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:H�LQWURGXFH�WKH�UHJLVWUDWLRQ�JUDSK��ZKLFK�LV�D�YLVXDO�GLDJUDP�RI�WKH�PHWKRG
E\� ZKLFK� UHJLVWUDWLRQ� RI� D� FRPSXWHU�DVVLVWHG� VXUJHU\� V\VWHP� LV� DFFRPSOLVKHG�
7KH�UHJLVWUDWLRQ�JUDSK�LV�XVHIXO�DV�D�XQDPELJXRXV�TXDOLWDWLYH�GHVFULSWLYH�WRRO�
DQG� DOVR� PD\� EH� XVHG� WR� GULYH� D� TXDQWLWDWLYH� HUURU� DQDO\VLV�� %RWK� XVHV� DUH
LOOXVWUDWHG�LQ�WKLV�SDSHU�
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&RPSXWHU�DVVLVWHG� VXUJLFDO� V\VWHPV�PXVW� EULQJ� GLDJQRVWLF� LPDJHV�� VXUJLFDO
SODQV�� SDWLHQW� DQDWRP\�� VXUJLFDO� WRROV�� URERW� FRRUGLQDWH� V\VWHPV�� DQG� RWKHU
FRPSRQHQWV� LQWR� DFFXUDWH� DOLJQPHQW� ZLWK� RQH� DQRWKHU�� 'LYHUVH� UHJLVWUDWLRQ
SURFHGXUHV� KDYH� EHHQ� GHYLVHG�� HDFK� XQLTXH� GXH� WR� WKH� FKDUDFWHULVWLFV� RI� WKH
KDUGZDUH�XVHG�DQG�WKH�GHPDQGV�RI�WKH�VXUJHU\�WR�EH�SHUIRUPHG��7KH�YDULHW\�RI
UHJLVWUDWLRQ�PHWKRGV�PDNHV�LW�GLIILFXOW�WR�YHUEDOO\�FRPPXQLFDWH�WKH�ILQHU�SRLQWV
RI� DQ\� SDUWLFXODU� UHJLVWUDWLRQ� VWUDWHJ\�� DQG� WKH� QXPHURXV� UHJLVWUDWLRQ� VWHSV
W\SLFDOO\�FRPSOLFDWH�DWWHPSWV�DW�ULJRURXV�DQDO\VLV�

$� PHWKRG� IRU� GLDJUDPPLQJ� UHJLVWUDWLRQ� VWUDWHJLHV� PDNHV� GHVFULSWLRQV
VWUDLJKWIRUZDUG� DQG� VLPSOLILHV� DQDO\VLV�� :H� KDYH� GHYHORSHG� D� QRWDWLRQ� ZKLFK
XVHV�D�JUDSK�WKHRUHWLF�IUDPHZRUN�DQG�FDQ�EH�XVHG�WR�LOOXVWUDWH�WKH�DUFKLWHFWXUH
RI�D�UHJLVWUDWLRQ�VWUDWHJ\�DV�ZHOO�DV�SHUIRUP�D�UXGLPHQWDU\�HUURU�DQDO\VLV�
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0DQ\� JUDSKLFDO� WHFKQLTXHV� ZHUH� WHVWHG� GXULQJ� WKH� GHYHORSPHQW� RI� WKH
UHJLVWUDWLRQ� JUDSK�� 7KH� RQO\� UHSUHVHQWDWLRQ� ZH� IRXQG� VDWLVIDFWRU\� PHOGHG� WKH
YLVXDO� WHFKQLTXHV�RI�GDWD� IORZ�GLDJUDPV� >�@�DQG�3HWUL�QHWV� >�@�ZLWK�WKH� VSDWLDO
WUDQVIRUPDWLRQ�QHWZRUNV�FRPPRQO\�XVHG�LQ�URERWLFV�DQG�FRPSXWHU�JUDSKLFV�>�@�
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7KH�DXWKRUV�FDQ�EH�FRQWDFWHG�YLD�H�PDLO�DW�MRQOHD#VXUJLFDOLQVLJKWV�FRP�DQG�SHVKNLQ#QZX�HGX�
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5HJLVWUDWLRQ� JUDSKV� DV� D� GHVFULSWLYH� WRRO�PD\� EH� GUDZQ� E\� KDQG�� LW� LV� QRW
QHFHVVDULO\�D� FRPSXWHU�EDVHG� WHFKQLTXH��+RZHYHU� IRU�TXDQWLWDWLYH�DQDO\VLV�ZH
KDYH�LPSOHPHQWHG�UHJLVWUDWLRQ�JUDSKV�DV�D�&���OLEUDU\�DQG�JUDSKLFDO��0LFURVRIW
:LQGRZV��������17��SURJUDP��7KH�&���OLEUDU\�LV�VLPSOH�DQG�HIILFLHQW��DQG�PD\
EH�H[WHQGHG�HDVLO\�E\�SURJUDPPHUV��7KH�JUDSKLFDO�SURJUDP�SURYLGHV�D�PHDQV�WR
LQWHUDFWLYHO\�H[SORUH�DQG�GHVLJQ�D�UHJLVWUDWLRQ�VWUDWHJ\�YLD�D�UHJLVWUDWLRQ�JUDSK�

���� 'UDZLQJ�WKH�JUDSK
7KH�UHJLVWUDWLRQ�JUDSK�FRQVLVWV�RI�WZR�SULPDU\�HOHPHQWV��IHDWXUHV��VKRZQ�DV

FLUFOHV��� UHSUHVHQWLQJ� REMHFWV� RU� SDUWV� RI� REMHFWV�� DQG� OLQNV� �VKRZQ� DV� OLQHV��
UHSUHVHQWLQJ� PHDVXUHPHQW� DFWLRQV� �6HH� )LJXUH� ���� )HDWXUHV� DUH� JURXSHG
ORJLFDOO\�ZLWKLQ�ULJLG�ERGLHV��/LQNV�FRQQHFW�DQ\�WZR�IHDWXUHV��DQG�DUH�FODVVLILHG
DV� RQH� RI� WZR� W\SHV�� GLUHFW� OLQNV� �VKRZQ� VROLG�� UHSUHVHQWLQJ� DQ� DFWXDO
PHDVXUHPHQW�� DQG� LQGXFHG� OLQNV� �VKRZQ�GDVKHG�� UHSUHVHQWLQJ� D�PHDVXUHPHQW
GHULYHG�IURP�D�FRQQHFWHG�VXEJUDSK�RI�RWKHU�OLQNV�

/LQNV� FRQWDLQ� WHPSRUDO�YDOLGLW\�PDUNHUV�� FDOOHG�HYHQW� WDJV��ZKLFK�SUHVFULEH
WKH� OLIHVSDQ� RI� WKH� OLQN� PHDVXUHPHQW�� 7KHVH� DUH� VKRZQ� DV� D� QXPEHU�OHWWHU
FRPELQDWLRQ�� ZKHUH� WKH� QXPEHU� VLJQLILHV� WKH� ´WLPH� SHULRGµ� ZKHQ� WKH� OLQN
EHFRPHV�YDOLG��$�OHWWHU�W�GHQRWHV�WKDW�WKH�OLQN�LV�WUDQVLHQW��WKDW�LV��YDOLG�RQO\�IRU
LWV�LQLWLDO�WLPH�SHULRG��ZKHUHDV�D�OHWWHU�V�LQGLFDWHV�WKH�OLQN·V�YDOLGLW\�LV�VXVWDLQHG
WKURXJKRXW�VXEVHTXHQW�WLPH�SHULRGV�

)LJXUH����5HJLVWUDWLRQ�JUDSK�RI�WKH�1RUWKZHVWHUQ�8QLYHUVLW\�&7�URERWLF�V\VWHP�



$Q� LQGXFHG� OLQN·V� YLDELOLW\� LV� WHVWHG� E\� D� VHW� RI� UXOHV� JRYHUQLQJ� HYHQW� WDJ
´VXPPDWLRQµ�DQG�WUDYHUVDO�RI�WKH�OLQN·V�VXEJUDSK��,I�DOO�OLQNV�RI�D�VXEJUDSK�DUH
QRW� FR�YDOLG�� WKH� LQGXFHG� OLQN� LV� IODJJHG� DV� LPSDVVDEOH�� ,Q� WKLV� PDQQHU�� WKH
IHDVLELOLW\�RI�UHJLVWUDWLRQ�EHWZHHQ��IRU�LQVWDQFH��D�SDWLHQW·V�ERQH�DQG�D�VXUJLFDO
WRRO�WKURXJK�ERWK�GLUHFW�DQG�LQGXFHG�OLQNV�FDQ�EH�GHWHUPLQHG�

���� &RPSXWLQJ�HUURUV
7R� SURYLGH� TXDQWLWDWLYH� DV� ZHOO� DV� TXDOLWDWLYH� DQDO\VLV� RI� D� UHJLVWUDWLRQ

VWUDWHJ\�� D�PRGHO� IRU� SURSDJDWLQJ�PHDVXUHPHQW�XQFHUWDLQWLHV� WKURXJK� OLQNV� LV
LQFRUSRUDWHG� LQWR� WKH� UHJLVWUDWLRQ� JUDSK�� 0DQ\� WHFKQLTXHV� H[LVW�� QRWDEO\
JHRPHWULF� XQFHUWDLQWLHV� RI� 7D\ORU� >�@� DQG� WKH� PRUH� FRPPRQ� VWDWLVWLFDO
XQFHUWDLQWLHV�� 8VLQJ� WKH� VHFRQG� WHFKQLTXH�� OLQNV� WKHQ� UHSUHVHQW� WKH� ILUVW� DQG
VHFRQG� VWDWLVWLFDO�PRPHQWV� ��PHDQ�DQG� FRYDULDQFH� �� RI� D�PHDVXUHPHQW��'LUHFW
OLQNV� LQWULQVLFDOO\� FRQWDLQ� WKLV� LQIRUPDWLRQ� VLQFH� WKH\� UHSUHVHQW� DFWXDO
PHDVXUHPHQWV�� ,QGXFHG� OLQNV� GHULYH� WKHVH� TXDQWLWLHV� IURP� WKH� FRQQHFWHG
VXEJUDSK� RI� OLQNV� WKDW� YDOLGDWHV� WKH� LQGXFHG� OLQN��&RPSXWDWLRQ� RI� DQ� LQGXFHG
OLQN·V�PHDQ� DQG� FRYDULDQFH� UHTXLUHV� WKDW� LWV� VXEJUDSK� EH� UHGXFHG� WR� D� VLQJOH
HTXLYDOHQW�PHDQ�DQG�FRYDULDQFH�

7KH� PHWKRGV� RI� 6PLWK� DQG� &KHHVHPDQ� >�@� IRU� FRPELQLQJ� PHDQV� DQG
FRYDULDQFHV�ERWK� LQ� VHULDO� �IRU� OLQNV� FRQQHFWHG� HQG� WR� HQG�� DQG� LQ� SDUDOOHO� �IRU
WZR�OLQNV�VKDULQJ�WKH�VDPH�VWDUW�DQG�HQG�IHDWXUHV��DUH�XVHG�WR�DFFRPSOLVK�WKLV
UHGXFWLRQ��:KLOH�WKH�JRYHUQLQJ�HTXDWLRQV�DUH�UDWKHU�FRPSOH[��LW�LV�LQWHUHVWLQJ�WR
QRWH� WKDW� WKH� UHGXFWLRQ� RI� D� QHWZRUN� RI� FRYDULDQFHV� EHKDYHV� VLPLODUO\� WR
HTXLYDOHQW�UHVLVWDQFH�UHGXFWLRQ�LQ�HOHFWULFDO�FLUFXLW�WKHRU\��FRYDULDQFHV�FRPELQHG
LQ� VHULDO� UHVXOW� LQ� D� ODUJHU� FRYDULDQFH�� ZKHUHDV� WZR� FRYDULDQFHV� FRPELQHG� LQ
SDUDOOHO�UHVXOW�LQ�D�FRYDULDQFH�VPDOOHU�WKDQ�HLWKHU�RULJLQDO�FRYDULDQFH�
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7KH� UHJLVWUDWLRQ� VWUDWHJ\� RI� D� URERWLF�&7� FRPSXWHU�DVVLVWHG� VXUJHU\� V\VWHP
IRU� WRWDO� NQHH� UHSODFHPHQW� >�@� LV� VKRZQ� LQ� )LJXUH� ��� 7KLV� V\VWHP� EHDUV�PDQ\
VLPLODULWLHV�WR�RWKHU�ZRUNV��QRWDEO\�WKH�5RER'RF�V\VWHP�IRU�KLS�DUWKURSODVW\�>�@
DQG�D�V\VWHP�IRU�NQHH�DUWKURSODVW\�GHYHORSHG�DW�5L]]ROL�,QVWLWXWHV�>�@�

���� 0RGHOLQJ�RI�WKH�VXUJHU\�V\VWHP
7KH�UHJLVWUDWLRQ�JUDSK� LQ�)LJXUH��� FDQ�EH� LQWHUSUHWHG�DV�EHLQJ�PDGH�XS� RI

VXEJUDSKV� FRUUHVSRQGLQJ� WR� WKUHH� GLVWLQFW� SKDVHV�� XVLQJ� WKH� FRRUGLQDWH
PHDVXULQJ�PDFKLQH��&00��WR�PHDVXUH�IHDWXUHV�RI�WKH�HQG�HIIHFWRU��ULJKW�VLGH�RI
JUDSK��� XVLQJ� FRPSXWHG� WRPRJUDSK\� �&7�� WR� VFDQ� WKH� SDWLHQW·V� IHPXU� DQG
SUHRSHUDWLYHO\�SODQ�WKH�SODFHPHQW�RI�UHVHFWLRQV��OHIW�VLGH�RI�JUDSK���DQG�ILQDOO\�
WKH�LQWUDRSHUDWLYH�H[HFXWLRQ�RI�WKH�VXUJLFDO�SODQ�XVLQJ�D�URERW��PLGGOH�RI�JUDSK��

7KH� PHDQV� DQG� YDULDQFHV� RI� WKH� GLUHFW� OLQNV� DUH� DVVLJQHG� YDOXHV� WKDW
UHSUHVHQW�WKH�VHWXS�RI�WKH�V\VWHP�LQ�SUDFWLFH��7KH�PHDQ�YDOXHV�DUH�QRW�GLVFXVVHG
KHUH� EXW� FDQ� EH� IRXQG� LQ� >�@�� $� EULHI� V\QRSVLV� RI� WKH� DVVXPHG� YDULDQFHV� LV



LOOXVWUDWLYH��WKH�&00�LV�DFFXUDWH�ZLWKLQ�����PP�DQG�������VFDQQLQJ�WKH�SDWLHQW
LV� DFFXUDWH�ZLWKLQ� �����PP�DQG� ������� ������� ������ DERXW� WKH� [�� \�� DQG� ]� D[HV
�GLIIHUHQFHV� LQ� DQJXODU� YDULDQFHV� DUH� GXH� WR� WKH� FRRUGLQDWH� IUDPH� DVVLJQPHQW
PHWKRG��� WKH� URERW� LV� DFFXUDWH�ZLWKLQ� �����PP�� ������ DQG� WKH� >(1'� ())(&725� �
SUREH@�WR�>)(085���ILGXFLDO�SLQV@�RSHUDWLRQ�LV�DFFXUDWH�ZLWKLQ�����PP�DQG������

���� ,QWHUSUHWDWLRQ�RI�HUURUV
)LJXUH� �� OLVWV� WKH� VWDQGDUG� GHYLDWLRQV� �VTXDUH� URRWV� RI� WKH� YDULDQFHV�� DQG

VKRZV�WKH�FRYDULDQFH�HOOLSVHV�IRU�WKH�ILQDO�UHJLVWUDWLRQ�OLQN���>)(085���UHVHFWLRQ@
WR�>(1'�())(&725���FXWWLQJ�JXLGH@��$OWKRXJK�DOO�GLUHFW�OLQNV�LQ�WKH�JUDSK�FRQWDLQ
RQO\� LQGHSHQGHQW�YDULDQFHV� �L�H��� FRYDULDQFHV�DUH�]HUR��� WKH�FRPELQHG�YDULDQFHV
RI� WKLV� LQGXFHG� OLQN·V� VXEJUDSK� \LHOG� VLJQLILFDQW� FRYDULDQFHV�� ZKRVH� GHJUHH� RI
FURVV�GHSHQGHQFH� LV� LQGLFDWHG� E\� WKH� DQJXODU� VODQW� RI� WKH� HUURU� HOOLSVHV�� 7KH
UHVXOWV� DOVR� VKRZ� WKDW� WKH� UHJLVWUDWLRQ� JUDSK� DQDO\VLV� LV� FRQVLVWHQW� ZLWK� WKH
UHJLVWUDWLRQ�DFFXUDFLHV�REVHUYHG�LQ�SUDFWLFH��DSSUR[LPDWHO\������PP���������

)LJXUH� ��� (UURU� HOOLSVHV� IRU� WKH� ILQDO� UHJLVWUDWLRQ� OLQN� �� >)(085� �� UHVHFWLRQ@� WR
>(1'�())(&725���FXWWLQJ�JXLGH@���RI�WKH�UHJLVWUDWLRQ�JUDSK�LQ�)LJXUH���
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7KH� UHJLVWUDWLRQ� JUDSK� LV� DQ� HIIHFWLYH� WRRO� IRU� XQGHUVWDQGLQJ� FXUUHQW
UHJLVWUDWLRQ�PHWKRGV�DV�ZHOO�DV�LQYHVWLJDWLQJ�QHZ�RQHV��,W�SURYHV�WR�EH�XVHIXO�IRU
DQDO\]LQJ� WKH� DFFXUDF\� RI� D� FRPSXWHU�DVVLVWHG� VXUJHU\� V\VWHP�� DQG� LV
FRPSOHPHQWDU\� WR� GHWDLOHG� DQDO\VLV� RI� UHJLVWUDWLRQ� DOJRULWKPV� >��@>��@� XVHG� WR
FRUUHODWH�LPDJH�GDWD�ZLWK�DQDWRP\�LQWUDRSHUDWLYHO\�

7KH� OLEUDU\� DQG� JUDSKLFDO� SURJUDP� DV� ZHOO� DV� IXUWKHU� GRFXPHQWDWLRQ� DUH
DYDLODEOH� RQOLQH� DW� WKH� ZHEVLWH� RI� WKH� /DERUDWRU\� IRU� ,QWHOOLJHQW� 0HFKDQLFDO
6\VWHPV��KWWS���OLPV�PHFK�QZX�HGX�

5()(5(1&(6

�� 7��'H0DUFR��6WUXFWXUHG�$QDO\VLV�DQG�6\VWHP�6SHFLILFDWLRQ��<RXUGRQ��,QF���1HZ
<RUN��1<�������

�� )��'LFHVDUH��HW�DO��3UDFWLFH�RI�3HWUL�1HWV� LQ�0DQXIDFWXULQJ��&KDSPDQ�	�+DOO�
/RQGRQ�������

�� 5��3��3DXO��5RERW�0DQLSXODWRUV��0DWKHPDWLFV��3URJUDPPLQJ�DQG�&RQWURO��0,7
3UHVV��&DPEULGJH��0DVV��������

�� 5��+��7D\ORU��9��7��5DMDQ��¶7KH�(IILFLHQW�&RPSXWDWLRQ�RI�8QFHUWDLQW\�6SDFHV�IRU
6HQVRU�EDVHG� 5RERW� 3ODQQLQJ�·� 5HVHDUFK� 5HSRUW� 5&� ������ ���������� ,%0
5HVHDUFK�'LYLVLRQ�������

�� 5�� 6PLWK�� 3�� &KHHVHPDQ�� ¶2Q� WKH� 5HSUHVHQWDWLRQ� DQG� (VWLPDWLRQ� RI� 6SDWLDO
8QFHUWDLQW\�·�,QWHUQDWLRQDO�-RXUQDO�RI�5RERWLFV�5HVHDUFK��������������������

�� 7��&��.LHQ]OH�,,,��HW�DO��¶$�&RPSXWHU�$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��������

�� 5��+��7D\ORU��HW�DO��¶$Q�,PDJH�'LUHFWHG�5RERWLF�6\VWHP�IRU�3UHFLVH�2UWKRSDHGLF
6XUJHU\�·�,(((�7UDQVDFWLRQV�RQ�5RERWLFV�DQG�$XWRPDWLRQ����������������

�� 0��)DGGD��HW�DO�� ¶&RPSXWHU�$VVLVWHG�.QHH�$UWKURSODVW\�DW�5L]]ROL� ,QVWLWXWHV�·
3URFHHGLQJV� RI� WKH� )LUVW� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ� 0HGLFDO� 5RERWLFV� DQG
&RPSXWHU�$VVLVWHG�6XUJHU\���������3LWWVEXUJK��3$��6HSWHPEHU�������

�� -�� /HD�� ¶5HJLVWUDWLRQ� *UDSKV�� $� /DQJXDJH� IRU� 0RGHOLQJ� DQG� $QDO\]LQJ
5HJLVWUDWLRQ� LQ� ,PDJH�*XLGHG� 6XUJHU\�·� 'RFWRUDO� GLVVHUWDWLRQ�� 1RUWKZHVWHUQ
8QLYHUVLW\��'HFHPEHU�������

���'�� $�� 6LPRQ�� HW� DO�� ¶7HFKQLTXHV� IRU� )DVW� DQG� $FFXUDWH� ,QWUDVXUJLFDO
5HJLVWUDWLRQ�·�-RXUQDO�RI�,PDJH�*XLGHG�6XUJHU\����������������

���� :�� (�� /�� *ULPVRQ�� HW� DO�� ¶(YDOXDWLQJ� DQG� 9DOLGDWLQJ� DQ� $XWRPDWHG
5HJLVWUDWLRQ� 6\VWHP� IRU� (QKDQFHG� 5HDOLW\� 9LVXDOL]DWLRQ� LQ� 6XUJHU\�·
3URFHHGLQJV�RI�WKH�)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH��&950HG�·����Q��$\DFKH��HG���
6SULQJHU�9HUODJ��1LFH��)UDQFH��$SULO�������




