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7KLV� WKHVLV� LV� DERXW� WKH� GHYHORSPHQW� DQG� SHUIRUPDQFH� HQKDQFHPHQW� RI� DQ� LQGXFWLRQ

PRWRU� HOHFWULF� YHKLFOH� GULYH� V\VWHP�� � 7KH� IXQGDPHQWDO� RSHUDWLRQ� RI� WKH� LQGXFWLRQ�PRWRU� GULYH

KDUGZDUH�DQG�FRQWURO�VRIWZDUH�DUH�LQWURGXFHG��DQG�WKH�GLIIHUHQW�PRGXODWLRQ�WHFKQLTXHV�WHVWHG�DUH

GHVFULEHG�� � $� VRIWZDUH� VLPXODWLRQ� SDFNDJH� LV� GHYHORSHG� WR� DVVLVW� LQ� WKH� FRQWURO� GHVLJQ� DQG

DQDO\VLV� RI� WKH� GULYH� V\VWHP�� �1H[W�� WR� HVWDEOLVK� WKH� HIILFLHQF\� JDLQV� REWDLQHG� E\� XVLQJ� VSDFH

YHFWRU�PRGXODWLRQ� LQ� WKH� LPSURYHG� GULYH� V\VWHP�� DQ� LQYHUWHU�ZLWK� K\VWHUHVLV� FXUUHQW� FRQWURO� LV

FRPSDUHG� WR� WKH� VDPH� LQYHUWHU� ZLWK� VSDFH� YHFWRU� PRGXODWLRQ� LQ� VWHDG\� VWDWH� DQG� RQ� VHSDUDWH

GULYLQJ�SURILOHV���$�PHWKRG�IRU�GHWHUPLQLQJ�LQGXFWLRQ�PRWRU�KDUPRQLF�ORVVHV�LV�LQWURGXFHG�DQG�LV

EDVHG� RQ� REWDLQLQJ� WKH� SKDVH� FXUUHQW� KDUPRQLFV� IURP� VDPSOHG� LQGXFWLRQ� PRWRU� VWDWRU� SKDVH

FXUUHQWV�REWDLQHG���8VLQJ�D�VHPL�HPSLULFDO�ORVV�PRGHO��WKH�LQGXFWLRQ�PRWRU�ORVVHV�DUH�FRPSDUHG

EHWZHHQ�GLIIHUHQW�SXOVH�ZLGWK�PRGXODWLRQ�FRQWURO�VWUDWHJLHV� WKURXJKRXW� WKH�WRUTXH�YHUVXV�VSHHG

RSHUDWLQJ� UHJLRQ�� � 1H[W�� VHYHUDO� LVVXHV� UHODWHG� WR� WKH� UREXVWQHVV� RI� WKH� FRQWURO� GHVLJQ� DUH

DGGUHVVHG�� � 7R� REWDLQ� JRRG� SHUIRUPDQFH� LQ� WKH� DFWXDO� YHKLFOH�� D� QHZ� PHWKRG� IRU� GULYHOLQH

UHVRQDQFH� FRPSHQVDWLRQ� LV� GHYHORSHG� DQG� SURYHQ� WR� ZRUN� ZHOO� WKURXJK� VLPXODWLRQ� DQG

H[SHULPHQW���/DVWO\��WKLV�WKHVLV�GLVFXVVHV�WKH�GHYHORSPHQW�RI�D�QHZ�PHWKRG�WR�FRPSHQVDWH�IRU�WKH

JDLQ� DQG� SKDVH� HUURU� REWDLQHG� LQ� WKH� IHHGEDFN� RI� WKH� G�D[LV� DQG� T�D[LV� VWDWRU� IOX[� OLQNDJHV�

,PSURYHG� DFFXUDF\� RI� WKH� PHDVXUHG� VWDWRU� IOX[� OLQNDJHV� ZLOO� EH� VKRZQ� WR� LPSURYH� WKH� ILHOG

RULHQWHG�FRQWUROOHU�E\�REWDLQLQJ�D�PRUH�DFFXUDWH�PHDVXUHPHQW�RI� WKH� IHHGEDFN�HOHFWURPDJQHWLF

WRUTXH�
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)LJ��������%ORFN�'LDJUDP�RI�WKH�96,�IHG�,0�GULYH�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB �

)LJ��������*(�,QGXFWLRQ�0RWRU����3KRWR�&RXUWHV\�RI�937��,QF�� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB �

)LJ��������$PSOLWXGH�RI�IOX[�FRLO�YROWDJH�YV��URWRU�VSHHG�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB �

)LJ��������'&�$&�,QGXFWLRQ�0RWRU�96,�XVHG� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB �

)LJ��������,QYHUWHU�SRZHU�VWDJH�DQG�FRQWUROOHU�ERDUGV����3KRWR�FRXUWHV\�RI�937��,QF��BBBBBBBBBBBBBBBBBBBBBBBB �

)LJ��������,QYHUWHU�FRQWURO�ERDUG� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB �

)LJ��������7HFKQLTXH�XVHG�IRU�PHDVXUHPHQW�RI�WKH�SKDVH�FXUUHQWV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB �

)LJ��������)LHOG�RULHQWHG�FRQWUROOHU�LQSXWV�DQG�3:0�RXWSXWV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB �

)LJ��������)LHOG�RULHQWHG�FRQWUROOHU�LQ�WKH�VWDWRU�IOX[�UHIHUHQFH�IUDPH��/LPLWHUV�QRW�VKRZQ�� BBBBBBBBBBBBBBBBBB ��

)LJ���������([DPSOH�ZDYHIRUPV�RI�WKH�ILHOG�RULHQWHG�FRQWUROOHU�ZLWK�PD[LPXP�WRUTXH�FRPPDQG� BBBBBBBBBBBBBB ��

)LJ��������([DPSOH�ZDYHIRUPV�RI�WKH�ILHOG�RULHQWHG�FRQWUROOHU�ZLWK�D�VLQXVRLGDO�WRUTXH�FRPPDQG� BBBBBBBBBBBB ��

)LJ���������GT�FXUUHQW�UHJXODWRUV�LQ�WKH�V\QFKURQRXV�UHIHUHQFH�IUDPH�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������6SDFH�9HFWRU�0RGXODWLRQ�FRQWUROOHU�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������6FKHPDWLF�RI�EDVLF�FRQWURO�VRIWZDUH�IRU�LQGXFWLRQ�PRWRU�GULYH�FRQWURO� BBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ�������%DVLF�FRQWURO�VWUXFWXUH�IRU�LQGXFWLRQ�PRWRU�FRQWURO�XVLQJ�D�K\VWHUHVLV�FXUUHQW�FRQWUROOHU� BBBBBBBBBBBB ��

)LJ��������,OOXVWUDWLRQ�RI�K\VWHUHVLV�EDQG�VHWWLQJ�IRU�WKH�FXUUHQW�FRPSDUDWRUV��1RWH��'L�GHSHQGV�RQ�WKH�FRPPDQGHG

WRUTXH�� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������3ORW�RI�WKH�'L�YV��WRUTXH�FRPPDQG�IRU�WKH�(9�����BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������96,�LQ�VZLWFKLQJ�VWDWH�SQS�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������,QYHUWHU�RXWSXW�YROWDJH�YHFWRUV�LQ�WKH�D�E�VWDWLRQDU\�IUDPH�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��
)LJ��������6\QWKHVLV�RI�WKH�UHIHUHQFH�YHFWRU�LQ�VHFWRU���BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������,OOXVWUDWLRQ�RI�EDVLV�YHFWRU�FRRUGLQDWHV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������&HQWHU�EDVHG�SKDVH�JDWLQJ�VLJQDOV�LQ�VHFWRU���DQG�WKH�]HUR�YHFWRU�LV�9��SSS��BBBBBBBBBBBBBBBBBBBBB ��

)LJ��������$EVROXWH�YDOXH�RI�WKH�LQGXFWLRQ�PRWRU�SKDVH�FXUUHQWV�LQGLFDWLQJ�WKH�VHFWLRQLQJ�LQWR�VL[�VHFWRUV�RI�WKH

PD[LPXP�FXUUHQW�LQ�RQH�IXQGDPHQWDO�SHULRG�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������,OOXVWUDWLRQ�RI�FXUUHQW�UHIHUHQFH�D[LV�SKDVH�URWDWLRQ�IRU�IRUZDUG�PRWRULQJ���7KH�FXUUHQW�VHFWRUV�IRU�WKH

FDVH�VKRZQ�LQ�)LJ�������DUH�JLYHQ�LQ�)LJ�������BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������&XUUHQW�VHFWRUV�IRU�IRUZDUG�PRWRULQJ���7KH�FXUUHQW�VHFWRUV�KDYH�EHHQ�SDWWHUQ�FRGHG�DQG�QXPEHUHG���¤���

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������=HUR�YHFWRU�VHOHFWLRQ�ORJLF�IRU�VHFWRU���BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������*(�LQGXFWLRQ�PRWRU�IXQGDPHQWDO�SRZHU�IDFWRU�FKDUDFWHULVWLF� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������0HDVXUHG�SKDVH�D�FXUUHQW�DQG�SKDVH�YROWDJH�ZLWK�RSWLPDO�]HUR�YHFWRU�VHOHFWLRQ�690� BBBBBBBBBBBBB ��

)LJ��������&3(6�ODE�HOHFWULF�PRWRU�G\QDPRPHWHU�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������3ORW�RI�)8'6��WRS��DQG�+:)(7��ERWWRP��GULYLQJ�SURILOHV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������%ORFN�'LDJUDP�RI�WKH�*HQHUDWLRQ�RI�6KDIW�6SHHG�DQG�7RUTXH�&RPPDQGV BBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������6SHFWUDO�FRQWHQW�RI�WKH�)8'6�DQG�+:)(7�SURILOHV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������,OOXVWUDWLRQ�RI�WKH�GLVWDQFH�WUDYHOHG�LQ�RQH�ZKHHO�UHYROXWLRQ�XVHG�LQ�WUDQVODWLQJ�YHKLFOH�VSHHG�WR�VKDIW

VSHHG�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������([DPSOH�YHKLFOH�YHORFLW\�SURILOH� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������,PSOHPHQWDWLRQ�RI�D�SXVK�EXWWRQ�LQ�+3�9((� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������'LDJUDP�RI�KRZ�+3�9((�LQWHUSUHWV�WKH�&RPPDQG�'DWD�)LOH� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������)ORZ�FKDUW�IRU�WKH�VHQGLQJ�RI�FRPPDQGV�E\�WKH�+3�9((��SURJUDP� BBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������+3�9((�GULYH�F\FOH�LPSOHPHQWDWLRQ�SURJUDP�JUDSKLFDO�LQWHUIDFH�GHYHORSHG�BBBBBBBBBBBBBBBBBBBB ��

)LJ��������5HSUHVHQWDWLRQ�RI�WKH�0RWRU�FODVV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������5HSUHVHQWDWLRQ�RI�WKH�0RG+\VW�FODVV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������5HSUHVHQWDWLRQ�RI�WKH�0RG690�FODVV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������5HSUHVHQWDWLRQ�RI�WKH�&XU5HJ�FODVV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������6LPXODWLRQ�DUUDQJHPHQW�IRU�VWDWRU�IOX[�OLQNDJH�VHOHFWLRQ�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������6LPXODWHG�,0�SKDVH�YROWDJH�DQG�FXUUHQW�KDUPRQLFV�DW������USP�DQG����1�P� BBBBBBBBBBBBBBBBBBBB ��

)LJ��������0HDVXUHG�,0�SKDVH�YROWDJH�DQG�FXUUHQW�KDUPRQLFV�DW������USP�DQG����1�P� BBBBBBBBBBBBBBBBBBBB ��

)LJ������D����690�LQYHUWHU�PHDVXUHG�HIILFLHQF\�SORW�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ������E����690�LQGXFWLRQ�PRWRU�PHDVXUHG�HIILFLHQF\�SORW� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��
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)LJ������F����690�V\VWHP�PHDVXUHG�HIILFLHQF\�SORW�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ������D����,QYHUWHU�HIILFLHQF\�LPSURYHPHQW�ZLWK�690� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ������E����,QGXFWLRQ�PRWRU�HIILFLHQF\�LPSURYHPHQW�ZLWK�690� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ������F����6\VWHP�HIILFLHQF\�LPSURYHPHQW�ZLWK�690� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������&RPSDULVRQ�RI�LQYHUWHU�SRZHU�ORVV�DW������USP�DQG�YDU\LQJ�'&�OLQN�BBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������([DPSOH�RI�D�3:0�9ROWDJH�:DYHIRUP��)� �����+]� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������,QGXFWLRQ�PRWRU�ZLWK�QRQVLQXVRLGDO�YROWDJH�H[FLWDWLRQ�HTXLYDOHQW�FLUFXLW� BBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������&XUUHQW�VDPSOLQJ�DQG�GHWHUPLQDWLRQ�RI�KDUPRQLFV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������)ORZFKDUW�IRU�H[WUDFWLRQ�RI�FXUUHQW�KDUPRQLFV�IURP�WKH�FXUUHQW�VSHFWUXP�VDPSOHV� BBBBBBBBBBBBBBBB ��

)LJ��������5HTXLUHG�URWRU�WRUTXH�DQG�VSHHG�IRU�WKH�)8'6�SURILOH� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������5HTXLUHG�URWRU�WRUTXH�DQG�VSHHG�IRU�WKH�+:)(7�SURILOH� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������'LDJUDP�VKRZLQJ�ZKDW�HQHUJLHV�DUH�XVHG�WR�FRPSXWH�WKH�WUDQVLHQW�HIILFLHQFLHV� BBBBBBBBBBBBBBBBBB ��

)LJ���������2SHUDWLQJ�SRLQW�GHQVLW\�PDS�IRU�WKH�)8'6�SURILOH�IRU�D�PLG�VL]H�(9�WUXFN�BBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������2SHUDWLQJ�SRLQW�GHQVLW\�PDS�IRU�WKH�+:)(7�SURILOH�IRU�D�PLG�VL]H�(9�WUXFN� BBBBBBBBBBBBBBBBBBBB ��

)LJ���������5HVXOWDQW�VWDWRU�SKDVH�FXUUHQWV�IRU�WKH������USP�����1�P�WHVW�DW�YDULRXV�LQYHUWHU�VZLWFKLQJ�IUHTXHQFLHV�

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������3ORW�VKRZLQJ�WKH�UHGXFWLRQ�LQ�7+'�YHUVXV�VZLWFKLQJ�IUHTXHQF\�IRU�WKH�FXUUHQWV�LQ�)LJ������� BBBBBBBB ��

)LJ��������%DVLF�FRQWUROOHU�VWUXFWXUH�ZLWK�DGGHG�VKXGGHU�FRPSHQVDWRU��KLJKOLJKWHG�� BBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������0HDVXUHG�YHKLFOH�VSHHG�RVFLOODWLRQV�GXH�WR�GULYH�VKDIW�UHVRQDQFH���7VDPSOH� ��PV BBBBBBBBBBBBBBBBBB ��

)LJ��������'LDJUDP�RI�URWRU�PDVV�FRQQHFWHG�WR�YHKLFOH�PDVV�WKURXJK�WKH�GULYH�VKDIW� BBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������6SHFWUDO�VDPSOHV�RI�WKH�VSHHG�VKXGGHU� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������3ORW�RI�WKH�,PDJLQDU\�SDUW�RI�WKH�FRPSOH[�URRWV�YV��VSULQJ�FRQVWDQW� BBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������7HVW�RI�WKH�SODQW�PRGHO�IRU�D�SXOVH�WRUTXH�LQSXW� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ�������&RPSHQVDWHG�V\VWHP�FRQWURO�GLDJUDP� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������6LPXODWHG�WRUTXH�FRPPDQG�VWHS�UHVSRQVH� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ��������2SHQ�ORRS�IUHTXHQF\�UHVSRQVH�RI�WKH�SODQW�PRGHO��ZKHUH�WKH�����1�P�WRUTXH�FRPPDQG�WR�WRUTXH�JDLQ�DQG

VFDOLQJ�FRQVWDQW�WR�FRQYHUW�WR�USP�KDYH�EHHQ�LQFOXGHGBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ��

)LJ���������5RRW�/RFXV�SORW�IRU�WKH�V\VWHP�VKRZQ�LQ�)LJ������DQG�WKH�FRPSHQVDWRU�JLYHQ�E\�������� BBBBBBBBBBB ���

)LJ���������$PRXQW�RI�GDPSLQJ�RI�WKH�V\VWHP�FRPSOH[�SROH�SDLU�YV��FRPSHQVDWRU�JDLQ�.� BBBBBBBBBBBBBBBBBBB ���

)LJ��������5RWRU�6SHHG�V��7H


�FORVHG�ORRS�IRU�.� ���BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ�������5RWRU�6SHHG�V��7H


�FORVHG�ORRS�IRU�.� ���� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������,OOXVWUDWLRQ�RI�WKH�JHQHUDWLRQ�RI�WKH�WDFKRPHWHU�TXDGUDWXUH�SXOVHV� BBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������'63�HQFRGHU�LQWHUIDFH�KDUGZDUH�IRU�WKH�$'0&����3URFHVVRU�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������4XDQWL]DWLRQ�LQWHUYDOV�RI�((77� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������)RUP�RI�LPSOHPHQWDWLRQ�RI�WKH�VKXGGHU�FRPSHQVDWRU� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������6WUXFWXUH�XVHG�DQG�IUHTXHQF\�UHVSRQVH�IRU�WKH�GLJLWDO�LPSOHPHQWDWLRQ�RI�WKH�ORZSDVV�ILOWHU� BBBBBBBB ���

)LJ��������,QVHUWLRQ�RI�D�FODPS�IROORZLQJ�WKH�VKXGGHU�FRPSHQVDWRU�RXWSXW�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������,OOXVWUDWLRQ�RI�WKH�YDULDEOHV�XVHG�LQ�WKH�UHVHWLQJ�RI�WKH�VKXGGHU�FRPSHQVDWRU�RXWSXW�ZKHQ�WKH�V\VWHP

EHFRPHV�FODPSHG� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������&RPSDULVRQ�RI�VKXGGHU�FRPSHQVDWRU�RXWSXW�UROORII�UDWHV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������)LQDO�IRUP�RI�WKH�LPSOHPHQWHG�VKXGGHU�FRPSHQVDWRU�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������6LPXODWLRQ�RI�WKH�URWRU�VSHHG�UHVSRQVH�ZLWKRXW�VKXGGHU�FRPSHQVDWLRQ�HQDEOHG� BBBBBBBBBBBBBBBBB ���

)LJ���������6LPXODWLRQ�RI�WKH�URWRU�VSHHG�UHVSRQVH�ZLWK�VKXGGHU�FRPSHQVDWLRQ�HQDEOHG�BBBBBBBBBBBBBBBBBBBB ���

)LJ���������2VFLOODWLRQV�LQ�WKH�VSHHG�IHHGEDFN�EHIRUH�DQG�DIWHU�VKXGGHU�FRPSHQVDWLRQ�BBBBBBBBBBBBBBBBBBBBB ���

)LJ���������$PRXQW�RI�DGGHG�FRUUHFWLRQ�WRUTXH�GXH�WR�VKXGGHU�FRPSHQVDWLRQ�BBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ��������)LQDO�FRQWUROOHU�VWUXFWXUH�VKRZLQJ�DGGHG�VWDWRU�IOX[�OLQNDJH�FRPSHQVDWRU��KLJKOLJKWHG�� BBBBBBBBBBB ���

)LJ��������,QWHJUDWLRQ�FLUFXLW�XVHG�IRU�IOX[�FRLO�YROWDJH�LQWHJUDWLRQ� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ��������&RPSDULVRQ�RI�LGHDO�DQG�DFWXDO�LQWHJUDWRU�WUDQVIHU�IXQFWLRQV� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ��������,OOXVWUDWLRQ�RI�WKH�JDLQ�DQG�SKDVH�GLIIHUHQFHV�RI�WKH�LGHDO�DQG�DFWXDO�LQWHJUDWRUV� BBBBBBBBBBBBBBBBB ���

)LJ��������,OOXVWUDWLRQ�RI�VWDWRU�IOX[�OLQNDJH�ODJJLQJ�WKH�VWDWRU�YROWDJH� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ��������/RFDWLRQ�RI�VWDWRU�FXUUHQW�DQG�VWDWRU�IOX[�OLQNDJH�YHFWRUV�IRU�IRUZDUG�PRWRULQJ�BBBBBBBBBBBBBBBBBB ���

)LJ��������,OOXVWUDWLRQ�RI�SKDVH�HUURU�DGYDQFLQJ�RI�WKH�PHDVXUHG�VWDWRU�IOX[�OLQNDJH�YHFWRU� BBBBBBBBBBBBBBBBB ���

)LJ��������5HGXFWLRQ�LQ�FRPSXWHG�HOHFWURPDJQHWLF�WRUTXH�GXH�WR�SKDVH�HUURU�LQ�WKH�VWDWRU�IOX[�OLQNDJH�PHDVXUHPHQW�

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ��������3ORW�RI�WKH�JDLQ�FRUUHFWLRQ�IDFWRU�YV��DSSOLHG�VWDWRU�DQJXODU�IUHTXHQF\� BBBBBBBBBBBBBBBBBBBBBBBBB ���
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)LJ���������3ORW�RI�WKH�SKDVH�FRUUHFWLRQ�IDFWRU�YV��DSSOLHG�VWDWRU�DQJXODU�IUHTXHQF\�DV�GHWHUPLQHG�IURP�(TXDWLRQ

������� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������,OOXVWUDWLRQ�RI�SKDVH�HUURU�DGYDQFLQJ�RI�WKH�PHDVXUHG�VWDWRU�IOX[�OLQNDJH�YHFWRU�IRU�QHJDWLYH�SKDVH

URWDWLRQ�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ���������,OOXVWUDWLRQ�RI�LPSOHPHQWHG�VWDWRU�IOX[�OLQNDJH�FRPSHQVDWRU� BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ��������6WDWRU�IOX[�OLQNDJHV�IRU�SRVLWLYH�VWDWRU�DQJXODU�IUHTXHQF\����7KH�FRUUHFWHG�IOX[�OLQNDJH�ODJV�BBBBBBBB ���

)LJ��������6WDWRU�IOX[�OLQNDJHV�IRU�QHJDWLYH�VWDWRU�DQJXODU�IUHTXHQF\����7KH�FRUUHFWHG�IOX[�OLQNDJH�ODJV� BBBBBBB ���

)LJ��%�����'LDJUDP�WKDW�VKRZV�WKH�PHWKRG�XVHG�WR�GHWHUPLQH�WKH�VKDIW�HQHUJ\�RI�WKH�,0�RYHU�D�JLYHQ�YHORFLW\�SURILOH�

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���

)LJ��&�����)ORZ�&KDUW�IRU�4EDVLF�'ULYH�3URILOH�*HQHUDWLRQ�3URJUDP�BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB ���
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7DEOH�������0HDVXUHG�*(�,QGXFWLRQ�0RWRU�3DUDPHWHUV�#���q&���������������������������������������������������
7DEOH�������6ZLWFKLQJ�VWDWHV�LQ�D�WZR�OHYHO�96,�DQG�WKH�FRUUHVSRQGLQJ�RXWSXW�OLQH�WR�OLQH
�����������������YROWDJHV�DQG�VWDWRU�GT�FRPSOH[�YROWDJH�VSDFH�YHFWRU����������������������������������������������������
7DEOH�������&KDQJH�RI�EDVLV�PDWUL[�IRU�HDFK�RI�WKH�VL[�VHFWRUV�������������������������������������������������������
7DEOH�������&RPSDULVRQ�RI�LQYHUWHU�ORVV�UROORII�UDWH�ZLWK�GHFUHDVLQJ�GF�OLQN�DQG�SKDVH�FXUUHQW

������������������7+'�DW������USP�DQG���������DQG����1�P�������������������������������������������������������������������
7DEOH�������&RPSDULVRQ�RI�7RWDO�,QGXFWLRQ�0RWRU�/RVV�����������������������������������������������������������������
7DEOH�������&RPSDULVRQ�RI�6HSDUDWH�,QGXFWLRQ�0RWRU�+DUPRQLF�/RVVHV���������������������������������������
7DEOH�������&RPSDULVRQ�RI�7RWDO�&DOFXODWHG�&X�/RVVHV��3&X� �3URW���3VWDW��������������������������������������

7DEOH������&RPS��RI�&DOFXODWHG�0HFKDQLFDO�SOXV�,URQ�/RVVHV��3�ZU��7H����3LURQ� �3PRW�ORVV���3&X����
7DEOH�������)8'6��690�&RQWURO����������������������������������������������������������������������������������������������������
7DEOH�������+:)(7��690�&RQWURO�������������������������������������������������������������������������������������������������
7DEOH�������)8'6��+\VWHUHVLV�&RQWURO���������������������������������������������������������������������������������������������
7DEOH�������+:)(7��+\VWHUHVLV�&RQWURO�����������������������������������������������������������������������������������������
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,D 6WDWRU�SKDVH�D�FXUUHQW�� �$PSV�
,F 6WDWRU�SKDVH�F�FXUUHQW�� �$PSV�
,VG G�D[LV�FRPSRQHQW�RI�WKH�VWDWRU�SKDVH�FXUUHQW �$PSV�
,VT T�D[LV�FRPSRQHQW�RI�WKH�VWDWRU�SKDVH�FXUUHQW �$PSV�
,V 6WDWRU�SKDVH�FXUUHQW� ��,VG

����,VT
����� �$PSV�

OVG G�D[LV�FRPSRQHQW�RI�WKH�VWDWRU�IOX[�OLQNDJH�� �:E�

OVT T�D[LV�FRPSRQHQW�RI�WKH�VWDWRU�IOX[�OLQNDJH�� �:E�

OV 6WDWRU�IOX[�OLQNDJH� ��OVG
����OVT

������� �:E�

TU $QJXODU�URWRU�SRVLWLRQ �UDG�

TVOLS 6OLS�DQJOH �UDG�

TV 6WDWRU�ILHOG�DQJOH �UDG�

D 3RZHU�IDFWRU�DQJOH �UDG�

ZU $QJXODU�URWRU�VSHHG�� �UDG�VHF�

ZVOLS 6OLS�DQJXODU�IUHTXHQF\�� �UDG�VHF�

ZH $SSOLHG�VWDWRU�DQJXODU�IUHTXHQF\� �ZU���ZVOLS �UDG�VHF�
9GF '&�OLQN�YROWDJH�VXSSOLHG�WR�WKH�LQYHUWHU�IURP�WKH�YHKLFOH�EDWWHULHV�� �9ROWV�
7H (OHFWURPDJQHWLF�WRUTXH�DSSOLHG�WR�WKH�URWRU�� �1�P�
7/ /RDG�WRUTXH�DSSOLHG�WR�WKH�URWRU�� �1�P�
7FRUU &RUUHFWLRQ�WRUTXH�WKDW�LV�RXWSXW�IURP�WKH�VKXGGHU�FRPSHQVDWRU �1�P�
7PHDV (OHFWURPDJQHWLF�WRUTXH�PHDVXUHG�IURP�WKH�VWDWRU�FXUUHQW�DQG�IOX[ �1�P�
% 5RWRU���ORDG�GDPSLQJ�IDFWRU�� �1�P�V�
- 5RWRU�LQHUWLD�IDFWRU� �1�P�V��
3 1XPEHU�RI�SROH�SDLUV

WU 5RWRU�EUHDN�IUHTXHQF\�� �V���

WUO /HDNDJH�EUHDN�IUHTXHQF\�� �V���
.
 )LHOG�RULHQWHG�FRQWUROOHU�JDLQ

V /HDNDJH�IDFWRU

5V 6WDWRU�UHVLVWDQFH�SHU�SKDVH �:�
5U 5RWRU�UHVLVWDQFH�SHU�SKDVH �:�
/OV 6WDWRU�OHDNDJH�LQGXFWDQFH �+�
/OU 5RWRU�OHDNDJH�LQGXFWDQFH �+�
/K 0DLQ�LQGXFWDQFH �+�
/V 6WDWRU�VHOI�LQGXFWDQFH�SHU�SKDVH� �/K���/OV �+�
/U 5RWRU�VHOI�LQGXFWDQFH�SHU�SKDVH� �/K���/OU �+�
GD��GE��GF ,QYHUWHU�SKDVH�D��E��DQG�F�GXW\�F\FOH�FRPPDQGV��UHVSHFWLYHO\
GG��GT 5HIHUHQFH�YHFWRU�GXW\�F\FOHV�LQ�WKH�V\QFKURQRXV�UHIHUHQFH�IUDPH

GD��GE 5HIHUHQFH�YHFWRU�GXW\�F\FOHV�LQ�WKH�VWDWLRQDU\�UHIHUHQFH�IUDPH

G� 5HIHUHQFH�YHFWRU�GXW\�F\FOH� ��GD
����GE

�����

G� 'XW\�F\FOH�RI�UHIHUHQFH�YHFWRU�SURMHFWHG�RQWR�WKH�OHDGLQJ�VZLWFKLQJ�YHFWRU
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G� 'XW\�F\FOH�RI�UHIHUHQFH�YHFWRU�SURMHFWHG�RQWR�WKH�ODJJLQJ�VZLWFKLQJ�YHFWRU
G� =HUR�YHFWRU�GXW\�F\FOH� �����G��¤�G�
IV ,QYHUWHU�VZLWFKLQJ�IUHTXHQF\ �+]�
WV ,QYHUWHU�VZLWFKLQJ�SHULRG� �����IV �V�

W
URWRU '\QDPRPHWHU�EHQFK�VKDIW�WRUTXH�FRPPDQG� �1�P�
USP


VKDIW '\QDPRPHWHU�EHQFK�VKDIW�VSHHG�UHIHUHQFH�FRPPDQG �USP�
U 5DGLXV�RI�WKH�YHKLFOH�ZKHHO �P�
*5 6WHS�XS�UDWLR�RI�WKH�VSHHG�RI�URWDWLRQ�RI�WKH�ZKHHO�WR�WKH�URWRU�VKDIW
*5GLII 6WHS�XS�UDWLR�RI�WKH�VSHHG�RI�URWDWLRQ�RI�WKH�ZKHHO�WR�WKH�GULYH�VKDIW
P 7RWDO�YHKLFOH�WHVW�PDVV �NJ�
Y 9HKLFOH�YHORFLW\ �P�V�
&5� &RQVWDQW�UROOLQJ�UHVLVWDQFH�IRUFH�FRQVWDQW
&5� 6SHHG�GHSHQGHQW�UROOLQJ�UHVLVWDQFH�IRUFH�FRQVWDQW
&$ $HURG\QDPLF�GUDJ�IRUFH�FRQVWDQW
$ )URQWDO�DUHD�RI�WKH�YHKLFOH �P��
&' 'UDJ�FRHIILFLHQW�FRQVWDQW
1 1XPEHU�RI�VDPSOHV�RI�WKH�WLPH�ZDYHIRUP
/ ))7�OHQJWK�DIWHU�]HUR�SDGGLQJ�RI�WKH�WLPH�ZDYHIRUP
)V 6DPSOLQJ�IUHTXHQF\ �+]�
7V 6DPSOLQJ�SHULRG� �����)V �V�
) 7LPH�ZDYHIRUP�IXQGDPHQWDO�IUHTXHQF\ �+]�
7 7LPH�ZDYHIRUP�IXQGDPHQWDO�SHULRG� �����) �V�
Q 7LPH�VDPSOH
P 6SHFWUDO�VDPSOH�QXPEHU
N +DUPRQLF�IUHTXHQF\�VDPSOH�QXPEHU

KWUDQ 7UDQVLHQW�(IILFLHQF\� �RXWSXW�HQHUJ\�GLYLGHG�E\�LQSXW�HQHUJ\
( (QHUJ\ �N:�KU�

���,I�D�V\PERO�LV�VKRZQ�ZLWK�D�VWDU�¦
§�VXSHUVFULSW��LW�UHSUHVHQWV�HLWKHU�D�FRPPDQGHG�YDOXH�RU
���SDUDPHWHU�
���$�FDSLWDOL]HG�YDULDEOH�LV�UHSUHVHQWHG�LQ�WKH�V\QFKURQRXV�UHIHUHQFH�IUDPH
���$�ORZHU�FDVH�YDULDEOH�LV�QRUPDOO\�LQ�WKH�VWDWLRQDU\�UHIHUHQFH�IUDPH��EXW�LW�FDQ�EH�LQ�WKH
���V\QFKURQRXV�UHIHUHQFH�IUDPH�GHSHQGLQJ�RQ�WKH�VLWXDWLRQ
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� &KDSWHU�����,QWURGXFWLRQ

������'HVFULSWLRQ�RI�WKLV�:RUN

7KH�LQGXFWLRQ�PRWRU��,0��GULYH�LV�D�SUHVHQWO\�D�OHDGLQJ�FDQGLGDWH�IRU�XVH�LQ�IXOO\�HOHFWULF

�(9��DQG� DOWHUQDWLYH� IXHO�YHKLFOHV� �+(9��� LQFOXGLQJ� HOHFWULF� FDUV� DQG� WUDQVLW� EXVHV�� �7KH�PDLQ

UHDVRQV�IRU�DFFHSWDQFH�RI�WKH�,0�DUH�LWV�UXJJHGQHVV��UHOLDELOLW\��DQG�LQH[SHQVLYHQHVV��ZKLFK�DUH

DOO�GHVLUHG�TXDOLWLHV�IRU�(9V�DQG�+(9V���+RZHYHU��FRQWURO�RI�WKH�LQGXFWLRQ�PRWRU�LV�FRPSOLFDWHG

EHFDXVH�WR�REWDLQ�GHFRXSOHG�FRQWURO�RI� WKH�WRUTXH�DQG�IOX[�SURGXFLQJ�FRPSRQHQWV�RI� WKH�VWDWRU

SKDVH�FXUUHQW��ERWK�WKH�PDJQLWXGH�DQG�SKDVH�RI�WKH�VWDWRU�TXDQWLWLHV�QHHG�WR�EH�FRQWUROOHG�>��@�

,Q�DGGLWLRQ��WKHUH�LV�QR�GLUHFW�DFFHVV�WR�WKH�URWRU�TXDQWLWLHV��VXFK�DV�WKH�URWRU�IOX[HV�DQG�FXUUHQWV

>��@�� � 7R� RYHUFRPH� WKHVH� GLIILFXOWLHV�� KLJK� SHUIRUPDQFH� YHFWRU� FRQWURO� DOJRULWKPV� KDYH� EHHQ

GHYHORSHG�WKDW�FDQ�GHFRXSOH�WKH�VWDWRU�SKDVH�FXUUHQWV�E\�XVLQJ�RQO\�WKH�PHDVXUHG�VWDWRU�FXUUHQW

DQG�IOX[��DV�ZHOO�DV� WKH�URWRU�VSHHG�>�@�� >��@�� �9HFWRU�FRQWUROOHUV� WKDW�RSHUDWH� LQ� WKH�VWDWRU� IOX[

UHIHUHQFH�IUDPH�KDYH�EHFRPH�D�SRSXODU�FKRLFH�IRU�WKH�FRQWURO�RI�,0�(9�GULYHV�>�@��>��@��>��@�

7KH�FXUUHQW�FRPPDQGV�JHQHUDWHG�E\� WKH�YHFWRU�FRQWUROOHU� DUH� UHJXODWHG�E\� WKH�XVH�RI� D

&XUUHQW�5HJXODWHG�3XOVH�:LGWK�0RGXODWHG��&53:0��LQYHUWHU� >��@�� �7KH� ,0�(9�GULYH�V\VWHP

VWXGLHG�LQ�WKLV�WKHVLV�XVHV�6SDFH�9HFWRU�0RGXODWLRQ��690����690�FDQ�EH�LPSOHPHQWHG�GLJLWDOO\�

KDV�D�KLJK�'&�OLQN�XWLOL]DWLRQ��DQG�FDQ�UHGXFH�ERWK�WKH�LQYHUWHU�DQG�LQGXFWLRQ�PRWRU�ORVVHV�>�@�

>��@��>��@��>��@���)LJXUH�����VKRZV�D�EORFN�GLDJUDP�RI�WKH�V\VWHP�WR�EH�VWXGLHG�
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96,

&RQWUROOHU0RGXODWRU

�

�
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)LJ��������%ORFN�'LDJUDP�RI�WKH�96,�IHG�,0�GULYH�

7KH� EHQHILWV� RI� XVLQJ� 690� LQ� D� YHFWRU� FRQWUROOHG� ,0� (9� GULYH� KDYH� QRW� EHHQ� IXOO\

DGGUHVVHG�� � 7KHUHIRUH�� WKH� ILUVW� SUREOHP� WKLV� WKHVLV� DGGUHVVHV� LV� WKH� QHHG� WR� SHUIRUP� D

FRPSUHKHQVLYH�DQDO\VLV�RI�WKH�EHQHILWV�RI�XVLQJ�690�DV�SDUW�RI�WKH�FRQWURO�VRIWZDUH�IRU�D�VWDWRU

IOX[�RULHQWHG�����KS�,0�(9�GULYH���6SHFLILFDOO\��WHFKQLTXHV�DUH�GHYHORSHG�WR�FRPSDUH�LQGXFWLRQ

PRWRU�GULYH�V\VWHPV�ZLWK�GLIIHUHQW�PRGXODWLRQ�DOJRULWKPV�E\�SHUIRUPLQJ�VWHDG\�VWDWH�DQG�GULYLQJ

SURILOH�HIILFLHQF\�FRPSDULVRQV�>��@���7R�VROYH�WKH�SUREOHP�RI�KRZ�WR�VLPXODWH�GULYH�SURILOHV�RQ�D

G\QDPRPHWHU�EHQFK�LQ�RUGHU�WR�GHWHUPLQH�WKH�GULYLQJ�SURILOH�HIILFLHQF\��VRIWZDUH�SURJUDPV�KDYH

EHHQ� GHYHORSHG� WR� FRQWURO� WKH� G\QDPRPHWHU� EHQFK� LQ� D� UHSHDWDEOH� PDQQHU� >��@�� >��@�� � 7KH

HIILFLHQF\�WHVWV�ZLOO�IRFXV�RQ�WKH�,0�

7R� DQDO\]H� WKH� GULYH� V\VWHP� ORVVHV�� WKH� LQGXFWLRQ� PRWRU� SKDVH� FXUUHQWV� ZLWK� D� 690

LQYHUWHU�YHUVXV�D�K\VWHUHVLV�FRQWUROOHG� LQYHUWHU��ZKLFK�ZDV�XVHG� LQ� D�SUHYLRXV�JHQHUDWLRQ�GULYH

V\VWHP��ZLOO�EH�FRPSDUHG�WKURXJK�ERWK�VLPXODWLRQ�DQG�H[SHULPHQW�� �$�GULYH�V\VWHP�VLPXODWLRQ

VRIWZDUH� SDFNDJH� LV� GHYHORSHG� LQ� &��� WR� SURGXFH� VLPXODWHG� VWDWRU� SKDVH� FXUUHQW� FXUUHQWV�

6HSDUDWH�,0�KDUPRQLF�ORVVHV��ZKLFK�DUH�DWWULEXWHG�WR�WKH�SKDVH�FXUUHQW�KDUPRQLFV�WKDW�DUH�IRXQG�

DUH�PRGHOHG�LQ�GHWDLO��DQG�WKH�HIIHFWV�RI�WKH�SXOVH�ZLGWK�PRGXODWLRQ�FRQWURO�VWUDWHJ\�RQ�WKH� ,0

RSHUDWLQJ�HIILFLHQF\�DUH�FOHDUO\�VKRZQ���/DUJH�HIILFLHQF\�LQFUHDVHV�IRU�ERWK�WKH�LQYHUWHU�DQG�,0

ZLOO�EH�IRXQG�

7KLV�WKHVLV�VKRZV�WKDW�XVLQJ�690�FDQ�ODUJHO\�LQFUHDVH�WKH�HIILFLHQF\�RI�WKH�,0�LQ�DQ�(9

>��@���+RZHYHU��DQ�DQDO\VLV�RI�WKH�FDXVHV�IRU�WKH�,0�HIILFLHQF\�LQFUHDVH��VSHFLILFDOO\�WKH�WUDQVLHQW

HIILFLHQF\�LQFUHDVHV�RQ�GULYH�F\FOHV��VWLOO�QHHGV�WR�EH�GHWHUPLQHG���7KHUHIRUH��VRIWZDUH�SURJUDPV
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KDYH�EHHQ�GHYHORSHG�LQ�WKLV�WKHVLV�WKDW�ZLOO�RIIHU�H[SODQDWLRQV�IRU�WKH�UHDVRQV�IRU�WKH�LPSURYHG

,0�HIILFLHQF\�ZKHQ�690�LV�XVHG���7KH�GHYHORSPHQW�DQG�XVDJH�RI�WKLV�VRIWZDUH�ZLOO�EH�GHVFULEHG

IXOO\�� � 8VLQJ� WKH� PHDVXUHG� HQHUJ\� FRQVXPHG� �LQ� XQLWV� RI� N:�KU�� RQ� GLIIHUHQW� GULYH� SURILOHV�

FRPSDULVRQV�RI�YHKLFOH�DYHUDJH�GULYLQJ�HIILFLHQF\�DQG�UDQJH�ZLOO�EH�PDGH�EHWZHHQ�WKH�GLIIHUHQW

PRGXODWLRQ�DOJRULWKPV�WHVWHG�

7KH�ODVW�SDUW�RI�WKLV� WKHVLV�GLVFXVVHV�VHYHUDO�FRQWURO�SUREOHPV�WKDW�KDYH�EHHQ�DGGUHVVHG�

,Q� WKH� GHYHORSPHQW� RI� WKH� ,0� (9� GULYH� FRQWUROOHU� ZLWK� 690� DQG� VWDWRU� IOX[� RULHQWHG� YHFWRU

FRQWURO��WKH�FRQWURO�SUREOHPV�LGHQWLILHG�DUH�DV�IROORZV�

������,Q�D�YHKLFOH�ZLWK�D�ORQJ�GULYLQJ�VKDIW��VLJQLILFDQW�YLEUDWLRQV�RFFXU�EHWZHHQ�WKH

������,0�VKDIW�DQG�WKH�YHKLFOH�GXH�WR�GULYH�OLQH�UHVRQDQFH�QHDU�]HUR�VSHHG�����

������PSK��>��@�

�����2SHQ�ORRS�VWDWRU�IOX[�HVWLPDWRUV�SURGXFH�VLJQLILFDQW�HUURU�QHDU�]HUR�VSHHG���¤

����������UDG�VHF�RI�DSSOLHG�VWDWRU�DQJXODU�IUHTXHQF\��GXH�WR�LQWHJUDWRU�GULIW�>��@�

������>��@�

3UREOHP� ���� LV� VROYHG� LQ� WKLV� WKHVLV� E\� GHYHORSLQJ� D� FRPSHQVDWRU� WR� FRUUHFW� IRU� GULYH

UHVRQDQFH��DOVR�WHUPHG�VKXGGHU��E\�IHHGLQJ�EDFN�WKH�URWRU�VKDIW�VSHHG�>��@���7KH�FRPSHQVDWRU�LV

DGGHG� WR� WKH� GLJLWDO� VLJQDO� SURFHVVRU� �'63�� FRQWURO� VRIWZDUH� DV� SDUW� RI� WKH� WRUTXH� FRPPDQG

JHQHUDWLQJ� IXQFWLRQ�� �0DQ\�RI� WKH� SUDFWLFDO� LPSOHPHQWDWLRQ� LVVXHV� DUH� FRQVLGHUHG�� VXFK� DV� WKH

W\SH� RI� VWUXFWXUH� IRU� WKH� GLJLWDO� LPSOHPHQWDWLRQ� RI� WKH� FRPSHQVDWRU�� DFFXUDWH� URWRU� URWDWLRQDO

VSHHG�PHDVXUHPHQW��FRPSHQVDWRU�RXWSXW�VDWXUDWLRQ�UHVHW��DQG�UROORII�RI� WKH�FRPSHQVDWRU�RXWSXW

ZLWK�LQFUHDVLQJ�YHKLFOH�VSHHG�

3UREOHP������DV�OLVWHG�DERYH��LV�VROYHG�LQ�WKLV�WKHVLV�E\�WKH�GHYHORSPHQW�RI�D�'63�EDVHG

VWDWRU� IOX[� OLQNDJH� PHDVXUHPHQW� FRPSHQVDWRU� WKDW� FDQ� LPSURYH� WKH� SHUIRUPDQFH� RI� WKH� GULYH

V\VWHP�DW�ORZ�VSHHGV����OHVV�WKDQ����UDG�VHF�RI�FRPPDQGHG�VWDWRU�HOHFWULFDO�IUHTXHQF\���7KH�JDLQ

DQG� SKDVH� HUURU� LQ� WKH� PHDVXUHPHQW� RI� WKH� VWDWRU� IOX[� OLQNDJH� DW� ORZ� VSHHGV� GHJUDGHV� WKH

SHUIRUPDQFH�RI�WKH�WRUTXH�UHJXODWRU��ZKLFK�LV�XVHG�DV�SDUW�RI�WKH�ILHOG�RULHQWHG�FRQWUROOHU��GXH�WR

DQ� LQFRUUHFW� FRPSXWDWLRQ� RI� WKH� IHHGEDFN� HOHFWURPDJQHWLF� WRUTXH�� � )LUVW�� WKH� HIIHFWV� WKDW� WKH

LQDFFXUDWH�PHDVXUHPHQW�RI�HOHFWURPDJQHWLF�WRUTXH�KDV�RQ�WKH�GULYH�V\VWHP�DUH�H[DPLQHG���7KHQ�

D�'63�EDVHG�FRPSHQVDWRU�LV�GHYHORSHG�WR�FRUUHFW�IRU�WKH�LQDFFXUDFLHV�LQ�WKH�PHDVXUHPHQW�RI�WKH
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HOHFWURPDJQHWLF�WRUTXH�LQ�VWHDG\�VWDWH��ZKLFK�ZLOO�EH�VKRZQ�WR�LPSURYH�WKH�SHUIRUPDQFH�RI� WKH

WRUTXH�UHJXODWRU�DW�ORZ�VWDWRU�DQJXODU�IUHTXHQFLHV�

7R�VXPPDUL]H��VLPXODWLRQ��H[SHULPHQWDWLRQ��DQG�DQDO\VLV�ZLOO�EH�XVHG�WR�PHHW�DOO�RI�WKH

JRDOV�RI�WKLV�WKHVLV�

x� 6WXG\�RI�PRGXODWLRQ�DOJRULWKPV�IRU�LQGXFWLRQ�PRWRU�FRQWURO�LQ�DQ�(9��&KDSWHU���

x� 6LPXODWLQJ�GULYLQJ�F\FOHV�RQ�D�G\QDPRPHWHU��&KDSWHU���

x� 6LPXODWLRQ�RI�LQGXFWLRQ�PRWRU�SKDVH�FXUUHQWV��&KDSWHU���

x� &RPSDULVRQ�RI�PRGXODWLRQ�DOJRULWKPV��&KDSWHU���

x� &RQWURO�GHVLJQ�RI�D�VKXGGHU�FRPSHQVDWRU��&KDSWHU���

x� &RQWURO�GHVLJQ�RI�D�VWDWRU�IOX[�IHHGEDFN�FRPSHQVDWRU��&KDSWHU���

������6\VWHP�2YHUYLHZ

7KLV�VHFWLRQ�JLYHV�DQ�RYHUYLHZ�RI�WKH�LQGXFWLRQ�PRWRU�GULYH�V\VWHP�WKDW�ZDV�WHVWHG���7KH

V\VWHP�SRZHUV�D�����KS�LQGXFWLRQ�PRWRU�GHVLJQHG�E\�*HQHUDO�(OHFWULF�VSHFLDOO\�IRU�(9�GULYHV�

7KH� LQGXFWLRQ�PRWRU�XVHG�� VKRZQ� LQ�)LJ������� LV�RLO� FRROHG�DQG�KDV� D�SODQHWDU\� JHDU� WKDW� VWHSV

GRZQ�WKH�URWRU�VSHHG�WR�VKDIW�RXWSXW�VSHHG�E\�WKH�IDFWRU����������6WHSSLQJ�GRZQ�WKH�URWRU�VSHHG

DOORZV�OHVV�HOHFWURPDJQHWLF�WRUTXH�WR�EH�GHYHORSHG�E\�WKH�URWRU�DQG�KHQFH�VPDOOHU�SKDVH�FXUUHQWV

LQ�WKH�VWDWRU�ZLQGLQJV���7R�SURSHO�WKH�YHKLFOH��WKH�LQGXFWLRQ�PRWRU�RXWSXW�VKDIW�LV�UHTXLUHG�WR�KDYH

D�ODUJH�WRUTXH��ZKLFK�LV�ZK\�URWRU�VSHHG�LV�VWHSSHG�GRZQ������WLPHV�



�

)LJ��������*(�,QGXFWLRQ�0RWRU����3KRWR�&RXUWHV\�RI�937��,QF��

7KH�URWRU�RI�WKH�,0�VKRZQ�LQ�)LJ������ULGHV�RQ�SUHFLVLRQ�EDOO�EHDULQJV��ZKLFK�DOORZV�IRU�D�YHU\

VPDOO� DLUJDS� ����PLO�� EHWZHHQ� WKH� VWDWRU� DQG� URWRU�� � 7KH� VTXLUUHO� FDJH� URWRU� LV� FDVW� LURQ�ZLWK

1(0$�W\SH�'�VORWV� IRU�KLJK� WRUTXH�SURGXFWLRQ�� �6SHFLDO� IOX[�FRLO�ZLQGLQJV� DUH�ZRXQG�RQ� WKH

VWDWRU�IRU�PHDVXUHPHQW�RI�WKH�G�DQG�T�D[LV�VWDWRU�IOX[�OLQNDJHV��ZKHUH�WKH�¦G§�FRLO�D[LV�LV�FROLQHDU

ZLWK�WKH�¦D§�SKDVH�EHOW�D[LV���7KH�IOX[�FRLOV�SURGXFH�D�OLQHDUO\�LQFUHDVLQJ�YROWDJH�XS�WR�WKH�EDVH

VSHHG�RI�WKH�LQGXFWLRQ�PRWRU���%H\RQG�WKH�EDVH�VSHHG��WKH�IOX[�LV�UHGXFHG�LQYHUVHO\�ZLWK�VSHHG

SURGXFLQJ�D�FRQVWDQW� VWDWRU�YROWDJH�DQG�KHQFH� IOX[�FRLO�YROWDJH�� VLQFH� WKH� IOX[�FRLOV� UHIOHFW� WKH

VWDWRU�YROWDJH�� �(TXDWLRQ�������VKRZV� WKDW� WKH�VWDWRU� IOX[� OLQNDJH� LV� IRXQG�DV� WKH� LQWHJUDO�RI� WKH

PHDVXUHG�FRLO�YROWDJH�WLPHV�D�VFDOLQJ�FRQVWDQW�

����

��

)OX[�&RLO

9ROWV

URWRU����USP�

VSHHG

)LJ��������$PSOLWXGH�RI�IOX[�FRLO�YROWDJH�YV��URWRU�VSHHG�



�

OV� �.�³�9FRLOGW

�����

7KH�IOX[�PHDVXUHPHQW�ZLQGLQJV�DUH�FRQFHQWULF�DQG�GLVWULEXWHG�RQ�WKH�VWDWRU�ZLWK�D����HOHFWULFDO

GHJUHHV�VHSDUDWLRQ�DQJOH�

7KH�*(�LQGXFWLRQ�PRWRU�SDUDPHWHUV�DUH�NQRZQ�IURP�PHDVXUHPHQW�DQG�DUH�VXPPDUL]HG�LQ

7DEOH�����

7DEOH�������0HDVXUHG�*(�,QGXFWLRQ�0RWRU�3DUDPHWHUV�#���q&

5V�6WDWRU�5HVLVWDQFH ��������:

5U�5RWRU�5HVLVWDQFH ��������:

5F�&RUH�/RVV�UHVLVWDQFH ���������:

/OV�6WDWRU�/HDNDJH�,QGXFWDQFH ��������P+

/OU�5RWRU�/HDNDJH�,QGXFWDQFH ��������P+

/K�0DLQ�,QGXFWDQFH �������P+

7R�LQWHUIDFH�WKH�YHKLFOH�GF�EDWWHULHV�DQG�WKH�LQGXFWLRQ�PRWRU��DQ�LQYHUWHU�SRZHU�VWDJH�DQG

LWV�DVVRFLDWHG�FRQWURO�VHUYHV�DV�DQ� LQWHUIDFH�� �7KH� LQYHUWHU� LV�D�'&�WR�$&�SRZHU� FRQYHUWHU� WKDW

GHOLYHUV� DF� SKDVH� FXUUHQWV� WR� WKH� LQGXFWLRQ� PRWRU� IURP� WKH� HOHFWULF� YHKLFOH©V� EDWWHULHV�� � 7KH

LQYHUWHU�SRZHU�VWDJH�XVHV����$����9�,*%7V�DV�WKH�VZLWFKLQJ�GHYLFHV���$V�VKRZQ�LQ�)LJ�������WKH

DUUDQJHPHQW�RI�WKH�,*%7V�LV�IRU�WKH�VWDQGDUG���OHYHO�YROWDJH�VRXUFH�LQYHUWHU��96,���ZKHUH�RQH�RI

WKH� WKUHH� EDVLF� SRZHU� HOHFWURQLF� EXLOGLQJ� EORFNV� LV� VKRZQ� KLJKOLJKWHG�� � 7KH� WRSRORJ\� DOORZV

PRWRULQJ�DQG�UHJHQHUDWLYH�SRZHU�IORZ���$�������X)�HOHFWURO\WLF�FDSDFLWRU�SURGXFHV�D�VWLII�GF�OLQN

LQSXW�YROWDJH�IURP�WKH�GF�EDWWHULHV�RI�WKH�(9�
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)LJ��������'&�$&�,QGXFWLRQ�0RWRU�96,�XVHG�

7KH�DQDORJ�VFDOLQJ�FLUFXLWU\�DQG�GLJLWDO�FRQWURO�SURFHVVRUV� UHTXLUHG�IRU� WKH�RSHUDWLRQ�RI

WKH�LQYHUWHU�DUH�FRQWDLQHG�RQ�D�FLUFXLW�ERDUG�PRXQWHG�RQ�WRS�RI�WKH�SRZHU�VWDJH�DV�VKRZQ�LQ�)LJ�

����

)LJ��������,QYHUWHU�SRZHU�VWDJH�DQG�FRQWUROOHU�ERDUGV����3KRWR�FRXUWHV\�RI�937��,QF��

)LJXUH� ���� VKRZV� WKH� LQYHUWHU� FLUFXLW� ERDUG� EORFN� GLDJUDP�� � 7KH� EDVLF� LQYHUWHU� VKRZQ

FRQWDLQV�HQRXJK�JDWH�GULYHUV�IRU�WKH�VWDQGDUG�KDUG�VZLWFKHG�LQYHUWHU��EXW�DGGLWLRQDO�JDWH�GULYHUV

QHHGHG� IRU� VRIW�VZLWFKLQJ� FRPSRQHQWV� FDQ� DOVR� EH� LPSOHPHQWHG�� � $V� VKRZQ� LQ� )LJ�� ����� WKH

��+&��� >��@�PLFURSURFHVVRU� FRQWDLQHG� RQ� WKH� LQYHUWHU� FRQWURO� ERDUG� FRPPXQLFDWHV� ZLWK� WKH

'63�XVLQJ�D�IXOO�GXSOH[��KLJK�VSHHG��V\QFKURQRXV�VHULDO�FRPPXQLFDWLRQ�OLQN��63,����7KH���+&��
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LV� XVHG� WR� SURFHVV� VWDWXV� LQIRUPDWLRQ� FRQFHUQLQJ� RSHUDWLRQ� RI� WKH� GULYH�� DQG� WKH� ��+&��� DOVR

LPSOHPHQWV�D�SULPLWLYH�SHHN�SRNH�V\VWHP�WKDW�LV�XVHG�WR�GLVSOD\�DQG�PRGLI\�'63�GDWD�PHPRU\

YDULDEOHV� DV� FRPPDQGHG� UHPRWHO\� RYHU� WKH� 56����� VHULDO� GDWD� OLQN�� � 7KH� ��+&��� UHFHLYHV

GLVFUHWH� LQSXWV� IURP� WKH� YHKLFOH� RSHUDWRU� LQFOXGLQJ� WKH� VHWWLQJ� RI� WKH� 351'/� �SDUN�� UHYHUVH�

QXHWUDO�� GULYH� VHOHFWLRQ�� DQG� WKH� NH\VWDUW� SRVLWLRQ�� DQG� WKH� ��+&��� FRPPXQLFDWHV� WKLV

LQIRUPDWLRQ�WR�WKH�'63���$GGLWLRQDOO\��WKH�GULYHU�LQGLFDWRUV��ZKLFK�LQFOXGH�WKH�VSHHGRPHWHU��IDXOW

OLJKWV��DQG�DODUP�OLJKWV��DUH�FRQWUROOHG�E\�WKH���+&���

7KH�SULPDU\�IXQFWLRQ�RI�WKH�'63�LV�WR�SURFHVV�WKH�UHDO� WLPH�FRQWURO�DOJRULWKPV�UHTXLUHG

E\�WKH�ILHOG�RULHQWHG�FRQWUROOHU�DQG�WKH�3:0�URXWLQHV��DV�ZHOO�DV�WKH�DGGLWLRQDO�URXWLQHV�DGGHG�DV

D�SDUW�RI�WKLV�WKHVLV���7KH�'63�LV�D�VSHFLDO�SXUSRVH�PRWRU�FRQWURO�FKLS�PDQXIDFWXUHG�E\�$QDORJ

'HYLFHV�FDOOHG�WKH�$'0&����>��@�

'LVFUHWH�,�2

+HDW�6LQN7HPS

3KDVH�$

*DWH
&RQWURO

3KDVH�%

*DWH
&RQWURO

3KDVH�&

*DWH
&RQWURO

&RQWURO�3RZHU

6XSSO\

)OX[

6FDOLQJ

&XUUHQW

6FDOLQJ

9ROWDJH

6FDOLQJ

7DFK
,QWHUIDFH ZU

OVG
OVT

9GF

,D
,F

7HPS
6FDOLQJ

0RWRU7HPS

��+&��

$'0&���

'63�&RQWUROOHU

$�'

6HULDO�/LQN

9HKLFOH�,QWHUIDFH 56���
,QWHUIDFH

6HULDO�/LQN
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)LJ��������,QYHUWHU�FRQWURO�ERDUG�

)RU�FRQWURO�SXUSRVHV�� WKH�SKDVH�FXUUHQWV�DUH�PHDVXUHG�XVLQJ�+DOO�HIIHFW�FXUUHQW� VHQVRUV

ZLWK�D��������FRQYHUVLRQ�UDWLR���7KH�SKDVH�D�DQG�F�FXUUHQWV�DUH�GLUHFWO\�PHDVXUHG��DQG�WKH�SKDVH

E�FXUUHQW�LV�IRXQG�DV�WKH�QHJDWLYH�RI�WKH�SKDVH�D�SOXV�SKDVH�F�FXUUHQWV�DV�VKRZQ�LQ�)LJ������
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)LJ��������7HFKQLTXH�XVHG�IRU�PHDVXUHPHQW�RI�WKH�SKDVH�FXUUHQWV�

$OVR�VHQVHG�IRU�LQGLUHFW�WRUTXH�FRQWURO�PRGH�LV�WKH�URWDWLRQDO�VSHHG�RI�WKH�URWRU��ZU��ZKLFK

LV� GRQH� E\� DQ� DWWDFKHG� LQFUHPHQWDO� HQFRGHU� DV� H[SODLQHG� LQ� VHFWLRQ� ��������� � )LJXUH� ���

VXPPDUL]HV� WKH� VLJQDOV� PHDVXUHG� IURP� WKH� LQGXFWLRQ� PRWRU� WKDW� DUH� XVHG� IRU� ILHOG� RULHQWHG

FRQWURO�

)LHOG�2ULHQWHG�&RQWUROOHU
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)LJ��������)LHOG�RULHQWHG�FRQWUROOHU�LQSXWV�DQG�3:0�RXWSXWV�
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������&RQWURO�$OJRULWKPV

7KH�'63�FRQWURO� VRIWZDUH�XVHG� LQ� WKH�(9�FRQWURO� FRQVLVWV�PDLQO\� RI� WKH� ILHOG� RULHQWHG

FRQWUROOHU�� WKH�GT�FXUUHQW�UHJXODWRUV��DQG�WKH�VSDFH�YHFWRU�PRGXODWRU�� �7KHVH�VRIWZDUH�HOHPHQWV

DUH�LQWURGXFHG�LQ�WKLV�VHFWLRQ�

7KH� ILHOG� RULHQWHG� FRQWUROOHU� DWWHPSWV� WR� VHSDUDWH� WKH� WRUTXH� DQG� IOX[� SURGXFLQJ

FRPSRQHQWV�RI�WKH�VWDWRU�SKDVH�FXUUHQWV�RI�DQ�LQGXFWLRQ�PDFKLQH�OLNH�LQ�D�VHSDUDWHO\�H[FLWHG�GF

PDFKLQH�� ZKHUH� WKH� VHSDUDWH� ILHOG� DQG� WRUTXH� SURGXFLQJ� FXUUHQW� FRPSRQHQWV� DUH� QDWXUDOO\� LQ

TXDGUDWXUH�GXH�WR�WKH�FRPPXWDWRU���7KH�ILHOG�RULHQWHG�FRQWUROOHU�XVHV�DQ�LQGXFWLRQ�PRWRU�PRGHO

DQG� IHHGEDFN� RI� WKH� URWRU� VSHHG� WR� SURGXFH� GHFRXSOHG� SKDVH� FXUUHQW� FRPPDQGV� IRU� WKH� IOX[

SURGXFLQJ��G�FKDQQHO��DQG�WRUTXH�SURGXFLQJ��T�FKDQQHO��FRPSRQHQWV�RI�WKH�VWDWRU�SKDVH�FXUUHQW�

7KLV� FRPSXWDWLRQ� RI� WKH� FXUUHQW� FRPPDQGV� LV� GRQH� DV� D� SDUW� RI� D� VRIWZDUH� SURJUDP� WKDW� LV

LPSOHPHQWHG�LQ�WKH�'63�FKLS�

7KH�ILHOG�RULHQWHG�FRQWUROOHU�SDUW�RI�WKH�'63�SURJUDP�XVHV�LQGLUHFW�ILHOG�RULHQWHG�FRQWURO

LQ� WKH� VWDWRU� IOX[� UHIHUHQFH� IUDPH� >�@�� >�@�� � 6WDWRU� IOX[� RULHQWHG� GULYHV� DUH� GHVLUDEOH� GXH� WR� D

PLQLPL]HG� SDUDPHWHU� VHQVLWLYLW\�� GLUHFW� ILHOG� ZHDNHQLQJ� RSHUDWLRQ�� DQG� WKH� SRVVLELOLW\� RI

RSHUDWLRQ�ZLWKRXW�VSHHG�IHHGEDFN�>�@��>��@��>��@���$�WRUTXH�UHJXODWRU�KDV�DOVR�EHHQ�DGGHG�WR�WKH

ILHOG�RULHQWHG�FRQWUROOHU�WR�KHOS�FRPSHQVDWH�IRU�SDUDPHWHU�YDULDWLRQV�RI�WKH�LQGXFWLRQ�PRWRU���7KH

WRUTXH�UHJXODWRU�KHOSV�WR�HQVXUH�WKDW�SDUDPHWHU�YDULDWLRQV�GR�QRW�FDXVH�WKH�VWHDG\�VWDWH�YDOXH�RI

WKH�DFWXDO�URWRU�WRUTXH�WR�EH�GLIIHUHQW�IURP�WKH�FRPPDQGHG�URWRU�WRUTXH�>��@���7KH�FRPSOHWH�ILHOG

RULHQWHG� FRQWUROOHU� LV� VKRZQ� VFKHPDWLFDOO\� LQ� )LJ�� ����� DV� JLYHQ� LQ� >�@��ZLWK� WKH� DGGHG� WRUTXH

UHJXODWRU�VKRZQ�LQ�WKH�GDVKHG�ER[���7KH�WRUTXH�FRPPDQG�VKRZQ�LQ�)LJ������LV�UHODWHG�WR�WKH�T�

D[LV�VWDWRU�FXUUHQW�FRPPDQG�DV�VKRZQ�LQ�(TXDWLRQ�������>�@�
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)LJ��������)LHOG�RULHQWHG�FRQWUROOHU�LQ�WKH�VWDWRU�IOX[�UHIHUHQFH�IUDPH��/LPLWHUV�QRW�VKRZQ��

7KH� ILHOG� RULHQWHG� FRQWUROOHU� SROH� ORFDWLRQV�� ]HUR� ORFDWLRQV�� DQG� FRQVWDQWV� DUH� GHWHUPLQHG� DV

VKRZQ�LQ���������������IRU�WKH�VWDWRU�IOX[�UHIHUHQFH�IUDPH�>�@��>�@�
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ZKHUH�

/V� �/K�����/OV����������������������������������������������������������

/U� �/K�����/OU����������������������������������������������������������

1RWH���$OO�V\PEROV�KDYH�EHHQ�GHILQHG�LQ�WKH�/LVW�RI�6\PEROV�

7KH�ILHOG�RULHQWHG�FRQWUROOHU�FDQ�EH�VLPXODWHG�LQ�VRIWZDUH�DV�LWV�GLVFUHWH�WLPH�HTXLYDOHQW�

)LJXUH������VKRZV�WKH�ILHOG�RULHQWHG�FRQWUROOHU�RXWSXWV�IRU�D�VWHS�LQSXW�RI� WKH�PD[LPXP�WRUTXH
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FRPPDQG� RI� ���� 1�P� DQG� WKH� UDWHG� IOX[� OLQNDJH� FRPPDQG� RI� ������:E�� � $V� VKRZQ� LQ� WKH

)LJXUH��IRU�WKH�PD[LPXP�WRUTXH�FRPPDQG��WKH�PD[LPXP�VOLS�VSHHG�LV�DERXW����UDG�VHF�LQ�VWHDG\

VWDWH�� �$OVR�� WKH�VWHDG\�VWDWH�G�FXUUHQW�FRPPDQG�LV�DERXW�����$��DQG�WKH�VWHDG\�VWDWH�T�FXUUHQW

FRPPDQG� LV� DERXW�����$�� �7KHVH� FXUUHQW� FRPPDQGV� JLYH� D�SRZHU� IDFWRU� RI� ����� DV� VKRZQ� LQ

�������ZKLFK�LV�WKH�H[SHFWHG�YDOXH�IURP�WKH�PRWRU�VSHFLILFDWLRQV�
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)LJ���������([DPSOH�ZDYHIRUPV�RI�WKH�ILHOG�RULHQWHG�FRQWUROOHU�ZLWK�PD[LPXP�WRUTXH�FRPPDQG�

7KH� ILHOG� RULHQWHG� FRQWUROOHU� VKRXOG� VKRZ� GHFRXSOLQJ� EHWZHHQ� WKH� G�D[LV� DQG� T�D[LV� FXUUHQW

FRPPDQGV� IRU� D� FRQVWDQW� VWDWRU� IOX[� OLQNDJH� FRPPDQG� LQSXW� DQG� D� YDU\LQJ� WRUTXH� FRPPDQG�

)LJXUH� ����� VKRZV� WKDW� WKH� G� FKDQQHO� FXUUHQW� KDV� YHU\� OLWWOH� SHUWXUEDWLRQ� IRU� D� r���� 1�P

RVFLOODWLRQ�RI�WKH�WRUTXH�FRPPDQG�DQG�D�FRQVWDQW�VWDWRU�IOX[�UHIHUHQFH�
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7KH�G�DQG�T�FKDQQHO�FXUUHQW�FRPPDQGV�RXWSXW�IURP�WKH�ILHOG�RULHQWHG�FRQWUROOHU�DUH�LQSXW

WR�WKH�GT�FXUUHQW�UHJXODWRU���7KH�GT�FXUUHQW�UHJXODWRU�RSHUDWHV�LQ�WKH�URWDWLQJ�UHIHUHQFH�IUDPH�ZLWK

FRQVWDQW�HUURU�LQSXWV��ZKLFK�DYRLGV�WKH�JDLQ�DQG�SKDVH�HUURUV�DQG�FURVV�FRXSOLQJ�DVVRFLDWHG�ZLWK

WKH� VWDWLRQDU\� IUDPH� UHJXODWRU� >��@�� >��@�� � )HHGIRZDUG� RI� WKH� VWDWRU� UHVLVWDQFH� YROWDJH� GURS� LV

LQFOXGHG� WR� LPSURYH� WKH� UHJXODWRU� WUDQVLHQW� UHVSRQVH�� �$OVR�� WKH�T�FXUUHQW� FRQWUROOHU� DOORZV� IRU

IHHGIRUZDUG�RI� WKH�DLUJDS�HPI��(��ZKLFK�LV�HVWLPDWHG�DV�WKH�VWDWRU�IOX[�WLPHV�WKH�VWDWRU�DQJXODU

IUHTXHQF\�>�@���7KH�GT�FXUUHQW�UHJXODWRU�LV�VKRZQ�VFKHPDWLFDOO\�LQ�)LJ�������
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RI� WKH� UHIHUHQFH� IUDPH� WUDQVIRUPDWLRQ�� GD� DQG� GE�� DUH� XVHG� DV� WKH� LQSXWV� WR� WKH� VSDFH� YHFWRU
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7KH�VSDFH�YHFWRU�PRGXOH�FRPSXWHV�WKH�LQYHUWHU�VZLWFKLQJ�VWDWHV�EDVHG�RQ�WKH�ORFDWLRQ�RI

WKH� UHIHUHQFH�YHFWRU�ZLWKLQ� WKH� LQYHUWHU�RXWSXW� VSDFH� >��@�� >��@�� >��@�� � ,Q� WKLV� FDVH�� DQ�RSWLPDO

]HUR� YHFWRU� VHOHFWLRQ� URXWLQH� LV� XVHG� WKDW� DOORZV� WKH� SKDVH� OHJ� ZLWK� WKH� ODUJHVW� LQVWDQWDQHRXV

FXUUHQW� WR�UHPDLQ�XQVZLWFKHG�IRU� WKH�PDMRULW\�RI� WKH� ORDG�RSHUDWLQJ�SRLQWV� >�@�� >��@��ZKLOH�VWLOO

PDLQWDLQLQJ�VLQXVRLGDO�SKDVH�FXUUHQWV���7KH�ILQDO�RXWSXWV�DUH�WKH�¦RQ§�GXW\�F\FOH�WLPHV�IRU�WKH�WRS

,*%7�RI�HDFK�LQYHUWHU�SKDVH�OHJ�RU�GD��GE��DQG�GF���7RJHWKHU��WKH�GT�FXUUHQW�UHJXODWRUV�DQG�WKH

VSDFH� YHFWRU�PRGXODWRU� IRUP� WKH� 3:0� FRQWURO� EORFN�� � 7KH� EDVLF� FRQWUROOHU� EHIRUH� WKH� DGGHG

LPSURYHPHQWV�RI�VKXGGHU�FRPSHQVDWLRQ�DQG�IOX[�IHHGEDFN�FRPSHQVDWLRQ�LV�VKRZQ�LQ�)LJ�������
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)LJ���������6FKHPDWLF�RI�EDVLF�FRQWURO�VRIWZDUH�IRU�LQGXFWLRQ�PRWRU�GULYH�FRQWURO�
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������7KHVLV�2YHUYLHZ

7KH�IROORZLQJ�&KDSWHU��&KDSWHU����UHYLHZV�WKH�SULQFLSOHV�RI�690�DV�WKH�3:0�PHWKRG�LQ

DQ� (9�� � )LUVW�� WKH� K\VWHUHVLV� FRQWUROOHU� XVHG� DV� WKH� WHVWLQJ� EDVHOLQH� LV� GHVFULEHG�� � 7KHQ�� WKH

SULQFLSOHV�RI�690�DUH�VKRZQ��DQG�D�PHWKRG�IRU�GHWHUPLQLQJ� WKH�GXW\�F\FOHV� IURP�D�FKDQJH�RI

EDVLV�PDWUL[�LV�SURSRVHG���7KH�PDQQHU�LQ�ZKLFK�WKH�]HUR�YHFWRU�LV�VHOHFWHG�LV�UHYLHZHG��DQG�WKH

SRVVLEOH�OLPLWDWLRQV�RI�WKH�RSWLPDO�]HUR�YHFWRU�VHOHFWLRQ�WHFKQLTXH�LQ�DQ�(9�GULYH�DUH�GLVFXVVHG�

,Q�&KDSWHU���� WKH�GHYHORSPHQW�RI�GULYH� SURILOH� VRIWZDUH� SURJUDPV� WKDW� DUH� UHTXLUHG� IRU

G\QDPLF�GULYH�SHUIRUPDQFH�WHVWLQJ�RQ�D�G\QDPRPHWHU�EHQFK�DUH�GHVFULEHG�� �)LUVW�� WKH�SURJUDP

WKDW�JHQHUDWHV�WKH�UHTXLUHG�G\QDPRPHWHU�EHQFK�WRUTXH�DQG�VSHHG�FRPPDQGV�LV�GHVFULEHG���1H[W�

WKH�GHVLJQ�DQG�RSHUDWLRQ�RI� WKH�SURJUDP�WKDW� LPSOHPHQWV� WKH�DFWXDO�GULYH�SURILOHV� LV�GLVFXVVHG�

7KH�ILUVW�SURJUDP��WKH�'ULYH�3URILOH�*HQHUDWLRQ�3URJUDP��LV�ZULWWHQ�LQ�WKH�4EDVLF�SURJUDPPLQJ

ODQJXDJH���7KH�VHFRQG�SURJUDP��WKH�'ULYH�3URILOH�,PSOHPHQWDWLRQ�3URJUDP��LV�ZULWWHQ�LQ�WKH�+3�

9((�JUDSKLFDO�SURJUDPPLQJ�ODQJXDJH�>��@�

&KDSWHU���LQWURGXFHV�WKH�GULYH�V\VWHP�VLPXODWLRQ�VRIWZDUH�GHYHORSHG���)LUVW��WKH�EHQHILWV

RI�WKH�&���SURJUDPPLQJ�ODQJXDJH�IRU�GULYH�V\VWHP�VLPXODWLRQV�ZLOO�EH�VKRZQ��LQFOXGLQJ�WKH�XVH

RI�DQ�REMHFW�RULHQWHG�SURJUDPPLQJ�DSSURDFK���2EMHFW�GHILQLWLRQV�ZLOO�EH�GHYHORSHG�IRU�LQGXFWLRQ

PRWRUV� LQ� WKH� V\QFKURQRXV� RU� VWDWLRQDU\� UHIHUHQFH� IUDPHV�� VSDFH� YHFWRU�PRGXODWRUV�� K\VWHUHVLV

FXUUHQW� FRQWUROOHUV�� DQG� GT� FXUUHQW� UHJXODWRUV�� � 7KH� SURJUDPPLQJ� DSSURDFK� IROORZHG� ZLOO� EH

VKRZQ� WR� SURGXFH� VLPXODWLRQ� SURJUDPV� WKDW� H[HFXWH� TXLFNO\� DQG� DUH� YHU\� UHXVDEOH�� � 'LIIHUHQW

GULYH� V\VWHP� FRPSRQHQWV� DUH� VKRZQ� WR� EH� HDVLO\� FRQQHFWHG� WRJHWKHU� WKURXJK� FRQWUROOHG

LQWHUIDFHV�� �&KDSWHU���FRQFOXGHV�E\�GHPRQVWUDWLQJ�WKH�XVH�RI� WKH�VRIWZDUH�GHYHORSHG�WKURXJK�D

VSHFLILF�FDVH�VWXG\�� �7KH�FDVH�VWXG\�FRPSDUHV� WKH� LQGXFWLRQ�PRWRU�SKDVH�FXUUHQWV�SURGXFHG�E\

XVLQJ�690�DV� RSSRVHG� WR� K\VWHUHVLV� FXUUHQW� FRQWURO�� �7KH� UHVXOWV� REWDLQHG�ZLOO� \LHOG� YDOXDEOH

LQVLJKWV�DERXW�WKH�UHVXOWV�IRXQG�LQ�&KDSWHU���

,Q�FKDSWHU����WKH�EHQHILWV�RI�XVLQJ�690�DV�RSSRVHG�WR�K\VWHUHVLV�FRQWURO��ZKLFK�ZDV�XVHG

LQ�WKH�SUHYLRXV�JHQHUDWLRQ�GULYH�V\VWHP��DUH�GHWHUPLQHG���7KH�VWHDG\�VWDWH�HIILFLHQF\�PDSV�RI�WKH

LQYHUWHU� DQG� LQGXFWLRQ�PRWRU� XVLQJ� 690� FRQWURO� DV� RSSRVHG� WR� K\VWHUHVLV� FXUUHQW� FRQWURO� DUH

LQWURGXFHG�DQG�FRPSDUHG���7R�FRPSDUH�WKH�LQGXFWLRQ�PRWRU�KDUPRQLF�ORVVHV��DQ�DOJRULWKP�IRU�WKH

GHWHUPLQDWLRQ�RI�WKH�LQGXFWLRQ�PRWRU�SKDVH�FXUUHQW�KDUPRQLFV�LV�GHYHORSHG�LQ�0$7/$%���7KH

PHDVXUHG� KDUPRQLF� FXUUHQWV� DUH� WKHQ� XVHG� LQ� D� VHPL�HPSLULFDO�PRWRU� ORVV�PRGHO� WKDW� SUHGLFWV
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ODUJH� KDUPRQLF� ORVV� GHFUHDVHV� ZLWK� 690�� H[SODLQLQJ� WKH� H[SHULPHQWDO� UHVXOWV� REWDLQHG�

$GGLWLRQDOO\�� WKH� WUDQVLHQW� HIILFLHQF\�� RU� DYHUDJH� GULYLQJ� HIILFLHQF\�� RI� WKH� LQYHUWHU�ZLWK� 690

FRQWURO� LV� FRPSDUHG� WR� WKH� LQYHUWHU� ZLWK� K\VWHUHVLV� FRQWURO� RQ� WZR� VLPXODWHG� GULYLQJ� SURILOHV�

2QH�SURILOH� LV� IRU�FLW\�GULYLQJ� �)8'6���DQG� WKH�RWKHU�SURILOH� LV� IRU�KLJKZD\�GULYLQJ� �+:)(7�

>��@���7KH�ODUJHVW�UDQJH�LQFUHDVH�ZKHQ�XVLQJ�690�ZLOO�EH�VKRZQ�WR�EH�IRU�GULYLQJ�LQ�WKH�FLW\�

&KDSWHU���H[SODLQV�WKH�QHHGHG�DGGLWLRQ�RI�D�GULYH�VKDIW�UHVRQDQFH��VKXGGHU��FRPSHQVDWRU

LQ�DGGLWLRQ�WR�WKH�ILHOG�RULHQWHG�FRQWUROOHU�DQG�3:0�DOJRULWKPV�WR�REWDLQ�JRRG�GULYHDELOLW\�LQ�WKH

YHKLFOH�� � 7KH� VKXGGHU� FRPSHQVDWRU� GHYHORSHG� XVHV� URWRU� VSHHG� IHHGEDFN� WR� DGG� D� FRUUHFWLRQ

WRUTXH�WR�WKH�WRUTXH�FRPPDQG�LQSXW�RI�WKH�ILHOG�RULHQWHG�FRQWUROOHU���7KH�SODQW�PRGHO�XVHG�IRU�WKH

VKXGGHU�FRPSHQVDWRU�LV�GHVLJQHG�LQ�SDUW�E\�PDNLQJ�LQ�WKH�YHKLFOH�PHDVXUHPHQWV�WR�GHWHUPLQH�WKH

GULYH�VKDIW�VSULQJ�FRQVWDQW���7KH�UHVXOWLQJ�SODQW�PRGHO�GHYHORSHG�LV�VKRZQ�WR�DFFXUDWHO\�SUHGLFW

WKH� UHDO� YHKLFOH� GULYH� UHVRQDQFH� EHKDYLRU�� � 6LPXODWLRQ� UHVXOWV� VKRZ� WKDW� ZLWK� DGGHG� VKXGGHU

FRPSHQVDWLRQ�WKH�URWRU�VKDIW�RVFLOODWLRQV�DUH�ODUJHO\�GDPSHG���/DVWO\��WKH�VKXGGHU�FRPSHQVDWLRQ

LV� DGGHG� WR� WKH� '63� VRIWZDUH� RI� WKH� LQYHUWHU� DQG� VKRZQ� WR� SHUIRUP� ZHOO� LQ� WKH� YHKLFOH� DV

SUHGLFWHG�E\�WKH�VLPXODWLRQ�UHVXOWV�

7KH� ODVW�&KDSWHU��&KDSWHU����GLVFXVVHV� WKH�GHYHORSPHQW�RI�D�'63�EDVHG� LQWHJUDWRU�GULIW

FRPSHQVDWRU�� � 7KH� FRPSOHWH� V\VWHP� LV� GHVLJQHG� EHJLQQLQJ� IURP� WKH� SUREOHP� GHVFULSWLRQ� DQG

HQGLQJ�ZLWK�VXFFHVVIXO�H[SHULPHQWDO� WHVW�UHVXOWV�� �7KH�V\VWHP�GHYHORSHG� LV�XVHG� WR�FRPSHQVDWH

IRU�WKH�JDLQ�DQG�SKDVH�HUURU�REWDLQHG�LQ�WKH�PHDVXUHPHQW�RI� WKH�G�DQG�T�VWDWRU�IOX[�OLQNDJHV�DW

ORZ�URWDWLRQDO�VSHHGV�RI�WKH�URWRU�DQG�LV�WKH�ILQDO�FRQWURO�VWUXFWXUH�DGGHG�WR�WKH�SUHVHQW�FRQWUROOHU�

&KDSWHU���FRQFOXGHV�WKH�WKHVLV�E\�VXPPDUL]LQJ�WKH�NH\�REWDLQPHQWV�
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&KDSWHU�����'HVFULSWLRQ�RI�(9�3:0

$OJRULWKPV�7HVWHG

7KLV�FKDSWHU�GHVFULEHV�WKH�GLIIHUHQW�PRGXODWLRQ�PHWKRGV�WKDW�ZHUH�WHVWHG�IRU�XVH�LQ�DQ�(9

LQGXFWLRQ�PRWRU�GULYH���7KH�ILUVW�PRGXODWLRQ�PHWKRG�GLVFXVVHG�LV�K\VWHUHVLV�FXUUHQW�FRQWURO�

ZKLFK�ZLOO�IRUP�WKH�SHUIRUPDQFH�EDVHOLQH���1H[W��WKH�XVH�RI�VSDFH�YHFWRU�PRGXODWLRQ��690��LQ

DQ�(9�LV�GLVFXVVHG�

�����+\VWHUHVLV�&XUUHQW�&RQWURO

+\VWHUHVLV�FXUUHQW�FRQWURO�IRUPV�WKH�SHUIRUPDQFH�EDVHOLQH�IRU�WKH�PRGXODWLRQ�PHWKRGV

WHVWHG���7KH�K\VWHUHVLV�LQYHUWHU�WHVWHG�LV�QDPHG�WKH�(9�����DQG�ZDV�GHYHORSHG�E\�*(�IRU�XVH�LQ

WUDQVLW�EXV�DSSOLFDWLRQV�>��@�

+\VWHUHVLV�FXUUHQW�FRQWURO�VHOHFWV� WKH�LQYHUWHU�VZLWFKLQJ�VWDWHV�EDVHG�RQ�PDLQWDLQLQJ� WKH

DFWXDO�PRWRU� SKDVH� FXUUHQW� ZLWKLQ� DQ� DOORZHG� WROHUDQFH� RI� WKH� FRPPDQGHG� SKDVH� FXUUHQW� >�@�

>��@�� �7KH�UHVXOWLQJ�FRQWUROOHU�VWUXFWXUH��VKRZQ�LQ�)LJ������� LV� VLPSOHU� WR� LPSOHPHQW� WKDQ�690

FRQWURO�DQG�KDV� WKH�DGGHG�DGYDQWDJHV�RI� LQVWDQWDQHRXV�FXUUHQW�FRQWURO�DQG�DXWRPDWLF� WUDQVLWLRQ

LQWR�RYHUPRGXODWLRQ��VL[�VWHS��RSHUDWLRQ�
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)LJ�������%DVLF�FRQWURO�VWUXFWXUH�IRU�LQGXFWLRQ�PRWRU�FRQWURO�XVLQJ�D�K\VWHUHVLV�FXUUHQW

FRQWUROOHU�
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7KH� WKUHH� VWDWRU� FXUUHQW� FRPPDQGV� DUH� V\QWKHVL]HG� LQ� WKH� &XUUHQW� &RPPDQG� 6\QWKHVL]HU

IURP�WKH�FRPPDQGHG�VWDWRU�FXUUHQW�SKDVRU�DFFRUGLQJ�WR�WKH�IRUPXODV�LQ�������
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7KH�DFWXDO�VWDWRU�SKDVH�FXUUHQWV�DUH�VXEWUDFWHG�IURP�WKH�FRPPDQGHG�VWDWRU�SKDVH�FXUUHQWV�WR

GHWHUPLQH� WKH� FXUUHQW� HUURU�� �:LWK� K\VWHUHVLV� FRQWURO�� WKH� LQYHUWHU� VZLWFKLQJ� VWDWH� GHSHQGV� RQ

WKHVH� FRPSXWHG� LQVWDQWDQHRXV� FXUUHQW� HUURUV�� � 7KH� FXUUHQW� HUURUV� IRUP� WKH� LQSXWV� LQWR� WKUHH

FRPSDUDWRUV�ZLWK� K\VWHUHVLV�� �(DFK� RI� WKH� WKUHH� LQGLYLGXDO� FRPSDUDWRUV� KDV� DQ� LQSXW� WR� RXWSXW

FKDUDFWHULVWLF�GHVFULEHG�E\�)LJ������

LHUURU
�'L�'L

S

Q

)LJ��������,OOXVWUDWLRQ�RI�K\VWHUHVLV�EDQG�VHWWLQJ�IRU�WKH�FXUUHQW�FRPSDUDWRUV��1RWH��'L�GHSHQGV�RQ

WKH�FRPPDQGHG�WRUTXH��

7KH�(9�����LQYHUWHU�XVHV�D�IL[HG�EDQG�W\SH�FRQWUROOHU�ZKLFK�LV� WKH�VLPSOHVW� WR�LPSOHPHQW

EXW� GRHV� QRW� QHFHVVDULO\� KDYH� WKH� EHVW� VSHFWUDO� FKDUDFWHULVWLFV� >��@�� � +RZHYHU�� WKH� IL[HG�EDQG
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FRQWUROOHU� XVHG� LQ� WKH� (9����� YDULHV� WKH� FXUUHQW� EDQGZLGWK� GHSHQGLQJ� RQ� WKH� FRPPDQGHG

WRUTXH�� �7KH�FXUUHQW�EDQGZLGWK��r'L�� LV� DOZD\V� JUHDWHU� WKDQ�r���$�EXW� FDQQRW� H[FHHG�r����$

>��@�� � 7KH� FXUUHQW� EDQGZLGWK� LV� DGMXVWHG� DV� VKRZQ� LQ� )LJ�� ���� WR� KHOS� UHGXFH� WKH� VZLWFKLQJ

IUHTXHQF\�DW�KLJKHU�FXUUHQWV�
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)LJ��������3ORW�RI�WKH�'L�YV��WRUTXH�FRPPDQG�IRU�WKH�(9�����

�����6SDFH�9HFWRU�3:0

7KH�WZR�ZLGHO\�XVHG�FDUULHU�EDVHG�3:0�LPSOHPHQWDWLRQ�WHFKQLTXHV�DUH�WKH�GLUHFW�GLJLWDO

JDWH�SXOVH�SURJUDPPLQJ�WHFKQLTXH�DQG�WKH�WULDQJOH�LQWHUVHFWLRQ�WHFKQLTXH�>��@���6SDFH�YHFWRU

PRGXODWLRQ��690��LV�QRUPDOO\�LPSOHPHQWHG�XVLQJ�WKH�GLUHFW�PHWKRG�DQG�LV�XVHG�LQ�WKH�LQGXFWLRQ

PRWRU�(9�GULYH�GHYHORSHG���690�LV�WKH�SUHIHUUHG�VWUDWHJ\�IRU�KLJK�SHUIRUPDQFH�DF�GULYHV�GXH�WR

LQFUHDVHG�XWLOL]DWLRQ�RI�WKH�GF�OLQN�DQG�WKH�FDSDELOLW\�WR�UHGXFH�WKH�VZLWFKLQJ�ORVVHV�DV�FRPSDUHG

WR�WKH�WUDGLWLRQDO�VLQH�WULDQJOH�LQWHUVHFWLRQ�WHFKQLTXH�>��@���)RU�WKH�VSDFH�YHFWRU�3:0

LPSOHPHQWHG��WKH�GLUHFW�GLJLWDO�SURJUDPPLQJ�PHWKRG�LV�XVHG�DQG�WKH�JDWH�VLJQDO�RQ�VWDWH�WLPHV

DUH�GHWHUPLQHG�LQ�WKH�'63��DV�LQWURGXFHG�LQ�&KDSWHU���

%DVHG�RQ�WKH�WRSRORJ\�RI�WKH�LQYHUWHU�SRZHU�VWDJH��VKRZQ�LQ�)LJ�������WKHUH�DUH�HLJKW

SRVVLEOH�VZLWFKLQJ�VWDWHV�IRU�WKH�RXWSXW�OLQH�YROWDJH�VSDFH�YHFWRU��ZKLFK�LV�EDVHG�RQ�WKH

FRQVWUDLQW�WKDW�WKH�LQSXW�OLQHV�FDQ�QHYHU�EH�VKRUWHG�DQG�WKH�SKDVH�FXUUHQWV�PXVW�EH�FRQWLQXRXV�>�@�
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7KH�HLJKW�SRVVLEOH�VZLWFKLQJ�VWDWHV�DUH�GHWHUPLQHG�IURP�WKH�GLIIHUHQW�SRVVLEOH�YDOXHV�RI�WKH

LQGXFWLRQ�PRWRU�OLQH�WR�OLQH�YROWDJHV���,Q�DGGLWLRQ��WKH�LQYHUWHU�RXWSXW�OLQH�WR�OLQH�YROWDJH�VSDFH

YHFWRU�LV�GHVLJQDWHG�DV�>9DE�9EF�9FD@
7���7R�KHOS�GHWHUPLQH�WKH�SRVVLEOH�LQYHUWHU�RXWSXW�OLQH�WR�OLQH

YROWDJHV��D�VLPSOLILHG�UHSUHVHQWDWLRQ�RI�WKH�96,�LV�VKRZQ�LQ�)LJ�������(DFK�SKDVH�OHJ�RI�WKH

LQGXFWLRQ�PRWRU�PXVW�EH�HLWKHU�FRQQHFWHG�WR�WKH�SRVLWLYH�VLGH�RI�WKH�GF�OLQN��RU�S��RU�WR�WKH

QHJDWLYH�VLGH�RI�WKH�GF�OLQN��RU�Q�
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7KH�HTXDWLRQ�UHODWLQJ�WKH�VWDWRU�DEF�OLQH�WR�OLQH�YROWDJHV�WR�WKH�VWDWRU�GT�FRPSOH[�VSDFH�YHFWRU�LV

H[SUHVVHG�E\�������>��@�
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7KH�SRVVLEOH�VZLWFKLQJ�VWDWHV��UHVXOWLQJ�OLQH�WR�OLQH�YROWDJHV��DQG�FRPSOH[�YROWDJH�VSDFH�YHFWRUV

DUH�JLYHQ�LQ�7DEOH�����
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7DEOH�������6ZLWFKLQJ�VWDWHV�LQ�D�WZR�OHYHO�96,�DQG�WKH�FRUUHVSRQGLQJ�RXWSXW�OLQH�WR�OLQH�YROWDJHV

DQG�VWDWRU�GT�FRPSOH[�YROWDJH�VSDFH�YHFWRU�
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7KH�VWDWRU�OLQH�WR�PLGSRLQW�LQGXFWLRQ�PRWRU�GT�FRPSOH[�VSDFH�YHFWRUV�DUH�UHODWHG�WR�WKH

VWDWRU�OLQH�WR�OLQH�GT�FRPSOH[�VSDFH�YHFWRUV�E\�WKH�H[SUHVVLRQ�JLYHQ�LQ��������ZKLFK�UHODWHV�WKH

OLQH�WR�OLQH�YROWDJHV�RI�D�WKUHH�SKDVH�<�FRQQHFWHG�ORDG�WR�WKH�OLQH�WR�PLGSRLQW�YROWDJHV�
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EHJDQ�WR�EH�QHJDWLYH�ZKHQHYHU�WKH�UHIHUHQFH�YHFWRU�OHDYHV�WKH�GRWWHG�KH[DJRQ�VKRZQ�LQ�)LJ������
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2QFH�G���G���DQG�G��KDYH�EHHQ�GHWHUPLQHG��WKH�QH[W�VWHS�LV�WR�FRPSXWH�WKH�GD��GE��DQG�GF

GXW\�F\FOHV�DV�VKRZQ�LQ�)LJ���������7KH�QRUPDOL]HG�GD��GE��DQG�GF�GXW\�F\FOHV�FRUUHVSRQG�WR�WKH

WLPH�WKH�WRS�VZLWFK�RI�WKH�FRUUHVSRQGLQJ�SKDVH�D��E��RU�F�OHJ�LV�WXUQHG�RQ�GXULQJ�WKH�VZLWFKLQJ

SHULRG���:KHQ�D�SKDVH�OHJ�LV�RQ��WKH�VWDWH�LV�¨S©�DQG�WKH�WRS�VZLWFK�RI�)LJ�����LV�FORVHG�DQG�WKH

ERWWRP�VZLWFK�LV�RSHQ���7KH�SKDVH�OHJ�GXW\�F\FOHV�DUH�GHWHUPLQHG�EDVHG�RQ�WKH�VHFWRU�WKH

UHIHUHQFH�YHFWRU�LV�LQ�DQG�WKH�VZLWFKLQJ�VWDWH�RI�WKH�DGMDFHQW�VZLWFKLQJ�YHFWRUV���6LQFH�WKHUH�DUH
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WZR�VHSDUDWH�VHWV�RI�HTXDWLRQV�IRU�WKH�GD��GE��DQG�GF�GXW\�F\FOHV�IRU�HDFK�VHFWRU���)RU�H[DPSOH��DV

VKRZQ�LQ�)LJ�������WKH�G��GXW\�F\FOH�LQ�VHFWRU���LV�GHWHUPLQHG�IURP�9��SQQ��DQG�WKH�G��GXW\

F\FOH�LQ�VHFWRU���LV�GHWHUPLQHG�IURP�9��SSQ����7KHUHIRUH��IRU�WKH�UHIHUHQFH�YHFWRU�LQ�VHFWRU����WKH

GD��GE��DQG�GF�GXW\�F\FOHV�DUH�JLYHQ�DV�VKRZQ�LQ��������ZKHQ�WKH�]HUR�YHFWRU�9��QQQ��LV�XVHG�
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LQ�)LJ�����IRU�VHFWRU���IRU�WKH�FDVH�ZKHQ�WKH�]HUR�YHFWRU�LV�9��SSS��
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)LJ��������&HQWHU�EDVHG�SKDVH�JDWLQJ�VLJQDOV�LQ�VHFWRU���DQG�WKH�]HUR�YHFWRU�LV�9��SSS��

�����6HOHFWLRQ�RI�=HUR�9HFWRU�ZLWK�690

7KH�VSDFH�YHFWRU�3:0�PHWKRGV�YDU\�GHSHQGLQJ�RQ�KRZ�DQG�ZKHQ�WKH�LQYHUWHU�]HUR

YHFWRU�LV�DSSOLHG�>�@��>��@���$V�VKRZQ�LQ�)LJ�������LW�LV�SRVVLEOH�WR�OHDYH�RQH�RI�WKH�SKDVH�OHJV

XQVZLWFKHG�IRU�WKH�HQWLUH�VZLWFKLQJ�LQWHUYDO��7V���6LQFH�WKH�VZLWFKLQJ�ORVV�LV�SURSRUWLRQDO�WR�WKH

DPRXQW�RI�FXUUHQW�EHLQJ�VZLWFKHG��WKH�FKRLFH�RI�WKH�]HUR�YHFWRU�VKRXOG�DOZD\V�DWWHPSW�WR�OHDYH

WKH�LQYHUWHU�SKDVH�OHJ�FDUU\LQJ�WKH�ODUJHVW�FXUUHQW�XQVZLWFKHG���,Q�IDFW��WKLV�LV�SRVVLEOH�DV�ORQJ�DV

WKH�SRZHU�IDFWRU�LV�JUHDWHU�WKDQ�RU�HTXDO�WR��������ZKLFK�PHDQV�WKDW�WKH�VZLWFKLQJ�ORVVHV�FDQ�EH

UHGXFHG�E\�DV�PXFK�DV�����>�@��>��@���7KLV�UHGXFWLRQ�RI�VZLWFKLQJ�ORVVHV�FDQ�KHOS�LQFUHDVH�WKH

V\VWHP�HIILFLHQF\�DQG�KHQFH�WKH�(9�GULYLQJ�UDQJH�DV�ZLOO�EH�VKRZQ�LQ�&KDSWHU���

)RU�D�EDODQFHG�VHW�RI�VLQXVRLGDO�FXUUHQWV��HYHU\�RQH�VL[WK�RI�WKH�IXQGDPHQWDO�SHULRG

GHILQHV�D�QHZ�PD[LPXP�PDJQLWXGH�RI�WKH�WKUHH�SKDVH�FXUUHQWV�DV�VKRZQ�LQ�)LJ������
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$V�DQ�H[DPSOH��ZKHQ�WKH�UHIHUHQFH�YHFWRU�LV�LQ�VHFWRU���IRU�IRUZDUG�PRWRULQJ��WKH�ODUJHVW

FXUUHQW�LV�HLWKHU�LDV�RU�LFV�DV�ORQJ�DV�D�GRHV�QRW�H[FHHG���q���6R��ZKHQ�LDV�LV�WKH�ODUJHVW�FXUUHQW��WKH

]HUR�YHFWRU�9��SSS��LV�FKRVHQ�EHFDXVH�WKH�VWDWH�RI�WKH�VZLWFKHV�IRU�SKDVH�D�DUH�ERWK�S�IRU

9��SQQ��DQG�9��SSQ����7KHUHIRUH��WKH�SKDVH�D�FXUUHQW�LV�QRW�VZLWFKHG�ZKHQ�LDV�LV�WKH�ODUJHVW

FXUUHQW���:KHQ�LFV�LV�WKH�ODUJHVW�FXUUHQW�LQ�VHFWRU����WKH�]HUR�YHFWRU�9��QQQ��LV�FKRVHQ�EHFDXVH�WKH

VWDWH�RI�WKH�VZLWFKHV�IRU�SKDVH�F�DUH�ERWK�Q�IRU�9��SQQ��DQG�9��SSQ����7KHUHIRUH��WKH�SKDVH�F

FXUUHQW�LV�QRW�VZLWFKHG�ZKHQ�LFV�LV�WKH�ODUJHVW�FXUUHQW���,I�D�LV�JUHDWHU�WKDQ���q��LEV�FDQ�EH�WKH

ODUJHVW�FXUUHQW�LQ�VHFWRU���DQG�VR�WKH�ODUJHU�RI�HLWKHU�LDV�RU�LFV�LV�XVHG�WR�GHWHUPLQH�ZKLFK�]HUR

YHFWRU�LV�XVHG���7KH�]HUR�YHFWRU�VHOHFWLRQ�ORJLF�IRU�VHFWRU���FDQ�EH�UHSUHVHQWHG�E\�)LJ�������
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6LPLODU�VHOHFWLRQ�ORJLF�LV�XVHG�IRU�WKH�DGGLWLRQDO�VHFWRUV���7KLV�IRUP�RI�]HUR�YHFWRU�VHOHFWLRQ�ORJLF

WKDW�LV�EDVHG�RQ�DWWHPSWLQJ�WR�QRW�VZLWFK�WKH�ODUJHVW�SKDVH�FXUUHQW�KDV�EHHQ�FDOOHG�690��LQ�WKH

OLWHUDWXUH�>�@���,W�LV�DOVR�NQRZQ�DV�RSWLPDO�]HUR�YHFWRU�VHOHFWLRQ�690�

7KH�SRZHU�IDFWRU�RI�WKH�*(�,QGXFWLRQ�LV�NQRZQ�WR�EH�KLJK�IRU�PRVW�RI�WKH�WRUTXH�YV�

VSHHG�RSHUDWLQJ�SRLQWV��EHFDXVH�LW�LV�D�KLJK�WRUTXH��KLJK�HIILFLHQF\�PRWRU���$�SORW�RI�WKH�SRZHU

IDFWRU�RQ�WKH�WRUTXH�YV��VSHHG�SODQH�LV�VKRZQ�LQ�)LJ���������7KH�SRZHU�IDFWRU�LV�VKRZQ�WR�EH�WKH

ODUJHVW�DW�ORFNHG�URWRU��ZKLFK�LV�HYLGHQW�IURP�WKH�PHDVXUHG�VWDWRU�SKDVH�D�FXUUHQW�DQG�SKDVH�D

YROWDJH�DW�ORFNHG�URWRU�VKRZQ�LQ�)LJ���������$V�VKRZQ�LQ�)LJ��������WKH�SKDVH�D�YROWDJH�LV

XQFKDQJHG�IRU���q�RI�SKDVH�URWDWLRQ�ZKHQ�WKH�UHIHUHQFH�YHFWRU�LV�LQ�HLWKHU�RI�WKH�WZR�SKDVH�D

FXUUHQW�VHFWRUV�VKRZQ�LQ�)LJ���������,I�WKH�SKDVH�D�FXUUHQW�LV�QHDU�PD[LPXP��WKH�UHIHUHQFH�YHFWRU

LV�LQ�FXUUHQW�VHFWRU���DQG�SKDVH�OHJ�D�GRHV�QRW�VZLWFK���7KH�WRS�,*%7�FDUULHV�WKH�SKDVH�FXUUHQW

FRQWLQXRXVO\�EHFDXVH�WKH�VWDWH�LV�9��SSS����,I�WKH�SKDVH�D�FXUUHQW�LV�QHDU�PLQLPXP��WKH�UHIHUHQFH

YHFWRU�LV�LQ�FXUUHQW�VHFWRU���DQG�SKDVH�OHJ�D�GRHV�QRW�VZLWFK���7KH�ERWWRP�,*%7�FDUULHV�WKH�SKDVH

FXUUHQW�FRQWLQXRXVO\�EHFDXVH�WKH�VWDWH�LV�9��QQQ����7KH�ORFNHG�URWRU�FRQGLWLRQ�LV�WKH�ZRUVW

SRVVLEOH�FDVH�IRU�WKH�,*%7�FDUU\LQJ�D�ODUJH�SKDVH�FXUUHQW�IRU�D�ORQJ�WLPH���7KH�FRQGXFWLRQ�WLPH

RI�WKH�,*%7�FDQ�EH�HVWLPDWHG�DV�VKRZQ�LQ��������
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7HVWLQJ�6RIWZDUH�IRU�(9�'ULYHV

,Q�WKLV�FKDSWHU��WKH�VRIWZDUH�SURJUDPV�GHYHORSHG�WR�LPSOHPHQW�GULYH�SURILOH�WHVWLQJ�DUH

GLVFXVVHG���7KH�SURJUDP�GLVFXVVHG�LQ�VHFWLRQ�����LV�XVHG�WR�JHQHUDWH�WKH�WRUTXH�DQG�VSHHG

FRPPDQGV�IRU�WKH�G\QDPRPHWHU�EHQFK�VKDIW�WRUTXH�UHIHUHQFH�DQG�VSHHG�UHIHUHQFH�LQGXFWLRQ

PRWRU�GULYHV��UHVSHFWLYHO\���7KH�ZD\�WKDW�YHKLFOH�G\QDPLFV�DUH�PRGHOHG�RQ�WKH�G\QDPRPHWHU�LV

GLVFXVVHG��DQG�WKH�RSHUDWLRQ�RI�WKH�4EDVLF�SURJUDP�ZULWWHQ�WR�DFWXDOO\�JHQHUDWH�FRPPDQGV�LV

H[SODLQHG���7KH�RXWSXW�RI�WKH�4EDVLF�'ULYH�3URILOH�*HQHUDWLRQ�3URJUDP�FRQVLVWV�RI�FRGHG�WRUTXH�

VSHHG��DQG�PRWRU�GLUHFWLRQ�FRPPDQGV�WKDW�DUH�VWRUHG�RQ�GLVN�DV�$6&,,�WH[W�ILOHV�

7KH�FRPPDQGV�VWRUHG�WR�GLVN�E\�WKH�'ULYH�3URILOH�*HQHUDWLRQ�3URJUDP�DUH�XVHG�E\�WKH

'ULYH�3URILOH�,PSOHPHQWDWLRQ�3URJUDP��ZKRVH�GHYHORSPHQW�LV�GLVFXVVHG�LQ�VHFWLRQ�����RI�WKLV

&KDSWHU���7KH�'ULYH�3URILOH�,PSOHPHQWDWLRQ�3URJUDP�LV�ZULWWHQ�XVLQJ�WKH�+3�9((�JUDSKLFDO

SURJUDPPLQJ�ODQJXDJH��ZKLFK�LV�D�VRIWZDUH�SURJUDPPLQJ�SDFNDJH�GHYHORSHG�E\�+HZOHWW

3DFNDUG�IRU�UHDO�WLPH�HTXLSPHQW�FRQWURO�DQG�GDWD�DFTXLVLWLRQ�>��@���7KH�+3�9((�'ULYH�3URILOH

,PSOHPHQWDWLRQ�3URJUDP�SDUVHV�WKH�FRGHG�FRPPDQGV�FUHDWHG�E\�WKH�4EDVLF�'ULYH�3URILOH

*HQHUDWLRQ�3URJUDP���:KHQ�D�FRPPDQG�LV�UHDG�DQG�GHFRGHG��WKH�+3�9((�SURJUDP�WKHQ�VHQGV

WKH�DSSURSULDWH�PHVVDJHV�WR�WKH�ORDG�DQG�WHVW�LQGXFWLRQ�PRWRU�FRQWUROOHUV�XVLQJ�WKH�DYDLODEOH

&20��DQG�&20��VHULDO�SRUWV�RI�WKH�,%0�KRVW�3&�GHYHORSPHQW�VWDWLRQ��&20��LV�XVHG�E\�WKH

PRXVH����7KH�LQWHUQDO�FORFN�RI�WKH�,%0�KRVW�3&�LV�XVHG�WR�REWDLQ�WKH�SUHFLVH�RQH�VHFRQG�WLPLQJ

LQWHUYDOV�UHTXLUHG�IRU�WKH�XSGDWH�RI�WKH�WRUTXH�DQG�VSHHG�UHIHUHQFHV���$�JUDSKLFDO�XVHU�LQWHUIDFH

ZDV�GHYHORSHG�IRU�WKH�+3�9((�'ULYH�3URILOH�,PSOHPHQWDWLRQ�3URJUDP�WKDW�DOORZV�IXOO�FRQWURO�RI

WKH�LPSOHPHQWDWLRQ�RI�WKH�GULYH�SURILOHV�
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7KLV�VHFWLRQ�GLVFXVVHV�WKH�4EDVLF�'ULYH�3URILOH�*HQHUDWLRQ�3URJUDP�WKDW�LV�XVHG�WR�FUHDWH

FRPPDQGV�IRU�WKH�G\QDPRPHWHU�EHQFK�WRUTXH�DQG�ORDG�LQGXFWLRQ�PRWRUV���7KH�G\QDPRPHWHU�WHVW

EHQFK��ZKRVH�GLDJUDP�LV�VKRZQ�LQ�)LJ�������LV�SURJUDPPHG�WR�PRGHO�WKH�RSHUDWLRQ�RI�D�YHKLFOH
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7KH�SXUSRVH�RI�WKH�4EDVLF�'ULYH�3URILOH�*HQHUDWLRQ�3URJUDP�LV�WR�GHWHUPLQH�WKH�UHTXLUHG

G\QDPRPHWHU�VKDIW�VSHHG�DQG�WRUTXH�WKDW�ZRXOG�RFFXU�LI�WKH�(9�GULYH�ZDV�RSHUDWHG�LQ�DQ�DFWXDO

YHKLFOH�>��@���$�PRGHO�RI�YHKLFOH�G\QDPLFV�LV�XVHG�WR�GHWHUPLQH�WKH�FRUUHFW�VKDIW�VSHHG�DQG

WRUTXH���7KH�PRGHO�LQSXWV�DUH�VWDQGDUG�GULYH�SURILOH�VSHHG�YV��WLPH�GDWD�SRLQWV�WKDW�KDYH�EHHQ

VDPSOHG�DW��+]���7KHVH�SURILOHV�DUH�JHQHUDOO\�SORWWHG�DV�NP�K�YV��WLPH�DQG�DUH�GLVWULEXWHG�WR

DXWRPRELOH�PDQXIDFWXUHUV�WR�FRPSDUH�WKH�IXHO�HIILFLHQF\�RI�WKHLU�QHZ�YHKLFOH�GHVLJQV�
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7KH�GULYH�SURILOHV�PRGHOHG�LQ�WKLV�WKHVLV�DUH�WKH�)HGHUDO�8UEDQ�'ULYLQJ�6FKHGXOH��)8'6�

DQG�WKH�+LJKZD\�)XHO�(FRQRP\�7HVW��+:)(7��>��@���7KH�)8'6�SURILOH�LV�FRQVLGHUHG�WR

UHSUHVHQW�FLW\�W\SH�RI�GULYLQJ��DQG�WKH�+:)(7�SURILOH�LV�FRQVLGHUHG�WR�UHSUHVHQW�KLJKZD\�W\SH�RI

GULYLQJ���7KH�SORWV�RI�WKHVH�SURILOHV�DUH�VKRZQ�LQ�)LJ��������7KH�SDUWLFXODU�)8'6�DQG�+:)(7

SURILOHV�WKDW�DUH�XVHG�ZHUH�REWDLQHG�IURP�D�FRPPHUFLDOO\�DYDLODEOH�VRIWZDUH�SDFNDJH�XVHG�IRU

VLPXODWLRQ�RI�WKH�RSHUDWLRQ�RI�(9�DQG�+(9�YHKLFOHV�>��@�
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*LYHQ�WKH�SDUWLFXODU�)8'6�DQG�+:)(7�VSHHG�YV��WLPH�SURILOHV�VDPSOHG�DW��+]��D

GLVFUHWH�WLPH�DOJRULWKP�ZDV�GHYLVHG�WKDW�FRPSXWHV�FRPPDQGHG�VKDIW�WRUTXH�DQG�VSHHG

FRPPDQGV�EDVHG�RQ�D�VLPSOLILHG�GLIIHUHQWLDO�HTXDWLRQ�UHSUHVHQWDWLRQ�RI�WKH�YHKLFOH�G\QDPLFV�

7KH�DOJRULWKP�XVHG�LV�VKRZQ�LQ�EORFN�GLDJUDP�IRUP�LQ�)LJ������
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7KH�VXP�RI�WKH�WHUPV�LQ�EUDFNHWV�LQ�(TXDWLRQ�������UHSUHVHQWV�WKH�IRUFH�UHTXLUHG�WR�SURSHO�WKH

YHKLFOH���7KH�GHILQLWLRQV�RI�DOO�WKH�YDULDEOHV�DQG�FRQVWDQWV�JLYHQ�LQ�������DQG�������DUH�JLYHQ

EHORZ�

U� �5DGLXV�RI�WKH�YHKLFOH�ZKHHO�LQ�PHWHUV
*5� �6WHS�XS�UDWLR�RI�WKH�VSHHG�RI�URWDWLRQ�RI�WKH�ZKHHO�WR�WKH�URWRU�VKDIW
P� �7RWDO�YHKLFOH�WHVW�PDVV�LQ�NLORJUDPV
Y
� �&RPPDQGHG�YHKLFOH�YHORFLW\�LQ�P�V
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&5�� �&RQVWDQW�UROOLQJ�UHVLVWDQFH�IRUFH�FRQVWDQW
&5�� �6SHHG�GHSHQGHQW�UROOLQJ�UHVLVWDQFH�IRUFH�FRQVWDQW
&$� �$HURG\QDPLF�GUDJ�IRUFH�FRQVWDQW
YUHI� �9HKLFOH�UHIHUHQFH�YHORFLW\�LQ�P�V� ������P�V
$� �IURQWDO�DUHD�RI�WKH�YHKLFOH�H[SUHVVHG�LQ�VTXDUH�PHWHUV

UDLU� �GHQVLW\�RI�DLU�LQ�NLORJUDPV�SHU�FXELF�PHWHU� ������NJ�P
�

&'� �'UDJ�FRHIILFLHQW�FRQVWDQW
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7KH�VSHHG�GHSHQGHQW�IRUFH�DQG�WKH�DHURG\QDPLF�GUDJ�IRUFH�DUH�ERWK�GHSHQGHQW�RQ�WKH

VL]H�RI�WKH�FRPPDQGHG�YHKLFOH�YHORFLW\�UHODWLYH�WR�WKH�YHKLFOH�UHIHUHQFH�YHORFLW\��DV�VKRZQ�E\

WKH�&5��DQG�&$�IRUFH�WHUPV���7KH�GLVFUHWH�YHUVLRQ�RI�������LV�VKRZQ�LQ��������ZKHUH�D�GLIIHUHQFH

DSSUR[LPDWLRQ�LV�PDGH�IRU�WKH�HYDOXDWLRQ�RI�WKH�GHULYDWLYH�WHUP�
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)RU�������WR�EH�D�YDOLG�DSSUR[LPDWLRQ�RI�WKH�GHULYDWLYH��DOLDVLQJ�RI�WKH�IUHTXHQFLHV�LQ�WKH

VDPSOHG�YHKLFOH�YHORFLW\�FRPPDQG�PXVW�EH�DYRLGHG���7KHUHIRUH��WKH�PD[LPXP�IUHTXHQF\

FRPSRQHQW�RI�WKH�)8'6�DQG�+:)(7�SURILOHV�PXVW�EH�OHVV�WKDQ�����+]��VLQFH�WKH�VDPSOLQJ

IUHTXHQF\�LV���+]���)LJXUH�����VKRZV�WKDW�WKH�VSHFWUDO�FRPSRQHQWV�RI�WKH�)8'6�DQG�+:)(7

SURILOHV�DUH�PRVWO\�OHVV�WKDQ�����+]���$OVR�VKRZQ�LQ�)LJ������LV�WKDW�WKH�+:)(7�SURILOH�KDV�WKH

ODUJHVW�DYHUDJH�VSHHG��ZKLOH�WKH�)8'6�SURILOH�KDV�PRUH�KLJK�IUHTXHQF\�FRPSRQHQWV�
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)LJ��������6SHFWUDO�FRQWHQW�RI�WKH�)8'6�DQG�+:)(7�SURILOHV�

7KH�FRPPDQGHG�YDOXH�RI�WKH�VKDIW�USP��ZKLFK�LV�WKH�VSHHG�RI�WKH�VKDIW�FRQQHFWLQJ�WKH

WZR�LQGXFWLRQ�PRWRUV�LQ�)LJ�������LV�GHWHUPLQHG�E\�WKH�UDGLXV�RI�WKH�YHKLFOH�ZKHHO�DQG�WKH�JHDULQJ
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UDWLR�RI�WKH�YHKLFOH�GLIIHUHQWLDO���$VVXPLQJ�D�GLIIHUHQWLDO�JHDU�UDWLR�RI�*5GLII����IRU�HYHU\��

FRPSOHWH�UHYROXWLRQ�RI�WKH�YHKLFOH�GULYH�ZKHHO��WKHUH�DUH�*5GLII�UHYROXWLRQV�RI�WKH�GULYH�VKDIW

FRQQHFWLQJ�WKH�LQGXFWLRQ�PRWRUV���7R�GHWHUPLQH�WKH�QXPEHU�RI�UHYROXWLRQV�RI�WKH�GULYH�VKDIW�SHU

UHYROXWLRQ�RI�WKH�YHKLFOH�ZKHHO��WKH�GLVWDQFH�WUDYHOHG�E\�RQH�UHYROXWLRQ�RI�WKH�YHKLFOH�ZKHHO

QHHGV�WR�EH�GHWHUPLQHG�DV�VKRZQ�LQ�)LJ������
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(TXDWLRQV�������DQG�������IRUP�WKH�GLVFUHWH�WLPH�HTXDWLRQV�WKDW�DUH�LPSOHPHQWHG�WR�PRGHO�D

YHKLFOH�GULYLQJ�SURILOH�RQ�WKH�G\QDPRPHWHU�WDEOH���$�VLPXODWLRQ�GLDJUDP�WKDW�XWLOL]HV�WKHVH

HTXDWLRQV�LV�VKRZQ�LQ�$SSHQGL[�%��)LJXUH�%�����7KH�DUUDQJHPHQW�VKRZQ�LQ�)LJ��%���LV�UHSHDWHGO\

XVHG�ODWHU�LQ�WKLV�WKHVLV�WR�VLPXODWH�WKH�YHKLFOH�G\QDPLFV�
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��������'HVFULSWLRQ�RI�WKH�4EDVLF�'ULYH�3URILOH�*HQHUDWLRQ�3URJUDP

$�4EDVLF�SURJUDP�ZDV�ZULWWHQ�WR�XVH�(TXDWLRQV�������DQG��������ZKLFK�ZHUH�GHYHORSHG�LQ

WKH�SUHYLRXV�VHFWLRQ��WR�GHWHUPLQH�WKH�G\QDPRPHWHU�WRUTXH�DQG�VSHHG�FRPPDQGV�IRU�WKH�)8'6

DQG�+:)(7�SURILOHV���7KH�FRPSOHWH�IORZFKDUW�IRU�WKH�4EDVLF�SURJUDP�LV�VKRZQ�LQ�$SSHQGL[�&�

)LJXUH�&�����7KH�SURJUDP�ZULWWHQ�LV�WH[W�EDVHG�DQG�FRQVLVWV�RI�WKH�PDLQ�PHQX�VKRZQ�EHORZ�

0$,1�0(18

&KRRVH�DQ�DFWLRQ�IURP�WKH�IROORZLQJ�OLVW�

����&RQILJXUH�YHKLFOH�FKDUDFWHULVWLFV

����&KRRVH�D�GULYH�SURILOH

����2XWSXW�GULYH�SURILOH�FRPPDQGV�WR�GDWD�ILOH

����(QG�VHVVLRQ

2QFH�WKH�SURJUDP�LV�H[HFXWHG��WKH�ILUVW�VWHS�LV�WR�FRQILJXUH�WKH�YHKLFOH�FKDUDFWHULVWLFV�E\

FKRRVLQJ�RSWLRQ�����RQ�WKH�0DLQ�0HQX���$IWHU�FKRRVLQJ������D�VXEPHQX�DSSHDUV�WKDW�SURPSWV�WKH

XVHU�WR�FKRRVH�IURP�D�OLVW�RI�SUHGHILQHG�YHKLFOHV�RU�WR�HQWHU�D�FXVWRP�FRQILJXUDWLRQ�

7KH�QH[W�VWHS�LV�WR�FKRRVH�RQH�RI�WKH�GULYH�SURILOHV�OLVWHG�XQGHU�RSWLRQ�����LQ�WKH�0DLQ

0HQX���7KH�VWDQGDUG�RSWLRQV�DUH�HLWKHU�)8'6�RU�+:)(7���&KRRVLQJ�RSWLRQ�����IURP�WKH�0DLQ

0HQX�ILUVW�SURPSWV�WKH�XVHU�WR�HQWHU�D�QDPH�IRU�WKH�RXWSXW�GDWD�ILOH�JHQHUDWHG�E\�WKH�SURJUDP�

7KHQ��WKH�SURJUDP�ORDGV�WKH�VDPSOHG�NP�KU�GDWD�SRLQWV�IRU�WKH�VHOHFWHG�GULYH�SURILOH��FKRVHQ

IURP�RSWLRQ�����RI�WKH�0DLQ�0HQX��LQWR�DQ�DUUD\���/DVWO\��WKH�WRUTXH�DQG�VSHHG�FRPPDQGV�DUH

FRPSXWHG�DQG�RXWSXW�WR�WKH�GDWD�ILOH�VSHFLILHG�

$�FRGLQJ�V\VWHP�ZDV�GHYHORSHG�IRU�WKH�GDWD�WKDW�LV�RXWSXW�E\�WKH�4EDVLF�SURJUDP�VR�WKDW

DOO�WKH�GDWD�UHTXLUHG�IRU�D�GULYH�SURILOH�FRXOG�EH�VWRUHG�LQ�RQH�$6&,,�GDWD�ILOH���)LYH�GLIIHUHQW

FRGH�ZRUGV�DUH�XVHG�WR�LQGLFDWH�WKH�GHVLUHG�DFWLRQ�WR�WKH�+3�9((�'ULYH�3URILOH�,PSOHPHQWDWLRQ

3URJUDP��ZKLFK�LV�GLVFXVVHG�LQ�WKH�QH[W�VHFWLRQ���7KH�FRGH�ZRUGV�DUH�VKRZQ�EHORZ�
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������'HYHORSPHQW�RI�'ULYH�3URILOH�,PSOHPHQWDWLRQ�6RIWZDUH�8VLQJ�WKH

*UDSKLFDO�3URJUDPPLQJ�/DQJXDJH�+3�9((

7KH�&RPPDQG�'DWD�)LOHV�JHQHUDWHG�E\�WKH�4EDVLF�'ULYH�3URILOH�*HQHUDWLRQ�3URJUDP�

GLVFXVVHG�LQ�WKH�SUHYLRXV�VHFWLRQ��DUH�LQWHUSUHWHG�DQG�VHQW�WR�WKH�GULYH�FRQWUROOHUV�E\�WKH�+3�9((

'ULYH�&\FOH�,PSOHPHQWDWLRQ�3URJUDP�>��@���7KH�+3�9((�SURJUDP�KDV�GLUHFW�FRQWURO�RI�WKH�KRVW

3&�VHULDO�SRUWV��ZKLFK�DOORZV�WKH�SURJUDP�WR�VHQG�PHVVDJHV�WR�WKH�VSHHG�DQG�WRUTXH�LQYHUWHUV�

%RWK�LQYHUWHUV�DUH�HTXLSSHG�WR�UHFHLYH�PHVVDJHV�IURP�DQ�56�����FRQQHFWLRQ�DQG�WR�SHUIRUP�WKH

DFWLRQ�LQGLFDWHG�E\�WKH�FRPPDQGV�JLYHQ�E\�WKH�PHVVDJHV�UHFHLYHG�

,Q�WKLV�VHFWLRQ��WKH�+3�9((�VRIWZDUH�V\VWHP�LV�ILUVW�LQWURGXFHG���1H[W��WKH�ZD\�WKDW�WKH

+3�9((�SURJUDP�LQWHUSUHWV�WKH�FRPPDQGV�IURP�WKH�4EDVLF�&RPPDQG�'DWD�)LOH�LV�GLVFXVVHG�

7KHQ��WKH�WLPLQJ�RI�VHQGLQJ�PHVVDJHV�LV�H[SODLQHG�DQG�VKRZQ�LQ�IORZ�FKDUW�IRUP���/DVWO\��WKH

GHYHORSPHQW�DQG�GHVFULSWLRQ�RI�WKH�+3�9((�SURJUDP�JUDSKLFDO�XVHU�LQWHUIDFH�LV�H[SODLQHG�



��

+3�9((�LV�D�JUDSKLFDO�SURJUDPPLQJ�ODQJXDJH���7KH�GLIIHUHQW�SURJUDPPLQJ�FRQGLWLRQDO

VWDWHPHQWV��EUDQFKLQJ�VWDWHPHQWV��DQG�ORRS�FRQWURO�DUH�DOO�UHSUHVHQWHG�DV�REMHFWV�WKDW�DUH

FRQQHFWHG�WRJHWKHU�E\�GDWD�OLQHV���$V�DQ�H[DPSOH��D�W\SLFDO�DSSOLFDWLRQ�XVXDOO\�UHTXLUHV�SXVK

EXWWRQV�WKDW�WKH�XVHU�FDQ�FOLFN�RQ�ZLWK�WKH�PRXVH���7KH�LPSOHPHQWDWLRQ�RI�D�SXVK�EXWWRQ�LQ�+3�

9((�LV�VKRZQ�LQ�)LJ������

8QWLO�%UHDN

,I�7KHQ�(OVH
�������

%XWWRQ

)LJ��������,PSOHPHQWDWLRQ�RI�D�SXVK�EXWWRQ�LQ�+3�9((�

$V�VKRZQ�LQ�)LJ�������WKH�YDULRXV�+3�9((�SURJUDPPLQJ�HOHPHQWV�DUH�FRQQHFWHG�E\�GDWD�OLQHV�

ZKLFK�FDUU\�WKH�IORZ�RI�LQIRUPDWLRQ�EHWZHHQ�WKH�EORFNV���$Q�¦8QWLO�%UHDN§�EORFN�LV�XVHG�WR

FRQWLQXDOO\�SROO�WKH�GDWD�SXVK�EXWWRQ���:KHQ�WKH�SXVK�EXWWRQ�LV�SUHVVHG��WKH�GDWD�OLQH�LQWR�WKH

,I�7KHQ�(OVH�EORFN�LV�SXOVHG�KLJK��ZKLFK�DOORZV�WKH�DGGLWLRQDO�EORFNV�LQ�WKH�WKUHDG�WR�H[HFXWH�

6HYHUDO�+3�9((�SURJUDPPLQJ�HOHPHQWV�DUH�DWWDFKHG�WR�LQWHUSUHW�WKH�FRPPDQGV

FRQWDLQHG�LQ�WKH�4EDVLF�&RPPDQG�'DWD�)LOH���$V�HDFK�FRPPDQG�LV�UHDG�LQ�IURP�WKH�&RPPDQG

'DWD�)LOH��WKH�+3�9((�SURJUDP�GHWHUPLQHV�ZKHWKHU�D�WRUTXH�FRPPDQG�LV�JHQHUDWHG�RU�D�VSHHG

FRPPDQG�LV�JHQHUDWHG���,I�D�FRPPDQG�EHJLQV�ZLWK�D�6��WKHQ�WKH�FRPPDQG�LV�RQH�WKDW�ZLOO�EH�VHQW

WR�WKH�VSHHG�UHJXODWRU���6LPLODUO\��LI�WKH�FRPPDQG�EHJLQV�ZLWK�D�7��WKHQ�WKH�FRPPDQG�ZLOO�EH

VHQW�WR�WKH�WRUTXH�UHJXODWRU���7KH�+3�9((�LPSOHPHQWDWLRQ�RI�GHWHUPLQLQJ�ZKHWKHU�D�WRUTXH�RU

VSHHG�FRPPDQG�LV�VHQW�XVHV�D�VWULQJ�SURFHVVLQJ�EORFN�FDOOHG�VWU3RVW&KDU�WR�GHWHUPLQH�WKH�ILUVW

FKDUDFWHU�LQ�WKH�GDWD�FRPPDQG���7KLV�LPSOHPHQWDWLRQ�LV�VKRZQ�LQ�)LJ������



��

VWU3RV&KDU�VWU�FKDU�

6

4EDVLF
&RPPDQG

)LOH

VWU3RV&KDU�VWU�FKDU�

7

�������

*HQHUDWH�6SHHG
,QYHUWHU

&RPPDQG

�������
*HQHUDWH�7RUTXH

,QYHUWHU

&RPPDQG

)LJ��������'LDJUDP�RI�KRZ�+3�9((�LQWHUSUHWV�WKH�&RPPDQG�'DWD�)LOH�

2QFH�WKH�LQYHUWHU�FRPPDQGV�KDYH�EHHQ�JHQHUDWHG��WKH\�DUH�VHQW�WR�WKH�DSSURSULDWH�VHULDO

SRUWV�RI�WKH�3&���7KH�VSHHG�UHIHUHQFH�LQYHUWHU�LV�VHWXS�WR�FRPPXQLFDWH�DW������EDXG��DQG�WKH

WRUTXH�UHIHUHQFH�LQYHUWHU�XVHV�������EDXG���,Q�RUGHU�WR�UHJXODWH�WKH�VHQGLQJ�RI�GDWD�FRPPDQGV�LQ

RQH�VHFRQG�LQWHUYDOV�WR�WKH�LQYHUWHUV��WKH�+3�9((�SURJUDP�XVHV�WKH�QRZ���IXQFWLRQ�FDOO�WR�UHDG

WKH�3&�V\VWHP�FORFN���$IWHU�VHQGLQJ�D�WRUTXH�DQG�VSHHG�XSGDWH��WKH�SURJUDP�ORRSV�XQWLO�WKH

V\VWHP�FORFN�DGYDQFHV�E\�RQH�VHFRQG��DQG�ZKHQ�WKH�FORFN�KDV�DGYDQFHG��WKH�QH[W�WRUTXH�DQG

VSHHG�XSGDWHV�DUH�GHOLYHUHG���7KLV�SURFHGXUH�LV�VKRZQ�LQ�IORZ�FKDUW�IRUP�LQ�)LJ������



��

7��� �QRZ��

3DUVH�WKH

&RPPDQGV

4EDVLF
&RPPDQG

)LOH

2XWSXW
&RPPDQGV

QRZ��� �7������"
1

&RPPDQG� 
7RUTXH�	
6SHHG�8SGDWH�"

<

1

<

)LJ��������)ORZ�FKDUW�IRU�WKH�VHQGLQJ�RI�FRPPDQGV�E\�WKH�+3�9((��SURJUDP�

$V�VKRZQ�LQ�)LJ�������WKH�+3�9((�SURJUDP�RXWSXWV�FRPPDQGV�WR�WKH�WRUTXH�DQG�VSHHG

LQYHUWHUV�DV�WKH\�DUH�UHDG�IURP�WKH�4EDVLF�&RPPDQG�'DWD�)LOH���7RUTXH�DQG�VSHHG�FRPPDQGV�DUH

UHDG�FRQVHFXWLYHO\��DQG�WKHQ�VHQW�RXW���,I�QRQ�WRUTXH�VSHHG�XSGDWH�FRPPDQGV�DUH�VHQW��WKH

SURJUDP�E\SDVVHV�WKH�RQH�VHFRQG�GHOD\�

7R�DOORZ�IRU�HDVH�RI�RSHUDWLRQ��D�JUDSKLFDO�XVHU�LQWHUIDFH�ZDV�FUHDWHG�IRU�WKH�+3�9((

'ULYH�3URILOH�,PSOHPHQWDWLRQ�3URJUDP���7KH�LQWHUIDFH�ZDV�VHWXS�XVLQJ�WKH�3DQHO�9LHZ�RI�+3�

9((�>��@���7KH�3DQHO�9LHZ�VKRZV�WKH�EXWWRQV�DQG�VFUHHQV�QHFHVVDU\�WR�RSHUDWH�WKH�SURJUDP�RQ�D

FRORUHG�EDFNJURXQG���7KH�XVHU�LQWHUIDFH�GHYHORSHG�LV�VKRZQ�LQ�)LJ�������
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)LJ���������+3�9((�GULYH�F\FOH�LPSOHPHQWDWLRQ�SURJUDP�JUDSKLFDO�LQWHUIDFH�GHYHORSHG�

,Q�)LJ��������WKH�EXWWRQV�LQ�WKH�PLGGOH�DUH�FRPPDQGV�WR�WKH�+3�9((�SURJUDP�LWVHOI

FRQFHUQLQJ�WKH�H[HFXWLRQ�RI�WKH�FXUUHQW�GULYH�SURILOH���)RU�H[DPSOH��SUHVVLQJ�WKH�¦67$57

352*5$0§�EXWWRQ�SURPSWV�WKH�XVHG�WR�HQWHU�WKH�ORFDWLRQ�RI�WKH�4EDVLF�&RPPDQG�'DWD�)LOH

DQG�LQLWLDOL]HV�WKH�3&�&20�SRUWV���¦6WDUW�&\FOH§�LV�XVHG�WR�EHJLQ�WKH�GULYH�F\FOH�RQ�WKH

G\QDPRPHWHU���7KH�EXWWRQ�¦6723�&<&/(§�LV�XVHG�LQ�HPHUJHQFLHV�WR�KDOW�WKH�RSHUDWLRQ�RI�GULYH

SURILOH�DQG�UHPRYH�WRUTXH�IURP�WKH�VKDIW�DV�TXLFNO\�DV�SRVVLEOH�

7KH�EXWWRQV�DQG�GLVSOD\V�RQ�WKH�OHIW�DQG�ULJKW�VLGHV�LQ�)LJ�������DUH�XVHG�WR�VHQG

FRPPDQGV�WR�WKH�WRUTXH��7HVW��LQYHUWHU�DQG�WR�WKH�VSHHG��/RDG��LQYHUWHU��UHVSHFWLYHO\���7KH�ODUJH

GLVSOD\�ER[HV�HFKR�WKH�FRPPDQGV�VHQW�WR�WKH�LQYHUWHUV���%XWWRQV�DUH�LQFOXGHG�WR�HQDEOH�WKH

PRQLWRU�PRGH�RI�HDFK�LQYHUWHU��ZKLFK�HQDEOHV�WKH�56�����VSHFLDO�WHVWLQJ�DQG�UHPRWH�GLDJQRVWLFV

FDSDELOLWLHV�RI�WKH�LQYHUWHUV���%XWWRQV�DUH�DOVR�LQFOXGHG�WR�IOXVK�WKH�VHULDO�EXIIHUV��FRQWURO�WKH

FRQWDFWRUV��DQG�SXW�HDFK�GULYH�LQ�QHXWUDO�

7KLV�FKDSWHU�KDV�GHVFULEHG�WKH�GHYHORSPHQW�RI�D�'ULYH�3URILOH�*HQHUDWLRQ�3URJUDP

ZULWWHQ�LQ�4EDVLF�DQG�D�'ULYH�3URILOH�,PSOHPHQWDWLRQ�3URJUDP�ZULWWHQ�ZLWK�+3�9((���7KHVH

SURJUDPV�DUH�XVHG�LQ�&KDSWHU���IRU�G\QDPLF�SHUIRUPDQFH�WHVWLQJ�RI�DQ�LQYHUWHU�XVLQJ�690
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FRQWURO�YHUVXV�DQ�LQYHUWHU�XVLQJ�K\VWHUHVLV�FXUUHQW�FRQWURO�RQ�WKH�)8'6�DQG�+:)(7�SURILOHV���,Q

WKH�QH[W�&KDSWHU��PRGHOLQJ�RI�WKH�DFWXDO�GULYH�V\VWHP�LQ�9LVXDO�&���LV�LQWURGXFHG�



��

&KDSWHU�����'ULYH�6\VWHP�6LPXODWLRQ

DQG�$QDO\VLV

&KDSWHU���GLVFXVVHV�KRZ�WKH�HQWLUH�GULYH�V\VWHP�KDV�EHHQ�PRGHOHG�XVLQJ�D�KLJKHU�OHYHO

ODQJXDJH��9LVXDO�&�����'LIIHUHQW�,0�GULYH�V\VWHP�FRPSRQHQW�PRGHOV�KDYH�EHHQ�GHYHORSHG

WKURXJK�WKH�XVH�RI�WKH�&���FODVV�GHILQLWLRQ��ZKLFK�DOORZV�IRU�PRGXODU�SURJUDP�GHYHORSPHQW�DQG

HDVH�RI�XVH�

2QH�RI�WKH�UHDVRQV�FRPSXWHU�VLPXODWLRQ�KDV�EHHQ�XVHG�LV�WR�DVVLVW�LQ�WKH�GHVLJQ�DQG

DQDO\VLV�RI�GLIIHUHQW�PRGXODWLRQ�PHWKRGV��VSHFLILFDOO\�690�DQG�K\VWHUHVLV��&KDSWHU������7KH

VLPXODWLRQV�GHYHORSHG�ZLOO�DOVR�EH�XVHG�WR�DQDO\]H�D�FDVH�VWXG\�SUHVHQWHG�LQ�WKLV�&KDSWHU���7KH

FDVH�VWXG\�LV�WKH�VLPXODWLRQ�RI�WKH�LQGXFWLRQ�PRWRU�VWDWRU�SKDVH�FXUUHQWV���7KH�FXUUHQWV�REWDLQHG

ZLOO�EH�XVHG�LQ�&KDSWHU���WR�FRPSDUH�LQGXFWLRQ�PRWRU�ORVVHV���$QRWKHU�XVH�IRU�WKH�VLPXODWLRQ

PRGHOV�GHYHORSHG�LQ�WKLV�&KDSWHU�ZLOO�EH�LQ�&KDSWHU����ZKHUH�VLPXODWLRQ�ZLOO�DVVLVW�LQ�WKH

GHYHORSPHQW�RI�WKH�VKXGGHU�FRPSHQVDWRU��ZKLFK�LV�XVHG�WR�GDPS�WKH�GULYLQJ�VKDIW�RVFLOODWLRQV�

������'ULYH�6\VWHP�&RPSRQHQW�0RGHOLQJ�LQ�9LVXDO�&���8VLQJ�DQ�2EMHFW

2ULHQWHG�$SSURDFK�

,Q�WKLV�VHFWLRQ��WKH�ZD\�WKDW�YDULRXV�(9�LQGXFWLRQ�PRWRU�GULYH�FRPSRQHQWV�KDYH�EHHQ

PRGHOHG�LV�GHVFULEHG���7KH�&���SURJUDPPLQJ�ODQJXDJH�LV�VKRZQ�WR�EH�YHUVDWLOH�DQG�SRZHUIXO�IRU

XVH�LQ�GULYH�V\VWHP�VLPXODWLRQV���3URJUDP�GHYHORSPHQW�WLPH�LV�GHFUHDVHG�E\�XVLQJ�WKH�REMHFW

RULHQWHG�DSSURDFK��ZKLFK�DOORZV�WKH�LQGHSHQGHQW�GHVLJQ�RI�WKH�GLIIHUHQW�GULYH�V\VWHP

FRPSRQHQWV�XVLQJ�&���FODVV�GHILQLWLRQV���2QFH�WKH�LQGHSHQGHQW�FRPSRQHQWV�DUH�GHVLJQHG��WKH\

FDQ�EH�VHDPOHVVO\�FRQQHFWHG�WRJHWKHU�WKURXJK�FRQWUROOHG�LQWHUIDFHV���,QWHUQDO�YDULDEOHV�DQG

SDUDPHWHUV�FDQ�WKHQ�EH�LVRODWHG�EHWZHHQ�WKH�GLIIHUHQW�REMHFWV�FUHDWHG��DQG�WKH�REMHFWV�GR�QRW

UHTXLUH�NQRZOHGJH�RI�WKH�LQWHUQDO�RSHUDWLRQ�RI�WKH�RWKHU�REMHFWV�WKH\�DUH�FRQQHFWHG�WR���7KH
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VZLWFKLQJ�PRGHO�VLPXODWLRQV�SHUIRUPHG�LQ�&���KDYH�D�IDVW�H[HFXWLRQ�VSHHG�ZLWK�D�VWHS�VL]H�DV

VPDOO�DV���PV���7KH�PRGHOV�DUH�XVHIXO�LQ�WKH�FRQWURO�GHVLJQ�RI�WKH�GULYH�V\VWHP��DQG�WKH\�DUH�DOVR

XVHIXO�LQ�WKH�GHVLJQ�DQG�FRPSDULVRQ�RI�PRGXODWLRQ�DOJRULWKPV�

7KH�ILUVW�PRGHO�GHVFULEHG�LV�WKH�LQGXFWLRQ�PRWRU��ZKRVH�PRGHO�LV�GHULYHG�E\�XVLQJ�WKH

G\QDPLF�HTXDWLRQV�IRU�WKH�PRWRU�LQ�WKH�VWDWLRQDU\�GT�UHIHUHQFH�IUDPH���6LQFH�WKH�HTXDWLRQV�DUH

QRQOLQHDU��D��WK�RUGHU�5XQJH�.XWWD�QXPHULFDO�LQWHJUDWLRQ�DOJRULWKP�LV�XVHG�WR�VROYH�WKH�VWDWH

VSDFH�V\VWHP�HTXDWLRQV���7KH�LQGXFWLRQ�PRWRU�FDQ�EH�UHSUHVHQWHG�E\�(TXDWLRQV��������������ZKHUH

WKH�V\VWHP�LV�DVVXPHG�WR�EH�EDODQFHG�>��@��>��@��>��@���$OO�RI�WKH�V\PEROV�DQG�YDULDEOHV�VKRZQ�LQ

������������KDYH�EHHQ�GHILQHG�LQ�WKH�/LVW�RI�6\PEROV�VHFWLRQ�DW�WKH�EHJLQQLQJ�RI�WKH�WKHVLV�

±
LVT
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(TXDWLRQV�������DUH�QRQ�OLQHDU�EHFDXVH�VRPH�RI�WKH�FRHIILFLHQWV�LQ�WKH�V\VWHP�PDWUL[�DUH

PXOWLSOLHG�E\�WKH�URWRU�VSHHG��ZU��ZKLFK�LV�D�VWDWH�YDULDEOH��DV�VKRZQ�LQ���������+RZHYHU�

(TXDWLRQV�������FDQ�EH�VROYHG�E\�XVLQJ�D�QXPHULFDO�LQWHJUDWLRQ�WHFKQLTXH�IRU�WKHLU�VROXWLRQ�

6SHFLILFDOO\��D��WK�RUGHU�5XQJH�.XWWD�QXPHULFDO�LQWHJUDWLRQ�DOJRULWKP�KDV�EHHQ�XVHG�WR�VROYH�WKH

HTXDWLRQV��DV�VKRZQ�LQ�WKH�PRWRU�FSS�VRXUFH�ILOH�OLVWHG�LQ�$SSHQGL[�(���$�&���LQGXFWLRQ�PRWRU

REMHFW�ZDV�GHILQHG�E\�XVLQJ�D�FODVV�GHILQLWLRQ��ZKLFK�LV�VKRZQ�LQ�$SSHQGL[�'���7KH�FODVV�FUHDWHG

LV�FDOOHG�0RWRU�DQG�LV�LQYRNHG�E\�FUHDWLQJ�DQ�REMHFW�RI�W\SH�0RWRU�ZLWK�WKH�DSSURSULDWH�,0

SDUDPHWHUV���$�SXEOLF�PHPEHU�IXQFWLRQ�LV�XVHG�DV�WKH�LQWHUIDFH�WR�WKH�0RWRU�FODVV���7KH�LQWHUIDFH

IXQFWLRQ�LQSXWV�DUH�YVT��YVG��7/��DQG�ZH��DQG�WKH�0RWRU�RXWSXWV�DUH�LVT��LVG��ZU��DQG�7H���7KH

FRPSOHWH�PRWRU�PRGHO�FDQ�EH�UHSUHVHQWHG�DV�VKRZQ�LQ�)LJ������

YVT
YVG

7/

,QGXFWLRQ�

0RWRU

&ODVV�0RGHO

LVT

LVG

ZU

7HZH

)LJ��������5HSUHVHQWDWLRQ�RI�WKH�0RWRU�FODVV�

&ODVV�GHILQLWLRQV�IRU�D�YDULDEOH�EDQG�K\VWHUHVLV�FXUUHQW�FRQWUROOHU�DQG�D�VSDFH�YHFWRU

PRGXODWLRQ�FRQWUROOHU�KDYH�DOVR�EHHQ�GHYHORSHG���7KHVH�WZR�FRQWUROOHUV�XWLOL]H�WKH�HTXDWLRQV

GHYHORSHG�LQ�&KDSWHU�����7KH�K\VWHUHVLV�FXUUHQW�FRQWUROOHU�LV�GHILQHG�DV�WKH�0RG+\VW�FODVV��ZKHUH

WKH�0RG+\VW�FODVV�KHDGHU�DQG�GHILQLWLRQ�ILOHV�DUH�VKRZQ�LQ�$SSHQGLFHV�)�DQG�*��UHVSHFWLYHO\�

7KH�VSDFH�YHFWRU�PRGXODWLRQ�FRQWUROOHU�LV�GHILQHG�DV�WKH�0RG690�FODVV��ZKHUH�WKH�0RG690

FODVV�KHDGHU�DQG�GHILQLWLRQ�ILOHV�DUH�VKRZQ�LQ�$SSHQGLFHV�+�DQG�,��UHVSHFWLYHO\�

$�YDULDEOH�EDQG�K\VWHUHVLV�FRQWUROOHU�LV�FUHDWHG�E\�LQYRNLQJ�DQ�REMHFW�RI�W\SH�0RG+\VW�

$�SXEOLF�PHPEHU�IXQFWLRQ�LV�XVHG�DV�WKH�LQWHUIDFH�WR�WKH�0RG+\VW�FODVV���7KH�LQWHUIDFH�IXQFWLRQ

LQSXWV�DUH�,V

��TV


��LVT��DQG�LVG��DQG�WKH�0RG+\VW�RXWSXWV�DUH�WKH�VWDWRU�SKDVH�YROWDJHV��YVT�DQG�YVG�

ZKLFK�FDQ�EH�LQSXW�WR�D�0RWRU�REMHFW���,Q�DGGLWLRQ��WKH�YDULDEOHV�LVT�DQG�LVG�DUH�DYDLODEOH�DV�RXWSXWV



��

IURP�D�0RWRU�REMHFW���7KH�WHUP�,V

�TV


�LV�WKH�FRPPDQGHG�VWDWRU�SKDVH�FXUUHQW�YHFWRU��ZKLFK

PXVW�EH�FDOFXODWHG�E\�WKH�ILHOG�RULHQWHG�FRQWUROOHU��DV�VKRZQ�LQ�)LJ������LQ�&KDSWHU�����7KH

FRPSOHWH�K\VWHUHVLV�FXUUHQW�FRQWUROOHU�PRGHO�FDQ�EH�UHSUHVHQWHG�DV�VKRZQ�LQ�)LJ������

+\VWHUHVLV�

&XUUHQW

&RQWUROOHU

&ODVV�0RGHO

LV



9GF

YVT

YVGLVT
LVG

T
V



)LJ��������5HSUHVHQWDWLRQ�RI�WKH�0RG+\VW�FODVV�

$�VSDFH�YHFWRU�PRGXODWLRQ�FRQWUROOHU�LV�FUHDWHG�E\�LQYRNLQJ�DQ�REMHFW�RI�W\SH�0RG690�

)RU�D�0RG690�REMHFW��WKH�VZLWFKLQJ�IUHTXHQF\�LV�YDULDEOH��DQG�HGJH�RU�FHQWHU�EDVHG�3:0�FDQ

EH�XVHG���7KHUH�DUH�DOVR�WKUHH�FKRLFHV�IRU�WKH�]HUR�YHFWRU�VHOHFWLRQ�WHFKQLTXH��RSWLPDO��GLUHFW�

GLUHFW��DQG�GLUHFW�LQGLUHFW�>�@��>��@���$�SXEOLF�PHPEHU�IXQFWLRQ�LV�XVHG�DV�WKH�LQWHUIDFH�WR�WKH

0RG690�FODVV���7KH�LQWHUIDFH�IXQFWLRQ�LQSXWV�DUH�GG��GT��TV

��LVT��DQG�LVG��DQG�WKH�0RG690

RXWSXWV�DUH�WKH�VWDWRU�SKDVH�YROWDJHV��YVT�DQG�YVG��ZKLFK�FDQ�EH�LQSXW�WR�D�0RWRU�REMHFW���7KH

LQSXWV�LVT�DQG�LVG�DUH�XWLOL]HG�ZKHQ�RSWLPDO�]HUR�YHFWRU�VHOHFWLRQ�LV�XVHG��DV�H[SODLQHG�LQ�&KDSWHU

���DQG�DUH�DYDLODEOH�IURP�D�0RWRU�REMHFW���$GGLWLRQDOO\��WKH�WHUP�TV

�LV�WKH�FRPPDQGHG�UHIHUHQFH

YHFWRU�SKDVH�DQJOH�RXWSXW�IURP�WKH�ILHOG�RULHQWHG�FRQWUROOHU���7KH�YDULDEOHV�GG�DQG�GT�UHSUHVHQW

WKH�G�D[LV�DQG�T�D[LV�GXW\�F\FOH�FRPPDQGV��UHVSHFWLYHO\���)LJXUH�����VKRZV�WKH�UHSUHVHQWDWLRQ�RI

D�VSDFH�YHFWRU�PRGXODWLRQ�FRQWUROOHU�
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)LJ��������5HSUHVHQWDWLRQ�RI�WKH�0RG690�FODVV�

7R�FUHDWH�WKH�GG�DQG�GT�GXW\�F\FOHV�LQSXW�LQWR�D�0RG690�REMHFW��D�GT�FXUUHQW�UHJXODWRU�LV

FUHDWHG�E\�LQYRNLQJ�DQ�REMHFW�RI�W\SH�&XU5HJ���7KH�FXUUHQW�UHJXODWRUV�DUH�RI�WKH�3,�W\SH�DQG

LPSOHPHQWHG�LQ�GLVFUHWH�WLPH�LQ�WKH�V\QFKURQRXV�UHIHUHQFH�IUDPH�>��@���$�SXEOLF�PHPEHU

IXQFWLRQ�LV�XVHG�DV�WKH�LQWHUIDFH�WR�WKH�&XU5HJ�FODVV��7KH�&XU5HJ�FODVV�KHDGHU�DQG�GHILQLWLRQ

ILOHV�DUH�VKRZQ�LQ�$SSHQGLFHV�-�DQG�.��UHVSHFWLYHO\���$V�VKRZQ�LQ�$SSHQGLFHV�-�DQG�.��WKH

LQWHUIDFH�IXQFWLRQ�LQSXWV�WR�D�&XU5HJ�REMHFW�DUH�,VT

��,VG


��LVT��LVG��DQG�ZH

��DQG�WKH�&XU5HJ�RXWSXWV

DUH�GT�DQG�GG��ZKLFK�FDQ�EH�LQSXW�WR�D�0RG690�REMHFW���7KH�LQSXWV�LVT�DQG�LVG�DUH�DYDLODEOH�IURP

D�0RWRU�REMHFW��DQG�ZH

�LV�WKH�FRPPDQGHG�VWDWRU�DQJXODU�IUHTXHQF\��ZKLFK�LV�DYDLODEOH�IURP�WKH

ILHOG�RULHQWHG�FRQWUROOHU���)LJXUH�����VKRZV�WKH�UHSUHVHQWDWLRQ�RI�D�GT�FXUUHQW�UHJXODWRU�REMHFW�

GT

&XUUHQW

5HJXODWRUV�

,VG



LVT
LVG

ZH



GG

GT

,VT



)LJ��������5HSUHVHQWDWLRQ�RI�WKH�&XU5HJ�FODVV�
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7KH�GULYH�V\VWHP�PRGHOV�GHYHORSHG�LQ�WKLV�VHFWLRQ�XVLQJ�9LVXDO�&���KDYH�PDQ\�SRVVLEOH

XVHV�LQ�LQGXFWLRQ�PRWRU�GULYH�V\VWHP�GHVLJQ���7KH�QH[W�VHFWLRQ�ZLOO�GHPRQVWUDWH�VRPH�RI�WKH�XVHV

RI�WKH�PRGHOV�GHYHORSHG�

������&DVH�6WXG\��$QDO\VLV�RI�,QGXFWLRQ�0RWRU�3KDVH�&XUUHQWV�8VLQJ

6LPXODWLRQ

)RU�PD[LPXP�(9�SHUIRUPDQFH�DQG�UDQJH��WKH�96,�PXVW�GHOLYHU�TXDOLW\�DF�FXUUHQW

ZDYHIRUPV�WR�WKH�LQGXFWLRQ�PRWRU�IURP�WKH�YHKLFOH�GF�EDWWHULHV�ZLWK�D�PLQLPXP�RI�ORVVHV���7KH

IXQFWLRQ�RI�WKH�FXUUHQW�FRQWUROOHU�LV�WR�UHSURGXFH�VLQXVRLGDO�SKDVH�FXUUHQWV�LQ�WKH�LQGXFWLRQ�PRWRU

EDVHG�RQ�WKH�FRPPDQGHG�WRUTXH�DQG�IOX[�SURGXFLQJ�FRPSRQHQWV�RI�WKH�VWDWRU�SKDVH�FXUUHQW�

7R�VHH�KRZ�ZHOO�WKH�FXUUHQW�FRPPDQGV�DUH�UHSURGXFHG��WKLV�VHFWLRQ�XVHV�WKH�GULYH�V\VWHP

FRPSRQHQW�PRGHOV�GHYHORSHG�WR�REWDLQ�WKH�LQGXFWLRQ�PRWRU�VWDWRU�SKDVH�FXUUHQWV���)LUVW��WKH

VLPXODWLRQ�DUUDQJHPHQW�IRU�REWDLQLQJ�WKH�LQGXFWLRQ�PRWRU�VWDWRU�SKDVH�FXUUHQWV�LV�H[SODLQHG��DQG

WKHQ�WKH�VLPXODWHG�DQG�H[SHULPHQWDO�SKDVH�FXUUHQWV�DUH�FRPSDUHG�DW�D�SDUWLFXODU�RSHUDWLQJ�SRLQW�

8VLQJ�VSHFWUDO�DQDO\VLV�RI�WKH�SKDVH�FXUUHQWV�WKDW�ZLOO�EH�REWDLQHG��LW�ZLOO�EH�VKRZQ�WKDW

WKH�K\VWHUHVLV�LQYHUWHU�FXUUHQW�RXWSXWV�KDYH�PDQ\�UDQGRPO\�GLVWULEXWHG�FXUUHQW�KDUPRQLFV���7KH

LQYHUWHU�XVLQJ�RSWLPDO�]HUR�YHFWRU�VHOHFWLRQ�690�DW����N+]�ZLOO�EH�VKRZQ�WR�\LHOG�FXUUHQW

RXWSXWV�WKDW�KDYH�UHODWLYHO\�IHZ�FXUUHQW�KDUPRQLFV�FHQWHUHG�DURXQG�WKH�VZLWFKLQJ�IUHTXHQF\�

ZKLFK�LV����N+]�LQ�WKLV�FDVH���'HFUHDVHG�FXUUHQW�KDUPRQLFV�ZLOO�ODWHU�EH�VKRZQ��&KDSWHU����WR

LPSURYH�ERWK�WKH�LQYHUWHU�DQG�LQGXFWLRQ�PRWRU�HIILFLHQF\�

7KH�*(�LQGXFWLRQ�PRWRU�SDUDPHWHUV��VKRZQ�LQ�&KDSWHU����DUH�XVHG�WR�FUHDWH�D�0RWRU

REMHFW���7KH�GF�OLQN�YROWDJH�9GF��LV�VHW�WR�����9ROWV��ZKLFK�LV�WKH�VDPH�YROWDJH�XVHG�IRU�WKH

G\QDPRPHWHU�EHQFK��DQG�WKH�VWDWRU�IOX[�FRPPDQG�LV�VHW�WR�������:E���7KH�V\VWHP�VLPXODWLRQ

DUUDQJHPHQW�VKRZQ�LQ�)LJ������LV�XVHG�WR�REWDLQ�WKH�VZLWFKLQJ�ZDYHIRUPV�IRU�690���$�VLPLODU

DUUDQJHPHQW�LV�XVHG�WR�WHVW�K\VWHUHVLV�FXUUHQW�FRQWURO��H[FHSW�WKDW�D�0RG+\VW�REMHFW�WUDQVODWHV�WKH

FXUUHQW�FRPPDQGV�WR�WKH�DSSOLHG�LQGXFWLRQ�PRWRU�SKDVH�YROWDJHV���,Q�)LJ�������WKH�ILHOG�RULHQWHG

FRQWUROOHU�LQ�WKH�VWDWRU�IOX[�UHIHUHQFH�IUDPH��VKRZQ�LQ�)LJ�������LV�XVHG���$�VSHHG�UHJXODWRU�KDV

EHHQ�DGGHG�WR�UHJXODWH�WKH�URWRU�VSHHG�DW�WKH�FRPPDQGHG�YDOXH��DQG�WKH�ORDG�WRUTXH�LV�DSSOLHG�WR

WKH�LQGXFWLRQ�PRWRU�PRGHOHG�LQ�WKH�VWDWLRQDU\�UHIHUHQFH��ZKLFK�LV�D�FRPPRQ�FKRLFH�ZKHQ�WKH

VZLWFKLQJ�ZDYHIRUPV�DUH�VLPXODWHG�
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)LJ��������6LPXODWLRQ�DUUDQJHPHQW�IRU�VWDWRU�IOX[�OLQNDJH�VHOHFWLRQ�

)LJXUH�����VKRZV�WKH�VLPXODWHG�SKDVH�YROWDJHV�DQG�FXUUHQWV�DW�D�URWRU�VSHHG�RI������USP

DQG����1�P�URWRU�WRUTXH�IRU�690�DW����N+]��DQG�LQ�DGGLWLRQ��WKH�VLPXODWHG�SKDVH�YROWDJHV�DQG

FXUUHQWV�IRU�WKH�K\VWHUHVLV�FXUUHQW�FRQWURO�LQWURGXFHG�LQ�&KDSWHU���DUH�VKRZQ�LQ�WKH�VDPH�SORWV�

)LJXUH� ���� VKRZV� WKH� FRUUHVSRQGLQJ� H[SHULPHQWDO� UHVXOWV� PHDVXUHG� RQ� WKH� G\QDPRPHWHU� WHVW

EHQFK���7KH�VLPXODWHG�DQG�H[SHULPHQWDO�UHVXOWV�DUH�LQ�JHQHUDO�DJUHHPHQW��DOWKRXJK�WKH�LQGXFWLRQ

PRWRU� PRGHO� XVHG� GRHV� QRW� LQFRUSRUDWH� DQ\� LQKHUHQW� QRQOLQHDULWLHV� WKDW� FRXOG� OHDG� WR� PRUH

DFFXUDWH�UHVXOWV�>��@��>��@���+RZHYHU��IRU�WKLV�SDUWLFXODU�RSHUDWLQJ�SRLQW��WKH�KDUPRQLF�DPSOLWXGHV

DUH�QHDUO\�WKH�VDPH��DQG�WKHUH�LV�RQO\�D�VOLJKW�GLIIHUHQFH�LQ�WKH�ORFDWLRQ�RI�WKH�KDUPRQLFV�IRU�WKH

K\VWHUHVLV� FXUUHQW� FRQWURO� UHVXOWV�� � )URP� WKH� UHVXOWV� REWDLQHG�� LW� LV� VKRZQ� WKDW� WKH� KDUPRQLF

FRPSRQHQWV�� ZKHQ� XVLQJ� K\VWHUHVLV� FRQWURO�� DUH� EURDGO\� VSDFHG� DURXQG� DQ� DYHUDJH� VZLWFKLQJ

IUHTXHQF\�RI�DERXW���N+]��a����N+]�IURP�VLPXODWLRQ����:KHQ�XVLQJ�690�FRQWURO��WKH�KDUPRQLF

FRPSRQHQWV�DUH�FORVHO\�VSDFHG�DURXQG�WKH�VZLWFKLQJ�IUHTXHQF\�XVHG��ZKLFK�ZDV����N+]��DQG�DUH

IHZHU�LQ�QXPEHU���,Q�&KDSWHU����H[SHULPHQWDO�UHVXOWV�ZLOO�EH�VKRZQ�WKDW�LQGLFDWH�WKDW�WKH�ORZHUHG

FXUUHQW�KDUPRQLFV�SURGXFHG�E\�DQ�LQYHUWHU�ZLWK�690�DW����N+]�VLJQLILFDQWO\�ORZHUV�WKH�V\VWHP
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ORVVHV�DV�FRPSDUHG�WR�D�WKH�VDPH�LQYHUWHU�ZLWK�K\VWHUHVLV�FXUUHQW�FRQWURO�� �7KH�ORZHUHG�V\VWHP

ORVVHV�ZLOO�EH�VKRZQ�WR�OHDG�WR�D�ODUJH�LQFUHDVH�LQ�WKH�GULYLQJ�UDQJH�RI�WKH�YHKLFOH�
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7KLV�&KDSWHU�KDV�GHVFULEHG�WKH�GHYHORSPHQW�RI�VLPXODWLRQ�PRGHOV�IRU�,0�GULYHV��DQG�LQ

DGGLWLRQ��WKLV�&KDSWHU�KDV�XWLOL]HG�WKH�PRGHOV�GHYHORSHG�WR�FRPSDUH�WKH�VLPXODWHG�DQG�PHDVXUHG

LQGXFWLRQ�PRWRU�SKDVH�FXUUHQWV��ZKLFK�ZHUH�LQ�JHQHUDO�DJUHHPHQW���7KH�QH[W�&KDSWHU��&KDSWHU���

ZLOO�IXUWKHU�XVH�WKH�VLPXODWLRQ�PRGHOV�GHYHORSHG�LQ�WKLV�&KDSWHU�ZKHQ�WKH�SHUIRUPDQFH�DQDO\VLV

RI�WKH�PRGXODWLRQ�DOJRULWKPV�LQ�DQ�(9�DUH�GLVFXVVHG�
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&KDSWHU�����&RPSDULVRQ�RI�(9�'ULYH

3HUIRUPDQFH�ZLWK�690�YV��+\VWHUHVLV

,Q�&KDSWHU���WKH�,0�GULYH�XVLQJ�RSWLPDO�]HUR�YHFWRU�VHOHFWLRQ�690��ZKRVH�EDVLF�FRQWURO

VRIWZDUH�LV�VKRZQ�LQ�)LJ��������LV�FRPSDUHG�WR�WKH�VDPH�GULYH�ZLWK�K\VWHUHVLV�FXUUHQW�FRQWURO�

ZKRVH�FRQWURO�VRIWZDUH�LV�VKRZQ�LQ�)LJ�������WR�GHWHUPLQH�WKH�EHQHILWV�RI�XVLQJ�690�>��@�

0RVWO\��H[SHULPHQWDO�PHDVXUHPHQWV�UHVXOWV�DUH�XVHG�IURP�WKH�DFWXDO�GULYH�V\VWHP�WKDW�ZDV

GHVFULEHG�LQ�&KDSWHU����KRZHYHU��VHFWLRQ�����ZLOO�XVH�WKH�VLPXODWLRQ�SURJUDP�GHYHORSHG�LQ

&KDSWHU���WR�SHUIRUP�DQ�DQDO\VLV�RI�WKH�LPSDFW�RI�LQFUHDVLQJ�WKH�VZLWFKLQJ�IUHTXHQF\�ZLWK

RSWLPDO�690�

,Q�(9V�WKH�LQGXFWLRQ�PRWRU�WRUTXH�DQG�VSHHG�YDULHV�RYHU�D�EURDG�UDQJH�GHSHQGLQJ�RQ�WKH

W\SH�RI�GULYLQJ���7KH�PRGXODWLRQ�WHFKQLTXH�XVHG�VKRXOG�SHUIRUP�ZHOO�RYHU�WKH�HQWLUH�ORDG

FKDUDFWHULVWLF���7KLV�FKDSWHU�ZLOO�VKRZ�WKDW�XVLQJ�DQ�LQYHUWHU�ZLWK�RSWLPDO�]HUR�YHFWRU�VHOHFWLRQ

690�ZLOO�OHDG�WR�LPSURYHG�SHUIRUPDQFH�RYHU�WKH�PDMRULW\�RI�WKH�WRUTXH�YV��VSHHG�SODQH�ZKHQ

FRPSDUHG�WR�D�K\VWHUHVLV�FRQWUROOHG�LQYHUWHU���7R�KHOS�H[SODLQ�WKH�SHUIRUPDQFH�LPSURYHPHQWV

WKDW�ZLOO�EH�REWDLQHG��FRPSOHWH�VWHDG\�VWDWH�HIILFLHQFLHV�DUH�H[SHULPHQWDOO\�PHDVXUHG�RYHU�WKH

HQWLUH�WRUTXH�YHUVXV�VSHHG�SODQH�DQG�FRPSDUHG���+DUPRQLF�ORVV�FRPSDULVRQV�DUH�XVHG�WR�H[SODLQ

WKH�LPSURYHPHQW�LQ�VWHDG\�VWDWH�HIILFLHQFLHV�WKDW�DUH�IRXQG���2QFH�DOO�RI�WKH�FXUUHQW�KDUPRQLFV

KDYH�EHHQ�IRXQG��LQGXFWLRQ�PRWRU�KDUPRQLF�ORVVHV�DUH�FRPSDUHG�E\�XVLQJ�D�VHPL�HPSLULFDO�ORVV

PRGHO���7KH�VWHDG\�VWDWH�UHVXOWV�REWDLQHG�ZLOO�RIIHU�YDOXDEOH�LQVLJKWV�LQWR�WKH�G\QDPLF��RU�GULYH

SURILOH��UHVXOWV�REWDLQHG�

)RU�G\QDPLF�WHVWLQJ��WKH�LQYHUWHU�DQG�LQGXFWLRQ�PRWRU�ORVVHV�DUH�FRPSDUHG�RQ�WKH�)8'6

DQG�+:)(7�SURILOHV��ZKLFK�DUH�LPSOHPHQWHG�RQ�WKH�G\QDPRPHWHU�EHQFK�DV�GHVFULEHG�LQ

&KDSWHU�����7KH�HIILFLHQF\�JDLQV�DUH�ODUJH�IRU�ERWK�WKH�)8'6�DQG�+:)(7�SURILOHV��HVSHFLDOO\�IRU

WKH�LQGXFWLRQ�PRWRU���7KH�ILQDO�UHVXOWV�ZLOO�HPSKDVL]H�WKH�LPSRUWDQFH�RI�WKH�SXOVH�ZLGWK

PRGXODWLRQ�FRQWURO�VWUDWHJ\�RQ�WKH�V\VWHP�SHUIRUPDQFH�RI�DQ�(9�
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������&RPSDULVRQ�RI�'ULYH�6\VWHP�(IILFLHQF\�0DSV

7KLV�VHFWLRQ�FRPSDUHV�WKH�PHDVXUHG�VWHDG\�VWDWH�HIILFLHQFLHV�RI�WKH�LQYHUWHU�DQG�LQGXFWLRQ

PRWRU�ZLWK�690�FRQWURO�YHUVXV� WKH�PHDVXUHG� VWHDG\� VWDWH� HIILFLHQFLHV�ZLWK�K\VWHUHVLV� FRQWURO�

ZKHUH� WKH�690� LQYHUWHU�XVHV� D����N+]� VZLWFKLQJ� IUHTXHQF\�� �7KH�HIILFLHQF\�SRLQWV� WHVWHG� DUH

ZLWKLQ�WKH�UDQJH�RI�D�VWDQGDUG�HOHFWULF�YHKLFOH�LQYHUWHU�RQ�WKH�)8'6�RU�+:)(7�SURILOHV���$IWHU

WKH�PHDVXUHG�HIILFLHQF\�SORWV�DUH�LQWURGXFHG��WKH�LQYHUWHU�DQG�LQGXFWLRQ�PRWRU�SRZHU�ORVVHV�DUH

H[DPLQHG�LQ�VHFWLRQ�����DW�YDULRXV�VWHDG\�VWDWH�WRUTXHV�DQG�VSHHGV��ZKLFK�ZLOO�RIIHU�H[SODQDWLRQV

RI�WKH�H[SHULPHQWDO�UHVXOWV�REWDLQHG�LQ�WKLV�VHFWLRQ�

)LUVW�� WKH� H[SHULPHQWDO� HIILFLHQF\� PDSV� RI� WKH� WZR� GLIIHUHQW� V\VWHPV� DUH� VKRZQ�� � 7KH

HIILFLHQFLHV� DUH� VKRZQ� LQ� )LJXUHV� �������� DV� FRQWRXUV� RQ� WKH� URWRU� WRUTXH� YHUVXV� VSHHG� SODQH�

0HDVXUHG� HIILFLHQFLHV� DUH� VKRZQ� LQ� WKH� )LJXUHV� ZLWKLQ� WKH� VWDQGDUG� *(� LQGXFWLRQ� PRWRU� DQG

LQYHUWHU� RSHUDWLQJ� UDQJHV�� � 7KH� DUHDV� WKDW� DUH� VKDGHG� LQ� WKH� )LJXUHV� DUH� EH\RQG� WKH� VWDQGDUG

RSHUDWLQJ� UHJLRQ�� � 1RWH� WKDW� WKH� VKDGHG� SDUW� JURZV� DV� WKH� USP� LQFUHDVHV� EHFDXVH� WKH� ILHOG

ZHDNHQLQJ��RU�FRQVWDQW�SRZHU�� UHJLRQ�EHJLQV�DW������ USP��ZKLFK� LV�ZKHUH� WKH�PD[LPXP�URWRU

WRUTXH�VWDUWV�WR�EH�UHGXFHG�LQYHUVHO\�ZLWK�VSHHG�

7KH�GDWD� WR�PDNH� )LJXUHV� ��������ZDV�PHDVXUHG�E\�XVLQJ� WKH� G\QDPRPHWHU� WHVW� EHQFK

WKDW�ZDV�GHVFULEHG�LQ�&KDSWHU�����7KH�HIILFLHQF\�FRQWRXUV�VKRZQ�LQ�)LJXUHV���������DUH�OLQHDUO\

LQWHUSRODWHG�DFURVV�D�FORVHO\�VSDFHG�JULG�RI�GLVFUHWH�WRUTXH�DQG�VSHHG�WHVW�SRLQWV���7R�RSHUDWH�WKH

G\QDPRPHWHU�DW�HDFK� WRUTXH�DQG�VSHHG� WHVW�SRLQW�� D�FRQVWDQW� VKDIW� WRUTXH� UHIHUHQFH��W
URWRU�� DQG

VKDIW� VSHHG� UHIHUHQFH�� USP

VKDIW�� ZHUH� DSSOLHG�� DQG� WKHQ� SRZHU�PHDVXUHPHQWV�ZHUH� WDNHQ� RQFH

VWHDG\� VWDWH�ZDV� UHDFKHG�� �:LWK� WKH� GF� OLQN� YROWDJH� FODPSHG� WR� ����9ROWV� E\� DQ� DX[LOLDU\� GF

SRZHU�VXSSO\��WKH�LQYHUWHU�LQSXW�DQG�RXWSXW�SRZHU�ZHUH�PHDVXUHG�ZLWK�D���SKDVH�SRZHU�DQDO\]HU

�9ROWHFK� 30����$�� >��@�� � 7KH�PHDVXUHG� LQYHUWHU� HIILFLHQF\�ZDV� WKHQ� IRXQG� DV� WKH�PHDVXUHG

LQYHUWHU�RXWSXW�SRZHU�GLYLGHG�E\�WKH�PHDVXUHG�LQYHUWHU�LQSXW�SRZHU¥6HH���������7KH�LQGXFWLRQ

PRWRU�LQSXW�SRZHU�HTXDOV�WKH�LQYHUWHU�RXWSXW�SRZHU��DQG�WKH�LQGXFWLRQ�PRWRU�RXWSXW�SRZHU�ZDV

PHDVXUHG�E\�D�+LPPHOVWHLQ�WRUTXH�PHWHU��ZKHUH�D�QRQ�FRQWDFW�VWUDLQ�JDJH�WRUTXH�WUDQVGXFHU�LV

XVHG� RQ� WKH� VKDIW� WKDW� FRQQHFWV� WKH� WZR� LQGXFWLRQ� PRWRUV� RQ� WKH� G\QDPRPHWHU� >��@�� � 7KH

PHDVXUHG� LQGXFWLRQ�PRWRU� HIILFLHQF\�ZDV� WKHQ� IRXQG� DV� WKH�PHDVXUHG� LQGXFWLRQ�PRWRU� RXWSXW

SRZHU�GLYLGHG�E\�WKH�PHDVXUHG�LQGXFWLRQ�PRWRU�LQSXW�SRZHU��LQYHUWHU�RXWSXW�SRZHU�¥6HH�������
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7KH�V\VWHP�HIILFLHQF\�ZDV�IRXQG�E\�PXOWLSO\LQJ�WKH�LQYHUWHU�DQG�LQGXFWLRQ�PRWRU�HIILFLHQFLHV�

,0LQYHUWHUV\VWHP §Õ§ §

�����

)LJXUHV�����D���F��VKRZ�WKH�HIILFLHQF\�FRQWRXUV�IRU�WKH�LQYHUWHU�ZLWK�690��WKH�LQGXFWLRQ

PRWRU�ZLWK�690��DQG�WKH�V\VWHP�HIILFLHQF\�ZLWK�690��UHVSHFWLYHO\���)LJXUHV�����D���F��VKRZ�WKH

HIILFLHQF\� LPSURYHPHQW� FRQWRXUV� REWDLQHG� ZKHQ� 690� FRQWURO� LV� XVHG� UDWKHU� WKDQ� K\VWHUHVLV

FRQWURO���1RWH�WKDW�¦LPSURYHPHQW§�LV�GHILQHG�DV�WKH�SHUFHQW�LQFUHDVH�LQ�HIILFLHQF\�WKDW�LV�REWDLQHG

E\�XVLQJ�690�DV�RSSRVHG�WR�K\VWHUHVLV�IRU�HDFK�RI�WKH�WRUTXH�DQG�VSHHG�SRLQWV�WKDW�ZHUH�WHVWHG�
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)URP�)LJXUHV���������WKH�V\VWHP�ZLWK�690�VKRZV�LPSURYHPHQW�LQ�ERWK�WKH�LQYHUWHU�DQG

LQGXFWLRQ�PRWRU�HIILFLHQF\�RYHU�WKH�PDMRULW\�RI�WKH�WRUTXH�YV��VSHHG�SODQH���7KH�ODUJHVW�LQYHUWHU

HIILFLHQF\�LQFUHDVH�ZKHQ�XVLQJ�690�DUH�IRU�WKH�VSHHGV�EHWZHHQ������WR������USP�IRU�DOO�ORDGV

DQG�DOVR�DW������USP�XQGHU� OLJKW� ORDG�� �7KH� ODUJHVW� LQGXFWLRQ�PRWRU�HIILFLHQF\� LQFUHDVHV�ZKHQ

XVLQJ�690�DUH�IRU� WKH� URWRU�VSHHG�EHWZHHQ������ WR������ USP�IRU� DOO� ORDGV��HVSHFLDOO\�DW� OLJKW

ORDG�

������$QDO\VLV�RI�'ULYH�6\VWHP�/RVVHV

,Q�WKLV�VHFWLRQ��WKH�SHUFHQWDJH�GHFUHDVH�LQ�WKH�LQYHUWHU�SRZHU�ORVVHV�ZKHQ�XVLQJ�690�DUH

DQDO\]HG� DW� WKH� JURXS�RI� WHVW� SRLQWV� VKRZQ� LQ�)LJ�� ����D�� WKDW� DUH�PDUNHG�ZLWK� D� VWDU�� 
�� � 7KH

SHUFHQWDJH�GHFUHDVH� LQ� WKH� LQGXFWLRQ�PRWRU�SRZHU� ORVVHV�ZKHQ�XVLQJ�690�DUH�DQDO\]HG�DW� WKH

JURXS�RI�WHVW�SRLQWV�VKRZQ�LQ�)LJ������E��WKDW�DUH�PDUNHG�ZLWK�D�WULDQJOH��'���7KH�WHVW�SRLQWV�DUH

ORFDWHG�LQ�WKH�DUHDV�RI�WKH�ODUJHVW�LQYHUWHU�DQG�LQGXFWLRQ�PRWRU�HIILFLHQF\�LPSURYHPHQWV�� �(DFK

WHVW� SRLQW� LQ� WKH� WRUTXH� YHUVXV� VSHHG� SODQH� GHILQHV� WKH� LQGXFWLRQ� PRWRU� VKDIW� SRZHU� IRU� WKDW

SDUWLFXODU�WHVW�ZKLFK�LV�JLYHQ�E\�������

HURWRU 7Õ
��

°�
ÕUSPLQ6SHHG5RWRU 3

�����

$OO� FRPSDULVRQV� EHWZHHQ� WKH� K\VWHUHVLV� DQG� 690� LQYHUWHU� DUH�PDGH� DW� WKH� VDPH� FRPPDQGHG

VKDIW�SRZHU�RU�SDUWLFXODU�ORFDWLRQ�LQ�WKH�WRUTXH�YV��VSHHG�SODQH�

�������,QYHUWHU�ORVV�FRPSDULVRQ

7KH� LQYHUWHU�SRZHU� ORVVHV� DUH� FRPSDUHG�RQ� WKH�JULG�RI� WHVW�SRLQWV� VKRZQ�E\�D� VWDU� LQ�)LJ�

����D��� �&RPSDULVRQV� EHWZHHQ� WRWDO� LQYHUWHU� ORVVHV� RQ� D� YDU\LQJ� GF� OLQN� DUH� H[DPLQHG� DQG� WKH

7+'�RI�WKH�LQGXFWLRQ�PRWRU�SKDVH�FXUUHQWV�DUH�FRPSDUHG�
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7KH�LQYHUWHU�LQSXW�DQG�RXWSXW�SRZHUV�DUH�PHDVXUHG�IRU�VHYHUDO�GLIIHUHQW�YDOXHV�RI�WKH�GF

OLQN�YROWDJH���7KH�VZLWFKLQJ�ORVV�LV�H[SHFWHG�WR�GHFUHDVH�LQ�SURSRUWLRQ�WR�WKH�GHFUHDVH�LQ�WKH�GF

OLQN�YROWDJH���7KH�GF�OLQN�YROWDJH�LV�YDULHG�IURP�����YROWV�WR�����YROWV���7KH�LQYHUWHU�SRZHU�ORVV

ZLOO�GHFUHDVH�DV�WKH�GF�OLQN�YROWDJH�LV�GHFUHDVHG���)LJXUH�����VKRZV�WKH�FRPSDULVRQ�RI�WKH

LQYHUWHU�SRZHU�ORVV�DV�WKH�GF�OLQN�YROWDJH�LV�YDULHG�IRU�D�URWRU�VSHHG�RI������USP�DQG���������DQG

���1�P�RI�URWRU�WRUTXH���)URP�)LJ�������LW�LV�VKRZQ�WKDW�ZKHQ�K\VWHUHVLV�FRQWURO�LV�XVHG��WKHUH�LV�D

VWHHSHU�UROORII�RI�WKH�LQYHUWHU�SRZHU�ORVV��LQGLFDWLQJ�ODUJHU�VZLWFKLQJ�ORVV����$GGLWLRQDOO\��WKH

LQYHUWHU�ZLWK�K\VWHUHVLV�FRQWURO�LV�H[SHFWHG�WR�KDYH�ODUJHU�FRQGXFWLRQ�ORVVHV�LQ�WKH�GLRGHV�DQG

,*%7V�GXH�WR�WKH�LQFUHDVHG�7+'�RI�WKH�SKDVH�FXUUHQWV���7KH�FRPSDULVRQV�EHWZHHQ�WKH�UROORII

UDWH��RU�VORSH��RI�WKH�LQYHUWHU�SRZHU�ORVV�ZLWK�GHFUHDVLQJ�GF�OLQN�DQG�WKH�SKDVH�FXUUHQW�7+'V�DUH

JLYHQ�LQ�7DEOH�������$OO�FRPSDULVRQV�DUH�JLYHQ�DV�WKH�SHUFHQWDJH�RI�WKH�YDOXH�ZKHQ�690�FRQWURO

LV�XVHG�DV�RSSRVHG�WR�K\VWHUHVLV�FRQWURO�

Hysteresis
SVM       

260 270 280 290 300 310 320 330
200

400

600

800

1000

1200

1400

1600
Comparison of Inverter Power Loss at 2500 rpm and Varying DC Link

Volts

W
at

ts 10 N-m

20 N-m

30 N-m

10 N-m

20 N-m

30 N-mVORSH690

VORSH+\VW

)LJ��������&RPSDULVRQ�RI�LQYHUWHU�SRZHU�ORVV�DW������USP�DQG�YDU\LQJ�'&�OLQN�
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7DEOH�������&RPSDULVRQ�RI�LQYHUWHU�ORVV�UROORII�UDWH�ZLWK�GHFUHDVLQJ�GF�OLQN�DQG�SKDVH�FXUUHQW

7+'�DW������USP�DQG���������DQG����1�P�

USP W�1�P �������7+'690

�������7+'+\VW

������VORSH690
������VORSH+\VW

���� �� ����� �����

���� �� ����� �����

���� �� ����� �����

6SDFH� YHFWRU� 3:0�ZLWK� DQ� RSWLPDO� ]HUR� YHFWRU� VHOHFWLRQ� URXWLQH� KDV� GHFUHDVHG� ERWK� WKH

FRQGXFWLRQ� ORVV�RI� WKH� LQYHUWHU�� GXH� WR� D� UHGXFHG�7+'��DQG� WKH� VZLWFKLQJ� SRZHU� ORVVHV� RI� WKH

LQYHUWHU��GXH�WR�GHFUHDVHG�VZLWFKLQJ��ZKLFK�LV�FOHDUO\�LQGLFDWHG�IRU� WKH�WHVW�SRLQWV�DW������USP�

7KH�JHQHUDOL]HG�UHVXOW�LV�LPSURYHG�LQYHUWHU�HIILFLHQF\�DFURVV�WKH�PDMRULW\�RI�WKH�WRUTXH�YV��VSHHG

SODQH�DV�VKRZQ�LQ�)LJ������D��

,PSURYHG�LQYHUWHU�HIILFLHQF\�FDQ�UHVXOW�LQ�UHGXFHG�KHDW�VLQN�VL]H�DQG�FRROLQJ�UHTXLUHPHQWV�RI

WKH�VHPLFRQGXFWRU�GHYLFHV���7KH�UHGXFHG�FRROLQJ�UHTXLUHPHQWV�DUH�LPSRUWDQW�IRU�DQ�(9�EHFDXVH

VPDOOHU� LQYHUWHU�KHDWVLQN�FRROLQJ�SXPSV�DQG�IDQV�FDQ�EH�XVHG��ZKLFK� LV�D�NH\� LVVXH�GXH� WR� WKH

OLPLWHG�VSDFH�WKDW� LV�DYDLODEOH�� �7KH�V\VWHP�LV�DOVR�PRUH�UHOLDEOH�EHFDXVH� LI� WKH�FRROLQJ�V\VWHP

HYHU� IDLOV� WKH� (9� FDQ� JR� IDUWKHU� EHIRUH� WKH� LQYHUWHU� IDXOWV� GXH� WR� WKH� LQYHUWHU� KHDWVLQN

RYHUKHDWLQJ�

��������,0�/RVV�&RPSDULVRQ

:KHQ� WKH� LQGXFWLRQ�PRWRU� LV� VXSSOLHG� E\� D� QRQVLQXVRLGDO� YROWDJH� VXSSO\�� WKHUH� DUH� DGGHG

SRZHU�ORVVHV�GXH�WR�WKH�KDUPRQLF�FRPSRQHQWV�DSSOLHG�WKDW�DUH�LQ�DGGLWLRQ�WR�WKH�ORVVHV�GXH�WR�WKH

IXQGDPHQWDO� FRPSRQHQWV� >��@�� >��@�� � )LJXUH� ���� LV� DQ� H[DPSOH� RI� D� W\SLFDO� 3:0� YROWDJH

ZDYHIRUP���&OHDUO\��WKH�ZDYHIRUP�LV�QRQVLQXVRLGDO�
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7\SLFDO�3:0�9ROWDJH�:DYHIRUP
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)LJ��������([DPSOH�RI�D�3:0�9ROWDJH�:DYHIRUP��)� �����+]�

7KH�XVXDO�ZD\�WR�YLHZ�WKH�HIIHFW�RI�WKH�3:0�ZDYHIRUP�RI�)LJ������RQ�WKH�LQGXFWLRQ�PRWRU

LV�WR�GHWHUPLQH�WKH�ORVV�GXH�WR�HDFK�KDUPRQLF�DQG�WKHQ�DGG�WKH�VHSDUDWH�ORVVHV�WR�JHW�WKH�WRWDO�ORVV

XVLQJ�WKH�SULQFLSOH�RI�VXSHUSRVLWLRQ���7KH�3:0�YROWDJH�ZDYH�DSSOLHG�WR�WKH�LQGXFWLRQ�PRWRU�FDQ

WKHQ� EH� YLHZHG� DV� VKRZQ� LQ� )LJ�� �����ZKHUH� WKH� VHSDUDWH� YROWDJH� KDUPRQLFV� DUH� FRQQHFWHG� LQ

VHULHV�DFURVV�WKH�PRWRU�WHUPLQDOV�>��@�

9�

9�

9�

9N

±
±
±

,QGXFWLRQ
0RWRU

/LQH���1HXWUDO

)LJ��������,QGXFWLRQ�PRWRU�ZLWK�QRQVLQXVRLGDO�YROWDJH�H[FLWDWLRQ�HTXLYDOHQW�FLUFXLW�
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7KH� YROWDJH� KDUPRQLFV� WKDW� DUH� DSSOLHG� UHVXOW� LQ� SKDVH� FXUUHQW� KDUPRQLFV� WKDW� FDXVH

LQGXFWLRQ� PRWRU� KDUPRQLF� ORVVHV�� � 6HYHUDO� GLIIHUHQW� WHFKQLTXHV� KDYH� EHHQ� SURSRVHG� LQ� WKH

OLWHUDWXUH�IRU�WKH�GHWHUPLQDWLRQ�RI�WKH�KDUPRQLF�ORVVHV�LQ�LQYHUWHU�IHG�LQGXFWLRQ�PDFKLQHV�

����)LQLWH�(OHPHQW�%DVHG�$QDO\VLV

����'LUHFW�0HDVXUHPHQW�>��@��>��@

����6HPL�HPSLULFDO�0RWRU�/RVV�0RGHOV�>��@��>��@

7HFKQLTXH���LV�FRQVLGHUHG�WR�EH�EH\RQG�WKH�VFRSH�RI�WKLV�WKHVLV���7HFKQLTXH���LV�EDVHG�RQ�PDNLQJ

SUHFLVH�PHDVXUHPHQWV� RI� WKH� LQGXFWLRQ�PRWRU� LQSXW� DQG� RXWSXW� SRZHU� GXULQJ� ORFNHG� URWRU�� QR

ORDG��RU�DUELWUDU\�ORDG���7HFKQLTXH���LV�QRW�FKRVHQ�GXH�WR�WKH�XQFHUWDLQW\�RI�WKH�LQGXFWLRQ�PRWRU

SDUDPHWHUV��DV�ZHOO�DV�WKH�XQNQRZQ�PHFKDQLFDO�ORVVHV�RI�WKH��������SODQHWDU\�JHDU�WKDW�FRXSOHV

WKH�URWRU� WR� WKH�RXWSXW�VKDIW�RI� WKH�*(� LQGXFWLRQ�PRWRU�� �7KHUHIRUH�� WHFKQLTXH��� LV�XVHG�DV� WKH

WHVWLQJ�PHWKRG�IRU�GHWHUPLQDWLRQ�RI�LQGXFWLRQ�PRWRU�KDUPRQLF�ORVVHV���7HFKQLTXH���DOORZV�IRU�D

FRPSDUDWLYH� VWXG\� RI� GLIIHUHQW� 3:0�PRGXODWLRQ� VWUDWHJLHV� ZLWKRXW� SUHFLVH� NQRZOHGJH� RI� WKH

PRWRU� SDUDPHWHUV� RU� PHFKDQLFDO� ORVVHV� E\� XVLQJ� PHDVXUHG� FXUUHQW� KDUPRQLFV� WR� REWDLQ� ORVV

HVWLPDWHV�

���������'HYHORSPHQW�RI�D�3URFHGXUH�WR�0HDVXUH�,0�3KDVH�&XUUHQW�+DUPRQLFV�XS

WR����N+]

,Q�WKLV�WKHVLV��WKH�LQGXFWLRQ�PRWRU�ORVVHV�DUH�DQDO\]HG�E\�PHDVXULQJ�WKH�SKDVH�FXUUHQWV�DQG

WKHQ�XVLQJ�D�KDUPRQLF�DQDO\VLV�WHFKQLTXH�WR�ILQG�WKH�FXUUHQW�KDUPRQLFV�QHHGHG�IRU�XVH�LQ�VHPL�

HPSLULFDO�PRWRU� ORVV�PRGHO�� � 7KH� KDUPRQLF� FRPSRQHQWV� RI� WKH�PRWRU� SKDVH� FXUUHQW� LQ� VWHDG\

VWDWH�DUH�GHWHUPLQHG�XS�WR����N+]���7R�ILQG�WKH�KDUPRQLF�FXUUHQWV��WKH�ILUVW�WKLQJ�WKDW�LV�GRQH�LV�WR

WDNH� WKH�))7�RI� WKH� VDPSOHG�DQG�ZLQGRZHG� LQGXFWLRQ�PRWRU� VWDWRU�SKDVH� FXUUHQW��ZKLFK�KDV� D

IXQGDPHQWDO�IUHTXHQF\�)���7KLV�SURFHGXUH�LV�VKRZQ�VFKHPDWLFDOO\�LQ�)LJ������
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L�W�

6HQVRU

)V� ���N+]

:LQGRZ

	�6FDOH

))7
,N

.F

)LJ��������&XUUHQW�VDPSOLQJ�DQG�GHWHUPLQDWLRQ�RI�KDUPRQLFV�

7KH�ZLQGRZ�XVHG�LV�WKH�+DPPLQJ�ZLQGRZ�EHFDXVH�RI�LWV�UHODWLYHO\�QDUURZ�PDLQOREH�ZLGWK�DQG

JRRG� VLGHOREH� DWWHQXDWLRQ� >��@�� � 7KH� IROORZLQJ� GHILQLWLRQV� DUH� XVHG� IRU� WKH� KDUPRQLF� DQDO\VLV

FDUULHG�RXW�

x� 1����1XPEHU�RI�VDPSOHV�RI�WKH�WLPH�ZDYHIRUP

x� /�����))7�OHQJWK�DIWHU�]HUR�SDGGLQJ�RI�WKH�WLPH�ZDYHIRUP

x� )V����6DPSOLQJ�IUHTXHQF\

x� 7V����6DPSOLQJ�SHULRG� ���)V

x� )�����7LPH�ZDYHIRUP�IXQGDPHQWDO�IUHTXHQF\

x� 7�����7LPH�ZDYHIRUP�IXQGDPHQWDO�SHULRG� ���)

x� Q������7LPH�VDPSOH

x� P�����6SHFWUDO�VDPSOH�QXPEHU

x� N������+DUPRQLF�IUHTXHQF\�VDPSOH�QXPEHU

(QRXJK� VDPSOHV� RI� WKH� FXUUHQW� ZDYHIRUP�PXVW� EH� WDNHQ� LQ� RUGHU� WR� JHW� JRRG� IUHTXHQF\� DQG

DPSOLWXGH� UHVROXWLRQ� LQ� WKH� UHVXOWLQJ� VSHFWUXP�DQG�KHQFH� DFFXUDWH�PHDVXUHPHQW� RI� WKH� FXUUHQW

KDUPRQLFV���:LWK�D�JLYHQ�VDPSOLQJ�IUHTXHQF\��)V��DQG�IXQGDPHQWDO�FXUUHQW�ZDYHIRUP�IUHTXHQF\�

)��WKH�QXPEHU�RI�WLPH�VDPSOHV��1��VKRXOG�EH�JUHDWHU�WKDQ�RU�HTXDO�WR�WKH�YDOXH�JLYHQ�E\�������WR

KDYH�D�JRRG�VHSDUDWLRQ�RI�WKH�PHDVXUHG�KDUPRQLFV�

V))

�
! 1

�

�����
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$GGLWLRQDOO\��WKH�VDPSOLQJ�IUHTXHQF\��)V��PXVW�EH�ODUJH�HQRXJK�WR�VDWLVI\�WKH�1\TXLVW�&ULWHULRQ�

ZKLFK�VWDWHV� WKDW� WKH�PLQLPXP�VDPSOLQJ�IUHTXHQF\�PXVW�EH� WZR�WLPHV�JUHDWHU� WKDQ� WKH�KLJKHVW

IUHTXHQF\�FRPSRQHQW�FRQWDLQHG�LQ�WKH�WLPH�GRPDLQ�ZDYHIRUP�

2QFH�WKH�FRUUHFW�VDPSOHV�RI�WKH�FXUUHQW�WLPH�ZDYHIRUP�KDYH�EHHQ�REWDLQHG��WKH\�DUH�ILUVW

ZLQGRZHG�E\�D�OHQJWK�1�KDPPLQJ�ZLQGRZ�DQG�WKHQ�]HUR�SDGGHG�WR�D�OHQJWK�/���/�LV�FKRVHQ�DV

VRPH�ODUJH�SRZHU�RI�WZR�VXFK�DV�����RU��������=HUR�SDGGLQJ�PHDQV�PRUH�VSHFWUDO�VDPSOHV�ZLOO�EH

REWDLQHG�� ZKLFK� ZLOO� UHVXOW� LQ� PRUH� DFFXUDF\� LQ� ORFDWLQJ� WKH� KDUPRQLF� SHDN� DPSOLWXGHV� DQG

IUHTXHQFLHV�>��@���$�SRZHU�RI�WZR�LV�XVHG�EHFDXVH�WKH�))7�LV�RSWLPL]HG�IRU�SURFHVVLQJ�LQSXW�GDWD

OHQJWKV�WKDW�DUH�D�SRZHU�RI�WZR���7KH�VDPSOHG��ZLQGRZHG��DQG�]HUR�SDGGHG�FXUUHQW�VDPSOHV�DUH

QH[W� SURFHVVHG� DV� VKRZQ� LQ� ������ WR� GHWHUPLQH� WKH� IUHTXHQF\� VDPSOHV� RI� WKH� LQGXFWLRQ�PRWRU

SKDVH� FXUUHQW� VSHFWUXP�� � 7KH� H[SUHVVLRQ� LQ� ������ LV� WKH�')7� RI� WKH� SKDVH� FXUUHQW� DQG� FDQ� EH

HDVLO\�HYDOXDWHG�XVLQJ�WKH�))7�DOJRULWKP�LQ�D�VRIWZDUH�SDFNDJH�VXFK�DV�0$7/$%�
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7KH�IUHTXHQF\�YDOXHV�LQ�+]�WKDW�FRUUHVSRQG�WR�WKH�VWDWRU�SKDVH�FXUUHQW�VSHFWUDO�VDPSOHV��JLYHQ�E\
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:KHQ�DOO�RI�WKH�,P�KDYH�EHHQ�FRPSXWHG��WKH�QH[W�VWHS�LV�WR�VHDUFK�IRU�WKH�SHDN�YDOXHV�RI�FXUUHQW

VSHFWUXP� VDPSOHV� YV�� WKH� IUHTXHQF\� VDPSOHV�� ,P� YV�� IP�� WR� GHWHUPLQH� WKH� FXUUHQW� KDUPRQLFV�

)LQGLQJ�WKH�SHDNV�LQ�WKH�VSHFWUDO�VDPSOHV�FDQ�EH�SHUIRUPHG�LQ�D�ORRSLQJ�DOJRULWKP��ZKRVH�IORZ

FKDUW�LV�JLYHQ�LQ�)LJ������
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)LJ��������)ORZFKDUW�IRU�H[WUDFWLRQ�RI�FXUUHQW�KDUPRQLFV�IURP�WKH�FXUUHQW�VSHFWUXP�VDPSOHV�

,Q�)LJ�� �����PPD[� UHSUHVHQWV� WKH�PD[LPXP� IUHTXHQF\�ZKHUH�KDUPRQLFV� DUH� VHDUFKHG� IRU� DQG� LV

JLYHQ�DV�������
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,Q��������)PD[�KDV�EHHQ�FKRVHQ�DV����N+]�

7KH�VDPSOH�YDOXHV� ,N�DUH�KDOI�RI� WKH�KDUPRQLF�VLQH�ZDYH�SHDN�DPSOLWXGH�EHFDXVH� WKH�))7

JLYHV�WKH�WZR�VLGHG�VSHFWUXP�EHWZHHQ�]HUR�+]�DQG�)V���,I�D�SHDN�YDOXH�RI�FXUUHQW�LV�IRXQG�WKDW�LV

EHORZ�DQ�DSSURSULDWH�QRLVH�OHYHO��LW�LV�QRW�FRXQWHG�DV�D�FXUUHQW�KDUPRQLF���)RU�WKLV�WKHVLV������$

ZDV�FKRVHQ�DV�WKH�QRLVH�IORRU��WKHUHIRUH��DOO�YDOLG�KDUPRQLFV�KDYH�WR�EH�JUHDWHU�WKDQ�����$�WR�EH

FRXQWHG�

7KH�DFFXUDF\�RI�WKH�FXUUHQW�KDUPRQLFV��,N��WKDW�DUH�FRPSXWHG�FDQ�EH�FKHFNHG�E\�FRPSDULQJ

WKH� HVWLPDWHG� SRZHU�� GHWHUPLQHG� IURP� WKH� FXUUHQW� KDUPRQLFV� IRXQG�� DQG� WKH�PHDVXUHG� SRZHU�

GHWHUPLQHG� IURP� WKH� SKDVH� FXUUHQW� VDPSOHV� PHDVXUHG�� � 7KH� HVWLPDWHG� SRZHU� DFURVV� D� �:

UHIHUHQFH�LV�IRXQG�E\�XVLQJ�WKH�FRPSXWHG�,N���DV�VKRZQ�LQ����������7KH�PHDVXUHG�SRZHU�DFURVV�D

�:�UHVLVWRU��FRPSXWHG�E\�XVLQJ�WKH�RULJLQDO�FXUUHQW�VDPSOHV��LV�IRXQG�DV�VKRZQ�LQ��������
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,Q� HYHU\� FDVH� WHVWHG�� 3HVW� ZDV� DOZD\V� YHU\� VOLJKWO\� OHVV� WKDQ� 3PHDV� DQG� LV� ZKDW� ZDV� H[SHFWHG

EHFDXVH�RQO\�KDUPRQLFV�XS�WR���N+]�ZHUH�FRXQWHG�LQ����������)RU�DQ\�H[SHULPHQW���������PXVW�EH

ZLWKLQ�D�FHUWDLQ�WROHUDQFH�RI��������RU�WKH�KDUPRQLF�VDPSOHV�DUH�GHWHUPLQHG�WR�EH�LQYDOLG�� �7KH

H[SUHVVLRQ� LQ� �������PXVW� EH� VDWLVILHG� IRU� DQ� DSSURSULDWHO\� VPDOO� WROHUDQFH� VR� WKDW� WKH� FXUUHQW



��

KDUPRQLFV� FRPSXWHG� DUH� NQRZQ� WR� EH� YDOLG�� � ,Q� WKLV� ZRUN�� HWRO� ZDV� FKRVHQ� WR� EH� YHU\� VPDOO�

EHFDXVH�WKH�FXUUHQW�KDUPRQLFV�ZHUH�IRXQG�DFFXUDWHO\�GXH�WR�WKH�SURSHU�VHOHFWLRQ�RI�WKH�VDPSOLQJ

IUHTXHQF\��)V��QXPEHU�RI�FXUUHQW�ZDYHIRUP�VDPSOHV��1��DQG�DPRXQW�RI�]HUR�SDGGLQJ�
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$SSHQGL[�/�OLVWV�WKH�FRPSOHWH�VWDWRU�SKDVH�FXUUHQW�KDUPRQLF�GHWHUPLQDWLRQ�URXWLQH�DV�D�0DWODE

P�ILOH�

2QFH�DOO�RI�WKH�,N�KDYH�EHHQ�FRPSXWHG��WKH�FXUUHQW�ZDYHIRUP�7+'�FDQ�EH�HVWLPDWHG�IURP

(TXDWLRQ��������
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���������&RPSDULVRQ�RI�,0�/RVVHV�8VLQJ�D�6HPL�(PSLULFDO�/RVV�0RGHO

8VLQJ� WKH� KDUPRQLF� DQDO\VLV� VRIWZDUH� GHVFULEHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� WKLV� VHFWLRQ

FRPSDUHV� WKH� LQGXFWLRQ�PRWRU� SRZHU� ORVVHV� IRU� K\VWHUHVLV� DQG�690�RQ� WKH� JULG� RI� WHVW� SRLQWV

VKRZQ�E\�D�WULDQJOH�LQ�)LJ������E����&RPSDULVRQV�EHWZHHQ�WKH�WRWDO�LQGXFWLRQ�PRWRU�ORVVHV�DQG�WKH

VHSDUDWH� PRWRU� FRSSHU� DQG� LURQ� KDUPRQLF� ORVVHV� DUH� PDGH� XVLQJ� D� VHPL�HPSLULFDO� PRWRU� ORVV

PRGHO� EDVHG� RQ� WKH� NQRZOHGJH� RI� WKH� SKDVH� FXUUHQW� KDUPRQLFV�� DV� REWDLQHG� E\� WKH� SURFHGXUH

H[SODLQHG�LQ�VHFWLRQ�����������7KH�SRZHU�ORVVHV�LQ�DQ�LQGXFWLRQ�PRWRU�EHWZHHQ�WKH�OLQH�LQSXW� WR

WKH�VKDIW�RXWSXW�FRQVLVW�RI�WKUHH�PDLQ�FRPSRQHQWV�DV�VKRZQ�LQ��������

3PRW�ORVV� �>3PHFK���3)H@���>3&X@� �>3�ZU��7H����3LURQ@���>3URW���3VWDW@
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7KH�PHFKDQLFDO�ORVVHV��3PHFK��DUH�GXH�WR�WKH�LQGXFWLRQ�PRWRU�IULFWLRQ��ZLQGDJH��DQG�SODQHWDU\

JHDU�ORVVHV���7KH�PHFKDQLFDO�ORVVHV�DUH�DVVXPHG�WR�GHSHQG�LQ�D�QRQ�OLQHDU�ZD\�RQ�WKH�URWRU�VSHHG

DQG� WRUTXH��ZKHUH� WKH� IXQFWLRQDO� IRUP� IRU� WKH�PHFKDQLFDO� ORVVHV�� 3�ZU�� 7H��� LV� XQNQRZQ�� � 7KH

FRSSHU�ORVVHV��3&X��DUH�GXH�WR�WKH�,
�5�SRZHU�ORVVHV�LQ�WKH�VWDWRU�DQG�URWRU�UHVLVWDQFHV��3VWDW�DQG�3URW�

UHVSHFWLYHO\��DQG�WKHVH�ORVVHV�DUH�LQFUHDVHG�ZKHQ�D�QRQVLQXVRLGDO�YROWDJH�VXSSO\�LV�XVHG�EHFDXVH

RI�WKH�KLJK�IUHTXHQF\�KDUPRQLFV�WKDW�DUH�SUHVHQW���7KH�LURQ�ORVVHV��3LURQ��DUH�GXH�WR�WKH�K\VWHUHVLV

DQG�HGG\�FXUUHQW�ORVVHV�LQ�WKH�PDFKLQH�LURQ�DV�ZHOO�DV�WKH�VWUD\�ORDG�ORVVHV��VXFK�DV�HQG�OHDNDJH

DQG�VNHZ�OHDNDJH�IOX[HV���,W�KDV�EHHQ�VXJJHVWHG�LQ�WKH�OLWHUDWXUH�WKDW�3:0�W\SH�ZDYHIRUPV�FDQ

OHDG�PRVW�VLJQLILFDQWO\�WR�LQFUHDVHV�LQ�WKH�LURQ�ORVVHV�>��@��>��@��>��@�

$SSURSULDWH� H[SUHVVLRQV� IRU� WKH� LQFUHDVHG� FRSSHU� DQG� LURQ� ORVVHV� GXH� WR� QRQVLQXVRLGDO

YROWDJH� VXSSOLHV� DUH� IUHTXHQF\� GHSHQGHQW�� � 7KLV� LV� EHFDXVH� WKH� LQGXFWLRQ� PRWRU� SDUDPHWHUV

FKDQJH�ZLWK� WKH� GLIIHUHQW� DSSOLHG� KDUPRQLF� VWDWRU� IUHTXHQFLHV� >��@�� >��@�� � 7KH� VHPL�HPSLULFDO

LQGXFWLRQ�PRWRU� ORVV�PRGHO�GHYHORSHG� LQ�>��@�LV�XVHG� WR�GHWHUPLQH�DSSURSULDWH�H[SUHVVLRQV� IRU

WKH�VHSDUDWH�LQGXFWLRQ�PRWRU�ORVVHV�EDVHG�RQ�NQRZOHGJH�RI�WKH�VWDWRU�SKDVH�FXUUHQW�KDUPRQLFV�

)LUVW��WKH�YDOXHV�IRU�3URW�DQG�3VWDW�FDQ�EH�FDOFXODWHG�E\�(TXDWLRQV���������������
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,Q��������DQG���������WKH�&X�ORVV�GXH�WR�WKH�IXQGDPHQWDO�FXUUHQW�FRPSRQHQW�LV�VKRZQ�DV

WKH�ILUVW�ORVV�FRPSRQHQW��DQG�WKH�VHFRQG�FRPSRQHQW��ZKHUH�D�VXPPDWLRQ�LV�XVHG��GHWHUPLQHV�WKH

&X�ORVVHV�GXH�WR�WKH�KDUPRQLF�VWDWRU�SKDVH�FXUUHQWV���7KH�WHUP�,V�LV�WKH�506�YDOXH�RI�WKH

IXQGDPHQWDO�VWDWRU�SKDVH�FXUUHQW��ZKLFK�FDQ�EH�GLUHFWO\�PHDVXUHG��DQG�WKH�WHUP�,U�LV�WKH�506

YDOXH�RI�WKH�IXQGDPHQWDO�URWRU�FXUUHQW��ZKLFK�FDQ�EH�DSSUR[LPDWHG�E\�(TXDWLRQ��������EHFDXVH

QHDU�SHUIHFW�FXUUHQW�UHJXODWLRQ�LV�DVVXPHG�
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7KH�WHUPV�5U$&�DQG�5V$&�LQ�(TXDWLRQV��������DQG��������UHSUHVHQW�WKH�UHVLVWDQFH�WKDW�LV

VHHQ�E\�WKH�KLJK�IUHTXHQF\�KDUPRQLF�FRPSRQHQWV�RI�WKH�VWDWRU�SKDVH�FXUUHQW��WKH�,VN���7KHVH

UHVLVWDQFHV�DUH�ODUJHU�WKDQ�WKH�'&�UHVLVWDQFHV�GXH�WR�KLJK�IUHTXHQF\�VNLQ�DQG�SUR[LPLW\�HIIHFWV

DQG�FDQ�EH�HVWLPDWHG�E\��������DQG��������

5U$&� �5U�>����.��I�@
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5V$&� �5V�>����.��I�@
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,Q�WKH�DERYH�HTXDWLRQV��WKH�.�WHUPV�DUH�IUHTXHQF\�GHSHQGHQW�DQG�UHSUHVHQW�KRZ�WKH�UHVLVWDQFHV

YDU\�ZLWK�IUHTXHQF\��DQG�WKHVH�WHUPV�GHSHQG�RQ�WKH�LQGXFWLRQ�PDFKLQH�VL]H�DQG�JHRPHWU\�

$SSUR[LPDWLRQV�IRU�.��I��DQG�.��I��IRU�WKH�*(�LQGXFWLRQ�PRWRU�DUH�VKRZQ�EHORZ�>��@�
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1H[W��WKH�LURQ�ORVV��3LURQ��LQ�(TXDWLRQ��������FDQ�EH�DSSUR[LPDWHG�E\�WKH�IROORZLQJ

(TXDWLRQ�
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7KH�WHUP�.��I��LQ�(TXDWLRQ��������UHSUHVHQWV�WKH�VFDOLQJ�IDFWRU�WKDW�LV�PXOWLSOLHG�E\�WKH�VTXDUHG

KDUPRQLF�FXUUHQWV�LQ�RUGHU�WR�ILQG�WKH�KDUPRQLF�LURQ�ORVVHV���.��I��PXVW�DFFRXQW�IRU�WKH�LQIOXHQFH

RI�WKH�FRUH�ORVVHV�DQG�WKHLU�YDULDWLRQ�ZLWK�DSSOLHG�IUHTXHQF\�DQG�YROWDJH��WKH�VNHZ�OHDNDJH

ORVVHV��WKH�VWDWRU�DQG�URWRU�HQG�OHDNDJH�ORVVHV��DQG�WKH�YDULDWLRQ�RI�WKH�OHDNDJH�LQGXFWDQFH�ZLWK

IUHTXHQF\�

.��I��|�N)H�I
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,Q���������N)H�LV�DQ�XQNQRZQ�VFDOLQJ�FRQVWDQW�

1RZ�WKDW�H[SUHVVLRQV�IRU�WKH�YDULRXV�KDUPRQLF�ORVVHV�KDYH�EHHQ�GHWHUPLQHG��WKH�GLIIHUHQW

ORVVHV�EHWZHHQ�K\VWHUHVLV�DQG�690�DUH�FRPSDUHG���7KH�SHUFHQWDJH�GHFUHDVH�LQ�KDUPRQLF�ORVVHV

ZKHQ�XVLQJ�690�DV�RSSRVHG�WR�K\VWHUHVLV�FRQWURO�DUH�DQDO\]HG���7DEOH�����VXPPDUL]HV�WKH

SHUFHQWDJH�RI�WKH�WRWDO�LQGXFWLRQ�PRWRU�SRZHU�ORVV�PHDVXUHG�IRU�690�DV�FRPSDUHG�WR�K\VWHUHVLV

FRQWURO�RQ�WKH�JULG�RI�WHVW�SRLQWV�LQ�)LJ������E��

7DEOH�������&RPSDULVRQ�RI�7RWDO�,QGXFWLRQ�0RWRU�/RVV� �3PRW�ORVV
USP 7H�1�P 3PRW�ORVV�+\VW 3PRW�ORVV�690 3PRW�ORVV690

3PRW�ORVV+\VW

���� �� �����: ����� �����

���� �� �����: ����: �����

���� �� �����: ����: �����

���� �� �����: �����: �����

7KH� UDWLR�RI�KDUPRQLF� ORVVHV� �ORVVHV� WKDW� DUH� LQ� DGGLWLRQ� WR� WKH� IXQGDPHQWDO� DSSOLHG�ZDYHIRUP

ORVVHV��ZLWK�690�FRQWURO�DV�FRPSDUHG�WR�K\VWHUHVLV�FRQWURO�DUH�VKRZQ�DV�D�SHUFHQWDJH�LQ�7DEOH
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7DEOH�������&RPSDULVRQ�RI�6HSDUDWH�,QGXFWLRQ�0RWRU�+DUPRQLF�/RVVHV
USP 7H�1�P �3URW�IN�690

3URW�IN�+\VW

3VWDW�IN�690
3VWDW�IN�+\VW

3LURQ�IN�690
3LURQ�IN�+\VW

���� �� ����� ����� �����

���� �� ����� ����� �����

���� �� ����� ����� �����
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7DEOH�����VKRZV�WKDW�ZLWK�690���DOO�RI� WKH�FDOFXODWHG�KDUPRQLF� ORVVHV�DUH�VLJQLILFDQWO\

ORZHUHG���7DEOH�����FRPSDUHV�WKH�WRWDO�FDOFXODWHG�&X�ORVVHV��ZKLFK�DUH�HTXDO�WR�3URW�DQG�3VWDW��DV

GHWHUPLQHG�IURP�(TXDWLRQV��������DQG���������UHVSHFWLYHO\�

7DEOH�������&RPSDULVRQ�RI�7RWDO�&DOFXODWHG�&X�/RVVHV��3&X� �3URW���3VWDW
USP 7H�1�P 3&X�+\VW 3&X�690

���� �� ����: ����:

���� �� ����: ����:

���� �� �����: ����:

���� �� �����: ����:

7KH� WRWDO� FDOFXODWHG� &X� ORVVHV� IRU� 690� DUH� DW� OHDVW� KDOI� DV� ODUJH� DV� WKH� &X� ORVVHV� IRU� 690�

$GGLWLRQDOO\�� WKH� LURQ� SOXV� PHFKDQLFDO� ORVVHV� FDQ� QRZ� EH� GHWHUPLQHG� DV� WKH� WRWDO� PHDVXUHG

LQGXFWLRQ� PRWRU� ORVVHV�� 3PRW� ORVV�� PLQXV� WKH� FDOFXODWHG� &X� ORVVHV�� 3&X�� � 7KH� UHVXOWV� RI� WKLV

FRPSXWDWLRQ�DUH�VKRZQ�LQ�7DEOH������ZKHUH�ODUJH�GHFUHDVHV�LQ�WKH�PHFKDQLFDO�SOXV�LURQ�ORVVHV�DUH

SUHGLFWHG�

7DEOH������&RPS��RI�&DOFXODWHG�0HFKDQLFDO�SOXV�,URQ�/RVVHV��3�ZU��7H����3LURQ� �3PRW�ORVV���3&X
USP 7H�1�P 3&X�+\VW 3&X�690

���� �� ����: �����

���� �� �����: ����:

���� �� �����: ����:

���� �� �����: ����:
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7KH�UHVXOWV�IRXQG�LQ�WKLV�VHFWLRQ�DUH�QRW�XQH[SHFWHG�EHFDXVH�WKH�VSHFWUXPV�RI�WKH�FXUUHQW�

VKRZQ�LQ�VHFWLRQ������UHYHDOHG�WKDW�ZLWK�690�FRQWURO�WKHUH�LV�D�ODUJH�UHGXFWLRQ�LQ�WKH�KDUPRQLF

FRQWHQW�RI� WKH�SKDVH�FXUUHQW�RI� WKH� LQGXFWLRQ�PRWRU�� �7KH� UHGXFWLRQ� LQ�FXUUHQW�KDUPRQLFV�KHOSV

H[SODLQ�WKH�UHGXFHG�LQGXFWLRQ�PRWRU�ORVVHV�PHDVXUHG�LQ�WKLV�VHFWLRQ�

������)8'6�DQG�+:)(7�3URILOHV�3HUIRUPDQFH�&RPSDULVRQ

7KH� ILUVW� SDUW� RI� &KDSWHU� �� KDV� VKRZQ�PHDVXUHPHQW� DQG� WHVW� UHVXOWV� WR� H[SODLQ� WKH� ODUJH

V\VWHP�HIILFLHQF\�LQFUHDVHV�ZLWK�690�FRQWURO�DV�RSSRVHG�WR�K\VWHUHVLV�FXUUHQW�FRQWURO�� � ,Q�WKLV

VHFWLRQ��WKH�DYHUDJH�GULYLQJ�HIILFLHQFLHV�RQ�WKH�)8'6�DQG�+:)(7�SURILOHV��FDOOHG�WKH�WUDQVLHQW

HIILFLHQFLHV��RXWSXW�HQHUJLHV�GLYLGHG�E\�LQSXW�HQHUJLHV���DUH�GHWHUPLQHG���7KH�FRPSDULVRQ�RI�WKH

WUDQVLHQW� HIILFLHQFLHV� JLYHV� DQ� HVWLPDWH� RI� WKH� LPSURYHG�YHKLFOH� UDQJH� GXH� WR� WKH� FKDQJH� IURP

K\VWHUHVLV� FRQWURO� WR� 690� FRQWURO�� � $� ODUJHU� LQFUHDVH� LQ� WUDQVLHQW� HIILFLHQF\� REWDLQHG� RQ� WKH

)8'6� SURILOH� DV� RSSRVHG� WR� WKH� +:)(7� SURILOH� ZLOO� EH� VKRZQ�� � 7KH� ODUJH� )8'6� WUDQVLHQW

HIILFLHQF\�LQFUHDVH�LV�H[SODLQHG�E\�VKRZLQJ�WKH�VHSDUDWH�RSHUDWLQJ�SRLQW�GHQVLWLHV�IRU�WKH�)8'6

DQG�+:)(7�SURILOHV�DQG�FRUUHODWLQJ�WKHP�ZLWK�WKH�DUHDV�RI�ODUJHVW�HIILFLHQF\�JDLQV�ZKHQ�690

FRQWURO�LV�XVHG�

7KH�UHTXLUHG�URWRU�VSHHG�DQG�WRUTXH�IRU�WKH�)8'6�DQG�+:)(7�SURILOHV�IRU�D�PLG�VL]H�WUXFN

DUH�FRPSXWHG�IURP�WKH�VLPXODWLRQ�GLDJUDP�LQ�$SSHQGL[�%��DV�GHVFULEHG�LQ�&KDSWHU����DQG�SORWWHG

LQ�)LJ��������
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)LJ��������5HTXLUHG�URWRU�WRUTXH�DQG�VSHHG�IRU�WKH�+:)(7�SURILOH�

$V�VKRZQ�LQ�)LJ�������WKH�)8'6�SURILOH�FRQVLVWV�PRVWO\�RI�ORZ�VSHHG�KLJK�WRUTXH�DFFHOHUDWLRQV�

$V�VKRZQ�LQ�)LJ�������WKH�+:)(7�SURILOH�FRQVLVWV�PRVWO\�RI�KLJK�VSHHG�ORZ�WRUTXH�DFFHOHUDWLRQV

DQG�FRQVWDQW�VSHHG�FUXLVLQJ�WRUTXHV���$OVR��QRWH�WKDW�RQO\�SRVLWLYH�WRUTXHV�KDYH�EHHQ�FRQVLGHUHG�

,I�UHJHQHUDWLRQ�ZDV�WXUQHG�RQ��LW�FRXOG�EH�PRGHOHG�DV�D�FRQVWDQW�YDOXH�RI�QHJDWLYHO\�DSSOLHG

WRUTXH�ZKHQ�WKH�YHKLFOH�GHFHOHUDWHV��KRZHYHU��HQHUJ\�UHFRYHUHG�WKURXJK�UHJHQHUDWLRQ�ZDV

FRQVLGHUHG�WR�EH�D�VPDOO�IUDFWLRQ�RI�WKH�HQHUJ\�FRQVXPHG�DQG�VR�ZDV�LJQRUHG�
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7R�FRPSDUH�WKH�GULYH�V\VWHP�ZLWK�690�DQG�K\VWHUHVLV�RQ�WKH�)8'6�DQG�+:)(7�SURILOHV�

WKH�HQHUJ\�QHHGV�WR�EH�PHDVXUHG�DW�HDFK�SRLQW�LQ�WKH�V\VWHP��EHFDXVH�WKH�WUDQVLHQW�HIILFLHQF\�LV

JRLQJ�WR�EH�GHILQHG�DV�RXWSXW�HQHUJ\�GLYLGHG�E\�LQSXW�HQHUJ\�

���Õ
(

(
 §

LQ

RXW
WUDQ

������

7R� PDNH� WUDQVLHQW� HIILFLHQF\� PHDVXUHPHQWV�� WKH� HQHUJ\� XVHG� DW� HDFK� SRLQW� RI� WKH� GULYH

V\VWHP�QHHGV�WR�EH�HLWKHU�GLUHFWO\�PHDVXUHG�RU�HVWLPDWHG���7KH�GULYH�V\VWHP�FDQ�EH�UHSUHVHQWHG

DV�VKRZQ�EHORZ�LQ�)LJ���������7KH�LQYHUWHU�LQSXW�HQHUJ\��(LQY�LQ��DQG�RXWSXW�HQHUJ\��(LQY�RXW��FDQ�EH

GLUHFWO\� PHDVXUHG� E\� WKH� SRZHU� DQDO\]HU� �9ROWHFK� 30����$�� GXULQJ� D� GULYH� F\FOH� WHVW� WR

GHWHUPLQH�WKH�LQYHUWHU�WUDQVLHQW�HIILFLHQF\�>��@�

���Õ
(

(
 LQYHUWHU§

LQLQY

RXWLQY

WUDQ

������

%DWWHU\ ,QYHUWHU 3ODQHWDU\

*HDU
9HKLFOH,0

(LQY�LQ

�PHDVXUHG�
(LQY�RXW

�PHDVXUHG�
(PRW�RXW

�FDOFXODWHG�

(VKDIW

�PHDVXUHG�

)LJ���������'LDJUDP�VKRZLQJ�ZKDW�HQHUJLHV�DUH�XVHG�WR�FRPSXWH�WKH�WUDQVLHQW�HIILFLHQFLHV�

7KH�LQGXFWLRQ�PRWRU�LQSXW�HQHUJ\�LV�FOHDUO\�WKH�VDPH�DV�WKH�LQYHUWHU�RXWSXW�HQHUJ\�PHDVXUHG��(LQY

RXW��KRZHYHU��WKH�LQGXFWLRQ�PRWRU�RXWSXW�HQHUJ\�LV�QRW�DV�HDVLO\�IRXQG���7ZR�ZD\V�FDQ�EH�XVHG�WR

GHWHUPLQH�WKH�LQGXFWLRQ�PRWRU�RXWSXW�HQHUJ\� LQ�RUGHU� WR�HVWLPDWH� WKH� LQGXFWLRQ�PRWRU� WUDQVLHQW

HIILFLHQF\���)LUVW��WKH�PRWRU�RXWSXW�HQHUJ\�FDQ�EH�FRQVLGHUHG�WR�EH�WKH�YDOXH�WKDW�LV�GHWHUPLQHG�E\

LQWHJUDWLQJ�WKH�PHDVXUHG�VKDIW�WRUTXH�WLPHV�WKH�PHDVXUHG�VKDIW�VSHHG�RYHU�D�GULYH�SURILOH�
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(VKDIW� �³�WVKDIW�PHDV�W�±ZVKDIW�PHDV�W�±GW

������

7KH�PHDVXUHPHQW�HUURUV�LQ�WVKDIW�DQG�ZVKDIW�ZHUH�IRXQG�WR�EH�ODUJH��VR�D�VHFRQG�ZD\�ZDV�FUHDWHG�WR

HVWLPDWH� WKH� LQGXFWLRQ�PRWRU� RXWSXW� HQHUJ\�� � 7KH� VHFRQG�ZD\� RI� ILQGLQJ� WKH� LQGXFWLRQ�PRWRU

RXWSXW�HQHUJ\�XVHV�WKH�VLPXODWLRQ�GLDJUDP�VKRZQ�LQ�$SSHQGL[�%�WR�GHWHUPLQH�WKH�YDULDEOH�WKDW�LV

WHUPHG�(PRW�RXW��ZKLFK�LV�WKH�LQGXFWLRQ�PRWRU�RXWSXW�HQHUJ\�WKDW�UHVXOWV�LI�WKHUH�ZHUH�QRW�DQ\�JHDU

ORVVHV���,Q�GHWHUPLQLQJ�(PRW�RXW��LW�LV�DVVXPHG�WKDW�WKH�LQGXFWLRQ�PRWRU�URWRU�WRUTXH�DQG�VSHHG�DUH

PDLQWDLQHG� DW� WKH� FRPPDQGHG� YDOXHV� ZLWK� YHU\� OLWWOH� GHYLDWLRQ� IRU� WKH� GLIIHUHQW� PRGXODWLRQ

PHWKRGV�WHVWHG��ZKLFK�PDNHV�WKH�WHVW�YHU\�UHSHDWDEOH�

8VLQJ�WKH�VHFRQG�PHWKRG�IRU�GHWHUPLQLQJ�WKH�LQGXFWLRQ�PRWRU�RXWSXW�HQHUJ\��WKH�LQGXFWLRQ

PRWRU�WUDQVLHQW�HIILFLHQF\�KDV�EHHQ�GHILQHG�DV�IROORZV�

���Õ
(

(
 PRWRU§

RXWLQY

RXWPRW
WUDQ

������

(PRW� RXW� IRU� WKH� )8'6� DQG� +:)(7� SURILOHV� IRU� D� PLG�VL]H� WUXFN�� DV� GHWHUPLQHG� IURP� WKH

VLPXODWLRQ�GLDJUDP�VKRZQ�LQ�$SSHQGL[�%��DUH�OLVWHG�EHORZ�

(PRW�RXW�IRU�PRWRU�VKDIW�RQ�)8'6�� �������N:�KU
(PRW�RXW�IRU�PRWRU�VKDIW�RQ�+:)(7� �������N:�KU

1RZ�WKDW�WKH�WHFKQLTXHV�IRU�PHDVXULQJ�WKH�WUDQVLHQW�HIILFLHQF\�KDYH�EHHQ�H[SODLQHG��WKH

UHVXOWV�REWDLQHG�ZLOO�EH�VKRZQ�QH[W�

7KH� )8'6� DQG� +:)(7� GULYLQJ� SURILOHV� ZHUH� VLPXODWHG� RQ� DQ� HOHFWULF� PRWRU

G\QDPRPHWHU�� DV� GHVFULEHG� LQ� &KDSWHU� ��� WR� GHWHUPLQH� WKH� HQHUJLHV� UHTXLUHG� WR� FRPSXWH� WKH

WUDQVLHQW�HIILFLHQFLHV�RYHU�D�JLYHQ�SURILOH�>��@��>��@���2QFH�WKH�UHTXLUHG�HQHUJLHV�ZHUH�PHDVXUHG

IURP�D�VLPXODWHG�GULYH�SURILOH�RQ�WKH�G\QDPRPHWHU�� WKH�WUDQVLHQW�HIILFLHQF\�RI� WKH�LQYHUWHU�DQG

LQGXFWLRQ�PRWRU�RYHU�WKH�SDUWLFXODU�SURILOH�ZHUH�FRPSXWHG�E\�XVLQJ�(TXDWLRQV��������DQG��������



��

UHVSHFWLYHO\�� � 7KH� DYHUDJHG� UHVXOWV� REWDLQHG� IRU� WKH� WUDQVLHQW� HIILFLHQFLHV� ZKHQ� XVLQJ� RSWLPDO

690�FRQWURO�ZLWK�D�VZLWFKLQJ�IUHTXHQF\�RI����N+]�DUH�VXPPDUL]HG�LQ�7DEOHV�����DQG�����IRU�WKH

)8'6�DQG�+:)(7�SURILOHV��UHVSHFWLYHO\�

7DEOH������)8'6��690�&RQWURO

N:�KU�LQYHUWHU�LQ ������N:�KU

N:�KU�LQYHUWHU�RXW ������N:�KU

KWUDQ�LQYHUWHU ������

KWUDQ�PRWRU �����

7DEOH������+:)(7��690�&RQWURO

N:�KU�LQYHUWHU�LQ ������N:�KU

N:�KU�LQYHUWHU�RXW ������N:�KU

KWUDQ�LQYHUWHU �����

KWUDQ�PRWRU �����

7KH�DYHUDJH� UHVXOWV� IRU� WUDQVLHQW�HIILFLHQF\�ZKHQ�XVLQJ�K\VWHUHVLV� FRQWURO� DUH� VKRZQ� LQ�7DEOHV

����DQG�����IRU�WKH�)8'6�DQG�+:)(7�SURILOHV��UHVSHFWLYHO\�

7DEOH������)8'6��+\VWHUHVLV�&RQWURO

N:�KU�LQYHUWHU�LQ ������N:�KU

N:�KU�LQYHUWHU�RXW ������N:�KU

KWUDQ�LQYHUWHU �����

KWUDQ�PRWRU �����

7DEOH������+:)(7��+\VWHUHVLV�&RQWURO

N:�KU�LQYHUWHU�LQ ������N:�KU

N:�KU�LQYHUWHU�RXW ������N:�KU

KWUDQ�LQYHUWHU �����

KWUDQ�PRWRU �����
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7KH�WUDQVLHQW�HIILFLHQF\�UHVXOWV�VKRZ�WKDW�ZKHQ�690�FRQWURO�LV�XVHG��WKH�UHTXLUHG�HQHUJ\

LQSXW� RI� WKH� LQYHUWHU� LV� UHGXFHG� IRU� WKH� VDPH� JLYHQ� GULYLQJ� SURILOH�� � 5HGXFHG� HQHUJ\� LQSXW

LQGLFDWHV�LQFUHDVHG�GULYLQJ�UDQJH�IRU� WKH�VDPH�DYDLODEOH�HQHUJ\�IURP�WKH�YHKLFOH�EDWWHULHV�� �)RU

H[DPSOH�� IRU� YHKLFOH� RSHUDWLRQ� VLPLODU� WR� WKH� )8'6� SURILOH�� D� UDQJH� LQFUHDVH� RI� ������ LV

H[SHFWHG��DV�FRPSXWHG�YLD�(TXDWLRQ��������

���Õ
LQN:KU

LQN:KU�LQN:KU
 LQFUHDVHUDQJH�

+\VW

690+\VW

������

/LNHZLVH�� IRU� YHKLFOH� RSHUDWLRQ� VLPLODU� WR� WKH� +:)(7� SURILOH�� D� UDQJH� LQFUHDVH� RI� ����� LV

H[SHFWHG���7KHVH�UHVXOWV�DUH�VXPPDUL]HG�EHORZ�

5DQJH�,QFUHDVH�IRU�WKH�)8'6�����������
5DQJH�,QFUHDVH�IRU�WKH�+:)(7�������

7KH� ODUJHU� UDQJH� LQFUHDVH� IRU� WKH� )8'6� SURILOH� DV� RSSRVHG� WR� WKH� +:)(7� SURILOH� LV

H[SODLQHG�E\�WKH�ORFDWLRQ�RI�WKH�ODUJHVW�GHQVLWLHV�RI�WKH�WRUTXH�YHUVXV�VSHHG�RSHUDWLQJ�SRLQWV�IRU

WKH�WZR�GLIIHUHQW�SURILOHV���7KH�RSHUDWLQJ�SRLQW�GHQVLWLHV�IRU�WKH�)8'6�SURILOH�DUH�VKRZQ�LQ�)LJ�

�����WR�EH�FRQFHQWUDWHG�LQ�WKH�DUHDV�RI�WKH�JUHDWHVW�V\VWHP�HIILFLHQF\�LPSURYHPHQWV��DV�VKRZQ�LQ

)LJ�� ����F��� � 7KH� ODUJHVW� RSHUDWLQJ� SRLQW� GHQVLWLHV� IRU� WKH�+:)(7� SURILOH� DUH� FRQFHQWUDWHG� LQ

DUHDV�RI�OHVV�HIILFLHQF\�V\VWHP�HIILFLHQF\�JDLQV��DV�VKRZQ�LQ�)LJ�������DQG�)LJ������F��
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������,PSDFW�RI�6ZLWFKLQJ�)UHTXHQF\�ZLWK�2SWLPDO�690

$VVXPLQJ�WKDW�WKH�UHGXFHG�KDUPRQLF�FXUUHQWV�ZLWK�690�ORZHUV�WKH�,0�ORVVHV��ZKLFK�ZDV

GHPRQVWUDWHG�LQ�VHFWLRQV�����DQG������LW�LV�XVHIXO�WR�DQDO\]H�KRZ�PXFK�IXUWKHU�WKH�KDUPRQLFV�FDQ

EH�UHGXFHG�E\�LQFUHDVLQJ�WKH�LQYHUWHU�VZLWFKLQJ�IUHTXHQF\���7KLV�VHFWLRQV�VKRZV�VRPH�LQLWLDO

UHVXOWV�IRU�YDU\LQJ�WKH�VZLWFKLQJ�IUHTXHQF\�ZLWK�RSWLPDO�]HUR�YHFWRU�690��ZKHUH�WKH�VLPXODWLRQ

DUUDQJHPHQW�VKRZQ�LQ�)LJ������ZDV�XVHG�

)LUVW��WKH�SKDVH�FXUUHQWV�RI�WKH�,0�DUH�VLPXODWHG�DW�D�SDUWLFXODU�RSHUDWLQJ�SRLQW�LQ�WKH

WRUTXH�YHUVXV�VSHHG�SRLQW���7KH�URWRU�VSHHG�ZDV�FKRVHQ�WR�EH������USP��VR�ZU

�LV�VHW�WR�EH����

UDG�VHF��DV�VKRZQ�LQ�)LJ��������7KH�,0�VKDIW�WRUTXH�FRPPDQG��7/

��LV�VHW�WR�EH����1�P���&HQWHU

EDVHG�3:0�ZDV�FKRVHQ�DV�ZHOO�DV�D���PV�SXOVH�GHOHWLRQ�WLPH���7KH�UHVXOWV�RI�WKLV�WHVW�DUH�VKRZQ

EHORZ�

0 0.02 0.04
-200

-100

0

100

200
fs  =  10k Hz

t

A

0 0.02 0.04
-200

-100

0

100

200
fs  =  13.3kHz

t

A

0 0.02 0.04
-200

-100

0

100

200
fs  =  16.7kHz

t

A

0 0.02 0.04
-200

-100

0

100

200
fs  =  20k Hz

t

A
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VZLWFKLQJ�IUHTXHQFLHV�
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$V�VKRZQ�LQ�)LJ��������WKH�KDUPRQLFV�LQ�WKH�VLPXODWHG�VWDWRU�SKDVH�FXUUHQWV�DSSHDU�WR�EH

UHGXFHG�DV�WKH�VZLWFKLQJ�IUHTXHQF\�LV�LQFUHDVHG���$Q�HVWLPDWLRQ�RI�WKH�DPRXQW�RI�UHGXFWLRQ�LQ�WKH

FXUUHQW�KDUPRQLFV�LQ�WKH�ZDYHIRUPV�FDQ�EH�IRXQG�E\�FRPSXWLQJ�WKH�WRWDO�KDUPRQLF�GLVWRUWLRQ

�7+'��RI�WKH�ZDYHIRUPV��DV�GHWHUPLQHG�E\�(TXDWLRQ���������ZKHUH�WKH�FXUUHQW�KDUPRQLFV�FDQ�EH

GHWHUPLQHG�E\�WKH�SURFHGXUH�RXWOLQHG�LQ�VHFWLRQ�����������7KH�7+'�RI�WKH�,0�VWDWRU�SKDVH�FXUUHQW

YHUVXV�IUHTXHQF\��DW�WKH�RSHUDWLQJ�SRLQW������USP�DQG����1�P��LV�VKRZQ�LQ�)LJ�������
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)LJ���������3ORW�VKRZLQJ�WKH�UHGXFWLRQ�LQ�7+'�YHUVXV�VZLWFKLQJ�IUHTXHQF\�IRU�WKH�FXUUHQWV�LQ�)LJ�

�����

*HQHUDOO\��DGGLWLRQDO�VLPXODWLRQV�VKRZHG�WKDW�WKH�7+'�LV�UHGXFHG�LQ�URXJKO\�WKH�VDPH

SURSRUWLRQ�VKRZQ�LQ�)LJ�������DFURVV�WKH�HQWLUH�WRUTXH�YV�VSHHG�SODQH�

������6XPPDU\�RI�6\VWHP�(IILFLHQF\�,PSURYHPHQWV�ZLWK�690

7KLV�FKDSWHU�KDV�VKRZQ�WKDW�XVLQJ�RSWLPDO�]HUR�YHFWRU�VHOHFWLRQ�690�FRQWURO�ZLWK�D���

N+]�VZLWFKLQJ�IUHTXHQF\�DV�RSSRVHG�WR�K\VWHUHVLV�FRQWURO�KDV�LQFUHDVHG�WKH�(9�LQYHUWHU�DQG

LQGXFWLRQ�PRWRU�HIILFLHQF\�DFURVV�WKH�PDMRULW\�RI�WKH�WRUTXH�YHUVXV�VSHHG�SODQH���7KH�ODUJHVW
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HIILFLHQF\�LQFUHDVH�ZDV�IRU�WKH�LQGXFWLRQ�PRWRU�LQ�WKH�UDQJH���WR������USP���,QYHUWHU�HIILFLHQF\

LPSURYHPHQW�ZDV�MXVWLILHG�E\�UHGXFHG�VZLWFKLQJ�DQG�FRQGXFWLRQ�ORVVHV�ZLWK�690���7KH�PRWRU

HIILFLHQF\�ZDV�VKRZQ�WR�LQFUHDVH�GXH�WR�D�GHFUHDVH�LQ�KDUPRQLF�ORVVHV�ZKHQ�690�FRQWURO�ZDV

XVHG��DV�IRXQG�E\�XVLQJ�D�VHPL�HPSLULFDO�PRWRU�ORVV�PRGHO���690�ZDV�VKRZQ�WR�KDYH�OHVV

KDUPRQLF�FRQWHQW�RI�WKH�VWDWRU�SKDVH�FXUUHQWV�OHDGLQJ�WR�D�UHGXFWLRQ�LQ�KDUPRQLF�ORVVHV���/DUJH

GHFUHDVHV�LQ�FRSSHU��LURQ��DQG�PHFKDQLFDO�ORVVHV�ZHUH�SUHGLFWHG���6LPXODWLRQ�UHVXOWV�KDYH

SUHGLFWHG�DQ�HYHQ�IXUWKHU�GHFUHDVH�LQ�WKH�KDUPRQLF�FRQWHQW�RI�WKH�VWDWRU�SKDVH�FXUUHQWV�LI�WKH

VZLWFKLQJ�IUHTXHQF\�LV�LQFUHDVHG�

2QFH�D�YDOLG�WRUTXH�VSHHG�SURILOH�ZDV�GHWHUPLQHG�IRU�D�JLYHQ�GULYLQJ�SURILOH��WKH�SURILOH

ZDV�VLPXODWHG�LQ�UHDO�WLPH�RQ�D�G\QDPRPHWHU�VHW��DQG�GULYLQJ�SURILOH�WUDQVLHQW�HIILFLHQFLHV�ZHUH

GHWHUPLQHG���7KH�ODUJHVW�WUDQVLHQW�HIILFLHQF\�LQFUHDVHV�LQ�WKH�LQYHUWHU�DQG�LQGXFWLRQ�PRWRU�ZHUH

REWDLQHG�RQ�WKH�)8'6�SURILOH��VLQFH�LWV�RSHUDWLQJ�SRLQWV�DUH�FRQFHQWUDWHG�LQ�WKH�DUHDV�RI�WKH

ODUJHVW�V\VWHP�HIILFLHQF\�LPSURYHPHQWV���7KH�ODUJHVW�HIILFLHQF\�JDLQ�ZDV�IRU�WKH�LQGXFWLRQ�PRWRU

RQ�WKH�)8'6�SURILOH���,QFUHDVHV�LQ�WKH�LQYHUWHU�DQG�LQGXFWLRQ�PRWRU�HIILFLHQFLHV�JLYH�DQ�LPSURYHG

YHKLFOH�UDQJH�RI�������IRU�WKH�)8'6�SURILOH�DQG������IRU�WKH�+:)(7�SURILOH�

7KH�DQDO\VLV�SURFHGXUHV��LQFOXGLQJ�WKH�VLPXODWLRQV��XVHG�LQ�FRPSDULQJ�690�FRQWURO�WR

K\VWHUHVLV�FRQWURO�IRU�DQ�(9�DUH�FRQVLGHUHG�WR�EH�JHQHUDO�DQG�FDQ�EH�UHSHDWHG�LQ�RUGHU�WR�FRPSDUH

GLIIHUHQW�PRGXODWLRQ�DOJRULWKPV�RU�FKDQJHV�LQ�WKH�SRZHU�VWDJH�WRSRORJ\�RI�WKH�LQYHUWHU�

7KLV�FKDSWHU�KDV�VKRZQ�WKDW�VSDFH�YHFWRU�3:0�FRQWURO�XVLQJ�DQ�RSWLPDO�]HUR�YHFWRU
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7KH�WZR�SDUDPHWHUV�WR�EH�GHWHUPLQHG�DUH�SF�DQG�.���7KH�YDOXH�SF�LV�FKRVHQ�DV���EHFDXVH�D�JRRG

FORVHG�ORRS�UHVSRQVH�ZDV�REWDLQHG�ZLWK�WKLV�YDOXH���7KLV�OHDYHV�WKH�VKXGGHU�FRPSHQVDWRU�JDLQ��.�

ZKLFK�FDQ�EH�GHWHUPLQHG�YLD�URRW�ORFXV�WHFKQLTXHV���,W�ZLOO�EH�LPSRUWDQW�WKDW�WKH�FORVHG�ORRS

IUHTXHQF\�UHVSRQVH�KDV�JRRG�GDPSLQJ�RI�WKH�UHVRQDQW�SHDN���+RZHYHU��WKH�FORVHG�ORRS�V\VWHP

EDQGZLGWK�VKRXOG�QRW�H[WHQG�IDU�EH\RQG�WKH�SODQW�EDQGZLGWK�RU�HOVH�ODUJH�FRQWURO�VLJQDOV�FRXOG

UHVXOW��OLPLWHG�WR�WKH�FODPS�YDOXH�WKDW�ZLOO�EH�SODFHG�DIWHU�WKH�FRPSHQVDWRU���)LJ�������VKRZV�WKH

URRW�ORFXV�SORW�RI�WKH�V\VWHP���7KH�ODUJH�DUF�LV�WKH�HYHQWXDO�ORFDWLRQ�RI�WKH�FORVHG�ORRS�SROHV���7R

SURYLGH�JRRG�GDPSLQJ��WKH�FORVHG�ORRS�SROHV�VKRXOG�EH�DV�IDU�LQWR�WKH�OHIW�KDOI�SODQH�DV�LV

IHDVLEOH�

)LJXUH������VKRZV�WKH�GDPSLQJ�YHUVHV�JDLQ�IRU�WKH�FRPSOH[�SROH�SDLU��ZKHUH�WKH�GDPSLQJ

KDV�EHHQ�GHWHUPLQHG�E\�WDNLQJ�WKH�FRVLQH�RI�WKH�DQJOH�EHWZHHQ�WKH�QHJDWLYH�5H�D[LV�DQG�WKH

FRPSOH[�SROH�ORFDWLRQ���$V�VKRZQ�LQ�)LJ��������D�ODUJH�JDLQ�LV�UHTXLUHG�IRU�JRRG�GDPSLQJ�

+RZHYHU��D�SUDFWLFDO�XSSHU�OLPLW�RQ�WKH�JDLQ�LV�GHWHUPLQHG�E\�QXPHULFDO�LVVXHV�LQ�WKH�'63�DQG

XQPRGHOHG�SODQW�G\QDPLFV���,I�SRVVLEOH��VDWXUDWLRQ�DQG�OLPLWLQJ�VKRXOG�EH�DYRLGHG�LQ�WKH�UDQJH�RI

RSHUDWLRQ�RI�WKH�VKXGGHU�FRPSHQVDWRU���$V�ZLOO�EH�VKRZQ�LQ�VHFWLRQ����������D�r���1�P�FODPS�

ZKLFK�HTXDOV��r�������S�X���LV�LQFOXGHG�DIWHU�WKH�VKXGGHU�FRPSHQVDWRU�LQ�WKH�DFWXDO

LPSOHPHQWDWLRQ�WR�DYRLG�WKH�DSSOLFDWLRQ�RI�RYHUO\�ODUJH�FRUUHFWLRQ�WRUTXHV���7KHUHIRUH��WKH

SUDFWLFDO�XSSHU�OLPLW�RQ�WKH�VKXGGHU�FRPSHQVDWRU�JDLQ��.��LV�FKRVHQ�WR�EH�����ZKLFK�ZLOO�EH

VKRZQ�WR�EH�DFFHSWDEOH�LQ�WKH�H[SHULPHQWDO�UHVXOWV�
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)LJ���������5RRW�/RFXV�SORW�IRU�WKH�V\VWHP�VKRZQ�LQ�)LJ������DQG�WKH�FRPSHQVDWRU�JLYHQ�E\��������
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&RPSHQVDWRU�JDLQV�RI�.� ����DQG�.� ���DUH�XVHG�LQ�GHWHUPLQLQJ�IUHTXHQF\�UHVSRQVH�RI�WKH

FORVHG�ORRS�V\VWHP�WUDQVIHU�IXQFWLRQ��ZKLFK�LV�5RWRU�6SHHG�V��7H

�V��LQ�)LJ��������7KLV�FORVHG�ORRS

WUDQVIHU�IXQFWLRQ�LV�VKRZQ�LQ�)LJ�������DQG�)LJ��������UHVSHFWLYHO\��IRU�WKH�WZR�GLIIHUHQW

FRPSHQVDWRU�JDLQV�WHVWHG�
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7KH�ODUJHU�FRPSHQVDWRU�JDLQ�IODWWHQV�RXW�WKH�UHVRQDQW�SHDN�PRUH��EXW�DOVR�ZLOO�UHTXLUH�D�ODUJHU

FRQWURO�RXWSXW�VLJQDO�

7R�GHWHUPLQH�WKH�OLPLWV�RI�WKH�FRQWURO�RXWSXW�VLJQDO�RI�WKH�VKXGGHU�FRPSHQVDWRU�DQG

KHQFH�WKH�PD[LPXP�FRPSHQVDWRU�JDLQ��WKH�FODPSLQJ�DQG�VDWXUDWLRQ�LQ�WKH�FRQWURO�ORRS�DUH

FRQVLGHUHG�QH[W�

�������&RPSHQVDWRU�,PSOHPHQWDWLRQ�,VVXHV

7R�DFFHVV�WKH�LVVXHV�RI�FODPSLQJ�DQG�VDWXUDWLRQ�LQ�WKH�VKXGGHU�FRPSHQVDWRU��DQG�KHQFH

WKH�PD[LPXP�FRPSHQVDWRU�JDLQ��WKH�PDQQHU�LQ�ZKLFK�WKH�VSHHG�IHHGEDFN�LV�FRPSXWHG�LQ�WKH

'63�DQG�WKH�LPSOHPHQWDWLRQ�RI�WKH�FRPSHQVDWRU�PXVW�EH�FRQVLGHUHG���)LUVW��WKH�VSHHG�IHHGEDFN

LV�DQDO\]HG�

���������6SHHG�)HHGEDFN�&RPSXWDWLRQV

,Q�WKLV�VHFWLRQ��LW�LV�GHWHUPLQHG�ZKHWKHU�TXDQWL]DWLRQ�RI�WKH�PHDVXUHG�VSHHG�IHHGEDFN

VLJQDO��ZKLFK�LV�VKRZQ�LQ�)LJ�������FDQ�DIIHFW�WKH�VKXGGHU�FRPSHQVDWRU���4XDQWL]DWLRQ�RI�WKH

VSHHG�IHHGEDFN�VLJQDO�FDQ�EH�D�SUREOHP�DW�YHU\�VORZ�VSHHGV�RI�WKH�(9��FDXVHG�E\�WUDQVSRUW�ODJ�

DV�ZHOO�DV�YHU\�KLJK�VSHHGV��GXH�WR�WKH�OLPLWHG�DPRXQW�RI�WHHWK�WKDW�DUH�RQ�WKH�WDFKRPHWHU�ZKHHO

WKDW�LV�PRXQWHG�RQ�WKH�LQGXFWLRQ�PRWRU�URWRU���)RU�WKH�VKXGGHU�FRPSHQVDWRU��WKH�ORZ�VSHHG

SHUIRUPDQFH�LV�WKH�PRVW�FULWLFDO�EHFDXVH�WKH�VKXGGHU�LV�SULPDULO\�D�ORZ�VSHHG�SUREOHP��HVSHFLDOO\

ZKHQ�WKH�YHKLFOH�LV�MXVW�VWDUWLQJ�WR�DFFHOHUDWH�IURP�VWDQGVWLOO�

7KH�VSHHG�LV�UHSUHVHQWHG�LQ�WKH�'63�XVLQJ�D�������USP�URWRU�EDVH�VSHHG��ZKHUH������

USP�ZRXOG�FRUUHVSRQG�WR���S�X��RU�KH[DGHFLPDO���III���7KHUHIRUH��������USP�WUDQVODWHV�WR�DERXW

����GHFLPDO�ZKHQ�XVLQJ�D������IUDFWLRQDO�ELQDU\�IRUPDW�>��@���7KH�KDUGZDUH�XVHG�IRU�WKH�URWRU

VSHHG�IHHGEDFN�LQFOXGHV�WKH�LQFUHPHQWDO�HQFRGHU�DWWDFKHG�WR�WKH�LQGXFWLRQ�PRWRU�WKDW�VHQGV

TXDGUDWXUH�SXOVHV�WR�WKH�HQFRGHU�LQWHUIDFH�SRUW�RI�WKH�FRQWURO�ERDUG���7KH�'63�UHFHLYHV�WKH

TXDGUDWXUH�SXOVHV�DQG�SURFHVVHV�WKHP�LQ�WKH�HQFRGHU�LQWHUIDFH�XQLW�>��@���)RU�WKH�WDFKRPHWHU

XVHG��WKHUH�DUH����VORWWHG�WHHWK�RQ�WKH�FLUFXODU�ZKHHO�WKDW�LV�DWWDFKHG�WR�WKH�URWRU��VHH�)LJ�������

7KLV�VORWWHG�ZKHHO�UHYROYHV�WKURXJK�DQ�RSWLFDO�VHQVRU�WR�SURGXFH�WKH�TXDGUDWXUH�SXOVHV�VHQW�WR�WKH

(9�FRQWURO�ERDUG��DV�VKRZQ�LQ�)LJ�������
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RSWLFDO

SLFNXS

���WRRWK�WDFKRPHWHU�ZKHHO

DWWDFKHG�WR�URWRU

WDFK�$

WDFK�%

7WDFK

)LJ���������,OOXVWUDWLRQ�RI�WKH�JHQHUDWLRQ�RI�WKH�WDFKRPHWHU�TXDGUDWXUH�SXOVHV�

7KH�IUHTXHQF\�RI�WKH�WDFK�$�DQG�WDFK�%�VTXDUH�ZDYHV�VKRZQ�LQ�)LJ�������DUH�UHODWHG�WR�WKH�URWRU

VSHHG�LQ�USP�DV�VKRZQ�LQ��������

��Õ
��

USPLQ6SHHG5RWRU
 I WDFK

������

7KH�WDFKRPHWHU�VLJQDOV�SURGXFHG�E\�WKH�HQFRGHU�PRXQWHG�RQ�WKH�LQGXFWLRQ�PRWRU�DUH�SURFHVVHG

WKURXJK�D�FRQWUROOHU�LQWHUIDFH�FLUFXLW��FRPSDUDWRU��EXIIHU��DQ�RSWR�FRXSOHU��DQG�DUH�WKHQ�VHQW�WR

WKH�'63¥UHIHU�WR�)LJ��������7KH�EXLOW�LQ�'63�HQFRGHU�LQWHUIDFH�KDUGZDUH��ZKLFK�UHFHLYHV�WKH

ILQDO�WDFK�VLJQDOV��LV�VKRZQ�LQ�)LJ������>��@�

WDFK�$
WDFK�%

y�

((71
ODWFK�DQG
UHVHW�RQ�
ULVLQJ�HGJH

���ELW�HQFRGHU

HYHQW�WLPHU

((77

y��

��0+] ((7',9

I&/.� ��0+]

?�FQW�PV

)LJ���������'63�HQFRGHU�LQWHUIDFH�KDUGZDUH�IRU�WKH�$'0&����3URFHVVRU�
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7KH�YDOXH�I&/.��VKRZQ�LQ�)LJ�������DQG�FRPSXWHG�DV�VKRZQ�LQ���������GHWHUPLQHV�KRZ�IDVW�WKH

FRXQW�YDOXH�LQ�WKH����ELW�HQFRGHU�HYHQW�WLPHU�LV�LQFUHPHQWHG�RU�GHFUHPHQWHG�

((7',9

0+]��
 I&/.

������

7KH�PLQLPXP�KDOI�SHULRG�RI�RQH�RI�WKH�WDFK�$�RU�WDFK�%�VLJQDOV�QHHGV�WR�EH�GHULYHG�WR

ILQG�DQ�HTXDWLRQ�IRU�WKH�S�X��5RWRU�6SHHG�VKRZQ�LQ�)LJ��������$V�VKRZQ�LQ�)LJ��������WKH�((77

UHJLVWHU�FRQWDLQV�WKH����ELW�XS�GRZQ�FRXQWHU�UHVXOW�WKDW�LV�ODWFKHG�LQ�IURP�WKH�HYHQW�WLPHU�HYHU\

WLPH�WKH�HYHQW�WLPHU�UHFHLYHV�D�ULVLQJ�HGJH�IURP�WKH�RXWSXW�RI�WKH�((71�GHFLPDWRU���7KH�KDOI

SHULRG�RI�WKH�WDFK�$�RU�WDFK�%�VLJQDOV�LV�WKH�DPRXQW�RI�WLPH�WKDW�SDVVHV�EHIRUH�WKH�ELQDU\�QXPEHU

LQ�((77�LV�LQFUHPHQWHG�RU�GHFUHPHQWHG���7KH�((71�GHFLPDWLRQ�YDOXH�LV�VHW�WR���LQ�WKH�SUHVHQW

DSSOLFDWLRQ��ZKLFK�PHDQV�WKDW�WKH�ODWFK�DQG�UHVHW�UDWH�LV�7WDFK�����)URP�WKH�DERYH�HTXDWLRQ�IRU�IWDFK�

(TXDWLRQ���������WKH�PD[LPXP�WDFK�VLJQDO�IUHTXHQF\�LV�IRU�WKH�URWRU�VSHHG�LQ�USP� �������USP�

ZKLFK�LV�DERXW����PSK�LQ�D�VWDQGDUG�HOHFWULF�YHKLFOH�

IWDFK�PD[� ����������u���� �������+]
?7WDFK�PLQ� �����PV

������

7KH�PLQLPXP�FRXQW�YDOXH�IRU�UHJLVWHU�((77�IRU�D�URWRU�VKDIW�VSHHG�RI�������USP�LV�JLYHQ�E\

�������

FQWV����� I
�

7
 ((77 &/.

PLQ�WDFK
FQWV�PLQ

������

7KH�'63�VSHHG�FRPSXWDWLRQ�DOJRULWKP�XVHV�WKH�YDOXH�JLYHQ�LQ��������WR�FRPSXWH�WKH�URWRU�USP�DW

DOO�VSHHGV�E\�XVLQJ�WKH�HTXDWLRQV�JLYHQ�LQ��������DQG����������(TXDWLRQ��������LV�WKH�DFWXDO�URWRU

VSHHG�LQ�USP��DQG�(TXDWLRQ��������LV�WKH�SHU�XQLW�URWRU�VSHHG�LQ�USP�RQ�D�������USP�EDVH�

((77

�����Õ�����
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 USPLQ6SHHG5RWRU

FQWV�PLQ
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((77

�����
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((77
 �X�SLQ6SHHG5RWRU

FQWV�PLQ

������

7KH�VPDOOHVW�SRVVLEOH�URWRU�USP�WKDW�FDQ�EH�UHSUHVHQWHG�LV�ZKHQ�WKH�((77�UHJLVWHU�YDOXH�LV�HTXDO

WR����������ZKLFK�LV�ZKHUH�WKH�URWRU�VSHHG�HTXDOV�������USP�DV�GHWHUPLQHG�IURP����������*LYHQ

WKH�URWRU�USP�DV�GHWHUPLQHG�IURP���������WKH�VSHHG�RI�WKH�YHKLFOH�LQ�PLOHV�SHU�KRXU�FDQ�EH

GHWHUPLQHG�E\�WKH�DSSUR[LPDWLRQ�JLYHQ�LQ��������

PSKYHKLFOH�#�5RWRU�USP�
���
������
���IW
�
SL��
��

������
��
��PSK����IW�VHF�

7RWDO�*HDULQJ

%HWZHHQ�WKH�5RWRU

DQG�WKH�:KHHO

7UDQVODWH�5RWDWLRQV

LQWR�'LVWDQFH

7UDYHOHG

&RQYHUW�IURP�

IW�PLQ�WR�

IW�VHF

&RQYHUW�

WR�PSK

������

,Q���������WKH�WHUP������UHSUHVHQWV�WKH�JHDULQJ�UDWLR�EHWZHHQ�WKH�URWRU�VKDIW�DQG�WKH�YHKLFOH�ZKHHO

GXH�WR�WKH��������SODQHWDU\�JHDU�UDWLR�RI�WKH�LQGXFWLRQ�PRWRU�RXWSXW�DQG�WKH�DGGLWLRQDO�JHDULQJ�RI

WKH�YHKLFOH�GLIIHUHQWLDO��ZKLFK�LV�DERXW�������$V�GHWHUPLQHG�IURP���������WKH�VPDOOHVW�PSK�WKDW

FDQ�EH�UHSUHVHQWHG�LQ�WKH�'63�LV�DERXW������PSK��ZKHUH�WKH�URWRU�VSHHG�HTXDOV�������USP�DV

IRXQG�SUHYLRXVO\�

,W�LV�LPSRUWDQW�WR�NQRZ�WKH�TXDQWL]DWLRQ�VWHSV�LQ�WKH�URWRU�VSHHG�UHSUHVHQWDWLRQ�ZKHQ�WKH

URWRU�VSHHG�LV�DW�LWV�VORZHVW�WR�VHH�WKH�HIIHFW�RQ�WKH�VKXGGHU�FRPSHQVDWRU�DQG�ZKHWKHU�RU�QRW�WKH

PLQLPXP�PHDVXUDEOH�VSHHG�RI������PSK�ZLOO�EH�DFFHSWDEOH���7KH�VPDOOHVW�VWHS�VL]H�SRVVLEOH�LQ

WKH������IUDFWLRQDO�IRUPDW�LV�JLYHQ�DV��������� ������PXQLWV��FRUUHVSRQGLQJ�WR�WKH�HTXLYDOHQW

GHFLPDO�DPRXQW�RI�WKH�OHDVW�VLJQLILFDQW�ELW��/6%��ZKLFK�LV��������+HQFH��((77�PXVW�FKDQJH�IURP

������WR�������WR�JHW�WKH�QH[W�FKDQJH�LQ�WKH�VSHHG�UHSUHVHQWDWLRQ�DV�VKRZQ�LQ��������

¬���� 
�����

��
�

�����

��
 

�����
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((77 PLQ�FQWVFQWV�PLQ

������

:KHQ�((77�LV�HTXDO�WR�������FRXQWV��WKH�URWRU�VSHHG�LV�#�������USP�RU�DERXW������UDG�VHF���7KLV

LV�D�GLIIHUHQFH�RI������UDG�VHF�IURP�ZKHQ�((77�HTXDOHG�������FRXQWV�DQG�UHSUHVHQWV�WKH
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TXDQWL]DWLRQ�VWHS�LQ�WKH�URWRU�DQJXODU�VSHHG���$V�VKRZQ�LQ�)LJ��������WKH�TXDQWL]DWLRQ�LQWHUYDOV�LQ

WKH�((77�FRXQW�YDOXHV�EHFRPH�VPDOOHU�DV�WKH�URWRU�VSHHG�LV�LQFUHDVHG�
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)LJ���������4XDQWL]DWLRQ�LQWHUYDOV�RI�((77�

7KH�TXDQWL]DWLRQ�VWHS�LQ�USPURWRU��GHWHUPLQHG�WR�EH������UDG�VHF�IRU�WKH�ILUVW�TXDQWL]DWLRQ�VWHS��LV

LQGHSHQGHQW�RI�WKH�((77�FRXQW�YDOXH��WKH�TXDQWL]DWLRQ�VWHS�LV�DOZD\V������UDG�VHF�UHJDUGOHVV�RI

WKH�URWRU�VSHHG�

)RU�WKH�VKXGGHU�FRPSHQVDWRU�WR�ZRUN�SURSHUO\��WKH�TXDQWL]DWLRQ�VWHSV�LQ�WKH�URWRU�VSHHG

IHHGEDFN�VLJQDO�FDQ�QRW�EH�WRR�ODUJH�DW�ORZ�VSHHGV���)URP�)LJ��������WKH�TXDQWL]DWLRQ�LQWHUYDO�JHWV

YHU\�VPDOO�IRU�((77�HTXDO�WR�������FWV�ZKHUH�

5RWRU�6SHHG�LQ�USP� ����USP��������UDG�VHF

9HKLFOH�6SHHG�LQ�PSK�#������PSK�#���LQ�VHF

7KHUHIRUH��IRU�D�YHKLFOH�VSHHG�RI���LQ�VHF��WKH�UHVROXWLRQ�RI�WKH�VSHHG�IHHGEDFN�LV�DGHTXDWH���7KLV

DPRXQW�RI�UHVROXWLRQ�LV�VKRZQ�LQ�WKH�H[SHULPHQWDO�UHVXOWV�WR�QRW�VHYHUHO\�OLPLW�WKH�VKXGGHU

FRPSHQVDWRU�DW�WKH�VORZHVW�YHKLFOH�VSHHGV�

,Q�WKLV�VHFWLRQ��WKH�ZD\�WKDW�URWRU�VSHHG�LV�FRPSXWHG�LQ�WKH�'63�ZDV�GHVFULEHG��DQG�WKH

TXDQWL]DWLRQ�VWHS�LQ�WKH�URWRU�VSHHG�IHHGEDFN�ZDV�GHWHUPLQHG�WR�EH�DERXW������UDG�VHF���7KLV
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DPRXQW�RI�TXDQWL]DWLRQ�LV�QRW�H[SHFWHG�WR�OLPLW�WKH�RSHUDWLRQ�RI�WKH�VKXGGHU�FRPSHQVDWRU��EXW�WKH

DPRXQW�RI�TXDQWL]DWLRQ�QHHGHG�WR�EH�GHULYHG�WR�UXOH�RXW�DOO�RI�WKH�SRVVLEOLOLWLHV�

���������&RQWUROOHU�6WUXFWXUH��0DJQLWXGH�RI�)HHGEDFN�*DLQ��DQG�&ODPSLQJ

7KH�SUHYLRXV�VHFWLRQ�KDV�VKRZQ�WKDW�WKH�VSHHG�IHHGEDFN�UHVROXWLRQ�LV�DGHTXDWH�IRU�XVH�E\

WKH�VKXGGHU�FRPSHQVDWRU���,Q�WKLV�VHFWLRQ��WKH�VKXGGHU�FRPSHQVDWRU��GHWHUPLQHG�SUHYLRXVO\�WR�EH

LQ�WKH�IRUP�JLYHQ�E\���������LV�GHVLJQHG�

���V�
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������

7KH�WUDQVIHU�IXQFWLRQ�VKRZQ�LQ��������LV�UHZULWWHQ�LQ���������ZKHUH�WKH�ILOWHU�WLPH�FRQVWDQW��7��LV

RQH�TXDUWHU�RI�D�VHFRQG�
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7KH�VKXGGHU�FRPSHQVDWRU�LV�LPSOHPHQWHG�IURP�(TXDWLRQ��������XVLQJ�WKH�VWUXFWXUH�VKRZQ�LQ�)LJ�

�����

U>Q@ F>Q@

&RPSHQVDWRU

/3)

�

�

�����,QSXW� �

��5RWRU�6SHHG�LQ�S�X�
RXWSXW.

������

6KXGGHU

 �7FRUU S�X�>Q@

)LJ���������)RUP�RI�LPSOHPHQWDWLRQ�RI�WKH�VKXGGHU�FRPSHQVDWRU�
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7KH�FRPSHQVDWRU�VKRZQ�LQ�)LJ�������LPSOHPHQWV�(TXDWLRQ��������E\�VXEWUDFWLQJ�RXW�WKH�ILOWHUHG

DYHUDJH�YDOXH�RI�WKH�URWRU�VSHHG�IHHGEDFN�VLJQDO�IURP�WKH�URWRU�VSHHG�IHHGEDFN�VLJQDO���2QFH�WKH

DYHUDJH�YDOXH�LV�UHPRYHG��WKH�UHVXOWLQJ�QHJDWHG�VLJQDO��7FRUU�S�X���LV�XVHG�WR�FRUUHFW�WKH�URWRU

RVFLOODWLRQV�E\�DGGLQJ�7FRUU�S�X��WR�WKH�S�X��WRUTXH�UHIHUHQFH��DV�VKRZQ�LQ�)LJ�������1RWH��7FRUU�LV

OLPLWHG�E\�D�FODPS�DQG�VSHHG�UROORII�ZKLFK�DUH�GLVFXVVHG�VKRUWO\����7KH�ORZSDVV�ILOWHU�LQ�)LJ�
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2WKHU�PHWKRGV�IRU�PHDVXULQJ�WKH�DSSOLHG�VWDWRU�DQJXODU�IUHTXHQF\�ZLWKRXW�GLUHFW

PHDVXUHPHQW�RI�WKH�URWRU�VKDIW�VSHHG�KDYH�EHHQ�UHVHDUFKHG�>��@���:LWK�WKH�FRUUHFWHG�VWDWRU�IOX[

OLQNDJHV�REWDLQHG��WKH�IHHGEDFN�HOHFWURPDJQHWLF�WRUTXH�XVHG�E\�WKH�WRUTXH�UHJXODWRU�LV�QRZ

GHWHUPLQHG�DV�VKRZQ�LQ�(TXDWLRQ��������

7H� 
�

�
,P^LTGVOTGV `� 
 �

�
�OVG LVT�� OVT LVG�HVW HVW � HVW �

������

������)OX[�)HHGEDFN�&RPSHQVDWRU�7HVW�5HVXOWV

$�FRPSOHWH�'63�DOJRULWKP�ZDV�ZULWWHQ�WR�LPSOHPHQW�WKH�VWDWRU�IOX[�OLQNDJH�FRPSHQVDWRU

VKRZQ�LQ�)LJ���������7KH�DVVHPEO\�FRGH�IRU�WKLV�DOJRULWKP�LV�OLVWHG�LQ�$SSHQGL[�1���7KH

FRPSHQVDWRU�ZDV�WHVWHG�GRZQ�WR���UDG�VHF�DQG�VKRZQ�WR�EH�IXOO\�IXQFWLRQDO���0HDVXUHPHQWV�RI

WKH�LQYHUWHU�GF�OLQN�FXUUHQW�FRQILUPHG�WKDW�ZKHQ�WKH�FRPSHQVDWLRQ�ZDV�HQDEOHG��WKH�LQYHUWHU

LQSXW�SRZHU�ZDV�UHGXFHG�DV�D�UHVXOW�RI�FRUUHFW�WRUTXH�UHJXODWRU�RSHUDWLRQ���$�WRUTXH�WUDQVGXFHU

ZDV�QRW�DYDLODEOH�RQ�WKH�G\QDPRPHWHU�XVHG��VR�PRUH�SUHFLVH�VKDIW�WRUTXH�PHDVXUHPHQWV�FRXOG

QRW�EH�REWDLQHG�

7KH�H[SHULPHQWDO�ZDYHIRUPV�VKRZQ�LQ�)LJXUHV������DQG������YHULI\�WKDW�WKH�HVWLPDWHG

IOX[�DOZD\V�ODJV�WKH�PHDVXUHG�IOX[�E\�WKH�SURSHU�DPRXQW�LQ�ERWK�IRUZDUG�DQG�UHYHUVH�LQ�WKH

DFWXDO�V\VWHP���$W���UDG�VHF�RI�DSSOLHG�VWDWRU�DQJXODU�IUHTXHQF\��WKH�SKDVH�FRUUHFWLRQ�LV�DERXW

�����GHJUHHV��DV�GHWHUPLQHG�E\�(TXDWLRQ���������DQG�WKH�JDLQ�FRUUHFWLRQ�LV�PLQLPDO��DV

GHWHUPLQHG�E\�(TXDWLRQ����������$�SKDVH�ODJ�RI������GHJUHHV�WUDQVODWHV�WR�DERXW������VHFRQGV�IRU

D�ZDYHIRUP�ZLWK�D���UDG�VHF�IUHTXHQF\�
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)LJ��������6WDWRU�IOX[�OLQNDJHV�IRU�QHJDWLYH�VWDWRU�DQJXODU�IUHTXHQF\����7KH�FRUUHFWHG�IOX[�OLQNDJH

ODJV�
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&KDSWHU�����6XPPDU\�DQG�&RQFOXVLRQ

7KLV�WKHVLV�KDV�DQDO\]HG�DQG�VROYHG�YDULRXV�FRQWURO�GHVLJQ�DQG�SHUIRUPDQFH�LVVXHV�RI�DQ

LQGXFWLRQ� PRWRU� HOHFWULF� YHKLFOH� GULYH� ZLWK� ILHOG� RULHQWHG� FRQWURO� LQ� WKH� VWDWRU� IOX[� UHIHUHQFH

IUDPH���7KH�IXQGDPHQWDO�RSHUDWLRQ�RI�WKH�GULYH�KDUGZDUH�DQG�FRQWURO�VRIWZDUH�KDYH�EHHQ�VKRZQ�

6SDFH�YHFWRU�PRGXODWLRQ�ZDV�VKRZQ�WR�EH�DQ�HIIHFWLYH�PRGXODWLRQ�VWUDWHJ\�IRU�LQFUHDVLQJ�GULYH

V\VWHP�HIILFLHQF\�WKURXJKRXW�WKH�WRUTXH�YV��VSHHG�RSHUDWLQJ�UHJLRQ�RI�DQ�HOHFWULF�YHKLFOH�� �7HVW

SURFHGXUHV�IRU�GULYH�V\VWHP�DQDO\VLV�ZHUH�FUHDWHG��DQG�QHZ�FRQWURO�DOJRULWKPV�ZHUH�GHULYHG�IRU

VKXGGHU�FRPSHQVDWLRQ�DQG�IOX[�IHHGEDFN�FRPSHQVDWLRQ�

,Q� &KDSWHU� ��� WKH� GLIIHUHQW� PRGXODWLRQ� DOJRULWKPV� WHVWHG� ZHUH� GHVFULEHG�� � 7KH

LPSOHPHQWDWLRQ� RI� K\VWHUHVLV� FXUUHQW� FRQWURO� LQ� WKH� (9����� ZDV� VKRZQ�� � 7KHQ�� WKH

LPSOHPHQWDWLRQ� RI� VSDFH� YHFWRU� PRGXODWLRQ� LQ� WKH� GULYH� V\VWHP� ZDV� LQWURGXFHG�� � 7KH

FRPSXWDWLRQ� RI� GXW\� F\FOHV� ZDV� GLVFXVVHG� EDVHG� RQ� XVLQJ� D� FKDQJH� RI� EDVLV� PDWUL[

PXOWLSOLFDWLRQ�� � %\� FKRRVLQJ� WKH� ]HUR� YHFWRU� EDVHG� RQ� WKH� LQVWDQWDQHRXV� SKDVH� FXUUHQW

PDJQLWXGHV��LW�ZDV�VKRZQ�WKDW�WKH�LQYHUWHU�VZLWFKLQJ�ORVVHV�FRXOG�EH�UHGXFHG�E\�����IRU�PRVW�RI

WKH�RSHUDWLQJ� UHJLRQ�RI� WKH�*(� LQGXFWLRQ�PRWRU�� �/DVWO\��&KDSWHU��� H[SODLQHG� WKDW� WKH� LQYHUWHU

SRZHU�VWDJH�PXVW�DOORZ�IRU�XS�WR����PV�RI�FRQWLQRXV�FXUUHQW�FRQGXFWLRQ�LI�RSWLPDO�]HUR�YHFWRU

VHOHFWLRQ�LV�XVHG�GRZQ�WR�]HUR�VSHHG���2WKHUZLVH��D�GLIIHUHQW�]HUR�YHFWRU�VHOHFWLRQ�URXWLQH�VKRXOG

EH�XVHG�QHDU�]HUR�VSHHG�VR�WKDW�WKH�FXUUHQW�LV�PRUH�HYHQO\�VKDUHG�E\�WKH�VZLWFK�DQG�GLRGH�

,Q�&KDSWHU���� WKH�GHYHORSPHQW�RI�GULYH�SURILOH�JHQHUDWLRQ�DQG� LPSOHPHQWDWLRQ�VRIWZDUH

SURJUDPV�ZHUH�H[SODLQHG�� �'LVFUHWH� WLPH�HTXDWLRQV�ZHUH�GHYHORSHG� IRU� WKH�G\QDPRPHWHU� VKDIW

FRPPDQGHG�WRUTXH�DQG�VSHHG�ZLWK�WKH�VDPSOHG�YHORFLW\�GDWD�SRLQWV�IURP�WKH�)8'6�DQG�+:)(7

SURILOHV�DV� LQSXWV�� �$�4EDVLF�SURJUDP�ZDV�GHYHORSHG� WR�JHQHUDWH�DQ�$6&,,� WH[W�FRPPDQG� ILOH

XVLQJ�ILYH�GLIIHUHQW�FRGHG�FRPPDQGV���7KH�FRPPDQG�ILOH�JHQHUDWHG�E\�WKH�4EDVLF�SURJUDP�ZDV

XVHG�E\�D�+3�9((�SURJUDP�WKDW�ZDV�GHYHORSHG�WR�FRQWURO�WKH�RSHUDWLRQ�RI�GULYH�SURILOHV�RQ�WKH

G\QDPRPHWHU� EHQFK�� � +RZ� +3�9((� SURJUDPV� ZRUN� LQ� JHQHUDO� ZDV� LQWURGXFHG�� DQG� WKH
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GHYHORSPHQW�RI� WKH�SURJUDP�IRU�GULYH�SURILOH� LPSOHPHQWDWLRQ�ZDV�VKRZQ�XVLQJ�VFKHPDWLFV�DQG

IORZ�FKDUWV�� �/DVWO\��&KDSWHU���GHVFULEHG� WKH� FRQVWUXFWLRQ�RI� D� JUDSKLFDO�XVHU� LQWHUIDFH� IRU� WKH

+3�9((�SURJUDP�E\�XVLQJ�WKH�3DQHO�9LHZ�ZLQGRZ�

1H[W��&KDSWHU���LQWURGXFHG�WKH�GULYH�V\VWHP�VLPXODWLRQ�PRGHOV�GHYHORSHG�LQ�9LVXDO�&���

0RGHOV� IRU� LQGXFWLRQ� PRWRUV�� K\VWHUHVLV� FXUUHQW� FRQWUROOHUV�� 690� FRQWUROOHUV�� DQG� GT� FXUUHQW

UHJXODWRUV�ZHUH�GHVFULEHG���7KH�REMHFW�RULHQWHG�GHVLJQ�DSSURDFK�ZDV�VKRZQ�WR�SURGXFH�PRGXODU�

UHXVDEOH�� DQG� HDVLO\�PDLQWDLQDEOH� SURJUDP� FRGH�� � /DVWO\�� WKH� GULYH� V\VWHP� FRPSRQHQW�PRGHOV

GHYHORSHG�ZHUH�XVHG�WR�GHPRQVWUDWH�WKH�VHQVLWLYLW\�RI�WKH�UHIHUHQFH�YHFWRU�GXW\�F\FOH�WR�FKDQJHV

LQ�WKH�VWDWRU�IOX[�OLQNDJH�FRPPDQG�DQG�WKH�GF�OLQN�YROWDJH�

,Q� &KDSWHU� ��� V\VWHPDWLF� ORVV� DQDO\VLV� SURFHGXUHV� ZHUH� GHYHORSHG� WR� FRPSDUH� WKH

SHUIRUPDQFH�RI�GLIIHUHQW�(9�PRGXODWLRQ� VWUDWHJLHV�� �7KH�PRGHOV�GHYHORSHG� LQ�&KDSWHU� ��ZHUH

VKRZQ�WR�FORVHO\�DSSUR[LPDWH�WKH�LQGXFWLRQ�PRWRU�SKDVH�YROWDJH�DQG�FXUUHQW�DW�D�URWRU�VSHHG�RI

�����USP�DQG�URWRU�WRUTXH�RI����1�P���1H[W��WKH�RSHUDWLQJ�HIILFLHQF\�SRLQWV�RI�WKH�GULYH�V\VWHP

ZLWK� 690� ZHUH� PHDVXUHG� H[SHULPHQWDOO\� DQG� SORWWHG� DV� D� FORVHO\� VSDFHG� JULG� RI� OLQHDUO\

LQWHUSRODWHG�FRQWRXUV�DFURVV�WKH�WRUTXH�YHUVXV�VSHHG�SODQH���/DUJH�HIILFLHQF\�LPSURYHPHQWV�ZHUH

VKRZQ�ZKHQ�690�FRQWURO�ZDV�XVHG�DV�RSSRVHG�WR�K\VWHUHVLV�FXUUHQW�FRQWURO�IRU�ERWK�WKH�LQYHUWHU

DQG� LQGXFWLRQ�PRWRU�� � ,QFUHDVHV� LQ� LQYHUWHU�HIILFLHQF\�ZLWK�690�ZHUH� H[SODLQHG�E\�PHDVXULQJ

DQG� FRPSDULQJ� WKH� LQYHUWHU� SRZHU� ORVVHV� RYHU� D� YDU\LQJ� '&� OLQN� DW� ����� USP�� � 7KHVH

PHDVXUHPHQWV� VKRZHG� UHGXFHG� VZLWFKLQJ� DQG� FRQGXFWLRQ� ORVVHV� WKDW� FRXOG� EH� REVHUYHG� LQ� WKH

GDWD�SORW�FUHDWHG���1H[W��WKH�GHYHORSPHQW�RI�GHWDLOHG�KDUPRQLF�DQDO\VLV�SURFHGXUHV�DQG�WKH�XVH�RI

D�VHPL�HPSLULFDO�LQGXFWLRQ�PRWRU�ORVV�PRGHO�ZHUH�XVHG�WR�H[SODLQ�WKH�VKDUS�LQFUHDVHV�LQ�PRWRU

HIILFLHQF\�ZLWK� 690�� � /DVWO\�� HQHUJ\� FRQVXPSWLRQ�PHDVXUHPHQWV�PDGH� RQ� VLPXODWHG� GULYLQJ

SURILOHV�JDYH�UDQJH�LQFUHDVH�HVWLPDWHV�RI�������IRU�)8'6�W\SH�RI�GULYLQJ�DQG������IRU�+:)(7

W\SH� RI� GULYLQJ� ZKHQ� 690� FRQWURO� LV� XVHG� DV� RSSRVHG� WR� K\VWHUHVLV� FRQWURO�� � 7KHVH� UDQJH

LQFUHDVHV�VKRZ�WKH�LPSDFW�WKDW�WKH�PRGXODWLRQ�VWUDWHJ\�FDQ�KDYH�RQ�WKH�SHUIRUPDQFH�RI�DQ�(9�

6KXGGHU� FRPSHQVDWLRQ�� ZKLFK� LV� DQ� DEVROXWH� QHFHVVLW\� IRU� YHKLFOH� GULYHDELOWLW\�� ZDV

GHYHORSHG� LQ� &KDSWHU� ��� � $Q� H[SHULPHQWDOO\� REWDLQHG� GDWD� SORW� VKRZHG� WKH� ODUJH� RVFLOODWLRQV

SUHVHQW� LQ�WKH�URWRU�VKDIW�ZLWKRXW�FRPSHQVDWLRQ�� �1H[W��D�SODQW�PRGHO�ZDV�GHYHORSHG�IRU�GRLQJ

VLPXODWLRQV�E\�PRGHOLQJ�WKH�LQGXFWLRQ�PRWRU�DQG�YHKLFOH�DV�D�WZR�PDVV�V\VWHP�� �7KH�HTXDWLRQ

IRU� YHKLFOH� G\QDPLFV� ZDV� XVHG� WR� GHWHUPLQH� WKH� WZR� PDVV� V\VWHP� SDUDPHWHUV�� DQG� VSHFWUDO

DQDO\VLV�RI�WKH�URWRU�VSHHG�RVFLOODWLRQV�GHWHUPLQHG�WKH�ORFDWLRQ�RI�WKH�SODQW�FRPSOH[�SROH�SDLU���$
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SKDVH�OHDG�FRPSHQVDWRU�ZDV�GHYHORSHG�WR�FRPSHQVDWH�IRU�VKXGGHU�DQG�ZDV�SODFHG�LQ�WKH�VSHHG

IHHGEDFN�SDWK���,W�ZDV�GHWHUPLQHG�WKDW�D�ODUJH�FRPSHQVDWRU�JDLQ�ZDV�GHVLUDEOH�EXW�ZDV�OLPLWHG�E\

SUDFWLFDO�LPSOHPHQWDWLRQ�LVVXHV��VXFK�DV�FRQWUROOHU�VWUXFWXUH��PDJQLWXGH�RI�WKH�IHHGEDFN�JDLQ��DQG

WKH� FODPSLQJ� RI� WKH� VKXGGHU� FRPSHQVDWRU� RXWSXW�� � 4XDQWL]DWLRQ� RI� WKH� URWRU� VSHHG� IHHGEDFN

VLJQDO�ZDV�VKRZQ�WR�QRW�EH�D�PDMRU�OLPLWDWLRQ���7KH�ILQDO�VKXGGHU�FRPSHQVDWRU��ZKLFK�LQFOXGHG

VSHHG�UROORII��ZDV�WKRURXJKO\�WHVWHG�XVLQJ�ERWK�VLPXODWLRQ�DQG�H[SHULPHQW�DQG�VKRZQ�WR�EH�DQ

HIIHFWLYH�VROXWLRQ�

,Q�&KDSWHU����D�VWDWRU�IOX[�OLQNDJH�JDLQ�DQG�SKDVH�HUURU�FRPSHQVDWRU�ZDV�GHYHORSHG���7KH

H[DFW�HUURUV�ZHUH�GHWHUPLQHG�IURP�WKH�H[LVWLQJ�DQDORJ�LQWHJUDWRU�FLUFXLW�DQG�SORWWHG�� �1H[W�� WKH

HIIHFWV� RI� WKH�PHDVXUHPHQW� HUURUV�ZHUH� VKRZQ� E\� LOOXVWUDWLQJ� WKH�PRYHPHQW� RI� WKH� VWDWRU� IOX[

OLQNDJH� YHFWRU� LQ� WKH� FRPSOH[� GT� SODQH� DQG� VKRZLQJ� WKDW� WKLV� PRYHPHQW� FDXVHG� LQFRUUHFW

PHDVXUHPHQW�RI�WKH�IHHGEDFN�HOHFWURPDJQHWLF�WRUTXH���&RPSHQVDWLRQ�PHWKRGV�ZHUH�WKHQ�GHULYHG

WR� FRUUHFW� IRU� ERWK� WKH� JDLQ� DQG� SKDVH� HUURUV�� � $� JDLQ� FRUUHFWLRQ� IRUPXOD� ZDV� GHULYHG� WKDW

GHSHQGHG�LQ�D�QRQ�OLQHDU�ZD\�RQ�WKH�DSSOLHG�VWDWRU�DQJXODU�IUHTXHQF\�DQG�5&�WLPH�FRQVWDQW�RI

WKH�LQWHJUDWRU�FLUFXLW���7R�FRUUHFW�SKDVH�HUURU��D�WULJRQRPHWULF�IXQFWLRQ�ZDV�GHULYHG�EDVHG�DJDLQ

RQ�WKH�DSSOLHG�VWDWRU�DQJXODU�IUHTXHQF\�DQG�5&�WLPH�FRQVWDQW�RI�WKH�LQWHJUDWRU�FLUFXLW���7KH�DFWXDO

SKDVH� URWDWLRQ�ZDV�GRQH�E\�XVLQJ� D�PDWUL[�PXOWLSO\�RQ� WKH� IOX[� OLQNDJH� YHFWRU�� �([SHULPHQWDO

UHVXOWV�VKRZHG�WKDW�WKH�FRPSHQVDWLRQ�SURFHGXUH�GHYHORSHG�ZRUNHG�DV�H[SHFWHG�IRU�ERWK�SRVLWLYH

DQG�QHJDWLYH�DSSOLHG�VWDWRU�DQJXODU�IUHTXHQFLHV�

7KH� WHVW� SURFHGXUHV� DQG� V\VWHPV� GHYHORSHG� LQ� WKLV� WKHVLV� DUH� H[SHFWHG� WR� KDYH� D� ZLGH

UDQJH� RI� DSSOLFDELOLW\� DV� (9V� FRQWLQXH� WR� UHSODFH� WKH� FDUV�� WUXFNV�� DQG� EXVHV� RI� WRGD\�� � 7KH

G\QDPRPHWHU� WHVW� EHQFK� WHVW� SURFHGXUHV� GHYHORSHG� FDQ� EH� XVHG� WR� WHVW� GLIIHUHQW� LQYHUWHU� DQG

LQGXFWLRQ�PRWRU�GHVLJQV� LQ�D�G\QDPLF� IDVKLRQ�� �7KH� VSDFH�YHFWRU�PRGXODWLRQ�DOJRULWKP�VKRZV

PXFK�SURPLVH�IRU�LQFUHDVLQJ�YHKLFOH�UDQJH�DQG�GHFUHDVLQJ�WKH�FRVW�DQG�VL]H�RI�ERWK�WKH�LQYHUWHU

DQG�LQGXFWLRQ�PRWRU���6KXGGHU�FRPSHQVDWLRQ�ZLOO�EH�UHTXLUHG�IRU�DQ\�YHKLFOH�ZLWK�D�ORQJ�GULYLQJ

VKDIW�� �7KH�IOX[�IHHGEDFN�FRPSHQVDWLRQ�GHYHORSHG�LV�GLUHFWO\�DSSOLFDEOH�WR�GULYH�V\VWHPV�XVLQJ

WRUTXH�UHJXODWLRQ�ZKLFK�LQFOXGH�GLUHFW�ILHOG�RULHQWHG�GULYHV�WKDW�XVH�IOX[�FRLOV�RU�PHDVXUHG�SKDVH

YROWDJHV�WR�ILQG�WKH�VWDWRU�IOX[�OLQNDJH�
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>�@�0��(KVDQL��.��0��5DKPDQ��DQG�+��7ROL\DW��¦3URSXOVLRQ�V\VWHP�GHVLJQ�RI�HOHFWULF�DQG
������K\EULG�YHKLFOH�§�,(((�7UDQV��RQ�,QG��(OHFW���YRO������QR�����)HE��������SS��������
>�@�9��+LPDPVKX�3UDVDG��'XVKDQ�%RUR\HYLFK��DQG�6WHSKHQ�'XERYVN\��¦&RPSDULVRQ�RI
������KLJK�IUHTXHQF\�3:0�DOJRULWKPV�IRU�D�YROWDJH�VRXUFH�LQYHUWHU�§�3URF�93(&�����
������$QQ��0HHW��SS����������
>�@�'��0��%URG�DQG�'��:��1RYRWQ\��¦&XUUHQW�FRQWURO�RI�96,�3:0�LQYHUWHUV�§�LQ
������,(((�,$6�$QQX��0HHW���������SS����������
>�@�5��.ULVKQDQ��$UDYLQG�6��%KDUDGZDM��¦$�UHYLHZ�RI�SDUDPHWHU�VHQVLWLYLW\�DQG
������DGDSWDWLRQ�LQ�LQGLUHFW�YHFWRU�FRQWUROOHG�LQGXFWLRQ�PRWRU�GULYH�V\VWHPV�§�LQ�,(((
������7UDQV��RQ�3RZHU�(OHF���YRO�����QR�����2FW��������SS����������
>�@�.��%��1RUGLQ��'��:��1RYRWQ\��'��6��=LQJHU��¦7KH�LQIOXHQFH�RI�PRWRU�SDUDPHWHU
�����GHYLDWLRQV�LQ�IHHGIRUZDUG�ILHOG�RULHQWDWLRQ�GULYH�V\VWHPV�§�LQ�,(((�7UDQV��RQ�,QG�
�����$SSO���YRO��,$�����QR�����-XO\�$XJ��������SS����������
>�@�5��:��'H�'RQFNHU��¦3DUDPHWHU�VHQVLWLYLW\�RI�LQGLUHFW�XQLYHUVDO�ILHOG�RULHQWHG
������FRQWUROOHUV�§�LQ�,(((�7UDQV��RQ�3RZHU�(OHF���YRO�����QR�����-XO\�������SS����������
>�@�;��;X��5��'H�'RQFNHU��DQG�'��:��1RYRWQ\��¦$�VWDWRU�IOX[�RULHQWHG�LQGXFWLRQ�PDFKLQH
�����GULYH�§�LQ�3(6&������&RQI��5HF���SS����������
>�@�;��;X��5��'H�'RQFNHU��DQG�'��:��1RYRWQ\��¦$�VWDWRU�IOX[�RULHQWHG�FRQWURO�RI
������LQGXFWLRQ�PDFKLQHV�LQ�WKH�ILHOG�ZHDNHQLQJ�UHJLRQ�§�LQ�,(((�,$6�&RQI��5HF��������
������SS����������
>�@�5��:��'H�'RQFNHU�DQG�'��:��1RYRWQ\��¦7KH�XQLYHUVDO�ILHOG�RULHQWHG�FRQWUROOHU�§�LQ
������,(((�7UDQV��,QG��$SS���YRO�����-DQ�)HE�������SS���������
>��@�7��*��+DEHWOHU��)��3URMXPR��0��3DVWRUHOOL��¦'LUHFW�WRUTXH�FRQWURO�RI�LQGXFWLRQ
�������PDFKLQHV�RYHU�D�ZLGH�VSHHG�UDQJH�§�LQ�,(((�,$6�&RQI��5HF���������SS����������
>��@�%��.��%RVH��0��*��6LPRHV��'��5��&UHFHOLXV��.��5DMDVKHNDUD��DQG�5��0DUWLQ��¦6SHHG
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���DU� �D[����D\��
���LI�JH�MXPS�VHWBWFRPS���������������������^LI�DEV�VSHHG����63'B52//2))�VNLS�UROORII`

���DU� �GP�63'B52//B6(/��
���DU� �SDVV�DU�
���LI�HT�MXPS�UHJBUROORII�

���P[�� �GP�WBFRPSBFO��
���P\�� ��[��G��������������������������������^�����GHFLPDO`
���PU� �P[�
P\���VV��
���D\�� �PU����������������������������������������^WBFRPSBFO�
�����`
���D\�� �PU��
���P[�� �GP�VSHHGBDEV��
���PU� �P[�
P[���UQG��
���D[�� �PU����������������������������������������^VSHHGA�`
���GLYV�D\���D[��
���FQWU� ����
���GR�VSHHGBUROOBGLY��XQWLO�FH�
VSHHGBUROOBGLY����GLYT�D[��
���P[�� �GP�63'B52//B645�������^63'B52//2))A�
�������`
���P\�� �D\��
���PU� �P[�
P\���UQG����������� ����������^UROORII�ZLWK�3�8��VSHHGA�`



���

����������������������������������������������������������^EDVH� �63'B52//2))`
���DU� ��PU��
���GP�WBUHIBVKXGGHU�� �DU��������������^VDYH�VKXGGHU�FRPSHQVDWLRQ`
UWV�

UHJBUROORII�
���P[�� �GP�WBFRPSBFO��
���P\�� ��[�������������������������������^����GHFLPDO`
���PU� �P[�
P\���VV��
���D\�� �PU��
���D\�� �PU��
���D[�� �GP�VSHHGBDEV��
���GLYV�D\���D[��
���FQWU� ����
���GR�VSHHGBUROOBGLY��XQWLO�FH�
VSHHGBUROOBGLY����GLYT�D[��
���P[�� �GP�63'B52//B5(*���������^63'B52//2))
������`
���P\�� �D\��
���PU� �P[�
P\���UQG������������������������^UROORII�ZLWK�3�8��VSHHG`
������������������������������������������������������������^EDVH� �63'B52//2))`
���DU� ��PU��
���GP�WBUHIBVKXGGHU�� �DU��������������������^VDYH�VKXGGHU�FRPSHQVDWLRQ`
UWV�

VHWBWFRPS�
���D\�� �GP�WBFRPSBFO��
���DU� ��D\��
���GP�WBUHIBVKXGGHU�� �DU��������������������^VDYH�VKXGGHU�FRPSHQVDWLRQ`
UWV�

�HQGPRG�
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$SSHQGL[�1���,QWHJUDWRU�&RPSHQVDWLRQ�'63�$VVHPEO\�&RGH�5RXWLQH�IRU�WKH

$'0&����&KLS

^


















































































�������$XWKRU���0DUF�+HUZDOG����������������������������������������������������������������������������-XO\�����







�������3XUSRVH���&RUUHFW�WKH�*DLQ�DQG�3KDVH�HUURU�LQ�WKH�IOX[�IHHGEDFN�PHDVXUHPHQWV�LI�LW



�������LV�HQDEOHG���6HH�&KDSWHU���




















































































`

DU� �GP�,17B&203B(1��������^,I�,17B&203B(1�  ���VNLS�FRPSHQVDWLRQ`
DU� �SDVV�DU�
LI�QH�MXPS�JRBLQWBFRPS�

MXPS�LQWBFRPSBE\SDVV�

JRBLQWBFRPS�
P[�� �GP�VSHHGBXI���������������^XQILOWHUHG�PHDVXUHG�URWRU�VSHHG���NUSP�X`
P\�� ��[���F������������������������^�
SL
����LQ��������IRUPDW`
PU� �P[�
P\���VV��
P[�� �GP�ZWP����������������������^G\QDPLF�VOLS�IUHTXHQF\����UDG�V���X`
P\�� ��[�F��������������������������^����LQ��������IRUPDW`
PU� �PU���P[�
P\���UQG������^PU� �ZBH�LQ��������`
GP�ZBHBHVW�� �PU�����������������^ZBH�LQ�������`

D[�� �GP�ZBHBHVW��
DU� �DEV�D[��
D\�� �GP�,17B&203B+,*+����������^8SSHU�/LPLW�RI�&RPSHQVDWLRQ`
DU� �DU���D\��
LI�JW�MXPS�LQWBFRPSBE\SDVV������^VNLS�FRPSHQVDWLRQ�LI�_ZBH_�!�,17B&203B+,*+`

DU� �DEV�D[��
D\�� �GP�,17B&203B/2:�����������^/RZHU�OLPLW�RI�FRPSHQVDWLRQ`
DU� �DU���D\��
LI�OW�MXPS�LQWBFRPSBE\SDVV������^VNLS�FRPSHQVDWLRQ�LI�_ZBH_���,17B&203B/2:`



���

P\�� �GP�5&B&216�����������^5&B&216�������`
PU� �PU�
P\���VV�����������������^5&B&216
ZBH��������`
VU� �OVKLIW�PU��E\�����OR��
VU� �VU�RU�DVKLIW�PU��E\�����KL��
PU�� �VU��������������������������������^LQWHJHU�SDUW�RI�5&B&216
ZBH`
PU�� �VU��������������������������������^IUDFWLRQDO�SDUW�RI�5&B&216
ZBH`
P�� ���
O�� ���

FDOO�DUFWDQ�

D[�� ��[�����������������������������^SL���RQ�D�SHU�XQLW�EDVH�RI�SL`
D\�� �DU�
DU� �D[����D\��������������������������^DU� �SL�����DWDQ�5&B&216
ZBH�`
GP�SKDVBFRUUBIDFW�� �DU���������^3KDVH�FRUUHFWLRQ�IDFWRU�RQ�D�SL�X�EDVH`
D[�� �DU�
P�� ���
O�� ���

FDOO�DGPFBVLQ�

P[�� �DU����������������������������^P[�� �VLQBWKHW`
P�� �����������������������������������^1RWH��WKH�FDOO�WR�DGPFBFRV�GRHV`
O�� �������������������������������������^QRW�GHVWUR\�P[�`

FDOO�DGPFBFRV�

P[�� �DU�������������������������������^P[�� �FRVBWKHW`
P\�� �GP�IOX[BG�����������������^P\�� �IOX[BG`
P\�� �GP�IOX[BT�����������������^P\�� �IOX[BT`
D[�� �GP�3+$6B6(4��

DU� �GP�ZBHBHVW��
DU� �SDVV�DU�
LI�JH�MXPS�ZBHBSRVLWLYH�

DU� �SDVV�D[��
LI�HT�MXPS�UHYBVHTBQHJ�
PU� �P[�
P\���VV��
PU� �PU���P[�
P\���UQG���������^$SSOLHG�6WDWRU�)UHTXHQF\�LV�1HJDWLYH��DEF�VHT�`
DU� ��PU��
GP�IOX[BGBHVW�� �DU������������^)GHVW`�^ `��^FRV�WKHW�����VLQ�WKHW�`�^�)G`
PU� �P[�
P\���VV���������������^)THVW`������^�VLQ�WKHW����FRV�WKHW�`�^�)T`
PU� �PU���P[�
P\���UQG��
DU� ��PU��
GP�IOX[BTBHVW�� �DU�



���

MXPS�JDLQBFRUU�

UHYBVHTBQHJ�
PU� �P[�
P\���VV��
PU� �PU���P[�
P\���UQG���������^$SSOLHG�6WDWRU�)UHTXHQF\�LV�1HJDWLYH��DFE�VHT�`
DU� ��PU��
GP�IOX[BGBHVW�� �DU������������^)GHVW`�^ `��^FRV�WKHW����VLQ�WKHW�`�^�)G`
PU� �P[�
P\���VV���������������^)THVW`������^VLQ�WKHW����FRV�WKHW�`�^�)T`
PU� �PU���P[�
P\���UQG��
DU� ��PU��
GP�IOX[BTBHVW�� �DU�
MXPS�JDLQBFRUU�

ZBHBSRVLWLYH�
DU� �SDVV�D[��
LI�HT�MXPS�UHYBVHTBSRV�
PU� �P[�
P\���VV���������������^$SSOLHG�6WDWRU�)UHTXHQF\�LV�3RVLWLYH��DEF�VHT�`
PU� �PU���P[�
P\���UQG��
GP�IOX[BGBHVW�� �PU������������^)GHVW`�^ `�^FRV�WKHW�����VLQ�WKHW�`�^)G`
PU� �P[�
P\���VV���������������^)THVW`�����^�VLQ�WKHW����FRV�WKHW�`�^)T`
PU� �PU���P[�
P\���UQG��
GP�IOX[BTBHVW�� �PU��
MXPS�JDLQBFRUU�

UHYBVHTBSRV�
PU� �P[�
P\���VV���������������^$SSOLHG�6WDWRU�)UHTXHQF\�LV�3RVLWLYH��DFE�VHT�`
PU� �PU���P[�
P\���UQG��
GP�IOX[BGBHVW�� �PU������������^)GHVW`�^ `�^FRV�WKHW����VLQ�WKHW�`�^)G`
PU� �P[�
P\���VV���������������^)THVW`�����^VLQ�WKHW����FRV�WKHW�`�^)T`
PU� �PU���P[�
P\���UQG��
GP�IOX[BTBHVW�� �PU��

JDLQBFRUU�

P[�� �GP�5&B&216��
PU� �P[�
P[���UQG������������^5&B&216A��������
������� �������`
P\�� �GP�ZBHBHVW��������������^ZBH�������`
PU� �PU�
P\���UQG�������������^ZBH
5&B&216A���������`
PU� �PU�
P\���VV���������������^ZBH
ZBH
5&B&216A��������`

VU� �OVKLIW�PU��E\�����OR��
VU� �VU�RU�DVKLIW�PU��E\�����KL����^VU� �ZBHA�
5&B&216A���������`

D\�� ��[����������������������������^DGG�RQH�EHIRUH�WDNLQJ�VTXDUH�URRW`



���

DU� �VU����D\��
PU�� �DU�
PU�� �VU��

FDOO�VTUW����������������������������������^DQVZHU�ZLOO�EH�LQ�VU��LQ������`

P\�� �GP�,17B&203B*$,1���������^��5&B&216�LQ�������`
PU� �VU�
P\���VV�������������������^�������
ZBH�A��A��
��������������`

D\�� �PU������������������������������^QXPHUDWRU�LQ������`
D\�� �PU��

DU� �GP�ZBHBHVW������������������^ZBH�LQ�������`
DU� �DEV�DU�����������������������������^_ZBH_`
VU� �DVKLIW�DU�E\����KL������������^GHQRPLQDWRU��_ZBH_�LQ������`

D[�� �VU��

GLYV�D\��D[��
FQWU� ����
GR�LQWFRPSBGLY��XQWLO�FH�
LQWFRPSBGLY����GLYT�D[��

GP�JDLQBFRUUBIDFW�� �D\��������^D\�� �JDLQBFRUUBIDFW�������`

P[�� �GP�IOX[BGBHVW��
P\�� �GP�JDLQBFRUUBIDFW��
PU� �P[�
P\���UQG��������������^JDLQ�FRUUHFWLRQ
IOX[BGBHVW�������`
VU� �DVKLIW�PU��E\����KL��
GP�IOX[BGBHVW�� �VU��������������^IOX[BGBHVW�LQ�������`

P[�� �GP�IOX[BTBHVW��
PU� �P[�
P\���UQG��������������^JDLQ�FRUUHFWLRQ
IOX[BTBHVW�������`
VU� �DVKLIW�PU��E\����KL��
GP�IOX[BTBHVW�� �VU��������������^IOX[BTBHVW�LQ�������`
MXPS�LQWBFRPSBHQG�

LQWBFRPSBE\SDVV�
DU� �GP�IOX[BG��
GP�IOX[BGBHVW�� �DU�
DU� �GP�IOX[BT��
GP�IOX[BTBHVW�� �DU�

LQWBFRPSBHQG��



���

9,7$

0DUF�$��+HUZDOG�ZDV�ERUQ�LQ�5LFKPRQG��9$�RQ�0DUFK���UVW��������6RRQ�DIWHU��KH�DQG

KLV�SDUHQWV�DQG�EURWKHUV�PRYHG�WR�+LJKODQG�&RXQW\��9$��ZKHUH�KH�JUHZ�XS���7KH�DXWKRU

DWWHQGHG�VFKRRO�LQ�WKH�+LJKODQG�&RXQW\�3XEOLF�6FKRRO�6\VWHP���:KHQ�KH�ZDVQ©W�LQ�VFKRRO��WKH

DXWKRU�XVXDOO\�ZRUNHG�RQ�WKH�IDUP�RQ�YDULRXV�SURMHFWV���,Q�WKH�IDOO�RI�������WKH�DXWKRU�VWDUWHG�KLV

%6((�DW�9LUJLQLD�7HFK��ZKLFK�KH�FRPSOHWHG�LQ�WKH�VSULQJ�RI��������)URP�$XJXVW������WR�WKH

SUHVHQW��WKH�DXWKRU�KDV�EHHQ�ZRUNLQJ�WRZDUGV�KLV�06((�GHJUHH�


