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DQG� WKHLU� YDULDQWV��6LQFH� WLPH�IUHTXHQF\�GLVWULEXWLRQV� DUH�GHVLJQHG� WR�FKDUDFWHUL]H� WKH� IUHTXHQF\�FRQWHQW�RI� VLJQDOV�DV� D� IXQFWLRQ� RI� WLPH� DQG� DUH� XVXDOO\� DSSOLHG� WR� DQDO\]H�SURFHVV�DQG�V\QWKHVL]H�VLJQDOV�ZLWK�WLPH�YDU\LQJ�VSHFWUDO�FRQWHQW���7KH� VWDQGDUG� XVDJH� RI� '6�66� WHFKQLTXHV� LV� XVXDOO\� DV�IROORZV��7R�FRQYHUW� WKH�GDWD� VLJQDO� WR� D� VSUHDG�VSHFWUXP�VLJQDO�� PRGXODWHG� GDWD� LV� PXOWLSOLHG� E\� D� SVHXGR�QRLVH��31��FRGH�ZLWK�D�FKLS�UDWH�PXFK�KLJKHU�WKDQ�WKH�GDWD�ELW�UDWH��7KH�UDWLR�RI�WKH�ELW�GXUDWLRQ�RI�GDWD�DQG�FKLS�GXUDWLRQ�RI� WKH�31�FRGH� LQGLFDWHV� WKH�SURFHVVLQJ�JDLQ��3*��RI� WKH�V\VWHP�� '6�66� V\VWHPV� KDYH� EXLOW�LQ� LQWHUIHUHQFH�VXSSUHVVLRQ�DELOLW\�DJDLQVW�MDPPLQJ��+RZHYHU��LI�MDPPHU�SRZHU� H[FHHGV� WKH� 3*�� WKHQ� '6�66� V\VWHPV� QHHG�DGGLWLRQDO� SUHSURFHVVLQJ� WR� LQFUHDVH� WKH� V\VWHP�SHUIRUPDQFH����7LPH�IUHTXHQF\�GLVWULEXWLRQV�KDYH�EHHQ�XVHG�DV�SRZHUIXO�DQDO\VLV� WRROV� IRU� GHSLFWLQJ� WKH� MDPPHU� SRZHU� RQ� WLPH�IUHTXHQF\�SODQH�>����@��,Q�>�@��:'�LV�XVHG�LQ�WKH�H[FLVLRQ�RI� LQWHUIHUHQFH� VLJQDOV�� :'� JHQHUDWHV� VKDUS� DQG� ZHOO�ORFDOL]HG� WLPH�IUHTXHQF\� UHSUHVHQWDWLRQV� RI� VLQJOH�FRPSRQHQW� VLJQDOV�� KRZHYHU� LW� EHFRPHV� LQHIIHFWLYH� IRU�PXOWL�FRPSRQHQW� VLJQDOV� LQWURGXFLQJ� FURVV�WHUPV� RQ� WKH�WLPH�IUHTXHQF\�SODQH�>�@�����7R�DYRLG�WKH�HIIHFWV�RI�FURVV�WHUPV�LQ�:'��67)7�PD\�EH�HPSOR\HG� DV� DQ� DWWUDFWLYH� DOWHUQDWLYH� LQ� LQWHUIHUHQFH�H[FLVLRQ��67)7�LV�GHILQHG�DV���
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�ZKHUH� K�W�� LV� D� ORZ�SDVV�� XQLW�HQHUJ\� ZLQGRZ� IXQFWLRQ�FHQWHUHG�DW� WKH�RULJLQ�DQG� WKH�VSHFWUXP�RI� WKH�ZLQGRZHG�VLJQDO� � LV� FRPSXWHG� IRU� DOO� WLPH�� 67)7� LV� D� OLQHDU� WLPH�IUHTXHQF\�GLVWULEXWLRQ�� LW� SURYLGHV�XQLIRUP� UHVROXWLRQ� IRU�DOO�IUHTXHQF\�EDQGV�RQ�WKH�WLPH�IUHTXHQF\�SODQH�>�@���



,Q� WKH� OLWHUDWXUH�� LQWHUIHUHQFH� H[FLVLRQ� DOJRULWKPV� RQ� WKH�WLPH�IUHTXHQF\� SODQH� DUH� XVXDOO\� IROORZHG� E\� EDQG�SDVV�ILOWHUV�� QRWFK� ILOWHUV� RU� ILOWHU� EDQNV�� ,Q� >�@�� DIWHU� MDPPHU�DQDO\VLV�E\�67)7��]HUR�SKDVH�H[FLVLRQ�ILOWHUV�DUH�XVHG�DQG�LQ� >�@�� ),5� ILOWHUV� DUH� DSSOLHG� WR� WKH� UHFHLYHG� VLJQDO� WR�H[FLVH�MDPPHU�VLJQDOV������2QH� RI� WKH� GLVWLQJXLVKLQJ� FKDUDFWHULVWLF� RI� WKLV� SDSHU�FRPSDUHG� WR� >���@� LV� WKH� VLPXODWLRQ� RI� D� ZKROH� '6�66�FRPPXQLFDWLRQ� V\VWHP� ZLWK� DQ� LQWHUIHUHQFH� H[FLVLRQ�DOJRULWKP�� 0RUHRYHU�� WKH� V\VWHP� SHUIRUPDQFH� LV�LQYHVWLJDWHG�E\�YDU\LQJ�SRZHU�RI�MDPPHUV�WKDW�DUH�PL[HG�WR� WKH� V\VWHP�� ,Q� WKLV� SDSHU� D� QRYHO� 67)7�EDVHG�LQWHUIHUHQFH�H[FLVLRQ�V\VWHP�LV�SURSRVHG��$V�WKH�SRZHU�RI�LQWHUIHULQJ�VLJQDOV�LV�XVXDOO\�PXFK�KLJKHU�WKDQ�WKH�GHVLUHG�VLJQDO� LQ�'6�66�FRPPXQLFDWLRQ�V\VWHPV�� WKH\�FDQ�HDVLO\�EH� LGHQWLILHG� RQ� WKH� WLPH�IUHTXHQF\� GLVWULEXWLRQ� RI� WKH�UHFHLYHG� VLJQDO�� 7KHQ�� H[FLVLRQ� LV� DFKLHYHG� E\� VLJQDO�H[WUDFWLRQ�LQ�WLPH�GRPDLQ����7KH� UHPDLQGHU� RI� WKLV� SDSHU� LV� RUJDQL]HG� DV� IROORZV�� ,Q�6HFWLRQ� ,,�� D�'6�66�FRPPXQLFDWLRQ� V\VWHP� LV�GHVFULEHG��,Q�6HFWLRQ�,,,�� WLPH�IUHTXHQF\�GLVWULEXWLRQ�EDVHG�H[FLVLRQ�PRGHO� LV� LQWURGXFHG�� ,Q� WKH� H[FLVLRQ� DOJRULWKP�� DQ�HVWLPDWLRQ� RI� WKH� LQWHUIHUHU� LV� V\QWKHVL]HG� XVLQJ�WKUHVKROGHG� 67)7V��7KH� VLPXODWLRQ� UHVXOWV� DUH� GLVFXVVHG�E\� SUHVHQWLQJ� ERWK� 615� DQG� -65� YV�� %(5� YDOXHV� LQ�6HFWLRQ�,9��)LQDOO\��FRQFOXVLRQV�DUH�GUDZQ�LQ�6HFWLRQ�9,����
,,���'6�66�6<67(0�02'(/,1*�,Q�WKH�GHVLJQHG�'6�66�FRPPXQLFDWLRQ�V\VWHP��GDWD�VLJQDO�G�W��LV�GHILQHG�DV��

� ���� EN 7WJGWG � ¦ff� ����
ZKHUH� GN LV� `^ �� �NG � � � � J�W�� LV� D� XQLW�DPSOLWXGH�
UHFWDQJXODU�SXOVH�DQG�7E LV�GHILQHG�DV� %7E �� � % LV�WKH�
EDQGZLGWK� RI� WKH� GDWD�� 'DWD� VLJQDO� G�W�� LV� PRGXODWHG� E\�%36.�PRGXODWLRQ�JHQHUDWLQJ�P�W��
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�,Q� �����$F DQG� IF DUH� GHILQHG� DV� WKH� FDUULHU� DPSOLWXGH� RI�%36.� PRGXODWLRQ� DQG� LWV� IUHTXHQF\�� UHVSHFWLYHO\��0RGXODWHG�GDWD� LV� WUDQVIRUPHG�WR� WKH�66�VLJQDO�V�W�� E\�D�31�FRGH�PXOWLSOLFDWLRQ���
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�ZKHUH�31�W��LV�WKH�31�FRGH����DQG�K�W��LV�D�XQLW�DPSOLWXGH�UHFWDQJXODU� SXOVH� DQG� � LV� � WKH� ELW� GXUDWLRQ� RI� � K�W�� 7KH�WUDQVPLWWHU�DQG�UHFHLYHU�SDUWV�RI�'6�66�V\VWHP�ZKLFK�DUH�

GHVLJQHG� IRU� H[FLVLRQ� DOJRULWKP� DUH� JLYHQ�)LJ�� �� �D�� DQG��E���UHVSHFWLYHO\���,Q� WKH� VLPXODWLRQV�� WKH� FKDQQHO� HIIHFW� LV� UHSUHVHQWHG� E\�$:*1�DQG�]HUR�PHDQ�ZKLWH�*DXVVLDQ�QRLVH�LV�PL[HG�WR�WKH�PRGXODWHG�GDWD����7KH� LQWHUIHUHQFH� H[FLVLRQ� DOJRULWKP� LV� SURSRVHG� DW� WKH�UHFHLYHU�DV�LQ�)LJ������$W�ILUVW��67)7�RI�D�EORFN�RI�UHFHLYHG�VLJQDO� N�W�� LV� FRPSXWHG�� 7KHQ�� WKH� 67)7� LV� XVHG� LQ� WKH�HVWLPDWLRQ� RI� WKH� PL[HG� LQWHUIHUHQFH�� 7R� HVWLPDWH� WKH�ORFDOL]DWLRQ�RI�LQWHUIHULQJ�RU�MDPPLQJ�VLJQDO�RQ�WKH�WLPH�IUHTXHQF\�SODQH��WKH�VXSSRUW�LV�FRQVWLWXWHG�E\�WKUHVKROGLQJ�WKH� 67)7� LPDJH�� 7KH� SL[HO� YDOXHV� RI� WKH� VXSSRUW� LPDJH�DUH�DVVLJQHG�DV�HLWKHU� µ�¶�RU� µ�¶��7KHQ��RULJLQDO�YDOXHV�RI�67)7��FRUUHVSRQGLQJ�WR�WKH�FRRUGLQDWHV�GHWHUPLQHG�E\�WKH�VXSSRUW�DUH�WDNHQ�LQWR�DFFRXQW��
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�E��7KXV�� DQ� HVWLPDWLRQ� RI� WKH� 67)7� RI� WKH� LQWHUIHUHQFH� RU�MDPPLQJ� VLJQDO� LV� REWDLQHG�� %\� FRPSXWLQJ� WKH� LQYHUVH�67)7�� HVWLPDWHG� LQWHUIHUHQFH� RU� MDPPHU� LV� FRPSXWHG� LQ�WLPH�GRPDLQ��)LQDOO\�� WKH�HVWLPDWHG� MDPPHU� LV�VXEWUDFWHG�IURP� WKH� UHFHLYHG�VLJQDO� LQ� WLPH�GRPDLQ��7KH�SURFHVVLQJ�LV� ILQDOL]HG� E\� FRUUHODWLRQ� E\� 31� FRGH� DQG� %36.�GHPRGXODWLRQ�� ,Q� 6HFWLRQ� ��� LQWHUIHUHQFH� H[FLVLRQ�SURFHGXUH� EDVHG� RQ� WKH� 67)7� DQG� LQYHUVH�67)7�FRPSXWDWLRQV�LV�H[SODLQHG�LQ�GHWDLO���
,,,��7,0(�)5(48(1&<�',675,%87,21�%$6('�(;&,6,21�02'(/�7KH�PDLQ�LGHD�RI�67)7�LV�WR�)RXULHU�DQDO\]H�WLPH�YDU\LQJ�VLJQDOV�GXULQJ�DSSURSULDWH�VKRUW�WLPH�LQWHUYDOV�DQG�REWDLQ�WKH� HQWLUH� WLPH�IUHTXHQF\� EHKDYLRXU� RI� WKH� VLJQDO� E\�



FRQFDWHQDWLQJ� FRQVHFXWLYH� DQDO\VHV� >�@�� $W� WKH� UHFHLYHU��67)7�RI� WKH� UHFHLYHG�VLJQDO� LV�HYDOXDWHG�DV� LQ�)LJ���� �D��DQG� )LJ�� �� �E��� IRU� QR�MDPPHU� DQG� FKLUS�W\SH� MDPPHU�PL[HG� VLJQDO�� UHVSHFWLYHO\��7KH� DQDO\WLFDO� IRUP�RI� FKLUS�W\SH�MDPPHU�LV�JLYHQ�LQ��������
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ZKHUH�WKH�FKLUS�UDWH� �DUFWDQ� NND I � DN LV�WKH�QXPEHU�RI�
FKLUS�FRPSRQHQWV�� ,Q� WKHVH� VLPXODWLRQV��FKLUS�SDUDPHWHUV�
DUH� WDNHQ� DV� ��SI  DQG� ��SI  � �� � E � ��  E DQG�
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,Q� WKH�67)7�FRPSXWDWLRQV��D�����SRLQW�+DQQLQJ�ZLQGRZ�LV� XVHG�� )ROORZLQJ� WKH� 67)7� FRPSXWDWLRQ�� D� GHWHFWLRQ�SURFHGXUH� FRPSDUHV� WKH� WRWDO� HQHUJ\� RI� WKH� 67)7� WR� D�GHVLJQDWHG� WKUHVKROG� YDOXH� DQG� GHFLGHV�� ZKHWKHU� DQ\�LQWHUIHULQJ�VLJQDO�H[LVWV�RU�QRW��,I�DQ�LQWHUIHUHQFH�VLJQDO�LV�GHWHFWHG�� WKH� SURFHGXUH� FRQWLQXHV�� RWKHUZLVH�� WKH�
DOJRULWKP�DVVXPHV�WKH�HVWLPDWHG�LQWHUIHUHQFH� ��Ö WL DV��
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ZKHUH� ��WL LV�WKH�LQYHUVH�67)7�IRU�WKH�HVWLPDWHG�MDPPHU�
DQG���LV�LQGLFDWHG�WKUHVKROG�YDOXH��7KH�WKUHVKROG�LV�FKRVHQ�H[SHULPHQWDOO\� E\� FRPSDULQJ� VFHQDULRV� ZLWK� $:*1�FKDQQHO� FKDUDFWHULVWLFV� IRU� ERWK� MDPPHU�IUHH� DQG� ORZ�SRZHU�MDPPHU�VLWXDWLRQV����,Q� WKH� DOJRULWKP�� WKH� VXSSRUW�RI� WKH� MDPPHU�RQ�67)7� LV�FRQVWLWXWHG�E\�WKUHVKROGLQJ�WKH�67)7�DV�LQ�)LJ�����F����$V�WKH�MDPPHU�SRZHU�LQ�WKH�VLPXODWLRQV��LV�KLJKHU�WKDQ�WKH�WUDQVPLWWHG� VLJQDO�� MDPPHUV� DUH� ZHOO�ORFDOL]HG� RQ� WKH�67)7�LPDJH��7KH�VXSSRUW�LV�FRPSRVHG�RI�SL[HO�YDOXHV�RI�µ�¶� RU� µ�¶�� 7KHQ�� XVLQJ� WKH� RULJLQDO� YDOXHV� RI� 67)7�FRUUHVSRQGLQJ� WR� WKH� FRRUGLQDWHV� GHWHUPLQHG� E\� WKH�VXSSRUW��DQ�LQYHUVH�67)7�RSHUDWLRQ�LV�SHUIRUPHG��,QYHUVH�67)7� FRPSXWDWLRQ� HPSOR\V� WKH� RYHUODS�DGG� �2/$��PHWKRG� >�@�� 'HWDLOHG� FRPSXWDWLRQDO� FRPSOH[LW\� RI� WKH�RYHUDOO�V\VWHP�LV�JLYHQ�LQ�7DEOH�����,Q�7DEOH����1�GHQRWHV�IRU�WKH�67)7�ZLQGRZ�OHQJWK��D DQG�E DUH� URZ�DQG�FROXPQ�RI�67)7� LPDJH�� UHVSHFWLYHO\��7KH�QXPEHU� RI� IORSV� UHTXLUHG� LQ� WKLV� DOJRULWKP� LV� OHVV� WKDQ�PDQ\�RWKHU�SURSRVHG�DOJRULWKPV��LQFOXGLQJ�WKH�RQH�LQ�>�@��ZKLFK� HPSOR\V�:'�DQG� OHDVW� VTXDUHV�PHWKRGV� WR� H[FLVH�LQWHUIHUHQFH����$Q� LPPHGLDWH� QH[W� VWHS� IRU� WKLV� V\VWHP� GHVLJQ� LV� WR�HPSOR\� D� FODVVLFDO� UDNH� UHFHLYHU�� GHFUHDVLQJ� WKH� IDGLQJ�DQG� VKDGRZLQJ� HIIHFWV�� ,Q� WKLV� SDSHU�� WKH� IRFXV� RI� WKH�SHUIRUPDQFH� DQDO\VLV� LV� RQ� WKH� H[FLVLRQ� DOJRULWKP�� ,Q�6HFWLRQ�,9��VHYHUDO�FRPSXWHU�VLPXODWLRQV�WKDW�SUHVHQW�WKH�HIIHFW�RI�ERWK�615�DQG�-65�YHUVXV�%(5�DUH�JLYHQ��

7DEOH����&RPSXWDWLRQDO�FRPSOH[LW\�RI�MDPPHU�H[FLVLRQ�LQ�WKH�'6�66�V\VWHP���
2SHUDWLRQ� $SSUR[��QR�RI�IORSV�

67)7� � ORJ1 1 PXOWLSOLFDWLRQV�
,QYHUVH�67)7� � ORJ1 1 PXOWLSOLFDWLRQV�
7KUHVKROGLQJ� � [�D�[�E�FRPSDULVRQV�

)LJXUH�����D��67)7�RI�UHFHLYHG�VLJQDO�ZKHQ�QR�MDPPHU�LV�PL[HG�� �E�67)7�RI�FKLUS�VLJQDOV�ZLWK�GXW\�F\FOH�RI�����LQ�WKH�'6�66�V\VWHP�DQG��F��WKH�VXSSRUW���
,9��6,08/$7,216�,Q�WKH�GHVLJQHG�'6�66�FRPPXQLFDWLRQ�V\VWHP��)LJ�����D��VKRZV� WKH� 67)7� RI� UHFHLYHG� VLJQDO� ZKHQ� QR� MDPPHU� LV�PL[HG� DW� WKH� FKDQQHO�� 0RUHRYHU�� )LJ�� �� �E�� VKRZV� WKH�67)7�RI�D�FKLUS�W\SH�MDPPHU�VLJQDO�WKDW�KDV�D�GXW\�F\FOH�RI������)LJ�����F��SUHVHQWV�WKH�VXSSRUW�ZKLFK�LV�REWDLQHG�IURP�WKH�67)7�VKRZQ�LQ�)LJ�����E����$IWHU�WKH�MDPPHU�LV�V\QWKHVL]HG��LW� LV�VXEWUDFWHG�IURP�WKH�UHFHLYHG� VLJQDO� LQ� WLPH� GRPDLQ�� (VWLPDWLRQ� HUURU� RI�VLPXODWLRQV�LV�VKRZQ�LQ�)LJ����F���-65�LV�VHOHFWHG�DV����G%�DQG�%(5�LV�HYDOXDWHG�IRU�615�YDOXHV�IURP���G%�WR���G%���0HDQ�HVWLPDWLRQ�HUURUV�KDSSHQ�WR�EH�OHVV�WKDQ���������

)LJXUH���,Q�WKH�'6�66�V\VWHP���D��67)7�RI�WRWDO�UHFHLYHG�VLJQDO���E��HVWLPDWLRQ�RI�WKH�MDPPHU�VLJQDO���F��HVWLPDWLRQ�HUURU���



,Q�WKH�ILUVW�SDUW�RI�WKH�VLPXODWLRQV��-65�LV�IL[HG�WR����G%�DQG� 615� LV� YDULHG�� 615� YV�� %(5V� DUH� FRPSXWHG� IRU��������WUDLOV��)LJ����UHSUHVHQWV�WKH�%(5�YV��615�FXUYH�IRU�WKH� GDWD� WRJHWKHU� ZLWK� WKH� FKLUS� MDPPHU�ZKRVH� 67)7� LV�VKRZQ�LQ�)LJ�����E�����,I� MDPPHU� FRQVLVWV� RI� WZR� FKLUS� FRPSRQHQWV�� %(5� YV��615� SHUIRUPDQFH� JHWV� ZRUVH� DV� SUHVHQWHG� LQ� )LJ�� ��� 7R�FRPSDUH� WKH� VXFFHVV� RI� WKH� LQWHUIHUHQFH� H[FLVLRQ� SDUW� RI�WKH� V\VWHP��%(5� YV�� -65� FXUYHV� IRU� WKH� ³SUH�SURFHVVLQJ�GLVDEOHG´�DQG�³SUH�SURFHVVLQJ�HQDEOHG´�FDVHV�IRU�D�VLQJOH�FRPSRQHQW�FKLUS� MDPPHU�DUH� VLPXODWHG�� ,Q� WKLV� VLWXDWLRQ��615�LV� VHW� WR���G%�DQG�-65�LV�FKDQJHG�IURP���G%�WR����G%�ZKLFK�PHDQV�WKDW�QR�MDPPHU�VLJQDO�LV�PL[HG�LQWR�WKH�GDWD���,QWHUIHUHQFH� H[FLVLRQ� DOJRULWKPV� LPSURYH� WKH� V\VWHP�SHUIRUPDQFH�PRUH�WKDQ�DQ�RUGHU�RI�PDJQLWXGH�DV�VKRZQ�LQ�)LJ�� ��� $V� WKH� SRZHU� RI� WKH� LQWHUIHUHQFH� ULVHV�� WKH�VSUHDGLQJ� JDLQ� ORVHV� LWV� DELOLW\� WR� FRPSHQVDWH� IRU� WKH�SUHVHQFH� RI� WKH� MDPPHU� DQG� FRQVHTXHQWO\�� WKH� %(5�LQFUHDVHV���,Q�WKH�VLPXODWLRQV��IRU���G%�615��ZKHQ�MDPPHU�H[FLVLRQ�DOJRULWKP� LV� HQDEOHG� %(5� LV� OHVV� WKDQ� ����� +RZHYHU�� LI�WKLV� DOJRULWKP� LV� QRW� XVHG�� %(5� LV� REWDLQHG� QHDUO\� �����7KHUHIRUH��WKH�RYHUDOO�V\VWHP�LPSURYHV�QRWLFHDEO\���
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