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$EVWUDFW�
&RQVWUXFWLRQ�RI�G\QDPLF�VLPXODWLRQ�SURJUDPV�IRU�FRPSOH[�SURFHVVHV�E\�D�PRGXODU�DQG�
VHTXHQWLDO�DSSURDFK�LV�FRQVLGHUHG��7KH�FRPSOH[�VLPXODWLRQ�PRGHO�LV�EURNHQ�GRZQ�LQWR�
VPDOOHU�PRGXOHV��7KHVH�PRGXOHV�DUH�PRGHOHG�DQG�WHVWHG�XVLQJ�D�PDWKHPDWLFDO�VRIWZDUH�
SDFNDJH� WKDW� UHTXLUHV�PRGHVW� WHFKQLFDO� FRGLQJ�HIIRUWV� IRU� FRPSXWHU� LPSOHPHQWDWLRQ�RI�
WKH�PRGHO��7KH�YHULILHG�PRGHO�LV�WKHQ�XVHG�DV�WKH�EDVLV�IRU�WKH�SURJUDP�WKDW�UHSUHVHQWV�
WKH� HQWLUH�SURFHVV� DQG� IRU�GRFXPHQWDWLRQ��7KH�SURSRVHG�DSSURDFK� LV�GHPRQVWUDWHG� IRU�
WKH�FRQVWUXFWLRQ�RI�D�VLPXODWLRQ�SURJUDP�IRU�WZR�VWDJH�RSHUDWLRQ�RI�DQ�H[RWKHUPLF�EDWFK�
UHDFWRU� XQGHU� HPHUJHQF\� FRQGLWLRQV�� ,W� LV� VKRZQ� WKDW� WKH� HIIRUW� UHTXLUHG� IRU� WKH�
FRQVWUXFWLRQ�RI�WKH�VLPXODWLRQ�SURJUDP�DQG�WKH�DVVRFLDWHG�GRFXPHQWDWLRQ�LV�VLJQLILFDQWO\�
UHGXFHG��$OVR��LW�LV�HQVXUHG�WKDW�WKH�PRGHOV�SUHVHQWHG�LQ�WKH�GRFXPHQWDWLRQ�DUH�LGHQWLFDO�
WKRVH�XVHG�LQ�WKH�SURJUDP��
�
���,QWURGXFWLRQ�
'\QDPLF�PRGHOLQJ�DQG�VLPXODWLRQ�RI�FKHPLFDO�SURFHVVHV�LV�EHLQJ�H[WHQVLYHO\�XVHG�IRU�
TXDQWLWDWLYH� KD]DUG� DVVHVVPHQW� �6KDFKDP�� %UDXQHU� DQG� &XWOLS�� ������ 6ULQLYDVDQ� DQG�
9HQNDWDVXEUDPDQLDQ��������DQG� LQ�RSHUDWRU� WUDLQLQJ�IRU�HPHUJHQF\�VLWXDWLRQV��3URFHVV�
KD]DUG� DVVHVVPHQW� �3+$�� LQYROYHV� VHYHUDO� VWHSV��ZKLFK� LQFOXGH� KD]DUG� LGHQWLILFDWLRQ��
DVVHVVPHQW�RI�WKH�OLNHOLKRRG�RI�IDLOXUH�DQG�HVWLPDWLRQ�RI�WKH�SRWHQWLDO�IRU�GDPDJH�DQG�RU�
LQMXU\� DVVRFLDWHG� ZLWK� VSHFLILF� LQFLGHQWV�� '\QDPLF� VLPXODWLRQ� LV� D� YHU\� LPSRUWDQW�
FRPSRQHQW� RI� 3+$�� VLQFH� LW� FDQ� TXDQWLWDWLYHO\� SUHGLFW� WKH� FRQVHTXHQFHV� RI� FULWLFDO�
FRPSRQHQW�IDLOXUHV��,W�LV�HVVHQWLDO�IRU�RSHUDWRU�WUDLQLQJ��DV�LQ�UHDOLW\�SURFHVV�IDXOWV�UDUHO\�
KDSSHQ�DQG�LQWHQWLRQDO�FUHDWLRQ�RI�HPHUJHQF\�VLWXDWLRQV�IRU�WUDLQLQJ�SXUSRVHV�LV�XVXDOO\�
FRQVLGHUHG�XQDFFHSWDEOH��
7KH�SURFHVV�PRGHOV�XVHG�IRU�3+$�PXVW�UHSUHVHQW�WKH�SURFHVV�RSHUDWLRQ�LQ�ERWK�QRUPDO�
DQG� DEQRUPDO� FRQGLWLRQV�� &RPPHUFLDO� VLPXODWLRQ� SDFNDJHV� FDQ� UHSUHVHQW� WKH� SURFHVV�
RSHUDWLRQ� RQO\� LQ� QRUPDO� RSHUDWLQJ� FRQGLWLRQV�� WKXV� PRGHOV� IRU� G\QDPLF� VLPXODWLRQ�
SURJUDPV�WR�EH�XVHG�IRU�3+$�PXVW�EH�SUHSDUHG�LQGLYLGXDOO\��IRU�HYHU\�SURFHVV�VWXGLHG��
3UHSDUDWLRQ�DQG�GHEXJJLQJ�RI�FRPSOH[�SURFHVV�PRGHOV�LV�D�WHGLRXV�DQG�WLPH�FRQVXPLQJ�
WDVN�� $IWHU� WKH� SURJUDP� KDV� EHHQ� SUHSDUHG� DQG� WHVWHG�� VRPH� RI� WKH� HIIRUW� PXVW� EH�
GXSOLFDWHG�IRU�SUHSDULQJ� WKH�GRFXPHQWDWLRQ�� ,Q�SDUWLFXODU�� WKH�PRGHO�HTXDWLRQV�DQG� WKH�
YDOXHV�RI�WKH�QXPHULFDO�FRQVWDQWV�PXVW�EH�UHW\SHG�LQ�D�IRUPDW�DSSURSULDWH�IRU�LQFOXVLRQ�
LQ�GRFXPHQWV�UHDG�E\�KXPDQ�EHLQJV��QRW�WKH�FRPSXWHU��7KLV�GXSOLFDWLRQ�RI�HIIRUWV�LV�DOVR�
DQ�HUURU�SURQH�SURFHVV��%UDXQHU�HW�DO���������DQG�6KDFKDP�HW�DO���������SUHVHQW�VHYHUDO�
H[DPSOHV�ZKHUH�WKH�SXEOLVKHG�PDWKHPDWLFDO�PRGHOV�EHKDYH�FRPSOHWHO\�GLIIHUHQWO\�WKDQ�



WKH�DFWXDO�SURFHVV�PRGHOV�EHFDXVH�RI� W\SRJUDSKLFDO�HUURUV�DQG�URXQGLQJ�RI�QXPEHUV� LQ�
WKH�SXEOLVKHG�PRGHO��
7KHUH� DUH� VHYHUDO� PDWKHPDWLFDO� VRIWZDUH� SDFNDJHV� DYDLODEOH� �0DSOH��� 0DWKFDG�� DQG�
32/<0$7+��� IRU� H[DPSOH��ZKLFK� DFFHSW� WKH�PRGHO� HTXDWLRQV� LQ� IRUPDWV�ZKLFK� DUH�
YHU\� FORVH� WR� WKHLU�PDWKHPDWLFDO� IRUP��7KHVH� HQDEOH� VLPXODWLRQ�RI� SURFHVVHV� RI� VPDOO�
DQG� PHGLXP� VL]H� DQG� FRPSOH[LW\� �D� VLQJOH� XQLW� RSHUDWLRQ� RU� RQH� SDUWLFXODU� VWDJH� RI�
RSHUDWLRQ��IRU�H[DPSOH��ZLWK�OLWWOH�WHFKQLFDO�FRGLQJ�HIIRUWV��+RZHYHU��IRU�VLPXODWLQJ�DQ�
HQWLUH� SURFHVV�� FRQVLVWLQJ� RI� VHYHUDO� XQLW� RSHUDWLRQV� DQG� VHYHUDO� VWDJHV� RI� RSHUDWLRQ��
ZKHUH�GLIIHUHQW�VROYHUV��L�H��VWLII�RU�QRQ�VWLII��PD\�EH�UHTXLUHG�IRU�WKH�GLIIHUHQW�PRGXOHV���
WKH� SRZHU� DQG� IOH[LELOLW\� RI� D� SURJUDPPLQJ� ODQJXDJH� RU� D� PDWKHPDWLFDO� VRIWZDUH�
SDFNDJH�WKDW�VXSSRUWV�SURJUDPPLQJ��VXFK�DV�0$7/$%���DUH�QHHGHG����
,Q�WKLV�SDSHU�ZH�SUHVHQW�D�QHZ�DSSURDFK��ZKHUH�D�FRPSOH[�VLPXODWLRQ�PRGHO�LV�EURNHQ�
GRZQ� LQWR� VPDOOHU� PRGXOHV�� 7KHVH� PRGXOHV� DUH� PRGHOHG� DQG� WHVWHG� XVLQJ� D�
PDWKHPDWLFDO� VRIWZDUH� SDFNDJH�� 7KH� YHULILHG�PRGHO� LV� WKHQ� XVHG� DV� WKH� EDVLV� IRU� WKH�
SURJUDP� WKDW� UHSUHVHQW� WKH�HQWLUH�SURFHVV�DQG�DOVR�DV� WKH�EDVLV� IRU� WKH�GRFXPHQWDWLRQ��
7KH� XVH� RI� WKLV� DSSURDFK� LV� GHPRQVWUDWHG� E\� PRGHOLQJ� WZR� VWDJHV� RI� RSHUDWLRQ� RI� D�
FRROHG� H[RWKHUPLF� UHDFWRU� XQGHU� HPHUJHQF\� FRQGLWLRQV�� � 7KH� 32/<0$7+� VRIWZDUH�
SDFNDJH� LV� XVHG� WR� SUHSDUH� DQG� GHEXJ� WKH� PRGHOV� RI� WKH� YDULRXV� VWDJHV�� 7KH�
32/<0$7+�PRGHOV�DUH�XVHG�DV�WKH�EDVLV�IRU�WKH�GRFXPHQWDWLRQ�DQG�WKH\�DUH�FRPSLOHG�
IRU�H[HFXWLRQ�E\�0$7/$%��7KH�FRPSOHWH�VLPXODWLRQ�PRGHO�LV�DVVHPEOHG�DQG�H[HFXWHG�
XVLQJ�0$7/$%��
�
���6HTXHQWLDO�DQG�0RGXODU�0RGHO�%XLOGLQJ��
,Q� WKH� ILUVW� VWHS�RI� WKH�PRGHO�EXLOGLQJ�� WKH�FRPSOH[�VLPXODWLRQ�PRGHO� LV�EURNHQ�GRZQ�
LQWR�VPDOOHU�PRGXOHV�ZKHUH�HDFK�PRGXOH�UHSUHVHQWV�RQH�XQLW�RSHUDWLRQ�RU�RQH�SDUWLFXODU�
VWDJH�RI�RSHUDWLRQ��7KH�PRGXOHV�DUH�PRGHOHG�DQG�WHVWHG�XVLQJ�D�VRIWZDUH�SDFNDJH��VD\��
32/<0$7+�� WKDW� UHTXLUHV� YHU\� OLWWOH� WHFKQLFDO� FRGLQJ� HIIRUW�� 7KH� �XVHU� IULHQGO\��
IHDWXUHV� RI� 32/<0$7+� LQ� HQWHULQJ� WKH� HTXDWLRQV� DUH� ZRUWK� PHQWLRQLQJ� KHUH�� 7KH�
QRWDWLRQ� XVHG� LQ� WKH� HTXDWLRQ� HQWU\� LV� DOPRVW� WKH� VDPH� DV� LQ� WKH� SUREOHP� GHILQLWLRQ��
32/<0$7+� LVVXHV� ZDUQLQJV� IRU� XQGHILQHG� YDULDEOHV�� VR� WKDW� HUURUV� GXH� WR�
µPLVVSHOOLQJ¶�RI� WKH�YDULDEOH�QDPHV� �H�J�� XVLQJ��� LQVWHDG�RI� WKH� OHWWHU�R�� FDQ�EH� HDVLO\�
GHWHFWHG��7KH�QHHGHG�HTXDWLRQV�FDQ�EH�HQWHUHG�LQ�WKH�VDPH�RUGHU�DV�WKH\�DSSHDU�LQ�WKH�
SUREOHP�GHILQLWLRQ��HYHQ�LI�WKH�FDOFXODWLRQ�RUGHU�PXVW�EH�GLIIHUHQW��VLQFH�32/<0$7+�
UHRUGHUV�WKH�HTXDWLRQV�DFFRUGLQJ�WR�WKH�FDOFXODWLRQ�VHTXHQFH��
�$IWHU� WHVWLQJ� HDFK� RI� WKH� PRGXOHV� VHSDUDWHO\�� WKH\� DUH� FRPELQHG� LQWR� D� VLPXODWLRQ�
SURJUDP� XVLQJ� D� SURJUDPPLQJ� ODQJXDJH�� RU� D� PDWKHPDWLFDO� VRIWZDUH� SDFNDJH� WKDW�
VXSSRUWV� SURJUDPPLQJ� �VD\�� 0$7/$%��� 7R� PLQLPL]H� WKH� SUREDELOLW\� RI� LQWURGXFLQJ�
HUURUV�LQWR�WKH�PRGHO�HTXDWLRQV��WKH�32/<0$7+�LQSXW�IRU�WKH�YDULRXV�PRGXOHV�FDQ�EH�
FRQYHUWHG� GLUHFWO\� WR� 0$7/$%� IXQFWLRQV�� 7KH� FKDQJHV� UHTXLUHG� DUH� HVVHQWLDOO\�� ��
�����������������������������������������������������������
��0DSOH�LV�WUDGHPDUN�RI�:DWHUORR�0DSOH��,QF���KWWS���ZZZ�PDSOHVRIW�FRP��
��0DWKFDG�LV�WUDGHPDUN�RI�0DWK6RIW��,QF���KWWS���ZZZ�PDWKVRIW�FRP��
��32/<0$7+�LV�FRS\ULJKWHG�E\�0��6KDFKDP��0��%��&XWOLS�DQG�0��(OO\��KWWS���ZZZ�SRO\PDWK�
VRIWZDUH�FRP���
��0$7/$%�LV�D�WUDGHPDUN�RI�7KH�0DWK�:RUNV��,QF���KWWS���ZZZ�PDWKZRUNV�FRP��
�



3XWWLQJ�WKH�H[SUHVVLRQV�RI�WKH�GHULYDWLYHV�DQG�WKH�DVVRFLDWHG�YDULDEOHV�LQ�FROXPQ�YHFWRUV�
DQG����5HRUGHULQJ�WKH�HTXDWLRQV�VR�WKDW�WKH�YDULDEOH�DQG�FRQVWDQW�GHILQLWLRQV�DUH�ILUVW��WKH�
H[SOLFLW�DOJHEUDLF�HTXDWLRQV�DUH�VHFRQG�DQG�WKH�GLIIHUHQWLDO�HTXDWLRQV�DUH�WKH�ODVW��7KHUH�
DUH�DOVR�VRPH�V\QWD[�FKDQJHV�LQ�IXQFWLRQ�QDPHV���LI��VWDWHPHQWV�DQG�WKH�LGHQWLILFDWLRQ�RI�
FRPPHQWV��
7KH�PDLQ�HIIRUW�� LQ�SUHSDULQJ� WKH�0$7/$%�SURJUDP�LV� LQYROYHG� LQ� WKH�SUHSDUDWLRQ�RI�
WKH�PDLQ��H[HFXWLYH��SURJUDP��7KH�PDLQ�SURJUDP�LQFOXGHV�PHDQV�HQDEOLQJ� WKH�XVHU� WR�
LQWURGXFH� FKDQJHV� LQ� WKH� VLPXODWLRQ� SDUDPHWHUV� �H�J�� LQLWLDO� YDOXHV� RI� WKH� YDULDEOHV��
PRGHO� SDUDPHWHU� YDOXHV�� VWDUWLQJ� WLPH� DQG� GXUDWLRQ� RI� YDULRXV� HYHQWV��� ,W� FDOOV� WKH�
DSSURSULDWH�LQWHJUDWLRQ�URXWLQHV�WR�LQWHJUDWH�WKH�PRGXOHV�RI�WKH�YDULRXV�VWDJHV�XQWLO� WKH�
DSSURSULDWH� VWRSSLQJ� FULWHULRQ� LV� IXOILOOHG� DQG� WUDQVIHUV� WKH� SHUWLQHQW� GDWD� WR� WKH�
VXEVHTXHQW�PRGXOH��$IWHU� WKH� VROXWLRQ� LV� FRPSOHWHG�� WKH�GDWD� VHWV�RI� WKH� UHVXOWV�RI� WKH�
YDULRXV�PRGXOHV� IRU� WKH�HQWLUH� WLPH�SHULRG�DUH�FRPELQHG� IRU�SUHVHQWDWLRQ�RI� UHVXOWV� LQ�
WDEXODU�DQG�JUDSKLFDO�IRUPV��
7KH�32/<0$7+�PRGHO�HTXDWLRQV�DQG�WKH�DVVRFLDWHG��FRPPHQWV��VHUYH�DV�D�PDMRU�SDUW�
RI�WKH�GRFXPHQWDWLRQ��%HFDXVH�WKHVH�HTXDWLRQV�ZHUH�DFWXDOO\�UXQ�RQ�WKH�FRPSXWHU��WKLV�
DSSURDFK� SURYLGHV� HUURU� IUHH� GRFXPHQWDWLRQ�� 2QO\� WKH� GRFXPHQWDWLRQ� RI� WKH� PDLQ�
SURJUDP�VKRXOG�EH�DGGHG�WR�SURYLGH�D�FRPSOHWH�GHVFULSWLRQ�RI�WKH�VLPXODWLRQ�SURJUDP��
�
���6LPXODWLRQ�RI�DQ�([RWKHUPLF�%DWFK�5HDFWRU��
7KLV�H[DPSOH�LV�EDVHG�RQ�D�SUREOHP�SUHVHQWHG�E\�/X\EHQ���������$Q�H[RWKHUPLF�OLTXLG�
SKDVH� UHDFWLRQ� � � �$� �%� �&� LV� FDUULHG�RXW� LQ�D�EDWFK� UHDFWRU�� �7KH�EDWFK� UHDFWRU� LV�
VNHWFKHG�LQ�)LJXUH�$����
$IWHU� WKH� UHDFWDQW� LV� FKDUJHG� LQWR� WKH� YHVVHO�� VWHDP� LV� IHG� LQWR� WKH� MDFNHW� WR� KHDW� WKH�
UHDFWLRQ�PDVV� XS� WR� WKH� GHVLUHG� WHPSHUDWXUH�� 7KHUHDIWHU�� FRROLQJ�ZDWHU� LV� IHG� LQWR� WKH�
MDFNHW� WR� UHPRYH� WKH� H[RWKHUPLF� KHDW� RI� UHDFWLRQ� DQG� WR� PDNH� WKH� UHDFWRU� IROORZ� D�
SUHVFULEHG�WHPSHUDWXUH�WLPH�FXUYH��ZKHUH�WKH�REMHFWLYH�LV�WR�PD[LPL]H�WKH�SURGXFWLRQ�RI�
WKH� GHVLUHG� SURGXFW��%�� 7KH� REMHFWLYH� RI� WKH� VLPXODWLRQ� RI� WKLV� UHDFWRU� LV� WR� VWXG\� WKH�
HIIHFWV� RI� RSHUDWLRQ� LQ� DEQRUPDO� FRQGLWLRQV�� VXFK� DV� UHDFWDQW� RYHUFKDUJLQJ�� IDLOXUH� WR�
FRQWURO� GXUDWLRQ�RI� WKH� VWHDP�KHDWLQJ�� FRROLQJ�ZDWHU� SLSH�EORFNDJH� DQG�FRROLQJ�ZDWHU�
IDLOXUH�RI�YDULRXV�GXUDWLRQV�LQ�YDULRXV�SKDVHV�RI�WKH�UHDFWLRQ��
7KH�FRPSOHWH�VHW�RI�HTXDWLRQV��SDUDPHWHUV�DQG�LQLWLDO�YDOXHV�IRU�WKH�VWDJH�ZKHUH�VWHDP�RI�
SUHVVXUH�3VWHDP�LV�XVHG�WR�KHDW�XS�WKH�UHDFWLRQ�PDVV�WR�WKH�WHPSHUDWXUH�RI�7KHDWPD[� �
�����)��LQ�QRUPDO�RSHUDWLQJ�FRQGLWLRQV��LV�VKRZQ�LQ�7DEOH�$���)ROORZLQJ�WKH�SULQFLSOHV�
RI� WKH� SURSRVHG� WHFKQLTXH�� WKH� HTXDWLRQV� DQG� FRQVWDQWV� VKRZQ� LQ� WKH� �'HILQLWLRQ��
FROXPQ�RI�7DEOH�$��KDYH�EHHQ�FRSLHG�GLUHFWO\�IURP�WKH�32/<0$7+�LQSXW��ZKLOH�WKH�
GHVFULSWLRQV� RI� WKH� YDULDEOHV� ZHUH� FRSLHG� IURP� WKH� �FRPPHQWV�� ILHOG� RI� WKH�
32/<0$7+�LQSXW��7KXV��WKH�YHULILHG�PRGHO�RI�WKLV�PRGXOH�WKDW�UHSUHVHQWV�WKH�KHDWLQJ��
�
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�7KH�FRPSOHWH�SDSHU�LQFOXGLQJ�)LJXUH�$��DQG�7DEOH�$��FDQ�EH�GRZQORDGHG�IURP�WKH�IWS�
VLWH���IWS���IWS�EJX�DF�LO�VKDFKDP�EDWFKVLP��
�



VWDJH�RI�WKH�EDWFK�UHDFWRU�LV�XVHG�IRU�GRFXPHQWDWLRQ��0RVW�RI�WKH�PRGHO�GHWDLOV�DUH�VHOI�
H[SODQDWRU\��DV�WKH\�DSSHDU�LQ�7DEOH�$���
7KH� RQO\� H[FHSWLRQ� LV� WKH� FDOFXODWLRQ� RI� WKH� WHPSHUDWXUH� LQVLGH� WKH� MDFNHW�� ZKLFK�
LQYROYHV�VROXWLRQ�RI�D�GLIIHUHQWLDO�DOJHEUDLF�V\VWHP�RI�HTXDWLRQV��'$(���7KH�³FRQWUROOHG�
LQWHJUDWLRQ´�PHWKRG�RI�6KDFKDP�HW�DO�������� LV�XVHG�IRU�VROYLQJ� WKLV�'$(��$�GHWDLOHG�
H[SODQDWLRQ�RQ�WKH�XVH�RI� WKH�FRQWUROOHG�LQWHJUDWLRQ�PHWKRG�IRU� WKLV�SDUWLFXODU�SUREOHP�
FDQ�EH�IRXQG�LQ�WKLV�UHIHUHQFH��
$IWHU� WKH� WHPSHUDWXUH� LQVLGH� WKH� UHDFWRU� KDV� UHDFKHG� 7KHDWPD[�� WKH� VWHDP� KHDWLQJ� LV�
VZLWFKHG�RII�DQG� WKH� IORZ�RI� WKH�FRROLQJ�ZDWHU� LV� WXUQHG�RQ��)RU� WKH�FRROLQJ�VWDJH� WKH�
HTXDWLRQ� VHW�� DV� LW� LV� LQFOXGHG� LQ� WKH�0$7/$%� IXQFWLRQ�� LV� SUHVHQWHG� LQ�7DEOH����7KH�
LQLWLDO�YDOXHV�RI�WKH�YDULDEOHV�DW�WKLV�VWDJH�DUH�WKH�ILQDO�YDOXHV�RI�WKH�VDPH�YDULDEOHV�DW�WKH�
KHDWLQJ�VWDJH���
7KH� WZR� VHSDUDWH� PRGXOHV�� UHSUHVHQWLQJ� WKH� WZR� VWDJHV� RI� RSHUDWLRQV� FDQ� EH� UXQ� LQ�
VHTXHQFH�WR�VLPXODWH�WKH�RSHUDWLRQ�RI�WKH�UHDFWRU�LQ�QRUPDO�RSHUDWLQJ�FRQGLWLRQV�LQ�RUGHU�
WR� YHULI\� WKH� FRUUHFWQHVV� RI� WKH� PDWKHPDWLFDO� PRGHOV� XVHG�� � 7KH� QH[W� VWHS� LV� WKH�
GHYHORSPHQW� RI� D� FRPSOHWH� VLPXODWLRQ� SURJUDP� WKDW� FRPELQHV� WKH� WZR� VWDJHV� RI� WKH�
RSHUDWLRQ�DQG�HQDEOHV�HDV\�DQG�IDVW�SDUDPHWHU�FKDQJHV�DQG�UHUXQV�WR�VWXG\�WKH�HIIHFWV�RI��
DEQRUPDO� RSHUDWLQJ� FRQGLWLRQV��0$7/$%� LV� XVHG� IRU� GHYHORSPHQW� RI� WKH� VLPXODWLRQ�
SURJUDP�
32/<0$7+� LQSXW� ILOHV� DUH� FRQYHUWHG� WR� 0$7/$%� IXQFWLRQV� XVLQJ� WKH� SULQFLSOHV�
RXWOLQHG�LQ�WKH�SUHYLRXV�VHFWLRQ��7KH�PRGHO�HTXDWLRQV�LQ�WKH�0$7/$%�IXQFWLRQV�DUH�WKH�
VDPH�DV�LQ�WKH�32/<0$7+�PRGHO��VHH�7DEOH����IRU�H[DPSOH���WKXV�WKH\�GR�QRW�UHTXLUH�
�
7DEOH���0$7/$%�)XQFWLRQ�IRU�0RGHOLQJ�WKH�&RROLQJ�6WDJH�RI�WKH�%DWFK�5HDFWRU����
IXQFWLRQ�G\FGW G\FGW�W�\�� ��
JOREDO�+5��+5��UKR�9�UKRP�&SP�9P�UKRM�7LQM�7KHDWPD[�9MPD[�5$03�KL�$�P�$MPD[�KRV�KRZ�+YDS�
3VWHDP�&YV�&YZ�:S��
7� �\����� ���7HPS��LQ�WKH�UHDFWRU�YHVVHO��GHJ��)��
&D� �\����� ��&RQFHQWUDWLRQ�RI�$��PRO�FX��IW���
&E� �\����� ��&RQFHQWUDWLRQ�RI�%��PRO�FX��IW���
7P� �\������ ��7HPS��RI�WKH�PHWDO�ZDOO��GHJ��)��
7M� �\������ ��+HDWLQJ�FRROLQJ�MDFNHW�WHPS��GHJ��)��
9M� �\������ ��&RROLQJ�ZDWHU�YROXPH�LQ�MDFNHW��FX��IW���
3VHW� �\������ ��6HW�SRLQW�VLJQDO��SVL��
N�� ���������H[S��������������7����������� ��5HDFWLRQ�UDWH�FRHII��IRU�$��!�%����PLQ��
N�� ����������H[S����������7��������������� ��5HDFWLRQ�UDWH�FRHII��IRU�%��!�&����PLQ��
4P� ��KL$�P�7�7P���������� ��0HWDO�ZDOO
V�KHDW�IOX[��%WX�PLQ��
LI��9M�9MPD[��$�� ��9M$MPD[�9MPD[���HOVH�$� $MPD[��HQG�� ��+HDW�WUDQVIHU�DUHD�IRU�FRROLQJ��FX��IW���
4M� ��KRZ$��7P�7M�������� ��+HDW�WUDQVIHUUHG�WR�WKH�MDFNHW��%WX�PLQ��
3WW� ����7������������� ��2XWSXW�VLJQDO�IURP�WHPS��WUDQVPLW���SVL��
3�� ������3VHW�3WW������ ��&RQWUROOHU�RXWSXW�SUHVVXUH��SVL��
LI��3�����3F� �����HOVHLI��3�!����3F ����HOVH�3F 3���HQG�� ��&RQWUROOHU�DGMXVWHG�RXWSXW�SUHVV���SVL��
[Z�� �����3F������ ��&RROLQJ�ZDWHU�YDOYH���IUDFWLRQ�RSHQ�
LI��[Z�����[Z� �����HOVHLI��[Z�!���[Z ����HOVH�[Z [Z����HQG��� ��:DWHU�YDOYH���IUDFWLRQ�RSHQ��DGMXVWHG�
)Z�� ���&YZVTUW�:S�����[Z�UKRM������ ��&RROLQJ�ZDWHU�PDVV�IORZ�UDWH��OE�PLQ��
LI��9M�9MPD[��G9MGW )Z���HOVH�G9MGW ���HQG� ��
G\FGW� >��+5�N�&D�+5�N�&E��UKR�4P��UKR9��� ��
��N�&D��N�&D�N�&E�� ��
�4P�4M���UKRP&SP9P���� ��
��)Z��7LQM�7M��4M�UKRM��9M��� ��
G9MGW��5$03@�� ��



IXUWKHU�GHEXJJLQJ�RU�YDOLGDWLRQ��7KH�SDUDPHWHUV�ZHUH�SXW�LQWR�JOREDO�YDULDEOHV�LQ�RUGHU�
WR�DOORZ�WKHLU�PRGLILFDWLRQ�LQ�WKH�PDLQ�SURJUDP�LQ�WKH�FRXUVH�RI�WKH�VLPXODWLRQ�VWXGLHV��
EXW� WKH\�� DOVR�� ZHUH� GLUHFWO\� FRSLHG� IURP� WKH� 32/<0$7+� LQSXW�� 7KH� 0$7/$%�
IXQFWLRQ� UHSUHVHQWLQJ� WKH� KHDWLQJ� VWDJH�RI� WKH� UHDFWRU� LV� SUHSDUHG� VLPLODUO\�� E\� VLPSOH�
PRGLILFDWLRQ�RI�WKH�32/<0$7+�LQSXW�ILOH��
7KH�PDLQ�SURJUDP�IRU�WKLV�H[DPSOH�ZDV�SUHSDUHG�DFFRUGLQJ�WR�WKH�SULQFLSOHV�PHQWLRQHG�
HDUOLHU�� 7KLV� SURJUDP� SURYLGHV� PHDQV� WR� FKDQJH� DOO� WKH� SDUDPHWHU� YDOXHV� DQG� LQLWLDO�
YDOXHV��,Q�SDUWLFXODU��WKH�XVHU�FDQ�FKDQJH�&$���WR�VLPXODWH�RYHUFKDUJLQJ���7KHDWPD[��WR�
VLPXODWH�IDLOXUH�WR�FRQWURO�GXUDWLRQ�RI�VWHDP�KHDWLQJ��DQG�:S��WR�VLPXODWH�FRROLQJ�SLSH�
EORFNDJH��� 7KH� XVHU� FDQ�� DOVR�� FRQYHQLHQWO\� VSHFLI\� VWDUWLQJ� WLPH� DQG� GXUDWLRQ� IRU�
FRROLQJ� ZDWHU� IDLOXUH�� $� VWLII� LQWHJUDWLRQ� URXWLQH� �RGH��V�� LV� XVHG� IRU� LQWHJUDWLQJ� WKH�
PRGHO�RI� WKH�KHDWLQJ�VWDJH�XS� WR� WKH� WLPH�ZKHQ�WKH� WHPSHUDWXUH� LQ� WKH�UHDFWRU�UHDFKHV�
7KHDWPD[��7KH�ILQDO�YDOXHV�RI�WKH�YDULDEOHV�LQ�WKLV�VWDJH�DUH�WUDQVIHUUHG�DV�LQLWLDO�YDOXHV�
WR�WKH�FRROLQJ�VWDJH��WKH�PRGHO�RI�ZKLFK�LV�LQWHJUDWHG�E\�D�QRQ�VWLII�LQWHJUDWLRQ�URXWLQH�
�RGH����� 7KH� GDWD� VHWV� REWDLQHG� IURP� WKH� WZR� VWDJHV� DUH� FRPELQHG�� 3ORWV� RI� WKH�
WHPSHUDWXUH� LQ� WKH� UHDFWRU� DQG� LQ� WKH� KHDWLQJ�FRROLQJ� MDFNHW�� WKH� FRQFHQWUDWLRQV�RI� WKH�
UHDFWDQW��$��DQG�GHVLUHG�SURGXFW��%��DUH�GLVSOD\HG��
,Q�)LJXUH����WKH�YDULDWLRQ�RI�WKH�WHPSHUDWXUHV�LQ�WKH�UHDFWRU�DQG�WKH�MDFNHW�XQGHU�QRUPDO�
RSHUDWLQJ� FRQGLWLRQV� DUH� GLVSOD\HG�� 7KH� WHPSHUDWXUH� LQ� WKH� UHDFWRU� LQFUHDVHV� VWHDGLO\�
GXULQJ�WKH�VWHDP�KHDWLQJ��,W�UHDFKHV�LWV�PD[LPXP�D�VKRUW�WLPH�DIWHU�WKH�KHDWLQJ�LV�WXUQHG�
RII�DQG�FRROLQJ�LV�WXUQHG�RQ�DQG�GHFUHDVHV�JUDGXDOO\�XQWLO�WKH�HQG�RI�WKH�EDWFK��,Q�)LJXUH�
��� WKH� HIIHFW� RI� RYHUFKDUJLQJ� �&$�� � ���� LQVWHDG� RI� ����� RQ� WKH� WHPSHUDWXUH� SURILOH� LV�
GHPRQVWUDWHG�� ,Q� WKLV� FDVH� WKH� WHPSHUDWXUH� NHHSV� LQFUHDVLQJ� HYHQ� DIWHU� WKH� FRROLQJ� LV�
WXUQHG�RQ��7KH�LQFUHDVH�LV�JUDGXDO�DW�ILUVW��EXW�DIWHU�DERXW����PLQXWHV�UXQDZD\�FRQGLWLRQV�
GHYHORS�� 7KH� PD[LPDO� WHPSHUDWXUH� UHDFKHG� LV� RYHU� ����� �)�� ZKLFK� LV� ZHOO� RYHU� WKH�
VSHFLILFDWLRQV�IRU�VDIH�RSHUDWLRQ�RI�WKH�UHDFWRU��
7KH�32/<0$7+�LQSXW�ILOHV�IRU�WKH�WZR�VWDJHV�RI�WKH�RSHUDWLRQ�RI�WKH�EDWFK�UHDFWRU�DQG�
WKH� FRPSOHWH� 0$7/$%� VLPXODWLRQ� SURJUDP� FDQ� EH� GRZQORDGHG� IURP� WKH� IWS� VLWH���
IWS���IWS�EJX�DF�LO�VKDFKDP�EDWFKVLP��
�
���&RQFOXVLRQV�
,W� KDV� EHHQ� VKRZQ� WKDW� WKH� HIIRUW� LQYROYHG� LQ� FRQVWUXFWLRQ� RI� G\QDPLF� VLPXODWLRQ�
SURJUDPV� IRU� FRPSOH[� SURFHVVHV� FDQ� EH� UHGXFHG� FRQVLGHUDEO\� XVLQJ� WKH� SURSRVHG�
�PRGXODU� DQG� VHTXHQWLDO�� DSSURDFK�� 7KLV� LV� DFKLHYHG� E\� XVLQJ� WKH� PRVW� HIIHFWLYH�
VRIWZDUH� WRROV� IRU� WKH� YDULRXV� WDVNV��8VLQJ� WKH� �XVHU� IULHQGO\��PDWKHPDWLFDO� VRIWZDUH�
SDFNDJHV�IRU�WKH�SUHSDUDWLRQ�RI�WKH�LQGLYLGXDO�PRGHOV�UHGXFHV�WR�PLQLPXP�WKH�WHFKQLFDO�
HIIRUW� LQYROYHG� LQ� FRGLQJ� DQG� OLPLWV� WKH� SRWHQWLDO� HUURUV� WKDW� QHHG� GHEXJJLQJ� WR� WKH�
PDWKHPDWLFDO� PRGHO� LWVHOI�� &RQYHUVLRQ� RI� WKH� YHULILHG� VHSDUDWHG� PRGXOHV� LQWR� D�
VLPXODWLRQ� SURJUDP� UHTXLUHV� HVVHQWLDOO\� WKH� DGGLWLRQ� RI� D� PDLQ�� H[HFXWLYH� SURJUDP��
ZKLFK� WDNHV� FDUH� RI� WKH� LQWHUDFWLRQ� ZLWK� WKH� XVHU�� VHTXHQFLQJ� DQG� LQWHJUDWLRQ� RI� WKH�
UHVXOWV�RI�WKH�YDULRXV�PRGXOHV�DQG�UHSRUWLQJ�WKH�UHVXOWV���
�



���

���

���

�

���

�� �� ��� ���
7LPH��PLQ�

7
7M

�
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)LJXUH� �� 7HPSHUDWXUHV� LQ� WKH� UHDFWRU� �7�� DQG� LQ� WKH� MDFNHW� �7M�� IROORZLQJ� UHDFWDQW�
RYHUFKDUJLQJ��
�
,Q�DGGLWLRQ�WR�UHGXFLQJ�WKH�WLPH�DQG�HIIRUW�UHTXLUHG�IRU�EXLOGLQJ�WKH�SURFHVV�PRGHOV��WKH�
SURSRVHG� DSSURDFK� \LHOGV�PRGXODU� SURJUDPV��ZKLFK� DUH�PXFK� EHWWHU� GRFXPHQWHG� DQG�
HDVLHU� WR� PRGLI\�� ,W� DOVR� HQVXUHV� WKDW� WKH�PRGHOV� SUHVHQWHG� LQ� WKH� GRFXPHQWDWLRQ� DUH�
LGHQWLFDO�WR�WKH�PRGHOV�XVHG�LQ�WKH�SURJUDP��
�
���5HIHUHQFHV�
%UDXQHU��1���0��6KDFKDP�DQG�0��%��&XWOLS��������&KHP��(QJ��(GXF�����������
/X\EHQ��:�/���3URFHVV�0RGHOLQJ�6LPXODWLRQ�DQG�&RQWURO�IRU�&KHPLFDO�(QJLQHHUV������

�QG�(G���0F*UDZ�+LOO��1HZ�<RUN��
6KDFKDP��0���1��%UDXQHU��DQG�0��3R]LQ��������&RPSXWHUV�FKHP��(QJ�������6������
6KDFKDP��0���1��%UDXQHU�DQG�0��%��&XWOLS��������&RPSXWHUV�FKHP��(QJ�����������

� 6KDFKDP��0���1��%UDXQHU�DQG�0��%��&XWOLS��������&RPSXWHUV�FKHP��(QJ�����������
6ULQLYDVDQ��5��DQG�9��9HQNDWDVXEUDPDQLDQ��������&RPSXWHUV�FKHP��(QJ�������6�����
�


