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$EVWUDFW�� ,Q�DJHQW�PHGLDWHG�DSSOLFDWLRQV�� WKH�FRQILJXUDWLRQ�RI� WKH�PXOWL�DJHQW�

V\VWHP�RIWHQ�FKDQJHV�GXH�WR�WKH�FUHDWLRQ�DQG�WKH�GHOHWLRQ�RI�DJHQWV��7KH�EHKDY�

LRXU�RI�VXFK�V\VWHPV�RQ�WKH�RQH�KDQG�GHSHQGV�RQ�WKH�VWUXFWXUDO�G\QDPLFV�RI�WKH�

V\VWHP� FRQILJXUDWLRQ�� EXW� RQ� WKH� RWKHU� KDQG� FRQVLVWV�RI� WKH� LQIRUPDWLRQDO�G\�

QDPLFV�RI�WKH�FRQILJXUDWLRQ��7R�VSHFLI\�DQG�YHULI\�WKH�SURSHUWLHV�RI�WKH�V\VWHP��

LQFOXGLQJ�LWV�FRQILJXUDWLRQ�G\QDPLFV��D�UHTXLUHPHQW�ODQJXDJH�LV�QHHGHG�WKDW�LV�

FDSDEOH�WR�H[SUHVV�WKRVH�SURSHUWLHV��,Q�WKLV�SDSHU��ZH�GLVFXVV�WKH�FRQILJXUDWLRQ�

G\QDPLFV�SURSHUWLHV�RI�PXOWL�DJHQW�V\VWHPV�DQG�GHILQH�D�ODQJXDJH�E\�PHDQV�RI�

ZKLFK� WKRVH�SURSHUWLHV�FDQ�EH�VSHFLILHG��$�SURWRW\SLFDO�VFHQDULR�IRU�DQ�DJHQW�

PHGLDWHG�V\VWHP�LV�GLVFXVVHG�DQG�VRPH�LPSRUWDQW�UHTXLUHPHQWV�IRU�WKLV�V\VWHP�

DUH�VSHFLILHG���

����,QWURGXFWLRQ�

5HTXLUHPHQWV� (QJLQHHULQJ� LV� WRGD\� D�ZHOO�VWXGLHG� ILHOG� RI� UHVHDUFK�ZLWKLQ� 6RIWZDUH�

(QJLQHHULQJ��H�J��� >�@�� >��@�� >��@��5HTXLUHPHQWV�GHVFULEH� WKH�UHTXLUHG�SURSHUWLHV�RI�D�

V\VWHP��WKLV�PD\�LQFOXGH�WKH�IXQFWLRQV�RI�WKH�V\VWHP��VWUXFWXUH�RI�WKH�V\VWHP��VWDWLF�DQG�

G\QDPLF� SURSHUWLHV��� ,Q� UHFHQW� \HDUV� UHTXLUHPHQWV� HQJLQHHULQJ� IRU� GLVWULEXWHG� DQG�

DJHQW�V\VWHPV�KDV�EHHQ�VWXGLHG�LQ�VRPH�GHSWK��H�J���LQ�>�@��>�@��>�@��,Q�DSSOLFDWLRQV�WR�

DJHQW�EDVHG�V\VWHPV��WKH�G\QDPLFV�RU�EHKDYLRXU�RI�WKH�V\VWHP�SOD\V�DQ�LPSRUWDQW�UROH�

LQ� GHVFULSWLRQ� RI� WKH� VXFFHVVIXO� RSHUDWLRQ� RI� WKH� V\VWHP�� 7R� EH� DEOH� WR� H[SUHVV� UH�

TXLUHPHQWV� XQDPELJXRXVO\�� DQG� WR� VXSSRUW� YHULILFDWLRQ� E\� DXWRPDWHG� WRROV�� IRUPDO�

UHTXLUHPHQWV�VSHFLILFDWLRQ�ODQJXDJHV�DUH�LPSRUWDQW��

'\QDPLFV�RI�DJHQW�EDVHG�V\VWHPV�FDQ�WDNH�GLIIHUHQW�IRUPV��'HSHQGLQJ�RQ�WKH�W\SH�

RI� G\QDPLFV�� GLIIHUHQW� GHPDQGV� DUH� LPSRVHG� RQ� WKH� H[SUHVVLYLW\� RI� D� UHTXLUHPHQWV�

VSHFLILFDWLRQ� ODQJXDJH��$� VLPSOH� IRUP�RI� UHTXLUHPHQWV� IRU� G\QDPLFV� �FORVH� WR� IXQF�

WLRQDO�UHTXLUHPHQWV��H[SUHVVHV�UHDFWLYH�W\SHV�RI�EHKDYLRXU��+RZHYHU��FRPELQDWLRQV�RI�

SUR�DFWLYH�DQG�UHDFWLYH�EHKDYLRXU�FDQ�UHTXLUH�PRUH�FRPSOLFDWHG�UHTXLUHPHQWV�H[SUHV�

VLRQV��0RVW� W\SHV� RI� EHKDYLRXU� RI� WKLV� W\SH� FDQ� EH� H[SUHVVHG� XVLQJ� UDWKHU� VWDQGDUG�

IRUPV�RI� WHPSRUDO� ORJLF��H�J��� >��@��>�@��>�@��)XUWKHU�FRPSOLFDWLRQV�DULVH�LI�WKH�HYROX�

WLRQ� RI� D� V\VWHP� RYHU� WLPH� LV� WDNHQ� LQWR� DFFRXQW�� WKHQ� WHPSRUDO� ORJLFV� RI� WKH�PRUH�

VWDQGDUG�W\SHV�GR�QRW�VXIILFH��([DPSOHV�RI�EHKDYLRXU�RI�WKLV�W\SH�DUH�UHODWLYH�DGDSWLYH�



/HFWXUH�1RWHV�LQ�&RPSXWHU�6FLHQFH������2�

����� ��� �	�
���
�	� (QYLURQPHQW�


�� �����	��� �


�� �����	��� �

�����	���

�����	���

��� �����	��� �

��� �����	��� �

EHKDYLRXU� �H�J��� µH[HUFLVH� LPSURYHV� VNLOO¶��� LQ�ZKLFK� WZR� GLIIHUHQW� SRVVLEOH� KLVWRULHV�

KDYH� WR� EH� FRPSDUHG�� DQG� VHOI�PRGLI\LQJ� EHKDYLRXU�� IRU� H[DPSOH�� WKH� EHKDYLRXU� RI�

RQH�RI� WKH� DJHQWV� �H�J��� D� FUHDWLRQ�DFWLRQ�� OHDGV� WR� D�GLIIHUHQW� V\VWHP�VWUXFWXUH� �H�J���

ZLWK�DQ�DGGLWLRQDO�DJHQW���7KLV�SDSHU�DGGUHVVHV�VSHFLILFDWLRQV�RI�UHTXLUHPHQWV�IRU�WKH�

ODWWHU�W\SH�RI�G\QDPLFV��

,Q�RUGHU�WR�LOOXVWUDWH�WKLV�W\SH�RI�G\QDPLFV��FRQVLGHU�PXOWL�DJHQW�PHGLDWLQJ�V\VWHPV�

VXFK� DV� EURNHULQJ� V\VWHPV�� PDWFK� PDNLQJ� V\VWHPV�� DQG� VHDUFK� HQJLQHV�� ZKLFK� DUH�

LPSRUWDQW�HOHFWURQLF�FRPPHUFH�DSSOLFDWLRQV��,Q�VXFK�DSSOLFDWLRQV��D�XVHU�LQWHUDFWV�ZLWK�

WKH�V\VWHP��UHFHLYHV�LWV�SHUVRQDO�DVVLVWDQW��ZKLFK�LQ�WXUQ�LQWHUDFWV�ZLWK�DYDLODEOH�LQWHU�

PHGLDWH�DQG�WDVN�VSHFLILF�DJHQWV�WR�SHUIRUP�WKH�XVHU�WDVN��1RWH�WKDW�LQ�WKHVH�V\VWHPV�

DJHQWV��SHUVRQDO�DVVLVWDQW�DQG�WDVN�VSHFLILF�DJHQWV��DUH�FUHDWHG�DQG�UHPRYHG�IURP�WKH�

V\VWHP��,Q�WKLV�SDSHU��ZH�SURSRVH�DQ�DEVWUDFW�PXOWL�DJHQW�DUFKLWHFWXUH�IRU�VXFK�PHGLDW�

LQJ�V\VWHPV��$FFRUGLQJ�WR�WKLV�DUFKLWHFWXUH��ZKLFK�LV�LOOXVWUDWHG�LQ�)LJXUH����PHGLDWLQJ�

V\VWHPV�FRQVLVW�RI�D�FHQWUDO�PDLQWHQDQFH�DJHQW��ZKLFK�LV�UHVSRQVLEOH�IRU�V\VWHP�FRQ�

ILJXUDWLRQ�� DQ� HQYLURQPHQW� FRPSRQHQW��ZKLFK� UHSUHVHQWV� WKH� V\VWHP�HQYLURQPHQW� LQ�

FOXGLQJ�DOO�FRPSRQHQWV�RI� WKH�V\VWHP�H[FHSW� LWVHOI�DQG�LV�UHVSRQVLEOH�IRU�WKH�UHDOL]D�

WLRQ�RI�V\VWHP�PRGLILFDWLRQV��DQG�]HUR�RU�PRUH�DJHQWV�WKDW�FDQ�EH�GLVWLQJXLVKHG�LQ�WZR�

W\SHV�� SHUVRQDO� DVVLVWDQW� DJHQWV� �3�DJHQWV���ZKLFK� DVVLVWV� WKHLU�XVHUV� WR� DFKLHYH� WKHLU�

WDVNV��DQG�LQWHUPHGLDWH�WDVN�VSHFLILF�DJHQWV��,�DJHQWV�VXFK�DV�QHJRWLDWRU��PDWFKPDNHUV��

DQG�DXFWLRQHHU���ZKLFK�DUH�UHVSRQVLEOH�IRU�WKH�DFWXDO�SHUIRUPDQFH�RI�WKH�XVHU�WDVNV��
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,QLWLDOO\��WKH�PDLQWHQDQFH�DJHQW�LQWHUDFWV�ZLWK�XVHUV��WKURXJK�GDVKHG�OLQNV��DQG�GH�

WHUPLQHV� WKH� UHTXLUHG�PRGLILFDWLRQ� RI� V\VWHP� FRQILJXUDWLRQ�� 7KH�PDLQWHQDQFH� DJHQW�

FRPPXQLFDWHV�WKHQ�ZLWK�WKH�HQYLURQPHQW��WKURXJK�WKH�EROG�OLQN��DQG�RUGHU�WR�PRGLI\�

WKH�V\VWHP�FRQILJXUDWLRQ��7KH�HQYLURQPHQW�LPSOHPHQWV�WKH�JLYHQ�RUGHU�WKURXJK�ZKLFK�

WKH�V\VWHP�FRQILJXUDWLRQ�LV�PRGLILHG��7KH�XVHUV�FDQ�WKHQ�GHOHJDWH�WKHLU�WDVNV�WR�WKHLU�

FRQILJXUHG�SHUVRQDO�DVVLVWDQWV��ZKLFK�LQ�WXUQ�DFKLHYH�WKH�WDVNV�E\�LQWHUDFWLQJ�ZLWK�WKH�

FRQILJXUHG�WDVN�VSHFLILF�LQWHUPHGLDWH�DJHQWV��WKURXJK�WKH�UHPDLQLQJ�OLQNV���)RU�H[DP�

SOH��D�XVHU�ZKR�LV�ZLOOLQJ�WR�EX\�D�FDU�FRPPXQLFDWHV�ZLWK�WKH�PDLQWHQDQFH�DJHQW�DQG�

UHTXLUHV� D� FDU� EURNHULQJ� V\VWHP�� 7KH� PDLQWHQDQFH� DJHQW� VSHFLILHV� D� FDU� EURNHULQJ�

V\VWHP�FRQVLVWLQJ�RI�D�FDU�EURNHU�DJHQW��ZKLFK�PD\�DOUHDG\�H[LVW��DQG�D�SHUVRQDO�DVVLV�

WDQW� DJHQW� IRU� WKH� XVHU� �RWKHU� SHUVRQDO� DVVLVWDQW� DJHQWV� PD\� H[LVW� DOUHDG\� VLQFH� WKH�

EX\HU�KDV�EHHQ�UHJLVWHUHG��LQ�VXFK�D�ZD\�WKDW�WKH�FDU�EURNHU�DJHQW�DQG�SHUVRQDO�DVVLV�

WDQW�DJHQWV�FDQ� LQWHUDFW��7KH�VSHFLILHG�V\VWHP�FRQILJXUDWLRQ�LV�WKHQ�FRPPXQLFDWHG�WR�

WKH�HQYLURQPHQW�FRPSRQHQW��ZKLFK�UHDOL]HV� WKH�UHTXLUHG�FRQILJXUDWLRQ��7KH�XVHU�FDQ�

QRZ�GHOHJDWHV�LWV�FDU�EX\LQJ�WDVN�WR�LWV�DVVLJQHG�SHUVRQDO�DVVLVWDQW�DJHQW��ZKLFK�LQ�WXUQ�
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FDQ�LQWHUDFW�ZLWK�WKH�FDU�EURNHU�DJHQW�WR�DFKLHYH�WKH�GHOHJDWHG�WDVN��7KH�XVHU�FDQ�GH�

FLGH�WR�WHUPLQDWH�WKH�EURNLQJ�V\VWHP�LQ�ZKLFK�FDVH�WKH�SHUVRQDO�DVVLVWDQW�DJHQW�FDQ�EH�

HLWKHU� GHOHWHG� IURP� WKH� V\VWHP� RU� VHW� LGOH��7KH� FDU� EURNHU� DJHQW�PD\� DOVR� EH� HLWKHU�

GHOHWHG�RU�VHW�LGOH�LI�WKHUH�DUH�QR�RWKHU�FDU�UHODWHG�SHUVRQDO�DVVLVWDQW�DJHQWV���

2QH�HVVHQWLDO�SURSHUW\�RI�WKHVH�DJHQW�PHGLDWLQJ�V\VWHPV�LV�WKHLU�G\QDPLF�FRQILJXUD�

WLRQV�� QHZ� DJHQWV� DUH� FUHDWHG� DQG� UHPRYHG� IURP� WKH� V\VWHP�� $� FRUUHFWO\� EHKDYLQJ�

V\VWHP�GHSHQGV�WKHUHIRUH�RQ�LWV�FRQILJXUDWLRQ�GXULQJ�LWV�H[HFXWLRQ��)RU�WKLV�UHDVRQ��LW�

LV� LPSRUWDQW� WR� VSHFLI\� FRQILJXUDWLRQ� SURSHUWLHV� RI� VXFK� V\VWHPV� GXULQJ� WKHLU� H[HFX�

WLRQV��7KLV�LV�WKH�IRFXV�RI�WKH�SDSHU��,Q�SDUWLFXODU��ZH�ZLOO�GHYHORS�D�WUDFH�UHTXLUHPHQW�

ODQJXDJH� WKDW� FDQ� H[SUHVV�� EHVLGH� IXQFWLRQDO� DQG� LQIRUPDWLRQDO� UHTXLUHPHQWV�� WKRVH�

UHTXLUHPHQWV� WKDW� DUH� FRQFHUQHG� ZLWK� WKH� V\VWHP� FRQILJXUDWLRQ� GXULQJ� LWV� H[HFXWLRQ�

WUDFHV��%DVHG�RQ� WKLV� ODQJXDJH��ZH�ZLOO� WKHQ� LGHQWLI\�D�QXPEHU�RI� UHTXLUHPHQW� W\SHV�

FRQFHUQLQJ� WKH� FRQILJXUDWLRQ� RI� DJHQW�PHGLDWHG� V\VWHPV�� $� VFHQDULR� IRU� DQ� DJHQW�

PHGLDWLQJ�V\VWHP�ZLOO�PRWLYDWH�WKHVH�UHTXLUHPHQWV��

����5HTXLUHPHQW�/DQJXDJH��

,Q� WKLV� VHFWLRQ��ZH� ILUVW� GHILQH� DQ� RUGHUHG�VRUWHG� ODQJXDJH�� FDOOHG�'HVLJQ�/DQJXDJH�

�'/��� WKH�H[SUHVVLRQV�RI�ZKLFK�VSHFLI\�WKH�FRQILJXUDWLRQV�RI�DJHQW�PHGLDWLQJ�V\VWHP��

7KHVH� H[SUHVVLRQV�ZLOO� EH� XVHG� WR� VSHFLI\� WKH� UHTXLUHG� V\VWHP� FRQILJXUDWLRQ�� 7KHQ��

EDVHG�RQ� WKH�'/� H[SUHVVLRQV�ZH�GHILQH�DQRWKHU�RUGHUHG�VRUWHG� ODQJXDJH��FDOOHG�'H�

VLJQ�$FWLRQ�/DQJXDJH��'$/���WKH�H[SUHVVLRQV�RI�ZKLFK�PRGLI\�V\VWHP�FRQILJXUDWLRQ��

L�H�� WKH�H[SUHVVLRQV�LQGLFDWH�DFWLRQV�WKDW�FKDQJH�RQH�V\VWHP�FRQILJXUDWLRQ�WR�DQRWKHU��

)RU� H[DPSOH�� WKH�PDLQWHQDQFH� DJHQW� LQ� RXU� H[DPSOH� JHQHUDWHV� VXFK� H[SUHVVLRQV�� ,Q�

RUGHU�WR�PRGLI\�WKH�V\VWHP�FRQILJXUDWLRQ��WKH�PRGLILFDWLRQ�DFWLRQV�QHHG�WR�EH�FRPPX�

QLFDWHG�� ,Q�RXU�H[DPSOH�� WKH�PDLQWHQDQFH�DJHQW�FRPPXQLFDWHV�VXFK�PRGLILFDWLRQ�DF�

WLRQV�ZLWK� WKH�HQYLURQPHQW�FRPSRQHQW�� ,Q�RUGHU� WR� VSHFLI\� WKHVH�FRPPXQLFDWLRQ�H[�

SUHVVLRQV��ZH� GHILQH� D� WKLUG� RUGHUHG�VRUWHG� ODQJXDJH�� FDOOHG�&RPPXQLFDWLRQ�$FWLRQ�

/DQJXDJH� �&$/�� WKDW� XVHV� WKH�'$/� H[SUHVVLRQV� DQG� JHQHUDWHV� VXFK� FRPPXQLFDWLRQ�

H[SUHVVLRQV�� � )LQDOO\�� WKH� H[SUHVVLRQV� RI� WKHVH� ODQJXDJHV�ZLOO� EH� XVHG� WR� GHILQH� WKH�

7UDFH�5HTXLUHPHQW�/DQJXDJH��75/��WKH�H[SUHVVLRQV�RI�ZKLFK�IRUPDOL]H�SURSHUWLHV�RI�

QRW�RQO\�WKH�IXQFWLRQDO�EHKDYLRXU�RI�WKH�V\VWHP��EXW�DOVR�WKH�FRQILJXUDWLRQ�RI�WKH�V\V�

WHP�GXULQJ�H[HFXWLRQ�WUDFHV���

� 1RWH� WKDW� WKH�ILUVW� WKUHH� ODQJXDJHV�DUH�REMHFW� ODQJXDJHV�LQ�WKH�VHQVH�WKDW�WKH\�DUH�

XVHG� E\� WKH� FRPSRQHQWV� LQ� WKH� DJHQW�PHGLDWLQJ� V\VWHPV� WR� VSHFLI\� DQG�PRGLI\� WKH�

FRQILJXUDWLRQ�RI�WKH�V\VWHP��ZKLOH�WKH�WUDFH�UHTXLUHPHQW�ODQJXDJH�LV�D�PHWD�ODQJXDJH�

LQ� WKH�VHQVH� WKDW� LW� LV�XVHG� �E\�DQ�H[WHUQDO�REVHUYHU�� WR� VSHFLI\� WKH� �LQIRUPDWLRQ�DQG�

FRQILJXUDWLRQ��SURSHUWLHV�RI�WKH�V\VWHP�EHKDYLRXU��&RQVHTXHQWO\��WKH�ILUVW�WKUHH�REMHFW�

ODQJXDJHV� SUHVXSSRVH� FHUWDLQ� W\SH� RI�PXOWL�DJHQW� V\VWHP�DUFKLWHFWXUH� VLQFH� WKHLU� H[�

SUHVVLRQV�DUH�DERXW�V\VWHP�LQJUHGLHQWV��,Q�WKLV�SDSHU��ZH�FRQFHQWUDWH�RQ�V\VWHPV�VSHFL�

ILHG�DFFRUGLQJ�WR�VRPH�IRUP�RI�FRPSRVLWLRQDO�DUFKLWHFWXUH��>�@��7KHVH�V\VWHPV�FRQVLVW�

RI�D�QXPEHU�RI�FRPSRQHQWV�WKDW�LQWHUDFW�ZLWK�HDFK�RWKHU�WKURXJK�FHUWDLQ�W\SHV�RI�FRQ�

QHFWLRQV��&RPSRQHQWV�PD\� RU�PD\� QRW� EH� FRPSRVHG� RI� RWKHU� FRPSRQHQWV�� &RPSR�

QHQWV�WKDW�DUH�QRW�FRPSRVHG�DUH�VRPHWLPHV�FDOOHG�SULPLWLYH�FRPSRQHQWV��7KHVH�FRP�
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SRQHQWV�DUH�GHILQHG�LQ�WHUPV�RI�FHUWDLQ�LQJUHGLHQWV�VXFK�DV�LQSXW�DQG�RXWSXW�LQWHUIDFHV��

FRQWURO� ORRS��VLJQDWXUHV��HPEHGGHG�FRPSRQHQWV��IRU�QRQ�SULPLWLYH�FRPSRQHQWV���DQG�

NQRZOHGJH� EDVHV� �IRU� SULPLWLYH� FRPSRQHQWV��� 7KH� WR� EH� IRUPDOL]HG� FRQILJXUDWLRQ�

SURSHUWLHV�DUH�DERXW�WKHVH�LQJUHGLHQWV�DQG�WKHLU�VWUXFWXUDO�UHODWLRQV��$OWKRXJK�ZH�ZLOO�

QRW�JLYH�DQ�H[KDXVWLYH� OLVW�RI�DOO� LQJUHGLHQWV� WKDW�PD\�EH�XVHG� LQ� WKHVH� W\SHV�RI�V\V�

WHPV��ZH�PHQWLRQ�DQG�XVH�WKH�PRVW�LPSRUWDQW�LQJUHGLHQWV��7KXV�ZH�IRUPDOLVH�V\VWHPV�

RQ� WKH�EDVLV�RI� VRPH� IRUP�RI�FRPSRQHQW�EDVHG�RU�FRPSRVLWLRQDO�DUFKLWHFWXUH��DV� IRU�

H[DPSOH� �EXW� FHUWDLQO\� QRW� H[FOXVLYHO\�� LV� SRVVLEOH� ZLWKLQ� '(6,5(�� �'(VLJQ� DQG�

6SHFLILFDWLRQ� RI� ,QWHUDFWLQJ�5(DVRQLQJ� FRPSRQHQWV�� FI�� >�@��7KH� UHDGHU� VKRXOG�QRWH�

WKDW�WKH�SURSRVHG�REMHFW�ODQJXDJHV�FRXOG�EH�HDVLO\�UHIRUPXODWHG�IRU�GLIIHUHQW�W\SHV�RI�

V\VWHPV��

������'HVLJQ�/DQJXDJH��'/���

7KH�VRUWV�LQ�'/�LGHQWLI\�WKH�LQJUHGLHQWV�LQ�VXFK�V\VWHPV��$OWKRXJK�DQ�H[KDXVWLYH�HQX�

PHUDWLRQ�RI�DOO�VRUWV�WKDW�DUH�XVHG�LV�RXW�RI�VFRSH�RI�WKLV�SDSHU��VRPH�LPSRUWDQW�VRUWV�

DUH�PHQWLRQHG�LQ�WDEOH����

7DEOH�1��([DPSOHV�RI�VRUWV�LQ�'/�

�

�

�

7KHVH�VRUWV�FDQ�EH�RUGHUHG�� OLNH� IRU�H[DPSOH�63��� � � �<�63��)RU�DOO�VRUWV�6�D�VHW�RI�

FRQVWDQWV��L�H��^F�_�F�LV�D�FRQVWDQW�RI�VRUW�6�`��DQG�D�VHW�RI�YDULDEOHV��L�H��^[�6�_�[�LV�D�

YDULDEOH�RI�VRUW�6`���DUH�DVVXPHG��$OVR��D�VHW�RI�Q�DU\�IXQFWLRQV��L�H��^I
�
�_�I

�
�LV�DQ�Q�DU\�

IXQFWLRQ�IRU�DQ\�Q`��LV�DVVXPHG��*LYHQ�WKH�DERYH�LQJUHGLHQWV��WKH�WHUPV�RI�WKH�GHVLJQ�

ODQJXDJH�FDQ�EH�GHILQHG�DV�IROORZV���

�

��� ,I�F�LV�D�FRQVWDQW�RI�VRUW�6��WKHQ�F�LV�D�WHUP�RI�VRUW�6��

��� ,I�[�6�LV�D�YDULDEOH�RI�VRUW�6��WKHQ�[�6�LV�D�WHUP�RI�VRUW�6��

��� ,I�I�6 � ×«×6� Æ6�LV�D�Q�DU\�IXQFWLRQ�DQG�W � �LV�D�WHUP�RI�VRUW�6 � ���L ��«�Q���WKHQ��

���I�W � �«�W � ��LV�D�WHUP�RI�VRUW�6��
�

7KHVH�WHUPV�UHIHU�WR�LQJUHGLHQWV�RI�WKH�V\VWHP��ZKLFK�FDQ�EH�UHODWHG�WR�HDFK�RWKHU�

DFFRUGLQJ� WR� VRPH�FHUWDLQ� UHODWLRQV��7KHVH� UHODWLRQV� DUH�GHQRWHG�E\�VRUWHG�SUHGLFDWH�

V\PEROV��6RPH�LPSRUWDQW�SUHGLFDWHV�DUH�PHQWLRQHG�LQ�WDEOH����
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'$/� LPSRUWV�DOO� WHUPV�DQG�IRUPXODH�IURP�'/�DV� WHUPV�DQG�JHQHUDWHV�QHZ�WHUPV��QR�

IRUPXODH��GHQRWLQJ�SODQV� WR�PRGLI\� D� V\VWHP�FRQILJXUDWLRQ��1RWH� WKDW� LPSRUWLQJ�'/�

IRUPXODH� DV� WHUPV� LPSOLHV� WKDW� WKHVH� WHUPV� UHIHU� WR� WKH� VWUXFWXUDO� FRQILJXUDWLRQV� RI�
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WHUPV�DQG�IRUPXOD�IURP�'/�DV�WHUPV�LQ�'$/��ZH�LQWURGXFH�IXQFWLRQV�FRUUHVSRQGLQJ�WR�

ERWK�WKH�LPSRUWHG�IXQFWLRQV�DQG�SUHGLFDWHV��*LYHQ�VRUW�'/���IXQF�'/���DQG�SUHG�'/��

EH� UHVSHFWLYHO\� WKH�VHWV�RI� VRUWV�� IXQFWLRQV��DQG�SUHGLFDWHV� IURP�'/�� WKH�IXQFWLRQV� LQ�

'$/�DUH�GHILQHG�DV�IROORZV��
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1RWH�WKDW�WKH�LPSRUWHG�IXQFWLRQV�LQ�'$/�DUH�PDUNHG��E\�EHLQJ�XQGHUOLQHG��LQ�RUGHU�

WR�GLVWLQJXLVK�WKHP�IURP�WKHLU�FRUUHVSRQGLQJ�IXQFWLRQV�RU�SUHGLFDWHV�IURP�'/��:KHQ�

HYHU�WKHUH�LV�QR�FRQIXVLRQ��ZH�ZLOO�OHDYH�RXW�WKHVH�XQGHUO\LQJ�PDUNV��*LYHQ�WKH�DERYH�

IXQFWLRQV��WKH�WHUPV�RI�'$/�FDQ�EH�GHILQHG�LQ�XVXDO�ZD\���
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WKDW�DUH�FRQQHFWHG�E\�FRQQHFWLRQ )	*���+,�
� �	� �DQG��PRUHRYHU��DJHQW:�; �XVHV�WKH�LQSXW�VLJQD�
WXUH� ��� � Σ�� 7KH� IXQFWLRQ�DGG� VKRXOG� EH� LQWHUSUHWHG� DV� DGGLQJ� DOO� V\VWHP� HOHPHQWV� WKDW�

RFFXU�LQ�WKH�GHVLJQ�IRUPXOD�EXW�QRW�\HW�LQFOXGHG�LQ�WKH�V\VWHP��LQ�WKH�JLYHQ�UHODWLRQ��

������'HVLJQ�&RPPXQLFDWLRQ�/DQJXDJH��'&/��

'&/� LPSRUWV� WHUPV� IURP�'$/� DQG�JHQHUDWHV�H[SUHVVLRQV�E\�PHDQV�RI�ZKLFK�V\VWHP�

FRPSRQHQWV� FDQ� FRPPXQLFDWH� DERXW� V\VWHP�FRQILJXUDWLRQ�DQG� LWV�PRGLILFDWLRQ��$Q\�

VRUW�IURP�'$/�LV�DOVR�D�VRUW�LQ�'&/��)RU�DOO�VRUWV�D�VHW�RI�FRQVWDQWV�DQG�D�VHW�RI�YDUL�

DEOHV� DUH� DVVXPHG��$OVR�� DQ\� IXQFWLRQ� IURP�'$/� LV� LPSRUWHG� DV� D� IXQFWLRQ� LQ�'&/��

1RWH� WKDW� WKHUH� LV� D� RQH�WR�RQH� FRUUHVSRQGHQFH� EHWZHHQ� WHUPV� IURP�'&/� DQG�'$/��

0RUHRYHU��D�VHW�RI�SUHGLFDWHV�LV�DVVXPHG�WKDW�GHWHUPLQHV�WKH�FRPPXQLFDWLRQ�EHWZHHQ�

FRPSRQHQWV�DERXW�V\VWHP�FRQILJXUDWLRQ�DQG�LWV�PRGLILFDWLRQ��7KHVH�SUHGLFDWHV�DUH�OLNH�

WKRVH� WKDW� DUH� XVHG� LQ� '(6,5(�� WKRXJK� ZH� ZLOO� QRW� HQXPHUDWH� WKHP� H[KDXVWLYHO\��

6RPH�LPSRUWDQW�SUHGLFDWHV�DUH�JLYHQ�LQ�WDEOH����
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SHUIRUPHG��

������7UDFH�5HTXLUHPHQW�/DQJXDJH��75/��

7UDFH�5HTXLUHPHQW�/DQJXDJH� �75/�� LV�GHILQHG� WR� VSHFLI\�SURSHUWLHV�RU�UHTXLUHPHQWV�

FRQFHUQLQJ�HLWKHU�WKH�FRQILJXUDWLRQ�EHKDYLRXU��H�J��ZKDW�ZLOO�EH�WKH�V\VWHP�FRQILJXUD�

WLRQ�LI�WKH�PDLQWHQDQFH�DJHQW�VHQGV�D�'&/�H[SUHVVLRQ�WR�WKH�HQYLURQPHQW�FRPSRQHQW��

RU�WKH�LQIRUPDWLRQ�EHKDYLRXU��H�J��ZKDW�ZLOO�EH�WKH�V\VWHP�LQIRUPDWLRQ�VWDWH�LI�D�FRP�

SRQHQW�VHQGV�DQ�H[SUHVVLRQ�WR�DQRWKHU�FRPSRQHQW��RI�DJHQW�PHGLDWHG�V\VWHPV��$�WUDFH�

LV�D�VHTXHQFH�RI�V\VWHP�VWDWHV��PRGHOV��WKURXJK�WKH�WLPH��7KXV��75/�JHQHUDWHV�H[SUHV�

VLRQV� WKDW� VSHFLI\� WKH� FRQILJXUDWLRQ� DQG� LQIRUPDWLRQ� EHKDYLRXU� RI� D� V\VWHP� WKURXJK�

WLPH��)RU�WKLV�UHDVRQ��ZH�GHILQH�WHUPV�WKDW�GHQRWH�V\VWHP�VWDWHV��V\VWHP�WUDFHV��LQIRU�

PDWLRQ�FRQWHQW�RI�V\VWHP�VWDWHV��DQG�VWUXFWXUDO�FRQILJXUDWLRQV�RI�V\VWHP�VWDWHV��0RUH�

RYHU��ZH�LQWURGXFH�SUHGLFDWHV�WR�UHSUHVHQW�UHODWLRQV�EHWZHHQ�DERYH�HQWULHV���

*LYHQ�D�GRPDLQ�VSHFLILF�RUGHUHG�VRUWHG�VLJQDWXUH�Σ� �OLNH� WKRVH�XVHG� LQ�'(6,5(���

ZH� GHQRWH� VRUWV�� IXQFWLRQV� DQG� SUHGLFDWHV� IURP� Σ� E\� VRUW�Σ��� IXQF�Σ�� DQG� SUHG�Σ���

UHVSHFWLYHO\��$OVR��ZH�GHQRWH�VRUWV��IXQFWLRQV�DQG�SUHGLFDWHV�IURP�'&/�E\�VRUW�'&/���

IXQF�'&/��DQG�SUHG�'&/���UHVSHFWLYHO\��7KH�VRUWV�LQ�75/�DUH�PHQWLRQHG�LQ�WDEOH����

7DEOH����6RUWV�RI�75/�
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RI� YDULDEOHV� DUH� DVVXPHG��)RU� DOO� Q�DU\� IXQFWLRQ� I∈IXQF�Σ�∪IXQF�'&/�� DQG�DOO� VRUWV�

6�6 � �«�6� ∈VRUW�Σ�∪VRUW�'&/��ZKHUH�I�6 � ×«×6� Æ6���I�6 � ×«×6� Æ6�LV�DQ�LPSRUWHG�

IXQFWLRQ�LQ�WKH�WUDFH�UHTXLUHPHQW�ODQJXDJH��IXQFWLRQV�I�IURP�Σ�RU�'&/�DUH�LPSRUWHG�DV�

IXQFWLRQV� I� LQ� WKH� 75/��� $OVR�� IRU� DOO� Q�DU\� SUHGLFDWHV� S∈SUHG�Σ�� DQG� DOO� VRUWV�

6 � �«�6� ∈VRUW�Σ�� ZKHUH� S�6 � ×«×6� �� SUHGLFDWH� S� LV� UHIRUPXODWHG� DV� D� IXQFWLRQ�

S�6 � ×«×6� Æ)25� DQG� LPSRUWHG� LQ� 75/� �SUHGLFDWHV� IURP� Σ� DUH� LPSRUWHG� DV� IXQF�
WLRQV��� 6LPLODUO\�� IRU� DOO� Q�DU\� SUHGLFDWHV� S∈SUHG�'&/�� DQG� DOO� VRUWV�

6 � �«�6� ∈VRUW�'&/�� ZKHUH� S�6 � ×«×6� �� SUHGLFDWH� S� LV� UHIRUPXODWHG� DV� D� IXQFWLRQ�
S�6 � ×«×6� Æ'&)25� DQG� LPSRUWHG� LQ� 75/� �SUHGLFDWHV� IURP�'&/� DUH� LPSRUWHG� DV�

IXQFWLRQV��� )LQDOO\�� ORJLFDO� FRQQHFWLYHV� WKDW� RSHUDWH� RQ�Σ� DQG�'&/� DUH� LPSRUWHG� DV�

IXQFWLRQV��L�H��
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6RPH� VSHFLILF� IXQFWLRQV� IRU� WKH� WUDFH�UHTXLUHPHQW� ODQJXDJH� WKDW� DUH�QRW� LPSRUWHG�
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*LYHQ�WKH�IXQFWLRQV�DV�GHILQHG�DERYH�� WKH�WHUPV�RI�75/�DUH�GHILQHG�LQ�XVXDO�ZD\��

7KH� SUHGLFDWHV� PHQWLRQHG� LQ� WDEOH� �� UHSUHVHQW� UHODWLRQV� EHWZHHQ� V\VWHP� VWDWHV� DQG�

WKHLU�LQIRUPDWLRQ�FRQWHQWV��KROGVBLQIR���DQG�V\VWHP�VWDWHV�DQG�WKHLU�GHVLJQ�FRQILJXUD�

WLRQV��KROGVBVWUXFW����
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< K�< ?BA3Ok^
AD>]lHADFH?�F9<  
�
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)RUPXODH�RI�75/�FDQ�QRZ�EH�GHILQHG�DV�IROORZV��

��� ,I�3���6 � �×«×�6� ��LV�D�Q�DU\�SUHGLFDWH�DQG�W � �LV�D�WHUP�RI�VRUW�6 � ���L ��«�Q���WKHQ�

3�W � �«�W � ���LV�DQ�H[SUHVVLRQ�RI�WKH�UHTXLUHPHQW�ODQJXDJH���
��� ,I�( � �DQG�( � �DUH�H[SUHVVLRQV�DQG�[�6�LV�D�YDULDEOH�RI�VRUW�6��WKHQ�( � ∧( � ��( � ⇒( � ��

¬( � �∀[�6�( � ��∃[�6�( � �DUH�IRUPXODH�RI�WKH�UHTXLUHPHQW�ODQJXDJH��
/HW�δ�EH�D�GHVLJQ�IRUPXOD�RI�VRUW�'()25��DJHQ ��� �EH�WKH�0DLQWHQDQFH�DJHQW�KDYLQJ�

VRUW�63 �	��

� ��6<6�EH�WKH�V\VWHP�LWVHOI��WKHQ�WKH�IROORZLQJ�75/�IRUPXOD�VWDWHV�WKDW�LQ�DOO�

V\VWHP�WUDFHV�DQG�DW�DQ\�WLPH�SRLQW�LI�WKH�RXWSXW�RI�WKH�PDLQWHQDQFH�DJHQW�LV�D�FRPPX�

QLFDWLRQ�IRUPXOD�H[SUHVVLQJ�D�FUHDWLRQ�DFWLRQ��L�H�� WRBEHBSHUIRUPHG�DGG�δ����� WKHQ�DW�

VRPH�WLPH�ODWHU�WKH�V\VWHP�LV�PRGLILHG�DFFRUGLQJ�WR�WKH�FUHDWLRQ�DFWLRQ��

�
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,Q�WKH�IROORZLQJ��ZH�ZLOO�DEEUHYLDWH�WKH�TXDQWLILHG�H[SUHVVLRQ��³∃ � 8 � �@� 8 � �A92��� � ∧ B ³�

DQG�ZULWH�³∃ � 8 � �C9D��� � ∧ B ´� LQVWHDG��1RWH� WKDW� WKHUH� LV�DQ�RUGHULQJ�UHODWLRQ�EHWZHHQ�
GHILQHG�ODQJXDJHV��'/��'$/��'&/��75/��DQG�D�GRPDLQ�VSHFLILF�VLJQDWXUH�Σ��DFFRUGLQJ�
WR�ZKLFK�RQH� ODQJXDJH� LPSRUWV� WHUPV�DQG� IRUPXODH� IURP�DQRWKHU� ODQJXDJH��7KLV� LP�

SRUW�RUGHULQJ�UHODWLRQ�LV�LOOXVWUDWHG�LQ�)LJXUH����

�

�

�

�

�

�

�

�

��������� ������)LJ����� E�F�G�H IKJ�L�M N	M GPO QRN H L�SUT�GRN VWGPGRSKO QRS�X�Y	QPX#G[Z �
�

������2Q�6HPDQWLFV�

7KH� VHPDQWLFDO� UHODWLRQ� EHWZHHQ� ODQJXDJH� H[SUHVVLRQV�� PRGHOV� ZLWK� UHVSHFW� WR� WKDW�

ODQJXDJH� DQG� WKH� UHDO�ZRUOG� FRQWDLQLQJ� FRPSXWHU� V\VWHPV� LV� WZRIROG��7KH� SDUW� RI� D�

PRGHO��DW�D�FHUWDLQ�WLPH�SRLQW��UHSUHVHQWLQJ�WKH�LQIRUPDWLRQ�VWDWH�RI�WKH�V\VWHP�FRUUH�

VSRQGV�WR�WKH�DFWXDO�LQIRUPDWLRQ�VWDWH�RI�WKH�FRPSXWHU�V\VWHP�DW�WKDW�WLPH�SRLQW��$OVR��

WKH�SDUW�RI�WKH�PRGHO�DW�D�FHUWDLQ�WLPH�SRLQW�WKDW�UHSUHVHQWV�WKH�VWUXFWXUH�RI�WKH�V\VWHP�

FRUUHVSRQGV�WR�WKH�DFWXDO�VWUXFWXUH�RI�WKDW�V\VWHP�DW�WKDW�WLPH�SRLQW��

����5HTXLUHPHQWV�IRU�DQ�([DPSOH�6FHQDULR�

,Q� WKLV� VHFWLRQ��ZH� XVH� WKH� WUDFH� UHTXLUHPHQW� ODQJXDJH�75/� WR� H[SUHVV� D� QXPEHU� RI�

UHTXLUHPHQWV�WKDW�VSHFLI\�UHOHYDQW�SURSHUWLHV�FRQFHUQLQJ�ERWK�FRQILJXUDWLRQ�DV�ZHOO�DV�

Σ�

75/

�
'&/

�

'/

�

'$/

�
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LQIRUPDWLRQ�EHKDYLRXU�RI�DJHQW�PHGLDWHG�V\VWHPV��,Q�RUGHU�WR�PRWLYDWH�WKHVH�UHTXLUH�

PHQWV��ZH�LQWURGXFH�D�VFHQDULR�ZKHUH�V\VWHP�FRQILJXUDWLRQ�LV�PRGLILHG��

������([DPSOH�6FHQDULR�

&RQVLGHU� D� VFHQDULR� IRU� D� V\VWHP� FRQVLVWLQJ� RI� WKUHH� FRPSRQHQWV� QDPHG�8$� �8VHU�

$JHQW���0$� �0DLQWHQDQFH�$JHQW��� DQG�(:� �(QYLURQPHQW���$W� D� FHUWDLQ� WLPH� SRLQW��

WKH�8VHU�$JHQW�PD\�QHHG�D�3HUVRQDO�$VVLVWDQW�DJHQW�DQG�UHTXHVWV�WKDW�WR�WKH�0DLQWH�

QDQFH�$JHQW��7KH�0DLQWHQDQFH�$JHQW�JHQHUDWHV�DQ�DFWLRQ��WR�EH�H[HFXWHG�LQ�WKH�HQYL�

URQPHQW�� WR�FUHDWH�D�3HUVRQDO�$VVLVWDQW�DJHQW� IRU�WKH�8VHU�$JHQW��$IWHU�WKH�3HUVRQDO�

$VVLVWDQW� DJHQW� LV� FUHDWHG� �QRZ� WKH� V\VWHP� FRQVLVWV� RI� IRXU� FRPSRQHQWV��� WKH� 8VHU�

$JHQW�FDQ�FRPPXQLFDWH�ZLWK�LWV�3HUVRQDO�$VVLVWDQW�DJHQW�DQG�UHTXLUH�FHUWDLQ�LQIRUPD�

WLRQ�WR�EH�SURYLGHG�E\�WKH�3HUVRQDO�$VVLVWDQW�DJHQW��7KLV�VFHQDULR�FDQ�EH�GHVFULEHG�DV�

WKH� IROORZLQJ� VHTXHQFH� RI� SDLUV� LQGLFDWLQJ� WKH� V\VWHP� FRQILJXUDWLRQ� DQG� WKH� V\VWHP�

LQIRUPDWLRQ�VWDWHV��UHVSHFWLYHO\��

�������� Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������� QRS��������
����� H S$N GRM S	QPO O ��� H �#GRS$N H 
 H G[Z
N F�G-S�GPG���
 L�M
Q-J�GRM�Z�L�S	QPO	Q[Z Z H Z�N QRS��PG ��
����� Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������� QRS��������
��� X#GRS�GRM�QRN G[Z=Q-M G� �Y�G[Z�N�L�S H N Z L�Y$N J$Y$N!
 L�M�J�GRM�Z�L�S	QPO	Q[Z Z H Z�N QRS��PG �"!����� Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������� QRS��������
��� F	Q[Z
N F�G-Y	Z�GRM
Z�GRM #�H �PG�$ M G� �Y�G[Z�N!
 L�M�J�GRM�Z�L�S	QPO	Q[Z Z H Z�N QRS��PG L�S H N Z=H S$J$Y$N �%
����� Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������� QRS��������
��� X#GRS�GRM�QRN G[Z
N L�&�T�G'&�J�GRM 
 L�M I G���� Q������ (!� � � L�S H N Z L�Y$N J$Y$N �) ����� Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������� QRS������
��� F	Q[Z
N L�&�T�G'&�J�GRM 
 L�M I G���� Q������ (!� � � L�S H N Z=H S$J$Y$N*������ Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������������� QRS���(!�
��� F	Q[Z���� N F�G G+
 
 G��RN�L�
&Q������ (!� � � L�S H N Z L�Y$N J$Y$N, ����� Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������������� QRS���(!�
��� F	Q[Z=H S-
 L�M I,QRN H L�S�$ M G� �Y�G[Z�N�L�S H N Z L�Y$N J$Y$N.-����� Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������������� QRS���(!�
(!� F	Q[Z
N F�G�H S-
 L�M I,QRN H L�SUM G� �Y�G[Z�N�L�S H N Z=H S$J$Y$N/!����� Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������������� QRS���(!�
(!� F	Q[Z=QRS QRS	Z�VWGRM�N L N F�G�H S-
 L�M I,QRN H L�S�$ M G� �Y�G[Z�N�L�S H N Z L�Y$N J$Y$N�+0��1��� Z�N GRI Z�N M Y��RN Y$M G	�PL�S	Z H Z�N Z L�

��������������� QRS���(!�
��� F	Q[Z
N F�G�QRS	Z�VWGRM&L�S H N Z=H S$J$Y$N �

�

*LYHQ� WKH�DERYH�VHTXHQFH�RI� V\VWHP�VWDWHV��ZH�GLVWLQJXLVK� WKH� IROORZLQJ� W\SHV�RI�

RSHUDWLRQV�WKDW�WUDQVIHU�RQH�V\VWHP�VWDWH�LQWR�DQRWKHU��

�
Q � 2 L�IKIKY$S	H �[QRN H L�S H S	H N H QRN H L�SUT � ���T � 2 L�IKIKY$S	H �[QRN H L�SKG3#$GRS$N	T�GRN VWGPGRS4��� QRS������
� � ���RN H L�S H S	H N H QRN H L�SUT � ���
� � � �DL�M O � � H S$N GRM�Q��RN H L�SKG3#$GRS$N	T�GRN VWGPGRS4��� QRS������G � ���RN H L�SKG35$G��RY$N H L�SUT � ���1� M G[Z�Y�O N H S�XUH S6�RM G[QRN H L�SKL�

(!� QRS�� X#GRS�GRM�QRN H S�X�� L�S H N Z L�Y$N J$Y$N �

 � ��S	Z�VWGRM X#GRS�GRM�QRN H L�SUT � (!�
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������5HOHYDQW�SURSHUWLHV��

,Q� WKLV� VHFWLRQ�� WKH� WUDFH� UHTXLUHPHQW� ODQJXDJH� LV� XVHG� WR� VSHFLI\� DQG� H[SUHVV� VRPH�

LPSRUWDQW�SURSHUWLHV�RI�WKH�V\VWHP�LQ�WKH�VFHQDULR�PHQWLRQHG�DERYH��7KHVH�SURSHUWLHV�

DUH�GLVWLQJXLVKHG�LQWR�WKUHH�FODVVHV�FDOOHG�JOREDO��EDVLF�DQG�VHPDQWLF�SURSHUWLHV��7KH�

JOREDO�SURSHUWLHV�FRQFHUQ�WKH�EHKDYLRXU�RI�WKH�V\VWHP�DV�D�ZKROH��WKH�EDVLF�SURSHUWLHV�

FRQFHUQ� WKH� EHKDYLRXU� RI� WKH� V\VWHP� SDUWV�� DQG� WKH� VHPDQWLF� SURSHUWLHV� DUH� WKH� DV�

VXPHG�JHQHULF�SURSHUWLHV�IRU�WKH�W\SH�RI�V\VWHP��

��������*OREDO�3URSHUWLHV�

7ZR�LPSRUWDQW�JOREDO�SURSHUWLHV�IRU�WKH�H[DPSOH�PHQWLRQHG�DERYH�DUH�VSHFLILHG�DV�WKH�

IROORZLQJ�UHTXLUHPHQWV��

�

*5���8$�(:�,PSDFW���,I�DW�WLPH�SRLQW�W�WKH�DJHQW�8$�JHQHUDWHV�D�VHUYLFH�UHTXHVW��
�WR�0$�RQ�LWV�RXWSXW��DQG�WKHUH�H[LVWV�D�GHVLJQ�GHVFULSWLRQ� � �VXFK�WKDW�(�ZRXOG�UHDO�

L]H�
�
��WKHQ�D�WLPH�SRLQW�W
!W�H[LVWV�VXFK�WKDW�(:�KDV� � �RQ�LWV�RXWSXW��

�
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1RWH� WKDW� ;���������� LV�DQ�DVVXPHG�VRUW� WKDW� UHIHUV� WR� WKH�VHUYLFH� ODQJXDJH� WHUPV�E\�

ZKLFK�WKH�XVHU�GHQRWHV�WKH�NLQG�RI�VHUYLFH��V�KH�LV�LQWHUHVWHG�LQ��([DPSOHV�WKDW�LOOXV�

WUDWH� ;���������� � H[SUHVVLRQV� DUH� ³ 0 )	� 3 ) � � ' / )&0 ����! ( � � ( �$��� � � ( ! � + �@( !$��� 0 )	� 3 ) � � ' % (�0 ��. 0 ��� )&0 � ! 5 ����$� � )�1 �´��
�

*5���&UHDWLRQ�6XFFHVVIXOQHVV��� ,I�DW� WLPH�SRLQW� W� WKH�DJHQW�8$�JHQHUDWHV�D�VHU�

YLFH�UHTXHVW�
�
��H�J���IRU�KDYLQJ�SHUVRQDO�DVVLVWDQFH��WR�0$�RQ�LWV�RXWSXW��DQG� � �LV�WKH�

EHKDYLRXU� UHTXLUHG� IRU� VHUYLFH� UHTXHVW�
�
�� WKHQ� D� WLPH� SRLQW� W
!W� H[LVWV� VXFK� WKDW� WKH�

V\VWHP�FRQILJXUDWLRQ�FRQWDLQV� WKH�QHFFHVDU\�VWUXFWXUH� �H�J���
/ )&0 ��� ( �$� ��DQG� WKH�V\VWHP�

VKRZV�EHKDYLRXU� � ��
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7KH��WHUPV� ;� �!#" ��DQG� � �RFFXUULQJ�LQ�WKLV�SURSHUW\�DUH�H[SODLQHG�LQ�6HFWLRQ����������
7KH�WHUP� ;� �!#" ��LV�D�VFKHPH�RI�SURSHUWLHV�WKDW�UHODWH�D�VWUXFWXUH� � �	
�����
�� �WR�EHKDYLRXU�
� ��7KH�RFFXUUHQFH�RI� � �PDNHV�LW�D�VFKHPH��

��������*OREDO�3URSHUWLHV�

7KH�EDVLF�SURSHUWLHV�DUH�GLYLGHG�LQ�WKUHH�VXEFODVVHV�DV�IROORZV��

����������$JHQW�SURSHUWLHV�

$Q� DJHQW� SURSHUW\� UHIHUV� WR� WKH� EHKDYLRXU� RI� D� VSHFLILF� DJHQW�� $Q� LPSRUWDQW� DJHQW�

SURSHUW\�IRU�WKH�H[DPSOH�PHQWLRQHG�DERYH�LV�VSHFLILHG�E\�WKH�IROORZLQJ�UHTXLUHPHQW��

�

$5���0$�$FWLRQ�,QLWLDWLRQ�6XFFHVVIXOQHVV���,I�DW�WLPH�SRLQW�W�WKH�DJHQW�0$�KDV�D�

VHUYLFH� UHTXHVW�
�
� �H�J�� D� UHTXHVW� IRU� D� SHUVRQDO� DVVLVWDQFH�� RQ� LWV� LQSXW�� WKHQ�D� WLPH�

SRLQW� W
!W� H[LVWV� VXFK� WKDW�0$�KDV� � �$�
. ) �
/ )&0 " � 0 12) ��' ( ����' � + + � RQ� LWV�RXWSXW�ZKHUH� � � LV� D�
V\VWHP�FRQILJXUDWLRQ�WKDW�FDQ�VDWLVI\�WKH�VHUYLFH�UHTXHVW�

�
��
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����������:RUOG�SURSHUWLHV��

7KH�UHTXLUHG�SURSHUWLHV�RI�WKH�EHKDYLRXU�RI�WKH�HQYLURQPHQW�FRPSRQHQW�DUH�VSHFLILHG�

DV�IROORZV��

(5���(:�$FWLRQ�([HFXWLRQ�6XFFHVVIXOQHVV���,I�DW�WLPH�SRLQW�W�WKH�ZRUOG�FRPSR�

QHQW�(:�KDV� � �$�
. ) �
/ )&0 " � 0 12) ��' α + ��RQ�LWV�LQSXW��DQG�β�LV�WKH�HIIHFW�RI�SHUIRUPLQJ�α * �WKHQ�D�
WLPH�SRLQW�W
!W�H[LVWV�VXFK�WKDW�(:�KDV�β�RQ�LWV�RXWSXW���
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∀ ��� Γ *#��� � * α � ��� ��� 
�� * β � 
�����
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+ * β � 
�����
�� *#� 0 3 )�+

∧
� ��� ) " " ) % � �&��" ' β � 
�����
�� * α � ��� ��� 
�� +
?? �
�

:KHUH�WKH�SUHGLFDWH�
� ��� ) " " ) % � �&��" ' β * α + �LV�GHILQHG�DV�IROORZV��

∀ ��� 
�����
�� � � ��� ) " " ) % � �&��" ' �:*�( ����' �#+ +
∀ ��� 
�� � � � ��� ) " " ) % � �&��" ' ¬ �:* � ) � )	� ) ' �#+ +

����������:RUOG�SURSHUWLHV

7KH�WUDQVIHU�SURSHUWLHV�VSHFLI\�WKDW�LQIRUPDWLRQ�WUDQVIHU�EHWZHHQ�DJHQWV�WDNHV�SODFH�LQ�

D� SURSHU� PDQQHU�� 7ZR� LPSRUWDQW� WUDQVIHU� SURSHUWLHV� DUH� VSHFLILHG� DV� WKH� IROORZLQJ�

UHTXLUHPHQWV���

75���7UDQVIHU�8$�0$��� ,I�DW� WLPH�SRLQW� W� WKH�DJHQW�8$�JHQHUDWHV�D�UHTXHVW�IRU�

0$�RQ� LWV�RXWSXW�� WKHQ�D� WLPH�SRLQW� W
!W� H[LVWV� VXFK� WKDW�0$�KDV� WKLV� UHTXHVW�RQ� LWV�

LQSXW��

�
∀ ��� Γ *#��� � * ϕ � ��
�� �������� ����� � !#" �$� 0 ' � � (�� ) � 0 ' � � Γ * ��� ��* ��3 � /43 � ' ��� + + * %$� 1 1 3�!�� % (�� � ��!��4" 0 � 1 � � �4' ϕ � ��
�� * ��� * � � + * � 0 3 )�+ ⇒

∃ � 8 � �:92��� �������� ����� � !#" �$� 0 '�� � (�� ) � 0 ' ��� Γ * � 8 � ��* � !	/43 � ' � � + + * %$� 1 1 3�!�� % (�� � ��!��4" 0 � 1 � � �4' ϕ � ��
�� * ��� *�� � +-*K� 0 3 )�+
?
?
�

75�� �7UDQVIHU� 0$�(:��� ,I� DW� WLPH� SRLQW� W� WKH� DJHQW� 0$� JHQHUDWHV�

� �$�
. ) �
/ )&0 " � 0 12) ��' α + �IRU�(:�RQ�LWV�RXWSXW��1RWH�WKDW�α�LV�RI�W\SH�
��� ��� 
�� �VXFK�WKDW�LW�LV�

HLWKHU� ( ����' � + � RU� � ) � )	� ) ' � + + �� � WKHQ� D� WLPH� SRLQW� W
!W� H[LVWV� VXFK� WKDW� (:� KDV�

� �$�
. ) �
/ )&0 " � 0 12) ��' α + �RQ�LWV�LQSXW��

∀ ��� Γ *#��� � * α � ��� ��� 
��������� ����� � !#" �$� 0 ' � � (�� ) � 0 ' ��� Γ * ��� ��* ��3 � /43 � ' � � + + *#� �$�
. ) �
/ )&0 " � 0 12) ��' α � ��� ��� 
��-+-*#� 0 3 ):+ ⇒
∃ � 8 � �:92��� �������� ����� � !#" �$� 0 '�� � (�� ) � 0 ' � � � Γ *#� 8 � � * � !	/43 � ' ��� + + *#� �$�
. ) �
/ )&0 " � 0 12) ��' α � ��� ��� 
��-+ *#� 0 3 )�+
?

? �

��������6HPDQWLF�3URSHUWLHV�

7KH� VHPDQWLF� SURSHUWLHV� VSHFLI\� WKH� DVVXPHG� JHQHULF� SURSHUWLHV� RI� WKH� V\VWHP�� 7KH�

IROORZLQJ�VHPDQWLF�SURSHUWLHV�DUH�GLVWLQJXLVKHG��
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����������6HPDQWLF�3URSHUWLHV�

7KLV�SURSHUW\�JXDUDQWHHV�WKDW�LI�D�V\VWHP�GHVFULSWLRQ�KROGV�LQ��WKH�LQIRUPDWLRQDO�VWDWH�

RI��WKH�HQYLURQPHQW��WKHQ�WKH�DFWXDO�V\VWHP�FRQILJXUDWLRQ��LWV�VWUXFWXUDO�VWDWH��LV�LQGHHG�

GHVFULEHG�E\�WKDW�GHVFULSWLRQ���

�

5$����,I�DW�WLPH�SRLQW�W�LQ�WUDFH� � �WKH�ZRUOG�FRPSRQHQW�(:�KDV�GHVFULSWLRQ�(�RQ�

LWV�RXWSXW�� WKHQ�DW� WLPH�SRLQW� W� LQ� WUDFH� � � WKH�V\VWHP�KDV�VWUXFWXUH�(��L�H�� WKH�V\VWHP�
GHVFULSWLRQ�<�LV�WUXH���

∀ � � Γ *#��� � *	� �	
�����
��������� ����� � !#" �$� 0 ' � � (�� ) � 0 ' � � Γ *#��� ��* ��3	/43 � ' ��� + + *	� � 
�����
�� *#� 0 3 )�+ ⇒
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����� ������� � 0 3�% � �&%�' � � (�� ) �&%�' � � Γ *#��� �,+ *	� � 
�����
�� *#� 0 3 ) ��@�

����������&RKHUHQFH�SURSHUW\��

7KH�FRKHUHQFH�SURSHUWLHV� VSHFLI\�D�UHODWLRQ�EHWZHHQ�WKH� LQIRUPDWLRQDO�DQG�VWUXFWXUDO�

VWDWHV�RI�WKH�DFWXDO�V\VWHP�DW�DQ\�SRLQW�LQ�WLPH��7ZR�LPSRUWDQW�SURSHUWLHV�WKDW�JXDUDQ�

WHH�WKH�FRKHUHQF\�RI�WKH�V\VWHP�DUH�DV�IROORZV���

�

&$���$W�DQ\� WLPH� W� LQ�DQ\� WUDFH� � � LI� D� IRUPXOD�KDV�D� WUXWK�YDOXH� LQ� WKH� LQIRUPD�
WLRQDO�VWDWH�IRU�D�VSHFLILF�V\VWHP�SDUW��WKHQ�WKLV�V\VWHP�SDUW�DFWXDOO\�LV�SDUW�RI�WKH�V\V�

WHP�VWUXFWXUH��LQ�WKH�VWUXFWXUDO�VWDWH���

∀ � � Γ *#��� � * � � ;�� *	� � � ��
�� *	� �	
�����
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∧
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∧
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?

�

&$���
� �-( !�� WLPH�W�LQ�DQ\�WUDFH� � �LI�WKH�V\VWHP�KDV�D�FHUWDLQ�VWUXFWXUH��LQ�LWV�VWUXF�

WXUDO�VWDWH���WKHQ�WKH�IRUPXODH�WKDW�FDQ�EH�HYDOXDWHG�LQ�WKLV�V\VWHP�VWUXFWXUH�KDYH�WUXWK�

YDOXHV��LQ�WKH�V\VWHP
V�LQIRUPDWLRQDO�VWDWH���

∀ ��� Γ *#��� � * � � ;�� *	� � � ��
�� *	� �	
�����
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∧
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∧

����� ������� � 0 3�% � � 0 ' � � (�� ) � 0 ' ��� Γ �&* ����� �����
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� �
�2+-* � ���4" � 0 1 3�� ( �&��" ' � � � ��
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⇒

∃ N #�� E�� F�L#O �$Z &�H S-
 L�&�M � Z�N QRN G'&�M�� ��� Γ ��N�� ���	H S$N GRM 
 Q��PG�� 2 � � ( � � ����� � ��������N #�� E�� � �
�
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����������6WUXFWXUH�%HKDYLRXU�SURSHUWLHV�

,Q� WKLV� VHFWLRQ� �UHTXLUHG��EHKDYLRXU� LV� UHODWHG� WR� VWUXFWXUH�SURSHUWLHV� DQG� VHUYLFH� UH�

TXHVWV��,Q�WKH�IROORZLQJ� � ' � �Γ *��&!	� ��*�� $ � ��* � �
;�� + ��VWDQGV�IRU�D�FHUWDLQ�EHKDYLRXUDO�UH�
TXLUHPHQW��$V�DQ�H[DPSOH��

/ )&0 ��� ( �$��� 0 )	� ' � �Γ *
�&!	�W��*&� $ ����* � � ;�� + �GHQRWHV�WKH�IROORZLQJ�
UHTXLUHPHQW��KHUH� � ����
 �LV�D�VRUW�IRU�WKH�FRQWHQW�RI�UHTXHVWV�DQG�DQVZHUV��

∀
� � � ����
 ������� ����� � !#" �$� 0 ' � � (�� ) � 0 ' � � Γ * �&!	� ��* � !	/43 � ' � ��;�� + + *�0 )	� 3 ) � � ' � � � ����
U+ *#� 0 3 )�+ ⇒

∃ ��� � * ∃  � � ����
 � �&!	� � ≤ ��� � ≤ �&!	�&���:� $ � � ∧����� ����� � !#" �$� 0 ' � � (�� ) � 0 ' � � Γ *#��� � * ��3 � /43 � ' � ��;�� + + *�( !$��� )&0 �4" � 0 '  � � ����
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U+-*#� 0 3 )�+ ? ?

%\� GHILQLQJ� VXFK� DEEUHYLDWLRQV� IRU� WKH� UHTXLUHPHQWV� RI� LQWHUHVW� IRU� WKH� V\VWHP� LQ�

TXHVWLRQ�D�SRZHUIXO�VFKHPH�RI�VWUXFWXUH�EHKDYLRXU�SURSHUWLHV�FDQ�EH�IRUPXODWHG�� ;� �!�� �
DQG� ;� $ � ���

/HW� ;� �!��
' � � 
�����
�� * � !	� ��* �	$ � � + � GHQRWH� WKH� IROORZLQJ� VFKHPH� RI� VWUXFWXUH�

EHKDYLRXU� SURSHUWLHV�� ,I� EHWZHHQ� WLPH� SRLQWV� �&! � DQG� � $ � WKH� V\VWHP� KDV� VWUXFWXUH� � �

�����
�� �� WKHQ�5� LV� WUXH�EHWZHHQ� �&! � DQG� � $ ) �	$

� IRU�DOO�SHULRGV�RI� VXIILFLHQW� OHQJWK� �
� ! �

PLQLPXP���

∀ � � Γ * ∀ �&!	� ��*#� $ � ��*K� '&� ��*K� ( �&��4� � $ � �*):�&!	� � ≥
� !	�&�
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�����
�� *#� 0 3 )�+
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�	$ �&�@? ⇒
� ' � � Γ *#� '&� ��*#� ( � ��* / )&0 ��� ( �$� + ?
,Q� WKH� QH[W� VWUXFWXUH�EHKDYLRXU� VFKHPH� RI� SURSHUWLHV� ;� $ � � �� WKH� OLQN� LV�PDGH� EH�

WZHHQ�D�VHUYLFH�UHTXHVW�
�
��WKH�EHKDYLRXU� � �WKDW�VDWLVILHV� � ��DQG�WKH�SRVVLEOH�VWUXFWXUHV�

� ��
�����
�� �WKDW�FDQ�UHDOLVH� � �� ;� $ � �GHQRWHV�WKH�IROORZLQJ�VFKHPH�RI�VWUXFWXUH�EHKDYLRXU�
SURSHUWLHV��

�
∀
� ��;������������� 1 /4� � ) ����� )&0 � � % )�� ' � ��;���������� + ⇒

∃ � �	
�����
�� * � !	�&��* �	$ �&�� ;� �!�� ' � �	
�����
�� * � !	�&��* �	$ �&�,+
∧

� � 0 3�% � 3 0 ) � 0 )4( � � � ) ����� )&0 � � % ) ' � �	
�����
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?

����6\VWHP�(YDOXDWLRQ�

,Q�RUGHU� WR�HYDOXDWH� WKH�V\VWHP�EHKDYLRXU��ZH�QHHG�WR�YHULI\� WKDW� WKH�V\VWHP�KDV� WKH�

UHTXLUHG�SURSHUWLHV�� ,Q�6HFWLRQ����ZH�KDYH� LQWURGXFHG�FHUWDLQ�SURSHUWLHV� IRU� WKH�SUR�

SRVHG�VFHQDULR��+RZHYHU��YHULI\LQJ�VXFK�SURSHUWLHV�PD\�EH�TXLWH�FRPSOH[��7KHUHIRUH��

ZH�PD\�GHILQH�VRPH�LQWHUPHGLDWH�SURSHUWLHV�E\�PHDQV�RI�ZKLFK�JOREDO�SURSHUWLHV�FDQ�
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EH�SURYHG�HDVLO\�DQG�PRUH�HIILFLHQWO\��DQG�ZKLFK��E\�WKHPVHOYHV��FDQ�EH�GHULYHG�IURP�

EDVLF�SURSHUWLHV��

������,QWHUPHGLDWH�3URSHUWLHV�

,QWHUPHGLDWH�SURSHUWLHV�FDQ�EH�GHULYHG�IURP�EDVLF�SURSHUWLHV��+RZHYHU��LW�LV�XVHIXO�WR�

IRUPXODWH� WKHP� H[SOLFLWO\�� 7KHVH� SURSHUWLHV� VSHFLI\� WKH� RXWSXW�RXWSXW� UHODWLRQV� EH�

WZHHQ� GLIIHUHQW� V\VWHP� FRPSRQHQWV�� 7ZR� LPSRUWDQW� LQWHUPHGLDWH� SURSHUWLHV� DUH� DV�

IROORZV��

�

,5���8$�0$�,QWHUDFWLRQ���,I�DW�WLPH�SRLQW�W�WKH�DJHQW�8$�JHQHUDWHV�D�VHUYLFH�UH�

TXHVW� 4� IRU� 0$� RQ� LWV� RXWSXW�� WKHQ� D� WLPH� SRLQW� W
!W� H[LVWV� VXFK� WKDW� 0$� KDV�
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�

,5�� �0$�(:� ,QWHUDFWLRQ��� ,I� DW� WLPH� SRLQW� W� 0$� KDV� DQ� DFWLRQ� �H�J���
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? �

������7KH�8VH�RI�3URRI�3DWWHUQV�

7KH�IROORZLQJ�ORJLFDO�UHODWLRQVKLSV�KROG�EHWZHHQ�WKH�GLIIHUHQW�SURSHUWLHV��

�
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��� ,QWHUPHGLDWH�SURSHUWLHV�DUH�LPSOLHG�E\�WUDQVIHU�SURSHUWLHV�DQG�DJHQW�RU�ZRUOG�SUR�

SHUWLHV��

� � � 75��	�$5��⇒�,5��

� � � � 75��	�(5��⇒�,5��

�

��� �,QWHUPHGLDWH�SURSHUWLHV�FDQ�EH�FKDLQHG�WR�LQGLUHFW�LQWHUDFWLRQ�SURSHUWLHV�H[SUHVV�
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*LYHQ� D� WUDFH�RU� VHW�RI� WUDFHV�� DOO� RI� WKH� DERYH�SURSHUWLHV� FDQ�EH� FKHFNHG�DXWRPDWL�

FDOO\��7R�WKLV�HQG�VRIWZDUH�HQYLURQPHQW�KDV�EHHQ�GHYHORSHG�LQ�3URORJ��,I�WKH�SURSHUW\�

*5��LV�FKHFNHG��WKH�RXWFRPH�FDQ�EH�RQH�RI�WKH�IROORZLQJ�

����,QGHHG�*5��VDWLVILHG��RU��

���� *5�� LV� GLVVDWLVILHG�� LQ� WKLV� FDVH�� JLYHQ� WKH� ORJLFDO� UHODWLRQVKLSV� GHILQHG� E\� WKH�

SURRI�SDWWHUQV��DW�OHDVW�VRPH�RI�WKH�EDVLF�SURSHUWLHV�DUH�DOVR�GLVVDWLVILHG��ZKLFK�RQH�V��

FDQ�DOVR�EH�IRXQG�E\�UXQQLQJ�WKH�FKHFNLQJ�VRIWZDUH�IRU�DOO�RI�WKH�EDVLF�SURSHUWLHV��WKH�

RXWFRPH�RI�WKLV�FKHFN�SRLQWV�WR�ZKHUH�WKH�SUREOHP�RULJLQDWHV��

����'LVFXVVLRQ�

7KH� UHTXLUHPHQWV� VSHFLILFDWLRQ� ODQJXDJH� LQWURGXFHG� LQ� WKLV� SDSHU� FDQ� EH� XVHG� LQ� D�

QXPEHU�RI�ZD\V��)LUVW��LW�DOORZV�IRU�VSHFLILFDWLRQ�RI�UHTXLUHPHQWV�RQ�WKH�V\VWHP�VWUXF�

WXUH�RYHU�WLPH��0RVW�RWKHU�UHTXLUHPHQW�ODQJXDJHV��H�J���>�@��>�@��RQO\�DOORZ�IRU�VSHFL�

ILFDWLRQ�RI�LQIRUPDWLRQDO�V\VWHP�VWDWHV��IRU�D�JLYHQ��IL[HG�V\VWHP�VWUXFWXUH��,Q�RXU�ODQ�

JXDJH�LW�LV�SRVVLEOH�ERWK�WR�UHIHU�WR�WKH�VWUXFWXUDO�VWDWH�RI�WKH�V\VWHP�DQG�WKH�LQIRUPD�

WLRQDO�VWDWH�RI�LW��

$�VHFRQG�XVH�LV�WKDW�D�EURDG�FODVV�RI�EHKDYLRXUDO�SURSHUWLHV�FDQ�EH�VSHFLILHG�RI�WKH�

V\VWHP�RU�RI�VSHFLILF�SDUWV�RI�WKH�V\VWHP��IRU�H[DPSOH�DJHQWV��1RW�RQO\�FDQ��H�J���UHDF�

WLYHQHVV� DQG� SUR�DFWLYHQHVV� SURSHUWLHV� EH� VSHFLILHG�� EXW� DOVR� SURSHUWLHV� H[SUHVVLQJ�

DGDSWLYH�EHKDYLRXU��VXFK�DV�µH[HUFLVH�LPSURYHV�VNLOO¶��ZKLFK�DUH�UHODWLYH�WR��FRPSDULQJ�

WZR�DOWHUQDWLYHV�IRU��WKH�KLVWRU\�FDQ�EH�H[SUHVVHG�LQ�WKLV�ODQJXDJH��LQ�VWDQGDUG�IRUPV�

RI�WHPSRUDO�ORJLF�GLIIHUHQW�DOWHUQDWLYH�KLVWRULHV�FDQQRW�EH�FRPSDUHG���

$� WKLUG�DQG�PRUH�VRSKLVWLFDWHG�XVH� LV� WR�VSHFLI\�UHTXLUHPHQWV�RQ� WKH�G\QDPLFV�RI�

WKH�SURFHVV�RI�PRGLILFDWLRQ�RI�WKH�V\VWHP�VWUXFWXUH�RYHU�WLPH��IRU�H[DPSOH��DV�LQLWLDWHG�

DQG�SHUIRUPHG�E\�WKH�V\VWHP��H�J���RQH�RI�LWV�DJHQWV��LWVHOI��+HUH�UHTXLUHPHQWV�RQ��IRU�

H[DPSOH��DJHQW�EHKDYLRXU�DQG�WKH�G\QDPLFV�RI�WKH�V\VWHP�VWUXFWXUH�DQG�WKHLU�UHODWLRQ�
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