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�� ,QWURGXFWLRQ
'\QDPLF� EHKDYLRU� LV� DQ� HVVHQWLDO� IHDWXUH� RI� PRVW� FRPSOH[� V\VWHPV�� %\�FRPSOH[� ZH� PHDQ� WKDW� WKHUH� DUH� GLIIHUHQW� W \SHV� RI� YDULDEOHV� DQG� FDXVDO�OLQNDJHV�� 7KH� LQIOXHQFHV� RI� WKHVH� YDULDEOHV� RQ� HDFK� RWKHU� DUH� DOVR�FRPSOLFDWHG�� 7KH� GLUHFWLRQ� RI� DUURZ� VKRZV� WKH� GLUHFWLRQ� RI� FDXVH� HIIHFW�UHODWLRQVKLS�� 7KH� HIIHFW� RI� RQH� YDULDEOH� WR� WKH� RWKHUV� FDQ� EH� SRVLWLYH� RU�QHJDWLYH� RU� FDQ� EH� UHSUHVHQWHG� E\� OLQJXLVWLF� YDULDEOHV�� )RU� H[DPSOH� /RZ��+LJK��9HU\�+LJK�DQG�VR�RQ�7 R�XVH�IX]]\�VHW�WKHRU\�WR�VLPXODWH�WKH�HIIHFWV�
������6\VWHP�'\QDPLFV�
6\VWHP�'\QDPLFV�GHYHORSHG�E\�)RUUHVWHU������ �������FDQ�EH�XVHG�WR�PRGHO�DQG�VLPXODWH�FRPSOH[�V\V WHPV���6\VWHP�'\QDPLFV�KDYH�EHHQ�XVHG�IRU�QHDUO\�WKUHH�GHFDGHV� WR�PRGHO�HFRQRPLF��VRFLDO��KXPDQ�DFWLYLW\�DQG�RWKHU�G\QDPLF�SUREOHPV��>�@6\VWHP� G\QDPLFV� WHFKQLTXH� LV� DQ� HIIHFWLYH�PHWKRGRORJ\� IRU� GHDOLQJ�ZLWK�WLPH�YDU\LQJ� �G\QDPLF�� LQWHUDFWLRQV� DPRQJ� FRPSRQ HQWV� RI� DQ� DQDO\]HG�V\VWHP�� $� VLPXODWLRQ� ODQJXDJH� WKDW� LV� FDOOHG� '<1$02� ZDV� GHVLJQHG� WR�VLPXODWH�V\VWHP�G\QDPLFV�PRGHO��7KH�RWKHU�DSSOLFDWLRQ�VXFK�DV�,7+,1.�DQG�67(//$�ZDV�GHVLJQHG�IRU�WKLV�SXUSRVH�6\VWHP�G\QDPLFV�WHFKQLTXH�LGHQWLILHV�WZR�VHWV�RI�YDULDEOH V��L�H��³OHYHO�³DQG�³UDWH´�� 7KH� OHYHO� YDULDEOHV� FRQVLVW� RI� DFFXPXODWLRQV� RI� UHVRXUFHV� ZLWKLQ�V\VWHPV��7KH�OHYHO�HTXDWLRQV�GHVFULEH�WKH�FRQGLWLRQ�RU�VWDWH�RI�WKH�V\VWHP�DW�DQ\�SRLQW� LQ�WLPH��7KH�UDWH�YDULDEOHV�UHSUHVHQW�WKH�IORZ�LQWR�RU�RXW�RI�D� OHYHO��'HSHQGHQF\�EHWZHHQ�IORZ�UDWHV�DQG�OHYHOV�LV�UHSUHVHQWHG�E\�UDWH�HTXDWLRQV�7KH�SURFHGXUH�RI�V\VWHP�G\QDPLFV�PRGHOLQJ�FRXOG�EH�EURDGO\�EURNHQ�LQWR�VL[�PDMRU�VWHSV�

x 3UREOHP�LGHQWLILFDWLRQ�DQG�GHILQLWLRQx 6\VWHP�FRQFHSWXDOL]DWLRQ��,QIOXHQFH�GLDJUDPPLQJ�x 0RGHO�IRUPXODWLRQ��)ORZ�GLDJUDPPLQJ��(TXDWLRQ�x 6LPXODWLRQ�DQG�9DOLGDWLRQ�RI�WKH�PRGHOx 3ROLF\�DQDO\VLV�DQG�,PSURYHPHQWx 3ROLF\�,PSOHPHQWDWLRQ
����)X]]\�6HW�7KHRU\�
)X]]\�VHW�WKHRU\�LQWURGXFHG�E\�=DGHK��������LV�DQ�LGHD�WR�IDFLOLWDWH�WKH�XVH�RI�XQFHUWDLQ� FRQFHSWV LQ� FRPSXWDWLRQ� SURFHVVHV�� )X]]\� QXPEHU� LV� D� FRQYH[�QRUPDOL]HG�IX]]\�VHW�WKDW�VKRZV�D�QXPEHU�LPSUHFLVHO\��2QH� RI� WKH� PRVW� LPSRUWDQW� DSSOLFDWLRQV� RI� IX]]\� VHWV� LV� FRPSXWDWLRQDO�OLQJXLVWLFV�� )X]]\� VHW� DQG� OLQJXLVWLF� YDULDEOHV� FDQ� EH� XVHG� WR� TXDQWLI\� WKH�PHDQLQJ� RI� QDWXUDO� ODQJXDJH�� ZKLFK� FDQ� EH� PDQLSXODWHG� WR� VROYH� WKH� UHDO�SUREOHPV��/LQJXLVWLF�YDULDEOHV�DUH�DVVLJQHG�YDOXHV��ZKLFK�DUH�H[SUHVVHG�VXFK�DV� ZRUGV�� SKUDVHV�� RU� VHQWHQFHV� LQ� D� QDWXUDO� RU� DUWLILFLDO� ODQJXDJH�� )RU�H[DPSOH�WKH�YDOXH�RI� SDUW�TXDOLW\ FRXOG�EH�³KLJK´�´YHU\�KLJK´�´ORZ´�´QRW� ORZ´«�ZKLFK�DUH�OLQJXLVWLF�YDULDEOHV�DQG�FDQ�EH�SUHVHQWHG�E\�IX]]\�VHWV�,Q� WKLV� H[DPSOH� ³YHU\´�DQG� ³QRW´� DUH�PRGLILHUV��ZKLFK�XVHG� WR�PRGLI\� RXU�YDULDEOHV�DQG�GHVFULEH�RXU�IX]]\�FRQFHSWV�$�OLQJXLVWLF�YDULDEOH�PXVW�KDYH D�YDOLG�V\QWD[�DQG�VHPDQWLF��ZKLFK�FDQ�EH�VSHFLILHG�E\�IX]]\�VHWV�DQG�UXOHV�

$V� DOUHDG\� H[SODLQHG�� LQIOXHQFH� RU� FDVXDO� ORRS� GLDJUDPPLQJ� LV� WKH�PRVW�LPSRUWDQW�VWHS�LQ�V\VWHP�G\QDPLFV�PRGHOLQJ�
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7KH�FDXVDO� ORRS�GLDJUDP�H[SODLQV�KRZ�WKH�V\VWHP�ZRUNV��7KLV� LV FUHDWHG�WKURXJK�ZULWLQJ� WKH�QDPHV�RI� YDULDEOHV�DQG�FRQQHFWLQJ� WKHP�E\�DQ�DUURZ�RU�OLQN��7KH�GLUHFWLRQ�RI�WKH�DUURZ�VKRZV�WKH�GLUHFWLRQ�RI�FDXVDWLRQ��7KLV�VHW�LV�D�VLJQHG� GLUHFWHG� JUDSK� DQG� LI� D� OLQN� H[SUHVVHV� D� IX]]\� UHODWLRQ�� WKLV� JUDSK� LV�QDPHG�IX]]\�VLJQHG�GLUHFWHG�JUDSK��IX]]\ �6'*���$� IX]]\� JUDSK� LV� D� JUDSK� WKDW� LWV� UHODWLRQV� DUH� IX]]\�� ,Q� ILJXUH� �� D� IX]]\�JUDSK�LV�UHSUHVHQWHG��7KH�UHODWLRQV�RI�WKLV�JUDSK�DUH�IX]]\�QXPEHUV�EHWZHHQ���DQG���

$��� ������ %���&
)LJXUH����)X]]\�JUDSK

7KH�PDWKHPDWLFDO�QRWDWLRQ�IRU�D�JUDSK�LV�GHILQHG�DV�EHOORZ�

¿¾½®̄­ u�¹̧·©̈§ (([[[[[[[[* MLML*MLML ������������� a
a P
,Q�WKLV�H[DPSOH�WKH�QRWDWLRQ�LV�UHSUHVHQWHG�KHUH�
)X]]\�B*� �^����$�%����������%�&���������&�$���������$�&�������`
�)X]]\� JUDSK� LV� D� QRWDWLRQ� WKDW� LV� XVHG� LQ� RXU� QHZ� IX]]\� V\VWHP� G \QDPLFV�PRGHO��
��� ([SHUW�V\VWHPV
([SHUW�V\VWHP�LV�D�EUDQFK�RI�DUWLILFLDO�LQWHOOLJHQFH�WKDW�PDNHV�H[WHQVLYH�XVH�RI�VSHFLDOL]HG� NQRZOHGJH� WR� VROYH� SUREOHPV� DW� WKH� OHYHO� RI� KXPDQ� H[SHUW�� $Q�H[SHUW�LV�D�SHUVRQ�ZKR�KDV�H[SHUWLVH�LQ�D�FHUWDLQ�DUHD��7KH�HOHPHQWV RI�W\SLFDO�H[SHUW� V\VWHP� DUH�� NQRZOHGJH� EDVH� �5XOHV��� LQIHUHQFH� HQJLQH� �$JHQGD���ZRUNLQJ� PHPRU\� �)DFWV��� H[SODQDWLRQ� IDFLOLW\�� DQG� NQRZOHGJH� DFTXLVLWLRQ�IDFLOLW\�DQG�XVHU�LQWHUIDFH�>�@
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)LJXUH����([SHUW�V\VWHP�FRPSRQHQWV

,Q�D�UXOH�EDVH H[SHUW�V\VWHP�WKH�QHHGHG�NQRZOHGJH�IRU�VROYLQJ�WKH�SUREOHPV�LV� FRGHG� LQ� WKH� IRUP� RI� UXOHV�� 2WKHU� W\SHV� RI� H[SHUW� V\VWHP� XVH� GLIIHUHQW�UHSUHVHQWDWLRQV� IRU� NQRZOHGJH�� 5XOHV� DUH� FRQGLWLRQDO� W\SH� VWDWHPHQWV� WKDW�FRPSULVH�RI�DQ�DQWHFHGHQW�DQG�D�FRQVHTXHQW�SRUW LRQ��7KH�IRUP�RI�D�UXOH�LV��,) DQWHFHGHQW�7+(1 FRQVHTXHQW)RU�H[DPSOH�D�IX]]\�UXOH�PD\�EH�H[SUHVVHG�DV�IROORZV�,)�TXDOLW\�LV�ORZ�7+(1 FRVW�RI�UHSDLU�EHFDPH�YHU\�KLJK�
)X]]\�UXOH�LV�D�NLQG�RI�UXOH�WKDW�LWV�HOHPHQW�LV�IX]]\�RU�OLQJXLVWLF�YDULDEOH��0XFK�IX]]\�NQRZOHGJH�H[LVWV�LQ�WKH�UHDO�ZRUG�� L�H��NQRZOHGJH�WKDW�LV�YDJXH��LPSUHFLVH��XQFHUWDLQ�RU�DPELJXRXV� LQ�QDWXUH�� ,Q�FULVS�V\VWHP��ZKLFK�EDVHG�XSRQ� FODVVLFDO WKHRU\� LW� LV� YHU\� GLIILFXOW� WR� DQVZHU�VRPH�TXHVWLRQV�EHFDXVH�HLWKHU� WKH\� GR� QRW� KDYH� WUXH� DQVZHU� F RPSOHWHO\��RU� LQ�PDQ\� WLPHV� LW� LV� QRW�SRVVLEOH� WR�VWDWH� WKH�FRQGLWLRQV�SUHFLVHO\��)RU�H[DPSOH�D�PDQDJHU�PD\�QRW�EH�DEOH� WR�VWDWH�SUHFLVHO\� WKH�FRQGLWLRQ� WKDW�XQGHU� LW� ³TXDOLW\�RI�SDUW´�DIIHFWV�RQ�³UHSDLU�FRVW�RI�SDUW´�EXW�KH�VKH�FDQ�VWDWH�WKDW�

³,) TXDOLW\�RI�SDUW�LV�ORZ�7+(1 UHSDLU�FRVW�RI�SDUW�EHFDPH�YHU\�KLJK´�
7KXV�XVH� RI� IX]]\�H[SHUW� V\VWHP�KHOSV� XV� WR� VROYH� WKLV� SUREOHP�DQG� FRSH�ZLWK�WKLV�NLQG�RI�LQIRUPDWLRQ�

�� 6\VWHP�'\QDPLFV�ZLWK�)X]]\�/RJLF
$�V\VWHP�G\QDPLFV�PRGHO�FDQ�EH�FRQVLGHUHG� WR�KDYH� IX]] \� ORJLF� LI� LW�KDV�DW�OHDVW�RQH�RI�WKH�FKDUDFWHULVWLFV�EHOORZ�
�D� 6RPH�RI�WKH�OHYHO�YDULDEOHV�DUH�IX]]\��E� 7KH�WLPH�DJHQW�PD\�EH�YDJXH��F� 6RPH�RI�WKH�UDWH�YDULDEOHV�DUH�IX]]\��G� 6RPH�RI�WKH�DX[LOLDU\�YDULDEOHV�DQG�WKH�RWKHU�YDULDEOHV�DUH�IX]]\��H� 6RPH�RI� WKH� UHODWLRQV� FDQ�EH� UHSODFHG�E\� FRQGLWLRQDO� VWDWHPHQWV��ZKLFK�LQFOXGH� IX]]\�YDULDEOHV��7KHVH�FRQGLWLRQDO�VWDWHPHQWV�JHQHUDOO\� IROORZ�DQ�,)�7+(1� IRUPDW�� )RU� H[DPSOH� LQ� D� SXUFKDVH� V\VWHP� WKH� IROORZLQJ�FRQGLWLRQDO� VWDWHPHQW� LQFOXGLQJ� IX]]\�YDULDEOHV�PD\�EH�XVHG� WR�GHVFU LEH�WKH�UHODWLRQ�EHWZHHQ�LQYHQWRU\�DQG�WRWDO�FRVW�
x ,)�WKH�FRVW�RI�LQYHQWRU\�LV�YHU\�ORZ�7+(1�WKH�WRWDO�FRVW�EHFRPHV�YHU\�ORZ

.QRZOHGJH�EDVH
,QIHUHQFH�(QJLQ��$JHQGD� )DFW

H[SODQDWLRQ�IDFLOLW\ NQRZOHGJH�DFTXLVLWLRQ�IDFLOLW\
8VHU�LQWHUIDFH
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�I� 6RPH�RI�WKH�UHODWLRQV�FDQ�EH�SUHVHQWHG�E\�IX]]\�DOJRULWKP��ZKLFK�LQFOXGH�IX]]\� YDULDEOHV�� )X]]\� DOJRULWKP� LV� D� IX]]\� VWDWHPHQW�� Z KLFK� FDQ� EH�UHSUHVHQWHG�E\�DQ�,) �'2�IRUPDW��>��@
x ,)�WKH�&RVW�RI�,QYHQWRU\�LV�³YHU\�ORZ´�'R�WKH�7RWDO�&RVW��³YHU\�ORZ´
�J� 7KH� GHJUHH� RI� XQFHUWDLQW\� RI� YDULDEOHV� ZKHQ� WKH� DYDLODEOH� LQIRUPDWLRQ�UHJDUGLQJ� WKHP� LV� LPSUHFLVH� RU� LQFRPSOHWH� FDQ� EH� UHSUHVHQW� E\� IX]] \�SUREDELOLWLHV��H�J��OLNHO\��XQOLNHO\���K� 6RPH�RI�WKH�RSHUDWRU�PD\�EH�IX]]\
$FFRUGLQJ�WR�WKHVH�FKDUDFWHULVWLFV�ZH�SURSRVHG�DQ� DSSURDFK� IRU�IX]]\�V\VWHP�G\QDPLFV�WKDW�ZLOO�H[SODLQ�LW�LQ�WKH�QH[W�SDUW�
�� $�1HZ�$SSURDFK�IRU�)X]]\�6\VWHP�'\QDPLFV��
��� 6WHSV�RI�$SSURDFK
7KH�SURSRVHG�$SSURDFK KDV�IROORZLQJ�VWHSV��D� 'HVFULSWLRQ�RI�SUREOHP��E� &ROOHFWLQJ�UHODWHG�GDWD��F� 'HILQLWLRQ�RI�LPSUHFLVH�GDWD�DQG�OLQJXLVWLF�YDULDEOHV�G� 'HILQLWLRQ�RI�WKH�HIIHFWV�RI�WKH�V\VWHP�FRPSRQHQW�RQ�HDFK�RWKHU�DQG�VKRZ�WKHLU�HIIHFWV�LQ�WKH�IRUP�RI IX]]\�JUDSK��H� 7UDQVODWLRQ�RI�WKH�IX]]\�JUDSK�LQWR�IX]]\�UXOHV�ZLWK�WKH�,) �7+(1�IRUP�I� 'HILQLWLRQ�RI�XQFHUWDLQW\�RI�HDFK�UXOH��J� &UHDWLQJ�IX]]\�IDFWV�IURP�WKH�QDWXUDO�EHKDYLRU�RI�WKH�V\VWHP�WKDW�H[SUHVV�E\�H[SHUWV��K� ,PSOHPHQWLQJ�D�IX]]\�H[SHUW�V\VWHP�YLD�WKLV�SU RGXFWLRQ�UXOHV�DQG�IDFWV���L� $QDO\VLV� RI� WKH� H[SHUW� V\VWHP�RXWSXWV�� � �7KH� RXWSXW� FDQ�EH�HLWKHU� IX]]\�YDULDEOHV�RU�D�GHIX]]LILHG�QXPEHUV��

7KH� SURSRVHG� DSSURDFK� LV� D� VROXWLRQ� IRU� IX]]\� V\VWHP� G\QDPLFV�� ,Q� WKLV�PRGHO� ZH� FRPELQHG� IX]]\� JUDSK�� IX]]\� H[SHUW� V\VW HP� DQG� PDQ\� RI� XVXDO�VWHSV� RI� V\VWHP� G\QDPLFV� PRGHOV�� $QG� DW� WKH� HQG� RI� LWV� VWHSV� ZH�LPSOHPHQWHG�D� IX]]\�H[SHUW� V\VWHP�E\�PHDQV�RI�D�6KHOO� �IRU�H[DPSOH� IX]]\�&/,36��
��� 0RGHO�YDOLGDWLRQ�
6WHSV� RI� WKLV� QHZ�PHWKRGRORJ\�DUH� VLPLODU� WR� WKH�XVXDO� VWHSV�RI� WKH� V\ VWHP�G\QDPLFV� PHWKRGV�� %XW� LQ� WKLV� PHWKRGRORJ\� ZH� XVH� ([SHUW� V\VWHP� DV� D�NQRZQ�WRRO�DQG�RXU�PHWKRG�LV�FRPSOH[�RI�WKH�V\VWHP�G\QDPLFV�SURSHUW\�DQG�H[SHUW� V\VWHP�FRQFHSWV� �7KH�EHOORZ� ILJXUHV�FRPSDUHV� WKH�QHZ�PHWKRGRORJ\�DQG�WKH�6\VWHP�'\QDPLFV�0HWKRGRORJ\�
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)LJXUH�����6WHSV�RI�6\VWHP�'\QDPLFV�������������� )LJXUH����6WHSV�RI��1HZ�$SSURDFK

:H� DGG� QHZ� SURSHUWLHV� WR� DQ� H[SHUW� V\VWHP� LQ� RUGHU� WR� LPSOHPHQW� WKH�V\VWHP�G\QDPLFV�SURSHUWLHV��)RU�H[DPSOH�ZKHQ�ZH�ZDQW�WR�DGG�DFFXPXO DWLRQ�SURSHUW\�LQ�RXU�PRGHO�� LW� LV�EHWWHU�WR�VDYH�WKH�ODVW� LPSRUWDQW�GDWD�DQG�DGG�WKH�ODVW�YDOXH�WR�WKH�QHZ�YDOXH�IRU�VDYLQJ�LQIRUPDWLRQ����$IWHU�ILULQJ�D�UXOH�WKH�ROG�YDOXH�DGGV�WR�WKH�QHZ�YDOXH��7KLV�HIIHFW�KHOSV�XV�WR�PRGHO�WKH�DFFXPXODWLRQ�SURSHUW\��

8QGUHVWDQGLQJ�WKH�3UREOHP

3UREOHP�LGHQWLILFDWLRQ�DQG�GHILQLWLRQ
6\VWHP�FRQFHSWXDOL]DWLRQ

0RGHO�IRUPXODWLRQ

6LPXODWLRQ�DQG�9DOLGDWLRQ�
3ROLF\�DQDO\VLV�DQG�,PSURYHPHQW

3ROLF\�,PSOHPHQWDW

,QIOXHQFH�GLDJUDPPLQJ
6XE�6\VWHP�

(TXDWLRQ

6RIWZDUH�LPSOHPHQWDWLRQ

)X]]\�*UDSK
'HILQLQJ�)X]]\�5XOH�IURP�)X]]\�*UDSK

6LPXODWLRQ�DQG�,PSOHPHQWDWLRQ�RI�D��$FFXPXODWLYH�([SHUW�6\VWHP�'\QDPR

'HILQLQJ�)X]]\�)DFW

8QGUHVWDQGLQJ�WKH�3UREOHP

3UREOHP�LGHQWLILFDWLRQ�DQG�GHILQLWLRQ
6\VWHP�FRQFHSWXDOL]DWLRQ

0RGHO�IRUPXODWLRQ

6LPXODWLRQ�DQG�9DOLGDWLRQ�
3ROLF\�DQDO\VLV�DQG�,PSURYHPHQW

3ROLF\�,PSOHPHQWDW

,QIOXHQFH�GLDJUDPPLQJ
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)LJXUH�����$�QHZ�FKDQJHG�([SHUW�V\VWHP�FRPSRQHQWV�IRU�QHZ�PRGHO�
7KH� DERYH� ILJXUH� VKRZV� WKHVH� QHZ� FRPSRQHQWV� WKDW� DUH� DGGHG� WR� H[SHUW�V\VWHP�7KHUH�LV�WZR�DOWHUQDWLYHV�ZKLFK�ZH�FDQ�XVH�WKHP�WR�LPSOHPHQW�WKLV�SURSHUW\�

�� 8VLQJ� PRGLILHUV� LV� WKH� ILUVW� DOWHUQDWLYH�� � ³� YHU\´� �� ³OLWWOH´� DQG� VR� RQ� � DUH�VDPSOH�RI�WKLV�PRGLILHUV�:H�FDQ�XVH�WKHVH�PRGLILHUV�WR�FDOFXODWH�D�YDOXH�DV�DQ�DFFXPXODWLYH�YDOXH�
9DOXH���,���� ��9DOXH���,�����9HU\�+LJK����9DOXH���,�����
�� 'HIIX]LILQJ� LV� WKH� VHFRQG� DOWHUQD WLYH�� 7KLV� DOWHUQDWLYH� DGGV� WKH� ROG�HTXLYDOHQW�GHIX]]\�GDWD�WR�WKH�QHZ�HTXLYDOHQW�GHIX]]\�GDWD��7KLV��DGGLQJ��ZLOO�EH�FRQVLGHUHG�
'HIIX]LILHG��9DOXH��,����� ��9DOXH���,�����'HIIX]LILHG����9DOXH���,����
%HOORZ�ILJXUH�VKRZV�WKHVH�WZR�ZD\V�

$FFXPXODWLRQ ,WWHUDWLRQ�ORRS�IRU��WLPHV�RI�VLPXODWLRQV
.QRZOHGJH�EDVH

,QIHUHQF(QJLQH�$JHQGD� )DFW

H[SODQDWLRQ�IDFLOLW\ NQRZOHGJH�DFTXLVLWLRQ�IDFLOLW\
8VHU�LQWHUIDFH
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)LJXUH�����7ZR�ZD\�RI�WKH�$FFXPXODWLRQ

�� ,OOXVWUDWLRQ�([DPSOH� RI� V\VWHP� G\QDPLFV�� ZKLFK� LQFOXGH� IX]]\� YDULDEOHV� DQG� OLQJXLVWLF�YDULDEOHV�� DUH� GHVFULEHG� EHOORZ�� 7KLV� SURSRVHG�PHWKRG� KDV� EHHQ� LOOXVWUDWHG�WKURXJK�DQ�H[DPSOH��
7KH�VWHSV�RI�PRGHO�IRU�WKLV�V\VWHP�LV�KHUH�x 'HVFULSWLRQ�RI�SUREOHP�x &ROOHFWLQJ�UHODWHG�GDWD�7KLV� H[DPSOH� LV� DERXW� D� SXUFKDVH� V\VWHP�� ZKLFK� FRQVLVWV� RI� WKH� IROORZLQJ�SDUDPHWHUV�/HDG�7LPH��7KLV�LV�WKH�WLPH��ZKLFK�LQ�WKDW�LQWHUYDO�SXUFKDVH�PXVW�EH�GRQH�6XSSOLHU� QXPEHU�� ,W� LV� WKH� QXPEHU� RI� VXSSOLHUV�� ZKLFK� KDYH� WKH� DFFHSWDEOH�SDUDPHWHUV� IRU� RXU� SXUFKDVH�� )RU� H[DPSOH� WKHLU� TXDOLW\� PXVW� EH� JRRG� DQGWKHLU�FRVW�PXVW�EH�ORZ�4XDOLW\��,W�LV�TXDOLW\�RI�SDUWV��ZKLFK�LV�SXUFKDVHG�IURP�WKH�VXSSOLHUV�&RVW�RI�SDUWV� ,W�LV�FRVW�RI�SDUWV��ZKLFK�LV�SXUFKDVHG�IURP�WKH�VXSSOLHUV�&RVW�RI�UHSDLU� ,W�LV�WKH�UHSDLU�FRVW�DQG�LW�LV�UHODWHG�WR�TXDOLW\�RI�SDUWV�&RVW�RI�LQYHQWRU\��,W�LV�WKH�FRVW�RI�SDUWV�WKDW�H[LVW�LQ�WKH�LQYHQWRU\�&RVW�RI�OLQH�VOHHS��,W�LV�WKH�FRVW�RI�VOHHSLQJ�W KH�SURGXFWLRQ�OLQH�7RWDO�FRVW��,W�LV�WKH�WRWDO�FRVW�WKDW�LQIOXHQFH�RI�LQYHQWRU\�FRVW��FRVW�RI�OLQH�VOHHS�DQG�WRWDO�FRVW�
x 'HILQLWLRQ�RI�LPSUHFLVH�GDWD�DQG�OLQJXLVWLF�YDULDEOH�,)�4�HTXDO�WR�ORZ�7+(1�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�KLJK�,)��6XSSB1R�HTXDO�WR��ORZ�7+(1�4�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�ORZ�

,QSXW�OLQJXLVWLF�YDULDEOHV
3URFHVVLQJ�LQIRUPDWLRQ�E\�PHDQV�RI�W�

$FFXPXODWLRQ�E\�PHDQV�RI�0RGLILHUV
$FFXPXODWLRQ�WKURXJK�'HIX]]LI\

2XWSXW�OLQJXLVWLF�YDULDEOHV
'HIIX]LILQJ
'HIX]LIILHG�RXWSXW

LQSXW

RXWSXW
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,)��/7�HTXDO�WR�ORZ�7+(1�6XSSB1R�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�ORZ�,)��/7�HTXDO�WR�ORZ�7+(1�&LQY�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�ORZ�,)��/7�HTXDO�WR�ORZ 7+(1�&VOHHS�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�KLJK�,)� �6XSSB1R�HTXDO� WR� ORZ�7+(1�&SDUW�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�KLJK�,)��&5�HTXDO�WR�ORZ�7+(1�&B7RWDO�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�ORZ�,)��&SDUW�HTXDO�WR�ORZ�7+(1�&B7RWDO�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�ORZ�,)��&LQY�HTXDO�WR�ORZ�7+(1�&B7RWDO�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�ORZ�,)� �&VOHHS�HTXDO� WR� ORZ�7+(1�&B7RWDO�&5�ZLWK�FHUWDLQW\�IDFWRU����SHUFHQW�EHFRPHV�ORZ�
x 'HILQLWLRQ�RI�WKH�HIIHFWV RI�WKH�V\VWHP�FRPSRQHQW�RQ�HDFK�RWKHU�)LJXUH���VKRZV�WKH�HIIHFWV�RI�V\VWHP�FRPSRQHQW�RQ�HDFK�RWKHU�LQ�WKH�IRUP�RI�IX]]\� JUDSK�� 7KLV� JUDSK� H[KLELWV� WKH� UHODWLRQ� EHWZHHQ� FRPSRQHQWV� RI� WKLV�SXUFKDVH� V\VWHP� DQG� DOVR� VKRZV� WKH� IX]]\� SDUDPHWHUV� DQG� OLQJXLVWLF�YDULDEOHV�

YHU\ &B7RWDO����YHU\������������YHU\��������������YHU\
&B5HSDLU���������������������YHU\

&B3DUW������������������������������� &B,QYHQWRU\1RW�YHU\�
4XDOLW\����������1RW�YHU\������������������������YHU\����������������&B6OHHS
9HU\������������������������������������������������������������1RW�YHU\

6XSSB1R /HDG7LPH
)LJXUH�����)X]]\�JUDSK�IRU�SXUFKDVH�V\VWHP

)X]\\B*� �^����4�&5����YHU\�����6XSSB1R�4��YHU\�����/7�6XSSB1R��YHU\������/7��&,19��YHU\������/7��&B6OHHS���1RW�YHU\������6XSSB1R�&SDUW��1RW�YHU\����&5�&B7RWDO��YHU\������&SDUW �&B7RWDO��YHU\������&LQY�&B7RWDO��YHU\�����&6OHHS�&B7RWDO��YHU\��`x 7UDQVODWLRQ�RI�WKH�IX]]\�JUDSK�LQWR�IX]]\�UXOHV�ZLWK�WKH�,) �7+(1�IRUP�x 'HILQLWLRQ�RI�XQFHUWDLQW\�RI�HDFK�UXOH�
,)��4  ORZ�7+(1�&5� �KLJK��&) ����,)��6XSSB1R  ORZ�7+(1�4� �ORZ��&) ����,) /7  ORZ�7+(1�6XSSB1R� �ORZ��&) ����,)��/7  ORZ�7+(1�&LQY� �ORZ��&) ����,)��/7  ORZ�7+(1�&VOHHS� �KLJK��&) ����,)��6XSSB1R  ORZ�7+(1�&SDUW� �KLJK��&) ����,)��&5  ORZ�7+(1�&B7RWDO� �ORZ��&) ����,)��&SDUW  ORZ�7+(1�&B7RWDO� �ORZ��&) ����,)��&LQY  ORZ�7+(1�&B7RWDO� �ORZ��&) ����,)��&VOHHS  ORZ�7+(1�&B7RWDO� �ORZ��&) ����
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x &UHDWLQJ�IX]]\�IDFWV�IURP�WKH�QDWXUDO�EHKDYLRU�RI�WKH�V\VWHP�WKDW�H[SUHVV�E\�H[SHUWV�x ,PSOHPHQWLQJ�D�IX]]\�H[SHUW�V\VWHP�YLD�WKLV�SURGXFWLRQ�UXOHV�DQG�IDFWV��
,PSOHPHQWDWLRQ� DQ� H[SH UW� V\VWHP� IURP� WKHVH� UXOHV�� DFFRPSOLVKHG� E\� IX]]\�&/,36��%\�XVLQJ�RI�WKLV�VRIWZDUH��ZH�FDQ�GHILQH�OLQJXLVWLF�YDULDEOH�DQG�GHILQH�IX]]\�UXOHV�

x $QDO\VLV� RI� WKH� H[SHUW� V\VWHP� RXWSXWV�� � �7KLV� RXWSXWV� FDQ� EH� HLWKHU�IX]]\�YDULDEOHV�RU�D�GHIX]]LILHG�QXPEHUV�
)RU� GHYHORSLQJ� V\VWHP� G\QDPLFV� DFFXPXODWLYH� DWWULEXWH�� ZH� XVH�DFFXPXODWLYH�YDULDEOHV�WR�VLPXODWH�WKLV�DWWULEXWH��,Q�HDFK�ORRS�ZH�DGG�SUHVHQW�GDWD� RI� WKLV� DFFXPXODWLYH� YDULDEOH� WR� WKH� ROG� GDWD�� ,PSOHPHQWLQJ� RI� WKLV�DFFXPXODWLYH�KDV�GRQH�E\�WZR�ZD\V�)LUVW� ZD\�� %\� XVLQJ� RI�PRGLILHUV�ZH� FDQ� DFFXPXODWH� IX]]\�YDULDEOHV�� )RU�H[DPSOH�³KLJK´�OLQJXLVWLF�YDULDEOH�DIWHU�DFFXPXODWLRQ�LV�FKDQJHG�WR�³YHU\�KLJK´��³YHU\�YHU\�KLJK´�DQG�³H[WUHPHO\�KLJK´��7KLV�PHWKRG��DFFXPXODWLRQ�RI�OLQJXLVWLF�YDULDEOH�� KHOSV� XV� WR� FKDQJH� ³6WD WLF� H[SHUW� V\VWHP´� WR� ³'\QDPLF� H[SHUW�V\VWHP´�DQG�OHWV�XV�WR�VLPXODWH�WKLV�V\VWHP�IRU�WKH�GHVLUHG�VWHSV��)RU�H[DPSOH�ZH�FDQ�VLPXODWH�WKLV�SXUFKDVH�H[SHUW�V\VWHP�IRU�����WLPHV�6HFRQG�ZD\�� ,Q� WKLV�ZD\�ZH�GHIIX]LILHG� WKH� IX]]\�QXPEHUV� DQG�DGG� WKHLU�YDOXHV�ZLWK� WKHLU� ROG� YDOXHV�DQG�GXULQJ� WKH� VLPXODWLRQ�ZH� WUDQVIHU� WKHLU� GDWD��HDFK� V\VWHP� SDUDPHWHUV�� WR� D� WHPSRUDU\� ILOH�� $W� WKH� HQG� RI� VLPXODWLRQ� ZH�WUDQVIHU�WKLV�ILOH�WR�0$7/$%�VRIWZDUH�DQG�SORW�WKH�JUDSK�RI�HDFK�SDUDPHWHU��,Q�WKLV�ZD\�ZH�FDQ�VHH�WKH�SDUDPHWHU� EHKDYLRUV�JUDSKLFDOO\�

�� &RQFOXVLRQ
6RFLDO� V\VWHP�� HFRQRPLF�V\VWHP� DQG�HYHU\� V\VWHP� WKDW�GHDO�ZLWK�KXPDQ�SDUDPHWHUV�KDYH�LPSUHFLVH�EHKDYLRU�DQG�QR�RQH�FDQ�VWDWH�WKRVH�SDUDPHWHUV�SUHFLVHO\��7KHUHIRUH� IX]]\�QXPEHU� DQG� OLQJXLVWLF� YDULDEOH� FDQ�KHOS� XV� LQ� WKLVW\SH�RI�V\VWHPV�,Q� WKLV� SDSHU� ZH� KDYH� GLVFXVVHG� WKH� XVH� RI� IX]]\� H[SHUW� V\VWHP� WR�UHSUHVHQW�XQFHUWDLQW\�LQ�V\VWHP�G\QDPLFV�PRGHOV��7KH�SURSRVHG�PHWKRG��FDQ�EH� XVHG� IRU� LQYHVWLJDWLQJ� WKH� V\VWHP� G\QDPLFV� XQGHU� YDJXH� DQG� DPELJXLW\�FRQGLWLRQV�

5HIHUHQFHV
�� =LPPHUPDQ��+��-���)X]]\�VHW�DQG�,WV�DSSOLFDWLRQV��.OXZHU�1LMKRII�3XEOLVKLQJ�� 6XVKLO�� 6\VWHP� '\QDPLFV� D� SUDFWLFDO� DSSURDFK� IRU� PDQDJHULDO� SUREOHPV��FHQWHU�IRU�PDQDJHPHQW�VWXGLHV��:LOH\�(DVWHUQ�/LPLWHG��� *LDUUDWDQR�-���([SHUW�6\VWHPV�SULQFLSOHV�DQG�SURJUDPPLQJ���3:6�3XEOLVKLQJ�&RPSDQ\��� /HYDU\�5�5��³6\VWHP�'\QDPLFV�ZLWK�IX]]\�ORJLF �́�,QW��-��6\VWHP�6FL��9RO������1�����������33����������
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�� 3DQNDM� �� ³$� IX]]\� VHW� WKHRUHWLF� DSSURDFK� WR� TXDOLWDWLYH� DQDO\VLV� RI� FDXVDO�ORRSV� LQ� V\VWHP�G\QDPLFV´��(XURSHDQ� -RXUQDO� RI� RSHUDWLRQDO� UHVHDUFK�9RO� ����������� 7HVVHP� %�� DQG� 3DO� ,�'DYLGVHQ�´� )X]]\� V\VWHP� G\QDPLFV�� DQ� DSSURDFK� WR�YDJXH�DQG�TXDOLWDWLYH�YDULDEOHV� LQ�VLPXODWLRQ�´���6\VWHP�'\QDPLFV�5HYLHZ� ��9RO������12����VSULQJ�������� 3RODW� 6��� ³&RPSDULVRQ� RI� IX]]\� DQG� FULVS� V\VWHPV� YLD� V\VWHP� G\QDPLFV�VLPXODWLRQ´���(XURSHDQ��-RXUQDO�RI�RSHUDWLRQDO�UHVHDUFK��9RO����������$SULO�������� .DUDYH]\ULV� 9��� ´$SSOLFDWLRQ� RI� V\VWHP� G\QDPLFV� DQG� IX]]\� ORJLF� WR�IRUFDVWLQJ�RI�PXQLFLSDO�VROLG�ZDVWH�³���:RUNLQJ�SDSHU�LQ�7HFKQLFDO�XQLYHUVLW\�RI�EHUOLQ��� /HKPDQ��0�0��´�)X]]\�G\QDPLFV�LQ�VRIWZDUH�SURMHFW�VLPXODWLRQ�DQG�VXSSRUW´�7KH�:RUNLQJ�SDSHU�RI�,PSHULFDO�FROOHJH�RI�6LHQFH�DQG�7HFKQRORJ\�	�PHGLFLQH���� &KHQ� <��� ³4XDOLWDWLYH� V\VWHP� G\QDPLFV�PRGHOLQJ� XVLQJ� IX]]\� VHWV� DQG� ,WV�LPSOHPHQWDWLRQ´��7KH�ZRUNLQJ�SDSHU�LQ�QDWXUDO�VFLHQFH�IRXQGDWLRQ�RI�FKLQD�DQG�QDWLRQDO�XQLYHUVLW\�RI�GHIHQVH�WHFKQRORJ\���� =DGHK�/�$�� ³)X]]\�$OJRULWKP ³� ,(((� ��7UDQV� ��6\VWHP�0DQ�&\EHU� ��)X]]\�6HW�6\VWHPV��������� $]ULHO� 5RVHQIHOG� �� (GLWHG� E\� =DGHK� �� ³� )X]]\� *UDSK ³ �)X]]\� VHW� DQG� WKHLU�$SSOLFDWLRQV��
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