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GVLJXRJ[#GVL�QXV�HGX�VJ

$EVWUDFW

,Q KDUG GLVN VHUYR V\VWHPV� WZR RU PRUH W\SHV RI FRQ�
WUROOHUV DUH XVHG IRU WUDFN VHHN� WUDFN IROORZ DQG WUDFN
VHWWOLQJ PRGHV� 'XH WR WKLV QDWXUH WKHUH LV D QHHG WR
FRQVLGHU WKH SUREOHP RI PRGH VZLWFKLQJ DPRQJ WKHVH
FRQWUROOHUV� ,Q WKLV SDSHU� D FRPSRVLWH QRQOLQHDU IHHG�
EDFN FRQWUROOHU LV XVHG WR SHUIRUP WKH DERYH IXQFWLRQV�
7KH JRDO RI WKLV SDSHU LV WR SURSRVH D XQLnHG FRQWUROOHU
WR SHUIRUP GLmHUHQW PRGHV RI RSHUDWLRQ LQ +'' VHUYR
V\VWHP ZLWK WKH VDWXUDWLRQ FRQVWUDLQWV RQ FRQWURO VLJ�
QDO� 7KLV LV E\ WKH GHVLJQ RI FRPSRVLWH QRQOLQHDU IHHG�
EDFN FRQWURO ODZ EDVHG RQ D QRPLQDO OLQHDU FRQWUROOHU�
,Q WKH IDFH RI DFWXDWRU VDWXUDWLRQ� WKLV FRQWURO ODZ QRW
RQO\ LQFUHDVHV WKH VSHHG RI FORVHG�ORRS UHVSRQVH EXW DOVR
LPSURYHV WKH VHWWOLQJ SHUIRUPDQFH�

.H\ZRUGV� 6HUYR 6\VWHPV� 0RGHOOLQJ� 1RQOLQHDU &RQ�
WURO� VWDWH�IHHGEDFN�

� ,QWURGXFWLRQ

1RZDGD\V� WKH DUHDO GHQVLW\ RI KDUG GLVN GULYHV �+''V�
LV LQFUHDVLQJ E\ ��� FRPSRXQG DQQXDO JURZWK UDWH DQG
WKHLU DYHUDJH GDWD DFFHVV WLPHV DUH EHFRPLQJ OHVV WKDQ
� PVHF� 7KH KDUG GLVN GULYH WKDW FDQ DFFRPSOLVK D
VHHN PDQHXYHU LQ PLQLPXP WLPH LV OLNHO\ WR FRPPDQG
D VLJQLnFDQW VKDUH RI WKH VDOHV PDUNHW�

7KH WZR PDLQ UHTXLUHPHQWV RI +'' VHUYR V\VWHPV
DUH D� KLJK�VSHHG KHDG SRVLWLRQLQJ LQ VHHNLQJ� DQG
E� KLJKO\�DFFXUDWH KHDG SRVLWLRQLQJ LQ WUDFNLQJ� 7R
PHHW ERWK UHTXLUPHQWV� DOPRVW DOO +''V KDYH WZR RU
PRUH FRQWURO VWUXFWXUHV� ,Q D FRQYHQWLRQDO FRQWUROOHU�
VZLWFKLQJ PHWKRG� D YHORFLW\ FRQWUROOHU LV HPSOR\HG LQ
VHHNLQJ DQG D SRVLWLRQLQJ IHHGEDFN FRQWUROOHU VXFK DV D
3,' FRQWUROOHU LV XVHG LQ WUDFNLQJ >�@�

7UDFN VHHNLQJ LV D WLPH RSWLPDO FRQWURO SUREOHP >�@� ,Q
WKH SDVW� D QXPEHU RI DUJXPHQWV KDYH EHHQ SXW IRU�
ZDUGHG WR GLVFRXQW WKH XVH RI D 7LPH�2SWLPDO &RQ�
WURO �72&� ODZ IRU D PDJQHWLF GLVN GULYH VWRUDJH V\V�

WHP� 7KH FODVVLF WLPH RSWLPDO GHVLJQ� EDQJ�EDQJ FRQ�
WURO� LV QRW SUDFWLFDO EHFDXVH ZLWK HYHQ WKH VPDOOHVW
V\VWHP SURFHVV RU PHDVXUHPHQW QRLVH� WKH FRQWURO VLJ�
QDO ZLOO FKDWWHU EHWZHHQ WKH PD[LPXP DQG PLQLPXP
YDOXH� 3UR[LPDWH 7LPH 2SWLPDO 6HUYR �3726� SUR�
SRVHG E\ :RUNPDQ ������� LV DQ DOJRULWKP ZKLFK ZDV
GHULYHG IURP EDQJ�EDQJ FRQWURO DQG FDQ EH PDGH DU�
ELWDULO\ FORVH WR WLPH RSWLPDO� ,Q WKLV PHWKRG PD[LPXP
DFFHOHUDWLRQ DQG GHFHOHUDWLRQ DUH DSSOLHG WR WKH OLPLW RI
D SRZHU DPSOLnHU DQG WKHQ VZLWFKHG WR D WUDFNLQJ FRQ�
WUROOHU� 7R HQVXUH VPRRWK KDQG RYHU IURP VHHNLQJ PRGH
WR WUDFNLQJ PRGH WKH SDUDPHWHUV RI ERWK WKH FRQWUROOHUV
DUH GHVLJQHG WR PHHW WKH FRQVWUDLQWV LPSRVHG E\ 3726�
'XH WR WKHVH FRQVWUDLQWV WKHUH LV D OLPLW WR GHFUHDVH WKH
VHHN WLPH� +HQFH WKHUH LV D QHHG WR nQG D QHZ FRQWURO
WHFKQLTXH WR GHFUHDVH WKH DFFHVV WLPH�

7KLV SDSHU SURSRVHV WKH XVH RI FRPSRVLWH QRQOLQHDU FRQ�
WURO ODZ EDVHG RQ D QRPLQDO OLQHDU FRQWUROOHU SURSRVHG
E\ /LQ HW DO� ����� WR KDUG GLVN GULYH VHUYR V\VWHPV
WR GHFUHDVH WKH DFFHVV WLPH� ,Q FODVVLFDO OLQHDU FRQWURO
WKHRU\ SHUIRUPDQFH VSHFLnFDWLRQV DUH JLYHQ LQ WHUPV
RI D XQLW VWHS UHVSRQVH� 7R HQVXUH D TXLFN ULVH WLPH�
WKH GDPSLQJ UDWLR VKRXOG QRW EH WRR ODUJH� 2Q WKH
RWKHU KDQG � LI WKH GDPSLQJ UDWLR LV WRR VPDOO� WKHUH
ZLOO EH RYHUVKRRW DQG 
ULQJLQJ
� $ FRPSURPLVH LV XVX�
DOO\ PDGH E\ FKRRVLQJ WKH GDPSLQJ UDWLR DV D FHUWDLQ
n[HG QXPEHU >�@� 7KH FRPSRVLWH QRQOLQHDU FRQWURO SUR�
SRVHG LQ >�@ WDNHV WKH DGYDQWDJH RI ERWK WKH TXLFN UH�
VSRQVH RI V\VWHPV ZLWK D VPDOO GDPSLQJ UDWLR DQG WKH
VPDOO RYHUVKRRW RI V\VWHPV ZLWK D ODUJH GDPSLQJ UDWLR�
7KLV LV DFKLHYHG ZLWK WZR FRPSRQHQWV LQ WKH FRQWURO
ODZ QDPHO\� �� QRQOLQHDU DQG �� OLQHDU SDUWV� 7KH QRQ�
OLQHDU FRPSRQHQW LV XVHG WR LQFUHDVH WKH GDPSLQJ UDWLR
DV WKH V\VWHP RXWSXW DSSURDFKHV WKH WDUJHW YDOXH� 7KH
OLQHDU FRPSRQHQW LV XVHG WR VHWWOH WKH V\VWHP DW WKH GH�
VLUHG YDOXH� 7KH FRQWURO ODZ REWDLQHG E\ WKLV PHWKRG
JLYHV URRP WR VXSSO\ DQ H[WUD HQHUJ\ WR FRPSHQVDWH IRU
WKH GLVWXUEDQFHV� 7KLV DGYDQWDJH ZDV XWLOL]HG WR DGG
DQ LQWHUQDO�ORRS FRPSHQVDWRU WR HOLPLQDWH WKH GLVWXU�
EDQFHV� 7KH UHVXOWV DUH FRPSDUHG ZLWK WKH FRQYHQWLRQDO
3726 PHWKRG�

7KLV SDSHU nUVW EULHo\ GHVFULEHV D KHDG�SRVLWLRQLQJ V\V�



)LJXUH �� 7KH KDUG GLVN GULYH ZLWK 9&0 DFWXDWRU VHUYR

V\VWHP�

WHP RI GLVN GULYHV� $OVR� D SODQW PRGHO ZDV GHULYHG WR
LPSOHPHQW WKH SURSRVHG PHWKRG� 7KLV LV GRQH LQ 6HF�
WLRQ �� 7KH PDLQ SDUW RI WKLV SDSHU LV LQ 6HFWLRQ ��
ZKHUH WKH &RPSRVLWH 1RQOLQHDU )HHGEDFN &RQWURO LV
H[SODLQHG� ,Q 6HFWLRQ �� WKH GHVLJQ RI WKH LQWHUQDO�ORRS
FRPSHQVDWRU XVLQJ +� RSWLPL]DWLRQ LV H[SODLQHG� 6LP�
XODWLRQ DQG H[SHULPHQWDO UHVXOWV DUH VKRZQ LQ 6HFWLRQ ��
ZKLFK FOHDUO\ VKRZV DURXQG ��� UHGXFWLRQ LQ VHHN WLPH
WKDQ LQ FRQYHQWLRQDO 3726� )LQDOO\� ZH GUDZ VRPH FRQ�
FOXGLQJ UHPDUNV LQ 6HFWLRQ ��

� '\QDPLF 0RGHO RI 'LVN 'ULYHV

)LJXUH � VKRZV D KDUG GLVN GULYH ZLWK D 9&0 DFWXDWRU
VHUYR V\VWHP� 2Q WKH VXUIDFH RI D GLVN� WKHUH DUH WKRX�
VDQGV RI GDWD WUDFNV� $ PDJQHWLF KHDG LV VXSSRUWHG E\
D VXVSHQVLRQ DQG D FDUULDJH� DQG LW LV VXVSHQGHG VHY�
HUDO PLFURLQFKHV DERYH WKH GLVN VXUIDFH� 7KH DFWXDWRU�
FDOOHG D YRLFH�FRLO PRWRU �9&0�� DFWXDWHV WKH FDUULDJH
DQG PRYHV WKH KHDG RQ D GHVLUHG WUDFN� 7KH PHFKDQ�
LFDO SDUW RI WKH SODQW� WKDW LV� WKH FRQWUROOHG REMHFW�
FRQVLVWV RI WKH 9&0� WKH FDUULDJH� WKH VXVSHQVLRQ� DQG
WKH KHDGV� 7KH FRQWUROOHG YDULDEOH LV WKH KHDG SRVLWLRQ�
7KH SODQW PRGHO FDQ EH GHULYHG IURP WKH IUHTXHQF\ UH�
VSRQVH FKDUDFWHUVWLFV RI WKH +'' VHUYR V\VWHP WDNHQ
IURP DQ H[SHULPHQW� 7KH IUHTXHQF\ UHSRQVH FKDUDFWHU�
VWLFV RI WKH +'' VHUYR V\VWHP LV VKRZQ LQ )LJXUH ��
,W LV FOHDU IURP WKH UHVSRQVH FKDUDFWHUVWLFV WKDW WKH
VHUYR V\VWHP KDV PDQ\ UHVRQDQFH PRGHV� 7KH FRPSOHWH
PRGHO PD\ EH RI RUGHU �� >�@� ,W LV TXLWH FRQYHQWLRQDO
LQ +'' LQGXVWULHV WR DSSUR[LPDWH WKH G\QDPLFV RI WKH
9&0 DFWXDWRU E\ D VHFRQG RUGHU VWDWH VSDFH PRGHO DV
LQ WKH IROORZLQJ VWDWH PRGHO
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ZKHUH X LV WKH DFWXDWRU LQSXW �LQ 9ROWV�� \ DQG Y DUH WKH
SRVLWLRQ �LQ WUDFNV� DQG WKH YHORFLW\ RI WKH 5�: KHDG�
N\ LV WKH SRVLWLRQ PHDVXUHPHQW JDLQ DQG NY  NW P�
ZLWK NW EHLQJ WKH FXUUHQW�IRUFH FRQYHUVLRQ FRHpFLHQW�
7KXV� WKH WUDQVIHU IXQFWLRQ IURP X WR \ RI WKH 9&0
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)LJXUH �� &RPSRVLWH 1RQOLQHDU )HHGEDFN &RQWURO�

PRGHO FDQ EH ZULWWHQ DV

*Y��V�  
NYN\
V�

���

+RZHYHU� LI ZH FRQVLGHU WKH KLJK IUHTXHQF\ UHVRQDQFH
PRGHV DOVR� D PRUH UHDOLVWLF PRGHO IRU WKH 9&0 DFWXD�
WRU ZRXOG EH

*Y�V�  
NYN\
V�

NGV� ��

Q

V� � �r�QV� ��
Q
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8VLQJ WKH PHDVXUHG GDWD IURP WKH DFWXDO V\VWHP �VHH
)LJXUH ��� ZH REWDLQHG D IRXUWK RUGHU PRGHO IRU WKH
DFWXDWRU�

*Y�V�  
�����d ���V� ����d ����

V��V� � �����d ���V� �����d ����
� ���

� &RPSRVLWH 1RQOLQHDU )HHGEDFN &RQWURO

7KH VFKHPDWLF GLDJUDP RI &RPSRVLWH 1RQOLQHDU )HHG�
EDFN &RQWURO LV VKRZQ LQ )LJXUH �� ,W LV FOHDU IURP WKH
PRGHOOLQJ SDUW WKDW WKH SODQW �9&0� FDQ EH FRQVLG�
HUHG DV D VHFRQG RUGHU V\VWHP� +HQFH WKH SODQW PRGHO
LQ VWDWH VSDFH ZLOO KDYH WZR VWDWH YDULDEOHV� /HW XV FRQ�
VLGHU WKH KHDG SRVLWLRQ�\� DV WKH nUVW VWDWH� WKH SODQW
YHORFLW\�Y� DV WKH VHFRQG VWDWH DQG WKH KHDG SRVLWLRQ
DV WKH RXWSXW YDULDEOH WR ZULWH WKH SODQW PRGHO LQ VWDWH
VSDFH� L�H��
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)URP )LJXUH �� ZH FDQ ZULWH WKDW�

B\  N\Y�W� ���

BY  NYX�W� ���

7KHQ� IURP HTXDWLRQV ������� WKH VWDWH PRGHO ZLWK
[���  � � � �

�

 [� DV WKH LQLWLDO VWDWH DQG WKH FRQ�
VWUDLQW RQ WKH FRQWURO M X�W� M� XPD[ FDQ EH ZULWWHQ
DV�
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ZKHUH

VDW�X�  XPD[ LI X w XPD[

 X LI MXM � XPD[

 bXPD[ LI X � XPD[

,Q RUGHU WR GHULYH D FRPSRVLWH QRQOLQHDU FRQWURO ODZ OHW
WKH VWDWH PRGHO �������� EH WUDQVIRUPHG LQWR D FRQWURO�
ODEOH FDQRQLFDO IRUP DV|
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1RZ� WKH FRQWURO ODZ FDQ EH GHULYHG E\ IROORZLQJ WKH
WKUHH VWHS DORJULWKP UHSRUWHG LQ >�@� 6WHS � DQG � GHDOV
UHVSHFWLYHO\ ZLWK WKH GHVLJQ RI WKH OLQHDU DQG WKH QRQ�
OLQHDU IHHGEDFN FRQWURO ODZV� ,Q VWHS �� WKHVH OLQHDU DQG
QRQOLQHDU IHHGEDFN ODZV DUH FRPELQHG WR IRUP WKH GH�
VLUHG QRQOLQHDU IHHGEDFN ODZ� 7KHVH WKUHH VWHSV DUH DV
IROORZV�

6WHS � � /LQHDU )HHGEDFN 'HVLJQ� &KRRVH D OLQHDU
IHHGEDFN ODZ

X/  b)[�*U ����

ZKHUH )  >I� I�@ LV VXFK WKDW $ b %) LV +XUZLW]�
WKH FORVHG�ORRS V\VWHP &�V,b$�%) �b�% KDV D VPDOO
GDPSLQJ UDWLR� DQG *  �bD� � I�� F��

,W KDV EHHQ SURYHG WKDW WKH OLQHDU IHHGEDFN FRQWURO ODZ
���� ZRXOG FDXVH WKH V\VWHP RXWSXW WR DV\PSWRWLFDOO\
WUDFN D VWHS FRPPDQG RI DPSOLWXGH U� DV ORQJ DV WKH
LQLWLDO VWDWH [��� DQG U VDWLVI\
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ZKHUH c � ��� ��� 3 ! � LV WKH VROXWLRQ RI WKH /\DSXQRY
HTXDWLRQ�

�$b%) �73 � 3 �$b%) �  b4� ����

DQG F ! � EH WKH ODUJHVW SRVLWLYH QXPEHU VXFK WKDW

[ � I[ � [73[ � FJ � M)[M � �bc� ����

/HW 3 EH SDUWLWLRQHG DV
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:H FDQ FRQFOXGH IURP WKH TXLHVFHQW LQLWLDO FRQGLWLRQV�
YL]� IURP WKH ]HUR LQLWLDO VWDWH� WKDW DQ\ VWHS RI DPSOL�

WXGH U� MUM �
S
F��F S� DQG

nnnD�
F�
U
nnn � c� FDQ EH DV\PS�

WRWLFDOO\ WUDFNHG� %\ LQFUHDVLQJ c DQG�RU GHFUHDVLQJ
MS�M WKURXJK FKRLFH RI I�� I� DQG 4� ZH FDQ LQFUHDVH WKH
LQSXW FRPPDQG DPSOLWXGH WKDW FDQ EH DV\PSWRWLFDOO\
WUDFNHG� 7KLV FKDQJH RI I� DQG I� ZLOO RI FRXUVH DI�
IHFW WKH FORVHG�ORRS GDPSLQJ UDWLR DQG KHQFH WKH ULVLQJ
WLPH�

6WHS � � 1RQOLQHDU )HHGEDFN 'HVLJQ� 7KH QRQOLQ�
HDU VWDWH IHHGEDFN FRQWURO ODZ LV JLYHQ E\
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ZKHUH | � ,5� d ,5 � ,5� LV DQ\ QRQQHJDWLYH IXQFWLRQ
ORFDOO\ /LSVFKLW] LQ [� ZKLFK LV FKRVHQ WR LQFUHDVH WKH
GDPSLQJ UDWLR DV WKH RXWSXW DSSURDFKHV WKH FRPPDQG
LQSXW�

6WHS � � &RPSRVLWLRQ RI /LQHDU DQG 1RQOLQHDU

)HHGEDFN� 7KH nQDO QRQOLQHDU IHHGEDFN ODZ LV WKHQ
FRPSRVHG DV

X  X/ � X1  >b) b |�[� U�%73 @[
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:LWK WKH QRQOLQHDU VWDWH IHHGEDFN ODZ DV JLYHQ E\ �����
WKH IROORZLQJ WKHRUHP KDV EHHQ SURYHG LQ >�@ FRQFHUQLQJ
WKH VWHS UHVSRQVH RI WKH FORVHG�ORRS V\VWHP�

7KHRUHP ��� &RQVLGHU WKH V\VWHP JLYHQ E\ ���������
)RU DQ\ QRQQHJDWLYH IXQFWLRQ |�[� U�� ORFDOO\ /LSVFKLW]
LQ [� WKH QRQOLQHDU IHHGEDFN ODZ ���� ZLOO FDXVH WKH V\V�
WHP RXWSXW WR DV\PSWRWLFDOO\ WUDFN WKH VWHS FRPPDQG
LQSXW RI DPSOLWXGH U IURP DQ LQLWLDO VWDWH [���� SURYLGHG
WKDW [��� DQG U VDWLVI\ �����

7KHUHIRUH� WKH FRPSRVLWH FRQWURO ODZ ���� FDQ EH XVHG
IRU IDVW WUDFN VHHNLQJ DQG WUDFN IROORZLQJ RSHUDWLRQV�
7KLV FRQWURO ODZ ZDV LPSOHPHQWHG RQ +'' VHUYR V\V�
WHP DQG WKH UHVXOWV ZHUH VKRZQ LQ WKH IROORZLQJ VHF�
WLRQV�

� &RPSHQVDWRU 'HVLJQ LQ WKH +� )UDPHZRUN

,Q 6HFWLRQ � WKH GHVLJQ RI VHUYR FRQWUROOHU ZDV GLVFXVVHG�
,Q RUGHU WR DFKLHYH UREXVWQHVV ZLWK WKLV FRQWUROOHU
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)LJXUH �� 1RQOLQHDU IHHGEDFN FRQWUROOHU %DVHG RQ &RP�

SHQVDWRU�

DJDLQVW GLVWXUEDQFHV� VXFK DV UXQRXW GLVWXUEDQFHV DQ
LQWHUQDO�ORRS FRPSHQVDWRU FDQ EH XVHG� ,Q WKLV VHFWLRQ�
VXFK D FRPSHQVDWRU KDV EHHQ GHVLJQHG YLD +� RSWL�
PL]DWLRQ WHFKQLTXHV XVLQJ WKH PHWKRGV UHSRUWHG LQ >�@�

)LJXUH � VKRZV D VFKHPDWLF GLDJUDP RI WKH FRPELQHG
LQWHUQDO�ORRS FRPSHQVDWRU DQG QRQ�OLQHDU VWDWH IHHG�
EDFN FRQWUROOHU� /HW 3P EH WKH SODQW PRGHO RI +''
DQG OHW LWV WUDQVIHU IXQFWLRQ EH JLYHQ E\

*P�V�  &P �V, b$P�
b�

%P �'P ����

ZLWK �$P� %P� EHLQJ VWDELOL]DEOH DQG �$P� &P� EH�
LQJ GHWHFWDEOH>�@ � /HW 3& EH WKH LQWHUQDOO\ VWDELOL]LQJ
FRQWUROOHU L�H�� WKH LQWHUQDO�ORRS FRPSHQVDWRU GHVLJQHG
WKURXJK +

�
RSWLPL]DWLRQ WHFKQLTXHV DQG OHW LWV WUDQV�

IHU IXQFWLRQ EH

*F�V�  &F �V, b$F�
b�

%F �'F ����

DQG WKH PLQLPDO UHDOL]DWLRQV RI WKH ZHLJKWLQJ IXQFWLRQV
9 � :� DQG :� EH UHVSHFWLYHO\ JLYHQ DV

9 �V�  &Y �V, b$Y�
b�

%Y �'Y ����

:��V�  &Z� �V, b$Z��
b�

%Z� �'Z� ����

DQG

:��V�  &Z� �V, b$Z��
b�

%Z� �'Z� ����

7KH VHQVLWLYLW\ IXQFWLRQ 6 DQG WKH FRPSOHPHQWDU\ VHQ�
VLWLYLW\ IXQFWLRQ 7 DUH UHVSHFWLYHO\ GHnQGHG DV

6 � �, �*P*F�
b�

����

DQG
7 � *F �, �*P*F�
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,W LV UHTXLUHG WR nQG DQ LQWHUQDOO\ VWDELOL]LQJ FRQWURO ODZ
3F VXFK WKDW WKH +��QRUP RI WKH FORVHG�ORRS V\VWHP
IURP WKH GLVWXUEDQFH G WR WKH FRQWUROOHG RXWSXW K  
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LV PLQLPL]HG� ,Q WKLV SDSHU� WKLV SUREOHP ZDV VROYHG
XVLQJ /LQHDU 6\VWHP DQG &RQWURO 7RROER[ UHSRUWHG LQ
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)LJXUH �� 6HQVLWLYLW\ �6� DQG &RPSOHPHQWDU\ VHQVLWLYLW\
�7� IXQFWLRQ�

>�@ DQG WKH IXOO�RUGHU REVHUYHU EDVHG FRPSHQVDWRU ZDV
IRXQG LQ WKH IROORZLQJ IRUP�
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ZKHUH Y LV WKH VWDWH YHFWRU RI WKH FRPSHQVDWRU� ,W
LV WR EH QRWHG WKDW WKH FKRLFHV RI WKH ZHLJKWLQJ IXQF�
WLRQV 9 � :� DQG:� DUH VXEMHFW WR WKH GHVLJQ VSHFLnFD�
WLRQV RI WKH RYHUDOO V\VWHP� ,Q WKLV SDSHU� WKH ZHLJKW�
LQJ IXQFWLRQV 9 � :� DQG :� ZHUH FKRRVHQ EDVHG RQ
WKH QDWXUH RI WKH UXQRXW GLVWXUEDQFH L�H DVVXPLQJ WKH
UXQRXW GLVWXUEDQFH LV HTXLYDOHQW WR D ��� +] VLQXVRLGDO
VLJQDO� FRPSOHPHQWDU\ DQG VHQVLWLYLW\ WUDQVIHU IXQFWLRQ
UHTXLUHPHQWV� DV VKRZQ LQ )LJXUH � DQG WKH\ DUH JLYHQ
E\

9 �V�  
�����

V� �����
� ����

:��V�  
����V

V� � ����V� �H�
� ����

:��V�  
����

V� ����
� ����

7KXV� WKH FRPSHQVDWRU ZDV REWDLQHG DV LQ WKH IRUP RI
HTXDWLRQ ����� DQG LWV HLJHQ YDOXHV ZHUH

b����d ��� b ������ b ���� DQGb ���d ���� ����

7KHUHIRUH� WKH HLJHQ YDOXHV RI WKH LQWHUQDO�ORRS ZHUH

b����d ��� h ����d ���L� b����d ���� DQGb �����
����

6LQFH DOO WKH HLJHQYDOXHV DUH LQ WKH OHIW�KDOI RI WKH V�
SODQH DQG WKH FRPSHQVDWRU ZDV GHVLJQHG XVLQJ +� RS�
WLPL]DWLRQ� WKH DERYH LQWHUQDO�ORRS FRPSHQVDWRU 3& FDQ
EH XVHG DORQJ ZLWK WKH QRQOLQHDU VWDWH�IHHGEDFN WLPH�
RSWLPDO FRQWUROOHU�

� 6XPPDU\ RI 6LPXODWLRQ DQG ([SHULPHQWDO

5HVXOWV

7KH DERYH QRQOLQHDU IHHGEDFN FRQWURO ODZ DQG WKH
LQWHUQDO�ORRS FRPSHQVDWRU ZHUH VLPXODWHG RQ D W\SLFDO
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�E� &RQWURO 6LJQDO

)LJXUH �� 1RUPDOL]HG �WR )XOO 6FDOH�UHVSRQVH IRU ZLGH
UDQJH RI 6HHN /HQJWK�6/� LQ 3726�

���� KDUG GLVN PRGHO ZKRVH IUHTXHQF\ UHVSRQVH FKDUDF�
WHUVWLFV ZHUH VKRZQ LQ )LJXUH �� 7KH GLVFUHWL]HG IRUP
RI FRQWUROOHU� FRPSHQVDWRU DQG SODQW ZLWK VDPSOLQJ IUH�
TXHQF\ �� N+] ZHUH XVHG LQ H[SHULPHQW DQG VLPXOD�
WLRQ� 7KH UHVXOWV ZHUH WKHQ FRPSDUHG ZLWK FRQYHQWLRQDO
3726� 7KH GLVFUHWL]HG SODQW PRGHO XVHG LQ VLPXODWLRQ
LV

[�N � ��  
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\�N�  � ������ ������ �[�N� ����

)ROORZLQJ WKH GHVLJQ SURFHGXUH LQ 6HFWLRQ �� ZH FKRRVH

I�  b������ I�  ������ DQG *  ������

ZKLFK UHVXOWHG LQ WKH FORVHG�ORRS GDPSLQJ UDWLR RI ����
7KH VROXWLRQ RI GLVFUHWH /\DSXQRY HTXDWLRQ ZDV IRXQG
DV

3  

t
b������� b�������
b������� b�������

u
����

7KH /LQHDU IHHGEDFN FRQWURO ODZ LV WKHQ JLYHQ E\

X/  ������[��N�b ������[��N� � ������U ����

)LQDOO\ FKRRVLQJ WKH IXQFWLRQ |�[� U� DV

|�[� U�  ��HbM\bUM ����

WKH FRPSRVLWH QRQOLQHDU IHHGEDFN ODZ LV H[SOLFLWO\ JLYHQ
E\

X  ������� � �������|�[� U��[��N�

b�������b �������|�[� U��[��N�
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�E� &RQWURO 6LJQDO

)LJXUH �� 1RUPDOL]HG �WR )XOO 6FDOH�UHVSRQVH IRU ZLGH
UDQJH RI 6HHN /HQJWK�6/� LQ &RPSRVLWH QRQ�
OLQHDU FRQWURO�

7KH )LJXUH � VKRZV WKH QRUPDOL]HG RXWSXW UHVSRQVHV
DQG FRQWURO VLJQDOV DSSOLHG IRU YDULRXV WUDFN VHHN
OHQJWKV E\ WKH XVH RI WKH FRQYHQWLRQDO 3726 PHWKRG�
,W LV FOHDU IURP WKH FRQWURO KLVWUR\ WKDW WKH GHFHOHUD�
WLRQ VWDJH LV YHU\ VORZ ZKLFK FDXVHV ODUJH WLPH WR VHWWOH
DW WKH UHTXLUHG WUDFN DQG DOVR WKHUH LV QR H[WUD FRQWURO
LQSXW DYDLODEOH IRU GLVWXUEDQFH FRPSHQVDWLRQ�

7KH )LJXUH � VKRZV WKH QRUPDOLVHG UHVSRQVH ZLWK WKH
FRPELQHG QRQOLQHDU FRQWUROOHU DQG FRPSHQVDWRU IRU YDU�
LRXV WUDFN VHHNV ZLWK UXQRXW GLVWXEDQFH DSSUR[LPDWHG
DV D VLQH ZDYH RI IUHTXHQF\ ��� +] 	 DPSOLWXGH ���
WUDFNV� 7KHVH UHVXOWV VKRZV WKDW WKH FRPSRVLWH QRQ�
OLQHDU FRQWURO ODZ KDV RXWSHUIRUPHG WKH 3726 EDVHG
+'' VHUYR V\VWHP �

,Q RUGHU WR VKRZ WKH SHUIRUPDQFH RI WKH LQWHUQDO�ORRS
FRPSHQVDWRU DORQH WR WKH UXQRXW GLVWXUEDQFHV WKDW DS�
SHDUV LQ +'' VHUYR V\VWHPV� VLPXODWLRQV ZHUH GRQH IRU
]HUR WUDFN UHIHUHQFH DQG ZLWK GLVWXUEDQFH ��� WUDFNV
ZLWK IUHTXHQF\ RI ��� +]� 7KHVH UHVXOWV ZHUH VKRZQ
LQ )LJXUH �� 7KH IROORZLQJ WDEOH LH 7DEOH �� VKRZV WKH

7DEOH �� 6HHN 7LPH IURP 6LPXODWLRQ DQG ,PSOHPHQWDWLRQ
5HVXOWV�

76/ 67�PVHF� � GHFUHDVH 67 IURP ,5
3726 &1& XVLQJ &1&

��� ���� ���� ���� ����

��� ���� ���� ���� ����
��� ���� ���� ���� ����
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�E� &RQWURO 6LJQDO

)LJXUH �� 5HVSRQVH IRU ���+] 	 ��� WUDFNV UXQRXW GLVWXU�
EDQFH�

SHUFHQWDJH GHFUHDVH LQ VHHN WLPH LQ VLPXODWLRQ ZLWK WKH
FRPSRVLWH QRQOLQHDU FRQWUROOHU �&1&� RYHU WKH 3726
PHWKRG� $OVR� LW VKRZV WKH VHHN WLPH IURP WKH LPSOH�
PHQWDWLRQ UHVXOWV �,5� XVLQJ FRPSRVLWH QRQOLQHDU FRQ�
WUROOHU�

7KH LPSOHPHQWDWLRQ UHVXOWV ZHUH REWDLQHG IURP WKH H[�
SHULPHQW RQ D W\SLFDO ����LQFK KDUG GLVN GULYH� )LJXUH �
VKRZV WKH LPSOHPHWDWLRQ UHVXOWV IRU ��� WUDFN VHHN XVLQJ
WKH FRPSRVLWH QRQOLQHDU FRQWUROOHU� 2XU FRQWUROOHU ZDV
LPSOHPHQWHG RQ DQ RSHQ KDUG GLVN GULYH ZLWK D 706���
GLJLWDO VLJQDO SURFHVVRU �'63� ZLWK D VDPSOLQJ UDWH RI
�� N+]� 7KH 5�: KHDG SRVLWLRQ ZDV PHDVXUHG XVLQJ D
/DVHU 'RSSOHU 9LEURPHWHU �/'9� DQG WKH WUDFN ZLGWK
ZDV DVVXPHG DV �xP DQG KHQFH WKH WUDFN GHQVLW\ ZDV
DVVXPHG DV ������ 73,� 7KH H[SHULPHQWDO UHVXOWV ZHUH
LQ OLQH ZLWK VLPXODWLRQ UHVXOWV�

� &RQFOXGLQJ 5HPDUNV

$ PHWKRG WR LPSURYH WKH VHHN WLPH RI KDUG GLVN GULYH
VHUYR V\VWHP KDV EHHQ SURSRVHG LQ WKLV SDSHU� 7KH
SURSRVHG PHWKRG XVHG QRQOLQHDU VWDWH IHHGEDFN FRQWURO
ZKLFK LQFUHDVHV WKH GDPSLQJ UDWLR DV WKH KHDG DSSR�
UDFKHV WKH GHVLUHG WUDFN� 7KLV UHVXOWHG LQ GHFUHDVH LQ
WKH VHHN WLPH� $OVR� DQ LQWHUQDO�ORRS FRPSHQVDWRU ZDV
GHVLJQHG YLD +� RSWLPL]DWLRQ VXSSUHVVHG WKH UXQRXW
GLVWXUEDQFHV DQG LPSURYHG WKH UREXVWQHVV� 7KH H[SHUL�
PHQWDO UHVXOWV VKRZV WKDW WKH SURSRVHG PHWKRG KDV OHVV
VHHN WLPH WKDQ WKH FRQYHQWLRQDO PHWKRG� 7KH SUREOHP
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�E� &RQWURO 6LJQDO

)LJXUH �� ([SHULPHQWDO UHVXOWV IRU ��� WUDFN VHHN ZLWK

QRQOLQHDU IHHGEDFN FRQWURO�

RI PRGH VZLWFKLQJ LQ +'' VHUYR V\VWHPV ZDV HOLPLQDWHG
ZLWK WKH XVH RI WKH FRPSRVLWH QRQOLQHDU FRQWUROOHUV�

5HIHUHQFHV

>�@ %� 0� &KHQ� ?/LQHDU 6\VWHPV DQG &RQWURO 7RRO�
ER[�� 7HFKQLFDO 5HSRUW� 'HSDUWPHQW RI (OHFWULFDO (Q�
JLQHHULQJ� 1DWLRQDO 8QLYHUVLW\ RI 6LQJDSRUH� 6LQJDSRUH�
�����

>�@ %� 0� &KHQ� +� &RQWURO DQG ,WV $SSOLFDWLRQV�

/HFWXUH 1RWHV LQ &RQWURO DQG ,QIRUPDWLRQ 6FLHQFHV� 9RO�
���� 6SULQJHU� /RQGRQ� �����

>�@ *� )� )UDQNOLQ� -� '� 3RZHOO� DQG 0� /� :RUNPDQ�
'LJLWDO &RQWURO RI '\QDPLF 6\VWHPV� $GGLVRQ :HVOH\�
�UG HG� �����

>�@ =� /LQ� 0� 3DFKWHU� DQG 6� %DQGD� ?7RZDUG LP�
SURYHPHQW RI WUDFNLQJ SHUIRUPDQFH�QRQOLQHDU IHHGEDFN
IRU OLQHDU V\VWHPV�� ,QW� -� &RQWURO�� 9RO� ��� 1R� � SS�
����� �����

>�@ 0� /� :RUNPDQ� $GDSWLYH 3UR[LPDWH 7LPH 2S�

WLPDO 6HUYRPHFKDQLVPV� 3K�'� WKHVLV� 6WDQIRUG 8QLYHU�
VLW\� �����

>�@ 7� <DPDJXFKL� <� 6R\DPD� +� +RVRNDZD� .�
7VXQHWD� DQG +� +LUDL� ?,PSURYHPHQW RI 6HWWOLQJ 5H�
VSRQVH RI 'LVN 'ULYH +HDG 3RVLWLRQLQJ 6HUYR XVLQJ
0RGH 6ZLWFKLQJ &RQWURO ZLWK ,QLWLDO 9DOXH &RPSHQVD�
WLRQ�� ,((( 7UDQV� RQ 0DJ�� 9RO� ��� 1R� �� SS� �����
����� 0D\ �����


