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:� %UDGIRUG 3DUNLQVRQ� 3URIHVVRU� $HUR�$VWUR GHSW�� 6WDQIRUG 8QLYHUVLW\� EUDG#UHOJ\UR�VWDQIRUG�HGX
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.(<:25'6� V\VWHP LGHQWLILFDWLRQ� DXWRQRPRXV V\VWHP� GLVWULEXWHG FRQWURO� QDYLJDWLRQ� *36�

$Q DXWRQRPRXV FDWDPDUDQ� EDVHG RQ D PRGLILHG 3ULQGOH��� GD\�VDLOLQJ FDWDPDUDQ ZDV EXLOW WR WHVW WKH YLDELOLW\ RI *36�EDVHG

V\VWHP LGHQWLILFDWLRQ IRU SUHFLVLRQ FRQWURO� 7KH FDWDPDUDQ ZDV ILWWHG ZLWK VHYHUDO VHQVRUV DQG DFWXDWRUV WR FKDUDFWHUL]H WKH

G\QDPLFV� 8VLQJ DQ HOHFWULF WUROOLQJ PRWRU� DQG OHDG EDOODVW WR PDWFK DOO�XS ZHLJKW� VHYHUDO V\VWHP LGHQWLILFDWLRQ SDVVHV ZHUH

SHUIRUPHG WR H[FLWH V\VWHP PRGHV DQG PRGHO WKH G\QDPLF UHVSRQVH� /4* FRQWUROOHUV ZHUH GHVLJQHG EDVHG RQ WKH UHVXOWV RI WKH

V\VWHP LGHQWLILFDWLRQ SDVVHV� DQG WHVWHG ZLWK WKH HOHFWULF WUROOLQJ PRWRU� /LQH IROORZLQJ SHUIRUPDQFH ZDV H[FHOOHQW� ZLWK FURVV�

WUDFN HUURU VWDQGDUG GHYLDWLRQV RI OHVV WKDQ ���� PHWHUV� 7KH ZLQJ�VDLO SURSXOVLRQ V\VWHP ZDV ILWWHG� DQG WKH FRQWUROOHUV WHVWHG

ZLWK WKH ZLQJ SURYLGLQJ DOO IRUZDUG WKUXVW� /LQH IROORZLQJ SHUIRUPDQFH DQG GLVWXUEDQFH UHMHFWLRQ ZHUH H[FHOOHQW� ZLWK WKH

FURVV�WUDFN HUURU VWDQGDUG GHYLDWLRQV RI DSSUR[LPDWHO\ ���� PHWHUV� LQ VSLWH RI ZLQG VSHHG YDULDWLRQV RI RYHU ��� RI QRPLQDO

YDOXH�
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7KLV SDSHU GHWDLOV WKH SURJUHVV RI WKH $WODQWLV SURMHFW� SLFWXUHG LQ )LJXUH �� ZKLFK EHJDQ ZLWK WKH FRQFHSWLRQ RI

DQ XQPDQQHG� DXWRQRPRXV� *36�JXLGHG� ZLQJ�VDLO�SURSHOOHG VDLOERDW� )URP WKLV SRLQW RI FRQFHSWLRQ EDFN LQ

0DUFK RI ����� D IXOO IRXU \HDUV KDYH SDVVHG EULQJLQJ

WKLV YLVLRQ WR IUXLWLRQ� 7KLV KDV EHHQ ¦V\VWHPV§

DSSURDFK� ZLWK VXEVWDQWLDO LQQRYDWLRQV LQ WKH DUHDV RI

ZLQG�SURSXOVLRQ� RYHUDOO V\VWHP DUFKLWHFWXUH� VHQVRUV�

V\VWHP LGHQWLILFDWLRQ DQG FRQWURO�

)XQFWLRQDOO\� WKH $WODQWLV LV WKH PDULQH HTXLYDOHQW RI DQ

XQPDQQHG DHULDO YHKLFOH� DQG ZRXOG VHUYH VLPLODU SXU�

SRVHV� 7KH $WODQWLV SURMHFW KDV EHHQ DEOH WR GHPRQVWUDWH

DQ DGYDQFH LQ FRQWURO SUHFLVLRQ RI D ZLQG�SURSHOOHG

PDULQH YHKLFOH IURP W\SLFDO FRPPHUFLDO DXWRSLORW DFFX�

UDF\ RI ��� PHWHUV WR DQ DFFXUDF\ RI EHWWHU WKDQ RQH

PHWHU� 7KLV TXDQWLWDWLYH LPSURYHPHQW HQDEOHV QHZ

DSSOLFDWLRQV� LQFOXGLQJ XQPDQQHG VWDWLRQ�NHHSLQJ IRU

QDYLJDWLRQ RU FRPPXQLFDWLRQ SXUSRVHV� DXWRQRPRXV

¦GRFN�WR�GRFN§ FDSDELOLWLHV� HPHUJHQF\ ¦UHWXUQ

XQPDQQHG§ IXQFWLRQV� DQG PDQ\ RWKHUV VWLOO WR EH GHYHO�

RSHG� 7KH SURWRW\SH LV EDVHG RQ D PRGLILHG 3ULQGOH���

OLJKW FDWDPDUDQ�

7KH ZLQG�SURSXOVLRQ V\VWHP LV D ULJLG ZLQJ�VDLO

PRXQWHG YHUWLFDOO\ RQ EHDULQJV WR DOORZ IUHH URWDWLRQ LQ

D]LPXWK DERXW D VWXE�PDVW� $HURG\QDPLF WRUTXH DERXW

WKH VWXE�PDVW LV WULPPHG XVLQJ D IO\LQJ WDLO PRXQWHG RQ

ERRPV MRLQHG WR WKH ZLQJ� 7KLV DUUDQJHPHQW DOORZV WKH

ZLQJ�VDLO WR DXWRPDWLFDOO\ DWWDLQ WKH RSWLPXP DQJOH WR WKH ZLQG� DQG ZHDWKHU YDQH LQWR JXVWV ZLWKRXW LQGXFLQJ

ODUJH KHHOLQJ PRPHQWV� 0RGHUQ DLUIRLO GHVLJQ DOORZV IRU DQ LQFUHDVHG OLIW�GUDJ �/�'� UDWLR RYHU D FRQYHQWLRQDO

VDLO� WKXV SURYLGLQJ LQFUHDVHG WKUXVW ZKLOH UHGXFLQJ WKH RYHUWXUQLQJ PRPHQW�

)LJXUH �� $WODQWLV ZLWK ZLQJ�VDLO� -DQ� ����



7KH V\VWHP DUFKLWHFWXUH LV EDVHG RQ GLVWULEXWHG VHQVLQJ DQG DFWXDWLRQ� ZLWK D KLJK�VSHHG GLJLWDO VHULDO EXV FRQ�

QHFWLQJ WKH YDULRXV PRGXOHV WRJHWKHU� 6HQVRUV DUH VDPSOHG DW ��� +]�� DQG D FHQWUDO JXLGDQFH QDYLJDWLRQ DQG FRQ�

WURO �*1&� FRPSXWHU SHUIRUPV WKH HVWLPDWLRQ DQG FRQWURO WDVNV DW � +]� 7KLV EDQGZLGWK KDV EHHQ GHPRQVWUDWHG WR

EH FDSDEOH RI SUHFLVH FRQWURO RI WKH FDWDPDUDQ� 7KH GLVWULEXWHG DUFKLWHFWXUH LV ERWK PRUH UREXVW DQG OHVV H[SHQVLYH

WKDQ V\VWHPV WKDW HPSOR\ D KLJK�VSHHG� DQG RIWHQ DQDORJ� VWDU�FRQILJXUDWLRQ WRSRORJ\ ZLWK FHQWUDOL]HG VHQVRU

LQWHUSUHWDWLRQ DQG DFWXDWLRQ�

7KH VHQVRU V\VWHP XVHV GLIIHUHQWLDO *36 �'*36� IRU SRVLWLRQ DQG YHORFLW\ PHDVXUHPHQWV� DXJPHQWHG E\ D ORZ�

FRVW DWWLWXGH V\VWHP EDVHG RQ DFFHOHURPHWHU� DQG PDJQHWRPHWHU�WULDGV� $FFXUDWH DWWLWXGH GHWHUPLQDWLRQ LV

UHTXLUHG WR FUHDWH D V\QWKHWLF SRVLWLRQ VHQVRU WKDW LV ORFDWHG DW WKH FHQWHU�RI�JUDYLW\ �&*� RI WKH ERDW� UDWKHU WKDQ DW

WKH *36 DQWHQQD ORFDWLRQ�

([SHULPHQWDO WULDOV UHFRUGHG VHQVRU DQG DFWXDWRU GDWD LQWHQGHG WR H[FLWH DOO V\VWHP PRGHV� $ V\VWHP PRGHO ZDV

DVVHPEOHG XVLQJ 2EVHUYHU�.DOPDQ 6\VWHP ,GHQWLILFDWLRQ �2.,'� WHFKQLTXHV� $Q /4* FRQWUROOHU ZDV GHVLJQHG

XVLQJ WKH 2.,' PRGHO� XVLQJ DQ HVWLPDWRU EDVHG RQ WKH REVHUYHG QRLVH VWDWLVWLFV� ([SHULPHQWDO WHVWV ZHUH UXQ WR

VDLO RQ D SUHFLVH WUDFN WKURXJK WKH ZDWHU� LQ WKH SUHVHQFH RI FXUUHQWV� ZLQG DQG ZDYHV�
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,Q RUGHU WR H[SHULPHQWDOO\ YDOLGDWH WKH FRQFHSWV SUHVHQWHG LQ WKLV UHVHDUFK� D SURWRW\SH V\VWHP ZDV EXLOW EDVHG RQ

D KHDYLO\ PRGLILHG 3ULQGOH���� GD\�VDLOLQJ FDWDPDUDQ� 7KH FDWDPDUDQ ZDV ��� PHWHUV� ORQJ� � PHWHUV ZLGH� DQG

ZDV RULJLQDOO\ HTXLSSHG ZLWK D VORRS ULJ VDLO ZLWK �� P�
RI VDLO DUHD� 'LUHFWLRQDO FRQWURO LV EDVHG RQ UXGGHUV DW WKH

HQG RI HDFK KXOO� DQG UHWUDFWDEOH FHQWHUERDUGV DSSUR[LPDWHO\ Ù PHWHU EHKLQG WKH PDLQ FURVVEHDP� 6HYHUDO VHQVRUV

DQG DFWXDWRUV ZHUH LQVWDOOHG ZLWKLQ WKH KXOOV� DQG WKH HQWLUH VDLOLQJ V\VWHP �PDVW� ERRP� PDLQ DQG MLE VDLOV� ZDV

UHSODFHG ZLWK D YHUWLFDO VHOI�WULPPLQJ

ZLQJ �ZLQJ�VDLO� VXVSHQGHG RQ VSKHULFDO

UROOHU EHDULQJV�

7KHUH DUH VHYHUDO PDLQ VXEV\VWHPV RQ WKH

$WODQWLV� DQG DOO RI WKHP DUH FRQQHFWHG WR

HDFK RWKHU YLD D KLJK�VSHHG VHULDO QHW�

ZRUN� 7KH QHWZRUN XWLOL]HG LV WKH &RQ�

WUROOHU $UHD 1HWZRUN �&$1� EXV� ZKLFK

ZDV GHVLJQHG E\ %RVFK HOHFWURQLFV IRU

UREXVW FRPSRQHQW FRPPXQLFDWLRQ LQ DQ

DXWRPRWLYH HQYLURQPHQW>�@� 7KH HQWLUH

ZLULQJ EXV RQ WKH $WODQWLV FRQVLVWV RI

IRXU ��� ZLUHV� SRZHU ����9�� JURXQG�

&$1BKL� DQG &$1BORZ� 7KHUH DUH PDQ\

DGYDQWDJHV WR WKLV VHWXS� EXW WKH HDVH RI WURXEOH�

VKRRWLQJ DQG IOH[LELOLW\ RI SK\VLFDO WRSRORJ\ DUH DW

WKH IRUHIURQW RI XWLOLW\ LQ WKLV GHVLJQ�

7KH PDLQ VXEV\VWHPV DUH� DWWLWXGH V\VWHP� DQH�

PRPHWHU� KXOOVSHHG� UXGGHU DQJOH� UXGGHU DFWXDWRU�

*36 UHFHLYHU� DQG ZLQJ�VDLO� 7KHVH VXEV\VWHP FRP�

PXQLFDWH WR WKH PDLQ *1& FRPSXWHU WKDW FRPSXWHV

WKH FXUUHQW HVWLPDWH RI WKH VWDWH� DQG UHWXUQV WKH

UHTXLUHG FRPPDQGV WR WKH DFWXDWRU LQ RUGHU WR

DFKLHYH FRQWURO�

7KH DWWLWXGH V\VWHP� SLFWXUHG LQ )LJXUHV � DQG ��

FRQVLVWV RI D WKUHH�D[LV PDJQHWRPHWHU� D WZR�D[LV

DFFHOHURPHWHU� DQG D 6HLPHQV ��� PLFURFRQWUROOHU�

,W IXQFWLRQV EDVHG RQ D QRYHO J\UR�IUHH TXDWHUQLRQ

EDVHG VROXWLRQ WR WKH YHFWRU PDWFKLQJ SUREOHP ILUVW

SURSRVHG E\ :KDED LQ ����>�@� 7KH DOJRULWKP LV

GLVFXVVHG H[WHQVLYHO\ LQ >�@� 7KH DWWLWXGH V\VWHP LV

)LJXUH �� $WWLWXGH V\VWHP DQG *36 DQWHQQD

)LJXUH �� &ORVH�XS RI PDJQHWRPHWHUV DQG DFFHOHURPHWHUV



PRXQWHG DORQJVLGH WKH *OREDO 3RVLWLRQLQJ

6\VWHP �*36� DQWHQQD� LQVLGH D ZDWHUSURRI

3HOLFDQ ER[ RQ D ZRRGHQ FURVVEHDP DW WKH

IRUZDUG VWD\ ORFDWLRQ� 7KH ZRRGHQ FURVV�

EHDP ZDV DGGHG IRU LQFUHDVHG VWUXFWXUDO

ULJLGLW\ RI WKH KXOOV� GXH WR WKH VWUHVVHV

LQGXFHG E\ WKH ZLQJ�

7KH *1& FRPSXWHU� VKRZQ LQ )LJXUH �� D 3HQWLXP FODVV ODSWRS� LV

SODFHG LQ DQRWKHU ZDWHUSURRI FDVH� DORQJ ZLWK WKH 7ULPEOH $J���

*36 UHFHLYHU� 7KH *1& FRPSXWHU LV HTXLSSHG ZLWK DQ (6' SDUDOOHO

SRUW GRQJOH WKDW DOORZV FRPPXQLFDWLRQ RYHU WKH &$1 EXV� $ '&�'&

FRQYHUWHU LQVXUHV WKDW WKH ODSWRS GUDZV SRZHU IURP WKH ERDW SRZHU

EXV UDWKHU WKDQ LWV RZQ LQWHUQDO EDWWHULHV�

,QVLGH WKH VWDUERDUG KXOO� EHQHDWK WKH UHDU LQVSHFWLRQ FRYHU� DUH WZR

6HLPHQV ��� PLFURFRQWUROOHUV� RQH IRU WKH KXOOVSHHG DQG UXGGHU

DQJOH VHQVRU� DQG WKH RWKHU IRU WKH UXGGHU DFWXDWRU� SLFWXUHG LQ

)LJXUH �� 7KHUH LV D 6WDQGDUG &RPPXQLFDWLRQV (OHFWURQLFV PDULQH

WKURXJK�KXOO VSHHG VHQVRU� SLFWXUHG LQ )LJXUH �� LQ WKH ERWWRP LV WKH VWDUERDUG KXOO� DQG D /R+HW PDJQHWLF ILHOG

HIIHFW VHQVRU EHWZHHQ WZR PDJQHWV RQ WKH UXGGHU KLQJH OLQH WR PHDVXUH UXG�

GHU DQJOH� 7KH DFWXDWRU LV D IUDFWLRQDO KRUVHSRZHU '& PRWRU� ZLWK D OHDG

VFUHZ DVVHPEO\� FRQVWUDLQHG WR URWDWH RQO\ LQ \DZ� DQG DQ ,QILQHRQ +�EULGJH

PRVIHW GULYH IRU HOHFWURQLF FRQWURO RI WKH PRWRU�

,QVLGH WKH VWXE�PDVW� D 0HUFRWDF VOLS ULQJ DOORZV IRU D IXOO ��� GHJUHH URWD�

WLRQ ZLWKRXW WZLVWLQJ WKH IRXU ZLUHV WKDW FRPSULVH WKH ZLULQJ KDUQHVV RI WKH

$WODQWLV� 7KH ZLQJ LWVHOI LV EXLOW LQ WKUHH VHFWLRQV WKDW DUH DVVHPEOHG RQ VLWH�

7KH ORZHU VHFWLRQ FRQWDLQV DQ HOHFWURQLFV SRG ZLWK WKH EDWWHULHV� EDOODVW� DQG

EDWWHU\�FKDUJLQJ HOHFWURQLFV� $ PLFURFRQWUROOHU DQG '& PRWRU DUH XVHG WR

FRQWURO WKH WUDLOLQJ HGJH IODS� ,W DOVR FRQWDLQV WKH DQHPRPHWHU PLFURFRQWURO�

OHU� ZLWK WKH 6WDQGDUG &RPPXQLFDWLRQV (OHFWURQLFV PDULQH WUDQVGXFHU KHDG�

SLFWXUHG LQ )LJXUH �� DWWDFKHG WR WKH WRS RI WKH HOHFWURQLFV SRG OLG�

7KH DQHPRPHWHU LV XVHG WR PHDVXUH WKH ZLQG VSHHG DQG GLUHFWLRQ UHODWLYH WR

WKH DQJOH RI WKH ZLQJ�VDLO� (VVHQWLDOO\� WKLV LV D PHDVXUH RI DQJOH RI DWWDFN RI

WKH ZLQJ� ([SHULPHQWDO GDWD VKRZV WKLV WR YDU\ ��� �� GHJUHHV IURP QRPL�

QDO� 7KLV GHPRQVWUDWHV WKH UHTXLUHPHQW IRU D VHOI�WULPPLQJ ZLQJ� ZLWKRXW

WKH DELOLW\ WR WULP TXLFNO\ WR D QHZ DQJOH RI DWWDFN� WKH ZLQJ ZRXOG UHPDLQ VWDOOHG PRVW RI WKH WLPH� DQG WKH WKUXVW

JHQHUDWHG ZRXOG EH PLQLPDO� 7KH DELOLW\ WR UHVSRQG TXLFNO\ WR D QHZ

DQJOH RI DWWDFN E\ URWDWLQJ LQWR WKH QHZ WULP FRQGLWLRQ� DOORZV WKH

ZLQJ WR DEVRUE WKHVH WUDQVLHQW JXVWV DQG FRQWLQXH WR SURYLGH IXOO

WKUXVW ZLWK D UHGXFHG KHHOLQJ PRPHQW�

:LWKLQ WKH ZLQJ DUH IRXU DFWXDWRUV WKDW DUH LGHQWLFDO WR WKH UXGGHU

DFWXDWRU� ZKLFK DFWXDWH WKH WUDLOLQJ HGJH IODSV DQG WKH WDLO� 7KH

PRPHQW EDODQFH EHWZHHQ WKH ZLQJ DQG WKH WDLO NHHSV WKH ZLQJ�VDLO DW

D FRQVWDQW DQJOH RI DWWDFN UHODWLYH WR WKH ZLQG� $V ORQJ DV WKH ZLQG

GRHV QRW FURVV WKH FHQWHUOLQH RI WKH ERDW� WKHQ WKH ZLQJ FRQWLQXHV WR

SURYLGH WKUXVW LQ WKH FRUUHFW GLUHFWLRQ IRU IRUZDUG PRWLRQ WKURXJK

SDVVLYH VWDELOLW\ RI WKH ZLQJ�VDLO V\VWHP� 6KRXOG WKH ZLQG FURVV

WKURXJK WKH FHQWHUOLQH RI WKH ERDW� WKHQ WKH SRVLWLRQ RI WKH IODS DQG

WDLOV PXVW EH UHYHUVHG� ZKLFK FRUUHVSRQGV WR WDFNLQJ RU MLELQJ GHSHQGLQJ RQ ZKHWKHU WKH ZLQG FURVVHV WKH FHQWHU�

OLQH IDFLQJ DIW RU IRUZDUG UHVSHFWLYHO\�

)LJXUH �� *1& FRPSXWHU ER[

)LJXUH �� 5XGGHU DFWXDWRU

)LJXUH �� +XOOVSHHG WUDQVGXFHU

)LJXUH �� $QHPRPHWHU
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,Q RUGHU WR FRQWURO WKH $WODQWLV� D V\VWHP PRGHO QHHGHG WR EH DVVHPEOHG� :KLOH VHYHUDO JRRG PRGHOOLQJ WHFKQLTXHV

H[LVW WR PRGHO D SRZHUHG ERDW WKURXJK WKH ZDWHU>��@� WKH\ UHPDLQ FRPSOLFDWHG DQG GLIILFXOW WR FDOFXODWH� ,Q RUGHU

WR UHGXFH WKH PRGHO RUGHU� DQG REWDLQ D PRGHO WKDW ZRXOG

KDYH VXIILFLHQW ILGHOLW\ IRU DFWLYH FRQWURO� VHYHUDO GLIIHUHQW

PHWKRGRORJLHV ZHUH DWWHPSWHG� ,Q RUGHU WR IRUPXODWH WKH

HTXDWLRQV RI PRWLRQ� WKH $WODQWLV LV DVVXPHG WR EH WUDYHOOLQJ

XSRQ D VWUDLJKW OLQH� FRQYHQLHQWO\ DVVXPHG WR EH FRLQFLGHQW

ZLWK WKH ;�D[LV� WKURXJK WKH ZDWHU DW D FRQVWDQW YHORFLW\� 9
[
�

7KH GLVWDQFH DORQJ WKDW OLQH LV UHIHUUHG WR DV ;� WKH DORQJ WUDFN

GLVWDQFH� 7KH SHUSHQGLFXODU GLVWDQFH WR WKH OLQH LV UHIHUUHG WR

DV <� WKH FURVV WUDFN HUURU� DQG WKH DQJOH WKDW WKH FHQWHUOLQH RI

WKH $WODQWLV PDNHV ZLWK UHVSHFW WR WKH GHVLUHG SDWK LV GHILQHG

D Ψ� WKH DQJXODU HUURU� )LJXUH � LOOXVWUDWHV WKH PDWKHPDWLFDO

PRGHO RI WKH DVVXPHG SDWK RI WKH $WODQWLV�

7KH ILUVW PRGHO LV D VLPSOH NLQHPDWLF PRGHO WKDW DVVXPHV WKDW

WKH UXGGHUV FDQQRW PRYH VLGHZD\V WKURXJK WKH ZDWHU� 7KLV

SODFHV D NLQHPDWLF FRQVWUDLQW XSRQ WKH PRWLRQ RI WKH HQWLUH

ERDW� DQG WKH OLQHDUL]HG DQDO\VLV SURGXFHV WKH IROORZLQJ FRQ�

WLQXRXV WLPH VWDWH�VSDFH HTXDWLRQV�

�(4 ��

:KHUH� <� Ψ� DQG δ DUH GHILQHG DV WKH FURVV�WUDFN HUURU� D]LPXWK HUURU� DQG UXGGHU DQJOH� DQG / LV WKH OHQJWK IURP

WKH &�*� RI WKH ERDW WR WKH FHQWHU RI SUHVVXUH RI WKH UXGGHUV� 7KHVH VLPSOLILHG HTXDWLRQV RI PRWLRQ DUH LQVXIILFLHQW

WR FRQWURO WKH ERDW WR JUHDW SUHFLVLRQ� EXW DUH H[FHOOHQW IRU JHQHUDWLQJ LQWXLWLRQ IRU WKH V\VWHP LGHQWLILFDWLRQ SUR�

FHVV� (TXDWLRQ �� ZKHQ FDVW LQWR WUDQVIHU IXQFWLRQ IRUP� EHFRPHV D WULSOH LQWHJUDWRU� DQG FDQQRW EH VWDELOL]HG E\

VLPSOH SURSRUWLRQDO FRQWURO� ,Q DGGLWLRQ� WKH DVVXPSWLRQ RI FRQVWDQW 9
[
LV SRRU� VLQFH XQOHVV WKH ZLQG FDQ EH FRQ�

WUROOHG� WKH YHORFLW\ ZLOO DOZD\V EH GHSHQGHQW RQ WKH VSHHG RI WKH ZLQG� &ORVHU LQVSHFWLRQ RI (TXDWLRQ �VKRZV WKDW

WKH HUURUV LQ D]LPXWK DQG FURVV�WUDFN LQWHJUDWH QRW ZLWK WLPH� EXW UDWKHU ZLWK GLVWDQFH WUDYHOOHG IRUZDUG� :KDW WKLV

PHDQV LV WKDW LI WKH ERDW LV VLWWLQJ VWLOO LQ WKH ZDWHU� QR DPRXQW RI UXGGHU GHIOHFWLRQ ZLOO FDXVH WKH D]LPXWK WR

FKDQJH� OLNHZLVH� ZKHQ PRYLQJ YHU\ TXLFNO\ WKURXJK WKH ZDWHU� RQO\ YHU\ VPDOO LQSXWV DUH UHTXLUHG WR WXUQ WKH

ERDW WKURXJK D FRQVLGHUDEOH DQJOH�

7KXV� UHFKDUDFWHUL]LQJ WKH YDULDEOHV RI LQWHUHVW� WR PDNH WKH V\VWHP YHORFLW\ LQYDULDQW� ERWK WKH D]LPXWK DQG FURVV�

WUDFN HUURU DUH QRUPDOL]HG E\ YHORFLW\� 7KXV� WKH QHZ YDULDEOHV RI LQWHUHVW EHFRPH � DQG � ZLWK δ UHPDLQLQJ WKH

VDPH DV SUHYLRXVO\ GHILQHG� 7KH QHZ VLPSOLILHG

HTXDWLRQV RI PRWLRQ EHFRPH�

�(4 ��

ZKHUH�

�(4 ��

1RWH WKDW WKLV FDXVHV WKH VWDWH WUDQVLWLRQ PDWUL[ WR EH

FRQVWDQW� 7KLV FRQFHSW RI YHORFLW\ LQYDULDQFH KDV
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)LJXUH �� 7\SLFDO V\V,' SDVV



EHHQ WHVWHG H[WHQVLYHO\ RQ *36�FRQWUROOHG IDUP WUDFWRUV >�@� DQG VKRZQ WR ZRUN YHU\ ZHOO� )XQFWLRQDOO\� WKLV

PHDQV WKDW FRQWUROOHU GHVLJQ LV UHGXFHG WR D VLQJOH �QRQ�JDLQ�VFKHGXOHG� FRQWUROOHU WKDW DXWRPDWLFDOO\ DGMXVWV IRU

WKH FKDQJLQJ YHORFLW\ EDVHG RQ D GHFUHDVLQJ LQSXW UDQJHV DV YHORFLW\ LQFUHDVHV�

,Q RUGHU WR JDWKHU GDWD WR SHUIRUP D SURSHU V\VWHP LGHQWLILFDWLRQ RI WKH $WODQWLV� D VHULHV RI RSHQ�ORRS OLQH�IROORZ�

LQJ WHVWV ZHUH FRQGXFWHG LQ ZKLFK D KXPDQ GULYHU� WKURXJK WKH *1& FRPSXWHU� FDXVHG WKH UXGGHUV WR HLWKHU VOHZ

OHIW RU ULJKW DW WKH PD[LPXP VOHZ UDWH �a�� GHJUHHV�VHF��� $OVR� WKH GULYHU FRPPDQGHG WKH UXGGHU VOHZ UDWH WR ]HUR

WKURXJK WKH UXGGHU DFWXDWRU LQ RUGHU WR WUDFN D URXJKO\ VWUDLJKW OLQH� 7KLV ¦SVHXGR§�UDQGRP LQSXW ZDV GHVLJQHG WR

DSSO\ WKH PD[LPXP SRZHU WR WKH $WODQWLV WKURXJK WKH FRQWUROV DQG SURGXFH D ULFK RXWSXW WKDW ZRXOG FRQWDLQ LQIRU�

PDWLRQ IURP DOO PRGHV RI LQWHUHVW� $ W\SLFDO SDVV IRU V\VWHP LGHQWLILFDWLRQ LV SLFWXUHG LQ )LJXUH �� 7KH FRQWUROOHU

ZDV GHVLJQHG XVLQJ D VWDQGDUG /45 PHWKRGRORJ\� 7KH TXDGUDWLF FRVW� DV FDOFXODWHG EHORZ LQ (TXDWLRQ �� PLQL�

PL]HG WKH ZHLJKWHG VXP RI WKH RXWSXWV �\
PD[

DQG X
PD[

DUH GHVLJQ SDUDPHWHUV��

�(4 ��

,Q WHUPV RI V\VWHP LGHQWLILFDWLRQ� WKLV EHFRPHV XVHIXO DV WKH LQSXWV DUH VFDOHG E\ YHORFLW\ EHIRUH EHLQJ DVVHPEOHG

LQWR WKH V\VWHP LGHQWLILFDWLRQ DOJRULWKP� 7KXV� WKH LGHQWLILHG V\VWHP LV RQH WKDW LV WKH EHVW PRGHO IRU WKH YHORFLW\

LQYDULDQW FRQWURO� 7KH V\VWHP LGHQWLILFDWLRQ PHWKRGRORJ\ XVHG IRU WKLV ZRUN LV WKH 2EVHUYHU .DOPDQ ,'HQWLILFD�

WLRQ �2.,'�>�@� $PRQJ LWV PDQ\ DGYDQWDJHV LV D IRUPXODWLRQ WKDW SUHVXPHV D GLVFUHWH�WLPH� OLQHDU V\VWHP� 6LQFH

2.,'©V GHYHORSPHQW DW 1$6$ /DQJOH\ IRU WKH LGHQWLILFDWLRQ RI OLJKWO\�GDPSHG VSDFH�VWUXFWXUHV� PDQ\ DGYDQFHV

RQ WKH EDVLF WKHRU\ KDYH EHHQ SXEOLVKHG>��@� *LYHQ D OLQHDU GLVFUHWH�WLPH VWDWH�VSDFH V\VWHP� WKH HTXDWLRQV RI

PRWLRQ FDQ EH ZULWWHQ DV IROORZV�

�(4 ��

,W KDV EHHQ VKRZQ WKDW WKH WULSOHW� LV QRW XQLTXH� EXW FDQ EH WUDQVIRUPHG WKURXJK DQ\ VLPLODULW\ WUDQVIRUP

�L�H� WKH RXWSXWV DUH XQLTXH� EXW WKH LQWHUQDO VWDWHV DUH QRW�� +RZHYHU� WKH V\VWHP UHVSRQVH IURP UHVW ZKHQ SHU�

WXUEHG E\ D XQLW SXOVH LQSXW� NQRZQ DV WKH V\VWHP 0DUNRY SDUDPHWHUV� DUH LQYDULDQW XQGHU VLPLODULW\ WUDQVIRUPV�

7KHVH 0DUNRY SDUDPHWHUV DUH�

:KHQ WKHVH 0DUNRY SDUDPHWHUV DUH DVVHPEOHG LQWR D VSHFLILF IRUP¥WKH JHQHUDOL]HG +DQNHO PDWUL[ RI

HTXDWLRQ �¥WKLV PDWUL[ FDQ EH GHFRPSRVHG LQWR WKH 2EVHUYDELOLW\ PDWUL[� D VWDWH WUDQVLWLRQ PDWUL[� DQG WKH &RQ�

WUROODELOLW\ PDWUL[� WKXV WKH +DQNHO PDWUL[ �LQ D QRLVH�IUHH FDVH� ZLOO DOZD\V KDYH UDQN Q� ZKHUH Q LV WKH V\VWHP

RUGHU�

�(4 ��

%HFDXVH QRLVH ZLOO FRUUXSW WKLV UDQN GHILFLHQF\ RI WKH +DQNHO PDWUL[ �WKH +DQNHO PDWUL[ ZLOO DOZD\V EH IXOO UDQN�

WKH +DQNHO PDWUL[ LV WUXQFDWHG XVLQJ D VLQJXODU YDOXH GHFRPSRVLWLRQ �69'� DW DQ RUGHU WKDW VXIILFLHQWO\ GHVFULEHV

WKH V\VWHP� 7KLV WUXQFDWHG +DQNHO PDWUL[ LV WKHQ XVHG WR UHFRQVWUXFW WKH WULSOHW LQ D EDODQFHG UHDOL]DWLRQ

WKDW HQVXUHV WKDW WKH FRQWUROODELOLW\ DQG REVHUYDELOLW\ *UDPPLDQV DUH HTXDO� 7KLV LV UHIHUUHG WR DV WKH (LJHQV\VWHP

5HDOL]DWLRQ $OJRULWKP �(5$�� D PRGLILHG YHUVLRQ RI WKLV DOJRULWKP WKDW LQFOXGHV GDWD FRUUHODWLRQ LV XVHG WR LGHQ�

WLI\ WKH $WODQWLV� $ PRUH FRPSOHWH WUHDWPHQW RI WKH VXEMHFW FDQ EH IRXQG LQ >��@�

)RU DQ\ UHDO V\VWHP� KRZHYHU� V\VWHP SXOVH UHVSRQVH FDQQRW EH REWDLQHG E\ VLPSO\ SHUWXUELQJ WKH V\VWHP ZLWK D

SXOVH LQSXW� $ SXOVH ZLWK HQRXJK SRZHU WR H[FLWH DOO PRGHV ZRXOG OLNHO\ VDWXUDWH WKH DFWXDWRU RU UHVSRQG LQ D QRQ�

OLQHDU IDVKLRQ� 7KH SXOVH UHVSRQVH RI WKH V\VWHP FDQ� KRZHYHU� EH UHFRQVWUXFWHG IURP D FRQWLQXRXV VWUHDP RI ULFK

V\VWHP LQSXW DQG RXWSXW EHKDYLRU� 8QGHU QRUPDO FLUFXPVWDQFHV� WKHUH DUH QRW HQRXJK HTXDWLRQV DYDLODEOH WR VROYH
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IRU DOO RI WKH 0DUNRY SDUDPHWHUV� :HUH WKH V\VWHP DV\PSWRWLFDOO\ VWDEOH� VXFK WKDW $
N
 � IRU VRPH N� WKHQ WKH

QXPEHU RI XQNQRZQV FRXOG EH UHGXFHG� 7KH LGHQWLILFDWLRQ SURFHVV

ZRXOG EH RI OLWWOH YDOXH LI LW FRXOG RQO\ ZRUN ZLWK DV\PSWRWLFDOO\

VWDEOH V\VWHPV�

%\ DGGLQJ DQ REVHUYHU WR WKH OLQHDU V\VWHP HTXDWLRQV� WKH IROORZLQJ

WUDQVIRUPDWLRQ FDQ WDNH SODFH�

�(4 ��

7KXV� WKH V\VWHP VWD�

ELOLW\ FDQ EH DXJ�

PHQWHG WKURXJK DQ

REVHUYHU DQG WKH

LGHDO 0DUNRY SDUDP�

HWHUV HVWDEOLVKHG

WKURXJK D OHDVW�

VTXDUHV VROXWLRQ >�@�

,W LV XVHIXO WR QRWH

WKDW WKH UHDOL]DWLRQ

DOVR SURYLGHV D

SVHXGR�.DOPDQ

REVHUYHU� 7KH

REVHUYHU RUWKRJRQDOL]HV WKH UHVLGXDOV WR WLPH�VKLIWHG YHUVLRQV RI

ERWK LQSXW DQG RXWSXW� 8WLOL]LQJ WKH VHSDUDWLRQ OHPPD DQG WKH SURYLGHG .DOPDQ ILOWHU� RQO\ WKH FRQWUROOHU JDLQV

QHHG EH GHVLJQHG WR LPSOHPHQW D IXOO�

VWDWH�IHHGEDFN OLQHDU TXDGUDWLF JDXVVLDQ

�/4*� FRQWUROOHU� $Q LPSURYHG YHUVLRQ

RI WKH 2.,' SURFHVV� ZKLFK LQFOXGHV

UHVLGXDO ZKLWHQLQJ >��@� ZDV XVHG WR LGHQ�

WLI\ WKH VDLOERDW G\QDPLFV IURP WKH H[SHU�

LPHQWDO GDWD�

$Q 69' RI WKH DJJUHJDWH YHORFLW\�QRU�

PDOL]HG GDWD IRU WKH $WODQWLV GHPRQ�

VWUDWHG D ODUJH GURS LQ WKH PDJQLWXGH RI

WKH VLQJXODU YDOXHV IURP WKH IRXUWK WR WKH

ILIWK� LQGLFDWLQJ D V\VWHP RUGHU� Q� RI IRXU

�)LJXUH ��� WRS�� ,Q DGGLWLRQ� PRGDO VLQ�

JXODU YDOXHV �)LJXUH ��� ERWWRP� RI DOO

FDWDPDUDQ PRGHOV RI RUGHU KLJKHU WKDQ

IRXU H[KLELWHG D WZR RUGHU�RI�PDJQLWXGH

GURS IURP WKH IRXUWK PRGHV WR PRGHV

KLJKHU WKDQ IRXU� 6\VWHP UHFRQVWUXFWLRQ

IRU WKH LGHQWLILHG G\QDPLFV DOVR PDWFKHV

ZHOO� 7KXV XVLQJ WKHVH UHVXOWV� WKH /4*

FRQWUROOHU ZDV GHVLJQHG� DQG VLPXODWLRQV

FDUULHG RXW WR YDOLGDWH WKH FRQWUROOHU SHUIRUPDQFH� 2QFH VDWLVILHG ZLWK WKHVH VLPXODWLRQV� H[SHULPHQWDO WULDOV ZHUH

SHUIRUPHG LQ RUGHU WR YDOLGDWH WKH FRQFHSW�

xk 1+ Axk Buk Gyk Gyk–+ +=

xk 1+ A GC+[ ]xk B GD+[ ]uk Gyk–+=

xk 1+ AÅ xk BÅ νk+=

AÅ A GC+[ ]≡ BÅ B GD+[ ] νk
uk

yk

≡,≡,

)LJXUH ��� +DQNHO 69' IRU FDWDPDUDQ GDWD )LJXUH ��� $WODQWLV WUROOLQJ PRWRU WHVW

)LJXUH ��� 2YHUKHDG WUDFH RI WUROOLQJ PRWRU GDWD
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:KLOH WKH ZLQJ�VDLO ZDV VWLOO XQGHU FRQ�

VWUXFWLRQ DW &ULV +DZNLQV &RQVXOWLQJ LQ

6DQWD 5RVD� WKH V\VWHP LGHQWLILFDWLRQ DQG

FRQWUROOHU WDVNV KDG DOUHDG\ EHHQ FRP�

SOHWHG� $W WKLV SRLQW� LQ RUGHU WR WHVW RXW WKH

FRQWUROOHUV� D 0LQ.RWD HOHFWULF WUROOLQJ

PRWRU ZDV XVHG WR VLPXODWH WKH SUHVHQFH RI

WKH ZLQJ�VDLO DQG ZLQG� 7KLV ZDV GRQH E\

PRXQWLQJ WKH WUROOLQJ PRWRU DW WKH VDLOERDW

&�*�� DQG WXUQLQJ WKH WUROOLQJ PRWRU VXFK

WKDW LWV GLUHFWLRQ RI WKUXVW ZDV FDQWHG RII

WKH FHQWHUOLQH E\ PRUH WKDQ �� GHJUHHV�

6LQFH WKH G\QDPLFV RI WKH FDWDPDUDQ DUH

JUHDWO\ DIIHFWHG ERWK E\ WKH YHORFLW\

WKURXJK WKH ZDWHU� DV ZHOO DV WKH GLVSODFH�

PHQW ZHLJKW RI WKH KXOOV� WKH $WODQWLV ZDV

EDOODVWHG ZLWK DQ DGGLWLRQDO �� NJ� RI OHDG

EDOODVW WR EULQJ WKH DOO�XS ZHLJKW RI WKH

ERDW WR WKH VDPH DV ZHLJKW DV LW ZRXOG KDYH KDG ZLWK WKH ZLQJ�VDLO LQVWDOOHG� $OVR� LQ RUGHU WR WHVW WKH FRQWUROOHUV DW

YDULRXV VSHHGV� WKH 0LQ.RWD WUROOLQJ PRWRU ZDV UXQ ZLWK ��� ��� DQG �� YROWV DW DSSUR[LPDWHO\ �� DPSV� 7KLV

FKDQJHV WKH VSHHG RI WKH ERDW WKURXJK WKH ZDWHU� VLPXODWLQJ FKDQJHV LQ ZLQG YHORFLW\� ,Q RUGHU WR VLPXODWH FKDQJHV

LQ ZLQJ GLUHFWLRQ� WKH 0LQ.RWD WUROOLQJ PRWRU ZDV WXUQHG WKURXJK YDULRXV DQJOHV ZKLOH WKH FRQWUROOHU ZDV UHJXODW�

LQJ WKH SDWK WR D OLQH�

,Q )LJXUH ��� WKH $WODQWLV ZLWK WKH WUROOLQJ PRWRU

FDQ EH VHHQ� 7KH WUROOLQJ PRWRU LV DW WKH FHQWHU RI

WKH ERDW� DQG WKH OHDG EDWWHULHV SURYLGH WKH EDOODVW�

$V SLFWXUHG� WKH ERDW ZDV UXQ XQPDQQHG� ZLWK WKH

*1& FRPSXWHU SURYLGLQJ DOO QDYLJDWLRQ� 2I QRWH

LV WKH IDFW WKDW WKH DQHPRPHWHU LV ORFDWHG DW WKH

IURQW ZRRGHQ FURVVEHDP� 7KLV LV RQO\ D WHPSRUDU\

ORFDWLRQ� DQG PRYLQJ WKH VHQVRU©V SK\VLFDO ORFD�

WLRQ LV YHU\ HDV\ GXH WR WKH EXV DUFKLWHFWXUH

HPSOR\HG RQ WKH $WODQWLV�

)LJXUH �� VKRZV D W\SLFDO DXWRQRPRXV SDVV ZKLOH

XQGHU FRPSXWHU FRQWURO� 1RWH WKDW WKH FRPSXWHU

UHJXODWHV WKH SDWK WR WKH OLQH� EXW WKDW WKH WXUQ LV

SHUIRUPHG RSHQ ORRS ZLWK D IHHG�IRUZDUG FRP�

PDQG� 7R WKH VFDOH SLFWXUHG LQ )LJXUH ��� WKH

UHFRUGHG SRVLWLRQ GDWD VKRZV YHU\ OLWWOH YDULDWLRQ�

7KLV LV LQ VSLWH RI WKH IDFW WKDW WKH FXUUHQWV ZHUH

FKDQJLQJ� DQG WKH ZLQJ DQG ZDYHV ZHUH DOO LQMHFW�

LQJ GLVWXUEDQFHV LQWR WKH V\VWHP� ,Q )LJXUH ��� D

FORVH ORRN DW WKH HUURUV LQ WKH ILUVW SDUW RI WKH SDWK

VKRZQ LQ )LJXUH �� UHYHDOV WKDW WKH PHDQ ZDV OHVV WKDQ �� FP�� DQG WKH VWDQGDUG GHYLDWLRQ ZDV OHVV WKDQ � FP�

2I LQWHUHVW� WKH D]LPXWK VKRZV D ��� GHJUHH ELDV IRU PRVW RI WKH SDWK OHQJWK RI WKH UXQ SLFWXUHG LQ )LJXUH ���

ZKLFK LV GXH WR FXUUHQW� 7KLV FDQ EH YHULILHG E\ ORRNLQJ DW WKH YHORFLW\ SORW DW WKH ERWWRP RI )LJXUH ��� ZKHUH WKH

WRS OLQH LV WKH KXOOVSHHG VHQVRU� DQG WKH VPRRWK ORZHU OLQH LV *36 YHORFLW\� 7KH GLIIHUHQFH LQ WKHVH WZR LV FXUUHQW�

DQG LW FDQ EH VHHQ LQ VSLWH RI WKH KLJK IUHTXHQF\ QRLVH RI WKH KXOOVSHHG VHQVRU�

)LJXUH ��� &ORVH XS RI WUROOLQJ PRWRU GDWD

)LJXUH ��� 6DWHOOLWH SKRWRJUDSK RI KDUERU
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,Q RUGHU WR YDOLGDWH WKH SHUIRUPDQFH RI WKH

FRQWUROOHUV DQG DOO XS V\VWHP� FORVHG ORRS

FRQWURO H[SHULPHQWV ZHUH SHUIRUPHG LQ 5HG�

ZRRG FLW\ KDUERU� &DOLIRUQLD� RQ ���-DQ��

����� 7KHVHV WHVWV ZHUH LQWHQGHG WR YHULI\

WKDW WKH FORVHG ORRS FRQWUROOHUV ZHUH FDSDEOH

RI SUHFLVH OLQH IROORZLQJ ZLWK WKH LQFUHDVHG

GLVWXUEDQFHV GXH WR WKH ZLQJ�VDLO SURSXOVLRQ�

1R PRGLILFDWLRQV ZHUH PDGH WR WKH FRQWURO�

OHU GHVLJQ� DQG WKH WHVWV ZHUH UXQ RQ D GD\

ZLWK DSSUR[LPDWHO\ �� NQRWV �RU � P�V� RI

ZLQG� ZLWK JXVWV XS WR WKH �� NQRW �RU �� P�

V� UDQJH�

4XDOLWDWLYHO\� WKH ZLQJ�VDLO SHUIRUPHG HYHQ

EHWWHU WKDQ DQWLFLSDWHG� :LWK WKH WDLO FHQ�

WHUHG� WKHUH ZDV QR WHQGHQF\ IRU WKH $WODQWLV

WR KHHO ZKDW�VR�HYHU� DQG WKH DEVHQFH RI

DHURHODVWLF LQVWDELOLW\ �VDLO OXIILQJ� PDGH WKH HQWLUH HYHQW YHU\ TXLHW� 8SRQ WXUQLQJ WKH WUDLOLQJ HGJH RI WKH WDLO LQ

WKH GLUHFWLRQ RI GHVLUHG WUDYHO� WKH $WODQWLV VPRRWKO\ DFFHOHUDWHG WR VSHHG DQG TXLHWO\ FRQWLQXHG RQ KHU FRXUVH�

(YHQ ODUJH JXVWV VLPSO\ FDXVHG WKH $WODQWLV© ZLQJ WR TXLFNO\ VWDOO DQG� ZLWK RQO\ D VOLJKW VKXGGHU� UHSRVLWLRQ WR D

QHZ DQJOH RI DWWDFN �DV HYLGHQFHG E\ WKH WHOO�WDLOV RQ WKH ZLQJ VXUIDFH��

0RUH LPSUHVVLYH ZDV WKH DELOLW\ WR VDLO SRLQWHG YHU\ KLJK LQWR WKH ZLQG� 8SRQ DQDO\]LQJ WKH GDWD� LW ZDV GHPRQ�

VWUDWHG WKDW WKH $WODQWLV ZDV FDSDEOH RI VDLOLQJ WR ZLWKLQ �� GHJUHHV RI WKH WUXH ZLQG GLUHFWLRQ� $W RQH SRLQW� D FRQ�

YHQWLRQDO VDLOERDW FDPH DERXW EHKLQG WKH $WODQWLV DQG VWDUWHG OXIILQJ D IXOO �� GHJUHHV RII WKH ZLQG IURP ZKHUH WKH

$WODQWLV ZDV PDNLQJ KHDGZD\� 7KLV LV FOHDUO\ D UHVXOW RI WKH LPSURYHG DHURG\QDPLFV RI WKH ULJLG ZLQJ� DQG D YLQ�

GLFDWLRQ RI WKH VHOI�WULPPLQJ DUUDQJHPHQW RYHU D FRQYHQWLRQDO VDLO� :KLOH IXUWKHU H[SHULPHQWDO VWXGLHV DUH

UHTXLUHG WR TXDQWLWDWLYHO\ PHDVXUH WKH SHUIRUPDQFH LQFUHDVH RI WKH ZLQJ�VDLO� FXUUHQW UHVXOWV LQGLFDWH YHU\ SURPLV�

LQJ GLVFRYHULHV DKHDG�

)LJXUH �� VKRZV D VDWHOOLWH SLFWXUH RI WKH KDUERU ZKHUH ERWK WKH WUROOLQJ PRWRU DQG ZLQJ�VDLO WHVWV ZHUH SHU�

IRUPHG� 7KH ZKLWH GRWV DUH IURP D SUHYLRXV \HDU� ZKHQ WKH $WODQWLV ZDV FRQYHQWLRQDOO\ VDLOHG ZLWK D VORRS ULJ�

DQG ZDV VDLOHG E\ D KXPDQ SLORW� 7KH EODFN GRWV LQGLFDWH WKH YDULRXV FORVHG ORRS FRQWURO SDVVHV IURP WKH UHFHQW

WHVWV� 1RWH WKDW WKH ZKLWH WUDFH KDV D FXUY�

LQJ� ¦KXPDQ�§ ORRN WR LW� ZKHUHDV WKH EODFN

WUDFH ORRNV OLNH D UXOHU ZDV SODFHG XSRQ WKH

SKRWRJUDSK DQG D OLQH GUDZQ� 4XDOLWDWLYHO\�

WKH FRPSXWHU FRQWURO VLPSO\ ORRNV XQQDWX�

UDO�

)LJXUH �� LV� RQFH DJDLQ� D FORVHU ORRN DW D

ELUG©V H\H YLHZ RI D VHW RI FRPSXWHU FRQ�

WUROOHG WUDFHV� 7KH FRQWURO V\VWHP UHJXODWHG

DERXW WKH OLQHV LQ EHWZHHQ HDFK ¦VWDUW§ DQG

¦HQG§ SDLU� DQG WKH WXUQV LQ EHWZHHQ ZHUH

SHUIRUPHG RSHQ�ORRS LQ D IHHG�IRUZDUG

VHQVH� )LJXUH �� SUHVHQWV D FORVH�XS RI WKH

ILUVW SDWK RI WKH UHJXODWHG FRQWURO� DQG

ORRNV DW WKH FURVV�WUDFN HUURU� D]LPXWK

HUURU� DQG YHORFLWLHV� 1RWH WKDW WKH GDUN OLQH

LQ WKH WRS RI WKH YHORFLW\ JUDSK LV WKH ZLQG

VSHHG� DQG FDQ EH VHHQ WR YDU\ ZHOO RYHU

��� RI QRPLQDO�

)LJXUH ��� 2YHUKHDG WUDFH RI VDLOLQJ SDVVHV

)LJXUH ��� 6DLOLQJ SDWK HUURUV



7KH PHDQ RI WKH FURVV�WUDFN HUURU LV OHVV

WKDQ �� FP�� DQG WKH VWDQGDUG GHYLDWLRQ LV

OHVV WKDQ � FP�� QRWH WKDW WKLV LV WKH 6DLO�

ERDW 7HFKQLFDO (UURU �67(� WKH VDLOLQJ

DQDORJ RI )OLJKW 7HFKQLFDO (UURU�� 3UHYL�

RXV FKDUDFWHUL]DWLRQ RI WKH FRDVW�JXDUG

GLIIHUHQWLDO *36 UHFHLYHU LQGLFDWHG WKDW

WKH 1DYLJDWLRQ 6HQVRU (UURU �16(� LV

DSSUR[LPDWHO\ �� FP�� WKXV WKH 7RWDO 6\V�

WHP (UURU �76(� LV OHVV WKDQ � PHWHU�

)LJXUH �� SUHVHQWV WKH DJJUHJDWH RI DOO

FRQWUROOHG VDLOLQJ UXQV RYHUODLG RQH XSRQ

WKH RWKHU� $ORQJ ZLWK ERXQGV LQGLFDWLQJ

��� � PHWHU� 7KH GLIIHUHQFHV LQ SDWK OHQJWK

KDYH WR GR ZLWK WKH ORFDWLRQ RI WKH VKRUH�

DQG WKH GHVLUH QRW WR UXQ DJURXQG�

'HSHQGLQJ RQ WKH SDWK FKRVHQ� ORQJHU RU

VKRUWHU GLVWDQFHV ZHUH WUDYHUVHG� $W QR

WLPH GRHV WKH FRQWUROOHG SHUIRUPDQFH RI

WKH V\VWHP H[FHHG WKH RQH PHWHU ERXQG�

$V D EDVLV IRU FRPSDULVRQ� WKH VSHFLILFDWLRQV IRU WKH WRS�RI�WKH�OLQH $XWR+HOP DXWRSLORW LQGLFDWH D FURVV�WUDFN

DFFXUDF\ RI ���� QDXWLFDO PLOHV� RU ���� PHWHUV�

&21&/86,216

,W KDV EHHQ GHPRQVWUDWHG WKDW ZLWK WKH FRPELQHG DGYDQFHV LQ *36 WHFKQRORJ\� DQG WKH DGYHQW RI ORZ�FRVW VHQVRUV�

DQ XQPDQQHG VDLOERDW FDQ EH EXLOW WKDW FDQ QDYLJDWH ZLWK XQSUHFHGHQWHG OHYHOV RI DFFXUDF\� %\ XWLOL]LQJ D QRYHO

ZLQJ�VDLO SURSXOVLRQ V\VWHP� WKH GLIILFXOWLHV RI DFWXDWLQJ D VDLO KDYH EHHQ RYHUFRPH� DQG KLJK DXWKRULW\ FRQWURO

FDQ EH UHDOL]HG� $ GHPRQVWUDWHG 6DLOERDW 7HFKQLFDO (UURU �67(� LQ OLQH IROORZLQJ OHVV WKDQ ��� PHWHUV ZDV

DFKLHYHG� LQ FKDOOHQJLQJ FRQGLWLRQV� &RPELQHG ZLWK D 1DYLJDWLRQ 6HQVRU (UURU �16(� RI ���� PHWHU� WKLV \LHOGV D

7RWDO 6\VWHP (UURU �76(� RI OHVV WKDQ � PHWHU�

5()(5(1&(6

>�@ 3DUNLQVRQ� :�%��� DQG 6SLONHU� -�-�� *OREDO 3RVLWLRQLQJ 6\VWHP� 7KHRU\ DQG $SSOLFDWLRQV� 9RO� � DQG ��

$,$$� :DVKLQJWRQ� '�&�� �����

>�@ :ROIKDUG� /�� &$1 6\VWHP (QJLQHHULQJ� )URP 7KHRU\ WR 3UDFWLFDO $SSOLFDWLRQ� 6SULQJHU 9HUODJ� 1HZ

<RUN� 1<� �����

>�@ *HOE� $�� $SSOLHG 2SWLPDO (VWLPDWLRQ� 0,7 3UHVV� &DPEULGJH� 0$ �����

>�@ 6WHQJHO� 5�)�� 2SWLPDO &RQWURO DQG (VWLPDWLRQ� 'RYHU 3XEOLFDWLRQV� 1HZ <RUN� 1<� �����

>�@ .XLSHUV� -�%�� 4XDWHUQLRQV DQG 5RWDWLRQ 6HTXHQFHV� 3ULQFHWRQ 8QLYHUVLW\ 3UHVV� 3ULQFHWRQ� 1-� �����

>�@ (ONDLP� *�+�� *HEUH�(J]LDEKHU� '�� 3RZHOO� -�'�� 3DUNLQVRQ� :�%�� $ *\UR�)UHH 4XDWHUQLRQ�%DVHG $WWL�

WXGH 'HWHUPLQDWLRQ 6\VWHP 6XLWDEOH IRU ,PSOHPHQWDWLRQ XVLQJ /RZ�&RVW 6HQVRUV� ,((( 3RVLWLRQ /RFD�

WLRQ DQG 1DYLJDWLRQV 6\PSRVLXP �,((( 3/$16�� 6DQ 'LHJR� ����� 3� ��������

>�@ :KDED� *�� HW DO�� 3UREOHP ���� �6ROXWLRQ��� 6,$0 5HYLHZ ���������� �����

>�@ -XDQJ� -��1�� $SSOLHG 6\VWHP ,GHQWLILFDWLRQ� 3UHQWLFH +DOO� 1-� �����

>�@ (ONDLP� *�+�� 2©&RQQRU� 0�/�� 3DUNLQVRQ� :�%�� 6\VWHP ,GHQWLILFDWLRQ DQG 5REXVW &RQWURO RI D *36�

JXLGHG )DUP 7UDFWRU� ,21�*36� �����

)LJXUH ��� 2YHUOD\ RI DOO VDLOLQJ SDWKV



>��@ -XDQJ -��1� &RRSHU� -�(�� DQG :ULJKW� -�5�� $Q (LJHQV\VWHP 5HDOL]DWLRQ $OJRULWKP 8VLQJ 'DWD &RUUHOD�

WLRQV �(5$�'&� IRU 0RGDO 3DUDPHWHU ,GHQWLILFDWLRQ� &RQWURO�7KHRU\ DQG $GYDQFHG 7HFKQRORJ\� 9RO� ��

1R� �� �����

>��@ 3KDQ� 0�� +RUWD� /�*�� -XDQJ� -��1�� DQG /RQJPDQ� 5�:�� ,PSURYHPHQW RI 2EVHUYHU�.DOPDQ )LOWHU ,GHQ�

WLILFDWLRQ �2.,'� E\ 5HVLGXDO :KLWHQLQJ� -RXUQDO RI 9LEUDWLRQ DQG $FRXVWLFV� 9RO� ���� 1R� �� �����

>��@ )RVVHQ� 7�,�� *XLGDQFH DQG &RQWURO RI 2FHDQ 9HKLFOHV� :LOH\ DQG 6RQV� 1HZ <RUN� 1<�� ����


