
&RQWUROODELOLW\�DQG�5HVLOLHQF\�$QDO\VLV�IRU�D

+HDW�,QWHJUDWHG�&��6SOLWWHU



%RULV�0��6RORY\HY�DQG�'DQLHO�5��/HZLQ�

:ROIVRQ�'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ
7HFKQLRQ�±,,7

+DLID��������,VUDHO

$EVWUDFW

&RQWUROODELOLW\�DQG�UHVLOLHQF\��&	5��GLDJQRVLV�LV�FDUULHG�RXW�RQ�DQ�LQGXVWULDO�KHDW�LQWHJUDWHG�SURSDQH�SURS\OHQH
GLVWLOODWLRQ�FROXPQ��&��VSOLWWHU���7KH�DQDO\VLV�LV�EDVHG�RQ�VKRUW�FXW�G\QDPLF�PRGHOV��ZKLFK�DUH�REWDLQHG�GLUHFWO\
IURP� WKH� VWHDG\�VWDWH�PDWHULDO� DQG� HQHUJ\�EDODQFHV� VROYHG�XVLQJ� D� FRPPHUFLDO� SURFHVV� VLPXODWRU��7KH� UHVXOWV
LQGLFDWH� WKDW� WKH� GHVLJQHG� RSHUDWLQJ� SRLQW� LV� RSHQ� ORRS� XQVWDEOH�� 6\VWHPDWLF� &	5� VFUHHQLQJ� RI� DOO� RI� WKH
DOWHUQDWLYH� GHFHQWUDOL]HG� FRQWURO� FRQILJXUDWLRQV� VXJJHVWV� WKDW� WKH� SUHIHUDEOH� FRQWURO� SDLULQJV� DUH� LQ� OLQH� ZLWK
FXUUHQW�HIIRUWV�WR�VWDELOL]H�WKH�SURFHVV��+RZHYHU��WKH�VHYHUH�EDQGZLGWK�OLPLWDWLRQV�GXH�WR�G\QDPLF�LQWHUDFWLRQV
IRU� WKH� EHVW� SRVVLEOH� GHFHQWUDOL]HG� FRQILJXUDWLRQ� LPSO\� WKDW� PXOWLYDULDEOH� FRQWURO� LV� UHTXLUHG� IRU� DGHTXDWH
SHUIRUPDQFH�

.H\ZRUGV��&RQWUROODELOLW\�DQG�UHVLOLHQF\�DVVHVVPHQW��3URFHVV�GHVLJQ��+HDW�LQWHJUDWHG�SURFHVVHV��'LVWLOODWLRQ�

� ,QWURGXFWLRQ

7KH�LQFOXVLRQ�RI�FRQWUROODELOLW\�DQG�UHVLOLHQF\��&	5��DQDO\VLV�LQ�WKH�HDUO\�VWDJHV�RI�SURFHVV�GHVLJQ�LQ
DQ�LPSRUWDQW�SDUW�RI�DQ\�PRGHUQ�GHVLJQ�DSSURDFK��6HLGHU�HW�DO����������2QH�RI�WKH�PDLQ�UHDVRQV�WKDW
&	5�DQDO\VLV�LV�QRW�FRPPRQO\�FDUULHG�RXW�LV�WKH�DEVHQFH�RI�D�UHOLDEOH�G\QDPLF�PRGHO��ZKLFK�LQ�PRVW
FDVHV�LV�QRW�SUHSDUHG�LQ�WKH�HDUO\�GHVLJQ�VWDJHV��+RZHYHU��XVLQJ�WKH�DSSURDFK�GHVFULEHG�E\�:HLW]�DQG
/HZLQ���������LW�LV�SRVVLEOH�WR�JHQHUDWH�DQ�DSSUR[LPDWH�OLQHDU�G\QDPLF�PRGHO�IRU�SURFHVV�IORZVKHHWV
LQ� WKH�YLFLQLW\�RI� WKH�GHVLUHG�RSHUDWLQJ�SRLQW��7KLV�DSSURDFK� UHOLHV�RQ� WKH�SDUWLWLRQ�RI� WKH� IORZVKHHW
LQWR�VR�FDOOHG�³FRPSRQHQW�SDUWV´��HDFK�RI�ZKLFK�LV�H[SUHVVHG�LQ�WHUPV�RI�D�PDWUL[�RI�ORZ�RUGHU�WUDQV�
IHU�IXQFWLRQV��6LQFH�WKH�ZD\�WKDW�WKH�IORZVKHHW�LV�SDUWLWLRQHG�LQWR�LWV�FRPSRQHQW�SDUWV�KDV�EHDULQJ�RQ
WKH�RYHUDOO� G\QDPLFV�RI� WKH�SURFHVV�PRGHO�� WKLV� VWHS� VKRXOG� WKHUHIRUH� EH� FDUULHG�RXW� FDUHIXOO\��7KH
VWDWLF�JDLQV�RI�WKH�FRPSRQHQW�SDUW�WUDQVIHU�PDWULFHV�DUH�GHULYHG�HLWKHU�E\�SHUWXUEDWLRQ�DQDO\VLV��RU�E\

� ������������������������������������������������

�7KH�DXWKRUV�JUDWHIXOO\�DFNQRZOHGJH�WKH�VXSSRUWHG�RI�WKLV�UHVHDUFK�E\�&DUPHO�2OHILQV�/WG���+DLID
��$XWKRU�WR�ZKRP�DOO�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��(PDLO��GOHZLQ#W[�WHFKQLRQ�DF�LO�
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DQDO\WLFDO�GLIIHUHQWLDWLRQ�RI�DQ�LQWHUSRODWLRQ�SRO\QRPLDO�ILWWHG�WR�WKH�VLPXODWHG�YDULDWLRQ�RI�WKH�RXWSXW
YDULDEOHV�WR�HDFK�RI�LWV�LQSXWV��7KH�WLPH�FRQVWDQWV�DUH�FRPSXWHG�EDVHG�RQ�YHVVHO�FDSDFLWLHV��ZKLFK�DUH
DYDLODEOH� DIWHU� HTXLSPHQW� VL]LQJ� LV� FRPSOHWHG�� DQG� WKH� GHVLJQHG� YHVVHO� WKURXJKSXWV�� 7KH� RYHUDOO
SURFHVV�PRGHO�LV�REWDLQHG�E\�DOJHEUDLF�PDQLSXODWLRQV�RI�WKH�FRPSRQHQW�SDUW�WUDQVIHU�PDWULFHV��/HZLQ
HW�DO����������7KH�JHQHUDO�IRUP�RI�WKH�SURFHVV�G\QDPLF�PRGHO�LV�

\�V�� �3�V��X�V����3G�V��G�V� ���

ZKHUH�V�LV�WKH�/DSODFH�YDULDEOH��\�V��LV�D�YHFWRU�RI�SURFHVV�RXWSXWV��X�V��LV�D�YHFWRU�RI�SURFHVV�LQSXWV�
G�V��LV�D�YHFWRU�RI�SURFHVV�GLVWXUEDQFHV��DQG�3�V��DQG�3G�V��DUH�SURFHVV�WUDQVIHU�PDWULFHV�WKDW�FRQQHFW
RXWSXWV�ZLWK�LQSXWV�DQG�GLVWXUEDQFHV�UHVSHFWLYHO\��7KH�OLQHDU�DSSUR[LPDWLRQ�LQ�(T�����LV�WKHQ�XVHG�WR
WHVW�WKH�FRQWUROODELOLW\�DQG�UHVLOLHQF\�RI�WKH�SURFHVV�IORZVKHHW�XVLQJ�WKH�OLQHDU�PHDVXUHV�DYDLODEOH�LQ
WKH�OLWHUDWXUH��/HZLQ��������JLYHV�D�UHYLHZ�RI�WKH�FRPPRQO\�XVHG�OLQHDU�FRQWUROODELOLW\�PHDVXUHV�

7KLV� DSSURDFK� KDV� EHHQ� XVHG� VXFFHVVIXOO\� IRU� VFUHHQLQJ� FRPSOH[� KHDW�LQWHJUDWHG� IORZVKHHWV
�:HLW]��������6RORY\HY�HW�DO����������H[RWKHUPLF�UHDFWRUV��1DRW�DQG�/HZLQ��������6HLGHU�HW�DO���������
SRO\PHUL]DWLRQ�UHDFWRUV��/HZLQ�DQG�%RJOH���������DQG�SURFHVVHV�IHDWXULQJ�PDWHULDO�UHF\FOH��1DRW�DQG
/HZLQ��������/HZLQ�HW�DO����������,Q�DOO�RI�WKHVH�VWXGLHV��WKH�VKRUW�FXW�&	5�DQDO\VLV�UHSURGXFHV�WKH
FRQFOXVLRQV�REWDLQHG�E\�RWKHUV�� ODUJHO\�XVLQJ�ULJRURXV�G\QDPLF�PRGHOV��)XUWKHUPRUH��DV�LQ� WKH�FDVH
VWXG\�GHVFULEHG�LQ�WKLV�SDSHU��DOO�RI�WKHVH�UHSRUWHG�VWXGLHV�PDNH�XVH�RI�WKH�UHODWLYH�JDLQ�DUUD\��5*$�
%ULVWRO��������DQG�WKH�GLVWXUEDQFH�FRVW��'&��/HZLQ��������WR�WHVW�FRQWUROODELOLW\�DQG�UHVLOLHQF\�PHDV�
XUHV� UHVSHFWLYHO\�� 7KH�PDLQ� DGYDQWDJH� RI� XVLQJ� WKHVH�PHDVXUHV� LV� WKDW� WKH� &	5� DQDO\VLV� DVVXPHV
SHUIHFW�FRQWURO�DUJXPHQWV��DQG�LV� WKXV�LQGHSHQGHQW�RI�FRQWUROOHU� WXQLQJ��EXW� VHQVLWLYH� WR� WKH�SURFHVV
GHVLJQ�DQG�FRQWURO�FRQILJXUDWLRQ��H�J���GHFHQWUDOL]HG�FRQWURO��
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)LJXUH����2ULJLQDO�SURFHVV�FRQILJXUDWLRQ�

1446

Proceedings of the 7th Mediterranean Conference on Control and Automation (MED99) Haifa, Israel - June 28-30, 1999



�� 3URFHVV�'HVFULSWLRQ�DQG�&RQWURO�2EMHFWLYHV

$� KHDW�LQWHJUDWHG� SURS\OHQH�SURSDQH� �&���� VSOLWWHU� SXULILHV� WKH� SURS\OHQH� IHG� WR� D� GRZQ� VWUHDP
SRO\PHUL]DWLRQ�UHDFWRU�DW�&DUPHO�2OHILQV�/WG���LQ�+DLID�%D\��7KH�����WUD\�FROXPQ�LV�HTXLSSHG�ZLWK�D
KHDW� SXPS�� ZKLFK� FRPSUHVVHV� WKH� YDSRU� RYHUKHDGV�� WKXV� FRQYHUWLQJ� PHFKDQLFDO� FRPSUHVVLRQ� LQWR
WKHUPDO�HQHUJ\��ZKLFK�SURYLGHV� WKH�UHERLOHU�GXW\��$IWHU�H[SDQVLRQ�� WKH�RYHUKHDGV�DUH� VSOLW�EHWZHHQ
WKH�WRS�SURGXFW�DQG�WKH�FROXPQV�UHIOX[��$�VLPSOLILHG�IORZVKHHW�IRU�WKH�SURFHVV��LQFOXGLQJ�WKH�FXUUHQW
FRQWURO�FRQILJXUDWLRQ��LV�VKRZQ�LQ�)LJXUH����7KH�RXWSXW�YDULDEOHV�DUH�3��WKH�FROXPQ�SUHVVXUH��\

'
�DQG

[
%
��WKH�ZHLJKW�SHUFHQWDJHV�RI�SURSDQH�LQ�WKH�WRS�SURGXFW�DQG�SURS\OHQH�LQ�WKH�ERWWRPV��UHVSHFWLYHO\�

7KH�VL[�SRWHQWLDO�PDQLSXODWHG�YDULDEOHV�DUH��)��)
)&&

�� WKH� WZR�IHHG� IORZ� UDWHV��)
%
�� WKH�ERWWRPV� IORZ

UDWH��)
5
��WKH�UHIOX[�IORZ�UDWH��&

'
��WKH�FRPSUHVVRU�GXW\��DQG�)

&
��WKH�UHERLOHU�E\SDVV�IORZ�UDWH��%RWK�RI

WKH� IHHG� FRPSRVLWLRQV� DQG� HQWKDOSLHV�� WKH� FRROLQJ� ZDWHU� VXSSO\� WHPSHUDWXUH� DUH� WUHDWHG� DV� GLVWXU�
EDQFHV��7DEOH���VXPPDUL]HV�WKH�IORZ�UDWHV�DQG�FRPSRVLWLRQV�RI�WKH�WZR�FROXPQ�IHHGV�)�DQG�)

)&&
��DQG

DOVR�LQGLFDWHV�WKH�UHTXLUHG�SURGXFW�SXULWLHV�

7DEOH����1RPLQDO�&ROXPQ�)HHGV�DQG�3URGXFW�6SHFLILFDWLRQV

) )
)&&

)
'

)
%

)ORZ�5DWH����RI�WRWDO� �� �� �� ��
&RPSRVLWLRQV��ZW��� 3URS\OHQH �� �� �� ��

3URSDQH � �� � ��
%XW\OHQH � � � �

7KH�FXUUHQW�FRQWURO�FRQILJXUDWLRQ��LQGLFDWHG�LQ�)LJXUH����LQFOXGHV�GLUHFW�IORZ�FRQWURO�RI�5��FRQWURO
RI�WRS�DQG�ERWWRP�SURGXFWV�E\�GLUHFW�IORZ�PDQLSXODWLRQ�RI�WKH�SURGXFW�VWUHDPV�'�DQG�%��UHVSHFWLYHO\�
WHPSHUDWXUH�FRQWURO�RI�&RROHU���RXWSXW�VWUHDP��7

5
��E\�E\SDVV�IORZ��DQG�SUHVVXUH�FRQWURO�DW�WKH�FROXPQ

WRS�E\�&RROHU����WKH�WULP�FRQGHQVHU��RXWSXW�VWUHDP�IORZ�PDQLSXODWLRQ��)
&
�� �7KH�UHJXODWRU\�UHVSRQVH

IRU�WKLV�FRQILJXUDWLRQ�LV�YHU\�SRRU��ZLWK�ERWK�SURGXFW�FRPSRVLWLRQV�H[KLELWLQJ�H[WUHPH�RVFLOODWLRQV�LQ
UHVSRQVH� WR� PRVW� RI� WKH� SURFHVV� GLVWXUEDQFHV� DQG� XSVHWV�� $� &	5� DQDO\VLV� ZDV� FRPPLVVLRQHG� WR
LQYHVWLJDWH� WKH� SUREOHP� DQG� VXJJHVW� DOWHUQDWLYH� FRQWURO� FRQILJXUDWLRQV� WR� LPSURYH� UHJXODWRU\
SHUIRUPDQFH�

� 6KRUW�FXW�3URFHVV�'\QDPLF�0RGHO

$� VWHDG\� VWDWH� PRGHO� IRU� WKH� FROXPQ� LV� JHQHUDWHG� XVLQJ� +<6<6� E\� +\SURWHFK� ,QF��� DQG� YHULILHG
DJDLQVW�SODQW�GDWD��7KH�VWHDG\�VWDWH�VLPXODWLRQ�DVVXPHV�FRQVWDQW�SUHVVXUHV��ZKLFK�SUHFOXGHV�WKH�JHQ�
HUDWLRQ� RI� VKRUW�FXW� G\QDPLF� PRGHO� WKDW� DFFRXQWV� IRU� WKH� SUHVVXUH� G\QDPLFV�� 7KHUHIRUH�� WKH� &	5
DQDO\VLV� LPSOLHV�SHUIHFW� SUHVVXUH� FRQWURO��ZKLFK� LV� TXLWH� UHDVRQDEOH�RQ� LQVSHFWLRQ�RI�SODQW� WUDQVLHQW
GDWD��ZKHUH�PRVW�RI� WKH� WLPH� WKH�SUHVVXUH� LV� DOPRVW� FRQVWDQW��0RUHRYHU�� WKH�SUHVVXUH�G\QDPLFV� DUH
PXFK�TXLFNHU�WKDQ�WKH�FROXPQ�G\QDPLFV�DQG�PD\�EH�GHFRXSOHG�IURP�WKH�ODWWHU��0XKUHU�HW�DO���������
7KXV��RQH�PDQLSXODWHG�YDULDEOH�PXVW�EH�UHVHUYHG�IRU�SUHVVXUH�FRQWURO��DQG�IROORZLQJ�SUHYLRXV�VWXGLHV
�6KLQVNH\�� ������ 0XKUHU� HW� DO��� ������� WKH� DSSURSULDWH� YDULDEOH� LV� WKH� FRROLQJ� UDWH� LQ� WKH� WULP
FRQGHQVHU��7KLV�LV�DOVR�WKH�DSSURDFK�DGRSWHG�LQ�WKH�SODQW��DV�LQGLFDWHG�E\�WKH�SUHVVXUH�FRQWUROOHU��3&�
LQ�)LJXUH����7KXV��WKH�SUREOHP�LV�UHGXFHG�WR�WKH�UHJXODWLRQ�RI�WKH�WZR�UHPDLQLQJ�RXWSXW�YDULDEOHV��\

'

DQG�[
%
�
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$Q�DSSUR[LPDWH�G\QDPLF�PRGHO��DFFRXQWLQJ�IRU�WKH�KHDW�SXPS�KHDW�LQWHJUDWLRQ�LV�GHYHORSHG�XVLQJ
WKH� DSSURDFK�GHVFULEHG�E\�:HLW]� DQG�/HZLQ� ��������)RU� WKLV�DSSOLFDWLRQ�� WZR� FRPSRQHQW� SDUWV� DUH
UHTXLUHG��PRGHOLQJ�WKH�³FROXPQ´�DQG�WKH�³KHDW�SXPS´��WKH�IRUPHU�FRQVLVWV�RQO\�RI�WKH�FROXPQ�WUD\V�
ZKLOH�WKH�ODWWHU�PRGHOV�DOO�RI�WKH�UHPDLQLQJ�HTXLSPHQW�LWHPV��)LJXUH���VKRZV�WKH�SDUWLWLRQLQJ�RI�WKH
IORZVKHHW�LQWR�LWV�FRPSRQHQW�SDUWV��,Q�VR�GRLQJ��WKH�SURFHVV�YDULDEOHV�DUH�GLYLGHG�LQWR�WKUHH�YHFWRUV�
8'��FRQWDLQLQJ�DOO�RI�WKH�PDQLSXODWHG�YDULDEOH�DQG�GLVWXUEDQFHV��&+��FRQWDLQLQJ�WKH�LQWHUQDO�YDULDEOHV
WUDQVIHUULQJ� LQIRUPDWLRQ� EHWZHHQ� ³FROXPQ´� DQG� ³KHDW� SXPS´�� DQG� +&�� IXOILOOLQJ� WKH� VDPH� UROH
EHWZHHQ�³KHDW�SXPS´�DQG�³FROXPQ´�
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$IWHU�FDUHIXO�VWXG\��WKH�ODWWHU�WZR�YHFWRUV�ZHUH�GHILQHG�DV�IROORZV�
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�
��DQG�)

�
�DUH�WKH�IORZ�UDWHV�RI�VWUHDPV���DQG����VHH�)LJXUH�����\

'

DQG�[
%
�� DUH� WKH�ZHLJKW�SHUFHQWDJHV�RI� SURSDQH� LQ� WKH� WRS�SURGXFW�DQG�SURS\OHQH� LQ� WKH� ERWWRPV�

UHVSHFWLYHO\��DQG�[
�
�LV�WKH�SURSDQH�ZHLJKW�SHUFHQWDJH�RI�VWUHDP���
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9
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9
�� [

9

��� [
9

��� (
5
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5
�@7�� ZKHUH�(

9�
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9
� �� [

9

�� DQG� [
9

�� DUH� WKH� HQWKDOS\�� IORZ� UDWH�� DQG
SURS\OHQH�DQG�SURSDQH�ZHLJKW�SHUFHQWDJHV�RI�WKH�ERLO�XS�VWUHDP��DQG�(

5
�DQG�\

5
� �DUH�WKH�HQWKDOS\

DQG�SURSDQH�ZHLJKW�SHUFHQWDJH�RI�WKH�UHIOX[�VWUHDP�

7KH�VKRUW�FXW� OLQHDU�G\QDPLF�PRGHO�IRU� WKH�WUD\V�LV�GHULYHG�IROORZLQJ�:HLW]�DQG�/HZLQ��������
7KH�FROXPQ�G\QDPLFV�DUH�DSSUR[LPDWHG�E\�D�VLQJOH�GRPLQDQW�WLPH�FRQVWDQW��FRPSXWHG�DV�VXJJHVWHG
E\� 6KLQVNH\� �������� ZKLOH� WKH� KHDW� SXPS� G\QDPLFV� DUH� DSSUR[LPDWHG� E\� D� VHFRQG�RUGHU� ODJ� ZLWK
UHODWLYHO\�VPDOO�WLPH�FRQVWDQWV��7KHVH�DSSUR[LPDWLRQV�DUH�MXVWLILDEOH�FRQVLGHULQJ�WKH�ODUJH�UHIOX[�IORZ
UDWHV�RQ�WKH�RQH�KDQG��DQG�WKH�ODUJH�QXPEHU�RI�WUD\V�LQ�WKH�FROXPQ��RQ�WKH�RWKHU��7KH�VWDWLF�JDLQV�RI
WKH�FRPSRQHQW�SDUW�WUDQVIHU�IXQFWLRQ�PDWULFHV�DUH�JHQHUDWHG�DV�IROORZV�

��� (DFK�RI�WKH�FRPSRQHQW�SDUW� LQSXWV� LV�YDULHG� LQ� WKH�H[SHFWHG�RSHUDWLQJ�UDQJH��ZKLOH�PDLQWDLQLQJ
WKH�UHPDLQGHU�RI�WKH�LQSXWV�DW�WKHLU�QRPLQDO�YDOXHV��7KH�HIIHFW�RI�WKHVH�YDULDWLRQV�RQ�HDFK�RI�WKH
FRPSRQHQW�SDUW�RXWSXW�YDULDEOHV�DUH�UHFRUGHG�

��� $�FXELF�VSOLQH�LQWHUSRODWLRQ�SRO\QRPLDO�LV�JHQHUDWHG�WR�DSSUR[LPDWH�WKH�YDULDWLRQ�RI�HDFK�RXWSXW
WR�HDFK�LQSXW��\

L
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��� 7KH� VWDWLF� JDLQ� FRHIILFLHQWV� DUH� WKHQ� FRPSXWHG� E\� V\PEROLF� GLIIHUHQWLDWLRQ� RI� WKH� LQWHUSRODWLRQ
SRO\QRPLDOV�FRPSXWHG�DW�WKH�RSHUDWLQJ�SRLQW�
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7KLV�DSSURDFK�LV�DQ�LPSURYHPHQW�RQ�WKDW�VXJJHVWHG�E\�:HLW]�DQG�/HZLQ��������LQ�WKDW�LW�DYRLGV�SHU�
WXUEDWLRQ�DQDO\VLV��ZKRVH�DFFXUDF\�LV�VWHS�VL]H�GHSHQGHQW��)XUWKHUPRUH��LW�DOORZV�WKH�LPSDFW�RI�QRQ�
OLQHDULWLHV�WR�EH�DVVHVVHG�GLUHFWO\��6LQFH�7D\ORU�VHULHV�H[SDQVLRQ�IRU�HDFK�VWDWLF�JDLQ�HOHPHQW�LV�
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7KH�VWDWLF�JDLQ�FRHIILFLHQWV�RI�WKH�PDWULFHV�&����&����+���DQG�+���DUH�JLYHQ�LQ�7DEOH����7KH�PHWKRG
XVHG�WR�HVWLPDWH�WKHLU�G\QDPLF�FRPSRQHQWV�DUH�GLVFXVVHG�QH[W�

)ROORZLQJ�6KLQVNH\���������WKH�FROXPQ�FRPSRVLWLRQ�G\QDPLFV�DUH�DSSUR[LPDWHG�E\�D�OXPSHG
SDUDPHWHU�PRGHO��ZLWK�D�GRPLQDQW�WLPH�FRQVWDQW�

)
0

/ W � ���

ZKHUH� �0
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&
� LV� WKH�HIIHFWLYH�FROXPQ�FRPSRVLWLRQ�WLPH�FRQVWDQW�

7KH�OLTXLG�DQG�YDSRU�WUD\�K\GURG\QDPLFV�DUH�DOVR�DSSUR[LPDWHG�E\�OXPSHG�SDUDPHWHU�PRGHO�IRU�HDFK
WUD\��7KH�K\GUDXOLF�WLPH�GHOD\V�DUH�FDOFXODWHG�XVLQJ�WKH�DSSURDFK�VXJJHVWHG�E\�6KLQVNH\��������
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ZKHUH� �/��LV�WKH�OLTXLG�VXSSO\�WR�WKH�WUD\��K
RZ
�� LV� WKH�ZHLU�RYHUIORZ��DQG�$� LV� WKH�ZHLU�FURVV�VHFWLRQ�

8VLQJ�WKH�)UDQFLV�IRUPXOD��K
RZ
� ��/������O

Z
�������ZKHUH�O

Z
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'XH�WR�WKH�VPDOO�WHPSHUDWXUH�GLIIHUHQFHV�DORQJ�WKH�FROXPQ��D�GLUHFW�PHDVXUH�RI�SURGXFW�FRPSRVLWLRQ
LV�UHTXLUHG��H�J���E\�FKURPDWRJUDSK\���PRGHOHG�E\���PLQ�WLPH�GHOD\V�� 7KH�UHVXOWLQJ�WUDQVIHU�IXQFWLRQV
IRU�HDFK�FRPSRQHQW�SDUW�DUH�JLYHQ�LQ�WKH�$SSHQGL[�
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7KH�DSSURDFK�GHVFULEHG� LQ�6HFWLRQ��� JHQHUDWHV�VWHDG\�VWDWH�JDLQV� WKDW� LQGLYLGXDOO\� H[KLELW�XS� WR
����XQFHUWDLQW\��)RU�H[DPSOH��FRQVLGHU�)LJXUH����ZKLFK�VKRZV�WKH�YDULDWLRQ�RI�\

'
�ZLWK�FKDQJHV� LQ

(
5
�� ,Q�DOO��D�WRWDO�RI�VL[�JDLQ�FRHIILFLHQW�YDOXHV�LQ�WKH�FRPSRQHQW�SDUW�PDWULFHV�DUH�REVHUYHG�WR�KDYH

VLJQLILFDQW�XQFHUWDLQW\��RYHU������7KH�VWXG\�RI� WKH� LPSDFW�RI� WKHVH� LQGLYLGXDO�JDLQ�XQFHUWDLQWLHV�RQ
WKDW� RI� WKH� RYHUDOO� WUDQVIHU� IXQFWLRQV�PXVW� DFFRXQW� IRU� WKH� LQWHUGHSHQGHQFLHV� EHWZHHQ� WKHP�� DQG� LV
XQGHU�LQYHVWLJDWLRQ�

0.9 0.925 0.95 0.975 1 1.025 1.05 1.075

ER,@ kcal
������������������
mole

D
0.019

0.02

0.021

0.022

0.023

0.024

0.025

yD, @mass fractionD
¬ nominal point

)LJXUH����([DPSOH�RI�JDLQ�XQFHUWDLQW\

� 6WDELOLW\�$QDO\VLV�RI�WKH�2SHUDWLQJ�3RLQW

,W� LV� ZHOO� NQRZQ� WKDW� WKH� SUHVHQFH� RI� SRVLWLYH� IHHGEDFN� KDV� D� GHVWDELOL]LQJ� HIIHFW� RQ� WKH� SURFHVV
RSHQ�ORRS�G\QDPLFV��)RU� WKH� OLQHDU�V\VWHP�XQGHU� LQYHVWLJDWLRQ�� LWV� LQIOXHQFH� LV�DVVHVVHG�GLUHFWO\�E\
FRPSXWLQJ�WKH�SROHV�RI�WKH�RYHUDOO�WUDQVIHU�PDWUL[�LQ�(T������6LQFH�DOO�RI�WKH�FRPSRQHQW�SDUW�PDWULFHV
KDYH� VWDEOH� SROHV�� WKLV� UHTXLUHV� RQO\� WKH� SROHV� RI� �,� ±� &��+���

��� WR� EH� WHVWHG�� 7KXV�� IRU� VWDELOLW\
DQDO\VLV�� LW� LV� HQRXJK� WR� LQYHVWLJDWH� WKH� H[LVWHQFH� RI� ULJKW�KDOI�SODQH� ]HURV� RI� WKH� H[SUHVVLRQ�� _� ,� ±
&

��
+

��
_� �=�V���1RWLQJ�WKDW�DOO�FRPSRQHQW�SDUW�PDWUL[�HOHPHQWV�DUH�VWULFWO\�SURSHU�� � � � f= ��&RQVH�

TXHQWO\�� LI� =���� LV� QHJDWLYH�� WKLV� LPSOLHV� WKH� H[LVWHQFH� RI� DW� OHDVW� RQH� ULJKW�KDOI�SODFH� ]HUR� LQ� =�V��
ZKLFK� LQ� WXUQ� LQGLFDWHV� WKDW� WKH� RYHUDOO� V\VWHP� LQ� RSHQ� ORRS� XQVWDEOH�� )LQDOO\�� WKH� QXPEHU� RI
FORFN�ZLVH� HQFLUFOHPHQWV�RI� WKH�RULJLQ�RI� WKH�1\TXLVW�SORW� LQGLFDWHV� WKH� QXPEHU� RI� ULJKW�KDOI� SODQH
V\VWHP�SROHV��$V�VKRZQ�LQ�)LJXUH����WKH�QRPLQDO�G\QDPLFV�RI�WKH�KHDW�LQWHJUDWHG�FROXPQ�LQGLFDWH�WKH
SUHVHQFH� RI� ULJKW� KDOI� SODQH� ]HURV�� )XUWKHUPRUH�� DQDO\VLV� VKRZV� WKDW� H[LVWHQFH� RI� DW� OHDVW� RQH
ULJKW�KDOI�SODQH� ]HUR� ZKHQ� FRQVLGHULQJ� DOO� RI� WKH� VLJQLILFDQW� XQFHUWDLQWLHV� RQ� WKH� LQGLYLGXDO� JDLQ
HOHPHQWV��7KLV� UHVXOW� LV� LQ�JRRG�DJUHHPHQW�ZLWK� WKDW�RI�.RJJHUVE¡O�HW�DO�� ��������ZKR�DOVR� VWXGLHG
KHDW�LQWHJUDWHG�GLVWLOODWLRQ�FROXPQ�ZLWK�D�KHDW�SXPS�
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&
��IRU�RYHUKHDG�SUHVVXUH�FRQWURO��WKLV�OHDYHV�ILYH�PDQLSX�

ODWHG� YDULDEOHV� DYDLODEOH� IRU� WKH� FRQWURO� RI� WKH� WZR� UHPDLQLQJ� SURFHVV� RXWSXWV�� ZKLFK� JLYHV� WHQ
SRVVLEOH��î��GHFHQWUDOL]HG�FRQWURO�FRQILJXUDWLRQV� � ������������  � ��7DEOH���GHILQHV�WKHVH�WHQ�FRQ�
ILJXUDWLRQV�DFFRUGLQJ�WR�WKH�PDQLSXODWHG�YDULDEOH�SDLU�VHOHFWHG�LQ�HDFK�FDVH�

7DEOH����7HQ�SRVVLEOH��î��FRQWURO�FRQILJXUDWLRQV�E\�PDQLSXODWHG�YDULDEOH�SDLUV
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)&&
��&

'
@7 X� �>%��5@7 X� �>%��&

'
@7 X� �>5��&

'
@7

7KH� FRQWUROODELOLW\� RI� HDFK� RI� WKHVH� FRQILJXUDWLRQV� LV� WHVWHG� EDVHG� RQ� WZR� DOWHUQDWLYH
LPSOHPHQWDWLRQV���D��QR�WHPSHUDWXUH�FRQWURO�ORRS�RSHUDWLRQDO��L�H���WKH�FRQWUROOHU�7&�LQ�)LJXUH���LV�LQ
RSHQ�ORRS����E��WHPSHUDWXUH�FRQWURO�LV�SHUIHFW��7KH�UHFRPPHQGHG�SURFHGXUH�IRU�FRQWURO�FRQILJXUDWLRQ
VFUHHQLQJ�LV�DV�IROORZV�

6WHS���� &RPSXWH�WKH�ZRUVW�FDVH�VWHDG\�VWDWH�'&�IRU�HDFK�FRQILJXUDWLRQ��(OLPLQDWH�DOO�FRQILJXUD�
WLRQV� WKDW� FDQQRW� JXDUDQWHH� SHUIHFW� VWHDG\�VWDWH� GLVWXUEDQFH� UHMHFWLRQ�� 7HVW� WKH
IUHTXHQF\�GHSHQGHQW�'&�IRU�WKRVH�FRQILJXUDWLRQV�WKDW�DUH�VWLOO�XQGHU�FRQVLGHUDWLRQ�

6WHS���� )RU� DOO� WKRVH� FRQILJXUDWLRQV� WKDW� DUH� VWLOO� XQGHU� FRQVLGHUDWLRQ�� FRPSXWH� WKH� VWDWLF� DQG
IUHTXHQF\�GHSHQGHQW�5*$��(OLPLQDWH�DOO�WKRVH�WKDW�KDYH�SRRU�EDQGZLGWK�
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7KLV�SURFHGXUH�LV�QRZ�DSSOLHG�WR�VHOHFW�WKH�PRVW�DSSURSULDWH�GHFHQWUDOL]HG�FRQWURO�FRQILJXUDWLRQ�IRU
WKH�&

�
�VSOLWWHU�

6WHS����'LVWXUEDQFH�&RVW� ��
)ROORZLQJ�/HZLQ���������DVVXPLQJ�SHUIHFW�FRQWURO��\�V�� ���LQ�(T�������WKH�FRQWURO�HIIRUW�UHTXLUHG�WR
QHXWUDOL]H�D�PXOWLYDULDEOH�GLVWXUEDQFH�

X�V�� ��±�3��3GG�V� ����

7KH�'&�LV�WKH�(XFOLGHDQ�QRUP�RI�X�V��FRPSXWHG�DV�DERYH��7KH�VWHDG\�VWDWH�'&V�VKRZQ�LQ�7DEOH���DUH
FRPSXWHG� IRU� HDFK� PDQLSXODWHG� YDULDEOH� VHSDUDWHO\�� IRU� WKH� ZRUVW� SRVVLEOH� FRPELQDWLRQV� RI
GLVWXUEDQFHV�� DQG� QRUPDOL]HG� WR� DFFRXQW� IRU� WKH� HIIHFWLYH� RSHUDWLQJ� UDQJH� IRU� HDFK� PDQLSXODWHG
YDULDEOH�

L

L

L 8

_G_
'& G

33 ���
 

����

ZKHUH G LV� WKH�ZRUVW�FDVH�GLVWXUEDQFH�YHFWRU��DQG�8
L
� LV� WKH�FKDQJH� WKDW�FDQ�EH�HIIHFWHG� WR� WKH�JLYHQ

PDQLSXODWHG� YDULDEOH�ZLWKRXW� H[FHHGLQJ� WKH� RSHUDWLQJ� OLPLWV� RI� DQ\� JLYHQ� LQWHUQDO� YDULDEOH� LQ� WKH
V\VWHP�� 7KLV� LV� FDUULHG� RXW� V\VWHPDWLFDOO\�� E\� FKHFNLQJ� WKH� HIIHFW� RI� SHUWXUEDWLRQV� RQ� HDFK
PDQLSXODWHG�YDULDEOH�RQ�DOO� RI� WKH� LQWHUQDO� YDULDEOHV�� )RU� H[DPSOH�� WKH� QRPLQDO� YDOXH� RI� WKH� UHIOX[
IORZ�UDWH�LV�����WRQ�K��EXW�RYHU�DOO�JDLQ�EHWZHHQ�LW�DQG�ERLO�XS�IORZ�UDWH�LV�����>ERLO�XS�WRQ�K����UHIOX[
WRQ�K@��7KH�QRPLQDO�YDOXH�RI�WKH�ERLO�XS�IORZ�UDWH�LV�����WRQ�K��&OHDUO\��WR�PDLQWDLQ�WKH�ERLO�XS�ZLWKLQ
LWV�SK\VLFDO�OLPLWV��WKH�UHIOX[�FKDQJH�PXVW�EH�OLPLWHG��WR�EH�OHVV�WKDQ���������|���WRQ�K��7DEOH���JLYHV
WKH�QRPLQDO�YDOXHV�RI�DOO�RI�WKH�GLVWXUEDQFH�YDULDEOHV��DQG�WKH�GHYLDWLRQ�OHYHOV�DVVXPHG�

7DEOH�����6WHDG\�VWDWH�'&V�IRU�DOO��î��FRQWURO�FRQILJXUDWLRQV

��D��1R�WHPSHUDWXUH�FRQWURO
$ % & ' (

>���������@ >���������@ >��������@ >��������@ >�������@

) * + , -
>��������@ >��������@ >��������@ >��������@ >����������@

�E��3HUIHFW�WHPSHUDWXUH�FRQWURO
$ % & ' (

>���������@ >���������@ >��������@ >��������@ >��������@

) * + , -
>��������@ >��������@ >��������@ >��������@ >�������@

)URP� 7DEOH� ��� QRQH� RI� WKH� FRQILJXUDWLRQV� FDQ� JXDUDQWHH� RIIVHW�IUHH� GLVWXUEDQFH� UHMHFWLRQ� LI
WHPSHUDWXUH� FRQWURO� LV� QRW� LPSOHPHQWHG�� VLQFH� DW� OHDVW� RQH� RI� WKH� FRQWURO� YDULDEOHV� H[FHHGV� LWV
FRQVWUDLQWV� ZKHQ� FKDOOHQJHG� ZLWK� WKH� ZRUVW�FDVH� GLVWXUEDQFH�� +RZHYHU�� LI� SHUIHFW� WHPSHUDWXUH� LV
DVVXPHG��WZR�FRQILJXUDWLRQV�DUH�SRVVLEOH��QDPHO\�$�DQG�%��7KH�IUHTXHQF\�GHSHQGHQW�'&V�IRU�WKHVH
FRQILJXUDWLRQV� DUH� JLYHQ� LQ�)LJXUH� ���ZKHUH� DW� HYHU\� IUHTXHQF\�� WKH� '&� ZDV� HYDOXDWHG� XVLQJ� WKH
(XFOLGHDQ� QRUP� IRU� WKH�ZRUVW� SRVVLEOH� GLVWXUEDQFH� YHFWRU� GLUHFWLRQ�� (YLGHQWO\�� ERWK� FRQILJXUDWLRQV
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ZLOO�KDYH�SRRU�GLVWXUEDQFH�UHMHFWLRQ�EDQGZLGWKV��LQGLFDWLQJ�VHWWOLQJ�WLPHV�RI� WKH�RUGHU�RI������PLQ�
HYHQ�IRU�WKH�FDVH�RI�SHUIHFW�FRQWURO�

7DEOH����1RPLQDO�GLVWXUEDQFH�YDULDEOH�YDOXHV�DQG�DVVXPHG�GHYLDWLRQV�
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  Disturbance Cost comparison (perfect temperature control)

 A
 B

)LJXUH����)UHTXHQF\�GHSHQGHQW�'&V�IRU�FRQILJXUDWLRQV�JXDUDQWHHLQJ�VWDWLF�GLVWXUEDQFH�UHMHFWLRQ

6WHS����5HODWLYH�*DLQ�$UUD\

%ULVWRO� ������� LQWURGXFHG� WKH� 5*$� DV� D� FRQWUROODELOLW\� PHDVXUH�� ZKLFK� UHOLHV� RQ� SHUIHFW� FRQWURO
DVVXPSWLRQV��7KH�5*$��/�� LV� D� VTXDUH�PDWUL[� FRPSULVLQJ� RI� FRHIILFLHQWV��O

LM
�� HDFK� RI�ZKLFK� LV� WKH

UDWLR�

FRQWUROOHGSHUIHFWO\��DUH�ORRSV�FRQWURORWKHU��DOO�ZKHQ�RXWSXW��DQG�LQSXW�EHWZHHQ�JDLQ��SURFHVV
RSHQ��DUH�ORRSV�FRQWURORWKHU��DOO�ZKHQ�RXWSXW��DQGLQSXW�EHWZHHQ�JDLQ��SURFHVV

LM
LM�

LM  O

&OHDUO\��LW�LV�DGYDQWDJHRXV�WR�VHOHFW�GHFHQWUDOL]HG�FRQWURO�SDLULQJV�L�M��VXFK�WKDW�O
LM
�LV�FORVH�WR�XQLW\�LQ

WKH�IUHTXHQF\� UDQJH�ZKHUH�SHUIRUPDQFH� LV� VRXJKW��3DLULQJV�ZLWK�QHJDWLYH�O
LM
� FRHIILFLHQWV� VKRXOG�EH

DYRLGHG��VLQFH�WKH\�LPSO\�DQ�HIIHFWLYH�SRODULW\�FKDQJH�DV�VHHQ�E\�WKH�FRQWUROOHU�DFWLQJ�RQ�WKDW�SDLULQJ
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ZKHQ� WKH� VWDWXV� RI� RWKHU� ORRSV� LQ� WKH� SURFHVV� DUH� FKDQJHG� �H�J��� IURP� DXWRPDWLF� WR� PDQXDO���
0DWKHPDWLFDOO\��WKH�5*$�LV�FRPSXWHG�DV�

/� �3�V��>3�V���@�7� ����

ZKHUH���LQGLFDWHV�HOHPHQW�E\�HOHPHQW�SURGXFW��7KH�VWHDG\�VWDWH�5*$V�IRU�FRQILJXUDWLRQV�$�DQG�%�IRU
SHUIHFW�WHPSHUDWXUH�FRQWURO�DUH�JLYHQ�LQ�7DEOH���

7DEOH����6WHDG\�VWDWH�5*$�IRU�SHUIHFW�WHPSHUDWXUH�FRQWURO�
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GHFRXSOHG�DW�VWHDG\�VWDWH��DQG�WKDW� LI� LPSOHPHQWHG��PXVW�EH�SDLUHG�GLDJRQDOO\�� ,Q�FRQWUDVW��)LJXUH��
VKRZV� IUHTXHQF\�GHSHQGHQW� 5*$� IRU� WKHVH� FRQILJXUDWLRQV�� ZKLFK� VKRZ� WKDW� VLJQLILFDQW� EDQGZLGWK
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  RGA comparison (perfect temperature control)

 A
 B

)LJXUH����)UHTXHQF\�GHSHQGHQW�5*$V�IRU�FRQILJXUDWLRQV�JXDUDQWHHLQJ�VWDWLF�GLVWXUEDQFH�UHMHFWLRQ

� &RQFOXVLRQV�DQG�5HFRPPHQGDWLRQV

7KH�UHVXOWV�RI�WKH�&	5�DQDO\VLV�IRU�WKH�&
�

�VSOLWWHU�DUH�

D�� 7KH� FXUUHQW� RSHUDWLQJ� SRLQW� LV� RSHQ� ORRS� XQVWDEOH�� 7KH� PRVW� LPSRUWDQW� WDVN� HQFXPEHULQJ� WKH
FRQWURO� V\VWHP� LV� WR� VWDELOL]H� WKLV�� ,W� LV� QRWHG� WKDW� WKH� FXUUHQW� FRQWURO� FRQILJXUDWLRQ� GRHV� QRW
DFKLHYH�WKLV�WDVN��UHTXLULQJ�VLJQLILFDQW�PDQXDO�RSHUDWRU�LQWHUYHQWLRQ�

E�� 7KH�&	5�DQDO\VLV�KDV�HOLPLQDWHG�DOO�GHFHQWUDOL]HG�FRQWURO�FRQILJXUDWLRQV�RWKHU�WKDQ�$�DQG�%��DQG
KDV�LQGLFDWHG�WKDW�WLJKW�FRQWURO�RQ�WKH�UHIOX[�UHWXUQ�WHPSHUDWXUH�LV�PDQGDWRU\��7KH�IRFXV�RQ�FRQ�
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ILJXUDWLRQ�$�LV� LQWHUHVWLQJ� LQ� WKDW� WKLV� LV� WKH�FXUUHQW�SROLF\�DGRSWHG�E\� WKH�SODQW�RSHUDWRUV��ZKR
FRPPRQO\�PDQLSXODWH�ERWK�RI�WKH�IHHG�IORZ�UDWHV�PDQXDOO\��LQ�DQ�DWWHPSW�WR�VWDELOL]H�WKH�SURFHVV�

F�� %HFDXVH�RI�WKH�EDQGZLGWK�OLPLWDWLRQV�LPSRVHG�E\�G\QDPLF�LQWHUDFWLRQV��DQG�WKH�QHHG�IRU�VLJQLIL�
FDQW� IHHGEDFN� WR�VWDELOL]H� WKH�RSHQ�ORRS�XQVWDEOH�SURFHVV�� LW� LV�FOHDUO\� LPSRVVLEOH� WR� DGHTXDWHO\
FRQWURO�WKLV�V\VWHP�XVLQJ�GHFHQWUDOL]HG�FRQWURO��,W�LV�UHFRPPHQGHG�WKDW�D�QRQ�VTXDUH�03&�FRQWURO
V\VWHP�EH�GHVLJQHG��XVLQJ�DOO�RI�WKH�DYDLODEOH�PDQLSXODWHG�YDULDEOHV��)��)

)&&
��)

%
��)

5
��DQG�&

'
��WR

PHHW�WKH�SURFHVV�VSHFLILFDWLRQV��\
'
�DQG�[

%
���7KH�03&�FRQWUROOHU�VKRXOG�DOVR�LQFOXGH�IHHGIRUZDUG

HOHPHQWV� WR�HQKDQFH� WKH� UDWKHU�SRRU�GLVWXUEDQFH�UHMHFWLRQ�SHUIRUPDQFH� WKDW�ZRXOG�RWKHUZLVH�EH
DFKLHYDEOH�XVLQJ�RQO\�IHHGEDFN�

G�� 7KH�ORFDO�JDLQ�XQFHUWDLQWLHV�FDQ�FKDQJH�WKH�VLJQ�RI�WKH�RYHUDOO�JDLQV��7KH�LPSDFW�RI�WKH�ORFDO�JDLQ
XQFHUWDLQWLHV�RQ�WKH�RYHUDOO�SURFHVV�JDLQV�UHTXLUHV�IXUWKHU�LQYHVWLJDWLRQ�

$FNQRZOHGJHPHQWV

7KLV� UHVHDUFK�ZDV�FDUULHG�RXW�ZLWK� WKH� VXSSRUW� RI�&DUPHO�2OHILQV�/WG���+DLID��7KH� DXWKRUV�ZLVK� WR
DFNQRZOHGJH�WKH�HQFRXUDJHPHQW�RI�WKH�3ODQW�0DQDJHU��=YL�$��-DHJHU��DQG�WKH�YDOXDEOH�LQSXWV�RI�WKH
(WK\OHQH�3ODQW�0DQDJHU��'DYLG�'RUL�DQG�WKH�SODQW�HQJLQHHUV��'RULW�.DVK\�DQG�*LO�3LQFKDV�

� 5HIHUHQFHV
%ULVWRO��(��+����������³2Q�D�1HZ�0HDVXUH�RI�,QWHUDFWLRQV�IRU�0XOWLYDULDEOH�3URFHVV�&RQWURO´�� ,(((

7UDQV��$XWRPDWLF��&RQWURO��$&������������
.RJJHUVE¡O��$���%��5��$QGHUVHQ��-��6��1LHOVHQ��DQG�6��%D\�-¡UJHQVHQ����������&RQWURO�&RQILJXUDWLRQV

IRU�DQ�(QHUJ\�,QWHJUDWHG�'LVWLOODWLRQ�&ROXPQ���&RPS��DQG�&KHP��(QJQUJ�����6���6����6���
/HZLQ��'��5����������³$�6LPSOH�7RRO�IRU�'LVWXUEDQFH�5HVLOLHQF\�'LDJQRVLV�DQG�)HHGIRUZDUG�&RQWURO

'HVLJQ´��&RPS��DQG��&KHP��(QJQUJ����������
/HZLQ��'��5��DQG�'��%RJOH� ��������³&RQWUROODELOLW\�$QDO\VLV�RI�DQ� ,QGXVWULDO�3RO\PHUL]DWLRQ�5HDF�

WRU´��&RPSXW��&KHP��(QJ������6���6����6���
/HZLQ��'��5���-��3��*RQJ��DQG�5��*DQL���������³2SWLPDO�'HVLJQ�DQG�&RQWUROODELOLW\�$VVHVVPHQW�IRU�D

3ODQW�ZLGH�%HQFKPDUN´��3URF��RI�WKH���WK�,)$&�:RUOG�&RQJUHVV��0�������
/HZLQ��'��5���������³,QWHJUDWLRQ�RI�'HVLJQ�DQG�&RQWURO´�3URF��RI�WKH��WK�,(((�0HGLWHUUDQHDQ�&RQ�

IHUHQFH�RQ�&RQWURO�DQG�$XWRPDWLRQ��0('¶�����+DLID
0XKUHU��&��$���0��$��&ROOXUD�DQG�:��/��/X\EHQ���������³&RQWURO�RI�9DSRU�5HFRPSUHVVLRQ�'LVWLOOD�

WLRQ�&ROXPQ´��,QG��(QJ��&KHP��5HV������������
1DRW�� ,��DQG�'��5��/HZLQ���������³$QDO\VLV�RI�3URFHVV�'\QDPLFV� LQ�5HF\FOH�6\VWHPV�XVLQJ�6WHDG\

6WDWH�)ORZVKHHWLQJ�7RROV´��3URF��RI�WKH��WK�,)$&�6\PS��RQ�'\QDPLFV�DQG�&RQWURO�RI�&KHPLFDO
5HDFWRUV��'LVWLOODWLRQ�&ROXPQV�DQG�%DWFK�3URFHVVHV��'<&25'��
�����+HOVLQJ¡U

6HLGHU�:��'���-��'��6HDGHU�DQG�'��5��/HZLQ���������3URFHVV�'HVLJQ�3ULQFLSOHV��6\QWKHVLV��$QDO\VLV
DQG�(YDOXDWLRQ��-RKQ�:LOH\�DQG�6RQV

6KLQVNH\�� )�� *�� �������� ³'LVWLOODWLRQ� &RQWURO� )RU� 3URGXFWLYLW\� DQG� (QHUJ\� &RQVHUYDWLRQ´�
0F*UDZ�+LOO�����������

6RORY\HY��%��0���5��0LOOHU��*��(PRWR�DQG�'��5��/HZLQ���������³(WK\OHQH�4XHQFK�&ROXPQ�2SWLPDO
2SHUDWLRQ�DQG�&RQWUROODELOLW\�$QDO\VLV´��3URF��RI�WKH��WK�,)$&�6\PSRVLXP�RI�'\QDPLFV�DQG�&RQ�
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6WDWH�3URFHVV�)ORZVKHHW�'DWD´��&RPSXW��&KHP��(QJ������������������

:HLW]��2����������,QWHJUDWLQJ�&RQWUROODELOLW\�0HDVXUHV�LQWR�3URFHVV�'HVLJQ��0�6F��7KHVLV��7HFKQLRQ�
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