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6800$5<��7KLV�SDSHU�SUHVHQWV�UHVXOWV�RI�QXPHULFDO�SUHGLFWLRQV�RI�WKH�DELOLW\�RI�D�=�GULYH�SURSXOVLRQ�V\VWHP�WR�DIIHFW�UROO�VWDELOL]DWLRQ�RI�D�YHVVHO�PRYLQJ�DW� VWHDG\�VSHHG�LQ�UHJXODU�VHDV��7KH�SRWHQWLDO� IORZ�EDVHG�� WLPH�GRPDLQ��VHDNHHSLQJ�DQG�PDQHXYHULQJ�FRGH�0276,0�ZDV� XVHG� WR� HYDOXDWH� WKH� HIIHFWLYHQHVV� RI� D� WZLQ� =�GULYH� SURSXOVLRQ� V\VWHP� RQ� D� YHVVHO� WR� FRQWURO� UROO�PRWLRQV�LQ�UHJXODU�VHDV��5HVXOWV�IRU�VHYHUDO�KHDGLQJV�DQG�ZDYH�FKDUDFWHULVWLFV�ZHUH�JHQHUDWHG�DQG�FRPSDUHG�ZLWK�WKH�UROO�UHGXFWLRQ�FDSDELOLWLHV�RI�D�FRQYHQWLRQDO�UXGGHU�SURSHOOHU�V\VWHP�RQ�WKH�VDPH�YHVVHO���
��� ,1752'8&7,21��5HFHQWO\��D�VHW�RI�SK\VLFDO�PRGHO�WHVWV�ZDV�SHUIRUPHG�DW�WKH� 1DWLRQDO� 5HVHDUFK� &RXQFLO¶V� ,QVWLWXWH� IRU� 0DULQH�'\QDPLFV�� 7KLV� VHDNHHSLQJ� VWXG\� IRFXVHG� RQ� WKH�UHVSRQVH� RI� D� YHVVHO� LQ� UHJXODU� ZDYHV� XVLQJ� D� VHOI�SURSHOOHG� PRGHO� �WZLQ� =�GULYHV� DFWLQJ� LQ� WDQGHP��HTXLSSHG�ZLWK� DQ� DXWRSLORW�� ,W� ZDV� REVHUYHG� GXULQJ� WKH�WHVWV� WKDW� LQ� ERZ� TXDUWHULQJ� DQG� VWHUQ� TXDUWHULQJ� VHDV��WKDW� UROO� DPSOLWXGHV� ZHUH� VLJQLILFDQWO\� KLJKHU� WKDQ�H[SHFWHG�� ,W� ZDV� SURSRVHG� WKDW� WKH� =�GULYHV�� FRQWUROOHG�E\� WKH� DXWRSLORW� WR� UHWDLQ� D� JLYLQJ� KHDGLQJ� DQJOH�� ZHUH�DFFHQWXDWLQJ� WKH� UROO� XQGHU� WKHVH� FRQGLWLRQV�� 7KLV�REVHUYDWLRQ� WKDW� =�GULYHV� FDQ� KDYH� D� VXEVWDQWLDO� LPSDFW�RQ�UROO�UHVSRQVH�OHG�WR�WKH�FXUUHQW�VWXG\�LQ�ZKLFK�WKH�=�GULYHV� DUH� XVHG� WR� UHGXFH� UROO� DFWLRQ� LQ� ZDYHV� WKURXJK�LPSOHPHQWDWLRQ�RI�DQ�DSSURSULDWHO\�WXQHG�FRQWURO�V\VWHP�����3UHGLFWLRQV� RI� WKH� HIIHFWLYHQHVV� RI� =�GULYH� UROO�VWDELOL]DWLRQ� ZHUH� SHUIRUPHG� XVLQJ� WKH� FRGH�0276,0��7KHVH� SUHGLFWLRQV� DUH� FRPSDUHG� ZLWK� 0276,0�SUHGLFWLRQV� RI� UROO� UHVSRQVHV� RI� DQ� XQVWDELOL]HG� YHVVHO�DQG� D� YHVVHO� ZLWK� D� FRQYHQWLRQDO� SURSHOOHU�UXGGHU�SURSXOVLRQ�V\VWHP����
���� %$&.*5281'��'LVFXVVLRQV�RI�UXGGHU�UROO�VWDELOL]DWLRQ��556��KDYH�EHHQ�DURXQG� VLQFH� WKH� HDUO\� ����¶V�� ZLWK� DFWXDO�LPSOHPHQWDWLRQV� RQ� QDYDO� YHVVHOV� GXULQJ� WKH� ����¶V���)RVVHQ�� ������� 2WKHU� W\SHV� RI� UROO� VWDELOL]LQJ� V\VWHPV�LQFOXGH���
• )L[HG�ILQV�
• 5HWUDFWDEOH�ILQV�
• $QWL�UROO�7DQNV�
• %LOJH�.HHOV��7KH� 556� DQG� ILQ� V\VWHPV� DUH� DFWLYH� �UHTXLUH� D� FORVHG�ORRS� FRQWURO� V\VWHP��ZKLOH� WKH� WDQN� DQG� ELOJH� NHHOV� DUH�

SDVVLYH�� 7KHVH� V\VWHPV� KDYH� YDULRXV� DGYDQWDJHV� DQG�GLVDGYDQWDJHV� LQ� WHUPV� RI� FRVW� DQG� HIIHFWLYHQHVV�� 556�V\VWHPV� KDYH� WKH� EHQHILW� RI� EHLQJ� UHODWLYHO\� FKHDS� WR�LPSOHPHQW�� VLQFH� WKH\� GR� QRW� UHTXLUH� D� VSHFLDO� DFWXDWRU��WKH� VKLS� LV� DOUHDG\� HTXLSSHG� ZLWK� D� UXGGHU��� DQG� DUH�UHDVRQDEO\� HIIHFWLYH� �DV� JRRG� DV� DQ� DQWL�UROO� WDQN�� LQ�UHGXFLQJ�UROO��=�GULYH�UROO�VWDELOL]DWLRQ��=56��ZRXOG�DOVR�EH� FKHDS� WR� LPSOHPHQW� DQG� FRXOG� SRWHQWLDOO\� EH� DV�HIIHFWLYH� DV� 556�� DV� WKH\� VKDUH� VDPH� SULQFLSOHV� RI�RSHUDWLRQ���
��� �556�&21752/�6<67(06��)URP�D� FRQWURO� V\VWHPV� VWDQGSRLQW��=56� LV� YHU\� VLPLODU�WR�556��DQG�ERWK�DUH�D�FKDOOHQJLQJ�SUREOHP�IRU�D�QXPEHU�RI�UHDVRQV���
• /LPLWHG� FRQWURO� DXWKRULW\�� 7KH� UXGGHU� LV� DQ�LPSHUIHFW�DFWXDWRU�EHFDXVH�RI�LWV�OLPLWHG�UDWH�RI�WXUQ��VOHZ�UDWH�� DQG� WKH� ORVV� RI� OLIW� DW� VWHHS� LQFLGHQFH�DQJOHV��VDWXUDWLRQ��DQG�RU�DW�ORZ�VSHHGV��
• 6LQJOH�LQSXW�GRXEOH�RXWSXW� �6,'2�� V\VWHP�� 5XGGHU�DQJOH�DIIHFWV�ERWK�WKH�\DZ�DQG�UROO�RI�WKH�YHVVHO��7KH�VLPSOHVW� FRQWURO� V\VWHPV� DUH� VLQJOH�LQSXW�VLQJOH�RXWSXW��6,62��V\VWHPV���
• 1RQ�0LQLPXP� 3KDVH� �103�� 6\VWHP�� $� FRQWURO�V\VWHPV� HQJLQHHULQJ� WHUP� WKDW� FRPHV� IURP�H[DPLQLQJ� WKH� SKDVH� UHVSRQVH� RI� D� V\VWHP�� 7KH�SKDVH�WUDQVIHU�IXQFWLRQ�RI�UXGGHU�DQJOH�WR�UROO�DQJOH�IRU�DOO�YHVVHOV� LV�GRPLQDWHG�E\� WKLV�103�EHKDYLRXU�DQG� FDQ� PDNH� UROO� GLIILFXOW� WR� FRQWURO� XVLQJ� WKH�UXGGHU���$ FORVHG�ORRS� V\VWHP� UHOLHV� RQ� WKH� IDFW� WKDW� DQ� DFWXDWRU�SURGXFHV�D�SUHGLFWDEOH�GLUHFWLRQ�RI�UHVSRQVH�LQ�D�V\VWHP��)RU� H[DPSOH�� LI� D� KHDWHU� LV� WXUQHG� RQ� LQ� D� URRP�� WKH�WHPSHUDWXUH�JRHV�XS��L�H��SRVLWLYH�KHDW�JHQHUDWHV�SRVLWLYH�WHPSHUDWXUH� FKDQJH�� DQG� UHGXFHG� KHDW� OLNHZLVH� UHGXFHV�WKH�WHPSHUDWXUH��)RU�D�PDULQH�YHVVHO��WKH�103�EHKDYLRXU�
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UHVXOWV� IURP�WKH� IDFW� WKDW� WKH�YHVVHO¶V� UROO� UHVSRQVH�JRHV�WKURXJK� D� ����GHJUHH� SKDVH� VKLIW� RYHU� WKH� UDQJH� RI�IUHTXHQFLHV� RI� LQWHUHVW�� L�H�� SRVLWLYH� UXGGHU� DFWLRQ� FDQ�SURGXFH� ERWK� SRVLWLYH�DQG� QHJDWLYH� UROO� UHVSRQVHV��7KLV�EHKDYLRXU� LV� VKRZQ�LQ� WKH� IUHTXHQF\�GRPDLQ�SORW�RI� WKH�UXGGHU�UROO� SKDVH� WUDQVIHU� IXQFWLRQ� LQ� )LJXUH� �� EHORZ��7KH� SKDVH� WUDQVIHU� IXQFWLRQ� VKRZV� WKDW� WKH� UHVSRQVH� RI�WKH� YHVVHO� LQ� UROO� LV� ���� GHJUHHV� RXW� RI� SKDVH� RI� WKH�UXGGHU��ZKHUHDV�DW�ORZHU�IUHTXHQFLHV��ZH�KDYH�D�PRUH�LQ�SKDVH�UHODWLRQVKLS����7KH�LOOXVWUDWLRQ�LQ�)LJXUH���GHPRQVWUDWHV�WKLV�EHKDYLRXU��,QLWLDOO\�� ZKHQ� WKH� UXGGHU� LV� PRYHG� WR� SRUW�� WKH� YHVVHO�UROOV�WR�SRUW�GXH�WR�WKH�UROO�PRPHQW�LQGXFHG�E\�WKH�UXGGHU�IRUFH�� +RZHYHU�� PRYLQJ� WKH� UXGGHU� WR� SRUW� DOVR� FDXVHV�WKH� YHVVHO� WR� WXUQ� WR� SRUW� LQ� \DZ�� 2QFH� WKLV� WXUQ� KDV�VHWWOHG� LQ�� WKH� YHVVHO� WKHQ� UROOV� WR� VWDUERDUG�� 7KLV�VWDUERDUG�KHHO�DQJOH�DULVHV�IURP�WKH�UROO�PRPHQW�FDXVHG�E\� WKH� FRPELQDWLRQ� RI� WKH� FHQWULSHWDO� IRUFH� DQG� WKH�K\GURG\QDPLF�UHDFWLRQ�IRUFHV�DFWLQJ�DW�GLIIHUHQW�YHUWLFDO�SRVLWLRQV�RQ�WKH�YHVVHO��$�FRQWUROOHU�KDV�WKH�GLOHPPD�RI�GHFLGLQJ�ZKLFK�³ZD\´�WR�IHHG�EDFN�WKH�FRUUHFWLYH�UXGGHU�VLJQDO�� 'RHV� WKH� FRQWUROOHU� XVH� SRUW� UXGGHU� WR� DFWXDWH� D�SRUW� UROO�RU� VWDUERDUG"�7KH�DQVZHU� LV� WKDW� LW�GHSHQGV�RQ�WKH� IUHTXHQF\�RI� WKH�FRUUHFWLRQ� WKDW� WKH�FRQWUROOHU�QHHGV�WR�PDNH��$W�KLJK�IUHTXHQFLHV�SRUW�UXGGHU�DFWXDWHV�D�SRUW�UROO� ZKLOH� DW� ORZ� IUHTXHQFLHV�� SRUW� UXGGHU� DFWXDWHV� WKH�H[DFW� RSSRVLWH�� D� VWDUERDUG� UROO�� � )URP� D� FRQWURO�GHVLJQHU¶V� SRLQW� RI� YLHZ�� WKH�103� EHKDYLRXU� FUHDWHV� D�OLPLW�RQ�WKH�IRUZDUG�ORRS�JDLQ�RI�WKH�FRQWUROOHU��LQ�RUGHU�WR�NHHS�WKH�V\VWHP�VWDEOH���ZKLFK�OHDGV�WR�KLJKHU�WUDFNLQJ�HUURUV��7KLV� LV� D� IXQGDPHQWDO� OLPLWDWLRQ� WKDW� LV� LPSRVHG�RQ�WKH�556�E\�WKH�YHVVHO�G\QDPLFV���
Bode Diagram Rudder/Roll Transfer Function
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)LJXUH����0DJQLWXGH�DQG�3KDVH�WUDQVIHU�IXQFWLRQV�IURP�UXGGHU�WR�UROO�IRU�D�W\SLFDO�YHVVHO�IRU�RQH�IRUZDUG�VSHHG���
7KLV� GLVFXVVLRQ� DOVR� KLQWV� DW� WKH� SUREOHP�RI� FRQWUROOLQJ�ERWK� \DZ� DQG� UROO� ZLWK� WKH� VDPH� DFWXDWRU�� VLQFH� LI� ZH�ZDQW� WR� FRUUHFW� IRU� D� VWHDG\� VWDWH� UROO� XVLQJ� WKH� UXGGHU��ZH�QHHG�WR�DSSO\�D�VWHDG\�VWDWH�UXGGHU�DQJOH��ZKLFK�OHDGV�WR�D�VWHDG\�WXUQ��VWHDGLO\�LQFUHDVLQJ�\DZ���7KH�FRPSOHWH�FRXSOLQJ�RI� \DZ�DQG� UROO�DW� ORZ�IUHTXHQF\� UXOHV�RXW� WKH�

XVH�RI�D�VLQJOH�DFWXDWRU��VLQFH�LW�ZRXOG�EH�LPSRVVLEOH� WR�FRUUHFW� D� FRQVWDQW� UROO� WULP� RIIVHW� ZLWKRXW� WXUQLQJ� WKH�YHVVHO�DW�WKH�VDPH�WLPH�����
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�)LJXUH����5ROO�5HVSRQVH�WR�5XGGHU�0RYHPHQW�
�$OO� 556� FRQWURO� V\VWHPV� GHDO� ZLWK� WKH� FRXSOLQJ� RI� WKH�UROO� DQG� \DZ� G\QDPLFV� E\� VHSDUDWLQJ� WKH� UXGGHU�FRUUHFWLRQV� IRU�HDFK�D[LV� LQWR� VHSDUDWH� IUHTXHQF\� UDQJHV��EDQGV�� RI� LQWHUHVW�� 7KLV� DOORZV� WKH� \DZ� FRQWUROOHU� WR�LJQRUH� KLJK� IUHTXHQF\� GLVWXUEDQFHV�� ZKLOH� WKH� UROO�FRQWUROOHU� FDQ� LJQRUH� ORZ� IUHTXHQF\� GLVWXUEDQFHV�� 2QH�VLPSOH�ZD\�WR�GR�WKLV�LV�WR�VHW�WKH�UXGGHU�WR�UHDFW�RQO\�WR�UROO� UDWH� �LQVWHDG� RI� UROO� DQJOH��� ZKLFK� GRHV� QRW� KDYH� D�VLJQLILFDQW� ORZ� IUHTXHQF\� FRPSRQHQW�� 7KH� UXGGHU�WKHUHE\� EHFRPHV� D� GHYLFH� IRU� UROO� GDPSLQJ�� )LJXUH� ��VKRZV� D� EORFN� GLDJUDP� RI� D� VLPSOH� 556� ZLWK�SURSRUWLRQDO�DQG�GHULYDWLYH�FRQWUROOHU�JDLQV�3<$:��'<$:��352//��'52//��)RU�WKH�UROO�GDPSLQJ�PRGH��352//� �������([DPLQDWLRQ� RI� WKH� PDJQLWXGH� UHVSRQVH� SORW� �IRU� D�W\SLFDO� YHVVHO�� LQGLFDWHV� WKDW� WKHUH� LV� D� VLJQLILFDQW�UHVRQDQW�SHDN�IRU�UXGGHU�WR�UROO�UHVSRQVH��EHFDXVH�RI�WKH�FRPELQDWLRQ�RI�UHVWRULQJ�IRUFHV�GXH�WR�EXR\DQF\�DQG�WKH�UHODWLYHO\� ORZ� GDPSLQJ� RI� WKH� YHVVHO� RQ� WKH� UROO� D[LV��,QFUHDVLQJ� WKH�GDPSLQJ�RI� WKH�YHVVHO� WKURXJK�XVH�RI� WKH�UXGGHU�HIIHFWLYHO\� UHGXFHV� WKH�DYHUDJH�PDJQLWXGH�RI� WKH�UROO�DQJOH���
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�)LJXUH����5HVSRQVH�WR�5XGGHU�$FWLRQ��
7KH� WLPH� VHULHV� LQ� )LJXUH� �� VKRZV� WKH� RSHQ�ORRS��XQFRQWUROOHG��UHVSRQVH�RI�D�YHVVHO�LQ�\DZ�DQG�UROO�� WR�D�VWHS�UXGGHU�LQSXW�RI����GHJUHHV��7KH�103�EHKDYLRXU�RI�WKH�YHVVHO� LV�FOHDU�E\� LWV� LQLWLDO� UROO� WR�SRUW�DOWKRXJK� WKH�UXGGHU� KDV� EHHQ� DSSOLHG� WR�SRUW��7KH� YHVVHO� WKHQ� VHWWOHV�LQWR�D�³FRQVWDQW´�UROO�DQJOH�WR�VWDUERDUG�RI�DSSUR[LPDWHO\��

����GHJUHHV� DV� ORQJ�DV� WKH� UXGGHU� LV� KHOG� DW� ���GHJUHHV��6XSHULPSRVHG� RQ� WKH� FRQVWDQW� UROO� LV� D� VLQXVRLGDO� UROO�PRWLRQ� WKDW� LV� GXH� WR� WKH� XQGHU�GDPSHG� UHVRQDQW�EHKDYLRXU�RI�WKH�YHVVHO�DERXW�LWV�UROO�D[LV��WKH�UXGGHU�UDWH�IRU� WKLV� VLPXODWLRQ�ZDV��OGHJ��VHF����6ORZHU�UXGGHU�UDWHV�LQWURGXFH�D�WLPH�ODJ�LQ�DFWXDWRU�UHVSRQVH��ZKLFK�DFWXDOO\�PDNHV�WKH�103�SUREOHP�ZRUVH�DQG�WKH�V\VWHP�KDUGHU�WR�FRQWURO�� $� IDVW�DFWLQJ� DFWXDWRU� LV� D� QHFHVVLW\� WR�HIIHFWLYHO\�HPSOR\�DQ�556���$UH�WKHUH�DQ\�VLJQLILFDQW�DGYDQWDJHV�LQ�XVLQJ�D�=�GULYH�WR�SHUIRUP� 556�� YHUVXV� XVLQJ� D� UXGGHU"� ,I� ZH� UHYLVLW� WKH�556� OLPLWDWLRQV�� 103� EHKDYLRXU� LV� D� IHDWXUH� RI� VKLS�G\QDPLFV�DQG�ZLOO�VWLOO�EH�WKHUH�IRU�D�=�GULYH�YHVVHO��7KH�6,'2�FRQWURO�VWUXFWXUH�LV�DOVR�VWLOO�D�IDFWRU��VLQFH�DQJOLQJ�WKH� =�GULYHV� DIIHFWV� ERWK� \DZ� DQG� UROO��$Q\� GLIIHUHQFHV�EHWZHHQ� =56� DQG� 556� PD\� OLH� LQ� WKH� GLIIHUHQFHV�EHWZHHQ� UXGGHU� DQG� =�GULYH� FKDUDFWHULVWLFV� DV� UROO� DQG�\DZ� DFWXDWRUV�� =�GULYHV� GR� QRW� KDYH� D]LPXWK� OLPLWV� RU�VXIIHU� IURP� VWDOOLQJ�� DQG� =�GULYH� XQLWV� WHQG� WR� KDYH� D�KLJKHU� VOHZ� UDWH� WKDQ� UXGGHUV�� $� =56� V\VWHP� VKRXOG�WKHUHIRUH�SHUIRUP�DW�OHDVW�DV�ZHOO�DV�DQ�556�DQG�SRVVLEO\�EHWWHU�LQ�VRPH�FRQGLWLRQV����
��� 180(5,&$/�6+,3�027,21�6,08/$7,21�352*5$0�³0276,0´��0276,0� LV� D� QRQ�OLQHDU� WLPH� GRPDLQ� VHDNHHSLQJ� FRGH�WKDW� VLPXODWHV� VL[� GHJUHHV� RI� IUHHGRP� PRWLRQ�� ZLWK�IRUZDUG� VSHHG� LQ� DQ\� ZDYH� FRQGLWLRQ� �3DZORZVNL� 	�%DVV���������7KH�VKLS¶V�JHRPHWU\�LV�GHILQHG�LQ�WHUPV�RI�D�VHTXHQFH�RI�VHFWLRQV��HDFK�RI�ZKLFK�LV�GHVFULEHG�E\�D�VHW�RI� SDQHOV�� $W� HDFK� WLPH� VWHS�� WKH� FRGH� GHWHUPLQHV� WKH�LQWHUVHFWLRQ� RI� WKHVH� SDQHOV� ZLWK� WKH� ZDWHUOLQH� DQG�UHGHILQHV� WKH� SDQHOLQJ� GHVFULELQJ� WKH� VKLS¶V� ZHWWHG�VXUIDFH��7KH�SUHVVXUH�IRUFHV�DVVRFLDWHG�ZLWK�WKH�LQFLGHQW�ZDYHV� DUH� WKHQ� QXPHULFDOO\� LQWHJUDWHG� RYHU� WKLV� ZHWWHG�
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VXUIDFH�� XVLQJ� VHFRQG� RUGHU� *DXVVLDQ� TXDGUDWXUH�� 7KH�QRUPDO�YHORFLW\�GLVWULEXWLRQ�DVVRFLDWHG�ZLWK� WKH�YHORFLW\�RI� WKH� YHVVHO� DQG� WKH� LQFLGHQW� ZDYH� SDUWLFOH� YHORFLW\� LV�DYHUDJHG�RYHU�HDFK�SDQHO�DQG�WKHQ�D�OHDVW�VTXDUHV�ILWWLQJ�RI�WKLV�GLVWULEXWLRQ�EDVHG�RQ�WKH�ZHWWHG�SDQHOV�EHORQJLQJ�WR� D� SDUWLFXODU� VHFWLRQ� LV� PDGH� VXFK� WKDW� D� XQLTXH�GHFRPSRVLWLRQ� RI� WKH� PRGDO� YHORFLWLHV� �VXUJH�� VZD\��KHDYH�DQG�UROO��LV�REWDLQHG�WKDW�PRVW�FORVHO\�VDWLVILHV�WKH�ERG\�ERXQGDU\�FRQGLWLRQ�RQ� WKH� VHFWLRQ��7KH�XVH�RI� WKH�ZHWWHG�VXUIDFH�WR�GHWHUPLQH�PRGDO�YHORFLWLHV�VHUYHV�DV�DQ�DSSUR[LPDWLRQ� WR�D�QRQ�OLQHDU�ERG\�ERXQGDU\�FRQGLWLRQ��7KH�FRGH�DOORZV�IRU�PRUH�JHQHUDO�GHFRPSRVLWLRQV�RI�WKH�YHORFLW\�GLVWULEXWLRQ�WR�EH�PDGH�XVLQJ�D�KLJKHU�QXPEHU�RI�QRQ�VWDQGDUG� PRGHV�� )URP� WKLV� GHFRPSRVLWLRQ�� WKH�VFDWWHULQJ� IRUFHV� DQG�PRPHQWV� DUH� GHWHUPLQHG� IRU� HDFK�VHFWLRQ� EDVHG� RQ� SUHFDOFXODWHG� PHPRU\� IXQFWLRQV�� 7KH�PHPRU\� IXQFWLRQV� IRU� HDFK� VHFWLRQ� DUH� GHULYHG� IURP�DGGHG� PDVV� DQG� GDPSLQJ� FRHIILFLHQWV� IURP� ]HUR� VSHHG�OLQHDU� WKHRU\� RYHU� D� WUXQFDWHG� VHPL�LQILQLWH� IUHTXHQF\�UDQJH��7KHLU�XVH�DOORZV�IRU�DUELWUDU\�IUHTXHQF\�FRQWHQW�LQ�WKH�VFDWWHULQJ� IRUFHV�DQG�PRPHQWV��7KH�DGGHG�PDVV�DQG�GDPSLQJ� FRHIILFLHQWV� FDQ� EH� HLWKHU� �� RU� �� GLPHQVLRQDO��&RUUHFWLRQV�DUH�PDGH�IRU�IRUZDUG�VSHHG�����9LVFRXV� HIIHFWV� DVVRFLDWHG� ZLWK� UROO� GDPSLQJ� DQG�PDQRHXYULQJ� DUH� GHWHUPLQHG� XVLQJ� VHPL�HPSLULFDO�IRUPXODH�RU�H[SHULPHQWDOO\�GHWHUPLQHG�FRHIILFLHQWV��7KH�WRWDO� IRUFHV�DUH� WKHQ�XVHG� LQ� WKH�QRQ�OLQHDU�HTXDWLRQV�RI�PRWLRQ�WR�GHWHUPLQH�WKH�PRWLRQV�RI�WKH�YHVVHO����
��� 180(5,&$/�5(68/76��7KH� EHKDYLRXU� RI� D� YHVVHO� ZDV� SUHGLFWHG� ZLWK� DQG�ZLWKRXW� =�GULYH� UROO� VWDELOL]DWLRQ� RYHU� D� UDQJH� RI�KHDGLQJV�DQG�ZDYH�SHULRGV�XVLQJ�WKH�SURJUDP�0276,0��$Q� DGGLWLRQDO� VHW� RI� 0276,0� SUHGLFWLRQV� ZDV� DOVR�SHUIRUPHG� ZLWK� D� FRQYHQWLRQDO� UXGGHU�SURSHOOHU�SURSXOVLRQ�V\VWHP�RQ�WKH�VDPH�YHVVHO�IRU�FRPSDULVRQ�RI�WKH�WZR�UROO�UHGXFWLRQ�WHFKQLTXHV����)LJXUH���VKRZV�WKH�UROO�UHVSRQVH�SUHGLFWLRQV�RI�WKH�YHVVHO�PRYLQJ�DW� D� VWHDG\� VSHHG�RI� ��NQRWV� IRU� WKUHH�KHDGLQJV��������� DQG����� GHJUHHV�� RYHU� D� UDQJH� RI�ZDYH� SHULRGV��UHJXODU�ZDYHV��ZDYH�KHLJKW�ZDV����OP�� IRU� WKH�=�GULYH�SURSHOOHG� DQG� UXGGHU�SURSHOOHU� FDVHV�� $V� WKHUH� ZDV� QR�DFWLYH�UROO�GDPSLQJ��WKH�UROO�DPSOLWXGHV�ZHUH�VLPLODU�IRU�WKH�WZR�SURSXOVLRQ�W\SHV�����7KH� QH[W� VWHS� ZDV� GHWHUPLQLQJ� DSSURSULDWH� FRQWUROOHU�JDLQV��352//��'52//��WR�DFKLHYH�UROO�UHGXFWLRQ�ZLWK�WKH�=�GULYH� XQLWV�� 7KHVH� FRHIILFLHQWV� ZHUH� PDQXDOO\� WXQHG�WKURXJK�D� WULDO�DQG�HUURU�DSSURDFK�IRU�HDFK�ZDYH�SHULRG�DQG�KHDGLQJ��7KLV�SURFHVV� LQYROYHG� UXQQLQJ�VLPXODWLRQV�RYHU� D� UDQJH� RI� JDLQ� YDOXHV� DQG� WKHQ� FKRRVLQJ� WKH�FRPELQDWLRQ� RI� 352//� 	� '52//� ZLWK� WKH� EHVW� UROO�UHVSRQVH�� ,W� ZDV� IRXQG� WKDW� WKH� FRQWUROOHU� JDLQV� YDULHG�FRQVLGHUDEO\� GHSHQGLQJ� RQ� WKH� HQFRXQWHU� IUHTXHQF\� RI�

WKH�ZDYHV��)RU�H[DPSOH��LQ�)LJXUH����WKH�UROO�DPSOLWXGHV�IRU�VHWV�RI�UROO�JDLQ�YDOXHV�DUH�JLYHQ�IRU�D�VLQJOH�KHDGLQJ�DQG�ZDYH�SHULRG�� ,Q� WKLV�FDVH�� WKH�SURSRUWLRQDO�JDLQ�KDG�OLWWOH� LQIOXHQFH� RQ� WKH� UROO� DPSOLWXGH�� ,QFUHDVLQJ� WKH�GHULYDWLYH� JDLQ�� KRZHYHU�� UHVXOWHG� LQ� LPSURYHG� UROO�UHVSRQVH�WR�D�SRLQW��DIWHU�ZKLFK�UROO�ZDV�LQWHQVLILHG���
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:DYH�3HULRG�>VHF@

5XGGHU����'HJUHHV =�'ULYH����'HJUHHV

5XGGHU����'HJUHHV =�'ULYH����'HJUHHV

5XGGHU�����'HJUHHV =�'ULYH�����'HJUHHV �
)LJXUH����5ROO�5HVSRQVH�±�1R�5ROO�'DPSLQJ��

�

�

�

�

�

��

��

��

��

��
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'HULYDWLYH�*DLQ

3URSRUW��*DLQ� ��

3URSRUW��*DLQ� ��

3URSRUW��*DLQ� ��

�)LJXUH����+HDGLQJ� ����GHJ���:DYH�3HULRG� ���VHF���
7KLV� EHKDYLRXU� FKDQJHG� DV� WKH� HQFRXQWHU� IUHTXHQF\�GHFUHDVHG��6KRZQ� LQ�)LJXUH��� DUH� WKH� UROO� UHVSRQVHV� IRU�DQRWKHU� KHDGLQJ� DQG� ZDYH� SHULRG�� )RU� WKLV� HQFRXQWHU�IUHTXHQF\�� SURSRUWLRQDO� JDLQ� UHSODFHV� GHULYDWLYH� JDLQ� DV�EHLQJ�WKH�SULPDU\�LQIOXHQFH�RQ�UROO�UHGXFWLRQ����7KH� UHVXOWV� RI� WKH� =�GULYH� UROO� VWDELOL]DWLRQ� SUHGLFWLRQV�DUH� JLYHQ� EHORZ� LQ� )LJXUH� ��� � 7KH� EHVW� DEVROXWH�LPSURYHPHQW� ����GHJUHH� UHGXFWLRQ��ZDV�VHHQ� IRU� WKH����GHJUHH�KHDGLQJ�LQ���VHFRQG�SHULRG�UHJXODU�ZDYHV�DQG�WKH�EHVW� SHUFHQWDJH� LPSURYHPHQW� ������ ZDV� IRXQG� IRU� WKH�����KHDGLQJ�LQ����VHFRQG�ZDYHV����
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�)LJXUH����+HDGLQJ� ����GHJ���:DYH�3HULRG� ����VHF���
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:DYH�3HULRG�>VHF@

8QGDPSHG����'HJUHHV 'DPSHG����'HJUHHV

8QGDPSHG����'HJUHHV 'DPSHG����'HJUHHV

8QGDPSHG�����'HJUHHV 'DPSHG�����'HJUHHV �
)LJXUH����=�GULYH�5ROO�5HVSRQVH��7KH� VDPH� VHW�RI�SUHGLFWLRQV�ZDV� DOVR�SHUIRUPHG� IRU� WKH�YHVVHO� ZLWK� DQ� HTXLYDOHQW� UXGGHU�SURSHOOHU� SURSXOVLRQ�V\VWHP� UHSODFLQJ� WKH� =�GULYHV�� 7KH� UHVXOWV� IURP� WKHVH�VLPXODWLRQV�DUH�VKRZQ�LQ�)LJXUH�����
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:DYH�3HULRG�>VHF@

8QGDPSHG����'HJUHHV 'DPSHG����'HJUHHV

8QGDPSHG����'HJUHHV 'DPSHG����'HJUHHV

8QGDPSHG�����'HJUHHV 'DPSHG�����'HJUHHV �
)LJXUH����5XGGHU�5ROO�5HVSRQVH�

�7KH�UROO�UHVSRQVHV�ZKHQ�XVLQJ�=56�DQG�556�ZHUH�IRXQG�WR�EH�HVVHQWLDOO\�HTXLYDOHQW�DV�VKRZQ�LQ�)LJXUH�������
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:DYH�3HULRG�>VHF@

5XGGHU����'HJUHHV =�'ULYH����'HJUHHV

5XGGHU����'HJUHHV =�'ULYH����'HJUHHV

5XGGHU�����'HJUHHV =�'ULYH�����'HJUHHV �
)LJXUH�����556�YV��=56�

�7KH�PRWLRQV�RI� WKH�=�GULYH� DQG� UXGGHU�GXULQJ� D� W\SLFDO�UXQ� ���� GHJUHH� KHDGLQJ�� �� VHFRQG� SHULRG� ZDYHV�� DUH�JLYHQ� LQ� )LJXUH� ��� DQG� )LJXUH� ���� 7KH� UXGGHU� PRWLRQV�GXULQJ�DFWLYH�UROO�GDPSLQJ�ZHUH�VLQXVRLGDO�LQ�VKDSH�DQG�MXVW� VOLJKWO\� RXW� RI� SKDVH�ZLWK� WKH� UROO�PRWLRQV��7KH�=�GULYH� PRWLRQ�� ZKLFK� ZDV� QHDUO\� VLQXVRLGDO� DQG� VOLJKWO\�RXW�RI�SKDVH�ZLWK�UROO��WHQGHG�WR�VZLQJ�WRZDUGV�RQH�VLGH�PRUH�WKDQ�WKH�RWKHU��7KLV�ZDV�OLNHO\�GXH�WR�WKH�LQIOXHQFH�RI� WKH� FRXUVH� NHHSLQJ� DQG� VSHHG� NHHSLQJ� FRQWUROV�FRPSHQVDWLQJ� IRU� ORVV� RI� WKUXVW� ZKHQ� WKH� =�GULYHV�D]LPXWK���
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7LPH�>VHF@

5ROO 5XGGHU�$QJOH 6OHZ�5DWH �)LJXUH�����5XGGHU�0RWLRQV�
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7LPH�>VHF@

5ROO $]LPXWK 6OHZ�5DWH �)LJXUH�����=�GULYH�0RWLRQV�
�7KH�DPSOLWXGHV�RI�WKHVH�PRWLRQV�DUH�VXPPDUL]HG�EHORZ��,Q�)LJXUH�����WKH�VZLQJ�DPSOLWXGHV�IRU�WKH�UXGGHU�DQG�=�GULYH�IRU�WKH�YDULRXV�FRQGLWLRQV�LV�JLYHQ��$Q�XSSHU�OLPLW�RI� ��� GHJUHHV� IRU� WKH� UXGGHU� LV� DOVR� VKRZQ� �WKHUH� DUH�SK\VLFDO�OLPLWV�WR�UXGGHU�VZLQJ�DV�ZHOO�DV�VWDOOLQJ�LVVXHV�DW� KLJK� DQJOHV� RI� DWWDFN��� 2QO\� RQH� FRQGLWLRQ� DW� ���GHJUHHV� KHDGLQJ� DQG� ��VHFRQG� ZDYHV� SUHGLFWHG�XQUHDOL]DEOH� UXGGHU�DQJOHV��=�GULYHV�KDYH� WKH�DGYDQWDJH�RI�QRW�EHLQJ�OLPLWHG�LQ�WKLV�UHJDUG����)LJXUH� ��� VKRZV� WKH� VOHZ� UDWH� DPSOLWXGHV� IRU� WKH� WZR�FDVHV�� %RWK� UXGGHUV� DQG� =�GULYHV� KDYH� XSSHU� OLPLWV� RQ�KRZ�TXLFNO\�WKH\�FDQ�WXUQ��YDOXHV�IRU�WZR�YHVVHOV�NQRZQ�WR�WKH�DXWKRUV�DUH�JLYHQ�LQ�WKH�ILJXUH���7KH�556�V\VWHP��DOWKRXJK� WKHRUHWLFDOO\� FRPSDUDEOH� WR� WKH� =56� V\VWHP��ZRXOG� EH� LQHIIHFWLYH� LQ� SUDFWLFH� ZLWKRXW� D� VXEVWDQWLDO�LQFUHDVH�LQ�WKH�VOHZ�UDWH�FDSDFLW\�RI�WKH�UXGGHU��7KH�=56�DSSHDUV� WR� EH� HIIHFWLYH� H[FHSW� LQ� RQH� FRQGLWLRQ� DW� D� ���GHJUHH�KHDGLQJ�LQ���VHFRQG�ZDYHV���
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5XGGHU����'HJUHHV =�'ULYH����'HJUHHV

5XGGHU����'HJUHHV =�'ULYH����'HJUHHV

5XGGHU�����'HJUHHV =�'ULYH�����'HJUHHV

5XGGHU�0D[LPXP

�
)LJXUH�����$]LPXWK�$PSOLWXGHV�
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:DYH�3HULRG�>VHF@

5XGGHU����'HJUHHV =�'ULYH����'HJUHHV

5XGGHU����'HJUHHV =�'ULYH����'HJUHHV

5XGGHU�����'HJUHHV =�'ULYH�����'HJUHHV

=�'ULYH�0D[LPXP

5XGGHU�0D[LPXP

�
)LJXUH�����6OHZ�5DWH�$PSOLWXGHV�

�
��� �&21&/86,216��3UHGLFWLRQV�RI�UROO�UHVSRQVH�IRU�D�YHVVHO�ZHUH�FRQGXFWHG�XVLQJ� WKH� VRIWZDUH�0276,0��$FWLYH� UROO� GDPSLQJ� ZDV�WKHQ�DSSOLHG� LQ� WKH�QXPHULFDO�PRGHO�XVLQJ�=�GULYHV�DQG�FRPSDUHG� ZLWK� WKH� UHVXOWV� RI� UXGGHU� GDPSLQJ� XVLQJ� DQ�HTXLYDOHQW� UXGGHU�SURSHOOHU� SURSXOVLRQ� V\VWHP� RQ� WKH�VDPH� YHVVHO�� ,W� ZDV� IRXQG� WKDW� ERWK� WKH� =�GULYH� UROO�VWDELOL]DWLRQ� DQG� UXGGHU� UROO� VWDELOL]DWLRQ� JDYH� VLPLODU�UHVXOWV�IRU�WKH�KHDGLQJV�DQG�ZDYH�SHULRGV�H[DPLQHG��5ROO�DPSOLWXGHV�ZHUH�GHFUHDVHG�EHWZHHQ���������GHSHQGLQJ�RQ� WKH� KHDGLQJ� DQG� ZDYH� SHULRG�� $OWKRXJK� UXGGHU�UHVSRQVH� GXULQJ� UROO� VWDELOL]DWLRQ� LQ� UHJXODU� ZDYHV� ZDV�VLQXVRLGDO�� WKH� =�GULYH� UHVSRQVH� LQ� WKH� VDPH� FRQGLWLRQV�H[KLELWHG� QRQ�OLQHDU� PRWLRQV� WHQGLQJ� WR� VZLQJ� PRUH� WR�RQH�VLGH�WKDQ�WKH�RWKHU��7KLV�EHKDYLRXU�ZDV�OLNHO\�GXH�WR�WKH�FRXUVH�NHHSLQJ�DQG�VSHHG�FRQWUROV�UHVSRQGLQJ�WR�WKH�FKDQJLQJ� WRWDO� IRUZDUG� WKUXVW� YHFWRU�� 5XGGHU� DQJOH�DPSOLWXGHV�UDQJHG�IURP�DSSUR[LPDWHO\�������GHJUHHV��=�GULYH�D]LPXWK�DPSOLWXGHV�ZHUH�FRPSDUDEOH�H[FHSW�IRU�DQ�DQRPDORXV� YDOXH� DW� WKH� ��� GHJUHH� KHDGLQJ� FDVH� LQ� ��VHFRQG� ZDYHV�� 5XGGHU� DQG� =�GULYH� VOHZ� UDWHV� ZHUH�VLPLODU��+RZHYHU��=�GULYHV�W\SLFDOO\�KDYH�IDVWHU�VOHZ�UDWH�FDSDELOLWLHV� WKDQ� UXGGHUV�� )RU� WKH� WZR� V\VWHPV�LQYHVWLJDWHG�KHUH��WKH�UXGGHU��PD[��VOHZ�UDWH��OGHJ��VHF���ZRXOG� RQO\� EH� HIIHFWLYH� LQ� ��� VHFRQG� SHULRG� ZDYHV� RU�JUHDWHU�� ZKLOH� WKH� =�GULYH� �PD[�� VOHZ� UDWH� ��OGHJ��VHF���FRXOG� KDQGOH� DOO� EXW� ��� DQG� ���� GHJUHH� KHDGLQJV� LQ� ��VHFRQG� ZDYHV�� $OWKRXJK� PRUH� ZRUN� LV� QHHGHG�� WKHVH�VLPXODWLRQV� GHPRQVWUDWH� WKH� SRWHQWLDO� RI� XVLQJ� =�GULYH�SURSXOVLRQ�V\VWHPV�IRU�UROO�VWDELOL]DWLRQ������� �)8785(�:25.��7KH�PHWKRG�IRU�DSSO\LQJ�WKH�UROO�VWDELOL]LQJ�IRUFH�LQ�WKH�VLPXODWLRQV�ZDV�E\�D]LPXWKLQJ�ERWK� WKUXVWHUV�TXLFNO\�WR�
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� �

SRUW�DQG�VWDUERDUG��$GGLWLRQDO�DFWXDWRU�VFHQDULRV�DUH�DOVR�SRVVLEOH�ZLWK�D�YHVVHO�KDYLQJ�WZLQ�=�GULYHV�LQFOXGLQJ���
• 2QH�=�GULYH�IRU�IRUZDUG�VSHHG��WKH�RWKHU�IRU�UROO�DQG�\DZ�FRUUHFWLRQ��
• 2QH�=�GULYH�IRU�\DZ��RQH�IRU�UROO��
• 'LIIHUHQWLDO� WKUXVW� IRU� \DZ�� FRPELQHG� ZLWK�D]LPXWKLQJ�IRU�UROO�FRUUHFWLRQ���2WKHU� YDULDWLRQV� FRXOG� EH� WULHG� WKDW� XVH� VRPH�FRPELQDWLRQ�RI�WKH�DERYH�DSSURDFKHV��VLQFH�VRPH�PD\�EH�PRUH� HIIHFWLYH� WKDQ� RWKHUV� GHSHQGLQJ� RQ� IRUZDUG� VSHHG�DQG� HQYLURQPHQWDO� IDFWRUV�� (DFK� RI� WKH� DFWXDWRU�FRQILJXUDWLRQV�PD\�KDYH�VRPH�SDUWLFXODU�DGYDQWDJHV�� VR�IXWXUH�ZRUN�VKRXOG�LQFOXGH�TXDQWLI\LQJ�WKHVH�DGYDQWDJHV��1XPHULFDO� VLPXODWLRQV� PD\� QRW� VKRZ� FOHDU� DGYDQWDJHV��GLVDGYDQWDJHV�XQOHVV� WKH\� WDNH� LQWR�DFFRXQW� WKH�DFWXDWRU�G\QDPLFV�DV�ZHOO�DV�WKH�VKLS�G\QDPLFV����7KH�HIIHFW�RI�UHVSRQVH�ODJ�RI� WKH�=�GULYHV�WR�WKH�FRQWURO�V\VWHP� FRXOG� DOVR� EH� LQYHVWLJDWHG� E\� WKH� 0276,0�SUHGLFWLRQV��ZKLFK�PD\�DIIHFW�WKHLU�DELOLW\�WR�UHGXFH�UROO�PRWLRQV��0RUH� VRSKLVWLFDWHG� FRQWURO� V\VWHPV� FRXOG� DOVR�EH� LPSOHPHQWHG� LQ� WKH� QXPHULFDO� PRGHO� WKDW� FRXOG�DFFRXQW�IRU�UHVSRQVH�ODJV�DQG�ZKLFK�FRXOG�EHWWHU�KDQGOH�D�EURDGHU�UDQJH�RI�FRQGLWLRQV�VXFK�DV�LUUHJXODU�ZDYHV���)XWXUH� ZRUN� FRXOG� LQFOXGH� WKH� PRGHOLQJ� RI� WKUXVW�FKDQJHV� LQ� WKH� =�GULYHV� GXH� WR� WKH� REOLTXH� IORZ�H[SHULHQFHG� E\� WKH� SURSHOOHU� GXULQJ� D]LPXWKLQJ��([SHULPHQWDO� ZRUN� KDV� EHHQ� GRQH� E\� %UDQGQHU� 	�5HQLOVRQ� ��������ZKLFK� H[DPLQHG� WKH� HIIHFW� RI� D]LPXWK�DQJOH� RQ� WKH� QHW� IRUFH� VXSSOLHG� E\� D� =�GULYH� DW� YDULRXV�IRUZDUG�VSHHGV��7KLV�GDWD�FRXOG�EH�LQFRUSRUDWHG�LQWR�WKH�QXPHULFDO� PRGHO� WR� LPSURYH� WKH� SUHGLFWLRQ� RI� WKH�SURSXOVRU�G\QDPLFV���3K\VLFDO�PRGHO�WHVWLQJ�FRXOG�EH�XVHG�WR�HYDOXDWH�YDULRXV�=56� FRQILJXUDWLRQV� DV� ZHOO� DV� YDOLGDWLQJ� 0276,0¶V�DELOLW\� WR�SUHGLFW�=56�SHUIRUPDQFH��$V� WKH� V\VWHP�RQO\�UHTXLUHV�DQ�DGGLWLRQDO�FRQWURO�V\VWHP��IXOO�VFDOH�WULDOV�RQ�H[LVWLQJ� YHVVHOV� FRXOG� DOVR� EH� SHUIRUPHG� ZLWK� UHODWLYH�HDVH����
��� �5()(5(1&(6�
>�@� %DVV��'�:���&XPPLQJ��'���������³([SHULPHQWDO�DQG�1XPHULFDO�6WXG\�RI�:DWHU�7UDSSHG�RQ�'HFN´��67$%�������7DVPDQLD��$XVWUDOLD��)HEUXDU\���>�@� %UDQGQHU��3��DQG�5HQLOVRQ��0���������³,QWHUDFWLRQ�%HWZHHQ�7ZR�&ORVHO\�6SDFHG�$]LPXWKLQJ�7KUXVWHUV´��-RXUQDO�RI�6KLS�5HVHDUFK��9RO������1R�����0DUFK��SS����������>�@� )RVVHQ�7�,���������*XLGDQFH�DQG�&RQWURO�RI�2FHDQ�

9HKLFOHV��-RKQ�:LOH\�DQG�6RQV�/WG���1HZ�<RUN���>�@� .lOOVW|P�&�*���:HVVHO�3���6M|ODQGHU�6�����������³5ROO�5HGXFWLRQ�E\�5XGGHU�&RQWURO´��61$0(�6SULQJ�0HHWLQJ��3LWWVEXUJ�3HQQV\OYDQLD��-XQH��������>�@� 3DZORZVNL��-�6���%DVV��'�:���������³7KHRUHWLFDO�DQG�1XPHULFDO�6WXG\�RI�6KLS�0RWLRQV�LQ�+HDY\�6HDV´��7UDQV��61$0(��1HZ�<RUN��2FWREHU���������


