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.H\ZRUGV ± OLQHDU� GULYHV�� SHUPDQHQW� PDJQHW� PRWRUV�� VWHSSLQJ� GULYHV�� PRWLRQ� FRQWURO�� PRGHOOLQJ�
VLPXODWLRQ�
$EVWUDFW�±�6XUIDFH�PRWRUV�DUH�FDSDEOH�RI�IDVW�DQG�DFFXUDWH�WZR�D[HV�WUDQVODWLRQ�PRWLRQ��,W�PDNHV�WKHP
XVHIXO�IRU�YDULRXV�LQGXVWULDO�DQG�ODERUDWRU\�DSSOLFDWLRQV� ,Q�WKLV�SDSHU�D�QHZ�GLUHFW�GULYHQ�SHUPDQHQW
PDJQHW�YDULDEOH�UHOXFWDQFH�VXUIDFH�PRWRU�KDYLQJ�KLJK�IRUFH�PRYHU�PRGXOHV�LV�SUHVHQWHG��7KH�VXUIDFH
PRWRU�LV�FDSDEOH�RI�KLJK�SRVLWLRQ�UHVROXWLRQ��UDSLG�DFFHOHUDWLRQ�DQG�KLJK�VSHHG�RQ�ERWK�GLUHFWLRQV�ZLWK
ORZ�PDVV� SD\ORDGV�� 7KH� VXUIDFH�PRWRU
V� VWUXFWXUH� DQG� FRQWURO� SRVVLELOLWLHV� DUH� LQYHVWLJDWHG� DQG� WKH
G\QDPLF�EHKDYLRXU�RI�WKH�PRWRU�LV�VWXGLHG�XVLQJ�0$7/$%�6,08/,1.�
���,QWURGXFWLRQ
6XUIDFH�PRWRUV�DVVXUH�WZR�GHJUHHV�RI�IUHHGRP�PRYHPHQW�LQ�WKH�SODQH��7KHVH�DUH�GLUHFW�GULYHQ�PRWRUV�
WKH�ORDG�FDQ�EH�SXW�RU�IL[HG�GLUHFWO\�RQ� WKH�PRYHU��+HQFH� WKH\�KDYH� D� ORW�RI�EHQHILWV��DV� VLPSOLFLW\�
HIILFLHQF\� DQG� SRVLWLRQLQJ� DFFXUDF\�� GXH� WR� WKH� ODFN� RI� URWDU\�WR�OLQHDU� FRQYHUVLRQ� PHFKDQLVPV�
PHFKDQLFDOO\�FRPSOH[�DVVHPEOLHV�WKDW�UHTXLUH�UHJXODU�PDLQWHQDQFH�DQG�GHYHORS�LQDFFXUDFLHV�RYHU�WLPH
>�@�� ,Q�D� W\SLFDO�DSSOLFDWLRQ�RI� WKH�VXUIDFH�PRWRUV�� WKH� IOH[LEOH�PDQXIDFWXULQJ�V\VWHP�� WKH\� FDUU\� WKH
SURGXFW�VXEDVVHPEOLHV�IURP�RQH�RYHUKHDG�PDQXIDFWXULQJ�GHYLFH�WR�DQRWKHU�DQG�SUHFLVHO\�SRVLWLRQ�WKH
VXEDVVHPEO\�VR�WKDW�WKH�RYHUKHDG�GHYLFHV�FDQ�SHUIRUP�WKHLU�UHTXLUHG�DFWLRQV�
2QH�RI� WKH� ILUVW� SODQDU�PRWRUV�ZDV� LQYHQWHG� E\�%UXFH� 6DZ\HU� LQ� WKH� ODWH� ����
V� >�@�� 7KH� VR�FDOOHG
6DZ\HU�PRWRUV� KDYH� W\SLFDOO\� WZR� OLQHDU� VWHSSLQJ� PRWRUV� FRPELQHG� LQWR� D� VLQJOH� KRXVLQJ�� 6XFK� D
SODQDU�PRWRU�KDV�WZR�PDLQ�SDUWV��D�PRYLQJ�IRUFHU�DQG�D�VWDWLRQDU\�SODWHQ��6LQFH�WKHQ�6DZ\HU�PRWRUV
KDYH�UHFHLYHG�D�ORW�RI�DWWHQWLRQ�IURP�DFDGHPLF�DQG�LQGXVWULDO�UHVHDUFKHUV��7KH�RULJLQDO�LQYHQWLRQ�ZDV
GRFXPHQWHG�LQ�D�VHULHV�RI�SDWHQWV�E\�%UXFH�6DZ\HU�FRYHULQJ�WKH�OLQHDU�DFWXDWRU�RSHUDWLQJ�SULQFLSOH�DQG
WKH�JURXSLQJ�RI�DFWXDWRUV� LQ�D�VLQJOH�KRXVLQJ� WR�HQDEOH�SODQDU�PRWLRQ��(DUO\�DSSOLFDWLRQV�RI�6DZ\HU
PRWRUV�ZHUH�OLPLWHG�WR�[\�SORWWHUV�DQG�ZDIHU�SRVLWLRQLQJ�VWDJHV�
,Q� WKH� ODVW� RYHU� ��� \HDUV� VHYHUDO� VXUIDFH�PRWRUV� EDVHG� RQ� 6DZ\HU�PRWRUV� ZHUH� LQYHVWLJDWHG� LQ� WKH
OLWHUDWXUH�DQG�ZHUH�XVHG�FRPPHUFLDOO\�LQ�YDULRXV�LQGXVWULDO�DQG�ODERUDWRU\�DSSOLFDWLRQV��$OPRVW�DOO�RI
WKHVH�PRWRUV�DUH�FDSDEOH�RI�KLJK�SRVLWLRQ�UHVROXWLRQ��UDSLG�DFFHOHUDWLRQ�DQG�KLJK�VSHHG�ZLWK�ORZ�PDVV
SD\ORDGV��0XOWLSOH�PRWRUV�FDQ�VKDUH�D�VLQJOH�SODWHQ�DQG�E\�WKLV�D�PRUH�FRPSOH[�PDFKLQLQJ�XQLW�FDQ�EH
VHW�XS�LQ�D�VPDOO�SODFH�
,Q� WKLV�SDSHU�D�QHZ�VXUIDFH�PRWRU�KDYLQJ�KLJK� IRUFH�PRYHU�PRGXOHV� LV�EULHIO\�SUHVHQWHG��7KH�PDLQ
EHQHILW�RI�WKH�PRGXODU�FRQVWUXFWLRQ�LV�WKDW�PRWRUV�RI�GLIIHUHQW�IRUFH�DQG�SRVLWLRQLQJ�DFFXUDF\�FDQ�EH
EXLOW� XS� XVLQJ� WKH� VDPH�PRGXOHV�� ,WV� DGYDQWDJHV� LQ� FORVHG�ORRS� FRQWURO�PRGH� DUH� GLVFXVVHG� DQG� DQ
HIILFLHQW�FORVHG�ORRS�FRQWURO�V\VWHP�LV�DOVR�SUHVHQWHG�
7KH�VXUIDFH�PRWRU
V�G\QDPLF�EHKDYLRXU�LV�VWXGLHG�E\�PHDQV�RI�VLPXODWLRQ��SHUIRUPHG�E\�D�IDVW�UXQQLQJ
SURJUDP�ZULWWHQ�LQ�0$7/$%�6,08/,1.�HQYLURQPHQW��7KH�SURJUDP�LV�EDVHG�RQ�WKH�FRXSOHG�FLUFXLW�
ILHOG�PDWKHPDWLFDO�PRGHO� RI� WKH�PRWRU�� $OO� WKH� UHVXOWV� REWDLQHG� E\�PHDQV� RI� VLPXODWLRQ� SURYH� WKH
XVHIXOQHVV�DQG�DGYDQWDJHV�RI�WKH�SURSRVHG�VXUIDFH�PRWRU�
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���7KH�PRGXODU�VXUIDFH�PRWRU
7KH�PRGXODU� VXUIDFH�PRWRU� VKRZQ� LQ�)LJ� �� LV� UHODWLYHO\� VLPSOH�� OLNH� WKH� FODVVLFDO� 6DZ\HU�PRWRU�� ,W
FRQVLVWV�RI�WZR�PDLQ�SDUWV��WKH�SODWHQ�DQG�WKH�PRYHU��IRUFHU���7KH�ORDG�LV�IL[HG�GLUHFWO\�RQ�WKH�PRYHU�

7KH� SDVVLYH� VWHHO� SODWHQ� KDV� D� WZR�GLPHQVLRQDO� DUUD\� RI� VTXDUH
WHHWK��,WV�VXUIDFH�LV�SODQDUL]HG�XVLQJ�HSR[\��,W�FDQ�KDYH�DQ\�VL]HV
LQ�RUGHU�WR�HQVXUH�JUHDW�WUDYHO�DUHD�
7KH�PRYHU��WKH�DFWLYH�SDUW�RI�WKH�PRWRU��LV�EXLOW�XS�RI�KLJK�IRUFH
PRGXOHV�� )LJ� ��� MXVW� OLNH� WKH�PRGXODU� GRXEOH� VDOLHQW� SHUPDQHQW
PDJQHW�OLQHDU�PRWRUV�SUHVHQWHG�LQ�GHWDLO�LQ�>�� �@�
(DFK� PRGXOH� KDV� D� UDUH� HDUWK� SHUPDQHQW� PDJQHW�� WZR� VDOLHQW
WHHWKHG�SROHV� DQG� D� FRPPDQG� FRLO��7KH� WRRWKHG� VWUXFWXUH� LV� WKH
VDPH� RQ� WKH� PRYHU
V� SROHV� DQG� RQ� WKH� SODWHQ� VXUIDFH�� ,I� WKH
FRPPDQG� FRLO� LV� QRW� HQHUJLVHG�� )LJ� �D�� WKH� PDJQHWLF� IOX[
JHQHUDWHG�E\�WKH�SHUPDQHQW�PDJQHW��-SP��SDVVHV�WKURXJK�WKH�FRUHEUDQFK� SDUDOOHO� WR� WKH� SHUPDQHQW� PDJQHW� GXH� WR� LWV� VPDOOHU

)LJ����7KH�PRGXODU�VXUIDFH�PRWRU

)LJ����7KH�PRYHU�PRGXOH

D� E� F�
)LJ����7KH�ZRUNLQJ�SULQFLSOH�RI�WKH�PRWRU
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PDJQHWLF�UHVLVWDQFH��,Q�WKLV�FDVH�WKHUH�LV�QHLWKHU�EUDNLQJ��QRU�DWWUDFWLYH�IRUFH�SURGXFHG�� ,I� WKH�FRLO� LV
HQHUJLVHG��)LJ� �E��WKH�FRPPDQG�IOX[�SURGXFHG�E\�LW��-F��GLUHFWV�WKH�IOX[�RI�WKH�SHUPDQHQW�PDJQHW�WR
SDVV� WKURXJK� WKH� DLU�JDS� DQG� WR� SURGXFH� VLJQLILFDQW� IRUFHV��'XH� WR� WKH� WDQJHQWLDO� FRPSRQHQW� RI� WKH
JHQHUDWHG�IRUFH�WKH�PRYHU�PRYHV�RQH�VWHS�WR�PLQLPLVH�WKH�DLU�JDS�PDJQHWLF�HQHUJ\��)LJ� �F�
7KH�WRRWK�SLWFK�DQG�WKH�QXPEHU�RI�SKDVHV� �WKH�QXPEHU�RI�PRGXOHV��GHWHUPLQH�WKH�PRWRU
V�UHVROXWLRQ�
%\�DGYDQFHG�FRQWURO�VWUDWHJLHV�WKH�UHVROXWLRQ�RI�SRVLWLRQLQJ�FDQ�EH�LQFUHDVHG�VLJQLILFDQWO\�
7KH�GHVLJQ�RI� WKH�PRGXOHV� DQG�RI� WKH�GRXEOH� VDOLHQW�SHUPDQHQW�PDJQHW� OLQHDU�PRWRU�EXLOW� XS� XVLQJ
VXFK�RI�PRGXOHV�LV�GLVFXVVHG�LQ�>�@��7KH�GHVLJQHG�PRGXOHV�ZHUH�FKHFNHG�E\�PHDQV�RI��'�QXPHULF�ILHOG
DQDO\VLV�SHUIRUPHG�E\�0DJ1HW �����SDFNDJH�>�@��,Q�)LJ� ��WKH�REWDLQHG�IOX[�SORWV�DUH SUHVHQWHG�IRU�DQ
DFWLYH��UHVSHFWLYHO\�SDVVLYH�PRGXOH��$V�LW�FDQ�EH�VHHQ��WKH�REWDLQHG�UHVXOWV�DUH�SHUIHFWO\�LQ�DFFRUGDQFH
ZLWK�WKH�WKHRUHWLFDO�H[SHFWDWLRQV��7KH�VXUIDFH�PRWRU
V�PRGXOHV��FDQ�EH�GHVLJQHG�LQ�D�VDPH�PDQQHU�

%DVLFDOO\� WKH� PRYHU� RI� WKH
SURSRVHG� VXUIDFH� PRWRU� LV
FRPSRVHG� RI� WZR� GRXEOH
VDOLHQW� SHUPDQHQW� PDJQHW
OLQHDU� PRWRUV�� HDFK� HQVXULQJ
WKH� PRYHPHQW� LQ� RQH� RI� WKH
WZR� RUWKRJRQDO� GLUHFWLRQV� �[
DQG \��� )RU� HDV\� FRQWURO
SXUSRVHV�D�WKUHH�SKDVH�PRWRU
W\SH� ZDV� VHOHFWHG�� 7KLV
UHTXLUHV� PLQLPDOO\� VL[
PRGXOHV�� WKUHH� IRU� HDFK
GLUHFWLRQ�� )LJ� ��� ,Q� WKLV� FDVH
WKH�WKUHH�PRGXOHV�WKDW�HQVXUH
WKH� GLVSODFHPHQW� LQ� [
GLUHFWLRQ� �[��� [� DQG� [��� DUHPRXQWHG�RUWRJRQDOO\�WR�WKRVH

D��SDVVLYH�PRGXOH��XQHQHUJLVHG�FRPPDQG�FRLO� E��DFWLYH�PRGXOH��HQHUJLVHG�FRPPDQG�FRLO�
)LJ����)OX[�SORWV�RI�WKH�GHVLJQHG�PRGXOH

)LJ����7KH�PRYHU�RI�WKH�VLPSOHVW�WKUHH�SKDVH�PRGXODU�VXUIDFH�PRWRU
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WKUHH� IRU� WKH� \ GLUHFWLRQ�GLVSODFHPHQW��$OO� WKH�PRGXOHV� DUH� IL[HG� LQ� D� FRPPRQ�KRXVLQJ��2QH� VHW� RI
WKUHH�FRPPDQG�FRLOV�GULYHV�WKH�IRUFHU�LQ�WKH�[ GLUHFWLRQ�DQG�WKH�RWKHU�LQ�WKH�\�GLUHFWLRQ�
,Q�RUGHU�WR�UHGXFH�WKH�VNHZ�RI�WKH�PRYHU�GXH�WR�XQGHVLUHG�URWDWLRQDO�PRPHQWV�D�V\PPHWULFDO�VWUXFWXUH
PXVW�EH�VHOHFWHG��7KLV�KDV�WRWDOO\����PRGXOHV�SODFHG�SHUIHFWO\�V\PPHWULFDO�LQ�WKH�PRYHU�XQLW��)LJ� ��
(DFK�SKDVH�RI�WKH�WZR�PRWRU�SDUWV��[���[� DQG�[���UHVSHFWLYHO\�\���\� DQG�\�� LV�FRPSRVHG�RI�VL[�PRGXOHV�
7KH� PRYHU� XQLW� EXLOW� XS� LQ� WKLV� PDQQHU� FDQ� GHYHORS� KLJK� IRUFH� �VHYHUDO� KXQGUHGV� RI� 1�� RQ� ERWK
GLUHFWLRQV�

&RPSUHVVHG�DLU�IORZV�WKURXJK�WKH�PRYHU��FUHDWLQJ�D�KLJK�VWLIIQHVV�DLU�EHDULQJ��7KXV�D�XQLIRUP��QDUURZ
DLU�JDS�FDQ�EH�PDLQWDLQHG�EHWZHHQ�WKH�SODWHQ�DQG�WKH�PRYHU�LQ�WKH�SUHVHQFH�RI�JUHDW�DWWUDFWLRQ�IRUFHV�
'XH�WR�WKH�DLU�EHDULQJ�WKHUH�LV�QR�IULFWLRQ�EHWZHHQ�WKH�DUPDWXUHV�DQG�QR�ZHDU��7KH�PRYHU�KDV�D� VPRRWK
WUDYHO� DQG� WKH�PRWRU
V� VSHHG� FDQ� EH�PRUH� SUHFLVHO\� FRQWUROOHG�� *UHDW� ORQJ�WHUP� V\VWHP� DFFXUDF\� LV
DVVXUHG�DQG�PLQLPDO�PDLQWHQDQFH�LV�QHHGHG�
7KH�PRGXODU�VXUIDFH�PRWRU�KDV�VHYHUDO�DGYDQWDJHV��%\�XVLQJ�WKH�VSHFLILHG�PRYHU�PRGXOHV�RQH�RI�WKH
PDLQ� GLVDGYDQWDJHV� RI� WKH� FODVVLFDO� K\EULG� OLQHDU� PRWRUV� �WKH� SUHVHQFH� RI� EUDNLQJ� IRUFHV� DW� HDFK
SRVLWLRQ��ZDV�HOLPLQDWHG�>�@��7KH�PRWRU�KDV� WKH� DELOLW\� WR�SHUIRUP�VLPXOWDQHRXV�DFFXUDWH� RUWKRJRQDO
PRWLRQ�DQG�WR�PRYH�DQ\ZKHUH�RQ�WKH�SODWHQ�VXUIDFH� $V�WKH�SDVVLYH�PRGXOHV�GHYHORS�RQO\�VPDOO�IRUFHV
WKH�WRWDO�YDOXH�RI�WKH�XQGHVLUDEOH�QRUPDO�IRUFH�LV�VLJQLILFDQWO\�UHGXFHG�
$SSO\LQJ�D�VRSKLVWLFDWHG�PXOWL�OHYHO�FRQWURO�V\VWHP�PRUH�WKDQ�RQH�PRYHU�FDQ� VKDUH�VLPXOWDQHRXVO\�D
FRPPRQ�SODWHQ�SURYLGLQJ�D�FRPSDFW�PXOWLD[LV�DVVHPEO\�ZLWK�RYHUODSSLQJ�WUDMHFWRULHV�
7KH�PRGXODU� VXUIDFH�PRWRU�� LQ� D� VDPH�PDQQHU� DV� WKH�RWKHU�SODQDU�PRWRUV� FDQ�EH�XVHG� LQ�QXPHURXV
LQGXVWULDO� DQG� ODERUDWRU\� DSSOLFDWLRQV�� ,WV� PRVW� W\SLFDO� XWLOLVDWLRQ� LV� RI SLFN� DQG� SODFH� W\SH�� )RU
H[DPSOH� WKH� PRYHU� WUDQVSRUWV� WKH� VXE�DVVHPEO\� IURP� WKH� IHHGHU� WR� D� PDQLSXODWRU� RU� RYHUKHDG
SURFHVVRU��LW�SHUIRUPV WKH�DVVHPEO\�RSHUDWLRQV DQG�WKH�ILQLVKHG�SDUW�LV�FDUULHG�WR�D�FRQWDLQHU��6XFK�RI
V\VWHPV�DUH�XVHG�IRU�LQVWDQFH�LQ�HOHFWURQLF�LQGXVWU\��IRU�3&%�WKURXJKKROH�DQG�VXUIDFH�PRXQW�DVVHPEO\�
DGKHVLYH�GLVSHQVLQJ�RU�SURELQJ�IRU�YDULRXV�W\SHV�RI�WHVWLQJ�UHTXLUHPHQWV��RU�LQ�SKDUPDFHXWLFDO�LQGXVWU\
�IRU�DXWRPDWHG�FOLQLFDO�ODE�VDPSOH�KDQGOLQJ�RU�IRU�PXOWL�KHDG�SLFN�DQG�SODFH�ZRUNFHOOV��

)LJ����7KH�DUUDQJHPHQW�RI�WKH�PRGXOHV�LQ�WKH�PRYHU
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���7KH�PRGXODU�VXUIDFH�PRWRU�FRQWURO
%DVLFDOO\�WKH�PRGXODU�VXUIDFH�PRWRUV�DUH�D�VRUW�RI�FRPELQDWLRQ�RI� WZR�OLQHDU�VWHSSHU�PRWRUV��+HQFH
WKHVH�PRWRUV�FDQ�EH�RSHUDWHG�DOVR�LQ�RSHQ�ORRS�PRGH�>�@��1HYHUWKHOHVV�LQ�WKLV�RSHUDWLQJ�PRGH�WKH\�FDQ
PLVV� VWHSV� LI� ODUJH� HQRXJK� XQDQWLFLSDWHG� H[WHUQDO� IRUFHV� DUH� DFWLQJ�� &RQWUROOHG� LQ� WKLV� PDQQHU� WKH
PRWRUV�KDYH�ORQJ�VHWWOLQJ�WLPHV�DQG�ORZ�GLVWXUEDQFH�UHMHFWLRQ��$OVR�WKHUH�LV�QR�SRVVLELOLW\� WR�SURYLGH
FRQWUROOHG�IRUFHV�DQG�KLJK�VWLIIQHVV��7KH\� IDOO�VKRUW�RI�WKHLU�SRWHQWLDO�FDSDELOLWLHV�GXH�WR�SRVVLEOH�ORVV
RI�V\QFKURQLVP��$OO�WKHVH�OLPLWDWLRQV�RI�RSHQ�ORRS�RSHUDWLRQ�UHVWULFW�WKHLU�XVHIXOQHVV�LQ�D�ZLGH�UDQJH
KLJK�SUHFLVLRQ�DSSOLFDWLRQ�
,Q�RUGHU�WR�HQKDQFH�WKHLU�RYHUDOO�SHUIRUPDQFH��VXFK�DV�RSHUDWLRQ�DW�JUHDW�VSHHG�ZLWK�KLJK�DFFXUDF\���DV
ZHOO�DV�LQ�LPSURYLQJ�WKH�GLVWXUEDQFH�UHMHFWLRQ�SURSHUWLHV�RI�WKH�PRWRU�LW�PXVW�EH�FRQWUROOHG�LQ�FORVHG�
ORRS�PRGH��+RZHYHU�LWV�VRSKLVWLFDWHG��FRPSOH[�WZR�D[LV�PRYHPHQW�UHTXLUHV�D�UHODWLYHO\�FRPSOLFDWHG
FRQWURO� V\VWHPV�� WKH� VXSSOHPHQWDU\� FRVW� RI� WKH� FORVHG�ORRS� FRQWURO� V\VWHP� GR� QRW� LQIOXHQFH
VLJQLILFDQWO\�WKH�RYHUDOO�FRQWURO�FRVWV�
(DFK�PRWRU�SDUW�DVVXULQJ�WKH�PRYHPHQW�LQ�RQH�RI�WKH�WZR�WUDQVLWLRQDO�GLUHFWLRQV�KDV�WR�EH�FRQWUROOHG
DSDUW�� $� JHQHUDO� SODQDU� PRWLRQ� V\VWHP� VXSHUYLVRU� FRQWUROOHU� JHQHUDWHV� WKH� LPSRVHG� SODQDU� PRWLRQ
SURILOH�� WKDW�PXVW�EH�VWULFWO\�H[HFXWHG��$� [ 	 \� WUDMHFWRU\�JHQHUDWRU�� VKRZQ� LQ�)LJ� ��� VHUYHV� WKH� WZR
GLVSODFHPHQW�UHJXODWRUV�ZLWK�WKH�LPSRVHG�GLVSODFHPHQW�VLJQDOV�

7KH�WZR�VHWV�RI�FRQWURO�FRLOV�RI�WKH�PRWRU�FDQ�EH�HQHUJLVHG�VLPSO\�IURP�WZR��RQH�IRU�HDFK�GLUHFWLRQ�
ORZ�FRVW� UHDGLO\� DYDLODEOH�PRGHUQ� VWDQGDUG� WKUHH�SKDVH� FRPSDFW� FRQYHUWHUV��7KHVH� DUH�FRQQHFWHG� WR
WKH�WZR�PLFURFRQWUROOHU�EDVHG�LQWHOOLJHQW�VSHHG�FRQWURO�XQLWV��)RU�SHUIRUPLQJ�WKH�VR�FDOOHG�EDFN�(0)
GHWHFWLRQ�VHQVRUOHVV�RSHUDWLRQ��WKH�FRQWURO�V\VWHP�DOVR�KDV�WZR�VSHFLDO�FLUFXLWV�WR�GHWHFW�WKH�EDFN�(0)
JHQHUDWHG�LQ�WKH�XQ�HQHUJLVHG�FRPPDQG�FRLOV�>�@�
,Q�RUGHU�WR�DFKLHYH�PD[LPXP�DYHUDJH�WDQJHQWLDO�IRUFH�WKH�FRPPDQG�FRLOV�VKRXOG�DOZD\V�EH�HQHUJLVHG
DW� D� SUHFLVH�PRPHQW�� DW� WKH� SUHFLVHO\� FRPSXWHG� RSWLPDO� FRPPXWDWLRQ� DQJOH�� EHIRUH� DQ� LQWHUPHGLDWH
HTXLOLEULXP�SRVLWLRQ�WR�EH�UHDFKHG�>�@�
7KH� FRQWURO� VWUDWHJ\� KDV� WR� EH� LPSOHPHQWHG� XVLQJ� WKH� DGHTXDWH� DVVHPEOHU� ODQJXDJH� VKDUHG� RQ� WKH
FRPSDFW�FRQYHUWHU
V�EXLOW�LQ�FRQWUROOHU�DQG�RQ�WKH�VSHHG�IRUFH�FRQWUROOHU�XQLW�

)LJ����7KH�EORFN�VFKHPH�RI�WKH�SODQDU�WUDMHFWRU\�JHQHUDWRU�FRQWURO�XQLW
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���7KH�PRGXODU�VXUIDFH�PRWRU�VLPXODWLRQ
7KH�SURSRVHG�VXUIDFH�PRWRU
V�G\QDPLF�EHKDYLRXU
LV� VWXGLHG� XVLQJ� D� KLJK� SHUIRUPDQFH� VLPXODWLRQ
SURJUDP� ZULWWHQ� LQ� 0$7/$%�6,08/,1.� >�@�
7KLV�HQYLURQPHQW�LV�RQH�RI�WKH�EHVW�VXLWHG�IRU�WKH
G\QDPLF�VLPXODWLRQ�RI�HOHFWULF�PDFKLQHV�
7KH� SURJUDP� LV� EDVHG� RQ� WKH� VLPSOLILHG� FLUFXLW�
ILHOG�PDWKHPDWLFDO�PRGHO�RI�WKH�PRWRU��SUHVHQWHG
LQ�VHYHUDO�SUHYLRXV�SDSHUV�>�����@��7KH�PDJQHWLF
ILHOG� LV� FRPSXWHG� DQDO\WLFDOO\� YLD� WKH� HTXLYDOHQW
PDJQHWLF�FLUFXLW�RI�WKH�PRWRU��7KLV�PHWKRG�LV�QRW
WKH�PRVW� DFFXUDWH� RQH��EXW� LW� UHTXLUHV� YHU\� VKRUW
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ZKHUH� WKH� ILHOG�PXVW�EH� FRPSXWHG� LQ�PDQ\� WLPH
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�XVLQJ�VHYHUDO�VXE�V\VWHP�W\SH�EORFNV���$OO� WKH�PDLQ�FRPSRQHQWV�RI�WKH�GULYH�V\VWHP�FDQ�EH�FOHDUO\
GLVWLQJXLVKHG�LQ�WKH�PRGHO��7KLV�ZD\�KLJK�WUDQVSDUHQF\�ZDV�DVVXUHG�IRU�WKH�XVHUV��+HQFH�DQ\�FKDQJHV
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)LJ����7KH�PDLQ�ZLQGRZ�RI�WKH�VLPXODWLRQ�SURJUDP
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LQ�WKH�SURJUDP�FDQ�EH�PDGH�TXLFNO\�DQG�HDVLO\��7KH�SURJUDP�FDOOV�VHYHUDO�0$7/$%�IXQFWLRQV��H�J�
IRU�WKH�ILHOG�FRPSXWDWLRQ��IRU�WKH�FRPPDQG�FXUUHQW�VHTXHQFH�GHWHUPLQDWLRQ��HWF����$OO� WKH�EHQHILWV�RI
0$7/$%��HDV\�WR�ZULWH�SURJUDP�OLQHV��DGYDQFHG�JUDSKLFDO�YLVXDOLVDWLRQV��DQG�RI�6,08/,1.��VLPSOH
PRGXODU�PRGHO�EXLOGLQJ��HDV\�WR�XVH�JUDSKLFDO�LQWHUIDFH��HWF���DUH�IXOO\�H[SORLWHG�
7KH�VLPXODWHG�WDVN�ZDV�D� W\SLFDO�SLFN�DQG�SODFH
RQH�� )LJ� ���7KH�PRYHU� VWDUWV�ZLWKRXW� ORDG� IURP
LWV�LQLWLDO�SRVLWLRQ��$��DQG�PRYHV� LQWR�SRVLWLRQ�%
ZKHUH� WKH� ORDG� LV� SXW� RQ� WKH� PRYHU� DQG� LW� LV
GLVSODFHG�LQ�&��+HUH�WKH�ORDG�LV�WDNHQ�GRZQ�DQG
WKH�PRWRU�UHWXUQV�WR�LWV�LQLWLDO�SRVLWLRQ�
7KUHH� WUDSH]RLGDO� VSHHG� SURILOHV� PXVW� EH
JHQHUDWHG�IRU�HDFK�VHTXHQFH�RI�WKH�VLPXODWHG�WDVN
IRU� ERWK� GLUHFWLRQV�� 7KH�PRYHPHQWV� RQ� WKH� WZR
GLUHFWLRQV� PXVW� EH� SHUIHFWO\� FR�RUGLQDWHG�� 7KH
PRWLRQ�WLPH�IRU�ERWK�GLUHFWLRQV�PXVW�EH�WKH�VDPH
HYHQ�LI�WKH�WZR�GLVSODFHPHQWV�DUH�TXLWH�GLIIHUHQW�
7KH�PDLQ�UHVXOWV�RI�WKH�VLPXODWLRQ�IRU�WKH�SDUW�RI�WKH�PRWRU�WKDW�HQVXUHV�WKH�GLVSODFHPHQW�LQ� [�GLUHFWLRQ
DUH�JLYHQ�LQ�)LJ� ����7KH�FRPPDQG�FXUUHQWV��WKH�WRWDO�WDQJHQWLDO�DQG�QRUPDO�IRUFHV��WKH�VSHHG�DQG�WKH
GLVSODFHPHQW�DUH�SORWWHG�YHUVXV�WLPH�

$V� LW� FDQ� EH� FOHDUO\� VHHQ� LQ� WKH� ILJXUH�� WKH� LPSRVHG�PRWLRQ� WDVN�ZDV� SUHFLVHO\� IXOILOOHG��7KH� VSHHG
IROORZHG�XS�FORVHO\�DOO�WKH�WKUHH�LPSRVHG�SURILOHV��+LJK�WDQJHQWLDO�IRUFHV�ZHUH�QHHGHG�IRU�DFFHOHUDWLQJ
WKH�PRYHU��'XH� WR�WKH�KLJK�IRUFH�UHTXLUHG�IRU�WKLV�VWDJH�RI�PRWLRQ��WKH�FRPPDQG�FXUUHQWV�DOVR�KDYH
VLJQLILFDQW�YDOXHV��$IWHU�WKH�PRYHU�ZDV�DFFHOHUDWHG�LWV�LPSRVHG�FRQVWDQW�VSHHG�PD\�EH�PDLQWDLQHG�E\
ORZ�WDQJHQWLDO�IRUFH��7KH�UHVXOWV�IRU�WKH�RWKHU�SDUW�RI�WKH�VXUIDFH�PRWRU�DUH�VLPLODU�WR�WKLV�RQH�

)LJ����7KH�PRWLRQ�WDVN�WR�EH�VLPXODWHG

)LJ�����7KH�UHVXOWV�RI�VLPXODWLRQ�IRU�WKH�[�PRWRU
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7R�HPSKDVLVH�WKH�SUHFLVLRQ�RI�WKH�SRVLWLRQLQJ�FDSDELOLWLHV�RI�WKH�VXUIDFH�PRWRU�LQ�GLVFXVVLRQ�WKH�VSHHG
HUURU� �WKH�GLIIHUHQFH� EHWZHHQ� WKH� LPSRVHG�DQG� DFWXDO� VSHHG�� YHUVXV� WLPH� LV� JLYHQ� LQ�)LJ� ��� IRU� WKH
PRWRU� WKDW� HQVXUHV� WKH�PRYHPHQW� LQ� [� GLUHFWLRQ�� $V� LW� FDQ� EH� VHHQ�� WKH� HUURU� LV� JUHDWHU� GXULQJ� WKH
KDUGHVW� UHJLPHV� RI� WKH� PRYHPHQW�� WKH� DFFHOHUDWLRQ� DQG� GHFHOHUDWLRQ� RI� WKH� VXUIDFH� PRWRU�� 7KH
PD[LPXP�YDOXH�RI� WKH�VSHHG�HUURU� LV�DERXW������ P�V��ZKLFK�PHDQV� WKDW�DFWXDO�PRWLRQ� LV�TXLWH� WKDW
GHVLJQHG�WR�EH�IROORZHG�XS�
7KH�PRYHPHQW� RI� WKH�PRWRU� LQ� WKH�SODQH� LV� JLYHQ� LQ�)LJ� ����ZKHUH� WKH� \ GLUHFWLRQ� GLVSODFHPHQW� LV
SORWWHG�YHUVXV� WKDW�RI� [ GLUHFWLRQ��$V� LW�FDQ�EH� VHHQ� WKH�REWDLQHG�PRYHPHQW� LV� H[DFWO\� WKDW� LPSRVHG
JLYHQ�LQ�)LJ� ���7KH�GLVSODFHPHQW�EHWZHHQ�WZR�SRLQWV�IROORZV�XS�D�TXLWH�VWUDLJKW�OLQH�

���&RQFOXVLRQV
$�QHZ�GLUHFW�GULYHQ�SHUPDQHQW�PDJQHW�YDULDEOH�UHOXFWDQFH�VXUIDFH�PRWRU�ZDV�SURSRVHG��,W� LV�DEOH�RI
IDVW� DQG�DFFXUDWH�PRYHPHQW�RYHU� D�SODQH�VXUIDFH�� ,WV�PRYHU� LV�EXLOW� XS� RI�KLJK� IRUFH�PRGXOHV��7KH
VXUIDFH�PRWRU�FDQ�EH�DVVHPEOHG�IRU�GLIIHUHQW�SHDN�IRUFH�DQG�SRVLWLRQLQJ�DFFXUDF\�LQ�DFFRUGDQFH�ZLWK
WKH�XVHU
V�QHHGV��7KH�WRRWK�SLWFK�DQG�WKH�QXPEHU�RI�SKDVHV�GHWHUPLQH�WKH�UHVROXWLRQ�RI�WKH�PRWRU�
7KH� VXUIDFH� PRWRU
V� VHQVRUOHVV� FORVHG�ORRS� FRQWURO� V\VWHP� FDQ� JXDUDQWHH� WKH� KLJKHVW� GHPDQGV
UHJDUGLQJ�WKH�TXDOLW\�RI�WKH�PRWLRQ�UHTXLUHG�LQ�ZLGH�UDQJH�RI�IDFWRU\�DXWRPDWLRQ�V\VWHPV�
7KH� G\QDPLF� EHKDYLRXU� RI� WKH� PRWRU� ZDV� VWXGLHG� E\� PHDQV� RI� VLPXODWLRQ� XVLQJ
0$7/$%�6,08/,1.��$� FRXSOHG� FLUFXLW�ILHOG�PDWKHPDWLFDO�PRGHO�ZDV� DSSOLHG��$� VLPSOH� SLFN�	
SODFH�W\SH�WDVN�ZDV�LPSRVHG�IRU�WKH�VDPSOH�VXUIDFH�PRWRU��$OO�WKH�REWDLQHG�UHVXOWV�DUH�LQ�DFFRUGDQFH
ZLWK� WKH� WKHRUHWLFDO�H[SHFWDWLRQV��7KH�VSHHG�HUURU� LV�YHU\� ORZ�� ,W�PHDQV� WKDW� WKH�PRWRU� IROORZV�YHU\
FORVH�WKH�LPSRVHG�VSHHG�SURILOHV�DQG�VR�WKH�REWDLQHG�PRYHPHQW�LV�DOVR�H[DFWO\�WKDW�SUHGLFWHG�
)LQDOO\� LW� FDQ� EH� VWDWHG� RXW�� WKDW� WKH� SURSRVHG� VXUIDFH�PRWRU� LV� D� JRRG� FKRLFH� IRU� DOO� WKH� LQGXVWULDO
DSSOLFDWLRQV�ZHUH�KLJK�IRUFHV�DQG�SUHFLVH�GLVSODFHPHQWV�LQ�WKH�SODQH�DUH�UHTXLUHG�
���$FNQRZOHGJHPHQWV
7KH�ZRUN�ZDV�SRVVLEOH�GXH�WR�WKH�VXSSRUW�JLYHQ�E\�WKH�5RPDQLDQ�0LQLVWU\�RI�(GXFDWLRQ�DQG�6FLHQFH�
UHVSHFWLYHO\�WKH�6DSLHQWLD�)RXQGDWLRQ�WR�WKH�DXWKRUV�

)LJ�����7KH�GLVSODFHPHQW�LQ�SODQH�RI�WKH�PRWRU)LJ�����7KH�VSHHG�HUURU�RI�WKH�[ PRWRU
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���5HIHUHQFHV
�� %DUWRV��)���/LQHDU�0RWRUV�DQG�&RQWUROV�7DNH�D�
'LUHFW
�5RXWH�WR�7RS�3HUIRUPDQFH��&RQWURO�(QJLQHHULQJ��0DUFK

������SS� ������
�� 6DZ\HU��%�$���86�3DWHQW�QU����������� �������
�� 6]DEy� /�± 9LRUHO� ,�$� ± &KLúX� ,RDQD ± .RYiFV� =�� $�1RYHO�'RXEOH�6DOLHQW�3HUPDQHQW�0DJQHW�/LQHDU�0RWRU�

3URFHHGLQJV�RI�WKH�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�3RZHU�(OHFWURQLFV��'ULYHV�DQG�0RWLRQ��3&,0���1�UQEHUJ�������
YRO� ,QWHOOLJHQW�0RWLRQ��SS� ��������

�� 6]DEy� /�� ±� 9LRUHO� ,�$��� $Q� ,QWHJUDWHG� &$'� (QYLURQPHQW� IRU� 'HVLJQLQJ� DQG� 6LPXODWLQJ� 'RXEOH� 6DOLHQW
3HUPDQHQW�0DJQHW�/LQHDU�0RWRUV��3URFHHGLQJV�RI� WKH�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�3RZHU�(OHFWURQLFV��'ULYHV
DQG�0RWLRQ��3&,0���1�UQEHUJ��������YRO� ,QWHOOLJHQW�0RWLRQ��SS� ��������

�� 


��0DJ1HW�9HUVLRQ�������7XWRULDOV��,QIRO\WLFD�&RUSRUDWLRQ��0RQWUHDO�������
�� 9LRUHO� ,�$� ± 6]DEy� /�� +\EULG�/LQHDU�6WHSSHU�0RWRUV��0HGLDPLUD�3XEOLVKHU��&OXM�1DSRFD��5RPDQLD��������
�� +HQQHEHUJHU��*��±�9LRUHO��,�$���9DULDEOH�5HOXFWDQFH�(OHFWULFDO�0DFKLQHV� 6KDNHU�9HUODJ��$DFKHQ�������
�� 9LRUHO� ,�$� ± 6]DEy� /�� 2Q� D� 7KUHH�3KDVH� 0RGXODU� 'RXEOH� 6DOLHQW� /LQHDU� 0RWRU
V� 2SWLPDO� &RQWURO�

3URFHHGLQJV� RI� WKH� �WK (XURSHDQ� &RQIHUHQFH� RQ� 3RZHU� (OHFWURQLFV� DQG� $SSOLFDWLRQV� �(3(���*UD]� �$XVWULD��
������RQ�&'�520��33������SGI�

�� 


��8VLQJ�6LPXOLQN�9HUVLRQ����7KH�0DWK:RUNV�,QF���1DWLFN�������
��� 9LRUHO� ,�$� ± .RYiFV� =� ± 6]DEy� /�� 6DZ\HU� 7\SH� /LQHDU�0RWRU�0RGHOOLQJ�� 3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO

&RQIHUHQFH�RQ�(OHFWULFDO�0DFKLQHV��,&(0���0DQFKHVWHU��������YRO������SS����������


