
$XWRPDWLF 7XQLQJ RI 6PLWK�SUHGLFWRU 'HVLJQ

8VLQJ 2SWLPDO 3DUDPHWHU 0LVPDWFK

-LK�-HQQ +XDQJ

3�2� %R[ ������������ /XQJWDQ� 7DR\XDQ
&KXQJ�6KDQ ,QVWLWXWH RI 6FLHQFH DQG 7HFKQRORJ\
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'HSDUWPHQW RI $HURQDXWLFV DQG $VWURQDXWLFV
6WDQIRUG 8QLYHUVLW\
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GGHEUD#VXQ�YDOOH\�VWDQIRUG�HGX

$EVWUDFW

7KH 6PLWK�SUHGLFWRU LV ZHOO NQRZQ IRU LWV GHOD\�IUHH FKDU�
DFWHULVWLF DQG VXLWDEOH IRU UHJXODWLQJ V\VWHPV ZLWK DQ H[FHV�
VLYHO\ ORQJ WLPH GHOD\� 3UHYLRXV VWXGLHV KDYH IRXQG WKDW E\
LQWURGXFLQJ DSSURSULDWH SDUDPHWULF RU WHPSRUDO PLVPDWFK
FDQ VLJQLILFDQWO\ LPSURYH V\VWHP SHUIRUPDQFH� ,Q WKLV SD�
SHU� WKH SUHYLRXV WKHRUHWLFDO UHVXOWV DUH VXPPDUL]HG WR IRUP
DQ DXWRPDWLF WXQLQJ SURFHGXUH EDVHG RQ RSWLPDO YDOXHV
REWDLQHG IURP FORVHG IRUP LQWHJUDWLRQ VROXWLRQV� 7KH SUR�
SRVHG SURFHGXUH LV YHULILHG H[SHULPHQWDOO\ RQ D IOXLG WHP�
SHUDWXUH FRQWURO V\VWHP RI 6WDQIRUG¶V TXLHW K\GUDXOLF SUHFL�
VLRQ ODWKH� 7HVW UHVXOWV VKRZ JRRG SUDFWLFDO IHDVLELOLW\ DQG
GHVHUYH PRUH UHDO ZRUOG DSSOLFDWLRQV�

,QWURGXFWLRQ

7KH 6PLWK�SUHGLFWRU SURSRVHG E\ 2� -� 0� 6PLWK >�@ KDV
EHHQ XVHG DQG FLWHG IUHTXHQWO\ IRU VROYLQJ ORQJ WLPH�GHOD\
SUREOHPV� )LJXUH � VKRZV WKH FRQWURO VFKHPH RI WKH 6PLWK�
SUHGLFWRU� ,WV WUDQVIHU IXQFWLRQ FDQ EH ZULWWHQ DV�
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,I WKH PRGHO SDUDPHWHUV PDWFK WKH UHDO SODQW� L�H�
( ) ( )V*V* TS = DQG TS 77 = � WKH DERYH WUDQVIHU IXQFWLRQ

FDQ EH VLPSOLILHG WR
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7KLV VLPSOLILFDWLRQ H[FOXGHV WKH WLPH�GHOD\ HIIHFW IURP
WKH FRQWURO ORRS� DQG FRQYHUWV WKH FRUUHVSRQGLQJ FRQWURO
GHVLJQ WR D GHOD\ IUHH SUREOHP� 'XH WR WKLV DWWUDFWLYH GH�
OD\�IUHH IHDWXUH� WKH 6PLWK�SUHGLFWRU LV IDPRXV IRU FRPSHQ�
VDWLQJ V\VWHPV ZLWK ORQJ WLPH�GHOD\�

'HVSLWH WKH FRQWURYHUVLDO LVVXH WKDW 6PLWK�SUHGLFWRU LV
VHQVLWLYLW\ WR LWV SODQW SDUDPHWHU YDULDWLRQV EDVHG RQ VRPH
IUHTXHQF\ GRPDLQ VWXGLHV >���@� 0DUVKDOO DQG KLV FRZRUN�
HUV KDYH LQYHVWLJDWHG WKH SUREOHP WKHRUHWLFDOO\ E\ VWXG\LQJ
V\VWHP FKDUDFWHULVWLF HTXDWLRQV DQG FORVHG IRUP VROXWLRQV

RI SHUIRUPDQFH LQGH[ LQWHJUDWLRQ >���@� 0DUVKDOO¶V VWXGLHV
KDYH SRLQWHG RXW WKH SRVVLELOLW\ WKDW V\VWHP SHUIRUPDQFH RI
D 6PLWK�SUHGLFWRU FRQWURO V\VWHP FRXOG EH LPSURYHG E\
LQWURGXFLQJ DSSURSULDWH SDUDPHWHU PLVPDWFK�

+XDQJ DQG 'H%UD >����@ KDYH IXUWKHU H[WHQGHG 0DU�
VKDOO¶V ZRUN� IRUPHG D FRPSOHWH VROXWLRQ� DQG WHVWHG VXF�
FHVVIXOO\ RQ V\VWHPV ZLWK VORZ G\QDPLFV DQG DQ H[FHV�
VLYHO\ ORQJ WLPH GHOD\�

7KLV SDSHU VXPPDUL]HV WKH SUHYLRXV UHVXOWV DQG SUR�
SRVHV DQ DXWRPDWLF RSWLPDO 6PLWK�SUHGLFWRU WXQLQJ SURFH�
GXUH WR IDFLOLWDWH WKH XVH RI WKH HODERUDWH WKHRUHWLFDO ZRUNV�
7KH SURSRVHG WXQLQJ SURFHGXUH LV DOVR YHULILHG RQ WKH WHP�
SHUDWXUH FRQWURO V\VWHP RI 6WDQIRUG¶V TXLHW K\GUDXOLF SUHFL�
VLRQ ODWKH WR GHPRQVWUDWH LWV IHDVLELOLW\�

$QDO\VLV 0HWKRG

7KH DQDO\WLFDO PHWKRG XVHV WKH LQILQLWH WLPH LQWHJUDWLRQ RI D
TXDGUDWLF HUURU IXQFWLRQ DV V\VWHP SHUIRUPDQFH LQGH[ DQG
WKH 3DUVHYDO¶V WKHRUHP WR FDUU\ RXW WKH LQWHJUDWLRQ LQ FRP�
SOH[ YDULDEOH GRPDLQ� 7KH 3DUVHYDO¶V WKHRUHP LV H[SUHVVHG
DV
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)RU PRUH LQYROYHG LQWHJUDWLRQ SURFHGXUHV FDQ EH IRXQG LQ
>���@�

3DUDPHWHU 1RUPDOL]DWLRQ 3URFHVVHV

%HIRUH HYDOXDWLQJ WKH LQWHJUDWLRQ� WKHUH DUH WZR SDUDPHWHU
QRUPDOL]DWLRQ SURFHGXUHV WKDW KDYH WR EH FDUULHG RXW� 7KH
ILUVW RQH LV WR QRUPDOL]H WKH SDUDPHWHU YDOXHV RI WKH RULJL�
QDO V\VWHP UHODWLYH WR D EDVH YDOXH� $ FRQYHQLHQW FKRLFH LV
WKH GHOD\ WLPH RI SODQW�

$VVXPH WKH WLPH�GHOD\ V\VWHP GLVFXVVHG LV D ILUVW RUGHU
V\VWHP SOXV D ORQJ GHDG WLPH� DQG LV UHJXODWHG E\ D 3, FRQ�
WUROOHU� 7KHLU WUDQVIHU IXQFWLRQ FDQ EH H[SUHVVHG DV
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ZKHUH SN LV WKH SURSRUWLRQDO JDLQ� L7 LV WKH LQWHJUDWLRQ

WLPH FRQVWDQW RI WKH 3, UHJXODWRU� N LV WKH '& JDLQ� D LV WKH
WLPH FRQVWDQW� DQG 7 LV WKH GHOD\ WLPH RI SODQW WUDQVIHU
IXQFWLRQ� 1RUPDOL]LQJ WKH SDUDPHWHUV ZLWK UHVSHFW WR SODQW
WLPH�GHOD\ REWDLQV WKH FRUUHVSRQGLQJ WLPH�VFDOHG FRQWUROOHU
DQG SODQW WUDQVIHU IXQFWLRQ VKRZQ EHORZ�
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ZKHUH WKH V\PERO� a� UHSUHVHQWV WKH WLPH VFDOHG /DSODFH
RSHUDWRU� DQG �=τ � 7KH FRUUHVSRQGLQJ WUDQVIRUPDWLRQ
HTXDWLRQV DUH ZULWWHQ DV
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7KH FRUUHVSRQGLQJ V\VWHP FRQWURO EORFN GLDJUDP DIWHU
SDUDPHWHU QRUPDOL]DWLRQ SURFHVV LV VKRZQ LQ )LJXUH ��

7KH RWKHU SDUDPHWHU QRUPDOL]DWLRQ SURFHGXUH LV WR H[�
WUXGH WKH TXLHW SHULRG GXH WR WLPH�GHOD\ IURP WKH LQILQLWH
WLPH LQWHJUDWLRQ� DQG PXOWLSO\ WKH SHUIRUPDQFH LQGH[ E\ WKH
QRUPDOL]HG JDLQ� .� WR HOLPLQDWH WKH JDLQ IDFWRU HIIHFW IURP
WKH SHUIRUPDQFH LQGH[� 7KH FRUUHVSRQGLQJ SHUIRUPDQFH LV
H[SUHVVHG DV�

τ..-.- VS −= ���

ZKHUH WKH VXEVFULSW VS UHSUHVHQWV IRU V\VWHP FRQWUROOHG E\
6PLWK�SUHGLFWRU� 7KH YDOXH RI τ. LV DQ LPSRUWDQFH LQGH[
IRU GHWHUPLQLQJ WKH UDQJH RI DOORZDEOH SDUDPHWHU PLV�
PDWFK�

3HUIRUPDQFH (QKDQFHPHQW 8VLQJ 3DUDPHWHU

0LVPDWFK

$FFRUGLQJ WR WKH EORFN GLDJUDP VKRZQ LQ )LJXUH �� WKHUH
DUH WKUHH WLPH�QRUPDOL]HG SDUDPHWHUV LQ WKH 6PLWK�
SUHGLFWRU� WKH GF JDLQ� T. � WKH SROH ORFDWLRQ� �T� DQG WKH

GHOD\ WLPH� Tτ � 'HWDLOHG GHULYDWLRQV DQG SHUIRUPDQFH LQ�

GH[ LQWHJUDWLRQ UHVXOWV IRU GLIIHUHQW SDUDPHWHU PLVPDWFK
FDQ EH IRXQG LQ >����@� 7KH RSWLPDO PLVPDWFK YDOXHV DUH
WKHUHIRUH FDQ EH IRXQG E\ QXPHULFDO VHDUFK E\ XVH RI WKH
GHULYHG LQWHJUDWLRQ FORVHG IRUP VROXWLRQV� 7KH IROORZLQJ
VHFWLRQV ZLOO VKRZ RQO\ WKH UHVXOWLQJ FKDUDFWHULVWLF FXUYHV
RI LQGLYLGXDO SDUDPHWHU PLVPDWFKHG FDVH� DQG WKH FXUYH�
ILWWHG UHVXOW RI WKH RSWLPDO PLVPDWFK YDOXHV�

0RGHO SROH ORFDWLRQ PLVPDWFK

$VVXPH WKHUH LV RQO\ D SROH ORFDWLRQ PLVPDWFK LQ WKH
6PLWK�SUHGLFWRU� WKH FXUYHV RI QRUPDOL]HG SHUIRUPDQFH
LQGH[ IRU GLIIHUHQW τ. YDOXHV DUH VKRZQ LQ )LJXUH �� )LJXUH
� VKRZV WKH QXPHULFDO VHDUFK UHVXOW RI WKH RSWLPDO SROH
ORFDWLRQ� 7KH SOXV V\PEROV UHSUHVHQW WKH QXPHULFDOO\
VHDUFKHG RSWLPDO YDOXHV� ZKLOH WKH VROLG OLQH LV WKH UHVXOW
JHQHUDWHG E\ D FXUYH�ILWWHG HPSLULFDO HTXDWLRQ� 7KH HP�
SLULFDO HTXDWLRQ LV IRXQG DV�
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7KH VXEVFULSWV RSW VKRZQ LQ (TXDWLRQ ��� UHSUHVHQW WKH
RSWLPDO YDOXHV�

'& JDLQ PLVPDWFK

$VVXPH WKHUH LV RQO\ D '& JDLQ PLVPDWFK EHWZHHQ WKH
PRGHO DQG SODQW� WKH FXUYHV RI QRUPDOL]HG SHUIRUPDQFH
LQGH[ DW GLIIHUHQW τ. YDOXHV DUH VKRZQ LQ )LJXUH �� )LJXUH
� VKRZV QXPHULFDO VHDUFK UHVXOWV RI WKH RSWLPDO '& JDLQ
PLVPDWFK� 7KH FXUYH�ILWWHG HPSLULFDO HTXDWLRQ LV IRXQG DV�
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7HPSRUDO PLVPDWFK

:KHQ WKHUH LV RQO\ D WHPSRUDO PLVPDWFK LQ WKH 6PLWK�
SUHGLFWRU� WKH FKDUDFWHULVWLF FXUYHV RI QRUPDOL]HG SHUIRU�
PDQFH LQGH[ DW GLIIHUHQW τ. YDOXHV DUH VKRZQ LQ )LJXUH ��
)ROORZ WKH SUHYLRXV DSSURDFK� WKH RSWLPDO WHPSRUDO UDWLRV
FDQ EH IRXQG QXPHULFDOO\� DQG WKH RSWLPDO YDOXHV DUH FXUYH
ILWWHG E\ WKH IROORZLQJ HPSLULFDO HTXDWLRQ�
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)LJXUH � VKRZV WKH FRPSDULVRQ EHWZHHQ WKH FXUYH�ILWWHG
UHVXOW DQG WKH RSWLPDO WHPSRUDO GDWD SRLQWV� 7KH UHDVRQ



ZK\ (TXDWLRQ ���� LV VHSDUDWHG LQWR WZR SDUWV LV GXH WR
WKHUH LV QR U�� LQ UHDOLW\�

3ODQW 3DUDPHWHU (VWLPDWLRQ

%HIRUH H[SORLWLQJ WKH HPSLULFDO HTXDWLRQV� SODQW SDUDPHWHUV
KDYH WR EH HVWLPDWHG� 7KH FRPELQDWLRQ RI RSHQ ORRS VWHS
UHVSRQVH DQG UHOD\ H[FLWDWLRQ IHHGEDFN PHWKRGV DUH FKRVHQ
IRU SODQW SDUDPHWHU HVWLPDWLRQ� 7KH VWHS UHVSRQVH LV XVHG
WR GHWHUPLQH WKH VWDWLF JDLQ �N� RI WKH SODQW� ZKLOH WKH UHOD\
H[FLWDWLRQ PHWKRG LV XVHG WR GHWHUPLQH WKH SODQW SDUDPH�
WHUV� 'HWDLOHG DQDO\VHV ZLWK UHJDUG WR WKH XVH RI UHOD\
IHHGEDFN FRQWURO DUH JLYHQ LQ >�����@� 7KH XOWLPDWH JDLQ RI
SURFHVV LV DSSUR[LPDWHG DV
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ZKHUH G LV WKH UHOD\ RXWSXW� DQG H LV WKH HUURU� %\ ILQGLQJ
WKH SURFHVV XOWLPDWH RVFLOODWLRQ SHULRG � X7 � IURP WKH UHJ�

LVWHUHG RVFLOODWLRQ GDWD� WKH SURFHVV SDUDPHWHUV FDQ EH GH�
ULYHG DV�
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$XWRPDWLF 6PLWK�SUHGLFWRU 'HVLJQ 3URFHGXUH

6XPPDUL]LQJ WKH DERYH UHVXOWV� DQ DXWRPDWLF 6PLWK�
SUHGLFWRU GHVLJQ SURFHGXUH WKDW XVHV WKH QXPHULFDOO\
VHDUFKHG RSWLPDO PLVPDWFK YDOXHV FRXOG EH SURSRVHG DV
IROORZV�

�� 3URFHVV PRGHO LGHQWLILFDWLRQ�
��� &KDQJH WKH VHW SRLQW OHYHO DQG UHJLVWHU WKH VWHDG\

VWDWH RSHQ ORRS RXWSXW UHVSRQVH� )LQG WKH '& JDLQ
�N� RI WKH SURFHVV�

��� 6ZLWFK WR UHOD\ FRQWURO� UHJLVWHU WKH RVFLOODWLRQ GDWD�
DQG GHWHUPLQH WKH UHVXOWLQJ XOWLPDWH JDLQ � X. � DQG

XOWLPDWH SHULRG � X7 ��

��� %DVHG RQ WKH UHJLVWHUHG RVFLOODWLRQ GDWD� ILQG WKH HV�
WLPDWHG SURFHVV WLPH FRQVWDQW D� DQG GHOD\�WLPH 7 E\
XVH RI (TXDWLRQ �����

�� τ. YDOXH GHWHUPLQDWLRQ�
��� 8VH WKH SURSRUWLRQDO FRQWURO RQO\� DQG WXQH WKH JDLQ

WR ��� X. DV VXJJHVWHG E\ =LHJOHU�1LFKROV >�@�

��� 1RUPDOL]H SURFHVV SDUDPHWHUV DFFRUGLQJ WR (TXDWLRQ
��� DQG GHWHUPLQH WKH FRUUHVSRQGLQJ τ. YDOXH�

�� 2SWLPDO 6PLWK�SUHGLFWRU WXQLQJ GHVLJQ�
��� %DVHG RQ WKH UHVXOWLQJ τ. YDOXH� GHWHUPLQH WKH DS�

SURSULDWH FRQWURO FRQVWUXFWLRQ� DQG WXQH XS V\VWHP

SHUIRUPDQFH E\ LQWURGXFLQJ WKH RSWLPDO SDUDPHWHU
PLVPDWFK RI WKH 6PLWK�SUHGLFWRU DFFRUGLQJ WR (TXD�
WLRQ ���� ���� RU �����

��� 7HVW VWHS UHVSRQVH RI WKH SURFHVV� ZDLW IRU WKH RXWSXW
WR UHDFK VWHDG\ VWDWH� DQG HYDOXDWH WKH SHUIRUPDQFH
LQGH[�

��� 5HSHDW VWHS ��� DQG FKDQJH WKH PLVPDWFKHG SDUDPH�
WHU LQ WXUQ XQWLO WKH RSWLPDO 6PLWK�SUHGLFWRU WXQLQJ LV
IRXQG�

%ORFN GLDJUDP WKDW VKRZV WKH WXQLQJ SURFHGXUH LV
VKRZQ LQ )LJXUH ��� 'XULQJ WKH WHVW� D SHULRG RI ZDLW WLPH
KDV WR EH DGGHG EHWZHHQ HDFK VWHS WR PDNH VXUH WKDW WKH
SURFHVV KDV VPRRWKO\ PLJUDWHG IURP RQH VWDWH WR DQRWKHU
VWHDG\ VWDWH�

([SHULPHQWDO WHVW SODQW ± 6WDQIRUG 4XLHW +\�

GUDXOLF 3UHFLVLRQ /DWKH

7KH 6WDQIRUG 4XLHW +\GUDXOLF �4+� SUHFLVLRQ ODWKH LV XVHG
WR WHVW WKH WKHRUHWLFDO SDUDPHWHU PLVPDWFK UHVXOWV DQG WKH
DXWRPDWLF WXQLQJ SURFHGXUH� ,WV VLPSOLILHG IXQFWLRQDO EORFN
GLDJUDP LV VKRZQ LQ )LJXUH ��

7KH PDFKLQH LV PDLQO\ FRPSRVHG RI WKUHH SDUWV� WKH
WHPSHUDWXUH FRQWURO V\VWHP� WKH SXPSLQJ V\VWHP� DQG WKH
DFWXDWLRQ V\VWHP� 7KH UHJXODWLRQ RI KHDW H[FKDQJHU RXWOHW
WHPSHUDWXUH LV GHILQHG DV LQQHU ORRS� DQG WKH UHJXODWLRQ RI
VKRZHU SRLQW WHPSHUDWXUH DW WKH DFWXDWLRQ ORFDWLRQ LV GH�
ILQHG DV RXWHU ORRS� 7KH HVWLPDWHG SURFHVV SDUDPHWHU YDO�
XHV RI WKH WHPSHUDWXUH FRQWURO V\VWHP DUH IRXQG LQ 7DEOH ��

3, UHJXODWRU LV VXLWDEOH IRU SURFHVVHV ZLWK H[FHVVLYH
ORQJ GHDG WLPH DV GLVFXVVHG LQ >��@� 7KH FRQWUROOHU IRU WKH
WHPSHUDWXUH FRQWURO V\VWHP RI 4+ SUHFLVLRQ ODWKH LV WKHUH�
IRUH FKRVHQ DV 3, UHJXODWRU� 7KLV FKRLFH LV DOVR FRQVLVWHQW
ZLWK WKH SUHYLRXV WKHRUHWLFDO GHULYDWLRQV� DQG LV GHFHQW IRU
WHVWLQJ WKH RSWLPDO WXQLQJ RI SDUDPHWHU PLVPDWFKHG 6PLWK�
SUHGLFWRU� 7KH EORFN GLDJUDP RI WKH RYHUDOO LPSOHPHQWD�
WLRQ RI WKH WHPSHUDWXUH FRQWURO V\VWHP LV VKRZQ LQ )LJXUH
��� )RU PRUH GHWDLOHG V\VWHP GHVFULSWLRQ DQG VHUYR ORRS
FRQWURO LPSOHPHQWDWLRQ SOHDVH UHIHU WR >���@�

([SHULPHQWDO UHVXOWV DQG GLVFXVVLRQ

6RPH WLPH UHVSRQVHV DUH VKRZQ LQ )LJXUH �� DQG ��� )LJ�
XUH �� VKRZV WKH LQQHU ORRS UHVSRQVHV E\ LQWURGXFLQJ '&
JDLQ PLVPDWFK� 7KH UHVXOWV GHPRQVWUDWH WKDW E\ LQWHQWLRQ�
DOO\ WXQH GRZQ WKH YDOXH RI PRGHO '& JDLQ FDQ DSSURSUL�
DWHO\ LPSURYH V\VWHP UHVSRQVH� )LJXUH �� VKRZV WKH RXWHU
ORRS WLPH UHVSRQVHV E\ LQWURGXFLQJ WHPSRUDO PLVPDWFK�
7KH UHVSRQVHV GHPRQVWUDWH WKDW WKH V\VWHP SHUIRUPDQFH
FDQ EH LPSURYHG E\ LQFRUSRUDWLQJ WHPSRUDO PLVPDWFK GXH
WR WKH SURFHVV KDV D ORZHU YDOXH RI τ. � 0RUH LQIRUPDWLYH
FRPSDULVRQV RI WKH WKHRUHWLFDO DQG H[SHULPHQWDO UHVXOWV FDQ
EH IRXQG LQ >����@�

)LJXUH �� VKRZV WKH WHVW SURFHVV RI WKH SURSRVHG DXWR�
PDWLF WXQLQJ SURFHGXUH DSSOLHG WR WKH LQQHU ORRS WHPSHUD�
WXUH FRQWURO V\VWHP� ,W LOOXVWUDWHV WKH EHQHILW IRU WXQLQJ



VORZ SURFHVV EDVHG RQ WKH 6PLWK�SUHGLFWRU ZLWK LQWHQWLRQDO
SDUDPHWHU PLVPDWFK� $ JRRG UHVSRQVH FDQ EH IRXQG DXWR�
PDWLFDOO\ ZLWKLQ D UHDVRQDEOH DPRXQW RI WLPH�

&RQFOXVLRQ

7KH WKHRUHWLFDO UHVXOWV IRU SDUDPHWHU PLVPDWFK VWXGLHV RI
6PLWK�SUHGLFWRU GHVLJQ DUH VXPPDUL]HG WR IRUP DQ DXWR�
PDWLF WXQLQJ SURFHGXUH WR UHOLHYH WKH WHGLRXV ZRUN IRU PD�
QLSXODWLQJ FRPSOLFDWHG PDWKHPDWLFDO HTXDWLRQV� 7KH UH�
VXOWV DUH WHVWHG RQ WKH OLTXLG WHPSHUDWXUH FRQWURO V\VWHP RI
6WDQIRUG¶V 4XLHW +\GUDXOLF SUHFLVLRQ ODWKH� DQG JUHDW FRQ�
VLVWHQFLHV DUH REVHUYHG� $V WKH DQDO\WLFDO VROXWLRQV DUH
GHULYHG EDVHG RQ WKH QRUPDOL]HG SDUDPHWHUV� WKH\ DUH JHQ�
HUDO� XVHIXO� DQG FDQ EH DSSOLHG WR WKH RWKHU VLPLODU UHDO
ZRUOG V\VWHPV�

7KH VWXG\ LQ WKLV SDSHU LV OLPLWHG WR VLQJOH SDUDPHWHU
PLVPDWFK� DQG VXLWDEOH RQO\ IRU V\VWHPV WKDW FDQ EH GH�
VFULEHG E\ D VLPSOH ILUVW RUGHU PRGHO SOXV D ORQJ GHDG WLPH�
7R IXUWKHU H[WHQG WKH VFRSH RI WKH UHVHDUFK� VWXGLHV IRU WKH
FRPELQDWLRQ RI PXOWLSOH SDUDPHWHU PLVPDWFKHV RI WKH
6PLWK�SUHGLFWRU DQG WKH GHULYDWLRQV IRU KLJKHU RUGHU V\V�
WHPV DUH LQWHUHVWLQJ WRSLFV IRU IXUWKHU LQYHVWLJDWLRQV�

5HIHUHQFHV

>�@ 6PLWK� 2� -� 0�� ³ÖORVHU &RQWURO RI /RRSV ZLWK 'HDG
7LPH�´ &KHPLFDO (QJLQHHULQJ 3URJUHVV� YRO� ��� QR� ��
SS� �������� �����

>�@ ,RDQQLGHV� $� &�� *� -� 5RJHUV� DQG 9� /DWKDP� ³æ�DELO�
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