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$SEVWUDFW

'XH WR WKH VLJQLILFDQW LQFUHDVH LQ FRPSRVLWH P
VWUXFWXUDO HOHPHQWY WKHUH LV D VWURQJ QHHG IRU |
D VLIJQLILFDQW SDUW RI WKH DYHUDJH PRGHUQ DLUFUDIW
UHSDLU WKXV LW LV LPSRUWDQW WR SHUIRUP HIILFLH
PRQLWRULQJ WHFKQLTXHV WR UHGXFH OLIHWLPH FRVWYV

PRQLWRULQJ RI DLUFUDIW VWUXFWXUHV PDGH IURP FRPSI
IRU GDPDJH PRQLWRULQJ DQG TXDOLW\ FRQWURO HTXLS
WHVWLQJ DQG UHVHDUFK LQWR WKH YLEUDWLRQ SURSH
2SHUDWLRQ PDLQWHQDQFH DQG FRQGLWLRQ IRUHFDVW
FRPSRVLWH EODGHY DLUSODQH VSRLOHUV DLOHURQV DI

WKDW VKRXOG EH SURSHUO\ LQYHVWLJDWHG LQ RUGHU W

7KH DLP RI WKLY UHVHDUFK LV WR LQYHVWLJDWH XVDEC(
FDQ UHIOHFW WKH HIITHFWV RI WKH GDPDJH DQG LQWHJ
VWUXFWXUHYV 7KH PDLQ JRDOV DUH D XQLYHUVDO DSSUR
DOO NLQGV RI FRPSRVLWH PDWHULDOV DQG UHVHDUFK LC
QHZ JHQHUDWLRQ RI FRPSRVLWH PDWHULDOV GXULQJ WK}
ODUJH DLUFUDIW FDQ EH GHVLIJQHG ZLWK DOO FRPSRVLW
7KH PDLQ DGYDQWDJHV RI FRPSRVLWH PDWHULDOV DUH W
FRUURVLRQ UHVLVWDQFH DQG IOH[LELOLW\ LQ LPSOHPHQ
RI FRPSRVLWHYV UHTXLUH GHHS NQRZOHGJH RI FRPSRVLW
EHKDYLRXU DQG WRROLQJ $HURVSDFH VWUXFWXUHV DU

IDWLJXH RYHUORDGLQJ SbuwLDO RU LQWHJUDO PDW
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FRQVHTXHQFH RI HQYLURQPHQWDO IDFWRUV DQG H[WHP:

HYHQWY RU LPSDFWYV

7TKHUH LV DOVR XQFHUWDLQW\ FRQQHFWHG WR XQGHL
GDPDJH RI DLUFUDIW FRPSRVLWH VWUXFWXUHV 1RQ GH
WHFKQLTXHVY DUH UHFRPPHQGHG LQ PDQ\ FDVHV EXW VWL
ODERXU FRVWY DQG LQ PDQ\ FDVHV UHTXLUH KLJKO\ VNL
WR VWUXFWXUHY DQG RQERDUG EXLOW LQ VWUXFWXUDO |
LPSURYLQJ WKH UHOLDELOLW\ DQG VDIHW\ RI FRPSRVLW
LPSURYLQJ WKH GHVLJQ DQG PDQXIDFWXUH SURFHVVHYV
GLVDGYDQWDJHYVY OLNH WKH FRVW RI LPSOHPHQWDWLRQ

LPSDFW WR WKH VWUXFWXUH GXULQJ SURGXFWLRQ DQG P

7KLV UHVHDUFK LV WKHUHIRUH PDLQO\ IRFXVHG RQ
FRPSRVLWH PDWHULDOV DQG VLPSOH FRQWURO SURFHG
HQJLQHHULQJ WHFKQLFLDQ GXULQJ OLJKW PDLQWHQDOQF
GHWDLOHG LQVSHFWLRQV 7KH GHFLVLRQ RQ WKH VFKHG
YDU\ E\ DLUFUDIW W\SH WKH F\FOH FRXQW RU WKH QXPE
$QRWKHU LPSRUWDQW VXEWDVN LV WKH SUHGLFWLRQ R
VLIQLILFDQW SDUW RI WKH UHVHDUFK LV FRQFHUQHG ZLV
DQRG H[SHULPHQWYV ZLWK GLIITHUHQW REMHFWYVY PDGH RI FF
PHWKRGRORJ\ $Q DGGLWLRQDO SDUW LV OLQNHG WR WK

GHPDQGV RI WKH LQGXVWU\ LQ RSHUDWLRQDO FRQWURO I

W LV FRQFOXGHG WKDW WKH WHFKQLTXH RI FRPELQLQ
DSSURSULDWH WRRO IRU YLEUDWLRQ DQDO\VLV WR GHW
IRUFHG RVFLOODWLRQV HVSHFLDOO\ LQ WKH LQWHJUDO F
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QRYHO DVSHFW RI WKH UHVHDUFK LV WKH SUDFWLFDO HJ
RQ UHDO DGYDQFHG FRPSRVLWH PDWHULDO REMHFWYV PH

DQG LWV VXEVHTXHQW DQDO\VLV
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$FNQRZOHGJPHQWYV

, ZRXOG OLNH WR WKDQN P\ I[ILUVW VXSHUYLVRU 3URIHVVR
FRRSHUDWLRQ ODQ\ WKDQNV IRU WKH FRQWULEXWLRQ

.DUDJLDQQLGLY DQG FR VXSHUYLVRU 'U .HYLQ %XUQ WK

, ZRXOG OLNH WR WKDQN DOO P\ FROOHDJXHV VWDII IURP

6XQGHUODQG ZKR ZHUH VXSSRUWLYH DQG HQFRXUDJLQJ

, ZRXOG DOVR OLNH WR WKDQN SURI +HLQ] 3DONRZVNL 1U
6FLHQFH &ODXVWKDO 8QLYHUVLW\ RI 7HFKQRORJ\ IRU

VDPSOHV IRU WKLV UHVHDUFK DQG KLV VXSSRUW

, GR RZH VSHFLDO WKDQNV WR P\ SDUHQWYV ZKR DUH DOZ

WKHLU EHVW ZLVKHYV

, ZRXOG DOVR OLNH WR WKDQN 'U ODUN 3URFWRU 3DY
&KHUQ\DNLQ 'U 1DWDOLD /XK\QD ©5DPD] &KDUNYLDQL

.ROPDNRYD

)LEQDOO\ , ZRXOG OLNH WR JLYH VSHFLDO WKDQNV DQC

FRQWLQXRXVY KHOS DQG HQFRXUDJHPHQW WKDW , UHFHLY



7DEOH RI &RQWHQWYV

SEVWUDFW
$FNQRZOHGJPHQWYV

/I[LVW RI1 )LIXUHV

ILVW RI 7TDEOHV
1RPHQFODWXUH

&KDSWHU , QWURGXFWLRQ

5HVHDUFK EDFNJURXQG

'"HIHFWV LQ FRPSRVLWHYV

' QIOXHQFH Rl GHIHFWV LQ FRPSRVLWHYV

,Q VHUYLFH GHIHFWYV

5SHVHDUFK K\SRWKHVLV

5HVHDUFK REMHFWLYHV

7KHVLV VWUXFWXUH

&KDSWHU ILWHUDWXUH 5HYLHZ
 QWURGXFWLRQ

$QDO\WVLV RI WKH SUDFWLFDO DQG WKHRUHWL
HOHPHQWY PDGH RI FRPSRVLWH PDWHULDOYV

$GYDQFHG FRPSRVLWH PDWHULDOV
IRQGHVWUXFWLYH ,QVSHFWLRQ IRU &4RPSRVLWHYV

$QDO\WLV RI H[LVWLQJ PHWKRGV RI YLEUDWLRQ

DQDO\VLV RI YLEUDWLRQ VLIQDOV DQG WKHLU DSSOLF]

'"HYHORSPHQW RI D PHWKRG IRU GDPDJH PRQLW

FKDUDFWHULVWLFV
&RQFOXVLRQV RQ WKH DQDO\VLYV RI HI[ILVWLQJ PHW

6HOHFWLRQ RI WKH RSWLPDO PHWKRG RI YLEU]I

SDUDPHWHUYV
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7KH WKHRUHWLFDO EDVLV RI ZDYHOHW WUDQVIRUI

6XPPDU\ RI WKH ILQGLQJYVY DQG LPSOLFDWLRQ
&KDSWHU  ([SHULPHQWDO OHWKRGRORJ\ $QDO\VLV DQG
 QWURGXFWLRQ
JHDWXUHV RI EXLOGLQJ LQIRUPDWLRQ V\VWH]I
2EWDLQLQJ SULPDU\ PHDVXUHPHQW LQIRUPDWLRQ

LQWR D IRUP FRQYHQLHQW IRU IXUWKHU SURFHVVLQJ

,QIRUPDWLRQ SURFHVVLQJ DQG SUHVHQWDWLRQ

VXLWDEOH IRU DQDO\VLVY DQG IXUWKHU LQWHUSUHWDW

$QDO\WLV RI WKH LQIRUPDWLRQ UHFHLYHG DQG WK
WR WKH VWDWH RI WKH FRQWUROOHG REMHFW DQG W
IRUHFDVWLQJ LWV UHVLGXDO UHVRXUFH

OHWKRGRORJ\
&KRVHQ PHWKRGYV

%DVH (TXLSPHQW

SUHOLPLQDU\ PHWKRGRORJ\ DSSUREDWLRQ 7KH

GDWD DQG H[SODQDWLRQ RI IXUWKHU H[SHULPHQWYV OF

6HOHFWLRQ RI GLDJQRVWLF SDUDPHWHUV IRU

VWUXFWXUHYV

6XPPDU\
&KDSWHU ([SHULPHQWDO 5HVXOWY DQG 'LVFXVVLRQ
 QWURGXFWLRQ

([SHULPHQWDO UHVXOWY DQG GLVFXVVLRQ R
EODGHYVY PDGH RI FRPSRVLWH PDWHULDOV XVLC
ZDYHOHW WUDQVIRUPV

2EMHFWYV RI WKH VWXG\

YLL



OHWKRGRORJ\ DQG UHVXOWYV RI H[SHULPHQWYV

&RQFOXVLRQ IRU DLUFUDIW EODGHYV

([(SHULPHQWDO UHVXOWYV ZLWK &17 3RO\PHU \
2EMHFWV RI WKH VWXG\

URFHVVLQJ RI WKH &17 VDPSOHYV
OHWKRGRORJ\ DQG UHVXOWYV RI HISHULPHQWYV

&RQFOXVLRQ IRU &17 3RO\PHU $SSOLFDWLRQV UHYV

([SHULPHQWDO UHVXOWYV ZLWK PHWDO SRO\P
SHVHDUFK RI YLEUDWLRQ SURSHUWLHYV

2EMHFWV Rl WKH VWXG\

3URFHVVLQJ RI WKH PHWDO SRO\PHU PHWDO FRPSF
OHWKRGRORJ\ DQG UHVXOWYV RI WKH H[SHULPHQWYV
&RQFOXVLRQ

6XPPDU\

&KDSWHU &RQFOXVLRQV DQG )XWXUH 5HFRPPHQGDWLRC
&RQFOXVLRQV
)XWXUH UHFRPPHQGDWLRQV

SHIHUHQFHYV
$SSHQGL[ $ $XWKRUYV 3XEOLFDWLRQV
$SSHQGL[ % ([SHULPHQW GDWD IRU ILYH OD\HUHG 030 FR!
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/ILVW Rl )LIXUHYV

J)LIXUH 'DPDJH PRGHV PRGLI\LQJ WKH ORFDO VWUHVYV
FRPSRVLWHV WUDQVYHUVH PDWUL[ FUDFNLQJ $ GHODPL
& ILEHU GHJUDGDWLRQ ' ILEHU GHERQGLQJ ( «««&««KK
J)LIXUH D 3RVVLEOH IDLOXUH PHFKDQLVPV IURP EHQGL(
WR ',1 DV ZHOO DV E *XOO ZLQJ EHQG SKHQRPHQRQ
FRUH DGKHVLYH OD\HU ««

J)LIXUH $GYDQFHG FRPSRVLWH PDWHULDOV FODVVLILFDYV
J)LIXUH 6WUHQJIJWK YV GHQVLW\ RI GLITHUHQW PDWHULDO
J)LIXUH 6WUHQJWK YV PD[LPXP VHUYLFH WHPSHUDWXUH
J)LIXUH /,7(&25(S FKDUDFWHULVWLFV LQ FRPSDULVRQ ZL
J)LIXUH 'DPSLQJ SURSHUWLHV Rl %RQGDOS FRPSDUHG W
J)LIXUH ‘DPDJH WROHUDQFH FXUYH VKRZLQJ WKH LQFU}
VLIH DQG QRQGHVWUXFWLYH GHWRHH kW & R Skl RG TURP
J)LIXUH SUREDELOLW\ RI GHWHFWLRQ FXUYH SURGXFHG
GHULYDW,lRDWRly 7KH OLJKW JUH\ OLQH LQWHUVHFWYV WK
OLPLW DW 32°' R R R A R R R A R R R R R R R (R A R (R R R AR R R

J)LIXUH JORZFKDUW RI 6+0 EDVHG GDPDJH LGHQWLILFDW

JLIXUH 7DS WHVW ZLWK WDS KDPPHU «««««&«&«KKKKKL KKK K
JLIXUH BOWUDVRQLF WHVWLQJ PHWKRGYV ««««««&&««L KL
JLIXUH BOWUDVRQLF & VFDQ HTXLSPHQW OHIW DQG D¢

LOQVSHFWLRQ VROLG ODPLQDWH ZLWK 7 VKDSHG VWL
PRQLWRULQJ RI WKH EDFN ZDOO VNLQ UHIOHFWLRQ «««««

J)LIXUH SLFWXUH RI WKH KHDWHG DLUFUDIW VWUXFWXU
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Y)LIXUH
)LIXUH
)LIXUH
)LIXUH

)LIXUH

/I8&,( LQ L3IKRWRQ 6ROXWLRQV IDFLOLW\««««««
,QVSHFWLRQ RI WKH WHVW IXVHODJH FRPSRQHC
7KH PDLQ W\SHV RI YLEUDWLRQ DQDO\VLYV «««««c«
. DOKHRCEM[LEFDQ KDW’ D DQG LWYPRKU&dkdk WUD Q

ORUOHW ZDY#OHRB/ VO, tPFt;AaF G PRGXOHV R

FRUUHVSRQGLQJ ZDYHOHW WUDQVIRUPYV

)LIXUH
)LIXUH
)LIXUH
)LIXUH
)LIXUH

)LIXUH

7KH PDLQ VWHSV RI WKH SURFHGXUH $0OJRULW
1, 30% K ZLZZZZZZZ Z XX X XX 2%
1, 86% L ZZZ X Z X X XXX R %%
SRUWDEOH 'RSSOHU VFDQQLQJ YLEURPHWHU 3
e

%ORFN GLDJUDP 3)LQDO RQH EOREFN

ILQHDU VA\VWHP ZLWK WZR GHJUHHV RI IUHHGRF

ZDYHOHW WUDQVIRUP PRGXOH G )UHH RVFLOODWLRQV Il

)LIXUH
)LIXUH
)LIXUH
)LIXUH

)LIXUH

3RO\WHF 369 VFDQQLQJ 9LEURPHWHU ««« ««««-
&:7 G DQG 6FDORJUDP ZLWKRXW WKH GHIHFW ««-
&:7 G DQG 6FDORJUDP ZLWK DUWLILFLDOO\ FUH
&:7 G DQG 6FDORJUDP ZLWK LQFUHDVHG GHIHFV

*UDSK RI 9LEUDWRU\ DFFHOHUDWLRQ ZLWK W

SLQN LCER SO COR GO R CER GO SO (R (R COR (O SO (O (R O GO GO (O (O R GO GO (O (O G G GO (O (O (AR (R (R (¢

)LIXUH

<DN SDVVHQJHU MHW UHG D <DN VSRLOI

E LUK KKK

)LIXUH
)LIXUH

)LIXUH

GHYLFH IRU WKH YLEUDWLRQ DQDO\VLV

'"HWHUPLQDWLRQ RI &:7 GDPSLQJ SDUDPHWHUYV
%ODGHV XVHG GXULQJ WHVWLQJ XXX

5LJLG FRQVROH WHUP EODGH VXSSRUW D 9LI

U LKL KL KKK KL KL K



JLIXUH([SHULPHQWDO VHW XS %ODGH 6FDQQLQJ YlI
6FDQQLQJ KHDG 369 ' IDVHU YLEURPHWHU 3'9 #
6KDNHU $PSOLILHU
)LIXUH $GGLWLRQDO ODVHU YLEURPHWHU
JLIXUHR2SWLFDO UHYLVLRQ RI EODGHYV LQQHU VXUIDFH D |
JLIXUH([FLWLQJ IRUFH PRGXOXV + OLIH H[SLUHG EOI
)LIXUH &RKHUHQFH IXQFWLRQ RI PHDVXUHG VLJQDO D
HISLUHG EODGHYV + UHIHUHQFH EODGH «««&&««&&KLLK KK LK
)LIXUH $PSOLWXGH IUHTXHQF\ FXUYHV RI WKH WHVW E
SHIHUHQFH EODGH «««««&««&«EELRLLLLLL LKL LK
)LIXUH %ODGHV PRGH VKDSHV D PDVWHU EODGH E EOI

VDPH SKDVH RI WKH RVFLOODWLRQ F 7KH ILUVW EHQGLQ.

KRXUV

J)LIXUH 6DPSOH &:7 UHVXOW «««&&KEK KKK KL LKL KKK KKK
J)LIXUH 6DPSOH &:7 UHVXOW ««&&EEK KKK KL KL KL LKL K KKK K
J)LIXUH 6DPSOH &:7 UHVXOW ««&&EEK LKL K LKL KL KKK KKK
J)LIXUH 6FDORJUDPP RI VDPSOH ZZZZZZZZZZXZS
J)LIXUH 6DPSOH &:7 UHVXOW ««««««&&KK LKL KKK
J)LIXUH 6FDORJUDP RI VDPSOH DQG YLVXDO U

DUHDV $ % & RI WKLV VDPSOH XQGDPDJHG EODGH «««««

J)LIXUH 6DPSOH &:7 UHVXOW «««««&«KLKK LKL KK
J)LIXUH 6DPSOH &:7 UHVXOW «««««««ELKK LKL KK
J)LIXUH 6DPSOH &:7 UHVXOW «««««&&EEL KK LKL KKK K
J)LIXUH 6DPSOH &:7 UHVXOW «««««&&EEL KK LKL KKK K
J)LIXUH 9LEUDWLRQ VSHHG XS JUDSK DQG YLEUDWI
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&RPSDULVRQ RI WKH PDVWHU EODGH SLQN DQG EODGH Z
KRXUV EOXH «««««&&&&&E L L L LKL LKL LKL LK K

J)LIXUH 9LEUDWLRQ VSHHG RI IRXU EODGHYV ODVWHU
RSHUDWLRQDO KRXUV ««&«&&«& &L L L LKL LKL L L LKL LKLLKKCCK
J)LIXUH 9LEUDWLRQ VSHHG RI WKH VDPH EODGHV DW C
VF D O H «« &« i QKKK KKK E LK KK

J)LIXUH &XUHG HSR[\ UHVLQ VDPSOHV LQFOXGLQJ WKH \

J)LIXUH OXOWL ZDOOHG &17V IURP (OHFWURYDF $XVWUL

JLIXUH 9LEUDWLRQ YHORFLW\ VSHFWUXP RI WZR HSR]J\
WOXH £ ZLWK &1 7 €€« LK KKK L LKL L L L LKL
JLIXUH 9LEUDWRU\ DFFHOHUDWLRQ RI WZR HSR[\ UHVL
* ZLWK &1 7 ««&&&«E LKL LKL LKL LKL

JLIXUH JRXULHU VSHFWURJUDP RI HSR[\ UHVLQ VDPSOH
JLIXUH JRXULHU VSHFWURJUDP RI HSR[\ UHVLQ VDPSOl
JLIXUH ORUOHW &:7 ZLWK VFDOH G VSHFWURJUDP
JLIXUH ORUOHW &:7 ZLWK VFDOH G VSHFWURJUDP
t W & 17V &« &«

JLIXUH 'DPDJH PRGHV DIWHU EHQGLQJ WKH 030 VDQGZ|
IRUPLQJ

J)LIXUH 6DPSOH 35; I OD\HUHG PHWDO EDVHG VDQG.

EHIRUH WHVWYV RQ VHUYR K\GUDXOLF WHVWLQJ PDFKLQH
J)LIXUH ([SHULPHQWDO VHWXS VDPSOH WKUHH KF
DFRXVWLF RVFLOODWRU DFRXVWLF GLIIXVHU

Y)LIXUH J)LQLWH HOHPHQW PRGHO 62/,
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J)LIXUH 6HUYR K\GUDXOLF WHVWLQJ PDFKLQH ZLWK D \

J)LIXUH 6WUHVV VWUDLQ GLDJUDPV IRU PDWHULDOV RI !
J)LIXUH 35, 17 OD\HUHG VDQGZLFK YLEUDWLRQ VSHHG
J)LIXUH 6WUHVYV VWUDLQ F\FOHV IRU VDPSOH 35; /°
J)LIXUH 6WUHVYV VWUDLQ F\FOHV IRU D VDPSOH 3!
J)LIXUH 6WUHVV VWUDLQ GLDJUDP IRU WKH VDPSOH 35;
EHIRUH WKH EUHDN ««&&&&&«&«« &L LLLLLLKKKLL L KKK

J)LIXUH 7TKHUPRJUDSK\ H[SHULPHQWDO IDFLOLW\ IRF
IUDPH ,5 &DPHUD &RPSXWHU +HDW VRXUFH +DORJH

J)LIXUH /IRFN LQ WKHUPRJUDSK\ WHVWLQJ DIWHU ORQJ F

JLIXUH ([SHULPHQWDO IDFLOLW\ VDPSOH RQH KF
+ PLFURSKRQH 1, 86% DFRXVWLF RVFLOODW
JLIXUH 6SHFWURJUDP RI WKH UHIHUHQFH VDPSOH 5" «
JLIXUH 6SHFWURJUDP RI WKH VDPSOH 5' DIWHU F\
JLIXUH 6SHFWURJUDP RI WKH VDPSOH 5' DIWHU F\
JLIXUH 6LIJIQDOV RI VDPSOH 5' DIWHU ZDYHOHW FRQYR(
R IR,
JLIXUH 6LIQDO DIWHU ZDYHOHW FRQYROXWLRQ PRWKH!
5' DIWHU FIFOHV «««&««Q«EE L LK KL LKL LK KKK
JLIXUH 6LIQDO DIWHU ZDYHOHW FRQYROXWLRQ PRWKH!
5'" DIWHU F\FOHV
JLIXUH 6LIJIQDO DIWHU ZDYHOHW FRQYROXWLRQ XVHG
6DPSOH 5' DIWHU FIFOHV ««««&«««&EELL LKL L LK K LK
J)LIXUH $PSOLWXGH IUHTXHQF\ GLDJUDP 5" VDPSOH L
DQG F\FOHV 2QH KHDG GRSSOHU ODVHU YLEUR/!
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/7DEOH

/ILVW RI 7TDEOHYV

(YDOXDWLRQ RI WKH DFFXUDF\ GHWHUPLQLQJ WHK

ZDYHOHW WUDQVIRUP LI L X R X R X R R R E R E R R R

/DEOH

/DEOH

/DEOH

/7DEOH

/DEOH

/7DEOH

/7DEOH

&ODVVLILFDWLRQ RI HISHULPHQW V « « ««««««&«&LL
*HQHUDO SDUDPHWHU YDOXHV RI WKH EODGHV ««
, QWHUSUHWDWLRQ RI REWDLQHG UHVXOWYV ««««;
6DPSOHV XVHG GXULQJ H[SHULPHQW «««««&«««LKs
5HIHUHQFH VDPSOHV VDQGZLFK VKHHWYVY DQG PH
( ORGXOL DQG 3RLVVRQ YDOXHV RI WKH PRQR PD)

/THVW DQG ILQLWH HOHPHQW PHWKRG FDOFXODW

IUHTXHQFLHY IRU VDPSOH 35; /7 @&« &« &KL KKK KKK KKK

/7DEOH

/IRFN LQ WKHUPRJUDSK\ WHVWLQJ EHIRUH ORQJ F
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1RPHQFODWXUH

VLIQDO IXQFWLRQ

DSSUR[LPDWH IUHTXHQF\

JUHTXHQF\

FRHIILFLHQW RI GDPSLQJ

LQLWLDO DPEOLWXGH

SKDVH VKLIW RI WKH MWK PRGH

QRPLQDO VWUHVYV

IRUFH DSSOLHG

DUHD RI FRQWDFW

ZHLIKW SHUFHQW

I[UHTXHQF\ UHVSRQVH IXQFWLRQ LQ WKH IRUP RI V¢

WKH L WK GHJUHH RI IUHHGRP

GHIHFW VXIILFLHQW VL]H

,QLWLDO YDOXH RI QRQGHVWUXFWLYH GHWHFWLR

OLIHWLPH

FULWLFDO SHULRG LQ
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SUREDELOLW\ RI GHWHFWLRQ

GHQRWDWLRQ RI PRWKHU ZDYHOHW

FRPSOH[ FRQMXJDWH QXPEHU WR

ZDYHOHW VFDOH SDUDPHWHU

ZDYHOHW VKLIW SDUDPHWHU

VLIJQDO IXQFWLRQ

JRXULHU WUDQVIRUP RI WKH IXQFWLRQ

GLDJQRVWLF SDUDPHWHU

DOORZDEOH YDOXH RI WKH GLDJQRVWLF SDUDPHW |

QDWXUDO RVFLOODWLRQ IUHTXHQF\

QDWXUDO RVFLOODWLRQ IUHTXHQF\

IL[HG WLPH YDOXH

WKH UHOHYDQW IUHTXHQF\ IRU MWK PRGH

GLVFUHWH IXQFWLRQ

ILIHG TUHTXHQF\

SDUDPHWULF ZULWWHQ OLQH

SDUDPHWULF ZULWWHQ OLQH

[YL



GE GHVLIQDWLRQ RI 'DXEHFKLH ZDYHOHW

GE GHVLIQDWLRQ RI 'DXEHFKLH ZDYHOHW

33 3( SRO\ROHILQ SRO\PHU

” QXPEHU RI IUHHGRP GHJUHHYV

t@ WUDQVIHU IXQFWLRQ PDWUL]

M. HIIHFW RI' M WK )' IXQFWLRQ

) IUHHGRP GHJUHH

‘ I[UHHGRP GHJUHH REMHFW

+LM & IXQFWLRQ PDWUL]J

$)5 DPSOLWXGH IUHTXHQF\ UHVSRQVH

(0% HI[ISHULPHQWDO PRGDO DQDO\VLV

” QXPEHU RI IUHHGRP GHJUHHYV

t@ WUDQVIHU IXQFWLRQ PDWUL]

) MC HITHFW RI M WK )" IXQFWLRQ

) IUHHGRP GHJUHH

>. @ VWLIIQHVYVY PDWUL]

>0@ PDVV PDWUL]
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I\X‘

(@3}

GLVSODFHPHQW YHFWRU

DFFHOHUDWLRQ YHFWRU

WKH FDOFXODWHG YDOXH RI L QDWXUDO IUHTXHQ

WKH H[SHULPHQWDO YDOXH RI L QDWXUDO IUHTXH

ZHLIKW FRHIILFLHQWYV

QXPEHU RI IUHHGRP GHJUHH

SKDVH RI WKH RVFLOODWLRQ

QRLVH SRZHU RI LQSXW VLJIQDO

QRLVH SRZHU RI RXWSXW VLJQDO

DYHUDJH DXWRFRUUHODWLRQ IXQFWLRQ

PHDVXUHG VLIJQDO RQ WKH VXUIDFH RI WKH EODGH

UHIHUHQFH VLIQDO

[YLLL



&KDSWHU , QWURGXFWLRQ

SHVHDUFK EDFNJURXQG

$LUFUDIW DLUIUDPH FRPSRQHQWY H[SRVHG WR KLJK DPRX(
RSHUDWLRQ 7KH LQWHJULW\ RI D VWUXFWXUH FRXOG EH H
OHDG WR FDWDVWURSKLF HYHQWYV &DUERQ ODPLQDWHV D
FRPSRVLWHY DUH ODUJH SDUWV RI SUHVHQW DLUFUDIWY{V FR
LV ILOOHG ZLWK XQUHOLDEOH DQG LQFRUUHFW LQIRUPDWLR
Lv D IDFW WKDW WKH EHKDYLRU RI WKH FRPSRVLWH VWUX
FRPSDUHG WR HTXLYDOHQW PHWDO VWUXFWXUHV 7KH FR
FRPSRVLWH LV D YHU\ VSHFLILF DUHD RI LQWHQVH UHVHDUF
VDQGZLFK FRPSRVLWHYVY LQ RSHUDWLRQ LV D ELJ LVVXH W K
FRPSRVLWHY SUHVHQW OHVV IDWLJXH DQG FRUURVLRQ EXW
XQGHWHFWHG IRU D ORQJ SHULRG RI WLPH DQG FDQ UHVXO!
WKHUH LV HIWUHPH LPSRUWDQFH LQ DQ LQQRYDWLYH LQVS
FRQGLWLRQ RI WKHVH PDWHULDOV > @ 7KH RULJLQDO FRQ
LQYHVWLIJDWLRQ RI WKH H[LVWLQJ WHFKQLTXHY DQG PHWK
QHZ PDWHULDOV XQGHU TXHVWLRQ DQG FUHDWLRQ RI D PH
REWDLQHG 7KH XVH RI D FRPELQDWLRQ DSSURDFK IRU FRC
DGYDQFHG FRPSRVLWHV FDQ SURYLGH WKH UHVXOW WHVW

XQGHUVWDQGLQJ RI WKHLU EHKDYLRXU LQ RSHUDWLRQ

,PSOHPHQWDWLRQ RI HOHPHQWYV PDGH IURP FRPSRVLWH P
RFFXUUHG JUDGXDOO\ DQG YHU\ FDUHIXOO\ $W ILUVW RQ¢
GRRUV FKDVVLV HOHPHQWYVY HWF ZHUH PDGH IURP &0 ¢

VSRLOHUV DLOHURQV KDV EHFRPH DQ RUGLQDU\ DLUFUDIW



7KH SUREOHP RI SURGXFWV RSHUDWLRQ PDGH IURP &0 LQ
IXVHODJH LV D ILQDOO\ QRW UHVROYHG TXHVWLRQ &XUUHQ
%RHLQJ '"UHDPOLQHU RU 0& KDYH IXVHODJH PDGH RI &O
ZKLFK KDV &0 DQG IUDPHV PDGH RI SRO\PHU FRPSRVLW

LPSOHPHQWDWLRQ DSSURDFK ZDV FKRVHQ IRU VHYHUDO UHI

&RPSRVLWH PDWHULDOV DQLVRWURS\ PDWHULDO SURSES
GHSHQGLQJ RQ WKH GLUHFWLRQ RI ORDGY DSSOLFDWLRQ ¢
SHUFHLYH WKH HQWLUH ORDG VSHFWUXP GLVWULEXWHG Dl
ORDGV LW EHFRPHV YHU\ GLIILFXOW DQG VRPHWLPHV LPSR
ILEHUV VR WKDW WKH PDWHULDO FDQ DEVRUE WKH DERYH C

DQ DGHTXDWH PDUJLQ RI VDIHW\

&RQGLWLRQV RI DLUFUDIW RSHUDWLRQ DPRQJ WHPSHUD)
VWURQJ LQIOXHQFH RQ WKH PHFKDQLFDO SURSHUWLHV Rl &

DOVR VXEMHFWYV RI WKH GHVWUXFWLYH DJJUHVVLYH LQIOXH

$QRWKHU UHDVRQ LV WKH UDSLG JURZWK LQ DLU WUDIILF
RI QHZ DLUFUDIWY ODFN RI TXDOLILHG IOLJKW DQG HQJLC

FDOFXODWLQJ SRZHU HOHPHQWY VWUHQJWK DW WKH VWDJH

IRZ PRGXOXV RI UHVLOLHQFH DPRQJ ZLWK K\ JURVFRSLFLW!'
DW ORZ WHPSHUDWXUHYV DQG EUHDNV WKH OD\HUV RI
PDQXIDFWXUDELOLW\ ORQJ GXUDWLRQ DQG FRPSOH[LW\ F

LQIOXHQFH WKH ZKROH SLFWXUH RI &0 DLUFUDIW FRPSRQHQ

7KH VLIQLILFDQW FRVW RI &0 SURGXFWV 'HVSLWH WKH II

WKH DSSOLFDWLRQ VRPH &0 UHPDLQV PRUH H[SHQVLYH WKI



RI UDZ PDWHULDOV DQG PRUH FRPSOH[ SURGXFWLRQ F\FOH
Rl WKH DLUFUDIW &0 DUH FKDUDFWHUL]JHG E\ KLJK GDPSLQ
UHVLVWDQFH WR F\FOLF DQG YLEUDWLRQ ORDGV ,Q ZRUOGC
3&40 DUH PRVW ZLGHO\ XVHG )URP D VHPL ILQLVKHG SURG
FRPSOH[ VSDWLDO JHRPHWULF FRQILIJXUDWLRQV RI SDUWYV |
PDWHULDOV DQG WKHLU DOOR\V WKHUHE\ HOLPLQDWLQJ
UHOLDELOLW\ DQG SHUIRUPDQFH $00 HOHPHQWYV IRU H[D
ORQJLWXGLQEDO VWULQJHU VHW VWUXWV DQG ZDOOV WL

DVVHPEOHG DQG FRQQHFWHG LQ RQH FXULQJ SRO\PHUL]DW

7LOOC SUHVHQW GD\V WKH SURFHVV RI F\FOLF IDWLJXH JURz
WKHLU UHVLGXDO VWUHQJIJWK XQGHU RSHUDWLRQDO ORDGYV
DUH XVXDOO\ GHVLIJQHG ZLWKRXW GDPDJH JURZWK FULWHUL
WR FRYHU XQNQRZQ XQWHVWHG HIIHFWV 7KHLU RSWLPL]DW
QR GDPDJH JURZWK FULWHULRQ ,Q WKH 8 6 )HGHUD
SUHVHQWHG D VORZ JURZWK DSSURDFK WR FHUWLI\LQJ FRPS

ERQGHG UHSDLUV ZKLFK FRXOG LPSURYH WKH VLWXDWLRQ C

'"HIHFWV LQ FRPSRVLWHYV

ODQ\ WA\SHV RI GHIHFWV FDQ RFFXU GXULQJ WKH PDQXIDFWX
FRPSRQHQW OLIH F\FOH RI FRPSRVLWH PDWHULDO 9DULRXYV
GHIHFWV WKH PRVW FRPPRQ RI ZKLFK LV 3SRURVLW\" /LWW(
FRQFHQWUDWRUYVY 3RURVLW\ PD\ EH FDXVHG E\ LQDSSURSU
GHYLDWLRQV RI WHPSHUDWXUH GXULQJ WKH SURFHVV SU
EOHHGLQJ RI WKH UHVLQ HWF /HYHOV RI SRURVLW\ FDQ E|

RI WKH PHFKDQLFDO FKDUDFWHULVWLFV VXFK DV LQWHUOLTI



OD\HUV SUH SUHJV DUH PDGH PDQXDOO\ RU E\ WKH PHDQV
WKHVH YDULDQWY SRWHQWLDOO\ KDV WKH SRVVLELOLW\ IF
SURGXFWLRQ SURFHVV ORGHUQ PDQXIDFWXULQJ SURFHVVH
IRUPHG GU\ ILEHUV LQ PRXOGV 7KHVH SURFHVVHV DGGHG
GLVSODFHPHQW RU ZDYLQHVV ERWK LQ WKH PDWHULDO SOC
$ 6PLWK B36WLWFKLQJ RI ILEHU WRZV WR KROG WKHP LQ SO
FDQ LWVHOI LQWURGXFH QXPHURXV UHJXODUO\ VSDFHG VL
SUREOHP IRU KRQH\FRPE VWUXFWXUHV LV SRRU ERQGLQJ D!

DUH RIWHQ LVVXHV LQ WKH VNLQ WR DGKHVLYH DQG DGKHVL

7KH LPSDFW LV WKH PRVW UHFHQW LQ VHUYLFH GDPDJH ,Q
DV PRQROLWK WKLV FDQ OHDG WR PDWUL[ GDPDJH UHVXOW
GHODPLQDWLRQV FRXOG VWD\ LQYLVLEOH IRU D ORQJ SHUL
EH YLVXDOO\ GDPDJHG SEDUHO\ YLVLEOH LPSDFW GDPDJH’
DQ H[FHSWLRQ WKH\ DOVR VXIIHU IURP WKH PDWUL[ FUDF
$QRWKHU GHIHFW IRU KRQH\FRPE VDQGZLFK VWUXFWXUHV L
ERQG OD\HU VXIIHUV IURP GLIITHUHQW IDFWRUV &UXVKHG FF
LV WUDQVIHUUHG WR WKH FRUH WKLV FDQ OHDG WR UHODW

DOVR VWD\ LQYLVLEOH > @

,QIOXHQFH RI GHIHFWVY LQ FRPSRVLWHYV

$EQRUPDOLWLHYVY FDQ EH FUHDWHG LQ FRPSRVLWH PDWHULI
GXULQJ SURGXFWLRQ SURFHVVHY 7KHVH DEQRUPDOLWLHV V
EH UHSUHVHQWHG DV D IXQFWLRQ RI WKH LQWHQGHG XVH R

GHYLDWLRQ RQ WKH UHTXLUHG SHUIRUPDQFH



3$00 GHIHFW W\SHV DUH NQRZQ WR DGYHUVHO\ DIIHFW
+RZHYHU WKH W\SH DQG VL]H RI WKH GHIHFW WKDW QHF
VHW IRU HDFK DSSOLFDWLRQ EDVHG RQ WKH UHVXOWYV R
DQG GHWDLOHG NQRZOHGJH RI KRZ VXFK GHIHFWV JURZ
VHUYLFH HQYLURQPHQW 7KLV SURFHVV VHWV WKH I

PDQXIDFWXULQJ DQG LQ VHUYLFH GHIHFWV’

7TDNHQ IURP > @

7KH SRVVLEOH LPSDFW RI WKH GHIHFWV WR WKH VWUXFW?
DFFHSWDQFH DQG GHYLDWLRQ FULWHULD FDQ EH HVWDE
GHWHUPLQDWLRQ RI WKH LQLWLDO SULRU WR XVH FRQGLW

XQGHUVWDQGLQJ WKH SURFHVV RI SURSHUWLHY GHYLDWLRC

7KH DQLVRWURS\ FDQ EH FRQVLGHUHG ERWK DV DQ DGYDC
PDWHULDOV 7KLV IHDWXUH FDQ EULQJ H[SRVXUH WR VWDW|
GLVFRQWLQXLWLHV $QRWKHU IDFWRU WKDW FDQ UHIOHFW V
LQ FRPSDULVRQ ZLWK WUDGLWLRQDO PDWHULDOV LV WKHI
VWUXFWXUH FDQ FRQVLVW RI XQLGLUHFWLRQDO SOLHV ZKL
QDPHO\ WKH PDWUL[ DQG WKH ILEHUV 2EVHUYLQJ JOREDO |

RFFXUV WKURXJK D PHFKDQLVP WKDW LV RQO\ VLPLODU WR

$V DQ H[DPSOH IRU ILEHU UHLQIRUFHG FRPSRVLWHV ILYH
VWUHVV GLVWULEXWLRQ DQG DV D FRQVHTXHQFH VWURQJC

7TKHVH PRGHV DUH

7UDQVYHUVH PDWUL[ FUDFNLQJ $
'HODPLQDWLRQ %
JRQJLWXGLQDO PDWUL[ FUDFNLQJ &



J)LEHU GHJUDGDWLRQ
JLEHU GHERQGLQJ (

(buo\ VvVWDJH WUDQVYHUVH PDWUL[ FUDFNLQJ $ LV FRQQH
XQLGLUHFWLRQDO SOLHV RULHQWHG WUDQVYHUVH WR WKFE
FUDFNLQJ & LV WKH VHFRQGDU\ PDWUL[ GRPLQDWHG IDLC
SRVVLEOH DW KLJKHU ORDGLQJ FRQGLWLRQV GXH WR WKH
WUDQVYHUVH SO\ WR WKH 3RLVVRQ VKULQNDJH GXULQJ ORQ

GHSHQGV RQ ILEHU WHQVLOH VWUHQJIJWK WLPH RI WKH IF
'"HODPLQDWLRQV % EHWZHHQ WKH FRPSRVLWH SOLHV WKH

IUDFWXUHG ILEHU ( DUH FUHDWHG E\ LQWHUODPLQDU GHEF

J)LIXUH '‘DPDJH PRGHV PRGLI\LQJ WKH ORFDO VWUHVYV
FRPSRVLWHYV WUDQVYHUVH PDWUL[ FUDFNLQJ $ GHODPLQTI

ILEHU GHJUDGDWLRQ ' ILEHU GHERQGLQJ ( > @

,Q WKH FDVH RI PHWDO SRO\PHU PHWDO VDQGZLFK FRPSRVI
UHOHYDQW IRU VSHFLDO ORDGLQJ FRQGLWLRQV [/LNH DC

HOHFWURPDJQHWLF IRUPLQJ (0) FDXVHV D YDULHW\ RI SRV



6KHDU WHQVLOH DQG FRPSUHVVLYH IDLOXUHV IRU WKHVH
HGIJHV GXULQJ WKH EB QERZHY W XARPSUHVVLYH IDLOXUH WD
RI WKH VDPSOH PLGGOH 7HQVLOH IDLOXUH E\ FUDFNLQJ QR
LQ WKH FHQWHUOLQH RI WKH VDPSOH ©6R FDOOHG *X0OO ZL
PDWHULDO FDQ DOVR WDNH SODFH XQGHU VSHFLDO FRQGLW

RFFXU GXULQJ WKH ORFDO EHQGLQJ RI WKH EHQGLQJ DUP D

?__I %‘ I ' " Gull-wing bend A 4 G
Shear failure Multilayver shear failure .
Tensile failure Shear + tensile Mailure

Shear + compressive
failure

a) b)

Compressive failure

Gull-wing bend

J)LIXUH D 3RVVLEOH IDLOXUH PHFKDQLVPV IURP EHQGLQJ
1 > @ DV ZHOO DV E *X0OO0O ZLQJ EHQG SKHQRPHQRQ GX

FRUH DGKHVLYH OD\HU > @

2EVHUYLQJ WKH SUHVHQW VLWXDWLRQ LQ DLUFUDIW RSHU|
GLIITHUHQW QRQ GHVWUXFWLYH HYDOXDWLRQ 1'( DSSURDF
FRPSRVLWH PDWHULDO WR LGHQWLI\ GDPDJH PRGHV 7R FR(
PDWHULDOV LW LV QHFHVVDU\ WR DFFHSW WKDW VRPH RI W
IRU WKH SRVVLELOLW\ RI WKHLU GHWHFWLRQ 7KLV LV LPSR
PRVW GHPDQGLQJ GXH WR WKH QHFHVVLW\ RI UHGXFLQJ ZH]I

WLPH WKHVH DVVXPSWLRQV FRXOG EH QRW YDOLG IRU GLIII



,Q VHUYLFH GHIHFWYV

,Q VHUYLFH IDLOXUHYV RI FRPSRVLWH PDWHULDOV GHSHQG F
RI WKHP DUH FRQQHFWHG WR WKH HQYLURQPHQWDO IDFWRU
PHFKDQLVPV RI GHIJUDGDWLRQ OLNH IDWLJXH LPSDFWV VYV
VWULNH KXPLGLW\ DQG WHPSHUDWXUH HIIHFWV DUH PRVW
PHFKDQLVPV E\ ZKLFK GHIHFWV DUH LQLWLDWHG DQG JURZ

7KH PRVW FULWLFDO RI WKHP DUH

X '"HODPLQDWLRQV GHODPLQDWLRQ EXFNOLQJ VSOLW
X %RQG IDLOXUHYV

X &UDFNV ODUJH VFDOH LQWHUODPLQDU FUDFENV DQ!
X ,QJUHVV RI PRLVWXUH RU SDUWLFOHYV

X JUDFWXUH RI ILEHUV

X %XFNOLQJ RI ILEHUV

X ,QWHUIDFH IDLOXUHVY EHWZHHQ PDWUL[ DQG ILEHUV
X )DLOXUH EHWZHHQ OD\HUV

X )DLOXUH EHWZHHQ FRUH DQG OD\HUV LQ VDQGZLFKHI

2QH RI WKH LQ VHUYLFH PRVW FRPPRQ GHIHFWV UHTXLU
GHODPLQDWLRQV ,W FDQ EH FDXVHG E\ PDQ\ IDFWRUV OLNt}
FDQ EH IRXQG E\ WKH PHDQV RI GLITHUHQW WHFKQLTXHV EX
PHDVXUH DGKHVLYH VWUHQJWK GXULQJ RSHUDWLRQ &UDFN
WR GHODPLQDWLRQ JURZWK DQG D FULWLFDO VWDJH RFFXU
D VLJQ RI GHODPLQDWLRQ JURZWK E\ WKH PHDQV RI XOWU
VLWXDWLRQ ZKHQ GHODPLQDWLRQV DUH RULHQWHG DW ULJK

QRUPDO LQFLGHQFH LQWR D ODPLQDWH WKH\ DUH LGHDOO\



SUHVHQFH FDQ EH GHWHFWHG E\ WKH UHIOHFWHG VRXQG RL

HQHUJ\

'LIIHUHQW GHIHFWV UHTXLUH YDULRXV PHWKRGV IRU WKHLL
QRW RQO\ DIIHFW WKH PHFKDQLFDO SURSHUWLHVY WKDW DU
UHVLGXDO VWUDLQ RI FRPSRVLWH VWUXFWXUH ,QWHUODPL
VKDUS WHPSHUDWXUH IOXFWXDWLRQV OHDVXULQJ RI PRLVW
RU E\ XOWUDVRQLF YHORFLW\ VKRXOG EH FRQQHFWHG WR
SRVVLEOH WROHUDQFHV 'HSHQGLQJ RQ WKH W\SH DQG DS
MXGJPHQWY PD\ EH GLIIHUHQW $V DQ H[DPSOH WKH GHODP]|

DUH QRW DV LPSRUWDQW DV FUDFNV ZKLFK FDQ EH ORFDW

2QH RI WKH PRVW LPSRUWDQW UHTXLUHPHQWY IRU DLUFUDI
WKH HQWLUH OLIH F\FOH LQ FRPELQDWLRQ ZLWK KLJK ZHL.
VWUXFWXUH DQG WKH UHTXLUHPHQWYV IRU LWV UHOLDEOH |
UHVRXUFH OHDG WR WKH QHHG RI VROYLQJ WKH SUREOHP F
XQWLO WKH PD[LPXP SRVVLEOH VHUYLFH OLIH ZLOO EH UHI
VWUXFWXUDO HOHPHQWY DV ZHOO DV WKH DLUFUDIW LQ JH!
UHODWHG WR WKH VWUHQJWK RI DLUFUDIW VWUXFWXUHV LV
FRQQHFWHG WR WKH PD[LPXP SRVVLEOH IDWLJXH OLIH DQG

PLQLPXP ZHLJKW FKDUDFWHULVWLF RI FRPSRQHQWY DQG DV

7KH OLPLWLQJ VWDWH RI WKH PDLQ FDUULHU HOHPHQW RI V
DQG LWV LQGLYLGXDO HOHPHQWY FDQ EH FKDUDFWHUL]HG
WKH FRQVHTXHQFHY WR ZKLFK LW OHDGV +RZHYHU LQ DOO

[IOLIJKW VDIHW\



7KH DQDO\VLVY DQG V\VWHPDWL]DWLRQ RI HIWHUQDO ORDGV
DLUFUDIW OLIHF\FOH RU WKH SRZHU FRPSRQHQWYVY RI WKH I
PDNH WKH PRVW DFFXUDWH YHUGLFW RI WKH DULVLQJ WHQ
HYDOXDWLRQ RI D SRVVLEOH VWDWH ZLWK DQ HPHUJLQJ DC
WKH FULWHULRQ RI FUDFN LQLWLDWLRQ RU E\ WKH FULWHUL
WKH IDVW XQFRUUHFWDEOH ILQDO GHVWUXFWLRQ RI WKH V\
ZKHQ WKH VWUXFWXUDO HOHPHQW LV VWUHVVHG ,WV HYI

LQIRUPDWLRQ

7KH TXHVWLRQ DERXW ZKDW VL]H RI D IDWLJXH FUDFN LV ZI
WKH FRQGLWLRQ IRU DFKLHYLQJ WKH XOWLPDWH VWDWH RI
WKH PHWKRGY DQG PHDQV RI QRQ GHVWUXFWLYH WHVWLQJ
RQ WKH LGHDV DERXW WKH GXUDWLRQ RI WKH FUDFN GHYHO
GHVWUXFWLYH PHWKRGY DQG PHDQV RI FRQWURO DV ZHOC
WKHPVHOYHVY WKLV SUREOHP FDQ EH DGGUHVVHG GLUHFWO!
TXHVWLRQ RI WKH UHODWLYH VXUYLYDELOLW\ RI WKH PDWH
WKH VWUXFWXUH LV VXIILFLHQW IRU WKH LOQWURGXFWLRQ R
PRQLWRULQJ +RZHYHU HYHQ LQ VWUXFWXUDO HOHPHQWYV F
DV D UHVXOW RI GDPDJH WR WKH VXUIDFH RI D SDUW LQ GL
ORDG FRQFHQWUDWLRQY 8QGHU WKHVH FRQGLWLRQV WKH
WKH LQVSHFWLRQ WKH FKRLFH DQG MXVWLILFDWLRQ RI Wtk
FRQVLGHUHG IURP JHQHUDO SRVLWLRQV W LV QHFHVVDU)
DFFRUGLQJ WR GLIITHUHQW FULWHULD VXFK DV DFFHVVLELC
SDUW ORFDWLRQ RI WKH FUDFN SHULRGLFLW\ RI LQVSHFW

JURZWK LQ WKH FRQWURO ]JRQH VHQVLWLYLW\ RI WKH PHW]



LOQWHQVLW\ RI FKHFNV DQG WKHLU FRPSOH[LW\ FDQ RYHUOD

WKH VWUXFWXUDO HOHPHQW RQ WKH SULQFLSOH RI VDIH GEC

SHVHDUFK K\SRWKHVLV

&RQVLGHULQJ WKH LQIRUPDWLRQ DERYH ZH FDQ DIILUP WKI
FRPSRVLWH PDWHULDOV GLFWDWH VWULFW UHJXODWLRQV F
DOWHUQDWLYH IDVW DQG ORZ FRVW FRPELQHG WHFKQLT
FRPSRVLWHV LV D PRGHUQ LVVXH )RU VDIHW\ UHDVRQV DQ
DQ DLUFUDIW RU YHKLFOH RU DQ HOHPHQW GXULQJ LWV Ol
LQYHVWLIJDWHG E\ XVLQJ D VSHFLDO DSSURDFK D GDWD SUI
FRPSRVLWHYV 7KH PRGLILFDWLRQ RI SURGXFWLRQ WHFKQR
FKDQJH LQ WKH VWUXFWXUH RI WKH PDWHULDO DQG WKHUH
PDWHULDO DQG LWV EHKDYLRXU GXULQJ RSHUDWLRQ 7KH W
DV WKH VWDELOLW\ RI WKH YLEUDWLRQ FKDUDFWHULVWLFV
([SHULPHQWDO PRGHOV DQG H[SHULPHQWDO GDWD ZLOO EH
PRGHUQ FRPSRVLWHV LQFOXGLQJ FRPSRVLWH PDWHULDOV
WKH DGGLWLRQ RI FDUERQ QDQRWXEHYVY DQG PHWDO SRO\PH
EH KHOSIXO WR SUHGLFW WKHLU UHPDLQLQJ FDSDELOLWLH)
PHWKRG RI YLEUDWLRQ DQDO\VLV IRU GLDJQRVWLF RI WKF
GLIlTHUHQW FRPSRVLWH PDWHULDOV W LV H[SHFWHG WKDW
RQO\ KHOS WR VROYH D SUREOHP RI ORQJ OLIH IRU FHUWDL

ZLOO KHOS WR DGG GDWD IRU WKH IXWXUH FRPSRVLWH PDW

2QH RI WKH UHVHDUFK DLPV LV WR GHWHFW VLPSOH VLJIQV
DLUFUDIW HOHPHQW V FRQGLWLRQ LQ WLPH DQG JLYH D G

&RPSRVLWH VWUXFWXUH HOHPHQW FRQGLWLRQ GHSHQGV F



RSHUDWLQJ FRQGLWLRQV SHUVRQQHO TXDOLILFDWLRQ HW
FRPSRVLWH VWUXFWXUH EHKDYLRXU LV HVVHQWLDO IRU VL
VLIJQV Rl LQWHJUDO FKDQJHV LQVLGH WKH VWUXFWXUH L
PHEFKDQLFDO IDLOXUHV &XUUHQW UHVHDUFK VWDUWV E\ Lt
WHVWLQJ WHFKQLTXHV ZKHUH GLIIHUHQW WHFKQLTXHV DU
WHVWLQJ 6RPH XVXDO WHVW PHWKRGV LQFOXGLQJ WHQVLO
IDWLIJXH WHVWLQJ WKHUPDO DQDO\VLV DQG RWKHUV DU
SURSHUWLHVY GXH WR PHFKDQLFDO DEXVH FRQGLWLRQV LQ D
ORDGLQJ DSSURDFK LV RIWHQ XVHG 3RVW IDLOXUH VWUXEV
WHEKQLTXH ZKHUH FRPSRVLWH IDLOXUH SDWWHUQV LQFOXC
WR XQGHUVWDQG GHWDLOHG IDLOXUHV DQG WKHLU HIIHEV
PHWKRGV DUH IXUWKHU VWHS FRQQHFWHG WR FRQWURO L¢
YLEUDWLRQ PRQLWRULQJ WHFKQLTXHV LQ FRPELQDWLRQ ZL

PRGHOLQJ E\ WKH PHDQV RI ILQLWH HOHPHQW DQDO\VLV 7K

X ORQLWRULQJ RI DOWHUDWLRQV LQ WKH LQWHJUDO
FRPSRVLWH PDWHULDOV

X 8VLQJ ZDYHOHW WUDQVIRUPV IRU WKH FRQVWUXFW|L
X 'HWHUPLQDWLRQ RI WKH PRGDO SDUDPHWHUV RI IU}
X 8VLQJ RI )RXULHU 7UDQVIRUPV IRU YLEUDWLRQ VSH
X 8VLQJ VFDQQLQJ 9LEURPHWHU YLEUDWLRQ JHQHUI

HQVXUH WKH H[SHULPHQWDO UHVXOWYV

([SHULPHQWDO ZRUN DQG VLPXODWLRQ IRU YDOLGDWLRQ R
WKHVLV %DVHG RQ WKH DERYH RYHUYLHZ IROORZLQJ K\SRYV

RI DLUFUDIW VWUXFWXUHY PDGH RI FRPSRVLWH PDWHULDOV



X 7KHUH DUH XVDEOH IHDWXUHV RI YLEUDWLRQ FKDUL
RI GDPDJH DQG LQWHJUDO FKDQJHV RI DGYDQFHG FRPSHF
X 1'( YLEUDWLRQ EDVHG WHFKQLTXH LQ FRPELQDWLRC
WUDQVIRUPV LV DQ DSSURSULDWH XQLYHUVDO WHFKQL
DQG GLDJQRVWLFV LQ RSHUDWLRQ

X $ ZLGH UDQJH RI FRPSRVLWH PDWHULDOV FDQ EH Wk
SURSRVHG LQ WKH UHVHDUFK

X ([SHULPHQWDO PRGDO DQDO\VLV FDQ EH XVHIXO IF
PRGHOV SDUDPHWHUV IRU FDOFXODWLQJ WKH PRGDO
VDQGZLFK VKHHWY DQG PHWDOOLF PRQR PDWHULDOV FF
WKH SUREOHP RI PLQLPL]LQJ WKH GLVFUHSDQF\ EHWZHH
DQG WKH H[SHULPHQWDO RQHV

X 7KH VHYHULW\ Rl WKH RXWFRPH GHSHQGV RQ RSHUL

W\SH

SHVHDUFK REMHFWLYHYV

7KH IROORZLQJ REMHFWLYHV ZHUH VHW WR GHYHORS D ED

DERDO\VLV IRU GLDIJQRVWLF RI WKH DLUFUDIW RSHUDWLRQDC

X $QDO\WLV RI WKH SUDFWLFDO DQG WKHRUHWLFDO D
HOHPHQWY PDGH RI FRPSRVLWH PDWHULDOYV

X 7TKHRUHWLFDO DQG H[SHULPHQWDO VWXGLHV RI WK
FRPSRVLWH PDWHULDOV RQ WKHLU YLEUDWLRQ FKDUDF\
X 7KH VHOHFWLRQ RI WKH YLEUDWLRQ GLDJQRVWLF S
GDPDJH RI WKH VWUXFWXUHY PDGH RI FRPSRVLWH PDWFE

X ([SHULPHQWDO HYDOXDWLRQ RI WKH PHWKRG VHQVL



X '"HYHORSLQJ RI WKH RSHUDWLQJ GLDIJQRVWLFV WHF#
DLUFUDIW VWUXFWXUHY PDGH RI FRPSRVLWH PDWHULDO
X 7KH DSSUREDWLRQ RI WHFKQLTXH RQ GLITHUHQW PR
X 7TKH GHYHORSPHQW RI 1'7 WHVWLQJ HTXLSPHQW V
FRPSRVLWH PDWHULDOV LQ RSHUDWLRQ

X 7KH GHYHORSPHQW RI D SULQFLSOH IRU DQ H[SUHV\

PDWHULDOV EDVHG RQ WKH SURSRVHG PHWKRGRORJ\

7TKHVLV VWUXFWXUH

7KLV FKDSWHU FRYHUV WKH EDFNJURXQG DQG UDWLRQDOH
FRPSRVLWH PDWHULDOV DUH GLVFXVVHG LQ UHODWLRQ WR \
WKHLU HIIHFWV (PSKDVLV LV JLYHQ WR KLJKOLJKWLQJ FR
DGHTXDWH LQWHJUDO HYDOXDWLRQ RI WKHLU FRQGLWLRQ 1

FKDSWHUV GHWDLOLQJ WKH UHVHDUFK RXWOLQH

&KDSWHU WZR IRFXVHV RQ H[LVWLQJ WHFKQLTXHYVY DQG WKHI
FRQVLGHULQJ WKH QHHGV IRU FRPSRVLWH SDUWV PRQLWF
'LITHUHQW DSSURDFKHV ZKHUH WKH PDLQ SXUSRVH LV WR
SHUIRUPDQFH HVWLPDWLRQ LQ FDVHV RI DOO NLQGV RI DEX
PHWKRGYVY DORQJ ZLWK WKHLU WHFKQRORJLFDO WHFKQLTXH}
IURP WKRVH UHVXOWYVY DQG GUDZEDFNV DUH UHYLHZHG LQ
DQDO\WVLV RI WKH SUDFWLFDO DQG WKHRUHWLFDO DUHDV R
PDGH RI FRPSRVLWH PDWHULDOV W FDQ JLYH DQ RSLQLRQ

WKHLU LQVSHFWLRQ DQ RYHUYLHZ RQ 6+0 DQG 1'7 WHFKQL



([SHULPHQWDO PHWKRGRORJ\ DQDO\VLV Rl H[LVWLQJ PH\
SUHOLPLQDU\ UHVXOWYV ZLWK IXQGDPHQWDO SDUDPHWHUYV
GLVFXVVHG LQ FKDSWHU WKUHH )HDWXUHV RI EXLOGLQJ 1
WHVWLQJ WDVNV RI DOO W\SHV RI HTXLSPHQW DUH GLVFXVV
VHW XS ZLWK SDUWLFXODU GHYLFHV DOVR GLVFXVVHG ,Ql
SURFHVVLQJ UHVXOWYV LQ D IRUP VXLWDEOH IRU DQDO\VLV D
ZKLFK PRVWO\ OLQN WR LQLWLDO WHVWLQJ ZLWK YDULRXYV
IRUPDWLRQ RI D GHFLVLRQ DFFRUGLQJ WR WKH VWDWH RI W
QRUPDO IXQFWLRQLQJ RU IRUHFDVWLQJ LWV UHVLGXDO Ul

DQDO\VLV

&KDSWHU IRXU GLVFXVVHV WKH VLIJQLILFDQW UHVXOWYV RE
ZKHUH GHWDLOV RI WHVW VFHQDULRY DUH LQFOXGHG 7K
EHKDYLRXU GXULQJ ORDGLQJ FRQGLWLRQV ZLWK LQLWLDO
FDVH RI FRPSRVLWH REMHFW FRQGLWLRQ FKDQJHV 7KH
DSSOLFDWLRQV LQFOXGLQJ PRGHUQ RQHV ,Q SDUWLFXODU

IDLOXUH DQDO\VLY EHKDYLRXU GHYLDWLRQV DQG WKHLU P

([SHULPHQWDO UHVXOWY DQG WKHLU GLVFXVVLRQ DUH SUH
LOWHUSUHWDWLRQ RI REWDLQHG GDWD DFFRUGLQJ WR LQI
UHVXOWY ZLWK DLUFUDIW EODGHYV DQG WKHLU GLVFXVVLRC
PDLQO\ UHVHDUFK RI YLEUDWLRQ SURSHUWLHV RI PHWDO S
PDLQ FRUH HOHPHQWYV RI FKDSWHU IRXU W DOVR FRQWDL
UHVXOWYVY RI WKH H[SHULPHQWDO PRGDO DQDO\VLV IRL
WKHUPRJUDSK\ WHVWLQJ WKH VLPSOLILFDWLRQ RI WKH Y

H[SHULPHQWDO UHVXOWYV



&KDSWHU ILYH H[SODLQV WKH QRYHO DVSHFWV RI WKLV V\
UHVXOWY DQG WKHLU LPSDFW DQG OLPLWDWLRQV RI WKLV

LV DOVR LQFOXGHG LQ WKLV FKDSWHU LQ JUHDW GHWDLO



&KDSWHU I[ILWHUDWXUH 5HYLHZ

 QWURGXFWLRQ

7KLV FKDSWHU FRYHUV WKH EDFNJURXQG DQG DYDLODEOH O
PROQLWRULQJ RI DLUFUDIW FRPSRVLWH VWUXFWXUHV O0DLQ
LOQYHVWLIDWHG DQG ZHUH XVHG DV D UHVHDUFK EDVLV ZHU
VXJIJHVWY WKDW WKHUH DUH WKUHH PDLQ FDWHJRULHV RQ
LQFOXGLQJ DQDO\WLV RI WKH SUDFWLFDO DQG WKHRUHWLF
HOHPHQWY PDGH RI FRPSRVLWH PDWHULDOV LQVSHFWLRQ
7KH IRFXV LV JLYHQ WR FULWLFDOO\ GLVFXVV DYDLODEOH LU

DQG FLWLQJ WKH UHVXOWY 7KLV FKDSWHU FODULILHV WKH

$FFRUGLQJ WR UHVHDUFK DLPV RQH RI WKH PDLQ JRDOV RI
PRGHUQ PHWKRG Rl YLEUDWLRQ DQDO\VLV IRU GLDJQRVWLF
RI FRPSRVLWH PDWHULDOV LQFOXGLQJ QHZ FRPSRVLWH PDV
SRO\PHU PHWDO FRPSRVLWHV 7KH DEVHQFH RI VWDWLVW|I
VWDELOLW\ LL FRPELQHG DOWHUQDWLYH ZD\V Rl WKH VWD
WLPH DUH VWLOO RSHQ SUREOHPV IRU WKH RSHUDWLRQ RI F
FKHDS XQLYHUVDO DSSURDFK IRU WKH LQWHJUDO HVWLPDW
SULRULW\ JRDO $ VROXWLRQ WKDW FRPELQHVY FRQWURO DQ¢
WKH VWDUW RI WKHLU RSHUDWLRQ ZRXOG VDYH HQRUPRXYV
WKLV JRDO DW ILUVW LW LV QHFHVVDU\ WR PDNH DQ DQDO
GDPDJH FRQWURO IRU WKH DLUFUDIW HOHPHQWYVY PDGH R
LQIRUPDWLRQ JLYHV DQ RSLQLRQ DW WKH SUHVHQW VLWXD!
PRQLWRULQJ RI DLUFUDIW VWUXFWXUHY PDGH Rl FRPSRVLW

PDQ\ W\SHV RI FRPSRVLWH PDWHULDOV XVHG LQ DHURVSDF



WKHUPRSODVWLF FRPSRVLWHY ODPLQDWHYV ILEHU UHLQIRL
UHVLQV ILOPV DQG DGKHVLYHV 7KH IXWXUH RI PDWHULDOV
RQ FRPSRVLWHV > @ %HIRUH DQ\ FRPSRVLWH PDWHULDO Jt
WKH SURFHGXUH RI DIWHU SURGXFWLRQ WHVWYV 7HVW YHU?
ILHOG RI DSSOLFDWLRQ TXDOLW\ FRQWURO SURFHGXUHV D
VSHFLILF FRQGLWLRQV $FFRUGLQJ WR DGYLVRU\ FLUFXC
7UDQVSRUWDWLRQ )HGHUDO $YLDWLRQ $GPLQLVWUDWLRG
SURFHGXUHV WKDW HQVXUH WKH TXDOLW\ RI LQFRPLQJ

PDQXIDFWXULQJ PHWKRGY DQG WHVWLQJ SHUIRUPHG WR H\

GHVLJIQ UHTXLUHPHQWYV ~

/IRILFDO UXOHV SUHVHQWHG LQ WKLV VLPSOH DGYLVRU\ [
VWDQGDUGY VKRXOG FRQWDLQ DSSOLFDEOH LQIRUPDWLRQ
GXULQJ WKH PDQXIDFWXULQJ SURFHVV DQG SURGXFW ILQD
VWDQGDUGY WKDW GHWHUPLQH WKH FKRLFH IRU WKH DEFHS
DQG GDPDJH VKRXOG DOVR WDNH LQWR DEFRXQW WKH SURF|
EH EDVHG RQ WKH $& DSSOLFDEOH DLUZRUWKLQHVV V

XQGHU WKH UHVXOWYV RI SURRI RI VWUXFWXUH HYDOXDWLRC

$ ZLGH UDQJH RI PHFKDQLFDO WHVWV LV D FRQVWDQW IF
SURSHUWLHV RI DQLVRWURSLF DQG LQKRPRJHQHRXV FRPSH
VWUXFWXUDO DSSOLFDWLRQV $V DQ H[DPSOH WR GHWHUP
FRPSUHVVLRQ DQG VKHDU WHVWV 2SHQ KROH WHQVLRQ F
IUDFWXUH WRXJKQHVV FRPSUHVVLRQ DIWHU LPSDFW &S$,

XVHG WR H[SORUH PRUH FRPSOH[ SURSHUWLHYVY 7HVWV QH



HQYLURQPHQWDO FRQGLWLRQV VXFK DV GLIITHUHQW UDQJH

LPPHUVLRQV LQ IOXLGV > @

&RPSRVLWHVY WHVWLQJ IRUDHURVSDFH DSSOLFDWLRQV LV
RI WHVWLQJ 2UJDQL]DWLRQV WKDW XQGHUWDNH FRPSRVLW!

QXPEHU RI FKDOOHQJHV )RXU PDLQ FKDOOHQJHV DUH

X $00 WHVWV VKRXOG EH FRQGXFWHG LQ FRPSOLDQFH

X $00 HTXLSPHQW VKRXOG EH PDLQWDLQHG DQG EH DE
DOLJQPHQW RI JULSV DQG IL[WXUHYV

X $00 VDPSOHV VKRXOG EH TXLFNO\ DQG HIILFLHQWO\ |
UDQJH RI WHVWV ZKLOH PDLQWDLQLQJ KLJK SURGXFW

X 7TKH WHVW HQYLURQPHQW VKRXOG EH FRUUHFWO\ PDL

&RPPHQW 7KLV LV WKH ILUVW LWHUDWLRQ RI FRQWURO ZKL

DUH VWLOO VHYHUDO WHVWLQJ PHWKRGV IRU PRGHUQ FRPS

$QDO\WVLV RI WKH SUDFWLFDO DQG WKHRUHWLFDO DUHDYV

HOHPHQWY PDGH RI FRPSRVLWH PDWHULDOYV

$GYDQFHG FRPSRVLWH PDWHULDOYV

2QH RI WKH PRVW VLJQLILFDQW LVVXHV IRU WKH QH[W FRPS
EHVW SRVVLEOH WHFKQLTXH IRU FRQWURO DQG SUHGLFW
RSHUDWLRQ $V GHVFULEHG E\ 6DED HW DO 31HZ PDWHULL
KDYH \HW WR EH DSSOLHG LQ DQ pubDV GHVLIJQHGY DSSOLFD!
PDWUL[ FRPSRVLWHYVY 00&V FHUDPLF PDWUL[ FRPSRVLWHYV
IOLJKW WHVWV EXW VWLOO QHHGY DFFHSWDQFH IRU PDQ\ U

VRPH PRGHUQ FRPSRVLWH LV SUHVHQWHG QH[W



$FFRUGLQJ WR WKH ODWHVW LQGXVWU\ DQDO\WLFDO IRUHFC
&ROOLQV VRXUFH ,"THFK([ > @ PRGHUQ FRPSRVLWH PDWHI

DUHDV )LJXUH

Manufactunng ‘
Equi nt ’
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J)LIXUH $GYDQFHG FRPSRVLWH PDWHULDOV FODVVLILFDWL
&HUDPLF PDWUL[ FRPSRVLWHV &0&V

$GYDQFHG FHUDPLF PDWUL[ FRPSRVLWH FRPSRQHQWYV FDQ
HQJLQHV LQ WKH QHDUHVW |IHDWXUH 'XH WR KLJK WKHUPL
FROQQHFWHG ZLWK DLUFUDIW HQJLQH KRW VHFWLRQV FRI
,PSOHPHQWDWLRQ RI &0&V LQ FRPEXVWLRQ FKDPEHUV FDQ
DQRG DV D UHVXOW UDLVH RHWMH IKRIOSRMLWIHHWVWQBOVR KDYH LP

FKDUDFWHULVWLFV WKDW FDQ DYRLG WKH OLPLWYV RI PRQR
OHWDO PDWUL[ FRPSRVLWHYVY 00&V

:KLOH SRO\PHU PDWUL[ FRPSRVLWHYV )53 &)53 FRPSRVLW}

DLUIUDPH DSSOLFDWLRQV WKHUH LV VWLOO SODFH IRU PHW



WLWDQLXP DQG HYHQ VWHHO PDWHULDOV 00&V FDQ KDYH
R[LGHV QLWULGH RU FDUELGH UHLQIRUFHPHQW HWF 7KHYV
SURSHUWLHV RI PRQROLWKLF PDWHULDOV 3RWHQWLDO DSS

DLUFUDIW KLJKO\ ORDGHG VXUIDFHV DV KHOLFRSWHU URWR!

OHWDO SRO\PHU PHWDO VDQGZLFK FRPSRVLWHYV 030V

OHWDO SRO\PHU PHWDO 030 VDQGZLFK VWUXFWXUHYV FRXO(
IRU H[LVWLQJ PDWHULDOV GXH WR UHGXFHG ZHLJKW ZLWK L
FRPSRVLWLRQ RI DOXPLQXP DOOR\ VWHHO DQG SRO\PHU OIL
FKDUDFWHULVWLFV 7KLV FDQ EH PDGH LQ SXUSRVH IRU PDC
RI SURGXFWLRQ VWUHQJWK YV GHQVLW\ FKDUDFWHULVWLFV
WHPSHUDWXUH )LJXUH JROORZLQJ JUDSKV ZHUH PDGH C

PDGH E\ 5 - + :DQKLOO DQG * + %UD\ > @

Al Alloys

Metals

Natural
Materials

Ceramics

®
o
=
S’
o
T
=
O
4
w
4 4
-
(7}

Polymers &
Elastomers

1.00 10.0

DENSITY, p (Mg/m3)

J)LIXUH 6WUHQJWK YV GHQVLW\ RI GLITHUHQW PDWHULDOV
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MAXIMUM SERVICE TEMPERATURE, T___ (°C)

JLIXUH 6WUHQJWK YV PD[LPXP VHUYLFH WHPSHUDWXUH RI

7KH FRPSRVLWHV RI WKLV NLQG FDQ EH XVHG LQ VHFRQGDL
GRRU KDWFKHV WKH\ KDYH JRRG GBEBIWMLY HEDBRAWS WIQV W
KDYH QR SUREOHPV ZLWK WUDQVPLWWLQJ HQHUJ\ GXULQJ W
VWLIIQHVY DQG VWUHQJIJWK JRRG IRUPLQJ EHKDYLRXU DQG C
JRRG SRWHQWLDO VSHFLILFDOO\ LQ DSSOLFDWLRQV IRU DX

> @

+LJK IRUPDELOLW\ DQG XQLYHUVDOLW\ DUH RWKHU ELJ D
IRUPDELOLW\ FDQ EH DFKLHYHG E\ XVLQJ VLPSOH SURGXF'
FRPSOH[ JHRPHWULHYVY 7KH GHVLJQ RI PHFKDQLFDO SURSHU
E\ XVLQJ DGDSWHG PDWHULDOV GLIIHUHQW PHWDOV WKLFN

PDWHULDOV DQG UXOHV RI PLIWXUHV 3RWHQWLDO IRU LQW



,Q WKH ODVW GHFDGH ZLGH UHVHDUFK ZDV FDUULHG RXW I
LPSURYHG PHFKDQLFDO SURSHUWLHYVY IRU LQVWDQFH FRP
LPSURYHG LVRODWLRQ VXSHULRU YLEUDWLRQ DQG VRXQG G

GHPDQGY PHWDO SRO\PHU PHWDO ODPLQDWHY KDYH EHHQ ¢

/,7(&25(S SURGXFWV XVHG LQ WKH DXWRPRWLYH LQGXVWU\ S
LQFUHDVH RI EHQGLQJ VWLIIQHVY RSWLPDO ZHLJKW DQG \
6SHFLILF IHDWXUHV OLNH KLJK WKHUPDO FRQGXFWLYLW\ DC
DFRXVWLF LVRODWLRQ DUH SURSHUWLHV WKDW RXWOLQH W
$ JRRG H[DPSOH LV WKH UHGXFHG DFRXVWLF ORDGV RI DXW

FRPSDUHG WR D FRQYHQWLRQDO VROLG VKHHW VKRZQ LQ )

Steel i 0,75 mm 5.8 100 %
Aluminium _ 1,.0mm 2,7 79 %
LITECOR?® —— “6‘_‘;30 nfr?‘ s 35 106 %
LITECOR? B 39 129 %
LITECOR? _ PRl T 42 209 %

J)LIXUH /,7(&25(S FKDUDFWHULVWLFV LQ FRPSDULVRQ ZLW!

030V DUH YHU\ DSSURSULDWH PDWHULDOV IRU WKLV UHVHD
WHFKQRORJ\ RI SURGXFWLRQ WKH YDULRXV GHIHFWV PD\ |
PHWDO VDQGZLFK FRPSRVLWHV $QRWKHU UHDVRQ IRU FK

FKDUDFWHULVWLFV $V D UHVXOW H[SHULPHQWDO PHWDO



EHHQ FKRVHQ DV RQH RI PDQ\ VDPSOHV IRU WKH UHVHDUEFK

LV SUHVHQWHG LQ ([SHULPHQWDO UHVXOWY DQG GLVFXVVLF

Steel sheet laminate: Bondal® \ q ” ﬂ ﬂ 1“ {\M'O?O:itlji('; s'terelr sheet
I AL
he—
',u WUHH‘\UW!”J

OHWDO 3RO\PHU OHWDO 6\VWHPV" > @

$QRWKHU LQWHUHVWLQJ DUHD LV FDUERQ QDQRWXEH &17
&DUERQ QDQRWXEHV DSSOLFDWLRQV LQ FRPSRVLWHYV FRXO(
VWUXFWXUDO PDWHULDOV 7KHUH LV D KXJH SRWHQWLDO LQ
LQGXVWU\ &DUERQ QDQRWXEH WHFKQRORJ\ KDV PDQ\ DS
HOHFWURQLFV DQG QHZ VWUXFWXUDO PDWHULDOV %DVLE
E\ 'U ODUFLR /RRV > @ ,Q KLV ZRUN KH VHSDUDWHO\ XC
LPSURYHPHQW Rl SRO\PHU SURSHUWLHY $ PRUH LPSRUWI
H[DPSOH FDUERQ EDVHG FRPSRVLWH DLUFUDIW IXVHODJH
OLJKWQLQJ VWULNHV ,Q SUDFWLFH GHVLJQ HQJLQHHUV XV
EXW WKH UHVLGXDO FXUUHQW LV VWLOO SUHVHQW /LJKWZH
XVHG IRU (0, VKLHOGLQJ DQG VKLHOGLQJ LQWHUQDOO\ ,W &
WKH ZHLJKW RI D FRDW RI SDLQW DQG VKLHOG WKH LQW

VWUXFWXUHY &DUERQ QDQRWXEHV KDYH WKH WHQVLOH VWI



DUH TXLWH IOH[LEOH 7KH VWUDLQ WR IDLOXUH LV KLJK EHF
EH LQ D IDEULF OLNH D IRUPDW ZKHUH WKH\ FDQ EH SXW LQ
FRPSRVLWHY WKHPVHOYHV $FFRUGLQJ WR SURVSHFW LQ >
ZLQJ ZRXOG EH ERWK VWUXFWXUDO LW ZRXOG GH LFH LWV
EDFN WR WKH DLUFUDIW DQG VD\ uZH DUH RU ZH DUH QRW L
PXOWLIXQFWLRQDO DSSOLFDWLRQV WKDW FDUERQ QDQRW

VSDFHFUDIW’

$W SUHVHQW DOO FLYLO PHFKDQLFDO DQG DHURVSDFH V\
RYHUORDGLQJ FRQGLWLRQV IDWLJXH DQG GHWHULRUDMW
HQYLURQPHQWDO IDFWRUV 'DPDJHV DOVR SODFH LQ TXHVW
LWV EDVLF IXQFWLRQV )RU WKHVH UHDVRQV PDQ\ VWUXFW
DQG PDLQWHQDQFH WR HQVXUH VWDEOH RSHUDWLRQ DQG H]
FKDUDFWHUL]DWLRQ Rl PDWHULDO GDPDJHV ZLWKRXW UXLQ!
WKH PHDQV Rl 1RQ 'HVWUXFWLYH (YDOXDWLRQ 1'( RU 1RQ

> @ 6DQGHHS .XPDU '"ZLYHGL HW DO > @

*HQHUDO QRQ GHVWUXFWLYH HYDOXDWLRQ 1'( PHWKRGV L

> @ DFRXVWLF HPLVVLRQ *KROL]J]DGHK HW DO > (
=KDQJ < HW DO > @ UDGLRJUDSK\ 7DQ HW DO
O9DYLORY HW DO > @ RU MXVW EDVLF YLVXDO LQVSHFW

3'HSHQGLQJ XSRQ WKH VWUXFWXUDO V\VWHP WKH FRVW
WLPH EDVHG 1'( LQVSHFWLRQ DQG PDLQWHQDQFH FDQ E
WKH WRWDO OLIH F\FOH FRVWV Rl WKH V\VWHP )RU FRP

LW LV HVWLPDWHG WKDW RI WKH DYHUDJH OLIH F\



LQVSHFWLRQ DQG UHSDLU ,Q DGGLWLRQ WKHUH LV D F

DVVRFLDWHG ZLWK WKH ORVV LQ RSHUDWLRQDO DYDLOL

7DNHQ IURP > @

7KH H[LVWHQFH RI D ODUJH QXPEHU Rl QRQ GHVWUXFWL
SOD\V DQ LPSRUWDQW UROH LQ FRPSRVLWH PDWHULDOV WH
WKHUH DUH RQO\ WZR FDWHJRULHV RQ ZKLFK 1'7 PHWKRGV
RSHUDWLRQDO FRQWURO XVH 7KH ILUVW RQH LV WKH GLUHF
SURSHUWLHV ZLWK PDWHULDO GHIHFWV GHWHFWLRQ 7KL
PHDVXUHPHQW Rl G\QDPLF PHFKDQLFDO DQDO\VLV '0$ > @
LQLWLDWLRQ DQG VXEVHTXHQW GDPDJH HYROXWLRQ > ¢
*KDGHUPDJ]L HW DO > @ 7KH VHFRQG FDWHJRU\ LV
FRPSRQHQWV LQWHJULW\ $ JRRG H[DPSOH IRU DHURVSDFH
GHWHFWLRQ RI FUDENV DQG GHERQGLQJ *LXUJLXWLX
UHLQIRUFHG E\ FDUERQ QDQRWXEHV 1DULWD HW DO >

DUH LQHYLWDEO\ DQG VWURQJO\ GHSHQG RQ WKH KXPDQ IDI

,Q ZRUN > @ O ( ,EUDKLP QDUURZO\ H[SODLQV WKH EDVLF
SUREDELOLW\ RI GHWHFWLRQ 32' GXULQJ QRQ GHVWUXFWL"
JLIXUH VKRZV D GDPDJH WROHUDQFH FXUYH ZKLFK JLYHV )\

VHUYLFH HQJLQHHULQJ VWUXFWXUH W VKRXOG EH PHQWLR

WHVWLQJ WKH GHIHFW LV OLNHO\ WR EH PLVVHG XQWLO LV

1
iol



Acrit -

Defect size

anpi 4

ag -

Operating time

Y)LJIXUH 'DPDJH WROHUDQFH FXUYH VKRZLQJ WKH LQRUHDV
DQG QRQGHVWUXFWLYH GHWRFWLRHU B WU RRGWIGRPHIHFW VL]

DUH SRLQWYV RI IDLOXUH FRQGLWLRQV > @

W LV VXJIJHVWHG WKDW WKHUH ZLOO EH QR,&HDMF W KH) SARKI
WKH SHULRG RQ WIKMHOLIHF\FOH Rl WKH FRPSRQHQW GXULQ
WLPH RI IDLOXUH FDQ EH GHWHUPLQHG LQ WKH BRGH DREQ
WKH JURZWK FKDUDFWHULVWLFV Rl WKH OLIH OLPLWLQJ C
SUREDELOLW)\ RI IDLOXUH ZRXOG EH VLJQLILFDQWO\ LQFUHD
LQLWLDO LQYSBRWLRODRMP XQGHUOLQHV WKDW 37KH PRVW
FRQILGHQFH LQ DQ LQVSHFWLRQ PHWKRG LV WR SHUIRUP
SUREDELOLW\ RI GHWHFWLRQ 32' IRUD VHW RI LQVSHFWLR

SUHVHQWY D SUREDELOLW\ RI GHWHFWLRQ FXUYH



Probability of detection

0 anpi
Defect size
JLIXUH BUREDELOLW\ RI GHWHFWLRQ FXUYH SURGXFHG |

GHULYDWLRIWR]y, 7KH OLJKW JUH\ OLQH LQWHUVHFWV WKH

DW 32°' > @

ZKHUHy. LV LGHQWLILHG ZLWEK_-,WKHVKD UDHPIHWWU VL]H IRU

32 GHPRQVWUDWHG ZLWK D VWDWLVWLFDO FRQILGH

32" FXUYH IRUP DQG PLQLPXP UHOLDEQ\ SIHWHPHWIHEOMH F®ID! HEF
IURP VWDWLVWLFDO GDWD 7KH SUREDELOLW\ RI ORFDOL]HC

WKH ZHOO NQRZQ FDOLEUDWHG HTXLSPHQW LV PXFK KLJKH

GHIHFW

OHDVXUHPHQW-RHDRLUHY PDQ\ LWHUDWLRQV RI SEOLQG” LQV

WKLV NLQG WKH LQVSHFWRU VKRXOG QRW NQRZ WKH ORFDYV



SURSHU DSSOLFDWLRQ RI SUREDELOLW\ RI GHWHFWLRQ LQIF
WKH SXUSRVH RI LQVSHFWLRQ 7KHUH DUH VRPH LPSRUWDQW

RU PLVLQWHUSUHWHG E\ UHVHDUFKHUY DQG SUDFWLWLRQH!

X $ 32' FXUYH LV QRW 3WUDQVIHUDEOH" 1'7 UHOLDE
VSHFLILF WR WKH LQVSHFWLRQ 10DZV VSHFLPHQV LQV
HTXLSPHQW XVHG ,W FDQ EH FRQFOXGHG WKDW WKH L
UDQJH RI KXPDQ IDFWRUV LV OLNHO\ WR RFFXU LQ IXWX!
VLQJOH FXUYH FDQQRW EH SUHVHQWHG DV WKH XQLY
LQVSHFWLRQ LQ FRPSRVLWHYV

X 7KH 32' Rl D VSHFLILF LQVSHEWLRQ FDQ YDU\ LQ FD
PHDQV

X 7KH YDOXHLRIQRUPDOO\ FKRY HW AR LEVW LFV VKRZ WK

RI GHIHFW\W RIPADQHEH GHWHFWHG E\ 1'7

7DNHQ IURP > @

7TKH WHFKQLTXH RI QRQ GHVWUXFWLYH HYDOXDWLRQ VKRXC
GHIHFW DPRQJ RWKHUV WKDW LQVSHFWRU FRXOG PLVV WK
WKH FRPSRQHQW W KDV EHHQ VXJIJHVWHG WKDW D WHFKC
VKRXOG EH DEOH WR DW OHDVW UHVROYH D DQRPDO\ LQ

VWUXFWXUH ZLWK KLJK UHOLDELOLW\ > @

6SHFLILFDOO\ IRU WKH DYLDWLRQ LQGXVWU\ PDLQWHQDOQFI
ZLWK WKH GHVLIJQ PHWKRGRORJ\ DGRSWHG IRU YHKLFO
PHWKRGRORJLHVY DUH VDIH OLIH DQG GDPDJH WROHUDQW )R
RI VWUXFWXUDO FRPSRQHQWYV LV HVWLPDWHG WKURXJK D

SURYLGHG IRU WKLV PHWKRGRORJ\ EHFDXVH FRPSBRHQW®G



GHVLJQ OLIH SHULRG 'XH WR WKLV UHDVRQ D VDIH OLIF
PHWKRGRORJ\ ,W LV DOVR LUUHVSHFWLYH WR LQFLGHQW G|
UHVRXUFH RI WKH FRPSRQHQW 7KH RYHUZKHOPLQJ PDMRUI
DFFRUGDQFH ZLWK GDPDJH WROHUDQW PHWKRGRORJ\ 7KLV

DSSHDUDQFH RI GDPDJH LQ YDULRXV FRPSRQHQWYV XQGHU F

7KH PDLQ IXQFWLRQ RI D VWUXFWXUDO KHDOWK PRQLWRULC
SHULRGLFDO G\QDPLF PHDVXUHPHQWY E\ WKH PHDQV RI DC
VHQVRUVY 7KH VHQVRUV ORFDWHG LQ VSHFLDOO\ GHVLJQD
VHQVLWLYH IHDWXUHYV 7KHVH IHDWXUHV FDQ EH XVHG WR IL
E\ VI\VWHP PRGHOV RU E\ UHFRJQLWLRQ DOJRULWKPV DS.

DQDO\]DWLRQ RI WKH VWUXFWXUDO FRQGLWLRQ RI WKH V\V\

2SSRVLWH WR 6+0 WKH QRQGHVWUXFWLYH HYDOXDWLRQ DQ
E\ WKH PHDQV RI VHSDUDWH 1'7 HTXLSPHQW DW UHJXODU V
GDPDJH DQG SUHYHQW LWV JURZWK XQWLO WKH FULWLFDO
WROHUDQW PHWKRGRORJ\ VKRXOG EH H[HFXWHG ZKHQ WKI
WROHUDEOH OHYHOV 7KH EHVW YDULDQW LV ZKHQ D SODC
LOQWHIJUDWLRQ RI WKH HPEHGGHG 6+0 V\VWHP ZKLFK FDQ St
DV ZHOO DV IRUHFDVWLQJ IXQFWLRQV 3RWHQWLDOO\ SHUI
V\VWHP FDQ LQFUHDVH WKH RSHUDWLRQDO DYDLODELOLW\
OLIH VDIHW\ DQG VLJQLILFDQWO\ UHGXFH OLIH F\FOH FRVW

RI HISHQVHVY UHODWHG WR LQVSHFWLRQ WLPH DQG RI H
> @ 7KH PDLQ JRDO RI WKH VWUXFWXUDO KHDOWK PRQLYV
FKDUDFWHUL]DWLRQ 'DPDJH GHWHFWLRQ DQG LWV SURSHI

KLHUDUFKLFDO SDWWHUQ ZKLFK ZDV PDGH E\ 5\WWHU $ > (



X IHYHO 'DPDJH '"HWHFWLRQ SHFRIJQLWLRQ WKDW (
WKH VWUXFWXUH

X IHYHO /IRFDOL]DWLRQ ,/GHQWLILFDWLRQ RI WKF
GDPDJH

X IHYHO &ODVVLILFDWLRQ &ODVVLILFDWLRQ RI GD
GDPDJH VFHQDULRYV H[LVW

X /IHYHO $VVHVVPHQW 4XDQWLILFDWLRQ RI GDPDJ¢G
X /IHYHO SUHGLFWLRQ (VWLPDWLRQ RI UHVLGXDO C

7DNHQ IURP > @

‘DPDJH LGHQWLILFDWLRQ LQ DFFRUGDQFH ZLWK DQ 6+0 SDU
GHVFULBEDGVEA +> 0@ BRDWK\D 5 SEUDPK@PWELV VHTXHQWI
FRQVLVWY RI ILYH VWDJHV RSHUDWLRQDO HYDOXDWLRQ

IHDWXUH H[WUDFWLRQ VWDWLVWLFDO SDWWHUQ SURFHV)

Operational Evaluation: Define SHM
objectives and system parameters

Data Acquisition: Collect system response
measurements

v 19

transform data

Signal Processing: Cleanse. denoise and ||

|l Feature Extraction: Quantify and collect
damage sensitive variables

Statistical Pattern Processing: Characterize
condition of system

JLIXUH 6+0 EDVHG GDPDJH LGHQWLILFDWLRQ SURFHVYV >

2SHUDWLRQDO DVVHVVPHQW LQFOXGHV WKH HVWLPDWLRQ R

V\VWHP WKH GHWHUPLQDWLRQ RI GDPDJH LQ WKH VWUXF)



HQYLURQPHQW IHDWXUHV LQ ZKLFK WKH VWUXFWXUH LV H[¢
DYDLODELOLW\ RI UHFHLYLQJ WKH UHOLDEOH GDWD %HIRUH
Rl VHQVRUV VKRXOG EH GHWHUPLQHG E\ WDNLQJ LQWR DFFF
DQG WKH VWDWLVWLEDO DQDO\VED BURFHY DO @6LFQ VAV SW
ZKLFK LQFOXGHV GDWD FOHDQVLQJ GHQRLVLQJ DQG GDW
GDPDJH LGHQWLILFDWLRQ SURFHGXUH &RPPRQ PHWKRGV RI
GLJLWDO RU DQDORJ ILOWHUV VLJQDO DYHUDJLQJ DQG PRL

WUDQVIRUP > @

SHOLDEOH TXDQWLILFDWLRQ DQG FROOHFWLRQ RI GDWD W]
FKDOOHQJLQJ WDVNV 7KH\ UHTXLUH FDUHIXO VHOHFWLRQ F
PD[LPXP VHQVLWLYLW\ WR WKH VSHFLILF GDPDJH ZKLOH HQ)
RSHUDWLRQDO DQG HQYLURQPHQWDO IDFWRUV G6HYHUH PF

DSSOLFDWLRQV DUH GLFWDWLQJ WKH XVH RI ORZ GLPHQVLI

> @

7KH DOJRULWKPV XVHG IRU ILQDO V\VWHP FRQGLWLRQ F
FDWHJRULHV VXSHUYLVHG OHDUQLQJ DQG XQVXSHUYLVHG C
RQ VWUXFWXUDO PRGHOV DQG H[SHULPHQWDO GDWD ZKLFK
DERDO\WLVY 8QVXSHUYLVHG OHDUQLQJ LV PDLQO\ IRFXVHG

SDUDPHWHUV WKDW VKRZ GHYLDWLRQV LQ QRUPDO RSHUDW
UDSLG GLDJQRVLY DQG GRHV QRW UHTXLUH FROOHFWLQJ C
OHDUQLQJ DSSURDFKHY DUH GHPRQVWUDWHG LQ D QXPEHU F
LW LV LPSRUWDQW WR FRQVLGHU GLDJQRVWLF IHDWXUHYV

JHQHUDOO\ UHODWLYH ZLWK PHDVXUHPHQW RI YLEUDWLRQV

EH DFTXLUHG E\ SDVVLYH RU DFWLYH PHWKRGV 3DVVLYH P



RSHUDWLRQ $FWLYH PHWKRGV XVH GLIITHUHQW WRROV DV
PHDVXUH WKH UHIOHFWHG YLEUDWLRQ E\ GLIITHUHQW W\SH)
XVLQJ YLEUDWLRQ PHDVXUHPHQW WKH YHUGLFW DERXW WK
DFFRUGLQJ WR GHYLDWLRQV LQ PRGDO SDUDPHWHUYVY ORGD
IUHTXHQFLHY DQG GDPSLQJ FKDUDFWHULVWLFV 7KHVH SD
VROXWLRQV LQ YDULRXV VXSHUYLVHG OHDUQLQJ PRGHO ED\
DQDO\WLFDO RU QXPHULFDO DSSURDFK ZLWK ILQLWH HOHP!
VROXWLRQ XVXDOO\ LQWHUDFWYV ZLWK PRGDO IHDWXUHYV
,(QWHUFRPSDULVRQ LV DFKLHYHG WKURXJK D QXPEHU RI LW
ZKHQ FDOFXODWHG GDWD ZLOO PDWFK DFTXLUHG WHVW ¢
FRPSXWLQJ WKH GDPDJH SDUDPHWHUYV E\ LQSXWWLQJ WKH P
LOQOWR WKH PRGHO 7KH LQYHUVH VROXWLRQ QHHGYV FDOFXOD

WKH PHDVXUHG FKDUDFWHULVWLFV RI WKH PRGDO UHVSRQV

$OWKRXIJK PRGHO DFFXUDF\ LV LPSRUWDQW IRU PRGHO EDV
PRGHO LV QRW QHFHVVDU\ IRU ORZ IUHTXHQF\ YLEUDWLRQ |
Rl GDPDJHG DQG XQGDPDJHG YLEUDWLRQ FKDUDFWHULVWLF
7KLV LV WKHQ FRYHUHG E\ WKH XQVXSHUYLVHG OHDUQLQ.,
FRQQHFWHG WR JOREDO PRGHO IUHH YLEUDWLRQ EDVHG PH\
IUHTXHQFLHYV XQGHU N+] > @ 7KLV NLQG RI PHWKRG
DQG XVXDOO\ YLVLEOH GDPDJHV /RFDO 6+0 GLDJQRVWLF PH
Rl VPDOO GDPDJHV ZLWK WKH XVH RI IUHTXHQFLHV XS WR

WKHUH DUH DFWLYH DQG SDVVLYH GLDJQRVWLFV $FWLYH O
DFWLYH DGMXVWDEOH VRXUFH RI HIFLWDWLRQ GHYLFH ZK

LPSDFW PRQLWRULQJ



*HQHUDOO\ SDVVLYH DSSURDFKHV XVH SLH]RHOHFWULF VH
HPLVVLRQ FDXVHG E\ VWUXFWXUDO LQWHJULW\ GHWHULR
HVWLPDWHG XVLQJ VLPSOH WULDQJXODWLRQ DOJRULWKPV
EH XVHG SURYLGLQJ EHWWHU DFFXUDF\ 7KH PDLQ GUDZEI
UHTXLUHPHQW RI FRQWLQXRXV PRQLWRULQJ RI WKH V\V
GHPRQVWUDWHY WKH GLIILFXOW\ WR DFFXUDWHO\ LGHQWLI\
PD\ EH DQLVRWURSLF QRQ SULVPDWLF VDQGZLFK W\SH V\V\
$00 WKH PRGHOV WKDW FDQ FKDUDFWHUL]H WKH UHWXUQ VL
WR JXLGHG XOWUDVRQLF ZDYHV ZHUH ZHOO GHVFULEHG E\
HIDPSOH WKLY GDWD FDQ KHOS WR GHYHORS D PHWKRG IRL
RUGHU WR ILQG WKH EHVW SRVVLEOH VROXWLRQ IRU FRQ\
PHWKRGVY WKH FODULILFDWLRQ DQG DQDO\VLV RI WKH

QRQGHVWUXFWLYH LQVSHFWLRQ WHFKQLTXHYVY DUH SUHVHQV

I1RQGHVWUXFWLYH ,QVSHFWLRQ IRU &4RPSRVLWHYV

6HOHFWLRQ RI 1', PHWKRGYV

7KH VHOHFWLRQ SULRULW\ IRU PRELOH 1', PHWKRGV IRU II
DHURVSDFH VWUXFWXUHYV LV WKHLU FRIJHQW SUDFWLFDO
&RPSRVLWH 1'7 IRU DHURVSDFH FDQ EH IRXQG LQ WKH ZRUN
PHWKRGY ZHUH GRZQ VHOHFWHG DQG SXW DW WKH HQG RI
ODVHU XOWUDVRQLF EHFDXVH RI LWV FRPSOH[LW\ DQG KI
FRPSOH[LW\ GDQJHU WR KXPDQ DQG VDIHW\ SUHFDXWLRQV
WKH VHQVLWLYLW\ WR YLEUDWLRQ (YHQ GHVSLWH WKLV V)
DUH SUHVHQWHG IXUWKHU LQ WKH WH[W WR VKRZ WKH ZKRO

PHWKRGYVY ZHUH VHOHFWHG IRU LQFOXVLRQ LQ WKH LQVSHFW



X 9LVXDO LQVSHFWLRQ

X 9LEUDWLRQ DQDO\VLVY PHFKDQLFDO LPSHGDQFH LQ
X BOWUDVRQLF LQVSHFWLRQ GLIIHUHQW W\SHV ZLW
KDQGKHOG 87 FDPHUD GU\ FRXSOLQJ UROOHU SUREH S
X 6KHDURJUDSK\ LQVSHFEWLRQ

X 7KHUPRJUDSK\ LQVSHFWLRQ

X IRZ TUHTXHQF\ YLEUDWLRQ PHWKRGV

9LVXDO ,QVSHFWLRQ

$ YLVXDO LQVSHFWLRQ LV WKH QXPEHU RQH XVHG LQVSHFW
DYHUDJH Rl LQVSHFWLRQV DUH VWLOO YLVXDO ,W L
2YHUZKHOPLQJ GDPDJH W\SHV DV SHQHWUDWLRQ GDPDJHYV
FKLSV LQ WKH FRPSRVLWH VXUIDFH PDNLQJ WKH GDPDJH Y
DIlTHFWHG DUHD VKRXOG EH LQVSHFWHG XVLQJ DGGLWLRQI
ERUHVFRSHY DQG IODVKOLJKWY 7KLV HTXLSPHQW LV XVHC
EH PLVVHG DQG WR DOORZ YLVXDO LQVSHFWLRQ RI DUHDYV
FRPPRQ GHIHFWV WKDW FDQ EH GHWHFWHG ZLWK WKH YLV
ZULQNOHY GLVFRORUDWLRQ FRUH DQG UHVLQ GHIHFWV C

GDPDJH HWEF

,Q D GHWDLOHG FRPSDULVRQ WR WKH VLPSOH YLVXDO LQV
GLVDGYDQWDJHV 6+0 VI\IVWHP FRPSOH[LW\ GHSHQGV RQ GHYV
FORVHO\ FRQQHFWHG WR WKH VL]H DQG FRPSOH[LW\ RI WK}
KDUGZDUH DQG VRIWZDUH IDLOXUHV WKDW UHTXLUH URXW
VIVWHP VKRXOG DXWRPDWLFDOO\ DQDO\]H WKH GDWD WR S|

SRWHQWLDO GDPDJH IRU WKH LGHQWLILFDWLRQ RI WKH FRU



LPSRUWDQW FRQVLGHUDWLRQ LV GHGLFDWHG WR WKH SH
DQDO\]LQJ WKH VIVWHP RXWSXW 2SSRVLWH WR WKLV IDFWF
SUHSDUHG SHUVRQQHO IRU WKH H[HEXWLRQ RI WKH IDVW LC
6+0 VIVWHP DORQH ZLWKRXW WKH QHFHVVDU\ RUJDQL]DWL
EHQHILWY DQG HYHQ FDQ OHDG WR FUHDWLQJ D IDOVH VHQ
DUH GLVFUHWH DQG LQIUHTXHQW ZKLOH 6+0 V\VWHPV KDYt
WKH LQIRUPDWLRQ &HUWDLQ W\SHV RI VWUXFWXUDO IDXO'
DSSURDFK $Q DGYDQWDJH RI LQVSHFWLRQ LV WKDW LW LV
RI D VSHFLILF W\SH Rl GDPDJH 7KH LQVSHFWLRQ DSSURDEK
HQWLUH VWUXFWXUH ZLWKRXW ZLGH NQRZOHGJH Rl VWUXFW
DVVHVVPHQW RI FUDFENV ZKHUH ERWK IRUPDWLRQ DQG SURS
E\ 6RKHO 5DQD DQG 5DXO )DQJXHLUR 29LVXDO LQVSHFWL
FRPSRVLWH VXFK DV GHODPLQDWLRQ GLVERQGVY DQG PD\
WHEKQLTXHV DUH QHHGHG WR GHWHFW WKHVH W\SHV RI GHI
VRPHWLPHY UHIHUUHG WR DV DXGLR VRQLF RU FRLQ WDS

LQ WKH DXGLEOH UDQJH +] WR +] > @ ,Q WKH FDVH :
H[HEXWLQJ WKH SURFHGXUH RI LQVSHFWLRQ WDS WHVWLQ.
SHUKDSV VWLOO WKH PRVW FRPPRQ WHFKQLTXH XVHG IRU
GLVERQGYV $ JRRG HDUO\ VXPPDU\ UHYLHZ RI YLVXDO LQVS
EDVHG GDPDJH LGHQWLILEDWLRQ PHWKRGV ZDV GRQH E\

5HJDUGLQJ WDS WHVWLQJ D FHUWDLQ LGHD H[SODLQV WKH
PHWKRG LV DFFRPSOLVKHG E\ WDSSLQJ WKH LQVSHFWLRQ D

KDPPHU OLNH GHYLFH DQG OLVWHQLQJ WR WKH UHVSRQVH F

7DS WHVWLQJ LV RIWHQ SHUIRUPHG DV D SDUW RI YLVXDO

KDPPHU SUHVHQWHG LQ )LJXUH
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J)LIXUH 7DS WHVW ZLWK D WDS KDPPHU > @

$QRWKHU REYLRXV VWDWHPHQW LQ > @ VD\V 3&OHDU VKD
ERQGHG VROLG VWUXFWXUH ZKLOH D GXOO RU WKXG OLN}
DFFXUDWH DIILUPDWLRQ H[SOLFDWHY WKDW WKH KXPDQ HD
FDQ HDVLO\ GHWHFW WKH DOWHUDWLRQV LQ UHIOHFWHG VR:
WR SURGXFH HQRXJK VRXQG IRU DQ\ GLIIHUHQFH LQ VRXQG
SHUIRUPHU 7KLV W\SH RI WHVWLQJ FRXOG EH YHU\ HIIHFW|
IDFH VKHHWVY WKLQ VNLQ VWLIIHQHU ERQG OLQHV DQG QHDL
EODGH VXSSRUWV DV DQ H[DPSOH 2QH PRVW VLJQLILFDQ!
SRVVLELOLW\ WKDW FKDQJHV ZLWKLQ WKH LQWHUQDO HOH
FKDQJHV WKDW FRXOG EH LQWHUSUHWHG DV GHIHFWV HYHQ

LQ IDFW WKH\ VKRXOG H[LVW DFFRUGLQJ WR GHVLJQ

, W VKRXOG EH VXPPDUL]HG WKDW WKH LQVSHFWLRQ VKRXO
PRVWO\ LPSRVVLEOH GXULQJ IDVW PDLQWHQDQFH FKHFNYV
ZLWK WKH SDUWYTV LQWHUQDO FRQILIJIXUDWLRQ 7KH WDS WHFE

PRUH WKDQ IRXU OD\HUV W LV RIWHQ XVHG WR ILQG WKH G



$Q DXWRPDWHG WDS WHVW LV YLUWXDOO\ D PDQXDO WDS WEt
LOQVWHDG RI D KDPPHU W FDQ SURGXFH PXOWLSOH VWULN
UHFRUG WKH IRUFH DQG WLPH VLIQDO IXQFWLRQV RI WKH
GHSHQGV RQ WKH SURSHUWLHV RI WKH LPSDFWRU LWVHOI

RI WKH VWUXFWXUH 7KH GXUDWLRQ RI WKH VWULNH FKDQJH
GHSHQG RQ WKH PDJQLWXGH RI WKH LPSDFW IRUFH $ VLJQL

FDOLEUDWLRQ DQG DQ\ GHYLDWLRQ IURP WKLV VLJQDO LQG

$GYDQWDJHYV

X )DVW SURFHGXUH
X (DVH RI XVH
X 6LPSOLFLW\ DQG DYDLODELOLW\ RI HTXLSPHQW

X $ XQLYHUVDO DSSURDFK IRU D ELJ DUHD RI FRPSRVI

'LVDGYDQWDJHYV

X )DLOXUH WR GHWHFW GHIHFWV LQ PXOWL ZDOOHG ¥
HWF

X )DLOXUH WR GHWHFW GHIHFWV LQ SURGXFWV PDGH
RI PRUH WKDQ PP

X 7KH FXUYHG VXUIDFHV DUH GLIILEFXOW WR FRQWURC
X +LJK SUREDELOLW\ Rl UHFHQW PLVVHG PLVLQWHUSL
X 1RW SHUIHFW WHFKQLTXH UHTXLUHV WKH XVH RI D¢
X 3HUVRQQHO VKRXOG EH ZHOO WUDLQHG DQG KDYH

KXPDQ HUURU IDFWRU



&RPPHQW 9LVXDO LQVSHFWLRQ LV VWLOO WKH PDLQ DQ
QRQGHVWUXFWLYH LQVSHFWLRQ IRU FRPSRVLWHY W LV VW
FRQGLWLRQV EXW LW QHHGV JRRG VNLOOV RI WKH PDLQWH

FRQGLWLRQ RI WKH VWUXFWXUH EHFDXVH LW KLJKO\ GHSHC

S8OWUDVRQLF ,QVSHFWLRQ

8OWUDVRQLF WHVWLQJ LV D YHU\ XVHIXO WRRO IRU WKH G
LOQOFRQVLVWHQFLHVY LQ FRPSRVLWH PDWHULDOV QRW RWKHU Z
LV D YDULHW\ RI XOWUDVRQLF WHFKQLTXHV ZKLFK XVH VRX
DERYH WKH DXGLEOH UDQJH LQFOXGLQJ FRPSOH[ XOWUD
PRQLWRULQJ V\VWHPV > @ 8OWUDVRQLF ZDYHV XQOLNH HC
UDQJH IRU SURSDJDWLRQ )HZ W\SHV RI SDUWLFOH PRWLR
VXSSRUWHG LQ VROLG PDWHULDOV > @ ,I ZH FRQVLGHU OR(
WKHQ WKH SDUWLFOH PRWLRQ ZRXOG EH SDUDOOHO WR WKFE

RI VXEVXUIDFH ORQJLWXGLQDO ZDYHV LQ FRPSRVLWH PDWHL

> @

‘H NQRZ WKDW RQO\ FRPSUHVVLRQDO ZDYHV DUH VXSSRUWF
PRGLILHG E\ HQYLURQPHQW ERXQGDULHV GHIHFWV SUHVH
SURSDIJDWLRQ 7KH LQIOXHQFH RI WKHVH IDFWRUV DQG W
FKDUDFWHU 7KH QDWXUH RI HDFK LQWHUDFWLRQ GHSHQGYV
GHIHFW RU LQFOXVLRQ WR WKH ZDYHOHQJWK RI VRXQG DQG
6PLWK ZLWK ' $ %UXFH /' -RQHV $ % ODUULRWW [/ 3 6FXG
> @ JDYH DQ DIIRUGDEOH H[SODQDWLRQ RQ LPSRUWDQW DF

LOQVSHFWLRQ IRU FRPSRVLWHYVY WKRVH FDQ DIIHFW WKH ILQD



/ILNH LW ZDV PHQWLRQHG WKH VRXQG ZDYH WKDW SURSDJD)
E\ WKLY PDWHULDO LQ PDQ\ GLIITHUHQW zZD\V :DYH HQHUJ\ P
LOQVLGH WKH PDWHULDO RU GLVVLSDWLRQ IURP WKH LQWH!I
(QHUJ\ ORVV RI WKLV NLQG LV XVXDOO\ DITHFWLQJ WKH IUHT
Rl SURSDJDWLQJ DFRXVWLF ZDYHIRUP VKDSH :KHQ DQ XOWU
PDWHULDOV ZLWK XQHTXDO DFRXVWLF WUDQVPLVVLYLW\ D
ERXQGDU\ DQG VRPH SDUW RI LW LV UHIOHFWHG :DYH FKD
GHSHQG RQ WKH FKDQJH LQ DFRXVWLF LPSHGDQFH DFURV
LQFUHDVH RI DFRXVWLF LPSHGDQFH PRUH HQHUJ\ ZLOO EH |

DFURVV WKH ERXQGDU\

,Q FDVH RI GHIHFW SUHVHQFH WKHUH ZLOO EH D ORFDO
GLPHQVLRQV RI WKH GHIHFW DUH ODUJHU WKDQ WKH VRXQG
UHODWLYHO\ HTXDO WR WKH UHIOHFWLRQ DW D ERXQGDU\
WKH VSHFXODU UHIOHFWLRQ :KHQ GLPHQVLRQV RI WKH GHI
DV WKH VRXQG ZDYHOHQJWK LW ZLOO FDXVH VFDWWHULQ
EHFDXVH RI WKH GLIITUDFWLRQ HIIHFWV Q FDVH ZKHQ GH]I
PDIJQLWXGH RI WKH VRXQG ZDYHOHQJWK WKH VRXQG ZDYH
LV DOVR D SRVVLELOLW\ WKDW LQVLJQLILFDQW DPRXQWYV

GLITHUHQW GLUHFWLRQV ZKLFK FDQ FDXVH WKH DWWHQXDW

$ KLIK ITUHTXHQF\ VRXQG zZzDYH PD\ EH GLUHFWHG QRUPDO W
VRPH DQJOH WR WKH VXUIDFH 7KH UHIOHFWHG VRXQG LV Wt
VWUXFWXUH IRU GHYLDWLRQV DQG FKDQJHV B8OWUDVRQLF Z
UHIOHFWHG EDFN WR WKH VXUIDFH 7KLV HQHUJ\ LV UHJLVW

FRQYHUWHG LQWR XVHIXO GDWD RQ WKH GLVSOD\ RI DSSU



RSHUDWRU WR HYDOXDWH WKH GLIIHUHQFH EHWZHHQ JRRG
VWDQGDUGY WKDW DUH HVWDEOLVKHG IRU FDOLEUDWLRQ R
DQ H[DPSOH $670 ( + sS6WDQGDUG 3UDFWLFH IRU 80W
&RPSRVLWHV DQG 6DQGZLFK &RUH ODWHULDOV 8VHG LQ $
VWDQGDUG VKRXOG EH XVHG XQGHU UHTXLUHPHQWYV RI VWD
QRQGHVWUXFWLYH WHVWLQJ RI SRO\PHU PDWUL[ FRPSRVLYV
REYLRXV WKDW RXWOLQHG FRQFHSWV RQO\ ZRUN ILQH LQ
GLIILEXOW WR LPSOHPHQW WKHP LQ D UHSDLU HQYLURQP
FRPSRVLWH FRPSRQHQWY LQVWDOOHG RQ WKH DLUFUDIW
FRQVWUXFWLRQ ,Q VHUYLFH WKH HQYLURQPHQW IDFWRU \
DERXW GHYLDWLRQV LQ FRPSRVLWH VWUXFWXUHV FRQGLWL
UHSDLU RU DIWHU LQ VHUYLFH GDPDJH QRERG\ FDQ SUHGL
VWUXFWXUH ZLWK KLJK DEFXUDF\ ,W VKRXOG EH PHQWLRQ

WHFKQLTXHYV J)LIXUH ZLWK GLITHUHQW XOWUDVRQ|
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J)LIXUH 8OWUDVRQLF WHVWLQJ PHWKRGV > @



S8OWUDVRQLF & VFDQ LQVSHFWLRQ

JLEHU UHLQIRUFHG SRO\PHU FRPSRVLWHYV FDQ EH HDVLO\ VF
D EDVH OLQH IFEYSHWWIHRQ! LQVSHFWLRQ LV RQH RI WKH Sl
WHFKQLTXHV IRU FRPSRVLWH VWUXFWXUHYV DIWHU PDQXID
HTXLSPHQW DQG DQ H[DPSOH RI WKH EDVH OLQH LQVSHFWLF
LPPHUVLRQ DQG ZDWHU MHW PHWKRGV FDQ EH XVHG WR PC

> @

YJLIXUH S8OWUDVRQLF & VFDQ HTXLSPHQW OHIW DQG DQ
LQVSHFWLRQ VROLG ODPLQDWH ZLWK 7 VKDSHG VWLIIHQH

Rl WKH EDFN ZDOO VNLQ UHIOHFWLRQ > @

3KDVHG $UUD\ ,QVSHFWLRQ

3KDVHG DUUD\ LV DQ XOWUDVRQLF LQVSHFWLRQ WHFKQLTXF
WKH VDPH SULQFLSOH RI RSHUDWLRQ DV WKH SXOVH HFKF

VLPXOWDQHRXVO\ ZRUNLQJ WUDQVGXFHUV ,WV SULPDU\ JRI

$GYDQWDJHV



X ,GHQWLILFDWLRQ RI GHIHFWYVY LQ JOXH DQG VROGHU
X SHUVDWLOLW\

X (DVH RI XVH

X 7KH FXUYHG VXUIDFHVY DUH HDV\ WR FRQWURO

X 6LPSOLFLW\ DQG DYDLODELOLW\ RI HTXLSPHQW

‘'LVDGYDQWDJHYV

X )DLOXUH WR GHWHFW GHIHFWYV LQ WKH VNLQ WKLFN
FRPSRVLWHYV ZLWK VWHHO RU DOXPLQXP FRPELQDWLRQ\
X )DLOXUH WR GHWHFW GHIHFWYVY LQ WKH GHWDLOV RI
X )DLOXUH WR GHWHFW GHIHFWV LQ SURGXFWYV PDGH
RI PRUH WKDQ PP

X 1HHG IRU FRQWDFW OLTXLG

X +LJK ODERU LQSXW

X 1RW HIITHFWLYH IRU LGHQWLI\LQJ DOO W\SHV RI GLV

SDGLRJUDSK\ LQVSHFWLRQ

5DGLRJUDSK\ LQVSHFWLRQ LV D YHU\ XVHIXO 1', PHWKRG ZKlLl
RI WKH FRPSRVLWH VWUXFWXUHYV WUDQVSDUHQW WR ORZ HC
VWUXFWXUH DQG DEVRUEHG E\ D VHQVLWLYH ILOP RU E\ D V
WKH ZKROH LQVLGH FRQGLWLRQ SLFWXUH ,QVSHFWRU LV M
UDQJH RI LQYLVLEOH XQGHUVXUIDFH GHIHFWYVY DV GHODPLQ
D SODQH QRUPDO WR WKH UDGLDWLRQ GLUHFWLRQ FRUH (

RQH RI WKH PRVW LQIRUPDWLYH 1', PHWKRGV IRU WKH GHWI



LYV DOPRVW LQDSSURSULDWH IRU WKH IDVW LQ VHUYLFH L

UHJXODWLRQV LWV XVH QHDU DLUFUDIW LV VWULFWO\ SURK

IHXWURQ UDGLRJUDSK\ LQVSHFWLRQ

IHXWURQ UDGLRJUDSK\ LV DGGLWLRQDO WR WKH ; UD\ UDGL
OLJKW HOHPHQWYV VXFK DV K\GURJHQ IRXQG LQ FRUURVLR
UDGLRJUDSK\ LQVSHFWLRQ QHXWURQ UDGLRJUDSK\ LV D (
YLVXDOL]JLQJ WKH LQWHUQDO FKDUDFWHULVWLFV RI WKH FF
QHXWURQ UDGLDWLRQ FDQ EH UHJLVWHUHG DQG PDSSHG IR

FDQ EH IRXQG LQ VRXUFHV > @

&RPPHQW IRU UDGLRJUDSK\

$GYDQWDJHYV

X 7TKH VSHHG RI WKH UHVXOWY SURFHVYV
X $ELOLW\ WR VWRUH WKH KLVWRU\ RI UHVXOWYV

X +LJK UHOLDELOLW\

‘'LVDGYDQWDJHYV

X 7KH SUHVHQFH RI UDGLRDFWLYH VRXUFHV

X 7KH KLIJIK FRVW RI WKH HTXLSPHQW

X S5HTXLUHV KLJKO\ VNLOOHG RSHUDWRU

X 7KH QHHG WR REWDLQ D VSHFLDO SHUPLW IRU WHV\
X +LJK ODERU LQWHQVLW\

X 7KH QHHG WR UHPRYH WKH XQLWYV VXUIDFHV SDQH



X '"HWHUPLQH RQO\ WKH ORFDWLRQ RI WKH ZDWHU ]RC

FDQ QRW EH PHDVXUHG

7TKHUPRJUDSK\ LQVSHFWLRQ

TKHUPDO PRQLWRULQJ LQFOXGHVY DOO WKH PHWKRGV LQ Z
PHDVXUH WHPSHUDWXUH FKDQJHV IRU WKH SDUWV EHLQJ \
FRQWURO LV WR PHDVXUH RU PDS VXUIDFH WHPSHUDWXUHYV
REMHFW > @ $00 WKHUPRJUDSK\ LQVSHFWLRQ PHWKRG

FRQGXFWLYLWLHY EHWZHHQ QRUPDO GHIHFW IUHH DUHDV D

7\SLFDOO\ WKH VWUXFWXUH LV KHDWHG WR UDLVH LWV WHP
IRU WKH GHWHUPLQDWLRQ RI WKH KHDWLQJ HIITHFWV :KHQ

HITLFLHQWO\ WKDQ DUHDV ZLWK GHIHFWV DEVRUEHG RU UH|
WKH FRQGLWLRQ RI WKH VWUXFWXUH 7KH W\SH RI GHIHF)

GLVERQGYVY FUDFNV ZDWHU LQJUHVYV LPSDFW GDPDJH WKL

6LIJQLILFDQWO\ ODUJH DUHDV FDQ EH PRQLWRUHG E\ WKHUP
ZLWKRXW DQ\ FRQWDFW ZLWK WKH REMHFW )LJXUH 7KL
GHIHFWV OLNH SRURVLW\ GLVEDQGVY GHODPLQDWLRQV F
GDPDJHV GLIIXVLYLW\ DQG V\VWHPDWLF ZDOO WKLQQLQJ

PHWKRGV FDQ EZRIRX @G @Q PDGH E\ 6ZLGHUVNL DQG 6]XGU



YLIXUH

- LY
By =

SLFWXUH RI WKH KHDWHG DLUFUDIW VWUXFWXUH .

7TKHUPDO PHWKRGY DUH WKH PRVW HIITHFWLYH RQHV IRU WKL

DQG LQVLGH PRLVWXUH LGHQWLILFDWLRQ

7KH DGYDQWDJHV RI WKH WKHUPDO FRQWURO RU WKHUPRJL

X

5HPRWH 5 VIVWHPV WKHUPDO WKHUPDO IODZ V\V\

IURP GLVWDQFH

X

X

X

X

+LJK VSHHG RI LQIRUPDWLRQ SURFHVVLQJ

+LJK WHVW SHUIRUPDQFH

+LJK OLQHDU UHVROXWLRQ

7KH DELOLW\ WR FRQWURO D VLQJOH DQG WZR SURC
7TKHRUHWLFDO SRVVLELOLW\ WR FRQWURO D ZLGH U
OXOWLYDULDEOH QDWXUH RI WKH WHVW

7KH SRVVLELOLW\ RI D FRPSOHPHQWDU\ FRPELQD

GHVWUXFWLYH WHVWLQJ FRPSDWLELOLW\ ZLWK FRQYHC



X 7KH SRVVLELOLW\ RI LQ OLQH PRQLWRULQJ DQG W

FRQWURO DQG PDQDJHPHQW

‘'LVDGYDQWDJHV RI WKHUPDO FRQWURO

X ,QDELOLW\ WR GHWHUPLQH WKH DPRXQW RI ZDWHU
X 7KH QHHG WR KHDW WKH REMHFW EHIRUH WKH WHVYV
X +LJK FRVW RI KLJK UHVROXWLRQ HTXLSPHQW

X ,QHIITHFWLYH WR LGHQWLI\ GLVEDQGYV LQ FRPSRVLW
/IDVHU 8OWUDVRQLF PHWKRGV RI 1'( /8&,(

7KH PRVW LQWHUHVWLQJ YDULDQW RI PRGHUQ XOWUDVRQ
GHVFULEHG E\ %HQWRXKDPL HW DO 3$LUEXV DQG ($'6 VWD
WR SUHSDUH WKH IXWXUH IRU 1'7 RI &)53 FRPSRQHQWYV 7 (.
L3IKRWRQ 6ROXWLRQV SURYLGLQJ VXFK VA\VWHP ZLWK WKH PF
VIVWHP LQ WKH ZRUOG™ > @ 7KH /DVHU 8OWUDVRXQG IRU

PDLQ FRPSRQHQWY DUH LQWHUIHURPHWHU VFDQQHU JHQH

YJLIXUH /8&,( LQ L3KRWRQ 6ROXWLRQV IDFLOLW\ > @



'HVFULSWLRQ RI WKH /8&,( V\VWHP /8&,( LV EDVHG F
WHEKQRORJ\ IURP L3KRWRQ 6ROXWLRQV 7KLV WHFKQ
DUWLFXODWHG URERWY WR SRVLWLRQ WKH VFDQQLQ
LQVSHFWLRQ RI FRPSRVLWH FRPSRQHQWY 7KH DUWLEX:
OLQHDU D[LV ZLWK WKH JHQHUDWLRQ ODVHU 7KH Jt
WUDQVPLWWHG WR WKH VFDQQLQJ KHDG XVLQJ DQ DUWL
PDGH RI ULJLG WXEHV FRQQHFWHG E\ URWDWLQJ MRLQW
IOH[LELOLW\ SURYLGHG E\ WKH DUWLFXODWHG URERWYV .
SDUWV RI D ODUJH YDULHW\ RI VL]JHV DQG VKDSHV )XU\
FRQILJXUDWLRQ WZR EHDP GHOLYHU\ VIVWHPYV WLHG WF
FDQWLOHYHU RI WKH OLQHDU D[LV JLYHV /8&,( WKH DGG

IHDWXUHV LQVLGH ODUJH FRPSRVLWH SDUWYV OLNH DQ C

7KH JHQHUDWLRQ ODVHU LV D WUDQWYHOWNEBUH[FLWH
UXQQLQJ DW D PD[LPXP UHSHWLWLRQ OIDMKW RDV +]

GHVLJQHG WR PD[LPL]JH WKH ODVHU JHQHUDWLRQ RI XOV
LW VXLWDEOH IRU LQGXVWULDO DSSOLFDWLRQV DQG HQ
DSSUR[LPDWHO\ QV WKH ODVHU SURYLGHV XS WR F
$Q LPSURYHPHQW RYHU SUHYLRXV YHUVLRQV RI WKLV ¢
/8&,( WKH VLGH DUP KRW FDWDO\VW 7KLV QHZ FDWDO
PRUH UHOLDEOH JDV UHFRPELQDWLRQ IURP WKH SU}L
WHPSHUDWXUH FDWDO\WW PDNLQJ WKH ODVHU HYHQ F
DSSOLFDWLRQV 7KH GHWHFWLRQ ODVHU LV D QRQ SODQ
FRPELQHG ZLWK D ILEHU ODVHU DPSOLILHU DQG FDQ SU
SRZHU (DFK LWHUDWLRQ WKH ILEHU ODVHU DPSOLILHU F

WR SURYLGH WKH RSWLPL]JHG OHYHO RI FROOHFWHG



LOWHUIHURPHWHU LV D GXDO FDYLW\ FRQIRFDO )DEU\
VKRZQ WR SURYLGH WKH EHVW VHQVLWLYLW\ LQ WKH XC
IRU FRPSRVLWH LQVSHFWLRQV WR 0+] /18&,( DOVR
VWDELOL]DWLRQ DSSURDFK 7KH QHZ DSSURDFK XVHV LC
FRXQWHU SURSDJDWHG LQVLGH WKH LQWHUIHURPHWHU

VWDELOL]DWLRQ LQGHSHQGHQW IURP FROOHFWHG OLJK!

7TDNHQ IURP > @

J)LIXUH ,QVSHFWLRQ RI WKH WHVW IXVHODJH FRPSRQHQW

ZLWK GLITHUHQW WKLFNQHVYV 2SHUDWRUV URRP > @

7TKH RSWLFDO VFDQQHU LV D WZR GLPHQVLRQDO JDOYDQ
DUWLFXODWHG URERWLF DUP WKDW FDQ VFDQ DUHDV XS W
UDQJH RI DLUIUDPH FRPSRVLWH PDWHULDO VWUXFWXUHV FI
FDQ DOVR XVH WKH GDWD DFTXLUHG ZLWK /8&,( IRU WKH Gl
DGDSWDWLRQ WR ODUJH DUHD H[WHUQDO DQG LQWHUQDO F

WKLV V\VWHP 3RWHQWLDOO\ LQ FRPELQDWLRQ ZLWK PR



FRQQHFWLRQ WR UHOHYDQW GDWDEDVHV WKLV FRXOG EH

LQVSHFWLRQ RSWLRQ > @ %HQHILWY DQG GUDZEDFNV RI W

$GYDQWDJHYV

IRZ ODERU FRVWYV

+LJK VSHHG RI LQIRUPDWLRQ SURFHVVLQJ

$ELOLW\ WR VWRUH WKH UHVXOWYV

+LJK UHOLDELOLW\

+LJK DFFXUDF\

1R DGGLWLRQDO WRROV

)DXOW GHWHFWLRQ DUHDV ZLWK YHU\ FRPSOH[ JHRTF

+LJK GHJUHH RI DXWRPDWLRQ FRQWURO

‘'LVDGYDQWDJHYV

X

X

X

X

+LJK HQHUJ\ FRVWYV
$ PDVVLYH EORFN RI HIFLWDWLRQ
7KH KLIJIK FRVW RI HTXLSPHQW

ODQ DSSHDUDQFH QHDU WKH VXUIDFH XQGHU VWXG

LQMXULHV URERWL]HG HTXLSPHQW KLJK HQHUJ\ ODVHU

X

X

X

7KH QHHG IRU GHWDFKLQJ RI VXUIDFHV IRU WKH GLI
7KH LQDELOLW\ IRU UDSLG GLDJQRVWLF GLUHFWO\ |

6WULFW UHTXLUHPHQWY IRU ORFDWLRQV LQ ZKLFK !



IRZ ITUHTXHQF\ YLEUDWLRQ PHWKRGYV

7KHUH DUH WZR GLIITHUHQW NLQGV RI ORZ IUHTXHQF\ YLEUL
DVVHVVPHQW ZKHQ WKH ZKROH VWUXFWXUH LV IRUFHG E
IUHTXHQFLHV $ JRRG H[DPSOH RI D JOREDO DVVHVVPHQW LYV
VWULNH RQ WKH ZKHHO WKH ZKROH FRQVWUXFWLRQ FDQ L
IUHTXHQFLHY 7KH VHFRQG RQH LV D ORFDO DVVHVVPHQW =
PRGHY FDQ EH HIHFXWHG $ JRRG LOOXVWUDWLRQ LV VHDUFI
WKH WDS WHVWYVY /RFDO PHWKRGY DUH PRUH DSSURSULDWH
> @ 'XULQJ VLPSOH WDS E\ FRLQ RU KDPPHU WKH SHUIF
IURP WKH VXUIDFH $Q H[SHULHQFHG RSHUDWRU FDQ LGHQ
VLIQLILFDQW GLVDGYDQWDJH RI WKH PHWKRG LV LWV KLJI
LOQOVWUXPHQWHG KDPPHU FDQ EH XVHG IRU D PRUH VRSKLVW
RI WKLV W\SH WKH UHDFWLYH IRUFH RI WKH WDS GHYLFH FLC
WKH VWULNH 9DULRXV W\SHV RI GHIHFWV ZLOO FDXVH GLI
,QVSHFWLRQ RI WKH VWUXFWXUHY PD\ EH FRQGXFWHG E\ G
FRQWLQXRXV RU ZREEOH IUHTXHQFLHV 3RWHQWLDOO\ WKL
> @ +RZHYHU WKHUH LV VWLOO D KXJH DUHD IRU GHHS UHV
DERXW QRW RQO\ ORZ IUHTXHQFLHV EXW RYHUDOO GHYLDW
,W LV REYLRXV WKDW E\ WKH PHDQV RI PRGHUQ VWUXFWXL
DFWXDWLRQ DQG ODVHU 'RSSOHU YLEURPHWU\ WKLV FDQ EI
LQIRUPDWLRQ SURYLGHG LW LV QHFHVVDU\ WR FKRRVH WKI
WR VHOHFW WKH GLDJQRVWLF SDUDPHWHUV 7KH H[SODQL

YLEUDWLRQ WHFKQLTXHV LV JLYHQ IXUWKHU LQ GHWDLO



$QDO\WVLV RI H[ILVWLQJ PHWKRGV RI YLEUDWLRQ GLDJQR

RI YLEUDWLRQ VLIQDOV DQG WKHLU DSSOLFDWLRQV

9LEUDWLRQ DQDO\VLV LV FRPPRQO\ XQGHUVWRRG DV WKH
PHDVXUHG YLEUDWLRQ SDUDPHWHUYV RQ RQH RU VHYHUDO LC
XVHG YDULDEOHYV DUH WLPH IUHTXHQF\ VSDWLDO FRRUGL

LQGHSHQGHQW YLEUDWLRQ PHDVXUHPHQWYV )LJXUH

$PRQJ DOO W\SHV RI YLEUDWLRQ DQDO\VLV DV D IXQFWLRQ |
PRVW RIWHQ DQDO\]JHG LQ SUDFWLFH 7KH PRVW ZLGHO\ XV
VSHFWUDO DQG VI\QFKURQRXV IUHTXHQF\ YLEUDWLRQ DQDO
DVVRFLDWHG ZLWK GHWHUPLQLQJ WKH VKDSH RI WKH RVFL(
GHIHFWV LQ H[WHQGHG V\VWHPV *URXS DQDO\VLV RI YLEUD
GHWHUPLQH WKUHVKROG YDOXHV LQ GLDJQRVWLF PRGHOV
HTXLSPHQW XVXDOO\ FRQWDLQV D ODUJH QXPEHU RI FRPSR
VWXG\ LW HLWKHU VWDWLVWLFDO PHWKRGV RI VLJQDO DQ
YLEUDWLRQ DUH SUHVHOHFWHG ZKLFK DUH WKHQ H[DPLQHC
DQDO\VLY 7KH YLEUDWLRQ Rl QRQ ZRUNLQJ PDFKLQHV DQG
RI RVFLOODWRU\ IRUFHV LV PRVW RIWHQ LQYHVWLJDWHG X

YLEUDWLRQV
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J)LIXUH 7KH PDLQ W\SHV RI YLEUDWLRQ DQDO\VLYV

$ VLIQLILFDQW QXPEHU RI FRPSRQHQWY LQ WKH YLEUDWLI
XVXDOO\ GHWHUPLQHG E\ WKH IDFW WKDW LQ HDFK REMH
RVFLOODWRU\ IRUFHV Rl GLIIHUHQW QDWXUH DQG ZLWK GLI
LQFOXGLQJ WKH IRUP RI YLEUDWLRQ GLUHFWO\ GHSHQGV R
YLEUDWLRQ VLJQDO LQWR FRPSRQHQWYV RI GLIIHUHQW QDW
VXFK GLDJQRVWLF WDVNV ZKHQ WKH YLEUDWLRQ RI D GLDJQ
VRXUFH DQG WKH IRUP RI RVFLOODWRU\ IRUFHV LV VLPSOF
VWXG\ WKH ZDYHIRUP RI YLEUDWLRQ LW LV QRW QHFHVVD!
6XFK D FDVH IRU H[DPSOH LV WKH H[FLWDWLRQ RI LWV RZQ

SXOVH )RUP DQDO\VLV RI GDPSHG RVFLOODWLRQV DOORZV



GHWHUPLQHG E\ WKH QDWXUDO IUHTXHQF\ DQG GLUHFWLR

YLEUDWLRQ LV PHDVXUHG > @

,Q VRPH FDVHV WKH IRUP RI D FRPSOH[ YLEUDWLRQ VLJQDC
LQWR FRPSRQHQWY 1DWXUDOO\ WKLV XVHV VWDWLVWLED
VWDWLVWLFDO DQDO\VLV Rl FRPSOH[ VLIJQDOV PRVW RI V
+RZHYHU WKLV DQDO\VLYV FDQ EH XVHG IRU H[DPSOH WR TX
UHODWLYH WR LWV DYHUDJH YDOXH 7KH DV\PPHWU\ RI WKF
DSSHDU DW YDULRXV NLQGV RI LPSDFWV LQ WKH REMHFW RI
D FRQVHTXHQFH RI QRQOLQHDULW\ DQG RYHUORDGV LQ WKI
DGGLWLRQ DV D UHVXOW RI WKH VWDWLVWLFEDO DQDO\VLV F

GHYLDWLRQ RI WKH UHDO GLVWULEXWLRQ RI LWV YDOXHYV IL

1RW DOZD\V DQ DQDO\VLV RI WKH YLEUDWLRQ ZDYHIRUP LV X
RI WLPH ,Q VRPH FDVHV ZKHQ DQDO\]LQJ WKH IRUP RI YLE
DOVR XVHG 7KH VLPSOHVW H[DPSOH LV WKH DQDO\VLV RI W
ZKLFK WKH VKDIW YLEUDWLRQ LV PHDVXUHG UHODWLYH WR
SHUSHQGLFXODU GLUHFWLRQV 7KLV DQDO\VLVY DOORZV WR C

WKH GHJUHH RI WKHLU GDQJHU IRU VHYHUDO UHYROXWLRQV

7KH KLJK VSHHG RI PDNLQJ GLDJQRVWLF GHFLVLRQV LV D
DQDO\]LQJ RI RVFLOODWLRQV VKDSH $W WKH VDPH WLPH W]
RI RQO\ FHUWDLQ W\SHV RI GHIHFWV RU UHVRQDQFHV WKDYV
7R GHWHFW D ZLGHU UDQJH RI GHIHFWV WKRVH YLEUDWLRC

DFFXPXODWH LQIRUPDWLRQ RYHU D ORQJ WLPH



2QH RI VXFK PHWKRGV LV IUHTXHQF\ VSHFWUDO DQDO\VLV
VLIQDO LQWR FRPSRQHQWVY RI GLIITHUHQW IUHTXHQFLHV H

IRUFHVY WKDW KDYH GLITHUHQW QDWXUH DQG GLITHUHQW SUI

ORVW RIWHQ VSHFWUDO DQDO\VLV PHWKRGVY DUH XVHG W
HTXLSPHQW RI SHULRGLF DFWLRQ 3K\VLFDOO\ VSHFWUDO C
RI D VLJQDO XVLQJ PDQ\ ILOWHUV RI GLIIHUHQW IUHTXHQI
LQGLYLGXDO FRPSRQHQWVY RU WKHLU URRW PHDQ VTXDUH
ODWKHPDWLFDOO\ WKH VSHFWUXP LV WKH UHVXOW RI G
FRPSRQHQWYV XVLQJ D GLJLWDO )RXULHU WUDQVIRUP 2QO\
DQDO\VLV RI LWV VKDSH DQG VSHFWUXP JLYHV DOPRVW WKH
VLIQDOV WKH DPRXQW RI LQIRUPDWLRQ REWDLQHG XVLQJ V

WKDQ WKH LQIRUPDWLRQ REWDLQHG IURP DQDO\]LQJ WKHLU

W LV QRW DOZD\V WKH REMHFW RI GLDJQRVLYV ZLWK D FRQV
RI YLEUDWLRQ $V DQ H[DPSOH ZKHQ ZH KDYH XQVWDEOH U
WKH XVH RI D W\SLFDO VSHFWUDO DQDO\VLVY GXH WR D YLF

GRHVY QRW JLYH WKH GHVLUHG UHVXOWYV

,Q WKLV FDVH VI\QFKURQRXV IUHTXHQF\ RU VSHFWUDO DQD
JRU VXFK DQDO\VLV LW LV QHFHVVDU\ WR PHDVXUH LQ SI
PHDVXULQJ WUDQVGXFHU DQG WKH VKDIW DQJXODU SRVLWL
PDWKHPDWLFDO XVHG IRU YLEUDWLRQ DQDO\WLV VKRXOG k
LQVWDQWDQHRXV IUHTXHQF\ RI WKH VLIJQDO IURP WKH VSHF
DQ\ ILOWHU GHWHUPLQHV WKH URRW PHDQ VTXDUH YDOXF

VIQFKURQRXV WR WKH IUHTXHQF\ RI URWDWLRQ RU LWV KDU



7TKHUH DUH D QXPEHU RI GLDJQRVWLF WDVNV ZKHQ LW LV C
DPSOLWXGH IUHTXHQF\ FKDUDFWHULVWLFV RI D PHFKDQLF
RVFLOODWLQJ IRUFHV RI YDU\LQJ IUHTXHQF\ ,Q WKLV FDVH
DERDO\VLYV RI YLEUDWLRQ DUH XVHG DQG LWV UHVXOW LV Wi
D FHUWDLQ YLEUDWLRQ FRPSRQHQW RQ WKH RVFLOODWLQJ
DQERDO\VLYVY LV PRVW RIWHQ XVHG WR VWXG\ ORZ IUHTXHQF\ |

URWDWLRQ

6SHFWUDO DQDO\VLY PHWKRGV DUH XVHG WR VWXG\ PDQ\ W\
WKH VLIQDO IURP WKH RXWSXW RI D YLEUDWLRQ PHDVXULC
YLEUDWLRQ VLIQDO RU RQH RI LWV SDUDPHWHUYV LI LW SHU|
FKDUDFWHULVWLF RI YLEUDWLRQ LV SRZHU DQG QRW MXVW \

FRPSRQHQWY WKDW DUH RI WKH VDPH QDWXUH DQG DUH SUI

7KH W\SH RI SRZHU IOXFWXDWLRQV DQDO\VLV Rl SUH VHOH
QDWXUH FDOOHG VSHFWUDO DQDO\VLV RI WKH YLEUDWLF
GLDJQRVWLFV +RZHYHU VSHFWUDO DQDO\VLV RI WKH YLEU
RI WKH RVFLOODWLRQV FRQQHFWHG QRW WR WKH SRZHU E
IUHTXHQF\ FRPSRQHQW RI WKH YLEUDWLRQ RI WKH VDPH QD\
EDVLV RI WKH REWDLQHG UHVXOWV 7KH PDLQ HUURUV LQ W
HQYHORSH DUH GXH WR WKH IDFW WKDW PDQ\ DQDO\VLV WR
YLEUDWLRQ VLJQDO LQWR FRPSRQHQWV Rl GLIIHUHQW QDW
DQDO\VLYV DUH DVVRFLDWHG ZLWK LWV XVH WR VWXG\ WKH

PHFKDQLFDO DHURG\QDPLF DQG K\GURG\QDPLF IULFWLRQ

7KH PDLQ W\SHV RI YLEUDWLRQ VLJQDO VKDSH DQG IUHTX

PHDVXUHPHQW DW RQH SRLQW RI YLEUDWLRQ FRQWURO RI



VSHFWUDO DQDO\VLY DUH OLQHDU DQG UHYHUVLEOH L H W
OLQNLQJ WKH WLPH ZDYHIRUP WR WKH IUHTXHQF\ RQH &R
WUDQVIRUP LV SHUIRUPHG LQ GLJLWDO IRUP DQG WKH FRF
VA\VWHPV LV FRQWLQXRXVO\ JURZLQJ WR DQDO\]H WKH ZDY
RSHUDWLRQV RI VSHFWUDO )RXULHU WUDQVIRUP H[WUDFW \

IURP WKH VSHFWUXP DQG WKHQ UHVWRUH WKH ZDYHIRUP Y|

JRU MRLQW DQDO\VLV RI YLEUDWLRQ LQ WZR RU PRUH VSDW
VLIQDO FRQYHUVLRQ DUH XVHG 7KDW LV ZK\ WKHUH DUH Q
Rl YLEUDWLRQ VLIJQDOV DQG LW LV QHFHVVDU\ WR RSWLP

VROYLQJ HDFK RI WKH GLDJQRVWLF WDVNYV

7KH SUREOHPV RI VWXG\LQJ WKH VKDSH RI RVFLOODWLRQ
IUHTXHQF\ RI IRUFHG RVFLOODWLRQV DUH PRVW RIWHQ GH
RVFLOODWRU\ IRUFHVY DW WKH IUHTXHQF\ XQGHU VWXG\ 7
HTXLSPHQW DW IUHTXHQFLHV RWKHU WKDQ WKRVH QDWXUL
KDUPRQLF RVFLOODWRU\ IRUFHVY RIWHQ FDOOHG YLEUDWRI
WKH REMHFW XQGHU VWXG\ FKDQJHVY WKH PHFKDQLFDO SUR
WKH IRUP RI LWV RVFLOODWLRQV ,Q WKLV UHJDUG LW L
FRPSHQVDWH IRU WKH LQIOXHQFH RI WKH YLEUDWRU RQ WKl

VWXG\

7KH SUREOHP RI VWXG\LQJ WKH VKDSH RI RVFLOODWLRQV R
LV VRPHZKDW HDVLHU WR VROYH 6XFK TXHVWLRQV DUH VRO
DERDO\WVLVY GHVLJQHG SULPDULO\ WR VWXG\ WKH IRUPV RI DC
LV EDVHG RQ WKH SULQFLSOH RI UHFLSURFLW\ ZKLFK DOO

RVFLOODWRU\ IRUFH DQG WKH SRLQW RI PHDVXUHPHQW RI



H[FLWHG E\ VKREN SXOVHV VXFFHVVLYHO\ DW DOO SRLQWV
VKDSH Rl WKH REMHFW V YLEUDWLRQV DQG WKH UHVSRQVH
YLEUDWLRQ VHQVRU LQVWDOOHG LQ WKH SODFH ZKHUH DQ
DQ REMHFW V YLEUDWLRQ ZDYHIRUP DW HDFK Rl WKH QDWX
WKH LQSXW GDWD IRU ZKLFK DUH WKH LPSDFW SDUDPHWHU
WKH LPSDFW KDPPHU WKH VKRFN UHVSRQVH SDUDPHWHUYV |

WKH FRRUGLQDWHYV RI WKH LPSDFW SRLQWYV

$ YHU\ LPSRUWDQW VHFWLRQ RI YLEUDWLRQ DQDO\VLV LV D
UHVXOWY RI YDULRXYVY YLEUDWLRQ SDUDPHWHUV LQ D JURXS
XVXDOO\ LQFOXGHVY HLWKHU GDWD IURP SHULRGLF PHDVXUH
REMHFW RU PHDVXUHPHQWYVY PDGH DW WKH VDPH SRLQWYV

RSHUDWLQJ XQGHU LGHQWLFDO FRQGLWLRQV 7KH WDVN RI
GLVWULEXWLRQ DFFRUGLQJ WR YDOXHV RI YLEUDWLRQ SDU
GHWHUPLQH WKH PDLQ SRLQWV RI GLVWULEXWLRQ RQ ZKLF
GHSHQG ,Q DGGLWLRQ WKH WDVN RI VWDWLVWLFDO DQTI
SDUDPHWHUV RI WKH VDPH REMHFW FDQ EH WKH FRQVWUXFYV

PRQLWRUHG SDUDPHWHUY RYHU WLPH DQG D VKRUW WHUP |

8VXDOO\ WKH UHVXOWYV RI VWDWLVWLFDO DQDO\VLV RI YD
PHDVXUHG LQ GHIHFW I[UHH HTXLSPHQW 7KLV ILWV ZHOO LQ
YDULDEOHYV ZKLFK LV FKDUDFWHUL]JHG E\ RQO\ WZR TXDQWI

YDULDQFH

,Q WKH SUHVHQFH RI GHYHORSHG GHIHFWV LQ WKH WHVW I

PRQLWRUHG YLEUDWLRQ SDUDPHWHUV PD\ GLIIHU ITURP QR



WHQGHQFLHYV RI WLPH YDULDWLRQ RI WKHVH SDUDPHWHU\

PRQLWRUHG YLEUDWLRQ SDUDPHWHUY DUH DQDO\]JHG

,Q DGGLWLRQ WR WKHVH W\SLFDO PHWKRGV IRU DQDO\]LQJ
GLDJQRVLQJ GHYLFHVY DQG HTXLSPHQW VSHFLDO PHWKRGYV

GHVFULELQJ DQG DQDO\]LQJ VLIJIQDOV KDYH UHFHQWO\ EHH(

$SSOLFDWLRQV IRU PXOWLGLPHQVLRQDO YLEUDWLRQ DQDO\

t 6SDWLDO DQDO\VLYV RI 3 SKRWRJUDSKV"™ RI GLDJQRVDEOH R

WKHUPDO DQG RWKHU W\SHV RI UDGLDWLRQ FRQYHUWHUYV

I $SFRXVWLF DQG K\GUR DFRXVWLF ORFDWLRQ GHDOLQJ ZzZL

HQYLURQPHQWY RI ZHDN DFRXVWLF VLIQDOV DJDLQVW WKH

f QYHVWLIDWLRQ RI WKH GLDJQRVWLF SDUDPHWHUVY REWDL

LQGHSHQGHQWO\ FRQWUROOHG FKDUDFWHULVWLFV RI WKH

f OXOWLGLPHQVLRQDO GLVSOD\ RI YLEUDWLRQ VSHFWUD RI

ORQJ WLPH LQWHUYDOV

JRU WKH VWXG\ RI VWDWLRQDU\ YLEUDWLRQ ZLWK D FRQ
FRPSRQHQWY LQ WLPH PHWKRGV RI VSHFWUDO DQDO\VLV R

DUH PRVW RIWHQ XVHG

"KHQ VWXG\LQJ QRQ VWDWLRQDU\ YLEUDWLRQ WKH UHVXOV
PXVW EH WLHG WR D SRLQW LQ WLPH FRUUHVSRQGLQJ WR W
DQG WKH DQDO\VLV LWVHOI PXVW EH SHUIRUPHG UHSHDWHG

ZDYHOHW WUDQVIRUP LV XVHG



7KH FXUUHQW OHYHO RI GHYHORSPHQW Rl WKH PHDQV RI |
DOORZV WR IXQGDPHQWDOO\ FKDQJH WKH PHWKRGV Rl PRG
PHFKDQLFDO HQJLQHHULQJ LQWURGXFH LQWR WKH SUDFWI
PDFKLQHY DQG PHFKDQLVPV VWDWLVWLFEDO PHWKRGV RI DQ
WKH TXDOLW\ DQG UHOLDELOLW\ Rl WKH H[SHULPHQWDO GDW
RI LQWURGXFLQJ QHZ LQIRUPDWLRQ WHFKQRORJLHV KDV E
DXWRPDWHG VWXG\ RI YLEUDWLRQ VLJQDOV RI PDFKLQHV I
+RZHYHU REWDLQLQJ D UHOLDEOH HVWLPDWH RI WKH WHFK
VIVWHP EDVHG RQ WKH DQDO\VLV RI WKH GLVVLSDWLRQ RI R
RSHUDWLRQ RU VWUHQJWK LQGXVWULDO WHVWLQJ VWLOO U
HQJLQHHULQJ 7UDGLWLRQDO PHWKRGV XVHG IRU WKH GHYV
XVXDOO\ XVH WKH UHVXOWV RI VHYHUDO PHDVXUHPHQWYV HI

RVFLOODWLRQV RU WKH DPSOLWXGH IUHTXHQF\ FKDUDFWHU!

$PRQJ WKH NQRZQ PHWKRGV IRU GHWHUPLQLQJ WKH FKDUDF
HQHUJ\ LV WKH PHWKRG RI GDPSHG RVFLOODWLRQV ,W FRQ\
GDPSHG RVFLOODWLRQV RI D PHFKDQLFDO V\VWHP ZKLFK

DWWHQXDWLRQ IDFWRU RI RVFLOODWLRQV

'"HYHORSPHQW RI D PHWKRG IRU GDPDJH PRQLWRUL

FKDUDFWHULVWLEFV

7KH FKRLFH RI VWUDWHJ\ DQG PHWKRGYV GHSHQGV RQ D QXF
XOWLPDWH JRDO RI GLDJQRVLV ZKLFK GHSHQGV SULPDUL!
GHWHUPLQH WKH WHFKQLFDO FRQGLWLRQ RI WKH WHVW REI

UHSDLU



SHULRGLF FRQWURO RI WHFKQLFDO FRQGLWLRQ FKDUDFWI
RSHUDWLRQ 7KH SULRU JRDO LV LQ WLPH GHWHFWLRQ RI (
ORFDWLRQ RI WKH GHIHFW DVVHVVLQJ WKH WHQGHQF\ WR
GXUDWLRQ RI WKH UHSDLU ZRUN $W WKH VDPH WLPH PHWK

DUH XVHG WR IRUP GLDJQRVWLF VLIQV > @

SHULRGLF LQGLYLGXDO FRQWURO EDVHG RQ VKRUW WHUP
FKDUDFWHULVWLFYVY JLYHV WKH JUHDWHVW HIIHFW ZKHQ GLD
REMHFWYVY W LV VR EHFDXVH WKHUH LV D IDLUO\ ZLGH YDU
LQVWDQFHV RI WKH VDPH REMHFW W\SH GXH WR WKH YD

DVVHPEO\ DQG RSHUDWLQJ FRQGLWLRQV

7KH HVVHQFH RI WKH SURSRVHG PHWKRG LV WKDW GXULQJ W
HITHFWV VLPXODWHG DW LWV FRQWURO SRLQWV DW FHUMW
FRQVWUXFWLRQ UHVSRQVH WR WKHVH H[FLWDWLRQV WR MX

RYHU WLPH

5LJLG FKDUDFWHULVWLFV RI WKH VWUXFWXUH DUH FKDQJLQ
FDQ EH VHHQ LQ KDUPRQLF H[FLWDWLRQV LQ D FHUWDLQ IU

GDPDJH WKH DSSHDUDQFH RI 3QRQ JOXH  |RQHV DV DQ H[DP

DYHOHW WUDQVIRUPVY FDQ EHWWHU VKRZ WKH GHYLDWLRQV
UHVRQDQFH IUHTXHQF\ IRU WKH HYDOXDWLRQ RI WKH WHEFK
YDOXHVY PHDVXUHG DQG VWRUHG IRU HDFK GHYLFH EHIRUH
7KH FDOFXODWHG YDOXHVY FDQ EH REWDLQHG XVLQJ ERWK V

RVFLOODWLRQV DQG WKH ILQLWH HOHPHQW PRGHO



$W WKH VDPH WLPH EDVHG RQ WKH LQIRUPDWLRQ DERXW \
EHKDYLRXU LQ WKH IXWXUH DQG WR HVWDEOLVK WKH RSWLP

WKH WHFKQLFDO FRQGLWLRQ RU LWV RSHUDWLRQDO WHUPL:

, QLWLDOO\ WKH PHWKRG LV EDVHG RQ WKH DQDO\VLV RI IU
DW FRQVWUXFWLRQ FRQWURO SRLQWV 7KH YLEUDWLRQ V

HTXLSPHQW 7R H[FOXGH UDQGRP HUURUV UHSHDWHG VHUL

$IWHU WKDW IURP WKH UHFHLYHG VLJQDO E\ XVLQJ WKH IDV
YDOXHV RI WKH QDWXUDO IUHTXHQFLHV RI RVFLOODWLRQV

VXIILFLHQWO\ DFFXUDWH YDOXHV RI PRGDO SDUDPHWHUV DL
RVFLOODWLRQV 7KH GLDJQRVWLF SDUDPHWHU FDQ EH FDO
QDWXUDO IUHTXHQFLHV RI RVFLOODWLRQV DQG GDPSLQJ FR
WKH SDUDPHWHU LV FRPSDUHG ZLWK WKH PD[LPXP DOORZI
VWUXFWXUH GHVLJQ ,Q WKH FDVH ZKHQ WKH H[SHULPHQW
SDUDPHWHU H[FHHGV WKH PD[LPXP DOORZDEOH YDOXH WK
'KHQ WKH FRQGLWLRQ RI IDLOXUH IUHH RSHUDWLRQ LV SHUI
SDUDPHWHU LV HQWHUHG LQWR WKH GDWDEDVH WR REWDLQ
WLPH $IWHU WKDW D VWDWLVWLFDO DQDO\VLY FDQ EH SHU

XQWLO WKH QH[W LQVSHFWLRQ

&RQFOXVLRQV RQ WKH DQDO\VLV RI HILVWLQJ PHWKRG\

'LWKLQ WKH IUDPHZRUN RI WKH WDVN DQ H[LVWLQJ PHWKTF
YLEUDWLRQ VLIJQDOV DQG LW ZDV FRQFOXGHG WKDW WKH
YLEUDWLRQV LV FRQWLQXRXV ZDYHOHW WUDQVIRUP ,Q R
IUHTXHQFLHY DQG WKH FRUUHVSRQGLQJ GDPSLQJ FRHIILF

SDUDPHWHU D PHWKRG ZDV GHYHORSHG IRU GHWHUPLQLQJ



Rl ULGJHV DQG PD[LPXP OLQHV RI WKH ZDYHOHW WUDQV
GHYHORSHG SURYLVLRQV D PHWKRG ZDV SURSRVHG IRU Gl
ZDYHOHW DQDO\VLV RI YLEUDWLRQ VLIQDOV 7KLV PHWKRG

GLDIJQRVWLFV RI WKH DLUIUDPH GHVLJQ HOHPHQWYV

6HOHFWLRQ RI WKH RSWLPDO PHWKRG RI YLEUDWLRQ D

7KH DQDO\VLV RI IUHH YLEUDWLRQV FDXVHG E\ VKRUW WHU
HYDOXDWLQJ RI PRGDO SDUDPHWHUV RI WKH VWUXFWXUH 2
RI YDULDWLRQ LQ VXFK HI[FLWDWLRQV )RU D VKRUW SHULRC
QDWXUDO IUHTXHQFLHV %\ DWWHQXDWLRQ RI WKHVH RVFL

FKDUDFWHULVWLFV > @

7TKHUH DUH YDULRXV PHWKRGV IRU DSSUR[LPDWH HVWLPDWI
ZRUN HLWKHU LQ WKH WLPH GRPDLQ RU LQ WKH IUHTXHQF\

VHYHUDO GHJUHHV RI IUHHGRP DOO WKHVH PHWKRGV KDYH

JRU VA\VWHPV WKDW FDQ GLVSOD\ LQVWDQWDQHRXV ITUHTXF
GRPDLQ WKH FRPELQHG WLPH IUHTXHQF\ DSSURDFKHYV DUH
DV :LJQHU 9LOOH GLVWULEXWLRQ :9'" DQG *DERU WUDQVIR!
DSSURDFKHY DOVR KDYH VRPH GUDZEDFNV 7KH :9' KDV D ID

TXDGUDWLF IRUP RI WKH GHFRPSRVLWLRQ

7KLY GHILFLHQF\ FDQ RQO\ EH FRUUHFWHG E\ UHGXFLQJ WK
WUDQVIRUP DOWKRXJK LW JLYHV DQ DGYDQWDJH LQ WKH RS
WR WKH +HLVHQEHUJ ORFDOL]DWLRQ SULQFLSOH > @ DOVR

ZKLFK LV D FRPPRQ VKRUWFRPLQJ IRU DOO ZLQGRZ )RXULHU



JUHTXHQF\ WLPH PHWKRGYVY DUH RIWHQ XVHG LQ FRQMXQF\
,Q WKLV FDVH LW LV ILUVW QHFHVVDU\ WR VHSDUDWH WKH
KRZHYHU PD\ EH LQDGHTXDWH LQ WKH FDVH RI QRQOLQHI
GHYHORSPHQWY LQ ZDYHOHW DQDO\VLV D PHWKRG RI VLJQ
PDLQ DGYDQWDJH RI &:7 LV WKH SRVVLELOLW\ RI REWDLQLQ
GRPDLQ DQG VFDOH E\ WKH PHDQV RI DGDSWDEOH ZLQGRZV
HVWLPDWLQJ PRGDO SDUDPHWHUV RQ WKH EDVLV RI ZKLFK

GHWHFWLQJ GHIHFWV LQ DLUFUDIW VWUXFWXUHYV

2QH RI WKH ILUVW SXEOLFDWLRQV ZKLFK GHVFULEHG D GH
WUDQVIRUP ZDV $\KXGLYRQON EW6 3*:DYHOHW DQDO\VLV IRU OF
Rl IRXQGDWLR Q@S LXHVHQWO\ WKHUH DUH VRPH SXEOLFDYV

GLUHFWLRQ

7TKH WKHRUHWLFDO EDVLV RI ZDYHOHW WUDQVIRUPV

'XULQJ WKH SHULRG Rl PRUH WKDQ RQH KXQGUHG \HDUYV
ULJRURXV PDWKHPDWLFDO IUDPHZRUN DQG IRXQG GLIIHUHQ
KDUPRQLF DQDO\VLV QXPHULFDO DQDO\VLV VLJQDO DQG |

IUDFWDO DQG PXOWL IUDFWDO DQDO\WVLY DQG PDQ\ RWKHU\

7KH RYHUDOO FRQFHSW RI ZDYHOHW WUDQVIRUPYV ZDV IRUPF
SDSHUV PDGH E\ ORUOHW HW DO > @ *URVVPDQQ DQG O
PDGH E\ OH\HU > @ ODOODW > @ 'DXEHFKLHV > @
RWKHUV 7KHUH LV DQ DFFXUDWH VWDWHPHQW DERXW ZDYH

FDQ EH GHVLIQDWHG DV LQWHJUDO WUDQVIRUPV WKDW XVF



6SHFLILFDOO\ ZDYHOHWY DQDO\VLVY KLVWRU\ ILUVW EHJDQ .
WKHRUHWLFDO IRUP ZDV ILUVW SURSRVHG E\ -HDQ ORUOHW

PDLQO\ E\ < OH\HU > @ 7KH PDLQ DOJRULWKP ZDV GHYHORS

7KH +DDU ZDYHOHW FDQ EH UHJDUGHG DV WKH VLPSOHVW R
HIILELHQW H[DFWO\ UHYHUVLEOH ZLWKRXW WKH HGJH HIIHF
LPSRUWDQWO\ LW LV FRPSXWDWLRQDOO\ FKHDS 7KH GLVDG
UHIOHFW RQO\ FKDQJHV EHWZHHQ DGMDFHQW SL[HO SDLU\
IXQFWLRQ FRHIILFLHQWY WKXV FDOFXODWH SDLUZLVH DYt
/LVRZVND $JQLHV]ND > @ ,QWHUHVWLQJ ZRUN IRU QR

ZDYHOHWY ZDV PDGH E\ -LDQ\X )DQ DQG -LQ +XDQJ > @

7KH PRVW SRSXODU ZDYHOHW IDPLO\ WKDW FDQ EH XVHG IR!
'DXEHFKLHVY ZDYHOHW IDPLO\ 7KLV LV GXH WR LWV RUWKRJR
7KH XVH RI RYHUODSSLQJ ZLQGRZV UHVXOWY LQ D UHIOHFWL
%YHFDXVH RI DYHUDJHVY RYHU PRUH SL[HOV LW LV VLJQLILFD
PRVW FRPPRQO\ XVHG LV 'DXEHFKLHV RU WKH PDLQ IH
WUDQVIRUP KDV IRXU ZDYHOHW DQG VFDOLQJ FRHIILFLHQ

FRHIILFLHQWY LV DOVR RQH WKXV WKH FDOFXODWLRQ LV D

6XFK FDOOHG 3&RLIOHWV™ RU &RLIOHW ZDYHOHWY ZHUH RULJ
7KH\ KDYH KLIJIKHU FRPSXWDWLRQDO RYHUKHDG DQG XVHV Z
XVHV VL[ VFDOLQJ DQG ZDYHOHW IXQFWLRQ FRHIILFLHQWYV I
SL[HO DYHUDJLQJ ZDYHOHWY DUH VPRRWKHU $V DQ H[DPS
LPDJH SURFHVVLQJ WHFKQLTXHV OLNH GH QRLVLQJ RI GLII
FDOFXODWHYV ERWK DYHUDJHYVY DQG GLIITHUHQFHYV XVLQJ WKH

7KH &RLIOHW ZDYHOHW DOVR IROORZV WKH PLUURU WHFKQL



5HJDUGLQJ QRQ VWDWLRQDU\ VLJQDOV DQG LPDJHV ZDYH
SRZHUIXO WRROV IRU FRPSUHVVLRQ UHEXLOGLQJ DQG PRG
LGHQWLILFDWLRQ DQG DQDO\JDWLRQ SURFHVVHV %\ WKH F
Rl ZDYHOHWYV SURYLGH WKH SRVVLELOLW\ WR H[SORUH DVS
RPLW $ IDPLO\ Rl HOHPHQWDU\ IXQFWLRQV LV FRQVWUX
FRQWUDFWLRQ VWDUWLQJ IURP D EDVLF IXQFWLRQ WKH PF
WUDQVIRUPV ZHUH XVHG LQ JHRSK\VLFV IRU DQDO\VLV RI V
YHU\ UHFHQWO\ LQ WKH JHRSK\VLFDO VFLHQFHV 37KH PDL
DWWUDFWLYH DUH WLPH IUHTXHQF\ ORFDOL]DWLRQ RUWKR
DQDO\VLY :DYHOHW WKHRU\ LQYROYHY UHSUHVHQWLQJ JHQ

EORFNV DW GLIIHUHQW VFDOHVY DQG SRVLWLRQV™ > @

7TKHUH DUH WZR PDMRU IHDWXUHV WKDW PDNH FRQWLQXR X\
7KH ILUVW RQH LV WKH IDFW WKDW RVFLOODWLRQ PRGHV F
'‘XH WR WKLY UHDVRQ QDWXUDO IUHTXHQFLHVY FDQ EH GHWH
WR DFFXUDWHO\ REWDLQ WKH YDOXHV RI WKH LQVWDQWDQH
VHFRQG RQH LV WKDW WKH PDLQ LQIRUPDWLRQ RI WKH ZDY
JRU WKHVH SXUSRVHV ZH REWDLQ D VI\VWHP RI KRPRJHQHR>

PHDQLQJ RI WKH LQWHJUDOV RI ZKLFK DUH PD[LPD OLQHV R

7KH EDVLF SULQFLSOH RI &RQWLQXRXYV :DYHOHW 7UDQVIRUP
LOWR ZDYHOHWY :DYHOHWYV FDQ EH UHJDUGHG DV VPDOO R\
7KH )RXULHU 7UDQVIRUP GHFRPSRVHV D VLJQDO LQWR LQI
FRVLQHV 7KLV WHFKQLTXH LV JRRG EXW LW HIIHFWLYHO\ O
VLIQDO 7KH &:7 V IXQFWLRQV DUH VFDOHG DQG VKLIWHG

ZDYHOHW 7KLV LV D YHU\ JRRG WRRO IRU WKH FRQVWUXFW



VLIQDO IRU PDSSLQJ WKH FKDQJLQJ SURSHUWLHV RI QRQ V
HISODQDWLRQ RI LWV WLPH DQG IUHTXHQF\ ORFDOL]DWLRQ

IURP ZRUN PDGH E\ +DDVH 0 DQG :LGMDMDNXVXPD - > @

$FFRUGLQJ WR HTXDWLRQ

=3 [ron(2)

&:7 GHFRPSRVHV VBRHDVYi1~J RIQOHOHPHQWDU\ ség—%wcgww DU

)dr (a,b € R,a>0)

GHULYHG IURP D VLQJOHPPRWKHYHDNYHUHDOI® VKLIWSHWHRAK QLT
FRPSOH[ FRQMXJDWIR ©@XPIEVHD WRDOW D VKLIW SDUDPHWHU 7
WKH FKRLOEHERIFDXVH LW SURYLGHYVY JRRG ORFDOL]DWLRQ LQ

8QDPELJXRXV VLIQDO UHFRQVIMWRUXBWLRILHV WKRIYRGRGVVILEL

oo |7, 2
Cy —/ $(w)] dw < o0,
0

w

ZKLFK UHGXFH®.SIRUVLPSOH |JHUR PHDQ VWDWHYV

7TKH QXPEHU RI SRVVLEOH YDULDQWY RI WKH PRWKHU ZD°®
SDUWLFXODUO\ VXLWDEOH IRU LGHQWLI\LQJ DQG GHVFULELC

LQ GHULYDWLYHV RI WKH 1 WK RUGHR BRUIRWWKWRIRWDY WRT:

RI WKH 1 WK GHJUHH 7KHQ



&RPSOH[ DQDO\WLFDO ZDYHOHWYV DUB:EDD® G S LRI QHN DL
YDOXHVXVHG WR KLJKOLJKW LQVWDQWDQHRXV IUHTXHQFLH
ZDYHOHW IDPLOLHV ZLOO EHB®PHNBQLEH GJ IQFHR YV WUXFOIH G T

LOQYHUVH ZDYHOHW WUDQVIRUP

fi) = CL!} / : | wa b)»b(%) 9

W VKRXOG EH QRWHG WKDW VLPLODUO\ WR )RXULHU FRQW
WUDQVIRUPV DQG HQHUJ\ LV FRQVHUYHG DFFRUGLQJ WR Wk
DQG FULWHLUI-D XBORRBIILFLHQW &RQVHTXHQWO\ &:7 FDQ

JRXULHU VSDFH DFFRUGLQJ WR WKH IROORZLQJ H[SUHVVLRQ

1 +oo . _ _
W (a,5) = 5- f F()e i (aw) do

+HUH ZH XVH WKH IROORZLQJ FRQGLWLRRBA;IRRU WIQH W IRF
B.P P.6:~:

+c0

flw) = f(te™dt, teR

7ZR ZDYHOHW IDPLOLHY DUH SUHVHQWHG QH[W

(DFK ZDYHOHW IDPLO\ LV XVHG IRU D VSHFLILF SXUSRVH *DX
ILUVW 7KLV IDPLO\ LV D GHULYDWLYH RI WKH *DXVV |IXQF

UHFRJQL]LQJ DEUXSW WUDQVLWLRQV DQG DEQRUPDOLWLHV



ZDYHOHWY DUH FRPSOH[ SURJUHVVLYH ZDYHOHWY 7KHLU
PRGHVY DQG PHDVXUHV WKH WHPSRUDO FKDQJH RI WKH LQVW

FRHIILFLHQW
*DXVVLDQ IDPLO\ ZDYHOHWYV
*DXVVLDQ ZDYHOHWYV RIOM DR H) G\ LRQUHGGH D WR |

Inlt) = Sualt) (€ N)

t

"KHUH®H,:R L A¢ 6

$IWHU UHSODFHPHQW WKLV FDQ EH UHSUHVHQWHG DV

(7 4 1), (1) + 41 (1) +,10(8) = 0

JRUPr RA;:PR IXQFWLRQ LW VDWLVILHV WKH DGPLVVLELOLW)\
DV PRWKHU ZDYHOHWYV $0OWHKRKIJIKWVKIHQIXQEWHR®Q LW OLNH
TXLFENO\ GHFD\V WR JHUR $V D UHVXOW JRRG ORFDOL]DWL!
REWDLQHG 7KH VHFRQG GHULYDWLYH KDV WKH QDPH OH[LF
YLVLRQ WR LGHQWLI\ PXOWL VFDOH ERXQGDULHV > @ )LJ
ZLWK LWV )RXULHU WUDQVIB®BP W&RHP, WKR/HX&HG/DYQWRH EDVH |

WKH IROORZLQJ DEEUHYLDWLRQ ZLOO EH XVHG LQ WKH IROC



v, ()

YLIXUH

W, (w)

: DO{HPCIAW[LEDQ KDW"~

7KH VSHFLDO SURSHUWLHV RI

HTXDWLRAB PRU@

62
9902 " da

0
0

Y=
a

D DQG LWY:BREUEH@ WUDQYV

*DXVVLDQ ZDYHOHWY FDQ E

ZKLFK ZLOO ODWHU EH XVHG WR GLUHFWO\ LQWHJUDWH WKFE

,W LV LPSRUWDQW WR REWDLQ DQ HTXDWLRQ LQ H[SOLFLW I

FKRVHQ IXBEWLRQ@KHQ LW LV LPSRUNBQRUWRQHDWEPWWB U L

VHSDUDWHO\ SRLQW D E
WKH PD[LPXP OLQHV

LQWHJUDO

JXUWKHU WKH QHHG IRU WKLV Z]

7KLY PHWKRG GLIITHUV [URP WKH FRP

DV WKH LQYHB/,®3IRXZKHUHVWRBVIDRAUP ZDYHC

PXVW EH FDOFXODWHG IRU HDFK IL[HG VFDOH



ORUOHW ZDYHOHW IDPLOLHYV

8QOLNH UHDO YDOXHG ZDYHOHWY FRPSOH[ ZDYHOHWYV DUH
SKDVH ZKLFK PDNHV LW SRVVLEOH WR PHDVXUH WKH LQVWL
WLPH 1H[W ZH GHVFULEH WKH IDPLO\ RI FRPSOH[ ZDYHOH\

ORUOHW ZDYHOHW
Wo(r) = e/

7KLY ZDV WKH VWDUWLQJ SRLQW IRU WKH ZDYHOHW DQDO\\
ORUOHW LQ WKH V IRU WKH FKHPLFDO DQDO\VLV RI RLO 7Kl
FRQGLWLRQ LQ D VWULFW VHQVH 1HYHUWKHOHVV GXH V
WR JHUR LW FDQ EH FRQWL®E HDUHE SIYWD i B WiHBRMMWONR ZK L FK

GHSHQGY P@O GHW. DDV BMULYDWLYHYV LQ WKH VWULFW V

YAl = %'P,,_l(r) (n €N)

7KH PDLQ LPSRUWDQFH RI DSSO\LQJ ORUOHW ZDYHOHWYV IDP

-~

Y, ()=0 rw<0

JRU D EHWWHU XQGHUVWDQGLQJ RI WKLV FRQGLWLRQ ZH F

IXQFWBPR@ KQR :KHQ VXEVWLWXWLQJ WKH )RXULHU WUDQVIRI

B:fi; L e Efig; EUA Ffis;?LQ H[SUHVVLRQ ZH JHW

Wi (a, b) :l

5 [e”’”" ‘I"(a(m) {ag e ‘i’(—aml )}



ZKLFK EDVLFDOO\ PHEQV RNKEWODWHVHFWLRQ +RZHYHU
ZDYHOHWYV WKDW VDWLVI\ FRQGLWLRQ GR QRW SHUIRU!

IROORZLQJ UHODWLRQ

1

WS (a,b)| = 5|¥(aa)|

JRU D ORUOHW ZDYHOHW WKH )RXUBHU WHWETONVER G D QB IWKLH
FRUUHFW ORFDOL]J]DWLRQ RI HQHUJ\ LV REVIHELYHGALQ LWXKH HU

VKRZV WKH ORUOHW ZDYHOHW JUDSK DQG LWV )RXULHU WUD

(@) real-valug — (&) complex .....

0.5 ﬂ 0.5

{t)

4”'13' — 5 . " . ) _,;,___:3

(e (d)

w
172 ¥y /2)|
in

J)LIXUH ORUOHW ZR:PHCHMWVPFZ F G PRGXOHV RI WKH F

ZDYHOHW WUDQVIRUPV > @

'LWK WKH VDPH LWHUDWLRQV ZLWK WKH *DXVVLDQ ZDYHOHW



(n+ D)W,(¢) + (t — 1) Pyt () + Pia(t) =0

DQG SDUWLDO GLITHUHQWLDO HTXDWLRQ

* o . 0 n\.,
(aabz—a—lw()&nL;)Wf—O

IRU WKH ORUOHW IDPLO\ > @ 7KLV HTXDWLRQ DOORZV XV
GLVFUHWH VDPSBRQD IBQAWERQFLW IRUP $V QRWHG DERYH

RI' D GLUHFW LQWHJUDWLRQ VROXWLRQ IRU WKH ULGJHV ZK
:DYHOHW WUDQVIRUPV RI DV\PSWRWLF VLIQDOV

$Q\ UHDO YDBXAFVIQO@PDAD\V EH ZULWWHQ LQ WKH IROORZLQ

£ (1) = sin A(t) cos[®(¢)]
+RZHYHU WKLV IRUP LV QRW XQDPELJXRXV )RU RULJLQDOL

z(t) = f () +1Hf (1)

ZKHBHPLY WKH UHDO SDUW D Q G BV HV+ WXHEHRRWP 3/QUHD[QY/D R WP

— f’“ @,

K)o T

KHQ FDOFXWOBWLQFRPSOHWHO\ GHVFULEHG E\ LWV UHDBP; SI
LV HTXDO WR JHUR IRU QHJDWLYH IUHTXHQFLHV 7KH FDQRC(

FDQ EH ZULWWHQ DV



2(f) = A(t)e?

LV XQLTXH LI :ZHRWDQ@&:—; Brat® > @ 7KLV DOORZV XV WR

LQVWDQWDQHRXV IUHTXHQF\ DV

o(t) = 9(1)

ZKHUH VLBEDQV WLPH GHULYDWLYH W /:H#HFBR\UDALVG FROG!
VRPH FDVHV H[FHSW IRU WKH FDVHV ZKHQ DV\RSRVRDARB ;VLJC
DUH FRQVLGHUHG > @ ,Q WHKLF;F DWH PDHIH \H Y HIDORIS K : 7 X
ORUOHW IDPLO\ ZDYHOHWY FDQ EH URXJKO\ UHSODFHG E\ W

XVLQJ WKH VWDWLRQDU\ SKDVH DUJXPHQW

W(a,b) = A(B)* V¥ (ad (b)) + € (% a )

JRU D RQH FRPSRQHQW VLJQDO WKH ZDYHOHW WUDQVIR

FDOOHG WKH ZDYHOHW WUDQVIRUP ULGJH ,W LV VDWLVI\LQ

:KHUIﬁUPHDQV WKH PD[LPXP IURIXHQRFRILREHE @ %\ VXEV
HISUHVVLRQ LQWR HTXDWLRQ ZH REWDLQ WKH ZDYHOHMW

LQ SURSRUWLRQ WR WKR:DQDYHQ LLKDO VZL@QMXOD FRQVWDQW

C=YP(ad (b)) = ¥(w)



7KLV SDUW GLVFXVVHV WKH RVFLOODWLRQ RI QRQOLQHDU
ZKLFK LQ WKH JHQHUDO FDVH FDQ EH FRQVLGHUHG DV D VH

VORZO\ Y®H:B\DQ®,: P

M
S{t) = 4;(t) cos (1)

j=1
7KH FRUUHVSRQGLQJ ZDYHOHW WUDQVIRUP EHLQJ D OLQHD
Wf(a,b) =5 > 4;(b) cos @;(b) ¥(a®)(b)) + r(a,b)

:KHUH

() (o]
rla,b) ~ m -
J j

, WKH VLIJQDO FRQWDLQV VHYHUDO FRPSRQHQWYV ZKRVH IU
RWKHU WKHQ HDFK LQGLYLGXDO FRPSRQHQW FDQ EH SURFF

JRU FORVHO\ ORFDWHG ULGJHV RU IUHTXHQFLHV DQDO\VLV

OIUHTXHQFB:FVKLWLY UHFRPPHQGHG WR XVH 3VWHS E\ VWH:¢

REWDLQ D EHWWHU IUHTXHQF\ UHVROXWLRQ > @
6 XPPDU\ RI WKH ILQGLQJV DQG LPSOLFDWLRQV IRU FXUU

OHWKRGVY KDYH WKHLU RZQ VSHFLILF OLPLWYV DGYDQWDJHV
DUH FRQQHFWHG ZLWK WKHLU FDSDELOLWLHV IRU FHUWD

VXPPDU\ UHIOHFWV WKH PDLQ IHDWXUHYV



X 9LVXDO LQVSHFWLRQ LV WKH PDLQ PHWKRG IRU WKH
FRPSRVLWH VWUXFWXUHV 3,W LV FDSDEOH RI GHWHFWLQJ L
LUUHJXODULWLHV > @ ,W LV D FKHDS IDVW DQG VLPSOH \
WKH SHUIRUPHU 7KH DGGLWLRQDO WRROV DV WKH DXWRPDYV
SUREOHP %\ LWV PHDQV WKH SHUIRUPHU FDQ REVHUYH \
GDPDJH LV VXVSHFWHG E\ YLVXDO LQVSHFWLRQ ZKHUH WKH
X OHFKDQLFDO LPSHGDQFH DQDO\VLV *%RQGODVWHUGE D
FRVW WHFKQLTXH ,W FDQ EH XVHG ZLWKRXW FRXSOLQJ DJH
ELJ GLVDGYDQWDJH RI WKLV PHWKRG LV SRRU GHWHFWLRQ
X B8OWUDVRQLF LQVSHFWLRQ LV WKH PRVW DFFHSWDEOH
LQVSHFWLRQ RI FRPSRVLWH VWUXFWXUHV LQ WKH FDVH ZKH
FDQYW VKRZ DQ\ UHVXOWYV ,W LV YHU\ XVHIXO IRU WKH GH
GHIHFW +RZHYHU WKHUH DUH OLPLWDWLRQV FRQQHFWHG W
UHIOHFWLRQV Rl XOWUDVRQLF ZDYHV LQVLGH WKH VWUXFEW>
LV QHHGHG $OWKRXJK WKLV W\SH RI LQVSHFWLRQ GRHV
SURFHGXUH LW UHTXLUHV DGGLWLRQDO HTXLSPHQW DQG W
VXUIDFH Rl WKH WHVW REMHFW

X B8OWUDVRQLF SKDVHG DUUD\ LQVSHFWLRQ FDQ EH GLYL
DV VHSDUDWHG WHFKQLTXH ZLWK JRRG SURSHUWLHV IRU L
S5DSLG6FDQE’ VKRZHG JRRG UHVXOWYV LQ WHVWV ZKHQ LW
$GGLWLRQDO LQIRUPDWLRQ FDQ EH IRXQG LQ > @

X 6KHDURJUDSK\ DQG WKHUPRJUDSK\ DUH HDV\ IRU LQ VH!I
PDLQWHQDQFH IRUPV DV DQ H[DPSOH 7KH WLPH FRQVXPSWL
QRQ FRQWDFW PHWKRGYV WKDW UHTXLUH FRXSOLQJ DQG DGC

DSSOLFDEOH IRU FRPSOH[ VFDQQLQJ 7KHVH W\SHV DUH JRI



WKHLU GHWHFWDELOLW\ RI SRURVLW\ GLVEDQGV DQG GHO
XOWUDVRQLF WHFKQLTXH 7KH VL]H RI WKH GHIHEFW WKDW
WKHUPRJUDSK\ GHFUHDVHV ZLWK WKH LQFUHDVH RI WKH GH
DVVHVVLQJ WKH GHSWK RI WKH GHIHFW 6SHFLILFDOO\ \
KRQH\FRPE VDQGZLFK VWUXFWXUHY DQG WKHUPRJUDSK\ IR
ORFDWLRQ LQ FRPSRVLWH VWUXFWXUHYV

%XW GXH WR WKH IDEFW WKDW WKH XVH RI KRQH\FRPE \
QRZ WKH SURVSHFW IRU VKHDURJUDSK\ DQG WKHUPRJUDSH
$GGLWLRQDO LQIRUPDWLRQ FRXOG EH IRXQG LQ > @
X /IRZ IUHTXHQF\ YLEUDWLRQ PHWKRG LV SRWHQWLDOO\ W
DUHD IRU LWV LPSOHPHQWDWLRQ 6XFK D PHWKRG SURYLGF
EXW KDV GLIILFXOW\ IRU WKH GHWHUPLQDWLRQ RI LWV OR
PHWKRG LV WKH PRVW XVHIXO WRRO IRU WKH GHWHFWLRQ |
GHWHFW DQG ZKHQ LW LV QRW FOHDU ZKLFK DUHD KDV
GLVDGYDQWDJH LV WKH ODUJH LQVWUXPHQWDO DQG RSHUD
WKH PRQLWRULQJ RI DGYDQFHG FRPSRVLWH PDWHULDOV 7

WHFKQLTXH WKDW FDQ EH HDVLO\ LPSOHPHQWHG LQ RSHUD\

JRXULHU WUDQVIRUP LV JRRG IRU WKH GHFRPSRVLWLRQ RI D
OLNH VLQHVY DQG FRVLQHV +RZHYHU WKLV WHFKQLTXH
LQIRUPDWLRQ RI WKH VLIJQDO 7KH &:7 V IXQFWLRQV DUH VI
ORFDOL]HG PRWKHU ZDYHOHW 7KLV LV D YHU\ JRRG WRRO
UHSUHVHQWDWLRQ RI D VLIJQDO IRU PDSSLQJ WKH FKDQJLQ.
RITHUV DQ DFFXUDWH H[SODQDWLRQ RI LWV WLPH DQG IUF
FRPELQDWLRQ RI )RXULHU DQG :DYHOHW WUDQVIRUPV DV W

VLIQDOV RI GLITHUHQW W\SHV RI QRW IXOO\ VWXGLHG FRPSI



WKH SUHVHQW UHVHDUFK 7KH )RXULHU WUDQVIRUP ZLOO EF
D FHUWDLQ IUHTXHQF\ UDQJHVY ZKHUH WKH GLIIHUHQFH RI DI
FRQVWUXFWLRQ 7KH FRQWLQXRXV ZDYHOHW WUDQVIRUPYV
WUDQVIRUPHG VLIQDO OLQNHG WR WKH WLPH GRPDLQ LQFO
E\ )RXULHU $QRWKHU PDLQ GLIIHUHQFH RI WKLV DSSURDEFK

LV WKH GLUHFW VLPSOH V\VWHPDWLF SULQFLSOH RI LW\
VRIWZDUH V\VWHPV XVLQJ )RXULHU WUDQVIRUPV DQG &:7
IXQFWLRQ RI WKH PRWKHU ZDYHOHW IRU QRQ VWDWLRQDU\ V
ZLWK DSSUREDWLRQ RQ D YDULHW\ RI FRPSRVLWHYVY LQFOX

RQHV

X ,Q WKH PRGHUQ UHDOLWLHYV RI DLUFUDIW RSHUDWLRQ L
RI GHWHFWLQJ WHFKQLFDO IDLOXUHV W LV HIWUHPHO\ XQ:
XUJHQW UHSDLUV XQGHU FRQGLWLRQV RI XQWLPHO\ RSHUD\
D TXLFN FKHFN RI WKH VWUXFWXUH GXULQJ OLJKW RSHUDW
WR WLPHO\ LGHQWLI\ WKH SUH IDLOXUH FRQGLWLRQ DQG V
VWUXFWXUH 7KH GHWHUPLQDWLRQ RI WKH GHIHFW ORFDWL
$V D UHVXOW LGHDOO\ PRQLWRULQJ LQ RSHUDWLRQ UHDOL\
D SRVVLEOH SUHGLFWLRQ RI WKH WHFKQLFDO FRQGLWLRQ

VA\VWHPV

7KH SULRULW\ JRDO RI WKLV UHVHDUFK ZKLFK LV PRVWO\
LQGXVWU\N LV DQ LQWHJUDO HVWLPDWLRQ RI WKH UHVLGXDC
$QDO\WLV RI GHYLDWLRQV RI WKH YLEURDFRXVWLF SLFWXUF
FRPELQDWLRQ ZLWK WKH )RXULHU WUDQVIRUPV FDQ KHOS \

LQ WLPH DV ZHOO DV KLJKOLJKW GHYLDWLRQV E\ ZKLFK W



HVWLPDWHG 7KH DSSOLFDWLRQ RI WKLY PHWKRG FRQWDLQ
Rl )RXULHU WUDQVIRUPV GDWD DFTXLVLWLRQ E\ WKH PHDQ
VRIWZDUH LQVWUXPHQWY VLIJQDO SURFHVVLQJ E\ )RXULHI
UHODWHG IHDWXUHV FDQ EH HIWUDFWHG E\ DQ HQJLQHHU R
V\VWHPV RU E\ WKH VRIWZDUH WKDW PD\ EH DGGLWLRQDOC
OHYHOV IRU DXWRQRPRXV VA\VWHPVY 7KH VWDWLVWLFDO SDW
E\ ORQJ WHUP FROOHFWLQJ DQG DQDO\]LQJ ODUJH DPRXQWYV

VWUXFWXUHY RQ PRGHUQ DLUFUDIWYV

SHIDUGLQJ WHFKQLFDO OHYHOV LQ WKLV UHVHDUFK VSHFLIL
DQG WR JLYH VXJIJHVWLRQV RQ OHYHO 7KH GDPDJH H[LVW
RI WKH YLEUDWLRQ VLIQDO ZKLFK JLYHV XV DQ RSSRUWXQL
UHVHDUFK LV IRFXVHG RQ WKH LQWHJUDO HVWLPDWLRQ RI 'V

FODVVLILFDWLRQ EHFRPH VHFRQGDU\ LVVXHV 7KHVH OHY
E\ DGGLWLRQDO PHDQV 1'7 PHWKRGV DV DQ H[DPSOH 4 XD

DQG HVWLPDWLRQ RI UHVLGXDO OLIH RI WKH VWUXFWXU
H[SHULPHQWY DQG E\ WKH XVH RI FRPSOH[ SDUDPHWHUYV IF
ZKLFK LV SUHVHQWHG IXUWKHU 7KH FULWHULRQ IRU DVVHV

WKH FKRVHQ SDUDPHWHUV WKDW FRXOG EH ZLWKLQ RU HI[FF

SRWHQWLDOO\ WKH PHWKRG FDQ EH HIWHQGHG LQ WHUPYV F
FODVVLFDO VHQVRU WULDQJXODWLRQ PHWKRGRORJ\ GLI

DOJRULWKPV ZLWK WKH XVH RI QHXUDO QHWZRUNYV



&KDSWHU ([SHULPHQWDO OHWKRGRORJ\

DQG 3UHOLPLQDU\ 5HVXOWYV

 QWURGXFWLRQ

JURP D PDWKHPDWLFDO SRLQW RI YLHZ D VLJQDO LV D IXQF
DQRWKHU %DVLFDOO\ LW LV DQ LQIRUPDWLRQ IXQFWLRQ

SURSHUWLHY VWDWH RU EHKDYLRXU RI DQ\ SK\VLFDO V\VWF
VLIQDO SURFHVVLQJ FDQ EH UHJDUGHG DV WKH H[WUDFWLR«
WKHVH VLIJQDOV EULHIO\ XVHIXO RU WDUJHW LQIRUPDWLR

IRUP WKDW LV FRQYHQLHQW IRU SHUFHSWLRQ DQG IXUWKHU

%\ VLIQDO DQDO\WLY ZH PHDQ QRW RQO\ WKHLU SXUHO\ F
GUDZLQJ FRQFOXVLRQV RQ WKH EDVLV RI WKHVH WUDQVIRU

FRUUHVSRQGLQJ SURFHVVHVY DQG REMHFWY 7KH VLIJQDO DQ

X '"HWHUPLQDWLRQ RU HYDOXDWLRQ RI QXPHULFDO SDULI
SRZHU DYHUDJH VTXDUH YDOXH HWF

X 7KH GHFRPSRVLWLRQ RI VLIQDOV LQWR HOHPHQWDU\ FI
RlI YDULRXV VLJQDOV

X &RPSDULVRQ RI VLPLODULW\ UHODWHGQHVY GHJUH

FHUWDLQ TXDQWLWDWLYH HVWLPDWHYV

7KH PDWKHPDWLFDO DSSDUDWXV RI VLJQDO DQDO\VLV LV YH

LQ DOO DUHDV RI VFLHQFH DQG WHFKQRORJ\ ZLWKRXW H[FH

7KH WHUP VLIJQDO UHJLVWUDWLRQ LV LQH[WULFDEO\ OLQNH(

LV DV EURDG DQG DPELJXRXV DV WKH WHUP VLIQDO LWVHOI



EH XQGHUVWRRG DV WKH RSHUDWLRQ RI HIWUDFWLQJ D VLJ(
IXUWKHU XVH 6R ZKHQ REWDLQLQJ LQIRUPDWLRQ DERXW
VLIQDO UHJLVWUDWLRQ LV XQGHUVWRRG DV WKH SURFHVV
REMHFW DQG WUDQVIHUULQJ PHDVXUHPHQW UHVXOWYVY WR D
FRQYHUVLRQ RI DQ\ REMHFW SURSHUWLHY LQWR LQIRUPDW
VLIQDO %XW VLIQDO UHJLVWUDWLRQ WHUP LV DOVR ZLGHO
IRUPHG VLJQDOV FDUU\LQJ FHUWDLQ LQIRUPDWLRQ IURP
FRPPXQLFDWLRQ WHOHPHWU\ HWF DQG IRU WKH SURFH)?
PHPRU\ PHGLD DQG IRU PDQ\ RWKHU SURFHVVHV UHODWHG
SUHVHQWYV WKH GHYHORSPHQW RI DQ H[SHULPHQWDO PHWK
ZLWK YLEUDWLRQ PHWKRGV WKHLU IHDWXUHV DQG PDWKHEF
YLEUDWLRQ FKDUDFWHULVWLFV DV I[UHTXHQFLHY GDPSLQJ ¢
HTXLSPHQW DQG GHYLFHV SUHSDUDWLRQ IRU WKH WHVW

DQG LQLWLDO UHVXOWYV RI WKH H[SHULPHQWYV

JHDWXUHV RI EXLOGLQJ LQIRUPDWLRQ V\VWHPV IRU QRQ

7KH SUREOHP RI GHYHORSLQJ JHQHUDO SULQFLSOHV IRU FR!
UHOHYDQW WR PRVW DUHDV RI DSSOLFDWLRQ SURJUDPPLQJ

V\VWHP LQ WKLV FDVH ZH FDQ WDNH

X $ELOLW\ WR DGHTXDWHO\ UHVSRQG WR XVHU UHTXH
X (QVXULQJ ZRUN XVLQJ WKH FRQFHSWV DQG PHFKDQ|

X OLQLPL]DWLRQ RI PDLQWHQDQFH FRVWYV



8QIRUWXQDWHO\ WKH IXQGDPHQWDO GLIIHUHQFHV LQ WKH
XQLYHUVDO SULQFLSOHV IRU WKH GHYHORSPHQW RI VXFK V'
RI QRQ GHVWUXFWLYH WHVWLQJ LW LV SRVVLEOH WR LGHQ\

LOQWR D VLQJOH FODVYV RI WDVNYV

,QIRUPDWLRQ V\VWHPV LQ QRQ GHVWUXFWLYH WHVWLQJ

LQIRUPDWLRQ LW V SUHOLPLQDU\ SURFHVVLQJ DQG VWR!
VXSSRUW DQG ILQDO SURFHVVLQJ DQG SUHVHQWDWLRQ R
VIVWHP FDQ EH LPSOHPHQWHG DV DQ LQGHSHQGHQW GHYLF
WKH EDVLV RI D VWDQGDUG FRPSXWLQJ FRPSOH[ RU EH G

IXQFWLRQDO FRPSRQHQWYV ZLWK WKH DELOLW\ WR H[FKDQJF

'"HSHQGLQJ RQ WKH LPSOHPHQWDWLRQ LW LV RIWHQ SRV)\
LOQWHUDFWLRQ ZLWK WKH V\VWHP 7KH GHYHORSPHQW RI W
FRQVLGHULQJ WKH LQWHQGHG TXDOLILFDWLRQV RI WKH XV
LPSRUWDQW WR WDNH LQWR DFFRXQW ERWK WKHLU TXDOL
TXDOLILFDWLRQV LQ PDWWHUV RI QRQ GHVWUXFWLYH WHYV
SURYLGLQJ LQIRUPDWLRQ FDQ EH DSSUR[LPDWHG ERWK WR
LQLWLDO SK\VLFDO TXDQWLW\ DQG WKH DEVWUDFW LQGLI

RSHUDWLRQ

$ QXPEHU RI IHDWXUHY DUH FDXVHG E\ WKH VSHFLILFV RI W
IRU QRQ GHVWUXFWLYH WHVWLQJ V\VWHPV ([WUHPHO\ KLJK
VXFK V\VWHPV WKHLU VXVWDLQDELOLW\ DQG WKHLU UHO
V\VWHP SDUW RI WKH SURMHFW VXEVWDQWLDOO\ FRVWYVY OH\)
VA\VWHPV 7KLV LV GXH WR WKH IRFXV RI WKH PDLQ HIIRUWYV

PDWKHPDWLFDO DOJRULWKPV IRU LQIRUPDWLRQ SURFHVVLC



VKRXOG EH QRWHG WKDW WKHUH DUH DOPRVW QR VWDQGDU(
GDWD IRUPDWYV XVHG LQ QRQ GHVWUXFWLYH WHVWLQJ V\VW
OLEUDULHV RI VWDQGDUG VROXWLRQV 6LQFH VRIWZDUH IR
DWWULEXWHG WR V\WVWHPV RI PHGLXP FRPSOH[LW\ WKH

SURJUDPPLQJ PHWKRGYVY LQ WKH GHYHORSPHQW RI WKH V\VW

1RQ GHVWUXFWLYH WHVWLQJ V\VWHPV YHU\ RIWHQ XVH FRP
ZKLFK VRPHWLPHY IRUP WKH EDVLV RI D FRPSOH[ )RU WKLYV
Rl WKH PRVW LPSRUWDQW IDFWRUV W DOVR LPSOLHV W
DOJRULWKPV EHWZHHQ GLIIHUHQW SDUWYV RI WKH FRPSOH[ \
EH IXQGDPHQWDOO\ GLIITHUHQW $QG LI WKH WDVN RI SRUW
ODQJXDJH FDQ EH VROYHG E\ VWDQGDUG PHWKRGV WKHQ Il
WR UHVXOW LQ D FRPSOHWH UHZULWLQJ RI WKH SURMHFW

LQWHUIDFH VWLOO FDQQRW EH VDWLVIDFWRULO\ VROYHG E\

$W WKH PRPHQW WKH XVH RI PDFKLQH LQGHSHQGHQW SURJ
ORRNV SURPLVLQJ > @ 8QWLO UHFHQWO\ WKLV ZDV KDP:
SURJUDPPLQJ V\VWHPV IRU PLFURFRQWUROOHUYV ZLGHO\ XV|
OHYHO RI GHYHORSPHQW RI VSHFLDOL]HG KDUGZDUH RULH
DOORZV XV WR KRSH WR DFKLHYH DOPRVW FRPSOHWH LQWH

VA\VWHP

7KH XVH RI PRGHUQ SURJUDPPLQJ V\VWHPYVY DOVR DOORZV
LOQWHUIDFHVY ZKLFK ZLOO JUHDWO\ IDFLOLWDWH WKH PDVWEF

RI' D ZLGH UDQJH RI FRPSXWLQJ SODWIRUPV

, W VKRXOG EH PHQWLRQHG WKDW WKHUH LV D SUREOHP RI \

VI\VWHPV 1RQ GHVWUXFWLYH WHVWLQJ V\VWHPV KDYH D OR



DQRG PRUH 7KURXJKRXW WKLV SHULRG WKHUH PD\ EH D TXH
KDUGZDUH SODWIRUPVY RU UHSODFLQJ REVROHWH FRPSRQHC
WKH FRQVXPHUYYV SUDFWLFHV IURP WKH ROG V\VWHP WR W]
UHOHYDQW LQ WKH GHYHORSPHQW RI ODUJH FRPSOH[HV ZI

GHFLVLYH UROH LQ WKH FKRLFH RI WKH V\VWHP DUFKLWHFW

$V LQ DOO DUHDV RI KXPDQ DFWLYLW\ LQ QRQ GHVWUXFWL
WKH PHDQV RI QRQ GHVWUXFWLYH WHVWLQJ DQG WKH JHQH
&RPSXWHU PLFURSURFHVVRU PLFURFRQWUROOHU DUH WKE
FRQVLGHULQJ WKH WDVN RI 1'( DV DQ LQIRUPDWLRQ SURFHV!
PHWKRGV RI QRQ GHVWUXFWLYH WHVWLQJ WKH IROORZLQJ

EH LGHQWLILHG

X REWDLQLQJ SULPDU\ PHDVXUHPHQW LQIRUPDWLRQ
LQWR D IRUP FRQYHQLHQW IRU IXUWKHU SURFHVVLQJ

X LQIRUPDWLRQ SURFHVVLQJ DQG SUHVHQWDWLRQ F
VXLWDEOH IRU DQDO\VLV DQG IXUWKHU LQWHUSUHWDW.L
X DQDO\VLV RI WKH LQIRUPDWLRQ UHFHLYHG DQG WKF
RI WKH FRQWUROOHG REMHFW WKH SRVVLELOLW\ RI L

UHVLGXDO UHVRXUFH

7TKHVH IDFWRUV DUH H[SODLQHG LQ PRUH GHWDLOV DV IROO

2EWDLQLQJ SULPDU\ PHDVXUHPHQW LQIRUPDWLRQ XVLC

LOQWR D IRUP FRQYHQLHQW IRU IXUWKHU SURFHVVLQJ

7TUDQVGXFHUV FDQ LQFOXGH DQ\ GHYLFH RI ERWK DFWLYH I

HQVXUHV WKH LQWHUFRQQHFWLRQ RI WKH PRQLWRUHG SK\V



WKH UHJLVWHUDEOH RXWSXW SDUDPHWHU RI WKH WUDQVGXI
WKH UHVSRQVH FDQ EH UHFRUGHG LQ WKH IRUP RI DQ LPDJF
RSWLFDO PHWKRGYV ,Q RWKHU 1'( PHWKRGV WKH UHVSRQV
WKDW LV WKH PRVW FRQYHQLHQW RQH IRU UHFRUGLQJ DQG
XVXDOO\ UHFRUGHG DV D VSDWLDO WHPSRUDO GLVWULEXYV
LQIRUPDWLRQ FDQ EH FDUULHG RXW LQ ERWK DQDORJ DQG (
RI WKH DOJRULWKP DQG SULFH H[SHGLHQF\ &XUUHQWO\ W

LQIRUPDWLRQ SURFHVVLQJ ZLWK D QXPEHU RI DGYDQWDJHYV

OHWKRGV DQG GHYLFHV IRU REWDLQLQJ SULPDU\ LQIRUPDW.L

TXLWH GHYHORSHG LQ ERWK WHFKQLFDO DQG VFLHQWLILF W

,QIRUPDWLRQ SURFHVVLQJ DQG SUHVHQWDWLRQ RI SUR

VXLWDEOH IRU DQDO\VLY DQG IXUWKHU LQWHUSUHWDWL

'"HSHQGLQJ RQ WKH DSSOLHG FRQWURO PHWKRG WKH DOJRL
PD\ GLITHU ,Q WKH OLPLW WKH HQG UHVXOW PRVW VXLWDEC
LV WKH LPDJH RI WKH REMHFW EHLQJ PRQLWRUHG LQ WKH
GLPHQVLRQDO SURMHFWLRQ WR ZKLFK WKHUH LV WKH GLVW
GHIHFW OLVW DQG WKHLU SK\VLFDO SDUDPHWHUYV W LV
SDUDPHWHU DUH UHFRQVWUXFWHG IDLUO\ DFFXUDWHO\ RQ W
,Q DGGLWLRQ WR WKH YLVXDO SUHVHQWDWLRQ LW LV QH
SDUDPHWHUV RI GHIHFWV WKDW DUH QHFHVVDU\ IRU IXUWKH

VLPXOWDQHRXVO\ FDQ VROYH WKH GHIHFWRPHWU\ SUREOHP

'LWK DOO WKH YDULHW\ RI DSSOLHG FRQWURO PHWKRGV X
GHIHFWYV WKH QXPEHU RI DOJRULWKPV IRU REWDLQLQJ WKl

PDLQO\ WR YDULRXV W\SHV RI FRPSOH[ WUDQVIRUPDWLRQV



PHWKRGV RI UHYHUVH UHFRQVWUXFWLRQ ,W VKRXOG EH QR

HITHFW ZKHQ XVLQJ VHYHUDO 1'( PHWKRGYVY DQG FRPSDULQJ

&EXUUHQWO\ WKH LPSOHPHQWDWLRQ RI DOPRVW DQ\ DOJRL
PHDQV RI FRPSXWLQJ DQG PLFURSURFHVVRU WHFKQRORJ\
WRROV DQG LQ WKH IRUP RI VSHFLDOL]JHG DXWRQRPRXV V
SHUIRUPDQFH RI ZRUN 7KH FKRLFH RI LPSOHPHQWDWLRQ R

PDWHULDO UHVRXUFHV WR VROYH WKH SUREOHP RI 1'( DQG

$QDO\WLV RI WKH LQIRUPDWLRQ UHFHLYHG DQG WKH IR/
WR WKH VWDWH RI WKH FRQWUROOHG REMHFW DQG WKH

RU IRUHFDVWLQJ LWV UHVLGXDO UHVRXUFH

7KH XOWLPDWH JRDO RI 1'( LV QRW RQO\ WR REWDLQ LQIRUF
WKHLU SK\VLFDO SDUDPHWHUV EXW DOVR WR IRUPXODWH D
PRQLWRUHG WKH SRVVLELOLW\ RI LWV QRUPDO IXQFWLRQL(
QXPEHU RI REMHFWV LW LV SRVVLEOH WR FDUU\ RXW VWUHC
RQ WKHP )RU VLPLODU REMHFWYV PHWKRGRORJLFDO UHFRPF
WKH GHFLVLRQ PDNLQJ SURFHVV ,Q RWKHU FDVHV D KHXUI
GHFLVLRQV PDGH RQ WKH EDVLV RI VHOHFWLYH WHVWYV DQC

GHFLVLRQ LV PDGH E\ D SHUVRQ VXEMHFWLYHO\ EDVHG RQ

7KLY SDUW RI WKH LQIRUPDWLRQ SURFHVV LV WKH OH|
DOJRULWKPL]DWLRQ 7KLV LV GXH WR WKH ODUJH YDULHW
SURSHUWLHV %XW LQ VRPH FDVHV ZKHUH WKHUH DUH SURY
WKHP LQ WKH IRUP RI VRIWZDUH WKDW GLUHFWO\ XVHV WKH
DQG DXWRPDWLFDOO\ JHQHUDWHY D FRQFOXVLRQ DERXW W

VWUXFWXUHY EDVHG RQ QHXUDO SURFHVVRUV FDQ EH XVHG



FRQILUPV RU UHIXWHV WKH FRUUHFWQHVV Rl WKH GHFLVLR
UHSODFHG VWUXFWXUHV LW FDQ LQFUHDVH WKH DFFXUDF
1'( ORUHRYHU ZLWK VSDWLDO VHSDUDWLRQ Rl WKH SODFH
SURFHVVLQJ DQG GHFLVLRQ PDNLQJ WKH FRQQHFWLQJ HOH
HYROYH LQ UHODWLRQ WR WKLV SUREOHP IURP WKH PHGLX

NQRZOHGJH EDVH

%DVHG RQ WKH DERYH ZH FDQ GUDZ WKH IROORZLQJ FRQF

SURVSHFWV IRU WKH XVH RI FRPSXWHU WHFKQRORJ\ LQ WKH

JURP WKH DERYH LW FDQ EH VHHQ WKDW WKH KDUGZDUH L

1'( WHQG WR FRQYHUJH DQG UHGXFHG WR D VWUXFWXUH LQI

X SK\VLFDO TXDQWLW\ FRQYHUWHU LQWR DQ HOHFWU
X HOHFWULFDO VLIQDO FRQYHUWHU

X XQLYHUVDO EORFN RI LQIRUPDWLRQ SURFHVVLQJ DC

7KH GHYHORSPHQW RI 1'7 PHWKRGV DORQJ ZLWK WKH H[LVW
RI DXWRPDWHG GHFLVLRQ PDNLQJ RQ WKH FRPSOLDQFH RI

RU LWV VXLWDELOLW)\ IRU IXUWKHU RSHUDWLRQ

7R VROYH WKH SUREOHP RI IRUPDOL]LQJ D GHFLVLRQ RQ WI
WKH UHVXOWY RI VXUYH\V RUJDQL]DWLRQDO PHDVXUHV DU
XQLILHG PHWKRGRORJLFDO FHQWHU IRU WKH VA\VWHPDWL]DW
RQHV WKH DFFXPXODWLRQ RI VWDWLVWLFDO LQIRUPDWLI
GHYHORSPHQW RI QHZ PHWKRGRORJLFDO UHFRPPHQGDWLRQ
LV SRVVLEOH EDVHG RQ D SRZHUIXO LQWHUQDWLRQDO RUJD

DQG KDYLQJ JUHDW VFLHQWLILF SRWHQWLDO DQG SUDFWLFI



OHWKRGRORJ\

$FFRUGLQJ WR HDUOLHU UHVHDUFK DQDO\VLV ZRUNV WKHUI
EH VHOHFWHG IRU GHIHFWYV GHWHFWLRQ DQG WKHLU FKDUL
DSSURDFK GHSHQGYVY RQ WKH W\SH RI VWUXFWXUH EHLQJ LQ

EH FRYHUHG E\ WKH LQVSHFWLRQ > @

X 7TUDGLVRRQIWOLQVBRWDR@UHBKLFK DVVHVVHV D

VPDOO DUHD RI D WHVW FRPSRQHQW :KHQ FRXSOHG W

VI\VWHP WKH SUREH RU LQVSHFWLRQ GHYLFH PD\ EH UL

VXUIDFH VR WKDW&DVFDIRDWHKH SUREH UHVSRQVH DW HD

FDQ EH EXLOW XS 7KLV SHUPLWV D PRUH LQWXLWL

SUHVHQWDWLRQ RI WKH UHVXOWYV

X \:LGH DURNDXOO\ IWHE&QLTXHV FRYHU JUHDWHU DUHD

P P\8 PP RU KLIJKHU LQ D VLQJOH PHDVXUHPHQW DOOF

RI ODUJH FRPSRQHQWYV $ QXPEHU RI PRUH PRGHUQ 1'7
WKLV FDWHJRU\ 7KH DELOLW\ IRU UDSLG LQVSHFWLRQ \
LQ VHQVLWLYLW\ RU SHQHWUDWLRQ WKRXJK FRXSOI
WHFKQLTXH FDQ IRUP D XVHIXO SDUW RI D WZR VWDJH

X 6WUXFWXUDO KHDOWK PRQLWRULQJ 6+0 LQ ZKLF
VHQVRUV DUH SHUPDQHQWO\ PRXQWHG WR WKH WHVW V
SRLQWHUV WR IDLOXUH H J VXUIDFH VWUDLQ OHYHO\
DFFXPXODWLRQ RI GDPDJH

7TDNHQ IURP >



,Q RXU FDVH ZH FKRRVH H[DFWO\ 3ZLGH DUHD” RU 3IXOO ILH(

PRQLWRULQJ RI VWUXFWXUH FRQGLWLRQ LQ WLPH

TKHUH DUH PDLQ VWHSYVY LQFOXGHG LQ WKLV UHVHDUFK PH

X &UHDWLQJ D GLDJQRVWLF PRGHO RI DQ DLUFUDIW
HITHFWV RI GDPDJH RQ WKH YLEUDWLRQ FKDUDFWHULVW
X 7TKHRUHWLFDO DQG H[SHULPHQWDO VWXGLHV RI WK
FRPSRVLWH PDWHULDOV RQ WKHLU YLEUDWLRQ FKDUDF\
X 7TKH VHOHFWLRQ RI WKH 9LEUDWLRQ GLDJQRVWLF S
GDPDJH RI WKH VWUXFWXUHY PDGH RI FRPSRVLWH PDWF

X ([SHULPHQWDO HYDOXDWLRQ RI WKH VHQVLWLYLW\

'"HYHORSLQJ RI WKH RSHUDWLQJ GLDJQRVWLFV WHFKQLTXF

DLUFUDIW VWUXFWXUHY PDGH RI FRPSRVLWH PDWHULDOV

$IWHU FRPELQLQJ WKH LQIRUPDWLRQ REWDLQHG GXULQJ HDI
7KH SURSRVHG DOJRULWKP LV SUHVHQWHG IXUWKHU )LJ
HISHULPHQWY ZHUH FRPSDUHG ZLWK GDWD IURP D 3RO\WH
HQVXUH WKH UHVXOWY 7KH PHWKRG RI WKH SURFHGXUH FR

JRXULHU WUDQVIRUPDWLRQ DQG &:7 )LJXUH
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J)LIXUH 7KH PDLQ VWHSV RI WKH SURFHGXUH $OJRULWKP
&KRVHQ PHWKRGYV

X $OWHUDWLRQV ZLOO EH LQYHVWLIJDWHG LQ DQ LQW
FRPSRVLWH PDWHULDOV

X 8VLQJ ZDYHOHW WUDQVIRUPVY ORWKHU ZDYHOHWYV L
WHFKQLTXH FDOOHG FRQYROXWLRQ IRU WKH FRQVWUXF
X "HWHUPLQDWLRQ RI WKH PRGDO SDUDPHWHUYV RI UL
X 8VLQJ 6KRUW 7LPH )RXULHU 7UDQVIRUP IRU YLEUDW
X 8VLQJ VFDQQLQJ 'RSSOHU 9LEURPHWHU YLEUDWI
HTXLSPHQW WR HQVXUH WKH UHVXOWYV ZKLFK ZLOO EH

X 8VLQJ /IDEYLHZ /DERUDWRU\ 9LUWXDO ,QVWUXPHQW
D SODWIRUP IRU WKH 31DWLRQDO ,QVWUXPHQWV"™ HTX
ODQJXDJH IRU SURJUDP ZULWLQJ IRU WKH V\VWHP SURW

X , QYHVWLIDWLQJ GHIRUPDWLRQ FKDUDFWHULVWLFV

FRPSXWHU VLPXODWLRQ



7KH PHWKRGRORJ\ LV DSSURYHG E\ H[SHULPHQWDO WH
HTXLSPHQW 7KH DOJRULWKP LV LPSOHPHQWHG LQ /DE9LHZ
S1DWLRQDO ,QVWUXPHQWY" HTXLSPHQW XVLQJ 3* SURJUDPI
WKH WHVWYVY ,Q DGGLWLRQ WKH DFFXUDF\ RI WKH REWDLQH
EORFN GLDJUDP LWV LQWHUIDFH DQG 3SWRRONLWV" DUH X

YHUVLRQV IRU GLITHUHQW HTXLSPHQW LV GHYHORSHG

%DVH (TXLSPHQW

+DUGZDUH DQG VRIWZDUH

,QLWLDOO\ DV D VRIWZDUH DQG KDUGZDUH FRPSOH[ IRL
PHWKRGRORJ\ SRUWDEOH 31DWLRQDO ,QVWUXPHQWV" 3;, V\
DQG NH\ERDUG DFFHVVRU\ 1, 30$ JLIXUH DQG 9. Y
DW WKH EHJLQQLQJ IRU VLPXODWLRQ UHFRUGLQJ DQG VL

DWWDFKHG WR 3;, XQLWYV ZHUH XVHG LQ SDUWLFXODU

1, 6LJQDO ([SUHVV IRU WHVW VLJQDO VLPXODWLRQ DQG
$VVLVWDQW IRU FDOLEUDWLRQ UHFRUGLQJ DQG LQLWLDC
9LUWXDO ,QVWUXPHQWDWLRQ (QJLQHHULQJ :RUNEHQFK DV |

IRU HI[HFXWLQJ D SURJUDP FUHDWHG LQ WKH JUDSKLFDO SU

7R FRQILUP DQG FRPSDUH WKH REWDLQHG H[SHULPHQWDO

369 ' JLIXUH DQG SRUWDEOH 3'9

J)LIXUH ZHUH XVHG ERWK DV PDLQ DQG DX[LOLDU\ PHDQ

SURFHGXUH $IWHU RSWLPL]DWLRQ ZRUN WKHUH ZDV QR Q



,QVWHDG WKH 1, 86% SRUWDEOH GHYLFH DQG PHGLXP ¢

WHVWYV 7KH 86% JLIXUH LV GHVLIQHG H[DFWO\ IRU VI

J)LIXUH 1, 30% EORFN

J)LIXUH 1, 86% EORFN

, QS XW FKDQQHOV LQFRUSRUDWH LQWHJUDWHG HOHFWURQL
DFFHOHURPHWHUYV DQG PLFURSKRQHYV 7KH IRXU 86% LQ
GLJLWL]H LQSXW VLIQDOV %DVHG RQ WKH PHWKRG SURSRVF

ZDV GHYHORSHG IRU GLDJQRVLQJ RI KRQH\FRPE FRQVWUXF



UHDO REMHFWYV LQ WKH ODERUDWRU\ )XUWKHU LQIRUPDW
REWDLQHG GDWD” VHFWLRQ $ ODUJH DPRXQW RI DGGLWLRC
SUHVHQWHG LQ GHWDLO KHUH DOVR XVHG GXULQJ WKLV U
YLEUDWLRQ JHQHUDWRUV SRUWDEOH ODVHU KHDGV FRPSHX
YDSRUL]HUV VSHFLDOO\ GHVLJQHG IUDPHV DQG VKDIWV IR
VDPSOH IL[LQJ VRXQG GLIIXVHUV QRLVH LQVXODWLRQ HC
YLEUDWLRQ VHQVRUV XOWUDVRXQG LQIUDUHG RSWLFDO V

HTXLSPHQW HWF

J)LIXUH SRUWDEOH 'RSSOHU VFDQQLQJ YLEURPH

$IWHU WKH VHOHFWLRQ RI HTXLSPHQW DQG UHJLVWUDWLRQ
SHUIRUPHG LQ WKH /DE9,(: VRIWZDUH HQYLURQPHQW )RU V
ZDV FUHDWHG LQ /DE9LHZ VRIWZDUH )LJIXUH VKRZV WKH

SURJUDP



JLIXUH %ORFN GLDJUDP 3)LQDO RQH EORFN

$IWHU DQDO\VLV EDVHG RQ WKH IRXQG YDOXHV RI WKH QDW
WKH GLDJQRVWLF FPQUEBERHMOHOF XODWHG $IWHU WKDW WKH
H[SHULPHQW LV FRPSDUHG ZLWK WKH DOORZDEOH YDOXH |
FRUUHVSRQGVY WR WKH PD[LPXP YDOXH LQ RSHUDWLRQ 7K
SDUDPHWHU FDQ EH HQWHUHG LQWR WKH GDWDEDVH WR IR
DEDO\VLVY RI WKH VWDWH FKDQJH RI WKH PRQLWRUHG REMH
WKH GLDJQRVWLF SDUDPHWHU WKH REMHFW LV UHPRYHG I|U
VLIH DQG ORFDWLRQ RI WKH GHWDFKPHQW ,I WKH REWDLQI
WKH JRQH RI DOORZDEOH YDOXHV WKH QRUPDO RSHUDWLRQ

LY PDGH DERXW WKH WHFKQLFDO FRQGLWLRQ XQWLO WKH Q

/[LNH LW ZDV PHQWLRQHG EHIRUH LQ WKHRUHWLFDO EDVLYV
ZDYHOHW WUDQVIRUP FDQ EH UHJDUGHG DV D WKUHH GLPHC

WKH ; D[LV TUHTXHQF\ RQ WKH < D[LV DQG WKH = D[LV



KDUPRQLFV ZLWK WKH JLYHQ IUHTXHQF\ LQ D JLYHQ WLPH

FRQWLQXRXV ZDYHOHW WUDQVIRUP &:7 SDUWLFXODUO\ D\
DXWRPDWLFDOO\ VHSDUDWHG LQ PRVW FDVHV SURYLGLQJ "
WKH LOVWDQWDQHRXYV I UHTXHQFLHY DQG GDPSLQJ SDUDPHYV
PRVW VLIJQLILFDQW LQIRUPDWLRQ LV SUHVHUYHG LQ WKH &
DUHDV RI WKH &:7 ILIJXUH W ZDV QRWHG WKDW IRU WKH UL

&:7 ZDYHOHWY FDQ VHUYH DV D ILOWHU IRU VHSDUDWLRQ RI

$ JRRG LOOXVWUDWLRQ RI SK\VLFV IRU WKH SURSRVHG PHYV
+DDVH 0 DQG :LGMDMDNXVXPD - > @ ,Q WKLV ZRUN ZH FD
RI D OLQHDU V\VWHP ZLWK WZR GHJUHHV RI IUHHGRP )LJIXL
REWDLQLQJ LQVWDQWDQHRXV IUHTXHQF\ DQG GDPSLQJ SEC

FDOFXODWHG RQO\ IRU ULGJHV
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J)LIXUH /ILQHDU VA\VWHP ZLWK WZR GHJUHHV RI IUHHGRP

WUDQVIRUP PRGXOH G )UHH RVFLOODWLRQV IUHTXHQF\ GF

TS L AR gsnis... oA



r

ZKHUH—; L& DQG:5 L §sFFfX,-EJDUH WKH QDWXUDO RVFLOO

ZLVWK FRHIILFLHQW Rl GRERWILED DPPHALWXEBGHKH SKDVH VKLIW

PRG H’5 =6 G (é X5 E Xe E T5 Te

J)LIXUH Z VKRZV D SORW RI WKH UHDFWLRQ RQ WKH LP

rQ- Qs7KH ILUVW RUGHU GHULYDWLYH IRU WKH &:7 ZDYHOF

WR

7ij
W:5L:F-E gxﬂ;% FPaor

ZLWKL W )LIXUH E DQG F VKRZ WZR &:7 PRGXOHV IURP ZlI
GLYLGHV WKH PRGHV RI RVFLOODWLRQ KRZHYHU WKH SUR
FDOFXODWLRQ RI WKH &:7 ,W LV RQO\ QHFHVVDU\ WR,,SHUI
YLIXUH G DQG HYDOXDMIH WKWH WEBOPRN[LPXP GHLRUPD
vasw{8%x ;Lsarvx88r7KH UHOHYDQWXWUBODEH®FRBENVNQJ SG ULDPH W

EH GHWHUPLQHG E\ WKH IROORZLQJ IRUPXOD > @

=8s F ﬁ)(h XU GXpL Fed R R RS

%DVHG RQ WKH SULQFLSOHVY SUHVHQWHG WKH REWDLQHG G
IURP D 3BRO\WHF 369 VFDQQLQJ YLEURPHWHU )LJXUH wW
PHWKRG RI WKH SURFHGXUH FRQWDLQV VHYHUDO LWHUDWLI

DQG &:7



J)LIXUH 3RO\WHF 369 6FDQQLQJ 9LEURPHWHU GXULQJ D

SUHOLPLQDU\ PHWKRGRORJ\ DSSUREDWLRQ 7KH ILUVW LQ

H[SODQDWLRQ RI IXUWKHU H[SHULPHQWY ORJLF UHJDUGLQJ

7KH IROORZLQJ ILIJXUHV )LJIXUH J)LIXUH J)LIXUH VEKFE
WKH &:7 EHIRUH DQG DIWHU WKH DSSHDUDQFH RI WKH DUWL
REWDLQHG GXULQJ WKH H[SHULPHQWYV ZLWK DYLDWLRQ KR:
JLYHV D YLVXDO EDVLV IRU WKH XQGHUVWDQGLQJ RI &:7 XVt
Lv b FOHDU GLIITHUHQFH EHWZHHQ WKH VWDWHPHQW RI WK
GHIHFW DSSHDUV LQ WKH UHIHUHQFH KRQH\FRPE VWUXFWXU
GLIITIHUHQFHV ZKLFK DUH PDUNHG E\ D \HOORZ FRORXU VKEF
FRPSDULVRQ RI WKHVH SLFWXUHVY KHOSV WR EHWWHU XQGH

RI WKH GHIHFW FKDQJHV WKH ZKROH &:7 SLFWXUH VWHS E\ \



Ambplifude

Scale

Translation

J)LIXUH &:7 G DQG VFDORJUDP ZLWKRXW WKH GHIHFW

Amplitude

Scale

Scale

Translation

J)LIXUH &:7 G DQG VFDORJUDP ZLWK DQ DUWLILFLDOO\ FU

7KH DUHD RI WKH GHIHFW LQ UHIHUHQFH KRQH\FRPE FRQ
DSSUR[LPDWHO\ IURP WR RI WKH LQWHUQDO KRQH\FRPE
E\ PHDQV RI LQMHFWHG ZDWHU ZKLFK ZDV IUR]JHQ DIWHU

EHWZHHQ WKH KRQH\FRPE FRUH DQG WKH OD\HUV $IWHU W



VDPSOH ZDV ZHLJKWHG WR HQVXUH WKDW WKHUH LV QR PF

FRQVWUXFWLRQ

Amplitude

ranslation

Scale

Translation

J)LIXUH &:7 G DQG VFDORJUDP ZLWK LQFUHDVHG GHIHFW

LWK WKH LQFUHDVH RI WKH EXQGOH DUHD WKH &:7 SLFWX
PDNH WKH ILUVW FRQFOXVLRQ DERXW W\SLFDO VLJQV WKDW
REYLRXV WKDW IRU HDFK REMHFW WKH SLFWXUH ZLOO EH G|
GXULQJ WKH DLUFUDIW OLIH F\FOH WR VHW WKH SRLQWYV LQ
FDQ EH FROOHFWHG VWDWLVWLFDOO\ E\ PHDQV RI PDQ\ LW
DQG VXFK GHYLDWLRQV LQ FRQQHFWLRQ ZLWK RWKHU SD
SRWHQWLDOO\ ZH FDQ WDON DERXW LPSURYLQJ DLUFUDIW
GHSHQGHQFH RI WKH YLEUDWRU\ DFFHOHUDWLRQ RQ WKH Il
+ ILUVW LWHUDWLRQ XVLQJ YLEUDWLRQ VHQVRU ZLWK RQH (

VFDQQLQJ YLEURPHWHU ZLWK PXOWL OD\HUHG KRQH\FRPE

IUHTXHQF\ GDPSLQJ ZLWK WKH DSSHDUDQFH RI D GHIHFW
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J)LIXUH *UDSK RI YLEUDWRU\ DFFHOHUDWLRQ RI RQH OD
GHIHFW EOXH DQG ZLWKRXW D GHIHFW SLQN D $ KDUG I



*UDSK RI WKH DYHUDJH YHFWRU RI YLEUDWRU\ DFFHOHUDWLI
ZLWK WKH GHIHFW UHG ZLWKRXW D GHIHFW JUHHQ E $

ZDV XVHG

7KH UDZ UHVXOWYV RI WKH WHVWLQJ LQ D ODUJH VFDOH RI W
KRQH\FRPE VWUXFWXUHY VKRZHG D UHGXFWLRQ RI QDWXUDC
DW WKH UHVRQDQW QDWXUDO IUHTXHQFLHVY DV D UHVXOW
RI G bQG VFDORJUDPV LQGLFDWH FKDQJHV LQ WKH RYHUD
FKDQJHV ZKLFK ZHUH DFFHSWHG DV D SDUW RI WKH RULJ

FRPSDUHG FDQ GHVFULEH WKH LQWHJUDO GDPDJH FRQGLWL

7KH GHVFULEHG WHFKQLTXH ZDV WHVWHG RQ <DN  DLUFUD
OD\HU UHLQIRUFHG KRQH\FRPE FRQVWUXFWLRQ 7R GLDJQR
LQ )LIXUH WKH YLEUDWLRQ VHQVRUV 9. $ ZHUH IL[HG Z
VZLWFKHG WR WKH UHFRUGLQJ PRGH Rl WKH YLEUDWLRQ DFF
D VLJQDO RI YLEUDWLRQ DFFHOHUDWLRQ LV UHFRUGHG LQ V
7KHQ WKH FRQWUROOHG VSRLOHU LV UHMHFWHG WR WKH UH
VIVWHP RI WKH <DN DLUFUDIW :KHQ VHWWLQJ WKH VSRLO
D VWULNH RQ FRQVWUXFWLRQ LV FUHDWHG WR H[FLWH WKH
7KH PHDVXUHPHQW UHVXOWYVY DUH VWRUHG LQ WKH VLJQDO
IRUPDW 6SRLOHUV ZHUH WHVWHG LQ WKH ODE DQG WKHQ
6XPPDUL]HG LQIRUPDWLRQ FDQ EH IRXQG LQ DQ HDUOLHU S:

DLUFUDIW VWUXFWXUHYV PDGH RI FRPSRVLWH PDWHULDOV X\



J)LIXUH <DN SDVVHQJHU MHW VSRLOHUV PDUNHG UHG

ODE GXULQJ WKH WHVWLQJ E

6HOHFWLRQ RI GLDJQRVWLF SDUDPHWHUV IRU GHWHFWLQJ

SDWLRQDO FKRLFH RI GLDJQRVWLF IHDWXUHYVY L H DSSU
RVFLOODWRU\ SURFHVVHVY VHQVLWLYH WR FKDQJHV LQ WKH
PDLQ IHDWXUH WKDW FDQ GHWHUPLQH WKH VXFFHVV RI GLD
LV SUHFHGHG E\ D SURFHGXUH IRU HYDOXDWLQJ WKH SURS

WKH WHFKQLFDO VWDWH RI DQ REMHFW



6SHFLILF UHTXLUHPHQWY IRU WKH DQDO\VLV RI YLEURDFRXV
WKH GLDJQRVWLF RI LQFLSLHQW GHIHFWV 7KH VLJQDO SI
LOQFLSLHQW GHIHFWV KDYH ORZ SRZHU FRQVXPSWLRQ DQC
DSSDUDWXYV IRU DQDO\]LQJ WKH SURSHUWLHYVY RI QRQ VWDW

QRLVH LPPXQLW\ RI XVHIXO LQIRUPDWLRQ

$V DQ H[DPSOH LQ HDU®N QWY HDADAKLIRIQ RI FRPSOH[ FUDFEN

VDQGZLFK SODWH XVLQJ ZDYHOHW D QD @ VALW R QA K HD)S$ BIl
GHODPLQDWLRQV LQ KRQH\FRPE VWUXF\%XALKD\D WKHHJ ISP L

QDWXUDO IUHTXHQHFg RZILAOVOFGHIGDWDRA 7KHUHIRUH LW LV D

SDUDPHWHU IRU DVVHVVLQJ WKH WHFKQLFDO FRQGLWLRQ Z
R4 O
- L Ajgs,

Z KH UH *« PRGH QXPEHU RI QDWXUDO RVFLOODWLRQV
VWDWXV RI WKH WHVWLQJ REMHFW ZLOO EH WKDW WKLV S

YDOXH

- 0= ?

ZKHW»H? PD[LPXP SHUPLVVLEOH YDOXH RI D FRPSOH[ SDUDPF

7TKH DGYDQWDJH RI WKLV SDUDPHWHU LV LQ WKH SRVVLELO|I

YDU\LQJ WKH VHW RI PRGHV XVHG LQ WKH FDOFXODWLRQ



'"HILQLWLRQ RI PD[LPXP OLQHVY DQG ZDYHOHW WUDQVIRUP UL

2QH RI WKH PRVW YDOXDEOH FKDUDFWHULVWLFV RI ZDYHOH\
DQDO\WLV RI WKH VLJQDO UHJXODULW\ (YHBRRKRIRDZB LNVIFQH
DFFXUDWHO\ GHWHUPLQH WKH ORFDWLRQ RI WKRVH SRLQW
KDV GUDVWLF FKDQJHV 7KLV LV SRVVLEOH ZKHQ DQDO\]LQJ

ZLWK VR FDOOHG VSHFLILF OLQHV RU PD[LPXP OLQHV ZKHU|

$QRWKHU LPSRUWDQW FKDUDFWHULVWLF RI ZDYHOHW WUDQ'
VLIQDOV LQWR QDWXUDO FRPSRQHQWYV LQ DFFRUGDQFH ZLW
WUDQVIRUP RI WKH DQDO\]HG:BUR JFARQAHYW ZDWHGHMWHDU WK

A WKHQ WKH &:7 PRGXOH LV FRQFHQWUDWHG QH[W WR D VF

8VXDOO\ FDOFXODWLRQV RI WKH PD[LPV DQG ULGJHV OLQH"

WKH &:7 ZKLFK LV GRQH XVLQJ WKH IDVW )RXULHU WUDQVI
GLVFUHWH JULKARA I RFID@OQWFD[LPD DUH WKHQ GHWHUPLQHC
SDUDPHWRU E\ WKH WLPHX ISSO0UJ VKHWAHULQ HY RI PD[LPD DQG UL

JXUWKHU DQ DGGLWLRQDO OLQN LV QHHGHG WR LGHQWLI\ C

RI VSOLW OLQHYV

JXUWKHU VXFK OLQHV ZLOO QRW EH FRQVLGHUHG EXW LQV
&:7 RQO\ DORQJ WKH FKDUDFWHULVWLF OLQHV WKXV XQ
DOJRULWKPV DUH QRW SHUIRUPHG 7KH VSHFLDO SURSHU)
ZDYHOHWY DOORZ VHWWLQJ WKH GLITHUHQWLDWLRQ RI D V\
IRU WKH SDUDPHWU 0 ZdbtQVWHKQFRLRBIY EH LQWHJIJUDWHG (
WHFKQLTXH LV HIITHFWLYH RQO\ LI WKH FDOFXODWLRQ RI &:

SRLG&®, RI WKH WLPH GRPDLQ ZKLFK DUH SRVVLEOH IRU D



PHWKRG JLYHV DQRWKHU DGYDQWDJH RYHU WKH FRQYHQWL
LV FDOFXODWHG LQ )RXULHU VSDFH ZKLFK LV EDVHG RQ Wi

7KH &:7 DGYDQWDJH LV WKDW WKH VSXULRXV F\FOLF HIIHFW

$FFRUGLQJ WR +DDVH DQG :LGMDMDNXVXPD GDPSLQJ SDU
ULGJHV )LJIXUH $V FDQ EH VHHQ IURP 7DEOH WKH SUR:

RI GDPSLQJ SDUDPHWHUV XVLQJ WKH PD[LPD DQG ULGJHV R

DFFXUDF\
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JLIXUH "HWHUPLQDWLRQ RI &:7 GDPSLQJ SDUDPHWHUV XV

7TDEOH (YDOXDWLRQ RI WKH DFFXUDF\ GHWHUPLQLQJ WK}

ZDYHOHW WUDQVIRUP

9DOXH REWDLQHG XVLQJ WKH
SDUDPHWHU gDOXE'DYHOHW WUDQVIHYJIPDWLR(
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e C




6XPPDU\

6LIJQLILFDQW SDUW RI DQDO\VLV ZRUN ZDV GRQH $FFRUGLQ
RI YLEUDWLRQ GLDJQRVWLF PHWKRG WKH PDLQ W\SHV RI
DSSOLFDWLRQV ZHUH GLVFXVVHG LQ GHWDLO 7KH RSWLPD
SDUDPHWHUYV ZDV FKRVHQ $V D UHVXOW WKH PHWKRG EDV
EHFDPH DQ HQWHULQJ ZHGJH IRU IXUWKHU UHVHDUFK 7KH
ZDV SUHVHQWHG $IWHU WKH GHYHORSPHQW RI D PHWKRG IF

FKDUDFWHULVWLFV XVLQJ ZDYHOHW WUDQVIRUPV WKH FRQI

JHDWXUHV RI EXLOGLQJ LQIRUPDWLRQ VI\VWHPV IRU QRQ GH
PHDVXUHPHQW LQIRUPDWLRQ IRU IXUWKHU SURFHVVLQJ DQ
IRUP VXLWDEOH IRU DQDO\VLV DQG IXUWKHU LQWHUSUHW
LQIRUPDWLRQ UHFHLYHG DQG WKH IRUPDWLRQ RI D GHFLVLI
REMHFW DQG WKH SRVVLELOLW\ RI LWV QRUPDO IXQFWLRQI
GHULYHG 7KH PHWKRGRORJ\ SDUW FRQWDLQV DFFXUDWH
HTXLSPHQW DQG LWV XVH LQ UHVHDUFK S QWHUSUHWDWLR
VKRZHG WKDW WKH VHOHFWLRQ RI GLDJQRVWLF SDUDPHWH

IDFLOLWLHYV



&KDSWHU ([SHULPHQWDO 5HVXOWY DQG

, QWURGXFWLRQ

7KLY FKDSWHU FRQWDLQV LQIRUPDWLRQ RQ SUDFWLFDO H[S!
DQG WKHLU SDUWV 7KH ILUVW SDUW LV FRQQHFWHG ZLWK L
WKHLU GLVEFXVVLRQ 7KH VHFRQG SDUW JLYHV LQIRUPDW
&17 3BRO\PHU DSSOLFDWLRQV DQG FRQFOXVLRQV RQ WHVWYV
DYDLODEOH VRXUFHV 7KH WKLUG SDUW LV GHGLFDWHG WR
DGYDQFHG PHWDO SRO\PHU PHWDO FRPSRVLWH PDWHULDOV
REMHFWY RI VWXG\ DQG WKHLU SURGXFWLRQ 3URFHVVLQJ R

HISHULPHQWDO PRGDO DQDO\WLY DOORFDWHG LQ D VHSDUD

7TKH FRQFOXVLRQV IURP WKH UHVXOWY IURP WKH SUHYLRXV
DQG IRUHFDVW WKH FRQGLWLRQ RI WKH REMHFW ZLWK WKH
SDUDPHWHUV LV GLVFXVVHG IRU HDFK WHVW FRQGLWLRQ

GHWDLOHG ZLWK IDLOXUH SDWWHUQV DQG EHKDYLRXU

/R EHWWHU XQGHUVWDQG WKH EHKDYLRXU RI UHVHDUFK
DSSURDFKHY DUH XVHG WKDW DOVR LQYHVWLJDWH WKH HIIH
LOQYROYHG LQ WKH RSHUDWLRQ LWV FRQGLWLRQ GHILQLW
SURGXFWLRQ RU LQ RSHUDWLRQ PLFUR FUDFNV 10DZV LQ
PD\ RFFXU $V LW zZDV VWDWHG LQ FKDSWHUV DQG W K
DSSURSULDWH IRU WKLV UHVHDUFK 7KH PRQLWRULQJ RI YLI

WKH LQWHJUDO FRQGLWLRQ RI WKH FRPSRVLWH HOHPHQW W

7KLYV FKDSWHU SUHVHQWYV UHVXOWY DQG GLVFXVVLRQ RI

PHWKRGRORJ\ IRU GLITHUHQW DGYDQFHG FRPSRVLWH PDWHL



,Q WKH FXUUHQW UHVHDUFK IRXU VHWV RI H[SHULPHQWYV Z|
LV YLEUDWLRQ FRQWURO DQG GLDJQRVWLF RI GLITHUHQW F
XVHG IRU WKH DSSUREDWLRQ RI WKH SURSRVHG PHWKRGROI
UHIHUHQFH VXUIDFH ZLWK VLPSOH H[FLWDWLRQ E\ WKH PHL
H[SHULPHQW GLIITHUHQW NLQGV RI UHDO RSHUDWLRQDO RE
GLITHUHQW RSHUDWLRQ WLPH ZHUH WHVWHG ZLWK KDUG D
DSSURDFKHV 7KH WKLUG W\SH RI HISHULPHQWY ZDV XVHG ||
SRO\PHU DSSOLFDWLRQV ZLWK WKH DGGLWLRQ RI KLJKO\ F
WHVWYVY WKH PDLQ H[SHULPHQW VHW ZDV XVHG IRU QHZ PHW
DQ LPLWDWLRQ RI RSHUDWLRQ ORDGV ,PLWDWLRQ RI RSHUI
WR WHQVLRQ VWUHVV F\FOH DW WKH VHUYR K\GUDXOLF WH\
WKH GDWD REWDLQHG H[SHULPHQWDOO\ DV ZHOO DV WR H
WKH VWXG\ GXULQJ H[SHULPHQWYVY LQVWDELOLW\ RI WKH H[S
DV LOQOWHUIHUHQFH QRLVH HWF /IRFN LQ WKHUPRJUDSK\
FKHFN WKH FRQGLWLRQ EHIRUH DQG DIWHU F\FOH ORDGLQJ

LOQVSHFWLRQ SURFHGXUHV IRU WKH FRPSRVLWHYV RI WKLV NI

7TDEOH &ODVVLILFDWLRQ RI HISHULPHQWYV

SUHOLPLQDU\ H[SHULPHQW VHFWLRQ

6HW2EMHFWYV RI VWXG\ (VVHQFH DQG FRPSRNMOWLRQ [RI

) H[SHULPHQW

+RQH\FRPE([FLWDWLRQ RI HLIHQPR&HHSWU REDWXBRO| RI WK
SURSRVHG PHWKRGROR.
FRQVWU X FWPLRRGHN E\' WKH PHDQVzLRIK D WKH DUWLILFLIE
FUHDWHG GHIHFWYV R
KRQH\FRPE FRQVWUXFWL
VDPSOH




RQH OD\H
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&DUERQ (IFLWDWLRQ RI HLJHOPRESSWREDWKRQJ RI WK}
SURSRVHG PHWKRGROR.
QDQRWXEHWRGHV E\ WKH PHDQV Rd GLWSEW UHVLQV
OYHVWLJDWLR®Q RI DFRX
SRO\PHU | SHULRGLF FKLUS DQG ZKRWHUWRKYH RI  HsRr[\
UHVLOV ZLWK WKH DGGLW
DSSOLFDW|LRRXQG SUHVVXUH &17VQ
(SR[\ UHVLOQ
ZLWK  0:17V
WDEOH
030V VDQGZLRKFLWDWLRQ Rl HLJHOPBSBUREDWXRD®O RI WK
SURSRVHG PHWKRGROR.
FRPSRVLWHPRGHYV E\ WKH PHDQV Rd 0BOWHFMP SO |V
$ERXVWLF EHKDYLRL
VDPSOHV | SHULRGLF FKLUS DQG BKEWH| QRL¥YHJEXODWLR
PRGD DEWHULVW
VRXQG SUHVVXUH E\ |D qﬁﬁwﬁ@yggﬁﬁTXHQFLHv
PHWKRG ZLWK LPUNDWL%%EHPWéﬁQDFWﬁ§'
FRPSDULVR K UH[
ORDGYV FRQGLWLRQV XQGH L
LPLWDWLRQ RI| WKH UL
RSHUDWLRQDO ORDGV
)LQLWH HOHPHQW DIQDCANUVILRBWLR®
H[SHULPHQWDOO\ REWDL
GDWD E\ )($
6FDQQLQJ RI 030 VDPSQWYPBWLRO | RI WK}
SRVVLEOH HUURUYV
ORFN LQ WKHUPRIUDSK\ WHIRWELGL PMowR wKH
GLHHUHQWlUHTXHQF_Hv)G(éULQJ BipE ULPHQWY E
N &KHFENLQJ FRQGLWLRQ
WZR VDPSOHV E\ /REN LC
WKHUPRJUDSK\| WHVWLC
EHIRUH DQG DJWHU F\F¢
ORDGLQJ

(DFK H[SHULPHQW VHW KDV LWV RZQ IHDWXUHV IURP VSHFL
I UDPHVY DQG DGGLWLRQDO SDUWV WR HTXLSPHQW GHVLJ

GLITHUHQW W\SH ODVHUV 'RSSOHU YLEURPHWHU FRPSXWHL



([SHULPHQWDO UHVXOWY DQG GLVFXVVLRQ RI LQWHJUDO
PDGH RI FRPSRVLWH PDWHULDOV XVLQJ PXOWLSDUDPHW

WUDQVIRUPV

7HFKQLFDO FRQGLWLRQ PRQLWRULQJ RI DLUFUDIW VWUXF\
FRPSRVLWH PDWHULDOV VKRZV WKH SURVSHFW RI PHWK
FRPSRQHQWY EDVHG RQ WKH DQDO\VLV RI WUHQGV LQ WKH

LQFOXGH D PHWKRG RI IUHH RVFLOODWLRQV

W LV NQRZQ WKDW PHFKDQLFDO WHVWLQJ RI WKH SURGXF'
SDUDPHWHUV IRU WKH WROHUDQFH OLPLW DQG GR QRW S
EHKDYLRXU RI DQ REMHFW HVSHFLDOO\ LQ WKH FRQWHI[W

IDLOXUH DQG HYHQ VXGGHQ DYDODQFKH EUHDNGRZQ RI VWL

7KH PHWKRG HVVHQFH LV WKDW GXULQJ REMHFW OLIHF\FOH
DUH VLPXODWHG LQ FRQWURO SRLQWYVY DQG WKDW DOORZV
IHHGEDFN JLYHV D ILHOG WR MXGJH WKH RFFXUUHQFH RI D 3

RSHUDWLRQ

$FFRUGLQJ WR WKH IDFW WKDW FRPSRVLWH PDWHULDOV XC
FHUWDLQ IUHTXHQF\ UDQJH KDYH DQ DFFXPXODWLRQ RI C
JRQHV HWF WKHUH LV D FKDQJH LQ VWLIIQHVYV FKDUDFWH!
UHVRQDQFH IUHTXHQFLHV ZKLFK ZDV FDSWXUHG E\ VHQVRU’
WUDQVIRUP IRU DQDO\]LQJ RI UHVXOWY DOORZV WR FUHDWI
VWDWH RI WKH REMHFW DQG PDNH D IRUHFDVW IRU WKH SH
JRU HYDOXDWLRQ RI WHFKQLFDO VWDWXV EDVH DPSOLWXGH
VXFFHVVIXOO\ WR FDOFXODWH YDOXHV DQG VWRUH WKHP |

RSHUDWLRQ 7KH FDOFXODWHG YDOXHV FDQ EH REWDLQHG Z



RI YLEUDWLRQ WKHRU\ DQG DOVR ZLWK WKH ILQLWH HOHPF
LQIRUPDWLRQ DERXW WKH REMHFW LW LV SRVVLEOH WR H|

HVWDEOLVK WKH RSWLPDO WLPH IRU UHJXODU PDLQWHQDQF

7KH PHWKRG LV EDVHG RQ WKH DQDO\VLV RI IUHH DQG IRUI
RQH RI WKH RSWLRQV E\ D PHFKDQLFDO VWULNH DW WKH F
I[URP VWULNHYVY LV UHFRUGHG DQG WUDQVIRUPHG LQWR DQ R:
D VHULHVY RI PHDVXUHPHQWY DUH SURGXFHG $IWHU WKDW
JRXULHU WUDQVIRUP ZH REWDLQ WKH DSSUR[LPDWH YDOXF
I1H[W E\ XVLQJ D FRQWLQXRXV ZDYHOHW WUDQVIRUP WKH VX
IUHTXHQF\ PRGDO SDUDPHWHUY DUH GHWHUPLQHG $W WKH
WKH FKDUDFWHULVWLF VLIJQV RI GHIHFWYV PDUN WKHP DQG
RI WKH FRQWURO REMHFW 7KLV REWDLQHG GDWD LV FRPS

VFDQQLQJ 9LEURPHWHU WR HQVXUH WKH UHVXOWYV

$ FRPSUHKHQVLYH PHWKRGRORJ\ IRU LQWHJUDO PRQLWRULC
DQG WDNH DGYDQWDJHV RI YDULRXV PHWKRGV LV RQH RI
IUHTXHQF\ UDQJH PRGDO SDUDPHWHUV DUH XVXDOO\ OHVYV
UHIOHFW JOREDO FKDQJHV IURP RYHUDOO GDPDJH $ SHUF
VWUXFWXUH FDQ EH SRVVLEOH E\ WKH PHDQV RI 6+0 DQG 1
Rl PDUNHW KDYH LQFUHDVHG DIWHU WKH GHYHORSPHQW I
VKLHOGHG HTXLSPHQW VXFK DV PLFURIRFXV ; UD\ WRROV
$PRQJ WKH PRVW SURVSHFWLYH DQG DFFXUDWH WHFKQLTX

XOWUDVRQLF WHVWLQJ FRPSXWHG WRPRJUDSK\ WHVWLQJ I

1'( bQG 6+0 ERWK FDQ GHWHFW DQG ORFDWH SUREOHPV E

HITHFWLYHQHVYV RI 1'( GHSHQGV RQ IDFWYV KRZ RIWHQ PRC



HTXLSPHQW VHQVLWLYLW\ DQG WKH DELOLW\ RI WKH RSHU
8OWLPDWHO\ LW FRPHV GRZQ WR VSHHG FRVW DQG UHOLL
FRQVHTXHQFHYVY RI IDLOXUH RU SRRU SHUIRUPDQFH ,Q RUG
6+0 WKHQ DQ\ RI WKHVH YDULDEOHY QHHG WR EH LPSURYF
UHJXODU OHVV H[SHQVLYH DQG PRUH UHOLDEOH RU IDLOV
FDQ EH IRXQG LQ WKH FRPELQDWLRQ RI VLPSOH 1'( DQG 6+
HDV\ WR KDQGOH DGGLWLRQDO WHFKQLTXH WR 6+0 RQERD
GLVWLQFWLRQ EHWZHHQ 1'( DQG 6+0 LV GLIILFXOW VLQFH P

DSSOLFDEOH WR ERWK 1'( DQG 6+0

7KH FKRLFH IRU ZDYHOHW WUDQVIRUPV DV D WRRO IRU LPSC
IRU VHYHUDO UHDVRQV 7KH RSSRVLWH RI KDUPRQLF EDVLV
IXQEFWLRQV DV WKH SXOVH .URQHFNHU IXQFWLRQ LV H[WU
EOXUUHG RYHU WKH HQWLUH IUHTXHQF\ UDQJH :DYHOHWYV
IXQFWLRQV RFFXS\LQJ DQ LQWHUPHGLDWH SRVLWLRQ EHW
> @ 7KH\ PXVW EH ORFDOL]JHG ERWK LQ WLPH DQG IUHT
VXFK IXQFWLRQV LV VHW DJDLQ D SULQFLSOH VLPLODU WR
OLQNV WKH HIIHFWLYH GXUDWLRQ RI WKH IXQFWLRQV DQG
DFFXUDWH ZH ZLOO ORFDOL]H WKH SRVLWLRQ RI WHPSRUD
VSHFWUXP $ IHDWXUH Rl ZDYHOHW DQDO\VLV LV WKDW LW
ZDYHOHW IXQFWLRQV WKDW LPSOHPHQW WKH YDULRXV HP
IUHTXHQF\ DQG ORFDOL]DWLRQ VLJQDO XQGHU DQDO\VLV 7K

EHWZHHQ WKH IDPLOLHV RI ZDYHOHW IXQFWLRQV DQG IOHJ[L

/ILNH LW zZDV PHQWLRQHG EHIRUH DV D UHVXOW Rl VLJQL!

PDWHULDOV LQ DYLDWLRQ VWUXFWXUDO FRPSRQHQWY WKH



IRU WKH RSHUDWLRQDO PRQLWRULQJ DQG LQVSHFWLRQ RI V
RI WKLV UHVHDUFK PD\ DIIHFW WKH IXWXUH RSHUDWLRQ RI
ZKLFK ZDV UHFHLYHG FDQ KHOS WR GHYHORS D XQLYHUVDC
D UHVXOW WR LPSURYH DYLDWLRQ VDIHW\ &RQGLWLRQ PRC
FRPSOH[ FRPSRVLWH PDWHULDO HOHPHQWY DV ZHOO DV WK

EH RQH RI WKH PDMRU DYLDWLRQ RSHUDWLRQDO WDVNYV RI \

'XULQJ WKH SUHOLPLQDU\ UHVHDUFK LW ZDV FRQFOXGHG W
DQG DSSURSULDWH WRRO IRU WKH YLEUDWLRQ DQDO\VLV IR
Rl IUHH RVFLOODWLRQV HVSHFLDOO\ LQ LQWHJUDO FRQWU
GXULQJ WKH RSHUDWLRQDO LQVSHFWLRQ :DYHOHWYV FDQ Et
PXOWLSO\ DQG LQWHJUDWLRQ WHFKQLTXH FDOOHG FRQYRO
VLIQDO WR H[WUDFW LQIRUPDWLRQ IURP WKH XQNQRZQ VL
WHEKQLTXH ZLWK WKH XVH Rl WKH YDULDEOH OLVW RI WKH *:

*DERU ZDYHOHW GE GE > @

$V PHQWLRQHG HDUOLHU GLVFRQWLQXLWLHYV LQ &0 VWI
RI ELQGHU IUDFWXUHV FDXVLQJ WKH SRVVLEOH FUDVK RI
HYDOXDWH WKH LQWHJULW\ RI WKH FULWLFDO DLUFUDIW &
+RZHYHU H[LVWLQJ PHWKRGV RI &0 LQVSHFWLRQ PDNH LW
DLUILHOG ODERUDWRU\ $V D UHVXOW WKH GHYHORSPHQW
IRU PRQLWRULQJ RI DLUFUDIW &0 LQ RSHUDWLRQ LV DQ LPS

,Q RUGHU WR LPSOHPHQW WKH GLDJQRVWLF GHYLFH V\\
WZR PDMRU SUREOHPV )LUVW RI DOO D SDUDPHWHU PHDVX
GHIHFW PDQLIHVWDWLRQ KDV WR EH GHYHORSHG 2QH RI

VHQVRUYV LQWHJUDWHG LQWR WKH VWUXFWXUH 7KH VLPSC



UHVROQODWRUY LV XQDFFHSWDEOH EHFDXVH LW UHGXFHV WI
> @

7KLV LV ZK\ LW LV VWDWHG WKDW WKH FDUERQ QDQRYV
ILEHUV LQ WKH PDQXIDFWXULQJ SURFHVY FRXOG EH XVHG IR
7KH VDPH XVH RI IHUURHOHFWULF FHUDPLF FRPSRVLWHYV LQ
DUWLFOH > @ 6HFRQG LW LV QHFHVVDU\ WR GHILQH WKH F
GHIHFW WR DSSHDU )LQDOO\ WKH SDUDPHWHUV FRUUHVS

PHDVXUDEOH LQ IOLJKW

2EMHFWYV RI WKH VWXG\

)XOO\ FRPSRVLWH EODGHV ZLWK $OXPLQXP DOOR\ ULQJ LQ
HIDPSOH RI D PRGHUQ FRPSRVLWH VWUXFWXUH 7KH EODGH\
GLITHUHQW W\SHV RI HSR[\ UHVLQ PRQRPHU IUHH DFFHOHU
OROGLQJ RI EODGHV ZDV FDUULHG DW KLJK SUHVVXUH DQG
IROORZHG E\ FRQWLQXRXV SRO\PHUL]DWLRQ %ODGH KXEV L
RI WKH EODGHY DUH EUDVV IHUUXOHV 7KH OLIH F\FOH RI H
GDWD RQ DYHUDJH LV QR PRUH WKDQ IOLJKW KRXUV 7KH

WR WKH RSWLPXP GXULQJ IOLIJIKWYVY WHVWHG DOPRVW DOO J
EODGHYVY ZHUH PDGH IURP WKH VDPH PDWUL[ WKH\ DOO KDG
OD\HU VXUIDFH FRQGLWLRQV 7KHVH EODGHV DUH FRPPRQOQC
HVSHFLDOO\ LQ K\GUR DLUSODQHV WULNHV WUDLQHU DLUF!
OLNH WKH +DZN $ 2 ©O1* 7KH OLIH F\FOH RI HDFK EOD
DYHUDJH LV + IOLJKW KRXUV 'XULQJ WKH RSHUDWLRQ

LQ YLEUDWLRQ DW GLITHUHQW VHUYLFH OLIH SHULRGV W Vk
RI HISORVLYH IUDFWXUH GXULQJ WKH IOLJKW 7KHVH IDFW

LOQYHVWLIDWLRQ 7KH OLIH RI WKH FRPSRVLWH EODGH IRU



$SSDUHQWO\ EODGH UHSODFHPHQW WDNHV SODFH IURP VH
ORUHRYHU WKH SUREDELOLW\ RI DLUSODQH DFFLGHQWYV ZL
FRPLQJ FORVHU $FFLGHQWYV PD\ DULVH IURP WLPH WR WLP}
FOLPELQJ DV ZHOO DV KLJK VSHHG DQG KLJK DQJOH RI DWWI
LV QRW VXIILFLHQW IRU JOLGLQJ 7KHUHIRUH WKH EODGH\
FKRVHQ WR VWXG\ WKH FKDQJHV LQ WKH PRGDO SDUDPHWHL

FUDFNLQJ DQG GHODPLQDWLRQ

7KH SUREDELOLW)\ RI &0 FRPSRQHQWY IDLOXUH LV LQFUHDV}
SHULRG 7KH IDWLJXH OLIH RI D OLJKW DLUFUDIW DLUIUDPH
EODGH OLIH LV OHVV WKDQ K $SSDUHQWO\ EODGH UHSOT
WLPHV GXULQJ DLUFUDIW OLIH ORUHRYHU WKH SUREDELOL
EODGH UHSODFHPHQW WLPH FRPLQJ FORVHU $FFLGHQWV PLC
ODQGLQJ WDNLQJ RIl DQG FOLPELQJ DV ZHOO DV KLJK VSHH
ZKHQ WKH OHYHO IOLJKW OLIW LV QRW VXIILFLHQW IRU JOL
SURSHOOHU DLUFUDIW ZHUH FKRVHQ WR VWXG\ WKH FKDQJH
E\ FRPSRVLWH PDWHULDO FUDFNLQJ DQG GHODPLQDWLRQ 7I

RI WKH ILUVW EDWFK RI WKH EODGHV XQGHU VWXG\ > @

7TDEOH *HQHUDO SDUDPHWHU YDOXHV RI WKH EODGHYV > (

ODLQ SDUWLFXODUV 9DOXH

%ODGH OHQJWK / PP

%ODGH FKRUG DW UDGLXV 5 /| PP

%ODGH WKLFNQHVYVY UDWLR DW UDGLXV 5 /

+XE WR GLDPHWHU UDWLR

%ODGH VHFWLRQ &ODUN <

obvyv 9DOXH

SHIHUHQFH XODGH NJ




'HIHF W H G) IEOD GH NJ

'"HIHF W H G) IEAD GH NJ

'HIHF W H G) IPO-GE NJ

OHWKRGRORJ\ DQG UHVXOWYV RI HISHULPHQWYV

7TKH QHZ EODGH ZKLFK QHYHU ZDV LQ RSHUDWLRQ ZDV XVH(
EODGHV )LJXUH E G WKDW H[FHHGHG VXJJHVWHG UXQQL
DVVLIQHG UHVRXUFH ZHUH H[DPLQHG IRU WKH YLVLEOH (
EODGHV WKHLU ZHLJKW WROHUDQFH FDQ H[FHHG J 7KLV
PDOQXIDFWXULQJ FRPSRVLWH LWHPV 7KH GLIITHUHQFH LQ E

IUHTXHQF\ YDULDWLRQ XS WR  +]

D E F G

J)LIXUH %ODGHV XVHG GXULQJ WHVWLQJ > @

7KH VWXG\ RI QDWXUDO IUHTXHQFLHYVY DQG PRGDO VKDSHYV
WHUP EODGH VXSSRUW LQ WKH KROGLQJ GHYLFH ZLWK WKH

GHYLFH ZDV IL[LQJ WKH EODGH KXE YUK H OGKMHSV XDIYRUKR .



H[FLWHG E\ PHDQV Rl YLEUDWLRQ LQ QRQSDUDOOHO DQG QR

EODGH KXE

D E
JLIXUH5LJLG FRQVROH WHUP EODGH VXSSRUW D 9LHZ RI V

GHYLFH IRU WKH YLEUDWLRQ DQDO\VLV > @

7KLV NLQG RI HI[FLWDWLRQ LV XVHG WR WUDQVPLW WKH LQS
DV PDQ\ EODGH PRGHV DV SRVVLEOH 7KLV DOORZHG VLP>
VLWXDWLRQ" 'HWHUPLQDWLRQ RI EODGHY PRGDO SDUDPHWF
UHVSRQVH WR WKH YLEUDWRU\ H[FLWDWLRQ RI YDULDEOH I
VLIQDO ZDV XVHG ZKHUH WKH DPSOLWXGH ZDV FRQVWDQW |
ZDV VXEMHFW WR WKH QRUPDO ODZ RI GLVWULEXWLRQ 7KL
DFFXUDF\ RI VWUXFWXUH YLEUDWLRQ UHVSRQVH LGHQWLILF
DW WKH LQYHVWLIJDWHG IUHTXHQF\ DQG UHGXFHG OHDNDJH

> @

'XULQJ WKH PHDVXUHPHQW SURFHVV WKH TXDOLW\ RI W

WZR LQGLFDWRUV 7KH ILUVW SRLQW ZDV WKH VWDELOLW\



IUHTXHQF\ ,Q RUGHU WR REWDLQ DGHTXDWH UHVXOWYV LW
VWUHQJIJWK DPSOLWXGH ZRXOG UHPDLQ DOPRVW FRQVWDQW

WKH FRKHUHQFH EHWZHHQ WKH PHDVXUHG VLIQDO DQG WKH

2ls Lo
o®355 $3991

&2+

ZKHU'H VWDQGV IRU WKH QRLVH SRZWUWRIHLQRXWHVERQBO RI |
§2 LV DYHUDJH DXWRFRUUHOBWLRQEGEKREWHLRRR ALE\G MERI W K |
VLIQDO RQ WKH VXUIDFH RI WKH EODGH DQG WKH UHIHUHQF

)LIXUH JLYHV D VFKHPDWLF UHSUHVHQWDWLRQ RI W
H[FLWHU ORGDO VKRS ( PRGHO ZLWK WKH IXQGDPHQWD
VXVSHQVLRQ VWLIIQHVV HTXDO WR 1 PP DQG WKH DUPDW
SHDN SXVKLQJ IRUFH RI 1 ZDV XVHG DV D YLEUDWLRQ VRX
WKH ILUVW QDWXUDO EHQGLQJ IUHTXHQF\ RI PHWDO IDQ E
+RZHYHU WKH ILUVW PRGDO IUHTXHQF\ RI FRPSRVLWH EODC
WKH ILUVW 10DS DQG WKH OHDG ODJ PRGHV RI WKH WXUER
IUHTXHQF\ UDQJH RI XS WR +] $QRWKHU WXUERSURS SUR

7KH H[SHULPHQWDO VWXG\ DQG QXPHULFDO VLPXODWLR
IUHTXHQF\ LV HTXDO WR  +] 7KXV WDNLQJ LQWR DFFRXQ\
SDUW Rl WKH VWXG\ H[SHULPHQWY ZHUH FRQGXFWHG LQ WK
FDSWXUH RI WKH EODGH ILUVW QDWXUDO IUHTXHQF\ 7KH Y|
IURP WKH DYHUDJH YDOXH RI WKH EODGH VXUIDFH YLEUDW|

GLPHQVLRQDO VFDQQLQJ ODVHU YLEURPHWHU )LJXUH



JLIXUH ([SHULPHQWDO VHW XS % ODGH 6FDQQLQJ YL

6FDQQLQJ KHDG 369 ' /IDVHU YLEURPHWHU 3'9
6KDNHU $PSOLILHU
7KH YLEURPHWHU 3RO\WHF 369 " PRGHO DOORZHG DFT

IUHTXHQF\ UDQJH IURP +] WR N+] ZLWK WKH PD[LPXP YDO
R PPV 'XULQJ WKH H[SHULPHQW WKH UHVXOWYV RI ))7

VFDQQHG YLEUDWLRQ ZHUH UHFRUGHG DQG SURFHVVHG E
+DQQLQJ ZLQGRZ DQG DYHUDJLQJ 7KH XVH RI VLIQDO
DX[LOLDU\ ODVHU YLEUDWLRQ VHQVRU )LJXUH PDGH I
IUHTXHQF\ VKDSH RI WKH EODGH )RU WKLV SXUSRVH Wtk

YLEURPHWHU ZLWK YLEUDWLRQ UHVROXWLRQ —P F ZDV F



J)LIXUH $GGLWLRQDO ODVHU YLEURPHWHU

([SHULPHQWDO UHVXOWYV

'XH WR KLJK WUDQVLHQW WRUTXH IRUFH DFWLQJ RQ WK
WKH EODGH LQQHU OD\HU IODNHV RIl WKH RXWHU OD\HU )L
WKH EODGHV LQQHU VXUIDFHV 7KH SLORW VWXG\ VXJJHVW)
H[SUHVVHG VZHOOLQJ RI WKH LQQHU OD\HU ZKLOH WKH LQC
KDYH DQ\ VZHOOLQJ +RZHYHU WKLV WHFKQLTXH JLYHV RC

GHIHFW 7KH VXUIDFH VZHOOLQJ KDV D JUHDW YDULHW\ RI Il

JLIXUH2SWLFDO UHYLVLRQ RI EODGHV LQQHU VXUIDFH D F

G 5HIHUHQFH EODGH 5HG OLQH FLUFOHG VZHOOLQJ RI WK



7KHUHIRUH LW LV LPSRVVLEOH WR DQVZHU WKH TXHVWI
EODGH PDOIXQFWLRQLQJ LQ WKH QH[W IOLJKW $QRWKHU Gl
ORQJ LPSOHPHQWDWLRQ WLPH $IWHU HDFK IOLJKW ILUVW
UHPRYHG IURP WKH HQJLQH DQG RQO\ DIWHU WKDW WKH ¢
RSWLFDO WHFKQLTXH OLNH WKH RWKHUV FDQ RQO\ EH XVt
FDQQRW EH WHVWHG LQ D ILJKW

7KHQ WKH SURSRVHG PRGDO DQDO\VLV RI WKH EODGHV
Rl WKH H[FLWDWLRQ VLJQDO )LJXUH DQG )LIXUH GHP
GHYLDWLRQ RI WKH H[FLWLQJ IRUFH PRGXOXV IURP WKH DY
+] WR  +] ZDV PHDVXUHG ZLWK DQ DFFHSWDEOH YDOXH RI C
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JLIXUH ([FLWLQJ IRUFH PRGXOXYV + OLIH H[SLUHG EODC
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J)LIXUH &RKHUHQFH IXQFWLRQ RI PHDVXUHG VLIJQDO DQG

H[SLUHG EODGHYV + UHIHUHQFH EODGH



7KLV IDEW PHDQV WKDW GXULQJ WKH VWXG\ RI HDFK
DSSUR[LPDWHO\ WKH VDPH OHYHO 7KHUHIRUH LW FDQ Et
FRQGXFWHG XQGHU WKH VDPH FRQGLWLRQV )XUWKHUPRUH
IRUFH PRGXOXV GHPRQVWUDWHY D XQLIRUP GLVWULEXWLR
IUHTXHQF\ UDQJH LQ TXHVWLRQ 7KLV ILQGLQJ VXJJHVWV W
KLIJK TXDOLW\ > @

7KH YDOXH Rl FRKHUHQFH IXQFWLRQ FDOFXODWHG DFF
LQGLEFDWRU XVHG IRU H[FLWDWLRQ VLJQDO TXDOLW\ HYDOX
IXQEFWLRQ PHDVXUHG LV ZKLOH WKH DYHUDJH YDOXH
H[WUDQHRXV QRLVH LQIOXHQFLQJ WKH GHVLUHG VLJQDO GH
SHDN Rl WKH EODGH DPSOLWXGH IUHTXHQF\ FKDUDFWHULVW

FRUUHVSRQGY WR WKH UHVRQDQFH IUHTXHQF\
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J)LIXUH $PSOLWXGH IUHTXHQF\ FXUYHV RI WKH WHVW EOI

SHIHUHQFH EODGH
7KLV LV WKH GHSHQGHQF\ RI WKH DYHUDJH YLEUDWLRQ
RQ WKH DPSOLWXGH RI WKH H[FLWLQJ YLEUDWLRQ IRUFH Sl
GHSLFWV WKH EODGH PRGH VKDSH DFFRUGLQJ WR WKH SKI

R +] $vV FDQ EH VHHQ WKH REWDLQHG PRGH VKDSH KDV R



QHDU WKH VXSSRUW DQG RQO\ RQH DQWLQRGH ZKLFK LV

GLVFXVVHG PRGH VKDSH PDNHV LW SRVVLEOH WR LGHQWLI\

M M M M M

J)LIXUH %»ODGHYVY PRGH VKDSHVY D PDVWHU EODGH E EOD

VDPH SKDVH RI WKH RVFLOODWLRQ F 7KH ILUVW EHQGLQJ PF



7KH DQDO\VLV RI WKH IUHTXHQF\ DPSOLWXGH FKDUDFW
EHQGLQJ IUHTXHQFLHV Rl WKH EODGHV ZKLFK ZHUH LQ RSH
WKH UDQJH RI W R +] +RZHYHU WKH UHVRQDQW YLEL
LV PRUH WKDQ IRXU WLPHV KLJKHU WKDQ WKH UHIHUHQFH E
FRQFOXVLRQ WKDW VXFK GHIHFWV DV ILEHU EXQGOH DQG F
EODGH RSHUDWLRQ RQ VPDOO DLUFUDIW OHDG WR WKH DP
WKH ILUVW EHQGLQJ IUHTXHQF\ 7KH LQFUHDVH RI UHVRQDQ
FDQ VHUYH DV D GLDJQRVWLF LQGLFDWRU RI SRVVLEOH GHII
> @ 7KH VLWXDWLRQ ZLWK WKH DPSOLWXGH DW UHVRQDQ
WKH EODGHV IROORZLQJ DQ RSHUDWLQJ WLPH RI KR X
VDPSOH ZLWK JHUR RSHUDWLQJ WLPH 7KHUH LV DQ LQFUHD
DSSUR[LPDWHO\ DQG D VKDUS LQFUHDVH LQ WKH DPSOLYV
LV HTXDO WR RI WKH PDVWHU EODGH DPSOLWXGH DW Wt

7KH VHFRQG SDUW UHJDUGLQJ FRPSRVLWH EODGHV LV
ZDYHOHW WUDQVIRUPV %DVHG RQ WKH GDWD IURP H[SHUL
LQIRUPDWLRQ DERYH IXUWKHU UHVHDUFK ZDV H[HEXWHG ZL
RSHUDWLRQ WLPH

7KH HIFLWDWLRQ RI RVFLOODWLRQV ZDV DOVR H[HFXWHG LC

‘HDN VWULNH RQ FRQVWUXFWLRQ LQ FHUWDLQ SRLQWV

,QVHUWLRQ RI DQ REMHFW IURP LWV HTXLOLEULXP SRVLWL
VRXQG IURP WKH DFWLYH VRXQG VSHDNHU DQG YLEUDWLRQ
JRDO RI WKLV VHIPHQW LV WR HQVXUH WKH ZRUNDELOLW\

ZDYHOHW WUDQVIRUPV PHWKRG IRU FRPSRVLWH EODGHV ZL)\



'‘XH WR WKH GLITHUHQW PLQRU IDFWRUV OLNH VXUIDFH FRQC

WKH QHZ VDPSOHYV ZHUH GLYLGHG LQWR WKUHH GLIITHUHQW

6DPSOHYV DEFIURP )LIJXUH

6DPSOHYV

6DPSOHYV
7TKH UHVXOWY ZHUH FRPELQHG DQG OLVWHG EHORZ LQ WKH
WDNHQ IURP PDQXIDFWXULQJ SURGXFW SDVVSRUWYVY 7KH\ S
WR WKH FHUWDLQ WLPH RI PDQXIDFWXUH 6DPSOHV ZLWK R(
OLWWOH OHVYV IOLJKW RSHUDWLRQ KRXUV W LV DOVR EHFI
WR VHW D EDWFK FRXQW WR ]JHUR DJDLQ 7KH ILUVW JUR:
SUHVHQWHG EHORZ 7KH ILUVW VHFRQG DQG WKLUG VDPSO

SURGXFHG LQ -XQH -XO\ DQG $XJIXVW

$00 WKH VDPSOHVY DUH FRPSRVLWH EODGHV PDGH RI PDQ\
%ODGHYV DUH UHLQIRUFHG E\ WKH DOXPLQXP ULQJ LQ WKH
OHDGLQJ HGJH RI HDFK EODGH LV UHLQIRUFHG E\ D VPDOO

SDUW RI WKH OHDGLQJ HGJH 7KH FRQVWUXFWLRQ LV WK

RI WKH H[SHULPHQWYV

'XULQJ WKH FRPSDULVRQ RI VDPSOH ZLWK RWKHUV LQ WK
IUHTXHQFLHYV ZDV GHWHFWHG ORZ IUHTXHQFLHV RFFXUUH

VFDOH DPSOLWXGH LQFUHDVH ZDV GHWHUPLQHG DW D VPD
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Translation

%\ UHYLHZLQJ VDPSOH ZH FDQ REVHUYH HYHQ JUHDWH!

DPSOLWXGH LQFUHDVH RQ D VPDOO VFDOH

)LIXUH

'‘DWI



GHFUHDVHG DQG LW KDV OHG WR DQ LQFUHDVH LQ WKH ILUV'

7KH VKLIW RI WKH UHVRQDQFH FRPSRQHQW WR D ORZ VFDOF

Amolitude

Scale ...::'EF' =, Translation

J)LIXUH 6DPSOH &:7 UHVXOW

6HFRQG JURXS UHVXOWYV 7KLV JURXS FRQWDLQV RQH KDUG!
ZLWK WKH GLITHUHQW RSHUDWLRQ WLPH 6FDORJUDP RI WKH

EODGH RXWHU VXUIDFH ZLWK YLVLEOH FUDFNV LV VKRZQ QH



6FDOH

Spectrogram
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JLIXUH 6FDORJUDP RI VDPSOH DQG YLVXDOO\ GF

& RI WKLV VDPSOH KDUGO\ GDPDJHG EODGH

6SHFWUDO DQDO\VLV XVLQJ WKH )RXULHU WUDQVIRUP VKR.
GHQVLW\ WKH RFFXUUHQFH RI QRLVH HWF 7KH GLIITHUHC

VSHFWURJUDP FRQWDLQVY DQ LQGLVVROXEOH SLFWXUH RI W/



FRPSROQHQW LQ WKLV SLFWXUH 6SHFWURJUDP RI WKH XQGI

SDJH DIWHU WKH &:7 UHVXOW RI WKH GDPDJHG EODGH )LJXU
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JLIXUH 6DPSOH &:7 UHVXOW
$v LW zZzDV SUHGLFWHG WKH &:7 UHVXOW IRU VDI

IHDWXUHV WKH UHVXOWYV RI &:7 DV H[SHFWHG ZHUH

$OPRVW FRPSOHWH GDPSLQJ RI KLIJK IUHTXHQFLHV FRPS

JHQHUDWHG

7KH VKLIW RI WKH &:7 PD[LPXP WRZDUGYV ODUJHU VFDOH \

IRZ DPSOLWXGH

6DPSOH LV SUHVHQWHG QH[W )LJIXUH J)LIXUH

ZDV SUHVHQWHG EHORZ WR VKRZ WKH YLVXDO GLIIHUHQ
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Spectrogram
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Amplitude

J)LIXUH 6DPSOH &:7 UHVXOW

7TKHUH LV WKH GDPSLQJ RI ORZ IUHTXHQFLHY DQG VXFK FLC
EHIJLQQLQJ $PSOLWXGH LV WKH VDPH RQ D VPDOO VFDOH 'l
7KLY FDQ EH LQWHUSUHWHG DV D WUDQVLWLRQ VWDWH ZKH

VRPH FKDQJHV KDYH DOUHDG\ H[LVWHG 6DPSOH LV

Amplitude

> Translation
~ 2>

J)LIXUH 6DPSOH &:7 UHVXOW



7TKHUH LV REYLRXV GDPSLQJ RI ORZ ITUHTXHQFLHY DQG WKH
VSHFWURJUDP 7KH YHORFLW\ WHQGVY WR KDYH D UHDVRQDE
FRQVWUXFWLRQ IUHTXHQFLHY DQG IRU WKDW UHDVRQ ZLWE
XQLYHUVDO PHDVXUH RI HYDOXDWLRQ RI FRQVWUXFWLRQ L
DOLJQPHQW DQG WKH OLNH $FFHOHUDWLRQ LQFUHDVHV UH
DQG LW LV WKH ORJLFDO FKRLFH IRU PRQLWRULQJ WKRVH
YLEUDWLRQ )RU H[DPSOH WKH XVH RI 6+0 VI\VWHPV IRU RX
EHFDXVH RI WKH SUHVHQFH RI RWKHU YLEUDWLRQ IURP XQI
WHFKQLTXH LV D EHWWHU ZD\ IRU RSHUDWLRQDO PDLQWHQL

LV SUHVHQWHG QH[W 7KH 6DPSOH &:7 JUDSK LV SUH
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JLIXUH 6DPSOH &:7 UHVXOW

$ VPRRWK WUDQVLWLRQ IURP KLIJK WR ORZ IUHTXHQFLHV ZD\
I[UHTXHQFLHYVY GDPSLQJ ODQ\ VSODVKHV RQ WKH VSHFWURJ
2EYLRXV WKHUH ZzDV WKH SUHVHQFH RI WKUHH PDLQ ULGJH

D ORZ VFDOH



OLGGOH ULGJH LV ZLGHU WKDQ WKH ULGJH DW D ORZ VFDO}
WKDW DQ LQWHJUDO VWDWHPHQW RI WKH EODGH LV LQ QRUP

ZKLFK SUHVHQWY ORZ IUHTXHQFLHV LV OHVV LQ FRPSDULV!

W FDQ EH VXJJHVWHG WKDW WKLYV VDPSOH FDQ EH V
WR LQIRUPDWLRQ IURP HDUOLHU WHVWV GXH WR KLJK WUD
WKH EODGH LQ IOLJKW FRQGLWLRQV WKH EODGH LQQHU OD\F
WKDW WKH GHIHFWHG EODGHY KDYH D FOHDUO\ H[SUHVVHG

VXUIDFH RI WKH UHIHUHQFH EODGH GRHV QRW KDYH DQ\ VZF

7KH TXDOLW\ HYDOXDWLRQ RI WKH H[FLWDWLRQ VLJQDO DJI
PHDQV WKDW GXULQJ WKH VWXG\ RI HDFK EODGH WKH H[FL\
OHYHO 7KLV IDFW JLYHV XV WKH ULJKW WR MXGJH WKDW V
VDPH FRQGLWLRQV )XUWKHUPRUH D VPDOO GHYLDWLRQ
GHPRQVWUDWHY D XQLIRUP GLVWULEXWLRQ RI WKH H[FLWZELC
UDQJH 7KLV ILQGLQJ VXJIJHVWYVY WKDW EODGH UHVRQDQFH

UHVXOW Rl &:7 IRU WKH VDPSOH LV VKRZQ QH[W )LJ;
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JLIXUH 6DPSOH &:7 UHVXOW

7KLV WLPH WKHUH ZDV DQ LQFUHDVH LQ DPSOLWXGH RQ D
IXQFWLRQ 7KH SUHVHQFH RI KLIJK TUHTXHQF\ GDPSLQJ ZDV C
VWUXFWXUH ZHUH QDWXUDO IUHTXHQF\ GHFOLQH GDPSLQJ
RQ D VPDOO VFDOH DQ LQFUHDVH LQ LQWHQVLW\ DW ORZ IU
Rl WKH &:7 PD[LPXP WRZDUGV ODUJHU VFDOH WRZDUG OfI
DEVHQFH RI KLIJK T[UHTXHQFLHV KLJK ITUHTXHQFLHV FRXOG

UHVXOWYV IRU G &:7 VSHFWURJUDPV PD\ EH FRQQHFWHG ZLW



7DEOH ,QWHUSUHWDWLRQ RI REWDLQHG UHVXOWV IRU DLL
7KH FKDUDFWHULVWLF IHDWXUHYV
GHWHULRUDWLRQ RI WKHH VWUXF
2EMKE6DPS| )HDWXUHV LQYV VLIQV
*URX| <« LQ DFTXLUH|{ 1DWX IRZ ,QFUHDVLQJ WKH
IUHTXH IUHTXH{LQWHQVL
GHFO| GDPSL|{ IUHTXHQFLHV
7KH KLIJKHVW
WKH DPSOLW]
2FFX|y $EVHQ $EVHQW
JURXS -XVW
VSODVKHYV |
7KH YDOXH |
VW PD[LPXP DPSO
2FFX| 2FFXU $EVHQW
KLJKHU DW
IUHTXHQFL
0ODQ\ VSODVKH
DPSOLWXGH| $EVH{ 2FFXU 2FFXU
IUHTXHQFL
$YDODQFKH (¢
DPSOLWXGH
2FFX| 2FFXU 2FFXU
UHSHDWV ,Q
SLFWXUH R
QG
'ULIW LQ WKH
$PSOLWXGH V
$EVH( 2FFXU 2FFXU
VPDOO VFD
'HVSUHDGLQJ
7KH SUHVHQFH
GLVSHUVLR{Q $EVH({ 2FFXU $EVHQW
uG VSHFWURJU
7KH KLIKHVW
$EVH( 2FFXU $EVHQW
YDOXH LQ WH




$ ORW RI YLVX

$EVH( $EVHQ $EVHQW
RQ G VFDOR

SHVXOWYVY RI WKLV H[SHULPHQWDO VHJPHQW FRXOG EH S
X 7KH SDUDPHWHUV RI ZDYHOHW FRQYROXWLRQ VLJ
GLITHUHQW RSHUDWLRQDO WLPH ZHUH FRPSDUHG %DVH(
VWDWXV ZHUH JLYHQ IRU HDFK EODGH

X 7KH XVHG EODGHV GHPRQVWUDWHG WKH VDPH W\SL
GHVFULEHG LQ IRU KRQH\FRPE FRQVWUXFWLRQ

X 7KH VLIQV FRXOG EH XVHG DV GLDJQRVWLF IDFWRU

2YHUDOO YLVXDO IHDWXUHV RI G DQG VFDORJUDP LQGLFDW
RI WKH VLJQDO ZKLFK FDQ GHVFULEH WKH LQWHJUDO GDF
FRPSRQHQWYV IRU ZKLFK WKLV UHVHDUFK ZRXOG EH PRVW
EODGHV DQG GLIITHUHQW W\SHV RI KRQH\FRPE FRQVWUXFWL
PDVWHU EODGH PRGH VKDSHV DW UHVRQDQW IUHTXHQFLHYV

ZLWK D EODGH IROORZLQJ DQ RSHUDWLQJ WLPH RI lOL

7KLV UHVHDUFK LQGLFDWHY WKDW ZDYHOHW EDVHG 1'( DQD
IRU GHWHUPLQLQJ GDPDJH OHYHOV LQ VWUXFWXUDO FRPSF
PHDQV WR GHFLGH ZKHWKHU D FRPSRQHQW LV VWLOO RSH
WUDQVIRUPHG VLIQDO UHIOHFWYVY WKH RYHUDOO SLFWXUH RI
RQ WKH SURSRVHG DOJRULWKP )RXULHU WUDQVIRUPV VHSDU
IUHTXHQFLHY DQG UHVRQDQFH SLFWXUH HYDOXDWLRQ 7KH

JLYH DIIRUGDEOH LQIRUPDWLRQ IRU LQWHUSUHWDWLRQ RI F



7KH XVHG EODGHVY GHPRQVWUDWHG D IRXUIROG LQFUHDVH |
WKH ILUVW EHQGLQJ PRGH 7KH DPSOLWXGH JURZWK RI WK
FDQ EH XVHG DV DQ LQGLYLGXDO GLDJQRVWLF VLJQ RI HPHU
IUHTXHQF\ DQDO\VLYV RI D EODGH UHVRQDQW YLEUDWLRQ LQ
GHYHORS DQ H[SUHVV FRQWURO GHYLFH IRU WHFKQLFDO F
EODGHV ZKLOH LQ WKH DLU 9LEUDWLRQ VSHHG DQG YLEUD\
EODGH DQG EODGH ZLWK ELJ RSHUDWLRQDO WLPH PRUH WKI
ILJXUH VKRZV WKH RYHUDOO GHYLDWLRQV RI YLEUDWLRQ \
UDQJH XS WR +] $V FDQ EH VHHQ RQ WKH JUDSK ZLWK W
VLIJQDO IXQFWLRQ Rl YLEUDWLRQ VSHHG WKDW FKDUDFWHUL
IUHTXHQFLHV 7KH LQWHQVLW\ RI GHYLDWLRQV DQG WKH D

UHOHYDQW IRU KLIJIKHU TUHTXHQFLHYV
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JLIXUH 9LEUDWLRQ VSHHG JUDSK D DQG YLEUDWRU\ GLV.
FKHFNHG PDVWHU EODGH SLQN ZLWK JHUR RSHUDWLQJ WLP

WKDQ KRXUV EOXH

SHSHDWHG WHVWV ZLWK DLUFUDIW EODGHV )LJXUH
H[SHULPHQWY VKRZHG WKH FRQVWDQW EHKDYLRXU ZKLFK 1
GHWHUPLQH WKH WUDQVLWLRQDO VWDWH RI DQ REMHFW EH
WKH GHSHQGHQF\ RI WKH DYHUDJH YLEUDWLRQ YHORFLW\
DPSOLWXGH RI WKH H[FLWLQJ YLEUDWLRQ IRUFH SURGXFHC
IDFWRUV OLNH QDWXUDO IUHTXHQF\ GHFOLQH ORZ IUHTXHQ
ORZ IUHTXHQFLHVY DOVR DOORZV PDNLQJ D GHFLVLRQ DEF

RSHUDWLRQ
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J)LIXUH 9LEUDWLRQ VSHHG RI IRXU EODGHVY ODVWHU EOD(
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J)LIXUH 9LEUDWLRQ VSHHG RI WKH VDPH EODGHYV DW ORZF

&RQFOXVLRQ IRU DLUFUDIW EODGHYV

([SHULPHQWDO VWXGLHV RI PRGDO IUHTXHQFLHVY DQG V
Rl FRPSRVLWH EODGHV LQ OLJKW HQJLQH DLUFUDIW UHYE}
RVFLOODWLRQV DW WKH ILUVW QDWXUDO IUHTXHQF\ 7KH UL
GHIHFWHG EODGHYVY H[FHHGHG WKH FRUUHVSRQGLQJ YDOXH |

WLPHV ,Q WKLV UHJDUG WKH DPRXQW RI WKH EHQGLQJ YLE



EH XVHG DV D VHSDUDWH GLDJQRVWLF VLJQ RI WKH GHIHFW
$ IDLUO\ VLPSOH VHW RI HTXLSPHQW ZLOO EH UHTXLUHG

IUHTXHQF\ DW WKH ILUVW EHQGLQJ UHVRQDQFH D ORZ II
SURFHVVLQJ HTXLSPHQW W LV ZRUWK QRWLQJ WKDW LQ W|
YLEUDWLRQ WHFKQLTXH ZDV XVHG WR GHWHUPLQH WKH GH)
EODGH DQG WR DYRLG WKH LQIOXHQFH RI DGGLWLRQDO PL
7KHVH SUHFLVH VHQVRUY DUH XVHG WR GHWHUPLQH WKH GLI
WKHUH LV QR QHHG WR KDYH D ODVHU VHQVRU ,Q RUGHU WR
LW LV VXIILFLHQW WR KDYH D PRUH HFRQRPLFDO FRQWDFW \
SURSHOOHU FRQQHFWLQJ XQLW 7KHUHIRUH WKH SULFH RI V
DQG PDNHV WKH RSHUDWLRQDO PRGDO DQDO\VLV DW D OR.
)LQDOO\ LW LV QHFHVVDU\ WR KDYH D IDXOW LQGLFDWRU
$OWRIJHWKHU WKH IXO0 SULFH RI WKH VROXWLRQ ZLOO QR
OLJKW DLUFUDIW FRVW 7KHUHIRUH WKH PDLQ DGYDQWDJH
DQ HDV\ FRPSRVLWH PDWHULDO VWDWH DQDO\VLVY DQG VLI
ORUHRYHU WKH LQWURGXFWLRQ RI WKH SURSRVHG PHWKR
DFFLGHQWY 7KH VHFRQG SDUW UHVXOWYV FRQQHFWHG ZLW
VKRZHG IHDWXUHV RI G DQG VFDORJUDPV WKDW FDQ LQGL
SLFWXUH RI WKH VLIQDO ,Q FRPELQDWLRQ ZLWK HDFK RWKI
GDPDJH FRQGLWLRQ RI WKH REMHFW 7KH UHSHDWDELOLV

H[SHULPHQWYV IRU FRPSRVLWH EODGHYV



([SHULPHQWDO UHVXOWYV ZLWK &17 3RO\PHU V\VWHP

,Q FRPELQDWLRQ ZLWK WKH H[LVWLQJ DOJRULWKP LW LV
SURFHGXUH ZLWK RWKHU DGYDQFHG FRPSRVLWH PDWHULI
EHILQQLQJ WKH DQDO\VLV VKRZV WKDW WKHUH DUH VRPH |
QRZ 7KH PDLQ DGYDQFHG FRPSRVLWH PDWHULDOV DUHD FR
UHLQIRUFHG ODPLQDWH DQG VDQGZLFK FRPSRVLWHV PHW
HWF $FFRUGLQJ WR 5RQ OHUWHQV 36LQFH JRUG ORWR
WHVWHG JUDSKHQH UHLQIRUFHG IRDP FRYHUV IRU QRLV\ FRF
IRDP FRQVWLWXHQWY DQG WKH UHVXOWLQJ SDUWYV DUH VDL
PRUH KHDW UHVLVWDQW" ™ > @ )HDVLEOH DUJXPHQW LV Wil
FDUERQ QDQRWXEH HSR[\ UHL@®RUFH@ FRPBSRNLWBKFWRU)

&17 3RO\PHU DSSOLFDWLRQV D YHU\ LQWHUHVWLQJ DUHD

7TKH DOWHUQDWLYH WR WUDGLWLRQDO FRPSRVLWHV D

UHLQIRUFLQJ HOHPHQWY LQ LWV PDWUL[ *ODVV RU FDUERC
GLDPHWHUV RI FRQYHQWLRQDO ILEHU PRUH WKDQ P 7KH)
PROGLQJ SURFHVYV ZKHUH D SUHSUHJ RI DOLJQHG ILEHUV LV
D WKHUPRVHWWLQJ SRO\PHU (SR[\ PDWUL[ ZLWK FDUERQ ILE
RI FRPSRVLWH XVHG IRU DHURVSDFH DQG RWKHU KLJK SHUIF
PXOWLSOH LQYHVWLIJDWLRQV ZKHUH &17V ZHUH DGGHG LQWHF
WRKXHW DO 3*WKHUH LV D LOQFUHDVH LQ WKH WKHUPDO
FRQWDLQLQJ IXQFWLRQDOL]JHG &17V FRPSDUHG WR WKDW FR
LQ > @ GHPRQVWUDWH WKDW WKH &17V IXQFWLRQDOL]DWL
PHFKDQLFDO ORDG DQG WKHUPDO HQHUJ\ DFURVV WKH PD\

KDYH H[FHOOHQW PHFKDQLFDO SURSHUWLHVY HOHFWULFDO



D UHLQIRUFHPHQW > @ &RPSDUHG WR D VLQJOH PDWHULDC
EHWWHU SHUIRUPDQFH DV WKH ORZHU ZHLJKW ZLWK KLJKI
UHVHDUFK LPSURYHG GDPSLQJ FKDUDFWHULVWLFV SHFH!

PDMRULW\ LQWHUHVW > @ 7KH\ XVH UHLQIRUFLQJ PDWH

&DUERQ QDQRWXEHV FDQ EH GLYLGHG LQWR PXOWL ZDOOHC
ZDOOHG 6:17V DQG 0:17V LV XVHG LQ WKLV VWXG\ &RPSDU
WR VI\QWKHVL]H DQG WR SURGXFH > @ )ROORZLQJ WK
FRPSRVLWHV LQ WKH IUHH YLEUDWLRQ DQG IRUFHG YLEUDW
LQ FRPSRVLWHV FRXOG LQFUHDVH WKH GDPSLQJ UDWLR W
VSHFLPHQ 7KH IROORZLQJ SDUW RI WKH UHVHDUFK DIIHFWV

HSR[\ UHVLQ

2EMHFWYV RI WKH VWXG\

3bDUW RI SUDFWLFDO H[SHULPHQWDO VDPSOH SUHSDUDWL
&RPSRVLWH 7UDLQLQJ DQG '"HYHORSPHQW &HQWUH +DZDUG
ZHUH FDUULHG RXW LQ 6DPDUD 8QLYHUVLW\ 2YHQ FXUHG V

ZLWKRXW WKH DGGLWLRQ RI KLIKO\ FRQGXFWLYH SDUWLFOF



J)LIXUH &XUHG HSR[\ UHVLQ VDPSOHYV DQG DUH SXUL

LV WKH W\SH VDPSOH ZLWK W &17V

&17V ZHUH VIQWKHVL]J]HG E\ WKH FKHPLFDO YDSRXU GHSRVLW
ZHUH REWDLQHG IURP (OHFWURYDF $XVWULD DV SHU 7
KDYLQJ WUDFHV RI PHWDO DQG PH®&DO VRE[H BIH L FGWWQWIIDWH D

1® C DYHUDJH OHQJWK XS WR QP DQG DYHUDJH GLDPHWH

J)LIXUH OXOWL ZDOOHG &17V IURP (OHFWURYDF $XVWULD



SURFHVVLQJ RI WKH &17 VDPSOHYV

$ QXPEHU RI WHVWYV ZHUH SHUIRUPHG LQ RUGHU WR PDQXIDF
6DPSOHV ZHUH WHVWHG DFFRUGLQJ WR $670 ( > @ [

VDPSOHVY DQG WKH F\FOH LV SUHVHQWHG LQ WDEOH

7TDEOH 6DPSOHV XVHG GXULQJ WKH H[SHULPHQW

< 6DPSOHV PL[ UDWLR IRU DOQ
7\SH (SR[\ UHVLQ $UDOGLWH $UDGXU 6\VWHP $UDO

'HIDVVLQJ K

2YHQ FXUHG K DW f&
'XDO IRUPXODWLRQV HSR[\ GLYLGHG LQWR UHVYLQ ED
7\SH (SR[\ UHVLQ $UDOGLWH $UDGXU ZW| &17V

6RQLFDWLRQ K
'HIDVVLQJ K

2YHQ FXUHG K DW fé& GD\ DW & URRP|WHPSI
'XDO IRUPXODWLRQV HSR[\ GLYLGHG LQWR UHVLQ ED

7\SH (SR[\ UHVLQ $UDOGLWH $UDGXU ZW| &17V
6RQLFDWLRQ K LQ DQ XOWUDVRQLF EDWK
'HIDVVLQJ K

2YHQ FXUHG K DW f& GD\ DW & URRP|{WHPSI

OHWKRGRORJ\ DQG UHVXOWYV RI H[SHULPHQWYV

7ZR W\SHV RI VDPSOHYV ZHUH LQVWDOOHG LQ WKH FHQWHU
IRXU UXEEHU VWULQJV IRU WHVWLQJ LQWHJULW\ DQG WKH C

+] 'XH WR WKH ORZ ZHLJKW RI WKH VDPSOHV WKH QRQ FR(
HIFLWDWLRQ 7KH XVH RI D FRQWDFW H[FLWDWLRQ PHWKRG

VDPSOHV XQGHU VWXG\ $V D QRQ FRQWDFW YLEUDWLRQ H[F



IORDWLQJ WRQH IURP WR +] ZDV XVHG $V D UHVXOW

VSHFWUXPV RI ERWK W\SH DQG W\SH VDPSOHV ZHUH REWI

J)LIXUH SLEUDWLRQ YHORFLW\ VSHFWUXP RI WZR W\SHV F

&17 %OXH = ZLWK &17

7KH ILUVW JUDSK FRQWDLQV LQIRUPDWLRQ DERXW WZR VDI
ZKROH IUHTXHQF\ UDQJH 7KHVH VDPSOHV ZHUH PDGH XVLQ
LGHQWLFDO JHRPHWU\ DQG VXUIDFH FRQGLWLRQV 7KH RQO
PDGH ZLWK &17 LW LV PDUNHG E\ EOXH FRORXU RQ WKH Jl
FRORXUHG E\ ZKLWH SDLQW IRU EHWWHU ODVHU FDOLEUDW
LQ D VSHFLDO IUDPH 7KHVH DFWLRQV DOORZHG XV WR JH'
YLEURPHWHU 369 ' DQG DGGLWLRQDO HTXLSPHQW ZHUH
YLEURPHWHU XVHG ODVHUV DQG VSHDNHU ZKLFK JHQHUDWI
$vV FDQ EH VHHQ WKH YLEUDWLRQ VSHHG LV WKH VDPH IU
DSSUR[LPDWHO\ +] )LJIJXUH $PSOLWXGH DQG UHVRQDC
DW WKLV UDQJH 7KH YLEUDWLRQ PRGHVY DW DOO UHVRQDOQF
DUH FRPSOHWHO\ WKH VDPH ORGHYV DUH FRQVWDQW EXW W
IURP ORZ WR KLJK I[UHTXHQFLHV LQ D VDPSOH ZLWKRXW &17

7KH QH[W VWHS ZDV WR WHVW WKH VDPSOHV ZLWK D V\VWH



UHDVRQ D ODVHU EHDP VRXQG VSHDNHU +] WR N+] TUHT.

DQRG VDPSOHV ZHUH XVHG 5HVXOWY RQ YLEUDWRU\ DFFHOH

JLIXUH S9LEUDWRU\ DFFHOHUDWLRQ RI WZR HSR[\ UHVLQ V

&17

$V LW LV LOOXVWUDWHG WKHUH LV DQ REYLRXV GLIIHUHQF
7KH VXJJHVWLRQ LV WKDW WKH SUHVHQFH RI &17 LQ WKH
IUHTXHQFLHYVY GDPSLQJ )RU WKH DFFXUDF\ WKH H[SHULPHC
UHVXOWYV ZHUH WKH VDPH 'DWD IURP H[SHULPHQWYV ZDV SX
SLFWXUHV RI )RXULHU DQG ZDYHOHW WUDQVIRUPV )LJXUH

ZLWKRXW &17



JLIXUH JRXULHU VSHFWURJUDP RI HSR[\ UHVLQ VDPSOH

JLIXUH JRXULHU VSHFWURJUDP RI HSR[\ UHVLQ VDPSOH

JURP WKH VSHFWUXPV LW FDQ EH VHHQ WKDW D FRQYHQWL
YDOXHV RI YLEUDWLRQ YHORFLW\ WKDQ WKH VHFRQG VDP
HYLGHQW IURP WKH VSHFWUXP WKDW D FRQYHQWLRQDO V

IUHTXHQFLHY DQG WKDW LWV XVH LQ YDULRXV DSSOLFDWLF

KLJK YLEUDWLRQ 7KH VHFRQG VDPSOH UDWKHU KDV RQO\"

+] ZKLFK LV GLUHFW HYLGHQFH WKDW XVLQJ WKLV PDW

VXEVWDQFH DQG GXUDELOLW\ RI WKH SRVVLEOH VWUXFWXU

XQGHU YLEUDWLRQ FRQGLWLRQV ORUHRYHU LI WKRVH WZR



D PHFKDQLFDO GDPSHU RU E\ WKH JHRPHWU\ IHDWXUHV R
OLIHWLPH UHVRXUFH RI WKH FRPSRVLWH HOHPHQW LWVHO
PRWKHU ZDYHOHW IRU DGGLWLRQDO QRQ VWDWLRQDU\ V

UHSUHVHQWHG QH[W )LJXUH

JLIXUH FDQ VKRZ WKH GLIITHUHQFH EHWZHHQ VLJQDOV IUF

J)LIXUH ORUOHW &:7 ZLWK VFDOH "VSHFWURJUDP RI F



J)LIXUH ORUOHW &:7 ZLWK VFDOH "VSHFWURJUDP RI

&17V

&RQFOXVLRQ IRU &17 3RO\PHU $SSOLFDWLRQV UHVXOWYV

7TKHUH LV DQ REYLRXV GLIITHUHQFH LQ DPSOLWXGH DQG VS

SLFWXUHV )LJIXUH DQG

J)LIXUH ,Q RWKHU ZRUGV WKH VDPSOH ZLWK &17 KDV Y&h
KLIK TUHTXHQF\ GRPDLQ 7KHUH LV D SUHVHQFH RI WKH VDP
KDYH YHU\ VPDOO FORVH WR JHUR DPSOLWXGH LQ WKH VDP
ZKLFK LQFOXGHYV :LQGRZ )RXULHU WUDQVIRUP DQG &RQWLQ
XQGHUVWDQGLQJ RI WKH LQWHJUDO VWDWHPHQW RI DQ RE
vLJQDOV 8VLQJ RI ORUOHW ZDYHOHW RU *DERU ZDYHOH
HISRQHQWLDO PXOWLSOLHG E\ D *DXVVLDQ ZLQGRZ FDQ KHC
SLFWXUH GHYLDWLRQ ([SHULPHQWYV ZLWK UHDO REMHFWYV Z
LQ REMHFWYV ZLWK HSR[\ RU SRO\HVWHU UHVLQV WKDW FDQ
FRQVWUXFWLRQVY ODPLQDWHV HWF SURYLGH IXUWKHU LQI
DIWHU WKH WHVW VHULHV ZLWK REMHFWYV ZKLFK KDYH GLI
GLDJQRVWLFV RI VXFK HOHPHQWY DQG SUHGLFWLRQ RI WKF
ZDV FDUULHG RXW DW $GYDQFHG &RPSRVLWH 7UDLQLQJ D
:DOHV 8. 2YHQ FXUHG VDPSOHV KDYH EHHQ SUHSDUHG ZLYV
FRQGXFWLYH SDUWLFOHV &17V $ QXPEHU RI WHVWYV ZHUH

GLVSHUVH WKH SDUWLFOHYV

([SHULPHQWDO UHVXOWY ZLWK PHWDO SRO\PHU PHWDO \

SHVHDUFK RI YLEUDWLRQ SURSHUWLHYV



7KH IROORZLQJ FKDSWHU LV GHGLFDWHG WR WKH VWXG\ RI
PHWDO FRPSRVLWH PDWHULDOV DQG WKH DSSOLFDWLRQ R
PDLQ YLEUDWLRQ SURSHUWLHYV RI WKH PHWDO SRO\PHU PH
UHVHDUFKHG OXOWLSOH YLEUDWLRQ SDUDPHWHU GHSHQGF
GHULYHG 7KH PHWKRG RI VFDQQLQJ ODVHU YLEURPHWU\ X
QDWXUDO IUHTXHQFLHY DQG PRGHV RI RVFLOODWLRQV )RU
HOHPHQW PHWKRG ZDV XVHG 7KH PDWHULDO PRGHO ZDV D O
HODVWLF OD\HUV DQG PHWDO OD\HUV 7KH WDVN RI LGHQWL
WKH SUREOHP RI PLQLPL]LQJ WKH GLVFUHSDQF\ EHWZHHQ V
WKH H[SHULPHQWDO RQHYVY 7KH GHYHORSHG PHWKRG FDQ EH
SDUDPHWHUV RI PDWHULDO PRGHOV IRU FDOFXODWLQJ WK
VDQGZLFK VKHHWY DQG PHWDOOLF PRQR PDWHULDOV FR
LGHQWLI\LQJ PRGHOV RI HODVWLF EHKDYLRXU RI SRO\PHULF
UHVXOWYV RI WKH H[SHULPHQWDO PRGDO DQDO\VLV XVLQJ W

VDPSOHV LV SUHVHQWHG

OHWDO SRO\PHU PHWDO 030 FRPSRVLWHV KDYH EHHQ UDSL
DHURVSDFH LQGXVWU\ 7KH\ KDYH PDQ\ DGYDQWDJHV RYHU
SDVW WKH\ ZHUH QRW VR WRXJK PRUH H[SHQVLYH XQUHO
DSSOLFDWLRQV IURP 030V FDQ EHFRPH PRUH DQG PRUH YD
PDGH IURP WKHVH FRPSRVLWHY DUH LQWHULRU SDUWYV |[OR

HYHQ KLJKO\ F\FOLFDOO\ ORDGHG VXUIDFHV DV SDUWYV RI U

2QH Rl WKH DLPV WRGD\ LQ XVLQJ DGYDQFHG FRPSRVLWH F
SURYLGH VWUHQJWK LQ GLITHUHQW FRQGLWLRQV RI YLEU

FRQVLGHUDEOH DPSOLWXGHV RI RVFLOODWLRQV ZKLFK FI



FRQGLWLRQV VLWXDWLRQV FDQ OHDG WR FULWLFDO RXWI
RVFLOODWLRQV LW LV QHFHVVDU\ WR FDOFXODWH WKH PRG
WKHLU RZQ IUHTXHQFLHV DQG IRUPV RI RVFLOODWLRQV
FRPSRVLWH PDWHULDOV WKLV FDOFXODWLRQ EHFRPHV PRL
GDWD RQ PHFKDQLFDO FKDUDFWHULVWLFV 7KH PDLQ SU
PDWHULDOV LV D ODUJH QXPEHU Rl SDUDPHWHUV WR EH LC
WKH IDFW WKDW WKHVH SDUDPHWHUV GHSHQG RQ WKH PD
RULHQWDWLRQ ERQG UHLQIRUFHPHQW DQG WHFKQRORJLF
HODVWLF PDWHULDO FRQWDLQV QLQH SDUDPHWHUV ZKLFk
PDWHULDOV FKDUDFWHULVWLFV JLYHQ LQ WKH OLWHUDWX!
UHOLDEOH FDOFXODWLRQV UHTXLUH DGGLWLRQDO YHULILF
VWUHVV VWUDLQ VWDWH DQG PRGDO DQDO\VLV VWUXFWXU
HITHEWLYHO\ XVHG > @ $QRWKHU ELJ LVVXH LV WKH FRC

GXULQJ RSHUDWLRQ

SUDFWLFH VKRZHG WKDW GHODPLQDWLRQ SDUWLDO PHOWL

UHOHYDQW WR 030 VDQGZLFK FRPSRVLWH W\SH PRVWO\ GXU

D E F
J)LIXUH ‘DPDJH PRGHV DIWHU EHQGLQJ WKH 030 VDQGZL

IRUPLQJ

'DPDJH E\ GHODPLQDWLRQ EHWZHHQ WKH VDQGZLFK OD\HU\

J)LIXUH D 7KLV W\SH RI GDPDJH LV PRUH FDSDEOH LQ WK



LQ DOXPLQXP /RZ GXFWLOLW\ LV DOVR WKH UHDVRQ IRU FU
G 7KH SDUWLDO PHOWLQJ FRXOG EH PRUH UHOHYDQW IRU \V
E OHOWLQJ FRXOG DSSHDU LQ WKHVH VHFWLRQV EHFDXVH |

KLIJK HQHUJLHVY GXULQJ WKH EHQGLQJ E\ HOHFWURPDJQHWL

JRU EHQGLQJ DQG QRW EHQGLQJ FRQGLWLRQV WKH QHFNLQ.
KDSSHQ GXULQJ WKH ORFDO FRPSUHVVLRQ LQ WKH EHQGLQ.
FDVH RI WKH DQQHDOHG $0 VKHHW KRZHYHU PHOWLQJ LV
ORUHRYHU IRUPLQJ ZLWK D KLIJKHU IUHH EHQG OHQJWK OHV

HQHUJ\ OHYHO WKH LQWHQVLW\ RI GDPDJH LQFUHDVHG

,Q RXU FDVH IRU WKH LPLWDWLRQ RI FRQGLWLRQV ZKLFK F
FRXOG EH PRVW DSSURSULDWH 7HVWYV SURYHG WKH IDFW W
WKH ORDG WKDW FDQ FDXVH IDLOXUH DIWHU F\FOLF LWHUD
F\FOHV 7KLV FRXOG EH WKH UHVXOW RI GDPDJH WKDW KDV
ZDV FUHDWHG GXULQJ F\FOLF ORDGLQJ ,Q FRPSRVLWHV PX
LQ WKH VWUXFWXUH DW WKH VDPH WLPH VXFK DV PDWULJ |
ILEHUV HWF 9DULRXV W\SHV RI GDPDJH FDQ VLPXOWDQHR?
FUDFNV LQ WKH PDWUL[ DQG OD\HUV DQG RWKHU W\SHV FLC
DOQRWKHU DQG DV D UHVXOW EH UHVSRQVLEOH IRU VHULRXYV
DQG DVVXPSWLRQV WKDW DUH LQHYLWDEOH LQ WKH FRPSOI
UHTXLUHYVY YHULILFDWLRQ DQG LGHQWLILFDWLRQ DGMXVWF
H[SHULPHQWDO GDWD 8QGHU LGHQWLILFDWLRQ RI D ILQLW
FKDQJH LQ LWV SDUDPHWHUV ZKLFK PLQLPL]JHV WKH GLIII

HISHULPHQWDO GDWD



7KLV ZRUN KDV VHYHUDO PDLQ SXUSRVHV 7KH ILUVW RQ
PHWKRGRORJ\ IRU LGHQWLI\LQJ WKH SDUDPHWHUV RI WKH F
WKH H[SHULPHQWDO PRGDO DQDO\VLV E\ WKH H[DPSOH R
FRPSRVLWH 7KH VHFRQG RQH LV WKH XVH RI GDWD DFTXLU
FRQWURO DQG GLDJQRVWLF PHWKRG IRU WKLV W\SH RI F
WUDQVIRUPVY $GGLWLRQDO WDVNV DUH DOVR FKHFENLQJ RI
WKHUPRJUDSK\ WHVWLQJ EHIRUH DQG DIWHU F\FOLF ORDC

YLEUDWLRQ PHWKRG LQ WHUPV RI UHOLDELOLW\

2EMHFWYV RI WKH VWXG\

OHWDO EDVHG SRO\ROHILQ 33 3( FRUH FRPSRVLWHV ZHUH
030 FRPSRVLWHV ZLWK 33 3( FRUH LV KLJKO\ GHIRUPDEOH
SURGXFWLRQ FRVW RI VXFK FRPSRVLWHYV LV WKH VDPH DV W|
DQG DSSUR[LPDWHO\ WZLFH WLPHV FKHDSHU WKDQ WKH SUR
+LJK EHQGLQJ VWUHQJWK DQG D SRVVLELOLW\ WR SOD\ ZL
FRPSRVLWH SDUW VKRZ KLJK SRWHQWLDO IRU WKH LPSOHP

QHHGV LQFOXGLQJ GULYHQ DQG PRYLQJ SDUWV

,Q RUGHU WR HQDEOH LQYHVWLIJDWLQJ YDULRXYV SDUDPHWH
DQG VNLQ VKHHWYV RI WKH VDQGZLFK PDWHULDOV DV ZHOO
IROORZLQJ PDWHULDO FR