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$EVWUDFW � ,Q WKLV SDSHU� HVWLPDWLRQ RI VLJQDO SRZHU LV FRQVLG�

HUHG� 0HWKRGV RI GHVLJQLQJ RSWLPL]HG DQG SDUWLDOO\�RSWLPL]HG

SRZHU HVWLPDWRUV� EDVHG RQ WKH :LHQHU PRGHO� IRU FRPSOH[�

YDOXHG VLJQDOV DUH SUHVHQWHG� 2XU DSSOLFDWLRQ LV SUHGLFWLYH UH�

FHLYHG SRZHU OHYHO HVWLPDWLRQ LQ FORVHG ORRS WUDQVPLWWHU SRZHU

FRQWURO RI PRELOH &'0$ FRPPXQLFDWLRQV V\VWHPV� 7KH SUR�

SRVHG HVWLPDWRUV KDYH WKH EHQHILWV RI JXDUDQWHHG SRVLWLYH RXW�

SXW� KLJK FRPSXWDWLRQDO HIILFLHQF\ DV FRPSDUHG WR TXDGUDWLF

ILOWHUV� DQG SURYLGLQJ IRU D SUHGHVFULEHG SUHGLFWLRQ VWHS� DOO WKH

DVSHFWV EHLQJ RI JUHDW LQWHUHVW ZKHQ DSSO\LQJ WKH HVWLPDWRUV LQ

GHOD\ VHQVLWLYH FORVHG FRQWURO ORRSV� 8VHU FDSDFLW\ RI D &'0$

FRPPXQLFDWLRQV V\VWHP LV JHQHUDOO\ IRXQG WR EH JUHDWO\ LQWHU�

IHUHQFH OLPLWHG� DQG WKXV SURSHU SRZHU FRQWURO V\VWHP IXQF�

WLRQLQJ LV RI SDUDPRXQW LQWHUHVW� 7KH SDUWLDOO\�RSWLPL]HG SRZHU

HVWLPDWRUV DUH VLPXODWHG DORQJ ZLWK +HLQRQHQ�1HXYR SRO\QR�

PLDO SUHGLFWRUV LQ VLQJOH� DQG PXOWLXVHU &'0$ XSOLQN FORVHG

SRZHU FRQWURO ORRS VLPXODWRUV�

,� ,1752'8&7,21

,W KDV EHHQ UHFRJQL]HG WKDW SRZHU FRQWURO LV FUXFLDO WR WKH

SHUIRUPDQFHV RI PRELOH UDGLR FRPPXQLFDWLRQ V\VWHPV� HVSH�

FLDOO\ RI WKH PRELOH &'0$ V\VWHPV >�@>�@� ,Q WKLV SDSHU� WKH

REMHFWLYH RI WKH SRZHU FRQWURO LV WR PDLQWDLQ WKH SRZHUV UH�

FHLYHG IURP LQGLYLGXDO XVHUV DW DQ HTXDO DQG FRQVWDQW OHYHO LQ

RUGHU WR PD[LPL]H WKH XVHU FDSDFLW\ RI WKH FRPPXQLFDWLRQV

V\VWHP� 7KH SRZHUV RI WKH UHFHLYHG QRLV\ EDVHEDQG VLJQDOV DUH

PHDVXUHG� ILOWHUHG DQG FRPSDUHG ZLWK D SUHVHW SRZHU OHYHO

WKUHVKROG� VR WKDW SRZHU FRQWURO FDQ EH UHDOL]HG E\ D FORVHG

FRQWURO ORRS� DQG PXWXDO LQWHUIHUHQFH EHWZHHQ GLIIHUHQW XVHUV

FDQ EH UHGXFHG� $ ORW RI HIIRUWV KDYH EHHQ PDGH WR LPSURYH

SRZHU FRQWURO HIILFLHQF\ >�@>�@>�@>�@� 5HSODFLQJ SRZHU PHDV�

XUHPHQW ZLWK D SUHGLFWLYH SRZHU HVWLPDWRU LQ WKH SRZHU FRQWURO

ORRS KDV EHHQ VXJJHVWHG >�@>�@ WR FRPEDW EDFNJURXQG QRLVH DQG

LQWHUIHUHQFH FRUUXSWLQJ WKH UHFHLYHG SRZHU OHYHO HVWLPDWHV� DQG

WR FRPSHQVDWH IRU FRQWURO ORRS GHOD\V� ,Q RWKHU ZRUGV� WKH

IXQFWLRQ RI WKH SUHGLFWLYH SRZHU HVWLPDWRU LV WKUHHIROG� WR UH�

GXFH DGGLWLYH QRLVH DQG FRUUXSWLQJ LQWHUIHUHQFH �L�H�� ILOWHULQJ

IXQFWLRQ�� WR FDOFXODWH WKH UHFHLYHG VLJQDO SRZHU OHYHO ZKLFK LV

DIIHFWHG E\ FKDQQHO IDGLQJ DQG WKH GLVWDQFH EHWZHHQ WKH PRELOH

KDQGVHW DQG WKH EDVH VWDWLRQ �L�H�� PHDVXULQJ IXQFWLRQ�� DQG WR

SUHGLFW IXWXUH YDOXHV RI WKH UHFHLYHG VLJQDO SRZHU� 3UHGLFWLYH

SRZHU HVWLPDWRU UHGXFHV WR SRZHU PHDVXUHPHQW LI LWV ILOWHU�

LQJ�SUHGLFWLRQ IXQFWLRQ LV UHPRYHG�

3RZHU HVWLPDWRU LV DOVR FDOOHG DQ HQHUJ\ HVWLPDWRU RU HQHUJ\

GHWHFWRU >�@>�@� VLQFH SRZHU LV DFWXDOO\ LQVWDQWDQHRXV HQHUJ\�

3RZHU HVWLPDWRU LV GRRPHG WR EH D QRQOLQHDU V\VWHP EHFDXVH

SRZHU LV GHILQHG DV WKH VTXDUH RI WKH VLJQDO PDJQLWXGH� 7KH

DYDLODEOH SRZHU HVWLPDWRUV ZHUH GHYHORSHG IRU UHDO�YDOXHG VLJ�

QDOV >�@>�@>�@� 7KH VWDQGDUG HQHUJ\ GHWHFWRU FRQVLVWV RI D OLQHDU

WLPH LQYDULDQW �/7,� ILOWHU IROORZHG E\ D PDJQLWXGH�VTXDUH RS�

HUDWLRQ >�@� ,W KDV D VLPSOH VWUXFWXUH DQG LV WKXV FRPSXWDWLRQDOO\

HYHU\ HIILFLHQW� +RZHYHU� WKH HVWLPDWLRQ ELDV DW LWV RXWSXW LV QRW

DYRLGDEOH� $ PRUH JHQHUDO SRZHU HVWLPDWRU LV FDOOHG D TXDGUDWLF

ILOWHU �4)� RU TXDGUDWLF GHWHFWRU >�@>�@� ,W FDQ SURYLGH EHWWHU

WUDGH�RII EHWZHHQ GLIIHUHQW GHVLUHG IHDWXUHV >�@� +RZHYHU� ODUJH

SURFHVVLQJ GHOD\ DQG KHDY\ FRPSXWDWLRQDO UHTXLUHPHQWV RI

TXDGUDWLF ILOWHULQJ SUHFOXGH LWV UHDO�WLPH XVH� 0RUHRYHU� WKH UH�

VXOWLQJ SRZHU HVWLPDWH LV QRW JXDUDQWHHG WR EH SRVLWLYH�

,Q WKLV SDSHU� ZH SURSRVH DQ RSWLPXP SRZHU HVWLPDWRU �3(�

IRU FRPSOH[�YDOXHG VLJQDOV� ZLWK DSSOLFDWLRQ LQ FORVHG SRZHU

FRQWURO ORRSV RI PRELOH FRPPXQLFDWLRQ V\VWHPV� 3( KDV D

VWUXFWXUH EDVHG RQ WKH :LHQHU PRGHO �:0� >�@>�@>�@>�@� DQG LW

LV WKXV FRPSXWDWLRQDOO\ YHU\ HIILFLHQW� ,Q WKLV SDSHU� 3(V DUH GH�

VLJQHG WR EH RQH�VWHS�DKHDG SUHGLFWLYH� $OVR� WKHLU RXWSXW LV

JXDUDQWHHG WR EH SRVLWLYH DV QDWXUDO IRU SRZHU HVWLPDWLRQ DSSOL�

FDWLRQV� ,Q 6HFWLRQ ,,� WKH 3( VWUXFWXUH LV SUHVHQWHG� DQG WZR

PHWKRGV IRU RSWLPXP GHVLJQ DUH GHULYHG� $OVR� LQ 6HFWLRQ ,,�

WKH RWKHU VLPXODWHG SUHGLFWRUV DUH VKRUWO\ UHYLHZHG� DQG WKH

SUHGLFWRU SDUDPHWHU VHOHFWLRQ PHWKRG XVHG LV GHVFULEHG� 7KH

VLPXODWRUV DUH GHVFULEHG� DQG VLPXODWLRQ UHVXOWV JLYHQ LQ 6HF�

WLRQ ,,,� )LQDOO\� 6HFWLRQ ,9 VXPPDUL]HV WKH SDSHU�

,,� 32:(5 (67,0$725 ,1 %$6(%$1'

$� 6WUXFWXUH DQG $QDO\VLV

)RU FRPSOH[ EDVHEDQG VLJQDOV� ZH FRQVWUXFW D 3( ZLWK WZR

:0V DQG DQ DGGHU� DV VKRZQ LQ WKH GDVKHG ER[ LQ )LJ� �� 7KH

RXWSXW RI WKH V\VWHP LV HVWLPDWHG SRZHU RI WKH LQSXW VLJQDO�

UDWKHU WKDQ DQ HVWLPDWH RI WKH LQSXW VLJQDO LWVHOI� 7KH ILOWHUV LQ

ERWK :0V DUH RI ),5 W\SH� 7KH\ DUH XVXDOO\ FKRVHQ WR EH HTXDO

DFFRUGLQJ WR WKH DVVXPSWLRQV RQ WKH LQSXW ZKLFK ZLOO EH DG�

GUHVVHG ODWHU� 7KHLU UHDO LPSXOVH UHVSRQVH K�Q� LV GHVLJQHG GXH

WR WKH FKDUDFWHULVWLFV RI WKH LQSXW� :0 FDQ EH YLHZHG DV D VSH�

FLDO FDVH RI 4)� RU RI WKH :LHQHU V\VWHP XVHG IRU QRQOLQHDU

V\VWHP UHFRJQLWLRQ >�@>�@>�@>�@� ,W KDV EHHQ FDOOHG WKH VWDQGDUG

HQHUJ\ GHWHFWRU IRU UHDO�YDOXHG VLJQDOV EHFDXVH LWV VWUXFWXUH UH�

IOHFWV WKH IXQFWLRQ RI UHPRYLQJ QRLVH DQG WKHQ FDOFXODWLQJ VLJQDO

SRZHU� 6LPLODUO\� ZH FDOO WKH 3( LQ )LJ� � VWDQGDUG 3( IRU FRP�

SOH[�YDOXHG VLJQDOV� ,WV VLPSOH VWUXFWXUH HQVXUHV FRPSXWDWLRQDO

HIILFLHQF\�

,QSXW VLJQDO FRQVLVWV RI D VLJQDO FRPSRQHQW [�Q� [
5
�Q��

M[
,
�Q� DQG QRLVH�LQWHUIHUHQFH FRPSRQHQW Z�Q� Z

5
�Q��MZ

,
�Q��

7KH UHDO� L�H�� LQ�SKDVH� SDUW [
5
�Q� DQG LPDJLQDU\� L�H�� TXDGUD�

WXUH� SDUW [
,
�Q� DUH DVVXPHG XQFRUUHODWHG� DQG ERWK DUH ZLGH�

VHQVH VWDWLRQDU\ ZLWK NQRZQ DQG XVXDOO\ HTXDO VWDWLVWLFV� 7KH

UHDO SDUW Z
5
�Q� DQG LPDJLQDU\ SDUW Z

,
�Q� RI QRLVH DUH DVVXPHG WR
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EH XQFRUUHODWHG� DQG ERWK DUH ZKLWH *DXVVLDQ QRLVH �:*1�

SURFHVVHV ZLWK ]HUR PHDQ� HTXDO YDULDQFH σ
Z

� �� DQG NXUWRVLV

�σ
Z

� �� >��@� +HQFH� Z�Q� LV DQ DGGLWLYH :*1 �$:*1� SURFHVV

ZLWK ]HUR PHDQ� YDULDQFH σ
Z

� DQG NXUWRVLV �σ
Z

� >�@� ,QSXW VLJ�

QDO�WR�QRLVH UDWLR �615� J LV GHILQHG DV WKH UDWLR RI DYHUDJH

SRZHUV RI WKH LQSXW VLJQDO DQG FRUUXSWLQJ QRLVH

γ σ= =( [ Q ( Z Q 5
[ Z

^_ � �_ ` ^_ � �_ ` � �� � �� � ���

ZKHUH (^�` GHQRWHV WKH H[SHFWDWLRQ� 5[�O� LV WKH DXWRFRUUHODWLRQ

IXQFWLRQ ZKRVH YDOXH DW WKH RULJLQ LV WKH DYHUDJH SRZHU 5[��� RI

WKH VLJQDO�

:LHQHU 0RGHO ���

:LHQHU 0RGHO ���

[
5
�Q�

Z
,
�Q�

[
,
�Q�

Z
5
�Q�

K�Q�

K�Q�
U
,
�Q� [

,
�Q�S��ε

,
�Q�

U
5
�Q� [

5
�Q�S��ε

5
�Q�

� ��

� ��

\�Q� _[�Q�S�_��H�Q�

)LJ� � 7KH VWDQGDUG SRZHU HVWLPDWRU IRU EDVHEDQG VLJQDOV�

7KH RXWSXW \�Q� _[�Q�S�_��H�Q� LV DQ HVWLPDWH RI WKH VLJQDO

SRZHU _[�Q�_� ZLWK D SUHGLFWLRQ VWHS S� 7KH YDOXH RI S FDQ EH DQ\

LQWHJHU GHSHQGLQJ RQ WKH XQGHUO\LQJ DSSOLFDWLRQ� IRU LQVWDQFH�

S!� UHIHUV WR S�VWHS�DKHDG SRZHU SUHGLFWLRQ� 7KH RXWSXW \�Q�

FDQ DOVR EH H[SUHVVHG LQ WHUPV RI WKH ILOWHUHG LQSXW U�Q� DV

\ Q U Q U Q U Q U Q U Q5 ,� � � � � � � � � �  � �= + = =� � �

� ���

ZKHUH U�Q�  U5�Q��MU,�Q�  K
7�[�Z� ZLWK WKH OHQJWK�1 ILOWHU LP�

SXOVH UHVSRQVH YHFWRU K  >K��� ��� K�1���@7� WKH VLJQDO YHFWRU [

 >[�Q� ��� [�Q�1���@7� DQG WKH QRLVH YHFWRU Z  >Z�Q� ��� Z�Q�

1���@7� 7KH VXSHUVFULSWV ¦§ DQG ¦7§ GHQRWH FRPSOH[ FRQMX�

JDWH DQG WUDQVSRVH� UHVSHFWLYHO\�

7KH UHDO�YDOXHG SRZHU HVWLPDWLRQ HUURU LV GHILQHG DV WKH GLI�

IHUHQFH EHWZHHQ WKH DFWXDO DQG WKH GHVLUHG RXWSXWV�

H Q \ Q [ Q S� � � � � �= − + �

� ���

7KLV HUURU FRQVLVWV RI WKH VHFRQG�RUGHU WHUPV [��Q� DQG Z��Q�� DV

ZHOO DV WKH FURVV WHUP RI [�Q� DQG Z�Q�� GXH WR WKH QRQOLQHDU RS�

HUDWLRQ� 7KDW LV� WKLV HUURU LV ERWK VLJQDO�GHSHQGHQW DQG QRLVH�

GHSHQGHQW� 7KH HVWLPDWLRQ ELDV LV WKH PHDQ YDOXH RI H�Q��

{ } { } ( )%LDV ( H Q ( \ Q 5
[

= = −� � � � � � ���

ZKHUH WKH VHFRQG HTXDOLW\ KROGV DFFRUGLQJ WR WKH VWDWLRQDULW\ RI

[�Q�� 7KLV ELDV LV XQDYRLGDEOH EHFDXVH RI WKH H[LVWHQFH RI WKH

VHFRQG�RUGHU WHUPV LQ WKH H[SUHVVLRQ RI H�Q�� 7KH PHDQ VTXDUHG

HUURU �06(� RI WKH HVWLPDWH \�Q� FDQ EH H[SUHVVHG DV

{ }( H Q
�
� � { } { } { }= − + + +( \ Q ( \ Q [ Q S ( [ Q S

�
� �

�� � � � � � � � � ���

,Q WKH IROORZLQJ� LQ RUGHU WR PLQLPL]H RU UHGXFH WKH 06(

���� ZH GHYHORS WZR PHWKRGV WR RSWLPL]H WKH 3(� 7KH ELDV ��� LV

DOVR UHGXFHG ZKHQ WKH 06( LV PLQLPL]HG RU UHGXFHG�

%� *OREDO 2SWLPL]DWLRQ 0HWKRG

7KH JOREDO RSWLPL]DWLRQ LV SHUIRUPHG WR GHVLJQ WKH ),5 ILO�

WHUV WR PLQLPL]H WKH 06(V (^H��Q�` DW WKH RXWSXW RI WKH 3(V�

7KH RXWSXW FDQ EH UHZULWWHQ DV \�Q�  K
7�[�Z��[�Z�7K  K

7
6K

VLQFH U�Q�  K
7�[�Z�  �[�Z�7K DQG K LV UHDO� +HUH 6  67  

�[�Z��[�Z�7 LV D +HUPLWLDQ PDWUL[� 6HWWLQJ WKH SDUWLDO GHULYD�

WLYH RI ���� ZLWK UHVSHFW WR K� WR ]HUR \LHOGV

( ){ } ( ) ( ){ }( ( [ Q S* *

7
6 6 K K 6 6 6+ = + ⋅ + 

�

� ���

ZKHUH WKH VXEVFULSW ¦*§ GHQRWHV JOREDO RSWLPL]DWLRQ� (TXDWLRQ

��� FDQQRW EH IXUWKHU VLPSOLILHG GXH WR WKH H[LVWHQFH RI WKH H[�

SHFWDWLRQV� ,W SURYLGHV DQ LPSOLFLW H[SUHVVLRQ IRU LWHUDWLYHO\ FDO�

FXODWLQJ WKH RSWLPDO ILOWHU LPSXOVH UHVSRQVH K* IRU D JOREDOO\�

RSWLPL]HG 3(� +RZHYHU� WKH QXPHULFDO FDOFXODWLRQV FRXOG EH

PDVVLYH DQG SRVVHVV VRPH XQFHUWDLQW\ LQ WKH REWDLQHG K*� DQG

DOVR FRQYHUJHQFH LV QRW JXDUDQWHHG�

&� 3DUWLDO 2SWLPL]DWLRQ 0HWKRG

/HW WKH ILOWHUHG LQSXW VLJQDO LQ )LJ� � EH H[SUHVVHG DV

U�Q� [�Q�S��H�Q�� ZKHUH H�Q� H5�Q��MH,�Q� LV WKH HVWLPDWLRQ HU�

URU DW WKH RXWSXW RI WKH ),5 ILOWHUV� 7KH JRDO QRZ LV WR PLQLPL]H

WKH 06( (^_H�Q�_�` (^H
5

� �Q�`�(^H
,

� �Q�` VR WKDW DQ RSWLPDO

HVWLPDWH RI WKH GHOD\HG VLJQDO LV DFKLHYHG DW WKH RXWSXW RI WKH

ILOWHUV� DQG WKH 06( (^H��Q�` DW WKH 3( RXWSXW LV LQ WXUQ UH�

GXFHG� ,Q RWKHU ZRUGV� WKH RYHUDOO 3( LV SDUWLDOO\ RSWLPL]HG�

7KH RSWLPDO ILOWHUV PLQLPL]LQJ (^ ε
5

� �Q�` DQG (^ ε
,

� �Q�` DUH

VLPSO\ WKH :LHQHU ILOWHUV� 7KHLU LPSXOVH UHVSRQVHV DUH HTXDO DF�

FRUGLQJ WR WKH DVVXPSWLRQV RQ WKH LQSXW VLJQDO DQG QRLVH� DQG

FDQ EH FDOFXODWHG IURP WKH :LHQHU�+RSI HTXDWLRQ >��@

K 5 U
RSW 5 5

= −� � ���

ZKHUH 55  (^�[5�Z5��[5�Z5�
7` LV DQ 1u1 DXWR�FRUUHODWLRQ

PDWUL[� U5  (^[5�Q�S�>[5�Z5
@` LV D FURVV�FRUUHODWLRQ YHFWRU�

DQG [5 DQG Z5 DUH WKH UHDO SDUWV RI [ DQG Z� UHVSHFWLYHO\� 6LQFH

QRLVH Z�Q� LV :*1 DQG LQGHSHQGHQW RI [�Q�� IXUWKHU GHULYDWLRQ

\LHOGV

( )K 5 , URSW [5 Z [5= +
−

σ �
�

� � ���

ZKHUH 5[5  (^[5[5
7` DQG U[5  (^[5�Q�S�[5`� 7KH SDUWLDO

RSWLPL]DWLRQ DSSURDFK LV RI SUDFWLFDO LQWHUHVW GXH WR LWV VLPSOH

DQG FORVHG�IRUP VROXWLRQ�

,W FDQ EH VHHQ IURP ��� WKDW D SURWRW\SH VLJQDO [�Q� DQG QRLVH

YDULDQFH DUH QHHGHG WR FDOFXODWH WKH RSWLPDO LPSXOVH UHVSRQVH�

DQG DOVR WKH ILOWHU OHQJWK 1 KDV WR EH VSHFLILHG� 7KH IROORZLQJ

VWXG\ RQ SDUDPHWHU VHOHFWLRQ SURYLGHV D PHWKRG RI FKRRVLQJ

ILOWHU OHQJWK 1 DQG SURWRW\SH VLJQDO OHQJWK /�

2QH�VWHS�DKHDG SUHGLFWLYH :LHQHU ILOWHUV RI OHQJWKV 1 �a��

DUH GHVLJQHG IRU HDFK PRELOH VSHHG �� ��� �� �� NP�K DQG

SURWRW\SH VLJQDO OHQJWK / ���� ���� �� ����� VDPSOHV� ,Q�

SKDVH DQG TXDGUDWXUH FRPSRQHQWV RI 5D\OHLJK IDGLQJ VLJQDOV�

ZKRVH FRPSRQHQWV DUH FRUUXSWHG ZLWK $:*1 ZLWK YDULDQFHV ��

����� ���� ���� ���� �� ���� �� DQG � DUH HPSOR\HG DV SURWRW\SH

VLJQDOV� 7KH UHVXOWLQJ :LHQHU ILOWHUV DUH WHVWHG E\ HVWLPDWLQJ

RQH�VWHS�GHOD\HG WHVW VLJQDOV ZLWK WKH VDPH VWDWLVWLFV DV WKH SUR�

WRW\SH VLJQDOV� 7KH 06(V (^ ε
5

� �Q�` DQG (^ ε
,

� �Q�` DW WKH ILOWHU

RXWSXWV DUH FDOFXODWHG IRU HDFK FDVH� DQG DQ HUURU VXUIDFHV YHU�

VXV / DQG 1 DUH IRUPHG� 7KH YDOXHV RI 1 DQG / FRUUHVSRQGLQJ

WR PLQLPXP 06(V DUH WKHQ REWDLQHG� )RU VLPSOLFLW\� ZH XVH

¦RSWLPDO SUHGLFWRU§ LQ WKH IROORZLQJ WR LQGLFDWH WKH SUHGLFWLYH

:LHQHU ILOWHU GHVLJQHG EDVHG RQ WKH1 DQG / YDOXHV GHWHUPLQHG�

0DJQLWXGH UHVSRQVHV RI WKUHH RSWLPDO SUHGLFWRUV DUH VKRZQ

LQ )LJ� �� ,W FDQ EH VHHQ WKDW IRU WKH ORZ�QRLVH FDVHV� WKH SUH�
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GLFWRU EDQG�ZLGWK JHQHUDOO\ JURZV ZLWK WKH UHFHLYHG IDGLQJ VLJ�

QDO EDQG�ZLGWK ZKLFK LV SURSRUWLRQDO WR WKH PRELOH VSHHG� $W

KLJK QRLVH FDVHV� WKH SUHGLFWRU GHVLJQ IDYRUV QRLVH UHGXFWLRQ�

HYHQ ZLWK WKH FRVW RI SD\ORDG VLJQDO GHJUDGDWLRQ�

)LJXUH � GHSLFWV DQ 06( VXUIDFH IRU WKH ORZ�QRLVH� �� NP�K

FDVH� 7KH RSWLPXP SUHGLFWRU LV IRXQG ZLWK SUHGLFWRU OHQJWK

1 ��� GHVLJQHG XVLQJ D SURWRW\SH VLJQDO RI / ����� LQ�SKDVH

FRPSRQHQW VDPSOHV� ,W LV VHHQ WKDW WKH 06( HUURU VXUIDFH KDV D

IDLUO\ ODUJH IODW DUHD ZKLFK LV DOVR HTXDOO\ HYLGHQW LQ DOO WKH

RWKHU HUURU VXUIDFHV LQ RXU VWXGLHV� 7KLV IODW DUHD LV GXH WR WKH

IDFW WKDW WKH RSWLPL]DWLRQ RI WKH SUHGLFWRU FRHIILFLHQWV LV GRQH

DFFRUGLQJ WR WKH SUHGHILQHG 1� DQG WKH IDFW WKDW D SURWRW\SH VLJ�

QDO VHJPHQW RI VXIILFLHQW OHQJWK UHIOHFWV WKH VWDWLVWLFV RI WKH VLJ�

QDO ZLWK KLJK SUREDELOLW\� ,Q RWKHU ZRUGV� WKH FKRLFH RI SUHGLF�

WRU OHQJWK 1 LV TXLWH IUHH DQG WKH VHOHFWLRQ RI / LV DOVR IOH[LEOH

ZLWKLQ D IDLUO\ ODUJH UHJLRQ� $OO WKH HUURU VXUIDFHV JUHDWO\ UH�

VHPEOH WKDW VHHQ LQ )LJ� �� 7KH 06( VXUIDFHV IRU WKH KLJKHU

PRELOH VSHHGV H[KLELW ¦ZDY\§ EHKDYLRU EHORZ FHUWDLQ SURWRW\SH

VLJQDO OHQJWKV� DQG RSWLPXP SUHGLFWRUV ZLWK OHQJWKV ZLWKLQ WKDW

UHJLRQ ZRXOG EH GDQJHURXVO\ VSHFLILF WR WKH VWDWLVWLFV RI WKH

SURWRW\SH VLJQDO� DOWKRXJK IURP WKH VLJQDO VWDWLVWLFV SRLQW RI

YLHZ LW PD\ VHHP LOORJLFDO WR XVH ORQJHU SURWRW\SH VLJQDOV IRU

KLJKHU PRELOH VSHHGV� 6LQFH WKH UHVXOWLQJ UHJLRQ RI1 LV PRUH RU

OHVV GHSHQGHQW RQ WKH FKRLFH RI WKH SURWRW\SH VLJQDO� QRW DOO

SUHGLFWRUV GHVLJQHG DUH DOZD\V RSWLPDO IRU WKH DFWXDO RYHUDOO

VLJQDO VWDWLVWLFV� ,W LV WR EH VWUHVVHG WKDW WKH PHWKRG RI IRUPLQJ

WKH 06( VXUIDFH DQG VHDUFKLQJ WKH UHOHYDQW1 DQG / IRU RSWLPDO

SUHGLFWRU GHVLJQ LV DFWXDOO\ QRW LQ DQ\ ZD\ UHODWHG WR WKH SRZHU

FRQWURO SUREOHP� 7KXV WKH GHVFULEHG PHWKRG VHUYHV RQO\ DV D

FRQVLVWHQW DQG ¦VFLHQWLILF§ ZD\ IRU VHOHFWLQJ WKH SUHGLFWRU GH�

VLJQ SDUDPHWHUV� LQVWHDG RI \LHOGLQJ WKH YDOXHV RI 1 DQG / RSWL�

PDO IRU WKH DFWXDO DSSOLFDWLRQ� )RU WKH SRZHU FRQWURO IXQFWLRQ LW

LV EHQHILFLDO WR DSSO\ IDLUO\ VKRUW SUHGLFWRUV ZLWKLQ WKH IODW

QHDUO\�RSWLPDO UHJLRQ� 5HDVRQDEOH JXLGHOLQHV DUH 1 �a�� DQG

/ ����a���� IRU PRELOH VSHHGV ��� NP�K� DQG 1 ��a�� DQG

/ ����a���� IRU VSHHGV !�� NP�K�

,Q WKH IROORZLQJ� ZH XVH RSWLPXP SUHGLFWRUV GHVLJQHG ZLWK

WKH SDUDPHWHUV IRXQG IURP WKH HUURU VXUIDFHV� ,W VKRXOG EH

SRLQWHG RXW WKDW VRPH VKRUWHU DG KRF GHVLJQHG RSWLPXP SUH�

GLFWRUV PD\ DFWXDOO\ \LHOG DV JRRG UHVXOWV� 7KXV� DOVR SUHGLFWRUV

ZLWK DG KRF GHVLJQ SDUDPHWHUV� OHQJWK 1 ��� GHVLJQHG ZLWK

/ ���� VDPSOHV� ZLWKLQ WKH JXLGHOLQHV DERYH� DUH DOVR XVHG LQ

WKH VLPXODWLRQV�

'� +HLQRQHQ�1HXYR 3RO\QRPLDO 3UHGLFWRUV

+HLQRQHQ�1HXYR �+�1� SRO\QRPLDO SUHGLFWRUV >��@ DUH XVHG

LQ WKH VLPXODWLRQV VLQFH 5D\OHLJK IDGLQJ VLJQDOV FDQ ZHOO EH

SLHFHZLVHO\ DSSUR[LPDWHG E\ SRO\QRPLDOV� +�1 SUHGLFWRUV DUH

RSWLPL]HG WR PLQLPL]H ILOWHU RXWSXW QRLVH SRZHU ZKHQ WKH LQSXW

LV D QRLV\ SRO\QRPLDO VLJQDO RI D NQRZQ GHJUHH� 7KH\ DUH ORZ�

SDVV ILOWHUV ZLWK� LQ WKLV SDSHU� JURXS GHOD\V H[DFWO\ PLQXV RQH

LQ QDUURZ ORZ IUHTXHQF\ EDQGV� 7KHLU FRHIILFLHQWV KDYH FORVHG

IURP VROXWLRQV IRU HDFK ILOWHU OHQJWK DQG ORZ SRO\QRPLDO LQSXW

VLJQDO GHJUHH� 6LQFH WKH GHVLJQ RI WKH +�1 SUHGLFWRUV GRHV QRW

HPSOR\ SURWRW\SH VLJQDOV� WKH UHOHYDQW YDOXHV RI WKH SUHGLFWRU

OHQJWK 1 DQG SRO\QRPLDO GHJUHH . DUH VHDUFKHG ZLWKLQ WKH UH�

JLRQ 1 �a��� . �a�� E\ HPSOR\LQJ WKH VDPH PLQLPXP 06(

FULWHULRQ DV ZLWK WKH RSWLPXP HVWLPDWRUV�

,,,� 32:(5 &21752/ 6,08/$7,216

7R DVVHVV WKH DSSOLFDELOLW\ RI WKH 3(V WR WKH FORVHG ORRS

SRZHU FRQWURO LQ &'0$ FRPPXQLFDWLRQ V\VWHPV� D VLQJOH�XVHU

VLPXODWRU� PXOWLXVHU VLPXODWRUV ZLWK � DQG �� XVHUV� DQG D

VLPXODWRU ZLWK $:*1 LQWHUXVHU LQWHUIHUHQFH PRGHO� DUH FRQ�

VWUXFWHG LQ &266$3 VRIWZDUH HQYLURQPHQW� 7KH FRPPXQLFD�

WLRQV V\VWHP SDUDPHWHUV DUH VHOHFWHG DV FDUULHU IUHTXHQF\ ���

*+]� FKLS UDWH ������ 0+]� ELW UDWH ���� +]� FRQWURO SHULRG

����� VHFRQGV� DQG VLQJOH ELW SRZHU FRQWURO FRPPDQG ZLWK r�

G% PRELOH WUDQVPLWWHU SRZHU OHYHO FKDQJH VWHS� 7KHVH SDUDPH�

WHUV DUH GHULYHG IURP WKRVH IRU WKH 4XDOFRPP &'0$ V\VWHP

>��@ H[FHSW WKDW WKH FRQWURO UDWH LV GRXEOHG� DQG ��� FKLSV SHU

ELW LV XVHG LQVWHDG RI ��� FKLSV SHU ELW� ZKLFK� ZLWK WKH ELW UDWH�

\LHOGV WKH PHQWLRQHG FKLS UDWH� 5HVXOWLQJ &'0$ FRGHV DUH QRW

RUWKRJRQDO� FRGH DXWRFRUUHODWLRQV \LHOG ���� ZKLOH WKH FRGH

FURVV FRUUHODWLRQV DUH HTXDO WR ��� LQWURGXFLQJ LQWHUXVHU LQWHUIHU�

HQFH� 7R HYDOXDWH V\VWHP SHUIRUPDQFH� ELW HUURU UDWHV �%(5V�

DUH FRXQWHG E\ FRPSDULQJ ������� ELWV RI WKH UHFHLYHG VLJQDO

DQG WKH WUDQVPLWWHG VLJQDO� (DFK XVHU KDV D 5D\OHLJK IDGLQJ

FKDQQHO FRUUHVSRQGLQJ WR KLV PRELOH VSHHG� DQG WKH WRWDO FRQWURO

ORRS GHOD\ LV VHW WR � FKLS GXUDWLRQV IRU DOO WKH XVHUV�

)RXU W\SHV RI SRZHU FRQWUROOHUV DUH WHVWHG� &RQWUROOHU � XV�

LQJ SDUWLDOO\�RSWLPL]HG RQH�VWHS�DKHDG SUHGLFWLYH 3(V� &RQ�
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)LJ� � 7KH 06(V IRU WKH SUHGLFWRUV GHVLJQHG IRU WKH PRELOH VSHHG RI

�� NP�K DQG FRPSRQHQW QRLVH YDULDQFH ����� 7KH RSWLPDO SUHGLFWRU LV

IRXQG WR EH RI OHQJWK 1 �� GHVLJQHG XVLQJ / ����� LQ�SKDVH FRPSR�

QHQW SURWRW\SH VLJQDO VDPSOHV�
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WUROOHU � XVLQJ 3(V ZLWK RQH�VWHS�DKHDG SUHGLFWLYH +�1 SUHGLF�

WRUV� DQG WKH DV WKH UHIHUHQFH� &RQWUROOHU � XVLQJ QRQ�ILOWHULQJ

SRZHU PHDVXUHPHQW� 7KH SDUWLDOO\�RSWLPL]HG 3( ZLWK WKH DG

KRF GHVLJQ SDUDPHWHUV LV HPSOR\HG LQ &RQWUROOHU �©� 7KH REMHF�

WLYH RI WKH SRZHU FRQWURO LV WR PLQLPL]H WKH YDULDQFH RI WKH

SRZHU OHYHO UHFHLYHG IURP HDFK LQGLYLGXDO XVHU� L�H�� YDULDQFH RI

WKH XVHU©V UDGLR FKDQQHO RXWSXW SRZHU� ZKLFK LV QRZ RXU FRQWURO

YDULDEOH�

$� 6LQJOHXVHU 6\VWHP

$ VLQJOHXVHU VLPXODWRU FRQVLVWV RI D PRELOH WUDQVPLWWHU� UD�

GLR FKDQQHO� EDVH VWDWLRQ UHFHLYHU DQG SRZHU FRQWUROOHU PRGHOV�

7KH UDGLR FKDQQHO LV D 5D\OHLJK IDGLQJ FKDQQHO >�@� ZLWK WKH

PRELOH VSHHG VHW WR �� NP�K RU �� NP�K� $:*1 LV DGGHG LQGH�

SHQGHQWO\ WR WKH LQ�SKDVH DQG TXDGUDWXUH FRPSRQHQWV� ,Q )LJ� ��

WKH FRPSRQHQW 615 D[LV ODEHOV FRUUHVSRQG WR WKH DGGHG FRP�

SRQHQW $:*1 YDULDQFHV �� ���� �� ���� UHVSHFWLYHO\�

,Q WKH VLQJOHXVHU VLPXODWRU� WKH LQSXW WR WKH SRZHU FRQWUROOHU

LV WKH GHVSUHDG WRWDO UHFHLYHG VLJQDO ZKLFK LV RQO\ GHFLPDWHG VR

WKDW WKH FRQWUROOHU LQSXW UDWH LV WKH VDPH DV WKH ELW UDWH� $V DOO

WKH UHFHLYHG QRLVH OHIW DIWHU GHVSUHDGLQJ LV DOVR IHG WR WKH FRQ�

WUROOHU� WKH SUHGLFWRUV© QRLVH UHGXFWLRQ FDSDELOLWLHV DUH PRUH

SURQRXQFHG LQ WKH VLQJOH XVHU FDVH WKDQ LQ WKH PXOWLXVHU FDVH�

 inf  6.99  3.98  2.22  0.97   0  −0.79 −1.46 −2.04 −2.55
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)LJ� � 6LQJOHXVHU V\VWHP %(5V DFKLHYHG HPSOR\LQJ WKH RSWLPXP SUH�

GLFWRUV �VROLG�� DQ DG KRF RSWLPXP SUHGLFWRU ZLWK 1 �� �GRWWHG�� DQG

+�1 SUHGLFWRUV �GDVK�GRW� LQ WKH FRQWUROOHUV� DORQJ ZLWK WKH %(5V XV�

LQJ WKH QRQ�ILOWHULQJ UHIHUHQFH FRQWUROOHU �FURVVHV� DW WKH PRELOH VSHHG

RI �� NP�K�

,Q )LJ� �� %(5V IURP WKH VLQJOH XVHU VLPXODWLRQV DW �� NP�K

DUH VKRZQ� ,W LV FOHDUO\ VHHQ WKDW DV WKH QRLVH OHYHO JHWV KLJKHU�

WKH V\VWHP ZLWK WKH QRQ�ILOWHULQJ UHIHUHQFH FRQWUROOHU IDLOV� 7KLV

LV GXH WR WKH IDFW WKDW DV WKH UHFHLYHG QRLVH SRZHU LQFUHDVHV� WKH

SRZHU FRQWUROOHU FRPPDQGV IRU ORZHU WUDQVPLWWHU SRZHU OHYHO�

7KH V\VWHPV ZLWK ORZ�SDVV SUHGLFWRUV DUH VWLOO IXQFWLRQDO XQGHU

KLJK QRLVH FRQGLWLRQV� ZLWK WKH RSWLPXP SUHGLFWRU SURYLGLQJ IRU

D OLWWOH EHWWHU DFKLHYHG %(5V� $W �� NP�K� WKH FRQFOXVLRQ RQ WKH

QHFHVVLW\ RI WKH ILOWHULQJ UHPDLQV HTXDOO\ FOHDU� ZLWK DOO WKH FRU�

UHVSRQGLQJ %(5V VRPHZKDW ORZHU WKDQ WKRVH VKRZQ LQ )LJ� ��

7KH SDUWLDOO\�RSWLPL]HG 3( LV VHHQ WR \LHOG VOLJKWO\ EHWWHU SHU�

IRUPDQFH WKDQ WKH +�1 SUHGLFWRU� $OVR� WKHUH LV OLWWOH GLIIHUHQFH

ZKHWKHU WKH GHVLJQ SDUDPHWHUV RI WKH SDUWLDOO\�RSWLPL]HG 3(V

DUH RSWLPL]HG RU VHOHFWHG DG KRF�

%�0XOWLXVHU 6\VWHP

,Q WKH PXOWLXVHU VLPXODWRUV� LQSXW WR WKH FRQWUROOHU LV WKH GH�

VSUHDG UHFHLYHG VLJQDO ZKLFK LV LQWHJUDWHG RYHU WKH ELW GXUDWLRQ

LQ RUGHU WR SURGXFH DQ HVWLPDWH RI WKH ELW HQHUJ\ UHFHLYHG IURP

D JLYHQ XVHU� ,QWHJUDWLRQ LQVWHDG RI GHFLPDWLRQ LV WKH GLIIHUHQFH

EHWZHHQ WKH PXOWLXVHU DQG WKH VLQJOHXVHU VLPXODWRUV� ,QWHJUDWLRQ

QDWXUDOO\ KDV WKH HIIHFW RI UHPRYLQJ VRPH QRLVH DQG LQWHUIHUHQFH

IURP WKH FRQWUROOHU LQSXW VLJQDO� DQG WKXV WKH SUHGLFWRUV© DFWXDO

SUHGLFWLYH SURSHUWLHV DUH PRUH SURQRXQFHG�

,Q WKH PXOWLXVHU VLPXODWRU� RQH XVHU LV REVHUYHG� 7KH VSHHG

RI WKH REVHUYHG PRELOH XVHU LV VHW WR �� NP�K RU �� NP�K� ZKLOH

WKH RWKHU LQWHUIHULQJ XVHUV© VSHHGV YL� L �� �� �� DUH VHW WR YL L±�

NP�K� LQ WKH ���XVHU VLPXODWLRQV� DQG WR YL L±�� NP�K�

L �� �� �� LQ WKH ��XVHU VLPXODWLRQV� $ XVHU LQ D PXOWLXVHU

VLPXODWRU LV LOOXVWUDWHG LQ )LJ� �� 5HFHLYHU QRLVH LV VLPXODWHG E\

DGGLQJ $:*1 ZLWK FRPSRQHQW YDULDQFH ����� )RU RWKHU WKDQ

PHQWLRQHG VLPXODWRU GHWDLOV� SOHDVH UHIHU WR >��@�

7UDQVPLWWHU 5HFHLYHU
5DGLR

FKDQQHO

)URP RWKHU XVHUV


FKDQQHOV � QRLVH

7R RWKHU

XVHUV
 UHFHLYHUV

&RQWUROOHU

)LJ� � %ORFN GLDJUDP RI D XVHU LQ WKH PXOWLXVHU FRPPXQLFDWLRQV V\V�

WHP VLPXODWRUV�

7KH PDLQ PXOWLXVHU VLPXODWLRQ UHVXOWV DUH JLYHQ LQ 7DEOHV ��

� DQG �� 7KH UHVXOWV DOVR UHIOHFW UHODWLRQV EHWZHHQ WKH VLPXODWHG

DFWXDO PXOWLXVHU LQWHUIHUHQFH PRGHOV DQG WKH FRPPRQO\ XVHG

$:*1 PXOWLXVHU LQWHUIHUHQFH PRGHO� )URP DOO WKH 7DEOHV �� �

DQG �� LW LV VHHQ WKDW WKH PXOWLXVHU DQG $:*1 PXOWLXVHU VLPX�

ODWLRQV \LHOG VRPHZKDW GLIIHUHQW UHVXOWV� &RQFOXVLRQV RQ WKH HI�

IHFWV RI WKH SUHGLFWRUV DUH GHSHQGHQW RQ WKH LQWHUIHUHQFH PRGHO

XVHG� ZKLFK LV PDLQO\ HYLGHQW LQ 7DEOHV � DQG � GHVFULELQJ

WUDQVPLWWHU SRZHU FRQVXPSWLRQ VDYLQJV DQG SRZHU FRQWURO

IXQFWLRQ SHUIRUPDQFH LPSURYHPHQWV� UHVSHFWLYHO\�

,Q 7DEOH �� DFKLHYHG %(5V DUH OLVWHG� ,W LV WR EH QRWHG WKDW

WKHVH DUH ¨UDZ© %(5V� L�H�� H�J� QR HUURU FRUUHFWLYH FRGLQJ LV

XVHG� 7KXV� DOO RWKHU GLIIHUHQFHV EHWZHHQ %(5V IURP WKH WKUHH

SUHGLFWLYH V\VWHPV DQG WKH UHIHUHQFH V\VWHP DUH QHJOLJLEOH LQ

WKH VHQVH RI DFWXDO GDWD WUDQVPLVVLRQ� H[FHSW IRU WKH FDVH ZKHUH

LQWHUIHUHQFH LV PRGHOHG E\ D YHU\ KLJK $:*1 OHYHO XQGHU KLJK

PRELOH VSHHG� ,Q WKLV FDVH� WKH V\VWHPV HPSOR\LQJ WKH RSWLPXP

SUHGLFWRUV DUH DEOH WR GHOLYHU ��a�� � OHVV ELW HUURUV WKDQ WKH

RWKHU WZR V\VWHPV� )URP WKH FRUUHVSRQGLQJ UHVXOWV LQ 7DEOHV �

DQG �� LW LV VHHQ WKDW WKH FRVW RI WKHVH %(5 LPSURYHPHQWV LV LQ�

FUHDVHG SRZHU FRQVXPSWLRQ DQG JUHDWHU YDULDQFH RI WKH UDGLR

FKDQQHO RXWSXW SRZHU OHYHO� L�H�� GHJUDGDWLRQ RI WKH FRQWURO

YDULDEOH TXDOLW\� 7KH RSWLPXP 3(V ZLWK WKH DG KRF GHVLJQ SD�

UDPHWHUV� &RQWUROOHU �©� DUH VHHQ WR IXQFWLRQ DV ZHOO DV WKH RQHV

ZLWK RSWLPL]HG GHVLJQ SDUDPHWHUV� *HQHUDOO\� WKH SUHYLRXV RQHV

GHSRVLW PRUH WUDQVPLWWHU SRZHU� ZKLFK UHVXOWV LQ EHWWHU %(5V LQ

WKH KLJK OHYHO $:*1 LQWHUIHUHQFH PRGHO FDVHV�

,Q 7DEOH �� WUDQVPLWWHU SRZHU FRQVXPSWLRQ VDYLQJV IURP DS�

SO\LQJ SUHGLFWLYH ILOWHULQJ DUH OLVWHG� 7KH UHVXOWV UHIOHFW WKH IDFW

WKDW +�1 SUHGLFWRUV DUH LQ PRVW FDVHV FDSDEOH RI VOLJKWO\ DG�

MXVWLQJ WKH FRQWURO WLPLQJ� UHVXOWLQJ LQ D VOLJKWO\ GHFUHDVHG

WUDQVPLWWHU SRZHU FRQVXPSWLRQV ZKLOH PDLQWDLQLQJ RU HYHQ

VOLJKWO\ GHFUHDVLQJ WKH FRUUHVSRQGLQJ %(5V� 7KH LPSURYHPHQWV

DUH PRUH SURQRXQFHG LI WKH LQWHUIHUHQFH FDQ EH PRGHOHG E\ WKH

$:*1� 7KH HIIHFW RI WKH RSWLPXP SUHGLFWRUV LV VHHQ WR EH

PRVWO\ WKDW RI GHSRVLWLQJ PRUH WUDQVPLWWHU SRZHU�
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7DEOH � SUHVHQWV WKH HIIHFWV RI WKH SUHGLFWLYH SRZHU HVWLPD�

WLRQ WR WKH FRQWURO YDULDEOH� ,I WKH V\VWHP LV PRGHODEOH E\ WKH

$:*1 LQWHUIHUHQFH PRGHO� ERWK +�1 DQG RSWLPXP SUHGLFWRUV

FDQ SURYLGH IRU VXEVWDQWLDO LPSURYHPHQWV LQ WKH SRZHU FRQWURO

RSHUDWLRQ LQ PRVW RI WKH FDVHV� �� � UHGXFWLRQ LQ WKH YDULDQFH

RI WKH UHFHLYHG SRZHU OHYHO LV H[SHFWHG WR GLUHFWO\ FRQWULEXWH WR

WKH FRPPXQLFDWLRQV V\VWHP XVHU FDSDFLW\ WKRXJK WKLV KDV QRW

EHHQ H[SOLFLWO\ WHVWHG \HW� &RQWUROOHU �© SURYLGHV IRU VOLJKW

SRZHU FRQWURO IXQFWLRQ LPSURYHPHQWV DOVR LQ DOO WKH DFWXDO

PXOWLXVHU VLPXODWLRQ FDVHV�

,9� 6800$5<

7KH :LHQHU PRGHO EDVHG FRPSXWDWLRQDOO\ HIILFLHQW SRZHU

HVWLPDWRUV IRU FRPSOH[ VLJQDOV KDYH EHHQ SURSRVHG� 7KH RXWSXW

RI WKH 3( LV JXDUDQWHHG WR EH SRVLWLYH DV QDWXUDOO\ GHVLUDEOH IRU

DOO DSSOLFDWLRQV UHTXLULQJ SRZHU HVWLPDWLRQ� $OVR� WKH 3( FDQ EH

GHVLJQHG WR EH SUHGLFWLYH IRU GHOD\ VHQVLWLYH FRQWURO DSSOLFD�

WLRQV� )RU RXU DSSOLFDWLRQ� SUHGLFWLYH 5D\OHLJK IDGLQJ VLJQDO

SRZHU HVWLPDWLRQ LQ FORVHG SRZHU FRQWURO ORRSV� VKRUW ILOWHUV

ZLWK ��1��� DUH IRXQG DGHTXDWH� 6LPXODWLRQ UHVXOWV DUH VKRZQ

DQG FRPSDUHG ZLWK UHVXOWV IURP WKH FRUUHVSRQGLQJ QRQ�ILOWHULQJ

UHIHUHQFH V\VWHPV� 7KH UHVXOWV GHPRQVWUDWH FOHDU QHHG IRU ILO�

WHULQJ ZLWKLQ FORVHG SRZHU FRQWURO ORRSV� ZKLOH ILQH WXQLQJ WKH

FRQWURO V\VWHP LV IRXQG SRVVLEOH E\ DSSO\LQJ SURSHU SUHGLFWLYH

3(V� ,Q SUDFWLFH� DQ DGDSWLYH DOJRULWKP FDQ EH XVHG WR DGMXVW WKH

SDUWLDOO\�RSWLPL]HG 3( WR VXLW IRU DFWXDO FKDQQHO YDULDWLRQ DQG

615 >�@�

$&.12:/('*0(176

7KLV SURMHFW KDV EHHQ ILQDQFHG E\ WKH 7HFKQRORJ\ 'HYHO�

RSPHQW &HQWUH RI )LQODQG �7(.(6�� 1RNLD &RUSRUDWLRQ� 7HOH�

FRP )LQODQG� DQG +HOVLQNL 7HOHSKRQH &RPSDQ\� )LQODQG� 7KH

ZRUN RI -� 0� $� 7DQVNDQHQ KDV DOVR EHHQ VXSSRUWHG E\ WKH

3lLMlW�+lPH )XQG XQGHU WKH $XVSLFHV RI WKH )LQQLVK &XOWXUDO

)RXQGDWLRQ� E\ )RXQGDWLRQ RI 7HFKQRORJ\� )LQODQG� DQG E\

-HQQ\ DQG $QWWL :LKXUL )RXQGDWLRQ� +HOVLQNL� )LQODQG�

5()(5(1&(6

>�@ *� 6LFXUDQ]D� ¦4XDGUDWLF ILOWHUV IRU VLJQDO SURFHVVLQJ�§ 3URF� RI WKH

,(((� YRO� ��� QR� �� SS� ���������� $XJ� �����

>�@ -� )DQJ DQG /� (� $WODV� ¦4XDGUDWLF GHWHFWRUV IRU HQHUJ\ HVWLPD�

WLRQ�§ ,((( 7UDQV� 6LJQDO 3URFHVVLQJ� YRO� ��� QR� ��� SS� ����������

1RY� �����

>�@ -� )� .DLVHU� ¦2Q 7HDJHU©V HQHUJ\ DOJRULWKP DQG LWV JHQHUDOL]DWLRQ

WR FRQWLQXRXV VLJQDOV�§ 3URF� ,((( 'LJLWDO 6LJQDO SURFHVVLQJ :RUN�

VKRS� 0RKRQN �1HZ 3DOW]�� 1HZ <RUN� 6HSW� �����

>�@ .� *LOKRXVHQ� ,� -DFREV� 5� 3DGRYDQL� $� -� 9LWHUEL� /� $� :HDYHU�

-U�� DQG &� (� :KHDWOH\ ,,,� ¦2Q WKH FDSDFLW\ RI D FHOOXODU &'0$ V\V�

WHP�§ ,((( 7UDQV� 9HKLFXODU 7HFKQRORJ\� YRO� ��� SS� �������� 0D\

�����

>�@ 2� .� 7RQJX] DQG 0� 0� :DQJ� ¦&HOOXODU &'0$ QHWZRUNV LP�

SDLUHG E\ 5D\OHLJK IDGLQJ� V\VWHP SHUIRUPDQFH ZLWK SRZHU FRQWURO�§

,((( 7UDQV� 9HKLFXODU 7HFKQRORJ\� YRO� ��� SS� �������� $XJ� �����

>�@ -� 7DQVNDQHQ� $� +XDQJ� 7� ,� /DDNVR� DQG 6� -� 2YDVND�

¦3UHGLFWLRQ RI UHFHLYHG VLJQDO SRZHU	 LQ &'0$ FHOOXODU	V\VWHPV�§ LQ
3URF� ��WK ,((( 9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH� &KLFDJR� ,/� -XO\

����� SS� ��������

>�@ $� +XDQJ� -� 0� $� 7DQVNDQHQ� DQG ,� 2� +DUWLPR� ¦'HVLJQ RI RS�

WLPXP SRZHU HVWLPDWRU EDVHG RQ :LHQHU PRGHO DSSOLHG WR PRELOH

WUDQVPLWWHU SRZHU FRQWURO�§ LQ 3URF� ���� ,((( ,QW� 6\PSRVLXP RQ

&LUFXLWV DQG 6\VWHPV� 0RQWHUH\� &$� 86$� 0D\ ����� LQ SUHVV�

>�@ ,� 3LWDV DQG $� 1� 9HQHWVDQRSRXORV� 1RQOLQHDU 'LJLWDO )LOWHUV�

/RQGRQ� 8.� .OXZHU� �����

>�@ 7� :LJUHQ� ¦5HFXUVLYH SUHGLFWLRQ HUURU LGHQWLILFDWLRQ XVLQJ WKH

QRQOLQHDU :LHQHU PRGHO�§ $XWRPDWLFD� YRO� ��� SS� ���������� �����

>��@ &� /� 1LNLDV� +LJKHU�2UGHU 6SHFWUDO $QDO\VLV� (QJOHZRRG &OLIIV�

1-� 3UHQWLFH�+DOO� �����

>��@ &� :� 7KHUULHQ� 'LVFUHWH 5DQGRP 6LJQDOV DQG 6WDWLVWLFDO 6LJQDO

3URFHVVLQJ� (QJOHZRRG &OLIIV� 1-� 3UHQWLFH�+DOO� �����

>��@ 48$/&200 ,QFRUSRUDWLRQ� $Q 2YHUYLHZ RI WKH $SSOLFDWLRQ RI

&RGH 'LYLVLRQ 0XOWLSOH $FFHVV �&'0$� WR 'LJLWDO &HOOXODU 6\VWHPV

DQG 3HUVRQDO &HOOXODU 1HWZRUNV �'RFXPHQW QR� (;���������� �����

>��@ 3� +HLQRQHQ DQG <� 1HXYR� ¦),5�PHGLDQ K\EULG ILOWHUV ZLWK SUH�

GLFWLYH ),5 VXEVWUXFWXUHV�§ ,((( 7UDQV� $663� YRO� ��� QR� �� SS� ����

���� -XQH �����

>��@ -� 7DQVNDQHQ� -� 0DWWLOD� 0� +DOO� 7� .RUKRQHQ� DQG 6� -� 2YDVND�

¦3UHGLFWLYH FORVHG ORRS SRZHU FRQWURO IRU PRELOH &'0$ V\VWHPV�§ LQ

3URF� ��WK ,((( 9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH� 3KRHQL[� $=�

86$� 0D\ ����� SS� ��������

7DEOH �� %(5V IURP WKH VLPXODWLRQV RI ������ ELWV ZLWK WKH WRWDO FRQWURO ORRS GHOD\ RI � FKLS GXUDWLRQV� DQG REVHUYHG XVHU©V VSHHGV �� NP�K DQG

�� NP�K� IRU � DQG �� XVHUV� DQG IRU $:*1 LQWHUIHUHQFH PRGHOV ZLWK FRPSRQHQW QRLVH YDULDQFHV RI � DQG ��

&RQWUROOHU � XVHUV

�� NP�K

� XVHUV

�� NP�K

�� XVHUV

�� NP�K

�� XVHUV

�� NP�K

$:*1 LQWHUI�

�� NP�K� YDU  �

$:*1 LQWHUI�

�� NP�K� YDU  �

$:*1 LQWHUI�

�� NP�K� YDU  �

$:*1 LQWHUI�

�� NP�K� YDU  �

�� RSWLP� SUHG� ���±���� ����±���� ���±���� ����±���� ����±���� ����±���� ����±���� ����±����

�©� RSWLP� DG KRF SUHG�� 1 �� ���±���� ����±���� ���±���� ����±���� ���±���� ����±���� ����±���� ����±����

�� +�1 SUHG� ���±���� ���±���� ���±���� ����±���� ���±���� ����±���� ����±���� ����±����

�� UHIHUHQFH ���±���� ����±���� ���±���� ����±���� ����±���� ����±���� ����±���� ����±����

7DEOH �� 3RZHU VDYLQJV DFKLHYHG HPSOR\LQJ WKH SUHGLFWLRQ IURP WKH VDPH VLPXODWLRQV DV LQ 7DEOH ��

&RQWUROOHU � XVHUV

�� NP�K

� XVHUV

�� NP�K

�� XVHUV

�� NP�K

�� XVHUV

�� NP�K

$:*1 LQWHUI�

�� NP�K� YDU  �

$:*1 LQWHUI�

�� NP�K� YDU  �

$:*1 LQWHUI�

�� NP�K� YDU  �

$:*1 LQWHUI�

�� NP�K� YDU  �

�� RSWLP� SUHG� ���� � ���� � ��� � ����� ��� � ����� � ���� � ����� �

�©� RSWLP� DG KRF SUHG�� 1 �� ����� ����� ����� ����� ����� ������ ������ ������

�� +�1 SUHG� ��� � ��� � ���� � ��� ��� � ��� � ��� � ��� �

7DEOH �� &KDQQHO RXWSXW YDULDQFH UHGXFWLRQV DFKLHYHG E\ DSSO\LQJ WKH SUHGLFWLRQ IURP WKH VDPH VLPXODWLRQV DV LQ 7DEOH ��

&RQWUROOHU � XVHUV

�� NP�K

� XVHUV

�� NP�K

�� XVHUV

�� NP�K

�� XVHUV

�� NP�K

$:*1 LQWHUI�

�� NP�K� YDU  �

$:*1 LQWHUI�

�� NP�K� YDU  �

$:*1 LQWHUI�

�� NP�K� YDU  �

$:*1 LQWHUI�

�� NP�K� YDU  �

�� RSWLP� SUHG� ��� � ���� � ���� � ���� � ���� � ���� � ���� � ������ �

�©� RSWLP� DG KRF SUHG�� 1 �� ���� ���� ���� ���� ����� ����� ����� ������

�� +�1 SUHG� ���� � ��� � ���� � ��� � ���� � ���� � ���� � ���� �

0-7803-4323-9/98/$5.00 copyright 1998 IEEE 1095 VTC ’98


