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WLRQV� FKRRVH SRLQWV WR EH WKH FHQWHU RI WKH PHPEHU�

VKLS IXQFWLRQV� FRYHULQJ WKH ZKROH LQSXW XQLYHUVH RI

GLVFRXUVH� )RU LQVWDQFH� RQH FDQ XVH WKH YHFWRU

[f @

5
999999999999997

3=9

3=;

4=3

4=5

4=7

4=;

5=5

5=9

6=3

6=7

6
::::::::::::::8

����

DQG REWDLQ WKH PHPEHUVKLS IXQFWLRQV DV VKRZQ LQ ¿J�

XUH ��

)RU HDFK PHPEHUVKLS IXQFWLRQ Dm GH¿QH D VLQJOH

UXOH RI IRUP�
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ZKHUH u @OHQJWK+[f,�

$V WKH NQRZOHGJH RI WKH V\VWHP LV DYDLODEOH IURP

����� QRWH WKDW H[DFW UXOHV FDQ EH JHQHUDWHG VLPSO\

FRPSXWLQJ WKH YDOXH RI WKH IXQFWLRQ j+{m�j, DV EHLQJ
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ZKLFK PHDQV WKDW IRU m @ 4> ==> u WKH NQRZOHGJH LV
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)LJXUH �� &RQWURO HIIRUW

1RWH WKDW WKHVH UXOHV DUH H[DFW EHFDXVH ZH NQRZ WKH

IXQFWLRQ j+{,� 7R EH GLGDFWLF DQG LQ RUGHU WR VKRZ WKH

VWDWHV DQG IXQFWLRQ DGDSWDWLRQ� VRPH XQFHUWDLQWLHV FDQ

EH LQVHUWHG� )RU LQVWDQFH� XVH
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ZKHUH )m LV D UDQGRP QXPEHU FKRVHQ IURP D QRUPDO

GLVWULEXWLRQ ZLWK PHDQ ]HUR DQG YDULDQFH RQH� ,Q RXU

FDVH� WKH HVWLPDWHG SDUDPHWHUV ZHUH LQLWLDOL]HG DV
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��� 6LPXODWLRQ UHVXOWV

7KH VLPXODWLRQ UHVXOWV DUH VKRZQ LI ¿JXUHV � WR ���

� &21&/86,216

3UHYLRXV ZRUNV XVXDOO\ XVHV D UHIHUHQFH VLJQDO |u
�H�J� >�� �� �� ��� ��� ��� ��� ��� ��@� VR WKDW WKH\ FRQ�

VLGHU WKDW LWV WLPH�GHULYDWLYH DUH NQRZQ WR FRPSRVH WKH

FRQWURO DFWLRQ DQG WKH UHIHUHQFH VLJQDO LV UHVWULFWHG IRU
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)LJXUH ��� 6WDWHV HVWLPDWLRQ HUURU

D FODVV RI VLJQDO ZKLFK WKH q � rughu WLPH�GHULYDWLYH

FDQ EH FRPSXWHG �VXFK DV WKH WULJRQRPHFWULF IXQF�

WLRQV�� 2Q WKH RWKHU KDQG� WKH\ DUH XQDEOH WR JXDUDQWHH

VDIH RSHUDWLRQ� IRU H[DPSOH� IRU D VLQJOH VWHS DV UHIHU�

HQFH VLJQDO�

$V SUHYLRXV SDSHUV� LW LV EDVHG RQ WKH XQNQRZQ

IXQFWLRQV i+{, DQG j+{, WKDW DUH SURSRVHG WR EH HV�

WLPDWHG WKURXJK IX]]\ EORFNV� +RZHYHU� GLIIHUHQWO\

IURP WKRVH SUHYLRXV ZRUNV� WKLV SDSHU GR QRW UH�

VWULFWV WKH UHIHUHQFH VLJQDO EHFDXVH LW GR QRW XVHV WKH

q � rughu WLPH�GHULYDWLYH RI WKH UHIHUHQFH VLJQDO WR

FRPSRVH WKH FRQWURO ODZ� 7KH H[DFW IHHGEDFN OLQ�

HDUL]DWLRQ DSSURDFK VXJJHVW WKH GHVLJQ RI WKH FRQ�

WURO ODZ ��� DQG WKH JDLQ PDWUL[ N LV DSSOLHG WR

SROH SODFHPHQW� 0RUHRYHU� LQ SUHYLRXV SDSHUV �H�J�

>�� �� �� ��� ��� ��� ��� ��� ��@� WKH XVH RI DQ H[WHU�

QDO FRQWURO VLJQDO ZDV QHVVDU\ WR DFKLHYH WKH VWDELOLW\�

7KH WUDFNLQJ HUURU |+w, $ u+w, UHSUHVHQWV WKH FRQ�

WURO REMHFWLYH DQG LW LV UHDFKHG VLQFH WKH IXQFWLRQ

DQG VWDWHV HVWLPDWLRQ FRQYHUJHV� 3UHYLRXV ZRUNV �H�J�

>�� �� �� ��� ��� ��� ��� ��� ��@� WUHDW WKH WUDFNLQJ HUURU

DV WKH PDLQ FRQWURO REMHFWLYH DQG WKH IXQFWLRQV HVWL�

PDWLRQ FRQYHUJHQFH GRHV QRW FDUH VLQFH WKH\ DUH PDLQ�

WDLQHG LQ D FRPSDFW DQG FRQVWUDLQW VHW XVLQJ WKH SUR�

MHFWLRQ YHFWRU >��@� 7KH SURSRVHG FRQWURO ODZ �����

EDVLQJ RQ WKH /\DSXQRY WHFKQLTXHV �HTXDWLRQ ��� DV�

VXUHV WKDW WKH VWDWHV HVWLPDWLRQ HUURU GHFUHDVHV DV ZHOO

DV LW JXDUDQWHHV WKH IXQFWLRQ HVWLPDWLRQV FRQYHUJHQFH

WR WKHLU UHDO YDOXHV� L�H�� a{ $ {� i+a{ma�i , $ i+{m��i ,
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DQG j+a{ma�j, $ j+{m��j,=
6XFFHVVIXO VLPXODWLRQV ZLWK GLIIHUHQW QXPEHU RI

UXOHV DV ZHOO DV GLIIHUHQW LQLWLDOL]DWLRQ LQGLFDWHV WKH UR�

EXVWQHVV RI WKH PHWKRG ZLWK UHVSHFW WR WKHVH SDUDPH�

WHUV�

Dfnqrzohgjhphqw = 7KH DXWKRUV DUH LQGHEWHG WR
)$3(63 � )XQGDomR GH $PSDUR j 3HVTXLVD GR (VWDGR

GH 6mR 3DXOR� IRU VXSSRUW XQGHU JUDQW ����������

5HIHUHQFHV

>�@ -�6� %DQHUMHH� .�2� -RQHV� DQG '�:LOOLDPV� 0XO�

WLYDULDEOH PRGHO UHIHUHQFH IX]]\ DGDSWLYH FRQ�

WURO� 3URFHHGLQJV RI WKH ,(( 6HPLQDU RQ /HDUQ�

LQJ 6\VWHPV IRU &RQWURO� SDJHV ����±����� 5HI�

���� �����

>�@ (G\ %HUWROLVVL� $QWRLQH 'XFKkWHDX� +XJXHV

%HUVLQL� DQG )UDQN 9DGHQ %HUJKHQ� 'LUHFW DGDS�

WLYH IX]]\ FRQWURO IRU 0,02 SURFHVVHV� 3URFHHG�

LQJV RI WKH �WK ,((( ,QW� &RQI� RQ )X]]\ 6\VWHPV�

���±��� �����

>�@ <HRQJ�&KDQ &KDQJ DQG %RU�6HQ &KHQ� 5REXVW

WUDFNLQJ GHVLJQ IRU ERWK KRORQRPLF DQG QRQKROR�

QRPLF FRQVWUDLQHG PHFKDQLFDO V\VWHPV� $GDS�

WLYH IX]]\ DSSURDFK� ,((( 7UDQVDFWLRQV RQ )X]]\

6\VWHPV� �������±��� )HEUXDU\ �����

>�@ %RU�6HQ &KHQ� &KLQJ�+VLDQJ /HH� DQG <HRQJ�

&KDQ &KDQJ� +LQI WUDFNLQJ GHVLJQ RI XQFHU�

WDLQ QRQOLQHDU 6,62 V\VWHPV� $GDSWLYH IX]]\ DS�

SURDFK� ,((( 7UDQV� RQ )X]]\ 6\VWHPV� �������±

��� )HEUXDU\ �����

>�@ /LDQJ &KHQ� *XDQURQJ &KHQ� DQG <DQJ�:RR

/HH� )X]]\ PRGHOLQJ DQG DGDSWLYH FRQWURO RI XQ�

FHUWDLQ FKDRWLF V\VWHPV� ,QIRUPDWLRQ 6FLHQFHV�

������±��� �����

>�@ &KLK�+VXQ &KRX� 0RGHO UHIHUHQFH DGDSWLYH

IX]]\ FRQWURO� $ OLQJXLVWLF VSDFH DSSURDFK�

)X]]\ 6HWV DQG 6\VWHPV� ����±��� �����

>�@ 3UHGUDJ '� 'MXUGMHYLF� 5HDO WLPH DGDSWLYH IX]]\

FRQWURO RI LQYHUWHG SHQGXOXP� 3URFHHGLQJV RI WKH

��QG 0LGZHVW 6\PSRVLXP RQ &LUFXLWV DQG 6\V�

WHPV� �����±���� �����

>�@ .XUW )LVFKOH DQG 'LHUN 6FKURGHU� $Q LP�

SURYHG VWDEOH DGDSWLYH IX]]\ FRQWURO PHWKRG�

,((( 7UDQVDFWLRQV RQ )X]]\ 6\VWHPV� �������±

��� )HEUXDU\ �����

>�@ 9H\VHO *D]L DQG .HYLQ 0� 3DVVLQR� 'LUHFW DGDS�

WLYH FRQWURO XVLQJ G\QDPLF VWUXFWXUH IX]]\ V\V�

WHPV� 3URFHHGLQJV RI WKH $PHULFDQ &RQWURO &RQ�

IHUHQFH� ������±����� -XQH �����

>��@ +XJDQJ +DQ� &KXQ�<L 6X� DQG 6KXWD 0XUDNDPL�

$GDSWLYH FRQWURO RI D FODVV RI QRQOLQHDU GLVFUHWH�

WLPH V\VWHPV ZLWK IX]]\ ORJLF� 3URFHHGLQJV RI

WKH �UG :RUOG FRQJUHVV RQ LQWHOOLJHQW FRQWURO DQG

DXWRPDWLRQ� ������±����� -XO\ �����

>��@ )�&� +RSSHQVWHDGW� $QDO\VLV DQG 6LPXODWLRQ RI

&KDRWLF 6\VWHPV� 6SULQJHU 9HUODJ� �����

>��@ +DVVDQ .� .KDOLO� 1RQOLQHDU 6\VWHPV� 3UHQWLFH

+DOO� �QG HGLWLRQ� �����

>��@ +\HRQJFKHRO /HH DQG0DVD\RVKL 7RPL]XND� 5R�

EXVW DGDSWLYH FRQWURO XVLQJ D XQLYHUVDO DSSUR[L�

PDWRU IRU VLVR QRQOLQHDU V\VWHPV� ,((( 7UDQVDF�

WLRQV RQ )X]]\ 6\VWHPV� �������±���� )HEUXDU\

�����

>��@ '� *� /XHQEHUJHU� /LQHDU DQG 1RQOLQHDU 3UR�

JUDPPLQJ� $GGLVRQ�:HVOH\ 3XEOLVKLQJ &RP�

SDQ\� ,QF�� �����

>��@ +� 1LMPHLMHU DQG $� 9DQ 'HU 6KDIW� 1RQOLQHDU

'\QDPLFDO &RQWURO 6\VWHPV� 6SULQJHU 9HUODJ�

�����

>��@ %� 1RYDNRYLF� '� 6FDS� DQG '� 1RYDNRYLF� $Q

DGDSWLYH IX]]\ ORJLF FRQWURO V\QWKHVLV DQG DSSOL�

FDWLRQV LQ URERWLFV� 3URFHHGLQJV RI WKH ,((( ,QW�

&RQIHUHQFH RQ 6\VWHPV� 0DQ� DQG &\EHUQHWLFV�

�����±���� �����

>��@ ,� 5RMDV� +� 3RPDUHV� )�-� 3HOD\R� 0� $QJXLWD�

(� 5RV� DQG $� 3ULHWR� 1HZ PHWKRGRORJ\ IRU WKH

GHYHORSPHQW RI DGDSWLYH DQG VHOI�OHDUQLQJ IX]]\

FRQWUROOHU LQ UHDO WLPH� ,QWHUQDWLRQDO -RXUQDO RI

$SSUR[LPDWH 5HDVRQLQJ� ������±���� �����

>��@ -LH 6L� 1DL\DR =KDQJ� DQG 5LOXP 7DQJ� $ QHZ

RQ�OLQH IX]]\ FRQWURO VFKHPH EDVHG RQ UHIHUHQFH

PRGHO� 3URFHHGLQJV RI WKH ,QW� -RLQW &RQIHUHQFH

RQ 1HXUDO 1HWZRUNV� ������±����� �����

>��@ -HDQ�-DFTXHV (� 6ORWLQH DQG :HLSLQJ /L� $SSOLHG

1RQOLQHDU &RQWURO� 3UHQWLFH +DOO� �����

>��@ (GXDUGR '� 6RQWDJ� 0DWKHPDWLFDO &RQWURO 7KH�

RU\� 6SULQJHU 9HUODJ� �����

>��@ <XH]KRQJ 7DQJ� 1DL\DR =KDQJ� DQG <DQGD /L�

6WDEOH IX]]\ DGDSWLYH FRQWURO IRU D FODVV RI

QRQOLQHDU V\VWHPV� )X]]\ 6HWV DQG 6\VWHPV�

�������±���� �����

>��@ 6KDR &KHQJ 7RQJ DQG 7LDQ\RX &KDL� )X]]\ GL�

UHFW DGDSWLYH FRQWURO IRU D FODVV RI QRQOLQHDU V\V�

WHPV� )X]]\ 6HWV DQG 6\VWHPV� �������±����

�����

>��@ 6KDR &KHQJ 7RQJ� 4LQJJXR /L� DQG 7LDQ\RX

&KDL� )X]]\ DGDSWLYH FRQWURO IRU D FODVV RI QRQ�

OLQHDU V\VWHPV� )X]]\ 6HWV DQG 6\VWHPV� ������±

��� �����

>��@ 6KDR &KHQJ 7RQJ� -LDQWDR 7DQJ� DQG 7DR :DQJ�

)X]]\ DGDSWLYH FRQWURO RI PXOWLYDULDEOH QRQOLQ�

HDU V\VWHPV� )X]]\ 6HWV DQG 6\VWHPV� �������±

���� �����
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>��@ 6KDR &KHQJ 7RQJ� 7DR :DQJ� DQG -LDQ 7DR 7DQJ�

)X]]\ DGDSWLYH RXWSXW WUDFNLQN FRQWURO RI QRQOLQ�

HDU V\VWHPV� )X]]\ 6HWV DQG 6\VWHPV� �������±

���� �����

>��@ &KXQJ�6KL 7VHQJ DQG %RU�6HQ &KHQ� )X]]\

WUDFNLQJ FRQWURO GHVLJQ IRU QRQOLQHDU GLVFUHWH�

WLPH G\QDPLF V\VWHPV YLD 76 IX]]\ PRGHO� 3UR�

FHHGLQJV RI WKH �WK ,((( ,QW� &RQI� RQ )X]]\ 6\V�

WHPV� �����±���� �����

>��@ /L�;LQ :DQJ� 6WDEOH DGDSWLYH IX]]\ FRQWURO RI

QRQOLQHDU V\VWHPV� ,((( 7UDQV� RQ )X]]\ 6\V�

WHPV� ��µ������±���� �����

>��@ /L�;LQ :DQJ� $GDSWLYH )X]]\ 6\VWHPV DQG &RQ�

WURO� 3UHQWLFH +DOO� �����

>��@ :HQ -LH :DQJ DQG %LQJ <RQJ 7DQJ� $ IX]]\

DGDSWLYH PHWKRG IRU LQWHOOLJHQW FRQWURO� ([SHUW

6\VWHPV ZLWK $SSOLFDWLRQV� �����±��� -DQXDU\

�����

>��@ &�+� :RQJ� 6�/� 6KDK� 0�0� %RXUNH� DQG '�*�

)LVKHU� $GDSWLYH IX]]\ UHODWLRQDO SUHGLFWLYH FRQ�

WURO� )X]]\ 6HWV DQG 6\VWHPV� �������±����

�����

>��@ :HQ )DQJ ;LH DQG $�%�5DG� )X]]\ DGDSWLYH LQ�

WHUQDO PRGHO FRQWURO� ,((( 7UDQV� RQ ,QGXVWULDO

(OHFWURQLFV� ���������±���� )HEUXDU\ �����

>��@ 2� <DQLY DQG0� 6FKQHLGHU� 6\QWKHVLV RI DGDSWLYH

OLQHDU�WLPH�LQYDULDQW FRQWUROOHUV E\ IX]]\ ORJLF

FRQWUROOHUV� )X]]\ 6HWV DQG 6\VWHPV� ������±���

�����

>��@ =�'� <XDQ DQG 6�+� +RX� ,QGLUHFW DGDSWLYH IX]]\

FRQWURO RI GLVFUHWH�WLPH QRQOLQHDU V\VWHPV� 3UR�

FHHGLQJV RI WKH �UG :RUOG &RQJUHVV RQ ,QWHOOL�

JHQW &RQWURO DQG $XWRPDWLRQ� ������±����� -XO\

�����

>��@ -HU]\ =DEF]\N� 0DWKHPDWLFDO &RQWURO 7KHRU\�

%LUNKlXVHU� �����

>��@ +XDJXDQJ =KDQJ DQG =HXQJQDP %LHQ� $GDSWLYH

IX]]\ FRQWURO RI0,02QRQOLQHDU V\VWHPV� )X]]\

6HWV DQG 6\VWHPV� �������±���� �����

>��@ 0DQ =KLKRQJ� ;�+� <X� .� (VKUDJKLDQ� DQG

0� 3DODQLVZDPL� $Q DGDSWLYH VXSHUYLVRU\ FRQ�

WUROOHU IRU QRQOLQHDU IX]]\ ORJLF FRQWURO V\VWHPV�

3URF� RI WKH �WK $XVWUDOLDQ DQG 1HZ =HDODQG

&RQI� RQ ,QWHOOLJHQW ,QIRUPDWLRQ 6\VWHPV� SDJHV

���±���� �����
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