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"$67(:$7(5 75($70(17
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$ WKHVLV VXEPLWWHG WR WKH )DFXOW\ DQIGRRRHR% RDUG |
OLQHVY LQ SDUWLDO IXOILOOPHQW RI WKH UHTXLUHPHIXGNV IRL

(QYLURQPHQWDO (QJLQHHULQJ

*ROGHQ &RORUDGR

'DWH BBBBBBBBBBBBBBBBBBBBBBBBBBBB

6LIQHG

6LIQHG

6LIQHG

*ROGHQ &RORUDGR

BBBBEBBBBBBBBBBBBBBI
.DWKU\Q % 1HZKDU

BBBBBBBBBBBBBBBBBB!
'U 7]DKL < &DWK
7KHVLV $GYLVRL

BBBBBBBBBBBBBBBBBBI
‘U $PDQGD 6 +HULQ
7TKHVLV $GYLVRL

'DWH BBBBBBBBBBBBBBBBBBBBBBBBBBBB

6LIQHG

BBBBBBBBBBBBBBBBBB]
'U -XQNR OXQDNDWD 0
BURIHVVRU DQG +H

'HSDUWPHQW RI &LYLO DQG (QYLURQ
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$%675$&7

7KH $PHULFDQ 6RFLHW\ RI &LYLO (QJLQHHUV HWWLPDWHV
LQIUDVWUXFWXUH HJ WUHDWPHQW IDFLVMRW HN VZ LEORIQ Y H TIXQ

ELOOLRQ WR UHSDLU UHSODFH DQG XSJUDGH $V ZDWHU
UHJXODWLRQV DUH LPSOHPHQWHG IDFLOLWRLWVRAL\O @ LE HD IFR-U |
FRVWO\ SURFHVV DGGLWLRQV 'DWD GULYHQ SURFHVV PRQLW
SDUDGLJP LQ WKH WUHDWPHQW LQGXVWU\ WKDW FRXWG KHO!
JDS E\ LPSURYLQJ WKH DFFXUDF\ DQG SUHFLVLRQ ZLWK ZKLF]

&RQYHQWLRQDO ZDVWHZDWHU WUHDWPHQW SYODWQMPA ::73
FRPSDUHG WR RWKHU SURFHVV FRQWURO LQGXVWULHV H J
GHPDUFDWHG E\ RSHUDWRU GHWHUPLQHG WKUHVKR@®&Y RQ L
ORZHU OLPLWV VSDQ D VXIILFLHQWO\ ODQGHHOXYQ UHR QFRH R VOR
YDULDELOLW\ WR ZDWHU TXDOLW\ DQG TXDQWLW\ 2IWHQ WKH
HIILFLHQF\ DQG LQ VRPH FDVHV TXDOLW)\ L\D @ HIDWSIRQHO WRP
IDXOW RU IDLOXUH $XWRPDWHG SURFHVV@GWRY \®RE QM \D QG
SURFHVV PRGHOV ODFN WKH DFFXUDF\ IRU QHD[G HVNVRN HFRQ W |
HQHUJ\ DQG FKHPLFDO XVH WR VDIHO\ RSHUDWHVNOXWYXHW YH

7R LPSURYH WKH DFFXUDF\ RI PRQLWRULQJ DQG FRQWURO
UHDO WLPH PXOWLYDULDWH DQG G\QDPLEWB W R QH\Q RH Y WWH
PXOWLSOH VWDWLVWLFDO DQG PDFKLQH GHDUYLIQFPE FURED
VFDOH ::73 )LUVW D OLWHUDW X UWHVDMWYL RP QUMY D HOWI DX F R
LQGXVWIPRQLWRULQJ DQG FRQWURO PHWKRGV BRIGRQBOP XC
PHWKRGY DQG DGDSWDWLRQV DUH FRPSDUHG WRLIUGH @WIXI® OI
VFDOH ELRORJLFDO WUHDWPHQW SURFHWA DWQGL LTILX PRV H\D Bi ¢
IRUHFDVW DPPRQLD IRU DGYDQFHG FRQWURO )RXBMKWERLVLC
FKDQJLQJ ZDWHU TXDOLW\ DW D IXOO VFDOHWLHY RIFKHNVKDOV
UHDO WLPH PRQLWRULQJ DQG FRQWURO XVLQJDQR@NDWLRQ
VROXWLRQV DUH SURSRVHG WKDW XVH WUDGLWLRQDO DQG Q

LLL
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/,67 2) ),*85(6

[,67 2) 7$%/(6

/1,67 2) $%%5(9,$7,216

$&.12:/('*(0(176

&+$37(5 ,1752'8&7,21
3UREOHP VWDWHPHQW DQG VLJQLILFDQFH
2EMHFWLYHV DQG VFRSH RI ZRUN
BWUXFWXUH Rl GLVVHUWDWLRQ

5HYLHZ RI FRQYHQWLRQDO DQG XQFRQYHQWLRQ
PXQLFLSDO ZDVWHZDWHU WUHDWPHQW

+\EULG VWDWLVWLFDO PDFKLQH OHDUQLQJ IRUHF
VOXGJH WUHDWPHQW

SUHGLFWLRQ RI SHUDFHWLF DFLG GLVLQIHFWLRQ
QHXUDO QHWZRUNYV

OXOWLYDULDWH VWDWLVWLFDO SURFHVV PRQLWF
WUHDWPHQW

SHIHUHQFHYV

&+$37(5 &219(17,21%$/ $1' 81&219(17,21$/ 021,725,1* $1"
&21752/ 2) 081,&,3%/ :$67(:$7(5 75($70(17

$EVWUDFW
 QWURGXFWLRQ
%DFNJURXQG
%LJ GDWD
'DWHU DQG ZDVWHZDWHU WUHDWPHQW

'‘DWD FRQVLGHUDWLRQV

LY



([SORUDWRU\ GDWD DQDO\VLV
OHWKRGYV DQG H[DPSOHV
+LVWRULFDO SURFHVV FRQWURDO
)DXOW GHWHFWLRQ
9DULDEOH SUHGLFWLRQ
$GYDQFHG FRQWURO
&RQFOXVLRQV DQG UHFRPPHQGDWLRQV
S5HIHUHQFHYV
&+$37(5 +<%5,' 67$7,67,&%/ 0$&+,1( /($51,1* $0021,%
)25(&$67,1% ,1 &217,18286 $&7,9$7(' 6/8'*( 75($70(17
)25 ,03529(' 352&(66 &21752/
$SEVWUDFW
,QWURGXFWLRQ
ODWHULDOV DQG PHWKRGYV
7KH %RXOGHU :DWHU 5HVRXUFH 5HFRYHU\ )DFLOL
6WDELOLW\ DVVHVVPHQW
$PPRQLD IRUHFDVW
5HVXOWV DQG GLVFXVVLRQ
6WDELOLW\ DVVHVVPHQW
$PPRQLD IRUHFDVW
&RQFOXVLRQ
SHIHUHQFHYV
&+$37(5 35(',&7,21 2) 3(5%$&(7,& $&,"' ',6,1)(&7,2A8B(5)250%
)25 6(&21'$5< 081,&,3%/ :$67(:$7(5 75($70(17 86,1*
$57,),&,%/ 1(85%$/ 1(7:25.6
$SEVWUDFW

,QWURGXFWLRQ



ODWHULDOV DQG PHWKRGYV
OHWUR :DVWHZDWHU 5HFODPDWLRQ )DFLOLW\
'DWD
1IHXUDO QHWZRUN SUHGLFWLRQ
1HXUDO QHWZRUN YDULDEOH VHOHFWLRQ
5HVXOWY DQG GLVFEXVVLRQ
$11 IRU SUHGLFWLRQ RI 3$$ FRQFHQWUDWLRQ
$11 IRU SUHGLFWLRQ RI &7
&7 $11 YDULDEOH VHOHFWLRQ
$11 DQG 511 SUHGLFWLRQ RI ( FROL LQDFWLYDW
( FROL $11 YDULDEOH VHOHFWLRQ
&RQFOXVLRQ
SHIHUHQFHV
&+$37(5 $ +2/,67,& (9%$/8$7,21 2) 08/7,9$5,$7( 67%$7,67,&$/
352&(66 021,725,1* ,1 $ %,2/2*,&%/ $1' 0(0%5%$1(
75($70(17 6<67(0
$EVWUDFW
L, OQWURGXFWLRQ
ODWHULDOV DQG PHWKRGYV
OLQHV 3DUN ZDVWHZDWHU WUHDWPHQW IDFLOLW
)DXOW HYHQWYV
ORGLILHG 3&$
5HVXOWV DQG GLVFXVVLRQ
&RYDULDQFH VWDWH HYDOXDWLRQ
'"ULIW IDXOWYV

6KLIW IDXOWYV

YL



6SLNH IDXOWYV

&DOLEUDWLRQ

,PSOHPHQWDWLRQ FRQVLGHUDWLRQYV
&RQFOXVLRQ

SHIHUHQFHYV

&21&/86,21
SHVHDUFK VIQRSVLYV

&RQYHQWLRQDO DQG XQFRQYHQWLRQDO PRQLWRUL
ZDVWHZDWHU WUHDWPHQW

+\EULG VWDWLVWLFDO PDFKLQH OHDUQLQJ DPPRQLD
DFWLYDWHG VOXGJH WUHDWPHQW IRU LPSURYHG SUF

UHGLFWLRQ RI SHUDFHWLF DFLG GLVLQIHFWLRQ SHLU
ZDVWHZDWHU WUHDWPHQW XVLQJ DUWLILFLDO QHXUI

$ KROLVWLF HYDOXDWLRQ RI PXOWLYDULDWH VWDWL
ELRORJLFDO DQG PHPEUDQH WUHDWPHQW V\VWHP

6LIJQLILFDQFH DQG H[WHQVLRQ RI UHVHDUFK

$33(1',; $
$33(1',; %
$33(1',; &
$33(1',; "
$33(1',; (

YLL



YLIXUH

JLIXUH
YJLIXUH

JLIXUH

JLIXUH

JLIXUH

YLIXUH

YJLIXUH

YJLIXUH

YLIXUH

YLIXUH

YJLIXUH

YJLIXUH

YLIXUH

YLIXUH

/1,67 2) ),*85(6

7KH GDWD GULYHQ SURFHVV PRQLWRULQJ DQG FRQW
HI[DPSOHV RI PHWKRGY WKDW KDYH GHPRQVWUDWHG
WKH SXUSRVH LQGLFDWHG E\ WKH WUHH GLDJUDP

$ JHQHULF IORZ DQG VHQVRU VFKHPDWLF RI D &$6 ::
([DPSOH RI VWDWLRQDU\ DQG QRQVWDWLRQDU\ SURF

(:0$ FRQWURO FKDUW IRU D WXUELGLW\ FODULW\
ZDWHU DQG E 657 LQ DQ DFWLYDWHG VOXGJH ZDVW

9LVXDO UHSUHVHQWDWLRQ RI KRZ PXOWLZD\ 3&$% XQI
LQWR D WZR GLPHQVLRQDO PDWUL[ WKDW FDQ EH DC

$ JHQHULF QHXUDO QHWZRUN VWUXFWXUH 11 FDQ FI
ZLWK GLITHUHQW QXPEHUV RI QHXURQV LQ HDFK OD\|
KHUH

6LPSOLILHG H[DPSOH RI 03&

,OOXVWUDWLRQ RI UHSHDWLQJ SDWWHUQV RI 253 DQ
EDWFK DFWLYDWHG VOXGJH V\VWHP

&DVFDGH FRQWURO ORJLF IRU $%%$& DW %:55)

JORZ J]RQH DQG VHQVRU GLDJUDP RI RQH RI WKH WK
EDVLQV DW %:55)

D 7LPHVHULHV SORW RI =RQH DPPRQLD DW %:55) |
DQG E ER[SORW RI WKH VDPH LQIOXHQW DPI
WKH GD\ ZLWK WKH KRXUO\ PHDQ LQGLFDWHG E\ UHG

/LPHVHULHY SORW RI =RQH
WHVWHG

DPPRQLD DW WKH %:55)

2EVHUYHG 769 IRU HDFK FRQWURO FRQILIXUDWLRQ

+LVWRJUDPV RI WKH 769 GLIITHUHQFH RU UDWLR IRU |
FROQWURO VWUDWHJILHV
'LXUQDO PRGHO ILW DV IXQFWLRQ RI GHJUHH IRU HD

GD\ WRS GD\V PLGGOH DQG GD\V ERWWRP RI

YLLL



JLIXUH

JLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

YLIXUH

YLIXUH

YLIXUH

JLIXUH

YLIXUH

YLIXUH

JLIXUH

JLIXUH

YLIXUH

J)LW RI GLXUQDO OLQHDU PRGHO DV D IXQFGWLRQ RI W
E\ 5

7UDLQLM@HEW DQG WHVWLQJ 506( ULJKW IRU WKH P
DQG $%$& PJ / V FRQWURO FRQILIJXUDWLRQV

O9DULDEOH VLJQLILFDQFH IRU HDFK GLXUQDPO OLQHDL
DEVROXWH YDOXH RI WKH PRGHO FRHIILFLHQWYV IRU
IRUHFDVW KRUL]JRQ DQG FRQWURO FRQILIJIXUDWLRQ

$ FRPSDULVRQ RI WKXHHW UDQQ IMDHVBNLQJ 506( ULJIKW
PJ / DW V GHOD\ FRQWURO VWUDWHJ\ IRU GLXU
GLXUQDO OLQHDU $11 PRGHOV

5HDO WLPH DPPRQLD IRUHFDVW LQ WKH %:55) 6&$'$
WXQLQJ

BURFHVY IORZ GLDJUDP RI WKH 3%%$ GLVLQIHFWLRQ V

506( PJ/ RI $11 PRGHO SUHGLFWLRQ IRU WKUHH WU
D GLITHUHQW DYHUDJLQJ KRUL]JRQ DW HDFK 3%$$% VDP

2EVHUYHG EODFN DQG D¥HUBRBHNEBHGLPAWDMIPSOUR G
FDPSDLJQ

$FFXUDBRWSRIHGLFWLRQ IURP D ILUVW RUGHU PRGHO L
SUHGLFWHG 3%$% FRQFHQWUDW&RQRPDW &H B/ DIPIH B W (
RI SUHGLFWRU YDULDEOHYV

7KH DFWXINO WRIFDARZ GHPDQG ' &FERGQOWRBRZ DQ
URDUH FDOFXODWHG IRU HDFK VDPSOLQJ HYHQW LQ
ULJKW FROXPQ EODFN WULDQJOHYV

JRUZDUG YDULDE®&HSVHOHFWLRQ IRU

$ SORW RI7B$ER®RJ UHPRYDO DQG SHEREGLVLQIHFWLR
VDPSOLQJ HYHQWYV GLDPRQGV ZLWK D OLQHDU SOD
( F DV D IXQFWLRQ RI &7 DQG ORJ UHPRYDO

%R[SORWYV RI 500MURQVORUPHG SUHGLVLQIHFWLRQ W
SRVWGLVLQIHRWERRGERWSMRPGLFWLRQV

JRUZDUG YDULDEOH REIDHFWLRQ IRU

URFHVV IORZ GLDJUDP RI WKH 6% 0%5 LQWHJUDWHCG
OLTXLG DQG VROLG VWUHDPV DV ZHOO DV WKH ORFI
PHDVXUHPHQWYV

L[



JLIXUH

JLIXUH

YJLIXUH

JLIXUH

YLIXUH

YJLIXUH

JLIXUH

JLIXUH

YLIXUH

Y)LIXUH

YLIXUH

JLIXUH

D&RUUHODWLRQ PDWUL[ KHDWPDS IRU WKH 66 6% 0¥
DEVROXWH YDOXH 7R YLVXDOL]H WKH HIIHFW Rl VHS
DEVROXWH GLITHUHQFH MYZRRRWW FHQIHW D@ QRW 6\ HV W
DQ6GE WZR PRVW SUHYDOHQW 0%5 VWDWHYV

7KH PHPEUDQH IDLOXUH IURP $XJXVW UHVXOWHG
YLVLEOH LQ WKH SHUPHDWH WDQN YZFRLWHU OEHFNYV V
WKH DFFXPXODWLRQ RI VROLGYVY RQ WKH RXWVLGH RI
SUHFDULRXVO\ KLJK 703 WDNHQ RQ 6HSWHPEHU

7KH 0%5 SHUPHDWH WXUELGLW\
$XIXVW

766 DQG 703 GXULQG

66 DQG 06%' 3&% XVLQJ
OHYHO RI WKH 0%5 VXEV\VWHP IRU D
GULIW IDXOW LQ

FXPXODWLYH YDULDQFH DC
GD\ WUDLQLQ.

SBHUPHDWH FRQGXFWLYLW\ LQ 6 FP WRS DQG 06%' 3
VXEV\VWHP ZLWK FXPXODWLYH YDULDQFH DQG VL.
ERWWRP

63( DD®HWULFYVY DV D SHUFHQW RI WKH WKUHVKRO

ZLQGRZ RI WKH 0%5 VXEV\VWHP LQ

0%5 703 RYHU WLPH WRS DQG 06%$' 3&4% DODUP UHV
VXEV\VWHP ERWWRP RQ ODUFK

06%' 3&% XVLQJ FXPXODWLYH YDULDQFH DQG VLI
0%5 VXEV\VWHP IRU D GD\ WUDLQLQJ ZLQGRZ WRS
ZLQGRZ ERWWRP URZ GXULQJ D KLJK 703 GULIW IDX

7TUXH GHWHFWLRQ UDWH QXPEHU RI IODJJHG DODUP
DODUPV EHWZHHQ DP DQG SP RQ ODUFK
$' 3&% WHVWHG LQ WKLV ZRUN

5$6 766 EODFN OLQH WRS DQG 06%$' 3&% DODUPV IR
XVLQJ YDULDQFH DQG WKUHVKROG ZKLFK DODU
DUH WKH WKUHVKROG IRU WKLV LOQVWDQFH RQ 1R

XV L(
VLIQLILI

63( DD®@HWULFV IRU WKH 6%5 VXEV\VWHP LQ
ZLQGRZ FXPXODWLYH YDULDQFH DQG
RI WKH GDLO\ WKUHVKROG

6HQVRU UHFDOLEUDWLRQ RI WKH 5%$6 ®R66 WRS DQG
FDXVHG VKLIW IDXOWYV DW SP DQG SP UHVSHFWL)



JLIXUH

JLIXUH

YLIXUH

YLIXUH

$' 3&$%$ 63( DQIEDUPV IRU D VKLIW IDXOW LQ WKH 6%5

XVLQJ 66 RU 06 FXPXODWLYH YDULDQFH IRL

VLIQLILFDQFH OHYHWKRIHWKROGG(IRW D GD\ WUDL/
ZLQGRZ

0%5 703 WRS SVL DQG SHUPHDWH FRQGXFWLYLW\
06%$' 3&% IRU WKH 0%5 VXEV\VWHP ZLWK FXPXODWL
VLIQLILFDQFH OHPRG BRWYoOEBYPV ERWWRP

&XPXODWLYH VHZDJH IORZ GXULQJ WKH ILUVW KRXU
DQG 06%$' I&HBODUPV IRU D VSLNH IDXOW LQ WKH 6%5

XVLQJ D FXPXODWLYH YDULDQFH DQG ER
OHYHO

766 LQ PJ / LQ 0%5 WRS DQG 06%$' 3&% DODUPV ER)

VXEVI\VWHP RQ 2ZFWREHU ZKHQ WKH FXPXODWLY
WKUHVKROG IRU YDULRXV WUDLQLQJ ZLQGRZV

[L



7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

1,67 2) 7$%/(6

([DPSOHV RI PRQLWRUHG IHDWXUHV LQ ::73 DQG WKH
FROOHFWLRQ IUHTXHQF\ DQG GDWD VWUXFWXUH

([DPSOHV RI IHDWXUHV ZLWK WASLFDOO\ VORZ RU UD.
273

$EQRUPDO SDWWHUQV LQ XQLYDULDWH ::73 GDWD WK
SRWHQWLDO FDXVHV RI WKH IDXOW SDWWHUQ

&RQWURO VWUDWHILHV WHVWHG YDU\ E\ ZKLFK LV W
RXWHU PDVWHU ORRS LQ FDVFDGH FRQWURO WKH P
YDULDEOH DQG WKH GHOD\ WHUP IRU WKH PDVWHU 3

1XPEHU RI REVHUYDWLRQV XVHG IRU W
WUDLQLQJ ZLQGRZ VL]HV IURP WR GD\V OLPLWHG
REVHUYDWLRQV IRU HDFK FRQWURO VWUDWHJ\

$YHUDJH SHUFHQW LPSURYHPHQW IRU DOO FRQWURO
E\ WUDLQLQJ ZLQGRZ OHQJWK DQG IRUHFDVW KRUL]R

7KH FRPELQDWLRQ Rl PRGHO DQG WUDLQLQJ ZLQGRZ
HDFK IRUHFDVW KRUL]JRQ LV OLVWHG IRU WKH $%$&

BURFHVYV YDULDEOHV XVHG WR WUD&Q BOGDQG 511 P
( F

6 XPPDU\ RI QHXUDO QHWZRUN PRGHOV EXLOW WR SU
SHUIRUPDQFH LQ VLPXODWHG UHDO WLPH

ORQLWRUHG 6% 0%5 SURFHVYV YDULDEOHYV

[LL



1,67 2) $%%5(9,$7,216

$%$ $PPR(EDVHG DHUL

$' 3& $GDS G\QDPLF SULQFLSDO
$11 SUWLILFLDO (C

< $XWRUH

$5,0¢ $XWRUHJUHVVLYH LQWI
$60 $FWLYDWHG 60X

% 2 %LRFKHPLFDO R

% %LRU

% 6 C %HQFKPDUN 6LPXOTL
&$ &RQYHQWLRQDO

Fl &RO IRUPLQ

& &RQILGHQF

&2' &KHPLFDO RJ[\:.

& &RQFHQWUDWLRC
' 'LVLQIHFWLR

'2 'LVVROYH

(:0$ (ISRQHQWLDOO\ ZHLJK
+5° +\GUDXOLF Ul

¥, . FRQ

' ( . HUQHO GHQV|

.38&¢ HUQH

.3/¢€ .HUQHO SDUWL

/&1 JRZHU FRQ

0% ORYLQJ C

09 3/t OXOWLEC

0% OHPEUDQH E

0&681 OXOWLYDULDWH
0(:0$ OXOWLYDULDWH H[SRQHQWLEL

o*' OLOOLRQ JDC
P/ OLOO
03¢ ORGHO SUHGL

06%" OXOWLVWDWH DGDSWLYH G\QDPLF SULQFLSDO FRPSRC
3& DQD

1+ $PPRI

11 1HXUDO (

1z 1LW

17¢ 1HSKHORPHWULF
2¢ 2 RFRQ

25 2[LGE UHGXFWLEF
3% SHUDFH
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3% SRZGHUHG DFW

3 BULQFLSDO

3& SBULQFLSDO FRP:
3)$ 3 DQG SRO\VIOXRUR
3, SURSRUWLRQDO |
31/¢ SURJUDPPDEOH O
3/ SDUWLDO C

5% SHWXUQ DFW

51: SHEFXUUHQHW.

5z SHYHUVH

5:+7) S5REHUW : +LWH 7U
6¢0% O6HTXH EDWFK PHPEUD

6 % 6HTXH EDWEFK

6&%'¢ 6XSHUYLVRU\ FRQWUR

63 6WDWLVWLFD(

63 6TXDSUHGLFYV

65 6ROLGV UH'

669" 6LQJOH VWDWH DGDSWLYH G\QDPLF SULQFLSDO FRPSEF

3& DQD

1 +RWH %“WEYV

70 7TUDQVPHPEUL

76 7TRWDO VXVS

8& 8SSHU FRC(C

8) 8OWUDI

173 DWWUHDWP

173 :DVWHZDWHU W
6LIJQLILFC

[LY
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JRU IXQGLQJ DQG VXSSRUWLQJ P\ JUDGXDWH UHVHDUFK D¢
OLQHV &60 , ZRXOG OLNH WR WKDQN WKH 1DWIQRQDO B6FLHQ
5HVHDUFK &HQWHU RQ 5HLQYHQWLQJ WKH 1DWIR QYKH8WE)D Q
3DUWQHUVKLS IRU ,QQRYDWLRQ %XLOGLQJ ,QQRYDWLRQ &DS
5HVHDUFK )RXQGDWLRQ WKH 5RFN\ 0RXQWINY \SWF\R ER QW LRR (
DQG :DWHU (QYLURQPHQW )HGHUDWLRQ WKH $PHULFDQ :DWH
‘DWH5HXVH &RORUDGR :5&2 DQG WKH (GQD %DLOWWR6XVVPD
WKDQN $TXD $HURELF 6\WVWHPV WKH &LW\ RI WRXDGG OHWWR L
'DVWHZDWHU 5HFODPDWLRQ 'LVWULFW IR F WIXS ISRJAYV WRI WWKKH
IRU WKLV GLVVHUWDWLRQ

0\ PHQWRUV DQG DGYLVRUV KDYH EHHQ LQVWUXPHQWDO L
WHDFKHU )RU WKDW , ZRXOG OLNH WR WRKDIQ N WP \-RRMMRLW W H
OXQDNDWD O0DUU DQG 'U +XVVHLQ $PHU\ $ VSHRLK OQMBKDQN\
'U $PDQGD +HULQJ 7KLV GLVVHUWDWLRQ LV WWXO\ D SURGX
'LWKRXW WKHLU JXLGDQFH RYHU WKH \HDUV P ZRK®\ QRW Et
7KDQN \RX DFDGHPLF 20RP DQG 'DG ~

7KHUH DUH LQQXPHUDEOH VWXGHQWY IDFXOW\ DQG VWD
WKURXJKRXW WKLY DGYHQWXUH 7R 5XG\ ODOWRW ODNHHOHUF
QLJKW UHSDLUV RI WKH 6% 0%5 EXW , ZLOO PLVUDRX 7R 5\D
&KULVWRSKHU ODUNV %ODLU :LVGRP 'DQ )UHHGPDDRH -RVK *R
WKDQN \RX IRU VXSSRUWLQJ P\ GLVWHUWDWLRQ E\ HQJDJLQJ
WKH ZDWHU DQG ZDVWHZDWHU WUHDWPHQW LQGXVWU\

, DP IRUHYHU JUDWHIXO WR P\ FORVH IULHQGV DQG IDPLO
ZLVGRP ZKHQHYHU , QHHGHG VXSSRUW 7KDQN \RX IRU \RXU ¢
(ULFNVRQ &KULV +DJXH (PLO\ 1LFKRODYV D QKOWXK & [1U WKIRIOD §
WKH &DUWHU IDPLO\ DQG RI FRXUVH /XQD

[Y



7KLY GLVVHUWDWLRQ LV GHGLFDWHG WR P\ PRWKHU
7HQ \HDUV KDYH SDVVHG EXW , VWLOO GUHDP RI \RX HYHU\ C
W LV \RXU H\HV , VHH LQ PLQH ZKHQ , VWDUH DW WKH PLUUF
DQG \RXU XQG\LQJ ORYH SDWLHQFH DQG VXSSRUW

.LPEHUO\ &RDOWHU +DQFRFN
$XIXVW + )HEUXDU\

[YL



&+$37(5

,1752'8&7,21

SUREOHP VWDWHPHQW DQG VLJQLILFDQFH
OXQLFLSDO ZDVWHZDWHU WUHDWPHQW SODXQM\RQ:R8 DUH
ZDWHUZD\V E\ QXWULHQWY SDWKRJHQV DQG RWBQ LN MGV L
WUHDWHG SULRU WR GLVFKDUJH WR WKH HQYLWRQPBQW GLV
GHFD\LQJ RUJDQLF FRPSRXQGYV ZRXOG FRQVXPH WKH GL
VXVWDLQ DTXDWLF OLIH %XQ]HO HW DO KRUIPFHWRDF E® K DL
HITHFWV $NSRU DQ H[FHVV RI QXWULHQWYV KRXOG FDXV
DOJDH WKDW FRQVXPH '2 DQG SURGXFH SRWHQWLDOO\ WRI[LF
SKDUPDFRORJLFDOO\ DFWLYH FRPSRXQGY HYRQUEBWLUWD GRI
LQ QDWXUDO EDFWHULDO SRSXODWLRQV DQG GLVUXSW WKH |
+HUQDQGR HW DO ,Q PRVW GHYHORSHG FRXQWULHV G
FHQWUDOL]JHG IDFLOLW\ IRU W U H DMAPLHQMD 7 HDVEFD B DAUR WV DFNHHD
HFRQRPLHV RI VFDOH DQG IDFLOLWLBY ORGHEWBGOLQ H O MUWIRA
LQFRPH WKDQ VPDOOHU RU OHVV GHQVHO\ SRSX®IBWHG JHRJ!
IDFLOLWLHV FDQ DIIRUG KRXU PRQLWRULQJ E\ RQW.WH VWTI
LQGXVWULDO HTXLSPHQW DQ H[SDQGHG VHQVRU QHWZRUN
FDSLWDO DQG GLJLWDO LQIUDVWUXFWXUH WR RSWWURIQH SUR
+RZHYHU WKH PDMRULW\ RI ::73 LQ WKH 8QL®E & B WH WHRH D U
UHVRXUFHV WR DGGUHVV FXUUHQW DQG IXWXWUSEWRHWV FK
XSJUDGH H[LVWLQJ RU EXLOG QHZ IDFLOLWLHV LQRRIUGHU WF
ZDWHU ::73 LQ WKH 86 ZLOO UHTXLUH DQ LQIOX[ RI PRUH WKI
6RFLHW\ RI &LYLO (QJLQHHUYV ‘LWK $PHULFDQWRFFXVWF
LQFUHDVLQJO\ VWULQJHQW GLVFKDUJH OLPLWV RQGWWKHKR UL
HQYLURQPHQW ODUJH DQG VPDOO ::73 ZLOO QWG DMRGLQRH V
FRVW WUHDWPHQW WHFKQRORJLHV LQ WKH QHDU IXWXUH
$Q XQGHUXWLOL]JHG DVEBWELNMS PRMW GYBQNMHY LQ WKH WH!
WR WUHDW ZDWHU ::73 PRQLWRULQJ DQG FRQWUROHLY EDVLF



PDQXIDFWXULQJ HQHUJ\ ORUH SURDFWLYH PRQLWRULQJ DQ
PDLQWHQDQFH DV SUREOHPV DUH GHWHFWHGSBPRGLRGEGUHYVV
SURFHVV HIILFLHQF\ ORUH IOH[LEOH DQG DLGMD/QKH G AFE\R B QW E
RI H[ILVWLQJ LQIUDVWUXFWXUH PLQLPL]JLQJ HQHUNM\ XVH ZKLC
UHPRYDO 7KXV WKH PRVW FRVW HIILFLHQW DSWURDFK WR LJ
LQIUDVWUXFWXUH XVLQJ PRUH DGYDQFHG GDWD GULYHQ PR(

7KH SRWHQWLDO DSSOLFDWLRQV RI PRGHUQ SURFHVV PRC
LQ WKLV UHVHDUFK FRXOG VXEVWDQWLDOOWBE YRHWHPWKIR Q |
IDXOWYV SULRU WR SURFHVV IDLOXUH FRXOG SUH&KIMSW B UV FK

SUHFLVH DHUDWLRQ FRQWURO FDQ UHGXFH H®WHADI FRQV X
HTXLSPHQW DQG EHWWHU FRQWURO WDUJHW H Il OXMHHQWQ X W
&KDSWHU DQG DGDSWLYH GRVLQJ FDQ UHGXAHN BWHRIQFDO
&KDSWHU +RZHYHU WKHUH DUH PDQ\ WHHWKQLFDO DQG SU
LPSOHPHQWDWLRQ RI LQQRYDWLYH FRQWURO WHFKQ@RORJLHYV
ZRUN LV WR KROLVWLFDOO\ HYDOXDWH VWRWRR@LLWROLDQD O
FRQWURO WR EULGJH WKH JDS EHWZHHQ IXQGBPHQWDO VWD)

2EMHFWLYHV DQG VFRSH RI ZRUN

7KH RYHUDUFKLQJ JRDO Rl WKLV GLVVHUWDWLR@KY WR D
GDWD GULYHQ PRQLWRULQJ DQG FRQWURO LQ PX QDLFH SDRO ::7
HYDOXDWH VWDWLVWLFDO DQG PDFKLQHSORDH QSRIQPHMW KRG §
IDXOW GHWHFWLRQ LQ ELRORJLFDO DQG PHPEUD®H WUHDWP'
WUHDWPHQW DQG GRVH FRQWURO IRU FKHPRALFRO IGWVLQIH
SRWHQWLDO WR DFFXUDWHO\ DQG UHOLDEO\ FPRRBMORQ J :DQ X
FRPSDULVRQ WR H[LVWLQJ FRQWURO V\VWHPV DQG SDUDGLJF

6WUXFWXUH RI GLVVHUWDWLRQ
7KLY GLVVHUWDWLRQ LV D FROOHFWLRQ RI WRXHGM RXUIQMD C
SUHSDUDWLRQ &KDSWHU LV D OLWHOUDWKDNH QIHYL B3 RO LMWL
PRQLWRULQJ DQG FRQWURO LQ DWW KX EBEGIMHIAKD® K QY WWHDMR X L
&KDSWHU GHYHORSV D K\EULG VWDWLVWLFDR@DFKLQH



LQ D IXOO VFDOH ELRORJLFDO WUHDWPHQW V\VWIBRVEZRWK WK
7KLV ZRUN ZDV DZDUGHG ILUVW SODFH LEDKHHQJIH Y\SRQORU
WKH :DWHU 5HVHDUFK )RXQGDWLRQ DQG WK HH:® \8 ¥EBO(IQYKH® Q
LQ WROHUQDO RI :DWHU 3 U RKHDGW HW L XWHYLR PDFKLQH OHDUQ!
DSSURDFK WR SUHGLFW WKH SHUIRUPDQ EH \RU QD H KW OR\QF B OV
ZKLFK KDV GHILHG EHQFK VFDOH DQG WUDGLWLR®PWHPRGHOL
&KDSWHU LV DQ HYDOXDWLRQ RI PXOWLYDGLWW H &MWLV W
SURFHVV IDXOWV LQ ::73 GDWD $ YDULHW\ RI3 X¥XQW VXVHTEP D
WR GHWHUPLQH LI WKH DFFXUDF\ RI D QRYHO PBIEMKRG LPSUR
PRQLWRULQJ SDUDGLJP 7KHVH FKDSWHUV DUH GRXFULEHG L

5HYLHZ RI FRQYHQWLRQDO DQG XQFRQYHQWLRQDO PRQ
ZDVWHZDWHU WUHDWPHQW

7R GDWH IHZ OLWHUDWXUH WKW H \RD QGHS WY \RRQ &/ KR P S D
LQGXYWRPAHVYV PRQLWRULQJ DQG FRQWURO WHFKQRORJLHV DC
WKH NQRZOHGJH JDS EHWZHHQ VWDWLVWLFDOSN®REHVDFKLQH
LQGXVWULHY DQG WKH XQLTXH IHDWXUHV RI ::RSWLIRQDRW K D W\
QHZ PRQLWRULQJ DQG FRQWURO DSSURDFKHV 'BIMWILWRE DMGH
273 PRVW UDZ GDWD DUH VWRUHG LQ WKHIWRJPIDQBEW®O IRUP
DQDO\WHV ZLWK OLWWOH FRQVLGHUDWLRQ IR MSRMLUNRW U X7
HIWUDFW LQIRUPDWLRQ IURP WKLV 3GDWD ODR®XGRXJWLKSH H
XQLTXH FKDUDFWHULVWLFV Rl ::73 GDWD DQG WKH ILRIVOV RI

DQG UHYLHZV FXUUHQW DQG QRYHO PHWKRGV RI DQDO\]LQJ

GDWD GULYHQ WRROV 5HFRPPHQGDWLRQV IRU WHFKQRORJ\ I
7KLV UHYLHZ LV WKH ILUVW RI LWV NLQG WR HYQBBOXDWH IXQF
FRQVLGHUDWLRQV RI PRQLWRULQJ DQG FRQWURO LQ WKH FR

+\EULG VWDWLVWLFDO PDFKLQH OHDUQLQJ IRUHFDVWLQJ
WUHDWPHQW

$HUDWLRQ IRU ELRORJLFDO QXWULHQW UHPRYDO LV RQH |
273 $PPRQLD EDVHG DHUDWLRQ FRQWURO $%$& LV RQH DS



HIFHVVLYH DHUDWLRQ E\ DGMXVWLQJ DLU EORZWHHRXWSXW X
FRQYHQWLRQDO '2 VHQVRU FRQWUROOHG EWDYRXGBWL OHYHO
FRQWURO ORRS $ TXDQWLWDWLYH VWDELOLW\ PHWULF LV SL
GHFLVLRQ PDNLQJ ZKHQ GHWHUPLQLQJ LI WKLV OQGFRQWUR
WKUHH $%%$& FRQWURO VWUDWHJILHY ZHUH FRPZIDWUWHG DQG W
LGHQWLILHG DQG LPSOHPHQWHG DW D PHGLXP VFDQHH:73 7F
DPPRQLD IRUHFDVWLQJ PRGHOV ZHUH FRQVWUBRKHVDHHG XVLQJ E
OHDUQLQJ WR LPSURYH WKH DFFXUDF\ RI WKH BD'LRRIGWRIRO V
GD\V RI GDWD PRUH DFFXUDWHO\ SUHGLFWY EPRSQMRW DP
$ VWDQGDUG DUWLILFLDO QHXUDO QHWZRUN $11 ZDV XC
DFFXUDF\ DQG WKH UHTXLUHG WUDLQLQJ WLPH RI WKH $11 Z
WKH 3," FRQWURO V\VWHP KRZHYHU D FRPELQHG GLXUQDO O
GLXUQDO OLQHDU PRGHO IRU ORQJHU IRUHFDVW KRUL]JRQV

S3UHGLFWLRQ RI SHUDFHWLF DFLG GLVLO)QOHFMXRIOSHUIRU
QHWZRUNV

$ 2JUHHQHU DOWHUQDWLYH WR FKORULQH GLVLQIHFWLRQ
GLVLQIHFWLRQ E\SURGXFWV '%3 LV 3$$ +RZHYHMUG 3$$ LV PR
UHTXLUHV PRUH SUHFLVH GRVH FRQWURO WHR FKHULIPAK HDRF RO
( FROGLVFKDUJH OLPLWV ,Q WKLV ZRUN D GRVHGRQWURO )\
WLPH 3$$%$ GLVLQIHFWLRQ SHUIRUPDQFH XVLQJ QHXQBO QHWZ
RQOLQH SURFHVV GDWD 7ZR QHXUDO QHWZRUN VWM XFWXUH\
QHWZRUNV 511 511 LQFRUSRUDWH WKH WLPH GMHBWQGHQFH)
+RZHYHU WKH LQFQX VRROQVRIUYDNWLLRXW LQ WKH $11 PRGHOV
VXIILFLHQW WR DFFRXQW IRU DXWRFRUUHODW L RIP REGETW W LR (
RI WUDLQLQJ WLPH ZKLFK LV FULWLFDO ZKARQFROR/QGHULQJ
&RQFHQWUDWLRQ &0 R FRYWDGROWDFPMLYDWLRQ FDQ EH SUHG
WKHVH $11 DQG 511 PRGHOV PRUH DFFXUDW KM WKDRY RUGKU
GHFD\ PRGHO SDUDPHWHUV QHHG WR DGMXVW IRU FKDQJLQJ



OXOWLYDULDWH VWDWLVWLFDO SURFHVV PRQLWRULQJ LC

)DXOW GHWHFWLRQ LQ ::73 LV FXUUHQWO\ UHCAKDQW RQ R
D UHDFWLYH PHDQV RI IDXOW GHWHFWLSRQFINH & KN WKH DWLP H
WKUHVKROG LV H[FHHGHG 8VLQJ PXOWRY PUMMKRKG V WIKWD MW W E
IRU WKH UHODWLRQVKLSY DPRQJ YDULDEOHV PD\ SURYLGH D¢
DFKLHYHG E\ WKH FXUUHQW IDXOW GHWHFWi&Rk @ -BDKPGVLIP +
FDQQRW EH GLUHFWO\ DSSOLHG WR ::73 GDWD GXH WR WKH X
VWDWLRQDULW\ DXWRFRUUHODWLRQ DQG FRGRIWHBODWLRQ
YHUVLRQ RI D FRPPRQ GLPHQVLRQ UHGXFWLRQ PHWKRG SUL!
LQFOXGHY DGDSWLYH G\QDPLF DQG PXOWLWWDRWHODGDSWDW
GHFHQWUDOL]HG PXQLFLSDO ::73 ZLWK E L RQOR X FID/OVD @G PHP
WHVWLQJ PXOWLSOH IDXOW VFHQDULRV LQ DVAHRQRULWKRXV V1
XQVXSHUYLVHG VWDWLVWLFEDO SURFHVV PRQLWR RIQYJDSILH D G
PDGH IRU IXWXUH ZRUN SULRU WR IXOO VFDOH LPSOHPHQWD\

SHIHUHQFHYV

$NSRU 2 +HDY\ PHWDO SROOXWDQWY LQ ZDVWHZDWHU |
UHPHGLDWLRQ $GY %LRVFL %LRHQJ "2, M DE

$PHULFDQ 6RFLHW\ Rl &LYLO (QJLQHHUYV )DLOXUH WR DF!
LQYHVWPHQW WUHQGV LQ ZDWHU DQG ZDVWWANXYDWHU WUHTC

%XQ]HO . .DWWZLQNHO 0 /LHVV 0 (IITHFWV Rl RUJDQ
WUHDWPHQW SODQWY RQ DTXDWLF LQYHUWHEUDWH FRPP >
KWWSV GRL RUJ M ZDWUHYV

&KLVORFN 0) 'RVWHU ( =LWRPHU 5% :LOVRQ $ ( (

&RQVHTXHQFHV DQG &RQWUROV LQ $TXDWLF (FRV\VWHPYV

JHDFKHP 5 * %UDGOH\ '- *DUHOLFN + ODUDDOWK 6D C
DVSHFWV RI HIFUHWD DQG ZDVWHZDWHU[PDQWDHPHQW 6D
:DVWHZDWHU 0DQDJ

+HUQDQGR 0 ' OH]JFXD 0 )HUQIQGH] $OED $5 %DUFHOy
DVVHVVPHQW RI SKDUPDFHXWLFDO UHVZBWHUWQ @®VWHZL
VHGLPHQWY 7DODQWD VW B6ZLIW :)' ZRUNVKRS RQ YDOLG
ELRDVVD\V IRU 6FUHHQLQJ 3ROOXWDQWYV + "2,



1HZKDUW . % +ROORZD\ 5 : +HULQJ $ 6 &DWK 7 < '
DQDO\VHV RI ZDVWHZDWHU WUHDWPHQW SODQWV $ UHYLE
KWWSV GRL RUJ M ZDWUHYV



&+$37(5

&219(17,21%$/ $1' 81&219(17,21$/ 021,725,1* $1' &21752/ 2)
081,&,3$/ :$67(:$7(5 75($70(17

ORGLILHG IURP D VFLHQWLILF DUWLFOH SXEOLVKHG
DWKU\Q % 1HBXKQUWOGRDMGD 6 +HDKQJ< &DWK

$EVWUDFW

SHFHQW DGYDQFHPHQWY LQ GDWD GULYHQWBREKBOWGY FRQW
SURYLGH WKH ZDVWHZDWHU WUHDWPHQW LQGXVWU\ ZLWK DQ
RSHUDWLRQV +RZHYHU ELJ GDWD LQ ZDVWHZDWHWWGBHDWP
GXH LQ SDUW WR D ZRUNIRUFH WKDW ODFNV ERFNIQWARXQG NQ
DQDO\]H WKH XQLTXH FKDUDFWHULVWLFW\RHV:ABKLE VW HZADQNOH
QRQAVWDWLRQDU\ DXWRFRUUHODWHG DQG FR REBHORHONOWH G
ILUVW SULQFLSDOV DQG LL PXVW EH FRQVLGHUHGIZAKHQ LPS
SURYLGHYV DQ RYHUYLHZ RI GDWD GULYHQ PHWKRGV RI DFKLF
DQG DGYDQFHG FRQWURO RI ::73 :H SUHVHQW KRZ ELJ GDWD
73 DQG PXFK RI WKH GLVFXVVLRQ FDQ DOVRKEHH DSSOLHG W
DVVXPSWLRQV LQKHUHQW LQ GLIITHUHQW GDWD GULYHQ PRGH
VWDWLVWLFDO SURFHVV FRQWURO PRGHW $XGEBWERQVHIKR®
ORJLF QRW DOO PHWKRGV DUH DSSURSULDWHQIFRHJ LWY HIMHIR |
IRU PDWFKLQJ D GHVLUHG JRDO ZLWK D SDUWLFXODU PHWKR«
WKH DVVXPHG GDWD VWUXFWXUH 5HIHUHQFHV IRO\MXWWKHU
IUDPHZRUN LV SUHVHQWHG

BBBBBBBBBBBBBBBBB

5 HSULQWHG ZLWK SHUPLVVLRQ RI :DWHU 5HVHDUFK ‘2,
&RORUDGR 6FKRRO RI OLQHV *ROGHQ &2 86%
. HQQHG\ -HQNV &RQVXOWDQWY 5DQFKR &RUGRYD &$ 86%
%D\ORU 8QLYHUVLW\ :DFR 7; 86%

"3ULPDU\ UHVHDUFKHU DQG DXWKRU
&RUUHVSRQGLQJ DXWKRU PDQG\BKHULQJ#ED\ORU HGX
&RUUHVSRQGLQJ DXWKRU WFDWK#PLQHV HGX



,QWURGXFWLRQ

OXQLFLSDO ::73 FRQWLQXRXVO\ PRQLWRU DQG FRAOOHFW G
DUH RIWHQ XQGHUXWLOL]JHG 'XH WR WKH VLUIDWEG ERPSOHI[L
273 DQG WKH ODFN RI GDWD VFLHQFH EDFNJUEXQOGORQJILTBI S
WR HIILFLHQWO\ FROOHFW PDQDJH DQG DQDO\DB®\WKB &\WNWD
DO 5HJPL HW DO 'HVSLWH ZLGHVSUHDG LQWHUHVV
PRVW UDZ GDWD DUH VWRUHG LQ WKHLU RULJLQB@ULRAKPDW IF
OLWWOH FRQVLGHUDWLRQ WR WKHLU VWRIXFWRUHWUDWWH RU
LQIRUPDWLRQ IURP WKLV 3GDWD ODNH ~ PXOWLSQHTIOHWRUYV
FKDUDFWHULVWLFV RI ::73 GDWD DQG WKH JRDWIFWREHMW) LQGL
GLIIHUHQW GDWD GULYHQ PHWKRGY DQG KRZ WKRHA7BDQ EH X\
'KLOH UHYLHZV H[LVW IRU DFDGHPLF DSSOLFRMH® W RRURPI

20VVRQ WKLV UHYLHZ LV IURP DQ DSSOLHG SHUVSH
PHWKRGVY VKRXOG EH XVHG DQG XQGHU ZKDW FLUFPP®VWDQFH
WLPH ZLWK GDWD GULYHQ WRROV ::73 FRXOG SURPSWO\ GHW
LQHIILFLHQFLHY DQG DEQRUPDOLWLHV RXWE BRGXFARWLRQ |
GRZQWLPH LL HIIOXHQW GLVFKDUJH YLRODWLRQ DQG LLL
FKHPLFDOV DQG ODERU $GGLWLRQDO DSSOLFDWXR8V RI ELJ
GDWD YDOLGDWLRQ RQOLQH PRQLWRULQJ RIDGQMWIHRXIDWFE MV R |
*ROKDU DQG 'DOODYV VIVWHP DQG HQHUJ\ RSWLPL]DWLR
SURGXFLQJ ZDWHU RI GLVWLQFW TXDOLWLHV IRU GLIITHUHQW

%LJ GDWD LQWHJUDWLRQ DW ::73 ZLOO KDYH WRI PRVW V.
173 SULPDULO\ XVH IL[HG XSSHU DQG ORZHU @ICPEW® VRU BO R F
WUHDWPHQW SURFHVVHV 7KHVH OLPLWV DUH DRMXYWHG ED\
NQRZOHGJH Rl WKH VSHFLILF VIVWHP DV ZHOO DB WRHI0 LIWHHD C
PRUH DGYDQFHG PHWKRGV RI GHWHUPLQLQJ SURFGIXIW WRPLW
WKH YDULDELOLW\ LQ WKH VHQVRUV WKDW SUR YLIGPHH VEKH G D\
RQOLQH GLJLWDO VHQVRUV WKDW WUDQVPEWWRERBMIFIHOR U
UHDFWLRQ RU SK\VLFDO FKDQJH LQVLGH WKH VW HQVRUV DV W|
FRQVWLWXHQW FRQFHQWUDWLRQ |0ORZUDW HH BWHVH/AKHIGIW @ H )
XVLQJ DQDORJ GHYLFHV RU ODERUDWRU\ DQDO\VHBRPDWKH R U



VHQVRU +RZHYHU VROLGV GHSRVLWLRQ ELRILOPKIRWKMDWLR
VHQVRUJV YROWDJH RU FXUUHQW FKDQJH DQ& WIKEVQH WK W
DQDO\WVHV WR FDOLEUDWH VHQVRUV DQG PRQLWRU SHURFHVV
DQG WKH WLPH UHTXLUHG IRU HDFK DQDO\VLY FDQ UDQJH IUF
ODERUDWRU\ HTXLSPHQW DQG DYDLODEOHLVWIDQU YBEXHIW XO
FRQWDLQ RXWOLHUV DQG DUH VHQVLWLYH WR\ QIO XQ W HRU G +
273 GDWD 20VVRQ HW DO 5RVHQ DQG /HQQR] ZKLF
PRGHO PDWKHPDWLFDOO\ IRU WKH SXUSRVH RI SHUIRUPLQJ S
&RQVHTXHQWO\ ELJ GDWD WRROV FDQ SURYLGH DQ DOW

7R DGGUHVV WKH XQLTXH IHDWXUHV RI ::73 SURFHVVHV DC
DFFHVV WR D ODERU SRRO Rl ::73 SURIHVVLRQDOV ZLWK EDFJ
6LUNLI HW DO DQG QHHG PRUH SUDFWLFDWDWLRED QF

86 (3% 7KLV SDSHU VHUYHV DV D ::73 HQJLQHHUYTV JXLG
DGYDQWDJHY DQG OLPLWDWLRQV RI DSSO\LQJ GLIIHUHQW GD
RSWLPL]DWLRQ :H SUHVHQW KRZ ELJ GDWD KDV EWHKB XVHG L
DFDGHPLF OLWHUDWXUH WKDW GHVFULEHV SWWWHRRI WKH DL
DGYDQFHG FRQWURO DQG SURFHVV RSWLPL]DWLR® WQRN DGIF \
VWDWH RI WKH DUW LQ WKH GDWD VFLHQFHVH @ I YRHROWRS BG Y
EXW QRW \HW WHVWHG LQ WKH ::73 FRQWH[W GHRBWHQRHV IR
RI PHWKRGYV DUH JLYHQ DORQJ ZLWK VXJJHVWLRQV IRU PHWK
LQGXVWU\ OXFK RI WKLV GLVFXVVLRQ FDQ DOVR LEGHD SBIOH H G
UHDGHU ZLWK DQ LQWURGXFWLRQ WR ELJ GDWD DQG GDWD G
FKDUDFWHULVWLFV RI ::73 SURFHVVHV WKDIW P®NAWBREW WK
IROORZV ZLWK DQDO\WLFDO PHWKRGV WR LPSURSHRWRFHVYV
WKH SXUSKDKN RI M IVHIEMNLR SVEGYPWERG DXWRPDWHIE FRQWU
6RPH PHWKRGV OLVWHG LQ 6HFWLRQ KDYH PRQWINSOH DSS
SURYLGHG ZKHQ WKH PHWKRG LV ILUVW SUHVHQWHG 6HFWLR
WKLV UHYLHZ RI DGYDQFHG GDWD DQDO\VWLQJIPRGHBQRXAMOL G
DV WKH\ LQWHJUDWH GDWD GULYHQ VROXWLR@\VLQOWR WKHLL
PHWKRGRORJLHVY WKDW KDYH QRW \HW EHHQ WHVWHG ZLWK :



l—l—l
I
N
JLIXUHKH GDWD GULYHQ SURFHVYV PRQLWRULQJ DQG FRQWUR

HIDPSOHV RI PHWKRGV WKDW KDYH GHPRQVWUDWHG JRRG SH
LQGLFDWHG E\ WKH WUHH GLDJUDP

%DFNJURXQG
%LJ GDWD

7KH WHUP *ELJ GDWD" HQFRPSDVVHV WKH PRGH@H) RYHUDE
DQG RIIOLQH DQDO\VLY DQG WKH LQQRYDWLYHEWRRGWQ\XVHG
FKDUDFWHUL]JHG E\ WKH 9V ZKLFK DUH YROXPEKID WM\ Y
'DOODV /DQH\ 6ODZHFNL HW DO IKQNPIE LV Wk
WR VDYH FROOHFWHG GDWD ::73 UDUH®\HBR®@DW B UDVKHWRR\N
LQH[SHQVLYH UHODWLYH WR WKH RSHUDWLRQIJHXGCIWWVRS HV IR
GDWD FROOHFWHG LQFOXGLQJ ILOH W\SH DQ®H®WD VWUXFV
XQVWUXFWXUHG EXW PHDVXUHG VHQVRU YDOXHV DUH VWUXF
TXDQWLILDEOH PHDVXUDEOH VLJQLILFDQFG® DI}DIR FLW \LQVUMEB
WLPH 7KH FRPSXWHU SURFHVVLQJ VSHHG L H VXHDRFHLQW OW
IDVW DEOH WR FROOHFW VRUW FOHDQHBF@RLYHE\ DOGI® D DLWH
WKH TXDOLW\ DQG WUXVWZRUWKLQHVV RI W KHHU®/DW Q W\Q G GFD
GDWD VRXUFH LQ ::73 ZLWK TXHVWLRQDEOH YHMDBIUW)\ LV VHC
PDLQWHQDQFH DQG FDOLEUDWLRQ VHQVRU PHDVXUHPHQWYV
EHWZHHQ VHQVRUV RI WKH VDPH PRGHO H[SRVHG MAMR BMKH VD

20VVRQ 9DQUROOHJIKHP DQG /HH )L PIDVOICRQ Y D O



RI GDWD TXDOLW\ UHIHUULQJ WR L WKH FRVW RLWDWD FROC
SURGXFHV DQG LL LI DQDO\WWHYVY DUH SHUIRUPHG WR SURGXF

7KH WZR JHQHUDO VWHSV IRU HIWUDFWLQJ LQIRUPDWLRQ
PDQDJHPHQW DQG GDWD DQDO\VLYV *DQGRPL DQG +DLGHU
%URDGO\ VSHDNLQJ GDWD PDQDJHPHQW LQFORGHVY WKH DFT.
GDWD WR SUHSDUH LW IRU DQDO\VLV $QDOVWLIVF VDN R @BDODHG I
LQIHUHQFHY DERXW WKH SURFHVV DQG FDQ SURMLGBSHWH V
ZH SULPDULO\ GLVFXVV WKH VHFRQG VWHS JDSSBRERDHKWHY QVR
PRGHUQ ::73

7R PD[LPL]H YDOXH LQ GDWD GULYHQ DQDMWNVVYWLHRHRQDQYHB
VFLHQWLVWY DQG FRPSXWHUV VFLHQWLVW\Y WARKE HMHIOLRS | HQ
GDWD GULYHQ WRROV WKDW DUH FRPPHWFEDOGN ERD) L Q/XEQHN
VROXWLRQV ZLWK OLPLWHG LQVLIJKW LQWR BRWENVODWIXRIHD R
273 LQ ZKLFK DQ RSHUDWRU UHFHLYHV LQIRUPDWLRX IURP F
GHFLVLRQ EODFN ER[ VI\VWHPV DUH IUHTXHQWO\ ¥ RO/ WU XV W\
HILVW EXW WKH DYHUDJH ::73 HQJLQHHU OD&SQV WKHVEBDWRRQ
WR D FRPSOH[ VIVWHP OLNH ::73 ,Q RUGHU WR BIURGBWH LPS]|
DQDO\WVHVY QHHG WR EH LPSOHPHQWHG ZLWK :: 7% VEBEMHWDILF SU
FKDUDFWHUL]DWLRQ ,Q WKH QH[W VHFWLR® RAHSSBRMNVGE H\D LE
273 WKDW DUH WKH IRFXV RI WKLV SDSHU

:DWHU DQG ZDVWHZDWHU WUHDWPHQW

,Q WKH 86 ::73 UHFHLYH UDZ ZDVWHZDWHU IURGWIDSDLW D U
XQLW SURFHVVHV WR UHPRYH FRQWDPL®D QALY XKDNMLIG WK HJHAI
UHJXODWHG XQGHU WKH &OHDQ :DWHU $FW ZLWXQLFLSDO
SK\VLFDO WUHDWPHQW SURFHVVHV VXFK DV RBWHKQ DQJDILEGC
GHEULV IURP WKH UDZ ZDWHU IROORZHG E\ ELRORJLFDO WUl
ELRORJLFDO ZDVWHZDWHU WUHDWPHQW L% UNRKHH VR QIHHLDNNL IRR
DQG UHFLUFXODWLRQ RI ELRORJLFDOO\ DWWLYHGYRBUBM SEL
FRPPXQLWLHV RI PLFURRUJDQLVPV LQ &%$6 WR GHJUDGH D ZLC
QXWULHQWYV &ODULILFDWLRQ JUDYLW\ VMIHRWWROLGQY VRIGDBDM



GLVLQIHFWLRQ DQG GLVFKDUJH WR WKH HQYLURQPHQW 'HSH
DGYDQFHG WUHDWPHQW PD\ DOVR EH UHTXLUHG H J GLIIXV
R[LGDWLRQ SURFHVVHV WR UHPRYH VDOWV RU FRQWDPLQDQ
SHUVRQDO FDUH SURGXFWV V\QWKHWLF RUJDQLF FRPSRXQG

7KH TXDQWLW\ DQG TXDOLW\ Rl ZDWHU DQG VRQDE&EWWDUH F
WKURXJK WKH WUHDWPHQW WUDLQ WR WKH ILQD® GHVBRODUJ
PHDVXUH RI WKH KHDOWK RI D VI\VWHP VXFK DV S+ RWKHU Y|
SXPSV YDOYHV DQG DLU EORZHUV WR RSWLPL]H WWIHDMP HQ
12* FRQFHQWUDWLRQV $GGLWLRQDO YDULDPEOMF K @&LFDWH
QRUPDO RU SHDN RSHUDWLRQ LQ WKH HYHQW RI XBH[SHFWHC
FDWHJRULFDO DQG FDQ EH DVVLJQHG VXUURJDPWH QXPHULFD«
GHSHQGLQJ RQ ZKHWKHU D SLHFH RI HTXLSPHQW LR LQ RSHU
WUHDW D FRQWLQXRXV IORZ HJ GLVLQIHFWLRQ SOXJ IORZ
UHDFWRU %DWFK UHDFWRUV KDYH WKH DGGLWLRQDO YDULD
WUDQVIRUPDWLRQ LV WLPH GHSHQGHQW $ QRGXHF[HK 5XOWV\DL RH
LQWHUHVW WR SURFHVV FRQWURO DUH VXPPDUL]JHG LQ 7DEO|

Air, Qy, Air, Q,, Air, Q,,

Carbon, Qcprp l 1 1
| NO, i ] M

DO, } DO, DO;i iNH,*

Influent, Q Secondary Clarifier | peyent, Qg
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SNH4+
Anoxic Basins Aerobic Basins -
Internal Recycle, Qg

Snos”
Return Sludge, Qg,ag Waste Sludge, Qs -

JLIXUH $ JHQHULF IORZ DQG VHQVR G NG R WRHWLEQRHD \& B ® \
DTXHRXV MBHE LWVPHDVXUHG XVLQJ R K.GELHMRO/BIEFRW R W RO R DO
HLWKHU DLU ZDWHU RU VXSSOHPHQWDO FDUERQ ZKLFK LV |
DQG DPPRQLDUMH+PHDVXUHG XVLQJ VHQVRUV WKURXJKRXW WK
WUHDWPHQW SHUIRUPDQFH DQG DW VRPH IDFLOWAKXHHYD@MW U
RI ELRVROLG UHF\FOH



7TDEOH ([DPSOHV RI PRQLWRUHG IHDWXUHV L@®Q:73 DQG WK
I[UHTXHQF\ DQG GDWD VWUXFWXUH

YHDV YUHT X 6BWUXFV([DP¢
':DWHU TXDC'DLO\ ORQW1XPH /DERUDWRU\ DQDO\VLV GD\ E
4XDUWHUO! R[\JHQ GHPDQG DONDOLQLW\

'DWHU TXDC6HFRQG OL(1XPH 7HPSHUDWXUH GLVVROYHG RJ[\
QXWULHQW FRQFHQWUDWLRQV

(TXLSF 6HFRQG OL(&DWHJIF3RZHU VWDWH YDOYH SRVLWLE
PRQLWRULQ
(TXLSF 6HFRQG OL(1XPH 2SHUDWLQJ VSHHG IORZUDWH

PRQLWRULQ

2SHUDWLQJB6HFRQG OL(&DWHJF3HDN RU QRUPDO RSHUDWLRQ
WKURXJK SURGXFWLRQ RU EDF

2SHUDWLQJB6HFRQG OL(1XPH 5XQWLPH IRU EDWFK RSHUDWLI

'‘DWD FRQVLGHUDWLRQV

6WUXFWXUH

'DWD GULYHQ DQDO\WLFDO PHWKRGV DUH KHDWLDOV GHSHQ
LPSRUWDQW WR XQGHUVWDQG WKH XQLTXH WWRUGHW K U R LIDIG
KRZ WKH GDWD DUH RUJDQL]HG DQG XWLOL]HG &RUBRP HW D
D YDULHW\ RI VRXUFHV ODERUDWRU\ DQDO\VLV RQOLQH VHC
PDLQWHQDQFH PDQDJHPHQW DQG FXVWRPHU DQ & RWHFKIQ R OFR
SURGXFHVY GDWD WKDW DUH VWUXFWXUHG GLIITHWUHQWO\ DQG
FDWHJRULFDO 21 RU 2)) RU XQVWUXFWXUH® Q@RPWHM FDDUR T
FDWHJRULFDO YDULDEOHV LV LPSRUWDQW IRRUGEDND GULYHQ
GHWHUPLQH WKH DPRXQW RI WLPH GXULQJ D EDWFK F\FOH Wi
GLFWDWHYV ZKDW D *QRUPDO” '2 FRQFHQW WIWIURIQV LXQV B GJ HD K )
VSHHG RI D EORZHU FDQ DOVR EH DGMXVWHG WR PMKNUB G\
DOVR D GLVWLQFWLRQ EHWZHHQ D FRQWURBD QKD WDWH DERGIG
WKH FRQWURO '2 FRQFHQWUDWLRQ %\ PHDV X ULRJIWWKRD H I+
YDULDEOHV RU RWKHU FRYDULDWHY RQ UHVSRQVM/RDULDEO
SUHGLFW WKH RXWFRPH RI D SURFHVV +RZHY HUS QR@DMRY \D
DQG UHVSRQVH $GGLWLRQDOO\ QRW DOO H[SFOW QDIVWRFHYD U



RXWSXW HVSHFLDOO\ LQ D ODUJH SURFHVV \RFKHPGDQDNR UV
YDULDEOHV DUH JH QXQ\DXCSH UBHLDHLGOH GWW RVD W KH JRDO LV VLI
SDWWHUQV LQ WKH GDWD ZLWKRXW DQ\ DGYDQFH NQRZOHGJ}
RWKHUVKBEGOEMH®LQJ RFFXUV ZKHQ WKH REVHUYDWLRQV DU
YDOXHV DQG WKH JRDO LV WR FKDUDFW®G LYH WSRK \DH. QYND [ IHIY
'KHQ D GLVWLQFWLRQ EHWZHHQ YDULDEOH WQSMAD Q¥ HJ R T X\KK
PHWKRG LQ 6HFWLRQ

JUHTXHQF\ DQG WHPSRUDO YDULDELOLW\

273 GbwD DUH FROOHFWHG DW D YDULHW\ RQWRBH LQWHL
PHDVXUHPHQWY WR TXDUWHUO\ ODERUDWRU\ UHVUXIGWYV )RU |
SFRQWLQXRXV™ LI GbDWD DUH FROOHFWHG DW PRQXWH LQWH
HITOXHQW TXDOLW\ YDULDEOHY DUH PHDVXUHG RQOA HYHU\ I}
7TUDGLWLRQDO GDWD PDQDIJHPHQW VHIJUHIJDWHMMW GDWD E\ VRX
PHUJLQJ GDWD RI GLIITHUHQW IUHTXHQFLHY DQG IRUPDWYV $ |
GLITHUHQW GDWD IUHTXHQFLHVY LV WR VFDOH GDW D+ RVAH B HML Q
GDWDVHWYV ZLWK D YHU\ ODUJH GLIITHUMRRE EQHDXVNHHYBLED
DUH WLPH GHSHQGHQW FR FRUUHODWHG L H @WE&EH UHODWLE
QRQOLQHDUO\ UHODWHG PDNLQJ GRZQVFDOLQBEFKIK@IHOHQJILQ
HLWKHU VXGGHQO\ RU JUDGXDOO\ RYHU WLPH 7DEIORQ DQ
WR RWKHU SURFHVYVY YDULDEOHV ZKLFK FDCHHDNMD B S OWUWLIE XW
HYHQWYV GLIILFXOW

7TDEOH ([DPSOHV RI IHDWXUHV ZLWK W\SLFD:GB\ VORZ RU U

7LPH\ YHDV
6ORZ GD\V ZHFROLGYV UHWHQ
+\GUDXOLF UHWH
7UDQVPHPEUDQH
)DVW VHFRQGUVVROYHG R
PLQXWHYV IXWULHQW F
7XUE

&RQGX|

)ORZ




7KH PRQLWRULQJ IUHTXHQF\ RI WKH WUHDWPHQW SURFHV'
DQDO\WVLY DQG WKH FKDUDFWHULVWLFV RI WKH\BW RRPWYWU R®I C
WKH GDWD FROOHFWLRQ IUHTXHQF\ VKRXOG EHVHWXDQGELWMR W O
WUDFN WASLFDO LUUHJXODULWLHV EXW QRW VR HIXTXHGW RN\
IXOO DQDO\WVLV 6KRUW WHUP IDXOWYV OLNH D KWRIYV IMDRD SLS
KRXUV UHTXLUH D GLITHUHQW PRQLWRULQJ ZLQGRE@®I WLPH
WUDQVPHPEUDQH SUHVVXUH GXH WR ELRORJLFDO IRXOLQJ RI
WR ZHHNV 7DEOH '*UUHQPDWW DQG *XMHU HUHFRPPH
WLPHV WKH OHQJWK RI WLPH RYHU ZKLFK WKH IDXOW RFFXUV

9DULDEOH FKDUDFWHULVWLFV

ODQ\ :: 73 SURFHVYVY YDULDEOHYV H[KLELW XQLTXHHFBEQGDFW|
QRQVWDWLRQDULW\ HJ WKH VWURQJ GLXUGQGDCER®WG VHDVR
FRQYHOQWLRQDO FRQWURO VWUDWHJILHY UDUHO\LGHRRMXQ W IR
IRU IDXOW GHWHFWLRQ YDULDEOH SUHGLFWKRGPRQWWXWRHAD
FRUUHODWHG IURP RQH WLPH VWHS WR WKRIYQH[WLRWHKH YDUL
6WDWLRQDU\ YDULDEOHY KDYH FRQVWD QW AR D8 HYALUW MDBEGH
DQG PRUH HDVLO\ PRGHOHG &RQYHUVHO\ WKWDRHDEWD WG R
FKDQJH RYHU WLPH ::73 GDWD H[KLELW WKHWH I URR SHKIW LHV
SURFHVVHV LQ ::73 )LJXUH D FRQVWDQWO\ FKDQJLQJ LQI
SURFHVVHV WHPSHUDWXUH LQWHUQDO VKLLWVWRQERORWREDRUO
IHZ FDXVHV RI WKH QRQVWDWLRQDULW\ DQG WHPSRUDO GHSF

ObDQ\ VWDWLVWLFDO PHWKRGY DVVXPH GDWD DUH QRUPDO
VIPPHWULF XQLPRGDO DQG EHOO VKDSHG D®GHV\WFKIDWYD FW I
PHDQ DQG YDULDQFH 7KH PXOWLYDULDWHRYDAH. DQ BHVG LWH. R
WKH YDULDQFH EHWZHHQ HDFK SDLU RI YDULIDGOHNMFWHQ Wit
LQIHUHQFHY FDQ EH PDGH DERXW WKH PHDQ YDMHOWQPOAV DQG
SUHGLFWLRQV RU K\SRWKHVLV WHVWYV E HAGHKYH WK 5 WGR Y¥MNQ
PDWKHPDWLFDO WKHRULHYV KHQ WKH DVVXPEWXEAG®Y MRQRUPL



LGHQWLI\ WKH GLVWULEXWLRQ RI WKH VWDWLVWLF :LWKRXW
GLVWULEXWLRQ WKH XQFHUWDLQW\ LQVW&H LHKMWUBB®WH RI1 LC
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JLIXUH[DPSOH RI VWDWLRQDU\ DQG QRQVWDWLRQDU\ SURFHYV
ELRUHDFWRU 0%5 WDQN OHYHO WRS OHIW LW RAVIOGBIQAEG
YDULDQFH ZKLOH SHUPHDWH WXUELGLW\ WRS ULJKWU SHUPF
%5 '2 FRQFHQWUDWLRQ ERWWRP OHIW DUH QRQVWDWLRQD

7KH DVVXPSWLRQ RI QRUPDOLW\ GRHV QRW W\SLFDOO\ KR
YDULDEOHY L H VHQVRU RSHUDWLQJ UDQJH SURAFMHYKY Y DU
PDOIXQFWLRQ D FRQWDPLQDWHG ODE VDPSOHD\REHD VLPSOH
PLVVLQJ RU DEQRUPDO FRPSURPLVLQJ QRUPDOLWDNQDO\VL

DQG .LP (DFK HUURU FDQ SRWHQWLDOO\CELDYJd HDRWHX U H
UHPRYDO RU FRUUHFWLRQ RI HUURQHRXYV YDOXHV VKWXOG EF
LQFRUUHFW FRQFOXVLRQV +DLPL HW DO .DGOHF HW DO

3DUWLFXODU DWWHQWLRQ QHHGV WR EH SDLG W® KRZ D C
WKH HYHQW WKDW QRQOLQHDU DQG QRQVWDWLRQRW\ EHKDY
PRGHOLQJ QRQVWDWLRQDU\ EHKDYLRU DFFRXQWLQJ IRU D N
OLPLWLQJ WKH ZLQGRZ Rl WLPH RYHU ZKLFKQDPREGIOQ QY WUL



QRQVWDWLRQDU\ EHKDYLRU LQ ::73 )LJXUH UHOWWLYHO\
RSWLRQ WR DFKLHYH DSSUR[LPDWH VWDWLRQDU\ DQG QRUPD

,Q DGGLWLRQ WR VLPSOH PRGLILFDWLRQV RI H[LVWLQJ PH
ZLQGRZV GLVWULEXWLRQ IUHH VWDWLVWLEDO(PBWRBRGV VX
ERRWVWUDSSLQJ FDQ EH DSSOLHG .'( HYWLPDRWHWD GLVWU
SUDFWLWLRQHUV WR ZRUN DURXQG WKH QRUPDOLW\ DVVXPS\
FKRLFH RI WXQLQJ SDUDPHWHUV ,]JHQPDQ &RQYHUVHO\
WXQLQJ SDUDPHWHUYV EXW LV PRUH FRPSXWDWLRQDOO\ GHPEL
UDQGRPO\ GUDZQ ZLWK UHSODFHPHQW W KH Q/ WEW VYWV ZRRV W
DUH UHSHDWHG PDQ\ WLPHV WR SURGXFH D GLUWULEXWLRQ F
-DPHV HW DO SURYLGH D VLPSOH LQWURGXFWLRQ WR W

([SORUDWRU\ GDWD DQDO\VLV

,GHQWLI\LQJ WKH VWUXFWXUH DQG FKDUDEWHKWIKW VRX BF
RI WKH GDWD DQG WKH SURFHVV LWVHOI 30RWWQQJ DQG YL\
DQDO\WVLV EXW QR RQH VL]H ILWVY DOO DSSURDNFEH[LVWV 2E
YLVXDOL]HG LQ WLPH VHULHV SORWYV )LIXQWHQFH WRR EWUHC
DVVHVVHG ZLWK DXWRFRUUHODWLRQ IXQFWE&RQ@ ERRNOR VBER WO
WKH HQWLUH GLVWULEXWLRQ FDQ EH SORWWHG LQ D KLVWRJ
VLQJOH YDULDEOH EXW ZH DUH RIWHQ LOQWHWHNWHGCGHMW WKH
3DLUZLVH VFDWWHUSORWY PXOWLSOH ER[SRO®R WM FAWQR QY LSROK
DUH MXVW D IHZ zD\V DGGLWLRQDO IHDWXWHKWHFB G EeRWY \FIDY

IRXQG LQ 3I10XJHU HW DO 7TKHUH DUH PDQ\DMOHWWYV DYDL
LQFOXGLQJ WKH ODUGLD WHVW +HQ]H =LUNOBQGGVWYXW (5R\VW
VWDWLVWLF .RUNPD] HW DO 8QVXSHUYLVHG OHDUQLQJ

GHWHFWLRQ DUH FRPPRQO\ XVHG WR LGHQWLI\ VVBEDX\FIVXUH L
LQVSHFWLRQ FDQ EH WLPH LQWHQVLYH WRFW®& HVIRRFOO/XFDR QS |
UDSLG LQVLJKW LQWR WKH GDWD FKDUDFWHULVWLFV



OHWKRGV DQG H[DPSOHYV

,Q WKLV VHFWLRQ ZH SUHVHQW WKH FXUUHQRM XWYHHQVBUF
DFDGHPLF OLWHUDWXUH GHPRQVWUDWGEQUYWRHSYRVWHIVE/L DR Q/V
273 7KH IRFXV RI WKLV UHYLHZ LV RQ FRQWURO :FRAWKRGV W
VI\VWHPV WR SURYLGH SUDFWLWLRQHUV VWK WYHD O L\NVDVALXDHE [
SXUSRVH EXW GR QRW DOZD\V UHSUHVHQW WKH ::73 SURFHV)\
DVVXPSWLRQV DERXW GDWD FKDUDFWHULVWLFNQ SORIDRANVQD YV
LQ :: 73 FDQ EH XVHG IRU IDXOW GHWHFWLRQ YDULDEOH SUH¢
UHTXLUHV D GLITHUHQW DQG LQFUHDVLQJO\ FRPSOH[ GDWD S
7TKH GDWD GULYHQ PHWKRGY DUH WKHUHIRUH GHVNXVVHG LQ
FRQWURO DSSOLFDWLRQ IDXOW GHWHFWLROQHMIQUFIDW®&H SUH
EULHI UHYLHZ RI KLVWRULFDO PHWKRGV RI SURFHVV FRQWUR

+LVWRULFDO SURFHVV FRQWURO

'DWD GULYHQ SURFHVV FRQWURO KDV KLVWRUWEBQOOEHH
GHFLVLRQV FRQVLGHUHG PRUH RI DQ DUW WKDQ D VFLHQEFH
HDUO\ DV WKH V. VWDWLVWLFDO WRRXW K& N R WK L QWRRIRIDG
GLDJQRVWLFV &RQWURO GXULQJ WKLV WLPH UHOMHIBORQ PDC
FRQWURO ZDV QRW DQ RSWLRQ SULRU WR WKH TV 7KH FR\
KLJK WUHDWPHQW G\QDPLFV ZHUH QRW ZHODLWEGHBMWRLRRE |
IOH[LELOLW\ DQG FRQWURO WKHRU\ ZDV QRW VXIILELHQWO\
DIIRUGDEOH FRPSXWLQJ SRZHU IDFLOLWDWHGUVERB 8@ H LLUMW
DQG ODFN RI UHOLDELOLW\ PDGH WKHP SRRU DGYLVRU\ V\VW

TV WKH GLJLWDO UHYROXWLRQ UHDFKHG ::73 DQG PRVW ::
RI GLUHFW GLJLWDO FRQWURO LQWR SURFHVV PRQLWRULQJ L
3/& DQG VXSHUYLVRU\ FRQWURO DQG GDWD DFTXLVLWLRQ ¢

'HVSLWH WKH XQLTXH FKDOOHQJHV SRVHG E\ ::D%BGDWD G
UHDO WLPH FRQWURO DUH LQWHJUDO WR PRGHUQV::73 SODQW
FRQWURO SUDFWLFH LV WR PDLQWDLQ D VHW SRLQWWVLQJ R
H[DPSOH '2 FRQFHQWUDWLRQV FDQ EH FRQWURMIRHG E\ DGM.
LQWHQVLW\ 5DWKHU WKDQ RSHUDWLQJ DW D VLI®HIGE BEPRZH



WR WKH FRQWURO V\VWHP WKDW GHWHUPLQHW BK RW KHVWDE OR
FRQVWDQW UHODWLYH WR D PHDVXUHG YDOXRBKDQRH '2 FRQF
FRQWDPLQDQW SUHFLSLWDWLRQ RU DGGLWLRQPSORHDEBERQ IR
IHHGEDFN FRQWQ RQY®VHGQRQFRQFHQWUDWLRQV 7KLV PHWK
FRPPRQO\ DFKLHYHG E\ D FRQWUROOHU ZLWK D YDULDEOH IU
FRQGLWLRQV LQ D FRQWLQXRXV VPRRWK DQG DXWRPDWHG |
(VWDEOLVKLQJ WDUJHW YDOXHV IRU SURFHVVOUNWLDEOHV
PHWKRGV RI FRQWURO DQG LV D ZLGHVSUHD®RGUWRWLEH LQ
SDUDGLJP LV WKH IRXQGDWLRQ IRU IDXOW GHWHFWLRQ DW P
PHDVXUHG YDOXH LV HLWKHU ZLWKLQ RU RXWVESHRPIFRQ RSF
KDV D ORZ IDOVH DODUP UDWH H J LI D I@®WR Z DJ DD WHDIV X U
XQNQRZQ FDXVH KDV FHUWDLQO\ RFFXUUHG VRPHZMHUH LQ W
IDXOWVY GRHV QRW IRUHFDVW IXWXUH YDOXHV DQG GRHV QR
30DQW RSHUDWRUYV PXVW EH DYDLODEOH WR XIHVSHREME TXLFN
GDPDJH RU VI\VWHP IDLOXUH SXWWLQJ DGGLWDRIQ@XOW§WUHV\
LPSDFW RQ HIIOXHQW ZDWHU TXDOLW)\ 3UR DFFW IGYHHWHE &/ IFRR@ S
IRUHFDVWLQJ DUH EHLQJ GHYHORSHG &DSL]]L DQG ODVDURW
2GRP HW DO :DQJ DQG -LDQJ ZKLFK FRXOG KHC
HIILFLHQF\ RI ::73 VI\VWHPV 6RPH GDWD GULYB® BBHKQW GHWF
LPSOHPHQWHG DQG WKH UHVXOWY DUH GLVFXVVHG LQ WKH

)DXOW GHWHFWLRQ

$ PXOWLWXGH RI VAIVWHP IDXOWV RU FKDQJBVLWILHARQ®LW I
273 7TKHVH LQFOXGH D FKDQJH LQ LQIOXHQWKDXDIHWDQH J
RXWEUHDN RI PLFURRUJDQLVPV WKDW LQKLELW WUHDWPHQW
LUUHJXODULWLHY RU GDPDJH WR WUHDW KHD@W PO WML OFK U H W
SXPSV DLU EORZHUV RU VHQVRU IDLOXUH H\$H RUILDWORBLD
FDQ DOWHU V\VWHP SHUIRUPDQFH GLIITHWHHQAMOAD WQGLWN RV I
DQDO\WLFDO DSSURDFK L H ZKLFK W\SHYLRU ID XDXWO/WF B g VEH
SURJUDP )RU H[DPSOH LI D VHQVRU IDLOXUH REKBXGYLMG W



FRQWURO ORRS PDQ\ YDULDEOHV FRXOG EH DHIGI\FW HD® H, @ F\R
LQFOXGHG LQ D FRQWURO ORRS D VHQVRU IDXOW PD\ RQO\ C
$ 3IDXOW’ LV DQ XQLQWHQWLRQDO GHYLWW LRIQHRS DREHR W1
DELOLW\ WR DFKLHYH LWV SXUSRVH ,VHUPWRDRW RFFXUSIL®DO
273 DUH HDVLHU WR GLDJQRVH TXDOLWDWLYHH DQG DUH LO
PXOWLYDULDWH IDXOWV FDQ EH PXFK PRUH G ILIQLAX®W WR GL
G\QDPLF QRQVWDWLRQDU\ PXOWLYDULDWH GDWD IRXQG LQ
VWDWLVWLFDO SURFHVV FRQWURO 63& ZKW @ BHRERHIGY H DX E\BLEY
VHULHV Rl REVHUYDWLRQV DUH IODJJHG DV DEQRUPDO

7DEOH $EQRUPDO SDWWHUQV LQ XQLYDULDWH QWRDEDWD W
FDXVHV Rl WKH IDXOW SDWWHUQ $GDSWHG IURP &DSL]]L DQC

3DW &D>

,VROD
3RZHU VSLNH DLU EXEEOH RQ VHQVRU VSLNH RI FR

EXVWDLEKKQIH LQ RSHUDWLRQDO VWDWXV PHFKDQLFDO St
UHFDOLEUDWLRQ

7UDQV
6WDWH FKDQJH VHQVRU PDOIXQFWLRQ F\FOH IOXF\

'ULIW
~ 6HQVRU RU PHFKDQLFDO GHYLFH GHJUDGDWLRQ ELI
20VVRQ DQG 1HZHOO VXJIJHVWHG GDWD FROOHFWLRQ

ILIWK RI WKH OHQJWK RI WLPH RYHU ZKLFK WKH HYHQW RI LQ
QRUPDO LQ FRQWURO RU ,& DQG DEQRUPDO RXW RI FRQWUI
VWDWLVWLFDO K\SRWKHVLV WHVW +\FFOLKRRIGY WKHDWW B (D U@ C
REVHUYDWLRQ IURP D GDWDVHW LV FRQVLVWHQW Z&EWK REVH
REVHUYDWLRQV DUH XVXDOO\ XVHG WR *WUDLYHO @DPBEBDY RRGF
EHFDXVH WKH LQLWLDO GDWD DUH NQRZQ WR EH ,& O0ODQ\ 63&
LPSOHPHQWHG LQ ::73 7KH IROORZLQJ LV D GLVFXVVLRQ RI G
WR GHWHUPLQH LI D VLIQLILFDQW FKDQJH RU IDXOW KDV RFF



&RQWURO FKDUWYV

&RQWURO FKDUWY DUH XVHIXO WRROV WR GHWHUPLQH DYV
SRSXODU VWDWLVWLFDO FRQWURO FKDUW ZRN RKMZAXIDQHN E\
FRQWURO FKDUW XVHV XSSHU DQG ORZHU FRQWURWO® OLPLWYV
VWDWLVWLF E\ DGRBVYQYDRUDMKEWHYEWQRQV IURP WKH YDULD
EHLQJ WKH LQGXVWU\ VWDQGDUG 1,67 6(0$7(&+ 6KHZKD
DERYH WKH 8&/ RU FRQYHUVHO\ EHORZ MKKOHD J&l/ K DV VRARD/WVL © W
RFFXUUHG 6KHZKDUW FRQWURO FKDUWYV HPSIORKHIG DWU::73 D
GD\ DULWKPHWLF PRYLQJ DYHUDJH IRU YDULBEDH®Y GHVLJIQHC
ELRUHDFWRU RU SHUFHQW ZDWHU UHFRYHOOR I R @ WRIERWD RKD
FDQ EH XVHG LQ ::73 DQDO\WLFDO ODEV IRU TXW®ILRV\DFRQWU |
VWDQGDUG VROXWLRQ RYHU WLPH 5LFH HW DODEOH RU RWE
+RZHYHU WKH 6KHZKDUW PHWKRG RI FDOFXODWLWILMNRQWUR
QRUPDOO\ GLVWULEXWHG DQG ZKRVH REVHUYDWLRQV DUH LQ

8SGDWLQJ WKH 8&/ DQG /& WR DGDSW WR FKDQJLQJ FRQGL
H[SRQHQWLDOO\ ZHLJKWHG PRYLQJ DYHUDJH (\0BRX®P® IDFFR.
::73 GDWD :ROG 7KH 6KHZKDUW FRQWVU RO WKRQUD D\DG
ZHLJKV DOO SDVW REVHUYDWLRQV HTXDOO\ LJQRULQJ WUHQ
PRUH ZHLJKW WR WKH PRVW UHFHQW REVHUYDWLRQV DGDSMW
1,67 6(0$7(&+ DQG LV IUHTXHQWO\ XVHG DV D GDWD VPR
%R OLQD DQG 9HUGH 7KH (:0$ DFFRXQWV IRU ERWK
DQG SDVW EHKDYLRU E\ PXOWLSO\LQJ WKH PRVW UHFHQW RE
DQG WKH JHRPHWULF PRYLQJ DYHUDJH E\ +* +XQWHU
+RZHYHU WKH (:0$ LV QRW D JRRG PHDVXUH WRI\GLVWLQ
::73 SURFHVV /LNH PDQ\ GDWD GULYHQ SHUIRUPDQFH PRQLW
OLPLWV DUH KHDYLO\ LPSDFWHG E\ RXWOLHUV 5RVHQ HW DO
DVVLPLODWLRQ RI 2& REVHUYDWLRQV LP P\ @LUDHVHRQ \ZILGH QNG
7KXV FRQWURO FKDUW OLPLWV VKRXOG RQO\ EH XSGDWHG Z
&RURPLQDV HW DO $GGLWLRQDOO\ VRPHFKHQVRUV KDY
LQYDOLGDWHY WKH VWDQGDUG (:0$ /&/ )LIXUHSX\WBV DQ WKLYV



FXUUHQW EHWZHHQ WR P$ ZKLFK LV FRQYHEWB® WMWGR W X UE
oOLQHDU UHJUHVVLRQ +HUH P$ FRUUHODWHY WR G 178 :K
WKH VHQVRU FRQWLQXHV WR RXWSXW P$ ZKLFK WUXQFDWH
LQYDOLGDWHY WKH /&/ )RU VPDOO GDWDWDWWWIHGRZONHYGE Wt
SUHVVXUH RI D ZDWHU GLVWULEXWLRQ V\VWHP WX@EMLDBQUWL D W I
IDXOWV WKDQ PXOWLYDULDWH (:0%$ 0(:0%$ -XQJ BWRBP&VV
YDULDEOHY YLRODWH WKH DVVXPSWLRQV UHTXLUHG IRU WKH
Y%HUWKRXH][ UHVXOWLQJ LQ D KLJK SHUFHQWDJH RI IDO
IDXOW GHWHFWLRQ )RU ODUJHU GDWDVHWYVY H JYDRRO@MWWRUL
FROQWURO FKDUWY FDQ UHGXFH D FRPSOLG®GBWMIGQG DNKIHV HMUA MC
RI WKH ::73
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DQG E 657 LQ DQ DFWLYDWHG VOXQ@UH @ DN DD BWKHHU( VOB HD W
8&/ JUHHQ MWD MMKH (:0B50EHDERWPHDVXUHG YDOXHV WKDW IDO
OLPLWWH® GG DPRIY BMDVXUHG YDOXHV WKDW IDOO RXWVLGH F
OLPLWV ZHUH FDOFXODWHG XVLQJ WKH SUHYLRXV REVHUYEL
6HQVRU PHDVXUHPHQWY IRU WXUELGLW\ ZHUH RIHFRUITHGHIGY |
GDLO\ %RWK D DQG E GHPRQVWUDWH WKH SRZHRODWRURBWO
OLPLWV ,Q D GXH WR QRLVH QDWXUDO SURFHBWMRVRW L
WKDW FRPPXQLFDWHV YLD D P$ FXUUHQW RXWSXW KDV D
PDQ\ LQGLYLGXDO REVHUYDWLRQV IDOO DERYH WKH 8&/ ZKLH
LQGLFDWH D IDXOW ,Q E WKH /&/ GHWR FWM VFEKB GHFBLQH
ZLGHQLQJ WKH FRQWURO UDQJH DV WKH WUHQG FRQWLQXHV



ORQLWRULQJ PXOWLYDULDWH SURFHVVHV DV RSSRVHG WF
FRQWURO FKDUW PHWKRG PD\ SURYLGH ::73 RSHUDWRUV ZLW
RSHUDWLQJ FRQGLWLRQV B6FKUDD HW DO 0BXOWLYDULD
/IRZU\ HW DO PXOWLYDULDWH FXPXODWLYH Q@3PV 0&868
7 +RWHOOLQJ FDQ EH XVHG WR H[DPLQH WKH PHDQ DQG
KDYH UDUHO\ EHHQ LPSOHPHQWHG LQ LQGXVWULDO SURFHVYV
DOJHEUD UHTXLUHG 1,67 6(0$7(&+ 0(:0$ DQG 0&8680 KD
JRRG DW GHWHFWLQJ VPDOO FKDQJHV 1 QEW WHF P QDD YR PSIOILL
IDOVH DODUP UDWH $OYHV HW DO +RZHOHW\ WK HD OVR X
UHTXLUHG IRU WKHVH PHWKRGVY DQG DV PHQWLRQH®MG SUHYLF
QRQSDUDPHWULF DSSURDFK VXFK DV ERRW VMYDLUS DIVOH FARIM\W
FKDUW LQ ::73 3KDODGLJDQRQ HW DO

3ULQFLSDO FRPSRQHQW DQDO\VLV

$ ZLGHO\ XVHG VWDWLVWLFDO PHWKRG IRU RRYLWRULQJ F
FDSWXUH WKH UHODWLRQVKLSY DPRQJ OLQHDU FR®EYQDWLR!
WKHPVHOYHV E\ SULQFLSDO FRPSRQHQW DQDO\VLV 3&$ -DF
OLQHDU FRPELQDWLRQV RI YDULDEOHV SULQFLSDM®M.ERFSRQH
RI EHVW ILW WKURXJK D GDWDVHW :LVH DQG *[DOANLIRIK HDW
SRVVLEOH JLYHQ WKH DVVXPSWLRQ RI OLQHDULW DQG FDQ
YDULDEOHY DQG HOLPLQDWH QRLVH DQG UHGXQGIDQ¥O\)RU H
XVHG WR UHGXFH WKH QXPEHU RI SUHGLFWRU LQSXW YDULD
GLVFXVVHG IXUWKHU LQ 6HFWLRQ ':DOODFH HW DO
WR LGHQWLI\ 3FOXVWHUV" Rl UHODWHG RHANJUREWRD®JLFDO VD

7R XVH 3&$ IRU VXSHUYLVHG GDWD GULYHQ DMDO\VLV D °
FRQGLWLRQV LV XVHG WR FDOFXODWH WKHIKH& PREHQ *WHVWL
VXEVSDFH GHILQHG E\ WKH 3& ,I WKH RYHUD®@® FREM®D QFH
LV DERYH D GHVLUHG FRQWURO OLPLW VLPL® DERWRH W K\ AR
WKH QHZ REVHUYDWLRQ LV FRQVLGHUHG DEQRURD/® DRB LV [
EHQHILW RI SHUIRUPLQJ 3&$ SULRU WR FDOF X OFPWALR)Y MWKUHR EIF



63( +RWHOMWHVWRITWY WKH UHGXFWLRQ LQ IDOVH DODUPV GXl
UHPRYDO RI GHSHQGHQFH DPRQJ WKH IHDWXUHYV
3&% KDV PDQ\ DSSOLFDWLRQV LQ ::73 IURP GLUHFW IDXOW

GDWD UHFRQVWUXFWLRQ & /HH HW DO 6FKUDD HW DO
YDULDWLRQV RI 3&% DUH RIWHQ XVHG ZLWK DGOISWQWGH 3&$%$ E
ODUVLOL /LEHOOL .DJRU HW DO /IHH DQG 9DQUROOH

$GDSWLYH 3&$% XSGDWHV WKH PRGHO EDVHG RQ D 2UROO
7KH WUDLQLQJ ZQRBRHUWDWHWQVR DQG DV WLPH SDVVHV WKH
UHPRYHG IURP WKH WUDLQLQJ GDWDVHW DQGVQHYQREVHUYD)
QXPEHU Rl REVHUYDWLRQV 7KH UROOLQJ WUDLQLQJ ZLQGRZ
QRQVWDWLRQDULW)\ IRXQG LQ ::73 L H FRQGLWUDQQMXDW
ZLQGRZ LV WRR ODUJH IDXOWV FRXOG EH LJQR UWHGD LWQDIJL D
ZLQGRZ LV WRR VPDOO QRUPDO REVHUYDWLRQV FRXOG EH IC
*LYHQ WKH W\SH RI SURFHVV FKDQJHV WKDW RDOWOQWHHGV WI
BHFWLRQ VKRXOG EH XVHG WR LGHQWLI\ WKHLVKBUWHVW
WUXH GHWHFWLRQ UDWH 6RPH DUJXH WKDW WKKH X GHW®\L Q
WLPH DQG WKHUHIRUH WKH UROOLQJ ZLQGRZQFROHHGW GHIH
7KLV DVVXPSWLRQ PD\ EH YDOLG IRU VLPXODWHG ::73 GI
GDWD DQG LV GHPRQVWUDWHG E\ WKH LPSURYHG SHUIRUPDQ
FRQYHQWLRQDO 3&$ .D]JRU HW DO
'\QDPLF 3&$ LV DQRWKHU FRPPRQ PRGLILFDWLRQ WR 3&$ |
/HH HW DO 'DH 6XQJ /HH HW DO OLQD DQG 9HUGH
DFFRXQWV IRU DXWRFRUUHODWLRQ DPRQJ YDULDEOHV E\ OD.
EDFN E\ D JLYHQ WLPHVWHS DQG LQFOXGLQJ WKH ODJJHG YD
X HW DO )RU PRVW ::73 DSSOLFDWLR@VHRW MWRRI| D \
DFFRXQW IRU KRZ SUHYLRXV FRQGLWLRQV DIIHFMW EXUUHQW ¢
F\FOLFDO L H SURFHVVHV RFFXU DV D IXQFWLRIQDRI VUMXIWH F
E\ WKH HQG Rl WKH F\FOH WKHQ WKH ODJ VKRROG EH WKH V
&\FOLFDO L H EDWFK RSHUDWLRQV PD\ DOVRDUHTXLUH L
DQDO\VLV 6PLOGH HW DO OXOWLZD\ 3&% XQURQEV D GD
HJ F\FOH UXQWLPH EDWFK PRQLWRUHG YDULDEOHV WR D



WZR RI WKH WKUHH GLPHQVLRQV H J F\FOH UXQWIGPH DQG F
ZLWK WUDGLWLRQDO 63& PHWKRGYV OLNH 3&%$ )LJIXUWH /HH
HW DO ODF*UHJRU DQG .RXUWL 1RPLNRVY DQG ODF*U
273 WKLV DSSURDFK LV SDUWLFXODUO\ XVHIX@OIRIU VHTXHQF
7TKH QHZ WZR GLPHQVLRQDO GDWDVHW FDQ DFFRMX@RRWMRU YDL
EDWFKHVY DQG YDULDEOHY PHDVXUHG DW GLIITHUHQW WHPSRU
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J)LIXUH 9LVXDO UHSUHVHQWDWLRQ RI KRZ PXOWLZD\ 3&$% X
WZR GLPHQVLRQDO PDWUL[ WKDW FDQ EH DQWDRIHGVZLWK 3 &7
FRQVLGHUHG *EDWFK ZLVH" EHFDXVH WKH (ZHDQ JWHRROGALKRE ED
FRXOG EH 3WLPH ZLVH" LI UXQWLPH LV WKH VMPOHVIPWHDFK EI
PHUJHG

7KH PDMRU GUDZEDFN RI 3&% DQG PDQ\ RWKHHV63& PHWKTF
GHVFULEHG LQ 6HFWLRQ IRU ::73 LV WKH HDINVWEPSWLRC
UHODWHG WR HDFK RWKHU 7R DFFRXQW IRU WKHEBRQOLQHD!
PDSSHG LQWR D KLJKHU GLPHQVLRQDO QRQOLQHBW VSDFH Z
OLQHDU +D\NLQ 2QH VXFK QRQOLQHDU 3&$% PHWKRG LV
DYRLG FRPSXWDWLRQDOO\ LQWHQVLYH QRQOLEOBQWERSWLPL]I
FDSWXUHG XVLQJ GLIIHUHQW NHUQHO IXQFWLRRY BREBXODU I
VLIPRLG EXW WKH PRVW FRPPRQO\ XVHG LRHWKH *DXRNLEKV \
SUHFLVH WXQLQJ Rl WKH PRGHO ILW ,]JHQPDQ 1JX\HQ DQ
VOLJKWO\ EHWWHU SHUIRUPDQFH LQ VLPXODWH®ZHWBHUHH HW
.DJRU HW DO IRXQG OLPLWHG LPSURYHPHQW LQ .3&$ RY



GHFHQWUDOL]HG ::73 DQG /HH HW DO O VDZ VIRRLODU UHV
DQEDHURELF ILOWHUV

3DUWLDO OHDVW VTXDUHYV
6LPLODU WR 3&% SDUWLDO OHDVW VTXDUHLVQ BWLRGHWLI
WKH PHDVXUHG YDULDEOHV DQG MXQW Oa3H UWWHEDN)L ¥W LLFO/H @GW H
8QOLNH 3&% 3/6 GLIIHUHQWLDWHY EHWZHHQ LQSXW YDU
RSHUDWLRQDO LQIRUPDWLRQ DQG RXWSXW YDULDEOHV H J
GLPHQVLRQ UHGXFWLRQ RQ HDFK VHW RI YDULDEOHYV VHSDUL
RI VXSHUYLVHG GLPHQVLRQ UHGXFWLRQ 3/6 ROBGFAFRQUKHR UV
LQSXW YDULDEOHV ZKHUHDYV 3&%$ LV XVHG WR RRXWRU ,D DQ
REVHUYDWLRQ LV DEQRUPDO EXW GRHV QRW LPWIFW2WKH ILC
EXW 3&% ZLOO &KLDQJ HW DO 1RPLNRV DQG ODF*UHJRU
I[UHTXHQWO\ XVHG LQ YDULDEOH SUHGLFWLRQ WKDQ LQ IDXO
,Q FRPSOH[ V\VWHPV IDXOW GHWHFWLRQ PD\ LPSURYH E\
OXOWLEORFN 3/6 0% 3/6 VXEVHWY LQSXW YDULWDEOHY LQWR
VHGLPHQWDWLRQ DHUDWLRQ EDVLQ SULRU WR DQDO\VLV L
0% 3/6 GRHV QRW LPSURYH SUHGLFWLRQ FRPSDUHG WR WKH \
EH HDVLHU WR LQWHUSUHW IRU IDXOW GLDJQRVLV &KRL DQG

1IHXUDO QHWZRUNV
&RQYHQWLRQDO PHFKDQLVWLF PRGHOV XVH FRPSOH[ IRUP
PDWKHPDWLFDOO\ VLPSOH ZD\V L H PDWKHMHBRP @®FH OROURRO\
SURFHVVHV ,Q FRQWUDVW QHXUDO QHWZRUNWKDIW KOMHVLP
FRPSOH[ UHODWLRQVKLSYV LQ ZKLFK SURFHVV LQSXWV DUH QF
NQRZOHGJH RI DQ XQGHUO\LQJ PHFKDQLVP 'UH\IXV 1LHC
3URFHVV LQSXWV DQG RXWSXWV DUH FRQQHFWHG E\ *QH
)LIXUH $ QHXURQ LQ WKH LQSXW OD\HU GLVWUUEXWHYV D
WKH ILUVW KLGGHQ OD\HU 1HXURQV LQ D KLGGHQ OP\HU QRL
WKH YDOXH ZLWK DQ DFWLYDWLRQ IXQFWLRQ DQGRSURGXFH



RU PXOWLSOH KLGGHQ OD\HUV FRQQHFWHG E\ LQSXW WUDQV
OD\HU LV D ZHLJKWHG VXP Rl WKH ILQDO KLGGHQ OD\HUfV RX
,Q FRQWUDVW WR OLQHDU VWDWLVWLFDO RR@HRGWHOH J P
SDUDPHWHUVY GR QRW KDYH WKH VDPH LQWHUSUHWDELOLW\
VLIQLILFDQFH 7R LGHQWLI\ WKH SDUDPHWHUV \VWKR\D DK H X
QHHGHG 'XH WR WKH H{WHQVLYH LQWULFDFUIHFHRIHWR B PGILQ VWA
WKLV SDSHU ZLOO IRFXV RQ WKH WZR W\SHV RI 11 WUDLQLQJ
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J)LIXUH $ JHQHULF QHXUDO QHWZRUN VWUXFWDWHK 11 FDQ
GLITHUHQW QXPEHUV RI QHXURQV LQ HDFK OD\HU DQG RQH K

6XSHUYLVHG WUDLQLQJ UHTXLUHV GDWD WR EH ODEHOHG
GHILQHG 7KHUH DUH PDQ\ GLITHUHQW OHDUQLQJ DOJRULWKP
UHTXLUHV DQ LWHUDWLYH SURFHVV LQ ZKUWFHK ISDWVDR U MFHDDV @
"UH\IXV 2QH Rl WKH PRVW FRPPRQ LV WKH EDFN SURSD.
E\ UDQGRPO\ DVVLJQLQJ SDUDPHWHU YDOXHV FD®HXODWLQJ
HUURU EHWZHHQ WKH HVWLPDWHG DQG WKH DPWXIL® R X MWSBK V
WKH KLGGHQ OD\HU GLUHFWO\ FRQQHFWHG WR WHG® WRWSXW
GHWHUPLQH WKH EHVW QHWZRUN IRU DDSD DWR KR /DRI GRW DX\
SRZHU :HL +HQFH LW LV YDOXDEOH WR PLQWPXFHWWKH
WKH PRGHO

8QVXSHUYLVHG WUDLQLQJ RI D 11 XVHV GDWWDX\8 8O WH DB UL \
DFWXDO LQSXWV EXW QR RXWSXWV DQG IXQGDPHQWDOO\ GL
FRUUHFWLRQ PHWKRG LQ VXSHUYLVHG WUDLQLQHUSQVXSHUY
UHFRJQLWLRQ ,Q IDXOW GHWHFWLRQ XQVXSHUWLWPHDGLOFDC



WKH YDOXHV RI LQSXWV L H SDWWHUQ UHFRXDIONYRQX DD G
DOVR NQRZQ DV DQ DUWLILFLDO 11 $11 ;LDR HW\BOV X\
LH WKHPLGGOH KLGGHQ OD\HU FRQWDLQV INEHWW QRGHV V
ZKLFK IRUFH WKH 11 WR HIITHFWLYHO\ FDSWXUHFWKI®D QW FL &
D ::73 7KH 63( ZDV FDOFXODWHG IURP WKHKN GRDI\WH B QFHOKHW Z
VLPLODU WR 3&$%$ DQ 63( WKUHVKROG ZDV FDQ& XD IMHGLWR G
HW DO FRQFOXGHG WKDW $11 EDVHG FIXD@MW H/HWKIF@/ L R
FRQYHQWLRQDO 3&$% $GGLWLRQDOO\ ;LDR HW DO QWLOFRPSI
UHFHQWO\ WUDLQLQJ 11 ZLWK PDQ\ OD\HUV BQG®G GQRGH VL PIGHK
+LQWRQ HW DO +RZHYHU 3VKDOORZ 11 DUMBBQHUDO!
VIVWHPV ,Q WKLV FDVH WKHUH ZDV QR FREFIRX\PIHYGH BHWL & H C
WKH VKDOORZ $11

9DULDEOH SUHGLFWLRQ

63& FDQ EH XVHG WR DVVHVV LI D VI\VWHPXIUW ,RIRIUR& XE XA
ZDWHU TXDOLW\ DQG VI\VWHP KHDOWK 7R SUHGL¥FMQZKDW D Y
FRQGLWLRQVY PRGHO EDVHG FRQWURO FRXOG EH XVHG ORGH
PHFKDQLVWLF PRGHO SUHGLFWLRQV WR DFWXPOWSKURPRGWHE@ H
DUH LGHQWLILHG DV IDXOWYVY 7KH PRGHO FDQ EH ®WULYHG IU
NLQHWLFV RU HPSLULFDO WUHQGV L H GDWD GULYHYQ DQG
YDULDEOHV ,Q OLHX RI GLUHFWO\ PRQLWRRKQG WRRQYDULDE
YDULDEOHV ,Q WKLV ZzD\ D VRIWZDUH VHQVRUIRW VMRMRWWHQ
YLUWXDO RQOLQH DQDO\]JHUV RU REVHUYHU EDVH®NVHQVRUYV
RI YDULDEOHY WKDW DUH WRR WLPH FRQVXPLRH EDMWHSGHQVL)
DQDO\WVHV &KpUX\ .DGOHF HW DO ODQ\ GLITHUHQW
KDYH EHHQ SURSRVHG DQG KHUH ZH UHYLHZ WKH PRVW FRPF

$FWLYDWHG VOXGJH PRGHOV
6RPH ZDWHU TXDOLW\ YDULDEOHYV FDQWEHG D GLHUTVAD \8 H D FSLL
PRGHOV 7KH DFWLYDWHG VOXGJH PRGHO QR FSPRGH® WKH
IRU ELRORJLFDO FDUERQ DQG QLWURJHQ WHPRYDO LQ7XMBVWH



$60 ZDV GHYHORSHG LQ E\ FRPSLOLQJ QRYHO UHVHDUEK
PHFKDQLVPV RI WKH DFWLYDWHG VOXGJH SURBHW606XEVHTX]
DQG $60 G KDYH DGGLWLRQDO SDUDPHWHUV WKDW DFFRXQW
SKRVSKRUXV UHPRYDO DQG FKHPLFDO SKRVSKRUXV UHPRYD(
ORGHOV EDVHG RQ ILUVW SULQFLSDOV D @\DEM[RND IRU F

PDWKHPDWLFDO UHODWLRQVKLS EHW ZHH @ KO®IR P B K DWADLFOWCH O L
SURFHVV GHVLJQ DQG UHVHDUFK SXUSRVHV OHWEDOI (GG\
PRGHO LQSXWV DQG WKH VLPSOLILHG PDWKHKRDDFEXD® FURPH:
WKH PRGHO +RZHYHU LQ PDQ\ FDVHV SLORWRMRHW RXWXKWFDO
HUURU LQ WKH $60 OHWFDOI (GG\ $GGLWLRQWDO VRXUF
HVWLPDWHY 1RW DOO XQLW SURFHVVHV VXDIUMHE D H\R RAKDQVV H
LQGLFDWH WKH RSHUDWLQJ FRQGLWLRQV RI D BREVFW VW OHQR\
LQ WKH ZDWHU DQG OLQNLQJ PRGHOV ZDWK D/ BIUDJERAH LIV W i
SODQW ZLGH PRGHO 9ROFNH HW DO )RU H[DPSOH $60
IUHTXHQWO\ FRXSOHG EXW WKH PRGHOV GLIIHU LQ KRZ WRW
FDOFXODWHG DQG LQFRUSRUDWHG

:LWKRXW FDOLEUDWLRQ DQG RQO\ SDUDPHWHW KHDWW DR BIW H
RQO\ DFFXUDWH WR DQ RUGHU RI PDJQLWXGH LOOXVWUDWLC
20VVRQ DQG 1HZHOO FRQVLGHUHG RWKHU VRXUFHV RI H
LQDFFXUDWH RU LQFRUUHFW FDOLEUDWLRQ QR LGHDO SUR
DVVXPSWLRQV )RU WKHVH UHDVRQV 03& ZLWKP®IOH $60 LV U
273 RSHUDWLRQV IRU YDULDEOH SUHGLFWLRQ

7R VWDQGDUGL]H FRQWURO VWUDWHJI\ WHVWDQ@XN XW\ELRO
GHYHORSHG IURP WKH $60 +HQ]H HW DO XQGHU (8 &267
DO -HSSVVRQ DQG 3RQV 6SDQMHUV HW DO 7K
1R %60 LQFOXGHV D PDWKHPDWLFDO PRGHOHRMDVI\MWHHBH L
IROORZHG E\ D FODULILHU )LJXUH $60 VSHFIWHRG SDUDPH\
LQIOXHQW GDWDVHWYV IRU GLITHUHQW ZHDWKHU HYHQWV &RSE
LQFRUSRUDWHY H[WHQVLRQV SURSRVHG W& G\HW HRNI UDLRAWH U D
LQFOXVLRQ Rl WHPSRUDOO\ G\QDPLF SDUDPHWHIMXWH QG PRU|
-HSSVVRQ HW DO 1RSHQV HW DO 5RVHQ HW DO



/KHUH DUH KXQGUHGV RI SURSRVHG FRQWURO VUWNMWHJILE
GR QRW \HW H[LVW IRU DOO FRPPRQ WUHDWPHQWS®UWROQRO W
XQGHUVWDQG WKH SRWHQWLDO EHKDYLRUV RI FREDAMLOR®W \VW U
DUH QHDUO\ LPSRVVLEOH WR UHSURGXFH DUWMHBLB®O\ 7KL
SHUIRUP ZHOO RQ %60 EXW FDQQRW EH UHSOLFDWHG ZLWK U
HW DO FRPSDUHG VLPXODWHG GDWDVHWYVY:18RP WKH %6
SURFHVV GDWD XVLQJ DQDHURELF GLIHVWLRQ L&HODQ DWWHP.
YDULDEOH RI LQOWHUHVW YRODWLOH VROLGRUFRQEBW WRI@® W LE
VWUXFWXUH ERWK LQ PDJQLWXGH DQG GLUHFWIDREKDHD/PRQJ W
7KH GLITHUHQFH ZDV DWWULEXWHG WR LQIUMWIOHEMDQDHS B KX
LW LY DOVR SRVVLEOH WKDW WKH %60 LV LQDGHTXDWH IRU O

7UDQVIHU IXQFWLRQ PRGHOV
7UDQVIHU IXQFWLRQ PRGHOV DUH D JHQ DD RQDKVSRI PR
EHWZHHQ DQ LQSXW DQG RXWSXW RI D OLQHDU V\VRHP XVLQ
LV QRW WRR FRPSOH[ L H WKH QXPEHU RI RXWSXW SDUDPH
DSSUR[LPDWLRQ IRU G\QDPLF V\VWHPV %R[ HW BNHG 8QL
PRYLQJ DYHUDJH $5,0$ PRGHOV DUH D VS HF WKD WDFR @R W U
GHSHQG RQ WKH LQSXW YDULDEOHYV DQG DU®JZ L&GKHHE\ HKW HOEZO | F
7KH DXWRUHJUHVVLYH $5 SRUWLRQ SUHMGULHGV W R DAOKHH V
SUHYLRXV WLPH VWHS V L H ODJ 7KH PRYLQJ DYHUDJH O
PDWKHPDWLFDOO\ UHODWHG WR WKH HUUKRRURM LR RQHRS MWMWH W L
$5,0$ PRGHO LQGLFDWHY WKDW WKH GLIIHUHPRGEHOWBHHQ R
LQVWHDG Rl WKH REVHUYDWLRQ LWVHOI DQG VBKIHWMQWSLOD
WKH GDWD
7KH SULPDU\ DSSOLFDWLRQ RI $5,0%$ PRGHOV LQ ::73 LV WF
3DUN DQG .RR VKRZHG WKDW DQ $5,0$ PRGHO FDQ EH XV
VHGLPHQWDWLRQ EDVLQ %HUWKRXH[ DQG %R] DQG :HVW
$5,0$ PRGHO WR SUHGLFW HIIOXHQW GD\ ERRBKHMLEDO R[\JI
+RZHYHU WKH $5,03 PRGHOfVY LQWHJUDWLRQ VWHSNIDV RIWHQ
QRQVWDWLRQDULW\ LQ WKH ORQJ WHUP :HVW HW DO $



DFFXUDF\ RI $5,0$ PRGHOV GHFOLQHYVY VXEVWDQWLBOQ\Q XQDE
73 'HOODQD DQG :HVW

OXOWLSOH UHJUHVVLRQ
OXOWLSOH UHJUHVVLRQ LV DQ H[WHQVLRQ RIXOWLEMH O
LQGHSHQGHQW LYDUL®EMHWR PRGHO D VLQJOMLOHSHQGHQW Y
.« Nn H7KH PRGHO SDUDPHWHUV DUH FRPPRQO\ HVWLPD
DQG PRUH LQIRUPDWLRQ DERXW PXOWLSOH UHJUHVVLRQ PRG
'KHQ DOO LQGHSHQGHQW YDULDEOHV DUH VW D @/®& B UG PHH® J W
RI DQ LQSXW YDULDEOHYV LPSDFW RQ WKH RXRIS XM YLIMQGLUHF
WDQJLEOH PHDQLQJ WR WKH PRGHO SDUDPHWHWIW BRDWKHRUL
XVH RI GXPP\ YDULDE®@HW ZKLFK WDNH RQ ELQDU\ YDOXHV |
WKHQ LI 2)) 'WKHQ+RZHYHU SUREOHPV FDQ DULVH ZKHQ ILW
PRGHO LI WKH H[SODQDWRU\ YDULDEOH YV UMM [ DIFWHD K IDLKICH D
YDULDEOH RU DUH DXWRFRUUHODWHG OLDK DV LQ ::73
(EUDKLPL HW DO XVHG PXOWLSOH UHJUHVVLRQ PRGH
YDULDEOHV OLNH SKRVSKRUXV QLWURJHQ D Q GUHEBWPRHIAM Q \
SODQW ZLWK UHDVRQDEOH PHWDXQQWY WoKH PRGHO H[SODLQV
YDULDWLRQ LQ WKH GHSHQGHQW YDULDEOH FEXRUWKWHD GGG
DORQH IDXOW GHWHFWLRQ +RZHYHU PXOWRWORQUHUIQHAMIMR
VHQVRU DQG HPSLULFDO PRGHO GHYHORSPHQW
3/6 UHJUHVVLRQ LV D FRPELQDWLRQ RI 3/6 DQSUHGLWINSOF
WKH RXWSXW YDULDEOHV IURP WKH LQSXW S$EGL %HFD)
XVHG IRU LQGXVWULDO VRIW VHQVRUV DQG ZDWO RMIBQLW\ °
GHPDQG &2' 766 QLWUDWH DQG RLO DQG JUHDVHQFR@FHQV
DO 7KH XVH RI QRQOLQHDU PDSSLQJ ZLWK 3/6 NHUQHO
PHWKDQH SURGXFWLRQ IURP D IXOO VFDOH DQDHURELF ILOW
QLWURJHQ DQG F\DQLGH FRQFHQWUDWLRQ LQ DFWBDWHG V
SHUIRUPHG EHWWHU WKDQ FRQYHQWLRQDO 3/& QAKLEK IRHP R C
QRQOLQHDULWLHVY IRU VRPH GDWD GULYHQ DSSOLFDWLRQV



1IHXUDO QHWZRUNYV
6XSHUYLVHG 11 KDYH EHHQ XVHG WR SUHGLFW UDZ ZDVWF
DQG KLVWRULFDO LQIOXHQW GDWD :HL <DQJ HW DO
IURP 89 DQG S+ PHDVXUHPHQWYVY XVLQJ D EDFN SURSDJDWL
K\EULG 11 $5,03$ WR SUHGLFW ERURQ DQG '2 FRQFHQWUDWLRC
RYHU WLPH :KLOH WKH $5,0$ PRGHO SHYIRUPWG&HY KB UILRERPIR
SHUIRUPHG RQO\ VOLJKWO\ EMHK\DQHW KB 11 PRGHO 15
$5,0% K\EULGL]DWLRQ KDV EHHQ D SRSXODU UHVH®DUFK WRSLH
QRQOLQHDU EHKDYLRU FRXOG EH GHVFULEHG QLWK WKH UHV]
+RZHYHU IHZ FDVH VWXGLHV H[LVW WKDW G KPRWNNRBGHOD
RYHU D 11 PRGHO &KHQ HW DO
$ 11 K\EULG PRGHO ZDV VXFFHVVIXOO\ XVHG E\ /HH HW DO
QLWURJHQ DQG WRWDO SKRVSKRUXV FRQFHQWUDWLRQV LQ \
FROQGXFWLYLW\ WHPSHUDWXUH S+ '2 R[LGDWLRQ UHGXFWL!
RXWSXW YDULDEOHV ZHUH ODJJHG WR DFFRXQW IRUUG\QDPLF
IXQFWLRQ PRGHO DXWR UHJUHVVLYH UHSUHVH@WDWIRQV ZL
DSSURDFK VKRZHG JRRG UHVXOWYV #4RU YDQGDEFOHURPHGL
IRU VRIW VHQVRU GHYHORSPHQW
/JHH HW DO DOVR XVHG D K\EULG 11 VWUXFWXUH IRU |
,Q SULQFLSOH WKH K\EULGL]DWLRQ RI PHFKDQLWWLF DQG 11
SULQFLSDO DQG VWDWLVWLFDO DSSURDFKIHW ZKWK WEBIV$SO
PRGHO WR HVWLPDWH WKH PRGHO HUURU RU LQSXW SDUDPH\
PRGHO SHUIRUPHG ZHOO DW SUHGLFWLQJ HIIOXHBXWYWKHD E C
VHULHV K\EULG 11 PRGHO GLG QRW SHUIRUP EHWWNWWKDQ \
VRPH HUURU IRU ZKLFK WKH $60 PRGHO LWVHOI GRHV QRW D
ORGHOV WR GHWHUPLQH VRUSWLRQ NLQHWLFV DQG WKH F
FDQ DOVR EH PDSSHG E\ 11 9DVDQWK .XPDU HW DO WU L
H[SHULPHQWDO GDWD XQGHU YDULRXV FRQGLWHE QWKW R SWB (
RI G\H E\ SRZGHUHG DFWLYDWHG FDUERQ 3%$& 7KH UHVXOW!I
+RZHYHU KXQGUHGV RI GDWD SRLQWYV ZHUH QHHGHG WR
SUHGLFWLRQV WKHUH ZDV QRW VLJQLILFQQWDY\DLQAIOMLRQ DFP



FROQWDPLQDQW ZDV XVHG DQG VHSDUDWH WWMNYM)KXHGDWD ZL
FRPSOH[LW\ RI ELRORJLFDO WUHDWPHQW PRGHOL3»X JHQHUD
WUHDWPHQW LV YHU\ ZHOO XQGHUVWRRG FRPSXMDWLRQDOGC
SXUSRVHV 8QOHVV 11 FDQ GHPRQVWUDWH WK HAVDIEQGADW HUR
TXDOLW\ Rl ZKLFK WKH FXUUHQW LVRWKHUP SDUDGLJP FDQQ
LVRWKHUP PRGHOV ZLOO FRQWLQXH WR EH\MWHEHHKQSR VEIORW L
LV IRUWKH JHQHUDWLRQ RI LVRWKHUP PRGHOV IRU PLFURSR
VXEVWDQFHV RU 3)%$6 LQ WKH SUHVHQFH RI EXON RUJDQLF FI

$GYDQFHG FRQWURDO

7KH JRDO Rl ::73 RSWLPL]DWLRQ LV WR DFKLHYW VDS \G W V
LH FKHPLFDOV HQHUJ\ PDQSRZHU )XWXUEOR3WR FLON WL
WKHLU HITOXHQW TXDOLW\ WR PHHW QHZ GHP RXGW¥H\LWKRXW
GZLQGOH DQG GHPDQG LQFUHDVHV LQ XUV EDY HE RQHYWH G XD
WLPH RI \HDU NQRZQ DV *WDLORUHG" ZDWHU KDV EHFRPH D
8VLQJ KLVWRULFDO GDWD DQG V\VWHP NQRZOHBFARVIWIRQF WL
HQHUJ\ ZKLOH PDLQWDLQLQJ HIIOXHQW TXDOQW V LDQQ B URRHUNW
GHFLVLRQV 7KLV LV D IXQGDPHQWDOO\ G LUIQHUHMW. DEGKW RDF
VHWSRLQWY DQG REVHUYLQJ WKH V\VWHPfV UHY SRQWH RID UL
SDGYDQFHG RU DXWRPDWHG FRQWURO’~ DUGFGIGVFRQWUIROQ
VWLOO LQ LWV LQIDQF\ IRU ::73 DQG IHZ IXOO/WFDOH GHPRQ

ORGHO SUHGLFWLYH FRQWURO

03& XVHV D PHFKDQLVWLF PRGHO RI D SURFHVVUMRKFHUHGL
SK\WLFDO FRQVWUDLQWY RI D VIVWHP{V DFKXDIOWSHRFBOV YL
7KH PRGHO SUHGLFWV IXWXUH SURFHVV EHKDW.RRIQRYHU D W
KRULIRQ DQG SUHGLFWLRQV DUH FRPSDUHG WRHRQIV.QH PHI
RFFXUUHG )LJXUH 03& LV OHVV FRPPRQ LQ ::73 EHFDXVH
SURFHVVHV HVSHFLDOO\ ELRORJLFDO SURFOVBRFX DDWHVRR"
SULQFLSDO PRGHOV B6HFWLRQ IRU DGYDQFHG FRQWUR(



LGHDO VWHDG\ VWDWH FRQGLWLRQV 3DWWRQ HWLNGIG WR )
KDQGOH WKH QRQOLQHDULWLHY KDV QRW EHHQ ZHOO GRFXPL

8SGDWHG

6HWSRLQW
_________ OHDVXUKRG « Q

/ 9D O XHYV ORGHO

SUHGLFWLRQ

_________

---------

&RQWURYQ ’ SRRRRRE BUHGLFWHG 2SWLPXP

N : | &RQWURO
) S 3UHGLFWLRQ
BUHYLRXYV E KRUL]RQ
6HWSRLQW Lo N
) 3DVW )XWXUH
JLIXUH 6LPSOLILHG H[DPSOH RI 03& $W WLPH WKH LQV

YDULDEOHYYV VHWSRLQW LV LQFUHDVHG 7KH PHRXDWLVWLF P
FRQVXPSWLRQ RI WKH FRQWURO PHFKDQLVP DUH XVHG WR LG
UHDFK WKH QHZ VHWSRLQW RYHU D JLYHQ WLPH LQWHUYDO |

03& LQ ::73 WDNHV RQ PDQ\ IRUPV EXW DOO PXVW DGGUH)\
EHKDYLRU 1RQOLQHDU PRGHOV DUH FRPSXWDWLRQDOO\ LQW
QRQOLQHDULWLHY FDQ VXEVWDQWLDOO\ VRREZOMOFRQWHRED¥
RSWLRQ LV WR XVH SLHFHZLVH OLQHDU 03& LQDZER B0 IPQXHIIML
PRGHO 2FDPSR ODUWLQH] 20VVRQ DQG 1HZHOO $Q
DGDSW OLQHDU PRGHO SDUDPHWHUV WR ILW FXUUHQW RSHUL
$GDSWLYH 03& FRQWUROOHUV KDYH EHHQ VKRZQ WRHBMUIRUF
IRU QRQOLQHDU SURFHVVHV KRZHYHU VWURQHQBRWLYHDUL
FRQWURO DSSURDFKHV VXFK DV 11 +HUPDQVVRQ DQG 6\DILL}

03& KDV EHHQ LPSOHPHQWHG IRU G\QDPLFDOR\DWLPSOLVW
PHPEUDQH EDVHG WUHDWPHQW WKDW FDQ E H/ RARDNMPWROIDM G
EH HDVLO\ PRGHOHG XVLQJ NQRZQ UHODWLRQVKLSV RI IOXLG
%DUWPDQ HW DO GHULYHG VXFK D PRGHO WRLFRQWURDO
52 PHPEUDQH WUHDWPHQW V\VWHP 7KH UHONHBFBA WRBFHQW
G\QDPLF QRQOLQHDU OXPSHG SDUDPHWHU PRG®M®D DG ZDV



JHQHUDO WKH V\VWHP SHUIRUPHG EHWWHU ZKHQ FRQWUROO
WUDGLWLRQDO FRQWUROOHU

1RW DOO ::73 XQLW SURFHVVHV DUH ILW IRRKD@B&RGIRSV\ E
GR QRW \HW H[LVW DQG WKH QXPEHU RI SRVVLEOH LQSXWYV F
XQUHDVRQDEOH $WWHPSWV KDYH EHHQ PDGH LQFQ@XELQUWHL
&$6 DQG PHPEUDQH V\VWHPVY EXW PRUH UHVHDVUHWR LV QHHGH
VSHFLILF PRGHOV EHIRUH 03& FDQ EH LPSOHPHQWHG DV D FR
$OWHUQDWLYHO\ QRQ GHWHUPLQLVWLF QRQOLQHDU GDWD
DFWLYDWHG VOXGJH VA\VWHPV L H 11

1IHXUDO QHWZRUNV

$V GLVFXVVHG LQ 6HFWLRQ HDFK SDUDPHWHU DQG
DGGLWLRQDO GHJUHH RI IOH[LELOLW\ WKDW FDQ D&BUHVV W
D ODUJH QXPEHU Rl 11 PRGHO SDUDPHWHUYV FDQ ULVN RYHUII
SURFHVV LWVHOI DQG FDQ XQQHFHVVDULO\ LQRWHTXVHH®R MSRX
XVH DQ 11 PRGHO IRU FRQWURO DSSOLFDWLRQY :L¥3QRW ZHO(
OLWHUDWXUH XWLOL]JH RQO\ D IHZ ZDWH@XHX DROH WV R DW LMHED®
GHYHORSPHQW 7KH DYDLODELOLW\ Rl UHOLDEDH DIRBUSOH Q'
FRQVWUDLQW ORUH UHVHDUFK LV QHHGHG ZLSAKDFRWQ VWO XWW
RI 11 FRQWURO VWUDWHJLHV LQ ::73 FDQ EH DVVHN@WG 7R E
VKRXOG EH SHUIRUPHG LQFUHPHQWDOO\ VR WKDW DQ XQHI[S
FRPSXWDWLRQDO SRZHU LV QRW UHTXLUHG WR DFKLHYH VLP:

2QH SURSRVHG PHWKRG RI XVLQJ 11 LQ QRQOLQHDU G\QDF
11 VWUXFWXUH L H QXPEHU RI KLGGHQ QHXURQV DQG SDUI
WUDLQLQJ SKDVH DOVR UHIHUUHG WR DV DQ XQVXSHUYLVHG
RSWLPL]DWLRQ IXQFWLRQ GHWHUPLQHV LI WKH @Q®BHVZRR X O C
DQG WKH QRGH SDUDPHWHUYV DUH DGMXVWHG KXBFRIUEHBQO\
VKRZQ WR SHUIRUP EHWWHU L H ORZHU FRPSXWRMWLRQ WLP
VWUXFWXUH LV IL[HG L H QXPEHU RI QRGHV +DQ HW DO
RUJDQL]JLQJ 11 WR PRGHO DHUDWLRQ DQG UHFQUBRGDWLRQ |
PXOWLSOH REMHFWLYH FRQWUROOHU WR RSWHLYHJH WREWURC



DXWKRUV GLG QRW FRPSDUH VA\VWHP SHUIRUPDQFNVWWRD FRQ
MXVWLI\ LPSOHPHQWDWLRQ IRU WKH SXUSRVHHR) '2 DQG QLWI
FRPSXWDWLRQDO UHTXLUHPHQWY IRU UHDO WLPH FRQWURO |
11 FRQWUROOHUY DUH DOVR EHLQJ GHYVLJQ MGG WHYV GMR\CHF W
LOQGLFDWH WKH HQG RI D UHDFWLRQ VXFK DV 25®QQ DFWLYD
XVHG DQ 11 SURJUDP WR FRQWURO DQG RSWLPDIJHH ELROF

6%5 7KH HQG RI GHQLWULILFDWLRQ L H D ELRORJLFDO SUR
GHWHFWHG ZHOO GXH WR D KLVWRUWMWAD G KFFR PRGHRM LR IQWWD!
LV GLIILFXOW WR GHWHFW EHFDXVH RI QRLVH DAX& WIROH N RD O
GHWHFWLRQ LQ WKLV FDVH GHPRQVWUDWHYVY D FRPPRQ GUD.
GHVLUHG SHUIRUPDQFH PXVW EH GHPRQVWUDWHG FRQVLVWH
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7TUDQVIHU IXQFWLRQ PRGHOV
7TUDQVIHU IXQFWLRQ PRGHOV FDQ EH XVHG IRU 03& DQG R:
SUHGLFWLRQ GLVFXVVHG LQ 6HFWLRQ 29%ULDQ HW DO



RUGHU VL[ YDULDEOH $5; 03& WR RSWLPL]H HQHUJ\ FRQVXPS
IXOO VEFDOH &$6 ::73 FRPSDUHG WR WKH IDFLOLWWRXZHRBWILQI
LQ WKLV FDVH SURYLGLQJ DHUDWLRQ EDVHG RQ LQIOXHQW R
PXFK RI WKH LPSURYHPHQW FDQ EH DWWULEXWHG WR D SRRU

)X]]\ ORJLF

,Q GLDJQRVLQJ SURFHVV XSVHWV PXOWLSOH ::73 RSHUDW
FRQFOXVLRQV UHJDUGLQJ WKH FDXVH RI D SUREBMHPL\Q&MNH
DOZD\V ORJLEDO DQG FKRLFHV DUH QRW DQZDEVPEPQPW\W K HH
DWWULEXWHV RI KXPDQ UHDVRQLQJ E\ SEOXUUDQJ WWRKHVKQ 3K
DFKLHYH WKLV IX]]\ ORJLF XVHV OLQJXLVEQWVYBHIDEEMY LQ
UHODWLRQVKLSY DPRQJ YDULDEOHV 3*FOX®@WRILRU GEZLWKHD
GHJUHHV Rl WUXWK DQG FKDUDFWHUL]JHV WKH SBI®HDWLRQVKI
GHVFULELQJ IX]]\ ORJLF E\ =DGHK LV UH FR BRHNDELHG IRQ
IX]]\ PRGHO VWUXFWXUH

7KH FODVVLF UXOH GHYHORSPHQW DSSURDFKVLRWD VX]]'S PR (
H[SOLFLWO\ ZKLFK LV WLPH FRQVXPLQJ IRU ERWK FRPSXWHU
SURFHVV FDQ EH VLPSOLILHG E\ XVLQJ DQ 11 WR PDS RSHUDYV
HW DO UH VWUXFWXUHG WKH WUDGLWLRQDO 11 PRGHO .
OD\HUV WR PRGHO 3$& GRVLQJ DQG HVWDEOKRYKH G KX OWHVGW K
IURP LQWHUYLHZV ZLWK ZDWHU WUHDWPHQW RSHUDWRUYV

7DZ +ZDQ HW DO DOVR XVHG D K\EULG IX]]3$®RGHO 11
GRVLQJ UDWH ZLWK D IX]]\ PRGHO XQGHU QRUPDO FRQGLWLR
DEQRUPDOLWLHY ZHUH GHWHFWHG L H WXQUHESLGWDWD W/R E
ERWK WKH IX]]\ PRGHO DQG 11 PRGHO ZKLFK SUHGLFIVHG 3$8&
RQH \HDU ILHOG WHVW DW D IXO0O VFDOH ZDWHU WUHDWPHQW

<RR HW DO XVHG 3&$ FRPELQHG ZLWK IX]]\ FOXVWHU
&2' UHPRYDO IURP D IXO0O VFDOH LQGXVWULDRP S:GB[L3&S ZIDW K
IX]]\ PRGHO DV ZHOO DV WR UHGXFH FR OLQHDNWIRR\ 5HVXO W\
UHPRYDO EXW FRXOG QRW EH XVHG IRU GLUHFW FRQWURO G
GULYHQ VROXWLRQV DUH DOZD\V HIIHFWLYH



%YHOOR HW DO XVHG IX]]\ FOXVWHULQJ WR GHILQH UX
FRDIJXODQW GRVLQJ VI\VWHP LQ D ZDWHU WUMKMDWWHGW URFD QV
SUHYLRXV S+ YDOXHYVY DQG IORZUDWHYV RI WKUHHXFIRDJIJIXODQW
03& SHUIRUPHG VOLJKWO\ EHWWHU WKDQ D QRQOILQHDU PRGt
FRQGLWLRQV ZHUH WR FKDQJH VXEVWDQWUY @QMHHREYHEU WR. PiG L
RYHU WLPH IX]]\ PRGHOV PD\ EH D SUDFWLFDO DOWHUQDWL?

&RQFOXVLRQV DQG UHFRPPHQGDWLRQV

7KH IXWXUH RI GDWD GULYHQ DQG ELJ GDWD D@DO\WLFV L
LPSURYLQJ SURFHVV FRQWURO WR UHGXFH HQHWBUHXYHRDQ G |
VA\VWHP IDLOXUH 7R DFKLHYH WKLV ::73 QHHBWW R QL QY RWLIRAX
SUHGLFWLRQ DQG DXWRPDWLRQ LQWR WKHLUUBXUBRI®W BEUR |
OLWHUDWXUH RQ WKH PDQ\ GDWD GULYHQ SURARHVWXFRRQVD R C
VLQJXODU *EHVW" DSSURDFK )RU IDXOW GHWHFWIWRDQEG GL
SUHVHQW EHKDYLRU LQ WHUPV Rl 3LQ ~ RU 3RXW RI FRQWURO
VLQJOH YDULDEOHY WKDW DUH PHDVXUHG GDLB\IJWR PRQWKO
ODERUDWRU\ DQDO\WLY VROLGY UHWHQWLRQ WHFWLR® BIYO(
GLDJQRVLV 3&$ LV JRRG IRU XVH ZLWK FRPSRVLWHNQ@PSOHV
LQSXW DQG RXWSXW YDULDEOHYVY OLNH 3/6 7R XVH ELJ GDWD
SHUIRUPDQFH WKH PRQLWRUHG YDULDEOH V PXVW KDYH D K
KLVWRULFDO REVHUYDWLRQV EXW GR QRW QHEKGVWER®R EH OLQI

$ VPDOO GHFHQWUDOL]HG IDFLOLW\ PD\ GILSHUWKQWHOS & IE
QRW HIIHFWLYH WKXV 63& PD\ EH LPSOHPHQWH®& \WR GINNKHR |
WLPH RQ VLWH RSHUDWLRQV VWDII PXVWWR H SW K WHIQHV E XRIB WD
FDSDFLW\ WR RSHUDWH DW TXDVL VW HDBGRDMWWD W &FRIP\SBK H C
XVHIXO IRU UHGXFLQJ FKHPLFDO LQSXWYV DQG HQHWIWKSWLP
GHYHORSPHQW RI WRROV WR RSWLPL]H RSHUDWIRDVNWMKW WK F
UHF\FOLQJ PHPEUDQH ELRUHDFWRU LQ DGWDWNYR Q@ LVORO WMRIS G
GLITHUHQW SUREOHP VROYLQJ PHWKRGRORJLHFRDWRE g OWRW KL
DVVLVW ZLWK GLDJQRVLVY WHQG WR KDYH SRRU IDVXOW GHWHE
+HQFH D K\EULG PHWKRG FRPELQLQJ PRGHO DQ@ARWDWLVWL



SUREOHP VROYLQJ DSSURDFK (DFK DSSURDFK ZLOO FRPH DW
UHSRUWHG LQ WKH OLWHUDWXUH ZLWK WKH PDRMRGDWIDP LW L C
JHQHUDWHG E\ ::73

7R GHYHORS KLJK TXDOLW\ DQG DFFXUDWHLRBIGIXE WD GDR\R
VFLHQWLVWY FRPSXWHU VFLHQWLVWY DQG HQHBL@BWDYW XV
SRWHQWLDO 7KH HITHFWLYHQHVV RI PDH YRWWHW EWHKEO U\
ZDVWHZDWHU WUHDWPHQW 5DQGRP IRUHVWYV VWXHSRUW YHF)
KDYH WKH SRWHQWLDO WR DFFRPPRGDWH PDQ\ RIUWMKH IHDW?>
ODUJH WUDLQLQJ GDWDVHWY WR ILW DQG PXWW URIDRBWFBOUH

'LWK ::73 RSHUDWLRQV WUDQVSDUHQF\ LQ PHWKRGRORJ

VRPH DGYDQFHG PHWKRGRORJLHY PD\ FRQWLQXH WR EH HVFk
PHWKRGRORJLHV

,Q VXPPDU\ D XWLOLW\ ORRNLQJ WR LQWHJUDWH GDWD G

'HILQH WKH VFRSH RI WKH SUREOHP DQG GHVLUHG JRDOV

,GHQWLI\ ZKLFK YDULDEOHY DUH FXUUHQWO\ EHLQJ PRQL

HITHFWLYHO\ FDSWXUH WKH VFRSH RI WKH SUREOHP

8VH SORWWLQJ WRROV WR LQYHVWLJDWEBONBEKW WKBIUDFWH

UHODWLRQVKLSVY EHWZHHQ YDULDEOHYV

%DVHG RQ WKH IHDWXUHV REVHUYHG LQ WKH WBWD DQG

PHWKRG WR LPSOHPHQW S5HFRPPHQGDWLRQV IRU IXUWKF

PHWKRGYVY DUH JLYHQ WKURXJKRXW WKH WH[W

)LW WKH PRGHO DQG DVVHVV LWV YDOLGLW\ 9LVXDOL]H |

6KDUH WKH UHVXOWY ZLWK RWKHU XQYO®OMWGE HFR YIIHUHQG K

GHYHORS PDLQVWUHDP GDWD GULYHQ SURFHVV FRQWUR

SHIHUHQFHYV

$EGL + 3DUWLDO /HDVW 6TXDUHV 3/6 5HJUHYIRRQ LQ
7) (GV (QF\FORSHGLD RI 6RFLDO 6FLHQFHVN¥HVHDUFK
&$

$OH[ - %HWHDX -) &RSS - % +HOOLQJD & -HSSVVRQ 8
6SDQMHUYV + 9DQKRRUHQ + %YHQFKPDUN IRU (YDOX
:DVWHZDWHU 7UHDWPHQW 30DQWYV (XURSHDQ 8QLRQ &RQ



$OYHV & +HQQLQJ ( 6DPRK\O 5 &ULVWLQD .RQUDWK $
$SSOLFDWLRQ RI OXOWLYDULDWH &RQWURO &KDUWV |1
7HFQR /yJ + KWWSV GRL RUJ WHFQRORJ Y

%DJJLDQL ) ODUVLOL /LEHOOL 6 SHDO WLB®H IDXOW GF
ZDVWHZDWHU WUHDWPHQW SODQWYV :DWHU 6FL 7THFKQRO

%DUWPDQ $5 &KULVWRILGHV 3 ' &RKHQ < 1RQOLQH
([SHULPHQWDO 5HYHUVH 2VPRVLY :DWHU 'HVDOLQDWLRQ 6
KWWSV GRL RUJ L H [

%HOOR 2 +DPDP < 'MRXDQL . )X]1]\ G\QDPIRA PRGHOO
FRDIJXODWLRQ FKHPLFDO GRVLQJ XQLW IRU ZIKWRO® WUHDW
+ KWWSV GRL RUJ M MHVLW

Y%HUWKRXH[ 3 0 &RQVWUXFWLQJ &RQWURO &WDLB@®V IRU
- :DWHU 3ROOXW &RQWURO )HG *

Y%HUWKRXH[ 3 0 %R[ * ( 7LPH VHULHV PRGHOV IRU IRU
SODQW SHUIRUPDQFH :DWHU 5HV * KWWSV GRL

%R[ * (3 -HQNLQV *0 O5HLQVHO * & 7LPH 6HULHV $Q
&RQWURO WK HG :LOH\

&DSL]]L * ODVDURWWR * S3KDVH , 'LVWULEWWLRQ )UHH
THFKQRPHWULFV + KWWSV GRL RUJ

&KHQ $ =KRX + $Q < 6XQ 3&$ DQG 3/6 PRQLWRUL
GHWHFWLRQ Rl ZDVWHZDWHU WUHDWPHQW SURER@BO3UH\
6\PSRVLXP RQ ,QGXVWULDO (OHFWURQLFV ,6,( KWWSV

&KHQ 6 + :DQJ 3 3 XR 7 &RPSXWDWLRQDO ,QWHO
JLODQFH 6SULQJHU

&KpUX\ $ 6RIWZDUH VHQVRUV LQ ELRSURFHVV HQJLQHH
KWWSV GRL RUJ 6

&KLDQJ / + 5XVVHOO (/ %UDDW] 5 )DXOAOW GHWHFW
VA\VWHPV

&KRL 6 : /HH , % OXOWLEORFN 3/6 EDVHGVORFDOL]HG
&RQWURO * KWWSV GRL RUJ M MSURFRQW

&RSS - % 7TKH &267 VLPXODWLRQ EHQFKPDUN GHVFULS\

&RRSHUDWLRQ LQ WKH ILHOG RI 6FLHQWLILF DQG 7THFKQLF



&RUPHQ 7 + /[/HLVHUVRQ & ( 5LYHVW 5/ G6WHLQ & N
7KH 0,7 3UHVYV

&RURPLQDV / 9LOOH] . $IJXDGR ' B5LHJHU / 5RVpQ & ¢
3HUIRUPDQFH HYDOXDWLRQ RI IDXOW G H@M W RFEG \PHHWK R
%LRWHFKQRO %LRHQJ +

&RURPLQDV /O *DUULGR %DVHUED 0 9LOOH] . 20VVRQ *

7UDQVIRUPLQJ GDWD LQWR NQRZOHGJH IRU LY FURWH E&DAD \
UHYLHZ RI WHFKQLTXHV (QYLURQ ORGHO 6RIWZ 6SHFLD
6FLHQFH $SSOLFDWLRQV WR $LU TXDOLW\ DQG :DWHU F\F

KWWSV GRL RUJ M HQYVRIW

&URVLHU 5 % OXOWLYDULDWH *HQHUDOL]DWPRQ@V Rl &XI
THFKQRPHWULFV * KWWSV GRL RUJ

'HOODQD 6 $ :HVW ' SUHGLFWLYH PRGAHMHDIL DRG ZD VW
QRQOLQHDU DSSURDFKHV (QYLURQ ORGHO ©6RIWZ *
KWWSV GRL RUJ M HQYVRIW

'LHEROG ) ; %LJ 'DWD '\QDPLF )DFWRU ORGHOV IRU 0D!

JRUHFDVWLQJ LQ 'HZDWULSRQW 0 +DQVHQ /3 7XUQR)®
(FRQRPLFV DQG (FRQRPHWULFV 7KHRU\ DQG $SSOLFDWLR
(FRQRPHWULF 6RFLHW\ &DPEULGJH 8QLYHUVLW\ 3UHVV &

"UH\IXV * 1HXUDO 1HWZRUNV $Q 2YHUYLHZ 1HXUDO 1H
KWWSV GRL RUJ B

"XEEHU ' *UD\ 1) 7KH HIITHFW RI DQR[LD DQG DQDHURE
ELRORJLFDO QXWULHQW UHPRYDO VI\VWHPV XVLQJ ODERUTL
6%5V :DWHU 5HV + KWWSV GRL RUJ M ZD

'*UUHQPDWW ' - *XMHU : '‘DWD GULYHQ PRGHOLQJ DSS
WUHDWPHQW SODQW RSHUDWLRQ (QYLURQ ORGHO 6RIWZ
KWWSV GRL RUJ M HQYVRIW

(EUDKLPL O *HUEHU (/ 5RFNDZD\ 7 7HPSRUDO SHU
ZDVWHZDWHU WUHDWPHQW SODQWV E\ XY QU RRX OOVDIQYDDI WL I
+ KWWSV GRL RUJ M MHQYPDQ

(IURQ % 7LEVKLUDQL 5 - $Q ,QWURGXFWLRQ WR WKH ¢
(QEXWVX , %DED . +DUD 1 :DVHGD . 1RILWHENWQ6 +LW

-DSDQ 7 , QWHJUDWLRQ RI OXOWL $, 3SDUDGLJPV IRU |,
6\VWHPV £ )X]]\ 5XOH ([WUDFWLRQ IURP D 1HXUDO 1HWZRU



JHGHUDO :DWHU 3ROOXWLRQ &RQWURO $FW BQLWHG 6W

*DQGRPL $ +DLGHU O %H\RQG WKH K\SH %LJ GDWD FF
- ,QlI 0ODQDJ + KWWSV GRL RUJ M LMLQIRPJ

*ROKDU 6 'DOODV & %LJ 30DQWYV SURGXFH %LJ 'DWD
DW WKH :()7(& :DWHU (QYLURQPHQW )HGHUDWLRQ SS

*XMHU ,V PRGHOLQJ RI ELRORJLFDO ZDVWHZDWHU WU
THFKQRO * KWWSV GRL RUJ ZNW

*XMHU @ +HQ]JH O OLQR 7 9DQ /RRVGUHFKW 0 & O $
:DW 6FL 7THFKQRO *

+DGMLPLFKDHO $ &RPDV - &RURPLQDV / 'R PDFKLQH
PLOQLQJ HQKDQFH WKH SRWHQWLDO RI GHFLVLRQ VXSSRUW
VHFWRU $, &RPPXQ + KWWSV GRL RUJ $,&

+DLPL + O0XODV 0 &RURQD ) 9DKDOD 5 '‘DWD GHULY
ZDVWHZDWHU WUHDWPHQW SODQWYV $Q RYHUYLHZ (QYLUI
KWWSV GRL RUJ - (1962)7

+DQ + 4LDR - 1RQOLQHDU ORGHO 3UHGLFWLYH &RQWU
$SSOLFDWLRQ WR :DVWHZDWHU 7UHDWPHQW 3URFHVV ,(((
KWWSV GRL RUJ 7,(

+DQ + * &KHQ 4/ 4LDR -) 5HVHDUFK RQ DQ RQOLQH
IXQFWLRQ QHXUDO QHWZRUN 1HXUDO &RPSXW $SSO
KWWSV GRL RUJ v

+D\NLQ 1HXUDO 1HWZRUNV 3UHQWLFH +LOO (QJOHZRRG

+HQ]H 0 *UDG\ & 3 /- *XMHU : ODUDLV * Y 5 O0ODWVXR
ORGHO 1R 1R ,$:35& /RQGRQ

+HQJH 0 *XMHU : OLQR 7 ODWVXR 7 "HQW]JHO 0 & O0DU
60XGJH ORGHO 1R ,$:4 /RQGRQ

+HQJH 0 *XMHU : OLQR 7 ODWVXR 7 "HQW]JHO 0 & O0DU
0 &0 $FWLYDWHG 60XGJH ORGHO 1R G :DW 6FL 7HF

+HUPDQVVRQ $ : 6\DILLH 6 ORGHO SUHGLFWNYH FRQW
UHYLHZ &RQWURO (QJ 3UDFW * KWWSV GRL RUJ

+LQWRQ * ( 2VLQGHUR 6 7HK < $ IDVW OHDUQLQJ
1HXUDO &RPSXW +



+RVNXOGVVRQ $ BUHGLFWLRQ OHWKRGV LQ 6FLHQFH DQ
&RSHQKDJHQ

+RWHOOLQJ + OXOWLYDULDWH 4XDOLW\ &RQWURO LQ
(GV  7HFKQLTXHV Rl 6WDWLVWLFDO $QISO\VI& OF*UDZ +1

+XQWHU - 6 7KH H[SRQHQWLDOO\ ZHLJKWHG PRYLQJ DY

,VHUPDQQ 5 3URFHVV IDXOW GHWHFWLRQ EDVHG RQ PR
VXUYH\ DXWRPDWLFD +

,JHQPDQ $ - .HUQHO 'HQVLW)\ (VWLPDWLR®DHHRKQ LORGHU Q

5HJUHVVLRQ &ODVVLILFDWLRQ DQG ODQLMOEUHRUBUQJ
1HZ <RUN SS &

-DENVRQ - ( $ 8VHUYV *XLGH 7R B3ULQFLSDO &RPSRQHQV

-DARZLHFNL a &KRMQLDN -0 'RUJHORK ( +HJHGXVRYD ¢
OLFURELDO &RPPXQLW\ B3URILOHV LQ :DVWRHEQWHUYV IU

6\WWHPV 7THFKQRORJ\ 3/26 21( H
KWWSV GRL RUJ MRXUQDO SRQH
-DPHV * :LWWHQ ' +DVWLH 7 7LEVKLUDQL 5LQJ $Q ,QV

6SULQJHU 7TH[WV LQ 6WDWLVWLFV 6SULQJHU 1HZ <RUN 1

-HSSVVRQ 8 3RQV 01 7KH &267 EHQFKPDUN VLPXODW!
IXWXUH SHUVSHFWLYH &RQWURO (QJ 3UDFW +
KWWSV GRL RUJ M FRQHQJSUDF

_HSSVVRQ 8 3RQV 01 1RSHQV , $OH[ - &RSS - % *HU
-3 9DQUROOHJIKHP 3 $ %HQFKPDUN VLPXODWLRQ P
H[SORUDWRU\ FDVH VWXGLHV :DWHU 6FL 7THFKQRO +
KWWSV GRL RUJ ZVW

-LDQJ : :DQJ . % 7VXQJ ) $ 9DULDEOH 6HOHFWLRQ %

IRU SURFHVYVY ORQLWRULQJ DQG 'LDJQRVLYV - 4XDO 7HFKQ

-XQJ ' .DQJ ' /LX - [/DQVH\ . ,PSURYLQJ 5HVLOLHQF
6\VWHP WKURXJK %XUVW "HWHFWLRQ LQ :RUOG (QYLURQF
SUHVHQWHG DW WKH :RUOG (QYLURQPHQWDO DQG :DW

$PHULFDQ 6RFLHW\ RI &LYLO (QJLQHHUV &LQFLQQDWL 2K
KWWSV GRL RUJ

.DGL\DOD 5 /IHYHUDJLQJ 2WKHU ,QGXVWULHWQEWLJ 'DWL
JHGHUDWLRQ :DWHU 5HVHDUFK )RXQGDWLRQ



.DGOHF 3 *DEU\V % 6WUDQGW 6 'DWD GULYHQ 6RIW
&RPSXW &KHP (QJ * KWWSV GRL RUJ M FRE

.DJRU . +ROORZD\ 5: &DWK 7 < +HULQJ $ 6 &RPSD
GLPHQVLRQ UHGXFWLRQ WHFKQLTXHVY IRU DXWRPDWHG SU
ZDVWHZDWHU WUHDWPHQW IDFLOLW\ 6WRFK (QYLURQ 5H

KWWSV GRL RUJ v
.LQJ ./ :DQJ = .UROO ' - &ODVVLILFDWLRQ RI '"HYLD)
.RUNPD] 6 *RNVXOXN ' =DUDUVL] * 091 D@5 SDFND.

QRUPDOLW\ 5 - +
.UXJHU 8 =KRX < ,UZLQ * : ,PSURYHG SULQFLSDO FR

VFDOH SURFHVVHV - 3URFHVV &RQWURO +

KWWSV GRL RUJ M MSURFRQW
X : B6WRUHU 5 + *HRUJDNLV & 'LVWXUEDQFH GHWHF

SULQFLSDO FRPSRQHQW DQDO\VLV &KHPRP ,QWHOO /DE
XVLDN $ =HQJ < =KDQJ = ORGHOLQJ DQG DQDO\VLV

WUHDWPHQW SODQW $ GDWD PLQLQJ DSSURDFK (QJ $SS¢

KWWSV GRL RUJ M HQJDSSDL
.ZDN 6 . .LP - + 6WDWLVWLFDO GDWD SMHSDDWLRQ

RXWOLHUV .RUHDQ - $QHVWKHVLRO + KWWSV Gl
IDEULQLGLYV $ -DJDGLVK + 9 &KDOOHQJHV DQG RSSRU

(QGRZ +
IDQH\ ' 'DWD ODQDJHPHQW &RQWUROOLQJ 'DWD 9ROX

+ $SSOLFDWLRQ 'HOLYHU\ 6WUDWHJILHV 0(7$ *URXS

IDQJHUJUDEHU * )OHLVFKPDQQ 1 +RIVWIGWHHGXUH IR$ P
89 9,6 VSHFWURPHWULF TXDQWLILFDWLRQ WHRUJDWHR PDW

6FL 7HFKQRO *
/IHH & &KRL 6 : /HH , % 6HQVRU IDXOWSWRFHMWNLYV L
:DWHU 6FL 7THFKQRO * KWWSV GRL RUJ ZNW
/[HH "6 -HRQ & 2 3DUN -0 &KDQJ . 6 +\EULG QHXULI

VFDOH LQGXVWULDO ZDVWHZDWHU WUHDWPHQW SURFHVYV
KWWSV GRL RUJ ELW



/IHH 'DH 6XQJ /HH 0 : ‘RR 6 + .LP < - 3DUN -0 1R
OHDVW VTXDUHV PRGHOLQJ RI D IXOO VFDGHREHHRWOWRILFDO
%LRFKHP * KWWSV GRL RUJ M SURFELR

/[HH ' 6 /HH 0 : ‘RR 6 + .LP < - 3DUN -0 OXOWLY
RI D )XOO 6FDOH %LRORJLFDO $QDHURELGJROMWWHUP YURFGE V
(QJ &KHP 5HYV * KWWSV GRL RUJ LH N

/IHH '6 9DQUROOHJKHP 3 $ $GDSWLYH &RQMHQVXV 33U
2Q /LQH %DWFK 3URFHVV ORQLWRULQJ (QYLURQ ORQLW ¢

/JHH - 0 <RR & &KRL 6: 9DQUROOHJIKHP 3 $ J/HH , %
PRQLWRULQJ XVLQJ NHUQHO SULQFLSDO FRPSRQHQW DQD
KWWSV GRL RUJ M FHV

/[HH 0 : +RQJ 6 + &KRL + .L.P -+ J/HH "6 3DUN -0
PROQLWRULQJ RI VPDOO VFDOHG ELRORJLPMW YDV MDHAZID W H L
VWDWLVWLFDO SURFHVV FRQWURO DQG QHXWRKIPMHWZRUN

+ KWWSV GRL RUJ M SURFELR

/IRZU\ & $ :RRGDOO : + &KDPS & : 5LJGRQ 6 ( $ 0XC
'HLIKWHG ORYLQJ $YHUDJH &RQWURO &KDUW 7HFKQRPHW
KWWSV GRL RUJ

IXFFDULQL / %UDJDGLQ */ &RORPELQL * ODQFLQL O Ol
JRUPDO YHULILFDWLRQ RI ZDVWHZDWHUHBUIRNRW P HQW
FRQWLQXRXV VLIQDOV E\ PHDQV RI DUWLILFLDO QHXUDO C(

ORGHO 6RIWZ + KWWSV GRL RUJ M HQYVRIV

ODF*UHJRU -) .RXUWL 7 6WDWLVWLFB®VHYR RHRQMWURT
(QJ 3UDEW +

ODF*UHJRU -) 1RPLNRV 3 .RXUWL 7 0XOWDRWEFWKLDWH
BURFHVVHV 8VLQJ 3&$% DQG 3/6 ,)$& 3URF 9RO +
KWWSV GRL RUJ 6

ODQ\LND - &KXL 0 %URZQ % %XJKLQ - 'REEV 5 B5R[EX

GDWD 7KH QH[W IURQWLHU IRU LQQRYDWLRQ FRPSHWLWL
+

OHWFDOI (GG\ :DVWHZDWHU HQJLQHHULAQWRKVHBDWPHQV
OF*UDZ +LOO (GXFDWLRQ

OLDK $ 4 OXOWLSOH 5HJUHVVLRQ LQ $SSOLHG 6WDWLYV
6FLHQFHY 6SULQJHU 6LQJDSRUH 6LQJDSRUH SS *



OLQRD - 9HUGH & )DXOW "HWHFWLRQ IRU QFUS$SB GFDOH
&RPSRQHQWYV $QDO\VLYVY ZLWK $GDSWDWLRQ ,QW - &RPSX

ORQWJRPHU\ " & ,QWURGXFWLRQ WR VWDWLVWLFDO TXCLC
<RUN

1JX\HQ 9 + *ROLQYDO - & )DXOW GHWHFWLRQ EDVHG
DQDO\VLV (QJ B6WUXFW +

1LHOVHQ 0 $ 1HXUDO 1HWZRUNV DQG '"HHS /HDUQLQJ 'F

1,67 6(0%7(&+ 8QLYDULDWH DQG OXOWLYDULDWH &RQWUR
6WDWLVWLFDO OHWKRGV 8 6 'HSDUWPHQW RI &RPPHUFH

1RPLNRV 3 ODF*UHJRU -) OXOWL ZD\ SDUWLDO OHDVW
SURFHVVHV &KHPRP ,QWHOO /DE 6\VW + KWWSV

1RPLNRV 3 ODF*UHJRU -) ORQLWRULQJ EDWFK SURFH
FRPSRQHQW DQDO\VLV $,&K( - + KWWSV GRL RL

1RSHQV , %HQHGHWWL / -HSSVVRQ 8 3RQV 01 $OH[ -
& O6WH\HU -3 9DQUROOHJIKHP 3 % WHQFKPDUN 6LF
ILQDOLVDWLRQ RI SODQW OD\RXW DQG GHIDXOW FRQWURC
KWWSV GRL RUJ ZVW

29%ULHQ O ODFN - J/HQQR[ % /RYHWW ' :DOO % Ol
DFWLYDWHG VOXGJH SURFHVV $ FDVH VWXG\ &RQWURO (¢
KWWSV GRL RUJ M FRQHQJSUDF

2FDPSR ODUWLQH] & 6 XERSWLPDO 03& $SSURDFK %DVHC
LQ *ULPEOH 0 - -RKQVRQ 0$%$ (GV ORGHO BUHGLFWLY
$GYDQFHV LQ ,QGXVWULDO &RQWURO 6SULQJHU

29'D\ . 6WDWLVWLFDO 3URFHVV &RQWURO@®BQ +HOS 7

2GRP * - 1HZKDUW . % &DWK 7 < +HULQJ $ &FDO O0XOW
SURFHVV FRQWURO $SSO 6WRFK ORGHOV %XV ,QG
KWWSV GRL RUJ DVPE

20VVRQ * ,&%$ DQG PH £+ $ VXEMHFWLYH UHYLHZ :DWHU
KWWSV GRL RUJ M ZDWUHYV

20VVRQ * $VSHJUHQ + 1LHOVHQ O . 2SHUDWLRQ DQC
D 6FDQGLQDYLDQ SHUVSHFWLYH RYHU \HDUV :DWHU 6FL



20VVRQ * 1HZHOO % :DVWHZDWHU 7UHDMREHQW 6\VWH
&RQWURO ,:$ 3XEOLVKLQJ /RQGRQ 8.

20VVRQ * 1LHOVHQ 0 <XDQ = /\QJJDDUG -HQVHQ $ 6WI
FRQWURO DQG DXWRPDWLRQ LQ ZDVWHZDWHU V\VWHPV ,:

gPHU )DUXN ' $ K\EULG QHXUDO QHWZRUN DQG $5,0% PR
SUHGLFWLRQ (QJ $SSO $UWLI ,QWHOO *
KWWSV GRL RUJ M HQJDSSDL

2SSRQJ * ORQWDJXH *$ 2Y%ULHQ O OF(ZDQ O ( % O0ODL
/TRZDUGY DGYDQFHG FRQWURO IRU DQDHURELVRGLIBWMHU®

SUDFW 7HFKQRO KWWS G[ GRL RUJ ZSW

3DUN 6 + .RR - $SSOLFDWLRQ RI 7UDQVIHU )XQFWLRC
6HGLPHQWDWLRQ 3URFHVV RQ :DWHU 7UHDWPHQW 30DQW
KWWSV GRL RUJ LMFD

S3DWWRQ 5 - )UDQN 3 0 &ODUN 51 ,VVXHV RI IDXOW
6SULQJHU 9HUODJ

3IOXJHU $5 +DKQ 0- +HULQJ $6 OXQDNDWD ODUU - )L
(ISRVp RI D OXOWLSOH &RPSDUWPHQW $QDHUPRBMHUSHDFWR
:DWHU (QYLURQ 5HV * KWWSV GRL RUJ

3KDODGLJDQRQ 3 .LP 6 % &KHQ 9 & 3 %DHN - * 3DUN

OXOWLYDULDWH &RQWURO &KDUWV &RPPXQ 6WDW 6LPXO
KWWSV GRL RUJ

4LQ ; *DR ) &KHQ * :DVWHZDWHU TXDOLW\ PRQLWRU
PDFKLQH OHDUQLQJ WHFKQLTXHYV :DWHU 5HV +
KWWSV GRL RUJ M ZDWUHYV

5HJPL 3 6WHZDUW + $PHUOLQFN < $UQHOO OHWRBFLD
, OLOOHU O 5LHJHU / ©6DPVWDJ 5 6DQWRUR ' 6FKU
7RUIV ( YDQ /RRVGUHFKW 0 & 0 9DQUROOHJIKHP 3 $ 9
‘HLMHUV 6 *UDX 3 -LPHQH] - 5RVVR ' 7TKH IXWX

RXWORRN DQG FKDOOHQJHV :DWHU 6FL 7HFKQRO LQ SUH

5LFH (: %DLUG 5 % (DWRQ $ 6WDQGDUG OHWKRGYV
:DVWHZDWHU UG HG $PHULFDQ :DWHU :RUNV $VVRFLDW!I
$VVRFLDWLRQ :DWHU (QYLURQPHQW )HGHUDWLRQ

5LFKDOHW - ©5DXOW $ 7HVWXG -/ 3DSRQ - ORGHO
$SSOLFDWLRQV WR LQGXVWULDO SURFHVVHV $XWRPDWLF
KWWSV GRL RUJ



SREHUWYV 6 : &RQWURO FKDUW WHVWY EDVHG RQ JHRPH
+

SRVHQ & -HSSVVRQ 8 9DQUROOHJIKHP 3 D TRZDUGYV
SURFHVV FRQWURO DQG PRQLWRULQJ SHUIRUPDQFH HYDO

5RVHQ & /HQQR[ - & OXOWLYDULDWH DQG PXOWLVFDO
RSHUDWLRQ :DWHU 5HV * KWWSV GRL RUJ

5RVHQ & 5|WWRUS - -HSSVVRQ 38 OXOWLYDULDWH RQC
VROXWLRQV IRU PRGHUQ ZDVWHZDWHU WUHDWPHQW RSHU

6FKUDD 2 7ROH % &RSS - % )DXOW GHWISOW QR IRU
:DWHU 6FL 7THFKQRO * KWWSV GRL RUJ ZNVW

6KHDWKHU 6 $ ORGHUQ $SSURDFK WR 5HJUHVVLRQ ZLWI
OHGLD

6KHZKDUW : $ 4AXDOLW\ &RQWURO &KDUWV %HOO 6\VW
KWWSV GRL RUJ M WE [

6LQ * 9LOOH] . 9DQUROOHJIKHP 3 $ $SSOLFDWLRQ R
PHWKRGRORJ\ IRU QXWULHQW UHPRYLQJ 6%5V OHDGV WR |
THFKQRO *

6LUNLI - /DDNVR 7 $KRSHOWR 6 <OLMRNL 2 3RUUDV -
ILQQLVK ZDWHU DQG ZDVWHZDWHU XWLOUWL HBW L&X LBIRKDQ W\
+ KWWSV GRL RUJ M MXS

60DZHFNL 7 OFODVWHU & /RGKL 0O +RUQEDFN & 1DNDP:
IRU WKH IXWXUH RI 3VPDUW ZDWHU" DQG 2ELJ GDWD ~ :DWE

6PLOGH $ %UR 5 *HODGL 3 0XOWL ZD\ODWMLGNYEMV D S
-RKQ :LOH\ 6RQV

6SDQMHUV + 9DQUROOHJIKHP 3 1JX\HQ . 9DQKRRUHQ +
VLPXODWLRQ EHQFKPDUN IRU HYDOXDWLQJ UHEBSLURPHWU
7HFKQRO + KWWSV GRL RUJ 6

7DH +ZDQ + (XL 6XFN 1 .ZDQJ %DQJ : & - .LP -HRQJ :RI

2SWLPL]DWLRQ RI FRDJXODQW GRVLQJ SURFHVWKH) ZDWHL
SURFHHGLQJV RI WKH WK 6,&( $QQXDO &RQIHUHQFH ,QWI
KWWSV GRL RUJ 6,&(

86 (3% ERQWLQXRXYV ORQLWRULQJ 'DWD 6KDULQJ 6WUDWF



86 (3% &RQILIJIXULQJ 2QOLQH ORQLWRULQJ (YHQW '"HWHFW

9DQUROOHJKHP 3 D /HH ' 6 2Q OLQH PROQEPWRWLQJ HTX
SURFHVVHV VWDWH RI WKH DUW :DWHU 6FL 7THFKQRO

9DVDQWK .XPDU . 3RUNRGL . $YLOD 5RQGRQ 5/ 5RFKD
DQG VLPXODWLRQ RI WKH VROLG OLTXLG DFWLYDWHG FDU
+ KWWSV GRL RUJ LH S

I9HONDWDVXEUDPDQLDQ 9 TRZDUGYV LQWHJIJDQWHG SURF
IXWXUH GLUHFWLRQV LQ $UJHQ . ( (G &RPSHBWHU 6RI
6\VWHPV LQ 3URFHVV &RQWURO 3HUJDPRQ /XQG 6ZHGHQ

9HUPD $ :HL ; .XVLDN % SUHGLFWLQJ WKHSWRWDO V
GDWD PLQLQJ DSSURDFK (QJ $SSO $UWLI ,QWHOO
KWWSV GRL RUJ M HQJDSSDL

9LOOH] . OXOWLYDULDWH DQG TXDOLWDW IDYQGHc GFIRWQ IV D R (
RI VHTXHQFLQJ EDWFK UHDFWRUV IRU ZDVWHZIDWHU WUHD
*KHQW %HOJLXP

9ROFNH (, 3 YDQ /RRVGUHFKW 0 & 0 9DQUROOHJIKHP 3 %
LQWHUIDFLQJ IRU SODQW ZLGH VLPXODWLRQ $ JHQHUDO I
KWWSV GRL RUJ M ZDWUHYV

9XRQR " +HQNHO - %HQHFNH - &DWK 7 < OSHLG 7 -RK(
JOH[LEOH K\EULG PHPEUDQH WUHDWPHQW V\VWHPV IRU WL
SDUDGLJP LQ XUEDQ ZDVWHZDWHU WUHDWPHQW - OHPEU
KWWSV GRL RUJ M PHPVFL

:DOODFH - &KDPSDJQH 3 +DOO * L VORKIOXADLW B U LHXKVA K DA
FRQGLWLRQV LQ WKUHH ZDVWHZDWHU VWDELOLRMWLRQ SR
:DWHU 5HV * KWWSV GRL RUJ M ZDWUHYV

'DQJ . % -LDQJ : +LJK 'LPHQVLRQDO 3URFHVV ORQLWR
9DULDEOH 6HOHFWLRQ - 4XDO 7HFKQRO +

'DQJ : 5DWQDZHHUD + +ROP -$ 20VEX 9 6WDWLVV
VLPXODWLRQ RI D ZDVWHZDWHU WUHDWPHQRMGBODQW $ FF
SUHGLFWLYH FRQWURO - (QYLURQ ODQDJH +
KWWSV GRL RUJ M MHQYPDQ

DQIHQ [/ ( .RZDOVNL % 5 $ PXOWLEORIRRNUSDUWLDO OH
LQYHVWLIDWLQJ FRPSOH[ FKHPLFDO V\VWHPV - &KHPRP
KWWSV GRL RUJ GRL FHP



HL ORGHOLQJ DQG RSWLPL]DWLRQ RI ZDGWHYB@HU W
DSSURDFK 8QLYHUVLW\ RI ,RZD

‘HVW ' 'HOODQD 6 -DUUHWW - 7UDQVIHU LXQFWLRQ
LQSXWV - 4XDO 7HFKQRO +

:LVH % 0 *DOODJKHU 1 % 7KH SURFHVV FKHBPRPHWULF
DQG IDXOW GHWHFWLRQ - 3URF &RQW * KWWSV G

:ROG 6 ([SRQHQWLDOO\ ZHLJKWHG PRYLQJ SULQFLSDO |
WR ODWHQW VWUXFWXUHV &KHPRP ,QWHOO /DE 6\VW

‘RR 6 + -HRQ & 2 <XQ < 6 &KRL + /HH & 6 [/HH ' 6
NH\ SURFHVVY YDULDEOHY EDVHG RQ NHUQHO ¥MMHYDMNHOH

WUHDWPHQW SODQW - +D]DUG ODWHU +
KWWSV GRL RUJ M MKD]PDW

'LDR + +XDQJ ' 3DQ < /LX < B6RQJ . YDXOW GLDJQ
ZDVWHZDWHU SURFHVVHV ZLWK LQFRPSOHWRRWNWDDBGWK
$50%$ PRGHO &KHPRP ,QWHOO /DE 6\VW +
KWWSV GRL RUJ M FKHPRODE

<DQJ : 1DQ - 6XQ $Q RQOLQH ZDWHU TXDOLW\ PRQ
GHYHORSHG IRU WKH /LPLQJ 5LYHU EDVLQ LQ 'DTLQJ &KLC
KWWSV GRL RUJ M MHQYPDQ

<RR & . /HH '6 O9DQUROOHJIKHP 3 $ $SSOLFDWLRQ R
SURFHVV PRQLWRULQJ RI D VHTXHQFLQJ EDWFK UHDFWRU
KWWSV GRL RUJ M ZDWUHV

<RR & . 9DQUROOHJIKHP 3 $ /HH , % 1RQOLQHDU PR
ZLWK I1X]]\ DQG PXOWLYDULDWH VWDWLVWHIF\VOHHWERGQ W
%LRWHFKQRO + KWWSV GRL RUJ 6

=DGHK / $ 2XWOLQH RI D QHZ DSSURDFK WR WKH DQDO\
SURFHVVHV ,((( 7UDQV 6\WVW 0DQ &\EHUQ +

=KDQJ % =KDQJ : $GDSWLYH SUHGLFWLYH IXQFWLRQD

VI\VWHPV ,6%$ 7UDQV *
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ORGLILHG IURP D VFLHQWLILF DUWLFOH SXEOHWKIGE LQ WKF
DWKU\Q % 1HZKDLWW RSKHBZDQMD BN FK 7]100KAL D P&D WK
$PDQGD 6 +HULQJ

$EVWUDFW

,Q WKLV ZRUN D VWDWLVWLFDO VW D EPLOOAKNLQ PHOWHOLFQR QG
DPPRQLD IRUHFDVWLQJ PRGHO DUH GHYHORSHG WBDRO®SURYH
ZDVWHZDWHU WUHDWPHQW $HUDWLRQ |RUCERIHRVIMW FHD@HQ X W
H[SHQVH IRU PXQLFLSDO ZDVWHZDWHU WUHDWRIQMR QO/DRW V
$%$& LV RQH DSSURDFK GHVLJQHG WR PLQLPL]JHUHRKRWIMNW H
IURP RQOLQH DPPRQLD PHDVXUHPHQWY UDWKRU WKDREK URP [
WKH FRQYHQWLRQDO DHUDWLRQ FRQW UR O\ PHIWWRLFF K7 R:\W 050 R
6DPSOH 9DULDQFH WR DVVLVW LQ FRPSDUL®U WHKUDWMRNHP Z
FRQWURO VWUDWHJILHV 8VLQJ WKLV PH®/® L$R6 $/&KAR S MUWIRO P D
VWUDWHJILHV ZLWK YDU\LQJ VHWSRLQWY DQG FRIQWGRO SDUL
273 DQG WKH PRVW VWDEOH VWUDWHJ\ ZDD/FLGHWW L7IR H & UDAXK
LPSURYH $%$& SHUIRUPDQFH DPPRQLD IRUHFDVWLQJ PRGHO'
VWDWLVWLFDO DQG PDFKLQH OHDUQLQJ WR \WRSHIR Y'H XWIQHD O F

BBBBBEBBBBBBBBBBBB

5HSULQWHG ZLWK SHUPLVVLRQ RI -RXUQDO RI :DWHU 3URFH'
‘2, M MZSH

&RORUDGR 6FKRRO RI OLQHVY *ROGHQ &2 86%

&LW\ RI %RXOGHU :DWHU 5HVRXUFH 5HFRYHU\ )DFLOLW\ %R.
&DUROOR (QJLQHHULQJ ,QF %URRPILHOG &2 86%

%D\ORU 8QLYHUVLW\ :DFR &2 86%
"3ULPDU\ UHVHDUFKHU DQG DXWKRU

&RUUHVSRQGLQJ DXWKRU WFDWK#PLQHV HGX
&RUUHVSRQGLQJ DXWKRU PDQG\BKHULQJ#ED\ORU HGX



GLXUQDO OLQHDU DUWLILFLDO QHXUDO QHWZRUN $11 DQG
PRGHOV ZHUH WUDLQHG RQ UHDO WLPH SODQW @DGHOS QRPHV
$11 IRUHFDVWYV ZHUH IRXQG WR PRVW DFFXUDWHOQJRUHFDVW
DPPRQLD PHDVXUHPHQW E\ XS WR DQG UHVSHFWLYHO\
ZDV RQO\ DEOH WR LPSURYH E\ XS WR 7KLV ZRUN GHPRQVYV
LQWHJUDWLQJ VWDWLVWLFV DQG PDFKLQH OHRGRIONI LRHW KR
FRQYHQWLRQDO ::73 IRU IHDWXUHV VXFK DV DPB R®IGDVLAX B JIk
VA\VWHP

,QWURGXFWLRQ

2QH Rl WKH JUHDWHVW WKUHDWYV WHR WXV QXN ZDWRW ZIR QO
86(3% 7KH UHPRYDO Rl QLWURJHQ VSHFLRIFWBOV DRP R (
PXQLFLSDO ZDVWHZDWHU WUHDWPHQW S OIDHQW OR DI LIQW LLRSA
HQYLURQPHQW DQG SURWHFWLQJ DTXDWLF OLIH IURP WRI[LF |
UHJXODWRU\ DJHQFLHYV LPSOHPHQW LQFUHDVLQ3OWWWULQJH
FRVW RI ZDVWHZDWHU WUHDWPHQW Z LROHOQ WXORWIMRIQ RILO B D\ L
WUHDWPHQW WHFKQRORJLHV WR DFKLHYH KLBRNW QLWHRYHQ
XVHG VWUDWHJI\ IRU DPPRQLD UHPRYDO LV QLWULILFIDDNLRQ
LQGXVWULDO DLU EORZHUV WR IDFLOLWDWHVRPRIBLREDRG XSW
DPPRQLD LQ ZDVWHZDWHU WR QLWUDWH &RQVPIXHQWO\ DH
H[SHQVHV IRU PRVW ::73 5RVVR HW DO

,Q FRQYHQWLRQDO ELRORJLFDO WUHDWPHQW DLU EORZH!I
SURSRUWLRQDO WR WKH GLIIHUHQFH EHWZHHQVWXKH PHDVXUF
FRQFHQWUDWLRQ XVLQJ D SURSRUWLRQDO LQWHWLR® GHULY
VHWSRLQW IRU QLWULILFDWLRQ LV XVXDOO\ EHWZHHQ DQC
IDEFWRUV VXFK DV WKH PD[LPXP DPPRQLD ORDGERQWODR® FBE
DFKLHYH FRPSOHWH DPPRQLD UHPRYDO W K\H Q/RANJIDEADH J WKKDHV *
VHWSRLQW LV D SRRU VXUURJDWH RI WKH LPPHGQDMW RAHSAVR FH
RI ZKDW LV UHTXLUHG IRU DPPRQLD UHPRYDO 7R VDYH HQHU
DPPRQLD UHPRYDO DW ::73 D QHZ DHUDWLRQ SDUDGLJP LV Q



$PPRQLD EDVHG DHUDWLRQ FRQWURO $%$8RZWR FRAWUF
DQ DPPRQLD FRQFHQWUDWLRQ VHWSRLQW 5LHWHGHW DO
IHHGIRUZDUG IHHGEDFN RU K\EULG V\VWHPV )HHGIRWZDUG
PRGHOV WR FDOFXODWH WKH DHUDWLRQ GHPDQG/BOYLIEY D YD
UHWHQWLRQ WLPH DQG LQIOXHQW DPPRQLD FRQFHQWUDWLRC
UHGXFH DHUDWLRQ GHPDQG EXW LV FRVWQQWR QB SCSHHFH QW L
NQRZOHGJH IRU DFFXUDWH PRGHO FDOLEUDWLRQ DXQQGHPSOH
NLQHWLF SURFHVV PRGHOV EXW LQVWHDG D®MXVWY DHUDW
FRQFHQWUDWLRQ ZLWKLQ WKH SURFHVV X\ADGHPKRQW.SRE QF
FRQILJIXUDWLRQ ,Q WKH FDVH RI $%$& FDVFDGHIER® WWKRO D
RXWHU PDVWHU FRQWURO ORRS ZKLOH LQQHU VODYBLRRQWU|
EORZHU IORZ DQG DLU EORZHU VSHHG ,Q IHHGEPRNVRQWUR
ZLWKLQ D SURFHVV DQG ZHDU DQG WHDU RQ M KH X-HQXWSR HQ W
LJQRUHG 9LVLROL J)RU DHUDWLRQ DW ::73 FRRQVHDQ Ol
LQ GHPDQG DQG WKH DHUDWLRQ SURYLGHG :KHQ WKH DHUDV
LPPHGLDWHO\ PHW WKH GLIITHUHQFH GXW 2B EQWK K HY Pl MIS\RLQH
ODUJH DQG WKH DLU EORZHU VSHHG LV LQFUW-ODWWH GG ORIRH
DQG VKRUW OLYHG DLU IORZ SHDNV FDXVLQJ EORZHUV WR U]
FRQWULEXWLQJ WR SHDN HQHUJ\ GHPDQG $V WKHDGDLO\ SHD
731V HOHFWULFLW\ ELOO D UHGXFWLR®@\ RIHEGKHAMH QDHUDWDLE
RSHUDWLQJ FRVWV +\EULG FRQWURO DSSURDFKHV FRPELQH
FRQWURO KRZHYHU WKHVH DSSURDFKHV KDYH WZR XQLYHU\
$PPRQLD VHQVRUV DUH JHQHUDOO\ SURQH WR GULIWLQ
IUHTXHQW ILHOG FDOLEUDWLRQ DQG
3," DHUDWLRQ FRQWURO LV LQKHUHQWO\ EDVHG RQ SD
WLPH GHOD\ EHWZHHQ D PHDVXUHPHQW D QG @J FRR-HIOUWHFUMLIPYHHD |
GHOD\ LV XQDEOH WR DFFXUDWHO\ DQWLFLSDWH RXUKG\QW D
G\QDPLF QDWXUH Rl ELRORJLFDO ZDVWHZDWHU WUHDWPHQW
7R DGGUHVV ERWK GUDZEDFNV WKLV VWXG\ SURSRVHYV
DEQRUPDOO\ YDULHG FRQGLWLRQV DQG WR FRPSDUH FRQWUF
VHFRQG GUDZEDFN WKLV VWXG\ DOVR GHYHORSV D IRUHFI



LQFRUSRUDWHG LQWR D IHHGEDFN $%$& V\VWHPFKIIRQUHWKH OD
OHDUQLQJ PRGHOV ZHUH XVHG WR IRUHFDVW DPPWQPH FRQF}
DPPRQLD PHDVXUHPHQWY 7KH DGYDQWDJH R ORIWDHRDNQNLQJ
PRGHOV LV WKDW QR DGGLWLRQDO VDPSOLQWZDBEMWRELRORIJL
UHTXLUHG WR EXLOG D SURFHVV PRGHO $GGLWLROBOO\ D IF
FRQWURO DQG HDVLO\ UHSODFH WKH FXUUMDWRBHBRRWH®R ¢ O
GDWD DFTXLVLWLRQ 6&%$'$ V\WVWHP RI D ::73
7R GDWH WKHUH DUH RQO\ D VPDOO QXPEHU RIXOD3 ZRUO
VFDOH GDWD GULYHQ FRQWURO V\VWHPV )RUHFDVWLQJ PRG#
LQIOXHQW TXDOLW\ %DQDGGD HW DO %R[ HW DO (
DO =KX HW DO EXW IHZ PRGHOV H[LVW WKDW DUH
RSHUDWLQJ FRQGLWLRQV IRU PRUH HIILFLHQW WUHDWPHQW
LQ WKH OLWHUDWXUH LV OLPLWHG WR ZDYWUHIUDTX® 6 DWW Q R Y/SKH
XVHG IRU UHDO WLPH FRQWURO &KRL DQG 3DUN =KDQJ |
RXU ZRUN GLUHFWO\ PRGHOV WKH DFWXDO ELRORW\FDO WUHI
FKDQJHV DQG FDQ EH GRQH LQ UHDO WLPH )XUWKHUPRUH P
OLWHUDWXUH DUH WRR ODUJH WR LPSURYH UHDO WLPH FRQW
DO =KX HW DO 6SHFLILF WR DPPRQLD DQG $%$& P
GHYHORSHG D SURSULHWDU\ PRGHO GULYHQ $%$®IMIVWHP Wk
IORZ PDVV WUDQVIHU '2 DQG PDVV ORDGYRO PRGH WH TR ¥
VLWH VSHFLILF PRGHOLQJ DQG FDOLEUDWL R® UN DARD &K DV
IRU IXOO VFDOH LPSOHPHQWDWLRQ WKDW G RHQ|®PW RQHWGDDXF |
GHYHORSHG D SKHQRPHQRORJLFDO PRGHO WROIRUHFDVW
PRGHO DQG KLVWRULFDO IORZ DQG FRQFHQWUDWLRQ PHDVXL
GLXUQDO PRGHO DSSURDFK E\ LQFOXGLQJ PRUH WKDQ WZF
PRGHO RI RSHUDWLRQDO SUHGLFWRU YDULDEOMWNX DQG SD
PDFKLQH OHDUQLQJ PHWKRG WR UHGXFH HUURU WW ORQJHU |
DPPRQLD FRQFHQWUDWLRQV ZLWKLQ WKH ::73 LQFRUSRUDWL
FXUUHQW RSHUDWLRQDO FRQGLWLRQV UD WK WKHKLQ/ VURHSHIG]
DQ LPSURYHPHQW XSRQ SUHYLRXV ZDWHU TXDOLW\ IRUHFDVYV



$QRWKHU XQLTXH IHDWXUH RI WKLV ZRUNQH QWKIHJQLRDIO O°
DSSURDFKHV IRU ZDWHU TXDOLW\ SUHGLFWLRQ KDYH UHTXLU
DO =KX HW DO *LYHQ WKDW PRVW ZDVWHDDWHU IL
DGGLWLRQV WR WKHLU FROOHFWLRQ V\VWHP F@O® RBDWBJUDG
RIWHQ GR QRW DFFXUDWHO\ UHSUHVHQW FXUUHQW FRQGLWL]
VDPSOHG HJ LQWHUPLWWHQW VDPSOLQJ GXUWIQYJ RSWLPL]C
DSSURDFKHYV XVH SLORW VFDOH GDWDWZHKER R &HWYHRRRODGE V¢
DFFRXQW IRU WKH YDULDELOLW\ H[SHULH Q FRHGDDW RQEALWERQ
+ROXEDU HW DO 2XU ZRUN DOVR VKRZV KRZSBODREKIGQH I
WR ZDVWHZDWHU WUHDWPHQW SODQWV XVLQO R/Z V&G HRR BLHIX
WR DGDSW TXLFNO\ WR LQIUDVWUXFWXUH DQG RBHUDWLRQDC
OHDUQLQJ PRGHOLQJ HIIRUWYV KDYH IRFXVHG RQZDWKQ@GLQJ D
PHFKDQLVWLF DSSURDFK HJ WKH $FWLYDWH® BXOXGJH ORG!|
/HH HW DO EXW WKH FRPELQDWLRQ RI RGRRNVQID LOHD WE
VXEVWDQWLDOO\ LPSURYH SUHGLFWLRQ DFFXUDF\

BWDWLVWLFDO PDFKLQH OHDUQLQJ K\EULG PRKEHOV KDYH
G\QDPLFV RI DQ LQGLYLGXDO IXOO VFDOH ::R3HBW WHIK BVKW (
HW DO =KDQJ SUHVHQWHG D K\EULG VWDWLVWLFD«
DYHUDJH RU $5,0$ $11 PRGHO IRU WLPHVHULHY5G3IWIL1DQG V
YDULDWLRQV KDYH DOVR EHHQ SURSRVHG IRU ODUJH VHWV R
DQG %RQDNGDUL /IRWIL HW DO VLPLODUO& SURSRV|
QRW LQFOXGH RSHUDWLRQDO SDUDPHWHUYV LQ WKHLU SUHGL
GHPDQG FKHPLFDO R[\JHQ GHPDQG WRWDO GLVWRIQWYHG VRO
/IRWIL HW DO XWLOL]JHG WKH YDOXHV RILDDMM U QrX IDYCLLGAX)
PRGHO FRQVWUXFWLRQ WR SUHGLFW WKH UHVSRQVH ZKLFK |
LJQRULQJ RSHUDWLRQDO FRQGLWLRQV LQ WKH IRUHADVWLQJ
DQDO\VLYVY DQG PDQXDO RSHUDWLRQDO FKDQJHW L7RK@GDIRDQ GR |
HQYLURQPHQWDO FRQGLWLRQV WR DGMXVW WKH IRUHFDVW L
TXLFNO\ DGDSW WR FKDQJHV WR WKH V\VWHP WRGW.IQDWR W K L\
FRQYHQWLRQDO ::7371V H[LVWLQJ FRQWURO VWUDWHJILHV



7KH FRQWULEXWLRQV Rl WKLV ZRUN DUH WR TXDQWLI\ \
VWUDWHJILHV IRU WKH %RXOGHU :DWHU 5HVRXWIEHGHFRBYHU\
ORFDWHG LQ %RXOGHU &RORUDGR 86% DQG WR GHYHOR
DPPRQLD DW %:55) IRU WKH SXUSRVH RI LPSURYLQJ DFFXUDF
UHGXFLQJ PHFKDQLFDO ZHDU RI DHUDWLR QRQ\ WVWHKPW H 2 LIHYGZ
WHVWHG DQG FRPSDUHG DW WKH %:55) WRIRG HFW HIR HV K LFFR
UHTXLUHV D EDODQFH RI UHOLDEO\ UHPRYL Qi FOLRARPQLIDQWR D
RSHUDWLRQDO YDULDELOLW\ DQG HQHUJ\ XVH BKHRQ@{VFUI
WKH %:55) 6HFWLRQ WKH PHWKRG DQG DSSURDFK IRU T
VXPPDU\ RI VWDWLVWLFDO DQG PDFKLQH OHDUQWQRQ®PHWKRG)
PRGHOV B6HFWLRQ D FRPSDULVRQ RI WKH VWDELOLW\ P|
SHUIRUPDQFH 6HFWLRQ DQG DQ DVVHVVPHQW RI WKH S
BHFWLRQ $GGLWLRQDO JXLGDQFH RQ IXOGWFRYH LPSO
LQFOXGHG LQ WKH $SSHQGL[ %

ODWHULDOV DQG PHWKRGYV
7KH %RXOGHU :DWHU 5HVRXUFH 5HFRYHU\ )DFLOLW\

7KH %:55) LV D PLOOLRQ JDOORQ SHU GD\ 0*'" PXQLFLSE
D )RXU 6WDJH %DUGHQSKR ELRORJLFDO QXWULHQW UHPRYDO
*LYHQ WKH KLJK DOWLWXGH RI WKH IDFLOLWO\ DPPRQDERYH
GLVFKDUJH OLPLWYV PJ/ 1+ DV 1 R\JHQ WUDQWIHY HIILF
KLIJK DHUDWLRQ GHPDQG %XUJHU HW DO '2 FRQWURO L
OD\HU 3," FDVFDGH FRQWURO VWUDWHJ\ WKB®W WGKTULHIWSG\DR
DPPRQLD ORDGLQJ FRQGLWLRQV RQ DYHUDJH KRXUV SHU
DQG FDXVHV KLJK '2 FRQFHQWUDWLRQV LQ GRZQVWWDKDP DQG
QLWURJHQ UHPRYDO L H LOQKLELWY GHQLWULILFDWLRQ &R
%:55)V HQHUJ\ FRQVXPSWLRQ 7KHUH DUH PXOWLSOH DHUDMW
%:55)TV 6&%'$ VIVWHP DOO RI ZKLFK UHO\ RQ IHD®@EBDFN FDVF
$%%& $LUIORZ VHWSRLQW FRQWURO DGMXVW\GYWR SH) B® X E W/
D GHVLUHG YROXPHWULF IORZ RI DLU UHJDUGWKBRL QW R [DIGM)
WKH DLUIORZ VHWSRLQW WR DFKLHYH D '2 FRQFHQWUDWLRQ



FROQOFHQWUDWLRQ VHWSRLQWY WR DFKLHAIXHHQ DPHRQSE D RFHRV
YDULDEOHVY LQFOXGHG LQ WKH FRQWURO ORJIDFRUH ORWDWHGL!

ROQH RI %:55)fV WKUHH DHUDWLRQ EDVLQV )LJXUH SDJH
d

r.() Q’VH4 f) CDO i() Cﬂow -f> Cvalve é P valve Dy P flow yﬂow P DO 200 P NH4 yNH4

JLIXUH &DVFDGH FRQWURO ORJLF IRU $HW$& DWK Ho D559 R QK B

FRQFHQWUDWLRQ VHWSRLRWQ G KMKE LDIFW XDE H FERBWZMH © HD V)
LQSXW WR WKH DPPR&LD BKLFRONGWRO/MHWIWKH '2 FRQFHQWUD
GLIIHUHQFH EHWZHHQ WKH '2 VHWSRLDW LI)BE W MHR 'V RH DY 8!
FROQWWBROMKLFK DGMXVWV WKH DLU IORZ VHWSREQW 7KH VD
FRQW WBROMWEG DLU Y DO % yFRQW K RMWHWPDWHO\ SURYLGH D FF
WR WKH DHUDWLRQ FDVXKEK DY ®LFWXQED QOHZDWHU TXDOLW\
SURFRVAMHAWKLQ WKH EDV LR 7KW FReHD MMUUHHIEF E\EHWZHHQ WKH VH
YDOXHV ZLOO IRUFH WKH 3," FRQWUROOHUV WR PRRSE DQXR X
DOO VHWSRLQWY DUH PHW

7KH '2 FRQFHQWUDWLRQV LQ =RQHV DQG RI WKH DI
PRQLWRUHG XVLQJ (QGUHVV +DXVHU &26 ' RSWLADIOH'2 VHQV|
DHUDWHG JRQHV =RQHV DLU IORZUDWH LV PRORGBLYRWHG D

EORZHU VSHHG DOO RI ZKLFK DUH UHFRUGHGXMVQ WKRQ®&S$'$ V
VHOHFWLYH DPPRQLD VHQVRUV <HOORZ @ HO\QXY LR4ORHEVDF
FKDQQHO QRW VKRZQ LQ )LIJXUH DQG LQ =RQHJH <6, LRQ
ORFDWHG LQ =RQHV DQG $HUDWLRQ EDVLQH QDQBHRWRIOR
WKH SODQW LQIOXHQW DUH DOVR PRQLWRUHGORBDODRWH G/ HEQV
%:55) RSHUDWLRQV VWDII DQG VHQVRU PHDVEBHPMW®RWY DUH
UHVXOWV
'DWD DW %:55) DUH VWRUHG DQG PDQDJHG LQ WE&H.®( 3URI
PLOXWH LQWHUYDOV IURP 3URILF\ LQWR OLBORS/@®RDW IR ERC5 D
IRU DQDO\VLV 2EVHUYDWLRQV WKDW ZHUHM\V\EHP WL H H G 0N W
VHQVRU FDOLEUDWLRQ RU SRIZH RO RWVYD @ BULHP i) HDSXDODA N GVZ LSA
ZHUH H[SRUWHG IURP 3URILF\ XVLQJ D 9LVXDO %DNEZAUH ULSYV



HISRUWHG WR 3URILF\ XVLQJ D VHFRQG 9LVXDO$WDODVIMHFFULS
VHH 6 XSSOHPHQWDU\ ,QIRUPDWLRQ IRU 9LVXDO %DVLF DQG

3ULPDU\ &ODULILHUV
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YLIXUH JORZ ]RQH DQG VHQVRU GLDJUDP RIRRQEDR L @\K D W
%:55) $UURZV LOQGLFDWH WKH GLUHFWLRQ RI IORZ WKURXJK
HQGLQJ LQ =RQH = ZKHUH WKH PDMRULW\ RI IORZ LV UHFL
DUH DHUDWHG DQG =RQHV = = KDYH LQGLYLGXDO '2 VH!
LQGLFDWH QLWUDWH VHQVRUV FLUFOHV LWQIGH ADMWHI'2QVHQVR
LOQGLFDWHY WKH DPPRQLD VHQVRU XVHG LQ $%$& FRQWURO

7TKH FRQWURO VWUDWHILHY DQDO\JHG LQ WKLWQWXRG\ DUF
'2 DHUDWLRQ FRQWURO PHWKRG ZLWK '2 VHWSRLQWYV IRU =RC(
UHVSHFWLYHO\ LV FRQVLGHUHG WKH H[SHULPHQUDMNWALRQ@ERWU
DPPRQLD HI[FHHGV WKH VHWSRLQW WKH '2 VHWSRIEQW LV LQF
PJ / IRU =RQHYV DQG UHVSHFWLYHO\ ,I| WKH PHDVXUHC
WKH VHWSRLQW WKH '2 VHWSRLQW LV LQFUHPHQWDOO\ GHFL
WKH VDPH JRQHV 7KUHH $%$& VWUDWHILHYVY ZHUH WHVWHG L
VHWSRLQWY DW WKH PLGGOH RI WKH DHUDWLRQ EDVLQ =RQ
VHFRQG WLPH GHOD\V EHWZHHQ 3," FRQWUIRDFDHWVYRG W K4t 58



EHWZHHQ FRQWURO DFWLRQV WR DOORZ WIORHH REYUWKH. FA DQ
ORZ RU KLJK VHQVRU PHDVXUHPHQWY FDQ EH FDREXHG E\ QRL
IDVWHU WKDQ WKH VHQVRUV FDQ UHOLBBRWVPHDX\KHW B 3 Q FRQ
ORRS WR UHSHDWHGO\ FKDQJH SURFHVV FRQGLWLRQV ZKLFK
FRPSRXQGV WKH SUREOHP RI VHQVRU LQVWDELOLW\

7TDEOH &RQWURO VWUDWHILHY WHVWHG YD W DBAWHKU FXRIR\S Y
LQ FDVFDGH FRQWURO WKH PDVWHU VHWSRLW WRKIHWPKOH/ \W Ri
3," ORRS

&RQWL 6HWS 3,'W
9DULDI PJ/ GHOD\
&RQWURO '2
7HVW &RQC$PPRQ
7HVW &RQC$PPRQ
7HVW &RQC$PPRQ

6WDELOLW\ DVVHVVPHQW

7KH JRDO RI WKH VWDELOLW\ DVVHVVPHQW LV WR SURYLG
TXDQWLWDWLYH PHWULF WR GHFLGH EHW ZWIHRE WZIRNVER QRVUR C
PHDVXUH WKH VWDELOLW\ RI HDFK RSWUDDWLRG VRWD @ HD PKSRO
O9DULDQFH 769 769 LV WKH WUDFH RI WXBUYDEIONYE W IR Y BIU
SEE444$EEL ODUJIH 769 LV LQGLFDWLYH RI LQFUHDVHG YDULD
WKHUHIRUH O&R§WHITXHIQOWLOWM\ WKH PRVW VWDEOH RSHUDWLAQ.
ORZHVW 769

7R GHPRQVWUDWH LI RQH RSHUDWLQJ FRQGLWLRQ LV PRU
UDWLR RI 769 EHWZHHQ WZR FRQGLWLRQV DUH FRPSDUHG WR
FRQGLWLRQV L H ORQWH &DUOR VLPXODWLRQ RIVM69 PHWUL
FROQGLWLRQ DUH FRPELQHG LQWR D VLQJOH GDW.IMVRAKMLVDQG V
UDQGRP VSOLW LV UHSHDWHG WLPHV )RUGHDIFKHUDQGRP L
FRPSXWHG IRU HD&Kg D BIBW 7KHWYD DPHGLVWULEXWLRQ RI WKH U

EHWZ6580Q BGE8XQGHU WKH QX0OO K\SRWKHVLVY FDQ EH REWDLQI
K\SRWKHVHV FDQ EH WHVWHG



*,8 &:Q r YHUNXKEZ:R r ZKH&J k 658F 658
*,864Q SYHUNXY.R s ZKHAdkk 658 658
7R WHVW WKH QX0O0 K\SRWKHVLV WKH QXPEHU RI REVHUY
ZKRVH FD@FRAQWHIE JUHDWHU WKDQ WKH REVHUYHG 769 PHW
L YDOXH

L Lgs AR 4 P 4y
ZKH44H.V WKH UDWLR RI 769V I[URP WKH UDQGRPO\ VHOHFWHG
FRQWURO WM WKBLHDMWLR RI 769V IURP.GKKHD REQHWYRG@ GRR
YDOXH LV LI LWV DUJXPHQW LV WUXH DQG RWKHUZLVH 7K.
769 UDWLRV IURP WKH UDQGRP UHDVVLIJQPHQWRLWBOW H[FHH
FRPSXWDWLRQ FDQ EH FRQVWUXFWHG IRU WKH GLITHUHQFH L
IROOREZYGLLAS G 658BL 658 DQ® rarsWKHQ WKH WHVW FRQWURO

EH VLIQLILFDQWO\ OHVV YDULDEOH DQG WKHRRQORMUHRBOGRUH VV

$PPRQLD IRUHFDVW

7R WUDLQ DQG WHVW DQ DPPRQLD IRUHFDVWD®H RRHDHO F
WLPH SUHGLFWLRQ XVLQJ SDVW SURFHVYV GDWDVHWG ZHOWHKIHQ
REVHUYDWLRQV DPPRQILISJRHBWWX t¥idBRHIOPAOHV WKH FXUUHQW \

P DQG IRUHFBVVD®ERBLHRQ EBPWUL[ IRU WUDLQLQJ DQG WHV\
*LYHQ WKDW WKH VKRUWHVW GDWDVHW SURVYIHGWG XX} Pb:W5)GZ
RQO\ LQFOXGH GD\V RI RQOLQH SURFHVY GDWD ORGHOV D
LOQWHUYDOV RI GD\ RU REVHUYDWLRQVY DQG DUM WHVWH(
XSGDWLQJ WKH PRGHO IRU HDFK QHZ REVHUYDWLRWQLYKLOH P
7TDEOH JRUHFDVW KRUL]JRQV RI # PLOQXWHY +HOWREVHUY
R PLQXWHYV REVHUYDWLRQ 7LPHVHULHYVY SORWYV RI DOO F
IROORZLQJ DQDO\VLYVY FDQ EH IRXQG LQ $SSHQGL[ % $00O YDU
YDULDQFH XVLQJ WKH WUDLQLQJ GDWDVHW IRU HDFK LWHUD\V



7TDEOH 1XPEHU RI REVHUYDWLRQV XVHG IRU WQUIDLQLQJ DQ
ZLQGRZ VL]HV IURP WR GD\V OLPLWHG WR WKH WRWDO QX
VWUDWHJ\

LQGRZ "D\ ‘D) ‘D) ‘D) ‘D) 'D\V

7UDLQLQ
7HVWLQJ

7R TXDQWLI\ PRGHO ILW DQG IRUHFDVW DFFXDDE UWRRM FR
PHDQ VTXDUHG HUURU 506( UV BHFMDLWYHIH RD WKHR X \ZHH® 05 W K
WKHUDL@RWD $QLGLFDWHYV WKDW WKH PRGHO SUHGLFWV WK
H[DFWO\ ZKLOHQmBQPDWHY WKDW WKH PRGHO GRHV QRW H[SO
WUDLQLQJ GADHVIWHIRBHUPDQFH LV HYDOXDWHG XVLQJ 506( ZKI
DYHUDJH VTXDUHG HUURU EHWZHHQ PRGHO HUW WKH RRGBHIQG V
IRUHFDVWY WKH ORZHU LWV 506( 7KH H[LWWY.IQO\IXMGED M\ A
FXUUHQW DPPRQLD YDOXH D\8RMUKH. VEBURRFDRDA IDVQRE) LR/I QUKRHH IR
PRGHOV WR SHUVLVWHQFH XVLQJ 506(V LV FDOFXODWHG DV

1415 508208408 aaxor 415 50820 00% b

'LXUQDO OLQHDU PRGHO

9DULDWLRQ RI DPPRQLD LQ %15 LV DIIHFWHG E\ HQYLURQF
HQYLURQPHQWDO FRPSRQHQW LV GHWHUPLQHG E\ORVQJHV L
VWURQJ GDLO\ WUHQGV )LJXUH SDJH 7R PRGHO WKLV
PRGHO LV ILW WR IRUHFDVWHG DPPRQL® 7KH &UHGLFIWRWH D
DQG FRVLQBIS@LWVYE ?KZzi@gRld WKH PLQXWH RI WKH GD\ H[SU
IURP WR &

7R PRGHO WKH RSHUDWLRQDO FRPSRQHQW RHIJWKWVLRRR QI
PRGHO LV ILW WR DPPRQLD VXFK WKDW WKH FRPELQHG ILWW

WL GE YOEJ:PZEKD:P;E§4PEV: @ , B-?KO0: @ , Bx-BLJUE

W x>dlsy, E 8 8 8 EW:-Ta,



ZKHUHV WKH QXPEHU RI '%BL;IBIP\HW@(MDQJ:U-D\E\OMDULDEOH ODJJHG

IRUHFDVWB KRN RQKH D P P RRQR B DOBYEDW HPHVWLPDWHG OLQHDU F

FRHIILEFLEQWYV IKR®S

7R HOLPLQDWH QRLVH DQG UHGXFH YDULDELONWNKWKH L
PRVW SHUWLQHQW SURFHVV YDULDEOHV DQGQMKS$DRBWIERXP C
XVLQJ D PRGLILHG PRGHO ILW PHWKRG WKDW VLPXOWDQHRXV
FRHIILFLHQW HVWLP®@IMMWVRKQ WKEH UWHPOIMMHWHO H O W B EH®W WKH R
IURP WKHEI¥ WHVWHG 7KH PRVW SHUWLQHQW SURMHWDYWMDULLI
OLQHDU PRGHO |LWMNAMSWAH\ERRIEYFBROOHG

OXOWLSOH OLQHDU UHJUHVVLRQ PRGHOV KDYH WLVWRULFI
2/6 ZKHUH PRGHO SDUDPHWHUV DUH HVWLPDWHWG VXK WKD)
PLQLPL]JHG 7KH ELDV RI WKLV DSSURDFK LV ORZ UDX\@ LLQM LV
GDWDVHW DQG FDQ KDYH KLJK YDULDQFH $ VPDO G KIX@QIHIH L
2/6 SDUDPHWHU HVWLPDWHVY -DPHV HW DO V H OTHKEKW H 6 QV IR C
UHGXFH SUHGLFWLRQ YDULDELOLW\ DQG LPSURYH PRGHO LQ\

IDVVR /HDVW $EVROXWH 6KULQNDJH DQG 6HOHFWLRQ 2SH
PHWKRG WKDW FDQ GHFUHDVH PRGHO FRPSOH[LW\ ZKLOH PDL
7LEVKLUDQL ,Q ODVVR WKH VXP RI VIXDUHN RRWWKH UH
IXQFWLRQ WKDW DGGLWLRQDOO\ SHQDOWHHVVWKHQNLEJIRI PRC

LQVLJQLILFDQW SUHGLFWRUVY FRHIILFLHQWY WRLM.WR WKH p
FRHIILFLHQWV WR JHUR LV FRQWUROOHG E\ :KHQ ODVYV
FRHIILEFLHQWYV DV 2/6 7KH ODUJHU LV WKWK HZHRGEOH @K E RK
GHFUHDVHY YDULDQFH LQ WKH SUHGLFWHRQD UiR AHOWRZD WE \ER
ELDVHG DQG LQFRQVLVWHQW $ VROXWLRQ SURSWRHG E\ =RX
RYHUFRPH WKH OLPLWDW LR Q G0 SMULLY @ KS/DRIRWESONV O © N VR VADRO O
IXQFWLRQ LV LQFOXGHG LQ WKH REMHFWLYH |IWQSIWLIRRH W IK U F
VHOHFWLRQ DQG HVWLPDWHV

- N X6 X >3 - 6 ~ X6 X >3 oz
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ZKH&8HY D UHJXODUL]DWS, PW 5 FRBIPHWHHQW QY @HFLILF ZHLIJKW!
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J)LIXUH D 7LPHVHULHVY SORW RI =RQH DPPRQLD DW %:55)

DQG E ER[SORW Rl WKH VDPH LQIOXHQW DPPRQLD ELQQHG E
LQGLFDWHG E\ UHG WULDQJOHV 7KH GLXUQDO WUHQG LOOXYV
H[SODLQ DOO YDULDWLRQ LQ DPPRQLD

%RWK WKH GLXUQDO PRGHO DQG GLXUQDO OULQI+PI-PRGHC
SDFNDJH, QRWLDOO\ IROG FURVYVY YDOLGDWLRQ XWIXYHG WR
ULGJH UHJUHVVLRQ WR REWDKIQV DRH WERWLDIOUH QWY PMDKVMH GRUQ F
SDUDPHWHUV WRZDUGVY JHUR EXW QRW H[DFWRQ]JHUR 7KHQ
SDUDPHWHU LV VHOHFWHG VXFK WKDWLWRHHRREGHO HKIH SIDKIHD |
HVWLPDWHYV IURBP DAUKL X WHRGMW®R FDOFXODWH WKH ZHLJKWV RI

WHUP VRZH MHWKLY DOORZV GLIIHUHQW SUHGLFWRUV WR E|

WKHLU LQLWLDO HVWLPDWHY DQG GWR HNUFRRHMHRBL HDQAMWAH W KT
DGDSWLYH ODVVR PRGHO LV VHOHFWHG ZLWKV YV ZY.DUWKLEGD WANL\W [
HUURU



7KH DGYDQWDJHV RI XVLQJ DGDSWLYH ODVVE®HWH WZR IR
VHOHEFWLRQ 7KH JRDO RI WKH PRGHO LV WR IRUGWDWOWDRQBP R
RSHUDWLQJ FRQGLWLRQV WKDW PD\ QRW KDYH EHHQ LQFOXG
LQ PRGHO SUHGLFWLRQV SUHYHQWY RYHUILWWD®J WKH PRGF
DSSHDOLQJ WUDLW RI DGDSWLYH ODVVR WKDWDQGLYHWRIHQJL
WKH PRVW LPSRUWDQW RSHUDWLQJ SURFHVYV YDWVDEQOHRW ZLV
QRLV\ SUHGLFWRU YDULDEOHYV $Q LQYHVWLJDWLARREG RDVDR/H Y
D IXQFWLRQ RI WUDLQLQJ ZLQGRZ DQG IRUHFDVW KRUL]JRQ SU
WUDGLWLRQDO PDFKLQH OHDUQLQJ WHFKQLTXHV OLNH $11 ¢

1IHXUDO QHWZRUNV
,Q WKH HYHQW WKDW DQ LQWHUSUHWD P®R QQ DQZAH.DWK SAVRHF |
GHVLUHG DFFXUDF\ PDFKLQH OHDUQLQJ WMPKWH TRW WD ®GL\EH
&RQYHQWLRQDO PHFKDQLVWLF PRGHOV XVH FRPSOH[ IRUPXO
PDWKHPDWLFDOO\ VLPSOH ZD\V )RU H[DPSOHF R B XDV INH. Q W W
FDQ EH VXPPHG IRU D ::73 ZLGH PDVV EDODQFH QARFKLQH OHLI
XVH WKH FRQYHUVH DSSURDFK VLPSOH PDVWRKIRMHWLFDO H[SU
QRQOLQHDU IXQFWLRQV 7KH GHWULPHQW DQG DGYDQWDJH R
WR SUHGLFW D SURFHVV RXWSXW EXW FRUUHVSRQGLQJO\ Q
PHFKDQLVPV GHILQLQJ WKH LQSXW RXWSXW UHODWLRQVKLS

7KH PRVW FRPPRQ $11 FRQILJXUDWLRQ LV D IHHGIRUZDUG
UHSUHVHQWDWLYH RI WKH SURFHVYV YDULDE® DY BXWVEXW HO Bk
FRQWDLQLQJ WKH UHVSRQVH YDULDEOH 7KH KLGGHQ OD\HU |
VXP RI ZHLJKWHG YDOXHV IURP WKH LQSXW OD\HU LV XVHG E
DQ RXWSXW HLJKWV IRU HDFK LQSXW YDULDEOH QRGH FRQGQC
EDFNSURSDJDWLRQ DOJRULWKPV WR PLQLPAWHDWKHWHUH R B VEX
RXWSXW 7KH IHHGIRUZDUG $11 LV RQH GLUHFWKRQ®DIFBD @®RE Q
PRGHO :PHPRU\" PHDQV WKDW WKH IHHGIRUZD UigU1IOWQ HRIOMH F
7R FRQVLGHU WHPSRUDOO\ RUGHUHG REVHUYDWLRQV UHFXU



KRZHYHU ZKLOH 511 ZHUH LQLWLDOO\ H[SORUH®@RRU WKLV Z|
DPHQDEOH WR UHDO WLPH SUHGLFWLRQ VR 511V ZHUH H[FOX

7ZR $11 PRGHOV DUH FRQVWUXFWHG WR IRUHFDVW DPPRQ
YDULDEOHV DV LQSXWV UHIHUUHG WR DV WKH *$EIOPRGHO |
DQG WKH GLXUQDO OLQHDU IRUHFDVW DV LQBBW® BMWIHUUHG
SK\EULG PRGHO " 7KH $11 WUDLQLQJ DQG IRUHFDVWV DUH SH
7HQVRU)ORZ SDFNDJH LQ 5 7KH ILUVW KLGGHQ OD\HU LQFOX
LQSXWV IRU WKH $11 DQG GLXUQDO OLQHDU $11 RONGHFWLY

RU QHXURQV WKH QXPEHU RI LQSXWV XVLQJ D OLQHDU I
506SURS JUDGLHQW GHVFHQW RSWLPL]DWLRQ DOJRULWKP 5X
REMHFWLYH ORVV IXQFWLRQ IRU EDFNSUR S DIEBVIRF K7IKWH R U
FRPSDUHG WR WKH GLXUQDO OLQHDU PRGHM®R YWRP B & W H.QP X § H
QRQOLQHDU PDFKLQH OHDUQLQJ LQ IRUHFDVWLHMVLEAH HX R|
VWDWLVWLFDO PRGHO 7KH K\EULG GLXUQR G RQQHBHURMREGLHD
RUGHU WR PD[LPL]H SUHGLFWLRQ DFFXUDF\ +RZIFRMHU PRVW
OLWHUDWXUH FRPSDUHV $11 PRGHO SUHGLF\@LRRPEWRLQLQHEL
WKHP RU LQ WKH FDVH RI =KX HW DO D S S GLKINVUWKKIDSL 1
VHULHV $GGLWLRQDO ZRUN LQ WKH OLWGIH DWPUIP IFRP P RGHD
KDYH QRW \HW SHUIRUPHG EHWWHU WKDQ D PDFII®QH OHDUQ|

SHVXOWY DQG GLVFXVVLRQ
6WDELOLW\ DVVHVVPHQW

7KH LQLWLDO LPSOHPHQWDWLRQ RI $%%$& DW %D3%) 7HVW
V. H[SHULHQFHG D ZLGH UDQJH DQG KLJK IUHTXHXR\HRI DPPR(
RQ SDJH $ IROORZ XS ZLWK %:55) RSHUDWLRQV VWDII UHY'
GHYHORSHG D WKLFN ELRILOP EHWZHHQ DQ LQLWLDO FOHDQL
FOHDQLQJ DQG FDOLEUDWLRQ RQ $SULO TKHMVEIHRJIKRAP JURZ
DPPRQLD LRQV DZD\ IURP WKH VHQVRU DW ORZ FRQFHQWUDW
YDOXHVY GR QRW DSSURDFK JHUR LQ $%$& PJ / DWWKMN XQO
VHQVRU ZDV VHUYLFHG DQG WKH DPPRQLD VHWSRWQMWMNVHGFUH



VXEVWDQWLDOO\ PRUH SURFHVV VWDELOLWHDWHRQIWRPM 3,V X¢

V. WKH WHQGHQF\ IRU WKH VA\VWHP WR *RYHUUHDFAW  ZDV I
YDULDEOH RSHUDWLQJ FRQGLWLRQ &RUUHVSRQGLQJO\ WKH
DOO RWKHU WHVW FRQGLWLRQV DQG VHUYRY® DQ ® G R@WURDW
LOOXVWUDWHG LQ )LIXUH RQ SDJH 769 LV IRK® WR GH
PRUH WXQHG DQG VWDEOH

7R GHWHUPLQH LI WKH 769 IRU WKH PRVW TRDODWMDWLYHO
V LV VLIQLILFDQWO\ OHVV WKDQ WKHURWYHWH ER GWLMRLA) M & U\
GLIIHUHQFH LQ 7691V (TXDWLRQ DQG WKH UDWLR RI 7697V
SDJH D ORQWH &DUOR VLPXODWLRQ DSSUR[LPDWHG WKH G
XQGHU WKH QX000 K\SRWKHVL\S YDQGHIZRN WKQ ¥ XITRBX DG W(ITRC
KLVWRJUDPV DUH DSSUR[LPDWHO\ QRUPDOO\ GLVWULEXWHG
YDOXHV DUH FRQVLGHUHG VWDEOH PHWULFY WX D ®RE \FHDWHH/G!
GLIIHUHQFH DQG UDWLR RI 769 YDOXHV DUH VWUDIWIHID Q TAKGH\ \
LQFUHDVHG 769 IRU $%$& PJ/DW V LV H[SHF®XW. QGXH WI
WKDW WLPH

7KH PHWKRG XWLOL]J]HG KHUH FDOFXODWLQJ 769 Rl WZR F
&DUOR VLPXODWLRQ WR GHWHUPLQH LI WK H GRLWHR® ERD W R
%15 DQG FRXOG EH DSSOLHG WR D YDULHW\ Rl ::73 XQLW SUR
VROLGYV VHWWOLQJ SURFHVVHV 7KH GHYHORSHHI@W PRI QPHF K |
ZLOO DOORZ XWLOLWLHV WR V\VWHFPDWLRROWD VDISIS U RADKEIKQV U\
YLVXDO LQWHUSUHWDWLRQ RI WLPHVHULHYV DRRSO VR Y\ D\HWYHIRU
RSHUDWLRQV DW %:55) LQ GHFLGLQJ ZKLFK $%$& VWWDWHJ\ V
$GGLWLRQDOO\ 769 FRXOG EH XVHG DV D PRWLWWRHLWR WRRO
VHQVRU LQVWDELOLW\ DV VKRZQ LQ 7HVW FRQGLWLRQ

$PPRQLD IRUHFDVW

7R IXUWKHU LPSURYH WKH SHUIRUPDQFH RI $%$& WIRMKHDV WL
PRGHO IRUHFDVW FRXOG EH XVHG DV WKH LQSXW5)RU WKH IH|
7KH GLXUQDO OLQHDU PRGHO DQG $11 PRGHOV ZKUHKILW WH



PRGHOLQJ DSSURDFK ZRXOG SURYLGH WKH JUHDWHVW SHUIR
SUHGLFWLQJ IXWXUH DPPRQLD FRQFHQWUDWLRQV

DO ABAC 3.5, 90s
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JLIXUH 7LPHVHULHYV SORW RI =RQH DPPRQHLN MW VW\KHHG% : 5
:KLOH '2 DQG ERWK $%$& PJ/ FRQGLWLRQV ZHUH DEOH WR
W R PJ/ WKH $%$& PJ / WHVW FRQGLWLRQ WVIHUHWKHBQF H C

PJ/ DQG ZzDV XQDEOH WR UHGXFH YDULDELOSW$&7KH YDUL
PJ / WHVW FRQGLWLRQ VXJJHVWYV D IDXOW\ VHQVRU RW DEQR
V DSSHDUV WR FRQWURO DPPRQLD ZLWK PRUH FRQVLVWHQ
$%$& DW V UHGXFHG YDULDWLRQ WKH PRVVWGNWMEHP ZLC

'LXUQDO OLQHDU PRGHO
7KH GLXUQDO FRPSRQHQW RI ::73 LQIOXHQW IORZV DQG O
YLIXUH EXW LV UDUHO\ DFFRXQWHG IRU LQ GDLO\ RSHUD\
YDULDWLRQ DQ LQLWLDO PRGHO ILW XVHG DKVGQGOMRWLQH FI
FDSWXUH DOO F\FOLF SDWWHUQV YLVLEOMH DQUW KH UNW PRI WHQL
HYDOXDWHG PRGHO ILW XVLQJ EHWZHHQ DQG VLQH FRVL(
FRQFHQWUDWLRQ )LJXUH SDJH SORWV PRGHO ILW DV [



SDLUV XS WR  SDLUV 7KH EHVW GLXUQDO PRGHO ZDV HIIHF)
PRGHO 7KH UHOPIN@XH QR OARKZH5$% $ & PJ/DW V FRQWURDO
FRQGLWLRQ LV OLNHO\ GXH WR WKH DEQRUPDO SURFHVV Y
LQ WKH PLQLPXP DQG PD[LPXP DPPRQLD YDOXHXUGLVFXVVHG
7KH GLXUQDO PRGHO LV LQGHSHQGHQW RI WKH IRUHFDVW KR
VL]H
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J)LIXUH 2EVHUYHG 769 IRU HDFK FRQWURO FRQIHJIJXUDWLRQ
RSHUDWLQJ FRQGLWLRQ DSSHDUV WR EH $%%$& DW PJ / DPF
XSGDWH IUHTXHQF\ 7KH PRVW YDULDEOH DQR BH WS &/ D/\UE O

PJ / DPPRQLD VHWSRLQW DQG VHFRQG 3," XSGDWH IUHTX
WLPHVHULHY SORWYV IRXQG LQ $SSHQGL[ % DQG )LIXUH E\

7R DFFXUDWHO\ IRUHFDVW DPPRQLD WKH HQYLURQPHQWD
GHVFULEHG E\ GLXUQDO HIIHFWV DUH PRGHOWX¥LPXOWLSOH
DGDSWLYH ODVVR ZLWK WKH WLPH GHSHQGH@MWGLMNURKRDB WH

,Q )LIXUH SDJH WKH PXOWLSOH OLQHDU UHJUHVVL
HDFK WUDLQLQJ ZLQGRZ + GD\V DQG LOOXVWUDWHY PXOWI
IXQFWLRQ RI IRUHFDVW KRUL]JRQ VL]H RI WKH WUDLQLQJ ZLQ
KRUL]JRQ LQFUHDVHY YDULDWLRQ XQDFFRXQWHG IRU E\ WKH
GHWHULRUDWHY 7KXV WKH GLXUQDO OLQHKDRUBRGHO KIHIKIR
5 6KRUWHU WUDLQLQJ ZLQGRZV PD\ DOVR WRDPR PRRESIHWD WL



WUDLQLQJ ZLQGRZV EHFDXVH WKH PRGHO HQFRPSDVVHV D VF
RSHUDWLQJ FRQGLWLRQV $ VKRUWHU WUDLQLQJ ZLQGRZ PD\
FRQGLWLRQV DV RSSRVHG WR ZHHNGD\V ZKLFK WHQG WR H[K
WLPH IORZ DQG ORDG +RZHYHU VKRUWHU WUDMWHWWQ WEKDWGF
PD\ EH XQVWDEOH DQG H[KLELW SRRU IRUHFDVWVNDLPBXWUDW\ LC
PD\ EH XQUHSUHVHQWDWLYH WKLV LV H[DPLQHG QH[W

DO vs 3.5 mg/1-90 s DO vs 4.0 mg/L - 90 s
Difference of TSV Ratio of TSV Difference of TSV Ratio of TSV
Observed =-13214 Observed = 0.88 Observed = 32967 Observed = 1.49
p = 1.000 p =1.000 p=0.000 p =0.000
§ -9 = § - [ ] o - [ ]
-10000 0 10000 0.90 1.00 1.10 0 20000 1.0 1.2 1.4
DO vs 4.0 mg/L - 300 s 4.0 mg/L - 90 s vs 4.0 mg/L - 300 s
Difference of TSV Ratio of TSV Difference of TSV Ratio of TSV
Observed = 52169 Observed = 2.08 Observed = 19201 Observed = 1.4
p =0.000 p=10.000 p =10.000 - p =0.000
§ - [ ] o — [ ] % - (] o - o
-10000 20000 50000 1.0 14 18 -5000 5000 15000 0.9 1.1 1.3
JLIXUH +LVWRJUDPV RI WKH 769 GLITHUHQFH RU UDWLR IRL
VWUDWHILHY 5HG GRWV LQGLFDWH WKH REVHUWVRIQG YROW® GLIIFE
HIDPSOH 3'2 YV PJ / V'  LOOXVWUDWHVOAWMKK BQGHUHQF

WKH UDWLR RI 7609 7691 769LV VLIQLILFDQWO\ ODWKHKHQ WKBQ
GLITHUHQFH ZRXOG EH SRVLWLYH DQG WXBOXMHWVLRUHARKDGFEKH
E\ WKH SHUFHQWDJH RI GLIITIHUHQFHG RU UDWLR RI 789 YDOXFt
WKH REVHUYHG GLITBUHQFMWMWKRQ WIKWLKVM IHUHQFH LV VDLG W



$Q DQDO\VLV Rl PRGHO IRUHFDVW HUURUV RQ WKH ZLWKK]
GDWD QRW XVHG LQ ILWWLQJ WKH PRGHO L WM OIH DEHPLRIIV WL
KLJK WUDGRHYJQRW DOZD\V FRUUHODWH WR D ORZ WHVWLQJ
DYHUDJH WDRGQWBRYWLQJ 506( IRU WKH '2 DQG $%$& V FF
IXQFWLRQ RI IRUHFDVW KRUL]JRQ 6LPLODU WR )LIXWKH WK
5 DYHUDJHG DFURVYV DOO WHVWLQJ GD\V +RZWYBUD WR®WUFR
ORRS LV PHDVXUHG E\ 506( 506( DOVR DSSHDUV WRKEH D IXQ
GLUHFWLRQ RI WKH UHODWLRQVKLS LV HQWL UG\ \GKHFRSUIHQIEWH Q
WUDLQLQJ ZLQGRZV SHUIRUPHG EHVW DFURYVV HJ® OEDRW H\FOH/ W
FRQYHUVH LV WUXH IRU WKH $%$& VWUDW D] DH') HORPBRGHG \
SHUIRUPV EHWWHU WKDQ SHUVLVWHQFH IRU IRSJHHFDNGMWK W ¥ H]
GLXUQDO OLQHDU PRGHO WKH YDULDELOLW)\ RI @/ H FRIFWI R
ZKHWKHU D ORQJ RU VKRUW ZLQGRZ RIDMIRFRHHLYK@N PV YR W\ E
DV D VHOHFWLRQ FULWHULD IRU VXFK D IRUH¥WY WYL GUBRGHT
-DPHV HW DO VKRXOG EH XVHG WR LGHQWLI\ WKH EHVW

7R GHPRQVWUDWH WKH SRWHQWLDO LPSDFW RI U QSSOHPH
OLHX Rl WKH FXUUHQW DPPRQLD VHQVR WH @ D/OKHI SW K WLSMUHQH
IRUHFDVW DQG WKH PRGHO IRUHFDVW LV FDOFXODWHG (TXD
IRUHFDVW KRUL]JRQV DUH VKRZQ LQ 7DEOH SDJH IRU EU
IRXQG LQ $SSHQGL[ % $ IRUHFDVW KRUL]JRQ VKRXOG EH VHO}
DQG LPSOHPHQW D VLQJOH FDVFDGH FRQW UR OWH@W RRQ 7KH
WLPH +57 ZKLFK LV WKH WUDYHO WLPH EHARIHMDW X b HLRQHIX
IRU WKH PDVWHU 3," FRQWURO ORRS 'HSHQGLQJ B®ZVKH UH"
FDQ WKHQ EH VHOHFWHG ZLWK WKH ODUJHMWWURHUEH QWS (LR S H
SHUVLVWHQFH $W %:55) WKH DYHUDJH +57 EHQW DQIBQWKKH E
DPPRQLD VHQVRU ORFDWLRQ LV PLQXWHV $Q DGRQMDLRQDC
LRQ VHOHFWLYH HOHFWURGHYV DQG '2 VHQV PWLQ XWRHVW.IVELOL]
QHHGHG $FURVV DOO FRQWURO VWUDWHJLHYHDLWY WRHIG E RV D\
LPSURYHG RYHU SHUVLVWHQFH EHWZHHQ DQG ,Q JHQHLI
EHVW ZKHQ WUDLQHG RQ VKRUW ZLQGRZV RI WLPH &RQYHUV
PLQXWHVY GHSHQGLQJ RQ WKH FRQWURO VWUDWMJIRUWWTEKXLU F



$%$& PJ / DW V. WKH $%%& FRQILJIXUDWLRQ VHOHFWHG E
GD\ WUDLQLQJ ZLQGRZ FDQ LPSURYH WKH PLRRWOBGIORUHFD
WKLY PHDQV WKDW WKH 3," ORRS ZLOO EH W URLQWUIRCG VRR
VWUDWHJ\ )RU $%$& WKLV DGGLWLRQINV WHKHDADRKDQ W RVICALHD
IORZ HYHQW LQ ZKLFK WKH LQIOXHQW IORZ LQFUHDVHV IURP
* PLOQXWHYV 7KH SUHHPSWLYH UHVSRQVH ZLWK DOIRUHFDYV
DSSURSULDWHO\ LQFUHDVH DLU IORZ WR SUHWBRMOM[FHHGLQ
$GGLWLRQDOO\ WKH PLOQXWH IRUHFDVW ZLOODNWHMHQOMU D U
ZDQHV +RZHYHU WKH FXUUHQW FRQWURO VWUMMRQ\ XVHV P
VHWSRLOQWY WR HQVXUH WUHDWPHQW X RGRYHLOW UHHRIMVGR MQ W
H[FHVVLYH HQHUJ\ XVH *LYHQ WKH NQRZOHGFRSMBOMNW ONRKH V'
FRQGLWLRQV PRUH SUHFLVH SURFHVV FRQWBBOSARWKH GRIUHF
%:55) RSHUDWLRQV VWDII WKH IOH[LELOLW\ RWRF B  WHIWD W IKRIQP
VHWSRLQWY UHGXFH RYHU WUHDWPHQW DQG XOWLPDWHO\ \
JXUWKHU LQYHVWLIJDWLRQ LQWR WKH VWUXBWXKYH & D WK
SURYLGHV LQVLIJKW DV WR ZKLFK SURFHVYVY YDULDEOHY DUH P
DPPRQLD LQ WKH '2 DQG $%%$& VI\VWHPV 7KH DE\DRIHXWH YDO X
DYHUDJHG DFURVYVY HDFK WUDLQLQJ ZLQGRZ VLPKDKWG IRUHFD
SDJH O9DULDEOH VHOHFWLRQ IRU HDFK PRGHQQGERXOVR IR
VLIH DQG IRUHFDVW KRUL]JRQ )RU PRVW PRGHOV WKH FXUUH
DPPRQLD DQG =RQH '2 DUH WKH PRVW LPSRUWDRQWLBURFHYV'
, QWHUHVWLQJO\ QRQ DPPRQLD SURFHVV YDULKROUHYREHFRPH
LQFUHDVHY ZKLOH WKH LPSRUWDQFH RI WKHIDAXUW HEWVDIPP R (
VXJIHVW WKDW WKH IXWXUH YDOXH RI DPPRQLD WHRBRUH GHS
DFWLYDWHG VOXGJH L H =RQHKLY UHIQHR UHHWYURXMH SIPHP L\
FXUUHQW PHDVXUHG YDOXH RI DPPRQLD LV QRWXWNHDRIBVW U
LOOXVWUDWHY WKH SRWHQWLDO IRU D IRUHFDWW LHJ 1 WRIGIO
FRQWURO VWUDWHJ\ +HUH WKH XVH RI DGDSWRLN R RYYIDVMRI HR
EDVHG VHOHFWLRQ LV IRXQG WR EH FULWLFD®$RBRGBEPRPYOH
RQO\ LOQFOXGH LQIOXHQW DPPRQLD WR FDOFXODWH DLU GHPL
EOHHG WKURXJK LQWR DQR[LF ]JRQHV WKHUHE\ SUHYHQWLQJ



1IHXUDO QHWZRUNYV

7KH XVH Rl $11 WR IRUHFDVW DPPRQLD LV LQWHX®GHG WR
DQG RSHUDWLRQDO SURFHVV UHODWLRQVHKLGSYXWQDW PLQE R\
PRGHO $ FRPSDULVRQ RI WKH GLXUQDO GLXUQDO OLQHDU §
IRUHFDVWYV IRU WKH $%$& PJ/ DW V FRQWURO VWUDWH.
7KH UHVXOWYV GHPRQVWUDWH WKDW WKH $11 RHDWILWY WR W
IRUHFDVW DPPRQLD LQ WKH WHVWLQJ GDW DS HW LSAWRGXFH. Q7|
ODFN Rl YDULDEOH VHOHFWLRQ LQ $11 FRXOG FRQWWUEXWH \
WR QRLVH SUHVHQW LQ WKH WUDLQLQJ GDWDVHRP RQIGDPLVVL
FRQFHQWUDWLRQ $ PRUH FRPSOH[ $11 PRGHO KRZENHWEOH W
WKH FRPSXWDWLRQ WLPH UHTXLUHG PD\ PDNH WKLV WISGURDT
%:55) FRQWURO IUDPHZRUN )XUWKHUPRUH VXFK ®EODFN ERJ[
SURFHVV HQJLQHHUV EHEDXVH WKH LPSRUWDQWLGUH&HUV RI

1RQOLQHDULWLHY LQ WKH VIVWHP WKDW DUH X@®DFFRXQW
PDQLIHVW WKHPVHOYHV DV WKH IRUHFDVW KROLRDUHMM OD
PRGHO SHUIRUPV EHVW %\ LQFRUSRUDWLQJ WKH GALKW QDO O
WHVWLQJ DEFXUDF\ LPSURYHV RYHU WKH GLXUQD®LQLQHDU P
+RZHYHU WKH QRQOLQHDU FRPSRQHQW FDSWXUHIGPHE\ WKH $1
IRUHFDVW 7KH KLJK IUHTXHQF\ YDULDWLRQ LQ WKH IRUHFDV
PHWULFV VXFK DV 506( DUH QRW XVHG )LJXUH DGCED\JH
PRGHOHG E\ WKH GLXUQDO FRP SRQWQWRZ B XGWH QURL R YIH K LL
ORGHO SHUIRUPDQFH LV DOVR DIIHFWHG E\ HUDRW LQ WKH WL
LPSOHPHQWDWLRQ LV XQDYRLGDEOH 7KXV D PRGHO VKRXOG
GHWHUPLQH KRZ ZHOO WKH PRGHO UHVSRQGV WR RHPORU HU
FRQGLWLRQV %\ DGMXVWLQJ WKH QXPEHU RI VRQHFIRMLQH S
SHUIRUPDQFH JHQHUDOO\ LPSURYHV 7KH IXOMHYRBOH WXQHC
LWHUDWLYHO\ DGMXVWLQJ WKH QXPEHU RI GLXUQDO SDLUV
IUHTXHQF\ DQG FRPSRMWR5MKHEMHUDOO WKH XVH RI HLWK
OLQHDU PRGHO RU WKH GLXUQDO OLQHDU $1WPR\GHQ MXV/DSH |
IRUHFDVW KRUL]JRQV WKH EHVW SHUIRUPLQJ FRPELQDWLRQ F
VPDOOHVW 506( IRU WKH $%$& PJ/ DW V FRQWURO VWU
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JLIXUH "'LXUQDO PRGHO ILW DV IXQFWLRQ RI GHJUHH IRU H
WRS GD\V PLGGOH DQG GD\V ERWWRP RI WVRUWDODQLQJ G

WKGHJUHH GLXUQDO PRGHO ZKLFK LV HIIHFWLYHO\ RFKLHYH!
WKH GD\ PRGHO FRPSDUHG WR WKH GD\ LV D FRQVHTXHQF
YDULDWLRQ
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Number of training days
—— lday —— 2day —— 3day —— 4day —— 5Sday 6 day
—— Ammonia

J)LIXUH )LW RI GLXUQDO OLQHDU PRGHO DV D IKQFWLRQ RI
‘XH WR WKH GLITHUHQFH LQ IORZ DQG DPPRQLD OR®WGLQJ SDW
WKH PRGHO ILW GHFOLQHYVY RYHU WKH ZHHNHQG 6KRBWHU WL
YDOXHVY GHPRQVWUDWLQJ WKH ODUJH GDLO\ YDULDWLRQ LQ
HISHULHQFHG DW ::73



J)LIXUH 7UDCRLWIDBQG WHVWLQJ 506( ULJKW IRU WKH PRG

$%$ & PJ / V FRQWURO FRQILIXUDWLRQV 7KH EODFN GD\

SHUVLMRUIQPFBHVW ZKLFK FRUUHVSRQGV WR WKH DPPRQLD VHC(
IRUHFDVW



7TDEOH $YHUDJH SHUFHQW LPSURYHPHQW |REA MAUD IFRIQN U R
ZLQGRZ OHQJWK DQG IRUHFDVW KRUL]JRQ IRU WKH @BLWHKEGDO C
PRGHO IRUHFDVW ZDV PRUH DFFXUDWH WXHD\Q DAWUKH WSKIH & IHVWH
SHUIRUPLQJ WUDLQLQJ ZLQGRZ IRU D JLYHQ IRUHFDVW KRUL]

&RQWURO &RQ 7UDLQLQJ : OLC OLC OLC OLQ

$%$ & PJ I

$%$ & PJ I

$%$ & PJ /

o| o| o| 0| 0| o| 0| o| o| o| 0| o| o| 0| o| o| o| o| o| o| o| O| o| ©




YJLIXUH 9DULDEOH VLJQLILFDQFH IRU HDFKHGRHXDQ IDE\VRQXIUH PROXNBD RV \WRB X
D SDUWLFXODU WUDLQLQJ ZLQGRZ IRUHFDVW KRUL]JRQ DQG FRQWURO FRQILJXUL
ZLQGRZ VL]H DUH SORWWHG 7KH GLXUQDO W HUPW DWQH LRRAVOQGHBREN IV K P R Q@ WK
3I'LXUQDO " LQ WKH ILIJXUH 7KH VWURQJ SUHVHQFH RR SRUXW QO PHWH ULRF R Q TRAUD W R
YDOXHV DV ZHOO DV WLPH GHSHQGHQW FRPSRQHQWYV ZKHQ PRGHOLQJ ::73



J)LIXUH $ FRPSDULVRQGOHIWKIPD WU WHMWLQY 506( ULIJKW R
PJ / DW V GHOD\ FRQWURO VWUDWHIJ\ IRU GLXUIOO GLXUC
PRGHOV )RU WKLV FRQWURO FRQILIJIXUDWLRQ WKH GLXUQDO
SHUIRUPHG WKH EHVW IRU IRUHFDVWLQJ DPPRQLD XS WKURX.
$11 PRGHO PDNHV VRPH LPSURYHPHQW LQ IRUHFDVWLQJ ZLW|
IRU ODUJH IRUHFDVW KRUL]JRQV



JLIXUH5HDO WLPH DPPRQLD IRUHFDVW LQ WKH %:55) 6&$'$ V\\
7KH EODFN OLQH LV WKH WUXH FRQFHQWUDWLRQ RI DPPRQLD
32EVHUYHG" 7KH FRORUHG OLQHV UHSUHVHQVE OWH FIRUH H V
LV WKH DPPRQLD VHQVRU PHDVXUHPHQW X\HHUW LR W HFRBH H QK
UHG OLQH LV WKH GLXUQDO OLQHDU $11 DPP RBQ@MDD | R UHRDAMWH
REVHUYDWLRQ IUHTXHQF\ DQG GLXUQDO SDLUV 3:QRGHO |,
LQ WKH GLXUQDO OLQHDU $11 IRUHFDV@WLRLSEDWMWGE FE @GE MM
WKH EDVLQ WKDQ WKH PHDVXUH Gr¥ROX64nB\ L DR BRIQ UDE HHOR Z 5 (

PJ/ FRXOG SRWHQWLDOO\ EH DYRLGHG E\ PRYLQRQNKH DPI
EDVLQ ZKHUH WKH DPPRQLD FRQFHQWUDWLRQV DUH KLJKHU
ZLWKLQ WKH FDOLEUDWHG UDQJH ! PJ/

&RQFOXVLRQ

7KH DELOLW\ WR IRUHFDVW SHDN IORZ DQG DPPRQLD HYHC
SURDFWLYH DHUDWLRQ UHVSRQVH 7KH FXUUMO@W VKRBWLYHY
SHDN DHUDWLRQ HYHQWYV SHU GD\ ZKLFK LV PHF KIVQWRBIO O\ |
XVH RI DX[LOLDU\ EORZHUV &RQVHTXHQWO\ WHKH FIROW RQ \
WKLV ZRUN '2 DQG $%$& DHUDWLRQ FRQWURO EWQDWAHJILHV |
XVLQJ D 769 PHWULF WR DVVLVW LQ RSHUDWRU DQG HQJLQH
DHUDWLRQ FRQWURO WKH DFFXUDF\ RI D IRUHBDWR HG $%$&
LPSURYH XSRQ WKH FXUUHQW SHUVLVWHQFH WRUBELRDYWQXVHG
PRGHOLQJ DSSURDFKHV ZHUH FRPSDUHG VWDWLURWQEDO OHD
WKDW WKH GLXUQDO OLQHDU ZDV DEOH WR/PRGBUEFBXUDWHC



'KHQ WKH GLXUQDO OLQHDU PRGHO ZDV FRPELMHGPAUWRK i$61
IRU ODUJHU IRUHFDVW KRUL]JRQV ! PLQ ZKLFK VXJJHVWV $
QRQOLQHDULWLHY WKDW DUH QRW FRQVHTXHQWLO DQB\W U/ KR L
$11 IRUHFDVW LPSURYHPHQW RYHU SHUVLVWHQFH LV IURP
IRUHFDVW KRUL]JRQV

JRU IXOO VFDOH LPSOHPHQWDWLRQ RI WKHKFREBEWRPWP W X
QXPEHU RI GLXUQDO SDLUV HJ VLQH FRVLQH SDLUV WUDL
DQG IRUHFDVW KRULJRQ $GGLWLRQDOO\ EXON PHWULFV VXF
FRPSDUH SURFHVV YDULDWLRQ DQG HUURU DQG WR LGHQWLI
FRQILIJIXUDWLRQ IRU D JLYHQ IRUHFDVWLQJ KRUL]JRQ %\ XVLC
PHDVXUHG DPPRQLD LW PD\ EH SRVVLEOHPRRL®DLQWDLQ D P
FRQFHQWUDWLRQ IRU H[DPSOH ZKHQ KLJK DO@PRODRDHOWBGLC
NHHS SDFH ZLWK GHPDQG DQG ZLOO OLPLW DBVYWW32RRDEKNHY
DHUDWLRQ FRQWURO VWUDWHJILHV WKDW X\WGKKPKVLXD® LW\
273 UHGXFH HQHUJ\ UHTXLUHPHQWY ZKLOH SURYRQDQDXLJIK
IHDVLEOH VWDWLVWLFDO DQG PDFKLQH LOOH DLUQQA I JUMRNGHZO V QH/
273V FRQWURO V\VWHP

SHIHUHQFHV

%»DQDGGD 1 1KDSL .LPZDJD 5 $ UHYLHZ RI PRGHOL
VOXGJH VI\VWHPV $IULFDQ -RXUQDO RI (QYLURQPHQWDO 6

%DUWPDQ $5 &KULVWRILGHVY 3 ' &RKHQ < 1RQOLQH
((SHULPHQWDO 5HYHUVH 2VPRVLY :DWHU '"HVDOLQDWLRQ 6
* KWWSV GRL RUJ LH [

%HOOXFFL 0 2IL HUX ,' *UDKDP ': +HDG , 0 &XUWLV
2[\JHQ 1LWULI\LQJ 6\WVWHPV ([SORLW $PPRQLD I2JKGL]LQJ %
<LHOGV $SSO (QYLURQ OLFURELRO KWWSV GRL

%R[ * (3 -HQNLQV *0 B5HLQVHO * & 7LPH 6HULHV $Q
&RQWURO WK HG :LOH\

%YURVLORZ & -RVHSK % THFKQLTXHV RI PRGHO EDVHG
URIHVVLRQDO



7DEOH 7KH FRPELQDWLRQ RI PRGHO DQG WUDLQLQJ ZLQG]
IRUHFDVW KRUL]JRQ LV OLVWHG IRU WKH $%$& PJ/ DW v
KRUL]JRQV WKH GLXUQDO OLQHDU PRGHO SHUIRUPV EHVW ZL\
JRU ORQJHU IRUHFDVW KRUL]JRQV WKH K\EULG GLXUQDO OLQI
WUDLQLQJ ZLQGRZ

JRUHFDVW %HVW OHW ,PSURYHPHQW 2YHU
PLQ 'LQGRZ GD SHUVLVWHQFH

"LXUQDO /L(
'LXUQDO /L
'LXUQDO /L
'LXUQDO /L
'LXUQDO /L
'LXUQDO /L
'LXUQDO /L
'LXUQDO $LODF
'LXUQDO $LODF
'LXUQDO $LODF
'LXUQDO $LODF
'LXUQDO $LODF
'LXUQDO $LODF
'LXUQDO $LODF
'LXUQDO $LODF




%XUJHU * 6LJPRQ & ODUNV & 7\0HU & %\H & &RQLGL
DHUDWLRQ SHUIRUPDQFH IRU HQHUJ\ UHGXFWLRQ LQ 3UF
JHGHUDWLRQ

&KRL ' - 3DUN + $ K\EULG DUWLILFLDO QHXUDO QHWZ
FRQWURO RI D ZDVWHZDWHU WUHDWPHQW SURFHVV :DWH
KWWSV GRL RUJ 6

"UH\IXV * 1HXUDO 1HWZRUNV $Q 2YHUYLHZ 1HXUDO 1H
KWWSV GRL RUJ B

"X\ * _HVWHO 6 *UuD\ 0 /HH * 6WDKO 7 =KDQJ -
%DVHG RQ 5HDO 7LPH 2[\JHQ 8SWDNH 5DWH (VWLPDWLRQ

(QYLURQPHQW )HGHUDWLRQ * KWWSV GRL RUJ
(NVWHU $ ¢&DUU - (OOLRWW 7 +DJVWURP - $OFKDNRY
&RQWURO 6DYHYV Rl (QHUJ\ ,PSURYHV 1XWULHQWS5HPRY

SURFHHGLQJV RI WKH :DWHU (QYLURQPHQW )HGHUDWLRQ

(OOLV *: *H : *UDVVR 7LPH 6HULHV @Q®OLIILV RI :I
5 (G ,QVWUXPHQWDWLRQ &RQWURO DQG $XWRPDWLRQ
DQG 7UDQVSRUW 6\WWHPV 3HUJDPRQ SS + KWWSV

J)DON O : IHHWKOLQJ - O5HDUGRQ ' - 6WULNLQJ WKH !
LQ :DVWHZDWHU 7UHDWPHQW DQG 6XVWDLQDELOLW\ ,:$ 3
KWWSV GRL RUJ

J)DUXN ' gPHU $ K\EULG QHXUDO QHWZRUN DQG $5,0% PR
SUHGLFWLRQ (QJLQHHULQJ $SSOLFDWLRQV RI $UWLILFLDC
KWWSV GRL RUJ M HQJDSSDL

*XMHU ,V PRGHOLQJ RI ELRORJLFDO ZDVWHZIDWHU WU
6FL 7HFKQRO + KWWSV GRL RUJ ZNW

+ROXEDU 3 =DQL / +DJHU O )U|VFKO : 5DGDN = %UDX
RI DQDHURELF GLIJHVWLRQ E\ PHDQV RI KLHUDUFKLFDO QH
+ KWWSV GRL RUJ 6

+XR - O6HDYHU :/ 5RELQVRQ 5 % &R[ &' $SSOLFDW
$QDO\]JH DQG )RUHFDVW WKH ,QIOXHQW &RPSRQ@BWQWYV RI :LC
LQ ,PSDFWV RI *OREDO &OLPDWH &KDQJH $PRUDBBQ 6RFL
$ODVND 8QLWHG 6WDWHV SS KWWSV GRL RUJ



-DPHV * :LWWHQ ' +DVWLH 7 7LEVKLUDQL 5LQJ $Q ,QV
6SULQJHU 7H[WV LQ 6WDWLVWLFV 6SULQJHU 1HZ <RUN 1

/[HH "6 -HRQ & 2 3DUN -0 &KDQJ . 6 +\EULG QHXULI

VFDOH LQGXVWULDO ZDVWHZDWHU WU KD WPHHW. GURFHVY
KWWSV GRL RUJ ELW

IRWIL . %RQDNGDUL + (EWHKDM OMDOOL )6 =H\QRGC

3UHGLFWLQJ ZDVWHZDWHU WUHDWPHQW SQRQBWUTXDO
QRQOLQHDU PHWKRGRORJ\ -RXUQDO RI (QYLURQPHQWDO

KWWSV GRL RUJ M MHQYPDQ

OHWFDOI (GG\ ':DVWHZDWHU HQJLQHHULQJ 7UHDWPHQW
OF*UDZ +LOO

ORHHQL + %RODNGDUL + JRUHFDVWLQJ PR®MRKD\ LQIO
XVLQJ WKH K\EULG 6$5,0% $11 PRGHO 6WRFK (QYLURQ 5HYV
KWWSV GRL RUJ v ]

1HZKDUW . % +ROORZD\ 5: +HULQJ $6 &DWK 7 < '
DQDO\WVHV RI ZDVWHZDWHU WUHDWPHQW SODQWV $ UHYLF
KWWSV GRL RUJ M ZDWUHYV

1LHOVHQ 0 $ 1HXUDO 1HWZRUNV DQG 'HHS /HDUQLQJ 'F

20VVRQ * 1HZHOO % :DVWHZDWHU 7UHDDMREHQW 6\VWH
&RQWURO ,:$ 3XEOLVKLQJ /RQGRQ 8.

SDWWRQ 5 - )UDQN 3 0 &ODUN 51 ,VVXHV RI IDXOW
6SULQJHU 9HUODJ

3X + & +XQJ < 7 SUWLILFLDO QHXWUDO QHWZRUNYV IF
VOXGIJH ZDVWHZDWHU WUHDWPHQW SODQW SHWEA®UPDQFH
6WXGLHYV * KWWSV GRL RUJ

4LQ ; *DR ) &KHQ * :DVWHZDWHU TXDOLW\ PRQLWRU
PDFKLQH OHDUQLQJ WHFKQLTXHYVY :DWHU 5HVHDUEFK
KWWSV GRL RUJ M ZDWUHYV

S5LFKDOHW - 5DXOW $ 7HVWXG -/ 3DSRQ - ORGHO
$SSOLFDWLRQV WR LQGXVWULDO SURFHVVHV $XWRPDWLF
KWWSV GRL RUJ KWWSV GRL RUJ



5LHIJHU / -RQHV 5 'ROG 3 %RWW & O\WKV $ERXW $
&RQWURO LQ 3URFHHGLQJV RI WKH :DWHU (QYLURQPHQW
KWWSV GRL RUJ

5RVVR ' /DUVRQ / ( 6WHQVWURP 0 . $HUDWIHRQ RI OI
WUHDWPHQW SODQWY 6WDWH RI WKH DUW :DWHU 6FLHQF
KWWSV GRL RUJ ZNV'W

5XGHU 6 $Q RYHUYLHZ RI JUDGLHQW GHVFHQW RSWLPL]
>SFV@

6FKPLGKXEHU - 'HHS OHDUQLQJ LQ QHXUDO QHWZRUNYV
* KWWSV GRL RUJ M QHXQHW

7TLEVKLUDQL 5 SHJUHVVLRQ 6KULQNDJH DQG 6HOHFWLR:
6WDWLVWLFDO 6RFLHW\ 6HULHV % OHWKRGRORJLFDO

86(3% "RUNLQJ LQ SDUWQHUVKLS ZLWK VWDWHY WR DGGL
WKURXJK XVH RI D IUDPHZRUN IRU VWDWH QXWULHQW UHG

9H]]DUR / 3HGHUVHQ -: /DUVHQ [/ + 7KLUVLQJ & 'XXV
(YDOXDWLQJ WKH SHUIRUPDQFH RI D VLPSOH SKHQRPHQRC
DPPRQLXP FRQFHQWUDWLRQV DW ::73 LQOHWYV :DWHU 6FL
KWWSV GRL RUJ ZNW

O9LVLROL % SUDFWLFDO 3," &4RQWURO 6SULQJHU 6FLHQF

=KDQJ * 3 7LPH VHULHVY IRUHFDVWLQJ XVLQJ D K\EULG {
IHXURFRPSXWLQJ * KWWSV GRL RUJ 6

=KDQJ /- /L 1 =KDQJ -- 7LDQ ; < $SSOLFDWLRQ R
DFWLYDWHG VOXGJH ZDVWHZDWHU WUHDWPHQWHSBRFHVV
&&& 3UHVHQWHG DW WKH WK &KLQHVH &RQWURO &F
KWWSV GRL RUJ &KL&&

=KX - - .DQJ / $QGHUVRQ 35 3UHGLFWLQJ LQIOXHQ
%DODQFLQJ HQHUJ\ GHPDQG DQG ULVN PDQDJHPHQW :DW]
KWWSV GRL RUJ M ZDWUHYV

=RX + 7KH $GDSWLYH /DVVR DQG ,WV 2UDFOM BYWREHLOV
$VVRFLDWLRQ + KWWSV GRL RUJ



&+$37(5

35(',&7,21 2) 3(5$&(7,& $&,' ',6,1)(&7,21 3(5)250%$1&( )25
6(&21'$5< 081,&,3%/ :$67(:$7(5 75($70(17 86,1*
$57,),&,$/ 1(85%$/ 1(7:25.6

,Q SUHSDUDWLRQ (QYLVWREPFAHYWRQ WRLHQFH THFKQROK
.DWKU\Q 1HZKPDWKXD *ROGPDIQLROUKNWAHBGIPIOW : LY/FLRPG D
+HULQYJDKL &DWK

$EVWUDFW

'LVLQIHFWLRQ LV RQH Rl WKH PRVW FUDW HEDW UBHIRF PN @ W\
273 7R LQDFWLYDWH SRWHQWLDOO\ KD PARQ 5 B WHRLIFHIQ F
GLVLQIHFWLRQ GLVLQIHFWDQW LV DG GG BW PDKID W QWY D QHF
LQLWLDO FRQFHQWUDW IR QDRIX ®PPW DRWD RQ \N KR Q FWDYQMWFRQF
WLPH +RZHYHU WUDGLWLRQDO FKHPLFDO GRVLQWWSSURDF
TXDOLW\ DQG SURFHVV RSHUDWLRQ FDQ DOWHU IGLDLQIHFWL]
SDUWLFXODUO\ GLIILFXOW GLVLQIHFWDQW WR PRGHO UHTXL
PHDVXUHPHQWY DQG RYHUGRVLQJ E\ PRO®E X AWIDR 8 WT KDV VER L
DLPV WR GHYHORS QRYHO 3%$$ GLVLQIHFWLRQ PRBHOV IRU SU
FKDQJHV LQ ZDWHU TXDOLW\ $UWLILFLD® G GG 1U HRMU WHQWQGE
SUHGLFW 3$$ DW YDULRXV ORFDWLR@V \§KHRBKYVK R RROWIKRQG L
DQG SRVWG(L VARMHFWLRQOLQH DQG ODERUDWRU\ GDWD IURP
$11 DUH IRXQG WR SUHGLFW 3%$$% FRQFHQW UD W QRIQIVQIW \PHUH |
$GGLWLRQDOO\ $11 FDQ SUHGLFW &7 PRUH DFF»PUHMWKIRG\ W KD
ERWK ZLWK DQG ZLWKRXW DQ RQOLQH DQDGDE W FFRXDWHIR S|
WLPH GHSHQGHQW FRPSRQHQWYV E\ WUDLQLQJ RQ GDWD LQ V
LQFUHDVHVY FRPSXWDWLRQDO FRVW 7KLV ZRUNWKDEDHWKDW

BBBBBBBBBBBBBBBBB

&RORUDGR 6FKRRO RI OLQHV *ROGHQ &2 86%

OHWUR :DVWHZDWHU 5HFODPDWLRQ 'LVWULFW "HQYHU &2 ¢
%D\ORU 8QLYHUVLW\ :DFR 7; 86%

"3ULPDU\ UHVHDUFKHU DQG DXWKRU



LQFOXGHG DV D SUHG KFWRAHOW EXSHLWRDSIUBMGEMWAWR Q RI WKH \
LOWHIJUDWLRQ RI WKH PRGHOV GHYHORSHG LQ WKLV ZRUN LGQC
SURYLGH ::73 ZLWK PRUH UREXVW DQG G\QDPLF GLVLQIHFWLF
DGGLWLRQDO FRVWO\ DQDO\]JHUV

,QWURGXFWLRQ

OXQLFLSDO ZDVWHZDWHU WUHDWPHQW SODRWHDG:R3 DUH
ZDWHUERUQH GLVHDVH FDXVHG E\ SDWKRJHQLF RUJDQLVPV
RUJDQLVPV DUH SUHVHQW LQ PXQLFLSDO IZDS/G\HH ZIKM bl IRX\M
LQGLFDWRU RUJDQLVPV DUH XVHG WKDW DUH SUHVH QW ZL
ZLWK RWKHU WDUJHW SDWKRJHQLF RUJDQLVPV DQG FDQ E
TXDQWLILHG ODLEAFKNUDPKLBPRMIOHW FROLIRUP EDFWHULD WKI
DV DQ LQGLFDWRU PLFURRUJDQLVP IRU IHFD®VRRGQKD P:l7@GDW L
KDYH ZHHNO\ DQG PRQWKO\ SHUPLW OLPLWV RQ MRKHLPD[LP XF
GLVFKDUJHG WR WKH HQ YFERIBQ® ROW HURSPRUKWRURQLF PLFURR!
GLVLQIHFWLRQ SURFHVVHV DUH LPSOHPHQWHG

'LVLQIHEWMRK®M SURFHVV Rl GHVWUR\LQJ RU LOQDFWLYDWLQ
FRQFHQWUDWLRQ WKDW PLQLPL]JHV ULVN RI L@®FWLRQ 'LVL
ILOWUDWLRQ PHPEUDQH WUHDWPHQW RU RMHP&EEDOO\ H J
7KH SULPDU\ PHWKRG Rl GLVLQIHFWLRQ IRU VW REXGRUW\QW UH I
EDVHG FKHPLFDOV HJ FKORULQH FKORUDPL®@E FKORULQH
DYDLODELOLW\ ORZ FRVW HIIHFWLY HBFHNYWDIQEQ \DW REDF W H L
UHJXODWRU\ DJHQFLHV +RZHYHU FKORULQH EDVHGWH VLQIH
UHVLGXDO RUJDQLF PDWWHU DQG IRUP GLVLQIHFWLRQ E\SUR
FDUFLQRJHQV .UDVQHU HW DO 86 (3%

1RQ FKORULQH GLVLQIHFWLRQ SURFHVVHV VKBK@WVN R]JRQFt
SRSXODULW\ DPRQJ ::73 EXW WKH LQVWDOODWLR®@ FIR&/W SUF
3$$ &+x&2x+ LV D FKHPLFDO GLVLQIHFWD @WOW K DAW SDJR G X F |
ORQDUFD HW DO DQG LV DOUHDG\ XVHG LQ WRBGRRG E|
DJULFXOWXUH LQGXVWULHY GD 6LOYD HW DO  :73 .LWLV
3$$ LQVWDOODWLRQV KDYH GHPRQVW U KXW H® WK R @3$$QLD/F W



UHTXLUHG WR PHHW GLVFKDUJH SHUPLW OLPLW¥3 O-RRNHW D¢
WR XSJUDGH OLTXLG FKORULQH EDVHG GLVLPIHWWWOQRQ SURFH
DWWUDFWLYH UHWURILW RSWLRQ

&RPPHUFLDOO\ DYDLODEOH 3%$%$ XVHG DW ::79RRXVGLRQ RH
3$% ZZ K\GURJHQSHURZLGHDFHWLF DFLG &+x&22+ Z
ZDWHU ZZ DQG SURSULHWDU\ VWDELOL]JHUV W“%ORFN
GHVFULEHG E\ (TXDWLRQ

&+&22+ 2 < &+&222+ 2

7KH GLVLQIHFWLRQ PHFKDQLVP IRU FRPPHUFLD® B94& QO V1
QRW IXO0O\ XQGHUVWRRG %ORFN +\SRWKHVL]JHG PHFKDC
R[\JHQ /HIHYUH HW DO RU K\GUR[\O UDGLFDOV %LDQFK
ILEHUWL HW DO DQG GLVORFDWLQJ RU UXSWXULQJ FHC
WR WKH PHWRIBEDRWLYDWLRQ ZLWK 3%$$ (Y LCRRDIMHERMHQR Q F X O
GHWHFWHG LQ ::73 HIIOXHQW GLVLQIHFWHG ZDWKDB3®\ 6iQFKF
ELDVLQJ WKH PHO VORIDQAG HFDORMQWWHG ORJ LOQDFWLYDWLRQ
WKH PRGHORRMBFWLYDWLRQ E\ 3$$ FRXOG SRWHQWLDOO\ EH
XQGHUVWDQGLQJ DQG PHDVXUHPHQW ELDV 'HOOY(UED HW D
ODQROL HW DO 6iQFKH] 5XL] HW DO 7KHUHIRUH P
SHUIRUPDQFH VKRXOG FRQVLGHU GDWD GULYHQ WRIOXWLRQV
TXDOLW\ DW IXOO VFDOH ::73 RQ OFWROHD B FROWERQWUDWLF

3$$ FRQFHQWUDWLRQ GHFD\ DV D IXQFWLR®&WR WWPBOKD V

DQG ILUVW RUGHU NLQHWLF PRGHOV .LWLWQWDFWRZHYH
WLPHV XVHG E\ 6DQWRUR HW DO UHSUHVHQWVIY VPIOIORK WD QJ |
DSSUR[LPDWHG E\ |HUR RUGHU GHFD\ $Q DGGLWMRQRIQODARP S
D IXQFWLRQ RI WLPH LV WKH VXEVWDQWLRO3&HH E® LLAH. W Q DR,
GRVHG LQWR D ZDWHU PDWUL[ ZLWK R[LGDWLYH GHRDQG L H
DQG )LQFK VXPPDUL]HG GHPDQG DQG ILUVW RUGHU GHFL

& W r&' MWW

ZKHEHWVPJ / LV WKH UHVLGXDO FR QW& QRVMU/D WY R\OK R | BS$S$ COL\W GV
GRVHPJ/ LV WKH LQLWLDO R[L GIDREIQVH 3R FRIQW )GRHDLR Q
FROQVWDWQMLD QY WKH OHQJWK RI WLPH WKH ZDWHU LV LQ FR(



LQ WKLV ZRUN WR PRGHO 3%$% FRQFHQWUDWLR QLW W LIK\D BW HI
YHULILHG

7KH OLWHUDWXUH UHSRUW V DQ BL GNH FUDDOQIHHV R IR G HYPIDUQL® X V
VHFRQGDU\ WUHDWHG ZDVWHZDWHUV %ORRPNW DO 'HO O BRN\ED
HW DO 7KH GLYHUVLW\ Rl PRGHO SDUDPHWHU YDOXHV I
YDULHV ZLWK ZDWHU TXDOLW\ &RQVHTXHQWO\ WKH DVVXPS\
SDUDPHWHUV FRXOG UHVXOW LQ HUURQHR>SWHPDQEXDPW HG 3.
GHFD\ YDOXHV FKDQJH RYHU WLPH

7KH SRWHQF\ Rl FKHPLFDO GLVLQIHFWLRQ LWBHIXQFWLRQ
GLVLQIBFWDQ@Q®W WKH WLPH WKH GLVLQIHFW\D @WDMX KB G EQWDF
&7LV D FRQFHSW WKDW PHDVXUHV GLVLQOQHFMIRQW RDN WHROU
,Q WUDGIZWRRBEPODW LR Q& WRWD EWILRQ VFRIY QRW EH H[SOLFLWO\
FRQFHQW U DW.IVR®XDW WBIEPAHH G HE WKLV LV D YHU\ FRQVHUYDW
XQGHUHVWLPDWHY WKH DFWXDO DBW L K HE&F\W@RH B MW GBIWLERHG R
&7LV FDOFXODWHG E\ LQWHJUDW MQZKHMXN WQRM US ZHWHKGI BV S\
K\GUDXOLF UHWHQWLRQ WLPH +57 IURP WKH EHJLQQLQJ WR
7UDGLWLRQDO FKORULQH EDVHG G L&/RR G WW RRQESIF R KN ¥ VRIVW
HVWDEOLVKHG DQG SUHGLF& BED B @G\YBRIHRD I R DFW E H¥DWE HRG
WKH UHODWLRQVKLS EHWZHHQ 3$$ GRVH DQG SDWKRJHQ DFW
XQGHUVWRRG 5RVVL HW DO 0D QRTHADMWGDGR VL QJ S/AWREL
IRU 3$$ GHULYHG IURP ILUVW SULQFLSDOV +RDHYHIG PLYDKN L
HDFK EDWFK IXUWKHU LOOXVWUDWLQJ WKDW D ILWQWRWRUGHL
IXOO\ GHVFULEH 3$$ GHPDQG DQG GHFD\ NLQHUWRBW WK D UHD
7HPSHUDWXUHp S+ WRVBDO VXVSHQGHG VROLGV 766 DQG EL
%2' KDYH EHHQ VKRZQ WR [ PBRIED BY¥$ GCIMWDR @ QBDOG U\ HW
% ORFN )DOVDQLVL HW DO 6iQFKH] 5XL] HW DO
UHODWLRQVKLSY KDYH QRW \HW EHHQ HVWDEOQMKHEDWQXEK W
XVHG DV SUHGIWFRQHWE® LQ D

7R EHWWHU XQGHUVWDQG GLVLQIHFWLRQ NLQHWLFV QRQ
PDFKLQH OHDUQLQJ PHWKRGYV FDQ EH XVHG $ & PRSGHOLQ@DIUO
DSSURDFEKWILUHFLDO QHXUBO HWZRUNWKH UHODWLRQVKLS E



DQG UHVSRQVH YDULDEOHV XVLQJ OLQHDU FRPELYDWLRQV R
IXQFWLRQV DUUDQJHG LQ OD\HUV (DFK IXQFWLRQ LV UHSUH
WKH LQSXW OD\HU SUHGLFWRU YDULDEOHV RU SUHFHGLQJ K
VXEVHTXHQW KLGGHQ OD\HUV RU WKH RXWSXW OD\HU UHVSR
LWHUDWLYHO\ DGMXVWLQJ WKH DFWLYDRXWSXWQHWLRW®D TV KL
EDFNSURSDJDWLRQ 7R EXLOG D UREXVW PRGHO WROWHWHH Q:
FRPSOH[LW\ Rl WKH PRGHOV $QRWKHU FRQVLGHUDWLRQ IRU
RU PRGHO ILWWLQJ LWHUDWLRQV ,Il WKH QXPEHU RI HSRFKYV
RU HUURU LQ WKH GDWD UDWKHU WKDQ WKH IXQGDPHQWDO S
ZKLFK UHVXOWV LQ D KLJK 3HDUVR® WRH WHODWILRQ 5RMIDLE X
DEVROXWH WHVWLQJ HUURU 7R DSSURSULDWH®@) WWQIHVWKH
LPSRUWDQW WR PHDVXUH DQG FRPSDUH WKH DFFXDBF\ RI QH
QRW XVHG WR WUDLQ WKH PRGHO
$11 PRGHOLQJ Rl FKORULQH GRVLQJ DQG UHVLGXDOV KDV
ZDWHU 6pURGHV HW DO DQG ZDVWHZDWHRWKHHDWPHQV
SRSXODU GLVLQIHFWLRQ PHWKRGV /LQ HW DO VIWHG DQ
D EHQFK VFDOH 89 GLVLQIHFWLRQ V\VWHP FRBEQRHG ZLWK D
LOQDFWLYDWLRQ EXW RQO\ PHDVXUHG WKH SHWIRU®P BQFBIOR I
XVHG $11 WR FRQWURO D EHQFK VFDOH FKDIRPRQHEHWYRQ
ZHUH EXLOW IURP S+ DQG 253 LQ WKH LQIOXHR® UFHKERARLLY D/W
ILUVW PRGHO SUHGLFWHG WKH FKORULQH GRVHVERWBG RQ Wi
FROLIRUP IRU IHHGIRUZDUG FRQWURO 7KH VHFROGVRRGHO S|
DFWXDO FKORULQH GRVH PLQXWH GHOD\ IURP GRVH FKDQJ!
TXDOLW\ WR SURYLGH IHHGEDFN FRQWURO $ V DR/L B RIUOMR PELU
GHFKORULQDWLRQ 7RWDO FROLIRUP JRDOV ZHURRDEKLHYHG
QRW PHDVXUHG EXW WKH PRGHO ZDV QRW DEKOGIRWRQANOO\ G
&DUYDMDO HW DO LQYHVWLIJDWHG WKH UHODUDICRQVKLS
ORJ LQDFWLYDWLRQ RQ D EHQFK VFDOH EDWMWH& FKOWHZ QW U
XVLQJ D %D\HVLDQ EHOLHI QHWZRUN % % 1X V&N UDYQ® B €& DHAX DK
ORJ LQDFWLYDWLRQ WR WUDLQ %D\HVLDQ PXOWLIODXHUHSHUF
&7 RQH IRU HDFK W\SH RI YLUXV 7KH GLIILFXOW\ LQ SUHGLFV



GLVLQIHFWLRQ SDWKRJHQ FRQFHQWUDWLRQ LV XQNRE®HQ DQ
WR PRGHO DV LQ WKHFROMYH:R3 3$$ DQG

'HVSLWH WKH JURZLQJ DGRSWLRQ RI 3%$%$ VI\VWHPV $11V KI
3$$ PRGHOLQJ :HL HW DO ZHUH DEOH WR UHSOLFDWH D
3$%$ GLVLQIHFWLRQ PRGHO L H D FKHPLFD{ODOALRIQDPOVW XH BAXIC
IORZ PRGHO IRU D FRQYHQWLRQDO SDVV GLVLQIHFWLRQ ED
GHFD\ NLQHWLF SDUDPHWHUV DV $11 PRGH® WRBWWW $KII10H
FRXOG VLPXODWH WXUEXOHQW IORZ WKH PREGDDOUIKTNIGIHV [
G\QDPLFV PRGHO WR WUDLQ WKH $11 6HFRQGO\ WKHLU PRGI
TXDOLW\ RU WKH LRRIZKN EXDOVWLHR @ [RORUHG KHUH

$ VSHFLDO FDVH RI $11V WKDW KDQGOH WLPHN GHSHQGHQF
REVHUYHG SURSHUW\ RI ZDWHU TXDOLW\ DORBUNWWHDIWPHQW G
511 KDYH LQWHUQDO PHPRU\ QRGHV WKDW WUDLQ EDVHG RQ
DVVXPLQJ HDFK REVHUYDWLRQ LV LQGHSHQGHQWQ}X*RZHYHU
VKRUW WHUP GHSHQGHQFLHY WKDQ ORQJ WHUP /RQJ VKRUW
H[DPSOH RI DQ 511 WKDW VHOHFWLYHO\ UHWDLRQRQWKMRRSWLTF
DYRLG WKH SUREOHP RI SRRU WUHQG GHWHFWLRQ IRU ORQJF
6FKPLGKXEHU *LYHQ WKH KLJKO\ DXWRFRUUHI®DWHG QD
/670 511 WR LPSER@BFWLYDWLRQ SUHGLFWLRQV RYHU PHFKD

*LYHQ WKH GLIILFXGIW/GGERBABRYDQJRU IXO0O VFDOH 3%$ G
SURFHVVHV WKH DELOLW\ WR SUHGLFW UHIF® O\ \P HP G U\RLYGH M\
SUHFLVLRQ ZLWK ZKLFK 3$$ LV GRVHG DQG FRXOG UHGXFH W
H[FHHGDQFHRIGRI PXQLFLSDO ::73 7KH REMHFWLYH RI WKLV ZF
3$%$ GLVLQIHFWLRQ SHUIRUPDQFH &/7R SSIHCAIVA\WQ FIRFWFEGRQF HQ W
SRVWGLV(_ QIRBEWLIGRIQPDFKLQH OHDUQLQJ )XUWKHUPRUH WKL\
HQYLURQPHQWDO DQG RSHUDWLRQDO FRQGLWLRQV WKDW PR
SHUIRUPDQFH IURP WKH $11 PRGHOV XVLQJ D YDULDEOH VHO

7KH ODWHULDOV DQG OHWKRGV VHFWLRQ $ GAO/X Q@ HNFW IGRHY
SURFHVV DW D ODUJH ::73 WKH RQOLQH LQMPAW KB HIXWD @ I RNY
3$$ VDPSOLQJ FDPSDLJQV LQ DQG E\ WKH ::73 DQG WK
XVHG WR SUHGLFR8A$H$ DQG SRVW GLVLQIHFWLRQ ORGHOLQJ



UHDO WLPH FRQWURO DUH LQFOXGHG LQ WK HWHK UXEWYVN/QRQ
WKH SRWHQWLDO IRFARRQLMRBEYDRGLQJ PDFKLQH OHDUQLQ

ODWHULDOV DQG PHWKRGYV
OHWUR :DVWHZDWHU 5HFODPDWLRQ )DFLOLW\

7KH 5SREHUW : +LWH 7UHDWPHQW )DFLOLW\ 5:+7) LQ 'HQY
RSHUDWHG E\ WKH OHWUR :DVWHZDWHU 5HFODPODWIRRQ 'LVWU
LQGXVWULDO ZDVWHZDWHU IRU WKH '"HQYHU PHWWUR DUHD DQ
0* 6HFRQGDU\ WUHDWHG HIIOXHQW LV PL[HG ZIMWKUBKYKQIF
D SDVV VHUSHQWLQH FRQWDFW EDVLQ SULRU WKDUIH®QFRKRQ
WKH 6RXWK 30DWWH 5LYHU ,Q -DQXDU\ W IOH H3AL VUL R PH F W L
FKORUDPLQDWLRQ WR 3$$% GLVLQIHFWLRQ :LVGRPUHMQBEG

FKDOOHQJHV LQ ERWK WKH PRQLWRULQJ DQG WKH RSWLPL]D\
3$$ WKLV KDV UHVXOWHG LQ VXEVWDQWLDOQWVKQJKRAW LRIQDW
DFKLHYH WKH IDF ERDWR LW H ZIODEKQMY FRORQ\ IRUPLQJ XQL\
PLOOLOLWHU P/ IRUD GD\JHRPHWULF PHDQ DHD® FIX

7R EHWWHU XQGHUVWDQG ($RIDLW 3@ BH¥ /R RQHNL DHHWWH. FWD N H Q
WKH GLVLQIHFWLRQ EDVLQ LQ DQG DW WKH ORFDWLRQ

‘DWD

7ZR 3$$ VDPSOLQJ HYHQWV LQ DQG ZHUH XVHG LQ
WKURXJK 2FW WKUHH GDLO\ JUDE VDPSOHWRWINGFRQG
LPPHGLDWHO\ GRZQVWUHDP RI WKH 3$$ GRVLQJ ORFDWLRC
GLVLQIHFWLRQ EDVLQ 3+DOI° WRWDOLQJ VMPWRRMI HYHC
SODFH LQ IRU VDPSOLQJ ORFDWLRQV LPPHGLDWHO\ C
s PLQ’ DW WKH HQG RI WKH ILUVW SDVV 3 PLQ" DW
PLQ" DQG DW WKH HQG RI WKH GLVLQIHFWLHR@WED VIIK} 3
VDPSOLQJ HYHQWYV RFFXUUHG DW PRUQLQJ QRRQ DQG HI
EHWZHHQ -XQH DQG $XJXVW 3$$ Z®W DRHOD/XGE HE VDR &
JRU HDFK VDPSOLQJ HYHQW OLQHDU DQG IIMUVW RUC
D IXQFWLRQ RI WKH +57 WR WKH VDPSOLQJ ORFDWLRQ %HFD.



VDPSOLQJ ORFDWLRQV WKH GDWDVHW ZDV XVRG WR GHW
3$$ FRQFHQWUDWLR&® WPRBP OV KRUI HWWKI G DP RFLIQM HYHQW 3D
FDOFXODWHG IRU HDFK HYHQW E\ L @WIHN XMW GQDV( DX D MALRRQ V
VHW Rl $11 PRGHOV DQG D \FR¥HU BQIGF WIRIUPIR&HW K H

AN = & Ay 1-z aP
e }o]vpﬁ‘ TT = Fﬁ Felv
@ X }oliio=iiide /\ Afirulv_ W ~Tii6 Afiru]lv_ W ~T7iide
A ~irulv. W ~11i6=iA8¢, o(r <]v_ W ~iA6eiiru]lv. W ~T7iide
TTI >
|:{>|ﬂ TIT ' ”
JLIXUH B3URFHVYV IORZ GLDJUDP RI WKH 3%% GLOGQFIDMYMHLRQ

3$$ VDPSOHYV WDNHQ DW YDULRXV ORFDW(RRRWOL®SOL@QG
ORFDWLRQV 7KH VDPSOH ORFDWLRQV DUH QDPHG IRU WKH D
3$$ GRVLQJ ORFDWLRQ WR WKH VDPSOLQJ ORFDWLRQ H J 3

7KH LQSXWV WR WKH&%SH G RRFRGW OYW.IQRF@ XGH RQOLQH D
SURFHVV YDULDEOHY OLVWHG LQ )LJXUH 2QO0LQH GDWD |
'DXNHVKD :, 86% V FDQ VSHFWUR O\VHU(DQGGHYMA\HDRX VO H |
,6(PD[ &$6 ' 5HLQDFK %/ 6ZLW]J]HUODQG 766 8&8HUDQBE ,7; $
GLVVROYHG R[\JHQ '2 VHQVRU PHDVXUHPHQWYV ZLWKLQ DQG
VHFRQGDU\ WUHDWPHQW SURFHVV 7KH IUHTXHQA\RRIVFERBOHF
PLQXWH HJ IORZV WR PLQXWHV HJ QWXPRJIJHQ VSHFLH
PHDVXUHPHQWYV <6, &DUER9LVS <HOORZ 6SULQ@JRI 2MKIB6$ Z
GLVLQIHFWLRQ EDVLQ HYHU\ PLQXWHV +RZHYHUN G KHMRDG
PHDVXUHG YROWDJH LV XVHG DV LQSXW WR ¥KBHQDIC\ ] AKHMK D
ZDV LQVWDOOHG LQ LPPHGLDWHO\ GRZQVWEBRPORQ WK H



:DXNHVKD :, 86% 7KH 3%$$ DQDO\]HU ZDV QRW KEHGVWEXaXLC
LV XVHG WR FRPSDUH WKH SHETROPEXBODB WIL FDQ RBVRS/UHRODNFIKR W B !
SUHGLFWHG E\ DQ $11

7R GHWHUPLQH WKH GDWD EOHQGLQJ DSSURWRK WKBW EH
RI WKH 3$$ VDPSOLQJ HYHQWY RQOLQH GDWD ZHUH DYHUDJH
,QVWDQVEDQRXKFFOXGH RQO\ WKH ODVW UBKRU®HGHRPVB YN D
GDWD DUH DYHUDJHG RYHU D WLPH KRUL]JRQ HVWWPDWKIG E\ &
+57 DQG DFFRXQW IRU VHQVRU QRLVH 7KHVH WLPHGUDPHV SL
DUH OLVWHG LQ 7 BERIH UBREX-PUQ WKKEHY HGDWD DUH DYHUDJH(
D KRXU WLPH KRUL]JRQ

7KHUH DUH PXOWLSOH FRPSOH[LWLHV DW WKFHLBWPIE BLWK |
3$$ VDPSOLQJ HYHQWV HVSHFLDOO\ FRQ WI® KX ODWMHWKDDND WK
SUHGLFWLRQ )RU H[DPSOH WKHUH DUH PXOWLSOH 3$$ VDPS

KRXU IORZ FRPSRVLWH K)& 7KH K )& VDPSOHV FROOF
VDPSOHV RYHU D KRXU SHULRG ZKHUH WKH YROXPM WKHDF
VDPSOLQJ ORFDWLRQ *LYHQ WKH XQNQRZQ UHORWLRQVKLS
LQWHUSRODWLRQ LV XVHG LQ WKHVH FDVHYV

7KH ILQDO FRQVLGHUDWLRQ |RU(GPREBLE DO GGLYPO R\S VIS QW
VSHFLILFDOO\ WKH FRPSDULVRRHRBY 3UHPHGWVL UHTXLUH DW O
FROOHFW SURFHVV DQG XSORDG WKH UHVXOW DW 5:+7) DQf
FROHDVXUHGNVRQIGDIUG OHWKRGY 7KXV WKH GPRROWL UHFHQW'
REVHUYDWLRQ ZKHQ VLPXOD\ LERFOWE D OUWM PP \W RIDOPIRR/GV L VG\I
JRU WKH $11 WKDW ARFRO¥XGOWODWLRQV GLVFXVVHG LQ WKH
HTXDO WR WKH KRXU ODE SURFHVVLQJ GHOD\

IHXUDO QHWZRUN SUHGLFWLRQ

7KH QHXUDO QHWZRUN PRGHOV HYDOXDWHG LQ WKLV ZRUI
FRQVWUXFWHG LQ 5 XVLQJ WKH .HUDV $3, IRU 7THQVRU)ORZ $
WKRXVDQG WUDLQLQJ HSRFKV ZHUH XVHG WR ILW HDFK $11 D
VTXDUHG HUURU (DFK PRGHO FRQWDLQHG DQ LQSXKMHOD\HU 2
VRIWREWLYDWLRQ IXQFWLRQ (TXDWLRQ D KLGGHQ OD\HL



DV WKH LQSXW \OFD VWBEXRLLYDMWWREB IXQFWLRQ DQG DQ RXWSXW
DQG D OLQHDU DFWLYDWLRQ IXQFWLRQ
VRIWVLIQ [ [ _[_

7KH FRPSOH[LW\ WKDW DOORZV 511 WR UHW D LE)WLL@RI@W P D W
UHTXLUHV VXEVWDQWLDOO\ PRUH FRPSXWDWILRQXODWLPH DQ
LQFOXGHV WKH ODVW K QRRIZY. PHOVK GHPWRW RIMIHIHUUHG WR D\
7DEOH WR DWWHPSW WR DFFRXQW | R BB WXXW R BDRUWUB Q (
WHVW LI VXFK DQ $11 FDQ DSSUR[LPDWH WKH SHUIRUPDQFH F

7R EXLOG HDFK PRGHO GDWD DUH EOHQGHG IURP WKH GD
WKH PHWKRGV GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ 7UDL
QRUPDOL]DWLRQ VFDOLQJ SULRU WR PRGHO ILWWLQJ DQG SU
SUHGLFWLRQ 'DWD DUH VHSDUDWHG LQWR WUDH® LL@QJ 7DE® KV

LQFOXGLQJ *OHDYH RQH RXW’" /22 IRU $11 DQG D WUDL
511 3$$ FROQFHQWUDWLRQV WK UR X J&KRXWH QRN GAW UQ HIFOW L R C
DXWRFRUUHODWHG WKXV WKH RUGHU Rl WKH REVMUYDWLRQ
LUUHOHYDQW 7KH /22 DSSURDFK WDNHV DGYRDQRODD B @R IEWW LR
VLQJOH REVHUYDWLRQ DQG WHVW RQ WKH KHOG RXW REVHUY
HDFK WULDO LV HTXDO WR WKH QXPEHU R\ PEBWHUVDDIHRRXW LX
PD[LPL]JHV WKH 3VPDOO  WUDLQLQJ GDWD VB WKL RWHGH DY QLKLNM
DSSOLFDWLRQV LQ WKH OLWHUDWXUH 51D QQURWQHE P R[ENGHD\
/22 7KHUHIRUH 511 LV WUDLQHG RQ WKH ILUVWQLQI HDFK G

XVLQJ D UROOLQJ ZLQGRZ DSSURDFK L H WKH QXPEHU RI
FRQVWDQW ROGHU REVHUYDWLRQV DUH UHPRY G ®NVWKH ZL
QHZ REVHUYDWLRQV 7KH WHVWLQJ URRW PHD@REXKDUHG HU
WUDLQLQJ DQG WHVWLQJ LV FDOFXODWHG DRRQWKRKFHURFHV
UHSRUWHG SUHGLFWLRQV DUH DQ DYHUDJH RI WKH  WULDO\



7TDEOH SURFHVYVY YDULDEOHV XVHG WR &VUDQGQ@GRBROIDQG 511
2Q0LQH VHOVRRB GDWD OHIW FROXPQV UHTXLUHV DYHUDJLQ.
FRQILIXUDWLRQV WHVWHG DQG WKHN KRKKMAAIND INHOLRYHDG B WDJ F
ODE\SFRGH 3/" ULJKW FROXPQV DUH FROOHFWHG XVLQJ HLW
RU JUDE WDFPS@HYYWHBWXUHYVY LQFOXGH RSHUDWLRQDO YDULDE
PHDVXUHPHQWY IURP WKH PDLQ ELROR OIRFDBNRIARHBI T6W P 2 Q W HLL
TXDOLW\ PHDVXUHPHQWY DV WKH WUHDWHBRDIWDHU HHIQOHHIQW
ORFDPRRIQ 26 (~ RU RSHUDWLRQDO YDULDEOHV WKOW@GLUHFYV
ORFDAR®IQ 3" 6XSHUVFULSW QXPEHUV LQGLFDWH GSWRFHHVYV Y

RU GDWDVHWYV
/RFDWLRQ 7\SH 9DULDEYH [VRFDWLRQ 7\sH 9D U} DEVH
6 2 JQIOXHQW IORZUDWH p ﬁg%%éHYBQggg
*UDYLW\ WKLFENHQHU
6 2 WlloxHow b 6( / $ONDOLQLWK )&
6 2 %DVLQV LQ VHUK LEH 6( / %2 K )&
$HUDWHG VROLGY % 2
6 2 UHWHQ) $65 & 6( L EDUEH K)&
6 > 766 p 6 ( / &2 K )&
7RWDO
6 2  $PPRQLD P 6( ;RS K )&
7RWDO .MHOGDKO
2 1LWULWH p 6( P IR &P
6 7 1LWUDWH P 6( / 766 K )&
2UWKR
>  3KRVSKDWH P 6( AN K )&
. 7RWDO LQRUJIDQLF
6 2 2 p 6 ( oW 1P %!
6 7 S+ P 6( / 7RWDO QLKVYRJIHQ
6 >  &ODULILHU EODQNHW GHSWK p 6 ( K& 1LWUDWH
. , DVWH DFWLYDWHG VOXGJH , 3UH GLVLQLYFWLRQ
|IORZ ( F
EHWXUQ DFWLYDWHG VOXGJH
6 2 5%$6 DV SHUFHQRW RI ' / ?R!ngLVLQdBEWLRQ
LQIOXH
JQIOXHQW IORZUDWH p : / 3$% *UDI
3$$ IORZUDWH p
, &KHPLFDO R[\JHQ
GHPDQG
, &KHPLFDO R[\JHQ
GHPDQG
, BOWUDYLROHW |,
WUDQVPLW)
2 766 P
2 $LU WHPSHUDWXUH P




7TDEOH 6XPPDU\ RI QHXUDO QHWZRUN PRGHOV EXLMW WR S
VLPXODWHG UHDO WLPH 7KH W\SH RI QHXUDO EXHW 2QRUN WHYV
HDFK QHXUDO QHWZRUN PXOWLSOH SUHGLFWRU @WDhWH\RHWMWY |
ZKLFK D YDULDEOH LV DYHUDJHYV (DFK QHXUDO GHWZRUN DQ

WLPHV XVLQJ HLWKHU OHDYH RQH RXW RU D VSOLW
SHVSRQVH 1HXUDO QHWZRUN 'DWD EOHQGLQJ
355 AROFHQWUDWLRQ  sR/WDQW VKRUW JHUR RYHULLH
&7 $11 ,QVWDQW /IHDYH RQ&
3UHGLVLQIHRW§%R:LQODJJHG ,QQ/VSE)(?W VKRUW WHUP DYHUDJH
3RVWGLV(.QFF|RIE§A1I}R%DJJHG ,QQ/VSE)(?W VKRUW WHUP DYHUDJH

I1HXUDO QHWZRUN YDULDEOH VHOHFWLRQ

$11 DUH *EODFN ER[° VIVWHPV PHDQLQJ WKHWQ@WHUQDO

UHSUHVHQW WKH LPSDFW RI DQ LQGLYLGXDO SUHGKFWRU YD
SUHGLFWRU YDULDEOHYV KDYH WKH VWURQJHVW LPSDFW RQ 3
VHERQG VHW RI H[SHULPHQWYVY XVLQJ IRUZDUGX\RWLDBGH VHC
(OLVVHHII 0D\ HW DO ‘H XVH FRPELQDRMIFRQV RI SU
VHTXHQWLDOO\ DQG ILQG WKH $11 PRGHO ZLWHK MK H' XHZHVW
WR WKH QXPEHU RI LWHUDWLRQV DQG WR DYRLG RYHUILWWL
H[SHULPHQW LV UHGXFHG WR 7KH SATRRHGEREHLIRUHY DVLDE
IROORZV

7UDLQ DQG WHYLVD SX WV X\DUWQDEOWR ZOHWHDWH WKH YDUL

SURFHGXUH &DOFXODWH WKH PHDQ 506( BH SWDMAHRWU D

HDFK Rl WKH RULJLQDO $11 LGPXW QY BOGOEDEXHVUHVXOW

,GHQWLI\ WKH LQSXW YDULDEOH ZLWK WKH ORZKHVW PHD

PRVW LQIOXHQWLDO SUHGLFWRU

JRU WKH QH[W LWHUDWLR® RI YRUWHDWE B HD VAHO/MFWRLBQHG

FRPELQLQJ DOO FRPELQDWLRQV RI WKH PRVW LQIOXHQMW

SUHGLFWLRQVS#H¥H¥ XOWLQN RQ ARPELQDWLRQV



7UDLQ DQG WHVW $11 XVLQJ WKH FRPELQDWLRQV RI SUF
RI WKUHH WUDLQ WHVW WULDOV ,GHQWLI\ VRBE(YDULDE
DV WKH PRVW LQIOXHQW VHW RI SUHGLFWRUYV
&GROQWLQXH WR LWHUBWHISY DQG XQWLO WKH.WRZHVW
JUHDWHU WKDQ WKH ORZHVWKH RGWLEPXPURRW RI SUHGL
UHVXOWYV IUR LWHUDWLRQ

5HVXOWY DQG GLVFXVVLRQ
$11 IRU SUHGLFWLRQ RI 3$$ FRQFHQWUDWLRQ

$11 ZHUH XVHG WR SUHGLFW 3%$$ FRQFHQWUDWQR @WQGBGW HI
RIIOLQH SURFHVV GDWD 7KUHH WUDLQLQJ GDWDYWW g HZRIH |
VKRUW WHUP RU KRXU DYHUDJH 7R FRPSDUH $11 PRGHO S
DYHUDJLQJ KRUL]JRQV WHVWLQJ 506( IRU HDFK 3$$ VDPSOLQJ
SORWWHG LQ )LIXUH (DFK ER[SORW UHSUHVHQWVY D VHW F
WUDLQ WHVW LWHUDWLRQ RI DQ $11 PRGKB 3$% HF® QMDHIB/RPDIW
ZDV PRVW DFFXUDWHO\ SUHGLFWHG ZKH Q LU QHUME\W DLYHRRWW
SURIRXQG E\ WKH WKLUG SDVV RI WKH GLVLQIHFWDR@HWDVLQ
DUH EHWWHU IRU SUHGLFWLRQ WKDQ RWKHU \WARE @ LRV LIRYGAWU D
HVSHFLDOO\ DW GLVWDQFHV IDUWKHVW IURP WKH GRVLQJ VL

JRU WKH ILUVW VDPSOLQJ ORFDWLRQ GRZQVWUHDP RI 3$$
RU DYHUDJHG GDWD GLG QRW VXEVWDQWLDOO\ FKRIQAH WKH
ZDWHU TXDOLW\ DQG RSHUDWLRQDO YDULDEOHRGVRDW QYRW\
VXEVWDQWLDO FRQWULEXWRNVHWR 396 AHEDEGH $657 DQG O
PHDVXUHPHQWY OLVWHG LQ 7DEOH HJ DONDOLQLW\ %2
VSHFLHV

$V WKH VDPSOLQJ ORFDWLRQ PRYHV GRZQVWUHDP WKH H

PLQ" DORQJ VHFRQG SDVV Rl VHUSHQWLQH UHDFWRU %\ \

PLQ" WKH HUURU LV VLPLODU WR WKH IFOHPEWLYO-RRDWQRQN
PL[ILQJ GXH WR QRQ LGHDO IORZ FRQGLWLRQV $V VLPLODUO\
FDSDEOH RI FDSWXULQJ WKH HIIHFW Rl IORZ G\QDPLFV RQ WHK
LPSRUWDQW GLIIHUHQFH EHWZHHQ WKR @ K& R 6 DA WIRF WKW



GRZQVWUHDP ORFDWLRQV LV WKH PRUH SURP LR¥\Q W ICRUM U H
WHUP DQG KRXU DYHUDJHV 7KLV FRXOG LQGLADWMEWKDW
DUH QRW QRLVH EXW LQVWHDG DUH LPSRUWDWQW FRQWUR
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JLIXUKO06( PJ/ RI $11 PRGHO SUHGLFWLRQ IRU WKUHH WUDL
GLIIHUHQW DYHUDJLQJ KRUL]JRQ DW HDFK 3$$ VDPSOLQJ ORF
FRQFHQWUDWLRQ PRGHO ZLWK WKH ODUJHVRQWODNBD® L XB W
WKH ODUJHVW UDQJH RI 3$$ FRQFHQW UPMAL PQ\G WDHRFDW/LLRH) W
LPSDFW Rl WUDLQLQJ GDWD VHOHFWLRQ LV @QRVWWPBRV \QB Q!
WKH HQG Rl WKH GLVLQIHFWLRQ EDVLQ PLQ DQG PLQ R

$11 DUH IRXQG WR SUHGLFW 3%$%$ FRQFHQW U DWERQMW KU R
ZLWKLQ PJ/ EDVHG RQ WKH VWDQGDUG HUURU 6( IRU
ORFDWLRQ 7KLV LV DSSUR[LPDWHO\ WZLFH WKH 6(6RI D VWDC
IRU WKH 3$$ DQDO\]HU DW 5:+7) EXW LV VW LHD D S5 @ HEDAR IQRDEN
7KH EHQHILW RI DQ RQOLQH DQDO\]HU LV WR UHVSRQG WR ZD
KRZHYHU WKH QH[W VHFWLRQ LOOXVWUDWHYV SURMREZ WHKHH XV
SUHFLVLRQ ZLWK ZKLFK 3$$ LV GRVHG DV VXEVWDQMWLDOO\ D
RI DQ $11 WR 79 WHIB EFWWHU DOWHUQDWLYH IRU GRVH FRQWU



$11 IRU SUHGLFWLRQ RI &7

JURP HDFK VDPSOLQJ HYHQW LQ JHUR RUGHU L H OL
GHFD\ PRGHOV ZHUH ILW WR 3$$ FRQFHQWUDWLRBE@WFDDV D IXQ!
NLQHWLFV ZHUH WUXO\ ILUVW RUGHU DWVUHV BUb \DFUH. FHGRL R UW
UHSRUWHG LQ 6DQWRUR HW D®I WKH DRWRDROWGHIZ PRWKB ZD\
OHVV WKRQ WKH HUVW RUGHU PRGHO RQHSWIDEHGH LOFR[RQ \
PHDQ ]JHUR RUGHUPEDQ ILUVW RUGHWG WKH +57 ZDV ORQJHU
PLQXWHV WKH GLIIHUHQFH LQ PRGHO ILWRPHW ZARUH]JHUR DQ
VLIQLILFDQW BMMDIOSOHPPHXEOHWPADQ JHUR RUGHBHDQ ILUVW
RUGHU 5 :KLOH 3$$ GHFD\ DW VKRUW +57V PLQ PD\ DS
E\ ]JHUR RUGHU GHFD\ WKH WUXH IXQFWLRQ LV &/RADHOE HLUV W
FDOFXODWHG XVLQJ (TXDWLRQ

%\ LQWHJUDWLQJ (T&MDLW LRRIQO F X ODAMHK® ORU HDFK VDPSOLQ.
WKH GDVKHG EODRNWOQGH.VUHBWHVR QWKWH 3$$ FRQFHQWUDWLR
ORFDWLRQ ZKHUH WKHUH DUH WZR REVHUYDWLRQV BHU VDP.
HYHQW LQ 7KH VKDGHG JUH\ BUBDR X QG HWL WKHIGF X ¥ B FWK
WKH XSSHU ULJKW Rl HDFK SORW &RPSDUHG WRUDKH BEWXD
SUHGLFWLRQ XVLQJ LQVWDQWDQHRX& BB WIDWLW S QRWHWH G L Q
SUHGLFWHG FRQFHQW& WK R Q@D URIGGSIOMG/ WK IBHDWHIH XQGHU \
SUHGLFWHG 3%$$%$ FRQFHQWUDWLRQ PRGG @ QLWKHTXDDHUWKH K8

5HDO WAFMHQ EH FDOFXODWHG E\ $11 SUHGLFWLRQV RI 3$$
VDPSOLQJ ORFDWLRQV IROORZHG E\ D ILUVW RWGAINNLQHWLTF
IRXQG EHWZHHQ WKH RFMRXDIDOMQED B SV MHEBI® WHLUHG :LOI
VLIQHG UDQN WHVW IDLOV WBYDOQGH VLJQLS$LFIDRB/O KU IDBSH @
DOVR WHVWHGW @ LAKHFWO\ SUHGLFWHG E\ DQ $11 7KH VDPH
FRQFHQWUDWLRQ $11 PRGERDXVIRQV YWKHIG: $\FRVI DB GLFW)LJIXUH
IRU HDFK VDPSOLQJ HYHQW DV WRHASWHOLPWQR @ D\BESRIGEDH K 7K
&7ZLWK DOPRVW HTXDO DFFXUDF\ DV WKH 3$$ FRQFHQWUDWL



L $FWX DY
-2 BUHGLEWHG

3$$ PJ /

+57 PLQ

YLIXUH 2EVHUYHG EODFN DQ@AURMHWHEKH{ SUMBPEWHGJ) BB
7KH EODFN GRWYV DUH WKH DFWXDO VDPSOHGV3WE& H RIQUAHY \RU |
PRGHO ILW WR WKH DFWXDO VDPSOHG REVHUYOUNVEHRQW WXMG \
DFW&XMDDKH UHG GRWV UHSUHVHQW WKH DYHUDJH RI  $11 PRC
FRQFHQWUDWLRQV DW IRXU VDPSOLQJ ORFDWLRXEDWKHGEQHC
OLQH LV WKH ILUVW RUGHU PRGHO ILW WR WKH SUHGLFWHG F
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J)LIXUH $FFXBDHGRFWLRQ IURP D ILUVW RUGHU PRGHO LQW
33$ FRQFHQWUDWLRQV DQ®BUHREP $MKHSVBBH PMWHAMVGRI SUHGLFWRL
VLIQLILFDQW GLIITHUHQFH ZDV IRXQG EHWZHHQ PRGHO DSSUR

,Q FROYH@WRREDFRQWURO WKH GHFRDWDROQPHWBQG WKH
SDUDPHW® YTXDWLRQ DUH DVVXPHG WR EH FRQVWDQW DQ
GRVLQJ ZKHUH WKH DVVXPSWLRQ LV YDOLG ,|l W& REBLQH DQ
DQDO\]HU LV N©&BRQ@GE HWKIHMF X O D W H GND ¥K/K R.IPG.D BWF R Q WK Bl @ W



DVVXPSWLRQV RQ FRQ Y & QMIORDDLO@IVIR B CEFRSOBMMH Q@ [HFW LR Q D
LOOXVWUDWHG LQ )LIXUB7SURGUFWHR@Q WVYPDHOYRLISORWWHG |

GDWDVHW OHIW SDQHO RIl )LIXDHNGFRQWSROFDWHINYWHKH F
GDWDVHW ULJKW SDQHO RI )LNKERWUROHGSWUPDWHEIY DHFRQV M
DQDO\]HU ZzDV LQVWDOOHG SULRU WR WKH VDPSOLQJ FDPSDL
JLIXUH VKRZNWRBSDRWRBWHUY DV EODFN WULDQJOHV 7KH
SDUDPHWHU YDOXH DQG LOOXVWUDWHY WKHWNSDDDPMMHU EHL
SDUDPHWHU ZDV FDOFXODWHG E\ VROYLLOQWLNH@WWHHQLWLDO
FRQFHQWUDWLRQ DWAVWLKMH WQD O \FHRY HN @ROZD P H D Q

7TKHUH LV VXEVWDQWLDO XDQIGDRVLRRWHKI ROKGIG WKIHQIEBHD Q C
JLIXUH $ VOLIKWO\ ODUJHU HUURU IRU WKHPDO QHWDW L\
VDPSOH VL]H RYHU D ORQJHU SHULRG RI'WILPAPAHK WKZHYB8 G L WKAH
WKH 3%$3%$ DQDO\]HU LV VXUSULVLQJ 7KH XVH RILPHHDQ SDUDF
VLPXODWLRQ WKXV LW LV LPSRUWDQW WR' (HFOWH XYOKDHVILG RBU H
EHWZHHOQ DQG LV QRW QHFHVVDULO\ LOGLFDWR®H RI C
UHDVRODEO\ DSSUR[ZRBQYMWH MW BME®HDQ LV XOQNQRZQ DV L
7KH REVHUYHG HUURU DV 506 ( &HDW LHEBEREMAM RHEL FRIQY HQW LR QL
WKDQ PRVW OLNHO\ GXH WR W&KMH IO XM IRFEDMVHVUOHG DLW H U
+RZHYHU WKH RIZSUHILPWDRQV LV VWLOO UHODWLYHO\ ORZ
$vV D JHQHUDO FRQVHTXHQFH RI WKH VWDWLEBPRQDPHWHHQWIDX
RYHU RU XQGHUHVWL RBHVEHGQ GLKOH B RWAHXKCHADKWHD EWR K H B BWEADOOR .
FRQYHQWLRQDO YDOXKBRHGLEW IFFDQY HDVISARUH D PRUH DFFXI
RI DF& ¥FR®SDUHG WR &R QUa{ QW L BQR:BR@ovyHoWRRUpbo DQG

&7TFRQWURO LV FRQVLGHUHG D PRUH SUHFLVH GLVLQIHFW|
EDVHG EHFDXVH RI WKH LQFUHDVHG PWEQREHDY H\W DAWW K Bl WL
LOQLWLDO 3%$% FRQFHOQW PRWIHROQU HITKZMHWUN@PRZOHGJH RI KRZ
FROFHOQWUDWLRQ FKDQJHV DV D IKTFRQMRIRA| WKEBW ZRXPRQW |
DSSUR[LPDWLRQV RI 3$$ NLOQHWLFV ZKLFK KDMNSOHODQ DK HHUY
WR ILW (TXDWLRQ LQ UHDO WLPH ZKLFK LV FRVW SURKLEL
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YLIXUH 7KH DRWWRG GRED\GHPDQG ' &FERGMWRBBERZDQG
FDOFXODWHG IRU HDFK VDPSOLQJ HYHQW LQ OHIW FROXF
WULDQJOHV 7ZR FRPPRQ GLVLQINPQGRQBRQ® YROLMHEWKR G\
FDOFXODWHG IURP DQ RQOLQH DQDO\]HU DUHGVDRRQ® NVWHIGS D
GRWV 7KRHSUMGLFWLRQ EOXH VTXDUHV KDV D ORZHU SUHG
WKH FRQYHQWLRQDO PHWKR® RI DSSUR[LPDWLQJ DFWXDO



JURP )LIXUH DSSURQEANRMNQRAW MFFXUDWHO\ HVWLPDW|
RI 33$ LQ VHFRQGDU\ WUHDWHG ZDVWHZIIWHD FDMFXEH RROQWG
VWUDWHJI\ FRXOG VXEVWDQWLDOO\ UHGXFH WKH DRRXQW RI |
ZDV IUHTXHQWO\ XQGHU SUHGLFWHG XVLQJ DQ RGOLQH DQDOC
VHWSRLQW E\ W&HHYRI@YW & R/X REYIV/E I IDIFQLXIDRD QW O\ DERYH W'
PHDQLQJ H[FHVV 3$$ LV GRVH&7LVY WKHGS LD SWKLG/LFDNHGE WKH
WKH FD@FXQDMKHEVHWSRLQW FR Q@WIRXOOGRRSE M\GV WERIQD/A\E K
SHUFHQW GLIIHUHQFH RI &DbY $1P BWH GEFWHBWH WKDQ WKH
DQG PRUH DFFXUDWH FRRIYZUWE® W PROONGWLRRRD 3$$ C
KDYH EHHQ ORZHUHG DQG UHGXFHG FKHPLFDO FRVWYV

&7 $11 YDULDEOH VHOHFWLRQ

$11V XVHG W&’ BHWIG IDFOW R FRQVWUXFWHG XVLQJ IRUZDUG
SUHGLFWRU YDULDEOH D&7PVWQBH QV$X Y HW KHRSSHIBGEERVR U Z L
WHVWLQJ HUURU LV VHOHEWHG DV WKH PRWW DQQaDCH R WLLPIOW
PRVW LQIOXHQWLDO SUHGLFWRU DQG RQH RI WKHLDIOPDLQLQ.
DGGLWLRQ RI SURFHVV YDULDEOHY DOORZV WKH HUHRU RI W
RI SURFHVV YDULDEOHYV ZKLFK SURGXFHV WKMLORZHYW B06( L
PRGHO SUHGRFWRURFHNRY YDULDEOHY ZHUH LGHQWLILHG WKD
ORZHVW 506( Rl WKH YDULDEOH VHOHFWLRQ RHWURQ%PEHURZ!
RI WUDLQLQJ HSRFKV WR DYRLG RYHUILWWLQJ LQ WKLV VHW
LWHUDWLRQV Rl YDULDEOH VHOHFWLR&7SUH GLLF W OR QK IO KK D.
SUHGLFWRUV 506( RI IR U DQG & K$11 Y PRIAHED HR/UV H
HDFK VWDJH Rl DUH SORWWHG DV D IXQFWLXRIMH RI WKH DYHUD

W LV H[SHFWHG WKDW +57 LV LQFOXGHGHLWKMKHD OXG N CR | [
&7XVHG IRU WUDLQLQJ DQG WHVWLQJ (TXDWLRQ V7KH LQF
PRVW FKHPLFDO GLVLQIHFWDQWY DUH PRWR WSIHFLWDMYLHR QW 7K
PRVW VXUSULVLQJ SUHGLFW&RIS YD GHVEQH E H/ M/ H FSWHRES HRIW Wt
LQ WKH VHFRQGDU\ f WUHDWPHQW EDVLQV RY K\WHK ARQREGIQGENU
$657 DQG WKH VHWWOHDELOLW\ Rl WKH VROLBYDBW, KDYH
ILQDO ZDWHU TXDOLW)\ YDULDEOHV VXFK D W&6HD QG D@2 W Y HD



ZDWHU FRXOG FRQVXPH DFWLYH 3%$$ WKHUHE\N XEEFHOHUDWLQ
GLVLQIHFWLRQ :KLOH WKH UHODWLRQVKLS EHWZIHHRG/&6® %2
WKH OLWHUDWXUH %DOGU\ HW DO %ORFNDO )DOVDQL
6WDPSL HW DO WKLV LV WKH ILUVW W&PH WKDW LW KD\

oy
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$LU 7HPSISIYU\D{XUH
. o f $657
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506 (

S YWHUDWLRQ

JLIXUHRUZDUG YDULDE®HS VHOHRWQRRREIRW RI LWHUDWLRQV L\
QXPEHU RI LQSXWV IRU WKH $11 PRGHO DQG LWHUDWLRQV Jl
SUHGLFWRUV LQ WKH $11 PRGHO 3UHGLFWRUV DUW RYHOHFWH
SUHGLFWRU FRPELQDWLRQV ,Q WKLV FDVH WKWHDGFEGWALRE |
WHVWLQJ 5080 (LRI IWKWILRQ RI PRGHO EXLOGLQJ WK XV RQO\ Y
LWHUDWLRQ DUH UHT&LRRGHIRU WKH RSWLPXP

$11 DQG 511 SUHGLFWLRQ RI ( FROL LOQDFWLYDWLRQ

7UDGLWLRQDO PLFURELDO LQDFWLYDWLRIQWREGRH PPSURP V
UHPRYDO WUHQGV WR WKH REVHUYHG YDOXH YV H DXROMNHGW HDOR

SRZHU GRXEOH H[SRQHQWLDO 6DQWRUR HW DO &KLFN
PRGHO +DDV HW DO DQG WKH UHVXOWY FDQ EH IRXQG
PRGHO UHVXOWY GHPRQVWQDBWHGKOR®Z6S ! ORJ 7KHUH DUH

VRXUFHV Rl HUURU WKDW FRQWULEXWH WR WKH SRRU PRGHO
YDULDWLRRQDFWLYDWLRQ E\ 33$ WKDW,TZV QRW VROHO\ GHVF

7KH FDOFXODWLRQ IRU ORJ LQDFWLYDWLRQ LV GHSHQGHQ
SRVWGLVLQARBMH® GUHGL(V LRRIBEEGWRRQORJ UHPRYDO DSSHDUYV
LQGLFDWRU RI GLVLQIHFWLRQ SH{UI|RR®DH\F ) BW RHKHQIRWNGQ
UHODWLYH WR WKH BOKGL \FIRDFAFSM RY H[SORUHG LQ )LIXUH
SUHGLVLQIFEF@RRQQDFWE&YDWH BQ RIWMIECHG WR EHWWHU XQGHU



EHWZHHQ 3$$(GRRGHDRIGNH D ODUJR7UDQ@JH RPIUDAWXKQ O WKHUH

VPDOO UDQJH RI ORJ UHPRYDO *

* 7KLV LV FRXQWHU W]
GLVLQIHFWLRQ SHUIRUPRQ¥FBOOKH MKRFIR GUIHHWVOQDWE\WRJ UHPRYD
UHPRYDO LV PRUH VHQVLWILY ARRRPISIDIKHSUW B LO/R ZY IFHFEVWL & DV L ¢
FROAKLY PD\ EH GXH WR WKH PHDVXUHPHQW ELDVWHHIWFXVVHG

ORZHVAMRFEERQFHQWUDWLRQV IURP EHLQJ DFFXUDWHO\ PHDV XU

UHPRYDO LV PRUH LQIOXHQ FHBRERQWK-HD B/UEDTALLREQ MK DIQRIQW K |
DSSOLHG 3$$ GRVH ZKHQ( WHKHRREUFHRWU QWHFRWQLRY ORZ PD\ QR
LQFUHDVH ORJ UHPRYDO 7KXV ZH VXJJHVW HYDOMNMHWNQJ WK
DV UHJXODWHG E\ WKH FRQF H QRRIDILVRISFS® \RH GG RWRNV\E K ¥ LQRH FI\

PHWULF :H FRQWLQXH WKLV ZRUN E\ SUFHRRVFIVOLIQFLISUHIBQG S
511 WR FDSWXUH WKH KR FROWMD FBNQ PP WH\R Q |

3UHGLVLQIHFWLRQ
( FROL
FIX P/

1109 7 uonuISIPILd

cr

Log remOVa I

J)LIXUH $ SOKW FIR@RY UHPRYDO DQG SBIRGLVDESHOAWURQ

HYHQWY GLDPRQGV ZLWK D OLQHDUFROWD QH XMRFWRRBERSKEHAHG
ORJ UHPRYDO 7KH REVHUYHG UDQJH RI ORJ UHPRYDO YDOXH
UDQJH RI REVAHKKWH®Q LQFUHDVH LQ ORJ UHPRYDO LV QRW D\
LQFUHBVBIVLRUHYLRXVO\ DVVXPHG 7KH FDOFXODWHG ORJ UHF
ZLWK SUHGIVEQWHKAVRIRHWKH 3$$ GRVH DSSOLHG LQ WKLV V!

SUHGLVLQIHFWLRQ OQ6RERWWGELUKIOQ IHFRFWLHROQDWHG RYHU W
& EXW LW LV LPSUDFWLFDO( WRIKRBEWD FQVDOHRHDYXUIHKHQWPRBLC



KRXUV DQG UHVXOWVY DUH RIWHQ QRW DYDLODERUMNQWLO
WKHFR\MUDLQLQJ GDWDVHW FREADXGHEPIH QWJIJWHRGD GGUHVYV DXV
WR VLPXODWH UHDO WLPH SUHGLFWLRQ WKH ODLH®V KRX
GHSHQGLQJ RQ WKH QXPEHU RI VDP $ OFRIOMADS\RH@V HQY SUH B ERX
DOVR WRDQVIRUPHG SULRU WR QRUPDOL]DWLRQ DQG WUDLQL
GLVWULEXWLRQ

7KH GLVWULEXWLRQV RI 506( IRU $11 DQG 511 SUHGLFWLR
UDQGRPO\ LQLWLDWHG VHWV Rl K\SHUSDUDPHWHUV IRU PRGH
SUHGLVLQIHFWLRQ DQERERVOUGLYYYMHFWDRRBRXV VKRUW WHU
KRXU DYHUDJHG SURFHVV GDWD DUH VKRZQ LQ )LJX@H )R
FRERGHO DYHUDJHV VHFRQGY WR WUDLQ DQG WHVW DQ RE
DYHUDJHYV PLQXWHV SHU REVHUYDWLRQ 7KH SUHGLFWLRC
PRGHO WKDW XVHV WKH SU K YERBH/IDY XNJHPHD WD OXBIPW B H LR U
SHUVLVWHQFH 2QO\ WKH 511 PRGHO W UD LIQFHVG RUH GQ VW@IGIH
( FEHMWWHU WKDQ SHUVLVWHQFH 7KHUHIRUHRQLW LV VXVSHF
SUHGLFWLRQ DFFXUDF\ GHSHQGV R(Q FRIMRKGH P RZ\DW Wb QW DV
YDULDEOHV LQ WKH PRGHO WKDW KDYH D GDWD FROOHFWLRQ
SUHYLRXV VWXG\ VKRZHG WKDW DPPRQLD RUWKRSRRASKDWH
FRUUHODOWHROAPWKDO LQ ::73 %DUULRV +HUQIQGH] HW DO
SUHGLVLQ IFRURXRPE EH PRUH KHDYLO\ LQIOXHQFHG E\ WKH SH
SURFHVVHV ORUH ZRUN LV QHHGHG WR LGHQWLAROGGLWLRQI
UHPRYDO XSVWUHDP RI WKH GLVLQIHFWLRQ SURFHVV

$11 SUHGLFWLRQV R{ SFREQME IP\RUH HOFREXRIQWH WKDQ SHUVL
ORZHVW PHDQ HUURU LV WKH 511 XVLQJ VKR UG/ WHNSR QYH UD.
YDULDEOH WKH DFFXUDF\ RR®¥IK H BRBWW G LAHQH HFR\PLSFDQ) D E O H
LQVWDQWDQHRXV DQG K DYHUDJH 511 PRGHOV 7KLV FRXOC
PDNH WKH SUHGLFWLRQ IUDPHZRUN SRV VL EK®RX URUMRHYO DLIQP
WHVW ZKHUHDV $11 WDNH PLQ®W®E F R QLER WK DVOKW LFPIHV A RRA H O
IUHTXHQFLHY DUH DQG KRXUV UHVSHFWLYHO\ 7KHUHIRU
511 DV RSSRVHG WR DQ $11 PD\ EH ZRUWK WKH GHOD\ LI WKH
PRQLWRULQJ
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J)LIXUH R[SORWV RVBDQVIRURHRE SUHGLVLQIHFWLRQ WRS

ERWWVRFRPRGHO SUHGLFWLRQV 7KH UHG OLQH LV WKH DYHUL
FRERQFHQWUDWLRQ WZR GD\V SULRU

YRU LPSOHPHQW D W ( RFEFSRILHG UFHVDIORW LRKW SURFHVV FRQWUR
RSWLPXP SRVWGEMIIGHPWAHRGHOHFWHG DV RSSRVHG WR D OF
SUHGLVLQIFE@KIR@ELOLW\ WR SUHCGALRIO. BQ B & IY\DIOXIBIE &/H FZ@ H
LV D GHILQLWLYH UHODWLRQVKLS EHWZHHQ GRAMHHODQG LQDFV
FRQWUROOHG LI(SRRANG/LSUBGLFPMWHRGE DQG WKH GRVH LQFUHD
WR(DEROHWSRLQW $ IDFWRU RI VDIHW\ DFFRXQWLQJ IRU WKH
HUURU )RU H[DPSOH WKH EHVY BRPRIBHODQIHERY Y/ GV LDQQ B F\
LQVWDQWDQHRXV SURFHVV GDWD IRU ORJ 7R PDLQWDLQ
SRVWGLV(QARBAWLERRLQW ZRXOG EFR?Y FIX P/



( FROL $11 YDULDEOH VHOHFWLRQ

7KH $11 PRGHOV XVHG WR SUHGLEW BOHU HD Q\GHSRNRW GIKVH. C
IHHGIRUZDUG YDULDEO&7YBOHB®WQR Q/ HVOLHPAVD DRIQWARLVFXVVHG
SUHGLVLQIARMLRRVW KHDYLO\ LQIOXHQFH E\ WKH RSHUDWLQ
SURFHVV LPPHGLDWHO\ XSVWUHDP RI GLVLQIHFWLRQ 7KH PR
LGHQWLILHG DV WKH UHFLUFXODWHG DFWL YIDWE& BHQWX GORZ 5
7KLV UHFLUFXODWLRQ UDWH LV DQ LPSRUWDQW BRA® RRIO SD
GHFUHDVHG WR DFKLHYH WKH GHVLUHG QLWURJHQ DQG SKRYV
WKH DYHUDJH VOXGJH DJH RI WKH VHFRQGDU\ WUHDMWPHQW V
VHEFRQGDU\ SURFHVV IRU VROLGYV WUHDR® HAQLP HW B 65L7P LW W K
UHWXUQHG DV WK&75W&H6EBRGBUWRIV RI WKH ELRORJLFDOO\
VHFRQGDU\ SURFHVV DQG WKH SHUIRUPDQFH RI FIRWEIR® DQG
QLWURJHQ 71 DSSHDU WR SOD\ D VLJQLKLFORDAXL UROH LQ SU
FRQFHQWUDWLRQ
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‘YWHUDWLRQ

J)LIXUH JRUZDUG YDULFREIH VHOH BWPEQURI LWHUDWLRQV
QXPEHU RI LQSXWV IRU WKH $11 PRGHO DQG LWHUDWLRQV Jl
SUHGLFWRUV 3UHGLFWRUVY DUH VHOHFWHG EDVWMBSRQ WKH P
ZKHQ WKH PLQLPXP 506( LV KLJKHU WKDQ WKH SUHYLRXV LWF

&RQFOXVLRQ
7KLV ZRUN LOOXVWUDWHY WKH SRWHQWLDO RI PDFKLQH O
GLVLQIHFWLRQ SHUIRUPDQFH RI D IXOO VFDOWHV\: DRBLWK FRQ
RSHUDWLRQDO FKDQJHV :H KDYH VKRZQ WKDWIVBES$ IKOO VFL



VHFRQGDU\ ZDVWHZDWHU HIIOXHQW D ®H K&V B Qr7 WILD G RWL R B
EDWFK OLWHUDWXUH PR G @ VD I(RAF RSIE PRRRY@FH Q' WYHQV MRKQH D E L ¢
PDFKLQH OHDUQLQJ PHWKRGY WR PDS SUHGLFWRUNLIWR UHVS
DQG 511 ZHUH XVH&WRVEQHGES WRMKHQWUDWLRQ DV D IXQFV
LQWHJUDWHG RYH FRERIQ FBQW@BLRQV XVLQJ RQOLQH DQG C
VFDOH ::73

7KH ZLGH UDQJH ROQEHBWEBQHWLF SDUDPHWHUV REVHUYH
5:+7) VXJIJHVW WKDW ERWK DUH GLUHFWO\ DWQB W DO XWR/ FKIR
QRW EH DVVXPHG IRU HLAVEBDYHE HFR GMYRDQVYYUDWHJI\ $ VXL
DQG OHVV H[SHQVLYH DOW KFRDWLROWR BVEBOXMHEREDD/G G 11
XVLQJ D PL[WXUH Rl RQOLQH DQG ODE SURFHVXVGIBWIDQ VKK DWH
VWXG\ GRHV FDSWXUH LQIRUPDWLRQ DERXW IMXWHYDUXDEOWYV
LQFOXGHG LQ WKH WUDLQLQJ GDWD GR QRW (I XEROBK&NVFULEH
HUURU LV SURSDJDWH GF\R ®IS\R K RIGILKY MKIHDWERQDF\ RI 511 GR
WKH IRUPHU

7KH WLPH UHTXLUHG WR WUDLQ DQG WHVW D QHXUDO QHW
VIVWHPV || WKH SUHGLFWLRQ LV XVHG LQ FRQWWRE®DH$11 PD\
HUURU UDWHVY UHGXFHG FRPSOH[LW\ DQG FR®GWVKVWFQWX DEX
RQO\ D PRUH FRPSOH[ QHWZRUN OLNH 511 FDQ DFHKIFFWWH )R
SUH DQG SRV \(GLR/@EHHF WIKRQSUHGLFWLRQV FRXOG SURYLGH
LQGLFDWLRQV RI SURFHVV XSVHWVY RU LQHIIEFAL¥OHFGHVR )RU
DFFXUDWHO\ SUHGLFW UHDO WLPH &7 %\ BGMXASWHIMJ 3$$ GR
SUHYHQW RYHUGRVLQJ RI D FRVWO\ GLVLQIHFWDQW

SHIHUHQFHYV

$EDGL 0 $JDUZDO $ %DUKDP 3 %UHYGR ( &KHQ = &L
'HDQ - 'HYLQ O *KHPDZDW 6 *RRGIHOORZ , +DUS $
-R]HIRZLF] 5 .DLVHU / .XGOXU O J/HYHQEHUJ - 0DQp
OXUUD\ ' 20DK & B6FKXVWHU 0 6KOHQV - G6WHLQHU
7XFNHU 3 O9DQKRXFNH 9 9DVXGHYDQ 9 9LpJDV ) 9LC
'DWWHQEHUJ 0 :LFNH 0 <X < =KHQJ ; QHHQVRU)C

OHDUQLQJ RQ KHWHURJHQHRXV V\VWHPV



%DOGU\ 0 )UHQFK O 'LVLQIHFWLRQ RI VHZBIH HIITOXHDC

7HFKQRO +

%DOGU\ 0 * & )UHQFK 06 60ODWHU ' 7KH $FWLYLW\ R
,QGLFDWRU %DFWHULD DQG 9LUXVHV :DWHU 6FL 7HFKQR(
KWWSV GRL RUJ ZVW

%DUULRV +HUQiQGH] 0/ 3URQN 0 *DUFLD + %RHUVPD $
0 & 0 +RRLMPDQV & 0 5SHPRYDO RI EDFWHULDO DQG
IXOO VFDOH DHURELF JUDQXODU VOXGJH DQGIBERBGYHOWLR

KWWSV GRL RUJ M ZURD

%LDQFKLQL 5 &DOXFFL [/ 3LQ]JLQR & 3LVFLFHOOL O
GLVLQIHFWLRQ E\ SHUDFHWLF DFLG K\GURJHQ SHWR[LGH |

%ORFN 3 7TKH GHFRPSRVLWLRQ NLQHWLFV RI SHUDFHWL
PXQLFLSDO ZDVWHZDWHUV 3URF :DWHU (QYLURQ )HG

%ORFN 6 6 'LVLQIHFWLRQ 6WHULOL]DWLRHO IXQ® 3¥H VH

&DUYDMDO * B5RVHU '- 6LVVRQ 6% .HHJDQ $ .KDQ 6 -
PRGHOOLQJ RI FKORULQH GLVLQIHFWLRQ IRU KXPDQ SDWK
‘DWHU 5HV + KWWSV GRL RUJ M ZDWUHYV

&KROOHW ) .HUDV $3,

&UHEHOOL 5 &RQWL / ORQDUFD 6 )HUHWWL " =HUELQL
2ZWWDYLDQL O *HQRWR[LFLW\ RI WKH GLVLQIHFWLRQ
DFLG RU K\SRFKORULWH GLVLQIHFWHG VHZDJH ZDVWHZDV
KWWSV GRL RUJ M ZDWUHYV

GD 6LOYD : 3 &DUORV 7' &DYDOOLQL * 66VWVHXHWXDDO+
HOXFLGDWLRQ IRU DSSOLFDWLRQV LQ ZDVWHZDWHU WUHD
KWWSV GRL RUJ M ZDWUHYV

'HOOY(UED $ )bovDQLVL ' J/LEHUWL / 1RWDUQLFROD O
EHKDYLRXU RI SHUDFHWLF DFLG IRU PR@QLFLSDG: ZDVWHZD

ybovbQLvL ' *HKU 5 6DQWRUR ' 'HOOT(UED $ 1RWDUQI

3% GHPDQG DQG LWV LPSOLFDWLRQV RQ GLWLQIHFWLRQ R
+

*HKU 5 :DIJQHU 0 O9HHUDVXEUDPDQLDQ 3 3D\PHQW 3
SHUDFHWLF DFLG 89 DQG R]JRQH DIWHU H Q KIDQ/FWHEZ B WIHAD |
:DWHU 5HV * KWWSV GRL RUJ 6



*LEEV 06 ORUJDQ 1 ODLHU +5 'DQG\ * & 1L[RQ - % +
,QYHVWLIDWLRQ LQWR WKH UHODWLRQVKLS EHWZHHQ FKO
SDUDPHWHUYV XVLQJ GDWD GULYHQ PHWKRGYV ODWK &RPS
&RPSXWLQJ OHWKRGV WR :DWHU 5HVRXUFHV DQG (QYLURQ
KWWSV GRL RUJ M PFP

+DDV & 1 -RIIH - -DFDQJHOR -* $QPDQJDQGOD 8 +HDW
GLVLQIHFWLRQ NLQHWLFV $P :DWHU :RUNV $VVRF -

+RFKUHLWHU 6 ©6FKPLGKXEHU - /IRQJ 6KRUW 7HUP OHP
KWWSV GRL RUJ QHFR

LWLV O 'LVLQIHFWLRQ RI ZDVWHZDWHU ZLWK SHUDFHW
KWWSV GRL RUJ 6

.UDVQHU 6 : ‘HVWHUKRII 3 &KHQ % O5LWWPDQQ % ( $P\
'LVLQIHFWLRQ %\SURGXFWV LQ 8QLWHGIBOWTHOQNWWV : QW HU B¢
6FL 7HFKQRO * KWWSV GRL RUJ HV P

/IHIHYUH ) $XGLF - )HUUDQG ) SHUDFHWLF DFLG GLV
GLVFKDUJHG RIIl FRDVWDO VHDZDWHU :DWHU 6FL 7HFKQR

ILEHUWL / /RSH] $ 1RWDUQLFROD 0 'LVLRRIHFWLRQ Z
VHZDJH UH XVH LQ DJULFXOWXUH :DWHU (QYLURQ -

/ILQ & + <X 5 ) &KHQJ : 3 J/LX & 5 ORQLWRULQJ D
7L2 GLVLQIHFWLRQV IRU PXQLFLSDO ZDV@QHXZDIMHQHWMERD
+D]DUG ODWHU + + KWWSV GRL RUJ M MK

ObLHU 50 3HSSHU ,/ *HUED & 3 (QRYLURQPHQWDO P

ODQROL . 6DUDWK\ 6 ODIIHWWRQH 5 G6DQWRUR ' 'H
FRQWURO IRU FKHPLFDO GLVLQIHFWLRQ RWYHMRRFQGD UD W HI
SHV * KWWSV GRL RUJ M ZDWUHYV

OHWFDOI (GG\ :DVWHZDWHU HQJLQHHULQJ WUHDWPHQW
OF*UDZ +LOO

ORQDUFD 6 5LFKDUGVR 6 ' )J)HUHWWL ' *URWWROR 0 7K
5DJD]]JR 3 =HUELQL , $OEHUWL % OXWDJHQLFLW\
VXUIDFH GULQNLQJ ZDWHU GLVLQIHFWHG ZLWK SHUDFHWL

KWWSV GRL RUJ HWF

5RVVL 6 $QWRQHOOL 0 OH]J]]JDQRWWH 9 1XUQ]IR & 3
JHDVLEOH $OWHUQDWLYH WR :DVWHZDWHU &KORULQDWLR
KWWSV GRL RUJ ;



6iQFKH] 5XL] & ODUWtQH] 5R\DQR 6 7HMHUR ORQ]yQ |,
HIILFLHQF\ DQG LPSDFW RI UDZ ZDVW H D $WHLR G LWR CR AIF B/Q
GLVFKDUJH :DWHU 6FL 7HFKQRO /RQG +

6DQWRUR ' &UDSXOOL ) 5DLVHH O 5DVSD * +DDV &1
&RPSXWDWLRQDO )OXLG "\QDPLFV ORGHOLQJ RHWVYFKHULEFK
$FLG LQ OXQLFLSDO :DVWHZDWHU &RQWDFW 7DQNV (QYLU

KWWSV GRL RUJ HV
6DQWRUR ' *HKU 5 %DUWUDQG 7 $ J/LEHUWL / 1RWDUQ!
+DDV & 1 :DVWHZDWHU 'LVLQIHFWLRQ E\O3HIROFHWLF

7TUDFNLQJ 5 HVLGXDO OHDVXUHPHQWY DQG ,QDFWLYDWLRQ
KWWSV GRL RUJ ;

6pURGHYV - % 5RGULJXH] 0 - 3RQWRQ $ &KORUFDVW
GHFLVLRQ PDNLQJ WRROV IRU FKORULQH GLVLQIHFWLRQ F
KWWSV GRL RUJ 6

6WDPSL 6 /XFD *' =DQHWWL ) (YDOXDWIKRQ RI WKH
GLVLQIHFWLRQ RI VHZDJH HIIOXHQWYV - $SSO OLFURELRO
KWWSV GRL RUJ M [

6WDQGDUG PHWKRGV IRU WKH H[DPLQDWLRQ RI ZDWHU DQG Z
SHVLGXDO 3URSRVHG KWWSV GRL RUJ 60::

6WDQGDUG PHWKRGV IRU WKH H[DPLQDWLRQ RI ZDWHU DQG Z
&ROLIRUP 7THVW KWWSV GRL RUJ 60::

86 (3% &RPSUHKHQVLYH 'LVLQIHFWDQWY DQB 'LVMQQRIHFWL
6WDJH 4XLFN 5HIHUHQFH *XLGH 1R (3% ) 21ILF

"HL +DDV & 1 )DURXN % 2SWLPL]JHG '"HVLJQ RI :DVW

%DVHG RQ DQ $UWLILFLDO 1HXUDO 1HWZRUN OHWDPRGHO
L QWHUQDWLRQDO OHFKDQLFDO (QJLQHHULQJ &RQJUHVYV DC
OHFKDQLFDO (QJLQHHUV 'LJLWDO &ROOHFWLRQ KWWSV (

'LVGRP % :HUWK ( 6WHSKHQV 1 GD 6LOYD $ XP 3HUDEF
%LVXOILWH 3URF :DWHU (QYLURQ )HG *

<X 5 ) &KHQ + : &KHQJ : 3 B6KHQ < & "\QDPLF FR(
ZDVWHZDWHU UHXVH DSSO\LQJ 253 S+ PRQLWRULQJ DQG D
&RQVHUY B5HF\FO + KWWSV GRL RUJ M UH\
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$EVWUDFW

8QVXSHUYLVHG SURFHVV PRQLWRULQJ LV XQGHQWHYHORS
SODQWV ::73 GXH WR WKH FRPSOH[LW\ DQG YROXPH RI GDWI
FRQWURO V\VWHPV )DXOWV DUH FXUUHQWO\ GHWRIG V0K 8 LMDV :
IRU FULWLFDO SURFHVYV YDULDEOHV JLYHQ D VARQRBILRERQDW
DUH QRW GHWHFWHG LQ WKLV SDUDGLJP XOWHG R GH RIF WWKH R
PRQLWRUHG YDULDEOHV 7KXV WKH JRDO RIOW KLWUZR URDIQF M
DQ XQVXSHUYLVHG SURFHVV PRQLWRULQJ PHWKRG WKDW FDC
WR VLJQLILEFDQW V\VWHP FKDQJHV $GDSWLYH G\QIDWDF SULQ!
GLPHQVLRQ UHGXFWLRQ PHWKRG PRGLILHG WR DGGWHVV DXW
SURFHVVHYV DQG LV HYDOXDWHG LQ WKLV ZRUN IRU LWV DELC
GHFHQWUDOL]HG ::73 ORGHO SDUDPHWHUV VXEBREDWHWUDLQLC
LQFOXGHG LQ WUDLQLQJ FXPXODWLYH YDULDIQRFRH IRIF /G FH3 & §
OHYHO Rl WKH GLVWDQFH WKUHVKROGV DUHXYDWLRE §E ®IS\SE!
RQ ODUJH VHWV Rl WHVWLQJ GDWD ZHHNV WR FRIQDWKWD LQ R
73 7KUHH W\SHV RI IDXOWV RFFXU GXULQJ WKLV WHVWLQJ !
PDMRULW\ RI IDXOWY LPSOHPHQWLQJ $' 3&$%$ RAL\BRWD WKDW
RSHUDWLQJ SDUDPHWHUV WKDW XVH VKRUW WUDLLIKLQJ ZLQG
VLIQLILFDQFH OHYHO ZHUH IRXQG WR LPSURWHNVGWMWUHEWLRQ
PLOQXWHV WR KRXUV VKLIW IDXOWV EXW GRHV QRWHODJ D \
IUHTXHQWO\ 3UH WUDLQV’ RQ WKH IDXOW & Y"HH QRN H, IYD WIKDEW H
XQOLNHO\ WKDW WKH VKLIW ZLOO EH GHW HRPVWHGY 6HME R/X AKH
HYHQWY DUH DODUPHG EXW QRW FRQVLVWHG@R QQ FR/US RIHDAX E
LQWR WKH QHZ WUDLQLQJ ZLQGRZ 6S L NmRL OIDXD /WUDRBIPWY R A HH
FRXOG EH H[SHFWHG IURP WKH FXUUHQW XSSHU DQ® ORZHU ¥
QHHGHG RQ LGHQWLI\LQJ GLVWDQFH PHWULFIYEWKE)W FDHIHQPIRQ



RUGHU WR LPSURYH WKH FRQVLVWHQF\ ZLWK ZKLFK WKH $' 3¢
FRQGLWLRQV WR DYRLG UH WUDLQLQJ RQ 3IDXOW\" GDWD

,QWURGXFWLRQ

(IHIHFWLYH PXQLFLSDO ZDWHU DQG ZDVWHWRWH WWH HDWP
HQYLURQPHQW DQG SXEOLF KHDOWK :KLOH WRJHP PRIV WHI
RYHU WKH GHFDGHV SURFHVV FRQWUR G W RQVKR®PDRRRYH G B\
WR GHWHFW DQG UHVSRQG WR IDXOWV 3UHFLSBOP®MWYRFHVV
;73 DQG ZDVWHZDWHU WUHDWPHQW SODQWVJRD®VDHKLHYH
UHJXODWHG QXWULHQW DQG SDWKRJHQ OLBL\XOMQFIR XA VE H
FDXVHG E\ VRPHWKLQJ DV LQQRFXRXV DV LQHIILFLHQW HTXLS
SURFHVV IDLOXUH +RZHYHU PRVW WUHDWPO®E EDALWDYGBVY
VXSHUYLVRU\ FRQWURO DQG GDWD DFTXLVLWLRXHG&XS'SHWV\VYV
DQG ORZHU OLPLWV IRU PRQLWRULQJ LQGLYLAXDO SURFHVV
HVWDEOLVKHG EDVHG RQ RSHUDWRU H[SHULHWF M R QGG \WHHW
SURFHVV DEQRUPDOLWLHV RU IDXOWYV SULRU WR V\Q@HP IDL(
HQYLURQPHQWDO FRQGLWLRQV H[SHULHQFHG DL\R QDX D GWKH:
PXOWLYDULDWH QDWXUH RI WUHDWPHQW WBREBY\SDW RBD BIM C
EHFDXVH RI WKH FRUUHODWLRQ EHWZHHQ FBUW DR SHRAHV YV
VWDWLF SURFHVV OLPLWV DUH UHTXLUHG WR. PGV RPPR ®YW HG
IDOVH DODUPV :KLOH VLQJOH YDULDEOH H HWISB LSRRV K\DW H D
YDULDEOH LV PHDVXUHG EHORZ DQ RSHUDWRUULID\ESRLIQIW D
PRVW OLNHO\ RFFXUUHG WKLV DSSURDFK OLPLWV SURFHVV
GLVWXUEDQFHV RI D VLQJOH PRQLWRUHG 9D WL\ D/EMDHQ G R URQ
PLQLPXP FRVW PRUH DGYDQFHG SURFHVV FRQWURO DQG PR
LQWR :73 DQG ::73 WR DYRLG FRVWO\ SURFHVV GLVWXUEDQFF

BWDWLVWLFDOO\ GHULYHG SURFHVV OLPLWV BEHHXRRAGE DG Y
IRU HDUO\ IDXOW GHWHFWLRQ LQ LQGXVWULDO R&SOLFDWLR(
. RXUWL 8VLQJ SUHYLRXVO\ FROOHFWHG GDWD QRUPDO
FRQGLWLRQV FDQ EH GHILQHG %\ FRPSDULQJ AX® GHWD REV
DEQRUPDO L H RXW RI FRQWURO 2& FRQGLWLRSOH FDQ EH



PHWKRGV Rl FDOFXODWLQJ WKHVH VWDWLVOLFDFONWK DISSROR B
GDWD FROOHFWHG DW :73 DQG ::73
'DWD SURGXFHG LQ :73 DQG ::73 IUHTXHQWO\ KDYH PLVVLC
H[KLELW LQWHUGHSHQGHQW QRQOLQHDU DQG QRQUWDWLRQ
20VVRQ HW DO 5RVHQ DQG /HQQR] +HQFH GHYV
XVLQJ VWULFWO\ PDWKHPDWLFDO PRGHOV H FWDEQLYDWHG
NLQHWLFV LV RIWHQ LQVXIILFLHQW IRU HDUO\ IDXORV GHWHF
LQDSSURSULDWH WR DSSO\ PRVW VWDQGDUG VWBWLKMWLFDO
GDWD DUH QRW QRUPDOO\ GLVWULEXWHG &KDQJLQJ LQIOXHC
VKLIWV LQ PLFURELDO HFRORJ\ DQG SURFM\KHFRRQMWUR 6 G QR
QRUPDO EHKDYLRU :LWKRXW NQRZOHGJH RI KRZ WKH GDWD I
LQIHUHQFHYV DERXW ,& RU 2& FRQGLWLRQV
0DQ\ VWDWLVWLFDO SURFHVV FRQWURO PHWKRGY KDYH E|
1HZKDUW HW DO LQFOXGLQJ FRQWURO FKDUWVHQOYHYV
HW DO 'ROG DQG SDUWLDO OHDVW VTXDUHV &KRL
SULPDU\ WRRO XVHG LQ WKLV ZRUN LV SULQFLSDO FRPSRQHC
VWDWLVWLFDO PHWKRG WR UHGXFH PXOMWYDPDUDBWHVGDWD D¢
VLPXOWDQHRXVO\ -DFNVRQ 3&% PDSV WKH X QO WKGILQJ
WKDQ WKH YDULDEOHY WKHPVHOYHV LGHQWLI\DQJ LQGHSHQ«
FRPSRQHQWY 3&V WR FDSWXUH DV PXFK Y DILQDWILEGRD QRL WH
DQG UHGXQGDQF\ :LVH DQG *DOODJKHU 'DWD FDQ EH S«
PRGHO VSDFH WR LGHQWLI\ FOXVWHUV RI VLPLODU REVHUYD\
REVHUYDWLRQ WR WKH PRGHO 6RPH DSSOLFDWLWRA®WY\RI 3&$ L
GDWD DQDO\VLV IDXOW GHWHFWLRQ .LQJ HW DO D GDWI
HW DO YDULDEOH UHGXFWLRQ IRU PXOWLS@H HM DUHV V|
DQG PLFURELRORJLFDO FOXVWHU DQDO\VLV -DAaRZLHFNI
7R GHILQH WKH 3&$% PRGHO IRU IDXOW GHWHFWLRQ WUDLC
SQRUPDO” RSHUDWLQJ FRQGLWLRQV )RU :73 DQG ::73 WKHVH
FRQGLWLRQV DUH VKRUW L H D IHZ GD\V DVRFXDQUH WR S
FRPPRQ (YHQWV VXFK DV VHQVRU UHFDOLEUDWLRQ VFKHGX
DFWLYLWLHYV DQG FKDQJLQJ LQIOXHQW TXDOLWQBQG TXDQW



FRYDULDQFH RI WKH PHDVXUHG SURFHVV YDULDEGB® 7R DSS
SURFHVV FRQWURO PHWKRGY WKH GDWD IURPWLRQRXVW EH |
UHTXLUHG WR DSSURSULDWHO\ DSSO\ WKH PHWKRG DUH PHW
GDWD FDQ EH DVVXPHG WR KDYH D FRQVWDRWRRGHDD ZLWK VV
RQO\ WKH PRVW UHFHQW WUDLQLQJ GDWD PNORSEDBRA YWR D
3&$ PRGLILFDWLRQ

$GDSWLYH 3&$ LV WKH PRVW SRSXODU H[WHQVLRQ RI 3&$
%DJJLDQL DQG 0ODUVLOL /LEHOOL .D]JRU HW DOQG /HH
IHQQR] $GDSWLYH 3&$% XSGDWHV D 3&% PRGHO EDVHG RC
REVHUYDWLRQV +RZHYHU WKH HITHEWLYHQHMWKIHDWD B WQLYG
ZLQGRZ ,| WKH WUDLQLQJ ZLQGRZ LV WRR ODUJH IDXOWV FR
YDULDWLRQ RU HUURU LQ WKH WUDLQLQJ GIXWDWVHM QhRIILD
ZLQGRZ LV WRR VPDOO QRUPDO REVHUYDWLRQVHERWXOG EH IC
DPRXQW Rl YDULDWLRQ LV LQFOXGHG LQ WKH WUDLQLQJ GDW

7R DFFRXQW IRU DXWRFRUUHODWLRQ L H UHODWLRQVKL
G\QDMPIRFGLILFDWLRQ GXSOLFDWHY D SURFHVVQHNOREHDE®H LQ C
WLPHVWHSV :HQIX .X HW DO $XWRFRUUHQDW IMWRKHS ORW
VWURQJHVW FRUUHODWLRQ EHWZHHQ SUHVHQW DQBLFUHYLR:
3&$ LV DQRWKHU FRPPRQ H[WHQVLRQ RI 3&$% IRU PRRLWRULQ.
DQG ::73 .UXJHU HW DO X HW DO & /HH HW DO
DQG 9HUGH JRU PRVW :73 DQG ::73 DSSOLFDWLR@W D OI
.D]JRU HW DO

BUHYLRXV ZRUN LQ WKH OLWHUDWXUH KDV FRPELQHG WKH
PRQLWRU D GHFHQWUDOL]JHG PXQLFLSDO ::73 XV RUDHD WL

HYDOXDWHG D S+ IDXOW LQ WKH ELRORJLF DBV RQBIOWP H (

FKDQJH RI LQIOXHQW ZDWHU TXDOLW\ DQG IRXQG WKDW FRQ
EHWWHU WKDQ FRQYHQWLRQDO 3&$% DQG VLPGOPHO@Y YRR RWK H
UHGXFWLRQ PHWKRGY HJ NHUQHO 3&% ORFDO OLQHDU HPE
$GGLWLRQDOO\ .DJRU HW DO IRXQG WKDW WKH XWOHIRI QRQ ¢
DODUP UDWH 2GRP HW DO IXUWKHU LPSURYHG WKH $' 3
GLFKRWRPRXV 3VWDWH" LQIRUPDWLRQ $ 3V VWHDMWHHU VLW KGOHWL Q H



SURGXFH XQLTXH FRQGLWLRQV $W D :73KRW : SABR MHK/IW LIW BHH
RSHUDWHG L H SURFHVV VHWSRLQWYV V¥ GG IOHPHQYW FRWDWLL
PDWULFHV IRU GLIITHUHQW RSHUDWLQJ FRQGLWLEB®V ,Q DQ D
DPRQJ PDQ\ PRQLWRUHG SURFHVV YDULDEOHY HJ GLVVROY
ZKHWKHU WKH FRQGLWLRQV DUH DHURELF RU DQR[RIH DQDHUF
,Q WKH FDVH RI 2GRP HW DO 3% PRGHOV ZHUH EXLOW
RSHUDWLRQ XVLQJ GD\V RI WUDLQLQJ GDWD %\ DSSO\LQJ $
PXOWLVWDWH $' 3&$% RU 06%' 3&$%3 DV RSSRVHG WD ORDWREG H
E\ .D]JRU HW DO ZDV GHWHFWHG VOLJKWO\ PRUH TXLENO
,Q WKLV ZRUN .D]JRU HW DO TV VLQJOH VWDWIDO66 $'
1V PXOWL VWDWH 06 $' 3&$% DUH H{IWHQGHBWKR GY DL@XDV
UHDO WLPH IRU D GHFHQWUDOL]HG PXQLFLSDW®LIT® H.® JR W LHWN
IDXOW XVLQJ ZHHN RI GDWD ERBWH RS MKW LRRU NR V L® X 0.DHV
RI WLPH ZHHNV WR PRQWKV WKDW LQFOXGH PXOWLSOH GLII
ZHUH PDGH WR LPSURYH DQG H[SORUH WKH VHQGLWLYLRQ RI
RI ::73 LQWR LQGLYLGXDO WUHDWPHQW XQLWMDERRPRRUISRWBW
XQLW L H PRUH WKDQ RSHUDWLQJ VWDWHYV DU®JFIRIR\PL G H L
WR GD\V DQG PRGLILFDWLRQ RI 3&% PRGHO FXPXODWLYH
UHVSHFWLYH OLPLWV 6HFWLRQ GHVFULEHV WKH ::73 VWX
SUHSDUDWLRQ DQG DQDO\VLY DSSURDFK IRU HDFK $' 3&$ FRC
WKH IDXOW HYHQWYV WKDW ZHUH GHWHFWHG E\ WR&FHH$RB&S$ DS
GLIIHUHQW WUDLQLQJ ZLQGRZ VL]HV PHWULFV DWQEBHWKUHVK
IURP WKLV ZRUN DQG VXJJHVWLRQV IRU IXWXUH ZRUN WR HQ\
3&% IRU IDXOW GHWHFWLRQ DW PXQLFLSDO :73 DQG ::73
ODWHULDOV DQG PHWKRGYV
OLQHV 3DUN ZDVWHZDWHU WUHDWPHQW IDFLOLW\

7KH VHTXHQFLQJ EDWFK PHPEUDQH ELRUHDFWRU 6% 0%5
FRPSOH[ &RORUDGR 6FKRRO Rl OLQHV *ROGHQ &2QWV D FERX
VIVWHP )LJXUH WUHDWLQJ PXQLFLSDO ZDVWHEZPMWHU SUR
KRXVLQJ FRPSOH[HV 'XH WR WKH QDWXUH RF BRFEXQWWLDHYL | H
WKH LQIOXHQW ZDWHU TXDOLW\ FDQ EH KLJKO\ BPQWIMDEOH DQ



ORVW OLQHYVY 3DUN WHQDQWY DUH XQGHUJUDGXDWH WWXGHQW
PRQWKY +HQFH GHFHQWUDOL]HG IDFLOLWLMHRQVYWRUB®G W®H
RUGHU WR UHVSRQG WR SURFHVV GLVWXUEDQFHYV FDXVHG E\
IDLOXUHV L H QR RU LPSDLUHG FRQWDPLQDQW U®WPRYDO :
0%5 DUH XVHG DV FDVH VWXGLHV IRU D IDXOW3GRHMNHHMIW.RWVV
ZLWK DGYDQFH QRWLFH RI D SURFHVV FKDQJH RU IDLOXUH

J)LIXUH 3URFHVYV IORZ GLDJUDP RI WKH 6% 0%5 LQWHEHJIJUDWFE
VROLG VWUHDPV DV ZHOO DV WKH ORFDWLRXJO R IGRMD DQWILFB
RQH SURFHVV YDULDEOH DQG PXOWLSPDHHPGRWXUHGSLFDWH P’

7KH OLQHYV 3DUN UHVHDUFK VLWH LQOWH GENSHWWWKBZPXRZL
D JDO XQQGHUJURXQG KROGLQJ WDQN ZKHUH WKH FRQWFE
RQFH SHU KRXU E\ D VXEPHUJHG JULQGHU SXPS ,QIOXHQW Z
HOQWHULQJ RQH RI WZRHTXHIDFAQJ EDWFK UHDFWRUV 6%5V
DFWLYDWHG VOXGJH SURFHVVHYVY LQ DOWHUQDWDQEIHKRXU F\
WKH 6%5 HI[FKDQJH UDWLR RU VHZDJH DFWLYDWH(
HISRVHG WR D VHTXHQFH RI DHUDWLRQ D QGRRIP IDIGFB BR WH
FKHPLFDO DQG ELRORJLFDO FRQWDPLQDQWYV Y$YHOQDWLRQ LV F
EORZHU RXWSXW WR DFKLHYH D '2 FRQFHQWHDWLIH3) ADHYWHS R L
VHSDUDWHG IURP WKH ELRORJLFDOO\ DFWEYWRORGVCWUIH\ JUD
UHWXUQHG WR WKH 6%5 L H UHWXUQ DFWLYDWHBQVRKGJIH F
WRWDO VXVSHQGHG VROLGV 766 7KH OLQHW EDUHWU IR NVQ W\



DQG UHTXLUHVY JUHDWHU FRQWURO RI KLJKHU DXKDROWM/\ HIIOX
VROLG OLTXLG VHSDUDWLRQ LV DFKLHYHG XVL@Q WYXXEPHUJHG
PHPEUDQH ELRUHDFWRUV 0%5V 7KH 38521S KROORZ ILEHU ¢
6\VWHPV ,QF 'LOPLQIJWRQ ODVVDFKXVHWW.YHWKDW B-WPH XV
UHMHFWLQJ EDFWHULD DQG VRPH YLUXVHV 2SHWXIMVWIHTI FRQC
LWHUDWLYHO\ LQ RUGHU WR PHHW WKH ZDWHWE DXDDQ®/ \QRIDH ¢
SRWDEOH ZDWHU UHXVH *HUULW\ HW DO SULHWR HW DC
FRQWUROOHG DQG PRQLWRUHG XVLQJ D 6&%'$ \HY WRIPVWKDP®V
FRQWUROV DW KLJK IUHTXHQF\ DQG VWRUHYV WKH GDWD LQ |
ZKHUH WKH FRQGLWLRQV RI WKH ILUVW GD\V ABUKDIHQHUD

WKURXJK -DQXDU\ $SSHQGL[ $ +RZHYHU QRW DOO RI
,& IRU HDFK RI WKH GD\ LQLWLDO WUDLQLQJ S®IULRGV GXH
173

)DXOW HYHQWYV

6% 0%5 IDXOW HYHQWYV IURP WR DUH HYDOXDWHG D
VSLNH IDXOWV 'XH WR GLITHUHQFHYV LQ KRZ EMHYVW LW HQWV L
LPSRUWDQW WR FRQVLGHU KRZ DQ LGHDO IDXOW GHWHFWLRC
HYHQW WKH IDXOW HYHQW FDWHJRU\ DQG IRU DOO SRVVLEDO

‘'ULIW IDXOWYV DUH FKDUDFWHUL]HG E\ D VOIRYWHKD QKB QIH
LQ YDULDQFH 7KHVH FDQ RFFXU DFURVV PXOWLS%WYR UIOFWDLAAE\C
273 GULIW IDXOWYV DUH LQGLFDWLYH RRGQGLHI[DPS®OWM WRB]BHPHY

DQG 2GRP HW DO HIDPLQHG D GULIW IDXOW LQ 6%5
FKDQJH WR LQIOXHQW ZDWHU TXDOLW\ 7KH EPS$DRNVU \Q R WK
UHPRYDO WRRN XSZDUGYV RI PRQWKYVY WR IXOO\ UHVWRUH 28
LOQFOXGLQJ WKH DFFXPXODWLRQ RI GHEULYV ZLWKLQ RU WKH (

.ODQGHUPDQ HW DO DQG WKH ORQJ WHUP LRSDFW RI R:
TXDOLW)\
7DEOH ORQLWRUHG 6% 0%5 SURFHVV Y D WKUIHLE @ WD WD ¥ DJE O

7\SF6" LQGLFDWHV KRZ D SURFHVV LV EHLQJ RSHUDWHG H J



YDULDEBEOHKHY VHQVRU PHDVXUHPHQWY XVHG WR PRQLWRU RU
RQO\ LQFOXGHG LQ WKH $' 3&% PRGHO LI WKH\ GUWIHHEWO\ PHD
WKH 6%5 RQO\ 0%5 RQO\ RB\EWWR 6%5 DQG 0%5

9DUL 7\¢ 6\V\ 9D UL 7\¢ 6\V\ |9DUL 7\¢ B\V\
0%5
%5 3KD' 6 6%5/6HZDJH JOR 3 6%5 |7UDQVPHPE 3 0%5
3UH\
0
%5 3KDVH 6/ 6%5 6HZDJH /HYHO ;)Cf’f 3P Lo 8F RX Uy o5
%5 %ORZ . |sPELHQW . 10%5 $LU 61 .
R0 6 6%s5|>FELHS 3 6%5 09)0) 3 0%5
0] 0 0
;";Q/C"ORZHH 6%5 %5 /HYHO 3 gé"ﬁ!\s SLU 6FRXUj o g
0]
0%5 OR( 6 0%5/ %5 7HPSHL 3 6%5 glj"g\ SLU 6F 3 (g5
0%5 0f € 0% |%5 /F : 6% 0%5 /F 0%
0]
?O/‘{%R( 6 0%5/%5 7HPSHL 3 6%5 |0%5 /HYHO 3 0%5
1)
0%5 6WDWH 6 0%5 5$6 S+ $°|56%'§qu>%H%W0%5
0]
0%5 6W 6 0%5/5$6 THPSHU 3 6%5 ocg)o/"|5 QIOXT 5 55
0%5 $LU
6FRXU 9DOSYHO0%5 5$6 766 3 600%6%5766 3 0%5
3RV
0%5 $LLU .
6FRXU 9L 6 0%5 ch’sz SHUPF 3 gus |ows 766 3 0%5
3RV )
, 0%5 3HUPHDWH 3HUPHDWH 700N
0 q 0 0
%5 2 3 6% M ows | R oGx DQNy o5
h |
%5 2 3 6%5 )OoA)IS SHUPE 3 g5 f:YUPHDWH 3 0%5
%5 %ORZH . L0%5 3HUPHDWH,, 3HUPHDWH 7D,QN,,
o) ¥ 6wsg > N ogs |SHUE DQ Ny 045
0%5
0] 0]
0 0
)/°O5R§’ORZ 3 6%5 7UDQVPHPE 3 0%5
3UH\

6KLIW IDXOWY FDQ RFFXU LPPHGLDWHO\ DIMREZ@ QRS HUD)
H[DPSOH VKLIW IDXOWY DUH FRPPRQ LQ ::73 IWHQUMHFRIQERG
YDOXH FKDQJHV VXGGHQO\ GHVSLWH QR DFW X DBUBKDLRIHVLQ
WKH VORSH Rl WKH OLQHDU FDOLEUDWLRQ IXQRMLRQ GRHYV ¢
YDULDQFH ZLOO QRW )RU PXOWLSOH SRLQWOER & DEUPMOLREQ\D
IXQFWLRQ FKDQJHV LW LV SRVVLEOH WKDW WKHSHDQGID@RIFH
RQ WKH PDJQLWXGH RI WKH FKDQJH DQG ZKHWKRHQ QKRS VRHD V



QRW WKH UHVXOWLQJ LPSDFW RQ RSHUDWLRQV FRXOG EH HL
VKLIW IDXOWV VXFK DV D 3VOXJ Rl FRQWDBHQRBAQYWMM WKSIDIE
YHUDFLW\ Rl VHQVRU PHDVXUHPHQWY DV WKNXQHD FRQ@UW LR
WKH SUHYLRXV FDOLEUDWLRQ RU WKH VHQVRUfTV TXDOLW)\ FR

6SLNH IDXOWY DUH D VXGGHQ EXW WHPSRUDUYHBKDQDHH Q
UDUHO\ LQGLFDWLYH RI SURFHVV IDLOXUHQUVRW RKUR S\HUHD VWDLU
HUURU DQG VKRXOG EH UHPRYHG IURP D GDWDVHWQSWRRU W R
RSHUDWRUV DUH HDVLO\ GHWHFWHG E\ XSSHU DQG ORZHU FR
RSHUDWRU GHWHUPLQHG WKUHVKROGV DUHWD®Q HOW VKHIQF L H
PDQQHU DQG DUH QRW HVWDEOLVKHG IRU DRQGIRWIMRGEWOH SUF

ORGLILHG 3&%

7KH 3&% PRGHO LV LQLWLDOO\ FRQVWUXFWHEBHIBR® DL¥NW
63( DD®®UH XVHG WR GHWHUPLQH LI WKH WHVWLQJ GDWD FDQ
L H LIl WKH SURFHVV LV ,& 7R LGHQWLI\ WKWHHEHNW G 'VFDHOHR
IDXOW GHWHFWLRQ VA\VWHP IRU ::73 YDULRXV &XQLQJ SDUDP
6SHFLILFDOO\ VLQJOH VWDWH 66 YHUVXWEOEXKQWEIVY/®RZHV D]
WZR GLITHUHQW FXPXODWLYH YDULDQFHY DQG WZR VLJQLILF

66 WUDLQLQJ DQG WHVWLQJ GDWD LQFOXGH BDORUREVHUYL
0%5 VXEV\VWHPVY 06 WUDLQLQJ DQG WHVWLQJ REMHRWYDWLRQ
RI WKH 6%5 RU 0%5 VXEV\VWHPYV 6WDWH YDULDE®G®W DUH LQ\
RSHUDWLQJ FRQGLWLRQV IRU WUHDWPHQW SKDVHVHU LQGLY
XVHG WR VXEVHW WKH GDWDVHW EXW DUH QRW LQFOXGHG LC
FRPELODWLRQV RI WKH 6%5 VWDWH YDULDEOHYV IRU D JLYHQ
LOQFOXGH WKH 6%5 SKDVHV ILOO PL[ UHFLUFXODWH ZLWK (
7TKH 0%5 KDV IXQFWLRQDO VWDWHY GXH WR WKH FRPSOH][ F
GXULQJ QRUPDO DQG SHDN RSHUDWLRQ L H KLIKHU WKDQ C
VXVWDLQHG IRU VKRUW SHULRGV RI WLPH &RPELQHKG WKH 6
WDNHV LOWR DFFRXQW WKDW QRW DOO RSHUDWLQJ FRQGLWL
FRQFXUUHQWO\ 7KLV ZRXOG EH DQ H[FHVVLYH QXWEWHORI| VW
GHFRXSOHG RSHUDWLRQ RI EDWFK DQG FRQWLQXRXV SURFHYV



RSHUDWLRQDO YDULDEOHV WKDW DUH VKDUHG EBIBMZHWHQ WKFE
DUH LQGHSHQGHQW RI WKH FRQGLWLRQV LQ WKH RWRHU V\VYV
VHSDUDWH V\VWHPV ZKHUH RQO\ D IHZ SURFHVYVY YDULDEOHYV
7KH SXUSRVH RI WKH DGDSWLYH PRGLILFDWLRQ IRU 3&$ L\
WUDLQLQJ GDWD WKXV WUDLQLQJ ZLQGRZ VL]H * GD\V L
SHULRGYVY ZHUH LGHQWLILHG EHWZHHQ )HEUXDU\ DQG -DQ>
FRQVLGHUHG JHQHUDOO\ ,& EXW WKHUH ZHUH QR FRQVHFXW
RSHUDWHG ZLWKRXW PDLQWHQDQFH DFWLYLWEZHDWHWBHUDWLF
TXDOoLW\ 7KH SURFHVV YDULDEOHYV WKDW ZHUH P®RUYW YDULD
SORWWHG LQ $SSHQGL[ $ 7KH XVH RI D UROOLQJ ZLQGRZ DQ(
UH WUDLQLQJ RI WKH PRGHO RQ QHZ ,& REVHUYDMM R DR/ XYRW
ZKLOH VRPH GLIIHUHQFH LQ WKH IDXOW GHWHFWIPRDQ EHUIRUF
FDXVHG E\ 2& REVHUYDWLRQV LQ LQLWLDO WUDLGKQUHZLQGR.
WUDLQLQJ LWHUDWLRQ DV ORQJ DV 2& REVHUYDWLRQV DUH U
7KH FXPXODWLYH YDULDQFH RI WKH 3&% PRGHO zZDV DGMX
GHWHUPLQH KRZ WKH GLVWDQFH PHWUUFRUZE& D H JBIIUHEX\WPHEG &\
*LYHQ WKDW D KLIJK FXPXODWLYH YDULDQFH PDULBYHUHI IPD\ RL
XQGHUILW $' 3&% DODUPV PD\ EH VHQVLWHL YHRWRUWHKHH B X P X C
H[SORUH WKH $' 3&% IDXOW GHWHFWLRQ PRQLWRWLVNQ WXMUD G |
VLIQLILFDQFH OHYHO . ZDV WHVWHG DW OWRZHU$WKH IKGBYU
DOQGWKUHVKROG XVHG WR GHWHUPLQH LI WKH FRQGLWLRQV L
DFFRPPRGDWH 2& REVHUYDWLRQV LQ WKH WUDLQLQJ GDWDVE
7KH SURFHGXUH IRU VHOHFWLQJ DQG SURFHVVLQJ WKH WL
DQG FDOFXODWIZQRHWKH BB (LVRXWOLQHG EHORZ IRU 66 DQG (
,GHQWLI\ VWDWH DQG SURFHVYVY YDULDEOBWDRDQ WKH GDWI
DFFRUGLQJO\
D )RU 66 DSSOLFDWLRQ LQFOXGH DOO REVHUYDWLRQYV
E )RU 06 DSSOLFDWLRQ VXEVHW SURFHVV YDULDEOHYV
JLYHQ VWDWH



'"HWHUPLQH WKH ZLQGRZ RI V@GR H QRSU WY DM GIIQN QLGS D\ V
GLYLGH WKH GDWDVHW RBRRAVGR QLEDG.WIR'G K L&/DX RAXN K W K
GDWD EHJLQ DQG HQG RQ PLGQLJKW RI WKH UHVSHFWLYH
D )RU WKH 06 DSSOLFDWLRQ WKH QXPEHU REVHUYDWLI
QXPEHU RI REVGILYAL\U DREMW LQOQKHUHQWO\ VPDOOHU W
DSSOLFDWLRQ 7KH QXPEHU RI REVHUYDWLRQV LQ HLC
OLNHO\ GLIITHU XQOHVY DOO VWDWHYV KDWBWWHKHVVDPF
LQFOXGHG LI WKH QXPEHU RI REVHUYDWLBQV IRU WK
QXPEHU RI REVHUYDWLRQV IRU D JLYHQ WUDLQLQJ ZI
RQH GD\ RI REVHUYDWLRQV WRWDO REVHUYDWLRC(
UHTXLUHG WR WUDLQ D VWDWH
6FDOH WUDLQLQJ GDWD WR }MURoPHDQ DQG XQLW YDULDC
D ([FOXGH SURFHVYV YDULDEOHY WKDW GR QRW LQFOXG
REVHUYDWLRQV WR FDOFXODWH D UHDVRQDEOH VWD
FDVH RI DQ RIIOLQH RU SRRUO\ IXQFWLRQLQJ VHQVR!
$SSO\ 3&$ WR W UD L Q4u® J Li6vD d¥® oB/BKHBH b DWK H SURMHFEWLR
PDWUL[ RI WKH UDQNHG HLIJHQYHFWRUV WKDW FDSWXUH
,Q WKLV ZRUN DQG FXPXODWLYH YDULDWLRQ Z
&RPSXWH WKH PRQIZWRA Q@3 (VY Q® WKHIRY QRQSDUDPHWU
DQG 63(
D 7 <wupLe <wublZKHWHYV WKH WUDFH RI 3WkkHoHLIJHQYDOX
E 63( ;wuptewupddLowuotevuodwidio
F 8VH NHUQHO GHQVLW\ HVWLPDWLRQ ZLWK D 6KHDWK'
NHUQHO WR GHWHUPLQH WKH7 WKUKMNVEWROGH ,IQR W KLKA
ZH WHVW . DQG
O0DS WHVWLQJ GDW D<WWRwg kb VREQY S OFFRHR 5 BV G we3 R U
<wHRDWW3wubLQ
D )RU WKH 06 DSSOLFDWLRQ WKH QXPEHU RI VWDWHYV |
GLIIHU 7KDW LV WR VD\ QRW DOO WUDLQLQJ VWDWH
,GHQWLI\ ;& RU 2& FRQGLWLRQV



D )RT Lwuvw/, WKHQ WKH WHVW RGM WU WIKWIOR W KN/ \WEH V,\
REVHUYDWLRQ LV 2&
E )RU 63( L#n6BB( WKHQ WKH WHVW REWHMBD WIKR® LV
WKH WHVW REVHUYDWLRQ LV 2&
F )RU MRLQWT763¢%. RU 634 wW3( WKHQ WKH WHVW REVHUY
2WKHUZLVH WKH WHVW REVHUYDWLRQ LV ,&
G 6WHSV + DUH UHSHDWHG IRU WKH UHPDLQLQJ WHYV
L )RU WKH DGDSWLYH PRGLILFDWLRQ B6WHSV + I
WUDLQLQJ DW PLGQLJKW RI HDFK GD\
7R UH WUDLQ DQG WHVW IRU WKH DGDSWLYH ERGLILFDWL
WUDLQLQJ G W ELWHKH &K HFRID V R @D VVWDKUH RIOHGHRWW G [URF
QHZ WUDLQLQJ GDWDVHW DQG WKH ,& WHVW REVHUYDWL
WUDLQLQJ GDWDVHW

'XH WR WKH H[SHFWHG SUHVHQFH RI QRLVH DQGVDXWRFRU
FRQVLGHUHG ®*IODJJHG " 7KUHH FRQVHFXWLYB DOBREFNHUYDWL
2& FRQGLWLRQV IRU7 PIQEXWRVQREBE (LI IHUHQW WUDLQLQJ ZLC
VLIJQLILFDQFH OHYHO DQG FXPXODWLVHRYBURBFENN D H LARERX
FRQILUP GHWHFWLRQ RI D IDXOW )DXOWV IRU WKLV ZRUN DU
SULRU DQG DIWHU WKH DODUPHG REVHUYDWLRQVZ IGMKVHFWH G
HYHQWYV UHFRUGHG LQ WKH RSHUDWRU ORJV $Q RSIRWDWRU |
DOO SURFHVV YDULDEOHV RI D VIVWHP WRVLQH QWHI'S BB RHGEGV
EHKDYLRU HJ PHDQ YDULDQFH WUHQG



SHVXOWY DQG GLVFXVVLRQ
&RYDULDQFH VWDWH HYDOXDWLRQ

$Q LQLWLDO SDLUZLVH FRPSDULVRQ RI SURFHVV YDULDEO
PDJQLWXGH Rl WKH FRYDULDWHYV )LJIJXUH LGHQWLILHV VR
0%5 EXW QRW DOO DQG VXJIJHVWV WKDW WKHGPDRBUNLKH RI |
66 6%5 GDWDVHW WKH UHODWLRQVKLS EHWWZ HKG K 2VRRIRFHIGMW
6%5 O9DULDEOHV DQG LQ )LIXUH D WKDQ 6%5 9DULD
ORDGLQJ GLIIXVHUV DQG EORZHUV EHLQJ LGHQWLFDO IRU E
UHODWLRQVKLSV IRU WKH 6%5 VXEV\WWHP LQF @UG B DPHEVY HQ W
DQG JRU WKH 66 0%5 YDULDEOHV SHZRHOQWH IORZ
UHDFWRUV 9DULDEOHYV DQG EXW QRW WHR/ LW\D QB VSHF)
ZKLFK ZRXOG EH H[SHFWHG +RZHYHU 0%5 SHUPHDWH IOR
WUDQVPHPEUDQH SUHVVXUH 703 O9DULDEOHV V DQG U
FDOFXODWHG SHUPHDWH SUHVVXUH DWPRWSIQHULR GUGY VX
WKH H[DPLQDWLRQ RI WKH FRUUHODWLRQR DPRURFEXUN BRYD
3HUPHDWH WDQN OHYHO 9DULDEOH V K R XFADGH D PQ LD ZHHX
WKH 0%5 SHUPHDWH IORZ LV UHYHUVHG DQG ¥0S HPUHDH/DXMWH P H (
VWRUHG LQ D WDQN LV SXPSHG WKURXJK WKH PHPEUDQHV %
DUH UHFRUGHG IRU WKH 6% 0%5 LW LV GLHM RX<DW WR S F® K C
FRQGLWLRQV +RZHYHU WKH XQLTXH FRPELQDWLRQ RI RWKH
VFRXU YDOYHV DUH FORVHG PDQXDOO\ IRU FOHDROLRMHGKLFK
PD\ KHOS UHGXFH WKH WRWDO QXPEHU Rl REVHUWDWLRQV Wk
LOOXVWUDWHY WKH LPSRUWDQFH Rl VHSDUQWHQD @GP D E\ V)
DFWLYLWLHYV ZKHQ GHILQLQJ QRUPDO RSHEQUWWRUIFRQGLWLR
| WKHUH ZHUH QR GLIIHUHQFH LQ WKH FRUKWHHI®IDZNRXRIG PEDH/
QR VXEVWDQWLDO GLIIHUHQFH EHWZHHQ WKH IDBSOW GHWHFW
3&$ )LIJXUH E DQG )LIXUH F VKRZ WKH DEVROWWRI GLIIHU
PRVW SUHYDOHQW VWDWHV L H WKRVH VYRADWKWY BPABKDW & H
0%5 UHVSHFWLYHO\ *LYHQ WKH QRQ JHUR GLIIHHWQE®V LQ F
WKH 6%5 DQG 0%5 ZH K\SRWKHVL]H WKDW LW VIWDIWIR W D Q W
VHSDUDWH 3&$ PRGHOV HVSHFLDOO\ ZKHQE OMWWEHERBWHL @H IR\



DQG YDULDQFH FKDQJH EHWZHHQ VW DWHWHXHH Q& HVKDBIJ @Y Z\R X0045 F
VWDWHY LV PXFK OHVV WKDQ WKH WZR 6% 5HVONBWEHM. QIKDF K F
FRQWLQXRXV SURFHVV ZKLOH WKH 6%5 LV D EDWFK IBSURFHVYV
DSSUR[LPDWH FRQWLQXRXV IORZ VIVWHPV WKDQ EDWFK V\VW
UHSUHVHQWDWLYH RI DOO FRQGLWLRQV 7KH W BERWEMEDDW D W
QXPEHU RI WUDLQLQJ REVHUYDWLRQV LQ WKH 6%5 \VWHP Z
UHSUHVHQW RI WKH WRWDO WUDLQLQJ REVHUYQWRRQV LQ
WKH GLIIHUHQFH EHWZHHQ 66 DQG 06%$' 3&% LYQQHH®HGNVWR G|
LPSDFW WR IDXOW GHWHFWLRQ SHUIRUPD @RZEQYREWXCGRLQG
GLVEXVNERQRQV GHWDLO IDXOW HYHQWYV WKDW RFERUUHG LC
IDXOW GHWHFWLRQ SHUIRUPDQFH EHWZHHQ 66 DQG 06$' 3&$ |
FRUUHODWLRQ PDWULFHYV DFURVYV YDU\LQJ RSHUDWLRQDO VW

‘'ULIW IDXOWYV

7KH IROORZLQJ VHFWLRQV GLVFXVV WKH DSSOLFDWLRQ RI
RFFXUUHG LQ WKH 6% 0%5 EHWZHHQ )HEUXDU\ DQG -DQXD
3&4% PRGHO WXQLQJ SDUDPHWHUYV ZHUH WHRYWE@G LOQWKWKH FF
$SSHQGL[ ZKLOH WKH PRVW LOOXVWUDWLYH DQEBWHHW¥HR@ | X
DUH SORWWHG LQ WH[W

7KH PRVW GLIILFXOW W\SH RI IDXOW WR GHWHFW DUH GUL
FDQ EH VR JUDGXDO WKDW RSHUDWLRQV VWRQWIHFRKHDHDXV
HIFHHGVY LWV FRQWURO OLPLWYV 'ULIW IDXOWV WRRB DOVR EH
XQGHUO\LQJ FDXVH LV UDUHO\ HDVLO\ DGGUHWBVIRE® DRU H[DP
PHPEUDQH EDVHG V\VWHP LV LQGLFDWLYH RI XQVXWKMDALQDEO
ZLOO HYHQWXDOO\ OHDG WR PHPEUDQH IBEROXWKH % QW K BUW WI
WKH PHPEUDQHV LV OLNHO\ DOUHDG\ FRPSURPHWVREHDQG GUI
H J UHPRYH PHPEUDQHYV IURP VA\VWHP IRU GHHS FKHPLFDO |



6%5 0%5

6%5 9DULDEOHYV 0%5 9DULDEOHV
%,2 ‘2 0%5 3(50 )/2:
%,2 ‘2 0%5 3(50 35(66
%,2 %/2:(5 )I2: 0%5 3(50 )/2:
%,2 %/2:(5 )I2: 0%5 3(50 35(66
6(:$*( )/2: 0%5 $,5 6&285 )/2:
6(:$*( /1(9(/ 0%5 $,5 6&285 )/2:
$0%,(17 7(03 0%5 75$16 35(66
%,2 1(9(/ 0%5 75$16 35(66
%,2 7(03(5$785( 0%5 $,5 35(6685(
%,2 1(9(/ 0%5 $,5 35(6685(
%,2 7(03(5%$785( 0%5 $,5 6&285 35(6685(

5$6 7528*%+ '2
6%5 DQG 0%5 9DULDEOBI(MO0($7( &21'8&7,9,7<
586 7528%+ 3+ 3(50($7( /(9(/
5$6 7528%+ 766 0%5 766
5$6 7528%+ 7(03(5$785( 0%5 766
0%5 ,1) )/2:
0%5 /(9(/
0%5 ,1) )/2:
0%5 /(9(/
3(50($7( 785%,',7<

JLIXUH &RWUHODWLRQ PDWUL[ KHDWPDS IRU WKH 66 6% 0%5
YDOXH =HUR LQGLFDWHV QR FRUUHODWLRQ ROQGVRDBL]EGNLK
HITHFW Rl VHSDUDWLQJ WUDLQLQJ GDWD E\ VWDEWZRVKH DEV
PRVW SUHYDOHQW &WZR \PRYWHSUBIBOHQW 0%5 VWDWHYV



$QRWKHU H[DPSOH RI D GULIW IDXOW LV D HKDORQIXPRIRIQIO
ZDWHU LQ D ::73 FRPSDUHG WR WKH LQIOXHQW WRGAUPMH GLO X
WHUP FKDQJH WR LQIOXHQW TXDOLW\LHRZMXAK DWPI® A 6CH G
DUH PRUH VHQVLWLYH WR SHUVLVWHQW F KDQDI® WP R G LI QF O WH.E
RU FKHPLFDO DGGLWLRQV WR DFFRPPRGDWHVWBHLBKWRHEH 21
FRQGXFWLYLW\ RI WKH WUHDWHG ZDWHU RI ::73 BKLFK LV D
VROLGY L H VDOWV WKDW DUH QRW UHPRYHGLRQNRQYHQW!
JUDGXDO FKDQJHV WR 703 DQG SHUPHDWH FRQGKFGL\WLW\ WK
LQ WKH 6% 0%5 DUH XVHG DV WHVW EDVHV IRU GHWHFWLQJ G

7UDQVPHPEUDQH SUHVVXUH

$ 703 GULIW IDXOW FDXVHG E\ 3VOXGJLQJ Rl WKH PHPEUL
PRQWK LQ $XJIXVW Y)LIXUH $V WKH SHUPHDWH SXPS S;
DFFXPXODWLRQ RI VROLGY RQ WKH VXUIDFH RNWWHKHHPEUDQ
PHPEUDQHYV ZHUH GDPDJHG E\ WKLV KLJK YDFXXP ZKLFK LV F
WXUELGLW\ DV PHPEUDQH ILEHUV ZHUH SUHVH@W76® WKH SH!
SHUPHDWH WXUELGLW\ DQG 703 RFFXUUHG YHU\ VRORER\ WX!I
ZKLOH WKH FKDQJHV WR 703 ZHUH QRW REYLRXV XQWLO WKH
LV XQDEOH WR GHWHFW WKLV FKDQJH GXH WRVWHK KX Y®DWBD VF
IUHTXHQF\ RI DOO $' 3&$% FRQILIXUDWLRQV

7KH VSLNH IDXOW HYHQWV UHYEQ®1L@J)LOXDGDUPXLRQ £XJ
GLVFXVVHG LQ VXEVHTXHQW VHFWLRQV 6SHFLILF %WR WKH 70
3&$% FRQILIXUDWLRQ WHVWHG WKDW IODJV PXOWLSOH REVHU"
FXPXODWLYH YDULDQFH VLIJQLILFDQFH OHYHO DQG RU
+RZHYHU WKHVH IODJV DUH VR LQFRQVLVWHQW VKKIDW RQO\ ¥
PRQWK RI $XJXVW GXULQJ DQ XO'§HGDWWGE D/LSQINGJ | DIXDER Z$ X J
WKH 637 DQGD SHUFHQW RI WKHLU UHVSHFWLYH WKUHVKROGYV
IDXOW EHFDXVH WKH PXOWLYDULDWH YD UALDVWKL R Q FLKV PLLAGFQRUILIK
UH WUDLQLQJ 7KH VLPXOWDQHRXV FKDIQWR EHRR® W IGLOIH ¥ B C
WKDQ WKH WUDLQLQJ GDWD DQG WR EH PDSSHG RXWVLGH WK
H[SHFWHG WKDW WKH 63( PHWULF ZKLFK P HIDW B&H \P RVGHOG LV



ZRXOG I0ODJ WKH PRVW REVHUYDWLRQV GXULQJ WKH GULIW IC
WKHUH DUH DQ LQVXIILELHQW QXPEHU RI 100VJVWKR WOLIOJXHH
$' 3% WR GHWHFW WKLV FULWLFDO GULOWMDKO GIEDWE FRQV
IODJ WKH LQLWLDO 2& REVHUYDWLRQV DQG WX W WXEYHJ X IGEQW
IRU WKH 3&$% PRGHO +DG WKH LQFUHDVHG 766 703 DQG WXU
RSHUDWRUYV D LRRVRMBEUDWRIXFOHDQLQJ ZRXOG KDYH EHHQ L
6% 0%5 ZRXOG KDYH EHHQ UHGXFHG WR DYRLG PHPEUDQH GD

JLIXUHKH PHPEUDQH IDLOXUH IURP $XJXVW UHVXOWHG LQ
WKH SHUPHDWH WDQN ZKLWHYKDHWMWY ED WHEO R 6 FoHPSMDIDMELHR
WKH RXWVLGH RI WKH 8) PHPEUDQHV FDXVHG SUHMFDULRXVO\
3HUPHDWH VDOLQLW\

$ VHFRQG GULIW IDXOW LQ WKH 0%5 RFFXUUHG GXULQJ Wk
FDXVHG E\ D FKDQJH RI LQIOXHQW TXDOL\EUDQSHF RIIL WIX® 00 %/4
VIVWHP GR QRW UHPRYH VDOWVY WKH FRQGXFWLYLW\ VHQVRL

6 FP XQOHVV GXULQJ D PEAREWRRA FOHBOL1@WDDER W V

WKH SHUPHDWH FRQGXFWLYLW\ EHIJDQ WR GHFOLQH DW
ODUFRX YLIXUH 7KH UHGXFWLRQ LQ FRQGXFWLYLW\ LV OL
ZHDWKHU HYHQW &RQGXFWLYLW\ GRHV QRW KDY B ®mMURSHUD
'KLOH WKH FKDQJH ZDV WRR VOLJKW IR G R®YHEDW RUKHWRHE & L
FRQGXFWLYLW\ DW DP DQG 06$' 3&$ 63( L\DQEW H KWHR) GAHIWWH F
0%5V DUH LQ SHDN RSHUDWLRQ :KHQ WKH WKUHVHKROG LV UL



63( DODUPV IRU GD\ WUDLQLQJ ZLQGRZV UHPDL® IQRW VKRZ
7 IRU GD\V RU IHZHU WUDLQLQJ ZLQGRZV DOO DODUPV VWR
PLVLGHQWLILHG 2& REVHUYDWLRQV UHODWDRYWUDR QY QX L &G
UROOV IRUZDUG WKH WRWDO YDULDWLRQ FDSXWXR¥YEUB\OW K H
VHQVLWLYLW\ WR VLPLODU IDXOWV $IWHU UH W REDVOLL@X HIVW
WR GHFOLQH EXW LV QR ORQJHU DODUPHG E\ DQ\ $' 3&% FRQI
WKHUH LV D WZR KRXU SHULRG RI WLPH EHWZHHQ WKHQ WKH
06$' 3&$ DODUPV $W REVHUYDWLRQ SHU PLQXWH ZKHQ WKF
WKHUH ZLOO EH DSSUR[LPDWHO\ KRXU RI FRQGXFWLYLW\ DW
DSSUR[LPDWHO\ KRXUV RI WKH UHGXFHG FRQGXFWLYLW\
DSSUR[LPDWHO\ RI WKH REVHUYDWLRQV IURP WKH PRVW U
8QOLNH WKH 703 GULIW IDXOW WKDW DIIHFWBGORRXOWLSOH
SHULRG RI WLPH WKH FKDQJH LQ SHUPHDWH FERI@®X\ELW IHYA\W \
VKRUW SHULRG RI WLPH 6LPLODUO\ ZKLOH 06 63( IODJIJHG W
GULIW IDXOW 16BDDQHGOW KH PRVW 2& REVHUYDWLRQV IRU WKt
WZR $' 3&$ FRQILIXUDWLRQV ZLWK WKH PRVW FRQWLE WIHQW L
IDXOW ZHUH  76BI$WB&$ FXPXODWLYH YDULDQFH DQG 663"
FXPXODWLYH YDULDQFH )LJXUH 7KH VIR UL WBIQREIH66 $1'Y H
3% EXW LQFUHDVLQJ WKH VLJQLILFDQFH OHYGIDUWNRG GLG |
REVHUYDWLRQV 6LPLODU WR WKH GULIW 703 IDXQWQWKHUH
WKDW DUH QRW DODUPHG DQG WKDW DUH LQFOXGHG LQ WKH
PLGQLJKW ODUFK 7KH DGGLWLRQDO YDULDWLRI LV LQFOX
DQGWKUHVKROGYV XSZDUGV 7KH DPRXQW E\ ZKLFK WKH WKUH
QXPEHU Rl ,& REVHUYDWLRQV ORVW ZKHQ WKH UROOLQJ ZLQ
REVHUYDWLRQV PLVFODVVLILHG DV ,& SULRU WR H[FHHGLQJ \



J)LIXUH 7KH 0%5 SHUPHDWH WXUELGLW\ 766 DQG 703 GXUL
7KH ERWWRP SDQHO LQFOXGHV WKH 66%$' 3&% DODUPV IRU
FXPXODWLYH YDULDQFH VLIQLILFDQFH OHYHO DQG GD\



)LIXUHG6 DQG 06%' 3&% XVLQJ FXPXODWLYH YDULDQFH DQG
WKH 0%5 VXEV\VWHP IRU D GD\ WUDLQLQJ ZLQGRZ GXULQJ D
WULDQJOHV LQGLFDREVWHKDMMWDL R B X(DRFUH[FHHGHG WKH FDOFX



J)LIXUH SBHUPHDWH FRQGXFWLYLW\ LQ 6 FP WRS DQG 06%
VXEV\VWHP ZLWK FXPXODWLYH YDULDQFH DQG VLIJQLILFDQ

6KLIW IDXOWYV

6KLIW IDXOWYV DUH GLVWLQFW IURP GULIW IDXOWWV LQ WKELC
RFFXU LV PXFK OHVV WKDQ GULIW IDXOWDNIIHE®HEGLRQD CVE&LIW
IDXOW ZLOO HIIHFWLYHO\ UHVXPH WKH PHDRQOYD & XWIHSU DR M X
D QHZ PHDQ YDOXH 7ZR W\SHV RI VKLIW IDXOWVWIRQNHVWLJD\
0%5 703 DQG WKH 6%5 766 7KH VKLIW LQ 703 ZORZANVVRFLDWI
ZKLFK VROLGY WHPSRUDULO\ DFFXPXODWHG L@/ AVKMRBWS 7KF
SURORQJHG VKXWGRZQ LQ ZKLFK D ODUJH YROXPH RI UDZ ZD'
GLOXWLQJ WKH VA\VWHPTV 766 FRQFHQWUDW IR D&®&LOH ERWK
FRQVHTXHQFHYVY WKH\ VHUYH DV D WHVW RI| WKBHDHOUWLUPRD QF



YLIXUHK3( DR®HWULFV DV D SHUFHQW Rl WKH WKUHVKROG |
WKH 0%5 VXEV\WVWHP LQ % O D F N 7WRJE DU © B W LLRYGS MAKCDMH KOD
WKH FDOFXODWHG WKUHVKROG



7UDQVPHPEUDQH SUHVVXUH

$IWHU URXWLQH PHPEUDQH FOHDQLQJ DQG VHQVRU UH FLC
WKH 0%5 VIVWHP H[SHULHQFHG D VSLNH IDXOW LPPHGI
YLIXUH 'KHQ WKH 0%5V UHVXPHG RSHUDWLRQ LWHVLGXDC
ORZHUHG FRQGXFWLYLW\ 7KLV VSLNH IDX%GWNHVIEBK@REMVKIEG |
LQLWLDO VWDUWXS VHTXHQFH WKH 0%5 HQKMBHG® G MIXNH W UH
YROXPH RI ZDWHU WKDW DFFXPXODWHG LQ WKHI®%E W\ \\RWHP |
FOHDQLQJ 'XULQJ 3SHDN’” RSHUDWLRQ WKH SHWRMHDWH IORZI
DXWRPDWLFDOO\ LQFUHDVHG :KHQ WKH V\VWHPOU B WX GQXWH W
WR WKH ORZHUHG SHUPHDWH IORZ /DWHU LQRWKB@DW KK H (
703 LQFUHDVHV XQH[SHFWHGO\ 7KLV XQXVXDOO\ KILXX 703 G X
0%5 ,W LV VXVSHFWHG WKDW WKH GLVWULEXWDRQH3 VROLC
ZKLFK RFEFXUUHG ZKLOH D 766 VHQVRU LQ RQH UHDWWRQ ZDV
RI VROLGY ZHQW XQGHWHFWHG 'XULQJ PDLQWHRQ DA WKH
UHDFWRU PDNLQJ LW VXEVWDQWLDOO\ PRU K B\ IEURXIWWNV R ¢
RQOLQH 'XULQJ SHDN RSHUDWLRQ WKH DHUD\WODR®Q W RWSAHH(C
WKH WZR UHDFWRUV WKXV WKH DLU IORZ LV KDOI Rl ZKDW ZI
0%5 HQWHUHG QRUPDO SHUPHDWH PRGH WKH RHWRIRGVQFU

ZHUH EHWWHU PL[HG WKURXJKRXW WKH UHDFWRU
JLIXUH SORWV WKH DODUPV RI 06%' 3&% ZKHQ WKH FXPX
PRGHO LV D Q G7 WKKIU 613/(KRQGYV ZHUH FDOFXODWHG XVLQJ D
63( DD®ODUPY DUH LPPHGLDWHO\ WULJJHUHG DW DP ZKHQ
RQOLQH IRU DOO 0%5 $' 3&$% FRQILIXUDWLRQV G¥»H WR WKH V:
HQWHUHG 3SHDN” PRGH RQO\ WKH VKRUWHVW WUDLQLQJ ZLQ
‘KHQ WKH VLJQLILFDQFH OHYHO ZDV RU W K HWRMXPDQOLIW L Y H
ZLQGRZV OHVV WKDQ VHYHQ GDDQW® ®I6JEPDEGCHUOWUBRY QRQJIESD
DUH QHHGHG WR FRQVLVWHQWO\ DODUP 6 BBLDQEHOBDAZ( :K
DQG VLJQLILFDQFH OHYHO zZDV 66 63( DODURVZZBGRRQO\
'KHQ WKH FXPXODWLYH YDULDQFH GHFUHDVYHWVR W/HH 6REWE3H LD (
PHWULFV WHVWHSHUIRURQ HEHD/OV XQGHU KLJK FXPXODWLYH YL
SHUIRUPV EHVW XQGHU ORZHU FXPXODWLYH YRDEDRERHORR® G



LOQFUHDVHG WKH QXPEHU RI WUXH DQG IDOVH IIDIDSIRQBOHW G L
UHODWLYH WR

YLIXUH 0%5 703 RYHU WLPH WRS DQG 06$' 3&$ DODUP UFH
ERWWRP RQ ODUFK 703 TXLFNO\ LQFUHDVHV SRVW F
7XHVGD\ ODUFK 7KH GDVKHG OLQHG RQ WKH DODUP UHVSR
WUDLQLQJ GD\V

6LPLODU WR WKH SHUPHDWH GULIW IDXOWMW GBGHYFKWMHG3I( Q

DQGLY VWDUN EHWZHHQ ” GD\ DQG « GD\ WUDLQLQJ ZLQGR
WRS YHUVXV ERWWRP UHVSHFWLYHO\ )XQGDPH@WDOO\ \
IDXOW RQ ODUFK 7KH ILUVW 703 IDXOW ZDW LREOXGHG

WUDLQLQJ ZLQGRZV JUHDWHU WKDQ GD\V EXW WKH GLIIHUF
QHJOLJLEOH L H QR FKDQJH WR QXPEHU RI IODJW 7KHUHIR
703 IDXOW LQ WKH RULJLQDO *FOHDQ  WUBLQXQ@WG B DVIKN W
WR EH PLVVHG 5DWKHU WKH VHFRQG 703 IDXOWRZDW FPPQVVHG
WKHPD\ KDYH QRW EHHQ FRQVLVWHQWO\ DODUPHG :KHQ WKH
PLGQLJKW WKHVH REVHUYDWLRQV FDXVH WIREK WCK UFHDVOXKARXIDD W
63( DDGDV VKRZQ E\ WKH GRZQZDDE@ NV KIHWFHD W3R DW&HLU UH
WKUHVKROGYV DW PMWSQKINW RIQVOIRFFKUYV LQ DOO 06 $' 3&$ FR



J)LIXUH 06%"' 3&% XVLQJ FXPXODWLYH YDULDQFH DQG \Y,
VXEVI\VWHP IRU D GD\ WUDLQLQJ ZLQGRZ WRS URZ DQG D

GXULQJ D KLJK 703 GULIW IDXOW LQ /ILQHV LU ®/LFRWXPWK
DV D SHUFHQWDJH RI WKH GD\fV WKUHWIRBREY HAUYDMN R/Q IKIDY.
H[FHHGHG WKH FDOFXODWHG WKUHVKROG L H 1XPEH
QXPEHU RI REVHUYDWLRQV WKDW H[FHHG WKH WKUHVKROG L

JRU WKH 703 VKLIW IDXOW WKH WUXH GHWFPBHILRRIUDWH
IODJJHG REVHUYDWLRQV EHWZHHHQ DP DQG SP IRU HDI
WKH WRWDO QXPEHU RI REVHUYDWLRQV IRU)WKMNW WLPHKRRBP
WKDW WKH EHVW $' 3&% IRU GHWHFWLQJ WKIQ IDIXOCRZV D 66
XWLOL]L ® B WKIHF FXPXODWLYH YDULDQFH DQG VLIQLILI
GHWHFWLRQ UDWH RI 66%' 3&4% UHODWLYH WR 063XB&F HRU WK
RI WKH VPDOO GLIITHUHQFH LQ FRUUHODWLRQ PDWUQBHYV REVI
DQ H[FHVVLYHO\ KLJK QXPEHU RI 3& H J FXPXOBWLYH YD
H J WKH PRVW LPSRUWDQW UHODWLRQVKLSYV FDQ EH PR

QXPEHU RI WUDLQLQJ REVHUYDWLRQV DUH LQFOXGHG ZKLFK
66 LPSOHPHQWDWLRQ



J)LIXUH 7TUXH GHWHFWLRQ UDWH QXPEHU RI IODJJHG DOD
EHWZHHQ DP DQG SP RQ ODUFK IRU HYHU\ LWHUD
ZRUN 7KH ODEHO DERYH HDFK SDQHO UHSUHQHIQWWY YHCH BXRR:
WKH [ D[LV RI HDFK SDQHO LV WKH VL]H RI WKH WUBLQLQJ ZL
WULDQJOHXHWGBWUN FRORUHG GRWY DQG WULDQJOHYV UHG DC
GRWVY DQG WULDQJOHYV \HOORZ DQG JUH\ DUH 06

7RWDO VXVSHQGHG VROLGYV

$ VKLIW IDXOW LQ ZKLFK D ODUJH YROXPH RWEMDZ ZDVWHZ
UHVXOWHG LQ D VLIQLILFDQWO\ ORZHU 766 ZRVWEHR E%EW D Q C
RQOLQH WKH 766 VHQVRU LPPHGLDWHO\ GRRQGWHD W IRH QV K |
JUDGXDOO\ LQFUHDVHG DV WKH PRUH FRIQUH QW WXWE& B G/ RRLY
6%5 )LIJXUH '"HVSLWH WKH VLIJQLILFDQW FKDQJH LQ PHDC
FRQILIXUDWLRQV WHVWHG WULJJHUHG DODUPV



JLIXUH5%$6 766 EODFN OLQH WRS DQG 06%$' 3&% DODUPV IRU \

YDULDQFH DQG WKUHVKROG ZKLFK DODUPVRWKGHIRDPH R
WKLV LQVWDQFH RQ 1RYHPEHU

%\ HYDOXDWLQUI@®@GE LWL @EXDOO\ LV LW FOHDU WKDW ZKLOH
JLIXUH WKHUH DUH YHU\ IHZ LQVWDQFHYV ZKBYHDUHKODJJI
VKRZQ LQ )LIJXUH 2] WKH $' 3&% FRQILIXUDWLRQV WHVWFLE
FRQVLVWHQWO\ IODJJHG WKH HYHQW DQG WKH®QIWWHG D FRXS
FXPXODWLYH YDULDQFH LV KLJK VKRUW WUDWQLRH@LQG
WKH FXPXODWLYH YDULDQFH LV ORZHUHG RQO\ WKH ORC
QR DODUPVY DUH WULJJHUHG 7KH ORZHVW FXPXD\DSRIONHYDUL
DFURVY DOO FRQILIJXUDWLRQV WHVWHG EXW 0¥ Y&KHZLWK 6
ORQJHVW WUDLQLQJ ZLQGRIDOW JO6 BV K3H % KIVIWQ IDXOW IRU PRGH
ZLQGRZV GD\V DQG JUHDWHU ZKHQ WKH FXPXODWLYH YDUL
VLIQLILFDQFH OHYHO EXW QR IODJV DUH WRAHUHRUVUKIWBHMKR O &
FRXOG LQFUHDVH WKH QXPEHU RI IODJV EXDWPWB\ DOVR LQFU



J)LIXUH 6B(PBIQUWLFYV IRU WKH 6%5 VXEV\VWHP LQ XVLQJ

FXPXODWLYH YDULDQFH DQG VLIQLILRKD® NK FOHY H/Q MH/V |
LQGLFDWH WHRKHHWAEBKFRIRU DQ REVHUYDWLRQ DV D SHUFHQWDJF
WULDQJOHV LQGLFDREVWHKDMIMWVDL QR B X(DRFUH[FHHGHG WKH FDOFX

%HFDXVH RQO\ WKH PHDQ RI 5$6 766 FKDQJRNMWUW[LV SRV\
FKDQJHV RQO\ VOLJKWO\ GXULQJ VKLIW IDXOWV 7KH VOLJKW
VLIQLILFDQW IRU WKH 06%' 3&% FRQILIXUDWLRW LGRQV VBRIWD OR
VWDWH WKDQ WKH 66%' 3&$% FRQILIXUDWLRQ VDKXVLRQVKHBVL
Rl WKH DIIHFWHG YDULDEOHY DUH PDSSHG $VPVRSQIRGFHWWH U
YDULDEOHV DIIHFWHG E\ 766 DUH LQ WUDQV IGLQRQRY R IDWKH.X/
WUDQVLWLRQ FRQGLWLRQ LV ZHOO UHSUHWH @PWDM G UDRJIJWKH 38
PRUH DODUPV WKDQ WKH RWKHU

$ VHFRQG ODUJHU 766 VKLIW DQG WHPSHUDWXUH VKLIW R
PDLQWHQDQFH DQG UHFDOLEUDWLRQ LOOXWWWUD W HRUWK N KALR |



IDXOW XVLQJ $' 3&% )LIXUH VKRZV WKH UHVXOWWRI 06%$'
DQG VLIQLILFDQFH OHYHO RI WKH 6 % 5SWOHE VOQULWYH B O1 HE6N KK
SP IRU DQ\ FRQILIJXUDWLREBHVHMWHG DYEWIRRXEK SRQVH WR !
2Q0\ WKH VHFRQG ODUJH VKLIW LQ 6%5 WHPSHUDWXUH
FRQILIXUDWLRQV DQG PHWULFV 66 FRQVLVWHQW@&R$DODUPHDC
PRGHO zZzDV UHWUDLQHG DW PLGQLJKW )RU WKHIMHFRQG VKL
EORZHUV LQ WKH 6%5V ZHUH RQ OLNHO\ GXH WR'DPQ LQWHUQ
VHQVRUV WKDW UHVXOWHG LQ OHVV DLU IORZ IRU WKH VDPH
7KH UHVXOWY RI WKH VKLIW IDXOW FDFRUWIWAGNHYU\LW R »XX\H
GHWHFWHG E\ $' 3&% ZKHQ PXOWLSOH YDULDEQHVYWUIBELFBUHA
DQ LQVLIQLILFDQW QXPEHU RI DODUPV ZHUH WULJJHUHG EHF
VLIQLILFDQWO\ FKDQJH WKH UHODWLRQVWXGEGE F DWYPIRQJ6BXEDIW L KC
ZDV QRW DODUPHG EXW WKH VKLIW LQ D VHFRQG GDUILPDEGDG
SURFHVV YDULDEOHV '2 DQG DLU EORZHU IORZ ZDV GHWHEFV

6SLNH IDXOWYV

6SLNH IDXOWYV FDQ RFFXU DFURVV PXOWLSOH YXWIHDEOHYV
ZLWK PXOWLSOH VHQVRUV EXW FDQ DOVRDRMFXQ MWQ MHVR Q JID
VKRUW SHULRG RI WLPH )RU H[DPSOH D SRZHU VXUJH FDXVH
GHFUHDVH LQ YDOXHV RYHU D VKRUW SHU-RG R76W LPFZ U URBX O
DQG GRZQZDUG VSLNH LQ )LJXUH SHUPHDVEH NFHR QOSXX@WY LY L
EHKDYLRU ZKHQ WKH 0%5 VXEV\VWHP LV EHILQOLRURSHUDW I
HIDPSOH LQ )LJXUH D KLJK 703 HYHQW RFFEXUV RQ ODUFK
DV WKH VKLIW 703 IDXOW HYHQW RQ ODUEFK +RZHYHU \
DVVRFLDWHG ZLWK WKH ORZ SHUPHDW HZPR/QBEIFQWL YA XWX K\HS3. N
WKH VA\VWHP GXULQJ VWDUW XS SRVW FOHDQLQJDX\KHH W®&HW LL
0%5 V\VWHP ZDV 3RIIOLQH” GXULQJIRUKDW W/ I$P B &% RW®& |6 3 X DMV
WHVWHG GHWHFWHG WKH SHUPHDWH VSLN H VDAKHOGV | GHIRIZIHHYGH R |
DODUPHG WKH DVVRFLDWHG KLJK 703



JLIXUH6HQVRU UHFDOLEUDWLRQ RI WKH 5%$6 7?R&6F DIXR § GD\QKA. 16/%
IDXOWY DW SP DQG SP UHVSHFWLYHO\ IZQRUDOBDRPYLEHOI
DQG DVVRFLDWHG FDOUBRXOBWYWLRES ZEWWWRP DUH LVVXHG



J)LIXUH $' 3&3 BIJOADQPFYV IRU D VKLIW IDXOW LQ WKH 6%5 V.
XVLQJ 66 RU 06 FXPXODWLYH YDULDQFH IRU WKH 3&$%$ P
RI WKH 83WRUHVKROG IRU D GD\ WUDLQLQJ ZLQGRZ



YJLIXUH 0%5 703 WRS SVL DQG SHUPHDWH FRQGXFWLYL
IRU WKH 0%5 VXEV\VWHP ZLWK FXPXODWLYH YDULDQFH DQ
DQG 3PDODUPV ERWWRP 'DVKHG OLQHV RQ WKH DODUP SOR
WUDLQLQJ GD\V

$ VKLIW IDXOW RQ WKH VFDOH RI PLQXWHV KPGQ EDVR EHK
OHIW LQ WKH PDQXDO SRVLWLRQ DQG D ODUJH Y|RIOXEKWI ZD
GLG QRW HQWHU WKH VI\VWHP GXH WR D E\SDVV WR SUHYHQW
F\FOH WKH WRWDO YROXPH RI ZDWHU WR EH WWVWBW MG EDOHK
YLIXUH JRU WKH DODUP HYHQWY GLVFXVVRBQEKWR IDU
GHWHFW WKH PDMRULW)\ Rl IDXOWV VRRQHU WK Q WKH ORQJ
FRQILIJIXUDWLRQV )RU WKLV FDVH RQO\ WKH ORQJ WUDLQLQ.

GD\V KHQWKHNY ZHUH UHGXFHG WR WKUHVKROGYV 06$
VRRQHU DQG IRU D VOLJKWO\ ODUJHU UDQJH RI WURLQLQJ ZL
ORQJ WUDLQLQJ ZLQGRZV LQ SUHYLRXV VHFWLR@WHWNKH XQL"



LQ WRWDOL]JHG IORZ LV QRW GHWHFWHGRKNEGWLY WWKIPRDOXH L
UHFRPPHQGHG WKDW WKLV FDVH VWXG\ BEXU RWH B QVIRR V H/OKH !
0%5

J)LIXUH &EXPXODWLYH VHZDJH IORZ GXULQJ WKH ILUVW KRX
06%' 3&% DODUPV IRU D VSLNH IDXOW LQ WKH 6%5 VXEV\VWHP
FXPXODWLYH YDULDQFH DQG ERWWRP VLIQLILFDQFH OHY

&DOLEUDWLRQ

6HQVRU FDOLEUDWLRQ FDXVHV PXFK Rl WKH LUOHUXIOD ULV
QRW FKDQJHG WR RU FDSDEOH RI D 3FDOLEUD®DR®W PRGN X Uzk
YDOXH WKH YDOXHV PHDVXUHG GXULQJ PDKOWHQUBRBH WFWL
UHPRYHG IURP WKH V\VWHP FRXOG EH D F F,U0 GMIKQH DFD®M\L EQ PO
PRGH LV QRW WXUQHG RIl RU LI D VHQVRU LR WRLQJLDHHUNRLLF D (
FRXOG EH FRQVLGHUHG D IDXOW HVSHEF IVDWOIO\QLLII MFOH) WO LFEKU
WKH PHDQ YDOXH RU YDULDQFH ,Q 06$' 3&#5 VUKEWRWIHPI D 7¢
FDXVHG SHUVLVWHQW DODUPV IRU DOO PHDVXUBPHNDWM[EKHEV
IRU ZKHQ WKH V\VWHP ZDV RIIOLQH EHWZHHQ + DP )LJXU



YLIXUH 766 LQ PJ/ LQ 0%5 WRS DQG 06$' 3&3 DODUPV E
VXEV\VWHP RQ 2FWREHU ZKHQ WKH FXPXODWLYH YDULD
YDULRXV WUDLQLQJ ZLQGRZV ,PPHGLDWHO\ SULRW WR DP
RSHUDWRU PLVWDNHQO\ KDG WKH VHQVRU RIIOLQNUWKHQJ
PDLQWHQDQFH

,PSOHPHQWDWLRQ FRQVLGHUDWLRQV

L,OOXVWUDWHG IRU WKH ILUVW WLPH LQ WKRNSZRHMWHDRIB W
LQFRQVLVWHQW IDXOW GHWHFWLRQ IRU XQVXIHUVUVHG VWD
ZLQGRZ UROOV IRUZDUG WR PDLQWDLQ D VHW QXPEHU RI GD\
IODJJHG DV 2& DUH LQFOXGHG LQ WKH 3&%$ PRGHWPW KLV FDQ
LPPHGLDWHO\ DIWHU UH WUDLQLQJ DQG LQ WKHWIRRRQUDOGHWHF
FRQVHTXHQFH RI LQFRQVLVWHQW IDXOW GHWBGWWURY LV WKH
':LWKRXW PHFKDQLVWLF LQIRUPDWLRQ RU D |DX8&MUDWRRODMW LR
PD\ LQFRUUHFWO\ DVVXPH WKH $' 3&$ DODUPV DUH IDOVH

%\ LQFUHDVLQJ FXPXODWLYH YDULDQFHZIL®OLY OHVV OLNF
VLPXOWDQHRXVMOPROBUPLNHO\ WR GHWHFW D IDXOW ZKHQ WK
DQG 63( LV PRUH OLNHO\ WR GHWHFW D IDXO WQAKHY W R HWHAP
W\SH RI IDXOW 63( PD\ GHWHEFW O IDK&W N KNDRNPGHRIHBBEK Q G HW
FDOFXODWHG IURP WKH VDPH 3&$ PRGHR D\CKIDUP WH P XIOWHD/Q ER
ZRXOG QRW GHWHFW DOO SRVVLEOH W\SHV RI IDXRWV %\ LQ



QRQOLQHDU FRPSRQHQWY PD\ KDYH EHHQ EHWWHU DSSUR
QRQOLQHDU EHKDYLRU WKDW LV LQGLFDWLYHK FEIHDLIDXOW HY |
H[FHHGV D ORZHU WKUHVKROG VLIQLILFD®FH OEXW Q) RAK H

,Q WKHVH FDVHV 63( XVXDOO\ H[FHHGV HW W UHMS HFWQF H
OHYHO

7KLV ZRUN VXJJHVW V R\RKODVE &3 PRGLWRUHG VHSDUDWHO\
ZKHQ HLWKHU RI WKH PHWULFV H[FHHGV WKH WKUHVKROG $
FXPXODWLYH YDULDQFH DSSHDUV WR FBQWXOMWWKMHHGSQRBPH?!
YDULDEOHV LQ WKH 6% 0%5 VR PXFK VR WKDWKWHRPH 2& REV!
UHODWLRQVKLS EHWZHHQ YDULDEOHV GRHV QR\W DXEAWDQFL
REVHUYDWLRQV DUH LQFUHPHQWDOO\ LQFAOXQHBHGBIHG WKHQN U
WKH QXPEHU RI 3&V LV UHGXFHG WKH PDQQHW E\QI ZXOMK/ AR
QRW FRQIRUP WR WKH GRIWRBHOH WWXFHWHFWLQJ IDXOWV IF
GRHV

7KH SHUSHWXDOD\POIRVAUBBY DH®DWLYH WR WKH WKUHVKRC
IRU D KLJK VLIJQLILFDQFH OHYHPHWXRGRW X SIGHOIY. QKW Kok (WR
GRHV QRW VXIILFLHQWO\ GHWHFW DQG UHPRYRKL& REVHUYDW
GHWULPHQWDO LQ D FRQWLQXRXV VHWWLQA3VXRKSDWYKQ® VF
WKLY WKH 8B8{UHYKROGY ZRXOG KDYH WR EH ORZHUHG EXW
KLJK IDOVH DODUP UDWH )XWXUH ZRUN PDW WQFA\H DWW GJ W W b HYI
GLVWULEXWLRQV WR LPSURYH WKH FRQVLVWHQHRVRI WKH DOTL
PRQLWRULQJ

&RQFOXVLRQ

7KH FRPSOH[LW\ Rl ::73 UHTXLUHV D QXDQFHG @BSURDFK \
IDXOW GHWHFWLRQ SDUDGLJP XVHV VHW 8&Y D® E&/HRNQ ZK VK|
D OLPLWHG DQG UHDFWLRQDU\ PHWKRG 7KLV ZRUN IXUWKHU
VWDWLVWLFDO IDXOW GHWHFWLRQ DSSURPWE K MRIDRN LKEID\O VKGR
PHPEUDQH EDVHG WUHDWPHQW V\VWHPV $' 3&8HYWBGLWMR/\ R
GHWHUPLQH WKH EHVW IDXOW GHWHFWLRQ PHAWKR3 IRU FRQ\
BUHYLRXV $' 3&% VWXGLHV XVHG D VLQJOH VAWVKI PRGHO SDL



FROQOWHQW RI WKH WUDLQLQJ ZLQGRZ FXPXOGDWQYWENHOMYHODRIFV
GLVWDQFH PHWULF WKUHVKROGYV 7KLV ZRUNYDQEHYV WKH DI
LQYHVWLIJDWHYV WKHLU LPSDFW RQ WKH DELOLWOWM KI$S WK
PRVW IDXOWV ZHUH GHWHFWHG XVLQJ DQ 06%' 3&% DSSURDFK
KLJK VLIQLILFDQFH OHYHO DQG KLIK FXPXODWXWHWDUL
WR KRXUV ZHUH PRUH OLNHO\ WR EH GHWHFWHGXWKWR WRKJ
LOQWHUPLWWHQW I10DJJLQJ RI 2& REWHILYIW IR QX WEW KANHIH L3S UL
3&% IXWXUH ZRUN VKRXOG FRQVLGHU XVLQJ UREXVW PHWKRC
REVHUYDWLRQV LQ WKH WUDLQLQJ ZLQGRZ DQG WKIH; GHYHOR
WR GHWHFW WKH ORQJ VORZ GULIW IDXOWV RPISON 703 LQ
FRXOG EH WKH VLPXOWDQHRXV XVH RI PXOWLSMHY $DR&S PRGI
WUDLQLQJ ZLQGRZV $G@OMKRXFOEDBO®\WBHDWHEG DV VHSDUDWH
GLIITIHUHQW W\SHV RI IDXOWYV DUH GHWHFWHGFEPKOWWHYH HW
YDULDQFH DQG VLIQLILFDQFH OHYHO 7KH LQFOXVLRQ RI DV
PD\ IRFXV ::73 RSHUDWRU DWWHQWLRQ RQ PXOWLYDQBRWWH H
GHWHFWHG E\ WKH FXUUHQW 8&/ /&/ IDXOW GHWKIZWLRIQ PHWI
IXOO VFDOH ::73 DUH PRQLWRUHG

SHIHUHQFHV

$OYHV & +HQQLQJ ( 6DPRK\O 5 &ULVWLQD .RQUDWK $
$SSOLFDWLRQ RI OXOWLYDULDWH &RQWURO &KDUWYV I

7THFQR /yJLFD * KWWSV GRL RUJ WHFQRORJ
%DJJLDQL ) ODUVLOL /LEHOOL 6 SHDO WLB®H IDXOW GF
ZDVWHZDWHU WUHDWPHQW SODQWYV :DWHU 6FL 7HFKQRO
%DQDGGD 1 1KDSL .LPZDJD 5 $ UHYLHZ RI PRGHOL
VOXGJH V\VWHPV $IULFDQ -RXUQDO RI (QYLURQPHQWDO 6
&KRL 6 : /HH , % OXOWLEORFN 3/6 EDVHG ORFDOL]HG
SURFHVV &RQWURO * KWWSV GRL RUJ M MSL
&RURPLQDV / 9LOOH] . $JXDGR ' O5LHJHU / 5RVpQ & 9

3HUIRUPDQFH HYDOXDWLRQ RI IDXOW G H@AM FSW RE® \P\HIWK R
%LRWHFKQRORJ\ DQG ELRHQJLQHHULQJ +



'*UUHQPDWW ' - *XMHU : '‘DWD GULYHQ PRGHOLQJ DSS
WUHDWPHQW SODQW RSHUDWLRQ (QYLURQPHQWDO ORGHC
KWWSV GRL RUJ M HQYVRIW

*HUULW\N ' 3HFVRQ % 7UXVVHOO 56 7UXVVHOO 55
WKURXJKRXW WKH ZRUOG -RXUQDO RI :DWHU 6XSSO\ 5HV

-DENVRQ - ( $ 8VHUYV *XLGH 7R B3ULQFLSDO &RPSRQHQV

-DARZLHFNL a &KRMQLDN -0 'RUJHORK ( +HJHGXVRYD ¢
OLFURELDO &RPPXQLW\ B3URILOHV LQ :DVWRHEQWHUYV IU

6\VWHPV 7THFKQRORJ\ 3/26 21( H
KWWSV GRL RUJ MRXUQDO SRQH
.DJRU . +ROORZD\ 5: &DWK 7 < +HULQJ $ 6 &RPSD

GLPHQVLRQ UHGXFWLRQ WHFKQLTXHYVY IRU DXWRPDWHG SU
ZDVWHZDWHU WUHDWPHQW IDFLOLW\ 6WRFKDWHWL/AP QWAL U |
+ KWWSV GRL RUJ \%

.LQJ ./ :DQJ = .UROO ' - &ODVVLILFDWLRQ RI '"HYLD!

.ODQGHUPDQ 0 & 1HZKDUW . % &DWK 7 < +HULQJ $ 6
FRPSOH[ GHFHQWUDOL]HG ZDVWHZDWHU WUWEWPHQW IDFL

.RXUuwL 7 J/HH - ODFJUHJRU -) ([SHULHQFHRQZLWK L
PHWKRGV IRU PXOWLYDULDWH VWDWLVWLFDQHHJRFKHVYV FR
6 +6 KWWSV GRL RUJ
LUXJIHU 8 =KRX < ,UZLQ  * ,PSURYHG SULQFLSDO FR
VFDOH SURFHVVHV -RXUQDO RI SURFHVYV &RQWURO *
KWWSV GRL RUJ M MSURFRQW
X 6WRUHU 5 + *HRUJDNLV & 'LVWXUEDQFH GHWHF

SULQFLSDO FRPSRQHQW DQDO\WVLYVY &KHPRPHWWLFY DQG ,(
Y 6HOHFWHG SDSHUV IURP WKH )LUVWV, Q RGIHYBIWERQDO

+ KWWSV GRL RUJ
/IHH & &KRL 6 : /HH , % 6HQVRU IDXOWSWGIRFHMWLYV L
:DWHU 6FL 7HFKQRO * KWWSV GRL RUJ ZV
/[HH "6 [/HH O : RR 6 + .LP < - 3DUN -0 IRQOLQI

VTXDUHVY PRGHOLQJ RI D IXOO VFDOH ELRORIJLFDO ZDVWH._:
%LRFKHPLVWU\ + KWWSV GRL RUJ M SURFE



/IHH "6 9DQUROOHJIKHP 3 § $GDSWLYH &RQVWHQVXV 33Ul
2Q /LQH %DWFK 3URFHVV ORQLWRULQJ (QYLURQPHQWDO 0

ODF*UHJRU -) .RXUWL 7 6WDWLVWLFB®VHYR RHRQMWRE
(QJLQHHULQJ 3UDFWLFH +

OLQD - O9HUGH & )DXOW 'HWHFWLRQ IRU QFUSB® BGFDOH
&RPSRQHQWY $QDO\VLV ZLWK $GDSWDWLRQ ,QWHUQDWLR
&RPPXQLFDWLRQV &RQWURO ,, +

1HZKDUW . % +ROORZD\ 5 : +HULQJ $6 &DWK 7 < '
DQDO\VHV RI ZDVWHZDWHU WUHDWPHQW SODQWYV $ UHYLF
KWWSV GRL RUJ M ZDWUHYV

2GRP * - 1HZKDUW . % &DWK 7 < +HULQJ $ &aFDO O0XOW
SURFHVV FRQWURO $SSOLHG 6WRFKDVWLF ORGHOV LQ %X
KWWSV GRL RUJ DVPE

20VVRQ * 1LHOVHQ 0 <XDQ = /\QJJDDUG -HQVHQ $ 6WI
FRQWURO DQG DXWRPDWLRQ LQ ZDVWHZDWHU V\VWHPV ,:

BULHWR $ 9XRQR ' +ROORZD\ 5 %HQHFNH - +HQNHO -
‘"UHZHV - '"HFHQWUDOL]HG :DVWHZDW HHMFDWHDWRIRQW
DQG 5HXVH 7KH *RRG 7KH %DG DQG 7KH 8JO\?2([SHULHQF!
DW WKH $&6 6\PSRVLXP 6HULHV &LWHVHHU SS *

4LQ ; *DR ) &KHQ * :DVWHZDWHU TXDOLW\ PRQLWRU
PDFKLQH OHDUQLQJ WHFKQLTXHYVY :DWHU 5HVHDUEFK
KWWSV GRL RUJ M ZDWUHYV

5RVHQ & J/HQQR[ - $ OXOWLYDULDWH DQG PXOWLVFDO
RSHUDWLRQ :DWHU 5HVHDUFK + KWWSV GRL RU

SRVHQ & S5|WWRUS - -HSSVVRQ 38 OXOWLYDULDWH RC
VROXWLRQV IRU PRGHUQ ZDVWHZDWHU WUHDWPHQW RSHU

BFKUDD 2 7ROH % &RSS - % YDXOW GHWISPWOQRW/ IRU
':DWHU 6FL 7HFKQRO + KWWSV GRL RUJ ZVW

9XRQR " +HQNHO - %HQHFNH - &DWK 7 < OGSHLG 7 -RK(
JOH[LEOH K\EULG PHPEUDQH WUHDWPHQW V\VWHPV IRU WL
SDUDGLJP LQ XUEDQ ZDVWHZDWHU WUHDWPHQW -RXUQDO
KWWSV GRL RUJ M PHPVFL

:DOODFH - &KDPSDJQH 3 +DOO * L VORXIOX\DLW B U LKV P DA
FRQGLWLRQV LQ WKUHH ZDVWHZDWHU VWDELOLRIWLRQ SR
:DWHU 5HVHDUEFK + KWWSV GRL RUJ M ZDWU



:DQJ 5DWQDZHHUD + +ROP - 3% 20OVEX 9 6WDWLVYV
VLPXODWLRQ RI D ZDVWHZDWHU WUHDWPHQRMGEBODQW $ FF
SUHGLFWLYH FRQWURO -RXUQDO RI (QYLURQPHQWDO 0DQ
KWWSV GRL RUJ M MHQYPDQ

:LVH % 0 *DOODJKHU 1 % 7KH SURFHVV FKHBPRPHWULF
DQG IDXOW GHWHFWLRQ - 3URF &RQW + KWWSV

'ROG 6 (ISRQHQWLDOO\ ZHLJKWHG PRYLQJ SULQFLSDO |
WR ODWHQW VWUXFWXUHV &KHPRPHWULFV DQG ,QWHOOL.



&21&/86,21

5HVHDUFK VI\QRSVLYV

7KLY GLVVHUWDWLRQ LV WKH FXOPLQDWBR® RO WKN® HRIFD®
GLITHUHQW GDWD GULYHQ SURFHVV PRQLWRUL@JWHD WRPHIWY W
SsObQwvV ::73 7KH LQYHVWLJDWLRQ LQFOXGHWHYV D@®GOQRHHQ
VWUDWHJILHY IRU PRQLWRULQJ DQG FRQWURO L@QLQJI3D WK H
PDFKLQH OHDUQLQJ DQG D K\EULG VWDW LWWLFHDROQ ED AKYL @QH ¢
PHGLXP ::73 DQ H[SORUDWLRQ RI WKH SRWHQWLDO RI PDF
SHUIRUPDQFH RI D QRYHO GLVLQIHFWDQW LQ D@DQIH ::73 D
QRYHO PXOWLYDULDWH 63& PHWKRGV IRU D GHFHQWUDOL]JHG

([LVWLQJ PRQLWRULQJ DQG PRGHOLQJ HIIRUWYV DW ::73 DU
DFFRPPRGDWH WKH XQLTXH IHDWXUHV RI :HOEGDWELGBGRPH VW
PHWKRGV H[LVW WR DGGUHVV IHDWXUHV VXFK DVHYRQINWD W L
IHDWXUHV WKDW FKDUDFWHUL]H ::73 GDWBFLIDUHAW® \ND&RGZ OH
RI WKH PRQLWRULQJ PHWKRG DQG WKH WUHDWPHQW V\VWHP
VFLHQWLVWY DQG HQYLURQPHQWDO FKHPLFDO DQG SURFHV
SURFHVV FRQWURO WHFKQRORJLHYVY LQWR ::73 ZKHW GLVVHUW
VWDWH RD@QWH \WHWI| WKHSIURGRWWQY QHZ GDWD GULYHQ VRO
SUREOHPV LQ WKH ::73 LQGXVWU\ 7KH XQLTXH FKWOOW®IVHYV
KRZ QRYHO VWDWLVWLFDO DQG PDFKLQH OHDWQQQIFRRBWKRG)
IUDPHZRUN DQG WKHVH H[DPSOHV OD\ WKH IRXQGDWLRQ IRU
173

&RQYHQWLRQDO DQG XQFRQYHQWLRQDO PRQLWRULQJ DC
WUHDWPHQW
)XQGDPHQWDOO\ GDWD PDQDJHPHQW DQG FRQWURO SODV
PRQLWRULQJ PHWKRGV XVHG SULPDULO\ DFFIR®HPRIGDMW\N KRHX O W
UDQJH RI YDOXHV FRQVLGHUHG LQ FRQWURO ,& RRWUDQ LQGI
OLPLWV IRU HDFK SURFHVV YDULDEOH DUH GHWHQRU®®P® E\ R
UDQJH LV XVXDOO\ LQWHQWLRQDOO\ EURDG WRQWBOXGH PDC



FRQGLWLRQV WR DSSURSULDWHO\ EDODQFH WRWXH DQG IDOVH
GHWHUPLQHG ZKHUH YDULDEOH UHODWVRRIVEKRRBS\DUHIH[S$O
DQG SXPS VSHHG GLVVROYHG R[\JHQ '2 FRQFHQWUDWLRQ D
SDUDPHWHUV IRU HDFK Rl WKHVH ORRSYV DUH LQGHSHQGHQW
FKHPLFDO DQG ELRORJLFDO SURFHVVHV LQDMR @ LLIGIHIX® W\G D
LQ PRVW FDVHV LPSRVVLELOLW\ LQ PRGHOH® FDBFLYGR QL G
WKH FRPELQDWLRQ RI LQGHSHQGHQW ORRSV LV DQRWKHU HJI
QRQOLQHDU EHKDYLRU RI WKH ::73 SURFHVVHV TXHMH SURFH
DXWRFRUUHODWHG DQG FR FRUUHODWHG EHRDYOLRE FRQDWI R
SDUDGLJP RI PRVW ::73 RKIHBDGEDMZEENWRULQJ DQG FRQW
SUDFWLFHYV ZLOO FRQWLQXH WR JURZ XQWLOFLHWRIGERVW D
IDLOXUH EHFRPHV SURKLELWLYH RU UHJXOBDWRWL GUHVV XL
SURFHVVHV RU IDFH FRVWO\ XSJUDGHV 7KH OLWHWHMXIUH UF
FRQYHQWLRQDO DQG QRYHO SURFHVV PRQLWRULQJ DQG FRQ\
LQFOXGLQJ IDXOW GHWHFWLRQ YDULDEOH SUHGLFWLRQ DOQC

'XH WR WKH DVVXPSWLRQV LQKHUHQW LQ GLIIHUHQW GDW
FKDUWV VWDWLVWLFDO SURFHVV FRQWUR® UPR HOU SIXIQE MAMW
IX]]\ ORJLF QRW DOO PHWKRGV DUH DSSURSULDWHJHRU HYHL
XVHIXO IRU GHWHFWLQJ RXW Rl FRQWURO 2& FRQGLWLRQV I
SURFHVV YDULDEOHV O0OXOWLYDULDW HUROWRK.FVW DRUPH W L PiL
PXOWLYDULDWH H[SRQHQWLDOO\ ZHLJKWHG PRYLQJ DYHUDJH
SODQW ZLGH PRQLWRULQJ +RZHYHU PXOWLYBHLDWH IDXOW
PHFKDQLVWLF LQIRUPDWLRQ QHHGHG WR O \PHW KR BIVWZAKL OIDX G |
RQ WKH W\SH RI IDXOW WKDW LV PRVW OLNHO\ WRDEKHOWHWHF
GHWHFWLRQ DOJRULWKP VKRXOG FDUHIX0OO\ FRQMLIOHNWL KH
PRGHOLQJ WRROV WR SURYLGH ::73 ZLWK WKH WLPHO\ LQIRUJ
FRQWLQXRXV RSHUDWLRQV

9DULDEOH SUHGLFWLRQ LQ ::73 SURFHVVHWHRWXRQHXKWM R
GHWHUPLQLQJ ZKLFK PHWKRG LV PRVW VXLWDEIOFHARGHD VLY H
VLPSOLI\ WKH UHODWLRQVKLSY EHWZHHQ ¥ DNFHRIQVXITEHWF B Q
VDIHW\ IDFWRU LV DGGHG WR DFFRXQW IRU QKM HGH FRD GHML L



SXUSRVHV EXW WKH SUHGLFWLRQ HUURU LV RIWHQ WRR ODU
SURFHVV GDWD DUH FROOHFWHG ZLWK U H\K$H IFOM TKRH QFAHR ©Q X
GDWD FROOHFWLRQ DQG WKH YHUDFLW)\ RI WRKHFHPINQEUHPHC
FDSWXUH WKH UHDO ZRUOG G\QDPLFV Rl ::73 SURFHVV DQG U
PHFKDQLVWLF PRGHOV )RU H[DPSOH K\EULG ABBEQDRQUVPRIGFHE
VKRZ VXEVWDQWLDO SRWHQWLDO IRU D YDULWWL @] ZIZWK URF
LWHUDWLYH RSWLPL]DWLRQ ,Q FDVHV ZKHUHWD WH¥WDREDOW L |
PDFKLQH OHDUQLQJ PRGHOV FDQ DOVR SUH®LPW BVRWIDDWRRIKN @\
SURFHVV GDWD 7KH PRVW FRPPRQ DSSOLFDUHLRD LR DX H IQME (
ZDWHU TXDOLW\ SUHGLFWLRQ GXH WR WKMYDDODHGH WWRRULB
2Q WKH RWKHU KDQG SUHGLFWLRQ RI UHDO WLPH ZDWHU TXI
VXEVWDQWLDO YDOXH LI LQWHJUDWHG LQWR D ::737V FRQWU

$GYDQFHG FRQWURO RI ::73 LV VWLOO LQ QWIXHRWQF\ :L\
TXDQWLW\ DQG TXDOLW)\ ::73 KDYH SUHYLRXVO\ EHHQ FRQVL
PHWKRGV EXW WKLV LV QRW TXLWH WKH FDVH WHIPDG IRVIZDWS
PRGHO SUHGLFWLYH FRQWURO ZLWK RSWLPL]DVKLRW CDVIHV W Z R
DQG PDFKLQH OHDUQLQJ FDQ VXEVWDQWLDOO\ LPSURYH D YD
FRDJXODWLRQ GRVLQJ $V ZLWK SUHYLRXVO\ GRSRXRIVW&HD S S
FRQWURO DSSOLFDWLRQ DQG LGHQWLI\LQJ PHWKRGY WHKDW D
UHTXLUHG IRU VXFFHVVIXO LPSOHPHQWDWLRQ:73BYWKD®O WK
QHHG WR XQGHUVWDQG WKH IHDWXUHV RI WKHLU GDWD WR |
SUREOHPV DQG WR LGHQWLI\ WKH SRWHQWWD 6 DIDS b Q GF P VKL
OHDUQLQJ PHWKRGV

+\EULG VWDWLVWLFDO PDFKLQH OHDUQLQJ DPPRQLD IRUH
VOXGJH WUHDWPHQW IRU LPSURYHG SURFHVV FRQWURO

$HUDWLRQ IRU ELRORJLFDO FDUERQ DQG QXWULHQW UHPF
PXQLFLSDO ::73 &RQYHQWLRQDOO\ DHUDWLRQ WKQWKQVLW\ L
XVHV D '2 VHQVRU DQG VHWSRLQW WR DGMXVWROXEYWTIRD Q/\N
LQFUHDVHV RU GHFUHDVHV DLU IORZ UHOPWRDRY XKUWAR H\OWW [EQ G
VHWSRLQW :KLOH WKH '2 FRQWURO DSSURDFKUBIPRLYHDYCHVRWK |



PRVW ::73 LW LV DQ LQHIILFLHQW FRROMWROPHDY X WHBHQWUR/I
R[LGDWLYH GHPDQG LQ ZDVWHZDWHU DQG GWHRRQRBWWLRRXW D
BHFRQG WKH VWDWLF '2 VHWSRLQW LV VHWQNRGDERL WD RD U
ORDGLQJ 'XULQJ ORZ IORZ RU ORDGLQJ WLPHV WKHWRVHWS
DFKLHYH FDUERQ DQG QLWURJHQ UHPRYDO 7KLV PHDGV WR |
VHWSRLQW LQ FDVFDGH FRQWURO LV D SRRU PDVWHU FRQWU

$PPRQLD EDVHG DHUDWLRQ FRQWURO $%$& MWWDRD DOWH L
VHWSRLQWY UHODWLYH WR DQ DPPRQLD VHQVRU VIHRMDSIRLQW
RI '2 FRQWUROYfV SRRU DSSUR[LPDWLRQ RI UHDO WLPH R[\JHC
GUDZEDFN RI FDVFDGH FRQWURO 7KH WLPI®\®HJPNHEGWZHBQ
PD[LPXP WKUHVKROG DQG L QF\HDIFVARG W U R O WIHR/ FOPI\DHG V' XWR. (
GDLO\ DPPRQLD ORDGLQJ WKH FKDQJHV LQ DPPRQW) RRQFHQ
WKH VHQVRU WR VWDELOL]H DQG WKH FKDSIHL WY WRRIZQEFU H
'2 FRQFHQWUDWLRQ *LYHQ W K\WM LIPWG DV HKQSWRD/OK & VB LRVED W KR @
WKH DPPRQLD FRQFHQWUDWLRQ DW WKH FRQWUROLPRILQW E\
+57 FRXOG VWDELSURD BWFBRHENDVLQJ RU GHFUHDVLQJ EORZFE
DQWLFLSDWH FKDQJLQJ ZDWHU TXDOLW\DWWKRHFWBWWG ANVW K H |
GUDPDWLF RYHUFRUUHFWLRQV DQG WKH DHEW O I MMHQRWRKIH U DV
LPSURYHG SUHFLVLRQ RI FRQWURDO

7KLV ZRUN LV GLYLGHG LQWR WZR SDUW D) TXIPRWILWY D W L
IRUHFDVW 7KH VWDELOLW\ DVVHVVPHQW E W BDYHKEHVRDU\ WR
YDULDELOLW\ EHWZHHQ FRQWURO VW UDRMALHV BW GKEW HRQ
SHUIRUPHG E\ YLVXDO LQVSHFWLRQ RI WLPH VHULHV SORWV
LQGLYLGXDO SURFHVV YDULDEOHV 7KH VR\DEDOG DA SFOHHVAD L
769 ZKLFK LV WKH VXP Rl WKH YDULDQFHV RI RPGDYDHILDEO
IRXU FRQWURO VWUDWHJILHY DW D PHGLXP VL]JHGLWRK3 '2 DQG
GLIIHULQJ FDVFDGH FRQWURO SDUDPHWHWQWFHTKMHQVRW BHRAKR
ZKLFK FRQWULEXWHG WR LQFUHDVHG YDULDELOLW\ DQG SRR
LQFUHDVHG 769 7KH IRXUWK $%$& VWUDWHJ\ LVQH VDAQHIG C(ZHDD/V W
YDULDEOH FRUUHVSRQGLQJ ZLWK WKH ORZHVW 769



7R IRUHFDVW DPPRQLD IRU DOO WHVW FRQGLWLRQV WKU't
PXOWLSOH VHWV RI )RXULHU SDLUV OLQH®D D UWMULLHFY DORQH )
QHWZRUNV $11 )HDWXUHV VXFK DV WUDLQL®YZO@0RHGE LR
WKH LQGLYLGXDO PRGHOLQJ PHWKRGYV DQG D K\EULG FRPELQ
PRGHOV ZHUH DEOH WR FDSWXUH PXFK RI WKH YDULDWLRQ L¢
PLQ $Q $11 ZDV DGGHG E\ LQFOXGLQJ WKH GLXUWRONBHQHD
$11 PRGHO LQ DGGLWLRQ WR WKH RSHUDWLR Q\DROU B Q\GR Z\I MVHH |
GLXUQDO OLQHDU PRGHO 7KLV K\EULG $11 ZDV DEOH WR PRG
DPPRQLD IRUHFDVW DW ODUJHU KRUL]JRQV VXFK WKDW WKH F
WKDQ WKH XVH Rl WKH VHQVRUJV PHDVXUHB Y WEXHSHIW VLYW
PRGHO

7KLV ZRUN GHPRQVWUDWHY KRZ WUDGLWLRQDO DQG QRYH
LQWR WKH H[LVWLQJ FRQWURO IUDPHZRUN R IQIV: FFRQ \WKUFOH P}
SODWIRUPV H[LVW LW LV LPSUDFWLFDO WRRH[S WM O/® DO ¥
LQWHUQDOO\ RU HIWHUQDOO\ VXFK D VIVWHP 7KXV WKHUH
DSSURDFKHY WKDW FDQ EH DSSOLHG W RL (DI ELDO/MWLDHRIXUHH Q7 )
ZRUN LOOXVWUDWHY KRZ XVLQJ UHODWLYHO\ VKRUMHZLQGRZ
DQDO\VLVY VRIWZDUH 5 FDQ LQWHUIDFH ZLWXH:U7BXDROQLWU R O
SUHGLFWLRQ DQG IRUHFDVWLQJ

SUHGLFWLRQ RI SHUDFHWLF DFLG GLVLQIRQEWILRQOSHUIRUF
ZDVWHZDWHU WUHDWPHQW XVLQJ DUWLILFLDO QHXUDO Qt

&KORULQH EDVHG GLVLQIHFWLRQ SUDFWLFHV RUH IDOOLQ
WKHLU KLJK SRWHQWLDO IRU WR[LF GLVLQIHFWLRQ ENSURG XF
WR FKORULQH IRU PDQ\ ::73 WKDW DUH VHHNLQJ W\R XSJUDGH
SHUDFHWLF DFLG 3$$ 3$$ KDV EHHQ XVHG BWWLGUVLIQIHEWI
GHFDGHV EXW LV RQO\ UHFHQWO\ EHLQJ H[SORUHMHM@VRU GLVL
GXH WR WKH KLJK XQLW FRVW Rl 3$$ UHODWLYH WR FKORULQ
FRQWURO LV UHTXLUHG IRU VXFFHVVIXO LPSOHRHPWIHWLRQ F
FRVW DQG DFKLHYH FRQVLVWHQW GLVLQIHFWHRWLRUNR QRIQ
DUH KHDYLO\ LQIOXHQFHG E\ ZDWHU TXDOLW\ DQG DQ XQGHL



LQGLYLGXDO SUHGLFWRU YDULDEOHY DQG GLWHKHBFWKR® SH
WKLV ZRUN H[SORUHV D PDFKLQH OHDUQLQJ DSSURDFK WR W
WKURXJKRXW WKH GLVLQIHFWLRRIEDRWHYD WORQWKH UHV XOW

7R GHWHUPLQH ZKLFK GDWD IHDWXUHV UHWDOWW\) DWKH E|
FRPSLOHG 8VLQJ WKH VDPH HQYLURQPHQWDO DQ®& RS HUWD WL
LQVWDQWDQHRXV PRVW UHFHQW PHDVXUHPHQW I QR LQWHUS
VHQVRU PHDVXUHPHQWYV XVLQJ D VKRUW ZLQGRZ RRXWLPH WR
DYHUDJH KRXU DYHUDJH RI DOO SURFHVV YDULWEOHV WR I
ODERUDWRU\ VDPSOHV 7ZR QHXUDO QHWZRUN RWUXFWXUHV
FRQFHQWUD®WL RDOIGRRERI) FHQWUDWLRQV SUH DQG SRVW GLVI
UHFXUUHQW QHXUDO QHWZRUNV 511

3$$ VDPSOHV ZHUH WDNHQ WKURXJKRXW B XULMMVWZRISHQ
VDPSOLQJ FDPSDLJQV DW D ODUJH ::73 7KH IDUWWMDWDPSOHG
GRZQVWUHDP RI GRVLQJ DQG WKH PLG SRLQW WKH VHFRQG
GRZQVWUHDP RI GRVLQJ DQG DW WKH HQG RI HDFK KBWDVV RI W
JLUVW RUGHU NLQHWLF PRGHOV ZHUH ILW |RU FDIDFEYY D WSO L Q
$11 PRGHOV ZHUH ILW WR LQGLYLGXDO WIYPSOLQJ ORFDWLRQ

7KH $11 ZHUH DEQAZWWR KSUBIBDWWU DFFXUDF\ WK®WQ WKH FF
GRVLQJ VWUDWHJ\ ZKLFK DVVXPHV RQH RU PRUKMN¥WDWLF NL
FDOFXODWLRQ DSSURDFK IUHTX&RWBV XQ\EHQS U B CCLE W HEH WK
FKHPLFDO WR DERLHYSRBUWOGURWWG E\ WKH $11 ZHUH XVHG ZL
FRQYHQWNERQ@MMURO VWUDWHJ\ WKH DSSOLHG GRVH FRXOG Et
3$$ GHPDQG DQG GHFD\

$11 SUHGLFWERQWHREI WKH VDPH RSHUDWLRQDO DQG ZDWH !
FRQFHQWUDWISRUH GQRNVWKBHE $11 EXW WKH SUHGLFWLRQ HUU
LQFOXGLQJ WK HFORMWDW XIQHRZIQQW L H KRXUV SULRU 7Kl
IRU WKH DXWRFRUUHODWLR @ RMG W3 P$HCGCHIHRG@BDQPON RI11 ZH
511 DUH D VSHFLDO FDVH Rl WKH $11 ZLWK D @ WMHR XHIQFEH W L F
LQWHQW Rl WKH PRGHOV GHYHORSHG IRU WKLV ZRUN LV IRU
GLVLQIHFWLRQ SHUIRUPDQFH 7KXV WUDD®@IDQJ GDWD DUH VH



%RWK SUH DQG SR PG MLRRMBAWRLRFEXUDWHO\ SUHGLFWHG
BUHGLVLQIARMIL\RBPRVW DFFXUDWHO\ SUHGLFWHG ZKHQ LQVWI
ZKHUHDV SRV W GARAII PRWMRQFFXUDWHO\ SUHGLFWHG ZLWK \
7KH DYHUDJLQJ UHGXFHV QRLVH IRU VHQVR DN HDN XWDNPHD W V
TXDOLW\ VDPSOH LQ WKH HYHQW RI SRRU PL[LQJ *LYHQ WKH
FRUUHODWHG WR SFROUGQ VIH BE WARBIRKAW LNRQJIIJHVWY WKDW W
GLVLQIHFWLRQ SURFHVV LV PRUH FRQV IHVAWHHGEWWI R ) QWM K HZ B 8\
SURFHVVHV WKDW GLUFWR®@IH SUHGLVLQIHFWLRQ

7KLV ZRUN VKRZV WKDW QHXUDO QHWZRUNV DUH FDSDEOH
QRQOLQHDU GLVLQIHFWLRQ NLQHWLF&7IRRX QS WIKH KWH3 RS &1
+RZHYHU WKH UHODWLRRERVKILGDFMM. XBMQRQ DQG 3$$ GRVH FF
GLIILFXOW WR GHILQH EHFDXVH RI WKK GRGI1H 0O HBHPGHE O
RI SUHGLFWLQJ S UHRGAKALRX HPHW DR/YLVW LQ ::73 RSHUDWRU PR
DEQRUPDO SURFHVV FRQGLWLRQV WKDW ZRXOG LPSDFW GLVL

$ KROLVWLF HYDOXDWLRQ RI PXOWLYDULDWH VWQ®WLVWLF
PHPEUDQH WUHDWPHQW V\VWHP

7KH FXUUHQW PHWKRG RI IDXOW GHWHFWLRQ LQ PXQLFLSI
GHWHUPLQHG XSSHU FRQWURO OLPLWYV 8&/ DQGFDRZHU FRQ
SURFHVY YDULDEOHV WR DSSUR[LPDWH SODQWZELQHG& FRQG
WKUHVKROGY DUH FRQVLVWHQW EXW GR QRW SURPSWO\ GHYV
PXOWLYDULDWH QDWXUH RI ::73 GLVFXVVHG LQV&KDSWHU 8
PRQLWRULQJ LV D IDXOW GHWHFWLRQ SDUDGLJP XNAIOHALGHOC
8&/ LV VHW WR PHDVXUH GHYLDWLRQ IURP D SURFHVV PRGHO
VWDWLVWLFDO PRGHOV FDQ EH GHULYHG IURP 7, &DS YR BHVEDGU
DUH PRGLILHG VXFK WKDW RQO\ WKH PRVW UHBMN@MWVN ,& REVHU
VWDWLRQDULW\ DGDSWLYH DQRG SURFHVYVY YDULQDEPHKN DUH
$GDSWLYH G\QDPLF 3&% $' 3&4% KDV EHHQ SUHFKRRVDORM[SOR
273 EXW WKH OLWHUDWXUH LV ODUJHO\ OLPLWWHIGP W R7KQGLY
ZRUN HYDOXDWHYV $' 3&% DV D IDXOW GHWHRNULRRXPBWKRG R
FRQWLQXRXV LPSOHPHQWDWLRQ DV ZHOO DV GLIIHUHQW W\S|



'ULIW VKLIW DQG VSLNH IDXOWV RFFXU G X BITQXHQKHQWHV
EDWFK PHPEUDQH ELRUHDFWRU 6% 0%5 ZKUAFKOW UFHFDRP\K LRV
XVLQJ D FRPELQDWLRQ RI D ELRORJLFDO VHTXHQFL@H EDWFI
ELRUHDFWRU 0%5 7R LPSURYH WKH SUHFLVLRQHWI BN KHKS$' 3!
6%5 DQG 0%5 VXEV\VWHPV :KHQ DOO REVHUYDWLRQVOHMH L
RI RSHUDWLQJ FRQGLWLRQ WKH $' 3&$% FRQILIJX&DOWERQ LV Ul
3% 'XH WR FKDQJHV LQ FRYDULDQFH GXULQJ GLWHHBHQW SK
GDWD ZHUH DOVR VXEVHW WR FRQVLGHU RSBWBWL GEZFRQGLW
06%$' 3&$% FRQILIXUDWLRQ $GGLWLRQDO FRQVLGHUDWLRQV Z

GD\V FXPXODWLYH YDULDQFH Rl WKH 3&$ PRGHO D
63(7 DQG MRLQW GG (WKH VLIJQLILFDQFH OHYHO RI WKH PHWU

6SLNH IDXOWV LQ ZKLFK D SURFHVV Y D WIVD BH WWHRS RK D
LV QRW VXVWDLQHG IRU DQ\ VLIJQLILFDQW SHWHWRGORN RILPH F
SRZHU VXUJHV RSHUDWLRQDO HUURUV DQGWDLZHWHQDQFH I
GLIILFXOW WR GHWHFW ZLWK $' 3&% ZKHQ QR RMKKHQUI IS ZRH V \
VPDOO UHODWLYH WR WKH UDQJH RI WK H [EGWWUE R WOI\WW 8GO
WUDLQLQJ ZLQGRZV " GD\V DOWKRXJK 06%$' 3&$ URITXLUHV
DFFXPXODWH D VXIILFLHQW QXPEHU RI REVRIQ LDWLR \P RIRHO|

6KLIW IDXOWYV RFFXU ZKHQ D VLJQLILFDQW LQPXY/DWH QHQ
DQG LQ WKH 6% 0%5 WKHVH IDXOWV ZHUH FDXVHGVER®BQVRU
FKDQJH 6LPLODU WR WKH VSLNH IDXOWS® LWRQOORQRWS ORRF
GHWHFWHG XVLQJ $' 3&$% +RZHYHU VKLIWV LQ VHQWEUV LQFC
$' 3&% DV D VKLIW IDXOW $ VLIJQLILFDQW \WKILIVBEDB)NV BGVHPSHL
DHUDWLRQ IORZ WR WKH 6%5 ZKLFK WULJJHUHG DQQDODUP IF
HDUOLHU UHFDOLEUDWLRQ RI D WRWDO VQ\)SHARGW G RMR ORR\G
FDXVHG D VLPLODUO\ VLJQLILFDQW FKDQJHDR| GHW & FIDH/G QR\W
ZKHQ WKH FXPXODWLYH YDULDQFH ZDV KLJK EXW YR\ IRU 66
63( GHWHFWHG WKH IDXOW XVLQJ 06$' 3&$ IRU ORQJ WUDLQLC
FXPXODWLYH YDULDQFH

'ULIW IDXOWV SUHVHQW D JUDGXDO FKDQJH YQUWRECAHHDQ
RYHU D SHULRG RI WLPH ,Il WKH FKDQJH RYHU WKRGRWHGH R



WR D VLQJOH YDULDEOH $' 3&$%$ IRU DOO FXPXWBRMMB WIXUWL D (
FKDQJH +RZHYHU D IDXOW LQ ZKLFK PXOWGSROYHYDWK B BFGRKW
RI PDQ\ GD\V ZDV QRW GHWHFWHG ,Q SDUW LERXODH S D WAMMXQUL i
703 Rl WKH 0%5 ZDV QRW GHWHFWHG E\ $' 3&$ EHVFO KON D& F
DODUPHG $V WKH WUDLQLQJ ZLQGRZ UROOHG IRUZDUG WKH
3&% PRGHO

7KH FRQVLVWHQF\ ZLWK ZKLFK $' 3&% GHWHFWV RR REVHU"
VLIQLILFDQFH RI WKH FKDQJH SULRU WR UH WUDLQLQJ DQG V
XVLQJ 6B(PRWULFV FDQQRW UHSODFH WKH H[LVWLQQ@ IDXOW G
WKH PRQLWRULQJ Rl EDWFK DQG FRQWLQXRXV SURFHVVHV $
UHFRPPHQGHG EXW WKH WUDLQLQJ ZLQGRZ FDQXGEGHQUKRUWH (
2& FRQGLWLRQV LQ WKH LQLWLDO WUDLQLQJ ZLQGRZ +LJK F.
VLIQLILEDQFH OHYHOV ZLOO HQVXUH W KDD\D D UPIHUGE. HAK\L B
RQO\ SHUPLWWLQJ D IHZ IDOVH DODUPV +RZHYHU PRUH ZRU
WHUP IDXOWV VXFK DV VORZ PXOWLYDULDWH GULIWV

6LIJQLILFDQFH DQG H[WHQVLRQ RI UHVHDUFK

7KLV GLVVHUWDWLRQ LOOXVW UD®G WV MAKH XM DBIDW\QR R ¥ DPU
PXQLFLSDO ZDVWHZDWHU WUHDWPHQW EXW MWKXWY H®WN FRXC
LQGXVWULDO ZDVWHZDWHU WUHDWPHQW DG RW KB W SYREIHD
VHWV Rl QRQVWDWLRQDU\ DQG DXWRFRUUHRD®HBWHG VDXW H V
273 IRU UHJXODWRU\ DQG JHQHUDO SURFHVV PRGHGVRRULQJ D
UHDO WLPH PRQLWRULQJ DQG FRQWURO 7KH JRDOGDWMXLV Z
ODNH" HDFK IDFLOLW\ VWRUHV E\ EOHQGLQJ RDQELDRWOLDVQR |
PRQLWRULQJ DQG FRQWURO

7KH FRPSOH[LW\ RI ::73 SURFHVVHV DQG W KMQRHE\DXGWHQ J
WR DSSURSULDWHO\ DSSO\ FRQYHQWLRQDO D®G \Q RMKHHOXW\A D \
RI EDWFK RU FRQWLQXRXV SURFHVVHV LQVWUXPHQWDWLRQ
FRUUHODWHG HQYLURQPHQWDO DQG RSHUDMERQW® BIURFHVV
DSSUR[LPDWLQJ QRUPDO FRQGLWLRQV IRU WUDLQLQJ GDWD ¢
GLVVHUWDWLRQ H[SORUHV GDWD EOHQGLQJ DQG DQDO\VLV P



DVVRFLDWHG ZLWK FRQYHQWLRQDO IXO0 VFDOH PRQLWRULQ.
VLPXOWDQHRXV PRQLWRULQJ RI PDQ\ SURFHVV YYDRILDEOHV L
IRUHFDVWLQJ D ZDWHU TXDOLW\ YDULDEOH WR UHVSRQG WR
SUHGLFWLQJ GLIILFXOW WR PHDVXUH ZDWHU TXDOL@HKN YDULD
GDWD VRXUFHV

7KH VFRSH Rl WKLV GLVVHUWDWLRQ ZDV OLPLWHG WR WKt
RI ::73 LQ RUGHU WR DQVZHU KLJKHU OHYHO UHWHDUFK TXHV
SURFHVV PRGHOLQJ :KHUHDV PRUH FRPSOH[ FRQWWHRO VWU X
DSSURDFK WR RSWLPL]DWLRQ L H PRGHO SUHGLFWLYH FRQ
DGYDQFHV LQ FRQWURO WKHRU\ WR EH GLUHFWO\ DSSOLHG L
VXEVWDQWLDO NQRZOHGJH JDSV WKDW M MH/UAN D MM R IDHIQ ONDK/H )
WKHVH NQRZOHGJH JDSV LQ IDXOW GHWHFWLRK)G YWCRILDEOH S
DFWLYDWHG VOXGJH GLVLQIHFWLRQ DQGKRHP@WBIQN EROVHG
IXUWKHULQJ WKH XVH Rl VWDWLVWLFDO D ®GWKBHFWIUHD WA B Q¢
ZDWHU

7KH PRWLYDWLRQ IRU HDFK FKDSWHU EHJLQV ZLWK QRQ L
H[LVWLQJ WRROV WR XQGHUVWDQG DQG SUHGKB WHWR HWKDHX V
PDQ\ UHPDLQLQJ SURFHVVHV LQ ZDWHU D Q GWIDRW HZ POMHGIL Q]
VROLGV SURFHVVLQJ FKHPLFDO DGGLWLR@® IRBQG EDRXO®D WAL
ILOWUDWLRQ DQG WLJKW PHPEUDQH HJ UHYHUW®DHDR\GP RVL\
PDFKLQH OHDUQLQJ PHWKRGY WR D YDULHW\QREHWW®W ISURFHVV
XQGHUVWDQG WKH XQLTXH SURSHUWLHV RI ::73 SHOWRAKMY GD\
VXFK D FRPSOH[ FRPELQDWLRQ RI IDFWRUYV
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JLIXUH $ 7LPHVHULHV SORWV RI SURFHVV YDUWMWDEDWMNJIXVHG



JLIXUH $ 7LPHVHULHV SORWY RI SURFWYXWY $2$RKDE OMYV /XD/Y\M G
V FRQWURO VWUDWHJ\



JLIXUH $ 7LPHVHULHV SORWY RI SURFWYXWY $2$RKDE OMYV /XD/Y\M G
V FRQWURO VWUDWHJ\



JLIXUH $ 7LPHVHULHYVY SORWYVY RI SURFWYXW $Bol$ D E OV / XD/ G
V FROQWURO VWUDWHJ\



JLIXUH $ &RPSDULVRIRRIGWXDQROQILHHDU PRGHOV E\ WUDL
'2 DQG $%%$& PJ/DW V FRQWURO VWUDWHJLHYV



JLIXUH $ &RPSDULVRIRRIGWXDQROQILHHDU PRGHOV E\ WUDL
$%$& PJ/DW V DQG $%$& PJ/ DW V FRQWURO VWUI



JLIXUH $ 7HVWLQJ 506( DQG 5 VTXDUHG IRDCHDERMDUDERGOIL
HDFK FRQWURO VWUDWHJ\



JLIXUH $ $ FRPSDULVRQDRIGWWHWWULDUQEERY RI WKH '2 FRQW
GLXUQDO GLXUQDO OLQHDU $11 DQG GLXUQBIOHO2QFRQW R

FRQILIXUDWLRQ WKH GLXUQDO OLQHDU PRGHWKALWHKVWKRRY
IRUHFDVWLQJ DPPRQLD



7TDEOH $ 7DEOH RI SHUFHQW 506( LPSURYHPBWRBRPSIRWIHFDWWHQILXKR@BDO® W RQH
FRQWURO VWUDWHJ\
&RQWUR 7UDLQI

&RQILIXU|I :LQGRZ

D10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
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$%$& F
$%$& F

$%$& F
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7TDEOH $ 7DEOH RI SHUFHQW 506( LPSURYHPRIOQNMNWPRWEDRU LRRIGWRHWIRL S BPYRWW B Q|
VWUDWHJ\
&RQWUF 7UDLQ]

&RQILIJXU :LQGR:

1d
1d
1d
1d
1d
1d
1d
1d
1d
1d
1d
1d
1d
1d
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GI
GI
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7DEOH $ 7DEOH RI SHUFHQW 506( LPSUR YDBIW I$QW DFRFFRSPDLDL QR UMK B VAALIXQJXQ B R GOHLAY |
H[LVWLQJ FRQWURO VWUDWHJ\
&RQWUF 7UDLQI

&RQILJIXU :LQGR: o T T T T T T T T T T T T T T
~ — — — — — — — — — — — — — —

GI
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)XOO VFDOH ,PSOHPHQWDWLRQ
([SRUW UDZ GDWD IURP GDWD PDQDJHPHQW V\\SMHPV )RU
H[HFXWHG WKDW VDYHV UDZ VHQVRU DQG I[ORZVEDRWD DV
DQ H[DPSOH

, &b FRPSLOH WKH UDZ GDWD VXFK WKDW SURFWVYV YDULD
KRUL]JRQ EHKLQG WKH DPPRQLD PHDVXUHPHQW SHUIRUP
JRXULHU SDLUV DQG SURFHVYV YDULDEOHV WRPIRG&HEGDVW
SUHGLFWLRQ DV ZHOO DV WKH SURFHVV YWXIORDREROHAHKHDV L
UHVXOWLQJ IRUHFDVW LV VDYHG DV D FVY ILOH O6HH %:5

,PSRUW WKH DPPRQLD IRUHFDVW IURP WKH FVY ILOH WR
BURILF\ D 9LVXDO %DVLF VFULSW LV HIHFXWHG 6HH %:5!
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/IREDWLRQ {,QVWDQWDRHABRWYRQ {$YHUDJRIFDWLRQ $VHUKU
506 ( 506 ( 506 (
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JLIXUHWRDLQLQJ GDWD IRU D VXEVHW Rl SURFHVV YDULDEOHV
LQGLFDWHY WKH EHJLQQLQJ RI DOQLWGDERWGY NG RIQG RKIB
WUDLQLQJ SHULRG
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