
,QGLUHFW $GDSWLYH 3 UHGLFWLYH & RQWURO LQ

7DFN OLQJ 5 HDO : RUOG & RQWURO ,VVXHV

0LKDL +X]PH]DQ DQG *X\ $� 'XPRQW
'HSDUWPHQW RI (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ

3XOS DQG 3DSHU &HQWUH
8QLYHUVLW\ RI %ULWLVK &ROXPELD�9DQFRXYHU� %�&� &DQDGD
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2 XWOLQH
�� ,QWURGXFWLRQ

�� 6\VWHP ,GHQWLp FDWLRQ

s 7KH QHHG IRU PRGHOOLQJ

s 0RGHO VWUXFWXUHV

s 7KH / DJXHUUH PRGHO

s / HDVW�VTXDUHV LGHQWLp FDWLRQ

s 2 SHQ YV� FORVHG�ORRS LGHQWLp FDWLRQ

�� 0%3 &

s : K\ 0%3 & "

s 7KH PHWKRGRORJ\

s $GDSWLYH 0%3 &

s 3 URV DQG FRQV

s & RQFOXVLRQV

�� $SSOLFDWLRQV

s %DWFK UHDFWRU FRQWURO

s $ FRPPHUFLDO LPSOHPHQWDWLRQ DW ZRUN
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6\VWHP ,GHQWLp FDWLRQ

s 7KLV LV WKH p HOG RI EXLOGLQJ SURFHVV PRGHOV IURP H[SHULPHQWDO GDWD

s ,W FRQVLVWV RI WKH IROORZLQJ�

^ ([SHULPHQWDO SODQQLQJ
^ 6HOHFWLRQ RI PRGHO VWUXFWXUH
^ 3 DUDPHWHU HVWLPDWLRQ
^ 9DOLGDWLRQ
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([SHULPHQWDO ' HVLJQ

s ([SHULPHQWV DUH GLr FXOW DQG FRVWO\

s ,QSXW VLJQDO VKRXOG H[FLWH DOO PRGHV RI LQWHUHVW

^ 3 UREOHPDWLF LQ DGDSWLYH FRQWURO ZLWK QR DFWLYH OHDUQLQJ

s & ORVHG�ORRS LGHQWLp DELOLW\ KHOSHG E\�

^ 1 RQOLQHDU� RU WLPH�YDU\LQJ IHHGEDFN
^ 6HWSRLQW FKDQJHV
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�� � %DQo� &DQDGD� ����� -XO\� ���� �



0RGHOV IRU ,GHQWLp FDWLRQ

s 0RGHOV DUH UHDOO\ DSSUR[LPDWLRQV RI WKH UHDO V\VWHP

s 7KHUH LV QR XQLTXH PRGHO WR GHVFULEH D JLYHQ SURFHVV

s 6WUXFWXUH GHULYHG IURP SULRU N QRZOHGJH DQG SXUSRVH RI PRGHO

s 1 DWXUDO WR XVH JHQHUDO OLQHDU V\VWHP� FDOOHG D EODFN �ER[ PRGHO

^ ,PSXOVH UHVSRQVH PRGHO
^ 6WHS UHVSRQVH PRGHO
^ 7UDQVIHU IXQFWLRQ PRGHO
^ *HQHUDO VWRFKDVWLF PRGHO
^ 6WDWH�VSDFH PRGHO
^ / DJXHUUH PRGHO
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7KH ,PSXOVH 5 HVSRQVH 0RGHO
2 QH RI WKH VLPSOHVW�

\�N�  
�;
M  �

KMX�N b M b ��

KM LV WKH MWK HOHPHQW RI WKH LPSXOVH UHVSRQVH RI WKH SURFHVV�
$VVXPLQJ WKDW WKH LPSXOVH UHVSRQVH DV\PSWRWLFDOO\ JRHV WR ] HUR� LW
PD\ EH WUXQFDWHG DIWHU WKH QKWK HOHPHQW�

\�N�  

QK;
M  �

KMX�N b M b ��

7KLV LV FDOOHG D )LQLWH ,PSXOVH 5 HVSRQVH �),5 � PRGHO DQG FDQ RQO\
EH XVHG IRU VWDEOH SURFHVVHV�
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7KH 6WHS 5 HVSRQVH 0RGHO

$OVR RQH RI WKH VLPSOHVW�

\�N�  

QV;
M  �

VMcX�N b M b ��

VM LV WKH MWK HOHPHQW RI WKH VWHS UHVSRQVH RI WKH SURFHVV� c LV WKH
GLoHUHQFLQJ RSHUDWRU�

cX�N�  X�N�b X�N b ��  ��b Tb��X�N�

7KLV LV WKH )LQLWH 6WHS 5 HVSRQVH �)65 � PRGHO XVHG LQ ' \QDPLF
0DWUL[ & RQWURO �' 0& �� LW FDQ RQO\ EH XVHG IRU VWDEOH SURFHVVHV�
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7KH 7UDQVIHU )XQFWLRQ 0RGHO
7KLV LV WKH FODVVLFDO GLVFUHWH�WLPH WUDQVIHU IXQFWLRQ PRGHO�

\�N�  
%�Tb��

$�Tb��
Tb

G
X�N b ��

ZKHUH G LV WKH WLPH GHOD\ RI WKH SURFHVV LQ VDPSOLQJ LQWHUYDOV �G y �� DQG WKH

SRO\QRPLDOV $ DQG % DUH JLYHQ E\�

$�Tb
�
�  � � D�T

b�
� c c c � DQ$T

bQ$

%�Tb
�
�  E� � E�T

b�
� c c c � EQ%T

bQ%

7KLV FDQ EH XVHG IRU ERWK VWDEOH DQG XQVWDEOH SURFHVVHV� 1 RWH WKDW ERWK ),5 DQG

)65 PRGHOV FDQ EH VHHQ DV VXEVHWV RI WKH WUDQVIHU IXQFWLRQ PRGHO� 7KLV PRGHO

UHTXLUHV OHVV SDUDPHWHUV WKDQ ),5 RU )65 � EXW DVVXPSWLRQV DERXW WKH RUGHUV Q$

DQG Q% DQG WKH WLPH GHOD\ G PXVW EH PDGH�
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7KH *HQHUDO 6WRFKDVWLF 0RGHO

7KLV LV EHWWHU N QRZQ DV WKH %R[�-HQN LQV PRGHO� DQG GHVFULEHV
ERWK WKH SURFHVV DQG WKH GLVWXUEDQFH�

\�N�  
%�Tb��

$�Tb��
TbGX�N b �� � &�Tb��

'�Tb��
H�N�

ZKHUH H�N� LV D GLVFUHWH ZKLWH QRLVH VHTXHQFH ZLWK ] HUR PHDQ DQG
YDULDQFH �H�
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7KH *HQHUDO 6WRFKDVWLF 0RGHO

7KH IRUP PRVW XVHG LQ DGDSWLYH FRQWURO LV WKH VR�FDOOHG & $5 ,0$�
RU $5 ,0$; PRGHO�

\�N�  
%�Tb��

$�Tb��
TbGX�N b �� � &�Tb��

$�Tb��c
H�N�

3 XWWLQJ c LQ WKH QXPHUDWRU RI WKH QRLVH PRGHO PHDQV WKDW WKH
QRLVH LV QRQVWDWLRQDU\� �H�W� c LV N QRZQ DV D UDQGRP ZDON �� 7KLV
IRUFHV DQ LQWHJUDWLRQ LQ WKH FRQWUROOHU� 7KLV LV WKH PRGHO XVHG LQ
*HQHUDOL] HG 3 UHGLFWLYH & RQWURO �*3 & ��
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7KH 6WDWH�6SDFH 0RGHO

1 RW XVHG YHU\ RIWHQ LQ DGDSWLYH FRQWURO�

[�N�  $ [�N b �� �% X�N b ��

\�N�  F7[�N�

7KH $5 0$; PRGHO FDQ DOVR EH ZULWWHQ LQ VWDWH�VSDFH IRUP� 2 QH RI
WKH DGYDQWDJHV RI WKH VWDWH�VSDFH UHSUHVHQWDWLRQ LV WKDW LW VLPSOLp HV
WKH SUHGLFWLRQ� + RZHYHU� V\VWHP LGHQWLp FDWLRQ LV PRUH FRPSOH[ IRU D
VWDWH�VSDFH PRGHO WKDQ IRU D WUDQVIHU IXQFWLRQ PRGHO�
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& RQWLQXRXV / DJXHUUH )XQFWLRQV

s & RQWLQXRXV / DJXHUUH IXQFWLRQV IRUP D FRPSOHWH RUWKRQRUPDO VHW
LQ /�>����

s & DQ EH GHVFULEHG E\

)L�V�  
S
�S
�Vb S�Lb�

�V� S�L
� L  �� ��� 1

ZKHUH L LV WKH RUGHU RI WKH IXQFWLRQ �L  �� ��1�� DQG S ! � LV WKH
WLPH�VFDOH
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& RQWLQXRXV / DJXHUUH )XQFWLRQV

s $Q RSHQ�ORRS VWDEOH V\VWHP FDQ EH GHVFULEHG E\ WKH VWDEOH�
FRQWUROODEOH DQG REVHUYDEOH VWDWH�VSDFH PRGHO�

O�W� ��  $O�W� � EX�W�

\�W�  F7 O�W�

ZLWK O7 �W�  > O��W� O��W� � � � O1�W� @7 � DQG F7  >F� F� � � � F1 @
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& RQWLQXRXV / DJXHUUH )XQFWLRQV



S
�S

V�S

8�V�


VbS
V�S

/��V�
 ���

/��V�


VbS
V�S

/1�V�
�

�

�

�

�

�

F� F� F1

� � �

6XPPLQJ &LUFXLW_

< �V�

)LJXUH �� 5 HSUHVHQWDWLRQ RI SODQW G\QDPLFV XVLQJ D WUXQFDWHG
FRQWLQXRXV / DJXHUUH ODGGHU QHWZRUN
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([DPSOH RI / DJXHUUH 0RGHOOLQJ
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(a) 3 Laguerre filter Model (b) 5 Laguerre filter Model

(c) 8 Laguerre filter Model (d) Laguerre Model Coefficients

Time in seconds Time in seconds

(e) Laguerre Functions

1st Order

Time in seconds Time in seconds

2nd Order

3rd Order

4th Order

5th Order

6th Order

7th Order

8th Order
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' LVFUHWH / DJXHUUH 0RGHOV

s $Q RSHQ ORRS VWDEOH OLQHDU V\VWHP FDQ EH UHSUHVHQWHG ZLWK DUELWUDU\ DFFXUDF\

E\�

\�N�  
Q;
L �

FLjL�T
b�

�X�N�

ZKHUH jL�T
b��� IRU L  �� c c c � Q� DUH WKH GLVFUHWH / DJXHUUH IXQFWLRQV�

jL�T
b�

�  
S

� b S�
Tb��Tb� b S�Lb�

�� b STb��L
� L  �� � � � � Q

FL  
�;
N  �

K�N�jL�T
b�

�r�N�

ZKHUH r�N� LV WKH XQLW LPSXOVH DQG K�N� LV WKH V\VWHP LPSXOVH UHVSRQVH
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/ HDVW�6TXDUHV ,GHQWLp FDWLRQ

s ' HYHORSHG E\ .DUO *DXVV LQ KLV VWXG\ RI WKH PRWLRQ RI FHOHVWLDO ERGLHV

? � � � WKH XQNQRZQ SDUDPHWHUV DUH FKRVHQ VR WKDW WKH VXP RI WKH VTXDUHV RI WKH

GLoHUHQFHV EHWZHHQ WKH REVHUYHG DQG WKH FRPSXWHG YDOXHV� PXOWLSOLHG E\ D QXPEHU

WKDW PHDVXUHV WKH GHJUHH RI SUHFLVLRQ� LV D PLQLPXP�

s $SSOLHG WR D YDULHW\ RI SUREOHPV LQ PDWKHPDWLFV� VWDWLVWLFV� SK\VLFV� HFRQRPLFV�

VLJQDO SURFHVVLQJ DQG FRQWURO

s %DVLF WHFKQLTXH IRU SDUDPHWHU HVWLPDWLRQ
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/ HDVW�6TXDUHV (VWLPDWLRQ

$VVXPH WKDW GDWD JHQHUDWHG E\ \  E[ � Q ZKHUH Q LV ZKLWH PHDVXUHPHQW

QRLVH� 7KH SUREOHP LV WR HVWLPDWH E� IURP N GDWD SDLUV �[� \��

7KH OHDVW^VTXDUHV SHUIRUPDQFH LQGH[ LV

-  
N;

L �

>\�L� b [�L�E@
�

' Hp QLQJ \  >\���� � � � � \�N�@7 DQG [  >[���� � � � � [�N�@7 RQH FDQ ZULWH

-  >\ b E[@
7
>\ b E[@
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/ HDVW�6TXDUHV (VWLPDWLRQ

7KH YDOXH WKDW PLQLPL] HV - LV WKHQ IRXQG DV

G-

GE
 b[

7
>\ b E[@  �

7KH HVWLPDWH AE LV WKH VROXWLRQ RI

[
7
\ � [

7AE[  �

RU

AE  >[
7
[@b

�
[
7
\

7KLV LV FDOOHG WKH OHDVW^VTXDUHV HVWLPDWH RI E�

7KLV LGHD FDQ HDVLO\ EH H[WHQGHG WR G\QDPLF V\VWHPV�
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/ HDVW�6TXDUHV ,GHQWLp FDWLRQ
/ HW D G\QDPLF V\VWHP EH GHVFULEHG E\

\�W�  
Q;
L �

bDL\�Wb L� �
Q;
L �

ELX�Wb L� � Z�W�

ZKHUH X�W� DQG \�W� DUH UHVSHFWLYHO\ WKH LQSXW DQG RXSXW RI WKH SODQW DQG Z�W� LV

WKH SURFHVV QRLVH�

' Hp QLQJ

v
7
 > D� c c c DQ E� c c c EQ@

DQG

[
7
 > b\�W� c c c b\�Wb Q� X�Wb �� c c c X�Wb Q�@

WKH V\VWHP DERYH FDQ EH ZULWWHQ DV

\�W�  [
7
�W�v � Z�W�
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/ HDVW�6TXDUHV ,GHQWLp FDWLRQ

: LWK 1 REVHUYDWLRQV� WKH GDWD FDQ EH SXW LQ WKH IROORZLQJ FRPSDFW IRUP�

<  ;v � :

ZKHUH < 7  > \��� c c c \�1�@ � :7  > Z��� c c c Z�1�@ DQG

;  

�
�� [7���

���

[7�1�

�
��
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/ HDVW�6TXDUHV ,GHQWLp FDWLRQ

)RU HDFK SRLQW ZH GHp QH WKH PRGHOOLQJ HUURU DV s�W�  \�W�b [7�W�v WKHQ WKH

OHDVW�VTXDUHV SHUIRUPDQFH LQGH[ WR EH PLQLPL] HG LV�

-  
1;
�

s
�
�W�

RU XVLQJ WKH PDWUL[ QRWDWLRQ DERYH

-  >< b;v@
7
>< b;v@

' LoHUHQWLDWLQJ ZLWK UHVSHFW WR v DQG HTXDWLQJ WR ] HUR WKHQ \LHOGV Av� WKH OHDVW�

VTXDUHV HVWLPDWH RI v��

Av  >;7;@b�;7<

�, DP QRZ WLUHG RI KDYLQJ WR XQGHUOLQH YHFWRUV� VR , ZLOO VWRS GRLQJ VR IURP QRZ RQ � � �
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3 URSHUWLHV RI WKH / HDVW�6TXDUHV (VWLPDWHV

7KH OHDVW�VTXDUHV HVWLPDWH FDQ EH H[SUHVVHG DV

Av  >;
7
;@b

�
;

7
>;v � : @

RU

Av  v � >;
7
;@b

�
;

7
:

7DN LQJ WKH H[SHFWLQJ YDOXH JLYHV

(�Av�  v � (I>;
7
;@b

�
;

7
:J
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3 URSHUWLHV RI WKH / HDVW�6TXDUHV (VWLPDWHV

1 RWH WKDW WKH VHFRQG WHUP LQ WKH 5 + 6 LV D ELDV WKDW LV JHQHUDOO\ QRQ ]̂ HUR

H[FHSW ZKHQ

�� IZ�W�J LV ] HUR PHDQ DQG XQFRUUHODWHG� RU

�� IZ�W�J LV LQGHSHQGHQW RI IX�W�J DQG \ GRHV QRW DSSHDU LQ WKH UHJUHVVRU

s ),5 DQG VWHS PRGHOV

s / DJXHUUH PRGHO

s 2 XWSXW�HUURU PRGHOV

2 QO\ LQ WKH DERYH FDVHV GRHV WKH OHDVW^VTXDUHV PHWKRG JLYH FRQVLVWHQW

HVWLPDWHV�

,$67(' &$
�� � %DQo� &DQDGD� ����� -XO\� ���� ��



3 URSHUWLHV RI WKH / HDVW�6TXDUHV (VWLPDWHV

7KH HVWLPDWH FRYDULDQFH LV WKHQ JLYHQ E\

FRY Av  (I>;
7
;@b

�
;

7
::

7
;>;

7
;@b

�
J

ZKLFK� LI IZ�W�J LV ZKLWH� ] HUR^PHDQ JDXVVLDQ ZLWK FRYDULDQFH ��
Z� EHFRPHV

FRY Av  ��
Z>;

7;@b�
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,GHQWLp FDWLRQ RI / DJXHUUH 0RGHOV

& RQVLGHU WKH UHDO SODQW GHVFULEHG E\

\�W�  
1;
L �

FL/L�T� �
�;

L 1 � �

FL/L�T� � Z�W�

ZKHUH Z�W� LV D GLVWXUEDQFH�

7KLV PRGHO KDV DQ RXWSXW�HUURU VWUXFWXUH� LV OLQHDU LQ WKH SDUDPHWHUV� DQG JLYHV D

FRQYH[ LGHQWLp FDWLRQ SUREOHP�

s (YHQ LI Z�W� LW FRORXUHG DQG QRQ�] HUR PHDQ� VLPSOH OHDVW�VTXDUHV SURYLGH

FRQVLVWHQW HVWLPDWHV RI WKH FL
V�

s 7KH HVWLPDWH RI WKH QRPLQDO SODQW� L�H� RI FL� IRU L  �� c c c � 1 LV XQDoHFWHG

E\ WKH SUHVHQFH RI WKH XQPRGHOOHG G\QDPLFV UHSUHVHQWHG E\ FL� IRU L  

1 � �� c c c � � �
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,GHQWLp FDWLRQ RI / DJXHUUH 0RGHOV

s 7KH PDSSLQJ �� � DHL�� �HL� � D� LPSURYHV WKH FRQGLWLRQ QXPEHU RI WKH

OHDVW�VTXDUHV FRYDULDQFH PDWUL[�

s 7KH LPSOLFLW DVVXPSWLRQ WKDW WKH V\VWHP LV ORZ�SDVV LQ QDWXUH UHGXFHV WKH

DV\PSWRWLF FRYDULDQFH RI WKH HVWLPDWH DW KLJK IUHTXHQFLHV
s )RU OHDVW�VTXDUHV� WKH PHDQ VTXDUH HUURU RI WKH WUDQVIHU IXQFWLRQ HVWLPDWH FDQ

EH DSSUR[LPDWHG E\

A}�HL��  
�

�

�
1�� b y�

� b D�

MHL� b DM�

jY�H
L��

jX�HL��
�

z�

� b y
U��H

L��

�

s 7KH FDVH D  � FRUUHVSRQGV WR D ),5 PRGHO� 7KH 06( LV SURSRUWLRQDO WR WKH

QXPEHU RI SDUDPHWHUV� & RPSDUHG ZLWK D ),5 PRGHO� DQ RUWKRQRUPDO VHULHV

UHSUHVHQWDWLRQ UHTXLUHV OHVV SDUDPHWHUV DQG WKXV JLYHV D VPDOOHU 06(�
s 7KH GLVWXUEDQFH VSHFWUXP LV VFDOHG E\

� b D�

MHL� b DM�

WKXV UHGXFLQJ WKH GHWULPHQWDO HoHFW RI GLVWXUEDQFHV DW KLJK IUHTXHQFLHV�
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$OWHUQDWLYHV WR / HDVW�6TXDUHV

s 1 HHG D PHWKRG WKDW JLYHV FRQVLVWHQW HVWLPDWHV LQ SUHVHQFH RI FRORXUHG QRLVH

s *HQHUDOL] HG / HDVW�6TXDUHV

s ,QVWUXPHQWDO 9DULDEOH 0HWKRG

s 0D[LPXP / LN HOLKRRG ,GHQWLp FDWLRQ
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5 HFXUVLYH ,GHQWLp FDWLRQ

s 7KHUH DUH PDQ\ VLWXDWLRQV ZKHQ LW LV SUHIHUUDEOH WR SHUIRUP WKH LGHQWLp FDWLRQ

RQ�OLQH� VXFK DV LQ DGDSWLYH FRQWURO�

s ,GHQWLp FDWLRQ PHWKRGV QHHG WR EH LPSOHPHQWHG LQ D UHFXUVLYH IDVKLRQ� L�H� WKH

SDUDPHWHU HVWLPDWH DW WLPH W VKRXOG EH FRPSXWHG DV D IXQFWLRQ RI WKH HVWLPDWH

DW WLPH Wb � DQG RI WKH LQFRPLQJ LQIRUPDWLRQ DW WLPH W�

s 5 HFXUVLYH OHDVW�VTXDUHV
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5 HFXUVLYH / HDVW�6TXDUHV �5 / 6�

: H KDYH VHHQ WKDW� ZLWK W REVHUYDWLRQV DYDLODEOH� WKH OHDVW�VTXDUHV HVWLPDWH LV

Av�W�  >;
7
�W�;�W�@b

�
;

7
�W�< �W�

ZLWK

<
7
�W�  > \��� c c c \�W�@

;�W�  

�
�� [7���

���

[7�W�

�
��

$VVXPLQJ WKDW RQH DGGLWLRQDO REVHUYDWLRQ EHFRPHV DYDLODEOH� WKH SUREOHP LV WKHQ

WR p QG Av�W � �� DV D IXQFWLRQ RI Av�W� DQG \�W � �� DQG X�W � ���
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5 HFXUVLYH / HDVW�6TXDUHV �5 / 6�

' Hp QLQJ ;�W � �� DQG < �W � �� DV

;�W � ��  

�
;�W�

[7�W � ��

w
< �W � ��  

�
< �W�

\�W � ��

w

DQG GHp QLQJ 3 �W� DQG 3 �W � �� DV

3 �W�  >;
7
�W�;�W�@b

�
3 �W � ��  >;

7
�W � ��;�W � ��@b

�

RQH FDQ ZULWH

3 �W � ��  >;
7
�W�;�W� � [�W � ��[

7
�W � ��@b

�

Av�W � ��  3 �W � ��>;
7
�W�< �W� � [�W � ��\�W � ��@
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5 HFXUVLYH / HDVW�6TXDUHV �5 / 6�

7KH XVH RI WKH PDWUL[�LQYHUVLRQ OHPPD�

�$ � %&�b
�
 $b�

b$b�
%>, � &$b�

%@b
�
&$b�

DQG VRPH VLPSOH PDWUL[ PDQLSXODWLRQV WKHQ JLYHV WKH UHFXUVLYH OHDVW�VTXDUHV

DOJRULWKP�

Av�W � ��  Av�W� � .�W � ��>\�W � �� b [
7
�W � ��Av�W�@

.�W � ��  
3 �W�[�W � ��

� � [7�W � ��3 �W�[�W � ��
 3 �W � ��[�W � ��

3 �W � ��  3 �W� b
3 �W�[�W � ��[7�W � ��3 �W�

� � [7�W � ��3 �W�[�W � ��
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5 HFXUVLYH / HDVW�6TXDUHV �5 / 6�

s 7KH UHFXUVLYH OHDVW�VTXDUHV DOJRULWKP LV WKH H[DFW PDWKHPDWLFDO HTXLYDOHQW RI

WKH EDWFK OHDVW�VTXDUHV�

s 3 LV SURSRUWLRQDO WR WKH FRYDULDQFH PDWUL[ RI WKH HVWLPDWH� DQG LV WKXV FDOOHG

WKH FRYDULDQFH PDWUL[�

s 7KH DOJRULWKP KDV WR EH LQLWLDOL] HG ZLWK Av��� DQG 3 ����

s *HQHUDOO\� 3 ��� LV LQLWLDOL] HG DV o, ZKHUH , LV WKH LGHQWLW\ PDWUL[ DQG o LV D

ODUJH SRVLWLYH QXPEHU� 7KH ODUJHU o� WKH OHVV FRQp GHQFH LV SXW LQ WKH LQLWLDO

HVWLPDWH Av����
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,GHQWLp FDWLRQ LQ & ORVHG / RRS

s 7KH ,GHQWLp DELOLW\ 3 UREOHP

/ HW D V\VWHP EH GHVFULEHG E\

\�W� � D c \�Wb ��  E c X�Wb �� � H�W�

ZLWK X�W�  J c \�W�

7KH FORVHG�ORRS V\VWHP FDQ EH ZULWWHQ DV�

\�W� � �ADb AE c J�\�Wb ��  H�W�

+ HQFH DOO HVWLPDWHV AD DQG AE WKDW VDWLVI\

ADb AE c J  Db E c J

ZLOO GHVFULEH WKH FORVHG�ORRS V\VWHP HTXDOO\ ZHOO�
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,GHQWLp FDWLRQ LQ & ORVHG / RRS

$OO HVWLPDWHV VXFK WKDW

AD  D � N c J

AE  E � N

ZLOO JLYH D JRRG GHVFULSWLRQ RI WKH SURFHVV�

s ,I WKH LGHQWLp FDWLRQ LV SHUIRUPHG XVLQJ WZR IHHGEDFN JDLQV J� DQG J� RU LI WKH

SDUDPHWHU D LV p [HG� WKHQ WKH V\VWHP EHFRPHV LGHQWLp DEOH� EHFDXVH ZH KDYH DV

PDQ\ HTXDWLRQV DV XQN QRZQV�
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(QVXULQJ & ORVHG�/ RRS ,GHQWLp DELOLW\

$V D JHQHUDO UXOH� WR HQVXUH FORVHG�ORRS LGHQWLp DELOLW\� WKHUH VKRXOG QRW EH

D OLQHDU� QRLVH�IUHH UHODWLRQVKLS EHWZHHQ WKH SURFHVV RXWSXW \ DQG WKH FRQWUROOHU

RXWSXW X ,Q SUDFWLFH� WKHUH DUH WZR ZD\V WR HQVXUH LGHQWLp DELOLW\ LQ FORVHG ORRS�

)RU D VLQJOH�LQSXW� VLQJOH�RXWSXW V\VWHP WKHVH DUH�

s 6ZLWFKLQJ EHWZHHQ DW OHDVW WZR LQGHSHQGHQW FRQWUROOHUV�

s $GGLQJ DQ H[WHUQDO� N QRZQ SHUWXUEDWLRQ� W\SLFDOO\ RQ WKH UHIHUHQFH RU VHWSRLQW

WR WKH ORRS�
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: K\ 0%3& �0RGHO %DVHG 3 UHGLFWLYH & RQWURO� IRU

DGDSWLYH FRQWURO"

s )URP WKH FRQWUROOHU SHUVSHFWLYH�

^ ,W LV D PRGHO EDVHG WHFKQLTXH� JRRG PRGHOV PHDQ JRRG FRQWURO�
^ 0%3 & KDV D VLPSOH PDWKHPDWLFDO IRUPXODWLRQ �SURFHVV

HQJLQHHUV FDQ DEVRUE WKLV ZLWKRXW HoRUW��
^ 7KH PHWKRGRORJ\ LV q H[LEOH DQG FDQ EH WHVWHG VHTXHQWLDOO\

�p UVWO\ WKH FRQWURO SDUW� WKHQ WKH PRGHOOLQJ�LGHQWLp FDWLRQ DQG
XOWLPDWHO\ WKH DGDSWLYH FRQWURO��

^ $GDSWLYH 0%3 & UHSUHVHQWV DQ HDV\ WR FRGH DOJRULWKP UHO\LQJ
RQ EDVLF PDWKHPDWLFDO WRROV �PDWUL[ FRPSXWDWLRQ DQG UHFXUVLYH
OHDVW VTXDUH��

^ 7KH SRVVLELOLW\ WR LQFOXGH FRQVWUDLQWV WKDW DUH DFN QRZOHGJHG E\
WKH FRQWUROOHU RQ OLQH UHSUHVHQWV D YHU\ XVHIXO IHDWXUH�
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: K\ 0%3& �0RGHO %DVHG 3 UHGLFWLYH & RQWURO� IRU

DGDSWLYH FRQWURO"

�& RQWLQXDWLRQ�

s )URP WKH LGHQWLp FDWLRQ SHUVSHFWLYH�

^ )RU XQN QRZQ PRGHOV ZH FDQ SHUIRUP V\VWHP LGHQWLp FDWLRQ DQG
WKHQ FRQWURO �,1 ' ,5 (& 7 $' $3 7,9( & 2 1 75 2 / ��

^ 7KH QHHG IRU PRGHOOLQJ YLD LGHQWLp FDWLRQ LV LQFUHDVHG LQ SURFHVV
LQGXVWULHV

^ 2 QFH D FORVHG�ORRS PRGHO KDV EHHQ LGHQWLp HG SUHGLFWLRQV DUH HDVLO\
SURGXFHG�

^ 7KH LGHQWLp FDWLRQ ZLOO FKDQJH WKH PRGHO XVHG LQ WKH 0%3 & VFKHPH
RQO\ ZKHQ UHTXLUHG �L�H� ZLWK HQRXJK FRQp GHQFH LQ WKH QHZ PRGHO��

^ 7KH / DJXHUUH PRGHO LV D VWDWH VSDFH UHDOL] DWLRQ ZKLFK FRXSOHV
SHUIHFWO\ ZLWK WKH 0%3 & VWDWH VSDFH DSSURDFK�
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7KH VWUXFWXUH RI 0%3& VFKHPHV

H(z)

G(z)

PLANT

OBSERVER

COMMANDREFERENCE

using
STATE ESTIMATE

OPTIMISER
&

PREDICTOR

INTERNAL
MODEL

OUTPUT

s 2 EVHUYHU � SURYLGHV FXUUHQW VWDWH HVWLPDWHV�

s ,QWHUQDO PRGHO � UHSUHVHQWV WKH SODQW�

s 3 UHGLFWRU � SURYLGHV WKH RSWLPLVHU ZLWK IXWXUH YDOXHV RI VWDWHV DQG
RXWSXWV�

s 2 SWLPLVHU � FRQWDLQV WKH FRQVWUDLQHG FRVW IXQFWLRQ�
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*HQHUDO FKDUDFWHULVWLFV RI 0%3&

s ([SOLFLW LQWHUQDO PRGHO JLYHV SUHGLFWLRQV� DVVXPLQJ JLYHQ FRQWURO
VLJQDOV�

s & RQWURO VLJQDOV FKRVHQ E\ RSWLPLVLQJ SUHGLFWHG EHKDYLRXU�

s 7KLV LV GRQH UHSHDWHGO\� 7KH RSWLPLVDWLRQ LV GRQH RQ�OLQH�
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7KH ,QWHUQDO 0RGHO
s 8VXDOO\ OLQHDU �2 WKHUZLVH QRQ�FRQYH[ RSWLPLVDWLRQ��

s $OO WKH XVXDO �PXOWLYDULDEOH� W\SHV SRVVLEOH�

^ & RQYROXWLRQ PRGHOV �VWDEOH V\VWHPV RQO\���

\�N�  
N;

L b�

JNbLc X�L� � G�N�

^ 7UDQVIHU IXQFWLRQ PRGHOV�

$�]b�
�\�N�  %�]b�

�X�N� � Q�N�

^ 6WDWH�VSDFH PRGHOV �

[�N � ��  $[�N� � %X�N� � Z�N�

\�N�  &[�[� � 'X�N� � Y�N�
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*HWWLQJ SUHGLFWLRQV
s & RQYROXWLRQ PRGHO�

A\�N � M�  

N � M;
L N � Mb1

JN � MbLc X�L� � AG�N � M�

AG�N�  \�N� b A\�N�

AG�N � M�  AG�N� �0 RV W FRP P RQ DV V X P S WLRQ �

s 7UDQVIHU IXQFWLRQ PRGHO�

Q�N�  
&�]b��

] b �
H�N� �0 RV W FRP P RQ DV V X P S WLRQ �

6ROYH PDWUL[ ' LRSKDQWLQH HTXDWLRQ

�6LPSOHU DOWHUQDWLYHV SRVVLEOH�

s 6WDWH�VSDFH PRGHO� 6WRFKDVWLF Z DQG Y _ .DOPDQ p OWHU

2 WKHU GLVWXUEDQFH PRGHO _ 2 WKHU REVHUYHU

�$XJPHQW VWDWH WR VKDSH GLVWXUEDQFH VSHFWUD HWF��
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7KH SUREOHP IRPXODWLRQ
s & KRRVH IXWXUH FRQWURO WUDMHFWRU\ WR PLQLPLVH VRPH FRVW IXQFWLRQ�

-�N�  

1�;
L 1�

MM0A[�N � LMN� b U�N � L�MM
�
4�L� �

1X;
L  �

MMc X�N � L�MM
�
5�L�

s 6XEMHFW WR FRQVWUDLQWV VXFK DV

Mc XM�N � L�M x 9M

MXM�N � L�M x 8M

M�0 A[�M�N � LMN�M x ;M

s 7KH UHIHUHQFH WUDMHFWRU\ U�N� FDQ EH SDVVHG WKURXJK VRPH p OWHU�

s 1 RWH WKDW FKD QJHV LQ WKH FRQWURO VLJQDOV� c X�N�� DUH SHQDOLVHG LQ WKH FRVW� QRW

WKH VLJQDOV WKHPVHOYHV _ EHFDXVH UHTXLUHG YDOXHV QRW N QRZQ LQ DGYDQFH�
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7KH 5 HFHGLQJ + RUL] RQ 6WUDWHJ\

k+Nu k+N1 k+N2k-n k k+1 k+l

y(k)=r(k)

SET POINT

REFERENCE

r(k+l)
PREDICTED OUTPUT

CONTROL HORIZON - Nu

MINIMUM OUTPUT HORIZON - N1

MAXIMUM OUTPUT HORIZON - N2

PAST FUTURE

u(k+l)
MANIPULATED

INPUT
CONSTANT INPUT

k-2 k-1
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$OWHUQDWLYH IRUPXODWLRQV
7R HQV XU H V W D ELOLW \ �

s $GG WHUPLQDO FRQVWUDLQWV�

s 0DN H KRUL] RQV LQp QLWH

^ ' Lr FXOW WR N HHS FRQVWUDLQWV�

^ %XW SRVVLEOH XVLQJ / 0, DSSURDFK �. RW KD U H 	 0 RU D U L��

s 8VH <RXOD SDUDPHWULVDWLRQ WR RSWLPLVH RYHU GLoHUHQW GHJUHHV RI IUHHGRP

�. RXY D U LW D N LV 	 5 RV V LW HU ��

7R JHW U REXV W QHV V �

s 0LQ�0D[ LQVWHDG RI TXDGUDWLF FRVW �+ DUGHU SUREOHP��

s 2 SWLPLVH RYHU SRO\WRSH RI PRGHOV �/ 0,� . RW KD U H 	 0 RU D U L��

7R JHW V LPSOHU SU REOHP�

s 5 HSODFH TXDGUDWLF FRVW E\ DEVROXWH YDOXH _ / 3 LQVWHDG RI 4 3 �
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6ROXWLRQ WHFKQLTXHV �,�
7KH FRQV W U D LQHG RSW LPLV D W LRQ SU REOHP PXV W EH V ROY HG RQ�OLQH�

LQ U HD O W LPH�

s 3 UREOHP LV XVXDOO\ D 4 XDGUDWLF 3 URJUDP� 6R VROYH XVLQJ VWDQGDUG
4 3 DOJRULWKP�

s 6SHHG� 1 HHG VRPHWKLQJ OLN H ��� VSHHG�XS WR DOORZ XVH IRU KLJK
EDQGZLGWK FRQWURO� 3 RVVLEOH EXW QRW WRGD\� 7KH PHWKRG LV IHDVLEOH
WRGD\ IRU ORZ EDQGZLGWK FRQWURO�

s ' RHV QRW H[SORLW VWUXFWXUH RI 3 UHGLFWLYH & RQWURO SUREOHP �HJ QH[W
VROXWLRQ XVXDOO\ YHU\ FORVH WR ODVW RQH�� RU VWUXFWXUH RI SDUWLFXODU
DSSOLFDWLRQ �HJ q LJKW FRQWURO��

s & RQVWUDLQW IRUPXODWLRQ JLYHV XS LI SUREOHP QRW IHDVLEOH _ QHHG
VDIHW\ FRGH�
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6ROXWLRQ WHFKQLTXHV �,,�

s 0L[HG : HLJKWHG / HDVW 6TXDUHV DOJRULWKP �/ D Z V RQ�

^ 6ROYHV 4 3 SUREOHP LI IHDVLEOH�
^ *LYHV CUHDVRQDEOH
 VROXWLRQ LI QRW IHDVLEOH�
^ $GMXVWV ZHLJKW WR HPSKDVLVH PRVW�YLRODWHG FRQVWUDLQW�
^ 5 HDFKHV IHDVLEOH VROXWLRQ TXLFN O\�

s / 0, DOJRULWKPV

^ & DQ VROYH ZLGHU FODVV RI SUREOHPV WKDQ 4 3 �
^ 6SHHG� + DYH UHSXWDWLRQ IRU EHLQJ VORZ�
^ 7R EH H[SORUHG� %LJ SRWHQWLDO� & XUUHQWO\ WUHQG\ LQ & RQWURO�
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& RQWUROOHU 6WUXFWXUH

s & RQWUROOHU VWUXFWXUH QRW FRQYHQWLRQDO�

s & RPSOH[LW\ DQG EHKDYLRXU RI REVHUYHU DQG SUHGLFWRU FDQ EH
FRPSDUHG ZLWK FRQYHQWLRQDO FRQWUROOHUV�

s & RPSOH[LW\ DQG EHKDYLRXU RI RSWLPLVHU GLr FXOW WR FRPSDUH�

,$67(' &$
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& RQWUROOHU 3 URSHUWLHV

s / LQHDU PRGHO 	 4 XDGUDWLF FRVW LPSOLHV D CSLHFHZLVH / 7,
 FRQWUROOHU�

^ / LQHDU 7LPH ,QYDULDQW �/ 7,� FRQWURO ODZ ZKLOH VHW RI DFWLYH FRQVWUDLQWV UHPDLQV

XQFKDQJHG�

^ 6ZLWFKHV WR GLoHUHQW / 7, ODZ ZKHQ VHW RI DFWLYH FRQVWUDLQWV FKDQJHV�

^ 6FRSH IRU DQDO\VLV" & XUUHQW UHVHDUFK LQ CLQWHOOLJHQW
� CK\EULG
 DQG CDGDSWLYH


V\VWHPV HPSKDVLVHV SLHFHZLVH�/ 7, V\VWHPV� 5 HVXOWV PD\ EH DSSOLFDEOH KHUH�

s ([KLELWV YHU\ QRQOLQHDU EHKDYLRXU ZKHQ QHFHVVDU\ _ HJ ZKHQ GLVWXUEDQFH GULYHV

V\VWHP XS DJDLQVW FRQVWUDLQW ERXQGDU\�

s 6WDQGDUG GLVWXUEDQFH PRGHO UHVXOWV LQ LQWHJUDO DFWLRQ� & DQ EH JHQHUDOLVHG WR

UHMHFW UDPSV� VLQXVRLGV HWF�

s 9HULp FDWLRQ�FHUWLp FDWLRQ GLr FXOW�
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& RQWUROOHU 7XQLQJ �,�

C7XQLQJ N QREV 
�

s + RUL] RQV _ 1�� 1�� 1X�

s : HLJKWV _ 4�L�� 5�L�� �L  �� �� � � � ��

s 3 UHp OWHU _ LI CUHIHUHQFH
 U�N� GLoHUHQW IURP VHW�SRLQW�

s 3 UHGLFWRU _ DVVXPSWLRQV DERXW GLVWXUEDQFHV DQG QRLVH�
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& RQWUROOHU 7XQLQJ �,,�

6SHFLpFD W LRQV �

s 7LPH�GRPDLQ VSHFV

^ (QIRUFH WKURXJK FRQVWUDLQWV �VRPHWLPHV��

^ %XW FRQWUROOHU QRQOLQHDU _ VWHS UHVSRQVH HWF KDV OLPLWHG PHDQLQJ�

s )UHTXHQF\�GRPDLQ VSHFV

^ & DQ EH FKHFN HG IRU D JLYHQ FKRLFH RI CWXQLQJ N QRE
 VHWWLQJV� XVLQJ SLHFHZLVH�

/ 7, SURSHUW\�

^ 1 R V\VWHPDWLF ZD\ RI WXQLQJ �\HW��

s 6WDELOLW\

^ 6HYHUDO N QRZQ ZD\V RI HQVXULQJ VWDELOLW\� HYHQ ZLWK FRQVWUDLQWV�

^ 3 URRIV XVXDOO\ EDVHG RQ VKRZLQJ WKDW FRVW IXQFWLRQ LV D / \DSXQRY IXQFWLRQ�

+RZ W R W XQH LV QRW FOHD U \ HW � % XW PXFK SU RJU HV V LV FXU U HQW O\ EHLQJ PD GH�
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& RQWUROOHU FKDUDFWHULVWLFV
% D G IHD W XU HV �

s + HDY\ FRPSXWDWLRQDO ORDG OLPLWV FRQWURO XSGDWH UDWH �DW SUHVHQW���

s $QDO\VLV RI UHVXOWLQJ EHKDYLRXU GLr FXOW�

*RRG IHD W XU HV �

s 5 HVSHFWV KDUG FRQVWUDLQWV�

^ $FWXDWRU FRQVWUDLQWV
^ $LUIUDPH FRQVWUDLQWV
^ )OLJKW HQYHORSH FRQVWUDLQWV

s 5 HIHUHQFH PDQDJHPHQW IURP GDWD EDVH LV SRVVLEOH
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$ ELW PRUH LQVLJKW LQ WKH 0%3 & VWDWH VSDFH DSSURDFK �,�

& RQVLGHULQJ D SRVVLEOH PXOWL�PRGHO FRQWH[W� OHW LQGH[ L UHSUHVHQW WKH SODQW LQ

XVH �WKLV RSHQV WKH DGDSWLYH FRQWURO SDWK��

[L�N � ��  $L[L�N� � %XL
XL�N� � %GL

GL�N� � %ZL
ZL�N� ���

\L�N�  &L[L�N� � {�N�

ZKHUH�

s [L�N�� 5
Q LV WKH V\VWHP VWDWH YHFWRU

s XL�N�� 5
P LV WKH V\VWHP FRQWURO LQSXW YHFWRU

s \L�N�� 5
S LV WKH YHFWRU RI RXWSXWV

s $OO YDULDEOHV EHLQJ PHDVXUHG DW WLPH N�
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$ ELW PRUH LQVLJKW LQ WKH 0%3 & VWDWH VSDFH DSSURDFK

�,,�
: H H[SUHVV WKH VWDWH YHFWRU LQ WHUPV RI WKH FKDQJH LQ WKH PDQLSXODWHG YDULDEOH

�DW WLPH N ��

�
c [L�N � ��
\[L�N � ��

w
 

�
$L �

&L$L ,

w�
c [L�N�
\[L�N�

w
�

�
%XL

&L%XL

w
c XL�N� �

�
%GL

%ZL
&L%GL

,

��
c GL�N�
c ZL�N�

w

\L�N�  
d
� ,

e�c [L�N�
\[L�N�

w
� {�N�

ZKHUH�

s \[L�N � �� FRUUHVSRQGV WR D YHFWRU RI RXWSXWV IUHH IURP PHDVXUHPHQW QRLVH�

s c XL�N�  XL�N � �� b XL�N� FKDQJHV LQ WKH PDQLSXODWHG YDULDEOH

s c GL�N�  GL�N � �� b GL�N� WKH VWDWH GLVWXUEDQFH

s c ZL�N�  ZL�N � �� b ZL�N� WKH RXWSXW GLVWXUEDQFH
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$ ELW PRUH LQVLJKW LQ WKH 0%3 & VWDWH VSDFH DSSURDFK

�,,,�
7KH YHFWRU RI IXWXUH VWDWH HVWLPDWHV PD\ EH ZULWWHQ DV�

A;L�N�  

�
� A[L�N � ��

���

A[L�N � 1��

�
�  )L�N�A[L�N� � *Lc 8L�N� � + L�N�\L�N� ���

,Q WKH DERYH HTXDWLRQV�

s c 8L�N�  
d
c XL�N�

7 � � � �� c XL�N � 1X b ��7
e7

GHQRWHV WKH YHFWRU RI IXWXUH

PDQLSXODWHG YDULDEOH LQFUHPHQWV

s A;L�N�  
d
A[L�N � ��7 � � � �� A[L�N � 1��

7
e7

GHQRWHV WKH YHFWRU RI WKH FKDQJH RI

VWDWH HVWLPDWHV ZKLFK LV GHSHQGHQW RQO\ XSRQ A[L�N� �WKH VWDWH HVWLPDWH DW WLPH

N��

s ,W LV QHFHVVDU\ WR KDYH D VWDWH HVWLPDWRU WR GHWHUPLQH FXUUHQW VWDWH HVWLPDWH

A[L�N��
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$ ELW PRUH LQVLJKW LQ WKH 0%3 & VWDWH VSDFH DSSURDFK

�,9�
,W LV SRVVLEOH WR REWDLQ WKH VROXWLRQ RI WKH RSWLPLVDWLRQ SUREOHP

DV D UHVXOW RI WKH IROORZLQJ 4 3 SUREOHP�

PLQ
c 8L�N�

Ic8L�N�
7$Lc8L�N� �

d
A[L�N�

7 � \L�N�
7 �6�N�7 e%Lc8L�N�J

VXEMHFW WR WKH FRQVWUDLQWV�

'Lc8L�N�x(L

�
���
XL�N b ��
A[L�N�
\L�N�
FL�N�

�
���
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7KH UREXVW WUDFN LQJ LGHD
,QW HU QD O PRGHO SU LQFLSOH VWDWHV WKDW� LQ RUGHU WR KDYH D GLVWXUEDQFH UHMHFWHG

RU D UHIHUHQFH WUDFN HG� LWV FRUUHVSRQGLQJ PRGHO KDV WR EH LQFOXGHG LQ WKH FRQWUROOHU�

2 XU DSSURDFK LV WR DXJPHQW WKH SODQW PRGHO ZLWK WKH GLVWXUEDQFH PRGHO DQG

WKHQ XVH WKH DXJPHQWHG PRGHO DV D SUHGLFWLRQ PRGHO WR FRQVWUXFW WKH RSWLPLVHU

FRVW IXQFWLRQ� 7KLV IRUPXODWLRQ DOORZV WR GHVFULEH D ZLGH YDULHW\ RI VLJQDOV VXFK

DV� VWHSV� UDPSV RU VLQXVRLGV�

7KH GLVWXUEDQFH DQG�RU UHIHUHQFH VLJQDO VDWLVp HV WKH IROORZLQJ GLoHUHQFH
HTXDWLRQ�

Q�N � �� � o�Q�N� � o�Q�N b ��  � ���

�
Q�N�

Q�N � ��

w
 

�
� ,

bo�, bo�,

w �
Q�N b ��
Q�N�

w

Q�N�  
d
� ,

e �Q�N b ��
Q�N�

w
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7KH VWDWH VSDFH UHSUHVHQWDWLRQ LQFOXGLQJ WKH GLVWXUEDQFH

PRGHO�
���
|�N � ��
u�N � ��
\[�N�

\[�N � ��

�
���  

�
���

$ � � �
� $Q � �
� � � ,
&$ � bo�, bo�,

�
���
�
���

|�N�
u�N�

\[�N b ��
\[�N�

�
��� �

�
���

%
�
�

&%

�
�����N� ���

a\�N�  
d
� &Q � ,

e
�
���

|�N�
u�N�

\[�N b ��
\[�N�

�
���

ZKHUH� \[�N� ^ YHFWRU RI RXWSXWV IUHH RI GLVWXUEDQFH�

��N�  X�N� � o�X�N b �� � o�X�N b �� ^ WKH JHQHUDOLVHG LQSXW�

|�N�  [�N� � o�[�N b �� � o�[�N b �� ^ WKH JHQHUDOLVHG VWDWH�

t�N�  a\�N� � o�a\�N b �� � o�a\�N b �� ^ WKH FRUUHVSRQGLQJ RXWSXW�
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$OJRULWKP UHODWHG FRQFOXVLRQV

s $Q DGYDQFHG PRGHO EDVHG SUHGLFWLYH FRQWUROOHU 0%3& GHYHORSHG IRU XVH

RQ SURFHVVHV ZLWK DQ LQWHJUDWLQJ UHVSRQVH H[LELWLQJ ORQJ GHDG WLPH DQG WLPH

FRQVWDQWV LV QRZ DYDLODEOH�

s 7KH FRQWUROOHU LV IDLUO\ HDV\ WR DSSO\ DQG FRQp JXUH ZLWKRXW GRFWRUDO OHYHO RI

N QRZOHGJH�

s 7KH FRQWUROOHU SURYLGHV JRRG SHUIRUPDQFH �VHH ODVW SDUW RI WKH FRXUVH �

DSSOLFDWLRQV�� 7KH UREXVWQHVV LVVXH FDQ EH DGGUHVVHG YLD WKH DGDSWDWLRQ

PHFKDQLVP�

s 0%3 & UHSUHVHQWV DQ DOWHUQDWLYH WR 3 ,' FRQWURO HVSHFLDOO\ IRU GLr FXOW SURFHVVHV�

s ,QFOXGLQJ WKH GLVWXUEDQFH PRGHO WRJHWKHU ZLWK WKH SUHGLFWLRQ PRGHO HQVXUHV

RoVHW�IUHH FRQWURO HYHQ ZKHQ WKHUH LV D VLJQLp FDQW PLVPDWFK EHWZHHQ WKH PRGHO

DQG WKH DFWXDO SODQW�
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$SSOLFDWLRQ UHODWHG FRQFOXVLRQV

s 5 RXWLQHO\ XVHG LQ SHWURFKHPLFDOV _ PDWXUH WHFKQRORJ\ LQ WKLV DUHD�

s ,QFUHDVLQJO\ XVHG LQ RWKHU SURFHVV VHFWRUV�

s + LJK�EDQGZLGWK HOHFWURPHFKDQLFDO DSSOLFDWLRQ H[DPSOHV�

^ 6�$EX HO $WD�' RVV� 3 �)LDQL DQG -�5 LFKDOHW� +D QGOLQJ LQSXW D QG V W D W H

FRQV W U D LQW V LQ SU HGLFW LY H IXQFW LRQD O FRQW U RO� 3 URF� & ' & � %ULJKWRQ 8.�

�����

^ $�-�%HDXPRQW� $�' �1 REOH DQG $�6�0HUFHU� 3U HGLFW LY H & RQW U RO RI

7U D QV LHQW (QJLQH 7HV W EHGV � 3 URF� & RQWURO ��� 2 [IRUG 8.� �����

s $HURVSDFH DSSOLFDWLRQ H[DPSOHV�

^ 6�1 �6LQJK� 0�6WHLQEHUJ DQG 5 �' �' L*LURODPR� 1RQOLQHD U 3U HGLFW LY H

& RQW U RO RI ) HHGED FN / LQHD U L]D EOH 6\ V W HPV D QG ) OLJKW & RQW U RO 6\ V W HP

'HV LJQ� $,$$ -QO� *XLGDQFH� & RQWURO DQG ' \QDPLFV� �����

^ ' �*�: DUG DQG 5 �/ �%DUURQ� $ V HOI�GHV LJQLQJ U HFHGLQJ KRU L]RQ RSW LPD O

qLJKW FRQW U ROOHU � 3 URF� $& & � �����
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