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DIILOLpH j O1T8QLYHUVLWpP GH ORQWUPpPDO

&HWWH WKgqVH LQWLWXOpH

+LJKO\ PXOWLSOH[DEOH RSHQ VSDFH PLFUF

SUPpVHQWMEPHIBBUWOH[DQGUH ) *2<(77(
HQ YXH GH OTREWH QWL R®@ \GRXS BL'S O P It RALH

D pWp GEPHQW DFFHSWpH SDU OH MXU\ GfH[DPHQ

JUPGPULF /(63SWEVLGHQW

7KRPDV *(59®BHPEUH HW GLUHFWHXU GH UHFKHUFKH
<YHV $ODLQ BHREUH

*RYLQG .$,*$PSHPEUH H[WHUQH



LLL

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

7KLV 3K' ZDV D ORQJ MRXUQH\ DQG , ZRXOG QRW KDYH FRP:
DPD]LQJ SHRSOHYV

J)LUVW RI DOO , ZRXOG OLNH WR WKDQN P\ UHVHDUFK GLUHFW
WUXVW LQ PH IURP DQ XQGHUJUDG LQWHUQVKLS LQ ZKLFK QI
<RXU VXSSRUW KDV JUHDWO\ KHOSHG PH GHYHORS P\VHOI DV
\RX FDUH QRW RQO\ DERXW P\ SURMHFW EXW DOVR DV PH DV

, ZDV OXFN\ WR KDYH LQFUHGLEOH FROOHDJXHYVY DW WKH —)2
GRHVQYW DXWRGHVWUXFW RQ D GD\ WR GD\ EDVLV ORVW LP
HQJLQHHULQJ SK\VLFV GHSDUWPHQW DQG SUHVHQWLQJ PH WHE
HDVLHU <RX KDYH EHHQ RI WUHPHQGRXV KHOS WKURXJKRXYV
WHDFKLQJ PH DOO WKH ' VRUFHU\ WKDW KH NQHZ <RX SURED
eWLHQQH , IHHO WUXO\ OXFN\ WKDW , FROODERUDWHG ZLWK
FRPSUHKHQVLRQ RI RSHQ VSDFH PLFURIOXLGLF WKDW , KDYH
ODXGH IRU WUXVWLQJ PH WR VXSHUYLVH KHU LQWHUQVKLS W
HQWLUH VXPPHU RQ DQ LPSRVVLEOH SURMHFW <RX WUXO\
FRPSOHWHG VRPH TXDOLW\ ZRUN WKDW , ZRXOG QHYHU KDYH
FKHHUIXO DWWLWXGH WKURXJKRXW RXU FROODERUDWLRQV
ORRNHG JULP

6DQGU\QH eWLHQQH DQG 2VFDU ZLWKRXW RXU GDLO\ GLVI
FRPSODLQLQJ VHVVLRQ P\ 3K' ZRXOG QRW KDYH EHHQ WKH V
EHFRPH FROOHDJXH RQFH PRUH LQ WKH IXWXUH

7KDQNV WR DOO P\ IULHQGVY DQG PRUH SDUWLFXODUO\ WKR
LOWHUHVWLQJ RXWVLGH RI ZRUN

$ VSHFLDO WKDQNV WR P\ IDPLO\ HVSHFLDOO\ P\ SDUHQWYV
SURMHFWYV RI PHIDORPDQLDF GLPHQVLRQV DUH ZK\ , DP QR
IDEULFDWLRQ VNLOOV PDGH PH WKH WLQNHUHU WKDW , DP
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IDVW EXW QRW OHDVW WKDQNV WR WKH XQLTXH DQG LQFUH(¢
P\ SURMHFWV IRU WKH ODVW \HDUV (YHU\WKLQJ IHHOV EHYV



5e680e

/D PDQLSXODWLRQ GH OLTXLGH HVW OH IRQGHPHQW GH WRX\
LPSRUWDQFH OD PDMRULWp GH OD PDQLSXODWLRQ GH OLTXL
XQH PpWKRGH GDWDQW GH SOXV GfXQ VLqFOH /D YDJXH G
DQQpHYV D JUDQGHPHQW DXJPHQWpP OH GpELW GH WHVWV S
TXH OH GPELW GH WHVWV UHTXLVY DXJPHQWH HW TXH OHV YRC
GHYLHQW GH SOXV HQ SOXV SUREOpPPDWLTXH /JfLPSRUWDQF
OfpFKHOOH GX V\VWgPH GLPLQXH /D YLVFRVLWp HW OD WHQ
HQWUDLQH XQH DXJPHQWDWLRQ GHV LPSUpPFLVLRQV GHV 10Xl

8QH PpWKRGH SRXU VH VRUWLU GH FHWWH © W\UDQQLH GX SL
TXL VRQW FRQoXHV SRXU PDQLSXOHU GHV IOXLGHV j OfpFKI
PLFURFDQDX[ DILQ GH UpDOLVHU GLYHUVHV WkKFKHV H[SpUL|
OLEqQUHQW GX SDUDGLJPH GHV SODTXHV GH SXLWV (Q HIIHWV
GDQV OHVTXHOV OHV H[SpULHQFHV SUHQQHQW SODFH 3URI
PLFURIOXLGLTXHV YLHQW FHSHQGDQW DYHF VRQ ORW GH Gl
pPFKDQWLOORQV HQ VFLHQFHVY GH OD YLH VRQW GHV VXUIDFH
GHV WUDQFKHV GH WLVVX RX GHV SXFHV j SURWpPLQHV ,Ql
PLFURIOXLGLTXHV QpFHVVLWH GHV PRGLILFDWLRQV PDMHXUL
pPFKDQWLOORQV VRQW LQFRPSDWLEOHY DYHF OHV VA\VWQgPHV
FHOOXOHYVY SDUWLFXOLgQUHPHQW VHQVLEOHYV DX[ FRQWUDLQW

/IH FKDPS GH UHFKHUFKH GH OD PLFURIOXLGLTXH VXU VXUIDFI
PLFURIOXLGLTXH VXU VXUIDFH RXYHUWH HQJOREH XQH PXOW|
GHV VXUIDFHV /YLGpH JpQpUDOH GHUULqUH FHV VA\VWqgPHV H\
GHV VXUIDFHV HW GRQF GH QH SDV QpFHVVLWHU OTLQVHUWL
GH PLFURIOXLGLTXH RXYHUWH WHOV TXH OHV VRQGHV PLFU
GHUULqUH FH SURMHW GH UHFKHUFKH RQW GpMj GpPRQWUp
QRWDPPHQW pWp XWLOLVpV SRXU OH PDUTXDJH LPPXQRKLYV
VPOHFWLYH &HSHQGDQW DORUV TXH OHV GLVSRVLWLIV GH
KDELWXHOOHPHQW OH FRQWU{OH H[WUrPHPHQW SUpFLV GH I
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DXFXQH PDQLgUH YLDEOH GH SDUDOOpPOLVHU FHVY GLVSRVLWL
QH SHXYHQW SDV rWUH XWLOLVpV SRXU GHV H[SpULHQFHV Qp

&HWWH WKgVH SRUWH VXU OD FRQFHSWLRQ OD IDEULFDWLF
VI\VWgPHV PLFURIOXLGLTXHV VXU VXUIDFH RXYHUWH TXL SH?
QRXYHDX[ GLVSRVLWLIV OHV PXOWLS{OHV PLFURIOXLGLTXHYV
TXH OHV VRQGHV PLFURIOXLGLTXHVY &HSHQGDQW OHXU SDU|I
WHVWY SRXYDQW rWUH HIITHFWXpV HW OHXU UHFRQILIJXUDWL
HISpPULHQFHV PXOWL pWDSHV

‘DQV FHWWH WKgVH XQH PpWKRGH GH IDEULFDWLRQ GH PXO
V\VWgPHV GH WRXWH WDLOOH HVW SUpVHQWpH &HWWH PpWE
GH OD FRQFHSWLRQ GHV GHVVLQV YHFWRULHOV j OfYDLGH GH
UpVXOWDWY GpPRQWUHQW TXYILO HVW SRVVLEOH GH SURGXL!
GH RXYHUWXUHY DYHF XQH WDLOOH GTfRXYHUWXUH GH

TXH OHV PXOWLS{OHV IDEULTXpV QH FRPSRUWHQW SDV Gl
VLIQLILFDWLYHPHQW OHV PRWLIV GTpFRXOHPHQW GHV IOXLG

'DQV XQH GHX[LgPH VHFWLRQ GH FHWWH WKgqVH OD PDQLQqU]I
UHFRQILIXUHU GHV PXOWLS{OHV PLFURIOXLGLTXHV IRUPpV G
3OXVLHXUV DUFKLWHFWXUHVY HW FRQFHSWV GH PXOWLS{OH)\
UHFRQILIXUDELOLWpPp GHV PXOWLS{OHV HVW GpPRQWUp HW X
GITLPSXOVLRQ GYXQ UpDFWLI VXU XQH VXUIDFH HVW WHVWp &
DYHF OfDXWRPDWLVDWLRQ GTXQ WHVW LPPXQRORJLTXH j OfL

/D GHUQLQUH VHFWLRQ GH FHWWH WKqVH SRUWH VXU OfpODE
SDUDOOQOH /D SLgFH FHQWUDOH DILQ G DWWHLQGUH FHW
PXOWLSRODLUH PRGXODLUH OHV SL[HOV PLFURIOXLGLTXHV
FRQILQHPHQW LQGPSHQGDQWHY /H UpVXOWDW HVW OYDIILEK!
PLFURIOXLGLTXH &H W\SH GH V\VWgPH SHXW WKpRULTXHPHC
SL[HOV HW GHV V\VWgPHV IRUPpV GH SL[HOV RQW pWp W
FKLPLTXHV SL[pOLVpVY FRPPH OHV DXWUHV PXOWLS{OHV SH:
VPTXHQFHV © GJLPDJHV FKLPLTXHV @ FH TXL SHUPHW OYDXW|
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DIILFKHXUV FKLPLTXHV RQW OD SDUWLFXODULWp GH SRXYRL
VgFKHV FH TXL HVW KDELWXHOOHPHQW LPSRVVLEOH SRXU X
FHWWH SRVVLELOLWp OH WUDLWHPHQW GH VXUIDFH GH ILOP
LQWpJUp GDQV XQ VI\VWgPH ©xUROO WR UROOx2 &HWWH VHFW
GTXQ DIILFKHXU FKLPLTXH pWDQW RSpUp XQLTXHPHQW SDU G

'H PDQLqUH JpQpUDOH FHWWH WKqVH D SRXU REMHFWLI G
PLFURIOXLGLTXH VXU VXUIDFH RXYHUWH /HV PXOWLS{OHV PL
OHV SUHPLHUV GLVSRVLWLIV GX JHQUH pWDQW UHFRQILJX
OYDXWRPDWLVDWLRQ GYH[SPpULHQFHV PXOWL pWDSHV /HV D
SDUDOOpPOLVDWLRQ TXL HVW VDQV SUpFpGHQW HQ PLFURIOXL
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/ILTXLG KDQGOLQJ LV DW WKH IRUHIURQW RI OLIH VFLHQFH UH
RQ WKH VDPH SULQFLSOH WKH SLSHWWLQJ RI IOXLGV LQ ZHC
ERRP VWDUWLQJ IURP WKH ¢ KDV JUHDWO\ LQFUHDVHG WKH
WKH UHTXLUHG WKURXJKSXW LQFUHDVHG DQG WKH ZHOOV D
IXUWKHU SLSHWWLQJ IOXLGY EHFRPH PRUH DQG PRUH SUREQ
WHQVLRQ EHFRPLQJ PRUH LPSRUWDQW DV WKH VFDOH RI W
LPSUHFLVLRQ

$ ZD\ RXW RI WKH 3W\UDQQ\ RI SLSHWWLQJ" LV WR XVH PLFUR
ZLWK IOXLG DW WKH PLFURVFDOH OLFURIOXLGLF V\VWHPV EU
EDVHG RQ IOXLGLF FLUFXLWYV LQ ZKLFK WKH ZKROH H[SHULPFE
VDPSOHV LQ PLFURIOXLGLF VA\VWHPV FRPH ZLWK LWV RZQ FK
VDPSOHYV LQ OLIH VFLHQFH DUH VXUIDFHV VXFK DV FXOWXI
ORUHRYHU LQMHFWLQJ VDPSOHV LQ D PLFURIOXLGLF V\VWHP
HISHULPHQWDO SURWRFRO 6RPH ELRORJLFDO VDPSOHV DUH
FHUWDLQ W\SHV RI FHOOV WKDW DUH H[WUHPHO\ YXOQHUDEO

7KH VXEILHOG RI RSHQ VSDFH PLFURIOXLGLF WULHV WR |
PLFURIOXLGLFV HQFRPSDVVHYVY PDQ\ VI\VWHPV WKDW DLP DW S|
7KH JHQHUDO LGHD EHKLQG WKRVH VA\VWHPV LV WR DOORZ W
VXUIDFHVY DQG WKXV QRW UHTXLUH WKH LQVHUWLRQ RI W
PLFURIOXLGLF V\VWHPV VXFK DV WKH PLFURIOXLGLFV SUREF
SURMHFW KDYH DOUHDG\ GHPRQVWUDWHG WKHLU SRWHQW
VXFFHVVIXOO\ XVHG IRU DSSOLFDWLRQV VXFK DV LPPXQRKLYV
+RZHYHU ZKLOH WKH RSHQ VSDFH PLFURIOXLGLF V\VWHPV F
YLDEOH PHWKRG WR SDUDOOHOL]H WKRVH GHYLFHV UHPDLQ
DGRSWLRQ VLQFH WKH\ FDQQRW EH XVHG IRU H[SHULPHQW Ut

7KLV UHVHDUFK SURMHFW UHYROYHV DURXQG WKH GHVLJQ |
Rl RSHQ VSDFH PLFURIOXLGLF GHYLFHV WKDW DUH SDUDOOH(
WKH PLFURIOXLGLF PXOWLSROHV 0)0V RSHUDWH RQ WKH VI



L[

SUREH +RZHYHU WKHLU SDUDOOHOL]DWLRQ DOORZV IRU D
UHFRQILIJXUDWLRQ RSHQ WKH SRVVLELOLW\ WR SHUIRUP PXO'

,Q WKLV WKHVLY D IDEULFDWLRQ PHWKRG IRU 0)0V RI DQ\ VL]
RI DSHUWXUHY LV SUHVHQWHG 7KLV PHWKRG FRYHUV WKH 2
GHVLIQ WR WKH DVVHPEO\ RI PXOWLSROHV 7KH UHVXOWYV Gl
ZLWK DV PDQ\ DV DSHUWXUHV ZLWK D VL]H DV VPDOO DV

0)OV FRXOG EH UHOLDEO\ SULQWHG ZLWKRXW GHIHFWYV DQG
IDEULFDWLRQ PHWKRG LV IXUWKHUPRUH VLPSOH LQH[SHQV

$ VHFRQG VHFWLRQ RI WKLV WKHVLV LQYHVWLJDWH WKH EHV
DUH FRPSULVHG RI D OLPLWHG QXPEHU RI DSHUWXUHV 'LIIHU
WHVWHG 7KH KLJK UHFRQILIJXUDWLRQ SRWHQWLDO RI 0)0OV L
DOORZLQJ WKH VSDWLRWHPSRUDO SXOVH RI FKHPLFDOV RQ

FXOPLQDWHY ZLWK WKH DXWRPDWLRQ RI DQ LPPXQRIOXRUHVE
XVH RI1 0)0V WR DXWRPDWL]H ORQJ WHUP PXOWLVWHS H[SHUL

7KH ODVW VHFWLRQ RI P\ ZRUN LV DQ DOO RXW DWWHPSW DW
UHYROYHV DURXQG WKH XVH RI PRGXODU 0)0 XQLWV WKH PLF
LQ LQGHSHQGHQW FRQILQHPHQW DUHDV 7KLV UHVXOWV D 3L
0)0 7KLV GHYLFH DUFKLWHFWXUH FDQ WKHRUHWLFDOO\ EH H
WHVWHG IRU VIVWHPV IRUPHG RI XS WR SL[HOV 3&'V MXV\
FUHDWH VHTXHQFHV Rl *FKHPLFDO LPDJHV" 7KDW DOORZV \
H[SHULPHQWY ORUHRYHU WKH\ FDQ EH PDGH FRPSDWLEOH

IURP DQ RSHQ VSDFH PLFURIOXLGLF VI\VWHP :H GHPRQVWUDMW
ILOPV LQ D FXVWRP UROO WR UROO VHWXS 7KLV VHFWLRQ R
RSHUDWH ODUJH 3&'V XVLQJ RQO\ WZR SUHVVXUH SXPSV

2YHUDOO WKLV WKHVLVY DLPV DW RIIHULQJ D QHZ ZD\ RI DSS
SUHVHQWHG LQ WKLV WKHVLVY DUH WKH ILUVW UHFRQILJXUD
VSDFH VA\VWHP WR EH XVHG WR DXWRPDWH PXOWLVWHS H[SH

ZRUN RIIHU D SDUDOOHOL]DWLRQ SRWHQWLDO ZKLFK LV XQ
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ORWLYDWLRQ
SHVHDUFK REMHFWLYHYV
'LVVHUWDWLRQ RUJDQLVDWLRQ
&+$37(5 [, 77(5%$785( 5(9,(:
ILTXLG KDQGOLQJ DXWRPDWLRQ
6\VWHP GHQVLILFDWLRQ
ILTXLG KDQGOLQJ PHWKRG
ILTXLG KDQGOLQJ OLPLWDWLRQV
OLFURIOXLGLFV
2SHQ VSDFH PLFURIOXLGLFYV

&KHPLVWURGH

KKK

$WRPLF IRUFH PLFURVFRS\ EDVHG PHWKRGYV

OXOWLSKDVH VA\VWHPV

OLFUR DQG QDQRSLSHWWH
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OLFURIOXLGLF SDWWHUQLQJ
,ONMHW SULQWHU
OLFURFRQWDFW SULQWLQJ
OLFURIOXLGLF SUREH PXOWLSROH

'LUHEW ' SULQWLQJ RI PLFURIOXLGLF V\VWHP
' SULQWLQJ PHWKRGYV
'LUHFW SULQWLQJ XVLQJ 6/%$

OLFURIOXLGLF PXOWLSOH[RU

&+$37(5 352-(&7 29(59,(:

7KH PLFURIOXLGLF PXOWLSROH
7KH PLFURIOXLGLF SUREH YV WKH PLFURIOXLGLE PXO!
OLFURIOXLGLF PXOWLSROH EDVLV
0)0 LQ WKLV WKHVLYV

OXOWLSRODU PLFURIOXLGLF WKHRU\
3RWHQWLDO IORZV
&RQYHFWLRQ GLIIXVLRQ DQG FRQIRUPDO PDSSLQJ

&+$37(5 0,&52)/8,',& 08/7,32/(6 $1' 3,;(/$7(' &+(0,&$/ ',63/$<
)$%5,8%$7,21

&$' GHVLJIQ
"SULQWLQJ DQG SRVW SURFHVVLQJ
"3ULQWHG PLFURIOXLGLF PXOWLSROHYV UHVXOWYV GLYV

&+$37(5 08/7,3/(:$%/( $1' 5(&21),*85%$%/( 0,&52)/8,",&
08/7,32/(6

6FDQQLQJ GHYLFH OLPLWDWLRQV
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J)LUVW H[SORUDWLRQV RI WKH 0)0 FRQILIJXUDWLRQV
OLFURIOXLGLF PXOWLSROH UHFRQILIJXUDWLRQ
SHFRQILIJXUDEOH 0)0 LPPXQRIOXRUHVFHQW DVVD\
'LVFXVVLRQ

&+$37(5 $57,&/( 3,:(/ %%$6(" 23(1 63$&( 0,&52)/8,',&6 )25
9(56%$7,/( 685)$&( 352&(66,1*

%DFNJURXQG LQIRUPDWLRQ
$EVWUDFW
6LIJQLILFDQFH 6WDWHPHQW
,QWURGXFWLRQ
SHVXOWY DQG GLVEXVVLRQ
3L[HOL]HG FKHPLFDO GLVSOD\ FRQFHSW
'LVSOD\ RSHUDWLRQ
'LVSOD\ VWDELOLW\
'LVSOD\ UHFRQILJXUDELOLW\
5RO0 WR 5RO0 DSSOLFDWLRQV
&RQFOXVLRQ
ODWHULDOV DQG OHWKRGV
3&'V IDEULFDWLRQ DQG RSHUDWLRQ
([SHULPHQWDO PHDVXUHPHQWYV
6LPXODWLRQV
BWDELOLW\ $QDO\VLV
5RO0 WR UROO H[SHULPHQW

‘DWD $YDLODELOLW\
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$FNQRZOHGJPHQWYV
&+$37(5 35(6685( %$6(' 3&'
&RPSDULVRQ EHWZHHQ VV\ULQJH SXPSV DQG SUHVVXUH ¢
3UHVVXUH EDVHG 3&' GHVLJQ
5HVXOWY GLVFXVVLRQ
&+$37(5 *(1(5%/ ',6&866,21
'LVFXVVLRQ RQ SURMHFW REMHFWLYHV DQG UHVXOWYV
OXOWLSRODU PLFURIOXLGLF V\VWHP IDEULFDWLRQ
6PDOO 6L]H UHFRQILJXUDEOH PXOWLSROHV
6FDODEOH PXOWLSROH DQG ODUJH VFDOH SL[HODWHG
ILPLWDWLRQV DQG UHFRPPHQGDWLRQV
,QKHUHQW OLPLWDWLRQ RI K\GURG\QDPLF IORZ FRQILC
3&'V DQG 0)0V DUH QRW FRPSDWLEOH ZLWK WKLFN WL\
)DEULFDWLRQ PHWKRG
%XEEOH QXFOHDWLRQ
)OXLG FRPSDWLELOLW\ DQG FORJJLQJ
7RWDO UHFRQILIJXUDWLRQ YV PLQLPXP XVHIXO UHFRQI
&KHFNOLVW WR DFFHVV IXWXUH H[SHULPHQW YLDELOL'
&+$37(5 &21&/86,21
OXOWLSOH[ RSHQ VSDFH PLFURIOXLGLFV DQG WKH W\UD
2XWORRN
5()(5(1&(6

$33(1',&(6
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1,67 2) 7$%/(6

7DEOH (IDPSOH RI FRQIRUPDO WUDQVIRUPDWLRQ WKDW F
VROXWLRQ

/DEOH &RPSDULVRQ EHWZHHQ VI\VWHP RSHUDWHG ZLWK V\I

/fDEOH &RPSDULVRQ EHWZHHQ 0)0 IDEULFDWLRQ PHWKRGYV
HDFK PHWKRG DUH KLIJIKOLJKWHG LQ UHG

7DEOH $ OLFURIOXLGLF PXOWLSROH WUDQVIRUPDWLRQ OLV

/fDEOH & . FRUUHFWLRQ IRU D FRQVWDQW SDWWHUQ ZLGWK
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J)LIXUH OLFURJUDSK RI DQ LQWHJUDWHG IOXLGLF FLUFXL
DGGUHVVDEOH PLFURFKDPEHUV 7KLV V\VWHP FDQ EH RSH
RXWVLGH ZRUOG 5HSURGXFH ZLWK SHUPLVVLRQ IURP 7KRI

)LIXUH $ GURSOHW PLFURIOXLGLF RQ FKLS YLDELOLW\ DVV
$ 'URSOHWYV ZLWK FHOOV DQG G\H DUH JHQHUDWHG % 'U
GURSOHWYV LV PL[HG ' 'HOD\ OLQH ( 6LJQDO PHDVXUHPH
WURX]JHVY DO 31$RS\ULJKW IDWLRQDO $FDGHP\ RI 6F

)LIXUH 7KH &KHPLVWURGH $ 6FKHPDWLF RI WKH FKHPLV\
RI WKH WLS RI WKH FKHPLVWURGH & ([SHULPHQWDO EULJ
ZHWWLQJ D VXUIDFH DQG EHLQJ DVSLUDWHG OGS5HSURGXF
&RS\ULJKW IDWLRQDO $FDGHP\ RI 6FLHQFHYV

)LIXUH $TXHRXV WZR SKDVH V\VWHP $ 6FKHPDWLF RI D

IOXRUHVFHQW PLFURJUDSKV RI D WZR SKDVH V\VWHP XVH

), 7& ODEHOHG 'H[WUDQ RQ D 3(* LPPHUVHG VXUIDFH O5HSU
DO 1DWXUH ODWHULDOV

)LIXUH 9ROWDJH GULYHQ QDQRSLSHWWH IRU UHDJHQW (
GHOLYHU\ % UHDJHQW GHOLYHU\ OS5HSURGXFHG ZLWK ¢
%LRSK\VLFDO -RXUQDO

J)LIXUH JROFKYV UHVHDUFK JURXS SDUDOOHO FKHPRVHQVI
IURP &KDQJ DO /DE &KLS

)LIXUH OLFURIOXLGLF SUREH ZRUNLQJ SULQFLSOH 7KH O]
KDYLQJ DQ LQMHFWLRQ IORZ UDWH ORZHU WKDQ WKH DVSL
D VLGH YLHZ E ERWWRP YLHZ OS5HSULQWHG ZLWK SHUPLV

)LIXUH 7KH KLHUDUFKLFDO 0)3 DQG LWV PRGH RI RSHUDW
*UHHQ DQG EOXH UHVSHFWLYHO\ UHSUHVHQW WKH IOXLG R
GLSROH D $ KLHUDUFKLFDO 0)3 ZRUNLQJ LQ QHVWHG PR



[YL

ZLWK SHUPLVVLRQ IURP 'HODPDUFKH DO 2SHQ 6SD
,PSOHPHQWDWLRQV DQG $SSOLFDWLRQV &KDSWHU :LOF
)LIXUH JORZ OLQHV DQG H[SHULPHQWDO PLFURJUDSK RI

DSHUWXUHYVY E ZLWK VWDELOL]DWLRQ DSHUWXUH 5HSUR
/IDQJPXLU

)LIXUH $ PLFURIOXLGLF TXDGUXSROH VHHQ DV D ' HOHFV
DURXQG IRXU SXQFWXDO FKDUJHV SRVLWLRQHG DV D TXI
IOXRUHVFHQW WUDFHUV XQGHU D PLFURIOXLGLF TXDGUXS
ORGLILHG DQG UHSURGXFHG ZLWK SHUPLVVLRQ IURP 4XDVI

)LIXUH OXOWLOD\HUHG 0)3 IDEULFDWLRQ SURWRFRO XVHG
D PXOWLOD\HUHG 0)3 KHDG E ,OOXVWUDWLRQ DQG VFKH
HWFKHG VLOLFRQ ZDIHU LV ERQGHG WR JODVV D ZDIHU >
SHUPLVVLRQ IURP .DLJDOD DO /DQJPXLU

)LIXUH $ '/3 6/$ ' SULQWHU 7KH LPDJH LV IRUPHG E\ UHIC
VRXUFH JHQHUDOO\ 89 OHG RQ D GLJLWDO PLFURPLUUF
PDJQLILHG E\ D OHQV )RU HDFK OD\HU WKH LPDJH LV SUR
OD\HU WKLENQHVV EHIRUH WKH VXEVHTXHQW OD\HU LV ¢
LQGXVWU\ >KWWSV GSULQWLQJLQGXVWU\ FRP @

)LIXUH 0)0O 6FKHPDWLF $ $ ' VFKHPDWLF RI D 0)0 KHOG R’
0)0 $VSLUDWLRQV DQG LQMHFWLRQV DUH VWUHDPLQJ FR
SDWWHUQV RQ WKH VXUIDFH

)LIXUH 6PDOO UHFRQILIJXUDEOH 0)0 DQG 3&' 7KH WRS UR
ERWWRP URZ LV D VTXDUH SL[HO 3&"' D G OLFURJUDSK R
OLQHV F | )OXRUHVFHQW PLFURJUDSK RI WKH VXUIDFH

YLIXUH 0)0 VWUHDPOLQH D G ([DPSOH RI 0)0 VWUHDPOLQ
RI WKH YHORFLW)\ ILHOG IURP HYHU\ DSHUWXUH H K &RPS
'LSROH E | 4XDGUXSROH FJ S5RWDWLRQDOO\ V\PPHWUL



[YLL

IURP *R\HWWH DO 1DW /&RROXB && %< KWWS FUHDWL
OLFHQVHYV E\

)LIXUH &RQFHQWUDWLRQ SURILOH IURP WKH WKHRUHWLFC
SURILOH IRU D D VHPL LQILQLWH REVWDFOH E D PLFUR
V\PPHWULF 0)0 G D PLFURIOXLGLF TXDGUXSROH )LJIJXUH
&RPPXQ ILFHQVH && %< KWWS FUHDWLYHFRPPRQV F

)LIXUH 6ROXWLRQ RI WKH FRQIRUPDO WUDQVIRUPDWLRC
&RQFHQWUDWLRQ PDSSLQJ IRU D WKH TXDGUXSROH WU
WUDQVIRUPDWLRQ F WKH SRO\JURQDO PXOWLSROH WUI
WUDQVIRUPDWLRQ ORGLILHG DQG UHSURGXFHG ZLWK SHL
JOXLGV

J)LIXUH 'LITHUHQFHYV LQ &%$' FRPSOH[LW\ D 8VHU GHVLJQH
PXOWLSROH E 6FULSW DVVLVWHG PRGHO RI DQ DSHUW X

)LIXUH 6FULSW DVVLVWHG &$' GHVLJQ YLVXDO SURWRFRO
)LIXUH D ORGHO RI D 3&"' ZLWK LQWHJUDWHG PDQLIROG PD
VRIWZDUH 1RWLFH WKDW WKH PDQLIROG LQ UHG DUH

7KH 3&" GHVLJQ IURP D ' SULQWHG E\ 1RUGLQ V JURXS LQ
)LIXUH $vLID 3LFR +' ' SULQWHU

)LIXUH ' SULQWHG 0)0 D DQ SHWDO IORZHU 0)0 E $
DSHUWXUH 3&' 6FDOH EDU UHSUHVHQWV PP

J)LIXUH 0)OV XVLQJ D SRVLWLRQLQJ VV\VWHP DQG DXWRD
PLFURIOXLGLF TXDGUXSROH FRPSDWLEOH ZLWK D SRVLWL
DQG SUREH KROGHU F OLFURIOXLGLF B3UREH SRVLWLRQL(
DXWRDOLJQHPHQW VSDFHUV

)LIXUH 3,9 PHDVXUHPHQWYV RI WKH IORZ XQGHU D ' SULQW
VWUHDPOLQHY XQGHU D PLFURIOXLGLF GLSROH E $YHUDJ
RULHQWDWLRQ DQG PDJQLWXGH RI WKH IORZ XQGHU WKH
6FDOH EDU UHSUHVHQWYV —P



[YLLL

YLIXUH D &RPSDULVRQ EHWZHHQ WKH HQYHORSH RI D PL
GDWD D ' ILQLWH HOHPHQW VLPXODWLRQ DQG WKH DQD
$VSLUDWLRQ WR LQMHFWLRQ UDWLR . HTXDO WR E

GLITHUHQW DVSLUDWLRQV WR LOMHFWLRQ UDWLR 6FDOH E

J)LIXUH D 6FKHPDWLFV RI D IL[HG 0)0 VHWXS 7KH 0)0 LV Sl
ZLWK D JDS FRQWUROOHG E\ WKH DXWR DOLJQPHQW VSDFH
D KROGHU DQG D 0)0 FODPSHG RQ DQ LQYHUWHG PLFURVFR
1DW &RPPXQ /LFHQVH && %< KWWS FUHDWLYHFRPPRQ

J)LIXUH &RPSDULVRQV EHWZHHQ WKH WKHRUHWLFDO PRGHC
VHFWLRQV RI D PLFURIOXLGLF GLSROH +RZ HDFK FURVV V

LOOXVWUDWHG LQ D ZKLOH E | VKRZ WKH FRPSDULV
FRQFHQWUDWLRQ 7KH GLIIXVLYH VSHFLHV XVHG LV 10X
LOQIRUPDWLRQ RI' *R\HWWH DO 1 DIWH@RWRP PE& %<

KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E\

)LIXUH ([SHULPHQWDO VHWXS DQG VLGH E\ VLGH FRPSDUL’
HDFK VXEILIXUH WKH WRS KDOI UHSUHVHQWY WKH WKHRL
KDOI LV D IOXRUHVFHQW PLFURJUDSK RI DQ 0)0 LQMHFWLQ.
E OLFURIOXLGLF TXDGUXSROH F 3RO\JRQDAOORXOBIWLSRC
PXOWLSROH H SHWORZ PXOWIPSROWHLF $V\PPHWULF LPSLC
y 6FDOH EDUV WPSUHWKHMWEWPRGLILHG IURP *R\HWWH D

ILFHQVH && %< KWWS FUHDWLYHFRPPRQV RUJ O

J)LIXUH OLFURIOXLGLF PXOWLSROH JHQHUDWLR® IBRP WK
PLFURIOXLGLF PXOWLSROH E 8VLQJ WKH DVSLUDWLRQ D
PXOWLSROH FDQ EH JHQHUDWHG IURP WKH GLSROH F $ ¢
8VLQJ WKH LQMHFWLRQ DV RULJLQ PLFURIOXLGLF SRO\JRC

YLIXUH 5HFRQILJXUDEOH PXOWLSROH 7KHRUHWLFDO VWU'}
F+G 3RVLWLYH DQG QHJDWLYH VLJQV UHSUHVHQW LQMH
ZLWK URWDWLRQDO V\PPHWU\ E G DSHUWXUH 0)0 ZLW
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UHSUHVHQW P )J)LIXUH PRGLILHG IURP *R\HWMW®VHD& 1
% < KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E\

YLIXUH OLFURIOXLGLF PXOWLSROH GHYLFHV D )OXRUHVEFF
SDWWHUQ RI D U0)0O GHYLFH E *UDSK UHSUHVHQWLQJ WK
FRQILQHPHQW DUHD RI D U0O)0O XVHG DV D FKHPLFDO VWUR
VKRZLQJ GLIIHUHQW FRQILQHPHQW SDWWHUQV PDGH ZL
H[SHULPHQW ODVWLQJ OHVV WKDQ PLQ 6FDOH EDU UHSL
1DW &RPPXQ /LFHQVH && %< KWWS FUHDWLYHFRPPRQ

J)LIXUH JOXRUHVFHQFH PLFURJUDSKV VKRZLQJ GLITHUHQ\
DSHUWXUH WO0)0 GXULQJ DQ H[SHULPHQW ODVWLQJ VHFR

J)LIXUH ,PPXQRDVVD\ H[SHULPHQWY XVLQJ D VWDJJHUHG
'RUNIORZ RI DQ LPPXQRIOXRUHVFHQFH DVVD\ XVLQJ D 0)O0
LV XVHG DV D SHWDO U0O)0 WR LQFXEDWH GLITHUHQW F
DOQOWLERGLHYVY E 'HWHFWLRQ DQWLERGLHYVY LQFXEDWLRQ 7
WKH SUHYLRXV DUHDV ZLWK GHWHFWLRQ DQWLERGLHV F
DSHUWXUH G OS5HVXOWLQJ PLFURJUDSK RI WKH GHWHFWLR
ELQGLQJ FXUYH RI WKH LPPXQRDVVD\ (UURU EDUV UHSUH’
JLIXUH ITURP *R\HWWH DO I1DW /LERREYPHQ && %<
KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E\

J)LIXUH SLIHODWHG &KHPLFDO 'LVSOD\ FRQFHSWV DQG VFk
DSHUWXUH VTXDUH SL[HO 3&' 7KH 3&' LV KHOG RYHU D VDF
IORZ OLQHV E 7KHRUHWLFDO IORZ OLQHV LQ DQ DUUD\ RI
DQG QHIJDWLYH VLIQV UHSUHVHQW LOQMHFWLRQ DQG DVSLL
VFKHPDWLF RI D 3&" 7KH 3&' LV PDLQWDLQHG DW D IL[HG k
VSDFHU SLOODUV )OXLGV DUH LQMHFWHG DQG UHDVSLUDV
VXUIDFH DQG WKH GHYLFH

)LIXUH ([SHULPHQWDO 3&'V )OXRUHVFHQW PLFURJUDSK D'
WULDQJOH SL[HO 3&' DQG F D KH[DJRQDO SL[HO 3&' )OX
FRQILQHG JOREDOO\ XQFRQILQHG G VTXDUH SL[HO 3&' H



[[

SL[HO 3&" J OLFURJUDSK RI D ' SULQWHG SL[HO 3&' GH
RI1 D SL[HO 3&" $00 WKH VFDOH EDUV UHSUHVHQW PP

YLIXUH (IIlHFW RIl FORJJHG DSHUWXUHVY D 6LPXODWLRQ R
DSHUWXUH 7KH FORJJHG DSHUWXUH LV SRLQWHG E\ WKH |
WKH FORJJHG LQMHFWLRQ F *UDSK RI WKH HUURU JHQH
LOQMHFWLRQ LQ IXQFWLRQ RI WKH SRVLWLRQ (UURU ZHUH
0 IROORZV D GHFUHDVLQJ SRZHU IXQFWLRQ RI HTXDWLRQ
GLVWDQFH LQ SL[HO 7KH HUURU 0 LV WKH LQWHJUDO F
JOXRUHVFHQW PLFURJUDSK RI D KH[DJRQ SL[HO 3&' H 7K
DQ LQOMHFWLRQ WXUQHG RIl | $EVROXWH HUURUV UHVXO
IURP G | HTXDO PP

J)LIXUH 3&" UHFRQILJXUDWLRQ D )OXRUHVFHQFH PLFURJUL
ZULWH 33" 32" 3/ DQG %< 6FDOH EDU UHSUHVHQWYV PP
DQG PDQLIROGY XVHG WR SHUIRUP WKH 3&" UHFRQILIJXUDW

)LIXUH 5ROO WR UROO SURFHVVHV XVLQJ D 3&" D 6FKHPCL
ELRSDWWHUQLQJ RI SURWHLQV DQG VLOYHU WKLQ ILOP
VHQVLWL]DWLRQ EDWK ZDV UHPRYHG DQG WKH ILOP ZHQW
UROOV E )OXRUHVFHQW PLFURJUDSK RI WKUHH FRQVHFXW
$OH[D SURWHLQV RQ D SRO\WVW\UHQH ILOP LQ D UROO W
GHSRVLWLRQ SURFHVV RI D ( VKDSH VLOYHU SDWWHUQ RQ
VLOYHU SDWWHUQ RQ D 3(7 ILOP UROO $00O VFDOH EDUV U

)LIXUH BUHVVXUH EDVHG 3&' )OXLGLF FLUFXLW VFKHPDWL
3&" RSHUDWLQJ ZLWK WZR SUHVVXUH UHJXODWRUV 7KH
JHQHUDWRU WKDW IHHGV WKH LQOHW SUHVVXUH RI WKH V
FRQQHFWHG WRIJHWKHU WKURXJK D PDQLIROG )RXU UHDJH
UHJXODWRU %RWK IRU WKH DVSLUDWLRQVY DQG WKH LQM|
IODVN DQG WKH 3&' VHUYH DV SUHFLVLRQ K\GUDXOLF UHVL
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J)LIXUH JOXRUHVFHQW PLFURJUDSK RI SUHVVXUH EDVHG 3
SL[HOV % $ SL[HO 3&' 7KLV 3&' LV RUJDQL]HG DV J
PDQLIROGYV SUHVHQWHG LQ )LIJXUH
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33 7ZR SKRWRQ SRO\PHULVDWLRQ
$)0 $WRPLF IRUFH PLFURVFRS\

$/+ $XWRPDWHG OLTXLG KDQGOLQJ
%6 $ %RYLQ VHUXP DOEXPLQ

&$' &RPSXWHU DVVLVWHG GHVLJQ
&29, &RURQDYLUXV GLVHDVH

'3 'LILWDO OLJKW SURFHVVLQJ

0" 'LJLWDO PLFURPLUURU GHYLFH
'1$ '"HR[\ULERQXFOHLF DFLG

'31 'LS SHQ OLWKRJUDSK\

‘5, ( '"HHS UHDFWLYH LRQ HWFKLQJ

(5 (VWURJHQ UHFHSWRUYV

)'0 )XVHG ILODPHQW GHSRVLWLRQ
),7& JOXRUHVFHLQ LVRWKLRF\DQDWH
+&0 +\GURFKORULF DFLG

4+ +LJK GHILQLWLRQ

+(5 5HFHSWRU W\URVLQH SURWHLQ NLQDVH HUE%
+)& +\GUDXG\QDPLF IORZ FRQILQHPHQW
)& ,QWHJUDWHG IOXLGLF FLUFXLW
S+ & ,PPXQRKLVWRFKHPLFDO

2+ 3RWDVVLXP K\GUR[LGH

/&' /ILTXLG FULVWDO GLVSOD\
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12' /ILPLW RI GHWHFWLRQ

0)0 OLFURIOXLGLF PXOWLSROH

0)3 OLFURIOXLGLF SUREH

3%6 SKRVSKDWH EXIIHUHG VDOLQH

3&' SLIHODWHG FKHPLFDO GLVSOD\
3&5 3RO\PHUDVH FKDLQ UHDFWLRQ
3'06 SRO\GLPHWK\OVLOR[DQH

3(* SRO\HWK\OHQH JO\FRO

3(7 SRO\HWK\OHQH WHUHSKWKDODWH
3.9 SDUWLFOH LPDJH YHORFLPHWU\

3- SRO\MHW

35 3URJHVWHURQH UHFHSWRU

36 SRO\WW\UHQH

5*% SHG JUHHQ EOXH

uo)o SRWDWLRQDOO\ VIPPHWULF PXOWLSROH
6/% VWHUHROLWKRJUDSK\

Wo0)O0 7TUDQVODWLRQDOO\ VI\PPHWULF 0)0

89 SOWUDYLROHW
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$SSHQGL[ $ ILVW Rl FRQIRUPDO WUDQVIRUPV DQG WKH C
PLFURIOXLGLF PXOWLSROHYV

$SSHQGL[ % &KHPLFDO VWURERVFRSH IORZ UDWH FRUUHFWL
$SSHQGL[ & B5HFRQILIJXUDEOH 0)OV HIWHQGHG GDWDVHW

$SSHQGL[ LPPXQRIOXRUHVFHQW EDFNJURXQG FRPSDULVRC
DUHD

$SSHQGLJ[ ( 6XSSOHPHQWDU\ ,QIRUPDWLRQ 3L[HO EDVHG F
VXUIDFH SURFHVVLQJ

$SSHQGL[ ) /LVW RI FRQWULEXWLRQ



&+$37(5 ,1752'8&7,21

ORWLYDWLRAQ

/ILTXLG KDQGOLQJ LV DW WKH KHDUW RI DQ\ OLIH VFLHQFH U
KXQGUHGV RI W\SHV RI DVVD\V H[LVW DQG PRVW GHSHQG RC
LPSRUWDQFH PRVW RI WKH OLTXLG KDQGOLQJ LV VWLOO SHLU
VLQFH /RXLV 3OKWHDOUWRPDWLRQ ERRP ZH KDYH VHHQ LQ Wl
LQFUHDVHG WKH OLTXLG +RYMHET O UQ D W KNUKRXIK S XWWHPV RULJL
bw WKH PDFURVFDOH DUH PRGLILHG WR ZRUN ZLWK LQFUHDYV

ObQ\ UHVHDUFKHUV KDYH SRVWXODWHG WKDW WKH IXWXUH

PLFURIOXIOGEBRIOXLGLFV WKHRUHWLFDOO\ DOORZV IRU IDVWI
VPDOO GLIIXVLRQ OHQJWK 6 RHAHG UHNV IFDBBRVARWHRBYX WKURXJK
QRWDEO\ KLIJIK WKURXJKS X GURBOHINW PWHWGR I OXWU B VRRRIZU DXL
WKH SRWHQWLDO RI PLFURIOXLGLFV IRU QH[W JHQHUDWLRQ C

+RZHYHU FXUUHQW PLFURIOXLGLF V\VWHPV ODFN FRPSDWLE
VI\VWHPYVY EDVHG RQ FLUFXLWV RI FKDQQHOV DQG FKDPEHUV J
WKH V\VWHPV W LV SUREOHPDWLF DV D ORW RI VDPSOHV XV
GLVKHV WLVVXH VOLFHV RU SURWHLQ DQG '1$ DUUD\V ,Q VR
VI\VWHP VXFK D VKHDU VWUHVYV VHQVLWLYH FHOOV ,Q RWKH
WKH VDPSOH ZKLFK ZRXOG OHDG WR WKH ORVV RI VSDWLD¢
LPSDFWV WKH VWDQGDUG DVVD\ SURWRFROV DQG DGG D EDU!

$ VXEILHOG RI PLFURIOXLGLFV RSHQ VSDFH PLFURIOXLGLFV
RSHUDWH RQ RSHQ VXUIDFHV 'LITHUHQW LGHDV HPHUJHG OLI
PLFURVFRS\ $)0 WLSV WR R WK Y D¥XWH ZRIWKX O WQS@H BT YWHKRIX \
PRVW YHUVDWLOH DQG SUROLILF PHWKRG 088 H VHLQEVEHGWLKH L\
LQWURGXFWLRQ LQ E\ 'DYLG -XQFNHU DQG ,%0 UHVHDUFK
WKLV GHYLFH 0)3V KDYH EHHQ XVHG WR SURFHVV SODQDU
ELRSDWWHLRPDQURKLVWRFKH P RO VRWD\ISQ EQV MIQFG \SLHQIIG M LARH.
O\WLV DQG DIFRIQYVYW PDQ\ PRUH 7KHVH GHYLFHV XVH K\GU
+)& WR SUHFLVHO\ FRQWURO IOXLG XQGHU WKHLU WLS 7R



VFDQQHG RYHU WHWSVYWHBIDHKH DPRXQW RI ZRUN RQ 0)3 LQ W
0)3V UHPDLQ H[WUHPHO\ OLPLWHG LQ WHUPRURR WHKWH L ¥ FBXQ)
0)3V FDQ EH XVHG WR SHUIRUP H[SHULPHQWY ZLWK WLPH VFD
ZLWK ORQJ ODVWLQJ RU SDUDOOHOL]J]HG H[SHULPHQWYV

7KH REMHFWLYH RI WKLV WKHVLV LV WR EULGJH WKH JDS El
PLFURIOXLGLF V\VWHP DQG RSHQ VSDFH PLFURIOXLGLF V\VV
VWDUWLQJ SRLQW QHZ V\VWHP DUFKLWHFWXUHV DUH GHVLJ
SDUDOOHOL]DEOH RSHQ VSDFH GHYLFHV WKDW FDQ SHUIRUF
VXUIDFHV 7KH GHYLFHV SUHVHQWHG LQ WKLV WKHVLV DUH P
Rl WKH PLFURIOXLGLF SUREH WKDW RSHUDWH RQ WKH VDPH I
WR DQ\ QXPEHU RI IORZ DSHUWXUHV 7ZR PDLQV DSSURDFK
UHFRQILIJXUDWLRQ DUH LQYHVWLJDWHG 7KH ILUVW RQH IRFX
WKHLU XVH LQ PXOWLVWHS H[SHULPHQWY EDVHG RQ FRQILQH
WKDW DUH ZHOO DGDSWHG IRU H[SHULPHQWY UHTXLULQJ D «
VHFRQG SKDVH D VFDODEOH 0)0 DUFKLWHFWXUH WKH 3L[HO
3&'V DUH KLJKO\ PXOWLSOH[DEOH RSHQ VSDFH V\VWHPV ZKL
KXQGUHGV Rl LQGHSHQGHQW IOXLG FRQILQHPHQW DUHDV
UHFRQILJXUHG 3&'V RIIHU D QHZ OLTXLG KDQGOLQJ DOWHUQ
FORVHG PLFURIOXLGLF V\VWHPYV

SHVHDUFK REMHFWLYHYV

/7KLY GLVVHUWDWL MR FIHYHRBREMHFHFWILVKUWDFH FRPSDWLEOH P
DUH UHFRQILJXUDEOH SDUDOOHMHVBEDHZ DWYGVBRWRRBRWO & CE
FRPSDWLEOH ZLWK LPPHUVHG VXUIDFH DQG FRPSDWLEOH ZLW
VFLHQFH ORUHRYHU WKH VKHDU VWUHVV WR ZKLFK WKH\ H[S
FRPSDWLEOH ZLWK FHOO WLVVXHV 7KLV WKHVLV DLPV DW FRK
FKDUDFWHUL]DWLRQ RI WKRVH GHYLFHV 7KLV SURMHFW FDQ

'HYHORS D UREXVW DQG YHUVDWLOH PHWKRG WR IDEULFI



7KH ILUVW REMHFWLYH LV WR GHYHORS D UHOLDEOH IDEULF
PHWKRG VKRXOG DOVR EH YHUVDWLOH DQG DOORZV WKH WH)\
WKH VEFLHQWLILF LQWHUHVW Rl WKH VHFRQG DQG WKLUG REN
HVVHQWLDO WR DQ\ H{SHULPHQWDWLRQ RQ PLFURIOXLGLF PX
VWHSV 7R EHJLQ DQ HIILFLHQW PHWKRG WR JHQHUDWH Wt
GHYHORSHG 7KLV LV IROORZHG E\ WKH GHYHORSPHQW RI D IC
SULQWLQJ )LQDOO\ ' SULQWHG 0)OV DUH HYDOXDWHG

'HVLIJQ WHVW DQG FKDUDFWHUL]H PXOWLSOH[HG RSHQ
DSHUWXUHYV

7KH VHFRQG DQG WKLUG REMHFWLYHV DUH ERWK DW WKH FRL
FRQFHSWLRQ DQG HYDOXDWLRQ Rl SDUDOOHOL]DEOH RSHQ V.
REMHFWLYH LV OLPLWHG WR WKH GHVLJQ DQG HYDOXDWLRQ
UHFRQILJXUDEOH 0)0 ZLWK D OLPLWHG QXPEHU RI DSHUWXUH
GHJUHH RI PXOWLSOH[LQJ DQG UHFRQILIXUDWLRQ ZKLOH UHF
REMHFWLYH DLPV DW PRUH WKDQ VLPSO\ GHVLJQLQJ VPDOO V
WR PD[LPL]JH WKH PXOWLSOH[LQJ DQG UHFRQILJXUDWLRQ OR
HYDOXDWHG 7KH ODVW PDMRU VXE REMHFEWLYH LV WKH VKRZ
D VPDOO UHFRQILJXUDEOH 0)0

'HVLIJQ WHVW DQG FKDUDFWHUL]H D VFDODEOH DQG
PLFURIOXLGLF VA\VWHP

/KH WKLUG REMHFWLYH LV WKH GHVLJQ RSHUDWLRQ DQG F
VSDFH PLFURIOXLGLF GHYLFHV )RU WKLV REMHFWLYH ILQG
LQGHSHQGHQWO\ RI WKH PLFURIOXLGLF PXOWLSROH VL]H LV
VFDODEOH GHYLFHV WKDW DOORZV WKH WHVVHOODWLRQ RI
FRQILQHPHQW DUHDV $IWHU D ODUJH VFDOH DUFKLWHFWXU
UHFRQILIJXUDEOH 0)0 VIVWHPV LV GHPRQVWUDWHG



'LVVHUWDWLRQ RUJDQLVDWLRQ

7KLV WKHVLV VWDUWYV ZLWK D OLWHUDWXUH UHYLHZ RQ OLTX
DQG WKH GLUHFW " SULQWLQJ RI PLFURIOXLGLF V\VWHPV &
RYHUYLHZ WKDW H[SODLQV WKH 0)0 EDVLFV DV ZHOO DV FR
&KDSWHUV WR DUH WKH KHDUW RI WKLV UHVHDUFK SURMFE
&KDSWHU SUHVHQWYV WKH VPDOO UHFRQILIJXUDEOH 0)0V &K
SXEOLVKHG DUWLFOH W FRYHUV WKH GHVLJQ IDEULFDWLRC
VFDODEOH RSHQ VSDFH PLFURIOXLGLF GHYLFHV &KDSWHU

GLVSOD\V WKDW UHO\ RQ SUHVVXUH SXPSV DQG WKH LPSOLF
JHQHUDO GLVFXVVLRQ DQG FKDSWHU SUHVHQWY WKH FRQ
$SSHQGL[ $ FRYHU WKH FRQIRUPDO PDSV WKDW FDQ EH XVHG
$SSHQGL[ % & DQG ' SUHVHQW VRPH GHWDLOHG LQIRUPDWL
HISHULPHQWYV $SSHQGL[ ( LV WKH VXSSOHPHQWDU\ LQIRUPI
FKDSWHU $SSHQGL[ ) LV D OLVW RI WKH SXEOLFDWLRQV WK



&+$37(5 /,77(5%$785( 5(9,(:

ILTXLG KDQGOLQJ DXWRPDWLRQ

JLTXLG KDQGOLQJ DXWRPDWLRQ KDYH EHFRPH XELTXLWRXV L
LQ GUXJ VFUHHQLQJ DQG GHYHORSPHQW 'UXJ VFUHHQLQJ FD«
RI FRPSRXQGV WR ILQG RQH FRQVLGHKHGHWRIEH WKUHFQHQW
HQG RI WKH VSHEWUXP LW LV IDU IURP WKH RQO\ GRPDLQ Zk
$ ORW RI OLIH VFLHQFH SURFHVV DQG DVVD\ DUH H[WUHPHO\
7KH &RYLG LV D EHDXWLIXO H[DPSOH RI KRZ OLTXLG KDQGO
ODUFK RYHU &29,"  WHVW ZHUH SHUIRUPHG HDFK
DXWRPDWHG OLTXLG KDQGOLQJ

6\VWHP GHQVLILFDWLRQ

7KH QHHG IRU KLJK WKURXJKSXW V\VWHP KDV OHG WR DQ
'"HFUHDVLQJ WKH YROXPH RI WKH DVVD\ LPSRUWDQWO\ GHFUH
DVVD\ YROXPH KDYH JRQH IURP —/ LQ D ZHOQWs @ BWGBIGW R
KRZHYHU EH D PLVWDNH WR FRQVLGHU WKH WUDQVLWLRQ IUF
PLOQLDWXULVDWLRQ OXOWLSOH IDFWRUV DUH FKDQJLQJ VXF
DUH D ORW PRUH YXOQHUDEOH WR VXUIDFH HIITHFWV DGKHVL
ZKLFK VRPHWLPHY OHDG WR HGJH HIIHFW VLGH ZHOO SODWH
WKH FHQWHU RDWKKIQFOUWWEHY HVSHFLDOO\ ZLWK QRQ KRPRJH
GLIILFXOW WR DFKLHYH DV WEKHVERHRIOGYROIPRJIGLPRYQWKRIY F |
ZHOO GXULQJ ZDVKLQJ VWHSY DOVR LQFUMNDWHW WAR WHK HSZI5
EHFRPH PRUH DQG PRUH LQHIILFLHQW LQDFFXUDWH DQG LQI
LPSDFW RI GHFUHDVLQJ ZHOO VL]HV EULQJV XV WZR WR VLP
GHFUHDVH ZHOO YROXPH LQGHILQLWHO\ DV PDMRU SK\VLFDO
WKDW OLTXLG KDQGOLQJ LV D PHUH URERWL]DWLRQ RI KXPDC
HIFHOOHQW OHWWHU WR WKH HGLWRU OF&O\PRQW DQG )UH
DQWKURSRPRUSKRFWKRGY XVHG E\ SHUVRQ WR ZRUN ZLWK
DOO WR URERWLVHG KLJK WKURXJKSXW VROXWLRQV



ILTXLG KDQGOLQJ PHWKRG

KLOH OLTXLG KDQGOLQJ PLIKW ORRN VLPSOH DIWHU DOO LW
LW LQ DQ RWKHU UHVHUYRLU DQG LV RIWHQ RYHUORRNHG D
LQ WKLV FDVH EHWZHHQ SLSHWWH YV DFRXVWLF PHWKRGYV
VLIQLILFDQWO\ GLIISARIGNAVE HUHWXIOWNKDW OLTXLG KDQGOLQJ
ELRPHGLFDO UHVHDUFK XQGHUVWDQGLQJ WKH LPSOLFDWLR(
LPSRUWDOQFH

SLSHWWH EDVHG PHWKRGV DUH WKH PRVW NQRZQ DQG XVHG
ORZ VXUIDFH WHQVLRQ ORUHRYHU LPSUHFLVLRQ IURP WKH ¢
bvvD\V GHFUHDVHV 3LSHWWH EDVHG PHWKRB VODRHNVDONLR 5
UHVHDUFK RQ RWKHU GHOLYHU\ PHWKRG VXFK DV DFRXVWLF
VXFK DV /IDEF\WH HFKR XVH D WUDQVGXFHU WR SURMHFW Q
WR D WHVW ZHOO SODWH ZKLFK LV SRVLWLRQHG XSVLGH

VRXQGZDYBRPH V\VWHPV FDQ SURMHFW GURSOHWYV DV VPDC
SRVVLEOH LQ EHWZHHQ ZHOO VLQFH QR WLS RU QR]]JOH LV VK
KDQGOLQJ RGNWLRW V\VWHPV ZLWK GLIITHUHQW DFWXDWLRQ

SLHIRHOHFWULF DFRXVWLF RWDHIOHFEIWWKWWB WRHFWK®R GYD W X
FKDUDFWHULVWLFY DQG FRPSDWLELOLW\ ZLWK GLITHUHQW VR
LQ WKH KXQGUHGV RI SLFROLWHU UDQJH %RWK DFRXVWLF (
XQSUHFHGHQWHG SUHFLVLRQ LQ UHOLDELOLW\ LQ KLJK WKU
UHPRYH IOXLG I[URP D ZHOO DQG ERWK WKHVH VWLOO GHSHQ

ILTXLG KDQGOLQJ OLPLWDWLRQV

'HVSLWH DGYDQFHYV LQ DXWRPDWHG OLTXLG KDQGOLQJ DYDL
DYDLODEOH VROXWLRQV DUH PRVWO\ FRPSDWLEOH ZLWK ZHC
SRVVLELOLW\ WR FUHDWH FKHPLFDO JUDGLHQW 5DSLG FKD
LPSRVVLEOH GXH WR VORZ ZDVKLQJ VWHSVY ORUHRYHU URER
SDUWV DQG EHFRPH LQFUHDVLQJO\ FRPSOLFDWHG DV WKH Z}I
WKDW ZKLOH KLJK WKURXJKSXW DQG SDUDOOHOLVDWLRQ LV



IOXLG UHPDLQV DQ LQKHUHQWO\ VHULDO SURFHVV ORUH DQC
LV LPSRVVLEOH WR JHW D SXUHO\ SDUDOOHO DQG VFDODEOH

KLOH WUDGLWLRQDO OLTXLG KDQGOLQJ DXWRPDWLRQ V\VWFE
Rl SDuUDGLJP LV QHHGHG WR DOORZ IXUWKHU PLQLDWXULVE
IOH[LELOLW\ OLFURIOXLGLF RIIHU D ZD\ RXW RI WKLV 3W\UD
4XDNH LQ KLV DGGUHVYV DW WKH 1REHO 6\PSRVLXP

OLFURIOXLGLFV

OLFURIOXLGLFV LV WKH VFLHQFH DQG WHFKQRORJ\ RI IOXLG |
WKH PLFURPHWHU VFDOH EHKDYH GLIIHUHQWO\ WKDQ DW WK
WKDW VRPH IRUFHV OLNH YLVFRVLW\ DQG VXUIDFH WHQVLRQ
EHFRPH GRPLQDQW D WK W H DR/L WKRIVEDOHWWH DQG ZHOO EDVH
GHVLJQHG DW WKH PDFURVFDOH DQG DUH DIIHFWHG E\ WKLV |
DUH EXLOW WR RSHUDWH DW WKLV VFDOH OLFURIOXLGLF V\\
DQG VDPSOH DQG RIIHU IDVWHU UHDFWLRQ G\QDROW LGOH W
UHVHDUFKHUV DUH VHHLQJ PLFURIOXLGLF V\VWHPV DV WKH
KDQGOLQJ VI\VWHP

OLFURIOXLGLF KDYH HYROYHG LQWR SOHQW\ RI VXEILHOGYV
GLDIJQRVWLFV WR KLJK WKURXJKSXW DQDO\VLV 7KLV OLWHUL
IRU KLIJIK WKURXJKSXW DSSOLFDWLRQV $UJXDEO\ WKH PRVW
WKH GHVLJQ DQG IDEULFDWLR@RRBI4X'DN B YBOWXYH YQG WYHR/HL L
LQWHIJUDWHG IOXLGEZRGGURARWNHQJEVRULILQDO FLUFXLW FRC
YDOYHV WKDW FRXOG DGGUHVV RYHU D WKRXVDQG VXEQD
FRUQHUVWRQH IRU PLFURIOXLGLF PXOWLSOH[LQJ DV LW LQW
XELTXLWRXV LQ PLFURIOXLGLFYVY DQG D PLFURIOXLGLF PXOWI
QXPEHU RI OLQHYVY DQG FKDPEHUV IURP D VPDOO QXPEHU RI
JOXLGLJIP ,QF D PDMRU SXEOLF PLFURIOXLGLF SOD\HU WK
LQWHIJUDWHG IOXEGLKDWWWHQWVH WKHQ EHHQ XVHG IRU DSSO
3&5 DQG GUXJ VFUHHQLQJ



)LIXUH OLFURJUDSK RI DQ LQWHJUDWHG IOXLGLF FLUFXL
DGGUHVVDEOH PLFURFKDPEHUV 7KLV VI\VWHP FDQ EH RSHUD\
ZRUOG 5HSURGXFH ZLWK SHUPLVVLRQ IURP 7KRUVHQ DO ©6

$ GLIIHUHQW DSSURDFK WR KLJK WKURXJKSXW PLFURJOXLGL
WKHVH W\SHV Rl GHYLFHVY WKH VDPSOHV WKH UHDJHQWYV DQ
WKDW WUDYHO LQ D FDUULHU RLO IOXLG 7KHVH V\WWHPV FI
JHQHUDWHG DW XSRBRHWW]FDQ EH PHUJHG WR FRQWURO FKH
PLQLPL]HV WKH VKHDU VWUHVVY RQ WKH VDPSOH DQG LQVXUH
PLFURIOXLGLF VI\VWHPV DUH PDLQO\ NQRZQ WRGENLQUOG FH
VFUHHQLQJ



B C D =

Gd V~
Live Dead

°® 9> RR > 6 >

&

488nm 555nm

W — 50um e — D -
@) )
LS
%/m w Q
. / Laser Sllt
4 -
D /{: = - : L
[ Ve

)LIXUH $ GURSOHW PLFURIOXLGLF RQ FKLS YLDELOLW\ DVV
$ 'URSOHWV ZLWK FHOOV DQG G\H DUH JHQHUDWHG % 'UR
GURSOHWYV LV PL[HG ' 'HOD\ OLQH ( 6LJQDO PHDVXUHPHQW

DO 31%6 &RS\ULJKW 1IDWLRQDO $FDGHP\ RI 6FLHQFHYV

ORVW PLFURIOXLGLF V\VWHPV OLNH WKRVH SUHVHQWHG LQ
FRQILQH UHDJHQWY DQG VDPSOHV 7KH\ DUH QRW D YLDEOH
GHVLJQ D PXOWLSOH[HG VIVWHP WKDW FDQ RSHUDWH GLUHF\
VIVWHPV WKDW FDQ RSHUDWH RQ VXUIDFHV DUH WKH DLP R
PLFURIOXLGLFV WKDW ZLOO EH WKRURXJKO\ FRYHUHG LQ WK
QRZ FRQWUDU\ WR FODVVLF PLFURIOXLGLF VIVWHPV QR KLJK
H[LVWYV

2SHQ VSDFH PLFURIOXLGLFV

2SHQ VSDFH PLFURIOXLGLFYVY UHVHDUFK FRPHV IURP WKH GH
IXQFWLRQDOL]H SDWWHUQ RU WDNH PHDVXUHPHQWYV RQ LP
V\VWHPVY DUH EDVHG RQ LQWULFDWH FLUFXLWV RI FKDPEHUV
WR EH LQVHUWHG LQ WKH GHYLFH 7KLV FRPHV ZLWK D YDULLI
VLIH RI WKH VDPSOH DQG WKH SUHVHQFH RI KLJK VKHDU VWU



WKHVH VIVWHPV XVXDOO\ GLVUXSW WKH VWDQGDUG SURWRF
DGRSWLRQ

2SHQ VSDFH PLFURIOXLGLF V\VWHPV DUH GHVLJQHG WR ZRU
VDPSOH LQ WKH V\VWHP WKH\ LQWHUDFW ZLWK LWV VXUIDFH
DOO IRUVDNH WKH XVH RI FKDQQHOV DQG FKDPEHUV 7KHLU |
WR ZRUN ZLWK VDPSOH FRPPRQ LQ OLIH VFLHQFHV VXFK DV
'1$ PLFURDUUD\V DQG SURWHLQ PLFURDUUD\V .DLJDOD DO
RSHQ VSDFH VA\VWHP UHTXLUHPHQWYV

x 1RQ LQYDVLYH SUHIHUDEO\ ZLWKRXW FRQWDFW

Xx RUN LQ LPPHUJHG HQYLURQPHQW

X %LRFRPSDWLEOH FRPSDWLEOH ZLWK S+ WHPSHUDWXUH
X JOH[LEOH ZRUN DW YDULRXV IORZ UDWH DQG VXUIDFH G|
X ,QWHUDFWLYH JLYH IHHGEDFN RU DOORZ OLYH PHDVXUH

KLOH QRW DOO RSHQ VSDFH PLFURIOXLGLF GHYLFHV SRVVHYV
LGHD RI VI\VWHP VSHFLILFDWLRQV LQ WKLY UHVHDUFK ILHOG

&KHPLVWURGH

7KH FKHPLVWURGH LV DQ RSHQ VSDFH PLFURIOXLGLF GHYLFH
DW FUHDWLQJ WKH FKHPLFDO HTXLYDOHQW RI D PLFURHOHFW
FKHPLFDOO\ VWLPXODWH D VDPSOH DOORZ D VPDOO UHDFWL
UHVSRQYBHXUH 7TKH FKHPLVWURGH LV D GURSOHW PLFURI
KHDG ZLWK WZR LQWHJUDWHG FKDQQHOV 2QH RI WKHP LQMH
FUHDWH D FKHPLFDO VWLPXOXV 7KH RWKHU DSHUWXUH DVS
PLIHG ZLWK IOXRUHVFHQW PDUNHUV DQG DQDO\|HG 7KH FKH
SXOVHV DV VKRUW DV PV DQG DV D VSDWLDO UHVROXWLRQ
DQG WKH FKHPLFDO VLJQDO RI LQGWHBK \GM APX/DW H HV KHS UGRHS[K
GHYLFH
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*analysis reagents

method 1

)LIXUH 7KH &KHPLVWURGH $ 6FKHPDWLF RI WKH FKHPLV\
RI WKH WLS RI WKH FKHPLVWURGH & ([SHULPHQWDO EULJKW
D VXUIDFH DQG EHLQJ DVSLUDWHG 5HSURGXRBGUILIKRY &KHQ
IDWLRQDO $FDGHP\ RI 6FLHQFHV

$WRPLF IRUFH PLFURVFRS\ EDVHG PHWKRGYV

$WRPLF IRUFH PLFURVFRS\ $)0 KDV EHHQ XVHG IRU VXUIDFH
SHQ OLWKRJUDSK\ '31 FRQVLVWY LQ XVLQJ WKH #KWHWLS D
UHVROXWLRQ RI VXFK V\VWHP LV H[FHOOHQW D IHZ QDQRP
LPPHUVHG VXUIDFH 7R FLUFXPYHQW WKLV SUREOHP =DPEHQ
LQ 7KH )OXLG)0O LV D PRGLILHG $)0 WLS ZLWK DKM URFI
PLFURFKDQQHO DOORZV WKH )OXLG)0 WR ZRUN RQ LPPHUVHG
7TRSRIJUDSKLF GDWD IURP WKH $)0 DOORZV D SUHFLVH DQG G
)OXLG)0 KDV EHHQ XVHG WRIPRWRLEHOHREFPOAOQWUDFHOOXOC
FKHPLFDO UHDIJHQWXEGBPLYMW SURPLVLQJ RSHQ VSDFH PLFUI
FHOO DQDO\VLYVY +RZHYHU LW LV QRW XVHIXO IRU ODUJH VXU

OXOWLSKDVH VA\VWHPV

7KH XVH RI D PXOWLSKDVH V\VWHP LV D UHODWLYHO\ VLPSOH
VXUIDFH SUHVHQWHG EKH/ PPDLQDLGHBD LV WR LPPHUVH WKH
SRO\HWK\OHQH JO\FRO 3(* DQG WR LQMHFW D GH[WUDQ PL][



ZKHUH SDWWHUQLQJ LV UHTXLUHG 'H[WUDQ DQG 3(* DUH ER'
KDV D KLJKHU GHQVLW\ DQG DOZD\V RFFXS\ WKH ORZHU SKD
7KLV PHWKRG ZDV VXFFHVVIXOO\ XVHG WR SHUIRUP ORFDOL]F

a

J)LIXUH $TXHRXV WZR SKDVH V\VWHP $ 6FKHPDWLF RI D
IOXRUHVFHQW PLFURJUDSKV RI D WZR SKDVH VA\VWHP XVHG V
ODEHOHG 'H{fWUDQ RQ D 3(* LPPHUVHG VXUIDFH 5HSULQWHG =
ODWHULDOV

OLFUR DQG QDQRSLSHWWH

OXOWLSOH YDULDQWVY RI PLFUR DQG QDQRSLSHWWH KDYH EH
UHVHDUFK SURMHFW FRQFHUQ SLSHWWHV LQ ZKLFK WKH LQM
E\ DQ HOHFWULFDO SRWHQWLDO %\ FKDQJLQJ WKH SRWHQWL
DQG WKH IOXLG LPPHUJLQJ WKH VXUIDFH I0OXLBKHNV® & MVMQHWPH
FDQ DOVR EH XVHG WR GR VFDQQLQJ LRQ PLFURVFRS\ ZKL
WRSRJUDSK\ 7R GR WKLV WKH YROWDJH LV KHOG FRQVWDQV
IOXLG LV PHDVXUHG 9ROWDJH WULJJHUHG QDQRSLSHWWHV ¥
DV WKH GHIRUPDWLRQ PHDVXUH PIHQMQG RS UFDWIGILQ IV R URB F\M HSA
VLQJOH PROHFXOH |0 XRYG \L DMQFHF WOOXS®DQJUHDIHQW LQMHF



2ZWKHU UHVHDUFK SURMHFWY KDYH IRFXVVHG RQ SUHVVXUH
XVHG WR VDPSOH LQWUDFHOOXODU FRQWGKQW XIR UD © D \&\W HASHH
GLITHUHQW DSSURDFK ZLWK D GXO BSHBE Q/AMMH PADRU KY/IHGH WA
VHOHFWLYH O\WLV RI FHOOV 2QH FKDQQHO LQMHFWHG O\VLV

A pipet in control B voltage pulse
Uu=+05V for delivery
= no delivery

U=+05V —-I i_
==10V

0.1-0.5s

Feedback
loop

J)LIXUH 9ROWDJH GULYHQ QDQRSLSHWWH IRU UHDJHQW
GHOLYHU\ % UHDJHQW GHOLYHU\ 5HSURGXFHG ZLWK SHUPL
-RXUQDO

OLFURIOXLGLF SDWWHUQLQJ

$ VXUIDFH SDWWHUQLQJ PHWKRG XVHG E\ PDQ\ UHVHDUFK JUF
PHWKRG XVHV DUUD\V RI RSHQ PLFURIOXLGLF FKDQQHOV WK
WUHDW 7KH VDPSOH LV XVHG DV D IRXUWK ZDOO WR FORVH
FKDQQHOV WR SDWWHKILPD AV IPH FWURUODAMK LF SDWWHUQLQJ LV C
PLFURIOXLGLF PHWKRG LW DFKLHYHV VLPLODU VXUIDFH SDW!'
OLFURIOXLGLF FKDQQHO SDWWHUQLQJ KDV PDLQO\ EHHQ X
DOWLERGMHXDY DOVR EHHQ XVHG IRU LPPXQRKLVWRBRIBPLFD(
LQ VLWX K\EUIQGGLVDWLWROBULDQW RI WKLV V\VWHP ZDV SUHVHQ
GLIITHUV IURP SUHYLRXV E\ XVLQJ D SRURXV PHPEUDQH WR F(
FRQILIXUDWLRQ WKH VDPSOH LV SRVLWLRQHG RQ WKH WRS R
IRU WKH SDUDOOHO SHUIXVLRQ RI WXPRU [HQRJUDIWV ZLWK
YLDELOLW\ PIDIXNHU YV 7KH SDUDOOHO SHUIXVLRQ RI WXPRU



DSSOLFDWLRQV IRU PXOWLSOH[HG RSHQ VSDFH V\VWHPV D F
0)0 FRXOG EH LQWHUHVWLQJ

’ | | Sytox Green
.
17-." -13

J)LIXUH JROFKYV UHVHDUFK JURXS SDUDOOHO FKHPRVHQVI
IURP &KDQJ DO /DE &KLS

,(QNMHW SULQWHU

,QNMHW SULQWHUV DUH JHQHUDOO\ QRW FRQVLGHUHG RSHQ
RQH RI WKH PRVW SURPLQHQWO\ XVHG GHYLFHV IRU VXUIDFH
WKLY OLWHUDWXUH UHYLHZ WKH GLVWLQFWLRQ ZLWK RSHQ
ZLWK LPPHUVHG VXUIDFH ,QNMHW SULQWHUV DUH V\VWHPV \
VXUIDFHV 7KH\ FDQ EH RSHUDWHG LQ GURS RQ GHPDQG RU
DFWXDWLRQ PHFKDQLVPV H[LVW VXFK DV S1KHRARFPSEWILIEAR OW
UHDJHQW YDULHYV JUHDWO\ GHSHQGLQJ RQ WKH PHFKDQLVP X
LOQNMHWY UHTXLUH WKHUPDOO\ VWDEOH LQN DQG FDQYW EH
QDQRGURSOHW GHSRVLWHG RQ VXUIDFHVY DUH YXOQHUDEOH
HIWHQVLYHO\ XVHG IRU YDULRXV ELRSDWWHUQLQJ DSSOLFD\V
DQG HQ]J\PH EDVHG VHQVRU

OLFURFRQWDFW SULQWLQJ

OLFURFRQWDFW SULQWLQJ LV DQRWKHU PHWKRG WKDW LV QF
WKDW DOORZ VLPLODU SUHFLVLRQ VXUIDFH SDWWHUQLQJ :K
PDLQ LGHD LV WR XVH D PROGHG SRO\PHULF EORF DV D VWDP



D 3'06 VWDPSV LV PROGHG RQ D PLFURPDFKLQHG VLOLFRQ ZI
ZLWK WKH SDWWHUQLQJ VROXWLRQ HLWKHU E\ SRXULQJ WKH
WKH VROXWLRQ 7KH VWDPS LV WKHQ EURXJKW LQWR FRQW
UHPRYHG 6RPH LWHUDWLRQV Rl PLFURFRQWDFW SULQWLQJ :
VXE QP SDWMFWRGERQWDFW SULQWLQJ KDV EHHQ H[WHQVL
PRQROD\HU ,W ZDV DOVR XVHG IRU SURWHLQ SDWWHUQLQJ |

OLFURIOXLGLF SUREH PXOWLSROH

OLFURIOXLGLF SUREH FRQFHSW

OLFURIOXLGLF SUREHV 0)3 DUH FRQVLGHUHG DV RQH RI WK
VI\VWHP 7KH\ ZHUH ILUVW LQWUR GXIFFHUR L@QX L G LA\ SYRENNU L Q'
IRUP DUH FRPSULVHG RI D IODW VXUIDFH DQG WZR DSHUWXU'
ZLWK WKH LPPHUVHG VXUIDFH WR SDWWHUQ 7KH WZR LQMHFV
IOXLGV %\ PDLQWDLQLQJ DQ DVSLUDWLRQ UDWH KLJKHU WKD
WR D VSHFLILF DUHD RQ WKH VXUIDFH VLQFH DOO WKH IORZ
WHUPHG K\GURG\QDPLF IORZ FRQILQHPHQW +)& ODLQWDLQL
WKH VXUIDFH HQVXUH WKDW WKH IORZ LV ODPLQDU YLVFRX
GHVLJQHG WR RSHUDWH LQ DQ LPPHUVH HQYLURQPHQW DUH
DUH D FRQWDFWOHVV WHFKQRORJ\ KLJKO\ IOH[LEOH LQ WHL
UHDJHQW DQG WKH\ DOORZ OLYH PHDVXUHPHQW LI RSHUDWH



Processing i
solution

MFP

Gap

-

Injection Aspiration Surrounding

Transparent substrate
f :

Me\sa aperture aperture medium

[b] \ ¢ )

L,

)LIXUH OLFURIOXLGLF SUREH ZRUNLQJ SULQFLSOH 7KH O]
KDYLQJ DQ LOMHFWLRQ IORZ UDWH ORZHU WKDQ WKH DVSLUL
VLGH YLHZ E ERWWRP YLHZ SHSULQWHG ZLWK SHUPLVVLF

OLFURIOXLGLF SUREH DSSOLFDWLRQV

7KH ILUVW DUWLFOH RQ 0)3 SXEOLVKHG E\ , %0 UHVHDUFK DC
DV VXUIDFH IXQFWLRQDOL]DWLRQ ZLWK SURWHLQV FHOO VWI
RI VLQJOHGERBBOWKHQ RYHU SDSHUV ZHUH SXEOLVKHG RQ
YDULRXVY RWKHU DSSOLFDWLRQV 7KH PRVW UHFXUUHQW DSS(
DQG IL[HG WWVADXHVXUWKHU XVHG IRU LPPXQ@RKLP/RWR\F ISH RIPAV(
ZRUN LQ WKLV UHJDUG LV WKH UHFHQW SDSHU IURP .DVK\DS

PLFUR LPPXQRKLVWRFKHPLVWU\ RI SDWLHQW GHULYHG EUHD)\
WLVVXHV ZLWK WKH DQWLERG\ IRU WKUHH ELRPDUNHUV 35

WLVVXH IRU GLITHUHQW DPRXQWYV RI WLPH DOORZHG WKHP
TXDQWLWDWLYH VFRUH IRU HDFK ELRPDUNHU $QRWKHU DS
VWDLQLQJ LV WKH ORFDOL]J]HG GHWDZ DY JXFIHIG [WE& WH ¥V MXHV O/FI
Rl1 SDUDIILQ HPEHGGHG WLVVXHV WKDW DUH VWRUHG LQ D ELE



0)3V ZHUH DOVR XVHG IRU WKH VHOHFWLYHDQ\VLVHVH® WP 3
SXVKHG WKH FRQFHSW IXUWKHU LQ E\ XVLQJ D PLFURIOXL(
Rl VLQJOH FHOOV DQG LQWHJUDWLQJ WKH UHDFWLRQ FKDPE
SUREH

OLFURIOXLGLF SUREHV ZHUH VKRZQ WR KDYH SRWHQWLDO
OLFURIOXLGLF SUREHV ZHUH XVHG WR SWKWI W VBHIGHRGLIID QRO L
LQ FODVVLF PLFURIOXLGLF VIVWHP GXH WR WKHLU KLJK VHQ
XVHG WKHP WR JHQHUDWH JUDGLHQNMNW BQE ¥R/XNG\I FRIP OXIOID
VKRZHG WKDW 0)3 FRXOG EH XVHG WR FUHDWH QRW RQO\ |
FRQILQHPHQW

OLFURIOXLGLF SUREH DUFKLWHFWXUH

6HYHUDO PXOWLSOH DUFKLWHFWXUH DQG JHRPHWU\ RI 0)3V K
2QH RI WKHP WKH PLFURIOXLGLF TXDGUXSROH DOORZV WKH
2QH RI WKH PRVW XVHG 0)3 DUFKLWHFWXUH LV WKH KLHUDUF
SRVLWLRQHG RQ D OLQH DQG DOORZ WR JHQHUDWH D GLSROI
XVHG LQ WZR PDQQHUV 7KH ILUVW PRGH QHVWHG +)& XVH
LOWHUHVW DQG WKH RXWHUPRVW GLSROH WR VKDSH WKH I
SDUDPHWHUV WKH WRWDOLW\ RI WKH LQMHFWHG IOXLG FDQ
UHFLUFXODWLRQ RI WKH LQMHFWHG UHDJHQW )LJXUH E ,
GLSROH LQMHFWYV WKH UHDJHQW RI LQWHUHVW ZKLOH WKH F
RQ WKH VDPSOH )LJXUH F 7KH SLQFKHG +)& PRGH ORZHL
UHGXFLQJ WKH GLVWDQFH DW ZKLFK D PROHFXOH PXVW GLIIX
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)LIXUH 7KH KLHUDUFKLFDO 0)3 DQG LWV PRGH RI RSHUDW
*UHHQ DQG EOXH UHVSHFWLYHO\ UHSUHVHQW WKH IOXLG RI L
D $ KLHUDUFKLFDO 0)3 ZRUNLQJ LQ QHVWHG PRGH E DQ
SHUPLVVLRQ IURP "HODPDUFKH DO 2SHQ 6SDFH OLFURIOXL:
$SSOLFDWLRQV &KDSWHU LOH\ 9+&

7KH RQO\ 0)3 DUFKLWHFWXUH DOORZLQJ D VRPHZKDW OHYHO
7D\ORU DO PDQDJH VXFFHVVIXOO\ DFKLHYHG SUREH IRUPHC
GLSROH IORZ OLQH DIITHFW HDFK RWKHU WKH GLSROHV FROOI
ZDV FRUUHFWHG E\ DGGLQJ VWDELOL]DWLRQ DSHUWXUH WR \
DGHTXDWH IRU D UHODWLYHO\ VPDOO PXOWLSROH WKLV DUF
XS



a] aperture-array (not stabilized) - center pane b} aperture-array (stabilized) - center plane
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J)LIXUH JORZ OLQHVY DQG H[SHULPHQWDO PLFURJUDSK RI
DSHUWXUHV E ZLWK VWDELOL]DWLRQ DSHUWXUH 5HSURGXF

OLFURIOXLGLF SUREH FRQYHFWLRQ GLIIXVLRQ PRGHO

7KH ILUVW FRQYHFWLRQ PRGHO IRU WKH IORZ XQGHU DQ 0)3
TXDGUXSRXDHDLPHK DO SURSRVH WKDW WKH IORZ XQGHU D
XVH +HOH 6KDZ IORZ DSSUR[LPDWLRQ 7KH\ IXUWKHU VKRZ WK
DV D SRWHQWLDO IORZ SUREOHP :KHQ XVLQJ WKLV PRGHO '\
"HOHFWURVWDWLF SUREOHP )LJXUH $SHUWXUHV FDQ E
ILHOG OLQHV FRUUHVSRQG WR WKH IORZ OLQHV 7KLV PRGHC
OLQH 10XLG YHORFLW\ DQG WKH FRQILQHPHQW DUHD +RZH\)
GRHVQIYW FRQVLGHU WKH GLIIXVLRQ LQ WKH IORZ ZKLFK LV
SURILOH XQGHU DQ 0)3 ,Q WKH VDPH SDSHU 4XDVDLPHK DO
YDOLG RQO\ IRU WKH FHQWHUOLQH RI WKH 0)3 $IWHU WKH TXI
D VLPLODU PRGHO IRU WKH GLSRODU 0)3 ZDV SXEOLVKHG



J)LIXUH $ PLFURIOXLGLF TXDGUXSROH VHHQ DV D ' HOHFV
DURXQG IRXU SXQFWXDO FKDUJHV SRVLWLRQHG DV D TXDGUX
WUDFHUV XQGHU D PLFURIOXLGLF TXDGUXSROH VKRZLQJ WI
UHSURGXFHG ZLWK SHUPLVVLRQ IURP 4XDVDLPHK DO 1DW ¢

OLFURIOXLGLF SUREH IDEULFDWLRQ

7KH ILUVW 0)3V ZHUH PDGH IURP D VLOLFRQ WKL \Z LWIKS ' [V
SODVPD ERQGHG WR D 3'06 EORFN WKDW VHUYHG DV D SURE
EHWZHHQ WKH PLFUR DSHUWXUHY DQG WKH FDSLOODULHV 7k
DSHUWXUHV DV VPDOO DV —P +RZHYHU WKH SODVPD ERQC
PDNH WKLV W\SH Rl SUREH IUDJLOH DQG SURQH WR OHDNV 2
VLQFH WKHQ 2QH PHWKRG FRQVLVWYV L\§ D\D PLQDRMSAH SN KX
\LHOGV GHIRUPDEOH 0)3V ZLWK DQ XQHYHQ WLS 7KH PRVW X
,%0 UHVHDUFK JURXS LV WR '5,( HWFK FKDQQHOV LQ D VLOLF
0)3 ZLWK D JODVV RUBMLBURPRIQHZWZHRUZD IHUV DUH ERQGHG WK
YLIXUH 7KLV PHWKRG \LHOGV SUHFLVH ULJLG DQG URE
WKDW FDQ SURGXFH RYHU 0)3 RQ D LQFK ZDIHU 7KLV PHYV
XVHG IRU WKH PDVV SURGXFWLRQ RI VIVWHP +RZHYHU LW
HTXLSPHQW WR SHUIRUP '5,( HWFKLQJ DQRGLF ERQGLQJ DQG
DOVR QHFHVVLWDWH D FHUWDLQ OHYHO RI RSWLPL]DWLRQ
H[SHQGLWXUH RI WKLV PHWKRG FDQ EH D GHWHUUHQW IRU
IRFXVHG LQ OLIH VELHQFHV ZLWK OLWWOH RU QR H[SHULHQ!
PHWKRG LV OLPLWLQJ LQ WHUPV RI 0)3 JHRPHWULHYV DV LW F



DOO WKH DSHUWXUHY DUH SRVLWLRQHG RQ RQH RU WZR OLQ
DLP DW IDEULFDWLQJ UHOLDEOH 0)0 ZLWK D KLJK QXPEHU R
FRQILIXUDWLRQ 1RQH RI WKH SUHYLRXVO\ SUHVHQWHG PHW
VHDUFK IRU D FRVW HIIHFWLYH DQG XVHU IULHQGO\ IDEULFD)
XV WR GLUHFW ' SULQWLQJ RI PLFURIOXLGLF V\VWHPV ZKLF!

(a) (b)
m 1) spin coat resist 1 um wide

channel
| I 2) expose and develop
| | 3) DRIE
SI |_\_I'I_l_\_l'l.l_\_f\_l_\_l'\_l_| 4) S*HP resis!

electrode
------------ T T— e
~ polished apex ! i 5) align glass wafer wa?ers
S with apertures | l ——
' DRIE etched :
.“ 4 6) bond anodically _/
-_‘-micruchannels = g — 450 °C, 1.25 kV

7) filling of channels
with wax

unpolished VMFP heads

A - — : s A
i x ! z : 8) dice and separate p
il Sl Sl vMFP heads . G
$ t 4 : : AT i
/ —  dicedapex s
500 pam '!‘-_-_
| | [ 9) lap and polish apex \ polished VMFP heads [l
E-El-lrml

l glass

polished apex layers 10) remove wax and
VW rinse with solvent

apertures—

J)LIXUH OXOWLOD\HUHG 0)3 IDEULFDWLRQ SURWRFRO XVHG
D PXOWLOD\HUHG 0)3 KHDG E ,OO0XVWUDWLRQ DQG VFKHPDV
VLOLFRQ ZDIHU LV ERQGHG WR JODVV D ZDIHU XVLQJ DQRGLF
.DLIJDOD DO /DQJPXLU

'LUHFW ' SULQWLQJ RI PLFURIOXLGLF V\VWHP

,Q WKH ODVW GHFDGH " SULQWLQJ DQG DGGLWLYH WHFKQR
SOXPPHWHG DQG WKH FDSDELOLWLHYV RI WKRVH WHFKQRORJI
UHVHDUFK JURXSVY VDZ WKH RSSRUWXQLW\ DQG VWDUWHG Wi



PHWKRG DQG VWDUWHG XVL®@RMDHGHWHDH MKHFWKRIKRIOR DIUHHV XV L
IDEULFDWH VRIW OLWKRJIUD/SKH BROBODRWLBRQ6RI ' SULQWLQ.
PDIJQLWXGH LQIHULRU WR PLFURIDEULFDWLRQ +RZHYHU Wtk
GHVLJQ IDEULFDWLRQ WHVW LV RQO\ D IUDFWLRQ RI ZKDW
IDEULFDWLRQ F\FOH FDQ QRZ EH LQ WKH RUGHU RI D GD\ RU \
WR WKH XVH RI ' SULQWLQJ

O9DULRXV UHVHDUFK JURXSYV DUH VXJJHVWLQJ WKDW WR XVH
VI\VWHPV PXVW EH GEUHFWDMRUSDUQXWPH®RW IRU WKDW LV WKD
QRW OLPLWHG WR TXDVL ' JHRPHWU\ OLNH WKHLU PROGHG F
GRQTW UHTXLUH PROGLQJ DQG SODVPD ERQGLQJ VWHSV ZKLI
OLWKRJUDSK\7TBEHRAHWHSYV DUH DOVR GLIILFXOW WR VFDOH

SURGXFWLRQ 'LUHFW " SULQWHG V\VWHPV DUH JHQHUDOO\ F
SURQH WR OHDNYV

"SULQWLQJ PHWKRGV

'LITHUHQW ' SULQWLQJ PHWKRGV H[LVW DQG KDYH EHHQ XVH
GHSRVLWLRQ )'0 ZRUNV E\ PHOWLQJ DQG HKMNOXGIL\WIL DB WKH L
FRPPRQ ' SULQWLQJ WHFKQRORJ\ LW LV JHQHUDOO\ FRQVL
UHTXLUHG IRU PLFURV\VWHP IDEULFDWLRQ

3RO\MHW 3- DOVR QDPHG SKRWRSRO\PHU LQNMHW SULQWL
VHQVLWLYH UHVLQV WKDW DUH VXE\SHTLDQHD WQW ISKRD® IR O WX
SRO\PHU PXVW EH SULQWHG DQG ODWHU GLVVROYHG 'LVVR
FKDOOHQJLQJ IRU LQWULFDWH FKDQQHOV DWKDW VY @KN VEKL)
ERWK VWHUHROLWKRJUDSK\ 6/$ DQG SRO\MHW 3- KDYH D \
VWXGLHV SRLQW RXW WKDW VWHUHROLWKRJUDSK\ LV WKH PR

6WHUHROLWKRJUDSK\ 6/$ ' SULQWLQJ LV EDVHG RQ WKH SF
(bDuo\ 6/$ VIVWHP VFDQQHG D IRFDOLVHG ODVHU WR SRO\PHUL
XVXDOO\ XVH 89 OHG SURMHFWHG RQ D GLJLWDO PLFURPLUU
SDWWHUQV 7KHVH V\VWHPV DUH WHUPHG GLJLWDO OLJKW &



VLIQLILFDWLYHO\ ORZHU FRVW '/3 6/$ VIVWHPV KDYH WZR PD
SUHGHFHVVRU SUHGHFHVVRUV 7KH DUUD\ RI PLFURPLUURU C
FRQFXUUHQWO\ ZKLFK LQFUHDVH WKH SULQWLQJ VSHHG OR!
E\ WKH PLFURPLUURU VL]H DQG WKH RSWLFDO PDJQLILFDWLF
UHVROXWLRQ WKDQ ODVHU IRFDOLVHG V\VWHPV

)LIXUH $ '/3 6/$ ' SULQWHU 7KH LPDJH LV IRUPHG E\ UHIC
VRXUFH JHQHUDOO\ 89 OHG RQ D GLJLWDO PLFURPLUURU GH
D OHQV )RU HDFK OD\HU WKH LPDJH LV SURMHEWHG WKHQ
EHIRUH WKH VXEVHTXHQW OD\HU LV SURMHFWHG 5HSU
>SKWWSV GSULQWLQJLQGXVWU\ FRP @

$Q DOWHUQDWLYH PHWKRG WKDW FRXOG KDYH EHHQ XVHG
SRO\PHULVDWLRQ V\VWHP 33 WBREFK\\DWHWKHROBQRWFULGHD V
WKDQ WKH ODVHU VFDQQLQJ 6/$ VIVWHPV +RZHYHU WKH\ XV
UHVLQ 7ZR SKRWRQ DEVRUSWLRQ LV D QRQ OLQHDU HIIHFW V
ODVHU 33 VIVWHPV RIIHU LQFRPSDUDEOH SH Y FRAHYHUF HE R MWK
WKH FRVW ! N 86' DQG WKH OHQJWK\ IDEULFDWLRQ IRU OD

'LUHFW SULQWLQJ XVLQJ 6/$

7TKH GLUHFW ' SULQWLQJ RI PLFURIOXLGLF V\VWHP LV VWLO!
UHVLQV DUH QRW DGDSWHG WR PLFURIOXLGLF GHVLJQ &XUU



DW DXGLRORJ\ GHQWXURORJ\ DQG MHZHOU\ ZKHUH PRVW IHI
EORFNV OLNH UHTXLUHG E\ PLFURIOXLGLFV 1RUGLQ UHVHDL
IDEULFDWLRQ RI VWHUHRDQW®W K8RJV B Q K\ WDSBBLIOMNMEBIWR PLFUR
UHTXLUHPHQWY 7KLV DOORZV WKHP WR IDEULFDWH V\VWHPV
LQ D ELRFRPSDWMEQM DHRKQG D WHQIROG VPDOOHU WKDQ Z
XVLQJ D FRPPHUFLDO SULQWHU

2ZWKHU UHVHDUFK JURXSV DUH ZRUNLQJ RQ WKH SULQWLQJ |
*ODVDQG 3'06ZKLFK VKRXOG LPSURYH ERWK WKH FKHPLFDO
SURSHUWLHV RI SULQWHG V\VWHPV 8VLQJ ERWK FXVWRP D
ODERUDWRULHY KDYH ZRUNHG RQ D ODUJH UDQJH RI 6/% ' S
JUDGLHQW JHQ@HOUYMWREBXREYK GHQVLW\ LQMNHI FR Q QY/EKRW LRKQDVP

OLFURIOXLGLF PXOWLSOH[RU

OLFURIOXLGLF PXOWLSOH[RUV DUH DQ HVVHQWLDO FRPSRQHC
D FKLS 7KH\ VHUYH WKH SXUSRVH Rl VHOHFWLYHO\ DGGUHVYV
QXPEHU Rl FRQWURO OLQHV ,Q D VIVWHP WKH\ FDQ EH XVHG
VHOHFW RQH RI PDQ\ RXWSXW RU LQYHUVHO\ WR VHOHFW
PDQ\ LQSXWV %\ XVLQJ PXOWLSOH[RU RQ WKH LQSXW DQG W
LQWR GLIIHUHQW OLQHYV

7KH ILUVW PLFURIOXLGLF PXOWLSOH[RU ZDV SUHVHQWHG E\
ELQDU\ DUFKLWHFWXUH OLNH HOHFWURQEFI®XOWDSEQHM W RE
SQHXPDWLF IOH\QBIWHU SUHVHQWHG PRGLILFDWLRQ WR WKLYV
WKH PXOWLSOH[RU WKXV GLPLOLYKLEA VO AR QSNHR/IHIDMH.®
PXOWLSOH[HU WKDW DOORZVIWKH FRUODMYROUREP 1 BKIHWVV XU I
PXOWLSOH[HU LV PRUH HIILFLHQW WKDQ WKH ELQDU\ PXOWLS
IR U FRQWURO OLQH WKLV PXOWLSOH[HU FDQ FRQWURO
FRQWUROOHG IURP WKH ELQDU\ PXOWLSOH[RU

$QRWKHU PHWKRG WR LPSURYH PXOWLSOH[RU HIILFLHQF\ LV
OHYHO WKUHWKROGV GHPRQVWUDWHG WKDW XVLQJ YDOYHV



SRVVLEOH WR FRQWURO IRXU IOXLG OLQHV ZLWK RQO\ WZR F|
UHTXLUH SUHVVXUH OLQH ZLWK YDULDEOH SUHVVXUH FRQWU|

OLFURIOXLGLF PXOWLSOH[RUV KDYH DOVR EHHQ XVHG WR FR(
2QH PDLQ DGYDQWDJH RI SQHXPDWLF FLUFXLW LV WKDW WKH)
YDOYHV XVH WKH DLU FRPSUHVVLELOLW\ DQG WKXV FDQIW E
PXOWLSOH[RU WR DGGUHVV SQHXPDWLF ODWFKLQJ YDOYHYV
ODWFKLQJ YDOYHV XVEZRJXUFRRMWRQFWHDANMH WKH FRQWURO F
WKH QXPEHU RI FRQWURO OLQHV 5KHH DO IXUWKHU XVHG S
YDOYHV WR FUHDWH SQHXPDWLF ORJLF FLUFXLWV 7KH\ XVHC
PLFURIOXLGLERRQWBRIOWLQJ PLFURIOXLGLF FLUFXLW XVLQJ L¢
DQ LQWHUHVWLQJ DYHQXH IRU KLJKO\ PXOWLSOH[DEOH V\VW
PDWXUH



&+$37(5 352-(&7 29(59,(:

/KLY FKDSWHU JLYHV D EULHI SURMHFW RYHUYLHZ RI WKLV |
EHKLQG WKH PLFURIOXLGLF PXOWLSROHYV SUHVHQWYV WKH GL
DUH OLQNHG WR WKLV UHVHDUFK SURMHFW 7KLV FKDSWHU
GLIIXVLRQ PRGHOV

/KH PLFURIOXLGLF PXOWLSROH

/KH PLFURIOXLGLF SUREH YV WKH PLFURIOXLGL

7KH PDLQ JRDO RI WKLV SURMHFW LV WR WDNH WKH SULQFL:E
FUHDWH PXOWLSOH[ RSHQ VSDFH GHYLFHV 7KH RULJLQDO I
DSHUWXUHY DQG PDGH WR EH RSHUDWHG DV D VFDQQLQJ GH
DQ\ QXPEHU RI DSHUWXUHVY FRXOG EH SXW DW WKH WLS WR
EHFDPH PRUH FRPSOH[ DQG PDGH WR EH RSHUDWHG ZLWKRXYV
PLFURIOXLGLF SUREH GLG QRW GHVFULEH RXU ZRUN SURSHL
PXOWLSROH 0)0 DV DQ RSHQ VSDFH V\VWHP FRPSULVHG RI
K\GURG\QDPLF IORZ FRQILQHPHQW WR FUHDWH IOXLG SDWWH
SUREH EXW DOVR DOO WKH VA\VWHPV SUHVHQWHG LQ WKLV Z
DOORZV WKH FUHDWLRQ RI IOXLGY SDWWHUQ PDGH RI KXQGU}
QDPH PXOWLSROH ZDV FKRVHQ EHFDXVH WKHUH LV D VWURAQ.
DQG PDIQHWRVWDWLF PXOWLSROH ILHOG OLQH SDWWHUQV I
DSHUWXUHV LQ D +HOH 6KDZ FHOO DV ZH ZLOO VHH DW WKH
WKH PLFURIOXLGLF SUREH DV GHVFULEHG HDUO\ RQ UHSUF
PXOWLSROHYV

OLFURIOXLGLF PXOWLSROH EDVLYV

0)OV DUH IRUPHG RI D ERG\ ZLWK D IODW WLS RQ ZKLFK DSH
RSHUDWH 0)0 PXVW EH KHOG LQ FORVH FRQWDFW ZLWK WKH
DV D +HOH 6KEXKA ¥ H/®ODOO JDS FRQILQHV WKH IOXLG DQG HQVX



W LV LPSRUWDQW WKDW WKH 0)0 WLS LV SDUDOOHO WR WKl
YDULDWLRQ LQ WKH K\GUDXOLF UHVLVWLYLW\ DQG GHIRUP W|

$SHUWXUHY DUH LQMHFWLQJ DQG DVSLUDWLQJ IOXLG FRQWLC
RQ WKH VXUIDFH ZKHQ WKH QHW IORZ UDWH LV QHJDWLYH GX
QHW DVSLUDWLRQ LV SUHVHQW WKH VDPSOH VXUIDFH PXVW |
DURXQG WKLV FRQVWUDLQW LV GLVFXVVHG LQ &KDSWHU $
DUH FRQQHFWHG WR WKH VLGHV RI WKH 0)0V )LJXUH E

S
5
(0]
©
c
3
O
2]
3Gap
SAMPLE
J)LIXUH 0)0O 6FKHPDWLF $ $ ' VFKHPDWLF RI D 0)0 KHOG R

0)0 $VSLUDWLRQV DQG LQMHFWLRQV DUH VWUHDPLQJ FRQWL
RQ WKH VXUIDFH

0)0 LQ WKLV WKHVLV

'XULQJ P\ UHVHDUFK SURMHFW PXOWLSROH FRQFHSWYV DQG C
WZR PDLQ JURXSV 7KH ILUVW RQH LV WKH VPDOO UHFRQILJX
VPDOO QXPEHU RI DSHUWXUHYV DQRG HYHU\ DSHUWXUH LV
7TKHVH VA\VWHPV FDQ EH UHFRQILJXUHG UDSLGO\ E\ WXUQLQJ
0)OV FDQQRW FRPSHWH ZLWK WKH PXOWLSOH[LQJ RI ODWF
UHFRQILIJXUDELOLW\ G\QDPLF 'XH WR WKHLU VLPSOLFLW\ D
ZKLFK WXUQHG RXW H[WUHPHO\ XVHIXO LQ WKH H[SORUDWRL



ZRUN ZLWK VPDOO 0)OV LV WKH ILUVW GHPRQVWUDWLRQ D OF
VSDFH PLFURIOXLGLFV W ZDV GRQH E\ DXWRPDWLQJ DQ LP
7TKHVH V\VWHPV ZLOO EH GLVFXVVHG LQ FKDSWHU

7KH VHFRQG JURXS DUH WKH SL[IHODWHG FKHPLFDO GLVSOD\
DUUD\ RI DSHUWXUHV )LJXUH G | $ GLVWLQFWLRQ ZLWK
FRQQHFWHG WR WKH SXPSV WKURXJK VI\VWHPV RI PDQLIROC
FKDQJLQJ WKH IOXLG LQMHFWHG LQ IOXLG OLQHV XVLQJ D V)
WKDW 3&'V XVH D VFDODEOH DUFKLWHFWXUH DQG FDQ WKHRU
RI LQGHSHQGHQW FRQILQHPHQW DUHDV 7KHVH VA\VWHPV DOV
RQ D GU\ bv ZHOO DV DQ LPPHUVHG VXUIDFH &KDSWHU DQG

a C

J)LIXUH 6PDOO UHFRQILIJXUDEOH 0)0 DQG 3&' 7KH WRS UR
ERWWRP URZ LV D VTXDUH SL[HO 3& D G OLFURJUDSK RI W
F I )OXRUHVFHQW PLFURJUDSK RI WKH VXUIDFH SDWWHUQL¢



%RWK W\SHV RI VIVWHP DQG WKH PDQLIROG UHTXLUHG LQ WK
VFULSW DVVLVWHG &% DQG VWHUHROLWKRJUDSK\ ' SULQWLQ
EHFDXVH RI WKH PXOWLSOH JHRPHWU\ RI VA\VWHPV WKDW KI
YHUVDWLOH DQG WKH SURFHVVY DV WKH DGYDQWDJH RI EHLQJ
SURFHVV , GHYHORSHG LV WKH ZRUNKRUVH RI WKLV WKHVLYV
EHIRUH GLYLQJ LQ WKH KHDUW RI WKH SURMHFW |, ZLOO DGG

OXOWLSRODU PLFURIOXLGLF WKHRU\

SRWHQWLDO IORZV

0)OV IRUP D +HOH &KKMHUHHWIOH IOXLGY DUH FRQILQHG LQ EHWZ
WKH VA\VWHP 7KDW UHVXOWY LQ WUDQVSRUW WKHRU\ SUREOI
WLS FDQ EH VHHQ DV KISQ@MWMHWWKHDQDIPHRPPLFURIOXLGLF PXO
PLFURIOXLGLFYV 3RWHQWLDO IORZ GHVFULEHV WKH IORZ YHC
JORZ OLQHV DQG IOXLG YHORFLW\ FDQ WKXV EH FDOFXODWHC
PXFK PRUH FRPSOLFDWHG 1DYBRWHOWNHY INORHI ADMLVRQWR V
FRQGLWLRQ DW ODWHUDO ZDOOV EXW VLQFH WKHUH DUH QR

0)0 FRPSOH[ YHORFIOWFB@VWEHQWLDUHVVHG DV D VXP RI HDF
SRWHQWLDO

OL AyMZ ' %E \f
'KHUHLY WKH IORZ UDWH RIi. WKH BRAB@KUBRVDR@WERQ RI WK
GLIIHUHQWLDWLQJ WKH FRPSOH[ YHGRALQVEBRRXQ@G® LDO - Wk

oL _. L Q:TdJ FEQTAJ

7KXV YHORFLW\ ILHOG FDQ DOVR EH IRXQG DV WKH VXSHUSR

87é5
8?8 > 1

QL Ay

21

QLA

8285 >



7KH YHORFLW\ ILHOG VXSHUSRVLWLRQ ZDV XVHG WKURXJKR X\
SUHVHQWHG LQ )LIJXUH $ VLPSOH ODWODE FRGH ZDV PDGHFH
ILHOG RI 0)OV IURP D OLVW RI DSHUWXUH SRVLWLRQ DQG IOR.
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YLIXUH 0)0 VWUHDPOLQH D G ([DPSOH RI 0)0 VWUHDPOLQ
RI WKH YHORFLW)\ ILHOG IURP HYHU\ DSHUWXUH H K &RPSC
'LSROH E | 4XDGUXSROH FJ 5RWDWLRQDOO\ V\PPHWULF
IURP *R\HWWH DO 1DW AEFEPMOVM && %< KWWS FUHDWL
OLFHQVHV E\

W LV QRW D FRLQFLGHQFH WKDW SUHYLRXV HTXDWLRQ DQG I
7TKHUH LV D VWURQJ SDUDOOHO EHWZHH®HS RDNHQ WR /B SIRRN
SUREOHPV ZLWK WKH VDPH VROXWLRQV 7KH HOHFWULF SRW|
WR WKH YHORFLW\ SRWHQWLDO IURP D 0)0 DSHUWXUH 7KH
IOXLG VWUHDPOLQHYVY 7KH IORZ OLQHV XQGHU D PLFURIOXLGL
IURP DQ HOHFWURVWDWLF GLSROH 7KLV DQDORJ\ LV KHOSIX
HOHFWURVWDWLF HTXLYDOHQW LV DOUHDG\ NQRZQ

SRWHQWLDO IORZVY DUH DQ HDV\ ZD\ WR SUHGLFW FRQYHFWLR
SUHGLFW GLIIXVLRQ XQGHU DQ 0)0 7KLV PRGHO FDQ EH XVHG



VKDSH DQG IORZ YHORFLW\ EXW JLYH QR LQIRUPDWLRQ RQ
FRQFHQWUDWLRQ PDS IRUD 0)0 D FRQYHFWLRQ GLIIXVLRQ P

&RQYHFWLRQ GLIIXVLRQ DQG FRQIRUPDO PDSSLQ

7KH DQDO\WLFDO PRGHO SUHVHQWHG LQ WKH QH[W IHZ SDUD.
%RXODLV DQG ZDV SXEOLVKH®O QG DXQU WKW UF@HVER LFERH BUIRQV E
:KLOH WKLV PRGHO LV QRW HVVHQWLDO WR XQGHUVWDQG PR
P\ HISHULPHQWY RQ 0)0V ZHUH XVHG WR YDOLGDWH KLV PRG
0)0 GHVLJQV DQG SUHGLFW FRQYHFWLRQ GLIIXVLRQ LQ WKHI
RYHUYLHZ RI WKH PRGHO ZLWKRXW D VWURQJ PDWKHPDWLFD!

JURP WKH SRWHQWLDO IORZ ZH NQRZ WKDW D 0)0 ZLWK D QH.
VWHDG\ FRQILQHPHQW SDWWHUQ 7UDQVSRUW LQ D 0)0 FDQ
HTXDWLRQ

[82F2A0® % L r

'KHUH 3H LV WKH 3pFOHW QEPEHNWHWKMHOIJWR 3H. VAVDQFH EHW:
DQG WKH VXUIDFH ' LV WKH GLIIXMLRAK AR@MHFQM. RRQ VWOKREZ D
FRQFHQWUDWBR®@ K H QWHWFPFWDEOH HYHQ IRU VLPSOH 0)0V
LV WR XVH FRQIRUPDO LQYDULDQFH SURSHUW\ RI WKH FRQYH
%\ WUDQVIRUPLQJ WKH FRQFHQWUDWLRQ PDS RI D SUREOHP :
LQWHUHVWYV XV ZH FDQ REWDLQ WKH VROXWLRQ WR RXU SUR
EH DSSOLHG VXEVHTXHQWO\ WR GHWHUPLQH FRQFHQWUDWLR

7KH ILUVW VWHS LV WR GHWHUPLQH FRQFHQWUDWLRQ WKH V!
PLFURIOXLGLF GLSROH ZLWK DQ LQMHFWLRQ DW RULJLQ DQ
LQMHFWLRQ UDWLR HTXDO WR . 7KLV UDWLR . LV VWULFWO\
KLIJIKHU WKDQ WKH DVSLUDWLRQ UDWH ZRXOG UHVXOW LQ DQ
WRZDUG LQILQLW\ 7KH FRQYHFWLRQ GLIIXVLRQ SUREOHP Il
VWUHDPOLQH SUREOHP XVLQJ WKH WUDQVIRUP

OV LZ%F U Z"“%E s



‘KLFK LV WKH FRPSOH[ YHORFLW\ SRWHQWLDO RI VXFK GLSFR
DSSO\LQJ WKLV WUDQVIRUPDWLRQ WKH SUREOHP EHFRPHV D
FRQFHQWUDWLRQV F DQG F DUH VHSDUDWHG E\ D QR 10X]
D 3DVW D FHUWDLQ GLVWDQFH ZKLFK LV UHODWHG WR W}
WKH QR IOX[ ERXQGDU\ LV UHPRYHG DQG WKH IOXLGV PL[ 7K
SUHYLRXVO\ VWXGLHG DQG KDV D NQRZQ VROXWLRQ

20, L@ G + K I¥2ZAOF Og 50 A

KHUH HUI LV WKH HUWW RK HXIOFDMHRRlI WKH VWDJQDWLRQ SRLQC
HYDOXDWLQWHTXIRWWR WKH VWDJQDWLRQ SRLQW RI WKH GL:
ZKHUH IORZ UDWH HTXDOV JRU WKH GLSROH LQ RXWpSUREO
LV

Ve gob—t

7KXV WKH FRQFHQWUDWLRQ SURILOH IRU D PLFURIOXLGLF Gl

2\ L—Z@ G1K+I¥2AZ RF U Z°%E s F Oz 60A
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J)LIXUH &RQFHQWUDWLRQ SURILOH IURP WKH WKHRUHWLFCLC
SURILOH IRU D D VHPL LQILQLWH REVWDFOH E D PLFURIOXL
0)0 G D PLFURIOXLGLF TXDGUXSROH )LIJXUH PRGLILHG IURP
ILFHQVH && %< KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHYV

7KH LQWHUHVWLQJ SDUW IRU WKLV WKHVLV LV QRW KRZ WR R
ZKDW ZH FDQ GR ZLWK LW ,Q WKH VDPH PDQQHU WKDW WKH \
WKH GLSROH WKH GLSROH FRQFHQWUDWLRQ PDS FDQ EH WU
H[DPSOHYV ADLUME WKHD QVIRUPDWLRQV WKDW JHQHUDWH URWDW
XVHG WR JHQHUDWH 3IORZHU" )LJXUH F RU SRO\JRQDO 0
$QRWKHU WUDRVIRUPSIEV AKKAK WUDQVIRUP WKH GLSROH LQW
J)LJXUH G 7DEOH SUHVHQWY D VKRUW OLVW RI FRQIRUP
VROXWLRQ 7KH UHVXOWV RI WKRVH PDSSLQJ DUH SUHVHQWH
LQ $SSHQGL[ $

1RWH KHUH WKDW VRPH GHWDLOV DQG VXEWOHWLHYV ZHUH
UHFRPPHQG WR UHDGHUVY LQWHUHVWHG LQ PRUH GHWDLOV W



7DEOH (IDPSOH RI FRQIRUPDO WUDQVIRUPDWLRQ WKDW F
VROXWLRQ

Straight Flow w=log(z) —alog(z+1)
Microfluidic Quadrupole w=(2z+1)"
Flower Multipole w=(z+1)"
Polygonal Multipole w = z'"
Impinging Flows w=1>-1
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JLIXUH 6ROXWLRQ RI WKH FRQIRUPDO WUDQVIRUPDWLRC
&RQFHQWUDWLRQ PDSSLQJ IRU D WKH TXDGUXSROH WUD
WUDQVIRUPDWLRQ F WKH SRO\JRQDO PXOWLSROH WUDQVIRL

ORGLILHG DQG UHSURGXFHG ZLWK SHUPLVVLRQ IURP %RXODL
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2EMHFWLYH 'HYHORS D UREXVW DQG YHUVDWLOH PHWKRG

7KLV FKDSWHU FRYHUV WKH &$' GHVLJQ DQG WKH IDEULFDV
PLFURIOXLGLF PXOWLSROH DQG SLIHODWHG FKHPLFDO GLVSQ
WKURXJKRXW P\ 3K' IRU WKH IDEULFDWLRQ RI VLPSOH 0)0V D
RI FKDQQHOV 7KH DUWLFOH 2 ' 3ULQWHG OLFURIOXLGLF 3URE
, DP FR ILUVW DXWKRU ZRXOG EH D JRRG LQWURGXFWLRQ WHE
D PRUHLQ GHSWK DQG XS WR GDWH SLFWXUH RI WKH PHWKR(

&$' GHVLJIQ

%HIRUH DQ\ IDEULFDWLRQ WDNHV SODFH WKH V\VWHPV PXVW
XVXDOO\ RYHUORRNHG DV LW VHHPV UHODWLYHO\ VLPSOH :K
WKH EHVW PRGHOOLQJ PHWKRG WR XVH IRU FRPSOH[ V\VWH
HVVHQWLDO

J)LIXUH 'LITHUHQFHV LQ &$' FRPSOH[LW\ D 8VHU GHVLJQH
PXOWLSROH E 6FULSW DVVLVWHG PRGHO RI DQ DSHUWXUH



OLFURIOXLGLF PXOWLSROHV ZLWK IHZHU WKDQ FKDQQHOV
+RZHYHU ZKHQ WKH SURMHFW VKLIWHG WRZDUG SL[HODWHG
IURP KDYLQJ D GR]JHQ DSHUWXUHV WR XS WR WKUHH KXQGUH
KDOI GD\ WR D IHZ GD\V ORUHRYHU PRGLILFDWLRQ WR GHVL
WKRVH SUREOHPV , GHFLGHG WR XVH VFULSW DVVLVWHG &S$'
ZDV WR FUHDWH D OLEUDU\ Rl VLPSOH IHDWXUHV VXFK DV DS|
$ VFULSW ZDV WKHQ XVHG WR SRVLWLRQ RULHQW DQG OLQN
DUUD\V RI DSHUWXUHV VXFK DV 3&' DOORZHG IRU D UHODWL

Component Library Component Assembly

JLIXUH 6FULSW DVVLVWHG &$' GHVLJQ YLVXDO

6\WVWHPV DUFKLWHFWXUH ZDV GHVLJQHG WR DOORZ DQ HDV\
EHWZHHQ WKH FKDQQHOV OD[LPL]LQJ GLVWDQFH EHWZHHQ F|
D KLJKHU \LHOG 7KH EHVW VROXWLRQ IRXQG ZDV WR UDGLD
ZHUH RUJDQL]JHG LQ GLIIHUHQW OHYHOV WKH RXWPRVW DSH
DSHUWXUHV EHLQJ WKH VHFRQG OHYHO HWF )RU HDFK OHY]|
GLIIHUHQW KHLJKW RQ WKH 3&' VLGH :KLOH LW ZDV HDV\ W
FRQQHFWLRQ Rl WKH WXEHV VLQFH WKH DUFKLWHFWXUH ZC
VA\VWHPV



:KLOH VFULSW DVVLVWHG &%$' LV PRUH FRPSOLFDWHG WKDQ ¢
LQYHVWPHQW WR OHDUQ RQFH WKH OLEUDU\ DQG VFULSWYV .
FRPSOH[ GHVLJQ OLNH D DSHUWXUH 3&' LQ OHVV WKDQ D
YLUWXDOO\ LPSRVVLEOH WR GLUHFWO\ GHVLJQ E\ KDQG ,W D
FKDQJH FKDQQHOV VL]H RU WKH QXPEHU RI DSHUWXUHV RQ L

&DWLD Y VFULSWV DUH OLPLWHG DQG IDU IURP XVHU IULHC
GHGLFDWHG WR VFULSW &$' VXFK DV 2SHQ6&$" , WHVWHG W|
1RUGLQ ODE LQ %<8 WKH FROODERUDWLRQ GLGQYfW JR WK
SDQGHPLF ,Q WKLV VRIWZDUH HYHU\ FRPSRQHQW PXVW EH
ZLWK UHSHWLWLRQ RI IHDWXUHV FDQ HDVLO\ EH PDGH DV
UHSHDWHG DQG XVHG DW GLIITHUHQW VFDOH ORUHRYHU L
FRUUHVSRQGLQJ WR WKH ' SULQWHU SL[HOV ZKLFK EHFRPHYV
J)LIXUH SUHVHQWY D 3&"' GHVLIJQHG LQ 2SHQ6&%$' DQG WKDW

)LIXUH D ORGHO RI D 3&"' ZLWK LQWHJUDWHG PDQLIROG PD
VRIWZDUH 1RWLFH WKDW WKH PDQLIROG LQ UHG DUH UH
3&" GHVLJQ IURP D ' SULQWHG E\ 1IRUGLQ V JURXS LQ %<8



' SULQWLQJ DQG SRVW SURFHVVLQJ

%HIRUH WKH VWDUW RI WKLY SURMHFW RQH PDMRU EDUULHL
WKH IDEULFDWLRQ PHWKRG 7KH ILUVW 0)3V XVHG D PLFURPL
FKLS WR ZRUOG M OWHHIVBEPH FK JURXS ODWHU VWDQGDUGL]HG
7TKH\ DEDQGRQHG WKH IUDJLOH 3'06 VLOLFRQ ERQGLQJ WR XV
DQG D '5,( HWFKHG OD\HU RI VLOLFRRVDRHWEKR G\ILAHIDAOA ERQ!
KRZHYHU LW UHTXLUHVY DFFHVV DQG WKH DSSURSULDWH WU
FKDOOHQJH IRU UHVHDUFKHU IURP OLIH VFLHQFH RULHQWHG
ZHUH SUHVHOXWHWKH\ DOO UHTXLUHG VLPLODU FOHDQ URRP |
Rl WKLV SURMHFW ZDV WR ILQG D FKHDS DQG DFFHVVLEOH
PLFURIOXLGLF PXOWLSROH , RSWHG IRU WKH JURZLQJ ILHOG

0O)ov ZHUH ' SULQWHG XVLQJ GLIJLWDO OLJKW SURFHVVLQJ \
REMHFWLYH RI WKH SURMHFW EHLQJ WR GHYHORS DQ DFFHVYV
XVHG FRPPHUFLDOO\ DYDLODEOH SULQWHU DQG UHVLQV 7KH

ZDYHOHQJWK RI QP D UHVROXWLRQ RI —P DQG D EXLOG
GLIITHUHQW UHVLQV ZHUH XVHG +RZHYHU WKH EHVW UHVXOW
OD\HU WKLFNQHVV RI —P 7KLV UHVLQ LV RSDTXH ZKLFK L'

WKH IORZ XQGHU PLFURIOXLGLF PXOWLSROH ORUHRYHU WKFE
Dv D UHODWLYHO\ ORZ YLVFRVLW\ IRU D 89 VHQVLWLYH UHYV
XQFXUHG UHVLQ RXW RI WKH FKDQQHOV DIWHU WKH SULQW

J)LIXUH $vLID 3LFR +' " SULQWHU



' SULQWHG FRPSRQHQW UHTXLUHG SRVW SURFHVVLQJ SULRL
VRQLFDWHG IRU PLQ LQ DQ LVRSURSDQRO EDWK 7KH UHVLG
SOXJJLQJ D WXEH LQ WKH FKDQQHO RSHQLQJ DQG IORZLQJ L\
VRQLFDWHG IRU PRUH PLQXWHV LQ DQ LVRSURSDQRO EDWK
FRPSOHWH WKH FURVV OLQNLQJ RI WKH 89 VHQVLWLYH UHVL
VIVWHPV XVLQJ 7\JRQ WXEHV 7XEHV ZHUH VLPSO\ SOXJJHG L
UHVLQ

"3ULQWHG PLFURIOXLGLF PXOWLSROHYV

7KLV IDEULFDWLRQ PHWKRG KDV EHHQ XVHG VXFFHVVIXOO\ IR
RlI XS WR DSHUWXUHV )LJXUH , W DOORZV WR UHOLDI
DSHUWXUHV RI —P 7KH SULQWLQJ WLPH UDQJH IURP PL
R FP WR K IRU 3&'V FRPSULVHG RI KXQGUHGV RI DSHUWX

)LIXUH ' SULQWHG 0)0 D DQ SHWDO IORZHU 0)0 E $
DSHUWXUH 3&" 6FDOH EDU UHSUHVHQWY PP

2QH DGYDQWDJH RI ' SULQWLQJ LV WKH SRVVLELOLW\ WR FUH
PHWKRG LV QRW JUHDWO\ LQIOXHQFHG E\ WKH SULQWHG V\VW
UHVSHFWHG PRVWO\ WKDW FKDQQHO ZLWK D OHQJWK KLJKHLU

—P DQG WKDW QR DSHUWXUH RU VPDOO GHWDLOV VKRXO
SURYHG WR EH XVHIXO LQ WKH DGDSWDWLRQ RI PXOWLSROHYV
VL]IH Rl SUREHV FDQ HDVLO\ EH FKDQJHG 7KLV YHUVDWLOL



FRPSDWLEOH ZLWK SRVLWLRQLQJ V\VWHPV DV ZHOO DV V\VW
WLS WR FRQWURO WKH JDS EHWZHHQ WKH PXOWLSROH DQG V
H[SHULPHQWDO VHWXS RQH XVLQJ D SRVLWLRQLQJ V\VWH
DXWRDOLJQPHQW VSDFHUV 2WKHU VHWXSV ZHUH DOVR XVH
LQWHJUDWLRQ RI D 3&" ZLWK D UROO WR UROO VA\VWHPV 7KF
ODWHU FKDSWHUV

probe holder and slider

/»/

9

ultipole

J)LIXUH 0)OV XVLQJ D SRVLWLRQLQJ VV\VWHP DQG DXWRD
PLFURIOXLGLF TXDGUXSROH FRPSDWLEOH ZLWK D SRVLWLRQ
SUREH KROGHU F OLFURIOXLGLF 3UREH SRVLWLRQLQJ V\
DXWRDOLJQHPHQW VSDFHUV

(bDuo\ LQ WKH UHVHDUFK SURMHFW WKHUH ZDV VRPH GRXE
UHOLDELOLW\ LVVXHV GXH WR WKH UHODWLYHO\ ORZ SULQW
UHOLDEO\ IROORZ WKH PRGHOV GXH WR LPSUHFLVLRQV LQ WK
IODW VXUIDFH D SHUIHFWO\ SDUDOOHO DOLJQPHQW EHWZHH!
DSHUWXUHV 21 FRXUVH LW LV LPSRVVLEOH WR EXLOG V\V)
GLVFUHSDQF\ EHWZHHQ PRGHOV DQG H[SHULPHQWDO V\VWH



VLIQLILAR@QWWKHOHVYVY D ZDUSHG RU XQSDUDOOHO VXUIDFH
REVHUYHG IORZ SDWWHUQV DQG WKH PRGHOV +RZHYHU
LPSHUIHFWLRQ GXH WR WKH ' SULQWLQJ ZHUH IRXQG WR KDY
J)LIXUH DQG )LIJXUH UHVSHFWLYHO\ SUHVHQW IORZ OLQH
EHWZHHQ PRGHOV DQG H[SHULPHQWDO 0)0V

e
Stagnation

-

!
/
7
~
~
\
\

Flow Speed [mm/s]

J)LIXUH 3,9 PHDVXUHPHQWY RI WKH IORZ XQGHU D ' SULQW
VWUHDPOLQHV XQGHU D PLFURIOXLGLF GLSROH E $YHUDJH

RULHQWDWLRQ DQG PDIJQLWXGH RI WKH IORZ XQGHU WKH GLS
UHSUHVHQWYV —P

J)LIXUH SUHVHQWYV WKH SRWHQWLDO IORZ PRGHO VWUHD
PLFURIOXLGLF GLSROH ([SHULPHQWDO PHDVXUHPHQWYV ZHU
3,9 )LJIXUH E 7KHUH ZDV D FRQFHUQ WKDW WKH ' SULQW
ZKLFK ZRXOG KDYH FDXVHG WKH IORZ OLQH WR EH GHIRUPHC
ILIXUH WKDW WKH IORZ OLQHV DUH VI\PPHWULFDO DQG VKRZ C
LQGLFDWH WKH SUHVHQFH RI LPSRUWDQW VXUIDFH GHIHFWYV
SRWHQWLDO IORZ PRGHO )LJXUH D



O Experiments
—Numerical Solution
(fluorescein)
——Numerical Solution
(Rhodamine B)

1 =-=-Analytical Solution

-800 -600 -400 -200 O 200 400 600 800
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J)LIXUH D &RPSDULVRQ EHWZHHQ WKH HQYHORSH RI D PL
GDWD D "ILQLWH HOHPHQW VLPXODWLRQ DQG WKH DQDO\WL
WR LOMHFWLRQ UDWLR . HTXDO WR E '"SULQWHG PLFURIC
LOQOMHFWLRQ UDWLR 6FDOH EDU UHSUHVHQWYV —P

J)LIXUH FRPSDUHV WKH FRQILQHPHQW DUHD HQYHORSH IRU
ILQLWH HOHPHQW VLPXODWLRQ DQG WKH SRWHQWLDO IORZ |
WKUHH VHWYV RI GDWD 7KH FRQILQHPHQW DUHD GLIITHUHQFH E
PRGHO LV XQGHU 7TKH DQDO\WLFDO PRGHO XQGHUHVWL
DSSUR[LPDWHO\ —P RQ DOO ERUGHUV ZKLFK FDQ EH H[SOI
FRQVLGHUV SRLQW VRXUFH DSHUWXUHYV

$V WKH ODVW ILIJXUHV SUHVHQWHG " SULQWHG PLFURIOXLG
ZLWK WKH H[SHFWHG UHVXOWYVY %RWK FRQYHFWLRQ DQG GL|
PRGHO DV ZHOO DV WKH VLPXODWLRQV :KLOH ' SULQWLQJ FC
Rl IDEULFDWLRQ WROHUDQFH UHVXOWYVY VKRZ WKDW LW LV
SUHGLFWDEOH 0)0 XVLQJ WKLV PHWKRG



,Q FRQFOXVLRQ WKLV FKDSWHU FRYHUHG WKH ZKROH IDEULF
SULQWLQJ SRVW SURFHVVLQJ ,W ZDV DOVR GHPRQVWUDWHG
KLOH KDYLQJ LWV OLPLWDWLRQ WKLV IDEULFDWLRQ PHWKR
ZLWK YDULRXVY SDUDPHWHUY DQG DSSOLFDWLRQV ORUHRYHU
WKLV PHWKRG DUH FRPPHUFLDOO\ DYDLODEOH DQG DUH UHO
8VLQJ WKH SURFHVV , GHYHORSHG QRQ H[SHUWV VKRXOG |
PRGLILFDWLRQ WR WKH VFULSWV SDUDPHWHUV SULQW DV
GHYLFHV
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2EMHFWLYH '"HYHORS WHVW DQG FKDUDFWHUL]H PXOWLSC

7KLY FKDSWHU FRYHUV WKH GHVLIJQ RSHUDWLRQ DQG DS
PLFURIOXLGLF PXOWLSROHV W FDQ EH YLHZHG DV D UHYLVH
RI WKH DUWLFOH 20LFURIOXLGLF PXOWLSROHV WKHRU\ DQG D
eWLHQQH %RXNOWDDVWLFOH RULJLQDOO\ VWDUWHG E\ SUHVHQ
PRGHO IRU 0)OV 7KLV PRGHO LV RPLWWHG KHUH VLQFH LW
EHFDXVH LW LV P\ FROOHDJXHYV UHVHDUFK DQG QRW PLQH

:KHQ , VWDUWHG P\ SURMHFW DOO RSHQ VSDFH PLFURIOXLG
VFDQQLQJ SUREH 7KLV LV H[WUHPHO\ OLPLWLQJ IRU VRPH D
H[SHULPHQW UHSHDWLQJ 3Q° WLPHV D SURPENN®RVMWQADD WHL
DSSURDFK 8VLQJ D SDUDOOHO GHYLFH WKH WLPH WR SHUIR
WR W 7KLV FKDSWHU FRYHUV WKH ILUVW VWHS ZH WRRN

PXOWLSROHV DUH PXOWLSOH[DEOH UHFRQILIJXUDEOH DQG I
SHUIRUP SDUDOOHO PXOWLVWHS DQG ORQJ WHUP H[SHULPHC

7KLV SDUW RI P\ SURMHFW LV DQ H[SORUDWRU\ SKDVH ZLWHK
0)0OV ZHUH YROXQWDULO\ NHSW VRPHZKDW VLPSOH DQG OLPL
UHJDUG WKLV FKDSWHU UHYROYHYV DURXQG WKH VHFRQG REN
0)0O OLPLWHG LQ VL]H :KLOH WKLV OLPLWHG WKH SDUDOOHOL
LW ZDV VXIILFLHQW WR H[SORUH PDQ\ 0)0 JHRPHWULHV VWXC
SURRI RI FRQFHSW RI DQ DXWRPDWL]JHG LPPXQRDVVD\

6FDQQLQJ GHYLFH OLPLWDWLRQV

$W WKH VWDUW RI P\ SURMHFW DOO SXEOLVKHG RSHQ VSDF
VFEFDQQLQJ SUREH ORJLF 'LITHUHQW PLFURIOXLGLF SUREH FR!
0)3 RU WKH PLFURIOXLEXK®W TWKBDIB\WUXCGBAKMHDWO\ ODFNHG SDUL
7D\ORU DO SUHVHQWHG D SUREH EDVHG RQ DQ DUUD\ RI GL:



SRWHQWRRBYHU HYHQ WKLV V\VWHP zZDV PDGH WR EH XVHG
LOQKHUHQWO\ D VHULDO SURFHVV DQG D OLPLWDWLRQ WKH
UHDJHQW UHVLGHQFH WLPH WR EH PRUH WKDQ D IHZ VHFRQG
([SHULPHQW UHTXLULQJ YDULRXV UHDJHQWY DUH DOVR LPSU
ZLWK WKH QXPEHU RI FRQGLWLRQV WR EH WHVWHG $ VROXW
WR XVH D SDUDOOHO DSSURDFK DQG GHVLJQ VA\VWHPV WKDW
WKH SDWWHUQLQJ RI GLITHUHQW UHDJHQWY VLPXOWDQHRXVQ
7KLV LGHD FDQ EH SXVKHG RQH VWHS IXUWKHU E\ DGGLQJ U
DOORZ WKRVH V\VWHPV WR FDUU\ RXW PXOWLVWHS H[SHULPH

6FDQQLQJ SUREHV DUH PDLQO\ OLPLWHG WR FHOO VWDLQLQ
UHVLGHQFH WLPH LQ WKH RUGHUV RI VHFRQGYVY 7KH JRDO EHK
PXOWLSOH LV WR FUHDWH V\VWHPV WKDW FDQ WDFNOH ORQJ
G\QDPLF FHOO SHUIXVLRQ

JLUVW H[SORUDWLRQV RI WKH 0)0 FRQILJ

7KH ILUVW VWHS WRZDUG PXOWLSOH[ UHFRQILIJXUDEOH 0)0V
SRVVLEOH :‘H VWDUWHG E\ IDEULFDWLQJ DQG WHVWLQJ VI
FRQILIXUDWLRQVY DOUHDG\ GHPRQVWUDWHG LQ WKH OLWHUD

D E W VHUYHG WZR SXUSRVHV 7KH ILUVW RQH ZDV WR G
KRZ WR RSHUDWH DQG HYDOXDWH WKH FRQFHQWUDWLRQ SU
VLPSOLILHG WKH GHEXJJLQJ SKDVH 7KH VHFRQG RQH ZDV
GLIIXVLRQ PRGHO EDVHG RQ FRQIRUPDO PDSSLQJ +DYLQJ D
FRQFHQWUDWLRQ SURILOH RI RXU QHZ GHYLFHV FRXOG EH SU
HOHPHQW VLPXODWLRQV

7KH VWDQGDUG 0)0 LPDJLQJ SURWRFRO GHYHORSHG IRU WKL
RI D IOXRUHVFHQW LQYHUWHG PLFURVFRSH WR PHDVXUH 0)0
DV D FRQFHQWUDWLRQ PDUNHU 3URSLGLXP ,RGLGH PL[HG ZlI
WZR FRORUV DUH QHHGHG '1$ LQFUHDVHV WKH SURSRGLXP L
SUHYLRXVO\ WHVWHG EXW VWURQJ VXUIDFH DGVRUSWLRQ ZL
EDFNJURXQG LPDJH RI WKH V\VWHP ZLWK DOO DSHUWXUHV W



IOXRUHVFHQW LPDJHV WR VLPSOLI\ WKH LPDJH DQDO\VLV 0]
SXPSV $ /DEYLHZ FRGH ZDV GHYHORSHG WR FRQWURO WKH S)
H[SHULPHQWYVY 0)0V ZHUH IDEULFDWHG ZLWK DXWRDOLJQPHQ
WKH JDS LQ EHWZHHQ WKH 0)0 DQG WKH VXUIDFH 0)0V ZHUH
FXVWRP ' SULQWHG KROGHU DQG D VSULQJ ODWFKLQJ PHFKI
ZLWK SUHYLRXV ZRUN RQ PLFURIOXLGLF SUREHV WKDW XVH(
FRVWO\ VFDQQLQJ PRWRUL]JHG V\VWHP :H FRXOG UHO\ RQ VXI
SURMHFW LV WR GHVLJQ UHFRQILIJXUDEOH V\VWHPV WKDW I
PXOWLSOH[LQJ DQG UHFRQILIJXUDWLRQ UDWKHU WKDQ VFDQQ
ZLWK DXWRDOLJQPHQW VSDFHUV WKDW DUH RI D WKLFNQHV\
0)0O IDEULFDWHG WR RSHUDWH RQ WLVVXH VOLFH KDG WKLFN
SHUIHFWO\ IODW JODVV VOLGH

LIS

Clampmg Springs

o—Glass slide

Fluid confinement patterns / < r

Inverted microscope

J)LIXUH D 6FKHPDWLFV RI D IL[HG 0)0 VHWXS 7KH 0)0 LV Sl
ZLWK D JDS FRQWUROOHG E\ WKH DXWR DOLJQPHQW VSDFHU
KROGHU DQG D 0)0 FODPSHG RQ DQ LQYHUWHG PLFURVFRSH

&RPPXQ ILFHQVH && %< KWWS FUHDWLYHFRPPRQV RUJ

([SHULPHQWDO UHVXOWYV IURP HDUO\ 0)OV ZHUH IRXQG WR P
FROOHDJXH eWLHQQH %RXODLV DV SUHVHQWHG E\ )LJXUH
GLIIXVLRQ OHQJWKY DQG WKH FRQFHQWUDWLRQ SURILOH RE\



GLITHUHQW DQJOHV RQ WKH SURILOH WKH GLIIXVLRQ OHQ
GHPRQVWUDWHY WKDW WKH HQYHORSHV RI WKH FRQILQHPHQ
PRGHO IRU YDULRXV JHRPHWULHV 7KRVH UHVXOWY YDOLGDW
LQ WKH GHVLJQ RI QHZ 0)0 FRQILIJXUDWLRQV 7KH LGHD ZDV V
GLSROH DQG TXDGUXSROH DQG WUDQVIRUP WKHP LQWR PRUH

0==nl4
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J)LIXUH ([SHULPHQWDO VHWXS DQG VLGH E\ VLGH FRPSDUL'

HDFK VXEILIXUH WKH WRS KDOl UHSUHVHQWYVY WKH WKHRUHW

D IOXRUHVFHQW PLFURJUDSK RI DQ 0)0O LOQMHFWLQJ D IOXR!

OLFURIOXLGLF TXDGUXSROH F 3RO\JRQDO PXPINLEROROEB H S

SHWDO D[LVWCREHNMXQWLSROH |I $V\PPHWULHK LP SIFDXY JE DQAWR/Z

UHSUHVRRQWLJXUH PRGLILHG IURP *R\HWWH /DLGHQUVW &&KRRR X
KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E\

0)0 GHVLJQ IURP FRQIRUPDO PDSSLQJ OHG XV WR WZR FRQIL
XVHIXO IRU WKLV SURMHFW 7KH\ DUH WKH 3IORZHU" DQG SR(
WKHVH 0)0 FRQILIXUDWLRQV DORREDRHBDRQWWRBVVRBF ]7K
FRPSUHVVHV WKH FR®SIOWKIS FREIS AW SODQH DQG UHSOLFDW
UHVXOWLQJ LQ D SRO\JRQDO V\PPHWU\ 8VLQJ D WUDQVODWI
0)OV ZHUH JHQHUDWHG )LIJXUH G I )LIXUH 7KH 3IORZHL
LV DQ HIIHFWLYH 0)0 JHRPHWU\ WKDW LV HDVLO\ UHFRQILJXL
QH[W VHFWLRQ 7KH 3RO\JRQDO 0)0V JHQHUDWH D FRQILQHPH
,W ZDV IRXQG WR EH H[WUHPHO\ VWDEOH GXULQJ H[SHULPHQ\
SURMHFW LW LV RQH RI WKH LQVSLUDWLRQV EHKLQG WKH I
SUHVHQWHG LQ FKDSWHU



Injection
as the
origin

J)LIXUH OLFURIOXLGLF PXOWLSROH JHQHUDWLR® IBRP WK
PLFURIOXLGLF PXOWLSROH E 8VLQJ WKH DVSLUDWLRQ DV RU
FDQ EH JHQHUDWHG IURP WKH GLSROH F % SHWDO DJ[LV\P
LQMHFWLRQ DV RULJLQ PLFURIOXLGLF SROVJRQV FDQ EH JHQ

2ZWKHU PXOWLSROH FRQILIXUDWLRQV WKDW ZHUH LQVSLUHG
WKDQ FRQIRUPDO WUDQVIRUPDWLRQV ZHUH DOVR LQYHVW
UHFRQILIXUDWLRQ GXH WR WKHLU YHUVDWLOLW\

OLFURIOXLGLF PXOWLSROH UHFRQILJXUD

'LITHUHQW DSSURDFKHV FDQ EH XVHG WR FUHDWH UHFRQILJX
FUHDWH V\VWHPV ZKHUH WKH UHDJHQW LQMHFWHG E\ DSHUW
WHFKQLFDOO\ GLIILFXOW WR DFKLHYH DQG QRW HVVHQWLDO
LQ WKH QH[W FKDSWHU RQ GLVSOD\ OLNH 0)0V $V D ILUVW V\
VLPSOHU DSSURDFK 0)0V ZHUH UHFRQILIJXUHG E\ FKDQJLQJ
DQG RIl 7KLV UHFRQILIXUDWLRQ PHWKRG LV VLPSOH ZKHQ X
QXPEHU RI SDWWHUQV WKDW FDQ EH JHQHUDWHG FRQVLGHU
VFDOHPZZWHKUH 3D" LV WKH QXPEHU RI DSHUWXUHV )RU D DS
IOXLG SDWWHUQV

JURP RXU H[SORUDWLRQ RI PLFURIOXLGLF PXOWLSROH JHRPH
PXOWLSOH[ DQG UHFRQILIJXUDEOH 0)0 DSSOLFDWLRQV 7KH\



uo)o J)LIXUH D F DOVR VRPHWLPHV UHIHUUHG DV WK
WUDQVODWLRQDOO\ VI\IPPHWULF 0)0 WO0)0 )LJXUH E G ED
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J)LIXUH SHFRQILIXUDEOH PXOWLSROH 7KHRUHWLFDO VWU
F+G SRVLWLYH DQG QHJDWLYH VLIQV UHSUHVHQW LQMHFW
URWDWLRQDO V\PPHWU\ E G DSHUWXUH 0)0 ZLWK WUDQ

P )LIXUH PRGLILHG IURP *R\HWWH DIOF HDDMW  &&R PA<X Q
KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E\

7KH URWDWLRQDOO\ VI\IPPHWULF PLFURIOXLGLF PXOWLSROH L
GLSROHV ZLWK D VXSHUSRVHG FHQWUDO DVSLUDWLRQ 7KH L
SRO\URQ DURXQG WKH FHQWUDO DVSLUDWLRQV 7KH UO0)0 LV
WKHRUHWLFDO QXPEHU RI FRQILQHG UHDJHQW FRQGLWLRQV S§
IRU WKH FHQWUDO DVSLUDWLRQ

$ SURSRVHG XVH RI WKH U0)0 LV WR FUHDWH D FKHPLFDO VW
RI WKH U0)0O HQDEOH WKH IDVW VSDWLRWHPSRUDO FRQWURO
FDQ EH SXOVHG DW GLIIHUHQW UDWHYV DQG GXW\ F\FOH )LJX



VWURERVFRSH ZH IDEULFDWHG W SUHVHQWY DQ H[SHULPH¢
GLITHUHQW IUHTXHQFLHV SHULRG V V DQG V DQG GLI
SHWDOV VHUYH DV FRQWUROV RQH DOZD\V RQ DQG WKH RWK
RUGHU RI VHFRQGYVY ,Q WKHRU\ WKH SHWDOV ZLGWK DQG VKL
WXUQHG RQ DW DQ\ PRPHQW +RZHYHU WKH SHWDOV FRXOC
H[SHULPHQW E\ PRGXODWLQJ WKH DVSLUDWLRQ WR LQMHFW
DVSLUDWLRQ WR LQMHFWLRQ WR NHHS WKH SHWDOV VWDEOH
LQIRUPDWLRQ RQ WKH LQMHFWLRQ WR DVSLUDWLRQ UDWLF
6XSSOHPHQWDU\ PLFURJUDSKV VKRZLQJ WKH FKHPLFDO V\
UHFRQILIXUDWLRQ DUH DYDLODEOH LQ WKH DSSHQGL][ &



a

P=24s, D=50%

Channels

0 N OO b~ WN =

P=16s, D=50% P=12s, D=50%

P=16s, D=25% 500um

t =106.0s —

YLIXUH OLFURIOXLGLF PXOWLSROH GHYLFHV D )OXRUHVEFF
SDWWHUQ RI D U0)O GHYLFH E *UDSK UHSUHVHQWLQJ WKH
FRQILQHPHQW DUHD RI D U0)0O XVHG DV D FKHPLEFDO VWURI
VKRZLQJ GLIIHUHQW FRQILQHPHQW SDWWHUQV PDGH ZLW
H[SHULPHQW ODVWLQJ OHVV WKDQ PLQ 6FDOH EDU UHSUHYV
&RPPXQ IJLFHQVH && %< KWWS FUHDWLYHFRPPRQV RUJ



7KH WUDQVODWLRQDOO\ VIPPHWULF 0)0 WO0)0O LV EDVHG RQ
DSHUWXUHV :KHQ LW ZDV IDEULFDWHG HYHU\ 0)0 SUHVHC(
KLHUDUFKLFDO FRXOG EH DFKLHYHG XVLQJ WKLV PXOWLSRO
SODFHPHQW %\ DOWHUQDWLQJ WKH SODFHPHQW RI LQMHFWL
WKH W0)0 \LHOGV D YHUVDWLOH GHYLFH WKDW FDQ JHQHUDW
RYHUODSSLQJ ,Q )LJXUH ZH SUHVHQW WKH UHFRQILJXUDW
SDWWHUQV ,W ZDV SHUIRUPHG LQ D VLQJOH H[SHULPHQW WK
VLPSO\ D VXEVHW RI WKH IOXLGY SDWWHUQV WKDW FRXO(
GLITHUHQW SODFHPHQW RI LQMHFWLRQ DQG DVSLUDWLRQ \LH
DV SUHVHQWHG E\ )LJXUH WKDW SUHVHQWY D VHFRQG FR
JHQHUDWHG ORUH ILIJXUHV RI UHFRQILIJXUDEOH WO0)0 DUH DY

J)LIXUH JOXRUHVFHQFH PLFURJUDSKV VKRZLQJ GLITHUHQ\
DSHUWXUH WO0)0 GXULQJ DQ H[SHULPHQW ODVWLQJ VHFRQG

SHFRQILIJXUDEOH 0)0 LPPXQRIOXRUHVFH(

$V D SURRI Rl FRQFHSW RI WKH SRWHQWLDO Rl UHFRQILJXUDE
H[SHULPHQWY ZH FDUULHG RXW DQ LPPXQRDVVD\ H[SHULPHQ
JRDO ZDV WR IXOO\ DXWRPDWH DQ LPPXQRIOXRUHVFEHQW D\
GHWHFWLRQ DQWLERG\ LQFXEDWLRQ DQG ZDVKLQJ 7KH H



IXQFWLRQDOL]JHG ZLWK VSRWV RI JRDW ,J* DQWL PRXVH FDSW
DSHUWXUHV ZHUH XVHG DV D U0)0 WKH FHQWUDO DSHUWXU
LQMHFWLQJ D GLIIHUHQW FRQFHQWUDWLRQ Rl WKH DQWLJHC

D 7KH DQWLJHQ ZDV LQFXEDWHG IRU PLQXWHV 7KH DQV
WKH FRUQHU DSHUWXUHV ZHUH XVHG WR LQMHFW WKH GHW?!
ORXVH ,J* IRU RQH KRXU )LJXUH E 7KH SDWWHUQ RI LC
RYHUODSSHG WKH SDWWHUQ RI WKH DQWLJHQV $IWHU WKH
ZHUH WXUQHG RII IRU VHFRQGYV WR DOORZ WKH FHQWUDO
DQWLERGLHVY 7KH FHQWUDO GUDLQ ZDV WKHQ WXUQHG RII D
ZDVK EXIIHU 3%6 DQG WZHHQ IRU PLQXWHV )LIXUH F 7
VOLGH GULHG ZLWK QLWURJHQ EHIRUH EHLQJ LPDJHG 5HV
FURVVWDON )LJXUH G 7KH IOXRUHVFHQW OHYHO IRU WKH
WKH ELQGLQJ FXUYH RI WKH DVVD\ )LIJXUH G 7KH DUHD
GHWHFWLRQ DQWLERGLHV ZDV XVHG DV EDFNJURXQG VLJQDC
OHYHOV EHWZHHQ WKLV DUHD DQG LQMHFWLQJ FRQILQHPHQW
PRUH LQIRUPDWLRQ LQ DSSHQGL[ ' 7KH ELQGLQJ EXUYH JL®
RI SO PO a SJPO ZKLFK LV LQ WKH UDQJH H[SHFWHG
LPPXQRDVWVEBLY LPPXQRDVVD\ LV WKH ILUVW SURRI Rl FRQF
DXWRPDWHG XVLQJ DQ RSHQ VSDFH PLFURIOXLGLF VA\VWHP :}
RI RQO\ H[SHULPHQWDO FRQGLWLRQV LW LV DOVR WKH ILUV
IRU H[SHULPHQW UHTXLULQJ ORQJ LQFXEDWLRQ WLPH ,W S
DXWRPDWL]DWLRQ RI OLIH VFLHQFH H[SHULPHQWY ZKHUH PLF
SLSHWWLQJ URERWYV
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J)LIXUH ,PPXQRDVVD\ H[SHULPHQWY XVLQJ D VWDJJHUHG
RUNIORZ RI DQ LPPXQRIOXRUHVFHQFH DVVD\ XVLQJ D 0)0 D
XVHG bDv D SHWDO U0)0 WR LQFXEDWH GLIITHUHQW FRQFHQV
E "HWHFWLRQ DQWLERGLHYV LQFXEDWLRQ 7KH FRUQHU DSHU\
ZLWK GHWHFWLRQ DQWLERGLHV F :DVK $ ZDVKLQJ EXIIHU L
PLFURJUDSK RI WKH GHWHFWLRQ DQWLERG\ RQ WKH JODVYV
LPPXQRDVVD\ (UURU EDUV UHSUHVHQW WKH VWDQGDUG GHY|I
1DW &RPPXQ /LFHQVH && %< KWWS FUHDWLYHFRPPRQV F



'LVFXVVLRQ

7KH 0)0OV SUHVHQWHG LQ WKLV FKDSWHU KDYH WZR LPSRUWD
PLFURIOXLGLF SUREHV PXOWLSOH[LQJ DQG UHFRQILIJXUDYV
LPSURYHPHQWY LV WKH FRPSDWLELOLW\ ZLWK ORQJ ODVWLQJ
LQ WKH WLPH UDQJH RI PLQXWHYV WR GD\V WKH\ EULQJ RXW Q
LQ OLIH VFLHQFH EXW 0)OV ZRXOG QRW EH OLPLWHG WR WEk
LPPXQRKLVWRFKHPLFDO ,+& VWDIRQLEHO'A%D B UHEIHHRGH R Q
VLQFH 0)0 DUH EDVHG RQ FRQVWDQW VWUHDPLQJ WKH\ UHPI
EHWZHHQ WKH LQMHFWLRQ RI GLITHUHQW UHDJHQWY DQG WKHF
IURP WKH SUHYLRXV VWHS WKDW FRXOG QRW EH ULQVHG K
IHZ VWHSV LW PLJKW EH D KXJH DGYDQWDJH IRU H[SHULPHQV
RI UHDJHQWY VXFK DV LQ FHOOXODU EDUFRGLQJ

0)OV SUHVHQWHG LQ WKLV FKDSWHU KDYH IDVW G\QDPLFV
DOORZV WUDQVLWLRQ LQ WKH RUGHU RI VHFRQGY :H HQYLVL
WR VWXG\ FHOOXODU SDWKZD\V*W KEORP D B H O 0 HVXIHXDRO L&H SFHID
DV WKH 1RWFK SDWKZD\ UHVXOWV LQ GLVWLQFW WDUJHW J
HISRVXUH WR D PROHFXOH RU VWLPXOXWV KJH WW NG \WRK D/X KK 8D
LV GLIILFXOW XVLQJ VWDQGDUG SLSHWWLQJ SURWRFROV ZKL
FKHPLFDO VWURERVFRSH FRXOG RIITHU D QHZ WRRO WR VWXG

&RPSDUHG WR SUHYLRXV VFDQQLQJ PLFURIOXLGLF SUREHV
SRVLWLRQLQJ V\VWHPV WKDW FDQ EH EDVHG RQ VLPSOH O
SRVLWLRQLQJ VI\VWHP FRVW DQG FRPSOH[LW\ LW VLPSOLILF
LPDJLQJ VA\VWHPV

%\ GHVLJQ 0)0 DOORZV WKH WHVW RI GLITHUHQW H[SHULPHQMW
FRQGLWLRQV FDQ EH WHVWHG ZLWKLQ D VPDOO DUHD ZLWKF
ZKLOH PDLQWDLQLQJ ELRFKHPLFDO LVRODWLRQ ,Q WKLV U
ELRFKHPLFDO LVRODWLRQ RIITHUHG E\ ZHOO SODWH RU FORYV
FRPSDWLELOLW\ ZLWK RSHQ VXUIDFHV OLNH WKH PLFURIOXLC



$V VKRZHG LQ WKLV FKDSWHU 0)0 PXOWLSOH[LQJ SRWHQWLD
KRZHYHU KDYH OLPLWHG P\VHOI WR V\VWHPV FRPSULVHG R
UHVHDUFK SURMHFW .HHSLQJ WKH V\VWHPV VLPSOH IRU DQ F
(YHU\ DSHUWXUH RI 0)0 LQ WKLV FKDSWHU DUH LQGLYLGXDO
SXPSV EHLQJ H[SHQVLYH DQG WKXV OLPLWHG LQ QXPEHU LV
ZRXOG EHFRPH HVVHQWLDO WR LQFUHDVH 0)0 PXOWLSOHI[LQJ
IURP WKH ZRUN RI WKLV FKDSWHU 7KH XVH RI PDQLIROG FtF
FKDSWHU PRUH SDUWLFXODUO\ WKH 0)0V EDVHG RQ DQ DUUD
WKH EDVLV WKDW OHG WR WKH FUHDWLRQ RI WKH SL[HODWHC
WKH QH[W WZR FKDSWHUV 7KRVH QHZHU YHUVLRQV RI ODUJ}
OLPLWDWLRQV RI VPDOO UHFRQILJXUDEOH 0)OV QDPHO\ WKH



&+$37(5 $57,&/( 3,:(/ %$6(" 23(1 63$&(
0,&52)/8,',&6 )25 9(56%$7,/( 685)$&( 352&(66,1*

SLHUUH $OH[DQGWH H R QHHWAMRKGIHD ZVHPKEROEDYV *HUYDLYV
,QVWLWXW GH *pQLH %YLRPpGLFDO 3RO\WHFKQLTXH ORQWUp

'HSDUWPHQW Rl (QJLQHHULQJ 3K\VLFV eFROH 3RO\WHFKQLT
&DQDGD

,QVWLWXW GX &DQFHU GH ORQWUpPDO &HQWUH GH S5HFKHUF
ORQWUpPDO ORQWUpPDO 4& + : & &DQDGD

2EMHFWLYH '"HYHORS WHVW DQG FKDUDFWHUL]H D VFDOD
PLFURIOXLGLF V\VWHP

%DFNJURXQG LQIRUPDWLRQ

7KLY DUWLFOH ZDV SXEOLVKHGQG WEHDBURFUHGLQJIV RI WKH 1D
6FLHQFHV RI WKH 8QLWHG 6WDWHV RI $PHULFD 31%$6 W (
RSHUDWLRQ RI SLIHODWHG FKHPLFDO GLVSOD\V 3&'V ZKLFk
WKH PDLQ FRQWULEXWLRQV RI WKLY DUWLFOH LV WKH DUFKL
SRVVLEOH WR FUHDWH VLPSOH V\VWHPV RU JHQHUDWH ODI
FRQILQHPHQW DUHDV XVLQJ WKH VDPH EDVLF 3SL[HODWHG G
7KH DUWLFOH FRYHUV WKH XVH RI PDQLIROGV WR RSHUDW
UHFRQILIJXUDWLRQ 6RPH VXUIDFH SURFHVVLQJ DSSOLFDWLRC(
LQ FRPSDULVRQ ZLWK WKH SRWHQWLDO RI WKH 3&'V , FRQVL
3&" DUFKLWHFWXUH WR EH WKH FHQWHUSLHFH RI P\ 3K'" DW C
WKH 0)0 VA\VWHPV IURP SUHYLRXV FKDSWHUV DV SURRI RI FRQ
SLIHODWHG DUFKLWHFWXUH SUHVHQWHG LQ WKLV FKDSWHU
LQGXVWULDOL]DWLRQ ,W LV KLIJKO\ PXOWLSOH[DEOH VWDEC
FKDUDFWHULVWLFV , ZDV ORRNLQJ IRU 7KH FKDOOHQJH WKD



WKH 3&'" PRUH WKDQ LQ WKH GHYLFH DUFKLWHFWXUH LWVHOI
LV SUHVHQWHG LQ WKH $SSHQGL[ ( RI WKLV WKHVLYV

O\ FRQWULEXWLRQ WR WKLV DUWLFOH LV DURXQG , GH)\
HISHULPHQWYV SUHVHQW LQ WKH SDSHU , ZURWH WKH DUWLF
7TKRPDV *HUYDLYV :KLOH , GHVLIJQHG WKH VWDELOLW\ DQDO\\
DQRG WKH FRGHV WR JHQHUDWH WKHP ZHUH PDGH E\ ODXGH 7U
7KH DQDO\WLFDO PRGHO SUHVHQWHG LQ WKH VXSSOHPHQWI
eWLHQQH %RXODLYV

$SEVWUDFW

$Q LQFUHDVLQJ QXPEHU Rl DSSOLFDWLRQV LQ ELRORJ\ FKHI
PDQLSXODWLRQ EH\RQG ZKDW LV SRVVLEOH ZLWK FXUUHQW
JHQHUDWLRQ LQWHUIDFH UHDFWLRQV UHDJHQW VWUHDPLC
LQWURGXFH WKH SL[HODWHG FKHPLFDO GLVSOD\ 3&' D QI
UHFRQILJXUDEOH OLTXLG KDQGOLQJ RQ RSHQ VXUIDFHV OLF
VWUHDP LQMHFWHG DERYH D VXUIDFH LV FRQILQHG E\ QHLJ
UHSHDWDEOH IORZ XQLW WKDW FDQ EH XVHG WR WHVVHODW|
IDEULFDWHG DQG XVHG WR SURMHFW 3FKHPLFDO PRYLQJ SLI
LPPHUVHG DQG GU\ VXUIDFHV ZLWKRXW DQ\ SK\VLEFDO EDUU
IURP SUHYLRXV ZRUN LQ RSHQ VSDFH PLFURIOXLGLFV E\ SUH
WKH QXPEHU Rl FRQILQHPHQW DUHDV FDQ EH VFDOHG WR DQ
VSDFH WHQHW WKDW WKH DVSLUDWLRQ UDWH PXVW E\ KLJKHL
2YHUDOO WKLV DUWLFOH VHWV WKH IRXQGDWLRQ IRU PDVVL
IORZ VWUHDPV DQG VKRZFDVHV QHZ SRVVLELOLWLHV LQ ERW
UROO SURFHVVHV

6LIJQLILFDQFH 6WDWHPHQW

$XWRPDWHG OLTXLG KDQGOLQJ LV RI RXWPRVW LPSRUWDQFH
VXUIDFH HQJLOQHHULQJ 'HVSLWH LWV XELTXLWRXV SUHVHOQF!
PDLQO\ FRQVLVWHG LQ WKH URERWL]DWLRQ RI WKH KXPDQ SL



,Q WKLV DUWLFOH ZH OD\ WKH IRXQGDWLRQ IRU WKH 3L[HOD
VI\VWHP EDVHG RQ RSHQ VSDFH PLFURIOXLGLFV 7KLV GHYLE
LOQGHSHQGHQW IORZ VXEXQLWY WR WHVVHOODWHG VXUIDFH
GLVWLQJIJXLVK WKHPVHOYHV IURP SUHYLRXV WHFKQRORJ\ E\ R
DQG D SUHFLVH \HW PXOWLSOH[DEOH VSDWLRWHPSRUDO FRQ
LQ OLIH VFLHQFHYV DQG IRU PDVNOHVV VXUIDFH SURFHVVLQJ

 QWURGXFWLRQ

6LQFH WKH WXUQ RI WKH FHQWXU\ DXWRPDWHG OLTXLG KDQ((
LQ DFDGHPLF DQG LQGXVWULDO ODERUDWRULHYVY DQG DW WKH
DQG PDWHULDOGNWWLHQRHVD WHFKQRORJLFDO SRLQW Rl YLHZ
$/+ HPERGLPHQWYV UHPDLQ D PHUH URERWL]DWLRQ RI WKH K>
FDQ GHSRVLW VPDOO YROXPHV RI OLTXLG H[WUHPHO\ HII
VLPXOWDQHRXVO\ +RZHYHU WKH\ FDQQRW H[SRVH VXUIDFH
UHSODFH PHGLXP ZLWKRXW GLOXWLRQ RKHVGIRZVLPWBOQEZKGC
LQFUHDVLQJ GHPDQG IRU VA\VWHPV ZLWK D IDVWHU VSDWLRW
EH H[SODLQHG E\ D JURZLQJ LQWHUHVW LQ FHOOXODU SDWK3:
SKDUPDFHXWLFDO GRPDLQ

,Q DQ DWWHPSW WR IUHH WKH OLIH VFLHQ@BRVILERR W K5HH ¥ W OL
LQ WKH ILHOG RI RSHQ VSDFH PLFURIOXLGLFV KDYH EURXJKW
EDVHG RU SHWUL EDVHG DVVD\V 7KHVH LQFOXGH WKMRQJ

FKHPLVWWRGHPLFURFKHPQEDSHEIKOQSY PRUH LPSRUWDQWO\ W
$00 DUH FRQWDFW IUHH PHWKRGV ZKLFK RSHUDWH 3IURP DI
DERYH DQ LPPHUVHG VXUIDFH 7KH\ FDQ VZLWFK EHWZHHQ

GLOXWLRQ HQKDQFH FRQYHFWLYH PDVV WUDQVSRUW WR VXL
JUDGLHQAKHWH WHFKQRORJLHVY KRZHYHU DUH VWLOO LQKHU]I
VFEFDQQLQJ VSHHG RI UHDJHQW VWUHDPLQJ GHYLFHV LV OLPL
LQYROYHG LQ WKH VXUIDFH UHDFWLRQ RIWHQ PLQXWHYV
LPPXQRDVVD\V RU FHOO VWLPXODWLRQ HJ GUXJ LQFXED\
VI\VWHPVY GHYHORSHG VR IDU FDQ RQO\ RSHUDWH RQ LPPHUYV



RFFXU PRUH IOXLG PXVW EH DVSLUDWHG IURP WKH SUREH W
IURP WKH LPPHUVLRQ PHGLXP

&LUFXPYHQWLQJ OLPLWDWLRQV WR ERWK VWDQGDUG DQG

SHUVSHFWLYH FKDQJH IURP LQKHUHQWO\ VHULDO VFDQQLQJ
UHDJHQW GLVSHQVLQJ PXFK LQ WKH zZD\ WKDW WKH ILUVW L
&'V UHSODFHG WKH ILUVW FDWKRGH UD\ WXEHV XVLQJ D
SURFHVVLQJ WKH FRQFHSW RI YHU\ ODUJH VFDOH PLFURIOX
TKRUNWODOPRVW WZR GHFDGHV DJR RIIHUV D SDWKQI RAKIDW G
SDSHU ZH LQWURGXFH WKH 3L[HODWHG &KHPLFDO 'LVSOD\

ODUJH QXPEHU RI LOGHSHQGHQW UHDJHQW VWUHDPYV F
UHFRQILIJXUHG RYHU WLPH ZLWK GLVFUHWH VSDWLRWHPSRUD
PRGHO WR FKDUDFWHUL]H PDVV WUDQVSRUW XQGHU 3&'V D
HYLGHQFH RI WKHLU ODUJH VFDOH VWDELOLW\ DQG UREXV
LPSHUIHFWLRQV 'HYLFHVY DUH IDEULFDWHG YLD D VLPSOH P
GHPRQVWUDWH UHDJHQW FRQILQHPHQW RYHU ERWK LPPHUVH
IRU WKH ILUVW WLPH WKH UHFHLYHG LGHD WKDW RSHQ VSDFH
LQ IOXLGV IRU UHDJHQWYVY WR EH FRQILQHG 2YHUDOO WKH W
SURFHVV VXUIDFHVY E\ SURMHFWLQJ 3 FKHPLFDO PRYLQJ SLFWX
EURDG DSSOLFDWLRQV LQ URERWLF OLTXLG KDQGOLQJ UROC

SHVXOWY DQG GLVFXVVLRQ

B3L[HOL]HG FKHPLFDO GLVSOD\ FRQFHSW

7KH NH\ WR GHYHORS D PDVVLYHO\ SDUDOOHO RSHQ VSDFH
PRGXODU IORZ VXEXQLW RU PLFURIOXLGLF SL[HO WKDW FI
FRPSOHWHO\ OLFURIOXLGLF SL[HOV DUH D VSHFLROHWYSB @RI
LOMHFWLRQ LV FHQWHUHG EHWZHHQ WKUHH RU PRUH DVSLUD
J)OXLG LV FRQWLQXDOO\ VWUHDPHG WKURXJK WKHVH DSHUWX
GHYLFH DQG WKH VXUIDFH WR EH SURFHVVHG )LJXUH $G
DSHUWXUHVY RQ WKHLU YHUWLFHYVY WR IRUP D ODWWLFH RI DSFH



FDQ FRPSOHWHO\ WHVVHOODWH D VXUIDFH ZLWK LQGHSHQGH

7KH DUFKLWHFWXUH RI SL[HODWHG GHYLFHV LV KLJKO\ P
PLFURIOXLGLF SL[HOV FDQ EH DGGHG RQ WKH SHULSKHU\ ZLW
SL[HO UHDJHQWY DUH WUDQVSRUWHG E\ FRQYHFWLRQ EXW I
SL[HOV LQ WKH ODWWLFH 7KH IORZ UDWH ZLWKLQ D SL[HO DQ
KHDW ZLOO GHWHUPLQH WKH DPRXQW RI LQWHUSL[HO WUDC
PDWKHPDWLFDO GHYHORSPHQWY GHVFULELQJ FRQYHFWLRQ
IORZV RU +HOH 6BQZ MIRENU HDUO\ WUDQVODMW LRXQQLE V& P [LLF
DQDO\WLFDO VROXWLRQ IRU ERWK VWUHDPOLQHV DQG FRQF
VHFWLRQ ‘H XVHG WKLV PRGHO WKURXJKRXW WKLV SDSH
PLQLPL]H RU H[SORLW GLIIXVLRQDO LQWHUIDFHV DW WKH
DSSOLFDWLRQV ODWFK EHWZHHQ H[SHULPHQWV DQG WKHR
FRQYHFWLRQ $SSHQGL[ ( VHFWLRQ )LJ 6



To the pumps O
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)LIXUH S3LIHODWHG &KHPLFDO 'LVSOD\ FRQFHSWV DQG VFk
DSHUWXUH VTXDUH SL[HO 3&' 7KH 3&' LV KHOG RYHU D VDPSO
OLQHVY E 7KHRUHWLFDO IORZ OLQHV LQ DQ DUUD\ RI PLFURIO
VLIQV UHSUHVHQW LQMHFWLRQ DQG DVSLUDWLRQ DSHUWXU
3&' 7KH 3&' LV PDLQWDLQHG DW D IL[HG KHLJKW RYHU D VXUI
DUH LQMHFWHG DQG UHDVSLUDWHG ZLWKLQ WKH VKDOORZ JD

'LVSOD\ RSHUDWLRQ

‘H WHVWHG 3&'V EDVHG RQ WKH RQO\ WKUHH SRVVLEOH UHJX
VIXDUH WULDQJOH DQG KH[DJRQ $Q DSHUWXUH UHFWDQ
3&'V ZHUH ' SULQWHG XVLQJ VWHUHROLWKRJUDBK\ODR © GW Wi
QXPEHU RI SXPSV UHTXLUHG ZH GHVLJQHG FXVWRP EXLOW P
LQWR DOO SL[HOV VKDULQJ WKH VDPH UHDJHQWV :H DOVR
FRQWUROOHG JURXSV $SSHQGL[ ( )LJ 6 6 VXFK WKDW D =2
QXPEHU RI SXPSV . ZKHUH ; LV WKH QXPEHU RI GLIIHUHQ'



RU WKH FKHPLFDO LPDJH JHQHUDWHG :H XVHG WXEHV FRQQH
K\GUDXOLF UHVLVWRUV WR PDWFK WKH IORZ UDWH IURP DO
IOXRUHVFHQFH PLFURVFRSH WKURXJK D JODVV VOLGH WKDW
6 7KH WKUHH SL[HO VKDSHVY WHVWHG SURYLGHG KLJKO\ UH.

,Q ' SHULRGLF ODWWLFHVY ZKHUH HYHU\ SL[HO VKDUHV D QR
KDYLQJ D JHUR QHW IORZ UDWH LV WKH RQO\ PHWKRG WR SlU
SRVVLEOH IRU WKH RXWHUPRVW SL[HOV ZKHUH HGJH HIIHFV
KDYLQJ D QHJDWLYH QHW IORZ UDWH VXFK DV LQ )LJIJXUH
K\GURG\QDPLF IORZ FRQILQHRRH@W\ UNSHPMWXUH FRQILJXUD\
PLFURIOXLGLF SL[HOV LQFOXGLQJ HYHU\ SUHYLRXVO\ SXEO|
UHJLPH LV WKH RQO\ SRVVLEOH ZD\ WR FRQILQH VWUHDPLQJ
WKH GHYLFH WKH\ ZRXOG GLIIXVH WR LQILQLW\ DQG HVFDSH
RSHUDWLRQ HQVXHV ZKLFK LV WKDW GHYLFHV LQ K\GURG\Q
LPPHUVHG LQ D IOXLG WR RSHUDWH ,Q FRQWUDVW WKH XQL
FRQILQHPHQW RI WKH LQQHU SL[HOV HYHQ LQ WKH FDVH RI D
ZRUGV UHDJHQWY VWUHDPHG DUH ORFDOO\ FRQILQHG LQ D J
RI WKLY RSHUDWLRQ PRGH LV WKDW 3&'V QR ORQJHU KDYH W
EH XVHG RQ GU\ VXUIDFHV DQG DOVR RSHUDWHG LQ DQ XS\
LOQMHFWLQJ D QHXWUDO VROXWLRQ LQ WKH HGJH SL[HOV ORF
EH DFKLHYHG $SSHQGL[ $ )LJ 6 $QRWKHU DGYDQWDJH RI
EH PDGH RI DQ\ VL]JH 7KH SUHVVXUH GURS LQVLGH SL[HOV L
)XUWKHUPRUH WKH ODUJHU WKH V\VWHP LV WKH PRUH LGHD
EHFRPH :H IDEULFDWHG 3&'V FRPSULVLQJ XS WR SL[HO

SURYLGH YHU\ VWDEOH DQG UHJXODU IORZ SDWWHUQV )LJXU
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J)LIXUH ([SHULPHQWDO 3&'V )OXRUHVFHQW PLFURJUDSK D'
WULDQJOH SL[HO 3&' DQG F D KH[DJRQDO SL[HO 3&' )OXRUH
JOREDOO\ XQFRQILQHG G VTXDUH SL[HO 3&" H WULDQJOH S
OLFURJUDSK RI' D ' SULQWHG SL[HO 3&" GHYLFH K )OXRUH
$00 WKH VFDOH EDUV UHSUHVHQW PP

'‘'LVSOD\ VWDELOLW\

3&" VWDELOLW\ LV FUXFLDO IRU GHYLFH RSHUDWLRQ DQG :
HI[SHULPHQWDOO\ 7R HQVXUH WKDW 3&' IXQFWLRQ LV QRW F
DSHUWXUHY ZH FRPSDUHG WUDQVSRUW LQVLGH D SHUIHFW ¢



LOQOMHFWLRQ %RWK H[SHULPHQWDO UHVXOWY DQG QXPHULFDC
RQO\ D VPDOO ORFDO HIIHFW RQ 3&' RSHUDWLRQ )LJXUH
VKLIWHG WRZDUG WKH HUURUV ZLWK DQ DPSOLWXGH GHFUHD
WKDW HYHQ QHLJKERULQJ SL[HOV DUH RQO\ PLOGO\ DIIHFW
GHFUHDVLQJ IROORZLQJ D SRZHU ODZ ZDV IRXQG WKURXJKRX!
SDUDPHWHUV YDU\LQJ GHSHQGLQJ RQ WKH 3&' 7KHVH UHV
H[SHULPHQWDO REVHUYDWLRQV )LJXUH G H 7KLV VLWXD)
S GHDG " SL[HO GRHV QRW DIIHFW VLJQLILFDQWO\ LWV QHLJIKE
DVSLUDWLRQ $SSHQGL[ ( )LJ 6
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)LIXUH (I"'HFW RIl FORJJHG DSHUWXUHY D 6LPXODWLRQ R
DSHUWXUH 7KH FORJJHG DSHUWXUH LV SRLQWHG E\ WKH UH
FORJIJHG LQMHFWLRQ F *UDSK RI WKH HUURU JHQHUDWHG D
IXQFWLRQ RI WKH SRVLWLRQ (UURU ZHUH PHDVXUHG RQ WK



GHFUHDVLQJ SRZHU IXQFWLRQ RI HTXDWLRQ O [ G

7KH HUURU 0 LV WKH LOQWHJUDO RI HUURUV SHDN LQWHQVLYV
KH[DJRQ SL[HO 3&" H 7KH KH[DJRQ SL[HO 3&' IURP G ZLWK I
HUURUV UHVXOWLQJ IURP WKH LOQMHFWLRQ WXUQHG RIl 6FDC

1HW ZH LQYHVWLIJDWHG WKH VWDELOLW\ RI WKH UHVXOWLQ
SUHVVXUH RU IORZ UDWH PLVPDWFKHVY LQ WKH GLVSOD\ $ FC
UDWHLQ D VSOLW MXQFWLRQ LV JUHDWO\ DITHFWHGUE4 D VOLJ
kU 7R H[DPLQH WKLV LVVXH ZH XVH®&SHURRDRMDIW&DYVOR PH
FRQYHFWLRQ GLIIXVLRQ ILQLWH HOHPHQW WUDQVSRUW VLPX!
ZHUH UDQGRPO\ DGGHG WR WKH IORZ UDWH RI HDFK DSHUW}

HUURUV IURP > @ WR > @ WKH HIIHFW RQ 3&'V V'
VKRZ WKDW IORZ UDWH RU SUKNYHNUH BHWXBROU\RQYRX & IWHEW R
$SSHQGL[ ( VHFWLRQ 'HSHQGLQJ RQ WKH DFFHSWDEOH ¢

DSSOLFDWLRQ 3&' ZLWK IORZ UDWH PDWFKLQJ HUURUV RI XS
VLIH LQ QXPEHU RI SLIHOV KDV QR VLJQLILFDQW HIIHFWV RQ
IURP D GHYLFH EDVHG RQ SHULRGLFLW\ $SSHQGL[ ( )LJ 6
KLIKHU QXPEHU RI VXEFRPSRQHQWY OHDG WR PRUH LQVWDEI
WKH 3&' WKH XVH RI SHULRGLF VWUHDPLQJ IORZ SDWWHUQV
VHOl FRUUHFWLQJ EHKDYLRU

'LVSOD\ UHFRQILJXUDELOLW\

,Q WXUQ WKLV SDWWHUQ VWDELOLW\ LQGLFDWHYV WKDW VPR
DQG VKRXOG EH UHDGLO\ DFKLHYDEOH VXJJHVWLQJ WKH SF
ZLWKLQ DQ\ JLYHQ SL[HO ,Q WKH /&' DQDORJ\ WKLV LV HTXL
LQ SL[HOV WR VWUHDP FKHPLFDO PRYLHV RQWR D SURFI
UHFRQILJXUDELOLW\ ZLWK D PLQLPXP QXPEHU RI SXPSV DQ
VWURQJO\ LQVSLUHG E\ KDKB ZAYJHGVXHWE M\ LARMHFWLQJ WKH V
ZHUH JURXSHG LQWR PDQLIROGYV :H SRVLWLRQHG SURJUDPPI
VR WKDW HYHU\ FKHPLFDO LPDJH UHTXLUHG GXULQJ DQ H[SHI
Rl ORJLF RSHUDWLRQV RQ WKH YDOYHV LQMHFWLQJ HLWKHL



$Q DUUD\ RI QLQH SURJUDPPDEOH VVULQJH SXPSV V\QFKL

LOMHFWHG

DGGLQJ

WKH JHQHUDWLRQ RI

9LGHR 6

IOXLGY DOORZLQJ WKH JHQHUDWLRQ RI

VHTXHQ!

GLITHUHQW VWDWHYVY WR WKH V\VWHP ZKLFK ZKHQ F

FKHPLFDO LPDJHV LQFOXGLQJ WKH (
IXUWKHU SUHVHQWY WKH G\QDPLF FKDQJH

I[URP D F

WLPH EHWZHHQ GLIITHUHQW FKHPLFDO LPDJHV ZDV LQ WKH RU
ORUHRYHU WKH WUDQVLWLRQ WLPH EHLQJ PDLQ
LW FRXOG EH UHGXFHG E\ DQ RUGHU RI PDJQLWXGH RU PRUH .
( VHFWLRQ

VHFWLRQ
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Hydraulic Resistors ¥
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Reconfigurable

JOXRUHVFHQFH PLFURJULI

6FDOH EDU UHSUHVHQWYV

PP E

PDQLIROGV XVHG WR SHUIRUP WKH 3&" UHFRQILIJXUDWLRQ IUF



SROO WR 5ROO DSSOLFDWLRQV

/IDUJH UHFRQILJXUDEOH VWDEOH 3&'V RSHQ XS QHZ SRVVL
DSSOLFDWLRQV 2SHUDWLQJ LQ ORFDO FRQILQHPHQW LQ D JC
RI ZRUNLQJ LQ DQ LPPHUVHG HQYLURQPHQW OLNH ZLWK SUH"
VKRZFDVH DSSOLFDWLRQV RQ GU\ VXUIDFHV ZH SURFHVVHG
WKH 3&' 7ZR GLVWLQFW SURFHVVHV ZHUH LPSOHPHQWHG )L
ZH XVHG WKH 3&' WR FRDW D SRO\WW\UHQH 36 ILOP VLPXOV
ODEHOHG IRUPV Rl ERYLQH VHUXP DOEXPLQ %6%$ $OH[D )OXF
XVHG DQ DSHUWXUH VTXDUH SL[HO 3&' ZLWK IOXLG SDWWH L
UROO VHWXS WR SDWWHUQ WKH ILOP LQ D VWRS DQG JR PDQ
$SSHQGL[ ( )LJ 6 5HVXOWV VKRZ ZHOO GHILQHG VKDUS SC
SURWHLQV )LIJXUH E &RQVHFXWLYH SDWWHUQV FRXOG EH
' SULQWHG GHYLFH 5HPDUNDEO\ WKH UROO WR UROO V\VW
LQVHQVLWLYH RQ WKH JDS DQG VPDOO DQJOHV EHWZHHQ WKH
IRUFH HTXLOLEULXP EHWZHHQ WKH WHQVLRQ LQ WKH SODVWL
E\ WKH LQMHFWLRQV RI IOXHGVPSQ@ WMPKHH) WBGURZKHBRBQG UROOC
SULQW SXUH VLOYHU SDWWHUQV RQ D GLIIHUHQW PDWHULDO
WKH REMHFWLYH ZDV WR XVH WKH WKLQ GLIIXVLRQ OD\HU EH)
D FRQWUROOHG LQWHUIDFLDO UHDFWLRQ )LJXUH F 7R DFI
UHDFWLRQ D PHWKRG WKDW DOUHDG\ GHPRQVWUDWHG LWV
FRQWUROOHG WKLFNQHVV TR0 GHHO FWSWLDF) F QUWWE XAKHD PL[HG ZL
WKLV FDVH GH[WURVH \LHOGV VROLG VLOYHU 7KLV UHDFWL
WKH 3(7 VKHHW EHWZHHQ SL[HOV LQMHFWLQJ 7TROOHQYV UHD
SL[HOV ZKHUH QR VLOYHU OLQH KDG WR EH SDWWHUQHG
VHQVLWL]DWLRQ EDWK RI WLQ FKORULGH ZD¥VDIRG&HSEUSKWHL
ELRSDWWHUQLQJ WKH SURFHVV ZDV SHUIRUPHG LQ D VWRS
LQ D EDWK UROOHG WR WKH 3&' DQG WKHQ SDWWHUQHG IRU
QH[W VXUIDFH WR EH SDWWHUQHG ZDV EHLQJ VHQVLWL]HG $
DQ ( VKDSHG SDWWHUQ RQ 3(7 LV GHPRQVWUDWHG DV DQ HJ
3&' )LIJXUH G



Feed Roll Alignment Rolls

Pattern #1 Pattern #2 Pattern #3
Take-up Roll
,>

PCD
heigth
control PS film direction
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Sensitization bath

Close-up Pattern #2 Close-up Pattern #3

@]

Tollen's Reagent

J)LIXUH 5ROO WR UROO SURFHVVHV XVLQJ D 3&" D 6FKHPCLC
ELRSDWWHUQLQJ RI SURWHLQV DQG VLOYHU WKLQ ILOP GHSF
EDWK ZDV UHPRYHG DQG WKH ILOP ZHQW GLUHFWO\ [ URP WKH
PLFURJUDSK RI WKUHH FRQVHFXWLYH SDWWHUQV RI %6% $OtF
SRO\WWWA\UHQH ILOP LQ D UROO WR UROO SURFHVV F )OXLGV \
VLOYHU SDWWHUQ RQ D 3(7 ILOP G OLFURJUDSK RI DQ ( VKL
VFDOH EDUV UHSUHVHQW —P

&RQFOXVLROQ

3L[HODWHG FKHPLFDO GLVSOD\V RITHU WKH ILUVW RSHQ VSDF
LPPHUVHG LQ IOXLGY RSHQLQJ XS DSSOLFDWLRQV LQ UROO \
GHPRQVWUDWHG WKDW WKH FKHPLFDO SDWWHUQV JHQHUDW
LPSHUYLRXV WR HYDSRUDWLRQ DQG DUH FRPSDWLEOH ZLW]I
PRYLQJ SDUWV ZKLFK VLPSOLILHV LQWHUIDFLQJ ZLWK DQ\
LPDJLQJ (PHUJLQJ ' SULQWLQJ PDWHULDOV RUYAKYBQ BRBFNIF
VKRXOG DOORZ WKHLU FRPSDWLELOLW\ ZLWK D ZLGH UDQJH R
3&'V ZHUH XVHG IRU WKH PDVNOHVY ELRSDWWHUQLQJ RI VXUI



SDWWHUQ RQ WKLQ SODVWLF ILOP +RZHYHU WKH\ PLJKW D
G\QDPLF DQG PXOWLSOH[HG PLFURSHUIXVLRQ RI FHOO FXOWX

,Q WKLV DUWLFOH ZH SURGXFHG DQG RSHUDWHG D 3&' RI XS
VIVWHP HQFRPSDVVLQJ QLQH YDOYHV WKXV DOORZLQJ WKH .
JURP WKHUH WKH VFDOLQJ XS Rl WKH GHYLFH WR DQ DUELW!
DOO SL[HOV RSHUDWH LQGHSHQGHQWO\ IURP HDFK RWKHU
LPSHUIHFWLRQV 7KH QXPEHU RI LQOHWY DQG RXWOHWYV LQ D
$W OHDVW RQH YDOYH SHU SL[HO ZRXOG DOVR EH UHTXLUHG
DV LQ /& WHFKQRORJ\ 7KLV LV RXW RI FRQVLGHUDWLRQ XVL
XVHG LQ WKLV SDSHU +RZHYHU UHFHQW DGYDQFHV LQ KLJK
IRUZDUG 8VLQJ FXVWRP UHVLQ DQG SULQWHUV *RQJ DO
FRPSDFW DUUD\V RI XS WR  KUHKVXHGVY DO FHKY SSHQWHUFRQC
ZLWK D GLDPHWHWMHRIROGP/PDOOHU WKDQ LQ WKLV DUWLEO
UHVROXWLRQ FRXOG HDVLO\ UHGXFH WKH PLQLPXP VL]H RI |
LQFUHDVH SL[HO GHQVLW\ E\ D IDFWRU RI OLQLDWXUH 38
VIVWHPV ZRXOG JUHDWO\ FXW FKDQQHO GHDG YROXPHV DQC
UHDJHQWYV ZLWKLQ SL[HOV )XHOHG E\ WKH IDVW GHYHORSPF
SL[HO QXPEHUV LQ WKH WKRXVDQGYV VLPLODU LPDVLQRW @& U
WRR IDU DZD\

ODWHULDOV DQG OHWKRGYV

3&'V IDEULFDWLRQ DQG RSHUDWLRAQ

3&'V ZHUH GHVLJQHG XVLQJ &DWLD 9 'DVVDXOW 6\VWqPL
VWHUHROLWKRJUDSK\ ' SULQWHU ZLWK D [\ UHVROXWLRQ RI
+' $VLJID 7TKH UHVLQ XVHG ZDV 3UR GXUH *5 EODFN 3UR

—P ZLWK DQ H[SRVXUH WLPH RI V $IWHU WKH SULQWL ¢
EDWK LQ D VRQLFDWRU 7KH\ ZHUH WKBQVXR¥W &PXNUHG & KL
$VLIJD ~ WXEHV ODVWHUIOH[ 7\JRQ &ROH 3DUPHU ZHUH S

VHQVLWLYH UHVLQ 'HFRUS5RP ODQLIROGYV ZHUH IDEULFDW



HISHULPHQWDO VHWXSV ZHUH XVHG IRU WKH ILJXUH Rl WK
FRQILIJXUDWLRQ ,Q VRPH FDVH 3&'V ZHUH VLPSO\ VHW GRZC(C
VFUHZVY ZHUH XVHG WR KROG WKH 3&' LQ SODFH 7KH VDPSOH
VSDFHU SLOODUV )ORZ UDWHV ZHUH FRQWUROOHG XVLQJ QH
UHFRQILJXUDEOH GLVSOD\ &HWRQL ZD\ YDOYHV ZHUH XVHG
FXVWRP /DE9LHZ FRGH 1DWLRQDO ,QVWUXPHQW

([SHULPHQWDO PHDVXUHPHQWYV

JOXRUHVFHQW PLFURJUDSKVY ZHUH WDNHQ XVLQJ DQ LQY!
2EVHUYHU = =HLVV ZLWK D /DYLVLRQ V&026 FDPHUD /DYLVL
=RRP Y =HLVV ZLWK D V&026 FDPHUD 3FR (GJH 3&2 )OXRI
ZDWHU ZDV XVHG DV WKH JUHHQ IOXRURSKRUH DQG SURSLGL
VDOW '1$ VRGLXP VDOW IURP VDOPRQ WHVWHYVY 6LJPD $0GUL
DV WKH UHG IOXRURSKRUH $ EDFNJURXQG LPDJH ZKLFK ZDV
ZDV VXEWUDFWHG IURP WKH PHDVXUHG LPDJHV WR UHPRYH W
XVLQJ 0%$7/$% 7KH UHFRQILIXUDWLRQ YLGHR ZDV PDGH XVLC
EHIRUH EHLQJ FRPSUHVVHG XVLQJ 0$7/%%

6LPXODWLRQV

"ILQLWH HOHPHQW VLPXODWLRQ RI WKH 3&'V ZHUH PDGH X
&2062/ OXOWLSK\VLFV Y &2062/ $% 6LPXODWLRQV ZHUH
HTXDWLRQ YHORFLW\ SRWHQWLDO ZLWK GLIIXVLRQ 'LPHQVL
RI PDIJQLWXGH DV ZKDW ZDV XVHG IRU WKH H[SHULPHQWYV )C
VSHFLHY DQG WKH GLIIXVLRQ EFRMMLBLHQOWW ZXWHKGFRMW HQW U L

ZHUH VLPXODWHG WR DOORZ WKH HDV\ VHIPHQWDWLRQ RI
LOMHFWLRQ RQ D 3&" D T DSHUWXUH VTXDUH SL[HO 3&"' ZL
DQG FRPSDUHG ZLWK D SHUIHFWO\ ZRUNLQJ 3&' 7KH HUURU
SHDN LQWHQVLW\ RYHU SRVLWLRQ DW HDFK SL[HO WUDQVLWL



6WDELOLW\ $QDO\VLV

$ 0%$7/$% FRGH ZzDV XVHG WR DXWRPDWL]H VLPXODWLRQV ZLW
HYHU\ DSHUWXUH HDFK LQMHFWLRQ KDYLQJ IORZ UDWH UD
4 OLPLW T4 @ $IWHU WKH VLPXODWLRQ WKH SL[HOV Z
ORUSKRORJLFDO PDWKHPDWLFDO LPDJH RSHQLQJ HURVLRQ I
WKH VHIPHQWLQJ RI WKH PLFURIOXLGLF SL[HOV )RU HDFK PL
WKH XVDELOLW\ WKUHVKROG FULWHULD ZDV WHVWHG 7KH VW
WKUHVKROG ZHUH FDOFXODWHG IRU HYHU\ VLPXODWLRQ DQG
IRU HDFK FRQGLWLRQ 7KH VWDQGDUG HUURU ZDV FDOFXOD!
FRQILGHQFH LQWHUYDOV RQ WKH VWDQGDUG GHYLDWLRQ RI
XVDELOLW\ WKUHVKROG ZHUH FDOFXODWHG XVLQJ * T 6WI
WKH ERUGHU SL[HOV RI WKH 3&"' VLQFH WKH\ GRQTW KDYH WK
D VPDOO QXPEHU RI FDVHV I|IRU VLPXODWLRQ ZLWK KLJK IORZ
SURSHUO\ VHIPHQW FOXVWHUV RI WZR WR WKUHH PLFURIOXL
HDFK SL[HO zDV WKH FRPELQHG DUHD GLYLGHG E\ WKH QXPE
SL[HOV ZHUH ZURQJO\ VHIPHQWHG DV RQH WKHLU YDOXH ZD
VHIPHQWHG PLFURIOXLGLF SL[HO LPDJH ZDV FRPSDUHG WR D
WKH IORZ UDWH DQG DQ HUURU PDS ZDV PDGH %\ FDOFXODW
DQ HUURU IRU HDFK SRLQW WKH SUREDELOLW\ RI HUURU
6XSSOHPHQWDU\ 6HFWLRQ

5ROO WR UROO H[SHULPHQW

$ FXVWRP UROO WR UROO VHWXS ZDV EXLOW IRU FP ZLGWK
© /50 =DEHU WR FRQWURO WKH JDS LQ EHWZHHQ 3&' DQG WK
XVLQJ D FXVWRP /DE9LHZ FRGH $ —P WKLFN SRO\WW\UHQH
XVLQJ —J PO %6$ $OH[D )OXRU DQG %6$% $OH[D J)OXRU

VROXWLRQ RI PO DFHWDWH EXIIHU 7KHUPR )LVFKHU DW S+
SRLQW WR LPSURYH DGVRUSWLRQ RQ WKH 36 7KH ILOP VXUII
UDWH RI Q/ V SHU DSHUWXUH 7KH VXUIDFH ZDV WKHQ UL
LOQMHFWLRQ $FHWDWH EXIIHU ZDV LQMHFWHG E\ WKH RXWVLC



ILOP RI OLTXLG zZzDV DOZD\V SUHVHQW EHWZHHQ WKH 3&" DQ
DVSLUDWHG

7KH VLOYHU FLUFXLW SDWWHUQLQJ ZDV SHUIRUPHG RQ D
OFODVWHU &DUU 7KH ILOP ZzDV VHQVLWL]HG LQ D EDWK RI
PLQXWHV 7KH WLQ FKORULGH VROXWLRQ ZDV PDGH E\ PL[LQJ
GURSV RI' 0 +&/ 6LJPD $OGULFK ZHUH DGGHG XQWLO WKH G
ZDV SHUIRUPHG E\ LQMHFWLQJ PO 7TROOHQYTVY UHDJHQW E\ |
6LIJPD $OGULFK E\ DQRWKHU VHW RI DSHUWXUHY 7ROOHQT
VLOYHU QLWUDWH 6LJPD $OGULFK VROXWLRQ LQ GHLRQL]HG
ZDV DGGHG DW D UDWLR DPPRQLD 6LJPD $OGULFK Z
SUHFLSLWDWHKGLSVROYOH ZDV SDWWHUQHG IRU PLOQXWHYV ZI
DSHUWXUH 7KH ILOP ZDV WKHQ ULQVHG IRU D PLQXWH E\ V!
LQMHFWLRQ ZKLOH NHHSLQJ WKH GHLRQL]J]HG ZDWHU LQMHFW

'‘DWD $YDLODELOLW\

7KH GDWD DVVRFLDWHG ZLWK WKH VWDELOLW\ DQDO\VLV DI

KWWSV GRL RUJ $6® RWKBIU GDWD DUH FRQWDLQHG |
VXSSOHPHQWDU\ LQIRUPDWLRQ ILOHV VHH DSSHQGLJ (

$SFNQRZOHGJPHQWYV

3%$* DQG (% DFNQRZOHGJH D JUDGXDWH VFKRODUVKLS 11U
IDWXUH HW 7HFKQRORJLHV )5417 DQG IURP WKH 1DWXUDC
&RXQFLO 16(5& 07 DFNQRZOHGJHV DQ XQGHUJUDGXDWH LC
7* DFNQRZOHGJHV VXSSRUW IURP 16(5& 5*3,1 DQG )5
JUDQWY ‘H DFNQRZOHGJH &0& OLFURVA\VWHPV IRU WKH VKDUF
‘H DFNQRZOHGJH 'DYLG -XQFNHU .0DYV ) -HQVHQ OROO\ O

'DQLHO 7KHUULDXOW IRU XVHIXO GLVFXVVLRQV RQ WKH PDQX



&+$37(5 35(6685( %$6(' 3&'

7KLY FKDSWHU FRYHU P\ PRVW UHFHQW FRQWULEXWLRQ WR

FUHDWLRQ RI 3&" RSHUDEOH XVLQJ SUHVVXUH SXPSV 7KH ZK
WKDW LW LV SRVVLEOH WR RSHUDWH DQ\ 3& RI WKHRUHWLF
KLOH LW ZDV NQRZQ IURP WKH VWDUW WKDW LW ZRXOG EH |
GHVLJQ DQG IDEULFDWLRQ RI HFRQRPLFDOO\ YLDEOH PDVYV
GHVFULEH WKH DGYDQWDJHV DQG UHDVRQ EHKLQG WKH FUI
PRGLILFDWLRQV DQG UHVXOWY ZLOO WKHQ EH SUHVHQWHG 7
EXW LW VHHPV REYLRXV WR PH WKDW DQ\ IXWXUH 3&' SDSHU"
SUHVVXUH RSHUDWHG 3&'

&RPSDULVRQ EHWZHHQ VV\ULQJH SXPSV D

%RWK WKH GHVLJQ RI UHFRQILIJXUDEOH 0)0OV DQG 3&'V ZHUH
EHLQJ WKH HTXLSPHQW WKDW ZDV DYDLODEOH V\ULQJH SXPS
VPDOO 0)0 FLUFXLWU\ 6LQFH WKH IORZ UDWH LV GLUHFWO\
UHVLVWDQFH FDOFXODWLRQ DQG PDWFKLQJ ORUHRYHU DV Z
FRPSDULQJ H[SHULPHQWDO UHVXOWYV ZLWK RXU DQDO\WLFDO
EHHQ RI JUHDW KHOS IRU WKDW 7KH &HWRQL V\ULQJH SXPS
VLPSOLILHG WKH H[SHULPHQWDO VHWXS GXULQJ 3&" UHFRQIL

+RZHYHU V\ULQJH SXPSV EULQJ D ORW RI SUREOHPV 7KH\
SXOVDWLRQV WKDW LV IDU KLIKHU WKDQ ZKDW FDQ EH DFKL
SRVVLEOH WR LQFUHDVH K\GUDXOLF UHVLVWDQFH RI WKH 10X
WR DFKLHYH ORZHU IORZ UDWH ORUHRYHU VAULQJHV DUH VC
FLUFXLW LV D VWHS SURQH WR EXEEOH JHQHUDWLRQ 6\ULQJ
WKH VA\ULQJH WKDW FDQ EH XVHG 6LQFH WKH ELJJHVW FRPS
OLPLWV WKH PD[LPXP WLPH VFDOH RI DQ H[SHULPHQW 3UHVYV
VPDOO DV IHZ PLFUROLWHUV WR OLWHUV LQ YROXPH $V W
LQFRUSRUDWHG PRUH DSHUWXUHY 10XLG PDQLIROG GHVLJQ



DzD\ WKH DGYDQWDJHV RI VM\ULQJH SXPSV VLQFH WKH GHVI
UHVLVWRUV DUH HVVHQWLDO LQ ERWK FDVHYV

7KH NLOOLQJ EORZ IRU WKH VMV\ULQJH SXPSV KRZHYHU FRPH
IOXLGYV $ 3&" RU PXOWLSROH UHTXLULQJ WKH XVH RI UHDJH
ZLWK DW OHDVW SXPSV IRU WKH LOQOMHFWLRQ DQG IR U
GROODUY HDFK D V\VWHP XVLQJ VV\ULQJH SXPSV FRVW WHQV
FRVW ZRXOG EH DQ LPSRUWDQW GHWHUUHQW WR UHFRQILJXU
RI' YLHZ WKH XVH RI WHQV RI VIAULQJH SXPSV DOVR OHDGV WHF
IDUWKHU DzD\ IURP WKH V\VWHP ZKLFK OHDGV WR LWV RZQ
EHFRPHVY PRUH DQG PRUH GLIILFXOW WR LQWHJUDWH ZLWK RW
, W DOVR EHFRPHY PRUH DQG PRUH GLIILFXOW IRU WKH XVHU

SUHVVXUH SXPSV RQ WKH RWKHU KDQG FDQ EH XVHG WR SU
PXOWLSOH IOXLGYVY LQ SDUDOOHO 3UHVVXUH SXPSV DOORZ W
RQH XVHG IRU WKH DVSLUDWLRQVY DQG WKH RWKHU XVHG W
SUHVVXUH SXPSV LW LV SRVVLEOH WR IDEULFDWH D KLJKO!
WKRXVDQG GROODUV 8VLQJ RQO\ WZR SUHVVXUH SXPSV VDY
IDU DZzD\ IURP WKH V\VWHP ZLWKRXW SUREOHPV DV ORQJ DV
VI\VWHP 7KH RQO\ PDMRU GLVDGYDQWDJH WKDW FRPHV IURP
WKH IOXLGLF FLUFXLW UHTXLUHV PRUH DWWHQWLRQ WR PD
DSHUWXUH LV PDWFKHG 7KLV LV D FUXFLDO DVSHFW DV WKH
Rl WKH FKDQQHOZKDKK PWHDaLY WKDW D HUURU RQ UDGLXV ZlI
UHVXOWLQJ IORZ UDWH DW D JLYHQ SUHVVXUH :LWK PDQ\ U
IXUWKHU PXOWLSOLHG



7TDEOH &RPSDULVRQ EHWZHHQ VI\VWHP RSHUDWHG ZLWK V\I

7\SH Rl SXPSV 6\ULQJH SXPSV 3UHVVXUH SXPS\

JORZ UDWH SUHFLVHO\ FRQWURO WKH IORZ UDWH é
HVWLPDWHGGIUWRRIRF3 S

%XEEOH WURXEOH ,QFUHDVHG/RZMVN. RN RXEEXEHED HWA\ULQJH YV
ILOOLQJ DQG FRQQHFWLRQ

5SHVHUYRLUU VL]H — 0O WR PQ — 0O WR OLWH.I

JOXLGLF RLUFXLW 6LPSOH LI|QR PDQLIROG DUH QHFHVVDU!
EHWZHHQ HYHU\ DSHUWXUH

SDUDOOHOL]DEOH 2QH UHDJHQW SHU SXPS 3&" RC

&RVW ([SHQVLYH VFDOH/REW K. WIGHQXRPEHRURRISXP SV
UHDJHQWYV XVHG UHTXLUHG

6SDFH UHTXLUHG /IDUJH FOXWWHULQJ SUREOHPV OH

SUHVVXUH EDVHG 3&"' GHVLJQ

BUHVVXUH EDVHG 3&'V XVH WKH VDPH 3&' FKLS DV WKHLU V\U
ObDVW FKDSWHU ORUHRYHU DVSLUDWLRQV DUH FRQQHFWHG

SUHYLRXV YHUVLRQ (YHU\ LQMHFWLRQ LQMHFWLQJ WKH VDP
FRQQHFWHG WR WKH DSSURSULDWH SUHVVXUH YHVVHO 7KH |
LV WKDW WKH K\GUDXOLF UHVLVWDQFH EHWZHHQ LQMHFWLR
SXPSV PDWFKLQJ KDG WR EH GRQH RQO\ EHWZHHQ LQMHFWL
PRGLILFDWLRQ WR DQ LQMHFWLRQ IOXLG OLQH ZLOO DIIHFW
SUREOHP LV WR FUHDWH 3&'V ZKHUH DOO WKH LQMHFWLRQ

HIDPSOH JURXSV RI SL[HOV OLNH LQ )LIJXUH , | WKH VDP



UDWH VKRXOG EH PDWFKHG EHWZHHQ WKH DSHUWXUHV $V SL
IRU WKH IOXLGLF FLUFXLW DQG PDQLIROG FRQQHFWLRQ DVYVX
SDUW RI WKH FLUFXLW &RQQHFWLRQ WXEHV FDQ EH VHHQ DV
UDWH ,W DOORZV WKH QHJOHFWLRQ RI DQ\ YDULDQFH LQ K\(
KLOH LQMHFWLRQ JURXSV ZLWK HTXDO QXPEHUV RI SL[HOV
GLITHUHQW QXPEHUV RI SL[HOV FDQ WKHRUHWLFDOO\ EH GR:
PDWFKLQJ WKH UHVLVWDQFH $JDLQ WKH K\GUDXOLF UHVLVW
WKH WXEHVY EHWZHHQ WKH SUHVVXUL]J]HG YHVVHOV DQG WKH F
LWVHOI PXVW EH FRQVLGHUHG

Pump System
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)LIXUH BUHVVXUH EDVHG 3&' )OXLGLF FLUFXLW VFKHPDWL
3&" RSHUDWLQJ ZLWK WZR SUHVVXUH UHJXODWRUV 7KH SXP:
WKDW IHHGV WKH LQOHW SUHVVXUH RI WKH WZR SUHVVXUH Uk
WKURXJK D PDQLIROG )RXU UHDJHQW YHVVHOV DUH FRQQHFYV
DVSLUDWLRQV DQG WKH LQMHFWLRQV WKH WXEHV LQ EHWZ]
SUHFLVLRQ K\GUDXOLF UHVLVWRUV WR PDWFK WKH IORZ UDW

SUHVVXUH EDVHG 3&'V IDEULFDWHG GXULQJ P\ SURMHFW XVH
PDGH XVLQJ D SUHVVXUH JHQHUDWRU DQG WZR SUHVVXUH UF



WKH RWKHU FRQWUROOLQJ WKH LQMHFWLRQV (YHQ WKRXJK
WKH\ JHQHUDOO\ DUH SUHVVXUH UHJXODWRUYV 7KH SUHVVXU|
WR WKH UHJXODWRUV WKDW WKDQ SUHFLVHO\ FRQWURO WKH
LQ D OLQH )LJIXUH SUHVVXUH UHJXODWRU FRQWURO ZDV
LOQWHUIDFH

&KRRVLQJ WKH YDOXH Rl WKH K\GUDXOLF UHVLVWDQFH RI WK
IDFWRUV 21 FRXUVH WKH WXEH XVHG PXVW EH ORQJ HQRXJk
EHFRPH D FOXWWHULQJ SUREOHP 7KH UDQJH RI WKH IORZ U
PDWFK WKH UDQJH RI SUHVVXUH WKDW WKH SXPSV FDQ SURYL
SRVVLEOH UHVLVWDQFH WKDW FDQ PDWFK ZLWK WKH SUHVVX|
OLPLW WKH HIIHFW RI SXPSV IOXFWXDWLRQV +RZHYHU WKLV
RQ EXEEOH JHQHUDWLRQ 7KH KLJKHU WKH SUHVVXUH JUDGLF
DSHUWXUHV LV WKH PRUH WKH IOXLG DW WKH WLS RI WKH
XQGHUVWRRG IURPSLNWQURY\E OPEZOH QXFOHDWLRQ LQFUHDVH Z
6LQFH EXEEOHV DUH D IDU PRUH SUREOHPDWLF WKDQ D VPDC
GHYLDWLRQ RQ IORZ UDWHV ZLWK YLUWXDOO\ QR HIIHEW
DGYLVDEOH WR EXLOG 3&' ZLWK UHODWLYHO\ ORZ K\GUDXOLF
KDG JURXS K\GUDXOLF UHVLWWDZF N PFOK WKHHWBIQGHVRIIQHG Wi
DW WKHLU QRUPDO IORZ UDWH a Q/ V DSHUWXUH DW DSSI

SHVXOWYVY GLVFXVVLRQ

SL[HO DQG SL[HO 3&' ZHUH IDEULFDWHG DQG WHVWHG )
VLPLODU WR ZKDW ZDV REWDLQHG XVLQJ VV\ULQJH SXPSV )L
RSHUDWHG IORZ UDWHV DV ORZ DV Q/V 3UHVVXUH EDVHG
SUREOHP RU EXEEOH QXFOHDWLRQ

ORVW GLIIHUHQFHV ZLWK VVULQJH SXPSV DUH TXDOLWDWLY]
3UHVVXUH EDVHG 3&'V KDYH SURYHQ WKHPVHOYHV WR EH ID
YHVVHOV WDNHV D IUDFWLRQ RI WKH WLPH UHTXLUHG WR ORI
VLPSOHU 5LQVLQJ WKH V\VWHP ZLWK HWKDQRO EHIRUH ORDG



EXEEOH QXFOHDWLRQ 'RLQJ WKH VDPH SURWRFRO ZLWK V\UL:
ZKHQ FKDQJLQJ IURP DQ HWKDQRO VV\ULQJH WR D UHDJHQW V!

J)LIXUH JOXRUHVFHQW PLFURJUDSK RI SUHVVXUH EDVHG 3
SL[HOV % $ SL[HO 3&' 7KLV 3&' LV RUJDQL]JHG DV JURXS
SUHVHQWHG LQ )LIJXUH

8VLQJ SUHVVXUH SXPSV WR UHSODFH VAULQJH SXPSV ZRXOG
ZKLOH XVLQJ D IUDFWLRQ RI WKH FRVW DQG HTXLSPHQW WK
JHQHULF SXPS V\VWHP FDQ EH GHVLJQHG DQG IDEULFDWHG D
ORUHRYHU PRGLILFDWLRQ WR WKH 3&'V RU WKH H[SHULPH
PRGLILFDWLRQ RI WKH SXPSV V\VWHP &RQVLGHULQJ WKH RE"
RSHUDWH 3&'V LW VHHPV FOHDU WKDW PRVW IXWXUH 3&'V ZI
FRVW DQG FRPSOH[LW\ RI 3&" VA\VWHPV PLIJKW FRQWULEXWH W



&+$37(5 *(1(5%/ ',6&866,21

7KLV WKHVLVY PDLQ REMHFWLYH ZDV WR GHVLJQ IDEULFDWH
RSHQ VSDFH PLFURIOXLGLF V\VWHPV 7KLV REMHFWLYH OHG |
SURMHFW ZLWK PDQ\ LQWHUFRQQHFWHG VXESURMHFWY 7KLV
FKDSWHU DQG DUWLFOH LQ UHODWLRQ WR WKH SURMHFW RE
FKDSWHU SUHVHQWY WKH OLPLWDWLRQV RI WKLV WKHVLV Z
FLUFXPYHQW WKHP

'LVFXVVLRQ RQ SURMHFW REMHFWLYHV L

OXOWLSRODU PLFURIOXLGLF VA\VWHP IDEULFDWLR

/7KH ILUVW REMHFWLYH RI WKLV WKHVLV ZRUN ZDV WR GHYH
DFKLHYHG XVLQJ VWHUHROLWKRJUDSK\ ' SULQWLQJ DV SUHVI
&DWLD DV D &%$' VRIWZDUH HLWKHU E\ GLUHFW GUDZLQJ IRU
VFULSW EDVHG &$%$' IRU FRPSOH[ GHVLJQV 7KH\ ZHUH WKHQ S
DQG WKHQ FOHDQHG ZLWK LVRSURSDQRO LQ D VRQLFDWRU E
ZHUH DVVHPEOHG E\ JOXLQJ WKH WXEH LQ SODFH )RU 3&'V F
WKH V\VWHP DVVHPEO\

7KLV PHWKRG KDV SURYHQ HIIHFWLYH DQG ZDV XVHG WKURXJ

DSHUWXUHV ZHUH IDEULFDWHG 7KH\ FRXOG EH SULQWHG Z
FKDQQHO RI —P :KLOH WKLV UHVROXWLRQ GRHVQfW DOOR
FHOO SURFHVVLQJ LW LV VXIILFLHQW WR IDEULFDWH 0)0V Z
VFDOH 7KLV UHVROXWLRQ LV DGHTXDWH IRU PRVW UHFRQI
5HFRQILJXUDEOH 0)0V DUH GHVLJQHG WR DGGUHVV FOXVWH!
SDUDOOHO UDWKHU WKDQ WR RIIHU DQ H[WUHPHO\ SUHFLV
UHVROXWLRQ RI WKH SULQWLQJ KDV DQ LPSRUWDQW FRQVHT
LQWHJUDWHG LQWR WKH V\VWHP ZKLFK FRPSOLFDWHV WKH
RSLQLRQ WKH ELJJHVW OLPLWDWLRQ RI P\ ZRUN DQG LW Z
OLPLWDWLRQV



7KH IDEULFDWLRQ SURFHVY , GHYHORSHG KDV D IDVW WXUQ
IDEULFDWHG LQ OHVV WKDQ D GD\YfV ZRUN ORUHRYHU WKH S
IDEULFDWLRQ SURWRFRO 7KH YHUVDWLOLW\ ZDV H[WUHPHO\
GLITHUHQW B33IDPLOLHV® RI PXOWLSROH ZLWKRXW KDYLQJ WR R
ZDV WHVWHG RQ GLSROHV DQG WKHQ H[WHQGHG WR ZRUN
PXOWLSROHV VWDJJHUHG DQG UHFWDQJXODU DUUD\V DQG H

, EHOLHYH WKH IDEULFDWLRQ SURFHVV IRU 0)OV , GHYHORSF
RWKHU PHWKRGV WKDW H[LVWHG DW WKH VWDUW RI P\ WKHVL
Lv D EHWWHU RU ZRUVW PHWKRG WR EXLOG PLFURIOXLGLF S
VKRUW WXUQDURXQG WLPH DQG ORZ FRVW ILWWHG WKH UH
IDEULFDWLRQ RI VA\VWHPV WKDW ZRXOG EH DOPRVW LPSRVVL
SURFHVVHYV

7TDEOH &RPSDULVRQ EHWZHHQ 0)0O IDEULFDWLRQ PHWKRGYV
HDFK PHWKRG DUH KLIJIKOLJKWHG LQ UHG

30'6 6LOLFRQ 6LOLFRQ ODRLODBDWL@QWLQJ

OLQLPXP —P —P —P
DSHUWXUH GLDPHWHU
6\VWHP JUDJLOH SURQH WR OREXWWH UREXVW

UREXVWQHVV

0)0O JHRPHWU\ 1RW OLPLWHG$SHUWXUHV PXVWIRW OLPLWHG

OLPLWDWLRQ SRVLWLRQHG| RQ RU

SODQHV
TXUQDURXQG WLEFORZ 60RZ )DVW G D\
TKURXJIKSXW IRZ +LJK EDWFK SURFHVYV IRZ
&RVW

"SULQWHG PLFURIOXLGLF PXOWLSROHV IORZ ILHOGV VKRZHC
EHHQ D VLJQ RI LPSRUWDQW VXUIDFH GHIRUPDWLRQV 7KH\ ZF



PHDVXUHPHQW WR FDSWXUH WKH FRQFHQWUDWLRQ SURILO
([SHULPHQWDO UHVXOWY ZHUH EHQFKPDUNHG DJDLQVW ' DQC
%RXODLVY FRQYHFWLRQ GLIIXVLRQ DQDO\WLFDO PRGHO $ JRR

"SULQWLQJ LV EHFRPLQJ PRUH DQG PRUH DFFHVVLEOH DQG
PHWKRG , GHYHORSHG QRQ VSHFLDOLVWY VKRXOG EH DEOH

6PDOO 6L]H UHFRQILJXUDEOH PXOWLSROHYV

/KH VHFRQG REMHFWLYH RI WKLV WKHVLVY SURMHFW ZDV WR
VSDFH V\VWHPV ZLWK D OLPLWHG QXPEHU RI DSHUWXUHYV
H[SHULPHQWLQJ ZLWK UHFRQILJXUDEOH PXOWLSROH DV S
S0OLFURIOXLGLF PXOWLSROHV WKHRU\ DQG DSSOLFDWLRQV"™ R

7KH ILUVW SDUW RI WKLV ZRUN ZDV DQ H[SORUDWRU\ SKDVH
PXOWLSOH[LQJ SRWHQWLDO KDG WR EH GHWHUPLQHG 7KH W
ZLWKLQ D '"IORZ FHOO KDG WR EH GHYHORSHG OXOWLSOH 0)
SOD\HG D NH\ UROH LQ YDOLGDWLQJ WKH WKHRUNHWULRPOVRR
HISORUDWRU\ SKDVH DOVR VHUYHG WR YDOLGDWH P\ FROC
JHRPHWULHV RI1 0)0V ZHUH IRXQG WR KDYH D KLJK SRWHQWLTCLC
WKH 3IORZHU" RU URWDWLRQDOO\ V\PPHWULF PXOWLSROH L
wo0)ov EDVHG RQ DUUD\V RI DSHUWXUHYV

&KDSWHU SUHVHQWHG WKH ILUVW LPSOHPHQWDWLRQ RI UH
IURP SUHYLRXVO\ SUHVHQWHG ZRUN WKDW DOO UHOLHG RQ
UHFRQILIJXUDEOH 0)0V ZHUH SUHVHQWHG LQ WKLV ZRUN 7K
SXOVLQJ RI DQ UO)0O 3SHWDOV"™ ZKLFK UHVXOWHG LQ D FKHPLF
VI\VWHP FRXOG EH XVHG WR SXOVH FKHPLFDOV RQ FRQILQHG
F\FOH ZLWK D WHPSRUDO UHVROXWLRQ LQ WKH RUGHU RI Wtk
RI FHOOXODU SDWKZzZD\ G\QDPLFV 7KHUH LV D JURKRBRH YHQUWVHU
DSDUW IURP RSWRJIJHQHWLFV IHZ PHWKRGV SURYLGH WKH G\
PHGLXP WR EH FKDQJHG LQ WKH RUGHU RI VHFRQGYVY GXH WR !
WKH FKHPLFDO VWURERVFRSH GRHVQITW RIIHU WKH SDUDOO



UHVHDUFK SURMHFW LW UHPDLQV RQH ZLWK WKH PRVW SRW
WR XVH DQG WKH\ RIITHU D WHPSRUDO UHVROXWLRQ PDWFKHC(
VFLHQFH 7KH XVH RI D FKHPLFDO VWURERVFRSH WR VWXG\ F
VWXGLHG E\ P\ FROOHDJXH 3LHUUH &0ODSSHUWRQ 5LFKDUG L
7TURWWLHU )XWXUH UHVXOWY ZLOO JLYH PRUH LQVLJKW RQ V
ILHOG

7KH VHFRQG UHFRQILJXUDEOH 0)0 SUHVHQWHG EDVHG RQ D W
UDSLGO\ WXUQHG RQ DQG RIl WR JHQHUDWH VHTXHQFH RI FK|
WKLV H[SHULPHQW ZDV WR GHPRQVWUDWH WKH KLJK UHFRQIL
QXPEHU RI FKHPLFDO LPDJHV WKDWP FRKHOUH BB " STR\G X\VKHG QHFF
DSHUWXUHYV 7KLV UHSUHVHQWHG FKHPLFDO LPDJHV IRU D
WKH WO0)0 LQ SDWWHUQV GXULQJ D VLQJOH H[SHULPHQW ZD

7KH WKLUG UHFRQILJXUDEOH 0)0 GHPRQVWUDWHG DQG WKH
DXWRPDWLRQ RI DQ LPPXQRIOXRUHVFHQW DVVD\ XVLQJ D
RYHUODSSLQJ FKHPLFDO SDWWHUQV ZHUH XVHG WR SHUIRU
DQWLERGLHY $ ELQGLQJ FXUYH RI DQ DQWLJHQ ZDV JHQHUD\
IRXQG ,W FRUUHVSRQGV WR VWDWH Rl WKH DUW OLPLW RI G
DQG ZDV OLPLWHG WR WKH WHVWLQJ Rl GLIIHUHQW FRQFH(
DQDO\WH DQG UHDJHQW UHTXLUHG UHPDLQ KLJK DW DURXQG
LQFXEDWLRQ WLPH DW Q/ V ZKLFK LV DURXQG WLPH Wk
D ZHOO SGRBRWHIYHU LW LV WKH ILUVW LPSOHPHQWDWLRQ R
ZLWK DQ RSHQ VSDFH PLFURIOXLGLFVY DQG D ORW RI RSWLPL]
WKDW LW LV WKH ILUVW GHPRQVWUDWLRQ RI DQ H[SHULPHQW
XVLQJ DQ 0)0 7KLV SURRI RI FRQFHSW LV LQ P\ RSLQLRQ ROQI
0)0OV ZHUH SUHYLRXVO\ OLPLWHG WR VLQJOH VWHS H[SHULPHC
7KLV H[SHULPHQW VKRZFDVHV WKH SRVVLELOLW\ WR XVH 0)0\
ZKLFK RSHQV D ORW RI SRVVLELOLWLHV

$ PDLQ FULWLTXH WKDW FDQ EH DGGUHVVHG WR WKLV ZRUN |
PXOWLSROHV ORUHRYHU LQ OLJKW RI P\ ZKROH UHVHDUFK
REYLRXV WR PH WKDW WKH IXWXUH RI UHFRQILJXUDEOH 0)0V .



UHDJHQW UDWKHU WKDQ WKH FUHDWLRQ RI RYHUODSSLQJ SD'
IRU ZKLFK D IDVW G\QDPLF LV RI XWPRVW LPSRUWDQFH +R
UHPDLQ DQ LPSRUWDQW FRQWULEXWLRQ WR P\ ZRUN 7KH RE
ZDV WR FKDOOHQJH WKH SDUDGLJP WKDW 0)0V KDG WR EH VF
WKHVH V\VWHPV HQDEOHG PH WR GHPRQVWUDWH WKH XVH
H[SHULPHQWY 7KH\ VKRZHG WKH SRVVLELOLW\ WR FUHDWH F
VI\VWHPV ZKLFK RSHQHG WKH ZD\ WR QHZ DSSOLFDWLRQV V.
RI FHOO G\QDPLFV

$QRWKHU DVSHFW WR FRQVLGHU LV KRZ HVVHQWLDO WKH VP
3&'V 7KH FRPELQDWLRQ RI SRO\VJRQDO 0)0OV DQG WO0)0V DUH
WKH XVH Rl PDQLIROGYV LQ P\ VXEVHTXHQW ZRUN FRPHV IURP !
DSHUWXUH WR D SXPS DV SHUIRUPHG ZLWK VPDOO UHFRQIL.
SUHVVXUH SXPSV WR RSHUDWH FRPSOH[ VIVWHPV RULJLQDOC
WKH SUREOHPV UHODWHG WR WKH XVH RI DUUD\V RI V\ULQJ}
UHVHDUFK SURMHEW

6FDODEOH PXOWLSROH DQG ODUJH VFDOH SL[HOL

7KH ODVW REMHFWLYH DQG PDLQ DFKLHYHPHQW RI P\ SUF
DUFKLWHFWXUH ZH WHUPHG WKH SL[HODWHG FKHPLFDO GL)\
FRUUHVSRQG WR P\ DUWLFOH SXEOLVKHG LQ 31%$6 DQG LQ FK
WKH GHVLJQ

$IWHU WKH ZRUN RQ VPDOO VL]H UHFRQILIJXUDEOH 0)0V LW
DFKLHYH D KLJK PXOWLSOH[LQJ SRWHQWLDO D UHSHDWDEOF
WKLV ZRUN LV WKDW XVLQJ DQ 0)0 EDVHG RQ DQ DUUD\ RI L
VXEXQLWY EDVHG RQ WKH SRO\JRQDO 0)0 JHRPHWU\ 7KLV \L
ZH FDOOHG PLFURIOXLGLF SL[HOV 7KHVH SL[HOV KDYH DQ LQ
$vV ORQJ DV WKH DUFKLWHFWXUH LV UHVSHFWHG DQ\ QXPEH
VI\VWHPY DOORZLQJ WKH FUHDWLRQ RI XS WR SL[HOV ZHUH



3&'V DQG WKH XVH Rl PLFURIOXLGLF SL[HOV KDYH VRPH PDM
VI\IVWHPV FRPSULVHG RI YLUWXDOO\ DQ\ QXPEHU RI SL[HOV FI
WKH JDS DQG WKH IORZ UDWH FDQ EH PRGLILHG DV ORQJ DV \
3&' DQ HIWUHPHO\ YHUVDWLOH DUFKLWHFWXUH

‘H GHPRQVWUDWHG WKDW WKH 3& WR WKH FRQWUDU\ RI SU
VXUIDFHV E\ XVLQJ 3&" WKDW KDV D VOLJKWO\ QHW LQMHFW
3&'" IRU GU\ VXUIDFH SDWWHUQLQJ ‘:H GHPRQVWUDWHG WKDV
VI\VWHP DQG SHUIRUPLQJ ERWK SURWHLQ ELRSDWWHUQLQJ D¢

:KLOH VRPHRQH PLIJKW K\SRWKHVL]H WKDW D V\VWHP IRUPHG
WR HUURUV DQG OHVV VWDEOH ZH GHPRQVWUDWHG WKDW W
LQVSLUHG VLPXODWLRQV ZH GHPRQVWUDWHG WKDW HUURU
DSHUWXUHY KDG QRW HIIHFW RQ WKH FRQILQHPHQW SDWWHL
VSDFH VWUHDPLQJ PLFURIOXLGLF GHYLFHV VXFK DV PLFURIC(
DUH GLUHFWO\ OLQNHG WR WKH UDWLR RI WKH IORZ UDWH EH
VLIQLILFDQWO\ DIITHFW WKH QHLJKERULQJ SL[HOV 6PDOO GH
KDYH DOPRVW QR LPSDFW RQ WKH SL[HOV :KLOH PRVW RI Wl
VXSSOHPHQWDU\ PDWHULDO RI P\ DUWLFOH , EHOLHYH LW LV
UREXVW V\VWHP WKDW FRXOG EH XVHG LQ UHDO OLIH DSSOLF

$Q LOQOWXLWLRQ RQ 3&" FRXOG EH WKDW WKH\ UHTXLUH PRUH |
D GLSROH RU DQ DUUD\ RI GLSROHV +RZHYHU D VTXDUH PLF
DQG TXDUWHUV RI DVSLUDWLRQ DSHUWXUHYVY DQG WKXV RCQC
SHU FRQILQHPHQW DUHD QRW PRUH FRPSOLFDWHG WKDQ D G
WR XVH DSHUWXUHYV SHU SL[HOV :KLOH XVLQJ WKH VDPH
3&'V RIITHU DQ LQFUHDVHG VWDELOLW\ DQG VFDOLQJ SRWHQW

-XVW OLNH ZLWK VPDOO VL]H UHFRQILJXUDEOH 0)OV ZH VKR
SL[HOV RI D 3&' +RZHYHU LW LV PRUH FRPSOLFDWHG LQ WKL
UHDJHQW LQMHFWHG E\ WKH SL[HOV 7KH WUDQVLWLRQ WLPF
7D\ORU GLVSHUVLRQ RFFXUULQJ LQ WKH 3&' IOXLGLF FLUFXL



PXFK VORZHU WKDQ WKH VPDOO UHFRQILIJXUDEOH 0)0OV +RZH
VFLHQFH DSSOLFDWLRQV 3&' FRXOG EH XVHG WR DXWRPDWL]

2QH RI P\ PDLQ FULWLFV RI P\ RZQ ZRUN ZDV WKDW PRVW RI VW
RI HISHQVLYH RI VMA\ULQJH SXPSV 7KHUHIRUH LQ WKH ODVW I
3&'V WKDW FDQ EH RSHUDWHG ZLWK RQO\ SUHVVXUH SXPSV
HVVHQWLDO WR SUHVHQW WKH FRQFHSW EHKLQG 3&'V , EHOL
W GHPRQVWUDWHYV WKDW 3&' FRXOG EH RSHUDWHG ZLWK D I
WKH FRQVHTXHQFH WKDW WKH SXPS V\VWHP GRHVQfW KDYH
DQG WKXV D VWDQGDUG SXPS V\VWHP FDQ EH IDEULFDWHG

vbDZz D JUHDW LQFUHDVH LQ XVHU IULHQGOLQHVV RI WKH 3&"'
WR SUHVVXUH SXPSV 6LQFH PRVW OLIH VFLHQFH SURWRFRO’
XVHU IULHQGO\ VA\VWHP ZLWK D IDVW VHWXS WLPH LV RI XWPF

SUHGLFWLQJ WKH IXWXUH XVHV Rl 3&'V UHPDLQV GLIILFXOW
ZRXOG DOORZ WKH IDEULFDWLRQ RI GHYLFHV FRPSULVHG R
DSSURSULDWH IDEULFDWLRQ PHWKRG )XUWKHUPRUH WKH\
UHFRQILIJXUDWLRQ $SSOLFDWLRQV ZKHUH 3&'V FRXOG EH X
RULHQWHG UHVHDUFK ZLOO EH UHTXLUHG WR GHWHUPLQH I
DGYDQWDJH FRPSDUHG WR FXUUHQW PHWKRGV 7KH XVH RI 3
LPPXQRDVVD\V DQG WLVVXH VWDLQLQJ DUH DQ REYLRXV SRV
FRQVLGHUHG 'XH WR WKHLU FRQVWDQW VWUHDPLQJ 3&'V PL
VXUIDFH SODVPRQ UHVRQDQFH'XPDWRQW WHY W HRWV S®3IBLELOLW
VXUIDFHV 3&'V FRXOG EH XVHG LQ IRU LQGXVWULDO SURFHV
EH XVHG WR SHUIRUP ORFDOL]J]HG VXUIDFH WUHDWPHQW RU O
3&'V PLIKW SURYH XVHIXO WR FRDW VXUIDFHV ZLWK LQWULF
VKHDU VWUHVV WHPSHUDWXUH FKDQJH RU HYDSRUDWLRQ

3&'V GLIITHUHQWLDWH IURP RWKHUVY SDUDOOHOL]DEOH OLTXL
VWUHDPLQJ RI IOXLG DQG E\ UHTXLULQJ QR SK\VLFDO IHDW
DUHDV ORUHRYHU WKH\ FDQ DFKLHYH D FHUWDLQ GHJUHH R
FRPSRQHQW $SSOLFDWLRQ FRQVLGHUHG IRU WKH 3&'V VKRXC



3&'V bQVZHU WKH REMHFWLYH WKDW ZDV LGHQWLILHG DW WK
D ODUJH VFDOH DQG UHFRQILJXUDEOH RSHQ VSDFH PLFURIO
WKHVLV LV LQ P\ RSLQLRQ D PDWXUH GHVLJQ 3&'V DUH URE
LV SRVVLEOH ORUHRYHU ZH KDYH DQ DQDO\WLFDO PRGHO
+RZHYHU , DP DOVR DZDUH RI WKH OLPLWDWLRQ RI P\ GHYV
FRPPHUFLDOO\ YLDEOH RU HDVLO\ DGRSWDEOH WHFKQRORJ\
UHPDLQV OLPLWHG DQG UHODWLYHO\ VLPSOH )XWXUH SURM
DSSOLFDWLRQV ZLOO EH UHTXLUHG WR IXOO\ DFFHVV 3&' SRW
, ZLOO DGGUHVV WKHP LQ WKH QH[W VHFWLRQ

/ILPLWDWLRQV DQG UHFRPPHQGDWLRQV

$IWHU ILYH \HDUV RI ZRUN RQ PXOWLSOH[HG RSHQ VSDFH V\
DUFKLWHFWXUHV WKDW , EHOLHYH KDV VWURQJ SRWHQWLD
LOQGXVWULHYV +RZHYHU D ORW RI ZRUN UHPDLQV WR SURYH |
FKDSWHU , ZDQW WR GHYHORS RQ WKH OLPLWDWLRQV RI P\ S
IXWXUH RI 3&'V |, DOVR ZDQW WR GLVFXVV VRPH WUDSV DQG
FKDSWHUV DQG , IHHO DQ\RQH ZRUNLQJ RQ WKHVH GHYLFHYV
KHOS TXLFN VWDUW IXWXUH SURMHFWY RQ 3&'V DQG IXUWKHE
SURMHFWYV

,QKHUHQW OLPLWDWLRQ RI K\GURG\QDPLF IORZ F

7KH ILUVW OLPLWDWLRQ RI WKH 0)0V LV JHQHUDO DQG FDQ EF
ZDOOV DQG FKDQQHOV IRU K\GURG\QDPLFV IORZ FRQILQHPHQ
HTXLOLEULXP 7KH\ DOORZ WKH JHQHUDWLRQ RI FRQILQHPHC
GRPLQDQW RYHU GLIIXVLRQ 3H !! SUDFWLFDOO\ WKDW P
GLIIXVLRQ OHQIJWK DQG GLPLQLVKHVY WKH SDWWHUQ VKDUSQ
FDQ EH JHQHUDWHG LQ H[FKDQJH IRU D KLJK IORZ UDWH OR
PDLQWDLQ WKH IOXLG SDWWHUQV RQ WKH VXUIDFH 7KH FRC(
DSSURSULDWH IRU H[SHULPHQWY WKDW UHTXLUHV WKDW D PI
D ORQJ DPRXQW RI WLPH 'URSSLQJ D GURSOHW LQ D ZHOO L)\



PLFURIOXLGLF PLJKW QRW EH WKH DSSURSULDWH VROXWLRQ
FRQVXPSWLRQ RI UHDJHQW

,Q JHQHUDO LI ZDOOV IURP D ZHOO RU D PLFURV\VWHP DUH
WR WKH XVH RI DQ 0)0 XVLQJ V\VWHP EDVHG RQ ZDOOV DQG F
UHVHDUFK RQ DSSO\LQJ 0)0 VKRXOG IRFXV RQ DSSOLFDWLF
DGYDQWDJH $GYDQWDJHV FDQ WDNH PDQ\ IRUPV 0)0V DUH
VHWXS DQG WKH\ PLJKW DOORZ DQ LQFUHDVH LQ WHVW GH
HISHULPHQWY UHTXLULQJ FRQVWDQW SHUIXVLRQ OLNH OLY}H
FKHPLFDO VWURERVFRSH 0)0V FDQ RIITHU WKH SXOVLQJ RI FK

7KH UHDVRQ EHKLQG WKH FKRLFH RI XVLQJ DQ 0)0 VKRXOG EF

3&'V DQG 0)OV DUH QRW FRPSDWLEOH ZLWK WKLF

3&'V DUH QRW FRPSDWLEOH ZLWK WKLFN WLVVXHV VOLFHV 7]
SUHYLRXV RQH 7LVVXH SHUPHDELOLW\ LV HIWUHPHO\ ORZ ZK
D WLVVXH VOLFH &RQVHTXHQWO\ QR FRQYHFWLRQ LV SUHVFE
LQ D WLVVXH JRHV GRZQ WR DOPRVW ZKLFK UHVXOW LV W
ZLGH 3L[HOV FDQ EH JHQHUDWHG RQ WKH VXUIDFH RI D WKLF
RI'LW 7KLV HIIHFW EHFRPHVY PRUH DQG PRUH LPSRUWDQW D\
PDGH WRZDUG WKH HQG RI P\ 3K' VKRZHG WKDW ZRUNLQJ R(
SRVVLEOH GHSHQGLQJ RQ WKH SDUDPHWHUV EXW WKDW DC
LOHYLWDEOH LQ WKLFNHU VOLFHVY LQ WKH RUGHU RI —P

J)DEULFDWLRQ PHWKRG

7KH IDEULFDWLRQ PHWKRG GHYHORSHG LQ WKLV SURMHEW
SURWRW\SLQJ Rl PLFURIOXLGLF PXOWLSROH +RZHYHU WKH I
VPDOO 0)0V $V WKH 0)0V DQG 3&'V DUH EHFRPLQJ ELJJHU DQ
PDQ\ RWKHU FKDOOHQJHV 2QH RI WKHP LV OLQNHG WR WKH L
WKH ODUJH LQWHUQDO FRDQY®B®W VID|@ EH IDEULFDWHG ZLWK L
EHWZHHQ SULQWHG FKDQQHOV SUHYHQWY WKH IDEULFDWLRQ
FKDQQHOV ZRXOG QRW EH PDWFKHG VLQEKHKB WD KQ LW KWHH FK



UDGLXWRQVHTXHQWO\ FKDQQHOV PXVW DOO EH LQGLYLGXD!
XVHG 7KH DVVHPEO\ FDQ WDNH IURP D IHZ KRXUV WR D IHZ G

SL[HO RU SL[HO GLVSOD\ ,W LV DOVR D VWHS SURQH WR
WKH ELJJHVW OLPLWDWLRQ RI P\ ZRUN 7KH ORZ IDEULFDWLR
IRU FDVH LQ ZKLFK WKH\ PXVW EH XVHG DV D VLQJOH XVH GH
GUXJV

, EHOLHYH WKDW FKDQJLQJ WKH IDEULFDWLRQ PHWKRG VKRX
SURMHFWYVY | ZRXOG UHFRPPHQG NHHSLQJ ' SULQWLQJ DV D
VZLWFKLQJ WR D ' SULQWHU GHVLJQHG IRU PLFURIOXLGL
SRO\PHULVDWLRQ ZRXOG EH DQ RSWLRQ ,W KDV DOUHDG\ E!
VLQJOH FHOO+RQBOMWLVWKLY IDEULFDWLRQ PHWKRG LV VORZz
UHFRPPHQG NHHSLQJ WKH VWHUHROLWKRJUDSK\ ' SULQWLQ.
RSWLPL]JHG WR JLYH D EHWWHU UHVROXWLRQ *UHJ 1RUGLQY
UHVROXWLRQ SULQWHU WR IDEULFDWAWHID@WGY YdOY HWVP RR
—P DQG LOWHUFRQQBV¥WQRO VIiWNBPY WHFKQRORJ\ ZRXOG D
QHZ JHQHUDWLRQ RI PLFURIOXLGLF PXOWLSROHYV ZLWK LQWH
YDULDWLRQV WR WKH IDEULFDWLRQ ZRUNIORZ SUHVHQWHG L
IRU D IHZ \HDUV DQG KDG SODQQHG DQ LQWHUQVKLS LQ 1RUC
EXW LW ZDV FDQFHOHG GXH WR &RYLG , EHOLHYH D FROOD
EH RI LQWHUHVW $ PLFURIDEULFDWLRQ DSSURDFK FRXOG LC
SURGXFWLRQ RI 3&'V +RZHYHU LW ZRXOG UHTXLUH D FRPSES
ZRUNIORZ , ZRXOG RQO\ VXJIJHVW WKLV PHWKRG DIWHU [IXU'
PDGH

%XEEOH QXFOHDWLRQ

JURP P\ H[SHULHQFH DQG E\ ZDWFKLQJ VRPH RI P\ FROOHDJ
ZLWK EXEEOHV LQ 3&'V UHPDLQV D FKDOOHQJH 3&'V DUH Y
FRPSULVHG RI DQ LQWULFDWH VA\VWHP RI FKDQQHOV %XEEOH
RI' D FKDQQHO RU WKH\ FDQ JHW VWXFN LQ EHWZHHQ WKH 3&'
VRPH SL[HO XQXVDEOH 21 FRXUVH KDYLQJ D GHVLJQ WKDW



VI\VWHPV ZLWK HWKDQRO DQG PDNLQJ VXUH WKDW QR DLU LV
QRW HQRXJK WR FRPSOHWHO\ UHPRYH WKH ULVN RI EXEEOH:®
VKRXOG KDYH D JRRG XQGHUVWDQGLQJ RI EXEEOH QXFOHDW.L

JURP P\ HISHULHQFH WKH EHVW ZD\ WR DYRLG EXEEOH QXFOF
LQ WKH IOXLGY UHPDLQ DW HTXLOLEULXP RU XQGHUVDWXUL
VROXELOLW\ LQ PLFURIOXLGLF VA\VWHPV DUH WKH SUHVVXUH
WHPSHUDWXUH 7KLV UHODWLRQvLW G{BZKUHWEM BNVKH+HTXULG V EQ
FRQFHQWUDWLRQ + 7 LV WKH +HQULYY ODZ VROXELOQLW\ FR(
LV WKH SUHVVXUH RI WKH JDV LQ WKH YDSRU SKDVH $ IOXLC
HQG RI WKH FKDQQHO ZLWK D ORZHU SUHVVXUH WKXV UHGXF
,Q D VLPLODU PDQQHU PLFURIOXLGLF VA\VWHPVY DUH RIWHQ
LOQFUHDVH LQ WHPWHKWBWDWEXVHUYRLUV DUH FROGHU WKDQ WK
RYHUVDWXUDWHG LQ JDV

'KHQ GHVLJQLQJ D 3&" DQG DQ H[SHULPHQW WKH SUHVVXUH
ORUHRYHU UHVHUYRLUV VKRXOG EH NHSW DW WKH VDPH WH]I
KLIJKHU LI SRVVLEOH )XUWKHU H[SHULPHQWDWLRQV DQG VR
wWwubDSV PLIKW EH UHTXLUHG WR PDNH WKH 3&" FRPSDWLEOH Z
EH NHSW FROG DQG WKH VI\VWHP EH NHSW LQ DQ LQFXEDWRL

J)OXLG FRPSDWLELOLW\ DQG FORJJLQJ

6RPH DWWHQWLRQ VKRXOG EH WDNHQ WR DVVHVV WKH FR
H[SHULPHQW ,W LV VRPHWKLQJ WKDW ZDV RYHUORRNHG LQ
3&'V VKRXOG FRQVLGHU :KLOH WKH SL[HOV DUH PRVWO\ LVR
SL[HOV ORUHRYHU DOO DVSLUDWLRQV DUH XVXDOO\ FRQQHF
LQ WKH DVSLUDWLRQ IOXLG OLQHVY DQG LQ WKH ZDVWH 10D
+RZHYHU LQ VRPH FDVHV LW PLJKW OHDG WR D UHDFWLRQ

SKOR[LQH % DQG KHPDWR[\OLQ GXULQJ D WLVVXH VWDLQLQJ
FRPSRXQG LQ WKH DVSLUDWLRQ OLQH WKDW HYHQWXDOO\ FO



8VLQJ WKH JUDGLHQW DQG UHDFWLRQ LQ EHWZHHQ SL[HOV L
3K' 2QH H[DPSOH LV WKH XVH RI 7TROOHQYV UHDJHQW DQG DQ
$ SUREOHP ZLWK WKDW H[SHULPHQW ZDV WKDW ERWK 7ROO}
DVSLUDWLRQ ZKLFK PHDQV WKDW WKHUH ZDV VLOYHU GHSR
+RZHYHU WKH VI\VWHP HYHQWXDOO\ IDLOHG GXH WR FORJJLC
IRU H[DPSOH E\ FKDQJLQJ WKH 3&' DQG IOXLG OLQH PDWHULD
WKH UHDFWLRQ +RZHYHU , ZRXOG DGYLVH DJDLQVW UHDFWL
DFWLRQ WDNHQ

/TRWDO UHFRQILIXUDWLRQ YV PLQLPXP XVHIXO Ul

:KLOH GRLQJ P\ UHVHDUFK PXOWLSOH GLVFXVVLRQV DERYX
UHFRQILJXUDEOH 3&' WRRN SODFH +RZHYHU GHVSLWH ORRN
KLJK LPSDFW DUWLFOH , GRQIW WKLQN WKHUH LV PXFK SRLC
UHFRQILJXUDEOH SL[HO 3&' ZLWK UHFRQILIJXUDWLRQ EHW?Z

YDOYHV DQG D FRXQWOHVV QXPEHU RI FRQQHFWLRQV ,W .
EXW QRW QHFHVVDULO\ XVHIXO , EHOLHYH GHVLJQLQJ 3&'
SURPLVLQJ )RU H[DPSOH FRPSDQLRQ GLDJQRVWLF 3&'V FRX
GUXJV DQG GUXJ FRQFHQWUDWLRQ FRQGLWLRQV ,W FRXOG E
VDPH UHDGRXW PDUNHU FDQ EH LQMHFWHG LQ HYHU\ SL[HO
DQG FRQWURO OLQHV ZKLOH EHLQJ FOLQLFDOO\ UHOHYDQW
, EHOLHYH VXFK 3&'V FRXOG EH URXWLQHO\ IDEULFDWHG

&KHFNOLVW WR DFFHVV IXWXUH H[SHULPHQW YLC

JURP P\ HISHULHQFH RQ WKLV SURMHFW , ZRXOG VD\ WKDW Z}
Rl 3&'V WR KHOS XV H[SODLQ WKH GHYLFH WR QRQH[SHUWYV E
ODWHU GXULQJ WHVWYV IRU DSSOLFDWLRQV LQ ZKLFK WKHVH
SUREOHPV DQG GHDG HQGV FRXOG KDYH EHHQ SUHYHQWHG E

+RZ WR SUHYHQW FRQWDPLQDWLRQ ZKHQ LQVWDOOLQJ D

:KDW ZLOO KDSSHQ ZKHQ WKH UHDJHQWY PL[ LQ WKH DVS



'RHVY WKH ODUJH YHORFLW\ GLITHUHQFH EHWZHHQ D SRLQ
ZLOO DIIHFW P\ UHVXOWV"

:LOO P\ H[SHULPHQW VHWXS JHQHUDWH EXEEOHV LQ WKH
,Q WKHVH H[IDFW H[SHULPHQWDO FRQGLWLRQV ZKDW ZLO
KDW ZLOO EH WKH UHDJHQW FRQVXPSWLRQ IRU WKLV HJS

7KHVH VL[ VLPSOH TXHVWLRQV HQFRPSDVVHG PRVW RI WKH S|
, ZRXOG VXJIJHVW WKDW GXULQJ H[SHULPHQW GHVLJQ WKHV
IXUWKHU VWHSY WR DFFHVV WKH H[SHULPHQW YLDELOLW\
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OXOWLSOH[ RSHQ VSDFH PLFURIOXLGLF'
QXPEHUYV

, EHOLHYH WKHUH LV VWULNLQJ UHVHPEODQFH EHWZHHQ VREF
WKH W\UDQQ\ RI QXPEHU WKDW WKZD{UNHQHHRPS DWHY H®HDV LD
,%0 DQG 7H[DV ,QVWUXPHQWY FRXOG GHVLJQ FRPSXWHU DQG
WR IDEULFDWH WKRVH GHYLFHV &RPSXWHUV ZHUH IDEULFDW
KDQG $V WKH FLUFXLW JUHZ ODUJHU WKH SUREDELOLW\ RI L
LQFUHDVHG ZKLFK PDNH V\VWHPV SDVW D FHUWDLQ FRPSOH]
ORUHRYHU WKH DPRXQW RI ZLULQJ EHFDPH D UHOLDELOLW\ L

, IRXQG P\VHOI LQ WKH VDPH NLQG RI SRVLWLRQ GXULQJ P\ 3
EHLQJ DEOH WR GHVLIJIQ WKH FRQQHFWLRQ FLUFXLW RI ODU
QRZKHUH QHDU FORVH WR EHLQJ DEOH WR IDEULFDWH WKHP
DQG SHUIRUP D SURRI RI FRQFHSW +RZHYHU DV ORQJ DV
H[SHULPHQW ZLWK 3&"' LQ OLIH VFLHQFH ZLOO EH OLPLWHG |
EHFRPH PDLQVWUHDP

, VHH D FOHDU SDUDOOHO EHWZHHQ WKH 3&' DQG WKH W\UDQ
DOVR DSSOLFDEOH WR RWKHU KLJKO\ PXOWLSOH[ PLFURIOX
GHYHORSHG YDULRXV PRGXOHV RYHU WKH \HDUV VXFK DV V
YDOYHV +RZHYHU WKH XVH RI WKRVH PRGXOHV H[FHSW YI
OLPLWHG $ VROXWLRQ WKDW HPHUJHG IURP WKH W\UDQQ\ RI
PDVV SURGXFWLRQ RI VPDOO VWDQGDUGL]HG UHOLDEOH DQ
WR SUHGLFW ZKDW WKH VROXWLRQ IRU PXOWLSOH[ PLFURIO
GLVWLQFW ILHOGYV DQG LW PLJKW QRW EH DQ LGHDO ZD\ Wi
IOXLGLF FRQQHFWLRQV DUH D VRXUFH Rl SUREOHPV DQG WK
IOXLGLF WKDQ HOHFWURQLFV +RZHYHU D FHUWDLQ VWD
LOQWHUFRQQHFWLRQ ZRXOG FHUWDLQO\ KHOS WKH FUHDWLQ.
KLJK UHVROXWLRQ ' SULQWLQJ ZLWK ERWK DQ LQFUHDVH LQ



DSSURDFK :KLOH , GRQTW KDYH WKH VROXWLRQ LW VHHPV R
QXPEHUVY ZLOO KDYH WR EH DGGUHVVHG LI ZH HYHU DUH WR V
DV PDLQVWUHDP WRROV

2XWORRN

,Q WKLV WKHVLV , SURSRVHG D QHZ DSSURDFK WR OLTXLG K
RSHQ VSDFH PLFURIOXLGLF VA\VWHPV 7KH 0)OV SUHVHQWHG L
WKH PLFURIOXLGLF SUREH EXW WKH\ DGGUHVV WKH ODFN RI
VI\VWHPV WKDW DUH ERWK KLJKO\ VFDODEOH DQG FRPSDWLE
FXUUHQWO\ D JDS LQ OLTXLG KDQGOLQJ VI\VWHP FDSDELOLWL
EDVHG RQ WKUHH PDLQ VWHSV 7KH ILUVW RQH ZDV WR LGI
IDEULFDWLRQ PHWKRG VWHUHROLWKRJUDSK\ ' SULQWLQJ 7
GHVLJQ RI VPDOO UHFRQILIJXUDEOH 0)0OV IROORZHG 7KH ILQ
VFDODEOH PXOWLSRODU DUFKLWHFWXUH WKDW DOORZV WKH
DUHDYV

,Q P\ RSLQLRQ WZR UHVXOWY UHDOO\ VWDQG RXW RI P\ 3K" I
RQH LV WKH XVH RI VPDOO UHFRQILJXUDEOH 0)0 DV FKHPLFDC(
D UHFRQILIXUDWLRQ LQ WKH RUGHU RI WKH VHFRQG ZKLFK L
DFKLHYH &KHPLFDO VWURERVFRSH FRXOG EH XVHG WR SXOV
G\QDPLFV $ FROODERUDWLRQ LQ SURJUHVYV VKRXOG DVVHVV

7KH RWKHU UHVXOW WKDW VWDQGYV RXW LV WKH SL[HODWHG
LPSURYH LWV IDEULFDWLRQ DQG HDVH RI XVH , EHOLHYH WK
SDUDOOHOL]DWLRQ WKDW LV XQSUHFHGHQWHG LQ RSHQ VSDF
VSDFH PLFURIOXLGLF VA\VWHPVY ZHUH VHHQ DV SUREH OLNH GH
RITHUV D QHZ zD\ WR DXWRPDWL]H SDUDOOHO H[SHULPHQWYV
ZLWKRXW WKH QHHG IRU SK\VLFDO IHDWXUHV VXFK DV ZHOO
QXPEHU RI SLIHOV DQG WKH SL[HO VL]H FDQ EH YDULHG WR |
GHPRQVWUDWHG WKDW WKLV GHYLFH LV KLIJIKO\ VWDEOH DQG
H[SHULPHQW



, EHOLHYH P\ ZRUN ZDV ZHOO UHFHLYHG E\ WKH PLFURIOXLG
GXULQJ WKLV WKHVLV WZR RI ZKLFK LQ SUHVWLJLRXV MRXUQ
KDG WKH FKDQFH WR JLYH WZR WDONV DW WKH PLFUR7$6 FR
UHO\ RQ GHYLFHV WKDW , GHVLJQHG GXULQJ WKLV WKHVLV W
WR VHH WKH UHVXOW Rl WKRVH SURMHFWYV DV WKH\ ZLOO JL
0)0V

, WKLQN WKLV WKHVLVY VXFFHHGHG DW HVWDEOLVKLQJ WKH E|
6\VWHPV IURP WKLV WKHVLV KRZHYHU PD\ UHPDLQ KDUG W
YHUVLRQ DQG WKH\ ODFN D KLJK WKURXJKSXW SURGXFWLR(
IULHQGO\ V\VWHP FRPELQHG ZLWK DGYDQFH LQ " SULQWLQJ
ZRXOG DOORZ XVH 0)0OV WR WKHLU IXOO SRWHQWLDO
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ODU[ 9 3RXULQJ RYH1IDWL TOHWKIRBEYGOLQJ

.RQJ ) <XDQ / =KHQJ < ) &KHQ : $XWRPDWLF OLT}
FULWLFDO UHYLHZ RI WK-H MX UBKQWR RAWDWH RI WKH DUW

%HOODYDQFH / %XUEDXP - 'XQQ ' O0QQRIYWIEKDUBWI
7HFKQRO

9HUFK 7 %DNKWLDU 5 OLQLDWXUL]JHG LPPXQRDVVD\\
%LRDQDO\W.V

ILFNLVFKAMU PIOIK &R QWHQW+ I6IHAU RHR@QWHQW 6FUHHQLQJ
$SSURDFK WR 6\VWHPV &HOO %LRORJ\ DQG 3KHQRW\SLF "I
% L ROWRRO 6SULQJHU 1HZ <RUN

1HXALO 3 *LVHOEUHFKW 6 ITQJH . +XDQJ 7 - 0D«
WHFKQRORJ\ IRU GWJ SHWFRXHAULVAFERY

4XDNH 6 6ROYLQJ WKHDUWULDYQRURDEBENVNSHWWLQJ

0ODQ] $ :LGPHUV + O *UDEHU 1 OLQLDWXUL]HG WRW
QRYHO FRQFHSW IRBHRWRUNDEFWHOQWIRMYV % &KHP

7THK 6 < /LQ 5 +XQJ [/ + /IHH $ /BE'®RIS®HW PLFURIC

7TKRUVHQ 7 ODHUNO 6 - 4XDNH 6 5 OLFAURI@QKHGLF /LC

+

OHLVWHW pPBOXLG)0 &RPELQLQJ $WRPLF )RUFH OLFURVFRS
8QLYHUVDO /LTXLG '"HOLYHU\ 6\VWHP IRU 6LRQBH KW®O $ <

+

/DYDQ@GDVN DMDQROLWUH OLTXLG SDWWHUQLQJ LQ DTXHRXYV
UHDJHQW GHOLYHU\ WIRWP D®RDHXLDQ FHOOV

-XQFNHU 6FKPLG + '"HODPDUFKH ( 0DOOW LBEDWIIBR V H

+



/IRYFKLN 5 ' .DLIDOD * 9 *HRUJLDGLYV 0 "H
LPPXQRKLVWRFKHPLVWU\ XV/IDEI &KPEFURIOXLGLF SUREH

 KDUWFKHQNW B®$17,7$7,9( 0,&52,00812+,6728&+(0,675<
T—,& +

4XHYDHON IODPEHU DQG PLFURIOXLGLF SUREH IRU PLFURSE
VOLAMHE &KLS +

6DUNDU $ .ROLW] 6 IDXITHQEXUJHU ' $ +DQ - OL
DQDO\VLV LQ DGKHUBQW&RPWVYXXH FXOWXUH

7D\ORU ' 3 =HDI , /RYFKLN 5 .DLJDOD * 9
,QWHUDFWLRQV 8VLQJ +\GURGVORBPRLORZ+&RQILQHPHQW)\

%DQNV O 1 &DFDFH $ 0 2Y&RQQHOO - +RXVWRQ -
(YROXWLRQ RI 7HFKQRORUXJD QG FRNW KHDENG E
GRL FK

+DVHIOW >BGURVYV FRXQWU\ GDWDEDOWL R'ID&ZE ' WHVWLQ.

& 6 1 $ &XL - [RZ - &KH 7 3UDFWLFDO &RQVLGH!
LQ 'UXJ 'LVFRYXKUNLVYRRMBU\(O 6FKHP\ + % * ,Q7HFI
GRL

OF&O\PRQW ' : JUHHPRQW 3 6 :LWK DOO GXH UHVSHF
DOWKURSRDPRWSKLRWHFKQRO

(NLQV 6 2O0OHFKQR - :LOOLDPV $ - 'LVSHQVLQJ 3URF
$FWLYLW\ DV '"HWHUPLQHG E\ &RPSXWDBWRQOBD :DbQG 6WL

+DGLPLRJOX % 6WHDUQV 5 (OOVRQ 5 ORYLQJ /LTX
$FRXVWLF "URSOHW (MHFWLRQ IRU 5REXVW /DPERMBDWRU\
$XWRP =

(OOVROQN DODQVIHU RI ORZ QDQROLWHU YROXPHV EHWZI
DFRXVWLFV $XWRPDWLRQ FRQYWIRFHUDR LIVQVR P



'"HODQH\ - 7 6PLWK 3 - 6FKXEHUWG6RIW OWWHW SUL

/L - B5RVVLJQRO ) ODFGRQDOG - ,QNMHW SULQWLQJ
FKHPLVWU\ DQG WHFKQRORJ\ IRDERKLBQFHG PDQXIDFWXU

6TXLUHV 7 O 4XDNH 6 5 OLFURIOXLGLFVS5H® XQRBGSK\VL
3K\V +

8QJHU 0 $ &KRX + 7KRUVHQ 7 6FKHUHU $ 4XDNH
YDOYHVY DQG SXPSV E\ PXOWEDHQHH VR4W OLWKRJUDSK\

/ILX - +DQVHQ & 4XDNH 6 5 6ROYLQJ WKH pZRUOG
PLFURIOXLGIDPDWKHP =+

(LQDWHWs D& FRYHU\ RI D KHSDWLWLYV & WDUJHW DQG LW
PLFURIOXLGLF DIIDYLW\LRQMHEWARRO

/IDIXV 7 3 (GG - ) $ UHYLHZ RI WKH WKHRU\ PHWKRC
WKURXJKSXW VLQJOH FHOBIK\WRSO$S/8 @ LBKRIOXLGLFV

%URX]JHW 'MRSOHW PLFURIOXLGLF WHFKQRORJ\ IRU VLQJO
BURF 1DWO $FDG 6FL 88 6 $

.DLIDOD * 9 /RYFKLN 5 '"HODPDUFKH ( OLFURIOXI
SHUIRUPLQJ /RFDOL]JHG &KHPLVWBQRHZ %&RBRUHFDON, QW

+

&KHQHW PKOH FKHPLVWURGH $ GURSOHW EDVHG PLFURIO)
UHFRUGLQJ ZLWK KLJK WHPSRUDO 3M$BWLDO DQG FKHPLF

'RQRYDQ $ - /LX < 'RQRYDQ $ - &KDS &KHPLVWU
6SDWLDO 5HVROXWLRQ &KHFPHEDBCGDBRDIFYRWVOXILQLFV

,PSOHPHQWDWLRQV HGMWG #5GOMRFOMHR QY .DLIJDOD * 9

9&+ 9HUODJ *PE+ &R

3LQHU 5 ' =KX - ;X ) +RQJ 6 OLUNLQG6RLHQFHS 3F

+



*LQJHU ' 6 =KDQJ + OLUNLQ & $ 7KH (YROXWLRQ
$QIJHZ &KHPLH ,QW (G

*XLOODXPH HMQYROLFH2ZFRQWUROOHG PDQLSXODWLRQ RI '\
JOXLGHAOHQGY %LRWHEKQRO

'"|ULJH®W JRWFH FRQWUROOHG VSDWLDO PDQLSXODWLRQ R
RUJDQLVPV E\ PHDQV RI )X5EG5 )8 KWHFMH QRO R J\

*XLOODXPH *HQWLO 2 OLWWHOYLHIKDXV 0 'RUZOLQJ ¢
$ &KDS J)OXLG)0 $SSOLFDWLRQV RYHEL @3 D HH& B ORI Bol IORKQ@
&RQFHSWYV ,PSOHPHQWMHWIVRQWOBBSOEKBWLRQWLIJDOD *
:LOH\ 9&+ 9HUODJ *PE+ &R GRL FK

<LQJHW DKH VFDQQHG QDQRSLSHWWH D QHZ WRRO IRU
FRQWUROOHG GHSRVIBWIL\RQ&RHELRRR®HBKOMHV

% UXFNEDDWWOSWLQJ ZLWK '1$ DQG 3URWHLQ 8VLQJ D 1C
'"HOLYHWO &+(0 62&

%UXFNEDXNMUJ O®QRSLSHWWH 'HOLYHU\ RI ,QGLYLGXDO
&RPSDUWPHQWY IRU 6LQJOH OROHBRKREKYOXRUHVFHQFH 7

6HJHU BW$BROWDJH FRQWUROOHG QDQR LQMHFWLRQ V
GRL F QU D

)XMIHW MMOHFW PHWDERORPLFV IRU SODQW FHOONMWE\ OLYF
SURWRF

6DKD 6KDK $ *UHHQ & O $EUDKDP ' + %DNHU [/ $
ZLWK SXVK£SXOCGC QKHWYW SESHWWHYV

6DKD 6 KIDW DFDQRSLSHWWHYV SUREHV IKQKHOGREBD ¥DPSOH

6KLNMW+HPOLFURIOXLGLF GXDO FDSLOODU\ SUREH WR FRO
FHOOV DQG$Q®IOH URIREAK HP



‘HODPDUFKH ( %HUQDUG $ ©6FKPLG + OLFKHO % %
LPPXQRJOREXOLQV WR VXUIDFHV6XVHQFHLFURI®XLGLF Q

=LHJOHU - =LPPHUPDQQ O +XQJLNHU 3 ‘'HODPD!
LPPXQRDVVD\V EDVHG RQ WKURXJK VWHQFLO SIQMWWHUQH!
&KHP +

5RXWHQEHUJ ' $ 5HHG 0 $ OLFURIOXLGLF SUREH D Q
HQYLURQPHQWY DQG HOHFBEV&RIQS F+ZDIHU SURELQJ

6i{H OHW BOVWR)OH[2D PLFURIOXLGLF GHYLFH SURYLGL(
HQDEOLQJ KLJKO\ VHQVLWLYH UHSURGXFLEDH&KQS TXDQ!

.L.P 0 HWW D&QUHDVW &DQFHU 'LDJQRVLV 8VLQJ D OLF
,PPXQRKLVWRFKHPINRE LRLQ3H D DWIRUP

&KDQJHW MMUDOOHO PLFURIOXLGLF FKHPRVHQVLWLYLW\ \
IDE &KLS +

.DLIJDOD * 9 [/RYFKLN 5 ‘"UHFKVOHU 8 'HODPDUFI
SUREMHQJPXLU £

&RUV - ) IRYFKLN 5 ' '"HODPDUFKH ( .DLIJDOD *
PLFURIOXLGLF SUREH IRU ORFDO SURFHVVLQJBIRY WARALV XH
, QVWUXP

&RUV - ) .DVK\DS $ )RPLWFKHYD .KDUWFKHQNR $ 6F
OLWKRJUDSK\ OLFURVFDOH GHZD[LQJ WR HQDEOH UHW
SDUDIILQ HPEHGGHG ))3(RWRWVWXH VHFWLRQV

.DVK\DS % $XWHEHUW - '"HODPDUFKH ( .DLIDOD *
VDPSOLQJ RI OLYH FHOOV IRU QXFOHLF BFLG IHED O\VLV X\

6DUNDU $ .ROLW] 6 IDXITHQEXUJHU ' $ +DQ - OL



DQDO\VLV LQ DGKHUBQW&RPWVPYXXQH FXOWXUH

ADVDLPHK 0 $ $VWROIL 0 3\][LN O 9LGDO 6 -XQFNF
GLVWDQFH LQ PRYLQJ PLFURIOXLGLF FRQFHQWUWWLRQ J
,QWHUQDWLRQDO &RQIHUHQFH RQ OLQLDWXUL]HG 6\VWHP"

ADVDLPHK 0 D *HUYDLV 7 _XQFNHU ' OLFURIOXL
FRQFHQWUDWIDRY ZRPE XHQW

&RUV HW R@IOD S +LHUDUFKLFDO K\GURG\QDPLF IORZ FRQ

UHWULHYDO RI FKHPLFDOV IRU PLFPRNE D6GH AAHKALAFULMWO X LF

&RQFHSWYV ,PSOHPHQWDWHRQV 'HDAP BIFRKHFRIWLRIQAMDOD
:LOH\ 9&+ 9HUODJ *PE+ &R GRL oD P

6DIDYLHK O 4DVDLPHK 0 $ O9DNLO % -XQFNHU '
OLFURIOXLGLF 3UREHV DV )ORZ 'LSRPIH 5HSHRU\ DQG $SSO

$PLQHY DGULQWHG PLFURM%QRLGE B LG YW LFARHY

&RPLQD * 6XVND $ J)LOLSSLQL ' /DE RQ D &KLS 3'06 (
'"SULQWHG WHPSODWHYV

.DPHL HW DOSULQWLQJ RI VRIW OLWKRJUDSK\ PROG I
SRO\GLPHWK\OVLOR[DQH EDVHG PLFURIOXLGLF GHYLFHYV
JUDGLWIRVPHG OLFURGHYLFHV

%UXQHW $ IDEHOOH ) :RQJ 3 *HUYDLVY 7 OS5HFRQI
9DOYH $UUD\V 7RZDUGYV D 5DGLRWKHUDS\ &RPSDWLEOH
&RPELQDWRULDO 6FUHHQBGHIRRRRBVQFHU 7KHUDSLHV

*RQJ + %LFENKDP % 3 RROOH\ $ 7 1RUGLQ * 3 &>
P 1 P PLFURIOXLGLFDBRXKIFXKD@QHOV

$X $ . /IHH JROFK $ ODLO RUGHU PLFURIOXLGLFV
IRU WKH SURGXFWLRQ RDEL&EKIRSOXY. GLF GHYLFHYV

%KDWWDFKDUMHH 1 B8UULRV $ .DQJ 6 JROFK $ 7K
LQ PLFURIDEKL&GURS +



%HFNHU + WYV DEKEKHBER@RP)\

$X $ . +X\QK : +RURZLW] / ) JROFK $QJHZULQWH
&KHPLH ,QW (&

%HDXFKDPS 0 - 1RUGLQ * 3 'RROOH\ $ 7 ORYLQ.

PLFURIOXLGLF VXE P FURVV VHRDLAR Q% L' RPULDYON H&XK HEMH
+

$QGHUVRQ . % /RFNZRRG 6 < ODUWLQ 5 6 6SHQF

'"HYLFH WKDW (QDEOHV ,QWHJUDWHG )HDWXUHV GRL

ybuvbDUL O &KLFKNRY % 1 ODWHULDOV SIDR¥FHVVLC
SKRWRQLFV

'"HKDHFN 6 G6FKHLG % IDPEHUW 3 $GDSWLYH VWLWFK
SKRWRQ OLWKRIW DGHEQ X+

*RQJ + %HDXFKDPS 0O 3HUU\ 6 'RROOH\ $ 7 1RUG
UHVLQ IRUPXODWLRQ IRU 568UL®WHG PLFURIOXLGLFV

.RWHW DKUHH GLPHQVLRQDO SULQWLQJ RIWWIIHQWSDUHQV

6KDOODQ $ , 6PHMNDO 3 &RUEDQ O *XLMW 5 0
WKUHH GLPHQVLRQDO SULQWLQJ RI YLVLEGQWOD&KBPUH

+

$X $ . %KDWWDFKDUMHH 1 +RURZLW] [ ) &KDQJ
PLFURIOXLGLF DXWRP®WERQ

/[HH < 6 %KDWWDFKDUMHH 1 JROFK $ " SULQWH(
PLFURSKPESW&KLS

*RQJ + 'RROOH\ $ 7 1RUGLQ * 3 " SULQWHG KLJK C
PLFURIOXLGLF LOBNVNEKER QQHFWYV

7DNHQDHW BOHDEULFDWLRQ RI ELRFRPSDWLEOH ODE RQ F
DSSOLFDWLRQV E\ PHDQV RKDV '"\SUDRDWWVY Q/ROUREHVYV



OHOLQ - 4XDNH 6 5 OLFURIOXLGLF /DUJH 6FDOH ,QW
5XOHV IRU %LRORJ$ED® $HHNWR POWRISKQV %LRPRO 6WUXFW

+XDHW $OHUVDWLOH PLFURUHDFWRU SODWIRUP IHDWXU
DUUD\ IRU DGGUHVVDEOH PXOWAQBBUHR PH © IXGILVAHW 0D @ G RN

t

/[HH ' &KR < + +LJK UDGL[ PLFURIOXLGLF PXOWLS
GLITHUHQW M EUSHUKSR O GV

*URYHU : + , YHVWHU &5 + & -HQVHQ ( & 0D WKl
PXOWLSOH[HG FRQWURO RI ODWFKLQJ SQHXPDWIDE YDOYH
&KLS

SKHH O %XUQV 0 $ OLFURIOXLGLF SQHXPDWLF ORJL
PLFURSURFHVVRUV IRU LQWHINBWKIGSPLFURIOXLGLF V\VW

+HOH 6KDZ + 6 7KHIPO\RZURIx:DWHU

.LUE\ GLFUR DQG 1DQRVFDOH )OXLG OHFKDQLFV 7UDQV
&DPEULGJH 8QLYHUVLW\ 3UHVV

*R\HWWH W3 OBEFURIOXLGLF PXOWLSROHM DMWKH&RRIRPX@G DS

%RXODLV ( *HUYDLV 7 7ZR GLPHQVLRQDO FRQYHFWLF
DSSOLFDWLRQV LQ PLFURIOXIIGWFV @XQAGVURXQGZDWHU 10

&XPPLQJV /L P +RKORY < ( +RZLVRQ 6 .RUQI
VROLGLILFDWLRQ DQG PHOWDQGLOIHBERWHQWLDO IORZV

6DIDYLHK O 4DVDLPHK 0 $ O9DNLO % -XQFNHU '
OLFURIOXLGLF 3UREHV DV )ORZ 'LS&PBIH 5HSHRU\N DQG $SSO

IRYFKLN 5 '"UHFKVOHU 8 '"HODPDUFKH ( OXOWLOD\
OLFURPHFKDQLFVY OLFURHQJLQHHULQJ

+R & 0 % 1J 6 + /L . + + <RRQ < - '"SULQWHG |
DSSOLFMDMELRIKQLNS =+



%RXODLV e *HUYDLV 7 &KDS +HOH 6KDZ IORZ WHK
PLFURIOXLGLFV |IURP GLSROSNQVSRE DFXD GUKXKBRIOKY G LKV
,PSOHPHQWDWLRQM% $SSOLFDWLRQV

%ULPPR $ *R\HWWH 3 $OQHPDUL 5 *HUYDLV 7
OLFURIOXLG&FL3IBRIEHYV

$XWHEHUW - .DVK\DS $ J/RYFKLN 5 ' 'HODPDUFKH (
K\GURG\QDPLF IORZ FRQILQHPHQW HIILFLHQW XVH DQG
FKHPLVWU\ RQ WXRXDE H ¢

4DVDLPHK 0 $ *HUYDLV 7 -XQFNHU ' OLFURIOXL
FRQFHQWUDWLRQ JUDGLHQW GRL QFRPPV
-XQFNHU ' %HUJHURQ 6 /DIRUWH 9 /L + &URVV UHI

PXOWLSOH[HG VDQGZLFK DVVD\V 6KHGGLQXEXRPOUUKWSRQ Wk
&KHP %LRG

&KRL + HW MKLUG JHQHUDWLRQ LQ VLWX K\EULGL]DWLR
TXDQWLWDWLYH VHQVHWHYRSFHQMPWLOH UREXVW

(QJ & + [/ 6KDK 6 TKRPDVVLH - &DL [/ 3URILOLQ.
6327YDW OHWKRG¥V

=DPEUDQR 6 GH 7RPD , 3LIIHU $ %LDQFKL 0 ( g
WUDQVODWH LQWR IXQFWLRQDOO\(OHIBIXWHG SDWWHUQV |

3XUyYLv - ( IDKDY * (QFRGLQJ DQG GHFRGLQJ FHOO?>
G\QDP&HWYWO +

+HUVHQ 3 OF&OHDQ O0 1 ODKDGHYDQ / SDPDQDWKI
+2* 0$3 NLQDVH I DR¥FKZIDWO $FDG 6FL+8 6 $

/L 3 (ORZLW] 0 % &RPPXQLFDWLRQ FRGHV LQ GHYl
'"HYHORSPHQMWY

1DQGDJRBD ®QDPLF /LIJDQG 'LVFULPLQDWLRQ LEWEE 1RW
H



$LQOD $ -HIIULHV * ' 0 %UXQH 5 2UzZDU 2 -HVRU
IDE &KLS

&KHQHW DPKOH FKHPLVWURGH D GURSOHW EDVHG PLFURIO
UHFRUGLQJ ZLWK KLJK WHPSRUDO 3WSRFW 1 D&/ OD @6 DR HEPALLF
$ +

ODR HGVN DIOFURFKHPLFDO 3HQ $Q 2SHQ OLFURUHDFWRU |
ORGLILFRMHMRIK\V&KHP =

$LQOD $ -HITULHV * -HVRUND $ +\GURG\QDPLF )OR
OLFURIOXLGLF 3H WIXAMLRRRD FKYLLGEHHY/

7D\ORU ' 3 =HDI , /RYFKLN 5 .DLJDOD * 9
,QWHUDFWLRQV 8VLQJ +\GURGVORBPRLORZ+&RQILQHPHQW)\

%D]DQW 0 = &RQIRUPDO PDSSLQJ RI VRPH QRQ KDUPR!
BURF 5 6RF $ ODWK 3K\V *x¢(QJ 6FL

6KHQR\ $ O5DR & 9 6FKURHGHU & 0 6WRNHV WUDS IR
DQG DVVHPEO\ XWRF NIODXNGLENDG £t6FL

WUXXMKHRUHWLFDO P2Z[RRBBOKQGYRVYVLW\ 3UHVYV

OHWURSROLV 1 8ODP 6 7KH GRPQWWIRWUORERFWKRG

BKLSSV)XXQQGDPHQWDOV RI (OHFWULFDO &RQWURO

+LW]JEOHFN O .DLIJDOD * 9 'HODPDUFKH ( IRYFKLN
SUREH 'LVWDQFH FRQWURO EHWZHHQ SUREH BQSOVDPSC
3K\V /HWW

(ELQD : 5RZDW $ & "HLW] ' $ (OHFWURGHV RQ D E>
IDEULFDWLRQ E\ ZHW PFHHRPILFDAR I @GXERBRYEWLRQ

SDMHVK BW6RMOQOWLQXRXYVY DQG VHOHFWLYH DUHD FRDWLC
SRO\PHU FRPSRVLWHV IRU DBWRWSDHHG D\S SERPPXWLRQV



/[HH - < $Q - &KXD & . )XQGDPHQWDOV DQG DSSOL
PDWHWEBOVODWHU 7RGD\

.DZDPRWR + 7KH KLVWRU\ RIURFI X FU\WVWDO GLVSOD\\

,DJR BHUHLURD $QQD )RPLWFKHYD .KDUWFKHQNRD /RUH
LQ WKH EXG D JXLGH WR DYRLG JDOVMD QWXRO RBEWPR & LQ PLFL

%R\DGMLDQ 2 %RXODLV e *HUYDLV 7 ([SHULPHQW)
FORDNLQJ IORZ DQG WUDQV3IRUW ZLWKRXW PHWDPDWHUL

&R[ . [/ ,PPXQRDVVD\ '"HYHORSPHQW 2SWLPL]JDWLRQ D
,PPXQR$VVD\ OHHGWK PF®WNRVVLDQ *URVVPDQ %ULPDFRPE}

2XHOGIMWBIUDOOHO PLFURIOXLGLF VXUIDFH DEDYRIRS) UH

+

%ULPPR $ OLFURIOXLGLF 3UREH IRU OXOWLSK\VLFV (QI
SURFHHGLQJV RI 0$5GR6G 0$566

*RQJ + 'RROOH\ $ 7 1RUGLQ * 3 " SULQWHG VHO|
%LRPLFURIOXLGLFV

- $ 0 - 3 7KH 7THFKQRORJLFD®F,P,SBFW RI 7UDQVL
%DWFKHGRUQGWURGXFWLRQ WRADBXYLGIGB\QQPYHRVWVLW\ 33U}

'ULVFROO 7 $ 7 BHFIKADKH @QKULYWRNMRO ODSSSLMRIEULGJ
8QLYHUVLW\ 3UHVV



$33(1',; $ /,67 2) &21)250%$/ 75$16)2506 $1' 7+( /,1.
% (7:((1 ',))(5(17 *(20(75,(6 2) 0,&52)/8,",&
08/7,32/(6
7KLV WDEOH RULJLQDOO\ SUHVHQWHG LQ WKH VXSSOHPHQW!|
SUHVHQW D OLVW Rl FRQIRUPDO WUDQVIRUPDWLRQ DQC
FROXPQ DUH VROXWLRQV LQ VWUHDPOLQH FRRUGLQDWHYV 7k

WKDW FDQ EH JHQHUDWHG IURP WKH OHIW FROXPQ 7KH ULJK
WKDW FDQ EH JHQHUDWHG IURP WUDQVIRUPLQJ WKH XQLW IU

7DEOH $ OLFURIOXLGLF PXOWLSROH WUDQVIRU



$33(1',; % &+(0,&$/ 6752%268&23( )/2: 5$7(
&255(&7,21

7R NHHS WKH 3SHWDOV" RI DQ U0O)O DW D FRQVWDQW ZLGWK .
FKHPLFDO SUREH WKH UDWLR EHWZHHQ DMUWSIPKD)WLER DPRGLH
GHSHQGLQJ RQ WKH QXPEHU RI DSHUWXUHY LQ RSHUDWLRQ
FDQ EH XQGHUVWRRG IURP WKH FRQIRUPDO PDSSLQJ RI D UO0)
Uo)0 ZLWK RQO\ RQH DSHUWXUH RSHUDWLQJ LV D PLFURIOXLG
RQ WKH DGYHFWLRQ GLIIXVLRQ RI D SHWDO IROORZV VWLOO
WKH FRPSOH[ SODQH ,W UHVXOWY LQ D FRPSUHVVHG SHWDC(
QXPEHU RI LOMHFWLRQV WXUQHG RQ 7KH DGYHFWLRQ GLIIXV
GLSROH VROXWLRQ EXW FRPSUHVVHG LQ RQH HLJKWK RI WKH
PRGHO WKH DVSLUDWLRQ WR LQMHFWLRQ UDWLR . FDQ EH F
IRU HDFK QXPEHU RI SHWDOV WXUQHG RQ ,W DOORZV WKH FU
SHWDOV ZLGWK 7 KHUHRAHIRZVY QMKW DIE@WFKD FRUUHFWLRQ IRU
LQLWLDO .

7TDEOH & . FRUUHFWLRQ IRU D FRQVWDQW SDWWHUQ ZLGW
E
%o hUPor 1EE |S]}V
KE & S}E ((~r E u%o0 (}E rAis Y %oe ~ /£ u%o| (}E Y]vi
lgudk L. 2KNNA B=2?] 302k 0:LQILLgp80ay
( i X X X
( iX X X
( i X X X
f i X’ X X
( i X 0 X X
i i X X X
i X i X X
i oX 0 X i X




$33(1',; & 5(&21),*85%$%/( 0)06 (;7(1'(' '$7$6(7

JLIXUH % OXOWLSOH LOMHFWLRQ DVSLUDWLRQ FRQILJXUD\
DQ UO)0O $0OO LPDJHV IURP D VHW ZHUH WDNHQ LQ D VLQJOH
&KHPLFDO 6WURERVFRSH F OXOWLSRODU &0RFN G 3RO\JR(
DUH —P 7KLV ILIJXUH LV UHSURGXFHG ZLWK SHUPLVVLRQ
*R\HWWH DO 1DW &RPPXQ



JLIXUH % OXOWLSOH LQMHFWLRQ DVSLUDWLRQ FRQILJIJXUD\
D DSHUWXUH W0)0 $0O0O LPDJHV IURP D VHW ZHUH WDNHQ LQ
ODWWLFH E 6XSHU KLHUDUFKLFDO F KLHUDUFKLFDO G OL

EDUV DUH —P 7KLV ILJXUH LV UHSURGXFHG ZLWK SHUPLV
Rl *R\HWWH DO 1DW &RPPXQ



$33(1',; ' ,00812)/825(6&(17 %$&.*5281"
&203$5,621 :,7+ $ 18// &21&(175$7,21 &21),1(0(17
$5(%

7KLV DSSHQGL[ SUHVHQWY WKH FRPSDULVRQ LQ EHWZHHQ W
VROXWLRQ ZLWK DQ DQDO\WH FRQFHQWUDWLRQ DQG WKH
FRQVLGHUHG LQ UHJLRQV ZKHUH QR DQDO\WHV ZHUH LQMHE
RYHUODSSHG ,Q WKLV UHJDUG WKH SHWDO ZLWK F DQG WK
W LV WKHQ QRW VXUSULVLQJ WKDW WKH\ KDYH HTXDO I0OXR
FRQILUP WKDW WKH EDFNJURXQG FRXOG EH FRQVLGHUHG DV
RQH PRUH DQDO\WH OHYHO ZLWK WKH SHWDO

J)LIXUH D )OXRUHVFHQW PLFURJUDSK RI DQ LPPXQRDVVD\ H[S
ZLWK D QX0OO FRQFHQWUDWLRQ RI DQWLJHQ E )OXRUHVFHQ
FRQFHQWUDWLRQ RI DQDO\WH DQG Rl WKH GHWHFWLRQ $E V
VSRWV DQG 7KISL[HOXUH LV UHSURGXFHG ZLWK SHUPLVVL
LQIRUPDWLRQ RI *R\HWWH DO 1DW &RPPXQ



$33(1',; ( 6833/(0(17%$5< ,1)250$7,21 3,:(/ %$6("
23(1 63$&( 0,&52)/8,',&6 )25 9(56$7,/( 685)$&(
352&(66,1*

3LHUUH $OH[DQGUH *R\HWWH eWLHQQH %RXODLV

&RUUHVSRQGLQJ DXWKRU 7KRPDV *HUYDLV

(PDLWMKRPDV JHUYDLV#SRO\PWO FD

BBEBBBEBBBBBBBBEBBBBBBEBBBEBBBEBBBBBBBBBBBBBBBB

/DEOH RI &4RQWHQW
3L[HO EDVHG RSHQ VSDFH PLFURIOXLGLFV IRU YHUVDWLOH VXUIDF

6XSSOHPHQWDU\ ILIXUHV
7UDQOVSRUW DQDO\WLFYV
7UDQVSRUW PRGHO
'HWDLOV RQ 6FKZDU] &KULVWRIIHO WUDQVIRUPDWLRQ
3&' VWDELOLW\ DQDO\VLYV
6GWDELOLW\ DODO\VLYVY RYHUYLHZ
6WDELOLW\ DODO\VLY YLVXDO SURWRFRO
6WDELOLW\ DODO\WLY GHWDLOHG UHVXOWYV
SHDJHOW VZLWFKLQJ WLPH
SHDJHOW VZLWFKLQJ PRGHO
&KDUDFWHULVDWLRQ RI H[SHULPHQWDO UHDJHQW VZLWFKLQJ
SHDIJHOW VZLWFKLQJ YLGHR IUDPHYV
SHIHUHQFHYV




6XSSOHPHQWDU\ ILIXUHYV

)L 6 3L[HODWHG FKHPLFDO GLVSOD\ 3&' PDQLIROG VFKHPDWLF IRU

H[SHULPHQW WKH QXPEHU RI SXPSV UHTXLUHG LV WKH QXPEHU RI UHDJF
FRORU LV XVHG $00 LQMHFWLRQV LOQMHFWLQJ WKH VDPH FRORU DUH UF
FXVWRP EXLOW PDQLIROG 3&' FDQ EH IDEULFDWHG WR JHQHUDWH DQ\ IL
LOMHFWLRQV WR WKH DSSURSULDWH PDQLIROGY 7KH DVSLUDWLRQV DUH
DVSLUDWLQJ DW WKH VDPH DEVROXWH UDWH WKDQ WKH LOMHFWLRQV DQ
WRWDO QHW IORZ UDWH RI WKH 3&' %\ FKDQJLQJ WKHLU DVSLUDWLRQ UD\
RU XQFRQILQHG zZzD\ 7KH WXEHV EHWZHHQ WKH PDQLIROG DQG WKH 3&"' VI
PDWFK WKH IORZ UDWHYV



)L 6&XVWRP EXLOW PDQLIROGY D &$%$' RI D PDQLIROG WKDW DOORZV
SXPS RU YDOYH ODQLIROG XVH D UDGLDO DUFKLWHFWXUH WR PDNH VXUH
HYHU\ FKDQQHOV 7KH VDPH EDVLF DUFKLWHFWXUH ZDV XVHG WR PDNH
FRQQHFWLRQV 7R FUHDWH ODUJHU PDQLIROG IRU H[DPSOH D ZH XVH(
D DQG D VHFRQG OD\HU RI PDQLIROG E $ ' SULQWHG PDQLIROG |

)L 67\SH RI H[SHULPHQWDO VHWXS XVHG D 8SULJKW VHWXS WKH JOD\
3&' E 6HFRQG XSULJKW VHWXS D ULJLG VHWXS KROGV WKH JODVY VOLGH
VHWXS WKH 3&' LV SRVLWLRQHG DQG RSHUDWHG LQ D SHWUL GLVK ,WV Fk



JLI 6 8VLQJ D JOREDOO\ XQFRQILQHG 3&"' LQ DQ XSULJKW FRQILIXUDWLRQ
XSULJKW FRQILIXUDWLRQ RQ D GU\ VXUIDFH ,Q WKLV FRQILIXUDWLRQ W
IORZ UDWH 7KH H[FHVV RI IOXLG LQ FROOHFWHG LQ WKH SHWUL GLVK E

FRQILIXUDWLRQ F 7TKHRUHWLFDO IORZ OLQHV RI DQ XQFRQILQHG 3&' :K
RXWPRVW LQMHFWLRQ FDQ LQMHFW D QHXWUDO VROXWLRQ G )OXRUHVF

DQ XSULJKW FRQILIXUDWLRQ DQG LQMHFWLQJ D QHXWUDO VROXWLRQ K|
UHSUHVHQWY PP

)L 6 (IIHFW RI IDXOW\ SL[HOV D 6LPXODWLRQ RI D IDXOW\ LQMHFWLRQ
F 6LPXODWLRQ RI D IDXOW\ DVSLUDWLRQ E (UURU PDS FUHDWHG E\ D ID



)L 6 5RO0 WR UROO FXVWRP VHWXS IRU 3&" LOQWHJUDWLRQ



7UDQVSRUW DQDO\WLFV
7TUDQVSRUW PRGHO

&RQYHFWLYH WUDQVSRUW LQ WKH PLFURIOXLGLF SL[HO FDQ HI
IRUPDOLMPFDQ VKRZ WKDW WKH IORZ JHQHUDWHG E\ WKH DUUD\ R
SURGXFW RI D ' HOHFWULF ILHOG JHQHUDWHG E\ DQ LQILQLWH I
SDUDEROLF IORZ LQ WKH Y8BWLWREO I®IRMHBWRR@PH LV NQRZQ ZH
FROQFHQWUDWLRQ SURILOH E\ VROYLQJ WKH ' FRQYHFWLRQ GLIIXV!

)L 6 $QDO\WLFDO PRGHO RI FRQYHFWLRQ GLIIXVLRQ LQ D 3&" D &RQFH(
DQ LQILQLWH QXPEHU RI DSHUWXUHYV E 6LPSOLILFDWLRQ RI WKH SUREO
VI\PPHWULHY F 7KH FRPSOH[ XSSHU SODLQ GRPDLQ ZKHUH WKH TXDUWH.L
FRPSOH[ SODQH XVLQJ D 6FKzZzDU] &KULVWRIIHO WUDQVIRUPDWLRQ G 7K
XVLQJ WKH VWUHDPOLQH FRRUGLQDWH WUDQVIRUPDWLRQ

6LQFH WKH 3&' LV SHULRGLF DQG XVLQJ WKH SWREOFHPQVEMPHW L
VLPSOLILHG WR D GRPDLQ FRQVLVWLQJ RI D XQLW VTXDUH ZLWK XC
XQLW LQMHFWLRQ LQ WKH RWKHU WZR )LJ 6 E 2QH RI WKH LQMH
RI RQH ZKLOH WKH RWKHU KDV QXOO FRQFHQWUDWLRQ 7KH HGJ
FRQGLWLRQV IRU ERWK WKH IORZ DQG FRQFHQWUDWLRQ SURILOH\
JHRPHWU\ WDNHV TXLWH D FRPSOLFDWHG IRUP EXW ZH FDQ VLF
WUDQVIRUPV IROORZLQJ SUHYLRXWRRWNEYHRXH XVRX3 WZR VWHS
JRLQJ IURP WKH SL[HO JHRPHWU\ WR DQ XQFRQILQHG IORZ XVLQJ V
IRU D VTXDUH 6

SL N 6

ZKHWH TE UWF¥ WKH SL[HOL®RPREQWKH XQZUDSSHG:\GR P DVIQHD-®E RE L
HOOLSWLF IXQFWLRQ ,Q WKLV RSHQ JHRPHWU\ DOWHUQDWLQJ L
LPDJH RI WKH VTXDUHYJVONHENQEBH\G D RZKAD I8 )LJ 6 F



JURP WKLV JHRPHWU\ ZH FDQ WKHQ JR WR WKH VWUHDPOLQH FR
SRWHQWLDO

OLZ:SFs;EZ:SES;EZ'ISEI pFZ*ISF1 %ep 6

,Q WKH VWUHDPOLQH FRRUGLQDWH GRPDLQ )LJ 6 G WKH SUREO
DURXQG VHPL LQILQLWH REVWDFOHY DQG ZH FDQ VKRZ WKDW WK
SLHFHZLVH DVVHPEO\ RI WKH FRQFHQWUDWLRQ DURXQG D VHPL LQ
7KH VROXWLRQ WKXV REWDLQHG LV
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ZKHUH 3H ' LV WKH UDWLR RI GLIIXVLYH W R ¥ R\QKH E QMY WLLRPG! \D
RI DQ DSHUWXUH * LV WKH JDS EHWZHHQ WKH 3&' DQG WKH VXUID|
%\ PLUURULQJ WKLV VROXWLRQ ZLWK WKH HGJHVY VI\PPHWU\ FRQC
PLFURIOXLGLF SL[HO DUUD\ )LJ 6 D 7KLV VROXWLRQ SUHVXSSRV
ERUGHU RI WKH 3&' Rl ZLOO LQKHUHQWO\ EH GLVWRUWHG GXH WR F
VKRZV WKDW LW PDLQO\ DIIHFWV WKH ILUVW OD\HU RI SL[HOV :KLC(
ZDV JHQHUDWHG KHUH D VLPLODU PHWKRG FDQ EH DRSO&GHG WR '
SUHVHQWY D FRPSDULVRQ EHWZHHQ DQDO\WLFDO FRQFHQWUDWLR
3pFOHW 1XPEHU

)L 6 &RPSDULVRQ EHWZHHQ WKH DQDO\WLFDO PRGHO DQG H[SHULPHQWD
RlI D 3&' IRU 3H E ([SHULPHQWDO FRQFHQWUDWLRQ PDS RI 3&' IRU I

—P F 2YHUOD\ RI WKH DQDO\WLFDO DQG WKH H[SHULPHQWDO FRQ
FRQFHQWUDWLRQ EHWZHHQ WKH DQDO\WLFDO PRGHO DQG WKH H[SHULPH(
ZKLWH GDVKHG OLQH IURP D IRU G 3H H 3H I 3H



'HWDLOV RQ 6FKZDU] &KULVWRIIHO WUDQVIRUPDW

)LJ 6 )URP WKH SL[HO GRPDLQ WR D OLQH RI DSHUWXUHV 8VLQJ WKH 6F
VTXDUH WKH SL[HO GRPDLQ ] SODQH FDQ EH XQIROGHG WR D OLQH RI D
IXQFWLR®H LQVLGH RI WKH SL[HO LV PDSSHG RQ WKH FRPSOH[ XSSHU SO
LQ WKH ] SODQH DUH W QDI @RVEEDWR IWAFH ZKHB S 7KH

WUDQVIRUPDWLRQ RSHQV WKH SL[HO LQ WKH $ 'QUHLRHQW DQG XQIROGV V



3&" VWDELOLW\ DQDO\VLV

6WDELOLW\ DQDO\VLVY RYHUYLHZ

'XH WR LWV DUFKLWHFWXUH FRPSULVHG RI VHYHUDO PDQLIROGYV
VXEMHFW WR IORZ UDWH PLVPDWFK )DEULFDWLRQ HUURUV EXW I
EXEEOH WUDSSHG LQ WKH V\VWHPV ZLOO DOO DGG XS FUHDWLQJ |
7KH IROORZLQJ DQDO\VLV ZDV PDGH WR WHVW WKH YLDELOLW\ D
FRQWH[W ZLWK IDEULFDWLRQ HUURUV DQG FKDQQHO FORJJLQJ ,W
WROHUDQFH UHTXLUHG WR IDEULFDWH 3&'V ZLWK KLJK \LHOG

7KH VWDELOLW\ DQDO\VLV RI WKH 3&' ZDV EDB8G 'R QQAaRNHN H O&PWH
VLPXODWLRQV 7R VWXG\ WKH HITHFW RI WKH IORZ UDWH HUURUV 3
HUURU EHWZHHQ D FHUWDLQ OLPLW ZHUH VLPXODWHG 7KH OLPLW

@ WR > @ WR UHSUHVHQW WKH HIIHFW RI GLIITHUHQW IDEULFLCL
VLPXODWLRQV ZHUH PDGH IRU HYHU\ FRQGLWLRQ OXOWLSOH PHWI
RQH LV WKH VWDQGDUG GHYLDWLRQ RI WKH SL[HOV DUHD ZKLFK VF
SL[HOYV GHIRUPDWLRQ GXH WR HUURUV 7KH VHFRQG PHWULF LV D
DV LI WKH PLGGOH Rl WKH PLFURIOXLGLF SL[HOV DUHD LV XQDI
SL[HO LV XVDEOH (UURU KHDWPDSV SUHVHQWLQJ WKH HUURU GLV
WKH QH[W VHFWLRQ 6WDELOLW\ DQDO\VLV YLVXDO SURWRFRO

3&'V HIKLELWHG D ORZ SURSDJDWLRQ RI HUURUV DQG D KLJK VW
RQ WKH IORZ UDWH OHDGV WR D UHODWLYH VWDQGDUG GHY|
PLFURIOXLGLF SL[HOV DUHDV IRU ERWK D VTXDUH SL[HO DQG WULEL
HUURUV RQ WKH IORZ UDWH RI XS WR OHDG WR PRUH WKDQ
WKUHVKROG )LJ 6 G 7KH HUURU KHDWPDS )LJ 6 E VKRZV WKD
ERUGHU EHWZHHQ SL[HOV ,Q RWKHU ZRUGV WKH HIIHFW RI IORZ UI
SLIHO SRVLWLRQV :H IRXQG WKDW WKH UHODWLYH VWDQGDUG GH
IXQFWLRQ RI WKH OLPLW RQ WKH IORZ UDWH HUURU

8vLQJ WKH VDPH PHWKRG WKH HIITHFW RI WKH QXPEHU RI DSHUWX
7KH ERXQG RQ WKH IORZ UDWH HUURUV ZDV NHSW FRQVWDQW EXW
YDULHG EHWZHHQ DQG )L 6 H 7KH UHVXOWYV VKRZ WKDW
VLIJQLILFDQW HIIHFW RQ WKH VWDELOLW\ RI WKH 3&'" 7KHVH UHVXC
3&" LV EDVHG RQ WKH SHULRGLFLW\ DQG WKXV LWV VL]H KDYH QR
ODUJH VFDOH 3&'V ZLWK KXQGUHGV RI DSHUWXUHYV FDQ EH IDEULFI



)L 6 3L[HODWHG FKHPLFDO GLVSOD\ VWDELOLW\ DQDO\VLY D ([DPSOHYV

RQ WKRHRFKD/RZLBDWH HUURU EHWZHHQ DQG JLIXUHV ZHUH FKRVHQ \
E (UURU KHDWPDS IRU DQ DSHUWXUH VTXDUH SL[HOV 3&' ZLWK OLPLWYV
+HDWPDSV ZHUH JHQHUDWHG IURP VLPXODWLRQV IRU DOO FDVH\

SUREDELOLW\ RI HUURUV DQG EODFN UHSUHVHQWYV SUREDELOLW\ RI |
DUH ORFDWHG DW WKH ERUGHU EHWZHHQ SL[HOV F 30ORW RI WKH PLFURI
D IXQFWLRQ RI WKH OLPLW RQ WKH IORZ UDWH HUURU IRU DQ DSHUWXU
3&" )RU ERWK WKH VTXDUH SL[HO DQG WULDQJOH SL[HO 3&' WKH SL[HO O
TXDGUDWLF IXQFWLRQ G 3URSRUWLRQ RI PLFURIOXLGLF SL[HOV UHVSHF)
OLPLW RQ WKH IORZ UDWH HUURU IRU DQ DSHUWXUH VTXDUH SL[HO 3&"
SL[HOV PHHWLQJ WKH WKUHVKROG IROORZV D ORJLVWLF FXU¥H 3L[HO PF
ZKHYMV WKH ERXQG RQ IORZ UDWH HUURUV H 30ORW RI VWDQGDUG GHYLD
RI WKH QXPEHU RI DSHUWXUHYVY RI D VTXDUH SL[HO 3&' IRU D OLPLW RQ WK
FHDUH EDVHG RQ VLPXODWLRQV SHU FRQGLWLRQV (UURU EDUV DUH



6WDELOLW\ DQDO\VLYV YLVXDO SURWRFRO

)L 6 3&" VWDELOLW\ DQDO\WLYVY PHWKRGRORJ\ 3&'V ZLWK VWRFKDVWLF
VLPXODWHG XVLQJ ' ILQLWH HOHPHQW VLPXODWLRQV ,PDJH UHVXOWL
WR LVRODWH WKH GLIITHUHQW SL[HOV OLFURIOXLGLF SL[HOV ZHUH \
OLFURIOXLGLF SL[HOV ZHUH HQXPHUDWHG DQG GDWD VXFK DV SRVLWLRC
WKUHVKROG DQG WKH PDSSLQJ RI WKH HUURU FRPSDUHG WR D SHUIHFW \
DQG WKH RULJLQDO VLPXODWLRQ UHVXOW ZHUH VWRUHG $IWHU JHQH
HDFK FDVH WKH UHVXOWYV ZHUH DQDO\JHG 7KH UHODWLYH VWDQGDUG GF
SUREDELOLW\ DQG WKH HUURU KHDWPDSVY ZHUH FDOFXODWHG



)L 6 (UURU KHDWPDS PHWKRGRORJ\ %LQDUL]JHG VLPXODWLRQ LPDJH\
ELQDUL]HG LPDJH WR JHQHUDWH HUURU PDS RI WKH VLPXODWLRQV 7KH S
LV FDOFXODWHG IRU HYHU\ SLITHO RI WKH HUURU KHDWPDS



6WDELOLW\ DQDO\VLVY GHWDLOHG UHVXOWYV

)L 6 ([DPSOHV RI UHVXOWY REWDLQHG IRU GLIITHUHQW ERXQGV RQ WKt}
DSHUWXUH VTXDUH SL[HO 3&' ,PDJHV ZHUH FKRVHQ WR UHSUHVHQW WKH \
RI WKH UDQGRPQHVYV JHQHRAKBHN®W B W REB WKH DSHUWXUHY D VLQJOI
UHSUHVHQW DOO WKH VLPXODWLRQV RI D FRQGLWLRQ

)L 6 ([DPSOHV RI UHVXOWYV REWDLQHG IRU GLITHUHQW ERXQGV RQ WKH V
WULDQJOH SL[HO 3&' ,PDJHV ZHUH FKRVHQ WR UHSUHVHQW WKH W\SLFDO



)LJ 6 ([DPSOHV RI UHVXOWV REWDLQHG IRU GLITHUHQW VL]H RI 3&'V ZLW
UDWH RI DQG ,PDIJHV ZHUH FKRVHQ WR UHSUHVHQW WKH W\SLFDO D

)L 6 (UURUV KHDWPDSV IRU GLIITHUHQW OLPLWYV RQ WKH IORZ UDWH HUUF
+HDWPDSV ZHUH JHQHUDWHG IURP VLPXODWLRQV IRU DOO FDVHV Kl
HUURUV DQG EODFN UHSUHVHQWYV FKDQFH RI HUURUYV



SHDJHQW VZLWFKLQJ WLPH

SHDIJHQW VZLWFKLQJ PRGHO

7KH 3&' EHLQJ EDVHG RQ FRQWLQXRXV FRQYHFWLRQ KDV WKH S|
EHWZHHQ UHDJHQWYV ,W DOVR UHPRYHV WKH QHHG IRU OHQJWK\ Z|
ZLWK ZHOOV DQG SLSHWWH EDVHG OLTXLG KDQGOLQJ DXWRPDWLR
OLPLWHG E\ WKH 7D\ORU $ULV 'LVSHUVLRQ WDNLQJ SODFH IURP Wi
DVVXPH KHUH D UHDJHQW Rl FRQFHQWUDWLRQ HTXDO WR RQH DQG
VZLWFK EHWZHHQ WKH WZR UHDJHQWYV WKH FRQFHQWUDWLRQ RI
D YDOYH DQGURY UDGLXV

3
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ZKHYUHV WKH IORZ {UDWWKBQ/®\ORU $ULV HIIHFWLLYH RBW IDXVLLUREX © R k
FKDQQHO RI UDGLXV U LV GHILQHG DV
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JURP HTXDWLRQ 6 ZH FDQ ILQG WKDW IRU D 3&' WKH VZLWFKLQJ
&vztwW&zLwkd/ GHILQHG E\
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7KH PRVW HIILFLHQW zZD\ WR GHFUHDVH WKH VZLWFKLQJ WLPH LV V
,QFUHDVLQJ WKH IORZ UDWH DQG GHFUHDVLQJ WKH GLVWDQFH EH
DOVR DQ HIIHFW

$V DQ H[DPSOH D 3&' ZLWK D IORZ UDWH RI Q/ V SHU DSHUWXU

—P DQG D OHQJWK Rl  FP WDNHV V WR FKDQJH D UHDJHQW IU

7KH VDPH 3&' LI XVLQJ WXEHV Rl VPDOOHU GLDPHWHU RI —P ZR
IURP D WR D FRQFHQWUDWLRQ

1H[W VHFWLRQ SUHVHQWYV D FRPSDULVRQ EHWZHHQ WKH DQDO\WL
UHVXOWYV



&KDUDFWHULVDWLRQ RI HISHULPHQWDO UHDJHQW

7KH H[SHULPHQWDO VZLWFKLQJ WLPH ZDV PHDVXUHG IRU D PLFURI
DQG 6XSSOHPHQWDU\ YLGHR

)LJ 6 SUHVHQW WKH FRQFHQWUDWLRQ FXUYH RI D PLFURIOXLGLF
VWDWH WR WKH 32" VWDWH VHH DOVR VXSSOHPHQWDU\ YLGHR RU
LW LV LQGLYLGXDOO\ FRQQHFWHG WR RQH RI WKH SXPSV ZKLFK VL
FRQVLGHUV WKH VZLWFKLQJ LQ D FKDQQHO ZLWK D FRQVWDQW GLD
GLUHFWO\ FRPSDULQJ WKH PRGHO ZLWK WKH FRQFHQWUDWLRQ F
FRQQHFWHG WR LQMHFWLRQV WKURXJK PDQLIROGYV

7KH UHVXOW VKRZV XV D VZLWFKLQJ WLPH ZKLFK LV LQ WKH VDPH
PRGHO SUHGLFWHG D VZLWFKLQJ WLPH IURP D WR D FRQF
HISHULPHQW SDUDPHWHUYV 7KH H[SHULPHQWDO GDWD HVWLPDWH
JLYHV LQIRUPDWLRQ RQ WKH DQDO\]JHG SL[HO 2WKHU SL[HOV FRC
PDQLIROG KDYH GLIIHUHQW VZLWFKLQJ WLPH +RZHYHU LW FRQI
OLPLWHG E\ WKH 7D\ORU $ULV GLVSHUVLRQ

)L 6 ([SHULPHQWDO UHDJHQW VZLWFKLQJ WLPH LQ D SL[HO D &RQFHQ
EHWZHHQ WKH 3&" VWDWH 33" DQG 32" LQ FRPSDULVRQ ZLWK WKH PRGHO
VXSSOHPHQWDU\ YLGHR 7KH FRQFHQWUDWLRQ LV WKH PHGLDQ RI QH
7KH UHG VTXDUH UHSUHVHQWY WKH SL[HO IRU ZKLFK WKH FRQFHQWUDW.L
VWDWH 32° 6FDOH EDU UHSUHVHQWYV —P



SHDIJHQW VZLWFKLQJ YLGHR IUDPHYV

)L 6 $ VHWRISOHPHQWD W DPHHBWH R/ KDW VKRZ WKH 3&' VZLWFKLQJ IURP V
UHG VTXDUH LV WKH SL[HO DQDO\WHG LQ WKH SUHYLRXV VHFWLRQ
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ULPPR*RAHWWHSOHPDUL 5 *HUYDLV 7 ADVDLPHK
OLFURIOXLG&GFL3IBREHYV 3XEOLVKHG DV FR ILUVW DX\

*R\HWWHHW @®ICFURIOXLGLF PXOWLSROHYDWKHERPPXQG DS
3XEOLVKHG DV FR ILUVW DXWKRU

*R\HWWHoRBXODLV e 7UHPEOD\ O *HUYDLV 7 3L[HO EL
PLFURIOXLGLFV IRU YHUVBWRPOHLVWOIDFFHBISURFHVVLQJ

2UDO SUHVHQWDWLRQV

*R\HWWH *HBU¥ DLSL[AODWHG &KHPLFDO 'LVSOD\ 7RZDUG
G\QDPLF VXUIDFHUDUR BHWUVH@WDWLRQ IRU PLFUR7$6
*R\HWWH %RBXODLV ( 1RUPDQGHDX ) /DEHUJH *  -X(

SHFRQILIJIXUDEOH PXOWLSRO DUDSOHUHSMHRHVDLWE URQOIRIUG R
.DRKVLXQJ 7DwZDQ

6FLHQWLILF SRVWHUYV

*R\HWWH3L3HIODWHG FKHPLFDO GLVSOD\ IRU GU\ VXUIDFH
UROO SURRWWWHVIRU PLFUR7%$6 2Q0LQH

*R\HWWHHGBYDLBSULQWHG PLFURIOXLGLF SUREHRVWMNMHG VRAWU
PLFUR7%$6 .DRKVLXQJ 7DwZDQ

%RXODLRAHWWHDEHUJH * B8OGHNMWVDQGLQJ FRQYHFWLR
RSHQ VSDFH PLFURIOXLGLFV3IRVIHBQRRUPDPURDS®BLQJ .D
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