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6 CRYDN 8 QLYHUVLW RI 7 HFKQRORJ\

% UDWWVODYD 6 CRYDN 5 HSXEOQF

$ EVWDFW

7 KLV SDSHU GHVFULEHV H[ SHULP HQWOV\ VWP V IRUP RGHOQJ KXP DQ ERG\ VNHCHWQ 6\ VWP WHDW
IRUZ DUG DQG LQYHUVH NLQHP DWFV SUREM™HP V RI JHRP HWLF WDQVIRUP DWRQV DQG WH KXP DQ ERG\
UHS UHVHQWWRQ : H LQWRGXFHG YDULRXV DSSURDFKHV DQG DQ RULMWP V Z KLFK DUH DQDO ] HG DQG DOVR
LP SCHP HQWG LQ DQ H[ SHULP HQWO DSSOFDWRQ : H KDYH H[ SHULHQFHG Z LW P RGHOQQJ VNHOGHWQ Z LW

9 50 / JHRP HW\ DSSHDUDQFH DQG VFULSWQRGHV VHQVRU HYHQWP RGHOOLQJ -DYD DQG -DYD6 FULSW

H\ Z RUGV WCHS UHVHQFH 9 50 / -DYD MRLQW HYHQW QRGH LQY HUVH NLQHP DWFV IRUZ DUG
NLQHP DWFV JHRP HWLF WDQVIRUP DWRQ TXDWUQLRQV VNHOHWRQ KXP DQ ERG\ FRRUGLQDW V\ VWHP V

NH\ IUDP LQJ

, QWURG X FWRQ

& RP P XQLFDWRQV Z LW DXGLRYLVXDO $ YDWU LV RQH RI WH FKDOHQJLQJ WVNV LQ ,QWUQHW
DSSOFDWRQV 7 KLV IRUP RI FRP P XQLFDWRQ FDQ EH XVHG LQ DSSOFDWRQV VXFK DV WHCH HGXFDWRQ W
P DLQWQDQFH WDLQLQJ HMHFWRQLF FRP P HUFH HW $ QO WHVH WVNV UHT XLUH KXP DQ ERG\ P RGHAQJ 7 KH
Z RUN GHVFULEHG LQ WLV SDSHU LV SDUWRI WH ODUJ HU SURMFWZ LW WH ILQDOJRDOW FUHDW V\ VWVHP |RUQRQ

YHUEDOFRP P XQLFDWRQ YLD ,QWHUQHW> @ > @

& UHDWQJ D V\ QW HWF KXP DQ LV D FRP SCH[ WVN LQFOXGLQJ VNHCGHWQ P XVFCHV VNLQ KDLU DQG
LQQHU RUIDQV P RGHOAQJ Z DONLQJ JHVWUHV DQG IDFH H[ SUHVVLRQV FDSWKULQJ DQG P RGHAQJ 7 KH ERQHV
DUH VROG EXWP XVFOHV FKDQJH WHLU VKDSH 7 KH DQLP DWRQ RI V\ QWHWF WVVXH Z KLFK LV VXEMFW W
IRUFH EDVHG GHIRUP DWRQV WURXJK WH DFWRQ RI FRQWDFWEGH P XVFCHV VXFK DV Z ULQNA.QJ LV TXLWH WP H
FRQVXP LQJ FRP SXWQJ

+ XP DQ ERG\ NLQHP DWFV VLP XDWRQ LV XVHG LQ UHDOAVWF KXP DQ FRP SXWU DQLP DWG ILCP V
URERWFV HUJRQRP LFV DQDO VLV LQ LQGXVWILDO GHVLJQ FDUV DLUSCQH FRENSLWGHVLIQ FRP P XQLWHV LQ
GLVWILE X WG YLUWDO HQYLURQP HQW $ YDWUV MQJXDJH WDLQLQJ DSSOFDWRQV WRJHWHU Z LW IDFH

DQLP DWRQ DQG YRLFH VI QUWKHVLY DQLP DWG FRQYHUVDWRQDODJ HQW LQ LQWHUS UHWQJ VLI Q GDQJ XDJ H

+ XP DQ VNHCHWQ P RGHAQJ

+ XP DQ VNHOHWRQ P RGHAOQJ LQFOXGHV D Z LGH UDQJH RI SUREMHP V W VROYH KXP DQ ERG\

UHS UHVHQWWRQ NLQHP DWFV DQG G\ QDP LFV . LQHP DWFV LV D VFLHQFH RI P RYHP HQWZ LWRXWIRFXVLQJ RQ



IRUFHV Z KLFK DIIHFW WH P RYHP HQW . LQHP DWFV LV GLYLGHG LQW GLUHFW IRUZ DUG DQG LQYHUVH
NLQHP DWFV ) RUZ DUG NLQHP DWFV JHW SRVLWRQ DQG RULHQWWRQ RI CDVWVHJP HQWLQ D NLQHP DWFV FKDLQ
E\ GHILQLQJ DQJCHV IRUHYHW MLQ 2 Q VKH RWHUKDQG LQYHUVH NLQHP DWFV FRP SXWV MLQWDQJ CHV RI D
NLQHP DWFV FKDLQ EDVHG RQ WKH SRVLWRQ DQG RULHQWWRQ Rl CDVWNLQHP DWFV VHJ P HQW
\ QDP LFV FRQVLGHUDWI SK\ VLFDOOZ V DQG XVHV YDULRXV IRUFHV DQG NLQHWF HQHUJ\ WDWFDQ YDU

Z LK WH WP H $ OVR G\ QDP LFV LV GLYLGHG LQWR IRUZ DUG DQG LQYHUVH G\ QDP LFV ) RUZ DUG G\ QDP LFV
H[ SOLFLWD VHW IRUFHV DQG NLQHWF HQHUJ\ YDU LQJ LQ WP H WR VWKH ERG\ VHJP HQW 7 KHQ WH P RYHP HQW
LV DSSUR[ LP DWIG LQ GLVFUHWH WP H VWHSV LQ Z KLFK VWKH YDOXHV RI IRUFHV DQG NLQHWF HQHUJ\ DUH NQRZ Q
,QYHUVH G\ QDP LFV GHDOV Z LW GHWHUP LQDWRQ RI IRUFHV DQG NLQHWF HQHUJ\ WDWDUH QHHGHG WR UHDFK WKH
JLYHQ JRDO 7 KLV SDSHUGRHV QRWFRQVLGHUDW G\ QDP LFV DWDQO

7 KH NLQHP DWFV GHDOV Z LWK URWWRQV : H LQWRGXFHG W R GLIIHUHQW DSSURDFKHV WR VROYH
URWWRQV LQ ' VSDFH URWWRQ P DWLFHV DQG TXDWUQLRQV Z LOOEH GHVFULEHG CDWU

7R P RGHOKXP DQ ERG\ Z H QHHG W VHOHFWDQ DS SURSULDW UHSUHVHQWWRQ + XP DQ ERG\ FRQVLVW
RI ERQHV DQG MLQW WDWIRUP D KLHUDUFKLFDO VWXFWUH WHH % HFDXVH KXP DQ ERG\ LV YHUl FRP SOH[
Z H GHFLGHG WR XVH VLP SQILHG P RGHO RI VNHCGHWQ 6 NHOHWQ FDQ EH UHSUHVHQWG DV D VHWRI VLP SO
REMFW FRQQHFWG Z LW MLQW 7 KH FRP SCH[ LW Rl WH VNHOHWRQ LV JLYHQ E\ GHJ UHHV RI IUHHGRP ' 2)
Z KHUH RQH ' 2 ) LV UHSUHVHQWG E\ RQH URWWRQDO D[LV 6R Z H FDQ HDVLO JHW Z LWK D GHWLMHG
DSSUR[ LP DWRQ P RUH WDQ 2 2 QH SRVVLEQH VLP SOILHG KXP DQ ERG\ P RGHO DQG WH
FRUULHVSRQGLQJ WHH VWXFWUH LV VKRZ Q LQ ILJXUH $ V VHHQ IURP WHVH ILJXUHV WDQVIRUP DWRQ

FUHDWHG LQ RQH MRLQWDIIHFW LV VSUHDG W DOOFKLOG ERQHV DQG MRLQW
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& RRUGLQDWH V\ VWHP V

7 KH P RVWFRP P RQ FRRUGLQDW V\ VWVHP LV & DUMHVLDQ FRRUGLQDW V\ VWHP , WLV XVHG LQ D P DMRULW RI
DSSOFDWRQV DQG ! $ 3,V %XWWHUH H[ LVWWP RUH FRRUGLQDW V\ VWHP V > @WDWDUH QRWVR SRSXODU EXW
WH\ FDQ EH P RUH VXLWEO IRUVRP H NLQG RI DSSOFDWRQV 6R Z H FDQ ILQG W WH & DUWVHVLDQ FRRUGLQDW
VI VWVHP ITRORZ LQJ FRRUGLQDW V\ VWHP V

" SROMUFRRUGLQDW V\ VWHP

" F\ OQGULFDOFRRUGLQDW V\ VWHP

" VSKHULFDOFRRUGLQDW V\ VWHP



7 KH P RVWSHUVSHFWYH V\ VWP IRU DSSAOFDWRQ LQ KXP DQ ERG\ P RGHOQJ LV D VSKHULFDO FRRUGLQDW
VN VWHP 7 KH VM VWVHP  FRQVLVW RI W R DQJOHV WDWFDQ UHSUHVHQWD URWWRQ DQJOH DERXWW R URWWROQ

D[ LVIV DQG D VL] H SDUDP HWU WKDWFDQ UHSUHVHQWWH VL] H Rl WWH DSSURSULDW ERQH

LUHFWN LQHP DWFV

$ VvV P HQWRQHG DERYH GLUHFW NLQHP DWFV H[ S O.FLWD VHW URWWRQV LQ MR LQ W/ RFDO
WDQVIRUP DWRQV 7 KHQ WKH SRVILWRQ DQG RULHQWWRQ RI WH OOVWVHJP HQWLQ D NLQHP DWFV FKDLQ LV
JLYHQ E\ WKH FKDLQ FRQILI XUDWRQ * OCREDOWDQVIRUP DWRQ WDQVIRUP LQJ WH Z KRCOH ERG\ LV JLYHQ E\
WDQVIRUP LQJ WKH URRWRI WH ERG\ VWXFWUH 7 KHUH RFFXUVY RQH EDVLF JHRP HWLF WDQVIRUP DWRQ #*

URVWDWR Q . H LQWRGXFHG W R GLIITHUHQW VROXWRQV |IRU URWWRQ % RW P HWRGV KDYH WHLU RZ Q

DGYDQWJ HV

7 KH I LUVWLV URWWRQ Z LW URWWRQ P DWL[ : H XVHG 5 RGULJ XH] URWWRQ P DWIL[
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Z KHUH >X X X @LV WKH URWWRQ D[ LV DQG Y LV WKH DQJOH RI URWWRQ 7 KH VL] H RI URWODWRQ YHUW[ P XVW
EH HTXDOW RQH 2 WHUZ LVH DWILUVWWH YHUW[ KDV W EH QRUP DQJ] HG 7 KLV P DWIL[ LV HDV\ WR FRP SXW
DQG DOVR WKH URWWRQ FRP SXWWRQDOFRP SCH[ LW LV DIIRUGDE CH

7 KH VHFRQG P HWRG LV XVDJH RI TXDWUQLRQV> @ % HFDXVH TXDWUQLRQV DUH QRWVR SRSXODU ,
Z LOO GHVFULEH WHP P RUH GHWLOHG 4 XDWUQLRQ FDQ EH XQGHUVWRG DV DQ H[ WVHQVLRQ W FRP S|
QXP EHUW Z KHUH LQVWDG RI W R FRP SRQHQW Z H KDYH IRXU RQH UHDOFRP SRQHQWDQG WUHH LP DJLQDUW
FRP SRQHQW 4 XDWUQLRQ LV D VHTXHQFH RI IRXUQXP EHUYV D E F G WKDWDUH Z UWHQ DV IROCRZ V D E F G

H FDQ DOVR XVH GLUHFWRQDOYHFWUV L M NW WSHDTXDWUQLRQ 7 KHQ WKH TXDWUQLRQ LV GHVFULEHG D
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SURGXFW TXDWUQLRQ P XOMSOAFDWRQ LQYHUVH TXDWUQLRQ HW 4 XDWUQLRQV QDWKUDOD  UHSUHVHQW

URWWRQV 7 KH TXDWUQLRQ WDWUHS UHVHQW URWWRQ DURXQG D[ LV X E\ DQJOH Y LV GHILQHG

. o, ¥

=|colf—, 5 —
9 2 2
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2 QHRI WKH TXDWUQLRQ DGYDQWJHV LV WKH WIDQVIRUP DWRQ FRP SRVLWRQ
-1

] ] [ ] I_l ] [ [ I_ll_l ] [ [ ] ] -1

dal PG|, T|dah | PSS | T T |[FlI2
7 UDQVIRUP DWRQ FRP SRVLWRQ LV YHW RIWVHQ XVHG E\ KXP DQ ERG\ P DQLSXMWRQ EHFDXVH WH
WDQVIRUP DWRQV LQIOXHQFH WH FKLOG MLQW DQG ERQHV 4 XDWUQLRQ FDQ EH Z LW DGYDQWJH XVHG W

UHS UHVHQWW H VWW RI D MRLQW 7 KLV LV EHFDXVH WHUH H[ LVWDQ HDV\ Z D\ KRZ W JHWWH URWWRQ D[ LV DQG

URWWRQ DQJCH EDFN IURP WH TXDWUQLRQ

, QYHUVH NLQHP DWFV

,QYHUVH NLQHP DWFV LV EDVHG RQ DQ RSSRVLW DSSURDFK DV GLUHFWNLQHP DWFV ,QYHUVH NLQHP DWFV
XVHV D NLQHP DWFV FKDLQ . LQHP DWFV FKDLQ LV D VHT XHQFH RI VHJP HQW DQG MLQW 7 KH ILUVWWMRLQWLV D
EDVH DQG WH VWLV D HQG HIITHFWU DV VKRZ Q LQ ILJXUH % DVH MRLQW LV DQ DQFKRU WDW LWLV QRW
P RYHG ( QG HIITHFWU LV WKH MRLQWZ LW WHP Z H P RYH 7 KH SRVIWRQ DQG RULHQWWRQ RI HYHU MLQW
EDVHG RQ HQG HIIHFWU P RYHP HQW LV FKDQJLQJ 7 KH GHDO RI LQYHUVH NLQHP DWFV LV W FRP SXW WH

FKDQJHG SRVLWRQV DQG RULHQWWRQV

[

) LI X UH . LQHP DWFV FKDLQ

,QYHUVH NLQHP DWFV RIIHUW WUHH Z D\V KRZ W JHW WH VRXWRQ 3 RVVLEGH P HWRGV DUH
DQ HEUDLF JHRP HWLF DQG LWHUDWYH $ QI HEUDLF DQG JHRP HWLF P HWKRGV SURYLGH DQ H[ DFWVROXWRQ DQG
LI WHUH H[ LVWP RUH VROXWRQV WKHQ WWKH P HWKRGV Z LOOJLYH DO SRVVLECH VROXWRQV LI WH VROXWRQ H[ LVW
% XW VRP H NLQHP DWFV SUREMHP V GRQTW KDYH DQ\ VROXWRQ LI WH WUIHW IRU WH HQG HIIHFWU LV
LQDFFHVVLEOH ,WUDWYH P HWRGV RITHUD JHQHUDO VROXWRQ RI LQYHUVH NLQHP DWFV 7 KHLU GLVDGYDQWJH LV
WDWWH\ FRQYHUIJH VR RQO RQH VROXWRQ HYHQ LI WKHUH H[ LVW P RUH RUWH\ ILQG D FORVHVWVROXWRQ LI LW
GRHVQTWH[ LVW

* HRP HWLF P HWRGV XVH WH NQRZ CGHGJH RI WH P DQLSXOMWU JHRP HWA\ 7 KLV P HWKRG KDV D
GLVDGYDQWJH WDWVROXWRQV IRU RQH P DQLSXMWU FDQQRWEH XVHG IRU D P DQLSXMWU Z LW GLIITHUHQW
JHRP HWA\

7R VROYH LQYHUVH NLQHP DWFV Z LW DQ HEUDLF P HWRGV Z H QHHG W VRO'H HTXDWRQV IRU 1
GHJ UHHV Rl IUHHGRP ( YHW MRLQWKROGV WDQVIRUP DWRQ 0 WDWFRQVLVW RI D WDQVODWRQ DQG URWWRQ
ERW UHOOWYH W KLV SDUHQW 6 R LI Z H KDYH D YHFWU RI SDUDP HWUV WDQVIRUP DWRQV 0  LQ MLQW T
WH IRUZ DUG NLQHP DWFV VROXWRQ LV WKH SRVLWRQ DQG RULHQWWRQ RI HQG HIITHFWU][ E\ WDQVIRUP DWRQ

FRP SRVLWRQ

L '



% XWIRU LQYHUVH NLQHP DWFV VROXWRQ Z H NQRZ WH SRVLWRQ DQG RULHQWWRQ RI HQG HIITHFWU [ DQG Z H

QHHG WR FRP SXW WH VWW YHFWUT WDWLV WKH LQYHUVH I XQFWRQ WR

L 1+ L

7 KH VROXWRQ RI LV QRWVLP SXH ) XQFWRQ | LV QRWO.QHDU WHUH H[ LVWRQH YDOXHG IXQFWRQ IRU EXW
IRU WHUH DUH P RUH VROXWRQV T_ IRURQH L $ QOO HEUDLF VROXWRQ Z RXOG EH W ILQG DO ILQDO VROXWRQV
IRU EXWQHYHUWHCOHVV D VXFK VROXWRQ FDQ EH GHULYHG RQO IRUD VSHFLILF P DQLSXODWUVY 7 KHUHIRUH

LQYHUVH NLQHP DWFV LV VROYHG Z LW LWHUDWYH P HWRGV

,WHUDWYH VROXWRQ LV EDVHG HLWHURQ P DWL[ LQYHUVLRQ RURQ DQ\ IRUP RI RSWP L] DWRQ 0 DWILJ[
LQYHUVLRQ LV D FRP SCH[ SURFHVV WKDWLV QRWRQO FRP SXWWRQDOGLIILFXOVEXWRIIHUY RWKHU SURECHP V WKDW
FRP H IURP WHLU QXP HULFDO LQVWE LOW 2 SWP L] DWRQ P HWRGV E\SDVV WH SUREGHP RI P DWIL[
LQYHUWLRQ 7 KHVH P HWRGV P LQLP L]H WH HUURU LQ NLQHP DWFV FKDLQ ,WUDWYH DSSURDFK LV EDVHG RQ
FRQWQXRXV FRVLQJ W VROXWRQ IRU HYHU MLQW LQ D FKDLQ ,Q JHQHUDO WKHVH P HWRGV DUH P RUH
LQDFFXUDW DQG WH\ FRQYHUJIH RQO W RQH VROXWRQ % XWWHVH P HWKRGV DUH VXLWEGH DQG IDLU HQRXJ K
IRUNLQHP DWFV VLP XDWRQ

H VWGLHG DQG LP SCHP HQWG WUHH P HWRGV IRU LQYHUVH NLQHP DWFV $ OGO P HWRGV DUH

LWVHUDWYH 7 KH ILUVWP HWRG XVHV YHFWU DQ HEUD W VROYH ,. WVN 7 KH P HWKRG JRHV WWURXJK WH Z KR
FKDLQ TURP WH HQG HIITHFWRU WV WH EDVH DQG VHW WH FRUUHVSRQGLQJ MLQWYDOXHV EDVHG RQ WKH IRUFH
YHFWU 7 KLV LV UHSHDWG XQWODQ DFFHSWEM VROXWRQ LV IRXQG 7 KH VHFRQG P HWRG WDQVSRVLWRQ RI
-DFREL P DWL[ > @ E\ SDVVHV WH P DWL LQYHUVLRQ SUREGCHP Z LWK KHGCs Rl P LQLP L] DWRQ 7 KH WLUG
P HWRG & \ FOF & RRUGLQDW ' HVFHQW & &' > @ LV DQ LWUDWYH P HWRG EDVHG RQ SRVLWRQ DQG

RULHQWWRQ HUURU | X QFWR Q

6 XP P DU\

7 KLV VHFWRQ GLVFXVVHG WKH P DLQ SURECHP DUHDV RI KXP DQ ERG\ NLQHP DWFV P RGHAQJ $ V D
KXP DQ ERG\ UHSUHVHQWWRQ Z H KDYH FKRVHQ D VNHCHWQ $ 0O WIDQVIRUP DWRQV RQ D KXP DQ ERG\ DUH
UHGXFHG WR WDQVIRUP DWRQV RQ WKH VNHOHWQ ) RU URWWRQ FRP SXWWRQ Z H LQWRGXFHG W R P HWRGV
7 KH 5 RGULJ XH] URWWRQ P DWL[ LV XVHG IRU URWWRQ FRP SXWWRQ 7 KH TXDWUQLRQV DUH XVHG IRU MRLQW
VWW UHSUHVHQWWRQ EHFDXVH RI WHLU P HQWRQHG DGYDQWJHV URWWRQ FRP SRVLWRQ DQG EDFNZ DUG
WDQVIRUP DWRQ

) RU LQYHUVH NLQHP DWFV SURECHP Z H LQWRGXFHG WUHH P HWRGV RI JHWIQJ VROXWRQ 2 QO
LWHUDWYH P HWRGV SUHVHQWRSWP DO VROXWRQV $ QI HEUDLF P HWRGV SURYLGH VROXWRQV RQO IRUD VP D@
NLQHP DWFV FKDLQV Z LW D P D[ LP XP RI " 2) Z KLFK LV QRWHQRXJK IRUD KXP DQ ERG\ VLP XWRQ
* HRP HWLF P HWKRGV H[ LVYWWRQO IRUD VSHFLDOVHWRI NLQHP DWFV P DQLSXODWU 7 KHUHIRUH Z H LQWRGXFHG
W UHH LWUDWYH P HWRGV IRU LQYHUVH NLQHP DWFV WVNV 7 KH VSHHG Z KLFK WH\ ILQG D VROXWRQ Z LW
GHSHQGY RQ WH QXP EHURI ' 2 ) LQ VHOHFWG NLQHP DWFV FKDLQ RQ WH GHVLUHG SUHFLVLRQ DQG RQ WKH
WUJ HWGLVWQFH $ QO WKUHH P HWRGV SURYLGH DQ DFFHSWEGCH LQWUDFWYH VROXWRQ E\ D SUHFLVLRQ RI
WR 7 KHVH SUHFLVLRQ YDOXHV DUH DFFHSWEOH IRU KXP DQ ERG\ VLP X(DWRQ $ OGO WKUHH DQ RULVKP V
FDQ EH LP SURYHG IRU D EHWWU UHDO P RYHP HQW UHIGHFWRQ 7 KH VSHHG RI DQ RULVKP V LV QDWKUDGCO
LQIOXHQFHG E\ D SUHFLVLRQ DQG DOVR E\ VHQVLWYLW 7 KH VP DOHU WKH VHQVLWYLW VWKH IDVWU WH VROXWRQ
6 HQVLWY LW DOVR LQIOXHQFHV WH QDWUH RI KXP DQ ERG\ P RYHP HQW $ VD VXP P DUl RI WKH WUHH P HWKRGV
Z H FDQ VD\ VWKDWVWKH VLP SCH DQG & &' P HWRGV DUH EHWHU EHFDXVH RI WHLU LP P HGLDW FKDQJH 7 KH
-DFREL P HKRG FKDQJHV WKH FKDLQ DIWU LWZ HQWWURXJK VWH Z KRCH FKDLQ % XW DQO LQ DOO DQO WK UHH

P HWRGV DUH VXILWEOH IRULQWUDFWYH LQYHUVH NLQHP DWFV VROXWRQ



([ SHULP HQWO7 RROIRU . LQHP DWFV 6 LP X OODWRQ

) RU H[ SHULP HQWQJ DQG HYDOXDWRQ RI WKH DERYH P HQWRQHG P HWRGV DQG DQ RULVKP V Z H
GHYHORSHG D VLP SCH DSSOFDWRQ 7 KH SURJUDP HQDEGHV LQWUDFWYH KXP DQ ERG\ P RGHOQJ EDVHG RQ
XVHU LQSXW 8 VHU KDV WKH SRVVLELAW Z LW KHOS RI IRUZ DUG RU LQYHUVH NLQHP DWFV W VHWDQ DUE LWDU\
ERG\ SRVH %\ P DQLSXMWQJ WH P RGHOZ LW KHCS RI LQYHUVH NLQHP DWFV KDV WH XVHU RSSRUWKQLW W
VHOHFW IURP VWKH WUHH LWHUDWYH P HWKRGV $ SSOFDWRQ DOVR HQDEGHV WKH SRVVLELOW WR FUHDW KXP DQ
ERG\ NH\ |UDP HG DQLP DWRQ Z LW YDULRXV LQWHUSRODWRQ DQJ RULVKP V $ SSOFDWRQ LP SCHP HQWDQ RULWKP V
IRU VROYLQJ SUHVHQWIG DUHDV RI VLP XDWRQ RI KXP DQ ERG\ NLQHP DWFV ) LQDODSSOAFDWRQ LV GHVL]I QHG
DQG LP SCHP HQWG LQ & RQ 2 SHQ* /| SMWRUP LQ : LQGRZ V HQYLURQP HQW 7 KH ILJ XUH VKRZ V

DSSOFDWRQ Z LQGRZ Z LW WH KXP DQ ERG\ P RGHO
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) LI X UH ([ SHULP HQWOSURJUDP IRUGHP RQVWDWQJ KXP DQ ERG\ NLQHP DWFV



LQHP DWFV 0 RGHOQQJ DQG 9 5 0 /

) RU RXU H[ SHULP HQWO LP SCHP HQWWRQ HQYLURQP HQW Z H GHFLGHG W FKRRVH WH ,QWUQHW
S OWRUP XVLQJ VWQGDUGY OANH 9 50 / DQG -DYD -DYD6 FULSW UHVSHFWYHQO 7 KH UHDVRQV DUH
Z RUOGZ LGH VXSSRUW KDUGZ DUH S DWRUP LQGHSHQGHQF\ DQG XSJURZ LQJ SRSXOMUW DQG DSSOFDELOW
> @ : H KDYH H[ SHULHQFHG Z LW SDUWDO SURECHP V XVHU LQWUIDFH P HQX V\ VWP ERG\ P RGHO MLQW

DQG VNHAHWQ UHSUHVHQWWRQ DQG DA RULMWKP V IRULQYHUVH NLQHP DWFV LQ FKRVHQ QJ XDJHV

) LUWW Z H Z DQW W P HQWRQ D LQFRQVLVWHQW LP SCHP HQWWRQV RI WH 9 50 / VW Q G DUG
HVSHFLDOO LQ HUURU GHWFWRQ ) RU RXU H[ SHULP HQW Z H GHFLGHG WR XVH IRORZ LQJ W R VRIW DUH
FRP ELQDWRQV 0 LFURVRIW,QWUQHW( [ SCRUHU Z LK 3 DUDOCHO* UDSKLFV & RUWRQD 9 5 0 / & GQHQW DQG
1 HWFDSH & RP P XQLFDWRU Z LW & RVP R 3 D\ HU 0 DLQ GLIIHUHQFHV Z HUH LQ WKH CHYHORI HUURU
P HVVDJHV 7 KH EHKDYLRU Rl ERW VRIW DUH FRP ELQDWRQV Z DV YHU\ LQFRQVLVWQWDQG Z H VSHQWORWRI

WP H W GHWFWWH VRXUFH RI WKH SURE CHP : H XVHG 6 XQ -DYD IRU-DYD SDUW RI FRGH

8 VHU , QWHUIDFH % XLOGLQJ D 0 HQX

8 VHU LQWUI DFH LQ ! Z RUGG LV D ELW QHZ SUDFWFH IRU XVHU JURRYHG XS LQ GHVNWS QNH
DSSOFDWRQV $ VD XVHIXODQG XVHU IUUHQGO XVHU LQWU DFH DWOHDVWLQ WH EHJLQQLQJ RI ! QDY LI DWRQ
Z H GHFLGHG W FUHDW D ' P HQX V\ VWHP

7 KHUH DUH VRP H SRVVLELOWHY KRZ W GR D P HQX SRSXS QAVW RXWLGH WH ! YLHZ WH VDP H

WHFKQLTXH DV LQ XVXDOGHVNWS DSSOAFDWRQV VI P EROF WRRO/ SCDFHG DURXQG WH DYDWU RU VRP H SRSXS
AVWDV D SDUWRII ' YLHZ : H GHFLGHG IRUWH OVWRQH

H WLHG W XVH GLIIHUHQW P HQX LWP V JHRP HW\ fV DQG WHQ VHMHFWG HOASVRLGV IRU
UHS UHVHQWWRQ D URRWDQG LWP V RI WKH P HQX 7 R GLVWQJ XLVK GLIIHUHQWLWP V RI P HQX Z H XVHG FRCOQRUV
DQG ELW DS LP DIJHV 7R GR WH XQXVHG P HQX LWP P RVWLQYLVLECH Z H XVHG FRORU WDQVSDUHQF\ DV

VKRZ V) LJ XUH 7 KLV LGHD LV VLP LODUW WDWRI $ SSOH 0 DFLQWVK $ TXD > @

) LI X UH ,QDFWYH DQG DFWYH P HQX



6LP XCOWQJ - RLQW LQ 9 5 0 /

7 KHUH DUH W R DOMUQDWYHV KRZ W P RGHOVLP SCH MRLQWLQ 9 5 0 / 6 SKHUH6 HQVRU DQG D VHW
Rl & \ AQGHU6 HQVR UV

7 KH ILUW RQH GRHV QRWDORZ VLP SOH FRQVWDLQV P RGHQQJ 7 KLV MRLQW P RGHO FRQVLVW RI D
6 SKHUH DQG 6 SKHUH6 HQVRU 7 KH EHKDYLRU RI VXFK DQ LP SCHP HQWWRQ LV XVHU IULHQGO EXWDGGLQJ D
FRQVWDLQ IRUWLY WSH RI P RGHOUHT XLUHV D (RWRI -DYD FRGH UHVXOMQJ LQ VORZ HU LQWHUDFWRQ ( [ DP SCH

Rl VSKHUH MRLQW DQG VHQVRUV LV VKRZ Q LQ ) LJ XUH

) LI X UH 6 LP SOH 6 SKHUH MRLQWK LHUDUF K\

7 KH VHFRQG FDVH LV D VHWRI & \ AAQGHU6 HQVRUV DGGLQJ D FRQVWDLQ DQG D ELWRI FRP SCH[ LW IRU
HYHW GHJUHH RI ITUHHGRP WHUH KDV W EH D VHSDUDW VHQVRU 7 KLV UHVXOW LQ D OHVV XVHU IULHQGO
LQWHUI DFH EXWVXSSRUW YHUW XVHIXO QRWDQ\ WP H LWLV UHT XLUHG DQJOH FRQVWDLQV ,Q WLV P RGHO Z H
XVHG GLIITHUHQW FRORU IRU HYHW D[ LV RI URWWRQ DQG FRORU WDQVSDUHQF\ WR ([ DP SOH RI F\ QAQGHU

VHQVRULV VKRZ Q LQ ) LJ XUH



) LI X UH & RP SCH[ & \ AQGHU MRLQWK LHUDUF K\

950 / 6NHGHWQ

H KDYH FUHDWG D KXP DQ ERG\ DV D KLHUDUFKLF P RGHORI MRLQW DQG ERQHV Z LW WH HTXDOVL] H

) LI XUH VKRZ VW R KXP DQ VNHOHWQV SDUHQW DQG D FKLOG Z LWK WHLU FKURQLF EHVWIULHQG

) LI X UH 6 NHOHWQ IDP LO Z LW GRJ



7 KH DQLP DWRQ SHU RUP DQFH RI VXFK D UHSUHVHQWWRQ LV YHUW JRRG WH SUREGHP

P RGHOQJ EHKDYLRUEHFDXVH RI QRQH[ LVVHQFH Rl DQ\ MRLQWFRQVWDLQV

e
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, QYHUVH . LQHP DWFV

,Q WKH ILHOG RI LQYHUVH NLQHP DWFV Z H KDYH LP SCHP HQWG MXVWDQ RULWP V IRUWHH QDYLJDWRQ
LQ 9 50 / : HKDYH SUHSDUHG DQJ RULWP V IRU GLVWLE XWQJ NLQHP DWFV LQIRUP DWRQ WURXJK WH WHH RI
QRGHV WR J HWWH LQYHUVH NLQHP DWFV DQJ RULVKP V Z RUN 7 KH SURECHP Z LW 9 50 / P RGHOQJ Z RUGG LV LQ
WH SRVLWRQLQJ V\ VWHP 9 50 / XVHV ORFDO SRVLWRQV DQG P RVWRI LQYHUVH NLQHP DWFV DQ RULWP V
UHT XLUH J REDOSRVLWRQV

7 KHUH DUH W R DOMUQDWYHV IRU VROYLQJ WLV NHHS WH JOREDO SRVLWRQ LQ HYHW MLQW DQG
GLVWLE XW UHOOWYH FKDQJHV RUVHWWH ORFDOSRVLWRQ LQ HYHW VLQJOH VWHS $ FWDOO Z H DUH Z RUNLQJ RQ

WHVH VROXWRQV

& RQFOXVLRQV DQG ) X WK UH 3 0DQV

,Q WH DUHD RI + XP DQ 6 NHOHWQ 0 RGHOQJ Z H KDYH LQWRGXFHG EDVLF SURECHP V GNH KXP DQ
ERG\ UHSUHVHQWWRQ DQG NLQHP DWFV : H KDYH FKRVHQ D VLP SQILHG P RGHO* VNHCGHWQ DV KXP DQ ERG\
UHS UHVHQWWRQ 7 KHQ Z H KDYH GLVFXVVHG IRUZ DUG DQG LQYHUVH NLQHP DWFV P HWRGV $ OO WH P HWKRGV
DQG WHFK QLT XHV Z HUH LP SQHP HQWIG LQ DQ H[ SHULP HQWODSSAFDWRQ
,Q WH . LQHP DWFV 0 RGHOOQJ LQ 950 / Z H KDYH LQWRGXFHG IHZ WFKQLTXHV LP SRUMQW W
P RGHO D KXP DQ DQLP DWRQ : H KDYH FUHDWG D EDFNJURXQG IRU IXWUH LP SCHP HQWWRQ RI D IXQD
950 / DSSOFDWRQ Z LW SDUW RI -DYD FRGH W LQWRGXFH KXP DQ DQLP DWRQ RQ WKH SCOWRUP RI
,QWHUQHW
H GLVFXVVHG P HQX V\ VWP LP SCHP HQWWRQ NLQHP DWFV P RGHORI MRLQW LQ W R DOMUQDWY HV
DQG LP SCHP HQWWRQ RI LQYHUVH NLQHP DWFV DQIRULVKP V IRU 9 50 / 2 XU IXWUH SOQ LV W FUHDW D
FRP SQH[ MLQWP RGHO LQFOXGLQJ WH DGYDQWJHV RI ERW VXEVFUEHG P RGHO/ WR FUHDW D FRP SCHWH

P HQX QDYLIDWRQ V\ VWVHP DQG ILQDOO LP SCHP HQWVRP H RI WH LQYHUVH NLQHP DWFV DQJI RULWKP V

$ FNQRZ HGJHP HQW

H Z RX0G GNH W WDQN DVVRFLDW SURIHVVRU 0 DUWQ 6 SHUND IRU KLV DGYLFHV : H DOVR Z RXOG QNH

6 : + VUR %UDWVODYD IRUWHLUKDUGZ DUH DQG ,QWUQHWVXSSRUW

5 HIHUHQFHYV

> @ + RUQLDN O 3 URJUDP IRU WH 9 LVXDO 6 LP XCDWRQ RI 0 LP LFV Z KHQ 6 SHDNLQJ 0 DVWHU 7 KHVLV
HSDUW HQW RI & RP SXWU 6 FLHQFH DQG ( QJLQHHULQJ 6 (RYDN 8 QLYHUVLW Rl 7 HFKQR®RJ\

% UDW.VODY D

> @ 6 SHUND 0 7 HHSUHVHQFH DQG + XP DQ % RG\ 0 RGHQQJ 3 URFHHGLQJ V 6\ P SRVLXP RQ
7 HHP HGLFLQH DQG WOHHGXFDWRQ LQ 3 UDFWFH ,Q 6\ P SRVLXP 3 URFHHGLQJV ,QWUQDWRQDO
6\ P SRVLXP RQ 7 HOHP HGLFLQH DQG 7 HOHHGXFDWRQ LQ 3 UDFWFH . RVLFH 0 DUFK SS

+

> @ 6 NDOD 9 DFOOY 1 RQAQHDU FRRUGLQDWYV DQG WHLU DSSAOFDWRQ LQ FRP SXWU JUDSKLFV ' HSDUW HQW

RI & RP SXWU6 FLHQFH DQG ( QJLQHHULQJ 8 QLYHUVLW RI : HVW% RKHP LD

> @ . RQGR . RLFKL ,QYHUVH NLQHP DWFV RI D KXP DQ DUP 5 RERWFV ODERUDW U\ GHSDUW HQW RI

FRP SXWUVFLHQFH 6 WQIRUG 8 QLYHUVLW 6 WQIRUG 8 6 $

> @ . HCOP DQ & K ULV , QY HUVH NLQHP DWFV DQG JHRP HWLF FRQVWIDLQW IRU DUWFXOWG I LJ X UH

P DQLSXOMWRQ 6 LP RQ ) UDVHU XQLYHUVLW & DQDGD Z Z Z |IDV VIX FD

> @ . zZDQ : & KLQ $ QLP DWQJ KXP DQ P RWRQ XVLQJ LQYHUVH NLQHP DWFV & XUWQ 8 QLYHUVLW RI



WHFKQRORJI\ Z Z Z FV FXUWQ HGX DX

6 KRHP DNH . HQ $ QLP DWQJ URWWRQV Z LW TXDWUQLRQ FXUYHV 6 ,* * 5% 3+ | 9 RXP H

QXP EHU SDJ HV

DP % ( UN . RFK 0 DUWMQ / LOKRCP 0 DUWQ 4 XDWUQLRQV LQWUSRODWRQ DQG DQLP DWRQ
7 HFKQLFDO UHSRUW ' ,. 8 75 * HSDUW HQW RI & RP SXWU 6 FLHQFH 8 QLYHUWILW  RI

& RSHQKDJ HQ

( EHUO ' DYLG 4 XDWUQLRQ DQJ HEUD DQG FDOFXOXV 0 DJLF 6 RIW DUH Z Z Z P DJLF VRIW DUH FRP

% UXFH ( FNHO 7 KLOQNLQJ LQ -DYD Z Z Z % UXFH( FNHOFRP

$ SSCH O DFLQWVK 1 HZ 2 6 ; $ TXD Z Z Z DSSMH FRP

+ XP DQRLG $ QLP DWRQ : RUNLQJ * URXS Z Z Z KDQLP RW

& DUH\ 5 % HOO * 7KH$ QQRWWG 9 50 / 5 HTHUHQFH 0 DQXDO ,6 % 1



