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$ WUDFNLQJ FRQWURO ODZ XVLQJ D VOLGLQJ PRGH IUDPHZRUN LV GH�
ULYHG WR FRQWURO D VDWHOOLWH IRUPDWLRQ� +LOO
V UHODWLYH PRWLRQ
HTXDWLRQV DUH XVHG WR PRGHO WKH IROORZHU VDWHOOLWH
V PRWLRQ UHO�
DWLYH WR WKH OHDGHU� 7R PLQLPL]H IXHO UHTXLUHG WR PDLQWDLQ WKH
IRUPDWLRQ� HDFK VDWHOOLWH LV FRQVWUDLQHG WR UHVLGH QHDU D QDWXUDO
RUELW� &RQWURO IRUFHV DUH DSSOLHG RQO\ WR PDLQWDLQ WKH GHVLUHG
UHODWLYH PRWLRQ E\ FRUUHFWLQJ IRU LQLWLDO RmVHWV DQG SHUWXUED�
WLRQ HmHFWV WKDW WHQG WR GLVSHUVH WKH IRUPDWLRQ� 7KH FRQWURO
ODZ LV PRGLnHG WR DFFRXQW IRU WKH GLVFRQWLQXRXV QDWXUH RI WKH
FRQWURO IRUFHV DYDLODEOH ZLWK WKH VDWHOOLWH SURSXOVLYH WKUXVWHUV�
1XPHULFDO VLPXODWLRQV XVLQJ D KLJK�nGHOLW\� QRQOLQHDU PRGHO
GHPRQVWUDWH WKH FRQWURO ODZ SHUIRUPDQFH IRU WKH IXOO QRQOLQHDU
G\QDPLFV ZLWK KLJK RUGHU SHUWXUEDWLRQV�
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6DWHOOLWH IRUPDWLRQV DUH VXEMHFW WR GLmHUHQW FRQVWUDLQWV WKDQ
JURXQG RU DLU YHKLFOH IRUPDWLRQV� 'XH WR IXHO FDSDFLW\ OLPLWD�
WLRQV� HDFK VDWHOOLWH LQ D IRUPDWLRQ PXVW UHVLGH QHDU D QDWXUDO
RUELW� )XHO LV H[SHQGHG RQO\ WR FRUUHFW WKH LQLWLDO GHSOR\PHQW
LQDFFXUDF\ DQG WR RYHUFRPH WKH SHUWXUEDWLRQ HmHFWV WKDW WHQG
WR GLVORGJH WKH VDWHOOLWH IURP WKH GHVLUHG RUELW� 7KHVH SHUWXU�
EDWLRQV LQFOXGH WKH HmHFWV RI HDUWK REODWHQHVV� DWPRVSKHULF
GUDJ� DQG VRODU DQG OXQDU JUDYLW\� $PRQJ WKHVH SHUWXUED�
WLRQV� WKH PRVW VLJQLnFDQW LV WKH VHFRQG VSKHULFDO KDUPRQLF LQ
WKH (DUWK
V JUDYLW\ nHOG GXH WR REODWHQHVV� NQRZQ DV WKH -�
HmHFW� ZKLFK FDXVHV DQ XQFRQWUROOHG IRUPDWLRQ WR GLVSHUVH >�@�
7KLV SDSHU VKRZV D WUDFNLQJ FRQWURO GHVLJQ WKDW IRUPV WKH

GHVLUHG VDWHOOLWH IRUPDWLRQ DIWHU WKH LQLWLDO GHSOR\PHQW DQG
QXGJHV WKH PHPEHUV EDFN LQWR IRUPDWLRQ ZKHQ WKH\ GULIW IURP
WKH GHVLUHG G\QDPLFV� +LOO
V �RU &ORKHVV\�:LOWVKLUH� HTXD�
WLRQV DUH XVHG WR PRGHO WKH IROORZHU VDWHOOLWH UHODWLYH PRWLRQ
ZLWK UHVSHFW WR WKH OHDGHU� ,Q +LOO
V HTXDWLRQV DQG WKH FRP�
SOHWH QRQOLQHDU G\QDPLFDO HTXDWLRQV� WKH FRQWURO YDULDEOHV DUH
XQLTXHO\ GHWHUPLQHG E\ D JLYHQ RXWSXW VHW� ,Q PDWKHPDWLFDO
ODQJXDJH� WKH LQSXW DQG RXWSXW PDQLIROGV DUH GLmHRPRUSKLF�
7KXV� WKH WUDFNLQJ FRQWURO JXDUDQWHHV V\VWHP VWDELOLW\�
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7KLV VHFWLRQ FRQVLGHUV WKH WKHRUHWLFDO EDVLV IRU LQFRUSRUDW�
LQJ D PXOWLSOH VDWHOOLWH IRUPDWLRQ FRQWURO SUREOHP LQWR WKH VOLG�
LQJ PRGH IUDPHZRUN� &RQVLGHU D QRQOLQHDU G\QDPLFDO V\VWHP
RI WKH IRUP

B[���  I�[� W� �*�[� W�X�W�� �����

\�W�  K�[� W��

ZKHUH [�W�� X�W�� DQG \�W� DUH Q� P� DQG P GLPHQVLRQDO
UHDO IXQFWLRQ YHFWRUV� I�[� W�� *�[� W�� DQG K�[� W� DUH DQDO\WLF
YHFWRU RU PDWUL[ IXQFWLRQV RI WKH YDULDEOHV [ DQG W� )RU D
PXOWL�LQSXW� PXOWL�RXWSXW V\VWHP� WKH UHODWLYH GHJUHH YHFWRU
m � ,5P SURYLGHV LQVLJKW WR VOLGLQJ SODQH VHOHFWLRQ LQ D VOLGLQJ
PRGH FRQWURO GHVLJQ� /HW

\�m��W�  De�[� W� �%e�[� W�X�W�� �����

7KH UHIHUHQFH WUDMHFWRU\ LV UHSUHVHQWHG E\ A\�W�� DQG WKH WUDFN�
LQJ HUURU LV GHnQHG DV H�W�  A\�W�b \�W��

:H VKDOO GHVLJQ D FRQWUROOHU ZLWK D VOLGLQJ SODQH
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DQG ZKHUH L  �� �� c c c �P DQG M  �� �� c c c � m0 b ��
6LQFH WKH KLJKHVW RUGHU GHULYDWLYH LQ ����� LV ORZHU WKDQ

WKH UHODWLYH GHJUHH RI WKH SODQW E\ H[DFWO\ RQH� WKH ULJKW�
KDQG VLGH RI ����� GRHV QRW LQYROYH WKH FRQWURO YHFWRU X�W��
,QVWHDG� B}�H� ZLOO FRQWDLQ X�W�� 7KLV PDNHV WKH VOLGLQJ�PRGH
FRQWURO VROXWLRQ HDV\ WR REWDLQ ZKHQ D TXDGUDWLF IXQFWLRQ RI
}�H� LV XVHG DV WKH /\DSXQRY IXQFWLRQ� 2Q WKH RWKHU KDQG� LI
WKH VOLGLQJ SODQH LV RI HTXDO RU KLJKHU RUGHU WKDQ WKH UHODWLYH
GHJUHH� WKH VOLGLQJ PRGH FRQWURO VROXWLRQ EHFRPHV XQZLHOG\�
,I WKH VOLGLQJ SODQH LV RI ORZHU RUGHU WKDQ WKH SODQW
V UHODWLYH
GHJUHH E\ PRUH WKDQ RQH� B}�H� ZLOO QRW H[SOLFLWO\ GHSHQG RQ
X�W�� DQG QR VOLGLQJ PRGH H[LVWV RQ }�H�  �� ,Q WKLV IDVKLRQ�
WKH UHODWLYH GHJUHH YHFWRU GLFWDWHV WKH VOLGLQJ SODQH VHOHFWLRQ
WKDW LV OLQHDU LQ WKH HUURU VLJQDO�
:H VKDOO GHVLJQ DQ RQ�Rm VOLGLQJ PRGH FRQWUROOHU WKDW NHHSV

WKH SODQW VWDWH ����� RQ WKH VOLGLQJ SODQH ������ :H VHOHFW D
FDQGLGDWH /\DSXQRY IXQFWLRQ 9  }7 �H�}�H� �� 7KH GHULYD�
WLYH RI 9 LV

B9  }7 �H� B}�H�� �����

'LmHUHQWLDWLQJ ����� ZLWK WKH DLG RI ����� \LHOGV

B}�H�  aX�W�b%e�[� W�X�W�� �����

ZKHUH

aX�W�  A\�m��W� �.m0b�H
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6XEVWLWXWLQJ ����� LQWR ����� JLYHV

B9  }7 �H��aX�W�b%e�[� W�X�W��� �����

 }7 �H�%e�[� W��%eb��[� W�aX�W�b X�W���

6OLGLQJ�PRGH FRQWURO GHVLJQ nQGV X�W� VXFK WKDW }7 �H� B}�H�
LV DOZD\V QHJDWLYH� 7KHUH DUH PDQ\ ZD\V WR DFKLHYH WKLV JRDO�
2QH VROXWLRQ FDQ WDNH WKH IROORZLQJ IRUP
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ZKHUH | LV GHnQHG DV D GLDJRQDO PDWUL[

| � GLDJ �|�� |�� c c c � |P�� ������

DQG WKH YHFWRU VLJQXP IXQFWLRQ LV D FROXPQ RI VLJQXP IXQF�
WLRQV

VJQ }�H�  >VJQ}��H� VJQ}��H� c c c VJQ}P�H�@
7
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7KH FRQWURO ODZ ����� GULYHV WKH V\VWHP WR WKH VOLGLQJ SODQH�
7KH FRQWURO YHFWRU WKDW VHWV B}�H� WR ]HUR LV GHVFULEHG DV WKH
HTXLYDOHQW FRQWURO >�@� 7KH VOLGLQJ SODQH HTXLYDOHQW FRQWURO
����� LV WKH FRQWLQXRXV FRPSRQHQW RI ����� ZLWK XD�W�  ��
6LQFH WKLV HTXLYDOHQW FRQWURO IRUFHV WKH V\VWHP WR VWD\ RQ D
OLQHDU VOLGLQJ SODQH� WKH HTXLYDOHQW FRQWURO LV DOVR ODEHOHG DV
D IHHGEDFN OLQHDUL]LQJ FRQWURO� ,I WKH VOLGLQJ SODQH ����� LV
FKRVHQ ZLWK G\QDPLFV WKDW TXLFNO\ UHGXFH WKH HUURU VLJQDO�
WKHQ WKH FORVHG�ORRS V\VWHP ZLOO KDYH JRRG SHUIRUPDQFH�
7KH HTXLYDOHQW FRQWURO� DV VKRZQ LQ ������ LV GLpFXOW WR LP�

SOHPHQW IRU VDWHOOLWH FRQWURO V\VWHPV� $OWKRXJK WKH WKUXVWHU
SXOVH ZLGWKV DUH DGMXVWDEOH� WKH WKUXVW PDJQLWXGHV DUH QRW�
7R LPSOHPHQW D GLVFRQWLQXRXV VOLGLQJ�PRGH FRQWURO GHVLJQ
ZLWKRXW WKH FRQWLQXRXV FRPSRQHQW� OHW

X�W�  | VJQ �%e7 �[� W�}�H��� ������

ZKHUH |L ! PD[M%eb�

L �[� W�aX�W�M� L  �� �� c c c �P DQG

%eb�

L �[� W� LV WKH LWK URZ RI %eb��[� W�� 7KH FRQWURO ODZ LQ
������ JLYHV DQ DV\PSWRWLFDOO\ VWDEOH FORVHG�ORRS V\VWHP� DV
VKRZQ E\ VXEVWLWXWLQJ ������ LQWR �����
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IRU L  �� �� c c c �P� 6LQFH |L LV VXpFLHQWO\ ODUJH� a|L�W� ! ��

7KHUHIRUH� B9 LV DOZD\V QHJDWLYH ZKHQHYHU }�H� � �� 7KXV�
WKLV FRQWURO ODZ GULYHV WKH V\VWHP WR WKH VOLGLQJ SODQH ������
7KH FRQWURO YHFWRU PDJQLWXGH | ������ LV W\SLFDOO\ VHOHFWHG WR
UHoHFW WKH DSSOLFDWLRQ� DQG LV HDVLO\ DGMXVWHG WR DFFRPPRGDWH
D FKDQJLQJ FRQWURO SUREOHP�
7KH FRQWURO ODZ RI ������ FDQ DOVR GULYH DQ\ nQLWH LQLWLDO

VWDWH WR WKH VOLGLQJ SODQH LQ nQLWH WLPH� 7R VHH WKLV� ZH UHDU�
UDQJH ������ WR JLYH
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%\ LQWHJUDWLQJ ������ IURP � WR W� ZH nQG WKDW
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7KH WLPH UHTXLUHG IRU WKH /\DSXQRY IXQFWLRQ WR UHDFK ]HUR LV
QRZ GHnQHG DV 7� 7KHQ ������ LPSOLHV
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7KXV� WKH /\DSXQRY IXQFWLRQ UHDFKHV ]HUR LQ nQLWH WLPH� 7KH
PDJQLWXGH RI GLVFRQWLQXRXV FRQWURO LV WKH GHVLJQ SDUDPHWHU
WKDW GHWHUPLQHV WKH UHDFKLQJ WLPH�
7KH PDLQ GUDZEDFN RI WKH VOLGLQJ�PRGH FRQWURO PHWKRG

LV WKDW ZKHQ DQ XQVWDEOH KLJK IUHTXHQF\ SODQW PRGH LV H[�
FLWHG� WKH GLVFRQWLQXRXV FRQWURO PD\ H[KLELW D FKDWWHULQJ SKH�
QRPHQRQ� &KDWWHULQJ GHVFULEHV UDSLG FRQWURO VLJQDO VZLWFK�
LQJ EHWZHHQ SRVLWLYH DQG QHJDWLYH YDOXHV� 7KH PRVW FRPPRQ
ZD\ WR DYRLG FKDWWHULQJ LV WR LQWURGXFH D ERXQGDU\ OD\HU RQ
WKH VOLGLQJ SODQH >�@� 2WKHU PHWKRGV LQFOXGH V\QWKHVL]LQJ WKH
FRQWURO YDULDEOH GHULYDWLYHV VR WKDW WKH FRQWURO YDULDEOHV WKHP�
VHOYHV GR QRW FKDWWHU >�@� ,Q WKH ERXQGDU\ OD\HU DSSURDFK� WKH
GLVFRQWLQXRXV FRQWURO ODZ RSHUDWHV RQO\ ZKHQ WKH V\VWHP VWDWH
LV RXWVLGH WKH ERXQGDU\ OD\HU� :LWKLQ WKH ERXQGDU\ OD\HU� ZH
LPSOHPHQW D VPRRWK WUDQVLWLRQ IURP SRVLWLYH WR QHJDWLYH� DV
WKH V\VWHP VWDWH FURVVHV WKH VOLGLQJ SODQH�
7KH VDWHOOLWH FRQWURO SUREOHP GRHV QRW SHUPLW FRQWURO IRUFH

PDJQLWXGH DGMXVWPHQWV� 7KHUHIRUH� ZH FDQQRW LPSOHPHQW D
VPRRWK WUDQVLWLRQ WHFKQLTXH� ,QVWHDG� ZH LPSOHPHQW D VLJQXP
IXQFWLRQ ZLWK D GHDG ]RQH� 7KXV� ������ LV PRGLnHG DV IROORZV
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|L ! PD[N%eb�

L �[� W�aX�W�N� L  �� �� c c c �P�

IRU VPDOO SRVLWLYH YDOXHV RI pL� L  �� �� c c c �P�
7KH FRQWURO ODZV ������ ������� DQG ������ DOO UHTXLUH D GRX�

EOH LQWHJUDO FRPSXWDWLRQ� HVV�W�� ZKLFK LV QRW D VWDWH YDULDEOH
RI WKH FORVHG�ORRS V\VWHP� 7KLV FRPSXWDWLRQDO EXUGHQ DULVHV
IURP WKH WUDFNLQJ SHUIRUPDQFH FRQVLGHUDWLRQ� ZKLFK UHTXLUHV
WKH VOLGLQJ PRGH HTXLYDOHQW FRQWURO ����� WR KDYH RQH LQWHJUD�
WLRQ� ,Q DGGLWLRQ WR WKH FRPSXWDWLRQDO EXUGHQ� WKH GRXEOH
LQWHJUDO DOVR LQWURGXFHV SKDVH ODJ�
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,Q WKLV VHFWLRQ� ZH GLVFXVV WKH VOLGLQJ SODQH GHVLJQ FRQVLGHU�
DWLRQV� ,Q DGGLWLRQ� ZH SUHVHQW D VHFRQG RUGHU GHVLJQ H[DPSOH�
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:H VKDOO FRQVLGHU IRUPDWLRQ FRQWURO XVLQJ D OLQHDU PRGHO
RI WKH VDWHOOLWH UHODWLYH G\QDPLFV WR JHQHUDWH D UHIHUHQFH WUD�
MHFWRU\� ,Q DGGLWLRQ� WKH H[DFW QRQOLQHDU PRGHO VXSSOLHV WKH
VLPXODWLRQ
V SODQW G\QDPLFV� $V GLVFXVVHG HDUOLHU� WKH OLQ�
HDUL]HG HTXDWLRQV WKDW GHVFULEH WKH VDWHOOLWH UHODWLYH PRWLRQ
DUH NQRZQ DV +LOO
V �RU &ORKHVV\�:LOWVKLUH� HTXDWLRQV >�@

�[b �� B\ b ���[  X[ � G[�

�\ � �� B[  X\ � G\� �����

�] � ��]  X] � G]�

ZKHUH [� \� DQG ] DUH WKH IROORZHU VDWHOOLWH
V SRVLWLRQV UHODWLYH
WR D OHDGHU VDWHOOLWH LQ D FLUFXODU RUELW� [ LV LQ WKH UDGLDO GLUHF�
WLRQ IURP WKH HDUWK� \ LV LQ OHDGHU VDWHOOLWH
V WDQJHQWLDO YHORFLW\
GLUHFWLRQ� DQG ] FRPSOHWHV D ULJKW�KDQG FRRUGLQDWH V\VWHP�
7KH OHDGHU VDWHOOLWH DQJXODU YHORFLW\� �� DURXQG WKH (DUWK�
�DOVR NQRZQ DV WKH ?PHDQ PRWLRQ��� LV �  

S
x

5� ZKHUH x LV
WKH (DUWK
V JUDYLWDWLRQDO FRQVWDQW DQG 5 LV WKH UDGLXV RI WKH
OHDGHU VDWHOOLWH
V FLUFXODU RUELW� 7KH FRQWURO YDULDEOHV �X[� X\
DQG X]� DQG WKH GLVWXUEDQFHV �G[� G\ DQG G]� DUH QHW VSHFLnF
IRUFHV DSSOLHG WR WKH WZR�VDWHOOLWH V\VWHP� 7KH GLVWXUEDQFHV
LQ ����� LQFOXGH WKH QHW HmHFWV RI XQPRGHOHG G\QDPLFV� QHW
JUDYLWDWLRQDO SHUWXUEDWLRQV� QHW DWPRVSKHULF GUDJ� QHW VRODU
UDGLDWLRQ SUHVVXUH� DQG QHW WKLUG ERG\ HmHFWV�



2XU FRQWURO SUREOHP LV WR GHVLJQ D FRQWURO V\VWHP IRU HDFK
IROORZHU VDWHOOLWH ZLWKLQ WKH IRUPDWLRQ WKDW GULYHV WKH VDWHO�
OLWHV WRZDUGV D GHVLUHG WUDMHFWRU\ UHODWLYH WR WKH IRUPDWLRQ
OHDGHU� ,Q OLQHDU DSSUR[LPDWLRQV WKDW \LHOG +LOO
V HTXDWLRQV�
DOO UHODWLYH PRWLRQ FORVHG SDWKV DUH HOOLSVHV� 7KH GHVLUHG WUD�
MHFWRU\ LV D VXVWDLQDEOH� QDWXUDO� HOOLSWLF UHODWLYH PRWLRQ SDWK
ZKHQ ERWK VDWHOOLWHV DUH IUHH RI FRQWURO IRUFHV DQG XQZDQWHG
SHUWXUEDWLRQV >��@� $ VXVWDLQDEOH HOOLSWLF SDWK PDLQWDLQV LWV
UHODWLYH SRVLWLRQ ZLWK UHVSHFW WR WKH OHDGHU� ,Q H[SOLFLW IRUP�
WKH IDPLO\ RI VXVWDLQDEOH HOOLSWLF SDWKV LV JLYHQ E\�

A[�W�  U VLQ��W� t��

A\�W�  �U FRV��W� t�� �����

A]�W�  PU VLQ��W� t� � �QU FRV��W� t��

ZKHUH U GHWHUPLQHV WKH UHODWLYH PRWLRQ SDWK VL]H DURXQG WKH
OHDGHU� t FKDUDFWHUL]HV WKH PHPEHU VDWHOOLWH SRVLWLRQ RQ WKH
UHODWLYH PRWLRQ SDWK� DQG P DQG Q GHVFULEH WKH SODQH VORSH
LQ ZKLFK WKH UHODWLYH PRWLRQ SDWK UHVLGHV >��@� 5HIHUHQFH WUD�
MHFWRULHV DUH FKRVHQ IURP WKLV HOOLSWLF SDWK IDPLO\� ZKLFK LV D
VXEVHW RI WKH IRUFH IUHH +LOOV HTXDWLRQ JHQHUDO VROXWLRQ� $Q
DUELWUDU\ LQLWLDO FRQGLWLRQ PD\ JLYH ULVH WR DQ XQVXVWDLQDEOH
SDWK� ZKLFK FDQ QRW VXVWDLQ D IRUPDWLRQ�
'XH WR IXHO OLPLWDWLRQV� ZH FDQQRW H[SHFW WKH FRQWUROOHG

VDWHOOLWH WUDQVLHQW WR VHWWOH LQ D VKRUW RUGHU WLPH FRQVWDQW�
7KH WUDQVLHQW UHVSRQVH VKRXOG KDYH D WLPH FRQVWDQW FRPPHQ�
VXUDWH ZLWK WKH OHDGHU VDWHOOLWH PHDQ PRWLRQ� 7KHUHIRUH� ZH
VKDOO VFDOH WKH WLPH D[LV VR WKDW ZLWKLQ HDFK VFDOHG WLPH XQLW�
WKH OHDGHU VDWHOOLWH VZHHSV D � UDGLDQ DUF DURXQG WKH (DUWK�
UHJDUGOHVV RI WKH VDWHOOLWH DOWLWXGH� :H LQWURGXFH D QHZ WLPH
YDULDEOH� ~  �W� :KHQ ~  �� WKH OHDGHU VZHHSV D � UDGLDQ
DUF DURXQG WKH (DUWK� 6LQFH

G[

GW
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G[

G~
�

G�[

GW�
 ��

G�[

G~�
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+LOO
V HTXDWLRQV ����� WDNH WKH IROORZLQJ IRUP DIWHU WKH LQGH�
SHQGHQW YDULDEOH W LV FKDQJHG WR ~ �

�[b � B\ b �[  X[ � G[�

�\ � � B[  X\ � G\� �����

�] � ]  X] � G]�

)RU FRQYHQLHQFH� ZH DUH UHQDPLQJ WKH FRQWURO LQSXWV� GLVWXU�
EDQFHV� DQG GHULYDWLYHV VR WKDW WKH\ DUH ZLWK UHVSHFW WR ~
LQVWHDG RI W� 1RWH WKDW LQ ����� DQG ������ WKH FRQWURO IRUFHV
X[� X\ DQG X]� DQG GLVWXUEDQFHV G[� G\� DQG G] DUH QHW VSH�
FLnF IRUFHV DSSOLHG WR WKH OHDGHU�PHPEHU VDWHOOLWH V\VWHP� 7KH
ZRUG QHW UHIHUV WR WKH GLmHUHQFH EHWZHHQ WKH VSHFLnF IRUFHV
DSSOLHG WR WKH PHPEHU VDWHOOLWH DQG WKRVH DSSOLHG WR WKH OHDGHU
VDWHOOLWH� 6SHFLnF IRUFHV DUH DSSOLHG WR HDFK XQLW PDVV RI WKH
UHVSHFWLYH VDWHOOLWHV� 6SHFLnF IRUFHV DUH DFWXDOO\ DFFHOHUDWLRQV�
,Q FORVH IRUPDWLRQV� WKH QHW GLVWXUEDQFHV DUH JUHDWO\ UHGXFHG
IURP WKH DEVROXWH DPRXQW WKDW LV H[HUWHG RQ WKH PHPEHU
VDWHOOLWH� &KDQJLQJ WKH WLPH YDULDEOH WR ~ IRU WKH UHIHUHQFH
WUDMHFWRU\ ����� \LHOGV

A[�~ �  U VLQ�~ � t��

A\�~ �  �U FRV�~ � t�� �����

A]�~ �  PU VLQ�~ � t� � �QU FRV�~ � t��

(TXDWLRQV ����� VKRZ WKDW WKH LQ�SODQH �[\�SODQH� G\QDP�
LFV JLYHQ E\ WKH +LOO
V HTXDWLRQV DUH GHFRXSOHG IURP WKH FURVV�
WUDFN �] �D[LV� G\QDPLFV� )RU WKH LQ�SODQH G\QDPLFV� ZH GH�
VLJQ D FRQWURO SROLF\ VR WKDW WKH SODQW RXWSXW WUDFNV WKH UHI�
HUHQFH WUDMHFWRU\
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IRU VRPH JLYHQ YDOXHV RI U� T� Z� P DQG Q� /LNHZLVH� ZH GHVLJQ
D FURVV�WUDFN FRQWURO SROLF\ VR WKDW WKH SODQW RXWSXW WUDFNV WKH
UHIHUHQFH WUDMHFWRU\

A\��~ �  A]�~�  PU VLQ�~ � t� � �QU FRV�~ � t�� �����

0RGHUQ VDWHOOLWH V\VWHPV XVH KLJK SRZHU MHWV WR SURGXFH
WKH GHVLUHG FRQWURO IRUFHV� 7KH MHWV XVXDOO\ RSHUDWH LQ D VKRUW
SXOVH VHTXHQFH� 5HFDOO RXU DVVXPSWLRQ WKDW SXOVH PDJQLWXGHV
DUH QRW YDULDEOH� ZKLOH SXOVH ZLGWKV DUH YDULDEOH� 7KHUHIRUH�
ZH VKDOO XVH WKH GLVFRQWLQXRXV VOLGLQJ�PRGH FRQWURO ZLWKRXW
FRQWLQXRXV FRPSRQHQWV� :H VKDOO LQFRUSRUDWH D VOLGLQJ SODQH
ERXQGDU\ OD\HU WKDW SUHYHQWV FKDWWHULQJ DV GHVFULEHG LQ HTXD�
WLRQ ������� ,Q WKLV FRQWURO ODZ� ZH QHHG WR FRPSXWH %e7 �[� W�
DQG }�H�� :H DOVR QHHG %eb��[� W� DQG aX�W� WR GHWHUPLQH WKH
PLQLPXP FRQWURO YDULDEOH PDJQLWXGH�
)RU WKH OLQHDU V\VWHPV PRGHO� ZH FDQ VHSDUDWHO\ GHVLJQ FRQ�

WURO ODZV IRU LQ�SODQH DQG FURVV�WUDFN G\QDPLFV� 6LQFH WKH GLV�
WXUEDQFHV DUH LQ WKH IRUP RI PDWFKLQJ XQFHUWDLQWLHV� ZH LJQRUH
WKH GLVWXUEDQFHV LQ WKLV GHVLJQ� DQG DOORZ WKH LQKHUHQW VOLGLQJ
PRGH UREXVWQHVV WR PDLQWDLQ V\VWHP VWDELOLW\� )LUVW� ZH VKDOO
GHWHUPLQH WKH SODQW UHODWLYH GHJUHH� :ULWLQJ
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6OLGLQJ PRGH FRQWURO LV LQKHUHQWO\ UREXVW� 7KH WUDMHFWR�
ULHV RQ WKH VOLGLQJ VXUIDFH H[KLELW LQYDULDQFH LQ WKH SUHV�
HQFH RI ERXQGHG XQNQRZQ� PDWFKHG XQFHUWDLQWLHV DQG GLVWXU�
EDQFHV >��� �@� 0DWFKHG XQFHUWDLQWLHV RU GLVWXUEDQFHV UHVLGH
LQ WKH UDQJH RI FRQWURO GLVWULEXWLRQ PDWUL[� ,Q RWKHU ZRUGV�
LI PDWFKHG XQFHUWDLQWLHV RU GLVWXUEDQFHV DUH NQRZQ� FRQWURO
YDULDEOHV FDQ FRXQWHUDFW DJDLQVW WKHP� ,Q WKH VDWHOOLWH IRU�
PDWLRQ FRQWURO SUREOHP� PLFURVDWHOOLWHV DUH PRGHOHG DV SRLQW
PDVVHV� 7KH DWPRVSKHULF GUDJ� HDUWK JUDYLWDWLRQDO SHUWXUED�
WLRQV� WKLUG ERG\ HmHFWV� DQG XQPRGHOHG G\QDPLFV DOO UHVXOW
LQ PDWFKHG SHUWXUEDWLRQV ZLWKLQ WKH VDWHOOLWH PRGHO�
6OLGLQJ PRGH FRQWURO LV LQWULQVLFDOO\ UREXVW DJDLQVW PDWFKHG

XQFHUWDLQWLHV� 7KH FRQWURO LV DOZD\V GULYLQJ WKH V\VWHP WR�
ZDUGV WKH VOLGLQJ SODQH� ,I WKH GLVWXUEDQFH G LV DFWLQJ LQ
WKH VDPH GLUHFWLRQ DV WKH FRQWURO X� WKHQ G UHLQIRUFHV X DQG
GULYHV WKH V\VWHP IDVWHU WRZDUGV WKH VOLGLQJ SODQH� 6LQFH FRQ�
WURO PDJQLWXGH GRHV QRW YDU\� FRQWURO LV UHTXLUHG IRU D VKRUWHU
GXUDWLRQ LQ WKLV GLUHFWLRQ� 7KH SHUIRUPDQFH LV DFWXDOO\ LP�
SURYHG� 1RZ VXSSRVH WKH GLVWXUEDQFH DFWV LQ WKH RSSRVLWH
GLUHFWLRQ DV WKH FRQWURO� 7KH V\VWHP LV GULYHQ WRZDUGV WKH
VOLGLQJ SODQH PRUH VORZO\� &RQWURO LV UHTXLUHG IRU D ORQJHU
GXUDWLRQ WR HQDEOH WKH V\VWHP WR UHDFK WKH VOLGLQJ SODQH� ,Q
WKLV IDVKLRQ� WKH FRQWURO DXWRPDWLFDOO\ DGMXVWV LWV SXOVH�ZLGWK�
:KHQ WKH V\VWHP LV RQ WKH VOLGLQJ SODQH� WKH HUURU G\QDPLFV
DUH GHWHUPLQHG E\ WKH VOLGLQJ SODQH SDUDPHWHUV�



7KH PRVW VLJQLnFDQW RUELWDO SHUWXUEDWLRQ LV WKH -� HmHFW�
7KH -� HmHFW DFFRXQWV IRU (DUWK REODWHQHVV DQG WKH -� HI�
IHFW DFFRXQWV IRU WKH HDUWK
V SRODU EXOJH� 7KH +LOO
V HTXDWLRQV
����� DQG ����� GR QRW DFFRXQW IRU WKH QRQ�VSKHULFDO HDUWK HI�
IHFWV� QRU WKH QRQOLQHDU G\QDPLFV� 7KH -� HmHFW LV QHDUO\ WZR
RUGHUV RI PDJQLWXGH PRUH SURQRXQFHG WKDQ -�� 7KHVH JUDY�
LW\ SHUWXUEDWLRQV ZLOO PRYH DQ XQFRQWUROOHG VDWHOOLWH IURP LWV
QRPLQDO RUELW� 7KH GLVWXUEDQFHV LQ RXU PRGHO DUH QHW VSH�
FLnF GLVWXUEDQFHV� ,Q FORVH IRUPDWLRQV� WKH QHW GLVWXUEDQFHV
DUH VLJQLnFDQWO\ UHGXFHG IURP WRWDO GLVWXUEDQFHV� EXW DUH VWLOO
FRQVHTXHQWLDO� 6DERO HW DO� >�@ VLPXODWHG D WZR�VDWHOOLWH IRU�
PDWLRQ ZKHUH WKH -� HmHFW JUDGXDOO\ GLVSHUVHV WKH IRUPDWLRQ�
6RODU UDGLDWLRQ SUHVVXUH DQG WHVVHUDO UHVRQDQFH DUH SHULRGLF
DQG ZLOO JUDGXDOO\ ZHDU RXW WKH IRUPDWLRQ� FDXVLQJ LWV PHP�
EHUV WR GLVSHUVH UHODWLYH WR HDFK RWKHU� ,Q WUDFNLQJ FRQWURO�
WKH HmHFWV RI VRODU UDGLDWLRQ SUHVVXUH DQG WHVVHUDO UHVRQDQFH
DUH DOVR FRXQWHUHG E\ FRQWURO WKUXVWV�
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:H FKRRVH D VOLGLQJ SODQH LQ WKH IRUP RI ������ 7KH HUURU
IXQFWLRQ UDSLGO\ DSSURDFKHV ]HUR ZKHQ WKH V\VWHP VWDWH LV RQ
WKDW SODQH� 7KH VOLGLQJ SODQH SURGXFHV D SURSRUWLRQDO�SOXV�
LQWHJUDO�SOXV�GHULYDWLYH HTXLYDOHQW FRQWURO RQ WKH IHHGEDFN�
OLQHDUL]HG SODQW� $SSO\LQJ WKH VDWHOOLWH V\VWHP UHODWLYH GH�
JUHHV WR ����� \LHOGV WKH VOLGLQJ SODQHV IRU ERWK WKH LQ�SODQH
G\QDPLFV DQG WKH FURVV�WUDFN G\QDPLFV LQ WKH IRUP
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7KH GLVFRQWLQXRXV VOLGLQJ�PRGH FRQWURO ODZV ZLWK D VHFRQG�
RUGHU VOLGLQJ�SODQH DUH REWDLQHG E\ VXEVWLWXWLQJ ������ DQG
������ LQWR ������
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ZKHUH WKH FRQWURO VLJQPDO PDJQLWXGH KDV D ORZHU ERXQG WKDW
LV GHWHUPLQHG E\ VLPXODWLRQ� ,Q WKH VLPXODWLRQ UXQV GLVFXVVHG
LQ 6HFWLRQ �� ZH ZLOO UHDGMXVW .� DQG .� WR VHDUFK IRU VOLGLQJ
SODQH WKDW UHTXLUH PLQLPDO IXHO FRQVXPSWLRQ�
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7KLV VHFWLRQ VXPPDUL]HV WKH QXPHULFDO VLPXODWLRQ RI D PL�
FURVDWHOOLWH IRUPDWLRQ XVLQJ D VOLGLQJ PRGH IUDPHZRUN IRU FRQ�
WURO� $ OHDGHU VDWHOOLWH RUELWV LQ D ORZ�(DUWK� SRODU RUELW ZKLOH
D IROORZHU VDWHOOLWH LV DFWLYHO\ FRQWUROOHG� 7KH GHVLJQ SDUDPH�
WHUV IRU IXHO PLQLPL]DWLRQ DUH LQYHVWLJDWHG�
$V GHVFULEHG LQ SUHYLRXV VHFWLRQV� WUDFNLQJ FRQWURO UHTXLUHV

D GHVLUHG G\QDPLFV PRGHO RI WKH VDWHOOLWH UHODWLYH PRWLRQ� 7KH
VOLGLQJ PRGH FRQWUROOHU ZRUNV WR PLQLPL]H WKH GLmHUHQFHV EH�
WZHHQ WKH GHVLUHG DQG DFWXDO UHODWLYH PRWLRQ IRU HDFK RI WKH

&DUWHVLDQ FRRUGLQDWH GLUHFWLRQV� )RU WKLV FXUUHQW UHVHDUFK HI�
IRUW� ZH XVH OLQHDU +LOOV HTXDWLRQV ����� WR SURYLGH WKH GHVLUHG
UHODWLYH PRWLRQ� $Q LQGHSHQGHQW VOLGLQJ PRGH DOJRULWKP LV
FUHDWHG IRU HDFK GLUHFWLRQ� &RQWURO WKUXVWV DUH WKHUHIRUH GH�
WHUPLQHG DQG DSSOLHG LQGHSHQGHQWO\ IRU HDFK GLUHFWLRQ�
7R DFFRXQW IRU WKH GLVFUHWH QDWXUH RI WKH FRQWURO WKUXVWV� ZH

DGG D QRQOLQHDU EORFN WKDW UHJXODWHV WKH FRQWURO WKUXVW LQSXW�
,Q HDFK PRYLQJ FRRUGLQDWH IUDPH GLUHFWLRQ� WKH } IXQFWLRQ
IURP HTXDWLRQ ������ PRQLWRUV WKH HUURU EHWZHHQ GHVLUHG DQG
DFWXDO UHODWLYH SRVLWLRQ� UHODWLYH YHORFLW\� DQG LQWHJUDO RI HUURU
SRVLWLRQ� 7KH VLPXODWLRQ DVVXPHV LQVWDQWDQHRXV VHQVLQJ RI
WKHVH YDULDEOHV� ,I M}M LV OHVV WKDQ VRPH GHnQHG WKUHVKROG� pL�
ZKHUH L  [� \� ]� FRQWURO LQSXWV DUH ]HUR� ,I M}M H[FHHGV pL�
D FRQVWDQW FRQWURO IRUFH LV DSSOLHG� 7KHVH WKUXVW OHYHOV DUH
DGMXVWDEOH WR EHWWHU VLPXODWH WKH DFWXDO WKUXVW PDJQLWXGH IRU
D JLYHQ DSSOLFDWLRQ�
2XU VLPXODWLRQ LQFRUSRUDWHV D KLJK nGHOLW\ RUELWDO SURSRJD�

WLRQ DOJRULWKP ZULWWHQ E\ 3ULQFHWRQ 6DWHOOLWH 6\VWHPV IRU
0DWODE� 7KLV DOJRULWKP SURSDJDWHV HDFK VDWHOOLWH LQGHSHQ�
GHQWO\ LQ WKH (DUWK &HQWHUHG ,QHUWLDO �(&,� UHIHUHQFH IUDPH�
,W SHUPLWV XVHU GHnQHG OHYHOV RI GLVWXUEDQFHV� VXFK DV GUDJ�
VRODU LPSDFWV� WKLUG ERG\ LPSDFWV IURP WKH PRRQ
V JUDYLW\�
DQG QRQ�VSKHULFDO HDUWK LPSDFWV� ,Q DGGLWLRQ� WKH KLJK n�
GHOLW\ FRGH DFFHSWV H[WHUQDO IRUFH LQSXWV� SURYLGLQJ D FRQYH�
QLHQW PHDQV WR VLPXODWH FRQWURO IRUFHV�
:H FRQVLGHU WKH FDVH ZKHUH VDWHOOLWHV RUELW WKH (DUWK LQ

QHDU SRODU RUELWV� 7KH OHDGHU VDWHOOLWH LV LQ D FLUFXODU RUELW�
ZKLOH WKH IROORZHU
V RUELW KDV VRPH HFFHQWULFLW\ WR SURGXFH WKH
GHVLUHG UHODWLYH PRWLRQ� 7KH OHDGHU VDWHOOLWH
V VWDUWLQJ SRVL�
WLRQ KDV DQ ��� NP DOWLWXGH� ZLWK PHDQ DQRPDO\� ORQJLWXGH RI
DVFHQGLQJ QRGH� DQG DUJXPHQW RI SHULJHH HTXDOLQJ ]HUR� 7KH
UHODWLYH RUELW EHWZHHQ VDWHOOLWHV LV FLUFXODU� 7KH OHDGHU H[LVWV
LQ WKH IRUPDWLRQ FHQWHU� ZKLOH WKH IROORZHU VDWHOOLWH DWWHPSWV
WR PDLQWDLQ D � NP UDGLXV� 7KUXVW IRU IRUPDWLRQNHHSLQJ LV
RQO\ DSSOLHG WR WKH IROORZHU VDWHOOLWH� WKH OHDGHU VDWHOOLWH RU�
ELWV WKH (DUWK RSHQ ORRS� 7KH VLPXODWLRQ LQFOXGHV WKH (DUWK
REODWHQHVV HmHFW�
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)LJXUH �� c9 YV� 'DPSLQJ 5DWLR

7KH VOLGLQJ PRGH GHVLJQ LQFRUSRUDWHV D QXPEHU RI GHVLJQ
WUDGHRmV� ,Q WKLV VHFWLRQ� DOO WKUXVW OHYHOV DQG IXHO FRQVXPS�
WLRQV �c9 � DUH H[SUHVVHG LQ QRUPDOL]HG �QHW VSHFLnF YDOXHV�
DV GHnQHG LQ ������ 1RWH WKDW c9 LV WKH LQWHJUDO RI WKH VSHFLnF
FRQWURO IRUFHV� 7KH SROHV DVVRFLDWHG ZLWK WKH VOLGLQJ VXUIDFH
DUH D SULPDU\ YDULDEOH ZKHQ FRQVLGHULQJ WKH FORVHG ORRS GH�
VLJQ� 7KH VOLGLQJ VXUIDFH JLYHV WKH FKDUDFWHULVWLF HTXDWLRQ RI
WKH FORVHG ORRS UHVSRQVH ZKHQ WKH HTXLYDOHQW FRQWURO RI WKH
VOLGLQJ PRGH LV LPSOHPHQWHG �L�H� ZKHQ WKH FRQWUROOHG V\VWHP
LV RQ WKH VOLGLQJ SODQH�� :H LQYHVWLJDWHG VHYHUDO VOLGLQJ SODQH
SROH ORFDWLRQV WR DQDO\]H WKHLU LPSDFW RQ IXHO FRQVXPSWLRQ�
DV PHDVXUHG E\ WKH DPRXQW RI YHORFLW\ UHTXLUHG IRU VWDWLRQ�
NHHSLQJ �c9 �� VHH )LJXUH �� 7R IRUPXODWH D UHDVRQDEOH FRP�



SDULVRQ� ZH PDLQWDLQHG WKH QRUPDOL]HG QDWXUDO IUHTXHQF\ RI
WKH FKDUDFWHULVWLF HTXDWLRQ DW ���� 7KLV QRUPDOL]HG QDWXUDO
IUHTXHQF\ XQLW UHVXOWV E\ FKDQJLQJ WKH WLPH YDULDEOH IURP W
WR ~ LQ ������ 7R PLQLPL]H WKH c9 UHTXLUHPHQW� WKH PRVW
HmHFWLYH FDVHV FRUUHVSRQG WR D GDPSLQJ UDWLR EHWZHHQ �����
DQG ������ 7KHVH GDPSLQJ UDWLRV PLQLPL]H WKH RYHUVKRRW RI
WKH WKUXVW UHVSRQVH� :H IRXQG WKDW WKH FDVHV ZLWK VPDOOHU
GDPSLQJ UDWLR OHVV WKDQ ��� UHTXLUH DGGLWLRQDO FRQWURO HQHUJ\
WR PDLQWDLQ DQ DFFHSWDEOH VOLGLQJ VXUIDFH ERXQGDU\ OD\HU �pL��
,Q DGGLWLRQ� ODUJHU GDPSLQJ UDWLRV ������ RU KLJKHU� DW WKLV
QDWXUDO IUHTXHQF\ GULYH WKH IROORZHU VDWHOOLWH WRZDUGV WKH GH�
VLUHG RUELW WRR DJJUHVVLYHO\� 7KLV RYHUFRUUHFWLRQ FRVWV PRUH
HQHUJ\ DV ZHOO�
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)LJXUH �� 5HVSRQVH YV� 6OLGLQJ 3ROH %DQGZLGWK

7KH c9 FRQVXPSWLRQ LV KLJKO\ GHSHQGHQW RQ WKH EDQG�
ZLGWK RI WKH VOLGLQJ SODQH SROHV� &RQVLGHU WKH FDVH ZKHUH WKH
FKDUDFWHULVWLF SROH LV ORFDWHG DORQJ WKH r  ��� OLQH� )RU D
JLYHQ VOLGLQJ SODQH ERXQGDU\ OD\HU �pL� DQG FRUUHFWLYH WKUXVW
�|� PDJQLWXGH� VRPH LGHDO EDQGZLGWK LV GHWHUPLQHG� ,Q WKLV
FDVH� LW RFFXUV DURXQG WKH � UDGLDQ EDQGZLGWK� ,I EDQGZLGWK
LV WRR KLJK� WKH FRQWURO HQHUJ\ WHQGV WR NQRFN WKH VDWHOOLWH
EDFN DQG IRUWK WRR IUHTXHQWO\� ,Q WKHVH FDVHV� WKH GLVWXUEDQFH
IRUFHV DFWXDOO\ FDXVH PLQLPDO LPSDFW RQ WKH HUURU LQ WKH VDWHO�
OLWH
V UHODWLYH SRVLWLRQ� 6HH )LJXUH �� )RU WKLV KLJK EDQGZLGWK
FDVH �ZLWK SROHV UHSUHVHQWHG DV D � LQ )LJXUH ��� WKH FRP�
SHQVDWRU SROHV DUH GHVLJQHG WR FDXVH WKH VDWHOOLWH WR UHDFK LWV
FRUUHFW SRVLWLRQ LQ D KDOI UHYROXWLRQ DURXQG WKH (DUWK �KDOI RI

WKH ������ PLQXWHV IRU WKLV ORZ (DUWK RUELW�� &RQYHUVHO\� LI
WKH EDQGZLGWK LV WRR ORZ� WKH VDWHOOLWHV UHTXLUH D ORQJ VHWWOLQJ
WLPH� $V VKRZQ LQ )LJXUH �� WKH VDWHOOLWH LV ?OLJKWO\� WDSSHG
WR FRUUHFW WKH RUELW� 7KH ORZ EDQGZLGWK UHVSRQVH FDQ UHTXLUH
DQ H[FHVVLYH DPRXQW RI FRQWURO HQHUJ\ RYHU WKH ORQJ UXQ� 7KLV
FDVH FRUUHVSRQGV WR WKH SROH UHSUHVHQWHG E\ o LQ )LJXUH ��
$QRWKHU PDMRU YDULDEOH WKDW LPSDFWV WKH GHVLUDELOLW\ RI WKH

VOLGLQJ PRGH SROH ORFDWLRQ LV WKH WKUXVW PDJQLWXGH� 5HFDOO
WKDW WKH KLJK nGHOLW\ VLPXODWLRQ DOORZV GLUHFW DFFHOHUDWLRQ
WKUXVW LQVHUWLRQV LQWR WKH PRGHO� )LJXUH � LQGLFDWHV WKH LPSDFW
RI WKUXVW OHYHO IRU D W\SLFDO PHGLXP EDQGZLGWK DQG PRGHUDWH
GDPSLQJ UDWLR �ZKHUH r  ����� 2QH FDQ DFKLHYH LPSURYHG
SHUIRUPDQFH E\ LQFUHDVLQJ WKH FRUUHFWLYH WKUXVW OHYHO IRU D
JLYHQ WKUHVKROG OHYHO WR D SRLQW� ,QFUHDVLQJ WKH WKUXVW OHYHOV
EH\RQG WKLV SRLQW RYHUFRPSHQVDWHV� UHVXOWLQJ LQ ZDVWHG HQ�
HUJ\ IURP WKH WLJKWHU SRVLWLRQ HUURU� 7KH VROLG OLQH RQ )LJXUH
� VKRZV WKH WLJKWHU WUDMHFWRU\ WUDFNLQJ� 7KUXVW PDJQLWXGH
GHFUHDVHV DOVR UHTXLUH H[FHVVLYH c9 UHTXLUHPHQWV DQG FUHDWH
ORRVHU SRVLWLRQDO HUURU� 7KLV SRVLWLRQ HUURU LV VKRZQ E\ WKH
GDVK�GRW OLQH LQ )LJXUH ��
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)LJXUH �� 5HVSRQVH YV� 7KUXVW /HYHO

2QH FDQ GUDZ VLPLODU FRQFOXVLRQV DERXW WKH WKUHVKROG YDO�
XHV WKDW WULJJHU WKH FRUUHFWLYH WKUXVWV� 9DU\LQJ pL SURGXFHV D
SDUDEROLF c9 FXUYH �)LJXUH ��� *LYHQ VRPH VHOHFWLRQ IRU FRQ�
WURO SDUDPHWHUV VXFK DV GDPSLQJ UDWLR DQG QDWXUDO IUHTXHQF\�
ZH FDQ IRUPXODWH VRPH UXOH RI WKXPE WKDW UHODWHV WKH WULJ�
JHULQJ WKUHVKROG IRU WKH SUHVFULEHG WKUXVW PDJQLWXGH� ([FHV�
VLYH GULIW XVXDOO\ UHTXLUHV WRR PXFK FRUUHFWLYH WKUXVW WR PDNH



ORRVH WROHUDQFHV IHDVLEOH� 2Q WKH RWKHU KDQG� H[FHVVLYHO\ WLJKW
WROHUDQFHV FDXVH RYHUFRPSHQVDWLRQ� DV WKH VDWHOOLWH ERXQFHV
EHWZHHQ WKUHVKROG H[WUHPHV�
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)LJXUH �� c9 YV� 7KUXVWLQJ 7KUHVKROG

7KH VOLGLQJ PRGH GHVLJQ LV UREXVW WR YDULRXV SHUWXUEDWLRQV�
7KH PHWKRGRORJ\ RQO\ UHTXLUHV D WUDFNLQJ VLJQDO WKDW LQGL�
FDWHV ZKDW WKH GHVLUHG UHODWLYH SRVLWLRQ DQG YHORFLW\ YHFWRUV
DUH� 5HFDOO WKDW ZH WUDFN D WUDMHFWRU\ GHULYHG IURP WKH OLQHDU
+LOOV HTXDWLRQ DV RXU GHVLUHG G\QDPLFV� :H FRPSDUH WZR RU�
ELWLQJ G\QDPLF PRGHOV� WKH KLJK nGHOLW\ VLPXODWLRQ ZLWK -�
RQO\ DQG WKH DOO SHUWXUEDWLYH IRUFH RSWLRQV DYDLODEOH LQ WKH
KLJK nGHOLW\ VLPXODWLRQ LQFOXGLQJ KLJKHU RUGHU (DUWK JUDYLWD�
WLRQDO HmHFWV� DWPRVSKHULF GUDJ� VRODU UDGLDWLRQ� VRODU GLVWXU�
EDQFHV� DQG OXQDU DQG VRODU JUDYLW\�
:H IRXQG WKDW DV WKH EDQGZLGWK RI WKH FORVHG ORRS V\V�

WHP LQFUHDVHV� WKH GLmHUHQFHV LQ SHUWXUEDWLYH IRUFHV EHFRPHV
QHJOLJLEOH LQ WHUPV RI IXHO XVDJH FRPSDUHG WR WKH -� FDVH GLV�
FXVVHG HDUOLHU� 7KLV LV EHFDXVH PRUH SRZHU LV XVHG WR GULYH
WKH V\VWHP WRZDUGV WKH VOLGLQJ PRGH DQG GLVWXUEDQFH DmHFWV
DUH DWWHQXDWHG PRUH HmHFWLYHO\� 7KH GLVWXUEDQFH HmHFWV DUH
PRUH QRWLFHDEOH DW ORZHU EDQGZLGWK GHVLJQV� 7KHUH DUH QHJ�
OLJLEOH FORVHG ORRS UHVSRQVH GLmHUHQFHV EHWZHHQ WKH -� RQO\
GLVWXUEDQFH FDVH DQG QXPHURXV SHUWXUEDWLRQ FDVH� ,Q IDFW�
IRU D VLPXODWLRQ ZLWK D RQH ZHHN GXUDWLRQ� WKH -��RQO\ FDVH
UHTXULHV DSSUR[LPDWHO\ WKH VDPH c9 DV WKH H[WHQVLYH SHUWXU�
EDWLRQ FDVH� WR ZLWKLQ ��� )LJXUH � VKRZV WKH VLPLODU SRVLWLRQ
HUURU IRU WKHVH FDVHV� 7KLV VXSSRUWV WKH FRQFOXVLRQ WKDW -� LV
WKH GRPLQDQW SHUWXUEDWLRQ DW WKLV RUELW WUDMHFWRU\�
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>�@ %DUWROLQL� *� DQG 3\G\QRZVNL� 3�� ?$Q ,PSURYHG &KDW�
WHULQJ )UHH 96& 6FKHPH IRU 8QFHUWDLQ '\QDPLFDO 6\V�
WHPV�� ,((( 7UDQVDFWLRQV RQ $XWRPDWLF &RQWURO� 9RO�
��� SS ��������� �����

>�@ &ORKHVV\� :� +� DQG :LOWVKLUH� 5� +�� ?7HUPLQDO *XLG�
DQFH 6\VWHP IRU 6DWHOOLWH 5HQGH]YRXV�� -RXUQDO RI WKH
$HURVSDFH 6FLHQFHV� 9RO� ��� SS �������� �����

>�@ 'H &DUOR� 5� $�� =DN� 6� +� DQG 0DWKHZV� *� 3�� ?9DUL�
DEOH 6WUXFWXUH &RQWURO RI 1RQOLQHDU 0XOWLYDULDEOH 6\V�
WHPV� $ 7XWRULDO�� 3URFHHGLQJV RI WKH ,(((� 9RO� ��� 1R�
�� SS �������� �����

>�@ 'H 4XHLUR]� 0� 6�� .DSLOD� 9� DQG <DQ 4�� ?$GDSWLYH
1RQOLQHDU &RQWURO RI 0XOWLSOH 6SDFHFUDIW )RUPDWLRQ )O\�
LQJ�� $,$$ &RQIHUHQFH RQ *XLGDQFH� 1DYLJDWLRQ DQG
&RQWURO� 3RUWODQG� 2UHJRQ� ���� $XJ� �����
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)LJXUH �� 5HVSRQVHV IRU 1RPLQDO DQG 3HUWXUEHG '\QDPLFV

>�@ 'UD]HQRYLF� %�� ?7KH ,QYDULDQW &RQGLWLRQV LQ 9DULDEOH
6WUXFWXUH 6\VWHPV�� $XWRPDWLFD� 9RO� �� SS ��������
�����

>�@ .DSLOD� 9�� 6SDUNV� $� *�� %XpQJWRQ� -� 0� DQG <DQ� 4��
?6SDFHFUDIW )RUPDWLRQ )O\LQJ� '\QDPLFV DQG &RQWURO��
$PHULFDQ &RQWURO &RQYHUHQFH� 6DQ 'LHJR� &$� �����

>�@ 6DERO� &�� %XUQV� 5� DQG 0F/DXJKOLQ� &�� ?)RUPDWLRQ
)O\LQJ 'HVLJQ DQG (YROXWLRQV�� $$6�$,$$ 6SDFH )OLJKW
0HFKDQLFV 0HHWLQJ� )HEUXDU\� �����

>�@ 6FKDXE� +� DQG $OIULHQG� .� 7�� ?-� ,QYDULDQW 5HIHUHQFH
2UELWV IRU 6SDFH &UDIW )RUPDWLRQV�� )OLJKW 0HFKDQLFV
6\PSRVLXP� *RGGDUG 6SDFH )OLJKW &HQWHU� *UHHQEHOW�
0DU\ODQG� ����� 0D\ �����

>�@ 6FKDXE� +� 9DGDOL� 6� 5�� -XQNLQV� -� /� DQG $OIULHQG� .�
7�� ?6SDFH &UDIW )RUPDWLRQ )O\LQJ &RQWURO 8VLQJ 0HDQ
2UELW (OHPHQWV�� $VWURG\QDPLF &RQIHUHQFH� $QNRUDJH�
$.� �����

>��@ 6LQJK� 6� 1�� ? $V\PSWRWLFDOO\ 'HFRXSOHG 'LVFRQWLQX�
RXV &RQWURO RI 6\VWHPV DQG 1RQOLQHDU $LUFUDIW 0DQHX�
YHU�� ,((( 7UDQVDFWLRQV RQ $HURVSDFH DQG (OHFWURQLF
6\VWHPV� 9RO� ��� 1R� �� SS �������� 0D\ �����

>��@ 6ORWLQH� -� -� DQG /L� :�� $SSOLHG 1RQOLQHDU &RQWURO�
3UHQWLFH +DOO� �����

>��@ <HK� +� +� DQG 6SDUNV� $�� ?*HRPHWU\ DQG &RQWURO
RI 6DWHOOLWH )RUPDWLRQV�� $PHULFDQ &RQWURO &RQIHUHQFH�
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