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%LRORJLFDO QHXURQ

ORGHO RI DQ DUWLILFLDO QHXURQ

6LQJOH OD\HU IHHGIRUZDUG QHWZRUN
6WUXFWXUH RI PXOWLOD\HU IHHGIRUZDUG
SHFXUUHQW QHWZRUN ZLWK QR KLGGHQ OD
SHFXUUHQW QHWZRUN ZLWK KLGGHQ QHXU]I
6LQJOH OD\HU SHUFHSWURQ
&RPSHWLWLYH OHDUQLQJ ZLWK QRGH ZLQ
%ORFN GLDJUDP RI VXSHUYLVHG OHDUQLQJ
JORZ FKDUW VKRZLQJ DQ HYROXWLRQDU\ Dt
6LQJOH FLUFXLW 7HH

'RXEOH FLUFXLW 7HH

7THH DQG OHVK

7TKUHH WHUPLQDO OLQH ZLWK ]JRQH VHWW
7TKUHH WHUPLQDO OLQH VKRZLQJ FXUUHQW

IRU D IDXOW DW )

6\VWHP VKRZLQJ WKUHH WHUPLQDO OLQH Z
5HOD\ FKDUDFWHULVWLF VKRZLQJ DSSDUHC
7ZR FLUFOHV WR UHGXFH WULSSLQJ DUHD

6LQJOH OLQH UHSUHVHQWDWLRQ RI WKH 7F
&LUFXLW GLDJUDP XVHG LQ (073 VLPXODWL
%ORFN GLDJUDP UHSUHVHQWDWLRQ R1 IDXC

LQ (073

OXOWL OHYH GHFRPSRVLWLRQ GLDJUDP
%LRU 5%) QHWZRUN UHVSRQVH IRU WUDL
9DOLGDWLRQ ZLWK XQVHHQ GDWD
,PSHGDQFH WUDMHFWRU\ IRU IDXOW DW N
,PSHGDQFH WUDMHFWRU\ IRU IDXOW DW N
,PSHGDQFH WUDMHFWRU\ IRU IDXOW DW N
,PSHGDQFH WUDMHFWRU\ IRU IDXOW DW I
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)LJ ,PSHGDQFH WUDMHFWRU\ IRU IDXOW DW N

)LJ ,PSHGDQFH WUDMHFWRU\ IRU IDXOW DW N
)LJ ,PSHGDQFH WUDMHFWRU\ IRU IDXOW DW NI
)LJ 'LDJUDP VKRZLQJ FRPSRQHQWYV RI DQ H[FLW
)LJ %ORFN GLDJUDP RI DQ H[FLWDWLRQ FRQWU
)LJ BHWWOLQJ WLPH DJDLQVW QXPEHU RI JHQH
)LJ *HQHUDWRU WHUPLQDO YROWDJH YDULDWLF
)LJ ((( EXV VA\VWHP

)LJ 1HWZRUN DUFKLWHFWXUH

)LJ $ W\SLFDO F\FOH RI WKH HYROXWLRQ RI FR(
)LJ 7KH 6\WWHP '\QDPLF ORGHO

)LJ 7KH FRGLQJ GHFRGLQJ FRQILIJIXUDWLRQ RI §
)LJ &RPSDULVRQ EHWZHHQ *$B$11 DQG $11 %3

ORDG IRUHFDVWLQJ SUREOHP
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/JHQIJWK RI HDFK EUDQFK RI WKH 7HHG FLU
&RPSDULVRQ RI WKH HVWLPDWHG IDXOW
YRXU W\SHV RI 5%) QHWZRUNYV
9DULDEOH OLPLWV DQG JHQHUDWRU FRVW
,QLWLDO DFWLYH SRZHU JHQHUDWLRQV |
*HQHUDWRU YROWDJHY DQG WUDQVIRUPHU WI
7KH VWDWH YDULDEOH YLRODWLRQV
2SWLPDO DFWLYH SRZHU JHQHUDWLRQV |
JHQHUDWRU YROWDJHV WUDQVIRUPHU WDSV
VKXQW FDSDFLWRU UHDFWRU FRPSHQVDWLRQ
JRVV FRHIILFLHQWYV IRU ,((( EXV DQG
$W EDVH ORDG QRPLQDO ORDG FRQGLWLRQ
/JRVV FRHIILFLHQWYVY IRU EXV DQG EXV
GLIIHUHQW RSHUDWLQJ FRQGLWLRQV DQG SR.
OIRB GLIIHUHQW ORDGLQJ FRQGLWLRQV DQG
&RPSXWHG IURP $& ORDG IORZ DQG QRPLQDO
&RPSDULVRQ RI WKH FRVWV RI JHQHUDWL
&ODVVLFDO WHFEKQLTXH IRU VHYHUDO ORDGL(
SRZHU IDFWRUV XVLQJ QRPLQDO $ FRHIILFLHC
FRUUHVSRQGLQJ $ FRHIILFLHQWYV
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, ZLVK WR WKDQN 'U / / /DL IRU KLV FRQWLQXHG VXSS
RXW WKLV UHVHDUFK DQG KLV LQYDOXDEOH DGYLFH G

, ZLVK WR H[SUHVV P\ DSSUHFLDWLRQ WR WKH 1DWLR
WKH SURMHFW RQ SURWHFWLRQ RI WHHG FLUFXLWYV

$ &DUWHU Rl 1*& IRU SURYLGLQJ WHFKQLFDO LQIRU
SURMHFW

6SHFLDO WKDQNV WR P\ ZLIH 5LWD IRU WKH HQFRXUI
WKH \HDUV

)LQDOO\ , ZRXOG OLNH WR WKDQN DOO WKRVH ZKR K
WKLV UHVHDUEFEK

SWKH HQG RI ZLVGRP LV IUHHGRP

WKH HQG RI FXOWXUH LV SHUIHFWLRQ

WKH HQG RI NQRZOHGJH LV ORYH DQG

WKH HQG RI HGXFDWLRQ LV FKDUDFWHU"
6UL 6DWK\D 6DL %DED
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"HFODUDWLRQ

7KH DXWKRU KHUHE\ JUDQW SRZHUV RI GLVFUHWLRQ
WR DOORZ WKLV WKHVLV WR EH FRSLHG LQ ZKROH
DXWKRU 7KLV SHUPLVVLRQ FRYHUV RQO\ VLQJOH FF
VXEMHFW WR QRUPDO FRQGLWLRQV RI DFNQRZOHGJHF
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$SEVWUDFW

7KH UHVWUXFWXULQJ RI WKH HOHFWULF SRZHU LQGX
DQG QHZ SUREOHPV WR EH VROYHG E\ UHVHDUFKHUYV
FRQVLGHUHG DQG VXLWDEOH LQWHOOLJHQW WHFKC
GHVFULEHG LQ WKLV WKHVLYV

$ QHZ WHFKQLTXH XVLQJ ZDYHOHW WUDQVIRUP DQG Q
SURWHFWLRQ RI D SUDFWLFDO WHH FLUFXLW KDV EH|
RXW XVLQJ (073 VRIWZDUH 7KH ZDYHIRUPV REWDLQF
XVHG LQ ZDYHOHW DQDO\VLV WR JHQHUDWH SDWWHU
FDUULHG RXW XVLQJ 5DGLDO %DVLV )XQFWLRQ QHW:
'30 VRIWZDUH GHYHORSHG E\ WKH 8QLYHUVLW\ RI 6
3RZHU (QJLQHHULQJ LV XVHG IRU WKH HYDOXDWLRQ R

$ QHZ DSSURDFK LV SURSRVHG WR XVH REMHFW RULH
DOJRULWKPV LQ GHYHORSLQJ VRIWZDUH WR HVWLPD)
SDUDPHWHUYV 6LPXODWLRQ VWXGLHVY DUH FDUULHG X
LWV WUDQVIRUPHU FRQQHFWHG WR DQ LQILQLWH EXVI

$SSOLFDWLRQ RI HYROXWLRQDU\ SURJUDPPLQJ WR
WHFKQLTXH WKDW LV SURSRVHG LQ WKLV ZRUN 7KH
NHHSLQJ WKH V\VWHP VHFXUH XQGHU ERWK QRUPDO
FDUULHG RXW XVLQJ WKH ,((( EXV WHVW V\VWHP

$ VKRUW WHUP ORDG IRUHFDVWLQJ PRGHO XVLQJ $UV
$OJRULWKP KDV EHHQ GHYHORSHG DQG WHVWHG RQ (
W LV IRXQG WKDW WKH WLPH WDNHQ WR REWDLQ D VI
LV YHU\ FRPSOH[ 7KLV SRLQWV LQ WKH GLUHFWLRC
LOWHIJUDWHG ZLWK SDUDOOHO SURFHVVLQJ WHFKQLT:

[LLL



$ QRYHO DSSURDFK WR WKH IRUPXODWLRQ DQG HYDC
IORZ WKURXJK D VHW RI QHZ ORVV FRHIILFLHQWYV D
ZKLFK DUH HIILFLHQW H[DFW DQG UREXVW DQG VX
SURSRVHG 7KHVH ORVV FRHIILFLHQWY DQG GLVWULI
DYDLODEOH ORDG IORZ VROXWLRQ ZLWK WULYLDO FRI
V\VWHPV VKRZ WKDW WKH FRHIILFLHQWY QHHG QRW
VI\VWHP RSHUDWLQJ FRQGLWLRQV

[LY
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/IHFWXUH 1RWHYV

/' / /IDL + 6XEDVLQJKH 1 5DMNXPDU ( 9DVHHNDU %
M2ZEMHFW RULHQWHG JHQHWLF DOJRULWKP EDVHG D
IRUHFDVWLQJY ERRN FKDSWHU IRU /HFWXUH 1RWHYV
6SULQJHU 9HUODJ ;LQ <DR HW DO (GLWRUYV 0D\

SHIHUUHG -RXUQDO 3DSHU

- 1DQGD // /DL -7 OD 1 5SDMNXPDU $ 1DQGD DQG
$SSURDFK WR &RPSXWDWLRQDOO\ (IILFLHQW $0OJRUI
/LQH )ORZ )RUPXODWLRQVY ,QWHUQDWLRQDO -RXUC
5HVHDUFK (OVHYLHU 6FLHQFH /WG 1RY

SHIHUUHG &RQIHUHQFH 3DSHUV

/ 1/ /DL ( 6BW\YDNWDNLV $ * 6LFKDQLH 1 5DMNXPDU
LORGHOOLQJ GHVLJQ DQG VLPXODWLRQ RI JHQHUDYV
RULHQWHG WHFKQLTXHV DQG LPSURYHG JHQHWLF D
JRXUWK ,QWHUQDWLRQDO &RQIHUHQFH RQ $GYDQFH
2SHUDWLRQ ODQDJHPHQW $36&20 ,(( 3XE 1R

/ /| IDL $* 6LFKDQLH 1 5DMNXPDU ( 6W\YDNLV 0
H3UDFWLFDO DSSOLFDWLRQ Rl REMHFW RULHQWHG °
IRU VKRUW WHUP HOHFWULF ORDG IRUHEDVWLQJY
&RQIHUHQFH RQ (QHUJ\ ODQDJHPHQW DQG 3RZHU 'l
6LQJDSRUH ODUFK

4 ; ;DQJ =< ;X [ [/ /DL =+ =KDQJ 1 5DMNXPDU
GXULQJ SRZHU VZLQJV ZLWK V\PPHWULFDO FRPSRQF

[/ / /DL 1 5DMNXPDU p(PHUJLQJ LVVXHVY DQG PHWKR
HOHFWULF SRZHU LQGXVWU\T $5& ZRUNVKRS $XVW
,QYLWHG SDSHU

/ / IDL ( 9DVVHNDU + 6XEDVLQJKH 1 5DMNXPDU $
ORFDWLRQ RI D WHHG QHWZRUN ZLWK ZDYHOHW WU
/DL (GLWRU 3URFHHGLQJV Rl WKH ,QWHUQDWLR(
'"HUHJXODWLRQ 5HVWUXFWXULQJ DQG 3RZHU 7HFK(
,((( FDWRORJ 1XPEHU (; 6% 1 . $SULO
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/ / IDL 7 ORWVKHJZD + 6XEDVLQJKH 1 5DMNXPDU
VWXG\ ZLWK DJHQWYV RQ HQHUJ\ WUDGLQJY 3URFH
&RQIHUHQFH RQ $GYDQFHV LQ 3RZHU 6\WWHP &RQW
(( 2FW ,QYLWHG SDSHU

/ / /DL 1 5DMNXPDU ( 9DVHHNDU ), 6XEDVVLQJKH
H:DYHOHW WUDQVIRUP DQG QHXUDO QHWZRUNV IR
BURFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQ
((( BHUWK 'HF

[YL



&KDSWHU ,

,1752'8&7,21

1HHG IRU 1RYHO 7THFKQLTXHYV

$v PRGHP HOHFWULFDO SRZHU V\VWHPV EHFRPH PR
VA\VWHPV XVLQJ FRQYHQWLRQDO PHWKRGV DQG WHFK(
HITHFWLYH 7KH FRQYHQWLRQDO PHWKRGV IDFH GL
SUREOHPYVY UHODWHG WR PDLQWHQDQFH OLNHO\ G
HISDQVLRQ UHTXLUHPHQWY DQG DJLQJ RI WKH WHFKQ

$V VXFK GLIJLWDO WHFKQLTXHV KDYH EHHQ XVHG LQ
WHFKQLTXHYV DUH DGYDQWDJHRXV LQ WKDW WKH\ DUI
VHOI GLDJQRVWLF FDSDELOLW\ PRGXOH FDQ EH HDVL
WR DGDSW WR IXWXUH GHYHORSPHQW DQG H[SDQVLRC

7R RYHUFRPH WKH OLPLWDWLRQV RI GLJLWDO WHFEk
DUWLILFLDO LQWHOOLJHQFH $, KDYH EHHQ XVHG 7K
V\VWHPYVY DUH H[SHUW V\VWHPV IX]]\ VIVWHPYVY DUWL
PRUH UHFHQWO\ HYROXWLRQDU\ DOJRULWKPYV

$Q H[SHUW V\VWHP LV D FROOHFWLRQ RI SURJUDPV

PXFK WKH VDPH PDQQHU DV KXPDQ H[SHUWV W LV |
SURJUDP EHFDXVH LW FRQWDLQV ERWK SUREOHPYV

FRPSRQHQW ,W XVHV NQRZOHGJH DQG UHDVRQLQJ S|
QRUPDOO\ KDQGOHG E\ H[SHUWV 7KH H[SHUW V\VWHF
NQRZOHGJH EDVH LQWHUIHUHQFH HQJLQH ZRUNLQJ
XVHIXO IHDWXUH RI DQ H[SHUW V\VWHP LV WKH KLJK
SUREOHP VROYLQJ 7KLV H[SHUWLVH FDQ UHSUHVHQW
ILHOG OHDGLQJ WR SUREOHP VROXWLRQV WKDW DUF



WHK KLJK OHYHO H[SHUWLVH WRJHWKHU ZLWK WKH VNI
FRVW HIIHFWLYH DEOH WR HDUQ LWV ZD\ LQ WKH FRF
DQ H[SHUW V\VWHP LV LWV SUHGLFWLYH PRGHOOLQ
LQIRUPDWLRQ SURFHVVLQJ WKHRU\ RU PRGHO RI D S
SURYLGLQJ WKH GHVLUHG DQVZHUV IRU D JLYHQ SUR
ZRXOG FKDQJH IRU QHZ VLWXDWLRQV 7KLV OHWV WK
QHZ IDFWV RU GDWD DQG XQGHUVWDQG WKHLU UHOTL
XVHU FDQ HYDOXDWH WKH HIIHFW Rl QHZ VWUDWHJI
DGGLQJ QHZ UXOHV RU PRGLI\LQJ H[LVWLQJ RQHV
VIVWHPDWLF FRQVLGHUDWLRQ RI DOO SRVVLEOH DOW
DYDLODELOLW\ RI H[SHUWLVH DQG UHSURGXFLELOLW\
Rl WKH EHQHILFLDO IHDWXUHV RI H[SHUW V\VWHPV

$SSOLFDWLRQ RI H[SHUW V\VWHPV WR SRZHU V\VWHP
UHVHDUFK LQWHUHVW IRU D ORQJ WLPH $ QXPEHU RI
RQ WKH VXEMHFW ZLWK HPSKDVLV RQ WKH DSSOLF
RSHUDWLRQ PRQLWRULQJ DQG SURWHFWLRQ $Q H[W
DQG D VXUYH\ > @ Rl WKH UHVHDUFK DFWLYLWLHV KI
KDV EHHQ RQ HQHUJ\ PDQDJHPHQW V\VWHPV UHODYV
PRQLWRULQJ RSHUDWLRQ DQG SODQQLQJ DQG SURW
H[SHUW V\VWHPV DQG WKHLU DSSOLFDWLRQV WR SRZ
SDUWV E\ . / /IR DQG , 1IDVKLG > @

)X]1\ VAVWHP LV DQRWKHU $, WHFKQLTXH WKDW KDV U|
VRSKLVWLFDWHG FRQWURO VFKHPHV IRU SRZHU V\VW
UHSUHVHQWLQJ KXPDQ NQRZOHGJH RU H[SHULHQFH D
LQSXWY DUH FRQYHUWHG LQWR WKHLU IX]]\ UHSUHVH
LOQSXWV H[HFXWH DOO WKH UXOHV LQ WKH NQRZOHC¢
UHSUHVHQWLQJ HDFK VROXWLRQ YDULDEOH 'HIX]]LIL
QXPHULFDOO\ SUHFLVH VROXWLRQ YDULDEOHV 7KH

WXQLQJ DQG ZKHQ DSSOLHG WR PRUH FRPSOH[ V\VWt



RSPDLO 1X]]\ VIVWHP LQ GHWDLO ,Q RUGHU WR VROY
PHWKRGYV KDYH EHHQ SURSRVHG VXFK DV IX]]\ QH.
SURSDJDWLRQ DOJRULWKP IRU OHDUQLQJ > @ IX]]\ ¢
IXQFWLRQ > @ XVH RI JHQHWLF DOJRULWKP IRU F}
IXQFWLRQV DQG IX]]\ UXOHV > @

,(QWHUHVW LQ DUWLILFLDO QHXUDO QHWZRUNV KDV
LPSURYHG XQGHUVWDQGLQJ RI WKH IXQFWLRQLQJ R
LOWHUFRQQHFWLRQV KDV PDGH LW SRVVLEOH IRU |
PRGHOV WR FRQGXFW H[SHULPHQWY RQ GLJLWDO FR
DQLPDO VXEMHFWYVY 7KHVH PRGHOV VKRZHG WKDW Wi
IXQFWLRQV LQ WKHLU RZQ ULJKWV 7KHVH JDYH U
FRPSXWDWLRQDO V\VWHP WKDW SHUIRUP EUDLQOLNH

SUWLILFLDO QHXUDO QHWZRUNV KDYH EHHQ DSSOLHC
SRZHU VA\VWHPV 7KH IROORZLQJ VSHFLILF SUREOHPV

f 30DQQLQJ ORQJ WHUP ORDG IRUHFDVWLQJ HEF
FRPPLWPHQW

f 2SHUDWLRQ RSWLPDO SRZHU IORZ XQLW FRPPL)
HVWLPDWLRQ VWDWLF DQG G\QDPLF VHFXULW\ L
DQDO\VLYV IDXOW ORFDWLRQ DQG SURWHFWLRQ
PDLOQWHQDQFH YROWDJH VWDELOLW\ DVVHVVPHQW

f $QDO\WLV G\QDPLF VWDELOLW\ DVVHVVPHQW JH
V\VWHP GHVLJQ KDUPRQLF DQDO\VLV EDG GDW
SURWHFWLRQ

(YROXWLRQDU\ DOJRULWKPV ($V DUH FRPSXWHU ED
DUH FRPSXWDWLRQDO PRGHOV RI HYROXWLRQDU\ SUI



DG LPSOHPHQWDWLRQ 7KHUH DUH D YDULHW\ RI HY
VKDUH D FRPPRQ FRQFHSWXDO EDVH RI VLPXODWLQJ
YLD SURFHVVHV Rl VHOHFWLRQ PXWDWLRQ DQG UHFR
SHUFHLYHG SHUIRUPDQFH RI WKH LQGLYLGXDO VWUX
($V PDLQWDLQ D SRSXODWLRQ RI VWUXFWXUHV WKDW
DQG JHQHWLF RSHUDWRUV VXFK DV UHFRPELQDWLRC
VXIILFLHQWO\ FRPSOH[ WR SURYLGH UREXVW DQG SR
7KH PRVW SRSXODU ($ GHYHORSHG VR IDU DUH *HQF
BWUDWHJILHV (6 (YROXWLRQDU\ 3URJUDPPLQJ (3
3URJUDPPLQJ *3 $ GHWDLOHG DFFRXQW RI DSSOLFD
DQG QHXUDO QHWZRUN LQ SRZHU V\VWHP HQJLQHHUL:
> @

7TKH UHVWUXFWXULQJ RI WKH HOHFWULF SRZHU LQGX
QHZ SUREOHPV IRU UHVHDUFKHUV WR WDFNOH 7K
WUDQVPLVVLRQ XQLWV KDV PHDQW WKDW RSHUDWLR
VA\VWHP LV LQGHSHQGHQW Rl WKH JHQHUDWLRQ SDWW
PDNLQJ WKH WUDQVPLVVLRQ JULG PRUH IOH[LEOH D
HQVXULQJ LWV KLJK VWDQGDUG RI VHFXULW\ DQG U
WHFKQLTXHYVY KDYH EHHQ SURSRVHG LQ WKLV ZRUN W/
WKH QHZ UHVWUXFWXUHG HOHFWULF SRZHU LQGXVWU

)DXOW DW DQ\ SRLQW LQ D SRZHU VA\VWHP SURGXFHV
WKH QRUPDO FDSDFLW\ RI WKH HTXLSPHQW DQG W
SURWHFWHG DJDLQVW VXFK RSHUDWLRQ E\ VZLWFKL
ORFDWLRQ LV LPSRUWDQW LQ RUGHU WR FOHDU IDXC
VRRQ DV SRVVLEOH ZLWK PLQLPXP LQWHUUXSWLRQ

WKHRU\ )RXULHU DQDO\VLV DQG :DYHOHW DQDO\VLV
IDXOW ORFDWLRQ LQ SRZHU V\VWHPV > @ ,I WKH

WKH DERYH DSSURDFK EHFRPHV PRUH FRPSOH[ EHFD X
YDULRXV SDWKV RI WKH V\VWHP 7KH EDVLF VFKHPHV



aQHVY FDQQRW EH DSSOLHG WR WHHG OLQHV DV WK
GLIILFXOW ©6XFK D FRPSOH[ SUREOHP FDQ EH VROYF
LQVWDQW ZDYHIRUPV XVLQJ DQ LQWHOOLJHQW V\VWH

2EMHFW RULHQWHG SURJUDPPLQJ 223 WHFKQLTXHYV
GHYHORSPHQW RI VRIWZDUH IRU DSSOLFDWLRQ DUHI
SURJUDPPLQJ WHFKQLTXHV WKDW KDYH EHHQ XVHG L(
SUREOHP WKDW LQIRUPDWLRQ IORZ LV RQH ZD\ %HF
PHWKRG OHDGV WR GHVLIQV WKDW FDQQRW UHVS
GHYHORSPHQW ,Q 223 DSSURDFK HDFK VWDJH RI
WKURXJKRXW WKH SURFHVV DQG WKH VRIWZDUH LV U
DQG VLPXODWH DQ H[FLWDWLRQ FRQWURO V\VWHP IR
XV0LQJ 223 WHFKQLTXHY DQG LPSURYHG JHQHWLF DOJI

(YROXWLRQDU\ DOJRULWKPV DUH EHLQJ XVHG WR VI
SUREOHPV VXFK DV RSWLPDO UHDFWLYH SRZHU JHQH
FKDQJH WUDQVIRUPHUV 9$5 VRXUFH LQVWDOODWLRQ
ORVV LQ WKH QHWZRUN DQG WKH LQYHVWPHQW FRVW
VDPH WLPH LPSURYH WKH YROWDJH SURILOH RI WKH
HYROXWLRQDU\ SURJUDPPLQJ IRU RSWLPDO SRZHU |
GHVFULEHG LQ WKLV GRFXPHQWDWLRQ 7KH REMHFWL
DV VHFXUH V\VWHP LQ ERWK QRUPDO DQG FRQWLQJHC

$FFXUDWH ORDG IRUHFDVWLQJ LV HVVHQWLDO IRU V
ODUJH VFDOH SRZHU V\VWHPV 0DQ\ WHFKQLTXHV
UHJUHVVLRQ DSSURDFK VWDWH VSDFH PRGHOV SDV
KDYH EHHQ SURSRVHG DQG XVHG IRU VKRUW WHUP OI
DSSURDFKHV UHTXLUH ORWYV RI FRPSXWDWLRQDO WLI
HTXDWLRQV LQYROYHG LQ WKH PHWKRGYVY $UWLILFLD
E\ VHYHUDO UHVHDUFKHUV KDYH WKH OLPLWDWLRQ R



$ QHZ WHFKQLTXH WKDW XVHV REMHFW RULHQWHG S
WR HQKDQFH WKH UREXVWQHVV RI QHXUDO QHWZR
GHYHORSHG

7UDQVPLVVLRQ ORVV IRUPXODWLRQ XVLQJ % FRHIILF
IRU HFRQRPLF ORDG GLVSDWFK (/' ,W LV IRXQG WKI
DFFXUDWH DQG KHQFH FDQQRW SURYLGH EHVW HFRQ
$V WKH\ DUH QRW UREXVW WKH\ QHHG WR EH UH F
RSHUDWLQJ FRQGLWLRQV VR DV WR DFKLHYH EHWMW
DSSURDFK WR SRZHUIXO HIIHFWLYH DQG FRPSXWD
HYDOXDWLQJ WUDQVPLVVLRQ ORVV DQG OLQH IORZ X
GLVWULEXWLRQ IDFWRUV KDV EHHQ GHYHORSHG 7K
UREXVW DQG FDQ EH HIILEFLHQWO\ UHDOLVHG ZLWK Ol

2UJDQL]DWLRQ RI WKH 7KHVLYV

&KDSWHU GHVFULEHV WKH RULJLQ RI DUWLILFLDO
QHXUDO QHWZRUNV WKHLU OHDUQLQJ DOJRULWKPV I
VA\VWHPV

&KDSWHU LV GHYRWHG WR D EULHI GHVFULSWLRQ
DOJRULWKPV $ OLVW RI DSSOLFDWLRQV LQ SRZHU V\

&KDSWHU GLVFXVVHV WKH PDLQ LVVXHVY DQG PHWKI
LQGXVWU\ ([DPSOHV DUH XVHG WR LOOXVWUDWH WE
SRZHU V\VWHPV

&KDSWHU LV GHYRWHG WR IDXOW ORFDWLRQ DQG S|
WUDQVIRUP DQG QHXUDO QHWZRUNV 7\SHV RI WHHG
WKHLU GUDZEDFNYVY DUH GHVFULEHG ODMRU SDUW R
LV VLPXODWHG XVLQJ (073 WR REWDLQ GDWD IRU W



QHWZRUN WKDW FRXOG EH XVHG IRU IDXOW ORFDWLR
5SHOD\ VHWWLQJ HYDOXDWLRQ XVLQJ '\QDPLF 3URWHF

&KDSWHU GHVFULEHV D QHZ DSSURDFK LQ XVLQJ
LPSURYHG JHQHWLF DOJRULWKPV WR GHYHORS VRIW
JLYLQJ DQ H[DPSOH FDVH

,Q &KDSWHU DSSOLFDWLRQ RI HYROXWLRQDU\ SUR
ERWK QRUPDO DQG FRQWLQJHQW VWDWHYV LV SUHVHQ
VI\VWHP DUH GHVFULEHG

&KDSWHU GHDOV ZLWK WKH XVH RI DQ LQWHJUDWH
XVLQJ DUWLILFLDO QHXUDO QHWZRUN DQG JHQHWL
IRUHFDVWLQJ 'HYHORSPHQW RI D VKRUW WHUP ORDC
DUH GHVFULEHG

&KDSWHU GHVFULEHV DQ DOJRULWKP IRU WKH HYD
IORZ XVLQJ HIILFLHQW ORVV FRHIILFLHQWY DQG GL
UHVXOWYV WKDW UHYHDO WKH VXLWDELOLW\ RI WKH D

2ULJLQDO FRQWULEXWLRQV

6RPH RI WKH SUREOHPV HQFRXQWHUHG GXH WR WKH
DQG DV D UHVXOW RI UHVWUXFWXULQJ RI WKH HOHF\
DQG VXLWDEOH LQWHOOLJHQW WHFKQLTXHVY KDYH EH
FRQWULEXWLRQV PDGH LQ WKLV UHVHDUFK LV JLYHQ

'"HYHORSPHQW RI D QHZ WHFKQLTXH XVLQJ ZD
QHWZRUN IRU IDXOW ORFDWLRQ LQ D WHHG FLUF
E\ WKLV PHWKRG WHVWHG E\ WKH "\QDPLF 3URWH



GHYHORSHG E\ WKH 8QLYHUVLW\ RI 6WUDWKFO\G]I
EH XVHG DV LQSXW WR WKH GLVWDQFH UHOD\V IR

'"HYHORSPHQW RI D VRIWZDUH XVLQJ REMHFW R
DQG JHQHWLF DOJRULWKPV WR VHOHFW RSWLPD!
FRQWURO V\VWHP 7KLV DSSURDFK FRXOG EH X
HIFLWDWLRQ V\VWHPYV

3URSRVDO RI D VROXWLRQ XVLQJ HYROXWLRQD!
IORZ 7HVWLQJ WKH SURSRVHG PHWKRG KDV VKR:
WKH FRQYHQWLRQDO PHWKRGV

'"HYHORSPHQW RI D VKRUW WHUP ORDG IRUHFDV
QHWZRUN DQG JHQHWLF DOJRULWKP $FFXUDWH
PRGHO LV WHVWHG ZLWK DFWXDO GDWD SURYLGH

'"HYHORSPHQW RI D FRPSXWDWLRQDOO\ HIILFLF
WUDQVPLVVLRQ ORVV DQG OLQH IORZ WKURXJK L
'LVWULEXWLRQ )DFWRUV UHVSHFWLYHO\ 5HVXOW
V\VWHP VKRZ WKDW WKHVH $ FRHIILFLHQWY DQG
IRU UHDO WLPH DSSOLFDWLRQ DQG WKDW WKH\ C
ZLGH FKDQJHV LQ WKH V\VWHP ORDGLQJ SDWWHU!



&KDSWHU ,,

1(85%$/ 1(7:25.6

,QWURGXFWLRQ

,QWHUHVW LQ DUWLILFLDO QHXUDO QHWZRUNV KDV J
LPSURYHG XQGHUVWDQGLQJ RI WKH IXQFWLRQLQJ R
LQWHUFRQQHFWLRQV KDV PDGH LW SRVVLEOH IRU |
PRGHOV WR WKHLU WKHRULHV &RQGXFWLQJ H[SHUL
LQYROYLQJ KXPDQ RU DQLPDO VXEMHFWYVY FDQ VROYH
XVHG IRU VXFK H[SHULPHQWV VKRZHG WKDW WKH\ Q
EUDLQ EXW WKH\ ZHUH FDSDEOH RI SHUIRUPLQJ XVH]
JDYH ULVH WR QHXUDO QHWZRUNV WKDW DUH FRPSX\
IXQFWLRQV

$ QHXUDO QHWZRUN LV DQ LQWHUFRQQHFWHG QHW:
&RPPXQLFDWLRQ EHWZHHQ SURFHVVLQJ HOHPHQWYV
FRQQHFWLRQ VWUHQJWKV %\ FKDQJLQJ WKH YDOXH
QHWZRUN FDQ FROOHFWLYHO\ SURGXFH FRPSOH[ RYH
PRGHO RI DUWLILFLDO QHWZRUNV ZDV GHYHORSHG E\
VWDUWLQJ SRLQW IRU DUWLILFLDO QHXUDO QHWZRI
OHDUQLQJ UXOH WKDW ZDV SURSRVHG E\ ' 2 +HEE LQ
NQRZQ $11 DUFKLWHFWXUH WR EH GHVFULEHG LV FI
5RVHQEODWW > @ 1HWZRUNV GHYHORSHG XVLQJ S
SUREOHPV DQG WKLV OHG WR WKH GHYHORSPHQW R|
RSHUDWLRQ E\ ODUYLQ OLQVN\ +LV UHVHDUFK OHG

SHUFHSWURQV E\ OLQVN\ DQG 3DSHUW LQ > @ 7l
QHWZRUNV WKHQ LQ XVH ZHUH WKHRUHWLFDOO\ LQFD
'XULQJ WKH V DQG HDUO\ V. UHVHDUFKHUV VXF

> @ DQG .RKRQHQ > @ FRQWLQXHG WR FDUU\ RX



PRWBRZHUIXO PXOWLOD\HU QHWZRUNV ZKLFK RYHUFRP
VLQJOH OD\HU QHWZRUNYV

%LRORJLFDO 1HXURQV

'"HVLJQ RI DUWLILFLDO QHXUDO QHWZRUN $11V ZDV
WKH ZRUNLQJ RI WKH KXPDQ EUDLQ 7KH KXPDQ QHUY
QHXURQV 7KH JHQHUDO VWUXFWXUH RI D SDLU RI W
ILIXUH (DFK QHXURQ VKDUHV PDQ\ FKDUDFWHULVYV
KDV XQLTXH FDSDELOLWLHV WR UHFHLYH SURFHVV D
WKH QHXUDO SDWKzZD\V WKDW FRPSULVH WKH EUDLQY

GHQGULWHYV

JLIXUH %LRORJLFDO QHXURQ

7KH PDLQ FRPSRQHQW RI D W\SLFBHDO @ LRR®\ L ADIG QL
HIWHQG IURP WKH FHOO ERG\ WR RWKHU QHXURQV
FRQQHFWLRQVISRDGMHMDIIGHOHEFHLYLQJ VLGH RI WKH V
DUH FRQGXFWHG WR WKH FHOO ERG\ ZKHUH WKH\ D
WV\SHV Rl VI\QDSVHV RQH FDOOHG H[FLWDWRU\ DQC



FXPXOMWAMMADWLRQ LQ WKH FHOO ERG\ H[FHHGV D V
VHQGLQJ D VLJQDO DORQJ WKH D[RQ WR RWKHU QF
VIQDSVHV WR WKH GHQGULWHV RI RWKHU QHXURQV ¢
WKH ELRORJLFDO QHXURQ KDV PDQ\ FRPSOH[LWLHV T
QHWZRUNV PRGHO RQO\ WKHVH VLPSOH FKDUDFWHUL\

7KH $UWLILFLDO 1HXURQ

7KH ILUVW DUWLILFLDO PRGHO RI D ELRORJLFDO QHX
3LWWV > @ ,Q WKLV [BRGH®SD MV RDEKQIMBUHVHQ!
DQRWKHU QHXURQ (DFK LQSXW LV PXDNSD SO DHRG REXAVD
WR D VIQDSWLF VWUHQJWK $00 ZHLJXNYHGHQQBWX W K HE
H[SUHVVLRQ

'KHUMUHIHUV WR D SDU®LY¥XODH @¥PXEHRND FOIQE SXWV W
QHXURQ ,| WKH FRPELQHG LQSXW UHDFKHV D FHUYV
JHQHUDWHG 7KLV LV WKHQ PRGXODWHG E\ XONYFDFWL )
JLYH DQ RXWSXW VLIJQDO H[SUHVVHG E\

JLIXUH VKRZVY D PRGHO RI DQ DUWLILFLDO QHXURQ

$FWLYDWLRQ IXQFWLRQV

7KH DFWLYDWLRQ IXQFWLRQ UHSUHVHQWY WKH DPSO
NLQG RI LQIRUPDWLRQ SDVVHG RQ IURP RQH QHXURC



OLQHBQFWLRQ D WKUHVKROG IXQFWLRQ RU D IXQFWI
QRQOLQHDU FKDUDFWHULVWLF RI WKH ELRORJLFDO Q
IXQFWLRQV 7KH PRVW FRPPRQO\ XVHG DFWLYDWLRQ |

7KUHVKROG

3XUH OLQHDU

/LQHDU VDWXUDWHG

/IRJ VLIPRLG

7DQ VLJPRLG

*DXVVLDQ EDVLV IXQFWLRQ

= + + +H +H  ++

LQSXW
VLIQDOV

VIQDSWLF
ZHLIKWYV

JLIXUH ORGHO RI DQ DUWLILFLDO QHXUR(

SUFKLWHFWXUH RI QHXUDO QHWZRUNYV

&RPELQLQJ VHYHUDO QHXURQV VR WKDW WKH RXWSX)\

VHYHUDO RWKHU QHXURQV OHDGV WR QHWZRUNV R
VSHFLILHV WKH DUUDQJHPHQW RI QHXUDO FRQQHFYV



FKDUDFWHULVHG E\ LWV DFWLYDWLRQ IXQFWLRQ 7
DUFKLWHFWXUH LQ XVH

6LQJOH OD\HU IHHG IRUZDUG QHWZRUNYV
OXOWLOD\HU IHHGIRUZDUG QHWZRUNYV
SHFXUUHQW QHWZRUNYV

6HOI RUJDQLVLQJ QHWZRUNYV

H + +H+ +

6LQJOH OD\HU IHHGIRUZDUG QHWZRUN

$ OD\HUHG QHWZRUN LV D QHWZRUN RI QHXURQV RUJI
DQ LQSXW OD\HU RI VRXUFH QRGHYVY DQG DQ RXWSXW (
HDFK RI LWV HOHPHQWY FRQQHFWHG WR HDFK DUWLI
&RPSXWDWLRQ LV SHUIRUPHG RQO\ LQ WKH QHXURQV

J)LIXUH 6LQJOH OD\HU IHHGIRUZDUG QHWZRU



OXOWLOD\HU IHHGIRUZDUG QHWZRUN

$ PXOWLOD\HU IHHGIRUZDUG $11 LV FKDUDFWHULVHC
QHXURQV RWKHU WKDQ WKH LQSXW DQG RXWSXW OD
FKDUDFWHULVHG E\ WKH RQH GLUHFWLRQDO IORZ RI ¢
KLGGHQ OD\HU LV WR LQWHUYHQH EHWZHHQ WKH H[W
DGGLQJ RQH RU PRUH KLGGHQ OD\HUV WKH QHWZRU
VWDWLVWLFV IRU WKH QHWZRUN DFTXLUHV D JOREDC
E\ YLUWXH RI WKH H[WUD VHW RI VIQDSWLF FRQQHFW
LQWHUDFWLRQV > @ 7KH DELOLW\ RI KLGGHQ QHXUT
SDUWLFXODUO\ YDOXDEOH ZKHQ WKH VL]H RI WKH L
QHWZRUN VXSSOLHV WKH LQSXW VLJQDO WR WKH QF
VLIQDOV RI WKH KLGGHQ OD\HU DUH XVHG DV LQSXW
WKH UHVW RI WKH QHWZRUN LI WKHUH DUH PRUH WK
VLIQDOV RI WKH QHXURQV LQ WKH RXWSXW OD\HU F
QHWZRUN WR WKH LQSXW VLJQDO IURP WKH LQSXW
IHHGIRUZDUG QHXUDO QHWZRUN LV VKRZQ LQ ILJXUH

,QSXW OD\HU



TKL QHWZRUN LV VDLG WR EH IXOO\ FRQQHFWHG DV H
WR HYHU\ QRGH LQ WKH DGMDFHQW IRUZDUG OD\HU
PLVVLQJ WKHQ WKH QHWZRUN LV VDLG WR EH SDUWL

SHFXUUHQW QHXUDO QHWZRUNYV

1IHWZRUNV WKDW FRQWDLQ IHHGEDFN FRQQHFWLRQV
QHWZRUN WKH LQSXWV WR D QHXURQ DUH WKH QHW]
HIWHUQDO VRXUFHV )RU WKLV UHDVRQ UHFXUUHQMW
VLPLODU WR VKRUW WHUP PHPRU\ LQ KXPDQV LQ WK
GHSHQGV LQ SDUW XSRQ WKHLU SUHYLRXV LQSXWYV

VLQJOH OD\HU RI QHXURQV ZLWK HDFK QHXURQ IHHGL
RI DOO WKH RWKHU QHXURQV B5HEXUUHQW QHWZRUN)
YLIXUH LOOXVWUDWHY D UHEXUUHQW QHWZRUN ZL
QHXUDO QHWZRUNV ZLWK KLGGHQ QHXURQV LV LOOXYV

7KH +RSILHOG QHWZRUN LV D UHFXUUHQW QHWZRUN V
PDLQ OLPLWDWLRQ RI +RSILHOG QHWZRUNV LV WKH ¢
DUH NQRZQ WR OHDUQ LQWHUQDO UHSUHVHQWDWLR
SHUIRUPDQFH RI WKH $11



XQW GHOD\
RSHUDWRUYV

JLIXUH S5HFXUUHQW QHWZRUN ZLWK QR KLGG

JLIXUH SHFXUUHQW QHWZRUN ZLWK KLGGHQ



6HOI RUJDQLVLQJ QHWZRUNYV

'HYHORSHG E\ .RKRQHQ LQ WKH HDUO\ vV o> @ Wl
DELOLW\ WR RUJDQLVH LWVHOI LQ UHVSRQVH WR H[W
OHDUQLQJ ZLWKRXW VXSHUYLVLRQ $ .RKRQHQ QHW:
OD\HU DQG D WZR GLPHQVLRQDO .RKRQHQ OD\HU Z
GLPHQVLRQDO YHFWRUV LQWR WZR GLPHQVLRQDO L
RUGHULQJ Rl WKH KLJK GLPHQVLRQ LQSXW GDWD 7KH
.RKRQHQ QHXURQ DQG DUH SUHVHQWHG VHTXHQWLD
GHVLUHG RXWSXW > @

7KH SHUFHSWURQ

7KH SHUFHSWURQ VKRZQ LQ ILJXUH LV WKH VLPSC(
IRU WKH FODVVLILFDWLRQ RI D VSHFLDO W\SH RI S
ZHLIKWHG VXP RI WKH LQSXW HOHPHQWYV DQG WKH
IXQFWLRQ VXFK WKDW WKH RXWSXW LV HLWKHU RU
EDVHG RQ pHUURU FRUUHFWLRQ OHDUQLQJT

7KH GLVDGYDQWDJH RI WKLV W\SH RI QHWZRUN LV WK

WKH WUDLQLQJ SDWWHUQV DUH OLQHDUO\ VHSDUDERO
RXWSXWYV LV QRQ OLQHDU WKH QHWZRUN ZLOO KDYH

JLIXUH6LQJOH OD\HU SHUFHSWURQ



'"HLWH WKH OLPLWDWLRQV RI SHUFHSWURQ WKH\ K
WKHRU\ LV WKH IRXQGDWLRQ IRU PDQ\ RWKHU IRUPYV |
GHPRQVWUDWH LPSRUWDQW SULQFLSOHV )RU WKHVH
IRU D VWXG\ RI DUWLILFLDO QHXUDO QHWZRUNYV

7UDLQLQJ DUWLILFLDO QHXUDO QHWZRUNYV

S$UWLILFLDO QHXUDO QHWZRUNV KDYH WKH DELOLW\ \
SDUDOOHOV WR WKH LOQWHOOHFWXDO GHYHORSPHQW
WKDW DSSOLFDWLRQ RI D VHW RI LQSXWV SURGXFHV
LQSXW RU RXWSXW VHW LV UHIHUUHG WR DV D YHF
DSSO\LQJ LQSXW YHFWRUV ZKLOH DGMXVWLQJ QH
SUHGHWHUPLQHG SURFHGXUH 7KH QHWZRUN ZHLJKW)
WR YDOXHV VXFK WKDW HDFK LQSXW YHFWRU SURGXI
DOJRULWKPYVY DUH FDWHJRULVHG DV VXSHUYLVHG DQ
UHTXLUHYVY DQ HIWHUQDO 3SWHDFKHU" WKDW HYDOXDWH
WKH VXEVHTXHQW PRGLILFDWLRQV ,Q XQVXSHUYLVHC
WR SURGXFH WKH GHVLUHG FKDQJHYV

/JHDUQLQJ DOJRULWKPV

$ SUHVFULEHG VHW RI ZHOO GHILQHG UXOHV IRU WKH
OHDUQLQJ DX&HIH WKRR XQLTXH OHDUQLQJ DOJRULW
QHWZRUNV 7KHUH DUH D GLYHUVH YDULHW\ Rl OHDU
DGYDQWDJHV /HDUQLQJ DOJRULWKPV GLIIHU IURP HI
DGMXVWPHQW WR WKH V\QDSWLF ZHLJKW LV IRUPXOD
QHWZRUN UHODWHYV WR LWV HQYLURQPHQWUTUKRHUH D!
FRUUHFWLRQ OHDUQLQJ +HEELDQ OHDUQLQJ FRPSH
OHDUQLQJ > @



(UURU FRUUHFWLRQ OHDUQLQJ 7KH 'HOWD UXOH

(UVURU FRUUHFWLRQ OHDUQLQJ UHOLHV RQ WKH HUUR
WR WKH VI\QDSWLF ZHLJKW RI1 D QHXNIRWQ WKKH GLU WHRIH
EHWZHHQ WKH GEN LQUMHE&G W KN DRFAMDD VUK B RQ \EN

HNQ GNQ \NO

7KH XOWLPDWH SXUSRVH RI WKH DOJRULWKP LV WR |
HUURU H IQWQOFXK WKDW WKH DFWXDO UHVSRQVH RI HDF
DSSURDFKHV WKH WDUJHW UHVSRQVH IRU WKDW QHXI
IXQFWLRQ LV VHOHFWHG HUURU FRUUHFWLRQ OHDUQ
PD\ EH VROYHG E\ WKH XVXDO PHWKRGYV

$ FRPPRQO\ XVHG FRVW IXQFWLRQ LV WKH PHDQ VTXD
YDOXH RI WKH VXP RI VTXDUHG HUURUV JLYHQ E\

- P: 10 QO
N
ZKHUHV WKH VWDWLVWLFDO H[SHFWDWLRQ RSHUDWF

QHXURQV LQ WKH RXWSXW OD\HU RI WKH QHILIRKN 0
UHVSHFW WR WKH QHWZRUN SDUDPHWHUV OHDGV WR

7KH DGM$YZWRRIGH WR D V\QANSW LFURSRIKMLRQDO WR
RI WKH HUMR @ YGJWED LD RN WKIQD SDUWLFXODU V\Q

$ZNM Q U?HN Q [ QL

ZKHUH T LV D SRVLWLYH FRQVWDQW WKDW GHWHUPLC
SDUDPHWHU KDV WR EH FKRVHQ FDUHIXOO\ VR DV WR
OHDUQLQJ SURFHVYV DV LW EHKDYHV OLNH D FORVHG



SURFFHMWFHHGYV VPRRWKO\ EXW LW PD\ WDNH D ORQJ \
D VWDEOH VROXWLRQ ,Il U_ LV ODUJH WKH UDWH RI
SURFHVV PD\ GLYHUJH DQG WKH VA\VWHP EHFRPHV XQV

+HEELDQ OHDUQLQJ

, Q WKH QHXURSV\FRORJLVW +HEE > @ IRUPXODW
FKDQJH LQ HIILFDF\ DFFRUGLQJ WR WKH IROORZLQJ S|

I WZR QHXURQV RQ HLWKHU VLGH RI D VIQDSVH Dl
VWUHQJIJWK RI WKDW V\QDSVH LV VHOHFWLYHO\ LQF
I WZR QHXURQV RQ HLWKHU VLGH RI D VI\QDSVH I
WKDW V\QDSVH LV VHOHFWLYHO\ ZHDNHQHG RU HOL

([SUHVVLQJ WKH DERYH LQ PDWKHPDWLFD@QWRUPYV W
VIQDSWLRZNMIMWKVBUHV\QDSWLF DQG SRVW,WIQDSWLF DI
UHVSHEWLYHO\ LV H[SUHVVHG DV

$ZNM Q )™ \NQ [ Q

ZKHYHV D IXQFWLRQ RI ERWK SRVWV\QDSWLF DQG S
FDVH V\QDSWLF OHDUQLQJ FDQ EH H[SUHVVHG DV D ¢
VLIJQDOV

$ZN-Q 7L\NQ [ Q

ZKHUMY D SRVLWLYH FRQVWDQW WKDW GHWHUPLQHYV
EH VHHQ WKDW WKH UHSHDWH G; MXCS-500G. ¥ DVWR. D@ RHI[ AR
JURZWK WKDW ILQDOO\ G UZNNHYW\WR KD WXQUDCSW/LLFEQZ HIR)
VDWXUDWLRQ D OLPLW RQ WKH JURZWK RI WKH V\Q



L&WURGXFLQJ QRQOLQHDU IRUJHWWLQJ IDFWRU LQWR
GRHV WKLV 7KH IRUPXOD FDQ EH UHZULWWHQ DV

'NMQ UM\NQ [Q D\NQ ZNM @

&RPSHWLWLYH OHDUQLQJ

,Q FRPSHWLWLYH OHDUQLQJ WKH RXWSXW QHXURQV
WKHPVHOYHV IRU EHLQJ WKH RQH WR EH DFWLYH 7K
FDOOHG D ZLQQHU WDNHYVY DOO QHXURQ 7KLV IHDWXU
RQH WLPH PDNHV FRPSHWLWLYH OHDUQLQJ KLJKO\ V
IHDWXUHV WKDW PD\ EH XVHG WR FODVVLI\ D VHW RI I

,Q FRPSHWLWLYH OHDUQLQJ WKH QHXUDO QHWZRUN
HDFK Rl ZKLFK LV IXO0O\ FRQQHFWHG WR WKH LQSXV
FRPSHWLWLYH UXDMS S\DKH G DR DHVB QD SWLFE ZHLIKW A

U

U _ [ML LI QHMUIR@QV WKH FRPSHWLWLRQ
$zmL

LI QHMORQYHY WKH FRPSHWLWLRQ

7KLV UXOH KDV WKH RYHUDOO HIIHFW RI PRYLQJ WK
QHXURQ WRZDUG WKH LQSXW SDWWHUQ )LJXUH \
VLQJOH OD\HU QHXUDO QHWZRUN ZLWK WKUHH QRGHYV

ZLQQLQJ



JUXUH &RPSHWLWLYH OHDUQLQJ ZLWK QRGF

%ROW]PDQ OHDUQLQJ

7KLV LV D VWRFKDVWLF OHDUQLQJ DOJRULWKP GHUL)
)W LV FKDUDFWHULVHG BN KH YHDIOKH \RIXDEWVEKRQY GHW
SDUWLFXODU VWDWHY REFXSLHG E\ WKH LQGLYLGXDO

L M H

'KHUHLV WKH VW DRDVDKHZRUVQWKHRQQDSWLF ZHLIKWR FRQQ
QHXMRQ

6 XSHUYLVHG OHDUQLQJ

,Q VXSHUYLVHG OHDUQLQJ HDFK LQSXW YHFWRU LV S
WKH GHVLUHG RXWSXW 7KH QHWZRUN LV XVXDOO\ W
SDLUV 7KH RXWSXW Rl WKH QHWZRUN LV FDOFXODWH
WKH FRUUHVSRQGLQJ WDUJHW YHFWRU 7KH GLIITHUHC
ZHLIKWYVY DUH FKDQJHG DFFRUGLQJ WR DQ DOJRULWKEF



YH¥RUV RI WKH WUDLQLQJ VHW DUH DSSOLHG VHTXH
DGMXVWHG IRU HDFK YHFWRU XQWLO WKH HQWLUH W
FRUUHFWLRQ OHDUQLQJ UHLQIRUFHPHQW OHDUQLQJ
RI VXSHUYLVHG OHDUQLQJ 7KHUH DUH WZR VXE FI
VWUXFWXUDO OHDUQLQJ DQG WHPSRUDO OHDUQLQ.
DOJRULWKPV LQFOXGH OHDVW PHDQ VTXDUH DOJRUL
YLIXUH VKRZV D EORFN GLDJUDP UHSUHVHQWDWLRC

(UURU VLJQDO

JLIXUH %ORFN GLDJUDP RI VXSHUYLVHG

8QVXSHUYLVHG OHDUQLQJ RU 6HOI RUJDQLVHG O

8QVXSHUYLVHG OHDUQLQJ LV D IDU PRUH SODXVLEO*}
VIVWHP 'HYHORSHG E\ .RKRQHQ > @ DQG PDQ\ RWKHI
UHTXLUH DQ\ WDUJHW YHFWRU IRU RXWSXWV DQG Kt
LGHDO UHVSRQVHV 7KH WUDLQLQJ VHW FRQVLVWYV
DOJRULWKP PRGLILHV QHWZRUN ZHLJKWV WR SURGXF
ERWK DSSOLFDWLRQ RI RQH RI WKH WUDLQLQJ YHFW
VXIILFLHQWO\ VLPLODU WR LW ZLOO SURGXFH WKH



SURFHMWUDFWYV WKH VWDWLVWLFDO SURSHUWLHV RI
YHFWRUV LQWR FODVVHV $OWKRXJK D YHFWRU IURP
SURGXFH D VSHFLILF RXWSXW WKHUH LV QR ZD\ WR G
SDWWHUQ ZLOO EH SURGXFHG E\ D JLYHQ LQSXW YHF\V
QHWZRUNV KDYH WR EH WUDQVIRUPHG LQWR D FRPSU]I

%DFN SURSDJDWLRQ OHDUQLQJ DOJRULWKP

%DFN SURSDIJDWLRQ %3 DOJRULWKP LV D VI\VWHPD\
DUWLILFLDO QHXUDO QHWZRUNV %DVHG RQ WKLV DO
DVVRFLDWLYH PDS EHWZHHQ WKH LQSXW DQG RXWS)
ZHLIKWYV DUH FDOFXODWHG GXULQJ WKH OHDUQLQJ S
RWKHU DOJRULWKPV 'LIILFXOW\ ZLWK PXOWLOD\HU Q
WKH KLGGHQ OD\HUV LQ VXFK D ZzD\ WKDW WKH RXWS X
WKHUH DUH WKH PRUH GLIILFXOW LW EHFRPHV 7KF
PHDVXUHG DV WKLV LV WKH GLITHUHQFH EHWZHHQ W
LV QR GLUHFW REVHUYDWLRQ RI WKH HUURU DW WKH
EH XVHG WR FDOFXODWH DQ HUURU DW WKH KLGGHQ (

7TKHUH DUH WZR GLVWLQFW SKDVHV WR WKH RSHUDYV
IRUZDUG SKDVH DQG WKH EDFNZDUG SKDVH ,Q WKH
SURSDIJDWH WKURXJK WKH QHWZRUN OD\HU E\ OD\HU

RI WKH QHWZRUN 7KH HUURU VLIJQDOV JHQHUDWHG I
WKH GHVLUHG UHVSRQVH DUH WKHQ SURSDJDWHG L
QHWZRUN 7KH I UHH SDUDPHWHUV RI WKH QHWZRUN D
DV WR PLQLPLVH WKH VXP RI VTXDUHG HUURU 7KH D
GXH WR WKH HIWHQVLYH FDOFXODWLRQV LQYROYHG



7\SLFDO DSSOLFDWLRQYV

$UWLILFLDO QHXUDO QHWZRUNV KDYH EHHQ DSSOLHG
SRZHU VA\VWHPV 7KH IROORZLQJ VSHFLILF SUREOHPYV

+ 30DQQLQJ ORQJ WHUP ORDG IRUHFDVWLQJ
FRPPLWPHQW

+ 2SHUDWLRQ RSWLPDO SRZHU IORZ XQLW FRFP
VWDWH HVWLPDWLRQ VWDWLF DQG G\QDPLF
FRQWLQJHQF\ DQDO\VLV IDXOW GHWHFWLRQ
IRUHFDVWLQJ VXEVWDWLRQ PDLQWHQDQFH YR

f $QDO\WLV G\QDPLF VWDELOLW\ DVVHVVPHQW
FRQWURO VA\VWHP GHVLJQ KDUPRQLF DQDO\VLYV
DQG SURWHFWLRQ

&RQFOXVLRQ

$ EULHI KLVWRU\ RI WKH GHYHORSPHQW RI DUWLILFL
7KH IRXU PDLQ W\SHV Rl $11 DUFKLWHFWXUH DQG
GHVFULEHG 6RPH RI WKH DSSOLFDWLRQV LQ SRZHU
XVH Rl $11 LV GHPRQVWUDWHG LQ FKDSWHUV DQG



&KDSWHU ,,,

(92/87,21$5< $/*25,7+06

,(QWURGXFWLRQ

(YROXWLRQDU\ $OJRULWKPV ($ DUH FRPSXWHU EDVH
WKH SULQFLSOH RI HYROXWLRQ WKHRU\ $Q HYROXWL
LQLWLDO VHW RI FRQWHQGLQJ VROXWLRQV WR D SURE
VROXWLRQV UDQGRPO\ RU E\ WKH XVH RI DQ\ DYDLOD
LQLWLDO SDUHQW VROXWLRQV WKHQ JHQHUDWH QH
PHDQV RI UDQGRP YDULDWLRQ 7KH UHVXOWDQW \
HITHFWLYHQHVV WKHLU 3ILWQHVV" )LQDOO\ D VHOH
VROXWLRQV WKDW DUH WKH OHDVW ILW 7KH SURFHYV
XQWLO D VSHFLILF FULWHULD LV PHW )LJXUH VKRZ

tHV

J)LIXUH JORZ FKDUW VKRZLQJ DQ HYROXWLR



7UDGLWISRMUPQVDWLRQ DOJRULWKPV UHTXLUH PDQ\ D
ZKLFK WR HYDOXDWH WKH ILWQHVV RI D VROXWLRQ

UHTXLUH VXFK DVVXPSWLRQV 7KH SHUIRUPDQFH LQG
LV LQ VRPH ZD\ EHWWHU WKDQ DQRWKHU (YROXWLRC
SUREOHPV KDV WKH DGYDQWDJH WKDW LW LV DGDS\
WUDGLWLRQDO RSWLPLVDWLRQ SURFHGXUHV WKH ¢
EHJLQQLQJ LI DQ\ YDULDEOH LQ WKH SUREOHP FKDQ
EHJLQQLQJ LV QRW QHFHVVDU\ DV WKH FXUUHQW SR
NQRZOHGJH WKDW FDQ EH DSSOLHG WR D G\QDPLF S
XVHIXO UHVXOWY YHU\ PXFK IDVWHU WKDQ WUDGLWLR

7TKHUH DUH D YDULHW\ RI HYROXWLRQDU\ DOJRULWK
$OJRULWKPV (YROXWLRQ 6WUDWHJILHV (YROXWLRQD
DQG *HQHWLF 3URJUDPPLQJ 7KH\ DOO VKDUH D FRPP
WKH HYROXWLRQ RI LQGLYLGXDO VWUXFWXUHV YLD
SHSURGXFWLRQ 7KH SURFHVVHV GHSHQG RQ WKH SHI
VWUXFWXUHYV DV GHILQHG E\ WKH HQYLURQPHQW

*HQHWLF $OJRULWKPV

*HQHWLF $OJRULWKPV *$ DUH WKH PRVW SRSXODU LC
DOJRULWKPV $ JHQHWLF DOJRULWKP LV D FRPSXWDYV
SRSXODWLRQ RI LQGLYLGXDO PDWKHPDWLFDO REMF
ELQDU\ VWULQJV HDFK ZLWK DQ DVVRFLDWHG IL[HG
JHQHUDWLRQ XVLQJ RSHUDWLRQV VLPLODU WR WKH
SHUIRUP D JOREDO VHDUFK RQ WKH VROXWLRQ VSDFH

*HQHUDO VWUXFWXUH RI1 *$

7KH VLPSOHVW IURP RI JHQHWLF DOJRULWKP LQYROY
&URVVRYHU DQG OXWDWLRQ



GHOHFWLRQV RSHUDWRU VHOHFWV FKURPRVRPHYV
UHSURGXFWLRQ 7KH ILWWHU WKH FKURPRVRPH WKH
VHOHFWHG WR UHSURGXFH

&URVVRYWULV WKH PDLQ JHQHWLF RSHUDWRU 7KLV
ORFXV DQG H[FKDQJHV WKH VHTXHQFHV EHIRUH DQ
FKURPRVRPHVY WR FUHDWH WZR RIIVSULQJ 7KH FUF
ELRORJLFDO UHFRPELQDWLRQ EHWZHHQ WZR VLQJOH
QRW SHUIRUPHG RQ HYHU\ SDLU RI LQGLYLGXDOV

FURVVRYHU SUREDELOLW\ 7KLV SUREDELOLW\ VKRXO

OXWDWLRRLY RSHUDWRU UDQGRPO\ I10OLSV VRPH RI V
OXWDWLRQ FDQ RFFXU DW HDFK ELW SRVLWLRQ LQ D
YHU\ VPDOO H J 6RPH ELW YDOXHV JHQHV P
PXWDWLRQ FDQ EULQJ WKHP EDFN LI QHFHVVDU\

$ *$ LV D YHU\ VLPSOH SURFHVV ZKHUH D UDQGRP LQ
WKLV LV WKHQ HYDOXDWHG DQG QHZ SRSXODWLRQV [
*LYHQ D FOHDUO\ GHILQHG SUREOHP WR EH VROYHG

VROXWLRQV WR WKH SUREOHP LQ WKH IRUP RI D VW
VWULQJ LV RIWHQ HQFRGHG LQ ELQDU\ ([HFXWLRQ
JHQHUDWHG S®RSKIOMWKRA@PRVRPHY ZKLFK DUH WKH
WKH SUREOHPM7IRH HDFRHRMWRPRVRPH [ LV WKHQ FED
SDUHQW FKURPRVRPHV LV VHOHFWHG IURP WKH FXUU
VHOHEFWLRQ SURFHVV LQ WKDW FDQGLGDWHYV ZLWK D
WR EH FKRVHQ

7KH FURVVRYHU RSHUDWRU WKHQ VLPXODWHV WKH

SUREDELOLW\ DW D UDQGRPO\ FKRVHQ SRLQW FKR\
FURVVRYHU WDNHV SODFH WZR RIIVSULQJ WKDW DUF
DUH IRUPHG 7KH FURVVRYHU UDWH LV GHILQHG WR E



FURVVRYHU LQ D VLQJOH SRLQW 7KHUH DUH DOVR 3P
*$ LQ ZKLFK WKH FURVVRYHU UDWH IRU D SDLU RI1 SDL
D FURVVRYHU WDNHV SODFH

7KH WZR RIIVSULQJ DUH PXWDWHG DW HDFK ORFXV Z
UHVXOWLQJ FKURPRVRPHVY DUH SODFHG LQ WKH QHZ
XQWROIVSULQJ KDYH EHHQ FUHDWHG ,1 Q LV RGG RQ
GLVFDUGHG DW UDQGRP 7KH FXUUHQW SRSXODWLRQ

(DFK LWHUDWLRQ RI WKHYHIUDRFHRQ/VLW\EDBODGIG\ DD WH L
DQ\ZKHUH IURP WR RU PRUH JHQHUDWLRQV 7KH

D5XQ$W WKH HQG RI D UXQ WKHUH DUH RQH RU PRUF
SRSXODWLRQ 5DQGRPQHVYV SOD\V D ODUJH UROH LQ
UDQGRP QXPEHU VHHGV ZLOO JHQHUDOO\ SURGXFH

VXFFHVV Rl WKH DOJRULWKP GHSHQGV JUHDWO\ RQ
SRSXODWLRQ DQG WKH SUREDELOLWLHV RI FURVVR
FRPSOLFDWHG YHUVLRQV RI *$V H J *$V WKDW ZRU
VWULQJV RU *$V WKDW KDYH GLIIHUHQW W\SHV RI FUF

$ GHWDLOHG H[DPSOH

BWULQJ OHQJIWK

JLWQHVV | QXPEHU RI RQHV LQ ELW VWULQJ
IXQFWLRQ

3RSXODWQRQ VL]H

&URVVRYHU SSFREDELOLW\

OXWDWLRQ S®BREDELOLW\



7KH LQLWLDO UDQGRPO\ JHQHUDWHG SRSXODWLRQ L

&KURPRVRPHYV &KURPRVRPH VWULQJ)LWQHVYV
$
%
&

$ FRPPRQ VHOHFWLRQ PHWNRGI\V\D SH$SR S RW WMKRDQ D W H
ZKLFK WKH QXPEHU RI WLPHV DQ LQGLYLGXDO LV H]
ILWQHVV GLYLGHG E\ WKH DYHUDJH ILWQHVVHV LQ
LPSOHPHQWLQJ ILWQHVYVY SURSRUWLRQDWH VHOHFWLF
LV HTXLYDOHQW WR JLYLQJ HDFK LQGLYLGXDO D VOL
DUHD WR WKH ILWQHVV RI WKH LQGLYLGXDO :KHQ WK
WR UHVW RQ RQH ZHGJH VKDSHG VOLFH DQG WKH FF
WKH DERYH H[QPSOWKHKKWRKOHWWH ZKHHO LV VSXQ IF
ZKHHO ZHUH VSXQ PDQ\ WLPHV WKH DYHUDJH UHVX(
YDOXHYV

2QFH D SDLU RI SDUHQWYV LV VHOHFWHG WKH\ FURVYV
QRW FURVV RYHU WKHQ WKH RIIVSULQJ DUH H[DFW
HIDPSOH OHW XV DVVXPH WKDW SDUHQWYV % DQG ' F|
IRUP RIIVSULQJ ( DQG ) UHVSHFWLYHO
GR QRW FURVV RYHU WKXV IRUPLQJ RIIVSULQJ WKD\)
RITVSULQJ LV WKHQ VXEMHFW WR PXWBWERSRWHHD
RITVSULQJ ( EH PXWDWHG DW WKH VL[WK ORFXV WR I
DUH QRW PXWDWHG DW DOO DQG RIIVSULQJ % LV P)

WKHQ WKH QHZ SRSXODWLRQ ZLOO EH WKH IRO



&EKWPRVRPHV &KURPRVRPH VWULQJ)LWQHVV
HY
)
&
% 1

Q WKH QHZ SRSXODWLRQ WKH DYHUDJH ILWQHVV KD\
EHVW VWULQJ ZLWK ILWQHVV ZDV ORVW &RQWLQXLC
DOO RQHV

$GYDQWDJHV RI *$

7KHUH DUH WKUHH PDMRU DGYDQWDJHV RI *$V WR RS\

*$V GR QRW KDYH PXFK PDWKHPDWLFDO UHTXLL
SUREOHPV 'XH WR WKHLU HYROXWLRQDU\ QDWXU
VROXWLRQV ZLWKRXW UHJDUG WR VSHFLILE LQQF
KDQGOH DQ\ NLQG RI REMHFWLYH IXQFWLRQV DQf
QRQ OLQHDU GHILQHG RQ GLVFUHWH FRQWLQXR:

7KH HUJRGLFLW\ RI HYROXWLRQ RSHUDWRUYV

SHUIRUPLQJ JOREDO VHDUFK 7KH WUDGLWLRQDO
D FRQYHUJHQW VWHSZLVH SURFHGXUH ZKLFK F
SRLQWY DQG PRYHV WR WKH UHODWLYH RSWLPDC
RQO\ LI WKH SUREOHP SRVVHVVHYV D FHUWDLQ FF
JXDUDQWHH WKDW DQ\ ORFDO RSWLPD LV D JORELIL
*$V SURYLGH D JUHDW IOH[LELOLW\ WR K\EUL
KHXULVWLFV WR PDNH DQ HIILFLHQW LPSOHPHQW

[Y



(YROXWLRQDU\ 6WUDWHJILHV

(YROXWLRQDU\ 6WUDWHILHV (6 ZHUH FRQFHLYHG E'
WHFKQLFDO RSWLPL]DWLRQ SUREOHPV (6 HPSOR\ UH
IRUP UHOLHG RQ PXWDWLRQ DV WKH VHDUFK RSHUDYV
VLPLODU WR *$ LQ WKDW WKH\ ERWK PDLQWDLQ SRSX
VHOHFWLRQ PHFKDQLVPV IRU FKRRVLQJ WKH EHVW L
PDLQ GLIITHUHQFHY DUH DW WKUHH OHYHOV

f 'LITHUHQW UHSUHVHQWDWLRQ PHWKRGV (6 R
YHFWRUYV ZKLOH FODVVLFDO *$V RSHUDWH RQ E

f 'LIIHUHQW RSHUDWRUV *$V UHO\ PDLQO\ RQ
VHDUFK VSDFH ZKLOH (6 XVHV PXWDWLRQ T
+RZHYHU VRPH YDULDQWV RI (6 DOVR XVH U
RSHUDWRU

+ (6 DuUH DQ DEVWUDFWLRQ RI HYROXWLRQ D
VWUHVVLQJ WKH EHKDYLRXUDO OLQN EHWZHH(
ZKLOH *$V PDLQWDLQ WKH *HQHWLF /LQN

$Q DGGLWLRQDO IHDWXUH RI (6 LV WKH VHOI DGD¢
LQFRUSRUDWLQJ WKHVH SDUDPHWHUV LQ WKH VROXW
KLJK GLPHQVLRQDO PXOWLPRGDO QRQ OLQHDU SUR
FRQVWUDLQWY 7KH REMHFWLYH IXQFWLRQ FDQ DO
VLPXODWLRQ LW GRHV QRW KDYH WR EH JLYHQ LQ D |

(YROXWLRQDU\ 3URJUDPPLQJ

(YROXWLRQDU\ B3URJUDPPLQJ (3 ZDV RULJLQDOO\ FR

> @ ,W LV D VWRFKDVWLF RSWLPLVDWLRQ SUF
HPSKDVLV RQ WKH EHKDYLRXULDO OLQNDJH EHWZHH
WKDQ VHHNLQJ WR HPXODWH VSHFLILF *HQHWLF 2SH



VLPLODU WR (YROXWLRQ B6WUDWHJILHV (6 DOWKRX
LQGHSHQGHQWO\

ILNH ERWK (6 DQG *$ (3 LV D XVHIXO PHWKRG RI RSW
VXFK DV JUDGLHQW GHVFHQW RU GLUHFW DQDO\WLFD
SURJUDPPLQJ LV ZHOO VXLWHG IRU FRPELQDWRULDO
LQ ZKLFK RSWLPL]DWLRQ VXUIDFH RU )LWQHVV ODQ((
ORFDO RSWLPDO VROXWLRQV

/ILNH *$ (3 DVVXPHV WKDW D )LWQHVV ODQGVFDSH
YDULDEOHY DQG WKDW WKHUH LV DQ RSWLPXP VROX
RI WKRVH YDULDEOHV 7KH EDVLF (3 PHWKRG LQYRC
UHSHDWHG XQWLO D WKUHVKROG IRU LWHUDWLRQ 1
REWDLQHG 7KH VWHSV DUH

&KRRVH DQ LQLWLDO 3238/$7,21 RI WULDO VROXYV
VROXWLRQV LQ D SRSXODWLRQ LV KLIJKO\ UHOHY!
QR GHILQLWH DQVZHUV DUH DYDLODEOH DV WR K
DQG KRZ PDQ\ VROXWLRQV DUH MXVW ZDVWHIXO

(DFK VROXWLRQ LV UHSOLFDWHG LQWR D QHZ S
VROXWLRQV DUH PXWDWHG DFFRUGLQJ WR D GLV
IURP PLQRU WR H[WUHPH 7KH VHYHULW\ RI PXWD
IXQFWLRQDO FKDQJH LPSRVHG RQ WKH SDUHQWYV

(DFK RIIVSULQJ VROXWLRQ LV DVVHVVHG E\ FRP:
VROXWLRQV WR EH UHWDLQHG IRU WKH SRSXOD\)\
VWRFKDVWLF WRXUQDPHQW RU SHUIRUPHG GHWH!

(3 GRHV QRW XVH DQ\ FURVVRYHU DV D JHQHWLF RSHI



(3 GLIIHUV IURP *$ LQ WKH IROORZLQJ WZR ZD\V

7KH W\SLFDO *$ DSSURDFK LQYROYHV HQFRGLQJ
RI UHSUHVHQWDWLYH WRNHQV WKH *HQRPH ,Q (
WKH SUREOHP $ QHXUDO QHWZRUN FDQ EH UHSUI
LPSOHPHQWHG IRU H[DPSOH EHFDXVH WKH PXWLI
D OLQHDU HQFRGLQJ

7TKH PXWDWLRQ RSHUDWLRQ VLPSO\ FKDQJHV DV
VWDWLVWLFDO GLVWULEXWLRQ ZKLFK ZHLJKWYV P
RITVSULQJ DV KLJKO\ SUREDEOH DQG VXEVWDQ'
XQOLNHO\ 7KH VHYHULW\ RI PXWDWLRQV LV RIWH
DSSURDFKHG

&ODVVLILHU 6\VWHPV

&ODVVLILHU V\WVWHPV DUH UXOH EDVHG PDFKLQH OH
OHDUQLQJ E\ H[DPSOHV > @ &ODVVLILHU V\VWHP L
FODVVLI\LQJ WKH JRLQJV RQ LQ LWV HQYLURQPHQW D

*HQHWLF 3URJUDPPLQJ

*HQHWLF 3URJUDPPLQJ *3 LV WKH H[WHQVLRQ RI WK
VSDFH RI SURJUDPV ,Q *3 WKH REMHFWY WKDW FRQ\
FKDUDFWHU VWULQJYVY DV LQ *$ 7KH\ DUH SURJUDPV V
VROXWLRQV WR WKH SUREOHP 7KHVH SURJUDPV DUH
OLQHV RI FRGH 7KH PDLQ RSHUDWLRQ LQ *3 LV UHF
PXWDWLRQ RSHUDWRU LV QRW DGRSWHG LQ *3 7KH V
LQGLYLGXDO 7KH FURVVRYHU RSHUDWLRQ LV LPSOF
VXE WUHHV LQ WKH LQGLYLGXDOV DQG H[FKDQJLQJ W



7\SLFDO $SSOLFDWLRQV LQ 3RZHU 6\VWHPV

(YROXWLRQDU\ DOJRULWKPVY KDYH EHHQ DSSOLHG V
> @ 6RPH RI WKHP DUH OLVWHG EHORZ

5HDFWLYH SRZHU SODQQLQJ
2SWLPDO UHDFWLYH SRZHU GLVSDWFK
7UDQVPLVVLRQ QHWZRUN SODQQLQJ
*HQHUDWRU SDUDPHWHU HVWLPDWLRQ
(FRQRPLF GLVSDWFK

2SWLPDO SRZHU IORZ

)DXOW VHFWLRQ HVWLPDWLRQ

&RQFOXVLRQ

7KH GLITHUHQW W\SHV RI HYROXWLRQDU\ DOJRULWKF
DUH GHVFULEHG LQ WKLV FKDSWHU $V *HQHWLF $C
ZLGHO\ XVHG RI DOO HYROXWLRQDU\ DOJRULWKPV

HIDPSOH 7KH XVH RI *HQHWLF $OJRULWKP LV VKRZQ |



&KDSWHU ,9

7(&+1,48(6 )25 7+( 5(6758&785(" (/(&75,& 32:(5
,1'8675<

,QWURGXFWLRQ

S5HVWUXFWXULQJ DQG SULYDWL]DWLRQ RI WKH HOF
ZRUOGZLGH > @ ,Q VRPH FRXQWULHV WKH HOH
GHSDUWPHQW LQ VRPH RWKHUV LW LV D JRYHUQPHQ\
LV D SULYDWHO\ RZQHG LQGXVWU\ 5HVWUXFWXULQJ
DQG YHUWLFDOO\ LQWHJUDWHG LQGXVWU\ LQWR Ul
VHSDUDWH HQWLWLHY 7KH PDLQ UHDVRQ IRU FKDQJt
WKH LQWHUFRQQHFWHG JHQHUDWLRQ WUDQVPLVVL
LQHIILFLHQWO\ 7KH FKDQJH WKHUHIRUH LV H[SHFWH
PDQDJHPHQW DQG EHWWHU XVH RI H[LVWLQJ HTXLSP
HOHFWULFLW\ WR DOO W\SHV Rl FRQVXPHUV DQG PDL(

7KH DLP RI GHUHJXODWLRQ LV WR HQDEOH FRPSHWLW
WR GLVDEOH WKH PRQRSRO\ FRQWURO DQG PDUNHW
SUHVHQW YHUWLFDOO\ LQWHJUDWHG XWLOLW\ VWU’
GLVWULEXWLRQ DQG ORDG

SULYDWL]HG VWUXFWXUH

7TKHUH DUH VHYHUDO ZD\V LQ ZKLFK WKH LQGXVWU\ F
GHJUHH RI FRPSHWLWLRQ WR EH LQWURGXFHG ,Q X
SRZHU V\VWHP LV VR VPDOO FRPSHWLWLRQ PD\ EH O
LQ GHYHORSHG FRXQWULHYV ZLWK ODUJH VRSKLVWLFI
LOWURGXFHG VR WKDW DOO FXVWRPHUV DUH DEOH
DFFHVV WR WUDQVPLVVLRQ DQG GLVWULEXWLRQ QHW



LOQWHIBBWWHBWLRQ WKH LQGXVWU\ VKRXOG EH KHC
DSSURSULDWH FRQWUDFWYV 'HUHJXODWLRQ IRFXV FKL
PLQLPL]DWLRQ WR FRPSHWLWLRQ DQG PD[LPL]DWLRQ

,Q PRVW FRXQWULHV ZKHUH WKH HOHFWULFE SRZHL
JRYHUQPHQW FRQWUROOHG WKH YHUWLFDOO\ LQWH
*HQHUDWLRQ 7UDQVPLVVLRQ DQG 'LVWULEXWLRQ XQ
EHHQ LQWURGXFHG LQ WKH DUHD RI JHQHUDWLRQ E\ \
VPDOO XQLWYV DQG DOVR E\ OHWWLQJ RWKHU JHQHUL
BURGXFHUV ,33V WR HQWHU WKH ILHOG VR WKDW QR
HQDEOH FXVWRPHUV WR KDYH D FKRLFH RI WKHLU V)
SRZHU XWLOLWLHV WKH SULFH Rl HOHFWULFLW\ LV E
WKH QHZ FRPSHWLWLYH V\WVWHP SULFHV ZLOO EH GL
FRPSHWLWLYH LW ZLOO EH QHFHVVDU\ IRU WKH SRZH
WKH FRVW LQYROYHPHQW *HQHUDWRUV FDQ VXSSO\ F

:KDWHYHU WKH OHYHO RI UHVWUXFWXULQJ V\VWHP R
KDYH WR EH IXO0O\ LQGHSHQGHQW DQG PXVW RIIHU
FRQFHUQHG 7UDQVPLVVLRQ DQG GLVWULEXWLRQ DU
VKDUHG E\ DOO

,PSDFW RI 5HVWUXFWXULQJ DQG '"HUHJXODWLRQ

'"HUHJXODWLRQ PHDQV WKDW FXVWRPHUV FDQ FKRRV]
SURYLGLQJ JUHDW VHUYLFH DW DQ DIIRUGDEOH FRVW
RI' FKRLFH W KDV QHYHU EHHQ PRUH LPSRUWDQW
FRPSHWLWLRQ UHDFKHVY DOO VHFWRUV LW ZLOO EH
FRQWUDFW ZLWK WKH VXSSOLHU RI WKHLU FKRLFH DC
EXUHDXFUDWLF PDQDJHPHQW V\VWHP DQG UHGXFWL
LQFUHDVH HIILFLHQF\ ZKLFK ZLOO ORZHU WDULIIV DQ



7KH HOHFWULFLW\ VHFWRUV ZKLFK DUH EHLQJ VHSD
UHPDLQ SK\VLFDOO\ LQWHUFRQQHFWHG DQG ZLOO E|
FRQWUDFWY VLIQHG EHWZHHQ WKH JHQHUDWLRQ WL
(OHFWULFLW\ GRHV QRW IORZ LQ D GLUHFW SDWK 1IU
FRPSDQLHV VXSSO\ HOHFWULFLW\ LQWR WKH WUDQVI
IURP WKH QHWZRUN 6LQFH DQ\ EX\HU FRXOG WDNH
ZKHQ UHTXLUHG LW EHFRPHV QHFHVVDU\ IRU FRQWU
DQG EX\HUV 7KH PDLQ EHQHILWY RI FRQWUDFWY DUF
DQG VSUHDGLQJ ULVNV LQ XQSUHGLFWDEOH IXWXUH C

,Q WKH FRPSHWLWLYH VWUXFWXUH RI WKH HOHFWULF
ZLOO EH WR EDODQFH VXSSO\ DQG GHPDQG LQVWDQW
IUHTXHQF\ DQG VWDELOLW\ RI WKH QHWZRUN 7KLV I
ELODWHUDO VSRW WUDGLQJ EHWZHHQ VHOOHUV DQG
HOQRXJK WR PDLQWDLQ HTXLOLEULXP LW EHFRPHV QH
IRU WKH PDLQWHQDQFH RU UHVWRUDWLRQ RI HTXLOL
ERUQH E\ VRPHRQH

)XQGV DFFXPXODWHG E\ WKH IRUPHU QDWLRQDOL]HG
RSHUDWLQJ VXUSOXVHV LV QRW DYDLODEOH WR SULY
DQG FDSLWDO IRU DQ\ QHZ SURMHFWY LV RQO\ DYDL
QHFHVVDU\ WR KDYH PRUH HODERUDWH V\VWHPV IRU
WKH DFWLYLWLHYV

BULYDWL]DWLRQ LV H[SHFWHG WR HQKDQFH HFRQRPL
7KHUH ZLOO EH FRQVLGHUDEOH LQWHUHVW LQ E
FRPSHWLWLYHQHVVY &RPSHWLWLYHQHVV LV EDVHG |
LQYHVWPHQWY RYHU ORQJ WHUP DQG WKHLU HIILFLHC
ZLOO KDYH WR EH IXOO\ DQDO\JHG EHIRUH PDNLQJ D
FRVWO\ DQG GLIILEXOW WR REWDLQ IXHO LV UHGXF
FRQVWUXFWLRQ RI QHZ SRZHU SODQWYV ZLOO EHQHILW



(OHFWULFLW\ JHQHUDWRUV ZLOO IDFH LQWHQVLILHG
RI HQYLURQPHQWDO UHTXLUHPHQWYVY ZLOO EH QHHC
FRQGLWLRQV ,QWHUQDWLRQDO FRPSHWLWLRQ UHTX
,QVWHDG RI LQGLYLGXDO FRPSDQLHV EHLQJ UHVSRQ\
DOWHUQDWLYH VI\VWHP PXVW EH FRQVLGHUHG

ODUNHW RULHQWHG SROLFLHV RI WKH UHVWUXFWXU
GHOLYHULQJ VHFXUH GLYHUVH DQG VXVWDLQDEOH
HITLFLHQF\ WKDQ WKH ROG QDWLRQDOL]J]HG LQGXVWU)
DQRG FKRLFH RI FXVWRPHUV ZLOO HYHQWXDOO\ JLYH LU
WKDW ZLOO SURYLGH WKH FXVWRPHU ZLWK ZKDW KH |
LV SUHSDUHG WR RIIHU

7KH ,VVXHV DQG OHWKRGYV

W ZLOO QRW EH SRVVLEOH WR JR WKURXJK DOO WKH
WKH HOHFWULF SRZHU LQGXVWU\ 2QO\ VRPH DUH UHS

SHDFWLYH 3RZHU

$FFHSWDEOH YROWDJH OLPLWYV DUH GHILQHG LQ WKH
VXIILFLHQW UHDFWLYH SRZHU KDV WR EH SURYLGHG
SHDFWLYH SRZHU FDQQRW EH HDVLO\ WUDQVSRUWH
UHTXLUHPHQW KDV WR EH SURYLGHG ORFDOO\ $ QX
LQWHUHVW LQ SURYLGLQJ UHDFWLYH SRZHU ZKLFK ZL
SUHVVXUH RQ SULFH DQG KHOS WR DYRLG WKH PRQRSE
RI WKH PDQ\ UHDFWLYH PDUNHWYV > @

$Q\ FKDQJH LQ WKH V\VWHP FRQILIJXUDWLRQ RU V\VW
ORZHU YROWDJH SURILOHYV ,Q RUGHU WR PDLQWDLQ
SRZHU I0RZ XQGHU YDULRXV RSHUDWLQJ FRQGLWLRC



VVWHP RSHUDWRUV PD\ XWLOL]JH D QXPEHU RI FRQWU|
VRXUFHV FKDQJLQJ JHQHUDWRU YROWDJHV DQG RU
DQ RSWLPDO DGMXVWPHQW RI WKHVH FRQWUROV W
ZRXOG PLQLPL]H WUDQVPLVVLRQ ORVVHV DQG LPSUR
UHDFWLYH SRZHU SODQQLQJ 533 LV RQH RI WKH P
VIVWHPV DV LW UHTXLUHV WKH VLPXOWDQHRXV PLQ]
7KH ILUVW REMHFWLYH GHDOV ZLWK WKH PLQLPL]D\
RSHUDWLRQ FRVW DQG LPSURYLQJ WKH YROWDJH SUI
WKH DOORFDWLRQ FRVW RI DGGLWLRQDO UHDFWLYH
FRQWLQXRXV DQG QRQ GLIIHUHQWLDEOH RSWLPL]DW
ZLWK D ORW RI XQFHUWDLQWLHV 'XULQJ WKH ODYV
RSWLPL]DWLRQ PHWKRGV XVHG LQ 533 SUREOHPV > @

2SWLPL]DWLRQ WHFKQLTXHVY EDVHG RQ PDWKHPDWLF
GHYHORSHG DQG VRPH Rl WKHVH PHWKRGV KDYH EHH(
FRPSOH[LWLHV RI SRZHU V\VWHPV DQG WKH QRQ OLQ
HTXLSPHQW LQ WKHP HVWDEOLVKHG PHWKRGV RIWI
HIILELHQWO\ DQG SURYLGH JOREDO RSWLPXP VROXWL
FDOFXOXV EDVHG RSWLPL]DWLRQ PHWKRGV ZKLFK DI
DQG XVH WKH ILUVW DQG VHFRQG GLIIHUHQWLDWLRQ
HTXDWLRQV DV WKH VHDUFK GLUHFWLRQV DUH QRW V
UHDO OLIH VI\VWHPV 7KH GHYLVLQJ WHVWLQJ DQG L
RSWLPXP VROXWLRQV DUH LPSRUWDQW DUHDV RI FXU

,Q WKH ODVW IHZ \HDUV HYROXWLRQDU\ DOJRULW
DOJRULWKPV *$V DQG HYROXWLRQDU\ SURJUDPPLQJ
RSWLPDO UHDFWLYH SRZHU JHQHUDWLRQV WDS
WUDQVIRUPHUV DQG 9$5 VRXUFH LQVWDOODWLRQV W
LQ WKH QHWZRUN DQG WKH LQYHVWPHQW FRVW RI 9%
WLPH LPSURYH WKH YROWDJH SURILOH RI WKH ZKROF



2SWLPDO 3RZHU )ORZ

$V WKH SRZHU LQGXVWU\ PRYHV LQWR D PRUH FRPSH!
EHFRPH LQFUHDVLQJO\ PRUH LPSRUWDQW LQ PD[LPL]
WUDQVPLVVLRQ V\VWHP DVVHW > @

7KH LQFUHDVLQJ QHHG IRU 23) WR VROYH SUREOHPV

WKH XQVROYHG SUREOHPV LQ WKH YHUWLEFDOO\ L
GHUHJXODWHG HOHFWULFLW\ PDUNHW WR VHHN DQV,;
GLIIHUHQW W\SHV RI PDUNHW SDUWLFLSDQWYV GDW
SURFHVVLQJ DQG VHOHFWLRQ RI DSSURSULDWH FR
HYDOXDWLRQ ,W UHTXLUHV WKDW DOO OLQHV DQG Y
LOQYHVWPHQW LQFOXGLQJ ORVVHV GXULQJ QRUPDO R
RU JRQH RI LQWHUHVW 'XULQJ FRQWLQJHQFLHV OLQF
OLPLWV ZKLOH PLQLPL]LQJ LQYHVWPHQWY /RVVHYV

RXWDJHV ,W LV LPSRUWDQW WR REWDLQ IHDVLEOF
HQJLQHHULQJ WLPH 23) SURJUDPV ZLOO KDYH WKH S
FDSLWDO LQYHVWPHQW DQG FRQVLGHUDEOH HQJLQH¢
ZLOO EH PRUH FRPSHWLWLYH LQ D UDSLGO\ FKDQJLQJ

7KH NH\ HOHPHQWY LQ D UREXVW HOHFWULFLW\ PDUN
DOORFDWLQJ WUDQVPLVVLRQ FDSDFLW\ DQG SULFLQJ
FDSDELOLWLHYVY RI WKH SRZHU IORZ IRU H[SOLFLW
QHWZRUN ZLWKLQ WKH IRUPXODWLRQ RI D FRQVWUD
RSHQ DFFHVV LVVXHV

,Q D WUDGLWLRQDO SRZHU FRPSDQ\ WKDW SURYLGHYV
VHUYLFHVY WKH FRVW R|I UHDFWLYH SRZHU VXSSRUW
FDSLWDO H[SHQGLWXUH LVVXH :LWK WKH SUHVHQW
9$UV GHOLYHUHG E\ SRZHU SURGXFHUV RI WKH V\VW
WKHUHIRUH QHFHVVDU\ WR PLQLPL]JH WKH QHW 93%U I



HRQRPLF UHDFWLYH SRZHU GLVSDWFK > @ 7R IX0O\
UHVWULFWLRQV WKLV QHHGV WR EH D VHFXULW\ FRC(
JRU FRQYHQWLRQDO 23) FRQVWUDLQWYVY PXVW EH FDU
FRVWV PXVW EH 3WXQHG" 2WKHU SUREOHPV DUH G
PLQLPD

'XH WR WKH FRPSOH[LW\ RI PRGHP SRZHU V\VWHPV D
PHW XVH RI JHQHWLF DOJRULWKP DQG HYROXWLRC
DSSURSULDWH DSSURDFK 7KLV LV LOOXVWUDWHG LQ

&RIJHQHUDWLRQ

&RPELQHG KHDW DQG SRZHU JHQHUDWLRQ XVH D Wk
DPRXQW RI HQHUJ\ DV VHSDUDWH KHDW DQG HOHFWU
FR JHQHUDWLRQ SODQWYVY FDQ EH KLJKHU WKDQ F
JHQHUDWLQJ RQO\ HOHFWULFLW\ 7KH IXHO VDYLQJ C
LPSDFW RI HQHUJ\ JHQHUDWLRQ (PLVVLRQ OHYHOV R
QLWURJHQ R[LGH UHOHDVHG E\ WKH XVH RI IRVVLO IX
RI SROOXWLRQ FRQWURO HTXLSPHQW

, I VPDOO VFDOH FRPELQHG KHDW DQG SRZHU FR J}
EHFRPH WKH DYDLODEOH WHFKQRORJ\ WKHUH ZLOO E
RQH WRGD\ 7KH HIILFLHQF\ RI FRIHQHUDWLRQ V\VWH
DQG HOHFWULFLW\ 7KH XVH RI D *HQHWLF $OJRULWK
(3 WR VROYH WKH RSWLPL]DWLRQ SUREOHP RI WE
SURSRVHG LQ > @ *$V DUH PRUH IOH[LEOH DQG

RSWLPLIDWLRQ PHWKRGV WKHUHIRUH *$V DUH VXLWLCL
FRIHQHUDWLRQ V\VWHPV ZKLFK KDYH QRQ OLQHDU F

7KH RSHUDWLRQ VFKHGXOLQJ SUREOHP FRQFHUQYV DE
RSHUDWHG LQ WKH ERWWRPLQJ F\FOH ZKLFK SURG



VESO\ WKH WKHUPDO ORDG GHPDQG ZKLOH WKH HOHF
SURGXFWLRQ RI WKHUPDO HQHUJ\ W LV RQH RI WKH
RWKHU LV WKH WRSSLQJ F\FOH ZKLFK JHQHUDWHYV |
UHPDLQLQJ KHDW DQG DX[LOLDU\ ERLOHU WR VXS!
&RJHQHUDWLRQ V\VWHP FDQ EH RSHUDWHG E\ FRQQH
7TKHUHIRUH UHIHUHQFH > @ SURSRVHV DQ RSHUD\
FRIHQHUDWLRQ V\VWHP ZKLFK KDV IRXU NLQGV RI DX
ERLOHU KHDW VWRUDJH WDQN HOHFWULFLW\ FKDI
REMHFWLYH RI VFKHGXOLQJ LV WR PLQLPL]H WKH W
V\VWHP FRQVWUDLQWY $ GDLO\ RSHUDWLRQ VFKHGX
OHYHO DQG FKDUDFWHULVWLFV RI WKH FRIHQHUDWLF
SULFHV IRU EX\LQJ DQG VHOOLQJ WKH HOHFWULFLW\
HOHFWULF XWLOLW\ KDYH EHHQ FRQVLGHUHG 7KH *§
RSHUDWLRQ IRU WKH FRJHQHUDWLRQ V\VWHP WR PL
UHVXOWY VKRZ D KLJK SRWHQWLDO LQ XVLQJ *$ (3 IR
LQGXVWULDO FRIJHQHUDWLRQ V\VWHPV $00 FRQWLQ X
DUH HDVLO\ FRQVLGHUHG E\ WKH *$ (3 ZKLOH ZLWEK
PHWKRGV VXFK GLVFUHWH YDULDEOHYVY ZRXOG QRW Elt

6XEVWDWLRQ PRQLWRULQJ

7R UHGXFH FRQWUROOHUVY FRVWY DQG LPSURYH HIIL
VXEVWDWLRQ DXWRPDWLRQ > @ ZKLFK HQDEOH V\VV
RI SHUPDQHQW VWDIILQJ DW VXEVWDWLRQV G6XEVWD
FDQ SURYLGH FRQVLGHUDEOH VHOI FKHFNLQJ DQG G
FDQ EH GLDJQRVHG TXLFNO\ DQG UHSRUWHG WR HLWK

7KH LQFUHDVLQJ FRPSOH[LW\ RI ODUJH HOHFWULF SR
QHHG IRU PDLQWHQDQFH LQ RUGHU WR PDLQWDLQ D
LV LQFOXGHG VR WKDW XVHU LV DEOH WR VHH WKH



ZUKNLQ WKH VXE VWDWLRQV RQ D UHDO WLPH PDQQ!
WHFKQRORJ\ DOORZV VLPXOWDQHRXV PXOWLSOH DF
IHDWXUH LV SDUWLFXODUO\ KHOSIXO XQGHU HPHUJHQ

ORGHP PHWHULQJ WHFKQRORJ\ ZLOO SURYLGH EHQHIL
HQKDQFHG FKRLFH IRU WKH FXVWRPHU $GGLWLRQD
VXSSOLHU WRJHWKHU ZLWK EHWWHU LQIRUPDWLRQ
FRPPXQLFDWLRQ V\VWHP PXVW SURYLGH D FRPSOHWFE
WKH VXSSOLHUV DQG FXVWRPHUV

)$&76

7UDQVPLVVLRQ FRPSDQLHV DUH UHTXLUHG WR PDLQYV
VIVWHP ,Q D V\VWHP ZKHUH WKHUH LV FRPSOHWH S
VKRXOG EH DEOH WR VHOO HOHFWULFLW\ RYHU WKH
SRLQW 7UDQVPLVVLRQ FRPSDQLHV PD\ DOVR EH H[SF
WUDQVPLVVLRQ IURP LQGHSHQGHQW SRZHU SURGXFH
VHUYLFHV WKH WUDQVPLVVLRQ FRPSDQLHV ZLOO KD
VXFK DV WRZHUV RYHUKHDG OLQHV XQGHUJURXQG

DGGLWLRQ WR D QXPEHU RI DQFLOODU\ VHUYLFHV \
SRVVLEOH WR FKDUJH IRU WKH XVH RI UHVHUYH HQ
FRQVXPHG E\ D FEXVWRPHU DV WKH\ DUH QRW QRUPD
PRVW UHDFWLYH SRZHU LV FRQVXPHG ZLWKLQ WKH WI
WKURXJK DQ\ FRQVXPHUTV PHWHU

JOH[LEOH $& 7UDQVPLVVLRQ 6\WWHP LV D PHDQV RI
HOHEFWURQLF GHYLFHV WR LPSURYH WKH SHUIRUPD
7UDQVPLVVLRQ V\VWHP OLPLWDWLRQV DUH FDXVHG ¢
OLPLWV 9ROWDJH OLPLWV WKHUPDO OLPLWV C
VXEVI\QFKURQRXV UHVRQDQFH WUDQVLHQW VWDELOL
DUH VRPH RI WKH LVVXHV WKDW FDQ EH VROYHG



FRQYHQWLRQDO VROXWLRQV &DUHIXO SODQQLQJ DQ
GLIIHUHQW VWDJHV RI WKH SURMHFW IRU VWXGLHV L«
VWXGLHV PXVW EH DEOH WR VROYH DOO WHFKQLFI
FRRUGLQDWLRQ EHWZHHQ DOO FRPSDQLHV DQG UHJX

)OH[LEOH $& 7UDQVPLVVLRQ 6\WWHP GHYLFHV DUH
WUDQVPLVVLRQ FDSDFLW\ WR LPSURYH ILUVW VZLQJ
DQG WR KHOS ZHDNO\ FRXSOHG V\VWHPV LQ WKH |
LOQWHUFRQQHFWHG V\WWHPV ORZ IUHTXHQF\ RVFLOC
LQWHU DUHD SRZHU WUDQVIHU DQG ZKHQ WKH DJJUH
WKH VWUHQJWK RI WUDQVPLVVLRQ WKH RVFLOOD
UHVWUXFWXULQJ WKHUH LV LQFUHDVH H[FKDQJH RI ¢
DQG WKHUH LV D GLUHFW QHHG IRU QHZ HTXLSPHQ
FRQWUROOHUV PXVW EH DEOH WR RSHUDWH VDWLYV]
VZLQJV DQG GXULQJ D ZLGH UDQJH RI RSHUDWLRQ
3RZHU 6\VWHP 6WDELOL]JHUV DUH WUDGLWLRQDOO\ X
VFKHPH FDQQRW EH XVHG LQ )$&76 FRQWUROOHUV D
DUH QRW DYDLODEOH DW WKH FRQWUROOHU ORFDWLF
VZLQJV ZKLFK LQYROYH ODUJH QXPEHU RI PDFKLQH\
FKRLFH ,W ZLOO EH QHFHVVDU\ WR REWDLQ XVHIX
ORFDWLRQ

8QLILHG 3RZHU )ORZ &RQWUROOHU 83)& LV RQH RI
7UDQVPLVVLRQ 6\WWHPV )$&76 GHYLFHV 7KH 83)&
YROWDJH VRXUFH LQYHUWHUV ZKLFK DUH FRQQHFWH
(DFK LQYHUWHU LV FRXSOHG ZLWK D WUDQVIRUPHU
LOQYHUWHU NQRZQ DV 67$7LF 6\QFKURQRXV &RPSHQ
DOPRVW VLQXVRLGDO FXUUHQW RI YDULDEOH PDJQL
VHFRQG YROWDJH VRXUFH LQYHUWHU NQRZQ DV 6W
666& LQMHFWV DQ DOPRVW VLQXVRLGDO YROWDJH



W WUDQVPLVVLRQ OLQH 7KLV LQMHFWHG YROWDJH
OLQH FXUUHQW 7KH H[FKDQJHG UHDO SRZHU DW WKH
IORZV WR WKH WHUPLQDOV RI WKH RWKHU LQYHUWHU
DGGLWLRQ HDFK LQYHUWHU FDQ H[FKDQJH UHDFWLY}

8QZDQWHG ORRS SRZHU IORZ DQG SDUDOOHO SRZHL
VHULRXV SUREOHPV LQ KHDYLO\ LOWHUFRQQHFWHG S
WKH XVH RI SKDVH VKLIWHU DQG RU RWKHU FRQWUR
HOHFWURQLF FRPSRQHQWYV W LV SRVVLEOH WR XVH
SRZHU IORZ FRQWUROOHUV EHFDXVH WKH XQLILHG

YROWDJH VRXUFH FRQYHUWHUYV FDQ EH RSHUDWHG D\
WDS FKDQJHU DQG SKDVH VKLIWHU $V JRRG FRRUG]I
IDFLOLWLHVY WR ZRUN ZLWKRXW LQWHUIHULQJ ZLWK

IORZ XVHG LQ SRZHU V\VWHP DQDO\VLVY KDYH WR EH F
2SWLPDO SRZHU IORZ SUREOHP ZLWK VHULHV FRPSHQ
VWXFN LQ ORFDO PLQLPD $Q DOJRULWKP FDSDEOH R
RSWLPDO SRLQW KDV WR EH GHYHORSHG > @ *HQF
EDVHG RQ PHFKDQLFV RI QDWXUDO VHOHFWLRQ DQG
DGDSWLYHO\ VHDUFKHV WKH JOREDO RSWLPDO SRLQW

3RZHU 4XDOLW\

W LV D IDEFW WKDW LW PD\ QRW EH DOZD\V SRVVLE
JHQHUDWH HQRXJK LQFRPH UHTXLUHG IRU V\VWHP U]
VXSSO\ WR FRQVXPHUV DQG DOWHUQDWLYH PHWKRG)\
H[LVWLQJ HTXLSPHQW RU LQVWDOOLQJ QHZ RQHV
VZLWFKLQJ DXWRPDWLRQ )OH[LEOH $& 7UDQVPLVVL
UHDFWLYH SRZHU SODQQLQJ KDYH HQDEOHG WKH XVI
PRUH HIIHEWLYHO\



'LWKQFUHDVLQJ KDUPRQLF SROOXWLRQ LQ WKH SRZH
DQDO\VLYV RI KDUPRQLF YDULDWLRQV KDYH EHFRPH

DVVRFLDWHG ZLWK FRQYHQWLRQDO DOJRULWKPV SD
DQG WUDQVLHQW VLWXDWLRQV WKH XVH RI QHXUDO ¢
LV PXFK PRUH DSSURSULDWH > @ $ VHW RI GDWD

DSSOLFDWLRQ RI WKH DSSURDFK

&RQJHVWLRQ ODQDJHPHQW

&RQJHVWLRQ PDQDJHPHQW LV RQH RI WKH RSHUDMW
H[FKDQJH HQYLURQPHQW &RQJHVWLRQ PDQDJHPHQW
KDYH WKH JUHDWHVW VHQVLWLYLW\ ZLWK UHVSHEW W
VHQGY UHTXHVWV WR VXVSHQG WUDQVDFWLRQV DFFR
SHUVSHFWLYH WKLY DSSOLFDWLRQ VKRXOG DOVR SU
FDXVH RYHUORDGY DQG SURYLGH HTXLYDOHQW WUDG!

7TKH DSSURDFK LV EDVHG RQ WKH XVH RI RSWLPL]D)
DSSURDFKHV IRU WUDQVPLVVLRQ V\VWHP FRQJHVWLR
WKH RSWLPXP SRZHU IORZ 23) WHFKQLTXHV FRPPI
DQDO\VLV +RZHYHU WUDGLWLRQDO 23) GRHV QRW |
GDWD FRQVWUDLQWY IRXQG DW HLWKHU SRZHU H[FKD

&RQJHVWLRQ PDQDJHPHQW LV PRVW FRPPRQO\ XVHG
REVHUYHG RYHUORDGV ,W FDQ DOVR EH XVHG LQ D
UHGXFH WKH OLNHOLKRRG RI FDXVLQJ WKH RYHUORDC

(QHUJ\ 7UDGLQJ 6\VWHP

7KH HQHUJ\ WUDGLQJ V\VWHP PXVW KDYH ORZ FOLHQ)
, QWHUQHW EDVHG V\VWHPV DUH SUHIHUDEOH



$ WUDGLQJ V\WVWHP LV XVHG E\ LQGLYLGXDO WUDGH!
DRDO\WWLFDO WRROV RU YLHZ KLVWRULFDO DQG FXU
VRIWZDUH DQG DQDO\WLFDO FRPSRQHQWYV IRU FHQWU
DV WUDGLQJ FRQWURO DQG ORDG IRUHFDVWLQJ > @

,Q D GHUHJXODWHG HQYLURQPHQW D JHQHUDWLQJ
REMHFWLYH WKDQ WR SURGXFH HOHFWULFLW\ DQG VI
IRUPXODWLRQ LV E\ JLYLQJ D IRUHFDVW RI IXWXUH |
VFKHGXOLQJ WKDW PD[LPL]JHV H[SHFWHG SURILW RYH!
FRQVWUDLQWY WDNHQ LQWR DFFRXQW 7KH VSRW PI
KRZHYHU LW LV YDU\LQJ DQG XQFHUWDLQ 7KHUHI
DUUDQJHPHQW IRU VIVWHP RSHUDWLRQ ZLOO EH D PD

,QWHOOLJHQW DJHQWV KDYH EHHQ DSSOLHG WR LC
PDQDJHPHQW LQ WHOHFRPPXQLFDWLRQ V\VWHPV > @
GHYHORSHG RXW RI UHVHDUFK LQ DUWLILFLDO LQW*#
WHFKQLTXH FRXOG EH XVHG LQ HQHUJ\ WUDGLQJ V\VW

, QWHOOLJHQW 3URWHFWLRQ DQG &RQWURO

+LJK VSHHG FRPPXQLFDWLRQV XQGHU FXUUHQW GH
, QWHOOLJHQW (OHFWURQLF '"HYLFHV IURP GLIITHUHQW
FROQWURO LQIRUPDWLRQ LQ UHDO WLPH WKXV HOLPLC
ZLULQJ 7KLV ZLOO UHVXOW LQ UHGXFHG FRVW DQG L
V\VWHPV ZLOO LQFUHDVH DQG DOORZ WKH RYHUDOC(
FRQWURO V\VWHP GXULQJ GLVWXUEDQFHV WR EH FRQ

'LJLWDO UHOD\V DQG FRQWUROOHUV DUH EXLOGLQJ E
FRQWURO V\WWHP ZLWK GLVWULEXWHG LQWHOOLJHQ!
ZLWK LQWHOOLJHQW (OHFWURQLF 'HYLFHV EHLQJ W|
VIVWHPV SURYLGLQJ WKH QH[W OHYHO DQG :LGH $UH

X\



WK VIVWHP OHYHO > @ (DFK OHYHO H[HFXWHV SURWtE
ORFDOO\ PHDVXUHG RU PRQLWRULQJ SDUDPHWHUV ,V
OHYHOV RI WKH V\VWHP WR H[FKDQJH VWDWXV RU PH
YHU\ VRSKLVWLFDWHG VSHFLDO SURWHFWLRQ DQG FI
WKH FRVW RI WKH V\VWHP

SHPRWH VZLWFKLQJ RI FLUFXLWYVY IROORZLQJ D IDXO!
FRQVXPHUV ZLWKLQ D VKRUW WLPH DQG WKH QDWXL
LGHQWLILHG WKURXJK WKH XVH RI FRPSXWDWLRQDO
WKH DITHFWHG VHFWLRQ

$GDSWLYH UHOD\V DGDSW WR WKH FKDQJHV LQ SRzl
RSWLPDO SHUBRUPKOLQYFHV>YHU\ LPSRUWDQW WR SUHY!
GLVWXUEDQFH LQ WKH V\VWHP LQWR D EODFNRXW ZLV

1IHXUDO QHWZRUNV [1X]]\ ORJLE DQG H[SHUW V\VWHP\
FDQ EH XVHG LQ DQ DUWLILFLDO LQWHOOLJHQFH ED\
YDOXDEOH LQ WKH GHWHFWLRQ RI DEQRUPDO V\VWF
SURWHFWLRQ DQG FRQWURO V\VWHP SHUIRUPDQFH G»

7UDQVPLVVLRQ 6\WWHP 30DQQLQJ

7UDQVPLVVLRQ V\VWHP SODQQLQJ LV DQRWKHU DUHD
FRPSDQLHV WR FDWHU IRU WKH LQFUHDVLQJ GHPDC
FRQVXPHUV 1RQ FRQYH[ SUREOHP REVHUYHG LQ QHW
VROYHG HIIHFWLYHO\ E\ WKH FRQYHQWLRQDO OLQH
WHFKQLTXHYV KDYH EHHQ GHYHORSHG WR RYHUFRP
HYROXWLRQDU\ SURJUDPPLQJ LV RQH VXFK WHFKQL
WUDQVPLVVLRQ V\WWHP SODQQLQJ (YROXWLRQDU\
DOJRULWKP XVLQJ DUWLILFLDO LQWHOOLJHQFH PHW



VHEOMLRQV PXWDWLRQ FRPSHWLWLRQ DQG HYROXMW
VROYLQJ WUDQVPLVVLRQ VI\VWHP SODQQLQJ > @

+9'&

+9'&« WUDQVPLVVLRQ IRU ORQJ GLVWDQFH WUDQVF
EHFRPLQJ SRSXODU GXH WR WKH GHYHORSPHQW RI
OHHWLQJ DGGLWLRQDO SRZHU UHTXLUHPHQWY E\ DG
IDXOW FXUUHQW OHYHOV VLQFH QR IDXOW FXUUHQW
OLQN ZKHUHDV DGGLWLRQDO $& LQIHHGV EULQJ ZL
FLUFXLW FDSDFLW\ IRU WKH UHFHLYLQJ V\VWHP $Q +
VWDJHV )DXOW GLDJQRVLV LQ +9'& VI\VWHPV ZLWK L
SRSXODU UHVHDUFK DUHD LQ UHFHQW \HDUV > @

6DYLQJ (QHUJ\ WKH (QYLURQPHQW

(IMRUWYVY PXVW EH PDGH WR SURWHFW HDUWKIfV HQYL
UHGXFH DLU SROOXWLRQ E\ LQWURGXFLQJ FOHDQ IXH
HPLVVLRQ FDQ EH PLQLPL]JHG E\ WKH XVH RI ORZ V.
SUHFLSLWDWRUV DQG IOXH JDV GHVXOIXUL]DWLRQ C
PRQR[LGH DQG VXOSKXU GLR[LGH 1LWURJHQ GLR[LGH}
LPSURYHG ERLOHU EXUQLQJ PHWKRGVY ORZ QLWURJH
DQRG E\ LQVWDOOLQJ IOXH JDV GHQLWULILFDWLRQ GH

,Q YLHZ RI WKH QHHG IRU HQYLURQPHQWDO SURWH
DOWHUQDWLYH HQHUJ\ VRXUFHV KDYH WR EH LQWUR(
FRQVLGHUHG DUH IXHO FHOO SRZHU JHQHUDWLRQ S
SRZHU JHQHUDWLRQ

(QHUJ\ VWRUDJH E\ SHDN VKDULQJ DQG YDOOH\ ILOOL
FRVWY 6XSHU FRQGXFWLRQ ZLWK KLJK FXUUHQW Gt



D RV FRPSDUHG WR RWKHU VWRUDJH WHFKQRORIJL
R

6\VWHP 2SHUDWLRQ DQG 3RZHU ([FKDQJH )XQFWl.

6\WVWHP RSHUDWLRQ DQG SRZHU H[FKDQJH IXQFWLR(
ODLQWDLQLQJ V\VWHP VHFXULW\ LV D PDMRU FRQFHL
WKH WUDQVPLVVLRQ FRPSDQ\ KDV WR EH SURSHUO
JHQHUDWRUV FRQWURO DUHDV SRROV DQG UHJILRC
HTXLSPHQW RXWDJHY YROWDJH OHYHOV PRQLWRUI
VZLWFKLQJ WKDW DIIHFWV PRUH WKDQ RQH V\VWHP
WR XVH FRUUHFWLYH DFWLRQ VXFK DV ORDG UHGXF)\
UHDFWLYH UHVRXUFHV DUH LQVXIILEFELHQW $Q\ FRUU
XQDFFHSWDEOH YROWDJH VWUHVV RQ JHQHUDWLRQ
VIVWHP UHOLDELOLW\

6LQFH WKH WUDQVPLVVLRQ V\VWHP ZLOO EH XVHG
EHFRPHY QHFHVVDU\ WR PDNH VXUH WKDW WKH WUD ¢
DOO WKH UHTXLUHG WUDQVDFWLRQV DW DQ\ JLYHQ W
WKH IROORZLQJ WZR PHWKRGYV

*HQHUDWLQJ FRPSDQLHV VHQG ELG SULFHV WR D SEK
RUGHUV DQG SULFHV IURP ODUJH LQGXVWULDO ORDC
RSHUDWRU ZLOO WKHQ PDWFK WKH EX\ DQG VHOO RL
IRU WKH RSHUDWLRQ RI WKH JHQHUDWRUYV

,Q WKH RWKHU DSSURDFK WKH JHQHUDWLRQ FRPSD
EX\HUV RU WKURXJK EURNHUV DQG WKHQ REWDLQ
FRPSDQ\ IRU WKH WUDQVDFWLRQ 7UDQVPLVVLRQ FR



UHTX8BBBU FDQ LQ IDFW EH WUDQVIHUUHG IURP D VF
WKH WUDQVPLVVLRQ V\VWHP ZLWKLQ LWV RSHUDWLQJ

,Q ERWK DSSURDFKHVY WKHUH DUH VHYHUDO FRPSXW
UHTXLUHV DOJRULWKPV IRU XQLW FRPPLWPHQW WK
WUDQVPLVVLRQ 9HU\ IDVW VHFEXULW\ DQDO\VLV DQG

GHYHORSHG WR JLYH D UHDOLVWLF PRGHO RI WKH

RSHUDWHG DV GHVLUHG E\ WKH XQLW FRPPLWPHQW

EHFRPHY QHFHVVDU\ WR NQRZ ZKHWKHU WKH VHFXUL)
WKH QHFHVVDU\ FDOFXODWLRQ IDVW HQRXJK IRU WKt}
JUDQWLQJ DFFHVV WR HDFK DQG HYHU\ WUDQVDFWL
LQIRUPDWLRQ RQ DYDLODEOH WUDQVPLVVLRQ FEDSDF
JHQHUDWRUVY DQG FXVWRPHUYV

&RQFOXVLRQV

SHVWUXFWXULQJ RI WKH HOHFWULF SRZHU LQGXVWU\
VHYHUDO LVVXHV WKDW JR ZLWK LW 6RPH RI WKH .
UHVWUXFWXULQJ KDV EHHQ GHVFULEHG DQG PHWKR
,QWHOOLJHQW WHFKQLTXHV WKDW KDYH EHHQ GHYHC
GHPRQVWUDWHG LQ WKH FKDSWHUV WKDW IROORZ
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 QWURGXFWLRQ

/IRFDWLQJ IDXOWV LQ WKH IDVWHVW SRVVLEOH WLPH |
FOHDU WKH IDXOWV IURP WUDQVPLVVLRQ OLQHV DQG
PLQLPXP LQWHUUXSWLRQ 6HYHUDO PHWKRGV KDYH |
WHFKQLTXHV EDVHG RQ WUDYHOOLQJ ZDYH WKHRU\ >
DQDO\VLY > @ ,Q WUDYHOOLQJ ZDYH PHWKRG IRU ID
EDVHG RQ WKH WUDQVLHQW YROWDJH DQG FXUUHC
WUDQVPLVVLRQ OLQH IDXOW $ FRUUHODWLRQ EDVH(
EHWZHHQ VWRUHG VHFWLRQV Rl WKH IRUZDUG DQG E
HVWLPDWH WKH WUDYHO WLPHV KDV DOVR EHHQ XVH
KLJK VDPSOLQJ UDWH DQG KDYH SUREOHPV LQ GLVW
IURP WKH IDXOW DQG IURP WKH UHPRWH HQG RI WKH
PHWKRGV WKH IXQGDPHQWDO IUHTXHQF\ FRPSRQHQW
DEVWUDFWHG DQG WKH ORFDWLRQ RI WKH IDXOW

LPSHGDQFH RI WKH WUDQVPLVVLRQ OLQH IURP WKH F
RI WKH WUDQVPLVVLRQ OLQH SDUDPHWHUYV

.1 WKH WUDQVPLVVLRQ OLQH LV PRUH FRPSOLFDWHC
FRPSOH[ EHFDXVH RI WKH SRZHU LQMHFWLRQ IURP W
IRXQG WKDW VXFK FRPSOH[ SUREOHPV FDQ EH VROY
LQVWDQW ZDYHIRUPV XVLQJ DQ LQWHOOLJHQW V\VYV
ZDYHIRUP RQ WKH WLPH VFDOH UDWKHU WKDQ RQ
ZDYHIRUPV RI HDFK SUH IDXOW DQG SRVW IDXOW LQV
7KHVH VLJQDOV DUH WKHQ XVHG LQ GLVFUHWH ZDY
WUDLQLQJ VHW XVLQJ VWDWLVWLFDO LQIRUPDWLRQ



YNURRG DSSURDFK LQ VLJQDO SURFHVVLQJ EHEDXV
DQDO\VLYVY LQ WLPH DQG IUHTXHQF\ ,W DOVR KDV WK
UHYHDOLQJ EUHDNGRZQ SRLQWY GLVFRQWLQXLWLHYV
$ FRPSDUDWLYH VWXG\ RI )RXULHU WUDQVIRUPV V
'DYHOHW WUDQVIRUPV DQG WKH DSSOLFDWLRQ RI Z
SRZHU V\VWHP WUDQVLHQWYV LV JLYHQ LQ > @

7HHG RU 7DSSHG OLQHV

7HHG RU 7DSSHG OLQH LV GHILQHG DV RQH KDYLQJ W
ZKLFK DUH FRQQHFWHG WR ORDGV ZLWK QHJOLJLEOH
DQ HDV\ FRQQHFWLRQ WR D WKLUG SRLQW IURP DQ |
ZLWKRXW EUHDNLQJ LW DQG ZLWKRXW QHFHVVDULO\
7HHG IHHGHUV DUH HFRQRPLFDOO\ DQG HQYLURQPHC
WHUPLQDO OLQHV IRU WUDQVPLVVLRQ RI SRZHU DW (-

7\SHV Rl WHHG FLUFXLW

7TKHUH DUH WKUHH GLIITHUHQW W\SHV RI WHHG FRQQH
7KH\ DUH

6LQJOH FLUFXLW 7HH ILJXUH
'RXEOH FLUFXLW 7HH ILJXUH
7THH DQG OHVK [ILJXUH

%HFDXVH VLQJOH FLUFXLW WHH FRQQHFWLRQ KDV RC
WKUHH SRLQWYV WKH LOQWHUFRQQHFWLRQ ZRXOG EH
FLUFXLWV DQG WKH DVVRFLDWHG FLUFXLW EUHDNHU)\
WKH VHEXULW\ Rl VXSSO\ 7KH GRXEOH FLUFXLW WHE
HQG



JLXUH 6LQJOH FLUFXLW 7HH

JLIXUH 'RXEOH FLUFXLW 7HH

VvV



JLIXUH7HH DQG PHVK

SURWHFWLRQ RI WHHG FLUFXLWYV

SURWHFWLRQ VFKHPHVY XVHG LQ WZR WHUPLQDO OLQH
SUREOHPYVY LQYROYHG LQ DSSO\LQJ WKH VFKHPHV WR
GLIILFXOW

2YHUFXUUHQW UHOD\V KDYH WKH IROORZLQJ GLVDGYI
RI OLQHV

GLVFULPLQDWLRQ EHWZHHQ ORDG DQG IDXOW EXUL
GLVWLQJXLVK EHWZHHQ QHDU DQG IDU HQG IDXOW
PDORSHUDWLRQ GXH WR WUDQVLHQW SRZHU VZLQJ
QRQVHOHFWLYH RSHUDWLRQ RU LQRSHUDWLRQ C
FRQGLWLRQV

'LVWDQFH UHOD\V RYHUFRPH WKH DERYH SUREOHPYV
JRU D WHHG OLQH SURWHFWLRQ ZLWK GLVWDQFH UF



FHUWRQDGLWLRQV PD\ QRW DIIRUG WKH GHVLUHG GH
DSSOLFDEOH DW DOO

(UURUVY DUH LQWURGXFHG LQ LPSHGDQFH PHDVXUHPH

IDXOW UHVLVWDQFH

QRQWUDQVSRVLWLRQ RI FRQGXFWRUYV
YDULDWLRQ LQ HDUWK UHVLVWLYLW\ IRU D JLYH
LQLWLDO SRZHU ORDGLQJ

LOQWHUFLUFXLW PXWXDO FRXSOLQJ LQ GRXEOH F
IDXOW LQIHHGY RWKHU WKDQ WKDW EHKLQG WKHFH

)DFWRUV WKDW DIIHFW WKH VXLWDELOLW\ RI GLV

8QHTXDO LPSHGDQFHV WR UHPRWH WHUPLQDOV

JLIXUH VKRZV D W\SLFDO WKUHH WHUPLQDO OLQH
$ /HW WKH OHQJWK RI WKH OLQH $ % EH VXFK WKDV
FORVH WR WKH PLQLPXP SRVVLEOH VHWWLQJ RI WKH
$ & LV OHVV WKDQ WKDW RI VHFWLRQ 7 6 WKH JRQH
EH\RQG & ZKLFK LV QRW DFFHSWDEOH 7KH UHOD\ L
PLQLPXP RKP UDWLQJ RU WKH &7 UDWLR KDV WR EH L
IDXOW EH\RQG & ZLWK EUHDNHU DW % RSHQ ,QFUHL
HOQRXJK FXUUHQW IRU UHOLDEOH RSHUDWLRQ RI WKH
DOO RSHUDWLQJ FRQGLWLRQV WKH JRQH VHWWLQJ
LPSHGDQFH WR WKH QHDUHVW UHPRWH VWDWLRQ



|l VHFWLRQ 7 & LV PXFK ORQJHU WKDQ 7 % ILUVW ]
SURWHFW RQO\ D VPDOO SRUWLRQ RI VHFWLRQ 7 & 7
HIWHQGHG WR FRYHU VHFWLRQ 7 & ZKLFK LQ WXUQ
7KLV PD\ EH DYRLGHG E\ UHGXFLQJ WKH FRYHUDJH
WHUPLQDO & DQG XVLQJ JRQH SURWHFWLRQ WR SUR
7KLV ZLOO OHDG WR IDXOWV QHDU WHUPLQDO & WDNL

(IIHFWV RI LQIHHG

(IM!THFWV RI LQIHHG IURP DQRWKHU VRXUFH FDQ EH VH

JRU D IDXOW DW ) WKHUH LV D FRQWULEXWLRQ WR
WHUPLQDOV

OHDVXUHPHQW RI LPSHGDQFH LQ GLVWDQFH SURWHTI
GHULYHG IURP SULPDU\ YROWDJH DQG FXUUHQW DW \
DW $



7K YROWDJH DW EXV $ LV JLYHQ E\
( =.101°=
DQRG WKH DSSDUHQW LPSHGDQFH VHHQ E\ UHOD\ 5L LV

(

7TKH FXUUKQWK,LV WKH FRQWULEXWLRQ WR WKH IDXC
LQIHHG FXUUHQW ZKHQ LW LV DSSUR[LPDWHO\ LQ SKD
ZKHQ LWV SKDVH LV RSSRVLWH WR WKDW RI ( ,Q PRV
WKDW WKHLY XDJQU HQMAHG

JURP WKH HTXDWLRQ IRU = DSS LW LV FOHDU WKDW W
5L LV GLITHUHQW IURP WKH WUXH?LERSHGBRIQG HWWKR WE
FXUUHQW LV DQ LQIHHG WKH DSSDUHQW LPSHGDQFH
LI WKH J]RQH VHWWLQJ RI WKH UHOD\ LV DERXW K
IDXOWV LQVLGH WKH JRQH RI SURWHFWLRQ ZLOO DSS
ZLOO QRW RSHUDWH

7KLV LV DFFHSWDEOH VLQFH ZKHQ WKH WDS LV RX
FRUUHFWO\ ,W ZRXOG ERILWKHFXH®DW R/ R HDWK]LRIGHY D C
WKH DSSDUHQW LPSHGDQFH IRU DOO IDXOWV LQVLG
VHWWLQJ )RU VXFK D VHWWLQJ LI WKH WDS VRXUFH
EH\RQG WKH SRLQWRBHU® WDRQPH |RQH



) LIXH 7TKUHH WHUPLQDO OLQH VKRZLQJ FXUUHQW FI

=RQHV DQG RI UHOD\ 5L PXVW UHDFK EH\RQG EXVF
SRVVLEOH FRQILJXUDWLRQV Rl WKH WDS )RU WKHVH
LQIHHGY LQ VHUYLFH ,I VRPH RI WKH LQIHHGV KDY
LPSHGDQFH VHHQ E\ WKH UHOD\ ZLOO EH VPDOOHU
FRUUHVSRQGLQJ JRQHV

8QGHU UHDFKLQJ JRQHV DUH VHW ZLWK LQIHHGV UHPI
ZLWK WKH LQIHHGYVY UHVWRUHG

&KDQJHV LQ V\VWHP JHQHUDWLQJ FRQGLWLRQV

7KH IDXOW FXUUHQW FDQ YDU\ DSSUHFLDEO\ GXH W
WHUPLQDOV $ DQG & ,I| WKH JHQHUDWLRQ DW WKH Wt
RU RWKHU WKH FXUUHQW GXULQJ WKHVH SHULRGV ZL
SHULRG ZKHQ DOO XQLWYV DUH LQ VHUYLFH 7KHVH FK
WKH UHOD\V WR YDU\ GUDVWLFDOO\



IRDG FXUUHQW HIIHFW

IRDG FXUUHQWYV DUH QRUPDOO\ FRQVLGHUHG QRW
LPSHGDQFH VHHQ E\ WKH GLVWDQFH UHOD\V +RZHY|
FXUUHQW HIIHFW KDV WR EH FRQVLGHUHG LQ VHWWLC

, RQH FRQVLGHUV D ORDG FRQQHFWHG WR WHUPLQDC
LPSHGDQFH DW WHUPLQDO $ LV DV EHIRUH LQ HTXDW

7KH FXUUHQW IURP WHUPLQDO & LV QRZ LQ WKH RS
DSSDUHQW LPSHGDQFH VHHQ E\ UHOD\ DW $ LV UHGX
WKH UHOD\ DW $

(IIHFW RI YROWDJH PDJQLWXGH DQG SKDVH ¢
WHUPLQDOV
7KH YDULDWLRQ RI DSSDUHQW LPSHGDQFH DW WHUPL
PDLQWDLQHG FRQVWDQW DQG WKH SKDVH GLVSODFHF
WKH RWKHU HQGVY FDQ EH SORWWHG RQ DQ LPSHGDQ
FDQ EH REWDLQHG ZKHQ WKH YROWDJH PDJQLWXGH
ZLWK UHVSHFW WR WKH RWKHU HQG 7KH YDULDWLRC
SDWWHUQ Rl LQWHUFRQQHFWHG FXUYLOLQHDU TXDG
LPSHGDQFH LV UHTXLUHG IRU WKH SXUSRVH RI VHWW

(IN'IHFW RI IDXOW UHVLVWDQFH

(DUWK IDXOW UHVLVWDQFH JLYHV ULVH WR D YROW
EHFDXVH RI WKH SURGXFW RI IDXOW UHVLVWDQFH
YROWDJH FRPSRQHQW FDQ FDXVH HUURUV LQ LPSHC
FRPSDUHG ZLWK WKRVH ZLWK VROLG IDXOWV IRU WKH
DUHDV LQ WKH LPSHGDQFH SODQH



"+ XPSDJH DQG ' : /HZLV > @ KDYH GHULYHG D FRPS
D PHDQV RI DVVHVVLQJ WKH HUURU LQ LPSHGDQFH PH
YDULHV ZLWK WKH WHH SRVLWLRQ IRU IDXOWV DW WK
RI IDXOWYV

7KH\ DOVR GHULYHG D PXOWLSO\LQJ IDFWRU LQ GH
LPSHGDQFH WDNLQJ DFFRXQW RI UHPRWH LQIHHGV )]
WHH SRLQW WKH LPSHGDQFH VHHQ E\ UHOD\ DW $ Ql
LOQWHUFLUFXLW PXWXDO FRXSOLQJ LV JLYHQ DV

=DSS Q [ = NL[=

ZKHUH QM LV WKH GLVWDQFH RI WKH WHH SRLQW IU
OHQIJWK RI WKH SURWHFWHG OLQH DQG .M LV D IDFWI

LV VKRZQ WR £AW$SHTMROWMR PV Rl VRXUFH DPRBQGLQH L
=VE Q =

=V% DUH WKH LPSHGDQFHV RI VRXYUEFHWEH GGV DO NIS
I[URP HQG %

JRU D VLQJOH SKDVH WR HDUWK IDXOW WKURXJK UHYV
WKH DSSDUHQW LPSHGDQFH DW HQG $ LV JLYHQ E\

f Q [ = NL[= NI15L

'RXEOH FLUFXLW OLQHV

,Q WKUHH WHUPLQDO OLQHV ZKLFK LQYROYH SDUDOC
SRVVLEOH IRU IDXOW SRZHU WR IORZ RXW RI RQH W
DQRWKHU WHUPLQDO ,W LV QHFHVVDU\ WR GLVFULF
UHOD\V RQ RQH FLUFXLW ZKHQ WKH IDXOW LV LQ WK
WKH UHOD\V LQ WKH KHDOWK\ OLQHV IRU IDXOWV R(
FKRLFH RI UHOD\ FKDUDFWHULVWLF LQ RUGHU WR D
WKUHH WHUPLQDO OLQH ZLWK SDUDOOHO WLHV



&RRUGLQDWLRQ RI GLVWDQFH UHOD\V LV GLIILFXOW
IROORZLQJ SUREOHPYV

8QHTXDO LPSHGDQFHVY WR UHPRWH WHUPLQDOV

OXWXDO LPSHGDQFH HIITHFWV IURP IDXOW DQG ORD
WDS

7KH IRUZDUG UHDFK UHOD\V PXVW EH VHW RQ WKH!
FRQGLWLRQV DQG WKH FKDUDFWHULVWLFV RI WKH U
PD\ RWKHUZLVH UHVXOW LQ WKH WULSSLQJ RI WKH
FRQVWUXFWLRQV ZKHQ WKH RWKHU FLUFXLW LV IDXC
XQGXO\ VHQVLWLYH WR KHDY\ SRZHU WUDQVIHUV YR
FRQGLWLRQV

<

J)LIXUH 6\WVWHP VKRZLQJ WKUHH WHUPLQDO OLQH



2ZWKHU UHOD\LQJ VA\VWHPV

'LUHFW LQWHUWULSSLQJ IURP ORFDO HQGYV

,Q WKLV VFKHPH WKH SURWHFWLRQ DW RQH RU PRUH
LQWHUWULS WKH FLUFXLW EUHDNHUV RU WR LQFUHD
VFKHPH WR IXQFWLRQ SURSHUO\ SURWHFWLRQ DW O
IRU IDXOWYV DW DQ\ ORFDWLRQ ZLWKLQ WKH WHHG LQ
VSHHG WULSSLQJ RI DOO IDXOWV ZLWKLQ WKH SURW
ZLWKRXW RYHUUHDFKLQJ EH\RQG WKH FLUFXLW HQGV

7KH IROORZLQJ WKUHH GLIITHUHQW DSSOLFDWLRQV KL
UHOD\ VHWWLQJVY DW HDFK HQG

7KH WHHG FLUFXLW LV VXFK WKDW DOO WKUHH UHL
$00 WKUHH UHDFKHV RYHUODS EXW WKH FRUUHV!
GRHV QRW HQFORVH WKH WHH SRLQW

7KH UHDFKHVY RYHUODS LQ SDLUV RQ WZR RU PRUH

7KH IRUZDUG UHDFK VHWWLQJV LQ WKH ILUVW FDVF
LOWHUFRQQHFWLRQ EHWZHHQ HDFK UHOD\ ORFDWL
FRQVLGHUDWLRQ DOO WKH HUURUV LQYROYHG LQ WK
FDOFXODWHG WDNLQJ LQWR FRQVLGHUDWLRQ WKH ZI
FDXVLQJ RYHUUHDFKLQJ XQGHU WKH H[WUHPH FRQGL
WR LW DQG D PDUJLQ LV DOORZHG

'"+XPSDJH HW DO > @ KDYH GHYHORSHG D FRPSXWH
WKH VHWWLQJV RI WKH SURWHFWLRQ DW HDFK HQ
DSSOLFDWLRQV



/ILPLWDWLRQV RI GLUHFW LQWHUWULSSLQJ VFKH

%RWK WKH RYHUUHDFK DQG XQGHUUHDFK UHTXLUHPH
VHEWLRQV IURP WKH WHUPLQDWLRQ WR WKH WHH SRL
IDXOW FXUUHQWYV DW WKH HQGVYV DUH ZLGH UDQJLQJ
DULVH ZKHQ WKH LPSHGDQFH Rl WKH WLHV DUH ORZ
Rl WKH IORZ RI IDXOW EFXUUHQW RXW RI WKH WHHG O
LQFUHDVH LQ WKH DSSDUHQW LPSHGDQFH VHHQ E\ W
WKH QHFHVVDU\ PDUJLQV IRU DQ LQWHUWULSSLQJ VF
LQ D GRXEOH FLUFXLW OLQH LV LVRODWHG DQG HDU
VHTXHQFH FLUFXLW FKDQJHV DIIHFWLQJ WKH FRPSHQ
FRXSOLQJ 7KLV FDQ OHDG WR DQ RYHUUHDFK HUURU

%ORFNLQJ VFKHPHV

%ORFNLQJ VFKHPHY LQ GLVWDQFH SURWHFWLRQ XVH?
RI WKH WHHG OLQHVY 7KH GLVWDQFH UHOD\V DW HDF
ERWK UHPRWH FLUFXLW HQGV IRU DOO FRQGLWLRQV
HIWHUQDO IDXOWYV ZKLFK IDOO ZLWKLQ WKH VHWWLQ.
WKH RWKHU WZR WHUPLQDOV WR EORFN WULSSLQJ RI
KDV WR EH JLYHQ WR WKH IDXOWV DW WKH UHPRWH
JUHDWHVW XQGHUUHDFKLQJ LQ GHWHUPLQLQJ WKH |
VKRXOG FRYHU EH\RQG WKH UHDFK RI WKH IRUZDUG O

7KLV VFKHPH PD\ QRW IXQFWLRQ SURSHUO\ IRU D 7HF
$ IDXOW FORVH WR EXVEDU % LV IHG IURP DOO

FRPSRQHQW IURP & IORZV WKURXJK WKH SDUDOOHO '\
WHHG FLUFXLW DV ZHOO DV WKURXJK WKH WLH $W E>
FLUFXLW FDXVLQJ WKH UHYHUVH VHW UHOD\V WR EO
XQQHFHVVDU\ EORFNLQJ FDQ EH RYHUFRPH E\ XVLQJ

WR WULS IRU IDXOWV IURP %9 WR WKH WHH SRLQW W
WLH WR SURYLGH EORFNLQJ LQVWHDG RI WKH UHYHU\



Q DOO EORFNLQJ VFKHPHV WKH WULSSLQJ XQLWYV I
LQWHUQDO IDXOWV XQGHU DOO V\WWHP FRQGLWLRQ
VSHFLDO VROXWLRQV VXFK DV VHTXHQWLDO WULSS
VHSDUDWH UHOD\V IRU FDUULHU DQG WLPH JRQH WU
XVHG

7KH EORFNLQJ VLJQDO PD\ EH VHQW RYHU WKH WUDQ
IUHTXHQF\ RU G F VLJQDO RYHU SLORW ZLUHV %O
GLUHFWLRQDO FRPSDULVRQ RU SKDVH FRPSDULVRQ
WKH ORFDWLRQ RI WKH IDXOW LV GHWHUPLQHG E\ WK
SRVLWLRQ RI WKH FXUUHQWV HQWHULQJ DQG OHDYL
UHOD\V

BHTXHQWLDO WULSSLQJ

7KH PRVW FRPPRQ SUREOHP HQFRXQWHUHG LQ WHH
LPSHGDQFH FDXVHG E\ WKH LQIHHG IURP WKH WKLUG
FRPSDUHG WR WHUPLQDO $ WKH UHOD\V DW $ KDYH
QHDU & 7KLV PHDQV HYHQ D YHU\ VPDOO VZLQJ EHW
WULSSLQJ RI WHUPLQDO $ )LJXUH VKRZV WKH F|
LQFOXGH WKH DSSDUHQW LPSHGDQFH XS WR &1

6HTXHQWLDO WULSSLQJ LV D SRVVLEOH VFKHPH WK
WHUPLQDO $ IRU VPDOO VZLQJVY EHWZHHQ $ DQG % 7|
PDGH VPDOOHU WR DOORZ JRRG ORDG FDUU\LQJ DELC
& DQG WULS WKH FLUFXLW EUHDNHU RQO\ DIWHU WK
FDOOHGXHQWLDO6 HMXHIBAL DO WULSSLQJ DOWKRXJIK
GLIILFXOW\ LQ KLJK VSHHG UHFORVLQJ RI WKH OLQH



J)LIXUH 5HOD\ FKDUDFWHULVWLF VKRZLQJ DSSDUH

SHGXFLQJ WKH WULSSLQJ DUHD LV D SRVVLEOH PHWK
DOO OLQH IDXOWYV DQG VWLOO DYRLG WULSSLQJ GXUI
VWHS FRQGLWLRQ 2QH VXFK PHWKRG RI UHGXFLQJ "
FLUFOHYVY DV VKRZQ LQ ILJXUH



7HHG WUDQVIRUPHU IHHGHUV

'KHQ D WUDQVIRUPHU LV LQ RQH RI WKH OLQHV ZLWK
WUDQVIRUPHU KDV WR EH WUHDWHG DV SDUW RI WKH
XVH Rl ORZ YROWDJH VLGH SRWHQWLDO FDXVHV WKH
DFWXDOO\ LV

3LORW ZLUH DQG &DUULHU 3LORW 3URWHFWLRQ

0 $ %YRVWZLFN DQG ( / +DUGHU > @ KDYH VKRZQ WKI
3URWHFWLRQ DUH HIIHFWLYH VROXWLRQV WR WKH S
7KH\ KDYH FRQVLGHUHG WZR W\SHV Rl SLORW SURWE
EORFNLQJ W\SH XVHG ZLWK G F SLORW ZLUH RU FDUL
D F SLORW ZLUH W\SH

,Q WKH GLUHFWLRQDO FRPSDULVRQ VFKHPH GLUHFW
WR WULS IRU DQ\ IDXOWV LQ WKH IRUZDUG GLUHFWL
IURP WKH IDU HQG 7KLV EORFNLQJ VLJQDO LV VWDUYV
SRZHU IORZ LV RXW RI WKH OLQH DW WKDW WHUPLQD
PD\ EH XVHG DV WKH IDXOW GHWHFWLQJ HOHPHQW
LQLWLDWLQJ WKH EORFNLQJ VLJQDO ,Q SDUDOOHOLC
RQH WHUPLQDO IRU D IDXOW RQ WKH SURWHFWHG OL
XVHIXO LQ WKDW WKH ILUVW ]JRQH HOHPHQW WULSYV
IXUWKHU IORZ RI IDXOW SRZHU DQG HQDEOLQJ WKH F
WKH RWKHU WZR WHUPLQDOV )LUVW JRQH HOHPHQW
DOVR UHPRYHV WKH PXWXDO LPSHGDQFH HIIHFW

$ VLQJOH HOHPHQW D F SLORW ZLUH VFKHPH ZKLFK |
KDV EHHQ VWXGLHG E\ 0 $ %RVWZLFN DQG (/ +DUGHU

5 . $JJDUZDO DQG $ 7 -RKQV > @ KDYH SURSRVHG
GLIIHUHQWLDO SURWHFWLRQ VFKHPH ZKLFK XWLOLV
VSHFLDO ILOWHULQJ DQG VLIJQDO SURFHVVLQJ WHFI
UHOD\ VWDELOLW\ IRU WKURXJK IDXOWYV



6 XSHULPSRVHG FRPSRQHQW LPSHGDQFH UHOD\

- 6 'DQLHO 5 . $JJDUZDO DQG $ 7 -RKQV > @ KDYH

UHOD\LQJ SULQFLSOH E\ XVLQJ SUHIDXOW DQG VXS
YROWDJHY DQG FXUUHQWYV 7KH WRWDO TXDQWLWLHV
RI VWHDG\ VWDWH DQG VXSHULPSRVHG TXDQWLWLHYV
DSSOLFDWLRQ DSSOLHG LQ FRQMXQFWLRQ ZLWK D Gl

7KH GHVLJQ KDV JRRG IDXOW FRYHUDJH WKH UHDFK
SRLQW RQ ZDYH DQG SUHIDXOW FRQGLWLRQV 7KH
WULJJHULQJ E\ D GLUHFWLRQDO UHOD\ RSHUDWLQJ
FRPSOH[ WKDQ D FRQYHQWLRQDO UHOD\

$UWLILFLDO 1HXUDO 1HWZRUNV IRU 'LVWDQFH 3U

S$UWLILFLDO QHXUDO QHWZRUNV XVH D ODUJH QXPE
UHFRJQLVH SUHSURJUDPPHG RU SOHDUQHG” SDWWHU
UHFRJQLVH OHDUQHG SDWWHUQV RI EHKDYLRXU LQ
IXQFWLRQDO UHODWLRQVKLSY DUH QHLWKHU ZHOO GF
FRPSXWH WKH DQVZHU TXLFNO\ E\ XVLQJ DVVRFLDWLF
$ QXPEHU RI DSSURDFKHYV LQ GLVWDQFH SURWHFWLRC

,QDFFXUDF\ GXH WR WKH PXWXDO FRXSOLQJ RI SDUDC
ZKHUH $11 LV XVHG WR HVWLPDWH WKH DFWXDO SRZ}F
DSSURSULDWH WULSSLQJ LPSHGDQFH > @ $GDSWLY
VFKHPH $ WHFKQLTXH XVLQJ $11 WKDW FDOFXODWI
FDSDFLWRU LQVWDOODWLRQ XVLQJ ORFDO YROWDJH
WR EH VXLWDEOH IRU LPSOHPHQWDWLRQ LQ D GLJLW|
7KH DFWXDO SUREOHP LV WR PDNH WKH UHOD\ LQWHC(
RI' D VHULHV FDSDFLWRU DQG QRW WR WULS $Q $11 E
SURWHFWLQJ WUDQVPLVVLRQ OLQHV KDV VKRZQ YHU
> @ 7KH W\SH RI IDXOW SKDVHV LQYROYHG SRZH



YODLDWLRQ LQ VRXUFH LPSHGDQFH DQG WKH SUHVHQTF
GHWHUPLQDWLRQ RI GLUHFWLRQ OXOWLOD\HU SHUF
LPSHGDQFH DUFLQJ IDXOWV > @ 7KH GHWHFWRU L
GLVWRUWHG E\ DUFLQJ QRLVH DQG IDXOW OLNH ORDG
DOJRULWKP KDV EHHQ GHYHORSHG XVLQJ $11 > @
WUDLQHG ZLWK WKH LQSXW SDWWHUQV RI GLVWRU!
WKURXJK D ORZ SDVV ILOWHU DQG ZLWK WKH WDU
FRPSRQHQWY RI D GF RIITVHW UHDO FXUUHQW DQG YK
UHPRYLQJ DOJRULWKP 7KH $11 SOD\V WKH UROHV RI
JRXULHU ILOWHU

$UWLILFLDO QHXUDO QHWZRUNV KDYH DOVR EHHQ X\
FODVVLILFDWLRQ > @ 7KHLU EDVLF GLIIHUHQFH LV
DV LQSXW

'DYHOHWYV

:DYHOHWYV DUH PDWKHPDWLFDO IXQFWLRQV WKDW GFt
FRPSRQHQWYV DQG VWXG\ HDFK FRPSRQHQW ZLWK D
':DYHOHWYV DUH IXQFWLRQV WKDW VDWLVI\ FHUWDLQ
LQ UHSUHVHQWLQJ GDWD RU RWKHU IXQFEWLRQV :DY
GDWD ZLWK VKDUS GLVFRQWLQXLWLHV 7KH SULPDU\
VLIJQDO SURFHVVLQJ LPDJH FRPSUHVVLRQ VXE EDQ
FRPSUHVVLRQ VHLVPLE VWXGLHV FRPSXWHU YLVL
PDWKHPDWLFV DSSOLFDWLRQV VXFK DV VROYLQJ SDU

8QOLNH )RXULHU DQDO\VLV ZKLFK UHOLHV RQ D VL(
XVHV EDVLV IXQFWLRQV RI D UDWKHU ZLGH IXQFWLR(
beDO\VLVY LV WR VHOHFW DQ DSSURSULDWH ZDYHOH
SPRWKHU” ZDYHOHW DQG WKHQ SHUIRUP DQ DQDO\VL\



WK ZDYHOHW :DYHOHWV FDQ EH FKRVHQ ZLWK YHI
FKDUDFWHULVWLFV DV FRPSDUHG WR )RXULHU WHFKQ

7KH EDVLF GLIIHUHQFH LV WKDW LQ FRQWUDVW WR V
XVHV D VLQJOH DQDO\WLV ZLQGRZ WKH ZDYHOHW WL
IUHTXHQFLHY DQG ORQJ ZLQGRZV DW ORZ IUHTXHQF
WUDQVIRUPV LV DGMXVWHG DXWRPDWLFDOO\ IRU ORZ
ZKHWKHU IRU KLJK ITUHTXHQF\ RU IRU ORZ IUHTXHQF\ |
HDFK ITUHTXHQF\ FRPSRQHQW JHWV WUHDWHG LQ

UHLQWHUSUHWDWLRQ RI WKH UHVXOWYVY 7KH EDVLF
WLPH FRPSUHVVLRQ RU GLODWLRQ UDWKHU WKDQ C
PRGXODWHG VLIQDO 7KH IHZ VLPSOH FRQGLWLRQV L|
WKH FKRLFH RI WKH PRWKHU ZDYHOHW 7KHUHIRUH

ZDYHOHW FDQ EH PDGH WR ILW DQG PRGHO D VSHFLIL

:DYHOHW WHFKQLTXHY DSSOLHG WR SRZHU HQJLQHH
DUHDYV LGHQWLILFDWLRQ DQG DQDO\VLYV 7TKH LGt
FDWHJRULVDWLRQ RI VLIQDOV WKHLU GHFRPSRVLWI
WKHLU UHSUHVHQWDWLRQ DV D VXP RI EDVLV IXQFWL
WKDW PRGHOV WKH LGHQWLW\ RI WKH WUDQVLHQW %
RI SUHYLRXVO\ LGHQWLILHG VLJQDOV LW LV SRVVLLE
DSSOLFDWLRQ PD\ EH XVHG WR LGHQWLI\ VXFK VLJC
LQUXVK FXUUHQW DQG RWKHU FRPPRQO\ HQFRXQWHU |

6WXG\ RI D SUDFWLFDO 7HHG FLUFXLW

7KH WHHG FLUFXLW XVHG IRU WKLV VWXG\ LV D SDUYV
(QJODQG DQG :DOHV )LJIJXUH VKRZV WKH VLQJOH !
FLUFXLW ZLWK WKH SDUDPHWHUV XVHG LQ WKH VLPXC(
WR JHQHUDWH VHWYV RI GDWD RI YROWDJHYVY DQG FXUL



I[JURWKH 7HH MXQFWLRQ WR VRXUFH & 7KLV GDWD LV
RI'D QHXUDO QHWZRUN WKDW FRXOG EH XVHG IRU IDX

7KH JHRPHWULF FRQILJXUDWLRQ RI WKH WUDQVPLVYV
SRLQW LV JLYHQ LQ $SSHQGL[ $ 7KH WUDQVPLVVLRQ
WRZHUV VKRZQ% QL $38BVBNG /HIHQG IRU WUDQVPLV)
FRQILJXUDWLRQ GDWD LV JLYHQ LQ $SSHQGLJ "
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JLIXUH 6LQJOH OLQH UHSUHVHQWDWLRQ RI Wk

6LPXODWLRQ RI 7THHG FLUFXLW

6LPXODWLRQ IRU WKH N9 GRXEOH FLUFXLW WHH QF
XVLQJ (073 &LUFXLW SDUDPHWHUV RI WKH QHWZRUN
VLPXODWLRQ 7KH OHQJWK RI HDFK EUDQFK RI WKH C
VLPXODWLRQ UXQV DUH FDUULHG RXW IRU D VLQJOH



ZKLFK LV PRYHG IURP WKH 7HH MXQFWLRQ WRZDUGYV '
YROWDJH DQG FXUUHQW VLIJQDOV DW WKH UHOD\ O
6LPXODWLRQ LV FDUULHG RXW IRU VHFRQGV FRY
VWHS$WIH SV LV XVHG LQ RUGHU WR FDSWXUH WKH
VLIQDOV (YHU\ FDOFXODWHG SRLQWYV DUH JHQHUL
7KH VDPSOLQJ IUHTXHQF\ LV N+] 7KH ZDYHIRUPV R
WUDQVIHUUHG WR ODWODE ILOHV E\ VHOHFWLQJ WKH
GDWD FDUG DV

JLIXUH &LUFXLW GLDJUDP XVHG LQ (073 VLPX



7TDEOH/HQJWKYV RI HDFK EUDQFK RI WKH 7HHC

/HJ $ % &

/IHQJIJWK
NP

(073 6LPXODWLRQ

6LPXODWLRQ RI IDXOWVY RQ WKH WHH EUDQFK RI WKH
WHHG FLUFXLW LV PRGHOOHG XVLQJ $OWHUQDWLYH
JUDSKLFDO SUH SURFHVVRU $73 'UDZ ,Q $73 'UDZ
JUDSKLFDO UHSUHVHQWDWLRQV RI FRPSRQHQWV VHC
XVLQJ $73 'UDZ LV VKRZQ LQ $SSHQGL[ ( 7KH SURF
XQVSHFLILHG QRGHV DXWRPDWLFDOO\ DQG FUHDWF
3DUDPHWHUV RI WKH FRPSRQHQWY DUH HQWHUHG L
DSSURSULDWH FRPSRQHQWV 7KH $73 OLQH FDEOH
$73 /&& SUHSDUHV WKH GDWD FDVH IRU (073 $ W\S
IDXOW DW NP IURP WHH MXQFWLRQ LV JLYHQ LQ DS
PRGHOOHG XVLQJ IUHTXHQF\ @HSHKOIGWQWGS VU B PID\®
GHSHQGHQW PRGHO LV EDVHG RQ SKDVH GRPDLQ PR
PRGHO GHFRPSRVLWLRQ WKHRU\ )LJXUH VKRZV W
WKH IDXOW VLPXODWLRQ SURJUDPPH



/LQH &RQVWDQWYV 5RXWLQHYV

09% 7((' &,5&8,7

$73/&&
7UDQVPLVVLRQ /LgrB
'LDJUDP BEBBBBBB
&OLQ $73UDZ
(OHFWULF &LUFXLW 'LDJUDP FLU
BBB BP®B BBBBBBBBBBBBBB
58 (073(",7
/LQH ORGHO ORGXOH PRGLILFDWLRQ
)G OLQH PRGHO ) .
i atf- "<zt
"fooo(oo<‘o <ot (073 P . O$7/$%
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"LITHUHQW )DXOWV IRU

7TUDQVIHUUHG WR 3RZHU B6\VWHP

'30

JLIXUH %ORFN GLDJUDP UHSUHVHQWDWLRQ RI ID?

OXOWLUHVROXWLRQ $QDO\VLYV DQG :DYHOHW $QDC

:DYHOHWY DUH PDWKHPDWLFDO IXQFWLRQV XVHG IRU
GLITHUHQW ITUHTXHQF\ FRPSRQHQWYV DQG VWXG\ HD|
PDWFKHG WR LWV VFDOH 7KLV IXQFWLRQ LV WKHQ Gl
DQDO\WLQJ IXQFWLRQV > @ 7KHVH DUH QRUPDOLVHG



7KHQ DQ\ IXQFWLRQ FDQ EH DQDO\VHG DV D WZR YDU
71 | KDE | [ K a

7KLY WLPH VFDOH UHSUHVHQWDWLRQ RI LV FDOOHG -

, | WKH ZBYBDWHWLHY WKH DGPLVVLELOLW\ FRQGLWLRQ

GFR FR

7TKHQ WKH WUDQVIRUP FDQ EH LQYHUWHG DV

| A “ AZQ]l KDKA[ A
N Q4 [

7KLV IRUPXOD FRQYHUJHV LQ PDQ\ IXQFWLRQ VSDFH
GR VR

, I ZH FKRRVH

D P EG ap M= M N
DV WKH GLVFUMDNEWRBIOXHNVKHREIDYHOHW IXQFWLRQ FD(
KMN [KAu N M NH
$QG WKH IXQFWLRQ FDQ EH GHFRPSRVHG DV
Lo, 010 X

7KH FRHIITKFIHUBWMXQG E\ XVLQJ WKH S\UDPLGDO V
GHFRPSRVHV WKH VLJQDOV LQWR VXE EDQGV 7KLV F
DQDO\VLV



7KH PXOWLUHVROXWLRQ DQDO\VLV LV DQ LPSURYHG
oM MHWKDW LV REWDLQHG IURP U ! E\ D GLODWLRQ
IXQFWLRQ VDWLVILHV WKH UHODWLRQ RI WKH IRUP

FS[ KRS [ Q

7TKH IXQBEWIOR@ZQ DV ORWKHU ZDYHOHW SOD\V DQ HV
ZDYHOHW IXQFWLRQ

1RZ E\ GHILQLQJ

O $B,S [

LW LV SRVVLEOH WR JHQHUDWH WKH IXQFWLRQ ZKRV
IRU WKH RUWKRJRQDO FRPSOHPHQW 7KLV IROORZV W
DUH FXUUHQWO\ LQ XVH 7KHSTOW Q B RV O BRAEBEL QPUNRLY
DSSUR[LPDWLRQ IIRKW&B&H WKQHWIRDRVODWHYV RI FD
DOORZV WKH DSSUR[LPDWLRQ WR UHILQH RQ WKH QH
GLVFUHWH WKH VDPSOHG GDWD DUH DQDO\WHG D)\
FRHIILFLHQWY DUH LGHQWLILHG ZLWK LPSXOVH UHVS
&4) WKDW VDWLVILHV WKH IROORZLQJ UHODWLRQ

?P R ? ?P FR .?

7KLV IXQGDPHQWDO WHFKQLTXH LV EHVW GHVFULEH
VKRZQ LQ ILIJXUH 7TKHVH ILOWHULQJ SURSHUWLH
GLITHUHQW OHYHOV RI GHFRPSRVLWLRQ > @ 7K&E
LWHUDWHG ZLWK VXFFHVVLYH DSSUR[LPDWLRQV E\
ORZHU UHVROXWLRQ FRPSRQHQWYV



JLIXUH O0OXOWL OHYHO GHFRPSRVLWLRQ G

20H PDMRU DGYDQWDJH RI ZDYHOHW DQDO\VLV LQ
ORFDOLVDWLRQ 8QOLNH )RXULHU 7UDQVIRUP ZKHU
VXPPDWLRQ RI VLQH DQG FRVLQH ZDYHIRUPV ZDYHO
VXPPDWLRQ RI GLODWHG DQG VKLIWHG YHUVLRQV RI I

$V VKRZQ LQ ILJXUH WKH VKDGHG ER[HV DUH WKI
RWKHUVY DUH WKH ILQDO GHFRPSRVHG VLIQDOV DYDL!
LV ILOWHUHG ZLWK ORZSDVV DQG KLJKSDVV ILOWHUYV
KLIK TUHTXHQF\ FRPSRQHQW GHWDLOV DQG ORZ IUH
DQG LWV IUHTXHQF\ GURSV E\ KDOlI 6R WKH ILQDO DS
IXQGDPHQWDO IUHTXHQF\ 7KH KLJK ITUHTXHQF\ FRP.
FRQWDLQ WKH QRLVH SDUW RI WKH VLIQDO 7KLV SL
DELOLW\ WR DEVWUDFW DQ\ DEQRUPDOLW\ LQ WKH VL

6LQFH WKH IDXOW LV VLPXODWHG DW HYHU\ PHWU
YROWDJH DQG FXUUHQW ZDYHIRUPVY DUH REWDLQHG |
WZR W\SHV RI PRWKHU ZDYHOHWYV %LRUWKRJRQDO E
FRQVLGHUHG IRU DQDO\VLVY &RLIOHWYV DUH RUWKRJR
WKHLU PDLQ GLIILFXOW\ EHLQJ SRRU UHJXODULW\ %L



VGRUWHG WKH PDLQ GLIILFXOW\ EHLQJ ORVV RI RUW
LV VHOHFWHG WR PDNH WKH ORZ IUHTXHQF\ +1
QRPLQDO IUHTXHQF\ +] RI WKH VLJQDO ,W LV DOV
DERXW WKH KLJK IUHTXHQF\ FRPSRQHQW SUHVHQW LG
LQ ILIJXUH IRUD OHYHO GHFRPSRVLWLRQ WKHUF
Rl ZKLFK VL[ DUH GHWDLOV DQG RQH LV DQ DSSURJ[LP
DUH WDNHQ IRU IXUWKHU DQDO\VLVY 7KH 7UDLQLQJ S|
VWDWLVWLFDO LQIRUPDWLRQ IRU DOO GHWDLOV D
FXUUHQW 7KH WUDLQLQJ GDWD WKHUHIRUH FRQVLVYV
ZDYHOHW W\SH

5DGLDO %DVLV )XQFWLRQ 1HWZRUN

$ QHWZRUN VWUXFWXUH WKDW HPSOR\V ORFDO UHFH:
LV NQRZQ DV 5DGLDO %DVLV )XQFWLRQ 1HWZRUN 5%)
7KH DFWLYDWLRQ OHYHO RI WKH ] WK KLGGHQ XQLW L

‘M 5L [ 5L_[ FL_DL@L L

ZKHH [ LV D PXOWL GLPHQVLRQDO LQSXW YHFWRU
&M LV D YHFWRU ZLWK WKH VDPH GLPHQVLRQ DV |
Q LV WKH QXPEHU RI UDGLDO EDVLV IXQFWLRQ DQG
5M £ LV WKH L WK UDGLDO EDVLYV IXQFWLRQ

7TKH RXWSXW RI D UDGLDO EDVLV IXQFWLRQ FDQ EH RI

ZKHUHYV WKH RXWSXW YDOXH DVVRFLDWHG ZLWK ] WK
LV WR FDOFXODWH ZHLJKWHG DYHUDJH DV



6HYHUDO DOJRULWKPV KDYH EHHQ SURSRVHG WR LG
HVWLPDWLRQ SURFHVV WKH OHDVW VTXDUHYVY DOJRULYV

JRXU GLITHUHQW 5%) QHWZRUNV DUH GHYHORSHG IRU
WKH QHWZRUNV DUH GHVLJQHG GXULQJ WKH WUDLQ
QHWZRUN RQH QHXURQ DW D WLPH )ROORZLQJ SDUD
HDFK 5%) QHWZRUN

f 6XP VITXDUH HUURU JRDO
¥ OD[LPXP 5%) QHXURQV LQ WKH KLGGHQ OD\HU

f 5%) VSUHDG FRQVWDQW

IHWZRUNV DUH WUDLQHG LQ D 3 PDFKLQH ZLWK O

HUURU LV DQG WKH WUDLQLQJ WLPH IRU HDFK (
PLOQXWHYV
JLIXUH VKRZV ELRU 5%) QHWZRUN UHVSRQVH IF

QHWZRUN LV FURVYVY YDOLGDWHG ZLWK XQVHHQ GDWD
7TKH QHWZRUNV DUH DOVR WHVWHG ZLWK UDQGRPO\
IDXOW W\SH $ FRPSDULVRQ RI WKH DFWXDO ORFDWLR
E\ WKH IRXU GLITHUHQW W\SHV RI 5%) QHWZRUNV LV
VKRZV VLIJQLILFDQW YDULDWLRQV EHWZHHQ WKH HJ[S
XVLQJ HLWKHU ELRU RU V\P 7TKH UHVXOWY REWDLC(
YHU\ FORVH WR WKH H[SHFWHG UHVXOWYV



7TDEOH &RPSDULVRQ RI WKH HVWLPDWHG IDXOW ORF
QHWZRUNYV

$FWXDEBLRU FRLI GE V\P
IRFDWLRQ

1 X P E H UV R I G D W D

$ FW X DO "D WD 7 U DL Q H G

JLIXUH %LRU 5%) QHWZRUN UHVSRQVH IRU WU



9DOLGDWLRQ RI 7 UDLQLQJ IRU XQVHHQ 'DWD ZLWK IR
GLIIHUHQW ZDYHOHWV

BBBBBWXDO 'DWD

BBBBBPXODWL