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0HPRU\�LV�LPSOHPHQWHG�LQ�6WHOOD�E\�PHDQV�RI�D�VWRFN�ZLWK�WZR�IORZV��(DFK�VWDWH�KDV�D�QXPHULFDO�YDOXH��D� � ��D� � ��HWF����DQG�WKH�YDOXH�RI�WKH�FXUUHQW�VWDWH�LV�NHSW�LQ�WKH�VWRFN��)LJXUH�����:LWK�HDFK�³PRYH´�RI�WKH�FRQWUROOLQJ�V\VWHPV��WKH�YDOXH�RI�VWRFN�QXOOV�YLD�WKH�RXWIORZ��DQG�D�QHZ�YDOXH�LV�DGGHG�YLD� WKH�LQIORZ��WR�EH�XVHG�DV� WKH�YDOXH�IRU� WKH�QH[W�FDOFXODWLRQ��7KXV��WKH�HIIHFW�RI�GHOD\��ZKLFK�LV�HVVHQWLDO�WR�WKH�)60��LV�DFKLHYHG��

���([DPSOHV�IRU�8VH�LQ�&ODVV�$IWHU�WKH�IXQGDPHQWDOV�KDYH�EHHQ�WDXJKW��WKH�FODVV�LV�QRZ�UHDG\�IRU�K\EULG�PRGHOLQJ��,Q�WKH�V\VWHP�G\QDPLFV�WUDGLWLRQ��WKH�FRQWH[W�IRU�WKH�PRGHOLQJ�VKRXOG�EH�D�FHUWDLQ�SUREOHP��$QGHUVHQ	�5LFKDUGVRQ����������7ZR�H[DPSOHV�DUH�KHUHE\�SUHVHQWHG���D��$UWLILFLDO�&OLPDWH�&RQWURO�$�VLPXODWLRQ�RI�DQ�DUWLILFLDO�FOLPDWH�V\VWHP�LV�DQ�H[DPSOH�DVVRFLDWHG�ZLWK�ERWK�SK\VLFV�DQG�WHFKQRORJ\�HGXFDWLRQ��7KH�SK\VLFDO�SURFHVV�LV� WKDW�RI�DLU�FRROLQJ�DQG�KHDWLQJ��7KH�WHFKQRORJLFDO� DVSHFW� FRQFHUQV� WKH� ZD\� DQ� DLU�FRQGLWLRQ� IXQFWLRQV�� 7R� JDLQ� EDVLF�XQGHUVWDQGLQJ�RI� WKH� VXEMHFW�ZH�VLPSOLI\�ERWK�DVSHFWV�RI� WKH�V\VWHPV��)LUVW��ZH�PRGHO�WKH�SK\VLFDO�SURFHVV�DV�FKDQJH�LQ�WHPSHUDWXUH��D�VLGH�HIIHFW�RI�HQHUJ\�FKDQJH���6HFRQG��ZH�IRFXV�VROHO\�RQ�WKH�FRQWUROOLQJ�HOHPHQW�RI�WKH�DLU�FRQGLWLRQ�V\VWHP��LJQRULQJ�WKH�ZD\�FROG�DQG�KRW�DLU� LV�SURGXFHG��)XUWKHU�LPSURYHPHQW�RI� WKH�DFFXUDF\�DQG�ULFKQHVV�RI�WKH�PRGHO�PD\�EH�DFKLHYHG�DW�D�PRUH�DGYDQFHG�VWDJH�RI�WKH�WHDFKLQJ���7KH�SUREOHP�SUHVHQWHG�WR�WKH�VWXGHQWV�LV�D�W\SLFDO�FRQWURO�SUREOHP��&UHDWH� D� GLJLWDO� WKHUPRVWDW� WKDW� ZLOO� UHJXODWH� WKH� WHPSHUDWXUH� RI� D� URRP�DFFRUGLQJ�WR�WKH�FKRVHQ�YDOXH��

)LJXUH����)60�LPSOHPHQWDWLRQ�LQ�67(//$



7KH�WUDGLWLRQDO�ZD\�WR�PRGHO�WKLV�V\VWHP� LV�E\�XVLQJ�D�SURSRUWLRQDO�LQWHJUDO�FRQWUROOHU��ZKLFK� WXUQV� D� UDGLDWRU� RQ� DQG� RII�� $Q� DOWHUQDWLYH� DSSURDFK� LV� EDVHG� RQ� D� GLJLWDO�FRQWUROOHU�� UHSUHVHQWHG� DV� )60�� 7KH� FRQWUROOHU� ZLOO� PRQLWRU� WKH� UDQJH� RI� WKH� URRP�WHPSHUDWXUH��DQG�ZLOO�WXUQ�WKH�UDGLDWRU�RQ�DQG�RII�DFFRUGLQJ�WR�WKH�VWDWH�RI�V\VWHP��7KH�V\VWHP�LV�GHVFULEHG�E\�LWV�FRQWLQXRXV�DQG�GLVFUHWH�VXEV\VWHPV��LQSXW DQG�RXWSXW�YHFWRUV�DQG�D�VWDWH�YHFWRU��)LJXUH����

,QSXW�YHFWRU��[�  ��5RRP�7HPS�t 7KHUPRVWDW������[�  ��5RRP�7HPS�d 7KHUPRVWDW���2XWSXW�YHFWRU��\� PHDQV�WXUQ�RQ�WKH�UDGLDWRU��\� PHDQV�WXUQ�RII�WKH�UDGLDWRU��6\VWHP�VWDWHV��D� PHDQV�UDGLDWRU�RQ��ZKLOH�D� PHDQV�UDGLDWRU�RII�
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7KH�JUDSK�RI� WKH�URRP�WHPSHUDWXUH�VKRZV� LWV� UHJXODWHG�EHKDYLRU�RYHU�WLPH��)LJXUH�����7KH�VLPXODWLRQ�PD\�EH�XVHG�IRU�ZKDW�LI�VFHQDULRV��WR�HYDOXDWH�WKH�HIIHFWV�RI�WKH�OHYHO�RI�LQVXODWLRQ�� DQG� WR� H[SORUH� FKDQJHV� LQ� WKH� WKHUPRVWDW� VHWWLQJV��0RUH� DGYDQFHG�PRGHOV�PD\�GHVFULEH� WKH� IORZ� LQ� WKH� SK\VLFDO� V\VWHP� LQ� WHUPV�RI� HQHUJ\�FKDQJHV� DQG� LQFOXGH�PRUH�IHDWXUHV�RI�FRQWURO�VXFK�DV�KXPLGLW\�DQG�VPRNH�FRQWURO���

E��'UXJ�&RQWURO�0HGLFDO�WUHDWPHQW�FDQ�EH�YLHZHG�DV�DGRSWLQJ�FRQWURO�VWUDWHJLHV�WR�UHJXODWH�WKH�EHKDYLRU�RI� QDWXUDO� SURFHVVHV��&RQVLGHU� WKLV� H[DPSOH�� D� SDWLHQW� LV� WR� UHFHLYH� D� GDQJHURXV� GUXJ��7KH� GUXJ� HQWHUV� WKH� EORRG� VWUHDP� DQG� WKHQ� PRYHV� RQ� WR� WKH� VWRPDFK�� ZKHUH� LWV�HIIHFWLYHQHVV�FDQ�EH�PHDVXUHG��$�PLQLPXP�FRQFHQWUDWLRQ�RI�WKH�GUXJ�LQ�WKH�VWRPDFK�LV�UHTXLUHG�WR�KDYH�WKHUDSHXWLF�YDOXH��+RZHYHU�D�KLJK�FRQFHQWUDWLRQ�RI�WKH�GUXJ�PLJKW�EH�GDQJHURXV�DQG�HYHQ�NLOO�WKH�SDWLHQW��6WXGHQWV�DUH�DVNHG�WR�PRGHO�WKH�SURFHVV�RI�GUXJ�DEVRUSWLRQ�LQ�WKH�EORRG��DQG�WR�GHVLJQ�D�GLJLWDO�FRQWURO�XQLW�WR�UHJXODWH�WKH�FRQVXPSWLRQ�RI�WKH�GUXJ�LQ�UHDO�WLPH��7KH�FRQWUROOHU�KDV� WR�PRQLWRU� WKH�DPRXQW�RI�GUXJ� LQ� WKH�SDWLHQW¶V�ERG\��DQG� WR�GHWHUPLQH�ZKHWKHU� WR�JLYH� WKH� SDWLHQW� DQ� DGGLWLRQDO� GRVDJH��7KH� WULFN\� SRLQW� LQ� WKLV� H[HUFLVH� LV� WKH� LVVXH� RI�GHOD\��6LQFH�WKH�GUXJ�KDV�WR�JR�ILUVW�WKURXJK�WKH�EORRG�VWUHDP�DQG�RQO\�WKHQ�UHDFKHV�WKH�VWRPDFK��LW�WDNHV�WLPH�XQWLO�FRQWURO�GHFLVLRQV�DUH�IHOW�LQ�WKH�ERG\���7KLV�SUREOHP�PD\�EH�JLYHQ�WR�VWXGHQWV�LQ�ELRORJ\��PHGLFDO�DQG�SDUDPHGLFDO�FODVVHV��DV�ZHOO� DV� FRQWURO� VWXGHQWV� LQ WHFKQRORJ\� DQG� HQJLQHHULQJ� FODVVHV�� 7KH� SUREOHP� FDQ� EH�VWDWHG�DV�IROORZV�'HVLJQ�DQ�DXWRPDWLF�FRQWUROOLQJ�PHFKDQLVP�WR�WUHDW�D�SDWLHQW�XVLQJ�D�GDQJHURXV�GUXJ�� 7KH� FRQFHQWUDWLRQ� RI� WKH� GUXJ� LQ� WKH� VWRPDFK� VKRXOG� RQO\� EH� YDOXHV�EHWZHHQ�WKH�PLQLPXP�HIIHFWLYH DQG�WKH�WR[LF�OHYHOV����

)LJXUH����*UDSK�RI WHPSHUDWXUH



6WXGHQWV� DUH� H[SHFWHG� WR� GHVLJQ� WKH� SK\VLRORJLFDO�PRGHO� ILUVW�� DQG� WKHQ� WR� FUHDWH� WKH�GLJLWDO�FRQWUROOLQJ�HOHPHQW��%RWK� WKH�FRQWLQXRXV�DQG� WKH�GLVFUHWH� VXEV\VWHPV�DUH� WR�EH�LPSOHPHQWHG�LQ�6WHOOD�DV�VKRZQ�LQ�)LJXUH�����,QSXW�YHFWRU��[�  ��%ORRG FRQFHQWUDWLRQ d0LQLPXP�WKHUDSHXWLF FRQFHQWUDWLRQ������[�  ��%ORRG FRQFHQWUDWLRQ�t WR[LF FRQFHQWUDWLRQ������2XWSXW�YHFWRU��\� PHDQV�VHW�WKH�GRVDJH�WR����PJ� \� PHDQV�VHW�WKH�GRVDJH�WR���PJ�6\VWHP�VWDWHV��D� PHDQV����PJ�GRVDJH�LV�EHLQJ�WDNHQ��D� PHDQV���PJ�GRVDJH�LV�EHLQJ�WDNHQ�

7KH�JUDSK� LQ�)LJXUH���GHVFULEHV� WKH�GUXJ�FRQFHQWUDWLRQ� LQ� WKH�EORRG�RYHU� WLPH�IRU� WKH�GXUDWLRQ�RI�WKH�VLPXODWLRQ��

)LJXUH����'UXJ�FRQWURO�LPSOHPHQWDWLRQ�LQ�6WHOOD



)LJXUH����&RQFHQWUDWLRQ�JUDSK
���6XPPDU\�DQG�5HVHDUFK�$JHQGD'HVSLWH� WKH� DGYDQFH�PDGH� LQ� WKH� WKHRU\�RI�K\EULG� V\VWHPV�� HIILFLHQW� WHDFKLQJ�RULHQWHG�PRGHOV�RI�K\EULG� V\VWHPV�KDYH�QRW�EHHQ�GHYHORSHG��7KLV�SDSHU� LV�D� ILUVW� VWHS� WRZDUGV�ILOOLQJ� WKLV� KLDWXV� ZLWKLQ� WKH� V\VWHP� G\QDPLFV� DSSURDFK� WR� N���� HGXFDWLRQ�� )XWXUH�UHVHDUFK�RQ�K\EULG�V\VWHP�PRGHOLQJ�LQ�HGXFDWLRQ�VKRXOG�IROORZ�WZR�GLUHFWLRQV��� 2Q� WKH� WKHRUHWLFDO� OHYHO�� PRUH� H[DPSOHV� QHHG� WR� EH� FRQVWUXFWHG� DQG�DQDO\]HG�LQ�GLYHUVH�VXEMHFW�PDWWHUV���� 2Q�WKH�GLGDFWLFDO�OHYHO��HPSLULFDO�UHVHDUFK�RQ�WKH�SHGDJRJLFDO�DVSHFWV�RI�VROYLQJ�FRQWURO�SUREOHP�LQ�WKH�K\EULG�DSSURDFK�LV�UHTXLUHG��
5HIHUHQFH��� $QGHUVHQ�'DYLG�)�	�5LFKDUGVRQ�*HRUJH��������7RZDUG�3HGDJRJ\�RI�6\VWHP�'\QDPLFV��7,06�6WXGLHV�LQ�WKH�0DQDJHPHQW�6FLHQFHV��YRO��������������� %HQF]H�:LOOLDP�-�	�)UDQNOLQ��*HQH�)�������$�6HSDUDWLRQ�3ULQFLSOH�IRU�+\EULG�&RQWURO�6\VWHP�'HVLJQ��,(((�&RQWURO�6\VWHPV�0DJD]LQH��YRO�����QR����S��������� %UDQLFN\��0LFKDHO�������6WXGLHV�LQ�+\EULG�6\VWHPV��0RGHOLQJ��$QDO\VLV��DQG�&RQWURO��8QSXEOLVKHG�GRFWRUDO�GLVVHUWDWLRQ��0,7��&DPEULGJH��� 'RUI��5LFKDUG�&��	�%LVKRS�5REHUW�+���������0RGHUQ�&RQWURO�6\VWHPV�QLQWK HGLWLRQ���1HZ�-HUVH\��3UHQWLFH�+DOO�������� )RUUHVWHU��:��-D\��������3ULQFLSOHV�RI�6\VWHPV��VHFRQG HGLWLRQ�� &DPEULGJH���� Q�



0DVV��:ULJKW�$OOHQ�3UHVV��� )RUUHVWHU��:��-D\��������/HDUQLQJ�WKURXJK�6\VWHP�'\QDPLFV�DV�3UHSDUDWLRQ�WR�WKH���VW &HQWXU\� .H\QRWH�$GGUHVV�IRU�6\VWHP�7KLQNLQJ�DQG�'\QDPLF�0RGHOLQJ�&RQIHUHQFH�IRU�.����(GXFDWLRQ��&RQFRUG�$FDGHP\��&RQFRUG��0D��86$���� +LOOLV��:��'DQLHO��������7KH�SDWWHUQ�RQ�WKH�VWRQH��WKH�VLPSOH�LGHDV�WKDW�PDNH�FRPSXWHUV�ZRUN��1HZ�<RUN��%DVLF�%RRNV��� +RSFURIW�-�(��0RWZDQL�5��	�8OOPDQ�-�'��������,QWURGXFWLRQ�WR�$XWRPDWD�7KHRU\��/DQJXDJHV��DQG�&RPSXWDWLRQ��6HFRQG�(GLWLRQ��1HZ�<RUN��$GGLVRQ�:HVOH\���� -RKDQVVRQ��.DUO��������+\EULG�6\VWHPV��6SULQJ������/HFWXUH�QRWHV��%HUNHOH\��KWWS���URERWLFV�HHFV�EHUNHOH\�HGX�aMRKDQV�HH���H�KWPO��� .DPLO��$KPDG�	�&KXL�+HXQJ�:LQJ��������+\EULG�&RQWURO�6\VWHPV�DQG�2SWLPDO�&RQWURO��6XUSULVH��YRO�����KWWS���ZZZ�GRF�LF�DF�XN�aQG�VXUSULVHB���MRXUQDO�YRO��DKDN�UHSRUW�KWPO��� .DW]��5DQG\�+��������&RQWHPSRUDU\�ORJLF�GHVLJQ��5HGZRRG�&LW\��&$���%HQMDPLQ�&XPPLQJV����� 0DQR��0��0RUULV�	�'LPH��&KDUOHV�5��������/RJLF�DQG�&RPSXWHU�'HVLJQ�)XQGDPHQWDOV��1HZ�-HUVH\��3UHQWLFH�+DOO�������� 0RVWHUPDQ�3LHWHU�-��	�%LVZDV��*DXWDP�%��������$�FRPSUHKHQVLYH�PHWKRGRORJ\�IRU�EXLOGLQJ�K\EULG�PRGHOV�RI�SK\VLFDO�V\VWHPV��$UWLILFLDO�,QWHOOLJHQFH����������±������� 3HQQHU��'DYLG��������&RJQLWLRQ��&RPSXWHUV��DQG�6\QWKHWLF�6FLHQFH��%XLOGLQJ�.QRZOHGJH�DQG�0HDQLQJ�7KURXJK�0RGHOLQJ��,Q�5HYLHZ�RI�5HVHDUFK�(GXFDWLRQ�����6HFDGD�:DOWHU�*���(GLWRU���$PHULFDQ�(GXFDWLRQ�5HVHDUFK�$VVRFLDWLRQ��:DVKLQJWRQ������������ 9DUVKDYVN\��9�,��	�3RVSHORY��3�$��������3XSSHWV�ZLWKRXW�6WULQJV��7UDQV��%\�$��'DQGDURY��0RVFRZ��0LU�3XEOLVKHUV���
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