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$EVWUDFW

$V ZDWHU VXSSO\ LV RQH RI WKH PRVW UHFRJQL]DEOH DQG LPSRUWDQW SXEOLF VHUYLFHV FRQWULEXWLQJ WR

WKH TXDOLW\ RI OLIH� WKH LPSRUWDQFH RI D VDIH ZDWHU VXSSO\ V\VWHP LV D EDVLF UHTXLUHPHQW IRU HY�

HU\ XUEDQ ZDWHU GLVWULEXWLRQ QHWZRUN� &RUUHFW WUHDWPHQW RI PL[LQJ SKHQRPHQD LQ WKH QHWZRUN¶V

K\GUDXOLF HOHPHQWV LV RI JUHDW LPSRUWDQFH IRU WKH DFFXUDWH VLPXODWLRQ DQG SUHGLFWLRQ RI FRQ�

WDPLQDWLRQ HYHQWV� ,Q WKLV GRFWRUDO WKHVLV� WKH PL[LQJ RI IOXLGV LQ SLSH QHWZRUNV DQG VHJPHQWV

�GRXEOH�7HH MXQFWLRQV� LV LQYHVWLJDWHG XVLQJ DQ H[SHULPHQWDO DSSURDFK� QXPHULFDO PRGHOV DQG

PDFKLQH OHDUQLQJ PHWKRGV� )LUVWO\� H[SHULPHQWDO GDWD LV REWDLQHG IRU IOXLG PL[LQJ LQ GLIIHUHQW

GRXEOH�7HH FRQILJXUDWLRQV DQG D FRPSXWDWLRQDO IOXLG G\QDPLFV WUDQVSRUW PRGHO LV FDOLEUDWHG DQG

YDOLGDWHG WKURXJK VHWWLQJ WKH WXUEXOHQW 6FKPLGW QXPEHU� $ PDFKLQH OHDUQLQJ DSSURDFK ZKLFK

XVHV $UWLILFLDO 1HXUDO 1HWZRUNV LV WKHQ SURSRVHG DQG WUDLQHG ZLWK QXPHULFDOO\ JHQHUDWHG GDWD IRU

WKH SXUSRVH RI FUHDWLQJ FRPSXWDWLRQDOO\ HIILFLHQW PRGHOV IRU IOXLG PL[LQJ LQ GRXEOH�7HH MXQF�

WLRQV� $GGLWLRQDOO\� D /DUJH (GG\ 6LPXODWLRQ PRGHO FRXSOHG ZLWK D SXUH DGYHFWLRQ WUDQVSRUW

PRGHO LV LQYHVWLJDWHG DQG VKRZQ WR SURGXFH DFFXUDWH IOXLG PL[LQJ UHVXOWV LQ D GRXEOH�7HH MXQF�

WLRQ WKHUHIRUH VKRZLQJ D ZD\ WR QRW LQFOXGH WKH WXUEXOHQW 6FKPLGW QXPEHU� 6HFRQGO\� WKUHH

PHWKRGRORJLHV DUH SUHVHQWHG ZKLFK XVH PDFKLQH OHDUQLQJ DOJRULWKPV IRU WKH SXUSRVH RI FRQ�

WDPLQDWLRQ VRXUFH GHWHFWLRQ LQ ZDWHU VXSSO\ SLSH QHWZRUNV� 7KH ILUVW PHWKRGRORJ\ LV EDVHG RQ

5DQGRP )RUHVW DOJRULWKP FODVVLILFDWLRQ RI WKH PRVW SUREDEOH FRQWDPLQDWLRQ VRXUFH LQ D ZDWHU

VXSSO\ QHWZRUN� 7KH 5) FODVVLILHU LV WUDLQHG ZLWK GDWD REWDLQHG E\ 0RQWH &DUOR ZDWHU TXDOLW\

VLPXODWLRQV DQG LW VKRZV WR EH FRPSXWDWLRQDOO\ HIILFLHQW DQG FDQ HDVLO\ JHQHUDWH D OLVW RI PRVW

SUREDEOH FRQWDPLQDWLRQ VRXUFHV LQ D ZDWHU VXSSO\ QHWZRUN� )XUWKHUPRUH� D QRYHO PDFKLQH OHDUQ�

LQJ EDVHG DOJRULWKP IRU ZDWHU VXSSO\ FRQWDPLQDWLRQ VRXUFH LGHQWLILFDWLRQ LV SUHVHQWHG DQG EXLOW

IRU KLJK SHUIRUPDQFH SDUDOOHO V\VWHPV� 7KH DOJRULWKP VXFFHVVIXOO\ XWLOL]HV WKH FRPELQDWLRQ RI

$UWLILFLDO 1HXUDO 1HWZRUNV IRU D SDUDOOHO WRXUQDPHQW VW\OH FODVVLILFDWLRQ RI WKH FRQWDPLQDWLRQ

VRXUFH ZLWK 5DQGRP )RUHVWV IRU UHJUHVVLRQ DQDO\VLV WR GHWHUPLQH VLJQLILFDQW YDULDEOHV RI D FRQ�

WDPLQDWLRQ HYHQW� /DVWO\� WZR QRYHO DOJRULWKPLF IUDPHZRUNV DUH LQYHVWLJDWHG ZKLFK DUH EDVHG RQ

FRXSOLQJ D PDFKLQH OHDUQLQJ DOJRULWKP IRU SUHGLFWLQJ WKH PRVW SUREDEOH FRQWDPLQDWLRQ VRXUFHV

LQ D ZDWHU GLVWULEXWLRQ QHWZRUN ZLWK DQ RSWLPL]DWLRQ DOJRULWKP IRU GHWHUPLQLQJ WKH UHOHYDQW SD�

UDPHWHUV VXFK DV FRQWDPLQDWLRQ VWDUW WLPH� HQG WLPH DQG FRQWDPLQDQW FRQFHQWUDWLRQ IRU HDFK

SUHGLFWHG QRGH VHSDUDWHO\� %RWK DOJRULWKPLF IUDPHZRUNV SHUIRUP ZHOO LQ GHWHUPLQLQJ WKH WUXH

VRXUFH QRGH� VWDUW DQG HQG WLPHV DQG FRQWDPLQDQW FRQFHQWUDWLRQ�

,



.H\ZRUGV� SLSH IOXLG PL[LQJ� PDFKLQH OHDUQLQJ� FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ� SLSH QHW�

ZRUNV� WUDQVSRUW PRGHOV� DUWLILFLDO QHXUDO QHWZRUNV� UDQGRP IRUHVWV� VLPXODWLRQ�RSWLPL]DWLRQ

,,



3URãLUHQL VDåHWDN

9RGRRSVNUED MH MHGQD RG QDMYDåQLMLK MDYQLK XVOXJD NRMD GRSULQRVL NYDOLWHWL åLYRWD� D YDåQRVW

VLJXUQRJ YRGRRSVNUEQRJ VXVWDYD RVQRYQL MH ]DKWMHY VYDNH JUDGVNH YRGRYRGQH PUHåH� 3UDYLOQR

PRGHOLUDQMH PLMHãDQMD X KLGUDXOLþNLP HOHPHQWLPD PUHåH RG YHOLNH MH YDåQRVWL ]D WRþQX VLPX�

ODFLMX L SUHGLNFLMX ãLUHQMD RQHþLãüHQMD� 8 RYRM GRNWRUVNRM GLVHUWDFLML LVWUDåXMH VH PLMHãDQMH IOX�

LGD X FMHYRYRGQLP PUHåDPD L QMHQLP VHJPHQWLPD �GYRVWUXNL 7�VSRMHYL� HNVSHULPHQWDOQLP SULV�

WXSRP� QXPHULþNLP PRGHOLPD L PHWRGDPD VWURMQRJ XþHQMD X VYUKX WRþQLMHJ L HILNDVQLMHJ PRG�

HOLUDQMD ãLUHQMD L GHWHNFLMH RQHþLãüHQMD X XUEDQLP YRGRRSVNUEQLP PUHåDPD� 'RELYHQL VX QRYL

HNVSHULPHQWDOQL SRGDFL ]D PLMHãDQMH IOXLGD X UD]OLþLWLP NRQILJXUDFLMDPD GYRVWUXNLK 7�VSRMHYD

WH MH YDOLGLUDQ QXPHULþNL PRGHO NDOLEUDFLMRP WXUEXOHQWQRJ 6FKPLGWRYRJ EURMD� ,VWUDåXMH VH L

SUHGODåH SULVWXS ED]LUDQ QD VWURMQRP XþHQMX NRML NRULVWL XPMHWQH QHXURQVNH PUHåH L NRML VH

WUHQLUD SRGDFLPD NRML VX JHQHULUDQL UH]XOWDWLPD GRELYHQLP SXWHP QXPHULþNLK DQDOL]D X VYUKX

VWYDUDQMD UDþXQVNL XþLQNRYLWLK L UREXVQLK PRGHOD ]D PLMHãDQMH IOXLGD X GYRVWUXNLP 7�VSRMHYLPD�

6 RE]LURP QD UDþXQVNX HILNDVQRVW� PRGHOL NRML VX L]UDÿHQL VWURMQLP XþHQMHPPRJX VH LQWHJULUDWL X

SRVWRMHüH LQåHQMHUVNH VRIYHUH NRML VX ED]LUDQL QD MHGQRVWDYQLMLP PRGHOLPD� NDNR EL VH SRYHüDOD

QMLKRYD WRþQRVW NRG VLPXODFLMH SURSDJDFLMH RQHþLãüHQMD X FMHYRYRGQLP PUHåDPD� 2VLP QDYH�

GHQRJ� LVWUDåXMH VH L PRGHOLUDQMH PLMHãDQMD IOXLGD X GYRVWUXNRP 7�VSRMX SXWHP PRGHOD WXUEX�

OHQFLMH /DUJH (GG\ 6LPXODWLRQ SRYH]DQLP V PRGHORP þLVWRJ DGYHNFLMVNRJ WUDQVSRUWD VNDODUD�

3UHGORåHQL QDþLQ PRGHOLUDQMD PLMHãDQMD IOXLGD X GYRVWUXNRP 7�VSRMX GDMH WRþQH UH]XOWDWH PL�

MHãDQMD X GYRVWUXNRP 7�VSRMX NRML QH XNOMXþXMH SRWUHEX ]D NDOLEUDFLMRP WXUEXOHQWQRJ 6FKPLG�

WRY EURMD WH WLPH VWYDUD PRJXüQRVW ]D JHQHULUDQMH NRUHNFLMVNLK IDNWRUD ]D MHGQRVWDYQLMH PRGHOH

X VYUKX WRþQLMHJ PRGHOLUDQMD RQHþLãüHQMD X FMHYRYRGLPD� 3UHGVWDYOMHQH VX L LVWUDåHQH WUL UD�

]OLþLWH PHWRGRORJLMH NRMH NRULVWH DOJRULWPH VWURMQRJ XþHQMD X VYUKX RWNULYDQMD L]YRUD RQHþLãüHQMD

X YRGRYRGQLP PUHåDPD� 3UYD RG WUL PHWRGRORJLMD VH WHPHOML QD NODVLILNDFLML QDMYMHURMDWQL�

MHJ L]YRUD RQHþLãüHQMD X YRGRRSVNUEQRM PUHåL WH UDGL QD WHPHOMX DOJRULWPD 1DVXPLþQLK ãXPD

�5DQGRP )RUHVW�� $OJRULWDP 1DVXPLþQLK ãXPD LVWUHQLUDQ MH SRGDFLPD NRML VX GRELYHQL 0RQWH

&DUOR KLGUDXOLþNLP VLPXODFLMDPD NRMH XNOMXþXMX L PRGHOLUDQMH WUDQVSRUWD RQHþLãüHQMD� $OJRUL�

WDP VH SRND]XMH UDþXQDOQR XþLQNRYLWLP L ODNR JHQHULUD SRSLV QDMYMHURMDWQLMLK L]YRUD RQHþLãüHQMD

X YRGRRSVNUEQRM PUHåL WH MH WHVWLUDQ QD GYLMH UD]OLþLWH YRGRRSVNUEQH PUHåH UD]OLþLWLK YHOLþLQD�

1DGDOMH� SUHGVWDYOMHQD MH GUXJDPHWRGRORJLMD NRMD NRULVWL DOJRULWDP ]DVQRYDQ QD VWURMQRP XþHQMX

]D NODVLILNDFLMX L]YRUD RQHþLãüHQMD X YRGRRSVNUEQLP PUHåDPD NRML MH L]UDÿHQ SRVHEQR ]D SDU�

DOHOQH VXVWDYH YLVRNLK SHUIRUPDQVL� $OJRULWDP NRULVWL NRPELQDFLMX 8PMHWQLK QHXURQVNLK PUHåD

,,,



�$UWLILFLDO 1HXUDO 1HWZRUNV� ]D NODVLILNDFLMX L]YRUD RQHþLãüHQMD WH DOJRULWDP 1DVXPLþQLK ãXPD

]D UHJUHVLMVNX DQDOL]X NDNR EL RGUHGLR ]QDþDMQH YDULMDEOH GRJDÿDMD RQHþLãüHQMD NDR ãWR VX YUL�

MHPH SRþHWND RQHþLãüHQMD� YULMHPH ]DYUãHWND RQHþLãüHQMD L NRQFHQWUDFLMX RQHþLãüHQMD� 8VSMHãQR

VXåDYD SRWHQFLMDOQH L]YRUH RQHþLãüHQMD ãWR GRYRGL GR LGHQWLILNDFLMH L]YRUD RQHþLãüHQMD� YUHPHQD

SRþHWND L YUHPHQD ]DYUãHWND GRJDÿDMD RQHþLãüHQMD L NRQFHQWUDFLMX RQHþLãüHQMD WH MH YUOR UDþXQ�

VNL HILNDVDQ NDGD VH NRULVWL X VXSHUUDþXQDOQRP RNUXåHQMX� 1D NUDMX� WUHüRP PHWRGRORJLMRP

SUHGVWDYOMHQD VX L LVWUDåHQD GYD QRYD DOJRULWDPVND RNYLUD NRMD VH WHPHOMH QD VSDMDQMX DOJRULWPD

VWURMQRJ XþHQMD ]D SUHGYLÿDQMH QDMYMHURMDWQLMLK L]YRUD RQHþLãüHQMD X YRGRYRGQRM PUHåL V RSWL�

PL]DFLMVNLP DOJRULWPLPD �VWRKDVWLþNLK L GHWHUPLQLVWLþNLK� ]D RGUHÿLYDQMH UHOHYDQWQLK SDUDPHWDUD

NDR ãWR VX YULMHPH SRþHWND� YULMHPH ]DYUãHWND RQHþLãüHQMD L NRQFHQWUDFLMD RQHþLãüHQMD ]D VYDNL

SUHGYLÿHQL SRWHQFLMDOQL L]YRU ]DVHEQR� 2ED DOJRULWDPVND RNYLUD LPDMX GREUX L]YHGEX L SRND]XMX

UREXVQRVW X RGUHÿLYDQMX LVWLQVNRJ L]YRUD RQHþLãüHQMD�

.OMXþQH ULMHþL� PLMHãDQMH IOXLGD X FLMHYLPD� VWURMQR XþHQMH� RWNULYDQMH L]YRUD RQHþLãüHQMD�

FMHYRYRGQH PUHåH� PRGHOL WUDQVSRUWD� XPMHWQH QHXURQVNH PUHåH� QDVXPLþQH ãXPH� VLPXODFLMD�

RSWLPL]DFLMD

,9



&RQWHQWV

$EVWUDFW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ,

3URãLUHQL VDåHWDN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ,,,

, ,QWURGXFWLRQ �

� ,QWURGXFWLRQ �

��� :DWHU 6XSSO\ 1HWZRUN 6DIHW\ DQG 6HFXULW\ � � � � � � � � � � � � � � � � � � � �

��� 7KH 'RXEOH�7HH -XQFWLRQ )OXLG 0L[LQJ 3UREOHP � � � � � � � � � � � � � � � � � �

��� 3LSH 1HWZRUN )OXLG 0L[LQJ DQG &RQWDPLQDWLRQ /RFDOL]DWLRQ � � � � � � � � � � �

� 'RXEOH�7HH -XQFWLRQ )OXLG 0L[LQJ 0RGHOLQJ �

��� ([SHULPHQWDO $QDO\VLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 1XPHULFDO 0RGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 7UDQVSRUW 0RGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� /DUJH (GG\ 6LPXODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0DFKLQH /HDUQLQJ $SSURDFK � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� :DWHU 6XSSO\ 1HWZRUN 6RXUFH &RQWDPLQDWLRQ /RFDOL]DWLRQ ��

��� 7KH &KDOOHQJH RI &RQWDPLQDWLRQ /RFDOL]DWLRQ � � � � � � � � � � � � � � � � � � ��

��� 0RQWH &DUOR 6LPXODWLRQV DQG 0DFKLQH /HDUQLQJ � � � � � � � � � � � � � � � � � ��

��� 6LPXODWLRQ�2SWLPL]DWLRQ DQG 0DFKLQH /HDUQLQJ � � � � � � � � � � � � � � � � � ��

� &RQFOXVLRQ ��

��� 0DLQ &RQWULEXWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )XWXUH :RUN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 6XPPDU\ RI 3DSHUV ��

$ ([SHULPHQWDO DQG 1XPHULFDO ,QYHVWLJDWLRQ RI 0L[LQJ 3KHQRPHQD ,Q 'RXEOH�

7HH -XQFWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

% (IILFLHQW 'RXEOH�7HH -XQFWLRQ 0L[LQJ $VVHVVPHQW E\ 0DFKLQH /HDUQLQJ � � � � ��

& /DUJH (GG\ 6LPXODWLRQ RI 7XUEXOHQW )OXLG 0L[LQJ LQ 'RXEOH�7HH -XQFWLRQV � � ��

9



' :DWHU 6XSSO\ 1HWZRUN 3ROOXWLRQ 6RXUFH ,GHQWLILFDWLRQ E\ 5DQGRP )RUHVW $O�

JRULWKP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

( $0DFKLQH /HDUQLQJ�EDVHG$OJRULWKP IRU:DWHU1HWZRUN&RQWDPLQDWLRQ 6RXUFH

/RFDOL]DWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

) 0DFKLQH /HDUQLQJ DQG 6LPXODWLRQ�2SWLPL]DWLRQ &RXSOLQJ IRU :DWHU 'LVWULEX�

WLRQ 1HWZRUN &RQWDPLQDWLRQ 6RXUFH 'HWHFWLRQ � � � � � � � � � � � � � � � � � � ��

%LEOLRJUDSK\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

/LVW RI )LJXUHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

/LVW RI 3XEOLFDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

&XUULFXOXP 9LWDH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

,, ,QFOXGHG 3XEOLFDWLRQV ��

$ ([SHULPHQWDO DQG 1XPHULFDO ,QYHVWLJDWLRQ RI 0L[LQJ 3KHQRPHQD ,Q 'RXEOH�7HH

-XQFWLRQV $�

� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � $�

� 0DWHULDOV DQG 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � $�

� 5HVXOWV DQG 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � $�

� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � $��

% (IILFLHQW 'RXEOH�7HH -XQFWLRQ 0L[LQJ $VVHVVPHQW E\ 0DFKLQH /HDUQLQJ %�

� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � %�

� 0DWHULDOV DQG 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � %�

� 5HVXOWV DQG 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � %�

� 6XPPDU\ DQG &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � %��

& /DUJH (GG\ 6LPXODWLRQ RI 7XUEXOHQW )OXLG 0L[LQJ LQ 'RXEOH�7HH -XQFWLRQV &�

� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � &�

� 0DWHULDOV DQG 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � &�

� 5HVXOWV DQG 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � &�

� &RQFOXVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � &�

' :DWHU 6XSSO\ 1HWZRUN 3ROOXWLRQ 6RXUFH ,GHQWLILFDWLRQ E\ 5DQGRP )RUHVW $OJR�

ULWKP '�

� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � '�

� 0DWHULDOV DQG 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � '�

� 5HVXOWV DQG 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � '�

� &RQFOXVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � '��
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( $ 0DFKLQH /HDUQLQJ�EDVHG $OJRULWKP IRU :DWHU 1HWZRUN &RQWDPLQDWLRQ 6RXUFH

/RFDOL]DWLRQ (�

� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � (�

� 0DWHULDOV DQG 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � (�

� 5HVXOWV DQG 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � (�

� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � (��

) 0DFKLQH /HDUQLQJ DQG 6LPXODWLRQ�2SWLPL]DWLRQ &RXSOLQJ IRU :DWHU 'LVWULEXWLRQ

1HWZRUN &RQWDPLQDWLRQ 6RXUFH 'HWHFWLRQ )�

� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � )�

� 0DWHULDOV DQG 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � )�

� 5HVXOWV DQG 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � )��

� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � )��
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&KDSWHU �

,QWURGXFWLRQ

��� :DWHU 6XSSO\ 1HWZRUN 6DIHW\ DQG 6HFXULW\

:DWHU VXSSO\ QHWZRUNV DUH RQH RI WKH PRVW LPSRUWDQW V\VWHPV ZLWKLQ DQ XUEDQ HQYLURQPHQW

DV PRVW RI WKH KXPDQ SRSXODWLRQ GHSHQGV RQ LW� 7KH PRQLWRULQJ RI ZDWHU TXDOLW\ LQVLGH WKHVH

V\VWHPV LV HVVHQWLDO VLQFH D FRQWDPLQDWLRQ HYHQW FRXOG LQIOLFW GHYDVWDWLQJ FRQVHTXHQFHV WR ZDWHU

VXSSO\ QHWZRUNV XVHUV >��@�

&RQWDPLQDWLRQ HYHQWV LQ ZDWHU VXSSO\ QHWZRUNV FDQ KDYH D ZKROH YDULHW\ RI FDXVHV� 6RPH

RI WKH FDXVHV ZRXOG EH SLSH ELR�ILOP IRUPDWLRQ >��� ��@� DJHG ZDWHU LQ SLSHV >��@ DQG FRUURVLRQ

IRUPDWLRQ RQ SLSH VXUIDFHV >��@� 7KHUH DOVR H[LVWV D SRVVLELOLW\ RI D WHUURULVW DWWDFN WKURXJK DQ

LQWHQWLRQDO ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ >��� ��@�

7R HQKDQFH WKH FRQWURO DQG VDIHW\ RI WKH ZDWHU VXSSO\ QHWZRUN V\VWHPV IURP WKH DIRUHPHQ�

WLRQHG KD]DUGV� YDULRXVPHWKRGV WR VLPXODWH FRQWDPLQDWLRQ HYHQWV DUH GHYHORSHG� 7KHVHPHWKRGV

LQFOXGH ZDWHU TXDOLW\ PRGHOLQJ DQG VLPXODWLRQ RI GLIIHUHQW VFHQDULRV XVLQJ K\GUDXOLF VLPXODWLRQ

HQJLQHHULQJ VRIWZDUH �H�J� (3$1(7� >��@�� ,Q UHDOLW\� WKH WUDQVSRUW RI FRQWDPLQDQWV WKURXJK

SLSH QHWZRUNV LV D FRPSOH[ SURFHVV WKDW LQYROYHV IOXLG PL[LQJ DQG VKRXOG EH DFFXUDWHO\ PRG�

HOHG WR HQKDQFH WKH VDIHW\ RI ZDWHU VXSSO\ QHWZRUNV WKURXJK UHDOLVWLF� DFFXUDWH SUHGLFWLRQ RI

FRQWDPLQDWLRQ HYHQWV�

��� 7KH 'RXEOH�7HH -XQFWLRQ )OXLG 0L[LQJ 3UREOHP

)OXLG PL[LQJ LQ ZDWHU VXSSO\ QHWZRUNV LV D FRPSOH[ SKHQRPHQRQ WKDW KDV EHHQ H[WHQVLYHO\

UHVHDUFKHG EHFDXVH LW LV UHOHYDQW WR VHYHUDO VSHFLILF DUHDV RI DSSOLFDWLRQ VXFK DV TXDOLW\ DQG

VDIHW\ RI ZDWHU GLVWULEXWLRQ >��� �� ��@� FRQWDPLQDWLRQ GHWHFWLRQ V\VWHPV �ODUJH >��� �@ DQG VPDOO

ZDWHU VXSSO\ QHWZRUNV >��@� DQG RSWLPDO SODFHPHQW RI FRQWDPLQDWLRQ GHWHFWLRQ VHQVRUV LQ WKH

ZDWHU VXSSO\ QHWZRUN >��� ��@�

7KH HOHPHQWV WKDW PDNH XS ZDWHU QHWZRUNV DUH SLSHV DQG MXQFWLRQV� :KHQ PRGHOLQJ PL[LQJ

LQ D FRPSOH[ V\VWHP� WKH FRUUHFW PL[LQJ PRGHO PXVW EH DSSOLHG WR DFFXUDWHO\ GHVFULEH WKH WUDQV�
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SRUW RI FRQWDPLQDWLRQ WKURXJK WKH ZDWHU VXSSO\ QHWZRUN GXH WR WKH IDFW WKDW WKH ZURQJ VROXWLRQ

FRXOG SRVH D GDQJHU WR D ODUJH QXPEHU RI ZDWHU VXSSO\ QHWZRUN XVHUV� 7\SLFDOO\� PL[LQJ LQ D SLSH

QHWZRUN LV PRGHOHG HLWKHU DV FRPSOHWH PL[LQJ RU DV EXON PL[LQJ� $ FRPSOHWH PL[LQJ PRGHO FDQ

EH DVVXPHG WR EH DFFXUDWH RQO\ LI WKHUH LV RQH RXWOHW DW WKH MXQFWLRQ RU LI WKH GLVWDQFH EHWZHHQ

WKH WZR MXQFWLRQV LV ODUJH HQRXJK� ZKLOH EXON PL[LQJ LV DQ LGHDOL]HG PL[LQJ PRGHO LQ ZKLFK WKH

IOXLG IORZ IURP WZR LQOHW SLSHV GR QRW PL[� L�H� WKH GLIIXVLRQ SURFHVVHV DUH QHJOHFWHG� %RWK EXON

DQG FRPSOHWH PL[LQJ PRGHOV DUHQ¶W DFFXUDWH ZKHQ PL[LQJ LV RFFXUULQJ LQ D GRXEOH�7HH MXQFWLRQ�

ZKLFK LV D FRPPRQ VHJPHQW LQ D ZDWHU VXSSO\ QHWZRUN�

,Q WKLV GLVVHUWDWLRQ� WKH GRXEOH�7HH MXQFWLRQ IOXLG PL[LQJ SUREOHP LV DSSURDFKHG LQ WKUHH

GLIIHUHQW ZD\V� $Q H[SHULPHQWDO DQG QXPHULFDO DQDO\VLV RI WKH IOXLG PL[LQJ SURFHVV LQ GRXEOH�

7HH MXQFWLRQV LV JLYHQ� 7KH UHVHDUFK SURSRVHV DQ H[SHULPHQWDO SURFHGXUH RI VWXG\LQJ WKH GRXEOH�

7HH IOXLG PL[LQJ DQG JLYHV QHZ H[SHULPHQWDO UHVXOWV IRU VHYHUDO GRXEOH�7HH MXQFWLRQ GLVWDQFHV

ZKLFK DUH LQ WXUQ XVHG WR YDOLGDWH WKH QXPHULFDO PRGHO� 7ZR GLIIHUHQW WUDQVSRUW PRGHOV DUH XVHG

WR PRGHO WKH WUDQVSRUW RI FRQWDPLQDQW DQG D WXUEXOHQW 6FKPLGW QXPEHU FDOLEUDWLRQ SURFHVV LV

DFKLHYHG�

7KH SUHYLRXVO\ FDOLEUDWHG QXPHULFDO PRGHO LV XVHG WR JHQHUDWH GDWD LQ RUGHU WR XVH D PDFKLQH

OHDUQLQJ DSSURDFK WR PRGHO WKH IOXLG PL[LQJ EHKDYLRU LQ WKH GRXEOH�7HH MXQFWLRQ� $UWLILFLDO

1HXUDO 1HWZRUNV DQG 6XSSRUW 9HFWRU 0DFKLQH PRGHOV DUH XVHG WR JHQHUDWH WKH IOXLG PL[LQJ

SDUDPHWHUV LQ GRXEOH�7HH MXQFWLRQV LQ RUGHU WR DFKLHYH DQ DFFXUDWH DQG FRPSXWDWLRQDOO\ HIILFLHQW

ZD\ RI PRGHOLQJ WKHVH SKHQRPHQD�

$ QRYHO PHWKRG IRU PRGHOLQJ PL[LQJ LQ GRXEOH�7HH MXQFWLRQ LV SURSRVHG� ,W LQYROYHV XVLQJ

WKH /(6 WXUEXOHQFH PRGHO LQ FRQMXQFWLRQ ZLWK WKH SXUH DGYHFWLRQ WUDQVSRUW PRGHO ZKLFK GRHVQ¶W

LQFRUSRUDWH WKH WXUEXOHQW 6FKPLGW QXPEHU SDUDPHWHU� 7KH QXPHULFDO DSSURDFK LV FRPSDUHG ZLWK

H[SHULPHQWDO UHVXOWV IURP SUHYLRXV VWXGLHV�

��� 3LSH 1HWZRUN )OXLG0L[LQJ DQG &RQWDPLQDWLRQ /RFDOL]D�

WLRQ

,Q DGGLWLRQ WR DFFXUDWH PRGHOLQJ RI PL[LQJ LQ D GRXEOH�7HH MXQFWLRQ V\VWHP� GHWHUPLQLQJ WKH

VRXUFH RI FRQWDPLQDWLRQ LQ D ZDWHU VXSSO\ QHWZRUN LV DQ LPSRUWDQW WDVN ZKLFK DOVR EHQHILWV

IURP DQ DFFXUDWH PRGHO RI IOXLG PL[LQJ� EXW IRU PRVW SLSH ZDWHU VXSSO\ QHWZRUNV� LW LV VXIILFLHQW

WR XVH D FRPSOHWH PL[LQJ PRGHO ZLWKLQ H[LVWLQJ K\GUDXOLF VLPXODWRUV �L�H� (3$1(7� LQ RUGHU

WR H[KLELW WKH HIILFLHQF\ RI WKH PHWKRG RU DOJRULWKP XVHG IRU WKH FRPSOH[ WDVN RI FRQWDPLQDQW

VRXUFH ORFDOL]DWLRQ�

,Q WKLV UHVHDUFK� WKUHH QRYHO PHWKRGV IRU VROYLQJ WKH FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ DQG

SURSDJDWLRQ SUREOHP DUH SURSRVHG� 7KH 5DQGRP )RUHVWV PDFKLQH OHDUQLQJ DOJRULWKP LV XVHG IRU

FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ� 7KH FODVVLILHU LV WUDLQHG E\ GDWD REWDLQHG IURP0RQWH &DUOR K\�

GUDXOLF DQG ZDWHU TXDOLW\ VLPXODWLRQV PDGH ZLWK (3$1(7�� 7KH LQSXW GDWD IRU WKH 5) FODVVLILHU
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ZHUH WKH ZDWHU VXSSO\ QHWZRUN ZDWHU TXDOLW\ VHQVRU PHDVXUHPHQWV DQG WKH RXWSXW ZDV D OLVW RI

PRVW SUREDEOH SRWHQWLDO FRQWDPLQDWLRQ VRXUFHV LQ WKH QHWZRUN� 7KH PHWKRG ZDV WHVWHG RQ WZR

GLIIHUHQW EHQFKPDUN QHWZRUNV ZLWK LQFOXVLRQ RI K\GUDXOLF GHPDQG XQFHUWDLQWLHV DQG LPSHUIHFW

VHQVRU PHDVXUHPHQWV�

6HFRQGO\� DQ DOJRULWKP LV FRQVWUXFWHG ZKLFK VHDUFKHV IRU WKH VRXUFH RI FRQWDPLQDWLRQ� VWDUW

DQG HQG WLPH RI WKH FRQWDPLQDWLRQ� DQG WKH LQMHFWHG FKHPLFDO FRQFHQWUDWLRQ LQ SDUDOOHO� 7KH

DOJRULWKP LV VSHFLILFDOO\ EXLOG IRU KLJK SHUIRUPDQFH� PDVVLYHO\ SDUDOOHO V\VWHPV DQG XWLOL]HV DQ

$UWLILFLDO 1HXUDO 1HWZRUN IRU FODVVLILFDWLRQ RI WKH PRVW SUREDEOH VRXUFH QRGH DQG D 5DQGRP

)RUHVW UHJUHVVLRQ DQDO\VLV WR GHWHUPLQH WKH RWKHU UHOHYDQW FRQWDPLQDWLRQ HYHQW YDULDEOHV� 7KH

UREXVWQHVV DQG WKH HIILFLHQF\ RI DOJRULWKP LV WHVWHG RQ WZR GLIIHUHQW ZDWHU TXDOLW\ EHQFKPDUN

QHWZRUNV�

)LQDOO\� WKH 5DQGRP )RUHVWV PDFKLQH OHDUQLQJ DOJRULWKP LV WKHQ IXUWKHU H[SORUHG E\ FRXSOLQJ

WKH 5DQGRP )RUHVW FODVVLILHU ZLWK D VLPXODWLRQ�RSWLPL]DWLRQ DOJRULWKP� 7ZR GLIIHUHQW DOJRULWK�

PLF IUDPHZRUNV ZHUH FUHDWHG WR LQYHVWLJDWH WKH FRXSOLQJ� 2QH IUDPHZRUN ZDV FRQVWUXFWHG E\

FRXSOLQJ WKH FODVVLILHU ZLWK D VWRFKDVWLF RSWLPL]DWLRQ DOJRULWKP� ZKLOH WKH RWKHU LQFRUSRUDWHG DQ

H[WUD 5DQGRP )RUHVW UHJUHVVLRQ DQDO\VLV DQG WKHQ ZDV FRXSOHG ZLWK D GHWHUPLQLVWLF RSWLPL]DWLRQ

DOJRULWKP� %RWK IUDPHZRUNV ZHUH WHVWHG RQ WZR EHQFKPDUN QHWZRUNV�
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&KDSWHU �

'RXEOH�7HH -XQFWLRQ )OXLG 0L[LQJ

0RGHOLQJ

��� ([SHULPHQWDO $QDO\VLV

:DWHU VXSSO\ QHWZRUNV FDQ EH FRQVLGHUHG DV JUHDWO\ FRPSOH[ V\VWHPV ZKRVH LPSURSHU RSHUDWLRQ

FRXOG KDYH D KD]DUGRXV HIIHFW WR WKH KXPDQ SRSXODWLRQ ZKLFK XVHV LW� 7R SUHYHQW HYHQWV VXFK

DV ZDWHU VXSSO\ QHWZRUNV DFFLGHQWDO RU GHOLEHUDWH FRQWDPLQDWLRQ� K\GUDXOLF DQG ZDWHU TXDOLW\

PL[LQJ PRGHOV ZHUH GHYHORSHG WR SUHGLFW WKH EHKDYLRU RI VXFK FRPSOH[ V\VWHPV�

(3$1(7 >��@ LV WKH PRVW SRSXODU VLPXODWLRQ VRIWZDUH XVHG IRU WKLV SXUSRVH DQG LW ZDV GH�

YHORSHG E\ WKH (QYLURQPHQWDO 3URWHFWLRQ $JHQF\ RI WKH 8QLWHG 6WDWHV� (3$1(7 SURYLGHV UDSLG

UHVXOWV RI ZDWHU TXDOLW\ PL[LQJ LQ ZDWHU VXSSO\ QHWZRUNV DQG LW FDQ EH XVHG LQ VHYHUDO GLIIHUHQW

DSSOLFDWLRQV VXFK DV DOJRULWKP HIILFLHQF\ DQG DFFXUDF\ LQYHVWLJDWLRQ IRU RSWLPDO VHQVRU OD\RXWV

LQ ZDWHU VXSSO\ QHWZRUNV >��� ��@� GHWHFWLRQ RI ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ VRXUFHV

>��� ��� ��� ��@� FKDUDFWHUL]DWLRQ RI FRQWDPLQDWLRQ W\SH >��@� ZDWHU VXSSO\ QHWZRUN TXDOLW\ DQG

VDIHW\ >��� ��� �@ HWF�

*HQHUDOO\� PDVV WUDQVSRUW LQ ZDWHU VXSSO\ QHWZRUN MXQFWLRQV LV FRPSOH[ VLQFH WKHUH LV DQ

HPHUJHQFH RI VHFRQGDU\ FXUUHQWV ZLWKLQ WKH IORZ DQG WKHUH DUH HQKDQFHG IORZ LQVWDELOLWLHV ZKLFK

LQ WXUQ IXUWKHU HQKDQFH WXUEXOHQFH DQG IOXLG PL[LQJ� )RU WKLV UHDVRQ� FRUUHFW PL[LQJ PRGHOV

VKRXOG EH XVHG WR PRGHO DQG SUHGLFW WKH FRQWDPLQDWLRQ SURSDJDWLRQ LQ WKH ZDWHU VXSSO\ QHWZRUN

ZKLFK LV PRVWO\ FRQVLVWHG RI SLSHV DQG MXQFWLRQV�

(3$1(7 XVHV D FRPSOHWH PL[LQJ PRGHO DW HYHU\ MXQFWLRQ ZKLFK PHDQV WKDW WKH FRQWDPLQD�

WLRQ FRQFHQWUDWLRQ WUDQVSRUWHG E\ WKH IOXLG LV WKH VDPH DW DOO MXQFWLRQ RXWOHW SLSHV� DQG WKH YDOXH

RI WKH FRQWDPLQDWLRQ FRQFHQWUDWLRQ LV GHWHUPLQHG E\ WKH MXQFWLRQ LQOHW SLSH IORZ�ZHLJKWHG FRQ�

FHQWUDWLRQV� :KLOH WKH ODZ RI PDVV FRQVHUYDWLRQ LV QRW YLRODWHG E\ WKH FRPSOHWH PL[LQJ PRGHO

IRUPXODWLRQ� WKH PRGHO ZRUNV FRUUHFWO\ RQO\ LI DSSOLHG WR VLQJOH�7HH MXQFWLRQV� L�H� D MXQFWLRQ

ZKHUH WZR LQOHW SLSHV FRQYHUJH LQWR D VLQJOH RXWOHW SLSH�

)OXLG PL[LQJ LQ D FURVV MXQFWLRQ� ZKLFK LV D W\SH RI GRXEOH�7HH MXQFWLRQ� LV QRW FRPSOHWH DQG
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XVLQJ D FRPSOHWH PL[LQJ PRGHO JHQHUDWHV JUHDW LQDFFXUDF\� :KHQ WKH 5H\QROGV �5H� QXPEHUV

DUH HTXDO DW DOO LQOHW DQG RXWOHW FURVV MXQFWLRQ V\VWHP SLSHV� LW ZDV REVHUYHG WKDW WKH JUHDWHVW

GHYLDWLRQ IURP FRPSOHWH PL[LQJ HPHUJHV >��@� :DWHU TXDOLW\ PRGHOV LQ (3$1(7 ZHUH FUHDWHG

ZLWK GDWD REWDLQHG IURP H[SHULPHQWDO DQDO\VLV DQG FRPSXWDWLRQDO IOXLG G\QDPLFV �&)'� IRU WKH

SXUSRVH RI LPSURYLQJ FURVV MXQFWLRQ PL[LQJ PRGHO DFFXUDF\ >��@� :KHQ WKH IOXLG IORZ LQ D FURVV

MXQFWLRQ LV WXUEXOHQW� D FRQVLGHUDEOH GHYLDWLRQ IURP FRPSOHWH PL[LQJ LV DOVR DSSDUHQW >�@�

%HVLGHV WKH FRPSOHWH PL[LQJ PRGHO� WKH EXON�DGYHFWLYH PL[LQJ PRGHO �%$0� ZDV GHYHO�

RSHG DQG LW LV XVHG IRU PRGHOLQJ EXON PL[LQJ� :LWK EXON IOXLG PL[LQJ DW FURVV MXQFWLRQV� WKH

LQVWDELOLWLHV DQG GLIIXVLRQ DW PL[LQJ IOXLGV LQWHUIDFH DUH LJQRUHG� DQG EXON PL[LQJ PRGHO FDQ EH

FRQVLGHUHG DV WKH RSSRVLWH RI WKH FRPSOHWH PL[LQJ PRGHO >��@� :LWK WKH EXON PL[LQJ PRGHO� WKH

IORZ PRPHQWXP DW WKH FURVV MXQFWLRQ LQOHW LV XVHG WR FDOFXODWH DQG GHWHUPLQH KRZ WKH FRQWDPL�

QDWLRQ FRQFHQWUDWLRQV ZLOO GLYHUJH LQWR WKH FURVV MXQFWLRQ RXWOHW SLSHV� 7KH SLSH ZKLFK WUDQVSRUWV

WKH IOXLG ZLWK WKH KLJKHU IORZ PRPHQWXP LV JRLQJ WR EH WKH GRPLQDQW LQ SURSDJDWLQJ WKH FRQ�

WDPLQDWLRQ FRQFHQWUDWLRQ WRZDUGV WKH FURVV MXQFWLRQ RXWOHW SLSH ZKLFK KDV WKH VDPH GLUHFWLRQ�

DQG WKH SLSH ZKLFK WUDQVSRUWV WKH ORZHU PRPHQWXP IOXLG ZLOO SURSDJDWH WKH FRQWDPLQDWLRQ FRQ�

FHQWUDWLRQ RQO\ WR LWV DGMDFHQW RXWOHW SLSH�

$Q (3$1(7 H[WHQVLRQ ODEHOHG DV (3$1(7�%$0 >��@ ZDV FUHDWHG DQG LW XVHV WKH EXON

PL[LQJ PRGHO WR DFFXUDWHO\ PRGHO FURVV MXQFWLRQ PL[LQJ� ,Q WKH (3$1(7�%$0 VRIWZDUH� D

PL[LQJ SDUDPHWHU YDOXH LV VHW WR PRGHO WKH PL[LQJ EHKDYLRU� :KHQ WKH YDOXH LV HTXDO WR ]HUR�

WKH PL[LQJ PRGHO ZLOO EH EXON� DQG LI LW LV HTXDO WR RQH� WKH FRPSOHWH PL[LQJ PRGHO ZLOO EH

XVHG� 9DOXHV LQ EHWZHHQ FDQ EH VHW E\ WKH XVHU LQ RUGHU WR PRGHO LQFRPSOHWH PL[LQJ DW WKH FURVV

MXQFWLRQ�

'RXEOH�7HH MXQFWLRQ IOXLG PL[LQJ G\QDPLFV LV LQYHVWLJDWHG E\ YDU\LQJ WKH GLVWDQFHV EHWZHHQ

WKH 7HH MXQFWLRQV� IORZ YDOXHV DW WKH LQOHW DQG RXWOHW SLSHV� DQG WKH FRQILJXUDWLRQ RI SLSHV >��� ��@�

$GGLWLRQDOO\� XQHYHQ LQOHW DQG RXWOHW SLSH GLDPHWHUV RI WKH GRXEOH�7HH MXQFWLRQ FRQILJXUDWLRQ

JUHDWO\ LQIOXHQFH WKHPL[LQJ EHKDYLRU RI WKH IOXLG DQG ODUJHU SLSH GLDPHWHU GLVFUHSDQFLHV JHQHUDWH

DPRUH FRPSOHWHPL[LQJ EHKDYLRU >��@� 7KH RULHQWDWLRQ RI WKH LQOHW DQG RXWOHW SLSHV RI WKH GRXEOH�

7HH MXQFWLRQ DOVR KDV DQ HQKDQFHG LQIOXHQFH RQ WKH PL[LQJ EHKDYLRU >��@� L�H� ZKHQ WKH EUDQFK

RXWOHW SLSH LV ORFDWHG RQ WKH VDPH RU WKH RSSRVLWH VLGH RI WKH EUDQFK LQOHW SLSH�

,Q WKLV GLVVHUWDWLRQ� DQ H[SHULPHQWDO DQDO\VLV RI WZR GRXEOH�7HH MXQFWLRQ FRQILJXUDWLRQV LV

FRQGXFWHG� WKH LQIOXHQFH RI LQOHW IORZ YDOXHV DQG WKH GLVWDQFH EHWZHHQ WKH GRXEOH�7HH MXQFWLRQV

LV LQYHVWLJDWHG� 7KH SXUSRVH RI WKH H[SHULPHQWDO DQDO\VLV LV WR LQYHVWLJDWH PL[LQJ G\QDPLFV DQG

REWDLQ GDWD LQ RUGHU WR YDOLGDWH QXPHULFDO PRGHOV� $GGLWLRQDOO\� H[SHULPHQWDO GDWD LV DOVR XVHG

WR REWDLQ DQG LQWHUSRODWH PL[LQJ SDUDPHWHUV IRU PL[LQJ PRGHOV VXFK DV %$0�

3UHYLRXV UHVHDUFK KDV VKRZHG WKDW WKDW WKH GLVWDQFH EHWZHHQ GRXEOH�7HH MXQFWLRQV ZKHQ

VKRXOG EH DURXQG ��� DQG �� SLSH GLDPHWHUV LQ RUGHU WR UHDFK FRPSOHWH PL[LQJ >��� ��@� 7KH

FRPSOHWH PL[LQJ GLVWDQFH LV DOVR LQYHVWLJDWHG ZLWKLQ WKLV GLVVHUWDWLRQ�

7KH VFKHPDWLF RI WKH H[SHULPHQWDO DQDO\VLV DQG WKH WZR GLIIHUHQW GRXEOH�7HH MXQFWLRQ FRQ�

ILJXUDWLRQV FDQ EH REVHUYHG LQ )LJXUHV ��� DQG ���� 7KH H[SHULPHQWDO VHWXS FRQVLVWV RI WZR LQOHW

�



SLSHV DQG WZR RXWOHW SLSHV WKDW DUH FRQQHFWHG ZLWK WKH GRXEOH�7HH MXQFWLRQ� 7R LQYHVWLJDWH WKH

IOXLG PL[LQJ G\QDPLFV LQ WKH GRXEOH�7HH MXQFWLRQ� WKH HOHFWULFDO FRQGXFWLYLW\ RI WKH PL[WXUH LV

PHDVXUHG DW WKH SLSH RXWOHWV� 7DS ZDWHU LV WKH IOXLG WKDW IORZV WKURXJK WKH PDLQ SLSH LQOHW� ZKLOH

WKH EUDQFK LQOHW SLSH WUDQVSRUWV GLVWLOOHG ZDWHU� 7DS DQG GLVWLOOHG ZDWHU JUHDWO\ GLIIHU LQ WKHLU

HOHFWULFDO FRQGXFWLYLW\ YDOXHV DQG ZLOO SURGXFH D PL[WXUH ZLWK VSHFLILF HOHFWULFDO FRQGXFWLYLW\

YDOXHV� %HVLGH GLVWLOOHG DQG WDS ZDWHU PL[WXUHV� LW LV DOVR SRVVLEOH WR XVH VDOW DQG WDS ZDWHU DW WKH

LQOHW SLSHV LQ RUGHU WR VWXG\ WKH PL[LQJ EHKDYLRU LQ GRXEOH�7HH MXQFWLRQV >��@�

)LJXUH ���� ([SHULPHQWDO VHWXS SLSH V\VWHP VFKHPDWLF ZLWK WKH GRXEOH�7HH MXQFWLRQ� >��@

�



1 (T)

2 (D)

3 (M)

4 (M)

a

1 (T)

2 (D)

3 (M)

4 (M)

b

)LJXUH ���� 'RXEOH�7HH MXQFWLRQ SLSH FRQILJXUDWLRQV FRQVLGHUHG LQ WKH H[SHULPHQWDO DQDO\VLV�

>��@

��� 1XPHULFDO 0RGHOV

$ORQJ ZLWK DQ H[SHULPHQWDO DSSURDFK� D &)' DSSURDFK IRU GRXEOH�7HH MXQFWLRQ IOXLG PL[LQJ

PRGHOLQJ LV DOVR SRVVLEOH DQG FDQ SURYLGH DFFXUDWH PL[LQJ UHVXOWV� KRZHYHU� &)'PRGHOV QHHG WR

EH YDOLGDWHG ZLWK H[SHULPHQWDOO\ REWDLQHG GDWD� 'RXEOH�7HH MXQFWLRQ &)'PL[LQJ PRGHOLQJ RI D

UHDO VFDOH ZDWHU VXSSO\ QHWZRUN ZRXOG EH XQSUDFWLFDO VLQFH LW ZRXOG UHTXLUH D PDVVLYH DPRXQW RI

FRPSXWDWLRQDO UHVRXUFHV DQG WLPH� &)' FDQ EH XVHG WR JHQHUDWH PL[LQJ SDUDPHWHUV IRU VLPSOHU

PL[LQJ PRGHOV VXFK DV WKH EXON�DGYLFH PL[LQJ PRGHO ZKLFK LV LPSOHPHQWHG LQ (3$1(7�%$0�

:KHQ WKH VSHFLHV WUDQVSRUW PRGHO LV XVHG� D FDOLEUDWLRQ RI WKH WXUEXOHQW 6FKPLGW QXPEHU LV

QHHGHG DQG LWV YDOXH KDV EHHQ VKRZQ WR EH TXLWH FDVH�VSHFLILF >��� ��@� 3UHYLRXV VWXGLHV KDYH

UHSRUWHG GLIIHUHQW YDOXHV RI WKH WXUEXOHQW 6FKPLGW QXPEHU ZKHQ PL[LQJ LQ GRXEOH�7HH MXQFWLRQV

LV PRGHOHG >��� ��@�

$ &)' DSSURDFK XVLQJ WKH 5H\QROGV�DYHUDJHG 1DYLHU�6WRNHV �5$16� WXUEXOHQFH N�(SVLORQ

�k�ǫ� PRGHO FRXSOHG ZLWK WKH VFDODU WUDQVSRUW PRGHO ZDV LQYHVWLJDWHG IRU D FURVV MXQFWLRQ IOXLG

PL[LQJ FDVH DQG LW ZDV GHWHUPLQHG WKDW DGMXVWLQJ WKH WXUEXOHQW 6FKPLGW QXPEHU LV D UHTXLUH�

PHQW WR REWDLQ YDOXHV HTXDO WR WKRVH RI DQ H[SHULPHQWDO DQDO\VLV� XOWLPDWHO\ D WXUEXOHQW 6FKPLGW

QXPEHU YDOXH RI ����� ZDV UHFRPPHQGHG >��@�

$ UDQJH RI WXUEXOHQW 6FKPLGW QXPEHU YDOHV ZHUH DOVR LQYHVWLJDWHG IRU D FURVV MXQFWLRQ PL[�

LQJ FDVH >��@ XVLQJ WKH FRXSOHG 5$16 k�ǫ WXUEXOHQFH PRGHO ZLWK WKH VFDODU WUDQVSRUW PRGHO�

��



7KH YDULHG WXUEXOHQW 6FKPLGW QXPEHU YDOXHV ZHUH ������ ����� ��� DQG �� $ FORVH UHODWLRQVKLS

EHWZHHQ 5H DQG WKH WXUEXOHQW 6FKPLGW QXPEHU ZDV IRXQG� DQG WKDW DQ DGMXVWPHQW RI WKH WXUEXOHQW

6FKPLGW QXPEHU LV QHFHVVDU\ ZKHQ WKH GRXEOH�7HH MXQFWLRQ GLVWDQFH LV FKDQJHG�

7KH WXUEXOHQW 6FKPLGW QXPEHU HTXDO WR ����� ZDV DGGLWLRQDOO\ LQYHVWLJDWHG IRU GLIIHUHQW

GRXEOH�7HH MXQFWLRQ GLVWDQFHV XVLQJ WKH k�ǫ WXUEXOHQFH PRGHO DQG LW ZDV IRXQG WKDW LW SURGXFHV

D JRRG ILW ZLWK WKH H[SHULPHQWDO GDWD >��@�

7KH WXUEXOHQW 6FKPLGW QXPEHU YDOXH RI ��� ZDV UHFRPPHQG IRU D GRXEOH�7HH MXQFWLRQ PL[�

LQJ PRGHO ZKHQ WKH N�2PHJD �k�ω� VVW WXUEXOHQFH PRGHO LV XVHG >��@� IXUWKHU VKRZLQJ WKDW WKH

YDOXH LV DOVR GHSHQGDQW RQ WKH XVHG WXUEXOHQFH PRGHO�

)LQDOO\� D KLJK ILGHOLW\ /DUJH (GG\ 6LPXODWLRQ �/(6� WXUEXOHQFH PRGHO FRXSOHG ZLWK WKH

VFDODU WUDQVSRUW PRGHO FDQ DOVR SURGXFH DFFXUDWH IOXLG PL[LQJ UHVXOWV LQ GRXEOH�7HH MXQFWLRQV

>��@�

,Q WKLV GLVVHUWDWLRQ� D &)' DQDO\VLV LV SHUIRUPHG DORQJ ZLWK WKH H[SHULPHQWDO DQDO\VLV� %RWK

5$16 DQG /(6 PRGHOV ZHUH LQYHVWLJDWHG XVLQJ WKH RSHQ VRXUFH ILQLWH YROXPH�EDVHG &)' VRIW�

ZDUH 2SHQ)2$0 >��@� $ PXOWLSKDVH DQG VFDODU WUDQVSRUW PRGHO ZHUH ERWK LQYHVWLJDWHG ZLWK

WKH 5$16 PRGHO� ZKLOH WKH /(6 PRGHO ZDV LQYHVWLJDWHG FRXSOHG ZLWK D SXUH DGYHFWLRQ VFDODU

WUDQVSRUW PRGHO� 7KH PDLQ FRQWULEXWLRQV RI WKLV UHVHDUFK LV WR YDOLGDWH WKH QXPHULFDO PRGHOV

ZLWK WKH H[SHULPHQWDO GDWD� LQYHVWLJDWH WKH HIILFLHQF\ RI HDFK QXPHULFDO DSSURDFK� FDOLEUDWH DQG

LQYHVWLJDWH WKH LQIOXHQFH RI WKH WXUEXOHQW 6FKPLGW QXPEHU DQG JHQHUDWH PL[LQJ SDUDPHWHUV IRU

PL[LQJ PRGHOV OLNH %$0 ZLWK &)'�

����� 7UDQVSRUW 0RGHOV

7KH GRXEOH�7HH MXQFWLRQ PL[LQJ ZDV PRGHOHG ZLWK 5$16 k�ǫ WXUEXOHQFH PRGHO FRXSOHG ZLWK

WKH VFDODU WUDQVSRUW PRGHO DQG PXOWLSKDVH PRGHO� VHSDUDWHO\� %RWK PRGHOV KDYH WKH WXUEXOHQW

6FKPLGW QXPEHU LQFRUSRUDWHG DQG LW LV GHILQHG LQ HTXDWLRQ ����

DW = DPRO + SFW
−1νW �����

7KH DW YDULDEOH LV WKH WXUEXOHQW GLIIXVLRQ� DPRO GHQRWHV WKH PROHFXODU GLIIXVLRQ SDUDPHWHU�

SFW LV WKH WXUEXOHQW 6FKPLGW QXPEHU DQG νW LV WKH NLQHPDWLF WXUEXOHQW YLVFRVLW\ ZKLFK LV FDOFXODWHG

IURP WKH WXUEXOHQW NLQHWLF HQHUJ\ k DQG WXUEXOHQW GLVVLSDWLRQ ǫ DV VHHQ LQ HTXDWLRQ ��� >��@�

νW = Cµ

k2

ǫ
�����

7KH VFDODU WUDQVSRUW PRGHO LV GHILQHG LQ HTXDWLRQ ����

∇ · (Xc) = ∇ · (DW∇c) �����

7KH c SDUDPHWHU GHQRWHV D GLPHQVLRQOHVV VFDODU ZKLFK LV � ZKHQ WKH WUDQVSRUWHG FRQFHQ�

WUDWLRQ LV ORZ� DQG � ZKHQ LW LV KLJK� DQG X GHQRWHV WKH YHORFLW\ YHFWRU� 7KH HTXDWLRQ ��� LV

��



SK\VLFDOO\ LQWHUSUHWHG DV WUDQVSRUW RI D VFDODU TXDQWLW\ c E\ WKH IOXLG IORZ�

7KH VHFRQG WUDQVSRUW PRGHO LQYHVWLJDWHG LQ WKLV GLVVHUWDWLRQ LV WKH PXOWLSKDVH PRGHO DQG LW

LV GHILQHG E\ HTXDWLRQV ���� ��� DQG ����

∂α1

∂t
+∇ · (Xα1) = ∇ · (DW∇α1) �����

α1 = 1− α2 �����

ρ = α1ρ1 + α2ρ2 = α1ρ1 + (1− α1)ρ2 �����

7KH IOXLG GHQVLW\ ρ1 FRUUHVSRQGV WR WKH SKDVH YDULDEOH α1� ZKLOH ρ2 LV WKH VHFRQG IOXLG¶V

GHQVLW\ ZKLFK FRUUHVSRQGV WR WKH SKDVH YDULDEOH α2� 7KH GHQVLW\ ρ LQ HTXDWLRQ ��� LV WKH GHQVLW\

RI WKH FRPSXWHG PL[WXUH RI IOXLGV RU SKDVHV DQG LW LV IXUWKHU XVHG DV WKH GHQVLW\ LQ WKH 5$16

k�epsilon WXUEXOHQFH PRGHO� 6LPLODUO\ DV WKH c YDOXH RI WKH SDVVLYH VFDODU PRGHO� α1 LV HTXDO

WR � DQG LW LV WKH KLJK WUDQVSRUWHG FRQFHQWUDWLRQ SKDVH� ZKLOH α2 LV � DQG WKH ORZ FRQFHQWUDWLRQ

SKDVH� ,I D SKDVH KDV D YDOXH EHWZHHQ � DQG � WKHQ LW LV D PL[WXUH�

(TXDWLRQ ��� LV FRQVLGHUHG DV DQ DGYHFWLRQ�GLIIXVLRQ HTXDWLRQ IRU WKH α1 SKDVH� DQG LW LV

WUDQVLHQW ZKLFK PDNHV WKLV DSSURDFK PRUH FRPSXWDWLRQDOO\ LQHIILFLHQW WKDQ WKH SDVVLYH VFDODU

WUDQVSRUW PRGHO�

,Q WKLV GLVVHUWDWLRQ� IRU WKH VFDODU WUDQVSRUW PRGHO� D FXVWRP FRGH ZDV ZULWWHQ ZLWKLQ WKH

2SHQ)2$0 IUDPHZRUN DQG FRXSOHG ZLWK WKH simpleFoam VROYHU ZKLFK LV 5$16 VWHDG\ VWDWH

WXUEXOHQW IOXLG IORZ VROYHU� 7KH PXOWLSKDVH VROYHU twoLiquidMixingFoam ZDV XVHG IRU WKH

PXOWLSKDVH WUDQVSRUW PRGHO�

����� /DUJH (GG\ 6LPXODWLRQ

/(6 WXUEXOHQFH PRGHO FRXSOHG ZLWK WKH SXUH DGYHFWLRQ VFDODU WUDQVSRUW PRGHO ZDV LQYHVWLJDWHG

IRU WKH GRXEOH�7HH MXQFWLRQ PL[LQJ SUREOHP� 7KH SXUH DGYHFWLRQ VFDODU WUDQVSRUW PRGHO GRHV

QRW LQFRUSRUDWH WKH WXUEXOHQW DQG PROHFXODU GLIIXVLRQ WHUPV DQG LW LV GHILQHG LQ HTXDWLRQ ���� 7KH

PDLQ EHQHILW RI WKLV DSSURDFK LV WKDW WKH PRGHO GRHV QRW QHHG DQ\ FDOLEUDWLRQ VLQFH WKHUH LV QR

SFW�

∂c̄

∂tL
+

∂c̄ūM

∂xM
= 0 �����

7KH YDULDEOH c̄ LV ILOWHUHG VFDODU TXDQWLW\ WUDQVSRUWHG E\ WKH /(6 UHVROYHG IORZ� DQG ū GHQRWHV

WKH ILOWHUHG YHORFLW\�

:KHQ WKH IOXLG IORZ LV WXUEXOHQW� WKHUH H[LVWV D SURFHVV ZKHUH WKH WXUEXOHQW HGGLHV RI D ODUJHU

OHQJWK VFDOH WUDQVIHU NLQHWLF HQHUJ\ RQ WKRVH HGGLHV ZLWK D VPDOOHU OHQJWK VFDOH� DQG WKLV SURFHVV

LV UHIHUUHG WR DV WKH HQHUJ\ FDVFDGH� :LWK WKH /(6 PRGHO WKHUH LV D FXW�RII ILOWHU ZKLFK GLUHFWO\

��



QXPHULFDOO\ VROYHV WKH ODUJH VFDOH HGGLHV� ZKLOH WKH VPDOO OHQJWK VFDOH HGGLHV DUH PRGHOHG ZLWK

D VXE�JULG VFDOH �6*6� PRGHO� 7KLV FXW�RII ILOWHU LV GLUHFWO\ OLQNHG ZLWK WKH UHVROXWLRQ RI WKH

QXPHULFDO PHVK� 7KH :DOO�$GDSWLQJ /RFDO (GG\�9LVFRVLW\ �:$/(� PRGHO LQWURGXFHG LQ >��@

ZDV XVHG WR PRGHO WKH GRXEOH�7HH PL[LQJ SURFHVV�

8QOLNH LQ WKH 5$16 DSSURDFK� WKH HTXDWLRQV VROYHG ZLWK WKH /(6 PRGHO DUH WKH WHPSRUDOO\

DQG VSDWLDOO\ ILOWHUHG 1DYLHU�6WRNHV HTXDWLRQV RI IOXLG IORZ� ,Q HTXDWLRQ ��� WKH LQFRPSUHVV�

LEOH VSDWLDOO\ DQG WHPSRUDOO\ ILOWHUHG FRQWLQXLW\ HTXDWLRQ LV SUHVHQWHG� ZKLOH WKH LQFRPSUHVVLEOH

PRPHQWXP FRQVHUYDWLRQ HTXDWLRQ LV GHILQHG LQ HTXDWLRQ ����

∂ūL

∂xL
= 0 �����

∂ūL

∂tL
+

∂ūLūM

∂xM
=

∂σLM

∂xM
−

∂p̄

∂xL
−

∂τLM

∂xM
�����

7KH YDULDEOH p̄ LV WKH ILOWHUHG SUHVVXUH� ZKLOH WKH VWUHVV WHQVRU WHUP σLM LV SUHVHQW GXH WR PROHF�

XODU YLVFRVLW\� DQG τLM LV WKH 6*6 VWUHVV ZKLFK LV PRGHOHG DV GHILQHG LQ HTXDWLRQ �����

τLM = uLuM − ūLūM ������

$GGLWLRQDOO\� WKH IXUWKHU GHFRPSRVLWLRQ RI τLM LV GHFRPSRVHG GHILQHG LQ HTXDWLRQ ����� ZKHUH

τQ DUH WKH QRUPDO FRPSRQHQWV RI WKH 6*6 VWUHVV WHQVRU� δLM GHQRWHV WKH .URQHFNHU GHOWD� νW WKH

PRGHOHG WXUEXOHQW YLVFRVLW\ DQG S̄LM WKH UHVROYHG VFDOH UDWH RI VWUDLQ WHQVRU ZKLFK LV GHILQHG LQ

HTXDWLRQ �����

τLM −
1

3
τQδLM = −2νWS̄LM ������

S̄LM =
1

2

(

∂ūL

∂xM
+

∂ūM

∂xL

)

������

)XUWKHUPRUH� VSHFLILFDOO\ LQ WKH /(6:$/(PRGHO� WKH YDULDEOH νW LV PRGHOHG ZLWK WKH WHUPV

GHILQHG LQ HTXDWLRQ ����� DQG CZ LV WKH FRQVWDQW SUHVHQW LQ WKH :$/( PRGHO� ∆Z GHQRWHV WKH

FKDUDFWHULVWLF OHQJWK VFDOH ZKLFK LV GHSHQGDQW RQ WKH QXPHULFDO PHVK UHVROXWLRQ DQG WKH WHUP SGLM

LV WKH GHYLDWLRQ IURP S̄LM�

νW = (CZ∆Z)
2 (SGLMS

G
LM )

3/2

(S̄LMS̄LM)
5/2 + (SGLMS

G
LM )

5/4
������

3UHYLRXVO\� WKH:$/(PRGHO ZDV LQYHVWLJDWHG RQ D VFDODU WUDQVSRUW ZLWKLQ D VLQJOH�7HH MXQF�

WLRQ FDVH >�� ��@� 7KH QXPHULFDO PHVK IRU WKH /(6 :$/( PRGHO ZDV JHQHUDWHG ZLWK WKH FHOO

VL]H UHTXLUHPHQW HVWLPDWLRQ SURFHGXUH ZKLFK LV GHSHQGDQW RQ WKH 5$16 JHQHUDWHG 7D\ORU PL�

FURVFDOH YDOXHV >�@� (TXDWLRQ ���� UHSUHVHQWV WKH HVWLPDWRU DQG∆ LV WKH PD[LPXP FXW�RII YDOXH

ZKLFK GHWHUPLQHV WKH VL]H RI D QXPHULFDO FHOO� 7KH λ5 YDULDEOH LV WKH 7D\ORU PLFURVFDOH DQG

��



L5 LV WKH WXUEXOHQW HQHUJ\ OHQJWK VFDOH� 7KLV QXPHULFDO PHVK SURFHGXUH ZDV LQYHVWLJDWHG RQ D

VLQJOH�7HH MXQFWLRQ FDVH LQ FRQMXQFWLRQ ZLWK WKH 9UHPDQ 6*6 /(6 PRGHO >��@ DQG RQ D IOXLG

RVFLOODWRU FDVH >��@�

∆ = max

(

λ5,
L5

10

)

������

)XUWKHUPRUH� HTXDWLRQV ���� DQG ���� DUH XVHG WR FDOFXODWH WKH YDOXHV RI λ5 DQG L5� UHVSHF�

WLYHO\�

λ5 =

√

10kν

ǫ
������

L5 =
k1.5

ǫ
������

7KH SXUSRVH RI PRGHOLQJ WKH GRXEOH�7HH MXQFWLRQ PL[LQJ SUREOHP ZLWK WKH /(6 :$/(

PRGHO DQG WKH SXUH DGYHFWLRQ VFDODU WUDQVSRUW PRGHO LV WR LQYHVWLJDWH ZKHWKHU LW LV SRVVLEOH WR

REWDLQ DFFXUDWH PL[LQJ UHVXOWV ZLWKRXW SFW FDOLEUDWLRQ� ,Q WKLV GLVVHUWDWLRQ� WKH QXPHULFDO PHVK

5$16 HVWLPDWLRQ DQG /(6 :$/( PRGHOLQJ ZDV GRQH LQ 2SHQ)2$0�

��� 0DFKLQH /HDUQLQJ $SSURDFK

$ PDFKLQH OHDUQLQJ DSSURDFK WR IOXLG PL[LQJ PRGHOLQJ LQ GRXEOH�7HH MXQFWLRQV LV DOVR SRVVLEOH

EHVLGHV WKH H[SHULPHQWDO DQG QXPHULFDO DSSURDFKHV�

5HFHQWO\� PDFKLQH OHDUQLQJ �0/� DOJRULWKPV KDYH EHHQ DSSOLHG LQ DUHDV OLNH K\GURORJ\ DQG

K\GUDXOLFV� DQG WKRVH LQFOXGH $11 >��� ��@� 5) >��@� DQG 6XSSRUW 9HFWRU0DFKLQHV �690� >��@�

0/ ZDV DOVR LPSOHPHQWHG LQ SLSH IORZ V\VWHPV� ZKHUH D VHOHFWLRQ RI 0/ DOJRULWKPV VXFK DV

5)� %DJJLQJ $OJRULWKP �%$�� DQG 5HJUHVVLRQ 7UHHV �57� ZHUH WUDLQHG WR SUHGLFW FKDUDFWHULVWLFV

RI D ZDVWHZDWHU SLSH V\VWHP >��@�

0/ DOJRULWKPV ZHUH XVHG WR LQYHVWLJDWH SUHVVXUH JUDGLHQWV� IORZ SDWWHUQ LGHQWLILFDWLRQ DQG

OLTXLG KROGXS LQ D SLSH VHJPHQW� 7KH 0/ DOJRULWKPV ZHUH WUDLQHG ZLWK GDWD JHQHUDWHG E\ &)'

DQG LW ZDV IRXQG WKDW WKH *UDGLHQW %RRVWLQJ �*%� DOJRULWKP DQG 690 SURGXFH WKH EHVW SUH�

GLFWLRQV >��@� 'HHS OHDUQLQJ �L�H� $11� ZDV DOVR DSSOLHG WR SUHGLFW WKH EHVW YDOYH VFKHGXOLQJ

VFHQDULR LQ D ZDWHU VXSSO\ QHWZRUN GXULQJ D FRQWDPLQDWLRQ HYHQW >��@� 6LPLODUO\� WKH 6XSSRUW

9HFWRU 5HJUHVVLRQ �695� DOJRULWKP ZDV WUDLQHG WR ILQG DQRPDOLHV LQ D SUHVVXUL]HG SLSH QHWZRUN

V\VWHP >��@� ZKLOH D PRGLILHG $11 DOJRULWKP ZDV WUDLQHG IRU SLSH QHWZRUN PDQDJHPHQW >��@�

$ GDWD DQDO\VLV DSSURDFK XVLQJ .ULJLQJ DQG 'HODXQD\ WULDQJXODWLRQ LQ FRQMXQFWLRQ ZDV XVHG

IRU GRXEOH�7HH MXQFWLRQ PL[LQJ PRGHOLQJ >��@� ZKHUH WKH PL[LQJ G\QDPLFV SUHGLFWLRQ ZDV GRQH

IRU VHYHUDO GRXEOH�7HH MXQFWLRQ GLVWDQFHV DQG IRU GLIIHUHQW IORZ UHJLPHV ZLWK GDWD REWDLQHG E\

&)' VLPXODWLRQV�

$0/ DSSURDFK LV DOVR SRVVLEOH IRU PL[LQJ EHKDYLRU HYDOXDWLRQ ZLWK GDWD REWDLQHG E\ H[SHU�

��



LPHQWDO DQDO\VLV RI E\ &)'� ,Q WKLV GLVVHUWDWLRQ� WZR GLIIHUHQW DOJRULWKPV �695 DQG $11� ZHUH

LQYHVWLJDWHG IRU WKLV SXUSRVH� 'DWD IRU 0/ DOJRULWKP WUDLQLQJ ZDV JHQHUDWHG E\ D &)' PRGHO

ZKLFK ZDV YDOLGDWHG ZLWK H[SHULPHQWDO GDWD� 7KH SUHGLFWLRQ RI ERWK 0/ DOJRULWKPV ZDV WHVWHG

RQ GLIIHUHQW GRXEOH�7HH MXQFWLRQ GLVWDQFHV DQG GLIIHUHQW LQOHW DQG RXWOHW SLSH IORZ YDOXHV� 7KH

695 DQG $11 DOJRULWKP LPSOHPHQWDWLRQV LQ WKH 3\WKRQ PDFKLQH OHDUQLQJ PRGXOH VFLNLW�OHDUQ

ZDV XVHG LQ WKLV GLVVHUWDWLRQ >��@� DQG WKH &)' GDWD ZDV JHQHUDWHG ZLWK WKH RSHQ VRXUFH &)'

VROYHU 2SHQ)2$0�

7KH PDLQ SXUSRVH RI WKLV UHVHDUFK LV WR LQYHVWLJDWH ZKHWKHU D FRPSXWDWLRQDOO\ HIILFLHQW

PHWKRG OLNH 0/ LV DFFXUDWH HQRXJK IRU SUHGLFWLQJ PL[LQJ EHKDYLRU SDUDPHWHUV� $Q HIILFLHQW

PHWKRG OLNH 0/ KDV WKH SRVVLELOLW\ WR EH GLUHFWO\ LPSOHPHQWHG LQWR K\GUDXOLF DQG ZDWHU TXDOLW\

VRIWZDUH OLNH (3$1(7� DQG FRXOG EH XVHG LQ UHDO WLPH GXH WR LWV UDSLG SUHGLFWLRQ FDSDELOLWLHV�

��



��



&KDSWHU �

:DWHU 6XSSO\ 1HWZRUN 6RXUFH

&RQWDPLQDWLRQ /RFDOL]DWLRQ

��� 7KH &KDOOHQJH RI &RQWDPLQDWLRQ /RFDOL]DWLRQ

&RQWDPLQDWLRQ HYHQWV LQ ZDWHU VXSSO\ QHWZRUNV DUH D JUHDW FRQFHUQ DV WKH\ SRVH D PDMRU WKUHDW

RQ WKH KHDOWK RI WKH KXPDQ SRSXODWLRQ ZKLFK XVHV WKH QHWZRUN� KHQFH� LW LV HVVHQWLDO WKDW ZDWHU

VXSSO\ QHWZRUNV DUH IXQFWLRQDO >�@� &RQWDPLQDWLRQ RI ZDWHU VXSSO\ QHWZRUN FDQ EH DFFLGHQWDO RU

GHOLEHUDWH DQG VKRXOG EH UDSLGO\ WHUPLQDWHG E\ WKH DXWKRULWLHV WKDW JRYHUQ ZDWHU VXSSO\ QHWZRUNV

VLQFH FRQWDPLQDWLRQ FDQ TXLFNO\ SURSDJDWH WKURXJK WKH ZDWHU VXSSO\ QHWZRUN� $ QXPEHU RI

UHFHQW VWXGLHV LQYHVWLJDWHG HPHUJHQF\ UHDFWLRQV QHHGHG LQ FDVH RI VXFK HYHQWV �>��� ��@��

:DWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ LV XVXDOO\ FDXVHG E\ D JUHDW YDULHW\ RI HYHQWV VXFK DV

SLSH ELRILOP IRUPDWLRQ� DJLQJ RI ZDWHU DQG SLSH OLQLQJ FKHPLFDO FRQWDPLQDWLRQ DQG FRUURVLRQ

>��� ��@� /RFDOL]LQJ WKH FRQWDPLQDWLRQ VRXUFH RI D FRQWDPLQDWLRQ HYHQW LQ D ZDWHU VXSSO\ QHW�

ZRUN LV DQ LPSRUWDQW DQG FKDOOHQJLQJ WDVN DV LW UHTXLUHV D ORW RI LQIRUPDWLRQ RI WKH ZDWHU VXSSO\

QHWZRUN VWDWH VXFK DV K\GUDXOLF GHPDQGV�

$GGLWLRQDOO\� D FRQWDPLQDWLRQ HYHQW LV D FRPSOH[ SUREOHP GXH WR FRPSOH[ SK\VLFV ZKLFK

DUH LQYROYHG LQ WKH FRQWDPLQDWLRQ WUDQVSRUW WKURXJK IOXLG IORZ� $V LW ZDV SUHYLRXVO\ PHQWLRQHG�

WKLV FRPSOH[LW\ LV JUHDWO\ HQKDQFHG LQ ZDWHU VXSSO\ HOHPHQWV VXFK DV GRXEOH�7HH MXQFWLRQV�

([SHULPHQWDO DQDO\VLV VKRZHG WKDW LQ WKH FDVH RI D OHVV WXUEXOHQW UHJLPH RI IOXLG IORZ� GLIIXVLRQ

RI FRQWDPLQDWLRQ LQ WKH ZDWHU VXSSO\ QHWZRUN LV JUHDWO\ DPSOLILHG DQG UHFHQWO\� ZDWHU VXSSO\

QHWZRUN PL[LQJ PRGHOV WU\ WR LQFRUSRUDWH WKHVH HIIHFWV >��@� $QRWKHU SRVVLELOLW\ WR WDFNOH WKH

ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ HYHQW GLIIXVLRQ SUREOHP LV WR XVH D FRPELQDWLRQ RI &)'

DQG VWDWLVWLFDO PHWKRGV WR LQFRUSRUDWH WKH HIIHFWV RI LQFRPSOHWH PL[LQJ LQ SUREOHPDWLF QHWZRUN

HOHPHQWV VXFK DV GRXEOH�7HH MXQFWLRQV >��@�

2EWDLQLQJ LQIRUPDWLRQ IURP ZDWHU TXDOLW\ VHQVRUV SRVLWLRQHG LQ WKH ZDWHU VXSSO\ QHWZRUNV LV

HVVHQWLDO IRU FRQWDPLQDWLRQ VRXUFH ORFDOL]DWLRQ� $Q RSWLPDO SODFHPHQW RI ZDWHU TXDOLW\ VHQVRUV LQ

D SLSH QHWZRUN LV HVVHQWLDO IRU ILQGLQJ WKH VRXUFH DQG GHWHUPLQLQJ WKH FRQWDPLQDWLRQ SURSDJDWLRQ

��



G\QDPLFV LQ WKH ZDWHU VXSSO\ QHWZRUN� DQG D ORW RI SUHYLRXV UHVHDUFK ZDV IRFXVHG RQ WKLV LVVXH

>�� ��� ��� ��� ��� ��� ��� ��@� 0RUH VSHFLILFDOO\� DQ RSWLPDO VHQVRU SODFHPHQW LQ D ZDWHU VXSSO\

QHWZRUN QHHGV WR PD[LPL]H WKH GHWHFWLRQ UDWH DQG PLQLPL]H WKH GHWHFWLRQ WLPH RI FRQWDPLQDWLRQ

VRXUFHV�

'DWD WKDW ZDV REWDLQHG ZLWK ZDWHU TXDOLW\ VHQVRU PHDVXUHPHQWV DUH XVHG ZLWK RSWLPL]DWLRQ

DOJRULWKPV WR GHWHUPLQH WKH PRVW SUREDEOH VRXUFH RI FRQWDPLQDWLRQ LQ WKH ZDWHU VXSSO\ QHWZRUN�

WKH FRQWDPLQDWLRQ HYHQW VWDUW DQG HQG WLPH DQG WKH FRQWDPLQDQW FKHPLFDO FRQFHQWUDWLRQ >��� ���

��� ��� ��� ��@� ,W LV DOVR LPSRUWDQW WR QRWH WKDW VHQVRU PHDVXUHPHQWV FDQ EH LPSHUIHFW DQG WKDW

K\GUDXOLF GHPDQG XQFHUWDLQWLHV FDQ EH SUHVHQW LQ WKH ZDWHU VXSSO\ QHWZRUN� WKXV VHYHUDO VWXGLHV

KDYH LQFOXGHG WKLV LQ WKH GDWD XVHG IRU VRXUFH GHWHFWLRQ >��� ��� ��@�

7KHPHWKRGVZKLFK LQYROYH RSWLPL]DWLRQ DOJRULWKPV DUH QDPHG XVXDOO\ GHQRWHG DV VLPXODWLRQ�

RSWLPL]DWLRQ PHWKRGV DQG DUH WKH PRVW SRSXODU VHW RI PHWKRGV IRU ZDWHU VXSSO\ QHWZRUN FRQ�

WDPLQDWLRQ VRXUFH ORFDOL]DWLRQ SUREOHP� *HQHUDOO\� WKLV DOJRULWKPLF SURFHGXUH LQYROYHV FRX�

SOLQJ D VWRFKDVWLF RU GHWHUPLQLVWLF RSWLPL]DWLRQ DOJRULWKP ZLWK D K\GUDXOLF DQG ZDWHU TXDOLW\

ZDWHU VXSSO\ QHWZRUN IOXLG IORZ VLPXODWRU �VXFK DV (3$1(7�� 7KH REMHFWLYH IXQFWLRQ RI WKH

VLPXODWLRQ�RSWLPL]DWLRQ DOJRULWKPLF ORRS LV WR PLQLPL]H WKH HUURU EHWZHHQ WKH PHDVXUHG ZDWHU

TXDOLW\ LQ WKH ZDWHU VXSSO\ QHWZRUN DQG WKH K\GUDXOLF VLPXODWRU YDOXHV LQ RUGHU WR GHWHUPLQH

WKH FRQWDPLQDWLRQ VRXUFH� VWDUW DQG HQG WLPHV RI WKH FRQWDPLQDWLRQ HYHQW DQG WKH FRQWDPLQDQW

FKHPLFDO FRQFHQWUDWLRQ� +LVWRULFDOO\� *HQHWLF $OJRULWKPV �*$� KDYH EHHQ ZLGHO\ XVHG DV WKH

RSWLPL]DWLRQ DOJRULWKP LQ WKH VLPXODWLRQ�RSWLPL]DWLRQ ORRS >��� ��� ��� ��� ��@�

7KH VLPXODWLRQ�RSWLPL]DWLRQ DSSURDFK LV XVXDOO\ FRPSXWDWLRQDOO\ H[SHQVLYH DQG UHTXLUHV D

VLJQLILFDQW DPRXQW RI WLPH WR GHWHFW WKH ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ VRXUFH� VWDUWLQJ

DQG HQGLQJ WLPHV RI WKH HYHQW DQG WKH FRQWDPLQDQW FKHPLFDO FRQFHQWUDWLRQ� 7KLV LV HYHQ PRUH

DSSDUHQW ZKHQ D UHDO VL]HG ZDWHU VXSSO\ QHWZRUN LV EHLQJ FRQVLGHUHG� DV LW XVXDOO\ FRQVLVWV RI D

JUHDWHU QXPEHU RI SRWHQWLDO FRQWDPLQDWLRQ VRXUFH QRGHV� 7KH LQFUHDVHG VL]H RI WKH ZDWHU VXSSO\

QHWZRUN LQFUHDVHV WKH FRPSOH[LW\ RI WKH JLYHQ SUREOHP DQG FDQ DIIHFW WKH DFFXUDF\ DQG WKH

GHWHFWLRQ WLPH� WKXV VORZLQJ WKH SURFHVV RI FRQWDPLQDWLRQ HYHQW KDOWLQJ�

'DWD PLQLQJ LV DQRWKHU DSSURDFK IRU FRQWDPLQDWLRQ VRXUFH LGHQWLILFDWLRQ� 8VXDOO\� GHWHFWLQJ

D FRQWDPLQDWLRQ VRXUFH ZLWK GDWD PLQLQJ LPSOLHV VHDUFKLQJ IRU D VSHFLILF FRQWDPLQDWLRQ HYHQW

WKURXJK D SUH�PDGH GDWDEDVH RI VLPXODWHG UHVXOWV RI FRQWDPLQDWLRQ HYHQWV� 6WDWLVWLFDO DQG RSWL�

PL]DWLRQ DOJRULWKPV FDQ EH XVHG LQ FRQMXQFWLRQ ZLWK GDWD PLQLQJ IRU WKH SXUSRVH RI VHDUFKLQJ

WKRURXJK D SUH�PDGH GDWDEDVH IRU WKHPRVW DFFXUDWH FRQWDPLQDWLRQ HYHQW YDULDEOHV ZKLFK LQFOXGH

WKH VRXUFH� GXUDWLRQ �VWDUW DQG HQG WLPH� DQG FRQWDPLQDQW FKHPLFDO FRQFHQWUDWLRQ�

2SWLPL]DWLRQ DQG VWDWLVWLFDO DOJRULWKPV FDQ EH DSSOLHG ZLWK GDWD PLQLQJ LQ RUGHU WR VHDUFK

WKURXJK WKH SUHFRPSLOHG GDWDEDVH IRU WKHPRVW FRPSDWLEOH FRQWDPLQDWLRQ HYHQW SDUDPHWHUV �VRXUFH�

FRQFHQWUDWLRQ� GXUDWLRQ�� ZKLOH VLPXODWLRQ�RSWLPL]DWLRQ PHWKRGV VLPXOWDQHRXVO\ UXQ FRQWDPL�

QDWLRQ HYHQW VFHQDULRV LQ FRQMXQFWLRQ ZLWK RSWLPL]DWLRQ DOJRULWKPV DQG UHSHDWHGO\ HYDOXDWH D

ILWQHVV IXQFWLRQ LQ RUGHU WR GHWHFW WKH SUHYLRXVO\ PHQWLRQHG SDUDPHWHUV�

$ GDWD PLQLQJ DSSURDFK ZDV GHYHORSHG LQ FRQMXQFWLRQ ZLWK D PD[LPXP OLNHOLKRRG PHWKRG

��



IRU D ZDWHU VXSSO\ QHWZRUN ZLWK D VHQVRU OD\RXW ZKLFK FRQVLVWHG RI ILYH VHQVRUV DQG LW ZDV

VKRZHG WKDW LW LV SRVVLEOH WR PLQLPL]H WKH OLVW RI SRWHQWLDO FRQWDPLQDWLRQ VRXUFHV LQ WKH QHWZRUN

>��@�

7KH GDWD PLQLQJ PHWKRG UHTXLUHV D ODUJH GDWDEDVH RI VLPXODWHG FRQWDPLQDWLRQ HYHQW VFH�

QDULR UHVXOWV� DQG WKLV FDQ EH FRQVLGHUHG D GUDZEDFN� HYHQ WKRXJK LW ZDV VKRZHG WKDW DQ RIIOLQH

GDWDEDVH ZKLFK FDQ EH VXFFHVVIXOO\ XVHG WR FRUUHFWO\ LGHQWLI\ WKH ZDWHU VXSSO\ QHWZRUN FRQWDP�

LQDWLRQ VRXUFH >��@�

'DWD�GULYHQ DSSURDFK EDVHG RQ WKH ORJLVWLF UHJUHVVLRQ �/5� DOJRULWKP ZDV LQYHVWLJDWHG IRU

WKH ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ GHWHFWLRQ SUREOHP� /5 ZDV FRXSOHG ZLWK DQ HYROX�

WLRQDU\ DOJRULWKP LQ RUGHU WR PD[LPL]H FRPSXWDWLRQDO HIILFLHQF\ DQG DFFXUDF\ >��@� 6LPLODUO\�

D 0RQWH &DUOR �0&� EDVHG GDWD�GULYHQ PRGHO ZDV FUHDWHG IRU WKH VDPH SXUSRVH >��@� 3URE�

DELOLVWLF PHWKRGV EDVHG RQ %D\HVLDQ %HOLHI 1HWZRUNV �%%1� KDYH DOVR EHHQ LQYHVWLJDWHG DQG

H[SORUHG IRU FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ LQ ZDWHU VXSSO\ QHWZRUNV�

0/ PHWKRGV KDYH EHHQ LQFUHDVLQJO\ VXFFHVVIXOO\ XVHG IRU D JUHDW YDULHW\ RI HQYLURQPHQWDO

HQJLQHHULQJ UHODWHG SUREOHPV DQG SKHQRPHQD� /RQJ 6KRUW�7HUP 0HPRU\ �/670� 1HXUDO 1HW�

ZRUN ZDV WUDLQHG WR IRUHFDVW IORRGV ZLWK UDLQIDOO DQG GLVFKDUJH GDWD >��@� $11 DQG 5) ZHUH

XVHG LQ FRQMXQFWLRQ WR ORFDOL]H FKHPLFDO OHDNV ZLWK GDWD REWDLQHG IURP VHQVRUV >��@� *URXQGZD�

WHU IORZ PRGHOLQJ KDV DOVR EHHQ DFWLYHO\ LQFOXGLQJ PDFKLQH OHDUQLQJ PHWKRGV DV &RQYROXWLRQDO

1HXUDO 1HWZRUN �&11� FRXSOHG ZLWK D 0DUNRY &KDLQ 0RQWH &DUOR �0&0&� PHWKRG KDV EHHQ

DSSOLHG WR GHWHUPLQH FRQWDPLQDQW VRXUFHV LQ JURXQGZDWHU DUHD IORZV >��@� 5) ZDV DOVR XVHG WR

FUHDWH SUHGLFWLRQ PRGHOV IRU FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ LQ ULYHUV ZLWK 0&VLPXODWLRQ JHQ�

HUDWHG GDWD >��@� *URXQGZDWHU QLWUDWH FRQWDPLQDWLRQ DUHDV ZDV PRGHOHG ZLWK WKH 5) DOJRULWKP

ZKLFK ZDV WUDLQHG ZLWK GDWD REWDLQHG IURP ILHOG PHDVXUHPHQWV >��@� 6LPLODUO\� 5) PRGHOV ZHUH

FUHDWHG ZLWK PHDVXUHG GDWD IRU KHDYH PHWDO FRQWDPLQDWLRQ IURP PXOWLSOH VRXUFHV >"@�

0DFKLQH OHDUQLQJ DQG VLPXODWLRQ�RSWLPL]DWLRQ FRXSOLQJ KDV EHHQ DOVR HPSOR\HG LQ WKH DUHD

RI JURXQGZDWHU SROOXWLRQ VRXUFH DQG SROOXWLRQ FKDUDFWHULVWLFV SUHGLFWLRQ� &RXSOLQJ RI QRQ�

GRPLQDWHG VRUWLQJ JHQHWLF DOJRULWKP ,, �16*$�,,� DQG ERWK 3UREDELOLVWLF 6XSSRUW 9HFWRU 0D�

FKLQHV �3690� DQG 3UREDELOLVWLF 1HXUDO 1HWZRUNV �311� KDV EHHQ GRQH IRU FKDUDFWHUL]LQJ DQ

XQNQRZQ SROOXWLRQ VRXUFH LQ JURXQGZDWHU UHVRXUFHV V\VWHPV >�@�

0/ PRGHOV DUH DQRWKHU SRVVLEOH DSSURDFK ZKLFK FDQ SURYLGH DQ H[WUHPHO\ IDVW DQG HIILFLHQW

ZD\ RI SUHGLFWLRQ SRWHQWLDO FRQWDPLQDWLRQ VRXUFHV LQ ZDWHU VXSSO\ QHWZRUNV� $Q $11 ZDV

WUDLQHG DQG WHVWHG RQ GDWD REWDLQHG IURP H[SHULPHQWDO DQDO\VLV RI D VPDOO�VL]HG SLSH QHWZRUN

V\VWHP ZLWK � VDPSOLQJ ORFDWLRQV WR GHWHFW WKH VRXUFH (� &ROL EDFWHULDO >��@� (YHQ WKRXJK WKH

H[SHULPHQWDO V\VWHP LV VPDOO�VL]HG� WKH FRPSOH[LW\ RI WKH SUREOHP LV DSSDUHQW� DQG D GHWHFWLRQ

DFFXUDF\ RI ��� ZDV UHDOL]HG� /HDUQLQJ YHFWRU TXDQWL]DWLRQ 1HXUDO 1HWZRUN �/9411� KDYH

EHHQ XVHG WR GHWHFW ]RQHV LQ ODUJH ZDWHU VXSSO\ QHWZRUNV ZKHUH FRQWDPLQDWLRQ VRXUFH QRGHV

FRXOG EH ORFDWHG >��@�

0RUH UHFHQWO\� D &11 ZDV WUDLQHG ZLWK ZDWHU VXSSO\ QHWZRUN XVHU FRPSODLQW GDWD LQ RUGHU

WR GHWHFW FRQWDPLQDWLRQ VRXUFHV >��@� ,W ZDV FRPSDUHG WR D 0XOWLOD\HU 3HUFHSWURQ $11 �0/3�

��



$11� DQG LW ZDV IRXQG WKDW &11 SHUIRUPV EHWWHU� 'HFLVLRQ 7UHHV �'7� ZHUH WUDLQHG ZLWK ZDWHU

VXSSO\ QHWZRUN FRQWDPLQDWLRQ HYHQW GDWD LQ RUGHU WR LVRODWH D SUREOHPDWLF DUHD >��@� 6LPLODUO\�

5) ZDV XVHG WR GHWHUPLQH WKH QXPEHU RI ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ VRXUFHV >��@�

*HQHUDOO\� WKH ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ LV D FRPSOH[ DQG PXOWL�

PRGDO SUREOHP ZKLFK UHTXLUHV D ORW PRUH UHVHDUFK DV D ORW RI SURSRVHG VROXWLRQV VWLOO KDYH GUDZ�

EDFNV HLWKHU GXH WR LQDFFXUDF\ RU ORZ FRPSXWDWLRQDO HIILFLHQF\� ,W LV ZK\ LQ WKLV UHVHDUFK� WKH

XVDJH RI 0/PHWKRGV IRU WKH ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ LV IXUWKHU H[�

SORUHG DQG LQYHVWLJDWHG RQ EHQFKPDUN ZDWHU VXSSO\ QHWZRUNV� 7KH 5) DQG $11 DOJRULWKPV DUH

XVHG WR FUHDWH 0/ SUHGLFWLRQ PRGHOV� $GGLWLRQDOO\� D FRXSOLQJ EHWZHHQ VLPXODWLRQ�RSWLPL]DWLRQ

�VWRFKDVWLF DQG GHWHUPLQLVWLF� DQG 0/ DOJRULWKPV LV DFKLHYHG DQG LQYHVWLJDWHG� 7R H[DPLQH WKH

DFFXUDF\ DQG UREXVWQHVV RI SURSRVHG PHWKRGV DQG IUDPHZRUNV� WKH (3$1(7� ZDWHU TXDOLW\ DQG

K\GUDXOLF VLPXODWRU LV XVHG�

��� 0RQWH &DUOR 6LPXODWLRQV DQG 0DFKLQH /HDUQLQJ

0& VLPXODWLRQV XVLQJ WKH K\GUDXOLF DQG ZDWHU TXDOLW\ DQDO\VLV VRIWZDUH ZHUH PDGH LQ RUGHU WR

REWDLQ GDWD ZKLFK FDQ EH XVHG WR WUDLQ DQG LQYHVWLJDWLQJ 0/ DOJRULWKPV IRU WKH SXUSRVH RI ZDWHU

VXSSO\ QHWZRUN FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ� (3$1(7�� WKH ZDWHU TXDOLW\ DQG K\GUDXOLF

VRIWZDUH ZKLFK XVHV WKH FRPSOHWH PL[LQJ PRGHO DW MXQFWLRQV ZDV XVHG WR JHQHUDWH WUDLQLQJ DQG

WHVWLQJ GDWD� 7KH DFFXUDF\ RI WKH 0/ DSSURDFK GRHV QRW GHSHQG RQ WKH PL[LQJ PRGHO XVHG E\

WKH K\GUDXOLF VLPXODWRU� KRZHYHU� LQ RUGHU IRU WKH DSSURDFK WR EH HPSOR\HG LQ D UHDO FDVH� WKH

FRQWDPLQDQW SURSDJDWLRQ DQG PL[LQJ VKRXOG EH DV DFFXUDWH DV SRVVLEOH�

(DFK 0& VLPXODWLRQ XVHG D UDQGRPL]HG VHW RI ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ HYHQW

SDUDPHWHUV ZKLFK LQFOXGH FRQWDPLQDWLRQ VRXUFH ORFDWLRQ� VWDUW DQG HQG WLPHV DQG WKH FRQWDPL�

QDQW FKHPLFDO FRQFHQWUDWLRQ� *HQHUDOO\� WKH LQSXW YDOXHV IRU WKH 0/ PRGHO DUH WKH VLPXODWHG

VHQVRU ZDWHU TXDOLW\ PHDVXUHPHQWV� ZKLOH WKH RXWSXW YDOXHV LV WKH ORFDWLRQ RI WKH FRQWDPLQDWLRQ

VRXUFH DQG RWKHU UHOHYDQW SDUDPHWHUV WKDW DUH QHHGHG LQ RUGHU WR UHFRQVWUXFW WKH FRQWDPLQDWLRQ

HYHQW�

,Q WKLV WKHVLV WKH 5) DOJRULWKP �LPSOHPHQWHG LQ WKH 3\WKRQ0/PRGXOH VLFNLW�OHDUQ >��@� ZDV

WUDLQHG ZLWK 0& VLPXODWHG GDWD DQG LQYHVWLJDWHG IRU WKH SXUSRVH RI SUHGLFWLQJ WKH FRQWDPLQDWLRQ

VRXUFH LQ WZR ZDWHU TXDOLW\ EHQFKPDUN QHWZRUNV �VHHQ LQ )LJXUHV ��� DQG ���� ZLWK GLIIHUHQW

VHQVRU OD\RXWV� +\GUDXOLF GHPDQG XQFHUWDLQW\ DQG LPSHUIHFW VHQVRU PHDVXUHPHQWV ZHUH DOVR

LQYHVWLJDWHG WR WHVW WKH DFFXUDF\ DQG UREXVWQHVV RI WKH DSSURDFK�

)XUWKHUPRUH� EHVLGHV WKH 5) PRGHO XVHG IRU SUHGLFWLRQ RI FRQWDPLQDWLRQ VRXUFHV� LQ WKLV

GLVVHUWDWLRQ� D K\EULG DOJRULWKP LV SURSRVHG ZKLFK XVHV $11 IRU VRXUFH ORFDWLRQ FODVVLILFDWLRQ

ZLWKLQ WKH ZDWHU VXSSO\ QHWZRUN DQG 5) IRU SUHGLFWLRQ RI FRQWDPLQDWLRQ VWDUW DQG HQG WLPH�

DQG FRQWDPLQDQW FKHPLFDO FRQFHQWUDWLRQ� 7KH DOJRULWKP LV VSHFLILFDOO\ PDGH IRU KLJK SHUIRU�

PDQFH FRPSXWLQJ V\VWHPV DQG XVHV D WRXUQDPHQW�EDVHG VHOHFWLRQ RI PRVW SUREDEOH FRQWDPL�

QDWLRQ VRXUFH QRGHV EDVHG RQ 0& ZDWHU TXDOLW\ VLPXODWLRQV LQ SDUDOOHO� 7KH SURSRVHG K\EULG

��



117

181

213

143

Net3 Sensors

)LJXUH ���� :DWHU VXSSO\ QHWZRUN EHQFKPDUN 1HW� ��� QRGHV� ZLWK D � VHQVRU OD\RXW� >��@

DOJRULWKP LV FUHDWHG XVLQJ WKH 3\WKRQ 0/ PRGXOH VFLNLW�OHDUQ >��@ DQG WKH 6LPSOH /LQX[ 8WLOLW\

IRU 5HVRXUFH 0DQDJHPHQW �6/850� XWLOLW\� 7KH DOJRULWKP LV DOVR WHVWHG RQ WKH EHQFKPDUN

QHWZRUNV SUHVHQWHG LQ )LJXUHV ��� DQG ����

��



93

352

428

600

Richmond Sensors

)LJXUH ���� :DWHU VXSSO\ QHWZRUN EHQFKPDUN 5LFKPRQG ���� QRGHV� ZLWK D � VHQVRU OD\RXW�

>��@

��� 6LPXODWLRQ�2SWLPL]DWLRQ DQG 0DFKLQH /HDUQLQJ

)LQDOO\� WKH FRXSOLQJ RI WKH VLPXODWLRQ�RSWLPL]DWLRQ DSSURDFK DQG 0/ DSSURDFK KDV EHHQ LQYHV�

WLJDWHG LQ WKLV GLVVHUWDWLRQ� 7KH JRDO LV WR LQYHVWLJDWH ZKHWKHU D FRXSOHG DSSURDFK FRXOG HOLPLQDWH

WKH GUDZEDFNV RI ERWK PHWKRGV ZKHQ XVHG VHSDUDWHO\� 7ZR GLIIHUHQW QRYHO FRXSOLQJ DOJRULWKPLF

IUDPHZRUNV DUH SURSRVHG DQG ERWK XVH WKH0& VLPXODWLRQ WUDLQHG 5) DOJRULWKP �VFLNLW�OHDUQ >��@

LPSOHPHQWDWLRQ� WR UHGXFH WKH VSDFH RI SRWHQWLDO FRQWDPLQDWLRQ VRXUFH QRGHV ZLWKLQ WKH ZDWHU

VXSSO\ QHWZRUN�

7KH ILUVW SURSRVHG DOJRULWKPLF IUDPHZRUN XVHV WKH VLPXODWLRQ�RSWLPL]DWLRQ SURFHGXUH ORRS

ZLWK WKH 5) FODVVLILFDWLRQ LQ RUGHU WR GHWHUPLQH WKH FRQWDPLQDWLRQ HYHQW SDUDPHWHUV� 7KUHH

GLIIHUHQW VWRFKDVWLF RSWLPL]DWLRQ DOJRULWKPV �3DUWLFOH 6ZDUP 2SWLPL]DWLRQ �362�� )LUHZRUNV

$OJRULWKP �):$� DQG *$� DUH DVVHVVHG ZLWKLQ WKH ILUVW DOJRULWKPLF IUDPHZRUN LQ WHUPV RI HI�

ILFLHQF\ DQG DFFXUDF\� 362 DQG ):$ LPSOHQHWDWLRQV LQ WKH 3\WKRQ QXPHULFDO RSWLPL]DWLRQ

PRGXOH LQGDJR >��@� ZKLOH WKH *$ 3\WKRQ PRGXOH IRU PXOWLREMHFWLYH RSWLPL]DWLRQ S\PRR >��@

LPSOHPHQWDWLRQ LV XVHG�

7KH VHFRQG SURSRVHG DOJRULWKPLF IUDPHZRUN LQFOXGHV DQ DGGLWLRQDO 5) PRGHO UHJUHVVLRQ

SURFHGXUH IRU HDFK 5) FODVVLILHG SRWHQWLDO FRQWDPLQDWLRQ VRXUFH ORFDWLRQ IRU WKH SXUSRVH RI SUH�

GLFWLQJ HDFK ORFDWLRQ¶V VWDUW WLPH� HQG WLPH DQG FRQWDPLQDQW FKHPLFDO FRQFHQWUDWLRQ� $IWHU WKH

��



5) UHJUHVVLRQ SURFHGXUH� HDFK FRQWDPLQDWLRQ VRXUFH QRGH¶V SUHGLFWHG FRQWDPLQDWLRQ VWDUW DQG

HQG WLPHV� DQG FRQFHQWUDWLRQ GDWD LV WKHQ XVHG DV VWDUWLQJ YDOXHV IRU WKH GHWHUPLQLVWLF RSWLPL]D�

WLRQ DOJRULWKP0HVK$GDSWLYH 'LUHFW 6HDUFK �0$'6�ZKLFK LV LPSOHPHQWHG LQ 120$'��� >�@�

7KH (3$1(7� K\GUDXOLF DQGZDWHU TXDOLW\ VLPXODWRU LV DOVR XVHG LQ WKH VLPXODWLRQ�RSWLPL]DWLRQ

ORRS RI WKH DOJRULWKPLF IUDPHZRUN� DV ZHOO DV IRU JHQHUDWLQJ WKH GDWD IRU WKH 5) FODVVLILHU ZKLFK

LV D SDUW RI ERWK IUDPHZRUNV� 7KH DOJRULWKPLF IUDPHZRUNV DUH LQYHVWLJDWHG RQ ZDWHU VXSSO\

EHQFKPDUN QHWZRUNV VHHQ LQ )LJXUHV ��� DQG ����

��



��



&KDSWHU �

&RQFOXVLRQ

��� 0DLQ &RQWULEXWLRQV

7KLV GLVVHUWDWLRQ IRFXVHV RQ WKH PL[LQJ RI IOXLGV LQ SLSH ZDWHU VXSSO\ QHWZRUNV� 7KH PDLQ

FRQQHFWLRQ EHWZHHQ DOO LQYHVWLJDWHG WRSLFV LV WKH PRGHOLQJ RI IOXLG PL[LQJ� 0L[LQJ PRGHOV DUH

XVHG WR LQYHVWLJDWH WKH IOXLG PL[LQJ G\QDPLFV LQ ZDWHU VXSSO\ QHWZRUN HOHPHQWV VXFK DV GRXEOH�

7HH MXQFWLRQV DQG PL[LQJ PRGHOV DUH XVHG LQ FRQMXQFWLRQ ZLWK 0/ DQG RSWLPL]DWLRQ PHWKRGV WR

FUHDWH VXUURJDWH PL[LQJPRGHOV LQ ODUJH�VFDOH ZDWHU VXSSO\ QHWZRUNV IRU WKH SXUSRVH RI GHWHFWLQJ

FRQWDPLQDWLRQ VRXUFHV DQG RWKHU UHOHYDQW FRQWDPLQDWLRQ HYHQW SDUDPHWHUV�

7KH PDLQ FRQWULEXWLRQV RI WKLV UHVHDUFK FDQ EH VXPPDUL]HG LQWR WKH IROORZLQJ SRLQWV�

� 7KURXJK H[SHULPHQWDO DQDO\VLV RI IOXLG IORZ LQ D GRXEOH�7HH MXQFWLRQ V\VWHP� QHZ H[�

SHULPHQWDO GDWD ZDV REWDLQHG IRU GLIIHUHQW GRXEOH�7HH GLVWDQFHV� FRQILJXUDWLRQV� DQG LQOHW

IORZ UDWLRV� 7KH REWDLQHG H[SHULPHQWDO UHVXOWV ZHUH FRPSDUHG ZLWK UHVXOWV REWDLQHG E\

SUHYLRXV UHVHDUFK DQG LW ZDV VKRZQ WKDW FRPSOHWH PL[LQJ LV QRW RFFXUULQJ IRU WKH LQYHVWL�

JDWHG FDVHV� $GGLWLRQDOO\� H[SHULPHQWDO DQDO\VLV ZDV GRQH IRU SUHYLRXVO\ XQWHVWHG ODUJHU

GRXEOH�7HH GLVWDQFHV� $OVR� QHZ (3$1(7�%$0 FRUUHFWLRQ IDFWRUV ZHUH UHFRPPHQGHG

LQ WKLV UHVHDUFK IRU WKH LQYHVWLJDWHG FDVHV� 1XPHULFDO PRGHOV ZHUH DOVR SURSRVHG DV WZR

GLIIHUHQW WUDQVSRUW PRGHOV ZHUH LQYHVWLJDWHG �PXOWLSKDVH DQG SDVVLYH VFDODU� DQG YDOLGDWHG

EDVHG RQ H[SHULPHQWDO GDWD� ,W ZDV IRXQG WKDW ERWK PRGHOV DUH YHU\ DFFXUDWH DQG WKH LP�

SRUWDQFH RI FDOLEUDWLQJ WKH WXUEXOHQW 6FKPLGW QXPEHU ZDV HPSKDVL]HG� 7KH YDOXH RI WKH

WXUEXOHQW 6FKPLGW QXPEHU XVHG LQ WKH VWXG\ ZDV ��� DQG LW VKRZHG WR EH DFFXUDWH IRU DOO

RI WKH QXPHULFDOO\ UHSURGXFHG FDVHV�

� $ QHZ DSSURDFK WR PRGHOLQJ IOXLG PL[LQJ LQ D GRXEOH�7HH MXQFWLRQ V\VWHP EDVHG RQ PD�

FKLQH OHDUQLQJ ZDV H[SORUHG� 7KH SXUSRVH RI WKLV UHVHDUFK ZDV WR LQYHVWLJDWH D PRUH

FRPSXWDWLRQDOO\ HIILFLHQW DSSURDFK �ZKHQ FRPSDUHG WR &)' RU H[SHULPHQWDO DQDO\VLV�

WR TXLFNO\ REWDLQ WKH SDUDPHWHUV ZKLFK GHWHUPLQH WKH PL[LQJ G\QDPLFV LQ D GRXEOH�7HH

MXQFWLRQ� 7KH SURSRVHG PDFKLQH OHDUQLQJ PRGHO ZDV WUDLQHG ZLWK GDWD REWDLQHG IURP

��



&)' DQDO\VLV �WKH FDOLEUDWHG QXPHULFDO PRGHO IURP WKH SUHYLRXV SRLQW ZDV XVHG�� 7KH LQ�

SXW GDWD IRU WKH PDFKLQH OHDUQLQJ PRGHO WUDLQLQJ ZHUH WKH LQOHW SLSH IORZ UDWLR� WKH RXWOHW

SLSH IORZ UDWLR DQG WKH GLVWDQFH EHWZHHQ WKH GRXEOH�7HH MXQFWLRQ� ZKLOH WKH RXWSXW GDWD

ZDV WKH UHOHYDQW PL[LQJ UDWLR ZKLFK FRXOG EH XVHG WR GHWHUPLQH D FRUUHFWLRQ IDFWRU IRU

VLPSOHU PRGHOV� 7ZR PDFKLQH OHDUQLQJ DOJRULWKPV ZHUH LQYHVWLJDWHG DQG FRPSDUHG �$U�

WLILFLDO 1HXUDO 1HWZRUNV DQG 6XSSRUW 9HFWRU 0DFKLQHV� DQG LW ZDV IRXQG WKDW $UWLILFLDO

1HXUDO 1HWZRUNV SHUIRUP EHWWHU LQ WHUPV RI DFFXUDF\ DQG SUREOHP JHQHUDOL]DWLRQ� ,W ZDV

IRXQG WKDW WKH DSSURDFK LV FRPSXWDWLRQDOO\ HIILFLHQW DQG UREXVW�

� 7KH SRVVLELOLW\ RI XVLQJ WKH /DUJH (GG\ 6LPXODWLRQ WXUEXOHQFH PRGHO ZLWK D SXUH DGYHF�

WLRQ VFDODU WUDQVSRUW PRGHO RQ WKH GRXEOH�7HH MXQFWLRQ IOXLG PL[LQJ FDVH ZDV H[SORUHG

DQG FRPSDUHG ZLWK H[SHULPHQWDO UHVXOWV IURP SUHYLRXV UHVHDUFK� 7KH /(6�:$/( WXUEX�

OHQW PRGHO ZDV XVHG ZLWK D JULG VL]H HVWLPDWLRQ PHWKRG EDVHG RQ WKH 5$16 N�(SVLORQ

PRGHO UHVXOWV WKURXJK FDOFXODWLQJ WXUEXOHQFH VFDOH YDOXHV� :KHQ D SXUH DGYHFWLRQ WUDQV�

SRUW PRGHO LV XVHG LW LV QRW QHFHVVDU\ WR FDOLEUDWH WKH WXUEXOHQW 6FKPLGW QXPEHU �VLQFH WKH

HTXDWLRQ GRHV QRW LQFRUSRUDWH WKH WXUEXOHQW GLIIXVLRQ WHUP� DQG LW ZDV VKRZQ WKDW DFFXUDWH

PL[LQJ UHVXOWV ZHUH REWDLQHG ZLWK WKLV PRGHO ZKHQ XVHG ZLWK /(6�:$/(� 7KH QXPHULFDO

DSSURDFK ZDV H[SORUHG DQG VKRZQ WR EH DFFXUDWH IRU WKUHH GLIIHUHQW GRXEOH�7HH MXQFWLRQ

FRQILJXUDWLRQV�

� $ QHZ DSSURDFK WR LGHQWLI\ FRQWDPLQDWLRQ VRXUFHV LQ ZDWHU VXSSO\ QHWZRUNV EDVHG RQ WKH

5DQGRP )RUHVW DOJRULWKP ZDV SURSRVHG DQG H[SORUHG� 7KH PHWKRG ZDV WHVWHG RQ WZR

EHQFKPDUN ZDWHU GLVWULEXWLRQ QHWZRUNV ZLWK GLIIHUHQW VL]HV DQG GLIIHUHQW VHQVRU OD\RXWV�

)RU HDFK QHWZRUN� D ODUJH QXPEHU RI 0RQWH &DUOR FRQWDPLQDWLRQ VFHQDULRV ZHUH VLPX�

ODWHG LQ WKH (3$1(7� K\GUDXOLF VLPXODWRU XVLQJ D FRPSOHWH PL[LQJ PRGHO ZLWK UDQGRP

SDUDPHWHUV VXFK DV FRQWDPLQDWLRQ VRXUFH ORFDWLRQ� VWDUW DQG HQG WLPHV RI FRQWDPLQDWLRQ

DQG WKH FRQFHQWUDWLRQ RI WKH LQMHFWHG FRQWDPLQDWLRQ� )RU HDFK VFHQDULR� ZDWHU TXDOLW\ VHQ�

VRU UHDGLQJV ZHUH VDYHG DQG XVHG DV DQ LQSXW WR WKH PDFKLQH OHDUQLQJ PRGHO� ZKLOH WKH

PRGHO RXWSXW ZDV WKH FRQWDPLQDWLRQ VRXUFH� 7KH HIILFLHQF\ RI WKH ZDWHU QHWZRUN VHQVRU

OD\RXWV ZDV LQYHVWLJDWHG DORQJ ZLWK DGGHG K\GUDXOLF XQFHUWDLQWLHV DQG VHQVRU LPSHUIHF�

WLRQV� ,W ZDV IRXQG WKDW WKH 5) FODVVLILHU PHWKRG LV UREXVW DQG HIILFLHQW LQ FUHDWLQJ D OLVW

RI WKH PRVW SUREDEOH FRQWDPLQDWLRQ VRXUFHV IRU D JLYHQ YDOXH RI VHQVRU PHDVXUHPHQWV�

� $ QHZ DOJRULWKPLF IUDPHZRUN EDVHG RQ PDFKLQH OHDUQLQJ IRU WKH GHWHFWLRQ RI FRQWDPL�

QDWLRQ VRXUFHV LQ ZDWHU VXSSO\ QHWZRUNV PDGH HVSHFLDOO\ IRU KLJK�SHUIRUPDQFH SDUDOOHO

V\VWHPV ZDV GHYHORSHG DQG LQYHVWLJDWHG DQG SUHVHQWHG� 7KH DOJRULWKP XVHV D FRPELQDWLRQ

RI $UWLILFLDO 1HXUDO 1HWZRUNV WR FODVVLI\ FRQWDPLQDWLRQ VRXUFHV DQG WKH 5DQGRP )RUHVW

DOJRULWKP IRU UHJUHVVLRQ DQDO\VLV WR GHWHUPLQH VLJQLILFDQW FRQWDPLQDWLRQ HYHQW YDULDEOHV

VXFK DV VWDUW DQG HQG WLPHV DQG LQMHFWHG FRQWDPLQDWLRQ FRQFHQWUDWLRQ� 7KH DOJRULWKP LV

EDVHG RQ SDUDOOHO H[HFXWLRQ RI 0RQWH &DUOR K\GUDXOLF VLPXODWLRQV LQ (3$1(7� RI WKH ZD�

WHU VXSSO\ QHWZRUN DQG FODVVLI\LQJ WKH PRVW SUREDEOH VRXUFH RI FRQWDPLQDWLRQ LQ D SDUDOOHO

��



WRXUQDPHQW VHOHFWLRQ ZLWK $UWLILFLDO 1HXUDO 1HWZRUNV �SRWHQWLDO VRXUFHV DUH GLVWULEXWHG WR

WRXUQDPHQWV RQ &38 FRUHV�� $IWHU WKH WRXUQDPHQW VHOHFWLRQ RI WKH PRVW SUREDEOH VRXUFHV�

WKH 5DQGRP )RUHVW DOJRULWKP LV XVHG WR SUHGLFW RWKHU UHOHYDQW YDULDEOHV� DQG DOO QRGHV

DUH UDQNHG DFFRUGLQJ WR WKH SUHGLFWLRQ HUURU EDVHG RQ WKH VHQVRU PHDVXUHPHQWV GDWD� 7KH

DOJRULWKP ZDV WHVWHG RQ D VPDOOHU QHWZRUN RI �� SRWHQWLDO VRXUFHV DQG RQ D PHGLXP�

VL]HG QHWZRUN ZLWK ��� SRWHQWLDO FRQWDPLQDWLRQ VRXUFHV� ,W ZDV VKRZQ WKDW WKH SURSRVHG

DOJRULWKP LV UREXVW DQG FRPSXWDWLRQDOO\ HIILFLHQW ZKHQ HPSOR\HG RQ KLJK SHUIRUPDQFH

V\VWHPV�

� )LQDOO\� D QRYHO PHWKRGRORJ\ LV H[SORUHG DQG SUHVHQWHG IRU VROYLQJ WKH SUREOHP RI D ZD�

WHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ HYHQW� ZKLFK LQFOXGHV GHWHUPLQLQJ WKH H[DFW VRXUFH RI

FRQWDPLQDWLRQ� WKH FRQWDPLQDWLRQ VWDUW DQG HQG WLPHV DQG WKH LQMHFWHG FRQWDPLQDQW FRQ�

FHQWUDWLRQ� 7ZR VOLJKWO\ GLIIHUHQW DOJRULWKPLF IUDPHZRUNV ZHUH FRQVWUXFWHG EDVHG RQ WKH

QRYHO PHWKRGRORJ\� %RWK DOJRULWKPLF IUDPHZRUNV XWLOL]H WKH 5DQGRP )RUHVW DOJRULWKP

IRU FODVVLILFDWLRQ RI WRS VRXUFH FRQWDPLQDWLRQ QRGH FDQGLGDWHV� ZLWK RQH RI WKH IUDPHZRUNV

GLUHFWO\ XVLQJ WKH VWRFKDVWLF ILUHZRUNV RSWLPL]DWLRQ DOJRULWKP WR GHWHUPLQH WKH FRQWDPL�

QDWLRQ VWDUW WLPH� HQG WLPH DQG LQMHFWHG FRQWDPLQDQW FRQFHQWUDWLRQ IRU HDFK SUHGLFWHG QRGH

VHSDUDWHO\� 7KH VHFRQG IUDPHZRUN XVHV WKH 5DQGRP )RUHVW DOJRULWKP IRU DQ DGGLWLRQDO UH�

JUHVVLRQ SUHGLFWLRQ RI HDFK WRS QRGH¶V VWDUW WLPH� HQG WLPH DQG FRQWDPLQDQW FRQFHQWUDWLRQ

DQG LV WKHQ FRXSOHG ZLWK WKH GHWHUPLQLVWLF JOREDO VHDUFK RSWLPL]DWLRQ DOJRULWKP 0$'6�

%RWK DOJRULWKPLF IUDPHZRUNV SHUIRUP ZHOO DQG VKRZ UREXVWQHVV IRU WKH WUXH VRXUFH QRGH

GHWHFWLRQ� VWDUW DQG HQG WLPHV DQG FRQWDPLQDQW FRQFHQWUDWLRQ� ZLWK WKH VHFRQG IUDPHZRUN

EHLQJ H[WUHPHO\ HIILFLHQW RQ WKH IX]]\ VHQVRU PHDVXUHPHQW EHQFKPDUN QHWZRUN�

��� )XWXUH :RUN

3RVVLEOH IXWXUH ZRUN DQG H[SDQVLRQV RI WKH UHVHDUFK SUHVHQWHG LQ WKLV GLVVHUWDWLRQ LQFOXGHV�

� 7KH WXUEXOHQW 6FKPLGW QXPEHU FDOLEUDWHG 5$16 DQG SDVVLYH VFDODU WUDQVSRUW PRGHO LV D

XVHIXO WRRO ZKLFK FDQ EH XVHG WR VLPXODWH RWKHU GRXEOH�7HH MXQFWLRQ GLVWDQFHV� FRQILJXUD�

WLRQV DQG LQIORZ YDOXHV� ,W FDQ XVHG WR JHQHUDWH PRUH LQFRPSOHWH PL[LQJ SDUDPHWHUV IRU

K\GUDXOLF DQG ZDWHU TXDOLW\ VRIWZDUH VXFK DV (3$1(7�%$0 ZLWKRXW WKH QHHG RI DGGL�

WLRQDO H[SHULPHQWDO DQDO\VLV LI WKH IORZ UHJLPH LV LQ WKH VDPH UDQJH� 6LPLODUO\� WKH /(6

:$/( SXUH DGYHFWLRQ PRGHO LQ FRQMXQFWLRQ ZLWK WKH QXPHULFDO PHVK VL]H HVWLPDWLRQ SUR�

FHGXUH� FRXOG EH XVHG IRU WKH VDPH SXUSRVH EXW ZLWK PRUH FHUWDLQW\ DV LW VKRZV WKDW LW

GRHVQ¶W UHTXLUH DQ\ WXUEXOHQW 6FKPLGW QXPEHU FDOLEUDWLRQ�

� 7KH GRXEOH�7HH MXQFWLRQ 0/ PRGHO FRXOG EH IXUWKHU WUDLQHG DQG LQYHVWLJDWHG ZLWK RWKHU

0/ DOJRULWKPV DQG DGGLWLRQDO GRXEOH�7HH MXQFWLRQ FRQILJXUDWLRQV� 7KH PL[LQJ VXUUR�

JDWH PRGHO FRXOG EH GLUHFWO\ LPSOHPHQWHG LQWR D ZDWHU VXSSO\ QHWZRUN PL[LQJ PRGHOLQJ

��



VRIWZDUH DV LW FRXOG SURYLGH DFFXUDWH PL[LQJ DVVHVVPHQW IRU D ZLGH DUUD\ RI GRXEOH�7HH

MXQFWLRQ PL[LQJ FRPELQDWLRQV GXH WR LWV HIILFLHQF\ DQG UREXVWQHVV�

� 7KH ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ DOJRULWKPLF IUDPHZRUNV FRXOG

EH IXUWKHU H[SORUHG ZLWK QRYHO DQG FXWWLQJ 0/ DOJRULWKPV� $GGLWLRQDOO\� WKH PHWKRGV

VKRXOG EH LQYHVWLJDWHG RQ UHDO ZDWHU VXSSO\ QHWZRUNV ZKLFK LQFOXGH K\GUDXOLF XQFHUWDLQ�

WLHV RI DOO SLSH QHWZRUN HOHPHQWV LQ RUGHU WR UHDOLVWLFDOO\ DVVHVV WKHLU HIILFLHQF\ DQG DFFX�

UDF\�

��



&KDSWHU �

6XPPDU\ RI 3DSHUV

$ ([SHULPHQWDO DQG 1XPHULFDO ,QYHVWLJDWLRQ RI 0L[LQJ 3KH�

QRPHQD ,Q 'RXEOH�7HH -XQFWLRQV

7KLV ZRUN LQYHVWLJDWHV PL[LQJ SKHQRPHQD LQ D SUHVVXUL]HG SLSH V\VWHP ZLWK WZR VHTXHQWLDO 7HH

MXQFWLRQV DQG H[SHULPHQWV DUH FRQGXFWHG IRU D UDQJH RI GLIIHUHQW LQOHW IORZ UDWLRV� YDU\LQJ GLV�

WDQFHV EHWZHHQ 7HH MXQFWLRQV DQG WZR SLSH EUDQFKLQJ FRQILJXUDWLRQV� $GGLWLRQDOO\� REWDLQHG

H[SHULPHQWDO UHVXOWV DUH FRPSDUHG ZLWK UHVXOWV IURP SUHYLRXV VWXGLHV E\ GLIIHUHQW DXWKRUV DQG

DUH XVHG WR YDOLGDWH WKH QXPHULFDO PRGHO XVLQJ WKH RSHQ VRXUFH FRPSXWDWLRQDO IOXLG G\QDPLFV

WRROER[ 2SHQ)2$0� 7ZR GLIIHUHQW QXPHULFDO DSSURDFKHV DUH XVHG²3DVVLYH VFDODU PRGHO DQG

0XOWLSKDVH PRGHO� ,W LV IRXQG WKDW ERWK QXPHULFDO PRGHOV SURGXFH VLPLODU UHVXOWV DQG WKDW WKH\

DUH ERWK JUHDWO\ GHSHQGHQW RQ WKH WXUEXOHQW 6FKPLGW QXPEHU� $IWHU WKH FDOLEUDWLRQ SURFHGXUH�

ERWKPRGHOV SURYLGHG JRRG UHVXOWV IRU DOO LQYHVWLJDWHG IORZ UDWLRV� GRXEOH�7HH MXQFWLRQ GLVWDQFHV�

DQG SLSH EUDQFKLQJ FRQILJXUDWLRQV� WKHUHIRUH ERWK QXPHULFDO PRGHOV FDQ EH DSSOLHG IRU D ZLGH

UDQJH RI SLSH QHWZRUNV FRQILJXUDWLRQV� EXW SDVVLYH VFDODU PRGHO LV WKH YLDEOH FKRLFH GXH WR LWV

PXFK KLJKHU FRPSXWDWLRQDO HIILFLHQF\� 2EWDLQHG UHVXOWV DOVR GHVFULEH WKH UHODWLRQVKLS EHWZHHQ

WKH GRXEOH�7HH GLVWDQFHV DQG FRPSOHWH PL[LQJ RFFXUUHQFH�

*UEþLü� /�� .UDQMþHYLü� /�� /XþLQ� ,� DQG ýDULMD� =�� ����� ([SHULPHQWDO DQG QXPHULFDO LQ�

YHVWLJDWLRQ RI PL[LQJ SKHQRPHQD LQ GRXEOH�7HH MXQFWLRQV� :DWHU� ������ S�������

KWWSV���GRL�RUJ���������Z��������

��



% (IILFLHQW 'RXEOH�7HH -XQFWLRQ 0L[LQJ $VVHVVPHQW E\ 0D�

FKLQH /HDUQLQJ

$ QHZ DSSURDFK LQ PRGHOLQJ RI PL[LQJ SKHQRPHQD LQ GRXEOH�7HH SLSH MXQFWLRQV EDVHG RQ PD�

FKLQH OHDUQLQJ LV SUHVHQWHG LQ WKLV SDSHU� 0DFKLQH OHDUQLQJ UHSUHVHQWV D SDUDGLJP VKLIW WKDW FDQ

EH HIILFLHQWO\ XVHG WR FDOFXODWH QHHGHG PL[LQJ SDUDPHWHUV� 8VXDOO\� WKHVH SDUDPHWHUV DUH RE�

WDLQHG HLWKHU E\ H[SHULPHQW RU E\ FRPSXWDWLRQDO IOXLG G\QDPLFV �&)'� QXPHULFDO PRGHOLQJ� $

PDFKLQH OHDUQLQJ DSSURDFK LV XVHG WRJHWKHU ZLWK D &)' PRGHO� 7KH &)' PRGHO ZDV FDOLEUDWHG

ZLWK H[SHULPHQWDO GDWD IURP D SUHYLRXV VWXG\ DQG LW VHUYHG DV D JHQHUDWRU RI LQSXW GDWD IRU WKH

PDFKLQH OHDUQLQJ PHWDPRGHOV²$UWLILFLDO 1HXUDO 1HWZRUN �$11� DQG 6XSSRUW 9HFWRU 5HJUHV�

VLRQ �695�� 0HWDPRGHO LQSXW YDULDEOHV DUH GHILQHG DV LQOHW SLSH IORZ UDWLR� RXWOHW SLSH IORZ

UDWLR� DQG WKH GLVWDQFH EHWZHHQ WKH SLSH MXQFWLRQV� ZLWK WKH RXWSXW SDUDPHWHU EHLQJ WKH EUDQFK

SLSH RXWOHW WR PDLQ LQOHW SLSH PL[LQJ UDWLR� $ FRPSDULVRQ RI $11 DQG 695 PRGHOV VKRZHG WKDW

$11 RXWSHUIRUPV 695 LQ DFFXUDF\ IRU D JLYHQ SUREOHP� &RQVHTXHQWO\� $11 SURYHG WR EH D

YLDEOH ZD\ WR PRGHO PL[LQJ SKHQRPHQD LQ GRXEOH�7HH MXQFWLRQV DOVR EHFDXVH LWV PL[LQJ SUH�

GLFWLRQ WLPH LV H[WUHPHO\ HIILFLHQW �FRPSDUHG WR &)' WLPH�� %HFDXVH RI LWV KLJK FRPSXWDWLRQDO

HIILFLHQF\� WKH PDFKLQH OHDUQLQJ PHWDPRGHO FDQ EH GLUHFWO\ LQFRUSRUDWHG LQWR SLSH QHWZRUN QX�

PHULFDO PRGHOV LQ IXWXUH VWXGLHV�

*UEþLü� /�� .UDQMþHYLü� /�� 'UXåHWD� 6� DQG /XþLQ� ,�� ����� (IILFLHQW GRXEOH�7HH MXQFWLRQ PL[LQJ

DVVHVVPHQW E\ PDFKLQH OHDUQLQJ� :DWHU� ������ S������ KWWSV���GRL�RUJ���������Z��������

��



& /DUJH(GG\ 6LPXODWLRQ RI 7XUEXOHQW )OXLG0L[LQJ LQ'RXEOH�

7HH -XQFWLRQV

'RXEOH�7HH MXQFWLRQV VHUYH DV EXLOGLQJ EORFNV RI SLSH QHWZRUN V\VWHPV DQG IOXLG PL[LQJ RFFXU�

ULQJ LQ WKHP LV FRPSOH[ GXH WR H[FHVVLYH HGG\LQJ RI IORZ� ,Q WKLV SDSHU D /(6 PRGHO ZLWK SXUH

DGYHFWLRQZDV XVHG RQ D GRXEOH�7HH MXQFWLRQ WXUEXOHQW PL[LQJ SKHQRPHQD SUREOHP� 7KLV NLQG RI

DSSURDFK GRHV QRW UHTXLUH WKH WXUEXOHQW 6FKPLGW QXPEHU ZKLFK LV SUREOHP VSHFLILF DQG QHHGV WR

EH FDOLEUDWHG ZLWK H[SHULPHQWDO GDWD� :KHQ DSSO\LQJ WKH /(6�:$/( WXUEXOHQFH PRGHO LQ FRQ�

MXQFWLRQ ZLWK WKH SXUH DGYHFWLRQ WUDQVSRUW RI D VFDODU TXDQWLW\ RQ WKH GRXEOH�7HH PL[LQJ SUREOHP

LW LV DFKLHYHG WKDW WKH UHVROYHG WXUEXOHQW IORZ ILHOG DFFXUDWHO\ WUDQVSRUWV WKH VFDODU ZKHQ FRP�

SDUHG WR H[SHULPHQWDO GDWD IURP OLWHUDWXUH� 7KLV DSSURDFK HQDEOHV DFFXUDWH PL[LQJ SUHGLFWLRQV LQ

GRXEOH�7HH MXQFWLRQV IRU WKH SXUSRVH RI FRUUHFWLQJ VLPSOHU �' QXPHULFDO PL[LQJ PRGHOV ZLWKRXW

WKH QHHG RI REWDLQLQJ QHZ H[SHULPHQWDO GDWD VLQFH QR WXUEXOHQW 6FKPLGW QXPEHU FDOLEUDWLRQ LV

QHHGHG� 7KH DSSURDFK FDQ EH DSSOLHG WR ELRORJLFDO RU FKHPLFDO DJHQW WUDQVSRUW LQ D IOXLG DQG

WKH PRGHO ZDV WHVWHG DQG VKRZQ WR EH YDOLG IRU D 5H\QROGV QXPEHU UDQJH RI ������±������� RQ

WKUHH GLIIHUHQW W\SHV RI GRXEOH�7HH MXQFWLRQ FRQILJXUDWLRQV DQG ILYH GRXEOH�7HH GLVWDQFHV ZLWK

D FRQVWDQW LQOHW DQG RXWOHW SLSH GLDPHWHU�

*UEþLü� /�� .UDQMþHYLü� /�� /XþLQ� ,� DQG 6LNLULFD� $�� ����� /DUJH (GG\ 6LPXODWLRQ RI WXUEX�

OHQW IOXLG PL[LQJ LQ GRXEOH�WHH MXQFWLRQV� $LQ 6KDPV (QJLQHHULQJ -RXUQDO� ������ SS����������

KWWSV���GRL�RUJ���������M�DVHM������������

��



' :DWHU 6XSSO\ 1HWZRUN 3ROOXWLRQ 6RXUFH ,GHQWLILFDWLRQ E\

5DQGRP )RUHVW $OJRULWKP

$ QRYHO DSSURDFK IRU LGHQWLI\LQJ WKH VRXUFH RI FRQWDPLQDWLRQ LQ D ZDWHU VXSSO\ QHWZRUN EDVHG

RQ WKH UDQGRP IRUHVW FODVVLI\LQJ DOJRULWKP LV SUHVHQWHG LQ WKLV SDSHU� 7KH SURSRVHG PHWKRG LV

WHVWHG RQ WZR GLIIHUHQW ZDWHU GLVWULEXWLRQ EHQFKPDUN QHWZRUNV ZLWK GLIIHUHQW VHQVRU SODFHPHQWV�

)RU HDFK FRQVLGHUHG QHWZRUN� D FRQVLGHUDEOH DPRXQW RI FRQWDPLQDWLRQ VFHQDULRV ZLWK UDQGRPO\

VHOHFWHG FRQWDPLQDWLRQ SDUDPHWHUV ZHUH VLPXODWHG DQG ZDWHU TXDOLW\ WLPH VHULHV RI QHWZRUN VHQ�

VRUV ZHUH REWDLQHG� 3ROOXWLRQ VFHQDULRV ZHUH GHILQHG E\ UDQGRPO\ JHQHUDWHG SROOXWLRQ VRXUFH

ORFDWLRQ� SROOXWLRQ VWDUWLQJ WLPH� GXUDWLRQ RI LQMHFWLRQ DQG WKH FKHPLFDO LQWHQVLW\ RI WKH SROOX�

WDQW� 6HQVRU OD\RXW¶V LQIOXHQFH� GHPDQG XQFHUWDLQW\ DQG LPSHUIHFW VHQVRU PHDVXUHPHQWV ZHUH

DOVR LQYHVWLJDWHG WR YHULI\ WKH UREXVWQHVV RI WKH PHWKRG� 7KH SURSRVHG DSSURDFK VKRZV KLJK

DFFXUDF\ LQ ORFDOL]LQJ WKH SRWHQWLDO VRXUFHV RI SROOXWLRQ� WKXV JUHDWO\ UHGXFLQJ WKH FRPSOH[LW\

RI WKH ZDWHU VXSSO\ QHWZRUN FRQWDPLQDWLRQ GHWHFWLRQ SUREOHP�

*UEþLü� /�� /XþLQ� ,�� .UDQMþHYLü� /� DQG 'UXåHWD� 6�� ����� :DWHU VXSSO\ QHWZRUN SROOXWLRQ

VRXUFH LGHQWLILFDWLRQ E\ UDQGRP IRUHVW DOJRULWKP� -RXUQDO RI +\GURLQIRUPDWLFV� ������ SS������

������ KWWSV���GRL�RUJ���������K\GUR���������

��



( $0DFKLQH /HDUQLQJ�EDVHG $OJRULWKP IRU :DWHU 1HWZRUN

&RQWDPLQDWLRQ 6RXUFH /RFDOL]DWLRQ

,Q WKLV SDSHU� D QRYHO PDFKLQH OHDUQLQJ EDVHG DOJRULWKP IRU ZDWHU VXSSO\ SROOXWLRQ VRXUFH LGHQ�

WLILFDWLRQ LV SUHVHQWHG EXLOW VSHFLILFDOO\ IRU KLJK SHUIRUPDQFH SDUDOOHO V\VWHPV� 7KH DOJRULWKP

XWLOL]HV WKH FRPELQDWLRQ RI $UWLILFLDO 1HXUDO 1HWZRUNV IRU FODVVLILFDWLRQ RI WKH SROOXWLRQ VRXUFH

ZLWK 5DQGRP )RUHVWV IRU UHJUHVVLRQ DQDO\VLV WR GHWHUPLQH VLJQLILFDQW YDULDEOHV RI D FRQWDPLQD�

WLRQ HYHQW VXFK DV VWDUW WLPH� HQG WLPH DQG FRQWDPLQDQW FKHPLFDO FRQFHQWUDWLRQ� 7KH DOJRULWKP LV

EDVHG RQ SHUIRUPLQJ 0RQWH &DUOR ZDWHU TXDOLW\ DQG K\GUDXOLF VLPXODWLRQV LQ SDUDOOHO� UHFRUGLQJ

GDWD ZLWK VHQVRUV SODFHG ZLWKLQ D ZDWHU VXSSO\ QHWZRUN DQG VHOHFWLQJ D PRVW SUREDEOH SROOXWLRQ

VRXUFH EDVHG RQ D WRXUQDPHQW VW\OH VHOHFWLRQ EHWZHHQ VXVSHFW QRGHV LQ D QHWZRUN ZLWK PHQ�

WLRQHG PDFKLQH OHDUQLQJ PHWKRGV� 7KH QRYHO DOJRULWKPLF IUDPHZRUN LV WHVWHG RQ D VPDOO ���

QRGHV� DQG PHGLXP VL]HG ���� QRGHV� ZDWHU VXSSO\ VHQVRU QHWZRUN EHQFKPDUNV ZLWK D VHW FRQ�

WDPLQDWLRQ HYHQW VWDUW WLPH� HQG WLPH DQG FKHPLFDO FRQFHQWUDWLRQ� 2XW RI WKH �� UXQV� WKH WUXH

VRXUFH QRGH ZDV WKH ILQDOLVW RI WKH DOJRULWKP¶V WRXUQDPHQW VW\OH VHOHFWLRQ IRU ����� UXQV IRU WKH

VPDOO QHWZRUN� DQG ����� UXQV IRU WKH PHGLXP VL]HG QHWZRUN� )RU DOO WKH �� UXQV RQ WKH VPDOO

VHQVRU QHWZRUN� WKH WUXH FRQWDPLQDWLRQ HYHQW VFHQDULR VWDUW WLPH� HQG WLPH DQG FKHPLFDO FRQ�

FHQWUDWLRQ ZDV VHW DV ������ ����� DQG ����� PJ�/� UHVSHFWLYHO\� 7KH URRW PHDQ VTXDUH HUURUV

IRU DOO �� DOJRULWKP UXQV IRU WKH WKUHH YDULDEOHV ZHUH �� PLQ� ���� PLQ DQG ����� PJ�/� )RU WKH

�� VXFFHVVIXO PHGLXP VL]HG QHWZRUN UXQV WKH VWDUW WLPH ZDV ������ HQG WLPH ����� DQG FKHP�

LFDO FRQFHQWUDWLRQ RI ��� PJ�/ DQG WKH URRW PHDQ VTXDUH HUURUV ZHUH ���� PLQ� ����� PLQ DQG

������ PJ�/� 7KH DOJRULWKPLF IUDPHZRUN VXFFHVVIXOO\ QDUURZV GRZQ WKH SRWHQWLDO VRXUFHV RI

FRQWDPLQDWLRQ OHDGLQJ WR D SROOXWLRQ VRXUFH LGHQWLILFDWLRQ� VWDUW DQG HQGLQJ WLPH RI WKH HYHQW DQG

WKH FRQWDPLQDQW FKHPLFDO FRQFHQWUDWLRQ�

*UEþLü� /�� /XþLQ� ,�� .UDQMþHYLü� /� DQG 'UXåHWD� 6�� ����� $ PDFKLQH OHDUQLQJ�EDVHG DOJR�

ULWKP IRU ZDWHU QHWZRUN FRQWDPLQDWLRQ VRXUFH ORFDOL]DWLRQ� 6HQVRUV� ������ S�������

KWWSV���GRL�RUJ���������V��������

��



) 0DFKLQH /HDUQLQJ DQG 6LPXODWLRQ�2SWLPL]DWLRQ &RXSOLQJ

IRU:DWHU'LVWULEXWLRQ1HWZRUN&RQWDPLQDWLRQ 6RXUFH'H�

WHFWLRQ

7KLV SDSHU SUHVHQWV DQG H[SORUHV D QRYHO PHWKRGRORJ\ IRU VROYLQJ WKH SUREOHP RI D ZDWHU GLV�

WULEXWLRQ QHWZRUN FRQWDPLQDWLRQ HYHQW� ZKLFK LQFOXGHV GHWHUPLQLQJ WKH H[DFW VRXUFH RI FRQ�

WDPLQDWLRQ� WKH FRQWDPLQDWLRQ VWDUW DQG HQG WLPHV DQG WKH LQMHFWHG FRQWDPLQDQW FRQFHQWUDWLRQ�

7KH PHWKRGRORJ\ LV EDVHG RQ FRXSOLQJ D PDFKLQH OHDUQLQJ DOJRULWKP IRU SUHGLFWLQJ WKH PRVW

SUREDEOH FRQWDPLQDWLRQ VRXUFHV LQ D ZDWHU GLVWULEXWLRQ QHWZRUN ZLWK DQ RSWLPL]DWLRQ DOJRULWKP

IRU GHWHUPLQLQJ WKH YDOXHV RI FRQWDPLQDWLRQ VWDUW WLPH� HQG WLPH DQG LQMHFWHG FRQWDPLQDQW FRQ�

FHQWUDWLRQ IRU HDFK SUHGLFWHG QRGH VHSDUDWHO\� 7ZR VOLJKWO\ GLIIHUHQW DOJRULWKPLF IUDPHZRUNV

ZHUH FRQVWUXFWHG ZKLFK DUH EDVHG RQ WKH PHQWLRQHG PHWKRGRORJ\� %RWK DOJRULWKPLF IUDPH�

ZRUNV XWLOL]H WKH 5DQGRP )RUHVW DOJRULWKP IRU FODVVLILFDWLRQ RI WRS VRXUFH FRQWDPLQDWLRQ QRGH

FDQGLGDWHV� ZLWK RQH RI WKH IUDPHZRUNV GLUHFWO\ XVLQJ WKH VWRFKDVWLF ILUHZRUNV RSWLPL]DWLRQ

DOJRULWKP WR GHWHUPLQH WKH FRQWDPLQDWLRQ VWDUW WLPH� HQG WLPH DQG LQMHFWHG FRQWDPLQDQW FRQ�

FHQWUDWLRQ IRU HDFK SUHGLFWHG QRGH VHSDUDWHO\� 7KH VHFRQG IUDPHZRUN XVHV WKH 5DQGRP )RUHVW

DOJRULWKP IRU DQ DGGLWLRQDO UHJUHVVLRQ SUHGLFWLRQ RI HDFK WRS QRGH¶V VWDUW WLPH� HQG WLPH DQG

FRQWDPLQDQW FRQFHQWUDWLRQ DQG LV WKHQ FRXSOHG ZLWK WKH GHWHUPLQLVWLF JOREDO VHDUFK RSWLPL]D�

WLRQ DOJRULWKP 0$'6� %RWK D VPDOO VL]HG ��� SRWHQWLDO VRXUFHV� QHWZRUN ZLWK SHUIHFW VHQVRU

PHDVXUHPHQWV DQG D PHGLXP VL]HG ���� SRWHQWLDO VRXUFHV� EHQFKPDUN QHWZRUN ZLWK IX]]\ VHQ�

VRU PHDVXUHPHQWV ZHUH XVHG WR H[SORUH WKH SURSRVHG IUDPHZRUNV� %RWK DOJRULWKPLF IUDPHZRUNV

SHUIRUP ZHOO DQG VKRZ UREXVWQHVV LQ GHWHUPLQLQJ WKH WUXH VRXUFH QRGH� VWDUW DQG HQG WLPHV DQG

FRQWDPLQDQW FRQFHQWUDWLRQ� ZLWK WKH VHFRQG IUDPHZRUN EHLQJ H[WUHPHO\ HIILFLHQW RQ WKH IX]]\

VHQVRU PHDVXUHPHQW EHQFKPDUN QHWZRUN�

*UEþLü� /�� .UDQMþHYLü� /� DQG 'UXåHWD� 6�� ����� 0DFKLQH OHDUQLQJ DQG VLPXODWLRQ�RSWLPL]DWLRQ

FRXSOLQJ IRU ZDWHU GLVWULEXWLRQ QHWZRUN FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ� 6HQVRUV� ������ S�������

KWWSV���GRL�RUJ���������V��������

��



%LEOLRJUDSK\

>�@ $GGDG� <�� *DLWRQGH� 8�� /DXUHQFH� '�� DQG 5ROIR� 6� 2SWLPDO XQVWUXFWXUHG PHVKLQJ IRU

ODUJH HGG\ VLPXODWLRQV� ,Q4XDOLW\ DQG UHOLDELOLW\ RI ODUJH�HGG\ VLPXODWLRQV� 6SULQJHU� �����

SS� ��±����

>�@ $GHGRMD� 2�� +DPDP� <�� .KDODI� %�� DQG 6DGLNX� 5� 7RZDUGV GHYHORSPHQW RI DQ RSWL�

PL]DWLRQ PRGHO WR LGHQWLI\ FRQWDPLQDWLRQ VRXUFH LQ D ZDWHU GLVWULEXWLRQ QHWZRUN� :DWHU

��� � ������� ����

>�@ $XGHW� &�� /H 'LJDEHO� 6�� DQG 7ULEHV� &� 120$' XVHU JXLGH� 7HFK� 5HS� *��������� /HV

FDKLHUV GX *(5$'� �����

>�@ $XVWLQ� 5�� :DDQGHUV� %� Y� %�� 0F.HQQD� 6�� DQG &KRL� &� 0L[LQJ DW FURVV MXQFWLRQV LQ

ZDWHU GLVWULEXWLRQ V\VWHPV� LL� ([SHULPHQWDO VWXG\� -RXUQDO RI :DWHU 5HVRXUFHV 3ODQQLQJ

DQG 0DQDJHPHQW ���� � ������� ���±����

>�@ $\KDQ� +�� DQG 6|NPHQ� &� 1� &IG PRGHOLQJ RI WKHUPDO PL[LQJ LQ D W�MXQFWLRQ JHRPHWU\

XVLQJ OHV PRGHO� 1XFOHDU (QJLQHHULQJ DQG 'HVLJQ ��� ������� ���±����

>�@ %DVKL�$]JKDGL� 6� 1�� .HUDFKLDQ� 5�� %D]DUJDQ�/DUL� 0� 5�� DQG 6RORXNL� .� &KDUDFWHUL]�

LQJ DQ XQNQRZQ SROOXWLRQ VRXUFH LQ JURXQGZDWHU UHVRXUFHV V\VWHPV XVLQJ SVYP DQG SQQ�

([SHUW 6\VWHPV ZLWK $SSOLFDWLRQV ��� �� ������� ����±�����

>�@ %HOOR� 2�� $EX�0DKIRX]� $� 0�� +DPDP� <�� 3DJH� 3� 5�� $GHGHML� .� %�� DQG 3LOOHU� 2�

6ROYLQJ PDQDJHPHQW SUREOHPV LQ ZDWHU GLVWULEXWLRQ QHWZRUNV� $ VXUYH\ RI DSSURDFKHV

DQG PDWKHPDWLFDO PRGHOV� :DWHU ��� � ������� ����

>�@ %HUU\� -�� +DUW� :� (�� 3KLOOLSV� &� $�� 8EHU� -� *�� DQG :DWVRQ� -��3� 6HQVRU SODFHPHQW LQ

PXQLFLSDO ZDWHU QHWZRUNV ZLWK WHPSRUDO LQWHJHU SURJUDPPLQJ PRGHOV� -RXUQDO RI ZDWHU

UHVRXUFHV SODQQLQJ DQG PDQDJHPHQW ���� � ������� ���±����

>�@ %HVQHU� 0��&�� 3UpYRVW� 0�� DQG 5HJOL� 6� $VVHVVLQJ WKH SXEOLF KHDOWK ULVN RI PLFURELDO

LQWUXVLRQ HYHQWV LQ GLVWULEXWLRQ V\VWHPV� FRQFHSWXDO PRGHO� DYDLODEOH GDWD� DQG FKDOOHQJHV�

:DWHU UHVHDUFK ��� � ������� ���±����

>��@ %ODQN� -�� DQG 'HE� .� S\PRR� 0XOWL�REMHFWLYH RSWLPL]DWLRQ LQ S\WKRQ� ,((( $FFHVV �

������� �����±������

��



>��@ %UDXQ� 0�� %HUQDUG� 7�� 8QJ� +�� 3LOOHU� 2�� DQG *LOEHUW� '� &RPSXWDWLRQDO IOXLG G\QDPLFV

PRGHOLQJ RI FRQWDPLQDQW PL[LQJ DW MXQFWLRQV IRU DQ RQOLQH VHFXULW\ PDQDJHPHQW WRRONLW LQ

ZDWHU GLVWULEXWLRQ QHWZRUNV� -RXUQDO RI :DWHU 6XSSO\� 5HVHDUFK DQG 7HFKQRORJ\�$TXD ���

� ������� ���±����

>��@ &KR� -�� .LP� +�� *HEUHVHODVVLH� $� /�� DQG 6KLQ� '� 'HHS QHXUDO QHWZRUN DQG UDQGRP

IRUHVW FODVVLILHU IRU VRXUFH WUDFNLQJ RI FKHPLFDO OHDNV XVLQJ IHQFH PRQLWRULQJ GDWD� -RXUQDO

RI /RVV 3UHYHQWLRQ LQ WKH 3URFHVV ,QGXVWULHV �� ������� ���±����

>��@ &LDSRQL� &�� &UHDFR� (�� 'L 1DUGR� $�� 'L 1DWDOH� 0�� *LXGLFLDQQL� &�� 0XVPDUUD� '�� DQG

6DQWRQDVWDVR� *� )� 5HGXFLQJ LPSDFWV RI FRQWDPLQDWLRQ LQ ZDWHU GLVWULEXWLRQ QHWZRUNV� $

FRPELQHG VWUDWHJ\ EDVHG RQ QHWZRUN SDUWLWLRQLQJ DQG LQVWDOODWLRQ RI ZDWHU TXDOLW\ VHQVRUV�

:DWHU ��� � ������� �����

>��@ 'L 1DUGR� $�� 'L 1DWDOH� 0�� *XLGD� 0�� DQG 0XVPDUUD� '� :DWHU QHWZRUN SURWHFWLRQ IURP

LQWHQWLRQDO FRQWDPLQDWLRQ E\ VHFWRUL]DWLRQ� :DWHU 5HVRXUFHV 0DQDJHPHQW ��� � �������

����±�����

>��@ 'UXåHWD� 6�� DQG ,YLü� 6� ,QGDJR � S\WKRQ PRGXOH IRU QXPHULFDO RSWLPL]DWLRQ� ?iiTb,

ffTvTBXQ`;fT`QD2+ifAM/�;Qf� ����� $FFHVVHG� 6HSWHPEHU ��� �����

>��@ (OLDGHV� '�� /DPEURX� 7�� 3DQD\LRWRX� &� *�� DQG 3RO\FDUSRX� 0� 0� &RQWDPLQDWLRQ HYHQW

GHWHFWLRQ LQ ZDWHU GLVWULEXWLRQ V\VWHPV XVLQJ D PRGHO�EDVHG DSSURDFK� 3URFHGLD (QJLQHHU�

LQJ �� ������� ����±�����

>��@ (OLDGHV� '� *�� DQG 3RO\FDUSRX� 0� 0� :DWHU FRQWDPLQDWLRQ LPSDFW HYDOXDWLRQ DQG VRXUFH�

DUHD LVRODWLRQ XVLQJ GHFLVLRQ WUHHV� -RXUQDO RI :DWHU 5HVRXUFHV 3ODQQLQJ DQG 0DQDJHPHQW

���� � ������� ���±����

>��@ )OHPPLQJ� +��&�� 3HUFLYDO� 6�� DQG:DONHU� -� &RQWDPLQDWLRQ SRWHQWLDO RI ELRILOPV LQ ZDWHU

GLVWULEXWLRQ V\VWHPV� :DWHU VFLHQFH DQG WHFKQRORJ\� ZDWHU VXSSO\ �� � ������� ���±����

>��@ *HGLN� 1� /HDVW VTXDUHV VXSSRUW YHFWRU PHFKDQLFV WR SUHGLFW WKH VWDELOLW\ QXPEHU RI UXEEOH�

PRXQG EUHDNZDWHUV� :DWHU ��� �� ������� �����

>��@ *LOEHUW� '�� 0RUWD]DYL� ,�� 3LOOHU� 2�� DQG 8QJ� +� /RZ GLPHQVLRQDO PRGHOLQJ RI GRXEOH

W�MXQFWLRQV LQ ZDWHU GLVWULEXWLRQ QHWZRUNV XVLQJ NULJLQJ LQWHUSRODWLRQ DQG GHODXQD\ WULDQ�

JXODWLRQ� 3DFLILF -RXUQDO RI 0DWKHPDWLFV IRU ,QGXVWU\ �� � ������� ��

>��@ *OHLFN� 3� +� :DWHU DQG WHUURULVP� :DWHU SROLF\ �� � ������� ���±����

>��@ *UDQDWD� )�� DQG GH0DULQLV� *� 0DFKLQH OHDUQLQJPHWKRGV IRU ZDVWHZDWHU K\GUDXOLFV� )ORZ

0HDVXUHPHQW DQG ,QVWUXPHQWDWLRQ �� ������� �±��

��



>��@ *UD\PDQ� :� 0�� 0XUUD\� 5�� DQG 6DYLF� '� $� (IIHFWV RI UHGHVLJQ RI ZDWHU V\VWHPV IRU

VHFXULW\ DQG ZDWHU TXDOLW\ IDFWRUV� ,Q:RUOG (QYLURQPHQWDO DQG :DWHU 5HVRXUFHV &RQJUHVV

����� *UHDW 5LYHUV ������� SS� �±���

>��@ *UEþLü� /�� .UDQMþHYLü� /�� DQG 'UXåHWD� 6� 0DFKLQH OHDUQLQJ DQG VLPXODWLRQ�RSWLPL]DWLRQ

FRXSOLQJ IRU ZDWHU GLVWULEXWLRQ QHWZRUN FRQWDPLQDWLRQ VRXUFH GHWHFWLRQ� 6HQVRUV ��� �

������� �����

>��@ *UEþLü� /�� .UDQMþHYLü� /�� /XþLQ� ,�� DQG ýDULMD� =� ([SHULPHQWDO DQG QXPHULFDO LQYHVWL�

JDWLRQ RI PL[LQJ SKHQRPHQD LQ GRXEOH�WHH MXQFWLRQV� :DWHU ��� � ������� �����

>��@ *XDOWLHUL� &�� $QJHORXGLV� $�� %RPEDUGHOOL� )�� -KD� 6�� DQG 6WRHVVHU� 7� 2Q WKH YDOXHV IRU

WKH WXUEXOHQW VFKPLGW QXPEHU LQ HQYLURQPHQWDO IORZV� )OXLGV �� � ������� ���

>��@ +DUW� :� (�� DQG 0XUUD\� 5� 5HYLHZ RI VHQVRU SODFHPHQW VWUDWHJLHV IRU FRQWDPLQDWLRQ

ZDUQLQJ V\VWHPV LQ GULQNLQJ ZDWHU GLVWULEXWLRQ V\VWHPV� -RXUQDO RI :DWHU 5HVRXUFHV 3ODQ�

QLQJ DQG 0DQDJHPHQW ���� � ������� ���±����

>��@ +R� &� .� 6ROXWH PL[LQJPRGHOV IRU ZDWHU�GLVWULEXWLRQ SLSH QHWZRUNV� -RXUQDO RI +\GUDXOLF

(QJLQHHULQJ ���� � ������� ����±�����

>��@ +R� &� .�� 2UHDU� -U� /�� :ULJKW� -� /�� DQG 0F.HQQD� 6� $� &RQWDPLQDQW PL[LQJ DW SLSH

MRLQWV� &RPSDULVRQ EHWZHHQ ODERUDWRU\ IORZ H[SHULPHQWV DQG FRPSXWDWLRQDO IOXLG G\QDP�

LFV PRGHOV� ,Q:DWHU 'LVWULEXWLRQ 6\VWHPV $QDO\VLV 6\PSRVLXP ���� ������� SS� �±���

>��@ +R� &� .�� DQG 2¶5HDU -U� /� (YDOXDWLRQ RI VROXWH PL[LQJ LQ ZDWHU GLVWULEXWLRQ SLSH MXQF�

WLRQV� -RXUQDO�$PHULFDQ :DWHU :RUNV $VVRFLDWLRQ ���� � ������� ���±����

>��@ +R� &� .�� :ULJKW� -� /�� 0F.HQQD� 6� $�� DQG 2UHDU -U� /� &RQWDPLQDQW PL[LQJ DW SLSH

MRLQWV� &RPSDULVRQ EHWZHHQ ODERUDWRU\ IORZ H[SHULPHQWV DQG FRPSXWDWLRQDO IOXLG G\�

QDPLFV PRGHOV� 7HFK� UHS�� 6DQGLD 1DWLRQDO /DE��61/�10�� $OEXTXHUTXH� 10 �8QLWHG

6WDWHV�� �����

>��@ +RRVKPDQG� )�� $PHUHKL� )�� DQG 0LU+DVVDQL� 6� 5LVN�EDVHG PRGHOV IRU RSWLPDO VHQVRU

ORFDWLRQ SUREOHPV LQ ZDWHU QHWZRUNV� -RXUQDO RI :DWHU 5HVRXUFHV 3ODQQLQJ DQG 0DQDJH�

PHQW ���� �� ������� ���������

>��@ +X� &�� &DL� -�� =HQJ� '�� <DQ� ;�� *RQJ� :�� DQG :DQJ� /� 'HHS UHLQIRUFHPHQW OHDUQLQJ

EDVHG YDOYH VFKHGXOLQJ IRU SROOXWLRQ LVRODWLRQ LQ ZDWHU GLVWULEXWLRQ QHWZRUN� 0DWKHPDWLFDO

%LRVFLHQFHV DQG (QJLQHHULQJ ��� � ������� ����

>��@ +X� &�� =KDR� -�� <DQ� ;�� =HQJ� '�� DQG *XR� 6� $ PDSUHGXFH EDVHG SDUDOOHO QLFKH JHQHWLF

DOJRULWKP IRU FRQWDPLQDQW VRXUFH LGHQWLILFDWLRQ LQ ZDWHU GLVWULEXWLRQ QHWZRUN� $G +RF

1HWZRUNV �� ������� ���±����

��



>��@ +XDQJ� -� -�� DQG 0F%HDQ� (� $� 'DWD PLQLQJ WR LGHQWLI\ FRQWDPLQDQW HYHQW ORFDWLRQV LQ

ZDWHU GLVWULEXWLRQ V\VWHPV� -RXUQDO RI :DWHU 5HVRXUFHV 3ODQQLQJ DQG 0DQDJHPHQW ����

� ������� ���±����

>��@ ,QNLQHQ� -�� .DXQLVWR� 7�� 3XUVLDLQHQ� $�� 0LHWWLQHQ� ,� 7�� .XVQHWVRY� -�� 5LLKLQHQ� .�� DQG

.HLQlQHQ�7RLYROD� 0� 0� 'ULQNLQJ ZDWHU TXDOLW\ DQG IRUPDWLRQ RI ELRILOPV LQ DQ RIILFH

EXLOGLQJ GXULQJ LWV ILUVW \HDU RI RSHUDWLRQ� D IXOO VFDOH VWXG\� :DWHU UHVHDUFK �� �������

��±���

>��@ -DVDN� +�� -HPFRY� $�� 7XNRYLF� =�� HW DO� 2SHQIRDP� $ F�� OLEUDU\ IRU FRPSOH[ SK\VLFV

VLPXODWLRQV� ,Q ,QWHUQDWLRQDO ZRUNVKRS RQ FRXSOHG PHWKRGV LQ QXPHULFDO G\QDPLFV �������

YRO� ����� ,8& 'XEURYQLN &URDWLD� SS� �±���

>��@ .DQLQ� (�� 9DLQVKWHLQ� $�� 2VLSWVRY� $�� DQG %XUQDHY� (� 7KH PHWKRG RI FDOFXODWLRQ WKH

SUHVVXUH JUDGLHQW LQ PXOWLSKDVH IORZ LQ WKH SLSH VHJPHQW EDVHG RQ WKH PDFKLQH OHDUQLQJ

DOJRULWKPV� ,Q ,23 &RQIHUHQFH 6HULHV� (DUWK DQG (QYLURQPHQWDO 6FLHQFH ������� YRO� ����

,23 3XEOLVKLQJ� S� �������

>��@ .HVVOHU� $�� 2VWIHOG� $�� DQG 6LQDL� *� 'HWHFWLQJ DFFLGHQWDO FRQWDPLQDWLRQV LQ PXQLFLSDO

ZDWHU QHWZRUNV� -RXUQDO RI :DWHU 5HVRXUFHV 3ODQQLQJ DQG 0DQDJHPHQW ���� � �������

���±����

>��@ .LP� (� -�� DQG +HUUHUD� -� (� &KDUDFWHULVWLFV RI OHDG FRUURVLRQ VFDOHV IRUPHG GXULQJ GULQN�

LQJ ZDWHU GLVWULEXWLRQ DQG WKHLU SRWHQWLDO LQIOXHQFH RQ WKH UHOHDVH RI OHDG DQG RWKHU FRQ�

WDPLQDQWV� (QYLURQPHQWDO VFLHQFH 	 WHFKQRORJ\ ��� �� ������� ����±�����

>��@ .LP� 0�� &KRL� &� <�� DQG *HUED� &� 3� 6RXUFH WUDFNLQJ RI PLFURELDO LQWUXVLRQ LQ ZDWHU

V\VWHPV XVLQJ DUWLILFLDO QHXUDO QHWZRUNV� :DWHU UHVHDUFK ��� ��� ������� ����±�����

>��@ .UDQMþHYLü� /�� ýDYUDN� 0�� DQG âHVWDQ� 0� &RQWDPLQDWLRQ VRXUFH GHWHFWLRQ LQ ZDWHU GLV�

WULEXWLRQ QHWZRUNV� (QJLQHHULQJ 5HYLHZ ��� � ������� ��±���

>��@ .UDXVH� $�� /HVNRYHF� -�� *XHVWULQ� &�� 9DQ%ULHVHQ� -�� DQG )DORXWVRV� &� (IILFLHQW VHQVRU

SODFHPHQW RSWLPL]DWLRQ IRU VHFXULQJ ODUJH ZDWHU GLVWULEXWLRQ QHWZRUNV� -RXUQDO RI :DWHU

5HVRXUFHV 3ODQQLQJ DQG 0DQDJHPHQW ���� � ������� ���±����

>��@ .XF]DM� $�� .RPHQ� (�� DQG /RJLQRY� 0� /DUJH�HGG\ VLPXODWLRQ VWXG\ RI WXUEXOHQW PL[LQJ

LQ D W�MXQFWLRQ� 1XFOHDU (QJLQHHULQJ DQG 'HVLJQ ���� � ������� ����±�����

>��@ /DXQGHU� %� (�� DQG 6SDOGLQJ� '� %� 7KH QXPHULFDO FRPSXWDWLRQ RI WXUEXOHQW IORZV� ,Q

1XPHULFDO SUHGLFWLRQ RI IORZ� KHDW WUDQVIHU� WXUEXOHQFH DQG FRPEXVWLRQ� (OVHYLHU� �����

SS� ��±����

>��@ /H� ;��+�� +R� +� 9�� /HH� *�� DQG -XQJ� 6� $SSOLFDWLRQ RI ORQJ VKRUW�WHUP PHPRU\ �OVWP�

QHXUDO QHWZRUN IRU IORRG IRUHFDVWLQJ� :DWHU ��� � ������� �����

��



>��@ /HH� <� -�� 3DUN� &�� DQG /HH� 0� /� ,GHQWLILFDWLRQ RI D FRQWDPLQDQW VRXUFH ORFDWLRQ LQ D

ULYHU V\VWHP XVLQJ UDQGRP IRUHVW PRGHOV� :DWHU ��� � ������� ����

>��@ /LX� /�� =HFKPDQ� (� 0�� 0DKLQWKDNXPDU� *�� DQG 5DQMLWKDQ� 6� 5� &RXSOLQJ RI ORJLVWLF

UHJUHVVLRQ DQDO\VLV DQG ORFDO VHDUFK PHWKRGV IRU FKDUDFWHUL]DWLRQ RI ZDWHU GLVWULEXWLRQ V\V�

WHP FRQWDPLQDQW VRXUFH� (QJLQHHULQJ $SSOLFDWLRQV RI $UWLILFLDO ,QWHOOLJHQFH ��� � �������

���±����

>��@ /XþLQ� ,�� *UEþLü� /�� ýDULMD� =�� DQG .UDQMþHYLü� /� 0DFKLQH�OHDUQLQJ FODVVLILFDWLRQ RI D

QXPEHU RI FRQWDPLQDQW VRXUFHV LQ DQ XUEDQ ZDWHU QHWZRUN� 6HQVRUV ��� � ������� ����

>��@ /XþLQ� ,�� *UEþLü� /�� 'UXåHWD� 6�� DQG ýDULMD� =� 6RXUFH FRQWDPLQDWLRQ GHWHFWLRQ XVLQJ

QRYHO VHDUFK VSDFH UHGXFWLRQ FRXSOHG ZLWK RSWLPL]DWLRQ WHFKQLTXH� -RXUQDO RI :DWHU 5H�

VRXUFHV 3ODQQLQJ DQG 0DQDJHPHQW ���� � ������� ���������

>��@ 0F.HQQD� 6� $�� 2UHDU� /�� DQG :ULJKW� -� ([SHULPHQWDO GHWHUPLQDWLRQ RI VROXWH PL[LQJ LQ

SLSH MRLQWV� ,Q:RUOG (QYLURQPHQWDO DQG :DWHU 5HVRXUFHV &RQJUHVV ����� 5HVWRULQJ 2XU

1DWXUDO +DELWDW ������� SS� �±���

>��@ 1J� '��4�� &KHQ� &��<�� DQG /LQ� <��3� $ QHZ VFHQDULR RI OHDG FRQWDPLQDWLRQ LQ SRWDEOH

ZDWHU GLVWULEXWLRQ V\VWHPV� JDOYDQLF FRUURVLRQ EHWZHHQ OHDG DQG VWDLQOHVV VWHHO� 6FLHQFH RI

WKH 7RWDO (QYLURQPHQW ��� ������� ����±�����

>��@ 1LFRXG� )�� DQG 'XFURV� )� 6XEJULG�VFDOH VWUHVV PRGHOOLQJ EDVHG RQ WKH VTXDUH RI WKH

YHORFLW\ JUDGLHQW WHQVRU� )ORZ� WXUEXOHQFH DQG &RPEXVWLRQ ��� � ������� ���±����

>��@ 2VWIHOG� $�� DQG 6DORPRQV� (� 2SWLPDO HDUO\ ZDUQLQJ PRQLWRULQJ V\VWHP OD\RXW IRU ZDWHU

QHWZRUNV VHFXULW\� LQFOXVLRQ RI VHQVRUV VHQVLWLYLWLHV DQG UHVSRQVH GHOD\V� &LYLO (QJLQHHULQJ

DQG (QYLURQPHQWDO 6\VWHPV ��� � ������� ���±����

>��@ 2VWIHOG� $�� 8EHU� -� *�� 6DORPRQV� (�� %HUU\� -� :�� +DUW� :� (�� 3KLOOLSV� &� $�� :DWVRQ� -��

3�� 'RULQL� *�� -RQNHUJRXZ� 3�� .DSHODQ� =�� HW DO� 7KH EDWWOH RI WKH ZDWHU VHQVRU QHWZRUNV

�EZVQ�� $ GHVLJQ FKDOOHQJH IRU HQJLQHHUV DQG DOJRULWKPV� -RXUQDO RI :DWHU 5HVRXUFHV

3ODQQLQJ DQG 0DQDJHPHQW ���� � ������� ���±����

>��@ 3DQGH\� 5� -�� DQG .LP� .��<� &RPSDUDWLYH DQDO\VLV RI IORZ LQ D IOXLGLF RVFLOODWRU XV�

LQJ ODUJH HGG\ VLPXODWLRQ DQG XQVWHDG\ UH\QROGV�DYHUDJHG QDYLHU±VWRNHV DQDO\VLV� )OXLG

'\QDPLFV 5HVHDUFK ��� � ������� �������

>��@ 3HGUHJRVD� )�� 9DURTXDX[� *�� *UDPIRUW� $�� 0LFKHO� 9�� 7KLULRQ� %�� *ULVHO� 2�� %ORQ�

GHO� 0�� 3UHWWHQKRIHU� 3�� :HLVV� 5�� 'XERXUJ� 9�� HW DO� 6FLNLW�OHDUQ� 0DFKLQH OHDUQLQJ LQ

S\WKRQ� -RXUQDO RI PDFKLQH OHDUQLQJ UHVHDUFK ��� 2FW ������� ����±�����

��



>��@ 3LD]]D� 6�� %ORNNHU� (� 0�� )UHQL� *�� 3XOHR� 9�� DQG 6DPELWR� 0� ,PSDFW RI GLIIXVLRQ

DQG GLVSHUVLRQ RI FRQWDPLQDQWV LQ ZDWHU GLVWULEXWLRQ QHWZRUNV PRGHOOLQJ DQG PRQLWRULQJ�

:DWHU 6XSSO\ ��� � ������� ��±���

>��@ 3LHSHU� .� -�� 7DQJ� 0�� DQG (GZDUGV� 0� $� )OLQW ZDWHU FULVLV FDXVHG E\ LQWHUUXSWHG FRU�

URVLRQ FRQWURO� ,QYHVWLJDWLQJ ³JURXQG ]HUR´ KRPH� (QYLURQPHQWDO 6FLHQFH 	 7HFKQRORJ\

��� � ������� ����±�����

>��@ 3UHLV� $�� DQG 2VWIHOG� $� $ FRQWDPLQDWLRQ VRXUFH LGHQWLILFDWLRQ PRGHO IRU ZDWHU GLVWULEX�

WLRQ V\VWHP VHFXULW\� (QJLQHHULQJ RSWLPL]DWLRQ ��� � ������� ���±����

>��@ 3UHLV� $�� DQG 2VWIHOG� $� *HQHWLF DOJRULWKP IRU FRQWDPLQDQW VRXUFH FKDUDFWHUL]DWLRQ XVLQJ

LPSHUIHFW VHQVRUV� &LYLO (QJLQHHULQJ DQG (QYLURQPHQWDO 6\VWHPV ��� � ������� ��±���

>��@ 3UHLV� $�� DQG 2VWIHOG� $� 0XOWLREMHFWLYH VHQVRU GHVLJQ IRU ZDWHU GLVWULEXWLRQ V\VWHPV

VHFXULW\� ,Q:DWHU 'LVWULEXWLRQ 6\VWHPV $QDO\VLV 6\PSRVLXP ���� ������� SS� �±���

>��@ 5DMDVlUNNl� -�� 3HUQLFD� 0�� .XWD� -�� /Dã�iN� -�� âLPHN� =�� DQG %OiKD� /� 'ULQNLQJ ZDWHU

FRQWDPLQDQWV IURP HSR[\ UHVLQ�FRDWHG SLSHV� $ ILHOG VWXG\� :DWHU UHVHDUFK ��� �������

���±����

>��@ 5RGULJXH]�*DOLDQR� 9�� 0HQGHV� 0� 3�� *DUFLD�6ROGDGR� 0� -�� &KLFD�2OPR� 0�� DQG

5LEHLUR� /� 3UHGLFWLYH PRGHOLQJ RI JURXQGZDWHU QLWUDWH SROOXWLRQ XVLQJ UDQGRP IRUHVW DQG

PXOWLVRXUFH YDULDEOHV UHODWHG WR LQWULQVLF DQG VSHFLILF YXOQHUDELOLW\� $ FDVH VWXG\ LQ DQ DJUL�

FXOWXUDO VHWWLQJ �VRXWKHUQ VSDLQ�� 6FLHQFH RI WKH 7RWDO (QYLURQPHQW ��� ������� ���±����

>��@ 5RPHUR�*RPH]� 3�� &KRL� &�� YDQ %ORHPHQ :DDQGHUV� %�� DQG 0F.HQQD� 6� 7UDQVSRUW

SKHQRPHQD DW LQWHUVHFWLRQV RI SUHVVXUL]HG SLSH V\VWHPV� ,Q :DWHU 'LVWULEXWLRQ 6\VWHPV

$QDO\VLV 6\PSRVLXP ���� ������� SS� �±���

>��@ 5RVVPDQ� /� $�� HW DO� (SDQHW �� XVHUV PDQXDO�

>��@ 5XWNRZVNL� 7�� DQG 3URNRSLXN� )� ,GHQWLILFDWLRQ RI WKH FRQWDPLQDWLRQ VRXUFH ORFDWLRQ

LQ WKH GULQNLQJ ZDWHU GLVWULEXWLRQ V\VWHP EDVHG RQ WKH QHXUDO QHWZRUN FODVVLILHU� ,)$&�

3DSHUV2Q/LQH ��� �� ������� ��±���

>��@ 6DDGL� 0�� 2XGLQ� /�� DQG 5LEVWHLQ� 3� 5DQGRP IRUHVW DELOLW\ LQ UHJLRQDOL]LQJ KRXUO\ K\�

GURORJLFDO PRGHO SDUDPHWHUV� :DWHU ��� � ������� �����

>��@ 6DQWRQDVWDVR� *� )�� 'L 1DUGR� $�� &UHDFR� (�� 0XVPDUUD� '�� DQG *UHFR� 5� &RPSDULVRQ

RI WRSRORJLFDO� HPSLULFDO DQG RSWLPL]DWLRQ�EDVHG DSSURDFKHV IRU ORFDWLQJ TXDOLW\ GHWHF�

WLRQ SRLQWV LQ ZDWHU GLVWULEXWLRQ QHWZRUNV� (QYLURQPHQWDO 6FLHQFH DQG 3ROOXWLRQ 5HVHDUFK

������� �±���

��



>��@ 6DWWDU� $�0�� (UWX÷UXO� g� )�� *KDUDEDJKL� %�� 0F%HDQ� (� $�� DQG &DR� -� ([WUHPH OHDUQLQJ

PDFKLQH PRGHO IRU ZDWHU QHWZRUN PDQDJHPHQW� 1HXUDO &RPSXWLQJ DQG $SSOLFDWLRQV ���

� ������� ���±����

>��@ 6HOYDP� 3� .�� .XOHQRYLF� 5�� DQG /DXULHQ� (� /DUJH HGG\ VLPXODWLRQ RQ WKHUPDO PL[LQJ

RI IOXLGV LQ D W�MXQFWLRQ ZLWK FRQMXJDWH KHDW WUDQVIHU� 1XFOHDU (QJLQHHULQJ DQG 'HVLJQ ���

������� ���±����

>��@ 6HWK� $�� .OLVH� .� $�� 6LLUROD� -� '�� +D[WRQ� 7�� DQG /DLUG� &� '� 7HVWLQJ FRQWDPLQDWLRQ

VRXUFH LGHQWLILFDWLRQ PHWKRGV IRU ZDWHU GLVWULEXWLRQ QHWZRUNV� -RXUQDO RI :DWHU 5HVRXUFHV

3ODQQLQJ DQG 0DQDJHPHQW ���� � ������� ���������

>��@ 6KDILHH� 0� (�� %HUJOXQG� (� =�� DQG /LQGHOO� 0� .� $Q DJHQW�EDVHG PRGHOLQJ IUDPHZRUN

IRU DVVHVVLQJ WKH SXEOLF KHDOWK SURWHFWLRQ RI ZDWHU DGYLVRULHV�:DWHU UHVRXUFHV PDQDJHPHQW

��� � ������� ����±�����

>��@ 6KDR� <�� <DQJ� <� -�� -LDQJ� /�� <X� 7�� DQG 6KHQ� &� ([SHULPHQWDO WHVWLQJ DQG PRGHOLQJ

DQDO\VLV RI VROXWH PL[LQJ DW ZDWHU GLVWULEXWLRQ SLSH MXQFWLRQV� :DWHU UHVHDUFK �� �������

���±����

>��@ 6KHQ� +�� DQG 0F%HDQ� (� )DOVH QHJDWLYH�SRVLWLYH LVVXHV LQ FRQWDPLQDQW VRXUFH LGHQWLILFD�

WLRQ IRU ZDWHU�GLVWULEXWLRQ V\VWHPV� -RXUQDO RI:DWHU 5HVRXUFHV 3ODQQLQJ DQG0DQDJHPHQW

���� � ������� ���±����

>��@ 6RQJ� ,�� 5RPHUR�*RPH]� 3�� $QGUDGH� 0� $�� 0RQGDFD� 0�� DQG &KRL� &� <� 0L[LQJ DW

MXQFWLRQV LQ ZDWHU GLVWULEXWLRQ V\VWHPV� DQ H[SHULPHQWDO VWXG\� 8UEDQ :DWHU -RXUQDO ���

� ������� ��±���

>��@ 6WULFNOLQJ� +�� 'L&DUOR� 0� )�� 6KDILHH� 0� (�� DQG %HUJOXQG� (� 6LPXODWLRQ RI FRQWDLQ�

PHQW DQG ZLUHOHVV HPHUJHQF\ DOHUWV ZLWKLQ WDUJHWHG SUHVVXUH ]RQHV IRU ZDWHU FRQWDPLQDWLRQ

PDQDJHPHQW� 6XVWDLQDEOH &LWLHV DQG 6RFLHW\ �� ������� �������

>��@ 6XQ� /�� <DQ� +�� ;LQ� .�� DQG 7DR� 7� &RQWDPLQDWLRQ VRXUFH LGHQWLILFDWLRQ LQ ZDWHU GLVWUL�

EXWLRQ QHWZRUNV XVLQJ FRQYROXWLRQDO QHXUDO QHWZRUN� (QYLURQPHQWDO 6FLHQFH DQG 3ROOXWLRQ

5HVHDUFK ��� �� ������� �����±������

>��@ 7LDQ� <�� ;X� <��3�� <DQJ� =�� :DQJ� *�� DQG =KX� 4� ,QWHJUDWLRQ RI D SDUVLPRQLRXV K\GUR�

ORJLFDO PRGHO ZLWK UHFXUUHQW QHXUDO QHWZRUNV IRU LPSURYHG VWUHDPIORZ IRUHFDVWLQJ� :DWHU

��� �� ������� �����

>��@ 8QJ� +�� 3LOOHU� 2�� *LOEHUW� '�� DQG 0RUWD]DYL� ,� $FFXUDWH DQG RSWLPDO VHQVRU SODFH�

PHQW IRU VRXUFH LGHQWLILFDWLRQ RI ZDWHU GLVWULEXWLRQ QHWZRUNV� -RXUQDO RI :DWHU 5HVRXUFHV

3ODQQLQJ DQG 0DQDJHPHQW ���� � ������� ���������

��



>��@ 9DOHUR� '�� DQG %XQJ� '� %� 6HQVLWLYLW\ RI WXUEXOHQW VFKPLGW QXPEHU DQG WXUEXOHQFH PRGHO

WR VLPXODWLRQV RI MHWV LQ FURVVIORZ� (QYLURQPHQWDO PRGHOOLQJ 	 VRIWZDUH �� ������� ���±

����

>��@ 9DQND\DOD� 3�� 6DQNDUDVXEUDPDQLDQ� $�� 5DQMLWKDQ� 6� 5�� DQG 0DKLQWKDNXPDU� *� &RQ�

WDPLQDQW VRXUFH LGHQWLILFDWLRQ LQ ZDWHU GLVWULEXWLRQ QHWZRUNV XQGHU FRQGLWLRQV RI GHPDQG

XQFHUWDLQW\� (QYLURQPHQWDO )RUHQVLFV ��� � ������� ���±����

>��@ 9ULHV� '�� YDQ GHQ $NNHU� %�� 9RQN� (�� GH -RQJ� :�� DQG YDQ 6XPPHUHQ� -� $SSOLFDWLRQ RI

PDFKLQH OHDUQLQJ WHFKQLTXHV WR SUHGLFW DQRPDOLHV LQ ZDWHU VXSSO\ QHWZRUNV� :DWHU 6FLHQFH

DQG 7HFKQRORJ\� :DWHU 6XSSO\ ��� � ������� ����±�����

>��@ :DQJ� +�� DQG +DUULVRQ� .� :� ,PSURYLQJ HIILFLHQF\ RI WKH ED\HVLDQ DSSURDFK WR ZDWHU

GLVWULEXWLRQ FRQWDPLQDQW VRXUFH FKDUDFWHUL]DWLRQ ZLWK VXSSRUW YHFWRU UHJUHVVLRQ� -RXUQDO

RI :DWHU 5HVRXUFHV 3ODQQLQJ DQG 0DQDJHPHQW ���� � ������� �±���

>��@ :HEE� 6� :�� DQG YDQ %ORHPHQ :DDQGHUV� %� *� +LJK ILGHOLW\ FRPSXWDWLRQDO IOXLG G\�

QDPLFV IRU PL[LQJ LQ ZDWHU GLVWULEXWLRQ V\VWHPV� ,Q :DWHU 'LVWULEXWLRQ 6\VWHPV $QDO\VLV

6\PSRVLXP ���� ������� SS� �±���

>��@ :LQJHQGHU� -�� DQG )OHPPLQJ� +��&� &RQWDPLQDWLRQ SRWHQWLDO RI GULQNLQJ ZDWHU GLVWULEX�

WLRQ QHWZRUN ELRILOPV� :DWHU 6FLHQFH DQG 7HFKQRORJ\ ��� ����� ������� ���±����

>��@ ;XHVRQJ� <�� -LH� 6�� DQG &KHQJ\X� +� 5HVHDUFK RQ FRQWDPLQDQW VRXUFHV LGHQWLILFDWLRQ

RI XQFHUWDLQW\ ZDWHU GHPDQG XVLQJ JHQHWLF DOJRULWKP� &OXVWHU &RPSXWLQJ ��� � �������

����±�����

>��@ <DQ� ;�� *RQJ� -�� DQG :X� 4� 3ROOXWLRQ VRXUFH LQWHOOLJHQW ORFDWLRQ DOJRULWKP LQ ZDWHU

TXDOLW\ VHQVRU QHWZRUNV� 1(85$/ &20387,1* 	 $33/,&$7,216 �������

>��@ <DQ� ;�� =KDR� -�� +X� &�� DQG =HQJ� '� 0XOWLPRGDO RSWLPL]DWLRQ SUREOHP LQ FRQWDPLQDWLRQ

VRXUFH GHWHUPLQDWLRQ RI ZDWHU VXSSO\ QHWZRUNV� 6ZDUP DQG (YROXWLRQDU\ &RPSXWDWLRQ

�������

>��@ <DQ� ;�� =KDR� -�� +X� &�� DQG =HQJ� '� 0XOWLPRGDO RSWLPL]DWLRQ SUREOHP LQ FRQWDPLQDWLRQ

VRXUFH GHWHUPLQDWLRQ RI ZDWHU VXSSO\ QHWZRUNV� 6ZDUP DQG (YROXWLRQDU\ &RPSXWDWLRQ ��

������� ��±���

>��@ <DQ� ;�� =KX� =�� DQG /L� 7� 3ROOXWLRQ VRXUFH ORFDOL]DWLRQ LQ DQ XUEDQ ZDWHU VXSSO\ QHWZRUN

EDVHG RQ G\QDPLF ZDWHU GHPDQG� (QYLURQPHQWDO 6FLHQFH DQG 3ROOXWLRQ 5HVHDUFK ��� ��

������� �����±������

>��@ <X� 7�� 4LX� +�� <DQJ� -�� 6KDR� <�� DQG 7DR� /� 0L[LQJ DW GRXEOH�WHH MXQFWLRQV ZLWK XQHTXDO

SLSH VL]HV LQ ZDWHU GLVWULEXWLRQ V\VWHPV� :DWHU 6FLHQFH DQG 7HFKQRORJ\� :DWHU 6XSSO\ ���

� ������� ����±�����

��



>��@ <X� 7�� 7DR� /�� 6KDR� <�� DQG =KDQJ� 7� ([SHULPHQWDO VWXG\ RI VROXWH PL[LQJ DW GRXEOH�WHH

MXQFWLRQV LQ ZDWHU GLVWULEXWLRQ V\VWHPV� :DWHU 6FLHQFH DQG 7HFKQRORJ\� :DWHU 6XSSO\ ���

� ������� ���±����

>��@ <X� 7�� 7DR� /�� 6KDR� <�� DQG =KDQJ� 7� ([SHULPHQWDO VWXG\ RI VROXWH PL[LQJ DW GRXEOH�WHH

MXQFWLRQV LQ ZDWHU GLVWULEXWLRQ V\VWHPV� :DWHU 6FLHQFH DQG 7HFKQRORJ\� :DWHU 6XSSO\ ���

� ������� ���±����

>��@ =HFKPDQ� (� 0�� DQG 5DQMLWKDQ� 6� 5� (YROXWLRQDU\ FRPSXWDWLRQ�EDVHG PHWKRGV IRU FKDU�

DFWHUL]LQJ FRQWDPLQDQW VRXUFHV LQ D ZDWHU GLVWULEXWLRQ V\VWHP� -RXUQDO RI :DWHU 5HVRXUFHV

3ODQQLQJ DQG 0DQDJHPHQW ���� � ������� ���±����

>��@ =KRX� =�� DQG 7DUWDNRYVN\� '� 0� 0DUNRY FKDLQ PRQWH FDUOR ZLWK QHXUDO QHWZRUN VXU�

URJDWHV� DSSOLFDWLRQ WR FRQWDPLQDQW VRXUFH LGHQWLILFDWLRQ� 6WRFKDVWLF (QYLURQPHQWDO 5H�

VHDUFK DQG 5LVN $VVHVVPHQW ������� �±���

��



��



/LVW RI )LJXUHV

��� ([SHULPHQWDO VHWXS SLSH V\VWHP VFKHPDWLF ZLWK WKH GRXEOH�7HH MXQFWLRQ� >��@ � �

��� 'RXEOH�7HH MXQFWLRQ SLSH FRQILJXUDWLRQV FRQVLGHUHG LQ WKH H[SHULPHQWDO DQDO\�

VLV� >��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� :DWHU VXSSO\ QHWZRUN EHQFKPDUN 1HW� ��� QRGHV� ZLWK D � VHQVRU OD\RXW� >��@ ��

��� :DWHU VXSSO\ QHWZRUN EHQFKPDUN 5LFKPRQG ���� QRGHV� ZLWK D � VHQVRU OD\RXW�

>��@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��



��



/LVW RI 3XEOLFDWLRQV

� *UEþLü� /�� .UDQMþHYLü� /�� /XþLQ� ,� DQG ýDULMD� =�� ����� ([SHULPHQWDO DQG QXPHULFDO

LQYHVWLJDWLRQ RI PL[LQJ SKHQRPHQD LQ GRXEOH�7HH MXQFWLRQV� :DWHU� ������ S������

KWWSV���GRL�RUJ���������Z��������

� *UEþLü� /�� .UDQMþHYLü� /�� 'UXåHWD� 6� DQG /XþLQ� ,�� ����� (IILFLHQW GRXEOH�7HH MXQFWLRQ

PL[LQJ DVVHVVPHQW E\ PDFKLQH OHDUQLQJ� :DWHU� ������ S�����

KWWSV���GRL�RUJ���������Z��������

� *UEþLü� /�� .UDQMþHYLü� /�� /XþLQ� ,� DQG 6LNLULFD� $�� ����� /DUJH (GG\ 6LPXODWLRQ RI

WXUEXOHQW IOXLG PL[LQJ LQ GRXEOH�WHH MXQFWLRQV� $LQ 6KDPV (QJLQHHULQJ -RXUQDO� ������

SS���������

KWWSV���GRL�RUJ���������M�DVHM������������

� *UEþLü� /�� /XþLQ� ,�� .UDQMþHYLü� /� DQG 'UXåHWD� 6�� ����� :DWHU VXSSO\ QHWZRUN SROOX�

WLRQ VRXUFH LGHQWLILFDWLRQ E\ UDQGRP IRUHVW DOJRULWKP� -RXUQDO RI +\GURLQIRUPDWLFV� ������

SS�����������

KWWSV���GRL�RUJ���������K\GUR���������

� *UEþLü� /�� /XþLQ� ,�� .UDQMþHYLü� /� DQG 'UXåHWD� 6�� ����� $ PDFKLQH OHDUQLQJ�EDVHG

DOJRULWKP IRU ZDWHU QHWZRUN FRQWDPLQDWLRQ VRXUFH ORFDOL]DWLRQ� 6HQVRUV� ������ S������

KWWSV���GRL�RUJ���������V��������

� *UEþLü� /�� .UDQMþHYLü� /� DQG 'UXåHWD� 6�� ����� 0DFKLQH /HDUQLQJ DQG 6LPXODWLRQ�

2SWLPL]DWLRQ &RXSOLQJ IRU :DWHU 'LVWULEXWLRQ 1HWZRUN &RQWDPLQDWLRQ 6RXUFH 'HWHFWLRQ�

6HQVRUV� ������ S������

KWWSV���GRL�RUJ���������V��������

� /XãLü� '�9�� .UDQMþHYLü� /�� 0DüHãLü� 6�� /XãLü� '�� -R]Lü� 6�� /LQãDN� ä�� %LODMDF� /�� *U�

EþLü� /� DQG %LODMDF� 1�� ����� 7HPSRUDO YDULDWLRQV DQDO\VHV DQG SUHGLFWLYH PRGHOLQJ RI

PLFURELRORJLFDO VHDZDWHU TXDOLW\� :DWHU UHVHDUFK� ���� SS���������

KWWSV���GRL�RUJ���������M�ZDWUHV������������

��



� /XþLQ� ,�� ýDULMD� =�� *UEþLü� /� DQG .UDQMþHYLü� /�� ����� $VVHVVPHQW RI KHDG ORVV FRHI�

ILFLHQWV IRU ZDWHU WXUELQH LQWDNH WUDVK�UDFNV E\ QXPHULFDO PRGHOLQJ� -RXUQDO RI DGYDQFHG

UHVHDUFK� ��� SS���������

KWWSV���GRL�RUJ���������M�MDUH������������

� 'UXåHWD� 6�� ,YLü� 6�� *UEþLü� /� DQG /XþLQ� ,�� ����� ,QWURGXFLQJ ODQJXLG SDUWLFOH G\QDPLFV

WR D VHOHFWLRQ RI 362 YDULDQWV� (J\SWLDQ ,QIRUPDWLFV -RXUQDO� ������ SS���������

KWWSV���GRL�RUJ���������M�HLM������������

� 6LNLULFD� $�� ýDULMD� =�� /XþLQ� ,�� *UEþLü� /� DQG .UDQMþHYLü� /�� ����� &DYLWDWLRQ 0RGHO

&DOLEUDWLRQ 8VLQJ 0DFKLQH /HDUQLQJ $VVLVWHG :RUNIORZ� 0DWKHPDWLFV� ������ S������

KWWSV���GRL�RUJ���������PDWK�������

� /XþLQ� ,�� *UEþLü� /�� ýDULMD� =� DQG .UDQMþHYLü� /�� ����� 0DFKLQH�/HDUQLQJ &ODVVLILFD�

WLRQ RI D 1XPEHU RI &RQWDPLQDQW 6RXUFHV LQ DQ 8UEDQ :DWHU 1HWZRUN� 6HQVRUV� ������

S�����

KWWSV���GRL�RUJ���������V��������

� /XþLQ� ,�� *UEþLü� /�� 'UXåHWD� 6� DQG ýDULMD� =�� ����� 6RXUFH &RQWDPLQDWLRQ 'HWHFWLRQ

8VLQJ 1RYHO 6HDUFK 6SDFH 5HGXFWLRQ &RXSOHG ZLWK 2SWLPL]DWLRQ 7HFKQLTXH� -RXUQDO RI

:DWHU 5HVRXUFHV 3ODQQLQJ DQG 0DQDJHPHQW� ������� S����������

KWWSV���GRL�RUJ����������$6&(�:5������������������

� /XþLQ� ,�� *UEþLü� /�� 'UXåHWD� 6� DQG ýDULMD� =�� ����� 6RXUFH &RQWDPLQDWLRQ 'HWHFWLRQ

8VLQJ 1RYHO 6HDUFK 6SDFH 5HGXFWLRQ &RXSOHG ZLWK 2SWLPL]DWLRQ 7HFKQLTXH� -RXUQDO RI

:DWHU 5HVRXUFHV 3ODQQLQJ DQG 0DQDJHPHQW� ������� S����������

KWWSV���GRL�RUJ����������$6&(�:5������������������

� ,YLF� 6�� *UEFLF� /� DQG 'UXåHWD� 6�� ����� &RRSHUDWLYH UDQGRP ZDON IRU SLSH QHWZRUN

OD\RXW RSWLPL]DWLRQ� ,QWHUQDWLRQDO -RXUQDO RI $SSOLHG (QJLQHHULQJ 5HVHDUFK �����������

�� ������� �� ���������

� .UDQMþHYLü� /�� *UEþLü� /�� 0UD]RYLü� 0� DQG 'UXåHWD� 6�� ����� 5LMHND %D\ �' 92)

&RVWDO )ORZ 0RGHO� 3RPRUVNL ]ERUQLN� ���� SS���������

� *UEþLü� /�� .UDQMþHYLü� /�� )LOLSOLü� ,� DQG 0DYULü� .�� ����� 1XPHULFDO 6LPXODWLRQ RI

5LYHU ,QIORZV LQ 5LMHND %D\ &RDVWDO $UHD� 3RPRUVNL ]ERUQLN� ���� SS���������

� =HQJ� +�� *UEþLü� /�� /XþLQ� ,� DQG .UDQMþHYLü� /�� ����� 0(6+&5($7,21 )255($/�

,67,& 7(55$,1 &$6(6 )25 6+$//2:)2$0��' 23(1)2$0 62/9(5� $QQDOV

RI '$$$0 	 3URFHHGLQJV� ���

��



� .UDQMþHYLü� /�� âUDMEHN� 0�� *UEþLü� /� DQG ýDULMD� =�� ����� -DQXDU\� $QDO\VLV RI ZHOO

ILHOG QLWUDWHV SROOXWLRQ GLVWULEXWLRQ LQ DJULFXOWXUDO DUHD� ,Q 3URFHHGLQJV RI WKH ��WK'$$$0

,QWHUQDWLRQDO 6\PSRVLXP �SS� �����������

� ýDULMD� =�� /XþLQ� ,�� /XþLQ� %� DQG *UEþLü� /�� ����� -DQXDU\� ,QYHVWLJDWLRQ RI QXPHUL�

FDO VLPXODWLRQ SDUDPHWHUV RQ IOXLG IORZ DURXQG WUDVK�UDFNV� ,Q 3URFHHGLQJV RI WKH ��WK

'$$$0 LQWHUQDWLRQDO V\PSRVLXP �9RO� ��� SS� ���������

��



��



&XUULFXOXP 9LWDH

/XND *UEþLü ZDV ERUQ LQ ����� LQ 5LMHND� &URDWLD� +H ILQLVKHG SULPDU\ DQG VHFRQGDU\ VFKRRO

LQ 5LMHND� ,Q ����� DW WKH )DFXOW\ RI (QJLQHHULQJ RI WKH 8QLYHUVLW\ RI 5LMHND� KH REWDLQHG D

EDFKHORU¶V GHJUHH LQ PHFKDQLFDO HQJLQHHULQJ DQG LQ ���� KH REWDLQHG D PDVWHU¶V GHJUHH LQ &RP�

SXWDWLRQDO (QJLQHHULQJ GHIHQGLQJ D WKHVLV WLWOHG +HXULVWLF $OJRULWKP IRU 3LSHOLQH 1HWZRUN 2S�

WLPL]DWLRQ� ,Q ����� DW WKH )DFXOW\ RI (QJLQHHULQJ KH HQUROOHG LQ D SRVWJUDGXDWH GRFWRUDO VWXG\

LQ &RPSXWDWLRQDO 0HFKDQLFV XQGHU WKH VXSHUYLVLRQ RI SURI� GU� VF� /DGR .UDQMþHYLü�

6LQFH ����� KH KDV EHHQ DQ HPSOR\HH RI WKH )DFXOW\ RI (QJLQHHULQJ DW WKH 8QLYHUVLW\ RI

5LMHND� ZKHUH KH LV HPSOR\HG DW WKH 'HSDUWPHQW RI )OXLG 0HFKDQLFV DQG &RPSWDWLRQDO (QJL�

QHHULQJ DV DQ DVVLVWDQW� +H LV D PHPEHU RI WKH &KDLU RI &RPSXWDWLRQDO (QJLQHHULQJ DQG SHUIRUPV

VFLHQWLILF UHVHDUFK UHJDUGLQJ WKH DSSOLFDWLRQV RI DUWLILFLDO LQWHOOLJHQFH DQG PDFKLQH OHDUQLQJ LQ

HQJLQHHULQJ� $W WKH 'HSDUWPHQW RI )OXLG 0HFKDQLFV DQG &RPSXWDWLRQDO (QJLQHHULQJ� KH LV D

WHDFKLQJ DVVLVWDQW RQ WKH FRXUVHV )OXLG 0HFKDQLFV� &RPSXWDWLRQDO 0HWKRGV� )OXLG '\QDPLFV

DQG $SSOLFDWLRQ RI 3DUDOOHO &RPSXWLQJ DW WKH XQGHUJUDGXDWH DQG JUDGXDWH XQLYHUVLW\ VWXG\ RI

PHFKDQLFDO HQJLQHHULQJ DQG FRPSXWHU VFLHQFH� 6LQFH ����� KH KDV EHHQ D PHPEHU RI WKH &HQWHU

IRU $GYDQFHG &RPSXWLQJ DQG 0RGHOLQJ DW WKH 8QLYHUVLW\ RI 5LMHND� ZKHUH KH SDUWLFLSDWHV LQ WKH

XVH RI WKH %85$ VXSHUFRPSXWHU IRU VFLHQWLILF UHVHDUFK SXUSRVHV�

)URP ����� KH LV DPHPEHU RI WZR SURMHFWV ILQDQFHG IURP(8 IXQGV� ,Q WKH./,02'SURMHFW�

KH SDUWLFLSDWHV LQ WKH GHYHORSPHQW RI D QXPHULFDO PRGHO RI WKH IORZ� IORRGLQJ DQG FRQWDPLQDWLRQ

GLVSHUVLRQ LQ ULYHUV DQG FRDVWDO PDULQH DUHDV� DQG DOVR SDUWLFLSDWHV LQ WKH XVH RI PDFKLQH OHDUQLQJ

DOJRULWKPV WR SUHGLFW DQG PRGHO PLFURELRORJLFDO VHD ZDWHU FRQWDPLQDWLRQ� ,Q WKH (852&&

SURMHFW �(8 +25,=21 ����� KH LV D PHPEHU RI D JURXS IURP WKH )DFXOW\ RI (QJLQHHULQJ LQ

5LMHND WKDW SDUWLFLSDWHV LQ WKH IRUPDWLRQ RI WKH &URDWLDQ 1DWLRQDO &HQWHU IRU +LJK 3HUIRUPDQFH

&RPSXWLQJ�

$UHDV RI VFLHQWLILF LQWHUHVW DQG UHVHDUFK LQFOXGH� IOXLG PHFKDQLFV� FRPSXWHU PRGHOLQJ LQ

IOXLG G\QDPLFV� QXPHULFDO PRGHOLQJ RI IOXLG PL[LQJ LQ SLSH QHWZRUNV� VXSHUFRPSXWLQJ DQG DS�

SOLFDWLRQ RI VXSHUFRPSXWHUV LQ FRPSXWDWLRQDO IOXLG G\QDPLFV� DSSOLFDWLRQ RI PDFKLQH OHDUQLQJ

DOJRULWKPV LQ HQJLQHHULQJ� 6LQFH ����� KH KDV SXEOLVKHG �� SDSHUV LQ LQWHUQDWLRQDOO\ SHHU�

UHYLHZHG VFLHQWLILF MRXUQDOV� RI ZKLFK KH LV WKH ILUVW DXWKRU RI � SDSHUV� +H LV DOVR WKH ILUVW

DXWKRU RI � VFLHQWLILF SDSHU DQG FR�DXWKRU RI � VFLHQWLILF SDSHUV WKDW KDYH EHHQ UHYLHZHG DQG

SXEOLVKHG LQ WKH SURFHHGLQJV RI DQ LQWHUQDWLRQDO VFLHQWLILF FRQIHUHQFH� +H LV IOXHQW LQ (QJOLVK�

��



��



3DUW ,,

,QFOXGHG 3XEOLFDWLRQV

��


