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summary

This thesis investigates the potential for Physics-Informed Neural Networks (PINNs) to reconstruct
spatially dense, steady-state, 3D flow fields from spatially sparse experimental wind tunnel data over
the Gaussian Boeing bump geometry. The difficulty in experimentally obtaining flow field data that is
simultaneously accurate, 3-dimensional and offering a wide field of view makes PINNs an intriguing
tool for flow enhancement due to their ease and simplicity regarding data-acquisition.

This work attempts to reconstruct 3D separated, mean velocity fields from 2D, two-component PIV and
static pressure data at Reynolds numbers up to 3 million. Training and validation data is used from pre-
vious experimental collaborations investigating the Gaussian Boeing Bump geometry while additional
training data is collected in the Lucas Wind Tunnel at Caltech. The choice of the Gaussian Boeing Bump
geometry stems from its propensity to generate complex 3D, separated flow fields through the combina-
tion of adverse and favorable pressure gradients at modest incoming flow velocities. The documented
inability for low-cost CFD methods to accurately model the unique flow features over the geometry
and the abundance of publicly available data for the purposes of training and validation proposes an
excellent opportunity for the investigation of Physics-Informed Neural Networks to demonstrate their
capacity as a novel data-acquisition and enhancement method.

The PINN method is first verified over a 2D, two-component domain against OpenFOAM data produced
over the geometry as a result of previous works. This sets the baseline for the eventual expansion to a
3D PINN model with a verified implementation of the Reynolds-Averaged Navier Stokes equations, to
be trained on multiple planes of 2D, two-component PIV data. The 3D predicted flow field is validated
against 2D, three-component PIV data along an untrained axis, assessing the reconstruction accuracy
of all velocity components. The mean velocity and static pressure data used in training the PINN are
used in an ablation study to be individually assessed for their contributions to a successful reconstruc-
tion of the flow field. The PINN method’s inherent approximation of velocity gradients over the domain
further allows for a global prediction of surface shear stresses and skin friction coefficients. Results
obtained in previous collaborations using Oil Flow Visualization and CFD offer opportunities to qualita-
tively validate the reconstruction of surface-shear stresses and skin friction coefficient magnitudes over
the surface of the geometry.

The PINN'’s capacity for reconstructing 3D flow features is ultimately curtailed by the accuracy of its
predictions, which remain costly and data-driven. The ablation study on training data highlights the im-
portance of relevant input data, limiting the network’s capacity to predict the magnitudes of parameters
over which it has no innate information. Despite this, qualitative approximation of flow features was
shown with considerable promise, lending the possibility to further gains in accuracy from increased
computational investment. Furthermore, the contribution of additional training data and its potential
for increased reconstruction accuracy cannot be ignored. The relative youth of the PINN methodology
compared to contemporary computational methods, and their aptitude for data acquisition encourage
additional investigation for their application as flow enhancement tools.
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IORZ VHSDUDWLRQ UHDWWDFKPHQWDQG VXUIDFH VKHDU WRSRORJ\F

7KHVH VXE TXHVWLRQV VWHP QDWXUDOO\ IURP WKH SXUVXLW RI WKH JUt
VXE TXHVWLRQV ZLOO EH DQVZHUHG E\ YDOLGDWLQJ WKH SUHGLFWHG IO
7TKHDGGLWLRQDO WZR VXE TXHVWLRQVFDQ EHDQVZHUHG WKURXJK DQ DI
UHVROXWLRQ 6XE TXHVWLRQ GLUHFWY LWVHOI WR SUDFWLFDO DSSOLI
JRDO LV WR FRPH FORVHU WR DFFXUDWHO\ PRGHOLQJ VXUIDFH VKHDU VW
GHVLIQ ,Q SXUVXLW RI WKH SUHYLRXVY VXE TXHVWLRQV D GLVFXVVLRQ
QXPEHU DW ZKLFK WKHVH UHVXOWY DUH FDSDEOH RI EHLQJ SURGXFHG DC

7TKHIROORZLQJUHSRUW ZLOO EHVWUXFWXUHG DV IROORZV GLYLGHG LQYV
RI'WKHLQYHVWLIJDWLRQ EHJLQQLQJ ZLWK WKH FKDUPRKWSWHYYEFV RI W
BK\WWLFV ,QIRUPHG 1HXEHDDSWNEEEYNYVXHQWO\ WKH VHFRQG SDUW GLYHYV
RORFKDSWHU WKLV VWXG\ EHJLQQLQJ ZLWK WKH H[SHULPHQWDO PHWK|
PDFKLQH OHDUQLQJ PHWKRGRDRWHNQGDUWHOAXSWWW GLVFXVVHV WKH FO
VWXG\DQG FRQWDLQVFKRBEWBRQBOUXHHRRPHQGDWLRQ¥KRY WHWXUH ZRUN



3DUW ,

%DFNJURXQG



'LEVEGXIVMWXMGW SJ XL
&SIMRK &YQT

7KLV FKDSWHU ZLOO VHUYH WR RXWOLQH WKH UHFHQW DGYDQFHPHQWYV P
YDULRXV UHVHDUFK LQVWLWXWLRQV $Q XQGHUVWDQGLQJ RI WKH H[SHU
DOORZWKLVZRUNWRFRQWULEXWHWR WKHZHDOWKRIH[SHULPHQWDO GEC
WR GHYHORS QRYHO IORZ HQKDQFHPHQW WHFKQLTXHV $GGLWLRQDOO\
WLRQDO FDPSDLJQV KDYH IDLOHG WR PRGHO WKH VHSDUDWHG IORZ SKHQ
WKH FDQGLGDF\IRU WKH 3,11 PHWKRGRORJ\

+EYWWMER &SIMRK &YQT +I1SQIXV]

'HVSLWH WKH VLPSOLFLW\ RI WKH JHRPHWU\ WKH *DXVVLDQ %RHLQJ %X|
LWV SURSHQVLW\ WR JHQHUDWH FRPSOH[ 'IORZ SKHQRPHQD 'HILQHG E\
IXQFWLRQ LQ WKHG/ISDHFAM VRIQ DQG WKH *DXVVLDQ IXQFWDLRQWRHNKH VW
JHRPHWU\ WDNHV WKH IROORIAUIMW LRQP VKRZQ LQ

1+erf (L=2 229 j zj)=2) exp x ?
2 Xo

y(x;z)=h

ZLWK UDW LR Vxg=H ELOQBEG/V=0:060 DQE. =0:085 $ VWDQGDUGLLHG:EI4GWK RI
>P@ KDV EHHQ FKRVHQ DFURVV WKH H[SHULPHQWDO VHWXSV WKDW KDY |
&DOLIRUQLD ,QVWLWXWH RI THFKQRORJ\ 8QLYHUVLW\ RI 1RWUH 'DPH D
SUHYLRXV UHVXOWY RQ LQYHVWLIJDWLRQ RI WKH JHRPHWW® HRKRXUDJH
DGKHUHQFH WR D XQLILHG VFDOH RI WKH JHRPHWU\NLV LPSRUWDQW GXH V
GLVWDQFH WR FHLOLQJ DOO UHPDLQ WXQH DEOH SDUDPHWHUYV WKDW DI
OD\HUDQG RQVHW RI VHSDUDWLRQ

7KH JHRPHWU\ RI WKH EXPS FDRLEXUH. VXBOHIH® LY VKRZQ IURP D IURQW
SRLQWLQJ GRZQVWUHDP DV ZHOO DV DVLGH YLHZ

YLIXUH %RHLQJ *DXVVLDQ 6SHHG %XPS PRGHO VKRZQ IURP IURQW GRZQVWUHDP IDFLQJ DC
ULJKW FRXUWHV\RI1$6$ 7XUEXOHQFH ORGHOOLQJ5HVRXUFH



+ISQIXVMG :EVMEXMSR ERH &SYRHEV]OE]IV (IZIPSTQIRX

7TKHLQWHUHVW RI WKLV IJHRPHWU\RULJLQDWHG IURP WKH GHVLUH WR SUF
LQIJLQWHUDFWLRQV VWHPPLQJIURPVLGH ZDOO ERXQGDU\OD\HUV 3UHYI
PLPLFNHG IORZRYHUDLUFUDIW ZLQJ ERG\MXQFWLRQV ZKHUHLQ D KLJK O
WR EH SUHVHQW 3UHYLRXVO\ WKH VWXG\RIYDULRXYVY "JHRPHWULHV FRC
LHG 7KHVHLQFOXGHG WKHEDF®ZEDBNDFUQRY VR/HEBE YE® WXKH SURSULHWI
1$6$ KXPS PR@HO7KHVH ' JHRPHWULHV ZHUH IRXQG WR EH LQIOXHQFHG E
SK\WWLFV ZKLFK FRQWULEXWHG VLJQLILFDQWO\WR VHSDUDWLRQ EHKDYLF
LWHUDWLRQV RI JHRPHWU\ GHVLJQ WKH %RHLQJ EXPS JHRPHWU\ ZDV RE!
GHVLIQLQIWKHEXPS ZLWKHUURU IXQFWLRQ VKRXOGHUV KRZHYHU WKH
HQD LQ WKLV UHJLRQ PXVW QRW EH QHIJOHFWHG 7KH GHFRXSOLQJRI VLG
SUHVVXUH JUDGLHQWY DOORZHG IRUWKHLQGHSHQGHQW DQDO\VLV RI Wk
ZLWKRXW LQIOXHQFH RI FRUQHU IORZ SKHQRPHQD )XUWKHUPRUH VLQF!
DEOHDQG DGYHUVH SUHVVXUH JUDGLHQW WKH UHVXOW SURGXFHV D UH
DSH[ :LWK WKH DIRUHPHQWLRQHG LQ PLQG WKH JHRPHWU\ ZDV GHVLJQ
UHSHDWDEOH IORZ VHSDUDWLRQ SKHQRPHQD DSSOLFDEOH WR ERWK H[SI

‘XH WR WKH GLIILFXOW\ LQ SUHGLFWLQJ VHSDUDWLRQ DV ZHOO DV IORZ
KLIKO\ WXUEXOHQW ERXQGDU\ OD\HU VHYHUDO DFDGHPLF LQVWLWXWLF
DQG XQGHUVWDQGLQJ 7KLV FKDSWHU ZLOO GLVFXVV WKH YDULRXV H[SH
KDYHEHHQ SHUIRUPHG RQ WKH *DXVVLDQ %RHLQJ EXPS JHRPHWU\E\D YD
WKLV LV WR OD\D IRXQGDWLRQ RI ZKDW UHVHDUFK KDV EHHQ GRQH ZKDW
WKH 3,11 PHWKRGRORJ\PD\ SURYLGH XWLOLW\

+ISQIXVMG :EVMEXMSR ERH &SYRHEV]OE]IV (IZIP

‘XHWR WKHQHHG UHFUHDWH WKH UHVXOWYV RI WKLV H[SHULPHQW DFURYV
REVHUYHD FRQVLVWHQW H[SHULPHQWDO VHWXS LQ UHJDUGV WR WKH HII
PHQWDQGHYHQWXDO IORZVHSDUDWLRQ 7KLV VHFWLRQ ZLOO EULHIO\FF
DQG VHWXS DV LW SHUWDLQV WR WKHERXQGDU\OD\HUGHYHORSPHQW

5HODWLQJ WR LWV HIITHFW RQ ERXQGDU\ OD\HU JURZWK WKH OHQJWK RI
*DXVVLDQ EXPS JHRPHWU\ LV PDLQWDLQHG DFURVV WKH YDU IRV H[SHULI
WLRQ 7KH SODFHPHQW RI WKH EXPS JHRPHWU\ ZLWKLQ WKH JUHDWHU FR
YLVXDODIHBUKMWZKHUH FRQILIXUDWLRQV $DQG % DUH GHSLFWHG

JLIXUH 9DULDWLRQV RI EXPS FRQILIXUDWLRQ [@Q HOSHHYWIHPWDQ F WKSIDHIIQBVW RI ERXQGDU\
RQ SRVW EXPS VHSDUDWLRQ

7KH EDVHOLQH LQYHVWLJIJDWLRQ RI WKH EXPS JHRPHWU\ FRUUHVSRQGV \
SODWH SUHFHGHYVY WKH EXPS DSHf €912 $P@0O © RRDH WHKUX QRVLQYHVWLJIDWH '
RIFRQWLQXHG ERXQGDU\OD\HU JURZWK FRQILJXUDWLRQ % ZDV DOVR GH
YHUVLW\ RI 1IRWUH 'DPH &RQWLQXHG LQYHVWLIJDWLRQ XQGHU YDULRXYV
FRPSDULVRQ RI LQFRPLQJ ERXQGDU\ OD\HU JURZWK DQG LWV HIIHFWV RC(

2iiTh,ffim " #KQ/2HbXH "+XM b X;QpfPi?2 ' n2tTn. i fbT22/#mKTnb2Tn2tTX?iKH



2%7% OERKPI]6IWIEVGL "IRXIV

EXPS 2QH VXFK FRPSDULVRQ PLIJKW LQYHVWLIJDWH WKHLPSRUWDQFH RI
WR EXPS KHEBKWQ VHSDUDWLRQ )RU WKH UHPDLQGHU RI WKLV VWXG\ X
VSOLWWHU SODWH FRQILIXUDWLRQ $ZLOOEHDVVXPHG WR EHWKHFRQIL
ZLWK SDVW H[SHULPHQWDO DQG QXPHULFDO ZRUNV )XUWKHUPRUH WKF
WLROMW=RI2 DQMs =0:1 ZKLFK DLPV WR PDLQWDLQ XQLIRUPLW\ ZLWK UHJDUC
GHYHORSPHQW IRU HDFK FDVH

7TDEOH %RXQGDU\ OD\HU SURSHUWLHV RILQFRPLQJIORZIRUERWKLQIORZ&ARQGLWLRQV V

M 1 X=L ReL Cf
10° 10°
10° 10°

$QDGGLWLRQDO YDULDEOHRIUHOHYDQFHLVWKHKHLJKW GLITHUHQFH IUF
WXQQHO 7KLV SDUDPHWHU HIIHFWLYHO\GLFWDWHY WKH FRPSUHVVLRQ |
DQG ZLOO FRQWULEXWH WR WKH VWUHQJWK RI WKH )3*DQG $3* LQ IURQW D
&RQVHTXHQWO\ WKLV ZLOO DIIHFW WKH GHYHORSPHQW DQG SDUWLFEXOD
ERXQGDU\ OD\HU

KLOH WKLV YDULDEOH UHPDLQV PRUH GLIILFXOW WR FRQWURO GXH WRL
WZHHQ WKH 8QLYHUVLW\ RI 1RWUH 'DPH :DVKLQJWRQ DQG &DOWHFK LW
EHKDYLRU REVHUYHG PXVW EH QRWHG $V D UHVXOW RI WKH DIRUHPHQW
REVHUYH YDU\LQJ IORZ SKHQRPHQD GHVSLWH WKH XVH RI D UHSOLFD JH
DU\FRQGLWLRQV )RU WKLV UHDVRQ WKH ERXQGDU\ OD\HU SUBSHUWLH\
KDYH EHHQ RX¥MDEIOMHHIBOIAR ZLQJ GLITHUHQFHV LQ HYHQWXDO IORZ SKHQRTF
GLIITHUHQFHV LQ ERXQGDU\OD\HU GHYHORSPHQW

2%7% OERKPI] 6IWIEVGL "IRXIV

%HIRUH HPEDUNLQJ RQ WKHLQGLYLGXDO FRQWULEXWLRQV RIHDFKDFDG
DQG VXSSRUW RI WKLV LOQLWLDWLYH PXVW EH GLVFEFXVVHG ,Q 1$6$ S
6WXG\@®» ZKHUHLQ WKH\RXWOLQHUHFRPPHQGDWLRQVDQG VWUDWHJILHYV |
FDSDELOLWLHY E\ WKH \HDU OXFK RI WKH UHSRUW FRQVLVWY RI WKH
FROODERUDWLRQ EHWZHHQ LQGXVWULDO VWDNHKROGHUVY DQG UHVHDUF
EHHQ ODUJHO\UHDOL]J]HG WKURXJK WKH MRLQW HITRUWY ZLWK SDUWLHV W

$GGLWLRQDOO\ WKHVWXG\HVWDEOLVKHV D VHWRI ILQGLQJVDLPHGDW
SURYLGLQJDGYDQFHPHQWV LQWKHILHOGV RIDHURQDXWLFVDQGDHURYV:
SHUIRUPHG RQ WKH *DXVVLDQ %RHLQJ EXPS FDQ EHOLQNHG WR WKH IROC

"7TKH XVHRI &)'LQWKHDHURVSDFHGHVLJQ SURFHVV LV VHYHUHO\OLP
DQG UHOLDEO\ SUHGLFW WXUEXOHQW IORZV ZLWK VLIJQLILFDQW UHJL|

"+3& KDUGZDUH LV SURJUHVVLQJUDSLGO\DQG WHFKQRORJLHV WKDW

([DFWO\D GHFDGH VLQFH WKH SXEOLFDWLRQ RI WKHLU VWXG\ WKHVH WZ]
ODWWHU PRWLYDWLQJ WKH FXUUHQW LQYHVWLIJDWLRQ RI QHXUDO QHWZ
WKHUPRUH WKHVH ILQGLQJVY KDYH HQFRXUDJHG DQG VXSSRUWHG WKH U
GHFDGH WKURXJK WKH 1$6%$ /DQJOH\5HVHDUFK &HQW H UK/IXQHE W& H QN X0 R C
EXOHQFH PRGHOOLQJUHVRXUFHDQG 1$6%fV RYHUDUFKLQJJRDOV SULPD!
WKH\KDYH QHFHVVLWDWHG QRYHO FDPSDLIJQVLQ ERWK QXPHULFDODV ZF
EHWKHWRSLFRIGLVFXVVLRQ IRUWKHUHPDLQGHU RI WKLV FKDSWHU

S8LIORMZIVWMX] SJ 2SXVI (EQI
:KLOH WKH %RHLQJ EXPS JHRPHWU\ ZDV RULJLQDOO\ FRQFHSWXDOL]JHG L
YHUVLW\ RI 1IRWUH 'DPH LQ DQG FXOPLQDWHG LQ DIWHU D \HDU OR
FROODERUDWLYH HIIRUWEHWZHHQ WKH 8QLYHUVLW\RI1RWUH 'DPHYTV H[¢

?2iiTbh,ffim #KQ/2HbXH "+XM b X;QpfBM/2tX?iKH



BLIO9RMZIVWMX] SJ 2SXVI (EQI

&) JURXS DW %RHLQJ5HVHDUFK 7HFKQRORJ\ WKHIRUPHU FRRUGLQDWH
SURGXFH YDOLGDWLRQ FDSDEOH EHQFKPDUN GDWD IRU IXWXUH H[SHULP
LQ SDUDOOHO SHUIRUPHG YDOLGDWLRQ VWXGLHV XVLQJ WKH®U SURSUL
ZKRVH PHWKRGRORJ\DQG UHVXOMIV®ILEQ EH GHVFULEHG LQ

7KH 8QLYHUVLW\ Rl 1IRWUH 'DPH DQG %RHLQJ5HVHDUFK 7HFKQRORJ\fV |
SHUIRUPHG DW WKH 1RWUH 'DPH ODFK FORVHG@F LAKKUMW ZQQ B MHOWQHIP
PHQW PHWKRGV LQFOXGHG WKHDIRUHPHQWLRQHG RLO ILOP,QWHUIHURP
G\QDPLF SUHVVXUH VHQVRUV DQG 3,9 SHUIRUPHG LQ ERWK/TRKRE®R IKQG VW
WKHVH YDULRXV PHWKRGV RI GRFXPHQWDWLRQ IORZ VHSDUDWLRQ DQG .
UDQJH RI YHORF2 \U05:02] ODEE& 5H\QROGV XDXPEH®RY, 40 10f :KLOH

WKH EXON RI WKH GDWD ZDV JHQHUDWHG LQ WKH ODFK UHJLPH IRU WKH
&)' VROYHUV WKH GDWD REWDLQHG LQ WKLV FDPSDLJQ ZLOO UHPDLQ VXL
GHVFULEKBSWHU

*PYSVIWGIRX 3MP *PS[ - MWYEPM*"EXMSR
%HILQQLQJ ZLWK WKH UHVXOWY REWDLQHG XVLQJ RLO IORZ RAXDOL]DW
IDFH SDWWHUQ @ EHLQJ JHQHUDWHG LQ RLO IORZ YLVXDXIUBWLRQ PHYV
7KH IORZ SKHQRPHQD RXWOLQHG LQ WKH LPDJH REWDLQHG XVLQJ RLO IO
WR LGHQWLIVUHJLRQV RI LQWHUHVW IRU VSDQZLVH 3,9 PHDVXUHPHQW \
VXEVHFWLRQ

JLIXUH &KDUDFWRDQVWAH SIREWEBUQHG DW M@ REDV2HO/RBLUWILO IORZ YLVXDOL]DWLRQ RI GRZQ'
>@

9LVLEOH LQ WKH ILIJXUH WKH "H\HV RI WKH RZO" FDQ EH VHHQ LQ ORFDW.L
IRFL UHVSRQVLEOH IRU OLIWLQJ YRUWLFHVaW KXW \DH/ FRQW LEBERY D/KH XV
WKHIORZ IURP 6 ZKLFKLQGLFDWHYV WKH ELIXUFDWLRQ RIITORZ VDGGOH
LVVHSDUDWHG 6 WKHQ FRUUHVSRQGV WR WKH DUHD RIIORZ UHDWWDFK
DWWULEXWHWKHUHVXOWV WKLVIORZEHKDYLRUWRWKHFRQFDYLW\RIW
IURP FRQYH[VXUIDFHFXUYDWXUH WR FRQFDYH $TXDOLWDWLYHUHFRQV
VLIQLILFDQW DFKLHYHPHQW LQ WKH 3,111V FDSDFLW\WR PRGHO VXUIDFH



&SIMRKG6IWIEVGL 8IGLRSPSK]

4-: 1IIEWYVIQIRXW
7TKHTXDQWLWDWLYHUHSUHVHQWDWLRQ REWDLQHG WKWBGR XZIKKHU B FDQ EF
PXOWLSOH SODQHV DQG DQJOHV GHPRQVWUDWH WKH PHDQ YHORFLW\DW
OLQHV FDQ EH VHHQ LQ WKH VWUHDPZLVH GLUHFWLRQ DQG SURGXFH WK
FHQWHU OLQH RI WKH EXP Sz RUIDUVMIMVRS R QIAUUHFRRIDUPY WKDW WKH PDMRL
WKHVH WULDOV ZHUH IRFXVHG DW WKH FHQWHU OLQH RI WKH EXPS SURY
FDPSDLIJQVWREH SHUIRUPHG DW 4DOWHFKDQG WRFRQWULEXWH WR WKH

JLIXUH 3,9 SHUIRURHG DAXWVKRZLQJPHDQ YHORFLW\DQG VWUHDPOLQHYV GLVSOD\LQJ VHSDL
PXOWLSOH VSDQZLVH SODQHYV

$V FDQ EH VHHQ IORZUHYHUVDO ZHDNHQV WRZDUGV WKH VKRXOGHUV PIL
WKHSODQH YHORMLWKRAWRKH DFFHOHUDWLRQ RIIORZ IURP WKH HGJHYV
WKH FURVV SODQH 7KLV UHSUHVHQWYVY WKH RXW Rl SODQH YHORFLW\ W|
VKRXOGHUV RIWKHEXPS 7KLV ZLOOEHDUHJLRQRIVLIJQLILFDQW LQWH
QHXUDO QHWZRUNLQ SDUWLFXODUDUHOLNHO\WR VWUXJJOH 7KLV ZLOO
QHWZRUN

7KH QH[W VHFWLRQ ZLOO GLVFXVV WKH QXPHULFDO FRXQWHUSDUW RI W
5HVHDUFK 7HFKQRORJ\ 1RWHZRUWK\WDNHDZD\VIURP WKLV FRPSDULVR
VHSDUDWLRQ DQG UHDWWDFKPHQW DV ZHOO DV DUHDV RI SHDN WXUEXO'

&SIMRKG6IWIEVGL 8IGLRSPSK]

2IHTXDOFRQWULEXWLRQ WR WKLVWXUEXOHQFHUHVRXUFHLV WKHQXPHL
EHHQ SHUIRUPHGLQ SDUDOOHOWRWKHH[SHULPHQWDO FDPSDLJQV DW WK
ZKLOH WKHIRFXV RIWKLVVWXG\LY QRWWRDVVHVV FRQWHPSRUDU\QXPH
IORZ SKHQRPHQD LWLV QHFHVVDU\ WR GLVFXVV WKH FXUUHQW VWDWH R
FRQWHPSRUDU\ VROYHUV VWUXJJOH DQG LGHQWLI\ZKHUH WKLV VWXG\ F



&SIMRKG6IWIEVGL 8IGLRSPSK]

JLIXUH OHDQ YHORFLW\DQG 5H\QROGY VWUHVVHV LQ FURVV SODQHUHFRUGHG GRZQVWUF}

7TKHUHVXOWVY DQG WDNHDZD\V RI WKHFRPSXWDWLRQDO LQYHVWLJIJDWLRC
FRPSLOHG LQ WKH VWXG@EYKIHNHBWLQXPHULFDO FRPSDULVRQV DJDLQVW
WHFKQLTXHVDUHGHOLYHUHG )XUWKHUPRUH RQ WKHQXPHULFDO DVSHF
WLRQDO FRPSOH[LW\DUH HPSOR\HG WR EHWWHU GLVFHUQ WKH OLPLWDW
2), +RW :LUH $QHPRPHWU\ 6XUIDFH 3UHVVXUHDQG /'9 :KLOHWKHVH YD
DUHLPSRUWDQW WR WKH YDOLGDWLRQ RI &)' WKLV FXUUHQW SURMHFW C
PHQW RI 3,9 GDWD $V VXFK WKLV VKDOO EH WKH SULPDU\ PHDVXUHPHQW
WKH %RHLQJ EXPS

2YQIVMGEP 'SQTEVMWSR [MXL 4-: 1IEWYVIQIRX
%HILQQLQJZLWK 3,9 FRPSDULVRQV ZHUH SHUIRUPHGDJDLQVW &)'XVLQJE
6WRNHYV DV ZHOODYV "'(6 'HOD\HG '"HWDFKHG (GG\6LPXODWLRQ VLPXODW
EHORZ FRPSDULQJERWK XDQGY YHORDPQ®W\ VHWBRBW LQHOQIXUHYV

JLIXUH &RPSDULVRQ RI X YHORFLW\DW FHQWHU OLQH DIWRIEXPS DS@®[ XVLQJ5%$16 &)"



Y%YHHMXMSREP 'SRXVMFYXSVW

JLIXUH &RPSDULVRQRIY YHORFLW\DW FHQWHU OLQH DIWRIE®PS DSH[ XVLQJ5%16

$VRQHFDQ VHH WKHGLVFUHSDQFLHVIRXQG XVLQJ5%$16DUHODUJHU WKELC
LQJDQ LQDELOLW\ WR DFFXUDWHO\ GHVFULEH WKH DGYHQW RI VHSDUDYV
SHUIRUPVY ZHOO WKRXJK WKH DXWKRUV FRPPHQW D VOLJKW RYHU SUHGL
SUHGLFWLRQ RIGRZQZDVK ZKLFK WKH\FRQFOXGH WR PDUND SUH PDWXL

7KH DXWKRUV RI WKHVH ZRUNV KDYH FULWLFDOO\ VKRZQ ZKHUH FRQWHP
FRPSDUHGWRH[SHULPHQWDO UHVXOWY FLWLQJWKHQHHGIRUIXUWKHU L
FROWLQXHV WR PRWLYDWHDQ HQFRXUDJLQJJIJDSLQ WKHUHVHDUFK ZKHL
DQG H[SHULPHQWDO PHWKRGV FRXOG DSSO\WKURXJK PDFKLQH OHDUQLQ
SHUIRUPHG DW WKH &DOLIRUQLD ,QVWLWXWH RI 7THFKQRORJ\ DLPLQJ DW
UHJLRQ RI VHSDUDWLRQ ZLWKRXW WKHFRPSXWDWLRQDO HIITRUW RI DQ /(

YHHMXMSREP 'SRXVMFYXSVW

%YHIRUH WKLY FKDSWHU LV FRQFOXGHG VRPH DWWHQWLRQ LYV GLUHFWHC
%RHLQJ EXPS UHVHDUFK :KLOH WKH PDMRULW\ RI UHVHDUFK KDV EHHQ
LQVWLWXWLRQV LQ GLUHFW FROODERUDWLRQ ZLWK %YRHLQJ VRPH LQGH
SURYLGH D PRUH UHFHQW RYHUYLHZ RI WKH UHVXOWYVY LQ %RHLQJ EXPS L
NQRZOHGJH LQ WKH VSDFH &RQVHTXHQWO\ WKHLU FRQFOXVLRQV ZLOO
GLUHFWLRQV WKDW WKLY OLWHUDWXUHUHYLHZ VHWY WKHEDVHOLQH IRL
OHQW ERXQGDU\OD\HU IORZ RYHU D *DXVVLDQ VKDSHG EXPS XVLQJ 'LUHF
UHVROYLQJDOO UHOHYDQW WXUEXOHQFH VFDOHVY WKH DXWKRUV SURYL
JUDGLHQW LQGXFHG WXUEXOHQFH DQG IRUYDOLGDWLQJFRPSXWDWLRQI
WR WKLV LQYHVWLIJDWLRQ DUH WKH UHVXOWY RQ WKH IULFW}IRIQ FRHIILF
XUH



Y%YHHMXMSREP 'SRXVMFYXSVW

JLIXUH 6NLQ IULFWLRQ FRHIILFLHQW REVHUYHG RYHU %RHLQJEXPS VXUIDFH @ PRGHOHG Z

$V VKRZQ WKH IULFWEREG[KRELUWNLHIQWLILFDQW YDULDWLRQ GXH WR WKFH
GLHQWYVY DORQJ WKH VXUIDFH 8SVWUHDP RI WKH EXPS ZLWKLQ WKH UHJ
JUDGLEEQWMWUHDVHY DV WKH IORZDFFHOHUDWHY 7KLV UHIOHFWYV WKH W
WKHHQKDQFHPHQW RI ZDOO VKHDU VWUHVYVY GXH WR WXUEXOHQFH VXSSL
WKHIORZHQFRXQWHUV WKH DGYHUVH SC H&/WKWHIDMDVGL KIDWS @ R ZQKMW WHHE
LVLQGLFDWLYH RI ERXQGDU\ OD\HU WKLFNHQLQJDQG WKH RQVHW RI1 IOR
ZDOO VKHDU VWUHVYV GLPLQLVKHVY WR QHDU JHUR & D OxtHH R QGHDIGH. § 8 B/IR P
UDWLRQ SRLQW LQ WKHGY HHD S\WAJD HIQFFHHYWD |RMFHLG LQFUHDVH 7KLV ULVH F
UHFRYHU\RI ZDOO VKHDU VWUHVV DV WKHIORZ UHDWWDFKHV DQG WKH EF
VWHHS JUDGs LHDOMWKRY UHJLRQ KLIJIKOLIJKWYV WKH WUDQVLWLRQ IURP VHSDL

2YHUDOO WKH G:MWWKILEBXWYLBQ\RPHWULF GXHWR WKHQRQ HTXLOLEULXP
DGYHUVH SUHVVXUH JUDGLHQW KDV D SDUWLFXODUO\ VWURQJ LQIOXHQF
FDQWO\DOWHULQJ WKH ZzDOO VKHDU VWUHVYV GLVWULEXWIGR@V7KHVH UH
DGLDIJIQRVWLF WRRO IRULGHQWLI\LQJIORZVHSDUDWLRQDQG UHDWWDF
G\QDPLF VXUIDFH RSWLPL]DWLRQ ,Q SXUVXLW RI PRGHOLQJ VXUIDFH VK
JHRPHWU\ WKH 3,11 ZLOOEHDVVHVVHGIRULWYV DELOLW\LQ UHFUHDWLQ.
$OLHWDO

,Q FRQFOXVLRQ WKLV FKDSWHU KDV PDUNHG VHYHUDO UHFHQW GHYHORS
RPHWU\ WKDW SURYLGH VWURQJLQGLFDWLRQ IRUWKHLQDELOLW\RI5$1
PRGHO WKH IORZ IHDWXUHV LQ WKH DIW EXPS UHJLRQ 7KH H[LVWHQFH R
URXQGLQJ WKH JHRPHWU\ SRLQWYV WR DQ RSSRUWXQLW\ WR LQFOXGH PD
SURYLGHDQLPSURYHG UHFRQVWUXFWLRQRIWKHIORZILHOG 7KHVXEVH
ZKHUH 3,11V KDYH EHHQ XVHG LQ FRQMXQFWLRQ ZLWK H[SHULPHQWDO G
FRQWHPSRUDU\IORZ HQKDQFHPHQW PHWKRG



'"'YVVIRX 7XEXI SJ4LIWMGW
21IYVEP 2IX[SVO

$GYDQFHPHQWVLQPDFKLQHOHDUQLQJWHFKQLTXHVKDYHSURPSWHG QR
RI SDUWLDO GLIIHUHQWLDO HTXDWLRQV 3'(V ,Q VSHFLILF 3K\VLFV ,QIR
QLILFDQW DSSOLFDWLRQV LQ D YDULHW\RIILHOGV LQFOXGLQJIOXLG PHF
LPHQWDO GDWD ZLWK S K\WVIDADH> FR GV WSDOD QMWKH H{SRQHQWLDO JURZWK
VFKRODUO\DUWLFOHV FLWLQJ3K\VLFV ,QIRUPHG 1HXUDO 1HWZRUNV IRO(
HWDO LQ @ >

JLIXUH ([SRQHQWLDO JURZWK RI OLWHUDWXUH FLW L'RG 13QTHW XSS DWH 8 QV B { R OCOMILR(T RD V|
(( 1DYLHU 6WRNHV (TXDWLRQV 16( DQ@ +HDW (TXDWLRQ +( >

5HFHQW H[DPSOHV LQFOXGH UHFRQVWUXFWLRQ RI IORZ RYHU @Q (VSUHYV
PRGHOOLQJWZR SKDVH IORZDQG VROXWLRQV WR @R Q QIEFMQKHIQFHHIPM QWU
RI GHQVH YHORFLW\ DQG SUHVVXUH ILHOG @H FRQVODN WW URRY WIRHPVH Q. G |
UHOHYDQFH WR WKLV SURMHFW DQG FRQVLVWY Rl WKH DXJPHQWDWLRQ
ZLWK 5H\QROGV $YHUDJHG 1DYLHU 6WRNHV 5%$16 HTXDWLRQV WR UHVRC
WHQ WKHVHDUH VXSSOHPHQWHG ZLWK D WXUEXOHQFH PRGHO WR fFORYV
GHYHORSPHQWY KDYH DOVR VKRZQ WKDW 3,11V FDQ LQWXLWLYHO\ LQWH
SURYLGHG ZLWK D WXUEXOHQFH PRGHO 1HYHUWKHOHVV PXFKRIWKHFX



4-22 %VGLMXIGXYVI

H[SHULPHQWDO IOXLG PHFKDQLFV LV VWLOO LQ LWV LQIDQF\ DQG OLPLW
IORZ ,Q WKHFRQWH[W RIUHDO IORZV DQG PRUH FRPSOH[JHRPHWULHV V.
HVW WR DEFFXUDWHO\PRGHO WXUEXOHQW 'IORZ SKHQRPHQD LQFOXGLQ.
RI KLJK YHORFLW\IORZV VKRFN ZDYH SHUWXUEDWLRQV DUH DOVR RI LQW
WKLV SURMHFW LW UHPDLQV WR EHVHHQ ZKHWKHU 3,11V FDQ VXFFHVVIX
LQWULFDWH SKHQRPHQD

'XH WR WKH DEXQGDQFH RI OLWHUDWXUH VXUURXQGLQJ 3,11V WKH PDM
IRFXV KRZHYHU ZKHUH UHOHYDQW WKH GLVFXVVLRQ RI FRPSHWLQJ QHX
LQFOXGHG 7KHIROORZLQJVHFWLRQZLOOJLYHD VXPPDU\RIWKH3,11DUF
WR D YDULHW\RI SUREOHPV LQIOXLG PHFKDQLFV ZLOO EH GLVEXVVHG

4-22 %VGLMXIGXYVI

,QLWLDOO\ LQWURGXFHG E\ 5@ L WMHDRQ G1FRROOMDLIIHY RI D '"HHS 1HXUDO 1H
ZLWKDQDGGLWLRQDO ORVVIXQFWLRQEDVHGRQWKHUHVLGXDOV RIJRYH
RIWKH'11 WRDGKHUH WR SK\VLFDOHTXDWLRQVLQDGGLWLRQWRGDWD D
FROQOWULEXWLRQ WR WKH ORVV IXQFWLRQ WKHJHQHUDO DUFKLWHFWXUH
WKH XQGHUO\LQJ OXOWL /D\HU 3HUFHSWURQ 0/3 ZKLFK DSSOLHG WR Wt
HTXDWLRQV WDNHV WKHIROORZLQJIRUP

(U:ps7) = fan (X5)

ZLWE (u;v;w) DQIGGHQRWLQJWKH YHORFLW\ DQG S UHWMXRW UL DH @GNXUWHEKSOHQ
SDUDPHWiiy ®HBRWLQJI D GHHS QHXUDG;RHWBRUWN.ROWIKSXW FRRUGLQDW
WUDLQDEOH QHWZRUN SDUDPHWHUV

$V ZLWK DQ\0/3 WKHQHWZRUN VL]H LV GNYd QM6 EK WRAKRGHDQW H WK BIVQ X P E |
RI OD\HUV Rl WKH QHXUDO QHWZRUN DQG WKH GHSWK Rl HDFK QRGH UH
QHWZRUN IURP LQSWW R DWW SXHOHY BHE@HPHG YLD

fi= (wy xi+h)

ZKHWH DQUS GHQRWH WKH ZHLJKWY DQG ELDVHV UHVSHFEMWIL DN QAK\H W KSH
DFWLYDWLRQ IXQFWLRQ ZKLFK LV XVHU G taqghthG LYQUBFRPPBQYGRQ IRQF
3,11V GXH WR LWV FRQWLQXRXV GLIIHUHQW@DELOLW\RYHU WKH HQWLUH

7KH SULPDU\ GLITHUHQFH EHWZHHQ 3,11V DQG D FRQYHQWLRQDO 0/3 OLH
3, 11VLWLVDXIJPHQWHG ZLWK D SK\VLFDO ORVV ZKLFKHQFRXUDJHV WKH Q
VDWLVIVRQH RUPRUH IRUPXODH ,Q WKHFDVHRID3,11 DSSOLHG WR WKH
IDYLHU 6WRNHV HTXDWLRQV WKHIROORZLQJORVVIXQFWLRQV ZRXOG E}

NyGata ) )
Ldata = JU data (Xl) Upred (Xl)jz
i=1
Nec _ .
Lec =  jUsc(X') Uprea(X')j?
i=1
NXpe )
Lppe = jiLi(x"j?

i=1

+HUWjaa D QUWreg DUH WKH PHDVXUHG DQG SUHGLFWHG YHORFLW,LILHOGYV UH
Lec DQGpe UHSUHVHQW WKH ORVVHV WR GDWD ERXQGDU\ FRQGLWLRQV
HTXDWLRQV UHVSHFWLYHO\ ,QD 3,11 DQG FRQWUDU\WR D VWDQGDUG
WKH GDWD DQG ERXQGDU\ FRQGLWLRQ ORVVHV DV LQ WKH IROORZLQJ HTX
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L=(1 ) (Ldata + Lec)+ Leppe

"KHUHUHSUHVHQWV D ZHLJKWLQJIDFWRU WKDW FRQWUROV WKHLQIOXHQF
WHUPV 7KH RXWSXW RI HDFK RI WKHVH ORVVY SDUDPHWHUV LV GHWHUPL
IXQFWELRQ =P06((i) ZKHYMWHSUHVHQWY WKH UHVLGXDO HUURU IRU WKH J
WKH 3,11 ,Q WKHFRQWH[WRI5%$16 3,11V WKHIROORZLQJUHVLGXDOV DU}

r U= 1
(Urw+rP r2ur ( mui)=,

7KHILUVW HTXDW L R GHQRMHIYWW E X FAQWLQXLW\HTXDWLRQ ZKLOH WKH V
XDOGHQRWHY WKH 5H\QROGV DYHUDJHG P R RO VEXR) R WHDMWL R B HI®GRO B
VWUHVV WHQVRU 1RWDEO\ WKH WLPH GHSHQGHQW GHULYDWLYHV DUH
SHUIRUPHG DW VWHDG\ VWDWH 'LIIHUHQWLDWLRQ DFURVV WKH VSDWLD
GLITHUHQW@ ZDWWRBSY HVHQWLQJ WKH GLIIHYH B SWHD\DHRSMHIUDIMNRKHD Q S O D F L

$ VFKHPDWLF RI WKH 3,11 DUFK ) WHKRWXAKH EYX GKBZRWQ WKH IHHG IRUZDU!
I[URP LQSXW YDOXHV WR RXWSXW YDOXHYV $IWHU REWDLQLQJ SUHGLFWH
LV SHUIRUPHG DQG WKH 3'( UHVLGXDOV DUH GHWHUPLQHG )LQDOO\ WKH
UHVLGXDO ORVVHV DUH EDFNSURSDJDWHG DQG WKH WUDLQLQJORRS FRQ

$ PRGLILFDWLRQ WR WKH W\SLFDO 0/3SDUFKLWHFWXUH WKDW KDV EHHQ VK
JRXULHU IHD®& XUKIMV>H[WUD VWHS EHIRUH IHHGLQJ LQSXW SDUDPHWHUV \
SHQVDWH IRUWKHLQKHUHQW VSHFWUDO ELDV WKDW 3,11V VXIIHUIURP D
UHSUHVHQW KLJK IUHTXHQ®\ VROUXWKRPP@QVLPSOHPHQWDWLRQ WKH SRVLW
SDVVHG WKURXJK WKH IROORZLQJHQFRGLQJ EHIRUHLQFOXVLRQ LQWR W

FRBX)
V (BX)

'LWBKUHSUHVHQWLQJ D *DXVVLDQ WP $)0ZIQN BH VOWUR KX WURBHFLILHG SDL
W H @ [1;10]

(X) =

JLIXUH 6 FKHPDWLF GLDJUDP UHSUHVHQWLQJ 3,11 DUFKLWHFWXUH DSSOLHG WR '5H\QROG
'LDJUDP LV SURGXFHG VSHFLILFWR WKH ZRUNRI WKLV WKHVLV DQG GLVSOD\V WKH 3,111



NTTPMGEXMSRW XS *PYMH1IGLERMGW

'"HVSLWH WKH VLPSOH DUFKLWHFWXUH RI 3,11V WKHUH KDYH EHHQ VLJQL
WKH 0/3 DUFKLWHFWXUH WR VXSSRUW LWV IXQFWLRQV IRUIRUZDUG DQG
7KLY QH[W VHFWLRQ ZLOO GLVFXVV UHOHYDQW LQVWDQFHY ZKHUH 3,11V
SUREOHPY DQG GLVFXVV GLIILFXOWLHV LQDFKLHYLQJFRQYHUJHQFH WR

TTPMGEXMSRW XS *PYMHI1IGLERMGW

6LOQFH WKHLU RULJLQDO LOWURGXFWLRQ PXFK RI WKH LQWHUHVW RI 3,1
VROXWLRQ RI SDUWLDO GLITHUHQWLDO HTXDWLRQV IRUIOXLG PHFKDQLF
YDULDWLRQVDUHPHDVXUHG LQ EHQFKPDUNVY WKDW DVV i@V \RW KB WIROXW L
6WRNHV HTXDGVLRQV >

,QDQLPSOHPHQWDWLRQ ZLWK WKH IDYLHI@ KWRNHQ WINRIBWER G\ (CRLYHHVD I
RORJ\ FRPELQLQJ KLJK I[UHTXHQF\ SUHVVXUH SUREH DQG VSDUVH 3,9 GD
WHPSRUDO DQG VSDWLDOON\ UHVROYHG IORZ ILHOGV 7KLV LV RI SDUWLF
ERWK VWDWLF ZDOO SUHVVXUHDQG 3,9 PHDVXUHPHQW WHFKQLTXHYV DUH
QHO KLOHWKHLU ZRUN ZDV SURGXFHG XVLQJV\QWKHWLF GDWD WKHLUF
IORZV VXJIJHVW WKHFRPSOH[LW\RIWXUEXOHQWIORZV  PD\QRWEHRXWRI
ILFLHQW GHJUHH RIDFFXUDF\ 7TKHDXWKRUV GRFRQFOXGH WKDW GXH WR
ODPLQDWReGRIOY WKHQHHG UHPDLQV WR IXUWKHU LQYHVWLJIJDWH WKH VXL
WXUEXOHQW IORZV

JXUWKHUPRUH DV WKH SUHYLRXV VHFWLRQ KDV RXWOLQHG GHVSLWH Wt
HTXDWLRQV 0/ PHWKRGV UHPDLQ GDWD GULYHQ DQG DV VXFKWKHLU VXF
IOXLG PHFKDQLFV UHOLHV RQWKHDYDLODELOLW\RIGDWD :KLOH WKH VF
WLRQDO YVH[SHULPHQWDO 3DUWLFOH ,PDJH9HORFLPHWU\ 3,9 UHVXOW:'
WKHLU ZLGHVSUHDG DYDLODELOLWA\LQ OLWHUDWXUHDQG VSDWLDO VSDL
DVLIQLILFDQW QXPEHURISXEOLFDWLRQVLQYHVWLIDWLQJWKHSRWHQW
QH[W VXEVHFWLRQ ZLOO EH GHGLFDWHG WR RXWOLQLQJ WKH UHFHQW UH
LQWR WKH 3,0/ PHWKRGRORJLHV

TTPMGEXMSRW XS 4-: (EXE
'"HVSLWH QDUURZLQJ WKH ILHOG RI VHDUFK WR 3,0/ PHWKRGYV DSSOLHG W
UHPDLQVYDVWDQG GLYHUVH )RULQVWDQFH PXFKZRUNLVY GHGLFDWHG
QDPLFW>DQG KHPRG\Q@PLFPDBQ\FDVHVY WKH WDNHDZD\VIURP WKHVH ZRL
ZKHUH WKH IRUPHU LQYHVWLIJDWLRQ XVHG 7202 3,9 WR DVVHVV WKH IORZ
ZDWHUDQG LPSOHPHQWHG D 3,11 WR VXFFHVVIXOO\LGHQWLI\ YRUWLFHYV
WKRUV QRWHGD VXFFHVVIXOUHFRQVWUXFWLRQRI'1I6 VLPXODWLRQV DO
LQ WKHODWWHU VWXG\RQ KHPRG\QDPLFV 3,11V ZHUH VXFFHVVIXOO\DS:
VWUHVVHV LQ QHDU ZDOO EORRGIORZ 7KHVH UHVXOWY ZHUH SURGXFHG
LQIRUPDWLRQ VXSSOLHG WR WKH 3,11 7KHDXWKRUV FHOHEUDWH WKH SR
QDPLF PRGHOOLQJ IRU WKH SXUSRVHV RI FDUGLRYDVFXODU GLVHDVH GLI
ULHV WKHUHODWLYHYLVFRVLWLHV RIZDWHU DQG EORRG UHPDLQ IDU KL
GR QRW QHFHVVDULO\ FRPPHQW RQ WKH DELOLWLHV IRU 3,0/ PHWKRGV W
SKHQRPHQD ,Q WKH FRPLQJ VWXGLHV WKLV ZLOO EH DQ LPSRUWDQW P
QXPEHU UHPDLQV KLIJKO\ FRQGXFLYH WR WKH 3,111V VXFFHVVHV DQG IDLC

%TTPMGEXMSRWJSV 6I]RSPHWRYQFIVW FIPS]

,QDVWXG\RQWKHDSSOLFDELOLW\RI 3,11V WaR WHNRQWWKNBW VISRING S X
LQJDELOLW\DWUHFUHDWLQJIORZILHOGY DV ZHOODV SUHVVXUHILHOGYV
DERXW SUHVVXUH WKH 3,11 UHPDLQV FDSDEOHRIUHFRQVWUXFWLQJ WKH
UHODWLRQV RI WKH 1DYLHU 6WRNHVY HTXDWLRQV 7KH\H[WHQG WKLV E\ |
VWUXFWIORZILHOGV RIREVWUXFWHG IUDPHVDQG PLVVDQJIJXORZ YROXPH
ZKHUH YDU\LQJ TXDQWLWLHV RIH[SHULPHQWDO GDWDVHW DUH UHPRYHG



NTTPMGEXMSRW XS *PYMH1IGLERMGW

JLIXUH &RPSDULVRQ RI 3,11 SUHGLFWLRQ SHUIRUPDQFH ZLWK YDU\LQJOHYHOV RI WUXQFDW
FRPSRQHQW E VSDQZLVH YHORFLW\FRP®8RQHQW F SUHVVXUHILHOG >

$V WKH ILIXUH VKRZV WKHUHOLHV VLIQLILFDQW FDSDELOLW\LQ 3,11V DW
JLYHQ VXIILFLHQW GDWD 5HJUHWWDEO\ KRZHYHU WKHLQYHVWLJIJDWLR(
LQFRPSUHVVLEOH IORZ DW ORZ 5H\QRReG¥1Q*X DEHUXRIUNWRHKRUGHU BH\QR
QXPEHUV UHPDLQV QHFHVVDU\ WR GUDZ IXUWKHU FRQFOXVLRQV

,QDQRWKHU ZRUN UHVHDUFKHUV FRPSDUHG WKHDELOLW\RI3,11VWR UH
FRQWHPSRUDU\ SUHVVXUH UHF R RWHXBW DRIQ PWWKIRFOWHY 7KHLU UHV X
ZKHQ FRPSDUHG ZLWK WUDGLWLRQDO PHWKRGV 3,11V H[KLELW WKH ORZH
WUDLQHG RQ QRLVN\ GDWD 7KH\ QRWH WKDW 3,11V FDQ FRUUHFW QRLV\)
RI 3'(V DQG H[SORLW WKLY RSWLPL]HG YHORFLW\ ILHOG IRU WKHLU SUH
WDNHDZD\ FRQFOXGHG E\ WKH DXWKRUV LV WK HN&IH®D:4:D QFGNRS WKH 3,11 F
:KLOH LQFUHDVLQJ DOO RI WKHVH SDUDPHWHUY FDQ SRVLWLYHO\ DIIHFW
JUHDWHVW LQIONg FH KNIWDODHRYIRUFHG WKH LGHD WKDW 3,0/ PHWKRGV U
QDWXUH 7KLV QRWLRQ ZLOO EHUHSHDWHG LQ VWXGLHV DW KLJKHU WXUE

,QDVHSDUDWH VWXG\ UHVHDUFKHUY UHIUDLQHG IURP XVLQJ D 3,11 DQ
IHWZRUN $11 WRLQYHVWLIJDWH WKHUHFRYHU\RI LQFR R& GHXWHK B O\VG D W
FUHGLW WKH $11LQ DOORZLQJWKH3,9ZLQGRZWREHH[WHQGHG EH\RQG |
WLRQDOO\ ZKLOH LW LVLQWHUHVWLQJ WKDW DQ DOWHUQDWLYH WR 3,11
RQ zK\ WKLV FKRLFH zDV PDGH 1HYHUWKHOHVV WKLV LQYHVWLJDWLRQ
RI DSSO\LQJ 0/ PHWKRGV WR WKH HQKDQFHPHQW RI IOXLG PHFKDQLFV GC
SHUIRUPHG RYHU D IORZ ZLWK R&HE(PBO B/ K Y OPXEFHKRRBNY HQFRXUDJH WKH F
LPSOHPHQWDWLRQ RIPDFKLQHOHDUQLQJPHWKRGYV SDUWLFXODUO\IRU

NTTPMGEXMSRWJSV 6I]JRSPHW RYQFIVW EFSZI

,QD5%$16 DSSURDFK WKH SURYLVLRQ RIDWXUEXOHQFHPR®&@HODQ@BY QRW
WKHDXWKRUVRXWOLQHLPSUHVVLYHDJUHHPHQWLQ WKH 3,119V SUHGLFV
WKH 3,11 LQWHUSRODWHV LWV RZQ WXUEXOHQFHPRGHO WKDW EHVW PDW
FDVHZDV VWDWeGOWMWRPHDODBQ > @ 7KHDXWKRUVQRWHH[FHOOHQWDJUH
DQG WKH UHIHUHQFH GDWD ZKLFK PDUNV DQ HQFRXUDJLQJ PLOHVWRQH
7KH DXWKRUV QRWH VHYHUDO DYHQXHV RI IXUWKHU UHVHDUFK LQFOXGL
OD\HU UHJLRQ ZKLFKLVVHOGRPFDSWXUHG LQ WUDGLWLRQDO 3,9 V\VWHP
DQGDVDUHVXOW SUHGLFWLQJZDOO VKHDU VWUHVVHY DUH VWDWHG E\\
WKLV ZRUN

,QOLQH ZLWK WKLY GHVLUHWRPRGHO WKHYLVFRXV VXE OD\HU DQRWKH!
WKH zZzDOO VKHDU VWUHVV RYHU D EDFNZDUGYV IDFLQJ UDPS® GLKIXWHU JF
ZRUN LV LQWHUHVWLQJ ERWK IRU LWV LOQFRUSRUDWLRQ RI D UDPS OLNH



NTTPMGEXMSRW XS *PYMH1IGLERMGW

DQG UHDWWDFKPHQW EXW DOVR IRU LWV DWWHPSW WR VLPXODWH WKH
GHVSLWH WKHLPSHUIHFWLRQV LQ H[SHULPHQWDO PHDVXUHPHQW RI WK
DEOH WR FRPSHQVDWH LQ DFFXUDF\ WKURXJK LWV LPSOHPHQWDWLRQ RI
FRPPHQW RQ JRRG DJUHHPHQW RI WKH QHDU ZDOO YHORFLW\ SURILOHV |
6WRNHV HTXDWLRQV ZLWKDGGLWLRQDO ORVV WHUPV SUHVVXUH VKHDL
WKH ILQDO SUHGLFWLRQV 7KH\VXPPDUL]H E\VD\LQJ WKDW ZKHQ GHYRLG
VWUXJIJOHV LQ FRPSXWLQJWKHPDJIJQLWXGH RI WKH YHORFLW\JUDGLHQW

JLIXUH &RPSDULVRQ RI SUHGLFWHG DQG PHDVXUHG YHORFLWW@LHOGV IRUHDFK YHC

JLIXUHGLVSOD\VWKHUHVXOWVIURP WKLY ZRUN ZKHUH WKH SUHGLFWHG
IRUHDFK YHORFLW\ FRPSRQHQW 7KH SUHGLFWLRQV DUH FRPSDUHG WR
DIJUHHPHQW DW RXWOLQLQJ WKH UHJLRQ RIVHSDUDWLRQ RIWKHIORZ 'X
%RHLQJ EXPS LWZLOO UHPDLQDQ LQWHUHVWLQJ UHIHUHQFH SRLQW RYF

)LQDOO\ DZRUNDVVHVVLQIJWKHDELOLW\RI3,11VWRUHFRQVWUXFW H[S
DUDQJHRIWXUEXOHQW 5H\(RRO3Z M XPEHWKVERBDIMWRHY UHDVRQDEOH SUHG
$3*ERXQGDU\ G \AKKHDXWKRUV OLPLWHG WKH3,11fVH[SRVXUHWR GDWD
OD\HUDQG SRLQWV ZLWKLQ WKH RXWHU ERXQGDU\ OD\HU 5HDWWDFKP}
DJUHHPHQW WR H[SHULPHQWDO UHVX@WR D YWXLRXXY & HV LUFRVPLORLCD HISHD WLHFD M |
WKH 3,11 VWUXJJOHG 7KH\JR RQ WR DVVHVV WKHUHFLUFXODWLRQ ]JRQH
EXWLQWHUQDO YHORFLW\ILHOG ZDV XQVDWLVIDFWRULO\PRGHOOHG

$Q LQWHUHVWLQJ FRQFOXVLRQ WKDW WKH DXWKRUV DUULYH DW LV WKD W
DEOHLQ SUHGLFWLQJ 3,11 VXFFHVV :LWK UHJDUGY WR WKHLU VHWXS WK
PXVW EH REWDLQHG IURP WKH UHJLRQ RI LQWHUHVW H J UHFLUFXODWL
PHQWYV LQ SUHGLFWLRQ DEFFXUDF\ 7KLV EULQJV LPSRUWDQW UHOHYDQFt
VLQFH WKH\ DVVHUW WKDW 3,11V FDQQRW LPSURYH XQGHUVWDQGLQJ RI
GDWD RQ

7R FRQFOXGHRQ WKH EURDGHU WUHQGV RI 3,11 ZRUN DSSOLHG WR 3,9 GD
GDWD GULYHQLQWKHLUPHWKRGRORJ\ DQGWKHLUVXFFHVVLVGLUHFWO
IHG )RU WKLV UHDVRQ PDQ\RIWKHPHQWLRQHG XVHFDVHV OLPLW WKH 3
DQG GR QRW VWXG\ GDWD GHILFLHQW SUREOHPV ZKHUH 3,11V PD\ SURSRYV
DLPWREUHDNQHZJURXQGRQWKHWRSLF E\DVVHVVLQJWKHSUHGLFWLR
GDWD DW 5H\QROGYV QXPEHUVY QRW H[DPLQHG SUHYLRXVO\LQ 3,11 ZRUNYV



3DUW ,,

OHWKRGRORJ\ 5HVXOW)



1IXLSHSPSK]

7KLV FKDSWHU ZLOO VHUYH WR GHVFULEH WKHRYHUDOO PHWKRGRORJ\ XV
DVGHYHORSLQJWKH 'DQG '3,11 PRGHOV XVHG IRUWHVWLQJ )RUDQ RYI
FDPSDLJQV DQG PDFKLQH OHDUQL Q $ PHWKGEPRO R G\HVRD QBRERKDUW DV D
DLG 6HFWGRIQFULEHG WKH PHWKRGV XVHG WR REWDLQ H[SHULPHQWDO
7XQQHO ZKLOH GHHFRWURBHV WKH ZRUN GRQH WR SURGXFH WKH 'DQG ' 3,1

J\TIVMQIRXEP (EXE'SPPIGXMSR

7KLY VHFWLRQ ZLOO GRFXPHQW WKH HIITRUWY PDGH LQ &DOWHFKT{V /XFD'
YHORFLW\DQG SUHVVXUH GDWD RYHUWKH %RHLQJEXPSJHRPHWU\ 7KH IF
3, 9GDWDWRFRQWULEXWHWRWKHRSHQ UHSRVLWRU\RIH[SHULPHQWDO |
7TXUEXOHQFH SDJH

'HVSLWH WKH HITRUWYV GLUHFWHG DW WKH H[SHULPHQWDO FDPSDLJQ SUF
EXPS LWPXVWEHDFNQRZOHGJHG WKDW WKHVH ZHUH QRW XVHG LQ WHVV
GLVFXVVHBWQRQ@KH UHDVRQ IRUWKLVY DURVHIURP WKH QHHG WR EHJLQ 1
WKH ZLQG WXQQHO HQYLURQPHQW 7KHVH ZHUH SXUVXHG LQ SDUDOOHO
GLG QRW DGYHUVHO\DIIHFW QHXUDO QHWZRUN GHYHORSPHQW $GGLWL!
FURVV VHFWLRQ GLPHQVLRQV YDU\VXEVWDQWLDOO\EHWZHHQ WKH DED
RI :DVKLQJWRQ DQG 8QLYHUVLW\ RI 1RWUH 'DPH )RU WKLV UHDVRQ LQH
UHVXOWV KDYHEHHQDQGDUHOLNHO\WRDULVH DQGDFRQVLVWHQW VHO
OHDUQLQJWUDLQLQJ SURFHVYV

'XHWR WKHFRQWULEXWLRQRIWKHVHH[SHULPHQWDO UHVXOWVY WR WKH H
E\1$6%$ DV ZHOO DV FRQWULEXWLRQ WR IXUWKHU ZRUNV E\ FROOHDJXHV
QHQW WR LQFOXGHD GLVFXVVLRQ RI WKH PHWKRGRORJ\ 7KHLUDYDLODE
LQWHJUDWLQJ H[SHULPHQWDO GDWD LQWR WKH 3,11 PHWKRGRORJ\ WR I}
VHFWLRQ

JNTIVMQIRXEP 71XYT
7KLV VHFWLRQ ZLOO GHVFULEH WKH DVSHFW RI H{[SHULPHQWDO PHDVXUH
VWDWLF SUHVVXUH GDWD RIWKHIORZRYHU WKH %RHLQJEXPS '"XHWR WK
DQG RXWSXWV YHORFLW\ILHOGYV LW ZDV ORJLFDOWRLQYHVWLJDWH 3,9
HYWDEOLVKHG OLWHUDWXUH VXSSRUWY WKHDELOLW\RI3,11VWR VXFFH)
WKHLU WU DREKQDL W HVH H

$QLPDIJHRIWKHH[SHULPHQWDO VHWXSDV XVHGLQ WKH/XFDYLLQG 7XQQF
XUH 7KHVHWXS LY GHVLIQHG IRUFRPSDWLELOLW\ZLWK PRGHUQ IORZ P

2iiTh,ffim #KQ/2HbXH “+XM b X:QpfBM/2tX?iKH
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