
2Q�WKH�*HQHUDWLRQ�RI�WKH�0RVW�3URPLVLQJ�&RQWURO�6WUXFWXUH

IRU�/DUJH�'LPHQVLRQDO�6\VWHPV

,�.�.RRNRV
'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ��&HQWUH�IRU�3URFHVV�6\VWHPV�(QJLQHHULQJ

,PSHULDO�&ROOHJH�

6:���%<��/RQGRQ��8QLWHG�.LQJGRP

.�*�$UYDQLWLV


'HSDUWPHQW�RI�(OHFWULFDO�DQG�&RPSXWHU�(QJLQHHULQJ�'LYLVLRQ�RI�&RPSXWHU�6FLHQFH

1DWLRQDO�7HFKQLFDO�8QLYHUVLW\�RI�$WKHQV�

=RJUDSKRX��������$WKHQV��*UHHFH

*�.DORJHURSRXORV
'HSDUWPHQW�RI�0DWKHPDWLFV��6HFWLRQ�RI�0DWKHPDWLFDO�$QDO\VLV�

8QLYHUVLW\�RI�$WKHQV�

3DQHSLVWLPLRSROLV��������$WKHQV��*UHHFH�

$EVWUDFW�

$Q� DOJRULWKPLF�PHWKRG� IRU� YDULDEOH� SDLULQJ� VHOHFWLRQ� RI� ODUJH� GLPHQVLRQDO� V\VWHPV� LV� SURSRVHG�

7KH�SURSRVHG�PHWKRG�UHOLHV�RQ�WKH�PDLQ�SURSHUWLHV�RI�WKH�5*$�DQG�5,$�PDWULFHV�DQG�WKH�FRQFHSWV

RI�LQWHUDFWLRQ��LQWHJULW\�DQG�VWDELOLW\��,W�LV�VKRZQ�WKDW�WKH�PLQLPL]DWLRQ�RI�WKH�RYHUDOO�LQWHUDFWLRQ�LQ

PXOWL�LQSXW��PXOWL�RXWSXW�ODUJH�VFDOH�V\VWHPV�XQGHU�VHYHUDO�VWDELOLW\�DQG�VWUXFWXUDO�FRQVWUDLQWV�FDQ

EH� IRUPXODWHG�HLWKHU�DV�D�0L[HG� ,QWHJHU�1RQOLQHDU�3URJUDPPLQJ�SUREOHP�RU�DV� D�0L[HG� ,QWHJHU

/LQHDU� 3URJUDPPLQJ� SUREOHP� ZKHQ� WKH� 5*$� RU� WKH� 5,$� PDWULFHV�� UHVSHFWLYHO\�� DUH� XVHG� DV

LQWHUDFWLRQ�PHDVXUHV��7KH�SURSRVHG�PHWKRG�FDQ�EH�UHDGLO\�DSSOLHG�WR�V\VWHPV�ZLWK�DUELWUDULO\�ODUJH

GLPHQVLRQV��SURYLGLQJ�D�VLPSOH�DQG�TXLFN�VROXWLRQ�WR�WKH�SUREOHP�RI�WKH�JHQHUDWLRQ�RI�IHDVLEOH�DQG

SURPLVLQJ�FRQWURO�VWUXFWXUHV�

� ,QWURGXFWLRQ

0XOWLYDULDEOH� FRQWUROOHUV� KDYH� VHYHUDO� DGYDQWDJHV� RYHU� VLQJOH� ORRS� FRQWUROOHUV� IRU� PXOWLYDULDEOH

SODQWV��+RZHYHU��LQ�SURFHVV�FRQWURO�DSSOLFDWLRQV��GHFHQWUDOL]HG�FRQWURO�V\VWHPV�DUH�IDU�PRUH�FRPPRQ

WKDQ�DQ\�PXOWLYDULDEOH�FRQWUROOHU��7KLV�LV�GXH�WR�VHYHUDO�FKDUDFWHULVWLFV�RI�WKH�GHFHQWUDOL]HG�FRQWUROOHU�

VXFK�DV�IOH[LELOLW\�LQ�RSHUDWLRQ��IDLOXUH�WROHUDQFH�DQG�VLPSOLILHG�GHVLJQ�DQG�WXQLQJ��WKDW�DUH�SDUWLFXODUO\

GHVLUDEOH�LQ�SURFHVV�FRQWURO�DSSOLFDWLRQV��VHH�&KDQJ�DQG�<X���������&DPSR�DQG�0RUDUL���������IRU�D

GHWDLOHG�DQDO\VLV�RI�WKLV�LVVXH��,Q�GHVLJQLQJ�GHFHQWUDOL]HG�FRQWURO�V\VWHPV��WKH�ILUVW�SUREOHP�WKDW�KDV�WR

EH�VROYHG� LV� WKH�SUREOHP�RI�FRQWURO� VWUXFWXUH�VHOHFWLRQ�RU� LQSXW�RXWSXW�YDULDEOH�SDLULQJ�SUREOHP�� L�H�

ZKLFK�RI�WKH�DYDLODEOH�PDQLSXODWHG�YDULDEOHV�LV� WR�EH�XVHG�LQ�RUGHU�WR�FRQWURO�HDFK�RI� WKH�FRQWUROOHG

YDULDEOHV�

,W� LV� QRZ� UHFRJQL]HG� WKDW� WKH� VHOHFWLRQ� RI� WKH� FRQWURO� VWUXFWXUH� FDQ� GUDPDWLFDOO\� DIIHFW� FRQWURO

SHUIRUPDQFH� �&DPSR� DQG� 0RUDUL�� ������� 7KH� QXPEHU� RI� DOWHUQDWLYH� FRQWURO� VWUXFWXUHV� FDQ� EH

HQRUPRXV��HVSHFLDOO\�LQ�SODQW�ZLGH�FRQWURO�SUREOHPV��DQG�WKH�H[KDXVWLYH�FRPSDULVRQ�RI�WKHLU�SHUIRU�
                                                          
* Email: karvan@control.ece.ntua.gr.
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PDQFH� LV� QRW� IHDVLEOH�� 7R� WKLV� HQG�� PXFK� HIIRUW� KDV� EHHQ� H[SHQGHG� WRZDUGV� WKH� GHYHORSPHQW� RI

HIILFLHQW��ORZ�HIIRUW�DOJRULWKPV�IRU�WKH�TXLFN�UDQNLQJ�RI�WKH�DOWHUQDWLYH�FRQWURO�VWUXFWXUHV��7KLV�UDQNLQJ

LV�PDLQO\�EDVHG�RQ�WKH�HYDOXDWLRQ�RI�WKH�ORRS�LQWHUDFWLRQ�DVVRFLDWHG�ZLWK�HDFK�FRQWURO�VWUXFWXUH�DV�ZHOO

DV�RQ� LWV�GLVWXUEDQFH�DWWHQXDWLRQ�SURSHUWLHV�XVLQJ�RSHQ�ORRS� VFUHHQLQJ� WRROV� �1DUUDZD\�HW�DO��������

+RYG� DQG� 6NRJHVWDG�� ������ 0F$YR\� DQG� <H�� ������ <L� DQG� /X\EHQ�� ������ %DQHUMHH� DQG� $UNXQ�

������

7KH� UHODWLYH�JDLQ�DUUD\� �5*$��ZDV� ILUVW� SURSRVHG� LQ� �%ULVWRO�� ������ DV� D� VWHDG\�VWDWH� LQWHUDFWLRQ

PHDVXUH��7KH�DFFHSWDQFH�RI�WKH�5*$�DV�DQ�HIILFLHQW�LQWHUDFWLRQ�PHDVXUH�LV�XQLTXH�LQ�ERWK�LQGXVWU\�DQG

DFDGHPLD�� $� QXPEHU� RI� LQWHUHVWLQJ� SURSHUWLHV� RI� WKH� 5*$� KDYH� EHHQ� HVWDEOLVKHG� DQG� LWV� G\QDPLF

�IUHTXHQF\��GHILQLWLRQ�KDV�DOVR�EHHQ�SURSRVHG��IRU�DQ�RYHUYLHZ��VHH�0F$YR\������D��6LQVNH\��������

)XUWKHUPRUH��D�QXPEHU�RI�IXQGDPHQWDO�FORVHG�ORRS�V\VWHP�SURSHUWLHV��VXFK�DV�VWDELOLW\�DQG�LQWHJULW\�

ZDV� H[SUHVVHG� LQ� WHUPV� RI� WKH� RSHQ�ORRS� 5*$� �0F$YR\�� ����D�� ����E�� *URVGLGLHU� HW� DO��� �����

0RUDUL� DQG� =DILULRX�� ������ 6NRJHVWDG� DQG� 3RVWOHWKZDLWH�� ������� 7KXV�� LWV� WKHRUHWLFDO� EDVLV� LV� QRZ

EHWWHU�XQGHUVWRRG�DQG�FRPELQHG�ZLWK�WKH�VLPSOLFLW\�RI�LWV�FDOFXODWLRQ�PDNH�5*$�IDU�WKH�PRVW�XVHIXO

DQG�FRPSUHKHQVLYH�VFUHHQLQJ�WRRO�IRU�FRQWURO�VWUXFWXUH�VHOHFWLRQ�

5HFHQWO\��EDVHG�RQ�WKH�5*$�PDWUL[��D�QHZ�LQWHUDFWLRQ�PHDVXUH�FDOOHG�WKH�UHODWLYH�LQWHUDFWLRQ�DUUD\�

KDV�EHHQ�SURSRVHG�LQ��=KX�DQG�-XWDQ������������D������E��=KX�����D������E���,Q�WKHVH�SDSHUV�LW�KDV

EHHQ�VKRZQ�WKDW�WKH�5,$�KDV�VHYHUDO�DGYDQWDJHV�RYHU�5*$��SDUWLFXODUO\�ZKHQ�WKH�RYHUDOO�LQWHUDFWLRQ

LQ�D�PXOWLYDULDEOH�V\VWHP�LV�DVVHVVHG��)XUWKHUPRUH��DOWHUQDWLYH�FRQGLWLRQV�IRU�LQWHUDFWLRQ��VWDELOLW\�DQG

LQWHJULW\�LQ�WHUPV�RI�WKH�5,$�HOHPHQWV�KDYH�EHHQ�SURSRVHG

7KH�DLP�RI�WKH�SUHVHQW�SDSHU�LV�WR�SURSRVH�D�V\VWHPDWLF�IUDPHZRUN�IRU�WKH�JHQHUDWLRQ�RI�WKH�PRVW

SURPLVLQJ� FRQWURO� VWUXFWXUH� IRU� ODUJH� GLPHQVLRQDO� V\VWHPV�� $� QHZ� DOJRULWKP�� EDVHG� RQ� WKH� PDLQ

SURSHUWLHV� RI� WKH�5*$� DQG�5,$�PDWULFHV� DQG� WKH� FRQFHSWV� RI� LQWHUDFWLRQ�� LQWHJULW\� DQG� VWDELOLW\�� LV

SURSRVHG�� ,W� LV� VKRZQ� WKDW� WKH� PLQLPL]DWLRQ� RI� WKH� RYHUDOO� LQWHUDFWLRQ� LQ� PXOWL�LQSXW�� PXOWL�RXWSXW

V\VWHPV� XQGHU� VHYHUDO� VWDELOLW\� DQG� VWUXFWXUDO� FRQVWUDLQWV� FDQ� EH� IRUPXODWHG� DV� 0L[HG� ,QWHJHU

1RQOLQHDU�3URJUDPPLQJ��0,1/3��SUREOHP�LQ�WHUPV�RI�WKH�5*$�PDWUL[��)XUWKHUPRUH��LW�LV�VKRZQ�WKDW�

ZKHQ� WKH� 5,$� EDVHG� RYHUDOO� LQWHUDFWLRQ� PHDVXUH� LV� XVHG�� WKH� SUREOHP� FDQ� IRUPXODWHG� DV� D�0L[HG

,QWHJHU�/LQHDU�3URJUDPPLQJ�SUREOHP��0,/3���,Q�RUGHU�WR�GHPRQVWUDWH�WKH�XVHIXOQHVV�RI�WKH�SURSRVHG

DOJRULWKP�DV�D�ULJRURXV�DQG�V\VWHPDWLF�VROXWLRQ�WR�WKH�SUREOHP�RI�DXWRPDWLF�JHQHUDWLRQ�RI�SURPLVLQJ

FRQWURO� VWUXFWXUHV�� WZR� ODUJH� VFDOH� LQGXVWULDO� SUREOHPV�� QDPHO\� WKH� K\GURGHDON\ODWLRQ� RI� WROXHQH

�+$'��SURFHVV�DQG�WKH�7HQQHVVHH�(DVWPDQ�SUREOHP��DUH�FRQVLGHUHG�LQ�WKH�SDSHU�

� 5*$�DQG�5,$�%DVHG�2YHUDOO�,QWHUDFWLRQ�0HDVXUHV

,Q�%ULVWRO���������LW�KDV�EHHQ�VXJJHVWHG�WKDW�LQ�RUGHU�WR�HYDOXDWH�WKH�LQWHUDFWLRQ�LQ�D�SURFHVV��HDFK

RSHQ�ORRS�VWHDG\�VWDWH�JDLQ�VKRXOG�EH�HYDOXDWHG�ILUVW�ZLWK�DOO�RWKHU� ORRSV�RSHQ�DQG�WKHQ�UHHYDOXDWHG

ZLWK�DOO�RWKHU�ORRSV�FORVHG�DQG�DOO�RWKHU�FRQWUROOHG�YDULDEOHV�KHOG�DW�WKHLU�VHW�SRLQWV��7KH�UDWLR�RI�WKHVH

JDLQV�LV�GHILQHG�DV�WKH�UHODWLYH�JDLQ�RI�WKH�FRQWUROOHG�YDULDEOH� yi �WR�D�PDQLSXODWHG�YDULDEOH� uj �DQG�LV

JLYHQ�E\�WKH�IROORZLQJ�H[SUHVVLRQ

&/M

L

2/M

L

LM

X
\

X
\

���








∂
∂








∂
∂

=λ �����

,Q� WKH� VHTXHO� WKH� VXEVFULSW� ���� LV� GURSSHG� IRU� FODULW\� DQG� VWHDG\� VWDWH� LV� DVVXPHG� XQOHVV� RWKHUZLVH

VWDWHG��)RU�WKH� ��× �SODQW��GHSLFWHG�LQ�)LJXUH����WKH�RSHQ�ORRS�JDLQ�LV�VLPSO\�JLYHQ�E\

��
2/�

� J
X

\ =



∂

∂
�����

ZKLOH��ZKHQ�WKH�VHFRQG�ORRS�LV�FORVHG��WKH�FRUUHVSRQGLQJ�FORVHG�ORRS�JDLQ�LV
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8QGHU�WKH�DVVXPSWLRQ�WKDW�WKH�FRQWUROOHU�LV�LQILQLWH�DW�WKH�VWHDG\�VWDWH��LQWHJUDO�DFWLRQ�LV�LQFOXGHG���ZH

WDNH

��

����
��

&/�

�

J

JJ
J

X
\ −=




∂
∂

�����

DQG

��������

����
��

JJJJ

JJ

−
=λ �����

2ULJLQDOO\��WKH�5*$�PDWUL[�ZDV�GHILQHG�DV�D�VWHDG\�VWDWH�LQWHUDFWLRQ�PHDVXUH��VHH�%ULVWRO��������

)RU�D�QXPEHU�RI�SUDFWLFDO�SUREOHPV�WKH�VWHDG\�VWDWH�GHILQLWLRQ�LV�VXIILFLHQW��+RZHYHU��LQ�RUGHU�WR�WDNH

LQWR� FRQVLGHUDWLRQ� G\QDPLFV�� LW� LV� QHFHVVDU\� WR� XVH� IUHTXHQF\� GHSHQGHQW� GHILQLWLRQV� RI� WKH� 5*$

PDWUL[��/HW�*�V��GHQRWH�WKH�WUDQVIHU�IXQFWLRQ�PDWUL[�RI�DQ� n n× �SODQW��7KH�G\QDPLF�5*$�PDWUL[�LV

GHILQHG�DV��0FDYR\������D������E��*URVGLGLHU�HW�DO���������:LWFKHU�DQG�0F$YR\�������

( )7� �V��V��V� −×= **5*$ �����

ZKHUH�WKH�V\PERO� × ��GHQRWHV�HOHPHQW�E\�HOHPHQW��+DGDPDUG��PXOWLSOLFDWLRQ��,W�VKRXOG�EH�QRWHG�WKDW
WKH�DVVXPSWLRQ�RI�SHUIHFW�FRQWURO�DW�DOO�IUHTXHQFLHV�LV�LPSOLHG�LQ�WKLV�GHILQLWLRQ��7KLV��LQ�JHQHUDO��LV�QRW

D� YDOLG� DVVXPSWLRQ� DQG� PDQ\� DXWKRUV� GLVFDUG� WKH� XVH� RI� WKH� G\QDPLF� 5*$� �VHH� IRU� H[DPSOH

0DQRXVLRXWKDNLV�HW�DO���������*URVGLGLHU�DQG�0RUDUL���������,Q�ZKDW�IROORZV��WKH�PDLQ�SURSHUWLHV�RI

WKH�5*$�PDWUL[�DV�ZHOO�DV�D�QXPEHU�RI�LPSRUWDQW�NQRZQ�UHVXOWV�DUH�VXPPDUL]HG�

1.  7KH�VXP�RI�WKH�HOHPHQWV�RI�HDFK�URZ�DQG�HDFK�FROXPQ�RI�WKH�5*$�LV�XQLW\�
2.  7KH�5*$�LV�LQYDULDQW�XQGHU�LQSXW�DQG�RXWSXW�VFDOLQJ�
3.  $Q\�SHUPXWDWLRQ�RI�URZV�DQG�FROXPQV�LQ�WKH�WUDQVIHU�IXQFWLRQ�PDWUL[�*�V��UHVXOWV�LQ�WKH�VDPH

SHUPXWDWLRQ�LQ�WKH�5*$�

4.  )RU�FORVHG�ORRS�VWDEOH�V\VWHPV�ZLWK�GLDJRQDO�SDLULQJ��D�GHFHQWUDOL]HG�FRQWURO�V\VWHP�ZKHUH�WKH
LQGLYLGXDO� ORRSV�DUH� VWDEOH��SRVVHVVHV� LQWHJULW\�DJDLQVW� LWK� ORRS� IDLOXUH�RQO\� LI� �=KX�DQG� -XWDQ

����E�

Q�������� L������LL ∀>λ �����

J��

J��

J��

J��JF�

u1 y1

y2u2

)LJXUH����%ORFN�GLDJUDP�IRU�� × ��V\VWHPV�ZLWK�WKH�ORRS���FORVHG
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5.  ,I� λ ii < 0 � WKHQ�� IRU� DQ\� GLDJRQDO� FRPSHQVDWRU�&�V�� ZLWK� LQWHJUDO� DFWLRQ� LQ� DOO� HOHPHQWV� DQG
VWULFWO\�SURSHU�ORRS�WUDQVIHU�IXQFWLRQ��WKH�FORVHG�ORRS�V\VWHP�KDV�RQH�RI�WKH�IROORZLQJ�SURSHUWLHV

�*URVGLGLHU�HW�DO���������

a)  WKH�RYHUDOO�FORVHG�ORRS�V\VWHP�LV�XQVWDEOH
b)  WKH�LWK�ORRS�LV�XQVWDEOH�E\�LWVHOI
c)  7KH�FORVHG�ORRS�V\VWHP�LV�XQVWDEOH�LI�WKH�LWK�ORRS�LV�RSHQHG

7KH�5*$�PDWUL[�LV�XVHG�IRU�LQSXW�RXWSXW�YDULDEOH�SDLULQJ�DFFRUGLQJ�WR�WKH�IROORZLQJ�UXOH�RI�WKXPE�

,QSXW� DQG� RXWSXW� YDULDEOHV� VKRXOG� EH� SDLUHG� LQ� VXFK� D� ZD\� WKDW�� WKH� FRUUHVSRQGLQJ� GLDJRQDO� 5*$

HOHPHQWV�DUH�DV�FORVH�WR�RQH�DV�SRVVLEOH��7KLV�FDQ�EH�H[SUHVVHG�DV��=KX�DQG�-XWDQ�������

∑ −λ �PLQ LL �����

WKDW� LV�� WKH� GLVWDQFH� RI� WKH� SDLUHG� 5*$� HOHPHQWV� DQG� �� LV� PLQLPL]HG� RYHU� DOO� SRVVLEOH� SDLULQJV�

+RZHYHU�� WKH� XVHIXOQHVV� RI� WKLV� RYHUDOO� LQWHUDFWLRQ� PHDVXUH� LV� UHVWULFWHG� GXH� WR� WKH� IDFW� WKDW� WKH

GLVWDQFH� EHWZHHQ� 5*$� HOHPHQWV� DQG� �� GRHV� QRW� TXDQWLI\� WKH� DPRXQW� RI� LQWHUDFWLRQ� �=KX� ����D�

����E���&RQVLGHU� IRU� H[DPSOH� WZR� GLIIHUHQW� 2 2× � V\VWHPV� KDYLQJ� ��� =λ � DQG� ��� =λ �� $OWKRXJK

WKH\�DUH� WRWDOO\�GLIIHUHQW� IURP� WKH� LQWHUDFWLRQ�SRLQW�RI�YLHZ�� WKH\�DUH� LQGLVWLQJXLVKDEOH� DFFRUGLQJ� WR

UHODWLRQ� ������� $Q� LPSURYHG� LQWHUDFWLRQ�PHDVXUH�� SURSRVHG� LQ� �=KX�� ����E�� DQG� FDOOHG� WKH� UHODWLYH

LQWHUDFWLRQ�DUUD\��5,$���LV�GHILQHG�DV�IROORZV

�
�

LM

LM −
λ

=φ �����

ZKHUH� [ ]LMLM 5,$=φ ��8VLQJ�WKH�GHILQLWLRQ�RI�5,$��HTXDWLRQ�������FDQ�EH�ZULWWHQ�DV

( )����
&/�

� �J
X

\ φ+=



∂

∂
������

7KXV��DV�LW�LV�VKRZQ�IRU�WKH�FDVH�RI�2 2× �V\VWHPV��5,$�UHSUHVHQWV�WKH�UHODWLYH�DPRXQW�RI�LQWHUDFWLRQ�LQ

WKH�ORRS��$�FRPSDULVRQ�EHWZHHQ�5*$�DQG�5,$�DV�LQWHUDFWLRQ�PHDVXUHV�LV�DOVR�JLYHQ�LQ��=KX������E��

,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW��WKH�5,$�LQWHUDFWLRQ�PHDVXUH�LV�DOVR�UHODWHG�WR�VRPH�RI�WKH�PRVW�ZHOO

NQRZQ� LQWHUDFWLRQ�PHDVXUHV�� )RU� D� 2 2× � V\VWHP�� WKH� LQWHUDFWLRQ� TXRWLHQW� RU�5LMQVGRUS� LQWHUDFWLRQ

PHDVXUH�κ ��5LMQVGURS��������.RPLQHN�DQG�6PLWK���������LV�GHILQHG�WR�EH

����

����

JJ

JJ
=κ ������

RU

��

�
�

λ
−=κ ������

7KXV�� WKH� QHJDWLYH� RI� WKH�5,$� LQWHUDFWLRQ�PHDVXUH� LV� HTXDO� WR� WKH� LQWHUDFWLRQ� TXRWLHQW� RU�5LMQVGRUS

LQWHUDFWLRQ�PHDVXUH��,W�LV�DOVR�LQWHUHVWLQJ�WKDW�WKH�5LMQVGURS¶V�FRQFOXVLRQV��5LMQVGURS��������DERXW�WKH

LQWHUDFWLRQ�TXRWLHQW�DUH�VLPLODU�WR�WKH�FRQFOXVLRQV�RI�=KX������E��DERXW�WKH�5,$�LQWHUDFWLRQ�PHDVXUH�

7KH� µ �LQWHUDFWLRQ�PHDVXUH�LV�GHILQHG�DV�WKH�6WUXFWXUHG�6LQJXODU�9DOXH�RI�WKH�UHODWLYH�HUURU�PDWUL[
(�V���ZKLFK�LV�JLYHQ�E\��*URVGLGLHU�DQG�0RUDUL�������

( ) �V�
a

�V�
a

�V��V� �−−= ***( ������

ZKHUH� { }�V�GLDJ�V�
a

** = �� )RU� WKH� FDVH� RI� 2 2× � V\VWHPV�� WKH� µ � LQWHUDFWLRQ� PHDVXUH� DQG� WKH� 5,$

LQWHUDFWLRQ�PHDVXUH�DUH�UHODWHG�WKURXJK�WKH�IROORZLQJ�H[SUHVVLRQ

( ) ��φ=µ ( ������

,Q��*URVGLGLHU�DQG�0RUDUL���������LW�KDV�EHHQ�FRQFOXGHG�WKDW�WKH�VTXDUH�RI�WKH�µ �LQWHUDFWLRQ�PHDVXUH

LV�WKH�PRVW�QDWXUDO�H[WHQVLRQ�RI�WKH�5LMQVGRUS�LQWHUDFWLRQ�PHDVXUH�WR�V\VWHPV�ODUJHU�WKDQ�2 2× �

)LQDOO\��LQ�WKH�FDVH�RI�2 2× �V\VWHPV�GHVFULEHG�E\�ILUVW�RUGHU�ZLWK�GHDG�WLPH�WUDQVIHU�IXQFWLRQ��LW
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KDV�EHHQ�SURYHQ�LQ�0DULQR�*DODUUDJD�HW�DO���������WKDW�WKH�UDWLR�RI�WKH�FORVHG�ORRS�XOWLPDWH�IUHTXHQF\

WR�WKH�RSHQ�ORRS�XOWLPDWH�IUHTXHQF\��0,02��LV�JLYHQ�E\
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−=
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ZKLOH�WKH�UDWLR�RI�WKH�FORVHG�ORRS�XOWLPDWH�JDLQ�WR�WKH�RSHQ�ORRS�XOWLPDWH�JDLQ�LV�JLYHQ�E\
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������

7KXV��D�QXPEHU�RI�DXWKRUV��XVLQJ�GLIIHUHQW�VWDUWLQJ�SRLQWV�IRU�LQWHUDFWLRQ�DQDO\VLV��FRQFOXGHG�WKDW�WKH

LQWHUDFWLRQ�LV�PRUH�HIIHFWLYHO\�DQDO\]HG�LQ�WHUPV�RI�WKH�5,$�LQWHUDFWLRQ�PHDVXUH�

$FFRUGLQJ� WR� WKH�GHILQLWLRQ�RI� WKH�5,$� LQWHUDFWLRQ�PHDVXUH��YDULDEOHV�VKRXOG�EH�SDLUHG� LQ�VXFK�D

ZD\�VR�WKDW

a)  DOO�WKH�5,$�HOHPHQWV�DUH�FORVH�WR���
b)  DOO�WKH�5,$�HOHPHQWV�DUH�JUHDWHU�WKDQ�����DQG
c)  5,$�HOHPHQWV�FORVH�WR����DUH�DYRLGHG�
%DVHG�RQ�WKH�GHILQLWLRQ�RI�5,$��=KX�SURSRVHG�WKH�IROORZLQJ�RYHUDOO�LQWHUDFWLRQ�PHDVXUH

∑ φ LLPLQ ������

7KH�PDLQ�DGYDQWDJH�LQ�XVLQJ�WKH�5,$�LQWHUDFWLRQ�PHDVXUH�LV�WKDW�DPELJXLWLHV�REVHUYHG�ZKHQ�ZH�XVH

WKH�5*$�LQWHUDFWLRQ�PHDVXUH�DUH�DYRLGHG�

� 9DULDEOH�3DLULQJ�6HOHFWLRQ�%DVHG�RQ�WKH�5,$�,QWHUDFWLRQ�0HDVXUH

,Q�WKLV�6HFWLRQ��WKH�PDWKHPDWLFDO�IRUPXODWLRQ�RI�WKH�YDULDEOH�SDLULQJ�VHOHFWLRQ�SUREOHP��DOVR�FDOOHG

FRQWURO�VWUXFWXUH�VHOHFWLRQ�SUREOHP��EDVHG�RQ�RYHUDOO�LQWHUDFWLRQ�PHDVXUHV�LV�SUHVHQWHG�

7KH�VHW�RI�RXWSXWV�ZLOO�EH�GHQRWHG�E\�WKH�LQGH[�287 ^M`�DQG�WKH�VHW�RI�LQSXWV�ZLOO�EH�GHQRWHG�E\

WKH�LQGH[�,1 ^L`��/HW�N�EH�DQ�DOLDV�RI�ERWK�L�DQG�M��7KH�IROORZLQJ�LQWHJHU�YDULDEOHV�DUH�LQWURGXFHG

���<NM =

,I� Ykj � LV�HTXDO� WR�RQH�� WKH�PDQLSXODWHG�YDULDEOH�N� ( )u k � LV�XVHG� WR�FRQWURO� WKH�FRQWUROOHG�YDULDEOH� M

( )y j ��/HW�0 [ ]LNµ= �� 287∈L �� ,1∈N ��EH�WKH�5*$�PDWUL[�WKDW�FRUUHVSRQGV�WR�GLDJRQDO�SDLULQJV�RI

PDQLSXODWHG�DQG�FRQWUROOHG�YDULDEOHV� ( )��<NN = �7KHQ��IRU�DQ\�UHDOL]DWLRQ�RI�WKH�LQWHJHU�YDULDEOHV� NM< �

WKH�L�MWK�HOHPHQW�RI�WKH�FRUUHVSRQGLQJ�5*$�PDWUL[�LV�JLYHQ�E\

∑
=

µ=λ
Q

�N

NMLNLM < �����

6LQFH� RQO\� RQH� PDQLSXODWHG� YDULDEOH� LV� DVVLJQHG� WR� HDFK� FRQWUROOHG� YDULDEOH�� WKH� IROORZLQJ

FRQGLWLRQV�KDYH�WR�EH�VDWLVILHG

∑
∈

∈=−
,1

287

N

NM M�������< �����

∑
∈

∈=−
287

,1

M

NM N�������< �����

1RZ��OHW�1(*�EH�WKH�LQGH[�VHW�GHILQHG�DV

1(* ( ){ }�RU������M�L MLML −≤φ≤λ= �����

,Q� RUGHU� WR� H[FOXGH� WKHVH� XQGHVLUDEOH� SDLULQJV�� WKH� FRUUHVSRQGLQJ� ELQDU\� YDULDEOHV� DUH� VHW� HTXDO� WR

]HUR��7KDW�LV

( ) 1(*∈= ML�������<LM �����

,Q�RUGHU�WR�ILQG�DOO�SRVVLEOH�VROXWLRQV��DQ�DGGLWLRQDO�FRQVWUDLQW��FDOOHG�LQWHJHU�FXW�FRQVWUDLQW��VKRXOG
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EH�DGGHG��/HW�,�EH�WKH�LQGH[�VHW�RI� V<LM � WKDW�WDNH�YDOXH�HTXDO�WR�RQH�DQG� I �EH�WKH�FDUGLQDOLW\�RI�,�

7KHQ��WKH�DGGLWLRQDO�FRQVWUDLQW�KDV�WKH�IROORZLQJ�IRUP

( )
∑

∈
−≤

,

,

M�N

NM �< �����

7KH� PDWKHPDWLFDO� IRUPXODWLRQ�� ZKLFK� LV� WKH� EDVLV� IRU� WKH� SURSRVHG� PHWKRG� IRU� TXLFN� FRQWURO

VWUXFWXUH�VHOHFWLRQ��FDOOHG�LQ�WKH�VHTXHO�SUREOHP�3���FDQ�EH�VWDWHG�DV�IROORZV�

3UREOHP�3���)LQG

∑
=

−
λ

Q

�N NN

�
�

PLQ
<

�����

VXEMHFW�WR�WKH�FRQVWUDLQWV

∑
=

=µ−λ
Q

�N

NMLNLM �< ����D�

287

,1

∈=−∑
∈

M�������<
N

NM ����E�

,1

287

∈=−∑
∈

N�������<
M

NM ����F�

( ) 1(*∈= MN�������<NM ����G�

( )
∑

∈
−≤

,

,

M�N

NM �< ����H�

7KH� PDWKHPDWLFDO� IRUPXODWLRQ� RI� 3UREOHP� 3�� FRUUHVSRQGV� WR� D� 0L[HG� ,QWHJHU� 1RQOLQHDU

3URJUDPPLQJ� �0,1/3�� SUREOHP�� VLQFH� LW� FRQWDLQV� ERWK� LQWHJHU� DQG� FRQWLQXRXV� YDULDEOHV�� 7KH

QRQOLQHDULW\�RI�WKH�SUREOHP�LV�RQO\�GXH�WR�WKH�QRQOLQHDU�REMHFWLYH�IXQFWLRQ�

1RZ�� OHW� LNξ �EH� WKH�DEVROXWH�YDOXH�RI� WKH� L�NWK�HOHPHQW�RI� WKH�5,$�LQWHUDFWLRQ�PDWUL[��7KHQ�� WKH

IRUPXODWLRQ�RI�3UREOHP�3��FDQ�EH�UHZULWWHQ�WR�WKH�IRUP�RI�WKH�IROORZLQJ�3UREOHP�3��

3UREOHP�3���)LQG

∑
=

φ
Q

�N

NNPLQ
<

�����

VXEMHFW�WR�WKH�FRQVWUDLQWV

∑
=

=ξ−φ
Q

�N

NMLNLM �< �����D�

287

,1

∈=−∑
∈

M�������<
N

NM �����E�

,1

287

∈=−∑
∈

N�������<
M

NM �����F�

( ) 1(*∈= MN�������<NM �����G�

( )
∑

∈
−≤

,

,

M�N

NM �< �����H�

7KH�PDWKHPDWLFDO�IRUPXODWLRQ�RI�3UREOHP�3��FRUUHVSRQGV�WR�D�0L[HG�,QWHJHU�/LQHDU�3URJUDPPLQJ

�0,/3�� SUREOHP�� VLQFH� LW� LQYROYHV� LQWHJHU� YDULDEOHV� DQG� OLQHDU� REMHFWLYH� IXQFWLRQ� DQG� FRQVWUDLQWV�

6ROXWLRQ�RI�WKH�3UREOHP�3��FDQ�EH�DFKLHYHG�ZLWK�VWDQGDUG�EUDQFK�DQG�ERXQG�WHFKQLTXHV�PDNLQJ�WKH

SURSRVHG�IRUPXODWLRQ�PRUH�DSSOLFDEOH�IRU�V\VWHPV�ZLWK�ODUJH�GLPHQVLRQV�

)RU�WKH�FDVHV�ZKHUH�WKH�QXPEHU�RI�LQSXWV��P��H[FHHG�WKH�QXPEHU�RI�RXWSXWV��Q���WKHQ�Q�RXW�RI�P

LQSXW�YDULDEOHV�KDYH�WR�EH�FKRVHQ�LQ�RUGHU�WR�FRQWURO�WKH�Q�RXWSXWV��7KLV�FDQ�HDVLO\�EH�LQFOXGHG�LQ�WKH

SURSRVHG�IRUPXODWLRQ�XVLQJ�WKH�IROORZLQJ�FRQVWUDLQW

287

,1

∈≤−∑
∈

M�������<
N

NM ������

LQVWHDG�RI�FRQVWUDLQW�������
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,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�WKH�SURSRVHG�DOJRULWKP�IRU�YDULDEOH�SDLULQJ�VHOHFWLRQ�LV�QRW�UHVWULFWHG�WR

]HUR�IUHTXHQF\��,WV�DSSOLFDELOLW\�FDQ�HDVLO\�EH�H[WHQGHG�WR�DQ\�IUHTXHQF\�RI�SUDFWLFDO�LQWHUHVW��7KLV�LV

RI�JUHDW�SUDFWLFDO�LPSRUWDQFH��VLQFH�FRQWURO�VWUXFWXUHV�ZLWK�XQGHVLUDEOH�KLJK�IUHTXHQF\�FKDUDFWHULVWLFV

FDQ�HIIHFWLYHO\�EH�HOLPLQDWHG�

� ,OOXVWUDWLYH�([DPSOHV

,Q� WKLV� 6HFWLRQ�� WKUHH� H[DPSOHV� DUH� SUHVHQWHG� LQ� RUGHU� WR� GHPRQVWUDWH� WKH� HIIHFWLYHQHVV� RI� WKH

SURSRVHG�PHWKRG�IRU�TXLFN�YDULDEOH�SDLULQJ�VHOHFWLRQ��,Q�WKH�ILUVW�H[DPSOH��LW�LV�VKRZQ�WKDW�ZKHQ�WKH

SURSRVHG� IRUPXODWLRQ� LV�DSSOLHG� WR� 4 4× � V\VWHPV� ����DOWHUQDWLYH�FRQWURO� VWUXFWXUHV��� WKH� VROXWLRQ�RI

WKH� SUREOHP� LV� VWUDLJKWIRUZDUG�� 7KH� SURSRVHG� PHWKRG� LV� PRUH� XVHIXO� ZKHQ� WKH� GLPHQVLRQ� RI� WKH

V\VWHP�LV�JUHDWHU�WKDQ�ILYH��PRUH�WKDQ�����DOWHUQDWLYH�FRQWURO�VWUXFWXUHV���7R�GHPRQVWUDWH�WKLV��LQ�WKH

VHFRQG� H[DPSOH� WKH� SURSRVHG�PHWKRG� LV� DSSOLHG� WR� D� QRQVTXDUH� ���× �� ODUJH� GLPHQVLRQDO� V\VWHP�

)LQDOO\��LQ�WKH�WKLUG�H[DPSOH��WKH�FRQWURO�VWUXFWXUH�RI�WKH�7HQQHVVHH�(DVWPDQ�SUREOHP��FRQVLVWLQJ�RI�D

7 7× �V\VWHP��LV�FRQVLGHUHG�

����([DPSOH����'LVWLOODWLRQ�&ROXPQ

,Q� WKLV� H[DPSOH� WKH�)6� FRQILJXUDWLRQ� RI� KHDW� LQWHJUDWHG� GLVWLOODWLRQ� FROXPQV�� VWXGLHG� LQ�&KLDQJ� DQG

/X\EHQ���������LV�FRQVLGHUHG��,W�LV�D� ��× �V\VWHP�ZLWK�WKH�IROORZLQJ�VWHDG\�VWDWH�JDLQ�PDWUL[
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�5*$ ��

7KH�LQGH[�VHW�1(*�LV�WKHQ�FDOFXODWHG�DV

( ) ( ) ( ) ( ) ( ) ( ) ( ){ }���������������������������������=1(*

6LQFH� ���< �� ���< �DQG� ���< �DUH�HTXDO�WR���� ���< �PXVW�EH�HTXDO�WR����LQ�RUGHU�WR�VDWLVI\�HTXDWLRQ������

�IRU�L ����)XUWKHUPRUH��VLQFH� ���< �� ���< �DQG� ���< �DUH�HTXDO�WR���� ���< �PXVW�EH�HTXDO�WR����LQ�RUGHU�WR

VDWLVI\�HTXDWLRQ��������IRU�M ����8VLQJ�HTXDWLRQ��������IRU�L ����LW�IROORZV�WKDW� �< ��� = �DQG� �< ��� = ��,Q

D�VLPLODU�ZD\��ZH�WDNH� �< ��� = ��7KXV�WKH�<�PDWUL[�WDNHV�WKH�IROORZLQJ�IRUP
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7KH�SUREOHP�LV�WKHQ�VLPSOLILHG�WR�WKH�2 2× �SUREOHP�RI�SDLULQJ�RXWSXWV���DQG���ZLWK�LQSXWV���DQG��

���DOWHUQDWLYHV�LQVWHDG�RI������7KH�FRUUHVSRQGLQJ�2 2× �5,$�PDWUL[�LV�WKHQ�FDOFXODWHG�DV









−
−

=
����������

�����������
5,$

)LQDOO\��VLQFH���������������������������WKH�SURSRVHG�YDULDEOH�SDLULQJ�LV

�� X\ ↔ ����� �� X\ ↔ ����� �� X\ ↔ ��DQG�� �� X\ ↔
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����([DPSOH����+$'�3URFHVV�RI�7ROXHQH

,Q� WKLV� H[DPSOH�� WKH� K\GURGHDON\ODWLRQ� �+$'�� SURFHVV� RI� WROXHQH�� VWXGLHG� LQ� 6NRJHVWDG� DQG

3RVWOHWKZDLWH� �������� LV� FRQVLGHUHG�� 7KH� SODQW� KDV� �� FRQWUROOHG� RXWSXWV� DQG� ��� FDQGLGDWH

PDQLSXODWLRQV�� $V� D� UHVXOW� WKHUH� DUH� ����� SRVVLEOH� FRPELQDWLRQV�ZLWK� �� LQSXWV� DQG� �� RXWSXWV�� 7KH

VWHDG\�VWDWH�JDLQ�PDWUL[�LV�JLYHQ�E\
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7KH�FRUUHVSRQGLQJ�5*$�PDWUL[�KDV�WKH�IRUP
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�5*$7
+'$

8VLQJ�WKH�IRUPXODWLRQ�3���WKH�ILYH�PRUH�SURPLVLQJ�FRQWURO�VWUXFWXUHV�DUH�FDOFXODWHG�DQG�DUH�OLVWHG�LQ

7DEOH�����

����([DPSOH����7KH�7HQQHVVHH�(DVWPDQ�3UREOHP

,Q� WKLV� ILQDO� H[DPSOH�� WKH� VHOHFWLRQ� RI� WKH� FRQWURO� VWUXFWXUH� IRU� WKH� 7HQQHVVHH� (DVWPDQ� SUREOHP�

VWXGLHG� LQ�0F$YR\� DQG�<H� �������� %DQHUMHH� DQG�$UNXQ� �������� LV� FRQVLGHUHG�� 7KH� FRQWUROOHG� DQG

PDQLSXODWHG� YDULDEOHV� DV� ZHOO� DV� WKH� VWHDG\�VWDWH� JDLQ�PDWUL[� RI� WKH� V\VWHP� DUH� JLYHQ� LQ� WKH� VDPH
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,1387�287387�3$,5,1* φ ii∑
6� ��� ��� ��� ��� ���� �����

6� ��� ��� ��� ��� ���� �����

6� ��� ��� ��� ��� ���� �����

6� ��� ��� ��� ��� ���� �����

6� ��� ��� ��� ��� ���� �����

7DEOH������0RVW�SURPLVLQJ�FRQWURO�VWUXFWXUHV�IRU�WKH�+$'�SURFHVV

UHIHUHQFHV��7KH�LQWHUHVWHG�UHDGHU�LV�DOVR�UHIHUHQFHG�WR�WKRVH�SDSHUV�IRU�D�GHWDLOHG�SUHVHQWDWLRQ�RI� WKH

SUREOHP�

,Q� RUGHU� WR� DGGUHVV� WKH� 9 9× � SDLULQJ� SUREOHP�� 363 105. × � DOWHUQDWLYHV� KDYH� WR� EH� FRQVLGHUHG�

+RZHYHU�� WZR�RI� WKH�PDQLSXODWHG�YDULDEOHV�DUH�XVHG� IRU�FRQWURO�RI�SURGXFW�PL[�DQG�SURGXFWLRQ� UDWH

FRQWURO��7KXV�� WZR�RI� WKH�FRQWUROOHG�YDULDEOHV�DUH�DOVR�GURSSHG��7KHVH�DUH� WKH�VWULSSHU�DQG�VHSDUDWRU

SUHVVXUHV�� 7KLV� UHGXFHV� WKH� QXPEHU� RI� DOWHUQDWLYH� FRQWURO� VWUXFWXUHV� WR� 504 103. × �� VLQFH� WKH� ILQDO

V\VWHP�LV�D� 7 7× �V\VWHP��,Q�0F$YR\�DQG�<H���������VHYHUDO�TXDOLWDWLYH�TXLWH�FRPSOLFDWHG�DUJXPHQWV

DUH�XVHG�LQ�RUGHU�WR�IXUWKHU�UHGXFH�WKH�GLPHQVLRQ�RI�WKH�V\VWHP��,Q� WKH�SUHVHQW�SDSHU�� WKH�IXOO� 7 7×
V\VWHP�LV�FRQVLGHUHG�DQG� WKH�SURSRVHG�DOJRULWKP�LV�DSSOLHG� LQ�RUGHU� WR�JHQHUDWH� WKH�PRVW�SURPLVLQJ

7 7× � FRQWURO� VWUXFWXUH��7KH�VROXWLRQ�RI� WKH�0L[HG� ,QWHJHU�/LQHDU�3URJUDPPLQJ�SUREOHP�3�� IRU� WKH

SUHVHQW�FDVH�LV�JLYHQ�LQ�7DEOH�����

,W�LV�LQWHUHVWLQJ�DW�WKLV�SRLQW�WR�QRWH�WKDW�LQ�0F$YR\�DQG�<H���������LW�KDV�EHHQ�FRQFOXGHG�WKDW�WKH

SDLUV

5HDFWRU�SUHVVXUH�↔ �$�IHHG�IORZ�V�S�

6WULSSHU�WHPSHUDWXUH�↔ �6WULSSHU�VWHDP�IORZ�V�S�

&RPSUHVVRU�SRZHU�↔ �&RPSUHVVRU�UHF\FOH�YDOYH

5HDFWRU�WHPSHUDWXUH�↔ �6WLUUHG�VSHHG

DUH� FRPPRQ� WR� DOO� RI� WKH�SURPLVLQJ� FRQWURO� VWUXFWXUHV��7KLV� LV� LQ� DFFRUGDQFH�ZLWK� WKH� UHVXOWV� WDNHQ

IURP� WKH� SURSRVHG� IRUPXODWLRQ� RI� WKH� SUREOHP��+RZHYHU�� WKH� SDLU� 5HDFWRU� WHPSHUDWXUH↔ � 5HDFWRU

FRROLQJ�ZDWHU� WHPSHUDWXUH�� ZKLFK� LV� LQFOXGHG� LQ� VRPH� RI� WKH� SURPLVLQJ� YDULDEOH� SDLUV� SURSRVHG� LQ

0F$YR\�DQG�<H���������LV�QRW�D�YDOLG�SDLU�IRU�WKH� 7 7× �FRQWURO�VWUXFWXUH��VLQFH��DV�LW�FDQ�EH�HDVLO\

FKHFNHG� XVLQJ� WKH� SURSRVHG� IRUPXODWLRQ�� LW� FRUUHVSRQGV� WR� D� QHJDWLYH� HOHPHQW� RI� WKH� 5*$�PDWUL[�

7KHUHIRUH��XVLQJ�WKH�SURSRVHG�IRUPXODWLRQ�DFFHSWDEOH�SDLUV�DUH�TXLFNO\�LGHQWLILHG�LQ�VSLWH�RI�WKH�JUHDW

QXPEHU�RI�DOWHUQDWLYHV�

&21752//(' 0$1,38/$7(' λ ij

5HDFWRU�IHHG�IORZ 3XUJH�V�S� �����

5HDFWRU�WHPSHUDWXUH 6WLUUHG�VSHHG �����

5HDFWRU�SUHVVXUH $�IHHG�IORZ�V�S� �����

6HSDUDWRU�WHPSHUDWXUH &RQGHQVHU�FRROLQJ�ZDWHU�V�S� �����

6WULSSHU�WHPSHUDWXUH 6WULSSHU�VWHDP�IORZ�V�S� �����

5HF\FOH�IORZ 5HDFWRU�FRROLQJ�ZDWHU�V�S� �����

&RPSUHVVRU�SRZHU &RPSUHVVRU�UHF\FOH�YDOYH �����

7DEOH������2SWLPDO�VROXWLRQ�IRU�WKH�7HQQHVVHH�(DVWPDQ�YDULDEOH�SDLULQJ�SUREOHP
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5 Conclusions

$� V\VWHPDWLF� IUDPHZRUN� IRU� WKH� JHQHUDWLRQ� RI� WKH� PRVW� SURPLVLQJ� FRQWURO� VWUXFWXUHV� IRU� ODUJH

GLPHQVLRQDO�V\VWHPV�KDV�EHHQ�SURSRVHG�LQ� WKLV�SDSHU��7KH�SURSRVHG�DOJRULWKP�LV�EDVHG�RQ� WKH�PDLQ

SURSHUWLHV�RI�WKH�5*$�DQG�5,$�PDWULFHV�DQG�WKH�FRQFHSWV�RI�LQWHUDFWLRQ��LQWHJULW\�DQG�VWDELOLW\��,W�KDV

EHHQ�VKRZQ�WKDW�WKH�PLQLPL]DWLRQ�RI�WKH�RYHUDOO�LQWHUDFWLRQ�LQ�PXOWL�LQSXW��PXOWL�RXWSXW�V\VWHPV�XQGHU

VHYHUDO� VWDELOLW\� DQG� VWUXFWXUDO� FRQVWUDLQWV� FDQ� EH� IRUPXODWHG� DV� 0L[HG� ,QWHJHU� 1RQOLQHDU

3URJUDPPLQJ�SUREOHP�ZKHQ�WKH�5*$�PDWUL[�LV�XVHG�DV�WKH�LQWHUDFWLRQ�PHDVXUH��0RUHRYHU��LW�KDV�EHHQ

VKRZQ�WKDW��ZKHQ�WKH�5,$�EDVHG�RYHUDOO�LQWHUDFWLRQ�PHDVXUH�LV�XVHG��WKH�SUREOHP�FDQ�EH�UHGXFHG�WR�D

0L[HG�,QWHJHU�/LQHDU�3URJUDPPLQJ�SUREOHP��7KLV�ODVW�IRUPXODWLRQ�FDQ�HDVLO\�EH�DSSOLHG�DQG�VROYHG

HYHQ�IRU�V\VWHPV�RI�DUELWUDULO\�ODUJH�GLPHQVLRQ��LQ�RUGHU�WR�DXWRPDWLFDOO\�JHQHUDWH�WKH�PRVW�SURPLVLQJ

FRQWURO�VWUXFWXUHV��7KXV��IURP�WKH�DSSOLFDWLRQ�SRLQW�RI�YLHZ��WKH�SURSRVHG�DOJRULWKP�RIIHUV�D�ULJRURXV�

V\VWHPDWLF�DQG�VLPSOH�VROXWLRQ�WR�WKH�SUREOHP�RI�WKH�DXWRPDWLF�JHQHUDWLRQ�RI�IHDVLEOH�DQG�SURPLVLQJ

FRQWURO� VWUXFWXUHV� IRU� ODUJH� VFDOH� LQGXVWULDO� SUREOHPV� VXFK� DV� WKH� +$'� SURFHVV� DQG� WKH� 7HQQHVVHH

(DVWPDQ�SUREOHP�

� 1RPHQFODWXUH

(�V�� ��5HODWLYH�HUURU�PDWUL[

*�V�� ��7UDQVIHU�IXQFWLRQ�PDWUL[�RI�WKH�SODQW

g sij ( ) ��L�MWK�HOHPHQW�RI�WKH�*�V��PDWUL[

K u ��8OWLPDWH�JDLQ

, ��,QGH[�VHW�RI�SURPLVLQJ�FRQWURO�VWUXFWXUHV

< ��3HUPXWDWLRQ�PDWUL[

Yij ��L�MWK�HOHPHQW�RI�WKH�<�PDWUL[

y j ��MWK�RXWSXW�YDULDEOH

ui ��LWK�LQSXW�YDULDEOH

� ��,QWHUDFWLRQ�TXRWLHQW�RU�5LMQVGRUS�LQWHUDFWLRQ�PHDVXUH

λ ij ��L�MWK�HOHPHQW�RI�WKH�5*$�PDWUL[

µ ��6WUXFWXUHG�6LQJXODU�9DOXH�RI�WKH�(�V��PDWUL[

µ ij ��L�MWK�HOHPHQW�RI�WKH�5*$�PDWUL[�WKDW�FRUUHVSRQGV�WR�GLDJRQDO�SDLULQJV

ξ ij ��$EVROXWH�YDOXH�RI�WKH�L�MWK�HOHPHQW�RI�WKH�5,$�PDWUL[�WKDW�FRUUHVSRQGV�WR�GLDJRQDO�SDLULQJV

φ ij ��$EVROXWH�YDOXH�RI�WKH�L�MWK�HOHPHQW�RI�WKH�5,$�PDWUL[

ω u ��8OWLPDWH�IUHTXHQF\

5HIHUHQFHV

%DQHUMHH��$���DQG�<�$UNXQ���������³&RQWURO�FRQILJXUDWLRQ�GHVLJQ�DSSOLHG�WR� WKH�7HQQHVVHH�(DVWPDQ

SODQW�ZLGH�FRQWURO�SUREOHP´��&RPS��&KHPLFDO�(QJQJ���������������

%ULVWRO�� (�+�� �������� ³2Q� D� QHZ� PHDVXUH� RI� LQWHUDFWLRQ� IRU� PXOWLYDULDEOH� SURFHVV� FRQWURO´�� ,(((

7UDQV��$XWRP��&RQWURO��$&�������������

&DPSR�� 3�-��� DQG� 0�0RUDUL� �������� ³$FKLHYDEOH� FORVHG�ORRS� SURSHUWLHV� RI� V\VWHPV� XQGHU

GHFHQWUDOL]HG�FRQWURO��&RQGLWLRQV�LQYROYLQJ�WKH�VWHDG\�VWDWH�JDLQ´��,(((�7UDQV��$XWRP��&RQWURO�

$&�������������

&KDQJ��:��� DQG�&��&�<X� �������� ,QWHJULW\� RI� LQYHUVH�EDVHG�PXOWLYDULDEOH� FRQWUROOHUV�� &RQYHQWLRQDO

IHHGEDFN�VWUXFWXUH´��,QG��(QJ��&KHP��5HV�����������������
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&KLDQJ��7��3��� DQG�/X\EHQ��:�/�� �������� ³&RPSDULVRQ�RI� WKH�G\QDPLF�SHUIRUPDQFHV�RI� WKUHH�KHDW�

LQWHJUDWHG�GLVWLOODWLRQ�FRQILJXUDWLRQV´��,QG��(QJ��&KHP��5HV��������������

*URVGLGLHU�� 3��� 0�0RUDUL�� DQG� %�5�+ROW� �������� ³&ORVHG�ORRS� SURSHUWLHV� IURP� VWHDG\�VWDWH� JDLQ

LQIRUPDWLRQ´��,QG��(QJ��&KHP���5HV���������������

*URVGLGLHU��3���DQG�0�0RUDUL���������³,QWHUDFWLRQ�PHDVXUHV�IRU�V\VWHPV�XQGHU�GHFHQWUDOL]HG�FRQWURO´�

$XWRPDWLFD��������������

*URVGLGLHU��3���DQG�0�0RUDUL���������³7KH� µ �LQWHUDFWLRQ�PHDVXUH´��,QG��(QJ��&KHP��5HV������������

�����

+RYG��0��� DQG�6�6NRJHVWDG� �������� ³6LPSOH� IUHTXHQF\�GHSHQGHQW� WRROV� IRU� FRQWURO� V\VWHP�DQDO\VLV�

VWUXFWXUH�VHOHFWLRQ�DQG�GHVLJQ´��$XWRPDWLFD��������������

.RPLQHN�� .�:��� DQG� &�/�6PLWK� �������� ³$QDO\VLV� RI� V\VWHP� LQWHUDFWLRQ´�� ��
WK
� $,&K(� 0HHWLQJ�

+RXVWRQ��7;�

0F$YR\�� 7�-�� �����D��� ,QWHUDFWLRQ� $QDO\VLV�� ,QVWUXPHQWDWLRQ� 6RFLHW\� RI� $PHULFD� �,6$��� 5HVHDUFK

7ULDQJOH�3DUN��1&�

0F$YR\��7�-�������E���³6RPH�UHVXOWV�RQ�G\QDPLF�LQWHUDFWLRQ�DQDO\VLV�RI�FRPSOH[�FRQWURO�V\VWHPV´�

,QG��(QJ��&KHP�3URFHVV�'HV��'HY�������������

0F$YR\��7�-���DQG�1�<H���������³%DVH�FRQWURO�IRU�WKH�7HQQHVVHH�(DVWPDQ�SUREOHP´��&RPS��&KHPLFDO

(QJQJ���������������

0DQRXVLRXWKDNLV�� 9��� 5�6DYDJH�� DQG� <�$UNXQ� �������� ³6\QWKHVLV� RI� GHFHQWUDOL]HG� SURFHVV� FRQWURO

VWUXFWXUHV�XVLQJ�WKH�FRQFHSW�RI�EORFN�UHODWLYH�JDLQ´��$,&K(�-RXUQDO���������������

0DULQR�*DODUUDJD�� 0�� 7�-�0F$YR\�� DQG� 7�(�0DUOLQ� �������� ³6KRUW�FXW� RSHUDELOLW\� DQDO\VLV�� ��

(VWLPDWLRQ�RI� f i �GHWXQLQJ�SDUDPHWHU�IRU�FODVVLFDO�FRQWURO�V\VWHPV´��,QG��(QJ��&KHP��5HV������

��������

0RUDUL��0��� DQG� (�=DILULRX� ��������5REXVW� 3URFHVV� &RQWURO��3UHQWLFH�+DOO�� ,QF��� (QJOHZRRG�&OLIIV�

1�-��������

1DUUDZD\�� /�7��� -�'�3HUNLQV�� DQG� *�:�%DUWRQ� �������� ³,QWHUDFWLRQ� EHWZHHQ� SURFHVV� GHVLJQ� DQG

SURFHVV�FRQWURO��(FRQRPLF�DQDO\VLV�RI�SURFHVV�G\QDPLFV´��-��3URFHVV�&RQWU��������������

5LMQVGRUS�� -�(�� �������� ³,QWHUDFWLRQ� LQ� WZR�YDULDEOH� FRQWURO� V\VWHPV� IRU� GLVWLOODWLRQ� FROXPQV´�

$XWRPDWLFD��������

6LQVNH\��)�*����������3URFHVV�&RQWURO�6\VWHPV���
UG�HGLWLRQ��0F*UDZ�+LOO��1HZ�<RUN��1<�

6NRJHVWDG�� 6��� DQG� ,�3RVWOHWKZDLWH� ��������0XOWLYDULDEOH� )HHGEDFN� &RQWURO�� $QDO\VLV� DQG� 'HVLJQ�

-�:LOOH\�	�6RQV��1<�

:LWFKHU�� 0��� DQG� 7�-�0F$YR\� �������� ³,QWHUDFWLQJ� FRQWURO� V\VWHPV�� 6WHDG\�VWDWH� DQG� G\QDPLF

PHDVXUHPHQW�RI�LQWHUDFWLRQ´��,6$�7UDQV�������������

<L�� &�.��� DQG� :�/�/X\EHQ� �������� ³(YDOXDWLRQ� RI� SODQW�ZLGH� FRQWURO� VWUXFWXUHV� E\� VWHDG\�VWDWH

GLVWXUEDQFH�VHQVLWLYLW\�DQDO\VLV´��,QG��(QJ��&KHP��5HV�����������������

=KX�� =��;��� DQG� $�-XWDQ� �������� ³$� QHZ� YDULDEOH� SDLULQJ� FULWHULRQ� EDVHG� RQ� 1LHGHUOLQVNL� LQGH[´�

&KHP��(QJ��&RPPXQ������������

=KX�� =��;��� DQG� $�-XWDQ� �����D��� ³/RRS� GHFRPSRVLWLRQ� DQG� G\QDPLF� LQWHUDFWLRQ� DQDO\VLV� RI

GHFHQWUDOL]HG�FRQWURO�V\VWHPV´��&KHP��(QJ��6FL�����������������

=KX��=��;���DQG�$�-XWDQ������E���³5*$�DV�D�PHDVXUH�RI�LQWHJULW\�IRU�GHFHQWUDOL]HG�FRQWURO�V\VWHPV´�

7UDQV��,�&KHP�(QJ�����$��������

=KX�� =��;�� �����D��� ³6WUXFWXUDO� DQDO\VLV� DQG� VWDELOLW\� RI� GHFHQWUDOL]HG� FRQWURO� V\VWHPV´�� ,QG�� (QJ�

&KHP��5HV���������������

=KX��=��;�������E���³9DULDEOH�SDLULQJ�VHOHFWLRQ�EDVHG�RQ�LQGLYLGXDO�DQG�RYHUDOO�LQWHUDFWLRQ�PHDVXUHV´�

,QG��(QJ��&KHP��5HV�����������������
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