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-�5� &KHQ� .�.� /LQ� DQG 5�&� 6DK

6\QFKURWURQ 5DGLDWLRQ 5HVHDUFK &HQWHU

1R �� 5	' 5G 9,� +VLQFKX 6FLHQFH�%DVHG ,QGXVWULDO 3DUN� +VLQFKX� 7DLZDQ

$EVWUDFW

%HDP RUELW VWDELOLW\ KDV EHHQ RQH RI WKH PDMRU

DFFHOHUDWRU LPSURYHPHQW SURJUDPV DW WKH 655& VLQFH WKH

VWRUDJH ULQJ VWDUWHG WR EH RSHUDWLRQDO LQ ����� ,Q WKH SDVW

VHYHUDO \HDUV� VHYHUDO WDVNV KDYH EHHQ FDUULHG RXW WR

WDFNOH WKH RUELW VWDELOLW\ SUREOHPV� H�J�� WKH DLU DQG

FRROLQJ ZDWHU WHPSHUDWXUH UHJXODWLRQ� WKH HOHFWULFDO DQG

HOHFWURQLF QRLVH UHGXFWLRQ� WKH RUELW IHHG�IRUZDUG DQG

IHHGEDFN V\VWHPV� HWF� 7KLV SDSHU SUHVHQWV WKH FXUUHQW

VWDWXV RI WKH EHDP RUELW VWDELOLW\ DW WKH 655& VWRUDJH

ULQJ 7/6�

� ,1752'8&7,21

7KH 7DLZDQ /LJKW 6RXUFH �7/6� RI WKH 655& KDV EHHQ

RSHUDWHG VXFFHVVIXOO\ IRU PRUH WKDQ � \HDUV� ,Q WKH

PHDQWLPH� D QXPEHU RI DFFHOHUDWRU GHYHORSPHQWV KDYH

EHHQ LQVWUXPHQWHG DQG FRPPLVVLRQHG LQ RUGHU WR XSJUDGH

WKH SHUIRUPDQFH RI WKH OLJKW VRXUFH RSHUDWLRQ VR WKDW LW FDQ

SURYLGH D VWDEOH� KLJK TXDOLW\ V\QFKURWURQ UDGLDWLRQ OLJKW

VRXUFH WR WKH XVHU� 7KHVH LQFOXGH WKH LQVWDOODWLRQ RI WKH

LQVHUWLRQ GHYLFHV DQG RUELW IHHGEDFN V\VWHPV� WKH LQFUHDVH

RI WKH EHDP HQHUJ\ WR ��� *H9� VXSSUHVVLRQ RI WKH

PHFKDQLFDO YLEUDWLRQ VRXUFHV DQG HOHFWULFDO QRLVHV�

VWDELOL]DWLRQ RI WKH DLU FRQGLWLRQLQJ DQG ZDWHU FRROLQJ

WHPSHUDWXUH� FXUH RI WKH FRXSOHG�EXQFK LQVWDELOLWLHV� 7KH

RUELW VWDELOLW\ LV RI SULPDU\ LPSRUWDQFH IRU WKH OLJKW VRXUFH

XVHUV� ,Q WKLV UHSRUW� ZH GHVFULEH WKH UHFHQW VWDWXV RI WKH

EHDP RUELW VWDELOLW\ DW 7/6�

� ,03529(0(17 2) 7+(:$7(5 $1' $,5

7(03(5$785( &21752/

$Q LQWHQVLYH VWXG\ DQG XSJUDGH DFWLYLW\ RI WKH 7/6 ZDWHU

WHPSHUDWXUH FRQWURO XQLWV DV ZHOO DV DLU WHPSHUDWXUH

KDQGOLQJ XQLWV LQ WKH SDVW WZR \HDUV UHVXOWV LQ D TXLWH

UHPDUNDEOH LPSURYHPHQW IRU WKH GDLO\ XVDJH RI WKH

V\VWHPV�>���@ 7KH W\SLFDO YDULDWLRQ LQ WKH QRUPDO

RSHUDWLRQ GD\V FRXOG EH NHSW ZLWKLQ ���& IRU WKH DLU

WHPSHUDWXUH LQ WKH VWRUDJH ULQJ WXQQHO� 7KH RXWOHW

WHPSHUDWXUH IRU WKH FRROLQJ ZDWHU WHPSHUDWXUH V\VWHPV

FRXOG DOVR EH KHOG ZLWKLQ ���&� +RZHYHU� LW ZDV IRXQG

WKDW DIWHU D ORQJ VKXW�GRZQ WKH DLU WHPSHUDWXUH LQ WKH

WXQQHO ZRXOG WDNH VHYHUDO KRXUV RU HYHQ D IHZ GD\V WR JHW

LQ DQ HTXLOLEULXP VWDWH� ,W ZDV DOVR REVHUYHG WKDW DIWHU

VXFK D ORQJ VKXW GRZQ� WKH ULQJ FLUFXPIHUHQFH GHFUHDVHG �

PP RU VR� 7R NHHS WKH RUELW FRQVWDQW� ZH DOVR SHUIRUPHG

WKH WXQLQJ RI WKH UDGLR IUHTXHQF\ LQ WKH GDLO\ RSHUDWLRQ RI

WKH VWRUDJH ULQJ� 7KH DOXPLQXP EHDP SLSH RI WKH VWRUDJH

ULQJ LV ZDWHU FRROHG LQ WKH V\QFKURWURQ UDGLDWLRQ VLGH� ,W

ZDV QRWLFHG WKDW WKH WHPSHUDWXUH YDULDWLRQ RI WKH EHDP

SLSH GHPRQVWUDWHG D VWURQJ FRUUHODWLRQ ZLWK WKH EHDP RUELW

FKDQJHV� 7KH LQOHW WHPSHUDWXUH FKDQJHV DV ZHOO DV WKH

RSHUDWLRQ EHDP FXUUHQW FDXVHG WKH WHPSHUDWXUH

IOXFWXDWLRQV RI WKH EHDP SLSH� )LJXUH � VKRZV WKH LQOHW DQG

RXWOHW WHPSHUDWXUH RI WKH DOXPLQXP ZDWHU V\VWHP� DQG

EHDP SLSH WHPSHUDWXUH LQ D WHVW UXQ� 1RWLFH WKDW WKH LQLWLDO

VWRUHG FXUUHQW DIWHU UHILOO ZDV ��� P$� 7KH EHDP RUELW

FKDQJHV IURP EHDP SRVLWLRQ PRQLWRUV LQ D WHVW UXQ DUH

JLYHQ LQ )LJXUH �� 7R UHGXFH WKH ZDWHU�WHPSHUDWXUH�

GHSHQGHQW RUELW FKDQJH� ZH RSWLPL]HG WKH ZDWHU FRQWURO

VHWWLQJV DQG DV D FRQVHTXHQFH EHDP RUELW RVFLOODWLRQ ZDV

VXSSUHVVHG�
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)LJXUH ��E�� 9HUWLFDO RUELW DW RQH %30 ZLWK WKH FRQGLWLRQ

JLYHQ LQ )LJXUH ��

� 0(&+$1,&$/ $1' (/(&75,&$/ 12,6(

0HFKDQLFDO YLEUDWLRQ VXFK DV DLU FRROLQJ IDQ DW �� +] ZDV

REVHUYHG FRXSOH \HDUV DJR ZKLFK LQGXFHG EHDP

RVFLOODWLRQV LQ D IHZ PLFURQV� 7KLV QRLVH VRXUFH KDV EHHQ

HOLPLQDWHG DQG WKH IDVW EHDP RUELW RVFLOODWLRQ WKXV ZDV

ZLWKLQ DQ DFFHSWDEOH OHYHO� 1RWLFH WKDW GXULQJ WKH XVHUV

RSHUDWLRQ PRGH� WKH FUDQH DURXQG WKH H[SHULPHQWDO KDOO LV

QRW DOORZHG WR PRYH EHFDXVH LWV PRWLRQ LQGXFHV EHDP

RUELW FKDQJH DV VKRZQ LQ )LJXUH ��D� DQG ��E�� $OWKRXJK

WKH IDVW IHHGEDFN V\VWHP FDQ FRUUHFW WKH EHDP RUELW� WKH

SKRWRQ EHDP OLQH FRPSRQHQWV DUH VWLOO VXVFHSWLEOH WR WKLV

PHFKDQLFDO PRWLRQ�

(OHFWULFDO QRLVH IURP WKH PDJQHW SRZHU VXSSO\ ZDV ZHOO

XQGHU FRQWURO DQG LW VHHPHG WR EH QRW D PDMRU FRQWULEXWLRQ

WR WKH RUELW YDULDWLRQ�
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)LJXUH ��D�� ��E�� &UDQH PRWLRQ LQGXFHG EHDP RUELW

FKDQJH� 7KH FUDQH PRYHV DURXQG WKH H[SHULPHQWDO KDOO IRU

RQH WXUQ�

� ,16(57,21 '(9,&( ())(&76

 ,Q WKH RSHUDWLRQ RI WKH LQVHUWLRQ GHYLFHV� ZH QHHG WR

FKDQJH WKH PDJQHWLF JDSV DQG WKH UHVLGXDO RUELW WKXV LV

SHUWXUEHG� 7R FRPSHQVDWH VXFK DQ RUELW SHUWXUEDWLRQ� WKH

HQG�FRUUHFWRU VWUHQJWKV RI WKH LQVHUWLRQ GHYLFHV DUH SUH�VHW

LQ WKH ORRN�XS WDEOHV� :LWK VXFK VHWWLQJV� WKH UPV RUELW

SHUWXUEDWLRQ FRXOG EH UHGXFHG WR D IHZ PLFURQV DV

LOOXVWUDWHG LQ )LJXUH ��D� DQG ��E�� 6LQFH WKH FXUUHQW

GHSHQGHQW %30 RIIVHW PD\ FRQWULEXWH WR WKH UHVLGXDO RUELW

UHDGLQJV� :H KDYH PHDVXUHG WKH FXUUHQW�GHSHQGHQW RUELW

UHDGLQJV XVLQJ D VFUDSHU WR UHGXFH WKH EHDP FXUUHQW IURP

��� P$ WR ��� P$ LQ � PLQXWHV DQG LW VKRZHG WKDW LW

FRXOG EH YDULHG E\ �� µP RU VR� ,Q WKH VORZ RUELW IHHGEDFN

RSHUDWLRQ� WKHVH RIIVHWV ZHUH WDNHQ LQWR DFFRXQW LQ WKH

RUELW GDWD�

 )LJXUH ��D�� ��E�� 5HVLGXDO RUELW RI WKH ULQJ DV D IXQFWLRQ

RI WKH PDJQHWLF JDS RI RQH LQVHUWLRQ GHYLFH 8��

� 6/2: 25%,7 &255(&7,21

 :H KDYH EXLOW D ZRUNVWDWLRQ�EDVHG VORZ RUELW FRUUHFWLRQ

V\VWHP� 7KH EDQGZLGWK LV DERXW ��� +] LQ ERWK SODQHV� :H

XVHG DOPRVW DOO YDOLG %30V DQG FRUUHFWRUV LQ WKH

FDOFXODWLRQ RI WKH FRUUHFWLRQ PDWUL[� 0LFDGR PHWKRG ZDV

HPSOR\HG DQG RQO\ � PRVW XVHIXO FRUUHFWRUV ZHUH VHOHFWHG

LQ WKH FRUUHFWLRQ LQ ERWK SODQHV� )LJXUH ��D� DQG ��E�

GHSLFW WKH RUELW ZLWK DQG ZLWKRXW WXUQLQJ RQ WKH VORZ RUELW

FRUUHFWLRQ V\VWHP� 1RWH WKDW LQ WKLV PHDVXUHPHQW� WKH IDVW

RUELW IHHGEDFN V\VWHP ZDV RII� ,W VKRZHG WKDW WKH UHVLGXDO

RUELW GULIW FRXOG EH GRZQ WR OHVV WKDQ � PLFURQ �WKH %30

UHDGLQJV ZHUH DYHUDJHG ��� WLPHV��

� )$67 25%,7 &255(&7,216

 'LJLWDO JOREDO RUELW IHHGEDFN V\VWHP KDV EHHQ

LPSOHPHQWHG LQ WKH URXWLQH RSHUDWLRQ LQ WKH 7/6� >�@ 7KH

RYHUDOO EDQGZLGWK RI WKH V\VWHP LV DERXW �� +]� 'XH WR

WKH ODFN RI HQRXJK '63 SURFHVVRUV� ZH FDQ QRZ RQO\ XVH

D OLPLWHG QXPEHU RI %30V DQG FRUUHFWRUV IRU ERWK

KRUL]RQWDO DQG YHUWLFDO RUELW SODQHV� 3UHVHQWO\� ZH
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 )LJXUH ��D�� ��E�� 6HYHUDO %30 UHDGLQJ GULIWV ZLWK �ULJKW�

KDQG VLGH� DQG ZLWKRXW �OHIW�KDQG VLGH� WXUQLQJ RQ VORZ

RUELW FRUUHFWLRQV�

 
 HPSKDVL]H WKH RUELW FRUUHFWLRQ LQ WKH YHUWLFDO SODQH�

+RZHYHU� LQ VRPH GHPDQGLQJ SKRWRQ EHDP OLQHV� ZH QHHG

WR VWHHU RUELW ORFDOO\ LQ ERWK SODQHV�

:H XVHG 69' PHWKRG WR FDOFXODWH WKH HLJHQ�YDOXHV RI WKH

FRUUHVSRQGLQJ FRUUHFWRU VWUHQJWKV� 7KH DFKLHYDEOH

VXSSUHVVLRQ OHYHO RI WKH RUELW IOXFWXDWLRQ ZDV �� µP� $V D

PDWWHU RI IDFW� WKH RUELW QRLVH VSHFWUXP UHYHDOHG WKDW LW

ZDV EXULHG LQ WKH %30 UHVROXWLRQ UHJLRQ LQ D YHU\ VKRUW

SHULRG� VD\ � +]� 7KHUHIRUH� DW SUHVHQW� ZH RSWLPL]HG WKH

V\VWHP EDQGZLGWK LQ WKH ORZ IUHTXHQF\ UHJLRQ LQ IDYRU RI

WKH VXSSUHVVLRQ RI WKH WHPSHUDWXUH�LQGXFHG RUELW GULIW�

+RZHYHU� IRU WKH RSHUDWLRQ RI LQVHUWLRQ JDS FKDQJH DV

ZHOO DV WKH (3%0 SKRWRQ EHDP OLQH� ZKLFK ZDV

FRQVWDQWO\ JHQHUDWLQJ DQJXODU EXPS� ZH GR QHHG WR WXQH

WKH V\VWHP WR D ZLGHU EDQGZLGWK� VD\ D IHZ +]�

� 23(5$7,21 $&+,9(0(17 $1' )8785(

83*5$'(

,Q WKH GDLO\ RSHUDWLRQ LQ WKH XVHU VKLIWV� ZH WXUQHG RQ WKH

IDVW RUELW IHHGEDFN V\VWHP LQ WKH YHUWLFDO SODQH DQG

VRPHWLPHV WKH KRUL]RQWDO IDVW IHHGEDFN V\VWHP DV ZHOO�

7KH V\VWHP EDQGZLGWK ZDV XVXDOO\ WXQHG WR WKH ORZ

IUHTXHQF\ SDUW DQG WKH ZRUNVWDWLRQ�EDVHG VORZ RUELW

FRUUHFWLRQ V\VWHP GLG QRW KHOS WRR PXFK� ,Q ILJXUH ��D�

DQG ��E�� ZH UDQGRPO\ FKRRVH WKH UHFHQW W\SLFDO RUELW GDWD

LQ WKH XVHU VKLIW� 7KHVH %30V DUH ORFDWHG DW ERWK XSVWUHDP

DQG GRZQVWUHDP RI WKH ZLJJOHU SKRWRQ EHDP OLQH� 7KH

%30 GDWD DUH REWDLQHG IURP WKH ,/& ORFDO VLJQDO

SURFHVVRU DQG WKHVH DUH QRW DYHUDJHG� $V VKRZQ LQ ILJXUH

��D�� WKH KRUL]RQWDO RUELW GULIW LV DERXW �� PLFURQ LQ WKH

ILUVW RQH KRXU DIWHU LQMHFWLRQ DQG WKHQ VWD\ ZLWKLQ � PLFURQ

IRU WKH UHVW RI WKH UXQ LQ DQ ��KRXU VKLIW� ,Q ILJXUH ��E�� WKH

YHUWLFDO RUELW FDQ EH KHOG ZLWKLQ �� PLFURQ LQ DQ ��KRXU

VKLIW� DQG WKH RUELW FKDQJHV EHWZHHQ UHILOO DUH DOVR ZLWKLQ

�� PLFURQ�

,Q WKH IXWXUH RSHUDWLRQ� ZH ZLOO VWUHQJWKHQ WKH KRUL]RQWDO

SODQH DQG ZH ZLOO DOVR LQFRUSRUDWH WKH SKRWRQ %30 GDWD

DV ZHOO DV PDQ\ ORFDO IHHGEDFN V\VWHPV LQ D SDFNDJH� 7KH

VORZ RUELW FRUUHFWLRQ FRXOG DOVR EH LQWHJUDWHG� 7KH

PHFKDQLFDO ULJLGLW\ ZLOO EH H[DPLQHG� 7KH IXOO HQHUJ\

LQMHFWLRQ ZLOO EH LPSOHPHQWHG VRRQ� :H ZLOO UHSODFH WKH

H[LWLQJ 5) FDYLW\ ZLWK +20�IUHH RQHV WR UHGXFH FRXSOHG�

EXQFK LQVWDELOLW\ DV ZHOO DV RUELW VWDELOLW\� 7KH ODVW� EXW QRW

WKH OHDVW� WKH ZDWHU FRROLQJ DQG DLU WHPSHUDWXUH FRQWURO

ZLOO EH IXUWKHU LPSURYHG�
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)LJXUH ��E�� 7\SLFDO YHUWLFDO RUELW GULIW IURP WKH %30

UHDGLQJV �ZLWKRXW DYHUDJLQJ� QHDU D ZLJJOHU EHDPOLQH� 7KH

RUELW GULIW FDQ EH NHSW LQ �� PLFURQ UDQJH DQG WKH UHILOO

FDXVHV D VKLIW RI RUELW E\ �� PLFURQ WRR�

� $&.12:/('*(0(17

7KH DXWKRUV ZRXOG OLNH WR WKDQN =�'� 7VDL IRU SURYLGLQJ

WKH ZDWHU WHPSHUDWXUH GDWD� :H WKDQN IRU WKH VXSSRUW IURP

GLUHFWRU� &�7� &KHQ� :H DOVR WKDQN WKH ZKROH $FFHOHUDWRU

'LYLVLRQ PHPEHUV IRU WKHLU KHOS LQ RQH ZD\ RU WKH RWKHU LQ

WKLV LVVXH�

� 5()(5(1&(

>�@ -�5� &KHQ� HW DO�� �7KH &RUUHODWLRQ %HWZHHQ WKH %HDP 2UELW

6WDELOLW\ DQG WKH 8WLOLWLHV DW 655&�� ���� (3$& &RQI� 3URF�� S�

�����

>�@ +�0� &KHQJ� HW DO�� �8WLOLW\ 2SWLPL]DWLRQ IRU WKH %HDP 2UELW

6WDELOLW\ DW 655&�� WKLV SURFHHGLQJV�

>�@ &�+� .XR� HW DO�� �'LJLWDO *OREDO 2UELW )HHGEDFN 6\VWHP

'HYHORSLQJ LQ 655&�� 3$&�� &RQI� 3URF�� S�����
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