
$�KLJK�SHUIRUPDQFH�YRZHO�VSRWWLQJ�V\VWHP�EDVHG�RQ�D�PXOWL�
VWDJH�DUFKLWHFWXUH

-��6LULJRV��1��)DNRWDNLV�DQG�*��.RNNLQDNLV
(�PDLO��MRKQ#SDW�IRUWKQHW�JU

:LUH�&RPPXQLFDWLRQV�/DERUDWRU\��8QLYHUVLW\�RI�3DWUDV��������*UHHFH

$%675$&7
,Q� WKLV� SDSHU� ZH� SUHVHQW� D� QRYHO� PXOWL�OHYHO� YRZHO� GHWHFWLRQ
V\VWHP�ZLWK�LPSURYHG�DFFXUDF\��0XOWL�OD\HU�SHUFHSWURQV��0/3��
'LVFUHWH�+LGGHQ�0DUNRY�0RGHOV��'6+00��DQG�KHXULVWLF�UXOHV
DUH�FRPELQHG� LQ� WKUHH�GLIIHUHQW� OHYHOV� WR� UHGXFH� WKH�SUREDELOLW\
RI� IDOVH� DFFHSWDQFH� DQG� UHMHFWLRQ� RI� YRZHO� VRXQGV�� 7KH�7,0,7
GDWDEDVH� ZDV� XVHG� WR� WUDLQ� DQG� WHVW� WKLV� V\VWHP�� 7KH� UXOHV� DUH
YDULDEOH�DQG�DUH�DXWRPDWLFDOO\�FXVWRPL]HG�E\�VWDWLVWLFV�H[WUDFWHG
IURP� WKH�GDWDEDVH��ZKLFK� FRQFHUQ� WKH� GXUDWLRQ�� WKH� HQHUJ\� DQG
WKH�GLVWDQFH�EHWZHHQ�YRZHOV��7KH�SURSRVHG�PHWKRG�FDQ�HDVLO\�EH
H[WHQGHG� WR� ODQJXDJHV� RWKHU� WKDQ� (QJOLVK� DV� ORQJ� DV� D� SURSHU
GDWDEDVH� H[LVWV� IRU� WUDLQLQJ� WKH� V\VWHP�� ,WV� DFFXUDF\�ZDV�PHDV�
XUHG� WR� �������XVLQJ� DOO� WKH� WHVW� GDWD� VHWV� RI� WKH�7,0,7� GDWD�
EDVH��7KXV��WKH�SURSRVHG�YRZHO�GHWHFWLRQ�SURFHVV�FDQ�EH�UHOLDEO\
XVHG�IRU�VSHHFK�SURFHVVLQJ�DSSOLFDWLRQV��VSHDNHU�RU�VSHHFK�UHF�
RJQLWLRQ�� ZKHUH� DFFXUDWH� YRZHO� VSRWWLQJ� DOJRULWKPV� DUH� QHFHV�
VDU\�

��� ,1752'8&7,21
7KH�YRZHO�VRXQGV�DUH�SHUKDSV�WKH�PRVW�LPSRUWDQW�FODVV�RI�VRXQGV
IRU�VSHHFK�SURFHVVLQJ�DSSOLFDWLRQV��0DQ\�GHYHORSHG�VSHHFK�DQG
VSHDNHU�UHFRJQLWLRQ�V\VWHPV�UHO\�KHDYLO\�RQ�YRZHO�UHFRJQLWLRQ�WR
DFKLHYH�KLJK�SHUIRUPDQFH�
6HYHUDO�PHWKRGV�KDYH�EHHQ�SURSRVHG�IRU�YRZHO�GHWHFWLRQ���506�
HQHUJ\�� ]HUR�FURVVLQJ� UDWH� >�@�� VSHFWUDO� LQIRUPDWLRQ� >�@>�@�� IRU�
PDQW� IUHTXHQFLHV� >�@>�@� DUH� VRPH�RI� WKH�SDUDPHWHUV� XVHG��$OVR�
PRGHOLQJ� WKH� YRZHO� VRXQGV� ZLWK� +LGGHQ� 0DUNRY� 0RGHOV� >�@�
*DXVVLDQ� PL[WXUHV� RU� QHXUDO� QHWZRUNV� >�@� FDQ� OHDG� WR� YRZHO
LGHQWLILFDWLRQ� V\VWHPV��1HYHUWKHOHVV�� HDFK� VLQJOH�PHWKRG� FDQQRW
DFKLHYH�WKH�GHPDQGHG�KLJK�DFFXUDF\��DERYH������EDVHG�RQO\�RQ
WKH� VSHHFK� VLJQDO�� L�H�� ZLWKRXW� WKH� QHHG� RI� D� JUDPPDU� VWUXFWXUH
ZKLFK�PDNHV�WKH�V\VWHP�ODQJXDJH�GHSHQGHQW�
,Q� WKLV� SDSHU� ZH� GHVFULEH� WKH� VXFFHVVIXO� FRPELQDWLRQ� RI� WKUHH
GLIIHUHQW� WHFKQLTXHV� LQ� EXLOGLQJ� D� PXOWL�OHYHO� KLJK� DFFXUDF\
YRZHO�GHWHFWLRQ�V\VWHP��0XOWL�OD\HU�SHUFHSWURQV��GLVFUHWH�KLGGHQ
PDUNRY� PRGHOV� DQG� KHXULVWLF� UXOHV� DUH� XVHG�� $� VRSKLVWLFDWHG
FRQWURO�XQLW�GHFLGHV�RQ�WKH�VXFFHVVLYH�XVH�RI�HDFK�WHFKQLTXH�DQG
SURYLGHV�WKH�QHFHVVDU\�LQIRUPDWLRQ�WR�HDFK�VWDJH�RI�WKH�V\VWHP�
7KH�SDSHU� LV� RUJDQL]HG� DV� IROORZV�� ,Q� 6HFWLRQ� ��ZH� GLVFXVV� WKH
SURSRVHG� � V\VWHP�GHVFULELQJ� EULHIO\� HDFK� HOHPHQW�� ,Q� 6HFWLRQ� �
ZH�GHVFULEH�WKH�GDWDEDVH�DQG�ZH�SUHVHQW�WKH�H[SHULPHQWDO�UHVXOWV�
)LQDOO\�� ZH� VXPPDUL]H� WKH�PDMRU� UHVXOWV� DQG� RXWOLQH� RXU� IXWXUH
ZRUN�

��� 6<67(0�$5&+,7(&785(
7KH�EORFN�GLDJUDP�RI�WKH�RYHUDOO�V\VWHP�LV�SUHVHQWHG�LQ�ILJXUH��
DQG�HDFK�HOHPHQW�LV�GHVFULEHG�EHORZ�

)LJXUH����%ORFN�GLDJUDP�RI�WKH�YRZHO�GHWHFWLRQ�V\VWHP�

���� 3UH�SURFHVVLQJ
7KH�SUH�SURFHVVLQJ�PRGXOH�RI� WKH� V\VWHP� WUDQVIRUPV� WKH� VSHHFK
VLJQDO�LQWR�SURSHU�IHDWXUH�YHFWRUV�WR�EH�XVHG�DV� LQSXW� WR� WKH�UHF�
RJQLWLRQ�HQJLQH�
7KH� VSHHFK� VLJQDO� LV� ORZ�SDVV� ILOWHUHG� DW� ���N+]�� VDPSOHG� DW
��N+]�DQG�TXDQWL]HG�ZLWK����ELW� DFFXUDF\��7KH�GLJLWL]HG� VLJQDO
LV� IXUWKHU� KLJK�SDVV� ILOWHUHG� DW� ���+]� E\� D� IRXUWK�RUGHU� %XWWHU�
ZRUWK� GLJLWDO� ILOWHU� WR� HOLPLQDWH� ORZ�IUHTXHQF\� KXP�RU� QRLVH�� $
IHDWXUH�YHFWRU�LV�REWDLQHG�IRU�HDFK���PV�VHJPHQW�RI�VSHHFK�ZLWK
D���PV�IUDPH�VWHS�LQ�DQ�RYHUODSSLQJ�PRGH�
$IWHU�DSSO\LQJ�D�+DPPLQJ�ZLQGRZ�HDFK�IUDPH�LV�DQDO\]HG�XVLQJ
WKH� 3/3� �3HUFHSWXDO� /LQHDU� 3UHGLFDWLYH�� VSHHFK� DQDO\VLV� WHFK�
QLTXH�>�@�WR�REWDLQ�WKH�FKDUDFWHULVWLF�SDUDPHWHUV�RI�WKH�VLJQDO��,Q
WKH�3/3�WHFKQLTXH�VHYHUDO�ZHOO�NQRZQ�SURSHUWLHV�RI�KHDULQJ�DUH
VLPXODWHG� DQG� DQ� DXWRUHJUHVVLYH� ��WK� RUGHU� DOO�SROH� PRGHO� DS�
SUR[LPDWHV�WKH�UHVXOWLQJ�VSHFWUXP�RI�VSHHFK�
7KH� ��� 0HO� FHSVWUDO� FRHIILFLHQWV� DQG� WKH� FRUUHVSRQGLQJ� GHOWD
FRHIILFLHQWV�� DORQJ� ZLWK� D� QRUPDOL]HG� HQHUJ\� IDFWRU� UHVXOW� WR� D
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���� 5HFRJQLWLRQ�(QJLQH
)RU� GHWHFWLQJ� WKH� YRZHOV�� ZH� XVH� D� PXOWL�OHYHO� FRPELQDWLRQ� RI
WKUHH�GLIIHUHQW�FODVVLILFDWLRQ�VWDJHV��PXOWL�OD\HU�SHUFHSWURQV��KLG�
GHQ�PDUNRY�PRGHOV�DQG�KHXULVWLFV�UXOHV��DORQJ�ZLWK�WKUHH�VHWV�RI
FRQWURO�UXOHV�

������ &ODVVLILFDWLRQ�VWDJHV
0XOWL�OD\HU�SHUFHSWURQV��0/3��DUH�HPSOR\HG�LQ�WKH�ILUVW�VWDJH�RI
WKH�UHFRJQLWLRQ�PRGXOH��,Q�SDUWLFXODU�D���OD\HU����KLGGHQ� OD\HUV�
IHHGIRUZDUG�DUWLILFLDO�QHXUDO�QHWZRUN� LV�XVHG��7KH�RYHUDOO� DUFKL�
WHFWXUH�RI�WKH�QHWZRUN��L�H��� WKH�QXPEHU�RI�KLGGHQ�OD\HUV�DQG�WKH
QXPEHU�RI�QRGHV�SHU�KLGGHQ� OD\HU�� LV�GHWHUPLQHG�H[SHULPHQWDOO\
E\� WUDLQLQJ� WKH�QHWZRUN��2XU� H[SHULPHQWV� UHVXOWHG� WR� D� QHWZRUN
VL]H�RI���[��[�[���$�IDVW�YHUVLRQ�RI�WKH�EDFN�SURSDJDWLRQ�DOJR�
ULWKP� ZDV� XVHG� IRU� WUDLQLQJ� >�@�� 7KH� FODVVLILFDWLRQ� RXWSXW� ZDV
WKHQ�SDVVHG�WKURXJK�D�WKUHH�SRLQW�PHGLDQ�ILOWHU� WR�HOLPLQDWH� LVR�
ODWHG�³LPSXOVH´�QRLVH�
'LVFUHWH�+LGGHQ�0DUNRY�0RGHOV��+00��DUH�XVHG�LQ�WKH�VHFRQG�
VWDJH�� 6SHFLILFDOO\� D� VWDQGDUG� ��VWDWH� OHIW�WR�ULJKW�PRGHO� LV� XVHG
DQG� WKH�FRGHERRN�VL]H� LV� VHW� WR������7KUHH�GLIIHUHQW�PRGHOV� DUH
HVWDEOLVKHG�IRU�HDFK�YRZHO��RQH�PRGHO�IRU�WKH�PLGGOH�SDUW�RI�WKH
YRZHO��RQH�IRU�WKH�OHIW�DQG�RQH�IRU�WKH�ULJKW��6R�WKUHH�PRGHOV�DUH
DYDLODEOH�DIWHU�WUDLQLQJ�WKH�GLVFUHWH�+00V�
7KH� WKLUG� VWDJH� FRQVLVWV� RI� D� VHW� RI�KHXULVWLFV� UXOHV� �+58/(6�
EDVHG�RQ�SUHYLRXV�ZRUN�>�@��7KH�VSRWWLQJ�SURFHVV�HPSOR\LQJ�WKH
KHXULVWLFV�FRQVLVWV�RI�WKH�IROORZLQJ�VWHSV�
6WHS��� (QHUJ\�FRQWRXU�HVWLPDWLRQ��7KH� VKRUW� WLPH� HQHUJ\� IXQF�

WLRQ�LV�FDOFXODWHG�XVLQJ���PV�IUDPHV�ZLWK��PV�VWHSV�LQ�DQ
RYHUODSSLQJ�PRGH��7KH�HQHUJ\�IXQFWLRQ�LV�WKHQ�VPRRWKHG
XVLQJ�D���SRLQW�+DQQLQJ�ZLQGRZ�

6WHS��� 9RZHO� FDQGLGDWHV� ORFDWLRQ�� )URP� WKH� VPRRWK� HQHUJ\
IXQFWLRQ�� WKH� H[WUHPHV� �SHDNV� DQG� GLSV�� DUH� ORFDWHG� E\
DSSO\LQJ�D�XVXDO�SHDN�SLFNLQJ�SURFHGXUH��3HDNV�ZLWK�HQ�
HUJ\�YDOXH�EHORZ�D�WKUHVKROG�7

/
�DUH�UHMHFWHG�

6WHS����5LSSOH� UHMHFWLRQ��)RU�HYHU\� FDQGLGDWH� D� UHODWLYH�PHDVXUH
RI�LWV�SHDN�DQG�GLS�HQHUJ\�OHYHO�LV�HVWLPDWHG�

6WHS����6WURQJ� FRQVRQDQW� UHMHFWLRQ��7KH�SDUDPHWHU� EDFN�WR�WRWDO
FDYLW\�YROXPH�UDWLR��%75�SDUDPHWHU��LV�XVHG�WR�UHMHFW�DQ\
UHPDLQLQJ�VWURQJ�FRQVRQDQWV��ZKLFK�EHKDYH�DV�YRZHOV�

6WHS����$OO� UHPDLQLQJ� FDQGLGDWHV� DUH� DFFHSWHG� DV� EHLQJ� WKH
VSHHFK�HYHQWV��YRZHO�SKRQHV��

7KH� SDUDPHWHUV� XVHG� DW� WKH� SUHYLRXV� VWHSV� DUH� FDOFXODWHG� DXWR�
PDWLFDOO\� IURP� WKH� VSHFLILF� GDWDEDVH� HPSOR\HG� IRU� WUDLQLQJ� WKH
V\VWHP��7KH�GXUDWLRQ�RI�HDFK�YRZHO�LV�FDOFXODWHG�DV�D�IXQFWLRQ�RI
SHDNV��GLSV��%75�SDUDPHWHUV� DQG� WKH�GLVWDQFHV�EHWZHHQ� VXFFHV�
VLYH�SHDNV�

������ &RQWURO�8QLW
7KH� FRQWURO� XQLW�� EDVHG� RQ� WKUHH� GLIIHUHQW� VHW� RI� UXOHV� �6(7��
6(7���6(7���GHVFULEHG�EHORZ��VHOHFWV�WKH�DSSURSULDWH�FODVVLILFD�
WLRQ�VWDJH���)LJXUH���VKRZV�WKH�EORFN�GLDJUDP�RI�WKH�FRQWURO�XQLW
ZKRVH�IXQFWLRQV�DUH�GHVFULEHG�LQ�WKH�IROORZLQJ�VWHSV��VHH�DOVR�)LJ
���

)LJXUH����%ORFN�GLDJUDP�RI�WKH�&RQWURO�XQLW�

6WHS��� $�VHQWHQFH�LV�SXW�LQ�WKH�SUH�SURFHVVLQJ�XQLW��7KH�FRQWURO
XQLW�DFWLYDWHV�WKH��VW�VWDJH��0/3��

6WHS��� 7KH�RXWSXW�RI�WKH�0/3��DIWHU�SDVVLQJ�WKURXJK�WKH�PHGLDQ
ILOWHU��LV�IHG�EDFN�WR�WKH�FRQWURO�XQLW�

6WHS��� 7KH� FRQWURO� XQLW�� E\� XVLQJ� WKH� 6(7�� UXOHV�� GHFLGHV
ZKHWKHU�WKHUH�LV�D�IDOVHO\�UHMHFWHG�YRZHO�RU�D�IDOVHO\�DF�
FHSWHG� QRQ�YRZHO� SKRQHPH�� :KHQ� D� PLVPDWFK� RI� WKLV
NLQG�LV�GHWHFWHG��LW�SURFHHGV�WR�WKH�QH[W�VWHS��RWKHUZLVH�LW
JRHV�WR�VWHS���

6WHS��� 7KH� VHFRQG� VWDJH� �+00�� LV� DFWLYDWHG��7KH� FRQWURO� XQLW
SDVVHV�WKH�PLVPDWFKHG�SDUW�RI�WKLV�VHQWHQFH�WR�WKH�+00
VWDJH�

6WHS��� %RWK� WKH�0/3�DQG�+00�RXWSXWV� DORQJ�ZLWK� WKH�6(7�
UXOHV�DUH�XVHG�WR�FDOFXODWH�D�³VXFFHVV´�IDFWRU��,I�WKLV�IDF�
WRU�LV�JUHDWHU�WKDQ����WKHQ�WKH�SURFHVV�JRHV�WR�VWHS����RWK�
HUZLVH�LW�JRHV�WR�VWHS���

6WHS��� 7KH� WKLUG� VWDJH� �+58/(6�� LV� DFWLYDWHG��ZKLFK� WDNHV� DV
LQSXW� WKH�PLVPDWFK�UHJLRQ��FDOFXODWHG�E\� WKH� WZR�SUHYL�
RXV�VWDJHV��

6WHS��� $OO� WKH� GLIIHUHQW� RXWSXWV� RI� WKH� WKUHH� VWDJHV� DORQJ� ZLWK
WKH�6(7��UXOHV�DUH�XVHG�WR�FDOFXODWH�D�QHZ�³VXFFHVV�IDF�
WRU´��,I�LW�H[FHHGV����WKH�SURFHVV�JRHV�WR�VWHS���DQG�KDQ�
GOHV�WKH�QH[W�VHQWHQFH��2WKHUZLVH�LW�JRHV�WR�VWHS���

6WHS��� $�IDWDO�HUURU�LV�UDLVHG�ZKLFK�PHDQV�WKDW�WKHUH�LV�D�GRXEW�
IXO�UHJLRQ�LQ�WKH�VHQWHQFH��*R�WR�VWHS���

:KHQ�D�IDWDO�HUURU�LV�UDLVHG��WKH�V\VWHP�FDQ�QRW�FRUUHFW�LW��$�SRV�
VLEOH�VROXWLRQ� LV� WR� LQFUHDVH� WKH�IUDPH�UDWH�RI� WKH�SUH�SURFHVVLQJ
DQG�UHSHDW�WKH�DERYH�SURFHGXUH�
:H�FDQ�VHH�IURP�WKH�DERYH�SURFHGXUH�WKDW�WKH�UXOHV�XVHG�E\� WKH
FRQWURO� XQLW� DUH� RI� JUHDW� LPSRUWDQFH� IRU� WKH� SHUIRUPDQFH� RI� WKH
ZKROH�V\VWHP�EHFDXVH�WKH�IORZ�GHFLVLRQ�LV�PDLQO\�EDVHG�RQ�WKHP�
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)LJXUH� ���'XUDWLRQ� VWDWLVWLFV� RI� WKH� WUDLQLQJ� VHW� IRU� WKH
WRWDO� QXPEHUV� RI� HDFK� YRZHO� SKRQHPH� �93�� FDWHJRU\�
7KH� PLQLPXP�� PD[LPXP� DQG� PHDQ� GXUDWLRQ� RI� HDFK
SKRQHPH�FDWHJRU\�DUH�VKRZQ�

$OO� WKH� SDUDPHWHUV� RI� WKH� UXOHV� DUH� FDOFXODWHG� RQFH� E\� VWDWLVWLFV
H[WUDFWHG�IURP�WKH�GDWDEDVH�XVHG�IRU�WUDLQLQJ�WKH�V\VWHP�
7KH�WKUHH�VHWV�RI�UXOHV��6(7���6(7��DQG�6(7���DUH�HVWLPDWHG�DV
D�IXQFWLRQ�RI� WKH�IROORZLQJ� WKUHH�IDFWRUV��GLVWDQFH� �),���GXUDWLRQ
�)8��DQG�DPSOLWXGH��)$���GHULYHG�DV�IROORZV�
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ZKHUH� 6,�� 68� DQG� 6$� DUH� WKH� SDUDPHWHUV� �PLQ�� PD[� DQG�PHDQ
YDOXH��RI�GLVWDQFH�EHWZHHQ�VXFFHVVLYH�YRZHOV��GXUDWLRQ�DQG�DP�
SOLWXGH�RI� WKH�YRZHO�� UHVSHFWLYHO\��7KH�D

L
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L
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L
� �L �������DUH

SDUDPHWHUV� FDOFXODWHG� DV� D� IXQFWLRQ�RI� WKH� VWDWLVWLFV� RI� WKH� GDWD�
EDVH�DQG� WKH�RXWSXWV�RI� WKH� FODVVLILFDWLRQ� VWDJHV� IRU� WKH� VSHFLILF
UHJLRQ��,

[
�LV�WKH�GLVWDQFH�EHWZHHQ�WZR�YRZHOV��8

[
�LV�WKH�GXUDWLRQ

RI�WKH�[WK�YRZHO�DQG�$
[
�WKH�DPSOLWXGH�RI�WKH�[WK�YRZHO�

7KH�6(7��LV�HVWLPDWHG�DV�D� IXQFWLRQ�RI� WKH�GLVWDQFH� IDFWRU� �),��
GXUDWLRQ� IDFWRU� �)8�� DQG� WKH� 0/3� RXWSXWV�� 7KH� 6(7�� LV� HVWL�
PDWHG� DV� D� IXQFWLRQ� RI� WKH� GLVWDQFH� IDFWRU� �),��� GXUDWLRQ� IDFWRU
�)8���+00�RXWSXWV�DQG�0/3�RXWSXWV��7KH�6(7��LV�HVWLPDWHG�DV
D� IXQFWLRQ�RI� WKH�GLVWDQFH� IDFWRU� �),��� GXUDWLRQ� IDFWRU� �)8��� DP�
SOLWXGH� IDFWRU� �)$��� DQG� +58/(6�� +00� DQG� 0/3� RXWSXWV�
%RWK�6(7��DQG�6(7��XVH�D�³VXFFHVV´�IDFWRU�6
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)RU� 6(7�� DQG� 6(7�� WKH� RXWSXWV� RI� WKH� 0/3�� +00� DQG
+58/(6�DUH�ZHLJKWHG�E\�D�IDFWRU�ZKLFK�GHSHQGV�RQ�WKH�GLJLWDO
HUURU�UDWHV�RI�WKH�WUDLQLQJ�SURFHGXUHV�

��� (;3(5,0(17$/�5(68/76
���� 'DWDEDVH�GHVFULSWLRQ
)RU� WKH� WUDLQLQJ� DQG� WHVWLQJ� SURFHGXUHV� WKH� 7H[DV� ,QVWUX�
PHQWV�0DVVDFKXVHWWV� ,QVWLWXWH� RI� 7HFKQRORJ\� �7,0,7�� DFRXVWLF�
SKRQHWLF� FRUSXV� RI� UHDG� VSHHFK� ZDV� XVHG� >��@�� 7KLV� GDWDEDVH
FRQWDLQV�D�WRWDO�RI�������XWWHUDQFHV�����VHQWHQFHV�VSRNHQ�E\����
VSHDNHUV�IURP���PDMRU�GLDOHFW� UHJLRQV�RI� WKH�8QLWHG�6WDWHV��7KH
GDWDEDVH�LV�VHSDUDWHG�LQ�WZR�SRUWLRQV��RQH�IRU�WUDLQLQJ�DQG�RQH�IRU
WHVWLQJ��:H�XVHG� WKH� WUDLQLQJ�VHW�RI� WKH�GDWDEDVH� ����� VSHDNHUV�
IRU� WUDLQLQJ� RXU� V\VWHP� DQG� WKH� WHVW� VHW� ����� VSHDNHUV� ±� ����
VHQWHQFHV�� IRU� WHVWLQJ�� 7KH� YRZHO� FDWHJRULHV� XVHG� IRU� WKH� WUDQ�
VFULSWLRQ�ILOHV�RI�WKH�7,0,7�GDWDEDVH�ZHUH����

���� 7UDLQLQJ
,Q�WKH�IROORZLQJ�ZH�GHVFULEH�WKH�WUDLQLQJ�SURFHGXUH�RI�WKH�V\VWHP
XVLQJ� WKH�7,0,7�GDWDEDVH��:H�GHVFULEH� WKH�SURFHGXUHV� IRU� HVWL�
PDWLQJ�WKH�VWDWLVWLFV�DQG�WUDLQLQJ�WKH�0/3�DQG�WKH�+00�VWDJHV�
7KH�KHXULVWLF�UXOHV�DUH�HVWLPDWHG�DV�D�IXQFWLRQ�RI�WKH�VWDWLVWLFV�

������ 6WDWLVWLFV
7KH� ILUVW� VWHS� LQ� WUDLQLQJ� WKH�V\VWHP� LV� WR� FDOFXODWH� WKH� VWDWLVWLFV
EDVHG� RQ� WKH� WUDLQLQJ� GDWDEDVH�� 7KH� WUDLQLQJ� VHW� RI� WKH� 7,0,7
GDWDEDVH� FRQVLVWV� RI� ���� VSHDNHUV� ������� VHQWHQFHV� ±� ������
YRZHOV���7KH�VWDWLVWLFV�DUH�YRZHO�GXUDWLRQ�SDUDPHWHUV��PLQ��PD[
DQG�PHDQ� GXUDWLRQ� IRU� HDFK� YRZHO� FDWHJRU\��� GLVWDQFH� EHWZHHQ
YRZHOV� �PLQ�� PD[� DQG� PHDQ� GLVWDQFH� EHWZHHQ� WKH� VXFFHVVLYH
YRZHOV�RI�D�VHQWHQFH���SHDNV�DQG�GLSV�RI�WKH�VSHHFK�GDWD�ILOHV�DQG
WKH�FRUUHVSRQGLQJ�HQHUJ\�IXQFWLRQ�
7KH� VWDWLVWLFV� IRU� WKH� GXUDWLRQ� RI� WKH� YRZHO� SKRQHPHV� RI� WKH
WUDLQLQJ�VHW�DUH�VKRZQ�LQ�ILJXUH����6LPLODU�VWDWLVWLFV�ZHUH�REWDLQHG
IRU�WKH�GLVWDQFHV�EHWZHHQ�GLIIHUHQW�YRZHO�SKRQHPH�FDWHJRULHV�LQ
WKH�VHQWHQFHV�RI�WKH�WUDLQLQJ�VHW�

������ 7UDLQLQJ�WKH�0/3
,Q�RUGHU�WR�WUDLQ�WKH�0/3�ZH�XVHG�YRZHOV�DQG�QRQ�YRZHOV�IURP
WKH� WUDLQLQJ� VHW��)RU� HDFK� SKRQHPH� FDWHJRU\�ZH� DSSOLHG� D� VWDQ�
GDUG� .�PHDQV� DOJRULWKP� ZLWK� D� GLIIHUHQW� QXPEHU� RI� FHQWURLGV
GHSHQGLQJ�RQ�WKH�QXPEHU�RI�YRZHOV�IRXQG�
¡� �����9RZHOV�� 1XPEHU�RI�FHQWHUV�����
¡� ����������9RZHOV�� 1XPEHU�RI�FHQWHUV�����
¡� ������������9RZHOV�� 1XPEHU�RI�FHQWHUV�����
¡� !������9RZHOV�� 1XPEHU�RI�FHQWHUV�������
7KH�.�PHDQV�ZDV�DSSOLHG�WKUHH�WLPHV��RQFH�IRU�WKH�PLGGOH�SDUW�RI
WKH�YRZHO��RQFH�IRU�WKH�OHIW�SDUW�DQG�RQFH�IRU� WKH�ULJKW�SDUW��)RU
HDFK�SDUW� LW� LV�REYLRXV�WKDW� WKHUH�ZHUH�PRUH� WKDQ�RQH�SDUDPHWHU
YHFWRUV�DQG�DOO�WKRVH�YHFWRUV�ZHUH�XVHG�LQ�WKH�.�PHDQV�
7KH� UHVXOWV� RI� WKH�PXOWLSOH�.�PHDQV� DORQJ�ZLWK� QRQ�YRZHO� SD�
UDPHWHU�YHFWRUV��DUH�XVHG�IRU�WUDLQLQJ�WKH�0/3�QHWZRUN�

������ 7UDLQLQJ�WKH�'6+00V
)RU�WKH����YRZHO�SKRQHPH�FDWHJRULHV�RI�WKH�GDWDEDVH�ZH�FUHDWHG
��GLVFUHWH�+00�PRGHOV��2QH�PRGHO� IRU� WKH�PLGGOH�SDUW� RI� WKH
YRZHO��RQH�IRU�WKH�OHIW�DQG�RQH�IRU�WKH�ULJKW��7KH�94�VL]H�ZDV�VHW
WR� ���� DQG� WKH� VWDQGDUG�.�PHDQV� DOJRULWKP�ZDV� XVHG� WR� FUHDWH
WKH�FRGHERRNV��:H�GLGQ¶W�XVH��GLIIHUHQW�+00V�IRU�HDFK�FDWHJRU\
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)LJXUH����)DOVH�DFFHSWDQFH��)$���IDOVH�UHMHFWLRQ��)5��DQG
DYHUDJH�HUURU�UDWH��$(5��IRU�HDFK�RI�WKH�YRZHO�SKRQHPH
FDWHJRULHV�RI�WKH�7,0,7�GDWDEDVH�

DV�RXU�REMHFWLYH�LV�YRZHO�VSRWWLQJ�DQG�QRW�WKH�GLVWLQFWLRQ�EHWZHHQ
YRZHOV�
7KHUHIRUH��DOO�WKH��������YRZHOV�IRXQG�RQ�WKH�WUDLQLQJ�VHW�RI�WKH
7,0,7�GDWDEDVH�ZHUH�XVHG�WR�WUDLQ�RXU�+00�

���� 7HVWLQJ
)RU�WHVWLQJ�WKH�V\VWHP�ZH�XVHG�WKH�WHVW�VHW�RI�WKH�7,0,7�GDWDEDVH�
ZKLFK�FRQVLVWV�RI�������VHQWHQFHV���������YRZHOV��LQ�WRWDO��7KUHH
GLIIHUHQW�WHVWV�ZHUH�SHUIRUPHG�
)LUVW��ZH�WHVWHG�WKH� LPSURYHPHQW� WR� WKH�SHUIRUPDQFH�RI� WKH�V\V�
WHP�WKDW�HDFK�VWDJH�DFKLHYHV��7DEOH���VKRZV�WKH�HUURU�UDWHV��IDOVH
DFFHSWDQFH�)$�� IDOVH� UHMHFWLRQ�)5� DQG� DYHUDJH� HUURU� UDWH�$(5�
IRU�WKH��������YRZHOV�E\�XVLQJ�RQH��WZR�RU�DOO�VWDJHV�RI�WKH�V\V�
WHP�

)$���� )5���� $(5����

6WDJH�� ���� ���� ����

��6WDJH�� ���� ���� ����

��6WDJH�� ���� ���� ����

7DEOH����)DOVH�DFFHSWDQFH��)$���IDOVH�UHMHFWLRQ��)5��DQG
DYHUDJH�HUURU�UDWH��$(5��RI�WKH�V\VWHP�XVLQJ�WKH�7,0,7
WHVW�GDWD�VHWV�

7KH�VHFRQG�WHVW�ZDV�IRU�WKH�SHUIRUPDQFH�RI�WKH�GHWHFWLRQ�V\VWHP
IRU� HDFK� YRZHO� FDWHJRU\�� ,Q� ILJXUH� ��ZH� VKRZ� WKH� )$�� )5� DQG
$(5�IRU�HDFK�RI�WKH�YRZHO�FDWHJRULHV�
7KH� WKLUG� WHVW�ZDV� IRU� WKH�SRVLWLRQ� DQG�GXUDWLRQ�RI� WKH�GHWHFWHG
YRZHOV�� 6XSSRVLQJ� WKDW� WKH� FRUUHFW� YRZHO� GXUDWLRQV� DUH� WKRVH
IURP� WKH� WUDQVFULSWLRQ� ILOHV�RI�7,0,7�� WKH� UHVXOWV� VKRZ� WKH� SHU�
FHQWDJH� RI� WKH� GHWHFWHG� YRZHOV� DQG� WKH� GLYHUJHQFH� WR� WKH� WUDQ�
VFULEWHG�PDUJLQV��7KH�UHVXOWV�DUH�VKRZQ�LQ�ILJXUH���

��� &21&/86,216
:H�SUHVHQWHG� D�YRZHO�GHWHFWLRQ� V\VWHP��ZKLFK�XVHV�QHXUDO�QHW�
ZRUNV��GLVFUHWH�KLGGHQ�PDUNRY�PRGHOV�DQG�KHXULVWLFV� UXOHV�FRQ�
WUROOHG�E\�D�FHQWUDO�SURFHVVLQJ�XQLW��7KLV�XQLW�ZLWK� WKH�KHOS�RI�D
VRSKLVWLFDWHG�VHW�RI�UXOHV��GHFLGHV�ZKLFK�VWHS�LV�QHHGHG�LQ�RUGHU
WR�DYRLG�D�IDOVH�DFFHSWDQFH�RI�D�QRQ�YRZHO�RU�D�IDOVH�UHMHFWLRQ�RI
D�YRZHO�SKRQHPH��7KH�SXUSRVH�RI�WKH��RYHUDOO�V\VWHP�LV�WR�GHWHFW

)LJXUH� ���'LYHUJHQFH� RI� WKH� ORFDWHG� YRZHOV� GXH� WR� WKH
OHIW�PDUJLQ��ULJKW�PDUJLQ�DQG�GXUDWLRQ�RI�WKH�WUDQVFULSWLRQ
ILOHV�RI�WKH�GDWDEDVH��7KH���DQG�±��DUH�IRU�RQH�YHFWRU�OHIW
WR�D�RQH�YHFWRU�ULJKW�PLVV�SRVLWLRQLQJ�

ZLWK�D�KLJK�SUHFLVLRQ�WKH�YRZHOV�LQ�D�VSRNHQ�VHQWHQFH��7KH�RQO\
GLVDGYDQWDJH�RI�WKH�SURSRVHG�V\VWHP�LV�WKH�QHHG�RI�D�ZHOO�GHILQHG
WUDLQLQJ� GDWDEDVH�ZLWK� WUDQVFULSWLRQ� ILOHV� RI� WKH� VSHHFK� GDWD�� ,WV
SHUIRUPDQFH�LV�VXSHULRU�LQ�FRPSDULVRQ�WR�RWKHU�V\VWHPV�DQG�DSDUW
IURP�WKH�ORQJ�WUDLQLQJ�WLPH��WKH�UHVSRQVH�RI�WKH�V\VWHP�LV�LQ�UHDO
WLPH�

��� 5()(5(1&(6
>�@� /DXUHQFH� 5DELQHU�� %LQJ�+ZDQJ� -XDQJ�� )XQGDPHQWDOV� RI

VSHHFK�UHFRJQLWLRQ��3UHQWLFH�+DOO�������
>�@� +��+HUPDQVN\���3HUFHSWXDO�OLQHDU�SUHGLFWLYH��3/3��DQDO\VLV

IRU�VSHHFK���-��$FRXVW��6RF��$P���SS������������������
>�@� '��$QJXLWD��0��3DPSROLQL��*��3DURGL���5��=XQLQR��<3523�

<HW�$QRWKHU�$FFHOHUDWLQJ�7HFKQLTXH�IRU�WKH�%DFN�3URSDJD�
WLRQ�� ,&$11�µ����6HSWHPEHU�������������$PVWHUGDP��7KH
1HWKHUODQGV��SS����������

>�@� 1�� )DNRWDNLV�� $�� 7VRSDQRJORX�� *�� .RNNLQDNLV�� $� WH[W�
LQGHSHQGHQW� VSHDNHU� UHFRJQLWLRQ� V\VWHP� EDVHG� RQ� YRZHO
VSRWWLQJ��6SHHFK�&RPPXQLFDWLRQ������������SS�������

>�@� -��6LULJRV��9��'DUVLQRV��1��)DNRWDNLV��*��.RNNLQDNLV��9RZHO
±�QRQ�YRZHO�GHFLVLRQ�XVLQJ�QHXUDO�QHWZRUNV�DQG�UXOHV��(X�
VLSFR�����7ULHVWH��,WDO\�

>�@� 1�� )DNRWDNLV�� .�� *HRUJLOD�� $�� 7VRSDQRJORX�� $� FRQWLQXRXV
+00� 7H[W�LQGHSHQGHQW� VSHDNHU� UHFRJQLWLRQ� V\VWHP� EDVHG
RQ� YRZHO�VSRWWLQJ�� (XURVSHHFK� ���� 5KRGHV�� *UHHFH�� SS�
����������

>�@� .HZOH\�3RUW��'���	�:DWVRQ��&�6��)RUPDQW�� IUHTXHQF\� GLV�
FULPLQDWLRQ� IRU� LVRODWHG� (QJOLVK� YRZHOV�� -RXUQDO� RI� WKH
$FRXVWLFDO�6RFLHW\�RI�$PHULFD�����������������

>�@� *�)�� 0H\HU�� 5�:�/�� .RUWHONDDV� DQG� '�-�� +HUPHV�� 9RZHO�
2QVHW�'HWHFWLRQ�ZLWK�0RGHOV�RI�WKH�$XGLWRU\�3HULSKHU\�DQG
&RFKOHDU�1XFOHXV��3URF��,QVW��RI�$FRXVWLFV�9�������������
������

>�@� 5LFKDUG�� *��� /LQ�� 4��� =XVVD�� )��� 6LQGHU�� '��� &KH�� &��� DQG
)ODQDJDQ��-��9RZHO�UHFRJQLWLRQ�XVLQJ�DQ�DUWLFXODWRU\�UHSUH�
VHQWDWLRQ���-��$FRXV��6RF��$P��9RO������6���S�������

>��@�:��)LVKHU��9��=XH��-��%HUQVWHLQ�DQG�'��3DOOHW��$Q�$FRXVWLF�
3KRQHWLF�'DWDEDVH��-$6$��6XSSO��$��9RO����������������
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