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$EVWUDFW'LVWLOODWLRQ�FRQWURO� LV�D�FKDOOHQJLQJ�XQGHUWDNLQJ�JLYHQ�WKH�LQKHUHQW�QRQOLQHDULW\�RI�WKH�SURFHVV�� VHYHUH� FRXSOLQJ� SUHVHQW� IRU� GXDO�FRPSRVLWLRQ� FRQWURO� DQG� WKH� VHQVLWLYLW\� RI�GLVWXUEDQFHV�� $PRQJ� YDULRXV� GLVWLOODWLRQ� RSHUDWLRQV�� PDQDJHPHQW� RI� WKH� KLJK�SXULW\�FROXPQ� SRVHV� D� GLIILFXOW� FRQWURO� VLWXDWLRQ� GXH� WR� D� QXPEHU�RI� FKDUDFWHULVWLFV� RI� WKHVH�V\VWHPV�� LQFOXGLQJ� VWURQJ� GLUHFWLRQDOLW\�� LOO�FRQGLWLRQLQJ� DQG� VWURQJO\� QRQOLQHDU�EHKDYLRXU�� ,Q� WKLV� SDSHU�� D� GLDJRQDO� 3,'� FRQWUROOHU� LV� GHVLJQHG DQG� DQDO\VHG� IRU� D�KLJK�SXULW\�GLVWLOODWLRQ�FROXPQ�E\�FRPSXWLQJ�WKH�VWUXFWXUHG�VLQJXODU�YDOXH�P LQWURGXFHG�E\�'R\OH���������)RU�WKLV�SXUSRVH��D�VWUXFWXUHG�XQFHUWDLQW\�PRGHO�KDV�EHHQ�GHYHORSHG�ZKLFK� GHVFULEHV� WKH� G\QDPLFV� RI� WKH� FROXPQ� IRU� WKH� HQWLUH� RSHUDWLQJ� UDQJH�� 7KH�DFKLHYDEOH� PDQDJHDEOH� SHUIRUPDQFH� LV� DOVR� GHILQHG� LQ� WHUPV� RI� WKH� +f�QRUP� RI� WKH�ZHLJKWHG�VHQVLWLYLW\�IXQFWLRQ�
.H\ZRUGV� KLJK�SXULW\�GLVWLOODWLRQ��LOO�FRQGLWLRQHG�SODQW��PRGHO�XQFHUWDLQW\�P�V\QWKHVLV


 � &RUUHVSRQGLQJ�DXWKRU� (�PDLO��IVKDKUDNL#KDPRRQ�XVE�DF�LU

,QWURGXFWLRQ$OPRVW� DOO� FKHPLFDO� SODQWV� XVH� GLVWLOODWLRQ�FROXPQV� IRU� WKH� VHSDUDWLRQ� RI� VXEVWDQFHV�DFFRUGLQJ� WR� WKHLU� UHODWLYH� YRODWLOLW\�� 'LVWLO�ODWLRQ�SURFHVVHV�DUH�DPRQJ�WKH�ODUJHVW�HQHUJ\�FRQVXPHUV�LQ�FKHPLFDO�SODQWV��WKHUHIRUH��WLJKW�FRQWURO� RI� WKH� SURGXFW� FRPSRVLWLRQV� LV�IXQGDPHQWDO� IRU� DQ� HFRQRPLFDOO\� RSWLPDO�RSHUDWLRQ�RI�WKH�HQWLUH�SODQW��&RQWURO�V\VWHPV�IRU�FKHPLFDO�SURFHVVHV�DUH�W\SLFDOO\�GHVLJQHG�XVLQJ� DQ� DSSUR[LPDWH�� OLQHDU�� WLPH�LQYDULDQW�PRGHO� RI� WKH� SODQW�� 7KH� DFWXDO� SODQW� PD\�GLIIHU� IURP� WKH� QRPLQDO�PRGHO� GXH� WR�PDQ\�VRXUFHV� RI� XQFHUWDLQW\�� VXFK� DV� QRQOLQHDULW\��WKH� VHOHFWLRQ� RI� ORZ�RUGHU� PRGHOV� WR�UHSUHVHQW� D� SODQW� ZLWK� LQKHUHQWO\� KLJK�RUGHU�

G\QDPLFV�� LQDFFXUDWH� LGHQWLILFDWLRQ� RI�PRGHO�SDUDPHWHUV� GXH� WR� SRRU� PHDVXUHPHQWV� RU�LQFRPSOHWH�NQRZOHGJH��DQG�XQFHUWDLQW\�LQ�WKH�PDQLSXODWLYH� YDULDEOHV�� &RQVLGHULQJ� WKH�GLIIHUHQFHV� EHWZHHQ� WKH� DFWXDO� SODQW� DQG�QRPLQDO�PRGHO�� LW� LV�QHFHVVDU\� WR� LQVXUH� WKDW�WKH� FRQWURO� V\VWHP� ZLOO� EH� VWDEOH� DQG� PHHW�VRPH� SUHGHWHUPLQHG� SHUIRUPDQFH� FULWHULD�ZKHQ� DSSOLHG� WR� WKH� DFWXDO� SODQW�� 0DQ\�FRQWURO� GHVLJQ WHFKQLTXHV� KDYH� EHHQ� DSSOLHG�WR� WKH� KLJK�SXULW\� GLVWLOODWLRQ� FROXPQV� �H�J��*HRUJLRX� HW� DO��� ������ 6NRJHVWDG� DQG�/XQGVWU|P�� ������ &KULVWHQ� HW� DO��� �������6RPH� SRVVLEOH� LPSURYHPHQWV� IRU� OLQHDU�PXOWLYDULDEOH� SUHGLFWLYH� FRQWURO� RI� KLJK�SXULW\� GLVWLOODWLRQ� FROXPQV� DUH� SURSRVHG� E\�
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7UHQWDFDSLOOL� HW� DO�� ������� DQG� D� VLPSOH�ZD\�RI� LQVHUWLQJ� D� ORFDO�PRGHO� WKDW� FRQWDLQV� SDUW�RI�WKH�SURFHVV�QRQOLQHDULW\�LQWR�WKH�FRQWUROOHU�LV�GHVFULEHG�DOVR�$QRWKHU� LPSRUWDQW� DVSHFW� RI� GLVWLOODWLRQ�FRQWURO� GHVLJQ� LV� WKH� FKRLFH� RI� D� JRRG�FRQILJXUDWLRQ�� ,Q� IDFW�� SRRU� FRQWURO� SHU�IRUPDQFH�FDQ�UHVXOW�IURP�WKH�LPSURSHU�FKRLFH�RI� PDQLSXODWHG�FRQWUROOHG� YDULDEOH� SDLULQJ��+XURZLW]� HW� DO��� ������� 6RPH� DXWKRUV� KDYH�HYHQ� FRQVLGHUHG� FRQWURO� FRQILJXUDWLRQ� VHOHF�WLRQ��6KLQVNH\��������6NRJHVWDG�DQG�0RUDUL��������+XURZLW]�HW�DO����������EXW� WKHUH�LV�QR�JHQHUDO� DJUHHPHQW� DPRQJ� WKHVH� DXWKRUV� LQ�FKRRVLQJ� WKH� EHVW� FRQWURO� FRQILJXUDWLRQ��KRZHYHU��D�FRPSOHWH�UHYLHZ�LQ�WKLV�ILHOG�ZDV�XQGHUWDNHQ�E\�6NRJHVWDG�HW�DO����������7KH� PDLQ� ZRUNV� IRU� VHOHFWLRQ� RI�PDQLSXODWHG�FRQWUROOHG� YDULDEOH� SDLULQJV�KDYH� IRFXVHG� XSRQ� XVLQJ� FRQWUROODELOLW\�PHDVXUHV�� VXFK� DV� WKH� UHODWLYH� JDLQ� DUUD\��%ULVWRO�� ������ DQG� VWUXFWXUHG� VLQJXODU�YDOXH�P �'R\OH�� ������� 7KH� UHODWLYH� JDLQ� DUUD\��5*$�� SURYLGHV� D� VWHDG\�VWDWH� PHDVXUH� RI�FRXSOLQJ�LQ�PXOWLYDULDEOH V\VWHPV�DQG�FDQ�EH�XVHG� WR�HYDOXDWH� WKH� VWHDG\�VWDWH�FRXSOLQJ�RI�FRQILJXUDWLRQV�� 5*$� LV� VWLOO� WKH� PRVW�FRPPRQO\� XVHG� WRRO� IRU� FRQWURO� VWUXFWXUH�VHOHFWLRQ� IRU� VLQJOH�ORRS� FRQWUROOHUV�� 7KH�VWUXFWXUHG� VLQJXODU� YDOXH� �669�� DSSURDFK�SURYLGHV� QHFHVVDU\� DQG� VXIILFLHQW� FRQGLWLRQV�IRU� UREXVW� VWDELOLW\� DQG� SHUIRUPDQFH� IRU� WKH�VLWXDWLRQ� LQ� ZKLFK� XQFHUWDLQW\� RFFXUV�VLPXOWDQHRXVO\� DQG� LQGHSHQGHQWO\� LQ�YDULRXV�SDUWV�RI�WKH�RYHUDOO�FRQWURO�V\VWHP��H�J��LQSXW�DQG� RXWSXW� XQFHUWDLQW\�� EXW� WKH� SHUWXUEDWLRQ�PDWUL[� LV� VWLOO� QRUP�ERXQGHG�� ,Q� IRUPXODWLQJ�WKH�669�SUREOHP��XVH�RI�WKH�SK\VLFDOO\�EDVHG�XQFHUWDLQW\� GHVFULSWLRQ� LV� LPSRUWDQW�� 6LP�SOLILHG� PRGHOV� WKDW� SUHGLFW� JDLQ� DQG� WLPH�FRQVWDQW� FKDQJHV� DV� WKH�SURFHVV� LV� SHUWXUEHG�RYHU� WKH� H[SHFWHG� RSHUDWLQJ� UHJLPH� FDQ� EH�XVHG� WR� FKDUDFWHULVH� WKH� XQFHUWDLQW\� �0F�'RQDOG�HW�DO���������7KH� PDLQ� REMHFWLYH� RI� WKH� UREXVW� PXOWL�YDULDEOH� FRQWURO� SUREOHP� LV� WR� GHVLJQ� D�FRQWURO�ODZ�ZKLFK�PDLQWDLQV�V\VWHP�UHVSRQVH�DQG� HUURU� VLJQDOV� ZLWKLQ� SUHVSHFLILHG�

WROHUDQFHV� GHVSLWH� WKH� HIIHFWV� RI� XQFHUWDLQW\�RQ�WKH�V\VWHP��,Q�WKLV�SDSHU�ZH�ZLOO�GHVLJQ�D�FRQWUROOHU� IRU� D� KLJK�SXULW\� GLVWLOODWLRQ�FROXPQ�XVLQJ�P IUDPHZRUN�IRU�D�SODQW�PRGHO�LQFOXGLQJ� LQSXW� XQFHUWDLQW\�� ,W� VKRXOG� EH�QRWHG� WKDW�DOO�RI� WKH� UHVXOWV�SUHVHQWHG� LQ� WKLV�SDSHU� IRU� P�V\QWKHVLV� ZHUH� FRPSXWHG� XVLQJ�WKH� 0$7/$%� ³P�$QDO\VLV� DQG� 6\QWKHVLV�7RROER[´��%DODV�HW�DO���������7KHRU\3URFHVV�'HVFULSWLRQ)LJXUH� �� VKRZV� D� VFKHPDWLF� RI� D� ELQDU\�GLVWLOODWLRQ� FROXPQ� WKDW� XVHV� UHIOX[� DQG�YDSRXU� ERLOXS� DV�PDQLSXODWHG� LQSXWV� IRU� WKH�FRQWURO� RI� WRS� DQG� ERWWRP� FRPSRVLWLRQV��UHVSHFWLYHO\�� 7KLV� LV� UHIHUUHG� DV� WKH� /9�FRQILJXUDWLRQ� �VWUXFWXUH��� 2WKHU� SRVVLEOH�GXDO�FRPSRVLWLRQ� FRQWURO� FRQILJXUDWLRQV��VXFK� DV� '%��� '9� RU� GRXEOH� UDWLR� �/�'���9�%��FRQILJXUDWLRQ�� PD\� EH� XVHG�� EXW� WKH�/9�FRQILJXUDWLRQ�LV�FKRVHQ�EHFDXVH�WKLV�LV�WKH�FKRLFH�RI�PDQLSXODWHG�LQSXWV�PRVW�FRPPRQO\�XVHG� LQ� LQGXVWULDO� SUDFWLFH� �6NRJHVWDG� DQG�0RUDUL�� ����D��� *HQHUDOO\�� IRU� KLJK� UHIOX[�UDWLR� FROXPQV�� FRQILJXUDWLRQV� RWKHU� WKDQ� WKH�/9�FRQILJXUDWLRQ�DUH�SUHIHUUHG�ZKLOH�IRU� ORZ�WR� PRGHUDWH� UHIOX[� UDWLRV�� HQHUJ\� EDODQFH�FRQILJXUDWLRQV�ZHUH�VKRZQ�WR�SHUIRUP�EHWWHU��6NRJHVWDG� HW� DO��� ������ +XURZLW]� HW� DO����������7KH�GLVWLOODWLRQ�FROXPQ�PRGHO�XVHG�LQ�WKLV�SDSHU�LV�D�KLJK�SXULW\�FROXPQ��UHIHUUHG�WR�DV� WKH� ³FROXPQ� DW� RSHUDWLQJ� SRLQW� $´� E\�6NRJHVWDG� DQG� 0RUDUL� �����E��� 7DEOH� ��VXPPDULVHV� WKH� VWHDG\�VWDWH� GDWD� RI� WKH�PRGHO� LQ� GHWDLO�� 7KLV� LV� D� JRRG� H[DPSOH� IRU�GHVLJQ� RI� FRQWUROOHUV� IRU� DQ� LOO�FRQGLWLRQHG��KLJK�SXULW\�GLVWLOODWLRQ�FROXPQ��ZKLFK�LV�XVHG�E\� VHYHUDO� UHVHDUFKHUV� �H�J�� :DOOHU� HW� DO���������*M¡V WHU� DQG� )RVV�� ������ 6KLQ�HW� DO���������� 7KH� IROORZLQJ� VLPSOLI\LQJ� DVVXPS�WLRQV� DUH� PDGH�� ���� ELQDU\� VHSDUDWLRQ�� ����FRQVWDQW� UHODWLYH� YRODWLOLW\� DQG� ���� FRQVWDQW�PRODU� IORZV�� :H� ZLOO� DGG� XQFHUWDLQW\ WR�LQFOXGH� WKH� HIIHFW� RI� DQ\� QHJOHFWHG� IORZ�G\QDPLFV�ZKHQ� GHVLJQLQJ� DQG� DQDO\]LQJ� WKH�FRQWUROOHU�
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7DEOH����6WHDG\�VWDWH�GDWD�IRU�GLVWLOODWLRQ�FROXPQ�XQGHU�VWXG\&ROXPQ�GDWD�5HODWLYH�YRODWLOLW\ D  ����1R��RI�WKHRUHWLFDO�WUD\V 17  ���)HHG�WUD\���� �UHERLOHU� 1)  ���)HHG�FRPSRVLWLRQ ])  �����
2SHUDWLQJ�GDWD'LVWLOODWH�FRPSRVLWLRQ \'  �����%RWWRP�FRPSRVLWLRQ [%  �����'LVWLOODWH�WR�IHHG�UDWLR '�)  ������5HIOX[�WR�IHHG�UDWLR /�)  ������

)LJXUH��� 6FKHPDWLF�RI�D�ELQDU\�GLVWLOODWLRQ�FROXPQ�XVLQJ�WKH�/9�FRQILJXUDWLRQ

$ VLPSOH� WZR� WLPH�FRQVWDQW� G\QDPLF�PRGHO�SUHVHQWHG� E\� 6NRJHVWDG� HW� DO�� ������� LV�FKRVHQ�DV� WKH�EDVLV�IRU� WKH�FRQWUROOHU�GHVLJQ��7KH� WZR� WLPH�FRQVWDQW� PRGHO� LV� GHULYHG�DVVXPLQJ�WKH�IORZ�DQG�FRPSRVLWLRQ�G\QDPLFV�WR� EH� GHFRXSOHG�� DQG� WKHQ� WKH� WZR� VHSDUDWH�PRGHOV� IRU� WKH� FRPSRVLWLRQ� DQG� IORZ�G\QDPLFV�DUH�VLPSO\�FRPELQHG��7KH�QRPLQDO�PRGHO�RI�WKH�FROXPQ�LV�JLYHQ�E\

�9GVNVNN/G�V�JVN[G
�9GVNVNN/GVN\G

/%

'

¸̧¹·¨̈©§ ������ 
¸̧¹·¨̈©§ ������ 

�
��

�
����

�
��

�
��

�
����

�
��

���
���

WWW
WWW

���
7KLV�PRGHO�LQFOXGHV�WKH�OLTXLG�IORZ�G\QDPLFV�
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DQG� WKH� GLIIHUHQFHV� EHWZHHQ� FKDQJHV� LQ�H[WHUQDO� DQG� LQWHUQDO� IORZV�� NLM GHQRWHV� WKH�VWHDG\�VWDWH�JDLQ�DURXQG�WKH�QRUPDO�RSHUDWLQJ�SRLQW�� PLQ����  W DQG� PLQ���  W DUH� WKH�WLPH� FRQVWDQWV� DVVRFLDWHG� ZLWK� FKDQJHV� LQ�H[WHUQDO� IORZV� DQG� LQWHUQDO� IORZV�� UHV�SHFWLYHO\�� ��/ VJ H[SUHVVHV� WKH� OLTXLG� IORZ�G\QDPLFV�
QVQVJ @��������> ���/ � � ���

ZKHUH�Q LV�WKH�QXPEHU�RI�WUD\V�LQ�WKH�FROXPQ��17 ±���� 7KH� PRGHO� XVHV� WKH� /9�FRQILJXUDWLRQ� ZKHUH� WKH� PDQLSXODWHG� LQSXWV�DUH� WKH� UHIOX[� IORZ� UDWH�� /�� DQG� WKH� ERLOXS�UDWH�� 9�� 7KH� SURFHVV� RXWSXWV� DUH� GLVWLOODWH�FRPSRVLWLRQ� '\ �� DQG� WKH� ERWWRP� SURGXFW�FRPSRVLWLRQ� %[ �� +RZHYHU�� WKLV� PRGHO� LV� D�KLJK� RUGHU� PRGHO� ���VW� RUGHU�� DQG� WKH�UHVXOWLQJ� PXOWLYDULDEOH� FRQWUROOHU� IRU� WKH�PRGHO� ZLOO� KDYH� ��� DGMXVWDEOH� SDUDPHWHUV�ZKLFK LV� GLIILFXOW� RI� LPSOHPHQWDWLRQ��6NRJHVWDG� DQG� /XQGVWU|P�� ������� 7KLV�QRPLQDO�PRGHO� RI� WKH� FROXPQ� KDV� D� VWHDG\�VWDWH�JDLQ�PDWUL[�DV
¹̧·©̈§ �� ���������� �����������/9* � ���

6LQFH� WKH� VWUXFWXUHG� VLQJXODU�YDOXH� V\QWKHVLV�UHTXLUHV�RQO\�VWHDG\�VWDWH�GDWD�RI�WKH�SURFHVV��WKHUHIRUH� ZH� FDQ� QHJOHFW� WKH� HIIHFW� RI� IORZ�G\QDPLFV�� EXW� ZH� ZLOO� DGG� XQFHUWDLQW\� WR�FRPSHQVDWH� WKLV� QHJOHFWHG� IORZ� G\QDPLFV�ZKHQ�ZH�DQDO\VH�WKH�FRQWUROOHU�
6\VWHP�$QDO\VLV���7KH�5HODWLYH�*DLQ�$UUD\��5*$�7KH�5*$�RI� WKH�PDWUL[�*� �%ULVWRO�� ������ LV�GHILQHG�DV

7*** ���� ��u / � ���

ZKHUH� î� GHQRWHV� WKH� HOHPHQW�E\�HOHPHQW�PXOWLSOLFDWLRQ��)RU��î��V\VWHPV

� � �JJJJDQG
5*$
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ZKHUH� LMJ V�LV�DQ�RSHQ�ORRS�JDLQ�IURP�WKH�MWK�LQSXW� WR� WKH� LWK� RXWSXW� RI� WKH� SURFHVV�� 7KH�5*$� KDV� EHHQ� FRQVLGHUHG� DV� DQ� LPSRUWDQW�0,02� V\VWHP� LQIRUPDWLRQ� IRU� IHHGEDFN�FRQWURO��&RQWUROOHUV�ZLWK�ODUJH�5*$�HOHPHQWV�VKRXOG� JHQHUDOO\� EH� DYRLGHG�� RWKHUZLVH� WKH�FORVHG�ORRS�V\VWHP� LV�YHU\�VHQVLWLYH� WR� LQSXW�XQFHUWDLQW\��6NRJHVWDG�DQG�0RUDUL���������,Q�)LJXUH� ��� ZH� SORW� WKH� PDJQLWXGH� RI� WKH�GLDJRQDO�HOHPHQW�RI�WKH�5*$�DV�D�IXQFWLRQ�RI�IUHTXHQF\� IRU� WKH�SODQW��$V� LW� LV� HYLGHQW�� WKH�FROXPQ� KDV� ODUJH� 5*$� YDOXHV� DW� ORZ�IUHTXHQFLHV� �VWHDG\�VWDWH��� EXW� DW� KLJK�IUHTXHQFLHV� ��O LV�HTXDO�WR�RQH��7KLV�VD\V�WKDW�RQO\� EDVHG� RQ� WKH� 5*$� SORW�� PDNLQJ� D�GHFLVLRQ� RQ� WKH� LOO�FRQGLWLRQHGQHVV� RI� WKH�FRQWURO�SUREOHP�PD\�EH�PLVOHDGLQJ�

)LJXUH��� _O��_�DV�D�IXQFWLRQ�RI�IUHTXHQF\
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��� ,OO�FRQGLWLRQHGQHVV� DQG� SURFHVV� JDLQ�GLUHFWLRQDOLW\7KH�FRPPRQ�GHILQLWLRQ�RI�DQ�LOO�FRQGLWLRQHG�SODQW� LV� WKDW� LW� KDV� D� PRGHO� ZLWK� D� ODUJH�FRQGLWLRQ�QXPEHU�� J ���7KH�FRQGLWLRQ�QXPEHU�LV�GHILQHG�DV�WKH�UDWLR�EHWZHHQ�WKH�ODUJHVW�DQG�VPDOOHVW� VLQJXODU� YDOXHV� � VV � �� RI� D� SURFHVV�PRGHO�� +RZHYHU�� WKH� FRQGLWLRQ� QXPEHU�GHSHQGV�RQ�WKH�VFDOLQJ�RI�WKH�SURFHVV�PRGHO��7KLV� SUREOHP� DULVHV� IURP� WKH� VFDOLQJ�GHSHQGHQF\� RI� WKH� 6LQJXODU� 9DOXH�'HFRPSRVLWLRQ� �69'��� 7R� HOLPLQDWH� WKH�HIIHFW� RI� VFDOLQJ�� WKH� PLQLPLVHG� FRQGLWLRQ�QXPEHU�� PLQJ �� LV� GHILQHG� DV� WKH� VPDOOHVW�SRVVLEOH� FRQGLWLRQ� QXPEHU� WKDW� FDQ� EH�DFKLHYHG� E\� YDU\LQJ� WKH� VFDOLQJ� �*URVGLGLHU�HW�DO����������,Q�PDWKHPDWLFDO�V\PEROV
��PLQ�� ���PLQ �� *66* 66 J J � ���

ZKHUH� �6 DQG� �6 DUH� UHDO�� GLDJRQDO� VFDOLQJ�PDWULFHV��7KH�FORVH�UHODWLRQVKLS�EHWZHHQ� PLQJDQG� 5*$� LV� SURSRVHG� E\� *URVGLGLHU� HW� DO����������)RU��î��V\VWHPV
������� ���PLQ �/�/ J *** � ���

ZKHUH�WKH���QRUP�RI�WKH�5*$�LV�GHILQHG�DV
¦ O / P
L LMM �� PD[ � ���

$FFRUGLQJ� WR� WKH� DERYH� UHODWLRQVKLS�� D� �î��V\VWHP�ZLWK�VPDOO�5*$�HOHPHQWV�DOZD\V�KDV�D� VPDOO� PLQJ �� ,Q� SDUWLFXODU�� LI� �� �� dOd WKH�PLQLPLVHG�FRQGLWLRQ�QXPEHU�LV�DOZD\V�HTXDO�WR�RQH��$�SURFHVV�PRGHO�ZLWK�D�ODUJH�VSDQ�LQWKH�SRVVLEOH�JDLQ�RI�WKH�PRGHO�LV�VDLG�WR�VKRZ�KLJK�GLUHFWLRQDOLW\�DQG�D�SURFHVV�PRGHO�ZLWK�

WKH� VPDOOHVW� VLQJXODU� YDOXH� HTXDO� WR� WKH�ODUJHVW� VLQJXODU� YDOXH� LV� VDLG� WR� VKRZ� QR�GLUHFWLRQDOLW\�� :DOOHU� HW� DO� ������� VXJJHVW�UHGHILQHG�GHILQLWLRQ�RI�SURFHVV�GLUHFWLRQDOLW\��7KH�GHILQLWLRQ�GLYLGHV�WKH�FRQFHSW�RI�SURFHVV�GLUHFWLRQDOLW\� LQWR� WZR� SDUWV�� 7KH�PLQLPLVHG�FRQGLWLRQ� QXPEHU� LV� FRQQHFWHG� WR� VWDELOLW\�DVSHFWV�� ZKHUHDV� WKH� FRQGLWLRQ� QXPEHU� RI� D�SURFHVV�PRGHO�VFDOHG�DFFRUGLQJ�WR�WKH�ZHLJKW�RI� WKH�YDULDEOHV� LV� FRQQHFWHG� WR�SHUIRUPDQFH�DVSHFWV�� +RZHYHU�� PHDVXULQJ� SURFHVV� JDLQ�GLUHFWLRQDOLW\� PD\� LQ� VRPH� FDVHV� EH�SUREOHPDWLF� �6KDKUDNL� DQG� 5D]]DJKL�� �������)LJXUH� �� VKRZV� WKH� ODUJHVW� DQG� VPDOOHVW�VLQJXODU� YDOXHV� DQG� FRQGLWLRQ�QXPEHU�RI� WKH�SURFHVV�PRGHO�DV�D�IXQFWLRQ RI�IUHTXHQF\��7KH�FRQGLWLRQ�QXPEHU�RI�WKH�SURFHVV�LV�DERXW���� WLPHV� ORZHU� DW� KLJK� IUHTXHQFLHV� WKDQ� DW�ORZ� IUHTXHQFLHV� �VWHDG\� VWDWH��� )LJXUH� ��D��UHSUHVHQWV� WKH� YDOXHV� RI� J DQG� PLQJ DV� D�IXQFWLRQ�RI� IUHTXHQF\��9DOXHV�RI� J DQG� PLQJPDWFK� HDFK� RWKHU� IURP� ORZ� WR� LQWHUPHGLDWH�IUHTXHQFLHV�� EXW� ��PLQ *J DSSURDFKHV� RQH� DW�KLJK� IUHTXHQFLHV�� )RU� �î�� V\VWHPV��*URVGLGLHU�HW�DO��������
�PLQPLQ� ����� /dJdJ�/ ** � ���

)LJXUH��� 6LQJXODU�YDOXHV�DQG�FRQGLWLRQ�QXPEHU�RI�WKH�SURFHVV�� VPD[�� VPLQ DQG� J�



5D]]DJKL��6KDKUDNL

,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9RO�����1R��� ��

&RQVHTXHQWO\��IRU��î��V\VWHPV�WKH�GLIIHUHQFH�EHWZHHQ� WKHVH� TXDQWLWLHV� LV� DW�PRVW� RQH� DQG�
�/ DSSURDFKHV� PLQJ DV� foJPLQ �� 6LQFH�
�/ LV�PXFK�HDV\�WR�FRPSXWH�WKDQ� PLQJ ��LW�LV�WKH�SUHIHUUHG�TXDQWLW\� WR�XVH�� ,Q�)LJXUH���E���ZH� SORW� PLQJ DQG� �/ DV� D� IXQFWLRQ� RI�IUHTXHQF\�� 7KH� YDOXH� RI PLQJ DW� ORZ�IUHTXHQFLHV� LV� DSSUR[LPDWHO\� WZLFH� �/ �� $W�KLJK� IUHTXHQFLHV�� ERWK� PLQJ DQG� �/DSSURDFK� RQH� �DIWHU� �� Z UDG�PLQ��� 7KLV� LV�LQ� DJUHHPHQW� ZLWK� WKH� UHVXOW� REWDLQHG� IURP�

��O �YV��IUHTXHQF\�SORW��)LJXUH�����6LQFH� PLQJLV�LQGHSHQGHQW�RI�VFDOLQJ��WKHUHIRUH�LW�LV�EHWWHU�WR� XVH� PLQJ LQVWHDG� RI� J ZKLFK� LV� VFDOH�GHSHQGHQW�
8QFHUWDLQW\�0RGHOV�IRU�'LVWLOODWLRQ�&ROXPQ)LJXUH� ��D�� VKRZV� D� EORFN� GLDJUDP� RI� D�GLVWLOODWLRQ� FROXPQ�ZLWK� UHODWHG� LQSXWV� �X��G��DQG� RXWSXWV� �\��\P��� ,Q�)LJXUH���E���ZH�KDYH�DGGHG� WZR� DGGLWLRQDO� EORFNV� WR� )LJXUH� ��D���2QH� LV� WKH�FRQWUROOHU�&��ZKLFK�FRPSXWHV� WKH�DSSURSULDWH� LQSXW�X EDVHG�RQ�WKH�LQIRUPDWLRQ�DERXW�WKH�SURFHVV��\P��DQG�WKH�RWKHU�EORFN��'��UHSUHVHQWV� WKH�PRGHO� XQFHUWDLQW\��7KH� DFWXDO�SODQW� LV� GLIIHUHQW� GHSHQGLQJ� RQ�'�� %DVHG� RQ�WKH� PHDVXUHPHQWV� \P�� WKH� REMHFWLYH� RI� WKH�FRQWUROOHU�& LV�WR�JHQHUDWH�LQSXWV�X WKDW�NHHS�WKH�RXWSXWV�\ DV�FORVH�DV�SRVVLEOH�WR�WKHLU�VHW�SRLQWV� LQ� VSLWH� RI� GLVWXUEDQFHV� G DQG�PRGHO�XQFHUWDLQW\� '�� 7KH� FRQWUROOHU� & LV� RIWHQ�QRQVTXDUH�� DV� WKHUH� DUH� XVXDOO\� PRUH�PHDVXUHPHQWV� WKDQ� PDQLSXODWHG� YDULDEOHV��)RU� WKH� GHVLJQ� RI� WKH� FRQWUROOHU� &� LQ�IRUPDWLRQ� DERXW� WKH� H[SHFWHG� PRGHO� XQ�FHUWDLQW\�VKRXOG�EH�WDNHQ�LQWR�DFFRXQW�8VXDOO\��WKHUH�DUH� WZR�PDLQ�ZD\V�IRU�DGGLQJ�XQFHUWDLQW\� WR� D� FRQVWUXFWHG�PRGHO�� DGGLWLYH�DQG� PXOWLSOLFDWLYH� XQFHUWDLQW\�� )LJXUH� ��F��UHSUHVHQWV� DGGLWLYH� XQFHUWDLQW\�� ,Q� WKLV� FDVH��WKH� SHUWXUEHG� SODQW� JDLQ��*S�� ZLOO� EH� '�* ��)LJXUH� ��G�� UHSUHVHQWV� PXOWLSOLFDWLYH� XQ�FHUWDLQW\�ZKHUH�WKH�SHUWXUEHG�SODQW�LV�HTXDO�WR��� '�,* �

�D�

�E�
)LJXUH� �� �D�� 3ORWV� RI� J DQG� JPLQ DV� D� IXQFWLRQ� RI�IUHTXHQF\�� J DQG� JPLQ����E��SORWV�RI� __�__� DQG�JPLQ DV�D�IXQFWLRQ�RI�IUHTXHQF\�� __�__� DQG� JPLQ�
5REXVW�3HUIRUPDQFH�DQG�5REXVW�6WDELOLW\7KH�REMHFWLYH�RI�XVLQJ�IHHGEDFN�FRQWURO�LV�WR�NHHS� WKH� FRQWUROOHG� RXWSXWV� �LQ� RXU� FDVH� '\DQG� %[ �� FORVH� WR� WKHLU� GHVLUHG� VHW� SRLQWV��:KDW� LV� PHDQW� E\� FORVH� LV� PRUH� SUHFLVHO\�GHILQHG� E\� WKH� SHUIRUPDQFH� VSHFLILFDWLRQV��7KHVH� SHUIRUPDQFH� UHTXLUHPHQWV� VKRXOG� EH�VDWLVILHG�LQ�VSLWH�RI�XQPHDVXUHG�GLVWXUEDQFHV�DQG� PRGHO�SODQW� PLVPDWFK� �XQFHUWDLQW\���&RQVHTXHQWO\�� WKH� XOWLPDWH� JRDO� RI� WKH�
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FRQWUROOHU� GHVLJQ� LV� WR� DFKLHYH� UREXVW�SHUIRUPDQFH� �53��� 7KH� SHUIRUPDQFH� VSHFL�ILFDWLRQ�VKRXOG�EH�VDWLVILHG�IRU�WKH�ZRUVW�FDVH�FRPELQDWLRQ�RI�GLVWXUEDQFHV�DQG�PRGHO�SODQW�PLVPDWFK��7R�FKHFN� IRU�53��ZH�ZLOO�XVH� WKH�VWUXFWXUHG�VLQJXODU�YDOXH��P���P RI�D�PDWUL[�1�GHQRWHG� ��1P �� LV� HTXDO� WR� ���� 'V ZKHUH���'V LV� WKH� PDJQLWXGH� RI� WKH� VPDOOHVW�SHUWXUEDWLRQ� QHHGHG� WR� PDNH� WKH� PDWUL[�1'�, VLQJXODU�� ��1P GHSHQGV�ERWK�RQ�WKH�PDWUL[� 1 DQG� RI� WKH� VWUXFWXUH� RI� WKH�

SHUWXUEDWLRQ� ' �6NRJHVWDG� DQG� 0RUDUL������D��� $VVXPH� WKDW� S* LV� WKH� SHUWXUEHG�SODQW�DQG�LV�JLYHQ�E\�
^ ` ���GLDJZLWK��  ' ''� LL,,S ** , �

����

)LJXUH��� �D��6FKHPDWLF� UHSUHVHQWDWLRQ� RI� GLVWLOODWLRQ� FROXPQ�IURP� V\VWHP�SRLQW�RI�YLHZ� �LQSXWV�DQG�RXWSXWV��� �E��JHQHUDO� VWUXFWXUH� IRU� VWXG\LQJ� DQ\� FRQWURO� SUREOHP�� �F�� DGGLWLYH� XQFHUWDLQW\��*S  � * �� '�� �G�� PXOWLSOLFDWLYHXQFHUWDLQW\��*S  �* �, ��'��
ZKHUH� ,' LV�LQSXW�XQFHUWDLQW\�ZHLJKW�DQG� L'LV�WKH�UHODWLYH�XQFHUWDLQW\�IRU�LQSXW�L � � L IRU�UHIOX[� UDWH� DV�PDQLSXODWHG� LQSXW� IRU� FRQWURO�RI�GLVWLOODWH�FRPSRVLWLRQ�DQG� � L IRU�ERLOXS�DV� PDQLSXODWHG� YDULDEOH� IRU� FRQWURO� RI�ERWWRP� SURGXFW� FRPSRVLWLRQ��� :H� ZLOO�FRQVLGHU�WKH�FDVH�ZKHQ�WKH�PDJQLWXGH�RI�WKLV�XQFHUWDLQW\� LV� HTXDO� IRU� ERWK� LQSXWV�� 7KH�UREXVW�VWDELOLW\�FDQ�DOVR�EH�FKHFNHG�XVLQJ�P��,Q�WKLV�FDVH

��Z�dP� ����56 561 � ����
ZKHUH� &*6Z1 , 56 �� ,Z LV� WKH� LQSXW�

XQFHUWDLQW\� ZHLJKW� DQG� 6 LV� WKH� VHQVLWLYLW\�IXQFWLRQ� RI� WKH� SODQW� DQG� LV� GHILQHG� DV���� �� *&6 , �� 7R� WHVW� IRU� QRPLQDO�SHUIRUPDQFH� �13� ZH� VLPSO\� FRPSXWH��� 6Z3V DV� D� IXQFWLRQ� RI� IUHTXHQF\�� ,W�VKRXOG�EH�OHVV�WKDQ�RQH�DW�DOO�IUHTXHQFLHV�RU�HTXLYDOHQWO\
��Z��� f ��13 6Z3 � ����

7R�REWDLQ�UREXVW�SHUIRUPDQFH��53���WKH�P RI�WKH�PDWUL[�153 VKRXOG�EH�OHVV�WKDQ�RQH�DW�DOO�IUHTXHQFLHV�RU
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��Z�dP� ����53 531 � ����
ZKHUH

¹̧·©̈§ 6Z6*Z &6Z&6*Z1 33 ,,53 � ����
DQG� 3Z LV� SHUIRUPDQFH� ZHLJKW�� P LV�FRPSXWHG� ZLWK� UHVSHFW� WR� WKH� VWUXFWXUH�`�^GLDJ 3, '' ZKHUH� ,' LV� D� �ë�� GLDJRQDO�PDWUL[�DQG� 3' LV�IXOO��ë��PDWUL[��
)RUPXODWLRQ�RI�WKH�&RQWURO�3UREOHP$QDO\VLQJ�WKH�HIIHFW�RI�XQFHUWDLQ�PRGHOV�RQ�DFKLHYDEOH� FORVHG�ORRS� SHUIRUPDQFH� DQG�GHVLJQLQJ� WKH� FRQWUROOHU� WR� SURYLGH� IRU�RSWLPDO� ZRUVW�FDVH� SHUIRUPDQFH� LQ� WKH� IDFH�RI� SODQW� XQFHUWDLQW\� DUH� WKH� PDLQ� IHDWXUHV�WKDW�PXVW�EH�FRQVLGHUHG�LQ�UREXVW�FRQWURO�RI�DQ�XQFHUWDLQ�V\VWHP��6NRJHVWDG�HW�DO���������UHFRPPHQGHG� D� JHQHUDO� JXLGHOLQH� IRU�PRGHOOLQJ� RI� XQFHUWDLQ� V\VWHPV�� $FFRUGLQJ�WR� WKLV�� WKUHH� W\SHV� RI� XQFHUWDLQW\� FDQ� EH�LGHQWLILHG��� 8QFHUWDLQW\� RI� WKH� PDQLSXODWHG�YDULDEOHV�ZKLFK�LV�UHIHUUHG�WR�DV�LQSXW�XQFHUWDLQW\��� 8QFHUWDLQW\� EHFDXVH� RI� WKH� SURFHVV�QRQOLQHDULW\��DQG�� 8QPRGHOOHG�KLJK�IUHTXHQF\�G\QDPLFV�DQG� XQFHUWDLQW\� RI� WKH� PHDVXUHG�YDULDEOHV� ZKLFK� LV� UHIHUUHG� WR� DV�RXWSXW�XQFHUWDLQW\�2QH� VRXUFH� RI� XQFHUWDLQW\� ZKLFK� DOZD\V�RFFXUV� LQ� SUDFWLFH� DQG� JHQHUDOO\� OLPLWV� WKH�FORVHG�ORRS¶V�DFKLHYDEOH�SHUIRUPDQFH�RI�WKH�SURFHVV�LV�LQSXW�XQFHUWDLQW\�ZKLFK�LV�WKH�RQO\�VRXUFH� RI� XQFHUWDLQW\� WKDW� LV� FRQVLGHUHG� LQ�WKLV�SDSHU�

���8QFHUWDLQW\ ± 7KH�ERXQGV�IRU�WKH�UHODWLYH�HUURUV� RI� WKH� FROXPQ� LQSXWV�X DUH�PRGHOOHG�LQ� WKH�IUHTXHQF\�GRPDLQ�E\�D�PXOWLSOLFDWLYH�XQFHUWDLQW\� ZLWK� WZR� IUHTXHQF\�GHSHQGHQW�HUURU� ERXQGV� ,Z �� 7KHVH� WZR� ERXQGV� DUH�FRPELQHG� LQ� WKH� GLDJRQDO�PDWUL[� ,,X Z:  ��,Q�WKLV�FDVH
> @��M� �M�X�M�:�M��M�Xa

,
X,�, ZLWKd� 

fZ' ZZZ'Z
����

7KH� YDOXH� RI� WKH� ERXQG� X: LV� DOPRVW� YHU\�VPDOO� IRU� ORZ� IUHTXHQFLHV� DQG� LQFUHDVHV�VXEVWDQWLDOO\� DV� ZH� JR� WR� KLJK� IUHTXHQFLHV��$Q� HUURU� ERXQG� RI� ���� IRU� WKH� ORZ�IUHTXHQF\� UDQJH� LV� FRQVLGHUHG� ZKLFK� LV�DFFHSWDEOH�LQ�D�SUDFWLFDO�VLWXDWLRQ��6NRJHVWDG�DQG� /XQGVWU|P�� ������� +LJKHU� HUURUV� PXVW�EH� DVVXPHG� LQ� WKH� KLJKHU� IUHTXHQF\� UDQJH��%HFDXVH� RI� XQFHUWDLQ� RU� QHJOHFWHG� KLJK�IUHTXHQF\�G\QDPLFV�RU�WLPH�GHOD\V��WKH�LQSXW�HUURU�H[FHHGV�������7KH�IROORZLQJ�ZHLJKW�LV�XVHG� DV� LQSXW� XQFHUWDLQW\� ZHLJKW� ZKLFK� LV�GHULYHG� E\� XVH� RI� WKH�PHWKRG� SUHVHQWHG� E\�6NRJHVWDG�DQG�/XQGVWU|P��������
���� ����� �� VVZ, � ����

7KH� ZHLJKW� LV� VKRZQ� JUDSKLFDOO\� DV� D�IXQFWLRQ�RI�IUHTXHQF\�LQ�)LJXUH ��
��� 3HUIRUPDQFH� ± )RU� UREXVW� SHUIRUPDQFH�ZH�PXVW�KDYH

3S3 Z&*,6 ������� � d�V V � ����
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)LJXUH� �� ,QSXW� XQFHUWDLQW\� ZHLJKW� _ZX � M&�_� DV� D�IXQFWLRQ�RI�IUHTXHQF\
IRU�DOO�SRVVLEOH�SODQWV�� S* ��7KH�SHUIRUPDQFH�ZHLJKW�LV�FKRVHQ�DV

VVZ3 �� ������ � � ����
ZKLFK� LV� REWDLQHG� E\� FODVVLFDO� IUHTXHQF\�GRPDLQ� VSHFLILFDWLRQV� SURSRVHG� E\�6NRJHVWDG�DQG�/XQGVWU|P��������
&RQWUROOHU�'HVLJQ&RQVLGHU� WKH� IHHGEDFN� FRQWURO� GLDJUDP� LQ�)LJXUH� ��E�� ZKHUH� WKH� HIIHFW� RI� LQSXW�XQFHUWDLQW\� LV� WDNHQ� LQWR�DFFRXQW�E\�XVLQJ�D�PXOWLSOLFDWLYH� XQFHUWDLQW\� '�� 7R DQDO\VHUREXVW� VWDELOLW\� RI� WKH� FRQWUROOHU� LQ� WKH� PIUDPHZRUN��RQH�PXVW�UHFDVW�WKH�SUREOHP�LQWR�WKH� IHHGEDFN� ORRS� GLDJUDP� RI� )LJXUH� ���ZKHUH� 1 LV� WKH� OLQHDU� V\VWHP� DQG� ' LV� D�VWUXFWXUHG� XQFHUWDLQW\�� 6XSSRVH� WKH� SHDN�YDOXH�RI� ��1P LV�E��WKHQ�IRU�DOO�SHUWXUEDWLRQ�PDWULFHV� ' ZLWK� WKH� DSSURSULDWH� VWUXFWXUH��L�H��� DQ\� '�''��� DQG� VDWLVI\LQJ�� � E�Z'VZ ����PD[ M �� WKH�SHUWXUEHG�V\VWHP�LV� VWDEOH� �%DODV� HW� DO��� ������� )RU� WKHSUHVHQWHG� V\VWHP�� D�GLDJRQDO�3,'�FRQWUROOHU�

EDVHG� RQ� LQWHUQDO� PRGHO� FRQWURO� �,0&���5LYHUD� HW� DO��� ������ LV� GHVLJQHG�� 2SWLPDO�VHWWLQJV� IRU� VLQJOH�ORRS� 3,'� FRQWUROOHUV� DUH�IRXQG� E\� PLQLPLVLQJ� 53P �SHDN� YDOXH� RI��� 531P ���,Q�DGGLWLRQ����RSWLPDO�FRQWUROOHU�LV�GHVLJQHG��VLQFH�LW�JLYHV�D�JRRG�LQGLFDWLRQ�RI�WKH� EHVW� SRVVLEOH� SHUIRUPDQFH� RI� D�FRQWUROOHU�

)LJXUH��� 7UDQVIRUPLQJ�SUREOHP�WR�JHQHUDO� IRUP� IRU�XVLQJ�LQ�WKH�P IUDPHZRUN
6LPXODWLRQ6LPXODWLRQV� DUH� FDUULHG� RXW� ZLWK� WKH�QRQOLQHDU� PRGHO� RI� WKH� FROXPQ� DQG� XVLQJ�VLQJOH�ORRS� FRQWUROOHUV�� ZKLFK� JHQHUDOO\� DUH�LQVHQVLWLYH� WR� VWHDG\�VWDWH� LQSXW� HUURUV��6NRJHVWDG�DQG�0RUDUL������D��� ,Q�DGGLWLRQ��LQSXW�XQFHUWDLQW\�LV�LQFOXGHG�WR�JHW�D�UHDOLVWLF�HYDOXDWLRQ�RI�WKH�FRQWUROOHU���
5HVXOWV7KH� SORWV� RI� WKH� VLQJXODU� YDOXHV� RI� WKH�VHQVLWLYLW\� IXQFWLRQV� ��� �� *&6 ,GHPRQVWUDWH� JRRG� GLVWXUEDQFH� UHMHFWLRQ�SURSHUWLHV�� ZKLFK� LQGLFDWH� WKH� FORVHG�ORRS�V\VWHP� LV� LQVHQVLWLYH� WR� XQFHUWDLQWLHV� LQ�LQSXWV��)LJXUH���D����7KH�WUDFNLQJ�SURSHUWLHV�RI�WKLV�FRQWUROOHU�DUH�DOVR�DGHTXDWH��ZKLFK�LV�LOOXVWUDWHG� E\� SORWV� RI� WKH� FRPSOHPHQWDU\�VHQVLWLYLW\� IXQFWLRQ�� 67 � , �)LJXUH���E����8S� WR� WKH�PLG�IUHTXHQF\�UDQJH�� WKH�VLQJXODU�YDOXHV�DUH�FORVH�WR�RQH�DQG�WKH�PD[LPXP�RI�WKH� XSSHU� VLQJXODU� YDOXHV� LV� VOLJKWO\� JUHDWHU�WKDQ�RQH�
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�E�
)LJXUH��� 6LQJXODU�YDOXHV�RI� WKH�FORVHG�ORRS�V\VWHP���D�� 6HQVLWLYLW\� IXQFWLRQ�� �E�� FRPSOHPHQWDU\�VHQVLWLYLW\ IXQFWLRQ

3,'�&RQWUROOHU�7XQLQJ7DEOH� �� VXPPDUL]HV� WKH� 3,'� FRQWUROOHU�VHWWLQJ�WKDW�LV�XVHG�IRU�WKH�FROXPQ��)LJXUH���VKRZV� P�SORWV� RI� WKH� FRQWUROOHU�� )URP� D�PD[LPXP� SHDN�YDOXH� SRLQW� RI� YLHZ�� LW� LV�VHHQ� WKDW� ERWK� UREXVW� DQG� QRPLQDO�SHUIRUPDQFH� SORWV� DUH� OHVV� WKDQ� RQH� ZKLFK�VDWLVI\�WKH�VSHFLILHG�FULWHULD�

6LPXODWLRQV6LPXODWLRQV�RI�D�VHW�SRLQW�FKDQJH�LQ�\' XVLQJ�WKH� 3,'� DQG� ��RSWLPDO� FRQWUROOHUV� DUH�VKRZQ�LQ�)LJXUHV����DQG�����UHVSHFWLYHO\��$V�LW� LV� VHHQ�� WKH� LQWURGXFHG�XQFHUWDLQW\�GR�QRW�VHULRXVO\� DIIHFW� WKH� SHUIRUPDQFH� RI� WKH� ��RSWLPDO� FRQWUROOHU�� ZKLOH� IRU� WKH� 3,'�FRQWUROOHU��WKH�HIIHFW�RI�XQFHUWDLQWLHV LV�PRUH�UDWKHU� WKH���RSWLPDO� FRQWUROOHU�� ,W� VKRXOG�EH�QRWHG�WKDW�WKH�UHIHUHQFH�VLJQDO�LV�ILOWHUHG�E\�D�SUHILOWHU� ZLWK� D� WLPH� FRQVWDQW� RI� �� PLQ�� ,Q�)LJXUH�����WKH�FORVHG�ORRS�UHVSRQVH�IRU�ERWK�FRQWUROOHUV� LV� VKRZQ� VLPXOWDQHRXVO\��$V� WKH�ILJXUH� VKRZV�� WKH� 3,'� FRQWUROOHU� QHHGV�FRQVLGHUDEO\� PRUH� WLPHV� WR� UHDFK� VWHDG\�VWDWH� WKDQ� WKH� ��RSWLPDO� FRQWUROOHU�� 7KLV� LV�GXH� WR� WKH� KLJK� ��YDOXH� RI� 13� DW� ORZHU�IUHTXHQFLHV�IRU�WKH�3,'�FRQWUROOHU�FRPSDUHG�ZLWK�WKH���RSWLPDO�FRQWUROOHU �������IRU�3,'�FRQWUROOHU� DQG� ������ IRU� ��RSWLPDOFRQWUROOHU��

)LJXUH� �� � SORWV� IRU� 3,'� FRQWUROOHU�� 5REXVW�3HUIRUPDQFH�� QRPLQDO�3HUIRUPDQFH
'LVFXVVLRQ7KH� VWUXFWXUHG� VLQJXODU� YDOXH� LV� XVHG� WR�LQYHVWLJDWH� WKH� UREXVW� SHUIRUPDQFH� RI� WKH�3,'� FRQWUROOHU�� 7KH� FRQWURO� SUREOHP�
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IRUPXODWLRQ� XVHG� LQ� WKLV� SDSHU� XWLOL]HVZHLJKWHG�LQSXW�XQFHUWDLQW\��7KH�LQFOXVLRQ�RI�LQSXW�XQFHUWDLQW\�SUHYHQWV�WKH�FRQWURO�V\VWHP�
IURP�EHFRPLQJ�VHQVLWLYH� WR�GLVWXUEDQFHV��DV�PD\�KDSSHQ�ZLWK�LQYHUWLQJ�FRQWUROOHUV�

7DEOH��� ��RSWLPDO�3,'�FRQWUROOHU�WXQLQJVN W, �PLQ� W' �PLQ�
7RS�FRPSRVLWLRQ�FRQWURO�ORRS ���� ���� ����
%RWWRP�FRPSRVLWLRQ�FRQWURO�ORRS ���� ���� ����

)LJXUH� ��� &ORVHG�ORRS� UHVSRQVH� WR� VPDOO� VHW�SRLQW�FKDQJH� LQ� \' �3,'� FRQWUROOHU��� 1R� XQFHUWDLQW\������XQFHUWDLQW\�RQ�LQSXW
7KH� VROXWLRQ� RI� WKH� SUREOHP� OHDGV� WR� WKH�LQHTXDOLW\� RI� (T�� ������ 7KH� QXPHULFDO�VROXWLRQ� RI� WKLV� GHVLJQ� WDVN� LV� GLIILFXOW�� $W�SUHVHQW�� WKHUH� LV� QR� GLUHFW� PHWKRG� WR�V\QWKHVLVH� D� P�RSWLPDO� FRQWUROOHU�� KRZHYHU��FRPELQDWLRQ� RI� P�DQDO\VLV� DQG� +f�V\QWKHVLV�ZKLFK� FDOOHG� P�V\QWKHVLV� RU� '.�LWHUDWLRQ��RIWHQ�\LHOGV�JRRG�UHVXOWV��7KLV�DOJRULWKP�KDV�WZR�GUDZEDFNV��)LUVWO\��WKH�DOJRULWKP�FDQQRW�JXDUDQWHH� FRQYHUJHQFH�� DQG� VHFRQGO\�� WKH�DOJRULWKP� UHTXLUHV� D� VFDOLQJ� RI� WKH� SODQW� LQ�HDFK�LWHUDWLRQ�VWHS��ZKLFK�LQFUHDVHV�WKH�RUGHU�RI�WKH�SODQW�

)LJXUH� ��� &ORVHG�ORRS� UHVSRQVH� WR� VPDOO� VHW�SRLQW�FKDQJH� LQ� \' ���RSWLPDO� FRQWUROOHU��� 1R�XQFHUWDLQW\�� ����XQFHUWDLQW\�RQ�LQSXW
7KH�� DQDO\VLV�DGYDQWDJHRXVO\�DYRLGV�GHDOLQJ�H[SOLFLWO\�ZLWK�WKH�EDG�FRQGLWLRQ�RI�WKH�SODQW��:LWK� WKH���DSSURDFK�� WKH�XSSHU� OLPLW� IRU� WKH�EDQGZLGWK� RI� WKH� FRQWURO� V\VWHP� LV�SURYLGHG�E\� WKH�XQFHUWDLQW\�PRGHO��ZKHUHDV� WKH� ORZHU�OLPLW� LV�D�PDWWHU�RI�RSWLPL]DWLRQ����V\QWKHVLV�LV� LGHDOO\� VXLWHG� WR� GHDO� ZLWK� FRPSOH[�XQFHUWDLQW\� PRGHOV� ZKLFK� WDNH LQWR� DFFRXQW�VXFK� DVSHFWV� DV� YDULRXV� RSHUDWLQJ� SRLQWV�� $�GLIILFXOW\� WKDW� RQH� PD\� HQFRXQWHU� LQ� WKH�V\QWKHVLV� RI� WKH� FRQWUROOHU� LV� KLJK�FRPSXWDWLRQ� WLPH�� EHFDXVH� WKH� � DSSURDFK�UHTXLUHV�VFDOLQJ�LQ�HDFK�LWHUDWLRQ�
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)LJXUH�����&ORVHG�ORRS�UHVSRQVH�WR�D�����LQFUHDVH�LQ�IHHG� IORZ� UDWH� �LQFOXGLQJ� LQSXW� XQFHUWDLQW\��� ��RSWLPDO�FRQWUROOHU�� 3,'�FRQWUROOHU
,Q� WKLV� SDSHU�� WKH� /9�FRQILJXUDWLRQ� LV� XVHG��7KH� XVH� RI� WKLV� FRQILJXUDWLRQ� IRU� FROXPQV�ZLWK� D� KLJK� FRQGLWLRQ� QXPEHU� PD\� EH�GRXEWIXO�� EXW� XQGHU� VSHFLDO� FRQVLGHUDWLRQV��WKLV� FRQILJXUDWLRQ� PD\� \LHOG� DFFHSWDEOH�SHUIRUPDQFH�� ,Q� DGGLWLRQ�� VHYHUH� LQWHUDFWLRQV�DQG�SRRU�FRQWURO�RIWHQ�UHSRUWHG�ZLWK�WKH�/9�FRQ�ILJXUDWLRQ� PD\� EH� DOPRVW� HOLPLQDWHG� LI�WKH� ORRSV� DUH� WXQHG� VXIILFLHQWO\� WLJKW��+RZHYHU�� WKLV� GRHV� QRW� LPSO\� WKDW� WKH� /9�FRQILJXUDWLRQ� LV� WKH� EHVW� VWUXFWXUH� WR� XVH��6KLQVNH\� ������� VKRZHG� WKDW� WKH� XVH� RI� WKH��/�'��9�%��FRQILJXUDWLRQ� LV� SUREDEO\� EHWWHU�LQ�PRVW� FDVHV�� DQG� LQ� SDUWLFXODU� IRU� FROXPQV�ZLWK�ODUJH�UHIOX[�
&RQFOXVLRQ)RU� WKH�GHVLJQ�RI� WKH�P�RSWLPDO�FRQWUROOHU�� D�VWUXFWXUHG� XQFHUWDLQW\� PRGHO� KDV� EHHQ�GHYHORSHG�ZKLFK�GHVFULEHV�WKH�G\QDPLFV�RI�DKLJK�SXULW\� GLVWLOODWLRQ� FROXPQ� IRU� WKH� HQWLUH�RSHUDWLQJ� UDQJH�� 7KH� VWUXFWXUHG� VLQJXODU�YDOXH� �P�� ZDV� XVHG� DV� D� WRRO� IRU� HYDOXDWLQJ�WKH� DFKLHYDEOH� FRQWURO� SHUIRUPDQFH� DQG�SHUIRUPDQFH�ZDV�GHILQHG�LQ�WHUPV�RI�WKH�+f�

QRUP� RI� WKH� ZHLJKWHG� VHQVLWLYLW\� IXQFWLRQ��6Z3 �� $� GLDJRQDO� 3,'� FRQWUROOHU� ZDV� IRXQG�WR� EH� UREXVW� ZLWK� UHVSHFW� WR� PRGHO�SODQW�PLVPDWFK� DOVR� VLPXODWLRQ� UHVXOWV� GHPRQ�VWUDWHG JRRG� GLVWXUEDQFH� UHMHFWLRQ� FDSDELOLW\�RI�WKH�GHVLJQHG�FRQWUROOHU�
1RPHQFODWXUH% %RWWRP�SURGXFW�UDWH& &RQWUROOHUG 'LVWXUEDQFH' 'LVWLOODWH�UDWH) )HHG�UDWH* 3URFHVV�JDLQ�PDWUL[, ,GHQWLW\�PDWUL[N &RQWUROOHU�JDLQ/ 5HIOX[�UDWHQ 1XPEHU�RI�WUD\V�LQ�WKH�FROXPQ��17 ± ��1 /LQHDU�V\VWHP�PDWUL[17 1XPEHU�RI�WKHRUHWLFDO�WUD\V1) )HHG�WUD\6 6HQVLWLYLW\�IXQFWLRQX 3URFHVV�LQSXW��PDQLSXODWHG�YDULDEOH�9 9DSRXU�ERLOXS�UDWHZ :HLJKWLQJ�IXQFWLRQ[% %RWWRP�FRPSRVLWLRQ\ 3URFHVV�RXWSXW��FRQWUROOHG�YDULDEOH�\' 'LVWLOODWH�FRPSRVLWLRQ\P 0HDVXUHG�YDULDEOH]) )HHG�FRPSRVLWLRQ__�__� ��QRUP�RI����__�__f f�QRUP�RI����
*UHHN�OHWWHUVD 5HODWLYH�YRODWLOLW\E 3HDN�YDOXH�RI�PJ &RQGLWLRQ�QXPEHU' 8QFHUWDLQW\�PDWUL['' 6HW�RI�DOO�SRVVLEOH�XQFHUWDLQWLHVO (OHPHQW�RI�WKH�5*$/ 5HODWLYH�JDLQ�DUUD\��5*$�P 6WUXFWXUHG�VLQJXODU�YDOXHV 6LQJXODU�YDOXHW 7LPH�FRQVWDQWZ )UHTXHQF\
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6XEVFULSWV' 'HULYDWLYH, ,QSXW��,QWHJUDOPLQ 0LQLPLVHGS 3HUWXUEHG3 3HUIRUPDQFH6XSHUVFULSW7 7UDQVSRVH5HIHUHQFHV�� %DODV�� *�� -��� 'R\OH�� -�� &��� *ORYHU�� .�� $���3DFNDUG��.���DQG�6PLWK��5���³7KH�P�$QDO\VLV�DQG� 6\QWKHVLV� 7RROER[�´� 7KH� 0DWK:RUNV�,QF���1DWLFN��0$������������ %ULVWRO�� (�� +��� ³2Q� D� QHZ� PHDVXUH� RI�LQWHUDFWLRQV� IRU� PXOWLYDULDEOH� SURFHVV�FRQWURO�´� ,(((� 7UDQVDFWLRQV� RQ� $XWRPDWLF�&RQWURO��$&������������������ &KULVWHQ��8���0XVFK��+��(���DQG�6WHLQHU��0���³5REXVW� FRQWURO� RI� GLVWLOODWLRQ� FROXPQV�� ��YV�� +��V\QWKHVLV�´� -RXUQDO� RI� 3URFHVV�&RQWURO�������������������� 'R\OH�� -��&��� ³$QDO\VLV� RI� IHHGEDFN� V\VWHPV�ZLWK� VWUXFWXUHG� XQFHUWDLQWLHV�´� ,((�3URFHHGLQJV����������������������� *HRUJLRX��$���*HRUJDNLV��&���DQG�/X\EHQ��:��/��� ³1RQOLQHDU� G\QDPLF� PDWUL[� FRQWURO� IRU�KLJK�SXULW\� GLVWLOODWLRQ� FROXPQV�´� $�,�&K�(��-RXUQDO���������������������� *M¡V WHU��2��%���DQG�)RVV��%��$���³2Q�WKH�XVH�RI�GLDJRQDO�FRQWURO�YHUVXV�GHFRXSOLQJ�IRU�LOO �FRQGLWLRQHG� SURFHVVHV�´� $XWRPDWLFD�� �������������������� *URVGLGLHU�� 3���0RUDUL��0��� DQG�+ROW��%��5���³&ORVHG�ORRS� SURSHUWLHV� IURP� VWHDG\�VWDWH�JDLQ� LQIRUPDWLRQ�´� ,QGXVWULDO� DQG� (Q�JLQHHULQJ� &KHPLVWU\� 5HVHDUFK �� ���� ������������� +XURZLW]�� 6���$QGHUVRQ�� -���'XYDOO��0��� DQG�5LJJV�� -�� %��� ³'LVWLOODWLRQ� FRQWURO�FRQILJXUDWLRQ� VHOHFWLRQ�´� -RXUQDO� RI�3URFHVV�&RQWURO������������������� 0F'RQDOG�� .�� $��� 3DOD]RJOX�� $��� DQG� %HT�XHWWH�� %�� :��� ³,PSDFW� RI� PRGHO� XQFHUWDLQW\�GHVFULSWLRQV� IRU� KLJK�SXULW\� GLVWLOODWLRQ�FRQWURO�´� $�,�&K�(� -RXUQDO� �������� ������������

��� 5LYHUD��'��(���0RUDUL��0���DQG�6NRJHVWDG��6���³,QWHUQDO� PRGHO� FRQWURO�� ��� 3,'� FRQW�UROOHU�GHVLJQ�´� ,QGXVWULDO�DQG�(QJLQHHULQJ�3URFHVV�'HVLJQ�DQG�'HYHORSPHQW �������������������� 6KDKUDNL�� )��� DQG� 5D]]DJKL�� .��� ³2Q� D�SUREOHP�UHJDUGLQJ�SURFHVV�JDLQ�GLUHFWLRQDOLW\�HUURU� PHDVXUHV�´� 7KH� ��WK &DQDGLDQ�&KHPLFDO�(QJLQHHULQJ�&RQIHUHQFH ��7RURQWR��2QWDULR��'HFHPEHU������������������ 6KLQ�� -���6HR��+���+DQ��0���DQG�3DUN��6��� ³$�QRQOLQHDU� SURILOH� REVHUYHU� XVLQJ� WUD\�WHPSHUDWXUHV� IRU� KLJK�SXULW\� ELQDU\�GLVWLOODWLRQ� FROXPQ� FRQWURO�´� &KHPLFDO� (Q�JLQHHULQJ�6FLHQFH �������������������� 6KLQVNH\�� )�� *��� ³'LVWLOODWLRQ� &RQWURO�´� �QGHG���0F*UDZ�+LOO��1HZ�<RUN������������ 6NRJHVWDG�� 6��� DQG� /XQGVWU|P�� 3��� ³0X�RSWLPDO� /9�FRQWURO� RI� GLVWLOODWLRQ� FROXPQV�´�&RPSXWHUV� DQG� &KHPLFDO� (Q�JLQHHULQJ������������������������� 6NRJHVWDG�� 6��� DQG� 0RUDUL�� 0��� ³&RQWURO�FRQILJXUDWLRQ� VHOHFWLRQ� IRU� GLVWLOODWLRQ�FROXPQV�´ $�,�&K�(�� -RXUQDO�� �������� ��������������� 6NRJHVWDG�� 6��� DQG� 0RUDUL�� 0��� ³/9�FRQWURO�RI� D� KLJK�SXULW\� GLVWLOODWLRQ� FROXPQ�´&KHPLFDO� (QJLQHHULQJ� 6FLHQFH �� ������� �������D����� 6NRJHVWDG�� 6��� DQG� 0RUDUL�� 0���³8QGHUVWDQGLQJ� WKH� G\QDPLF� EHKDYLRU� RI�GLVWLOODWLRQ�FROXPQV�´� ,QGXVWULDO�DQG�(QJLQH�HULQJ�&KHPLVWU\�5HVHDUFK ����������������E����� 6NRJHVWDG��6���0RUDUL��0���DQG�'R\OH�� -��&���³5REXVW� FRQWURO� RI� LOO�FRQGLWLRQHG� SODQWV��KLJK�SXULW\�GLVWLOODWLRQ�´� ,(((�7UDQV�DFWLRQV�RQ�$XWRPDWLF�&RQWURO ��������������������� 6NRJHVWDG�� 6���/XQGVWU|P��3��� DQG� -DFREVHQ��(��:���³6HOHFWLQJ�WKH�EHVW�GLVWLOODWLRQ�FRQWURO�FRQILJXUDWLRQ�´�$�,�&K�(��-RXUQDO� ��������������������� :DOOHU��-��%���6nJIRUV��0��)���DQG�:DOOHU��.��(��� ³,OO�FRQGLWLRQHGQHVV� DQG� SURFHVV�GLUHFWLRQDOLW\±7KH�XVH�RI�FRQGLWLRQ�QXPEHUV�LQ� SURFHVV� FRQWURO�´� 3URFHHGLQJV� RI� ,)$&�6\PSRVLXP��.\RWR��-DSDQ�������������


