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6,08/$7,21�DQG�&2',1*�VNLOOV��WKH�LPSURYHG�JUDSK�LV�REWDLQHG� 7KH�FRQYHUJHQFH�RI�WKH�
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PRWLRQ��

7\SHV�RI�DFWXDWRUV�± K\GUDXOLF��SQHXPDWLF��HOHFWULF�HWF�

(OHFWULF�YDOYH�DFWXDWRU�FRQWUROOLQJ�D�KDOI�QHHGOH�YDOYH�LV�DQ�H[DPSOH�RI�VXFK�V\VWHPV�

��� 8QGHUDFWXDWHG�6\VWHP

$� V\VWHP� ZKLFK� LV� QRW� FRPPDQGHG� WR� IROORZ� DUELWUDU\� WUDMHFWRULHV� LQ� DQ\� JLYHQ�

FRQILJXUDWLRQ�VSDFH�FDQ�EH�XQGHUVWDQGDEOH�DV�DQ�XQGHUDFWXDWHG�V\VWHP��LQ�RWKHU�ZRUGV�ZH�FDQ�
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WR� EH� FRQWUROOHG��8QGHUDFWXDWHG� V\VWHPV� KDYH� LPSRUWDQW� DSSOLFDWLRQV� OLNH� IUHH�IO\LQJ� VSDFH�

URERWV�� XQGHUZDWHU� URERWV�� VXUIDFH� YHVVHOV�� PDQLSXODWRUV� ZLWK� VWUXFWXUDO� IOH[LELOLW\�� HWF�� >�@�

7KH\� DUH�XVHG� IRU� UHGXFLQJ�ZHLJKW�� FRVW� RU� HQHUJ\� FRQVXPSWLRQ��ZKLOH� VWLOO�PDLQWDLQLQJ�DQ�

DGHTXDWH� GHJUHH� RI� GH[WHULW\� ZLWKRXW� UHGXFLQJ� WKH� UHDFKDEOH� FRQILJXUDWLRQ� VSDFH�� 725$�

V\VWHP�DOVR�LQFOXGHV�LQ�VXFK�FDWHJRU\�RI�DSSOLFDWLRQV��6RPH�RWKHU�DGYDQWDJHV�RI�XQGHUDFWXDWHG�

V\VWHP�LQFOXGH�WROHUDQFH�IRU�IDLOXUH�RI�DFWXDWRUV��>�@��>�@

&RQWURO� UHVHDUFKHUV� KDYH� JLYHQ� FRQVLGHUDEOH� DWWHQWLRQ� WR� PDQ\� H[DPSOHV� RI� FRQWURO�

SUREOHPV�DVVRFLDWHG�ZLWK�XQGHUDFWXDWHG�PHFKDQLFDO�V\VWHPV�DQG�GLIIHUHQW�FRQWURO�VWUDWHJLHV�

KDYH� EHHQ� SURSRVHG�� 8VH� RI� GHFRXSOLQJ� DOJRULWKP� WR� GHVLJQ� WKH� GLIIHUHQW� FRQWUROOHUV� IRU�

XQGHUDFWXDWHG�V\VWHPV�KDV�JLYHQ�VDWLVILHG�UHVXOWV�LQ�UHVHDUFKHV��>�@

��� &RXSOLQJ�RI�D�6\VWHP

7KH�GLIIHUHQWLDO� HTXDWLRQ�ZLWK� WZR�GHSHQGDQW�DQG�RQH� LQGHSHQGHQW�YDULDEOH�ZLOO� IRUP�D�

FRXSOHG�V\VWHP�

ݔ݀

ݐ݀
ൌ ݔܽ ൅ ݕܾ

:KHUH��

D�	�E�DUH�FRQVWDQW�

,I�WLPH�YDULDWLRQ�
ௗ௫

ௗ௧
RI�݅௧௛ VWDWH�LV�GHSHQGHQW�RI�WKH�VWDWHV�RWKHU�WKDQ�WKLV�݅௧௛ VWDWH RI�DQ\�

FRXSOHG�V\VWHP��WKLV�ZLOO�EH�NQRZQ�DV�WKH�FRXSOLQJ�RI�WKH�V\VWHP��,Q�D�FRXSOHG�V\VWHP��LI�ZH�

WU\�WR�FKDQJH�WKH�SDUDPHWHUV�RI�RQH�V\VWHP��LW�ZLOO�FDXVH�FKDQJH�LQWR�WKH�SDUDPHWHUV�RI�RWKHU�

V\VWHPV�DOVR�L�H��LW�LV�FRQILUPHG�WKDW�SDUDPHWHUV�RI�ERWK�V\VWHPV�DUH�LQWHUUHODWHG�LQ�RQH�RU�PRUH�

WKDQ�RQH�ZD\V�
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��� 'HFRXSOLQJ�RI�D�6\VWHP

,I��RQH�RU�PRUH�WKDQ�RQH�V\VWHP�DUH�DEOH�WR�SURGXFH�DQ\�WUDQVHFWLRQ�ZLWKRXW�EHLQJ�DFWXDOO\�

FRQQHFWHG�RU�FRXSOHG��WKH�WHFKQLTXH�ZLOO�EH�NQRZQ�DV�GHFRXSOLQJ�RI�WKH�V\VWHP��,I�ZH�PDNH�

WKH�݅௧௛ VWDWH�RI�DQ\�FRXSOHG�V\VWHP�
ௗ௫

ௗ௧
LQGHSHQGHQW�RI�WKH�VWDWHV�RWKHU�WKDQ�WKLV�݅௧௛ VWDWH�WKHQ�ZH�

ZLOO�VD\�WKDW�WKH�GHFRXSOLQJ�RI�D�V\VWHP�LV�SHUIRUPHG�

,Q�VLPSOH�ZRUGV��GHFRXSOHG�V\VWHP�ZLOO�DOZD\V�DOORZ�FKDQJHV�WR�EH�PDGH�WR�DQ\�RQH�V\VWHP�

ZLWKRXW�DFWXDOO\�GLVWXUELQJ�DQ\�RWKHU�V\VWHP�

��� 6OLGLQJ�0RGH�&RQWUROOHU��60&�

$Q�LPSRUWDQW�WHFKQLTXH�XVHG�LQ�FRQWURO�V\VWHPV�VXEMHFW�WR�SDUDPHWHU�XQFHUWDLQW\�LV�VOLGLQJ�

PRGH�FRQWURO��60&���7KLV�PHWKRG�DOWHUV�WKH�G\QDPLFV�RI�D�QRQ�OLQHDU�V\VWHP�DQG�IRUFHV�WKH�

V\VWHP�WR�VOLGH�DORQJ�D�FURVV�VHFWLRQ�RI�V\VWHP¶V�QRUPDO�EHKDYLRXU��7KH�VWDWH�IHHGEDFN�FRQWURO�

ODZ� LV� QRW� FRQVLGHUHG� WKH� FRQWLQXRXV� IXQFWLRQ� ZLWK� UHVSHFW� WR� WLPH�� ,W� VZLWFK� IURP� RQH�

FRQWLQXRXV� VWUXFWXUH� WR� DQRWKHU�� 7KDW¶V�ZK\� 60&� LV� DOVR� FDOOHG� YDULDEOH� VWUXFWXUDO� FRQWURO�

PHWKRG��96&��

9DULDEOH�VWUXFWXUDO�FRQWURO�PHWKRG��96&��ZLWK�VOLGLQJ�PRGH�FRQWURO�ZDV�LQLWLDOO\�SURSRVHG�

DQG�HODERUDWHG�LQ�WKH�6RYLHW�8QLRQ�LQ�HDUO\�����V�E\�(PHO\DQRY�DQG�VHYHUDO�FR�UHVHDUFKHUV�

VXFK�DV�8WNLQV�DQG�,WNLV�>�@��,Q�WKH�FRQWURO�UHVHDUFK�FRPPXQLW\��FRQVLGHUDEOH�LQWHUHVW�RQ�96&�

DQG�60&�KDYH�EHHQ�GHYHORSHG�DPRQJ�WKH�FRQWURO�UHVHDUFKHUV�

0RUH�WKDQ�RQH�FRQWURO�VWUXFWXUHV�DUH�GHVLJQHG�LQ�RUGHU�WR�PRYH�WKH�WUDMHFWRULHV�WRZDUGV�WKH�

DGMDFHQW�UHJLRQ�ZLWK�D�GLIIHUHQW�FRQWURO�VWUXFWXUH��60&�LV�D�UREXVW�FRQWURO�DOJRULWKP�ZKLFK�FDQ�

LQLWLDWLYHO\�FKDQJH�WKH�FRQWURO�VWUXFWXUH�WR�REWDLQ�WKH�RXWSXW�RI�GHVLUH�

7KLV�PRWLRQ�RI�V\VWHPV��DV�WKH\�VOLGHV�DORQJ�WKH�ERXQGDULHV�LV�NQRZQ�DV�VOLGLQJ�PRGH�DQG�

ORFXV�RI�WKH�ERXQGDULHV�ORQJ�ZKLFK�V\VWHP�VOLGHV��LV�FDOOHG�VOLGLQJ�VXUIDFH�

60&�KDV�EHHQ�DSSOLHG�WR�PDQ\�QRQ�OLQHDU�V\VWHPV��0,02�V\VWHPV��GLVFUHWH�WLPH�PRGHOV��

V\VWHPV�ZLWK� LQILQLWH�GLPHQVLRQV�RI� ODUJH�VFDOH��DQG�DOVR� WR�VWRFKDVWLF�V\VWHPV�� ,W� LV�PRVWO\�
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OLNHG�E\�UHVHDUFKHUV�EHFDXVH�LW�LV�FRPSOHWHO\�LQVHQVLWLYH�WR�SDUDPHWULF�XQFHUWDLQW\�DQG�H[WHUQDO�

GLVWXUEDQFHV�GXULQJ�VOLGLQJ�PRGH�>��@�

/HW�XV�FRQVLGHU�D�VOLGLQJ�VXUIDFH�

V ܿଵ݁ଵ ൅ ܿଶ݁ଶ൅ܿଷ݁ଷ ൅ ݁ସ

�WKLV�HTXDWLRQ�LV�IXUWKHU�GHDOW�ZLWK�LQ�FKDSWHU���

:KHUH��

ܿଵǡ ܿଶ Ƭ ܿଷ DUH�SRVLWLYH�FRQVWDQW�

݁ଵǡ ݁ଶǡ ݁ଷƬ݁ସ DUH�HUURU�HTXDWLRQV�

7KHQ��

6OLGLQJ�VXUIDFH�LV�FDOOHG�DWWUDFWLYH�LQ�QDWXUH�LI�

Vݏሶ��

�WKLV�LV�WKH�FRPSXOVRU\�VDWLVILHG�HTXDWLRQ�LQ�60&�

7KH�YDULHW\�RI�DSSOLFDWLRQ�RI�WKLV�PHWKRG�LV�YHU\�ZLGH�GXH�WR�LWV�UREXVWQHVV��DVVRFLDWHG�WR�

GLVWXUEDQFH� UHMHFWLRQ� FDSDFLW\� DQG� VLPSOLFLW\� >�@�� 60&� LV� D� UREXVW�PHWKRG� IRU� WKH� V\VWHPV�

ZKLFK�SRVVHVVHV�VRPH�QRQ�OLQHDULW\�RZLQJ�WR�G\QDPLF�UHVSRQVH�DQG�LV�EHLQJ�XVHG�LQ�FRQYHUWHUV�

IRU�PDQ\�\HDUV�>�@��60&�EDVHG�FRQWUROOHU�WHFKQLTXH�LV�DSSOLHG�WR�EXFN�ERRVW�DQG�&XN�FRQYHUWHU�

FLUFXLWV�LQ�>�������@�

��� 1RQ�/LQHDU�7UDQVODWLRQDO�2VFLOODWRU�ZLWK�5RWDWLRQDO�$FWXDWRUV

$�725$�V\VWHP�FRQVLVWV�RI�RQH�XQDFWXDWHG�WUDQVODWLRQDO�FDUW�DQG�RQH�DFWXDWHG�URWRU��7KLV�

V\VWHP�ZDV� RULJLQDOO\� VWXGLHG� DV� WKH� VLPSOLILHG�PRGHO� IRU� WKH� GXDO�VSLQ� VSDFH� FUDIW� IRU� WKH�

LQYHVWLJDWLRQ� RI� WKH� UHVRQDQFH� FDSWXUH� SKHQRPHQRQ�� $IWHU� WKDW�� LW� ZDV� VWXGLHG� IRU� WKH�

LQYHVWLJDWLRQ� RI� WKH� XWLOLW\� RI� WKH� URWDWLRQDO� SURRI�PDVV� DFWXDWRU� IRU� WKH� VWDELOL]DWLRQ�

WUDQVODWLRQDO�PRWLRQ�

7KH�FDUW�LV�DOORZHG�WR�KDYH�RQH�GLPHQVLRQDO�WUDYHO��7KH�PRWLRQ�RFFXUV�LQ�WKH�KRUL]RQWDO�

SODQH��DORQJ�ZLWK�WKH�[�D[LV��:KLFK�PDNHV�QR�JUDYLWDWLRQDO�IRUFH�WR�EH�FRQVLGHUHG�ZKLOH�WKH�
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725$�V\VWHP�LV�LQ�DFWLRQ��7KH�GHWDLOHG�)LJXUH�ZLWK�GHWDLOHG�GHVFULSWLRQ�LV�VKRZQ�ODWHU�RQ�LQ�

)LJ���RI�WKLV�GLVVHUWDWLRQ�

5REHUW�7��%XSS�JDYH�WKH�JHQHUDO�PRGHO�RI�725$�VR�WKDW�DQ\�FRQWURO�VWUDWHJ\�IRU�WKLV�V\VWHP�

PD\� EH� DSSOLHG� RQ� WKDW� EHQFKPDUN�PRGHO� >��@�� 7KLV� V\VWHP� LV� RQH� RI� WKH� EHQFKPDUNV� RI�

XQGHUDFWXDWHG�PHFKDQLFDO V\VWHP��ZKLFK�LV�XVXDOO\�XVHG�WR�YHULI\�WKH�FRQWURO�GHVLJQ�WHFKQLTXHV�

IRU�QRQOLQHDU�V\VWHPV��

5�7�� %XSS� SURSRVHG� WKH� PDWKHPDWLFDO� PRGHO� RI� 725$� V\VWHP�� 2YHU� WKH� WLPH�� PDQ\�

DXWKRUV�GHYHORSHG�PDQ\�DSSURDFKHV� WR�ZRUN�RQ�725$�V\VWHP�� LQ� WKLV�GLVVHUWDWLRQ�60&� LV�

DSSOLHG�RQ�WKLV�EHQFKPDUN�SUREOHP�RI�725$�V\VWHP�DQG�EXLOW�WKH�DFWXDO�WHVWEHG�IRU�WKH�FRQWURO�

V\VWHPV��ZKLFK� LV�EHLQJ�XVHG� IRU� WKH� WHVWLQJ�RI� WKH�FRQWURO�DOJRULWKPV�RQ�QRQ�OLQHDU�725$�

V\VWHP

:DQ�HW�DO��>��@�DFKLHYHG�WKH�JOREDO�VWDELOLW\�RI�WKLV�725$�V\VWHP�E\�VLPSO\�XVLQJ�SDUWLDO�

IHHGEDFN�OLQHDUL]DWLRQ�DQG�EDFN�VWHSSLQJ�SURFHGXUH�WHFKQLTXH��-DQNRYLF�HW�DO��>��@�SURSRVHG�D�

FDVFDGH�DQG�SDVVLYLW\�EDVHG�FRQWURO�GHVLJQ�WHFKQLTXH�IRU�WKH�VDPH�725$�V\VWHP��

,Q�WKH�6SHFLDO�,VVXH�RI�,QWHUQDWLRQDO�-RXUQDO�RI�5REXVW�DQG�1RQOLQHDU�&RQWURO��D�YDULHW\�RI�

QRQ�OLQHDU�FRQWURO�PHWKRGV�ZHUH�GHVLJQHG�IRU�WKLV�725$�V\VWHP�>��a��@�@��3��7VLRWUDV�HW�DO��

>��@�SUHVHQW�D�VWDWH�IHHGEDFN�QRQOLQHDU�FRQWUROOHU�IRU�725$�V\VWHP�E\�VROYLQJ�WKH�+DPLOWRQ�

-DFREL�,VDDFV�HTXDWLRQ��DQG�D�VLPLODU�FRQWURO�GHVLJQ�WHFKQLTXH�LV�DOVR�HPSOR\HG�LQ�>��@�

��� /\DSXQRY�

/\DSXQRY¶V�VWDELOLW\�PHWKRG�LV�WKH�PRVW�JHQHUDO�DQG�SRZHUIXO�VWDELOLW\�FULWHULRQ��$�V\VWHP�

LV�VDLG�WR�EH�VWDEOH�LI�WKH�VWDUWLQJ�RI�WKH�V\VWHP�QHDU�LWV�GHVFULEHG�RSHUDWLQJ�SRLQW�LPSOLHV�WKDW�LW�

ZLOO�VWD\�DURXQG�WKH�VWDELOLW\��IRU�H[DPSOH�± VLPSOH�SHQGXOXP��

/\DSXQRY�VWDELOLW\�PHWKRG�LV�IXUWKHUV�GLYLGHG�LQWR�WZR�W\SHV�± GLUHFW�DQG�LQGLUHFW��%RWK�DUH�

XVHG�IRU�WKH�DQDO\VLV�DQG�GHVLJQ�RI�WKH�1/&�V\VWHPV��

7KH�LQGLUHFW�PHWKRG�LV�XVHG�IRU�WKH�OLQHDUL]HG�DSSUR[LPDWLRQ�RI�D�VPDOO�UDQJHG�PRWLRQ�DQG�

ZRUNV�DV�WKH�ORFDO�VWDELOLW\�L�H��LI�WKH�OLQHDUL]HG�V\VWHP�LV�VWULFWO\�VWDEOH�WKHQ�WKH�HTXLOLEULXP�

SRLQW�LV�DV\PSWRWLFDOO\�VWDEOH��2Q�WKH�RWKHU�KDQG��WKH�GLUHFW�PHWKRG�VD\V�WKDW�LI�WKH�WRWDO�HQHUJ\�
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RI� D� V\VWHP� LV� FRQWLQXRXVO\� GLVVLSDWHG� WKHQ� WKH� V\VWHP�PXVW� HYHQWXDOO\� VHWWOH� GRZQ� LQ� LWV�

HTXLOLEULXP�VWDWH�RQO\�

&RQVLGHU�D�V\VWHP�

ሶܺ ൌ ݂ሺݔሻ �����

7KHQ��

LI�WKHUH�H[LVW�D�VFDODU�IXQFWLRQ��HQHUJ\�OLNH�IXQFWLRQ��9�[��VXFK�WKDW�

�L� 9�[��!���

)RU�[�!���	�9�[��LV�GLIIHUHQWLDEOH�

�LL� 9�[�� ���

)RU�[� ��

�LLL� 9�[������

7KHQ��WKH�V\VWHP�LV�DV\PSWRWLFDOO\�VWDEOH�DQG�9�[��LV�FDOOHG�/\DSXQRY�IXQFWLRQ�

LI��

9�[�� �்ܺܲܺ���LV�D�/\DSXQRY�IXQFWLRQ�IRU�WKH�JLYHQ�V\VWHP�

7KHQ��

�ሺ�ሻሶ ���

L�H�

�ሺ�ሻሶ  � ሶܺ ்ܲܺ ൅ ்ܺܲ ሶܺ

 ��ሾܺܣሿ்ܲܺ ��்ܺܲሾܺܣሿ

 ��்ܺ ሾ்ܲܣ ൅ ;ሿܣܲ

 ��்ܺ4;

:KLFK�JLYHV�

்ܲܣ ൅ ܣܲ ൌ െܳ �����
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(TXDWLRQ�������LV�NQRZQ�DV�WKH�/\DSXQRY�(TXDWLRQ��:H�FDQ�VROYH�IRU�3�E\�FKRRVLQJ�D�

SRVLWLYH�GHILQLWH�PDWUL[�IRU�4��VD\�DQ�LGHQWLW\�PDWUL[�

,I� 3� LV� SRVLWLYH� GHILQLWH� IXQFWLRQ�� WKH� /\DSXQRY� IRU� ቀ�ሺ�ሻ ൌ
௑೅

ଶ
��ቁ�� ZLOO� EH� JOREDO�

DV\PSWRWLF�VWDELOLW\�RI�WKH�V\VWHP�JLYHQ�LQ�HTXDWLRQ�������DQG�WKH�VWDELOLW\�RI�V\VWHP�$�ZLOO�EH�

GHILQHG�E\�+XUZLW]�FULWHULD�DQG�FRQYHUJHQFH�DQDO\VLV�ZLOO�EH�SHUIRUPHG�IRU�WKH�VDPH�V\VWHP�

DV�UHTXLUHG�

��� +XUZLW]

)RU�WKH�JLYHQ�V\VWHP�LQ�HTXDWLRQ�������

ሶܺ ൌ ܺܣ

:LWK�

$� �൥
Ͳ ͳ Ͳ
Ͳ Ͳ ͳ
െܽ െܾ െܿ

൩ �����

:KHUH��

7KH�YDOXHV�RI�D�E�	�F�DUH�VHOHFWHG�LQ�VXFK�D�ZD\�WKDW�WKH�FKDUDFWHULVWLF�HTXDWLRQ�

RI�WKH�PDWUL[�DQG�WKH�JLYHQ�V\VWHP�ZLOO�IRUP�D�VWDEOH�FRPELQDWLRQ��

7KHQ��WKH�V\VWHP�LQ�HTXDWLRQ�������ZLOO�IROORZ�WKH�+XUZLW]�FULWHULD�DQG�D�/\DSXQRY�IXQFWLRQ�

ZLOO�H[LVW�DV�VKRZQ�LQ�HTXDWLRQ�������

்ܲܣ ൅ ܣܲ ൌ െܳ

:KHUH�� 3 ்ܲ !�� �����

7KLV�SURFHVV�LV�KHOSIXO�LQ�WKH�OLQHDUL]DWLRQ�RI�D�QRQ�OLQHDU�V\VWHP�
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��� /LWHUDWXUH�5HYLHZ

,Q�>�@��D�VOLGLQJ�PRGH�FRQWUROOHU�LV�FRPELQHG�WR�D�.DOPDQ�ILOWHU�LQ�D�WKUHH�SKDVH�XQLW\�SRZHU�

IDFWRU�UHFWLILHU��2Q�WKH�RWKHU�KDQG��WKH�GLVFUHWH�WLPH�VOLGLQJ�PRGH�DSSURDFK�LV�YHU\�DWWUDFWLYH�

GXH�WR�WKH�SRVVLELOLW\�RI�HDV\�LPSOHPHQWDWLRQ�LQ�GLJLWDO�FRQWUROOHUV��DQG�WKLV�DSSURDFK�KDV�EHHQ�

GHYHORSHG�E\�VHYHUDO�UHVHDUFKHUV�>�@�>��@�>��@��,Q�OLWHUDWXUH��VRPH�DXWKRUV�KDYH�UHSRUWHG�WKH�

XVH� RI� KLJKHU� RUGHU� VOLGLQJ� PRGH� FRQWUROOHUV� IRU� GLIIHUHQW� PDFKLQHV�

>��@�>��@�>��@�>��@�>��@�>��@��:KLOH�PRVW�RI�WKLV�ZRUN�XVHG�60&�DV�DQ�REVHUYHU�>��@�>��@�>��@��

WKH�DXWKRUV�LQ�>��@�>��@�>��@�XVHG�60&�DV�D�FRQWUROOHU�

,Q� >��@�� WKH�DXWKRU�SUHVHQWV�D� WHFKQLTXH�ZKHUH�FRQYHQWLRQDO� LQWHUQDO�FRPEXVWLRQ�HQJLQH�

EDVHG� YHKLFOH� LV� EHLQJ� UHSODFH� E\� HOHFWULF� YHKLFOH� �(9��� DV� (9� QHYHU� SURGXFHV� JUHHQKRXVH�

JDVVHV�DQG�DLU�SROOXWDQW��7KHVH�(OHFWULF�YHKLFOHV� DUH�DOVR�NQRZQ�DV�JUHHQ�YHKLFOH��)XHO�FHOO�

EDVHG�(9V�DUH�LQ�QHHG�RI�D�VWHS�XS�KLJK�SRZHU�GF�GF�FKRSSHU�RU�FRQYHUWHU��,QWHUOHDYHG�ERRVW�

FRQYHUWHU��,%&��FDQ�EH�GHDOW�ZLWK�KLJK�SRZHU�UDWLQJV�DSSOLFDWLRQ�VXFK�DV�+(9��7KH�SDSHU�DW�

>��@�SUHVHQWV�FRQWURO�WHFKQLTXH�IRU�ERRVWLQJ�RXWSXW�YROWDJH�RI�)&�XVLQJ�DQ�LQWHUOHDYHG�ERRVW�

FRQYHUWHU� DQG�ZKLFK� LV� XVHG� IRU� FRQWUROOLQJ�'&�EXV�YROWDJH�XQGHU� ORDG�YDULDWLRQ�FRQGLWLRQ�

VOLGLQJ�PRGH�FRQWUROOHU��60&��PHWKRG�

,Q�>��@��D�60&�DSSURDFK�LV�XVHG�WR�D�KLJK�RXWSXW�JDLQ�6(3,&�FRQYHUWHU��,Q�ZKLFK�SRZHU�

FLUFXLW� RI� WKH� FRQYHQWLRQDO� 6(3,&� FRQYHUWHU� LV�PRGLILHG�ZLWK� DQ� LQFOXVLRQ� RI� LQGXFWRU� DQG�

FDSDFLWRU� WR� LPSURYH� WKH� HIILFLHQF\� DQG� JDLQ�� 6RPH� 3,� W\SH� FRQWUROOHUV� DUH� YHU\� FRPPRQ�

VROXWLRQV�IRU�D�ODUJH�QXPEHU�RI�'&�'&�FRQYHUWHUV��,Q�>��@��WKH�SURSRVHG�60&�EDVHG�HTXLYDOHQW�

FRQWUROOHU�RYHUFRPHV�WKLV�GUDZEDFNV��$GGHG�WR�WKLV��D�G\QDPLF�K\VWHUHVLV�FRQVWDQW�VZLWFKLQJ�

IUHTXHQF\�PHWKRG�LV�DWWHPSWHG�WR�RSHUDWH�LQ�VZLWFKLQJ�IUHTXHQF\��+HQFH��60&�WHFKQLTXH�LV�

XVHG�LQ�FROODERUDWLRQ�ZLWK�3,�FRQWUROOHU�WHFKQLTXH�

,Q�>��@��ZH�PD\�REVHUYH�DQRWKHU�XQLILHG�DSSURDFK�WR�GHDO�ZLWK�60&�FRQWUROOHUV�XVHG�LQ�

LQGXFWLRQ�PRWRUV�GULYHV��LW�DOVR�UHYHDOV�IXQGDPHQWDO�OLPLWDWLRQV�RI�K\VWHUHVLV�FRQWUROOHUV�WKRVH�

FDQ�EH�RYHUFRPH�E\�KLJKHU�RUGHU�FRQWUROOHUV��6HFRQG�RUGHU�60&V�DUH�LQYHVWLJDWHG�WR�DFKLHYH�D�

SHUIRUPDQFH� ZKLFK� LV� GLVWXUEDQFH� UHMHFWHG� DQG� FKDWWHULQJ� IUHH�� ([WHQVLYH VLPXODWLRQV� DUH�

FDUULHG�RXW�RQ�0$7/$%�SODWIRUP��,PSOHPHQWDWLRQ�RI�VXFK�D�GULYH�EHFRPHV�IHDVLEOH�GXH�WR�

WKHLU�LQKHUHQW�SDUDOOHO�SURFHVVLQJ�FDSDELOLW\��
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7KH�GLVFUHWH�WLPH�60&�LV�DOVR�D�XQLTXH�DSSURDFK�LQ�LWVHOI��ZKLFK�FDQ�EH�XVHG�LQ�D�PXOWL�

ORRS�IUDPHZRUN�IRU�FXUUHQW�FRQWURO�RI�JULG�FRQQHFWHG�YROWDJH�VRXUFH� LQYHUWHUV��DV�VKRZQ�LQ�

>��@��7KLV�PDNHV�WKH�FRQYHUWHU�WR�EHKDYH�OLNH�D�FXUUHQW�VRXUFH�LQYHUWHU�ZLWK�D�FDSDFLWLYH�DQG�

LQGXFWLYH��&/��W\SH�ILOWHU��:KLFK�UHVXOWV�LQ�VHFRQG�RUGHU�V\VWHP�RI�FXUUHQW�FRQWURO�IURP�WKLUG�

RUGHU��,Q�WKLV�ZRUN��D�YLUWXDO�UHVLVWRU�ZLWK�UHVRQDQW�FRQWUROOHU�ZDV�DSSOLHG��+HQFH��LW�ZDV�TXLWH�

FOHDU�WKDW�WKH�60&�ZDV�XVHG�LQ�5/&�FLUFXLW�LQ�GLVFUHWH�IRUP�DV�D�FRQWUROOHU�

1RW� RQO\� LQ� GLVFUHWH� WLPH�� 60&� LV� DOVR� XVHG� ZLWK� QHXUR� V\VWHPV�� ,Q� >��@�� WKH� DXWKRU�

UHSUHVHQWHG�DQ�DSSURDFK�RI�FR�RSHUDWLYH�FRQWURO�WKDW�ZDV�EDVHG�RQ�WKH�FRPELQDWLRQ�RI�QHXUDO�

QHWZRUN�DQG�60&�PHWKRGRORJ\��,Q�WKLV�DSSURDFK��WZR�SDUDOOHO�QHXUDO�QHWZRUNV�ZHUH�XWLOL]HG�

WR�UHDOLVH�D�QHXUR�VOLGLQJ�PRGH�FRQWURO��160&���ZKHUH�WKH�HTXLYDOHQW�FRQWURO�DQG�WKH�FRUUHFWLYH�

FRQWUROV�ZHUH�XVHG�DV�WKH�RXWSXW�RI�WKHVH�WZR�SDUDOOHO�QHXUDO�QHWZRUNV��:KLFK�PDNHV�LW�SRVVLEOH�

WR�LPSOHPHQW�D�VOLGLQJ�PRGH�FRQWUROOHU�LQ�FROODERUDWLRQ�ZLWK�QHXUDO�QHWZRUNV�DOVR��

60&�DSSURDFK�LV�DOVR�XVHG�LQ�/RUHQW]�V\VWHPV�EDVHG�RQ�FRQYHUVLRQ�DQG�LQWHJUDO�VOLGLQJ�

PRGH�VXUIDFHV��>��@��7KH�V\VWHP�H[SODQDWLRQV�DUH�GLYLGHG�LQWR�WKH�XQPDWFKHG�DQG�WKH�PDWFKHG�

SDUWV�� $� GLVFRQWLQXRXV� FRQWURO� LV� GHVLJQHG� IRU� WKH� XQPDWFKHG� SDUW�� ZKLFK� ZLOO� QHYHU� EH�

DPSOLILHG�DQG�WKH�FRQWLQXRXV�FRQWURO�LV�XVHG�WR�VWDELOL]H�WKH�HUURU�VWDWH�LQ�WKH�/RUHQW]�V\VWHP��

7KH�XVHG�PHWKRG�LV�SURYHQ�WR�JXDUDQWHH�WKH�VWDELOLW\�DQG�UREXVWQHVV�LQ�WKH�V\VWHP��ZKLFK�LV�

ILQDOO\�SURYHG�E\�WKH�QXPHULFDO�VLPXODWLRQ�PHWKRG�

$�WZLVWHG�60&�FRQWUROOHU�LV�VKRZQ�LQ�>��@��ZKLFK�LV�UREXVW�WR�ERXQGHG�GLVWXUEDQFHV��8VLQJ�

/\DSXQRY�IXQFWLRQ��D�FRQWURO�DOJRULWKP�LV�DOVR�GHULYHG��)URP�SDSHU�>��@�ZH�FDQ�VHH�WKDW�IRU�WKH�

GHULYDWLRQ�RI�FRQWURO�DOJRULWKPV��WKH�/\DSXQRY�IXQFWLRQ�SOD\V�HVVHQWLDO�UROH��:H�DSSOLHG�WKH�

VDPH�DSSURDFK� LQ� LPSOHPHQWLQJ� WKH�DOJRULWKP�IRU�RXU�SURSRVHG� WKHVLV�DOVR��7KH�HIILFDF\�RI�

WZLVWHG�FRQWURO�LV�>��@�LV�DOVR�YHULILHG�RQ�PDVV�VSULQJ�GDPSHU�V\VWHP�

,Q�>��@��WKH�VOLGLQJ�PRGH�FRQWURO�LV�XVHG�RQ�FRQWH[W�LQYHVWLJDWLRQ�RI�IHDWXUHV�RI�ILQLWH�WLPH�

VWDEOH� �)76��KRPRJHQHRXV�GLIIHUHQWLDO� LQFOXVLRQV��+HUH�� FRQWLQXRXV� IHDWXUHV� DUH� FRQVLGHUHG�

ZLWK�UHVSHFW�WR�VHWWOLQJ�WLPH�IXQFWLRQ�RI�)76�KRPRJHQHRXV�GLIIHUHQWLDO�LQFOXVLRQV��ZKLFK�UHVXOWV�

LQWR� WKH�FRUUHFW�FDOFXODWLRQV�RI�V\VWHP�DV\PSWRWLF�DFFXUDF\� LQ� WKH�SUHVHQFH�RI�GLVWXUEDQFHV��

QRLVHV�DQG�GHOD\V��+HQFH��60&�KHOSHG�LQ�WKH�DQDO\VLQJ�RI�WKH�NLQHPDWLFV�RI�FDU�PRGHO�UHODWLYH�

GHJUHH�ELIXUFDWLRQV��
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,Q�WKLV�GLVVHUWDWLRQ��D�60&�PRGHOOLQJ�LV�GHULYHG�LQWR�WKH�0$7/$%�SURJUDPPLQJ�DQG�WKHQ�

LPSOHPHQWHG�RQWR�WKH�725$�V\VWHP�E\�XVLQJ�0$7/$%�6,08/$7,21��EHIRUH�LPSOHPHQWLQJ�

LW�RQWR�WKH�725$�V\VWHP��WKH�PRGHOOLQJ�RI�725$�V\VWHP�LV�DOVR�GHULYHG�LQWR�WKH�0$7/$%�

SURJUDPPLQJ�DQG�WKHQ�WKH�SDUDPHWHUV�RI�ERWK�60&�DQG�725$�DUH�PDWFKHG�LQ�D�ZD\�WR�JLYH�

XV�D�FRQWURO�LQSXW�ZLWK�ZLGH�UDQJH�RI�RSHUDWLRQ��7KH�GHVLJQ RI�60&�DSSURDFK�LV�FRPSRVHG�RI�

WZR�VWHSV�>��@��)LUVW��GHVLJQ�D�VOLGLQJ�PRGH�VXUIDFH�LQ�VXFK�D�ZD\�WKDW�WKH�SDUDPHWHUV�RI�60&�

VDWLVILHV� WKH� GHVLJQ� VSHFLILFDWLRQ� RI� 725$� V\VWHP�� 6HFRQG�� D� FRQWURO� IXQFWLRQ� LV� GHVLJQHG�

PDNLQJ�WKH�725$�VXUIDFH�DWWUDFWLYH�WR�WKH�GHVLUHG�V\VWHP�LQ�HTXLOLEULXP�VWDWH�LQ�WKH�SUHVHQFH�

RI�XQFHUWDLQWLHV�DQG�H[WHUQDO�GLVWXUEDQFH��,Q�DGGLWLRQ��WKH�IROORZLQJ�FRQWULEXWLRQV�DUH�UHTXLUHG�

WR�EH�KLJKOLJKWHG�

� 7KH� 60&� DQG� 725$�PRGHOOLQJ� LV� GHULYHG� LQWR� DOJRULWKPLF� SDUDPHWHU� WR� VKRZ� WKH�

GHFRXSOLQJ�VWUDWHJ\�

� 7KH�FRQWURO�LQSXW�KHQFH�IRUPHG��LV�LPSURYHG�ZLWK�UHIHUHQFH�WR�WKH�VWDELOLW\��E\�XVLQJ�

WKH�DOJRULWKPLF�DSSURDFK

7KHVH� DSSURDFKHV� DUH� VDWLVIDFWRU\� REWDLQHG� E\� PDQ\� DXWKRUV� LQ� GLIIHUHQW� ILHOGV� ZLWK�

GLIIHUHQW�FLUFXLWV�DQG�LQ�WKHLU�UHVSHFWLYH�SDSHUV��+RZHYHU��WKHUH�PD\�EH�IHZ�VWXGLHV�IRFXVVHG�

RQ�WKH�VOLGLQJ�PRGH�FRQWURO�IRU�725$�V\VWHP��,Q�>��@��DXWKRU�SURSRVHG�GHFRXSOHG�VHOI�WXQLQJ�

VLJQHG�GLVWDQFH�IX]]\�VOLGLQJ�PRGH�FRQWUROOHU��'66)60&��IRU�725$�V\VWHP�DQG�WKH�XVH�RI�

ERWK�IX]]\�FRQWUROOHU�DQG�VOLGLQJ�PRGH�FRQWUROOHU�LV�GRQH�IRU�KLV� LPSOHPHQWDWLRQ�� ,Q�>�@� WKH�

DXWKRU�JOREDOO\�VWDELOL]HG�725$�V\VWHP�E\�WUDQVIHUULQJ�WKH�G\QDPLF�PRGHO�WR�WKH�FDVFDGHG�

IRUP�DQG�DSSOLHG�VOLGLQJ�PRGH�FRQWURO�DSSURDFK�

'LIIHUHQW�IURP�WKH�DERYH�WZR�DSSURDFKHV��D�KLHUDUFKLFDO�VOLGLQJ�PRGH�FRQWUROOHUV�IRU�725$�

V\VWHP�DUH�GHVLJQHG�LQ�WZR�GLIIHUHQW�ZD\V�LQ�>��@��,Q�RUGHU�WR�VKRZ�WKH�SHUIRUPDQFHV��WKH�FORVH�

ORRS�FRQWURO�V\VWHP�LV�VLPXODWHG�ZLWK�6LPXOLQN�EXW�WKH�6LPXOLQN�GLDJUDP�LV�QRW�ZHOO�VKRZQ�E\�

WKH�DXWKRU�LQ�SDSHU��,QVWHDG��WKH�ZDYHV�RI�VOLGLQJ�VXUIDFH�LV�VKRZQ�LQ�WKLV�SDSHU��,Q�DGGLWLRQ�WR�

WKLV��WKH�FRQWURO�LQSXW�WR�WKH�725$�V\VWHP�LV�VKRZQ�LQ�WKLV�GLVVHUWDWLRQ��7KH�REVHUYHG�FRQWURO�

LQSXW�LV�DOVR�LPSURYHG�WR�EH�XVHG�IRU�IXUWKHU�FLUFXLW�DOVR�

7KLV�GLVVHUWDWLRQ�FRPSULVHV�RI�PDLQO\���WRSLFV�ZKLFK�DUH�FRQFOXGHG�LQWR���FKDSWHUV�RYHUDOO��

,Q� WKH� SUHVHQW� RQJRLQJ� FKDSWHU�� D� EULHI� LQWURGXFWLRQ� ZLWK� OLWHUDWXUH� UHYLHZ� RQ� GLIIHUHQW�

DSSURDFKHV�SURSRVHG�E\�VHYHUDO�DXWKRUV�LQWR�WKH�MRXUQDOV�DQG�RWKHU�FRQIHUHQFHV�LV�JLYHQ��0DQ\�

DXWKRUV�XVHG�60&�DV�FRQWUROOHUV�RI�VHYHUDO�QRQ�OLQHDU�GHYLFHV�ZKLOH�RWKHU�XVHG�60&�DV�DQ�
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REVHUYHU�RI�VWDWHV��0RUH�RU�OHVV�WKH\�DOO�XVHG�60&�WR�PDNH�D�QRQ�OLQHDU�GHYLFH�ZRUN�SURSHUO\�

DQG�REWDLQ�WKH�PRVW�SRVVLEOH�OLQHDU�FKDUDFWHULVWLFV��6LQFH��PRVW�SUDFWLFDO�V\VWHP�LQ�WKH�ZRUOG�

DUH� QRQ�OLQHDU� LQ� EHKDYLRXU�� ZKLFK� PDNHV� 60&� D� YHU\� XVHIXO� DQG� XQGHUVWDQGDEOH�

GHYLFH�FRQWUROOHU�WR�EH�XVHG�LQ�WKH�QRQ�OLQHDU�GHYLFHV��,Q�WKH�SUHVHQW�GLVVHUWDWLRQ��ZH�ZLOO�EH�

GRLQJ�WKH�VDPH�WKLQJ�RQO\��:H�DUH�XVLQJ�60&�DV�D�FRQWUROOHU�RQ�D�QRQ�OLQHDU��725$��V\VWHP�

LQ�RUGHU�WR�PDNH�LW�ZRUN�ZLWKRXW�ULJLGO\�RQ�D�VOLGLQJ�VXUIDFH�ZLWKRXW�WKH�LQWHUIHUH�RI�H[WHUQDO�

GLVWXUEDQFH�

&KDSWHU����ZLOO�UHSUHVHQW�WKH�EHQFKPDUN�V\VWHP�WR�HYDOXDWH�WKH�SHUIRUPDQFH�RI�D�JHQHUDO�

QRQ�OLQHDU� 725$� V\VWHP�� DV� VKRZQ� LQ� >��@�� +HUH� HTXDWLRQV� RI� 725$� V\VWHP� DUH� VWXGLHG�

WUDQVFULEHG�LQWR�WKH�DOJRULWKP��

,Q�FKDSWHU����WKH�GHVLJQ�RI�VOLGLQJ�PRGH�FRQWUROOHU�LV�UHSUHVHQWHG�DQG�WKH�GLIIHUHQW�HTXDWLRQV�

XVHG�LQ�PDLQWDLQLQJ�WKH�UHTXLUHG�DSSURDFK�IRU�WKH�VXFFHVVIXO�LPSOHPHQWDWLRQ�RI�60&�HTXDWLRQV�

LQWR�WKH�SURSRVHG�DOJRULWKP�DUH�DOVR�GLVFXVVHG�

7KH�VLPXODWLRQV�RI�HTXDWLRQV�REWDLQHG� LQ�FKDSWHU���DQG�FKDSWHU���ZLOO�EH�HQWHUWDLQHG� LQ�

FKDSWHU���DQG�KHQFH�DOO�WKH�DOJRULWKPLF�UHVXOWV�DUH�VKRZQ�LQ�WKLV�FKDSWHU�ZLWK�WKHLU�LPSURYHG�

DGYDQFHG�DQDO\VLV�

&KDSWHU��� LV�DOO�DERXW� WKH�FRQFOXVLRQ�DQG�IXWXUH� VFRSH�RI� WKLV� WHFKQLTXH� LQ� WKH�ZRUOG�RI�

FRQWURO�V\VWHP��/DVW�EXW�QRW� WKH�OHDVW�� WZR�PDLQ�DOJRULWKPV�ZKLFK�DUH�XVHG�LQ�REWDLQLQJ�WKH�

UHVXOWV�DUH�DOVR�VKRZQ�DV�UHIHUHQFH�SRLQW�RI�YLHZ�
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�� 725$�'(6,*1

+RUL]RQWDO�PRWLRQ�LQ�RQH�GLPHQVLRQDO�ILHOG�LV�UHIHUUHG�WR�WKH�7UDQVODWLRQDO�2VFLOODWRU��ZKLOH�

URWDWRU\� PRWLRQ� UHIHUV� WR� WKH� WRUTXH�� $� V\VWHP� ZKLFK� LV� FRQWLQXRXVO\� RVFLOODWLQJ� LQ� D� RQH�

GLPHQVLRQDO�VSDFH�ZLWK�WKH�HIIHFW�RI�WRUTXH��ZKLFK�LV�EHLQJ�SURGXFHG�E\�WKH�URWDWRUV��LV�UHIHUUHG�

DV�725$�V\VWHP��7KH�WRUTXH�IDFWRU�LQWURGXFHV�URWDWLRQ��ZKLFK�PHUHO\�SURGXFH�SUHFLVH�WRUTXH�

ZKLFK�HLWKHU�FDXVHV�URWDWLRQ�RU�EDODQFHG�E\�VRPH�RSSRVLQJ�WRUTXH��5RWDWRU\�DFWXDWRUV�KDYH�D�

YDVW�UDQJH�RI�DSSOLFDWLRQV��7KH\�FDQ�UDQJH�IURP�DLU FRUH�JDXJHV�XVHG�LQ�GLVSOD\�GHYLFHV�WR�YDOYH�

JDXJHV�LQ�SHWURFKHPLFDO�LQGXVWULHV�

7DONLQJ� RI�725$�V\VWHP�� D� VXSHU� VSHFLDO� SUREOHP�ZDV� JLYHQ�E\�5REHUW�7��%XSS� >��@��

ZKLFK� LV�DFFHSWHG�DV� WKH�EHQFKPDUN�SUREOHP�IRU�725$�V\VWHPV� LQ� WKH�ILHOG�RI�UHVHDUFK�RI�

FRQWURO� HQJLQHHULQJ�� :H� PXVW� XVH� WKH� PDWKHPDWLFDO� HTXDWLRQV� RI� WKLV� EHQFKPDUN� V\VWHP�

DFFRUGLQJ�WR�WKH�SDUDPHWHU�EHLQJ�XVHG�LQ�WKH�FRQWUROOHU��7KH�60&�FRQWUROOHU�PXVW�VDWLVI\�WKH�

SDUDPHWHU�YDULDWLRQV�RI�WKLV�JHQHUDO�V\VWHP�RI�725$�

,Q�WKLV�FKDSWHU��WKH�IRFXV�LV WR�XVH�WKH�PDWKHPDWLFDO�HTXDWLRQV�RI�WKH�JHQHUDO�725$�V\VWHP�

DQG� WKHQ� LPSOHPHQW� WKRVH� LQ� WKH� SDUDPHWHUV� RI� WKH� FRQWUROOHU� ZLWK� WKH� KHOS� RI� FRGLQJ� LQ�

0$7/$%�

��� 6\VWHP�'HVFULSWLRQ

$�PRGHO� >��@� RI� 7UDQVODWLRQDO�2VFLOODWRU�5RWDWLRQDO�$FWXDWRU� �725$�� V\VWHP� LV� VKRZQ� LQ�

)LJXUH����7KH�PDVV�RI�FDUW�LQ�WKH�RVFLOODWRU�LV�0�DQG�FRQQHFWHG�WR�D�IL[HG�ZDOO�E\�D�VSULQJ�RI�

VWLIIQHVV�N��7KH�FDUW�LV�UHVWULFWHG�WR�KDYH�RQH�GLPHQVLRQDO�WUDYHO��7KH�DFWXDWRU�DWWDFKHG�WR�FDUW�

KDV�PDVV�P�DQG�PRPHQW�RI�LQHUWLD�,�DERXW�RI�FHQWHU�RI�PDVV�ZKLFK�LV�ORFDWHG�DW�D�GLVWDQFH�RI�

/��IURP�WKH�SRLQW�DERXW�ZKLFK�WKH�PDVV�P�URWDWHV��:H�ZLOO�QRW�FRQVLGHU�DQ\�JUDYLWDWLRQDO�IRUFH�

LQ�WKLV�GLVVHUWDWLRQ�EHFDXVH�WKH�PRWLRQ�LV�RFFXUUHG�LQ�KRUL]RQWDO�SODQH�FRPSOHWHO\��

,Q�FRQWURO�V\VWHP��WKLV�LV�FRQVLGHUHG�DV�WKH�XQLYHUVDO�725$�V\VWHP��,I�VRPHRQH�ZLVK�WR�GHYHORS�

DQ\�FRQWUROOHU�IRU�DQ\�QRQ�OLQHDU�WUDQVODWLRQDO�RVFLOODWRU\�V\VWHP�ZLWK�URWDWRU\�DFWXDWRU��WKLV�LV�
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WKH� V\VWHP� RQH�PXVW� IROORZ�� 6\VWHP� LV� IDPRXVO\� NQRZQ� DV� WKH� EHQFKPDUN� V\VWHP� IRU� WKH�

SHUIRUPDQFH�HYDOXDWLRQ�RI�725$�V\VWHP�SURSRVHG�LQ�>��@�DQG�ZHOO�GLVFXVVHG�LQ�>��@�

,Q�)LJXUH����X�GHQRWHV�WKH�FRQWURO�WRUTXH�DSSOLHG�WR�WKH�PDVV�P�DQG�[�LV�WKH�GLVWXUEDQFH�IRUFH�

RQ�WKH�FDUW�DQG�ș�GHQRWHV�WKH�DQJXODU�SRVLWLRQ�RI�WKH�URWDWLRQDO�DFWXDWRU�RI�PDVV�P��

)LJXUH����0RGHO�RI�D�725$�V\VWHP��>��@

$FFRUGLQJ�WR�WKH�LQWHUQDWLRQDO�MRXUQDO�SDSHUV��UHVHDUFKHUV�LQ�FRQWURO�V\VWHP�HQJLQHHULQJ�KDYH�

WR�FRQVLGHU�WKH�IROORZLQJ�HTXDWLRQV�DV�WKH�JHQHUDO�G\QDPLFV�RI�725$�V\VWHP�

ଵሶݖ ൌ ଶݖ

ଶሶݖ ൌ
െݖଵ ൅ ଶߠߝ

ଶߠ݊݅ݏଵ
ͳ െ ଵߠଶݏ݋ଶܿߝ

െ
ଵߠݏ݋ܿߝ

ͳ െ ଵߠଶݏ݋ଶܿߝ
ݒ

ଵሶߠ ൌ ଶߠ �����

ଶሶߠ ൌ
ଵݖଵሺߠݏ݋ܿߝ െ ଶߠߝ

ଶߠ݊݅ݏଵሻ

ͳ െ ଵߠଶݏ݋ଶܿߝ
൅

ͳ

ͳ െ ଵߠଶݏ݋ଶܿߝ
ݒ
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ϭϰ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

:KHUH�

ଵሶݖ� ଶݖ�ଵLV�QRUPDOL]HG�GLVSODFHPHQW�RI�WKH�SODWIRUP�IURP�WKH�HTXLOLEULXP�SRVLWLRQݖ DQG�

Y�LV�FRQWURO�LQSXW��7KH�FRQWURO�JRDOV�DUH��

ଵǡݖ ଵǡሶݖ ଵǡߠ ଵሶߠ ՜ �����IRU�W�ĺ� �����

L�H��WR�DFKLHYH�WKH�VWDELOLW\�LQ�WKH�V\VWHP��WKH�QRUPDOL]HG�GLVSODFHPHQW�DQG�DQJXODU�SRVLWLRQ�RI�
WKH�V\VWHP�PXVW�EH�QHDU�WR�]HUR�DW�LQILQLWH�WLPH�

��� 7R�GHFRXSOH�D�FRXSOHG�XQGHUDFWXDWHG�V\VWHP

7R�DWWDFK�DQ\�V\VWHP�ZLWK�D�FRQWUROOHU��LW�PXVW�EH�GHFRXSOHG�ZLWK�WKH�FRQWUROOHU��:KLFK�

PHDQV��WKH�V\VWHP�DQG�WKH�FRQWUROOHU�PXVW�KDYH�VLPLODU�SDUDPHWHU�YDULDWLRQV�DQG�PXVW�QRW�KDYH�

WLPH�DV�D�SHUIRUPDQFH�YDULDWLRQ�IDFWRU�

,Q�FRQWURO�V\VWHP��GHFRXSOLQJ�EHWZHHQ�WZR�VWDWHV�FDQ�EH�H[SODLQHG�DV�D�FRQGLWLRQ�LQ�

ZKLFK� WKH� WLPH�YDULDWLRQ� Gݔ௜�GW� RI� ݅
௧௛VWDWH� LV� LQGHSHQGHQW� RI� VWDWHV� RWKHU� WKDQ� WKLV� ݅௧௛VWDWH��

'HFRXSOLQJ�KHOSV�LQ�GHVLJQLQJ�DQG�PRGHOOLQJ��VLQFH�LW�DOORZV�WKH�PRGHO�WR�VHW�WKH�FRQWUROOHU�IRU�

HYHU\�VWDWH�LQGHSHQGHQW�RI�DQ\�RWKHU�VWDWH�V���

+HQFH��LW�LV�FOHDU�WKDW�LI ZH�QHHG�WR�XVH�RXU�725$�V\VWHP�ZLWK�D�60&�FRQWUROOHU�WKHQ�

725$�V\VWHP�PXVW�EH�ILUVW�GHFRXSOHG�LQ�RUGHU�WR�PDNH�LW�LQGHSHQGHQW�RI�RWKHU�VWDWH�V���7KH�

SURFHGXUH�RI�FRQYHUWLQJ�D�FRXSOHG�V\VWHP�LQWR�GHFRXSOHG�V\VWHP�LV�VKRZQ�KHUH�LQ�WKLV�VHFWLRQ�

RI�WKLV�GLVVHUWDWLRQ�

1RZ��IRU�WZR�PDWUL[�S�	�T�

ZLWK�

T� �>ݍଵ @ଶݍ

S� �>݌ଵ @ଶ݌
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ϭϱ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

7KH�FRXSOHG�XQGHU�DFWXDWHG�V\VWHP�ZRXOG�EH��

ଵሶݍ ଵ݌� 

ଵሶ݌  � ଵ݂�T��S����݃ଵ�ݍଶ��X

ଶሶݍ ଶ݌�  �����

ଶሶ݌  � ଶ݂�T��S����݃ଶ�ݍଶ��X

:KHUH��

ଵ݂ǡ ଶ݂ǡ ݃ଵǡ ݃ଶ DUH�DOO�VPRRWK�IXQFWLRQV��7KHQ�WKH�JOREDO�FKDQJH�RI�FR�RUGLQDWHV��

DV�GHVLJQHG�LQ�>��@��>��@�VKRXOG�EH�WDNHQ�DV�IROORZLQJ�

ଵݔ ൌ ଵݍ െ ׬
௚భሺ௦ሻ

௚మሺ௦ሻ
ݏ݀

௤మ
଴

ଶݔ ൌ ଵ݌

ଷݔ ൌ ଶݍ െ
௚భሺ௤మሻ

௚మሺ௤మሻ
ଶ݌ �����

ସݔ ൌ ଶ݌

,I�ZH�FDQ�VXFFHVVIXOO\�HOLPLQDWH�WKH�FRQWURO�IDFWRU�IURP�WKH�FRXSOHG�V\VWHP��WKHQ�RXU�

DFWXDWHG�V\VWHP�ZRXOG�EH�UHDG\�WR�ZRUN�DV�D�GHFRXSOHG�V\VWHP��

+HQFH��RXU�GHFRXSOLQJ�DOJRULWKP�ZRXOG�EH�RI�DQ\�XVH�LI�ZH�FDQ�UHPRYH�X�LQݔ�ଶሶ Ǥ

)URP�(T��������ZH�PD\�JHW�

ଶሶݔ ൌ ଵሶ݌ െ
ௗ

ௗ௧
ቀ
௚భ

௚మ
ቁ ଶ݌ െ ቀ

௚భ

௚మ
ቁ ଶሶ݌
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ϭϲ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

ଶሶݔ ൌ ଵ݂ ൅ ݃ଵ� െ
݀

ݐ݀
൬
݃ଵ
݃ଶ
൰ ଶ݌ െ

݃ଵ
݃ଶ

ሺ ଶ݂ ൅ ݃ଶ�ሻ

ଶሶݔ ൌ ଵ݂ െ
݀

ݐ݀
൬
݃ଵ
݃ଶ
൰݌ଶ െ

݃ଵ
݃ଶ

ଶ݂ ሺʹǤͷሻ

7KHQ�(T��������FDQ�EH�GHFRXSOHG�DV�

ଵሶݔ ൌ ଶݔ

ଶሶݔ ൌ ଵ݂ െ
ௗ

ௗ௧
ቀ
௚భ

௚మ
ቁ ଶ݌ െ

௚భ

௚మ
ଶ݂

ଷሶݔ ൌ ସݔ

ସሶݔ ൌ ଶ݂ ൅ ݃ଶ� �����

,Q� HTXDWLRQ� ������� WKH� VWDWH� DW� ଶሶݔ LV� QRW� D� IDFWRU� RI� FRQWURO� VLJQDO� X��:KLFK�PDNHV�
(TXDWLRQ� ������DV� D�GHFRXSOHG�V\VWHP�RI� V\VWHP� LQ�HTXDWLRQ� �������%\�GRLQJ�VR��ZH�KDYH�D�
JHQHUDO�WHFKQLTXH�WR�GHFRXSOH�D�FRXSOHG�V\VWHP�LQ�FRQWURO�HQJLQHHULQJ�
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ϭϳ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

��� 'HFRXSOLQJ�RI�725$�6\VWHP

$�GHFRXSOLQJ�DOJRULWKP�LV�H[SODLQHG�IURP�HTXDWLRQ��������RQ�DSSO\LQJ�WKH�GHFRXSOLQJ�DOJRULWKP�

LQ�(T��������WR�(T���������ZH�PD\�REVHUYH�WKH�GHFRXSOLQJ�V\VWHP�RI�725$�

:H�KDYH�WKH�725$�HTXDWLRQ�LQ��������DV��

ଵሶݖ ൌ �ଶݖ ଶሶݖ ൌ
ି௭భାఌఏమ

మ௦௜௡ఏభ

ଵିఌమ௖௢௦మఏభ
െ

ఌ௖௢௦ఏభ

ଵିఌమ௖௢௦మఏభ
ݒ

ଵሶߠ ൌ ��ଶߠ ଶሶߠ ൌ
ఌ௖௢௦ఏభሺ௭భିఌఏమ

మ௦௜௡ఏభሻ

ଵିఌమ௖௢௦మఏభ
൅

ଵ

ଵିఌమ௖௢௦మఏభ
ݒ

$IWHU�REVHUYLQJ�WKHVH�HTXDWLRQV��IRU�IXUWKHU�DQDO\VLV��OHW�XV�DVVXPH��

ଵ݂ ൌ
െݖଵ ൅ ଶߠߝ

ଶߠ݊݅ݏଵ
ͳ െ ଵߠଶݏ݋ଶܿߝ

ሺʹǤ͹ሻ

݃ଵ ൌ
െ ଵߠݏ݋ܿߝ

ͳ െ ଵߠଶݏ݋ଶܿߝ
ሺʹǤͺሻ

ଶ݂ ൌ
ଵݖଵሺߠݏ݋ܿߝ െ ଶߠߝ

ଶߠ݊݅ݏଵሻ

ͳ െ ଵߠଶݏ݋ଶܿߝ
ሺʹǤͻሻ

݃ଶ ൌ
ͳ

ͳ െ ଵߠଶݏ݋ଶܿߝ
ሺʹǤͳͲሻ

DQG��

ଵݔ ൌ ଵݖ ൅ ଵߠ݊݅ݏߝ �

ଶݔ ൌ ଶݖ ൅ ଵߠݏ݋ଶܿߠߝ

ଷݔ ൌ ଵߠ

ଶߠ ସݔ ������
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ϭϴ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

7KDQ�ZH�KDYH��

݃ଵ
݃ଶ

ൌ ଵߠݏ݋ܿߝ ሺʹǤͳʹሻ

)RU� WKH� V\VWHP� WR� ZRUN� XQGHU� VWDELOLW\�� WKH� FRQGLWLRQ� JLYHQ� LQ� HTXDWLRQ� ������ PXVW� EH�

IROORZHG��+HQFH��IURP�(T����������WKH�FRQWURO�JRDOVݖ�ଵǡ ଵǡሶݖ ଵǡߠ ଵߠ ՜ሶ ��DUH�HTXLYDOHQW�WRݔ�௜ ĺ���

L ��������

6LQFH��IURP�HTXDWLRQ���������E\�XVLQJ�GLIIHUHQWLDWLRQ�WHFKQLTXH��ZH�KDYH��

ଶሶݔ ൌ ଶሶݖ ൅ ଶሶߠߝ ଵߠݏ݋ܿ െ ଶߠߝ
ଶߠ݊݅ݏଵ

ൌ
ି௭భାఌఏమ

మ௦௜௡ఏభ

ଵିఌమ௖௢௦మఏభ
െ

ఌ௖௢௦ఏభ

ଵିఌమ௖௢௦మఏభ
ݒ ߝ�� ቀ

ఌ௖௢௦ఏభሺ௭భିఌఏమ
మ௦௜௡ఏభሻ

ଵିఌమ௖௢௦మఏభ
൅

ଵ

ଵିఌమ௖௢௦మఏభ
ቁݒ ଵߠݏ݋ܿ

െߠߝଶ
ଶߠ݊݅ݏଵ

 �
ି௭భାఌఏమ

మ௦௜௡ఏభ

ଵିఌమ௖௢௦మఏభ
��

ఌమ ௖௢௦ఏభ ሺ௭భିఌఏమ
మ௦௜௡ఏభሻ

ଵିఌమ௖௢௦మఏభ
െߠߝଶ

ଶߠ݊݅ݏଵ

 
ି௭భሺଵିఌ

మ ௖௢௦ఏభሻାఌఏమ
మ௦௜௡ఏభሺଵିఌ

మ ௖௢௦ఏభሻ

ଵିఌమ௖௢௦మఏభ
െ ଶߠߝ

ଶߠ݊݅ݏଵ

ଶߠߝ��ଵݖ��� 
ଶߠ݊݅ݏଵ��

ଵିఌమ௖௢௦మఏభ

ଵିఌమ௖௢௦మఏభ
� ଶߠߝ

ଶߠ݊݅ݏଵ

ଵݖ��  ൅ߠߝଶ
ଶߠ݊݅ݏଵ െ ଶߠߝ

ଶߠ݊݅ݏଵ

ଵݖ�� 
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ϭϵ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

:KLFK�JLYHV��

ଶሶݔ ଵݖ��  ������

)URP�WKH�VDPH�HTXDWLRQ���������ZH�DOVR�KDYH��

ଵݖ� ൌ െ ଵݔ ൅ ݊݅ݏߝ ଷݔ �������

6LQFH��െݖଵ LV�D�IXQFWLRQ�RIݔ�ଵDQGݔଷ��:KLFK�PDNHVݔ�ଶሶ D�IXQFWLRQ�RIݔ�ଵDQGݔଷ�

)URP�HTXDWLRQ��������	���������

ଶሶݔ ൌ ଵ݂�ݔଵǡ ଷሻݔ ������

/HW��

X ఌ௖௢௦ఏభሺ௭భିఌఏమ
మ௦௜௡ఏభሻ

ଵିఌమ௖௢௦మఏభ
൅

ଵ

ଵିఌమ௖௢௦మఏభ
��ݒ ������

5HZULWLQJ�WKH�DERYH�HTXDWLRQ�ZH�JHW��

Y� �İFRVߠଵሺݖଵ െ ଶߠߝ
ଶߠ݊݅ݏଵሻ െ ሺͳ െ ଵሻߠଶݏ݋ଶܿߝ ������

�7KLV�HTXDWLRQ�LV�WR�EH�XVHG�LQ�GHFRXSOLQJ�DOJRULWKP�IRU�WKH�GHWHUPLQDWLRQ�RI�SDUDPHWHUV�

DOVR��IURP�(T����������

ଵݖ� ൌ െ ଵݔ ൅ ݊݅ݏߝ ଷݔ 	� ଵߠ ൌ ଷݔ ������

&RPELQLQJ�(T���������	���������

Y� �İFRVݔଷሺݔଵ െ ሺͳ ൅ ସݔ
ଶሻݔ݊݅ݏߝଷሻ െ ሺͳ െ ଷሻݔଶݏ݋ଶܿߝ ሺʹǤͳͺሻ
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ϮϬ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

8VLQJ�HTXDWLRQV�������	��������

ଵሶݔ ൌ ଵሶݖ ൅ ሺݏߝଓ݊ߠଵሻሶ

ଶݖ��  ൅ ଵߠݏ݋ଶܿߠߝ

ଶݔ��  ������

)URP�HTXDWLRQ���������������

ଵሶߠ ൌ ଶߠ

)URP�HTXDWLRQ���������

ଷݔ ൌ ଵߠ 	� ଶߠ ସݔ

:KLFK�JLYHV�

ଷሶݔ ൌ ସݔ ������

&RPELQLQJ�HTXDWLRQ�������	�HTXDWLRQ���������ZH�KDYH��

ସሶݔ ൌ X ������

1RZ�

)URP�WKLV�DERYH�DQDO\VLV�IRU�HTXDWLRQV�L�H�������������������������������WKH�(T��������FDQ�EH�

GHFRXSOHG�DV��

ଵሶݔ ൌ ଶݔ ������

ଶሶݔ ൌ ଵ݂�ݔଵǡ ଷሻݔ ������
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Ϯϭ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

ଷሶݔ ൌ ସݔ ������

ସሶݔ ൌ X ������

:KHUH��

ଵ݂�ݔଵǡ ଷሻݔ  �െ ଵݔ ൅ ݊݅ݏߝ �ଷݔ

L�H��� ଶሶݔ ൌ െ ଵݔ ൅ ݊݅ݏߝ ଷݔ

(T���������WR�(T���������VKRZV�WKH�GHFRXSOHG�HTXDWLRQV�IRU�D�725$�V\VWHP�

%XW�

,Q� SDSHU� >�@�� D�60&� LV�GHVLJQHG� IRU� RQH� RI� WKH� NLQG� RI� XQGHUDFWXDWHG� V\VWHP�� LQ�ZKLFK�

ଵ݂�ݔଵǡ �\ଷሻPXVW�EH�VDWLVILHG�DV�WKUHH�DVVXPSWLRQV��,I�DQ\�XQGHUDFWXDWHG�V\VWHP�LV�IDLOHG�WR�VDWLVIݔ

DQ\�RQH�RI�WKHVH�DVVXPSWLRQV�WKHQ�WKH�V\VWHP�VKRXOG�QRW�EH�FRQVLGHUHG�DV�D�VWDEOH�V\VWHP�IRU�

DOO�WKH�VWDWHV�

)RU�D�V\VWHP�ZKLFK�GRHV�QRW�VWDELOL]H�DOO�WKH�VWDWHV��LW�ZLOO�QRW�EH�SRVVLEOH�WR�GHVLJQ�D�60&�

FRQWUROOHU��,I�ZH�GR�VR��RXW�FRQWUROOHU�ZLOO�QRW�JLYH�XV�WKH�VWDELOL]HG�ZDYH�IRU�DW��W�ĺ��RU�ZH�

ZLOO�QRW�JHW�DQ\�ZDYHIRUP�DW�DOO�

6R�RXU�V\VWHP�PXVW�VDWLVI\�DOO�WKHVH�WKUHH�DVVXPSWLRQV�LQ�RUGHU�WR�VWDELOL]H�WKH�RXWSXW��7KHVH�

WKUHH�DVVXPSWLRQV�DUH�

$VVXPSWLRQ���

ଵ݂����ሻĺ��

$VVXPSWLRQ���

݀ ଵ݂

ଷݔ݀
ݏ݅ Ǣ݈ܾ݁݅ݐݎ݁ݒ݊݅
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ϮϮ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

$VVXPSWLRQ���

,I�� ଵ݂�Ͳǡ ���ଷሻĺݔ WKHQݔ�ଷĺ�

,Q�RXU�FDOFXODWLRQV��(T���������LV�QRW�VDWLVILHG�E\�$VVXPSWLRQ����

,Q�WKLV�FDVH��ZH�FDQ�UHGHILQHݔ�ଶሶ DV��

ଶሶݔ ൌ െ ଵݔ ൅ ݊݅ݏߝ ଷݔ ൅ ͳͳݔߝଷ െ ͳͳݔߝଷ

:KHUH��൅ͳͳݔߝଷ LV�GLVWXUEDQFH�DQG�KHQFH� ଵ݂�ݔଵǡ ଷሻݔ LV�UHGHILQHG�DV��

ଵ݂�ݔଵǡ ଷሻݔ  �െ ଵݔ ൅ ݊݅ݏߝ ଷݔ ൅ ͳͳݔߝଷ�

7KHQ�

ௗ௙భ

ௗ௫య
ݏ݋ܿߝ�  ଷݔ ൅ ͳͳߝ������� :KLFK�LV�LQYHUWLEOH�DQG�DVVXPSWLRQ���LV�VDWLVILHG�

ଵ݂�ͲǡͲሻ  ���� :KLFK�VDWLVILHV�DVVXPSWLRQ���

)RUݔ�ଷĺ��� ଵ݂�Ͳǡ ଷሻݔ  �� :KLFK�VDWLVILHV�DVVXPSWLRQ���

+HQFH�

:H�ZLOO�KDYH�VWDELOL]H�VWDWH�IRU�WKLV�IXQFWLRQ�QRZ�

6R��(T���������WR��������FDQ�EH�UHZULWWHQ�DV��

ଵሶݔ ൌ ଶݔ

ଶሶݔ ൌ ଵ݂�ݔଵǡ ଷሻݔ െͳͳݔߝଷ

ଷሶݔ ൌ ସݔ ������

ସሶݔ ൌ X
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7KHVH�DUH�WKH�DFWXDO�UHTXLUHG�GHFRXSOHG�HTXDWLRQV�IRU�RXU�725$�V\VWHP�

1RZ��DOO�ZH�QHHG�WR�GR�LV�WR�LPSOHPHQW�DOO�WKHVH�HTXDWLRQV�LQ�WKH�DOJRULWKPV�LQ�FRUUHFW�

RUGHU�DQG�E\�XVLQJ�WKH�FRUUHFW�SURJUDPPLQJ�MXVW�LPSOHPHQW�WKHP�LQWR�D��P�ILOH�DQG�WKHQ�PDNH�

WKHP�ZRUN�LQWR�WKH�6LPXOLQN�PRGHO�VKRZQ�LQ�QH[W�FKDSWHUV�WR�REWDLQ�WKH�VWDEOH�JUDSKV�
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�� 6/,',1*�02'(�&21752//(5��60&��'(6,*1

$�VOLGLQJ�PRGH�FRQWURO��60&��LV�D�UREXVW�FRQWURO�DOJRULWKP�ZKLFK FDQ�FKDQJH�WKH�FRQWURO�

VWUXFWXUH�LQLWLDWLYHO\�WR�REWDLQ�WKH�GHVLUHG�RXWSXW��%HFDXVH�RI�LWV�QR�VHQVLWLYH�WR�WKH�YDULDWLRQ�RI�

SDUDPHWHUV� DQG� H[WHUQDO� GLVWXUEDQFHV�� LW� LV� EHLQJ� ZLGHO\� XVHG� WR� GHVLJQ� WKH� FRQWUROOHU� IRU�

XQGHUDFWXDWHG�V\VWHPV��

,Q�>��@��DXWKRUV SUHVHQWHG�D�GHFRXSOHG�IX]]\�VOLGLQJ�PRGH�FRQWUROOHU��)60&��IRU�WKH�VLQJOH�

DQG�GRXEOH�LQYHUWHG�SHQGXOXPV�V\VWHP��$XWKRUV�DFKLHYHG�D�JRRG�SHUIRUPDQFH�LQ�WKH�VLPXODWLRQ�

UHVXOWV��DQG�DQDO\VHG�WKH�VWDELOLW\�RI�VOLGLQJ�PRGH�VXUIDFH��:DQJ�LQ�>��@�GHYHORSHG�D�FDVFDGH�

VOLGLQJ�PRGH�FRQWURO��&60&��DSSURDFK��6RPH�FRQWUROOHU�SDUDPHWHUV�DUH�QHHGHG�WR�EH�VZLWFKHG�

IUHTXHQWO\�IRU�DVVXULQJ�WKH�V\VWHP�VWDELOLW\��<L�LQ�>��@�DOVR�SUHVHQWHG�D�FDVFDGH�VOLGLQJ�PRGH�

FRQWUROOHU� �&60&�� IRU� ODUJHVFDOH� XQGHUDFWXDWHG� V\VWHPV�� ZKRVH� VOLGLQJ� PRGH� VXUIDFH�ZDV�

VWDEOH� DV\PSWRWLFDOO\��+DR� LQ� >��@�SUHVHQWHG�D� UREXVW� FRQWUROOHU�XVLQJ� VOLGLQJ�PRGH�FRQWURO�

PHWKRG�IRU�D�FODVV�RI�PHFKDQLFDO�XQGHUDFWXDWHG�V\VWHPV��7KH�WRWDO�FRQWURO�FDQ�DVVXUH�HYHU\�

VWDWH�YDULDEOH�WR�IROORZ�LWV�RZQ�VOLGLQJ�PRGH�VXUIDFH�WR�PLQLPL]H��RU�]HUR��E\�FKRRVLQJ�SURSHU�

SDUDPHWHUV�RI�WKH�JLYHQ�FRQWUROOHU�

,Q�DOO�WKHVH�DERYH�JLYHQ�SDSHUV��DXWKRUV�QRW�RQO\�MXVW�GHVLJQHG�WKH�60&�FRQWUROOHU�IRU�WKH�

UHTXLUHG�V\VWHP�EXW�DOVR�HVWDEOLVKHG�WKH�VWDELOLW\�HLWKHU�PDWKHPDWLFDOO\�RU�JUDSKLFDOO\��7KLV�LV�

WKH�PRVW�LPSRUWDQW�SDUW�ZLWK�WKH�GHVLJQ�RI�FRQWUROOHUV��2QH�VKRXOG�MXVWLI\�WKH�VWDELOLW\�RI�RQH¶V�

DSSURDFK��

,Q�WKLV�FKDSWHU�QRW�RQO\�WKH�60&�GHVLJQ�SURFHGXUH�LV�IROORZHG�E\�LQ�WKH�VHFRQG�VHFWLRQ�RI�

FKDSWHU�WKH�FRQYHUJHQFH�DQDO\VLV�LV�DOVR�SHUIRUPHG�RQ�WKH�60&�FRQWUROOHU�LQ�RUGHU�WR�YHULI\�

DQG�MXVWLI\�WKH�VWDELOLW\�RI�WKH�60&�FRQWUROOHU�ZLWK�WKH�QRQ�OLQHDU�V\VWHP��7KLV�LV�GRQH�ZLWK�WKH�

KHOS�RI�+XUZLW]�FULWHULD�DQG�/\XSQRY�IXQFWLRQ�
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��� 60&�'HVLJQ

7KH�PRVW�HVVHQWLDO�IHDWXUH�RI�WKLV�60&�WHFKQLTXH�LV�WR�FKRRVH�VZLWFKLQJ�VXUIDFH�RI�WKH�VWDWH�

VSDFH�DFFRUGLQJ�WR�WKH�GHVLUHG�G\QDPLFDO�VSHFLILFDWLRQV��7KH�FRQWURO�ODZV�DUH�GHVLJQHG�LQ�VXFK�

D�ZD\�VR�WKDW�DOO�WKH�VWDWH�WUDMHFWRULHV�PD\�UHDFK�RQ�WKH�VZLWFKLQJ�VXUIDFH�DQG�ZLOO�UHPDLQ�RQ�LW�

.H\�IHDWXUH�RI�60&�GHVLJQ�LV��

x 5REXVWQHVV�DJDLQVW�WKH�ODUJH�FODVV�RI�XQFHUWDLQW\�

x &RPSDUHG�ZLWK�FODVVLFDO�FRQWURO�WHFKQLTXH�LW�QHHGV�OHVV�DPRXQW�RI�LQIRUPDWLRQ�

x &DQ� VWDELOL]H� WKRVH� QRQ�OLQHDU� V\VWHPV� ZKLFK� DUH� QR� JHQHUDOO\� VWDELOL]H� E\�

FRQWLQXRXV�VWDWH�WHFKQLTXHV�

7R�UHDOL]Hݔ�௜ ĺ���IRU�L ��������««���DV�W�ĺ���:H�PD\�GHILQH�WKH�HUURU�HTXDWLRQ�RI�VOLGLQJ�

PRGH�FRQWUROOHU�DV�

݁ଵ ൌ ଵݔ

݁ଶ ൌ ݁ଵሶ ൌ ଶݔ

݁ଷ ൌ ଵ݂�ݔଵǡ ଷሻݔ

݁ସ ൌ ݁ଷሶ ൌ ଵ݂
ሶ ሺݔଵǡ ଷሻݔ �����

:KHUH�

ଵ݂
ሶ ሺݔଵǡ ଷሻݔ ൌ

ௗ௙భ

ௗ௫భ
ଶݔ ൅

ௗ௙భ

ௗ௫య
ସݔ

,I��WKHUH�RFFXUV�݁ଷ ൌ ݁ଶሶ LQ�DERYH�HTXDWLRQV�WKHQ�LW�ZLOO�HQWHU�LQWR�VLQJXODULW\��6R��ZH�PXVW�

QRW�OHW�݁ଷ ൌ ݁ଶሶ ��
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7KH�JHQHUDO�6OLGLQJ�0RGH�)XQFWLRQ�IRU�D�VOLGLQJ�VXUIDFH�LV��

V ܿଵ݁ଵ ൅ ܿଶ݁ଶ൅ܿଷ݁ଷ ൅ ݁ସ �����

:KHUH��

ܿଵǡ ܿଶǡ ܿଷ DUH�SRVLWLYH�FRQVWDQW�

'LIIHUHQWLDWLQJ�HTXDWLRQ�������Z�U�W��WLPH��ZH�JHW�

ሶ ܿଵ݁ଵሶݏ ൅ ܿଶ݁ଶሶ ൅ܿଷ݁ଷሶ ൅ ݁ସሶ �����

IURP�HT��������ZH�KDYH�

݁ଵሶ ൌ ଶݔ 	 ݁ସ ൌ ݁ଷሶ �����

IURP�HT���������	��������ZH�KDYH�

݁ଶሶ ൌ ଶሶݔ ൌ ଵ݂�ݔଵǡ ଷሻݔ െͳͳݔߝଷ �����

$QG�

݁ସሶ ൌ ቀ
ௗ௙భ

ௗ௫భ
ଶݔ ൅

ௗ௙భ

ௗ௫య
ସቁݔ

ሶ
�����

3XWWLQJ�HTXDWLRQV�������������������LQWR��������ZH�JHW�

ሶݏ  �ܿଵݔଶ ൅ ܿଶሺ ଵ݂ െ ͳͳݔߝଷሻ൅ܿଷ݁ସ ൅
ௗ

ௗ௧
ቀ
ௗ௙భ

ௗ௫భ
ଶݔ ൅

ௗ௙భ

ௗ௫య
ସቁݔ �����

:KHUH�

ௗ

ௗ௧
ቀ
ௗ௙భ

ௗ௫భ
ଶݔ ൅

ௗ௙భ

ௗ௫య
ସቁݔ  

ௗ௙భ

ௗ௫భ
ሺ ଵ݂ െ ͳͳݔߝଷሻ�

ௗ

ௗ௧
ቀ
ௗ௙భ

ௗ௫య
�ସቁݔ

ௗ௙భ

ௗ௫య
ݑ

�����
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6XEVWLWXWLQJ�(T��������LQWR�(T���������

:H�JHW�

ଶݔሶ ܿଵݏ ൅ ܿଶሺ ଵ݂ െ ͳͳݔߝଷሻ൅ܿଷ݁ସ�
ௗ௙భ

ௗ௫భ
ሺ ଵ݂ െ ͳͳݔߝଷሻ �

ௗ

ௗ௧
ቀ

ௗ௙భ

ௗ௫య
ସቁݔ �

ௗ௙భ

ௗ௫య
ݑ

�����

/HW�

0 �ܿଵݔଶ ൅ ܿଶሺ ଵ݂ െ ͳͳݔߝଷሻ൅ܿଷ݁ସ�
ௗ௙భ

ௗ௫భ
ሺ ଵ݂ െ ͳͳݔߝଷሻ �

ௗ

ௗ௧
ቀ
ௗ௙భ

ௗ௫య
ସቁݔ ������

5HZULWLQJ�(T���������ZH�JHW�

ݏ െሶ ܿଵݔଶ െ ܿଶሺ ଵ݂ െ ͳͳݔߝଷሻെܿଷ݁ସ െ
݀ ଵ݂

ଵݔ݀
ሺ ଵ݂ െ ͳͳݔߝଷሻ െ

݀

ݐ݀
൬
݀ ଵ݂

ଷݔ݀
ସ൰ݔ ൌ

݀ ଵ݂

ଷݔ݀
ݑ

������

3XWWLQJ�(T���������LQ�(T����������

ሶݏ െ ܯ ൌ
ௗ௙భ

ௗ௫య
ݑ ������

7KHQ�

'HVLJQ�RI�WKH�VOLGLQJ�PRGH�FRQWUROOHU�ZLOO�EH��

X ቂ
ௗ௙భ

ௗ௙య
ቃ
ିଵ

ሺെܯ െ ݏ݊݃ݏ݊ െ ሻݏ݇ ������

:KHUH��

Q�DQG�N�DUH�SRVLWLYH�FRQVWDQW���VD\�Q N ��
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(T�� ������� JLYHV� WKH� GHVLJQ� IRU� VOLGLQJ� PRGH� FRQWUROOHU� ZKLFK� LV� WR� EH� XVHG� IRU� WKH�

LPSOHPHQWDWLRQ�RI�60&�RQ�725$�V\VWHP��7KH�60&�KHQFH�IRUPHG�PXVW�IROORZ�WKH�DV\PSWRWLF�

VWDELOLW\��ZKLFK�ZDV�GHVFULEHG�HDUOLHU�LQ�WKH�VHFWLRQ�����RI�WKLV�GLVVHUWDWLRQ�

7R�JHW�WKLV�/\DSXQRY�IXQFWLRQ��VXEVWLWXWH�(T���������LQWR�(T���������

ሶݏ ൌ െ݊݊݃ݏሺݏሻ െ ݏ݇ ������

7KH�/\DSXQRY�IXQFWLRQ�

9� 
ଵ

ଶ
ଶݏ

WKHQ��

ሶܸ ൌ ሶݏݏ ൌ െ݊ȁݏȁ െ ଶǤݏ݇ �������

)RU�WKH�/\DSXQRY�IXQFWLRQ�WR�SURYLGH�VWDELOLW\�ZLWKLQ�WKH�VWDWHV��(T���������PXVW�EH�QHJDWLYH�

L�H�� ሶܸ ൏ ͲǤ 6LQFH��Q�	�N�DUH�SRVLWLYH�LQ�QDWXUH�VR�HTXDWLRQ��������ZLOO�DOZD\V�EH�QHJDWLYH�LQ�

QDWXUH��:KLFK�VKRZV�WKDW�WKH�/\DSXQRY�IXQFWLRQ�LV�VHQVLQJ�VWDELOLW\�LQ�WKH�V\VWHP�

7KLV�/\DSXQRY�IXQFWLRQ�LV�XVHG�WR�GHFLGH�WKH�VWDELOLW\�RI�WKH�60&��7KLV�PHWKRG�LV�YHU\�

XVHIXO�LQ�GHVFULELQJ�WKH�FRQYHUJHQFH�RI�WKH�FRQWUROOHU��ZKLFK�LV�IXUWKHU�GHVFULEHG�LQ�WKH�QH[W�

VHFWLRQ�RI�WKLV�GLVVHUWDWLRQ�
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�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

��� &RQYHUJHQFH�$QDO\VLV

6R�IDU��ZH�KDYH�GLVFXVVHG�WKH�PRGHO�SDUDPHWHUV�RI�ERWK�725$�V\VWHP�DQG�60&�FRQWUROOHU�

,Q�RUGHU�WR�JHW�WKH�VWDEOH�DQG�GLVWRUWLRQ�OHVV�SHUIRUPDQFH��WKH�725$�V\VWHP�DQG�60&�FRQWUROOHU�

PXVW�REH\�WKH�VLPLODU�SDUDPHWHU�IXQFWLRQV�LQ�DOJRULWKP��7KLV�LV�PDGH�VXUH�E\�WKHLU�FRQYHUJHQFH�

DQDO\VLV�LQ�PDWKHPDWLFDO�IRUP�

)URP�(T���������ZH�KDYH�HUURU�HTXDWLRQV�DV�

�ଵሶ ൌ �ଶ

�ଶሶ ൌ �ଷ െ ͳͳɂ�͵

�ଷሶ ൌ �ସ ������

)URP�(T����������LI�

ሶݏݏ ���

7KHQ��WKH�V\VWHP�ZLOO�UHDFK�DQG�VWD\�DW�WKH�VOLGLQJ�VXUIDFH�V ��

2Q�WKH�VOLGLQJ�VXUIDFH�V� ����IURP�(T��������ZH�KDYH�

݁ସ ൌ െܿଵ݁ଵ െ ܿଶ݁ଶെܿଷ݁ଷ ������

/HW�

$� �൥
Ͳ ͳ Ͳ
Ͳ Ͳ ͳ
െܿଵ െܿଶ െܿଷ

൩

'HILQH� ܿଵǡ ܿଶǡ ܿଷ LQ� VXFK� D� ZD\� WKDW� $� EHFRPHV� +XUZLW]� L�H�� WKH� UHDO� SDUW� RI� WKH�

FKDUDFWHULVWLF�YDOXH�RI�$�PXVW�EH�QHJDWLYH�

7KHQ��ZH�JHW�WKH�HUURU�VWDWH�HT��DV��

�ଵሶ ൌ �ଶ

�ଶሶ ൌ �ଷ െ ͳͳɂ�͵

�ଷሶ ൌ െܿଵ݁ଵ െ ܿଶ݁ଶെܿଷ݁ଷ ������
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'HILQLQJ��

(� �ሾ݁ଵ ݁ଶ ݁ଷሿ
் �� GLVWXUEDQFH�� ݀ଶ ൌ െͳͳɂ�͵

(T���������FDQ�EH�UHZULWWHQ�DV�

ሶܧ ൌ ܧܣ ൅ ܦ ������

:KHUH��

'� �ሾͲ ݀ଶ Ͳሿ்

7R�JXDUDQWHH�(�ĺ����$�PXVW�EH�+XUZLW]��L�H��WKH�UHDO�SDUW�RI�FKDUDFWHULVWLF�HTXDWLRQ�RI�

$�PXVW�EH�QHJDWLYH�

%\�VROYLQJ�

ȁܣ െ ȁܫߣ  �อ
െ ߣ ͳ Ͳ
Ͳ െ ߣ ͳ
െܿଵ െܿଶ െܿଷ െ ߣ

อ  ��

L�H� ଷߣ ��ܿଷߣ
ଶ ��ܿଶ ߣ ൅ ܿଵ  �� ������

IRU�������

ܿଵ ൌ ܽଷǡ

ܿଶ ൌ ͵ܽଶǡ

ܿଷ ൌ ͵ܽ

$QG������G�!���� ������

$�ZLOO�EH�D�+XUZLW]�

1RZ��

'HILQLQJ�4� �்ܳ��WKHUH�H[LVW�D�/\DSXQRY�HTXDWLRQ�DV�

்ܲܣ ൅ ܣܲ ൌ െܳ ������

1RZ�ZH�KDYH��9�H�� ܧ்ܲܧ����D�/\DSXQRY�IXQFWLRQ�IRU�WKH�JLYHQ�V\VWHP�



^ůŝĚŝŶŐ�DŽĚĞ��ŽŶƚƌŽů�ŽŶ�ĂŶ�hŶĚĞƌĂĐƚƵĂƚĞĚ�dKZ��ƐǇƐƚĞŵ͘

ϯϭ
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7KHQ�ZH�KDYH�

�ሺ�ሻሶ ሶܧ�  ܧ்ܲ ൅ ሶܧ்ܲܧ

 ��ሾܧܣ ൅ ܧሿ்ܲܦ ܧܣሾ்ܲܧ�� ൅ ሿܦ

ܧ்ܲܣ்ܧ��  ൅ ܧ்ܲܦ ൅ ܦ்ܲܧ��)ܣ்ܲܧ

்ܲܣሾ்ܧ��  ൅ ܧሿܣܲ ൅ ܧ்ܲܦ ൅ ܦ்ܲܧ

൅)4்ܧ��  ܧ்ܲܦ ൅ ܦ்ܲܧ

:KHUH��

ܧ்ܲܦ ൅ ܦ்ܲܧ ௠௔௫ሺܲሻߣ�� ��

:H�KDYH�

௠௜௡ሺܳሻߣ LV�WKH�PLQLPXP�HLJHQ�YDOXH�RI�SRVLWLYH�GHILQLWH�PDWUL[�4�

�௠௔௫ሺܲሻLV�WKH�PD[LPXP�HLJHQ�YDOXH�RI�SRVLWLYH�GHILQLWH�PDWUL[�3ߣ

7KHQ��

�ሺ�ሻሶ ��� ������

,I��ZH�DVVXPH�4� �,GHQWLW\�PDWUL[��ZH�ZLOO�KDYH�

௠௜௡ሺܳሻߣ ൌ ͳ

௠௔௫ሺܲሻߣ  �
ଵ

ଶఒ೗೐೑೟ሺି஺ሻ
������

:KLFK�FDQ�EH�JXDUDQWHH�E\�GHVLJQ�RI�$�PDWUL[�

6LQFH��

$�LV�+XUZLW]��WKHQ�(� �ሾ݁ଵ ݁ଶ ݁ଷሿ
்ĺ��ZLOO�DOVR�EH�VDWLVILHG�

L�H�

݁ଵ ՜ Ͳǡ ݁ଶ ՜ Ͳ ��� ݁ଷ ՜ Ͳ ������

$OVR�IURP�� V�ĺ���ZH�KDYH�݁ସĺ� ������
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)URP��

݁ଵ ՜ Ͳǡ ݁ଶ ՜ Ͳ ǡ ZH�PD\�KDYHݔ�ଵ ՜ Ͳ ��� ଶݔ ՜ Ͳ ������

)URP��$VVXPSWLRQ���

݁ଷ � ଵ݂����� ଷ��՜ݔ Ͳ ������

8VLQJ�(T��������QRZ��ZH�JHW�

ଷݔ ՜ Ͳ ܽ݊݀ ସݔ ՜ Ͳ�� ������

(T���������WR�(T���������VKRZV�WKDW�DOO�WKH�UHTXLUHG�JRDO�RI�(T��������KDYH�EHHQ�DFKLHYHG�

DQG�KHQFH�WKH�FRQYHUJHQFH�LV�DFKLHYHG�E\�WKH�60&�FRQWUROOHU�

(T���������VKRZV�WKDW�WKH��ሺ�ሻሶ LV�QHJDWLYH�L�H��VWDELOLW\�LV�DFKLHYHG�E\�WKH�FRQWUROOHU�LQ�WKH�

FRQYHUJHQFH�DQDO\VLV�

1RZ�

$OO�WKH�HTXDWLRQV�IRUPHG�LQ�FKDSWHU���DQG�FKDSWHU���ZLOO�EH�WUDQVFULSW�LQWR�WKH�FRGLQJ�LQ�

0$7/$%�DQG�WKHQ�EH�XVHG�LQ�WKH�6,08/,1.�WR�JHW�WKH�GHVLUHG�FRQWURO�LQSXW�ZDYHIRUP�
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ϯϯ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

�� 6,08/$7,21�$1'�',6&866,21

7KH�0$7/$%�SODWIRUP�LV�RSWLPL]HG�IRU�GHWHUPLQLQJ�WKH�VFLHQWLILF�DQG�HQJLQHHULQJ�LVVXHV��

7KH�ZRUOG¶V�PRVW� QDWXUDOO\� FDWHJRULVHG�PDFKLQH� DULWKPHWLF� LV� WKH�PDWUL[� EDVHG�0$7/$%�

ODQJXDJH�� 6LPSOH� WR� VHH� DQG� JDLQLQJ� LQVLJKW� NQRZOHGJH� LV� WKH� NH\� IHDWXUH� RI� LWV� LQKHUHQW�

JUDSKLFV��6XFK�0$7/$%�WRROV�DUH�WHVWHG�DQG�GHVLJQHG�WR�ILJXUH�DORQJ�>��@��

0$7/$%� LV� EHLQJ� XVHG� LQ� KHDY\� ERG\� VDWHOOLWHV�� DXWRPRELOH� VDIHW\� V\VWHPV�� KHDOWK�

REVHUYDQFH�GHYLFHV��/7(�FHOOXODU�QHWZRUNV��SRZHU�JULGV�HWF��ZKLFK�PDNHV�LW�D�YHU\�LPSRUWDQW�

DQG�XVHIXO�SODWIRUP�LQ�HQJLQHHULQJ�ILHOG��7KH�VDPH�LV�XVHG�LQ�WKLV�GLVVHUWDWLRQ�IRU�WKH�SXUSRVH�

RI�DQDO\VLQJ�WKH�HTXDWLRQV�RI�V\VWHP�DQG�FRQWUROOHU�LQWR�FRGLQJ�DQG�REVHUYLQJ�WKH�SHUIRUPDQFH�

LQ�WKH�IRUP�RI�ZDYHV�

6LPXOLQN�LV�WRWDOO\�EDVHG�RQ�EORFN�GLDJUDP�HQYLURQPHQW��ZKLFK�LV�D�PRGHO�EDVHG�GHVLJQ�

DQG�XVHG�IRU�PXOWLSXUSRVH�GHVLJQ��,W�SURYLGHV�HGLWRUV��SURFHVVRUV�DQG�PRGHOOLQJ�RI�G\QDPLF�

V\VWHPV��(QJLQHHUV�LQ�HYHU\�ILHOG�XVHV�WKLV�IDFLOLW\�HYHU\�GD\�WR�UDLVH�WKHLU�LGHDV�WR�QHZ�OHYHOV�

LQ�WKHLU�UHVHDUFK�

��� ,PSOHPHQWDWLRQ�RI�$OJRULWKP�LQ�0$7/$%

)URP�HDUOLHU�H[SODQDWLRQ�RI�PRGHOOLQJ�RI�ERWK�FRQWUROOHU�DQG�V\VWHP��:H�KDYH�D�FOHDU�LGHD�

RI�ZKDW�ZH�QHHG�WR�LPSOHPHQW�LQ�RXU�DOJRULWKP�WR�PDNH�LW�ZRUN�OLNH�D�60&�FRQWUROOHU�RQ�D�

725$�V\VWHP��

1RZ�� E\� XVLQJ� 0$7/$%� DOJRULWKP� VNLOOV�� ZH� QHHG� WR� LPSOHPHQW� WKHVH� DERYH�

PHQWLRQHG�HTXDWLRQV�LQWR�WKH�0$7/$%��P�ILOHV��7KHVH��P�ILOHV�ZLOO�GHILQLWHO\�EH�LPSOHPHQWHG�

LQWR� WKH� EORFNV� RI� 6,08/$7,21� ILOH� DQG� WKHQ�ZH�ZLOO� JHW� GLIIHUHQW� RXWSXWV� IRU� GLIIHUHQW�

SDUDPHWHUV��

2I�FRXUVH��RQO\�RQH�VWDEOH�RXWSXW�ZLOO�EH�IRUPHG��WKDW�WRR�ZKHQ�WKH�V\VWHP�DQG�FRQWUROOHU�

SDUDPHWHUV�ZLOO�PDWFK�WR�HDFK�RWKHU��,Q�WKLV�GLVVHUWDWLRQ��WZR�GLIIHUHQW�DQDO\VLV�RI�0$7/$%�
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�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

VLPXODWLRQ�DQG�WKH�VXLWDEOH�DOJRULWKP�IRU�HDFK�LV�DSSOLHG�DQG�ILQDOO\�WKH�UHVXOW�LV�UHFRUGHG�DQG�

VKRZQ�DV�

����� &RQYHQWLRQDO�$QDO\VLV

,Q�)LJ�����WKH�UHVSRQVH�RIݖ�ଵ	ݖ��ଵሶ LV�VKRZQ��6LQFH��WKH�UHVSRQVH�LV�VKRZLQJݖ�ଵǡ ଵǡሶݖ ՜ ���

IRU�W�ĺ���+HQFH��(T��������LV�YHULILHG�

)LJ�����7KH�VSHHG�WUDFNLQJ�UHVSRQVH�RIݖ�ଵ	ݖ��ଵሶ LQ�FRQYHQWLRQDO�DQDO\VLV�

,Q�)LJ�����WKH�UHVSRQVH�RI� ଵߠ Ƭ ଵሶߠ LV�VKRZQ��6LQFH��WKH�UHVSRQVH�LV�VKRZLQJ ଵǡߠ ଵሶߠ ՜

�����IRU�W�ĺ���+HQFH��(T��������LV�YHULILHG��

)LJ�����7KH�SRVLWLRQ�WUDFNLQJ�UHVSRQVH�RI� ଵߠ Ƭ ଵሶߠ LQ�FRQYHQWLRQDO�DQDO\VLV�
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ϯϱ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

7KHVH� WZR� ILJXUHV� �)LJ�� �� 	� )LJ�� ���� DUH� VKRZLQJ� WKH� YDULDWLRQ� LQ� GLIIHUHQW� LQSXW�

SDUDPHWHUV� WR� WKH�60&�FRQWUROOHU� L�H�� WKH�RXWSXW� IURP�WKH�725$�SODQW��DV�VKRZQ�LQ�)LJ�����

ZKLFK�LV�DFWXDOO\�WKH�6,08/$7,21�IRUP�RI�WKH�UHTXLUHG�0$7/$%�PRGHO�

,Q�)LJ�����WKH��PGO�PRGH�RI�6,08/,1.�ILOH�LV�VKRZQ��7KH�60&�EORFN�LV�HQFU\SWHG�ZLWK�

WKH�DOJRULWKP�H[SODLQHG�LQ�(T��������DQG�IURP�(T���������WR�(T����������7KH�725$�EORFN�FRQVLVW�

RI�WKH�DOJRULWKP�HQFU\SWHG�ZLWK�WKH�(T���������WR�(T����������7KH�&RQWURO�LV�,QSXW�LV�DFWXDOO\�

WKH�SORW�RI�WKH�FRQWUROOHG�RXWSXW�JLYHQ�E\�WKH�60&�FRQWUROOHU�L�H��LQSXW�WR�WKH�725$�V\VWHP�

)LJ�����7KH�6,08/,1.�PRGHO�RI��PGO�ILOH�LQ�FRQYHQWLRQDO�DQDO\VLV�

,Q�)LJ�����WKH�FRQYHQWLRQDO�RXWSXW�RI�725$�V\VWHP�LV�VKZRQ��ZKLFK�ZH�REWDLQHG�IURP�

WKH�VLPXODWLRQ�EORFN��/RRNLQJ�FORVHO\�WR�LW��ZH�FDQ�VHH�WKDW�WKLV�LV�WKH�UHVXOW�RI�WKH�FRPELQDWLRQ�

RI�)LJ����DQG�)LJ�����7KLV�RXWSXW�RI�725$�V\VWHP�LV�DXWRPDWLFDOO\�WKH�LQSXW�RI�RXU�FRQWUROOHU�

L�H��60&�FRQWUROOHU
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��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

)LJ����7KH�UHVSRQVH�RIݖ�ଵǡ ଵǡሶݖ ଵǡߠ ଵሶߠ REWDLQHG�IURP�WKH�6LPXOLQN�EORFN�

,Q�)LJ�����WKH�2XWSXW�ZDYHV�RI�WKH�FRQWURO�LQSXW�WR�WKH�725$�V\VWHP�LV�VKRZQ�DFFRUGLQJ�WR�WKH�

FRQYHQWLRQDO�DSSURDFK�RI�60&�FRQWUROOHU�

)LJ�����7KH�UHVSRQVH�RI�FRQWURO�LQSXW�LQ�FRQYHQWLRQDO�DQDO\VLV�
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ϯϳ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

����� $GYDQFHG�$QDO\VLV

7KLV�VHFWLRQ�VKRZV�WKH�DGYDQFH�DQDO\VLV�RI�VDPH�SUREOHP��,Q�WKLV�DGYDQFH�DQDO\VLV��WKH�W\SH�

RI� WKH�V\VWHP�FRQWURO� LQSXW� LV� LQFUHDVHG� LQ�RUGHU� WR� UHGXFH� WKH�HUURU�DQG� LPSURYH� WKH�VWDEOH�

EHKDYLRU� RI� WKH� 60&� FRQWUROOHU�� %\� GRLQJ� VR�� WKH� V\VWHP� LV� RSHQ� WR� RWKHU� DSSOLFDWLRQV� RI�

XQGHUDFWXDWHG�W\SH�ZLWK�HYHQ�OHVV�SHDN�LQ�FRQWURO� LQSXW��/HW�XV�VHH�ZKDW�NLQG�RI�UHVXOWV�DUH�

REWDLQHG�E\�GRLQJV�WKLV�PHWKRG�

)RU�DGYDQFHG�DQDO\VLV�DOVR�ZH�PXVW�VDWLVI\�WKH�(T��������

L�H��

ଵǡݖ ଵǡሶݖ ଵǡߠ ଵሶߠ ՜ �����IRU�W�ĺ���VKRXOG�EH�VDWLVILHG�

7R�PDNH�WKLV�VDWLVILHG�WKH�UHVSRQVH�RIݖ�ଵǡ ଵǡሶݖ ଵߠ Ƭ ଵሶߠ PXVW�EH�VDPH�IRU�ERWK�FRQYHQWLRQDO�DQG�

DGYDQFHG�DQDO\VLV�L�H��PXVW�EH�]HUR�IRU�W�ĺ��

7KLV�PDNHV�IHZ�SRLQW�SUHWW\�FOHDU�

x ,QSXW�WR�WKH�60&�FRQWUROOHU�LV�DFWXDOO\�WKH�RXWSXW�RI�WKH�725$�V\VWHP�IURP�WKH�EORFN�

GLDJUDP�

x &RQWURO�LQSXW�LV�DFWXDOO\�WKH�FRQWUROOHG�LQSXW�RI�WKH�725$�V\VWHP�QRW�WKH�LQSXW�RI�60&�

FRQWUROOHU�

x 6LPXODWLRQ�GLDJUDP�ZLOO�VKRZ�WKH�FRQWUROOHG�RXWSXW�RI WKH�60&�FRQWUROOHU�DV�WKH�FRQWURO�

LQSXW�LQ�)LJ����	�)LJ����

1RZ��

LQ�)LJ�����WKH�UHVSRQVH�RIݖ�ଵ	ݖ��ଵሶ LV�VKRZQ��6LQFH��WKH�UHVSRQVH�LV�VKRZLQJ�

ଵǡݖ ଵǡሶݖ ՜ �����IRU�W�ĺ���

2QFH�DJDLQ��(T��������LV�YHULILHG�
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)LJ�����7KH�VSHHG�WUDFNLQJ�UHVSRQVH�RIݖ�ଵ	ݖ��ଵሶ LQ�DGYDQFHG�DQDO\VLV�

,Q�)LJ�����WKH�UHVSRQVH�RI� ଵߠ Ƭ ଵሶߠ LV�VKRZQ��6LQFH��WKH�UHVSRQVH�LV�VKRZLQJ ଵǡߠ ଵሶߠ ՜

�����IRU�W�ĺ���

$JDLQ��(T��������LV�YHULILHG�IRU�DGYDQFHG�DQDO\VLV�DOVR�

)LJ�����7KH�SRVLWLRQ�WUDFNLQJ�UHVSRQVH�RI� ଵߠ Ƭ ଵሶߠ LQ�DGYDQFHG�DQDO\VLV�
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ϯϵ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

)LJ����	�)LJ����DUH�VLPLODU�WR�)LJ����	�)LJ�����ZKLFK�DUH�FRPSXOVRU\�WR�PDNH�RXU�DGYDQFHG�

DQDO\VLV�SURYHG�ULJKW��

)URP�WKH�ILJXUHV�LW�LV�TXLWH�FOHDU�WKDW�WKH�UHTXLUHG�SDUDPHWHUV�DUH�VDWLVILHG�

L�H�

ଵǡݖ ଵǡሶݖ ଵߠ Ƭ ଵሶߠ ՜ �����IRU�W�ĺ��

1RZ��E\�LPSOHPHQWLQJ�D�W\SH�LQFUHPHQWDO�EORFN�LQWR�WKH�FRQWURO�LQSXW��ZH�ZLOO�JHW�D�

ZLGH�UDQJH�RI�V\VWHP�VWDELOLW\��7KLV�ZLOO�KHOS�LQ�PDNLQJ�WKH�HOLPLQDWLRQ�RI�GLVWXUEDQFH�HDV\�

:H�DOVR�QHHG�WR�YDU\�WKH�DOJRULWKP�SDUDPHWHUV�D�ELW�DFFRUGLQJ�WR�WKH�UHTXLUHPHQWV�WR�

PDNH�WKH�IOXFWXDWLRQV�IRUP�WKH�FRQWURO�LQSXW�HOLPLQDWHG��7KH�QHZ�IRUPHG��PGO�0$7/$%�ILOH�

LV� VKRZQ� LQ� )LJ�� ��� :KHUH�� WKH� 60&BFRQWUROOHU� EORFN� LV� LPSOHPHQWHG� E\� WKH� LPSURYHG�

DOJRULWKP�RI�SDUDPHWHUV�RI�60&�FRQWUROOHU�DQG�WKH��,Q��WR�2XW���EORFN�LV�LQFUHDVLQJ�WR�W\SH�RI�

VLJQDO�ZLWK�DSSURSULDWH�VSHFLILFDWLRQV�DQG�DV�WKH�UHVXOW�ZH�ZLOO�JHW�DQ�LPSURYHG�FRQWURO�LQSXW�

)LJ�����7KH�6,08/,1.�PRGHO�RI��PGO�ILOH�LQ�DGYDQFHG�DQDO\VLV
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��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

,Q )LJ������WKH�DGYDQFHG�DQDO\VLV�RXWSXW�RI�725$�V\VWHP�LV�VKZRQ��ZKLFK�ZH�REWDLQHG�IURP�

WKH�VLPXODWLRQ�EORFN��/RRNLQJ�FORVHO\�WR�LW��ZH�FDQ�VHH�WKDW�WKLV�LV�WKH�UHVXOW�RI�WKH�FRPELQDWLRQ�

RI�)LJ����DQG�)LJ�����7KLV�RXWSXW�RI�725$�V\VWHP�LV�DXWRPDWLFDOO\�WKH�LQSXW�RI�RXU�FRQWUROOHU�

L�H��60&�FRQWUROOHU

)LJ�����7KH�UHVSRQVH�RIݖ�ଵǡ ଵǡሶݖ ଵǡߠ ଵሶߠ REWDLQHG�IURP�WKH�6LPXOLQN�EORFN�

,Q�)LJ������WKH�JUDSK�REVHUYHG�DW�WKH�FRQWURO�LQSXW�RI��PGO�PRGHO�LV�VKRZQ��,Q�WKLV�QHZ�JUDSK�

WKH�FKDQJH�LQ�WKH�SDUDPHWHUV�RI�WKH�SORW�LV�FOHDUO\�REVHUYHG�

)LJ������7KH�UHVSRQVH�RI�FRQWURO�LQSXW�LQ�DGYDQFHG�DQDO\VLV�
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ϰϭ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

)LJ����	�)LJ����DUH�VKRZLQJ�WKH�H[DFW�FRQWURO�LQSXW�IRU�ERWK�WKH�W\SH�RI�DQDO\VLV�VKRZQ�LQ�WKLV�

SDSHU��)URP�WKH�DQDO\VLV�RI�WKHVH�WZR�ILJXUHV��WKH�EHQHILWV�REVHUYHG�DUH�VKRZQ�LQ�7DEOH�,�

7$%/(�,�� ',))(5(1&(�%(7:((1�%27+�$3352$&+(6

&RQYHQWLRQDO�

DQDO\VLV
$GYDQFHG�DQDO\VLV

)LUVW�3HDN 0RUH /HVV

6WDELOLW\ /HVV 0RUH

'LVWXUEDQFH�UHMHFWLRQ /HVV 0RUH

(UURU 0RUH /HVV

5HOLDEOH /HVV 0RUH

7+(�$%29(�5(68/76�$5(2%6(59('�21�7+(�:$9()250�*5$3+6�$1'�7+(�3$5$0(7(5�$1$/<6,6�

,6�'21(�$1'�7+(�5(&25'('�3$5$0(7(56�$5(�6+2:1�+(5(�,1�7+(�7$%/(�,,�

7$%/(�,,�� &203$5,6,21�%(7:((1�7+(�3$5$0(7(56�2)�%27+�$3352$&+(6

&RQYHQWLRQDO�

DQDO\VLV
$GYDQFHG�DQDO\VLV

6WHDG\�VWDWH�HUURU ��GHJUHH ��GHJUHH

3HDN�8QGHUVKRRW ��� GHJUHH ��� GHJUHH

3HDN WLPH ��VHFRQG ����VHFRQGV

3HDN�RYHUVKRRW �� GHJUHH ��GHJUHH
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ϰϮ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

�� &21&/86,21�$1'�)857+(5�6&23(

%\�XVLQJ�WKH�DOJRULWKPLF�DSSURDFK�RQ�D�725$�V\VWHP��ZH�DUH�VXFFHVVIXOO\�DEOH�WR�FRQFOXGH�

WKHVH�SRLQWV�

x &RQWUROOHU�DQG�QRQ�OLQHDU�HTXDWLRQV XVHG� LQ� WKH�PDWKHPDWLFDO�PRGHOOLQJ� DUH GHULYHG�

LQWR�DOJRULWKPLF�SDUDPHWHU�IRUPV�

x 'HFRXSOLQJ�VWUDWHJ\�LV XVHG�LQ�DOJRULWKPLF�DSSURDFK�WR�PDNH�FRQWUROOHU�DQG�QRQ�OLQHDU�

GHYLFHV�ZRUN�WRJHWKHU�VXFFHVVIXOO\��

x 7KH�FRQWURO�LQSXW�WR WKH�QRQ�OLQHDU��725$��V\VWHP�LV GHULYHG�E\�XVLQJ�WKH�6LPXOLQN�

EORFN�WR�PDNH�LW�SRVVLEOH�WR�XVH�LW�LQ�RWKHU�FLUFXLW�DOVR�

x &RQWUROOHU�DQG�V\VWHP�SDUDPHWHUV�DUH LPSURYHG�LQ�WKH�DOJRULWKPLF�DSSURDFK�GXH�WR�WKH�

EHWWHU�SUHFLVLRQ�RI�WKLV�DSSURDFK

x $OJRULWKP��DIWHU�LPSOHPHQWDWLRQ��PDNHV�WKH�ZRUNLQJ�RI�D�PRGHO�OHVV�FRPSOH[�

x 7KH�PRGHO� SDUDPHWHUV� DUH LPSURYHG� LQ� WKH� DOJRULWKPLF� DV�ZHOO� DV� LQ� WKH� VLPXODWLRQ�

EORFN�

$IWHU�XVLQJ�DERYH�DSSURDFK�LQ�WKLV�GLVVHUWDWLRQ��WKH�IROORZLQJ�EHQHILW�ZLWK�UHVSHFW�WR�WKH�

UHVXOWV�LQ�WKH DGYDQFHG�DQDO\VLV�DUH�REWDLQHG�

x )LUVW�SHDN�RI�WKH�FRQWURO�LQSXW�LV�UHGXFHG�LQ�RUGHU�WR�JHW�D�UHOLDEOH�UDQJH�RI�GLVWXUEDQFH�

IRU�RSHUDWLRQ�

x 6\VWHP�EHFRPHV�PRUH�VWDEOH�GXH�WR�WKLV�UHGXFHG�SHDN�

x $ELOLW\�RI�WKH�V\VWHP�DJDLQVW�GLVWXUEDQFH�UHMHFWLRQ�LV�LPSURYHG LQ�RUGHU�WR�XVH�LW�LQ�DQ\�

GHYLFH�IRU�IXUWKHU�RSHUDWLRQV�

x &KDQFHV�RI�HUURU�LQWR�WKH�UHVXOWV�RSHUDWLRQV�DUH�YHU\�ORZ�

x +DYLQJ�WKH�OHVV�HUURU��WKH�V\VWHP�EHFRPHV�PRUH�DQG�PRUH�UHOLDEOH�DV�FRPSDUHG�WR�WKH�

HDUOLHU�DQDO\VLV�SHUIRUPHG�RQ�QRQ�OLQHDU�GHYLFHV�E\�RWKHU�DXWKRUV�
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ϰϯ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

$V�IDU�DV�ZH�WDON�DERXW�WKH�IXWXUH�VFRSHV�RI�WKLV�SURJUDPPLQJ��WKHQ�ZH�VKRXOG�FRPH�WR�D�

ILQDO� GHFLVLRQ�� WKDW� WLOO� ZH� KDYH� QRQ�OLQHDU� V\VWHPV� WR� GHDO� ZLWK�� ZH� ZLOO� EH� GHDOLQJ� ZLWK�

FRQWUROOHUV�OLNH�60&��7KLV�WHFKQLTXH�LV�EHLQJ�XVHG�IRU�PDQ\�GHFDGHV�DQG�ZLOO�EH�XVLQJ�IRU�WKH�

XQGHUVWDQGLQJ�RI�FRQWUROOLQJ�DQG�REVHUYHU�WHFKQLTXH�IRU�PDQ\�FRPLQJ�\HDUV�DOVR�

$XWKRU�LQ�>��@��VKRZ�WKDW�KRZ�D�60&�FDQ�EH�XVHG�LQ�KRPRJHQHLW\�DQDO\VLV�DQG�VHYHUDO�

DSSOLFDWLRQ�EDVHG�RQ�WKH�VDPH�RQ�WKH�RWKHU�KDQG�LQ�>��@��DXWKRU�XVHG�D��QG RUGHU�60&�V\VWHP�

LQ�D�VZLWFK�WLPH�EDVHG�DGDSWLRQ��6XFK�VWXGLHV�RI�UHVSHFWHG�MRXUQDOV�VKRZV�WKDW�60&�KDV�D�ZLGH�

UDQJH�RI�RSHUDWLRQV�DQG�LV�EHLQJ�XVHG�IRU�PDQ\�ODUJH�QXPEHU�RI�SUREOHPV��6LQFH��KRPRJHQHLW\�

DQG�VZLWFK�WLPH�EDVHG�SUREOHPV�DUH�YDVW�LQ�QXPEHU�RI�DSSOLFDWLRQV��LW�LV�TXLWH�FOHDU�WR�VD\�WKDW�

WKH�60&�KDV�D�YDVW�IXWXUH�VFRSH�RQ�FRQWURO�V\VWHP�HQJLQHHULQJ��

([FHSW�IRU�WKH�725$�V\VWHP�XVHG�LQ�WKLV�GLVVHUWDWLRQ��WKH�VLPLODU�FRQWUROOHU�FDQ�EH�XVHG�RQ�

RWKHU�V\VWHPV�OLNH�

� ,QYHUWHG�SHQGXOXP�

� 8QGHUDFWXDWHG�V\VWHPV�RI�KLJKHU�RUGHU�

� 60&�ZLWK�IX]]\�QHWZRUNLQJ

� 60&�ZLWK�QHXUDO�QHWZRUNLQJ�

� 60&�LQ�GLVFUHWH�WLPH�

+HQFH��LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�60&�LPSOHPHQWDWLRQ�RQ�GLIIHUHQW�V\VWHPV�LQ�FRQWURO�

V\VWHP�KDV�DSSOLFDWLRQV�OLNH�WKH�ERXQGDULHV�RI�D�VHD��:KLFK�ZLOO�QHYHU�HQG�DQG�JRHV�RQ�
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�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

$33(1',&(6

�� &2',1*�86('�,1��P�),/(�)25�³VOPBFRQWUROOHU´

IXQFWLRQ>V\V�[��VWU�WV@ VBIXQFWLRQ�W�[�X�IODJ�

VZLWFK�IODJ�

FDVH���

>V\V�[��VWU�WV@ PGO,QLWLDOL]H6L]HV�

FDVH���

V\V PGO2XWSXWV�W�[�X��

FDVH�^�����`

V\V >@�

RWKHUZLVH

HUURU�>
XQKDQGOHG�IODJ 
�QXP�VWU�IODJ�@��

HQG

IXQFWLRQ�>V\V�[��VWU�WV@ PGO,QLWLDOL]H6L]HV

VL]HV VLPVL]HV�

VL]HV�1XP&RQW6WDWHV ��

VL]HV�1XP'LVF6WDWHV ��

VL]HV�1XP2XWSXWV ��

VL]HV�1XP,QSXWV ��

VL]HV�'LU)HHGWKURXJK ��
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ϰϱ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

VL]HV�1XP6DPSOH7LPHV ��

V\V VLPVL]HV�VL]HV��

[� >@�

VWU >@�

WV >���@�

IXQFWLRQ�V\V PGO2XWSXWV�W�[�X�

]� X����

]� X����

WKHWD� X����

WKHWD� X����

HSF ����

[� ]��HSF
VLQ�WKHWD���

[� ]��HSF
WKHWD�
FRV�WKHWD���

[� WKHWD��

[� WKHWD��

I� �[��HSF
VLQ�[�����
HSF
[��

I�B[� ���

I�B[� HSF
�FRV�[�������
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ϰϲ
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�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

GWBI�B[� ��

GWBI�B[� �HSF
VLQ�[��
[��

H� [��

H� [��

H� I��

H� I�B[�
[��I�B[�
[��

D ����

F� DA��F� �
DA��F� �
D�

V F�
H��F�
H��F�
H��H��

0 F�
[��F�
�I����
HSF
[���F�
H��I�B[�
�I����
HSF
[���GWBI�B[�
[��

N ����[LWH ����

IDL ������

LI�DEV�V�� IDL

VDW V�IDL�

HOVH

VDW VLJQ�V��

HQG
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ϰϳ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

XW ��I�B[�
��0�N
V�[LWH
VDW��

Y ���HSFA�
�FRV�WKHWD���A��
XW�HSF
FRV�WKHWD��
�]��HSF
WKHWD�A�
VLQ�WKHWD����

V\V��� Y�
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ϰϴ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

�� &2',1*�86('�,1��P�),/(�)25�³WRUD´

IXQFWLRQ>V\V�[��VWU�WV@ VBIXQFWLRQ�W�[�X�IODJ�

VZLWFK�IODJ�

FDVH���

>V\V�[��VWU�WV@ PGO,QLWLDOL]H6L]HV�

FDVH���

V\V PGO'HULYDWLYHV�W�[�X��

FDVH���

V\V PGO2XWSXWV�W�[�X��

FDVH�^�����`

V\V >@�

RWKHUZLVH

HUURU�>
XQKDQGOHG�IODJ 
�QXP�VWU�IODJ�@��

HQG

IXQFWLRQ�>V\V�[��VWU�WV@ PGO,QLWLDOL]H6L]HV

VL]HV VLPVL]HV�

VL]HV�1XP&RQW6WDWHV ��

VL]HV�1XP'LVF6WDWHV ��

VL]HV�1XP2XWSXWV ��

VL]HV�1XP,QSXWV ��

VL]HV�'LU)HHGWKURXJK ��

VL]HV�1XP6DPSOH7LPHV ��
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ϰϵ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

V\V VLPVL]HV�VL]HV��

[� >����SL��@�

VWU >@�

WV >@�

IXQFWLRQ�V\V PGO'HULYDWLYHV�W�[�X�

]� [����

WKHWD� [����

WKHWD� [����

HSF ����

Y X����

GHQ ��HSFA�
�FRV�WKHWD���A��

G]� ��]��HSF
WKHWD�A�
VLQ�WKHWD���HSF
FRV�WKHWD��
Y��GHQ�

GWK� �HSF
FRV�WKHWD��
�]��HSF
WKHWD�A�
VLQ�WKHWD����Y��GHQ�

V\V��� [����

V\V��� G]��

V\V��� [����

V\V��� GWK��
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��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

IXQFWLRQ�V\V PGO2XWSXWV�W�[�X�

V\V��� [����

V\V��� [����

V\V��� [����

V\V��� [����
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ϱϭ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

5()(5(1&(6

�� +��$VKUDILXRQD��5�6��(UZLQE�� ³6OLGLQJ�0RGH�&RQWURO�2I�8QGHUDFWXDWHG�

0XOWLERG\�6\VWHPV�$QG�,WV�$SSOLFDWLRQ�7R�6KDSH�&KDQJH�&RQWURO´��,QW��-��

&RQWURO���������������������������

�� 5RQJ� ;X�� 8PLW� 2]JXQHU�� ³6OLGLQJ� 0RGH� &RQWURO� 2I� $� &ODVV� 2I�

8QGHUDFWXDWHG�6\VWHPV´��$XWRPDWLFD������������������

�� 9�� 8WNLQ�� -�� *XOGQHU�� 6�� -LQJ[LQ�� ³6OLGLQJ� 0RGH� &RQWURO� ,Q�

(OHFWURPHFKDQLFDO�6\VWHPV´��9RO�����&UF�3UHVV�������

�� 5��9HQNDWDUDPDQDQ��³6OLGLQJ�0RGH�&RQWURO�2I�3RZHU�&RQYHUWHUV´�3KG��

'LVV���&DOLIRUQLD�,QVWLWXWH�2I�7HFKQRORJ\�������

�� )��$KPDG��$��5DVRRO��(�(��2]RVR\��$��6DEDQRYLF��0��(OLWDV��³'HVLJQ�2I�

$�5REXVW�&DVFDGHG�&RQWUROOHU�)RU�&XN�&RQYHUWHUV´� ,(((� ,QWHUQDWLRQDO�

3RZHU�(OHFWURQLFV�$QG�0RWLRQ�&RQWURO�&RQI���3HPF���3S��������������

�� 6�&��7DQ��<�0��/DL��&�.��7VH��0�.��&KHXQJ��³$�)L[HG�)UHTXHQF\�3XOVH�

:LGWK� 0RGXODWLRQ� %DVHG� 4XDVL�6OLGLQJ�0RGH� &RQWUROOHU� )RU� %XFN�

&RQYHUWHUV´��,(((�7UDQV��2Q�3RZHU�(OHFW��9RO������1R����3S�������������

1RY�������

�� .�.��/HXQJ��+�6��&KXQJ��³'\QDPLF�+\VWHUHVLV�%DQG�&RQWURO�2I�7KH�%XFN�

&RQYHUWHU�:LWK� )DVW� 7UDQVLHQW� 5HVSRQVH�� ,(((� 7UDQV�2Q� &LUFXLWV� $QG�

6\VWHPV�,L��([SUHVV�%ULHIV��9RO�����1R�����3S����������-XO\������

�� 5�� *X]PDQ�� /�� *�� 'H� 9LFXQD�� -�� 0RUDOHV�� 0�� &DVWLOOD� $QG� -�� 0DWDV��

³6OLGLQJ�0RGH�&RQWURO�)RU�$ 7KUHH�3KDVH�8QLW\�3RZHU�)DFWRU�5HFWLILHU�

2SHUDWLQJ�$W�)L[HG�6ZLWFKLQJ�)UHTXHQF\´��,(((�7UDQV��3RZHU�(OHFWURQ���

9RO�����1R�����3S�����������-DQ�������
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ϱϮ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

�� :��*DR��<��:DQJ��$QG�$��+RPDLID��³'LVFUHWH�7LPH�9DULDEOH�6WUXFWXUH�

&RQWURO�6\VWHPV´��,(((�7UDQV��,QG��(OHFWURQ���9RO�����1R�����3S����������

$SU�������

���$��%DUWRV]HZLF]��³'LVFUHWH�7LPH�4XDVL�6OLGLQJ�0RGH�&RQWURO�6WUDWHJLHV´��

,(((�7UDQV�,QG��(OHFWURQ���9RO������1R�����3S�����������$XJ�������

���-��=KDQJ��*�� )HQJ��<��;LD�� ³'HVLJQ�2I�(VWLPDWRU�%DVHG�6OLGLQJ�0RGH�

2XWSXW�)HHGEDFN�&RQWUROOHU�)RU�'LVFUHWH�7LPH�6\VWHPV´��,(((�7UDQV��,QG��

(OHFWURQ���9RO������1R�����3S�������������0D\�������

���/��=KDR��-��+XDQJ��+��/LX��%��/L��:��.RQJ��³6HFRQG�2UGHU�6OLGLQJ�0RGH�

2EVHUYHU�:LWK�2QOLQH�3DUDPHWHU�,QGHQWLILFDWLRQ�)RU�6HQVRUOHVV�,QGXFWLRQ�

0RWRU�'ULYHV´�� ,(((�7UDQV�� ,QG��(OHFWURQ���9RO�� ����1R�� ���� 3S�� �����

������2FW�������

���6��'L�*HQQDUR��-��5LYHUD�'RPLQJXH]��0��0H]D��³6HQVRUOHVV�+LJK�2UGHU�

6OLGLQJ�0RGH�&RQWURO�2I�,QGXFWLRQ�0RWRUV�:LWK�&RUH�/RVV´��,(((�7UDQV��

,QG��(OHFWURQ���9RO������3S�������������-XQ�������

���0�7��$QJXOR�$QG�5��9��&DUULOOR�6HUUDQR��³(VWLPDWLQJ�5RWRU�3DUDPHWHUV�,Q�

,QGXFWLRQ� 0RWRUV� 8VLQJ� +LJK� 2UGHU� 6OLGLQJ� 0RGH� $OJRULWKPV´�� ,HW�

&RQWURO�7KHRU\�$SSO���9RO�����1R�����3S����������������

���'��7UDRUH��)��3OHVWDQ��$��*OXPLQHDX��-��'H�/HRQ��³6HQVRUOHVV� ,QGXFWLRQ�

0RWRU��+LJK�2UGHU�6OLGLQJ�0RGH�&RQWUROOHU�$QG�$GDSWLYH�,QWHUFRQQHFWHG�

2EVHUYHU´�� ,(((�7UDQV�� ,QG��(OHFWURQ���9RO������1R������3S�������������

1RY�������

���0��5DVKHG���.�%��*RK��0�:��'XQQLJDQ��3�)��$��0DFFRQQHO��$�)��6WURQDFK��

%�:��:LOOLDPV��³6HQVRUOHVV�6HFRQG�2UGHU�6OLGLQJ�0RGH�6SHHG�&RQWURO�2I�

$�9ROWDJH�)HG�,QGXFWLRQ�0RWRU�'ULYH�8VLQJ�1RQOLQHDU�6WDWH�)HHGEDFN´��

,((�3URF��2Q�(OHFW��3RZ��$SSO���9RO�������1R�����3S�������������6HSW��

�����
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ϱϯ
��,/^,�<��,�h�,�Zz
�ŽŶƚƌŽů�Θ�/ŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͕��dh

���$��3LVDQR��$��'DYLOD��/��)ULGPDQ��(��8VDL��³&DVFDGH�&RQWURO�2I�3P�'F�

'ULYHV� 9LD� 6HFRQG� 2UGHU� 6OLGLQJ�0RGH� 7HFKQLTXH´�� ,(((� 7UDQV�� ,QG��

(OHFWURQ���9RO������1R������3S�������������1RY�������

���+DQ�+R�&KRL�� ³$�1HZ�0HWKRG� )RU�9DULDEOH� 6WUXFWXUH�&RQWURO� 6\VWHP�

'HVLJQ��$�/LQHDU�0DWUL[�,QHTXDOLW\�$SSURDFK´�$XWRPDWLFD��9RO������1R��

����3S������������������

���$VKLVK� 7LZDUL�� 2PSUDNDVK� -DJD�� 6KDNWL� 6LQJK� 6RQL�� ³6OLGLQJ� 0RGH�

&RQWUROOHU�%DVHG�,QWHUOHDYHG�%RRVW�&RQYHUWHU�)RU�)XHO�&HOO�6\VWHP´�������

5HFHQW� 'HYHORSPHQWV� LQ� &RQWURO�� $XWRPDWLRQ� 	� 3RZHU� (QJLQHHULQJ�

�5'&$3(��
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