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7KH� UHVHDUFK� UHSRUWHG� LQ� WKLV� GLVVHUWDWLRQ� IRFXVHV� RQ� WKH� GHYHORSPHQW� RI

RSWLPL]DWLRQ� WRROV� IRU� WKH�GHVLJQ�RI� VXEV\VWHPV� LQ�D�PRGHUQ�DLUFUDIW� SRZHU�GLVWULEXWLRQ

V\VWHP���7KH�EDVHOLQH�SRZHU�GLVWULEXWLRQ�V\VWHP�LV�EXLOW�DURXQG�D����9�'&�EXV���2QH�RI

WKH� GLVWLQJXLVKLQJ� IHDWXUHV� RI� WKLV� SRZHU� GLVWULEXWLRQ� V\VWHP� LV� WKH� SUHVHQFH� RI

UHJHQHUDWLYH� SRZHU� IURP� WKH� HOHFWULFDOO\� GULYHQ� IOLJKW� FRQWURO� DFWXDWRUV� DQG� VWUXFWXUDOO\

LQWHJUDWHG� VPDUW� DFWXDWRUV� EDFN� WR� WKH� '&� EXV�� � 7KH� NH\� HOHFWULFDO� FRPSRQHQWV� RI� WKH

SRZHU�GLVWULEXWLRQ� V\VWHP�DUH�ELGLUHFWLRQDO� VZLWFKLQJ�SRZHU� FRQYHUWHUV��ZKLFK� FRQYHUW�

FRQWURO� DQG� FRQGLWLRQ� HOHFWULFDO� SRZHU� EHWZHHQ� WKH� VRXUFHV� DQG� WKH� ORDGV�� � 7KH

GLVVHUWDWLRQ�LV�GLYLGHG�LQWR�WKUHH�SDUWV�

3DUW�,�GHDOV�ZLWK�WKH�IRUPXODWLRQ�RI�DQ�RSWLPL]DWLRQ�SUREOHP�IRU�D�VDPSOH�V\VWHP

FRQVLVWLQJ� RI� D� UHJXODWHG� '&�'&� EXFN� FRQYHUWHU� SUHFHGHG� E\� DQ� LQSXW� ILOWHU�� � 7KH

LQGLYLGXDO�VXEV\VWHPV�DUH�RSWLPL]HG�ILUVW�IROORZHG�E\�WKH�LQWHJUDWHG�RSWLPL]DWLRQ�RI� WKH

VDPSOH�V\VWHP�� � ,W� LV�VKRZQ�WKDW� WKH�LQWHJUDWHG�RSWLPL]DWLRQ�SURYLGHV�EHWWHU�UHVXOWV� WKDQ

WKDW�REWDLQHG�E\�LQWHJUDWLQJ�WKH�LQGLYLGXDOO\�RSWLPL]HG�V\VWHPV�

3DUW� ,,� SUHVHQWV� D� GHWDLOHG� VWXG\� RI� SLH]RHOHFWULF� DFWXDWRUV�� � 7KLV� VWXG\� LQFOXGHV

PRGHOLQJ��RSWLPL]DWLRQ�RI� WKH�GULYH�DPSOLILHU�DQG� WKH�GHYHORSPHQW�RI� D� FXUUHQW� FRQWURO

ODZ�IRU�SLH]RHOHFWULF�DFWXDWRUV�FRXSOHG�WR�D�VLPSOH�PHFKDQLFDO�VWUXFWXUH�

/LQHDU� DQG� QRQOLQHDU� PHWKRGV� WR� VWXG\� VXEV\VWHP� LQWHUDFWLRQ� DQG� VWDELOLW\� DUH

VWXGLHG� LQ�3DUW� ,,,�� �$�PXOWLYDULDEOH� LPSHGDQFH� UDWLR�FULWHULRQ� DSSOLFDEOH� WR� WKUHH�SKDVH

V\VWHPV� LV� SURSRVHG�� � %LIXUFDWLRQ� PHWKRGV� DUH� XVHG� WR� REWDLQ� JOREDO� VWDELOLW\

FKDUDFWHULVWLFV� RI� LQWHUFRQQHFWHG� V\VWHPV�� � 7KH� DSSOLFDWLRQ� RI� D� QRQOLQHDU� GHVLJQ

PHWKRGRORJ\��ZLGHO\�XVHG�LQ�SRZHU�V\VWHPV��WR�LQFUHPHQWDOO\�LPSURYH�WKH�UREXVWQHVV�RI

D�V\VWHP�WR�+RSI�ELIXUFDWLRQ�LQVWDELOLW\�LV�GLVFXVVHG�
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,�ZRXOG� OLNH� WR�H[SUHVV�P\� VLQFHUH�JUDWLWXGH� WR�'U��'��.��/LQGQHU� IRU�EHLQJ�P\

DGYLVRU�DQG�VHUYLQJ�DV�FKDLUPDQ�RI�P\�GRFWRUDO�FRPPLWWHH�� �+H�KDV�EHHQ�DQ� LQYDOXDEOH

VRXUFH�RI�JXLGDQFH�� HQFRXUDJHPHQW� DQG�VXSSRUW�GXULQJ�P\� WHQXUH� DV�KLV� VWXGHQW�� � ,� DP

LQGHEWHG� WR� 'U�� 'XVKDQ� %RUR\HYLFK� IRU� DOZD\V� ZLOOLQJ� WR� KHOS�� JXLGH�� PRWLYDWH� DQG

FKDOOHQJH�PH�DW�HYHU\�VWDJH�RI�P\�ZRUN���,�DP�JUDWHIXO�WR�'U��=DIHU�*XUGDO�IRU�KLV�KHOS

DQG�JXLGDQFH�DV�SDUW�RI�WKH�$)265�SURMHFW�

,�WKDQN�'U��)�&��/HH�IRU�JLYLQJ�PH�DQ�RSSRUWXQLW\�WR�ZRUN�LQ�&3(6���,�DP�JUDWHIXO

WR�'U��:LOOLDP�%DXPDQQ��'U��$OL�1D\IHK�DQG�'U��%RE�5RJHUV�IRU�VHUYLQJ�RQ�P\�GRFWRUDO

FRPPLWWHH�

6LQFHUH� WKDQNV� DUH� GXH� WR� 6FRWW� IRU� VLJQLILFDQWO\� FRQWULEXWLQJ� WRZDUGV� REWDLQLQJ

WKH�RSWLPL]DWLRQ�UHVXOWV���,Q�DGGLWLRQ�WR�EHLQJ�DQ�H[FHOOHQW�FROOHDJXH�KH�KDV�EHHQ�D�JUHDW

IULHQG���,�DP�JUDWHIXO�WR�6HUJLR�DQG�.RVW\D�IRU�WKHLU�KHOS�DQG�LQSXW�ZKLOH�ZRUNLQJ�RQ�WKH

$)265�SURMHFW�� � ,� WKDQN�P\� URRPPDWH�P\�*DQGKL� IRU�KLV� IULHQGVKLS� DQG� DOO� WKH� JRRG

WLPHV�ZH�VKDUHG�ZKLOH�ZH�ZHUH�DW�7HFK�

,�WKDQN�DOO�P\�IULHQGV�DQG�FROOHDJXHV�LQ�WKH�ODE�IRU�SURYLGLQJ�D�ZRQGHUIXO�ZRUNLQJ

DWPRVSKHUH� LQ� WKH� ODE�� �2YHU� WKH�SDVW� ILYH�\HDUV�� ,�KDYH�EHHQ� OXFN\� WR�KDYH� IRXQG�VXFK

JUHDW�IULHQGV�LQ�7HUHVD��0DWW��&DUORV��'LPRV��)UDQFLVFR��3HWHU��(ULF��.HYLQ��-RKDQ��$OH[�

1LNROD�� ,YDQ�� 6HUJLR�� 6DP�� &KULVWRSKH�� &KULVWHOOH�� .DO\DQ� DQG�1DYHHQ� WR� QDPH� RQO\� D

IHZ���,�ZLOO�DOZD\V�FKHULVK�WKH�JUHDW�WLPHV�ZH�VKDUHG�ZKLOH�ZRUNLQJ�WRJHWKHU�

)LQDOO\��,�ZRXOG�OLNH�WR�WKDQN�P\�SDUHQWV��EURWKHU��VLVWHU�LQ�ODZ�DQG�P\�WZR�OLWWOH

QHSKHZV�IRU�WKHLU�ORYH��SDWLHQFH�DQG�VXSSRUW�GXULQJ�P\�VWD\�DW�%ODFNVEXUJ�

7KH� UHVHDUFK� UHSRUWHG� LQ� WKLV� GLVVHUWDWLRQ� ZDV� VXSSRUWHG� E\� WKH� $)265� XQGHU

JUDQW�QXPEHUV�)����������������DQG�PDGH�XVH�RI�(5&�6KDUHG�)DFLOLWLHV�VXSSRUWHG�E\

WKH�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�XQGHU�$ZDUG�1XPEHU�((&���������
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���� ,1752'8&7,21 ����������������������������������������������������������������������������������������������������

���� %,)85&$7,21�0$5*,1 ����������������������������������������������������������������������������������������

���� &20387$7,21�2)�7+(�*5$',(17 �����������������������������������������������������������������������

���� 6,08/$7,21�5(68/76 �����������������������������������������������������������������������������������������

���� 6800$5< �����������������������������������������������������������������������������������������������������������

�� &21&/86,216�$1'�68**(67,216�)25�)8785(�5(6($5&+ ���������

���� 68**(67,216�)25�)8785(�:25. ����������������������������������������������������������������������

�� 5()(5(1&(6 �����������������������������������������������������������������������������������������������������
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)LJXUH�������%DVHOLQH�3RZHU�6\VWHP�$UFKLWHFWXUH ��������������������������������������������������������������

)LJXUH�������3ULPDU\�$FWXDWRU�&RQILJXUDWLRQ��(+$ �����������������������������������������������������������

)LJXUH�������6HFRQGDU\�$FWXDWRU�&RQILJXUDWLRQ��(0$�������������������������������������������������������

)LJXUH�������(OHFWURPHFKDQLFDO�DFWXDWRU�V\VWHP�GLDJUDP� ��������������������������������������������������

)LJXUH�������6LPXODWLRQ�5HVXOWV�RI�WKH�(0$ ����������������������������������������������������������������������

)LJXUH�������'&�EXV�YROWDJH�UHVSRQVH�GXH�WR�UHJHQHUDWLRQ�IURP�(0$ ������������������������������

)LJXUH�������&RQWURO�VXUIDFH�SRVLWLRQ�DQG�ZLQG�ORDG�����������������������������������������������������������

)LJXUH�������0RWRU�SRVLWLRQ�DQG�ORDG�WRUTXH �����������������������������������������������������������������������

)LJXUH�������%ORFN�GLDJUDP�RI�VLPSOLILHG�(0$�PRGHO�������������������������������������������������������

)LJXUH��������(TXLYDOHQW�EXFN�FRQYHUWHU�UHSUHVHQWDWLRQ�RI�VLPSOLILHG�(0$�GULYH ������������

)LJXUH�������%ORFN�GLDJUDP�RI�WKH�VDPSOH�V\VWHP���������������������������������������������������������������

)LJXUH�������/RDG�GLVWXUEDQFH�SURILOH����������������������������������������������������������������������������������

)LJXUH�������6FKHPDWLF�RI�LQSXW�ILOWHU�XVHG�LQ�VDPSOH�V\VWHP� ��������������������������������������������

)LJXUH�������6FKHPDWLF�RI�'&�'&�%XFN�FRQYHUWHU�������������������������������������������������������������

)LJXUH������ �$YHUDJH�PRGHO�RI�EXFN�FRQYHUWHU�ZLWK�LQGXFWRU�FXUUHQW�DQG�RXWSXW�YROWDJH

FRPSHQVDWRUV ���������������������������������������������������������������������������������������������������������������

)LJXUH�������((�&RUH��EREELQ�DQG�UHOHYDQW�GLPHQVLRQV ������������������������������������������������������

)LJXUH� ����� � 'HILQLWLRQ� RI� IUHTXHQF\� GRPDLQ� SHUIRUPDQFH� VSHFLILFDWLRQV� IRU� WKH� LQSXW

ILOWHU �����������������������������������������������������������������������������������������������������������������������������

)LJXUH�������7LPH�GRPDLQ�FRQVWUDLQW�IRU�LQSXW�ILOWHU �����������������������������������������������������������

)LJXUH�������*HQHULF�6XEV\VWHP�,QWHUIDFH���������������������������������������������������������������������������

)LJXUH��������,PSHGDQFHV�DW�WKH�WHUPLQDOV�RI�WKH�LQSXW�ILOWHU� ���������������������������������������������

)LJXUH������� �:HLJKW�RI�RSWLPDO�GHVLJQV�DV�D� IXQFWLRQ�RI� WKH� ORZHU�ERXQG�RQ� WKH� LQSXW

LPSHGDQFH ��������������������������������������������������������������������������������������������������������������������

)LJXUH��������6LPSOLILHG�EORFN�GLDJUDP�RI�FORVHG�ORRS�EXFN�FRQYHUWHU �����������������������������

)LJXUH��������)UHTXHQF\�'RPDLQ�&RQVWUDLQWV�IRU�WKH�EXFN�FRQYHUWHU ��������������������������������

)LJXUH��������7LPH�GRPDLQ�FRQVWUDLQWV�IRU�WKH�FRQYHUWHU ���������������������������������������������������

)LJXUH��������,QWHUDFWLRQ�FRQVWUDLQWV�RQ�WKH�VDPSOH�V\VWHP�GHVLJQ ������������������������������������

)LJXUH��������)LOWHU�LQGXFWRU�FXUUHQWV�ZLWK������DQG�ZLWKRXW�����EXFN�FRQYHUWHU������������������

)LJXUH� ������ � &RQYHUWHU� RXWSXW� YROWDJH� LQ� VDPSOH� V\VWHP� ZLWK� LQGLYLGXDOO\� RSWLPL]HG

FRQYHUWHU�GHVLJQ�����DQG�FRQYHUWHU�GHVLJQ�REWDLQHG�IURP�RSWLPL]HG�VDPSOH�V\VWHP����

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

)LJXUH�������6FKHPDWLF�RI�DPSOLILHU�GULYLQJ�WKH�DFWXDWRU�VWUXFWXUH�������������������������������������

)LJXUH�������)UHHERG\�GLDJUDP�RI�WKH�PDVV ������������������������������������������������������������������������

)LJXUH�������%ORFN�GLDJUDP�UHSUHVHQWDWLRQ�RI�VWUXFWXUH ������������������������������������������������������

)LJXUH�������$FWXDWRU�&RQILJXUDWLRQ �����������������������������������������������������������������������������������

)LJXUH�������(OHFWURPHFKDQLFDO�PRGHO�RI�SLH]RHOHFWULF�DFWXDWRU ����������������������������������������

)LJXUH�������&RPSOHWH�HOHFWURPHFKDQLFDO�PRGHO�RI�DFWXDWRU�VWUXFWXUH�������������������������������

)LJXUH�������,QYHUVH�QRQOLQHDULW\�EHWZHHQ�SRODUL]DWLRQ�DQG�HOHFWULF�ILHOG ��������������������������

)LJXUH�������(OHFWURPHFKDQLFDO�PRGHO�RI�DFWXDWRU�VWUXFWXUH�ZLWK�QRQOLQHDULW\ ������������������

)LJXUH�������$FWXDWRU�PRGHO�DV�D�FDVFDGH�FRPELQDWLRQ�RI�OLQHDU�DQG�QRQOLQHDU�V\VWHPV ���

)LJXUH�������6\VWHP�8QGHU�&RQVLGHUDWLRQ���������������������������������������������������������������������������

)LJXUH�������5HJXODWLRQ�6SHFLILFDWLRQV�RI�&XUUHQW�&RQWUROOHU���������������������������������������������
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)LJXUH�������6LQJOH�SKDVH�'&�$&�LQYHUWHU�GULYLQJ�WKH�DFWXDWRU �����������������������������������������

)LJXUH�������3XOVH�:LGWK�0RGXODWLRQ��3:0� ��������������������������������������������������������������������

)LJXUH�������3XOVH�ZLGWK�PRGXODWHG�YROWDJH�YDE�DQG�LWV�DYHUDJH�YDOXH� DEY �������������������������

)LJXUH�������7\SLFDO�ZDYHIRUP�RI�FXUUHQW�JHQHUDWHG�E\�WKH�GULYH�DPSOLILHU ����������������������

)LJXUH�������$YHUDJH�PRGHO�RI�DPSOLILHU�GULYLQJ�WKH�DFWXDWRU ��������������������������������������������

)LJXUH�������%ORFN�GLDJUDP�RI�DPSOLILHU�FRXSOHG�WR�WKH�DFWXDWRU����������������������������������������

)LJXUH�������%ORFN�GLDJUDP�RI�DPSOLILHU�DQG�DFWXDWRU�ZLWK�FXUUHQW�FRQWUROOHU��������������������

)LJXUH��������6LPSOLILHG�EORFN�GLDJUDP�RI�DPSOLILHU�DFWXDWRU�ZLWK�QRQOLQHDULW\ ���������������

)LJXUH��������$FWXDWRU�FXUUHQW�WR�SRODUL]DWLRQ�WUDQVIHU�IXQFWLRQ�����������������������������������������

)LJXUH��������+DUPRQLF�VSHFWUXP�RI�DPSOLILHU�RXWSXW�YROWDJH�YDE��������������������������������������

)LJXUH������� �6ZLWFKLQJ�ZDYHIRUPV� RI� DFWXDWRU� FXUUHQW� LD�� GXW\� F\FOH�GDE�� DQG� DFWXDWRU

YROWDJH�YD� ��������������������������������������������������������������������������������������������������������������������

)LJXUH��������([SDQGHG�RI�WUDQVIHU�IXQFWLRQ�*SL�V��IURP�DFWXDWRU�FXUUHQW�WR�SRODUL]DWLRQ��

)LJXUH��������,QGXFWDQFH�YDOXH�YV�7+'�RI�DFWXDWRU�FXUUHQW������������������������������������������������

)LJXUH��������:HLJKW�RI�WKH�LQGXFWRU�YV�LQGXFWDQFH�YDOXH ��������������������������������������������������

)LJXUH�������%ORFN�GLDJUDP�RI�FORVHG�ORRS�V\VWHP �������������������������������������������������������������

)LJXUH�������6FKHPDWLF�RI�DPSOLILHU�GULYLQJ�WKH�DFWXDWRU����������������������������������������������������

)LJXUH�������,QVWDQWDQHRXV�FXUUHQW�DQG�YROWDJH�DW�DFWXDWRU�WHUPLQDOV ���������������������������������

)LJXUH�������6LPSOLILHG�UHSUHVHQWDWLRQ�RI�WKH�FRQWUROOHG�DFWXDWRU�VWUXFWXUH������������������������

)LJXUH�������,QVWDQWDQHRXV�DQG�DYHUDJH�PHFKDQLFDO�SRZHU�IURP�H[WHUQDO�GLVWXUEDQFH ������

)LJXUH�������,QVWDQWDQHRXV�DQG�DYHUDJH�HOHFWULFDO�SRZHU�DW�DFWXDWRU�WHUPLQDOV� ����������������

)LJXUH�������9DULDWLRQ�RI�UHDO�SRZHU�ZLWK�DFFHOHUDWLRQ�IHHGEDFN�FRQVWDQW ������������������������

)LJXUH�������$YHUDJH�HOHFWULFDO�SRZHU�DW�WKH�UHVRQDQW�IUHTXHQF\�DV�D�IXQFWLRQ�RI�N
�
�DQG�]D

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

)LJXUH�������5HDFWLYH�SRZHU�YV��UHDO�SRZHU�IRU�GLIIHUHQW�]D�����������������������������������������������

)LJXUH��������5HDFWLYH�HOHFWULFDO�SRZHU�DW�WKH�UHVRQDQW�IUHTXHQF\�DV�D�IXQFWLRQ�RI�N
�
�DQG

]D ���������������������������������������������������������������������������������������������������������������������������������

)LJXUH�������*HQHULF�6XEV\VWHP�,QWHUIDFH��������������������������������������������������������������������������

)LJXUH�������)HHGEDFN�ORRS�DW�WKH�LQWHUIDFH�GXH�WR�LQWHUFRQQHFWLRQ�RI�VXEV\VWHPV���DQG��

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

)LJXUH�������6FKHPDWLF�RI�WKUHH�SKDVH�$&�'&�&RQYHUWHU�ZLWK�LQSXW�ILOWHU �����������������������

)LJXUH�������3KDVRU�'LDJUDP�RI�SKDVH�FXUUHQW�DQG�YROWDJH�ZLWK�DQG�ZLWKRXW�LQSXW�ILOWHU

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

)LJXUH�������'4�0RGHO�RI�D�WKUHH�SKDVH�UHFWLILHU�IHG�IURP�DQ�$&�VRXUFH�������������������������

)LJXUH�������6FKHPDWLF�RI�LQSXW�ILOWHU�XVHG�LQ�WKH�DQDO\VLV�������������������������������������������������

)LJXUH��������D��9DULDWLRQ�RI�,T�DV�D�IXQFWLRQ�RI�5G�IRU�GLIIHUHQW�YDOXHV�RI�&I� �������������������

)LJXUH��������D��9DULDWLRQ�RI��,G
��,T

�
�
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�DV�D�IXQFWLRQ�RI�5G�����������������������������������������������

)LJXUH�������%ORFN�GLDJUDP�RI�WKH�FRQWUROOHG���)�ERRVW�UHFWLILHU ��������������������������������������
)LJXUH��������'4�(TXLYDOHQW�FLUFXLW�PRGHO�RI�WKUHH�SKDVH�LQSXW�ILOWHU������������������������������

)LJXUH��������(IIHFW�RI�LQSXW�ILOWHU�RQ�RXWSXW�YDULDEOHV�RI�WKH�UHFWLILHU ������������������������������

)LJXUH��������/RZ�IUHTXHQF\�PRGHO�RI���)�UHFWLILHU�ZLWK�LQSXW�ILOWHU �������������������������������
)LJXUH� ������ � �D�� 2XWSXW� ,PSHGDQFH� RI� ,QSXW� )LOWHU� �E�� ,QSXW� $GPLWWDQFH� RI� %RRVW

5HFWLILHU ����������������������������������������������������������������������������������������������������������������������

)LJXUH�������� ,PSHGDQFH�RYHUODS�DQG�YROWDJH�ORRS�JDLQ�RI� WKH�UHFWLILHU�V\VWHP�ZLWK�DQG

ZLWKRXW�LQSXW�ILOWHU��D��6WURQJ�,QWHUDFWLRQ��E��0LQLPDO�LQWHUDFWLRQ ����������������������������

)LJXUH�������5HJXODWHG�&RQYHUWHU�ZLWK�,QSXW�)LOWHU �����������������������������������������������������������
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)LJXUH�������&RQVWDQW�3RZHU�&KDUDFWHULVWLFV�RI�D�5HJXODWHG�3RZHU�&RQYHUWHU �����������������

)LJXUH������&RQVWDQW�3RZHU�&KDUDFWHULVWLFV�RI�D�5HJXODWHG�3RZHU�&RQYHUWHU ������������������

)LJXUH�������6WDELOLW\�RI�(TXLOLEULXP�6ROXWLRQV �����������������������������������������������������������������

)LJXUH�������6WDELOLW\�RI�,QWHUFRQQHFWHG�6\VWHP�XQGHU�UHYHUVDO�RI�SRZHU�IORZ �����������������

)LJXUH�������'&�'&�%XFN�&RQYHUWHU�ZLWK�,QSXW�)LOWHU������������������������������������������������������

)LJXUH�������$YHUDJH�0RGHO�RI�'&�'&�%XFN�&RQYHUWHU�ZLWK�,QSXW�)LOWHU �����������������������

)LJXUH�������/RFL�RI�(TXLOLEULXP�6ROXWLRQV�DV�D�)XQFWLRQ�RI�5I �����������������������������������������

)LJXUH������/RVV�RI�6\VWHP�6WDELOLW\����������������������������������������������������������������������������������

)LJXUH�������/RFL�RI�(LJHQYDOXHV�RI�/LQHDUL]HG�6\VWHP�DV�D�IXQFWLRQ�RI�5I ����������������������

)LJXUH�������%LIXUFDWLRQ�'LDJUDP�RI�'&�'&�%XFN�&RQYHUWHU�ZLWK�,QSXW�)LOWHU ���������������

)LJXUH�������%LIXUFDWLRQ�RI�3HULRGLF�6ROXWLRQV�������������������������������������������������������������������

)LJXUH�������0LGGOHEURRN�&ULWHULRQ������������������������������������������������������������������������������������

)LJXUH�������&RPSDULVRQ�EHWZHHQ�/LQHDU�DQG�%LIXUFDWLRQ�$QDO\VLV����������������������������������

)LJXUH��������6LPSOLILHG�3RZHU�6\VWHP�$UFKLWHFWXUH ��������������������������������������������������������

)LJXUH��������&LUFXLW�6FKHPDWLF�RI�6LPSOLILHG�3RZHU�6\VWHP�������������������������������������������

)LJXUH��������&RQWURO�EORFN�GLDJUDP�RI�WKUHH�SKDVH�ERRVW�UHFWLILHU�����������������������������������

)LJXUH���������D��%LIXUFDWLRQ�'LDJUDP�RI�%DVHOLQH�6\VWHP�DV�D�IXQFWLRQ�RI�KR�IRU�3W �N:

�E��3HULRGLF�6ROXWLRQV�RI�%DVHOLQH�6\VWHP �����������������������������������������������������������������

)LJXUH��������6\VWHP�EORFN�GLDJUDP ����������������������������������������������������������������������������������

)LJXUH��������$YHUDJH�PRGHO�RI�'&�'&�ERRVW�FRQYHUWHU�ZLWK�PXOWLORRS�FRQWUROOHU���������

)LJXUH��������7KH�+RSI�ELIXUFDWLRQ�K\SHUVXUIDFH� �������������������������������������������������������������

)LJXUH��������2SWLPDO�WUDMHFWRU\�RI�GHVLJQ�YDULDEOH�YHFWRU������������������������������������������������

)LJXUH��������3KDVH�0DUJLQ�RI�OLQHDUL]HG�V\VWHP���������������������������������������������������������������



[
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7DEOH�������&KDUDFWHULVWLFV�RI�$LUFUDIW�(OHFWULF�/RDGV ��������������������������������������������������������

7DEOH�������6HOHFWHG�$FWXDWRU�'XW\�&\FOHV�IRU�5HJHQHUDWLRQ�6WXG\�����������������������������������

7DEOH�������1RPLQDO�2SHUDWLQJ�&RQGLWLRQV�IRU�6DPSOH�6\VWHP �����������������������������������������

7DEOH�������3K\VLFDO�YDULDEOHV�DVVRFLDWHG�ZLWK�LQGXFWRU�GHVLJQ ������������������������������������������

7DEOH�������'HVLJQ�9DULDEOHV�IRU�WKH�,QSXW�)LOWHU ����������������������������������������������������������������

7DEOH�������3K\VLFDO�YDULDEOHV�RI�WKH�ILOWHU�LQGXFWRUV�����������������������������������������������������������

7DEOH�������1RPLQDO�DQG�2SWLPDO�)LOWHU�'HVLJQV ����������������������������������������������������������������

7DEOH�������5HVSRQVH�TXDQWLWLHV�IRU�QRPLQDO�DQG�RSWLPDO�GHVLJQV�RI�LQSXW�ILOWHU ���������������

7DEOH�������'HVLJQ�9DULDEOHV�IRU�EXFN�FRQYHUWHU ����������������������������������������������������������������

7DEOH�������3K\VLFDO�YDULDEOHV�IRU�WKH�LQGXFWRU�LQ�WKH�EXFN�FRQYHUWHU���������������������������������

7DEOH�������&RPSRQHQW�YDOXHV�DQG�REMHFWLYH�IXQFWLRQ�IRU�WKH�EXFN�FRQYHUWHU �������������������

7DEOH��������5HVSRQVH�TXDQWLWLHV�IRU�QRPLQDO�DQG�RSWLPDO�GHVLJQV������������������������������������

7DEOH��������3K\VLFDO�YDULDEOHV�RI�LQGXFWRUV�LQ�VDPSOH�V\VWHP�������������������������������������������

7DEOH��������&RPSRQHQW�YDOXHV�DQG�2EMHFWLYH�)XQFWLRQ�IRU�WKH�VDPSOH�V\VWHP ����������������

7DEOH��������5HVSRQVH�TXDQWLWLHV�RI�,QWHJUDWHG�2SWLPL]DWLRQ���������������������������������������������

7DEOH�������'HVLJQ�YDULDEOHV�DVVRFLDWHG�ZLWK�LQGXFWRU�GHVLJQ ��������������������������������������������

7DEOH�������2SHUDWLQJ�&RQGLWLRQV����������������������������������������������������������������������������������������

7DEOH�������D��IRU�&DVH���DQG�&DVH������������������������������������������������������������������������������������
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7KH�UHVHDUFK�UHSRUWHG�LQ�WKLV�GLVVHUWDWLRQ�LV�FRQFHUQHG�ZLWK�V\VWHPV�UHODWHG�WR�WKH

GLVWULEXWLRQ� DQG� XWLOL]DWLRQ� RI� HOHFWULFDO� SRZHU� LQ� SRZHU� GLVWULEXWLRQ� V\VWHPV� RI� QH[W

JHQHUDWLRQ� DLUFUDIW�� � ,W� LV� SURMHFWHG� WKDW� LQ� QH[W� JHQHUDWLRQ� WUDQVSRUW� DLUFUDIW�� DOO� SRZHU

�H[FHSW� SURSXOVLRQ�� ZLOO� EH� GLVWULEXWHG� DQG� SURFHVVHG� HOHFWULFDOO\�� � ,Q� RWKHU� ZRUGV�

HOHFWULFDO� SRZHU� ZLOO� EH� XWLOL]HG� IRU� GULYLQJ� DLUFUDIW� VXEV\VWHPV� FXUUHQWO\� SRZHUHG� E\

K\GUDXOLF��SQHXPDWLF�RU�PHFKDQLFDO�PHDQV�LQFOXGLQJ�XWLOLW\�DQG�IOLJKW�FRQWURO�DFWXDWLRQ�

HQYLURQPHQWDO� FRQWURO� V\VWHP�� OXEULFDWLRQ� DQG� IXHO� SXPSV�� DQG� QXPHURXV� RWKHU� XWLOLW\

IXQFWLRQV�� � ,Q� DGGLWLRQ�� PRGHUQ� DLUFUDIW� DUH� DOVR� HTXLSSHG� ZLWK� HOHFWULFDOO\� GULYHQ�

VWUXFWXUDOO\� LQWHJUDWHG�VPDUW�DFWXDWRUV� WKDW�DUH�XVHG�IRU�DFWLYH�YLEUDWLRQ�FRQWURO�RI�ZLQJ

VXUIDFHV� LQ� RUGHU� WR� UHGXFH� IDWLJXH� DQG�PHFKDQLFDO�ZHDU� DQG� WHDU�� � 7KHVH� FRQFHSWV� DUH

HPEUDFHG�E\�ZKDW�LV�NQRZQ�DV�WKH�¦0RUH�(OHFWULF�$LUFUDIW��0($�§�LQLWLDWLYH���7KH�0($

HPSKDVL]HV� WKH� XWLOL]DWLRQ� RI� HOHFWULFDO� SRZHU� DV� RSSRVHG� WR� K\GUDXOLF�� SQHXPDWLF�� DQG

PHFKDQLFDO�SRZHU�IRU�RSWLPL]LQJ�DLUFUDIW�SHUIRUPDQFH�DQG�OLIH�F\FOH�FRVW���)RU�H[DPSOH�

K\GUDXOLFDOO\�GULYHQ�DFWXDWRUV�ZRXOG�EH�UHSODFHG�E\�HOHFWULF�PRWRU�GULYHQ�SXPSV��DQG�D

SQHXPDWLFDOO\� GULYHQ� FRPSUHVVRU� IRU� HQYLURQPHQWDO� FRQWURO� ZRXOG� EH� UHSODFHG� E\� DQ

HOHFWULF� PRWRU� GULYHQ� FRPSUHVVRU�� � 6RPH� H[SHFWHG� EHQHILWV� RI� PRYLQJ� WR� DQ�0($� RU

¦3RZHU�%\�:LUH§�VHFRQGDU\�SRZHU�V\VWHPV�DUH�OLVWHG�EHORZ�

5HGXFHG�GHVLJQ�FRPSOH[LW\

)HZHU�GHVLJQ�FRPSRQHQWV

6PDOOHU�FHUWLILFDWLRQ�ZRUNORDG

/RZHU�IOLJKW�WHVW�KRXUV

5HGXFHG�SURFXUHPHQW�ZRUNORDG

/RZHU�WRWDO�FRPSRQHQW�V\VWHP�FRVW

5HGXFHG�SDUWV�FRXQW

/HVV�WRROLQJ

5HGXFHG�SURGXFWLRQ�ODERU

6KRUWHU�FKHFNRXW�WLPH

/HVV�JURXQG�VXSSRUW�HTXLSPHQW

+LJKHU�V\VWHP�UHOLDELOLW\

/HVV�VSDUHG�LQYHQWRU\

(DVLHU�DLUFUDIW�PRGLILFDWLRQ

(QKDQFHG�VDIHW\

/HVV�HQYLURQPHQWDO�LPSDFW

,QFUHDVLQJ�XVH�RI�HOHFWULF�SRZHU�LV�VHHQ�DV�GLUHFWLRQ�RI�WHFKQRORJLFDO�RSSRUWXQLW\

IRU�DLUFUDIW�SRZHU�V\VWHPV�EDVHG�RQ�UDSLGO\�HYROYLQJ�DGYDQFHPHQWV�LQ�SRZHU�HOHFWURQLFV�

IDXOW� WROHUDQW�HOHFWULFDO�SRZHU�GLVWULEXWLRQ�V\VWHPV�DQG�HOHFWULFDOO\�GULYHQ�SULPDU\�IOLJKW

FRQWURO� DFWXDWRU� V\VWHPV�� � 7KH� GHFLVLRQ� WR� FRQYHUW� WR� HOHFWULFDOO\� GULYHQ� VXEV\VWHPV



,QWURGXFWLRQ �

GHSHQGV�RQ�WKH�RYHUDOO�FRVW�DQG�SHUIRUPDQFH�EHQHILWV���7KXV�UHOLDEOH��KLJK�SRZHU�GHQVLW\

PRWRUV�DQG�PRWRU�GULYHV�ZLWK�SRZHU�UDWLQJV�UDQJLQJ�IURP�D�IHZ�KRUVHSRZHU�WR�KXQGUHGV

RI�KRUVHSRZHU�ZLOO�EH�UHTXLUHG���0RUH�LPSRUWDQWO\��WKH�PDJQLWXGH��TXDOLW\��UHOLDELOLW\��DQG

IDXOW�WROHUDQFH�RI�WKH�HOHFWULF�SRZHU�WR�EH�JHQHUDWHG�DQG�GLVWULEXWHG�LQ�WKH�DLUFUDIW�PXVW�EH

VLJQLILFDQWO\�JUHDWHU� WKDQ�ZKDW� WKH�SUHVHQW�VWDWH�RI�WKH�DUW� WHFKQRORJ\�FDQ�SURYLGH�� �7KH

DLUFUDIW�SRZHU�GLVWULEXWLRQ�V\VWHP�KHQFH��SOD\V�D�FHQWUDO�UROH�LQ�WKH�GHYHORSLQJ�FRQFHSWV

RI�¦3RZHU�E\�:LUH§�DQG�¦0RUH�(OHFWULF�$LUFUDIW§���7KH�0($�ZLOO�QHHG�D�KLJKO\�UHOLDEOH�

IDXOW� WROHUDQW�� DXWRQRPRXVO\� FRQWUROOHG� HOHFWULFDO� SRZHU� V\VWHP� WR� GHOLYHU� KLJK� TXDOLW\

SRZHU�IURP�WKH�VRXUFHV�WR�WKH�ORDG�

)RU� WKH� SXUSRVHV� RI� WKLV� UHVHDUFK�� D� EDVHOLQH� SRZHU� GLVWULEXWLRQ� V\VWHP

DUFKLWHFWXUH�IRU�D�W\SLFDO�QH[W�JHQHUDWLRQ�WUDQVSRUW�DLUFUDIW�ZDV�GHYHORSHG�LQ�FROODERUDWLRQ

ZLWK�/RFNKHHG�0DUWLQ�&RQWURO�6\VWHPV���7KH�SURSRVHG�SRZHU�GLVWULEXWLRQ�V\VWHP�LV�EXLOW

DURXQG�D����9�'&�GLVWULEXWLRQ�EXV���7KH�NH\�HOHFWULFDO�VXEV\VWHPV�LQ�WKH�EDVHOLQH�V\VWHP

DUH�ELGLUHFWLRQDO�SRZHU�FRQYHUWHUV��ZKLFK�DUH�UHVSRQVLEOH�IRU�WKH�FRQYHUVLRQ��FRQWURO�DQG

FRQGLWLRQLQJ� RI� HOHFWULFDO� SRZHU� EHWZHHQ� WKH� VRXUFHV� DQG� WKH� ORDGV�� � 2QH� RI� WKH

GLVWLQJXLVKLQJ�IHDWXUHV�RI�WKHVH�SRZHU�GLVWULEXWLRQ�V\VWHPV�LV�WKDW��VRPH�RI�WKH�ORDGV�VXFK

DV�IOLJKW�FRQWURO�DQG�VPDUW�DFWXDWRUV�DUH�FDSDEOH�RI�SURYLGLQJ�HQHUJ\�EDFN� WR� WKH�SRZHU

GLVWULEXWLRQ� V\VWHP�� � 7KH� SKHQRPHQRQ� RI� UHJHQHUDWLYH� SRZHU� UHSUHVHQWV� D� VLJQLILFDQW

GHSDUWXUH�IURP�WKH�FXUUHQW�VWDWH�RI�WKH�DUW�FRQFHSWV�LQ�WKDW��WKH�SRZHU�GLVWULEXWLRQ�V\VWHP

PXVW� EH� GHVLJQHG� WR� DOORZ� IRU� SRZHU� IORZ� LQ� ERWK� WKH� IRUZDUG� GLUHFWLRQ� IURP� WKH

JHQHUDWRU�WR�WKH�ORDGV�DQG�LQ�WKH�UHYHUVH�GLUHFWLRQ�IURP�WKH�ORDGV�WR�RWKHU� ORDGV�DQG�WKH

JHQHUDWRU�� � ,Q� JHQHUDO�� WKH� SURFHVV� RI� UHJHQHUDWLRQ� FDQ� EH� FKDUDFWHUL]HG� HLWKHU� DV� D

WUDQVLHQW� GLVWXUEDQFH� RQ� WKH� '&� EXV� RU� DV� D� VXVWDLQHG� RVFLOODWRU\� ORDG� GLVWXUEDQFH�� � ,W

ZRXOG� DSSHDU� WKDW� UHJHQHUDWLYH� SRZHU� LV� D� SRVLWLYH� IHDWXUH� RI� D�'&� SRZHU� GLVWULEXWLRQ

V\VWHP� EHFDXVH� LW� ZRXOG� PDNH� PRUH� SRZHU� DYDLODEOH� WR� WKH� V\VWHP�� DQG�RU� LW� ZRXOG

LQFUHDVH�WKH�HIILFLHQF\�RI� WKH�V\VWHP�� �+RZHYHU�� LI� WKH�SRZHU�GLVWULEXWLRQ�V\VWHP�LV�QRW

GHVLJQHG� WR� DFFHSW� WKLV� SRZHU�� WKH� HIIHFWV� FDQ� EH� TXLWH� GHWULPHQWDO�� � 7KH� UHJHQHUDWLYH

SRZHU�FDQ�UHVXOW�LQ�XQDFFHSWDEO\�KLJK�WUDQVLHQW�YROWDJH�VZLQJV�RU�XQGHVLUDEOH�GLVWRUWLRQ

GXH�WR�WKH�RVFLOODWRU\�ORDG�GLVWXUEDQFHV���7KHVH�YROWDJH�GLVWXUEDQFHV�RQ�WKH�EXV�FDQ�FDXVH

GDPDJH� WR� RWKHU� FRPSRQHQWV� GHVLJQHG� WR� RSHUDWH� ZLWKLQ� VHW� YROWDJH� OLPLWV� �0LO� 6SHF

���(��>�@�
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7KH�SULQFLSDO�REMHFWLYH�RI�WKH�SURSRVHG�UHVHDUFK�HIIRUW�LV�WR�GHYHORS�RSWLPL]DWLRQ

PHWKRGV� WR� IDFLOLWDWH� WKH� GHVLJQ� RI� VXEV\VWHPV� LQ� QH[W� JHQHUDWLRQ� DLUFUDIW� SRZHU

GLVWULEXWLRQ� V\VWHPV�� � 6LQFH� WKH� SUHVHQFH� RI� UHJHQHUDWLYH� HQHUJ\� IURP� IOLJKW� FRQWURO

DFWXDWRUV� LV� D� XQLTXH� IHDWXUH�� LW� LV� FULWLFDO� WKDW� WKHVH� RSWLPL]DWLRQ� PHWKRGV� LQFOXGH� DQ

DFFXUDWH�FKDUDFWHUL]DWLRQ�RI� WKH� UHJHQHUDWLYH� HQHUJ\� IURP� WKH� IOLJKW� FRQWURO� DFWXDWRUV� LQ

RUGHU� WR� DFFRXQW� IRU� WKHLU� HIIHFWV� RQ� WKH� SHUIRUPDQFH� RI� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP�

7KH�FRQFHSW�RI�WKH�¦0RUH�(OHFWULF�$LUFUDIW§�KDV�EHHQ�LQ�H[LVWHQFH�IRU�D�OLWWOH�OHVV�WKDQ�D

GHFDGH�� DQG� D� FRQVLGHUDEOH� DPRXQW� RI� UHVHDUFK� HIIRUW� KDV� EHHQ� GHYRWHG� WR� WKH

GHYHORSPHQW� RI� DGYDQFHG� WHFKQRORJLHV� LQ� SRZHU� HOHFWURQLFV�� PRWRU� GULYHV�� DFWXDWLRQ

V\VWHPV� DQG� JHQHUDWLQJ� HTXLSPHQW�� � +RZHYHU�� GHVLJQ� PHWKRGRORJLHV� WR� DSSURSULDWHO\

LQWHJUDWH� WKH� GLIIHUHQW� VXEV\VWHPV� WRJHWKHU� DQG� FRQWURO� WKHLU� LQWHUDFWLRQV� KDYH� QRW

UHFHLYHG�PXFK�DWWHQWLRQ�� �7KH� UHVHDUFK� UHSRUWHG� LQ� WKLV�GLVVHUWDWLRQ� UHSUHVHQWV� D� VWHS� LQ

WKLV�GLUHFWLRQ�

,Q�VXPPDU\��WKH�XVH�RI�RSWLPL]DWLRQ�PHWKRGV�LV�GHPRQVWUDWHG�IRU�WKH�GHVLJQ�RI�DQ

LQWHUFRQQHFWHG�V\VWHP�FRQVLVWLQJ�RI�DQ�LQSXW�ILOWHU�DQG�D�UHJXODWHG�'&�'&�EXFN�FRQYHUWHU

�FDOOHG� WKH� VDPSOH� V\VWHP�� DQG� IRU� WKH�GHVLJQ�RI� WKH�GULYH� DPSOLILHU� IRU� D� SLH]RHOHFWULF

DFWXDWRU�� �7KH�IRUPXODWLRQ�RI� WKH�RSWLPL]DWLRQ�SUREOHP�FRQVLVWV�RI�PRGHO�GHYHORSPHQW�

LGHQWLILFDWLRQ� RI� GHVLJQ� YDULDEOHV�� GHILQLWLRQ� RI� WKH� RSWLPL]DWLRQ� FRQVWUDLQWV� DQG� WKH

REMHFWLYH� IXQFWLRQ�� � 7KH� RSWLPL]DWLRQ� IRUPXODWLRQ� XVHV� OLQHDU� DQDO\VLV� PHWKRGV� WR

JXDUDQWHH� LQWHUQDO� VWDELOLW\� RI� LQGLYLGXDO� V\VWHPV� DQG� VWDELOLW\� RI� WKH� LQWHUFRQQHFWHG

V\VWHP�� � +RZHYHU�� GXH� WR� WKH� QRQOLQHDU� QDWXUH� RI� WKH� V\VWHPV� LQ� WKH� DLUFUDIW� SRZHU

GLVWULEXWLRQ� V\VWHP�� OLQHDU� WHFKQLTXHV� SURYLGH� RQ� ORFDO� VWDELOLW\� LQIRUPDWLRQ�� � +HQFH�� D

VLJQLILFDQW� DPRXQW� RI� HIIRUW� KDV� EHHQ� GHYRWHG� WR� WKH� VWXG\� RI� QRQOLQHDU� VWDELOLW\� DQG

VXEV\VWHP�LQWHUDFWLRQ�DQDO\VLV�PHWKRGV�

���� 6&23(�2)�7+(�',66(57$7,21

7KLV�GLVVHUWDWLRQ�LV�HVVHQWLDOO\�GLYLGHG�LQWR�WKUHH�PDLQ�SDUWV�� �7KH�VFRSH�RI� WKH� UHVHDUFK

GHVFULEHG�LQ�HDFK�RI�WKH�WKUHH�SDUWV�LV�GHVFULEHG�EHORZ�
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������ 2SWLPL]DWLRQ�RI�WKH�6DPSOH�6\VWHP

3DUW�,�IRFXVHV�RQ�WKH�GHYHORSPHQW�RI�DQ�RSWLPL]DWLRQ�PHWKRGRORJ\�IRU�WKH�GHVLJQ

RI�D�VLPSOH�LQWHUFRQQHFWHG�V\VWHP�FDOOHG�WKH�VDPSOH�SRZHU�V\VWHP�ZKLFK�FRQVLVWV�RI�DQ

(0,�LQSXW�ILOWHU�IROORZHG�E\�D�UHJXODWHG�'&�'&�EXFN�FRQYHUWHU�� �7KH�VDPSOH�V\VWHP�LV

DUULYHG� DW� E\� VLPSOLI\LQJ� WKH� GHWDLOHG�PRGHO� RI� DQ� (OHFWURPHFKDQLFDO�$FWXDWRU� �(0$�

GULYH� FRQWUROOLQJ� WKH� VSRLOHU� VXUIDFHV� RI� WKH� DLUFUDIW�� � 7KH� RULJLQ� DQG� QDWXUH� RI

UHJHQHUDWLYH� SRZHU� LQ� WKH�(0$�GULYH� DUH� LGHQWLILHG�� � 7KH� UHJHQHUDWLYH� SURFHVV� LV� WKHQ

HTXLYDOHQWO\�UHSUHVHQWHG�LQ�WKH�VDPSOH�V\VWHP�DV�D�WUDQVLHQW�ORDG�GLVWXUEDQFH�RQ�WKH�EXFN

FRQYHUWHU�� �7KH�EXFN�FRQYHUWHU� LV�DOVR�ORDGHG�E\�D�FRQVWDQW�'&�FXUUHQW� WR�UHSUHVHQW� WKH

VWHDG\� VWDWH� SRZHU� GUDZQ� E\� WKH� DFWXDWRU�� � 7KH� RSWLPL]DWLRQ� PHWKRGRORJ\� GHYHORSHG�

KRZHYHU�� LV� TXLWH� JHQHUDO� LQ� WKDW� LW� FDQ� EH� H[WHQGHG�ZLWK�PLQRU�PRGLILFDWLRQV� WR� RWKHU

VXEV\VWHPV�LQ�WKH�SRZHU�GLVWULEXWLRQ�V\VWHP�

7KH�DSSURDFK�IROORZHG�KHUH�LV�WR�EHJLQ�ZLWK�WKH�GHYHORSPHQW�RI�DQ�RSWLPL]DWLRQ

PHWKRGRORJ\� IRU� WKH� LQGLYLGXDO� VXEV\VWHPV� RI� WKH� VDPSOH� V\VWHP�� � 7KH�PRGHOV� RI� WKH

LQGLYLGXDO�VXEV\VWHPV�DFFRXQW�IRU�WKH�LQWHUDFWLRQV�ZLWK�WKH�RWKHU�VXEV\VWHPV�LQ�WKH�JOREDO

V\VWHP���7KHUHIRUH��WKH�PHWKRGRORJ\�RSWLPL]HV�WKH�SHUIRUPDQFH�RI�WKH�ORFDO�VXEV\VWHPV

ZKLOH�DFFRXQWLQJ�IRU�JOREDO�LQWHUDFWLRQV���:KHQ�WKH�VXEV\VWHPV�DUH�FRQVLGHUHG�MRLQWO\��WKH

RSWLPL]DWLRQ� IRUPXODWLRQV� IRU� HDFK� VXEV\VWHP� DUH� VXFK� WKDW� WKH\� FDQ� EH� FRPELQHG� LQ� D

VWUDLJKWIRUZDUG� ZD\� WR� REWDLQ� DQ� RSWLPL]DWLRQ� PHWKRGRORJ\� IRU� WKH� FRPELQHG� V\VWHP�

$SSO\LQJ� WKLV� DSSURDFK� WR� WKH� VDPSOH� V\VWHP�� DQ� RSWLPL]DWLRQ� PHWKRGRORJ\� LV� ILUVW

IRUPXODWHG�IRU�WKH�LQSXW�ILOWHU���7KLV�PHWKRGRORJ\�LV�WKHQ�H[WHQGHG�WR�WKH�UHJXODWHG�'&�

'&�EXFN�FRQYHUWHU��WDNLQJ�LQWR�DFFRXQW�WKH�LQFUHDVH�LQ�FRPSOH[LW\�RI�WKH�FRQYHUWHU���7KH

SURFHGXUH� LV� WKHQ� H[WHQGHG� WR� WKH� VDPSOH� V\VWHP� DV� D� ZKROH� WR� DGGUHVV� V\VWHP� ZLGH

GHVLJQ� FRQVLGHUDWLRQV�� � 6WDELOLW\� RI� WKH� JOREDO� V\VWHP� LV� LQVXUHG�� DQG� WKH� HIIHFWV� RI

UHJHQHUDWLYH�SRZHU�IORZ�DUH�PLQLPL]HG���,W�LV�VKRZQ�WKDW�RSWLPL]LQJ�WKH�LQWHJUDWHG�V\VWHP

DV�D�ZKROH�UHVXOWV�LQ�D�OHVVHU�ZHLJKW�WKDQ�LQWHJUDWLQJ�WKH�LQGLYLGXDOO\�RSWLPL]HG�V\VWHPV�
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������ 3LH]RHOHFWULF�DFWXDWRUV

7KH� XVH� RI� VPDUW� DFWXDWRUV� LQ� QH[W� JHQHUDWLRQ� DLUFUDIW� KDV� UHFHLYHG� LQFUHDVLQJ

DWWHQWLRQ� LQ� WKH� ODVW� IHZ� \HDUV�� � 7KHVH� DFWXDWRUV� DUH� EXLOW� DURXQG� VR�FDOOHG� ¦VPDUW

PDWHULDOV�§� � 7KHVH� PDWHULDOV� LQFOXGH� SLH]RHOHFWULF� DQG� HOHFWURVWULFWLYH� PDWHULDOV� WKDW

FKDQJH� WKHLU� VKDSH� LQ� UHVSRQVH� WR� DQ� HOHFWULF� ILHOG�� PDJQHWRUHVWULFWLYH� PDWHULDOV� WKDW

FKDQJH�WKHLU�VKDSH�LQ�UHVSRQVH�WR�D�PDJQHWLF�ILHOG��DQG�VKDSH�PHPRU\�DOOR\V�WKDW�FKDQJH

WKHLU�VKDSH�LQ�UHVSRQVH�WR�KHDW���7KHVH�PDWHULDOV�KDYH�JDUQHUHG�VRPH�LQWHUHVW�EHFDXVH�WKH\

RIIHU�WKH�SRVVLELOLW\�RI�VROLG�VWDWH� LQGXFHG�VWUDLQ�DFWXDWRUV�ZLWK�WKH�DWWHQGDQW�EHQHILWV�RI

KLJK�HQHUJ\�GHQVLW\�DQG�UHOLDELOLW\���7KHVH�DFWXDWRUV�DUH�RI�GLUHFW�LQWHUHVW�WR�WKLV�SURSRVHG

UHVHDUFK�HIIRUW�EHFDXVH�WKH�VPDUW�PDWHULDOV�VXSSRUW�ELGLUHFWLRQDO�SRZHU�IORZ�

7KH� VWXG\� RI� VPDUW� DFWXDWRUV� LQ� WKLV� UHVHDUFK� HIIRUW� LV� OLPLWHG� WR� SLH]RHOHFWULF

DFWXDWRUV�XVHG�IRU�DFWLYH�YLEUDWLRQ�FRQWURO�RI�DLUFUDIW�VXUIDFHV���7KH�VWXG\�LV�PRWLYDWHG�E\

WKH�DSSOLFDWLRQ�RI�SLH]RHOHFWULF�DFWXDWRUV�IRU�DOOHYLDWLQJ�WKH�¦WDLO�EXIIHWLQJ§�SUREOHP�LQ�D

WZLQ� WDLO�DLUFUDIW� >��@�� �7KH�EXIIHW� ORDGV�DFWLQJ�RQ� WKH� WDLO� VXUIDFH�FDXVH�H[FHVVLYH�ZHDU

DQG� WHDU� WKDW� VLJQLILFDQWO\� UHGXFH� WKH� OLIHWLPH� RI� WKH� DLUFUDIW� DQG� LQFUHDVH� UHSDLU� DQG

PDLQWHQDQFH� FRVWV�� � 3LH]RHOHFWULF� DFWXDWRUV� PRXQWHG� DW� WKH� URRW� RI� WKH� WDLO� DQG� RQ� WKH

VXUIDFH�DUH�FRQWUROOHG�WR�DFWLYHO\�VXSSUHVV�WKH�HIIHFW�RI�WKH�EXIIHW�ORDGV�RQ�WKH�WDLO�VXUIDFH�

7R� WKLV� HQG�� D� VXEVWDQWLDO� DPRXQW� RI�ZRUN� KDV� EHHQ� GRQH� LQ� WKH� ILHOG� RI�PRGHOLQJ� DQG

FRQWURO�RI�SLH]RHOHFWULF�DFWXDWRUV�

$�GHWDLOHG�HOHFWURPHFKDQLFDO�PRGHO�RI�D�SLH]RHOHFWULF�VWDFNHG�DFWXDWRU�KDV�EHHQ

GHYHORSHG�� � 7KLV� PRGHO� FDQ� EH� GLUHFWO\� FRXSOHG� WR� D� PHFKDQLFDO� VWUXFWXUH� IRU� DFWLYH

FRQWURO� RI� WKH� VWUXFWXUH�� � 7KH� PRGHO� RI� WKH� DFWXDWRU� FRQVLVWV� RI� DQ� DQK\VWHUHWLF

QRQOLQHDULW\� EHWZHHQ� WKH� SRODUL]DWLRQ� DQG� WKH� HOHFWULF� ILHOG�� � $� VLPSOH� PDVV�VSULQJ�

GDPSHU� V\VWHP� DFWHG� RQ� E\� DQ� H[WHUQDO� GLVWXUEDQFH� IRUFH� LV� XVHG� DV� WKH� PHFKDQLFDO

VWUXFWXUH�FRXSOHG�WR�WKH�DFWXDWRU�

$�ZHOO�GHILQHG�RSWLPL]DWLRQ�SURFHGXUH� LV� IRUPXODWHG� IRU� WKH�GHVLJQ�RI� D� FXUUHQW

FRQWUROOHG�DPSOLILHU�GULYLQJ�D�SLH]RHOHFWULF�DFWXDWRU�� �$�VLPSOH�FRQWURO� ODZ�WKDW�UHTXLUHV

WKH�DPSOLILHU�WR�GULYH�D�JLYHQ�UHIHUHQFH�FXUUHQW�WR�EH�GULYHQ�LQWR�WKH�DFWXDWRU�LV�DVVXPHG�
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7KH�H[WHUQDO�GLVWXUEDQFH�IRUFH�DFWLQJ�RQ�WKH�PHFKDQLFDO�VWUXFWXUH�LV�DVVXPHG�WR�EH�]HUR�

$�IXOO�EULGJH�'&�$&�LQYHUWHU�ZLWK�DQ�LQGXFWRU�RQ�WKH�$&�VLGH�LV�FKRVHQ�DV�WKH�WRSRORJ\

RI�WKH�GULYH�DPSOLILHU���7KH�RSWLPL]DWLRQ�IRUPXODWLRQ�LV�XVHG�WR�GHWHUPLQH�WKH�YDOXH�RI�WKH

LQGXFWDQFH� LQFOXGLQJ� LWV� SK\VLFDO� GHVLJQ� DQG� WKH�'&�EXV� YROWDJH� IRU� D� JLYHQ� VZLWFKLQJ

IUHTXHQF\�� � $� FRPSXWDWLRQDOO\� LQH[SHQVLYH� IUHTXHQF\� GRPDLQ� WHFKQLTXH� LV� XVHG� WR

GHWHUPLQH�WKH�VZLWFKLQJ�ULSSOH�LQ�WKH�DFWXDWRU�FXUUHQW�

)LQDOO\��D�QRYHO�FXUUHQW�FRQWURO� ODZ�WR�DFWLYHO\�GDPS�WKH�PHFKDQLFDO�VWUXFWXUH� LV

SURSRVHG���7KLV�FRQWURO�ODZ�UHTXLUHV�WKH�FXUUHQW�WKURXJK�WKH�DFWXDWRU�WR�EH�SURSRUWLRQDO�WR

WKH� DFFHOHUDWLRQ�RI� WKH� VWUXFWXUH�� �$V� D� UHVXOW� RI� WKLV� FRQWURO� ODZ�� WKH� DFWXDWRU� DFWV� DV� D

HQHUJ\�VLQN�LQ�DEVRUELQJ�WKH�UHDO�PHFKDQLFDO�SRZHU�IHG�WR�WKH�VWUXFWXUH�IURP�WKH�H[WHUQDO

GLVWXUEDQFH� IRUFH� DQG� UHGLUHFWLQJ� LW�EDFN� WR� WKH� HOHFWULFDO� VRXUFH�� �+HQFH�� WKHUH� LV� D�QHW

IORZ�RI�UHDO�HOHFWULFDO�SRZHU�IURP�WKH�DFWXDWRU�EDFN�WR�WKH�'&�EXV���,Q�DGGLWLRQ��GXH�WR�WKH

FDSDFLWLYH� QDWXUH� RI� WKH� DFWXDWRU� D� VLJQLILFDQW� DPRXQW� RI� UHDFWLYH� SRZHU� FLUFXODWHV

EHWZHHQ� WKH�DFWXDWRU� DQG� WKH�GULYH� DPSOLILHU�� �$�GHWDLOHG� IUHTXHQF\�GRPDLQ�DQDO\VLV�RI

WKH� FORVHG� ORRS� SHUIRUPDQFH� RI� WKH� V\VWHP� LV� SUHVHQWHG�� � 7KLV� LQFOXGHV� D� GHWDLOHG

GHVFULSWLRQ�RI� WKH�HOHFWURPHFKDQLFDO�SRZHU� WUDQVIHU�FKDUDFWHULVWLFV�EHWZHHQ� WKH�DFWXDWRU

DQG� WKH� HOHFWULFDO� VRXUFH�� QDPHO\� WKH� FXUUHQW� FRQWUROOHG� DPSOLILHU�� � 7KH� DQK\VWHUHWLF

QRQOLQHDULW\�LQ�WKH�DFWXDWRU�LV��KRZHYHU��QHJOHFWHG�LQ� WKLV�DQDO\VLV� LQ�RUGHU� WR�H[HPSOLI\

WKH� GHSHQGHQFH� RI� WKH� SRZHU� IORZ� FKDUDFWHULVWLFV� RQ� WKH� SDUDPHWHUV� RI� WKH� V\VWHP�

*XLGHOLQHV� WR� GHVLJQ� WKH� GULYH� DPSOLILHU� EDVHG� RQ� WKH� SHDN� YROWDJH� DQG� WKH� FXUUHQW

UHTXLUHPHQWV�RI�WKH�DFWXDWRU�DUH�SUHVHQWHG�

������ 6XEV\VWHP�,QWHUDFWLRQ�	�6WDELOLW\�$QDO\VLV

2QH�RI� FULWLFDO� RSHUDWLRQDO� UHTXLUHPHQWV� RI� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP� LV� WKH

VWDELOLW\�DQG�UREXVWQHVV�RI�WKH�VXEV\VWHPV���7KH�RSWLPL]DWLRQ�PHWKRGRORJ\�XVHG�WR�GHVLJQ

VXEV\VWHPV�LQFOXGHV�FRQVWUDLQWV��ZKLFK�JXDUDQWHH�WKH�VWDELOLW\�RI� LQGLYLGXDO�VXEV\VWHPV�

,Q�DGGLWLRQ�WR�HQVXULQJ�WKH�VWDELOLW\�RI�LQGLYLGXDO�VXEV\VWHPV��LW�LV�QHFHVVDU\�WR�JXDUDQWHH

PLQLPDO�LQWHUDFWLRQ�EHWZHHQ�LQWHUFRQQHFWHG�VXEV\VWHPV�DQG�DYRLG�XQVWDEOH�RSHUDWLRQ�GXH

WR� WKH� LQWHJUDWLRQ� RI� VXEV\VWHPV�� � 7KH� RSWLPL]DWLRQ� IRUPXODWLRQ� RI� WKH� VDPSOH� V\VWHP

GHVFULEHG�LQ�3DUW�,�RI�WKH�GLVVHUWDWLRQ�XVH�WKH�OLQHDU�VWDELOLW\�FRQVWUDLQWV�WR�JXDUDQWHH�WKH
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LQWHUQDO�VWDELOLW\�RI�VXEV\VWHPV�� �7KH�FODVVLFDO�0LGGOHEURRN�LPSHGDQFH�UDWLR�FULWHULRQ�LV

XVHG� WR� HQVXUH� VWDELOLW\� RI� LQWHUFRQQHFWHG� VXEV\VWHPV� E\� UHTXLULQJ� WKDW� WKH� WHUPLQDO

LPSHGDQFHV�RI�WKH�LQGLYLGXDO�VXEV\VWHPV�DW�WKH�LQWHUFRQQHFWLRQ�EH�VXIILFLHQWO\�VHSDUDWHG�

+RZHYHU�� LI� WKH� RSWLPL]DWLRQ�PHWKRGRORJ\� SUHVHQWHG� LV� WR� EH� H[WHQGHG� WR� WKUHH

SKDVH� V\VWHPV� DQG� LQWHUIDFHV� LQ� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP�� FULWHULD� WKDW� JXDUDQWHH

LQWHUQDO� VWDELOLW\� RI� HDFK� VXEV\VWHP� DQG�PLQLPDO� LQWHUDFWLRQ� EHWZHHQ� WKHP� QHHG� WR� EH

XVHG���,Q�DGGLWLRQ��VLQFH�D�PDMRULW\�RI�WKH�VXEV\VWHPV�LQ�WKH�SRZHU�GLVWULEXWLRQ�V\VWHP�DUH

QRQOLQHDU�� OLQHDU� VWDELOLW\� DQDO\VLV� WHFKQLTXHV� RQO\� JXDUDQWHH� VWDELOLW\� LQ� D� VPDOO

QHLJKERUKRRG� RI� WKH� HTXLOLEULXP� SRLQW�� � 7KH� WKLUG� SDUW� RI� WKH� GLVVHUWDWLRQ� LV� KHQFH�

GHYRWHG� WR� GHYHORSPHQW� RI� OLQHDU� DQG� QRQOLQHDU� VWDELOLW\� DQDO\VLV� WHFKQLTXHV� WKDW

LQYHVWLJDWH�ORFDO�DQG�JOREDO�VWDELOLW\�RI�VXEV\VWHPV�

7KH� LPSHGDQFH� UDWLR� FULWHULRQ� LV� H[WHQGHG� WR� D�PXOWLYDULDEOH� VHWWLQJ� WR�PDNH� LW

DSSOLFDEOH�WR�WKUHH�SKDVH�DQG�VLQJOH�SKDVH�$&�LQWHUIDFHV�� �7KH�PXOWLYDULDEOH� LPSHGDQFH

UDWLR� FULWHULRQ� LV� GHILQHG� LQ� WHUPV� RI� WKH� VLQJXODU� YDOXHV� RI� WKH� WHUPLQDO� LPSHGDQFH

PDWULFHV�DW�WKH�LQWHUFRQQHFWLRQ���7KH�PXOWLYDULDEOH�FULWHULRQ�LV�GHPRQVWUDWHG�LQ�WKH�VWXG\

RI�WKH�LQWHUDFWLRQ�EHWZHHQ�D�WKUHH�SKDVH�LQSXW�ILOWHU�DQG�D�WKUHH�SKDVH�ERRVW�UHFWLILHU���7KLV

FULWHULRQ��KRZHYHU��LV�EDVHG�RQ�OLQHDUL]HG�PRGHOV�DQG�FDQ�RQO\�JXDUDQWHH�ORFDO�VWDELOLW\�

6LQFH� UHJHQHUDWLYH� SRZHU� LV� TXLWH� D� VDOLHQW� SHUIRUPDQFH� FKDUDFWHULVWLF� RI� WKH

SRZHU�GLVWULEXWLRQ� V\VWHP�� LW� LV� QHFHVVDU\� WR�GHWHUPLQH� WKH� VWDELOLW\� RI� UHJXODWHG� SRZHU

FRQYHUWHU�V\VWHPV�XQGHU�WKH�UHJHQHUDWLYH�HQHUJ\�IORZ�FRQGLWLRQV���$�VLPSOLILHG�DQDO\VLV

LV� SUHVHQWHG� WKDW� SURYHV� WKDW� WKH� VWDELOLW\� RI� DQ� LQWHUFRQQHFWHG� V\VWHP� FRQVLVWLQJ� RI� D

UHJXODWHG�SRZHU�FRQYHUWHU�DQG�DQ�LQSXW�ILOWHU� LV�XQDIIHFWHG�LI� WKH�ORDG�FXUUHQW�� LQ�VWHDG\

VWDWH��LV�IORZLQJ�LQ�WKH�UHYHUVH�GLUHFWLRQ�WRZDUGV�WKH�VRXUFH���+HQFH��LW�LV�PRUH�FULWLFDO�WR

JXDUDQWHH�VWDELOLW\�LQ�WKH�IRUZDUG�GLUHFWLRQ�RI�SRZHU�IORZ�WKDQ�LQ�WKH�UHYHUVH�GLUHFWLRQ�

6LQFH�OLQHDU�DQDO\VLV�PHWKRGV�SURYLGH�RQO\�ORFDO�VWDELOLW\� LQIRUPDWLRQ� LQ�D�VPDOO

QHLJKERUKRRG�RI�WKH�HTXLOLEULXP�SRLQW�DQG�FDQQRW�SUHGLFW�WKH�EHKDYLRU�WKH�V\VWHP�XQGHU

ODUJH� VLJQDO� GLVWXUEDQFHV�� ELIXUFDWLRQ�PHWKRGV� DUH�XVHG� WR�REWDLQ� LQIRUPDWLRQ� DERXW� WKH

JOREDO� VWDELOLW\� EHKDYLRU� RI� WKH� V\VWHP�� � %LIXUFDWLRQ� DQDO\VLV� WHFKQLTXHV� SURYLGH
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LQIRUPDWLRQ�DERXW�WKH�QDWXUH��VWDELOLW\�DQG�PXOWLSOLFLW\�RI�WKH�VROXWLRQV�RI�WKH�V\VWHP�DV�D

IXQFWLRQ� RI� D� ELIXUFDWLRQ� SDUDPHWHU�� � 6SHFLILFDOO\�� ELIXUFDWLRQ� PHWKRGV� WR� VWXG\� WKH

LQWHUDFWLRQ�EHWZHHQ�DQ�LQSXW�ILOWHU�DQG�D�UHJXODWHG�'&�'&�EXFN�FRQYHUWHU�DQG�DW�WKH�'&

EXV�EHWZHHQ�D�EXV�UHJXODWRU�DQG�D�UHJXODWHG�ORDG�FRQYHUWHU�V\VWHP���7KH�FRQYHUWHUV�XVHG

LQ�WKH�ELIXUFDWLRQ�DQDO\VHV�DUH�UHSUHVHQWHG�E\�WKHLU�DYHUDJH�PRGHOV�LQ�RUGHU�WR�VWXG\�WKH

ORZ�IUHTXHQF\�V\VWHP�OHYHO�VWDELOLW\�SURSHUWLHV���$Q�H[WHQVLYH�ERG\�RI�SXEOLVKHG�UHVHDUFK

LV� DYDLODEOH� RQ� WKH� QRQOLQHDU� VWDELOLW\� RI� DQDO\VLV� RI� SRZHU� FRQYHUWHUV� DW� WKH� VZLWFKLQJ

IUHTXHQF\�VFDOH���+RZHYHU��WKHVH�PHWKRGV��ZKHQ�H[WHQGHG�WR�WKH�VWXG\�RI�PRUH�FRPSOH[

V\VWHPV�DQG�VXEV\VWHP�LQWHUDFWLRQV�EHFRPH�FRPSXWDWLRQDOO\�XQWHQDEOH�DQG�ORVH�SUDFWLFDO

XWLOLW\� DQG�KHQFH�� DUH�QRW� SXUVXHG� LQ� WKLV� UHVHDUFK�� �7KHVH� ELIXUFDWLRQ�PHWKRGV�� GHVSLWH

SURYLGLQJ� LQIRUPDWLRQ� DERXW� WKH� JOREDO� VWDELOLW\� FKDUDFWHULVWLFV� RI� WKH� V\VWHP�� DUH� QRW

LPPHGLDWHO\�DSSOLFDEOH�WR�D�GHVLJQ�SURFHGXUH�DQG�KHQFH�DQ�RSWLPL]DWLRQ�IRUPXODWLRQ�

7R� WKLV� HQG�� D� VLPSOH� GHVLJQ� PHWKRGRORJ\� EDVHG� RQ� ELIXUFDWLRQ� PHWKRGV� DQG

ZLGHO\�XVHG�LQ�WKH�ILHOG�RI�XWLOLW\�SRZHU�V\VWHPV��LV�LQYHVWLJDWHG���7KLV�GHVLJQ�SURFHGXUH

LQYROYHV�WKH�GHWHUPLQDWLRQ�RI�DQ�RSWLPDO�GLUHFWLRQ�RI�XSGDWLQJ�WKH�GHVLJQ�YDULDEOHV�RI�D

V\VWHP�VXFK�WKDW�SRWHQWLDO�LQVWDELOLWLHV�GXH�WR�ELIXUFDWLRQV�DUH�DYRLGHG���$�VLPSOH�'&�'&

ERRVW�FRQYHUWHU��UHSUHVHQWHG�E\�LWV�DYHUDJH�PRGHO��ZLWK�D�PXOWLORRS�FRQWUROOHU�LV�XVHG�WR

GHPRQVWUDWH�WKLV�GHVLJQ�PHWKRGRORJ\�

���� /,7(5$785(�5(9,(:

� 0RUH�(OHFWULF�$LUFUDIW

7KH�0RUH�(OHFWULF�$LUFUDIW� LQLWLDWLYH�ZDV�IRUPDOO\�FRQFHLYHG�LQ������E\�WKH�$LU

)RUFH� E\� WKH� ���� 3RZHU� 0DQDJHPHQW� DQG� 'LVWULEXWLRQ� IRU� WKH� 0RUH� (OHFWULF� $LUFUDIW

SURJUDP���7KLV�WULJJHUHG�LQWHQVH�UHVHDUFK�LQ�WKH�DUHDV�RI�SRZHU�JHQHUDWLRQ��WUDQVPLVVLRQ�

GLVWULEXWLRQ�DQG�XWLOL]DWLRQ�LQ�WKH�0RUH�(OHFWULF�$LUFUDIW�>���@���3RWHQWLDO�VWDUWHU�JHQHUDWRU

WHFKQRORJLHV� EDVHG� RQ� V\QFKURQRXV� JHQHUDWRU� DQG� VZLWFKHG� UHOXFWDQFH� PDFKLQHV� ZHUH

VWXGLHG� >���@�� � 7KH� DUFKLWHFWXUH� RI� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP�� WKH� QDWXUH� RI� WKH

GLVWULEXWLRQ� EXV�� ZKHWKHU� LW� ZRXOG� EH� $&� RU� '&�� ZDV� VWXGLHG� LQ� GHWDLO� XQGHU� WKH

0$'0(/�SURJUDP�>����@���7KH�GHYHORSPHQW�RI�DGYDQFHG�SRZHU�HOHFWURQLF�GHYLFHV�DQG

FRQYHUWHU� WHFKQRORJLHV�ZDV�SXUVXHG� >�����@�� �$FWXDWRU� WHFKQRORJLHV�EDVHG�RQ� DGYDQFHG
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SRZHU� HOHFWURQLFV� GULYHV� VXFK� DV� VZLWFKHG� UHOXFWDQFH� DQG� LQGXFWLRQ�PRWRU� GULYHV� ZHUH

SURSRVHG� WR� UHSODFH� WKH� SQHXPDWLF� DQG� K\GUDXOLF� DFWXDWRUV� LQ� WKH� SUHVHQW� JHQHUDWLRQ

DLUFUDIW�>�����@�

� 2SWLPL]DWLRQ�RI�'&�3RZHU�'LVWULEXWLRQ�6\VWHPV

7KH� RSWLPL]DWLRQ� RI� SRZHU� HOHFWURQLF� FRQYHUWHUV� KDV� UHFHLYHG� FRQVLGHUDEOH

DWWHQWLRQ� LQ� WKH� SDVW� \HDUV�� � $Q� DEXQGDQFH� RI� OLWHUDWXUH� H[LVWV� RQ� WKH� RSWLPL]DWLRQ� RI

VZLWFKLQJ�SRZHU�FRQYHUWHUV��D�IHZ�RI�ZKLFK�DUH�>��������@���+RZHYHU��WKHUH�KDV�QRW�EHHQ

PXVW� SXEOLVKHG�ZRUN� RQ� WKH� VXEMHFW� RI� RSWLPL]DWLRQ� RI� SRZHU� GLVWULEXWLRQ� V\VWHPV�� � ,Q

>��@��DQ�RSWLPL]DWLRQ�EDVHG�DSSURDFK�ZDV�SURSRVHG�IRU�WKH�GHVLJQ�RI�DQ�DLUFUDIW�RU�VSDFH

EDVHG� SRZHU� GLVWULEXWLRQ� V\VWHP� WKDW� PLQLPL]HG� PDVV� DQG� KHQFH� PRQHWDU\� FRVW�� � 7KH

RSWLPXP� YROWDJH� DQG� SRZHU� OHYHOV� DUH� YDULRXV� SRLQWV� RI� WKH� SRZHU� V\VWHP� ZHUH

GHWHUPLQHG�� �+RZHYHU�� WKH� LQGLYLGXDO� GHVLJQ�RI� WKH�SRZHU� V\VWHP�FRPSRQHQWV�ZDV� QRW

LQFOXGHG�LQ�WKH�DQDO\VLV�

� 3LH]RHOHFWULF�$FWXDWRUV

7KH� VWXG\� RI� SLH]RHOHFWULF� DFWXDWRUV� LQ� WKLV� GLVVHUWDWLRQ� LV� PRWLYDWHG� E\� WKH

DSSOLFDWLRQ�RI�SLH]RHOHFWULF�DFWXDWRUV�IRU�DOOHYLDWLQJ�WKH�¦WDLO�EXIIHWLQJ§�SUREOHP�LQ�D�WZLQ

WDLO� DLUFUDIW� >��@�� � 7KH� XVH� RI� VZLWFKLQJ� SRZHU� DPSOLILHUV� IRU� GULYLQJ� SLH]RHOHFWULF

DFWXDWRUV�ZDV�GLVFXVVHG�LQ� >�����@�� �+LJK�YROWDJH�VZLWFKLQJ�DPSOLILHUV� IRU�SLH]RHOHFWULF

DFWXDWRUV� DUH� GLVFXVVHG� LQ� >�����@�� � 7KH� VZLWFKLQJ� DPSOLILHUV� IRU� HOHFWURVWULFWRUV� DUH

UHSRUWHG�LQ�>��@���,W�KDV�EHHQ�QRWHG�WKDW�FKDUJH�DQG�FXUUHQW�FRQWUROOHG�DPSOLILHUV�QDWXUDOO\

UHGXFH� WKH�GLVWRUWLRQ� LQGXFHG�E\� WKH�QRQOLQHDULWLHV�RI� WKH�SLH]RHOHFWULF� DFWXDWRU� >�����@�

$�VLPLODU�UHVXOW�IRU�HOHFWURVWULFWRU�DFWXDWRUV�KDV�EHHQ�UHSRUWHG�LQ�>�����@���2SWLPL]DWLRQ�RI

GULYH� HOHFWURQLFV� IRU� SLH]RHOHFWULF� DFWXDWRUV� ZDV� DGGUHVVHG� LQ� >��@�� � +RZHYHU�� D� ZHOO�

GHILQHG�RSWLPL]DWLRQ�SURFHGXUH�WKDW�WDNHV�LQWR�DFFRXQW�WKH�QRQOLQHDU�FKDUDFWHULVWLFV�RI�WKH

DFWXDWRU� DQG� \LHOGV� SK\VLFDOO\�PHDQLQJIXO� GHVLJQV� RI� WKH� LQGLYLGXDO� FRPSRQHQWV� RI� WKH

DPSOLILHU� KDV� QRW� EHHQ� SURSRVHG�� � 7KH� RSWLPL]DWLRQ� IRUPXODWLRQ� SUHVHQWHG� LQ� WKLV

GLVVHUWDWLRQ�LV�D�ILUVW�VWHS�LQ�WKLV�GLUHFWLRQ�
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7KH�DQDO\VLV�RI�SRZHU�IORZ�WKURXJK�WKH�DPSOLILHU�DQG�DFWXDWRU�KDV�EHHQ�GLVFXVVHG

E\� >�����������@�� � ,Q� ZDV� VKRZQ� LQ� >��@� WKDW� DFWLYHO\� GDPSLQJ� WKH� VWUXFWXUH� ZLWK� D

FRQWUROOHG�SLH]RHOHFWULF�DFWXDWRU�FDXVHV�WKH�PHFKDQLFDO�SRZHU�LQMHFWHG�LQWR�WKH�VWUXFWXUH

E\� WKH� H[WHUQDO� GLVWXUEDQFH� VRXUFH� WR� EH� DEVRUEHG� E\� WKH� VWUXFWXUH� DQG� IXQQHOHG� WR� WKH

HOHFWULFDO�VRXUFH���:H�SUHVHQW�VLPLODU�UHVXOWV�LQ�D�PRUH�JHQHUDO�VHWWLQJ�WKDW�VKRZ�WKDW�WKH

HOHFWULFDO�SRZHU�DW�WKH�DFWXDWRU�WHUPLQDOV�KDV�D�QHJDWLYH�UHDO�FRPSRQHQW��ZKLFK�LQGLFDWHV

WKDW�WKH�DFWXDWRU�IHHGV�HOHFWULFDO�SRZHU�EDFN�WR�WKH�VRXUFH���,Q�>��@��WKH�RSHQ�ORRS�SRZHU

IORZ�EHWZHHQ�D�OLQHDU�DPSOLILHU�DQG�D�SLH]RHOHFWULF�DFWXDWRU�XQGHU�WKH�FRQGLWLRQ�WKDW�WKH

GLVSODFHPHQW� RI� WKH� VWUXFWXUH� LV� FRQVWDQW� LV� GLVFXVVHG�� � 7KH� FORVHG� ORRS� SRZHU� IORZ

EHWZHHQ�D�VZLWFKLQJ�DPSOLILHU�DQG�DQ�HOHFWURVWULFWRU�DFWXDWRU�RII�UHVRQDQFH� LV�GLVFXVVHG

LQ�>��@���$Q�DQDO\VLV�RI�WKH�FRXSOHG�HOHFWURPHFKDQLFDO�SRZHU�IORZ�EHWZHHQ�SLH]RFHUDPLF

DFWXDWRUV� DQG� PHFKDQLFDO� VWUXFWXUHV� ZDV� SUHVHQWHG� LQ� >��@�� � 7KH� XVH� RI� LPSHGDQFH

PDWFKLQJ�WHFKQLTXHV�WR�PD[LPL]H�WKH�HQHUJ\�HIILFLHQF\�RI�WKH�FRXSOHG�PHFKDQLFDO�V\VWHP

KDV�EHHQ�GLVFXVVHG�LQ�>������@�

� 6XEV\VWHP�,QWHUDFWLRQ�DQG�6WDELOLW\�$QDO\VLV

7KH� ILUVW� VWXGLHV� RQ� VXEV\VWHP� LQWHUDFWLRQ� LQ� V\VWHPV� ZLWK� SRZHU� FRQYHUWHUV

DGGUHVVHG�WKH�LQWHUDFWLRQ�EHWZHHQ�DQ�LQSXW�ILOWHU�DQG�D�UHJXODWHG�SRZHU�FRQYHUWHU�>�����@�

7KH� PHWKRGV� SURSRVHG� LQ� WKHVH� SDSHUV� ZHUH� EDVHG� LQ� OLQHDU� DQDO\VLV� WHFKQLTXHV� WKDW

ZRUNHG� RQ� VPDOO� VLJQDO� PRGHOV� RI� QRQOLQHDU� V\VWHPV� OLQHDUL]HG� DURXQG� D� VWHDG\� VWDWH

RSHUDWLQJ�SRLQW���7KH�ZLGHO\�XVHG�LPSHGDQFH�UDWLR�FULWHULRQ�ZDV�SURSRVHG�LQ�>��@�� �7KLV

ZDV� H[WHQGHG� WR� DGGUHVV� LQSXW� ILOWHU� LQWHUDFWLRQ� LQ�'&�'&�FRQYHUWHUV� EDVHG� RQ� YDULRXV

FRQWURO�VWUDWHJLHV�LQ�>�����@���+RZHYHU��YHU\�OLWWOH�HIIRUW�ZDV�GHYRWHG�WR�WKH�VWXG\�RI�LQSXW

ILOWHU� LQWHUDFWLRQ� LQ� WKUHH� SKDVH� $&�'&� UHFWLILHUV�ZKHUH� WKH� V\VWHP� LV�PXOWLYDULDEOH� LQ

QDWXUH���$�SUHOLPLQDU\�VWXG\�ZDV�SHUIRUPHG�LQ�>��@��EXW�WKH�UHVXOWV�SUHVHQWHG�WKHUHLQ�ZHUH

QRW�DSSOLHG�WR�WKUHH�SKDVH�$&�'&�FRQYHUWHUV�LQ�JHQHUDO���,Q�>��@��D�UHGXFHG�RUGHU�PRGHO

IRU� WKH� WKUHH�SKDVH� UHFWLILHU�ZDV� IRXQG� DQG� LQWHUDFWLRQ�ZDV� VWXGLHG� EDVHG� RQ� WKH� VDPH�

7KH� GHVLJQ� RI� LQSXW� ILOWHUV� IRU� SRZHU� IDFWRU� FRUUHFWLRQ� FLUFXLWV�ZDV� LQWURGXFHG� LQ� >��@�

7KH�IDFWRUV�DIIHFWLQJ�WKH�FKRLFH�RI�WKH�ILOWHU�WRSRORJ\�IRU�SRZHU�IDFWRU�FRUUHFWLRQ�FLUFXLWV

ZHUH�RXWOLQHG�� � ,Q� >��@�� WKH� WKUHH�SKDVH�FRQYHUWHU�ZDV� WUHDWHG�DV�D�PXOWLYDULDEOH�V\VWHP

DQG�FULWHULD� IRU� WKH� VWDELOLW\� RI� WKH� LQWHUFRQQHFWHG� ILOWHU�FRQYHUWHU� V\VWHP�ZHUH� GHULYHG�



,QWURGXFWLRQ ��

EDVHG� RQ� WKH� HLJHQYDOXH� ORFL� DQG� VLQJXODU� YDOXHV� RI� WKH� UHOHYDQW� WUDQVIHU� IXQFWLRQ

PDWULFHV�� �+RZHYHU��WKH�DQDO\VLV�SUHVHQWHG�LQ�>��@�GLG�QRW�FOHDUO\�LGHQWLI\�WKH�HIIHFWV�RI

WKH� LQFOXVLRQ� RI� WKH� LQSXW� ILOWHU� RQ� WKH� SHUIRUPDQFH� LQGLFHV� RI� WKH� V\VWHP�� �$� GHWDLOHG

DQDO\VLV� RI� WKH� PXOWLYDULDEOH� SUREOHP� ZDV� FRQGXFWHG� DV� SDUW� RI� WKLV� UHVHDUFK� DQG� DQ

H[WHQGHG� LPSHGDQFH� UDWLR� FULWHULRQ� EDVHG� RQ� WKH� VLQJXODU� YDOXHV� RI� WKH� LPSHGDQFH

PDWULFHV�RI�WKH�LQWHUFRQQHFWHG�VXEV\VWHPV�LV�SURSRVHG�

7KH� VWDELOLW\� DQDO\VLV� RI� GLVWULEXWHG� SRZHU� V\VWHPV� ZDV� DGGUHVVHG� LQ

>�����������@���,Q�>��@��WKH�LPSHGDQFH�UDWLR�FULWHULRQ�ZDV�XVHG�WR�HQVXUH�WKH�ORFDO�VWDELOLW\

RI�WKH�SRZHU�GLVWULEXWLRQ�V\VWHP���>��@�SUHVHQWHG�WKH�GHYHORSPHQW�RI�D�KDUGZDUH�WHVWEHG

WR� DQDO\]H� VXEV\VWHP� LQWHUDFWLRQ� LQ� VKLSERDUG� SRZHU� GLVWULEXWLRQ� V\VWHPV�� � 1RQOLQHDU

DQDO\VLV�PHWKRGV�IRU�VWDELOLW\�VWXG\�ZHUH�LQWURGXFHG�LQ�>��������@���%LIXUFDWLRQ�PHWKRGV

ZHUH�SUHGRPLQDQWO\�XVHG�IRU�VWDELOLW\�DQDO\VLV�LQ�WKHVH�UHIHUHQFHV�

���� 25*$1,=$7,21�2)�7+(�',66(57$7,21

7KH�RUJDQL]DWLRQ�RI�WKH�GLVVHUWDWLRQ�LV�DV�IROORZV�

3DUW� ,� FRQVLVWLQJ� RI� &KDSWHU� �� DQG� ��� GHDOV� ZLWK� WKH� GHYHORSPHQW� RI� WKH

RSWLPL]DWLRQ� PHWKRGRORJ\� IRU� WKH� VDPSOH� V\VWHP�� � 7KH� EDVHOLQH� SRZHU� V\VWHP

DUFKLWHFWXUH�LV�LQWURGXFHG�LQ�&KDSWHU�����7KH�RULJLQ�DQG�QDWXUH�RI�UHJHQHUDWLYH�SRZHU�IURP

IOLJKW�FRQWURO�DFWXDWRUV�LV�EULHIO\�GLVFXVVHG���$�GHWDLOHG�PRGHO�RI�WKH�(0$�LV�VLPSOLILHG�WR

DQ� LQWHUFRQQHFWHG� V\VWHP� FRQVLVWLQJ� RI� D�'&�'&� EXFN� FRQYHUWHU� SUHFHGHG� E\� DQ� (0,

LQSXW� ILOWHU�� � 7KLV� LV� XVHG� DV� WKH� VDPSOH� V\VWHP� IRU� WKH� RSWLPL]DWLRQ� PHWKRGRORJ\� LQ

&KDSWHU���

7KH� GHYHORSPHQW� RI� WKH� RSWLPL]DWLRQ� PHWKRGRORJ\� IRU� WKH� VDPSOH� V\VWHP� LV

SUHVHQWHG� LQ� &KDSWHU� ��� � 7KH� VDPSOH� V\VWHP� FRQVLVWV� RI� D� UHJXODWHG� '&�'&� EXFN

FRQYHUWHU� SUHFHGHG� E\� DQ� (0,� LQSXW� ILOWHU�� � 7KH� UHJHQHUDWLYH� SURFHVV� LV� PRGHOHG� DV� D

WUDQVLHQW� ORDG� GLVWXUEDQFH� DW� WKH� RXWSXW� RI� WKH� EXFN� FRQYHUWHU�� � 7KH� RSWLPL]DWLRQ

IRUPXODWLRQ� RI� WKH� LQSXW� ILOWHU� LV� GHVFULEHG� ILUVW�� � 7KH� LGHQWLILFDWLRQ� RI� WKH� GHVLJQ

YDULDEOHV��GHILQLWLRQ�RI�WKH�FRQVWUDLQWV�DQG�WKH�REMHFWLYH�IXQFWLRQ�DUH�H[SODLQHG�LQ�GHWDLO�



,QWURGXFWLRQ ��

7KLV� LV� IROORZHG� E\� WKH� RSWLPL]DWLRQ� IRUPXODWLRQ� IRU� WKH� GHVLJQ� RI� WKH� EXFN� FRQYHUWHU�

7KH� LQGLYLGXDO� RSWLPL]DWLRQ� PHWKRGRORJLHV� DUH� FRPELQHG� WR� \LHOG� WKH� RSWLPL]DWLRQ

IRUPXODWLRQ�IRU�WKH�VDPSOH�V\VWHP���,W�LV�VKRZQ�WKDW�RSWLPL]LQJ�WKH�LQWHJUDWHG�V\VWHP�DV�D

ZKROH�UHVXOWV�LQ�D�OHVVHU�ZHLJKW�WKDQ�LQWHJUDWLQJ�WKH�LQGLYLGXDOO\�RSWLPL]HG�V\VWHPV�

3DUW�,,�RI�WKH�GLVVHUWDWLRQ�GHDOV�ZLWK�WKH�PRGHOLQJ��RSWLPL]DWLRQ�DQG�FRQWURO�RI�WKH

SLH]RHOHFWULF�DFWXDWRU���$�GHWDLOHG�HOHFWURPHFKDQLFDO�PRGHO�RI�WKH�DFWXDWRU�FRXSOHG�ZLWK�D

VLPSOH� PHFKDQLFDO� VWUXFWXUH� LV� GHYHORSHG� LQ� &KDSWHU� ��� � 7KH� PRGHO� LQFOXGHV� WKH

DQK\VWHUHWLF�QRQOLQHDULW\�EHWZHHQ�WKH�SRODUL]DWLRQ�DQG�WKH�HOHFWULF�ILHOG�LQ�WKH�DFWXDWRU�

7KH� GHYHORSPHQW� RI� WKH� RSWLPL]DWLRQ� PHWKRGRORJ\� IRU� WKH� GHVLJQ� RI� D� FXUUHQW

FRQWUROOHG� DPSOLILHU� LV� GLVFXVVHG� LQ� &KDSWHU� ��� � $� VLPSOH� FRQWURO� ODZ� UHTXLULQJ� WKH

DPSOLILHU� WR� V\QWKHVL]H� WKH� JLYHQ� UHIHUHQFH� FXUUHQW� LQWR� WKH� DFWXDWRU� LV� DVVXPHG�� � 7KH

RSWLPL]DWLRQ�IRUPXODWLRQ�LV�XVHG�WR�GHWHUPLQH�WKH�'&�EXV�YROWDJH�DQG�WKH�SK\VLFDO�GHVLJQ

RI� WKH� LQGXFWRU�� �2SWLPL]DWLRQ� UHVXOWV�DUH�SUHVHQWHG� WR� LOOXVWUDWH� WKH�HIIHFWLYHQHVV�RI� WKH

SURSRVHG�PHWKRGRORJ\�

&KDSWHU���SUHVHQWV�D�FRQWURO� ODZ��ZKHUHLQ�DFWXDWRU� LV�XVHG� IRU� DFWLYHO\�GDPSLQJ

WKH� PHFKDQLFDO� VWUXFWXUH�� � 7KH� FXUUHQW� IORZLQJ� LQ� WKH� DFWXDWRU� LV� FRQWUROOHG� WR� EH

SURSRUWLRQDO� WR� WKH�DFFHOHUDWLRQ�RI� WKH� VWUXFWXUH�� �$�GHWDLOHG�DQDO\VLV� RI� WKH�PHFKDQLFDO

SRZHU�IORZ�EHWZHHQ�WKH�DFWXDWRU�DQG�WKH�DPSOLILHU�LV�SUHVHQWHG���*XLGHOLQHV�WR�GHVLJQ�WKH

FXUUHQW� FRQWUROOHG� DPSOLILHU� EDVHG� RQ� WKH� SHDN� FXUUHQW� DQG� YROWDJH� LQ� WKH� DFWXDWRU� DUH

SURSRVHG�

3DUW� ,,,� RI� WKH� GLVVHUWDWLRQ� LV� GHYRWHG� WR� GHYHORSPHQW� RI� WHFKQLTXHV� IRU� WKH

DQDO\VLV�RI�VWDELOLW\�DQG�LQWHUDFWLRQ�EHWZHHQ�LQWHUFRQQHFWHG�VXEV\VWHPV���7KH�LQWHUDFWLRQ

EHWZHHQ�D�WKUHH�SKDVH�LQSXW�ILOWHU�DQG�D�WKUHH�SKDVH�ERRVW�UHFWLILHU�LV�VWXGLHG�LQ�&KDSWHU���

$� PXOWLYDULDEOH� LPSHGDQFH� UDWLR� FULWHULRQ� EDVHG� RQ� WKH� VLQJXODU� YDOXHV� RI� WHUPLQDO

LPSHGDQFHV�LV�WKHQ�SURSRVHG�WR�JXDUDQWHH�VWDELOLW\�DQG�PLQLPDO�LQWHUDFWLRQ���6LPSOLI\LQJ

DSSUR[LPDWLRQV�WKDW�OHQG�WKH�FULWHULRQ�WR�SK\VLFDO�LQVLJKW�DUH�SUHVHQWHG�



,QWURGXFWLRQ ��

7KH� GLVFXVVLRQ� LQ� &KDSWHU� �� GHDOV� ZLWK� WKH� LQWHJUDWHG� VWDELOLW\� DQDO\VLV� RI� D

UHJXODWHG� SRZHU� FRQYHUWHU� ZLWK� DQ� LQSXW� ILOWHU� XQGHU� ELGLUHFWLRQDO� SRZHU� IORZ�� � 7KH

FRQYHUWHU�LV�PRGHOHG�DV�D�FRQVWDQW�SRZHU�ORDG�DQG�D�VLPSOLILHG�EXW�LQVLJKWIXO�DQDO\VLV�RI

VWDELOLW\�LV�SUHVHQWHG���,W�LV�VKRZQ�WKDW�WKH�IRUZDUG�GLUHFWLRQ�RI�SRZHU�IORZ�LV�PRUH�FULWLFDO

WR�WKH�VWDELOLW\�RI�WKH�V\VWHP�WKDQ�WKH�UHYHUVH�GLUHFWLRQ�

7KH� XVH� RI� ELIXUFDWLRQ� PHWKRGV� WR� REWDLQ� JOREDO� VWDELOLW\� LQIRUPDWLRQ� DERXW

LQWHJUDWHG� V\VWHPV� LV� GHVFULEHG� LQ� &KDSWHU� ��� � 6SHFLILFDOO\�� WKH� LQWHUDFWLRQ� EHWZHHQ� DQ

LQSXW�ILOWHU�DQG�D�UHJXODWHG�'&�'&�EXFN�FRQYHUWHU�DQG�WKDW�EHWZHHQ�WKH�EXV�UHJXODWRU�DQG

D�ORDG�FRQYHUWHU� LQ�D�VLPSOLILHG�SRZHU�V\VWHP�DUH�SUHVHQWHG�� �7KH� UHVXOWV�DUH�FRPSDUHG

ZLWK�WKRVH�REWDLQHG�IURP�OLQHDU�DQDO\VLV�PHWKRGV�DQG�WKHLU�LPSOLFDWLRQV�RQ�WKH�GHVLJQ�RI

WKHVH�VXEV\VWHPV�DUH�GLVFXVVHG�

$� QRQOLQHDU� GHVLJQ� PHWKRGRORJ\�� IRXQGHG� LQ� WKH� ILHOG� RI� SRZHU� V\VWHPV�� LV

DSSOLHG��LQ�&KDSWHU�����WR�LQFUHPHQWDOO\�LPSURYH�WKH�UREXVWQHVV�RI�D�QRQOLQHDU�V\VWHP�E\

GLUHFWLQJ� WKH� V\VWHP� DZD\� IURP� WKH� RQVHW� RI� LQVWDELOLW\� WKURXJK� D� ELIXUFDWLRQ�� � 7KH

PHWKRG�LV�GHPRQVWUDWHG�XVLQJ�WKH�H[DPSOH�RI�D�UHJXODWHG�'&�'&�ERRVW�FRQYHUWHU�� �7KH

SRWHQWLDO� LQFRUSRUDWLRQ� RI� WKLV� GHVLJQ� WHFKQLTXH� WR� DQ� RSWLPL]DWLRQ� IRUPXODWLRQ� LV

GLVFXVVHG�

&RQFOXVLRQV�DQG�VXJJHVWLRQV�IRU�IXUWKHU�UHVHDUFK�DUH�SURYLGHG�LQ�&KDSWHU����



3$57�,

237,0,=$7,21�2)�6$03/(�6<67(0



%DVHOLQH�3RZHU�6\VWHP�$UFKLWHFWXUH ��

�� %$6(/,1(�32:(5�6<67(0�$5&+,7(&785(

���� ,1752'8&7,21

,Q� WKLV� FKDSWHU�� WKH� EDVHOLQH� DUFKLWHFWXUH� RI� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP� LV

GHVFULEHG���7KH�SRZHU�GLVWULEXWLRQ�V\VWHP�LV�EDVHG�RQ�WKH�SURSRVHG�QH[W�JHQHUDWLRQ����9

'&�EXV���7KH�(OHFWURPHFKDQLFDO��(0$��DQG�(OHFWURK\GUDXOLF��(+$��DFWXDWRUV�KDYH�EHHQ

VSHFLILFDOO\�GHYHORSHG�IRU�XVH�ZLWK�WKLV�W\SH�RI�'&�SRZHU�GLVWULEXWLRQ�V\VWHP�XQGHU�WKH

0RUH�(OHFWULF�$LUFUDIW� LQLWLDWLYH�� �7KLV�DUFKLWHFWXUH�DOVR� LQFOXGHV�VPDUW�DFWXDWRUV��ZKLFK

FRQVLVW�RI�SLH]RHOHFWULF�SDWFKHV�HPEHGGHG�RU�DWWDFKHG�WR� WKH�DLUFUDIW�VWUXFWXUH�� �7KH�NH\

HOHFWULFDO�FRPSRQHQWV�RI�WKH�SRZHU�GLVWULEXWLRQ�V\VWHP�DUH�ELGLUHFWLRQDO�SRZHU�FRQYHUWHUV

IRU� WKH� FRQYHUVLRQ�� FRQWURO� DQG� FRQGLWLRQLQJ� RI� HOHFWULFDO� SRZHU�� � 2QH� RI� WKH

GLVWLQJXLVKLQJ� IHDWXUHV� RI� WKLV� SRZHU� GLVWULEXWLRQ� V\VWHP� LV� WKH� UHJHQHUDWLRQ� RI� HQHUJ\

EDFN� WR� WKH� HOHFWULFDO� VRXUFH� IURP� IOLJKW� FRQWURO� DFWXDWRUV� XQGHU� FHUWDLQ� RSHUDWLQJ

FRQGLWLRQV�� � 7KLV� SKHQRPHQRQ� RI� UHJHQHUDWLRQ� UHSUHVHQWV� D� VLJQLILFDQW� GHSDUWXUH� IURP

FXUUHQW� SRZHU� GLVWULEXWLRQ� V\VWHPV� ZKHUH� WKH� SRZHU� LV� DOORZHG� WR� IORZ� RQO\� LQ� RQH

GLUHFWLRQ�IURP�WKH�JHQHUDWRU�WR�WKH�ORDGV�

7KH� EDVHOLQH� SRZHU� V\VWHP� LV� LQWURGXFHG� LQ� VHFWLRQ� ����� � 7KH� DFWXDWLRQ� ORDGV

QDPHO\�WKH�(0$�DQG�WKH�(+$�DUH�GHVFULEHG�EULHIO\�LQ�VHFWLRQ�������$�EULHI�GHVFULSWLRQ�RI

WKH�RULJLQ�DQG�QDWXUH�RI� UHJHQHUDWLYH� HQHUJ\�EDVHG�RQ� WKH�(0$� LV�SUHVHQWHG� LQ� VHFWLRQ

����� �7KH�GHWDLOHG�PRGHO�RI� WKH�(0$� LV� WKHQ� VLPSOLILHG� WR� DUULYH� DW� WKH� VDPSOH� V\VWHP

FRQVLVWLQJ� RI� D� UHJXODWHG�'&�'&�EXFN� FRQYHUWHU� SUHFHGHG� E\� DQ� LQSXW� ILOWHU� LQ� VHFWLRQ

������7KH�UHJHQHUDWLYH�SURFHVV�LV�UHSUHVHQWHG�DV�D�WUDQVLHQW�ORDG�GLVWXUEDQFH�RQ�WKH�EXFN

FRQYHUWHU���7KH�RSHUDWLQJ�FRQGLWLRQV�RI�WKH�VDPSOH�V\VWHP�DQG�D�EULHI�GHVFULSWLRQ�RI�WKH

PRGHOV�XVHG�IRU�WKH�ILOWHU�DQG�WKH�FRQYHUWHU�DUH�GHVFULEHG�

���� %$6(/,1(�32:(5�',675,%87,21�6<67(0

7KH� EDVHOLQH� SRZHU� GLVWULEXWLRQ� V\VWHP� DUFKLWHFWXUH�ZDV� GHYHORSHG� MRLQWO\�ZLWK

/RFNKHHG�0DUWLQ�&RQWURO�6\VWHPV��/0&6��DQG�WKH�IROORZLQJ�VSHFLILFDWLRQV�ZHUH�DJUHHG

XSRQ�



%DVHOLQH�3RZHU�6\VWHP�$UFKLWHFWXUH ��

��� ����9�'&�SRZHU�EXV�ZLWK�D�����9�EDWWHU\

��� 7ZR�(QJLQH�6WDUWHU�*HQHUDWRUV������N:�HDFK��ZLWK�6SOLW�3DUDOOHO�%XV

��� $38�&KDQQHO�6WDUWHU�*HQHUDWRU������N:�

��� 6PDUW�/RDG�0DQDJHPHQW

��� /RDGV

(OHFWULF�$FWXDWLRQ

&DUJR�%D\�3UHVVXUL]DWLRQ

1HJDWLYH�,PSHGDQFH�$YLRQLFV�/RDGV

(QYLURQPHQWDO�&RQWURO�6\VWHP

7KH�FKDUDFWHULVWLFV�RI�DLUFUDIW�HOHFWULF�ORDGV�LQ�D�W\SLFDO�FRPPHUFLDO�WUDQVSRUW�DLUFUDIW�DUH

JLYHQ�LQ�7DEOH�����

7DEOH�������&KDUDFWHULVWLFV�RI�$LUFUDIW�(OHFWULF�/RDGV
/RDG�*URXS &KDUDFWHULVWLFV�RI�WKH�/RDG 3HUFHQWDJH�RI�7RWDO�/RDG

0RWRU

��(&6�

3XPSV�

x� 0DLQO\� VTXLUUHO�FDJH� LQGXFWLRQ� PRWRU� DW� SUHVHQW�

%UXVKOHVV� '&� PRWRU� ZLWK� SRZHU� FRQYHUWHU� ZLOO

FRPSHWH�ZLWK�WKH�LQGXFWLRQ�PRWRU

x� )L[HG� )UHTXHQF\� DF� RU� GF� ZLWK� SRZHU� FRQYHUWHU�

FRDUVHO\� UHJXODWHG�� LQVHQVLWLYH� WR� ZDYHIRUP� DQG

WUDQVLHQWV�IRU�DF�LQGXFWLRQ�PRWRU

x� 3RZHU�)ORZ�LV�ELGLUHFWLRQDO

5HSUHVHQWV�WKH�ODUJHVW�SRUWLRQ

RI�DLUFUDIW�HOHFWULFDO�ORDGV

+HDWLQJ x� &RQVWDQW� YROWDJH� DF�FRQVWDQW� RU� YDULDEOH� IUHTXHQF\�

RU�GF�WROHUDWH�ORZ�TXDOLW\��FRDUVHO\�UHJXODWHG�SRZHU

x� 3RZHU�)ORZ�LQ�RQH�GLUHFWLRQ

5HSUHVHQW�ODUJH�VHJPHQW�RI

HOHFWULF�ORDGV�LQ�FRPPHUFLDO

WUDQVSRUWV

/LJKWLQJ x� ,QFDQGHVFHQW� ODPSV� SUHIHU� ORZ� YROWDJH� DF� RU

GF�WROHUDWH�WUDQVLHQWV�DQG�SRRU�ZDYHIRUP

x� 3RZHU�IORZ�LQ�RQH�GLUHFWLRQ
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0RGHOV� DQG� SDUDPHWHUV� RI� (0$� DQG� (+$� DFWXDWRUV� ZHUH� SURYLGHG� E\� /0&6�

$OVR� LQFOXGHG� DUH� FRQYHQWLRQDO� PRWRU� ORDGV� DVVRFLDWHG� ZLWK� WKH� (&6� V\VWHP�� � 1RYHO

SLH]RHOHFWULF�DFWXDWRUV�DUH�DOVR�XQGHU�FRQVLGHUDWLRQ���7KH�SUHVHQFH�RI�%'&V�UHSUHVHQWV�D

VLJQLILFDQW�FKDQJH�LQ�WKH�SURSHUWLHV�RI�WKHVH�QH[W�JHQHUDWLRQ�SRZHU�GLVWULEXWLRQ�V\VWHPV�LQ

WKDW� WKH\� WUDQVIHU� SRZHU� LQ� WKH� IRUZDUG� GLUHFWLRQ� IURP� WKH� JHQHUDWRUV� WR� WKH� ORDGV� DQG�

XQGHU� FHUWDLQ� FRQGLWLRQV�� LQ� WKH� UHYHUVH� GLUHFWLRQ� EDFN� WR� WKH� JHQHUDWRUV� ZKHQ� WKH
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UHJHQHUDWLYH� SKHQRPHQRQ� DQG� WKH� FRQVHTXHQW� HIIHFWV� RQ� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP

DUH�GHVFULEHG�LQ�WKH�IROORZLQJ�VHFWLRQ�
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7KH� (0$� LV� GULYHQ� E\� D� WKUHH�SKDVH� EUXVKOHVV� '&� RU� SHUPDQHQW� PDJQHW

V\QFKURQRXV� PRWRU� GULYH�� � $� WKUHH�SKDVH� '&�$&� LQYHUWHU� FRQYHUWV� WKH� ���9� '&

DYDLODEOH�RQ�WKH�'&�EXV�WR�WKH�WKUHH�SKDVH�$&�YROWDJHV�UHTXLUHG�E\�WKH�GULYH�PRWRU���7KH

'&�EXV�LV�UHSUHVHQWHG�E\�DQ�LGHDO�����9�'&�VRXUFH���7KH�LQYHUWHU�LV�SUHFHGHG�E\�DQ�(0,

LQSXW� ILOWHU� WR� DWWHQXDWH� WKH� VZLWFKLQJ� QRLVH� IURP� UHDFKLQJ� WKH� '&� EXV�� � 7KH� FRQWURO

REMHFWLYH�LV�WR�GULYH�WKH�VXUIDFH�LQ�UHVSRQVH�WR�D�GHIOHFWLRQ�FRPPDQG�TUHI�LQ�WKH�SUHVHQFH

RI� D� ZLQG� ORDG� GLVWXUEDQFH�� � 7KH� RULJLQ� RI� UHJHQHUDWLYH� SRZHU� LV� H[SODLQHG� LQ� WKH

IROORZLQJ�

7\SLFDO�VLPXODWLRQ�UHVXOWV�IRU�WKH�(0$�DUH�VKRZQ�EHORZ�LQ�)LJXUH�������7R�VWDUW

ZLWK��D�VXUIDFH�GHIOHFWLRQ�FRPPDQG� WR�GULYH� WKH�VXUIDFH� IURP�]HUR� WR�D�JLYHQ� UHIHUHQFH

SRVLWLRQ�LV�LVVXHG���,Q�UHVSRQVH�WR�WKLV�FRPPDQG��WKH�GULYH�PRWRU�DFFHOHUDWHV�WKH�FRQWURO

VXUIDFH�WR�GULYH�TV�WRZDUG�TUHI���3RVLWLYH�YDOXHV�RI�EXV�FXUUHQW�UHSUHVHQW�SRZHU�GUDZQ�E\

WKH�PRWRU�DQG�QHJDWLYH�YDOXHV�UHSUHVHQW�SRZHU�UHJHQHUDWLRQ���'XULQJ�WKH�DFFHOHUDWLRQ��WKH

PRWRU�GUDZV�D�ODUJH�FXUUHQW���7KH�PRWRU�VSHHG�VWHDGLHV�DW�LWV�PD[LPXP�DOORZDEOH�DV�WKH

GHIOHFWLRQ�LQFUHDVHV�OLQHDUO\�LQ�WKH�SUHVHQFH�RI�WKH�ZLQG�ORDG���)RU�WKH�VLPXODWLRQ�UHVXOWV

VKRZQ�LQ�)LJXUH������WKH�ZLQG�ORDG�LV�LQ�WKH�VDPH�GLUHFWLRQ�DV�WKH�PRWRU�WRUTXH���+HQFH�
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QHJDWLYH�H[FXUVLRQ�LQ�WKH�EXV�FXUUHQW���7KH�VDPH�VHTXHQFH�RI�HYHQWV�LV�UHSHDWHG�ZKHQ�WKH

VXUIDFH� LV� FRPPDQGHG� WR� UHWXUQ� WR� LWV� RULJLQDO� SRVLWLRQ�� � 7KH�PRWRU� DFFHOHUDWHV� LQ� WKH

RSSRVLWH� GLUHFWLRQ� DQG� WKH� ZLQG� ORDG� RSSRVHV� LWV� PRWLRQ� WKHUHE\� UHVXOWLQJ� LQ� D� ODUJH

FXUUHQW� EHLQJ� GUDZQ� IURP� WKH� EXV�� � +RZHYHU�� WKH� UDSLG� EUDNLQJ� UHVXOWLQJ� WKH� VXUJH� RI

UHJHQHUDWLYH�HQHUJ\�WRZDUG�WKH�HQG�RI�WKH�RSHUDWLQJ�F\FOH�LV�WKH�VDPH�DV�LQ�WKH�SUHYLRXV

FDVH���+HQFH��LW�FDQ�EH�VHHQ�WKDW�WKH�UHJHQHUDWLRQ�RI�HQHUJ\�IURP�WKHVH�DFWXDWRUV�LV�VHHQ
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WUDQVLHQW�EXW�VXIIHUV�YROWDJH�VSLNHV�GXULQJ�WKH�DFFHOHUDWLRQ�DQG�EUDNLQJ�RSHUDWLRQ�RI� WKH

PRWRU��� ,W�LV�LPSRUWDQW�WKDW�WKH�PDJQLWXGHV�RI�WKHVH�VSLNHV�DUH�OLPLWHG�VXFK�WKDW�WKH�VDIH

DQG� UHOLDEOH�RSHUDWLRQ�RI� WKH�RWKHU� ORDGV�FRQQHFWHG� WR� WKH�'&�EXV� LV�QRW� FRPSURPLVHG�
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GHYLVHG�WR�LQFUHDVH�WKH�HIILFLHQF\�RI�WKH�V\VWHP�
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,W�ZDV� VKRZQ� LQ� WKH� SUHYLRXV� VHFWLRQ� WKDW� WKH�ZLQG� ORDG� RQ� WKH� FRQWURO� VXUIDFH

UHVXOWV� LQ� D� ORDG� WRUTXH� WKDW� GULYHV� WKH�PRWRU� DV� D� JHQHUDWRU��ZKLFK� LQ� WXUQ� UHJHQHUDWHV

HQHUJ\�EDFN�WR�WKH�'&�EXV�ZKHQ�WKH�FRQWURO�VXUIDFH�LV�FRPPDQGHG�WR�PRYH�IURP�]HUR�D

UHIHUHQFH�SRVLWLRQ�� �7KH�ZLQG� ORDG�DFWLQJ�RQ� WKH�FRQWURO�VXUIDFH�DQG� WKH�SRVLWLRQ�RI� WKH

VXUIDFH�DUH�VKRZQ�LQ�)LJXUH�������7KH�ZLQG�ORDG�LV�GHILQHG�DV�D�IXQFWLRQ�RI�WKH�SRVLWLRQ�RI

WKH� FRQWURO� VXUIDFH�� � 7KH� PRWRU� SRVLWLRQ� DQG� WKH� HTXLYDOHQW� ORDG� WRUTXH� DFWLQJ� RQ� WKH

PRWRU�GXH�WR�WKH�ZLQG�ORDG�DUH�VKRZQ�LQ�)LJXUH�����

)URP�)LJXUHV�����DQG������LW�FDQ�EH�VHHQ�WKDW�WKH�G\QDPLFV�RI�WKH�FRQWURO�VXUIDFH

DQG�WKRVH�RI�WKH�PRWRU�DUH�VXIILFLHQWO\�GHFRXSOHG�WKDW�SRVLWLRQV�RI�WKH�FRQWURO�VXUIDFH�DQG

WKH�PRWRU�DUH�OLQHDUO\�UHODWHG���,Q�DGGLWLRQ��LI�WKH�VPDOO�WUDQVLHQWV�DW�WKH�HGJHV�RI�WKH�ORDG

WRUTXH�SURILOH� LQ�)LJXUH�����DUH�QHJOHFWHG�� LW� FDQ�EH� DVVXPHG� WKDW� WKH�ZLQG� ORDG�RQ� WKH

VXUIDFH�DQG�WKH�ORDG�WRUTXH�DUH�OLQHDUO\�UHODWHG�
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)LJXUH�������0RWRU�SRVLWLRQ�DQG�ORDG�WRUTXH

+HQFH�� WKH�UHJHQHUDWLYH�SURFHVV�FDQ�EH�FDSWXUHG�ZLWK� UHDVRQDEOH�DFFXUDF\� LI� WKH

DFWXDWRU�DQG�WKH�G\QDPLFV�RI�WKH�FRQWURO�VXUIDFH�FDQ�EH�UHSODFHG�E\�D�WLPH�YDU\LQJ�ORDG

WRUTXH� GHILQHG� DV� D� IXQFWLRQ� RI� WKH� PRWRU� SRVLWLRQ�� � 7KLV� UHVXOWV� LQ� FRQVLGHUDEOH

VLPSOLILFDWLRQ�RI� WKH�PRGHO�RI� WKH�(0$�� �7KH� FRQWUROOHU� RI� WKH�(0$�DOVR� QHHGV� WR� EH

UHSODFHG� ZLWK� DQ� DSSURSULDWH� PXOWLORRS� FRQWUROOHU� IRU� WKH� PRWRU� FRQVLVWLQJ� RI� PRWRU

FXUUHQW��VSHHG�DQG�SRVLWLRQ�FRQWURO�ORRSV�
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ZKHUH�

YD ��DUPDWXUH�YROWDJH�

LD ��DUPDWXUH�FXUUHQW�

ZP ��DUPDWXUH�DQJXODU�VSHHG�

7H[ ��ORDG�WRUTXH�DSSOLHG�WR�WKH�PRWRU�VKDIW�

/D ��DUPDWXUH�LQGXFWDQFH�

5D ��DUPDWXUH�UHVLVWDQFH�

-P ��DUPDWXUH�LQHUWLD�

%P ��IULFWLRQ�FRHIILFLHQW�

.H ��EDFN�HPI�FRQVWDQW�

.W ��HOHFWURPDJQHWLF�WRUTXH�FRQVWDQW�

G ��GXW\�F\FOH�RI�WKH�GULYH�FRQYHUWHU�

7KH�GXW\�F\FOH�G��LQ�(TXDWLRQ��������DV�D�IXQFWLRQ�RI�WKH�DUPDWXUH�FXUUHQW��PRWRU

VSHHG�DQG�SRVLWLRQ�DQG�WKH�ORDG�WRUTXH�7H[��DV�D�IXQFWLRQ�RI�WKH�PRWRU�SRVLWLRQ�DUH�GHILQHG

DV�JLYHQ�EHORZ�
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7KH�HOHFWULFDO� HTXLYDOHQW� FLUFXLW� RI�(TXDWLRQ������� LV� LGHQWLFDO� WR� WKDW� RI� D� FRQYHQWLRQDO

ELGLUHFWLRQDO� EXFN� FRQYHUWHU�� ZKLFK� LV� UHSUHVHQWDWLYH� RI� D�PDMRULW\� RI� WKH� ELGLUHFWLRQDO

SRZHU�FRQYHUWHUV� LQ� WKH� DLUFUDIW� SRZHU�GLVWULEXWLRQ� V\VWHP� �)LJXUH������� �$Q�HTXLYDOHQW

ELGLUHFWLRQDO�EXFN�FRQYHUWHU�UHSUHVHQWDWLRQ�RI�(TXDWLRQ�������LV�VKRZQ�LQ�)LJXUH������
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)LOWHU

(0$�'ULYH

)LJXUH��������(TXLYDOHQW�EXFN�FRQYHUWHU�UHSUHVHQWDWLRQ�RI�VLPSOLILHG�(0$�GULYH

%DVHG� RQ� WKH� VLPSOLILFDWLRQV� PHQWLRQHG� DERYH�� WKH� VDPSOH� V\VWHP� LV� LGHQWLILHG� DV� D

UHJXODWHG�'&�'&�EXFN�FRQYHUWHU�SUHFHGHG�E\�DQ�(0,�LQSXW�ILOWHU�� �7KH�RSWLPL]DWLRQ�RI

WKH�VDPSOH�V\VWHP�LV�GHVFULEHG�LQ�GHWDLO�LQ�WKH�QH[W�FKDSWHU�

���� 6800$5<

7KH� EDVHOLQH� SRZHU� V\VWHP� DUFKLWHFWXUH� ZDV� LQWURGXFHG� LQ� WKLV� FKDSWHU�� � 7KH

ELGLUHFWLRQDO�SRZHU�FRQYHUWHU�ZDV�LGHQWLILHG�DV�WKH�NH\�HOHFWULFDO�VXEV\VWHP�LQ�WKH�SRZHU

GLVWULEXWLRQ� V\VWHP�� � 7KH� (0$� DQG� (+$� FRQILJXUDWLRQV�� QDWXUH� DQG� RULJLQ� RI

UHJHQHUDWLYH�SRZHU�IURP�WKHVH�DFWXDWRUV�DUH�GHVFULEHG�EULHIO\���7KH�GHWDLOHG�PRGHO�RI�WKH

(0$� LV� UHGXFHG� WR� D� VLPSOH� LQWHUFRQQHFWHG� V\VWHP� FRQVLVWLQJ� RI� D� '&�'&� EXFN

FRQYHUWHU� SUHFHGHG� E\� DQ� (0,� LQSXW� ILOWHU�� � 7KLV� LQWHUFRQQHFWHG� V\VWHP� OHDGV� WR� WKH

LGHQWLILFDWLRQ�RI�D�VDPSOH�V\VWHP��ZKLFK�LV�RSWLPL]HG�LQ�WKH�QH[W�FKDSWHU�



2SWLPL]DWLRQ�RI�WKH�6DPSOH�6\VWHP ��

�� 237,0,=$7,21�2)�7+(�6$03/(�6<67(0

���� ,1752'8&7,21

7KH�GHYHORSPHQW�RI�DQ�RSWLPL]DWLRQ�PHWKRGRORJ\�IRU�WKH�VDPSOH�SRZHU�V\VWHP�LV

WKH� VXEMHFW� RI� WKLV� FKDSWHU�� � %DVHG� RQ� WKH� VLPSOLILFDWLRQV� SUHVHQWHG� LQ� WKH� SUHYLRXV

FKDSWHU��WKH�VDPSOH�V\VWHP�LV�LGHQWLILHG�DV�DQ�LQWHUFRQQHFWLRQ�RI�D�UHJXODWHG�'&�'&�EXFN

FRQYHUWHU�SUHFHGHG�E\�DQ�LQSXW�ILOWHU���7KH�VDPSOH�V\VWHP�FDSWXUHV�WKH�HVVHQWLDO�IHDWXUHV

RI�WKH�RSWLPL]DWLRQ�SURFHGXUH���$Q�RSWLPL]DWLRQ�PHWKRGRORJ\�LV�IRUPXODWHG�IRU�WKH�ILOWHU�

7KLV�RSWLPL]DWLRQ�PHWKRGRORJ\� LV� WKHQ�H[WHQGHG� WR�D� UHJXODWHG�'&�'&�EXFN�FRQYHUWHU�

WDNLQJ� LQWR�DFFRXQW� WKH� LQFUHDVH� LQ�FRPSOH[LW\�RI� WKH� FRQYHUWHU�� �7KH�SURFHGXUH� LV� WKHQ

H[WHQGHG�WR�WKH�VDPSOH�V\VWHP�WR�DGGUHVV�V\VWHP�ZLGH�GHVLJQ�FRQVLGHUDWLRQV���6WDELOLW\�RI

WKH�JOREDO�V\VWHP�LV� LQVXUHG��DQG�WKH�HIIHFWV�RI� UHJHQHUDWLYH�SRZHU� IORZ�DUH�PLQLPL]HG�

,Q� RUGHU� WR� DVVHVV� WKH� YDOLGLW\� RI� WKH� UHVXOWV� REWDLQHG� IURP� WKH� RSWLPL]HU�� WKH� RSWLPDO

GHVLJQV� DUH� FRPSDUHG� WR� D� ILOWHU� EXLOW� IRU� D� WKUHH�SKDVH� EXFN� FRQYHUWHU� IRU� D

WHOHFRPPXQLFDWLRQV�DSSOLFDWLRQ�>��@�

7KH�VDPSOH�V\VWHP�LV�LQWURGXFHG�LQ�VHFWLRQ�������7KH�GHYHORSPHQW�RI�PRGHOV�IRU

WKH� LQSXW� ILOWHU�� EXFN� FRQYHUWHU� DQG� WKH� LQGXFWRU� LV� GHVFULEHG� LQ� VHFWLRQ� ����� � 7KH

RSWLPL]HG�GHVLJQ�RI� WKH�LQSXW�ILOWHU�DV�DQ�LQGHSHQGHQW�VXEV\VWHP�LV�SUHVHQWHG�LQ�VHFWLRQ

����� � 7KH� RSWLPL]HG� GHVLJQ� RI� WKH� FRQYHUWHU� DV� DQ� LQGHSHQGHQW� VXEV\VWHP� LV� WKHQ

SUHVHQWHG�LQ�VHFWLRQ�������7KH�ILOWHU�DQG�FRQYHUWHU�DUH�FRPELQHG�WR�IRUP�DQ�LQWHUFRQQHFWHG

V\VWHP� DQG� RSWLPL]HG� VLPXOWDQHRXVO\� LQ� VHFWLRQ� ����� � ,W� LV� VKRZQ� WKDW� RSWLPL]LQJ� WKH

LQWHJUDWHG�V\VWHP�DV�D�ZKROH� UHVXOWV� LQ�D� OHVVHU�ZHLJKW� WKDQ� LQWHJUDWLQJ� WKH� LQGLYLGXDOO\

RSWLPL]HG�V\VWHPV�

���� 6$03/(�32:(5�6<67(0

7KH� VDPSOH� V\VWHP� FRQVLVWV� RI� DQ� LQSXW� ILOWHU� IROORZHG� E\� D� UHJXODWHG� '&�'&

EXFN�FRQYHUWHU�DQG�LV�VKRZQ�LQ�)LJXUH�����
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LRG�W�

)LJXUH�������%ORFN�GLDJUDP�RI�WKH�VDPSOH�V\VWHP�

7KH�SRZHU�LV�VXSSOLHG�E\�WKH�DLUFUDIW�SRZHU�EXV��ZKLFK�LV�DVVXPHG�WR�EH�D�VWLII�'&�VRXUFH

RI�9J� ����9���7KH�EXFN�FRQYHUWHU�LV�UHSUHVHQWDWLYH�RI�PRWRU�GULYHV�FRPPRQO\�IRXQG�LQ

DLUFUDIW� SRZHU� V\VWHPV�� � 7KH� FRQYHUWHU� LV� ORDGHG� E\� D� IL[HG� '&� FXUUHQW� VRXUFH�,R� �WR

UHSUHVHQW�WKH�DYHUDJH�SRZHU�GUDZQ��

6ZLWFKLQJ� FRQYHUWHUV�� GXH� WR� WKHLU� KLJK� IUHTXHQF\� VZLWFKLQJ� EHKDYLRU�� LQMHFW� DQ

DSSUHFLDEOH�DPRXQW�RI�KLJK�IUHTXHQF\�QRLVH�LQWR�WKH�V\VWHP���7KLV�KLJK�IUHTXHQF\�QRLVH

UHVXOWV� LQ�ZKDW� LV� NQRZQ� DV�(OHFWURPDJQHWLF� ,QWHUIHUHQFH� �(0,�� EHWZHHQ� WKH� FRQYHUWHU

DQG� RWKHU� LQWHUFRQQHFWHG� V\VWHPV�� � ,QSXW� ILOWHUV� DUH� DGGHG� DW� WKH� IURQW� HQG� RI� WKHVH

FRQYHUWHUV� LQ�RUGHU� WR�SUHYHQW� WKH� VZLWFKLQJ�QRLVH� IURP�HQWHULQJ� WKH� VRXUFH� VXEV\VWHP�

6WULQJHQW�(0,�VSHFLILFDWLRQV�H[LVW� WKDW� LPSRVH�XSSHU�ERXQGV�RQ� WKH� LQSXW� ILOWHU� WUDQVIHU

FKDUDFWHULVWLFV�DW�GLIIHUHQW�IUHTXHQF\�UDQJHV�DV�GLFWDWHG�E\�WKH�VSHFLILF�DSSOLFDWLRQ�

7R�DFFRXQW� IRU� WKH�HIIHFW�RI� UHJHQHUDWLYH�SRZHU� IORZ�� WKH� ORDG�GLVWXUEDQFH�LRG�W�

LQGLFDWHG�LQ�)LJXUH�����LV�UHSUHVHQWHG�E\�D�SXOVH�ORDG�ZLWK�GXUDWLRQ�7S�DV�VKRZQ�LQ�)LJXUH

����

,S

7S

LRG�W�

)LJXUH�������/RDG�GLVWXUEDQFH�SURILOH

7KH�QRPLQDO�RSHUDWLQJ�FRQGLWLRQV�IRU�WKH�VDPSOH�V\VWHP�DUH�JLYHQ�LQ�7DEOH�������7KH�JRDO

RI�WKH�RSWLPL]DWLRQ�LV�WR�GHVLJQ�WKHVH�WZR�VXEV\VWHPV�VXFK�WKDW�����HDFK�VXEV\VWHP�PHHWV

LWV�RZQ�SHUIRUPDQFH�VSHFLILFDWLRQV��WR�EH�GHVFULEHG�EHORZ������WKH�RYHUDOO�V\VWHP�LV�VWDEOH
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ZLWKLQ�SUHVFULEHG�VWDELOLW\�ERXQGV�����WKH�HIIHFW�RI�WKH�WUDQVLHQW�GLVWXUEDQFH�VRXUFH�LRG�W��DW

WKH�RXWSXW�RI�WKH�EXFN�FRQYHUWHU�RQ�WKH�LQSXW�YROWDJH�RI� WKH�FRQYHUWHU� LV� OLPLWHG��DQG���

WKH�RYHUDOO�ZHLJKW�RI�WKH�V\VWHP�LV�PLQLPL]HG�

7DEOH�������1RPLQDO�2SHUDWLQJ�&RQGLWLRQV�IRU�6DPSOH�6\VWHP

9DULDEOH 'HVFULSWLRQ 9DOXH

9J )LOWHU�LQSXW�YROWDJH ����9

9% )LOWHU�RXWSXW�YROWDJH ����9

9R &RQYHUWHU�RXWSXW�YROWDJH ����9

' &RQYHUWHU�GXW\�F\FOH 9R�9J

,R &RQYHUWHU�DYHUDJH�ORDG�FXUUHQW ��$

,% &RQYHUWHU�LQSXW�FXUUHQW ,R�9R�9J�

,S 3HDN�YDOXH�RI�SXOVH�GLVWXUEDQFH ����$

7S 'XUDWLRQ�RI�SXOVH�GLVWXUEDQFH ���PV

7KH�PRGHOLQJ�RI�WKH�LQSXW�ILOWHU��EXFN�FRQYHUWHU�DQG�WKH�LQGXFWRU�LV�GHVFULEHG�LQ�WKH�QH[W

VHFWLRQ���7KH�IRUPXODWLRQ�RI�WKH�RSWLPL]DWLRQ�SUREOHPV�IRU�WKH�LQSXW�ILOWHU��EXFN�FRQYHUWHU

DQG�WKH�LQWHJUDWHG�VDPSOH�V\VWHP�DUH�WKHQ�H[SODLQHG�LQ�WKH�VXEVHTXHQW�VHFWLRQV�

���� 02'(/�'(9(/230(17

7KH�GHYHORSPHQW�RI�WKH�PRGHOV�IRU�WKH�VXEV\VWHPV�LQ�WKH�VDPSOH�V\VWHP�LV�GHVFULEHG�LQ

WKLV�VHFWLRQ�

������ ,QSXW�)LOWHU

7KH�VFKHPDWLF�RI�WKH�LQSXW�ILOWHU�XVHG�LQ�WKH�VDPSOH�V\VWHP�LV�VKRZQ�LQ�)LJXUH�����

7KH�'&�EXV�LV�UHSUHVHQWHG�E\�DQ�LGHDO�'&�YROWDJH�VRXUFH�RI�����9���7KH�FRQVWDQW�FXUUHQW

VRXUFH�DFFRXQWV�IRU�WKH�QRPLQDO�FXUUHQW�ORDG�RI�WKH�EXFN�FRQYHUWHU�LQ�WKH�VDPSOH�V\VWHP

GLVFXVVHG� LQ� WKH� ODVW� VHFWLRQ�� � 7KH� WLPH� YDU\LQJ� FXUUHQW� VRXUFH� DFFRXQWV� IRU� WKH

UHJHQHUDWLYH�HQHUJ\�IURP�WKH�EXFN�FRQYHUWHU���7KLV�FXUUHQW�VRXUFH�UHSUHVHQWV�WKH�G\QDPLF

FRXSOLQJ�EHWZHHQ�YDULRXV�EORFNV�RI�WKH�SRZHU�GLVWULEXWLRQ�V\VWHP�
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������ %XFN�&RQYHUWHU

7KH� VFKHPDWLF� RI� WKH� '&�'&� EXFN� FRQYHUWHU� LV� VKRZQ� LQ� )LJXUH����D�� � 7KH

VZLWFK�GLRGH�FRPELQDWLRQ�KLJKOLJKWHG�LQ�)LJXUH����D�LV�UHSODFHG�E\�D�VLQJOH�SROH�GRXEOH

WKURZ� VZLWFK�� NQRZQ� DV� WKH� 3:0� VZLWFK�� DV� VKRZQ� LQ� )LJXUH����E�� � 7KH� VZLWFK� 6� LV

WXUQHG� RQ� �VZLWFK� DW� SRVLWLRQ�D� LQ� )LJXUH����E�� DQG� RII� �VZLWFK� DW� SRVLWLRQ�E� LQ� )LJXUH

���E�� DW� D� IL[HG� IUHTXHQF\� WR� WUDQVIRUP� WKH� LQSXW� YROWDJH�Y%� WR� D� SHULRGLF� VTXDUH�ZDYH

YROWDJH�Y/���7KH�YROWDJH�Y/�LV�WKHQ�ILOWHUHG�E\�WKH�/�&�ILOWHU�WR�REWDLQ�WKH�RXWSXW�YROWDJH�YR�

7KH� DYHUDJH� YDOXH� RI� WKH� RXWSXW� YROWDJH� LV� YDULHG� E\�PRGXODWLQJ� WKH� WLPH� LQWHUYDO� WKH

VZLWFK�6�LV�NHSW�RQ�
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)LJXUH�������6FKHPDWLF�RI�'&�'&�%XFN�FRQYHUWHU

$Q� DYHUDJH� PRGHO� RI� WKH� EXFN� FRQYHUWHU�� ZKLFK� QHJOHFWV� WKH� VZLWFKLQJ� ULSSOH� LQ� WKH

FXUUHQWV�DQG�YROWDJHV��LV�XVHG�>��@���7KH�DYHUDJH�PRGHO�RI�WKH�EXFN�FRQYHUWHU�UHSODFHV�WKH

VZLWFK�GLRGH� FRPELQDWLRQ� LQ� WKH� VZLWFK�PRGHO� �)LJXUH����D�� E\� FRQWUROOHG� FXUUHQW� DQG

YROWDJH�VRXUFHV���$�PXOWL�ORRS�FRQWUROOHU�FRQVLVWLQJ�RI�DQ�LQQHU�LQGXFWRU�FXUUHQW�ORRS�DQG

DQ�RXWHU�YROWDJH�ORRS�LV�XVHG�IRU�WKH�UHJXODWLRQ�RI�WKH�RXWSXW�YROWDJH�WR�D�IL[HG�UHIHUHQFH�

6LQFH� DYHUDJH� PRGHOV� RI� WKH� FRQYHUWHUV� DUH� LQ� JHQHUDO� QRQOLQHDU�� VPDOO� VLJQDO� PRGHOV

OLQHDUL]HG�DURXQG�DQ�RSHUDWLQJ�SRLQW�DUH�GHULYHG���7KHVH�OLQHDUL]HG�PRGHOV�DUH�WKHQ�XVHG

IRU� WKH� GHVLJQ� RI� WKH� FXUUHQW� DQG� YROWDJH� FRQWUROOHUV�� �$V� DOUHDG\�PHQWLRQHG�� WKH� LQSXW

YROWDJH�Y%��LV�UHSUHVHQWHG�E\�DQ�LGHDO�YROWDJH�VRXUFH�RI����9���7KH�DYHUDJH�PRGHO�RI�WKH

EXFN�FRQYHUWHU�DORQJ�ZLWK�D�EORFN�GLDJUDP�RI�WKH�FRQWUROOHU�LV�VKRZQ�LQ�)LJXUH�����
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)LJXUH�������$YHUDJH�PRGHO�RI�EXFN�FRQYHUWHU�ZLWK�LQGXFWRU�FXUUHQW�DQG�RXWSXW�YROWDJH

FRPSHQVDWRUV

7KH�VWDWH�HTXDWLRQV�RI�WKH�FORVHG�ORRS�V\VWHP�VKRZQ�LQ�)LJXUH�����FDQ�EH�ZULWWHQ

DV
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ZKHUH��G�LV�WKH�GXW\�F\FOH�RI�WKH�FRQYHUWHU�JLYHQ�E\

� �/RF5()LS/F LY9KLG ��� �
�����

,Q�(TXDWLRQV�������DQG��������WKH�VWDWHV�YRF��DQG�YRF��UHSUHVHQW�WKH�VWDWH�YDULDEOHV�RI

WKH�YROWDJH�FRQWUROOHU�DQG�L/F�UHSUHVHQWV�WKH�VWDWH�YDULDEOH�RI�WKH�FXUUHQW�FRQWUROOHU�� �7KH

DYHUDJH�PRGHO�LV�QRQOLQHDU�GXH�WR�WKH�SURGXFW�RI�WKH�GXW\�F\FOH�G��ZKLFK�LV�D�IXQFWLRQ�RI

WKH�VWDWH�YDULDEOHV��DQG�WKH�LQSXW�YROWDJH�Y%�

������ ,QGXFWRU�0RGHO

7KH�GHVLJQ�RI�WKH�LQGXFWRUV�LQ�WKH�VDPSOH�V\VWHP�LQFOXGHV�WKHLU�SK\VLFDO�GHVLJQ�LQ

DGGLWLRQ�WR�MXVW�WKH�GHWHUPLQDWLRQ�RI�WKH�LQGXFWDQFH�YDOXHV���7KH�LQGXFWRUV�DUH�DVVXPHG�WR

XVH�W\SLFDO�((�FRUHV�DV�VKRZQ�LQ�)LJXUH�����

.�&Z

&Z:Z

.�:Z
OJ

)LJXUH�������((�&RUH��EREELQ�DQG�UHOHYDQW�GLPHQVLRQV

7KH�TXDQWLWLHV�.��DQG�.��VKRZQ�LQ�)LJXUH�����DUH�DVVXPHG�WR�EH�IL[HG�DQG�UHSUHVHQW�WKH

DVSHFW�UDWLRV�RI�WKH�FHQWHU�OHJ�DQG�WKH�ZLQGRZ��UHVSHFWLYHO\���7KH�RWKHU�SK\VLFDO�YDULDEOHV
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JRYHUQLQJ�WKH�GHVLJQ�RI�HDFK�LQGXFWRU�DUH�OLVWHG�LQ�7DEOH������ �1RWH�WKDW� WKHVH�YDULDEOHV

LQFOXGH�SDUDPHWHUV�UHODWHG�WR�WKH�ZLQGLQJV�DQG�ZLUH�VL]H�

7DEOH�������3K\VLFDO�YDULDEOHV�DVVRFLDWHG�ZLWK�LQGXFWRU�GHVLJQ

9DULDEOH 'HVFULSWLRQ

Q 1XPEHU�RI�WXUQV

$FS &URVV�VHFWLRQDO�DUHD�RI

&Z &HQWHU�OHJ�ZLGWK

:Z :LQGRZ�ZLGWK

OJ $LUJDS�OHQJWK

7KH�LQGXFWDQFH�DV�D�IXQFWLRQ�RI�WKHVH�SK\VLFDO�YDULDEOHV�LV�JLYHQ�E\

J
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���� 237,0,=$7,21�2)�7+(�,1387�),/7(5

7KH�RSWLPL]DWLRQ�RI�WKH�LQSXW�ILOWHU�LV�GHVFULEHG�LQ�WKLV�VHFWLRQ���7KH�LGHQWLILFDWLRQ

RI� WKH� GHVLJQ� YDULDEOHV�� GHILQLWLRQ� RI� WKH� FRQVWUDLQWV� DQG� WKH� REMHFWLYH� IXQFWLRQ� DUH

H[SODLQHG�LQ�GHWDLO�

������ 'HVLJQ�9DULDEOHV

'HVLJQ�YDULDEOHV� IRU� WKH�LQSXW�ILOWHU�VKRZQ�LQ�)LJXUH�����LQFOXGH� WKH�FDSDFLWDQFH

YDOXHV�&��DQG�&���DQG�UHVLVWDQFH�YDOXH�5G��DQG�WKH�WKUHH�LQGXFWRUV�� �7KH�FRPSOHWH�VHW�RI

LQSXW�ILOWHU�GHVLJQ�YDULDEOHV�LV�OLVWHG�LQ�7DEOH�����

������ &RQVWUDLQWV

7KH�LQSXW�ILOWHU�GHVLJQ�FRQVWUDLQWV�DUH�VXEGLYLGHG�LQWR�SHUIRUPDQFH��VWDELOLW\�DQG

SK\VLFDO�FRQVWUDLQWV�DV�H[SODLQHG�LQ�WKH�IROORZLQJ�VXEVHFWLRQV�

� 3HUIRUPDQFH�&RQVWUDLQWV

3HUIRUPDQFH� FRQVWUDLQWV� DUH� IXUWKHU� FODVVLILHG� DV� IUHTXHQF\� GRPDLQ� DQG� WLPH

GRPDLQ�FRQVWUDLQWV�
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7DEOH�������'HVLJQ�9DULDEOHV�IRU�WKH�,QSXW�)LOWHU

'HVLJQ�9DULDEOH 'HVFULSWLRQ

&� )LOWHU�FDSDFLWDQFH

&� )LOWHU�FDSDFLWDQFH

5G )LOWHU�UHVLVWDQFH

QG 1XPEHU�RI�WXUQV�IRU�/G

$FSG &URVV�VHFWLRQDO�DUHD�RI�ZLQGLQJ�IRU�/G

&ZG &HQWHU�OHJ�ZLGWK�IRU�/G

:ZG :LQGRZ�ZLGWK�IRU�/G

OJG $LUJDS�OHQJWK�IRU�/G

Q� 1XPEHU�RI�WXUQV�IRU�/�

$FS� &URVV�VHFWLRQDO�DUHD�RI�ZLQGLQJ�IRU�/�

&Z� &HQWHU�OHJ�ZLGWK�IRU�/�

:Z� :LQGRZ�ZLGWK�IRU�/�

OJ� $LUJDS�OHQJWK�IRU�/�

Q� 1XPEHU�RI�WXUQV�IRU�/�

$FS� &URVV�VHFWLRQDO�DUHD�RI�ZLQGLQJ�IRU�/�

&Z� &HQWHU�OHJ�ZLGWK�IRU�/�

:Z� :LQGRZ�ZLGWK�IRU�/�

OJ� $LUJDS�OHQJWK�IRU�/�

� )UHTXHQF\�GRPDLQ�FRQVWUDLQWV

$V� PHQWLRQHG� HDUOLHU�� LQSXW� ILOWHUV� DUH� DGGHG� DW� WKH� IURQW� HQG� RI� VZLWFKLQJ

FRQYHUWHUV� LQ� RUGHU� WR� SUHYHQW� WKH� KLJK� IUHTXHQF\� QRLVH� IURP� HQWHULQJ� WKH� VRXUFH

VXEV\VWHP�� � 6WULQJHQW� (0,� VSHFLILFDWLRQV� H[LVW� WKDW� LPSRVH� XSSHU� ERXQGV� RQ� WKH� LQSXW

ILOWHU� WUDQVIHU� FKDUDFWHULVWLFV� DW� GLIIHUHQW� IUHTXHQF\� UDQJHV� DV� GLFWDWHG� E\� WKH� VSHFLILF

DSSOLFDWLRQ�

7KH�(0,�VSHFLILFDWLRQV�RQ�WKH�LQSXW�ILOWHU�DUH� W\SLFDOO\� WUDQVODWHG�LQWR�IUHTXHQF\

GRPDLQ� FRQVWUDLQWV� RQ� WKH� IRUZDUG� YROWDJH� WUDQVIHU� IXQFWLRQ� RI� WKH� LQSXW� ILOWHU�� � 7KLV

WUDQVIHU�IXQFWLRQ�EHWZHHQ�WKH�LQSXW�DQG�RXWSXW�YROWDJH�RI�WKH�LQSXW�ILOWHU�LQ�)LJXUH�����LV

JLYHQ�E\
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7KH�IUHTXHQF\�UHVSRQVH�RI�WKH�IRUZDUG�YROWDJH�WUDQVIHU�IXQFWLRQ�IRU�D�W\SLFDO�LQSXW�ILOWHU

LV�VKRZQ�LQ�)LJXUH�����

Z

3DVVEDQG

FRQVWUDLQWV

6WRSEDQG

FRQVWUDLQWV

ZS ZV�
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Z
Z

M9
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)LJXUH�������'HILQLWLRQ�RI�IUHTXHQF\�GRPDLQ�SHUIRUPDQFH�VSHFLILFDWLRQV�IRU�WKH�LQSXW

ILOWHU

7ZR�W\SHV�RI�FRQVWUDLQWV�H[LVW�IRU�WKH�IUHTXHQF\�UHVSRQVH�IXQFWLRQ��ORZ�IUHTXHQF\

SDVVEDQG� FRQVWUDLQWV� DQG� KLJK� IUHTXHQF\� VWRSEDQG� FRQVWUDLQWV�� � 7KH� WUDQVIHU� RI� SRZHU

IURP�WKH�VRXUFH�WR�WKH�ORDG�RFFXUV�DOPRVW�HQWLUHO\�LQ�WKH�ORZ�IUHTXHQF\�UHJLRQ�� �+HQFH�

WKH� LQSXW� ILOWHU� QHHGV� WR� EH� GHVLJQHG� WR� KDYH� QHDU� XQLW\� JDLQ� LQ� WKH� SDVVEDQG�� � 7KHVH

SDVVEDQG�FRQVWUDLQWV�DUH�GHILQHG�LQ�WHUPV�RI�XSSHU�DQG�ORZHU�ERXQGV�RQ�WKH�LQSXW�RXWSXW

WUDQVIHU�IXQFWLRQ�RI�WKH�ILOWHU�XS�WR�D�SDVVEDQG�IUHTXHQF\��ZS��DV�VKRZQ�LQ�)LJXUH�������)RU

WKH�SUHVHQW�SUREOHP��WKH�SDVVEDQG�FRQVWUDLQW�LV�GHILQHG�DV

UDG�VHF�����IRU����� �u dddd� SZZZ SY G%M$G% �����

,Q� DGGLWLRQ�� WKH� ILOWHU� PXVW� DWWHQXDWH� WKH� KLJK� IUHTXHQF\� VZLWFKLQJ� QRLVH� DFFRUGLQJ� WR

JLYHQ�(0,�VSHFLILFDWLRQV���7KHUHIRUH��DERYH�D�FHUWDLQ�IUHTXHQF\��ZV���VKRZQ�LQ�)LJXUH����

WKH�IUHTXHQF\�UHVSRQVH�IXQFWLRQ�PXVW�EH�EHORZ�D�JLYHQ�YDOXH�

)RU� WKH� SUHVHQW� FDVH�� WKH� IUHTXHQF\� ERXQGDULHV� IRU� WKH� VWRSEDQG� DQG� SDVVEDQG

FRQVWUDLQWV�ZHUH�FKRVHQ�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�FRQYHUWHU�WR�ZKLFK�WKH�ILOWHU�LV

DWWDFKHG�KDV� D�QRPLQDO� VZLWFKLQJ� IUHTXHQF\�RI�����N+]�� �)RU� WKH�SUHVHQW�SUREOHP�� WKH

VWRSEDQG�FRQVWUDLQW�LV

UDG�VHF�����IRU���� �
� u� !�� SZZZ VY G%M$ �����
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� 7LPH�'RPDLQ�&RQVWUDLQWV

7KH� WLPH� GRPDLQ� FRQVWUDLQWV� DFFRXQW� IRU� WKH� G\QDPLF� FRXSOLQJ� EHWZHHQ� WKH

YDULRXV� FRPSRQHQWV� RI� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP�� � ,Q� WKH� VDPSOH� V\VWHP� VKRZQ� LQ

)LJXUH������D�SXOVH�FXUUHQW� ORDG�DW� WKH�RXWSXW�RI� WKH�EXFN�FRQYHUWHU�GHYHORSV�D� WUDQVLHQW

FXUUHQW�GLVWXUEDQFH�L%G�W����7KLV�WUDQVLHQW�FXUUHQW�UHSUHVHQWV�WKH�UHJHQHUDWLYH�HQHUJ\�IURP

WKH�DFWXDWRU���7KLV�WUDQVLHQW�FXUUHQW�ZLOO�FDXVH�DQ�XQGHVLUDEOH�YROWDJH�VZLQJ�DW�WKH�RXWSXW

RI� WKH� ILOWHU�� � $� WLPH� GRPDLQ� FRQVWUDLQW� RQ� WKH� RXWSXW� YROWDJH� LV� LPSRVHG� WR� OLPLW� WKH

GLVWXUEDQFH�� �7KLV�FRQVWUDLQW� LV�DQ�XSSHU�ERXQG�RQ� WKH�PD[LPXP�WUDQVLHQW�H[FXUVLRQ�RI

WKH�RXWSXW�YROWDJH�RI� WKH�ILOWHU�DV� LQGLFDWHG�LQ�)LJXUH������ �)RU� WKLV�ZRUN�� WKH�PD[LPXP

WUDQVLHQW�YROWDJH�H[FXUVLRQ�OLPLW�LV

��� 9Y% �' �����

L%G ',S

7S W

Y%
'Y%��'9%PD[

)LJXUH�������7LPH�GRPDLQ�FRQVWUDLQW�IRU�LQSXW�ILOWHU

� 6WDELOLW\�&RQVWUDLQWV

%HFDXVH� WKH� LQSXW� ILOWHU� FRQVLVWV� RQO\� RI� SDVVLYH� FRPSRQHQWV� LW� LV� JHQHUDOO\

LQWHUQDOO\� VWDEOH� �ZLWK�DOO� LWV� HLJHQYDOXHV� LQ� WKH� OHIW� KDOI� RI� WKH�V�SODQH��� �+RZHYHU�� WKH

LQSXW� ILOWHU� LV� QRWRULRXV� IRU� FDXVLQJ� LQVWDELOLW\� GXH� WR� LWV� LQWHUDFWLRQ� ZLWK� D� UHJXODWHG

FRQYHUWHU�� � ,W�FDQ�EH�VKRZQ�WKDW�D� UHJXODWHG�SRZHU�FRQYHUWHU�FDQ�KDYH�D�QHJDWLYH� LQSXW

LPSHGDQFH�WKDW�PLJKW�FDXVH�WKH�LQWHUFRQQHFWHG�V\VWHP�WR�EHFRPH�XQVWDEOH�� �&RQVWUDLQWV

WKDW�JXDUDQWHH�VWDELOLW\�RI�WKH�LQWHUFRQQHFWHG�V\VWHP�DUH�GHILQHG�LQ�WKH�IUHTXHQF\�GRPDLQ

XVLQJ�WKH�0LGGOHEURRN�LPSHGDQFH�UDWLR�FULWHULRQ�>��@�

)LJXUH� ���� VKRZV� D� JHQHULF� VXEV\VWHP� LQWHUIDFH� IRUPHG� E\� FRQQHFWLQJ� WZR

HOHFWULFDO� VXEV\VWHPV�� �(DFK� VXEV\VWHP� LV� UHSUHVHQWHG�E\� D� VWDQGDUG� WZR�SRUW�PRGHO� DV

VKRZQ�LQ�)LJXUH�����
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$Y�Y,

=R�

YV LRY,

6XEV\VWHP�� 6XEV\VWHP��
,QWHUIDFH

)LJXUH�������*HQHULF�6XEV\VWHP�,QWHUIDFH

7KH�LPSHGDQFH�UDWLR�FULWHULRQ��H[SODLQHG�LQ�GHWDLO� LQ�&KDSWHU����JXDUDQWHHV�VWDELOLW\�DQG

PLQLPDO�LQWHUDFWLRQ�EHWZHHQ�WKH�LQWHUFRQQHFWHG�VXEV\VWHPV�E\�WKDW�WKH�PDJQLWXGH�RI�WKH

RXWSXW� LPSHGDQFH� RI� VXEV\VWHP� �� �ILOWHU�� PXVW� HYHU\ZKHUH� EH� OHVV� WKDQ� WKH� LQSXW

LPSHGDQFH�RI�VXEV\VWHP����FRQYHUWHU��

7KH� LQSXW� ILOWHU� VFKHPDWLF� VKRZLQJ� RQO\� WKH� UHOHYDQW� LPSHGDQFHV� LV� VKRZQ� LQ

)LJXUH������

=L)

/�

&� &�

/�

/G 5G

=R& =R) =L/

Z

Z

=L)�!=LBPLQ

=R)���=RBPD[

)LJXUH��������,PSHGDQFHV�DW�WKH�WHUPLQDOV�RI�WKH�LQSXW�ILOWHU�

7KH�LPSHGDQFH�ORRNLQJ�RXW�RI�WKH�RXWSXW�WHUPLQDOV�RI�WKH�ILOWHU�LV�GHVLJQDWHG�=L/�DQG�LV�WKH

LQSXW� LPSHGDQFH� RI� WKH� EXFN� FRQYHUWHU�� � )RU� WKH� ILOWHU� RSWLPL]DWLRQ� SUREOHP�� WKLV

LPSHGDQFH�LV�FRQVLGHUHG�WR�EH�IL[HG�DQG�JLYHQ���$SSO\LQJ�WKH�LPSHGDQFH�UDWLR�FULWHULD��WKH

RXWSXW�LPSHGDQFH�RI�WKH�ILOWHU�=RI��ZKLFK�GHSHQGV�RQ�WKH�GHVLJQ�SDUDPHWHUV��PXVW�EH�OHVV

WKDQ� WKH� LPSHGDQFH� =L/�� � � 6LQFH� =L/� LV� JLYHQ�� VXIILFLHQW� VHSDUDWLRQ� EHWZHHQ� WKHVH� WZR

LPSHGDQFHV�FDQ�EH�HQIRUFHG�E\�UHTXLULQJ�WKDW�WKH�XSSHU�ERXQG�RI�WKH�RXWSXW�LPSHGDQFH�RI

WKH�ILOWHU�VDWLVI\
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$�VLPLODU�UHDVRQLQJ�LV�DSSOLHG�WR�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�ILOWHU�DQG�WKH�'&�EXV�

� �� � G%��PLQ�� PLQB ! Z
Z

M== L)L
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� 3K\VLFDO�&RQVWUDLQWV

7KHVH�FRQVWUDLQWV�DUH�GHILQHG�WR�JXDUDQWHH�SK\VLFDOO\�PHDQLQJIXO�GLPHQVLRQV�IRU

WKH� FRUH� DQG�ZLQGLQJV� XVHG� LQ� WKH� LQGXFWRU� �)LJXUH� ������ � 7KH\� DUH� GHILQHG� DV� IROORZV

>��@�

x� 7KH�ZLGWKV�RI�WKH�FHQWHU�OHJ�&Z��DQG�RI�WKH�ZLQGRZ�:Z�DUH�QRW�DOORZHG�WR�EH�OHVV�WKDW

��PP�WR�HQVXUH�VXIILFLHQW�PHFKDQLFDO�VWUHQJWK�RI�WKH�FRUH�

x� ,Q� RUGHU� WR� HQVXUH� VXIILFLHQW�PHFKDQLFDO� VWUHQJWK� IRU� WKH� ZLQGLQJ�� WKH� FRSSHU� ZLUH

XVHG�FDQQRW�EH�JUHDWHU�WKDQ���$:*��ZKLFK�LV�HTXLYDOHQW�WR�D�FURVV�VHFWLRQDO�DUHD�RI

�����[���
��
�P

�
�

x� 7KH�QXPEHU�RI�WXUQV�LQ�WKH�LQGXFWRU�FDQQRW�EH�OHVV�WKDQ�RQH�DQG�PXVW�EH�DQ�LQWHJHU�

x� 7KH�FXUUHQW�GHQVLW\�LQ�WKH�ZLQGLQJV�RI�WKH�LQGXFWRU�FDQQRW�EH�JUHDWHU�WKDQ�PD[LPXP

DOORZDEOH�FXUUHQW�GHQVLW\�IRU�FRSSHU�

x� 7KH�DYDLODEOH�ZLQGRZ�DUHD�RI�WKH�((�FRUH�PXVW�EH�ODUJH�HQRXJK�WR�DFFRPPRGDWH�WKH

ZLQGLQJV� RI� WKH� LQGXFWRU� DQG� WKH� EREELQ� DV� VKRZQ� LQ� )LJXUH� ����� � 7KURXJK� VLPSOH

JHRPHWU\��WKLV�FRQVWUDLQW�WUDQVODWHV�WR

¸̧
¹

·
¨̈
©

§
�! ZERE

Z

FS

Z :.:
)

Q$
:. �

�

�

������

ZKHUH�

�UDWLRDVSHFW��DUHD�:LQGRZ�

PP����FNQHVVEREELQ�WKL�

����IDFWRU��ILOO�ZLQGRZ��

�  

 

 

.

:

)

ERE

Z

������



2SWLPL]DWLRQ�RI�WKH�6DPSOH�6\VWHP ��

x� 7KH� GLPHQVLRQV� RI� WKH� LQGXFWRU� VKRXOG� EH� VXFK� WKDW� WKH� PD[LPXP� DOORZDEOH

VDWXUDWLRQ�IOX[�GHQVLW\�IRU�D�IHUULWH�FRUH�PDWHULDO��%� �����7��LV�QRW�H[FHHGHG�

�
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Z

SN/

VS
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ZKHUH�

���UDWLRDVSHFW��OHJFHQWHU��

���IHUULWH�RIGHQVLW\�IOX[��VDWXUDWLRQ�

�  
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� 2EMHFWLYH�)XQFWLRQ

7KH�REMHFWLYH�IXQFWLRQ�LV�WKH�ZHLJKW�RI�WKH�LQSXW�ILOWHU�� �7KH�WRWDO�ILOWHU�ZHLJKW�LV

WKH�VXP�RI�WKH�ZHLJKWV�RI�WKH�LQGXFWRUV��FDSDFLWRUV��DQG�UHVLVWRUV

5&/ :::- �� ������

7KH�ZHLJKW�RI� DQ� LQGXFWRU� LV� GHWHUPLQHG� DV� WKH� VXP�RI� WKH�ZHLJKWV� RI� LURQ� DQG� FRSSHU

XVHG�LQ�WKH�FRUH�DQG�ZLQGLQJV��UHVSHFWLYHO\

FXIH/ ::: � ������

)URP�)LJXUH������WKH�ZHLJKW�RI�WKH�FRSSHU�FDQ�EH�REWDLQHG�DV

FXFXFX 9RO':  ������

ZKHUH�

� �

IDFWRUSLWFK��ZLQGLQJ���

�Q�OHQJWK�WXUPHDQ����

NJ�P�����
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7KH�ZHLJKW�RI�D�FDSDFLWRU�LV�DSSUR[LPDWHG�DV�D�IXQFWLRQ�RI�WKH�HQHUJ\�VWRUHG�LQ�LW�DQG�LV

JLYHQ�E\
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7KH�FRQVWDQW�D&�ZDV�REWDLQHG�IURP�PDQXIDFWXUHU�GDWD�VKHHWV���)LQDOO\��WKH�ZHLJKW�RI�WKH

UHVLVWRU�LV�DSSUR[LPDWHG�DV�D�IXQFWLRQ�RI�WKH�HQHUJ\�GLVVLSDWHG�LQ�LW�DQG�LV�JLYHQ�E\
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������ 2SWLPL]DWLRQ�5HVXOWV

2SWLPL]DWLRQ� ZDV� SHUIRUPHG� XVLQJ� WKH� 9LVXDO'2&� RSWLPL]DWLRQ� VRIWZDUH� >��@

XVLQJ� WKH�0RGLILHG�0HWKRG� RI� )HDVLEOH�'LUHFWLRQV� DOJRULWKP� >��@�� � 7KH� WUDQVLHQW� SHDN

YROWDJH�FRQVWUDLQW�ZDV�HQIRUFHG�E\�LPSRVLQJ�DQ�XSSHU�ERXQG�FRQVWUDLQW�RQ�WKH�PD[LPXP

RXWSXW�YROWDJH�REWDLQHG�IURP�D�WLPH�GRPDLQ�VLPXODWLRQ�RI�WKH�ILOWHU�UHVSRQVH���&RQVWUDLQW

GHULYDWLYHV�ZHUH�FRPSXWHG�XVLQJ�ILQLWH�GLIIHUHQFHV���'HSHQGLQJ�RQ�WKH�LQLWLDO�GHVLJQ�XVHG

WR�VWDUW�WKH�RSWLPL]DWLRQ�LWHUDWLRQV��FRQYHUJHQFH�ZDV�REWDLQHG�ZLWKLQ�DSSUR[LPDWHO\����

IXQFWLRQ� HYDOXDWLRQV� �KHUH� D� VLQJOH� IXQFWLRQ� HYDOXDWLRQ� LQFOXGHV� ERWK� D� WLPH� GRPDLQ

VLPXODWLRQ� DQG� IUHTXHQF\� GRPDLQ� FRPSXWDWLRQV��� � 7KH� RSWLPL]DWLRQV� ZHUH� DFKLHYHG� LQ

DSSUR[LPDWHO\����PLQXWHV�RQ�D�����0+]�3HQWLXP�,,,�3&�

,Q� RUGHU� WR� DVVHVV� WKH� YDOLGLW\� RI� WKH� UHVXOWV� REWDLQHG� IURP� WKH� RSWLPL]HU�� WKH

RSWLPDO� GHVLJQV�ZHUH� FRPSDUHG� WR� D� ILOWHU� EXLOW� IRU� D� WKUHH�SKDVH� EXFN� FRQYHUWHU� IRU� D

WHOHFRPPXQLFDWLRQV�DSSOLFDWLRQ�>��@�� �7KLV�KDUGZDUH�GHVLJQ��GHYHORSHG�ZLWKRXW� WKH�XVH

RI� WKH� RSWLPL]HU�� LV� UHIHUUHG� WR� KHUH� DV� WKH� QRPLQDO� GHVLJQ�� � ,Q� DGGLWLRQ� WR� SURYLGLQJ
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ZHLJKW�VDYLQJV�LQ�FRPSDULVRQ�WR�WKH�QRPLQDO�GHVLJQ��WKH�RSWLPDO�GHVLJQ�PHWKRGRORJ\�LV

DXWRPDWHG�DQG�FDQ�FRQVLGHUDEO\�UHGXFH�GHVLJQ�F\FOH�WLPH�

7KH� RSWLPL]DWLRQ� DOJRULWKP� XVHG� IRU� WKH� SUHVHQW� ZRUN� EHORQJV� WR� D� FODVV� RI

RSWLPL]DWLRQ� DOJRULWKPV� WHUPHG� ¦JUDGLHQW� EDVHG� PHWKRGV§�� � ,Q� RUGHU� WR� EHJLQ� WKH

RSWLPL]DWLRQ�SURFHVV��WKHVH�DOJRULWKPV�DUH�W\SLFDOO\�SURYLGHG�ZLWK�DQ�LQLWLDO�GHVLJQ���2QFH

DQ� LQLWLDO� GHVLJQ� LV� VSHFLILHG�� JUDGLHQWV� RI� WKH� REMHFWLYH� IXQFWLRQ� DQG� FRQVWUDLQWV� DUH

FRPSXWHG�ZLWK�UHVSHFW�WR�WKH�GHVLJQ�YDULDEOHV�WR�FRPSXWH�D�VHDUFK�GLUHFWLRQ�LQ�WKH�GHVLJQ

VSDFH���1H[W��WKH�GHVLJQ�VSDFH�LV�VHDUFKHG�DORQJ�WKH�FRPSXWHG�GLUHFWLRQ�VR�DV�WR�PLQLPL]H

WKH�REMHFWLYH�IXQFWLRQ�ZKLOH�VDWLVI\LQJ�DOO�WKH�FRQVWUDLQWV���*UDGLHQWV�DUH�WKHQ�UHFRPSXWHG

DW� WKH� QHZ� GHVLJQ� SRLQW�� DQG� WKH� SURFHVV� FRQWLQXHV� XQWLO� QR� IXUWKHU� LPSURYHPHQWV� DUH

SRVVLEOH�� � ,I� WKH�GHVLJQ�VSDFH�FRQWDLQV�VHYHUDO� ORFDO�PLQLPD�� WKHUH� LV�D�SRVVLELOLW\� WKDW�D

JUDGLHQW�EDVHG� RSWLPL]HU� PD\� EH� WUDSSHG� E\� D� ORFDO� PLQLPXP�� DQG� WKH� DQVZHU� ZLOO

GHSHQG�RQ�WKH�VHOHFWLRQ�RI�WKH�LQLWLDO�GHVLJQ�SRLQW���,Q�RUGHU�WR�LQFUHDVH�WKH�SUREDELOLW\�RI

ILQGLQJ� WKH�SRLQW�ZLWK� WKH� VPDOOHVW�REMHFWLYH� IXQFWLRQ�YDOXH� �WKH�JOREDO�PLQLPXP��� LW� LV

FXVWRPDU\� WR� H[HFXWH� WKH� RSWLPL]DWLRQ� DOJRULWKP� VWDUWLQJ� IURP� VHYHUDO� GLIIHUHQW� LQLWLDO

GHVLJQV�� � ,Q� WKH�SUHVHQW�ZRUN�� LW�ZDV� IRXQG� WKDW� WKHUH�ZHUH� ORFDO�PLQLPD� LQ� WKH� GHVLJQ

VSDFH��DOWKRXJK�LQ�DOO�FDVHV�VWXGLHG��HYHQ�WKH�ORFDO�PLQLPD�ZHUH�OLJKWHU�WKDQ�WKH�QRPLQDO

GHVLJQ���7KH�UHVXOWV�UHSRUWHG�KHUH�FRUUHVSRQG�WR�WKH�EHVW�GHVLJQV�IRXQG�GXULQJ�WKH�FRXUVH

RI�WKH�VWXG\�DQG�DUH�OLNHO\�WR�EH�WKH�JOREDOO\�RSWLPXP�GHVLJQ�

7KH�SK\VLFDO�YDULDEOHV�IRU�WKH�ILOWHU�LQGXFWRUV�YDOXHV�IRU�WKH�QRPLQDO�DQG�RSWLPDO

GHVLJQV� DUH� JLYHQ� LQ� 7DEOH� ����� � 7KH� QRPLQDO� DQG� RSWLPXP� FRPSRQHQW� YDOXHV� DQG� WKH

REMHFWLYH� IXQFWLRQ� DUH� SURYLGHG� LQ� 7DEOH� ����� � 5HVSRQVH� TXDQWLWLHV� RI� LQWHUHVW� IRU� WKH

QRPLQDO�DQG�RSWLPDO�GHVLJQV�DUH�JLYHQ�LQ�7DEOH�������5HVSRQVH�TXDQWLWLHV�WKDW�DUH�DW�WKHLU

XSSHU�RU� ORZHU�ERXQGV�DUH� OLVWHG� LQ�EROG� IDFH� W\SH�� �$OO� WKH�SK\VLFDO�FRQVWUDLQWV�RQ� WKH

LQGXFWRU�GHVLJQV�ZHUH�DFWLYH�IRU�WKH�RSWLPDO�GHVLJQ���7KH�RWKHU�DFWLYH�FRQVWUDLQWV�IRU�WKH

RSWLPL]HG� GHVLJQ�ZHUH� WKH� ORZHU� ERXQG� FRQVWUDLQW� RQ� WKH� LQSXW� LPSHGDQFH�=L)� DQG� WKH

VWRSEDQG� FRQVWUDLQW� RQ� WKH� LQSXW�RXWSXW� WUDQVIHU� IXQFWLRQ�� � 1RWH� WKDW� WKH� SHDN� YROWDJH

FRQVWUDLQW�ZDV�YLRODWHG�IRU�WKH�QRPLQDO�GHVLJQ�
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7DEOH�������1RPLQDO�DQG�2SWLPDO�)LOWHU�'HVLJQV

9DULDEOH 1RPLQDO�YDOXH 2SWLPDO�YDOXH
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7DEOH�������5HVSRQVH�TXDQWLWLHV�IRU�QRPLQDO�DQG�RSWLPDO�GHVLJQV�RI�LQSXW�ILOWHU

5HVSRQVH�YDULDEOH 1RPLQDO 2SWLPDO

0LQLPXP�LQSXW ����


�G% �����G%

0D[LPXP�RXWSXW ������G% �����G%

3DVVEDQG�PD[LPXP �����G% �����G%

3DVVEDQG�PLQLPXP �����[���
��
�G% ��������[���
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6WRSEDQG�PD[LPXP ������G% �������G%

3HDN�RXWSXW�YROWDJH �����
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YLRODWHG�FRQVWUDLQW
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,Q�RUGHU�WR�FRPSDUH�WKH�RSWLPL]DWLRQ�UHVXOWV�ZLWK�WKH�KDUGZDUH��QRPLQDO��GHVLJQ��VHYHUDO

DGGLWLRQDO�RSWLPL]DWLRQ�UXQV�ZHUH�SHUIRUPHG�FRUUHVSRQGLQJ�WR�GLIIHUHQW�YDOXHV�RI�WKH

ORZHU�ERXQG�FRQVWUDLQW�=LBPLQ�RQ�WKH�LQSXW�LPSHGDQFH���7KH�UHVXOWLQJ�IDPLO\�RI�RSWLPDO

GHVLJQV�LV�FRPSDUHG�WR�WKH�QRPLQDO�GHVLJQ�LQ�)LJXUH��������)RU�WKH�VDPH�YDOXH������G%��RI

=LBPLQ��WKH�RSWLPDO�GHVLJQ�LV�����OLJKWHU�WKDQ�WKH�QRPLQDO�GHVLJQ���)RU�WKH�VDPH�ZHLJKW�

RQ�WKH�RWKHU�KDQG��WKH�PLQLPXP�LQSXW�LPSHGDQFH�IRU�WKH�RSWLPL]HG�GHVLJQ�LV

DSSUR[LPDWHO\�����KLJKHU�WKDQ�IRU�WKH�QRPLQDO�GHVLJQ�
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1RPLQDO�'HVLJQ

)LJXUH��������:HLJKW�RI�RSWLPDO�GHVLJQV�DV�D�IXQFWLRQ�RI�WKH�ORZHU�ERXQG�RQ�WKH�LQSXW

LPSHGDQFH

���� 237,0,=$7,21�2)�%8&.�&219(57(5

7KH�IRUPXODWLRQ�RI�WKH�RSWLPL]DWLRQ�SUREOHP�IRU�WKH�GHVLJQ�RI�WKH�EXFN�FRQYHUWHU�

WKH�VHFRQG�VXEV\VWHP�LQ�WKH�VDPSOH�V\VWHP�GLVFXVVHG�LQ�6HFWLRQ�����LV�FRQVLGHUHG���7KH

DSSURDFK�WR�WKLV�VXEV\VWHP�LV�YHU\�VLPLODU�WR�WKH�DSSURDFK�WDNHQ�IRU�WKH�ILOWHU��SDUWLFXODUO\

WKH� LQWHUDFWLRQ� FRQVWUDLQWV�� � 6RPH� DGGLWLRQDO� FRQVWUDLQWV� DUH� UHTXLUHG� IRU� WKH� FRQYHUWHU�

KRZHYHU��EHFDXVH�RI�LWV�LQWHUQDO�FRPSOH[LW\�

������ 'HVLJQ�9DULDEOHV

'HVLJQ�YDULDEOHV�IRU�WKH�EXFN�FRQYHUWHU�LQFOXGH�WKH�SK\VLFDO�SDUDPHWHUV�JRYHUQLQJ

WKH�GHVLJQ�RI�WKH�LQGXFWRU�/��WKH�FDSDFLWDQFH�&��WKH�VZLWFKLQJ�IUHTXHQF\�RI�WKH�FRQYHUWHU

IV��DQG�D�VHW�RI�SDUDPHWHUV�JRYHUQLQJ�WKH�IHHGEDFN�FRQWUROOHU�� KR��Z]��ZS��KLS��DQG�KLL����$V
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ZLWK�WKH�ILOWHU��LW�LV�DVVXPHG�WKDW�DQ�((�FRUH�LV�XVHG�IRU�WKH�LQGXFWRU��)LJXUH� �������7DEOH

����FRQWDLQV�D�OLVW�RI�DOO�GHVLJQ�YDULDEOHV�XVHG�IRU�WKH�EXFN�FRQYHUWHU�

7DEOH�������'HVLJQ�9DULDEOHV�IRU�EXFN�FRQYHUWHU

'HVLJQ�9DULDEOH 'HVFULSWLRQ

Q 1XPEHU�RI�WXUQV�IRU�/

$FS &6$�RI�ZLQGLQJ�IRU�/

&Z &HQWHU�OHJ�ZLGWK�IRU�/

:Z :LQGRZ�ZLGWK�IRU�/

OJ $LUJDS�OHQJWK�IRU�/

& &DSDFLWDQFH

IV 6ZLWFKLQJ�IUHTXHQF\�RI�EXFN�FRQYHUWHU

KR 9ROWDJH�FRQWUROOHU�JDLQ

Z] 9ROWDJH�FRQWUROOHU�]HUR

ZS 9ROWDJH�FRQWUROOHU�SROH

KLS &XUUHQW�FRQWUROOHU�SURSRUWLRQDO�JDLQ

KLL &XUUHQW�FRQWUROOHU�LQWHJUDO�JDLQ

������ &RQVWUDLQWV

7KH� SHUIRUPDQFH�� VWDELOLW\� DQG� SK\VLFDO� FRQVWUDLQWV� RQ� WKH� GHVLJQ� RI� WKH� EXFN

FRQYHUWHU�DUH�GHVFULEHG�LQ�WKH�IROORZLQJ�SDUDJUDSKV�

� 3HUIRUPDQFH�&RQVWUDLQWV

� )UHTXHQF\�'RPDLQ�&RQVWUDLQWV

7ZR� IUHTXHQF\� GRPDLQ� FRQVWUDLQWV� DUH� LPSRVHG� RQ� WKH� EXFN� FRQYHUWHU�� � 7KH

DYHUDJH�PRGHO� RI� WKH� FORVHG� ORRS� FRQYHUWHU� LV� OLQHDUL]HG� DURXQG� WKH� QRPLQDO� RSHUDWLQJ

SRLQW� WR� \LHOG� D� VPDOO� VLJQDO� OLQHDU� PRGHO�� � 7KLV� OLQHDU� PRGHO� LV� WKHQ� XVHG� IRU� WKH

GHWHUPLQDWLRQ� IRU� WKH� WUDQVIHU� IXQFWLRQV�RQ�ZKLFK� WKH� IUHTXHQF\�GRPDLQ� FRQVWUDLQWV� DUH

LPSRVHG�� � 7KHVH� FRQVWUDLQWV� FDQ� EH� H[SODLQHG� ZLWK� WKH� KHOS� RI� WKH� VLPSOLILHG� EORFN

GLDJUDP�RI�WKH�FORVHG�ORRS�EXFN�FRQYHUWHU�VKRZQ�LQ�)LJXUH� �����
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)UHTXHQF\� GRPDLQ� FRQVWUDLQWV� IRU� WKH� EXFN� FRQYHUWHU� DUH� LPSRVHG� DV� XSSHU

ERXQGV�RQ�WKH�PD[LPXP�PDJQLWXGH�RI�WKH�WUDQVIHU�IXQFWLRQ�EHWZHHQ�WKH�LQSXW�DQG�RXWSXW

YROWDJH�DQG�WKH�YROWDJH�ORRS�JDLQ�FURVVRYHU�IUHTXHQF\�

Y%

&RQWUROOHU

3RZHU�6WDJH YR

YRG

$XGLRVXVFHSWLELOLW\

/RRS�*DLQ

)LJXUH��������6LPSOLILHG�EORFN�GLDJUDP�RI�FORVHG�ORRS�EXFN�FRQYHUWHU

7KH� WUDQVIHU� IXQFWLRQ� EHWZHHQ� WKH� LQSXW� YROWDJH� Y%� DQG� WKH� RXWSXW� YROWDJH� YR� LV

FDOOHG� WKH� DXGLRVXVFHSWLELOLW\�RI� WKH� FRQYHUWHU�� �$� W\SLFDO� WUDQVIHU� IXQFWLRQ� LV� VKRZQ� LQ

)LJXUH�����D���$Q�XSSHU�ERXQG�LV�LPSRVHG�RQ�WKLV�WUDQVIHU�IXQFWLRQ�LQ�RUGHU�WR�JXDUDQWHH

VXIILFLHQW� UHMHFWLRQ�RI� DQ\� DXGLR� IUHTXHQF\�GLVWXUEDQFH� LQWURGXFHG� DW� WKH� LQSXW� YROWDJH�

7KLV�FRQVWUDLQW�FDQ�EH�VWDWHG�DV
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7KH� VHFRQG� FRQVWUDLQW� LV� LPSRVHG� RQ� WKH� ORRS� JDLQ�� � 7KH� ORRS� JDLQ� LV� WKH� RSHQ� ORRS

WUDQVIHU� IXQFWLRQ� EHWZHHQ� WKH� RXWSXW� YROWDJH� HUURU� 9UHI� �� YR�� DQG� WKH� RXWSXW� YROWDJH� YR

�)LJXUH� ������� � 7KH� FKDUDFWHULVWLFV� RI� WKH� ORRS� JDLQ� WUDQVIHU� IXQFWLRQ� GHWHUPLQH� WKH

EDQGZLGWK�DQG�WKH�VWDELOLW\�PDUJLQV�RI�WKH�FORVHG�ORRS�V\VWHP���$�W\SLFDO�FXUYH�LV�VKRZQ
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�E��9ROWDJH�/RRS�*DLQ

)LJXUH��������)UHTXHQF\�'RPDLQ�&RQVWUDLQWV�IRU�WKH�EXFN�FRQYHUWHU
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$Q� XSSHU� ERXQG� FRQVWUDLQW� LV� DOVR� LPSRVHG� RQ� WKH� FURVVRYHU� IUHTXHQF\� RI� WKH

YROWDJH�ORRS�JDLQ��ZFJ�LQ�RUGHU�WR�OLPLW�WKH�EDQGZLGWK�RI�WKH�FRQYHUWHU����7KLV�UHODWLRQVKLS

FDQ�EH�IRXQG�LQ�FODVVLFDO�FRQWURO�WKHRU\����7KH�ERXQG�RQ�WKH�EDQGZLGWK�RI�WKH�FRQYHUWHU

ZLOO�JXDUDQWHH�WKDW�WKH�VZLWFKLQJ�IUHTXHQF\�ULSSOH�LQ�WKH�LQGXFWRU�FXUUHQW�DQG�WKH�RXWSXW

YROWDJH� DUH� VXIILFLHQWO\� DWWHQXDWHG� EHIRUH� WKH\� SURSDJDWH� WKURXJK� WKH� FRQWUROOHU�� � 7KH

IUHTXHQF\�ZFJ�LV�FKRVHQ�WR�EH�VXIILFLHQWO\�OHVV�WKDQ�KDOI�WKH�VZLWFKLQJ�IUHTXHQF\���)RU�WKH

SUHVHQW�SUREOHP�WKLV�XSSHU�ERXQG�LV�JLYHQ�E\

�

�
�� FJ

VISZ �
������

$GGLWLRQDO�FRQVWUDLQWV�ZLOO�EH� LPSRVHG�RQ� WKH�YROWDJH� ORRS�JDLQ� IRU� VWDELOLW\� UHDVRQV� DV

GLVFXVVHG�EHORZ�

� 7LPH�'RPDLQ�&RQVWUDLQWV

7LPH�GRPDLQ�FRQVWUDLQWV�DUH�LQWURGXFHG�WR�DFFRXQW�IRU�WUDQVLHQWV�LQ�WKH�YROWDJHV�LQ

WKH�FRQYHUWHU�GXH�WR�WUDQVLHQW�GLVWXUEDQFHV�DW�WKH�RXWSXW�WHUPLQDOV�RI�WKH�FRQYHUWHU���7KHVH

FRQVWUDLQWV� DUH� LGHQWLFDO� WR� WKRVH� GHYHORSHG� IRU� WKH� ILOWHU� LQ� 6HFWLRQ� ����� �$� SXOVH� ORDG

GLVWXUEDQFH�UHSUHVHQWV�WKH�WUDQVLHQW�GLVWXUEDQFH�DW�WKH�RXWSXW�RI�WKH�EXFN�FRQYHUWHU���)RU

WKH�RSWLPL]HG�GHVLJQ�RI�WKH�EXFN�FRQYHUWHU��D�IL[HG�UHVLVWDQFH�LV�LQFOXGHG�LQ�VHULHV�ZLWK�DQ

LGHDO�YROWDJH�VRXUFH�DV�VKRZQ�LQ�)LJXUH������
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2XWSXW�9ROWDJH�5HVSRQVH,QSXW�9ROWDJH�5HVSRQVH

)LJXUH��������7LPH�GRPDLQ�FRQVWUDLQWV�IRU�WKH�FRQYHUWHU
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7KLV� IL[HG� UHVLVWDQFH� ZDV� LQFOXGHG� WR� UHSUHVHQW� WKH� HIIHFW� RI� WKH� LQSXW� ILOWHU� ZKHQ

LPSRVLQJ�WKH�LPSHGDQFH�UDWLR�FULWHULD�IRU�VWDELOLW\���7KH�UHVLVWDQFH�YDOXH�ZDV�FKRVHQ�WR�EH

HTXDO� WR��:��ZKLFK�ZDV� WKH�PD[LPXP�RXWSXW� LPSHGDQFH� ����G%��RI� WKH�QRPLQDO� LQSXW

ILOWHU�GHVLJQ��7DEOH������DQG�WKH�YROWDJH�YDULDWLRQV�DW�WKH�LQSXW�DQG�RXWSXW�RI�WKH�FRQYHUWHU

ZHUH�FRQVWUDLQHG�DV

9�Y9Y R% ������ �� ������

� 6WDELOLW\�&RQVWUDLQWV

/LNH� WKH� ILOWHU�� WKH� EXFN� FRQYHUWHU�PXVW� VDWLVI\� H[WHUQDO� VWDELOLW\� FRQVWUDLQWV�� VR

WKDW�WKH�HQWLUH�VDPSOH�V\VWHP�LQ�)LJXUH� ����LV�VWDEOH���,Q�DGGLWLRQ��EHFDXVH�RI�WKH�SUHVHQFH

RI�WKH�LQWHUQDO�FRQWURO�ORRS��WKH�FRQYHUWHU�PXVW�EH�LQWHUQDOO\�VWDEOH�

� ,QWHUQDO�6WDELOLW\�&RQVWUDLQWV

7KH� GHVLJQ� RI� WKH� IHHGEDFN� FRQWUROOHU� IRU� WKH� EXFN� FRQYHUWHU� �)LJXUH� �����PXVW

JXDUDQWHH� VWDELOLW\� DQG� UREXVWQHVV� RI� WKH� FORVHG� ORRS� V\VWHP� LQ� WKH� SUHVHQFH� RI

GLVWXUEDQFHV� LQ� WKH� ORDG� FXUUHQW� DQG� VRXUFH� YROWDJH�� � 7KHVH� VWDELOLW\� FRQVWUDLQWV� DUH

GHILQHG�DV�ERXQGV�RQ�WKH�JDLQ�PDUJLQ��JP��DQG�SKDVH�PDUJLQ��IP�RI�WKH�FORVHG�ORRS���)URP

FODVVLFDO� FRQWURO� WKHRU\� >��@�� SRVLWLYH� YDOXHV� RI� SKDVH� PDUJLQ� DQG� JDLQ� PDUJLQ� DUH

QHFHVVDU\�FRQGLWLRQV�IRU�VWDELOLW\��,Q�RUGHU�WR�JXDUDQWHH�VXIILFLHQW�UREXVWQHVV�RI�WKH�FORVHG

ORRS�� ORZHU�ERXQGV�DUH� LPSRVHG�RQ� WKHVH�YDOXHV�� �7KHVH� YDOXHV� DUH�ZLGHO\� XVHG� LQ� WKH

GHVLJQ�RI�VZLWFKLQJ�FRQYHUWHUV���7KHVH�FRQVWUDLQWV�WUDQVODWH�LQWR�FRQVWUDLQWV�RQ�WKH�YROWDJH

ORRS�JDLQ�LQ�)LJXUH�����E�
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� ([WHUQDO�6WDELOLW\�&RQVWUDLQWV

([WHUQDO�VWDELOLW\�FRQVWUDLQWV�DUH�XVHG�WR�JXDUDQWHH�VWDELOLW\�RI�WKH�LQWHUFRQQHFWHG

V\VWHP�DIWHU� DGGLQJ� WKH� LQSXW� ILOWHU�� �$V� IRU� WKH� LQSXW� ILOWHU�� WKH\� DUH� GHILQHG� XVLQJ� WKH

LPSHGDQFH� UDWLR� FULWHULRQ�ZLWK� WKH� LQSXW� DQG� RXWSXW� LPSHGDQFHV� DSSURSULDWHO\� GHILQHG�

$Q�XSSHU�ERXQG�LV�LPSRVHG�RQ�WKH�PD[LPXP�PDJQLWXGH�RI�WKH�RXWSXW�LPSHGDQFH�� =RBPD[�



2SWLPL]DWLRQ�RI�WKH�6DPSOH�6\VWHP ��

DQG� D� ORZHU� ERXQG� RQ� WKH� PLQLPXP�PDJQLWXGH� RI� WKH� LQSXW� LPSHGDQFH�� =LBPLQ�� RI� WKH

FORVHG�ORRS�FRQYHUWHU���8VLQJ�WKH�QRWDWLRQ�RI�6HFWLRQ������WKHVH�ERXQGV�DUH�JLYHQ�DV

� �� �

� �� � G%���PD[

G%���PLQ

PD[B

PLQB

� 

! 

Z

Z

Z

Z

M==

M==

R%R

L%L
������

6LQFH�WKH�RXWSXW�LPSHGDQFH�RI�WKH�ILOWHU�LV�VHW�WR���G%�LQ�(TXDWLRQ� �������WKH�ILUVW

RI� WKHVH� WZR� FRQVWUDLQWV� HQVXUHV� WKDW� WKHUH� LV� DW� OHDVW� D� ��� G%� VHSDUDWLRQ� EHWZHHQ� WKH

RXWSXW� LPSHGDQFH� RI� WKH� ILOWHU� DQG� WKH� LQSXW� LPSHGDQFH� RI� WKH� FRQYHUWHU�� � �6HH� )LJXUH

������� �7KH� XSSHU� ERXQG�RI� WKH� RXWSXW� LPSHGDQFH� LV� VHW� WR� HQVXUH� VXIILFLHQW� VHSDUDWLRQ

IURP�WKH�PLQLPXP�LQSXW�LPSHGDQFH�RI�WKH�ORDG�WR�WKH�EXFN�FRQYHUWHU���6LQFH�WKH�ORDG�LV

UHSUHVHQWHG�E\�DQ�LGHDO�FXUUHQW�VRXUFH��ZKLFK�KDV�DQ�LQILQLWH�LQSXW�LPSHGDQFH���WKH�XSSHU

ERXQG�RI�WKH�RXWSXW�LPSHGDQFH�ZDV�DUELWUDULO\�FKRVHQ�

� 3K\VLFDO�&RQVWUDLQWV

,Q� DGGLWLRQ� WR� WKH� SK\VLFDO� FRQVWUDLQWV�� ZKLFK� JXDUDQWHH� SK\VLFDOO\� PHDQLQJIXO

GLPHQVLRQV� IRU� WKH� FRUH� DQG� ZLQGLQJ� RI� WKH� LQGXFWRUV� VLPLODU� WR� WKH� LQSXW� ILOWHU�

FRQVWUDLQWV�DUH�DOVR�LPSRVHG�WR�OLPLW�WKH�VZLWFKLQJ�ULSSOH�LQ�WKH�LQGXFWRU�FXUUHQWV�DQG�WKH

FDSDFLWRU�YROWDJHV�� �$OWKRXJK� WKH� DYHUDJH�PRGHO� IRU� WKH�EXFN�FRQYHUWHU� LV�XVHG� IRU� WKH

DQDO\VLV�� H[SUHVVLRQV� IRU� VZLWFKLQJ� ULSSOH� LQ� WHUPV� RI� DYHUDJH� TXDQWLWLHV� DUH� UHDGLO\

DYDLODEOH�

� ,QGXFWRU�&XUUHQW�5LSSOH

,W� LV�JHQHUDOO\�UHTXLUHG�WKDW� WKH�SHDN�WR�SHDN�LQGXFWRU�FXUUHQW�ULSSOH�EH�OHVV�WKDQ

����RI�WKH�QRPLQDO�LQGXFWRU�FXUUHQW���)URP�)LJXUH� ������WKH�LQGXFWRU�FXUUHQW�ULSSOH�FDQ

EH�REWDLQHG�DV�>��@
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,I�3R�  �9R� ,/�QRP��� LV� WKH� QRPLQDO� SRZHU� UDWLQJ� RI� WKH� FRQYHUWHU�� D� ORZHU� ERXQG� RQ� WKH

LQGXFWDQFH�EDVHG�RQ�WKH�VZLWFKLQJ�ULSSOH�LV�WKHQ�GHWHUPLQHG�DV�IROORZV
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� 2XWSXW�9ROWDJH�5LSSOH

7KH� ULSSOH� LQ� WKH� RXWSXW� YROWDJH� LV� JHQHUDOO\� OLPLWHG� WR� EH� OHVV� WKDQ� ��� RI� WKH

DYHUDJH� YDOXH�� � ,W� LV� DVVXPHG� WKDW� WKH� FDSDFLWRU� DEVRUEV� WKH� ULSSOH� FRPSRQHQW� RI� WKH

LQGXFWRU�FXUUHQW���7KH�SHDN�WR�SHDN�RXWSXW�YROWDJH�ULSSOH�FRQVWUDLQW�LV�GHULYHG�DV�IROORZV
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6XEVWLWXWLQJ�IRU�WKH�LQGXFWRU�FXUUHQW�ULSSOH�IURP�(TXDWLRQ� ��������WKH�RXWSXW�YROWDJH�ULSSOH

FRQVWUDLQW�LV
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ZKHUH�W� �5&&�LV�WKH�(65�WLPH�FRQVWDQW�RI�WKH�FDSDFLWRU���,I�WKH�YROWDJH�ULSSOH�LV�OLPLWHG

WR�EH�OHVV�WKDQ����RI�WKH�DYHUDJH�YDOXH��WKHQ�WKH�IROORZLQJ�FRQVWUDLQW�LV�REWDLQHG�
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������ 2EMHFWLYH�)XQFWLRQ

7KH� REMHFWLYH� IXQFWLRQ� LV� WKH� ZHLJKW� RI� WKH� FRQYHUWHU�� ZKLFK� LV� FDOFXODWHG

DFFRUGLQJ� WR� (TXDWLRQ� ������� DV� WKH� VXP� RI� WKH� ZHLJKWV� RI� WKH� LQGXFWRUV� DQG� WKH

FDSDFLWRUV���7KH�FRQWUROOHU�LV�QRW�DVVXPHG�WR�FRQWULEXWH�VLJQLILFDQWO\�WR�WKH�ZHLJKW�RI�WKH

FRQYHUWHU�DQG�KHQFH�LV�QHJOHFWHG�LQ�WKH�GHWHUPLQDWLRQ�RI�WKH�ZHLJKW�
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������ 2SWLPL]DWLRQ�5HVXOWV

$V� ZDV� WKH� FDVH� IRU� WKH� LQSXW� ILOWHU� SUREOHP�� WKH� 9LVXDO'2&� RSWLPL]DWLRQ

VRIWZDUH�>��@�XVLQJ�WKH�0RGLILHG�0HWKRG�RI�)HDVLEOH�'LUHFWLRQV�DOJRULWKP�>��@�ZHUH�XVHG

WR� REWDLQ� DQ� RSWLPL]HG� GHVLJQ�� � 7KH� WUDQVLHQW� SHDN� YROWDJH� FRQVWUDLQW�ZDV� HQIRUFHG� E\

LPSRVLQJ� DQ� XSSHU� ERXQG� FRQVWUDLQW� RQ� WKH� PD[LPXP� RXWSXW� YROWDJH� REWDLQHG� IURP� D

WLPH� GRPDLQ� VLPXODWLRQ� RI� WKH� ILOWHU� UHVSRQVH�� � &RQVWUDLQW� GHULYDWLYHV� ZHUH� FRPSXWHG

XVLQJ�ILQLWH�GLIIHUHQFHV���&RQYHUJHG�RSWLPDO�GHVLJQV�ZHUH�REWDLQHG�LQ�DSSUR[LPDWHO\����

IXQFWLRQ�HYDOXDWLRQV��D�VLQJOH�IXQFWLRQ�HYDOXDWLRQ�LQFOXGHV�ERWK�D�WLPH�GRPDLQ�VLPXODWLRQ

DQG�IUHTXHQF\�GRPDLQ�FRPSXWDWLRQV����7KH�RSWLPL]DWLRQV�ZHUH�DFKLHYHG�LQ�DSSUR[LPDWHO\

���PLQXWHV�RQ�D�����0+]�3HQWLXP�,,,�3&�� �7KH�RSWLPDO�GHVLJQ� IRU� WKH�EXFN�FRQYHUWHU

ZDV�JHQHUDOO\�LQVHQVLWLYH�WR�WKH�LQLWLDO�GHVLJQ�

,Q� RUGHU� WR� DVVHVV� WKH� YDOLGLW\� RI� WKH� UHVXOWV� REWDLQHG� IURP� WKH� RSWLPL]HU�� WKH

RSWLPDO� GHVLJQV� ZKHUH� FRPSDUHG� WR� D� WKUHH�SKDVH� EXFN� FRQYHUWHU� IRU� D

WHOHFRPPXQLFDWLRQV�DSSOLFDWLRQ�>��@��7KLV�KDUGZDUH�GHVLJQ��GHYHORSHG�ZLWKRXW�WKH�XVH�RI

WKH�RSWLPL]HU��LV�UHIHUUHG�WR�DV�WKH�QRPLQDO�GHVLJQ�

7KH�SK\VLFDO�YDULDEOHV�IRU�WKH�ILOWHU�DUH�JLYHQ�LQ�7DEOH�����

7DEOH�������3K\VLFDO�YDULDEOHV�IRU�WKH�LQGXFWRU�LQ�WKH�EXFN�FRQYHUWHU

9DULDEOH 1RPLQDO�YDOXH 2SWLPDO�YDOXH

Q �� �����

$FS ����[������P�
�����[������P�

&Z �����[������P ������[������P

:Z ����[������P �����[������P

OJ ����[������P �����[������P

7KH� QRPLQDO� DQG� RSWLPDO� GHVLJQV� RI� WKH� EXFN� FRQYHUWHU� DORQJ� ZLWK� WKH

FRUUHVSRQGLQJ� REMHFWLYH� IXQFWLRQV� DUH� SUHVHQWHG� LQ� 7DEOH� ����� � 5HVSRQVH� YDULDEOHV� RI

LQWHUHVW�IRU�WKH�RSWLPL]HG�EXFN�FRQYHUWHU�DUH�JLYHQ�LQ�7DEOH��������5HVSRQVH�YDULDEOHV�DW

WKHLU�XSSHU�RU� ORZHU�ERXQGV�DUH� OLVWHG� LQ�EROG�IDFH� W\SH�� �7KH�DFWLYH� FRQVWUDLQWV� IRU� WKH

RSWLPL]HG� FRQYHUWHU� GHVLJQ�ZHUH� WKH� SK\VLFDO� FRQVWUDLQWV� RQ� WKH� GHVLJQ� RI� WKH� LQGXFWRU

DQG�WKH�FRQVWUDLQW�RQ�WKH�LQSXW�YROWDJH�YDULDWLRQ�WR�WKH�WUDQVLHQW� ORDG�GLVWXUEDQFH�� �1RWH
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WKDW� WKH� QRPLQDO� GHVLJQ� YLRODWHV� WKH� FRQVWUDLQW� RQ� WKH� LQGXFWRU� FXUUHQW� ULSSOH�� � 7KH

RSWLPL]HG�FRQYHUWHU�GHVLJQ�LV�QRW�VLJQLILFDQWO\�OLJKWHU�WKDQ�WKH�QRPLQDO�GHVLJQ��EXW�LW�ZDV

REWDLQHG�LQ�D�VKRUWHU�SHULRG�RI�WLPH�DQG�ZLWK�D�PLQLPDO�DPRXQW�RI�HIIRUW�FRPSDUHG�WR�WKH

VWDQGDUG�PDQXDO�GHVLJQ�SURFHGXUHV�

7DEOH�������&RPSRQHQW�YDOXHV�DQG�REMHFWLYH�IXQFWLRQ�IRU�WKH�EXFN�FRQYHUWHU

9DULDEOH 1RPLQDO�YDOXH 2SWLPDO�YDOXH

/ ����P+ �������P+

& ���P+ �������P)
KR � �����

Z] ����UDG�VHF �������UDG�VHF

ZS ������UDG�VHF ������UDG�VHF

KLS � �����

KLL ��� ���

IV ���N+] ����N+]

:HLJKW �������NJ �������NJ

7DEOH��������5HVSRQVH�TXDQWLWLHV�IRU�QRPLQDO�DQG�RSWLPDO�GHVLJQV

5HVSRQVH�YDULDEOH 1RPLQDO 2SWLPDO

,QGXFWRU�FXUUHQW�ULSSOH ������$



���$

&DSDFLWRU�YROWDJH�ULSSOH ���9 �9

3KDVH�PDUJLQ ����
R

�����
R

*DLQ�PDUJLQ ������G% ������G%

0LQLPXP�LQSXW�LPSHGDQFH ������G% ������G%

0D[LPXP�RXWSXW�LPSHGDQFH �����G% �����G%

$XGLRVXVFHSWLELOLW\ �������G% �������G%

3HDN�RXWSXW�YROWDJH ������9 ������9

3HDN�LQSXW�YROWDJH ������9 ������9



�9LRODWHG�FRQVWUDLQW

���� 237,0,=$7,21�2)�6$03/(�6<67(0

7KH� RSWLPL]DWLRQ� SURFHGXUH� IRU� WKH� GHVLJQ� RI� WKH� VDPSOH� V\VWHP� �FRPELQHG

ILOWHU�FRQYHUWHU��LV�SUHVHQWHG�LQ�WKLV�VHFWLRQ���7KH�LQGLYLGXDO�RSWLPL]DWLRQ�IRUPXODWLRQV�RI

WKH�LQSXW�ILOWHU�DQG�WKH�FRQYHUWHU�DUH�FRPELQHG�ZLWK�D�IHZ�PRGLILFDWLRQV�LQ�WKH�GHILQLWLRQ

RI�WKH�FRQVWUDLQWV���7KH�GHVLJQ�YDULDEOHV�DUH�WKRVH�RI�WKH�LQSXW�ILOWHU�DQG�WKH�FRQYHUWHU�DV
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VKRZQ�LQ�7DEOHV�����DQG�������7KH�FRQVWUDLQWV�RQ�WKH�RSWLPL]DWLRQ�RI� WKH�LQWHUFRQQHFWHG

V\VWHP� DUH� REWDLQHG� IURP� WKRVH� RI� WKH� GHVLJQV� RI� HDFK� RI� WKH� LQGLYLGXDO� V\VWHPV�ZLWK

VRPH�PRGLILFDWLRQV�WR�DFFRXQW�IRU�LQWHUDFWLRQV�EHWZHHQ�WKH�LQSXW�ILOWHU�DQG�WKH�FRQYHUWHU�

7KH� FRQVWUDLQWV� WKDW� QHHG� WR� EH� PRGLILHG� DUH� WKRVH� WKDW� DUH� GHILQHG� DW� WKH� LQWHUIDFH

EHWZHHQ�WKH�LQSXW�ILOWHU�DQG�WKH�FRQYHUWHU�

��� 'XH� WR� WKH� LQWHUFRQQHFWLRQ� RI� WKH� ILOWHU� DQG� WKH� FRQYHUWHU�� LW� PD\� QRW� EH

DSSURSULDWH� WR� LPSRVH� IL[HG� OLPLWV�RQ� WKH�RXWSXW� LPSHGDQFH�RI� WKH� ILOWHU� DQG� WKH

LQSXW� LPSHGDQFH� RI� WKH� FRQYHUWHU�� DV� ZDV� WKH� FDVH� ZKHQ� WKH\� ZHUH� GHVLJQHG

LQGHSHQGHQWO\�� �6LQFH�D�VXIILFLHQW�FRQGLWLRQ�IRU�VWDELOLW\� LV� WR�HQVXUH�D�PLQLPXP

VHSDUDWLRQ� EHWZHHQ� WKH� WZR� LPSHGDQFHV�� WKH� FRQVWUDLQWV� RQ� WKH� PLQLPXP� LQSXW

LPSHGDQFH�RI�WKH�FRQYHUWHU��=L%��DQG�WKH�PD[LPXP�RXWSXW�LPSHGDQFH�RI�WKH�ILOWHU�

=R)�� DUH� UHSODFHG� E\� D� VLQJOH� FRQVWUDLQW� WKDW� LPSRVHV� D� ORZHU� ERXQG� RQ� WKH

GLIIHUHQFH�EHWZHHQ�WKH�WZR�DV�VKRZQ�LQ�)LJXUH�����D�

Z

=LQWHU

�D��,PSHGDQFH�6HSDUDWLRQ

W

Y%
'Y%��'Y%PD[

�E��,QWHUIDFH�YROWDJH�YDULDWLRQ

)LJXUH��������,QWHUDFWLRQ�FRQVWUDLQWV�RQ�WKH�VDPSOH�V\VWHP�GHVLJQ

7KH�LQWHUDFWLRQ�FRQVWUDLQWV�XVHG�IRU�WKH�FXUUHQW�H[DPSOH�DUH

� �� � � �� � G%���PD[PLQ !� ZZ
ZZ

M=M= R)L%
������

7KH����G%�VHSDUDWLRQ�XVHG�LQ�WKH�ILUVW�FRQVWUDLQW�LV�FRQVLVWHQW�ZLWK�WKH�FRQVWUDLQWV

XVHG�IRU�WKH�LQGLYLGXDOO\�RSWLPL]HG�GHVLJQV��(TXDWLRQV�������DQG���������SUHVHQWHG

HDUOLHU�� � $OO� RWKHU� FRQVWUDLQWV� DUH� GLUHFWO\� FDUULHG� RYHU� IURP� WKH� RSWLPL]DWLRQ

IRUPXODWLRQV�RI�WKH�LQSXW�ILOWHU�DQG�WKH�EXFN�FRQYHUWHU�
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��� 7KH�FRQVWUDLQW�RQ�WKH�WUDQVLHQW�H[FXUVLRQV�RQ�WKH�RXWSXW�YROWDJH�RI�WKH�LQSXW�ILOWHU

DQG� WKH� LQSXW�YROWDJH�RI� WKH�FRQYHUWHU�DUH� UHSODFHG�E\�D�VLQJOH�FRQVWUDLQW�RQ� WKH

PD[LPXP�H[FXUVLRQ�RI�WKH�LQWHUIDFH�YROWDJH�Y%��DV�VKRZQ�LQ�)LJXUH�����E�

9Y% ��� ������

��� 7KH�REMHFWLYH�IXQFWLRQ�LV�WKH�WRWDO�ZHLJKW�RI�WKH�LQSXW�ILOWHU�DQG�FRQYHUWHU�

� 2SWLPL]DWLRQ�5HVXOWV

&RQYHUJHG� RSWLPDO� GHVLJQV� ZHUH� REWDLQHG� LQ� DSSUR[LPDWHO\� ����� IXQFWLRQ

HYDOXDWLRQV�� ZKHUH� D� VLQJOH� IXQFWLRQ� HYDOXDWLRQ� DJDLQ� LQFOXGHV� ERWK� D� WLPH� GRPDLQ

VLPXODWLRQ� DQG� IUHTXHQF\� GRPDLQ� FRPSXWDWLRQV�� � 7KH� RSWLPL]DWLRQV� ZHUH� DFKLHYHG� LQ

DSSUR[LPDWHO\� ��� PLQXWHV� RQ� D� ���� 0+]� 3HQWLXP� ,,,� 3&�� � 7KH� SK\VLFDO� YDULDEOHV

DVVRFLDWHG� ZLWK� WKH� LQGXFWRUV� LQ� WKH� VDPSOH� V\VWHP� DUH� JLYHQ� LQ� 7DEOH� ������ � 7KH

FRPSRQHQW� YDOXHV� DQG� REMHFWLYH� IXQFWLRQV� DUH� JLYHQ� LQ� 7DEOH� ������ � 7KH� LPSRUWDQW

UHVSRQVHV�DUH�OLVWHG�LQ�7DEOH������

7KH�DFWLYH�FRQVWUDLQWV�IRU�WKH�ILOWHU�LQ�WKLV�RSWLPL]DWLRQ�UXQ�ZHUH�DOO�WKH�SK\VLFDO

FRQVWUDLQWV� RQ� WKH� GHVLJQ� RI� WKH� LQGXFWRUV�� WKH� ORZHU� ERXQG� FRQVWUDLQW� RQ� WKH� LQSXW

LPSHGDQFH��WKH�XSSHU�ERXQG�VWRSEDQG�FRQVWUDLQW��DQG�WKH�XSSHU�ERXQG�FRQVWUDLQW�RQ�WKH

SDVVEDQG�� �7KH� DFWLYH�FRQVWUDLQWV� RQ� WKH� FRQYHUWHU�ZHUH� WKH�SK\VLFDO� FRQVWUDLQWV� RQ� WKH

LQGXFWRU�GHVLJQ�DQG�WKH�XSSHU�ERXQG�RQ�WKH�YROWDJH�YDULDWLRQ�DW�WKH�RXWSXW�GXH�WR�D�ORDG

GLVWXUEDQFH�� �7KH� ILOWHU� GHVLJQ�REWDLQHG� IURP� WKH� FRPELQHG�SUREOHP� LV� ��� OLJKWHU� WKDQ

WKDW� REWDLQHG� IURP� WKH� LQGLYLGXDO� RSWLPL]DWLRQ��ZKLOH� WKH� FRQYHUWHU� GHVLJQ� REWDLQHG� IRU

WKH� FRPELQHG� RSWLPL]DWLRQ� SUREOHP� LV� DOPRVW� LGHQWLFDO� WR� WKDW� REWDLQHG� LQGHSHQGHQWO\�

'LIIHUHQFHV� LQ� WKH� FRPELQHG� GHVLJQV� DQG� WKH� LQGHSHQGHQWO\� REWDLQHG� GHVLJQV� DULVH

EHFDXVH�WKH�LQWHUFRQQHFWLRQ�RI�WZR�VXEV\VWHPV�FUHDWHV�D�IHHGEDFN�ORRS�ZKHUH�D�FKDQJH�LQ

WKH�VRXUFH�VXEV\VWHP�FDXVHV�D�FKDQJH�LQ� WKH�ORDG�VXEV\VWHP�DQG�YLFH�YHUVD�� �:KHQ� WKH

RSWLPL]DWLRQ�ZDV�SHUIRUPHG�RQ� WKH� LQWHJUDWHG� VDPSOH� V\VWHP�DV� D�ZKROH�� WKH�RSWLPL]HU

ZDV�DEOH�WR�WDNH�DGYDQWDJH�RI�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�ILOWHU�DQG�FRQYHUWHU�DQG�UHGXFH

WKH� RYHUDOO� V\VWHP� ZHLJKW�� � 7KH� QDWXUH� RI� WKH� LQWHUDFWLRQ� EHWZHHQ� WKH� ILOWHU� DQG� WKH

FRQYHUWHU�DUH�H[SODLQHG�LQ�WKH�IROORZLQJ�
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:KHQ� WKH� LQSXW� ILOWHU� LV� RSWLPL]HG� LQGLYLGXDOO\�� WKH� ORDG� GLVWXUEDQFH� ZDV

UHSUHVHQWHG�E\�D�SXOVH�FXUUHQW� ORDG�VLPLODU� WR� WKDW�DW� WKH�RXWSXW�RI� WKH�FRQYHUWHU� H[FHSW

WKDW� LW� ZDV� VFDOHG� E\� LWV� GXW\� F\FOH�� �:KHQ� WKH� FRQYHUWHU� DQG� WKH� ILOWHU� DUH� RSWLPL]HG

WRJHWKHU�� WKH� ORDG�GLVWXUEDQFH� DW� WKH�RXWSXW� RI� WKH� ILOWHU� �DQG� KHQFH�� DW� WKH� LQSXW� RI� WKH

FRQYHUWHU��LV�ILOWHUHG�E\�WKH�SUHVHQFH�RI�WKH�FRQYHUWHU���+HQFH��WKH�WUDQVLHQW�SHDN�FXUUHQWV

IORZLQJ�LQWR�WKH�LQGXFWRUV�RI�WKH�ILOWHU�DUH�OHVV�WKDQ�WKRVH�WKDW�ZHUH�SUHVHQW�ZKHQ�WKH�ILOWHU

ZDV�RSWLPL]HG�LQGLYLGXDOO\�

7KLV� LV� LOOXVWUDWHG� LQ�)LJXUH� ����� DQG�ZKHUH� WKH� WUDQVLHQW� UHVSRQVHV� RI� WKH� ILOWHU

LQGXFWRU� FXUUHQW� L/��� ZLWK� DQG� ZLWKRXW� WKH� EXFN� FRQYHUWHU� DUH� VKRZQ�� � 6LQFH� WKH� SHDN

FXUUHQWV� IORZLQJ� LQWR� WKH� ILOWHU� LQGXFWRUV� DUH� ORZHU� ZKHQ� WKH� FRQYHUWHU� LV� WDNHQ� LQWR

DFFRXQW��VPDOOHU�LQGXFWRUV�FDQ�EH�XVHG��7KLV�UHVXOWV�LQ�D�ORZHU�ZHLJKW�ILOWHU�
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7DEOH��������&RPSRQHQW�YDOXHV�DQG�2EMHFWLYH�)XQFWLRQ�IRU�WKH�VDPSOH�V\VWHP

9DULDEOHV 1RPLQDO ,QGLYLGXDO

2SWLPL]DWLRQ

,QWHJUDWHG

2SWLPL]DWLRQ
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5HVSRQVH�4XDQWLW\ 9DOXH

0LQLPXP�LQSXW�LPSHGDQFH �����G%

0D[LPXP�RXWSXW �������G%
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%8&. 0LQLPXP�LQSXW�LPSHGDQFH ������G%
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$XGLRVXVFHSWLELOLW\ �������G%

3HDN�RXWSXW�YROWDJH ������9

,17(5)$&( ,PSHGDQFH�'LIIHUHQFH �������G%

48$17,7,(6 3HDN�LQWHUIDFH�YROWDJH ������9


�7KHVH� UHVSRQVHV�ZHUH� QRW� FRQVWUDLQHG�ZKLOH� SHUIRUPLQJ� WKH� LQWHJUDWHG� RSWLPL]DWLRQ�� � 7KH\� DUH� VKRZQ
KHUH�IRU�WKH�VDNH�RI�FRPSOHWHQHVV�
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,W� FDQ� EH� VHHQ� IURP� )LJXUH� ����� WKDW� WKH� RXWSXW� YROWDJH� YDULDWLRQ� RI� WKH� EXFN

FRQYHUWHU�LQ�WKH�RSWLPL]HG�VDPSOH�V\VWHP�LV�KLJKHU�WKDQ�WKDW�RI�WKH�LQGLYLGXDOO\�RSWLPL]HG

FRQYHUWHU�
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6LPXODWLRQ�UHVXOWV�RI�WKH�VDPSOH�V\VWHP�ZLWK�WKH�FRQYHUWHU�GHVLJQ�REWDLQHG�IURP

WKH�LQGLYLGXDO�DQG�LQWHJUDWHG�RSWLPL]DWLRQV�DUH�VKRZQ�LQ�)LJXUH������
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�E��([SDQGHG�YLHZ�RI�ER[HG�DUHD�LQ��D�

)LJXUH��������&RQYHUWHU�RXWSXW�YROWDJH�LQ�VDPSOH�V\VWHP�ZLWK�LQGLYLGXDOO\�RSWLPL]HG

FRQYHUWHU�GHVLJQ�����DQG�FRQYHUWHU�GHVLJQ�REWDLQHG�IURP�RSWLPL]HG�VDPSOH�V\VWHP�����

$�VLPLODU�REVHUYDWLRQ�FDQ�EH�PDGH�IURP�)LJXUHV�����D�DQG�����E��ZKHUH�WKH�ILOWHU

LQGXFWRU� FXUUHQWV� DUH� VKRZQ�� � 7KH� RSWLPL]HU� LQFUHDVHV� WKH� FDSDFLWDQFH� VOLJKWO\� �7DEOH
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������DW�WKH�RXWSXW�RI�WKH�EXFN�FRQYHUWHU�WR�DOORZ�D�ODUJHU�YROWDJH�YDULDWLRQ���7KLV�UHVXOWV

LQ�D�ODUJHU�SRUWLRQ�RI�WKH�WUDQVLHQW�FXUUHQW�WR�IORZ�LQWR�WKH�RXWSXW�FDSDFLWDQFH�RI�WKH�EXFN

FRQYHUWHU� WKDQ�SURSDJDWH� WR� WKH� ILOWHU�� �7KLV� HQDEOHV� WKH� ILOWHU�ZHLJKW� WR�EH� VLJQLILFDQWO\

GHFUHDVHG�� � 7KH� RSWLPL]HU� ZDV�� WKHUHIRUH�� DEOH� WR� WDNH� DGYDQWDJH� RI� WKH� V\VWHP

LQWHUDFWLRQV� DQG� WKH�PRUH� DFFXUDWH� UHSUHVHQWDWLRQV�RI� WKH� ORDG�GLVWXUEDQFHV� DQG� YROWDJH

YDULDWLRQV� WR� DUULYH� DW� DQ� LPSURYHG� �ORZHU� ZHLJKW�� GHVLJQ� IRU� WKH� FRPELQHG

ILOWHU�FRQYHUWHU�VDPSOH�V\VWHP�

���� 6800$5<

7KH�SUREOHP�RI�IRUPXODWLQJ�D�PDWKHPDWLFDO�RSWLPL]DWLRQ�SUREOHP�IRU� WKH�GHVLJQ

RI� VXEV\VWHPV� LQ� DQ� DLUFUDIW� SRZHU� GLVWULEXWLRQ� V\VWHP�ZDV� FRQVLGHUHG� LQ� WKLV� FKDSWHU��

7KH� DSSURDFK� LV� WR� GHYHORS� D� PDWKHPDWLFDO� RSWLPL]DWLRQ� SUREOHP� IRU� WKH� YDULRXV

FRPSRQHQWV� RI� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP� LQ� VXFK� D� ZD\� WKDW� WKHVH� FRPSRQHQW

SUREOHPV� FDQ� EH� HDVLO\� LQWHJUDWHG� LQWR� D� ODUJHU� RSWLPL]DWLRQ� SUREOHP�� � 7KLV� FRQFHSW� LV

GHPRQVWUDWHG� RQ� D� VLPSOH� LQWHUFRQQHFWHG� V\VWHP� FRQVLVWLQJ� RI� DQ� LQSXW� ILOWHU� DQG� D

UHJXODWHG�'&�'&�EXFN� FRQYHUWHU�� � )LUVW�� DQ� RSWLPL]DWLRQ� SUREOHP� LV� GHYHORSHG� IRU� WKH

ILOWHU�DQG� WKH�FRQYHUWHU� VHSDUDWHO\�� DQG� LW� LV� VKRZQ� WKDW� UHDVRQDEOH� UHVXOWV� DUH�REWDLQHG�

1H[W� DQ� RSWLPL]DWLRQ� SUREOHP� LV� GHYHORSHG� IRU� WKH� LQWHUFRQQHFWHG� V\VWHP� XVLQJ� WKH

RSWLPL]DWLRQ� IRUPXODWLRQV� RI� WKH� WZR� VXEV\VWHPV�� ,W� ZDV� VKRZQ� WKDW� RSWLPL]LQJ� WKH

VDPSOH�V\VWHP�DV�D�ZKROH�UHVXOWHG�LQ�D� OHVVHU�ZHLJKW�EHFDXVH�WKH�RSWLPL]HU�ZDV�DEOH� WR

DFFRXQW�IRU�WKH�LQWHUDFWLRQV�EHWZHHQ�WKH�LQWHUFRQQHFWHG�VXEV\VWHPV�
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7KH� VWXG\� RI� VPDUW� DFWXDWRUV� LQ� WKLV� UHVHDUFK� HIIRUW� LV� OLPLWHG� WR� SLH]RHOHFWULF

DFWXDWRUV�XVHG�IRU�DFWLYH�YLEUDWLRQ�FRQWURO�RI�DLUFUDIW�VXUIDFHV���7KH�VWXG\�LV�PRWLYDWHG�E\

WKH�DSSOLFDWLRQ�RI�SLH]RHOHFWULF�DFWXDWRUV�IRU�DOOHYLDWLQJ�WKH�¦WDLO�EXIIHWLQJ§�SUREOHP�LQ�D

WZLQ� WDLO�DLUFUDIW� >��@�� �7KH�EXIIHW� ORDGV�DFWLQJ�RQ� WKH� WDLO� VXUIDFH�FDXVH� H[FHVVLYH�ZHDU

DQG� WHDU� WKDW� VLJQLILFDQWO\� UHGXFH� WKH� OLIHWLPH� RI� WKH� DLUFUDIW� DQG� LQFUHDVH� UHSDLU� DQG

PDLQWHQDQFH� FRVWV�� � 3LH]RHOHFWULF� DFWXDWRUV� PRXQWHG� DW� WKH� URRW� RI� WKH� WDLO� DQG� RQ� WKH

VXUIDFH�DUH�FRQWUROOHG�WR�DFWLYHO\�VXSSUHVV�WKH�HIIHFW�RI�WKH�EXIIHW�ORDGV�RQ�WKH�WDLO�VXUIDFH�

7KHVH�DFWXDWRUV�DUH�HOHFWULFDOO\�FDSDFLWLYH�HOHPHQWV�VR�WKDW�WKH�ORDG�SUHVHQWHG�WR�WKH�'&

EXV� LV� DOPRVW� SXUHO\� UHDFWLYH�� � 6WUDLQ� LV� LQGXFHG� LQ� WKH� DFWXDWLRQ� PDWHULDO� E\� F\FOLQJ

FKDUJH� LQ�DQG�RXW�RI� WKH�DFWXDWRU�� �7KH�GULYH�HOHFWURQLFV�PXVW�EH�FDUHIXOO\�GHVLJQHG��DV

WKHVH�UHDFWLYH�ORDGV�UHTXLUH�D�VLJQLILFDQW�DPRXQW�RI�HOHFWULFDO�HQHUJ\�WR�EH�F\FOHG�EHWZHHQ

WKH� DFWXDWRU� DQG� HOHFWURQLFV�� � )XUWKHUPRUH�� WKHVH� PDWHULDOV� DOVR� VXSSRUW� UHYHUVH� SRZHU

IORZ�E\�FKDQJLQJ�PHFKDQLFDO�HQHUJ\�LQWR�HOHFWULFDO�HQHUJ\�

$� GHWDLOHG� HOHFWURPHFKDQLFDO� PRGHO� RI� D� SLH]RHOHFWULF� DFWXDWRU� LV� GHYHORSHG� LQ

WKLV� FKDSWHU�� �$� VLPSOH�PDVV�VSULQJ�GDPSHU� V\VWHP� LV� XVHG� DV� WKH� FRXSOHG�PHFKDQLFDO

VWUXFWXUH�� � 7KH� OLQHDU�PRGHO� RI� WKH� DFWXDWRU� LV� GHYHORSHG� IURP� WKH� OLQHDU� SLH]RHOHFWULF�

FRQVWLWXWLYH�HTXDWLRQV���0RGLILFDWLRQV�WR�WKH�OLQHDU�PRGHO�WR�DFFRXQW�IRU�WKH�DQK\VWHUHWLF

QRQOLQHDULW\�EHWZHHQ�WKH�SRODUL]DWLRQ�DQG�WKH�HOHFWULF�ILHOG�DUH� WKHQ�LQFOXGHG�WR�GHYHORS

WKH�QRQOLQHDU�PRGHO�

���� 02'(/,1*�2)�7+(�$&78$725�$1'�6758&785(

7KH� HOHFWURPHFKDQLFDO� PRGHO� RI� WKH� SLH]RHOHFWULF� DFWXDWRU� FRXSOHG� WR� D� VLPSOH

PHFKDQLFDO� VWUXFWXUH� LV� GHYHORSHG� LQ� WKLV� VHFWLRQ�� �7KH� OLQHDU�� FRQVWLWXWLYH� HTXDWLRQV� RI

WKH�DFWXDWRU� DUH�XVHG� WR�GHYHORS� WKH�PRGHO�� �7KLV�PRGHO�FDQ�EH�GLUHFWO\�FRXSOHG� WR� WKH

G\QDPLF�PRGHO� RI� WKH� DPSOLILHU�� �0RGLILFDWLRQV� WR� WKH� OLQHDU�PRGHO� WR� DFFRXQW� IRU� WKH
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DQK\VWHUHWLF�QRQOLQHDULW\�EHWZHHQ�WKH�SRODUL]DWLRQ�DQG�WKH�HOHFWULF�ILHOG�LQ�WKH�DFWXDWRU�DUH

GHVFULEHG�

7KH�PHFKDQLFDO�PRGHO�RI�WKH�DFWXDWRU�VWUXFWXUH�LV�UHSUHVHQWHG�E\�D�VLPSOH�PDVV�

VSULQJ�GDPSHU�V\VWHP�DFWHG�RQ�E\�D�GLVWXUEDQFH�IRUFH�IH[W�DV�VKRZQ�LQ�)LJXUH�����
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SLH]RHOHFWULF�DFWXDWRU�� �7KH� FRRUGLQDWH� V\VWHP�DQG� WKH� IRUFHV�DFWLQJ�RQ� WKH�PDVV�0� DUH
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)LJXUH�������)UHHERG\�GLDJUDP�RI�WKH�PDVV

7KH�HTXDWLRQ�RI�PRWLRQ�FDQ�WKHQ�EH�ZULWWHQ�DV

DH[W II.[[%[0 � �� ��� �����

$�EORFN�GLDJUDP�UHSUHVHQWDWLRQ�RI�(TXDWLRQ�������LV�VKRZQ�LQ�)LJXUH�����
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)LJXUH�������%ORFN�GLDJUDP�UHSUHVHQWDWLRQ�RI�VWUXFWXUH

7KH�HOHFWURPHFKDQLFDO�PRGHO�RI�WKH�DFWXDWRU�LV�GHWHUPLQHG�LQ�WKH�IROORZLQJ���:H�DVVXPH

WKDW� WKH� DFWXDWRU� KDV� D�PXOWLOD\HUHG� VWDFN� FRQILJXUDWLRQ� DV� VKRZQ� LQ� )LJXUH� ����� � (DFK

OD\HU� LV� UHFWDQJXODU�ZLWK�ZLGWK�Z�� OHQJWK� O� DQG� WKLFNQHVV�G�� �7KH� DFWXDWRU� LV� IRUPHG�E\

VWDFNLQJ�Q�RI�WKHVH�OD\HUV�WRJHWKHU���&RQWLJXRXV�OD\HUV�DUH�SRODUL]HG�LQ�RSSRVLWH�GLUHFWLRQV
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7KH�RQH�GLPHQVLRQDO�� OLQHDU�� FRXSOHG�� HOHFWURPHFKDQLFDO�� FRQVWLWXWLYH� UHODWLRQV� EHWZHHQ

WKH�VWUDLQ�6���VWUHVV�7���HOHFWULF�ILHOG�(���DQG�HOHFWULF�GLVSODFHPHQW�'���DUH

����
�

�

��

����

�������

7
<

(G6

7G('

� 

� H �����

ZKHUH��H��� LV� WKH�GLHOHFWULF�SHUPLWWLYLW\��<��� LV� HODVWLF�PRGXOXV� DQG�G��� LV� WKH� WUDQVYHUVH

SLH]RHOHFWULF�FKDUJH�FRQVWDQW���7KH�ILUVW�LQGH[�LQ�WKH�VXEVFULSWV�LQGLFDWHV�WKH�GLUHFWLRQ�RI

WKH� HOHFWULFDO� FRPSRQHQW� DQG� WKH� VHFRQG� LQGH[� LQGLFDWHV� WKH�PHFKDQLFDO� GLUHFWLRQ�� 7KH
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ILUVW�HTXDWLRQ�LQ�(TXDWLRQ�������VWDWHV�WKDW�WKH�HOHFWULF�GLVSODFHPHQW�RU�SRODUL]DWLRQ�LV�WKH

VXSHUSRVLWLRQ�RI�WKH�GLUHFW�SLH]RHOHFWULF�HIIHFW�DQG�WKH�DSSOLHG�ILHOG�WLPHV�WKH�SHUPLWWLYLW\�

7KH� VHFRQG� HTXDWLRQ� VWDWHV� WKDW� WKH� VWUDLQ� LV� WKH� VXSHUSRVLWLRQ� RI�+RRNH©V� ODZ� DQG� WKH

LQGLUHFW� HIIHFW�ZKHUH� D�PHFKDQLFDO� GHIRUPDWLRQ� LV� FDXVHG� GXH� WR� WKH� DSSOLFDWLRQ� RI� DQ

HOHFWULF�ILHOG�

8VLQJ� WKH� JHRPHWU\� RI� WKH� DFWXDWRU�� ZH� FDQ� XVH� (TXDWLRQ� ������ WR� H[SUHVV� WKH

UHODWLRQVKLS� EHWZHHQ� FKDUJH� DQG� YROWDJH�� � 1RWLQJ� WKDW� FKDUJH� LV� GLVSODFHPHQW� SHU� XQLW

DUHD��DQG�HOHFWULF�ILHOG�LV�YROWDJH�SHU�XQLW�OHQJWK��WKH�FKDUJH�TO�HQWHULQJ�HDFK�OD\HU�FDQ�EH

REWDLQHG�DV
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ZKHUH�� &O� UHSUHVHQWV� WKH� FDSDFLWDQFH� RI� HDFK� OD\HU� DQG� YD� LV� WKH� YROWDJH� DFURVV� WKH

WHUPLQDOV�RI�WKH�DFWXDWRU���7KH�WRWDO�FKDUJH�HQWHULQJ�DOO�WKH�Q�OD\HUV�RI�WKH�DFWXDWRU�LV�WKHQ

JLYHQ�E\
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)URP�(TXDWLRQ� ������ WKH� YROWDJH� DFURVV� D� SLH]RHOHFWULF� DFWXDWRU� LV� WKH� UHVXOWDQW� RI� WZR

FRPSRQHQWV�� ��� WKH� GLUHFW� FDSDFLWLYH� HIIHFW�� DQG� ��� D� FRQWULEXWLRQ� IURP� WKH�PHFKDQLFDO

VWUHVV�� �1H[W�ZH�UHSODFH�HOHFWULF�ILHOG�E\�WKH�YROWDJH�LQ�WKH�VHFRQG�HTXDWLRQ�LQ�(TXDWLRQ

������DQG�VXEVWLWXWH�LQ�YROWDJH�IURP�(TXDWLRQ���������:H�REWDLQ
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7KLV�FRQVWDQW�LV�GHILQHG�DV�WKH�IUDFWLRQ�RI�WKH�LQSXW�HOHFWULFDO�HQHUJ\�WKDW�LV�PHFKDQLFDOO\

GHOLYHUDEOH�
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7KH� EORFN� GLDJUDP� FRUUHVSRQGLQJ� WR� WKHVH� UHODWLRQVKLSV� LV� VKRZQ� LQ� )LJXUH� ����� � 7KH

GLVSODFHPHQW�LQ�WKH�VWUXFWXUH�LQGXFHV�D�VWUDLQ�LQ�WKH�DFWXDWRU�DFFRUGLQJ�WR

[.6 ��  ������

6LPLODUO\��WKH�IRUFH�DSSOLHG�WR�WKH�VWUXFWXUH�E\�WKH�DFWXDWRU� LV�GHULYHG�IURP�WKH�VWUHVV� LQ

WKH�DFWXDWRU�DFFRUGLQJ�WR
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7KH�FRQVWDQWV�.��DQG�.��GHSHQG�RQ�WKH�FRXSOLQJ�EHWZHHQ�WKH�DFWXDWRU�DQG�WKH�VWUXFWXUH�

7KH\� DUH� GHWHUPLQHG� E\� WKH� ORFDWLRQ� RI� WKH� DFWXDWRU�� FRQILJXUDWLRQ� RI� WKH� DFWXDWRU�

ERQGLQJ�OD\HUV��PRGDO�FRXSOLQJ�FRHIILFLHQWV�RI�WKH�VWUXFWXUH��DQG�RWKHU�IDFWRUV�
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(TXDWLRQV��������DQG��������DOORZ�XV�WR�FRXSOH�WKH�DFWXDWRU�HTXDWLRQV�LQ�)LJXUH�����WR�WKH

G\QDPLFV�RI�WKH�VWUXFWXUH�LQ�)LJXUH�������7KH�FRPSOHWH�PRGHO�LV�VKRZQ�LQ�)LJXUH�������7KH

PRGHO� VKRZQ� LQ� )LJXUHV� ���� DQG� ���� KDV� EHHQ� GHULYHG� IURP� WKH� OLQHDU�� FRXSOHG

FRQVWLWXWLYH� HTXDWLRQV� �(TXDWLRQ� �������� �7KH�PRGLILFDWLRQV� LQ� WKH�PRGHO� WR� DFFRXQW� IRU

WKH�DQK\VWHUHWLF�QRQOLQHDULW\�EHWZHHQ�WKH�SRODUL]DWLRQ�DQG�WKH�HOHFWULF�ILHOG�DUH�GHVFULEHG

LQ�WKH�IROORZLQJ�VHFWLRQ�
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WKH�,VLQJ�VSLQ�PRGHO�EHWZHHQ�WKH�SRODUL]DWLRQ�3��DQG�WKH�HOHFWULF�ILHOG�(���LQ�WKH�DFWXDWRU

LV�JLYHQ�E\�>��@

�WDQK � ¸
¹

·
¨
©

§ 
D

(
33 V

������

ZKHUH��3V� LV�WKH�VDWXUDWLRQ�SRODUL]DWLRQ�RI�WKH�PDWHULDO�RI�WKH�DFWXDWRU�DQG�D� LV�D�VFDOLQJ

HOHFWULF� ILHOG�� �+RZHYHU�� LQ� WKH�EORFN�GLDJUDP�VKRZQ� LQ�)LJXUH����� HOHFWULF� ILHOG� LQ� WKH

DFWXDWRU�LV�GHWHUPLQHG�IURP�WKH�SRODUL]DWLRQ���+HQFH��LQYHUWLQJ�WKH�QRQOLQHDULW\�JLYHQ�E\
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7KH�EORFN�GLDJUDP�RI�WKH�HOHFWURPHFKDQLFDO�PRGHO�RI�WKH�DFWXDWRU�DQG�WKH�VWUXFWXUH�ZLWK

WKH�QRQOLQHDULW\� LV� VKRZQ� LQ�)LJXUH������ �8QGHU� WKH� DVVXPSWLRQ� WKDW� WKH� SRODUL]DWLRQ� S�

GRHV�QRW�H[FHHG� WKH� VDWXUDWLRQ�SRODUL]DWLRQ�3V�D�SRZHU� VHULHV� H[SDQVLRQ� FDQ�EH�XVHG� WR

UHSUHVHQW�WKH�QRQOLQHDULW\�JLYHQ�E\�(TXDWLRQ����������7KLV�SRZHU�VHULHV�H[SDQVLRQ�IRU�WKH
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7KH� DFWXDWRU� PRGHO� FDQ� EH� UHSUHVHQWHG� DV� D� FDVFDGH� FRPELQDWLRQ� RI� D� OLQHDU

WUDQVIHU� IXQFWLRQ�EHWZHHQ� WKH� FKDUJH� DQG� SRODUL]DWLRQ� DQG� WKH� QRQOLQHDULW\� EHWZHHQ� WKH

SRODUL]DWLRQ�DQG�WKH�YROWDJH�DV�VKRZQ�LQ�)LJXUH�����
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)LJXUH�������$FWXDWRU�PRGHO�DV�D�FDVFDGH�FRPELQDWLRQ�RI�OLQHDU�DQG�QRQOLQHDU�V\VWHPV

,W�LV�FOHDU�IURP�)LJXUH�����WKDW�LI�WKH�LQSXW�VLJQDO�WR�WKH�QRQOLQHDULW\�LV�D�VLQXVRLG�

WKH�RXWSXW�VLJQDO�ZLOO�QRW�EH�SXUHO\�VLQXVRLGDO��EXW�ZLOO�FRQWDLQ�WKLUG�DQG�ILIWK�KDUPRQLFV

LQ� DGGLWLRQ� WR� WKH� IXQGDPHQWDO� FRPSRQHQW� GXH� WR� WKH� QRQOLQHDULW\�� � 6LQFH� WKH� DFWXDWRU

FXUUHQW� DQG� WKH�SRODUL]DWLRQ�DUH� UHODWHG�E\� D� OLQHDU� WUDQVIHU� IXQFWLRQ�� WKH�SRODUL]DWLRQ� LV
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VLQXVRLGDO�DW�WKH�VDPH�IUHTXHQF\�DV�WKH�DFWXDWRU�FXUUHQW���+HQFH��LI�WKH�DFWXDWRU�FXUUHQW�LV
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� � � �W,WLD ZFRVPD[ ������

WKH�SRODUL]DWLRQ�FDQ�EH�UHSUHVHQWHG�DV

� � � �IZ � W3W3 P FRV ������

7KH�YROWDJH�YD��DW�WKH�WHUPLQDOV�RI�WKH�DFWXDWRU��IURP�)LJXUH������LV�WKHQ�JLYHQ�E\

� � � � � � � �
»
»
¼

º

«
«
¬

ª
�¸̧

¹

·
¨̈
©

§
��¸̧

¹

·
¨̈
©

§
��¸̧

¹

·
¨̈
©

§
 IZIZIZ W

3

3
W

3

3
W

3

3
DGWY

V

P

V

P

V

P
D

�

�

�

�

FRV
�

�
FRV

�

�
FRV

������

8VLQJ�WULJRQRPHWULF�LGHQWLWLHV�LW�FDQ�EH�HDVLO\�VKRZQ�WKDW�YD�FRQVLVWV�RI�WKH�IXQGDPHQWDO�

WKLUG�DQG�ILIWK�KDUPRQLFV�DQG�FDQ�EH�H[SUHVVHG�DV

� � � � � � � �> @IZIZIZ ��FRV��FRVFRV ��� ����� W9W9W9DGWY PPPD
������

ZKHUH�

�

�

��

�

��

�

��

�

��
��

�

��
�

�

¸̧
¹

·
¨̈
©

§
 

»
»
¼

º

«
«
¬

ª
¸̧
¹

·
¨̈
©

§
�¸̧

¹

·
¨̈
©

§
 

»
»
¼

º

«
«
¬

ª
¸̧
¹

·
¨̈
©

§
�¸̧

¹

·
¨̈
©

§
�¸̧

¹

·
¨̈
©

§
 

V

P
P

V

P

V

P
P

V

P

V

P

V

P
P

3

3
9

3

3

3

3
9

3

3

3

3

3

3
9

������

���� 6800$5<

$Q�HOHFWURPHFKDQLFDO�PRGHO�RI�D�VWDFNHG�SLH]RHOHFWULF�DFWXDWRU�ZDV�GHYHORSHG�LQ

WKLV� VHFWLRQ�� � $� VLPSOH� PDVV�VSULQJ�GDPSHU� V\VWHP� ZDV� FKRVHQ� WR� EH� WKH� FRXSOLQJ

PHFKDQLFDO� VWUXFWXUH�� � 7KH� OLQHDU� PRGHO� ZDV� GHYHORSHG� IURP� WKH� OLQHDU�� SLH]RHOHFWULF

FRQVWLWXWLYH�HTXDWLRQV���7KH�QRQOLQHDU�PRGHO�ZDV�WKHQ�REWDLQHG�E\�PRGLI\LQJ�WKH�OLQHDU

PRGHO� WR� DFFRXQW� IRU� WKH� DQK\VWHUHWLF� QRQOLQHDULW\� EHWZHHQ� WKH� SRODUL]DWLRQ� DQG� WKH

HOHFWULF�ILHOG�
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7KH�IRUPXODWLRQ�RI�DQ�RSWLPL]DWLRQ�SUREOHP�IRU�WKH�GHVLJQ�RI�WKH�GULYH�DPSOLILHU

IRU� WKH�SLH]RHOHFWULF�DFWXDWRU� LV� WKH�VXEMHFW�RI� WKLV�FKDSWHU�� �6ZLWFKLQJ�SRZHU�DPSOLILHUV

DUH� EHJLQQLQJ� WR� EH� UHFRJQL]HG� DV� SURPLVLQJ� DOWHUQDWLYHV� IRU� GULYLQJ� SLH]RHOHFWULF

DFWXDWRUV� >�����@�� � ,W� ZDV� VKRZQ� LQ� WKH� SUHYLRXV� FKDSWHU� WKDW� WKHVH� DFWXDWRUV� H[KLELW

FDSDFLWLYH�HOHFWULFDO�FKDUDFWHULVWLFV���,Q�DGGLWLRQ��LW�ZDV�VKRZQ�WKDW�WKHVH�DFWXDWRUV�H[KLELW

D� K\VWHUHWLF� QRQOLQHDULW\� EHWZHHQ� WKH� SRODUL]DWLRQ� DQG� WKH� HOHFWULF� ILHOG�� � 'XH� WR� WKH

UHDFWLYH�XQGDPSHG�HOHFWULFDO�FKDUDFWHULVWLFV�RI�WKH�DFWXDWRU��WKH�GULYH�DPSOLILHU�LV�UHTXLUHG

WR�SURFHVV�DOPRVW�]HUR�UHDO�SRZHU�DQG�D�FRQVLGHUDEOH�DPRXQW�RI�UHDFWLYH�SRZHU�FLUFXODWHV

EHWZHHQ�WKH�DFWXDWRU�DQG�WKH�DPSOLILHU�

7KH� XVH� RI� VZLWFKLQJ� SRZHU� DPSOLILHUV� IRU� GULYLQJ� SLH]RHOHFWULF� DFWXDWRUV� ZDV

GLVFXVVHG� LQ� >�����@�� �+LJK� YROWDJH� VZLWFKLQJ� DPSOLILHUV� IRU� SLH]RHOHFWULF� DFWXDWRUV� DUH

GLVFXVVHG�LQ�>�����@���7KH�VZLWFKLQJ�DPSOLILHUV�IRU�HOHFWURVWULFWRUV�DUH�UHSRUWHG�LQ�>��@���,W

KDV� EHHQ� QRWHG� WKDW� FKDUJH� DQG� FXUUHQW� FRQWUROOHG� DPSOLILHUV� QDWXUDOO\� UHGXFH� WKH

GLVWRUWLRQ� LQGXFHG�E\� WKH�QRQOLQHDULWLHV�RI� WKH�SLH]RHOHFWULF�DFWXDWRU� >�����@�� �$�VLPLODU

UHVXOW�IRU�HOHFWURVWULFWRU�DFWXDWRUV�KDV�EHHQ�UHSRUWHG� LQ� >�����@�� �7KLV� UHGXFHG�GLVWRUWLRQ

FDQ�KDYH�EHQHILFLDO�HIIHFWV�RQ� WKH�SHUIRUPDQFH�RI� WKH�FRQWURO�V\VWHP�� �+HQFH�� WKH�GULYH

DPSOLILHU�GLVFXVVHG� LQ� WKLV�FKDSWHU� LV� FRQILJXUHG� DV�D�FXUUHQW� FRQWUROOHG� DPSOLILHU�� �7KH

WRSRORJ\�RI� WKH�DPSOLILHU�FKRVHQ� LV� WKDW� RI� D� VLQJOH�SKDVH�'&�$&� LQYHUWHU�ZLWK� D� ILOWHU

LQGXFWRU�FRQQHFWHG�RQ�WKH�$&�VLGH���7KH�VZLWFKLQJ�GHYLFHV�LQ�WKH�DPSOLILHU�DUH�FRQWUROOHG

XVLQJ�WKH�SULQFLSOH�RI�SXOVH�ZLGWK�PRGXODWLRQ�

2SWLPL]DWLRQ� RI� GULYH� HOHFWURQLFV� IRU� SLH]RHOHFWULF� DFWXDWRUV� ZDV� DGGUHVVHG� LQ

>��@�� � +RZHYHU�� D� ZHOO�GHILQHG� RSWLPL]DWLRQ� SURFHGXUH� WKDW� WDNHV� LQWR� DFFRXQW� WKH

QRQOLQHDU�FKDUDFWHULVWLFV�RI�WKH�DFWXDWRU�DQG�\LHOGV�SK\VLFDOO\�PHDQLQJIXO�GHVLJQV�RI� WKH

LQGLYLGXDO� FRPSRQHQWV� RI� WKH� DPSOLILHU� KDV� QRW� EHHQ� SURSRVHG�� � 7KH� RSWLPL]DWLRQ

IRUPXODWLRQ�SUHVHQWHG�LQ�WKLV�FKDSWHU�LV�D�ILUVW�VWHS�LQ�WKLV�GLUHFWLRQ�
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$�VZLWFKLQJ�DPSOLILHU�GULYLQJ�D�SLH]RHOHFWULF�DFWXDWRU�DWWDFKHG�WR�WKH�VWUXFWXUH�LV

VKRZQ�LQ�)LJXUH������ �7KH�JRDO�RI� WKH�RSWLPL]DWLRQ�SURFHGXUH� LV� WR�GHVLJQ� WKH�DPSOLILHU

VXFK�WKDW�LW�KDV�PLQLPXP�ZHLJKW�IRU�WKH�JLYHQ�DFWXDWRU�DQG�VWUXFWXUH���,W�LV�DVVXPHG�WKDW

WKH� DPSOLILHU� LV� FRQILJXUHG� DV� D� FXUUHQW� FRQWUROOHG� DPSOLILHU�� � 7KDW� LV�� WKH� DFWXDWRU� LV

FRQWUROOHG� E\� FRQWUROOLQJ� WKH� FXUUHQW� IORZLQJ� LQWR� LW� WKDW� LV� SURSRUWLRQDO� WR�LUHI�� � �7KH

DFWXDWRU�LV�QRW�FRQWUROOHG�E\�WKH�YROWDJH�DFURVV�LW��

9GF

LGF

6DS����������� 6ES

6DQ���������������������������������6EQ

D

E

YDE

�

/

YD

LD

IH[W

� �V+F

� �V+ I

6�

B
LUHI

&XUUHQW�&RQWUROOHU�

�

B

JDWLQJ�VLJQDOV

3XOVH�:LGWK�0RGXODWRU

0

.

&3
LH]R

$
FWX

DWR
U

)LJXUH�������6\VWHP�8QGHU�&RQVLGHUDWLRQ

,Q�WKH�IUHTXHQF\�GRPDLQ��WKLV�SHUIRUPDQFH�VSHFLILFDWLRQ�LV�GHILQHG�LQ�WKH�IRUP�RI

D�WUDQVIHU�IXQFWLRQ�VKRZQ�LQ�)LJXUH�����

� �
� �Z

Z

M,

M,

UHI

D

ZPLQ ZPD[

�

)LJXUH�������5HJXODWLRQ�6SHFLILFDWLRQV�RI�&XUUHQW�&RQWUROOHU



2SWLPL]DWLRQ�RI�WKH�'ULYH�$PSOLILHU ��

,W� FDQ� EH� VHHQ� WKDW� WKH� ]HUR� IUHTXHQF\� LV� H[FOXGHG� IURP� WKH� SDVVEDQG� LQ� WKLV

DPSOLILHU�WRSRORJ\���&OHDUO\��WKLV�VSHFLILFDWLRQ�GHILQHV�WKH�IUHTXHQF\�EDQG�RYHU�ZKLFK�WKH

VWUXFWXUH� FDQ� EH� FRQWUROOHG�� � 7KLV� GDWD� LV� SDUW� RI� WKH� SUREOHP� GHILQLWLRQ� LQFOXGLQJ

IUHTXHQFLHV�ZPLQ�DQG�ZPD[��ZKLFK�GHILQH�WKH�EDQGZLGWK�RI�RSHUDWLRQ�

7KH�DPSOLILHU� LV� UHTXLUHG� WR�EH� DEOH� WR�GULYH� WKH� DFWXDWRU� WR� IXOO� VWURNH�RYHU� WKH

HQWLUH�RSHUDWLRQDO�IUHTXHQF\�UDQJH���6LQFH�WKH�FRQVWLWXWLYH�HTXDWLRQV�RI� WKH�SLH]RHOHFWULF

PDWHULDO�KDV�D�VDWXUDWLRQ�FKDUDFWHULVWLF��WKLV�DVVXPSWLRQ�LPSOLHV�WKDW�WKH�DPSOLILHU�PXVW�EH

DEOH�WR�GHOLYHU�D�PD[LPXP�FXUUHQW�RYHU�DOO�IUHTXHQFLHV�LQ�WKH�EDQGZLGWK�RI�WKH�DPSOLILHU�

7KLV� PD[LPXP� FXUUHQW� ZLOO� EH� FDOFXODWHG� EHORZ� XVLQJ� D� QRQOLQHDU� PRGHO� RI� WKH

SLH]RHOHFWULF� FRQVWLWXWLYH� HTXDWLRQV�� � 7KLV� PD[LPXP� FXUUHQW� GHWHUPLQHV� WKH� UHTXLUHG

YDOXH�RI�WKH�EXV�'&�YROWDJH�

7KH�PDLQ�FRPSRQHQWV�RI� WKH�DPSOLILHU�DUH����� WKH�VZLWFKLQJ�SRZHU�GHYLFHV�ZLWK

WKH�SXOVH�ZLGWK�PRGXODWRU�����WKH�FXUUHQW�FRQWUROOHU��DQG����WKH�LQGXFWRU���7KH�VHOHFWLRQ�RI

WKH�SRZHU�GHYLFHV� LV�GULYHQ�E\�VHYHUDO� LPSOHPHQWDWLRQ� LVVXHV� LQFOXGLQJ�YROWDJH� UDWLQJV�

WKHUPDO�GLVVLSDWLRQ��FRVW�� HWF�� �+RZHYHU�� WKHVH� WUDQVLVWRUV�DOO� WHQG� WR�EH� DERXW� WKH� VDPH

VL]H� DQG�ZHLJKW�� � 6LQFH� WKH� SHUIRUPDQFH� RI� WKH� DPSOLILHU� LV� RI� SULPDU\� FRQFHUQ�� LGHDO

VZLWFKHV� LQ� WKH� RSWLPL]DWLRQ� IRUPXODWLRQ� UHSODFH� WKH� VHPLFRQGXFWRU� VZLWFKLQJ� GHYLFHV�

+HQFH��WKHUPDO�FRQVLGHUDWLRQV�VXFK�DV�WKH�GHVLJQ�RI�WKH�KHDW�VLQN�DUH�H[FOXGHG�IURP�WKH

RSWLPL]DWLRQ�SUREOHP�

7KH� GHVLJQ� RI� WKH� FXUUHQW� FRQWUROOHU� LV� ODUJHO\� GULYHQ� E\� WKH� IUHTXHQF\� GRPDLQ

UHTXLUHPHQW�RQ� WKH� DPSOLILHU� JLYHQ� LQ�)LJXUH������ �7KDW� LV� WR� VD\�� WKH� FXUUHQW�FRQWUROOHU

FDQ�EH�UHDGLO\�GHWHUPLQHG�RQFH�WKH�YDOXH�RI�WKH�LQGXFWDQFH�LV�NQRZQ���)XUWKHUPRUH�� WKH

FRPSRQHQWV�RI� WKH�FXUUHQW�FRQWUROOHU�KDYH�D�QHJOLJLEOH�FRQWULEXWLRQ�WR� WKH�ZHLJKW�RI� WKH

DPSOLILHU���7KHUHIRUH��WKH�FXUUHQW�FRQWUROOHU�LV�DOVR�H[FOXGHG�IURP�WKH�RSWLPL]DWLRQ�

+HQFH�WKH�RSWLPL]DWLRQ�SUREOHP�SUHVHQWHG� LQ� WKLV�FKDSWHU� LV�VSHFLILFDOO\� IRFXVHG

RQ�WKH�GHVLJQ�RI�WKH�LQGXFWRU���,QGHHG��WKH�LQGXFWRU�LV�E\�IDU�WKH�ODUJHVW�FRPSRQHQW�RYHU

ZKLFK�WKH�GHVLJQHU�KDV�FRQWURO��DQG�LWV�YDOXH�LV�LPSDFWHG�E\�WKH�RWKHU�SDUDPHWHUV�RI�WKH
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DPSOLILHU�� �6LPLODU�WR�WKH�RSWLPL]DWLRQ�RI�WKH�VDPSOH�V\VWHP�GHVFULEHG�LQ�&KDSWHU���� WKH

DFWXDO� SK\VLFDO� GHVLJQ� RI� WKH� LQGXFWRU� LV� FRQVLGHUHG�� QRW� RQO\� WKH� VHOHFWLRQ� RI� WKH

LQGXFWDQFH�YDOXH�

7KH�SRZHU�WUDQVLVWRU�VZLWFKHV�DUH�XVHG�WR�FRQWURO�WKH�DYHUDJH�YROWDJH�DQG�FXUUHQW

WKDW�LV�GHOLYHUHG�WR�WKH�DFWXDWRU���'XH�WR�WKH�VZLWFKLQJ�RI�WKHVH�WUDQVLVWRUV��D�ULSSOH�YROWDJH

DQG�D�ULSSOH�FXUUHQW�ULGH�RQ�WRS�RI�WKHVH�DYHUDJH�ZDYHIRUPV���7KLV�ULSSOH�FXUUHQW�DFWV�DV�D

GLVWXUEDQFH� VLJQDO� RQ� WKH� DFWXDWRU� FDXVLQJ� KLJK� IUHTXHQF\� H[FLWDWLRQ� DQG� XQZDQWHG

KHDWLQJ�LQ�WKH�DFWXDWRU���7KH�PDJQLWXGH�RI�WKH�ULSSOH�FXUUHQW�LV�GHWHUPLQHG�E\�WKH�LQGXFWRU

VL]H� DQG� WKH� VZLWFKLQJ� IUHTXHQF\� RI� WKH� DPSOLILHU�� � ,Q� WKH� RSWLPL]DWLRQ� SURFHVV� WKH

PD[LPXP�DOORZDEOH�ULSSOH�FXUUHQW�LV�D�FRQVWUDLQW�

7KH�IRUPXODWLRQ�RI�WKH�RSWLPL]DWLRQ�SUREOHP�FRQVLVWV�RI�WKH�IROORZLQJ�VWHSV�

��� 0RGHOLQJ�WKH�DFWXDWRU�DQG�WKH�DPSOLILHU

��� &DOFXODWLRQ�RI�WKH�'&�EXV�YROWDJH�DQG�FXUUHQW�ULSSOH

��� ,GHQWLILFDWLRQ�RI�WKH�GHVLJQ�YDULDEOHV

��� 'HILQLWLRQ�RI�WKH�RSWLPL]DWLRQ�FRQVWUDLQWV

��� 'HILQLWLRQ�RI�WKH�REMHFWLYH�IXQFWLRQ

(DFK�RI�WKHVH�VWHSV�LV�GHVFULEHG�LQ�GHWDLO�LQ�WKH�IROORZLQJ�VHFWLRQV�

,W�LV�VWUDLJKWIRUZDUG�WR�IRUPXODWH�WKH�RSWLPL]DWLRQ�SUREOHP���7KH�PDLQ�FKDOOHQJH

LV� WKH�GHWHUPLQDWLRQ�RI� WKH�FXUUHQW�ULSSOH�� �7KH�FXUUHQW� ULSSOH�FDQ�EH�DVFHUWDLQHG�IURP�D

VLPXODWLRQ� RI� WKH� V\VWHP� LQ� )LJXUH������ ZKLFK� LQFOXGHV� WKH� VZLWFKLQJ� G\QDPLFV� RI� WKH

VHPLFRQGXFWRU� SRZHU� GHYLFHV�� � 7KHVH� VLPXODWLRQV� DUH�� KRZHYHU�� FRPSXWDWLRQDOO\� YHU\

H[SHQVLYH�� �$Q\�RSWLPL]DWLRQ�PHWKRGRORJ\� WKDW� LQFOXGHV� VXFK� D� VLPXODWLRQ�ZRXOG� WDNH

SURKLELWLYHO\�ORQJ�WR�UXQ���7KHUHIRUH��LW�LV�QHFHVVDU\�WR�GHYHORS�D�FRPSXWDWLRQDOO\�FKHDS

HVWLPDWH�RI�WKH�VZLWFKLQJ�ULSSOH���$�VXEVWDQWLDO�DPRXQW�RI�WKLV�FKDSWHU�LV�GHYRWHG�WR�WKLV

WDVN�

���� 02'(/�'(9(/230(17

7KH� GHYHORSPHQW� RI� WKH� FRXSOHG� QRQOLQHDU� HOHFWURPHFKDQLFDO� PRGHO� RI� WKH

DFWXDWRU�DQG� WKH�VWUXFWXUH� WR�EH�XVHG�IRU� WKH�RSWLPL]DWLRQ�SUREOHP�ZDV�GHVFULEHG� LQ� WKH
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SUHYLRXV� FKDSWHU�� � 7KH�PRGHOLQJ� RI� WKH� GULYH� DPSOLILHU� VKRZQ� LQ� )LJXUH����� LV� EULHIO\

GHVFULEHG�LQ�WKLV�VHFWLRQ���7KH�PRGXODWLRQ�DOJRULWKP�DQG�WKH�VZLWFKLQJ�ZDYHIRUP��ZKLFK

LW� HQJHQGHUV�� DUH� GLVFXVVHG�� � 7KHQ� D� VLPSOHU�� ¦DYHUDJH©� PRGHO� RI� WKH� SRZHU� VWDJH� LV

LQWURGXFHG���$�GHWDLOHG�GHVFULSWLRQ�RI�WKH�GULYH�DPSOLILHU�XVHG�LQ�WKLV�GLVFXVVLRQ�LV�VKRZQ

LQ�)LJXUH�����
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&DUULHU

3RZHU�6WDJH

)LJXUH�������6LQJOH�SKDVH�'&�$&�LQYHUWHU�GULYLQJ�WKH�DFWXDWRU

,Q� WKLV�DPSOLILHU�� WKH�FXUUHQW�GULYLQJ� WKH�SLH]RHOHFWULF�DFWXDWRU� LV� V\QWKHVL]HG�E\

SXOVH�ZLGWK�PRGXODWLQJ�WKH�YROWDJH�IURP�WKH�'&�VRXUFH�E\�DSSURSULDWHO\�FRQWUROOLQJ�WKH

VHPLFRQGXFWRU� VZLWFKHV�ZLWK� WKH� SXOVH�ZLGWK�PRGXODWRU�� � 7KH� LQGXFWRU� �LQ� FRQMXQFWLRQ

ZLWK� WKH�FDSDFLWLYH�DFWXDWRU� ORDG�� ILOWHUV� WKH�SXOVH�ZLGWK�PRGXODWHG�YROWDJH� WR�GHOLYHU� D

FXUUHQW� WR� WKH� ORDG� WKDW� FRQWDLQV� D� IXQGDPHQWDO� FRPSRQHQW� WKDW� LV� SURSRUWLRQDO� WR� WKH

UHIHUHQFH�LQSXW�VLJQDO�DQG�WKDW�FRQWDLQV�DQ�DFFHSWDEO\�VPDOO�ULSSOH�

$�ELSRODU�YROWDJH�YDE��LV�V\QWKHVL]HG�IURP�WKH�'&�YROWDJH�VRXUFH�9GF��E\�RSHUDWLQJ

WKH�VZLWFKHV�6DS��6DQ��6ES�DQG�6EQ�DFFRUGLQJ�WR�D�WHFKQLTXH�FDOOHG�SXOVH�ZLGWK�PRGXODWLRQ

�3:0�>��@�� �$� UHIHUHQFH� VLJQDO� LV�PRGXODWHG�ZLWK� D� WULDQJXODU�ZDYH� FDOOHG� WKH� FDUULHU

VLJQDO�DV�VKRZQ�LQ�)LJXUH�����
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&DUULHU�VLJQDO

UHIHUHQFH�VLJQDO

*DWLQJ�VLJQDO�JD��IRU�6DS DQG�6EQ

GXW\�F\FOH��GD

*DWLQJ�VLJQDO�JE��IRU 6ES DQG�6DQ

GXW\�F\FOH��GE

)LJXUH�������3XOVH�:LGWK�0RGXODWLRQ��3:0�

7KH� IUHTXHQF\� RI� WKH� FDUULHU� VLJQDO� LV� WKH�VZLWFKLQJ� IUHTXHQF\� RI� WKH� DPSOLILHU�� � 7KH

VLJQDOV�JD�DQG�JE�DUH�WKH�JDWLQJ�VLJQDOV�JHQHUDWHG�E\�WKH�SXOVH�ZLGWK�PRGXODWRU�WR�GULYH

WKH�IRXU�VZLWFKHV�RI�WKH�DPSOLILHU���7KH�JDWLQJ�VLJQDO�JD��WXUQV�RQ�WKH�VZLWFKHV�6DS�DQG�6EQ

ZKHQ�WKH�UHIHUHQFH�VLJQDO�EHFRPHV�JUHDWHU�WKDQ�WKH�FDUULHU�VLJQDO�DQG�WXUQV�WKHP�RII�ZKHQ

WKH�UHIHUHQFH�VLJQDO�EHFRPHV�OHVVHU�WKDQ�WKH�FDUULHU���7KH�JDWLQJ�VLJQDO�JE��IRU�6ES�DQG�6DQ

LV�WKH�ORJLFDO�LQYHUVH�RI�WKH�GULYH�VLJQDO�WR�6DS�DQG�6EQ�

7KH�YROWDJH�YDE��VKRZQ�LQ�)LJXUH������DW�WKH�RXWSXW�RI�WKH�DPSOLILHU�LV�WKHQ�JLYHQ
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2XWSXW�YROWDJH�YDE��RI�DPSOLILHU

9GF

�9GF

$YHUDJH�YROWDJH�YDE

)LJXUH�������3XOVH�ZLGWK�PRGXODWHG�YROWDJH�YDE�DQG�LWV�DYHUDJH�YDOXH� DEY

7KH�GXW\�F\FOH�RI�WKH�JDWLQJ�VLJQDO�LV�WKH�IUDFWLRQ�RI�WKH�SHULRG�IRU�ZKLFK�WKH�JDWLQJ�VLJQDO

LV� KLJK�� � 7KH� DYHUDJH� YDOXH� RI� WKH� DPSOLILHU� RXWSXW� FDQ� EH� REWDLQHG� IURP������� E\

UHSODFLQJ�WKH�FRQWURO�VLJQDOV�IRU�WKH�VZLWFKHV�ZLWK�WKH�HTXLYDOHQW�GXW\�F\FOHV�RI�WKH�JDWLQJ

VLJQDOV�DV�IROORZV

� � � � � �� � � � GFDEGFEDDE 9WG9WGWGWY  � �����

)URP�(TXDWLRQ�������� LW�FDQ�EH�VHHQ�WKDW� WKH�GXW\�F\FOHV�GD�DQG�GE�FDQ�EH�UHSODFHG�E\�D

VLQJOH�GXW\�F\FOH�GDE�ZKLFK�PXOWLSOLHV�WKH�LQSXW�'&�YROWDJH�WR�REWDLQ�WKH�DYHUDJH�RI�WKH

RXWSXW� YROWDJH� RI� WKH� DPSOLILHU�� � 6LQFH� WKH� GXW\� F\FOH�GDE� FDQQRW� H[FHHG� XQLW\�� WKH

PD[LPXP�DPSOLWXGH�RI�WKH�DYHUDJH�YDOXH�RI�WKH�RXWSXW�YROWDJH�LV�HTXDO�WR�9GF�

$�W\SLFDO�ZDYHIRUP�RI�WKLV�DFWXDWRU�FXUUHQW�LD� LV�VKRZQ�LQ�)LJXUH�����ZKHUH�LW� LV

DVVXPHG�WKDW�WKH�UHIHUHQFH�LQSXW�VLJQDO�LV�VLQXVRLGDO�

$FWXDWRU�FXUUHQW��LD

)XQGDPHQWDO

FRPSRQHQW

W

)LJXUH�������7\SLFDO�ZDYHIRUP�RI�FXUUHQW�JHQHUDWHG�E\�WKH�GULYH�DPSOLILHU
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,W� FDQ� EH� VHHQ� WKDW� WKH� DFWXDWRU� FXUUHQW� LV� QHDUO\� VLQXVRLGDO� DW� WKH� UHIHUHQFH� IUHTXHQF\�

7KH�GHYLDWLRQ�RI�WKH�DFWXDO�FXUUHQW�IURP�WKH�GHVLUHG�IXQGDPHQWDO�FRPSRQHQW�LV�FDOOHG�WKH

VZLWFKLQJ�ULSSOH���,W�FDQ�EH�DOVR�VKRZQ�WKDW�WKH�DYHUDJH�YDOXH�RI�WKH�LQSXW�FXUUHQW�WR�WKH

DPSOLILHU�LV�JLYHQ�E\

� � � � � �WLWGWL DDEGF  �����

������ $YHUDJH�0RGHO�RI�$PSOLILHU

,Q�RUGHU� WR� LQFRUSRUDWH� D�PRGHO�RI� WKH� VZLWFKLQJ� DPSOLILHU� LQWR� WKH�RSWLPL]DWLRQ

SURFHVV�� LW� LV� QHFHVVDU\� WR� UHSODFH� WKH� VZLWFKHV� WR� PDNH� WKH� PRGHO� FRPSXWDWLRQDOO\

WUDFWDEOH���7KLV�VLPSOLILHG�PRGHO��FDOOHG�DQ�DYHUDJH�PRGHO��QHJOHFWV�WKH�VZLWFKLQJ�ULSSOH

LQ�WKH�FXUUHQWV�DQG�YROWDJHV�DQG�UHGXFHV�WKH�PRGHO�WR�D�VHW�RI�UHODWLRQVKLSV�EHWZHHQ�WKH

DYHUDJH�ZDYHIRUPV��7KLV�PRGHO� LV�YDOLG�RQO\�RYHU� IUHTXHQF\�UDQJHV�VLJQLILFDQWO\� ORZHU

WKDQ�KDOI�WKH�VZLWFKLQJ�IUHTXHQF\�RI�WKH�DPSOLILHU�>��@���7KH�DYHUDJH�PRGHO�LV�VKRZQ�LQ

)LJXUH�����

$
&
7
8
$
7
2
5
�

6
7
5
8
&
7
8
5
(

IH[W

Y
D9

GF

L
GF
 G

DE
L
D

/

YDE GDE9GF

L
D

�B

GDE

.3:0 � ��
� GXW\�F\FOH��GDE

)LJXUH�������$YHUDJH�PRGHO�RI�DPSOLILHU�GULYLQJ�WKH�DFWXDWRU

$�WUDQVIHU�IXQFWLRQ�UHSUHVHQWDWLRQ�RI� WKH�DPSOLILHU�FDQ�EH�YHU\�HDVLO\�REWDLQHG�IURP�WKH

DYHUDJH� PRGHO�� � $� FRQWURO� EORFN� GLDJUDP� UHSUHVHQWDWLRQ� FRXSOLQJ� WKH� PRGHOV� RI� WKH

DPSOLILHU�DQG�WKH�DFWXDWRU�LV�VKRZQ�LQ�)LJXUH�����
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$FWXDWRU$PSOLILHU

)LJXUH�������%ORFN�GLDJUDP�RI�DPSOLILHU�FRXSOHG�WR�WKH�DFWXDWRU

7KH�ILQDO�FRPSRQHQW�RI�WKH�DPSOLILHU�LV�WKH�FXUUHQW�FRQWUROOHU���7KH�EORFN�GLDJUDP

RI�WKH�FORVHG�ORRS�V\VWHP�ZLWK�D�JHQHULF�UHSUHVHQWDWLRQ�RI�WKH�FXUUHQW�FRQWUROOHU�LV�VKRZQ

LQ�)LJXUH�����
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$FWXDWRU$PSOLILHU

)LJXUH�������%ORFN�GLDJUDP�RI�DPSOLILHU�DQG�DFWXDWRU�ZLWK�FXUUHQW�FRQWUROOHU

7KLV�FRQWUROOHU�XVHV�WKH�FXUUHQW�LQWR�WKH�DFWXDWRU�DV�IHHGEDFN�WR�FUHDWH�DQ�HUURU�VLJQDO�ZLWK

D� UHIHUHQFH� LQSXW� VLJQDO�� � 7KH� GXW\� F\FOH� FRPPDQG� LV� WKHQ� V\QWKHVL]HG� IURP� WKH� HUURU

VLJQDO�� � 7KH� FXUUHQW� FRQWUROOHU� HQVXUHV� WKDW� WKH� IXQGDPHQWDO� FRPSRQHQW� RI� WKH� DFWXDWRU

FXUUHQW� IROORZV� WKH� UHIHUHQFH� RYHU� WKH� UHJXODWLRQ� EDQGZLGWK� RI� WKH� DPSOLILHU�� � ,Q� WKH

DQDO\VLV� WKDW� IROORZV�� LW� LV� DVVXPHG� WKDW� WKH� IXQGDPHQWDO� FRPSRQHQW� RI� WKH� DFWXDWRU

FXUUHQW�LV�LGHQWLFDO�WR�WKH�UHIHUHQFH�FXUUHQW�FRPPDQG�

7KH� FRQWUROOHU� XVHV� WKH� FXUUHQW� LQWR� WKH� DFWXDWRU� DV� IHHGEDFN� WR� FUHDWH� DQ� HUURU

VLJQDO�ZLWK�WKH�UHIHUHQFH�LQSXW�VLJQDO���7KH�GXW\�F\FOH�FRPPDQG�LV�WKHQ�V\QWKHVL]HG�IURP

WKH� HUURU� VLJQDO�� � 7KH� GHVLJQ� RI� WKH� FXUUHQW� FRQWUROOHU� GHSHQGV� RQ� WKH� LQGXFWDQFH� /�

DFWXDWRU�VSHFLILFDWLRQV��'&�LQSXW�YROWDJH�9GF�DQG�WKH�VZLWFKLQJ�IUHTXHQF\�IV���*LYHQ�WKHVH

SDUDPHWHUV�RI�WKH�DPSOLILHU�DQG�WKH�DFWXDWRU��LW�LV�D�VWUDLJKWIRUZDUG�H[HUFLVH�WR�GHVLJQ�WKH

FXUUHQW�FRQWUROOHU�
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,Q�PRVW�FDVHV��WKH�FXUUHQW�FRQWUROOHU�FDQ�EH�LPSOHPHQWHG�ZLWK�DQDORJ�RSHUDWLRQDO

DPSOLILHU� FLUFXLWV�� ZKRVH� ZHLJKW� LV� QHJOLJLEOH� FRPSDUHG� WR� WKH� ZHLJKW� RI� WKH� RYHUDOO

V\VWHP�� �)XUWKHUPRUH�� WKH�ZHLJKW�RI� WKH�FXUUHQW�FRQWUROOHU� LV� LQGHSHQGHQW�RI� WKH� FRQWURO

JDLQV�� �7KHUHIRUH��WKH�GHVLJQ�RI�WKH�FXUUHQW�FRQWUROOHU� LV�H[FOXGHG�IURP�WKH�RSWLPL]DWLRQ

IRUPXODWLRQ�
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2QH�RI�WKH�UHTXLUHPHQWV�RI�WKH�DPSOLILHU�LV�WR�GULYH�WKH�DFWXDWRU�WR�IXOO�VWURNH�RYHU

WKH�EDQGZLGWK�RI�WKH�V\VWHP�� �7KLV�UHTXLUHPHQW� LPSOLHV� WKDW� WKH�DPSOLILHU�PXVW�SURGXFH

HQRXJK�FXUUHQW�WR�VDWXUDWH�WKH�SLH]RHOHFWULF�DPSOLILHU�ZKHQ�WKH�GXW\�F\FOH�RI�WKH�DPSOLILHU

LV� DW� LWV�PD[LPXP�YDOXH�� �7KLV� FXUUHQW� UHTXLUHPHQW�� LQ� WXUQ�� SODFHV� D� UHVWULFWLRQ� RQ� WKH

PLQLPXP�EXV�YROWDJH�9GF�� �7KH�PLQLPXP�'&�EXV�YROWDJH� LV� UHODWHG� WR� WKH� LQGXFWDQFH�

DQG�D� VLPSOH�H[SUHVVLRQ� WKDW�GHVFULEHV� WKLV� UHODWLRQVKLS� LV� UHTXLUHG� IRU� WKH�RSWLPL]DWLRQ

PHWKRGRORJ\�� � 7KH� DYHUDJH� PRGHO� RI� WKH� DPSOLILHU� LV� XVHG� WR� GHWHUPLQH� WKH� '&� EXV

YROWDJH� QHJOHFWLQJ� WKH� VZLWFKLQJ� ULSSOH� LQ� WKH� DFWXDWRU� FXUUHQW� DQG� WKH� YROWDJH�� � 7KLV

DVVXPSWLRQ�LV�YDOLGDWHG�E\�WKH�IDFW�WKDW�WKH�HOHFWURPHFKDQLFDO�SRZHU�WUDQVIHU�EHWZHHQ�WKH

DPSOLILHU� DQG� WKH� DFWXDWRU� SUHGRPLQDQWO\� RFFXUV� DW� WKH� IUHTXHQF\� RI� WKH� UHIHUHQFH

VLQXVRLGDO�FXUUHQW��ZKLFK�LV�PXFK�ORZHU�WKDQ�WKH�VZLWFKLQJ�IUHTXHQF\���7KH�GHWHUPLQDWLRQ

RI� WKH� '&� EXV� YROWDJH� JRHV� WKURXJK� WKH� IROORZLQJ� VWHSV�� � )LUVW�� WKH�PD[LPXP� FXUUHQW

GUDZQ�E\�WKH�DFWXDWRU� LV�GHWHUPLQHG�� �)URP�WKLV�FXUUHQW�� WKH�YROWDJH�DFURVV� WKH�DFWXDWRU

XVLQJ� WKH� QRQOLQHDU� PRGHO� LV� GHWHUPLQHG�� � 7KH� DPSOLILHU� RXWSXW� YROWDJH� DEY �� LV� WKHQ

FDOFXODWHG�DV�WKH�VXP�RI�WKH�DFWXDWRU�YROWDJH�DQG�WKH�YROWDJH�GURS�DFURVV�WKH�LQGXFWDQFH�

7KH�'&�EXV�YROWDJH�LV�ILQDOO\�GHWHUPLQHG�VXFK�WKDW�WKH�GXW\�F\FOH�GRHV�QRW�H[FHHG�XQLW\

ZKHQ� DEY �UHDFKHV�LWV�PD[LPXP�DPSOLWXGH�

$�VLPSOLILHG�EORFN�GLDJUDP�RI�WKH�DYHUDJH�PRGHO�RI�WKH�DPSOLILHU�DQG�WKH�DFWXDWRU

ZLWK�WKH�QRQOLQHDULW\�LV�VKRZQ�LQ�)LJXUH������
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7KH�PLQLPXP�'&�EXV�YROWDJH�UHTXLUHG�LV�WKHQ�GHWHUPLQHG�VXFK�WKDW�WKH�GXW\�F\FOH�JLYHQ

E\�(TXDWLRQ� �������GRHV�QRW�H[FHHG� LWV�PD[LPXP�DOORZDEOH�DPSOLWXGH�GDE�PD[�ZKHQ� WKH

DPSOLILHU� RXWSXW� YROWDJH� DEY �� UHDFKHV� LWV�PD[LPXP� DPSOLWXGH�� � 7KH�PLQLPXP�'&� EXV

YROWDJH�LV�KHQFH�REWDLQHG�DV
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7KH�QH[W�VWHS�LQ�WKH�DQDO\VLV�LV�WR�GHWHUPLQH�WKH�FXUUHQW�ULSSOH���6SHFLILFDWLRQV�RQ

WKH� KDUPRQLF� FRQWHQW� RI� WKH� DFWXDWRU� FXUUHQW� DUH� XVHG� DV� RSWLPL]DWLRQ� FRQVWUDLQWV� WR

GHWHUPLQH� WKH� YDOXHV� RI� LQGXFWDQFH� DQG� VZLWFKLQJ� IUHTXHQF\�� � 7KLV� DQDO\VLV� LV

FRPSOLFDWHG� E\� WKH� QRQOLQHDU� FRQVWLWXWLYH� HTXDWLRQV� RI� WKH� DFWXDWRU�� �2QH� DSSURDFK� IRU

GHWHUPLQLQJ�WKH�FXUUHQW�ULSSOH�LV�WR�GLUHFWO\�VLPXODWH�WKH�QRQOLQHDU�V\VWHP���7KLV�PHWKRG

LV�FRPSXWDWLRQDOO\� WRR�H[SHQVLYH� IRU�RSWLPL]DWLRQ��KRZHYHU�� �7KHUHIRUH�� WKH� VL]H�RI� WKH

FXUUHQW�ULSSOH�LV�HVWLPDWHG�E\�FRPSXWLQJ�WKH�DPSOLWXGHV�RI�WKH�FRPSRQHQWV�RI�WKH�)RXULHU

VHULHV�RI�WKH�DFWXDWRU�FXUUHQW�

7KH�VZLWFKLQJ�RI�WKH�SRZHU�WUDQVLVWRUV�FDXVHV�WKH�YROWDJH�YDE�LQ�)LJXUH�����WR�EH�D

SXOVH�ZLGWK�PRGXODWHG�VTXDUH�ZDYH���7KH�)RXULHU�GHFRPSRVLWLRQ�RI�WKH�YROWDJH�YDE�FDQ�EH

JLYHQ�DV�
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$� W\SLFDO� KDUPRQLF� VSHFWUXP� RI� WKH� DPSOLILHU� RXWSXW� YROWDJH� LV� VKRZQ� LQ� )LJXUH� �����

7KH� ILUVW�� WKLUG� DQG� WKH� ILIWK�KDUPRQLFV�RI� WKH�YROWDJH�YDE�� DUH� JLYHQ�E\�(TXDWLRQ� ������

6LQFH�WKH�DFWXDWRU�FXUUHQW�KDV�QR�WKLUG�DQG�ILIWK�KDUPRQLFV��WKH�WKLUG�DQG�ILIWK�KDUPRQLF

FRPSRQHQWV� RI� WKH� DPSOLILHU� RXWSXW� YROWDJH� YDE�� DUH� LGHQWLFDO� WR� WKRVH� RI� WKH� DFWXDWRU

YROWDJH�YD��DQG�GR�QRW�FRQWULEXWH�WR�WKH�ULSSOH�LQ�WKH�DFWXDWRU�FXUUHQW���+HQFH��WKH�ULSSOH�LQ

WKH� DFWXDWRU� FXUUHQW� LV� GXH� WR� WKH� YROWDJH� KDUPRQLFV� ZKRVH� IUHTXHQFLHV� DUH� LQ� WKH

VZLWFKLQJ�IUHTXHQF\�UDQJH�
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7R�REWDLQ�WKH�)RXULHU�VHULHV�FRPSRQHQWV�RI�WKH�DFWXDWRU�FXUUHQW��WKH�FRUUHVSRQGLQJ

FRPSRQHQWV�RI� WKH�DFWXDWRU�YROWDJH� DUH� UHTXLUHG� DFFRUGLQJ� WR�(TXDWLRQ� �������� �7\SLFDO

VZLWFKLQJ�ZDYHIRUPV� RI� WKH� DFWXDWRU� FXUUHQW�� DFWXDWRU� YROWDJH� DQG� WKH� SRODUL]DWLRQ� DUH

VKRZQ� LQ� )LJXUH� ������ � ,W� FDQ� EH� VHHQ� WKDW� WKH� SRODUL]DWLRQ� DQG� WKH� YROWDJH� DFURVV� WKH

DFWXDWRU� KDYH� QHJOLJLEOH� VZLWFKLQJ� ULSSOH�� � 7KH� UHDVRQV� IRU� WKLV� DUH� H[SODLQHG� LQ� WKH

IROORZLQJ�
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)LJXUH��������6ZLWFKLQJ�ZDYHIRUPV�RI�DFWXDWRU�FXUUHQW�LD��GXW\�F\FOH�GDE��DQG�DFWXDWRU

YROWDJH�YD�

$Q�H[SDQGHG�YLHZ�RI�PDJQLWXGH�RI�WKH�WUDQVIHU�IXQFWLRQ�*SL�V���IURP�WKH�DFWXDWRU

FXUUHQW�WR�WKH�SRODUL]DWLRQ�LV�VKRZQ�LQ�)LJXUH��������6LQFH�WKH�VZLWFKLQJ�IUHTXHQF\�KDV�WR

EH�VLJQLILFDQWO\�KLJKHU�WKDQ�ZPD[��LW�FDQ�EH�VHHQ�IURP�)LJXUH�������WKDW�KDUPRQLFV�RI�WKH

FXUUHQW� LQ� WKH� VZLWFKLQJ� IUHTXHQF\� UDQJH� DUH� VXIILFLHQWO\� DWWHQXDWHG� E\� WKH� DFWXDWRU�

+HQFH��LW�FDQ�EH�DVVXPHG�WKDW�WKH�KDUPRQLF�FRPSRQHQWV�DW�WKH�VZLWFKLQJ�IUHTXHQF\�UDQJH

RI�WKH�SRODUL]DWLRQ�DUH�HTXDO�WR�]HUR�
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7KH� RSWLPL]DWLRQ�PHWKRGRORJ\� LV� QRZ� IRUPXODWHG� XVLQJ� WKH� FDOFXODWLRQV� LQ� WKH

SUHYLRXV�VHFWLRQV���7KH�GHVLJQ�YDULDEOHV�DUH�LGHQWLILHG��WKH�FRQVWUDLQWV�DUH�VHW�XS�DQG�WKH

REMHFWLYH�IXQFWLRQ�LV�GHILQHG�

������ 'HVLJQ�9DULDEOHV

7KH� GHVLJQ� YDULDEOHV� IRU� WKH� RSWLPL]DWLRQ� SUREOHP� DUH� WKH� YDULDEOHV� DVVRFLDWHG

ZLWK�WKH�GHVLJQ�RI�WKH�LQGXFWRU���7KH�LQGXFWRUV�DUH�DVVXPHG�WR�EH�W\SLFDO�((�FRUHV�DV�LQ

WKH� RSWLPL]DWLRQ� IRUPXODWLRQ� RI� VDPSOH� V\VWHP� GHVFULEHG� LQ� &KDSWHU� ��� � 7KH� GHVLJQ

YDULDEOHV�DVVRFLDWHG�ZLWK�WKH�LQGXFWRU�DUH�JLYHQ�LQ�7DEOH�����
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H[SODLQHG�LQ�WKH�IROORZLQJ�VXEVHFWLRQV�

� 3HUIRUPDQFH�&RQVWUDLQWV

� 7RWDO�+DUPRQLF�'LVWRUWLRQ�RI�$FWXDWRU�&XUUHQW

7KH� ILUVW� SHUIRUPDQFH� FRQVWUDLQW� LV� WKH� PD[LPXP� DOORZDEOH� FXUUHQW� ULSSOH�

%HFDXVH�WKH�FXUUHQW�ULSSOH�LV�D�QRQOLQHDU�IXQFWLRQ��WKH�DFWXDWRU�FXUUHQW� LV�H[SUHVVHG�DV�D

)RXULHU�VHULHV��(TXDWLRQ����������DQG�WKHQ�WKH�FXUUHQW�ULSSOH�LV�PHDVXUHG�DV�WRWDO�KDUPRQLF

GLVWRUWLRQ���7KH�7+'� LV�WKH�SHUFHQWDJH�UDWLR�RI� WKH�GLVWRUWLRQ�FRPSRQHQW�RI� WKH�DFWXDWRU
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$Q�XSSHU�ERXQG�LV�LPSRVHG�RQ�WKH�7+'�RI�WKH�DFWXDWRU�FXUUHQW�WR�VL]H�WKH�LQGXFWRU�DW�WKH

VSHFLILHG�VZLWFKLQJ�IUHTXHQF\�

7KH�7+'�RI�WKH�DFWXDWRU�FXUUHQW�LV�D�IXQFWLRQ�RI�WKH�VZLWFKLQJ�IUHTXHQF\�DQG�WKH

DPSOLWXGH�DQG�WKH�IUHTXHQF\�RI� WKH�IXQGDPHQWDO�FRPSRQHQW�RI� WKH�DFWXDWRU�FXUUHQW�� �7R

EHJLQ� ZLWK�� WKH� VZLWFKLQJ� IUHTXHQF\� LV� IL[HG� DW� D� VSHFLILHG� YDOXH�� � 7KH� DPSOLWXGH� DQG

IUHTXHQF\�RI�WKH�IXQGDPHQWDO�FRPSRQHQW�RI�WKH�DFWXDWRU�FXUUHQW�DUH�GHWHUPLQHG�IURP�WKH

PHFKDQLFDO�PRGHO�DFFRUGLQJ� WR�(TXDWLRQ� ������DQG�)LJXUH������� �7KH�DYHUDJH� DPSOLILHU

RXWSXW�YROWDJH� DEY �WKHQ�LV�GHWHUPLQHG�IRU�WKLV�PD[LPXP�FXUUHQW�DPSOLWXGH�IURP�(TXDWLRQ

��������7KH�'&�EXV�YROWDJH�LV�WKHQ�GHWHUPLQHG�IURP�(TXDWLRQ��������XVLQJ�WKH�PD[LPXP

GXW\� F\FOH�� � )RU� WKLV�'&� EXV� YROWDJH� WKH� GXW\� F\FOH� GDE�� LV� GHWHUPLQHG� IURP� (TXDWLRQ

�������� � 7KLV� GXW\� F\FOH� LV� WKHQ�PRGXODWHG� ZLWK� WKH� WULDQJXODU� FDUULHU� DW� WKH� VZLWFKLQJ

IUHTXHQF\�DV�VKRZQ�LQ�)LJXUH�����WR�JHQHUDWH� WKH�SXOVH�ZLGWK�PRGXODWHG�RXWSXW�YROWDJH

YDE�DV�VKRZQ�LQ�)LJXUH�������7KH�)RXULHU�FRPSRQHQWV�9DEN��RI�WKH�SXOVH�ZLGWK�PRGXODWHG

YROWDJH�YDE�DUH� WKHQ�GHWHUPLQHG�� �)LQDOO\�� WKH�)RXULHU� VHULHV� FRPSRQHQWV�RI� WKH�DFWXDWRU

FXUUHQW� DUH� GHWHUPLQHG� IURP�(TXDWLRQ� �������ZKHUH� WKH� LQGXFWDQFH� LV� GHWHUPLQHG� IURP

(TXDWLRQ� ������� � 7KH� 7+'� RI� WKH� DFWXDWRU� FXUUHQW� LV� WKHQ� GHWHUPLQHG� IURP� (TXDWLRQ

�������

� 3K\VLFDO�&RQVWUDLQWV

7KH�SK\VLFDO�FRQVWUDLQWV�DUH�GHILQHG� WR�JXDUDQWHH�SK\VLFDOO\�PHDQLQJIXO�GLPHQVLRQV

IRU�WKH�FRUH�DQG�ZLQGLQJV�XVHG�LQ�WKH�LQGXFWRU�DQG�WKH\�DUH�WKH�VDPH�DV�WKRVH�GHILQHG�LQ

&KDSWHU���

������ 2EMHFWLYH�)XQFWLRQ

7KH� REMHFWLYH� IXQFWLRQ� LV� WKH� ZHLJKW� RI� WKH� LQGXFWRU� GHWHUPLQHG� LQ� D� VLPLODU

IDVKLRQ�WR�WKH�&KDSWHU�����7KDW�LV�

/:-  ������



2SWLPL]DWLRQ�RI�WKH�'ULYH�$PSOLILHU ��

7KH�ZHLJKW�RI� DQ� LQGXFWRU� LV� GHWHUPLQHG� DV� WKH� VXP�RI� WKH�ZHLJKWV� RI� LURQ� DQG� FRSSHU

XVHG�LQ�WKH�FRUH�DQG�ZLQGLQJV��UHVSHFWLYHO\

FXIH/ ::: � ������

���� 237,0,=$7,21�5(68/76

7KH� UHVXOWV� RI� WKH� RSWLPL]DWLRQ� SUREOHP� DUH� SUHVHQWHG� LQ� WKLV� VHFWLRQ�� � 7KH

EDQGZLGWK� UHTXLUHPHQWV� DQG� UHOHYDQW� VSHFLILFDWLRQV� RI� WKH� DFWXDWRU� DUH� JLYHQ� EHORZ� LQ

7DEOH�����

7DEOH�������2SHUDWLQJ�&RQGLWLRQV

9DULDEOH 9DOXH

2SHUDWLQJ�EDQGZLGWK ZPLQ ��S�����UDG�VHF���Z���ZPD[ ��S������UDG�VHF
6DWXUDWLRQ�3RODUL]DWLRQ��3V ������&�P

�

&RHUFLYH�(OHFWULF�)LHOG��D �����09�P

0DVV�RI�6WUXFWXUH��0 ����NJ

'DPSLQJ�RI�6WUXFWXUH��% �����[���
�
�1�V�P

6WLIIQHVV�RI�6WUXFWXUH��. ����[���
�
�1�P

'&�%XV�9ROWDJH��9GF �����9��GHWHUPLQHG�IURP�(TXDWLRQ��������

2SWLPL]DWLRQ� ZDV� SHUIRUPHG� XVLQJ� WKH� 9LVXDO'2&� RSWLPL]DWLRQ� VRIWZDUH� >��@

XVLQJ�WKH�0RGLILHG�0HWKRG�RI�)HDVLEOH�'LUHFWLRQV�DOJRULWKP�>��@���7KH�GHILQLWLRQ�RI�WKH

FRQVWUDLQWV�DQG� WKH�REMHFWLYH� IXQFWLRQ�ZHUH�FRGHG� LQ�0$7/$%�� �&RQVWUDLQW�GHULYDWLYHV

ZHUH�FRPSXWHG�XVLQJ�ILQLWH�GLIIHUHQFHV���'HSHQGLQJ�RQ�WKH�LQLWLDO�GHVLJQ�XVHG�WR�VWDUW�WKH

RSWLPL]DWLRQ� LWHUDWLRQV�� FRQYHUJHQFH� ZDV� REWDLQHG� ZLWKLQ� DSSUR[LPDWHO\� ���� IXQFWLRQ

HYDOXDWLRQV�� � 7KH� RSWLPL]DWLRQV� ZHUH� DFKLHYHG� LQ� DSSUR[LPDWHO\� ��� PLQXWHV� RQ� D� ���

0+]�3HQWLXP�,,�3&���)RU�WKLV�SUREOHP��LW�ZDV�IRXQG�WKDW�WKHUH�ZHUH�QRW�DQ\�ORFDO�PLQLPD

LQ�WKH�GHVLJQ�VSDFH��DQG�WKH�RSWLPL]HU�FRQYHUJHG�WR�WKH�JOREDO�PLQLPD�LUUHVSHFWLYH�RI�WKH

FKRLFH�RI�WKH�LQLWLDO�GHVLJQ�

$� IDPLO\� RI� RSWLPDO� GHVLJQV� ZDV� REWDLQHG� E\� YDU\LQJ� WKH� XSSHU� ERXQG� RQ� WKH

7+'�RI� WKH� DFWXDWRU� FXUUHQW� IRU� VZLWFKLQJ� IUHTXHQFLHV� RI� ���� N+]� DQG� ���� N+]�� � 7KH

LQGXFWDQFH�YDOXHV�SORWWHG� DV� D� IXQFWLRQ�RI� WKH�7+'�RI� WKH� DFWXDWRU� FXUUHQW� IRU� WKH� WZR

YDOXHV�RI�VZLWFKLQJ�IUHTXHQF\�LV�VKRZQ�LQ�)LJXUH��������,W�FDQ�EH�VHHQ�WKDW�WKH�LQGXFWDQFH

LQFUHDVHV�DV�WKH�XSSHU�ERXQG�RQ�WKH�7+'�GHFUHDVHV�IRU�D�JLYHQ�VZLWFKLQJ�IUHTXHQF\���,Q
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DGGLWLRQ��WKH�LQGXFWDQFH�YDOXH�UHTXLUHG�WR�PHHW�D�JLYHQ�7+'�VSHFLILFDWLRQ�UHGXFHV�DV�WKH

VZLWFKLQJ�IUHTXHQF\�LQFUHDVHV�
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)LJXUH��������,QGXFWDQFH�YDOXH�YV�7+'�RI�DFWXDWRU�FXUUHQW

7KH� ZHLJKW� RI� WKH� LQGXFWRU� DV� D� IXQFWLRQ� RI� WKH� LQGXFWDQFH� YDOXH� LV� SORWWHG� LQ
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)LJXUH��������:HLJKW�RI�WKH�LQGXFWRU�YV�LQGXFWDQFH�YDOXH

7KH� ZHLJKW� RI� DQ� LQGXFWRU� LV� SURSRUWLRQDO� WR� WKH� HQHUJ\� VWRUHG�� ZKLFK� LQ� WXUQ� LV

SURSRUWLRQDO�WR�LQGXFWDQFH�YDOXH�DQG�WR�WKH�VTXDUH�RI�WKH�SHDN�LQGXFWRU�FXUUHQW���6LQFH�WKH

SHDN� FXUUHQW� LV� DSSUR[LPDWHO\� FRQVWDQW� �GHWHUPLQHG� E\� WKH�PD[LPXP�SRODUL]DWLRQ��� WKH

ZHLJKW�RI�WKH�LQGXFWDQFH�YDULHV�DOPRVW�OLQHDUO\�ZLWK�LQGXFWDQFH�



2SWLPL]DWLRQ�RI�WKH�'ULYH�$PSOLILHU ��

���� 6800$5<

7KH� SUREOHP� RI� GHVLJQLQJ� D� PLQLPXP� ZHLJKW�� FXUUHQW� FRQWUROOHG� VZLWFKLQJ

DPSOLILHU� IRU� D� SLH]RHOHFWULF� DFWXDWRU� ZDV� GLVFXVVHG� LQ� WKLV� FKDSWHU�� � 7KHVH� UHVXOWV� DUH

SDUWLDO�LQ�WKDW�WKH�GHVLJQ�RI�WKH�KHDW�VLQN�LV�LJQRUHG���:LWK�WKLV�DVVXPSWLRQ�WKH�GHVLJQ�RI

WKH� DPSOLILHU� UHGXFHV� WR� WKH� GHVLJQ� RI� WKH� LQGXFWRU�� � ,QGHHG�� WKH� LQGXFWRU� LV� WKH� ODUJHVW

VLQJOH�FRPSRQHQW�RI�WKH�DPSOLILHU���$Q�RSWLPL]DWLRQ�PHWKRGRORJ\�LV�IRUPXODWHG�WKDW�WDNHV

LQWR�DFFRXQW� WKH�SK\VLFDO�FRQILJXUDWLRQ�RI� WKH� LQGXFWRU�� WKH�EDQGZLGWK�RI� WKH� DPSOLILHU�

WKH�HIIHFW�RI�WKH�ULSSOH�FXUUHQW�DQG�VZLWFKLQJ�IUHTXHQF\�RQ�WKH�VL]LQJ�RI�WKH�LQGXFWRU���7KH

RSWLPL]DWLRQ�UHVXOWV�GHPRQVWUDWH�WKDW�WKH�SURSRVHG�RSWLPL]DWLRQ�IRUPXODWLRQ�SURYLGHV�DQ

HIIHFWLYH�PHWKRG�WR�REWDLQ�SK\VLFDOO\�PHDQLQJIXO�UHVXOWV�LQ�D�WLPH�HIILFLHQW�PDQQHU�



$FWLYH�'DPSLQJ�8VLQJ�3LH]RHOHFWULF�$FWXDWRUV ��

�� $&7,9(�'$03,1*�86,1*�3,(=2(/(&75,&�$&78$7256

���� ,1752'8&7,21

,Q�WKH�FKDSWHU��D�FRQWURO�ODZ�WR�PDNH�WKH�SLH]RHOHFWULF�DFWXDWRU�DFWLYHO\�GDPS�WKH

VWUXFWXUH� LV� SURSRVHG�� � ,Q� WKLV� SDSHU� ZH� VKRZ� DQDO\WLFDOO\� WKDW� FRQWUROOLQJ� WKH� FXUUHQW

WKURXJK� WKH� DFWXDWRU� WR� EH� SURSRUWLRQDO� WR� WKH� DFFHOHUDWLRQ� RI� WKH� VWUXFWXUH� QDWXUDOO\

UHVXOWV� LQ�DQ�LQFUHDVH�LQ� WKH�GDPSLQJ�RI� WKH�PHFKDQLFDO�V\VWHP�ZLWKRXW�D�FKDQJH� WR� WKH

VWLIIQHVV�RI�WKH�VWUXFWXUH���6SHFLILFDOO\��LW�LV�VKRZQ�DQDO\WLFDOO\�WKDW�FRQWUROOLQJ�WKH�FXUUHQW

LQWR� WKH� DFWXDWRU� WR� EH� SURSRUWLRQDO� WR� WKH� DFFHOHUDWLRQ� RI� WKH� VWUXFWXUH� UHVXOWV� LQ� DQ

LQFUHDVH�LQ�WKH�GDPSLQJ�RI�WKH�PHFKDQLFDO�VWUXFWXUH�ZLWKRXW�D�FKDQJH�WR�WKH�VWLIIQHVV�RI

WKH� VWUXFWXUH�� � 7KH� FRXSOHG� HOHFWURPHFKDQLFDO� PRGHO� RI� WKH� DFWXDWRU� DQG� WKH� VWUXFWXUH

GHYHORSHG�LQ�&KDSWHU����LV�XVHG�LQ�WKLV�FKDSWHU�IRU�WKH�GHYHORSPHQW�RI�WKH�FRQWURO�ODZ�DQG

IRU�WKH�DQDO\VLV�RI�LWV�LPSOLFDWLRQV�RQ�WKH�GHVLJQ�RI�WKH�GULYH�DPSOLILHU�DQG�WKH�SRZHU�IORZ

FKDUDFWHULVWLFV� EHWZHHQ� WKH� DFWXDWRU� DQG� WKH� DPSOLILHU�� � 7KH� VWUXFWXUH� LV� DVVXPHG� WR� EH

DFWHG�RQ�E\� DQ� VLQXVRLGDO� H[WHUQDO� GLVWXUEDQFH� IRUFH� ,W� LV� VKRZQ� WKDW�� GXH� WR� WKH� DFWLYH

GDPSLQJ��WKH�SLH]RHOHFWULF�DFWXDWRU�DEVRUEV�PHFKDQLFDO�SRZHU�LQMHFWHG�LQWR�WKH�V\VWHP�E\

WKH�H[WHUQDO�GLVWXUEDQFH�IRUFH�DQG�UHGLUHFWV�LW�EDFN�WR�WKH�HOHFWULFDO�VRXUFH���+HQFH��WKHUH

LV�D�QHW�IORZ�RI�HOHFWULFDO�SRZHU� IURP�WKH�DFWXDWRU� WR� WKH�HOHFWULFDO�VRXUFH�� � ,Q�DGGLWLRQ�

GXH� WR� WKH� FDSDFLWLYH� HOHFWULFDO� FKDUDFWHULVWLFV� RI� WKH� DFWXDWRUV�� WKHUH� LV� D� FRQVLGHUDEOH

DPRXQW�RI�UHDFWLYH�SRZHU�FLUFXODWLQJ�EHWZHHQ�WKH�DFWXDWRU�DQG�WKH�DPSOLILHU���$�GHWDLOHG

DQDO\VLV� RI� WKH� HOHFWURPHFKDQLFDO� SRZHU� WUDQVIHU� FKDUDFWHULVWLFV� LV� SUHVHQWHG� LQ� WKLV

FKDSWHU�� � 7KH� DQK\VWHUHWLF� QRQOLQHDULW\� LQ� WKH� DFWXDWRU� LV�� KRZHYHU�� QHJOHFWHG� LQ� WKLV

DQDO\VLV� LQ�RUGHU� WR� H[HPSOLI\� WKH�GHSHQGHQFH�RI� WKH�SRZHU� IORZ�FKDUDFWHULVWLFV�RQ� WKH

PDWHULDO�SURSHUWLHV�RI� WKH�DFWXDWRU�DQG� WKH�VWUXFWXUH�� �(VWLPDWHV�RI� WKH�SHDN�FXUUHQW�DQG

YROWDJH�LQ�WKH�DFWXDWRU�DUH�DOVR�GHWHUPLQHG���7KHVH�SHDN�YDOXHV�DUH�XVHG�LQ�WKH�GHVLJQ�RI

WKH�GULYH�DPSOLILHU�

���� $&7,9(�'$03,1*�2)�6758&785(

,Q� WKLV� VHFWLRQ�� D� FRQWURO� ODZ� WR� DGG� GDPSLQJ� WR� WKH� VWUXFWXUH� VKRZQ� LQ� )LJXUH� ���� LV

SUHVHQWHG���%HJLQQLQJ�ZLWK�WKH�HOHFWURPHFKDQLFDO�PRGHO�LQ�)LJXUH������LW�LV�VKRZQ�WKDW�WKH
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QDWXUDO� FRQWURO� ODZ� WR� LQFUHDVH� GDPSLQJ� LQ� WKH� VWUXFWXUH� LV� DFFHOHUDWLRQ� IHHGEDFN� WR� D

FXUUHQW�FRQWUROOHG�DPSOLILHU���)URP�)LJXUH������WKH�IRUFH�)D�H[HUWHG�E\�WKH�DFWXDWRU�RQ�WKH

VWUXFWXUH�LV�JLYHQ�E\
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6R�WKH�DGGLWLRQ�RI�WKH�DFWXDWRU�WR�WKH�V\VWHP�LQFUHDVHV�WKH�VWLIIQHVV�RI�WKH�VWUXFWXUH�DV�ZH

H[SHFW�

)XUWKHUPRUH��(TXDWLRQ�������DOVR�FOHDUO\� VKRZV�KRZ� WR� LQWURGXFH� IHHGEDFN� IURP

WKH�VWUXFWXUH�WR�LQFUHDVH�WKH�GDPSLQJ���,I�WKH�FKDUJH�LQWR�WKH�SLH]RHOHFWULF�DFWXDWRU�LV�PDGH

D�IXQFWLRQ�RI�WKH�YHORFLW\�DV

[.T I
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�����

WKHQ�WKH�FORVHG�ORRS�HTXDWLRQ�EHFRPHV
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ZKLFK� VKRZV� WKDW� WKH� GDPSLQJ� FDQ� DOVR� EH� LQFUHDVHG� E\� IHHGLQJ� EDFN� DFFHOHUDWLRQ� WR

FXUUHQW� LQWR� WKH� DFWXDWRU�� � 7KLV� FRQILJXUDWLRQ� RI� WKH� IHHGEDFN� ODZ� LV� DWWUDFWLYH� EHFDXVH

FXUUHQW�DPSOLILHUV�DUH�HDVLHU�WR�FRQVWUXFW�WKDQ�FKDUJH�DPSOLILHUV���$OVR��WKH�RXWSXW�VLJQDO

RI�DQ�DFFHOHURPHWHU�FDQ�EH�XVHG�ZLWKRXW�DQ\�LQWHJUDWLRQ���2I�FRXUVH��WKLV�FRQWURO�ODZ�ZLOO

QRW� ZRUN� DW� ]HUR� IUHTXHQF\�� � 7KDW� LV�� WKH� FRQWURO� V\VWHP� ZLOO� QRW� DFW� DV� D� SRVLWLRQLQJ

V\VWHP�

7KH� EORFN� GLDJUDP� RI� WKH� FRPSOHWH� V\VWHP� DIWHU� LQWURGXFLQJ� WKH� DFFHOHUDWLRQ

IHHGEDFN� LV� VKRZQ� LQ� )LJXUH� ����� � 7KLV� EORFN� GLDJUDP� DVVXPHV� WKHUH� LV� D� FXUUHQW

FRQWUROOHG�DPSOLILHU�ZLWK�XQLW\�JDLQ�LQ�WKH�ORRS�
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7KXV�� PDNLQJ� WKH� FXUUHQW� SURSRUWLRQDO� WR� WKH� DFFHOHUDWLRQ� RI� WKH� VWUXFWXUH� LQWURGXFHV

DGGLWLRQDO�GDPSLQJ�WR�WKH�VWUXFWXUH���7KH�HIIHFWV�RI�DFWLYHO\�GDPSLQJ�WKH�VWUXFWXUH�RQ�WKH

SRZHU�IORZ�EHWZHHQ�WKH�H[WHUQDO�GLVWXUEDQFH�DQG�WKH�HOHFWULFDO�LQSXW�ZLOO�EH�DQDO\]HG�LQ

WKH�QH[W�VHFWLRQ�
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���� $03/,),(5�5(48,5(0(176

,Q� WKH� SUHYLRXV� VHFWLRQ�� D� FRQWURO� ODZ� WR� DGG� GDPSLQJ� WR� WKH� VWUXFWXUH� ZDV

SURSRVHG�� � 7KH� SULPDU\� HOHFWULFDO� UHTXLUHPHQWV� RI� WKH� DPSOLILHU� QHHGHG� WR� GULYH� WKLV

V\VWHP�DUH�GHWHUPLQHG�LQ�WKLV�VHFWLRQ���)LUVW��WKH�SHDN�YROWDJHV�DQG�FXUUHQWV�GUDZQ�E\�WKH
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,W�FDQ�DOVR�EH�VHHQ�IURP�(TXDWLRQV��������DQG��������WKDW�WKH�DYHUDJH�HOHFWULFDO�SRZHU�DW

WKH� DFWXDWRU� WHUPLQDOV� LV� WKH�SRUWLRQ�RI� WKH� WRWDO� DYHUDJH� LQSXW�SRZHU� IURP� WKH� H[WHUQDO

GLVWXUEDQFH� WKDW� LV� FRQVXPHG� E\� WKH� DFWLYH� GDPSLQJ� ]D� LQWURGXFHG� E\� WKH� FRQWUROOHG

DFWXDWRU���7KH�UHVW�RI�WKH�PHFKDQLFDO�SRZHU�LV�GLVVLSDWHG�LQ�WKH�GDPSLQJ�RI�WKH�VWUXFWXUH�

7KLV�REVHUYDWLRQ�LV�VXSSRUWHG�E\�)LJXUHV�����DQG������] �����7KLV�PHDQV�WKDW�WKHUH�LV�DQ

DYHUDJH�IORZ�RI�SRZHU�IURP�WKH�DFWXDWRU�VWUXFWXUH�WR�WKH�HOHFWULFDO�VRXUFH���7KLV�UHVXOW�LV

VLPLODU�WR�WKH�UHVXOW�REWDLQHG�LQ�>��@�ZKLFK�VKRZV�WKDW�DFWLYH�GDPSLQJ�PDQLIHVWV�LWVHOI�LQ

HQDEOLQJ�WKH�DFWXDWRU�DEVRUE�WKH�LQMHFWHG�PHFKDQLFDO�HQHUJ\�DQG�IXQQHO�LW�WR�WKH�HOHFWULFDO

VRXUFH���7KLV�HOHFWULFDO�SRZHU�LV�DEVRUEHG�E\�WKH�LGHDO�FXUUHQW�DPSOLILHU�LQ�WKLV�PRGHO�

,W� FDQ� EH� VHHQ� IURP� (TXDWLRQ� ������� WKDW� WKH� DFFHOHUDWLRQ� IHHGEDFN� FRQVWDQW�.I

GHSHQGV�RQ�WKH�DFWLYH�GDPSLQJ�UDWLR�]D��WKH�HOHFWURPHFKDQLFDO�FRXSOLQJ�FRHIILFLHQW�N
�
�DQG

WKH�SK\VLFDO�GLPHQVLRQV�RI�WKH�DFWXDWRU�DFFRUGLQJ�WR
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6LQFH�WKH�DFWLYH�GDPSLQJ�UDWLR�LV�UHODWHG�WR� WKH�UHDO�SRZHU�IORZ�� LW� LV�QRW�VXUSULVLQJ�WKDW

WKH�UHDO�SRZHU�IORZ�GHSHQGV�RQ�WKH�DFFHOHUDWLRQ�IHHGEDFN�FRQVWDQW���)LJXUH�����VKRZV�WKH

UHDO�HOHFWULFDO�SRZHU�DV�D�IXQFWLRQ�RI�IUHTXHQF\�IRU�D�UDQJH�RI�YDOXHV�RI�.I���7KH�GDPSLQJ

]�RI�WKH�XQFRQWUROOHG�VWUXFWXUH�LV�DVVXPHG�WR�EH�]HUR�LQ�)LJXUH�����

,W� FDQ� EH� VHHQ� WKDW� WKH� UHDO� HOHFWULFDO� SRZHU� UHDFKHV� LWV� PD[LPXP� YDOXH� DW� WKH

UHVRQDQW� IUHTXHQF\�ZQ� IRU� DOO� YDOXHV� RI�.I� DV� PHQWLRQHG� DERYH�� � $V�.I� DQG� KHQFH� ]D
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GHFUHDVHV�� WKH� SURILOH� RI� WKH� UHDO� SRZHU� EHFRPHV� PRUH� FRQFHQWUDWHG� DURXQG� ZQ

DSSURDFKLQJ�DQ�LPSXOVH�IRU�.I� �]D� ���
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)LJXUH�������9DULDWLRQ�RI�UHDO�SRZHU�ZLWK�DFFHOHUDWLRQ�IHHGEDFN�FRQVWDQW

,W� LV� QRW� VXUSULVLQJ� WKDW� WKH� IHHGEDFN� JDLQ� DIIHFWV� WKH� UHDO� SRZHU� IORZ� SULPDULO\� LQ� WKH

IUHTXHQF\�EDQG�DURXQG�WKH�QDWXUDO�IUHTXHQF\��EHFDXVH�WKDW�LV�ZKHUH�WKH�FRQWURO�DFWLRQ�LV

FRQFHQWUDWHG���)URP�(TXDWLRQV��������DQG��������WKH�PD[LPXP�YDOXH�RI�WKH�UHDO�HOHFWULFDO

SRZHU�IRU�D�JLYHQ�YDOXH�RI�.I�FDQ�EH�H[SUHVVHG�DV
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+HQFH�� WKH� PD[LPXP� UHDO� HOHFWULFDO� SRZHU� GHFUHDVHV� ZLWK� LQFUHDVH� LQ� WKH� IHHGEDFN

FRQVWDQW�DQG�KHQFH�WKH�DFWLYH�GDPSLQJ�LQWURGXFHG�DV�VHHQ�LQ�)LJXUH�����

7KH� HOHFWURPHFKDQLFDO� FRXSOLQJ� FRHIILFLHQW� RI� WKH� DFWXDWRU� DIIHFWV� WKH� DFWLYH

GDPSLQJ�DQG�WKH�UHVRQDQW�IUHTXHQF\�RI�WKH�VWUXFWXUH�DV�FDQ�EH�VHHQ�IURP�(TXDWLRQV�������

������ DQG� �������� � 7KH� HIIHFW� RI� WKH� FRXSOLQJ� FRHIILFLHQW� RQ� WKH� IHHGEDFN� FRQVWDQW� IRU

YDU\LQJ�YDOXHV�RI�DFWLYH�GDPSLQJ�FDQ�DOVR�EH�GHWHUPLQHG�IURP�(TXDWLRQ����������,W�FDQ�EH

VHHQ�WKDW�WKH�DFFHOHUDWLRQ�IHHGEDFN�FRQVWDQW�.I�UHTXLUHG�WR�DFKLHYH�D�JLYHQ�YDOXH�RI�DFWLYH

GDPSLQJ�UDWLR�]D�GHFUHDVHV�DV�WKH�FRXSOLQJ�FRHIILFLHQW�LQFUHDVHV�
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+HQFH�� IRU� WKH� JLYHQ� H[WHUQDO� H[FLWDWLRQ� WKH� DYHUDJH� SRZHU� WKDW� WKH� HOHFWULFDO

VRXUFH�LV�UHTXLUHG�WR�DEVRUE�VR�DV�WR�DFKLHYH�D�UHIHUHQFH�DFWLYH�GDPSLQJ�UDWLR�GHFUHDVHV�DV

WKH� FRXSOLQJ� FRHIILFLHQW� GHFUHDVHV�� � 7KLV� LV� LOOXVWUDWHG� LQ� )LJXUH� ����� ZKLFK� VKRZV� WKH

DYHUDJH�HOHFWULFDO�SRZHU�DEVRUEHG�E\� WKH�FXUUHQW�DPSOLILHU�DW� WKH� UHVRQDQW� IUHTXHQF\�RI

WKH�VWUXFWXUH���7KH�QHJDWLYH�YDOXHV�RI�DYHUDJH�SRZHU�LQ�)LJXUH�����LQGLFDWH�WKDW�WKH�SRZHU

LV�IORZLQJ�EDFN�WKURXJK�WKH�FXUUHQW�DPSOLILHU�EDFN�WR�WKH�HOHFWULFDO�VRXUFH���,W�FDQ�EH�VHHQ

WKDW�DV�WKH�FRXSOLQJ�FRHIILFLHQW�LQFUHDVHV��WKHUH�LV�D�GHFUHDVH�LQ�WKH�UHDO�SRZHU�IORZ�EDFN

LQWR�WKH�DPSOLILHU�
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)LJXUH�������$YHUDJH�HOHFWULFDO�SRZHU�DW�WKH�UHVRQDQW�IUHTXHQF\�DV�D�IXQFWLRQ�RI�N
�
�DQG�]D

7KH� FRPSOH[� SDUW� RI� WKH� DSSDUHQW� SRZHU� LPSOLHV� WKDW� WKHUH� LV� D� FRQVLGHUDEOH

DPRXQW�RI�UHDFWLYH�SRZHU�FLUFXODWHV�EHWZHHQ�WKH�DFWXDWRU�DQG�WKH�HOHFWULFDO�VRXUFH���7KLV

FLUFXODWLQJ�SRZHU� FDQ�EH�REVHUYHG� IURP�)LJXUH������ �7KLV� UHDFWLYH�SRZHU� UHVXOWV� LQ� WKH

FXUUHQW� DQG� YROWDJH� DW� WKH� DFWXDWRU� WHUPLQDOV� WR� EH� RVFLOODWRU\� DV� VKRZQ� LQ� )LJXUH� ����

6LQFH�WKHVH�RVFLOODWLQJ�FXUUHQWV�DQG�YROWDJHV�DUH�FRQVLGHUDEO\� ODUJHU� WKDW� WKH� UHDO�SRZHU

IORZ�� LW� LV� QHFHVVDU\� WR� GHVLJQ� WKH� DPSOLILHU� WR� DFFRXQW� IRU� WKHVH� FRPSRQHQWV�� � 7KH

UHDFWLYH�FRPSRQHQW�RI�WKH�HOHFWULFDO�SRZHU�LV�JLYHQ�E\
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7KH�UHDFWLYH�FRPSRQHQWV�RI�WKH�PHFKDQLFDO�SRZHU�LV�JLYHQ�E\
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,W�FDQ�EH�VHHQ�IURP�(TXDWLRQ�������� WKDW�ZKHQ�WKH�GLVWXUEDQFH�IUHTXHQF\�LV� WKH�VDPH�DV

WKH�UHVRQDQW�IUHTXHQF\�ZQ��WKH�UHDFWLYH�FRPSRQHQW�LQ�WKH�PHFKDQLFDO�SRZHU��DV�H[SHFWHG�

EHFRPHV� ]HUR�� � 7KH� UHDFWLYH� FRPSRQHQW� RI� WKH� HOHFWULFDO� SRZHU�� KRZHYHU�� UHDFKHV� LWV

PD[LPXP�DW�WKH�UHVRQDQW�IUHTXHQF\�DFFRUGLQJ�WR�(TXDWLRQ����������8VLQJ�WKH�H[SUHVVLRQ

IRU�WKH�PD[LPXP�DFWXDWRU�FXUUHQW�JLYHQ�E\�(TXDWLRQ�������WKH�SHDN�UHDFWLYH�SRZHU�FDQ�EH

REWDLQHG�DV
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7KH� SHDN� UHDFWLYH� SRZHU� LV� LQGHSHQGHQW� RI� WKH� DFWLYH� GDPSLQJ� LQWURGXFHG� DQG� LV

GHWHUPLQHG� E\� WKH� PDWHULDO� FRQVWDQWV� RI� WKH� DFWXDWRU�� � )LJXUH� ���� VKRZV� WKH� UHDFWLYH

HOHFWULFDO�SRZHU�DV�D�IXQFWLRQ�RI�WKH�UHDO�HOHFWULFDO�SRZHU�RYHU�D�IUHTXHQF\�UDQJH����ZQ�WR

��ZQ�IRU�GLIIHUHQW�YDOXHV�RI�.I���,W�FDQ�EH�VHHQ�WKDW�WKH�SHDN�YDOXHV�RI�WKH�UHDO�DQG�UHDFWLYH

SRZHUV�LQFUHDVH�ZLWK�GHFUHDVLQJ�]D�DV�FDQ�EH�H[SHFWHG�IURP�(TXDWLRQV��������DQG��������

7KH� DPSOLILHU�PXVW� EH� GHVLJQHG� VXFK� WKDW� LW� FDQ� KDQGOH� WKH� UHDO� SRZHU� DQG� FDSDFLWLYH

UHDFWLYH� SRZHU� XQGHU� ZRUVW� FDVH� RSHUDWLQJ� FRQGLWLRQV�� � :RUVW� FDVH� RFFXUV� ZKHQ� WKH

DFWXDWRU�LV�GULYHQ�DW�WKH�PHFKDQLFDO�UHVRQDQW�IUHTXHQF\�ZKHUH�WKH�UHDO�DQG�UHDFWLYH�SRZHU

DW�WKH�DFWXDWRU�WHUPLQDOV�UHDFK�WKHLU�SHDN�RSHUDWLQJ�YDOXHV�
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)LJXUH�������5HDFWLYH�SRZHU�YV��UHDO�SRZHU�IRU�GLIIHUHQW�]D

)LJXUH������VKRZV�WKH�UHDFWLYH�SRZHU�DW�WKH�DFWXDWRU�WHUPLQDOV�DW�WKH�UHVRQDQW�IUHTXHQF\

DV�D�IXQFWLRQ�RI�]D�DQG�WKH�FRXSOLQJ�FRHIILFLHQW�N
�
���$V�H[SHFWHG�IURP�(TXDWLRQ���������WKH

UHDFWLYH� SRZHU� GRHV� QRW� YDU\� ZLWK� WKH� GDPSLQJ� UDWLR� EXW� GHFUHDVHV� ZLWK� LQFUHDVLQJ� N
�

VLQFH� D� KLJKHU� YDOXH� RI� WKH� FRXSOLQJ� FRHIILFLHQW� UHVXOWV� LQ� D� JUHDWHU� HQHUJ\� FRQYHUVLRQ

HIILFLHQF\�
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)LJXUH��������5HDFWLYH�HOHFWULFDO�SRZHU�DW�WKH�UHVRQDQW�IUHTXHQF\�DV�D�IXQFWLRQ�RI�N
�
�DQG

]D
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,Q� WKLV� FKDSWHU�� VRPH� RI� WKH� IDFWRUV� WKDW� LQIOXHQFH� WKH� GHVLJQ� RI� DPSOLILHUV� IRU

SLH]RHOHFWULF�DFWXDWRUV�KDYH�EHHQ�LQYHVWLJDWHG���,W�ZDV�VKRZQ�WKDW�FRQWUROOLQJ�WKH�FXUUHQW

WKURXJK� WKH� DFWXDWRU� WR� EH� SURSRUWLRQDO� WR� WKH� DFFHOHUDWLRQ� FDQ� DFWLYHO\� GDPS� WKH

PHFKDQLFDO�VWUXFWXUH���$V�D�UHVXOW�RI�WKLV�FRQWURO�ODZ��WKH�DFWXDWRU�DEVRUEV�WKH�PHFKDQLFDO

HQHUJ\�LQMHFWHG�LQWR�WKH�VWUXFWXUH�IURP�WKH�H[WHUQDO�GLVWXUEDQFH�IRUFH�DQG�GLUHFWV�LW�WR�WKH

HOHFWULFDO� VRXUFH�� � ,Q� DGGLWLRQ�� GXH� WR� WKH� FDSDFLWLYH� QDWXUH� RI� WKH� DFWXDWRU�� WKHUH� LV� D

FRQVLGHUDEOH�DPRXQW�RI�UHDFWLYH�HQHUJ\�WKDW�QHHGV�WR�EH�FLUFXODWHG�EHWZHHQ�WKH�DFWXDWRU

DQG� WKH� HOHFWULFDO� VRXUFH�� � 7KH� GULYH� DPSOLILHU� WKDW� FRQWUROV� WKH� DFWXDWRU� FXUUHQW� LQ

UHVSRQVH� WR� WKH� DFFHOHUDWLRQ� IHHGEDFN� QHHGV� WR� EH� DEOH� WR� DFFRPPRGDWH� WKH� FLUFXODWLQJ

UHDFWLYH� SRZHU� DQG� WKH� QHW� IORZ�RI� DYHUDJH� SRZHU� EDFN� IURP� WKH� DFWXDWRU�� �$� GHWDLOHG

DQDO\VLV� RI� WKH� HOHFWURPHFKDQLFDO� WUDQVIHU� RI� SRZHU� EHWZHHQ� WKH� DPSOLILHU� DQG� WKH

DFWXDWRU�LV�SUHVHQWHG�DQG�H[SUHVVLRQV�IRU�WKH�SHDN�YROWDJH�DQG�FXUUHQW�WKDW�WKH�DPSOLILHU

KDV�WR�VXSSRUW�IRU�UHOLDEOH�LPSOHPHQWDWLRQ�RI�WKH�FRQWURO�ODZ�DUH�GHULYHG���7KHVH�HVWLPDWHV

DUH�FULWLFDO�WR�WKH�GHVLJQ�RI�WKH�DPSOLILHU�FDQ�EH�LQFRUSRUDWHG�LQWR�DQ�RSWLPL]DWLRQ�GHVLJQ

PHWKRGRORJ\�LQ�D�VWUDLJKWIRUZDUG�PDQQHU�
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7KH� EDVHOLQH� SRZHU� GLVWULEXWLRQ� V\VWHP� VKRZQ� LQ� )LJXUH� ���� FRQVLVWV� RI� VHYHUDO

FRPSOH[�V\VWHPV�WKDW�LQWHUDFW�ZLWK�HDFK�RWKHU���2QH�RI�FULWLFDO�RSHUDWLRQDO�UHTXLUHPHQWV�LV

WKH� VWDELOLW\� DQG� UREXVWQHVV� RI� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP�� � +HQFH�� LQ� DGGLWLRQ� WR

HQVXULQJ� WKH� VWDELOLW\� RI� LQGLYLGXDO� VXEV\VWHPV�� LW� LV� QHFHVVDU\� WR� JXDUDQWHH� PLQLPDO

LQWHUDFWLRQ�EHWZHHQ� LQWHUFRQQHFWHG� VXEV\VWHPV�DQG� DYRLG�XQVWDEOH� RSHUDWLRQ� GXH� WR� WKH

LQWHJUDWLRQ�RI�VXEV\VWHPV�� �7KH�UHPDLQGHU�RI� WKH�GLVVHUWDWLRQ� LV�GHYRWHG� WR� WKH� VWXG\�RI

WHFKQLTXHV�WR�DQDO\]H�WKH�VWDELOLW\�DQG�LQWHUDFWLRQ�EHWZHHQ�LQWHUFRQQHFWHG�VXEV\VWHPV�

,Q� WKH� RSWLPL]DWLRQ� IRUPXODWLRQV� SUHVHQWHG� LQ� &KDSWHU� ��� WKH� FODVVLFDO

0LGGOHEURRN� LPSHGDQFH� UDWLR� FULWHULRQ� ZDV� XVHG� WR� HQVXUH� VWDELOLW\� RI� LQWHUFRQQHFWHG

VXEV\VWHPV�E\�UHTXLULQJ�WKDW�WKH�WHUPLQDO�LPSHGDQFHV�RI�WKH�LQGLYLGXDO�VXEV\VWHPV�DW�WKH

LQWHUFRQQHFWLRQ� EH� VXIILFLHQWO\� VHSDUDWHG�� � +RZHYHU�� WKH� LPSHGDQFH� UDWLR� FULWHULRQ�� LV

DSSOLFDEOH�RQO\�WR�D�6,62�FDVH�DQG�KHQFH�FDQQRW�EH�GLUHFWO\�DSSOLHG�WR�VWXG\�LQWHUDFWLRQ

LQ� WKUHH� SKDVH� V\VWHPV� EHFDXVH� RI� WKHLU� PXOWLYDULDEOH� QDWXUH�� � ,Q� WKLV� FKDSWHU�� WKH

LPSHGDQFH�UDWLR�FULWHULRQ� LV�H[WHQGHG� WR�D�PXOWLYDULDEOH�VHWWLQJ� WR�PDNH� LW� DSSOLFDEOH� WR

WKUHH�SKDVH�DQG�VLQJOH�SKDVH�$&�LQWHUIDFHV�� �$�PXOWLYDULDEOH� LPSHGDQFH� UDWLR�FULWHULRQ�

GHILQHG� LQ� WHUPV� RI� WKH� VLQJXODU� YDOXHV� RI� WKH� WHUPLQDO� LPSHGDQFH� PDWULFHV� DW� WKH

LQWHUFRQQHFWLRQ�LV�SURSRVHG�

6WXGLHV� RI� LQSXW� ILOWHU� LQWHUDFWLRQ� LQ� WKUHH� SKDVH� UHFWLILHUV� ZHUH� SHUIRUPHG� LQ

>�����@�� EXW� WKH� UHVXOWV� SUHVHQWHG� WKHUHLQ� ZHUH� QRW� DSSOLHG� WR� WKUHH� SKDVH� $&�'&

FRQYHUWHUV�LQ�JHQHUDO���7KH�GHVLJQ�RI�LQSXW�ILOWHUV�IRU�SRZHU�IDFWRU�FRUUHFWLRQ�FLUFXLWV�ZDV

LQWURGXFHG�LQ�>��@���7KH�IDFWRUV�DIIHFWLQJ�WKH�FKRLFH�RI�WKH�ILOWHU�WRSRORJ\�IRU�SRZHU�IDFWRU

FRUUHFWLRQ� FLUFXLWV� ZHUH� RXWOLQHG�� � ,Q� >��@�� WKH� WKUHH�SKDVH� FRQYHUWHU� ZDV� WUHDWHG� DV� D

PXOWLYDULDEOH� V\VWHP� DQG� FULWHULD� IRU� WKH� VWDELOLW\� RI� WKH� LQWHUFRQQHFWHG� ILOWHU�FRQYHUWHU

V\VWHP� ZHUH� GHULYHG� EDVHG� RQ� WKH� HLJHQYDOXH� ORFL� DQG� VLQJXODU� YDOXHV� RI� WKH� UHOHYDQW

WUDQVIHU� IXQFWLRQ� PDWULFHV�� � +RZHYHU�� WKH� DQDO\VLV� SUHVHQWHG� LQ� >��@� GLG� QRW� FOHDUO\
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LGHQWLI\�WKH�HIIHFWV�RI� WKH�LQFOXVLRQ�RI� WKH�LQSXW�ILOWHU�RQ�WKH�SHUIRUPDQFH�LQGLFHV�RI� WKH

V\VWHP�� �7KH�DQDO\VLV�SUHVHQWHG�KHUH� LV�JHQHUDO�EXW� LV�GHVFULEHG�XVLQJ� WKH�H[DPSOH�RI�D

WKUHH�SKDVH� ERRVW� UHFWLILHU� UHSUHVHQWHG� E\� LWV� DYHUDJH�PRGHO� LQ� URWDWLQJ�GT� FRRUGLQDWHV

>��@�

7KH�RUJDQL]DWLRQ�RI�WKH�FKDSWHU�LV�DV�IROORZV��7KH�0LGGOHEURRN�,PSHGDQFH�5DWLR

FULWHULRQ� LV� GHVFULEHG� LQ� VHFWLRQ� ����� � ,Q� VHFWLRQ� ����� WKH� EDVLF� FRQWURO� REMHFWLYHV� RI� D

JHQHULF�3)&� FRQYHUWHU� DUH� SUHVHQWHG�� �$� ILOWHU� WRSRORJ\� VXLWDEOH� IRU� 3)&� FRQYHUWHUV� DV

SURSRVHG� LQ� >��@� LV� FKRVHQ� DV� DQ� H[DPSOH� IRU� WKH� DQDO\VLV�� � 7KH� HIIHFWV� RI� WKH� ILOWHU

FRPSRQHQWV�RQ� WKH�H[LVWHQFH� DQG�YDULDWLRQ�RI� WKH�RSHUDWLQJ� FRQGLWLRQV�RI� WKH� FRQYHUWHU

DUH�GHWDLOHG���,Q�VHFWLRQ������D�WKUHH�SKDVH�ERRVW�UHFWLILHU�ZLWK�D�FRQYHQWLRQDO�WZR�FKDQQHO

FRQWUROOHU�LV�XVHG�DV�DQ�H[DPSOH�WR�VWXG\�WKH�HIIHFW�RI�WKH�LQSXW�ILOWHU�RQ�WKH�SHUIRUPDQFH

DQG�VWDELOLW\�RI�WKH�UHFWLILHU�V\VWHP���([SUHVVLRQV�IRU�WKH�ORRS�JDLQ��RXWSXW�LPSHGDQFH�DQG

DXGLR�VXVFHSWLELOLW\�DUH�GHULYHG���6HFWLRQ�����LQWURGXFHV�WKH�GT�PRGHO�RI�D�EDODQFHG�WKUHH

SKDVH�LQSXW�ILOWHU���7KH�HIIHFW�RI�WKH�LQSXW�ILOWHU�RQ�WKH�SHUIRUPDQFH�LQGLFHV�RI�WKH�UHFWLILHU

LGHQWLILHG� LQ� VHFWLRQ� ���� LV� GHWHUPLQHG�� � 7KH� WUDGLWLRQDO�PLQRU� ORRS� JDLQ�� ¦5DWLR� RI� WKH

RXWSXW�LPSHGDQFH�RI�WKH�ILOWHU�WR�WKH�LQSXW�LPSHGDQFH�RI�WKH�FRQYHUWHU§�LV�LQWURGXFHG���$

PXOWLYDULDEOH� FULWHULRQ� IRU� WKH� VWDELOLW\� RI� WKH� LQWHUFRQQHFWHG� V\VWHP� LV� GHULYHG�� � 7KH

VWDELOLW\�FULWHULRQ�LV�WKHQ�UHGXFHG�WR�D�VXIILFLHQW�FRQGLWLRQ�EDVHG�RQ�WKH�VLQJXODU�YDOXHV�RI

WKH� LPSHGDQFH� PDWULFHV� LQ� VHFWLRQ� ����� � 6LPSOLI\LQJ� DSSUR[LPDWLRQV� WKDW� HQDEOH� WKH

V\VWHP� GHVLJQHU� WR� GUDZ� RQ� SK\VLFDO� LQVLJKWV� WR� UHODWH� WR� WKH� VLQJXODU� YDOXHV� DUH� WKHQ

PDGH���6LPXODWLRQ�UHVXOWV�DUH�VKRZQ�WR�LOOXVWUDWH�WKH�UHVXOWV�GHULYHG�IURP�WKH�DQDO\VLV�

���� 0,''/(%522.�,03('$1&(�5$7,2�&5,7(5,21

$�JHQHULF�VXEV\VWHP�LQWHUIDFH�IRUPHG�E\�FRQQHFWLQJ�WZR�HOHFWULFDO�VXEV\VWHPV�LQ

WKH� DLUFUDIW� SRZHU� GLVWULEXWLRQ� V\VWHP� LV� VKRZQ� LQ� )LJXUH� ����� � (DFK� VXEV\VWHP� LV

UHSUHVHQWHG�E\�D�VWDQGDUG�WZR�SRUW�PRGHO�DV�VKRZQ�LQ�)LJXUH�����
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VKRZQ�LQ�)LJXUH�����
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7KH�VWDELOLW\�RI�WKH�LQWHUFRQQHFWHG�V\VWHP�GHSHQGV�RQ�WKH�VWDELOLW\�RI�WKH�IHHGEDFN

ORRS�� � 7KH� VXIILFLHQW� FRQGLWLRQ� IRU� WKH� VWDELOLW\� RI� WKH� IHHGEDFN� ORRS� DQG� KHQFH� RI� WKH

LQWHUFRQQHFWHG�V\VWHP�LV�JLYHQ�E\�WKH�VPDOO�JDLQ�WKHRUHP�� �$FFRUGLQJ�WR� WKH�VPDOO�JDLQ

WKHRUHP��WKH�IHHGEDFN�ORRS�LV�VWDEOH�LI�WKH�ORRS�JDLQ�LV�OHVV�WKDW�XQLW\�DV�JLYHQ�EHORZ�
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7KLV�VLPSOH�H[SUHVVLRQ�VD\V�WKDW�WKH�PDJQLWXGH�RI�WKH�RXWSXW�LPSHGDQFH�RI�VXEV\VWHP��

�ILOWHU��PXVW� HYHU\ZKHUH� EH� OHVV� WKDQ� WKH� LQSXW� LPSHGDQFH� RI� VXEV\VWHP� �� �FRQYHUWHU��

(TXDWLRQ�������LV�WUDGLWLRQDOO\�NQRZQ�DV�WKH�,PSHGDQFH�5DWLR�&ULWHULRQ�

���� ,1387�),/7(5�,17(5$&7,21�,1�7+5((�3+$6(�$&�'&�&219(57(56

$&�'&� FRQYHUWHUV� ERWK� WKUHH� SKDVH� DQG� VLQJOH� SKDVH�� DUH� EDVLFDOO\� SRVHG�ZLWK

WZR� FRQWURO� REMHFWLYHV�� ���� WLJKW� UHJXODWLRQ� RI� RXWSXW�'&� YROWDJH� DQG� ���� UHJXODWLRQ� RI

LQSXW�SRZHU�IDFWRU�WR�XQLW\�� �7KH�SRZHU�GUDZQ�E\�WKH�FRQYHUWHU�IURP�WKH�$&�VRXUFH�LV�

KHQFH��SXUHO\� UHDO�DQG� LV�HTXDO� WR� WKH�SRZHU� UHTXLUHG�E\� WKH� ORDG�RQ� WKH�'&�VLGH�� �7KH

VFKHPDWLF� RI� D� WKUHH� SKDVH�$&�'&� FRQYHUWHU� VXSSOLHG� IURP� DQ�$&� VRXUFH� WKURXJK� DQ

LQSXW� ILOWHU� LV� VKRZQ� LQ� )LJXUH� ����� � YE� DQG� YF�� QRW� VKRZQ� LQ� )LJXUH� ����� UHSUHVHQW� WKH

YROWDJHV�RI�SKDVH�E�DQG�F�DW�WKH�FRQYHUWHU�LQSXW�

YJD

YJE
YJF

LD

LE

LF

YR LR

/I

&I

,QSXW�)LOWHU
$&�'&�

&RQYHUWHU

YD

Q

LJD

LJE
LJF

Q

)LJXUH�������6FKHPDWLF�RI�WKUHH�SKDVH�$&�'&�&RQYHUWHU�ZLWK�LQSXW�ILOWHU

,Q�WKH�DEVHQFH�RI�DQ�LQSXW�ILOWHU�� WKH�YROWDJH�YJD YD�DQG� WKH�FXUUHQW� LJD LD�� �:LWK

WKH�SRZHU�IDFWRU�UHJXODWHG�WR�XQLW\��WKH�FXUUHQW�LJD�DQG�WKH�YROWDJH�YJD�DUH�LQ�SKDVH���7KH

SKDVRU�GLDJUDP�VKRZLQJ�WKH�YROWDJHV�DQG�FXUUHQWV�DW�VLQXVRLGDO�VWHDG\�VWDWH�DUH�VKRZQ�LQ

)LJXUH����D���:LWK�WKH�LQFOXVLRQ�RI�WKH�LQSXW�ILOWHU��LI�WKH�LQSXW�FXUUHQW�LV�UHTXLUHG�WR�EH�LQ

SKDVH�ZLWK�WKH�YROWDJH��DV�LQ�)LJXUH����E��WKH�FRQYHUWHU�PXVW�EH�IRUFHG�WR�GUDZ�D�FXUUHQW

WKDW�LV�QRW�LQ�SKDVH�ZLWK�WKH�YROWDJH�DW�LWV�LQSXW�

7KXV�� VRPH� UHDFWLYH� SRZHU� KDV� WR� EH� FLUFXODWHG� EHWZHHQ� WKH� FRQYHUWHU� DQG� WKH

LQSXW�ILOWHU�WR�DFKLHYH�XQLW\�SRZHU�IDFWRU�DW�WKH�VRXUFH���)LJXUH�����VKRZV�D�EORFN�GLDJUDP

RI�D�WKUHH�SKDVH�UHFWLILHU�IHG�IURP�DQ�$&�VRXUFH�WKURXJK�DQ�LQSXW�ILOWHU�
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5HJXODWLQJ�WKH�SRZHU�IDFWRU�WR�XQLW\�DW�WKH�LQSXW�UHTXLUHV�GULYLQJ�WKH�UHDFWLYH�SRZHU�4�WR

]HUR���7KLV�UHVXOWV�LQ�WKH�IROORZLQJ�UHODWLRQVKLS�EHWZHHQ�WKH�LQSXW�YROWDJHV�DQG�FXUUHQWV�

JT

JT

JG

JG

L

Y

L

Y
 

�����

,I� WKH�G�D[LV� LV� V\QFKURQL]HG�ZLWK� WKH� ]HUR� FURVVLQJ�RI� WKH�SKDVH�D� YROWDJH�� WKHQ�YJT �

WKXV� UHVXOWLQJ� LQ� LJT �� IRU�]HUR� UHDFWLYH�SRZHU�� �7KH� UHFWLILHU� LV�XVXDOO\�FRQWUROOHG�E\� D
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WZR� FKDQQHO� FRPSHQVDWRU�� RQH� FKDQQHO� IRU� RXWSXW� YROWDJH� UHJXODWLRQ� DQG� WKH� RWKHU� IRU

UHJXODWLQJ� LT� WR� ,TUHI� WR� DFKLHYH� XQLW\� SRZHU� IDFWRU�� � ,Q� WKH� DEVHQFH� RI� DQ� LQSXW� ILOWHU�

YJG�T YG�T� DQG� LJG�T LG�T�� �+HQFH�� UHJXODWLQJ� LT� WR� ��ZLOO� HQVXUH� XQLW\� SRZHU� IDFWRU� DW� WKH

LQSXW�

+RZHYHU�� DV� PHQWLRQHG� EHIRUH�� ZLWK� WKH� LQFOXVLRQ� RI� WKH� LQSXW� ILOWHU�� LW� LV

QHFHVVDU\�WR�FLUFXODWH�VRPH�UHDFWLYH�SRZHU�EHWZHHQ�WKH�ILOWHU�DQG�WKH�FRQYHUWHU�WR�DFKLHYH

XQLW\�SRZHU�IDFWRU�DW�WKH�LQSXW���7KLV�WUDQVODWHV�WR�UHJXODWLQJ� LT�WR�D�YDOXH�GLIIHUHQW�IURP

]HUR��GHSHQGHQW�RQ�WKH�PDJQLWXGH�RI�WKH�UHDO�SRZHU�VXSSOLHG�WR�WKH�ORDG��WKH�LQSXW�YROWDJH

DQG� WKH� FRPSRQHQW� YDOXHV� RI� WKH� LQSXW� ILOWHU�� �+RZHYHU�� WKH� FLUFXODWLQJ� UHDFWLYH� SRZHU

EHWZHHQ�WKH�FRQYHUWHU�DQG�WKH�LQSXW�ILOWHU�PD\�UHVXOW�LQ�ODUJHU�FXUUHQWV�WR�IORZ�WKURXJK�WKH

VZLWFKHV�RI�WKH�FRQYHUWHU�LI�WKH�ILOWHU�FRPSRQHQWV�DUH�QRW�DSSURSULDWHO\�VL]HG���,Q�DGGLWLRQ�

WKH�LQFOXVLRQ�RI�WKH�LQSXW�ILOWHU�DSSUHFLDEO\�FKDQJHV�WKH�RSHUDWLQJ�SRLQW�RI�WKH�UHFWLILHU�

������ ([LVWHQFH�DQG�6WDELOLW\�RI�(TXLOLEULXP�6ROXWLRQV

7KH� LQSXW� ILOWHU� VFKHPDWLF� VKRZQ� LQ� )LJXUH� ���� LV� XVHG� DV� DQ� H[DPSOH� IRU� WKH

LQWHUDFWLRQ� DQDO\VLV� WR� EH� SUHVHQWHG� LQ� WKH� IROORZLQJ�� � 7KLV� WRSRORJ\� ZDV� FKRVHQ

DFFRUGLQJ�WR�WKH�GLUHFWLRQV�SUHVHQWHG�LQ�>��@�IRU�3)&�FLUFXLWV�

5G

/I

YDQ
&I

/G

)LJXUH�������6FKHPDWLF�RI�LQSXW�ILOWHU�XVHG�LQ�WKH�DQDO\VLV

6LQFH�WKH�GF�RXWSXW�YROWDJH�RI�WKH�UHFWLILHU�LV�WLJKWO\�UHJXODWHG��IRU�D�JLYHQ�ORDG��WKH�UHDO

SRZHU�VXSSOLHG�E\�WKH�UHFWLILHU�DQG�KHQFH��GUDZQ�DW� WKH�RXWSXW�RI� WKH� ILOWHU� �DVVXPLQJ�D

ORVVOHVV�FRQYHUWHU��LV�FRQVWDQW���,I�LT�LV�UHJXODWHG�VXFK�WKDW�LJT ���WKH�UHDO�SRZHU�3�LV�WKHQ

JLYHQ�E\�WKH�HTXDWLRQ�
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)URP� (TXDWLRQ� ������� LW� FDQ� EH� VHHQ� WKDW� UHDO� HTXLOLEULXP� VROXWLRQV� H[LVW� IRU� WKH

LQWHUFRQQHFWHG�V\VWHP�LI�DQG�RQO\�LI�WKH�IROORZLQJ�FRQGLWLRQ�LV�VDWLVILHG�
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8SSHUFDVH�OHWWHUV�LQ�(TXDWLRQV�������DQG�������UHSUHVHQW�WKH�RSHUDWLQJ�SRLQW�YDOXHV�RI�WKH

FRUUHVSRQGLQJ�YDULDEOHV�� �7KH�RSHUDWLQJ�SRLQW�YDOXHV� IRU� WKH�LQSXW�YROWDJHV�DQG�FXUUHQWV

RI�WKH�FRQYHUWHU�DUH�JLYHQ�LQ�(TXDWLRQ�������
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)LJXUHV�����DQG�����VKRZ�WKH�HIIHFWV�RI�FKDQJLQJ�5G�DQG�&I�RQ�WKH�T�D[LV�LQSXW�FXUUHQW�,T

WR�WKH�UHFWLILHU��SRZHU�GLVVLSDWHG�LQ�WKH�ILOWHU��UHDFWLYH�SRZHU�DQG�WKH�LQSXW�FXUUHQW�GUDZQ

E\�WKH�UHFWLILHU���7KH�FRQWURO�GHVLJQ�IRU�WKH�UHFWLILHU�LV�XVXDOO\�GRQH�DW�D�VLQJOH�RSHUDWLQJ

SRLQW�JLYHQ�E\�9G 9JG��9T 9JT ���,G �3�9G��,T ����7KH�ILOWHU�FRPSRQHQWV�PXVW�KHQFH�EH

FKRVHQ�VXFK�WKDW�WKH�YDULDWLRQ�LQ�WKH�RSHUDWLQJ�SRLQW�DIWHU�WKH�LQFOXVLRQ�RI�WKH�LQSXW�ILOWHU

LV�QRW�DSSUHFLDEOH�

,W� LV� REYLRXV� IURP�(TXDWLRQ� ������ WKDW�&I� GRHV� QRW� DIIHFW� WKH� SRZHU� ORVV� LQ� WKH

UHVLVWRU�� � ,QFUHDVLQJ�5G� UHGXFHV� WKH� SRZHU� ORVV� LQ� WKH� ILOWHU�� DW� WKH� FRVW� RI� UHGXFWLRQ� LQ

GDPSLQJ���7R�DFKLHYH�WKH�VDPH�GDPSLQJ�UDWLRV�ZLWK�D�KLJKHU�5G�UHTXLUHV�D�KLJKHU�/G�DQG

KHQFH�D�ELJJHU�ILOWHU�
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�E��9DULDWLRQ�RI�UHDFWLYH�SRZHU�DV�D�IXQFWLRQ�RI�5G�

���� 7+5((�3+$6(�%2267�5(&7,),(5

7KH�WKUHH�SKDVH�ERRVW�UHFWLILHU�LV�FKRVHQ�DV�DQ�H[DPSOH�WR�LOOXVWUDWH�WKH�YDULDWLRQ

RI�ORRS�JDLQ��RXWSXW�LPSHGDQFH�DQG�VWDELOLW\�RI�WKH�V\VWHP�GXH�WR�WKH�LQWHUDFWLRQ�ZLWK�WKH

LQSXW� ILOWHU�� � 7KH� DYHUDJH� PRGHO� RI� WKH� WKUHH� SKDVH� ERRVW� UHFWLILHU� LQ� URWDWLQJ� GT�

FRRUGLQDWHV�>��@�LV�JLYHQ�E\�(TXDWLRQ�������
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PRGHO�RI�WKH�ILOWHU�DUH�V\PPHWULFDOO\�GLVSODFHG�IURP�WKH�YDOXHV�IRU�WKH�VLQJOH�SKDVH�PRGHO

E\�WKH�DQJXODU�IUHTXHQF\�ZV�RI�WKH�LQSXW�YROWDJHV�
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)LJXUH���������D��2XWSXW�,PSHGDQFH�RI�,QSXW�)LOWHU��E��,QSXW�$GPLWWDQFH�RI�%RRVW

5HFWLILHU

)LJXUH������VKRZV�WKH�LQSXW�DGPLWWDQFH�DQG�RXWSXW� LPSHGDQFH�WUDQVIHU�IXQFWLRQV

RI�WKH�ERRVW�UHFWLILHU�DQG�LQSXW�ILOWHU�UHVSHFWLYHO\�WR�LOOXVWUDWH�WKH�DSSUR[LPDWLRQV�PDGH�LQ

(TXDWLRQV��������DQG��������

������ 6LPXODWLRQ�5HVXOWV

7KH�LQWHUDFWLRQ�EHWZHHQ�WKH�LQSXW�ILOWHU�DQG�WKH�FRQYHUWHU�LV�VKRZQ�LQ�)LJXUH�����

IRU� WZR� VHWV� RI� SDUDPHWHU� YDOXHV� IRU� WKH� LQSXW� ILOWHU�� RQH� WKDW� UHVXOWV� LQ� DSSUHFLDEOH

LPSHGDQFH� RYHUODS� DQG� KHQFH� VWURQJ� LQWHUDFWLRQ� )LJXUH� ����D�� DQG� DQRWKHU� ZLWK� QR

LPSHGDQFH�RYHUODS� DQG�PLQLPDO� LQWHUDFWLRQ� �)LJXUH� ����E��� �7KH� VLQJXODU�YDOXHV� RI� WKH

LQSXW� DGPLWWDQFH� DQG� RXWSXW� LPSHGDQFH� RI� WKH� UHFWLILHU� DQG� WKH� ILOWHU� UHVSHFWLYHO\� DUH
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SORWWHG�DV�D�IXQFWLRQ�RI�IUHTXHQF\���7KH�YROWDJH�ORRS�JDLQ�RI�WKH�UHFWLILHU�ZLWK�DQG�ZLWKRXW

WKH�LQSXW�ILOWHU�LV�DOVR�VKRZQ�LQ�)LJXUH������WR�LOOXVWUDWH�WKH�HIIHFW�RI�WKH�LQWHUDFWLRQ�GXH�WR

WKH�LQSXW�ILOWHU���,W�FDQ�EH�VHHQ�WKDW�WKH�YROWDJH�ORRS�JDLQ�RI�WKH�UHFWLILHU�LV�XQDIIHFWHG�E\

WKH�LQSXW�ILOWHU�ZKHQ�WKH�LPSHGDQFH�RYHUODS�LV�PLQLPDO���2Q�WKH�RWKHU�KDQG��D�VLJQLILFDQW

LPSHGDQFH�RYHUODS�UHVXOWV� LQ�DQ�DSSUHFLDEOH�GHJUDGDWLRQ�RI� WKH�YROWDJH� ORRS�JDLQ�RI� WKH

UHFWLILHU�� � +RZHYHU�� WKLV� GRHV� QRW� QHFHVVDULO\� FDXVH� WKH� V\VWHP� WR� EHFRPH� XQVWDEOH

EHFDXVH�WKH�LPSHGDQFH�UDWLR�FULWHULRQ�LV�RQO\�D�VXIILFLHQW�FRQGLWLRQ�IRU�VWDELOLW\�
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)LJXUH��������,PSHGDQFH�RYHUODS�DQG�YROWDJH�ORRS�JDLQ�RI�WKH�UHFWLILHU�V\VWHP�ZLWK�DQG

ZLWKRXW�LQSXW�ILOWHU��D��6WURQJ�,QWHUDFWLRQ��E��0LQLPDO�LQWHUDFWLRQ

���� 6800$5<

7KH� SUREOHP� RI� LQSXW� ILOWHU� LQWHUDFWLRQ� LQ� WKUHH� SKDVH� $&�'&� FRQYHUWHUV� ZDV

DGGUHVVHG� LQ� WKLV� FKDSWHU�� � $Q� LQSXW� ILOWHU� WRSRORJ\� ZDV� FKRVHQ� DQG� LWV� HIIHFW� RQ� WKH

SHUIRUPDQFH�LQGLFHV�RI�D�WKUHH�SKDVH�ERRVW�UHFWLILHU�UHSUHVHQWHG�E\�LWV�GT�DYHUDJH�PRGHO
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ZDV�SUHVHQWHG�� �$�PXOWLYDULDEOH� VWDELOLW\� FULWHULRQ� EDVHG� RQ� WKH� ¦PLQRU� ORRS� JDLQ§�ZDV

GHWHUPLQHG���7KH�VWDELOLW\�RI�WKH�PLQRU�ORRS�JDLQ�DQG�KHQFH�RI�WKH�LQWHJUDWHG�V\VWHP�ZDV

JXDUDQWHHG�E\�HQVXULQJ�WKDW�WKH�SURGXFW�RI�WKH�VLQJXODU�YDOXHV�RI�WKH�LPSHGDQFH�PDWULFHV

RI� WKH� UHFWLILHU� DQG� WKH� ILOWHU�ZDV� OHVV� WKDQ� XQLW\�� �7KH� FULWHULRQ�ZDV� WKHQ� UHGXFHG� WR� D

VXIILFLHQW�FRQGLWLRQ�IRU�VWDELOLW\�EDVHV�RQ�WKH�VLQJXODU�YDOXHV�RI�WKH�LQSXW�DGPLWWDQFH�DQG

RXWSXW�LPSHGDQFH�PDWULFHV�RI�WKH�UHFWLILHU�DQG�WKH�LQSXW�ILOWHU�UHVSHFWLYHO\�� �6LPSOLI\LQJ

DSSUR[LPDWLRQV�EDVHG�RQ� WKH�SK\VLFDO� SURSHUWLHV�RI� WKH� V\VWHP�ZHUH�PDGH� WR�PDNH� WKH

VWDELOLW\�FULWHULRQ�PRUH�DPHQDEOH�WR�SUDFWLFDO�GHVLJQ���6LPXODWLRQ�UHVXOWV�WR�LOOXVWUDWH�WKH

UHVXOWV�RI�WKH�DQDO\VLV�ZHUH�SUHVHQWHG�
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���� ,1752'8&7,21

7KH�LPSHGDQFH�UDWLR�FULWHULRQ�XVHG�WR�JXDUDQWHH�PLQLPDO�LQWHUDFWLRQ�DQG�VWDELOLW\

RI� LQWHUFRQQHFWHG� V\VWHPV� LV� EDVHG� RQ� WKH� OLQHDUL]HG� PRGHOV� RI� VXEV\VWHPV� DURXQG� D

QRPLQDO�RSHUDWLQJ�SRLQW���,W�JXDUDQWHHV�RQO\�ORFDO�VWDELOLW\�LQ�D�VPDOO�QHLJKERUKRRG�RI�WKH

HTXLOLEULXP� SRLQW�� � +HQFH�� WKH� EHKDYLRU� RI� WKH� V\VWHP� ZKHQ� VXEMHFWHG� WR� D� ODUJH

GLVWXUEDQFH� FDQQRW� EH� SUHGLFWHG� XVLQJ� VXFK� OLQHDU� DQDO\VLV� WHFKQLTXHV�� � 0HWKRGV� WKDW

DFFRPPRGDWH� WKH�QRQOLQHDU� FKDUDFWHULVWLFV�RI� WKH� V\VWHP�PXVW� WKHQ�EH�XVHG� WR�REWDLQ� D

JOREDO� XQGHUVWDQGLQJ� RI� WKH� V\VWHP� EHKDYLRU�� � 7KH� XVH� RI� QRQOLQHDU� PHWKRGV� IRU� WKH

VWDELOLW\�DQG�VXEV\VWHP�LQWHUDFWLRQ�DQDO\VLV�RI�LQWHUFRQQHFWHG�V\VWHPV�LV�GLVFXVVHG�LQ�WKLV

FKDSWHU�

,W�ZDV�VKRZQ�LQ�&KDSWHU���WKDW�WKH�SLH]RHOHFWULF�DFWXDWRU�FRXOG�DFWLYHO\�GDPS�WKH

PHFKDQLFDO� VWUXFWXUH� E\� FRQWUROOLQJ� WKH� DFWXDWRU� FXUUHQW� WR� EH� SURSRUWLRQDO� WR� WKH

DFFHOHUDWLRQ�RI�WKH�VWUXFWXUH���,W�ZDV�DOVR�VKRZQ�WKDW�WKH�DFWXDWRU��LQ�DFWLYHO\�GDPSLQJ�WKH

VWUXFWXUH�� DEVRUEV� WKH� PHFKDQLFDO� HQHUJ\� IHG� IURP� WKH� H[WHUQDO� GLVWXUEDQFH� IRUFH� DQG

UHGLUHFWV� LW�EDFN� WR� WKH�HOHFWULFDO� VRXUFH�� �$V� D� UHVXOW�� WKHUH� LV� D�QHW� IORZ�RI� UHDO� SRZHU

EDFN�WR�WKH�'&�EXV�IURP�WKH�DFWXDWRU�LQ�DGGLWLRQ�WR�WKH�FLUFXODWLQJ�UHDFWLYH�SRZHU�GXH�WR

WKH�FDSDFLWLYH�QDWXUH�RI�WKH�DFWXDWRU���,W�LV�FULWLFDO�WR�GHWHUPLQH�LI�WKLV�UHJHQHUDWLYH�SRZHU

KDV� DQ\� GHWULPHQWDO� HIIHFWV� RQ� WKH� VWDELOLW\� RI� WKH� GULYH� DPSOLILHU�� � 7R� WKLV� HQG�� WKH

DQDO\VLV�RI�WKH�VWDELOLW\�RI�DQ�LQWHJUDWHG�V\VWHP�FRQVLVWLQJ�RI�D�UHJXODWHG�SRZHU�FRQYHUWHU

ZLWK� DQ� LQSXW� ILOWHU� XQGHU� ELGLUHFWLRQDO� SRZHU� IORZ� LQ� SUHVHQWHG� LQ� WKLV� VHFWLRQ�� � 7KH

DQDO\VLV�LV�VLPSOLILHG�LQ�WKDW�LW�LV�DVVXPHG�WKDW�WKHUH�LV�QR�FLUFXODWLQJ�UHDFWLYH�SRZHU�DW�WKH

FRQYHUWHU� RXWSXW�� � ,W� LV� IRXQG� WKDW� WKH� IRUZDUG� GLUHFWLRQ� RI� SRZHU� IORZ� LV�PRUH� FULWLFDO

IURP�D�VWDELOLW\�SRLQW�RI�YLHZ���,Q�RWKHU�ZRUGV��WKH�IORZ�RI�SRZHU�LQ�WKH�UHYHUVH�GLUHFWLRQ

GRHV�QRW�GHVWDELOL]H�WKH�V\VWHP�LI�VWDELOLW\�LV�PDLQWDLQHG�LQ�WKH�IRUZDUG�GLUHFWLRQ�
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$�VLPSOH�QRQOLQHDU�V\VWHP�FRQVLVWLQJ�RI�D�UHJXODWHG�SRZHU�FRQYHUWHU�PRGHOHG�DV�D

FRQVWDQW� SRZHU� ORDG� IROORZHG� E\� DQ� LQSXW� ILOWHU� LV� XVHG� IRU� WKH� VWXG\� >��@�� � )LJXUH� ���

VKRZV�D�VLPSOLILHG�VFKHPDWLF�RI�D�UHJXODWHG�SRZHU�FRQYHUWHU�ZLWK�DQ�LQSXW�ILOWHU�
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7KH� VWDELOLW\� RI� WKLV� LQWHUFRQQHFWHG� V\VWHP� XQGHU� FRQGLWLRQV� RI� ELGLUHFWLRQDO

SRZHU� IORZ� ZLOO� EH� LQYHVWLJDWHG� LQ� WKLV� VHFWLRQ�� � 7KLV� V\VWHP� FRQVLVWV� RI� D� UHJXODWHG

ELGLUHFWLRQDO�SRZHU�FRQYHUWHU�FRQQHFWHG�WR�D�VRXUFH�WKURXJK�DQ�LQSXW�ILOWHU���7KH�RXWSXW�RI

WKH�FRQYHUWHU�LV�FRQQHFWHG�WR�DQ�LGHDO�ORDG�PRGHOHG�E\�D�FXUUHQW�VRXUFH���8QGHU�FRQVWDQW

ORDG�FRQGLWLRQV��WKH�SRZHU�GHOLYHUHG�WR�WKH�ORDG�LV�FRQVWDQW�EHFDXVH�WKH�RXWSXW�YROWDJH�RI

WKH�FRQYHUWHU�LV�UHJXODWHG���7KH�UHJXODWHG�FRQYHUWHU�WKXV�DSSHDUV�DV�D�FRQVWDQW�SRZHU�ORDG

WR�D�V\VWHP�WKDW�LV�FRQQHFWHG�DW�LWV�LQSXW���7KH�FRQVWDQW�SRZHU�FXUYH�RI�WKLV�FRQYHUWHU�LV

VKRZQ�LQ�)LJXUH�����E\�WKH�VROLG�FXUYH�ZKHQ�WKH�SRZHU�LV�IORZLQJ�WR�WKH�ORDG���:KHQ�WKH

ORDG�LV�UHJHQHUDWLQJ�SRZHU�� WKH�FRQVWDQW�SRZHU�FXUYH�LV�VKRZQ�E\�WKH�GRWWHG�OLQH�LQ� WKH

IRXUWK� TXDGUDQW� RI� WKH� JUDSK�� � 7KH� FRQVWDQW� SRZHU� FXUYHV� LQ� )LJXUH� ���� VKRZ� WKDW� WKH

V\VWHP�LQ�)LJXUH�����LV�IXQGDPHQWDOO\�D�QRQOLQHDU�V\VWHP��DQG�WKDW�WKH�FRQYHUWHU�DQG�ORDG

DSSHDUV�DV�D�QHJDWLYH�LPSHGDQFH�WR�WKH�VRXUFH�ZKHQ�WKH�SRZHU�LV�IORZLQJ�LQ�WKH�IRUZDUG

GLUHFWLRQ�DV�VKRZQ���:KHQ�WKH�GLUHFWLRQ�RI�SRZHU�IORZ�UHYHUVHV��WKH�LQSXW�LPSHGDQFH�RI

WKH�FRQYHUWHU�VXEV\VWHP�FKDQJHV�VLJQ�DV�FDQ�EH�FOHDUO\�REVHUYHG�LQ�)LJXUH�����
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7KH�HTXLOLEULXP�SRLQWV�IRU�WKH�V\VWHP�DUH�DOVR�GHWHUPLQHG�IURP�WKH�SRLQWV�RI�LQWHUVHFWLRQ

EHWZHHQ�WKH�'&�ORDG�OLQH�DQG�WKH�FRQVWDQW�SRZHU�FKDUDFWHULVWLFV�RI�WKH�SRZHU�FRQYHUWHU�

7KLV� LV� LOOXVWUDWHG� LQ� )LJXUH� ����� � (TXLOLEULXP� VROXWLRQV� H[LVW� DV� ORQJ� DV� WKH� ORDG� OLQH

LQWHUVHFWV� WKH� FRQVWDQW� SRZHU� FXUYH�� � ,Q� WKH� IRUZDUG� GLUHFWLRQ�� WKH� ORDG� OLQHV� IRU

RJ 395 ��d LQWHUVHFW� WKH� FRQVWDQW� SRZHU� FXUYH�� � (TXLOLEULXP� SRLQWV� GR� QRW� H[LVW� IRU

RJ 395 ��! ���2Q�WKH�RWKHU�KDQG��WKHUH�H[LVW�HTXLOLEULXP�SRLQWV�IRU�DOO�YDOXHV�RI�5�LQ�WKH

UHYHUVH�GLUHFWLRQ���7KLV�FDQ�EH�LQIHUUHG�IURP�WKH�H[SUHVVLRQV�IRU�WKH�HTXLOLEULXP�VROXWLRQV
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YDOXHV�RI�5�

7KH�VWDELOLW\�RI�WKH�HTXLOLEULXP�SRLQWV�GHSHQGV�RQ�WKH�SDUDPHWHU�YDOXHV���7R�PDNH

WKH� VWDELOLW\� DQDO\VLV� SUDFWLFDO� PHDQLQJIXO�� WKH� FRQVWDQW� SRZHU� FKDUDFWHULVWLF� RI� WKH

UHJXODWHG�SRZHU�FRQYHUWHU�LV�UHGUDZQ�WR�KDYH�D�ILQLWH�DUHD�XQGHU�LW�DV�VKRZQ�LQ�)LJXUH����
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7KHRUHP��%UD\WRQ�DQG�0RVHU���$�G\QDPLF�V\VWHP�GHVFULEHG�E\�WKH�VWDWH�HTXDWLRQV

��\I'[\

%X$[[

� 

�� 

�

� �����

ZLWK�WKH�IROORZLQJ�FRQGLWLRQV�



6WDELOLW\�XQGHU�%LGLUHFWLRQDO�3RZHU�)ORZ ���

��� $�LV�V\PPHWULF�DQG�SRVLWLYH�GHILQLWH

��� %� ��'
7

��� 7KH�-DFRELDQ�GI�G\�LV�V\PPHWULF

DQG�%
7
$
��
\�I�\�� �*UDG�*�\��LI�

fofo

��

\\*

%$

���DV��������

���� � �����

7KH�V\VWHP�LV�FRPSOHWHO\�VWDEOH�

7R�ILW�WKH�V\VWHP�LQ�)LJXUH�����ZLWKLQ�WKH�IUDPHZRUN�RI�WKH�WKHRUHP�JLYHQ�DERYH�

WKH�IROORZLQJ�GHILQLWLRQV�DUH�PDGH�

¸
¸
¹

·
¨
¨
©

§
� 

� � � 

�  

J

J/

9
&

/
)

/&
\I

/&
'%

/

5
$

9Y
/

&
\L[

�
��

�
�

����

�����

ZKHUH��)�Y��LV�DV�VKRZQ�LQ�)LJXUH�����

7HVW�IRU�6WDELOLW\�

����
5

&

/
%$ ���� ��

����
VV G9

&

/
)

/&
\

5&
\*

\

J �³ ¸
¸
¹

·
¨
¨
©

§
�� 

�

� �

�

�
��

�����

,I� )�Y�� LV� DV� VKRZQ� LQ� )LJXUH� ����� fofo \\* ���DV����� DQG� FRPSOHWH� VWDELOLW\� LV

HQVXUHG�LI

5
&

/
�

�����

7KXV��WKH�VWDELOLW\�UHJLRQ�FDQ�EH�GHILQHG�IRU�WKH�IRUZDUG�GLUHFWLRQ�DV�VKRZQ�LQ�)LJXUH�����

7KH�IRUZDUG�GLUHFWLRQ�RI�SRZHU�IORZ�LV�KHQFH��PRVW�FULWLFDO�IURP�WKH�VWDELOLW\�VWDQGSRLQW



6WDELOLW\�XQGHU�%LGLUHFWLRQDO�3RZHU�)ORZ ���

�L�H��� DV� ORQJ� DV� VWDELOLW\� LV� JXDUDQWHHG� LQ� WKH� IRUZDUG� GLUHFWLRQ�� LW� LV� SUHVHUYHG� LQ� WKH

UHYHUVH�GLUHFWLRQ�XSWR� WKH�VDPH�SRZHU� OHYHO�� �7KH� UHYHUVDO�RI�SRZHU� IORZ� UHVXOWV� LQ� WKH

LQSXW� LPSHGDQFH� RI� WKH� FRQYHUWHU� V\VWHP� FKDQJLQJ� VLJQ�� � 7KH� UHDVRQV� IRU� SRWHQWLDO

LQVWDELOLW\�GXH� WKH�QHJDWLYH� LQSXW� LPSHGDQFH�RI� WKH�FRQYHUWHU� WKXV�FHDVH� WR� H[LVW�GXULQJ

UHJHQHUDWLRQ�

&ULWLFDO�ORDG�OLQH

IRU�H[LVWHQFH�RI

HTXLOLEULXP�SRLQWV
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)LJXUH�������6WDELOLW\�RI�(TXLOLEULXP�6ROXWLRQV

7KLV� UHVXOW� FDQ� EH� IXUWKHU� FRUURERUDWHG� E\� WKH� LPSHGDQFH� UDWLR� FULWHULRQ�� � 1\TXLVW

FRQWRXUV�RI�WKH�ORRS�JDLQ�=R�<L��DUH�VKRZQ�LQ�)LJXUH�����DV�D�IXQFWLRQ�RI�WKH�ORDG�FXUUHQW�

,R �
,R ��

,R ���

������

)LJXUH�������6WDELOLW\�RI�,QWHUFRQQHFWHG�6\VWHP�XQGHU�UHYHUVDO�RI�SRZHU�IORZ

=R��DQG�<L�� UHSUHVHQW� WKH�RXWSXW� LPSHGDQFH�DQG� WKH� LQSXW�DGPLWWDQFH� UHVSHFWLYHO\�RI� WKH

LQSXW�ILOWHU�DQG�SRZHU�FRQYHUWHU�UHVSHFWLYHO\���,W�FDQ�EH�VHHQ�WKDW�WKH�1\TXLVW�SORWV�PRYH



6WDELOLW\�XQGHU�%LGLUHFWLRQDO�3RZHU�)ORZ ���

IXUWKHU� DZD\� IURP� WKH� ������� DV� WKH� ORDG� FXUUHQW� FKDQJHV� VLJQ� DQG� KHQFH� UHYHUVHV� WKH

SRZHU� IORZ�� � 7KH� IRUHJRLQJ� DQDO\VLV� WKXV� VXJJHVWV� WKDW� WKH� RYHUDOO� V\VWHP� VWDELOLW\� LV

GHWHUPLQHG� E\� WKH� VWDELOLW\� RI� WKH� V\VWHP� ZKHQ� WKH� SRZHU� LV� IORZLQJ� LQ� WKH� IRUZDUG

GLUHFWLRQ�

���� 6800$5<

$� VLPSOLILHG� DQDO\VLV� WR� GHWHUPLQH� WKH� VWDELOLW\� SURSHUWLHV� RI� DQ� LQWHUFRQQHFWHG

V\VWHP� XQGHU� UHJHQHUDWLYH� SRZHU� IORZ� FRQGLWLRQV� LV� SUHVHQWHG�� � 7KH� LQWHUFRQQHFWHG

V\VWHP� FRQVLVWV� RI� D� UHJXODWHG� '&�'&� FRQYHUWHU�� PRGHOHG� DV� D� FRQVWDQW� SRZHU� ORDG�

SUHFHGHG�E\�DQ�(0,�LQSXW�ILOWHU���,W�LV�VKRZQ�WKDW�WKH�IRUZDUG�GLUHFWLRQ�RI�SRZHU�IORZ�LV

PRUH�FULWLFDO�WR�WKH�VWDELOLW\�RI�WKH�V\VWHP�WKDQ�WKH�UHYHUVH�GLUHFWLRQ�ZKHQ�WKH�ORDG�FXUUHQW

LV� IORZLQJ� EDFN� WR� WKH� VRXUFH�� � ,I� WKLV� UHVXOW� H[WHQGV� WR� PRUH� FRPSOLFDWHG� PRGHOV�� LW

VXJJHVWV�D�VLPSOLILFDWLRQ�LQ�WKH�GHVLJQ�SURFHVV�E\�UHGXFLQJ�WKH�FRPSOH[LW\�RI�WKH�VWDELOLW\

WHVWV�



%LIXUFDWLRQ�0HWKRGV ���

�� %,)85&$7,21�0(7+2'6

���� ,1752'8&7,21

7KH�XVH�RI�QRQOLQHDU�PHWKRGV�WR�VWXG\�WKH�JOREDO�VWDELOLW\�DQG�LQWHUDFWLRQ�EHKDYLRU

RI�LQWHUFRQQHFWHG�V\VWHPV�LV�FRQWLQXHG�LQ�WKLV�FKDSWHU�ZLWK�WKH�DSSOLFDWLRQ�RI�ELIXUFDWLRQ

PHWKRGV���7KH�WHUP�¦%LIXUFDWLRQ§�LV�XVHG�WR�LQGLFDWH�D�TXDOLWDWLYH�FKDQJH�LQ�WKH�SURSHUWLHV

RI� D� V\VWHP�DV� D� IXQFWLRQ�RI�RQH�RU�PRUH�SDUDPHWHUV�NQRZQ� DV� ELIXUFDWLRQ� SDUDPHWHUV�

7KH�FKDQJHV� W\SLFDOO\�DUH� LQ� WKH�QXPEHU�� W\SH�DQG�VWDELOLW\�RI�VROXWLRQV� WR� WKH�G\QDPLF

HTXDWLRQV�WKDW�GHVFULEH�V\VWHP�EHKDYLRU���7\SLFDOO\��D�V\VWHP�LV�VDLG�WR�ELIXUFDWH�ZKHQ�LWV

HTXLOLEULXP�SRLQW�ORVHV�VWDELOLW\�DW�D�JLYHQ�RSHUDWLQJ�FRQGLWLRQ���7KHVH�DQDO\VLV�PHWKRGV

DUH�WKHQ�SULPDULO\�FRQFHUQHG�LQ�WKH�SRVW�ELIXUFDWLRQ�EHKDYLRU�RI�WKH�V\VWHP���7KDW�LV��WKH\

SURYLGH� LQIRUPDWLRQ� DERXW� WKH� FKDUDFWHULVWLFV� RI� WKH� V\VWHP� DIWHU� WKH� HTXLOLEULXP� SRLQW

ORVHV�VWDELOLW\���/LQHDU�DQDO\VLV�PHWKRGV��KRZHYHU��FDQ�RQO\�SUHGLFW�WKH�ORVV�RI�VWDELOLW\�RI

WKH�HTXLOLEULXP�SRLQW�

,Q� ELIXUFDWLRQ� SUREOHPV�� LW� LV� XVHIXO� WR� FRQVLGHU� D� VSDFH� FRPSULVLQJ� WKH� VWDWH

YDULDEOHV�DQG� WKH�ELIXUFDWLRQ�SDUDPHWHUV�� �%LIXUFDWLRQ�SRLQWV�DUH� LGHQWLILHG� LQ� WKLV� VSDFH

E\�REVHUYLQJ� FKDQJHV� LQ� V\VWHP�SURSHUWLHV� DV� D� IXQFWLRQ� RI� D� FKRVHQ� VHW� RI� ELIXUFDWLRQ

SDUDPHWHUV�� � $� SK\VLFDO� XQGHUVWDQGLQJ� RI� WKH� VXEV\VWHP� EHLQJ� DQDO\]HG� PRWLYDWHV� WKH

FKRLFH�RI�ELIXUFDWLRQ�SDUDPHWHU�V��

7KH�XVH�RI�ELIXUFDWLRQ�PHWKRGV� IRU� WKH� VWXG\�RI�JOREDO� VWDELOLW\� LV� GHPRQVWUDWHG

XVLQJ�WZR�H[DPSOHV�RI�LQWHUFRQQHFWHG�V\VWHPV���7KH�LQWHUDFWLRQ�EHWZHHQ�D�UHJXODWHG�'&�

'&� EXFN� FRQYHUWHU� DQG� DQ� (0,� LQSXW� ILOWHU� LV� VWXGLHG� ILUVW�� � 7KH� EXFN� FRQYHUWHU� LV

UHSUHVHQWHG�E\�LWV�DYHUDJH�PRGHO�LQ�RUGHU�WR�FDSWXUH�RQO\�WKH�V\VWHP�OHYHO��ORZ�IUHTXHQF\

LQWHUDFWLRQV�ZLWK�WKH�LQSXW�ILOWHU���7KH�GDPSLQJ�UHVLVWDQFH�LQ�WKH�LQSXW�ILOWHU�LV�FKRVHQ�DV

WKH� ELIXUFDWLRQ� SDUDPHWHU�� � 7KH� ELIXUFDWLRQ� EHKDYLRU� RI� WKH� V\VWHP� LV� VWXGLHG� DV� WKH

GDPSLQJ�UHVLVWDQFH�YDULHV�� �7KH�UHVXOWV�DUH� WKHQ�FRPSDUHG�ZLWK�WKRVH�REWDLQHG�IURP�WKH

DSSOLFDWLRQ�RI�WKH�LPSHGDQFH�UDWLR�FULWHULRQ���7KH�VHFRQG�H[DPSOH�GHDOV�ZLWK�WKH�VWXG\�RI

LQWHUDFWLRQ� DW� WKH� '&� EXV� RI� D� VLPSOLILHG� SRZHU� GLVWULEXWLRQ� UHSUHVHQWHG� DV� D� VLQJOH



%LIXUFDWLRQ�0HWKRGV ���

VRXUFH�VLQJOH� ORDG� V\VWHP�� � 7KH� VRXUFH� VXEV\VWHP� LV� D� WKUHH�SKDVH� ERRVW� UHFWLILHU� WKDW

IHHGV�WKH����9�'&�EXV�RI�WKH�SRZHU�GLVWULEXWLRQ�V\VWHP���7KH�UHFWLILHU�LV�UHSUHVHQWHG�E\

LWV� DYHUDJH�PRGHO� LQ� URWDWLQJ�GT� FRRUGLQDWHV� V\QFKURQL]HG�ZLWK� WKH� LQSXW� OLQH� YROWDJHV�

7KH� ORDG�VXEV\VWHP� LV�D� UHJXODWHG�'&�'&�EXFN�FRQYHUWHU�ZLWK�D� IURQW�HQG� LQSXW� ILOWHU�

7KH� ORDG�FRQYHUWHU� LV�PRGHOHG� DV�D�FRQVWDQW�SRZHU� ORDG�VLPLODU� WR� WKDW� VWXGLHG� LQ� >��@�

7KH�YROWDJH�FRQWUROOHU�JDLQ�RI�WKH�WKUHH�SKDVH�ERRVW�UHFWLILHU�LV�FKRVHQ�DV�WKH�ELIXUFDWLRQ

SDUDPHWHU�DV�LW�LV�GLUHFWO\�UHODWHG�WR�WKH�YROWDJH�UHJXODWLRQ�EDQGZLGWK�RI�WKH�UHFWLILHU���7KH

GHSHQGHQFH�RI�WKH�ELIXUFDWLRQ�EHKDYLRU�RI�WKH�V\VWHP�DV�D�IXQFWLRQ�RI�WKH�WRWDO�SRZHU�DW

WKH� '&� EXV� LV� GLVFXVVHG�� � 7KH� DSSOLFDELOLW\� RI� WKHVH� PHWKRGV� WR� D� SUDFWLFDO� GHVLJQ

SURFHGXUH�LV�H[SORUHG�

���� ,1387�),/7(5�,17(5$&7,21

7KH�FLUFXLW�VFKHPDWLF�RI�D�UHJXODWHG�'&�'&�EXFN�FRQYHUWHU�ZLWK�DQ�LQSXW�ILOWHU�LV�VKRZQ
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DQDO\VLV� LV� SHUIRUPHG� RQ� WKH� DYHUDJH� PRGHO� RI� WKH� FRQYHUWHU�� LQWHUDFWLRQV� ZLWK
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IUHTXHQFLHV�LQ�WKH�VZLWFKLQJ�IUHTXHQF\�UDQJH�EHWZHHQ�WKH�FRQYHUWHU�DQG�WKH�ILOWHU�FDQQRW

EH�FDSWXUHG�E\�WKLV�PHWKRG�
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7KH�GXW\�F\FOH�G��LV�JLYHQ�E\�

� �> @ P&RYR5()R )YYNK9KG �� ��� �����

7R�UHGXFH�QRWDWLRQDO�FOXWWHU��WKH�VWDWH�HTXDWLRQV�IRU�WKH�V\VWHP�DUH�ZULWWHQ�DV�

��� I5[I[  � �����
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ZKHUH��[��UHSUHVHQWV�WKH�VWDWH�YHFWRU�>L/�YR�L/I�Y&I�Y&�@
7���7KH�HTXLOLEULXP�VROXWLRQV�[H >,/H

9RH� ,/IH� 9&IH� 9&�H@
7� IRU� WKH� V\VWHP� DUH� GHWHUPLQHG� E\� VHWWLQJ� WKH� VWDWH� GHULYDWLYHV� LQ

(TXDWLRQ�������HTXDO�WR�]HUR�DQG�VROYLQJ�WKH�UHVXOWLQJ�V\VWHP�RI�DOJHEUDLF�HTXDWLRQV�

HI [[5[I  � ���� �����
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7KH�ORFL�RI�WKH�HTXLOLEULXP�VROXWLRQV�DV�D�IXQFWLRQ�RI�5I�LV�VKRZQ�LQ�)LJXUH�����

5I 5I
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9RH

,/IH
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)LJXUH�������/RFL�RI�(TXLOLEULXP�6ROXWLRQV�DV�D�)XQFWLRQ�RI�5I
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7KH� OLQHDUL]HG� V\VWHP� HTXDWLRQV� DURXQG� WKH� HTXLOLEULXP� VROXWLRQV� GHILQHG� E\

(TXDWLRQ������� DUH� JLYHQ� E\� (TXDWLRQ� ������� � 7KH� ORFDWLRQ� RI� WKH� HLJHQYDOXHV� RI� WKH

OLQHDUL]HG� V\VWHP� GHWHUPLQHV� WKH� VWDELOLW\� RI� WKH� V\VWHP� LQ� WKH� QHLJKERUKRRG� RI� WKH

HTXLOLEULXP�SRLQW�[H�

H[[

I

IH
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5[I
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$V�WKH�HLJHQYDOXHV�PRYH�LQ�WKH�FRPSOH[�SODQH�DV�D�IXQFWLRQ�RI�WKH�FRQWURO�SDUDPHWHU��WKH

V\VWHP�ORVHV�VWDELOLW\�IRU�D�SDUWLFXODU�YDOXH�RI�5I�LQ�RQH�RI�WZR�ZD\V�DV�VKRZQ�LQ�)LJXUH

����

$Q� HLJHQYDOXH�PRYHV� WR� WKH� ULJKW� KDOI� SODQH� WKURXJK� WKH� RULJLQ�� 7KLV� LV� FDOOHG� D� VWDWLF

ELIXUFDWLRQ�

$� SDLU� RI� FRPSOH[� FRQMXJDWH� HLJHQYDOXHV�PRYHV� WR� WKH� ULJKW� KDOI� SODQH� ZLWK� QRQ�]HUR

LPDJLQDU\�SDUWV��7KLV�LV�FDOOHG�D�G\QDPLF�RU�$QGURQRY�+RSI�ELIXUFDWLRQ�

5H�O�

,P�O�

6WDWLF

%LIXUFDWLRQ'\QDPLF

�+23)�

%LIXUFDWLRQ

)LJXUH������/RVV�RI�6\VWHP�6WDELOLW\

7KH�ORFL�RI�HLJHQYDOXHV�RI�WKH�OLQHDUL]HG�V\VWHP�IRU�WKH�'&�'&�EXFN�FRQYHUWHU�ZLWK�LQSXW

ILOWHU�LV�VKRZQ�LQ�)LJXUH�������,W�FDQ�EH�VHHQ�WKDW�D�SDLU�RI�FRPSOH[�FRQMXJDWH�HLJHQYDOXHV

O�� DQG�O���PRYH� WR� WKH� ULJKW� KDOI� RI� WKH� FRPSOH[� SODQH�ZLWK� QRQ�]HUR� LPDJLQDU\� SDUWV�

7KH� V\VWHP� WKXV� VXIIHUV� D� G\QDPLF� $QGURQRY�+RSI� ELIXUFDWLRQ�� � $Q� $QGURQRY�+RSI

ELIXUFDWLRQ� LQGLFDWHV� WKH� H[LVWHQFH� RI� SHULRGLF� VROXWLRQV�� 7KH� VWDELOLW\� RI� WKH� SHULRGLF

VROXWLRQV�QHDU�WKH�ELIXUFDWLRQ�SRLQW�LV�GHWHUPLQHG�E\�WKH�W\SH�RI�ELIXUFDWLRQ�
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5H�O�

O�

O�

O�

O�

O�

,P�O�

5I  ������

)LJXUH�������/RFL�RI�(LJHQYDOXHV�RI�/LQHDUL]HG�6\VWHP�DV�D�IXQFWLRQ�RI�5I

$�+RSI�ELIXUFDWLRQ�LV�IXUWKHU�FODVVLILHG�DV�VXSHUFULWLFDO�DQG�VXEFULWLFDO���%\�XVLQJ

SHUWXUEDWLRQ�PHWKRGV�� ¦1RUPDO� )RUP§� HTXDWLRQV� >��@� WKDW� GHVFULEH� WKH� EHKDYLRU� RI� WKH

V\VWHP�QHDU�WKH�ELIXUFDWLRQ�SRLQWV�DUH�GHULYHG���7KH�JHQHULF�QRUPDO�IRUP�HTXDWLRQV�IRU�D

+RSI�ELIXUFDWLRQ�DUH�JLYHQ�EHORZ�

�

�

D

DDD

EZT

DP

� 

� 
�

� �����

'HSHQGLQJ�RQ�WKH�VLJQ�RI�D�� WKH�ELIXUFDWLRQ�LV�VXSHUFULWLFDO�RU�VXEFULWLFDO��$�QHJDWLYH�D

LQGLFDWHV� D� VXSHUFULWLFDO�+RSI� DQG� D�SRVLWLYH�D�� D� VXEFULWLFDO�+RSI�� �$� VXEFULWLFDO�+RSI

ELIXUFDWLRQ� LV� FKDUDFWHUL]HG� E\� XQVWDEOH� SHULRGLF� VROXWLRQV� ELIXUFDWLQJ� IURP� WKH� +RSI

SRLQW�� $� VXSHUFULWLFDO�+RSI� ELIXUFDWLRQ� ZRXOG�� RQ� WKH� RWKHU� KDQG�� KDYH� VWDEOH� SHULRGLF

VROXWLRQV�ELIXUFDWLQJ� IURP� WKH�+RSI�SRLQW�� �)RU� WKH� V\VWHP�XQGHU� VWXG\�� WKH�ELIXUFDWLRQ

ZDV� IRXQG� WR� EH� VXEFULWLFDO�� � 7KH� FRPSOHWH� ELIXUFDWLRQ� GLDJUDP� RI� WKH� '&�'&� EXFN

FRQYHUWHU�ZLWK�LQSXW�ILOWHU� LV�VKRZQ�LQ�)LJXUH������ �7KH�SHULRGLF�VROXWLRQV� WKDW�ELIXUFDWH

IURP�WKH�+RSI�SRLQW�DUH�QXPHULFDOO\�FRQVWUXFWHG�XVLQJ�VKRRWLQJ�PHWKRGV�� �$�EUDQFK�RI

SHULRGLF�VROXWLRQV�DV�D�IXQFWLRQ�RI�WKH�FRQWURO�SDUDPHWHU�5I�FDQ�WKHQ�EH�WUDFHG�XVLQJ�RQH

RI�VHYHUDO�PHWKRGV�VXFK�DV�VHTXHQWLDO��DUF�OHQJWK�RU�SVHXGR�DUF�OHQJWK�FRQWLQXDWLRQ���7KH

VWDELOLW\� RI� WKH� ELIXUFDWLQJ� SHULRGLF� VROXWLRQV� LV� GHWHUPLQHG� XVLQJ� )ORTXHW� WKHRU\�� � 7KH



%LIXUFDWLRQ�0HWKRGV ���

FRQVWUXFWLRQ��EUDQFK� FRQWLQXDWLRQ�DQG�GHWHUPLQDWLRQ�RI� VWDELOLW\�RI�SHULRGLF� VROXWLRQV� LV

H[SODLQHG�LQ�GHWDLO�LQ�WKH�IROORZLQJ�VHFWLRQ�

9R

5IW

6WDEOH

6WDEOH�SHULRGLF�VROXWLRQV

8QVWD
EOH�SH

ULRGLF
�VROXW

LRQV

8QVWDEOH�HTXLOLEULXP�VROXWLRQV

+RSI�%LIXUFDWLRQ�3RLQW

&\FOLF�IROG�%LIXUFDWLRQ�3RLQW

YR
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SHUWXUEHG�EXW�RQO\�HQGV�XS�LQ�D�VWDEOH�SHULRGLF�VROXWLRQ���6XFK�DQ�REVHUYDWLRQ�FDQQRW�EH

PDGH� IURP� FRQYHQWLRQDO� OLQHDU� DQDO\VLV� PHWKRGV� VXFK� DV� WKH� 0LGGOHEURRN� ,PSHGDQFH
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DV�WKH�FRQWURO�SDUDPHWHU�IRU�WKH�ELIXUFDWLRQ�DQDO\VLV�RI�WKH�EDVHOLQH�V\VWHP���7KH�VWDELOLW\

DQDO\VLV� SURFHHGV� DV� IROORZV�� 7KH� VWDELOLW\� RI� WKH� HTXLOLEULXP� VROXWLRQV� RI� WKH� EDVHOLQH

V\VWHP� LV� GHWHUPLQHG� DV� D� IXQFWLRQ� RI� WKH� FRQWURO� SDUDPHWHU�� KR�� � 7KH� WRWDO� SRZHU�3W�

VXSSOLHG�E\�WKH�ERRVW�UHFWLILHU�LV�GLYLGHG�HTXDOO\�EHWZHHQ�WKH�FRQVWDQW�FXUUHQW�ORDG�LR��DQG

WKH�FRQVWDQW�SRZHU�ORDG�3/�YI����7KH�FRPSOHWH�ELIXUFDWLRQ�GLDJUDP�IRU�WKH�EDVHOLQH�V\VWHP

IRU�3W �N:�LV�VKRZQ�LQ�)LJXUH�����D�

VWDEOH�HTXLOLEULXP�

VROXWLRQ

8QVWDEOH�HTXLOLEULXP�

VROXWLRQ

+RSI�%LIXUFDWLRQ�3RLQW
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3HULRG��

VROXWLRQ

3HULRG���VROXWLRQ

3HULRG�'RXEOLQJ�

%LIXUFDWLRQ

YR

KR
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3HULRG��

3HULRG��

3HULRG��

YR

YR

YR

WLPH�LQ�VHFV

�E�

)LJXUH���������D��%LIXUFDWLRQ�'LDJUDP�RI�%DVHOLQH�6\VWHP�DV�D�IXQFWLRQ�RI�KR�IRU�3W �N:

�E��3HULRGLF�6ROXWLRQV�RI�%DVHOLQH�6\VWHP

7KH� HTXLOLEULXP� SRLQW� ORVHV� VWDELOLW\� WKURXJK� D� +RSI� ELIXUFDWLRQ� DW� KR �������� IRU

3W �N:�� �7KH�QRUPDO� IRUP�HTXDWLRQV� �(TXDWLRQ� ������� RI� WKH� V\VWHP� DW� WKH�+RSI� SRLQW

LQGLFDWH� WKDW� WKH� ELIXUFDWLRQ� LV� VXSHUFULWLFDO� �L�H��� WKH� ELIXUFDWLQJ� SHULRGLF� VROXWLRQV� DUH

VWDEOH�DV�VKRZQ�LQ�)LJXUH�����D���7KH�EUDQFK�RI�SHULRGLF�VROXWLRQV�LV�IROORZHG�XVLQJ�WKH
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SVHXGR�DUF�OHQJWK�FRQWLQXDWLRQ�SURFHGXUH�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ���7KH�VWDELOLW\

RI� WKH� FRQVWUXFWHG� SHULRGLF� VROXWLRQV� LV� PRQLWRUHG� E\� REVHUYLQJ� WKH� FRUUHVSRQGLQJ

)ORTXHW�PXOWLSOLHUV���$V�PHQWLRQHG�LQ�WKH�SUHYLRXV�VHFWLRQ��WKH�IORTXHW�PXOWLSOLHUV�PRYH

LQ�WKH�FRPSOH[�SODQH�DV�D�IXQFWLRQ�RI�WKH�FRQWURO�SDUDPHWHU�DQG�PD\�H[LW�WKH�XQLW�FLUFOH�LQ

RQH� RI� WKUHH� ZD\V� DV� VKRZQ� LQ� )LJXUH� ����� � $� SHULRG� GRXEOLQJ� ELIXUFDWLRQ� RFFXUV� DW

KR ��������ZKHUH�� RQH� )ORTXHW�PXOWLSOLHU� H[LWV� WKH� XQLW� FLUFOH� WKURXJK� �������� � 7KLV� LV

IROORZHG�E\�DQRWKHU�SHULRG�GRXEOLQJ�ELIXUFDWLRQ� WR�D�SHULRG���VROXWLRQ�� �7KHVH�SHULRGLF

VROXWLRQV�DUH�VKRZQ�LQ�)LJXUH�����E�

������ 'HSHQGHQFH�RQ�3DUDPHWHU�9DOXHV

7KH� EDVHOLQH� V\VWHP� FRQVLGHUHG� LQ� WKLV� SDSHU� FRQVLVWV� RI� WZR� LQWHUFRQQHFWHG

QRQOLQHDU� VXEV\VWHPV� QDPHO\�� WKH� WKUHH� SKDVH� ERRVW� UHFWLILHU� DQG� WKH� UHJXODWHG� ORDG

FRQYHUWHU�ZLWK�LQSXW�ILOWHU�� �7KH�DQDO\VLV�PHWKRG�SUHVHQWHG�DERYH�FRQVLGHUV� WKH�VWDELOLW\

RI�WKH�EDVHOLQH�V\VWHP�DV�D�ZKROH��UHJDUGOHVV�RI�WKH�VWDELOLW\�RI�WKH�LQGLYLGXDO�VXEV\VWHPV�

7R� WKLV� HQG�� DV� WKH� FRQWURO� SDUDPHWHU� LV� YDULHG�� WKH� VWDELOLW\� RI� WKH� WKUHH� SKDVH� ERRVW

UHFWLILHU�DV�D�VWDQGDORQH�V\VWHP�WHUPLQDWHG�E\� WKH� ORDG�3W�� LV�GHWHUPLQHG�� LQ�DGGLWLRQ� WR

WKDW�RI�WKH�EDVHOLQH�V\VWHP���7KH�SDUDPHWHU�YDOXHV�WKDW�\LHOG�WKH�UHVXOWV�VKRZQ�LQ�)LJXUH

�����DUH�VXFK�WKDW��WKH�HTXLOLEULXP�SRLQW�RI�WKH�ERRVW�UHFWLILHU�DV�D�VWDQGDORQH�V\VWHP�ORVHV

LWV�VWDELOLW\�EHIRUH�WKDW�RI�WKH�EDVHOLQH�V\VWHP��L�H���IRU�KR���������� �6XFK�D�VLWXDWLRQ�LV

RQO\�RI�DFDGHPLF�LQWHUHVW�DV�LW�GHIHDWV�WKH�HQWLUH�SXUSRVH�RI�VXEV\VWHP�LQWHJUDWLRQ�LQ�WKDW

DQ�XQVWDEOH�V\VWHP��WKH�ERRVW�UHFWLILHU��LV�LQWHJUDWHG�ZLWK�D�VWDEOH�V\VWHP��WKH�ILOWHU�ORDG

FRQYHUWHU� VXEV\VWHP�� WR� IRUP� WKH� VWDEOH� EDVHOLQH� V\VWHP�� � +RZHYHU�� D� GLIIHUHQW� VHW� RI

SDUDPHWHU�YDOXHV�FDQ�UHVXOW�LQ�DQ�XQVWDEOH�EDVHOLQH�V\VWHP�ZKLOH�SUHVHUYLQJ�WKH�VWDELOLW\

RI�WKH�LQGLYLGXDO�VXEV\VWHPV���,W�LV�WKH�SDUDPHWHUV�RI�WKH�ERRVW�UHFWLILHU�WKDW�GHWHUPLQH�WKH

PDQQHU�LQ�ZKLFK�WKH�EDVHOLQH�V\VWHP�ORVHV�VWDELOLW\�

6LQFH�� WKH� ORDG� RQ� WKH� '&� EXV� LV� QRW� FRQVWDQW� DW� DOO� WLPHV�� WKH� UHFWLILHU� VKRXOG

SURYLGH�¦JRRG§� UHJXODWLRQ�RI� WKH�'&�EXV�YROWDJH� DW� DOO� ORDG� OHYHOV�� �6LQFH� WKH�EDVHOLQH

V\VWHP�LV�HVVHQWLDOO\�QRQOLQHDU��WKH�EDQGZLGWK�RI�WKH�UHJXODWRU�FDQ�EH�H[SHFWHG�WR�FKDQJH

VLJQLILFDQWO\� ZLWK� WKH� ORDG�� � +HQFH�� LW� EHFRPHV� LPSRUWDQW� WR� VWXG\� WKH� HIIHFW� RI� WKH

UHJXODWLRQ�EDQGZLGWK�RI�WKH�UHFWLILHU�RQ�WKH�VWDELOLW\�RI� WKH�EDVHOLQH�V\VWHP�IRU�GLIIHUHQW
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YDOXHV�RI�SRZHU�3W�� �7KH�YDOXHV�RI�KR�IRU�ZKLFK�WKH�EDVHOLQH�V\VWHP�ORVHV�VWDELOLW\�ZHUH

GHWHUPLQHG�IRU�GLIIHUHQW�YDOXHV�RI�SRZHU�3W�� �)RU�HDFK�YDOXH�RI�3W�� WKH�W\SH�RI� WKH�+RSI

ELIXUFDWLRQ� ZDV� GHWHUPLQHG� E\� REWDLQLQJ� WKH� QRUPDO� IRUP� HTXDWLRQV� RI� WKH� EDVHOLQH

V\VWHP�� � 7KH� YDOXHV� RI� D�� LQ� WKH� QRUPDO� IRUP� HTXDWLRQV� DUH� JLYHQ� LQ� 7DEOH� ���� IRU

GLIIHUHQW�YDOXHV�RI�SRZHU�3W�

7DEOH�������D��IRU�&DVH���DQG�&DVH���

&DVH�� &DVH��3W��N:�

D� KR�KRSI� D����
��
� KR�KRSI�

� �������� ������� ������� �������

�� �������� ������� ������� ������

�� �������� ������� ������ ������

�� �������� ������� ������� ������

�� �������� ������� ������� ������

�� �������� ������� ������ ������

�� �������� ������� ������� ������

,Q�7DEOH������FDVH���LV�LGHQWLILHG�DV�WKH�VLWXDWLRQ�ZKHUH�WKH�EDVHOLQH�V\VWHP�SUHVHUYHV�LWV

VWDELOLW\� LQ� VSLWH� RI� WKH� ERRVW� UHFWLILHU� EHLQJ� XQVWDEOH�� DQG� WKDW� ZKHUHLQ� WKH� EDVHOLQH

V\VWHP�ORVHV�LWV�VWDELOLW\�ZLWK�WKH�LQGLYLGXDO�VXEV\VWHPV�EHLQJ�VWDEOH�LV�LGHQWLILHG�DV�FDVH

��� � ,W� FDQ�EH� VHHQ� IURP�7DEOH����� WKDW�� WKH� W\SH�RI�ELIXUFDWLRQ� IRU� FDVH��� FKDQJHV� IURP

VXEFULWLFDO� WR� VXSHUFULWLFDO� DQG�EDFN�DV� WKH�SRZHU� LV� LQFUHDVHG�� � )XUWKHU� LQYHVWLJDWLRQ� LV

QHFHVVDU\� WR� LGHQWLI\� WKH� UHDVRQV� IRU� VXFK� D� EHKDYLRU�� � +RZHYHU�� WKH� QRUPDO� IRUP

HTXDWLRQV�SURYLGH�DQ�LGHD�DERXW�WKH�SRVW�ELIXUFDWLRQ�EHKDYLRU�RI�WKH�V\VWHP��ZKLFK�FDQ�EH

XVHG�WR�GHVLJQ�IDXOW�FOHDULQJ�V\VWHPV�LQ�WKH�HYHQW�RI�DQ�LQVWDELOLW\���,Q�DGGLWLRQ��LW�FDQ�EH

VHHQ�IURP�7DEOH������ WKDW� WKH�YDOXHV�RI�KR� IRU�ZKLFK� WKH�EDVHOLQH�V\VWHP�ORVHV�VWDELOLW\�

GHFUHDVH�ZLWK� LQFUHDVLQJ�SRZHU�� �+HQFH��ZLWK� WKH�NQRZOHGJH�RI� WKH�PD[LPXP�SRVVLEOH

ORDG�RQ�WKH�'&�EXV��KR�FDQ�EH�FKRVHQ�VXFK�WKDW�WKH�HTXLOLEULXP�VROXWLRQV�DUH�VWDEOH�DW�DOO

ORDG� SRZHU� OHYHOV� RU� FDQ� EH� DGDSWLYHO\� YDULHG� DV� D� IXQFWLRQ� RI� WKH� ORDG� IRU� RSWLPDO

SHUIRUPDQFH�RI�WKH�FRQYHUWHU�
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���� 6800$5<

%LIXUFDWLRQ�PHWKRGV�ZHUH�XVHG�WR�VWXG\�WKH�VWDELOLW\�RI�D�'&�'&�FRQYHUWHU�ZLWK

DQ� LQSXW� ILOWHU�� �7KH� UHVXOWV� REWDLQHG�ZHUH� WKHQ� FRPSDUHG� WR� WKH� OLQHDU� DQDO\VLV� UHVXOWV�

7KH�ELIXUFDWLRQ�DQDO\VLV�ZDV�H[WHQGHG�WR�VWXG\�WKH�LQWHUDFWLRQ�DW�WKH�'&�EXV�EHWZHHQ�WKH

EXV� UHJXODWRU� DQG� D� ORDG� FRQYHUWHU� LQ� WKH� SUHVHQFH� RI� RWKHU� ORDGV� LQ� WKH� V\VWHP�� � 7ZR

GLVWLQFW�FDVHV�RI�ORVV�RI�VWDELOLW\�ZHUH�LGHQWLILHG�DQG�WKH�GHSHQGHQFH�RI�V\VWHP�VWDELOLW\�RQ

SDUDPHWHU� YDOXHV� ZDV� GLVFXVVHG�� � ,W� ZDV� IRXQG� WKDW� QRQOLQHDU� PHWKRGV� SURYLGH

LQIRUPDWLRQ� DERXW� WKH� JOREDO� EHKDYLRU� RI� WKH� V\VWHP�� � .QRZOHGJH� RI� WKH� V\VWHP

FKDUDFWHULVWLFV�DIWHU�WKH�HTXLOLEULXP�SRLQW�ORVHV�VWDELOLW\�FDQ�EH�XVHIXO�LQ�GHVLJQLQJ�IDXOW�

FOHDULQJ�PHFKDQLVPV�
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7KH�ELIXUFDWLRQ�DQDO\VLV�UHVXOWV�WKDW�ZHUH�REWDLQHG�LQ�WKH�SUHYLRXV�FKDSWHU�SURYLGH

DQ� LPSURYHG� XQGHUVWDQGLQJ� RI� WKH� JOREDO� EHKDYLRU� RI� WKH� V\VWHP� FRPSDUHG� WR� OLQHDU

DQDO\VLV� WHFKQLTXHV�� ZKLFK� SURYLGH� ORFDO� LQIRUPDWLRQ�� � +RZHYHU�� WKH\� GR� QRW� OHQG

WKHPVHOYHV� YHU\� HDVLO\� WR� LQFRUSRUDWLRQ� LQWR� D� GHVLJQ� SURFHGXUH� RU� DQ� RSWLPL]DWLRQ

SUREOHP���,Q�WKLV�VHFWLRQ��ZH�LQYHVWLJDWH�WKH�DSSOLFDELOLW\�RI�D�VLPSOH�GHVLJQ�PHWKRGRORJ\

XVHG�LQ�SRZHU�V\VWHPV��EDVHG�RQ�ELIXUFDWLRQ�DQDO\VLV��>�����@�WR�WKH�GHVLJQ�RI�VXEV\VWHP

FRPSRQHQWV� LQ� WKH�DLUFUDIW�SRZHU�GLVWULEXWLRQ� V\VWHP�� � ,W�ZDV� VKRZQ� LQ� WKH� ODVW� FKDSWHU

WKDW� DV� WKH� ELIXUFDWLRQ� SDUDPHWHU� ZDV� YDULHG�� WKH� LQWHUFRQQHFWHG� V\VWHPV� ORVH� VWDELOLW\

WKURXJK� D� +RSI� ELIXUFDWLRQ�� � $� +RSI� ELIXUFDWLRQ� LQGLFDWHV� WKH� SUHVHQFH� RI� RVFLOODWRU\

VROXWLRQV���7KH�VWDELOLW\�RI�WKHVH�VROXWLRQV�LV�GHWHUPLQHG�IURP�WKH�QRUPDO�IRUP�HTXDWLRQV

RI�WKH�V\VWHP�DW�WKH�ELIXUFDWLRQ�SRLQW���7KH�GHVLJQ�PHWKRGRORJ\�SUHVHQWHG�LQ�WKLV�VHFWLRQ

GHDOV� ZLWK� WKH� GHWHUPLQDWLRQ� RI� DQ� RSWLPDO� GLUHFWLRQ� LQ� ZKLFK� WKH� SDUDPHWHUV� RI� WKH

V\VWHP�FDQ�EH�YDULHG� VXFK� WKDW� D�+RSI�ELIXUFDWLRQ�DQG�KHQFH�RVFLOODWLRQV�RI� WKH� V\VWHP

FDQ�EH�DYRLGHG�WKXV�LPSURYLQJ�WKH�UREXVWQHVV�RI�WKH�QRPLQDO�GHVLJQ���7KH�SRWHQWLDO�WKDW

WKLV�PHWKRG�KROGV�IRU�H[WHQVLRQ�WR�DQ�RSWLPL]DWLRQ�IRUPXODWLRQ�LV�GLVFXVVHG�

�����%,)85&$7,21�0$5*,1

7KH�V\VWHP�XVHG�WR�GHPRQVWUDWH�WKH�GHVLJQ�PHWKRGRORJ\�LV�EDVHG�RQ�WKDW�VKRZQ

LQ� )LJXUH� ������ KRZHYHU�� ZLWK� FRQVLGHUDEOH� VLPSOLILFDWLRQV�� � 7KH� ��)� WR� '&� ERRVW

UHFWLILHU�LV�UHSODFHG�E\�D�'&�'&�ERRVW�FRQYHUWHU�DQG�WKH�ORDG�RQ�WKH�'&�EXV�LV�OXPSHG

LQWR�D�VLQJOH�'&�FXUUHQW�VRXUFH���$�EORFN�GLDJUDP�RI�WKLV�VLPSOLILHG�V\VWHP�LV�VKRZQ�LQ

)LJXUH������

7KH� ERRVW� FRQYHUWHU� LV� UHSUHVHQWHG� E\� LWV� DYHUDJH� PRGHO� IRU� WKH� IROORZLQJ

DQDO\VLV���7KH�VFKHPDWLF�RI�WKH�DYHUDJH�PRGHO�RI�D�'&�'&�ERRVW�FRQYHUWHU�LV�VKRZQ�LQ

)LJXUH��������,W�FDQ�EH�VHHQ�WKDW�WKH�GXW\�F\FOH�G��LQ�)LJXUH������LV�WKH�GXW\�F\FOH�RI�WKH

GLRGH�DQG�QRW�RI�WKH�VZLWFK�
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)LJXUH��������6\VWHP�EORFN�GLDJUDP

7KH� FRQYHUWHU� LV� FRQWUROOHG� XVLQJ� D� PXOWLORRS� FRQWUROOHU� FRQVLVWLQJ� RI� DQ� RXWHU

YROWDJH�ORRS�DQG�DQ�LQQHU�DYHUDJH�FXUUHQW�ORRS�
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FRQWUROOHU

&XUUHQW

FRQWUROOHU

)LJXUH��������$YHUDJH�PRGHO�RI�'&�'&�ERRVW�FRQYHUWHU�ZLWK�PXOWLORRS�FRQWUROOHU

7KH�ORDG�FXUUHQW�,R�LV�FKRVHQ�DV�WKH�ELIXUFDWLRQ�SDUDPHWHU�DV�D�IXQFWLRQ�RI�ZKLFK

WKH�VWDELOLW\�RI�WKH�V\VWHP�LV�PRQLWRUHG���7KH�GHVLJQ�YDULDEOHV�RI�WKH�V\VWHP�DUH�FKRVHQ�WR

EH� WKH�YROWDJH� DQG� FXUUHQW� FRQWUROOHU� JDLQV�� QDPHO\�KR� DQG�KL� UHVSHFWLYHO\�� �7KH� GHVLJQ

YDULDEOH� YHFWRU� LV� GHILQHG� DV�S�  � >KR�KL@�� � 7KH� UHPDLQLQJ� SDUDPHWHUV� RI� WKH� V\VWHP� DUH

FRQVLGHUHG�IL[HG�LQ�WKH�DQDO\VLV�

$� FRQWURO� SDUDPHWHU� YHFWRU�O�  � >,R��KR��KL@� RI� WKH� V\VWHP�� FRQVLVWLQJ� RI� WKH� ELIXUFDWLRQ

SDUDPHWHU�DQG� WKH�GHVLJQ�YDULDEOH�YHFWRU� LV�GHILQHG�� �$W� WKH�QRPLQDO�RSHUDWLQJ�SRLQW�RI

WKH�V\VWHP��WKH�FRQWURO�SDUDPHWHU�YHFWRU�LV�GHQRWHG�E\�OQRP� �>,R�QRP��KR�QRP��KL�QRP@���7KH

V\VWHP�VXIIHUV�D�+RSI�ELIXUFDWLRQ�SRLQW�DW�OKRSI� �>,R�KRSI��KR�KRSI��KL�KRSI@��ZLWK�D�VLPSOH�SDLU

RI�FRPSOH[�HLJHQYDOXHV�RI�WKH�OLQHDUL]HG�V\VWHP�RQ�WKH�LPDJLQDU\�D[LV���7KH�SUR[LPLW\�RI
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WKH�QRPLQDO�GHVLJQ�WR�WKH�+RSI�ELIXUFDWLRQ�LV�PHDVXUHG�E\�D�ELIXUFDWLRQ�PDUJLQ�0���7KH

ELIXUFDWLRQ� PDUJLQ� LV� GHILQHG� DV� WKH� GLVWDQFH� EHWZHHQ� WKH� ELIXUFDWLRQ� SRLQW� DQG� WKH

QRPLQDO�RSHUDWLQJ�SRLQW���+HQFH��0�LV�JLYHQ�E\

QRPKRSI0 OO � ������

ZKHUH�� WKH� GLVWDQFH�PHDVXUH� LQ� (TXDWLRQ� ������� LV� WKH� FRQYHQWLRQDO� &DUWHVLDQ� GLVWDQFH

PHDVXUH� >��@�� � ,I� RQO\� WKH� ELIXUFDWLRQ� SDUDPHWHU� ,R� LV� YDULHG� ZLWK� WKH� GHVLJQ� YDULDEOHV

IL[HG�DW�WKHLU�QRPLQDO�RSHUDWLQJ�YDOXHV��WKH�ELIXUFDWLRQ�PDUJLQ�UHGXFHV�WR

QRPRKRSIR ,,0 �� � ������

7KH�JRDO�RI�WKH�GHVLJQ�PHWKRGRORJ\�LV�WR�GHWHUPLQH�WKH�RSWLPDO�GLUHFWLRQ�RI�ILUVW

RUGHU�FKDQJH�LQ�WKH�GHVLJQ�YDULDEOH�YHFWRU�S�VXFK�WKH�ELIXUFDWLRQ�PDUJLQ�0�LV�LQFUHDVHG�

7KH�ELIXUFDWLRQ�PDUJLQ� LV� UHJDUGHG�DV�D� IXQFWLRQ�RI� WKH�FRQWUROOHU�SDUDPHWHU�YHFWRU�DQG

WKH�JUDGLHQW�RU�WKH�VHQVLWLYLW\�0O�OQRP�RI�WKH�PDUJLQ�0� LV�FRPSXWHG�VXFK�WKDW�WKH�GHVLJQ

PD\� EH� LQFUHPHQWDOO\� LPSURYHG� E\� FKDQJLQJ� SDUDPHWHUV� LQ� WKH� GLUHFWLRQ�0O�OQRP�� � 7KH

JUDGLHQW�0O�OQRP�LV�JLYHQ�E\
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6LQFH�WKH�ELIXUFDWLRQ�SDUDPDWHU�,R�FDQQRW�EH�FRQWUROOHG��WKH�RSWLPDO�GLUHFWLRQ�RI�FKDQJH�LV

DORQJ�WKH�SURMHFWLRQ�RI�WKH�JUDGLHQW�0O�OQRP��RQ�WKH�GHVLJQ�YDULDEOH�VSDFH���7KLV�SURMHFWLRQ

0S�SQRP�LV�JLYHQ�E\
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7KH�FRPSXWDWLRQ�RI�WKH�JUDGLHQW�0O�OQRP��DQG�KHQFH�WKH�SURMHFWLRQ�0S�SQRP��LV�GHVFULEHG�LQ

WKH�IROORZLQJ�VHFWLRQ�



2SWLPDO�3DUDPHWHU�8SGDWH ���

�����&20387$7,21�2)�7+(�*5$',(17

7KH�FRPSXWDWLRQ�RI� WKH�JUDGLHQW�RI� WKH�ELIXUFDWLRQ�PDUJLQ� IRU� WKH�'&�'&�ERRVW

FRQYHUWHU�LV�SUHVHQWHG�LQ�WKLV�VHFWLRQ���7KH�QRQOLQHDU�VWDWH�HTXDWLRQV�RI�WKH�V\VWHP�VKRZQ

LQ�)LJXUH������DUH�JLYHQ�EHORZ
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ZKHUH��WKH�GXW\�F\FOH�G�LV�JLYHQ�E\�

� � L/&5() KLY9G �� �
������

7KH�YDULDEOHV�Y&��DQG�Y&�� LQ�(TXDWLRQV� �������DQG��������FRUUHVSRQG� WR� WKH�VWDWHV� LQ� WKH

YROWDJH�FRQWUROOHU�

7KH�+RSI�ELIXUFDWLRQ�K\SHUVXUIDFH�LV�GHWHUPLQHG�E\�WKH�YDQLVKLQJ�UHDO�SDUWV�RI�WKH

HLJHQYDOXHV�RI�WKH�OLQHDUL]HG�V\VWHP���6SHFLILFDOO\��6KRSI�LV�GHILQHG�DV�WKH�VSDFH�RI�FRQWURO

SDUDPHWHU� YHFWRUV� OKRSI�  � >,R�KRSI�� KR�KRSI�� KL�KRSI@� VXFK� WKDW� WKH� V\VWHP� GHVFULEHG� E\

(TXDWLRQV� ������� DQG� ������� VXIIHUV� D� +RSI� ELIXUFDWLRQ�� � 7KDW� LV�� ZLWK� O�  � OKRSI� WKH

-DFRELDQ�RI�WKH�V\VWHP�JLYHQ�E\
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ZKHQ�HYDOXDWHG�DW�WKH�HTXLOLEULXP�VROXWLRQ��[KRSI��OKRSI��KDV�D�VLPSOH�SDLU�RI�HLJHQYDOXHV

KRSIMZr ��DQG�DOO�RWKHU�HLJHQYDOXHV�ZLWK�QRQ]HUR�UHDO�SDUWV���7KH�ELIXUFDWLRQ�K\SHUVXUIDFH

IRU� WKH� V\VWHP� XQGHU� FRQVLGHUDWLRQ� LV� WKH� ORDG� FXUUHQW� ,R�KRSI� IRU� ZKLFK� WKH� V\VWHP
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XQGHUJRHV� D�+RSI�ELIXUFDWLRQ�SORWWHG� DV� D� IXQFWLRQ�RI� WKH�GHVLJQ�YDULDEOHV�KR� DQG�KL� DV

VKRZQ�LQ�)LJXUH������

KR

KL

,R

6WDEOH�5HJLRQ

8QVWDEOH�5HJLRQ

)LJXUH��������7KH�+RSI�ELIXUFDWLRQ�K\SHUVXUIDFH�

,W� LV� VKRZQ� LQ� >��@� WKDW� WKH� JUDGLHQW�0O�OQRP� JLYHQ� E\� (TXDWLRQ� �������� LV� HVVHQWLDOO\� D

IXQFWLRQ� RI� WKH� QRUPDO� YHFWRU� WR� WKH�+RSI� ELIXUFDWLRQ� K\SHUVXUIDFH�6KRSI�� � 7KH� QRUPDO

YHFWRU��LQ�WXUQ�LV�JLYHQ�E\�WKH�VHQVLWLYLW\�RU�WKH�JUDGLHQW�RI�WKH�UHDO�SDUW�RI�WKH�HLJHQYDOXHV

RI�WKH�OLQHDUL]HG�V\VWHP�ZLWK�UHVSHFW�WR�WKH�FRQWURO�SDUDPHWHU�YHFWRU�O�DW�WKH�ELIXUFDWLRQ

SRLQW�DV�JLYHQ�E\
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ZKHUH��P�O�� UHSUHVHQWV� WKH� VLPSOH�SDLU� RI� FRPSOH[� HLJHQYDOXHV�ZKRVH� UHDO� SDUW� JRHV� WR

]HUR�DW�O� �OKRSI�� �7KH�GHWHUPLQDWLRQ�RI�WKH�QRUPDO�YHFWRU� LV�GHVFULEHG�LQ� WKH�IROORZLQJ�

7R�VWDUW�ZLWK��WKH�HTXLOLEULXP�VROXWLRQV�P�O��RI�WKH�V\VWHP�GHVFULEHG�E\�(TXDWLRQV�������

DQG��������DUH�JLYHQ�E\
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/HW� WKH� ULJKW� DQG� OHIW� HLJHQYHFWRUV� RI� WKH� -DFRELDQ� JLYHQ� E\� (TXDWLRQ� �������

FRUUHVSRQGLQJ�WR�P�O��EH�GHQRWHG�E\�Z
7
�O��DQG�Y�O�� UHVSHFWLYHO\�� �7KH�HLJHQYHFWRUV�DUH

QRUPDOL]HG�DFFRUGLQJ�WR� _�Y�O�_ ��DQG�Z
7
�O��Y�O� ����8VLQJ�WKLV�QRUPDOL]DWLRQ��LW�FDQ�EH

HDVLO\�VKRZQ�WKDW

� � � � � �� � � �OOOOOP YXIZ [

7 � �������

'LIIHUHQWLDWLQJ�P�O��ZLWK�UHVSHFW�WR�WKH�FRQWURO�SDUDPHWHU�YHFWRU�O�
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7KH� GHSHQGHQFH� RQ�O� RI� WKH� YDULDEOHV� LQ� (TXDWLRQV� �������� LV� LQWHQWLRQDOO\� RPLWWHG� WR

DYRLG�QRWDWLRQDO�FOXWWHU���7DNLQJ�WKH�UHDO�SDUW�RI�(TXDWLRQ���������DQG�XVLQJ
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7KH�SDUWLDO�GHULYDWLYHV�LQ�(TXDWLRQ���������DUH�JLYHQ�E\
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7KH�JHRPHWULF�LQWHUSUHWDWLRQ�RI�(TXDWLRQ���������LV�WKDW�WKH�RSWLPXP�GLUHFWLRQ�WR�LQFUHDVH

WKH� GLVWDQFH� ZLWK� UHVSHFW� WR� WKH� ELIXUFDWLRQ� SDUDPHWHU�� QDPHO\� ,R� RI� D� QRPLQDO� GHVLJQ

SRLQW�OQRP� WR� WKH� ELIXUFDWLRQ� K\SHUVXUIDFH� LV� DQWLSDUDOOHO� WR� WKH� RXWZDUG� QRUPDO� WR� WKH

K\SHUVXUIDFH���+HQFH�� WKH�RSWLPXP�GLUHFWLRQ�WR�YDU\� WKH�GHVLJQ�YDULDEOH�YHFWRU� LV�DORQJ

WKH� SURMHFWLRQ� RI� WKH� JUDGLHQW� JLYHQ� E\�(TXDWLRQ� �������� RQ� WKH� GHVLJQ� YDULDEOH� VSDFH�

7KLV�SURMHFWLRQ�FDQ�EH�REWDLQHG�DV
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6LPXODWLRQ�UHVXOWV�RI�WKH�'&�'&�ERRVW�FRQYHUWHU�DUH�SUHVHQWHG�LQ� WKLV�VHFWLRQ�WR

GHPRQVWUDWH� WKH�SURSRVHG�GHVLJQ�PHWKRGRORJ\�� �6SHFLILFDOO\�� D�QRPLQDO�GHVLJQ� LV� WDNHQ

WKURXJK�D�IL[HG�QXPEHU�RI�GHVLJQ�LWHUDWLRQV�WR�LOOXVWUDWH�WKH�LQFUHPHQWDO�LPSURYHPHQW�LQ

WKH�GHVLJQ�� �7KH�QRPLQDO� RSHUDWLQJ� FRQGLWLRQ� LV� VSHFLILHG� LQ� WHUPV�RI� WKH� QRPLQDO� ORDG

FXUUHQW� ,R�QRP�� DQG� QRPLQDO� GHVLJQ� YDULDEOH� YHFWRU� SQRP�  � >KR�QRP� KL�QRP@�� � 7KH� QRPLQDO

FRQWURO� SDUDPHWHU�YHFWRU� LV� KHQFH�� JLYHQ� E\�OQRP�  � >,R�QRP�KR�QRP�KL�QRP@�� � 7KH� UHPDLQLQJ

YDULDEOHV�LQ�WKH�FRQYHUWHU�DUH�DVVXPHG�IL[HG�WKURXJKRXW�WKH�GHVLJQ�SURFHVV���)RU�WKH�JLYHQ

GHVLJQ�YDULDEOH�YHFWRU�SQRP�� WKH� ORDG�FXUUHQW� ,R�KRSI�� IRU�ZKLFK� WKH�V\VWHP�VXIIHUV�D�+RSI

ELIXUFDWLRQ�LV�GHWHUPLQHG� IURP�WKH�ELIXUFDWLRQ�K\SHUVXUIDFH�VKRZQ�LQ�)LJXUH������� �7KH

FRUUHVSRQGLQJ� FRQWURO� SDUDPHWHU� YHFWRU� RQ� WKH� ELIXUFDWLRQ� K\SHUVXUIDFH� LV� WKHQ� OKRSI�  

>,R�KRSI�KR�QRP�KL�QRP@�� �7KH�SURMHFWLRQ�RI� WKH�QRUPDO�YHFWRU� WR� WKH�K\SHUVXUIDFH�DW�OKRSI��RQ

WKH�GHVLJQ�YDULDEOH� VSDFH� LV�GHWHUPLQHG� IURP�(TXDWLRQ� ��������� �7KH�QRPLQDO� GHVLJQ� LV

WKHQ�LQFUHPHQWDOO\�LPSURYHG�E\�PRGLI\LQJ�WKH�GHVLJQ�YDULDEOH�YHFWRU�SQRP� �>KR�QRP�KL�QRP@

DORQJ� WKH� SURMHFWLRQ�� � )LJXUH� ����� VKRZV� WKH� RSWLPDO� WUDMHFWRU\� RI� WKH� GHVLJQ� YDULDEOH

YHFWRU�IURP�D�JLYHQ�QRPLQDO�GHVLJQ�

K
R

K
L

QRPLQDO

GHVLJQ

)LJXUH��������2SWLPDO�WUDMHFWRU\�RI�GHVLJQ�YDULDEOH�YHFWRU

$W� HDFK� SRLQW� RQ� WKH� WUDMHFWRU\�� WKH� FRQWURO� SDUDPHWHU� YHFWRU� RQ� WKH� ELIXUFDWLRQ

K\SHUVXUIDFH� LV� GHWHUPLQHG�� 7KH� SURMHFWLRQ� RQ� WKH� GHVLJQ� YDULDEOH� VSDFH�� JLYHQ� E\
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(TXDWLRQ� ��������� RI� WKH� QRUPDO� YHFWRU� WR� WKH� ELIXUFDWLRQ� K\SHUVXUIDFH� DW� WKH� FRQWURO

SDUDPHWHU�YHFWRU� LV�GHWHUPLQHG�� �7KH�QHZ�GHVLJQ�YDULDEOH�YHFWRU� LV� WKHQ�GHWHUPLQHG�E\

PRGLI\LQJ� WKH� SUHYLRXV� YHFWRU�� E\� DQ� LQFUHPHQWDO� PDJQLWXGH�� LQ� WKH� GLUHFWLRQ� RI� WKH

SURMHFWLRQ���7KH�RSWLPDO�WUDMHFWRU\�LQIRUPV�WKH�GHVLJQHU�DV�WR�ZKLFK�RI�WKH�SDUDPHWHUV�LQ

WKH�GHVLJQ�YDULDEOH�YHFWRU��WKH�VWDELOLW\�RI�WKH�V\VWHP�LV�PRUH�VHQVLWLYH�WR���7KH�GLUHFWLRQ

RI� WKH� DUURZ� LQGLFDWHV� WKH� GLUHFWLRQ� LQ�ZKLFK� WKH� GHVLJQ� YDULDEOHV� DUH�PRGLILHG�� � )URP

)LJXUH�������LW�FDQ�EH�VHHQ�WKDW�WKH�YDULDWLRQ�LQ�KL�LV�JUHDWHU�WKDQ�WKDW�RI�KR�LQLWLDOO\���7KH

SKDVH�PDUJLQ�RI�WKH�OLQHDUL]HG�V\VWHP�LV�GHWHUPLQHG�DW�HDFK�GHVLJQ�SRLQW�DQG�LV�SORWWHG�LQ

)LJXUH������WR� LOOXVWUDWH� WKDW� WKH�UREXVWQHVV�RI� WKH� OLQHDUL]HG�V\VWHP�LPSURYHV�DORQJ� WKH

WUDMHFWRU\�

,WHUDWLRQ�QXPEHU

3
K
DV
H
�0

D
UJ
LQ

QRPLQDO

GHVLJQ

)LJXUH��������3KDVH�0DUJLQ�RI�OLQHDUL]HG�V\VWHP

�����6800$5<

$�QRQOLQHDU�GHVLJQ�PHWKRGRORJ\�XVHG� WR�GHWHUPLQH� WKH�RSWLPDO�GLUHFWLRQ� WR�PRGLI\� WKH

GHVLJQ� YDULDEOHV� RI� D� V\VWHP� VXFK� WKH� LQVWDELOLW\� WKURXJK� D� +RSI� ELIXUFDWLRQ� FDQ� EH

DYRLGHG�ZDV�GHPRQVWUDWHG�RQ�D�'&�'&�ERRVW�FRQYHUWHU�LQ�WKLV�FKDSWHU���7KH�ORDG�FXUUHQW

RI� WKH� FRQYHUWHU� ZDV� FKRVHQ� DV� WKH� ELIXUFDWLRQ� SDUDPHWHU�� � 7KH� YROWDJH� DQG� FXUUHQW

FRQWUROOHU� JDLQV� ZHUH� FKRVHQ� DV� WKH� GHVLJQ� YDULDEOHV� ZLWK� WKH� RWKHU� SDUDPHWHUV� LQ� WKH

V\VWHP� FRQVLGHUHG� IL[HG�� � 7KH� +RSI� ELIXUFDWLRQ� K\SHUVXUIDFH� ZDV� GHWHUPLQHG� DQG� WKH

RSWLPDO� GLUHFWLRQ� WR� PRGLI\� WKH� GHVLJQ� YDULDEOHV� ZDV� IRXQG�� � 7KLV� PHWKRG� FDQ� EH
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LQFRUSRUDWHG� LQWR� DQ� RSWLPL]DWLRQ� IRUPXODWLRQ� E\� VHDUFKLQJ� IRU� WKH� PLQLPXP� ZHLJKW

GHVLJQ�DORQJ�WKH�RSWLPDO�GLUHFWLRQ�



&RQFOXVLRQV ���

��� &21&/86,216�$1'�68**(67,216�)25�)8785(

5(6($5&+

7KH� UHVHDUFK� UHSRUWHG� LQ� WKLV� GLVVHUWDWLRQ� KDV� IRFXVHG� RQ� WKH� GHYHORSPHQW� RI

RSWLPL]DWLRQ� WRROV� IRU� WKH�GHVLJQ�RI� VXEV\VWHPV� LQ�D�PRGHUQ�DLUFUDIW� SRZHU�GLVWULEXWLRQ

V\VWHP���7R�WKLV�HQG��D�EDVHOLQH�SRZHU�GLVWULEXWLRQ�V\VWHP�ZDV�GHYHORSHG�LQ�FROODERUDWLRQ

ZLWK� /RFNKHHG�0DUWLQ�&RQWURO� 6\VWHPV�� � 7KH� EDVHOLQH� SRZHU� V\VWHP� LV� EXLOW� DURXQG� D

���9� '&� GLVWULEXWLRQ� EXV�� � 7KH� EDVHOLQH� V\VWHP� FRQVLVWV� RI� ELGLUHFWLRQDO� SRZHU

FRQYHUWHUV� WKDW� FRQYHUW�� FRQWURO� DQG� FRQGLWLRQ� WKH� HOHFWULFDO� SRZHU� EHWZHHQ� WKH� VRXUFHV

DQG� WKH� ORDGV�� HOHFWULFDO� GULYHQ� IOLJKW� FRQWURO� DFWXDWRUV� IRU� PDQHXYHULQJ� WKH� FRQWURO

VXUIDFHV�� VWUXFWXUDOO\� LQWHJUDWHG� VPDUW� DFWXDWRUV� DQG� RWKHU� W\SLFDO� DLUFUDIW� ORDGV�� � 7KH

UHJHQHUDWLRQ� RI� HQHUJ\� IURP� WKH� IOLJKW� FRQWURO� DFWXDWRUV� XQGHU� FHUWDLQ� RSHUDWLQJ

FRQGLWLRQV� ZDV� LGHQWLILHG� WR� EH� RQH� RI� WKH� GLVWLQJXLVKLQJ� IHDWXUHV� RI� WKH� SRZHU

GLVWULEXWLRQ�V\VWHP�LQ�WKDW�LW�UHTXLUHV�WKH�V\VWHP�WR�EH�DEOH�WR�SURFHVV�SRZHU�ERWK�LQ�WKH

IRUZDUG�GLUHFWLRQ�IURP�WKH�VRXUFHV�WR�WKH�ORDGV�DQG�LQ�WKH�UHYHUVH�GLUHFWLRQ�IURP�WKH�ORDGV

WR�WKH�VRXUFHV�

,W� ZDV� VKRZQ� WKDW� WKH� UHJHQHUDWLYH� SRZHU� IURP� WKHVH� IOLJKW� FRQWURO� DFWXDWRUV

RFFXUV�DV�D�WUDQVLHQW�GLVWXUEDQFH�RQ�WKH�'&�EXV�UHVXOWLQJ�LQ�XQGHVLUDEOH�YROWDJH�VZLQJV�RI

WKH�'&�EXV�YROWDJH���2Q�DQDO\VLV�RI�WKH�DFWXDWRU�PRGHOV�DQG�WKH�SURFHVV�RI�UHJHQHUDWLRQ�

LW�ZDV�IRXQG�WKDW��XQGHU�FHUWDLQ�DVVXPSWLRQV��WKH�DFWXDWLRQ�ORDGV�FRXOG�EH�UHSUHVHQWHG�E\

UHJXODWHG� SRZHU� FRQYHUWHUV�� � 7KH� UHJHQHUDWLYH� GLVWXUEDQFH� FRXOG� WKHQ� EH� HTXLYDOHQWO\

PRGHOHG� DV� D� WUDQVLHQW� ORDG� GLVWXUEDQFH� WR� WKH� UHJXODWHG� FRQYHUWHU�� � 8QGHU� WKHVH

GLUHFWLRQV��D�VDPSOH�V\VWHP�FRQVLVWLQJ�RI�D�UHJXODWHG�'&�'&�EXFN�FRQYHUWHU�SUHFHGHG�E\

DQ�(0,�LQSXW� ILOWHU�ZDV� LGHQWLILHG�� �7KH�UHJHQHUDWLYH�SRZHU�ZDV�PRGHOHG�DV�D� WUDQVLHQW

ORDG�GLVWXUEDQFH�WR�WKH�EXFN�FRQYHUWHU�

$�ZHOO� GHILQHG� RSWLPL]DWLRQ�PHWKRGRORJ\�ZDV� GHYHORSHG� IRU� D� VDPSOH� V\VWHP�

7KH� RSWLPL]DWLRQ� PHWKRGRORJ\� GHYHORSHG�� KRZHYHU�� LV� TXLWH� JHQHUDO� LQ� WKDW� LW� FDQ� EH

H[WHQGHG�ZLWK�PLQRU�PRGLILFDWLRQV�WR�RWKHU�VXEV\VWHPV�LQ�WKH�SRZHU�GLVWULEXWLRQ�V\VWHP�
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7KH� RSWLPL]HG� GHVLJQ� RI� WKH� LQSXW� ILOWHU� ZDV� SUHVHQWHG�� � 7KLV� PHWKRGRORJ\� LV� WKHQ

H[WHQGHG� WR� WKH� UHJXODWHG� '&�'&� EXFN� FRQYHUWHU�� WDNLQJ� LQWR� DFFRXQW� WKH� LQFUHDVH� LQ

FRPSOH[LW\�RI�WKH�FRQYHUWHU�� �7KH�SURFHGXUH�LV�WKHQ�H[WHQGHG�WR�WKH�VDPSOH�V\VWHP�DV�D

ZKROH� WR� DGGUHVV� V\VWHP�ZLGH� GHVLJQ� FRQVLGHUDWLRQV�� � 6WDELOLW\� RI� WKH� JOREDO� V\VWHP� LV

LQVXUHG�� DQG� WKH� HIIHFWV� RI� UHJHQHUDWLYH� SRZHU� IORZ� DUH�PLQLPL]HG�� � ,W�ZDV� VKRZQ� WKDW

RSWLPL]LQJ�WKH�LQWHJUDWHG�V\VWHP�DV�D�ZKROH�UHVXOWV�LQ�D�OHVVHU�ZHLJKW�WKDQ�LQWHJUDWLQJ�WKH

LQGLYLGXDOO\�RSWLPL]HG�V\VWHPV�

$QRWKHU� VRXUFH� RI� UHJHQHUDWLYH� HQHUJ\� LQ� WKH� SRZHU� GLVWULEXWLRQ� V\VWHP� ZDV

LGHQWLILHG�WR�WKH�VWUXFWXUDOO\�LQWHJUDWHG�VPDUW�DFWXDWRUV�� �7KH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI

WKHVH� DFWXDWRUV� DUH� VLJQLILFDQWO\� GLIIHUHQW� IURP� WKH� IOLJKW� FRQWURO� DFWXDWRUV� VXFK� DV� WKH

(0$�DQG�WKH�(+$�� �+HQFH��D�VLJQLILFDQW�SRUWLRQ�RI� WKH�GLVVHUWDWLRQ�ZDV�GHYRWHG�WR� WKH

VWXG\� RI� SLH]RHOHFWULF� DFWXDWRUV�� � 7KLV� VWXG\� LQFOXGHG� WKH� GHYHORSPHQW� RI� D� GHWDLOHG

HOHFWURPHFKDQLFDO� PRGHO� RI� WKH� SLH]RHOHFWULF� DFWXDWRU� FRXSOHG� WR� D� VLPSOH� PHFKDQLFDO

VWUXFWXUH���7KH�PRGHO�LQFOXGHG�WKH�DQK\VWHUHWLF�QRQOLQHDULW\�EHWZHHQ�WKH�SRODUL]DWLRQ�DQG

WKH�HOHFWULF�ILHOG�RI�WKH�DFWXDWRU���8VLQJ�WKLV�PRGHO�RI�WKH�DFWXDWRU��WKH�RSWLPL]HG�GHVLJQ

RI�DQ�DPSOLILHU�WKDW�FDQ�EH�FRQILJXUHG�WR�V\QWKHVL]H�D�JLYHQ�UHIHUHQFH�FXUUHQW�FRPPDQG

LQWR�WKH�DFWXDWRU�ZDV�IRUPXODWHG���7KLV�RSWLPL]DWLRQ�SURFHGXUH�DFFRXQWHG�IRU�WKH�DFWXDWRU

QRQOLQHDULW\� DQG� \LHOGHG� SK\VLFDOO\� PHDQLQJIXO� GHVLJQV� LQ� D� WLPH� HIILFLHQW� PDQQHU�

)LQDOO\��D�FRQWURO�ODZ�EDVHG�RQ�FRQWUROOLQJ�WKH�FXUUHQW�LQWR�WKH�DFWXDWRU�WR�EH�SURSRUWLRQDO

WR�WKH�DFFHOHUDWLRQ�RI�WKH�VWUXFWXUH�LQ�RUGHU�WR�DFWLYHO\�GDPS�WKH�VWUXFWXUH�ZDV�SURSRVHG�

7KLV�FRQWURO�ODZ�UHVXOWHG�LQ�WKH�DFWXDWRU�DEVRUELQJ�WKH�PHFKDQLFDO�SRZHU�LQMHFWHG�LQWR�WKH

VWUXFWXUH�E\�WKH�H[WHUQDO�GLVWXUEDQFH�IRUFH�WR�EH�UHGLUHFWHG�EDFN�WR�WKH�HOHFWULFDO�VRXUFH�

$�GHWDLOHG� DQDO\VLV� RI� WKH� HOHFWURPHFKDQLFDO� SRZHU� WUDQVIHU� FKDUDFWHULVWLFV� EHWZHHQ� WKH

DFWXDWRU�DQG�WKH�GULYH�DPSOLILHU�ZDV�SUHVHQWHG���(VWLPDWHV�RI�WKH�SHDN�FXUUHQW�DQG�YROWDJH

LQ�WKH�DFWXDWRU�ZHUH�SURYLGHG�WR�HQDEOH�GHVLJQ�RI�WKH�DPSOLILHU�

7KH� RSWLPL]DWLRQ� PHWKRGRORJLHV� IRU� WKH� VXEV\VWHPV� LQ� WKH� DLUFUDIW� SRZHU

GLVWULEXWLRQ�V\VWHP�PXVW� LQFOXGH�FRQVWUDLQWV� WKDW�JXDUDQWHH� WKH� LQWHUQDO�VWDELOLW\�RI�HDFK

VXEV\VWHP���,Q�DGGLWLRQ�WR�HQVXULQJ�WKH�VWDELOLW\�RI�LQGLYLGXDO�VXEV\VWHPV��LW�LV�QHFHVVDU\

WR�JXDUDQWHH�PLQLPDO�LQWHUDFWLRQ�EHWZHHQ�LQWHUFRQQHFWHG�VXEV\VWHPV�DQG�DYRLG�XQVWDEOH



&RQFOXVLRQV ���

RSHUDWLRQ� GXH� WR� WKH� LQWHJUDWLRQ� RI� VXEV\VWHPV�� � 7KH� RSWLPL]DWLRQ� IRUPXODWLRQ� RI� WKH

VDPSOH� V\VWHP� GHVFULEHG� LQ� 3DUW� ,� RI� WKH� GLVVHUWDWLRQ� XVH� OLQHDU� VWDELOLW\� FRQVWUDLQWV� WR

JXDUDQWHH� WKH� LQWHUQDO� VWDELOLW\� RI� VXEV\VWHPV�� � 7KH� FODVVLFDO� 0LGGOHEURRN� LPSHGDQFH

UDWLR�FULWHULRQ� LV�XVHG� WR�HQVXUH�VWDELOLW\�RI� LQWHUFRQQHFWHG� VXEV\VWHPV�E\� UHTXLULQJ� WKDW

WKH� WHUPLQDO� LPSHGDQFHV� RI� WKH� LQGLYLGXDO� VXEV\VWHPV� DW� WKH� LQWHUFRQQHFWLRQ� EH

VXIILFLHQWO\�VHSDUDWHG�

7KH� LPSHGDQFH� UDWLR� FULWHULRQ� LV� H[WHQGHG� WR� D�PXOWLYDULDEOH� VHWWLQJ� WR�PDNH� LW

DSSOLFDEOH�WR�WKUHH�SKDVH�DQG�VLQJOH�SKDVH�$&�LQWHUIDFHV�� �7KH�PXOWLYDULDEOH� LPSHGDQFH

UDWLR� FULWHULRQ� LV� GHILQHG� LQ� WHUPV� RI� WKH� VLQJXODU� YDOXHV� RI� WKH� WHUPLQDO� LPSHGDQFH

PDWULFHV�DW�WKH�LQWHUFRQQHFWLRQ���7KH�PXOWLYDULDEOH�FULWHULRQ�LV�GHPRQVWUDWHG�LQ�WKH�VWXG\

RI�WKH�LQWHUDFWLRQ�EHWZHHQ�D�WKUHH�SKDVH�LQSXW�ILOWHU�DQG�D�WKUHH�SKDVH�ERRVW�UHFWLILHU���7KLV

FULWHULRQ��KRZHYHU��LV�EDVHG�RQ�OLQHDUL]HG�PRGHOV�DQG�FDQ�RQO\�JXDUDQWHH�ORFDO�VWDELOLW\�

,Q� RUGHU� WR� VWXG\� WKH� VWDELOLW\� RI� WKH� VXEV\VWHPV� XQGHU� UHJHQHUDWLYH� SRZHU� IORZ

FRQGLWLRQV�� D� VLPSOLILHG� DQDO\VLV� ZDV� SUHVHQWHG� WKDW� SURYHG� WKDW� WKH� VWDELOLW\� RI� DQ

LQWHUFRQQHFWHG� V\VWHP� FRQVLVWLQJ� RI� D� UHJXODWHG� SRZHU� FRQYHUWHU� DQG� DQ� LQSXW� ILOWHU� LV

XQDIIHFWHG�LI�WKH�ORDG�FXUUHQW��LQ�VWHDG\�VWDWH��LV�IORZLQJ�LQ�WKH�UHYHUVH�GLUHFWLRQ�WRZDUGV

WKH�VRXUFH�

7R� SUHGLFW� WKH� JOREDO� EHKDYLRU� RI� LQWHUFRQQHFWHG� V\VWHPV�� ELIXUFDWLRQ� PHWKRGV

ZHUH� XVHG� WR� SURYLGH� LQIRUPDWLRQ� DERXW� WKH� QDWXUH�� VWDELOLW\� DQG� PXOWLSOLFLW\� RI� WKH

VROXWLRQV�RI�WKH�V\VWHP�DV�D�IXQFWLRQ�RI�D�ELIXUFDWLRQ�SDUDPHWHU���6SHFLILFDOO\��ELIXUFDWLRQ

PHWKRGV�ZHUH�XVHG�WR�VWXG\�WKH�LQWHUDFWLRQ�EHWZHHQ�DQ�LQSXW�ILOWHU�DQG�D� UHJXODWHG�'&�

'&� EXFN� FRQYHUWHU� DQG� DW� WKH� '&� EXV� EHWZHHQ� D� EXV� UHJXODWRU� DQG� D� UHJXODWHG� ORDG

FRQYHUWHU� V\VWHP�� � 7KHVH� ELIXUFDWLRQ�PHWKRGV�� GHVSLWH� SURYLGLQJ� LQIRUPDWLRQ� DERXW� WKH

JOREDO�VWDELOLW\�FKDUDFWHULVWLFV�RI� WKH�V\VWHP��DUH�QRW� LPPHGLDWHO\�DSSOLFDEOH� WR�D�GHVLJQ

SURFHGXUH� DQG� KHQFH� DQ� RSWLPL]DWLRQ� IRUPXODWLRQ�� � 7R� WKLV� HQG�� D� VLPSOH� GHVLJQ

PHWKRGRORJ\�EDVHG�RQ�ELIXUFDWLRQ�PHWKRGV�DQG�ZLGHO\�XVHG�LQ�WKH�ILHOG�RI�XWLOLW\�SRZHU

V\VWHPV��LV�LQYHVWLJDWHG���7KLV�GHVLJQ�SURFHGXUH�LQYROYHV�WKH�GHWHUPLQDWLRQ�RI�DQ�RSWLPDO

GLUHFWLRQ�RI�XSGDWLQJ�WKH�GHVLJQ�YDULDEOHV�RI�D�V\VWHP�VXFK�WKDW�SRWHQWLDO�LQVWDELOLWLHV�GXH
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WR�ELIXUFDWLRQV�DUH�DYRLGHG���$�VLPSOH�'&�'&�ERRVW�FRQYHUWHU��UHSUHVHQWHG�E\�LWV�DYHUDJH

PRGHO��ZLWK�D�PXOWLORRS�FRQWUROOHU�LV�XVHG�WR�GHPRQVWUDWH�WKLV�GHVLJQ�PHWKRGRORJ\�

�����68**(67,216�)25�)8785(�:25.

� 3RZHU�'LVWULEXWLRQ�6\VWHP�2SWLPL]DWLRQ

7KH�RSWLPL]DWLRQ�UHVXOWV�RI�WKH�VDPSOH�V\VWHP�SUHVHQWHG�LQ�&KDSWHU���VKRZHG�WKDW

WKH�LQWHJUDWHG�RSWLPL]DWLRQ�RI�WKH�VDPSOH�V\VWHP�DV�D�ZKROH�UHVXOWHG�LQ�D�ORZHU�REMHFWLYH

IXQFWLRQ� WKDQ� ZKHQ� WKH� LQGLYLGXDOO\� RSWLPL]HG� GHVLJQV� ZHUH� LQWHJUDWHG�� � 7KDW� LV�� WKH

RSWLPL]HU�ZDV� DEOH� WR�XWLOL]H� WKH� LQWHUDFWLRQV�EHWZHHQ� WKH� LQSXW� ILOWHU� DQG� WKH� FRQYHUWHU

DQG�SURYLGH�D�OLJKWHU�GHVLJQ���+HQFH��LW�DSSHDUV�DGYDQWDJHRXV�WR�LQWHJUDWH�WKH�VXEV\VWHPV

WRJHWKHU�DQG�RSWLPL]H� WKH�HQWLUH�SRZHU�GLVWULEXWLRQ� V\VWHP�DV� D�ZKROH�� �7KLV� DSSURDFK�

KRZHYHU��LV�QRW�FRPSXWDWLRQDOO\�IHDVLEOH�GXH�WR�WKH�VLJQLILFDQW�LQFUHDVH�LQ�WKH�QXPEHU�RI

GHVLJQ�YDULDEOHV�DQG�FRQVWUDLQWV�

$� QRYHO� PXOWL�OHYHO� RSWLPL]DWLRQ� WHFKQLTXH�� FRPPRQO\� XVHG� LQ� VWUXFWXUDO

RSWLPL]DWLRQ�� FDOOHG� JOREDO�ORFDO� RSWLPL]DWLRQ� FDQ� EH� XVHG� WR� RSWLPL]H� WKH� SRZHU

GLVWULEXWLRQ�DV�D�ZKROH�\HW��DW�D�FRQVLGHUDEO\�ORZHU�FRPSXWDWLRQDO�FRVW���$FFRUGLQJ�WR�WKLV

PHWKRG��WKH�SRZHU�GLVWULEXWLRQ�V\VWHP�LV�RSWLPL]HG�DW�WZR�OHYHOV��QDPHO\�WKH�ORFDO�OHYHO

DQG�WKH�JOREDO�OHYHO��ZKLFK�LQWHUDFW�ZLWK�HDFK�RWKHU�� �7KH�V\VWHP�WR�EH�RSWLPL]HG�DW� WKH

JOREDO� OHYHO� LV� WKH� RYHUDOO� SRZHU� GLVWULEXWLRQ� V\VWHP�� �7KH� VXEV\VWHPV� DW� WKLV� OHYHO� DUH

UHSUHVHQWHG� E\� VLPSOLILHG�� UHGXFHG� RUGHU� PRGHOV� ZLWK� D� PLQLPDO� QXPEHU� RI� GHVLJQ

YDULDEOHV� DQG� FRQVWUDLQWV�� � +RZHYHU�� LW� LV� FULWLFDO� WKDW� WKH� UHGXFHG� RUGHU�PRGHOV� DW� WKH

JOREDO�OHYHO�FDSWXUH��ZLWK�UHDVRQDEOH�DFFXUDF\�� LPSRUWDQW�SHUIRUPDQFH�FKDUDFWHULVWLFV�RI

WKH� SRZHU� GLVWULEXWLRQ� V\VWHP� VXFK� DV� WKH� HIIHFWV� RI� UHJHQHUDWLYH� SRZHU�� IRU� H[DPSOH�

7KH� UHVSRQVHV� RI� WKH� JOREDO� V\VWHP� DUH� WKHQ� SDVVHG� RYHU� WKH� ORFDO� OHYHO� DV� LQWHUIDFH

TXDQWLWLHV�

$W�WKH�ORFDO�OHYHO��WKH�VXEV\VWHPV�DUH�UHSUHVHQWHG�E\�WKHLU�GHWDLOHG�PRGHOV�ZLWK�DOO

WKH�UHTXLUHG�FRPSOH[LW\���2Q�REWDLQLQJ�WKH�LQWHUIDFH�TXDQWLWLHV�IURP�WKH�JOREDO�PRGHO��WKH

ORFDO� RSWLPL]HU� SHUIRUPV� D� GHWDLOHG� RSWLPL]DWLRQ� RI� WKH� ORFDO� VXEV\VWHP� IRU� WKH� JLYHQ

LQWHUIDFH�TXDQWLWLHV�DQG�UHWXUQV�WKH�FRUUHVSRQGLQJ�REMHFWLYH�IXQFWLRQ��QDPHO\� WKH�ZHLJKW



&RQFOXVLRQV ���

RI�WKH�VXEV\VWHP�WR�WKH�JOREDO�OHYHO���7KH�ZHLJKWV�RI�WKH�LQGLYLGXDO�VXEV\VWHPV�REWDLQHG

IURP�WKH�ORFDO�OHYHO��DUH�WKHQ�DGGHG�WR�REWDLQ�WKH�ZHLJKW�RI�WKH�RYHUDOO�SRZHU�GLVWULEXWLRQ

V\VWHP���7KH�JOREDO�OHYHO�RSWLPL]HU�LWHUDWHV�RYHU�WKH�GHVLJQ�YDULDEOHV�RI�WKH�JOREDO�PRGHOV

VXFK� WKDW� WKH�RYHUDOO�ZHLJKW�RI� WKH�SRZHU�GLVWULEXWLRQ� V\VWHP� LV�PLQLPL]HG�� �6LQFH�� WKH

JOREDO� OHYHO� RSWLPL]HU� ZRXOG� JR� WKURXJK� D� QXPEHU� RI� GHVLJQ� LWHUDWLRQV�� LW� ZRXOG� EH

FRPSXWDWLRQDOO\� H[SHQVLYH� IRU� WKH� ORFDO� OHYHO� RSWLPL]HUV� IRU� HDFK� RI� WKH� VXEV\VWHPV� WR

GHWHUPLQH� WKH� RSWLPDO� ORFDO� GHVLJQ� IRU� WKH� LQWHUIDFH� TXDQWLWLHV� IURP� WKH� JOREDO� OHYHO� DW

HDFK�LWHUDWLRQ���7R�DOOHYLDWH�WKLV�SUREOHP��WKH�IDPLO\�RI�RSWLPDO�GHVLJQV�FDQ�EH�GHYHORSHG

DW� WKH� ORFDO� OHYHO� IRU� HDFK� VXEV\VWHP� IRU� D� UHDVRQDEOH� UDQJH� RI� LQWHUIDFH� TXDQWLWLHV� IRU

HDFK�VXEV\VWHP���7KHVH�ORFDO�OHYHO�RSWLPDO�GHVLJQV�FDQ�WKHQ�EH�UHSUHVHQWHG�LQ�WKH�IRUP�RI

D�UHVSRQVH�VXUIDFH�WKDW�UHWXUQV�WKH�RSWLPDO�ZHLJKW�DV�D�IXQFWLRQ�RI�WKH�LQWHUIDFH�YDULDEOHV�

7KLV� WHFKQLTXH� EHFRPHV� HYHQ� PRUH� SRZHUIXO� EHFDXVH� RI� WKH� SUHVHQFH� RI� JHQHULF

VXEV\VWHPV�VXFK�DV�ELGLUHFWLRQDO�SRZHU�FRQYHUWHUV�DQG�(0,�ILOWHUV�ZKLFK�DUH�GXSOLFDWHG

ZLWK�PLQRU�PRGLILFDWLRQV�DW�VHYHUDO�SRLQWV�LQ�WKH�SRZHU�GLVWULEXWLRQ�V\VWHP���2QFH�WKHVH

JHQHULF�VXEV\VWHPV�DUH�LGHQWLILHG��D�VHULHV�RI�ORFDO�OHYHO�RSWLPL]DWLRQV�FDQ�EH�SHUIRUPHG

DQG� WKH� UHVSRQVH� VXUIDFHV� FDQ�EH�JHQHUDWHG�DQG�VWRUHG� LQ� D�GHVLJQ�GDWDEDVH��ZKLFK� FDQ

LQWHUDFW�ZLWK�WKH�JOREDO�OHYHO�WR�SURYLGH�IDVW�DQG�SK\VLFDOO\�PHDQLQJIXO�GHVLJQV�

7KH�FKDOOHQJH�LV�KRZHYHU�� WKH�GHYHORSPHQW�RI�UHGXFHG�JOREDO� OHYHO�PRGHOV�VXFK

WKDW� WKH\� DUH� VLPSOH� HQRXJK� WR� EH� LQWHJUDWHG� WR� IRUP� WKH� RYHUDOO� SRZHU� GLVWULEXWLRQ

V\VWHP��DW�WKH�VDPH�WLPH��EHLQJ�DEOH�WR�FDSWXUH�WKH�HVVHQWLDO�SHUIRUPDQFH�FKDUDFWHULVWLFV

RI� WKH� SRZHU� V\VWHP�� � $QRWKHU� GLUHFWLRQ� RI� UHVHDUFK� LV� WKH� GHWHUPLQDWLRQ� RI� LQWHUIDFH

TXDQWLWLHV�WKDW�DUH�SDVVHG�IURP�WKH�JOREDO�OHYHO�WR�WKH�ORFDO�OHYHO���7KH�QXPEHU�RI�LQWHUIDFH

TXDQWLWLHV� FDQQRW� EH� VR� KLJK� WKDW� D� SURKLELWLYH� QXPEHU� RI� ORFDO� RSWLPL]DWLRQ� UXQV� DUH

UHTXLUHG�WR�JHQHUDWH�WKH�UHVSRQVH�VXUIDFH�

7KH�SURSRVHG�RSWLPL]DWLRQ�PHWKRGRORJ\�IRU�WKH�VDPSOH�V\VWHP�FDQ�EH�H[WHQGHG�

ZLWK� PLQRU� PRGLILFDWLRQV�� WR� LQFOXGH� UHDOLVWLF� DFWXDWRU� PRGHOV�� � 7KH� IORZ� RI� WKH

UHJHQHUDWLYH� HQHUJ\� FDQ� EH� WUDFHG� DQG� VXLWDEOH� FRQWURO� VFKHPHV� FDQ� EH� GHYLVHG� WR

PD[LPL]H�WKH�EHQHILWV�DQG�PLQLPL]H�LWV�GHWULPHQWDO�HIIHFWV���0XOWLSOH�DFWXDWRU�PRGHOV�FDQ
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EH�LQFOXGHG�WR�VWXG\�WKH�WUDQVIHU�RI�HQHUJ\�EHWZHHQ�DFWXDWRU�ZKHQ�VRPH�DUH�UHJHQHUDWLQJ

ZKLOH�WKH�RWKHUV�DUH�GUDZLQJ�SRZHU�IURP�WKH�'&�EXV�

� 3LH]RHOHFWULF�$FWXDWRUV

7KH� RSWLPL]DWLRQ� IRUPXODWLRQ� IRU� WKH� GHVLJQ� RI� WKH� GULYH� DPSOLILHU� IRU� WKH

SLH]RHOHFWULF� DFWXDWRU� FDQ�EH� H[WHQGHG� WR� DFFRPPRGDWH� WKH� FRQWURO� ODZ�SURSRVHG�� �7KH

IRUPXODWLRQ� SUHVHQWHG� LQ� WKH� GLVVHUWDWLRQ� DVVXPHV� WKDW� WKH� H[WHUQDO� GLVWXUEDQFH� IRUFH� LV

]HUR�� �$FFRUGLQJ�WKH�FRQWURO� ODZ��KRZHYHU�� WKH�SHDN�FXUUHQW�DQG�YROWDJH� LQ� WKH�DFWXDWRU

DUH�GHSHQGHQW�RQ� WKH�DPSOLWXGH�RI� WKH�H[WHUQDO� IRUFH�� �$Q�RSWLPL]DWLRQ�SUREOHP�FDQ�EH

IRUPXODWHG� WR� GHVLJQ� WKH� DPSOLILHU�� WKH� FXUUHQW� FRQWUROOHU� DQG� WKH� VWUXFWXUDO� IHHGEDFN

FRQVWDQW�� � ,QFOXVLRQ� RI� WKH� FXUUHQW� FRQWUROOHU� LQ� WKH� RSWLPL]DWLRQ� IRUPXODWLRQ� LPSRVHV

OLPLWV�RQ�WKH�PD[LPXP�GDPSLQJ�WKDW�FDQ�EH�DGGHG�WR�WKH�VWUXFWXUH���7KH�EDQGZLGWK�RI�WKH

DPSOLILHU� FXUUHQW� FRQWURO� ORRS� LV� UHTXLUHG� WR� EH� VLJQLILFDQWO\� KLJKHU� WKDQ� WKDW� RI� WKH

VWUXFWXUDO�FRQWURO�ORRS�VR�WKDW�WKH�DPSOLILHU�FRXOG�EH�FRQVLGHUHG�DV�DQ�LGHDO�FXUUHQW�VRXUFH

DQG� VLQN� E\� WKH� DFWXDWRU�� � 7KLV� GLIIHUHQFH� LQ� EDQGZLGWK� ZDV� DVVXPHG� LQ� WKH� DQDO\VLV

SUHVHQWHG� LQ� &KDSWHU� ��� � +RZHYHU�� WKH� RSWLPL]DWLRQ� IRUPXODWLRQ� FDQ� LPSRVH� WKLV

EDQGZLGWK� VHSDUDWLRQ� UHTXLUHPHQW� DV� D� SHUIRUPDQFH� FRQVWUDLQW�� � 7KLV� SHUIRUPDQFH

FRQVWUDLQW�ZRXOG�OLPLW�WKH�DFFHOHUDWLRQ�IHHGEDFN�FRQVWDQW�DQG�KHQFH�WKH�OHYHO�RI�DOORZDEOH

GDPSLQJ�WKDW�WKH�DFWXDWRU�FDQ�DGG�WR�WKH�VWUXFWXUH�

7KH�QRQOLQHDULW\�FDQ�EH�LQFOXGHG�LQ�WKH�PRGHO�RI�WKH�DFWXDWRU�DQG�HVWLPDWHV�RI�UHDO

DQG�UHDFWLYH�SRZHU�FDQ�EH�REWDLQHG�VLPLODU� WR� WKRVH�GHWHUPLQHG�XVLQJ� WKH� OLQHDU�PRGHO�

'XH�WR�WKH�QRQOLQHDULW\��LW�ZDV�VKRZQ�WKDW�WKH�YROWDJH�DFURVV�WKH�DFWXDWRU�FRQVLVWV�RI�WKH

IXQGDPHQWDO�� WKLUG� DQG� ILIWK� KDUPRQLF� FRPSRQHQWV�� � 6LQFH� WKH� DFWXDWRU� FXUUHQW� ZDV

VLQXVRLGDO�� WKH� GXW\� F\FOH� RI� WKH� DPSOLILHU� FRQVLVWV� RI� WKH� IXQGDPHQWDO�� WKLUG� DQG� ILIWK

KDUPRQLFV�� � 7KH� LQSXW� FXUUHQW� WR� WKH� DPSOLILHU� LV� D� SURGXFW� RI� WKH� GXW\� F\FOH� DQG� WKH
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'&� EXV� YROWDJH��ZKLFK�PLJKW� QRW� EH� DFFHSWDEOH� IRU� WKH� VDWLVIDFWRU\� RSHUDWLRQ� RI� RWKHU

VXEV\VWHPV�FRQQHFWHG�WR�WKH�'&�EXV���7KH�GULYH�DPSOLILHU�LV�FRPPRQO\�SUHFHGHG�E\�DQ
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� 6WDELOLW\�$QDO\VLV
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PHWKRGV� LQ� SUHGLFWLQJ� WKH� ODUJH� VLJQDO� VWDELOLW\� SURSHUWLHV� RI� LQWHUFRQQHFWHG� V\VWHPV�
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FRQVWUDLQWV� IRU� DQ� RSWLPL]DWLRQ� EDVHG� GHVLJQ� PHWKRGRORJ\�� � 7KH� QRQOLQHDU� GHVLJQ

PHWKRGRORJ\�XVHG�WR�GHWHUPLQH�WKH�RSWLPDO�GLUHFWLRQ�WR�XSGDWH�WKH�GHVLJQ�YDULDEOH�YHFWRU

LQ� RUGHU� WR� LQFUHPHQWDOO\� LPSURYH� WKH� UREXVWQHVV� RI� WKH� V\VWHP� FDQ� EH� DSSOLHG� WR� DQ

RSWLPL]DWLRQ� PHWKRGRORJ\� E\� VHDUFKLQJ� IRU� WKH� PLQLPXP� ZHLJKW� GHVLJQ� DORQJ� WKH

RSWLPDO�GLUHFWLRQ�
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����/HZLV�� /�5��� %�+�� &KR�� )�&�� /HH�� DQG� %�$�� &DUSHQWHU�� ¦0RGHOLQJ�� $QDO\VLV� DQG

'HVLJQ� RI� 'LVWULEXWHG� 3RZHU� 6\VWHPV�§� ,(((� 3RZHU� (OHFWURQLFV� 6SHFLDOLVWV

&RQIHUHQFH��������YRO�,��SS����������

����)ORUH]�/L]DUUDJD�� 0DUWLQ� DQG� $�� )�� :LWXOVNL�� ¦,QSXW� )LOWHU� 'HVLJQ� IRU� 0XOWLSOH�

0RGXOH�'&�3RZHU�6\VWHPV�§�,(((�7UDQVDFWLRQV�RQ�3RZHU�(OHFWURQLFV��9RO�����1R�

���0D\�������SS����������

����6��+LWL��9��9ODWNRYLF��'��%RURMHYLF� DQG� )��&�� /HH�� ¦$�1HZ�&RQWURO�$OJRULWKP� IRU

7KUHH�3KDVH�3:0�%XFN�5HFWLILHU�ZLWK� ,QSXW�'LVSODFHPHQW� )DFWRU�&RPSHQVDWLRQ§�

3URFHHGLQJV�RI�WKH���
WK
�93(&�6HPLQDU��6HSWHPEHU�������SS��������
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����0DR� +�� HW� DO��� ¦1RYHO� UHGXFHG�RUGHU� VPDOO� VLJQDO� PRGHO� RI� WKUHH� SKDVH� 3:0

UHFWLILHUV� DQG� LWV� DSSOLFDWLRQ� LQ�FRQWURO�GHVLJQ�DQG�V\VWHP�DQDO\VLV§��3URFHHGLQJV�RI

WKH���
WK
�3RZHU�(OHFWURQLFV�6SHFLDOLVWV�&RQIHUHQFH��-XQH�������YRO�����SS���������

����9�� 9ODWNRYLF�� '�� %RURMHYLF� DQG� )�� &�� /HH�� ¦,QSXW� )LOWHU� 'HVLJQ� IRU� 3RZHU� )DFWRU

&RUUHFWLRQ�&LUFXLWV§��3URFHHGLQJV�RI�WKH�,(&21�©����1RYHPEHU�������SS���������

����0RKDPHG� %HONKD\DW�� ¦6WDELOLW\� &ULWHULD� IRU� $&� SRZHU� 6\VWHPV� ZLWK� 5HJXODWHG

/RDGV§�� 3K'� 'LVVHUWDWLRQ�� 'HSDUWPHQW� RI� (OHFWULFDO� DQG� &RPSXWHU� (QJLQHHULQJ�

3XUGXH�8QLYHUVLW\�������

����6�� +LWL�� '�� %RURMHYLF�� ¦6PDOO�VLJQDO� PRGHOLQJ� DQG� FRQWURO� RI� WKUHH�SKDVH� 3:0

FRQYHUWHUV§��3URFHHGLQJV�RI�WKH���
WK
�93(&�6HPLQDU��������SS��������

����*UHHQ�� /LPHEHHU�� ¦/LQHDU� 5REXVW� &RQWURO§�� 3UHQWLFH� +DOO� ,QIRUPDWLRQ� DQG� 6\VWHP

6FLHQFHV�6HULHV�������

����*KROGVWRQ� (�� :��� HW� DO��� ¦6WDELOLW\� RI� ODUJH� '&� SRZHU� V\VWHPV� XVLQJ� VZLWFKLQJ

FRQYHUWHUV��ZLWK� DSSOLFDWLRQ� WR� WKH� ,QWHUQDWLRQDO� 6SDFH� 6WDWLRQ©��3URFHHGLQJV� RI� WKH

��
VW
� ,QWHUVRFLHW\� (QHUJ\�&RQYHUVLRQ� (QJLQHHULQJ�&RQIHUHQFH�� YRO�� ��� $XJXVW� �����

SS����������

����$EHG�� (�+�� HW� DO�� ¦6WDELOLW\� DQG� '\QDPLFV� RI� 3RZHU� 6\VWHPV� ZLWK� 5HJXODWHG

&RQYHUWHUV§�� �3URFHHGLQJV�RI� WKH� ,(((�6\PSRVLXP�RQ�&LUFXLWV�DQG�6\VWHPV��YRO����

������SDJHV���������

����%HONKD\DW�� 0�� HW� DO�� ¦/DUJH� 6LJQDO� 6WDELOLW\� &ULWHULD� IRU� 'LVWULEXWHG� 6\VWHP� ZLWK

&RQVWDQW� 3RZHU� /RDGV�� 3URFHHGLQJV� RI� WKH� ��
WK
� $QQXDO� ,(((� 3RZHU� (OHFWURQLFV

6SHFLDOLVWV�&RQIHUHQFH��$WODQWD��*$��������SDJHV������������

����$VKWRQ�5��:���HW�DO���¦7KH�GHVLJQ�DQG�IDEULFDWLRQ�RI�D�UHFRQILJXUDEOH�KDUGZDUH�WHVWEHG

IRU� WKH� LQWHUDFWLRQ� DQDO\VLV� RI� SRZHU� FRQYHUWHUV� LQ� D� UHGXFHG�VFDOH� 1DY\� GF

GLVWULEXWLRQ� V\VWHP��3URFHHGLQJV� RI� WKH� ,(((� 6\PSRVLXP� RQ�&LUFXLWV� DQG� 6\VWHPV�

YRO�����������SS����������

����0�� $O�)D\\RXPL�� ¦1RQOLQHDU� G\QDPLFV� DQG� ,QWHUDFWLRQ� LQ� 3RZHU� (OHFWURQLFV

6\VWHPV§��0�6��7KHVLV��'HSDUWPHQW�RI�(OHFWULFDO�DQG�&RPSXWHU�(QJLQHHULQJ��9LUJLQLD

7HFK�������

����:DQJ�� .�� &KDQGUDVHNDUDQ�� 6��� DQG� &XDGURV�� &��� HW� DO��� ¦4XDVL�6LQJOH� 6WDJH� 7KUHH

SKDVH� =9=&6� 3:0� %XFN� 5HFWLILHU§�� 9LUJLQLD� 3RZHU� (OHFWURQLFV� &HQWHU�3URMHFW

5HSRUW�VXEPLWWHG��WR�(ULFVVRQ�&RPSRQHQWV��6ZHGHQ��0DUFK������

����9DQGHUSODDWV�� *�1��� 1XPHULFDO� 2SWLPL]DWLRQ� 7HFKQLTXHV� IRU� (QJLQHHULQJ� 'HVLJQ�

:LWK�$SSOLFDWLRQV��9DQGHUSODDWV�5	'�,QF���&RORUDGR�6SULQJV��&2�������

����+DIWND��5�7���DQG�*�UGDO��=���(OHPHQWV�RI�6WUXFWXUDO�2SWLPL]DWLRQ��7KLUG�5HYLVHG�DQG

([SDQGHG�(GLWLRQ��.OXZHU�$FDGHPLF�3XEOLVKHUV��'RUGUHFKW��������SS����������
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����-��*��.DVVDNLDQ��0��)��6FKOHFKW��*��&��9HUJKHVH��¦3ULQFLSOHV�RI�3RZHU�(OHFWURQLFV§�

$GGLVRQ�:HVOH\�������

����2JDWD��.��¦0RGHUQ�&RQWURO�(QJLQHHULQJ§��3UHQWLFH�+DOO��(DVWHUQ�(FRQRP\�(GLWLRQ�

�����

����6PLWK�5�&�� DQG� &�/�� +RP��� ¦$�'RPDLQ�:DOO�0RGHO� IRU� )HUURHOHFWULF� +\VWHUHVLV§�

3URFHHGLQJV�RI� 63,(��7KH� ,QWHUQDWLRQDO� 6RFLHW\� IRU�2SWLFDO�(QJLQHHULQJ��9RO������

������SS��������

����0RKDQ� 1��� 7�0�� 8QGHODQG�� DQG� :�� 5REELQV�� ¦3RZHU� (OHFWURQLFV�&RQYHUWHUV�

$SSOLFDWLRQV�DQG�'HVLJQ§��-RKQ�:LOH\�DQG�6RQV�������

����1D\IHK�$�+��¦$SSOLHG�QRQOLQHDU�G\QDPLFV§��-RKQ�:LOH\������

����6H\GHO�5XGLJHU��¦)URP�(TXLOLEULXP�WR�&KDRV§��(OVHYLHU�6FLHQFH�3XEOLVKLQJ�������

����'REVRQ�� ,��$OYDUDGR�)��'H�0DUFR�&��/��¦6HQVLWLYLW\�RI�+RSI�%LIXUFDWLRQV� WR�3RZHU

6\VWHP�3DUDPHWHUV§��3URFHHGLQJV� RI� WKH� ��
VW
� &RQIHUHQFH� RQ�'HFLVLRQ� DQG�&RQWURO�

$UL]RQD��'HFHPEHU�������SS������������

����'REVRQ�� ,��� ¦&RPSXWLQJ� D� &ORVHVW� %LIXUFDWLRQ� ,QVWDELOLW\� LQ� 0XOWLGLPHQVLRQDO

3DUDPHWHU�6SDFH�§�-RXUQDO�RI�1RQOLQHDU�6FLHQFH��9RO�����������SS����������

����/HRQKDUG�:HUQHU��¦&RQWURO�RI�(OHFWULFDO�'ULYHV§��6SULQJHU�������
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6ULUDP� &KDQGUDVHNDUDQ� ZDV� ERUQ� LQ� &DOFXWWD�� ,QGLD� RQ� -DQXDU\� ���� ������ � +H

REWDLQHG� LQ� %DFKHORU� RI� (QJLQHHULQJ� GHJUHH� LQ� (OHFWULFDO� DQG� (OHFWURQLFV� (QJLQHHULQJ

IURP�WKH�36*�&ROOHJH�RI�7HFKQRORJ\��&RLPEDWRUH��,QGLD�LQ������DQG�KLV�0DVWHU©V�GHJUHH

�0�6F�� �(QJJ���� LQ�(OHFWURQLFV�'HVLJQ�7HFKQRORJ\�IURP�WKH� ,QGLDQ� ,QVWLWXWH�RI�6FLHQFH�

%DQJDORUH�� ,QGLD� LQ� ������ �+H� VWDUWHG� KLV� 3K'� SURJUDP� DW�9LUJLQLD� 7HFK� LQ� WKH� IDOO� RI

�����DV�D�JUDGXDWH�UHVHDUFK�DVVLVWDQW�DW� WKH�&HQWHU�IRU�3RZHU�(OHFWURQLFV�6\VWHPV�� �+LV

UHVHDUFK� LQWHUHVWV�DUH� LQ� WKH� DUHDV�RI�RSWLPL]DWLRQ��GLVWULEXWHG�SRZHU� V\VWHPV��QRQOLQHDU

VWDELOLW\� DQDO\VLV�� SLH]RHOHFWULF� DFWXDWRUV� DQG� GLJLWDO� FRQWURO� RI� SRZHU� FRQYHUWHUV� DQG

PRWRU�GULYHV���+H�ZLOO�MRLQ�WKH�5RFNZHOO�6FLHQFH�&HQWHU�DW�7KRXVDQG�2DNV��&DOLIRUQLD�DV

D�0HPEHU�RI�WKH�7HFKQLFDO�6WDII�RQ�JUDGXDWLRQ�IURP�9LUJLQLD�7HFK�


