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7KLV SDSHU DGGUHVVHV WKH SUREOHP RI FRQWUROOLQJ UH�
HQWUDQW VHPLFRQGXFWRU IDEULFDWLRQ OLQHV� 7R IRFXV WKH
SUHVHQWDWLRQ� D YLUWXDO pYH�PDFKLQH VL[�VWHS PLQL�IDE
LV XVHG� 7KLV PLQL�IDE ^ GHYHORSHG E\ ,QWHO LQ FRO�
ODERUDWLRQ ZLWK $68 ^ LV LQWHQGHG WR FRQWDLQ DOO RI
WKH IHDWXUHV ZKLFK PDNH D UHDO OLQH GLrFXOW WR FRQWURO�
,QGXVWU\�OLNH SROLFLHV DUH GLVFXVVHG DQG FRPSDUHG ZLWK
FRQWURO�WKHRUHWLF KLHUDUFKLFDO SROLFLHV�

� , QWU RGXFWLRQ

7KH FRQWURO RI WKH PRGHUQ IDE LV RQH RI WKH PRVW FKDO�
OHQJLQJ SUREOHPV ZKLFK KDV IDFHG WKH VHPLFRQGXFWRU
PDQXIDFWXULQJ LQGXVWU\� 7R UHPDLQ FRPSHWLWLYH� LW LV
HVVHQWLDO IRU IDE PDQDJHUV WR LPSOHPHQW UREXVW VFKHGXO�
LQJ SROLFLHV� L�H� SROLFLHV ZKLFK UREXVWO\ DOORFDWH IDE UH�
VRXUFHV �H�J� PDFKLQHV� RSHUDWRUV� WUDQVSRUW V\VWHPV�
HWF�� LQ WKH SUHVHQFH RI XQFHUWDLQW\ �H�J� XQUHOLDEOH
UHVRXUFHV� HWF��� 3HUIRUPDQFH LV W\SLFDOO\ PHDVXUHG
XVLQJ PHWULFV DVVRFLDWHG ZLWK WKURXJKSXW YROXPH DQG
WKURXJKSXW WLPH�

7KH PRGHUQ IDE LV YHU\ FRPSOH[� ,W LQYROYHV PDQ\
PDFKLQHV� SURFHVV VWHSV� DQG LV KLJKO\ UH�HQWUDQW >�@�
L�H� DV ZDIHUV PRYH IURP VWHS�WR�VWHS� WKH\ RIWHQ UH�
WXUQ WR D JLYHQ WRRO� $V D FRQVHTXHQFH� WKH GHYHO�
RSPHQW RI IDE VFKHGXOLQJ SROLFLHV LV QRQWULYLDO� ,W LV

e 7 K LV U HVHDU FK K DV E HH VX S S RU WHG E \ WK H ,Q WHO 5HVHDU FK
& RX Q FLO� 6 S RQ VRU � 'U � .DU O .HP S I� )RU P RU H LQ IRU P DWLRQ VHH
Z Z Z �LQ WHO�FRP �LQ WHO�RWK HU �U VHDU FK ��

\ $ VVRFLDWH 3 U RIHVVRU � )RU P RU H LQ IRU P DWLRQ
VHH K WWS ���HQ X [ VD�HDV�DVX �HG X  |WVDN DOLV� RU FRQ WDFW
WVDN DOLV#DVX �HG X �

]*U DG X DWH 6 WX G HQ W� )RU P RU H LQ IRU P DWLRQ FRQ WDFW
MMRE IJ#,0$ 3 ��$ 6 8 �( '8 �

[ $ VVRFLDWH 3 U RIHVVRU � )RU P RU H LQ IRU P DWLRQ VHH
K WWS ���Z Z Z �HDV�DVX �HG X  |DDU � RU FRQ WDFW DDU #DVX �HG X �

ZHOO NQRZQ� IRU H[DPSOH� WKDW VFKHGXOLQJ SUREOHPV DUH
13�FRPSOHWH >��� SS� L[@�

&XUUHQWO\� IDE SROLFLHV DUH EDVHG RQ VLPSOH VWUDWH�
JLHV �H�J� SXOO� /%)6� 0%)6� SXVK� HWF�� REWDLQHG
RQ WKH EDVLV RI H[SHULHQFH� WULDO�DQG�HUURU� VLPSOLpHG
VWDWLF PRGHOV� DQG KHXULVWLFV� %HFDXVH IDEV DUH VR FRP�
SOH[� RSHUDWH LQ WKH SUHVHQFH RI JUHDW XQFHUWDLQW\� DQG
EHFDXVH WKH GHPDQG RQ IDE UHVRXUFHV KDV VWHDGLO\ LQ�
FUHDVHG� VXFK SROLFLHV RIWHQ GR QRW DOORZ PDQDJHUV WR
UHOLDEO\ SUHGLFW IDFWRU\ SHUIRUPDQFH DQG IDOO VKRUW RI
RSWLPL]LQJ SHUIRUPDQFH� 0RUHRYHU� WKH\ DUH RIWHQ QRW
UREXVW WR H[SHFWHG VRXUFHV RI XQFHUWDLQW\� (oRUWV WR
DGGUHVV VXFK LVVXHV ^ DV ZHOO DV UH�HQWUDQW LVVXHV ^ DUH
VWLOO ODUJHO\ DFDGHPLF LQ WKDW SURSRVHG PHWKRGRORJLHV
DUH QRW \HW UHDGLO\ DSSOLFDEOH WR UHDO IDEV >��@� 7KLV
PRWLYDWHV WKH LGHDV SXW IRUZDUG LQ WKLV SDSHU�

,Q WKLV SDSHU ZH GHVFULEH D pYH�PDFKLQH VL[�VWHS UH�
HQWUDQW PLQL�IDE ZKRVH SXUSRVH LV WR FDSWXUH WKRVH
HVVHQWLDO IHDWXUHV ZKLFK PDNH IDE FRQWURO GLrFXOW
�H�J� EDWFKLQJ� VHW�XSV� HWF��� 7KH ZRUN SUHVHQWHG LQ
WKLV SDSHU LV D FRQVHTXHQFH RI RQJRLQJ LQWHUDFWLRQV
EHWZHHQ VHPLFRQGXFWRU PDQXIDFWXULQJ SUDFWLWLRQHUV
IURP ,QWHO &RUSRUDWLRQ DQG $68 IDFXOW\ >�@� >�@� >�@�
>�@� >��@� >��@�

7KH UHPDLQGHU RI WKLV SDSHU LV RUJDQL]HG DV IROORZV�
6HFWLRQ � GHVFULEHV D pYH�PDFKLQH VL[�VWHS PLQL�IDE GH�
YHORSHG E\ ,QWHO >�@ LQ FROODERUDWLRQ ZLWK $68� +LHU�
DUFKLFDO PRGHOLQJ LVVXHV DUH DGGUHVVHG LQ 6HFWLRQ �� ,Q
6HFWLRQ �� SROLFLHV ZKLFK DUH VLPLODU WR WKRVH IRXQG LQ
UHDO IDEV DUH GHVFULEHG� $ VLPSOH SXOO SROLF\ DQG WKH HI�
IHFWV RI VHW�XSV LV FRQVLGHUHG LQ 6HFWLRQ �� 7KLV VHFWLRQ
IXUWKHU PRWLYDWHV WKH QHHG IRU ?LQWHOOLJHQW� FRQWURO�
WKHRUHWLF SROLFLHV� 9DULRXV FRQWURO�WKHRUHWLF SROLFLHV
DUH GLVFXVVHG LQ 6HFWLRQ �� 6HFWLRQ � UHYLVLWV VRPH
PRGHOLQJ LVVXHV� )LQDOO\� 6HFWLRQ � VXPPDUL]HV WKH
SDSHU DQG SUHVHQWV GLUHFWLRQV IRU IXWXUH UHVHDUFK�

�



� 'HVFU LSWLRQ RI 0 LQL�)DE

,Q WKLV VHFWLRQ� ZH GHVFULEH WKH pYH�PDFKLQH VL[�VWHS
UH�HQWUDQW VHPLFRQGXFWRU IDEULFDWLRQ PLQL�IDE VKRZQ
LQ )LJXUH �� 7KLV PLQL�IDE ZDV VHOHFWHG EHFDXVH LW
H[KLELWV DOO RI WKH HVVHQWLDO IHDWXUHV ZKLFK PDNH IDE
VFKHGXOLQJ GLrFXOW� 6XFK IHDWXUHV LQFOXGH� UH�HQWU\�
GLVSDUDWH SURFHVVLQJ WLPHV� EDWFKLQJ� VHW�XSV� SUHYHQ�
WLYH PDLQWHQDQFH �30�� DQG HPHUJHQF\ PDLQWHQDQFH
�(0�� 7KHVH IHDWXUHV ZLOO DOO EH FRQVLGHUHG WKURXJKRXW
WKLV SDSHU ^ ZKHQ (0 LV LQFOXGHG LW ZLOO EH H[SOLFLWO\
VWDWHG� 2WKHU IHDWXUHV ^ QRW DGGUHVVHG LQ WKLV SDSHU
^ LQFOXGH� WZR SURGXFWV� WHVW ZDIHUV� RSHUDWRUV� WHFK�
QLFLDQV� DQG DQ XQUHOLDEOH WUDQVSRUWDWLRQ V\VWHP� $
GHWDLOHG GHVFULSWLRQ RI WKLV PLQL�IDE PD\ EH IRXQG LQ
>�@ RU DW KWWS���ZZZ�HDV�DVX�HGX |DDU��
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)LJXUH �� &DQRQLFDO 6WHS�%DVHG 9LVXDOL]DWLRQ RI )LYH�
0DFKLQH 6L[�6WHS 5H�HQWUDQW 0LQL�)DE

)LJXUH � VKRZV WKDW WKH PLQL�IDE LQYROYHV VL[ SURFHVV�
LQJ VWHSV� 6WHSV � WKURXJK �� 7KHVH VWHSV DUH VHUYHG
E\ WKUHH VWDWLRQV FRQWDLQLQJ pYH PDFKLQHV� 0DFKLQHV
$� %� &� '� DQG (� /RDGLQJ WLPHV� SURFHVVLQJ WLPHV�
DQG XQORDGLQJ WLPHV DUH LQGLFDWHG LQ )LJXUH � LQ PLQ�
XWHV� 7KH PLQLPXP WLPH IRU DQ HQWHULQJ ORW �VWDUW ORW�
WR H[LW WKH OLQH LV ��� PLQXWHV ������ KUV��� 0DFKLQHV
$ DQG % UHVLGH ZLWKLQ WKH pUVW VWDWLRQ� DUH LGHQWLFDO�
EDWFK � ORWV DW D WLPH� DQG VHUYH VWHSV � DQG �� 0D�
FKLQHV & DQG ' UHVLGH ZLWKLQ WKH VHFRQG VWDWLRQ� DUH
LGHQWLFDO� EDWFK � ORW DW D WLPH� DQG VHUYH VWHSV � DQG
�� 7KHVH PDFKLQHV DUH XQUHOLDEOH LQ WKDW WKH\ UHTXLUH
HPHUJHQF\ PDLQWHQDQFH �(0� HYHU\ ��h �� KRXUV IRU
� h � KRXUV� 0DFKLQH ( UHVLGHV ZLWKLQ WKH WKLUG VWD�
WLRQ� EDWFKHV � ORW DW D WLPH� DQG VHUYHV VWHSV � DQG
�� 7KLV PDFKLQH UHTXLUHV VHW�XSV� �� PLQXWHV IRU D
VWHS FKDQJH� � PLQXWHV IRU D SURGXFW FKDQJH� DQG ��
PLQXWHV IRU D VWHS DQG SURGXFW FKDQJH� ,Q WKLV SDSHU�
RQO\ VWHS FKDQJHV DUH FRQVLGHUHG� $OO PDFKLQHV UHTXLUH
SUHYHQWLYH PDLQWHQDQFH �30� ^ ODVWLQJ �� PLQXWHV ^
HYHU\ �� KRXU VKLIW�

)RU WKLV PLQL�IDE� WKH ERWWOHQHFN LV 0DFKLQH ( DQG
WKH ERWWOHQHFN UDWH LV JLYHQ E\�

�

�� � �� � �� � �� � �� � ��
����b ��b ���

RU ���� ORWV SHU VKLIW� 7KLV UDWH DVVXPHV �� PLQXWHV
IRU 30 DQG WZR �� PLQXWH VHW�XSV SHU �� KRXU VKLIW�

� + LHU DU FKLFDO 0 RGHOLQJ

7KLV VHFWLRQ GLVFXVVHV KLHUDUFKLFDO PRGHOLQJ LVVXHV� 7R
LQLWLDWH WKH GLVFXVVLRQ� VRPH SHUVSHFWLYH LV SURYLGHG�
'HFLVLRQV ZLWKLQ WKH PRGHUQ IDE DUH PDGH KLHUDU�

FKLFDOO\ �VHH )LJXUH ��� +LHUDUFKLFDO GHFLVLRQ PDNLQJ
LV FRPPRQ ZKHQHYHU WKHUH H[LVWV D QDWXUDO WLPH�VFDOH
VHSDUDWLRQ >�@� >�@�
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$FWXDO 6KLIW

<LHOGV

��

)LJXUH �� 9LVXDOL]DWLRQ RI +LHUDUFKLFDO 'HFLVLRQ 0DN�
LQJ ZLWKLQ WKH 0RGHUQ )DE

:LWKLQ D IDE� WKH IUHTXHQF\ RI HYHQWV LV ?ORZ� DW
WKH KLJKHVW OHYHO ^ ZKHUH ORQJ SODQQLQJ KRUL]RQV DUH
LQYROYHG ^ DQG ?KLJK� DW WKH ORZHVW OHYHO ^ ZKHUH IUH�
TXHQW GHFVLRQV DUH PDGH� $W WKH KLJKHVW OHYHO� GHVLUHG
SHU�ZHHN \LHOGV DUH GHWHUPLQHG RQ WKH EDVLV RI HFR�
QRPLF IDFWRUV� 7KHVH WDUJHW \LHOGV DUH FRQYHUWHG WR GH�
VLUHG SHU�VKLIW \LHOGV E\ D KLJK�OHYHO FRQWUROOHU� $ ORZ�
OHYHO FRQWUROOHU WKHQ HQVXUHV WKDW WKH DSSURSULDWH ORZ�
OHYHO GHFLVLRQV DUH PDGH VR WKDW WKH GHVLUHG SHU�VKLIW
\LHOGV DUH DFKLHYHG WR WKH H[WHQW SRVVLEOH� ,W LV WKH ORZ�
OHYHO FRQWUROOHU ZKLFK XOWLPDWHO\ GHFLGHV KRZ UHVRXUFHV
DUH DOORFDWHG ZLWKLQ WKH IDFWRU\� 7KH DERYH FRQWUROOHUV
DUH GHVLJQHG RQ WKH EDVLV RI KLJK� DQG ORZ�OHYHO PRG�
HOV� UHVSHFWLYHO\� :H QRZ EULHq\ DGGUHVV KLJK� DQG
ORZ�OHYHO PRGHOLQJ LVVXHV�

��� + LJK�/HYHO 0 RGHOLQJ

$W KLJK�OHYHOV� GHFLVLRQV DUH PDGH RYHU ORQJ SODQQLQJ
KRUL]RQV� )RU VXFK GHFLVLRQ PDNLQJ� qRZ PRGHOV LQ�
YROYLQJ ?DYHUDJH YDULDEOHV�� VXFK DV WKRVH IRXQG LQ WKH
OLWHUDWXUH DUH DSSURSULDWH >�@� >�@� >�@� >�@� 6XFK PRGHOV
WDNH RQ WKH IROORZLQJ VWUXFWXUH�

[Q� �  $[Q �%XQ ���

&[Q �'XQ x � ���

I�[Q� XQ� y � ���

ZKHUH WKH FRPSRQHQWV RI [Q GHQRWH DYHUDJH EXoHU OHY�
HOV DQG WKH FRPSRQHQWV RI XQ GHQRWH DYHUDJH VWDUW



UDWHV DQG VWHS XWLOL]DWLRQV� 6XFK PRGHOV KDYH EHHQ
MXVWLpHG SULPDULO\ RQ WKH EDVLV RI HPSLULFDO HYLGHQFH
>�@ �VHH DOVR 6HFWLRQ ��� ,Q >�@� PRUH TXDQWLWDWLYH UHD�
VRQV DUH JLYHQ�

��� /RZ�/HYHO 0 RGHOLQJ

$W ORZ�OHYHOV� PRUH DFFXUDWH PRGHOV PD\ EH UHTXLUHG�
6XFK PRGHOV PD\ EH REWDLQHG E\ VDPSOLQJ WKH RULJL�
QDO GLVFUHWH HYHQW V\VWHP >�@� 'RLQJ VR \LHOGV D PRGHO
ZLWK D VWUXFWXUH LGHQWLFDO WR WKDW DV WKH PRGHO DERYH ^
ZLWK YDULDEOHV WDNLQJ RQ GLVFUHWH LQWHJHU YDOXHV� 6XFK
D PRGHO PD\ EH XVHIXO IRU VLPXODWLRQ >�@ DQG DQDO\�
VLV� )XWXUH ZRUN ZLOO LQYHVWLJDWH LWV XWLOLW\ IRU GHVLJQ�
6SHFLpFDOO\� VXFK PRGHOV PD\ EH XVHG DV D VWDUWLQJ
SRLQW IRU WKH GHULYDWLRQ RI XVHIXO qRZ PRGHOV� 6HH
KWWS���HQX[VD�HDV�DVX�HGX |WVDNDOLV��

� , QGXVWU LDO�OLNH 3 ROLFLHV

2QJRLQJ FROODERUDWLRQV ZLWK ,QWHO IDE UHVHDUFKHUV KDYH
UHVXOWHG LQ YDULRXV LQGXVWU\�OLNH FRQWUROOHUV RU SROLFLHV
>��@� 7KHVH LQFOXGH � VWDUW UHOHDVH SROLFLHV� � RXWHU ORRS
SROLFLHV� DQG � LQQHU ORRS �?SXOO XQWLO WKH VKLIW JRDO LV
PHW�� SROLFLHV� ,Q WKLV VHFWLRQ� DQ\ FRPELQDWLRQ RI
UHOHDVH � RXWHU ORRS� DQG LQQHU ORRS SROLF\ ^ DQG WKH
DVVRFLDWHG � GHVLJQ SDUDPHWHUV >��@ ^ ZLOO EH UHIHUUHG
WR DV D ?FRQWUROOHU�� ,W VKRXOG EH QRWHG WKDW WKHVH
FRQWUROOHUV DUH ?GHVLJQHG DURXQG WKH FRQVWUDLQW� ^ LQ
WKLV FDVH 0DFKLQH (� ,Q D UHDO IDE� WKH ERWWOHQHFN PD\
FKDQJH� 7KLV SURYLGHV RQH UHDVRQ ZK\ ?LQWHOOLJHQW�
FRQWURO�WKHRUHWLF SROLFLHV DUH QHHGHG�
$ VPDOO VHW RI FRQWUROOHUV ������ ZHUH H[DPLQHG LQ

WKH SUHVHQFH RI 30 DQG VHW�XSV EXW LQ WKH DEVHQFH
RI (0� 7KH LQLWLDO JRDO ZDV WR DFTXLUH SHUIRUPDQFH
OLPLWDWLRQ LQIRUPDWLRQ ZLWK UHVSHFW WR SURGXFW RXW�
SXW SHU VKLIW DQG WKURXJK�SXW�WLPH �737�� ,Q HYHU\
FDVH� WKH PLQL�IDE VLPXODWRU >�@ ZDV UXQ IRU ��� VKLIWV
���� GD\V�� ZLWK WKH EXoHUV ^ RQH IRU HDFK VWHS ^ LQL�
WLDOO\ HPSW\� )RU HDFK FDVH� ZH GHWHUPLQHG WKH DYHU�
DJH ORWV SURGXFHG SHU VKLIW DQG WKH QRUPDOL]HG DYHU�
DJH WKURXJK�SXW�WLPH SHU ORW� $ SORW RI RQH YHUVXV WKH
RWKHU ^ FRQWDLQLQJ WKHVH pJXUHV IRU DOO ���� FDVHV ^ LV
SURYLGHG LQ )LJXUH � �� $V H[SHFWHG� WKH pJXUH GRHV
H[KLELW WKH SUHVHQFH RI D FRQFDYH 3DUHWR�ERXQGDU\ RI
SHUIRUPDQFH EHWZHHQ WKH WZR PHDVXUHV� 7KLV ERXQG�
DU\ HVWDEOLVKHV D SUHFLVH WUDGH�Ro EHWZHHQ IDE SHU VKLIW
�PD[LPXP� RXWSXW DQG �PLQLPXP� 737� ,Q WKLV pJ�
XUH� D QRUPDOL]HG DYHUDJH 737 RI 7 FRUUHVSRQGV WR
����7 � �� PLQXWHV�
1H[W� ZH VHOHFWHG D VXEVHW ���� RI WKH RULJLQDO ������

FRQWUROOHUV� 7KHVH FRQWUROOHUV ZHUH H[DPLQHG IRU ����

� $ OO VLP X ODWLRQ V LQ WK LV S DS HU Z LOO WDN H S ODFH RY HU ��� VK LIWV�
� ( DFK S RLQ W WRRN � P LQ X WHV WR JHQ HU DWH IRU D WRWDO & 3 8 WLP H
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)LJXUH �� ,QGXVWULDO�OLNH SROLFLHV� ���� GLoHUHQW ?FRQ�
WUROOHUV�� EXoHUV LQLWLDOO\ HPSW\�

GLoHUHQW LQLWLDO EXoHU FRQGLWLRQV� 7KH UHVXOWLQJ SORW
^ VKRZQ LQ )LJXUH � ^ UHYHDOV WKDW WKH VHQVLWLYLW\ WR
LQLWLDO FRQGLWLRQV �,&V� FRXOG EH YHU\ EDG GHSHQGLQJ
RQ WKH FRQWUROOHU XVHG� ,Q ZKDW IROORZV� ZH ZLOO pQG
FRQWURO�WKHRUHWLF SROLFLHV ZKLFK H[KLELW OHVV VHQVLWLYLW\
WR LQLWLDO FRQGLWLRQV�
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)LJXUH �� ,QGXVWULDO�OLNH SROLFLHV� �� GLoHUHQW ?FRQ�
WUROOHUV�� �� GLoHUHQW ,&V�

� , QVWDELOLW\ LQ WKH 3 U HVHQFH RI
6HW�XSV� $ 6LPSOH 3 XOO 3 ROLF\

,Q WKLV VHFWLRQ� ZH IXUWKHU PRWLYDWH WKH QHHG IRU ?LQWHO�
OLJHQW� FRQWURO�WKHRUHWLF SROLFLHV� 6SHFLpFDOO\� ZH VKRZ
KRZ D VLPSOH ^ FRPPRQO\ IRXQG ^ SXOO SROLF\ PD\ UH�
VXOW LQ LQVWDELOLW\ EHFXDVH LW GRHV QRW KDQGOH VHW�XSV
ZHOO�



6SHFLpFDOO\� ZH H[DPLQH D VLPSOH SXOO SROLF\ IRU WZR
GLoHUHQW VWDUW UHOHDVH UDWHV ^ ERWK EHORZ WKH FULWLFDO
ERWWOHQHFN UDWH RI ���� ORWV SHU VKLIW� 7KH SXOO SRO�
LF\ SURYLGHV YHU\ JRRG SHUIRUPDQFH ZKHQ VHW�XSV DUH
QRW LQFOXGHG RU ZKHQ WKH UHOHDVH UDWH LV ZHOO EHORZ
WKH FULWLFDO UDWH� ,I D ���� ORW SHU VKLIW UHOHDVH UDWH LV
XVHG� RQH REWDLQV WKH UHVXOWV VKRZQ LQ )LJXUH �� 7KH
pJXUH VKRZV WKDW VHW�XSV UHGXFH V\VWHP FDSDFLW\ VHY�
HUO\� 7KLV PDQLIHVWV LWVHOI LQ WKH IRUP RI RVFLOODWLRQV LQ
EXoHU �
V OHYHO�
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)LJXUH �� %XoHU VL]HV IRU VLPSOH SXOO SROLF\� VWDUW UH�
OHDVH UDWH� ���� ORWV SHU VKLIW� 7LFN  � PLQXWHV�

,I D ���� ORW SHU VKLIW UHOHDVH UDWH LV XVHG� RQH REWDLQV
WKH UHVXOWV VKRZQ LQ )LJXUH �� 7KLV pJXUH VKRZV WKDW
WKH V\VWHP EHFRPHV XQVWDEOH ^ VHH JURZWK LQ EXoHU �
OHYHO ^ EHFDXVH VHW�XSV GHFUHDVH V\VWHP FDSDFLW\ EH�
ORZ WKH ���� ORWV SHU VKLIW UHOHDVH UDWH� 7KLV VKRZV
WKDW VLPSOH SROLFLHV PD\ UHVXOW LQ YHU\ EDG SHUIRU�
PDQFH� 7KLV IXUWKHU PRWLYDWHV WKH QHHG IRU ?LQWHOOL�
JHQW� FRQWURO�WKHRUHWLF SROLFLHV�

� &RQWU RO�7 KHRU HWLF 3 ROLFLHV

,Q WKLV VHFWLRQ FRQWURO�WKHRUHWLF SROLFLHV DUH H[DPLQHG�
&RQVWDQW VWDUW UHODVH SROLFLHV DUH XVHG WKURXJKRXW ^ LQ
FRQWUDVW WR WKH LQGXVWULDO�OLNH SROLFLHV H[DPLQHG HDU�
OHU� $Q RXWHU ORRS SROLF\ GHVLJQHG WR PLQLPL]H D
/\DSXQRY IXQFWLRQ XVLQJ RQH�VWHS ORRN�DKHDG LQIRUPD�
WLRQ LV XVHG� 7KH JRDO RI WKH UHVXOWLQJ FRQVWUDLQHG�
PLQLPL]DWLRQ LV WR HPSW\ WKH EXoHUV� 7KH RYHUDOO HI�
IHFW RI WKH PLQLPL]DWLRQ LV WR SURGXFH DV PDQ\ RXWV DV
VWDUWV UHOHDVHG LQWR WKH IDE DQG WR HPSW\ DQ\ H[WUD ORWV
LQ WKH EXoHUV� 7ZR LQQHU ORRS SROLFLHV DUH H[DPLQHG�
D p[HG SULRULW\ SROLF\ DQG D YDULDEOH SULRULW\ SROLF\
�933�� (DFK SROLF\ LV QRZ FRQVLGHUHG�
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)LJXUH �� %XoHU VL]HV IRU VLPSOH SXOO SROLF\� VWDUW UH�
OHDVH UDWH� ���� ORWV SHU VKLIW� 7LFN  � PLQXWHV�

��� )L[HG 3 U LRU LW\ �3 XOO�/LNH� , QQHU
/RRS 3 ROLF\

8VLQJ D p[HG SULRULW\ �SXOO�OLNH� LQQHU ORRS SROLF\
�)33�� ZH H[DPLQHG IDE SHUIRUPDQFH IRU GLoHUHQW
�FRQVWDQW� UHOHDVH UDWHV DQG ���� GLoHUHQW LQLWLDO FRQ�
GLWLRQV� )LJXUH � VKRZV WKH UHVXOWV� 7KLV SROLF\ PDLQ�
WDLQV VWHDG\�VWDWH SHUIRUPDQFH FORVH WR WKH ERXQGDU\
EXW H[KLELWV XQGHVLUDEOH VHQVLWLYLW\ WR LQLWLDO FRQGL�
WLRQV IRU VRPH UHOHDVH UDWHV�
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)LJXUH �� &RQVWDQW VWDUW UHOHDVH UDWHV� /\DSXQRY EDVHG
RQH�VWHS ORRN�DKHDG PLQLPL]DWLRQ IRU RXWHU ORRS� )33
LQQHU ORRS� �� ,&V�

:KHQ WKH VWDUW UHOHDVH UDWHV DUH VPDOO ��^�
ORWV�VKLIW�� WKH VHQVLWLYLW\ ZLWK UHVSHFW WR LQLWLDO FRQ�
GLWLRQV LV ODUJHU WKDQ ZKHQ WKH UHOHDVH UDWH LV EHWZHHQ
���^��� ORWV�VKLIW� 7KLV PD\ EH DWWULEXWHG WR EDWFKLQJ
DQG HPSW\ EXoHU VDWXUDWLRQ HoHFWV� :KHQ D UHOHDVH



UDWH RI � ORWV�VKLIW LV XVHG� WKH VHQVLWLYLW\ ZLWK UHVSHFW
WR LQLWLDO FRQGLWLRQV LV PXFK ZRUVH� 7KLV PD\ EH DW�
WULEXWHG WR XWLOL]DWLRQ VDWXUDWLRQ HoHFWV DQG EDG VHW�
XSV SDWWHUQV� 'HSHQGLQJ RQ WKH LQLWLDO FRQGLWLRQ� WKH
IDE FRQYHUJHV WR D VWDWH LQ ZKLFK WKH DFWXDO XWLOL]DWLRQ
IRU WKH ERWWOHQHFN PDFKLQHV LV GHFUHDVHG E\ WKH VHW�XS
WLPH LQ VXFK D ZD\ WKDW RQO\ WKH JRDO RI SURGXFLQJ
DV PDQ\ RXWV DV VWDUWV UHOHDVHG LV IXOpOOHG� )RU WKH
FDVH RI ���� ORWV�VKLIW WKLV EDG VSUHDG �VHQVLWLYLW\� LV
QRW SUHVHQW EHFDXVH WKH UHOHDVH UDWH GRHV QRW SHUPLW D
VPDOO SHULRGLF SDWWHUQ� )RU WKH FDVH RI ���� ORWV�VKLIW D
ODUJH VSUHDG LV VHHQ� EXW LW PXVW EH QRWHG WKDW WKH IDE
KDV QRW UHDFKHG VWHDG\ VWDWH ^ HYHQ DIWHU ��� VKLIWV�
'HVSLWH WKLV� WKH EXoHUV UHPDLQ ERXQGHG DQG GHFUHDV�
LQJ ^ LQ FRQWUDVW WR WKH VLPSOH SXOO SROLF\ FRQVLGHUHG
LQ 6HFWLRQ ��
1H[W� ZH LQFOXGHG HPHUJHQF\ PDLQWHQDQFH �(0�� ,Q

WKLV FDVH WKH VWRFKDVWLF QDWXUH RI WKH SURFHVV UHPRYHV
WKH SRVVLELOLW\ RI VPDOO SHULRGV DQG WKH VHQVLWLYLW\ GXH
WR LQLWLDO FRQGLWLRQV LPSURYHV DV VHHQ LQ )LJXUH ��
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)LJXUH �� &RQVWDQW VWDUW UHOHDVH UDWHV� /\DSXQRY EDVHG
RQH�VWHS ORRN�DKHDG PLQLPL]DWLRQ IRU RXWHU ORRS� )33
LQQHU ORRS� �� ,&V� DQG (0�

��� 9DU LDEOH 3 U LRU LW\ , QQHU /RRS

8QGHU WKH YDULDEOH SULRULW\ SROLF\ �933�� WKH SULRULW\
LV DOORFDWHG DFFRUGLQJ WR ZKLFK VWHS ZLOO UHTXLUH PRUH
XWLOL]DWLRQ LQ RUGHU WR DFKLHYH WKH VKLIW JRDO� 7KH SUL�
RULW\ LV FKDQJHG HYHU\ WLPH WKH RXWHU ORRS LV FDOFX�
ODWHG �L�H� RQFH SHU VKLIW�� :LWK WKLV LQQHU ORRS SROLF\�
WKH HoHFWV RI WKH XWLOL]DWLRQ VDWXUDWLRQ DQG VHW�XSV DUH
OHVVHQHG� 6SHFLpFDOO\� WKH VHQVLWLYLW\ GXH WR LQLWLDO FRQ�
GLWLRQV LV LPSURYHG �VHH )LJXUH �� ZLWK UHVSHFW WR WKH
SUHYLRXV �GHWHUPLQLVWLF� FDVH �VHH )LJXUH ��� WKH EHVW
FDVH JRW D OLWWOH ZRUVH EXW WKH ZRUVW FDVH JRW DORW EHW�
WHU� 7KH HoHFW RI HPSW\ EXoHUV DQG EDWFKLQJ LV VWLOO HY�
LGHQW IRU VPDOO UHOHDVH UDWHV �H�J� �^� ORWV�VKLIW�� 7KLV
SROLF\ PDLQWDLQV VWHDG\�VWDWH SHUIRUPDQFH FORVH WR WKH

ERXQGDU\ ZLWKRXW H[FHVVLYH VHQVLWLYLW\ WR LQLWLDO FRQ�
GLWLRQV� +RZHYHU� WKH RXWSXWV VKRZ VRPH ^ SHUKDSV
QHFHVVDU\ ^ LUUHJXODULW\ LQ WKHLU GLVWULEXWLRQV�
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)LJXUH �� &RQVWDQW VWDUW UHOHDVH UDWHV� /\DSXQRY EDVHG
RQH�VWHS ORRN�DKHDG PLQLPL]DWLRQ IRU RXWHU ORRS� 933
LQQHU ORRS� � ,&V�

� 0 RGHOLQJ , VVXHV 5HYLVLWHG�
7 KH )ORZ 0 RGHO

,Q WKLV VHFWLRQ� ZH SURYLGH DGGLWLRQDO HPSLULFDO HYL�
GHQFH GHPRQVWUDWLQJ WKH XWLOLW\ RI qRZ PRGHOV LQ DS�
SUR[LPDWLQJ V\VWHP EHKDYLRU� 7R GR WKLV ZH XVHG D
FRQVWDQW VWDUW UHOHDVH SROLF\� $ /\DSXQRY EDVHG RQH�
VWHS ORRN�DKHDG PLQLPL]DWLRQ ZDV XVHG IRU WKH RXWHU
ORRS� $ YDULDEOH SULRULW\ SROLF\ �933� ZDV XVHG IRU
WKH LQQHU ORRS ^ VHH 6HFWLRQ ���� 7KH UHVXOWLQJ RYHUDOO
FORVHG ORRS EHKDYLRU >�@ ZDV FRPSDUHG WR WKDW SUR�
GXFHG E\ DQ DYHUDJH qRZ PRGHO ZLWK D /\DSXQRY
EDVHG IHHGEDFN FRQWURO ODZ� 7KH UHVXOWV IRU D ���� ORWV
SHU VKLIW UHOHDVH UDWH DUH VHHQ LQ )LJXUH ���

'XULQJ WKH WUDQVLHQW WKH DYHUDJH FORVHG ORRS qRZ
PRGHO DSUR[LPDWHV WKH FORVHG ORRS VLPXODWRU� 2QFH
WKH VWHDG\ VWDWH LV UHDFKHG WKH DSUR[LPDWLRQ LV QRW
DV JRRG GXH WR D ORVV LQ UHVROXWLRQ FDXVHG E\ EDWFK�
LQJ� (YHQ IRU D UHOHDVH UDWH RI ���� ORWV SHU VKLIW �VHH
)LJXUH ���� WKH DSUR[LPDWLRQ LV JRRG IRU WKRVH EXoHUV
ZKRVH OHYHOV DUH DERYH WKH UHVROXWLRQ GXH WR EDWFKLQJ
DQG LQWHJHU QXPEHU RI ORWV�

� 6XPPDU \

,Q WKLV SDSHU� D pYH�PDFKLQH VL[�VWHS PLQL�IDE ZDV GH�
VFULEHG� 7KLV PLQL�IDE FRQWDLQV DOO RI WKH HVVHQWLDO
IHDWXUHV ZKLFK PDNHV IDE VFKHGXOLQJ GLrFXOW� +LHU�
DUFKLFDO PRGHOLQJ DQG FRQWURO LVVXHV ZHUH GLVFXVVHG�
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)LJXUH ��� $YHUDJH EXoHU VL]HV IRU FORVHG ORRS qRZ
PRGHO �VROLG� DQG FORVHG ORRS ?VLPXODWRU� �GRWV�� 6WDUW
UHOHDVH UDWH� ���� ORWV SHU VKLIW�

,QGXVWULDO�OLNH DQG FRQWURO�WKHRUHWLF VFKHGXOLQJ SROL�
FLHV ZHUH SUHVHQWHG DQG FRPSDUHG� ,Q FRQFOXVLRQ� WKH
UHVXOWV WKXV IDU LQGLFDWH WKDW FRQWURO�WKHRUHWLF SROLFLHV
PD\ �L� EH V\VWHPDWLFDOO\ REWDLQHG� �LL� UHVXOW LQ D PRUH
SUHGLFWDEOH IDE� DQG �LLL� RXWSHUIRUP FRPPRQO\ XVHG
LQGXVWULDO KHXULVWLFV� )XWXUH ZRUN ZLOO DGGUHVV WUDQ�
VLHQW SHUIRUPDQFH DQG RWKHU IHDWXUHV GHVFULEHG LQ >�@�

0 50 100 150 200 250 300
0

5

10

15

20

Shifts

A
v
e

ra
g

e
 P

ie
c
e

s
 i
n

 B
u

ff
e

r 
1

0 50 100 150 200 250 300
0

5

10

15

20

Shifts

A
v
e

ra
g

e
 P

ie
c
e

s
 i
n

 B
u

ff
e

r 
2

0 50 100 150 200 250 300
5

10

15

20

25

Shifts

A
v
e

ra
g

e
 P

ie
c
e

s
 i
n

 B
u

ff
e

r 
3

0 50 100 150 200 250 300
−1

0

1

2

3

Shifts

A
v
e

ra
g

e
 P

ie
c
e

s
 i
n

 B
u

ff
e

r 
4

0 50 100 150 200 250 300
0

2

4

6

8

10

Shifts

A
v
e

ra
g

e
 P

ie
c
e

s
 i
n

 B
u

ff
e

r 
5

0 50 100 150 200 250 300
0

5

10

15

20

Shifts

A
v
e

ra
g

e
 P

ie
c
e

s
 i
n

 B
u

ff
e

r 
6

)LJXUH ��� $YHUDJH EXoHU VL]HV IRU FORVHG ORRS qRZ
PRGHO �VROLG� DQG FORVHG ORRS ?VLPXODWRU� �GRWV�� 6WDUW
UHOHDVH UDWH� ���� ORWV SHU VKLIW�

$FNQRZOHGJPHQWV

7KH DXWKRUV ZRXOG OLNH WR WKDQN 'UV� .� .HPSI DQG
1� 6ULYDWVDQ RI ,QWHO &RUSRUDWLRQ� IRU WKHLU VXSSRUW
WKURXJKRXW WKH FRXUVH RI WKLV ZRUN�

5HIHU HQFHV

>� @ 5� $ OY D UH ] �9 D UJ D V� < � ' D OOH U\ � D QG 5� ' D Y LG� ? $
6WXG\ R I WKH & R QWLQXR XV ) OR Z 0 R GH O R I 3UR GXF WLR Q
/LQH V Z LWK 8 QUH OLD EOH 0 D F KLQH V D QG ) LQLWH %XoH UV��
-RX UQDO RI 0 DQX IDFWX ULQJ 6\V WHPV � 9 R O� � � � 1 R � � �
� � � � � SS� � � � �� � � �

>� @ 0 � (O$ GO D QG $ �$ � 5R GULJ XH ] � ? ) LY H �0 D F KLQH 6L[ �
6WH S 5H �H QWUD QW 6H PLF R QGXF WR U 0 LQL�) D E 6LPXOD WR U��
UH SR UW� $ UL] R QD 6WD WH 8 QLY H UVLW\ � � � � � �

>� @ 0 � (O$ GO� $ �$ � 5R GULJ XH ] � D QG . � 7 VD N D OLV� ? + LH U�
D UF KLF D O 0 R GH OOLQJ D QG & R QWUR O IR U 5H �H QWUD QW 6H PL�
F R QGXF WR U ) D EULF D WLR Q /LQH V�� 3 URFHHGLQJV RI WKH � � W K

,( ( ( & RQIHUHQFH RQ 'HFLV LRQ DQG & RQWURO� . R EH �
-D SD Q� ' H F H PEH U�

>� @ 6� *H UVKZ LQ� ? + LH UD UF KLF D O ) OR Z & R QWUR O� $ IUD PH �
Z R UN IR U 6F KH GXOLQJ D QG 3OD QQLQJ ' LVF UH WH (Y H QWV LQ
0 D QXID F WXULQJ 6\ VWH PV�� 3UR F � ,(((� 9 R O� � � � � � � �
SS� � � � �� � � �

>� @ 3�5� . XPD U� ? 5H �(QWUD QW /LQH V�� 7 H F KQLF D O UH SR UW�
& R R UGLQD WH G 6\ VWH PV /D ER UD WR U\ � 8 QLY H UVLW\ R I ,OOL�
QR LV� 8 UED QD � ,/� UH F H LY H G � � � � �

>� @ . � . H PSI� ? ' H WD LOH G ' H VF ULSWLR Q R I D 7 Z R �SUR GXF W
) LY H �PD F KLQH 6L[ �VWH S 5H �H QWUD QW 6H PLF R QGXF WR U
0 D QXID F WXULQJ 6\ VWH P�� SUH SD UH G UH SR UW� ,QWH O & R U�
SR UD WLR Q� 7 H F KQR OR J \ 	 0 D QXID F WXULQJ *UR XS� $ X�
J XVW� � � � � �

>� @ $ �$ � 5R GULJ XH ] � ? $ 5H OH D VH 3R OLF \ *R Y H UQR U �53*�
IR U 5H �H QWUD QW 6H PLF R QGXF WR U ) D EULF D WLR Q /LQH V��
VXEPLWWH G IR U SXEOLF D WLR Q LQ WKH ,QWHUQDWLRQDO -RX UQDO
RI & RQWURO� � � � � �

>� @ $ �$ � 5R GULJ XH ] � . �6� 7 VD N D OLV� H W� D O�� ? + LH UD UF KLF D O
0 R GH OLQJ D QG & R QWUR O R I 5H �H QWUD QW 6H PLF R QGXF WR U
) D EULF D WLR Q /LQH V�� ,QY LWH G 6H VVLR Q� ���� $ PHULFDQ
& RQWURO & RQIHUHQFH� $ OEXT XH UT XH � 1 0 � � � � � �

>� @ 6�3� 6H WKL D QG 4� =KD QJ � + LHUDUFKLFDO 'HFLV LRQ 0 DN�
LQJ LQ 6WRFKDV WLF 0 DQX IDFWX ULQJ 6\V WHPV � %LUN K�DXVH U�
� � � � �

>� � @ . �6� 7 VD N D OLV D QG -�-�) � *R GR \ � ? ,QGXVWU\ �OLN H 3R OL�
F LH V IR U WKH ) LY H �0 D F KLQH 6L[ �6WH S 0 LQL�) D E %H QF K�
PD UN �� SUH SD UH G QR WH V� ' H SD UWPH QW R I (OH F WULF D O (Q�
J LQH H ULQJ � $ UL] R QD 6WD WH 8 QLY H UVLW\ � $ XJ XVW � � � � �

>� � @ %� =D VOD Y VN \ � $ �$ � 5R GULJ XH ] � D QG ' � & R OOLQV� ? 7 LPH
2SWLPD O & R QWUR O R I 5H �H QWUD QW 6H PLF R QGXF WR U ) D EUL�
F D WLR Q /LQH V�� VXEPLWWH G IR U SXEOLF D WLR Q LQ WKH ,QWHU�
QDWLRQDO -RX UQDO RI & RQWURO� � � � � �

>� � @ 0 � =Z H EH Q D QG 0 �6� ) R [ � ,QWHOOLJHQW 6FKHGX OLQJ� 0 R U�
J D Q . D XIPD Q 3XEOLVKH UV� � � � � �


