody *const);
   bool AddLink(RGLink *const);
   bool DeleteLink(RGLink *const);

   // inspectors
   RGRigidBody *const GetRigidBody(const String);
   RGLink *const      GetLink(const RGFeature *const, const RGFeature *const);

   // analysis routines
   bool IsUniqueRigidBody(RGRigidBody *const);
   bool IsUniqueLink(RGLink *const);

   // internal control routines
   RGRigidBody *const RewindRigidBodies(unsigned int);
   RGRigidBody *const AdvanceRigidBodies(unsigned int);
   RGLink *const      RewindLinks(unsigned int);
   RGLink *const      AdvanceLinks(unsigned int);

7DEOH������3XEOLF�PHPEHU�IXQFWLRQV�RI�WKH�RGGraph�FODVV�



��

,QWHUQDOO\�� WKH� FODVV� XVHV� SULYDWH� IXQFWLRQV� LQDFFHVVLEOH� WR� WKH� SURJUDPPHU�� 7KHVH

IXQFWLRQV��OLVWHG�LQ�7DEOH������DUH�LPSOHPHQWDWLRQV�RI�WKH�UHJLVWUDWLRQ�JUDSK�UXOHV�LQ�&KDSWHU

��DQG�WKH�DSSUR[LPDWH�WUDQVIRUPDWLRQ�FRPSRXQGLQJ�DOJRULWKPV�LQ�&KDSWHU����UpdateLink

FDOOV� SearchAndAssignPaths WR� UHYLVH� WKH� OLVW� RI� YDOLG� VXEJUDSKV� �GLVFXVVHG� LQ� 6HFWLRQ

������� RI� DQ� LQGXFHG� OLQN�and ComputeMeanAndCovariance� WR� XSGDWH� DQ� LQGXFHG� OLQN·V

DSSUR[LPDWH� WUDQVIRUPDWLRQ� �PHDQ� DQG� FRYDULDQFH� LV� DVVLJQHG� IRU� D� GLUHFW� OLQN��

UpdateAllLinks� VLPSO\� FDOOV�UpdateLink� IRU� DOO� LQGXFHG� OLQNV� LQ� WKH� UHJLVWUDWLRQ� JUDSK�

7KH� DQDO\VLV� URXWLQH� DFS� LV� XVHG� E\� SearchAndAssignPaths� WR� H[SORUH� WKH� UHJLVWUDWLRQ

JUDSK�IRU�YDOLG�VXEJUDSKV�XVLQJ�D�GHSWK�ILUVW�VHDUFK�VWUDWHJ\�

����� 7KH�5LJLG�%RG\�&ODVV

7KH� RGRigidBody� FODVV� FRQWDLQV� D� VWULQJ� YDULDEOH� WKDW� LGHQWLILHV� WKH� ULJLG� ERG\� E\� DQ

DVVLJQHG� QDPH�� 7KHUHIRUH�� WKH� UHJLVWUDWLRQ� JUDSK�PD\� QRW� KDYH� WZR� VLPLODUO\� QDPHG� ULJLG

ERG\�REMHFWV��7KLV�LV�FKHFNHG�E\�WKH�IsUniqueRigidBody�IXQFWLRQ�RI�WKH�RGGraph�FODVV��

$OVR�� WKH�FODVV�FRQWDLQV�D� OLVW� WKDW� UHFRUGV�DOO� IHDWXUHV� WKDW�EHORQJ�D� ULJLG�ERG\�REMHFW��7KH

SXEOLF�IXQFWLRQV�RI�WKH�RGRigidBody�FODVV�DUH�OLVWHG�LQ�7DEOH�����

private:
   // mutators
   void UpdateLink(RGLink *const);
   void UpdateAllLinks();

   // analysis routines
   int  SearchAndAssignPaths(RGLink *const, const RGEventTag& tag);
   void DFS(RGLink *const, RGFeature *const, RGFeature *const,
            const RGEventTag&); // (called by SearchAndAssignPaths)
   int  ComputeMeanAndCovariance(RGLink *const);

 7DEOH������3ULYDWH�PHPEHU�IXQFWLRQV�RI�WKH�RGGraph�FODVV�
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7KH�PXWDWRU�IXQFWLRQ�SetName�FKDQJHV�WKH�VWULQJ�YDULDEOH�WR�WKH�IXQFWLRQ·V�DUJXPHQW�DV

ORQJ�DV�QR�RWKHU�ULJLG�ERG\�LQ�WKH�UHJLVWUDWLRQ�JUDSK�KDV�WKH�VDPH�QDPH��AddFeature DQG

DeleteFeature ZRUN�LQ�D�VLPLODU�PDQQHU�WR�WKHLU�FRXQWHUSDUWV�LQ�WKH�RGGraph�FODVV���WKH\

DGG� DQG� UHPRYH� IHDWXUHV� IURP� WKH� LQWHUQDO� OLVW�� 7KH� LQVSHFWRU� URXWLQHV� GetParentGraph

DQG GetName UHWXUQ� D� SRLQWHU� WR� WKH� REMHFW·V� RZQHU� DQG� WKH� REMHFW·V� QDPH� UHVSHFWLYHO\�

GetFeature VHDUFKHV� WKH� LQWHUQDO� OLVW� IRU� D� IHDWXUH� PDWFKLQJ� WKH� QDPH� LGHQWLILHU�

IsUniqueFeature FKHFNV�ZKHWKHU� RU� QRW� D� VLPLODUO\� QDPHG� IHDWXUH� DOUHDG\� H[LVWV� LQ� WKH

ULJLG� ERG\·V� LQWHUQDO� IHDWXUH� OLVW�� 7KH� FRQWURO� URXWLQHV� RewindFeatures DQG

AdvanceFeatures DUH�XVHG�WR�WUDYHUVH�WKH�IHDWXUH�OLVW�

����� 7KH�)HDWXUH�&ODVV

7KH�RGFeature�FODVV�LV�IDLUO\�VLPSOH��VLQFH�IHDWXUHV�VLPSO\�SURYLGH�HQGSRLQWV�IRU�WKH�OLQNV�RI

WKH�UHJLVWUDWLRQ�JUDSK��7KH�RGFeature�FODVV�DOVR�FRQWDLQV�D�VWULQJ�YDULDEOH�WKDW�LGHQWLILHV�WKH

public:
   // mutators
   bool SetName(const String);
   bool AddFeature(RGFeature *const);
   bool DeleteFeature(RGFeature *const);

   // inspectors
   RGGraph *const   GetParentGraph();
   const String     GetName();
   RGFeature *const GetFeature(const String);

   // analysis routines
   bool IsUniqueFeature(RGFeature *const);

   // internal control routines
   RGFeature *const RewindFeatures(unsigned int);
   RGFeature *const AdvanceFeatures(unsigned int);

 7DEOH������3XEOLF�PHPEHU�IXQFWLRQV�RI�WKH�RGRigidBody�FODVV�
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IHDWXUH��7KH�SXEOLF�IXQFWLRQV�RI�WKH�RGRigidBody�FODVV�DUH�OLVWHG�LQ�7DEOH������7KH�IXQFWLRQV

ZRUN�VLPLODUO\�WR�WKDW�RI�WKH�HTXLYDOHQW�IXQFWLRQV�LQ�WKH�RGRigidBody�FODVV�

����� 7KH�/LQN�&ODVV

0RVW� RI� WKH� IXQFWLRQDOLW\� RI� WKH� UHJLVWUDWLRQ� JUDSK� LV� HPEHGGHG� LQ� WKH� OLQN� HOHPHQW�� 7KH

RGLink�FODVV�UHIOHFWV�WKLV��DV� LW� LV�WKH�ODUJHVW� LQ�WKH�OLEUDU\��7KH� LQWHUQDO�YDULDEOHV� LQFOXGH��D

OLQN� W\SH�YDULDEOH� �GLUHFW�RU� LQGXFHG��� UHIHUHQFHV� WR� WKH� IHDWXUHV� WKH� OLQN�FRQQHFWV�� D� OLVW�RI

HYHQW�WDJV��D� OLVW�RI� VXEJUDSK�SDWKV� �HDFK�VXEJUDSK�SDWK� LV�D� OLVW�RI� WKH� IHDWXUHV� WUDYHUVHG��

DQG� D� YHFWRU� UHSUHVHQWLQJ� WKH� QRPLQDO� �PHDQ�� SRVLWLRQ� DQG� PDWUL[� IRU� FRYDULDQFHV�� 7KH

SXEOLF�IXQFWLRQV�RI�WKH�FODVV�DUH�OLVWHG�LQ�7DEOH�����

7KH� Set«�PXWDWRU� IXQFWLRQV� DVVLJQ� WKHLU� OLVWHG� DUJXPHQW� WR� WKH� DSSURSULDWH� LQWHUQDO

YDULDEOH��SetCovariance�KDV�WZR�LQFDUQDWLRQV���RQH�ZKRVH�DUJXPHQW�LV�D�YHFWRU�RI�WKH�VL[

VWDQGDUG�GHYLDWLRQV��WKH�VWDQGDUG�GHYLDWLRQV�DUH�VTXDUHG�DQG�LQVHUWHG�RQ�WKH�GLDJRQDO�RI�WKH

FRYDULDQFH�PDWUL[���DQG�D�VHFRQG�WKDW�WDNHV�D�PDWUL[�DQ�GLUHFWO\�DVVLJQV�LW�WR�WKH�FRYDULDQFH

PDWUL[� YDULDEOH�� SwapFeatures� LV� XVHG� WR� H[FKDQJH� WKH� ´VWDUWµ� DQG� ´ILQLVKµ� IHDWXUHV

UHIHUHQFHV��7KLV�LV�XVHG�ZKHQ�D�OLQN�KDV�EHHQ�VSHFLILHG� LQ�RQH�GLUHFWLRQ��EXW� WKH�PHDQ�DQG

public:
   // mutators
   bool SetName(const String);

   // inspectors
   RGRigidBody *const GetParentRigidBody();
   const String       GetName();

 7DEOH������3XEOLF�PHPEHU�IXQFWLRQV�RI�WKH�RGFeature�FODVV�



��

FRYDULDQFH� DUH� NQRZQ� LQ� WKH� RSSRVLWH� GLUHFWLRQ�� AddEventTag� DQG� DeleteEventTag� DUH

XVHG�WR�DGG�DQG�UHPRYH�RGEventTag�REMHFWV�IURP�WKH�HYHQW�WDJ�OLVW�

7KH� Get«� LQVSHFWRU� IXQFWLRQV� DUH� XVHG� WR� UHWULHYH� LQWHUQDO� YDULDEOHV�

GetStringOfEventTags�LV�WKH�RQO\�XQLTXHO\�QHZ�LQVSHFWRU�IXQFWLRQ��,W�LV�XVHG�WR�FUHDWH�D

VWULQJ�OLVWLQJ�WKH�HYHQW�WDJV��H�J���´�W���Wµ��RU�´�Vµ��%\�GHIDXOW��DOO�OLQNV�ZLOO�KDYH�DW�OHDVW�RQH

WDJ��´�Wµ�

public:
   // mutators
   bool SetType(const RGLinkType);
   bool SetStartFeature(RGFeature *const);
   bool SetFinishFeature(RGFeature *const);
   void SwapFeatures();
   bool SetMean(const RowVector6);
   bool SetCovariance(const RowVector6);
   bool SetCovariance(const Matrix6);

   bool AddEventTag(RGEventTag *const);
   bool DeleteEventTag(RGEventTag *const);

   // inspectors
   RGGraph *const    GetParentGraph();
   const RGLinkType  GetType();
   RGFeature *const  GetStartFeature();
   RGFeature *const  GetFinishFeature();
   RGEventTag *const GetEventTag(const RGTagType, const unsigned int);
   const String      GetStringOfEventTags(int);
   RowVector6        GetMean();
   Matrix6           GetCovariance();

   // analysis routines
   const bool HasDefaultTag() const;
   const bool IsUniqueEventTag(RGEventTag *const);
   const int  IsPassable() const;
   const bool IsAddableEventTag(RGEventTag *const);
   const bool HasSameStartTimeAs(RGLink *const);

   // internal control routines
   RGEventTag *const RewindEventTags(unsigned int);
   RGEventTag *const AdvanceEventTags(unsigned int);

 7DEOH������3XEOLF�PHPEHU�IXQFWLRQV�RI�WKH�RGLink�FODVV�
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7KH� DQDO\VLV� IXQFWLRQV� DUH� RI� SDUWLFXODU� LQWHUHVW�� HasDefaultTag� LV� XVHG� WR� FKHFN

ZKHWKHU�RU�QRW�DQ\�HYHQW�WDJV�KDYH�EHHQ�DVVLJQHG�WR�WKH�OLQN��,I�QRW��D� WDJ�RI�´�Wµ� LV�XVHG�

IsUniqueEventTag� LV�XVHG�WR�FKHFN� LI�DQ\�HYHQW� WDJV�DUH�VWRUHG� LQ� WKH� OLVW�ZLWK� WKH�VDPH

YDOXH�DQG�W\SH��WUDQVLHQW�RU�VXVWDLQHG���IsPassable� UHWXUQV� WKH�QXPEHU�RI�YDOLG�VXEJUDSK

SDWKV� VWRUHG� LQ� WKH� OLVW� RI� SDWKV�� ,I� ]HUR� LV� UHWXUQHG�� WKHUH� DUH� QR� YDOLG� VXEJUDSKV�

IsAddableEventTag�GHWHUPLQHV�ZKHWKHU�RU�QRW�DQ�HYHQW�WDJ�FDQ�EH�DGGHG� WR� WKH� OLQN��$

WUDQVLHQW�WDJ�PD\�EH�DGGHG�WR�WKH�OLQN�LI�WKHUH�DUH�QR�RWKHU�WUDQVLHQW�WDJV�ZLWK�WKH�VDPH�YDOXH

�HYHQW���RU�LI�WKHUH�DUH�DQ\�VXVWDLQHG�HYHQW�WDJV�ZLWK�D�YDOXH�OHVV�WKDQ�RU�HTXDO�WR�WKDW�RI�WKH

WDJ� LQ� TXHVWLRQ��$� VXVWDLQHG� WDJ�PD\� EH� DGGHG� LI� WKHUH� DUH� QR� RWKHU� WDJV� RQ� WKH� OLQN� WKDW

FRYHU�WKH�VDPH��RU�PRUH��HYHQWV��)RU�H[DPSOH��D�´�Vµ�WDJ�PD\�EH�DGGHG�HYHQ� LI� WKHUH� LV�D

´�Wµ�DQG�RU�D�´�Vµ�WDJ�RQ�WKH�OLQN��,I�WKH�WDJ�LV�WR�EH�DGGHG�WR�WKH�OLQN��ZLWK�AddEventTag��

WKH�OHVVHU�WDJV��´�Wµ�DQG�´�Vµ��ZLOO�EH�UHPRYHG��HasSameStartTimeAs�FRPSDUHV�WKH�HDUOLHVW

HYHQW� WDJ�YDOXH� LQ� WKH� OLQN·V� OLVW� WR� WKH�HDUOLHVW� HYHQW� WDJ�YDOXH�RI� DQRWKHU� OLQN��7KLV� OLQN� LV

XVHG�E\�WKH�DFS�SULYDWH�IXQFWLRQ�RI�WKH�RGGraph�FODVV�WR�GHWHUPLQH�ZKHWKHU�RU�QRW�D�SDWK�LV

SDVVDEOH��VLQFH�D� OLQN� LV�RQO\�WUDYHUVDEOH� LI� LW�KDV�WKH�VDPH�VWDUW� WLPH��YDOXH��DV� WKH� LQGXFHG

OLQN·V�VWDUW�WLPH�

7KH�LQWHUQDO�FRQWURO�URXWLQHV��RewindEventTags�DQG�AdvanceEventTags��DUH�XVHG�WR

WUDYHUVH�WKH�HYHQW�WDJ�OLVW�



��

����� 7KH�(YHQW�7DJ�&ODVV

7KH� ODVW� FODVV� WKDW� PDNHV� XS� WKH� UHJLVWUDWLRQ� JUDSK� OLEUDU\� LV� RGEventTag�� $V� ZLWK� WKH

RGFeature�FODVV��WKLV�FODVV�LV�IDLUO\�VLPSOH��7KH�LQWHUQDO�YDULDEOHV�DUH�D�WDJ�W\SH��WUDQVLHQW�RU

VXVWDLQHG��DQG�DQ�LQWHJHU�YDOXH�

7KH� Set«� DQG� Get«� IXQFWLRQV� LQWURGXFH� QR� VXUSULVHV�� DQG� ZRUN� VLPLODUO\� WR� WKHLU

FRXQWHUSDUWV� LQ� WKH� RWKHU� FODVVHV�� 7KH� RSHUDWRU� IXQFWLRQV� DUH� QHZ�� DQG� SURYLGH� VRPH

LQWHUHVWLQJ�IXQFWLRQDOLW\��7KH� �RSHUDWRU�DVVLJQV�WKH�WDJ�W\SH�DQG� LQWHJHU�YDOXH�RI�WKH�ULJKW

KDQG�DUJXPHQW�WR�WKDW�RI�WKH�OHIW�KDQG�DUJXPHQW��7KH���RSHUDWRU�UHWXUQV�WKH�LQWHUVHFWLRQ�RI

WZR�WDJV·�HYHQW�VSDQV��,I� WZR�VXVWDLQHG�WDJV�DUH�´VXPPHGµ�� WKH�WDJ�ZLWK�WKH� ODUJHU�YDOXH� LV

UHWXUQHG��7ZR�WUDQVLHQW�WDJV�DUH�VXPPDEOH�RQO\�LI�WKHLU�YDOXHV�DUH�WKH�VDPH��RWKHUZLVH�D�WDJ

ZLWK� D� YDOXH� RI� ]HUR� LV� UHWXUQHG��� ,Q� WKH� FDVH� ZKHUH� D� VXVWDLQHG� DQG� D� WUDQVLHQW� WDJ� DUH

VXPPHG��WKH�WUDQVLHQW�WDJ�LV�VLPSO\�UHWXUQHG�LWV�YDOXH�LV�JUHDWHU�WKDQ�WKDW�RI�WKH�VXVWDLQHG�WDJ�

������������������������������������������������
��5HFDOO� WKDW� LQ�&KDSWHU���ZH�FKRVH� WR�XVH���DV� WKH�HDUOLHVW�SRVVLEOH� HYHQW��1RZ� LW� LV� DSSDUHQW� WKDW� WKHUH�ZDV� D
PRWLYDWLQJ�IDFWRU���ZH�ZDQW�WR�XVH�]HUR�WR�UHSUHVHQW�WKH�HPSW\�VHW�

public:
   // mutators
   bool SetType(const RGTagType);
   bool SetValue(const unsigned int);

   // inspectors
   RGLink *const      GetParentLink();
   const RGTagType    GetType();
   const unsigned int GetValue();

   // operators
   RGEventTag&       operator =(const RGEventTag&);
   friend RGEventTag operator +(const RGEventTag&, const RGEventTag&);
   friend bool       operator ==(const RGEventTag&, const RGEventTag&);

 7DEOH������3XEOLF�PHPEHU�IXQFWLRQV�RI�WKH�RGEventTag�FODVV�



��

RWKHUZLVH�D�WDJ�ZLWK�D�YDOXH�RI�]HUR�LV�UHWXUQHG��7KH�RSHUDWRU�IXQFWLRQV�DOORZ�D�SURJUDPPHU

WR�ZULWH�TXLWH�UHDGDEOH�FRGH��)RU�LQVWDQFH��WZR�WDJV�FDQ�EH�VXPPHG�DQG�DVVLJQHG�WR�D�WKLUG

WDJ�ZLWK�tag3 = tag1 + tag2��7KH�  �RSHUDWRU�LV�XVHG�WR�FRPSDUH�WZR�HYHQW�WDJV��DQG

UHWXUQV�D�´WUXHµ�YDOXH�LI�WKH�WDJ�W\SH�DQG�YDOXH�RI�ERWK�HYHQW�WDJV�DUH�WKH�VDPH��2WKHUZLVH�D

´IDOVHµ�YDOXH�LV�UHWXUQHG�

��� 7KH�5HJLVWUDWLRQ�*UDSKHU�3URJUDP

'XULQJ�WKH�GHYHORSPHQW�RI� WKH�&���FODVV� OLEUDU\��,�ZURWH�PDQ\�FRPPDQG�OLQH� LQWHUSUHWHU

SURJUDPV�WR�EXLOG�DQG�WHVW�UHJLVWUDWLRQ�JUDSKV��+RZHYHU��WKH�UHVXOWV�ZHUH�OHVV�WKDQ�VDWLVI\LQJ

VLQFH�WKH�UHJLVWUDWLRQ�JUDSK�LV�PRUH�QDWXUDOO\�YLVXDOL]HG�DV�D�´GUDZLQJµ��,�GHFLGHG�WR�KDYH�D

JR�DW�ZULWLQJ�D�0LFURVRIW�:LQGRZV�SURJUDP� WKDW�ZRXOG� DOORZ� D�XVHU� WR� LQWHUDFWLYHO\�GUDZ

DQG� H[SORUH� WKH� UHJLVWUDWLRQ� JUDSK�� ,� GLG� QRW� NQRZ� ZKDW� ,� ZDV� LQ� IRU�� 7KH� FRPPHUFLDO

VRIWZDUH�PDUNHW� UHGHILQHV� LWVHOI�RQ�ZKDW�VHHPV�D�GDLO\�EDVLV��DQG�PDQ\� WRROV� WKDW� ,� VWDUWHG

RXW�XVLQJ�IHOO�E\�WKH�ZD\VLGH��)RU�LQVWDQFH��DW�WKH�RXWVHW�RI�P\�ZRUN�WKH�%RUODQG�FRPSLOHU

ZLWK�LWV�2:/��2EMHFW�:LQGRZV�/LEUDU\��IRU�FUHDWLQJ�:LQGRZV�DSSOLFDWLRQV�ZDV�WKH�KHLJKW

RI� IDVKLRQ� IRU� SURJUDPPHUV�� %\� WKH� WLPH� ,� FRPSOHWHG� WKH� &��� /LEUDU\�� %RUODQG� KDG

FRPSOHWHO\�GURSSHG� WKH�SURGXFW�� IRUFLQJ�PH� WR�FKDQJH� WR� WKH�:DWFRP�FRPSLOHU� WKDW�XVHV

0LFURVRIW·V�0)&��0LFURVRIW�)RXQGDWLRQ�&ODVVHV��IRU�:LQGRZV�SURJUDPPLQJ��1RQHWKHOHVV�

,�GLG�ILQG�WKH�H[SHULHQFH�JDLQHG�XVHIXO�

:KDW�UHVXOWHG�IURP�WKHVH�HQGHDYRUV�LV�D�SURJUDP�WKDW�FDQ�EH�XVHG�WR�LQWHUDFWLYHO\�GUDZ�D

UHJLVWUDWLRQ�JUDSK��)LJXUH�����VKRZV�WKH�SURJUDP�LQ�XVH��7KH�PDLQ�GUDZLQJ�ZLQGRZ�DOORZV

WKH�XVHU� WR�GUDZ��PRYH��DQG�UHVL]H� WKH�HOHPHQWV�RI� WKH� UHJLVWUDWLRQ�JUDSK��'RXEOH�FOLFNLQJ



��

DQ\�HOHPHQW�EULQJV�XS�D�GLDORJ�ER[�WKDW�GLVSOD\V�DOO�RI�WKH�HOHPHQW·V�DWWULEXWHV��7KH�GLDORJV

DUH� DOVR� LQWHUDFWLYH�� DQG� DOORZ� WKH� XVHU� WR� FKDQJH� WKH� QDPHV� RI� ULJLG� ERGLHV� DQG� IHDWXUHV�

DVVLJQ�PHDQV�DQG� VWDQGDUG�GHYLDWLRQV� WR�GLUHFW� OLQNV�� DQG� VR�RQ��7KH� LQGXFHG� OLQN·V� GLDORJ

ER[�VKRZV�WKH�DXWRPDWLFDOO\�FDOFXODWHG�PHDQ�YHFWRU�DQG�FRYDULDQFH�PDWUL[�

7KLV�SURJUDP�LV�XVHG�LQ�WKH�QH[W�FKDSWHU�WR�VWXG\�WKH�UHJLVWUDWLRQ�JUDSK�DQG�XQFHUWDLQW\

RI�WKH�1RUWKZHVWHUQ�7.5�V\VWHP�SUHVHQWHG�LQ�&KDSWHU���



��

)LJXUH������7KH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP�



��

� $�&DVH�6WXG\���WKH�1RUWKZHVWHUQ�7.5
V\VWHP

1RZ� WKDW� D� JUDSKLFDO� PHWKRG� IRU� DQDO\]LQJ� UHJLVWUDWLRQ� KDV� EHHQ� GHVLJQHG�� PHWKRGV� IRU

VWXG\LQJ� XQFHUWDLQW\� KDYH� EHHQ� GLVFXVVHG�� DQG� D� &��� OLEUDU\� DQG� :LQGRZV� SURJUDP� WR

LQWHUDFWLYHO\� ´SOD\µ� ZLWK� UHJLVWUDWLRQ� VWUDWHJLHV� KDYH� EHHQ� GHYHORSHG�� DQ� H[DPSOH� RI� KRZ

WKHVH� WRROV� FDQ� EH� HPSOR\HG� LV�ZDUUDQWHG��:H� WXUQ� DJDLQ� WR� WKH�1RUWKZHVWHUQ� FRPSXWHU�

DVVLVWHG�VXUJHU\�V\VWHP�IRU� WRWDO�NQHH� UHSODFHPHQW� �IRU� DQ�RYHUYLHZ�RI� WKH� V\VWHP�� VHH� WKH

EULHI�UHYLHZ�LQ�WKH�LQWURGXFWLRQ�RI�&KDSWHU���RU�IXOO�GHVFULSWLRQV�LQ�>�@>�@���:KDW�IROORZV�LV�D

EULHI� VWXG\� RI� WKDW� V\VWHP� XVLQJ� WKH� 5HJLVWUDWLRQ� *UDSKHU� SURJUDP�� ,Q� 6HFWLRQ� ����

PHDVXUHPHQWV�PDGH�RI�HQG�HIIHFWRU�IHDWXUHV�XVLQJ�D�FRRUGLQDWH�PHDVXULQJ�PDFKLQH��&00�

DUH�VWXGLHG��$FTXLVLWLRQ�RI�WKH�&7�VFDQ�RI�WKH�SDWLHQW·V�IHPXU�DQG�SUHRSHUDWLYH�SODQQLQJ�RI

UHVHFWLRQ�SODFHPHQW�DUH�VWXGLHG�LQ�6HFWLRQ������DQG�LQ�6HFWLRQ�����WKH�ILQDO�UHJLVWUDWLRQ�VWHSV

SHUIRUPHG�LQ�WKH�RSHUDWLQJ�URRP�DUH�LQYHVWLJDWHG�

��� 8VLQJ�WKH�&00

7KH� UHVROXWLRQ� RI� WKH� GLJLWDO� LPDJHV� �&7� GDWD� LQ� WKLV� FDVH��� WKH� DFFXUDF\� RI� LQWUDRSHUDWLYH

PHDVXULQJ� GHYLFHV� �WKH� URERW��� DQG� WKH� H[DFWQHVV� RI� GDWD�PDWFKLQJ� DOJRULWKPV� �H�J��� DQ

LWHUDWLYH�FORVHVW�SRLQW��,&3��WHFKQLTXH�>��@��VXUIDFH�DUH�RIWHQ�UHJDUGHG�DV�WKH�RQO\�VRXUFHV�RI



��

HUURU�LQ�FRPSXWHU�DVVLVWHG�VXUJHU\�V\VWHPV��2QH�RI�WKH�PRUH�VXEWOH�VRXUFHV�RI�HUURU� LQ�WKH

1RUWKZHVWHUQ� 7.5� V\VWHP� LV� WKH� URERW·V� HQG� HIIHFWRU� �� WKH� GHYLFH� XVHG� WR� GLJLWL]H� WKH

SRVLWLRQV�RI�WKH�SLQV�LQ�WKH�IHPXU�DQG�SURYLGH�JXLGDQFH�IRU�WKH�EODGH�RI�WKH�VDZ��$GPLWWHGO\�

WKH�PHDVXUHPHQWV� EHWZHHQ� IHDWXUHV� RI� WKH� HQG� HIIHFWRU� DUH� XVXDOO\� NQRZQ�PRUH� SUHFLVHO\

WKDQ�WKRVH�RI�RWKHU�RSHUDWLRQV��EXW�WKH�WRRO�LV�D�VRXUFH�RI�HUURU�DQG�ZDUUDQWV�PRGHOLQJ��%\

LQWURGXFLQJ� WKH� HQG� HIIHFWRU� LQWR� WKH� UHJLVWUDWLRQ� JUDSK�� LW� LV� SRVVLEOH� WR� LQYHVWLJDWH

LQWHUHVWLQJ�TXHVWLRQV�RIWHQ�QRW�SRVHG��)RU�LQVWDQFH��RQH�PLJKW�ZRQGHU�ZKDW�WROHUDQFHV�PXVW

EH� NHSW� LI� WKH� WRRO� LV� PDVV� PDQXIDFWXUHG� DQG� WKH� RQO\� ´PHDVXUHPHQWVµ� DUH� GLPHQVLRQV

VSHFLILHG�LQ�WKH�SDUW�GUDZLQJV�

)RU� WKH� 1RUWKZHVWHUQ� V\VWHP�� WKH� HQG� HIIHFWRU� ZDV� PDFKLQHG� DQG� DVVHPEOHG� ILUVW�

6XEVHTXHQWO\��WKH�UHODWLRQVKLSV�EHWZHHQ�UHOHYDQW�IHDWXUHV�ZHUH�GHWHUPLQHG�ZLWK�D�&00��$
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)LJXUH�������D��7KH�VLPSOLILHG�GLVWDQFHV�IURP�WKH�&00�EDVH�UHIHUHQFH�IUDPH�WR�WKH�IHDWXUHV
RI�WKH�HQG�HIIHFWRU��E��7KH�GLVWDQFH�IURP�WKH�ILGXFLDO�SLQ�



��

VLPSOLILHG� YHUVLRQ� RI� WKH� VHWXS� DQG�PHDVXUHPHQWV�PDGH� LV� VKRZQ� LQ� )LJXUH� �����:H� FDQ

VWXG\� DVSHFWV� RI� WKHVH� PHDVXUHPHQW� RSHUDWLRQV� E\� ORRNLQJ� DW� WKDW� SRUWLRQ� RI� WKH

1RUWKZHVWHUQ�7.5�UHJLVWUDWLRQ�JUDSK�LQ�WKH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP��VKRZQ�LQ�)LJXUH

����

7KH� QRPLQDO� GLPHQVLRQV� DUH� DVVLJQHG� WR� WKH� PHDQV� RI� WKH� GLUHFW� OLQNV�� DQG� IRU� RXU

SXUSRVHV�KHUH�WKH�DFFXUDF\�RI�WKH�&00�LV�DVVXPHG�WR�EH�σ
[\]φθψ�

 �����PP�����PP�����PP�

�������������������7KH�PHDQV�DQG�FRYDULDQFHV�RI�WKH�LQGXFHG�OLQNV�DUH�DXWRPDWLFDOO\�FRPSXWHG�

DQG� FDQ� EH� LQVSHFWHG� YLD� WKH� LQGXFHG� OLQN� GLDORJ� ER[� �EURXJKW� XS� E\� GRXEOH� FOLFNLQJ��

)LJXUH� ����� 3RUWLRQ� RI� WKH� 1RUWKZHVWHUQ� 7.5� UHJLVWUDWLRQ� JUDSK� VKRZLQJ� PHDVXUHPHQW
RSHUDWLRQV�RQ�WKH�HQG�HIIHFWRU�XVLQJ�WKH�&00�



��

/RRNLQJ�DW�WKH�>(1'�())(&725���PRXQWLQJ�IODQJH�→�(1'�())(&725���SUREH@�LQGXFHG�OLQN�

ZH�VHH�WKDW�WKH�FRYDULDQFH�PDWUL[�KDV�VHYHUDO�RII�GLDJRQDO�WHUPV��VHH�7DEOH�������7KLV�LV�GXH

WR�WKH�UHODWLYH�RIIVHWV� LQ�WKH�[�DQG�]�GLUHFWLRQV�RI� WKH�PRXQWLQJ�IODQJH�DQG�SUREH�IHDWXUHV�

7KH� RII� GLDJRQDO� WHUPV� LQGLFDWH� WKH� GHSHQGHQFH� RI� RQH� HUURU� RQ� DQRWKHU�� DQG� DUH� RI

SDUWLFXODU�LQWHUHVW��)RU�LQVWDQFH��VLQFH�σ
[

� ��������σψ� ��������DQG�σ[ψ� ��������ZH�ILQG�WKDW

ρ
[ψ� ��������7KLV�LQGLFDWHV�WKDW�SRVLWLYH�HUURUV�LQ�[�VRPHZKDW�VWURQJO\�HIIHFW�SRVLWLYH�HUURUV

LQ� ψ� �5HFDOO� WKDW� ρ� FDQ� YDU\� IURP� ��� WR� ���� %\� ORRNLQJ� DW� WKH� VHW� RI� ��� HUURU� HOOLSVHV

FRUUHVSRQGLQJ�WR�WKH�XSSHU�WULDQJOH�RI�WKH�FRYDULDQFH�PDWUL[���)LJXUH�������ZH�QRWH�WKDW�WKRVH

HOOLSVHV� WKDW�DUH� WLSSHG�FRXQWHUFORFNZLVH� IURP� WKH�[�D[LV� LQGLFDWH� WKH� WZR�XQFHUWDLQWLHV� DUH

SRVLWLYHO\�FRXSOHG��DQG�WKDW�WKRVH�DUH�WLSSHG�FORFNZLVH�DUH�QHJDWLYHO\�FRXSOHG���7KH�OHQJWKV

RI�WKH�SULQFLSOH�D[HV�RI�WKH�HUURU�HOOLSVHV�DUH�HTXDO�WR�WKH�VWDQGDUG�GHYLDWLRQV�RI�WKH�YDULDEOHV�

,Q�)LJXUH������WKH�HOOLSVHV�DUH�UHODWLYHO\�VPDOO�

0.089 0 -0.018 0 1.60E-18 0.026  
0 0.093 0 0.007 0.026 0

-0.018 0 0.025 0 -4.27E-19 -0.007
0 0.007 0 0.020 0 0

1.60E-18 0.026 -4.27E-19 0 0.020 6.12E-19
0.026 0 -0.007 0 6.12E-19 0.020

7DEOH������&RYDULDQFH�PDWUL[�IRU�WKH�>(1'�())(&725���PRXQWLQJ�IODQJH�→�(1'�())(&725��
SUREH@�LQGXFHG�OLQN



��

)LJXUH������(UURU�HOOLSVHV�IRU�WKH�>(1'�())(&725���PRXQWLQJ�IODQJH�→�(1'�())(&725��
SUREH@�LQGXFHG�OLQN��7KH�HOOLSVHV�FRUUHVSRQG�WR�D�����SUREDELOLW\��N�� ��������



��

��� 6FDQQLQJ�WKH�3DWLHQW

7KH�SRVLWLRQ�RI�WKH�&7�VFDQQHU�FRRUGLQDWH�IUDPH�LV�LUUHOHYDQW��VR�ZH�VLPSO\�DVVLJQ�LW�WR�EH

FRLQFLGHQW�ZLWK�WKH�FRRUGLQDWH�IUDPH�RI�WKH�ILGXFLDO�SLQV��7KH�VFDQQHU�LV�FDSDEOH�RI�VSDFLQJ

LQGLYLGXDO�VFDQV���PP�DSDUW��7KH�SL[HO�SLWFK�RI�HDFK�VFDQ�LV�RQ�WKH�RUGHU�RI������PP��6LQFH

LW�LV�SRVVLEOH�WR�LQWHUSRODWH�DORQJ�WKH�GLUHFWLRQ�RI�WKH�VFDQ��ZH�ZLOO�XVH������PP�DV�WKH�VL]H�RI

D�YR[HO�DQG�WKH�XQFHUWDLQW\�LQ�ORFDWLQJ�WKH�RULJLQ�RI�WKH�ILGXFLDO�SLQ�FRRUGLQDWH�IUDPH��)LJXUH

����E����7KH�DQJXODU�GHYLDWLRQV�DUH�PRGHOHG�ZLWK� WKH�HVWLPDWHV�σφ� �σθ� ������� �DUFWDQ�RI

�����PP�HUURU�ORFDWHG�����PP�IURP�WKH�RULJLQ�FRUUHVSRQGLQJ�WR�XQFHUWDLQW\�LQ�ILQGLQJ�WKH

ILGXFLDO�SLQV���DQG�σψ� ��������DUFWDQ�RI�����PP�HUURU�ORFDWHG�����PP�IURP�WKH�RULJLQ�DQG

FRUUHVSRQGLQJ� WR� XQFHUWDLQW\� LQ� ILQGLQJ� WKH� IHPRUDO� KHDG��� 7KH� UHVHFWLRQ� [�\� SODQH� LV

DVVLJQHG�WR�D�SRVLWLRQ����PP�GLVWDO�RI�WKH�ILGXFLDO�SLQV�FRRUGLQDWH�IUDPH��6LQFH�WKH�SODQ�LV

´LQILQLWHO\µ�SUHFLVH�ZLWK�UHVSHFW�WR�WKH�ILGXFLDO�SLQ�FRRUGLQDWH�IUDPH��ZH�VHW�LWV�SRVLWLRQ���ZH

DVVLJQ�QR� VWDQGDUG� GHYLDWLRQV� WR� LWV� SRVLWLRQ��7KH� UHVXOWDQW� FRYDULDQFH�PDWUL[� LV� VLPLODU� WR

WKDW�RI�7DEOH������LQ�WKDW�WKHUH�DUH�RQO\�D�IHZ�RII�GLDJRQDO�WHUPV��DQG�DV�VXFK�ZLOO�QRW�VKRZ�LW

RU�WKH�FRUUHVSRQGLQJ�HUURU�HOOLSVHV�KHUH�

��� &RPSOHWLQJ�5HJLVWUDWLRQ�LQ�WKH�2SHUDWLQJ�5RRP

7KH� VHWXS� RI� WKH� URERW�� HQG� HIIHFWRU�� DQG� WKH� IHPXU� LQ� WKH� RSHUDWLQJ� URRP� LV� VKRZQ� LQ

)LJXUH������DQG�WKH�UHJLVWUDWLRQ�JUDSK�LQ�)LJXUH������7KH�FRLQFLGHQFH�OLQN�>(1'�())(&725��

SUREH�→�)(085��� ILGXFLDO�SLQV� LV�DVVLJQHG�D�]HUR�PHDQ�DQG�VWDQGDUG�GHYLDWLRQV�RI����PP

DQG�������7KH�SRVLWLRQ�RI� WKH� URERW� LV� DVVLJQHG� VXFK� WKDW� WKH� IHPXU� LV� DSSUR[LPDWHO\� VXFK



��

WKDW�WKH�ILGXFLDO�SLQV�FRRUGLQDWH�IUDPH�RQ�WKH�IHPXU�LV�DSSUR[LPDWHO\�\� �����PP��]� ����

PP��DQG�θ� ������ IURP� WKH�EDVH�RI� WKH� URERW�� �7KLV� LV� FDOFXODWHG�ZLWK� D�SDUWLFXODUO\�QHDW

´WULFNµ��WKH�>52%27���EDVH�→�52%27���PRXQWLQJ�IODQJH@� OLQN�LV�ILUVW�DVVLJQHG�GLUHFWO\�DQG�D

>52%27���EDVH�→�)(085���ILGXFLDO�SLQV@�LQGXFHG�OLQN�LV�FUHDWHG��7KLV�JLYHV�XV�WKH�QHFHVVDU\

WUDQVIRUPDWLRQ� YHFWRU� WR� XVHG� WR� FRPPDQG� WKH� URERW� YLD� D� GLUHFW� OLQN� WR� D� SDUWLFXODU

SRVLWLRQ���2Q�WKH�>52%27���EDVH�→�52%27���PRXQWLQJ�IODQJH@�GLUHFW�OLQN��VWDQGDUG�GHYLDWLRQV

RI������PP�DQG������DUH�DVVLJQHG��FRUUHVSRQGLQJ�WR�WKH�FDOLEUDWHG�DFFXUDF\�RI�WKH�URERW�

7KH�UHVXOWDQW�FRYDULDQFH�PDWUL[�RQ�WKH�>52%27���EDVH�→�)(085���ILGXFLDO�SLQV@�LV�OLVWHG
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)LJXUH������3RVLWLRQV�RI�WKH�FRRUGLQDWH�IUDPHV�RI�WKH�URERW��PRXQWLQJ�IODQJH��ILGXFLDO�SLQV�
DQG�UHVHFWLRQ�SODQ�DV�FRQILJXUHG�LQ�WKH�RSHUDWLQJ�URRP�



��

LQ�7DEOH������7KLV� VKRZV�XV� WKH� ILQDO� UHJLVWUDWLRQ�DFFXUDF\��1RWH� WKDW� WKH�YDULDQFHV�FRQFXU

ZLWK�H[SHULPHQWDO�UHVXOWV�SUHVHQWHG�LQ�>�@>�@��7KH�HUURU�HOOLSVHV�DUH�VKRZQ�LQ�)LJXUH�����

)LJXUH������5HJLVWUDWLRQ�JUDSK�RI�WKH�IXOO�1RUWKZHVWHUQ�7.5�V\VWHP�

2.786 -0.379 0.920 -1.350 0.112 -0.475
-0.379 0.167 -0.009 0.148 8.76E-05 0.005
0.920 -0.009 1.089 -0.696 0.128 -0.513
-1.350 0.148 -0.696 0.830 -1.10E-04 0.411
0.112 8.76E-05 0.128 -1.10E-04 0.280 -0.005
-0.475 0.005 -0.513 0.411 -0.005 0.321

7DEOH������&RYDULDQFH�PDWUL[�IRU�WKH�>52%27���EDVH�→�)(085���ILGXFLDO�SLQV@�LQGXFHG�OLQN



��

)LJXUH������(UURU�HOOLSVHV�IRU�WKH�>52%27���EDVH�→�)(085���ILGXFLDO�SLQV@�LQGXFHG�OLQN�



��

%\�DGGLQJ�DQ� LQGXFHG� OLQN�EHWZHHQ� WKH�)(085� �� UHVHFWLRQ�DQG�(1'�())(&725� �FXWWLQJ

JXLGH� IHDWXUHV�� LW� LV� SRVVLEOH� WR� DVFHUWDLQ� WKH� HUURUV� EHWZHHQ� WKH� WRRO� DQG�SODQ��7KH� JUDSK

ZLWK� H[WUD� LQGXFHG� OLQN� LV� VKRZQ� LQ�)LJXUH� ����� WKH� UHVXOWDQW� FRYDULDQFH�PDWUL[� LV� OLVWHG� LQ

7DEOH������DQG�WKH�HUURU�HOOLSVHV�DUH�VKRZQ�LQ�)LJXUH�����

)LJXUH������5HJLVWUDWLRQ�JUDSK�VKRZLQJ�WKH�H[WUD�LQGXFHG�OLQN�EHWZHHQ�WKH�)(085���UHVHFWLRQ
DQG�(1'�())(&725��FXWWLQJ�JXLGH�IHDWXUHV�

1.547 0.007 -0.443 -0.947 0.007 -0.338
0.007 0.260 -0.066 -0.005 -8.22E-06 0.039
-0.443 -0.066 0.777 0.343 -1.03E-04 0.258
-0.947 -0.005 0.343 0.773 -8.73E-03 0.264
0.007 -8.22E-06 -1.03E-04 -8.73E-03 0.523 -1.66E-04
-0.338 0.039 0.258 0.264 -1.66E-04 0.322

7DEOH������&RYDULDQFH�PDWUL[�IRU�WKH�>)(085���UHVHFWLRQ�→�(1'�())(&725��FXWWLQJ�JXLGH@
LQGXFHG�OLQN



��

)LJXUH������(UURU�HOOLSVHV�IRU�WKH�>52%27���EDVH�→�)(085���ILGXFLDO�SLQV@�LQGXFHG�OLQN�



��

� 6XPPDU\�DQG�)XWXUH�:RUN

��� 5HVHDUFK�&RQWULEXWLRQV

7KH� UHJLVWUDWLRQ� JUDSK� LV� D� IXQGDPHQWDOO\� QHZ� FRQFHSW� DQG� FRQWULEXWLRQ�� ,Q� DOO� RI� P\

LQYHVWLJDWLRQ�UHJDUGLQJ�KRZ�WR�UHSUHVHQW�DVSHFWV�RI�UHJLVWUDWLRQ�JUDSKLFDOO\��WKH�PRVW�VLPLODU

FRQVWUXFWV�,�HQFRXQWHUHG�ZHUH�GDWD�IORZ�GLDJUDPV�>��@�DQG�3HWUL�QHWV� >��@��+RZHYHU�� WKHVH

PHWKRGV�GLG�QRW�VHHP�WR�SURSHUO\�LOOXVWUDWH�WKH�FRQQHFWLYLW\�SURSHUWLHV�

:ULWLQJ� WKH�&��� OLEUDU\� LQYROYHG� VHHPLQJO\� HQGOHVV� UHZULWHV� WR�PDNH� LW� ERWK� SRUWDEOH

DQG��H[WHQVLEOH�DQG�WR�KDYH�D�XVHU�IULHQGO\�LQWHUIDFH���DWWULEXWHV�RI�D�JRRG�OLEUDU\��7KH�FRGH�LV

PDWXUH� HQRXJK� WR�EH�XVHG�E\�RWKHUV� LQ� WKH� ILHOG��3RWHQWLDO� XVHUV�PD\�ZLVK� WR� ORRN� WR� WKH

ZRUOG� ZLGH� ZHE� KRPH� RI� WKH� /DERUDWRU\� IRU� ,QWHOOLJHQW� 0HFKDQLFDO� 6\VWHPV� �

KWWS���OLPV�PHFK�QZX�HGX� �� DV� LQIRUPDWLRQ� UHJDUGLQJ�KRZ� WR�REWDLQ� WKH� OLEUDU\� DUH�SRVWHG

WKHUH��:KLOH�WKH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP�LV�D�QHYHU�HQGLQJ�ZRUN�LQ�SURJUHVV��LW�WRR�ZLOO

EH� DYDLODEOH�� 7KH� &��� OLEUDU\� DQG� 5HJLVWUDWLRQ� *UDSKHU� SURJUDP� DUH� XVHIXO� WRROV� IRU

LQYHVWLJDWLRQ�RI�UHJLVWUDWLRQ�VWUDWHJLHV��,�KRSH�WKDW�WKHLU�H[LVWHQFH�ZLOO�EH�RI�VRPH�EHQHILW�WR

WKH�FRPSXWHU�DVVLVWHG�VXUJHU\�ILHOG�

7KH�XQFHUWDLQW\�DQDO\VLV�ZDV�EDVHG�SULPDULO\�RQ�WKH�ZRUN�RI�6PLWK�DQG�&KHHVHPDQ�>��@�

:KLOH�RWKHU�VWURQJHU�XQFHUWDLQW\�PHWKRGV�DUH�DYDLODEOH��LW�ZDV�FKRVHQ�WR�SURYH�WKH�YLDELOLW\



��

RI�WKH�&���OLEUDU\�DQG�ILOO�WKH�VLEOLQJ�UROH�LQ�WKH�GLFKRWRP\�RI�TXDOLWDWLYH�DQG�TXDQWLWDWLYH

DQDO\VHV�

��� )XWXUH�:RUN

&HUWDLQO\��DQ\�SLHFH�RI�VRIWZDUH� LV�QHYHU�FRPSOHWHO\�ILQLVKHG��6LQFH�WKH� OLEUDU\� LV�ZULWWHQ� LQ

&����LW�ZLOO�DOZD\V�EH�SRVVLEOH�WR�´WZHDN�LW�XQGHU�WKH�KRRGµ�ZKLOH�QRW�DIIHFWLQJ�WKH�XVHUV�RI

WKH� OLEUDU\�� 2QH� QHDU� WHUP� JRDO� LV� WR� LQWHJUDWH� WKH� GUDZLQJ� RI� HUURU� HOOLSVHV� LQWR� WKH

5HJLVWUDWLRQ�*UDSKHU�SURJUDP�

2WKHU�ZRUN�OLHV�LQ�HOLPLQDWLQJ�WKH�SUREOHPV�DVVRFLDWHG�ZLWK�VLQJXODULWLHV�LQ�WKH�-DFRELDQV

XVHG� IRU� VHULDO� FRPSRXQGLQJ� DQG� UHYHUVDO� RI� FRYDULDQFHV�� ,Q� >��@�� 6PLWK� DQG� &KHHVHPDQ

PHQWLRQ�WKDW�WKH\�ZHUH�LQYHVWLJDWLQJ�PHWKRGV�WR�HOLPLQDWH�WKLV��2QH�VXFK�PHWKRG�LV�WR�SUH�

URWDWH�WKH�FRRUGLQDWH�IUDPH�DVVRFLDWHG�ZLWK�D�IHDWXUH�VXFK�WKDW�WKH�VXEVHTXHQW�URWDWLRQ�LV�QRW

LQ�WKH�YLFLQLW\�RI�D�-DFRELDQ�SROH��2WKHU�PHWKRGV�XQGRXEWHGO\�H[LVW�

$�SURPLVLQJ�DOWHUQDWLYH�PHWKRG�IRU�SDUDOOHO�FRPSRXQGLQJ�LV�WKH�&RYDULDQFH�,QWHUVHFWLRQ

0HWKRG�GHYHORSHG�E\� -XOLHU� >��@�� � ,QVWHDG�RI�XVLQJ� WKH�.DOPDQ�HTXDWLRQV� WR� ILQG�DQ�HUURU

HOOLSVRLG�WKDW�LV�FRQWDLQHG�FRPSOHWHO\�ZLWKLQ�LQWHUVHFWLQJ�YROXPH�RI�WKH�WZR�FRYDULDQFHV��WKH

FRPSRXQGHG�FRYDULDQFH�LV�LQVWHDG�D�PRUH�QDWXUDO�ILW�WKURXJK�WKH�LQWHUVHFWLQJ�FXUYHV�RQ�WKH

WZR�HOOLSVRLGV�

)LQDOO\��LW�PD\�EH�SRVVLEOH�WR�UHSUHVHQW�UHGXFHG�LQIRUPDWLRQ��LQILQLWH�YDULDQFHV��ZLWK�WKH

LQYHUVH�RI� WKH�FRYDULDQFH�PDWUL[�� WKH� LQIRUPDWLRQ�PDWUL[��7KLV�ZRXOG�SRWHQWLDOO\� DOORZ�XV� WR

PRGHO�WKH�GLJLWL]DWLRQ�RI�HDFK�SRLQW�
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$SSHQGL[�� 8VHU·V� *XLGH� WR� WKH
5HJLVWUDWLRQ�*UDSKHU�3URJUDP

7KH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP�LV�GHVLJQHG�WR�EH�ERWK�VLPSOH�DQG�LQWXLWLYH��+HUH��D�EULHI

RYHUYLHZ� RI� WKH� SURJUDP� LV� SUHVHQWHG� WKDW� OLVWV� WKH� FRPPDQGV� RI� WKH� SURJUDP� DQG� WKHLU

IXQFWLRQV��$� VKRUW� WXWRULDO� LV� LQWHJUDWHG� LQWR� WKH� JXLGH� WKDW� LOOXVWUDWHV� KRZ� WKH� SURJUDP� LV

XVHG�WR�FUHDWH�D�VLPSOH�UHJLVWUDWLRQ�JUDSK��7KH�IRUPDW�IRU�WKH�UHJLVWUDWLRQ�JUDSK�ILOH� LV�DOVR

OLVWHG� VR�RQH�FDQ�H[WUDFW� WKH�PHDQ� DQG� FRYDULDQFH� LQIRUPDWLRQ� IRU� DQDO\VLV� XVLQJ� VRIWZDUH

WRROV�VXFK�DV�0DW/DE�

7KH�0DLQ�:LQGRZ

)LJXUH�$��� VKRZV� WKH�PDLQ�ZLQGRZ�RI� WKH�5HJLVWUDWLRQ�*UDSKHU� SURJUDP��7KHUH� DUH� IRXU

DUHDV�RI�LQWHUHVW�RQ�WKH�PDLQ�ZLQGRZ�

• 0HQX�%DU��7KH�PHQXV�OLVW�DOO�FRPPDQGV�DYDLODEOH�LQ�WKH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP�

7KH�File�PHQX� FRQWDLQV� FRPPDQGV� IRU� RSHQLQJ� DQG� VDYLQJ� UHJLVWUDWLRQ� JUDSK� ILOHV� DV

ZHOO�DV�WKH�Exit�FRPPDQG�WR�TXLW�WKH�SURJUDP��7KH�Edit�PHQX�FRQWDLQV�WZR�FRPPDQGV��D

Delete�FRPPDQG�WR�HUDVH�D�KLJKOLJKWHG�JUDSK�REMHFW��DQG�DQ�Edit FRPPDQG�WR�DFWLYDWH�DQ

REMHFW·V�GLDORJ�ER[��7KH�Tools�PHQX�OLVWV�ILYH�WRROV�XVHG�WR�FUHDWH�DQG�HGLW�REMHFWV��7KH

Select Objects� WRRO� LV�XVHG� WR�KLJKOLJKW� D� JUDSK�REMHFW��PRYH�REMHFWV� �ULJLG�ERGLHV� DQG
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IHDWXUHV���DQG�FKDQJH�WKH�VL]H�DQG�VKDSH�RI�DQ�REMHFW��ULJLG�ERG\�REMHFWV�RQO\���7KH�IRXU

UHPDLQLQJ�WRROV�DUH�XVHG�WR�DGG�ULJLG�ERGLHV��IHDWXUHV��DQG�GLUHFW�DQG�LQGXFHG�OLQNV��7KH

Help�PHQX�LV�PRVWO\�GLVDEOHG�DV�RI�WKLV�ZULWLQJ��WKLV�DSSHQGL[�LV�WKH�´KHOS�ILOHµ���H[FHSW

IRU�DQ�About�FRPPDQG�XVHG�WR�OLVW�FRS\ULJKW�DQG�FRQWDFW�LQIRUPDWLRQ�

• 7RRO�%DU��7KH�WRRO�EDU�FRQWDLQV�EXWWRQV�WKDW�SURYLGH�TXLFN�DFFHVV�WR�WKH�ILOH�New���Open�

Save�FRPPDQGV�DV�ZHOO�DV�WKH�ILYH�WRROV�OLVWHG�XQGHU�WKH�Tools�PHQX�

• 'UDZLQJ�$UHD��7KLV�LV�WKH�GUDZLQJ�VXUIDFH�IRU�WKH�UHJLVWUDWLRQ�JUDSK�

• 6WDWXV� %DU�� 6KRUW� H[SODQDWLRQV� RI� FRPPDQGV� DUH� OLVWHG� LQ� WKH� VWDWXV� EDU� DUHD�ZKHQ� WKH

XVHU�PRYHV�WKH�PRXVH�RYHU�D�FRPPDQG�RQ�WKH�PHQXV�

Drawing Area

Tool Bar
Menu Bar

Status Bar

)LJXUH�$����0DLQ�ZLQGRZ�RI�WKH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP�
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$GGLQJ�5LJLG�%RGLHV

7R� DGG� ULJLG� ERGLHV� WR� WKH� GUDZLQJ� DUHD�� VHOHFW� WKH�Add Rigid Bodies� WRRO� IURP� WKH�Tools

PHQX�RU�WKH�WRRO�EDU��8VH�WKH�PRXVH�FXUVRU�WR�ILUVW�SLFN�WKH�XSSHU�OHIW�FRUQHU�IRU�WKH�ULJLG

ERG\� UHFWDQJOH�� 'HSUHVV� WKH� OHIW� PRXVH� EXWWRQ� DQG� GUDJ� WKH� ORZHU� ULJKW� FRUQHU� RI� WKH

UHFWDQJOH�WR�WKH�GHVLUHG�SRVLWLRQ��2QFH�WKH�PRXVH�EXWWRQ�LV�UHPRYHG��D�GLDORJ�ER[�DSSHDUV

LQ�ZKLFK� WKH�QDPH�RI� WKH� ULJLG�ERG\� FDQ�EH� HGLWHG��7XWRULDO��$GG� WZR� ULJLG� ERGLHV�� ´&7µ� DQG

´)HPXUµ��DV�VKRZQ�LQ�)LJXUH�$��

)LJXUH�$����$GGLQJ�ULJLG�ERGLHV�WR�WKH�UHJLVWUDWLRQ�JUDSK�
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$GGLQJ�)HDWXUHV

7R�DGG�IHDWXUHV�WR�WKH�ULJLG�ERGLHV��VHOHFW�WKH�Add Features�WRRO�IURP�WKH�Tools�PHQX�RU�WKH

WRRO� EDU�� 8VH� WKH� PRXVH� FXUVRU� WR� SUHVFULEH� WKH� ORFDWLRQ� RI� WKH� IHDWXUH� LQ� D� ULJLG� ERG\

UHFWDQJOH�� :KLOH� WKH� OHIW� EXWWRQ� LV� KHOG�� WKH� IHDWXUH� FDQ� EH� PRYHG� DURXQG� ZLWKLQ� WKH

UHFWDQJOH��2QFH�WKH�PRXVH�EXWWRQ� LV�UHPRYHG��D�GLDORJ�ER[�DSSHDUV� LQ�ZKLFK� WKH�QDPH�RI

WKH� IHDWXUH� FDQ� EH� HGLWHG��7XWRULDO��$GG� WKH� IHDWXUH� ´EDVHµ� WR� WKH� &7� ULJLG� ERG\� DQG� WKH� IHDWXUHV

´ILGXFLDO�SLQVµ�DQG�´UHVHFWLRQµ�WR�WKH�)HPXU�ULJLG�ERG\��DV�VKRZQ�LQ�)LJXUH�$��

)LJXUH�$����$GGLQJ�IHDWXUHV�WR�WKH�ULJLG�ERGLHV�
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$GGLQJ�'LUHFW�/LQNV

7R�DGG�GLUHFW�OLQNV�EHWZHHQ�IHDWXUHV��VHOHFW�WKH�Add Direct Link�WRRO�IURP�WKH�Tools�PHQX�RU

WKH�WRRO�EDU��8VH�WKH�PRXVH�FXUVRU�WR�FOLFN�WKH�VWDUW�IHDWXUH�RI�WKH�OLQN��:KLOH�WKH�OHIW�EXWWRQ

LV�KHOG��D�´UXEEHU�EDQGµ�DSSHDUV�DQG�WKH�HQGSRLQW�FDQ�EH�PRYHG�DURXQG��:KHQ�WKH�PRXVH

FXUVRU� LV� RYHU� WKH� GHVLUHG� HQG� IHDWXUH�� UHOHDVH� WKH� OHIW� EXWWRQ��2QFH� WKH�PRXVH� EXWWRQ� LV

UHPRYHG��D�GLDORJ�ER[�DSSHDUV�RQ�ZKLFK�WKH�PDQ\�RI�WKH�OLQNV�DWWULEXWHV�FDQ�EH�FKDQJHG�

7KH�GLDORJ�ER[�LV�XVHG�WR�FKDQJH�

• /LQN�'LUHFWLRQ�� 8VH� WKH� Swap� EXWWRQ� WR� LQWHUFKDQJH� WKH� VWDUW� DQG� ILQLVK� IHDWXUHV�� 7KH

PHDQ� DQG� VWDQGDUG� GHYLDWLRQ� PHDVXUHPHQWV� ZLOO� EH� GHILQHG� ZLWK� UHVSHFW� WR� WKH� VWDUW

IHDWXUH·V�FRRUGLQDWH�IUDPH�

• 0HDQ��(QWHU�WKH�PHDQ�PHDVXUHPHQWV�LQ�D�VWDQGDUG�XQLW�RI�OHQJWK�PHDVXUH�IRU�[��\��DQG�]�

DQG�LQ�GHJUHHV�IRU�φ��θ��DQG�ψ�

• 6WG�'HY��(QWHU�WKH�VWDQGDUG�GHYLDWLRQ�PHDVXUHPHQWV�LQ�D�VWDQGDUG�XQLW�RI�OHQJWK�PHDVXUH

IRU�[��\��DQG�]��DQG�LQ�GHJUHHV�IRU�φ��θ��DQG�ψ�

• $QJXODU� 5HSUHVHQWDWLRQ�� &KRRVH� UROO�� SLWFK�� \DZ� �53<�� RU� (XOHU� UHSUHVHQWDWLRQV� IRU� WKH

WKUHH� DQJOHV�� �1RWH��7KHVH� EXWWRQV� FXUUHQWO\� KDYH� QR� HIIHFW��7KH� SURJUDP�XVHV� RQO\� D

53<�UHSUHVHQWDWLRQ��

• (YHQW�7DJV��$GG�RU�GHOHWH�ERWK�WUDQVLHQW��¶W·��RU�VXVWDLQHG��¶V·��HYHQW�WDJV�WR�WKH�OLQN��7KH

OLVW�RI�WDJV�LV�GLVSOD\HG�LQ�WKH�Tag List�ILHOG�

7XWRULDO��$GG�WZR�GLUHFW�OLQNV�WR�WKH�UHJLVWUDWLRQ�JUDSK��7KH�ILUVW�VWDUWV�DW�WKH�&7���EDVH�IHDWXUH�DQG�HQGV�DW

WKH�)HPXU���ILGXFLDO�SLQV�IHDWXUH��DQG�KDV�PHDQ� ���PP���PP���PP���������������VWG�GHY� ������PP�
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����PP������PP������������������������DQG�D�VLQJOH�HYHQW� WDJ� ¶�W·��7KH�VHFRQG� OLQN�VWDUWV�DW� WKH�&7��

EDVH�IHDWXUH�DQG�HQGV�DW�WKH�)HPXU���UHVHFWLRQ�IHDWXUH��DQG�KDV�PHDQ� ���PP���PP�����PP��������������

VWG�GHY� ���PP���PP���PP���������������DQG�D�VLQJOH�HYHQW�WDJ�¶�W·��7KHVH�DUH�WKH�VDPH�PHDVXUHPHQWV�XVHG

WKH�FDVH�VWXG\�LQ�&KDSWHU����6HH��)LJXUH�$��

)LJXUH�$����$GGLQJ�GLUHFW�OLQNV�WR�WKH�UHJLVWUDWLRQ�JUDSK�
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'UDZLQJ�,QGXFHG�/LQNV

7R�DGG�LQGXFHG�OLQNV�EHWZHHQ�IHDWXUHV��VHOHFW�WKH�Add Induced Link�WRRO�IURP�WKH�Tools�PHQX

RU�WKH�WRRO�EDU��8VH�WKH�PRXVH�FXUVRU�WR�FOLFN�WKH�VWDUW�IHDWXUH�RI�WKH�OLQN��,QGXFHG�OLQNV�DUH

GUDZQ�LQ�WKH�VDPH�PDQQHU�DV�GLUHFW�OLQNV��2QFH�WKH�PRXVH�EXWWRQ�LV�UHPRYHG��D�GLDORJ�ER[

DSSHDUV�RQ�ZKLFK�WKH�PDQ\�RI�WKH�OLQNV�DWWULEXWHV�FDQ�EH�FKDQJHG�

:KLOH�WKH�GLUHFW�OLQN�GLDORJ�DOORZV�HQWU\�RI�PHDQV�DQG�VWDQGDUG�GHYLDWLRQV��WKH�LQGXFHG

OLQN� GLDORJ� VLPSO\� UHSRUWV� WKH� PHDQV� DQG� FRYDULDQFH� PDWUL[� FDOFXODWHG� XVLQJ� WKH

FRPSRXQGLQJ�PHWKRGV�GHVFULEHG�LQ�&KDSWHU����$V�ZLWK�WKH�GLUHFW�OLQN��WKH�GLUHFWLRQ�RI�WKH

LQGXFHG�OLQN�FDQ�EH�FKDQJHG��WKH�DQJXODU�UHSUHVHQWDWLRQ�FDQ�EH�VHOHFWHG��DOWKRXJK�GLVDEOHG�LQ

FXUUHQW�YHUVLRQ���DQG�HYHQW�WDJV�FDQ�EH�DGGHG�DQG�UHPRYHG��7XWRULDO��$GG�DQ�LQGXFHG�OLQN�IURP

WKH�)HPXU���ILGXFLDO�SLQV�IHDWXUH�WR�WKH�)HPXU���UHVHFWLRQ�IHDWXUH��ZLWK�DQ�HYHQW�WDJ�RI�¶�V·��6HH�)LJXUH�$��

(GLWLQJ�WKH�5HJLVWUDWLRQ�*UDSK

2QFH� WKH�JUDSK� LV�GUDZQ�� DWWULEXWHV�RI� HDFK�REMHFW� FDQ�EH� LQWHUDFWLYHO\� FKDQJHG��7R�ZRUN

ZLWK� H[LVWLQJ� REMHFWV�� VHOHFW� WKH�Select Objects� WRRO� IURP� WKH� 7RROV� PHQX� RU� WKH� WRRO� EDU�

$OWHUQDWLYHO\�� WKH�Select Objects� WRRO�FDQ�EH�VHOHFWHG�E\�FOLFNLQJ�RQ�DQG�HPSW\�SDUW�RI� WKH

GUDZLQJ�DUHD�

$Q�REMHFW�LV�KLJKOLJKWHG�VLPSO\�E\�FOLFNLQJ�RQ�LW��7R�DFFHVV�WKH�REMHFWV�GLDORJ�ER[��HLWKHU

VHOHFW�WKH�Edit Object Attributes�FRPPDQG�IURP�WKH�(GLW�PHQX��RU�GRXEOH�FOLFN�WKH�REMHFW��$Q

REMHFW� FDQ� EH� UHPRYHG� IURP� WKH� JUDSK� E\� ILUVW� KLJKOLJKWLQJ� LW� DQG� WKHQ� VHOHFWLQJ� 'HOHWH

2EMHFW�IURP�WKH�(GLW�PHQX��RU�E\�SUHVVLQJ�WKH�Delete�NH\�
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)LJXUH�$���$GGLQJ�DQ�LQGXFHG�OLQN�WR�WKH�UHJLVWUDWLRQ�JUDSK�
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5HJLVWUDWLRQ�*UDSK�)LOH�)RUPDW

7R� VWXG\� WKH� HOOLSVHV� REWDLQHG� IURP� WKH� FRYDULDQFH� PDWUL[�� LW� LV� QHFHVVDU\� WR� H[WUDFW� WKH

FRYDULDQFHV� IURP� WKH� UHJLVWUDWLRQ� JUDSK� ILOH�� 7KH� ILOH� LV� VWRUHG� DV� SODLQ� $6&,,�� 7KH� FODVV

OLEUDU\�FRQWDLQV� IXQFWLRQV� WKDW�RSHQ� D� JUDSK� ILOH� DQG� FUHDWH� D� UHJLVWUDWLRQ�JUDSK�E\� DGGLQJ

REMHFWV�WR�D�RGGraph�REMHFW�EDVHG�RQ�WKH�LQIRUPDWLRQ�SDUVHG�IURP�WKH�ILOH��7KH�ILOH�LV�HDVLO\

RSHQHG�ZLWK�DQ\�SURJUDP�WKDW�FDQ�UHDG�WH[W�ILOHV��:KLOH�WKH�ILOH�FDQ�EH�HGLWHG�DV�$6&,,��LW�LV

UHFRPPHQGHG�WKDW�FKDQJHV�EH�PDGH�VROHO\�ZLWK�WKH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP�

7KH� ILOH� ILUVW� FRQWDLQV� DOO� RI� WKH� JUDSK·V� ULJLG� ERGLHV� DQG� IHDWXUHV�� 7KH� ILOH� OLVWLQJ

DOWHUQDWHV�EHWZHHQ�D�ULJLG�ERG\�GHVFULSWLRQ�DQG�D�VHW�RI�IHDWXUH�GHVFULSWLRQV��)HDWXUHV�EHORQJ

WR� WKH� ULJLG� ERG\� WKDW� LPPHGLDWHO\� SUHFHGHV� LW�� $IWHU� DOO� ULJLG� ERGLHV� DQG� IHDWXUHV� DUH

GHVFULEHG�� D� VLPLODU� WHFKQLTXH� LV� XVHG� WR� GHVFULEH� OLQNV� DQG� HYHQW� WDJV�� 7KH� ILOH� OLVWLQJ

DOWHUQDWHV�EHWZHHQ�D�OLQN�GHVFULSWLRQ�DQG�D�VHW�RI�HYHQW�WDJ�GHVFULSWLRQV��ZKHUH�WKH�HYHQW�WDJV

EHORQJ� WR� WKH� OLQN� LPPHGLDWHO\� SUHFHGLQJ�� :KDW� IROORZV� LV� WKH� ILOH� OLVWLQJ� IRU� WKH� JUDSK

FRQVWUXFWHG�LQ�WKLV�FKDSWHU��,QVSHFWLRQ�RI�WKH�ILOH�UHYHDOV�WKDW�LW�LV�UHODWLYHO\�HDV\�WR�UHDG�

[RigidBody]
Name=CT
TopLeft=37,84
BottomRight=160,200
[Feature]
Name=base
Center=64,145

[RigidBody]
Name=Femur
TopLeft=309,33
BottomRight=515,239
[Feature]
Name=fiducial pins
Center=344,72
[Feature]
Name=resection
Center=342,205



��

[Link]
Type=Direct
Start=CT:base
Finish=Femur:fiducial pins
Mean=       0.0     0.0     0.0     0.0     0.0     0.0
Covariance= 0.0625  0.0     0.0     0.0     0.0     0.0
            0.0     0.0625  0.0     0.0     0.0     0.0
            0.0     0.0     0.0625  0.0     0.0     0.0
            0.0     0.0     0.0     0.0225  0.0     0.0
            0.0     0.0     0.0     0.0     0.0225  0.0
            0.0     0.0     0.0     0.0     0.0     0.0625

[Link]
Type=Direct
Start=CT:base
Finish=Femur:resection
Mean=       0.0     0.0   -30.0     0.0     0.0     0.0
Covariance= 0.0     0.0     0.0     0.0     0.0     0.0
            0.0     0.0     0.0     0.0     0.0     0.0
            0.0     0.0     0.0     0.0     0.0     0.0
            0.0     0.0     0.0     0.0     0.0     0.0
            0.0     0.0     0.0     0.0     0.0     0.0
            0.0     0.0     0.0     0.0     0.0     0.0

[Link]
Type=Induced
Start=Femur:fiducial pins
Finish=Femur:resection
Path=Femur:fiducial pins,CT:base,Femur:resection
Mean=       0.0     0.0   -30.0     0.0     0.0     0.0
Covariance= 0.0687  0.0     0.0     0.0    -0.0118  0.0
            0.0     0.0796  0.0     0.0     0.0     0.0327
            0.0     0.0     0.0625  0.0     0.0     0.0
            0.0     0.0     0.0     0.0225  0.0     0.0
           -0.0118  0.0     0.0     0.0     0.0225  0.0
            0.0     0.0327  0.0     0.0     0.0     0.0625
[EventTag]
Type=Sustained
Value=1

[End]

7KH�FRYDULDQFHV�IRU�WKH�LQGXFHG�OLQN�FDQ�EH�HDVLO\�FXW�DQG�SDVWHG�WR�QHZ�ILOHV�IRU�IXUWKHU

DQDO\VLV�LQ�D�SURJUDP�VXFK�DV�0DW/DE��7KH�HOOLSVH�SDUDPHWHU�HTXDWLRQV�RI�6HFWLRQ�����FDQ�EH

HPSOR\HG�WR�GHULYH�WKH�HUURU�HOOLSVHV��$�IXWXUH�YHUVLRQ�RI�WKH�5HJLVWUDWLRQ�*UDSKHU�SURJUDP

PD\�LQFOXGH�HUURU�HOOLSVH�UHQGHULQJ�
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%LEOLRJUDSK\

>�@ 7��&��.LHQ]OH�,,,��6��'��6WXOEHUJ��0��3HVKNLQ��$��4XDLG��-��/HD��$��*RVZDPL��&��+��:X�

¶$� &RPSXWHU�$VVLVWHG� 7RWDO� .QHH� 5HSODFHPHQW� 6XUJLFDO� 6\VWHP� 8VLQJ� D� &DOLEUDWHG

5RERW�·�&RPSXWHU�$VVLVWHG�6XUJHU\��5��+��7D\ORU��6��/DYDOOpH��*��%XUGHD��5��0|VJHV��HGV��

0,7�3UHVV��&DPEULGJH��0DVV��������

>�@ -�� 7�� /HD�� '�� :DWNLQV�� $�� 0LOOV�� 0�� $�� 3HVKNLQ�� 7�� &�� .LHQ]OH� ,,,�� 6�� '�� 6WXOEHUJ�

¶5HJLVWUDWLRQ� DQG� ,PPRELOL]DWLRQ� IRU�5RERW�$VVLVWHG�2UWKRSDHGLF� 6XUJHU\�·� -RXUQDO� RI

,PDJH�*XLGHG�6XUJHU\�������SS���������:LOH\�/LVV��,QF��������

>�@ 5��+��7D\ORU��%��'��0LWWHOVWDGW��+��$��3DXO��:��+DQVRQ��3��.D]DQ]LGHV��-��)��=XKDUV��%�

:LOOLDPVRQ�� %�� /��0XVLWV�� (�� *ODVVPDQ��:�� /�� %DUJDU�� ¶$Q� ,PDJH�'LUHFWHG� 5RERWLF

6\VWHP�IRU�3UHFLVH�2UWKRSDHGLF�6XUJHU\�·�,(((�7UDQVDFWLRQV�RQ�5RERWLFV�DQG�$XWRPDWLRQ�

��������������

>�@ 3��.D]DQ]LGHV��-��=XKDUV��%��0LWWHOVWDGW��%��:LOOLDPVRQ��3��&DLQ��)��6PLWK��/��5RVH��%�

0XVLWV�� ¶$UFKLWHFWXUH�RI�D�6XUJLFDO�5RERW�·�3URFHHGLQJV�RI� WKH�,(((�&RQIHUHQFH�RQ�6\VWHPV�

0DQ��DQG�&\EHUQHWLFV��&KLFDJR��,/��2FWREHU������

>�@ +�$��3DXO��:�/��%DUJDU��%��0LWWHOVWDGW��3��.D]DQ]LGHV��%��0XVLWV��-��=XKDUV��3��:��&DLQ�

%��:LOOLDPVRQ�� )��*�� 6PLWK�� ¶5RERWLF�([HFXWLRQ� RI� D� 6XUJLFDO� 3ODQ�·�3URFHHGLQJV� RI� WKH

,(((�&RQIHUHQFH�RQ�6\VWHPV��0DQ��DQG�&\EHUQHWLFV��&KLFDJR��,/��2FWREHU������

>�@ 3��.D]DQ]LGHV�� -��=XKDUV��%��0LWWHOVWDGW��5��7D\ORU�� ¶)RUFH�6HQVLQJ�DQG�&RQWURO� IRU�D

6XUJLFDO� 5RERW�·� 3URFHHGLQJV� RI� WKH� ,(((� &RQIHUHQFH� RQ� 5RERWLFV� DQG� $XWRPDWLRQ�� 1LFH�

)UDQFH��0D\������



��

>�@ 5��'��%XFKRO]��.��5��6PLWK��-��+HQGHUVRQ��/��0F'XUPRQW��¶,QWUDRSHUDWLYH�/RFDOL]DWLRQ

XVLQJ� D� 7KUHH� 'LPHQVLRQDO� 2SWLFDO� /RFDOL]HU�·� 3URFHHGLQJV� RI� WKH� )LUVW� ,QWHUQDWLRQDO

6\PSRVLXP� RQ� 0HGLFDO� 5RERWLFV� DQG� &RPSXWHU� $VVLVWHG� 6XUJHU\�� ��������� 3LWWVEXUJK�� 3$�
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