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$EVWU DFW
7KLV SDSHU SUHVHQWV DQ LQWHOOLJHQW UHFRQpJXUDEOH

FRQWURO V\VWHP IRU DXWRQRPRXV ODQGLQJ RI D YHU�
WLFDO WDNHRo DQG ODQGLQJ �972/� XQLQKDELWHG DLU
YHKLFOH �8$9� RQ D GHVWUR\HU KHOLFRSWHU GHFN� 7KH
UHFRQpJXUDEOH FRQWURO DSSURDFK OHYHUDJHV SUHYLRXV
LQQHU�ORRS UHFRQpJXUDEOH FRQWURO ZRUN IRU PDQQHG
p[HG�ZLQJ DLUFUDIW ZKHUHE\ �� SRO\QRPLDO QHXUDO
QHWZRUNV PRGHO WKH QRPLQDO QRQOLQHDU UHVSRQVH
FKDUDFWHULVWLFV RI WKH 8$9� �� RQ�OLQH UHJXODUL]HG
SDUDPHWHU LGHQWLpFDWLRQ HVWLPDWHV PRGHOV RI Ro�
QRPLQDO EHKDYLRU RZLQJ WR XQFHUWDLQW\ RU IDLOXUHV�
DQG �� LQGLUHFW�DGDSWLYH PRGHO�SUHGLFWLYH FRQWURO
SURYLGHV FRQVLVWHQW LQQHU�ORRS UHVSRQVHV� ,Q WKLV
ZRUN� WKH LQQHU�ORRS FRQWUROOHU LV WDVNHG ZLWK WUDFN�
LQJ YHORFLW\ DQG DQJXODU UDWH FRPPDQGV DQG WKH DX�
WKRUV KDYH DGGHG DQ RSWLPXP�SDWK�WR�JR �237*�
DXWRSLORW WKDW FRPSXWHV DSSURDFK DQG ODQGLQJ WUD�
MHFWRULHV� 7KHVH WUDMHFWRULHV DUH FRPSXWHG LQ UHDO
WLPH DQG PLQLPL]H D ZHLJKWHG FRPELQDWLRQ RI WLPH
DQG 8$9 DFFHOHUDWLRQV� VXFK D FRVW IXQFWLRQ DOORZV
WKH DXWRSLORW WR EH OHVV DJJUHVVLYH LQ FDVHV ZKHUH
IDLOXUHV KDYH UHGXFHG WKH 8$9 FRQWURO DXWKRULW\�
1RQOLQHDU VLPXODWLRQ UHVXOWV VKRZ WKDW� XQOLNH QRQ�
DGDSWLYH FRQWUROOHUV� WKH LQWHOOLJHQW FRQWUROOHU LV FRQ�
VLVWHQWO\ DEOH WR ODQG WKH 8$9 ZLWK YHU\ VPDOO PLVV
GLVWDQFHV� HYHQ LQ FDVHV RI PXOWLSOH IDLOXUHV� VHYHUH
WXUEXOHQFH� KLJK VHDV� DQG XQFHUWDLQWLHV LQ WKH DHUR�
G\QDPLF GDWD�

, QWU RGXFWLRQ
2I FXUUHQW LQWHUHVW IRU QDYDO DSSOLFDWLRQV LV

DXWRPDWHG VKLSERDUG ODQGLQJ RI 9HUWLFDO 7DNH�
2o�/DQGLQJ �972/� 8QLQKDELWHG $LU 9HKLFOHV
�8$9� LQ WKH SUHVHQFH RI XQFHUWDLQWLHV� GLVWXUEDQFHV�
DQG IDLOXUHV� &RQWURO ODZV DUH FXUUHQWO\ GHVLJQHG Ro�
OLQH ZLWK H[WHQVLYH DQDO\VLV� VLPXODWLRQ� LWHUDWLRQ�
DQG UHGHVLJQ� 7KLV WUDGLWLRQDO DSSURDFK LV RIWHQ
WRR EXUGHQVRPH WR DGGUHVV DOO SRVVLEOH IDLOXUH VFH�
QDULRV� 7KH REMHFWLYH RI WKH FXUUHQW WDVN ZDV WR
GHYHORS FRQWURO GHVLJQ DOJRULWKPV WKDW H[HFXWH RQ�

&RS \ULJK W Fq ���� E \ %DUURQ $V V RFLDWHV � ,Q F� 3X E OLV K HG E \
WK H $P HULFDQ ,Q V WLWX WH RI $HURQ DX WLFV DQ G $V WURQ DX WLFV � ,Q F� ZLWK
S HUP LV V LRQ �

OLQH LQ UHDO�WLPH� UHVXOWLQJ LQ D FRQWUROOHU WKDW UHDFWV
WR FKDQJHV RU HYHQWV DV WKH\ RFFXU DQG WDLORUV WKH
FRQWURO ODZV WR \LHOG WKH PD[LPXP SRVVLEOH SHUIRU�
PDQFH�

,Q SUHYLRXV ZRUN� %DUURQ $VVRFLDWHV� ,QF� �%$,�
GHPRQVWUDWHG D UHFRQpJXUDEOH LQQHU�ORRS FRQWURO GH�
VLJQ WKDW SURYLGHV FORVH WUDFNLQJ RI q\LQJ�TXDOLWLHV
PRGHOV DQG FRQWLQXRXV FRQWURO ODZ DGDSWDWLRQ� LQ�
FOXGLQJ UHFRQpJXUDWLRQ IRU VLQJOH DQG PXOWLSOH XQ�
IRUHVHHQ HoHFWRU LPSDLUPHQWV� 7KLV FRQWUROOHU ZDV
VXFFHVVIXOO\ GHPRQVWUDWHG LQ D VHULHV RI 9,67$�)���
qLJKW WHVWV WKDW FXOPLQDWHG ZLWK D VPRRWK ODQGLQJ
LQ FURVVZLQG FRQGLWLRQV ZLWK D �VLPXODWHG� FRP�
SOHWHO\ PLVVLQJ OHIW KRUL]RQWDO WDLO VXUIDFH�� 7KH
UHFRQpJXUDEOH FRQWUROOHU FRUUHFWO\ DGDSWHG WR WKH
FKDQJHV LQ WKH VWDELOLW\ DQG FRQWURO GHULYDWLYHV DQG
DYRLGHG ZKDW ZRXOG KDYH EHHQ D GHVWDELOL]LQJ IDLO�
XUH� %\ FRQFHQWUDWLQJ RQ FRQWURO GHVLJQ DOJRULWKPV
UDWKHU WKDQ D VSHFLpF FRQWURO ODZ� WKH UHVXOWLQJ VHOI�
GHVLJQLQJ qLJKW FRQWURO V\VWHP LV PRUH HDVLO\ H[WHQ�
VLEOH WR QHZ WDVNV� PLVVLRQV� DLUFUDIW PRGLpFDWLRQV�
DQG ZHDSRQV� DV ZHOO DV WR RWKHU DLUFUDIW� 5HFHQWO\�
DQ H[WHQGHG YHUVLRQ RI WKLV UHFRQpJXUDEOH FRQWURO
V\VWHP ZDV VXFFHVVIXOO\ GHPRQVWUDWHG RQ WKH $LU
)RUFH :ULJKW /DERUDWRU\
V 5HFRQpJXUDEOH 6\VWHPV
IRU 7DLOOHVV )LJKWHU $LUFUDIW �5(6725(� SURJUDP�
&KDOOHQJHV LQFOXGHG VLJQLpFDQW QXPEHUV RI HoHFWRUV
WKDW JHQHUDWH PRPHQWV LQ PXOWLSOH D[HV DQG KDYH
QRQOLQHDU LQWHUDFWLRQV� $GGLWLRQDOO\� WKH DLUIUDPH
ZDV XQVWDEOH LQ ERWK WKH ORQJLWXGLQDO DQG GLUHFWLRQDO
D[HV�

7KH FXUUHQW SUREOHP RI DXWRPDWHG 972/�8$9
VKLSERDUG ODQGLQJV QHFHVVLWDWHG WKH GHYHORSPHQW RI
RXWHU�ORRS WUDMHFWRU\ RSWLPL]DWLRQ DQG FRQWURO DS�
SURDFKHV LQ DGGLWLRQ WR WKH LQQHU�ORRS FRQWURO DOJR�
ULWKPV� 7RZDUG WKLV HQG� D EDVHOLQH 2SWLPXP�3DWK�
7R�*R �237*� DXWRSLORW WKDW ZRUNV LQ FRQFHUW ZLWK
D UHFRQpJXUDEOH LQQHU�ORRS FRQWUROOHU ZDV GHYHORSHG�
7KH 237* DSSURDFK DOORZV UDSLG RQ�OLQH UHDO�WLPH
FRPSXWDWLRQ RI �DSSUR[LPDWHO\� RSWLPDO WUDMHFWRULHV
IRU D QRQOLQHDU V\VWHP� 7R WKH H[WHQW WKDW WKH LQQHU�
ORRS FRQWUROOHU LV DEOH WR DFKLHYH FRQVLVWHQW SHUIRU�
PDQFH� DQ 237* WUDMHFWRU\ ZLOO UHPDLQ RSWLPDO�
%HFDXVH WKH 237* VROXWLRQV DUH UH�FRPSXWHG DW
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HDFK XSGDWH� WKH DXWRSLORW ORRS DFFRXQWV IRU VXERS�
WLPDOLWLHV WKDW DULVH GXH WR EDOOLVWLF �VWHDG\� ZLQGV�
WXUEXOHQFH� DQG LPSHUIHFW PRGHO IROORZLQJ LQ D PDQ�
QHU VLPLODU WR WKDW RI WKH 5HFHGLQJ�+RUL]RQ�2SWLPDO
�5+2� FRQWUROOHU��� � ,Q IDFW� WKH 237* DXWRSLORW
FDQ EH WKRXJKW RI DV D VSHFLDO FDVH RI 5+2 FRQWURO�
7KH RYHUDOO FRQWURO DUFKLWHFWXUH LV VKRZQ LQ )LJ� ��

7KH LQGLYLGXDO HOHPHQWV LQ WKH pJXUH ZLOO EH GLV�
FXVVHG LQ WKH QH[W VHFWLRQV� IROORZHG E\ D SUHVHQWD�
WLRQ RI VLPXODWLRQ UHVXOWV�

6LPXODWLRQ 6\VWHP 'HVFU LSWLRQ
$ QRQOLQHDU VL[�GHJUHH�RI�IUHHGRP 8$9 VLPXOD�

WLRQ IRU VKLS ODQGLQJ ZDV GHYHORSHG� 7KLV VLPXOD�
WLRQ ZDV EDVHG RQ VRIWZDUH DQG GDWD SURYLGHG E\
WKH 1DY\ DQG 7H[DV $	0� KRZHYHU� H[WHQVLYH PRG�
LpFDWLRQV ZHUH LQFRUSRUDWHG LQFOXGLQJ �� DFWXDWRU
QRQOLQHDULWLHV� �� D ODUJH YDULHW\ RI DFWXDWRU IDLOXUH
PRGHV� �� WKH DELOLW\ WR DGG XQFHUWDLQWLHV WR WKH
DHURG\QDPLF GDWD� �� QRQOLQHDU G\QDPLFV LQFOXGLQJ
WLPH�YDU\LQJ DLU GDWD DQG LQHUWLDO FURVV FRXSOLQJV�
�� D 'U\GHQ JXVW PRGHO� DQG �� VKLS�PRWLRQ VLPXOD�
WLRQ�
)RU WKLV VWXG\� %$, XVHG DHURG\QDPLF GDWD DQG

RWKHU SK\VLFDO SDUDPHWHUV UHSUHVHQWDWLYH RI D <$9�
�% DLUFUDIW� 7KH VHYHQ HoHFWRUV XVHG E\ WKH DLUFUDIW
DUH OHIW DQG ULJKW VWDELODWRUV� SLWFK QR]]OH DQJOH�
OHIW DQG ULJKW DLOHURQV� UXGGHU DQG DIW WKUXVW� 7KH
YHKLFOH
V WUDQVODWLRQDO DQG DQJXODU YHORFLWLHV ZHUH
FRQVLGHUHG WKH PHDVXUHPHQWV XVHG E\ WKH SDUDPH�
WHU LGHQWLpFDWLRQ URXWLQH DV ZHOO DV WKH FRQWUROOHU�
7KHVH PHDVXUHPHQWV DUH FRQVLGHUHG D UHDOLVWLF VHW
DQG KDYH EHHQ XVHG LQ SUHYLRXV qLJKW WHVW ZRUN��

%RG\�D[HV VL[ GHJUHH�RI�IUHHGRP IRUFH DQG PR�
PHQW HTXDWLRQV� FRPSOHWH NLQHPDWLFV DQG WKH IXOO
QRQOLQHDU QDYLJDWLRQ HTXDWLRQV ZHUH LQFRUSRUDWHG

LQWR WKH VLPXODWLRQ� 7KH NLQHPDWLF DQG QDYLJD�
WLRQ HTXDWLRQV DUH QHFHVVDU\ WR FRQWURO WKH 8$9
WUDMHFWRU\ IRU WKH VKLSERDUG DSSURDFK DQG ODQGLQJ
WDVNV� $FFXUDWH PRGHOLQJ RI DWPRVSKHULF WXUEXOHQFH
LV LPSRUWDQW LQ WKH TXDQWLWDWLYH GHVLJQ DQG DVVHVV�
PHQW RI WKH LQWHOOLJHQW FRQWURO DOJRULWKPV� WKHUHIRUH�
VWRFKDVWLF JXVWV DQG EDOOLVWLF �VWHDG\� ZLQGV ZHUH
LQFRUSRUDWHG LQWR WKH VLPXODWLRQ XVLQJ WKH ZLGHO\ DF�
FHSWHG 'U\GHQ JXVW PRGHO�� %RG\�D[HV ZLQG JXVWV
ZHUH DGGHG WR WKH ERG\�D[HV �OLQHDU DQG DQJXODU�
DFFHOHUDWLRQ HTXDWLRQV� DQG EDOOLVWLF �VWHDG\� ZLQGV
ZHUH LQFRUSRUDWHG GLUHFWO\ DV ELDVHV RQ WKH QDYLJD�
WLRQ HTXDWLRQV�

)UHTXHQWO\� D FRQWURO GHVLJQ WKDW DSSHDUV WR ZRUN
ZHOO ZLOO EUHDN GRZQ LQ WKH SUHVHQFH RI DFWXDWRU G\�
QDPLFV� 6RPH RI WKH PRVW WURXEOLQJ G\QDPLFV DUH
DFWXDWRU UDWH OLPLWV� WKHVH LQWURGXFH SKDVH ODJ DQG
PDNH WKH FORVHG�ORRS V\VWHP QRQOLQHDU� 7KHUHIRUH�
QRQOLQHDU DFWXDWRU G\QDPLFV LQ WKH IRUP RI SRVLWLRQ
DQG UDWH OLPLWV RQ DOO DFWXDWRUV ZHUH LQFRUSRUDWHG�
:KLOH DQ DFWXDWRU WUDQVIHU IXQFWLRQ FRXOG KDYH EHHQ
LQFRUSRUDWHG� %$, KDV IRXQG WKDW LW LV IUHTXHQWO\
WKH DFWXDWRU OLPLWV �HVSHFLDOO\ UDWH OLPLWV� WKDW KDYH
WKH PRVW SURIRXQG DGYHUVH HoHFWV RQ FORVHG�ORRS V\V�
WHP SHUIRUPDQFH� %HFDXVH DOO DHURG\QDPLF GDWD
ZHUH H[SUHVVHG LQ WHUPV RI SHUFHQWDJH�RI�PD[LPXP�
GHqHFWLRQ� DFWXDWRU SRVLWLRQ OLPLWV DUH h����� $F�
WXDWRU UDWH OLPLWV ZHUH FKRVHQ VXFK WKDW LW WDNHV
�D PLQLPXP RI� �� FRQWUROOHU VWHSV �DW ��� +]� WR
WUDQVLWLRQ EHWZHHQ PD[LPXP DQG PLQLPXP HoHFWRU
GLVSODFHPHQW�

,Q DGGLWLRQ WR UDWH DQG SRVLWLRQ OLPLWV� FDSDELO�
LW\ ZDV DGGHG WR LQWURGXFH IDLOXUHV LQ HDFK RI WKH
DFWXDWRUV� 7KHUH DUH WZR SULPDU\ W\SHV RI IDLOXUHV�
VWXFN DQG PLVVLQJ DFWXDWRUV� )RU D VWXFN DFWXDWRU�
WKH WLPH RI IDLOXUH DQG SRVLWLRQ DW IDLOXUH FDQ EH
VSHFLpHG� $GGLWLRQDOO\� VRPH RU DOO RI DQ DFWXDWRU
FDQ EH VSHFLpHG DV PLVVLQJ� 7KH DQDO\VW FDQ VSHFLI\
DQ\ FRPELQDWLRQ RI IDLOXUHV DQG IDLOXUH WLPHV YLD D
VLPXODWLRQ FRQWURO pOH�

%$, HPSOR\HG WKH 1DY\
V 35(',&7 � VKLS PR�
WLRQ VLPXODWLRQ VRIWZDUH WR VLPXODWH VKLS G\QDPLFV
IRU D YDULHW\ RI VHD VWDWHV� KHDGLQJV� DQG ZLQG FRQGL�
WLRQV� 7KH VRIWZDUH UHTXLUHV WKH XVHU VSHFLI\ GHWDLOHG
LQIRUPDWLRQ DERXW WKH KXOO DQG DSSHQGDJH SDUWLF�
XODUV RI WKH VKLS WR VLPXODWH� WKH FRRUGLQDWHV RI
SRLQWV RI LQWHUHVW RQ WKH VKLS� QRPLQDO VKLS VSHHG
DQG �ZDYH�UHODWLYH� KHDGLQJ� DQG LQIRUPDWLRQ DERXW
WKH W\SHV RI VHDV ZKLFK ZRXOG EH SUHVHQW LQ WKH
VLPXODWLRQ� LQFOXGLQJ VLJQLpFDQW ZDYH KHLJKW� PRGDO
SHULRG� VKRUW�FUHVWHG YV� ORQJ�FUHVWHG ZDYHV� HWF�
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1XPHULFDO YDOXHV RI VKLS SDUDPHWHUV ZHUH XVHG WKDW
ZHUH UHSUHVHQWDWLYH RI D &*���FODVV GHVWUR\HU� $
ODUJH GDWD EDVH RI VKLS VLPXODWLRQ UHVXOWV ZDV JHQ�
HUDWHG DQG XVHG GLUHFWO\ ZLWK WKH 8$9 VLPXODWLRQ�
%HFDXVH WKH 8$9 VLPXODWLRQ ZDV H[HFXWHG UHSHDW�
HGO\ GXULQJ LWV GHYHORSPHQW DQG HYDOXDWLRQ� LW ZDV
LPSRUWDQW WKDW WKH VKLS PRWLRQ EH GLoHUHQW IURP
RQH VLPXODWLRQ UXQ WR WKH QH[W� 2WKHUZLVH� WKH ZDYH
PRWLRQ LV QRW WUXO\ UDQGRP� DQG WKH FRQWUROOHU PD\
OHDUQ WR DQWLFLSDWH VSHFLpF ZDYHV DQG QRW EH UREXVW
WR ZDYH PRWLRQ LQ JHQHUDO� 7R RYHUFRPH WKLV SURE�
OHP� HDFK WLPH WKH 8$9 VLPXODWLRQ ZDV H[HFXWHG� D
UDQGRP DFFHVV SRLQW LQ WKH VKLS PRWLRQ WLPH�VHULHV
GDWD ZDV FKRVHQ WR FRUUHVSRQG WR WKH LQLWLDO VLPXOD�
WLRQ WLPH� 7KXV� IURP UXQ WR UXQ� WKH VSHFLpF VKLS
PRWLRQV ZHUH GLoHUHQW DQG DSSHDUHG WR EH UDQGRP
WR WKH FRQWUROOHU�

5HFRQpJXU DEOH , QQHU /RRS &RQWU RO
7UDGLWLRQDO FRQWURO GHVLJQ PHWKRGV IUHTXHQWO\

UHTXLUH VSHFLDOL]HG NQRZOHGJH� VXEVWDQWLDO Ro�OLQH
DQDO\VLV� DQG H[WHQVLYH UHDO�WLPH WXQLQJ DQG YDOL�
GDWLRQ �RIWHQ DFFRPSDQLHG E\ QXPHURXV LWHUDWLRQV
RI ODUJH DQG FRPSOH[ SUH�VSHFLpHG JDLQ VFKHGXOHV��
'HVLJQ DQG GHYHORSPHQW H[SHQVHV FDQ PXVKURRP
ZKHQ RQH UHTXLUHV D SULRUL FRQWURO PRGHV GHVLJQHG
WR KDQGOH WKH ODUJH XQLYHUVH RI SRVVLEOH DQRPDOLHV
WKDW PD\ EH H[SHULHQFHG GXULQJ WKH V\VWHP VHUYLFH
OLIH� 5DWKHU WKDQ UHO\ RQ QXPHURXV FRQWURO V\VWHP
LPSOHPHQWDWLRQV EDVHG RQ SUH�K\SRWKHVL]HG LPSDLU�
PHQW RU DLUIUDPH GDPDJH VFHQDULRV� WKH SURSRVHG
UHFRQpJXUDEOH FRQWUROOHU XVHV DQ LQGLUHFW�DGDSWLYH
FRQWURO DUFKLWHFWXUH� 7KH DOJRULWKP LQFRUSRUDWHV D
WLPH�YDU\LQJ PRGHO RI WKH FXUUHQW V\VWHP G\QDP�
LFV XVLQJ D FRPELQDWLRQ RI QHXUDO QHWZRUNV DQG D
QRYHO RQ�OLQH SDUDPHWHU LGHQWLpFDWLRQ WHFKQLTXH WKDW
WUDFNV UDSLGO\ WLPH�YDU\LQJ SDUDPHWHUV DQG LV UREXVW
WR DGYHUVH FRQGLWLRQV RI ORZ H[FLWDWLRQ RU FRUUHODWHG
LQSXWV �WKH ODWWHU IUHTXHQWO\ EHLQJ WKH FDVH ZLWK XVH
RI ODUJH QXPEHUV RI HoHFWRUV�� 7KH LGHQWLpHG PRGHO
RI WKH FXUUHQW V\VWHP G\QDPLFV LV FRPPXQLFDWHG
WR DQ RQ�OLQH FRQWURO GHVLJQ PRGXOH DQG LV XVHG WR
SUHGLFW IXWXUH V\VWHP VWDWHV� 7KH FRQWURO PRGXOH
WKHQ FRPSXWHV D VHW RI HoHFWRU FRPPDQGV WKDW ZLOO
DFKLHYH VWDEOH UHVSRQVHV DV FORVH DV SRVVLEOH WR D VHW
RI GHVLUHG UHVSRQVHV �PRGHO�IROORZLQJ�� 7KH DELOLW\
RI WKH LQWHOOLJHQW FRQWUROOHU WR UHFRQpJXUH D V\VWHP
UDSLGO\ DIWHU VLQJOH RU PXOWLSOH LPSDLUPHQWV� PDNLQJ
HoHFWLYH XVH RI UHVLGXDO HoHFWRU DXWKRULW\� JUHDWO\ HQ�
KDQFHV VXUYLYDELOLW\�
7KH PRGHO�IROORZLQJ GHVLJQ DSSURDFK KDV WKH

SRWHQWLDO WR UHGXFH WKH WLPH DQG H[SHQVH RI GH�
YHORSLQJ DGYDQFHG FRQWUROOHUV IRU QHZ V\VWHPV�
RSHUDWLRQDO FRQGLWLRQV� FRQpJXUDWLRQV� PLVVLRQ
UHTXLUHPHQWV� DQG IDLOXUH PRGHV� $GGLWLRQDOO\� WKH
PRGHO�IROORZLQJ DSSURDFK PHDQV WKDW WR WKH SLORW
RU� LQ WKLV FDVH� DXWRSLORW� WKH LQQHU�ORRS G\QDPLFV
UHPDLQ FRQVLVWHQW DFURVV RSHUDWLQJ FRQGLWLRQV DQG
D YDULHW\ RI IDLOXUHV� 7KXV� WKH DXWRSLORW ORRS FDQ
EH GHVLJQHG WR SHUIRUP RSWLPDOO\ RQ WKH QRPLQDO
G\QDPLFV DQG EH DVVXUHG WKDW WKH FORVHG�ORRS
V\VWHP ZLOO SHUIRUP DV H[SHFWHG XQGHU D PXFK
ZLGHU UDQJH RI FLUFXPVWDQFHV� 7KH UHPDLQGHU RI WKLV
VHFWLRQ GHVFULEHV HDFK FRPSRQHQW RI WKH LQQHU�ORRS
LQWHOOLJHQW FRQWURO V\VWHP�

�� 5HFHGLQJ�+RUL]RQ 2SWLPDO �5+2� &RQWURO

5HFHGLQJ�+RUL]RQ 2SWLPDO �5+2� FRQWURO LV D
IRUP RI PRGHO�SUHGLFWLYH FRQWURO� LQ ZKLFK D pQLWH�
WLPH RSWLPDO FRQWURO VROXWLRQ LV FRPSXWHG WKDW PLQ�
LPL]HV WKH HUURU EHWZHHQ SUHGLFWHG SODQW UHVSRQVHV
DQG WKH GHVLUHG SODQW UHVSRQVHV��� � 7KLV PLQLPL]D�
WLRQ UHVXOWV LQ D VHTXHQFH RI RSWLPDO FRQWURO FRP�
PDQGV� DQG WKH pUVW FRPPDQG� FRUUHVSRQGLQJ WR
WKH FXUUHQW WLPH� LV DSSOLHG WR WKH V\VWHP� $W WKH
QH[W FRQWURO XSGDWH� UDWKHU WKDQ DSSO\LQJ WKH VHFRQG
FRPPDQG LQ WKH RSHQ�ORRS RSWLPDO FRPPDQG VH�
TXHQFH� WKH pQLWH KRUL]RQ RSWLPL]DWLRQ LV FRPSOHWHO\
UHFDOFXODWHG XVLQJ XS�WR�GDWH HVWLPDWHV RI WKH SODQW
G\QDPLFV� GHVLUHG FRQWURO� DQG V\VWHP VWDWH� ,Q WKLV
ZD\� WKH RSHQ�ORRS pQLWH�KRUL]RQ RSWLPDO FRQWURO
SUREOHP EHFRPHV FORVHG�ORRS� DQG WKH RSWLPL]DWLRQ
KRUL]RQ LV VDLG WR UHFHGH EHFDXVH WKH FRQWUROOHU QHYHU
DSSOLHV WKH FRPPDQGV FRUUHVSRQGLQJ WR WKH HQG RI
WKH KRUL]RQ�

$ 5+2 FRQWUROOHU VKDUHV D QXPEHU RI DGYDQWDJHV
ZLWK /4 FRQWURO WHFKQLTXHV� HVSHFLDOO\ VWDELOLW\ DQG
UREXVWQHVV�� +RZHYHU� XQOLNH LQpQLWH�WLPH /4 FRQ�
WURO� D UHFHGLQJ�KRUL]RQ FRQWUROOHU DQWLFLSDWHV GHVLUHG
UHVSRQVHV DQG RSWLPL]HV WUDFNLQJ RYHU D VKRUW KRUL�
]RQ� 7KLV TXDOLW\ DGGV GHVLUDEOH SKDVH OHDG WR WKH
FRQWUROOHU DQG PDNHV LW DWWUDFWLYH IRU PXOWL�LQSXW
PXOWL�RXWSXW �0,02� FRQWURO SUREOHPV ZKHUH RQH LV
LQWHUHVWHG LQ DFKLHYLQJ VSHFLpF WUDQVLHQW UHVSRQVHV DV
ZHOO DV FHUWDLQ VWHDG\�VWDWH UHVSRQVHV�� ,Q IDFW� RQH
SDSHU UHFHQWO\ DUJXHG WKDW� IRU SUREOHPV WKDW DUH
QRW LQKHUHQWO\ OLQHDU�WLPH�LQYDULDQW �/7,�� UHFHGLQJ�
KRUL]RQ FRQWURO LV ?WKH RQO\ YLDEOH FRQWUROOHU V\QWKH�
VLV PHWKRG���

,Q 5+2� WKH QRQOLQHDU DLUFUDIW HTXDWLRQV RI PR�
WLRQ DUH UHSUHVHQWHG DV WLPH�YDU\LQJ OLQHDU HTXDWLRQV
RI WKH IRUP�
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ZKHUH WKH VWDWHV FRQVLVW RI WKH ERG\�D[HV WUDQV�
ODWLRQDO YHORFLWLHV DQG DQJXODU UDWHV� 2U� [  
>X� Y� Z� S� T� U@� r LV DQ DUUD\ RI HoHFWRUV� \ LV WKH
YHFWRU RI RXWSXWV WKH FRQWUROOHU LV WU\LQJ WR WUDFN�
G DQG H DUH ELDV YHFWRUV LQFOXGHG WR DFFRXQW IRU
OLQHDUL]DWLRQV DW QRQ�WULP qLJKW FRQGLWLRQV� 7KH RQ�
OLQH SDUDPHWHU LGHQWLpFDWLRQ DOJRULWKP SURYLGHV WKH
PDWULFHV $� %� & � DQG '� ZKLFK DUH WLPH�YDU\LQJ
IXQFWLRQV RI WKH FXUUHQW VWDWHV� HoHFWRU FRPPDQGV�
qLJKW FRQGLWLRQ� IDLOXUH VFHQDULR� HWF�

7KH 5+2 FRQWURO ODZ XVHV WKH DERYH PRGHO RI WKH
GHVLUHG V\VWHP WUDQVLHQW UHVSRQVHV WR SUHGLFW DQG DQ�
WLFLSDWH WKH V\VWHP EHKDYLRU DQG JHQHUDWH FRPPDQGV
WR WUDFN WKH PRGHOV RSWLPDOO\� 7KH 5+2 JDLQV DUH
FDOFXODWHG WR PLQLPL]H WKH FRVW IXQFWLRQ�
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ZKHUH U  \P b &[� \P LV WKH GHVLUHG UHVSRQVH
DQG [L LV D YHFWRU RI LQWHJUDO�HUURU VWDWHV� 1RWH
WKH FRPELQDWLRQ RI SHQDOWLHV RQ WUDFNLQJ HUURU� LQ�
WHJUDWHG WUDFNLQJ HUURU� DFWXDWLRQ� DQG pQDO RXWSXW
HUURU� 7KH 5LFFDWL 'LoHUHQWLDO (TXDWLRQV �5'(
V�
UHTXLUHG WR VROYH IRU WKH FRQWURO ODZ ZKLFK PLQLPL]HV
WKLV FRVW IXQFWLRQ FDQ EH GHULYHG XVLQJ FDOFXOXV RI
YDULDWLRQV� )XUWKHUPRUH� PHWKRGV H[LVW ZKLFK FDQ
VROYH WKH 5'(
V LQ UHDO WLPH ZLWK OLPLWHG FRPSXWLQJ
EDQGZLGWK��

)RU WKH 8$9 DSSOLFDWLRQ� LW LV RI LQWHUHVW WR FRQWURO
JURXQG VSHHG� YHUWLFDO YHORFLW\� DQG DQJXODU UDWHV�
7KXV� \  >9� B]� S� T� U@� 7KHUHIRUH� WKH PDWUL[ & LQ
WKH RXWSXW HTXDWLRQ UHODWHV WKLV UHVSRQVH YHFWRU WR
WKH VWDWH YHFWRU JLYHQ DERYH�

*LYHQ WKDW WKH 8$9 KDV VHYHQ LQGHSHQGHQW HoHF�
WRUV� LW LV QRW XQUHDVRQDEOH WR FRQWURO pYH RXWSXWV�
KRZHYHU LW VKRXOG EH QRWHG WKDW WKH IHZHU RXWSXWV
RQH FDUHV DERXW WUDFNLQJ� WKH PRUH UHGXQGDQF\ LV
DYDLODEOH IRU UHFRQpJXUDWLRQ� ,Q WKLV FDVH� VKRXOG
WKHUH QRW EH HQRXJK FRQWURO DXWKRULW\ WR WUDFN pYH
LQGHSHQGHQW TXDQWLWLHV� WKH FRQWUROOHU ZLOO IRUHJR
WUDFNLQJ RI SDUWLFXODU YDULDEOHV EDVHG RQ WKH UHODWLYH
SHQDOW\ ZHLJKWV� ,Q WKH FXUUHQW LPSOHPHQWDWLRQ� WKH
HPSKDVLV LV RQ WUDFNLQJ WKH DQJXODU UDWHV EHFDXVH

FRQWURO RI WKHVH LV QHFHVVDU\ IRU VWDELOLW\�

�� 0RGLpHG 6HT� /HDVW�6TXDUHV �06/6�
2Q�OLQH SDUDPHWHU LGHQWLpFDWLRQ LV UHTXLUHG WR DF�

FRXQW IRU XQIRUHVHHQ FKDQJHV GXH WR IDLOXUH� QRYHO
V\VWHP FRQpJXUDWLRQV� HWF� $ 0RGLpHG 6HTXHQWLDO
/HDVW�6TXDUHV �06/6�� DOJRULWKP LV XVHG KHUH IRU
WKH SDUDPHWHU LGHQWLpFDWLRQ SUREOHP� 7KH QRQOLQ�
HDU V\VWHP G\QDPLFV DUH UHSUHVHQWHG E\ WKH OLQHDU
WLPH�YDU\LQJ VWDWH HTXDWLRQV JLYHQ HDUOLHU� ZKHUH WKH
QRQOLQHDU V\VWHP LV OLQHDUL]HG DW HDFK XSGDWH� 7KH
UHGXFWLRQ RI D FRPSOH[ QRQOLQHDU V\VWHP WR D VXLW�
DEOH SLHFHZLVH�OLQHDU DSSUR[LPDWLRQ� DQG VWDELOLW\
DQG UREXVWQHVV SURRIV UHJDUGLQJ VXFK DSSUR[LPD�
WLRQV FDQ EH IRXQG LQ WKH OLWHUDWXUH������

7KH VWDQGDUG QRUPDO HTXDWLRQV DUH W\SLFDOO\ XVHG
WR pQG WKH OHDVW�VTXDUHV VROXWLRQ� +RZHYHU� WKHUH
DUH WZR VLJQLpFDQW GLrFXOWLHV ZLWK RQ�OLQH SDUDPHWHU
HVWLPDWLRQ XVLQJ WUDGLWLRQDO UHJUHVVLRQ DSSURDFKHV�
7KHVH DUH� ��� GDWD FROOLQHDULWLHV DQG ��� WLPH�
YDU\LQJ SDUDPHWHUV� 'DWD FROOLQHDULWLHV RFFXU ZKHQ
DQ\ RI WKH LQSXW YDULDEOHV WR D V\VWHP EHLQJ LGHQ�
WLpHG FDQ EH UHSUHVHQWHG DV OLQHDU FRPELQDWLRQV RI
RWKHU LQSXW YDULDEOHV� 6XFK FRQGLWLRQV IUHTXHQWO\
RFFXU LQ V\VWHPV ZLWK PRUH HoHFWRU WKDQ FRQWURO
GHJUHHV�RI�IUHHGRP� 7LPH�YDU\LQJ SDUDPHWHUV FDQ
DULVH HLWKHU GXULQJ FKDQJHV LQ RSHUDWLQJ FRQGLWLRQ
�VORZ YDULDWLRQV� RU GXULQJ LPSDLUPHQW� FKDQJH RI
V\VWHP VWDWH� RU qLJKW LQ D QRQOLQHDU UHJLPH �IDVW
YDULDWLRQV�� ,W FDQ EH VKRZQ WKDW WKH SVHXGR LQYHUVH
LQ WKH QRUPDO HTXDWLRQ LV QHDUO\ ?VLQJXODU� LI HLWKHU
RI WKHVH FDVHV RFFXUV�
$ QXPEHU RI EDWFK DQG QRQOLQHDU UHJUHVVLRQ DOJR�

ULWKPV DGGUHVV WKHVH VLQJXODULWLHV WKURXJK D SURFHVV
NQRZQ DV UHJXODUL]DWLRQ������������ DQG WKH 06/6
DSSURDFK LV RQH VXFK PHWKRG ZLWK FHUWDLQ DGYDQ�
WDJHV� 5HJXODUL]DWLRQ LV DFKLHYHG E\ LQFOXGLQJ DG�
GLWLRQDO FRQVWUDLQWV LQ WKH FRVW IXQFWLRQ WR EH PLQL�
PL]HG� $ VLPSOLpHG UHSUHVHQWDWLRQ RI WKH 06/6 FRVW
IXQFWLRQ LV�
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ZKHUH \ LV WKH PHDVXUHPHQWV� v UHSUHVHQWV WKH HV�
WLPDWHG SDUDPHWHUV� DQG � LV WKH YHFWRU RI V\VWHP
VWDWHV DQG FRQWURO LQSXWV� 7KH WKUHH WHUPV� DV RU�
GHUHG� LQ WKH DERYH FRVW IXQFWLRQ UHSUHVHQW�

�� 7KH VWDQGDUG OHDVW VTXDUHV FRVW IXQFWLRQ�

�� 7HPSRUDO FRQVWUDLQWV ZKLFK SHQDOL]H SDUDPHWHU
HVWLPDWHV WKDW GHYLDWH IURP SUHYLRXV HVWLPDWH�
7KLV UHVXOWV LQ D VPRRWKLQJ RYHU WLPH� EXW� DV
ZLOO EH VKRZQ� GRHV QRW KLQGHU WKH DELOLW\ WR
WUDFN UDSLGO\ YDU\LQJ SDUDPHWHUV� 7HPSRUDO

FRQVWUDLQWV KDYH WKH HoHFW RI UHGXFLQJ WKH GDWD
ZLQGRZ VL]H GXULQJ SHULRGV RI KLJK H[FLWDWLRQ�
UHVXOWLQJ LQ UDSLG SDUDPHWHU WUDFNLQJ���

�� 6SDWLDO FRQVWUDLQWV� ZKLFK DULVH IURP LPSRVLQJ
WKH OLQHDU FRQVWUDLQW UHODWLRQVKLS .  0d� SH�
QDOL]H SDUDPHWHU HVWLPDWHV WKDW GLYHUJH IURP D

SULRUL HVWLPDWHV RI WKHLU WUXH YDOXHV �L�H� QRP�
LQDO �XQIDLOHG� YDOXHV�� 7KHVH HVWLPDWHV FDQ EH
FRQVWDQW� RU WKH\ FDQ EH SURYLGHG E\ RQ�ERDUG
QHXUDO QHWZRUN V\VWHP PRGHOV� GLVFXVVHG QH[W�

�� 3RO\QRPLDO 1HXUDO 1HWZRUNV �311V�
$ 3RO\QRPLDO 1HXUDO 1HWZRUN �311� HVWLPDWLRQ

PRGHO ZDV XVHG WR FRQVWUXFW WKH VSDWLDO FRQVWUDLQWV
LQ WKH SDUDPHWHU LGHQWLpFDWLRQ DOJRULWKP� %$,
V HP�
SOR\HG LWV RZQ *126,6 VRIWZDUH SDFNDJH WR V\QWKH�
VL]H WKH 311
V IURP D QXPHULFDO GDWDEDVH RI GHVLUHG
LQSXW�RXWSXW UHODWLRQVKLSV� *126,6 VHOHFWV WKRVH
YDULDEOHV PRVW XVHIXO IRU WKH PRGHOLQJ WDVN IURP WKH
OLVW RI DYDLODEOH FDQGLGDWH LQSXWV� DQG GHOLYHUV D 311
ZLWK DQ RSWLPXP OHYHO RI FRPSOH[LW\� *126,6 KDV
EHHQ DSSOLHG VXFFHVVIXOO\ WR D QXPEHU RI FKDOOHQJLQJ
SUREOHPV LQ D ZLGH YDULHW\ RI DSSOLFDWLRQV���

3RO\QRPLDO QHWZRUNV DUH FRPSRVLWLRQV RI
.ROPRJRURY�*DERU �.*� PXOWLQRPLDOV��� .RO�
PRJRURY DQG *DERU HDFK GHPRQVWUDWHG WKH QHDU
XQLYHUVDOLW\ RI PXOWLQRPLDOV LQ UHSUHVHQWLQJ SK\VLFDO
SURFHVVHV� LQFOXGLQJ G\QDPLFDO V\VWHPV� 7KH .*
PXOWLQRPLDO LV
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DQG FDQ PRGHO DQ\ DQDO\WLF� VLQJOH�YDOXHG WUDQV�
IRUPDWLRQ��� +RZHYHU� QRWH WKDW DV WKH QXPEHU RI
SRWHQWLDO LQSXWV JURZV� WKH VL]H RI HYHQ D PRGHUDWH
GHJUHH PXOWLQRPLDO FRQWDLQLQJ DOO WKH LQSXWV JURZV
H[SRQHQWLDOO\� )RUWXQDWHO\� WKH GLPHQVLRQDOLW\ RI

WKH WUXH SUREOHP LV IUHTXHQWO\ PXFK VPDOOHU� DQG
*126,6 XVHV VWUXFWXUH�OHDUQLQJ WHFKQLTXHV ZKLFK
UHVXOW LQ UHGXFHG RUGHU PXOWLQRPLDOV WR UHSUHVHQW
WKH V\VWHP� 7KLV LV DFFRPSOLVKHG E\ JURZLQJ WKH
PRGHO LQ ?FKXQNV�� XVLQJ D VPDOO QXPEHU RI LQSXWV
LQ HDFK FKXQN� DQG XWLOL]LQJ DQ LQIRUPDWLRQ�WKHRUHWLF
DSSURDFK WR VHOHFW XVHIXO LQSXW YDULDEOHV DQG UHGXFH
WKH OLNHOLKRRG RI RYHUpW�

�� ,QQHU�/RRS 3UHOLPLQDU\ 5HVXOWV

2I VSHFLDO LQWHUHVW LV 5+2 FRQWURO UHVSRQVH XQGHU
FRQWURO HoHFWRU IDLOXUHV� )LJXUH � FRPSDUHV D SRLQW�
GHVLJQ �WULP� RSWLPDO FRQWUROOHU �GHQRWHG /47� ZLWK
WKH LQGLUHFW�DGDSWLYH FRQWURO V\VWHP� 7KH WZR FRQ�
WUROOHUV DUH GHVLJQHG XVLQJ LGHQWLFDO FRVW�IXQFWLRQ
ZHLJKWLQJ PDWULFHV DQG DUH LGHQWLFDO IRU D OLQHDU
WLPH�LQYDULDQW �/7,� V\VWHP ZLWKRXW IDLOXUHV� )RU
WKH FXUUHQW 8$9 DSSOLFDWLRQ� SHUIRUPDQFH RI WKH
WZR V\VWHPV SULRU WR D IDLOXUH LV TXDOLWDWLYHO\ VLP�
LODU� GHVSLWH VWDELOLW\ DQG FRQWURO GHULYDWLYHV WKDW
YDU\ ZLWK qLJKW FRQGLWLRQ� QRQOLQHDU LQHUWLDO FURVV�
FRXSOLQJV� DQG RULHQWDWLRQ�GHSHQGHQW JUDYLWDWLRQDO
HoHFWV� )ROORZLQJ D IDLOXUH� KRZHYHU� WKHUH DUH SUR�
QRXQFHG GLoHUHQFHV EHWZHHQ WKH WZR V\VWHPV� 7KH
PDQHXYHU RI )LJ� � LV D SDLU RI EDFN�WR�EDFN SLWFK�
UDWH GRXEOHWV� +HUH� WKH OHIW HOHYRQ DQG WKH OHIW
DLOHURQ EHFRPH FRPSOHWHO\ LQHoHFWLYH �� VHF� LQWR
WKH PDQHXYHU� 1RWH WKDW IRU WKLV SUHOLPLQDU\ H[�
SHULPHQW 06/6 ZDV QRW XVHG� DQG WKH FRQWUROOHUV
ZHUH HDFK VXSSOLHG IXOO NQRZOHGJH RI WKH IDLOXUHV �L�H�
WKH �WUXWK� PRGHO ZDV VXSSOLHG�� ,Q )LJ� �� WKH
SLWFK�UDWH UHVSRQVH RI WKH 5+2 FRQWURO ODZ IROORZV
WKH UHIHUHQFH PRGHO �GHQRWHG )4 PRGHO� FORVHO\�
DQG WKHUH LV OLWWOH GLVFHUQDEOH GLoHUHQFH EHWZHHQ WKH
SUH�LPSDLUPHQW DQG SRVW�LPSDLUPHQW q\LQJ TXDOL�
WLHV� ,Q WKH FDVH RI WKH SRLQW�GHVLJQ OLQHDU�TXDGUDWLF
FRQWUROOHU� SRVW�LPSDLUPHQW WUDFNLQJ RI WKH GHVLUHG
SLWFK�UDWH LV FRPSURPLVHG�

3ULRU WR WKH IDLOXUH� ERWK WKH 5+2 FRQWUROOHU DQG
WKH SRLQW�GHVLJQ /4 FRQWUROOHU GH�FRXSOH WKH ORQJLWX�
GLQDO DQG ODWHUDO�GLUHFWLRQDO PRWLRQV DSSURSULDWHO\�
WKHUH DUH QR UROO�UDWH H[FXUVLRQV SULRU WR �� VHF� 'XU�
LQJ WKH H[HFXWLRQ RI WKH VHFRQG SLWFK GRXEOHW� WKH
XQFRPPDQGHG UROO UDWH DVVRFLDWHG ZLWK WKH 5+2
FRQWURO V\VWHP LV PLQLPDO� &RQWUDULZLVH� WKH SRVW�
LPSDLUPHQW SLWFK UDWH DQG UROO UDWH DUH PRUH VWURQJO\
FRXSOHG IRU WKH SRLQW�GHVLJQ /4 FRQWUROOHU� +HUH�
WKH PD[LPXP XQFRPPDQGHG UROO�UDWH LV �DSSUR[L�
PDWHO\� DQ RUGHU RI PDJQLWXGH PRUH VHYHUH WKDQ WKDW
RI WKH 5+2 FRQWUROOHU�

7KHVH UHVXOWV GHPRQVWUDWH WKH XWLOLW\ RI WKH RQ�
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OLQH WLPH�YDU\LQJ JDLQ FRPSXWDWLRQV SHUIRUPHG E\
5+2 ZKHQ FRPSDUHG WR p[HG RU JDLQ VFKHGXOHG
FRQWUROOHUV� $JDLQ� LW ZDV DVVXPHG KHUH WKDW WKH FRQ�
WUROOHU KDG NQRZOHGJH UHJDUGLQJ WKH DFWXDO YDOXHV RI
WKH VWDELOLW\ DQG FRQWURO GHULYDWLYHV EHIRUH DQG DIWHU
LPSDLUPHQW�
7KH QH[W VWHS LQ WKLV H[SHULPHQW ZDV WR LQFRUSR�

UDWH WKH 06/6 SDUDPHWHU LGHQWLpFDWLRQ� 7KH SD�
UDPHWHU LGHQWLpFDWLRQ PRGXOH FDQ HDVLO\ HVWLPDWH
WKH SDUDPHWHU YDOXH ZKHQ LW LV FORVH WR WKH D SUL�

RUL HVWLPDWH� 7KH UHDO FKDOOHQJH LV KRZ HDVLO\ ZLOO
WKH LGHQWLpFDWLRQ DOJRULWKP LJQRUH WKH VSDWLDO FRQ�
VWUDLQW ZKHQ D IDLOXUH RFFXUV� 7R WHVW WKLV� VHYHUDO
VLQJOH DQG PXOWLSOH HoHFWRU IDLOXUHV ZHUH HYDOXDWHG�
DQG UHSUHVHQWDWLYH HVWLPDWHV RI NH\ FRQWURO GHULYD�
WLYHV DUH SURYLGHG LQ )LJ� ��
7KH SDUDPHWHUV LQ )LJ� � DUH WKH FRQWULEXWLRQV

RI V\PPHWULF DQG DV\PPHWULF HOHYRQ� UHVSHFWLYHO\�
WR SLWFKLQJ PRPHQW IRU WKH EDFN�WR�EDFN SLWFK GRX�
EOHW PDQHXYHU� $JDLQ� FRQWURO VXUIDFH IDLOXUH RFFXUV
�� VHF� LQWR WKH PDQHXYHU� 3ULRU WR WKH IDLOXUH�
WKHUH LV JRRG DJUHHPHQW EHWZHHQ WKH WUXH SDUDPHWHU�
WKH 06/6 HVWLPDWH� DQG WKH D SULRUL 311 VSDWLDO
FRQVWUDLQW LQ HDFK FDVH� )ROORZLQJ WKH IDLOXUH� WKH
LGHQWLpFDWLRQ DOJRULWKP LV DEOH WR LJQRUH WKH �QRZ
HUURQHRXV� 311 VSDWLDO FRQVWUDLQWV DQG WUDFN WKH
WUXH SDUDPHWHUV FORVHO\� )XUWKHUPRUH� QRWH WKDW QR
?DFWLYH QRLVH LQMHFWLRQ� RU PDQXDO H[FLWDWLRQ RI WKH
V\VWHP LV UHTXLUHG IRU WKLV LGHQWLpFDWLRQ PHWKRG� DV
LV RIWHQ QHFHVVDU\ IRU RWKHU DSSURDFKHV� )LQDOO\� QRWH
WKDW UHDO�WLPH YHUVLRQV RI WKH 06/6 DOJRULWKP H[LVW
DQG KDYH EHHQ XVHG VXFFHVVIXOO\ LQ qLJKW WHVWV���

,Q VXPPDU\� %$, KDV LPSOHPHQWHG RQ�OLQH SDUDP�
HWHU LGHQWLpFDWLRQ ORJLF WKDW LV VXLWDEOH IRU UHFRQpJ�
XUDWLRQ RI WKH 8$9 LQ WKH SUHVHQFH RI DUELWUDU\ VLQ�

JOH DQG PXOWLSOH IDLOXUHV� 7KH FKRVHQ LGHQWLpFDWLRQ
DOJRULWKP LV D UHJXODUL]HG OHDVW�VTXDUHV WHFKQLTXH
GHYHORSHG E\ WKH DXWKRUV� 7HPSRUDO FRQVWUDLQWV
DUH XVHG WR GLVFRXUDJH VDPSOH�WR�VDPSOH SDUDPH�
WHU YDULDWLRQV� DQG 311 PRGHOV RI QRPLQDO �XQLP�
SDLUHG� VWDELOLW\ GHULYDWLYHV� FRQWURO GHULYDWLYHV� DQG
HTXDWLRQ�RI�PRWLRQ ELDVHV DUH XVHG DV VSDWLDO FRQ�
VWUDLQWV LQ 06/6� %\ FRQWLQXRXVO\ LGHQWLI\LQJ WKH
G\QDPLFV RI WKH 8$9 YLD D UHJXODUL]HG RQ�OLQH V\V�
WHP LGHQWLpFDWLRQ DOJRULWKP� WKH LQWHJUDWHG FRQ�
WUROOHU LV DEOH WR SURYLGH FRQVLVWHQW LQQHU�ORRS UH�
VSRQVHV UHJDUGOHVV RI 8$9 KHDOWK� 7KXV� E\ SURYLG�
LQJ LQQHU�ORRS UHFRQpJXUDWLRQ� WKH RXWHU�ORRS VWUDWH�
JLHV UHPDLQ QHDU�RSWLPDO� HYHQ LQ WKH SUHVHQFH RI
XQIRUHVHHQ IDLOXUHV� $Q\ VXERSWLPDOLW\ WKDW UHVXOWV
ZLOO GHSHQG RQ WKH GHJUHH WR ZKLFK WKH LQQHU�ORRS
FRQWUROOHU FDQ QR ORQJHU UHFRQpJXUH WR DFKLHYH WKH
GHVLUHG UHVSRQVHV� (YHQ LQ VXERSWLPDO VLWXDWLRQV� LW
LV H[SHFWHG WKDW WKH RXWHU�ORRS FRQWUROOHU ZLOO XVX�
DOO\ SHUIRUP ZHOO�

2SW��3 DWK�WR�*R �23 7 *� $XWRSLORW
7KH GLrFXOW VKLSERDUG 8$9 ODQGLQJ WDVN UHTXLUHG

WKH GHYHORSPHQW RI D VXLWDEOH RXWHU�ORRS FRQWUROOHU
WR JHQHUDWH WKH LQQHU�ORRS FRPPDQGV� 7RZDUG
WKLV HQG� %$, GHYHORSHG DQ 2SWLPDO�3DWK�7R�*R
�237*� DSSURDFK WKDW LV D QDWXUDO H[WHQVLRQ RI
5+2 FRQWURO� $ PRGHUQ PXOWLYDULDEOH FRQWURO DU�
FKLWHFWXUH FRXOG KDYH EHHQ GHYHORSHG WKDW XWLOL]HV
WKH HoHFWRUV GLUHFWO\ WR DFKLHYH GHVLUHG WUDMHFWRULHV�
+RZHYHU� LW ZDV GHFLGHG WR UHPDLQ ZLWKLQ D PRUH WUD�
GLWLRQDO IUDPHZRUN RI LQQHU�RXWHU�ORRS FRQWURO� 7KH
DGYDQWDJHV RI WKLV IUDPHZRUN LQFOXGH� �� WKH LQQHU�
ORRS FRQWUROOHU DUFKLWHFWXUH FDQ FRQWURO DQG VWDELOL]H
XQVWDEOH PRGHV GLUHFWO\� �� VHSDUDWH LQQHU� DQG
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RXWHU�ORRS FRQWUROOHUV FDQ WDNH DGYDQWDJH RI LQKHUHQW
IUHTXHQF\ VHSDUDWLRQ EHWZHHQ WKH ORRSV WR SURYLGH
PRUH UREXVW FRQWURO UHVSRQVHV� �� FRPSRQHQWV RI
WKH SDUWLWLRQHG GHVLJQ FDQ EH PRUH UHDGLO\ WUDQV�
IHUUHG LQWR H[LVWLQJ V\VWHPV� DQG �� LW LV HDVLHU WR
OHYHUDJH GHFDGHV RI H[SHULHQFH LQ WKH WZR GRPDLQV RI
LQQHU�ORRS FRQWURO DQG RXWHU�ORRS JXLGDQFH�
7KH 237* JXLGDQFH ODZ XVHV WKH FDOFXOXV RI YDUL�

DWLRQV WR FRPSXWH LQWHUFHSW WUDMHFWRULHV WKDW DUH
RSWLPDO ZLWK UHVSHFW WR D SDUWLFXODU FRVW IXQFWLRQ�
)RU WKH VKLSERDUG ODQGLQJ WDVN� LW LV LPSRUWDQW WR
DFKLHYH DSSURDFKHV LQ PLQLPDO WLPH WKDW GR QRW UH�
TXLUH H[FHVVLYH 8$9 DFFHOHUDWLRQV DW DQ\ WLPH GXULQJ
WKH WUDMHFWRU\� 7KH ODWWHU LV DOZD\V D JRRG LGHD� EXW
EHFRPHV HVSHFLDOO\ LPSRUWDQW ZKHQ RQH GHVLJQV D
UHFRQpJXUDEOH FRQWURO V\VWHP WR RSHUDWH XQGHU �VLJ�
QLpFDQWO\� UHGXFHG FRQWURO DXWKRULW\� )RU WKH SXU�
SRVH RI FRPSXWLQJ PLQLPXP�WLPH WUDMHFWRULHV ZLWK
PLQLPDO DFFHOHUDWLRQV� RQH FDQ UHSUHVHQW WKH GHVLUHG
8$9 UHVSRQVHV DV D pUVW�RUGHU V\VWHP ZLWK UHVSHFW
WR FRPPDQGHG DFFHOHUDWLRQV� DQG WKH 8$9 DFFHOHUD�
WLRQV FDQ EH PLQLPL]HG� ,W LV QRWHG WKDW WKH GHVLUHG
q\LQJ TXDOLWLHV RI WKH 8$9 DUH FKRVHQ WR EH pUVW�
RUGHU� 1R UHTXLUHPHQW RI OLQHDU G\QDPLFV RI WKH
DFWXDO 8$9 V\VWHP KDV EHHQ LPSRVHG�
)RU HDFK (DUWK D[LV� L� RQH FDQ GHpQH WKH 8$9

HTXDWLRQV RI PRWLRQ DV�

B[L  YL

BYL  DL ���

BDL  � �L�XL b DL�

ZKHUH [L� YL� DL DUH WKH SRVLWLRQV� YHORFLWLHV� DQG DF�
FHOHUDWLRQV DORQJ WKH L D[LV� �L LV WKH WLPH FRQVWDQW

SURYLGLQJ D URXJK DSSUR[LPDWLRQ RI WKH 8$9 G\�
QDPLFV� DQG XL LV WKH DFFHOHUDWLRQ FRPPDQG�

7KH FRVW IXQFWLRQ PD\ EH ZULWWHQ DV�

-  

= WI

W�

�� �
�

�
X75X�GW ���

%HFDXVH WKH FRPPDQGV HQWHU DW WKH DFFHOHUDWLRQ
OHYHO� WKH FRVW IXQFWLRQ DOORZV D GLUHFW WUDGH�Ro �YLD
DGMXVWPHQW RI 5� EHWZHHQ PLQLPXP�WLPH UHVSRQVHV
DQG PLQLPXP FRPPDQGHG DFFHOHUDWLRQV� $JDLQ�
QRWH WKDW WKLV GHYHORSPHQW LV D VSHFLDO FDVH RI WKH
V\VWHP XVHG E\ WKH 5+2 FRQWUROOHU�

7KH ODQGLQJ WDVN ZDV FRPSULVHG RI WZR VHTXHQWLDO
VWHSV� )LUVW� WKH 8$9 LV JXLGHG WR DQ DUWLpFLDO ZD\�
SRLQW ��IW� DERYH DQG ��IW� DIW RI WKH FHQWHU RI WKH
KHOLFRSWHU ODQGLQJ SDG� $IWHU WKH 8$9 LV VXrFLHQWO\

FORVH WR WKH ZD\SRLQW� WKH ODQGLQJ SKDVH LV LQLWLDWHG�
'XULQJ WKH ODQGLQJ� WKH 8$9 DWWHPSWV WR QXOO WKH
WZR�GLPHQVLRQDO RoVHW EHWZHHQ LWV FHQWHU RI JUDYLW\
DQG WKH FHQWHU RI WKH VKLS KHOLFRSWHU SDG� 'UDVWLF
PRWLRQV DUH GLVFRXUDJHG GXULQJ WKH ODQGLQJ SKDVH
YLD LQFUHDVHG DFWXDWLRQ SHQDOWLHV LQ WKH SHUIRUPDQFH
LQGH[� 'XULQJ WKH GHYHORSPHQW RI WKH 237* DXWRSL�
ORW LW ZDV GLVFRYHUHG WKDW WKLV WZR�VWHS DSSURDFK LV
QHFHVVDU\ WR DFKLHYH WKH ODQGLQJ WDVN� $IWHUZDUGV�
WKH DXWKRUV IRXQG WKDW WKLV LV SUHFLVHO\ KRZ SLORWV
DFFRPSOLVK VKLSERDUG KHOLFRSWHU ODQGLQJ WDVNV�

2QFH WKH RSWLPDO (DUWK�D[HV WUDMHFWRU\ LV FRP�
SXWHG� LQQHU�ORRS 8$9 FRPPDQGV PXVW EH JHQHU�
DWHG� 7KLV SURFHVV LQYROYHV WZR VWHSV� �� FRQYHUWLQJ
WKH 1RUWK�(DVW�'RZQ WUDMHFWRU\ WR GHVLUHG (XOHU�
DQJOH UDWHV� DQG �� FRQYHUWLQJ WKH GHVLUHG (XOHU�
DQJOH UDWHV LQWR ERG\�D[HV DQJXODU UDWH FRPPDQGV�

,Q VXPPDU\� WKH GHVLUHG (DUWK�D[HV UHVSRQVHV DUH

�
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UHDOL]HG E\ FRQWUROOLQJ WKH 8$9 DLUVSHHG GLUHFWO\
�YLD WKH 5+2 DUFKLWHFWXUH� DQG WKH LQHUWLDO qLJKW�
SDWK LQGLUHFWO\ �YLD D VHTXHQFH RI WUDQVIRUPDWLRQV
WKDW \LHOG HTXLYDOHQW ERG\�D[HV DQJXODU UDWH FRP�
PDQGV�� (DFK FRQWULEXWHV WR WKH 8$9 IROORZLQJ WKH
RSWLPDO LQHUWLDO qLJKW SDWK FORVHO\� 7KH HrFDF\ RI
WKLV DSSURDFK LV EROVWHUHG IXUWKHU E\ WKH H[WHQVLYH
�FORVHG�ORRS� UHVXOWV VXPPDUL]HG LQ WKH QH[W VHFWLRQ�

6LPXODWLRQ 5HVXOWV
7KH DXWKRUV GHYHORSHG D OLEUDU\ RI VLPXODWLRQ FRQ�

WURO pOHV WR HYDOXDWH WKH DELOLW\ RI WKH LQWHJUDWHG
UHFRQpJXUDEOH FRQWURO V\VWHP WR ODQG D 8$9 RQ D
VKLS
V KHOLFRSWHU GHFN� 7KH OLEUDU\ LV FRPSULVHG RI
�� ��� FRPELQDWLRQV RI 8$9 LQLWLDO FRQGLWLRQV �YH�
ORFLW\� GLVWDQFH IURP VKLS DQG DOWLWXGH�� VKLS LQLWLDO
FRQGLWLRQV� DQG VHD VWDWHV �VKLS YHORFLW\� RULHQWDWLRQ�
ZDYH GLUHFWLRQ� HWF��� ,Q H[FHVV RI ��� ��� WUDMHFWR�
ULHV ZHUH VLPXODWHG WR REWDLQ VWDWLVWLFDOO\ VLJQLpFDQW
PHDVXUHV RI WKH 8$9
V SHUIRUPDQFH��� 7KH H[SHU�
LPHQWV GLVFXVVHG KHUHLQ ZHUH VHOHFWHG EHFDXVH WKH\
FDSWXUH WKH HVVHQFH RI DOO WKH H[SHULPHQWV DQG DOORZ
WKH FORVHG�ORRS SHUIRUPDQFH WR EH GHVFULEHG FRQ�
FLVHO\� 7KH 8$9 ODQGLQJ WDVN ZDV HYDOXDWHG IRU�
�� RoVHW�FRUUHFWLRQ ODQGLQJV ZLWK pYH XQLTXH LQLWLDO
RoVHWV HYHQO\ GLVWULEXWHG EHWZHHQ h ��� IW�� �� LQL�
WLDO 8$9 DOWLWXGHV RI ��� IW� DQG ��� IW�� �� VLJ�
QLpFDQW GLoHUHQWLDO YHORFLWLHV EHWZHHQ WKH 8$9 DQG
VKLS� �� ZDYH LQFLGHQFHV RQ WKH VKLS WKDW YDU\ IURP
KHDG VHDV WR VWDUERDUG EHDP VHDV� �� ZDYH LQWHQVL�
WLHV� �� EDOOLVWLF �VWHDG\� ZLQGV WKDW YDU\ LQ GLUHF�
WLRQ �IURP 1RUWKHUO\ WR (DVWHUO\� DQG PDJQLWXGH�
�� FDOP� OLJKW� DQG PRGHUDWH WXUEXOHQFH OHYHOV� �� VLQ�
JOH DQG PXOWLSOH HoHFWRU LPSDLUPHQWV� �ERWK PLVVLQJ
DV ZHOO DV ORFNHG DHURG\QDPLF FRQWURO VXUIDFHV�� DQG
�� XQFHUWDLQWLHV LQ WKH DHURG\QDPLF GDWD�
,Q HDFK RI WKH WDEOHV SUHVHQWHG EHORZ� WKH pUVW URZ

JLYHV WKH VWDWLVWLFV RI WKH URRW VXP�RI�VTXDUHV �566�
RoVHW EHWZHHQ WKH 8$9 FHQWHU RI JUDYLW\ DQG WKH
FHQWHU RI WKH KHOLFRSWHU SDG DW ODQGLQJ� 5RZV ���
SUHVHQW WKH GLoHUHQFH EHWZHHQ VKLS DQG 8$9 FRP�
SRQHQW YHORFLWLHV DW ODQGLQJ� DQG URZ � VXPPDUL]HV
WKH pQDO 566 YHORFLW\ GLoHUHQFH �L�H�� GLoHUHQWLDO
VSHHG�� 7KXV� WKH GDWD LQ URZV ��� SURYLGH D PHD�
VXUH RI WKH VKHDU RQ WKH 8$9 ODQGLQJ JHDU� DQG WKH
GDWD LQ URZ � JLYH D PHDVXUH RI WKH LPSDFW VHYHU�
LW\� 7KH UHPDLQLQJ URZV RI WKH WDEOH VKRZ VWDWLVWLFV
IRU WKH pQDO ERG\�D[HV DQJXODU UDWHV RI WKH 8$9
DQG WKH WULDO GXUDWLRQ VWDWLVWLFV� )LQDOO\� HDFK WD�
EOH VKRZV WKH SHUFHQWDJH RI VLPXODWHG ODQGLQJV WKDW
DFKLHYH GHVLUHG SHUIRUPDQFH DQG WKH SHUFHQWDJH RI

) LJ� �� + H OLFRS W H U 3 D G *H RPH W U\ D Q G / D Q G LQ J

3 H UIRUPD Q FH 0 H D V X UH V

VLPXODWHG DSSURDFKHV WKDW DFKLHYH DGHTXDWH SHUIRU�
PDQFH� 'HVLUHG SHUIRUPDQFH LV GHpQHG E\ D pQDO
566 RoVHW WKDW LV OHVV WKDQ � P� ����� IW��� DQG
DGHTXDWH SHUIRUPDQFH LV GHpQHG E\ D pQDO 566 Ro�
VHW WKDW LV OHVV WKDQ � P� ����� IW�� 7KH PHDVXUHV
RI GHVLUHG DQG DFFHSWDEOH SHUIRUPDQFH DUH VKRZQ LQ
)LJ� ����

,Q WKH IROORZLQJ GLVFXVVLRQ� WKH VXr[ b,6 GH�
QRWHV WKDW WKH H[SHULPHQW ZDV FRQGXFWHG XVLQJ WKH
LGHDO FRQWURO V\VWHP� L�H�� SHUIHFW NQRZOHGJH RI WKH
8$9 G\QDPLFV ZDV DYDLODEOH WR WKH FRQWUROOHU� $O�
WKRXJK WKLV LV QHYHU WKH FDVH LQ UHDOLW\� LW SURYLGHG D
EHQFKPDUN IRU V\VWHP SHUIRUPDQFH� 7KH VXr[ b15
GHQRWHV WKDW WKH H[SHULPHQW ZDV FRQGXFWHG XVLQJ
WKH EDVHOLQH QRQ�UHFRQpJXUDEOH FRQWUROOHU� L�H�� 311
DSSUR[LPDWLRQV RI WKH QRPLQDO �XQIDLOHG� 8$9 G\�
QDPLFV ZHUH DYDLODEOH WR WKH FRQWUROOHU� DQG WKH VXr[
b5( GHQRWHV WKDW WKH H[SHULPHQW ZDV FRQGXFWHG
ZLWK WKH UHFRQpJXUDEOH FRQWURO V\VWHP� L�H�� RQ�OLQH
SDUDPHWHU HVWLPDWLRQ WHFKQLTXHV ZHUH LQYRNHG WR
LGHQWLI\ WKH 8$9 G\QDPLFV DQG FRPPXQLFDWH WKH
LQIRUPDWLRQ WR WKH FRQWURO FRPSXWDWLRQV�

7DEOH � DQG )LJ� � VKRZ EHQFKPDUN �LGHDO�V\VWHP
FRQWUROOHU� UHVXOWV IRU RQH RI WKH H[SHULPHQWV ZKLFK
UHqHFWV D YHU\ FKDOOHQJLQJ VKLSERDUG ODQGLQJ WDVN�
FKDUDFWHUL]HG E\ EDOOLVWLF �VWHDG\� ZLQGV� PRGHUDWH
WXUEXOHQFH� XQFHUWDLQWLHV LQ WKH DHURG\QDPLF GDWD�
DQG PXOWLSOH HoHFWRU LPSDLUPHQWV� 7KH HoHFWRU LP�
SDLUPHQWV DUH GHpQHG DV �� � OHIW HOHYRQ� �� � OHIW
DLOHURQ� DQG � � UXGGHU�

+HUH� WKH FORVHG�ORRS SHUIRUPDQFH LV TXLWH DFFHSW�
DEOH ZLWK PHDQ DQG VWDQGDUG GHYLDWLRQ 566 RoVHW
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7D E OH �� 6 X PPD U\ 6 W D W LV W LFV RI W K H ,G H D O 6 \V W H P

IRU ([S H ULPH Q W ; 9 �,6

Winds

Commensurate with Sea State

Turbulence

Dryden (Moderate)

Aerodynamic Uncertainties

Mean = 0%

Standard Deviation = 33%

Effector Impairments

50% Left Elevon

50% Left Aileron

0% Rudder

Summary Statistics (N = 300 Cases)

Mean Standard
Deviation

Minimum Maximum

XRSS,f  (ft.) 1.9865 1.9149 0.0865 16.2825

VN,f  (ft./sec.) -0.0610 1.6983 -8.0383 20.2724

VE,f   
(ft./sec.) -0.2482 1.3804 -5.5083 6.4933

VD,f   
(ft./sec.) -1.0975 1.4527 -9.0042 0.0211

VRSS,f  
(ft./sec.) 1.8618 2.1670 0.0173 21.0616

pf  (rad./sec.) -0.0009 0.0092 -0.0299 0.0281

qf   (rad./sec.) 0.0004 0.0016 -0.0052 0.0061

rf   (rad./sec.) 0.0003 0.0088 -0.0318 0.0358

Tf  (sec.) 143.4911 24.1672 105.6700 360.0000

     X
RSS,f

 < 1 meter

     X
RSS,f

 < 2 meters

82.00%

97.00%

<0 [0,1) [1,2) [2,3) [3,4) [4,5) [5,6) [6,7) [7,8) [8,9) [9,10) >=10
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Final RSS Distance Between UAV CG
and Center of Ship Helicopter Pad (ft.)
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GLVWDQFHV VLJQLpFDQWO\ OHVV WKDQ � IW� 'HVSLWH WKH
VLPXOWDQHRXV SDUWLDO RU FRPSOHWH IDLOXUH RI WKUHH
DHURG\QDPLF FRQWURO VXUIDFHV FRPSRXQGHG E\ ZLQGV
DQG PRGHUDWH WXUEXOHQFH� WKH pQDO ERG\�D[HV DQJX�
ODU UDWHV DUH DOO ZHOO ZLWKLQ h ��� GHJ� VHF�� DQG WKH
pQDO ERG\�D[HV SLWFK UDWH LV VLJQLpFDQWO\ OHVV�

7DEOH � DQG )LJ� � VXPPDUL]H WKH FRUUHVSRQGLQJ
UHVXOWV IRU WKH QRQ�UHFRQpJXUDEOH FRQWUROOHU� +HUH�
WKH EDVHOLQH FRQWUROOHU KDV QR NQRZOHGJH RI WKH HI�
IHFWRU LPSDLUPHQWV�

7KH PHDQ DQG VWDQGDUG GHYLDWLRQ RI WKH pQDO 566
RoVHW DUH ��� IW� DQG ���� IW�� UHVSHFWLYHO\� 7KH
PD[LPXP 566 RoVHW LV DSSUR[LPDWHO\ ���� IW� 7KH

7D E OH �� 6 X PPD U\ 6 W D W LV W LFV RI W K H 1 RQ �

5H FRQ p JX UD E OH & RQ W URO 6 \V W H P IRU ([S H ULPH Q W

; 9 �1 5

Winds

Commensurate with Sea State

Turbulence

Dryden (Moderate)

Aerodynamic Uncertainties

Mean = 0%

Standard Deviation = 33%

Effector Impairments

50% Left Elevon

50% Left Aileron

0% Rudder

Summary Statistics (N = 300 Cases)

Mean Standard
Deviation

Minimum Maximum

XRSS,f  (ft.) 846.5997 2143.2947 0.2108 7597.5800

VN,f  (ft./sec.) 1.7082 20.9057 -87.9476 120.2930

VE,f   
(ft./sec.) 0.3814 25.8165 -99.0724 118.6430

VD,f   
(ft./sec.) -9.8020 12.2606 -68.1739 0.2996

VRSS,f  
(ft./sec.) 23.6865 28.1142 0.0820 134.2500

pf  (rad./sec.) 0.1352 0.9836 -3.1514 3.3514

qf   (rad./sec.) 0.0747 0.6608 -1.8947 3.2044

rf   (rad./sec.) -0.0909 0.5647 -2.7602 1.8467

Tf  (sec.) 117.9109 40.1004 21.0700 239.2200

     X
RSS,f

 < 1 meter

     X
RSS,f

 < 2 meters

12.67%

28.33%

<0 [0,1) [1,2) [2,3) [3,4) [4,5) [5,6) [6,7) [7,8) [8,9) [9,10) >=10
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Final RSS Distance Between UAV CG
and Center of Ship Helicopter Pad (ft.)
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& H Q W H U RI + H OLFRS W H U 3 D G IRU ([S H ULPH Q W ; 9 �1 5

pQDO ERG\�D[HV DQJXODU UDWHV DSSURDFK RU H[FHHG
��� GHJ� VHF� RQ PXOWLSOH RFFDVLRQV� ,Q VKRUW WKH
8$9 LV XQFRQWUROODEOH IRU D VLJQLpFDQW IUDFWLRQ RI
WKH VLPXODWHG WUDMHFWRULHV DQG LV QRW DEOH WR DF�
FRPSOLVK WKH ODQGLQJ WDVN FRQVLVWHQWO\� $ PHDJHU
����� � RI WKH FDVHV VDWLVI\ WKH GHVLUHG SHUIRUPDQFH
PHDVXUH� DQG RQO\ ����� � RI WKH FDVHV DFKLHYH DGH�
TXDWH SHUIRUPDQFH� 7KH QRQ�UHFRQpJXUDEOH V\VWHP
LV QRW DFFHSWDEOH EHFDXVH LW PLJKW GDPDJH WKH VKLS
RU LQMXUH WKH VKLS
V FUHZ GXULQJ D ODQGLQJ DWWHPSW�
2WKHU H[SHULPHQWV �QRW SUHVHQWHG KHUH� VKRZHG WKDW
WKH QRQ�UHFRQpJXUDEOH FRQWUROOHU LV UREXVW WR VOLJKW
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7D E OH �� 6 X PPD U\ 6 W D W LV W LFV RI W K H 5H FRQ p J�

X UD E OH & RQ W URO 6 \V W H P IRU ([S H ULPH Q W ; 9 �5(

Winds

Commensurate with Sea State

Turbulence

Dryden (Moderate)

Aerodynamic Uncertainties

Mean = 0%

Standard Deviation = 33%

Effector Impairments

50% Left Elevon

50% Left Aileron

0% Rudder

Summary Statistics (N = 300 Cases)

Mean Standard
Deviation

Minimum Maximum

XRSS,f  (ft.) 2.2096 2.0893 0.1528 12.8906

VN,f  (ft./sec.) -0.0014 1.9842 -13.4991 17.4836

VE,f   
(ft./sec.) -0.2783 1.4627 -5.4859 8.4352

VD,f   
(ft./sec.) -1.4441 1.8232 -8.7698 0.0103

VRSS,f  
(ft./sec.) 2.3257 2.4786 0.0446 17.6014

pf  (rad./sec.) 0.0004 0.0106 -0.0266 0.0379

qf   (rad./sec.) 0.0001 0.0018 -0.0117 0.0063

rf   (rad./sec.) 0.0000 0.0094 -0.0361 0.0263

Tf  (sec.) 141.1600 17.3012 103.1700 192.0900

     X
RSS,f

 < 1 meter

     X
RSS,f

 < 2 meters

77.00%

94.33%

<0 [0,1) [1,2) [2,3) [3,4) [4,5) [5,6) [6,7) [7,8) [8,9) [9,10) >=10
0
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Final RSS Distance Between UAV CG
and Center of Ship Helicopter Pad (ft.)
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PRGHOLQJ HUURUV RZLQJ WR LPSHUIHFW 311 HVWLPDWHV�
PRGHUDWH OHYHOV RI DHURG\QDPLF XQFHUWDLQWLHV� DQG
QRQ�GUDVWLF HoHFWRU LPSDLUPHQWV� +RZHYHU� ZKHQ
PRUH VHYHUH LPSDLUPHQW FRQGLWLRQV DUH FRXSOHG ZLWK
PLQLPDO XQFHUWDLQW\ LQ WKH DHURG\QDPLF GDWD� WKH
QRQ�UHFRQpJXUDEOH FRQWUROOHU LV QRW UREXVW DQG LV QRW
DEOH WR PDLQWDLQ 8$9 VWDELOLW\�

7KH pQDO H[SHULPHQW WR EH GLVFXVVHG LV WKDW RI XV�
LQJ WKH UHFRQpJXUDEOH FRQWUROOHU IRU WKH FRUUHVSRQG�
LQJ ODQGLQJ WDVN� DQG 7DEOH � DQG )LJ� � VXPPDUL]H
WKH UHVXOWV IRU WKLV FDVH�

7KH GLVWULEXWLRQ RI 566 RoVHWV DW ODQGLQJ LV FRP�
SDUDEOH �VOLJKWO\ LQIHULRU� WR WKDW RI WKH ,6 FRQWUROOHU�

7KH PHDQ DQG VWDQGDUG GHYLDWLRQ RI WKH 566 RoVHW
GLVWDQFH LQFUHDVH E\ ���� IW� DQG ���� IW� IRU WKH
PRVW GHPDQGLQJ WDVN� 1RWH WKDW WKH ERG\�D[HV DQ�
JXODU UDWHV DW ODQGLQJ DUH DOO ZLWKLQ h ��� GHJ� VHF�
DQG DUH VLPLODU WR WKH DQJXODU UDWHV IRU WKH ,6 FRQ�
WUROOHU RI ([SHULPHQW ;9�,6�
$OWKRXJK 311 PRGHOV RI WKH QRPLQDO 8$9 G\�

QDPLFV DUH XVHG DV VSDWLDO FRQVWUDLQWV LQ WKH 06/6
SDUDPHWHU LGHQWLpFDWLRQ DOJRULWKP� WKH 566 RoVHWV
DW ODQGLQJ IRU ([SHULPHQW ;9�5( DUH QRWLFHDEO\
LPSURYHG RYHU WKH FRQWURO V\VWHP DUFKLWHFWXUH WKDW
UHOLHV HQWLUHO\ RQ WKH VDPH QHXUDO QHWZRUNV WR FDO�
FXODWH DQG LVVXH WKH FRQWURO FRPPDQGV �([SHULPHQW
;9�15�� 7KH PHDQ� VWDQGDUG GHYLDWLRQ� DQG PD[L�
PXP 566 RoVHWV DUH RUGHUV RI PDJQLWXGH OHVV WKDQ
WKRVH RI WKH QRQ�UHFRQpJXUDEOH FRQWUROOHU� ,W LV DS�
SDUHQW WKDW WKH 06/6 DOJRULWKP LV LGHQWLI\LQJ WKH
DQRPDORXV RSHUDWLQJ FRQGLWLRQV� DQG WKH LQQHU�ORRS
FRQWUROOHU LV FRUUHFWLQJ IRU WKH Ro�QRPLQDO EHKDYLRUV�
5HFDOO� LW ZDV DVVHUWHG WKDW WKH 311 VSDWLDO FRQ�
VWUDLQWV LQ WKH 06/6 DOJRULWKP DUH LJQRUHG ZKHQ WKH
HVWLPDWHV DUH HUURQHRXV EHFDXVH RI XQIRUHVHHQ GDP�
DJH HYHQWV� 7KH VLPXODWLRQ UHVXOWV DERYH VXSSRUW
WKLV DVVHUWLRQ�

&RQFOXVLRQV DQG 5HFRPPHQGDWLRQV
$ FRPSOHWH QRQOLQHDU VLPXODWLRQ� DQ DGDSWLYH UH�

FRQpJXUDEOH LQQHU�ORRS FRQWUROOHU �LQFOXGLQJ QHXUDO
QHWZRUNV DQG RQ�OLQH SDUDPHWHU LGHQWLpFDWLRQ�� DQG
DQ RSWLPXP�SDWK�WR�JR DXWRSLORW ZHUH GHYHORSHG IRU
DXWRQRPRXV 8$9 ODQGLQJ RQ D GHVWUR\HU KHOLFRSWHU
GHFN� 7KH DGDSWLYH LQWHOOLJHQW FRQWUROOHU XVHV UH�
GXQGDQW PRPHQW�JHQHUDWLQJ FDSDELOLWLHV RI WKH XQ�
IDLOHG HoHFWRUV WR LPSURYH SHUIRUPDQFH VLJQLpFDQWO\�
(YHQ LQ FDVHV RI PXOWLSOH IDLOXUHV� VHYHUH WXUEXOHQFH�
KLJK VHDV� DQG XQFHUWDLQWLHV LQ WKH DHURG\QDPLF
GDWD� WKH LQWHOOLJHQW FRQWUROOHU LV FRQVLVWHQWO\ DEOH
WR ODQG WKH 8$9 RQ WKH KHOLFRSWHU GHFN ZLWK UHD�
VRQDEO\ VPDOO PLVV GLVWDQFHV �RoVHW EHWZHHQ 8$9
FHQWHU RI JUDYLW\ DQG FHQWHU RI KHOLFRSWHU ODQGLQJ
SDG� DQG LPSDFW YHORFLWLHV� 7KH SHUIRUPDQFH RI D
FRQYHQWLRQDO p[HG�VWUXFWXUH �QRQ�DGDSWLYH� RU JDLQ�
VFKHGXOHG FRQWUROOHU GHJUDGHV VLJQLpFDQWO\ LQ WKH
SUHVHQFH RI IDLOXUHV� XQFHUWDLQWLHV� DQG WXUEXOHQFH�
)LQDOO\� WKH PRGXODU LQQHU�ORRS DQG RXWHU�ORRS FRQ�
WURO DUFKLWHFWXUH FDQ EH UHDGLO\ LQFRUSRUDWHG LQWR
QHZ DSSOLFDWLRQV�
1DY\ 8$9 SURJUDPV ZLOO UHTXLUH KLJKO\ LQQR�

YDWLYH GHVLJQV ZLWK UHOLDEOH FRQWURO DOJRULWKPV LQ
WKH SUHVHQFH RI XQFHUWDLQWLHV� IDLOXUHV� DQG ODUJH
GLVWXUEDQFHV� 8$9 GHYHORSPHQW FRVWV PXVW EH
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VLJQLpFDQWO\ OHVV WKDQ WKRVH DVVRFLDWHG ZLWK PDQQHG
DLUFUDIW� 7KLV UHTXLUHPHQW GLFWDWHV� �� LPSURYHG GH�
YHORSPHQW WRROV WR UHGXFH ODERU H[SHQVH� �� FRQWURO
DOJRULWKPV WKDW FDQ EH GHVLJQHG XVLQJ OHVV UHOLDEOH
DHURG\QDPLF GDWD� DQG �� FRQWURO DOJRULWKPV WKDW
FDQ UHFRQpJXUH RQ�OLQH LQ WKH HYHQW RI HoHFWRU
IDLOXUH WR UHGXFH WKH FRVWV DVVRFLDWHG ZLWK DFWXDWRU
UHGXQGDQF\ PDQDJHPHQW� 7KH ZRUN GHVFULEHG
KHUHLQ VHUYHV DV D IRXQGDWLRQ WR DGGUHVV WKHVH
FKDOOHQJHV� 7KH QHHG H[LVWV WR SHUIRUP IXUWKHU
GHYHORSPHQW DQG WHVWLQJ RQ WKH FRPSOHWH 8$9
FRQWURO V\VWHP� 6SHFLpFDOO\� IXWXUH UHVHDUFK VKRXOG�
�� DGGUHVV FRQWURO UHFRQpJXUDWLRQ XQGHU VHQVRU
IDLOXUHV� �� HYDOXDWH WKH FRQWURO V\VWHP RQ DQ DFWXDO
8$9 LQYHVWLJDWLQJ HoHFWV RI VWUXFWXUDO PRGHV�
VHQVRU G\QDPLFV� DQG FRPSXWDWLRQDO WLPH GHOD\V�
DQG �� LQYHVWLJDWH WKH XWLOLW\ RI IHHGLQJ IDLOXUH
LQIRUPDWLRQ WR WKH 237* DXWRSLORW IRU RQ�OLQH
UH�FRPSXWDWLRQ RI RSWLPDO VWUDWHJLHV�

$FNQRZOHGJPHQWV
7KLV ZRUN ZDV IXQGHG E\ WKH 1DYDO 6XUIDFH :DU�

IDUH &HQWHU �16:&�� &RQWUDFW 1���������&������
7HFK� 0RQLWRU� -RKQ %LEHO� 16:& 'DKOJUHQ 'LYL�
VLRQ� 7RSLF 6SRQVRU� 'U� $OOHQ 0RVKIHJK� 2rFH RI
1DYDO 5HVHDUFK�
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�'� : DU G � - � 0RQ DFR� 5� % DU U RQ � DQ G 5� % LU G � ?6 HOI�
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� & � *DU FLD DQ G '� 3 U HWW� ?0RG HO S U HG LFWLY H FRQ WU RO� 7 K H�
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�����
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����� 1 RY � �����
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FDW LRQ V� : DVK LQ JWRQ � '& � $ P HU LFDQ ,Q VWLWX WH RI $ HU RQ DX WLFV
DQ G $ VWU RQ DX WLFV� �����

� 7 � 6 P LWK DQ G & � % HQ Q HWW� ?8 VHU 
V 0DQ X DO IRU WK H 6 K LS
0RWLRQ V 3 U HG LFWLRQ $ S S OLFDWLRQ V 0DQ DJHU � 3 5 ( ' ,& 7 �� )L�
Q DO 7 HFK Q LFDO 5HS W� & 5'.1 6 : & �+ '��������� & DU G HU RFN
'LY LVLRQ 1 DY DO 6 X U IDFH : DU IDU H & HQ WHU � 1 HZ /RQ G RQ � & 7 �
)HE � �����

�5� % LWP HDG � 0� *HY HU V� DQ G 9 � : HU W]� $ GDSW LYH 2SW LPDO
& RQ W U RO� ( Q JOHZ RRG & OLoV� 1 - � 3 U HQ WLFH + DOO� ,Q F�� �����

� % � $ Q G HU VRQ DQ G - � 0RRU H� 2SW LPDO & RQ W U RO� / LQ HDU
4XDGU DW LF 0HW KRGV� ( Q JOHZ RRG & OLoV� 1 - � 3 U HQ WLFH + DOO ,Q �
WHU Q DWLRQ DO� �����
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WLp FDWLRQ IRU DG DS WLY H DQ G U HFRQ p JX U DE OH FRQ WU RO�� * XLGDQ FH�
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�'� : DU G � - � 0RQ DFR� DQ G 0� % RG VRQ � ?'HY HORS P HQ W DQ G
q LJK W WHVWLQ J RI D S DU DP HWHU LG HQ WLp FDWLRQ DOJRU LWK P IRU U HFRQ �

p JX U DE OH FRQ WU RO�� * XLGDQ FH� & RQ W U RO� DQ G ' \ Q DPLFV� Y RO� ���
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��'� : DU G � - � 0RQ DFR� 5� % DU U RQ � 5� % LU G � - � 9 LU Q LJ�
7 � /DQ G HU V� ?6 HOI�'HVLJQ LQ J & RQ WU ROOHU � 'HVLJQ � 6 LP X OD�
WLRQ � DQ G )OLJK W 7 HVW ( Y DOX DWLRQ �� )LQ DO 7 HFK Q LFDO 5HS W� IRU
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FDWLRQ V WR DHU RVS DFH Y HK LFOHV�� 6 X P P DU \ 3 U RJU HVV 5HS RU W IRU
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6 W DW LVW LFV W R 1 HXU DO 1 HW Z RU NV� 7 KHRU \ DQ G 3 DW W HU Q 5 HFRJQ L�
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�� 6 � 9 DQ + X oHO DQ G - � 9 DQ G HZ DOOH� 7 KH 7 RW DO / HDVW
6 TXDU HV 3 U REOHP� & RPSXW DW LRQ DO $ VSHFW V DQ G $ Q DO\ VLV�
3 K LODG HOS K LD� 6 ,$ 0� �����

��/� /MX Q J DQ G 7 � 6 �RG HU VWU �RP � 7 KHRU \ DQ G 3 U DFW LFH RI
5 HFXU VLYH ,GHQ W LpFDW LRQ � & DP E U LG JH� 0$ � 0,7 3 U HVV� �����

��0� % RG VRQ � ?$ Q DG DS WLY H DOJRU LWK P Z LWK LQ IRU P DWLRQ �
G HS HQ G HQ W G DWD IRU JHWWLQ J�� LQ 3 U RF� ���� $ PHU LFDQ & RQ W U RO
& RQ I�� �6 HDWWOH�� - X Q H �����

��'� : DU G � ?*HQ HU DOL]HG Q HWZ RU N V IRU FRP S OH[ IX Q FWLRQ
P RG HOLQ J�� LQ ,( ( ( 7 U DQ V� RQ 6 \ VW HPV� 0DQ � 	 & \ EHU Q HW LFV�
Y RO� 6 0& ���� 2FW� �����

��5� % DU U RQ � $ � 0X FFLDU G L� )� & RRN � - � & U DLJ� DQ G $ � % DU �
U RQ � 6 HOI� 2U JDQ L] LQ J 0HW KRGV LQ 0RGHOLQ J� * 0' + 7 \ SH $ O�
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��'� *DE RU � ?& RP P X Q LFDWLRQ WK HRU \ DQ G F\ E HU Q HWLFV�� LQ
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?,Q WHOOLJHQ W 5HFRQ p JX U DE OH & RQ WU RO IRU 6 \ VWHP V Z LWK 0X OWLS OH
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,Q F�� 'DK OJU HQ � 9 $ � 0D\ �����

��*� 3 DG p HOG � + HOLFRSW HU )OLJKW ' \ Q DPLFV� 7 KH 7 KHRU \
DQ G $ SSOLFDW LRQ RI )O\ LQ J 4XDOLW LHV DQ G 6 LPXODW LRQ 0RGHO�
LQ J� : DVK LQ JWRQ � '& � $ P HU LFDQ ,Q VWLWX WH RI $ HU RQ DX WLFV DQ G
$ VWU RQ DX WLFV Z LWK % ODFN Z HOO 6 FLHQ FH� /WG �� �����
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