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$ WKHVLV VXEPLWWHG WR WKH )DFXOW\ DQG WKH %RDUG
OLQHV LQ SDUWLDO IXOILOOPHQW RI WKH UHTXLUHPHQWYV IRL
OHWDOOXUJLFDO DQG ODWHULDOV (QJLQHHULQJ

*ROGHQ &RORUDGR
'‘DWH BBEBEBEBBBBBBEBBBBBBBBBBBBBBBBBBB
6LJQHG BBBBBBBBBBBBBBBBBBB
&ODULVVD *DOOD
6LJQHG BBBBBBBBBBBBBBBBBBB

‘U .HVWHU ' &ODUI
7KHVLV $GYLVRL
6LJQHG BBBBBBBBBBBBBBBBBBB

‘U LS 2 )LQGOH\
7TKHVLV $GYLVRL
*ROGHQ &RORUDGR

'‘DWH BBEBBEBBBBBBBBBBBBBBBBBBBBBBBBB
6LIJQHG BBBBBBBBBBBBBBBBBBB

‘U $QIXV 5RENHW)
URIHVVRU DQG '"HSDUWP |
'"HSDUWPHQW RI OHWDOOXUJLFDO DQG
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)ODW KLJK FDUERQ VWHHO DUPRULQJ ZLIHMXVHIHDQVHG W
DJJUHVVLYH HQYLURQPHQWY LQ WKH RLO DQG JDV LQGXVWU\
RSHUDWH LQ WKH\ DUH PDQXIDFWXUHG DQG INH@WKWMK BRGG |
WRXJKQHVV EXW WKH\ UHPDLQ VXVFHSWLEOH WR D ZLGH YD
VWUHVV FRUURVLRQ FUDFNLQJ DQG K\GUR J& ® [MPEQMMNM O H PR
VWHHO VSHFLPHQV +RZHYHU WKH GLIUBWH@EBHKFHG GXVLQXD
PDQXIDFWXULQJ SURFHVVHY DQG WKHLU HIIHFWWKDYHQRW |
5HVLGXDO VWUHVVHV FDQ JUHDWO\ DDI®@GW HRW UDXOH VOALD I L OWLI
PDWHULDO ,W LV FUXFLDO WR EH W WIHQWYXRGHUFV\G DIIEG KR Y Wik
GXULQJ SURFHVVLQJ DQG WR GHILQH UHVLGXDO WDWWY PHD
IDVW DQG UHSHDWDEOH UHVLGXDO VWUG VYR UFRDG XIODCN LR V
DSSOLFDWLRQV

JRXU ZLUH FRQGLWLRQV ZHUH VWXGLHG DZWRRRY) BWXW ZLU
GLIIHUHQW FURVV VHFWLRQDO DUHDV DQGHWGKDSHDSIUR DL NW
WKH RWKHU WZR ZLUHV ZHUH IXUWKHU FROG URDDH ®IIURP H|
WKLV VWXG\ ZDV WR REVHUYH WKH GHYHORSPHQW RQ®HVLG X
JUDLQ VL]H WKURXJK SURFHVVLQJ VWDJHV  FH\QUETXDI® VWHKIHH
VSOLWWLQJ PHWKRG DQG WKH KROH GULOOLQKWRXURLQ JDJH
WKLFNQHVV ZHUH HVWLPDWHG IRU DOO FRQMG&WER®V VOHBBR k
FURVV VHFWLRQ LQ RUGHU WR REVHUYH WKH XQLIRUPLW\ RI "
ODVW FROG UROOLQJ VWHS OLFURVWUXFW XU B R PRKIDHNDHF @/ H Q|
RUGHU WR REVHUYH JUDLQ VL]H UHILQHP 8 QW QHOUAIQYJIFROREF H
ZDV GHWHUPLQHG IRU HDFK FROG UROOHG FRAHWIHVNLRQ DQG
LQWURGXFHG 7KH DQQHDOLQJ SURFHGXUH Z\DH/NVGHVD U QMIGHW |
VXUIDFH Rl WKH FROG UROOHG PDWHULD O RZKKLLHOYHH B DA XQWLIDLIQ L
FROG UROOLQJ 5HVLGXDO VWUHVVHV ZHUMPHBYMNX O H®R ¥ G I

7KH VSOLWWLQJ PHWKRG ZDV XVHG WR PHD®NKUH UMK/H G X
ORQJLWXGLQDO GLUHFWLRQ Rl WKH EDU ZKLWKRG [SPGICFDAH
WKH SUHVHQFH RI FRPSUHVVLYH UHVLGXD® &MW® BWVB \O DWW\
DQG WHQVLOH UHVLGXDO VWUHVVHV DW WKS8 WKW DFH RI FRQ

LLL



KROH GULOOLQJ PHWKRG ZDV XVHG WR PHDVXUH UHVLGXDO \
OHQJWK DQG ZLGWK RI WKH EDU 7KH KROH GUL GO QRUPHWKR
WKH SUHVHQFH RI FRPSUHVVLYH UHVLGXDE& VWUHVVHV GRBS
WKH VSHFLPHQ LQ WKH VXUIDFH RI RQH FROG UROQHNM FRQG
7KH KROH GULOOLQJ PHWKRG SURYLGHY PRUH GHWDLOHG LQ|
PP LQWR WKH VSHFLPHQ EXW LW LV VHQVLMLYHPHRRR G VLW
VLPSOH DQG DFFXUDWH ZD\ Rl FKHFNLQJ WXKHDFHVLGXDO VWU
OLFURKDUGQHVV UHVXOWV LQGLFDWH WKDW D QuR{ OIMGDWD P S
WKH FRUH ZKLOH FROG UROOHG VDPSOHV DUM K.ONGGEH D VDMQ W
QRQ XQLIRUP SODVWLF GHIRUPDWLRQ 7KH JUDLRWIR® DQDO"
WKDW FRPSDUHG FROG UROOHG WR DQQHDOHG FRQGLWLRQV
UROOHG FRQGLWLRQ DQG D FKDQJH LQ PRUSKRORJ\ IRU WKH
VWUHVV SURILOHVY GHWHUPLQHG IRU WKH QWHBBYQUHDURVHG
ZDV VXFFHVVIXO LQ UHOLHYLQJ WHQVDRQH NGIVQE XDQ ¥ W XH\H\
UHOLHYH KDUPIXO WHQVLOH UHVLGXDO VWQIHWYH VOIRNRHPOWRK H
KDUGQHVV QHFHVVDU\ IRU WKH DSSOLFDWLRQ

LY
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&+$37(5
&+$37(5

,1752'8&7,21
%$&.*5281" $1' /,7(5$785( 5(9,(:
5HVLGXDO 6WUHVVHV
'HILQLWLRQ DQG ,QWURGXFWLRQ
JRUPDWLRQ RI 5HVLGXDO 6WUHVVHV

JRUPDWLRQ RI 5SHVLGXDO 6WUHVVHV E\ 1RQ
'"HIRUPDWLRQ

JRUPDWLRQ RI 5SHVLGXDO 6WUHVVHV E\ 1RQ
7TKHUPDOO\  QGXFHG 5HVLGXDO 6WUHVYVY 5HOD[DW
SHVLGXDO 6WUHVV OHDVXUHPHQW OHWKRGYV
&ODVVLILFDWLRQ RI SHVLGXDO 6WUHVYV OHDVXUH
"HVWUXFWLYH OHWKRGV 2YHUYLHZ
6SOLWWLQJ
/ID\HU 5HPRYDO
6HPL '"HVWUXFWLYH OHWKRGV 2YHUYLHZ
+ROH 'ULOOLQJ OHWKRG DQG &DYHDWYV
+ROH 'ULOOLQJ ODWKHPDWLFDO $QDO\VLYV
1RQ '"HVWUXFWLYH OHWKRGV 2YHUYLHZ
SHVLGXDO 6WUHVVHV LQ 6WHHO %DU ([DPSOHV IURP

SHODWLRQVKLS EHWZHHQ :LUH 'UDZLQJ 3DUDPHWHUYV



&+$37(5

&+$37(5

(;3(5,0(17%/ 352&('85(6
([SHULPHQWDO ODWHULDO
OHWKRGV IRU 5HVLGXDO 6WUHVV '"HWHUPLQDWLRQ
5HVLGXDO 6WUHVV '"HWHUPLQDWLRQ YLD 6SOLWW
5HVLGXDO 6WUHVY '"HWHUPLQDWLRQ YLD +ROH 'U
BWUDLQ *DJH 6HOHFWLRQ DQG 30DFHPHQW
BWUDLQ *DJH ,QVWDOODWLRQ DQG :LULQJ
OLOOLQJ *XLGH DQG +ROH 'ULOOLQJ 3URFHG
,QFUHPHQWDO 3URFHGXUHV 6HOHFWHG
+'5,// 3URFHGXUH
+DUGQHVV ,QYHVWLIJDWLRQ DQG &UHDWLRQ RI OLFUR
OLFURVWUXFWXUDO &KDUDFWHUL]DWLRQ DQG *UDLQ
&RPSDULVRQ $UHDV IRU +DUGQHVYV DQG *UDLQ 6L]H
6WUHVV 5HOLHYLQJ $QQHDOLQJ 6WXG\
7HQVLOH 7THVWLQJ
5(68/76 $1' ',6&866,21
5HVLGXDO 6WUHVYV '"HWHUPLQDWLRQ YLD 6SOLWWLQJ
6SOLWWLQJ YLD %DQGVDZ
6SOLWWLQJ YLD (OHFWULFDO 'LVFKDUJH ODFKLQL
5HVLGXDO 6WUHVV (VWLPDWHY IURP 6SOLWWLQJ
5HVLGXDO 6WUHVV '"HWHUPLQDWLRQ YLD +ROH 'ULOO
'LVFXVVLRQ RI 5HVLGXDO 6WUHVV 3URILOHV DV D
5HVLGXDO 6WUHVV 3URILOHV WKURXJK &URVYV 6HFWL|
+DUGQHVV WKURXJK &URVYV 6HFWLRQ

,QKRPRJHQHLW\ RI )ORZ
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*UDLQ 6L]H $QDO\VLV
BWUHVV 5HOLHYLQJ $QQHDOLQJ
7HQVLOH 7HVWLQJ
&+$37(5 6800%$5< $1' &21&/86,216
&+$37(5 )8785( :25.
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YJLIXUH

YLIXUH

YJLIXUH

YLIXUH

YLIXUH

JLIXUH

YLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

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

$UPRULQJ ZLUHV ZUDSSHG DURXQG H[SORUDWLR

(I'THFW Rl EHQHILFLDO FRPSUHVDIGHG BHMIRGE XD O \
IURP > @ D HODVWLF VWUHVYVY GLVWULEXWLRQ RI D
UHVLGXDO VWUHVV GLVWULEXWLRQ UHVXOWLQJ IURP
DSSOLHG DQG UHVLGXDO VWUHVVHV

1RQ XQLIRUP SODVWLF GHIRUPDWLRQ GXULQJ VK
D LQKRPRIJHQHRXYVY GHIRUPDWLRQ SODVWLF IORZ R
E VFKHPDWLF UHSUHVHQWDWLRQ RI UHVXOWLQJ UH

6FKHPDWLF UHSUHVHQWDWLRQ RI VKHDU EDQG I
JURP > @

([DPSOH RI VWUHVYV UHYHUVDO GXULQYHFRROLQJ
UHVLGXDO VWUHVVHYV LQ DQ DOXPLQXP F\OLQGHU D
UHVLGXDO VWUHVYV DV D IXQFWLRQ RI WLPH DGDSWH

'"HYHORSPHQW RI UHVLGXDO VWUHVVHV GXULQJ F
WHQVLOH VWUHVV LQ QRQ FDUEXUL]HG VWHHO E GI
WKH FDVH RI D TXHQFKHG FDUEXUL]J]HG VWHHO $GDS)\

6HFWLRQLQJ PHWKRG IRU UHVLGXDO VWUHVYV PH
IURP > @

/ID\HU UHPRYDO PHWKRG
VSHFLPHQV IURP > @

IRU UHVLGXD® VWUHVYV

6DZ FXW LQ KRUL]JRQWDO GLUHFWLRQ OD[ OLQ I

'"HWHUPLQDWLRQ RI KRUL]JRQWD G5 HHWM.BEWDROQV WU
LV PHDVXUHG DV LQGLFDWHG LQ UROOH®WKHHW RU
LPSOLHV D UHVLGXDO VWUHVYV GLVWULEXWLRQ WKDW
FRPSUHVVLYH DW WKH FHQWHU RI WKH SODWH RU ED

D (OHPHQW RI WHVW VSHFLPHQ VKRYVYQJ SULQF
DQG OD\HU WR EH UHPRYHG E %HQGLQJ PRPHQWV L
GHIRUPDWLRQ DIWHU UHPRYDO RI OD\HU > @

6FKHPDWLF RI WKH ULQJ FRUH P HRRKZRGL QYXHGWHW U
WKH ULQJ FXW > @

YLLL



JLIXUH

Y)LIXUH

YLIXUH

JLIXUH

YJLIXUH

YJLIXUH

YLIXUH

JLIXUH

JLIXUH

YLIXUH

YLIXUH

Y)LIXUH

YLIXUH

D +ROH JHRPHWU\ DQG XQLIRUP WRS DQG QRQ
VWUHVVHY > @ E B6FKHPDWLF Rl KROH GULOOLQJ S
JDJH ZLWK UHVSHFW WR GULOOHG KROH > @

SHVLGXDO VWUHVVHYVY LQ VWHHO URGYVY GUDZQ WR

SHVLGXDO VWUHVYV SURILOHV LQ BKRWH GUDZQ !
RQO\ LQ WKH WKUHH SULQFLSDO GLUHFWLRQV DQG
FRPSXWHG IURP ERWK FHPHQWLWH DQG IHUULWH SKLEL
GLUHFWLRQV )URP > @

5HVLGXDO VWUHVV SURILOHY DV D IXQFWLRQ RI
URGY LQ WKH WKUHH SULQFLSDO GLUHFWLRQV D D]
JURP > @

JHUULWH VWUHVYV SURILOHYV DV D IXQBPWWR® RI U
URG DORQJ WKUHH GLIITHUHQW GLUHFWLRQV D ORQ
KRRS DQG F UDGLDO 7KH UHVXOWYV ZHUH FRUUHFW
RFFXUV DIWHU OD\HU UHPRYDO > @

SHVLGXDO VWUHVV SURILOHVY LQ D TXHQFKHG SH
KROH GULOOLQJ > @

SHVLGXDO VWUHVYV SURILOHVY PHDVXUHG ZLWK KF
D UHVLGXDO VWUHVVHYVY FDOFXODWHG &XDQJ FRDUV
VWUHVVHYVY FDOFXODWHG XVLQJ ILQH LQFUHPHQWDO ¢

6FKHPDWLF RI D FRQYHUJLQJ GLH IRU URG DQG Z

SURILOHV RI WKH
G &5

IRXU FRQGLWLRQV D $1 E

SURILOHV RI WKH
D $1 E $1 F

IRXU DV UHFHLYHG EDUV DIWHL
&5 DQG G &5

SURILOHV RI WKH
D $1 E $1 F

IRXU DV UHFHLYRG EDUV DIWHL
&5 DQG G &5

SURILOHV RI WKH
D $1 E $1 F

IRXU UHFWDQJXPWILRBDUYV DIWH
&5 DQG G &5

SURILOHV RI WKH
D $1 E $1 F

IRXU UHFWDQUKXPWUREDUYV DIWH
&5 DQG G &5

LI



JLIXUH

JLIXUH

JLIXUH

YJLIXUH

YLIXUH

JLIXUH

YLIXUH

YLIXUH

YJLIXUH

YLIXUH

YLIXUH

YLIXUH

eWubDLQ JDJH URVHWWH LQVWDOOHB RYIHU EDU
LV SHUSHQGLFXODU WR WKH OHQJWK RI WKH EDU WHK
L LV SDUDOOHO WR WKH OHQJWK RI WKH EDU

56 OLOOLQJ *XLGH DVVHPEO\ D DOLJQPHQW
E KROH GULOOLQJ WHVWLQJ VHWXS ZLWK KLJK VSHI

56 OLOOLQJ *XLGH DVVHPEO\ RQ FDPSXV XQLY

JRXU FRQGLWLRQV GLYLGHG LQWR ILYH DUHDV
G &5

(LJKW EDUV LQYHVWLJDWHG LQ ILUVW SKDVH RI
VDZ FXW D DV UHFHLYHG FRQGLWLRQ LQ KRULJRQW
FRQGLWLRQ LQ KRUL]JRQWDO GLUHFWLRQ

5 YDOXH GLVWULEXWLRQ IRU DV UHFHLYHG DQG |

ZLWK KLJK VSHHG EDQG VDZ

6LIWHHQ EDUV LQYHVWLIJDWHG LQ VHFRQG SKDVI
D DV UHFHLYHG FRQGLWLRQ LQ KRUL]JRQWDO GLUHF
KRULIRQWDO GLUHFWLRQ F DV UHFHLYHG FRQGLWL
UHFWDQJXODU FRQGLWLRQ LQ YHUWLFDO GLUHFWLRC(

5 YDOXH GLVWULEXWLRQ IRU DV UHFHLYHG DQG |
YLD ('O D KRUL]JRQWDO GLUHFWLRQ E YHUWLFDO ¢

6FKHPDWLF RI VSOLWWLQJ VDPSOH ZNWK FXW LQ
PHDVXUHG DFWV SDUDOOHO WR WKH SODQH RI WKH F

$1 DV UHFHLYHG VDPSOH D FXW IMQLEROL]RQV
GLUHFWLRQ 7KH UHVLGXDO VWUHVVHV PHDVXUHG DL

5HVLGXDO VWUHVYV SURILOHV IRU FRQGLWLRQ $
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVHYV
F D[LDO VWUHVVHV GHWHUPLQHG E\ OHWKRG G S
OHWKRG H D[LDO VWUHVVHV GHWHUPLQHG E\ OHW
GHWHUPLQHG E\ OHWKRG

SHVLGXDO VWUHVYV SURILOHV IRU FRQGLWLRQ &
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVHYV
F D[LDO VWUHVVHV GHWHUPLQHG E\ OHWKRG G S
OHWKRG H D[LDO VWUHVVHV GHWHUPLQHG E\ OHW
GHWHUPLQHG E\ OHWKRG



JLIXUH

JLIXUH

YLIXUH

Y)LIXUH

YJLIXUH

YLIXUH

JLIXUH

JLIXUH

YLIXUH

5HVLGXDO VWUHVV SURILOHV IRU FRQGLWLRQ $
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVH\
F D[LDO VWUHVVHV GHWHUPLQHG E\ OHWKRG G S
OHWKRG H D[LDO VWUHVVHV GHWHUPLQHG E\ OHW
GHWHUPLQHG E\ OHWKRG

SHVLGXDO VWUHVYV SURILOHV IRU FRQGLWLRQ &
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVH)\
F D[LDO VWUHVVHVY GHWHUPLQHG E\ OHWKRG G S
OHWKRG H D[LDO VWUHVVHV GHWHUPLQHG E\ OHW
GHWHUPLQHG E\ OHWKRG

SHVLGXDO VWUHVYV SURILOHV IRU IRIQGEHWLRQ 6
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVHYV
F D[LDO VWUHVVHYVY GHWHUPLQHG E\ OHWKRG DQG
GHWHUPLQHG E\ OHWKRG

SHVLGXDO VWUHVV SURILOHV IRU IRMYEHWLRQ 6
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVH)\
VWUHVVHVY GHWHUPLQHG E\ OHWKRG DQG G SULQF
OHWKRG

$[LDO UHVLGXDO VWUHVV SURILOBWGE&EHWHUPLQH

[ GLUHFWLRQ IRU $1 &5 DQG 65 E VWUHVV LQ
&5 DQG 65 F VWUHVV LQ WKH [ GLUHFWLRQ IRU
G VWUHVV LQ WKH \ GLUHFWLRQ IRU $1 &5 DQG

$[LDO UHVLGXDO VWUHVV SURILCWEHWHUPLQH

[ GLUHFWLRQ IRU $1 &5 DQG 65 E VWUHVV LQ
&5 DQG 65 F VWUHVV LQ WKH [ GLUHFWLRQ IRU
G VWUHVV LQ WKH \ GLUHFWLRQ IRU $1 &5 DQG

$[LDO UHVLGXDO VWUHVV SURILOHV GHWHUPLQH
SURFHVVLQJ FRQGLWLRQ D VWUHVV LQ WKH [ GLUH
E VWUHVV LQ WKH \ GLUHFWLRQ IRU $1 DQG $1 |
IRU &5 DQG &5 DQG G VWUHVV LQ WKH \ GLUHFW|

$[LDO UHVLGXDO VWUHVV SURILOHV GHWHUPLQH
SURFHVVLQJ FRQGLWLRQ D VWUHVV LQ WKH [ GLUH
E VWUHVV LQ WKH \ GLUHFWLRQ IRU $1 DQG $1 |
IRU &5 DQG &5 DQG G VWUHVV LQ WKH \ GLUHFW|

&RPSOHWH HVWLPDWHG VSOLWWLQJ DQG KROH G

D $1 DQG E &5 6SOLWWLQJ LV SORWWHG LQ EOI
UHG

[L
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YJLIXUH

JLIXUH

YJLIXUH

YLIXUH

YLIXUH

JLIXUH

JLIXUH

YLIXUH

YLIXUH

&RPSOHWH HVWLPDWHG VSOLWWLQJ DQG KROH G
D $1 DQG E &5 6SOLWWLQJ LV SORWWHG LQ EOI
UHG

+DUGQHVYV PDSV IRU HDFK FRQGLWLRQ D $1
G &5

&RORU NH\ IRU KDUGQHVYV PDSV

S3ORWV RI KDUGQHVYV DV D IXQFWLRQ RI ORFDWLEF

GLUHFWLRQV IRU WKH $1 FRQGLWLRQ D KDUGQHV'

PP IURP WRS HGJH DQG E KDUGQHVV PHDVXUHG Y
OHIW VLGH

S3ORWYV RI KDUGQHVYV DV D IXQFWLRQ RI ORFDWLF

GLUHFWLRQV IRU WKH $1 FRQGLWLRQ D KDUGQHWV'

PP IURP WRS HGJH DQG E KDUGQHVV PHDVXUHG Y
OHIW VLGH

S3ORWYV RI KDUGQHVYV DV D IXQFWLRQ RI ORFDWLF

GLUHFWLRQV IRU WKH &5 FRQGLWLRQ D KDUGQHYV

PP IURP WRS HGJH DQG E KDUGQHVV PHDVXUHG Y
OHIW VLGH

S3ORWV RI KDUGQHVYV DV D IXQFWLRQ RI ORFDWLEF

GLUHFWLRQV IRU WKH &5 FRQGLWLRQ D KDUGQHYV

PP IURP WRS HGJH DQG E KDUGQHVV PHDVXUHG Y
OHIW VLGH

OLFURVWUXFWXUHV Rl $1 GLIIHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH E EDFNVFDWWHU
HOHFWURQ LPDJH DQG G EDFNVFDWWHU HOHFWURAC
ZLWK SFW QLWDO

OLFURVWUXFWXUHV RI  $1 GLIIHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW KRUL]RQ
LPDJH WDNHQ DW KRUL]JRQWDO HGJH F VMMFRQGDU\
HGJH DQG G EDFNVFDWWHU HOHFWURQ LPDJH WDNI
PLFURJUDSKV HWFKHG ZLWK SFW QLWDO

OLFURVWUXFWXUHV RI &5 GLIITHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH E EDFNVFDWWHU
HOHFWURQ LPDJH DQG G EDFNVFDWWHU HOHFWURAC
ZLWK SFW QLWDO

[LL
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JLIXUH
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JLIXUH

YLIXUH

YJLIXUH

Y)LIXUH

YLIXUH

OLFURVWUXFWXUHV RI &5 GLIITHUHQW ORFDWLR
D EDFNVFDWWHU HOHFWURQ LPDJH WDNHQ DW KRUL
HOHFWURQ LPDJH WDNHQ DW KRUL]JRQWDO HGJH F
DW YHUWLFDO HGJH DQG G EDFNVFDWWHU HOHFWU
6(0 PLFURJUDSKY HWFKHG ZLWK SFW QLWDO

OLFURVWUXFWXUHV Rl $1 GLIIHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH E EDFNVFDWWHU
HOHFWURQ LPDJH G EDFNVFDWWHU HOHFWURQ LPD
ZLWK SFW QLWDO

OLFURVWUXFWXUHV Rl $1 GLIIHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW KRUL]JRQ
HOHFWURQ LPDJH WDNHQ DW KRUL]JRQWDO HGJH F
DW YHUWLFDO HGJH DQG G EDFNVFDWWHU HOHFWU
6(0 PLFURJUDSKY HWFKHG ZLWK SFW QLWDO

OLFURVWUXFWXUHV RI &5 GLIITHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH E EDFNVFDWWHU
HOHFWURQ LPDJH G EDFNVFDWWHU HOHFWURQ LPD
ZLWK SFW QLWDO

OLFURVWUXFWXUHV RI &5 GLIITHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW KRUL]JRQ
HOHFWURQ LPDJH WDNHQ DW KRUL]JRQWDO HGJH F
DW YHUWLFDO HGJH DQG G EDFNVFDWWHU HOHFWU
6(0 PLFURJUDSKY HWFKHG ZLWK SFW QLWDO

+DUGQHVV LQ +5& YHUVXV DQQHDOLQJ WLPH IR
UHIHUHQFH YDOXH IRU HDFK FRQGLWLRQ LV LQFOXGHF

+DUGQHVYV LQ +5& YHUVXV DQQHDOLQJ WLPH IR
DQG E VLGH % VRIWHU VLGH %HIRUH DQG DIWHU T
PHDVXUHPHQWY DUH LQFOXGHG

+DUGQHVV LQ +5$% YHUVXV DQQHDOLQJ WLPH IR
DOG E VLGH % VRIWHU VLGH %HIRUH DQG DIWHU C
PHDVXUHPHQWY DUH LQFOXGHG

6WUHVV VWUDLQ FXUYHV IRU $1 DQG &5 D W
WHVW

6WUHVV VWUDLQ FXUYHV IRU $1 DQG &5 D W
WHVW

[LLL



JLIXUH $ SHVLGXDO VWUHVV SURILOHV IRU ¥RQGLWLRQV
GHWHUPLQHG E\ OHWKRG IRU FRQGLWLRQ $1 E S
GHWHUPLQHG E\ OHWKRG IRU FRQGLWLRQ $1 F D
OHWKRG IRU FRQGLWLRQ &5 DQG G SULQFLSDO V
OHWKRG IRU FRQGLWLRQ &5

JLIXUH $ SHVLGXDO VWUHVV SURILOHV IRU ¥RQGLWLRQV
GHWHUPLQHG E\ OHWKRG IRU FRQGLWLRQ $1 E S
GHWHUPLQHG E\ OHWKRG IRU FRQGLWLRQ $1 F D
OHWKRG IRU FRQGLWLRQ &5 DQG G SULQFLSDO V
OHWKRG IRU FRQGLWLRQ &5

YLIXUH % 6KHDU VWUHVVHV IRU FRQGLWLRQ $1 DQQHDO
FDOFXODWHG ZLWK OHWKRG E PD[LPXP VKHDU VW

F VKHDU VWUHVV LQ : DQG < FDOFXODWHG ZLWK

VWUHVV FDOFXODWHG ZLWK OHWKRG H VKHDU VW
PHWKRG DQG | PD[LPXP VKHDU VWUHVV FDOFXOD

JLIXUH % 6KHDU VWUHVVHYV IRU FRQGLWLRQ &5 FROG UF
FDOFXODWHG ZLWK OHWKRG E PD[LPXP VKHDU VW

F VKHDU VWUHVV LQ ; DQG < FDOFXODWHG ZLWK

VWUHVY FDOFXODWHG ZLWK OHWKRG H VKHDU VW
PHWKRG DQG | PD[LPXP VKHDU VWUHVV FDOFXOD

JLIXUH % 6KHDU VWUHVVHV IRU FRQGLWLRQ $1 DQQHDO
FDOFXODWHG ZLWK OHWKRG E PD[LPXP VKHDU VW

F VKHDU VWUHVV LQ ; DQG < FDOFXODWHG ZLWK

VWUHVY FDOFXODWHG ZLWK OHWKRG H VKHDU VW
PHWKRG DQG | PD[LPXP VKHDU VWUHVV FDOFXOD

JLIXUH % 6KHDU VWUHVVHYVY IRU FRQGLWLRQ &5 FROG UF
FDOFXODWHG ZLWK OHWKRG E PD[LPXP VKHDU VW

F VKHDU VWUHVV LQ ; DQG < FDOFXODWHG ZLWK

VWUHVY FDOFXODWHG ZLWK OHWKRG H VKHDU VW
PHWKRG DQG | PD[LPXP VKHDU VWUHVV FDOFXOD

JLIXUH % 6KHDU VWUHVVHYV IRU FROQGLWVRQLQG65DY W& LHVYV
FDOFXODWHG ZLWK OHWKRG E PD[LPXP VKHDU VW
F VKHDU VWUHVV LQ ; DQG < FDOFXODWHG ZLWK

VKHDU VWUHVY FDOFXODWHG ZLWK OHWKRG

JLIXUH % 6KHDU VWUHVVHYV IRU FROQGLWVRQLQG65DY B LKHVYV
FDOFXODWHG ZLWK OHWKRG E PD[LPXP VKHDU VW
F VKHDU VWUHVV LQ ; DQG < FDOFXODWHG ZLWK

VKHDU VWUHVY FDOFXODWHG ZLWK OHWKRG

[LY



JLIXUH

YLIXUH

YLIXUH

JLIXUH

YLIXUH

YLIXUH

JLIXUH

JLIXUH

YLIXUH

YLIXUH

YJLIXUH

JLIXUH

YJLIXUH

% 3ULQFLSDO DQJOH IRU FRQGLWLR@®KRBG DQQHDC
E FDOFXODWHG ZLWK OHWKRG DQG F FDOFXODWI

% BULQFLSDO DQJOH IRU FRQGLWLRIQWKSERSG FROG U
E FDOFXODWHG ZLWK OHWKRG DQG F FDOFXODWI

% SBULQFLSDO DQJOH IRU FROQGLWLRYKBG DQQHDC
E FDOFXODWHG ZLWK OHWKRG DQG F FDOFXODWI

% BULQFLSDO DQJOH IRU FRQGLWLRXR&5 FROG U
E FDOFXODWHG ZLWK OHWKRG DQG F FDOFXODWI

% 3ULQFLSDO DQJOH IRU FRQGLWLRX 65 VWUHVV
OHWKRG DQG E FDOFXODWHG ZLWK OHWKRG

% 3ULQFLSDO DQJOH IRU FRQGLWLRWX 65 VWUHVV
OHWKRG DQG E FDOFXODWHG ZLWK OHWKRG

& &RQGLWLRQ $1 DQQHDOHG &RPSOHWH UHVXO\
UHVLGXDO VWUHVVHYV E SULQFLSDO VWUHVVHV F
PD[LPXP VKHDU VWUHVV DQG H SULQFLSDO DQJOH

& &RQGLWLRQ $1 DQQHDOHG &RPSOHWH UHVXO\
UHVLGXDO VWUHVVHYV E SULQFLSDO VWUHVVHV F
PD[LPXP VKHDU VWUHVV DQG H SULQFLSDO DQJOH

& &RQGLWLRQ &5 FROG UROOHG &RPSOHWH UHV
D D[LDO UHVLGXDO VWUHVVHVY E SULQFLSDO VWUt
G PD[LPXP VKHDU VWUHVY DQG H SULQFLSDO DQJ!

& &RQGLWLRQ &5 FROG UROOHG &RPSOHWH UHV
D[LDO UHVLGXDO VWUHVVHYVY E SULQFLSDO VWUF
PD[LPXP VKHDU VWUHVV DQG H SULQFLSDO DQJ

(ORW)

& &RQGLWLRQ $1 DQQHDOHG
D[LDO UHVLGXDO VWUHVVHYV
PD[LPXP VKHDU VWUHVV DQG

&RPSOHWH UHVXO\
E SULQFLSDO VWU'L
H SULQFLSDO DQJ

® O

& &RQGLWLRQ $1 DQQHDOHG
D[LDO UHVLGXDO VWUHVVHYV
PD[LPXP VKHDU VWUHVV DQG

&RPSOHWH UHVXO\
E SULQFLSDO VWUL
H SULQFLSDO DQJ

® O

& &RQGLWLRQ &5 FROG UROOHG &RPSOHWH UHV
D[LDO UHVLGXDO VWUHVVHYVY E SULQFLSDO VWU
PD[LPXP VKHDU VWUHVV DQG H SULQFLSDO DQJ

® O

[Y



JLIXUH & &RQGLWLRQ &5 FROG UROOHG &RPSOHWH UHV
D D[LDO UHVLGXDO VWUHVVHYVY E SULQFLSDO VWUt
G PD[LPXP VKHDU VWUHVY DQG H SULQFLSDO DQJ!

JLIXUH ' SURILOHV RI WKH IRXU DV UHFHLYHG EDUV D R
&5 7KH OD\HUV ZHUH UHPRYHG WR WKH ULJKW RI W

JLIXUH ' D /RFDWLRQ LQ WKH EDU ZKHUH WKKH®ZR FXUYL
VXSHULPSRVHG RQ WKH PDFKLQHG EDU LPDJH E 6F)
GHYLDWLRQ PHDVXUHPHQW RI WKH FXUYHG EDU FRPS
F OHDVXUHPHQW VHWXS DQG FXUYHV VXSHULPSRVH

JLIXUH ' 7TKUHH FXUYDWXUH SDWKV RI WKH UHIHUHQFH ED

JLIXUH ( 6ROLG:RUNV GUDZLQJ IRU FRQGLWLRQ $1 $V UL
VDPSOH VKRZQ DORQJ ZLWK GLUHFWLRQ RI KRUL]RQ
HDFK VDPSOH

JLIXUH ( 6ROLG:RUNV GUDZLQJ IRU FRQGLWLRQ $1 $V UL
VDPSOH VKRZQ DORQJ ZLWK GLUHFWLRQ RI KRUL]JRQ
HDFK VDPSOH

JLIXUH ( 6ROLG:RUNV GUDZLQJ IRU FRQGLWLRQ &5 $V Ul
VDPSOH VKRZQ DORQJ ZLWK GLUHFWLRQ RI KRUL]JRQ
HDFK VDPSOH

JLIXUH ( 6ROLG:RUNV GUDZLQJ IRU FRQGLWLRQ &5 $V Ul
VDPSOH VKRZQ DORQJ ZLWK GLUHFWLRQ RI KRUL]RQ
HDFK VDPSOH

JLIXUH * OLFURVWUXFWXUHV RI 65 DW WKH FRUH D VHF
E EDFNVFDWWHU HOHFWURQ LPDJH F VHFRQGDU\
HOHFWURQ LPDJH 6(0 PLFURJUDSKV HWFKHG ZLWK

JLIXUH * OLFURVWUXFWXUHV RI 65 DW HGJAW D VHFRQC
KRULIRQWDO HGJH E EDEFENVFDWWHU HOHFWURQ LPI
F VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW YHUWLFI
HOHFWURQ LPDJH WDNHQ DW YHUWLFDO HGJH 6(0 PL
QLWDO

JLIXUH * OLFURVWUXFWXUHYV RI 65 DW WKH FRUH D VHF

E EDFNVFDWWHU HOHFWURQ LPDJH F VHFRQGDU\
HOHFWURQ LPDJH 6(0 PLFURJUDSKV HWFKHG ZLWK

[YL



JLIXUH *

OLFURVWUXFWXUHV Rl 65 DW HGJMW D VHFROQC
KRUL]JRQWDO HGJH E EDFNVFDWWHU HOHFWURQ LPI
F VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW YHUWLFI
HOHFWURQ LPDJH WDNHQ DW YHUWLFDO HGJH 6(0 PL
QLWDO

[YLL



7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7DEOH (

1,67 2) 7$%/(6

'LUHV 6XSSOLHG E\ %HNDHUW
&RPSRVLWLRQ RI ([SHULPHQWDO 6WHHO :LUHV Z

*HRPHWULF 6SHFLILFDWLRQV IRU 5( 5GHVLGXDO
5SRVHWWH > @ > @

, QFUHPHQWDO OHWKRGV 8VHG IRU +ROH 'ULOOLQ

5 YDOXHV IRU (DFK %DU LQ WKH $WQUHFHLYHG DC
+RUL]JRQWDO 'LUHFWLRQ +LJK VSHHG 6DZ

5 YDOXHV IRU (DFK %DU LQ WKH $V UHFHLYHG DC
+RUL]IRQWDO DQG 9HUWLFDO 'LUHFWLRQ (OHFWULFD

5HVLGXDO 6WUHVYV (VWLPDWHY: 98BDWISFMDOHFHLY |
'LUHFWLRQV

+DUGQHVYVY DQG 7THQVLOH 6WUHQJWK IRU (DFK RI
$YHUDJH +DUGQHVYV LQ 7KUHH /RFDWLRQV DQG ,(
$670 *UDLQ 6L]H IRU (DFK RI WKH )RXU &RQGLWLF
7THQVLOH 3URSHUWLHV IRU )RXU &RQGLWLRQV 3l

SRRW OHDQ 6TXDUH 6WUDLQ OLVILW

[YLLL
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, ZRXOG OLNH WR DFNQRZOHGJH DQG WKDQN WKH SURIH\
B3URFHVVLQJ DQG 3URGXFWV 5HVHDUFK &HQWHU DWQ&RORUDG
WKH FHQWHU DQG LQ WKH OHWDOOXUJLFD @ M QREX0IMRWHWK B OV
YDOXDEOH LQVWUXFWLRQ DQG LQWHUHVWLQH FRD WKHIV WKDW
VSRQVRUV WKDQN \RX IRU WKH WHFKQLFDO DQG ILQDQFLDO
NQRZOHGJH EHWZHHQ VWXGHQWY DQG LQGXVWU\ SURIHVVLR(
RIILFHPDWHY DQG DOO RI WKH $6335& VW XGIHRQWVDIRE KHOSL(
WHFKQLTXHV DQG IRU IRVWHULQJ D FROODERUDWLYH ZRUN H

7KDQN \RX WR P\ DGYLVRU 'U .HVWHU &ODUNH DQG P\ FR
VXSSRUW UHFHLYHG DW HYHU\ VWHS Rl WKLY SURMHFEW 7KDC
DQG IRU DVNLQJ WKH KDUG TXHVWLRQV WKDW N S @GN\ W RQ
':DOWKHU YDQ 5DHPGRQFN DQG :LP YDQ +DYHU IURP %HNDHUYV
PDWHULDO IRU WKLV VWXG\ IRU DOO WKH WHFKQLF®O NQRZC
WKH ZLUH SURFHVVLQJ SODQW LQ 2UUYLOOH 2KLR 7KDQN \R
IHXWURQ 6FLHQFH &HQWHU /$16&( ZKR |D+,33 2 WODHXM® RVQH [ W
DQG 72) GLIIUDFWRPHWHU DQG WH[WXUH GDW D D DXQGHW W H
DZDUGHG SURSRVDO /& $

7KDQN \RX WR P\ IDPLO\ IRU WKHLU FRQWLQXRXV ORYH D
6DQFKH] ZKR KDV PDGH DQG FRQWLQXHV WR PDNH HYHU\WK
*DOODUGR 7R P\ EURWKHU -XDQ -RVH DQG WR P\ JUDQGPRW

7KDQN \RX WR P\ KXVEDQG 'HDQ IRU EHLQJ DQ H[FHOOHQ!
JRU \RXU LQFUHGLEOH VXSSRUW WKURXJKRXW WKLV SURMHF\
SUDFWLFH SUHVHQWDWLRQV DQG IRU FRRNLQJ GLQQHU HYH!L

[LI
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&DUERQ VWHHO DUPRULQJ ZLUHV DUH DQ LPSRUWDQW SU
$UPRULQJ ZLUHV SURWHFW H[SORUDWLRQ FDEOHV DQG RWKH
HQYLURQPHQWY )LJXUH VKRZV DQ H[DPSOH RI FDUERQ VW
H[SORUDWLRQ FDEOH $V LQGXVWU\ UHTXLUHPHQVWOVVWERHFRPH
EHWWHU XQGHUVWDQG IDLOXUH EHKDYLRU LQ[LODWRWHHO Z
DUPRULQJ ZLUHV XVHG LQ DJJUHVVLYH HQYLURQPHQWYV LQF(
K\GURJHQ HPEARZWHWBUHPWEW GLIIHUHQFHYV LQ UHVLGXDO VWU

PDQXIDFWXULQJ SURFHVVHVY DQG WKHLU HITHFIWVPRYI) DRW |
ZLUHV

J)LIXUH $UPRULQJ ZLUHV ZUDSSHG DURXQG H[SORUDWLR

$OOR\ FRPSRVLWLRQ DQG SURFHVVLQJ YDULDEOHV LQFO
FROQGLWLRQV FDQ DIIHFW WKH ILQDO PLFURY¥YWVXORHDGUWR R
GLITHUHQFHY LQ UHVLGXDO VWUHVV ZKHFKRDQRVYDRWXWHYV LM
GLVWRUWLRQ GLPHQVLRQDO VWDELOLW\ KUDFIWXHBLDBYV I$VW
FRUUHODWLRQ EHWZHHQ SUHH[LVWLQJ UHVDG X3UR ¥ WWW VN W \L
FDUERQ VWHHO ZLUHV ZRXOG EH EHQHILFLDO MHRURSWLPL]H Z



QHHG WR GHILQH ZKDW UHVLGXDO VWUHVV Z3HW HDWORE. Q B AX RO\
PHDVXUHPHQW RI UHVLGXDO VWUHVV SURIIZOHWY WKW R X OK DRGGY
JDV DSSOLFDWLRQV

7KH REMHFWLYH RI WKLV VWXG\ LV WR XQGHUVWDQG WKF
VLIHV DQG VHOHFWHG PHFKDQLFDO SURSHUWLHWWLQJRXU 10
VSHFLILFDOO\ DQQHDOLQJ DQG FROG GUDZLQJ 5HVLGXDO VW
ZHUH PHDVXUHG E\ VSOLWWLQJ DQG KROH G OBV QB WRILOGL
WKURXJK WKLFNQHVYV ZHUH HVWLPDWHG IRU HDEKHFRQGLWLR
GHWHUPLQHG IRU HDFK FRQGLWLRQ O0LFURN@DO\RW X WZIHQ HF KX
FRPSOHWHG +DUGQHVV PHDVXUHPHQWY DQG JNAULRVVLWMK\H ZH
FRUH DQG HGJHV Rl HDFK ZLUH LQ RUGHU WR XQGHUVWDQG V
LPSDUWHG GXULQJ FROG UROOLQJ 7HQVLOH UHMIDEXDIO VWU
SUHVHQW LQ VXUIDFH OD\HUV FDQ EH LQWURGKERDBWIRWL QV
QRQ XQLIRUP VR LW LV IXQGDPHQWDO WR REVHUWBKRRZ PHF
GXULQJ SURFHVVLQJ

)XUWKHUPRUH D VWUHVV UHOLHYLQJ DQQHP\WOLAH SURFF
UHVLGXDO VWUHVVHV IURP WKH VXUIDFH RI FR G JQRIGOHET ZL
RUGHU WR UHOLHYH WKH PD[LPXP DPRXQW RRXWH @ VLQH LLAHD\WQ\
DOWHULQJ WKH PLFURVWUXFWXUH RI HDFK PQWBQQBIOOGEWH
7ZR QHZ VWUHVV UHOLHYHG FRQGLWLRQV ZW SH R Q\D bl R GOHAHC
REWDLQHG WKURXJK WKH KROH GULOOLQJ PHWKRG IRU WKHYV
WHQVLOH UHVLGXDO VWUHVVHV ZIQUH WHKGLHRPGOH\QB G &\ %/
LQFOXGHG 7KH IRXU RULJLQDO FRQGLWLRQV PZIHAKH QLHQIW H G
WKDW ZRXOG UHOLHYH UHVLGXDO VWUHVVHYV



&+$37(5
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SHVLGXDO 6WUHVVHYV

SHVLGXDO VWUHVVHY DUH LQWURGXFHG LQWR D PDWHUL
SURFHVVHV DQG RIWHQ JR XQQRWLFHG XQWLO XQHRHFWHG
XQH[SHFWHG IDLOXUH LQ FRPSRQHQWYV WKDIMWGCXDI® FOUWHHD/GH I
GHILQHG DQG WKH LOQWURGXFWLRQ RI UHVLGXDO VWUHVVHYV
HPSKDVLV RQ DQQHDOLQJ DQG FROG UROOLQJ LV H[SODLQHC

'HILQLWLRQ DQG ,QWURGXFWLRQ

5HVLGXDO VWUHVVHV FDQ EH GHILQHG D VRVWERHGW VIHW MK |
PDQXIDFWXULQJ DQG PDWHULDO SURFHVVLQJ LQHWKH DEVHQTF
5HVLGXDO VWUHVVHV DUH QRW FDXVHG E\ ORDGY KEXWRWK H\
RI WKH PDWHULDO DQG DV VXFK DUH JOREDOO\ EDADQFHG Z
VWUHVVHY DUH JHQHUDWHG GXULQJ PRVW PDQXIDESWKBL@JI S
VROLG RU ZKHUH VHYHUH WHPSHUDWXUH JUMDIGRG GW Y LKLV W
PHFKDQLFDO SURFHVVLQJ FDQ OHDG W R Q/ W H PK QR QLF PDROROS DM IC
UHVLGXDO VWUHVVHV VXFK DV GXULQJ URG RU ZLUH GUDZLQ
FDQ OHDG WR WKHUPDOO\ JHQHUDWHG UHYLBXN®W NMWQHVVHV
+RZHYHU IRU FROG IRUPHG VWHHO VHFWLRQ R | BKO\DLVGXIDFO VW
GHIRUPDWLRQ GXULQJ WKH IRUPLQJ SURFHVV UDQ KW R/ EBIQ
JHQHUDWHG DV D UHVXOW RI D GLIIHUHQFH LRGDWURQJWK D¢
EHWZHHQ WZR RU PRUH SKDVHV LQ D PDWHULDO RU HYHQ GX

7KH DEFFXUDWH PHDVXUHPHQW RI WKHVHX VW WHW\LIBXDY RI
VWUHVVHV SUHVHQW LQ D VSHFLPHQ FDQWH HDIV®D D RGI @ WHWQF
HQJLQHHULQJ SURSHUWLHY LQFOXGLQJ IDWLUXHUG® VIH/ WOIRFDH
DQG VWDELOLW\ > @ ,I| WKH\ DUH ODUJH HQRXJKTXIHY IR&XD O
QHDU WR WKH \LHOG VWUHVV RI WKGLODWH® L L& W RUKWM L. EQ QRF
XQZDQWHG VWHHO GHIRUPDWLRQ LV D FRPPRQ FRQFHUQ ZLW
VSHFLILFDOO\ DPRQJ WKH KHDW WUHDWLQJ FRWPPXGLMKH7KHU
FDXVHV EHKLQG VWHHO GLVWRUWLRQ DQG HYDOXDWH SRVVL]



5HVLGXDO VWUHVVHV DUH FODVVLILHG LQWRI®RDRWRRD QG
WKH IROORZLQJ WKUHH W\SHV GHSHQGLQJ RQ VLIH > @ > @
X 7\SH , PDFUR UHVLGXDO VWUHVVHV WKDW GHBHOHRE LQ V
WKDQ WKH JUDLQ VL]H Rl WKH PDWHULDO
X 7\SH ,, PLFUR UHVLGXDO VWUHVVHV WKDW GHYHORS LQ \
VFDOH RI DQ LQGLYLGXDO JUDLQ
X 7\SH ,,, PLFUR UHVLGXDO VWUHVVHV WKDW GHYH®RS LQ
D JUDLQ DQG UHVXOW IURP GLVORFDWLRQV DQG RWKHU ¥
OLFUR UHVLGXDO VWUHVVHV 7\SHV ,, DQG ,,, LOGWKYLHDOWBHURP
PDWHULDO DQG DUH RIWHQ D UHVXOW RI GLIUHM.@GWDSXDVHYV
VWUHVVHVY RSHUDWH DW WKH JUDLQ VLUH OMYW®HZXWRFLW\S
ODWHULDO UHPRYDO WHFKQLTXHV GHVWUHXYFWREBIVXQ & PHPW
WHFKQLTXHV FDQ RQO\ PHDVXUH PDFUR UHVLGODAXDUWUHVVH
VWUHVVHY DUH UHVSRQVLEOH IRU O BIUIHF WKDRG DWW R UM S
DQG DV VXFK WKLV LQYHVWLJDWLRQ LV IREFXVHG RQ PDFUR \
5HVLGXDO VWUHVVHV FDQ EH WHQVLOH RUNKRIPSRGVRLYH
WKH PDWHULDO 7HQVLOH UHVLGXDO VWUHYMHY RFEKOQ QISCKKH
IDLOXUH VWUHQJWK ORZHU IDWLJXH UH VDWW IFREHG LIMLARIQHD V|
IDYRUDEOH IRU VWUHVV FRUURVLRQ FUDFNL® L QFXNHDFH FRP:
IDWLIJXH VWUHQJWK DQG UHVLVWDQFH WR GXDWH VW WFHRWUHRW DR
EHQHILFLDO LI WKH\ DUH LQ WKH VDPH S CSB@H HD® ©® RQGWK @ R:
&HUWDLQ FROG GUDZLQJ SDUDPHWH WW FFD® W KN XYXW | DE HA
WKH ZLUH RU URG ZKLOH FHUWDLQ FRROLQJ FRQGLWLRQV DI
FRPSUHVVLYH UHVLGXDO VWUHVVHV LQOWWHH/Q G X DO P\DWUHHM\D
HIWHUQDOO\ ORDGHG IRU H[DPSOH LQ WHQWIRB VID@G DV FRC(
DSSOLHG VWUHVVHV IRU DQDO\VLV SXUSRNVKIN DWEBLMGBQVHQM
VWUHVV DQG WKH PDWHULDO RU SDUW PLJKWRIPDSOHND UDHH U
UHVLGXDO VWUHVV VXEWUDFWYV IURP WK H GOXS MVAVG MAVGHAL @ ¥
LPSRUWDQW IRU IDWLJXH DSSOLFDWLRQV EHFDXVI® WKH IRUP
VWUHVV OD\HU DW WKH PDWHULDO VX WDHDH HDLL\D ®QHH: | @F VWL Y
VKRZV KRZ WKH IRUPDWLRQ RI D VXUIDFH FRPSHGI EWDYH OD\H



J)LIXUH D VKRZV WKH HODVWLF VWUHVYVY GLVWULEXWLRQ F
UHVLGXDO VWUHVV ZKLOH )LIXUH E VKRZRWEHHHMLIG XL
7KH FRPSUHVVLYH UHVLGXDO VWUHVYV UWH RDODKH-BE8DEA D LWXL
F VKRZV WKH UHVXOWDQW VWUHVV IURP FRIVEKIHQIYWDRQCH ¥
DW WKH VXUIDFH LV UHGXFHG E\ DQ DPRXQW HTXDO WR WKH

SHHQLQJ DQG WKH SHDN WHQVLOH VWUHWW RV H LY DIDAFHIG 1)
WHQVLOH UHVLGXDO VWUHVVHV DOVRQQFWIHONWMH WKHRIOLNHO I

JRUPDWLRQ RI 5HVLGXDO 6WUHVVHYV

ODQXIDFWXULQJ DQG SURFHVVLQJ FRQWULEXWH WR WKH
WKH PDWHULDO WKLFNQHVY DV WKH PHWDO XQGHUJRHV QRQ
WHPSHUDWXUH JUDGLHQWY GXULQJ FRROLQQ@HBRWK RI WKHV

JRUPDWLRQ RI 5HVLGXDO 6WUHVVHV E\ 1RQ 8QLIRUP 30|
1RQ XQLIRUP SODVWLF GHIRUPDWLRQ RFFXUV ZKHQ SODYV
YHUVXV WKH HQWLUH FURVV VHFWLRQ Rl WKH RDWHDPBO H X L
LQ D OLJKW SDVV L H VPDOO UHGXFWLRQ SWUFHQRRD IDH D W K
VXUIDFH Rl WKH EDU RU VKHHW EXW QRW LQ W®&B FHQWHU *
HORQJDWHG EXW JUDLQV DW WKH FHQWHU DUH XQDIIHFWHG
DFFRPPRGDWH WKH FRUUHVSRQGLQJ VWUDLQV DFERDBK QJO\
HTXLOLEULXP 7KH HORQJDWHG VXUIDFH PDWHKLD® WKEGV W
FHQWUDO PDWHULDO WHQGYV WR UHVLVW W KDW EBKHD ¥ UR U QDQ
D UHVXOW D OLJKW SDVV WKDW GRHV QRW |XWROD SIHIVV.W K PDC
VWUHVV SDWWHUQ ZKLFK LV FRPSUHVVHUH>D@ WK WK U | DFKR
VFKHPDWLF UHSUHVHQWDWLRQ RI WKH FRPSUHVRUPH DQG WH
GHIRUPDWLRQ GXULQJ VKHHW UROOLQJ
,Q JHQHUDO WKH VLJQ RI WKH UHVLGXDO VWUHVV SURG X
WKH VLJQ RI WKH SODVWLF VWUDLQ WKDW FDNVHGXN K H WHWL
DUH D UHVXOW RI FRPSUHVVLYH VWUDLQV DB BRP PRFGED WHIWV\I K
VXUIDFH VWUDLQV XQWLO WKH UHVLGXD®@KDWUHWY VPNWHIH EO
SODVWLFDOO\ GHIRUPHG E\ WHQVLOH IRUBWW WU ¥D®HGM I IRY MDA
FRPSUHVVLYH IRUFHV LV OHIW LQ HODVWLF RIHWKHR®@L 3K& SD
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J)LIXUH (ITHFW Rl EHQHILFLDO FRPSUHVDIGHG IBHMIRGE XD O \
I[URP > @ D HODVWLF VWUHVYV GLVWULEXWLRQ RI D
E UHVLGXDO VWUHVV GLVWULEXWLRQ UHVXOWLQJ Il
RI DSSOLHG DQG UHVLGXDO VWUHVVHYV



PHQWLRQHG DERYH WKH VXUIDFH PDWHULDO HIOR@JDWHG LQ

‘KHQ D VXUIDFH XQGHUJRHY SHUPDQHQW SODVWLF GHIRL
IRUPLQJ RSHUDWLRQ WKH XQGHUO\LQJ PDWHULMPDIPNS BB DVW
ZKHQ D EDU LV EHQW WKH VXUIDFH PDWHUDR® @W WHG®VR BW \
SODVWLF GHIRUPDWLRQ ZKLOH WKH LQVLGH G MILRHW HKHXQQ G |
WKH DSSOLHG IRUFH LV UHPRYHG WKH XQ GRR @R QJIHUODN /D |
FRPSOHWHO\ 7KH UHVXOW LV WKDW WK H RBODWMEH QO P BW H
QRZ LQ HODVWLF FRPSUHVVLRQ E\ WKH X QKD MOKIHHDXOWIWY E|
OD\HUV DW WKH LQVLGH GLDPHWHU DUH QRFHG H® VWW Y E AMHH
WKLY VWDWH FRUURVLRQ FUDFN IRUPDWLRQ DQIBNVWERFHV VL
VXUIDFH OD\HUV OHIW LQ HODVWLF WHQVLRQHY @ QRQ XQLIR
XQLIRUP KDUGQHVV GLVWULEXWLRQ WKURXJK WKH FURVV VH]
OHYHOV Rl VWUDLQ KDUGHQLQJ > @

&RPSUL 0 7THQ
. - —w) i
1
D E
J)LIXUH 1RQ XQLIRUP SODVWLF GHIRUPDWLRQ GXULQJ VK

D LQKRPRIJHQHRXYVY GHIRUPDWLRQ SODVWLF IORZ R(
E VFKHPDWLF UHSUHVHQWDWLRQ RI UHVXOWLQJ UH

6RPH PDQXIDFWXULQJ SURFHVVHV LQFOXGLQJ FRPSUHV\
IRUPDWLRQ RI GHIRUPDWLRQ EDQGYV DQG VKHDULRIQGV LQ W
EDQGY DV UHJLRQV RI GLVWRUWLRQ ZKHUH D SRUWLRQ RI D .
WR DFFRPPRGDWH WKH DSSOLHG VWUDLQ > @ VWRUHWURED 8 BNV
DFURVY PDQ\ JUDLQV )LJXUH EHORZ VKRZV D VKKHDADWLF



EDQGYV ZLWK LQFUHDVLQJ UHGXFWLRQ GXULQJ WKH BRPSUHV)
LQGLFDWRU RI QRQ XQLIRUP SODVWLF GHIRUPDWLRQ RFFXUU

Increasing reduction

JLIXUH 6FKHPDWLF UHSUHVHQWDWLRQ RI VKHDU EDQG I
JURP > @

JRUPDWLRQ RI 5HVLGXDO 6WUHVVHV E\ 1RQ 8QLIRUP &R
-XVW DV QRQ XQLIRUP SODVWLF GHIRUPDWLRQ FDQ LQWU
DFURVV WKH WKLENQHVV RI D PDWHULDO QRQ XQLIRUP FRRO
WKHUPDO H[SDQVLRQV RU FRQWUDFWLRQV WKDW\WRH{DG WR W
DQG +LOGHQZDOO > @ H[SODLQ WKH GHYHORSRH QMO R UVKHR
FRROV ,Q WKH EHJLQQLQJ VWDJHV RI FRROLQJ WKH FRUH RI
WHPSHUDWXUH WKDQ WKH VXUIDFH 7KH VXPKDBH MKW UMNNQ )\
E\ WKH FRUH DW WKLV SRLQW WHQVLOH VIWHNWALNW WLIWVH Q
DQG FRPSUHVVLYH VWUHVVHY DULVH LQ WRB IF®RWR WKHVH VV
WHPSHUDWXUH GLIIHUHQFH EHWZHHQ FRWEHHVWITHWRUFBBEH 3
VXUIDFH LQFUHDVHVY VR GRHV WKH FRUUHV $RQGRFRFIXUM VL GX|
VWUHVV H[FHHGV WKH \LHOG VWUHVV RJUDHFWESRDHG EQ D \RFB KV \
KLJK HQRXJK 30DVWLF GHIRUPDWLRQ RFFXUV IURPMKRB VXU
EHWZHHQ FRUH DQG VXUIDFH UHDFKHV LWV P DULHPYXHPU WHIGH VL.



7KXV QRQ XQLIRUP FRROLQJ FDXVHV FRPSUHVWVLOM UHVLGXD
UHVLGXDO VWUHVVHV DW WKH FRUH 7KKNH DWW OHVRY \KEHGR I
WUHDWPHQWY 6XUIDFH FRPSUHVVLY®LMWUMYMBWPWNRBDW FIDDO
EHQHILFLDO EXW LI D WHQVLOH FRUH LV YXQERWLIRKGRGEG YUHNM.
VWUHVVHVY FDXVHG E\ PDFKLQLQJ OHDGVVWRHW W@V LDFHVXRQD
QHJDWLYHO\ DIIHFW SHUIRUPDQFH
7R LOOXVWUDWH WKLV SURFHVV DQ H[DPSOH LV SURYLG
+LOGHQZDOO > @ $Q DOXPLQXP DOOR\ F\OLQGHU RIRP GLDP}
WR f& )LIJXUH D VKRZV WKH WHPSHUDW XD OWHEX U I
ZLWK WKHUPRFRXSOHV DQG )LJXUH E VKRZWWYH FRUUH
FDOFXODWHG XVLQJ PDWHULDO SURSHUWIZHWBWHQ 8 XWNG 6 X |
H[SHULPHQWDOO\ DQG JRRG DJUHHPHQW ZDV IBXRG RW WK}
SRLQW ZKHQ WKH VWUHVV LQ WKH VXUIDFH URMVI RWRW KWH Q V L
FHQWHU RFFXUV DW WKH SRLQW RI PD[LPXP P/SHRIDNPOUMHX UH
GLIIHUHQFH UHPDLQV FRQVWDQW IRU D UHGIBWUDMOA ORQJ St
H[SHULPHQW E\ FRROLQJ LQ ERLOLQJ ZDWHIW DQ G \FRIHM®DYH GV
WKH UHVLGXDO VWUHVVHYV DUH VPDORHS EH\Q DO RMF KD QLR
SURSHUWLHY SDUWLFXODUO\ \LHOG VWUHVVKHQgBWHBRSBUD
VWUHVVHV DV GRHV WKH WKHUPDO H[SDQVLRQ FRHIILFLHQW
':DOWRQ DOVR H[SODLQV WKH IRUPDWLRQ Rl UHVLGXDO V
UHVLGXDO VWUHVVHV IRUPHG XSRQ FRROLQJ BQHBWRRIEWER B X
PDWHULDO DW WKLV SRLQW LQ SURFHVVLQRHEXWHBDIQV KDD/UHI N
YLIXUH VKRZV WKH GHYHORSPHQW Rl UHVLGXDO VWUHVVH\
QRQ FDUEXUL]HG DQG FDUEXUL]HG VWHHOV ,Q WXH H[DPSOH
FRROLQJ IDVWHU WKDQ WKH FRUH $W W K$H DD PH WWH. FERH J WQD
VXUIDFH DQG WKHVH FRPSOH[ LQWHUDRWILR Q@ LOHID® GARF B RS
DW WKH VXUIDFH ZKLOH WKH XQGHUO\LQJ PWDLVDIOUER QW IMQ X® W\
FRRO DQG WUDQVIRUP WKHVH LQWHUDFWLHR @WKDWDYWH D VXU|
FRPSUHVVLYH
YLIXUH E VKRZV WKH GHYHORSPHQW RI FRPSUHVVLYH
':DOWRQ DOVR PHQWLRQV D UHYHUVDO L QWWHKIHD UFHR\PLSEXIHIG WW\R
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2XWVLGH VXUIDFH FRROV DQG
EHIJLOV WF
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JLIXUH '"HYHORSPHQW RI UHVLGXDO VWUHVVHYVY GXULQJ F

WHQVLOH VRMDUHBVWLIHQRMWHHO E GHYHORS
FDVH XHQFKHG FDUEXUL]HG >



QRQ FDUEXUL]HG VWHHO ,Q WKLV H[DPSOHPHQKHD @GUERIK OH"
WUDQVIRUPDWLRQ WHPSHUDWXUH GXULQJ TXHQFKLQJ LQFUHI
KRWWHU LW WUDQVIRUPV EHIRUH WKH VXUID BN H®WHL DXV M H ¢
LPPHGLDWHO\ EHORZ WKH VXUIDFH DQG PR¥WYIQW HED&®V 7KH
RXWZDUG WR DFFRPPRGDWH WKH WUDQVIR UPHDWKICRO HUQRWPL &K +
HYHQWXDO WUDQVIRUPDWLRQ RI WKH KLIJKHU BDARRERDLWXUIDF
SXOOHG LQWR WHQVLRQ &RPSUHVVLYH VWUHVVHV QHDU WKF

7KHUPDOO\ ,QGXFHG 5HVLGXDO 6WUHVV 5HOD[DWLRQ

OHFKDQLFDO DQG WKHUPDO VWUHVV UHOD[DWLIBBVWHFKQ
LQ D PDWHULDO )RU H[DPSOH VKHHW DQG SODWHISHR G XFR \
UHOLHYH GLIIHUHQWLDO VWUDLQV DQG WKH FRMULFHVSRQGLQJ
GHIRUPDWLRQ ,Q WKLV WKHVLV WKH IRFXV Q& HOD WKHUP DO
PHWDO LV KHDWHG WR D WHPSHUDWXUH ZEXDEO WKBHY Y OW KH
UHVLGXDO VWUHVV LV UHOLHYHG > @ 'DW LUH B[S0 WILGRD &K LF
DQQHDOLQJ DV PLFURVFRSLF RU HYHQ PDFURMARSLF FUHHS
WHPSHUDWXUH > @

SURFHVV DQQHDOLQJ LV QHFHVVDU\ WR ZBHJHRQY LR3H DU WO IUH |
SURFHVVLQJ VWHSYV DV VWUHQJWK LQFUH DWW D B BWLOQRWRLROQ
RI XQLIRUPO\ KHDWLQJ D FRPSRQHQW RU VWUXFWXHH WR D W
DQG KROGLQJ IRU D VKRUW WLPH *HQHUDOO\ VRWEHO LV KHD
WHPSHUDWXUH ORZ DOOR\ IHUULWLF Q& H& OF HBWHH &/ 81 FiD@ C
FRPSRVLWLRQ 7KH WHPSHUDWXUH LV VHOHKDHNG QBVRUGDPR A
FRROLQJ LV QRW QHFHVVDU\ DW WKLV WHPSHUDWXUH > @ >

5HVLGXDO 6WUHVV OHDVXUHPHQW OHWKRGV

2YHU WKH \HDUV YDULRXV WHFKQLTXHV IRU HHBIRS$BEDO V
WR GHDO ZLWK GLVWRUWLRQ DQG RWKHU LVVXHFLRIEFNOWHG
WR HYDOXDWH EHFDXVH RI WKHLU SORFEHG/LPS®KDBE 56 WH® R
UHPRYHG VLQFH WKH\ DUH HPEHGGHG LQ WK ®B WH MIQIRE Q' X L
IRUFH LV DSSOLHG WR D VSHFLPHQ DQG WKH EFRERGWIRYG/L G
PRVW UHVLGXDO VWUHVV PHDVXUHPHQW WRG WL\ BRIQVR



LQWHUHVW IURP WKH EXON RI WKH PDWHULDWU RWD \UWHOLQHI WD
WKHQ EDFN FDOFXODWLQJ WKH VWUHVVHV WKDW ZHUH RULJL
+RZHYHU WKLY DSSURDFK PHDQV WKDW QWUDMDFRIQDW B U
VLQFH WKH VWUHVV FRQWDLQLQJ DUHD QWY PRWBEGF Y&\ VGIHS\DW O
EHWZHHQ VWUHVVHG DUHD DQG PHDVXRIHPHEDYD FEDD G 6 DRW-
HYDOXDWLRQ > @ ,Q UHFHQW \HDUV WHFKG®RQR OL BB 6 RY®D
QXPHULFDO PHWKRGVY FRPSXWLQJ SRZHU DQG IX0O0 ILHOG G
LPSURYHG WKH FDSDELOLWLHY DFEXUDF\ UPRG HJ HAL@EY. DWW\
QRQ GHVWUXFWLYH PHDVXUHPHQW WHFKQLTXAXHKWDYHCEHHB
H[SORUHG LQ GHWDLO LQ WKLV VHFWLRQ HWRL KDROWHR GUKLHD B
DQG IRU VWHHS JUDGLHQWY WKDW VW UH VYV DAIDR/QW MFARH Q W V
VXFFHVVIXOO\ GHILQH DQ XQNQRZQ VWUHVV ILHOG > @

&ODVVLILFDWLRQ RI SHVLGXDO 6WUHVY OHDVXUHPHQW G

SHVLGXDO VWUHVYVY PHDVXUHPHQW WHFKQLMMYXPWH Y D
DQG QRQ GHVWUXFWLYH 7KH GHVWUXFWLYH DQG VHPL GHVW
GLVSODFHPHQW RU GHIRUPDWLRQ LOQFXUUHG IURRRBBPSOWMRY/ K
UHOLHYH UHVLGXDO VWUHVVHYVY DQG WKH QVESIDMAHPHHWE MQ R IVWKH
UHPDLQLQJ ERG\ 'HVWUXFWLYH PHWKRGYV DOVR KRIGWUHG W
LOQFOXGH WKH VHFWLRQLQJ PHWKRG FRQWRXU PHWKRG FXU
WKH VSOLWWLQJ WHFKQLTXH 6HPL GHVWUXHWKRE PHMK RFRW
PHWKRG DQG WKH GHHS KROH PHWKRG > @ 'HVWUXFWLYH D
XVHG WR PHDVXUH W\SH , PDFUR UHVLGXD OGXDOHYWH Y \EVHH\D '
DYHUDJH WR JHUR LI D ODUJH YROXPH RI PDWHKRGINOL Q¥ QPHEFHR
GLITUDFWLRQ PHWKRGYV VXFK DV QHXWURQ GLIITUDRMWWLEF ; UL
PHWKRGV DQG XOWUDVRQLF PHWKRGV 1RQ GHVWUXFWLYH P
PDWHULDO DQG WKH\ DOVR JHQHUDOO\WHBVXURQRAM PWHKE DV
GLUHFWO\ 7KH VWUHVVHY DUH WKHQ FDQFPOMANG DO O RSAU R/KHH
1RQ GHVWUXFWLYH PHWKRGY DUH FUXFLDO LQ WKH DVVHVVP



'"HVWUXFWLYH OHWKRGV 2YHUYLHZ
,Q WKLV RYHUYLHZ VRPH RI WKH PRVW FRPPRQ GHVWUXF
H[SODLQHG 7KHVH DUH WKH VHFWLRQLQJ PHWKRG WKH FRQ\
WZR PHWKRGV XVHG LQ WKH SUHVHQW LQYHVWLIMHGLRQ OD\}
GHWDLO LQ WKH QH[W VHEWLRQYV
7KH VHEWLRQLQJ WHFKQLTXH LV D GHVWUXFWL&¥DPHWKR
VWUHVVHV LQ VWUXFWXUDO FDUERQ VWHHO 7KH®HWKRG FR
SODVWLFLW\ RU KHDW LQ DQ LQVWUXPW QWKID® IO HS WHYV b I
FXWWLQJ OLQH $V PDWHULDO LV UHPRYHG VDKM GWIRUPDWLF
PHDVXUHG XVLQJ PHFKDQLFDO RU HOHFW UL BN®R XW/]WD LA JD J+
ZKR QRWHG WKDW ORQJLWXGLQDO VWUHVVHV LQ EDUV FI
VWULSV IURP WKH EDU DQG PHDVXULQJ WKH FKDQJH/ LQ OHQJ
ZKHQ WKH ORQJLWXGLQDO VWUHVVHWWDH\H DLPISRIHIDQW EDOG
GHWHUPLQHG ZLWK WKLV PHWKRG WKBWEXDGOQQ 6 RMHVQBY WO
IRUPHG VHFWLRQV DQG WKDW WKH UHVLGXDO VWUHVVHV IRX
PDWHULDO \LHOG VWUHVV 6LPLODU WR KROW RBIULOOLQJ WKL
PHDVXUHPHQWY DQG D PLQLPL]DWLRQ Rl KHDW LQWURGXFHG
VKRZV D VFKHPDWLF RI WKH VHFWLRQLQJ PHWKRG
7KH FRQWRXU PHWKRG LV D UHOD[DWLRQ PLH3XHOROGVW/KIBIW \
PDS WR EH HYDOXDWHG LQ D SDUWLFXODU SODQ HiIZKL ORHUS UR
HYDOXDWLQJ UHVLGXDO VWUHVVHV FUHDW HG BU LPWHLURQY RE M
H[DPSOH 7KH PHWKRG FRQVLVWYV RI IRXU VWHSYV
X VSHFLPHQ RU ZHOG FXWWLQJ D VLQJOH IODWLGFIXQW LV PD
('0 UHPRYLQJ D PLQLPXP DPRXQW RI PDWHULDO
X FRQWRXU PHDVXUHPHQW WKH FRQWRXUHG WKKUIDFH IRUF
UHOHDVHG LV PHDVXUHG RQ ERWK FXW VXUIDFHV ZLWK D
X GDWD UHGXFWLRQ HDFK SDLU Rl PHDVXUHG SBDOMG/ DW
X VWUHVV DQDO\VLY GDWD LV LQSXWWHG BRXQRGDYLWH HO
FRQGLWLRQV > @
7KH VSOLWWLQJ PHWKRG LV XVHG WR PHDVXUH UHVLGXD
7KLV PHWKRG FDQ EH YDULHG WR PHDVXUH ORQZEWWGIL\Q DO R
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SLICING

J)LIXUH 6HFWLRQLQJ PHWKRG IRU UHVLGXDO VWUHVV PH



PDGH LQ WKH ORQJLWXGLQDO GLUHFWLRQ RI WEHQIMIUIH RV KH
WKH VDZ FXW DQG WKH EODGH WKLFNQHVYV DUH PMDWXWHG '
HQG RI WKH ZLUH DQG ZKHWKHU LW RSHQV RDEERIVHV WKH
DSSUR[LPDWHG DQG FODVVLILHG DV WH@EPVLLDXDRW EWR P UK WVR

7KH FXUYDWXUH PHWKRG VRPHWLPHY FDOOHG 6WRQH\{V
FKDQJH LQ FXUYDWXUH RI D WKLQ SODWH DV D UH@XOW RI DC
UHVLGXDO VWUHVVHV 7KH DGGLWLRQ RU WHRRH DIDQKSI WRM IS
EHQGV 7KH FXUYDWXUH FDQ EH PHDVXUHG XVUQPLRIWIHDO F
7KH OD\HU UHPRYDO PHWKRG LV D JHQHUDOL]DMURI® BW WRKJH |
F\OLQGULFDO VSHFLPHQV ZLWK UHVLGXDO VWUHVWR/WKKDW °
VXUIDFH 7KH GHIRUPDWLRQ UHVXOWLQJ IURP WKM UHPRYDO
REVHUYHG DQG WKH UHVLGXDO VWUHVYV GLDWXUBRWQRQ FDC
%RWK WKH FXUYDWXUH DQG OD\HU UHPRYDO MHWKRPGWV D UH VX
DQG WKH UHVLGXDO VWUHVVHV FDQFBHW FIDOFRXODWH & @V W K@V
VFKHPDWLF RI WKH PHWKRG LV VKRZQ LQ )LJXUH
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J)LIXUH /ID\HU UHPRYDO PHWKRG IRU UHVLGXD®D VWUHVV
VSHFLPHQV IURP > @



2WKHU GHVWUXFWLYH PHDVXUHPHQW PHWKRGV LQFOXGH
VLPSOH PHWKRG W\SLFDOO\ XVHG IRU WKLQ B /DWUH LV H BU PIH\
WKH VXUIDFH RI WKH VSHFLPHQ DQG UHPRYLQJ RWKHWWLQJ
VWUDLQ JDJH 7KH UHVLGXDO VWUHVVHVVDWKHUFRULHNWER QL
VWUDLQV 7KH VOLWWLQJ PHWKRG LV D YD RIDIW.GRIQNVRL WXWHHK
UDWKHU WKDQ D KROH 6WUDLQ JDJH®LRMHDV X.QH WHDH/ HE QICH &
PHWKRG KDV WKH DGYDQWDJH WKDW LWW@EWQUHY B8 IWWHHREH
FDQ RQO\ PHDVXUH VWUDLQV QRUPDO WR W KWH V¥ KX WHWXIUQDF®ID
VWUHVVHV > @

6SOLWWLQJ

7KH VSOLWWLQJ PHWKRG LV D UHVLGXDO VWUHVV PHDVX!
VSHFLPHQV $ VDZ FXW LV PDGH LQ WKH WWRE JEXWKYELWQ P OHGR U\
ZLUH DQG WKH RSHQLQJ RU FORVLQJ RI WKH VDHE¥XK®/XDD®GLF
VWUHVVHY DUH SUHVHQW LQ WKH PDWH XIDIDOVMW@H ¥V i@V DY KV |
UHOLHYHG DQG WKH FRUUHVSRQGLQJ GHIRUPDWLRQ FDQ EH

7KH VSOLWWLQJ PHWKRG FRXOG EH VDLG WR EH D VSHFL
VOLWWLQJ PHWKRG LV D PHFKDQLFDO UHID N |LBQW DRIQL Q¥ HIOKDQQLH
QRUPDO FRPSRQHQW RI UHVLGXDO VWUHVV WKURKRIG WKH WK
FRQVLVWYV RI LQWURGXFLQJ D SODQDU VOLW LQWRW ZPDMKHD L
VWUDLQ JDJH ,W LV QRW H[FOXVLYHO\ XVHGDWQ @\ BM YV HQQ/GHE
D FRQVWDQW GLUHFWLRQ OLNH LQ WKH VS OLWWINQIURKW KR G
( KLIJKOLJKWHG D SDUDOOHO EHWZHHQ VOLWWLQJ DQG |

7KH VOLWWLQJ PHWKRG LV XVHG WR GHWH U ®LMWH SICHVQ G X
SULRU WR VOLWWLQJ 7KH VSOLWWLQJ PHWKR GWLAMRSG H R/ U
WR WKH FXW LOQOWURGXFWLRQ +RZHYHU LWQWRVW KA H NVEBD
WKH VDZ FXW LQVWHDG Rl QRUPDO OLNH LQOMKEH & RIQVWK B J
RUWKRJRQDO IDFH 7KLV SDUDOOHO DVVXPSWLRQYHUMLIRSRUYV
UHVLGXDO VWUHVVHVY GHWHUPLQHG YLD V@& WWJID@RN Y & UNVKIL
DQG WKH FRUUHVSRQGLQJO\ PHDVXUHG UH R QWD DQ\GU MN U K
FXWV UHVSHFWLYHO\ IRU WKH UHPDLQGHU LIRJHGKDV WKHVAR
VLGH Rl WKH FURVV VHFWLRQ DQG WKH YHUWLFDO GLUHFWLI



/R FRPSDUH EHWZHHQ UHVLGXDO VWUHVV VWDWHYV D UH
LOQWURGXFHG > @ 7KH IROORZLQJ HTXDWLRQ LV XVHG WR FL
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ZKHOB[LY WKH RSHQLQJ DWOMWKHY WREB RDXIRKRMW IRIHWKLFNQHV\

/ LV WKH OHQJWK RI WKH OMOJ2 LR &FKH ISQE® DAPIHWHIGB Y QV) LI X U |

JUHDWHU WKDQ WHQVLOH UHVLGXDO PVDNAUHHNAVING/ CCHMY SNUKHD/G
FRPSUHVVLYH VXUIDFH UHVIEQAADBOTKWOHVR HV (ORJ H YSUGHHMHAHV

UHVLGXDO VWUHVVHV LV IRXQG 7KXV LI WKHHODW R XWHRSHQ

GLUHFWLRQ RI WKH FXW LV WHQVLOH EWWWHWKH RBZUFHXWY Lk

e = e 15

)LJ> 6DZ FXW LQ KRUL]JRQWDO GLUHFWLRQ 0D

6LPSOH EHDP WKHRU\ LV XVHG WR GHYHORSGBH IDPHWWHRDQW
WKDW UHVXOWY IURP WKH VOLWWLQJ RI D VYFSAGHDVKDBSO N X
EHDP LV GHILQHG DV
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ZKHUHV VWUHVV LQ MKW KD WHQ GRIQOU GRPMD@FH IURP WKH QH
DQAV PRPHQW RI LQHUWLD )RU VKHHW DQGUELIMWINHEHBYPHQV
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ZKHUHV <RXQJIYVWR GXIOLANRQIHW VDD QXY Bl FAXY EBIVH{BHHVVHG
WHUPV RI WK8 CEBROWKWLRPQIWK RN WKH FXUYHG VXUIDFH
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$ VLPLODU GHULYDWLRQ KDV EHHQ PDGH IRU URXQG EDU

éLsx'E'N

ZKHUHY WKH UDGLXV RI WKH URXQG EDU
7TKBEDDQ@W@PHDVXUHPHQWY REWDLQHG IURP WKH VSOLWW

GHIOHBEWIRQWLRQV DQG DUH WKHQ XVHG WR HVWLPDWF

SUHVHQW LQ HDFK EDU )LJXUH LOQOGLFDWHWRY®'KH RULHQWD

PHDVXUHPHQW IRU D KRUL]RQWDO UHVLGXDO VWUHVV PHDVX

/ID\HU 5HPRYDO

7KH OD\HU UHPRYDO PHWKRG IRU UHVLGXDO VWUHVV GHYV
VHTXHQFH RI OD\HUV IURP WKH PDWHULDO DQQGJRIE\WDUMUQRI W
PDWHULDO XQEDODQFHV WKH LQWHUQDOGHWIHVWKLVWULE X\
DFFRPPRGDWH WKH QHZ HTXLOLEULXP VWDW K G7 WH HP HHEDMDXINHLC
SURSHUWLHYV RI WKH EXON PDWHULDO DUH WKWQRQHQG WRH-LC
OD\HU UHPRYHG $ UHVLGXDO VWUHVV SURILOHUWQ QUKRIXEXON
VXFFHVVLYH FXUYDWXUH PHDVXUHPHQWY DIWHRLIQBIFWKID\HU
ELD[LDO UHVLGXDO VWUHVV VWDWH LQ VG SWIDPOWH@LDAW Z|
VWUHVYVY GLVWULEXWLRQ LV GHULYHG DV D IXQFWEBRQ RI WKH
DIWHU OD\HU UHPRYDO

JRU D FROG UROOHG VKHHW VSHFLPHQ LW LVFNQWXFHG W
EXW QRW WKURXJK WKH VSHFLPHQ SODQH WKH SODQH SDUD(
FRPSRQHQWYV RI VWUHVY QRUPDO WR WKH SO®PME® \RW WH\HV VLH[H
FRLQFLGH ZLWK WKH SULQFLSDO FXUYDWXUB®@ BH G$H YRIORS®
DV D IXQFWLRQ RI WKH FXUYDWXUH DQG WKH GHSWK RI PDWH
SULQFLSDO UHVLGXDO VWUHVYV FRPSRQHQW SOXV WKH OD\H!

(TXLOLEULXP UHTXLUHV WKDW WKH H[WHUQDO IRUFH DQC



1 SHVLGXDO VWUH
W GLVWULEXWLRQ

JLIXUH '"HWHUPLQDWLRQ RI KRUL]JRQWD G5 HHWH.BEWDROQVIMVU
PHDVXUHG DV LQGLFDWHG LQ UROOHG VKHHW RU UHF
LPSOLHV D UHVLGXDO VWUHVV GLVWULESXWH\RQ YWK D W
DW WKH FHQWHU RI WKH SODWH RU EDU

+RZHYHU DIWHU WKH ILUVW OD\HU LV UHPRYHQL®@WXH H[WHUC
PDWHULDO GR QRW DSSUR[LPDWH JHUR DQ\ ORQJHU 7KH EHQ
SUHYHQW GHIRUPDWLRQ DIWHU WKH ILUVW OD\HU UHPRYDO D
IRUFH LV HTXDO WR
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ZKHYyHV WKH UHVXOWLQJ IRUAHWIOHWMKHYV L GXDE PWLIRIQVY LQ W
LV WKH GHSWK RI WKH OD\HU UHPRYHG 7KH LQLWHDQGXSSHU
] ZKHUHBWKH YDULDEOH XSSHU VXUIDFH VKRZQ ZKHQ WKH
J)LIXUH E

7KH PRPHQW FDQ EH H[SUHVVHG LQ WHUPV RI WKH FXUYL
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ZKHOHLY WKH UHVXOWLQJ EHQG L QU LRVRLRIXQWI T\Q RMRIGK O G\ UH F V
3RLVVRQYVEUD@ERU D Q&H FXUYDWXUH FRPSRQHQWYV LQ WKH |

$IWHU VRPH PDWKHPDWLFDO PDQLSX®& PSNIHRWY HWE KIHQ UMN U €
WKH FXUYDWXUH DV
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7KH GHULYDWLYHV DQG LQWHJUDOV UHTXLUHG FDQ EH REWD!
7KH GHULYDWLRQ ZDV DGDSWHG IRU ZLUH VSHFLPHQV >
VWUHVV LQ D EHDP RU ZLUH RI FLUFXOD QWUBRNVXVHF\GLWR LV
VWUDLJKWHQ WKH ZLUH DIWHU OD\HU UHRQ YLDVOW KK 9 B[H D@ HIC
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ZKHYHY WKH ZLUB WD ®IKHV IRQBH BIKWH GSHDIWND P KSVEEHICP ©
ZKHUBQ®UH WKH VA\VWHP FRRUGLQDWHY WKDAMUPQGHEDWH ZK
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JLIXUH D (OHPHQW RI WHVW VSHFLPHQ VKRYVYQ@QIQSULQF

OD\HU WR EH UHPRYHG E %YHQGLQJ PRPHQWYV DQG |
GHIRUPDWLRQ DIWHU UHPRYDO RI OD\HU > @

6HPL '"HVWUXFWLYH OHWKRGV 2YHUYLHZ

6HPL GHVWUXFWLYH PHWKRGY KDYH WKDW RBPPW EHFDXYV|
UHPRYHG WR PDNH WKH VWUDLQ PHDVXUWRH®QKH AR/PWRIIHOWO
WKH GDPDJH PDGH WR WKH VSHFLPHQ LV @DVQO\PIHYKEROG] LRUV
SULPH H[DPSOH RI D VHPL GHVWUXFWLYH PHWIKORG BCAGRJ ZL
KROH PHWKRG 7KH KROH GULOOLQJ PHWKRG LNMVRKQHRHQWKH |



PHWKRGVY EHFDXVH RI LWV VLPSOLFLW\ VSHHG®GQHBQH 8REWDE
VWUHVVHV WKURXJKRXW WKH WKLFNQHVV RU GHSWK Rl WKH |

7KH KROH GULOOLQJ PHWKRG FRQVLVWV RI LQWURGXFLQ
VSHFLPHQ DW WKH ORFDWLRQ ZKHUH UHWVGXDK® YWWEFNHE D
WKH KROH DQG DV WKH UHVLGXDO VWUHVVHV D WD LG DM HH C
UHFRUGHG )LQDOO\ WKH UHVLGXDO VWUHVVHWY DIUMLBMBFN FC
HOHPHQW DQDO\VLVY DQG RU HVWDE O IDWKIHRGQ F D B/RMHP W L PDQ
PHWKRGV LQFOXGH FRQYHQWLRQDO ORZ VSHHG GULOOLQJ D
KROH GULOOLQJ HOHFWULFDO GLVFKDUJH PDFKLQLQJ DQG L
KROH GULOOLQJ LV XVHG ZLWK KLJK KDUGQHVYV DQG KLJK WR
ZKLFK FRQVLVWY Rl GULOOLQJ D KROH LQ D VHULAHKRIOIH PDOC
GULOOLQJ PHWKRG DQG LW KDV WKH DGY D\WWHDMW MVKD \F RQW X
DV D IXQFWLRQ RI GHSWK > @ > @

7KH ULQJ FRUH PHWKRG LV DQ LQVLGH RXW YDULDWLRQ F
DQQXODU VORW RI PDWHULDO LV UHPRYHG IURP WKWKWSHFLP
FHQWHU RI WKH ULQJ 7KH ULQJ FRUH PHWKRG FRQHPHDVXUH
GHVWUXFWLYH WKDQ FRQYHQWLRQDO KROH GUWUBOHQJ $ VFK
%RWK WKH KROH GULOOLQJ PHWKRG DQG WKH ULQ@U HRVHVP H\
DQG VWUHVV SURILOHV 7KH GHHS KROH GULOOLQJ PHWKRG L
PHWKRG WKDW LQFOXGHY HOHPHQWYV RI WKH ULQJ$REBHHW
LV GULOOHG WKURXJK WKH VSHFLPHQ DQG D FROR®B RY PDW
WUHSDQQHG RXW UHOD[LQJ WKH VWUHVVHV LOWKKHGRUH 71
EHIRUH DQG DIWHU WKH H[WUD PDWHULD G KNQUHPIRY X&H @& K\LR
FDOFXODWH WKH UHVLGXDO VWUHVVHV $RVHGY WQWBHIH RU M |
LQWHULRU VWUHVVHV :LWK WKLV WHFKQ L XK UM I HWKHMNDGIKD
WKLEFNQHVV IRU VSHELPHQV XS WR PP WKLFN > @ > @

+ROH 'ULOOLQJ OHWKRG DQG &DYHDWYV
7KH KROH GULOOLQJ VWUDLQ JDJH PHWKRHEGDUVWKVMHG WR
VXUIDFH RI D PDWHULDO ,Q JHQHUDO WHIUP VW RWHKWWHWKR @& K
VXUIDFH GULOOLQJ D KROH DW WKH JHRPKWUHN XEGQYWEWLU WRH QA
vwubDLQY 7KH UHPRYDO RI VWUHVVHG PDWHVYWLG \FDEXKW HQ DV k



Ela)

J)LIXUH 6FKHPDWLF RI WKH ULQJ FRUH PHRRKZRGL QYXHGWHW U
WKH U >

PDWHULDO DURXQG WKH KROH DQG DV D FRQVHTWKABEOH GHIF
PHDVXUHG E\ WKH VWUDLQ JDJHV 7KH UHVLG X DI®M & VDWNH WAKHHV
KROH ORFDWLRQ DUH WKHQ EDFN FDOFXODWHG WDRR BMKGIL PHH
FDOLEUDWLRQ FRHIILFLHQWY DQG HTXDWLRIRSLFKDQ ® IDWRR O
HODVWLF 7KH UHVLGXDO VWUHVVHV PHDV X BHBURBI\GRWRP DV Q
XQLIRUP RU QRQ XQLIRUP VWUHVVHV > @ > @ 5HVLGXDO V\
GHSWK URXJKO\ HTXLYDOHQW WR WKH GLDPHWPDORD WKH GUL
UHODWLYH WR WKH VSHFLPHQ WKLFNQHVV > @ >IR@P$ VEKHP
VWUHVVHV LV VKRZQ RQ )LJXUH D

+ROH GULOOLQJ URVHWWHY FRQWDLQ \WHKX® B U CRGJLFDDON VW
VHUYH WR LGHQWLI\ WKH WKUHH LQ SODQH VWWHIVY FRPSRQH
WKH D[LDO VWUHVV LIQ BQGHFWH R/KHRDUDNMUHVV LQ GLUHFWL
PHDVXUHG E\ JDJH 7KH JDJHV DUH QXPEHUHG FRXQWHUFOR
EHORZ 7KUHH VWUODDQGHDGUBFRUGHG DW HYHU\ GHSWK LQF
UDGLDO VWUDLQV PHDVXUHG E\ WKH FRUUHVSRQGLQJO\ QXPE

/IRFDOL]HG \LHOGLQJ FDQ RFFXU GXH WR WKH V& UHVV ER
FDQ FDXVH HUURUV LQ WKH FDOFXODW HGVUBY QGXDODWN R WK



6WUDLQ JDJH
URV

e

+ROH

YLIXUH D +ROH JHRPHWU\ DQG XQLIRUP WRS DQG QRQ
> @ E 6FKHPDWLF Rl KROH GULOOLQJ SURFHGXUH .
UHVSHFW WR GULOOHG KROH > @

WHVW PDWHULDO FDQ DOVR FDXVH HUHOQRUW F BRZER HRE WMDY H\C
UHVLGXDO VWUHVVHV GR QRW H[FHHG SFWHELDWK B @® W HSJM\
RI WKH \LHOG VWUHVV LQ D *WKLQ  PDWHUIKIRG PV SHA QHG E
WKLQ ZRUN SLHFH KDV D W K L'F NAKHMOUHH WXIHO GR. D FOHHW N UWRKID\@ K |
FLUFOH ZKLOH D WKLFN ZRUN S'LHFQ\WRNVQD WE LEFFHNWQZHN/HVQRW R A
LV DVVXPHG QRQ VWDQGDUG (DFK EDU FRQWHWHRBBG RQ WHILR
PDWHULDO

$QRWKHU FDYHDW LV WKDW KROH GULOOLQJXWIPRNWWO\ \
EHFDXVH RI WKH QDWXUH RI VWUDLQ JDJH PHDWRUWHFHBW HAR
ORFDOL]HG DW D GHSWK DSSUR[LPDWHO\ HTXBQVWW LW K W \K RID
EH DGGUHVVHG E\ LQFUHDVLQJ WKH VL]R®H BBIGRXODW L& Q $IO



ZLWK VHQVLWLYLW\ FRQFHUQV WKH DFFXUDF\ RP WHW UPLHFW K R
KROH 8QFHUWDLQWLHYV GXH WR KROH GLPHQVLRQWFGLDPHW|
SUHSDUDWLRQ FDQ QHJDWLYHO\ DIIHFW RRIPI PW B ¥V XVWRH AIZQW M
EHHQ GHYHORSHG WR DGGUHVV DQG VPRRWK WKHRVEBEHKRFHUW
WKH XWPRVW LPSRUWDQFH IRU DFFXUDF\ Rl WKH UHVLGXDO \

6XUIDFH SUHSDUDWLRQ IRU VWUDLQ JDJH LOQP@Y®OODWLR
UHOLDEOH VWUDLQ PHDVXUHPHQWY 7KH DLP Rl WKH VXUIDFF
VXIILFLHQWO\ VPRRWK VXUIDFH VR WKH ERQGHG UBYAWWH FI
URXJKQHVV LV SUHVHQW WR SURPRWH VHFXUH JDJH ERQGLQ.
DEUDVLRQ DUH SHUIRUPHG SULRU WR VWUDLQ JRJXVHEBYWROC
VHFXUH D WKLQ KLJK VWUHQJWK FUHHS IUHH ERQG EHWZHH

6FKDMHU GHYHORSHG WKH ILUVW JHQHWBIOH®WGDOQLWH H
WHFKQLTXH IRU QRQ XQLIRUP VWUHVVHV > @ +LVWROMWLRC
DXWRPDWLFDOO\ VHOHFWHG IURP WKH $670 6D\ KB W®R IMHA/DAL
+ '5,// +ROH 'ULOOLQJ 5HVLGXDO 6WUHVV &DOFXODWLRQ 3UR
LQYHVWLIJDWLRQ + '5,// FDQ FDOFXODWH DH@NGXDLA Y WUHV V|
8QLIRUP BWUHVV 3RZHU 6HULHV RU ,QWHJUDO VROXWLRQ >
DUH ERWK IRU QRQ XQLIRUP VWUHVV GLVWULEXWLRQW IRKH
DFFXUDWH GHWHUPLQDWLRQ RI UHVLGX\IJHVW GHV WH\ EXW HR/C
FRQWULEXWLRQV WR WKH WRWDO PHDVXUH® WHVBR QY LGHHQM®
VLPXOWDQHRXVO\ > @ +RZHYHU WKH ,QWHJUBDDOWILHOW KRG LV
PHDVXUHPHQW HUURUV VR SUHFLVH PHDVXUHPHWQMWY PXVW E

7KH ,QWHJUDO OHWKRG FRQVLGHUV D IXQGDPH®QWDW IHD\
QRW H[SORUHG EHIRUH 5HPRYDO RI PDWHULDOFBW WUW§BILQW V
WKDW RQO\ UHODWH WR WKH UHVLGXDO VWW HMY\HW U® UL H Y Hi
$W WKH VHFRQG LQFUHPHQW KRZHYHU WKHVWQIGQMR/NURI W
IXUWKHU UHOLHI RQ VWUHVVHV ZLWKLQ W KHVP BW U NVIVGI \FR U L
UHOLHYHG DW WKH KROH ERXQGDU\ Rl WKH VHFRQ&X\MQFUHPH
HYHQ LI WKH VHFRQG LQFUHPHQW FRQWD L QMVER QJ MAKLHG XY W
LQFUHPHQW ZLOO SURGXFH D FKDQJH LQ VWRRMULALRYVONKH VHI
GLIIHUHQW VHWYV RI FRHIILFLHQWY DUH UHTXLUHG GHSHQGLQ



9LVKD\ BUHFLVLRQ *URXS DOVR H[SODLQV WKH QDWXUH R
PHWKRG $W DQ\ GHSWK LQFUHPHQW EH\RQG WKHDMNWHWG/ WKF
E\ WKH UHVLGXDO VWUHVV UHOLHYHG ZLWK\LW KHKDAMWVOGRECQ Q
VWUHVVHVY UHOLHYHG LQ SUHFHGLQJ LQFUHPHRQWKNW RAKHES KH C
UHVLGXDO VWUHVVHYV UHOLHYHG LQ SURF M IH UXIUWHKIHLP H R WQ
VWUHVYVY GLVWULEXWLRQ DV WKH KROH &6 SMMXFHQHIUW K M HVD VDK
JXUWKHUPRUH DV WKH GLVWDQFH IURP WKH VXWDFH LQFUHLEL
SDUWLFXODU LQFUHPHQW WR WKH FRUUHMS/RX®OAL QW K-HK IRIW DL
UHOLHYHG VWUDLQ RQFH WKH KROH LV DXIOWX R UPOWH® LIVOP IR
XSSHU KDOIlI RU WKLUG RI WKH KROH > @ ,Q JHQHUDO UHVL(
D GHSWK DERXW HTXDO WR WKH KROH GLDPHWHU

+ROH 'ULOOLQJ ODWKHPDWLFDO $QDO\VLYV
6 F K DHWA DY H SUHVHQWHG D FRPSOHWH PDWKHPDWLFDO I
WKHRU\ DQG WKH LQWHJUDO PHWKRG DORQJ ZLWK WKH DQDC(
EDVLF UHODWLRQVKLS EHWZHHQ WKH RULIJLOQHOLUHMM GGXDG®GLYD
VWUDLQV LV GHILQHG DV

‘'L éy0sF €xnat E épeF Expsd... tL
ZKHOHV VWUDY @D[LPXP SULQHRLSDRLOWRXR\S U LHSTHFEEDOHY W U H \
KROH GULOOLQJ FDOLEUDWLRQ FRQVWXHWYQIRIH | PE& DW K UDHUGH |
IURP WKH [ D[LV WR WKH PD[LPXP SULQFLSDO VWWHSHGGUHF
RQ WKH SDUDPHWHUV RI WKH WHVW WKH JHRP®\BURSKH WWHHW
DQG KROH GLDPHWHU DQG GHSWK > @ JRHDWXKWHHGLP®OH LGH

LQILQLWHVLPDOO\ VPDOO SRLQWYV DURXQG D WKKIRXJK KROH
FDOLEUDWLRQ FRQVWDQWY DUH
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ZKHUHV 3RLVVRQIW FURDGKICRX V R LA OKDRVO\HL DUDMBIL X W UDQ G JDJH UL
$ DR QRW KDYH EDUV WR UHSUHVHQW LQILQLWHVLPDO VW



FRPSOLFDWHG FDVHV OLNH WKH JHQHUDO FDVHHRQR EOLQG |
DQDO\WLFDO VROXWLRQV WR GHILQH WXWIDKRHDICEEHQWVYR @ X\
HOHPHQW FDOFXODWLRQV VXFK DV + '5,// SQUR QIRGHXIHRPRURF
VWUHVY GLVWULEXWLRQV XVLQJ DQ\ PHWKRG

7/KH WKUHH UHOLHYHG UDGLDO VWUDLQV DUH JURXSHG L
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ZKHSHV GHILQHG DV WKH PHIDY KN &H RVAVDWVRIUF WKVEWBRTBL QMK BID L Q
[\ D[HVWDQ®KH WHQVRU VKHDU VWUDLQ DORQJ WKH [ \ D[HV
HVWDEOLVKHG VXFK WKDW WKH [ GLUHFQRQODW SLRMHWOMID |
FRUUHVSRQGLQJ VWUHVV TXDQWLWLHY WR WKH VWUDLQV GH
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ZKHBHY WKH PHDQ K\GURNWBRM VK KB MOAWRH WK HR ) \ PDQWW\H GD Q G
WKH VKHDU VWUHV V] DW RKHWKHIHV W [PIORQJ WKW IV IEH UWHNFWH\R
DORQJ WKH \ GLUHFAMMR Y KHDUKHDUDQWUHVYV LQ [ DQG \ 7KHVI
JURXSLQJV DUH UHODWHG WR HDFK RWKHU DQG VRRELWQKH KRO|
ZD\
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$IWHU GHVBHIUPIQED®IO FRQYHQWLRQDO VWUHVV TXDQWLWLHYV
TXDQWLWLHY DUH DOVR WKH UHVXOWV SUR¥LGRIGHEG YL'6G JL .
UHVXOWYV LQ WKLV WKHVLV
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JRU EOLQG KROHV DQG LI WKH IXO0O0 GHSMWKWKHFKLHY H(
FDOFXOBWLBRQ®HFRPHY PRUH FRPSOH[ )RU H[DPSOH WKH IR
FDOFXODWLRQ LV WKH EDVLV IRU D RQH WHUP SRZHU VHULHYV
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7KH 3RZHU 6HULHV LV EHVW IRU VPRRWKO\ YDHHLQWERQDXQL |
OHWKRG LV EHVW IRU KLJKO\ QRQ XQLIRUP UHVLGXDO VWUHV
GULOOLQJ DQG LW GHSHQGV RQ ILQLWH HWOYNKRE® WROLEWDX
GHSWK EXW UHPDLQ FRQVWDQW ZLWKLQ HDFK LQFUHPHQW 7
LQGLYLGXDO FRQWULEXWLRQV RI WKH VW WKWKV VDWW BIDEK G
WRWDO PHDVXUHG VWUDLQ HQFRPSDVVHKY D EB WZKIHH § W WILHOW
VWUDLQ LV GHILQHG DV

L L= A%s,5

3

ZKHE8HV WKH K\GURVWDWLF FRPSRQHRKRAH VGAHEBEMKY LGHFIU I P HBC
3LV LWV VWUHVV FRXQWHUSDUW ZKLFK LW K@\ DAHN VZ LIRAUK L



HTXDIGW R D GLPHQVLRQOHVYVY GHSHQGV RQO\ RQ PDWHULDO

$QDORIRXV HTXDWWRO@QGGEH KQBURVWDWLF VWUDLQ FDQ DOVF
IRUP DV IROORZV
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JRU IRXU KROH GHSWK LQFUHPHQWYVY WKH FDOGBUDWLRQ
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$QDORJRXV HTXDAWREG MW HYIKHWSIRIWHQW LQYHVWLIJDWLRQ RY
XVHG LQ VRPH WHVWV ,W EHFRPHV HYHGMBQYWLBDW RUKHXED 8
HUURU IUHH UHVLGXDO VWUHVV FDOFXODWLRQ

1RQ '"HVWUXFWLYH OHWKRGV 2YHUYLHZ

'LIIUDFWLRQ PHWKRGYV GHWHUPLQH FXRRUFK UBWRMW LQR
HODVWLF GHIRUPDWLRQ UHGE WK M HS IVRGE REEINIWAUW K M Q UXHVHH @ L
FDOFXODWH WKH LQWHUQDO VWUDLQ®J VG WHH VMANXDLA@ V W(\W
DSSOLHG RU UHVLGXDO VWUHVVHV ZLWKLQ DHPDHDH/XIUDE OZK H
DWRPLF VWUDLQV LQ WKH FU\WVWDOV RI WKH PDWHULDO > @

7KH ; UD\ PHWKRG LV XVHG WR PHDVXUH UHVLBKIDO VWUH
PHWKRG FDQ EH XVHG WR PHDVXUH WKH LQWHR POMNHUIL VG F
WKDW DUH FU\WWDOOLQH ILQH JUDLQHG DQG BWREBRFWRXUIFL
FDQ SURYLGH DFFHVV WR PXFK KLJKHU ; UD\ HQHWILBIQG6RPH
KLJK EHDP FROOLPDWLRQ ZKLFK OHDGV WR TXLFINWMK RXCPKD FI



KLJKHU UHVROXWLRQ 7KH GUDZEDFN LV WKDQJ QRXMFDWWH L
YHU\ HORQJDWHG 7KXV DFFXUDWH PHDVXUHPHQWWR®D\ EH R
WKH EHDP 7KH PDLQ DGYDQWDJH RI VIQFKURWURQ VRXUFHYV
LQFUHDVHG SHQHWUDWLRQ GHSWK 6WUHSNQGLIFKODHP MWD L
YDOXHV DQG DUH VRPHWLPHYV QRW HDV\ WR REWDLQQHELWKR X\
VWUHVV %HFDXVH RI WKLV ; UD\ GLIIUDFWLRQWARD @ EB XVHG
QHXWURQ GLIIUDFWLRQ FDQ EH XVHG WR REWDLQ WKH WKLUC
GHVWUXFWLYH PHWKRGYV VXFK DV WKH OD\HU WMRR MDGH B WW |
> @ > @

7KH QHXWURQ GLIIUDFWLRQ PHWKRG KDV D PXFK ODUJHU
GLIIUDFWLRQ QHXWURQV FDQ SHQHWUDWHVR |HP FHRW I RHMA
FDQ EH XVHG WR PHDVXUH LQWHUQDO UHMLKE\XPDMX WW R 8 V DHIX \
GLIIUDFWLRQ FDQ EH XVHG WR FUHDWH WK BIWHEG PARREKQW\LLRGID C
WKH VDPSOH LQ WKUHH GLITHUHQW RULHQWDWLRQM RQWG PHD
D[LDO VWUDLQ WUDQVYHUVH VWUDLQ DQG GRWPD®LQMUDLC
SKDVH IUDFWLRQV WUDQVIRUPDWLRQV DQ® IRWIPHDQW R LIRQV
DOOR\V DQG FRPSRVLWH PDWHULDOV 7KH QHXWWRWRGLIIUDF
PHDVXUH LQWHUQDO VWUHVVHY DQG REVHUYH FHPHQWLWH L

)LQDOO\ PDJQHWLF DQG XOWUDVRQLF PHWKRGWHDUH EHF
WHVWLQJ PHWKRGYV EHFDXVH WKH\ DUH VLPSOHU RRKHDSHU
PHWKRGY $QRWKHU DGYDQWDJH LV WKDW WKHVH PHWKRGV F
URXWLQH LQVSHFWLRQV Rl FRPSRQHQWYVY IRU H[DPSOH > @ >

5HVLGXDO 6WUHVVHV LQ 6WHHO %DU ([DPSOHV IURP /LW

6HYHUDO H[DPSOHV RI LQYHVWLJDWLRQV RYWHWLGXDO V
OLWHUDWXUH )RU WKLV VHFWLRQ VWXGDRBG FREPIS RAHLOMLFRAH (
SURFHVVLQJ KLVWRU\ DQG UHVLGXDO VWUHVV GGXGNIQUPLQDW
VWXGLHY UHOHYDQW WR WKH SUHVHQW LQYHVWLJDWLRQ

,Q JHQHUDO FROG GUDZQ URGV DQG ZLUHV GLVSOD\ WZR
GHSHQGLQJ RQ WKH DPRXQW RI UHGXFWLRQ /LJKW SDVVHV .
SURGXFH ORQJLWXGLQDO DQG FLUFXPIHUHQWILLIY® OMVWEXD O
VXUIDFH DQG WHQVLOH DW WKH FHQWHU D[LV HWLBXQWLRQH



6WUHVVHV E\ 1RQ 8QLIRUP 30DVWLF "HIREPKHW OQRH® U5 PH3ULR CD W
VXUIDFH DQG WHQVLOH DW WKH FHQWHYFB QWU DQVW®& LR/QFDX W
OD\HUV )RU ODUJHU UHGXFWLRQV WKH UHWIBJDOOWWIHM\G X
VWUHVVHYVY DUH IRXQG RQ VXUIDFH OD\HUVRZXIQIG B CFRRP B WHWHV
FHQWHU D[LV > @ )LJXUH VKRZV UHVLGX® O RGWUHMV SDW
GLITHUHQW DPRXQWYV RI UHGXFWLRQ 6PDOOHHUVVHB X QVIWKEV
VXUIDFH DQG WHQVLOH UHVLGXDO VW UWIBKDHV VDA MAKVHH F HORQUAHK-
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JLIXUH SHVLGXDO VWUHVVHYVY LQ VWHHO URGY GUDZQ WR



WKH VXUIDFH IRU ODUJHU UHGXFWLRQV 7KH PHAKDQLVP EHK
H[SODLQHG LQ GHWDLO LQ 6HFWLRQ 5 HIOW WL R QKA 5 HEVH\VB?
BWUHVVHYV

5HVLGXDO VWUHVV SURILOHV LQ WKH IHHHOWHRBQZH BHPH
GHWHUPLQHG E\ 0IDVUNMOLQH]BHUWURQ DQS [@UD\ BR IGUDPW WRIQ
URGYV ZHUH DQ®RHROHGZBWRXUV WR UHOLHYH UHVLGXDO VWU
ILQDO GLDPHWHU RI PP LQ RQH SDVV 7KH FRPSRVLWLRQ R

+ 0Q DQG + 6L ZHLJKW SHUFHQW VLPLODU WR
SUHVHQW LQYHVWLJDWLRQ 5HVXOWYV WKIRZ IWK DVK K HM UG X VGl
RQO\ LQFUHDVH WRZDUG WKH VXUIDFH DG GD®H MWD KR RBHD U
GLUHFWLRQV DV VKRZQ LQ )LJXUH D ,W WWHBSSBVHQW V
ZHOO DV WKH UDGLDO DQG KRRS VWUHVVHV LEBX\DW® EH EDODQ
PDFURVWUHVV SURILOHV ZHUH FRPSXWHGH U B PWWHK B Q\GR FHPOH ¢
VKRZQ LQ )LIXUH E 7KH D[LDO PDFURVWUHAWMH DUM W H
WKH FRUH DV H[SHFWHG 5DGLDO VWUHVVHDMDHHHYHRKWAUDKD |
URG
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J)LIXUH 5HVLGXDO VWUHVYV SURILOHV LQ BKROGRIUDZQ
LQ WKH WKUHH SULQFLSDO GLUHFWLRQV DQG E UH!'
I[JURP ERWK FHPHQWLWH DQG IHUULWH SKDVH LQ WKF



$ VWXG\ E\ W IBHQDGHWHUPLQHG UHVLGXDO VWUHVVHV L
VWHHO URGV XVLQJ ; UD\ DQG QHXWURQ GLIHUBEPWPRQWQG Y|
DQDO\VLYVY 7KH URG KDV DQ LQLWLDO GLDPHWHUQRDUHBPPWR QC
D ILQDO GLDPHWHU RI PP LQ RQH SDVV 7HQNVYOGIWWYHIQVV V|
KDUGHQLQJ DQG GHFUHDVHG GXFWLOLW\ 5HVLGMUMHEWUBYV
GLUHFWLRQV ZHUH GHWHUPLQHGJ BVZK WX G PWK IR @ IRV VWHQ@DHV WY
QHXWUDOSAMAMKB QG&UH UDGLXV ZLWK PDJQLWXGHV YDU\LQJ
UHVLGXDO VWUHVVHV ZHUH IRXQG DW WKH VKU FRIXRIGWKH U
WKH FHQWHU DV VKRZQ LQ )LJXUH $ VLPLODIWY W XRGXDV
ZLWK WKH VDPH VL]H DQG DPRXQW RI UHGXFWLRRD®O @AW UWN VLW
LQ SHDUOLWH FRPSDUHG WR IHUULWH EHFDMMIFMWRH DQLVR!
FHPHQWLWH GLIILEXOW PRGHOLQJ DQG PHDVXUWHPHSHWR EL OGNV
REWDLQHG YLD VIQFKURWURQ DQG LVRWURSLF DQG DQLVRWL
SDWWHUQ WHQVLOH UHVLGXDO VWHWVXNODWMY KN WHW DCOVE HV
URG 5HVLGXDO VWUHVV PDJQLWXGHV YDULHG IURP WR W
VWUHVV YDOXHV ZHUH IRXQG LQ WKH SHDUOHWQHWKR & | LW KR Q|
FRPSDUHG WR WKH IHUULWH URG 03D YHUVXV 03D DIW|
UHVLGXDO VWUHVVHV WKDW FDQ EH LQW VRGXFHGV KR D VBKIR G
PDWHULDO 7KH VWXG\ DOVR QRWHV WKDW QRW FRQVLGHULQ
RYHUHVWLPDWH RI WKH VWUHVV YDOXHV

<DQHW D@YHVWLIDWHG UHVLGXDO VWUHVV SURILOHV LQ V
ZDV FROG GUDZQ IURP DQ LQLWLDO GLDPHWHQ RUYH FSD WRHD
DERXW SFW UHGXFWLRQ LQ DUHD SHU SDVV XKQRDXHUD\ G
> @ 7KH FRPSRVLWLRQ Rl WKH URG LQFOXGHYV + &
ZHLJKW SHUFHQW 7KH IHUULWH VWUHVMSURKHOWW WHINH G+
UHOD[DWLRQ WKDW RFFXUV GXULQJ OD\HU UHPRYDRDMQG DU
WKH UHVLGXDO VWUHVV SURILOHV Rl WKBFR 0OQGsBREQUHREV
WKH FRUH DORQJ WKH D[LDO RU ORQJLWXGLQDO GLUHFWLRQ

)LQDOO\ WZR H[DPSOHV Rl UHVLGXDO VWUHVV SURILOHYV
YLIXUH VKRZV UHVLGXDO VWUHVVHV L& KROMFEHGOSHIYIO:
OHDVXULQJ UHVLGXDO VWUHVVHV ZLWK GLOISEBWOR QY LFFH VKR C
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JLIXUH JHUULWH VWUHVYV SURILOHV DV D IXQBPWWR® RI U

URG DORQJ WKUHH GLITHUHQW GLUHFWLRQV
KRRS DQG F uUDGLDO 7KH UHVXOWV ZHUH FRUUHFW
RFFXUV DIWHU OD\HU UHPRYDO > @

D ORQ



PXOWLSOH SKDVH PDWHULDOV VR KROH GULO®D®H R IWKIW B
VWUHVV SDUDPHWHI VD [DO® & W WEBNE WEK®OU VWAMHVY LQ [ DQC
4XHQFKLQJ SURGXFHV D UHVLGXDO VWU HW KSJIRXILIO W KHK DW L
PHDVXUHG GHSWK

YJLIXUH VKRZV UHVLGXDO VWUHVV SURILOHV \RKD PDFKk
FRDUVH P DQG ILQH LQFUHPHQWYV P FORVH WR WKH V
7KLV H[DPSOH KLJKOLJKWV WKH LPSRUWDQFH RIVAWULEHIDODL
UHVLGXDO VWUHVV SURILOH LQ GHWDLO ,I RQON WKRXORRDUVF
EH GHWHUPLQHG WR EH FRPSUHVVLYH DOO WKH ZKOH WKURXJK
SUHVHQFH Rl WHQVLOH VWUHVVHV Q®&W D WILKH \RX UD DFFDMF KZLKQLHF@®
JLQHU LQFUHPHQWY PD\ UHVXOW LQ JUHDWHU XQFHUWDLQW\
XQNQRZQ UHVLGXDO VWUHVV SURILOH
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J)LIXUH SHVLGXDO VWUHVYV SURILOHV LQ D TUHXOARXIHI SH
> @

SHODWLRQVKLS EHWZHHQ :LUH 'UDZLQJ SDUDPHWHUYV DQ
,W LV LPSRUWDQW WR XQGHUVWDQG WKH SURFHVVLQJ Kl
FROG GUDzZQ EDUV WKDW DUH DW WKH FHQWHU EHWKLIV LQYH
GLH SDVVHV IRU H[DPSOH DUH QRW NQRZQ EXW UHDVRQDEC
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JLIXUH SHVLGXDO VWUHVV SURILOHV PHDVXUHG ZLWK KF

UHVLGXDO VWUHVVHYV FDOFXODWHG XGX@PD RRDUNWVIH
FDOFXODWHG XVLQJ ILQH LQFUHPHQWDO GDWD )URP

XQGHUVWDQG DQG TXDQWLI\ WKH UHVLGXDO VWUHVVHV LQWL
SDUWLFXODU FROG GUDZLQJ SURFHVV WKH \LHRGH WUHQJIWK
VWUHQJIJWK LV VLIJQLILFDQWO\ LQFUHDVHG SZOKN\FHKVFDQHVILBSDI
RQ WKH EDUV

7KH UHGXFWLRQ LV DERXW SFW IRU RQH VHW RI EDUV [
JXUWKHUPRUH LPSURYLQJ WKH ZLUH GUDZLQJ SURFHVV E\ R¢
JHRPHWULF SDUDPHWHUV SUHVHQWHG L@QWRDWWHR\WD WRY H W
UHOLHYLQJ UHVLGXDO VWUHVVHV E\ KHDW WUHDWLQJ WKH P}
WLPH FRQVXPLQJ > @ 6SHFLILFDOO\ LQ WKLWIURYPN@ILJIDWL
SURFHVVHV VXFK DV GUDZLQJ H[WUXVLRQ DQGEHBRDWKQH G
Rl WKH PHWDO RU PRUH VLPSO\ SXW DW URRP WHPSHUDWXU

7KH PDJQLWXGH DQG GLVWULEXWLRQ RI UHVLGXDO VWUH
GLUHFWO\ UHODWHG WR WKH VKDSH Rl WKH GMHHWWRDWLRQ YR
GHILQHG DV D UDWLR

/’L—[

ZKHKHY PHDQ WKLFNQHVV RU GLDPHW WK HR IFR&W [EPW 6 H QIWWUK
DQG ZRUN PHWDO )RU GUDZLQJ RU H[WUXVLRQ 0 FDQ EH GH|
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[, F L
ZKHBHY WKH LQLWLDO WKLFNQHWVWRKH G LQPWHKIL R N @H\HYV EFDW
GHIRUPDWLRQ DQG . LV WKH GLH DQJOH > @ JXKUHVH JHRPHW

L

,'UDZLQJ GLH

JLIXUH 6FKHPDWLF RI D FRQYHUJLQJ GLH IRU URG DQG Z

ad FDQ DOVR EH H[SUHVVHG UQ WHUPV RI WKH UHGXFWLRC

tFI1;0E
[
7KH UHGXHAWLER®ILQHG DV > @

i L

[, E L
[, F L.
0§ LQFUHDVHY DV UHGXFWLRQ GHFUHDVHV D@&XBQH XELEHK LQ
LQGLFDWHY D UHODWLYHO\ VPDOO UHG X FDMN R\QK B Q/GX UKILDIAKH GRUIF
GUDZQ ZLUH RU URG LV OHIW LQ WHQVLRQ ZKLOH WKH FHQWF
OHVVHU WKDQ ZKLFK LQGLFDWHYVY D UHODH UWN LK X B OJ M X F
FUHDWHG DUH PLQRU EHFDXVH WKH GHIRUPDWLR®YR PRUH X
LQGLFDWHY DQ LQFUHDVH LQ WKH PDJQLZWHSHWRR @/ KM BVKHIY [
YHU\ ODUJH RU ZKHQ WKH UHGXFWLRQ LV YHU\ VPL@® DQG '

'L




DQG FRQFHQWUDWHY DW WKH VXUIDFH WHKHVVHYDS \® WR DFRFR
QRWHV WKDW DV WKH 0 SDUDPHWHU LQFURDVHVF WK OB8IRET
DQG UHGXQGDQW ZRUN GHFUHDVHV > @

$ SDUDPHWHQWURGXFHG WR GHVFULEH WKH UHGXQGDQW

ZKH@HY UHGXQGDQR WVVKRPIRIHOORXGY VWUDLQ 7KH UHODWLRQV
IROORZV

ZKHUH & LV D FRQVWDQW WKDW HTXDOV IRU VWULOLISQD QG
LV FRQVLGHUHG QRQ XQLIRUP 3 FDQ PRUH HDVLO\ EH FKDUD
GLVWULEXWLRQ LQ D GHIRUPHG YROXPH RI VWUQLEHKDUGHQL
UHODWHG WR WKH VWUDLQ DFFXPXODWHKE @ MWW IKGHWKROLVM W R
GHIRUPDWLRQ HIILFLHQF\ LYV GHFUHDVHG ZKHIHQWUWLRIJUDG
IORZ GXULQJ WKH ZLUH GUDZLQJ SURFHVV LV FKQWDIFWHUL]H
UHODWHG WR QRQ XQLIRUP GHIRUPDWLRQ ZLWK DQ LQKRPRJ}
“1 By

*y
ZKHYHDO eDUH WKH 9LFNHUV KDUGQHVYVY DW WKH VXUIDFH DQG
LOKRPRJHQHLW\ IDFWRU , ) LQFUHDVH\QH WKQIE EHFDWDYL @.
UHGXFWLRQ DOWKRXJK WKHUH LV PXFK OHVV GHSHQ®HQFH F
JLYHQ UHGXFWLRQ WKH KDUGQHVYV DW WKH FHQMHOMWLE\JHQF
LQFUHDVLQJ UHGXFWLRQ DQG GLH DQJOH FRUUWYXSWRIGLQJO\
XSSHU HQG RI WKH UDQJH LQFUHDVLQJ UDSLGO\ > @

$ KLJK 0 DQG WKH VXEVHTXHQW IRUPDWLRQ@DWHQVLOH

SRURVLW\ DQG HYHQWXDOO\ FUDFNV &HQWHUOLQH EXUVWYV I
7KH FRPELQDWLRQ RI KLJK WHQVLOH UHVQW KD O L\OMUFHVY HOH B
DOOLJDWRULQJ > @ $ VWXG\ GRQH E\ /LQLFXV DOHGD@EKV T)
WKH DPRXQW RI UHGXFWLRQ RQ ORQJLWXGLQEDO UHVLGXDO V
WKDW UHVLGXDO VWUHVVHYV LQFUHDVH ZIHWEK W HRDYIRH | RUR

SFW OHDG WR PD[LPXP UHVLGXDO VWUHVVDYYDBKHY 7KH FU

(L



PLQLPL]JHG E\ LQFOXGLQJ D VHFRQG GLH WKDW @GRM\XKB VPDO(
PDLQ UHGXFWLRQ GXULQJ WKH ZLUH GUDZLQJ SURFHVV > @
'DQJ DOVR PHQWLRQV WKH LPSRUWDQFH RI DGGLQJ D VH
WR UHGXFH UHVLGXDO VWUHVVHV )LQLWH QO H FSH@WR P RGBH\OL
LQ WKH VHFRQG GLH VLJQLILFDQWO\ G H FUKHD B H\D O H3/LLIGHKAVOL ¥
GLVWDQFH EHWZHHQ WKH WZR GLHV PXVW EH VPDGO VR WKD
FRQQHFWHG WKH QRQ XQLIRUP GHIRUPDWLRQ LPSDUWHG E\
VHFRQGDU\ GLH OXOWLUROO VWUDLJKWHFKQQUXIHY DOERLOL DW
HITHFWLYH WKDQ D ILQDO OLJKW GUDZLQJ SDVV > @
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([SHULPHQWDO ODWHULDO
JRXU VWHHO ZLUHV ZHUH SURYLGHG E\ %HNDHUW IRU WK
QRPLQEDO FURVV VHFWLRQDO VL]H DQG VWDWHHUHVKH PDWHL
GHIRUPHG DQG IXOO\ DQQHDOHG :LUH &5 DQG ZRWH &5 XQ
DIWHU WKH DQQHDOLQJ SURFHVV ZLUH &5 ZDV IXUWKHU FR:
&5 ZDV IXUWKHU FROG GHIRUPHG IURP ZLUH $1 7KH ZLUHYV
$ EDWFK DQQHDOLQJ KHDW WUHDWPHQW SURFHGXUH LQ |
DWPRVSKHUH ZDV XVHG WR DQQHDO WKH $1 DMMWPHEIWZLUHV
SURFHGXUH FRQVLVWHG RI KHDWLQJ I[IURP URRP WHPSHUDW X!
FRROLQJ IURP f& WR f& LQ K DQG IXUWKHU FRROLQJ ¢
ZLUH FRQGLWLRQV KDYH WKH VDPH FRPSRVLWLHRKO 7DEOH
VDPSOHYVY SURYLGHG E\ %HNDHUW )LJXUH VAHRIA WKH FUR\

7D 1:LUHV 6XSSOLH
LU 1RPLQDO 6L]H &RQG
$1 [ '"HIRUPHG DQG 1I.
&! [ &R GHIRUPH $1
$1 [ '"HIRUPHG DQG 1I.
& [ &R GHIRUPHG |

7DE :&RPSRVLWLRQ RI ([SHULPH
& 0( 6 K € &

OHWKRGV IRU 5SHVLGXDO 6WUHVY "HWHUPLQDWLRQ
7KH H[SHULPHQWDO SURFHGXUH DQG DOO SHUWLQHQW G
GHWHUPLQDWLRQ PHWKRGYV ZLOO EH H[SODLQHG LQ WKLV VHI

SHVLGXDO 6WUHVYVY "HWHUPLQDWLRQ YLD 6SOLWWLQJ
7KH VSOLWWLQJ H[SHULPHQW IROORZV WKH JXLGH SURYL
PDFUR UHVLGXDO VWUHVVHV XVLQJ VDZLQJ EZXWWWW BXVAKH -



F G

J)LIXUH BURILOHV RI WKH IRXU FRQGLWLRQV D $1



PDGH LQ WKH ORQJLWXGLQDO GLUHFWLRQ KD QGS S B EDWOLARHO VW |
PDFKLQH DQG DGHTXDWH OXEULFDQW 7KH PKQLFXP ZNUHPGLI
WKH DFFXUDF\ Rl WKH UHVXOWV LQFUHDVHVORZADK ®LD BRW HW
SURGXFH EXUUV RU PLFURVWUXFWXUH FKDQJHV BMWM WR KHD)
ILUVW ZLWK D /(&2 06; VHFWLRQLQJ PDFK L QH HDRDF KIHF RQG
("0

,Q WKH ILUVW SKDVH Rl WKH H[SHULPHQW DOO PDFKLQLC
3K\WLFDO OHWDOOXUJ\ /IDERUDWRU\ ZLWK D KLJK VSHHG EDQC
ZHUH PDFKLQHG IRU WKLV SXUSRVH )RXU VDPSOKWW@HUH OHI
FURVV VHFWLRQDO GLPHQVLRQV DQG SURILOHV WR FRQGXFV
UHVLGXDO VWUHVVHV GXULQJ WKH PDFKLQLQJ SURFHVV )RXI
PDFKLQHG WR UHFWDQJXODU FURVV VHFWLRQVSDUL\ERQ RP W
UHVXOWY DV UHVXOWY FDQ RQO\ EH GLUBPWOG\ ER P+FOULH B QLW
FXWV ZHUH PDGH GXULQJ WKLV ILUVW SKDVH RIHGHMWEH 7K
ORQJ VLGH RI WKH FURVV VHFWLRQ

+RZHYHU VHYHUDO LVVXHV DURVH ZLWK WKH KLJK VSHHZ¢
GLIIHUHQW IRU HDFK FRQGLWLRQ SHUKDSV EHFDXNVHEDRI WKH
LPSRVVLEOH WR LQWURGXFH D SHUIHFWO\ VWUDLJKW FXW Z}
UHTXLUHG YDOXHV %HFDXVH Rl WKH SURQRXQFHB/ REXUYDWX UL
DOLJQ WKH VDZ WR PDNH D FXW SHUIHFWO\ SD [LD/VORIHW KZH. W K
ZLUH 7KH GLIIHUHQFH LQ GLUHFWLRQDO D MRX WKH\ [BDHWZW K Q
VRPH FXWV ZHUH ORQJHU WKDQ PP EHFDXVH RY WKALGHI\G X L
WKDW HYHQ WKRXJK WKH WUHQGYV UHSRUWHG ZHUH VLJQLILF
XVLQJ HOHFWULFDO GLVFKDUJH PDFKLQLQ3 MR BHIKQMHVKIH
WHVWLQJ ZDV WR REWDLQ XQLIRUP VDPSOHV L HLGUQVXULQJ
NHUI DQG WR DYRLG LQWURGXFLQJ H[WUD UHVLGXDO VWUHYV

JRU WKH VHFRQG SKDVH RI WHVWLQJ WKH QXPEHU RI VDI
UHVLGXDO VWUHVVHV LQ WKH KRUL]JRQWDO DRHWUWHLEWOFDO G
GLUHFWLRQ LV GHVLJQDWHG DV WKH VKR UWHIW KN LVGHHV R HVB K HH L
ZHUH WHVWHG DV UHFHLYHG DQG HLJKW R® RH P LEDO H®P WRK B
SURILOHV RI WKH HLJKW DV UHFHLYHG EDUV DQG RWKIRBLJIJKW



RI WKH KRUL]JRQWDO DQG YHUWLFDO FXWV LQ )LIJXUH WKU I
PDFKLQLQJ ZDV FRPSOHWHG ZLWK HOHFWULADL@ B LOYF KDQ J H
+DWILHOG 3% (YHQ LQ WKHVH SUHOLPLQDU\ UWPRYHVK KRV K MW\
FROG UROOHG FRQGLWLRQV VKRZ QRWLFHDE@B GLWIHRIQMN RBY
D ODUJHU FXW RSHQLQJ WKDQ WKH DQQHDOHG FRQGLWLRQV

D E F G

J)LIXUH SURILOHV RI WKH IRXU DV UHFHLYHG EDUV DIWHL
D $1 E $1 F &5 DQG G &5

D E F G

J)LIXUH SURILOHV RI WKH IRXU DV UHFHLYRG EDUV DIWHL
D $1 E $1 F &5 DQG G &5

JRU ERWK WHVWLQJ SKDVHV LPDJHV RI WKH VDZ FXWYV ZF
FDPHUD ZLWK WKH $) OLFUR 1LNNRU PP OHQV ,PBRAH- ZDV X
HQG RI WKM ZNKUIHH VDZLQJ FXW RU ORF DONIOP@ G KWKIHH OWK@I AOKWR
VDZLQJ FXW WR FDOFXODW%HRVUKH DU KON OMHD PV IPMBOGE N UHG

PP IURP WKH ERWWRP RI WKH FXW IRU DOO VDPSOHV VW
VLGHV RI WKH EDU )RU WKH ILUVW SKDVH RI WNV®/H @I VB KWHDC
EDU EHFDXVH DV PHQWLRQHG DERYH LW ZDV UDRHB KW PAHXWG L



7KXV LQ VRPH FDVHV WKH FXW ZDV QRW H[DFWOLWMKMWKBPH
ORQJHVW VDZ FXW ZDV VHOHEWHG ,Q WHKH VUFHR @G FKKLI\ K R I
VROYHG WKLV SUREOHP DQG 5 YDOXHV ZHUH F DO RYDONHQHG |
IRU 5 YDOXH PHDVXUHPHQW SXUSRVHY DUH WDNHQ IURP D OTC
ILIXUHV WKURXJK DUH WDNHQ IURP D WRS YLHZ

7KH SXUSRVH RI PDFKLQLQJ GRZQ IRXU EDUV ZDV WR QRL
SRVVLEOH DQG OLNHO\ WKDW WKLV PDFKLQLYWBB@VWHYOLHY
GHSHQGLQJ RQ WKH LQLWLDO VL]H RI HDFK FR®EEWXRBO RIQG
WKLY WKH DV UHFHLYHG FRQGLWLRQV DUH FRQVLGHWHG WU
EHWZHHQ EDUV DOWKRXJK WKH DEVROXWH PDJQLWXGHV RI C

J)LIXUH SURILOHV RI WKH IRXU UHFWDQJXEWILRBDUYV DIWH
D $1 E $1 F &5 DQG G &5

JLIXUH SURILOHV RI WKH IRXU UHFWDQJXPWUREDUYV DIWH
D $1 E $1 F &5 DQG G &5

5HVLGXDO 6WUHVV '"HWHUPLQDWLRQ YLD +ROH 'ULOOLQJ
7KH KROH GULOOLQJ PHWKRG FRQVLVWYV RI RWWIHFKLQJ
HYDOXDWHG PDWHULDO GULOOLQJ D VPI\OWOHKRQIE BWDW KH LG
UHVXOWLQJ UHOLHYHG VWUDLQV XVLQJ D/VMW QHP W Q\GKH VW B
RI WKH ZRUN SLHFH DQG DW WKH KROH ORFDWLR®@IDQM WKHQ
XVLQJ D VHULHV RI VWDQGDUGL]HG FDOLE UDRMDDRWH ARKIHILFLH



VWUDLQV PHDVXUHG DUH VR VPDOO WHQV QVR QXX QWGIWMGV PLF
SUHSDUDWLRQ DUH QRW GRQH ZLWK WKH XWPRVWKRD ULH DROU |
GHSWK RU GLDPHWHU Rl WKH GULOOHG KROH LV QRW PHDVXL
SUHVHQW WKH PHDVXUHPHQW RXWSXW ZL OWHEHGXIDF KXWDAN!
FDOFXODWHG > @ 7KXV VWUDLQ JDJH VHIH MR @ DG LIQJV
SDUDPHWHUV ZLOO EH GHWDLOHG LQ WKLV VHFWLRQ

6WUDLQ *DJH 6HOHFWLRQ DQG 3ODFHPHQW
5( W\SH $ URVHWWHYV ZHUH VHOHFWHG IRIHQKWYX LQY}
LQ PLOV ZKLOH 7\SH $ UHIHUV WR WKH $670 URVRW®W BB VLJ
SDWWHUQ RI WKH WKUHH RU VL[ UDGLDMOHGWEIDADX YBIJR NV L WK/
JHQHUDO SXUSRVH GHVLJQ ZKLFK LV DSSURSULDWH RRU PRVYV
WKH URVHWWH LV VHOHFWHG WR VSDQ DNVRE®&REK LNXIUWXKAH FOLWOH.
GLVWDQFH WR HGJH JXLGHOLQHV 5( URVHWWHR WDNMHD/QWHK B
KDYH DQ HQFDSVXODWHG JDJH 7KH IRXU FRQGEMPIHRIW VWXG
VLQFH WKHLU WKLFNQHVVHYV YDU\ IURP WR PP WHKH PLQLF
GHWHUPLQHG WR EH PP > @ 7DEOH ¥ R RZR QWK HR U HD KIFY
VHOHFWHG URVHWWH > @ > @ 7KH QRPLQDO KROH GLDPHW
XQLIRUP VWUHVY PHDVXUHPHQW DOWKRXJK KROHV DW WKH (
PD[LPXP VWUHVV GDWD GHSWK RU WKH PD[LRPXIPPEHQRIWVKFWI R Z
EH FDOFXODWHG GHSHQGV RQ KROH GLDPHSDHAD PHRVHW MV H [
HIFHSW SUDFWLFDO GHSWK VWHSY GHSHQO®RQHSVKHKRWHBYL
UHFRPPHQGHG E\ $670 6WDQGDUG 7THVW OHWKRG ( D IRU W
VWUHVYVY GLVWULEXWLRQV
7\SH $ KROH GULOOLQJ URVHWWHY FRQWDLQ WKUHH UDG
IRUPDW WKDW VHUYH WR LGHQWLI\ WKH WKUVHH) L®LB&BWHRWW
JDIJH| VIKH D[LDO VWUHVV LQD3RL®W MAWLRRHPIUIDWHIHVY LQ GLI
DQGpn >2 @ 7KH JDJHV DUH QXPEHUHG FRXQWHUFORFNZLVH [
SUHVHQW LQYHVWLIJDWLRQ WKH VWUDLQ K DNKHURBMBDWWHWU AR
GLUHFWLRQ IROORZLQJ WKH OHQJWK RI WKH EDPALBPRGDAULWR
WKH IRUPHU GLUHFWLRQ 7KXV LQ D ORQJ EDU WKWIGRQHFW
LV DVVXPHG WR EH WKH OHQJWK



7TDEOH *+ *HRPHWULF 6SHFLILFDWLRQV IRU S5(@H¥L@XDO
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J)LIXUH 6WuUDLQ JDJH URVHWWH LQVWDOOHB RYIHM EDU
SHUSHQGLFXODU WR WKH OHQJWK RI WKH EOYW WKH I
SDUDOOHO WR WKH OHQJWK RI WKH EDU

6WUDLQ *DJH ,QVWDOODWLRQ DQG :LULQJ

7KH VWUDLQ JDJH LQVWDOODWLRQ LV FRPSOBWHG FORVF
SURYLGHG E\ WKH PDQXIDFWXUHU RI WKH VWUDLQ JDJHV OLF
SUHSDUDWLRQ IRU VWUDLQ JDJH ERQGLQJ KDV WKH SXUSRVH
WKH ERQGHG URVHWWH FDQ IXQFWLRQ ZHOO EXW HQRXJK PLI
VWURQJ ERQGLQJ )LYH VWHSV DUH QHHGHG IRU VXUIDFH SU}
DQG ZHW DSSOLFDWLRQ RI JDJH OD\RXW OLQHV FR@GLWLRC
DOVR SURYLGHY PDWHULDO VSHFLILF SURFHBWDHQOWKW VUWH
ZHUH IROORZHG > @ $IWHU WKHVH ILYHDVMBHIS \E UR KVHH B LA H."
FRDWLQJ LV DSSOLHG



JLUVW GHJUHDVLQJ LV GRQH ZLWK LVRSURS\O DOFRKRO
UHVLGXHV RU RLOV 3UHOLPLQDU\ GU\ DEUDGLQJ LWGGRQH ZL
E\ DEUDGLQJ ZLWK JULW VLOLFRQ FDUELGH SDSHU RQ D V)
&RQGLWLRQHU $ 7KLV DEUDGLQJ LV GRQH WWRKFWHK B W DI FUHR
> @ 7KH VXUIDFH LV DEUDGHG WR UHPRYH D@\DERHORRBU U X
ERQGLQJ +RZHYHU DEUDGLQJ PXVW EH GRQH ZWWKXOF DWW HR §
VWDWH LQ VXUIDFH OD\HUV ZLWK H[FHVVLYHWDOQGMWLRS O+
WKHQ EXUQLVKHG RQ WKH VSHFLPHQ ZLWK D E QDOWDH\RLLEXH I
UHPRYHG ZLWK FRQGLWLRQHU 7KH FRQGLWLRQKWDWHD PLOG
HWFKDQW VR 0 3UHS 1HXWUDOL]JHU $ ZDV DSSOLHG WR QHXV

1H[W WKH UHVLGXDO VWUHVV VWUDLQ JDKHNZRWHNMUWH L\
DQG SODFHG RQ WKH VSHFLPHQ 3&7 JDJH LQVWDOBDWLHRQ W
WDSH LV WKHQ FD EHIZDDH ® QMLHG WKMH DVDSH DQG JDJH DUH R
DQG JDJH DVVHPEO\ FDQ EH UHSRVLWLR Q HRH R QRWDLVOF W KAHK B O L
OD\RXW OLQHV RQ WKH JDJH $JDLQ WKH JDHH DIHGLWDBHHR
WKH VXUIDFH DQG WKH ORRVH HQG RI WKH WDKEXHHV WXENHG

0 %RQG &DWDO\WW LV DSSOLHG LQ D WKLQ XQLIRUP F
JDJH ,W PXVW GU\ IRU DW OHDVW RQH PLQXWH IRMWRSWLPDO
WR HQVXUH WKH JOXH KDUGHQV UHOLDEO\ )LQDOO\ RQH RU
DSSOLHG DW WKH MXQFWLRQ IRUPHG E\ WKH WDSH DQG WKH
F\DQRDFU\ODWH FRPSRXQG VR WKH XWPRVW FDUH LV QHFHYV
UHFRPPHQGHG :LWK D SLHFH RI JDX]H DQG D VHOEOM IZL.SLQJ
SUHVVHG GRZQ WR WKH VSHFLPHQ )LUP SUHVR®HHP LYXD/SI$OL
7KH WDSH PXVW EH OHIW RYHU WKH JDJH IRU ® W HPHRDAHVL W Z R
HVSHFLDOO\ LI WHVWLQJ LV QRW LPPHSUBWH FEBMIEDX \*H @& KH

/HDG IUHH VROGHU SDVWH 2DWH\S 1R  3DVWKHDWOX[ LV I
VXUURXQG HDFK URVHWWH GRWV RU HOHFWULFOHD WHUPLQ
7HQPD GLJLWDO VROGHULQJ VWDWLRBKLRIXWVKIG WR Wik B WE D\
VROGHU XVHG LV OLFUR OHDVXUHPHQWY $ 5 FRPSRVHG PI
VROGHULQJ VWDWLRQ LV WKHQ XVHG WR FBB QHRNVRRHZ ERIS
ZLUH ZLWK SRO\XUHWKDQH HQDPHO 7KH ZLULQJ LW®WFUR OH



HOHFWULFDO ZLUH 7KH ZLUHV WKDW EXVMR QR HRXWHGVQWRKRR!
ODWHU VWHS WR WKH WHUPLQDO WKDW EVCO®R @ g HAWHHEG WARR S\W
VWUDLQ UHDGLQJV GXULQJ WKH H[SHUL RPHIM; H&S WWKRU HH GOLRJHH
HITHFW Rl OHDG ZLUH WHPSHUDWXUH FKDQBWVYYH BRDWI@QJ)LQ
DSSOLHG WR WKH vwuDLQ JDJH URVHWWH WR SUHYHQW VKRL
WKH GULOOLQJ SURFHGXUH > @ 0 &RDW $ D SRO\XUHWKDQF
XVHG DOWKRXJK LW PD\ EH UHFRPPHQGHG WR OHW FXUH IRU

OLOOLQJ *XLGH DQG +ROH 'ULOOLQJ 3URFHGXUH

7KH 56 OLOOLQJ *XLGH E\ OLFUR OHDVXUHPHQWY ZDV W
KROH GULOOLQJ 7KH PLOOLQJ JXLGH LVJD SRMFWVYRRQQL[WXL
GULOOLQJ RI D KROH WKURXJK WKH FHQWHU RI D VWUDLQ JD.
DVVHPEO\ FRQVLVWYV RI D MRXUQDO IRU LQVHUWLABRQRI WKH F
VFUHZV IRU YHUWLFDO KHLJKW DGMXVWPHQW DGM®RGWLQJ VI
ORFN QXWV IRU ODERUDWRU\ RU ILHOG SRVLWLRQLQJ ORFNL
FHQWHULQJ LV FRPSOHWH GHSWK VHWWLQJDDXUHYH@G PLF
VSULQJ DVVHPEO\ IRU H[WUD VXSSRUW WXELQJ DQG SQHXPD
LOOXPLQDWRU PRXQW > @ )LJXUH VKRZV WKH 56 PLOO
SURFHGXUH IROORZV WKH 56 OLOOLQJ *XLGH ,QVWUXFWLR

%HFDXVH WKH VDPSOHV VWXGLHG DUH \QR-CFGI® WIHWD DMR. Y H
DWWDFK WKH PLOOLQJ JXLGH WR D OD UJH UDDXHIDG H ZALUMIG Wk
VWUDLQ LQGLFDWRU LV SODFHG RQ WKH-BQHY'NUODQQL[VEKUF
D JXLGH EXLOW IRU UHVLGXDO VWUHVV PHDVKV ISODEWGL @ WHU
WKLV VHWXS ZKHUH WKH OHYHOLQJ VFUHZ\WQWR G QIFHRRSHH
WKH YHUWLFDO DGMXVWPHQW KDV EHHQ DFKLGIGHGI I KHGHH L\
SHUIHFWO\ SHUSHQGLFXODU WR WKH WHVWO/BGINDXWW B HEX\E E (
2QFH WKH YHUWLFDO DGMXVWPHQW LV FRPS®HRWHP WEW RFN
WKH OHYHOLQJ VFUHZV DQG H[WHUQDO VF QMZR/ ®RFMNHWKH S|

7KH QH[W VWHS LV WR DOLJQ WKH PLOOLIHQURXH®/AV ALKV
WKH KHOS Rl WKH VSHFLDO SXUSRVH PLFURYFWRH 5V R QLMHH
LQWR WKH LOOXPLQDWRU PRXQW DQG WKH PLFQWOW®RSH LV L
FROODU WKDW ORFNV WKH PLFURVFRSH LQWR S®RRAVRWRH IR
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PLFURVFRSH VHWXS 7KH IRXU ; < DGMXVWLQJ VBWHRYHIUH X\
WKH JHRPHWULF FHQWHU RI WKH URVHWWH P7IX\M FKL KRV B R B H
FURVV PDUNV RQFH WKLV LV DFKLHYHG WKHFNB®XYMIQJ VF
PLFURVFRSH DVVHPEO\ DOORZV DOLJQPHQW WR ALWRLQW :
LW LV SUXGHQW WR JHUR DQG FDOLEUDWH WIKHOVWURLQ LQGL
UHDGLQJV RU FORVH WR JHUR IRU HDFK URVHWWMHW7KH PRG
'DWD $FTXLVLWLRQ 6\VWHP DOVR E\ WKH 9LVKDQBUHFLVLRQ

$W WKLV SRLQW WKH FXWWHU LV LQVWDOOHG LEQWR WKF
7KH FXWWHU VHOHFWHG LV D WXQJVWHQ F®RH ELIGHVEHQWDO E
FKDUDFWHULVWLFV DUH QHFHVVDU\ IRU WKH FX®WROHVR SUF
PXVW EH GULOOHG WR PDWFK WKH KROH SURIL®WKRIG/VXPHG E
FRHIILFLHQWY &DUELGH FXWWHUV DUH EHWWBOW XARWPE® WHRG
WR GLDPRQG FRDWHG FXWWHUV 'LDPRQG FRDKWMHEBGFXWWHUV
PDWHULDOV GR QRW FUHDWH VKDUS KROHV OLNH GXQODOWBQ
ZLWK WKH RUELWLQJ DQG SOXQJLQJ WHFKQLTXH GRW FRQYH
FRQH VKDSH PLQLPL]JHVY WKH LQWURGXFWLRQ RUXREDDILRHG L
WKH VLGH RI WKH KROH > @ 7KH GLDPHWHU RI WKH FXWWHU
PP GULOOHG KROH GLDPHWHU > @ $JDLQ WHKIG/ BBLWRHWHU |
VRIWZDUH

2QFH WKH FXWWHU KDV EHHQ LQVWDOOHDBSWKY DBHLQJ I
FRQQHFWHG 7KH SQHXPDWLF IRRW VZLWFK DLU UXBG®\ WXEL
VHW WR  SVL DQG WKH IHHG WXELQJ LV FRQQ@QBBWHG WR WK
PLFURPHWHU LV VHW WR JHUR DQG LQVWRQIOHKG RNHHOUH RWKH GD LL
FRQYHQWLRQDO SOXQJH GULOOLQJ 7KH DLU WX WKEXL@GIUB\GWH F
RI WKRXVDQGV USP 7KH ILUVW VWHS LQ WKH RBOMKEULOOLQ
FRUUHVSRQGLQJ LQLWLDO VWUDLQV 7KHPKHWRHSF$WWHUVF&'
WKURXJK WKH URVHWWH DQG VFUDWFKHV WKBHRAOWQB MQUGW K
UHVW RI WKH LQYHVWLJDWLRQ 7KLV GHSWK LV YRIYHVWLIDW
HYHU\ WHVW LQ WKLV VWXG\ LW ZDV QRW QHFHVRPQG DR/ GUL
WKLV SRLQW ZLWK WKH DFFRPSDQ\LQJ FKDQJH LQ VRXQG Gl
DQG FRORU JROG RU FRSSHU FRORU RI URVHWWH YHUVXV VL



1RZ WKH IXO0 GHSWK Rl WKH KROH LV GULOOH®Q@Q LQFL
VWHSV YDULHG GHSHQGLQJ RQ WKH PHWKRG VHOHFWHG ZKL
VHEFWLRQ EXW WKH GULOOLQJ LV VORZ DQ® & DRUGH M OV K H IJDX\WE
KDV FRPSOHWHO\ VWRSSHG URWDWLQJ WKHPEOVWW W R W DW H/
£ DQG WKH VWUDLQ LQGLFDWRU LV VHW W R RRH®W XUMFWKH
WKH IXO0 GHSWK LV GULOOHG WKH ILQDO KROWBEWPRQWU L
XVLQJ WKH VSHFLDO SXUSRVH PLFURVFRSH DIQQE WHKH ZQOMFL
WKH KROH DQG URVHWWH DUH FKHFNHG IRU DQQGHERWBLQJ
VRPHWKLQJ ZHQW ZURQJ GXULQJ WKH WHVW ,WHLKRIDGHVRW S
ZRUWK PHQWLRQLQJ WKDW WKH PLOOLQJ JXLGH FDQQWOVR EF
SDUWLFEXODUO\ IRU DOXPLQXP RU PLOG VWHHOV +RZHYHU K
SURYHQ WR SURGXFH FRQVWDQW UHVXOWV HVSHPIEIDAO\ IRU
IRU WKH LQYHVWLJDWLRQ DW KDQG LV VKRZQ RQ )LJXUH 7
XQLYHUVDO IL[WXUH NLW WR ZKHUH WKH JXLGH LV VFUHZHG |

,QFUHPHQWDO 3URFHGXUHV 6HOHFWHG

+ROH GULOOLQJ PHDVXUHPHQWY ZHUH FRPSOHWHG IRU W
LQFUHPHQWDO PHWKRGY QDPHG OHWKRG DQG OHWKRG (D
WHVWYV (LJKW WHVWV DUH LQFOXGHG LQ 6BIFRDRIQULOBHQUG.
HLIJKW WHVWYVY DUH LQFOXGHG LQ $SSHQGL[ & UBHHAR Q B O5LHHAY HRC
FRQGLWLRQV ZHUH LQFOXGHG LQ WKH VWXG\ DVVREHOMZRRU D
LQFUHPHQWDO PHWKRGVY ZHUH VHOHFW H& IDH W HSJU D BV IURHH XX L
DQG FXUUHQW VWDQGDUGY DYDLODEOH > @ > @ > @ > @
FRPSOHWHG ZLWK D PHWKRG WKDW ZLOO EH UHIW WUHAD WR D\
PD[LPL]JH WKH QXPEHU RI LQFUHPHQWY DQG WEKEHOH | RBRHA HYKIH
EHFDXVH WKH UHVXOWYV REWDLQHG ZLWKWXOM/VPIKE R R & UAMKIH
LWHUDWLRQV Rl WKH KROH GULOOLQJ H[SHULPHQWQG® LV QF
GHVLJQDWHG DV WKH ODVW PHWKRG OHWKRG FNYURXDXG H (
LQWR KRZ WKH RWKHU PHWKRGV ZHUH VHOHFWHG

6FKDMHU > @ LQGLFDWHV WKDW WKH KROH VKRXOG EH S
VR WKDW WKH UHVXOWLQJ VWUDLQ GDWD FDQ ERQVRRRWERHG



J)LIXUH 56 OLOOLQJ *XLGH DVVHPEO\ RQ FDPSXV XQLY



RI GULOOLQJ WR D GHSWK RI PP LQ LQFUHPHQWYV RI P
GHSWK RI PP 7KXV VWUDLQ PHDVXUHPHQWY ZHUH WDNF
+RZHYHU LW ZDV DSSDUHQW DIWHU WKL\W IDQBW S®DR/XPRD [WE
DQG SULQFLSDO VWUHVVHV ZHUH UHSBDMDW®O M P W RH REWH G X
SHDNV DQG YDOOH\V IRU WKH VDPH PDWHULWGRRDPELWKRQ
GLDPRQG FRDWHG FXWWHUV ZKLFK ZHUH WKHQ FKRQJHG WR
WKH SUHYLRXV VHFWLRQ 7KH WXQJVWHQ FDUWHDRGH. F>NXQWGI\U V
EHWWHU UHVXOWY 7KH UHVXOWYV RI WKLV ILU®WQR FH\M KRG W\W
'HWHUPLQHG ZLWK OHWKRG

W ZDV WKHQ REVHUYHG WKDW VLJQLILFDQWO\ LQFUHDVL
UHYHDO PRUH WUXH GLVWULEXWLRQ GHWDL@MHSDWIAR RUOD U
PRUH GDWD SRLQWY 5HVLGXDO VWUHVVHV BHWZHHHQWR FFFHH\L
VKDUS ORFDO RVFLOODWLRQV DQG SHUKWE&W UK GRERYW WHKH
RULJLQDO VWUHVV OHYHO > @ )XUWKHUPRWH PEBVHNEPHOGWQY
GHFUHDVHY > @ 8QFHUWDLQW)\ DOVR LQRU HIP\DH\O B UVWAKWE IDFE. |
7KHUHIRUH WZR PRUH LQFUHPHQWDO PHW KR G X UAWKIHHU VIHRCSHURR
WHVWLQJ UHVXOWV WKH VXUIDFH SUHSD DD IURHF RRIG VQ\JU D L ¢
SURFHGXUH ZHUH XSGDWHG 7KH VXUIDFH DEUMGERY DRWEBF
E\ /RUG DQG )U\ WKDW H[FHVVLYH DEUDGLQJ PEH ODWHN MK
VHFRQG LQFUHPHQW > @ )RU WKH ILUVW SKDWHQWVVEBVWLQ.
UHFRUGHG DIWHU HDFK LQFUHPHQW ,W ZDVWHRLGHG WR FKI
PHDVXUHPHQWY IRU WZHQW\ VHFRQGV DIWH U D\ EKDIOGR URPGIK
E\ WKH VWUDLQ UHFRUGHU SHU VHFRQG )RU HOF®\FDONWRSRL
VHOHFW D VWHDG\ UHDGLQJ ZKLFK ZDV GHILQHG D® EHLQJ F

7KH QH[W LQFUHPHQWDO PHWKRG ZDV VHOHFWHG IURP W
( > @ WKDW UHFRPPHQGY HTXDO GHSWK LQFUHPHQWYV IR
VWUHVVHV 7KH KROH ZDV GULOOHG WR D WRWDO IGIHBGV K R
LQFUHPHQWDO PHWKRG ZDV DGDSWHG IURP D ©KH[IDFPISM 19 R W HA
IRU KROH GULOOLQJ > @ > @ (OHYHQ HTXDO GHSWK LQFUH
WRWDO GHSWK RI PP +RZHYHU RQO\ RI WKHVH LQFUHF
DUH XVHG LQ WKH FDOFXODWLRQ %HFDXVH RVANWBVQBRHK H |



GHSWK LQFUHDVHV 7KH SUREOHP RI GHFUHDVHBIVRHQVLWLYL
FDOFXODWLRQ LQFUHPHQWY DW JUHDWHU GHSWE&WV/RER LQFU

PP ZHUH UHFRUGHG IRU D WRWDO GHSWK RI PP /RUG
LQFUHPHQWY FDQ \LHOG D VDWLVIDFWRU\ OH® HOKRII VGRIWDQ O
GHSWKV PHQWLRQHG LQ WKLYV SDUDJUDSK LQFOXGH D JHUR G
PHWKRGV ZLOO EH UHIHUUHG WR DV OHWKRG $670 6WDQGD!

DQG OHWKRG OD[LPXP ,QFUHPHQWY DQG WKH\ DUH UH]I

7DI  :,QFUHPHQWDO OHWI 'ULOOLQJ ,C
IXPEHU RI
. HSWK RI (DFRWDO 'HSW
THVW HSWK RWHYV
QFUH /QFUHPHQW PPP
6XUIDFH
OHWKRG nggﬁSH%%iWK DEUDVLRQ
$670 ( BUR GHSWK VHFRQGV RI VWUD
YDOXHYV
6XUIDFEH
OHWKRG LQFUHPHQWYV DEUDVLRQ
71 JHUR GHSWK VHFRQGVY RI VWUD
YDOXHYV
OHWKRG  HTXDO GHSWK 6LJQLILFDQW

DEUDVLRQ RQH V
RI VWUDLQ YDOXF
UHFF

OD[LPXP LQFUHPHQWYV
,QFUHPHQWMUR GHSWK

+'5,// 3URFHGXUH

+'5,// +ROH 'ULOOLQJ 5HVLGXDO 6WUHVV &D@PXGIDWLRQ
FUHDWHG E\ 6FKDMHU > @ WKDW FDQ FDOFXODWH XQLIRUP
VWUHVVHV LQ EOLQG DQG WKURXJKS$SERNPHWH G K.IQ FDKCH\EH IV W O R
FRQIRUP WR WKH $670 6WDQGDUG 7THVW OHWKRG ( 7KH IRO
VXPPDULJHG IURP WKH + '5,// 8VHU *XLGH >R@ PHMHKRRIW 2\ K H
,QWHJUDO OHWKRG IRU QRQ XQLIRUP VWUHVVHV WKH 3RZHU
VWUHVVHV DQG WKH 8QLIRUP 6WUHVV OHWKR@EJ WRHIVXWQ IWRUYP
VROXWLRQ ZDV DWWHPSWHG ZLWK WKH WKUHH PHWKX®RGV DQ



VIXDUH UPV VWUDLQ PLVILW 7KLV YDOXH BRWXBDDSRIQIEWX W
VWUDLQV DQG WKH VWUDLQV WKDW FRUUHVSRQGVWRNWMKH VW
ZLWKLQ WKH VTXDUH URRW RI WZR WLPHV WKH MWDRPWRUG VV
7KH PHDVXUH Rl WZLWKLQ WKH VTXDUH URRWS RFLWIZR I\R UPW K Hy
,QWHJUDO OHWKRG DOWKRXJK WKH RWKHU PHWKRGV ZRUN L«

7KH ,QWHJUDO OHWKRG ZDV VHOHFWHG I& UNWK LEH V@Y H.\WWA
HYHU\ WHVW 7KH ,QWHJUDO OHWKRG DOVR KDV WEKKHV ELHV WVV S
DOVR WKH PRVW VHQVLWLYH WR VPDOO H[SWHGP & Q WDWON UW R
IDEFW WKDW WKH EHVW PHWKRG ZDV WKH PHWKR® G QRSW RPR\H X Q
WKDW WKH UHVLGXDO VWUHVVHV LQ WKH FRQG LHAL RTGKMH VW X G
VRIWZDUH DOVR DOORZV WKH XVHU WR WHPBEGERXEBWEZRBQ HH
QRQ GLUHFWLRQDO VWUHVVHY DQG HQIRUFLQHDNVKRIGWHWD QW
IHDWXUHV ZHUH WULHG DQG WKH JHQHDW® VWUHVV FDOFXOI

7KH SURFHGXUH IRU WKH VWUHVV FDOFXODWLHRRNING DV |F
DQG WKH URVHWWH W\SH 5( LQ WKLV VWXG\FLWHKIHG P DKWH U |
PRGXOXV RI HODVWLFLW\ \LHOG VWUHVV DQG VWDQ@G®GDUG PR
WDNHQ IURP WHQVLOH GDWD SURYLGHG E\ %HNDKHWW 3RLVVR
FKHPLFDO FRPSRVLWLRQ IRU DOO IRXU FRQGLWLR®V 7KH KR
SHUSHQGLFXODU PHDVXUHPHQWY DIWHU HDHWHKWRGH WGRUL QW L (
FDOFXODWHG IURP WKRVH YDOXHV 7KH WZHRRBWDLQGD 0GE X WUI
WKH SURJUDP WR FDOFXODWH UPV VWUDLQ PLVHW GRL® DFF
VWUHVVHV PHDVXUHG H[FHHG WKH \LHO® \LW UHQMWHUTKBQ 7 KK |
GHSWK PHDVXUHPHQWY FDQ EH HQWHUHG QDU NVKWE ®\U IDRWG WKL
EDVHOLQH VWUDLQ PHDVXUHPHQWYV |URPWKKBHIQEHN BVF R | RW KAHK F
VWUDLQV LV HQWHUHG IRU HYHU\ LQFUHPHQW DORQJ ZLWK V
DXWRPDWLFDOO\ FDOFXODWHY WKH VWDQ®DUGHWKBBLQWHUUI
VHOHFWHG DQG WKH UHVXOWYV DUH GLVSOD\HG

7KH UHVXOWV GLVSOD\HG LQFOXGH WKH UPV VWODLQ PL\
VWUHVVHV WKH PD[LPXP VKHDU VWUB VRO FEHWWD VZAK LB R PL W KK
GLUHFWLRQ RI JDJH WR WKH GLUHFWLRQ RIWARKHLBPDWIKPK P S
GLUHFWLRQV RI JDJHVY DQG DQG WKH LQ SODQHSWKHDU VW



IRU WKH UPV VWUDLQ PLVILW YDOXH WKHXXQN¥FKHWR Q HRV XNORNHY C
PHDVXUHG GHSWK DQG LQ VSUHDGVKHHW IRUP )RWWHKWV,KQWV t
DUH VSHFLILHG PLGZD\ EHWZHHQ WKH KRW H DG& ¥ WXKU HQR RV XL

DQG PP WKH UHVLGXDO VWUHVVHY DUH UHBRUWHG LC
IRU VPRRWKLQJ DGMXVWPHQWYV IRU QRLV\ GDWD IRU H[DPSO
LQ WKLV VWXG\ $SSHQGL[ % &RPSOHWH +ROWHIMOQBGQJ 5HV.
SULQFLSDO DQJOHV IRU WKH WHVWYV LQFOROGWGER@ BYHFWLRQ
+ROH 'ULOOLQJ $SSHQGL[ ) 6WUDLQ OLVIKMW URV+RWHDUQ CPQ LV
FDOFXODWHG IRU HDFK WHVW LQ RUGHU WR HJBOPILY KHK\PIBD &
ERG\ RU SDUW RI WKH DSSHQGLFHV

+DUGQHVV ,QYHVWLIJDWLRQ DQG &UHDWLRQ RI OLFURKDL
+DUGQHVYV ZDV LQYHVWLJDWHG LQ HDFK FRQGLWLRQ ZLW
KDUGQHVV PHDVXUHPHQWY EHWZHHQ FRQG L WIMRHWQ \R BAKHDUY IF
SURYLGH LQIRUPDWLRQ RQ WKH GHIRUPDWLRQ SURFHVV DQG
KDUGQHVV SDWWHUQV GHYHORS DV D FRQGLWLRQ LV IXUWKH
&5 3UHOLPLQDU\ 5RFNZHOO KDUGQHVV PIDDVXWBRPHQWRY ZK
SURMHFW DQG WKHVH UHVXOWV LQGLFDWWGHSKDWIFRQG LWL
$1 DUH KDUGHU WRZDUG WKH RXWHU HGJHRQV WKB W LDUHH F |
FROG UROOHG IXUWKHU &5 DQG &5 DUH KDQUGHU WRZDUG
)XUWKHU WHVWLQJ ZDV GRQH DW WKLV SRLQW WR H[SDQ
PHDVXUHPHQWY ZHUH REWDLQHG YLD 9LFNHUV KIDWIGRQHVV WFH
+DUGQHVY 7HVWLQJ 6\VWHP ZLWK D /0 $7 PLFUR LQGHQWHU
SXUSRVH RI WKH 9LFNHUV WHVWLQJ ZDV WR FRDKDUPGWKMVH
YDULDWLRQV LQ GHWDLO $Q DYHUDJH RI LQGHQWY DQG FI
FRQGLWLRQ 7KH /(&2 VR IZDADXWHERWQ HUMADRVGHD VTXDUH DU L
WKDW FRYHUHG FORVH WR DOO RI WKHHDVH B®DRIDMIHX [FJURFPV W F
KRULJRQWDO RU YHUWLFDO LQGHQW E\ PP (DFK LQGHQW
PP VTXDUH DQG HDFK VTXDUH LV DVVLJQHG WKH KDUGQH
LQGHQWY PDGH DW HDFK FRQGLWLRQ GHSHQGV RQ LWV FURYV
$ FRORU FRGH ZDV FUHDWHG ZLWK HDFK FRORU UHSUHV
IXO0 FRORU FRGH UDQJLQJ IURP W R +9 7KH KDUGQHVV



* 03 DQ LPDJH PDQLSXODWLRQ SURJUDP 7R FUBNWIH VKE WK
GHVLJQDWHG FRORU XQWLO DOO KD UG QHWH \LIQUEXHMNYW FZ HDUWT L
VL]H HTXLYDOHQW WR WKH E\ PP DUHDKDQGQHQD ®PD\S |
LQWR WKH VKDSH Rl HDFK FURVV VHFWLRQ 7TK®JIRXO P\WBYHD)
HDFK RWKHU +DUGQHVV ZDV DOVR SORWWHG DYWL FO@F YLK
WKURXJKRXW HDFK FURVV VHFWLRQ 7KHVH SORWWRD@RZ W}
WKH PDSV WKDW ZHUH EDVHG RQ UDQJHV RI  KDUGQHVV SRL
KRULIRQWDO GLUHFWLRQ DQG RQH DORQJ WKH YHUMLFE®YO GL
DUH SUHVHQWHG 7KH SXUSRVH RI WKH SORWV LV WR REVHUY
VHEWLRQ DQG WR REVHUYH ZKHWKHU WKHUH D WHY PRYWIM W H (
GHFUHDVH DQG LQFUHDVH

OLFURVWUXFWXUDO &KDUDFWHUL]DWLRQ DQG *UDLQ 6L]Jt

OLFURJUDSKY DQG JUDLQ VL]JHV ZHUH VWXGLHG IRU HDEK
PHDVXULQJ WKH DYHUDJH JUDLQ VL]H RI BQPBIO\RMULRVADV HGERQ
ZLWK WKH SXUSRVH RI REVHUYLQJ JUDLQ VL]H GHYHORSPHQMW
SUHOLPLQDU\ PLFURVWUXFWXUDO LQYHVWLJDWLRQ ZDV GRQH
LQYHVWLIJDWLRQ DUH LQ JRRG DJUHHPHQW ,Q RUGBVY WR RE\
PDGH RQ FRPSDULQJ WKH DYHUDJH JUDLQRDL FH. VB KV WWKHH DF\RHUUHI
JUDLQ VL]H DW WKH FRUH RI D FROG UROOHG FRQIBUIMIRQ 7K
VL]H DW WKH HGJHV 7KLV DSSURDFK LV VLPLODU WR WKH KD

6DPSOHV ZHUH SROLVKHG DQG HWFKHG ZLWK UBH®W QLWD
XVLQJ WKH HQYLURQPHQWDO VFDQQLQJ HOHERUURMF REF UIRE/ FF
DW &RORUDGR 6FKRRO RI OLQHV %DFNVFDWWHU HOMFWURQ
WDNHQ 7KH JUDLQ VL]H DQDO\VLV ZDV SH BIRRFPHGEX ¥ HLE JGWR
WKH VRIWZDUH ,PDJH- ,W LV QRWHG WKDW WKH $8 RO \&WDKHG L
WKUHH FLUFOHV KDYH D WRWDO FLUFXPIHU&IQFORV P DFER RKR
DYDLODEOH WR $6335& VWXGHQWYV FUHNWHG QWK UHR-P FLEREOWM \
W R PP GHSHQGLQJ RQ WKH PDJQLWXGH RI WKH LPDJH WDN
DFFRXQWHG IRU LQ WKH FDOFXODWLRQ )ROORZLIDQGNDKIHE $670
GHYLDWLRQ RI WKH PHDQ OLQHDO LQWHUFH SML Y\ KIHF F XSJEVE \F
DUH FDOFXODWHG $ SFW UHODWLYH D F PQU®D EWRZ [DWD® K DN WH



DOO FRQGLWLRQV E\ DQDO\]LQJ DW OHDVW VL[ PLFURJUDSKYV
FRQGLWLRQV DQG DW OHDVW WHQ PLFURJUDSKVY SHU JRQH RI
QXPEHU RI LPDJHV LV EHFDXVH WKH 77 FRQGILWIRRBFNUKIDYH D
LPDJHVY DUH QHFHVVDU\ WR DFKLHYH WKH PLQLPXP QHFHVVD!

&RPSDULVRQ $UHDV IRU +DUGQHVV DQG *UDLQ 6L]H

,Q RUGHU WR GHILQH ZKDW H[DFWO\ ZLOOHDHF K HIHUUHG \
FURVV VHFWLRQ KDV EHHQ GLYLGHG LQWR ILKH RRHDNR ®VUBO
HGJH DQG DUHD DQG DUH WKH YHUWLFDO HGJH DV VKRZQ
DUHDV DQG DUH JURXSHG WRJHWKHU DV KRUL]JR@WRO HGJ
VD\ DUHDV DQG DUH QRW GLVWLQJXLVKHG IURP HDFK RWK]|
DVVXPHG WKDW HDFK VLGH Rl WKH HLWKHU HGJUHGHY GHIRUPH

J)LIXUH JRXU FRQGLWLRQV GLYLGHG LQWR ILYH DUHDV
&5



6WUHVV 5HOLHYLQJ $QQHDOLQJ 6WXG\

7KH VWUHVV UHOLHYLQJ DQQHDOLQJ H[SHULPHQW ZDV Gt
WHPSHUDWXUH DQQHDOLQJ SURFHGXUH W KDWWG\OD B WH\ UG,
PLFURVWUXFWXUH ,W LV DVVXPHG WKDW M KB RDRIGRVHNWVWYXIEW
REVHUYHG ,W ZDV GHFLGHG WKDW WKH VW& HYYGUW® DMY QP ¢
ZRXOG EH KHDW WUHDWHG IRU WKH ORQJHVW KRVGIOHDH WLP
WHVWLQJ ZDV GRQH ZLWK D 5RFNZHOO KDUG QFHD\VOH L QRS QWMEH U
ILUVW SDUW Rl WKH H[SHULPHQW D VDPSOH IURP HDFK FROG
KDUGQHVV WHVWHG DQG GHVLJQDWHG DV D UHIHUHQFH YDOX

7KLV ILUVW SKDVH Rl WHVWLQJ ZDV GRQHQW RVREM B K@ X0/
EH IRU HDFK FRQGLWLRQ 6RPH RI WKH LQLWLDO DKRXHDOLQJ
KRXUV DQG KRXUV )RU WKH &5 FRQGLWLRQ PRUH WLPHV

PLQXWHY DQG IRU WKH &5 FRQGLWLRQ ORQJHU WLPHV Z

VHYHQ VDPSOHV SHU FRQGLWLRQ ZHUH KH D\MUABIEDW KW $AK |
RSWLPDO DQQHDOLQJ WLPHV ZHUH DERXW PLQXWHV IRU &
ZHUH IXUQDFH FRROHG

7KH ORQJLWXGLQDO WRS DQG ERWWRP RI HDFKWDPSOH 2
WKH KDUGHU VLGH Rl WKH IODW EDU LQ WKH ORQJIYMGHGLQDC
W KDV EHHQ REVHUYHG WKDW LQ WKHVH UHBW R Q BHXDIDGMH | DD V
DOZD\V KDUGHU WKDQ WKH RSSRVLWH MLERDGW R® GBLRYN BEGR
RU WKH FRLOLQJ GRQH DV D ILQDO VWHS )RU WKH SXUSRVH |
VXUH WKDW WKH DQQHDOLQJ LV XQLIRUP DQ®LWKDWU IRDWH D
ERWK VLGHV RI WKH VDPSOH

JRU WKH VHFRQG SKDVH RI WHVWLQJ HDFK VRRASKHDWDYV |
WUHDWPHQW 7KH VDPSOHV ZHUH DLU FRRD K B UGS Q/H\V DVQ QD |
XVLQJ WKH +5%$ 5RFNZHOO VFDOH EHFDXVH \L @ MUKHEHORW® SKI
+5& $JDLQ WKH WRS DQG ERWWRP RI VDPSOHV EPIRGWWHV W
ZHUH WDNHQ EHIRUH DQG DIWHU HDFK DQQHD QL QQ WL GHIDW/HHH
IXUQDFH ZDV UHFRUGHG ZLWK D WKHUPRFRX SRS QNXUWIM ERW
DOVR XVHG WR WUDFN WKH WHPSHUDWXUH DVIVRPW BKDAKH R/



WHVWLQJ RYHU D QXPEHU RI KRXUV 2QFH WKH VWUWNM UHOL
QHZ VWUHVYV UHOLHYHG FRQGLWLRQV ZHUH GHVLJQDWHG DV

7HQVLOH 7HVWLQJ

7HQVLOH WHVWLQJ ZDV FRPSOHWHG E\ %HNBHUW DV UHE
SXOOHG WR IDLOXUH ,W LV UHOHYDQW DQG X\DHIKIOQW& WKH
GRZQ WR WHQVLOH VSHFLPHQV VLQFH QR UHEHGKDK WWH HV\
WHQVLOH WHVW 6LQFH WKH WHQVLOH WKNV8IUGLN BRW RRPS®\H
DGGLWLRQDO GHWDLOV SHUWDLQLQJ WR W K HF Wb Y/RWL QWX I DX
WKH VHOHFWHG VWUDLQ UDWHY DUH QRW NQRZQ E\ WKH EXU
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5HVLGXDO 6WUHVV '"HWHUPLQDWLRQ YLD 6SOLWWLQJ
6SOLWWLQJ WHVWLQJ ZDV FRQGXFWHG IO MWRLERDV HV
GLVFKDUJH PDFKLQLQJ (‘0 7KH UHVXOWV RI ERWK SKDVHV T

6SOLWWLQJ YLD %DQGVDZ

7KH ILUVW SKDVH RI WKH VSOLWWLQJ WHVW ZDY¥ GRQH ZL
REVHUYDWLRQ $1 DQG $1 KDG D FRPSUHVXUYMFHUH VLK XWOF
FXW FORVHG ZLWK $1 KDYLQJ D PRUH FRPSUHVVLYH 5 YDO.
UHVLGXDO VWUHVVHYV QHDU WKH VXUIDFH L H WWHG@WXW RSH
5S YDOXH 5 YDOXHV GHILQHG LQ 6HFWLRQ 6SOLWWLQJ
VLIQLILFDQW VSUHDG 7DEOH VKRZV WKH 5 YDORH IRU HDF
FRQGLWLRQV D QHJDWLYH 5 YDOXH LQGLWKXWHWXBRPBH HA/KLY
SRVLWLYH 5 YDOXH LQGLFDWHY WHQVLOH UHVLGXDO VWUHVYV

JLIXUH VKRZV WKH HLJKW EDUV WHVWHG LQ WKLV ILUV
UHFWDQJXODU DQG )LIJXUH VKRZV WKH 5 GD@ORW&GLVWULE?
FRPSUHVVLYH DQG WHQVLOH UHVLGXDO VWUHKW H\R DHHHIR X Q
RQO\ WHQVLOH UHVLGXDO VWUHVVHYV DUH IRXQXG5LBRDWKHWRR
UHVLGXDO VWUHVVHYV DUH LQWURGXFHG LQ M EB UED WK GW UAH)
QRW IXUWKHU FROG UROOHG $1 DQG $1 GR QRW VKRZ HYI
UHFWDQJXODU FRQGLWLRQ ,W LV DOVR QRWHG WKDKWMURU WK
Lv JRRG DJUHHPHQW EHWZHHQ WKH DV UHFHLYHG DQG UHFWI

7TDEOH + 5 YDOXHV IRU (DFK %DU LQ WKH $V UHFBILYHG DC
'LUHFWLRQ +LJK VSHHG 6DZ

SEHFHLYHGDFKLQHG
&RQGLWLﬁgRuu +RUL]
$1
$1
&!

& !




J)LIXUH (LJKW EDUV LQYHVWLJIJDWHG LQ ILUVW BKDVH RI !
FXW D DV UHFHLYHG FRQGLWLRQ LQ KRUL]JRQWDO C
$1 &5 DQG &5 DQG E UHFWDQJXODU FRQGLWLR
IURP OHIW WR ULJKW $1

,Q WKLV ILUVW SKDVH RI WHVWLQJ LW @D MRPHWIPRHHMVC
EHFDXVH RI WKH QDWXUH RI WKH VDZ FXW IURP IFXWJXDWSHH(
DFKLHYHG DQG WKH PHDVXUHPHQW ZDV VLS OMW UDRB KW L BDHM
WKH PHDVXUHPHQW ZDV PRUH FRPSOLFDWHDBQEHBEDLXWYHWMR QVF
WKH FXW ZLWK D PDQXDOO\ FRQWUROOHG EDQ®RWPMHZRPOWRKBIXV
EDUV LW ZDV GLIILFXOW WR DOLJQ WKH VDZ RMVRVDPIDNB [ DVFRW
WKH ZLUH 7KH GLIITHUHQFH LQ GLUHFWLRQDO DFIRAXD/FRIFDQ
WKLV H[SHULPHQW ZDV WR HQVXUH WKDW WIOH EGWN[ZRWB\DV

PP ZKLFK LV ZK\ VRPH RI WKH FXWV DUH ORGEGIHUWDWHKBW HGN
E\ WKH GLUHFWLRQDO DFFXUDF\ DQG RWKHU IDEWRUYV KRZHY

6SOLWWLQJ YLD (OHFWULFDO 'LVFKDUJH ODFKLQLQJ ('O
JURP WKH VHFRQG SKDVH RI WHVWLQJ ZH FDQ DOVR FRQ
GLUHFWLRQ $1 DQG $1 KDYH D FRPSUHVVLYBDQG® VLLHBXDO V
DQRG &5 KDYH D WHQVLOH UHVLGXDO VWUHYVVLVWDO\HKQ BHHRJUY
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ZLWK VSFEDQG

PDJQLWXGH ,Q WKH YHUWLFDO GLUHFWLRQ  &5QI6/ PRUH WH
UHFWDQJXODU FRQGLWLRQ 5 YDOXHV YDULHG IURRHIVERXW
IRU WKH VL[WHHQ EDUV WHVWHG LQ KRUL]JRQWDOFX@GRYHUWL
WKH VLIWHHQ EDUV VWXGLHG DQG )LIJXUH QMVK®RZ W KO FIRP

'KHQ FRPSDULQJ WKH DV UHFHLYHG 5 YDOXHV ZLWK WKH
GLUHFWLRQ LQ 7DEOH LW LV REVHUYHG WKDWHIRUJWKUHH
5 YDOXHV WKDQ WKH DV UHFHLYHG VDPSONVHYRZIQYUIKNF\WIXQ Y
VDPSOHV FRPSDUHG WR DV UHFHLYHG V DKRLISIKHWS H N GQ RIVQ B VV\
7KXV FRQGXFWLQJ WKH H[SHULPHQW ZLWK ('0 VROYHG VRPH
EDQGVDZ VXFK DV NHUI DQG DFKLHYLQJ GLUHFQRWRRIBPO®O\ DQ
REVHUYDWLRQ LV WKDW UHJDUGOHVV RI WKH PDFHRRY RO SUR
RI PDWHULDO FKDQJHV WKH UHVLGXDO VWO HNYBVWXULNVIHQW |
REVHUYHG DV DQ LQFUHDVH RI UHVLGXDO VW WHG/EBQ G ¢ WK H
LW LV FOHDU WR VHH KRZ UHVLGXDO VW UH®Y R\ BWHMLERWQYR G
EXUUV DQG JHQHUDO QRQ GLUHFWLRQDO DFPXWHMFVRDOWKH F
DIIHFW WKH ('O VDPSOHV

,Q JHQHUDO WKH LQFUHDVH LQ 5 YDOXHV REVHUYHG ZKH
VDPSOHV LV PRUH VLJQLILFDQW IRU DQQHDOHG HRUHILWH. RQ V
5 YDOXHV LV REVHUYHG LQ VRPH FDVHV ZKHQ FRPSWULQJ UHI
PDWHULDO LV UHPRYHG WKH UHVLGXDO VWH K\DH VW YORRG N IR PI



7TDEOH + 5 YDOXHV IRU (DFK %DU LQ WKH $V UHFEGYHG DQ
S9HUWLFDO 'LUHFWLRQ (OHFWULFDO 'LVFKDUJH O

SHFHLYHG FWDQJXODGBHFHLY G FWDQJXODU
&RQGLWLF§+¥RUL] +RUL] 9H U\ 9H U\
$1
$1
&!
&!

UHVW RI WKH EDU 7KLV GHFUHDVH LQ 5 Y DYCHKUHWIL\E 3O BW U FHEO
WKH 5 YDOXH LV KDOYHG DIWHU WKH VDPSEB RY BBOKHQRGV F
LQ WKH ILUVW SKDVH 7DEOH IRU WKH FROG ULR/DIO W& HF R Q ¢
IDFW WKDW WKHVH FRQGLWLRQV DOUHD G\ \KDY HVWIHN LLWF DD \A
OLNHO\ WKDW WKHVH UHVLGXDO VWUHVNE&YV , WUIHY UHDWLRI YOHRGV K
IRU WKH DV UHFHLYHG YHUWLFDO VDPSOHV VWXGYHG LQ WKH
UHVLGXDO VWUHVVHV ZHUH IRXQG IRU DQ\ Rl WKH IRXU FRQG
DQQHDOHG FRQGLWLRQV KDYH D FRPSUHKN\WRQY K QHRIUGXDROR D\
DIWHU WKH DQQHDOLQJ SURFHVYV

7KH FROG UROOLQJ SURFHVV LV WKHQ FRQVLIRWPHG VSH
LQ WKH KRUL]JRQWDO DQG YHUWLFDO GLUHFWLR@YWI WKH FU
LPSDUWHG DORQJ WKH KRULJRQWDO GLUHFWLSRID WX Z®\LQ WK
5 YDOXHV DUH KLJKHU LQ WKH KRUL]JRQWDO GH G HFPLSROH V LKA
PRUH WHQVLOH LQ WKH KRUL]JRQWDO GLUHFWLWQRWVKKOI}VHY W
RI WHVWLQJ ZH FRQFOXGH WKDW DOWKRXJK WKH GLVWULE X\
VWXG\ VKRZV D OHVV DOWHUHG SLFWXUH RVWIQH BRQGENDL® Q
DQQHDOLQJ DQG FROG UROOLQJ ,W LV VHHQ PRUH FOHDUO\
FRPSUHVVLYH UHVLGXDO VWUHVVHV DQG WKD@ FRRGRWLRQ
WKH KRUL]JRQWDO GLUHFWLRQ

5HVLGXDO 6WUHVV (VWLPDWHY IURP 6SOLWWLQJ

JURP WKH RSHQLQJ RU FORVLQJ RI WKH FXW UHVLGXDO \
KRULIRQWDO DQG YHUWLFDO GLUHFWLRQV XVLQJ (UKDWLRQV
VKRZQ LQ 7DEOH EHORZ IRU DV UHFHLYHG VSHONPH®M LQ \



F G

J)LIXUH 6L WHHQ EDUV LQYHVWLJDWHG LQ VHFRQG SKDVI
D DV UHFHLYHG FRQGLWLRQ LQ KRUL]JRQWDO GLUHF
KRULIRQWDO GLUHFWLRQ F DV UHFHLYHG FRQGLWL
G UHFWDQJXODU FRQGLWLRQ LQ YHUWLFDO GLUHFW
DUH $1 $1 &5 DQG &5
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HODVWLF PRGXOXV LV WDNHQ IURP D SUHYLRXV VWKIEBGE GRQH
WR EH WKH WKLFNQHVYV RI HDFK EDU SHUSHQGLRXJXADU WR WK
JRU HIDPSOH IRU WKH KRUL]JRQWDO GLUHFW LRRV W R/H FWKILF Q C
JRU WKH UDGLXV RI FXUYDWXUH WKH OHQJWKHRUWK HR F XUW)KYH (
VDZLQJ FXW PP DQG WKH GHIOHFWLRQ ZWRPEBBRAXODWHG
PHDVXUHPHQW DV GHILQHG LQ HTXDWLRQ

SHVLGXDO VWUHVVHYVY ZHUH HVWLPDWHG RQO\ IRG WKH D\
YHUWLFDO GLUHFWLRQV 7KHVH HVWLPDOAMNMWWDLIQPH DBV ROWW ILX
TXDQWLWDWLYH VHQVH $1 DQG $1 UHDFK FRPGEVY RV\OIBDH V)
IRU WKH KRUL]JRQWDO GLUHFWLRQ ZKL O®HWKNHUHKN VWM IOP B W
&ROG UROOHG FRQGLWLRQV &5 DQG &5 VKRZOWMBQVLOH V)
IRU ERWK KRUL]RQWDO DQG YHUWLFDO GLUHF® ISP@ QHKH VSO
UHVLGXDO VWUHVV FRPSRQHQW WKDW DFWWOBDYBKEBAW®D WR W
VFKHPDWLF RI D EDU FXW LQ WKH KRUL]JRQWD G GHOHWW® LVRIQH
FXW )LIXUH VKRZV DQ H[DPSOH RI D KRUL]IR@WHOHYVDPSOH

7TDEOH + 5SHVLGXDO 6WUHVV (VWLPDWHYV HUIDLFBY UHFHAW E

$V SHFHLYHG&GYV 5HFHLYHG 9HUWLFDO

&RQGLWLRQ ,py] 03] 031

$1
$1
&
& !

SHVLGXDO 6WUHVYV '"HWHUPLQDWLRQ YLD +ROH 'ULOOLQJ

JLIXUHV WKURXJK VKRZ SORWV RI D[LDO VWUHVVH\
LQ )LIXUH DQG PD[LPXP DQG PLQLPXP SULQFLSDOOVWUHV\
PHWKRG WHVWHG 6RPH JHQHUDO UHPDUNV DERGOH WKH WH O F
OHWKRG SURYLGHY DQ LGHDO QXPEHU RI LQFUHPHQWY HQR
UHVLGXDO VWUHVV SURILOH WR DSSUR[LPDWHO\ DM EHORZ \
DUWLILFLDO YRODWLOLW\ RU LQVWDELOLW\ LQMKH GDWD OF
PHDVXUHPHQWY OHVV WKDQ PP EHORZ WKHQWVIWRH E XV



J)LIXUH 6FKHPDWLF RI VSOLWWLQJ VDPSOH ZVWK FXW LQ
PHDVXUHG DFWV SDUDOOHO WR WKH SODQH RI WKH F

D E

J)LIXUH $1 DV UHFHLYHG VDPSOH D FXW IMQLEROL]RQV
GLUHFWLRQ 7KH UHVLGXDO VWUHVVHV PHDVXUHG DL

REVHUYH FRQWLQXRXV DQG VPRRWK SURILOHV HRAMKHU WK
ILUVW LQFUHPHQWY LQ HDFK WHVW ZH DN MAHQVW ORHURMKHRPR Q
7TKH WZR PHWKRGV SURYLGH GLITHUHQW SLHFHNORHDUW IRUPDW
SLFWXUH RI WKH UHVLGXDO VWUHVV SURSDAUHWIIRQ HIVFR | PRIQI
XWPRVW LPSRUWDQFH 2YHUO\ HOQOWKXVLBEBVWIPPFHDEXNDBER QWD
PDGH LQ WKH ILUVW FRXSOH RI LQFUHPHQW:VIRWHWIOCGOXDO VWU
FRQGLWLRQV LQ WKH IROORZLQJ SDUDJUDSKV WKH PD[LPXP
UHVLGXDO VWUHVVHYV PHQWLRQHG UHIHWWR WKH [ GLUHFWLI

5HVLGXDO VWUHVV SURILOHV IRU WKH $1 FRQ@LWLRQ L
J)LIXUH 7KH UHVLGXDO VWUHVV VWDWH WWDRRWHRRRQVHV



WKURXJKRXW WKH PHDVXUHG GHSWK 7KLV FKDQJH KDSSHQV
JUDGXDO DSSUR[LPDWHO\ PP EHORZ WKHKMXUIDFHLPKA UH
FRPSUHVVLYH YDOXH RI 03D FDOFXODWHG ZWWK OHWKRG
OHWKRG )RU &5 )LJXUH WKH FRQGLWLRQ FROG UROOF
SURILOH LV FRPSUHVVLYH QHDU WKH VXUIDFH 3D 03D FDOFX
FDOFXODWHG ZLWK OHWKRG W EHFRPHV WHQWVDQIB DSSUR]
FRQWLQXHV WR LQFUHDVH ,W UHDFKHV D M5 LZAX\PK VO H @AKLROEH
DQG 03D FDOFXODWHG ZLWK OHWKRG DW DQG PP EH
OHWKRG DOLJQV ZLWK ZKDW OHWKRG VXJJHVWWK 7KH UHVL
OHWKRG DOVR VWDUWYVY FRPSUHVVLYH DQGHVKBESYWHDENHYV T
LQFUHDVHG

7KH $1 FRQGLWLRQ DQQHDOHG DV D ODV\@XD\OHSWIDHEV V
VWDWH WKDW LV FRPSUHVVLYH QHDU WKRG&/XWIPD MKH \ GU3DHF
DQG 03D FDOFXODWHG ZLWK OHWKRG L Q HWH@ N XW UWADROZ D

PP DQG PP EHORZ WKH VXUIDFH FDOFXODWHG ZLWK OH\
VKDSHV RI WKH VWUHVV SURILOHV GHWHUPLQHG E\ OHWKRG
$1 ZLWK WKH VDPH PHWKRGV 7KH &5 FRQGLWLRQ FROG U]
WHQVLOH UHVLGXDO VWUHVVHV WKUR XJKRXWI RUK W R H\D ¥ R QIEE
DUH VKRZQ LQ )LJXUH JRU OHWKRG WKH UHWLKEGKDO VWU
VXUIDFH DQG LQFUHDVHV WR 03D PHDVXUHG DW DSSURJ[LP
\ GLUHFWLRQ )RU OHWKRG WKH UHVLGXDO VWUHVV SURILO
\ GLUHFWLRQ ,W LV DOVR QRWHG WKDW &5 ZDYOWWMW PRYW \
WHVWV

J)LQDOO\ WKH UHVLGXDO VWUHVV SURILOHV IBU WKH VWL
JLIXUHV DQG DUH REVHUYHG 6WUHVV UHOQBYHG FR
RQO\ 7KH 65 FRQGLWLRQ ZDV QHXWUDO WKURXMNWRXW WK F
SURILOH GHWHUPLQHG ZLWK OHWKRG )RU WKH OHBMKRG UH
DSSUR[LPDWHO\ PP EHORZ WKH VXUIDFH QRWLFHDEOH LQ
FRQGLWLRQ ZDV RQ DYHUDJH QHXWUDO DOWKRXJK D SHDN D
WKH OHWKRG UHVLGXDO VWUHVV SURILOH )URGLWKH®B UHV



DQQHDOLQJ ZDV VXFFHVVIXO LQ UHOLHYLQJRWIBQWROEBHIHVLG
FRQGLWLRQV

'LVEXVVLRQ RI 5HVLGXDO 6WUHVYV 3URILOHV DV D )XQFW
&RQGLWLRQV KDYH EHHQ SORWWHG WRJHWKHU IRU GLUH
DQG VKRZ WKH D[LDO UHVLGXDO VWUHVV SURILCRQNFDOEF>
7KH VL[ FRQGLWLRQV DUH JURXSHG LQ WZR JURXSV ;; $1
$1 &5 DQG 65 LQ RUGHU WR REVHUYH WKH AXKDRQIH LQ
RI SURFHVVLQJ )LJXUH VKRZV WKH UHVL@®®8DO WQMG HVV SU
YLIXUH VKRZV WKH UHVLGXDO VWUHVV SUR KRGV FDIOFWO [
D PRUH FRPSOHWH SLFWXUH ZLWK D VPRRWK SURILOH EXW 0
REWDLQLQJ D EDVLF XQGHUVWDQGLQJ RI ZKDW HDFK SURILOF
'KHQ FRPSDULQJ DQQHDOHG YHUVXV FROG UROOHG FRQG

FRQVLVWHQW IRU HDFK JURXS )RU H[DPSOH LQ )LJXUH C
VKDSH SURILOHV EXW WKH VKDSH SURILOH RI  &®B3IN VKLIWH
SURILOHV RI'  $1 DQG &5 DUH REVHUYHG LQ )LJXUH D D

&5 WKH VWUHVV SURILOHY DUH OHVV IDHOLNMHKH+BANY & XD @/ K/R
SURILOH RI $1 FDOFXODWHG ZLWK OHWKRG VIVWQUHWVWDVHYV W
LQFUHDVHY UDSLGO\ XQWLO DSSUR[LPDWHO\ PP EHORZ WK
VORZO\ 6RPHWKLQJ DQDORJRXV KDSSHQV LQ &5 7KH VWUH'
KROH GHSWK EXW LW LQFUHDVHY VORZO\ XQWD&VHWWHDFKH
UDSLG ,Q )LJXUH F DQG G WKHUH LV D UDSOGWIK(HFUHD V

PP PDUN 7KH VWUHVYV SURILOH FDOFXODWHG ZLWK OHWKR
VXEWO\ 5HVLGXDO VWUHVYV SDWWHUQV FDQ RBYREH REVHUY
FRQGLWLRQV ,Q ERWK FDVHV WKH VWUHVV UHOLIRRCH3ZS SURIL
UROOHG SURILOH EXW LW LV FOHDU WKW W WHKIH VMWIJH U ¥ VULHIX
SURFHGXUH VHOHFWHG

JLIXUHV DQG VKRZ WKH UHVLGXDO VWUHVYV SURILC
JURXSHG E\ SURFHVVLQJ DQQHDOHG DQG FROG UROOHG FRQ
DQG $1 REVHUYHG LQ )LIJXUH D DQG E DQG )LIXUH
UHVLGXDO VWUHVV VWDWHYV WKDW DUH LQWURGXRHGL EXQWQ@J



I I I I I I I I I I
o L il s L i
- i - oo’
= - ot 2 - o« o
; ’/‘:‘:8>/‘\ o809 .:‘::::/‘/ : /. /. ®. .\.\._./.,. o ‘/Q/
L e *-o-0—* — - /‘/,,._,\‘\"‘* - o —
2 e = 5 ’
~ - — : _/ —
L —— : VWUHVV = _°/‘ —— 0D[ 3ULQFLSDO
- T < VWUHMY < —+— 0LQ 3ULQFLSDO
'HSWK IURP V; 'HSWK IURP V;
D E
I I I I I I I I I I
o L i o L ]
I
- '3/ ] - :/ )
= | ——  VWUHVV = i —— 0OD[ 3ULQFLSDO
- —+— < VWUHMWV v - —+— 0LQ 3ULQFLSDO
1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I
'HSWK IURP V; 'HSWK IURP V;
F G
YLIXUH 5HVLGXDO VWUHVV SURILOHV IRU FRQGLWLRQ $
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVH\

VWUHVVHVY GHWHUPLQHG E\ OHWKRG DQG G SULQF
OHWKRG



I I I I I I I I I I
° T g eeseee, T © T P00 eeee0te, n
- - \“‘*0—0-04\‘\ \’*o\._.—O”. E - / "““0-0-0»\‘ 0 qe0®
:_ : f ’\’\"04—0" 7] - -7 \‘\‘\"0—0—‘/’ 7
v ] = T / )
= [ —e— ; VWUHVY  ~ [ —+— 0D[ 3ULQFLSDO
- = < VWUHWV - ——0LQ 3ULQFLSDO
'HSWK IURP V) '"HSWK IURP V)
D E
I I I I I I I I I I
g — /0\. - o - . /’\. .

L / .

[ce<t i p
T
*,
|
rsr Y mp
o
\‘
|

| —— : VWUHVV - I —— 0D[ 3ULQFLSDO
- —+— < VWUHMWV v - —+— 0LQ 3ULQFLSDO
L | L | L | L | L | L | L | L | L | L |
'HSWK IURP V. 'HSWK IURP V.
F G
YLIXUH 5HVLGXDO VWUHVV SURILOHV IRU FRQGLWLRQ &
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVH\

VWUHVVHVY GHWHUPLQHG E\ OHWKRG DQG G SULQF
OHWKRG



T T T T T T T T T T
o _ o L i
- -0—@® P —o—®
2 B 0/‘;24—’0'-QZ'&:@—%‘:Q:Q:”.:Q:’_:—:—‘ - - B o020 00 0ee? 0—0—0—:—0—0
': /0;0/ of - ./';o/ o
- _./:/’ _ - Lo” * _
v e = W
- | —— ; VWUHVNM -~ 0 —e— OD[ 3ULQFLSDO
- —— < VWUHWV - —— 0LQ 3ULQFLSDO
L | L | L | L | L | L | L | L | L | L |
'"HSWK IURP V. '"HSWK IURP V.
D E
T T T T T T T T T T
o i s L i

[(C<M MR
|
N\
|
crer vipmp
* 0
\\
|

[ ]
] I —— : VWUHVYV - I —— 0D[ 3ULQFLSDO
- —+— < VWUHWV v - —+— 0LQ 3ULQFLSDO
! | ! | ! | ! | ! | ! | ! | ! | ! | ! |
'HSWK IURP V; 'HSWK IURP V;
F G
YLIXUH 5HVLGXDO VWUHVV SURILOHV IRU FRQGLWLRQ $
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVH\

VWUHVVHVY GHWHUPLQHG E\ OHWKRG DQG G SULQF
OHWKRG



— B ® 4 ‘/’/‘:./. 7] —_— B ././ /‘/‘ b
[P o 4 ,0”. ‘) ,0’./ /0/‘
L o0 _ o L o _
,O '0—0—0-\’,:0‘\9"":3::: - - o009 :—‘: :':”’
= P ad _ = s ad _
voT ] S ]
= [ —— ; VWUHVV [ —e— 0D[ 3ULQFLSDO
- —— < VWUHMWV - —— 0LQ 3ULQFLSDO
L | L | L | L | L | L | L | L | L | L |
'"HSWK IURP V. 'HSWK IURP V.
D E
I I I I I I I I I I
- - s .
o — /:/. — o —.’J././{/Q -
_ :/‘/ _ . *
= L _ = e _
voor ] S ]
= 0 e VWUHVY < [ —— 0D[ 3ULQFLSDO
- —+— < VWUHMWV v - —+— 0LQ 3ULQFLSDO
1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I
'HSWK IURP V. 'HSWK IURP V.
F G
YLIXUH 5HVLGXDO VWUHVV SURILOHV IRU FRQGLWLRQ &
GHWHUPLQHG E\ OHWKRG E SULQFLSDO VWUHVVH\

VWUHVVHVY GHWHUPLQHG E\ OHWKRG DQG G SULQF
OHWKRG



I I T I I I
. 200F -
2] L
¥
g 100+ -
g 0 e z;,’\;g;e,e_e_ezo:e 0—0=’o‘=®=0v¢.¢_@_‘_’
z 100-‘
S|
he
200+ _
5 00 i —e— X-stress
-300+ —e— Y-stress —
L | L | L | L | L |
0 02 04 06 0.8 1
Depth from surface (mm)
D
I I T I I I
. 200F -
< L
A
é 100+ -
5 ofe—e——s -
L
% -100( s
> L
e
g '200__ —e— X-stress 7
< 300 —e— Y-stress i
| | | | |

0 02 04 06 08 1
Depth from surface (mm)

YLIXUH

0

F

200

100

-100

-200

-300

200

100

-100

-200

-300

T T T T T T
~ 200 —200
<
5 i ]
= 100 - 100
% 0 o .;::Q,Q—0—0—’0‘:’0‘:@:’0‘:’0‘-’0‘=GJ&_G_/‘\;,‘\_,‘_‘ -0
= '“ ]
2100 71-100
< L 4
B
QO - - - -
£ 200 | —e— Max Principal | 200
& 300- —e— Min Principal 4 -300
L 1 L 1 L 1 L 1 L 1
0 02 04 06 08 1
Depth from surface (mm)
E
T T T T T T
~ 200 4200
<
5 i ]
2 100- - 100
% OF $—t=—+—"1 70
Z 1001 - -100
< L 4
R
Z=__) _200__ —e— Max Principal__ -200
&~ 300k —e— Min Principal - -300
L | L | L | L | |
0 02 04 06 08 1

Depth from surface (mm)

G

SHVLGXDO VWUHVY SURILOHV IRU IRM@YEHWLRQ
GHWHUPLQHG E\ OHWKRG

6

E SULQFLSDO VWUHVVHYV

VWUHVVHY GHWHUPLQHG E\ OHWKRG

OHWKRG

DQG G SULQF



100

T T T T T T
s |
- /l‘\/‘\z"‘%\\n =
- _..,\r\"‘”“‘ %"‘t’o‘:e:’o""“"e& 7
'\/ — —
= 0 —— . VWUHV]
- —+— < VWUHW
| L | L | L | L |
'"HSWK IURP VI
D
T T T T T T
. 200F =
< L
e
= 100 T
30 B e—— i
§ i 7
@ -100F i
> 00 i
g -200 —eo— X-stress
I —e— Y-stress
>< -300 B | | | | | i
0 02 04 06 08 1
Depth from surface (mm)
F
JLIXUH

200

-100

-200

-300

<l
~

0

arsr e

<
~

Principal stresses (MPa)

200

100

-100

-300

0

-200

—e— 0D[ 3ULQFLSDO

—+— 0LQ 3ULQFLSDO
1 I 1 I 1 I

'"HSWK IURP VI

E
T 1 T T
n =200
L - 100
L ,\/"‘/e _- 0
l‘\/‘
L = -100
0 —e— Max Principal__ 200
L —e— Min Principal 4 -300
! | 1 | | | | | 1 |
0 02 04 0.6 0.8 1

Depth from surface (mm)

G

SHVLGXDO VWUHVYV SURILOHV IRU IRMYEHWLRQ 6

GHWHUPLQHG E\ OHWKRG

VWUHVVHY GHWHUPLQHG E\ OHWKRG

OHWKRG

E SULQFLSDO VWUHVVHYV

DQG G SULQF



PRUH FRPSUHVVLYH VWDWH ERWK FRQGAMVERMI/UKINYH YIH WHML
VXUIDFH DQG LQFUHDVHYVY WRZDUG D WHQWLOH$IWIHDEK HW VW
QHXWUDOLW\ DW DERXW WKH PP PDUN +RZHYHU ZKHQ WK

&5 DUH FRPSDUHG WKHUH DUH QRW DQ\ WLV QDIW R/DRX\WVZLIPW
VLPLODU UHVLGXDO VWUHVV SURILOHV WXIOW BUWR K I REGTE RA
SURFHVV 7KLV FKDQJH LQ UHVLGXDO VWUHVV SURILOH LV UH
DPRXQW Rl QRQ XQLIRUP SODVWLF GHIRUPDWLRQ LQ HDFK FI
XQGHUJRHV D PXFK ODUJHU OHYHO Rl UHGXFWLRQ a SFW
WKH VWUHVV SURILOHV LQ $1 DQG &5 KDYH @RWH WIQRA ODU

&5 3HUKDSV EHFDXVH WKH UHGXFWLRQ LV JUHRDWHKH WKH G
FURVV VHFWLRQ DQG WKXV WKH SODVWLF GHIRUPDWLRQ LV

SHVLGXDO 6WUHVYV 3URILOHV WKURXJK &URVV 6HFWLRQYV
(VWLPDWHV RI FRPSOHWH VSOLWWLQJ DQGHRORUGULQOOL

IRXU FRQGLWLRQV LQ )LIXUH DQG 7TKH VSOLWWLQJ YD
DV UHFHLYHG KRUL]RQWDO DQG YHUWLEDB ¢ HYMNXNFPDWHE IURP
5 YDOXHV $V PHQWLRQHG LQ 6HFWLRQ 68 AHWW GQ@ D OW

VWUHVV FRPSRQHQW WKDW DFWV SDUDWOMN®X® R GVWH BW K@K
VSOLWWLQJ HVWLPDWHYV UHIHU WR DQ DYWH B JHXUHVEIG RD QV K
DQG ERWWRP HGJHV VDPSOH RULHQWDWLRQ LV VKRZQ LQ )L.
HVWLPDWHY UHIHU WR DQ DYHUDJH UHWKB XDLQ KWW D BBVORH WYV
HDFK GLUHFWLRQ LW ZDV DVVXPHG WKDW WKIQVDY DORHDZDV
DSSUR[LPDWLRQ LV WUDFHG IURP ERWK VIRGH V7 K\LR/ZD UGHW KH
DSSUR[LPDWLRQ DYHUDJHV WR JHUR VR WGUZDWH FRPGWLHOM L
VWUHVVHVY DW WKH FRUH DQG YLFH YHUVD FK® DJWSDB5®WRIAK
ZDV XVHG IRU WKH KROH GULOOLQJ SURILOHV (BDIBRNVKRROH GU
VOLJKWO\ RYHU PP $JDLQ LW ZDV DVVXPHG WKDW WKH NQF
7KH D[LDO UHVLGXDO VWUPRNDBWQUWGE H [ VEK WHFWKIRREQ LV XVHG
DSSUR[LPDWLRQ 7KH NQRZQ KROH GULOOLQJ VQDBI®V GDWD
OLQHDU DSSUR[LPDWLRQ LV SORWWHG BRPSRWW W K FIR S RIIL
7KH *&DOFXODWH $UHD” IHDWXUH IURP WKH FIRRSEWWHU SURJL
HVWLPDWHG KROH GULOOLQJ SURILOH DQG WR HEYXUH WKH \
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HVWLPDWHG KROH GULOOLQJ SURILOH LV SORWWHG ZLWK WK

7KH KRUL]JRQWDO VSOLWWLQJ HVWLPDWHY DWHY FRPSDUH
WKDW LQFOXGH PHDVXUHG DQG HVWLPDWHG YDOXHV 7KHUFL
FRPSDULVRQ IRU WKH YHUWLFDO VSOLWWLQZHMWRPDWHY EH
LQVWDOOHG DFURVV WKH OHQJWK DQG QRWORRBURMUWDKED KB L
RQ WKH VPDOO GLPHQVLRQ RI WKH EDU ZR XROS0 B LY I W UFDRLRDS (
JDJHV ZRXOG EH UHTXLUHG DQG DV WKH VWUDQROHUMWBILYMWM
LQFUHDVHV DQG EHFDXVH VRPH Rl WKH EQWYDIDWCH URRKG@GHG
DIJUHHPHQW EHWZHHQ WKH WZR PHWKR G Y R/H OH\WFSHHFG O R O \UIIR)
FROG UROOHG FRQGLWLRQV %\ REVHUYLQJ WKH UHVXOWYV RI
WRJHWKHU D EHWWHU XQGHUVWDQGLQJ RI WKH LQIRUPDWLR
REVHUYHG KRZ WKH VDPH UHVLGXDO VW UHWWHOW LRV HE FEDS0 Ei il

JRU H[DPSOH WKH SUHVHQFH RI FRPSUHVVLYH UHVLGXDC
XQH[SHFWHG DV LW LV D FROG UROOHG FRQGLOLRIQS Y RIZHH |
LQ FROQMXQFWLRQ ZLWK WKH VSOLWWLQJ SURHAMRI ZH XQGHU
FRPSUHVVLYH UHVLGXDO VWUHVVHV GRHV QR®WHQWHWY D W VWK/DI
QHDU WKH VXUIDFH ,Q &5 WKH LQFUHDVWHMW GAHDHISHW K G W R
VSHFLPHQ LV EDODQFHG E\ D VLJQLILFDQ@WDRRS8SBEH\OH YN $WI
E\ WKH VSOLWWLQJ PHWKRG DOWKRXJK LW LV VLPS®HU 6R
DQG TXLFN WHVW LW VWLOO SURYLGHV YDHOXREOB ¥ MK WWK ¥
LQIRUPDWLRQ SURYLGHG E\ D FRPSOH[ PHWKRG

,Q JHQHUDO WKH DQQHDOHG FRQGLWLRQV RDWKHR X LR LLOWD
LV DSSDUHQW WKH VSOLWWLQJ WHFKQLTXH QVPQRWWDW \H HMF |
WKH VXUIDFH 7R H[SODLQ ZK\ WKH VSOLWWLQJDWRHFKQLTXH L
PLQLPD VWUHVVHV WKH QDWXUH Rl ERWK PMHOVXODGPORDRW WH
PHDVXUHV UHVLGXDO VWUHVVHV WKURXJKR XOW DU SIOF LD DBG (
VSOLWWLQJ HVWLPDWHYV D VLQJOH UKLWL 8 XQ DOWWDHOXH YLD/O X Y
UHSUHVHQW DQ DYHUDJH RI QHDU VXU VD ZH QG \DIRAX PO W WU A B
RU PLQLPD UHVLGXDO VWUHVVHV PHDVXUHG E\ KROH GULOOL
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E

J)LIXUH &RPSOHWH HVWLPDWHG VSOLWWLQD DQ¥L KROH G
DQ( € 6SOLWWLQJ LV StGULOOLQJ LV
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< _
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+ROH 'ULOOLQJ

;a SFW UHGXFWARQ

J)LIXUH &RPSOHWH HVWLPDWHG VSOLWWLQD DQ¥L KROH G
DQG E &5 6SOLWWLQJ LV SORWWHG LQ EODFN KR



+DUGQHVYV WKURXJK &URVYV 6HFWLRQ

7KH KDUGQHVY UHVXOWY DUH UHODWHG URJW KLDMA GIHW VF
PDI[LPXP KDUGQHVV DQG PLQLPXP KDUGQHVV GHWWUPRRQQW& ||
FDOFXODWHG DW %HNDHUW 7HFKQRORJ\ 8HQWHUWH@VKOM EF
VWUHQIJWK HVWLPDWHG IURP WKH KDUGQHVYV YDOXEBLQRL HDF|
DQG 9DQ 7\QH > @ )LJXUH VKRZV WKH KDUGQHVV PDS IRL
ORFDWLRQ 7KH FRORU NH\ LV VKRZQ LQ )LJXUH DQG LW |
FRORU ,W LV QRWHG WKDW WKH $670 6WDQGDUGHBHVW O0OHWK
DFFXUDF\ XQGHU RSWLPDO FRQGLWLRQV LV RI'WKH 9LFNHU
UHIHUHQFH KDUGQHVV WHVW EORFNV 7KXV IRU 9LFNHUV KD
WKHUH DUH DQG HTXLYDOHQW KDUGQHVV “XQLWV UHVSHEF
HUURU SRVVLEOH IRU WKH YDOXHVY UHSRUWHG LQ WKLV VHFW

/DI 1i+DUGQHVV DOQG 7HQVLOH 6WUHQJW
THQVLOH7HQVLOH

HUDJHOD[LPXP OLQLPXP
&RQGLWL§[§UGQHVVDUGQHV’VDUGQHVQ)/XVHUNF:QJW(G@NWULHPQJWK
$1 + ! + ! + ! 03 03
$1 + ! + ! + ! 03 03
&! + ! + ! +! 03 03
&! + ! + ! + ! 03 03

7KH KDUGQHVV PDS IRU WKH $1 FRQGLWLRQ LV PRVWO\
UDQJH RI WR +9 SFW RI WKH LQGHQWY DUH LQ WKLV
UDQJH RI W R +9 DQG PDUNHG LQ OLJKW EOXH LV IRXQG
HIWHQGLQJ SHUSHQGLFXODUO\ IURP WKH FHQWHU LQWR ERW
SFW RI WKH LQGHQWY DUH LQ WKLV VRIWHU UDBQWHR7KH P
UDQJHV WKXV WKH WRWDO KDUGQHVV UDQKBW ZRX®GWHG [
LQGLFDWH VLJQLILFDQW KDUGQHVV YDULDWLRR® G SIDRIONCLHF® O
FRQGLWLRQV 7KH &5 FRQGLWLRQ FROG UROOHG IXUWKHU I
WKH FRUH DQG DZD\ IURP WKH HGJHV LQ WKH KRUL]JRQWDO G|
+9 DQG LW LQFOXGHYV SFW RI WKH LQGHQWV SFW R
+9 UHSUHVHQWHG LQ UHG 7KLV ODUJH UHJLRQR® FRQFHC
H[EFHSW LQ WKH OHIW DQG ULJKW HGJHV RI WKH ZLUH 7KH VR



UHSUHVHQWYV SFW RI WKH LQGHQWY DQG LW LV IRXQG DO
LQ \HOORZ DQG EULJKW JUHHQ DUH DW VHHPLQJO\ UDQGRP \
DYHUDJH WKH &5 FRQGLWLRQ LV +9 KDUGHU WKDQ WKH
7KH $1 FRQGLWLRQ LV RYHUZKHOPLQJO\ OLJKW EOXH ZK
UDQJH SFW RI WKH LQGHQWY DUH IRXQG LQ WKLV UDQJH
+9 DQG UHSUHVHQWHG LQ EOXH LV IRXQG DORQJ WKH FHQ
ULJKW DQG VOLJKWO\ PRUH FRQFHQWUDWHG LQ WK D PH GQOH
WKLV VRIWHU UDQJH 21 WKH IRXU FRQGLWLRQV $1 KDV WKH
FRQGLWLRQ LV KDUGHVW DORQJ WKH FHQWHU DQ®GRDH RI W
ZKLFK UHSUHVHQWV WKH W R +9 UDQJH 7KLV \MOORZ UD
PHDVXUHG 7KH EULJKW JUHHQ UHJLRQ W R +9 UHSUHVI
LQGLYLGXDO LQGHQWY DUH IRXQG DORQJ WKH HERIL\Q BQUWL
WKH PDS 7KLV FRQGLWLRQ KDV OHVV RI D VSUHDG LQ WHUP
WKDQ WKH &5 FRQGLWLRQ DOWKRXJK LW GRHV KPYHGWKH O
DV VKRZQ LQ 7DEOH 9DOXHV IURP W R +9 ZHUH IRXQG
DYHUDJH WKH &5 FRQGLWLRQ LV +9 KDUGHU WKDQ WKH
JURP WKHVH LQLWLDO REVHUYDWLRQV LW LV REVHUYHG
GHIRUPHG PRUH WKDQ WKH RXWVLGH UHJLRQHDUHGKH ZLUH L
FRQGLWLRQV DUH VRIWHU DW WKH FRUH D QRQ K DOUGHH K DOMB MK
WKH FRUH DQG VRIWHU DW WKH HGJHV 7R REVHUR®GVWKH HIIF
DQQHDOHG DQG FROG UROOHG FRQGLWLRQV DUH FRPSDUHG
ORFDWHG LQ WKH FRUH FRPRUL/M\RWQ ®BHRBRVWM VHFRVLRQDO
DQG WKH VRIWHU UHJLRQ LQ &5 W R +9 ORFDWHG LQ
PP RI D WRWDO FURVV VHFW LIRNQHDZQ. \DH) HWB KRl KD U ®IRU UHJLRQ
+9 ORFDWHG LQ WKH HGJHV FRRZXWOWHW KH KIDUHDHRIUHJL
W R +9 FRPSULVHV DQ7REHHMRLGH WPIWHU UHJLRQ LQ
+9 FRPSULVHV DQ DURIDDRWRWDR® FURVV VHFWEZRQOB WKHD RI
RXWVLGH VRIWHU UHJLRQ LQ &5 W R +R1 PRWKWD/BV D
FURVV VHFWLRQDO DUKHDRAWVLGAPKDUGHU UHJLRQ LQ $1
FRPSULVHV DQ DUHDQRI WKHRRVLGH KDUGHU UHJLRQ LQ &5



FRPSULVHV DQ DUHEXM IRUPP$1 &5 DQG $1 WKH KDUGHU
VLIQLILFDQWO\ ODUJHU WKDQ WKH VRIWHU DUHD
W LV DOVR QRWHG WKDW IRU DQQHDOHG FRQ®RUWLRQV \
WKH LQGHQWYV SFW RI WKH $1 LQGHQWYV DQG SFW RI
KDUGQHVV UDQJHV PHQWLRQHG DERYH )RU FROG UROOHG FR
SFW Rl WKH &5 FRPSULVH WKH KDUGQHVYV UDQJHV PHQW|
7KHUHIRUH DQQHDOHG FRQGLWLRQV DUH VOLJRWOXPWHKHUWQ
LQYHVWLIJDWH ZKHWKHU WKH FRUH RI HDFK FROG UROOHG FR
HGJHV LQ FRPSDULVRQ ZLWK WKH FRUUHVSRQGLQJ DQQHDOF}
FRPSDUHG E\ ORFDWLRQ 7KH LQVLGH UHJLRQ LQ $1 ZLWK K
UDQJH RFFXS\LQWV FRP®DUHG WR WKH LQVLGH UHJLRQ LQ &
WK H W R +9 UDQJH RFAX®GLWKH LPWLGH UHJLRQ LQ $1
YDOXHV LQ WKH WR +9 UDQUW FRPBOINHQIWR WKHH LQVLG
&5 ZLWK KDUGQHVYV YDOXHV LQ WKH WR 7KX9@ UDIQHUBIH RFF
ELJJHU KDUGHU DUHD LQ WKH FHQWHU RI WKW NROWE HLR D QD
LQ WKH FHQWHU RI WKH DQQHDOHG VSHFLPHQ W DIOOHH R X\VQV W&
W R +9 UDQJH RFFXSLVQERPSDPRG WR WKH RXWVLGH UH,
KDUGQHVV YDOXHV LQ WKH W R +JKUDRIM VRBFXBHIQRQ L
ZLWK KDUGQHVV YDOXHV LQ WKH WR LW & RIDSDIMHH GR MFRK SU K
RXWVLGH UHJLRQ LQ &5 ZLWK KDUGQHVV YDOXHV LQ WKH
R LQ DFFRUGDQFH WKH KLJKOLJKWHG RXWVOGHUROIDM G MR
DQQHDOHG VSHFLPHQV ,W LV SRVVLEOH BAHYDZW MK ID\DH) KD O B G
FROG UROOHG VSHFLPHQV DUH UHODWHG WR WNKH IRUPDWLRC
PHQWLRQHG LQ 6HFWLRQ JRUPDWLRQ RI 5HVLGXDO 6WL
'"HIRUPDWLRQ
+DUGQHVYV ZDV SORWWHG DV D IXQFWLRQ Rl ORFDWLRQ D
WKURXJKRXW HDFK FURVV VHFWLRQ 7KHVH SORWWRD@RZ W}
WKH PDSV WKDW ZHUH EDVHG RQ UDQJHV RI  KDUGQHVV SRL
DORQJ WKH KRULJRQWDO GLUHFWLRQ DQG RQH DORQJ WKH Yl
DQG 7KH SORWV VHOHFWHG IRU WKLY UHSRQWVUHSUHVHC
&RQGLWLRQV FROG UROOHG DV D ODVW VWHSKKOMH KLJKHU K
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J)LIXUH +DUGQHVY PDSV IRU HDFK FRQGLWLRQ D $1
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J)LIXUH &RORU NH\ IRU KDUGQHVYV PDSV

FRQGLWLRQV DQQHDOHG DV D ODVW VWHS K IX¥H SKKLLIKRINUHKMDIU (
WKH SORWV LV WR REVHUYH KDUGQHVV YDULDWIHROMW WKURXJ
SDWWHUQV WKDW DUH IRUPHG DV KDUGQHVV YDOXHYV GHFUHTE
,Q J)LIXUHYV DQG WKH GHFUHDVH LQ KDUGQHVV IUF
LQFUHDVH FDQ EH REVHUYHG IRU FRQGLWLRQV $1 DQG $1
$1 DQG LW LV REVHUYHG WKDW DIWHU WKHQ®G&Q WK R QDD
XQWLO LW UHDFKHV D YDOXH FORVH WR WKHWLROW R85 ODUJ
DQG &5 KDYH DQ RSSRVLWH SDWWHUQ DV VKRZQ LQ )LJIXUH\
DW D PLQLPXP LQFUHDVH XQWLO WKH PD[LPXP DV QGIHWF KRH G
WKH FURVV VHFWLRQ ,W LV QRWHG WKBW WUKH S BHYBIV W HUWHI\
IDUWKHU DZD\ IURP WKH FHQWHUOLQHYV WKH S IRWWHWQALDH
ZLWK VRPH H[FHSWLRQV
JURP WKH KDUGQHVV PDSV LW LV FRQFOXGHG WKDW WKFE
DORQJ HDFK FURVV VHFWLRQ DV WKH FROG UROOLQJRWDNHYV
&5 IDFLOLWDWHY WKH REVHUYDWLR® WBDW QW/NUBIW. W BHY E
FROG UROOHG FRQGLWLRQV PRUH VR WKDQ LQ WKIHRBGJIHV 7
DORQJ KRUL]JRQWDO RU YHUWLFDO GLUHFWLR®O & KFROWKBW
FRQGLWLRQV WKH KDUGQHVV UHDFKHV D SHONHW $QHBBE Y
FRQGLWLRQV VKRZ RSSRVLWH SDWWHUQV WH ISIDAV WAH D QW UDRIXI



RQO\ REVHUYHG QHDU FHQWHUOLQHYV LQ HLWWHUQVMHEWHBDNO
GRZQ WR D UDQGRP VSUHDG RI KDUGQHVY PHDVXUHPHQWV W
WKH FRUH
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HGJH DQG E KDUGQHVV PHDVXUHG YHUWLFDOO\ DW



,QKRPRJHQHLW\ RI )ORZ

7KH LQKRPRJHQHLW\ RI IORZ REVHUYHG GXUL@JXQGH GU
UHODWHG WR WKH KDUGQHVYV JUDGLHQW > @ LV GBEGFIX®DDWHt
JLIXUH $UHDV DQG DUH DYHUDJHG \WR & I RIQHV D UBPG W
DYHUDJHG WR EH RQH DUHD WKH YHUWKPG GIEVMYH F®DEIOMH W |
WKUHH ORFDWLRQV FRUH KRUL]JRQW D OVK & JIHQ KORPFR Y H QML D |
IDFWRUV FDOFXODWHG EHWZHHQ WKH KH B R WDH B KR ¥ HRWMFIDC
DOO IRXU FRQGLWLRQV $ SRVLWLYHDWUGQULYGDERDWHKN RRWDHY
VLIQ LQGLFDWHV WKDW WKH FRUH IZDFWHKRWG B UHWKDMF XVKHW
SXUSRVH RI TXDQWLI\LQJ WKH KDUGQHVQ @/IKHHKRHW EIHKNIH
FOHDUHU LGHD RI WKH OHYHO RI QRQ XQLIRUP GMURQPDWLRQ

7KH , ) IDFWRUV FDOFXODWHG IRU HHPWQ® KRS DRI Y&
OHYHO Rl QRQ XQLIRUP GHIRUPDWLRQ ZDV QRWGKLFIG EKLFK
SFW $ KLJKHU OHYHO Rl UHGXFWLRQ FRXO @ H Q @IDAD & | RAKMDH
FRPSDUHG WR D ORZHU OHYHO RI UH®HRWLRIDD V XNV H I HIQONAR LC
ZHUH YHU\ XQLIRUP , ) IDFWRUV ZHUHQW BRDBQ JHSIFQV WKKHUH
FDOFXODWHG IRU WKH KRULJRQWDO HGJHV RUKH®H DYGVRRE
QRQ XQLIRUP GHIRUPDWLRQ KDSSHQLQJ DW WKH KRUL]JRQWD
+RZHYHU WKH , ) IDFWRUV FDOFXOQ@HIEOER ORYGCQWIRWYN W
WKH FRUH DQG FROG UROOHG FRQGLWLRQV IDBWRIDW GRIW DI
DQQHDOHG DQG FROG UROOHG FRQG L VDIROQ WHKDY\H VRISIS RN LLW H
UHODWLRQVKLS EHWZHHQ FRUH DQG HGJHYV

7Df  1$YHUDJH +DUGQHVV LQ 7KUHH /RFDWLRQ
UGQHVMDUGQHVY) SFW, ) SFW
&RQGLWLJEQDQUQGQHVJ‘/D+9 *9 ~RQH ~RQH
eruy TRULIRQWIHUWLFDEHUVX  YHUVX
(G. (G. =RQH =RQH
$1
&!
$1

&




*UDLQ 6L]H $QDO\VLV

OLFURVWUXFWXUDO FKDUDFWHUL]DWLRQ DQ®RNWIXIHQ VL]H
IRXU FRQGLWLRQV (PSKDVLV ZDV PDGH RQ FRPSDULQJ JUDLC
SDUWLFXODU FRQGLWLRQ DQG EHWZHHQ DQQHDOHG DQG FRO
$670 JUDLQ VL]H QXPEHU DQG DYHUDJH GLDP HWRHLY LDQVPWKBIR
FRUH DQG HGJHV GHILQHG LQ 6HFWLRQ &RPSBHLVRQ $UHL
$670 JUDLQ VL]H QXPEHU IRU WKH HGJHV LV FDOFM@WDMMI DV
HGJH )LIXUHV WKURXJK VKRZ VHFRQGDU\ DQ® EDFNVF
WKH FRUH DQG KRUL]JRQWDO DQG YHUWLFDO HGVHY RO MKW UIR
LPDJHV W\SLFDOO\ UHYHDOHG PRUH GHILQHG JUDHY ERXQGDI!
([DPSOHV RI PLFURVWUXFWXUHV RI  $1 DUH SUHVHQWHG LQ )

DQG IRU &5 )LJIJXUH DQG VKRZ FRUH DQG HGJH PLI
YLIXUH DQG VKRZ PLFURVWUXFWXUHY DW WKH PHQWLR
7D 1$670 *UDL 1XPEIRU (DFK Rl WKH 'DW &RUH

&RQGLWLRQ /IDVW 3@&%&@9&&9 @\W%UDéH LDPHWHU

$1 $QQH

&! &R UR!

$1 $QQH

&! &R UR!
&RQGLWLRQ /IDVW 3@%&&}/&?69 ?\WMSUDﬂ,H LDPHWHU

$1 $QQH

&! &R UR!

$1 $QQH

&! &R UR!

,Q JHQHUDO WKH IRXU FRQGLWLRQV DUH GHVFULEHG DV
FDUELGHV RQ D IHUULWH PDWUL[ ZLWK VRDPDWLBRQFIHW FRR @OV
ZLWK WKH SUHOLPLQDU\ PLFURVWUXFWXUDO VWXGLHV GRQH
ODUJHU JUDLQV WKDQ ERWK ;; FRQGLWLRQV 7KH ILQDO FRC
DITHFW WKH JUDLQ VL]H VLIJQLILFDQWO\ HRPEDKHRHIRWR (K$HD
FRPSDULQJ &5 WR $1 WKH DYHUDJH JUDLQ VL]H LWVHOI GtF



XQLIRUPLW\ DQG DVSHFW UDWLR Rl WKH JUDLQV ENDIRJH ,Q \
UHGXFWLRQ LQ $670 JUDLQ VL]H QXPEHU EXW QR JUDLQ HORC
JUDLQV FKDQJHV &RQGLWLRQV DQQHDOHG DV WKH]®DWVW VW
FRQGLWLRQV FROG UROOHG DV WKH ODVW QWBBSHBREMHUYBQG|
WR YHU\ VPDOO JUDLQV 3DUWLFXODUO\ IRU &5 @DWEH JUDI
OHVV XQLIRUPO\ RU FRQVLVWHQWO\ VL]HG JUDLQV WKURXJKR
REVHUYHG LQ WKH &5 FRQGLWLRQ EXW QRW LQ &5 $1
JRU WKH ;: FRQGLWLRQV 7DEOH VKRZV WKDW WKH $6
ERWK FRQGLWLRQV )RU $1 WKH $670 JUDLQ VL]H QXPEHU Zz
DW WKH HGJHV ZKLOH IRU &5 WKH $670 JUDLDERXMA QXPE
DW WKH KRUL]JRQWDO HGJH DQG DERXW DW WKH YHUWL
WKHUH LV VRPH VPDOO OHYHO RI JUDLQ UHILRQBW B\KD \R FFKH U
LV VOLJKWO\ PRUH UHGXFWLRQ RFFXUULQJ DW WKH KRUL]JRQ\
HGJHV EXW QRW VLJQLILFDQWO\ )RU WKH ;; FRQGLWLRQV 7
$670 JUDLQ VL]H QXPEHU IRU $1 ZDV DERXW DW WKH FRU
&5 WKH $670 JUDLQ VL]H QXPEHU ZDV GHWHUPLQHG WR EH |
DW WKH HGJHV 7KLV JUDLQ VL]H UHGXFWLRWQ BKH IKREOROG C
FURVV VHFWLRQ PXFK PRUH QRWDEO\ WKDQ IRUMWEBYV ;; FDV
UHGXFHG LQ WKH VDPH UDWH DW WKH FRUH DQG HGJHV LQ ¢
$ QRWDEOH JUDLQ VL]H UHGXFWLRQ LV REVHUYHG LQ FRC
FRQGLWLRQ $1 YHUVXV &5 )URP WKH JUDLQ VL]H UHVXOW\
VLIQLILFDQWO\ FRQFHQWUDWHG LQ D SDUWLFXMRPHIKDIWRQ
XQLIRUP DFURVV WKH FURVV VHFWLRQ :H DOVR REVHUYHG W
$1 $1 DQG &5 DOO SUHVHQW HTXLD[HG JUDLQV ZKLOH
$1 FURVV VHFWLRQ ZDV UHGXFHG DERXW SFW ZKLOH $1
&5 XQGHUZHQW D PRUH XQLIRUP GHIRUPDWLRQ WKDQ &5 M
LW VHHPV OLNH WKLV GHIRUPDWLRQ ZDV LPSDUWHG WKURXJk
XQLIRUPO\ ZKLFK H[SODLQV WKH HORQJDWHG JUDL@V HYHQ
VL]H QXPEHU ,Q FRQWUDVW WKHUH ZDV JUDLQ VL]BIOUHGXFW
LW LV QRWHG WKDW WKHUH ZDV QR REYLRXV HWFIQIF®JI RIHV SR



VKHDU EDQGY DV D UHVXOW RI WKH GHIRQRDOWIKRO® I3 DRIFUKR Z
LQ )LIXUH
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J)LIXUH OLFURVWUXFWXUHV Rl $1 GLIIHUHQW ORFDWLR

D VHFRQGDU\ HOHFWURQ LPDJH E EDFENVFDWWHU
HOHFWURQ LPDJH DQG G EDFNVFDWWHU HOHFWURAC
ZLWK SFW QLWDO



> 7'

JLIXUH

F G

OLFURVWUXFWXUHV Rl $1 GLIIHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW KRUL]JRQ
LPDJH WDNHQ DW KRUL]JRQWDO HGJH F VMMFRQGDU\
HGJH DQG G EDFNVFDWWHU HOHFWURQ LADUJH WDNI
HWFKHG ZLWK SFW QLWDO



> 7'

JLIXUH

F G

OLFURVWUXFWXUHV RI &5 GLIITHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH E EDFNVFDWWHU
HOHFWURQ LPDJH DQG G EDFNVFDWWHU HOHFWURAC
ZLWK SFW QLWDO



)LIXUH

F G

OLFURVWUXFWXUHV RI &5 GLIITHUHQW ORFDWLRC
D EDFNVFDWWHU HOHFWURQ LPDJH WDNWQRXW KRUL
LPDJH WDNHQ DW KRUL]JRQWDO HGJH F VMMFRQGDU\
HGJH DQG G EDFNVFDWWHU HOHFWURQ LADUJH WDNI
HWFKHG ZLWK SFW QLWDO



JLIXUH

F G

OLFURVWUXFWXUHV Rl  $1 GLIIHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH E EDFNVFDWWHU
HOHFWURQ LPDJH G EDFNVFDWWHU HOHFWURQ LPD
SFW QLWDO



YLIXUH

F G

OLFURVWUREWHKUHYWIORFDWLRQV DW WKH FURVV
D VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW KRUL]RQ
LPDJH WDNHQ DW KRUL]J]RQWDO HGJH F VMMFRQGDU\
HGJH DQG G EDFNVFDWWHU HOHFWURQ LADWUJH WDNI
HWFKHG ZLWK SFW QLWDO



JLIXUH

F G

OLFURVWUXFWXUHV RI &5 GLIIHUHQW ORFDWLR
D VHFRQGDU\ HOHFWURQ LPDJH E EDFNVFDWWHU
HOHFWURQ LPDJH G EDFNVFDWWHU HOHFWURQ LPD
SFW QLWDO



JLIXUH

F G

OLFURVWUGEWHKUHYWOREDWLRQNAIWWKH FURVYV
D VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW KRUL]JRQ
LPDJH WDNHQ DW KRUL]JRQWDO HGJH F VMMFRQGDU\
HGJH DQG G EDFNVFDWWHU HOHFWURQ LADUJH WDNI
HWFKHG ZLWK SFW QLWDO



BWUHVV 5HOLHYLQJ $QQHDOLQ]J

JRU WKH ILUVW SDUW RI WKH H[SHULPHQW VL[ WR VHYHQ
KHDW WUHDWHG DW f& IRU WLPHV UDQJLQJ IURP PLQXW|
FROG UROOHG FRQGLWLRQ &5 DQG &5 ZDV KDW®@KWY WH
YLIXUH VKRZV KDUGQHVV YHUVXV DQQHDOLQJ WLPH IRU
VWXG\ WKH KDUGQHVV Rl HDFK UHIHUHQFH VDP SH0G! WRBUEH F
IRU FRPSDULVRQ ZLWK WKH ILUVW EDWFK Rl KHDW WUHDWHG
PHDVXUHPHQWY DUH LQFOXGHG LQ WKLV JUD SKE DU GHQ$ WKV L
ORQJLWXGLQDO GLUHFWLRQ DQG VLGH % LQGHFIDWBIY WKH V
LQFUHDVH LQ KDUGQHVV IRU VKRUW SHULRGV Rl WLPH OHVYV
KRXU IRU &5 DQG WKHQ KDUGQHVV GHFUHDGKBW VD VL 8 FSHDV
IRU VKRUW KHDW WUHDWPHQWY LV GXH WR VWUDLRODIONVQJ D
LQFUHDVHG GXULQJ ORZ WHPSHUDWXUH KHDWLQJ DIWHU FRO
QLWURJHQ GLVVROYH LQ IHUULWH GXULQJ KHDWLQHGDQG G X
LQ VROLG VROXWLRQ VHJUHJDWHG WR JUDLQDEEXGGEDLQEV R
QLWULGH SDUWLFOHV 6WUDLQ DJLQJ RFEXBRV¥X\WHRQL QW H D M
ILHOGV ZKHQ VWUHVV LV DSSOLHG WKH GHLW)YORW RV IVRKQY EHF
LQWHUDFWLRQ EHWZHHQ WKH GLVORFDWLRQV DQG WKH DWRI

JRU WKH &5 FRQGLWLRQ VLJQLILFDQW KDUGQHVV GLIIH
YDOXH DUH ILUVW REVHUYHG DW DERXW WKH R®LQXWH PDU|
KDUGQHVYV PHDVXUHPHQWY UHPDLQ FRQVWDQW IRU ORQJHU
FRPSDUHG WR WKH UHIHUHQFH YDOXH KRZHYHWYYV DM DERXW |
D PLQLPXP $QQHDOLQJ WLPHV ZHUH QDUURZHG GRZQ IRU HD
WHVWLQJ ,W LV REVHUYHG WKDW WKH RSWLPXP ORQHDWDLQJ
WKDQ ILYH KRXUV IRU &5 )RU WKH VHFRQG SKDH/G®G Rl WHVWI
EHIRUH DQG DIWHU WKH KHDW WUHDWPKQWQJ WX N >B$ CBHR\E N E
VFDOH EHFDXVH LQ WKH ILUVW SKDVH RI WHVW IHUHV@RPW BDO
YDOLG $670 PHDVXUHPHQW  )LJXUH DQG EHORZ VKRZ
$ DQG VLGH % RI HDFK VDPSOH LQ WKLV VHFRQG SKDVH RI W

EHORZ D KDUGQHVV GHFUHDVH LV REVHUYHG LQ VLGH $ F
WKH VDPSOH DW PLQ )RU WKH &5 FRQGLWLRQ )LJXUH



VLGH $ RI WKH VDPSOH $W VL[ KRXUV WKH KDUGWKNVHEHVLQ
DQ LQFUHDVH LQ KDUGQHVV IRU WKH VD/P SOHM K6 MW L\Q U HIVW |
FRQVLGHUHG LQ WKLV FDVH DV ZHOO %HFD X WD Q&HQK DW IGI\M
5RFNZHOO KDUGQHVYV YDOXHV KDYH DQ HUURU RDWRLEHRI *

PLQ IRU &5 DQG VL[ KRXUV IRU &5 ,W LV DOVR QRRWHG WKL

D &5 VDPSOH ZDV DURXQG f& EHFDXVH RI WX® BAHAHX VW V
WKH\ ZHUH KHDW WUHDWHG IRU D VKRUWHUUWMWHIHRDYV &5 U
VOLIJKWO\ DERYH f& OLFURJUDSKV RI WKH VWQBYV UHOLF

* OLFURJUDSKV RI 6WUHVYV 5HOLHYHG &RQGLWLRQV

7HQVLOH 7THVWLQJ

7HQVLOH WHVWLQJ ZDV FRPSOHWHG E\ %HNDHUW WZR W
DV UHFHLYHG VDPSOHV DQG UHOHYDQW UHVEGHNV D/ER RE WH
WHQVLOH SURSHUWLHY DYHUDJHG IURP WKH W\Z\R LWHWWYV [IRU
LQFOXGHG LQ WKH WDEOH ZDV XVHG DV DQ LQSXWRIRU WKH |
WKH VWUHVV VWUDLQ FXUYHV IRU $1 DQG &5 DQG )LIJXUH

$1 DQG &5

&5 KDV WKH KLJKHVW \LHOG VW UHQWKH DRXGUXPORNLELDMLHF
DQG DFFRUGLQJO\ LW DOVR KDV WKH ORZHVW XQLIRUP HORQ
RWKHU KDQG  $1 KDV WKH ORZHVW VWUHQJWK SURSHUWLHYV
FRPSDUHG WR &5 LW LV REVHUYHG WKDW WKH \LHOG VWUH:!

03D DQG WKH XOWLPDWH WHQVLOH VWUHQJWK LV LQFUF

03D +RZHYHU ERWK HORQJDWLRQ PHDVXUHPHQWYV DUH
8QLIRUP HORQJDWLRQ DQG HORQJDWLRQ DW IUDFWXUH GHFU
UHVSHFWLYHO\ ,Q WKH FDVH RI $1 YHUVXV &5 \LHOG VWU
03D DQG XOWLPDWH WHQVLOH VWUHQJWK LV LQFUHDVHG E\
HORQJDWLRQ LV GHFUHDVHG E\ D IDFWRU RI IURP W R
GHFUHDVHG E\ D IDFWRU RI  IURP W R SFW

7KXV WKH LPSDFW RI FROG UROOLQJ RQ VWUHRIJWK SHUI
FRQGLWLRQV ;; DQG ;; ,Q WHUPV RI HORQJDW IURQLWSHFL
D VLIQLILFDQW UHGXFWLRQ LQ &5 FRPSDUHBPWRH Q&3 O,AV LV



UHVLGXDO VWUHVV PHDVXUHG LQ FROG HRWO¥XK \ERIQGLWA B Rt
OHVV WKDQ SFW RI WKH \LHOG VWUHQJWK LQ ERWK FDVHYV
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J)LIXUH SUHOLPLQDU\ VWUHVYVY UHOLHYLQJ DQIQHDBO&QJ L
LV SORWWHG DJDLQVW DQQHDOLQJ WLPH IRU D &5
IRU HDFK FRQGLWLRQ LV LQFOXGHG LQ WKH PLQXWH
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SORWWHG DJDLQVW DQQHDOLQJ WLPH IRU &5 D VI
VRIWHU VLGH %HIRUH DQG DIWHU DQQHDOLQJ KDUC
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&DUERQ VWHHO DUPRULQJ ZLUHVY DUH XVHG WR SURWHFW
HQYLURQPHQWY IRU RLO DQG JDV DSSOLFDWLRQWLV6NLYRGDO |
RI ZLUH KRZHYHU WKHUH LV VWLOO D QHWHAHMWER EHWMWKD XQ !
VWUHVVHYV ZLWK SRVVLEOH IDLOXUH PRGHV GKKRIZLBPHNIL G XBIC
VWUHVVHY DUH LQWURGXFHG GXULQJ GLIIHUOXONVVRIURAHW VL Q
PHDVXUHPHQW PHWKRGY DQG WR LQYHVWLIJDWH WKH UHOLH
$ORQJ ZLWK WKH UHVLGXDO VWUHVV GHYHORSPBQWR KDUGQF
VWXGLHG

JRXU ZLUH FRQGLWLRQV ZHUH SURYLGHG E\ %HNDHUW !
DQG $1 ZHUH DQQHDOHG DV D ODVW VWHS DQG &5 DQG &
DQG $1 UHVSHFWLYHO\ $00 IRXU FRQGLWQRQMWKRBB GLIIHU
SURILOHVY DQG WKH FROG UROOHG FRQGLWLRQV KBG GLIIHUF
ZHUH GHWHUPLQHG XVLQJ WKH VSOLWWLQJ DQGPRRBRY H IGWH OO
GHWHUPLQHG ZLWK 9LFNHUV PLFURKDU @Q HVW LW ) VINQ® J UDLLRX
DQDO\VLYV ZDV FRPSOHWHG IRU DOO IRXU FRHGAWH.RQV $ VW
GHILQHG DQG WZR VWUHVYV UHOLHYHG FRQGLWLRQV ZHUH LC
SURILOHVY ZHUH GHWHUPLQHG IRU WKHVH VWUHVW UHOLHYHG
UHVLGXDO VWUHVVHV ZHUH LOGHHG UHOLHQHGHYV RO WA B LHDY
%HNDHUW ZHUH LQFOXGHG

6SOLWWLQJ WHVWLQJ ZDV FRQGXFWHG WZIHHW ZILMDKOD KL
GLVFKDUJH PDFKLQLQJ (‘0 7KH SXUSRVH RI UHSHDWLQJ WKl
WKH LOWURGXFWLRQ RI UHVLGXDO VWUHVVHV GXULQJ FXWWL
GLUHFWLRQDO DFFXUDF\ 5 YDOXHV ZHUH RMHYEXADW HGNVWRVV
DQG WR GHWHUPLQH ZKHWKHU HDFK VWD WWKYWXW HD EBIV AMKHH!
VSOLWWLQJ PHWKRG PHDVXUHV D VLQJOH @ HWVR GXKDHO S\OMDIPHHV R
FXW SULRU WR WKH FXW )RU WKH ILUVW SKDVH RI WKH H[SHL
WKH VHFRQG SKDVH 5 YDOXHV YDULHG IURP WR WK JHQH
PRVW WHQVLOH $1 $1 &5 DQG &5 LQ WKH KRDOIRQWDC
GLUHFWLRQ &5 KDG PRUH RI D WHQVLOH VW WHWH & WDKWHH W



VDPH KHQ WHVWLQJ PDFKLQHG UHFWDQJXQDBX D/ NMUWPHINQWH M
ZHUH REVHUYHG LQ DQQHDOHG VDPSOHV WKDWY LMIQRY & GHMO |
EH HVWLPDWHG IURP WKH GHIOHFWLRQ PHDVXYXUSHIGMIFBOFK F
VHQVH RI WKH UHVLGXDO VWUHVVHV PHDVXBRG FWWKMW V@D 5
IRU WKH KROH GULOOLQJ WHVWLQJ 7KH HVWLPBWHYVY LQ WKH
03D $1 03D &5 DQG 03D &5

7KH KROH GULOOLQJ VWUDLQ JDJH PHWKRG ZDV WKHQ XV
D GHSWK RI PP LOWR WKH VSHFLPHQ IRU DOO IBHU FRQGLWI
LOQYHVWLIDWHG OHWKRG IROORZLQJ $670 6WDQGDUG 7HVW
GHWDLOHG DQG VPRRWK SURILOHV +RZHYHU OHWKRG ZKLF
THFK 1RWH 71 I[URP 9LVKD\ SUHFLVLRQ *URXSJH® VY DONVERX D |
VWUHVVHV ZLWK OHVV LQFUHPHQWY VR WKH SURIKKMHY ZHUH
VSHFLPHQ EXW WKH\ SURYLGHG D YDOXDEOHG-RNHN RO E&RWK
SDWWHUQ RI WKH VWUHVYV SURILOH 7KH UHOAXO WYE VREMWIH® N (
VSOLWWLQJ GR QRW FRQWUDGLFW HDFK RWKHWRIVFEHVDYWRQBEWO
ZHUH FRPSUHVVLYH DW WKH VXUIDFH DQG EKHH D/FSHH MMLHP®IDL O H
7TKH FROG UROOHG FRQGLWLRQV KDG UH@VG® B ONKW R XYKRXWR
PHDVXUHG GHSWK EXW WKH\ ZHUH HLWKHU FRPSUHYVLYH {
RUGHU RI OHDVW WHQVLOH WR PRVW WHQVL®H DWS5WRK & XUII

&5

7KH PDJQLWXGHV RI WKH UHVLGXDO VWUHQWIBVENRU WKH

KROH GULOOLQJ ZHUH QRW LQ GLVDJUHHPHQ WWAALWH RHIHY X B €

KROH GULOOLQJ IRU &5 YDULHG IURP WR 03D ZKLOH I
03D 7KH KLJK FRPSUHVVLYH VWUHVVHYV PHDVXUHG E\ WKH
IRU $1 DQG XS WR 03D IRU $1 ZHUH QRW REVHUYHG ZL\

REVHUYHG WKDW WKH DQQHDOHG FRQGLWLRQV KIRQRD GHE\ V
QRW 7KXV HYHQ IRU VLPLODU VWDUWLQJ UHVIILXWIDGCY RVQ DV \
FRQGLWLRQ KHDYLO\ FKDQJHVY WKH UHVLGXDOHWWWR®VV VWDW
PHWKRGV IRXQG WKDW &5 KDG WKH KLIKHVWDWWL @XDPBKV W I
PDNHVY VHQVH EHFDXVH WHQVLOH UBIWHOAM® WWOHVYMBVRD W HA
GHFUHDVHYV &5 DQG &5 XQGHUZHQW D DQG SFW UHGXF



&5 FRPSUHVVLYH UHVLGXDO VWUHVVHKRXKH K HVKU M VIHHOWL G
VWUHVV SURILOH EHFDPH WHQVLOH DV B[SHFWHG DV WKH P

6SOLWWLQJ DQG KROH GULOOLQJ UHVLGXDO VWUHVV SUR
FURVV VHFWLRQDO WKLFNQHVV E\ XVLQJVWXUR FIRIGHF R X WWNVB DN
JHUR 7KHUH LV JRRG DJUHHPHQW EHWZHHQ ERWK PRWKRGV
DQQHDOHG FRQGLWLRQV ,Q JHQHUDO WKH KROH GULOOLQJ
UHVLGXDO VWUHVV SURILOHV +RZHYHU HW URUM FDUHS L ROR ¥
FRPSOLFDWHG IRU VPDOOHU VDPSOHV 7KH RSOHWMNL® LWHW K
SURYLGHV DQ DFFXUDWH RYHUDOO ORRN DW W KG&WHWYQBW DOH
ZKHQ PRUH UDSLG PHDVXUHPHQWY DUH QHDNVGHG V, WHML @ RMMH
VWUHVVHV WKURXJKRXW D VSHFLILHG GHSWKNQ & D B WKIHP B XWH
VLQJOH UHVLGXDO VWUHVV YDOXH QHDU WKMRWXDWHRHHEW DY
FDSWXULQJ PD[LPD RU PLQLPD PHDVXUHPHQWYV

+DUGQHVY PDSV ZHUH FUHDWHG ZLWK 9LFNHUWHKIH URKD!
KDUGQHVV WHVWLQJ DQG RI WKH JUDLQ VH]BFRM/WQREL\OLW\ZRN
QRQ XQLIRUP GHIRUPDWLRQ RFFXUULQJ GXULQJ FROG UROOL
VRIWHU DQG WKH HGJHV DUH KDUGHU DQG WHKKWRSWRWUWH. Y
D FRQFHQWUDWLRQ RI GHIRUPDWLRQ LQ WKH FRUGJRI| WDKK F
REVHUYHG WKDW IRU DQQHDOHG FRQGLWLR@WDVRH VRIMPHU L
RI D WRWDO FURVV VHFWRDRGDO DRRHD WRWDOPPURVV VHFWLR

PP IRU $1 DQG $1 UHVSHFWLYHO\ ZKLOH IRU FROG UR
WKH VRIWHU LQGHQWY DW WKH HGEHD WHRSWMY HFQ W VIVQV B B WD F

PP DQG RP D WRWDO FURVV VHFWRRQD&S5 CDUHD R&5 |
UHVSHFWLYHO\ 7KH KDUGHU LQGHQWY DW WKRIHGJHV IRU DC(
PPDQG RRJ $1 DQG $1 UHVSHFWLYHO\ DQG WKH KI

IRU FROG UROOHG FRQGLWLRQIQRBFFXSARDQ RYWMMEB! &5 PP
UHVSHFWLYHO\ 30RWV Rl KDUGQHVYV DORQJ KEOLROWDO DQ
LQGLFDWH WKDW IRU DQQHDOHG FRQGLWLRQV WKHUHRUW D P|
ZKLOH WKH RSSRVLWH LV WUXH IRU FROG UROOWGVRRIQGLWLR
HGJHV +RZHYHU WKHVH KDUGQHVV SDWWHUQV RMLFDRFF XU
FHQWHUOLQHV RI HDFK FURVV VHFWLRQ



7KH PLFURVWUXFWXUDO FKDUDFWHUL]DWLRQVSKDYR UP® G
DEXQGDQFH RI VSKHURLGL]HG FDUELGHV LQ D IHUSILWH PDWL
DQG &5 KDYH DQ $670 JUDLQ VL]H QXPEHU RI DFURVV FRU
VRPH JUDLQ HORQJDWLRQ LQ &5 $1 KDV DQ $670 JUDLQ VL

DW HGJHV ZKLOH &5 KDV DQ $670 JUDLQ VL]H QXPEHU RI
HGJHV ,Q WKLV FDVH ERWK $1 DQG &5 KDYH HTXLD[HG JU
VLIH EXW QR REYLRXV FKDQJH LQ PRUSKRORJ\ 7KH FKDQJH L
UHILQHPHQW LQ &5 FDQQRW EH SLQSRLQWHGS®HRQDQ\ SDUWL
VLPLODUO\ DW FRUH DQG HGJHYV

BWUHVV UHOLHYLQJ DQQHDOLQJ ZDV LQY RWHPISIHWDMGK UG
DQQHDOLQJ SURFHGXUH WKDW FRXOG UH O RQGH W/IHRQAL @ HWIKF
VLIQLILFDQWO\ DOWHULQJ WKH PLFURVW UXPWXGHRIQW KD U G
ORQJHVW WLPH D VDPSOH FRXOG EH LQ WKHARHUYDRZADDW f
GHWHFWHG 7\SLFDO VWUHVV UHOLHYL®R>W®&P SH@DWRUD ¥ QD
ORZHU WHPSHUDWXUH ZDV VHOHFWHG W R VRHEW P LUQY HHGVWIK I DKAD W/
ORQJHVW WLPH D VDPSOH FRXOG EH LQ WKHUIKD\DHD EB\VZLWKR
PLQXWHV IRU &5 DQG KRXUV IRU &5 +RZHYHU DQ LQFUHL
ERWK FRQGLWLRQV IRU VKRUW DQQHDOLQJ WLPHV mHWV WKL
GXH WR VWUDLQ DJLQJ 7ZR VWUHVV UHOLHYHG FRQGKWLRQV
UHVLGXDO VWUHVV SURILOHV PHDVXUHG E\ KR@FHOGGHGOLQJ |
BHFWLRQ 5HVLGXDO 6WUHVV '"HWHUP L QB WLRXQ DYL@H-DROQ K J L
SURFHGXUH ZDV VXFFHVVIXO LQ ERWK FDVURPL®Q K @ KD MLRH
OD\HUV Rl FROG UROOHG FRQGLWLRQV

)LQDOO\ IURP WKH WHQVLOH WHVWLQJ FRQGXFWHG E\ %]
FROG UROOLQJ $1 WR &5 DQG $1 WR &5 WKH \LHOG VWU
HORQJDWLRQ DUH VLPLODUO\ FKDQJHG ,Q YWKK EQNWHRIN HEL °
IURP W R 03D XOWLPDWH WHQVLOH VWUHQJWK LQFUH
HORQJDWLRQ GHFUHDVHG IURP W R SFW DQG HORQJDW
SFW ,Q WKH FDVH Rl  $1 YHUVXV &5 \LHOG VWUHQJWK LQF
XOWLPDWH WHQVLOH VWUHQJWK LQFUHDVHG IURPURP WR



W R SFW DQG HORQJDWLRQ DW IUDFWXUH GHFUHDVHG |
ILQGLQJV RI WKLV LQYHVWLJDWLRQ FDQ EH VXPPDUL]HG DV
X J)RXU FRQGLWLRQV RI KLJK FDUERQ VWHHO EDU ZHUH VW)
DQQHDOHG $1 DQG $1 DQG WZR FROG UROOHG &5 D
$1 ZHUH IXUWKHU FROG UROOHG WR &5 DQG &5 UHVS
X SHVLGXDO VWUHVVHV ZHUH PHDVXUHG ZLWXOVS/MMVOWLQJ
LQGLFDWHG DQQHDOHG FRQGLWLRQV KDG FRPSUHVVLYH
FROG UROOHG FRQGLWLRQV KDG WHQVLOH UHVLGXDO VW
X +ROH GULOOLQJ UHVXOWV LQGLFDWHG WKDW D@®&HDOHG
PHDVXUHG GHSWK DSSUR[LPDWHO\ PP EHORZ WKH VXUI
RYHUDOO WHQVLOH WKURXJKRXW WKH PHDVXUHG GHSWK
ZDV UHGXFHG a SFW 7KH ORZHU DPRXQW RI UHGXFWLRC
UHVLGXDO VWUHVVHV LQ &5 FRPSDUHG WR &5
X &RPSOHWH VSOLWWLQJ DQG KROH GUPROWHEJ IBHVWE& KD ® O
FURVV VHFWLRQDO GHSWK Rl HDFK FRQGLWHBRJIJHKH VSO
UHVLGXDO VWUHVV PHDVXUHPHQW VR LWRIDRWLQRMDDV HI
PHDVXUHPHQWY DV WKH KROH GULOOLQJ PHWKRG
X +DUGQHVV PDSV ZHUH FUHDWHG ZLWK PLEQR KBHWGGQWHR/IW W
DW WKH FRUH DQG KDUGHU DW WKH HGJHV KHIFRWHFROG
DQG VRIWHU DW WKH HGJHV *UDLQ VL]HLIMQWIOWLY LQGLF
UHGXFWLRQ LQ &5 FRPSDUHG WR $1 DQG VRPH PRUSKR
WR $1
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$W WKH FRPSOHWLRQ Rl WKLY SURMHFW RSSRUWXQLWL}
UHVLGXDO VWUHVVHV LQ IODW VWHHO ZL UGV KO®MWHWAHHQ H[D|
WHFKQLTXHV KDYH EHHQ LGHQWLILHG DV VXV V&BIEHU PRQ OTWLF
7KH WHFKQLTXHV FDQ EH FRPSOHPHQWDU\ H[HFXWLQJ ERWK
XQGHUVWDQGLQJ Rl WKH UHVLGXDO VWUHVVPDODWRVHQ WKF
WHFKQLTXHV DYDLODEOH )XUWKHU LQYHVWLJBWILRQGLDIWARK I
GHVWUXFWLYH WHFKQLTXH VXFK DV : UDF B QI ISUORFW IGRIQ USHD/LU
VWUHVV SURILOHV WKURXJKRXW PRUH LI QRW DOO RI WKH I

7KH QH[W VWHS RI WKH SURMHFW ZRXOG E FHW¥R DFRLUADHO L
SURSHUWLHY DQG EHKDYLRU %HNDHUW &R U\ RQIWLRIF RDV L
SURSDJDWLRQ DV WKHVH WRSLFV FRXOG SRVVLB®\ Ei UHOD)
VHUYLFH $GGLWLRQDOO\ LPSDFW WRXJKQHVV FDQ EH PHDV)
WHVWLQJ PHWKRGYV 2WKHU UHOHYDQW WRSLFV IRU RLO DQG
HPEULWWOHPHQW DQG FRUURVLRQ 7KHVH IDIDEHH/ WRGHMG.
DQG UHODWHG WR UHVLGXDO VWUHVV VWD\GHY JLW HFRWYIGQU RFD
EH LQFOXGHG WR SURYLGH DGGLWLRQDW P@ VK DQI ADYON K URRSH
6SHFLILFDOO\ UHVLGXDO VWUHVVHV PLJKW DIIHFW WKH \LHO

W ZRXOG EH YDOXDEOH WR LQFOXGH WKH VWUHWV UHOL
WKH DV UHFHLYHG DQQHDOHG DQG FROG UROOHG FRQGLWLR(
PHFKDQLFDO WHVWLQJ WR DVFHUWDLQ IKIHUHLOULH VIXQJDFHQV L
LPSURYHV SHUIRUPDQFH )XUWKHUPRUH LW IBHOHEAHQVDU\ W
DQQHDOHG DQG FROG UROOHG FRQGLWLRQV 7KH FROG UROO
KDUGQHVV DQG VWUHQJWK EXW WKH DQQHDOHG ¥FRQGVWHRQ
DW WKH VXUIDFH ,W ZRXOG EH YDOXDEOH WROREWHHYHWHIRQ H
WKH VXUIDFH DIIHFW PHFKDQLFDO SHUIRUPRQFER ®EARW L\RKH
VWUHVV UHOLHYHG FRQGLWLRQV ,W ZRXOG EB RRUWK WR GR
HORQJDWLRQ EHKDYLRU VLQFH PRGXOXV RI HODVWLFLW\ \L|
VKRXOG QRW FKDQJH VLJQLILFDQWO\



7TKHUH DUH DOVR RSSRUWXQLWLHV WR ORRN LQWR WKH V
FKDUDFWHUL]DWLRQ DQG JUDLQ VL]H DQDIHAYHG FRQ &IHWVRRRS/
HVWDEOLVK IRU FHUWDLQ WKDW WKH DQQHDOUWK J, BWURIEIHGWK U t
DOVR EH YDOXDEOH WR UHSHDW WKH KROH GURPOH®J UHVLG
VDPSOHV YHUVXV DLU FRROHG VDPSOHV DV GRQHIHEWANKLYV I
EHKDYLRU 65 VDPSOHYVY FDQ EH DQQHDOHG IRU VKRUWHU WI
ZKHWKHU WHQVLOH UHVLGXDO VWUHW BDW DAKHD WWIADMHUHOLH

7KH FU\VWDOORJUDSKLF WH[WXUH VWXG\ FDQ BML RQPSOH
WKURXJK SURFHVVLQJ DORQJVLGH WKH GHYHGR®KHQMW RY W@\
LQYHVWLIDWLRQ 7H[WXUH ZDV DQDO\JHG WKURXJK WKLFNQH
$ODPRV 1HXWURQ 6FLHQFH &HQWHU /$16&( ZQWBWLRHK +LJK =
+,332 WLPH RI IOLJKW QHXWURQ 72) GLIIUDFWRHKHWKK 'DW
VRIWZDUH SDFNDJH ODWHULDOV $QDO\VLV 8VLQJ OLUGUIRRUNLRC
DOO VDPSOHVY QHHGV WR EH ILQDOL]J]HG WR REWDLQ VWDQGD

)LQDOO\ LW ZRXOG EH YDOXDEOH WR REWDLQ D PRUH GF
VDPSOHV SDUWLFXODUO\ GXULQJ WKH FROG GHIRUPDWLRQ S
DPRXQW RI UHGXFWLRQ LQ HDFK SDVV DQG WHVW ZKHWKHU L
PRUH IDYRUDEOH UHVLGXDO VWUHVYVY VWDWHYV 7KH SURFHVVL
SDUDPHWHUV VXFK DV UHGXFWLRQ SHU SDVV QXPEWR) RI SDV
SRVVLEOH WR LPSOHPHQW WKH VROXWLRQ QRWHG E\ /LQLFX\
VHFRQG GLH WKDW LPSDUWYVY D VPDOO UH@3IPWKHR®DLQFW RU
UHGXFWLRQ $OVR UHODWLQJ WR SURFHVVLQIJKUNWRUOIRG W k
DIWHU WKH DQQHDOLQJ DQG FROG UROOLQJ VWHSV %HQGLQ.
HISORUH KRZ UHVLGXDO VWUHVVHV YDU\ ZLWK GLIITHUHQW EH
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@ %HNDHUW 3$%WRRDHQW Z& RMZSRUIDDMHIGR QFYDLODEOH
KWWSV 7ZZZ EHNDHUW FRP HQ SURGXFWNVHQURRUKX@JILOLYV

ZLUH >$FFHVVHG oDU @

@ 1 6 5RVVLQL 0 'DVVLVWL . < %HQ\RXQLV DQG $ * :
S5HVLGXDO 6WUHVVHW WY E&RPGR QWREW MV LSO +

@ ) $ .DQGLO - ' /RUG $ 7 )U\ DQG 3 9 *UDQW 3$ 5H

OHDVXUHPHQW OHWKRGV $ *XLGH WR 7HFKQLFDPIONGHHEO HFV
.LQJGRP 1DWLRQDO 3K\VLFDO /DERUDWRU\ ODWHULDOV &

@ + ! DOWRQ 3HIOHFWLRQ OHWKRGVW¥DNFR ERRNPRWH 5HYV
5HVLGXDO 6WUHVV DQG OBMRH P DINAL\R QDRING6 VRHH®60 ,QWHUC

@ & 5XXG B20HDVXUHPHQW RDOBEYRRNDR GWVHGXB® 6WQH
'‘HIRUPDWLRQ@BW6&HWHBIOV 3IDUN 2+ $60 QWHUQDWLRQDO

@ * ( 'LHWHU 3)XQGDPHQWOKAKRR QR WD O EHRADNLADSW DIAY
SS *

@ = :DQJ DQG % *RQJ °35HVLGXDO 6WUHWDWGE RRWHR)IRUP L

5HVLGXDO 6WUHVYV DQG OBMRKHBDDNAL\R QDRING6 VRHH®60 ,QWHUC
+

@ *( 7TRWWHQ 0 $ +RODHOGHRREN RI,QRXIHGXDO 6WUHVV D
RI 6WBPIWHULDOV 3DUN 2+ $60 QWHUQDWLRQDO

@ * ('LHWHU 3)DWOHEK RQ OHND OGN OLOD XWD\O SS +

@ 7 (ULFVVRQ DQG % +LOGHQZDOO 37K HWHNDLG OIGG 6AUDHY!
DQG 6WUHVY SHODEDWLRQ

@ * 6 6FKDMHU DQG 3 6 :KLWHKHDG S3+HRIDAHN'IUADDCD b Y D3
6WUHVV OHDVXUHRBKDMKIEMWHKBGMW VW 6XVVH[ 8QLWHG .LQ
6RQV /WG SS +

@ - 5 'DYLV 2+HDW 70HD\WDQYJ+PIQEERRGE 6N (GLWLRQ
,QWHUQDWLRQDO SS +

@ ) & &DPSEHOO 3+HDW (OUHHTHQRPAHWQ R/l RIHEWDKDHOX U L\NQD QG |
$OOROMWHULDOV 3DUN 2+ $60 QWHUQDWLRQDO SS *

@ * 6 6FEKDMWIUFDO 5HVLGXDO 6WUHWY WHDXWMH] P B Q MWHHG
.LQJGRP -RKQ :LOH\ 6RQV /WG SS #

@ 1 7HEHGJH * $OSVWHQ DQG / 7DOO VHHEWLERQPQ N WU
PHWKRSHULPHQWDO YRG®KDQQRV SS *

@ * 6 6FKDMHU 35HOD[DWLRQ OHWKRGV IRU Q&DVXULQJ '



V

V

\Y

V

V

\Y

\Y

\Y

V

V

2SSRUWXQLWLHV °~ ([SHULPHQWDO OHFKDQLFV YRO QR

@ 1 &DOLV %HNDHUW ,QWHUQDO 5HSRUWHY' WD 6PIZQDRW I
&XWYV

@ 0 5 +LOO B37KH 6Q3LUWMDWWQFDEVVMKRGGXID®D 6WUHVYVY OHDV.
&KLFKHVWHU :HVW 6XVVH[ 8QLWHG .LQJGRP -RKQ :LOH\

@ 5 * TUHXWLQJ DQG : 7 5HDG 2$ PHFKDQLADAY GBWHUP
VKHHW PDWKUQDOVR1 $SSORMG 3KQRFV SS +

@ : 7 5HDG 3:)RUPXODV IRU WKH GHWHUPLQDWLRQ RI UH’
UHPRYDO PRMWKRIBO Rl $SSOPRKG 3KQRFV SS *
@ 3 9 *UbQW - ' /JRUG DQG 3 6 KLWHKHDG EVKH OHDV

WKH ,QFUHPHQWDO +ROH 'ULOOLQJ 7THFKQLTXH ~ 7HGGLQJ
1DWLRQDO 3K\VLFDO /DERUDWRU\ ODWHULDOV &HQWUH S

@ $ OLVUD DQG + $ 3HWHUVRQ 3([DPLQDWLRQ RI WKH 5L
5HVLGXDO 6WUHVVHV ~ ([SHULPHQWDO OHFKDQLFV YRO

@ °SHWHUPLQLQJ 5HVLGXDO 6WUHVVHV E\ $6KB ¢ ROH '"ULOC
D

@ OLFUR OHDVXUHPHQWY S30HDVXUHPHQWLRIIS6IWUGKQO 6V
*DJH OHWKRG ~ ODOYHUQ 3% 9LVKD\ 3UHFLVLRQ *URXS S.

@ * 6 6FKDMHU 0 7 )ODPDQ * 5R\ DQG - /X 3+ROH 'UL
L@DQGERRN RI OHDVXUHPHQWLRIEXKWWL G%D OKGHW)DHUPRYD W
SS %

@ * 6 6FKDMHU 3$SSOLFDWLRQ RI ILQLWH HOHPHQW FDO
PHDVXUHPRIXQUM O RI (QJLQHHULQJ ODWHULDOV DQG 7HFK
$60( YRO QR Ss +

@ * 6 6FKDMHU 3+ '5,// +ROH 'ULOOLQJ 5HVLGXDO 6WUHYV
*XLGH "~ 9DQFRXYHU %& &DQDGD

@ * ( 'LHWHU 3'UDZLQJ RI 5R®W F KIDUH W DEDQ @K MXIECHY XU 1 Q
+LOO

@ O / ODUWH@QHBSHWIHIXDO VWUHVYVY SURILOLQJ LQ WKH IF
RI FROG GUDZQ VWHHO URGV E\ VIQFKURKMPWR @ D WDV DDA |
YRO QR SS *

@ - 0 $WLHQ]D O / ODUWLQH] 3HUH] - 5XL] +HUYLDV )
+HUQDQGH] DQG 0 (OLFHV 35HVLGXDO WWUHSWBV LQ FR(
ODWHULRIXLD QR SS +

@ - 0 $WLHQ]D - 5XL] +HUYLDV 0 / ODUWLQH] 3HUH] )
+HUQDQGH] DQG 0 (OLFHV 35HVLGXDO V@RIH\SWHY LQ FRC
ODWHULRXLD QR SS +
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@ ) <DQJ - 4 -LDQJ ) )DQJ < :DQJ DQG & 0D 35DSLG
VWUHVV SURILOHV LQ IHUULWH SKDVH RI FRAGTUDZQ ZLL
ODWHULDOV 6FLHQFH PRQO (QJLRHHUEQJI $

@ : ) +RVIRUG DQG 5 0 &DGGHOO :* HIRWBDWRR®LRQH *
OHFKDQLFV DQG I0HHAVDROWONK UL &DPEULGJH 8QLYHUVLW\ 3U

@ : $ %DFNRIHQ 3'HIRUPDWIRRURDW LRHR BHHRIFGIVYIL® J
0$ $GGLVRQ :HVOH\ 3XE &R SS +

@ OLFUR OHDVXUHPHQWYV 336WUDLQ *DJH ,QVWDOODWLRQYV
SUHFLVLRQ *URXS SS #

@ OLFUR OHDVXUHPHQWYV 36XUIDFH SUHSDUDWLRQ IRU VW
9LVKD\ BUHFLVLRQ *URXS SS #

@ OLFUR OHDVXUHPHQWYV 37KH 7KUHH :LUH&@&DUWHU %UL:
, QVWUXPHQWY ~ 9LVKD\ 3BUHFLVLRQ *URXS SS #

@ OLFUR OHDVXUHPHQWYVY S20RGHO 56 OLOCFLQYLRRLGH ~ ¢
*URXS

@ OLFUR OHDVXUHPHQWYV 30LOOLQJ *XLGHLNRKIDS5HVLGXDO
SUHFLVLRQ *URXS SS *

@ * 6 6FKDMHU 3:0HDVXUHPHQW RI 1RQ 8QLIRUPISHVLGXE
OHWKRRBXUQDO RI (QJLQHHULQJ ODWROLDOVQIRQG BSFKQRO

@ * 6 6FKDMHU 23+ 'ULOO +ROH 'ULOOLQJ KIDWLHGWXDO 6 W!
>2Q0LQH@ $YDLODEOH KWWS zZZZ VFKDMHU RUJ LQGH]

@ S6WDQGDUG 7THVW OHWKRGV IRU $S8WHUPLQLQJ $YHUDJF
@ 5 )LOLS %HNDHUW ,QWHUQDO 5HSRUW 37HQVLOH SUR

@ ( - 3DYOLQD DQG & - 9DQ 7\QH 3&RUUHODWDMRK RI <L
+DUGQHVV IRRX&WYBBORI 0ODWHULDOV (QJLQHRHULQJIQRQG 3H
Ss +

@ 3*6WDQGDUG 7HVW OHWKRGV IRU 9LFNHUV +DUGQHVV DQ
0DW HU$®TV(

@ ' &KULVWRSKH %HNDHUW S, QWHUQDO 5HSRUW 30HWDO
@ * ( 'LHWHU 36WUHQJW BHRKDQ LAFHDRK D GFADFIOD % UL @\O
SS *

@ * .UDXVV 3+HDW 7UHDWPHQWY WERWIHHRIBX F4+H DAV G UW B W
DQG 3URFHVVLQODIWHQERSUHBDUN 2+ $60 ,QWHUQDWLRQL

@ %HNDHUW ,QWHUQDO 5HSRUW 3 HWHUPLQD@QGR@®I56& /I



> @ 6 & *LOO DQG 7 : &O\QH 3, QYHVWLJDWLRQ RI UHVLGX
VSUD\LQJ E\ FROQWLQXRXV FXKULY DORXUHERBD P X UBGRHQ@W SS
+
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$ WKLUG LQFUHPHQWDO PHWKRG ZDV DOVR WH¥XWHG GXU
FRQGLWLRQ ZDV WHVWHG WZLFH ZLWK WKLV PHWKRG DQI W
LQFOXGHG LQ WKLV DSSHQGL[ OHWKRG KDG DQ ®[FHVVLYH
DUWLILFLDO SHDNV DQG YDOOH\V <HW VREHGRRWKREH SURY H
REVHUYDWLRQ RI KLJKHU PDJQLWXGH VWUHVV PHDVXUHPHQW
VSHFLPHQ ,W LV DSSDUHQW WKDW VSBPICPH @ X PKKDW ZZMUKH D
OHWKRG VKRZ YDULDWLRQV LQ WKH UHVLGXB0 R[WRHW M B\U F
PP EHORZ WKH VXUIDFH FRPSDUHG WR OHWKRG RU VSH
5HVLGXDO VWUHVV SURILOHV IRU WKH $1 FRQ®LWLRQ L
JLIXUH & D DQG E OHWKRG UHVXOWV VKRZKB VKWVLEXD O
DERXW 03D DQG FRPSUHVVLYH EHORZ WKHYWHXUWUHVVWRD |
DERXW 03D )RU WKLV FRQGLWLRQ OHWKRG GRHV QRW |
OHWKRG SUHVHQWYVY D VRPHZKDW QHXWUDO SDONWHUQ WKE
PP EHORZ WKH VXUIDFH ,W LV SRVVLEOH MWRDW HHPH\GXDY®! \D\
VWDWH DW VXUIDFH OD\HUV DQG WKDW VRRBQRIHW KM IQH P/D D
QRWHG WKDW WKH UHVLGXDO VWUHVV PHDVX® HRHHBWMY W DINHH-
SFW RI WKH \LHOG VWUHVYV VR LW LV DO\XP\§RARQ IRXH GHKG
WKH UHVXOWVY GHWHUPLQHG ZLWK OHWKRG 5HVLGXDO VWUH
DUH VKRZQ LQ )LIXUH & F DQG G ,W ZDV REVHVUWHKRG \Z\L WK
UHDFKHV D YDOXH RI RYHU 03D LQ WKH [ GLUHFWLRQ DQG
UHVXOWV Rl OHWKRG GR QRW TXLWH UHDFK WKRR/RVRBJQLW
RQH GHWHUPLQHG ZLWK OHWKRG
5HVLGXDO VWUHVV SURILOHV IRU WKH $1 FRQ®LWLRQ L
JLIXUH & D DQG E $JDLQ ZH REVHUYH WKDW WKH OHWKR
UHVXOWV OHWKRG VKRZV D SDWWHUQ WK BWHMV MWYHQ \RYOHJ D
03D DW DSSUR[LPDWHO\ PP EHORZ WKH VXUIDFH +RZHY
QRW WKH EHVW VXLWHG IRU DQQHDOHG VIS\WEOR WQ® \. G RFAKDHX U H
VWUHVV SURILOHV 7KHUH DUH DOVR ORFDORJ¥XG RRQGGWQR G F
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7KH FRPSOHWH UHVXOWYV REWDLQHG YLD ,KRDBWHGULOOLQ
SUHVHQWHG LQ WKLV VHFWLRQ $[LDO DQG ISQ L6GIFMBIDRIQ U H VL ¢
5HVLGXDO 6WUHVV '"HWHUPLQDWLRQ YLD +ROH 'ULOQWQJ )LJI>
VWXGLHG 7KH LQ SODQH VKHDU VWUHVV LQ WKH ; I < GLU
DQJOH RI HDFK WHVW SUHYLRXVO\ SUHVHQWHG DUH LQWURG
EHORZ )LJXUHV % WKURXJK % VKRZ WKH VKHDU VWUHVV L
FDOFXODWHG IRU WKH VL[ FRQGLWLRQV ZLWKRMWK6S5WIQWEHH LQ

65 RQO\ OHWKRG DQG OHWKRG ZHUH WHVWHG )LIJXUHV %
DQJOH GHILQHG DV WKH DQJOH PHDVXUHGWROWKMZGYHHEBWRPR
WKH PD[LPXP PRVW WHQVLOH SULQFLSDO VWUHVV > @

,Q JHQHUDO LW LV DJDLQ REVHUYHG WKDW WKB\UHVXOW
VKRZ JRRG DJUHHPHQW ZLWK WKH UHVXOWV REWDLQHG ZLWK
VKHDU VWUHVVHY DUH VRPHZKDW QHXWUIR® D & WSW FIQD/Q OH ZIXG
FRPSUHVVLYH D[LDO DQG SULQFLSDO UH YV LIGGDIOVEUHINAHV S
'HWHUPLQDWLRQ YLD +ROH 'ULOOLQJ $OQVRKLMQPKH VWIRDU VW L
03D PRVW ZHUH ZLWKLQ W R 03D 7KH SULQFLSDO DQJC
VRPH LQOWHUHVWLQJ SDWWHUQV $JDLQ WKHUH LV JRRG DJUI
UHVXOWYV
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7ZR WHVWV ZHUH FRPSOHWHG SHU DV UHFHLYHG FRQGLW
RQO\ DQG LQFUHPHQWDO PHWKRG ZLWK WKH H[FHSWLRQ R
FRQGLWLRQ IRU D WRWDO RI  WHVWV DV PHQWLRQHG LQ 6H
BHOHFWHG 7ZHOYH Rl WKRVH WHVWYV DUH'SWHVRQWHE LR 6¥H
+ROH 'ULOOLQJ DQG WKH UHPDLQLQJ HLJKW WHVUWRXJBU&H SUH
VKRZ WKH D[LDO UHVLGXDO VWUHVVHV SRDRQPXPDOKWIDUHYVVH
VWUHVV DQG SULQFLSDO DQJOH GHWHUPLQHGHERUQMNKHR XU
IROORZLQJ RUGHU $1 OHWKRG $1 OHWKRG &5 OHW
$1 OHWKRG $1 OHWKRG &5 OHWKRG DQG &5 OH
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ODFUR UHVLGXDO VWUHVVHV ZHUH DOVRRQW X&ILKPG DRU W]
PRGLILHG OD\HU UHPRYDO DQG FXUYDWXUH P HDBO\XNDHPHQW W
&RUSRUDWLRQ > @ )RXU FP EDUV RQH IRU HDFK FRQGLWL
PLOOLQJ PDFKLQH KDOI RI WKH EDU WKLFNQHVVWHDSVPIHKLQ
EDU UHPRYLQJ W R PP RI WKLENQHVYV DW D WLPHG 7KH Il
WR IDFLOLWDWH WKH FRPSDULVRQ EHWZHHQ FXWYBOMXUHV 7
LQGLFDWHY ZKHWKHU WHQVLOH RU FRPSUHWH RH WKMLGXDO
VSHFLPHQ

/IRQJLWXGLQDO UHVLGXDO VWUHVVHV ZHUH REVHUYHG LG
SHUSHQGLFXODUO\ WR WKH FXUYDWXUH RI WKH EDU )LJXUH
UHPRYDO ,W LV DOVR SRVVLEOH WR FRPEQQWRWKEW DVIQFW® HT
VWUHVVHY GLVWULEXWLRQ WKURXJK WKLENQHVVYV +QHKNTWRO |
D UHIHUHQFH EDU 8VLQJ ,PDJH- WKH FXUYDWRYHURWWHH UH
PLOOHG EDU 7KH GHYLDWLRQ RI WKH RXWHU QG RX U IOV X B |
ZDV UHSURGXFHG DQG WKH GHYLDWLRQ PHDVXEMNG DWDQTR (
DW WKH ERUGHU LQ WKH EDU WKDW VHSDUDW HW W RIG Ll BDWHE
JLIXUH ' D

. WKH FEXUYDWXUH PRYHV RXWZDUG WKH WBWIGGWROEWW L
WHQVLOH DW WKH VXUIDFH ,I WKH FXUY DWUHV ?RYH V, WQLAD U
VLPLODU WR WKH SULQFLSOH LQWURGXFHG KRIUUMKH GHSIDA W W
VWUHVV LV WHQVLOH DQG LI LW FORVHV WEHVKRRZVGXDO VW
VFKHPDWLF UHSUHVHQWDWLRQ RI KRZ WKHKHPDWE®W LWKHP HD
UHVLGXDO VWUHVV LV WHQVLOH )LJXUH ' F VKRZV WKH VH

3UHOLPLQDU\ REVHUYDWLRQV VKRZHG WKDW WKH &5 ED
VWUHVVHV FRPSDUHG WR WKH $1 EDU )RU WKHADWHVVWHKFLP
SUHVHQFH RI D VPDOO PDJQLWXGH RI FRP S UHQMW L2YLHV K HWK 16 X T
UHVXOWYV IRXQG GXULQJ WKH VSOLWWLQJ WHVWXUYDMWXWBH'
SDWKV Rl WKH UHIHUHQFH EDU DQG WKH PLOOHG EDU IRU WK
FRPSDULVRQ ZDV LQFOXGHG DORQJ WKH FHQWHUWHH 7KH S



UHVLGXDO VWUHVVHYV ZHUH UHOLHYHG +RZHYIHRO WAKHUHHYRXW
DV FRQFOXVLYH ,W LV SRVVLEOH WKM®&® EWH®® U LHRLLGLXDIO WK/
WKDW ZRXOG FRQIRXQG WKH UHVXOWYV

D E
1 1
1 1
1 1
1 1
1 1
1 1
1 1
F G
JLIXUH ' BURILOHYVY RI WKH IRXU DV UHFHLYHG EDUYV D 3

&5 7KH OD\HUV ZHUH UHPRYHG WR WKH ULJKW RI W



F

JLIXUH ' D /RFDWLRQ LQ WKH EDU ZKHUH WKKHWZR FXUYL
VXSHUHBSRY WKH PDFKLQHG EDU LPDJH E €
PHDVXUHPHQW RI WKH FXUYHG EDU FRPSDUHG WR D |
F OHDVXUHPHQW VHWXS DQG FXUYHV VXSHULPSRVH

JLIXUH ' 7TKUHH FXUYDWXUH SDWKV RI WKH UHIHUHQFH ED
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6ROLG:RUNV GUDZLQJV ZHUH SUHSDUHG WR FRPPXQLFDW
WKH UHFWDQJXODU VDPSOHY DQG FRPSOHRKDHG WRBPKSQIL\Y W L
WKH DV UHFHLYHG DQG UHFWDQJXODU VDPSOHVLQD TXHILQJ
BROLG:RUNV GUDZLQJV DUH LQFOXGHG KHUH LQ )LIXUHV (
WKH JHRPHWU\ Rl HDFK FURVV VHFWLRQ DQG @BKB A IQUNVFWLR
DOVR LQFOXGH WKH ORFDWLRQ RI HDFK UHFMEH XODU VDP S(



JLIXUH ( BROLG:RUNV GUDZLQJ IRU FRQGLWLRQ $1 KVUHEWKYEGUDG® LLRHF WL
KRULJRQWDO DQG YHUWLFDO FXWV PDGH RQ HDFK VDPSOH



JLIXUH ( 6ROLG:RUNV GUDZLQJ IRU FRQGLWLRQ $1 KRVQUHEWKYGEGUBIG® ULRHFWRELC
KRULIRQWDO DQG YHUWLFDO FXWV PDGH RQ HDFK VDPSOH



JLIXUH ( 6ROLG:RUNV GUDZLQJ IRU FRQGLWLRQ &5 $V UWKHGYUHIBGFINQRB QJ RF\WE
DQG YHUWLFDO FXWV PDGH RQ HDFK VDPSOH



JLIXUH ( 6ROLG:RUNV GUDZLQJ IRU FRQGLWLRQ &5 $V UWKHGYUIBFIWNQ® QJ IRFWE
DQG YHUWLFDO FXWV PDGH RQ HDFK VDPSOH
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7KH URRW PHDQ VTXDUH UPV VWUDLQ PLVM\EHH®DFXOD\
LQFOXGHG LQ 7DEOH ) 7KH PLVILW LV GUDL@WNGFRV UHKIE BQ G
WR WKH VWUDLQ VROXWLRQ DQG WKH DFW WD 7R-H/DWV X X A BHUW
ZHUH LQFOXGHG LQ 6HFWLRQ 5HVLGXDO L6AU KV O HWWHKUHP IV
ODEHOHG ZLWK 7HVW 1XPEHU ZHUH LQFEXEE® \L OHNSHSHRL®LH
ZLWK OHWKRG OHWKRG UHVXOWV DQG $SSHQGL[ & B6HFRQ
DQG UHVXOWV 7KH QXPEHULQJ LQGLFDWHYV WKHVWW\D/Q GV |
QRW QHFHVVDULO\ WKH RUGHU LQ ZKLFK WKH WHVWV ZHUH F

7DE( :5RRW OHDQ 6TXDU

&RQG OHW /HVW 1 506
$1 OHWKF
$1 OHWK
$1 OHWK
$1 OHWK
$1 OHWK
&! OHWKF
&! OHWK
&! OH'RG
&! OHWK
&! OHWK
$1 OHWKF
$1 OHWK
$1 OHWK
$1 OHWK
$1 OHWK
&! OHWKF
&! OHWK
&! OHWK
&! OHWK

&! OHWK'
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OLFURJUDSKY DW WKH FRUH DQG HGJHV RI WXMWKMWUHVV
VHFWLRQ LQ RUGHU WR VKRZ WKDW WKH VWUV VLB B QWYX LORA
WKH PLFURVWUXFWXUH FRPSDUHG WR WKH PLFURR/QM XFWXU
J)LIXUH * DQG * VKRZ VHFRQGDU\ DQG EDFNVFOGVWEBUHNOHF

R 65 )LIJXUH * DQG * VKRZ VHFRQGDU\ DQG EDFNVFDWWH
DQG HGJHV RI 65



F G

JLIXUH * OLFURVWUXFWXUHVHFIRQ&GD DWHRKIFWBEREA D
HOHFWURQ LPDJH F VHFRQGDU\ HOHFWURQ LPDJH
6(0 PLFURJUDSKY HWFKHG ZLWK SFW QLWDO



F G

JLIXUH * OLFURVWUXFWXUHYV RI 65 DW HGIJNMW D VHFRQC
KRUL]JRQWDO HGJH E EDFNVFDWWHU HOHFWURQ LPI
VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW YHUWLFDO |
LPDJH WDNHQ DW YHUWLFDO HGJH 6(0 PLFURJUDSKYV



F G

JLIXUH * OLFURVWUXFWXUHYV RI 65 DW WKH FNRWAD WDV HMH F
HOHFWURQ LPDJH F VHFRQGDU\ HOHFWURQ LPDJH
6(0 PLFURJUDSKY HWFKHG ZLWK SFW QLWDO



F G

JLIXUH * OLFURVWUXFWXUHYV RI 65 DW HGIJNMW D VHFRQC
KRUL]JRQWDO HGJH E EDFNVFDWWHU HOHFWURQ LPI
VHFRQGDU\ HOHFWURQ LPDJH WDNHQ DW YHUWLFDO |
LPDJH WDNHQ DW YHUWLFDO HGJH 6(0 PLFURJUDSKYV



