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$EVWUDFW� $Q LQYHUVH SUREOHP LV VROYHG IRU WKH HVWLPDWLRQ RI XSVWUHDP YHORFLW\ SURnOHV LQ DQ LQFRPSUHVVLEOH WXUEXOHQW

ERXQGDU\ OD\HU RYHU D VPRRWK oDW SODWH� 7KH SURFHGXUH LV EDVHG RQ KRWZLUH YHORFLW\ PHDVXUHPHQWV REWDLQHG DW VHYHUDO

GLmHUHQW ORFDWLRQV LQ WKH VWUHDP� 7KH SDSHU DOVR SUHVHQWV D GLUHFW SUREOHP DSSURDFK IRU WKH VROXWLRQ RI WKH WXUEXOHQW

ERXQGDU\ OD\HU HTXDWLRQV� 7KH GLUHFW DSSURDFK UHVRUWV WR D nQLWH GLmHUHQFH PHWKRG DQG WR WKH &HEHFL�6PLWK WXUEXOHQFH

PRGHO� 7KH XQNQRZQ XSVWUHDP YHORFLW\ SURnOH LV FRQVWUXFWHG E\ XVLQJ WKH FRPSRVLWH &ROHV
V ODZ RI WKH ZDOO� ODZ RI WKH

ZDNH IRUPXODWLRQ� 7KH IULFWLRQ YHORFLW\� 9RQ .uDUPuDQ FRQVWDQW� ODZ RI WKH ZDOO FRQVWDQW� &ROHV
V ZDNH�VWUHQJWK SDUDPHWHU

DQG ERXQGDU\ OD\HU WKLFNQHVV IRU WKH LQLWLDO SURnOH DUH GHWHUPLQHG DV XQNQRZQ SDUDPHWHUV E\ WKH /HYHQEHUJ�0DUTXDUGW

DOJRULWKP� 7KH HmHFWV RQ VROXWLRQ DERXW WKH ORFDWLRQ RI WKH PHDVXUHPHQW VWDWLRQ DUH H[DPLQHG� 7KH UHVXOWV SURYLGHG E\

WKH GLUHFW QXPHULFDO VLPXODWLRQ RI WKH oRZ DUH DOVR YDOLGDWHG E\ GDWD REWDLQHG WKURXJK WKH KRWZLUH DQHPRPHWU\ WHFKQLTXH

LQ D ORZ�VSHHG ZLQG WXQQHO� 7KH HVWLPDWHG XSVWUHDP YHORFLW\ SURnOHV DUH VKRZQ WR FRPSDUH IDYRXUDEO\ ZLWK KRWZLUH

DQHPRPHWU\ PHDVXUHPHQWV DW WKH VDPH ORFDWLRQ�

.H\ZRUGV� WXUEXOHQFH� ERXQGDU\ OD\HU� LQYHUVH SUREOHP� ODZ RI WKH ZDOO�

�� ,QWURGXFWLRQ

7KLV ZRUN LV FRQFHUQHG ZLWK WKH HVWLPDWLRQ RI XSVWUHDP YHORFLW\ SURnOHV LQ DQ LQFRPSUHVVLEOH WXUEXOHQW

ERXQGDU\ OD\HU RYHU D VPRRWK oDW SODWH� 7KLV SUREOHP LV RI XWPRVW LPSRUWDQFH IRU WKH H[SHULPHQWDOLVW ZKR

ZRXOG OLNH WR KDYH DQDO\WLFDO WRROV IRU WKH HVWDEOLVKPHQW RI XSVWUHDP SURnOHV WKDW ZRXOG FRQIRUP GRZQVWUHDP

LQ WKH WHVW VHFWLRQ WR VRPH SUH�GHVLUHG FRQGLWLRQ� /DUJH ZLQG WXQQHOV LQ SDUWLFXODU� ZKLFK PDNH XVH RI YRUWLFH

JHQHUDWRUV IRU WKH HVWDEOLVKPHQW RI YHU\ WKLFN ERXQGDU\ OD\HUV ZRXOG JUHDWO\ EHQHnW IURP VXFK WRROV� 2IWHQ WKH

H[SHULPHQWDOLVW KDV WR UHVRUW WR WULDO DQG HUURU SURFHGXUHV WR SURSRVH WKH GHVLJQ RI YRUWLFH JHQHUDWRUV� WKHVH

SURFHGXUHV DUH QHFHVVDULO\ GLpFXOW DQG� LQ WKH HQG� FRVWO\� +HUH ZH JLYH WKH nUVW VWHSV LQ GHYHORSLQJ D XVHIXO

SURFHGXUH WKDW FDQ EH XVHG LQ WKH IXWXUH DV D KHOSLQJ WRRO IRU WKH GHVLJQ RI ODUJH ZLQG WXQQHOV� 7KH VROXWLRQ

SURFHGXUH ZLOO UHVRUW WR WKH LQYHUVH SUREOHP WHFKQLTXH FRXSOHG ZLWK WKH ZHOO NQRZQ PRUSKRORJ\ RI WKH WXUEXOHQW

ERXQGDU\ OD\HU H[SUHVVHG LQ LWV WZR XQLYHUVDO ODZV� WKH ODZ RI WKH ZDOO DQG WKH ODZ RI WKH ZDNH�

$ ZLGH YDULHW\ RI LQYHUVH KHDW FRQGXFWLRQ SUREOHPV KDYH EHHQ VROYHG LQ WKH ODVW WZR GHFDGHV IRU WKH HVWLPDWLRQ

RI LQLWLDO RU ERXQGDU\ FRQGLWLRQV� SK\VLFDO SURSHUWLHV� JHRPHWULF SDUDPHWHUV� RU KHDW VRXUFH LQWHQVLWLHV� �2]LVLN

DQG 2UODQGH������ DQG 6X DQG 6LOYD 1HWR������ DPRQJ RWKHUV� SUHVHQW VRPH RI WKH PHWKRGV GHYHORSHG IRU

WKH VROXWLRQ RI VXFK SUREOHPV� 'HVSLWH PDQ\ SRWHQWLDO DSSOLFDWLRQV� LQYHUVH FRQYHFWLRQ SUREOHPV KDYH RQO\

UHFHQWO\ UHFHLYHG VRPH DWWHQWLRQ� 0RXWVRJORX������ DSSDUHQWO\ ZDV WKH nUVW WR DGGUHVV DQ LQYHUVH FRQYHFWLRQ

SUREOHP WKDW KDV XVHG D VHTXHQWLDO IXQFWLRQ VSHFLnFDWLRQ DOJRULWKP IRU WKH HVWLPDWLRQ RI WKH DV\PPHWULF KHDW

oX[ LQ PL[HG FRQYHFWLRQ LQ D YHUWLFDO FKDQQHO� 7KH VDPH DXWKRU �0RXWVRXJORX� ����� KDV DOVR DSSOLHG WKH

ZKROH GRPDLQ UHJXODUL]DWLRQ WHFKQLTXH LQ DQ LQYHUVH DQDO\VLV WR HVWLPDWH ZDOO KHDW oX[ LQ DQ HOOLSWLF ODPLQDU

IRUFHG FRQYHFWLRQ SUREOHP� 5DJKXQDWK������ DSSOLHG WKH TXDVL�1HZWRQ FRQMXJDWH JUDGLHQW PHWKRG� ZKLFK LV D

VSHFLDO FDVH RI WKH FRQMXJDWH JUDGLHQW PHWKRG� WR REWDLQ WKH WHPSHUDWXUH SURnOH DW WKH HQWUDQFH RI D WKHUPDOO\

GHYHORSLQJ K\GURG\QDPLFDOO\ GHYHORSHG ODPLQDU oRZ EHWZHHQ SDUDOOHO SODWHV� +XDQJ DQG �2]LVLN������ KDYH
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DSSOLHG WKH UHJXODU DQG PRGLnHG FRQMXJDWH JUDGLHQW PHWKRGV IRU WKH HVWLPDWLRQ RI D VWHDG\ VWDWH ZDOO KHDW oX[

LQ D K\GURG\QDPLFDOO\ GHYHORSHG ODPLQDU oRZ LQ D SDUDOOHO SODWH GXFW� 7KH VDPH PHWKRG KDV EHHQ DSSOLHG E\

%RNDU DQG �2]LVLN������ WR HVWLPDWH WKH WLPH GHSHQGHQFH RI LQOHW WHPSHUDWXUH LQ VLPLODU oRZ FRQGLWLRQV� /LX

DQG �2]LVLN� ���� KDYH XVHG WKH /HYHQEHUJ�0DUTXDUGW DOJRULWKP IRU WKH PLQLPL]DWLRQ SURFHGXUH IRU HVWLPDWLRQ

RI WKH WKHUPDO FRQGXFWLYLW\ DQG WKHUPDO FDSDFLW\ RI ODPLQDU oRZ WKURXJK D FLUFXODU GXFW E\ XVLQJ WUDQVLHQW

WHPSHUDWXUH UHDGLQJV DW D VLQJOH GRZQVWUHDP ORFDWLRQ� 0DFKDGR DQG 2UODQGH������ KDYH XVHG WKH FRQMXJDWH

JUDGLHQW PHWKRG ZLWK DQ DGMRLQW HTXDWLRQ WR HVWLPDWH WKH WLPHZLVH DQG VSDFHZLVH YDULDWLRQ RI WKH ZDOO KHDW oX[

LQ D SDUDOOHO SODWH FKDQQHO� $Q LQYHUVH SUREOHP IRU HVWLPDWLQJ WKH KHDW oX[ WR D SRZHU�ODZ QRQ�1HZWRQLDQ oXLG

LQ D SDUDOOHO SODWH FKDQQHO oRZ ZDV VROYHG E\ 0DFKDGR DQG 2UODQGH������ E\ XVLQJ WKH VDPH PHWKRG� +VX HW

DO������� DSSOLHG WKH OLQHDU OHDVW�VTXDUHV PHWKRG IRU VLPXOWDQHRXV HVWLPDWLRQ RI WKH LQOHW WHPSHUDWXUH DQG ZDOO

KHDW oX[ LQ D ODPLQDU FLUFXODU GXFW oRZ� +XDQJ DQG &KHQ������ KDYH DSSOLHG WKH FRQMXJDWH JUDGLHQW PHWKRG

LQ D WKUHH�GLPHQVLRQDO LQYHUVH IRUFHG FRQYHFWLRQ SUREOHP WR HVWLPDWH D VXUIDFH KHDW oX[� /L DQG <DQ������

DSSOLHG WKH FRQMXJDWH JUDGLHQW PHWKRG IRU WKH HVWLPDWLRQ RI WKH VSDFH DQG WLPH GHSHQGHQW ZDOO KHDW oX[

IRU XQVWHDG\ ODPLQDU IRUFHG FRQYHFWLRQ EHWZHHQ SDUDOOHO oDW SODWHV� VLPLODU WR WKDW VWXGLHG E\ 0DFKDGR DQG

2UODQGH������� &KR HW� DO������� GHYHORSHG DQ RSWLPL]DWLRQ SURFHGXUH WR nQG WKH LQOHW FRQFHQWUDWLRQ SURnOH IRU

XQLIRUP GHSRVLWLRQ LQ D F\OLQGULFDO FKHPLFDO YDSRU GHSRVLWLRQ FKDPEHU XVLQJ ORFDO UDQGRP VHDUFK WHFKQLTXH� ,Q

D VLPLODU ZRUN� &KR HW� DO������� VROYHG DQ RSWLPL]DWLRQ SUREOHP WR nQG WKH LQOHW YHORFLW\ SURnOH WKDW \LHOGV DV

XQLIRUP DQ HSLWD[LDO OD\HU DV SRVVLEOH LQ D YHUWLFDO PHWDORUJDQLF FKHPLFDO YDSRU GHSRVLWLRQ �02&9'� UHDFWRU�

)HZ ZRUNV KDYH EHHQ FDUULHG RXW RQ LQYHUVH SUREOHPV LQ WXUEXOHQW oRZ GHVSLWH LWV REYLRXV WHFKQRORJLFDO

UHOHYDQFH� /LX DQG �2]LVLN������ DSSOLHG WKH FRQMXJDWH JUDGLHQW PHWKRG ZLWK DQ DGMRLQW HTXDWLRQ IRU VROYLQJ WKH

LQYHUVH WXUEXOHQW FRQYHFWLRQ SUREOHP RI HVWLPDWLQJ WKH WLPHZLVH YDU\LQJ ZDOO KHDW oX[ LQ SDUDOOHO SODWH GXFWV�

6X HW DO������� DSSOLHG WKH /HYHQEHUJ�0DUTXDUGW PHWKRG WR HVWLPDWH QRQXQLIRUP ZDOO KHDW oX[ LQ D WKHUPDOO\

GHYHORSLQJ� K\GURG\QDPLFDOO\ GHYHORSHG WXUEXOHQW oRZ LQ D FLUFXODU SLSH EDVHG RQ WHPSHUDWXUH PHDVXUHPHQWV

REWDLQHG DW VHYHUDO GLmHUHQW ORFDWLRQV LQ WKH VWUHDP� 6X DQG 6LOYD 1HWR������ VROYHG DQ LQYHUVH KHDW FRQYHF�

WLRQ SUREOHP WR HVWLPDWH VLPXOWDQHRXVO\ WKH LQOHW WHPSHUDWXUH SURnOH DQG WKH ZDOO KHDW oX[ GLVWULEXWLRQ LQ

D WKHUPDOO\ GHYHORSLQJ� K\GURG\QDPLFDOO\ GHYHORSHG WXUEXOHQW oRZ LQ D FLUFXODU SLSH EDVHG RQ WHPSHUDWXUH

PHDVXUHPHQWV REWDLQHG DW VHYHUDO GLmHUHQW SRVLWLRQV LQ WKH VWUHDP� XVLQJ WKH /HYHQEHUJ�0DUTXDUGW PHWKRG�

:KLOH DOO DERYH PHQWLRQHG ZRUNV DUH GHGLFDWHG WR LQWHUQDO oRZ DQG KHDW WUDQVIHU SUREOHPV� $OHNVHHY������

KDV VKRZQ WKH IHDVLELOLW\ RI HVWLPDWLRQ RI IUHH VWUHDP SDUDPHWHUV LQ D FRPSUHVVLEOH ODPLQDU ERXQGDU\ OD\HU

ZKLFK LV JRYHUQHG E\ WKH SDUDEROL]HG 1DYLHU�6WRNHV �316� HTXDWLRQV� ,Q WKLV ZRUN� ZH VROYH DQ LQYHUVH SUREOHP

IRU WKH HVWLPDWLRQ RI DQ XSVWUHDP YHORFLW\ SURnOHV LQ DQ LQFRPSUHVVLEOH WXUEXOHQW ERXQGDU\ OD\HU RYHU D VPRRWK

oDW SODWH� 7KH VROXWLRQ SURFHGXUH LV EDVHG RQ YHORFLW\ PHDVXUHPHQWV REWDLQHG DW VHYHUDO GLmHUHQW ORFDWLRQV LQ

WKH VWUHDP� WKH PHDVXUHPHQWV ZHUH REWDLQHG WKURXJK WKH KRWZLUH DQHPRPHWU\ WHFKQLTXH� 7KH GLUHFW SUREOHP

RI D WXUEXOHQW ERXQGDU\ OD\HU LV VROYHG ZLWK D nQLWH GLmHUHQFH PHWKRG DQG XVHV WKH &HEHFL�6PLWK WXUEXOHQFH

PRGHO� 7KH XQNQRZQ XSVWUHDP YHORFLW\ SURnOH LV UHSUHVHQWHG E\ WKH FRPSRVLWH &ROHV
V ODZ RI WKH ZDOO� ODZ RI

WKH ZDNH SURnOH� 7KH IULFWLRQ YHORFLW\� 9RQ .uDUPuDQ FRQVWDQW� ODZ RI WKH ZDOO FRQVWDQW� &ROHV
V ZDNH�VWUHQJWK

SDUDPHWHU DQG ERXQGDU\ OD\HU WKLFNQHVV IRU WKH LQLWLDO SURnOH DUH GHWHUPLQHG DV XQNQRZQ SDUDPHWHUV E\ WKH

/HYHQEHUJ�0DUTXDUGW DOJRULWKP� 7KH HmHFWV RQ VROXWLRQ DERXW WKH ORFDWLRQ RI WKH PHDVXUHPHQW VWDWLRQ DUH

H[DPLQHG�

�� 0DWKHPDWLFDO )RUPXODWLRQ RI WKH 'LUHFW 3UREOHP

7KH 5H\QROGV DYHUDJHG JRYHUQLQJ HTXDWLRQV IRU D VWHDG\� LQFRPSUHVVLEOH DQG WZR�GLPHQVLRQDO WXUEXOHQW

ERXQGDU\ OD\HU FDQ EH ZULWWHQ DV IROORZV�
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,Q WKH &HEHFL�6PLWK PRGHO� WKH HGG\ YLVFRVLW\ PRGHO RI %RXVVLQHVT LV LQYRNHG WRJHWKHU ZLWK WKH PL[LQJ

OHQJWK FRQFHSW RI 3UDQGWO DQG WKH 9DQ 'ULHVW GDPSLQJ IXQFWLRQ IRU WKH FKDUDFWHULVWLF OHQJWK RI WKH oRZ� 7KXV�
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ZKHUH

O  �\
d
�b H[S �b

\�

$�
�
e
� ���
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ZKHUH S�  �GS G[� |�X~ �
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7KH GHIHFW UHJLRQ LV GHVFULEHG WKURXJK DQ HGG\ YLVFRVLW\ RI WKH W\SH

yW  &�XHp�o� ���

ZKHUH p� LV WKH ERXQGDU\ OD\HU GLVSODFHPHQW WKLFNQHVV� &�  ������� DQG o LV WKH LQWHUPLWWHQF\ IDFWRU RI

.OHEDQRm� JLYHQ E\
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DQG p LV WKH ERXQGDU\ OD\HU WKLFNQHVV�

7KH SDUWLDO GLmHUHQWLDO HTXDWLRQV KDYH WR EH VROYHG ZLWK DSSURSULDWH ERXQGDU\ FRQGLWLRQV�

X  �� IRU \  � ���

Y  �� IRU \  � ����

X  XH�[�� DV \ �� ����

X  X��\�� IRU [  [� ����

Y  Y��\�� IRU [  [� ����

,I DOO oXLG SURSHUWLHV� FRHpFLHQWV RI WXUEXOHQW PRGHOOLQJ� DQG ERXQGDU\ FRQGLWLRQV DUH NQRZQ� WKH GLUHFW

SUREOHP JLYHQ E\ (T� ��� WR (T� ���� FDQ EH VROYHG WR REWDLQ WKH YHORFLW\ nHOG RI WKH oXLG LQ WKH WXUEXOHQW

ERXQGDU\ OD\HU� ,Q WKLV ZRUN� WKH GLUHFW SUREOHP GHnQHG E\ HTXDWLRQV (T� ��� WR (T� ���� LV VROYHG WKURXJK DQ

LPSOLFLW nQLWH GLmHUHQFH PHWKRG�

�� 6ROXWLRQ RI WKH ,QYHUVH 3UREOHP

,Q WKH LQYHUVH SUREOHP FRQVLGHUHG LQ WKLV ZRUN� ZH DUH ORRNLQJ IRU WKH XQNQRZQ XSVWUHDP YHORFLW\ SURnOH

X��\�� WKLV PXVW EH HYDOXDWHG IURP YHORFLW\ PHDVXUHPHQWV WDNHQ DW VHYHUDO GRZQVWUHDP SRLQWV LQ WKH oRZ nHOG�

7KH XQNQRZQ XSVWUHDP YHORFLW\ SURnOH LV UHSUHVHQWHG E\ WKH FRPSRVLWH &ROHV
V ODZ RI WKH ZDOO� ODZ RI WKH

ZDNH IRUPXODWLRQ
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ZKHUH � �9RQ .uDUPuDQ FRQVWDQW�� $ �ODZ RI WKH ZDOO FRQVWDQW�� X~ �IULFWLRQ YHORFLW\�� a{ �&ROH
V ZDNH�VWUHQJWK�

DQG p �ERXQGDU\ OD\HU WKLFNQHVV� DUH SDUDPHWHUV WR EH GHWHUPLQHG�

8SRQ WKH SDUDPHWHUL]DWLRQ JLYHQ E\ (T� ����� WKH LQYHUVH SUREOHP KDV EHHQ IRUPXODWHG DV D SDUDPHWHU

HVWLPDWLRQ SUREOHP� 7KH VROXWLRQ RI WKLV LQYHUVH SUREOHP IRU WKH HVWLPDWLRQ RI WKH nYH XQNQRZQ SDUDPHWHUV LV

EDVHG RQ WKH PLQLPL]DWLRQ RI WKH RUGLQDU\ OHDVW VTXDUHV QRUP GHnQHG E\
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d
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ZKHUH XP�[P� \P� DUH WKH FDOFXODWHG YHORFLWLHV DQG =P�[P� \P� DUH WKH PHDVXUHG YHORFLWLHV DW SRLQWV �[P� \P��

P  �� �� ����0 � ZLWK 0 EHLQJ WKH WRWDO QXPEHU RI PHDVXUHPHQW SRLQWV�

7KH YHFWRU RI XQNQRZQ SDUDPHWHUV LV IRUPHG E\

a3 7  >S�� S�� S�� S�� S�@  >��$� X~ � a{� p@� ����
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(TXDWLRQ ���� FDQ EH ZULWWHQ LQ WKH IROORZLQJ IRUP�

5�a3 �  >aX� a3 �b a=@7 >aX�a3 �b a=@  a) 7 a) ����

ZLWK a) EHLQJ WKH GLmHUHQFH YHFWRU EHWZHHQ FDOFXODWHG DQG PHDVXUHG YHORFLWLHV� )P  XPb=P� P  �� �� ����0�

$V WKH LQYHUVH SUREOHP LV VROYHG DV DQ RSWLPL]DWLRQ SUREOHP� RXU REMHFWLYH LV WR PLQLPL]H WKH QRUP 5�a3 ��
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NHHSLQJ RQO\ WKH WHUPV XS WR WKH nUVW RUGHU WHUPV LQ (T� ����� DQG SOXJJLQJ WKH UHVXOWLQJ H[SUHVVLRQ LQWR (T�

����� ZH REWDLQ WKH QRUPDO HTXDWLRQ�

-7-c a3 N  b-7 a) � ����

ZKHUH WKH HOHPHQWV RI WKH -DFRELDQ PDWUL[ DUH

-PQ  
#XP

#SQ
� P  �� �� ����0 DQG Q  �� ��� �� ����

6XPPLQJ XS ZLWK D GDPSLQJ IDFWRU w WR LPSURYH WKH FRQYHUJHQFH EHKDYLRXU ZH KDYH WKH /HYHQEHUJ�

0DUTXDUGW PHWKRG�

�-7 - � w'�ca3  b-7 a) � ����

ZKHUH ' UHSUHVHQWV WKH GLDJRQDO PDWUL[�

(TXDWLRQ ���� LV WKHQ ZULWWHQ LQ D IRUP FRQYHQLHQW WR EH XVHG LQ DQ LWHUDWLYH SURFHGXUH�

c3 N  b�-N7-N � wN'N�b�-N7 a) N� ����

ZKHUH N LV WKH LWHUDWLRQ LQGH[�

$ QHZ HVWLPDWLRQ RI WKH SDUDPHWHUV� a3 N��� LV FDOFXODWHG E\

a3 N��  a3 N �ca3 N� ����

3OHDVH� QRWH WKDW WKH SUREOHP JLYHQ E\ (T� ���� LV GLmHUHQW IURP WKDW JLYHQ E\ (T� ����� 1HYHUWKHOHVV� WKH

SURFHGXUH DLPV DW UHGXFLQJ WKH YDOXH RI WKH GDPSLQJ IDFWRU ZLWK WKH LWHUDWLRQV VR WKDW ZKHQ FRQYHUJHQFH LV

DFKLHYHG� WKH REWDLQHG VROXWLRQ LV DERXW WKH VDPH DV WKDW IRU WKH RULJLQDO SUREOHP� 7KH LWHUDWLYH SURFHGXUH

VWDUWV ZLWK DQ LQLWLDO JXHVV IRU SDUDPHWHUV� a3 �� DQG QHZ HVWLPDWHV� a3 N�� DUH VHTXHQWLDOO\ REWDLQHG XVLQJ (T�

���� ZLWK ca3 N JLYHQ E\ (T� ���� XQWLO WKH FRQYHUJHQFH FULWHULRQ
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M � q� Q  �� ���� � ����

LV VDWLVnHG� ZKHUH q LV D VPDOO UHDO QXPEHU� VXFK DV ��b�� 7KH HOHPHQWV RI WKH -DFRELDQ PDWUL[ DV ZHOO DV WKH

ULJKW KDQG WHUP RI (T� ���� DUH FDOFXODWHG E\ XVLQJ WKH VROXWLRQ RI WKH GLUHFW SUREOHP GHnQHG E\ (T� ��� WR (T�

����� DV GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ�

�� ([SHULPHQWDO $SSDUDWXV DQG ,QVWUXPHQWDWLRQ

7KH H[SHULPHQWV ZHUH FDUULHG RXW LQ D ORZ�VSHHG ZLQG WXQQHO ORFDWHG DW WKH /DERUDWRU\ RI 7XUEXOHQFH

0HFKDQLFV RI &233(�8)5-� 7KH ZLQG WXQQHO LV RI RSHQ FLUFXLW W\SH DQG KDV D � P ORQJ WHVW VHFWLRQ ZLWK

VTXDUH FURVV VHFWLRQ RI ���� P [ ���� P� :LQG VSHHG LV FRQWLQXRXVO\ YDULDEOH IURP ��� WR ��� P�V� 7KH WXUEXOHQW

LQWHQVLW\ OHYHO LQ WKH IUHHVWUHDP ZDV DERXW ����� 7KH VWUHDPZLVH SUHVVXUH JUDGLHQW ZDV FORVHO\ VHW WR ]HUR E\

DGMXVWLQJ WKH URRI RI WKH WXQQHO DFFRUGLQJ WR UHDGLQJV RI HLJKW HTXDOO\ VSDFHG SUHVVXUH WDSV� 0HDQ YHORFLW\

SURnOHV DQG WXUEXOHQW LQWHQVLW\ OHYHOV ZHUH PHDVXUHG E\ XVLQJ D '$17(& KRWZLUH DQHPRPHWHU VHULHV ��0 ZLWK

D VWDQGDUG 3�� SUREH� $ 3LWRW WXEH� D KLJK SUHFLVLRQ LQFOLQHG PXOWL�WXEH PDQRPHWHU� DQG D FRPSXWHU FRQWUROOHG

WUDYHUVH JHDU ZHUH DOVR XVHG� 2XWSXW VLJQDOV RI WKH KRWZLUH DQHPRPHWHU ZHUH WUDQVPLWWHG WR D 3& WKURXJK D

���ELW GDWD DTXLVLWLRQ FDUG�

6L[ ORQJLWXGLQDO YHORFLW\ SURnOHV ZHUH PHDVXUHG DW VWDWLRQV ����P� ����P� ����P� ����P� ����P DQG ����P

IURP WKH EHJLQQLQJ RI WKH WHVW VHFWLRQ� $OO SURnOHV ZHUH PHDVXUHG RYHU WKH FHQWUDO OLQH RI WKH WHVW VHFWLRQ�

VXpFLHQWO\ IDU IURP WKH VLGH ZDOOV� $URXQG �� PHDQ YHORFLW\ PHDVXUHPHQW SRLQWV ZHUH WDNHQ IRU HDFK SURnOH�

7KH IULFWLRQ YHORFLW\ �X~ �� WKH &ROHV
V ZDNH�VWUHQJWK SDUDPHWHU �a{�� WKH ERXQGDU\ OD\HU WKLFNQHVV �p�� WKH

9RQ .uDUPuDQ FRQVWDQW ��� DQG WKH ODZ RI WKH ZDOO FRQVWDQW �$� IRU HDFK YHORFLW\ SURnOH PHDVXUHG ZHUH REWDLQHG

E\ PHDQV D SURJUDP GHYHORSHG LQ 0DWKHPDWLFD VRIWZDUH IRU WUHDWPHQW RI WKH H[SHULPHQWDO GDWD�

�
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�� 5HVXOWV

7KH VWXG\ ZDV GHYHORSHG LQ WKUHH VWHSV� 7KH REMHFWLYH RI WKH nUVW VWHS ZDV WR YDOLGDWH WKH QXPHULFDO

VROXWLRQ IRU WKH GLUHFW SUREOHP E\ FRPSDULVRQ ZLWK WKH H[SHULPHQWDO GDWD� 7KH H[SHULPHQWDO SURnOH WDNHQ

DW VWDWLRQ ����P ZDV XVHG DV WKH LQOHW ERXQGDU\ FRQGLWLRQ DQG YHORFLW\ SURnOHV DW WKH VDPH VWDWLRQV RI WKH

H[SHULPHQWDO PHDVXUHPHQWV ZHUH FDOFXODWHG QXPHULFDOO\� )LJXUH � VKRZV JRRG DJUHHPHQW EHWZHHQ WKH YHORFLW\

SURnOHV REWDLQHG E\ WKH QXPHULFDO VLPXODWLRQ DQG WKH H[SHULPHQWDO SURnOHV� ,Q )LJ� �� WKH VDPH FRPSDULVRQ LV

VKRZQ LQ LQQHU YDULDEOHV�
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)LJXUH �� 9DOLGDWLRQ RI WKH QXPHULFDO VROXWLRQ IRU WKH GLUHFW SUREOHP� &RPSDULVRQ RI FDOFXODWHG DQG PHDVXUHG

YHORFLW\ SURnOHV� 3RLQWV DUH WKH H[SHULPHQWDO GDWD DQG OLQH LV WKH VLPXODWLRQ�

7KH VHFRQG VWHS DLPHG DW HVWLPDWLQJ WKH XSVWUHDP YHORFLW\ SURnOH� DW VWDWLRQ [  ����P� E\ WKH LQYHUVH

PHWKRG DQG WR FRPSDUH LW ZLWK WKH H[SHULPHQWDOO\ REWDLQHG SURnOH� $ VLQJOH H[SHULPHQWDO SURnOH DW D GRZQ�

VWUHDP VWDWLRQ ZDV XVHG LQ WKH LQYHUVH DQDO\VLV� :H VXFFHVVIXOO\ HVWLPDWHG WKH XSVWUHDP YHORFLW\ SURnOH XVLQJ

WKH PHDVXUHG SURnOHV DW VWDWLRQV [  ����P� [  ����P DQG [  ����P� )LJXUH � VKRZV WKDW WKH HVWLPDWHG

XSVWUHDP YHORFLW\ SURnOHV PDWFK VPRRWKO\ WKH PHDVXUHG XSVWUHDP SURnOH� )LJXUH � VKRZV WKH VDPH FRPSDULVRQ

LQ LQQHU YDULDEOHV�

,Q WKH WKLUG VWHS� ZH FKHFNHG WKH SUHFLVLRQ RI WKH QXPHULFDO VLPXODWLRQ RI WKH WXUEXOHQW ERXQGDU\ OD\HU� DV

D GLUHFW SUREOHP� LI WKH HVWLPDWHG LQLWLDO SURnOH FRXOG EH XVHG DV WKH LQOHW ERXQGDU\ FRQGLWLRQ� :H XVHG WKH

HVWLPDWHG YDOXHV RI SDUDPHWHUV X~ � �� $� a{ DQG p WR FRQVWUXFW WKH LQLWLDO ERXQGDU\ FRQGLWLRQ DQG FRPSDUHG

WKH UHVXOWV ZLWK WKDW REWDLQHG E\ XVLQJ GLUHFWO\ WKH PHDVXUHG LQLWLDO SURnOH� )LJXUH � VKRZV D FRPSDULVRQ

RI WKH YHORFLW\ SURnOHV DW DOO VWDWLRQV ZKHQ ZDV XVHG DQ LQLWLDO SURnOH REWDLQHG E\ LQYHUVH PHWKRG NQRZQ

WKH H[SHULPHQWDO SURnOH DW ����P VWDWLRQ� WKH NQRZQ SURnOH QHDUHVW RI WKH LQLWLDO SURnOH� )LJXUH � VKRZV D

FRPSDULVRQ RI WKHVH UHVXOWV LQ LQQHU YDULDEOH�

7KH GLUHFW VLPXODWLRQ ZLWK WKH LQLWLDO SURnOH REWDLQHG E\ LQYHUVH PHWKRG NQRZQ HDFK VLQJOH H[SHULPHQWDO

SURnOH ZDV GRQH� 7KHQ )LJ� � VKRZV D FRPSDULVRQ RI WKH YHORFLW\ SURnOHV DW DOO VWDWLRQV ZKHQ ZDV XVHG DQ LQLWLDO

SURnOH REWDLQHG E\ LQYHUVH PHWKRG NQRZQ WKH H[SHULPHQWDO SURnOH DW ����P VWDWLRQ� WKH NQRZQ SURnOH IDUWKHU

RI WKH LQLWLDO SURnOH� )LJXUH � VKRZV D FRPSDULVRQ RI WKHVH UHVXOWV LQ LQQHU YDULDEOH�

7KH IULFWLRQ YHORFLW\ LV DOZD\V GLpFXOW WR GHWHUPLQH H[SHULPHQWDOO\� ,Q WKLV ZRUN� WKH IULFWLRQ YHORFLW\ ZDV

GHWHUPLQHG E\ PHDQV D QRQ OLQHDU UHJUHVV SURJUDP GHYHORSHG LQ 0DWKHPDWLFD VRIWZDUH IRU WUHDWPHQW RI WKH

H[SHULPHQWDO GDWD� 7DEOH � VKRZV YDOXHV RI IULFWLRQ YHORFLW\ HVWLPDWHG E\ WKH LQYHUVH PHWKRG FRPSDUHG ZLWK

WKH PHDVXUHG YDOXHV RI IULFWLRQ YHORFLW\ DW VWDWLRQ [  ����P� WKDW ZDV ������ $V FDQ EH VHHQ� WKH UHODWLYH

HUURUV ZHUH OHVV WKDQ �� IRU DOO HVWLPDWLRQV� ZKLFK VKRZV WKDW WKH LQYHUVH DQDO\VLV FDQ EH XVHG WR GHWHUPLQH WKH

IULFWLRQ YHORFLW\ EDVHG RQ PHDQ YHORFLW\ PHDVXUHPHQWV LQ WKH oRZ nHOG�
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)LJXUH �� 9DOLGDWLRQ RI WKH QXPHULFDO VROXWLRQ IRU WKH GLUHFW SUREOHP� &RPSDULVRQ RI FDOFXODWHG DQG PHDVXUHG

YHORFLW\ SURnOHV LQ LQQHU YDULDEOH�
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)LJXUH �� &RPSDULVRQ RI HVWLPDWHG LQLWLDO YHORFLW\ SURnOH ZLWK H[SHULPHQWDO GDWD XVLQJ RQH PHDVXUHG YHORFLW\

SURnOH DW GLmHUHQW ORQJLWXGLQDO VWDWLRQV�

7DEOH �� )ULFWLRQ YHORFLW\ REWDLQHG E\ LQYHUVH PHWKRG�

NQRZQ YHORFLW\ SURnOH X~ UHODWLYH HUURU ���

[  ����P VWDWLRQ ����� ����

[  ����P VWDWLRQ ����� ���

[  ����P VWDWLRQ ����� ����

[  ����P VWDWLRQ ����� ����

[  ����P VWDWLRQ ����� ����
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)LJXUH �� &RPSDULVRQ RI HVWLPDWHG LQLWLDO YHORFLW\ SURnOH LQ LQQHU YDULDEOH ZLWK H[SHULPHQWDO GDWD XVLQJ RQH

PHDVXUHG YHORFLW\ SURnOH DW GLmHUHQW ORQJLWXGLQDO VWDWLRQV�

1 2 3 4 5

0 .00

0 .05

0 .10

0 .15

0 .20

0 .25

0 .30

0 .35

0 .40

 3 .25m

 

 

u(m /s)

 y(m )

1 2 3 4 5

 3 .30m

 

 

  

1 2 3 4 5

 3 .35m

  

 

 

1 2 3 4 5

 

 3 .40m 

  

1 2 3 4 5

 3 .45m

 

 

 

 

)LJXUH �� &DOFXODWHG GRZVWUHDP YHORFLW\ SURnOHV XVLQJ H[SHULPHQWDO DQG HVWLPDWHG LQLWLDO SURnOHV� NQRZQ SURnOH

DW ����P VWDWLRQ� FRPSDUHG ZLWK PHDVXUHG YHORFLW\ SURnOHV� 3RLQWV DUH WKH H[SHULPHQWDO GDWD� VROLG OLQH LV WKH

VLPXODWLRQ ZLWK LQYHUVH PHWKRG DQG GDVKHG OLQH ZLWK GLUHFW PHWKRG�
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)LJXUH �� &DOFXODWHG GRZVWUHDP YHORFLW\ SURnOHV XVLQJ H[SHULPHQWDO DQG HVWLPDWHG LQLWLDO SURnOHV LQ LQQHU YDUL�

DEOH� NQRZQ SURnOH DW ����P VWDWLRQ� FRPSDUHG ZLWK PHDVXUHG YHORFLW\ SURnOHV� 3RLQWV DUH WKH H[SHULPHQWDO

GDWD� VROLG OLQH LV WKH VLPXODWLRQ ZLWK LQYHUVH PHWKRG DQG GDVKHG OLQH ZLWK GLUHFW PHWKRG�
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)LJXUH �� &DOFXODWHG GRZVWUHDP YHORFLW\ SURnOHV XVLQJ H[SHULPHQWDO DQG HVWLPDWHG LQLWLDO SURnOHV� NQRZQ SURnOH

DW ����P VWDWLRQ� FRPSDUHG ZLWK PHDVXUHG YHORFLW\ SURnOHV� 3RLQWV DUH WKH H[SHULPHQWDO GDWD� VROLG OLQH LV WKH

VLPXODWLRQ ZLWK LQYHUVH PHWKRG DQG GDVKHG OLQH ZLWK GLUHFW PHWKRG�
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)LJXUH �� &DOFXODWHG GRZVWUHDP YHORFLW\ SURnOHV XVLQJ H[SHULPHQWDO DQG HVWLPDWHG LQLWLDO SURnOHV LQ LQQHU YDUL�

DEOH� NQRZQ SURnOH DW ����P VWDWLRQ� FRPSDUHG ZLWK PHDVXUHG YHORFLW\ SURnOHV� 3RLQWV DUH WKH H[SHULPHQWDO

GDWD� VROLG OLQH LV WKH VLPXODWLRQ ZLWK LQYHUVH PHWKRG DQG GDVKHG OLQH ZLWK GLUHFW PHWKRG�

�� &RQFOXVLRQ

$Q LQYHUVH DQDO\VLV IRU WKH HVWLPDWLRQ RI XSVWUHDP YHORFLW\ SURnOHV LQ DQ LQFRPSUHVVLEOH WXUEXOHQW ERXQGDU\

OD\HU RYHU D VPRRWK oDW SODWH ZDV FDUULHG RXW� 7KH GLUHFW SUREOHP RI WXUEXOHQW ERXQGDU\ OD\HU HTXDWLRQV ZLWK

DQ DOJHEUDLF WXUEXOHQFH PRGHO ZDV VROYHG E\ XVLQJ D nQLWH GLmHUHQFH PHWKRG� ZKLFK ZDV YDOLGDWHG DJDLQVW GDWD

REWDLQHG LQ D ORZ�VSHHG ZLQG WXQQHO� )LYH SDUDPHWHUV� WKH IULFWLRQ YHORFLW\� WKH 9RQ .uDUPuDQ FRQVWDQW� WKH ODZ

RI WKH ZDOO FRQVWDQW� WKH &ROHV
V ZDNH�VWUHQJWK SDUDPHWHU DQG WKH ERXQGDU\ OD\HU WKLFNQHVV� ZHUH XVHG IRU WKH

DQDO\WLFDO FRQVWUXFWLRQ RI WKH XSVWUHDP YHORFLW\ SURnOH E\ XVLQJ WKH &ROHV
V FRPSRVLWH ODZ RI WKH ZDOO� ODZ RI

WKH ZDNH IRUPXODWLRQ� 7KXV� WKH LQYHUVH SUREOHP RI HVWLPDWLRQ RI LQLWLDO YHORFLW\ SURnOHV ZDV IRUPXODWHG DV D

SDUDPHWHU HVWLPDWLRQ SUREOHP WKDW VHDUFKHG IRU WKH IULFWLRQ YHORFLW\� WKH 9RQ .uDUPuDQ FRQVWDQW� WKH ODZ RI WKH

ZDOO FRQVWDQW� WKH &ROHV
V ZDNH�VWUHQJWK SDUDPHWHU DQG WKH ERXQGDU\ OD\HU WKLFNQHVV DW DQ XSVWUHDP VWDWLRQ LQ

WKH WXUEXOHQW ERXQGDU\ OD\HU� :H KDYH VKRZQ� WKURXJK FRPSDULVRQ ZLWK WKH PHDVXUHG YHORFLW\ SURnOH DW WKH

VDPH VWDWLRQ� WKDW WKH XSVWUHDP YHORFLW\ SURnOH FRXOG EH DFFXUDWHO\ HVWLPDWHG LI H[SHULPHQWDO GDWD RI YHORFLW\

PHDVXUHPHQW ZLWKLQ �� FP IURP WKH LQOHW VWDWLRQ ZHUH XVHG� 7KH SURSRVHG LQYHUVH DQDO\VLV FDQ EH XVHG WR

JHQHUDWH DQ DFFXUDWH DQG VPRRWK LQLWLDO YHORFLW\ SURnOH IRU QXPHULFDO VLPXODWLRQ RI WXUEXOHQW ERXQGDU\ OD\HU

DQG WR GHWHUPLQH DFFXUDWHO\ VRPH ERXQGDU\ OD\HU SDUDPHWHUV� VXFK DV WKH IULFWLRQ YHORFLW\ DQG WKH ERXQGDU\

OD\HU WKLFNQHVV� WKDW DUH GLpFXOW WR PHDVXUH GLUHFWO\�

�� $FNQRZOHGJPHQWV

7KH DXWKRUV DFNQRZOHGJH WKH nQDQFLDO VXSSRUW SURYLGHG E\ WKH %UD]LOLDQ 1DWLRQDO 5HVHDUFK &RXQFLO �&13T�

DQG WKH %UD]LOLDQ 0LQLVWU\ RI (GXFDWLRQ �0(&�&$3(6� GXULQJ WKH FRXUVH RI WKLV ZRUN�

�� 5HIHUHQFHV

$OHNVHHY� $� .�� ����� )UHHVWUHDP SDUDPHWHU HVWLPDWLRQ XVLQJ KHDW oX[ PHDVXUHPHQWV� �$,$$ -RXUQDO��

9RO� ��� 1R� �� SS� ����^�����

%RNDU� -� &� DQG �2]LVLN� 0� 1�� ����� ,QYHUVH $QDO\VLV IRU (VWLPDWLQJ WKH 7LPH 9DU\LQJ ,QOHW 7HPSHUDWXUH LQ

/DPLQDU )ORZ LQVLGH D 3DUDOOHO 3ODWH 'XFW� �,QW� -� +HDW 0DVV 7UDQVIHU�� 9RO� ��� SS� ��^���

&KR� :� .�� &KRL� '� +� DQG .LP� 0� �8�� ����� 2SWLPL]DWLRQ RI LQOHW FRQFHQWUDWLRQ SURnOH IRU XQLIRUP

GHSRVLWLRQ LQ D F\OLQGULFDO FKHPLFDO YDSRU GHSRVLWLRQ FKDPEHU� �,QW� -� +HDW 0DVV 7UDQVIHU�� 9RO� ���

SS� ����^�����

&KR� :� .�� &KRL� '� +� DQG .LP� 0� �8�� ����� 2SWLPL]DWLRQ RI WKH LQOHW YHORFLW\ SURnOH IRU XQLIRUP HSLWD[LDO

JURZWK LQ D YHUWLFDO PHWDORUJDQLF FKHPLFDO YDSRU GHSRVLWLRQ UHDFWRU� �,QW� -� +HDW 0DVV 7UDQVIHU�� 9RO� ���

�
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SS� �����^�����

+VX� 3� 7�� &KHQ� &� .� DQG <DQJ� <� 7�� ����� $ ��' ,QYHUVH 0HWKRG IRU 6LPXOWDQHRXV (VWLPDWLRQ RI WKH ,QOHW

7HPSHUDWXUH DQG :DOO +HDW )OX[ LQ D /DPLQDU &LUFXODU 'XFW )ORZ� �1XPHULFDO +HDW 7UDQVIHU 3DUW $��

9RO� ��� SS� ���^����

+XDQJ� &� +� DQG �2]LVLN� 0� 1�� ,QYHUVH 3UREOHP RI 'HWHUPLQLQJ 8QNQRZQ :DOO +HDW )OX[ LQ /DPLQDU )ORZ

7KURXJK D 3DUDOOHO 3ODWH� ����� �1XPHULFDO +HDW 7UDQVIHU� 3DUW $�� 9RO� ��� SS� ��^���

+XDQJ� &� +� DQG &KHQ� :� &�� ����� $ 7KUHH�GLPHQVLRQDO ,QYHUVH )RUFHG &RQYHFWLRQ 3UREOHP LQ (VWLPDWLQJ

6XUIDFH +HDW )OX[ E\ &RQMXJDWH *UDGLHQW 0HWKRG� �,QW� -� +HDW 0DVV 7UDQVIHU�� 9RO� ��� SS� ����^�����

/L� +�<� DQG <DQ� :�0�� ����� (VWLPDWLRQ RI :DOO +HDW )OX[ LQ DQ ,QYHUVH &RQYHFWLRQ 3UREOHP� �-� 7KHUPRSK\V�

+HDW 7UDQVIHU�� 9RO� ��� SS� ���^����

/LX� )� %� DQG �2]LVLN� 0� 1�� ����� 6LPXOWDQHRXV (VWLPDWLRQ RI )OXLG 7KHUPDO &RQGXFWLYLW\ DQG +HDW &DSDFLW\

LQ /DPLQDU 'XFW )ORZ� �-� )ODQNOLQ ,QVW��� 9RO� ���� SS� ���^����

/LX� )� %� DQG �2]LVLN� 0� 1�� ����� ,QYHUVH $QDO\VLV RI 7UDQVLHQW 7XUEXOHQW )RUFHG &RQYHFWLRQ LQVLGH 3DUDOOHO

3ODWHV� �,QW� -� +HDW 0DVV 7UDQVIHU�� 9RO� ��� SS� ����^�����

0DFKDGR� +� $� DQG 2UODQGH� +� 5� %�� ����� ,QYHUVH $QDO\VLV RI (VWLPDWLQJ WKH 7LPHZLVH DQG 6SDFHZLVH

9DULDWLRQ RI WKH :DOO +HDW )OX[ LQ D 3DUDOOHO 3ODWH &KDQQHO� �,QW� -� 1XP� 0HWK� +HDW )OXLG )ORZ��

9RO� �� SS� ���^����

0DFKDGR� +� $� DQG 2UODQGH� +� 5� %�� ����� ,QYHUVH 3UREOHP IRU (VWLPDWLQJ WKH +HDW )OX[ WR D 1RQ�1HZWRQLDQ

)OXLG LQ D 3DUDOOHO 3ODWH &KDQQHO� �-� %UD]LOLDQ 6RFLHW\ 0HFK� 6FL��� 9RO� ��� SS� ��^���

0RXWVRXJORX� $�� ����� $Q ,QYHUVH &RQYHFWLRQ 3UREOHP� �-� +HDW 7UDQVIHU�� 9RO� ���� SS� ��^���

0RXWVRXJORX� $�� ����� 6ROXWLRQ RI DQ (OOLSWLF ,QYHUVH &RQYHFWLRQ 3UREOHP 8VLQJ D :KROH 'RPDLQ 5HJXUDOL]D�

WLRQ 7HFKQLTXH� �$,$$ -� 7KHUPRSK\VLV�� 9RO� �� SS� ���^����
�2]LVLN� 0� 1� DQG 2UODQGH� +� 5� %�� ����� �,QYHUVH +HDW 7UDQVIHU� )XQGDPHQWDOV DQG $SSOLFDWLRQV�� 7D\ORU 	

)UDQFLV� 1HZ <RUN� 86$�

5DJKXQDWK� 5�� ����� 'HWHUPLQLQJ (QWUDQFH &RQGLWLRQV IURP 'RZQVWUHDP 0HDVXUHPHQWV� �,QW� &RPP� +HDW

0DVV 7UDQVIHU�� 9RO� ��� SS� ���^����

6X� -�� /RSHV� $� %� DQG 6LOYD 1HWR� $� -�� ����� (VWLPDWLRQ RI 8QNQRZQ :DOO +HDW )OX[ LQ 7XUEXOHQW &LUFXODU

3LSH )ORZ� �,QW� &RPP� +HDW 0DVV 7UDQVIHU�� 9RO� ��� SS� ���^����

6X� -� DQG 6LOYD 1HWR� $� -�� ����� 7ZR�'LPHQVLRQDO ,QYHUVH 3UREOHP RI +HDW 6RXUFH 6WUHQJWK (VWLPDWLRQ LQ

&\OLQGULFDO 5RGV� �$SSO� 0DWK� 0RGHOOLQJ�� LQ SUHVV�

6X� -� DQG 6LOYD 1HWR� $� -�� ����� 6LPXOWDQHRXV HVWLPDWLRQ RI LQOHW WHPSHUDWXUH DQG ZDOO KHDW oX[ LQ WXUEXOHQW

FLUFXODU SLSH oRZ� �1XPHULFDO +HDW 7UDQVIHU� 3DUW $�� LQ SUHVV�
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