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7KH�YLEUDWLRQ�DWWHQXDWLRQ�SUREOHP�KDV�EHHQ�VROYHG�XVLQJ�PDQ\�GLIIHUHQW�PHWKRGV� VRPH�RI�ZKLFK LQYROYH WKH�
XVH� RI� DGYDQFHG�FRQWURO� DOJRULWKPV� >�@��7KH� WRSLF� RI� KDUYHVWLQJ� WKH HQHUJ\� RI VWUXFWXUDO� YLEUDWLRQV� LV� OHVV�
H[SORUHG >�@��)RU� WKDW� UHDVRQ� WKLV� FRQWULEXWLRQ�VWXGLHV� WKH�SUREOHP�RI�FRQYHUVLRQ�RI�PHFKDQLFDO�HQHUJ\�RI�
YLEUDWLRQV��7KH�SDSHU�SUHVHQWV�D�PHWKRG RI�VHPL�DFWLYH�FRQWURO� ZKLFK�LV DSSOLHG�WR�G\QDPLFDOO\�WUDQVIHU�WKH�
YLEUDWLRQ�HQHUJ\�LQWR�D�VHOHFWHG�YLEUDWLRQ�PRGH��7KH WDUJHW�PRGH�LV�VHOHFWHG�LQ�VXFK�D�ZD\�WKDW�WKH DPRXQW�RI
HQHUJ\�WKDW�FDQ�EH�UHFRYHUHG�GXULQJ�WKH�YLEUDWLRQ�SURFHVV�LV�PD[LPL]HG��,Q�RWKHU�ZRUGV��VZLWFKLQJ�EHWZHHQ�
WZR�PRGHV�LV�QRW�LQWHQGHG�WR GLVVLSDWH�WKH�HQHUJ\�RI�YLEUDWLRQV��EXW UDWKHU�WR�PD[LPL]H�WKH�HQHUJ\�KDUYHVWLQJ
SRWHQWLDO�RI�WKH�RYHUDOO�V\VWHP��7KH�FRQFHSW�ZLOO�EH�LOOXVWUDWHG�XVLQJ�DQ�H[DPSOH�RI�D�VLPSOH�IUDPH�VWUXFWXUH��
LQ�ZKLFK�VHPL�DFWLYHO\ FRQWUROOHG�ORFNDEOH�MRLQWV PRGLI\�WKH�PRGDO�SURSHUWLHV�RI�WKH�VWUXFWXUH�>����@�

���0DWKHPDWLFDO�IRUPXODWLRQ

:H FRQVLGHU D OLQHDU�GLVFUHWL]HG�XQGDPSHG�V\VWHP�ZLWK�WKH IROORZLQJ HTXDWLRQ�RI�PRWLRQ�
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ZKHUHۻ� LV�WKH�PDVV�PDWUL[��۹ LV�WKH�VWLIIQHVV�PDWUL[��DQGܙ� GHQRWHV�WKH�YHFWRU RI�FRQILJXUDWLRQ�FRRUGLQDWHV�
�GLVSODFHPHQWV�DQG�URWDWLRQV�RI�QRGHV���,Q WKH DERYH�HTXDWLRQ�DOO�QRGHV�DUH�XQORFNHG��:KHQ�D�VHOHFWHG QRGH�
LV�ORFNHG�WKHQ WKH�FRUUHVSRQGLQJ�GHJUHH�RI�IUHHGRP��'RI��EHFRPHV�FRQVWUDLQHG�DQG�HIIHFWLYHO\�ORVW��DQG�WKH�
PDWULFHVۻ� DQG�۹ FKDQJH��,QVWHDG�RI�DGMXVWLQJ�WKH�QXPEHU RI�'RIV� ZH�LQWURGXFH D GDPSLQJ�PDWUL[ ۱ሺܝሻ

ZLWK�YHU\� ODUJH�GDPSLQJ� IDFWRUV� +HUHܝ� LV� WKH�YHFWRU�RI� WKH� FRQWURO� VLJQDOV� �RQH� VLJQDO� IRU� HDFK� ORFNDEOH�
QRGH�� 7KH�GDPSLQJ�IDFWRUV�DQG�WKH�]HURV�DUH�GLVWULEXWHG�LQ�WKH�PDWUL[�LQ�VXFK�D�ZD\�WKDW�WKHUH�LV�D QHJOLJLEOH�
GLIIHUHQFH�RI�DQJXODU�YHORFLWLHV�RI�EHDP�HQGV�FRQQHFWHG�DW�WKH�ORFNHG�QRGH��DV�LQ�D�ULJLG�FRQQHFWLRQ���(DFK�
QRGH�FDQ�EH�FRQWUROOHG�LQGHSHQGHQWO\ RI�RWKHU QRGHV��7KH�VWDWH�HTXDWLRQ GHULYHG�IURP�HTXDWLRQ����� LQFOXGLQJ�
WKH�FRQWUROOHG�GDPSLQJ�PDWUL[� LV�DV�IROORZV�
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ZKHUHܠ� LV�WKH�YHFWRU RI�VWDWH�YDULDEOHV��۷ GHQRWHV�WKH�LGHQWLW\�PDWUL[�
2XU� FRQWURO� DLP� LV� WR� VWDELOL]H� WKH� V\VWHP� ���� ZKLOH� WUDQVIHUULQJ� WKH� HQHUJ\� WR� VHOHFWHG� PRGHV�� )RU� WKDW�
SXUSRVH��ZH�GHILQH�WKH�HQHUJ\�RI WKH S�WK�PRGH�FRUUHVSRQGLQJ�WR�LWV�DPSOLWXGH
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+HUH�ܽ LV� WKH�DPSOLWXGH�RI� WKH�S�WK�PRGH DQG ߱ LV WKH S�WK QDWXUDO�IUHTXHQF\��7KH�WRWDO�HQHUJ\ ܸ RI WKH�

V\VWHP�LV�JLYHQ�E\ σ ܸ ��,Q�RUGHU�WR�WUDQVIHU�WKH�V\VWHP¶V�HQHUJ\�WR�D�VHOHFWHG�PRGH�S��ZH�DLP WR�LQFUHDVH�

WKH�FRUUHVSRQGLQJ�HQHUJ\�ܸ��7KH�SURSRVHG�FRQWURO�PD[LPL]HV�WKH�GHULYDWLYH�RI�ܸ
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7KH� H[LVWHQFH� RI� WKH� VROXWLRQ� WR� ���� LV� HQVXUHG� E\� WKH� FRPSDFWQHVV� RI� WKH� VHW� RI� DGPLVVLEOH� FRQWUROV�
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 �݉ ± QXPEHU�RI�FRQWURO�LQSXWV���1RWH�WKDW�IRUݑ�  ���WKH�QRGH�LV�XQORFNHG�DQG�IRUݑ�௫ LW�LV�

MDPPHG��,Q�DGGLWLRQ�WR�����ZH�UHTXLUH� ሶܸ  Ͳ ZKLFK�IRU�����JXDUDQWHHV�VWDELOLW\�



���1XPHULFDO�H[DPSOH

$V�DQ�H[DPSOH�ZH�SUHVHQW�D VLPSOH�IUDPH�VWUXFWXUH�ZLWK�WZR�ORFNDEOH�QRGHV�DQG ILYH�GHJUHHV�RI�IUHHGRP��
7KHUH� DUH ILYH�PRGHV� RI� YLEUDWLRQ�ZKHQ� DOO� QRGHV� DUH� XQORFNHG��7KH� H[DPSOH LQLWLDO� FRQGLWLRQ� LV� WKDW WKH�
WKLUG�� IRXUWK� DQG� ILIWK� PRGDO� DPSOLWXGHV� KDYH� UHVSHFWLYHO\� WKH� YDOXHV RI� ^��� ���� �`�� ZKLOH� WKH� LQLWLDO�
DPSOLWXGHV�RI�WKH�ILUVW�DQG�WKH�VHFRQG�PRGHV�DUH�HTXDO�WR ]HUR��7KH�ILUVW�PRGH�LV�FKRVHQ�IRU PD[LPL]DWLRQ�RI�
LWV�SDUWLFLSDWLRQ�LQ�YLEUDWLRQV��7KLV�LV VKRZQ�LQ�ILJXUH��D���7KH�UHVXOWV RI�QXPHULFDO�VLPXODWLRQV DUH SUHVHQWHG�
LQ�ILJXUHV��E��DQG�F��ZKLFK�FRUUHVSRQG� WR�� UHVSHFWLYHO\�� WKH PRGDO�DPSOLWXGHV�DQG� WKH�HQHUJLHV��7KH�PRGH�

VKDSHV�DUH�QRW�QRUPDOL]HG�ZLWK�UHVSHFW WR�WKH�PDVV�PDWUL[ۻ��
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)LJ����1XPHULFDO�H[DPSOH��D��YLVXDOL]DWLRQ�RI�LQLWLDO�PRGHV�DQG�PRGHV�FKRVHQ�IRU�PD[LPL]DWLRQ��E��7LPH�
KLVWRU\�RI�PRGDO�DPSOLWXGHV��F��7LPH�KLVWRU\�RI�PRGH�PHFKDQLFDO�HQHUJLHV

���&RQFOXVLRQ�DQG�IXUWKHU�UHVHDUFK

,W�LV�SRVVLEOH�WR�G\QDPLFDOO\�VZLWFK�EHWZHHQ�YLEUDWLRQDO�PRGHV�ZKLOH NHHSLQJ�WKH�V\VWHP�QRQ�DV\PSWRWLFDOO\
VWDEOH��1RQ�DV\PSWRWLF�VWDELOLW\�LV�GHVLUHG�KHUH��EHFDXVH�LW�UHVXOWV� LQ�FRQVHUYDWLRQ�RI�HQHUJ\�IRU�DQ�HQHUJ\�
KDUYHVWHU�� 7KH� SUHVHQWHG� DSSURDFK� FDQ� EH� DSSOLHG� WR VWUXFWXUHV� H[FLWHG� E\� D� VKRUW� IRUFH� LPSXOVH�� $IWHU�
WUDQVIHUULQJ� WKH�HQHUJ\� WR�D�PRGH�VXLWDEOH IRU�WKH� LQVWDOOHG�HQHUJ\�KDUYHVWHU�� WKH PHFKDQLFDO�HQHUJ\�FDQ�EH�
H[WUDFWHG��,Q�IXUWKHU�UHVHDUFK�ZH ZLOO�DQDO\VH�PRUH�FRPSOH[�VWUXFWXUHV��XVH�D PRGHO�RI WKH�HQHUJ\�KDUYHVWHU�
DQG�WHVW�RWKHU�FRQWURO�DOJRULWKPV�

$FNQRZOHGJPHQWV 7KH�DXWKRUV�DFNQRZOHGJH�WKH�VXSSRUW�RI�WKH�1DWLRQDO�6FLHQFH�&HQWUH��3RODQG��JUDQWHG�WKURXJK�WKH�
SURMHFW�5H�&RQ��'(&���������%�67����������
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