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Laser light reflection mitigation in Particle Image Velocimetry (PIV) is crucial for accurate flow
field measurements. While numerous methods exist for planar PIV, fewer have been developed
for volumetric PIV systems, especially for coaxial setups like Robotic PIV. Light reflections in
volumetric PIV experiments result in high-intensity regions that corrupt particle detection and
analysis.

This study presents three novel approaches for treating light reflections in Robotic PIV ex-
periments. The first and second methods use image filtering and masking techniques in the
wavenumber space to separate particle images from reflection regions. The first technique called
Spatial Fourier Filter involves decomposing the image signal into low- and high-wavenumber
components using the 2D discrete Fourier transform (DFT). A high-pass filter is then applied to
attenuate the intensity of reflection regions. Then, the second methodology Spatial Fourier Filter +
Mask takes the resulting image from the first method and performs a step of automated adaptive
masking to remove residual reflection areas that the filtering approach is not able to eliminate.
The third methodology named 3D-based Particle Concentration Mask acts in a later stage of the
processing pipeline, creating a 3D mask on the instantaneous processed Shake-the-Box data by
analysing the particle concentration distribution over the flow domain.

The proposed methods are tested on experimental data obtained from experiments performed
with Robotic PIV on three different geometries: a side-view mirror, Formula 1 car and a propeller.
The tests were conducted at one of TU Delft Aerospace Engineering Facultyis facilities, the
W-tunnel in the High-Speed Laboratory (HSL). Comparison between raw and pre-processed
images, as well as particle tracking results, is presented.

The results from this data comparison show unsatisfactory outcomes from both Spatial
Fourier Filter and 3D-based Particle Concentration Mask, which fail to fully remove the spurious
regions. Nevertheless, the results confirm the successful removal of reflection-induced artifacts
in instantaneous images by using the spatial Fourier filter automated masking approach. The
developed image pre-processing strategy effectively removes reflection regions in Robotic PIV
images, preventing the appearance of spurious particle tracks. The method shows promising
results mitigating unsteady light reflections in Robotic PIV, improving the accuracy of flow field
measurements. Additional attention is required in the PIV sequence creation step to ensure an
adequate level of overlap between measurement volumes. This facilitates addressing the spatial
gaps introduced by the masking procedure, that have been proven to robustly be filled in by the
multi-view advantage offered by Robotic PIV.
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FRUUHVSRQGLQJ)RXULHU WUDQVIRUPYV
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3DUWLFOH FROF&HORWWWHBQH SURFHVVHG LPDJHV ZLWK 0L
WUDFWLRQ RYHUHQWLUH VHULHV IRUWKH VSKHUH FDVH
5SHSUHVHQWDWLRQ RI ZLQG WXQQHO FRQWUDFWLRQ
3DUWLFOH VHHGLQJ FRQFHQWUDWLRQ YV YHORFLW\IRU GLII
WXQQHOV FRQVLGHULQJD SURGXFWLRQ UDWH RI EXEEC
. VRODWHG UHIOHFWLRQ ELQQLQJ GDWD

5HIOHFWLRQ YROXPH REWDLQHG E\DOSKD VKDSH DSSUR|[LPTL
D 2ULJLQDO 6KDNH WKH %R[GDWD DQG E ODVNHG 6KDNH W

c 7TXQQHO DW 78 '"HOIWYV #@®/ 6RXUFH >

6LGH YLHZ PLUURU D PRGHODQG E VHWXS

JRUPXOD FDU D PRGHODQG E VHWXS

3URSHOOHU PRGHO VHWXS

([DPSOHS5RER'.LQWHUIDKH 6RXUFH >

D SRERWLFDUPDQG E LWVLQVWDOODWLRQ VHWXS
&DOLEUDWLRQ SODWHDFTXLUHG LPDJHV

9ROXPH 6HOI &DOLEUDWLRQ LQVWDQWDQHRXYVY LPDJH ZLWK L

6HW RI PHDVXUHPHQW YROXPHV DFTXLUHG IRUWKH VLGH YLI
BHW RI FRQVHFXWLYH SUH SURFHVVHG LPDJHV IURP OHIW W
ZRUWK WLPH ILOWHU DQG 6SDWLDO )RXULHU )LOWHU ODVN
BHW RI FRQVHFXWLYH SUH SURFHVVHG LPDJHV IURP OHIW W
ZRUWK WLPH ILOWHU DQG 6SDWLDO )RXULHU )LOWHU ODVN
1XPEHU RI WUDFNHG SDUWLFOHV SHUUHFRUGLQJIRU HDFK Y
6LGH YLHZ PLUURUDFTXLUHG DQG SUH SURFHVVHG LPDJHV ¥
6LGH YLHZ PLUURU ELQQLQJUHVXOWY RQ WKH <= SODQH DW
6LGH YLHZ PLUURUDFTXLUHG DQG SUH SURFHVVHG LPDJHV ¥
6LGH YLHZ PLUURUELQQLQJUHVXOWVY RQ WKH ;= SODQH DW \
6LGH YLHZ PLUURU ELQQLQJUHVXOWY RQ WKH <= SODQH DW
&ORVH XS YLHZ RI6SDWLDO )RXULHU )LOWHU DQG 6SDWLDO )
LQ 9LHZ

6LGH YLHZ PLUURUELQQLQJUHVXOWY RQ WKH ;= SODQH DW \
6LGH YLHZ PLUURUELQQLQJUHVXOWY RQ WKH <= SODQH DW
6LGH YLHZ PLUURU ELQQLQJUHVXOWY RQ WKH ;< SODQH DW ]
6LGH YLHZ PLUURU %XWWHUZRUWK 6))0DQG 6))0 ZLWK LQWHC
RQ WKH ;= SODQH DW \ PP DOO YLHZV

6LGH YLHZ PLUURU %XWWHUZRUWK 6))0DQG 6))0 ZLWK LQWHC
RQ WKH ;< SODQH DW ] PP DOO YLHZV

6LGH YLHZ PLUURU %XWWHUZRUWK 6))0DQG 6))0 ZLWK LQWHC
RQ WKH <= SODQH DW [ PP DOO YLHZV

6LGH YLHZ PLUURU ELQQHG UHVXOWV RQ ;= SODQHDW \ P!
YLHZV %XWWHUZRUWK DQG 6SDWLDO )RXULHU )LOWHU DQG ¢
6LGH YLHZ PLUURU ELQQHG UHVXOWV RQ <= SODQH DW | P
YLHZV %XWWHUZRUWK DQG 6SDWLDO )RXULHU )LOWHU DQG ¢
6HW RI PHDVXUHPHQW YROXPHV DFTXLUHG IRUWKH )RUPXOD
1XPEHU RI SDUWLFOHY SHU UHFRUGLQJIRUHDFK YLHZ )RUP.
JRUPXOD FDUDFTXLUHG DQG SUH SURFHVVHG LPDJHV RI 9L}
JRUPXOD FDUELQQLQJUHVXOWY RQ WKH ;= SODQHDW \ PF
JRUPXOD FDUELQQLQJUHVXOWY RQ WKH <=SODQHDW |
YRUPXOD FDUELQQLQJUHVXOWY RQ WKH ;< SODQH DW ] P
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YRUPXOD FDUELQQLQJUHVXOWV RQ WKH ;= SODQHDW\ PP
JRUPXOD FDUELQQLQJUHVXOWY RQ WKH ;< SODQHDW ] PP
JRUPXOD FDUELQQLQJUHVXOWV RQ WKH <=SODQHDW | PP
YRUPXOD fV %XWWHUZRUWK 6))0DQG 6))0 ZLWK LQWHQVLW\ QR
WKH := SODQHDW\ PP DOO YLHZV

YRUPXOD fV %XWWHUZRUWK 6))0DQG 6))0 ZLWK LQWHQVLW)\ QR
WKH <= SODQH DW | PP DOO YLHZV

6HW RI PHDVXUHPHQW YROXPHV DFTXLUHG IRUWKH SURSHOOHU
6HW RI FRQVHFXWLYH SUH SURFHVVHG LPDJHV IURP OHIW WR U
ZRUWK WLPH ILOWHU DQG 6SDWLDO JRXULHU )LOWHU ODVN 9LH
BHW RI FRQVHFXWLYH SUH SURFHVVHG LPDJHV IURP OHIW WR U
ZRUWK WLPH ILOWHU DQG 6SDWLDO JRXULHU )LOWHU ODVN 9LH
1XPEHU RI SDUWLFOHY SHU UHFRUGLQJIRUHDFK YLHZ SURSHOC
3URSHOOHU DFTXLUHG DQG SUH SURFHVVHG LPDJHV RI 9LHZ
3URSHOOHUELQQLQJUHVXOWY RQ WKH <= SODQH DW | PP 9Lt
6LGH YLHZ PLUURUELQQLQJUHVXOWYV RQ WKH :=SODQHDW\ F
6LGH YLHZ PLUURUELQQLQJUHVXOWY RQ WKH ;< SODQH DW ]
BURSHOOHU DFTXLUHG DQG SUH SURFHVVHG LPDJHV RI9LHZ
6LGH YLHZ PLUURUELQQLQJUHVXOWY RQ WKH ;= SODQHDW \ F
BURSHOOHU ELQQLQJUHVXOWY RQ WKH <= SODQH DW [ PP 9Lt
3URSHOOHUELQQLQJUHVXOWYV RQ WKH <= SODQH DW [ PP DO
6LGH YLHZ PLUURUELQQLQJUHVXOWY RQ WKH ;= SODQHDW \ F
6LGH YLHZ PLUURUELQQLQJUHVXOWV RQ WKH ;< SODQH DW ]
3URSHOOHU %XWWHUZRUWK 6))0DQG 6))0 ZLWK LQWHQVLW\ QRU
<= SODQHDW | PP DOO YLHZV

3URSHOOHU %XWWHUZRUWK 6))0DQG 6))0 ZLWK LQWHQVLW\ QRU
;= SODQHDW\ PP DOO YLHZV

3URSHOOHU %XWWHUZRUWK 6))0DQG 6))0 ZLWK LQWHQVLW\ QRU
'< SODQH DW ] PP DOO YLHZV

BURSHOOHU ELQQHG UHVXOWYV RQ <=SODQH DW [ PP IRUVLQ.
% XWWHUZRUWKDQG 6SDWLDO )RXULHU )LOWHU DQG ODVN
BURSHOOHU ELQQHG UHVXOWYV RQ ;< SODQH DW ] PPIRUVLQJ

%XWWHUZRUWK DQG 6SDWLDO )RXULHU )LOWHU DQG ODVN
6LGH YLHZ PLUURUUDZDQG SUH SURFHVVHG LPDJHV IURP 9LHZ
JRUPXOD FDUUDZDQG SUH SURFHVVHG LPDJHV IURP 9LHZYV

URSHOOHU UDZDQG SUH SURFHVVHG LPDJHV IURP 9LHZV



KUV QH 6C

THFKQLFDO VSHFLILFDWLRQV RI VH®GLQJ SDUWLFOHV 6RXU
THFKQLFDO VSHFLILFDWLRQV RI WKUHH BRVW SRSXODU ODVl
THFKQLFDO VSHFLILFDWLRQV RIWZR HIDPSOH@WRI UHFRUGLC

2YHUYLHZ RIPRGHOV WHVWHG
THVW PDWUL]

[LL



+PVTQFWE\

2QHRIWKHPDLQ FKDOOHQJHV LQ WKHDHURVSDFHLQGXVWU\ LV WK
XQGHUVWDQGLQJKRZDLURURWKHUIOXLGVIORZDURXQG REMHFWYV
LPSURYHG SHUIRUPDQFHDQG HIILFLHQF\ XQGHU GLITHUHQW FRQGLW
HQVXULQJ WKH VDIHW\DQG VWDELOLW\RI YHKLFOHVDQG VWUXFWXUH\
WXUEXOHQW IORZFRQGLWLRQV .QRZLQIJWKHIORZILHOG FKDUDFW
IRUFHVY OLNH WKHGUDJDQG OLIWIRUFHYV IURP ZKLFKHQJLQHHUV FDQ
GUDJ UHGXFWLRQ WHFKQLTXHYVY VWDELOLW\DQG RYHUDOO SHUIRL
PHQWDO GDWD LVHVVHQWLDO IRUYDOLGDWLQJDQG LPSURYLQJFRPS)
DOORZLQJ WR LPSURYH WKHLU DFFXUDF\DQG UHOLDELOLW\ 7KHUH
DIORZILHOGLVY HVVHQWLDO IRURSWLPL]JLQJGHVLIQV SUHGLFWLQ,
HIITLFLHQF\DQG UHOLDELOLW\RIV\VWHPV LQ YDULRXV HQJLQHHULQJ

$PRQJD ZLGH YDULHW\ RI PHWKRGRORJLHV IRUIORZ ILHOG FKDUL
ORFLPHWU\ 3,9 KDVJDLQHG PRUHLPSRUWDQFHLQ WKH SDVW IHZ \}
SURPLVLQJIORZ PHDVXUHPHQW WHFKQLTXHV 3,9LVDQRQ LQWUXYV
WKDW DOORZV WR UHWULHYH TXDQWLWDWLYHLQIRUPDWLRQ RI WKH
WV VLPSOHVW VHW XS LVWKH "RU30ODQDU 3,9 ZKLFKPHDVXUHV WKH
SODQH XVLQJD VLQJOH FDPHUD +RZHYHU WKH YDVW PDMRULW\RI 10|
IORZV

S5RERWLF 3,9LVDQH[DPSOHRID WHFKQLTXH WKDW DOORZV WR UH
ILHOG 7KH SURFHVV LQYROYHV FDSWXULQJ 'LPDJHV IURP WKUHH F
UHFRQVWUXFW WKH '"SDUWLFOHILHOGIURP WKHLQGLYLGXDO LPDJHV
2QH RI WKHPDLQDGYDQWDJHV LV LWV IOH[LELOLW\DQG DGDSWDELOL
VWXG\FRPSOH[JHRPHWULHVY RUH[SHULPHQWDO VHWXSV ZLWK GLIIL
5RERWLF3,9LQFOXGHVILUVWD V\VWHP FDOLEUDWLRQ WKHQ ZKHQ HYI
DFTXLUHG 7KHVHDUH SUH SURFHVVHG DQG WKHQ SRVW SURFHVVHG
DOJRULWKP FDOOHG 6KDNH WKH %R[ ZKLFK DOORZV WR REWDLQ WK
YROXPH

7KH SUREOHP DULVHVY ZKHQ WKH ODVHU OLJKW KLWV RQ D VROLG V
UHIOHFWLRQVY 7KHVH UHIOHFWLRQV DSSHDU ZLWK DQLQWHQVLW\ K
\LHOGLQJD FRQVLGHUDEOH LVVXH GXULQJGDWD SURFHVVLQJ 7KH UH.
H[KLELW D FRPSOHWHDEVHQFH RI GDWD FUHDWLQJ YRLGV ZLWKLQ \
WKH\FDQ LOWURGXFHLQDFFXUDFLHVLQ WKHREWDLQHG IORZILHOG Yt
LOQOWHUSUHWDWLRQV RI WKHIORZ G\QDPLFV 7KLV SUHVHQWYV D FKDC
LQIRUPDWLRQ FDXVHG E\WKHLQFLGHQFH DQJOH RI WKHFDPHUD SHUYV
TKHLPSDFWRIUHIOHFWLRQVEHFRPHVHYHQPRUHGHWULPHQWDO ZKH(



&KDSWHU ,QWURGX

GDWDJDSVEXWUDWKHU DV PLVOHDGLQJ YHORFLW\YDOXHV ZLWKL!
WKHDFFXUDF\DQG UHOLDELOLW\RIWKHLQWHUSUHWDWLRQ

&RQVHTXHQWO\ LWLV HVVHQWLDO WR GHYHORS D UREXVW PHW
WKH SUHVHQFH RI VSXULRXV UHJLRQV LQ WKH 'LPDJHV FDSWXUHG
DQG FRQWURO WKHLU LPSDFW RQ WKH HSLSRODU OLQHV ZLWKLQ \
DQG GHYHORSLQJVXFK PHWKRGRORJ\LV FUXFLDO WR DGGUHVV WK
7RPRJUDSKLF RUSRERWLF 3,9 SURFHVV DLPLQJWRLPSURYH WKH
DQDO\VLV DQG LQWHUSUHWDWLRQ

7KH PDLQ REMHFWLYH RI WKLWWURYHRADJHFK ISW RMBOR WHRXWR5D WD
WLRQVDQG HQVXUHDQ DFFHSWDEOH SDUWLFOH WUDFNLQJ E\ GH|
UHIOHFWLRQV LQ SRERWLF 3,9 GDWD

5HVHDUFK )RUPXODWLRQ

7TKHPDLQ UHVHDUFK TXHVWLRQ RI WKLY SURMHFW ZRXOG EH

t 54 +RZFDQDPHWKRGRORJ\HIIHFWLYHO\LGHQWLI\DQG PLWL.
UHJLRQV RIUHIOHFWLRQV LQ 5RERWLF 3,9 DFURVV YDULRXYV 3,

JURP WKH ODWWHU D VHW RIVXE TXHVWLRQV FDQ EHFRQVLGHU

t 564 :KLFK LPDJH SUH SURFHVVLQJ WHFKQLTXH FDQ EH DSS
UHIOHFWLRQV E\RQO\ XVLQJDQ LQVWDQWDQHRXV LPDJH"

f 564 +RZ GR UHIOHFWLRQV DSSHDU LQ WKH ' YHORFLW\ ILH
FKDUDFWHULVWLF WKDW FRXOG EHDWWULEXWHG WRDQG KHQI

t 564 KDWDUHWKHDGYDQWDJHV RI WKHGHYHORSHG PHWKRC
WHFKQLTXHV LQLGHQWLI\LQIJDQG PLWLIJDWLQJVSXULRXV UH:

t 564 :KDWDUH WKH SRWHQWLDO FKDOOHQJHV DQG OLPLWDYV
PHWKRGRORJ\DQG KRZFDQ WKHVHEHDGGUHVVHG"

SHSRUW VWUXFWXUH

7KHVWUXFWXUHRIWKHUHSRUW L\5D W VRI@MRZY O)LLW M WD &K SIVWHHLY L |
IXQGDPHQWDOV RI 3,9 DEULHIVXPPDU\RIWKHVWDWH Rl WKH DU
LQIRUPDWLRQ DERXW WKHLPSOHPHQWDWLRQ RI)RXULHUDQDO\VL\
GHOYHV LQW RZEKNHWHRKDUDFWHUL]DWLRQ RI OLJKW UHIOHFWLR
WKH WKUHH SURSRVHG PHWKRGV IRUUHIOHF\WRREQ PHW BHFWILR @ ¢
ZKHUH HDFK PHWKRG LV GHWDLOHG LQFOXGLQJLWYV WKHRUHWLF
$Q H[SHULPHQWDO FDPSDLJQ GHVFULBWWRQ QR Q ® R/Z\H L\CH&WXCES D\
XVHG WR YDOLGDWH WKH SURSRVHG PHWKRGYV 7KH UHVXOWV RI
SUHVHQWHG LQRKDSY\HVWLQJ WKH HITHFWLYHQHVV RI HDFK PHWKRG
RQIORZILHOG DQDO\VLV DEFXUDF\ )LQDOO\ WZXIHWKHD R X PRI RC
WKHILQGLQJV DQG WKHLU LPSOLFDWLRQV IRUSRERWLF 3,9 H[SHUI
IXWXUH UHVHDUFK LQ WKLV DUHD
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SDUWLFOH ,PDIJH9HORFLPHWU\

JOXLG YLVXDOL]DWLRQ E\LQWURGXFLQJVPRNHRU SDLQW LQ WKH WHV
EHKDYLRXU RIWKHIORZLQD T TXDOLWDWLYH ZD\ ORUHRYHU WKHUH
$QHPRPHWU\ +:$ RU/DVHU 'RSSOHU $QHPRPHWU\ /'$ WKDW SURYLC
DWDVSHFLILF SRLQW +RZHYHU WKHVHDUH XQDEOH WR FDSWXUH !
IORZILHOG DV ZRXOG EH XVHIXO LQ WKH FDVH RI WXUEXOHQW IORZ
9HORFLPHWU\ 379 DQG 3DUWLFOH ,PDJH 9HORFLPHWU\ 3,9 DSSHELC
LQGLYLGXDO SDUWLFOHY DUH WUDFNHG /DJUDQJLDQ IUDPHZRUN

GHQVLW\ LPDJHV &RQYHUVHO\ 3,9LV DIORZPHDVXUHPHQW WHFK(
LQVWDQWDQHRXV YHORFLW\ILHOG LQ D FURVV VHFWLRQ RI WKH IOF
ZLWKLQILQLWHUHFWDQJXODUDUHDV (XOHULDQIUDPHZRUN 7KHUHIF
WR KLJKHU GHQVLW\ LPDJHV DOORZLQJWR REWDLQ WKHWKIB®RFLW\ I
GLITHUHQFHLQ WKHVSDWLDO UHVROXWLRQV EHWZHHQ ERWK PHWKRC(

JLIXUH &RPSDULVRQ RI VSDWLDO UHVROXWLRQ EMMWZHHQ 379 DQG 3,¢

%WRWK WHFKQLTXHVY UHO\RQ WKH GHILQLWLRQ RI YHORFLW\

. S
u=Ilim oft

ZKHU$LVY WKH GLVSODRHMPKIHQWILIPHHGYWHS VHSDUDWLRQ EHWZHHQ WZR F
DFTXLUHG 379LVUHVWULFWHG WR ORZ VSHHGIORZV IRULQVWDQFH
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ZLWK VHSDUDWLRQ RUUHFLUFXODWLRQ UHJLRQV 3,9LV PRVWO
WKH FRQWLQXRXV GHYHORSPHQW DQG LQQRYDWLRQ LWV SRSXC
HQYLURQPHQW LV ULVLQJ )RULQVWDQFHLQ WKHGHYHORSPHQV
ZLQG WXUELQHV VSUD\V PX@WL SKDVHIORZV HWF >

JLIXUHVKRZVDQH[DPSOHRIVHW XSIRUSODQDU3,9DEOH WR PHD"
ZLWKLQ WKHIORZILHOGLQD SODQHL@®@D ZLQG WXQQHO & '3,9

JLIXUH 6NHFWK RIDVHW XSIRU & "3,9LQDZG®QRG WXQQHO 6R.

7TUDFHU SDUWLFOHV DUHLQWURGXFHG VE&RRWIKKH @/RZ LGRROD\L}
SDUWLFOHVY XVHG LQ 3,9

7TDEOH 7THFKQLFDO VSHFLILFDWLRQV RI VHBGLQJ SDUWLFOHYV

YOXLG ODWHULDO m' L D'MHHW HMY 3
$LU "(+6 1 3 10°
*O\FRO ZDWHU VRO XWIL RQ 10°
9HJHWDEOH RLO 1 3 10°
TiO, 02 05 1 4 10°
:DWHU IDWH]I 5 50 13
6SKHULFHOO 10 100 Q95 1.05 1C°

6LOYHU FRDWHG KROORZ3DODOGV VS K HXJ 1OV

7KHVLI]HRI WKHVH SDUWLFOHV LV QRW DUELWUDU\ :KHQ FRPSDL
LVQRUPDOO\PXFK KLIKHU WKDQ WKDW RI WKHIOXLG 7KHUHIRUH
VXIILFLHQWO\VPDOO VR WKDW WKHIORZLVPLQLPDOO\GLVWXUEHG
EHFDXVH RI WKLY DQG WKH\FDQ SURSHUO\IROORZ WKHIORZ PRW
RSSRVHV WKLV UHTXLUHPHQW WKH SDUWLFOHV DOVR QHHG WR VFI



SDUWLFOH ,PDJH 9HORFLPHWU\

FDSWXUHG E\WKH UHFRUGLQJGHYLFH 7KHHIILFLHQF\LQ KRZ ZHOO WK
RQ WKHUDWLR RI WK HEHd 6D 2 WHNW K GRFEDO VS H HE LRI W KHKWE B 8 G

RIOLJKW LQ YDFXXP RIWKH SDUWLFOHV WR WKDW RI WKH IOXLG WKI|
DQG WKH SDUW ldf OMK @ LODPHMW WUV KH SDUWLFOH GLDPHWHU WKH PRUH O
VDPH WLPH WKHKLJKHU WKH GDQJHU WR GLVWXUELQJ WKH IORZ ILHO
ZKHQ FKRRVLQJ WKH ULJKW SDUWLFOH VL]H $Q DOWHUQDWLYH RSW
WKH WUDFHU SDUWLFOHV ,Q WKLV FDVH ZKHQ WKH G\HLQ WKH SDUWL
DWD ORQJHU ZDYHOHQJWK ZKLFK IDFLOLWDWHY GLVWLQJXLVKLQJE
DUWHIDFWV LQ WKHHQYLURQPHQW $GGLQJD G\HLQWR WKH SDUWLFC
SURGXFWV ZLWK GHQVLW\ FORVH WR ZDWHU LV DFKLHYDEOH EXW LQ
REWDLQ VLPLODU GHQVLW\VXFK WKDW WKH EXR\DQF\LV SUHVHUYHG

,QRUGHU WR PDNH WKH WUDFHU SDUWLFOHV YLVLEOHDQG FOHDUO\C
XVHG DV LOOXPLOQDWLRQ VRXUFHV 6RPHRIWKHSURSHUWLHY WKDW |
DUH WKDW WKH\ FDQ SURGXFH D SXOVHG FROOLPDWHG SDUDOOHO W
EHDP WKDW FDQ EH HDVLO\ VKDSHG LQWR D WKLQ OLJKW VKHHW 7KH P
ZLWK 3,9 DUH OLVWHG LQ 7TDEOH

7TDEOH 7THFKQLFDO VSHFLILFDWLRQV RI WKUHH BRVW SRSXODU ODV

7\SH :DYHOHQJWK >QP@ 3RZHURU SXOVHHQHUJ\ 5HSHWLW
SUJRQ LRQ : &:

1G <$* P-

1G </) P -

7TKHPRVW FRPPRQ OLJKW VRXUFH XVHG IRU 3,9 H[SHULPHQWYV LV WK
QHRG\PLXP GRSHG \WWULXP DOXPLQLXP JDUQHW ODVHU 1G <$* $OR
DUHDGGHG WR WKH VHW XS WR JHQHUDWH WKHDSSURSULDWH ODVHU
DOORZLQJNHHSLQJ WKH VKHHW WKLFNQHVV FROWDMEW OV VYPDH® DWHOG
WZLFH ZLWKLQ D YHU\ VKRUW DQGCGNQRZQOWALWHKHQWHUMWIMHG WR REWI
GLVSODFHPHQW RI WKH SDUWLFOHVY EHWZHHQ WKH FRQVHFXWLYH IULC

&RPPRQO\D &&' RU &026 FDPHUD FRQIRUPV WKH UHFRUGLQJ V\VWFE
I[IUDPHV SHU VHFRQG ISVLQ+] KDVWREHVXIILFLHQWHQRXJKWR HQDE
JLYHQ WKRMHLPH VHSDUDWLRQ EHWZHHQ WVBORAW WK WKW FLDIEFKDHVLRQV
FDPHUDV WA\SLFDOO\ XVHG LQ 3,9

7TDEOH 7THFKQLFDO VSHFLILFDWLRQV RIWZR HIDPSOHWRI UHFRUGLQJ V

7\SH 6HQVRU 3L[HO VL]H )UDPHUDWH ([SRVXUH
ID9LVLRQ V&026 E LW N+] s ms
SKRWURQ )DVWFDP 6% BLW $'& N+] ISV VR

7KH LPDJLQJ VI\VWHP LV FKDUDFW HU LI DX EE HW VR B EYADPA S Q JW K
ZKHDHY WKH OHQV DSHUWXUH GLDPHWHW DIQK @ B W IWHHRIDLIND G H.IF MW GRE
UDW&RMAIH GLVWDQFH EHWZHHQ WKH LBDWHK I$ GD QW DQBHOEHQWZHHRI® W K

DQG WKH REMHFW SODQH
1 1 1 _d

dtd T M=%
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,GHDOO\ LI WKHWUDFHU SDUWLFOHV ZHUH ¥ 5B WAMXUHHSDE\WLK D HRD.
ZRXOG SUHVHQW D GLDPHWHU RI

dgeoszdp
ZKHUJpl—LV WKHHITHFWLYH SDUW ILNOMKGLDP HNHUFDWE R Q

IHYHUWKHOHVV LPDJLQJV\VWHPV DI@EH BKIHFWHIGFEN GERAXD ¥ KK |
OLJKW ZDYHV LPSLQJHRQ DQ RSDTXH VFUHHQ FRQWDLQLQJD FLUF
IDU ILHOG GLIIUDFWLRQ SDWWHUQ LV JHQHUDWHG DV VKRZQ LQ )L

D E

JLIXUH 'LIITUDFWLRQ H[DPSOH ZLWK D ODUJHUDQG @ VPDOOHUD

7KH XVH RIDOHQVDOORZV WKHIDUILHOG SDWWHUQ WR EH LPI
ZKHQ D SRLQW LV WREHLPDJHG HJ DVPDOOVFDWWHULQJSDUW
DSSHDU DV D SRLOQW LQ WKH LPDJH SODQH EXW DSSHDUV DV D GL
E\D SHUIHFWO\DEHUUDWLRQ IUHHOHQV 7KH SDWWHUQ LPDJHG |
GLVWULEXWLRQGIDMROHGWKH ULQJV DURXQG WKH PD[LPXP VKRZLQJ
DUH FDRROMGLXQRIJXUH 7KH OLJKW GLVWULEXWLRQLQ WKH $LU\GLVI

JLIXUH $LUV\GLVN DV DSHUWXUH FKDQEBRWWRRSERXUF@® >

*DXVVLDQ LQWHQVLMW\>@ VWULEXWLRQ

(x_x0)?

I (X) = Imax € 2



SDUWLFOH ,PDJH 9HORFLPHWU\

ZKHUEK LV WKH PD[LPXP YDOXIHLIRI-HSQM\/\HFQ)/WW\WKH UDGLXV RI WKH *L
LQWHQVLW\ SURILOH D GIRWW BRH LR WERHU WR DSSUR[LPDWH GLIIUDI
LPDIJL@ >

&RQVLGHULQJWKHLPDJLQJV\VWHP FRQILIXUDWLRQDQG WKHVL]HR
WKDW OLPLWY WKHPLQLPXP SDUWLFOH LPDJH GLDPHWHU FDQ EH DFFF

dyiff =2:44 (1 + M )f

7KH GLDPHWHU R 8K HUHIS D HBMWQAWY WKH VPDOOHVW SDUWLFOH LPDJH W
DJLYHQLPDJLQJV\VWHP +HQFH DQDFFHSWDEOHHVWLPDWHRIWKH S
WKH (XFOLGHDQ VXP RI WKHJHRPHWULF SDUWLFOH GLDPHWHU DQG W

- 2
d = dgeom+ dis

,Q 3,86t LV PRUH SUHGRPLQDQW ZKHQ UHF R LHZLBLFWURI/O 5 VAP DR
PDJQLILFDWLRQV 2Q WKH FRQW U DdydonVEKIFBRRFHPWUHFVGIQPHWBQW L
FDVHRI ODUJHU SDUWLFOHV DQG RU ODUJHU PDJ@IKHROLWH RQW K$IV C
$LU\GLVN GHSHQGV RQ WKH DSHUWXUH $ VPDOOHU DSHUWXUH ZLOO S
D ODUJHU DSHUWXUH

7KH SDUWLFOH LPDJH GLDPHWHU LR@AHIZRHG &ED UWKIDAMMOLIHRIOPDJHYV DUH
LH ZKHQ WKH OLJKW \zK HHWPW IOICAHHNQWYX DY Q WKH IRFDOZGRH WKKIRU GHS
RSWLFDO VA\VWHP JLYHQ E\

2
z = 2f ddiff%=4:88’:2 %

"KHQ WU\LQJ WR UHFRUG VXFK VPDOO REMHFWY OLNH WUDFHU SDUV
QHHGV WR EHDFFRXQWHG ,I| WKH SL[HO VL]HH[FHHGV WKH VL]H RI W
WKHHQWLUH SRVLWLRQ RI WKH SDUWLFOH LQFOXGLQJLWY OLJKW L(
LQ)LIXUKWMWHIW 3DUWLFOHLPDJHV VLIHV VKRXOG EHEHWZHHQ =+ Sl
SHDN ORFNLQJHUURU W®R BGPLQLPDO OHYHO >

JLIXUH 'LIJLWDO LPDJLQJRIVPDOO S@OBUWLFOHV 6RXUFH >

'KHQ WZR FRQVHFXWLYH UHFRUGLQJV KDYH EHHQ DFTXLUHG WKH
VHFWLRQW WO OBIRIDWLWER ZWFRRAWVDLQ D VWDWLVWLFDOO\ VLJIQLI
SDUWLFOHV 7KHLQWHUURJDWLRQ ZLQGRZV IURP HDFK LPDJH IUDPH DI
SL[HO E\SL[HO 7KLV SURFHVV UHWXUQV WKH GLVFUHWH FURVV FRUUH
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SRVLWLRQ UHODWLYH WR WKH RULJLQ LQGLFDWHY WKH DYHUDJF
VFDOH LV D SL[HO ZKLFK PHDQV WKDW WKH UHVXOWLQJ SDUWLFO
QXPEHU RI SL[HOV WKDW WKH SDUWLFOH KDV PRYHG LQ WLPH 7K
LPDJH GLVSODFHPHQW ZLWK VXE SL[HO SUHFLVLRQ WKHFRUUHOD\
LWV PD[LPXP 7KLV LV FRPPRQO\GRQHE\DSSUR[LPDWLQJ WKH FUR)
FXUYH %\UHSHDWLQJWKH SURFHVV WR WKH ZKROH LPDJH DUHD W
GRPDLQ LV REWDLQHG

JLIXUH 6NHWFK RI FURVV FRUUHODWLRQ DQG SHDN VHDUFKIRU®HORFL'

3, 9 SUHVHQWV VHYHUDODGYDQWDJHV WKDW PDNHV WKHWHFKQL"
YHORFLW\ PHDVXUHPHQW ZKLFKPHDQV WKDW QR REMHFWV WKDW
RIWKHIORZ GRPDLQ DUHLQWURGXFHG LQWR WKH IOXLG 7KLV H
FRPSDUHG WR RWKHU WHFKQLTXHV OLNH KRW ZLUH YHORFLPHWU\
ILHOG WHFKQLTXH WKHUHIRUH LW GRHVY QRW SURYLGH SRLQW LQI
FDSWXULQJLQVWDQWDQHRXVDQG WLPH UHVROYHG LQIRUPDWLR

JLIXUH 30DQDUDQG 6WHUHR 3,9 VHW XSV 6RXUFH >

30DQDU3,9 ' & ZDVLQWURGXFHGLQ WKHGHFDGHRIWKH TV D\
WHFKQRORJ\WR PHDVXUH LQVWDQWD Qi ®XQGVZZR/ KHQ RAKHVS GRO 83
Xy 6LQFHWKHQLWKDV EHHQ XVHGLQD ZLGH YDULHW\RIDUHDV
RI'WKH DJLPXWKDO SRVLWLRQ RI WKH PHDVXUHPHQW SODQH LQ D IX



SDUWLFOH ,PDJH 9HORFLPHWU\

EODGHWX@E LU/ D HW DO SHUIRUPHG '"3,9 H[SHULPHQWV RQ WKH IOR
LQFURVV I@RBULWR HW DO XVHG WKHWHFKQLTXH WR JHW WKH IOR:
DFRLOHG FRSS@U®SBQLHE®PBO\VLVY RIPXOWLSOHDLU MHWV LPSLQJLQJF
FDUULHG RXW E\ %D @ERQDVKW DLAHOG RI VSRUWYV DH U@ G RDOP\WHM - X |
WKUHH GLITHUHQW ELNH ZKHHO WLUHV LQ FURVYV ZLQG FRQGLWLRQV ZlI
'"HOIW 2SHQ -HW )DFLOLW\

7KHPHDVXUHPHQWRIWKHLQVWDQWDQHRXV YHORFLW\YHFWRUILHO
UVDQB ZLWKLQ DWZR GLPHQVLR @ DIOVSSR/YH BRI KD QNV WR SODQDU V
3,9 ' & %\LQWURGXFLQJDVHFRQGFDPHUD LQ D QDIHEIPRIQ V HE WHMXS
WKDW WKH ODVHU VKHHW KDV D FHUWDLQ WKLFNQHVV WKH WKLUG )
WKH RXW Rl SODQH YHORBLWSRRPSRQBDHW>DO XVHG ODUJH VFDOH
PHDVXUHPHQWV RQ D SODQHFURVVHG E\D F\FOLVWWRDQDO\VH WKH IO
> @ 7KLV WHFKQLTXH KDV DOVR EHHQ LPSOHPHQWHG RQ WKH KHDOW
RIWKH UXSWXUH ULVN RI LQW@D R DIXHDOLQGHIMQH VBVIEHOG DOVR PDN
WKLV WHFKQLTXH VRPHVWXGLHVLQYROYHWKHDQDO\VLV RI WKH Z|
WXUELQH 9®7MRUY URWRU+ZDNHDQG ZDNH+ZDNH®@QWHUDFWLRQ RI 9%

JLIXUH 30DQDU 3,9 UDZLPDJH® 6RXUFH >

"OROXPHWULF 3,9

30DQDUDQG VWHUHRVFRSLF 3,9 SURYLGH LQIRUPDWLRQ DERXW WKH Y
WXUEXOHQW IORZV DUH QDWXUDOO\ ' 7KHUHIRUH LQ RUGHU WR EH D
VKRXOG EH UHVROYHG LQ DOO WKUHH GLPHQVLRQV ZKLFK LV QRW SRV
$Q DSSURDFK WKDW FDQ EHIROORZHG WR UHWULHYH LQIRUPDWLRQ
BWHUHR 3,9 ZKLFK FRQVLVWVY RQ SHUIRUPLQJPXOWLSOH 'SODQHV P
WKHP WRJHWKHU LQWHUSUHW WKH YHORFLW\ ILHOG LQ D 'VSDFH
WXUEXOHQW ERXQGDU\ OD\HU 1@ PXRIORQ EXICOHQWSRL IWHISL Q ZDOO E
> @ E\ XVLQJ PXOWLSODQH 6WHUHR 3,9 2Q WKH PHGLFDO VLGH WKH
RIDKXPDQ OXQJLVDOVR VWXGLH®@ E\ BADQ\GRUMWKNLD & BHFKQLTXH +
WKLV SURFHVV KDV OLPLWDWLRQV ZLWK LWV DSSOLFDWLRQ 2Q RQH V



&KDSWHU /ILWHUDWXUH

WKH GLITHUHQW 'SODQHV LV QRW LQVWDQWDQHRXYVY VLQFH WKH
FRQVHTXHQFH WKLV WHFKQLTXH ZRXOG RQO\VXLWDEOH LI WKHDF
WKDQ WKH PLQLPXP WLPH VFDOH RI WKHIORZ $0OVR KLJK VSHHC
LQFUHDVHV WKH FRVW RI HISHULPHQW

JLIXUH 7RPRJUDSKLF 3,9 VHW X% 6RXUFH >

, Q (OVLQJID HAWLMAWVPRGXFHG 7TRPRJUDSKLF 3SDUWLFOH ,PDJH 9!
3,99RU7RPR 3,9 ZKLFK WKDQNV WR WRPRJUDSKLF UHFRQVWUXFW
DOORZLQIJWR FDSWXUHLQVWDQWDQHRXV WKUHH GLPHQVLRQDC
ZRUNLQJ SULQFLSOH LV VLPLODU WR SODQDU 3,9 WKH YHORFLW\ IL
SDUWLFOHV IURP WZR VXEVHTXHQW LPDJHV +RZHYHU WKHUH DL
ERWKDSSURDFKHGHSURKWN D VLPSOLILHG VHW XS IRU 7RPR 3,9

7KHLPDJLQJ RIWKHWUDFHU SDUWLFOHV LQ D 7RPRJUDSKLF 3,91
WLRQ LOQWHQVLW\W\SLFDOO\DQ RUGHU RIPDJQLWXGH VPDOOHU W
RIWKHODVHU EHDP RYHU D ODUJH FURVV VHFWLRQ 7KH SUREOH
RSWLFDODSHUWXUH KLJKI QXPEHU RIWKHLPDJLQJV\VWHP QHHC
WKH ZKROH PHDVXUHPHQW GHSWK $V D UHVXOW WKH SHDN LQW't
DOPRVWDQRUGHURIPDJIQLWXGH ZKHQ WKH YROXPHGHSWK LV GRX
FRXQWV RI SDUWLFOH LPDJHV UDUHO\H[FHHG D IHZ KXQGUHGYV

7KH VDPH WUDFHU SDUWLFOHV GHD/G DIOBHRGEIHY XoWHFAWILRRRY R O X F
+RZHYHU LQ QHXWUDOO\EXR\DQW +HOLXP ILOOHG 6RDS %XI
DQDOWHUQDWLYH WUDFHU SDUWLFOHV WR RYHUFRPH WKH OLPLW
> @ 7KHVHFRQVLVWRIVRDS EXEEOHV ILOOHG ZLWK D JDV WKDW K
KHOLXP %\FRPSHQVDWLQJWKHZHLJKW RI WKHVRDS ZLWK WKH YR
EXR\DQF\FRQGLWLRQ FD@ EFKPEWD VORH W KHLU GLDPHWHU RI P
WLPH RI OHV VWWKD@WWHU [ PRUBPPOGHDKWLWFROBIY LW PDNHV WKHE
ODUJH VFDOH 3,9 379 H[SHULPHQWV LQ WKH ORZHU VXEVRQLF UHJ!

7KH PHDVXUHPHQW IORZ GRPDLQ LV QRW D SODQH EXW D YRO>
YROXPH WKH WKLFNQHVV RI WKH ODVHU OLJKW VKHHW LV H[SDQ
LQWHQVLW\RIWKHOLJKWLVLQYHUVHO\SURSRUWLRQDO WR WKH W
WKH ODVHU HISDQGV LW LV OHVV FRQFHQWUDWHG PDNLQJLWYVLQ
WKHUDQJH RIPHDVXUHPHQW YROXPH VL]H DEOH WR LOOXPLQDWH
WUDFHU SDUWLFOHYVY 7KHODWWHU OLPLWDWLRQLVDOVRUHODWHC(



SDUWLFOH ,PDJH 9HORFLPHWU\

WR WUDFN WKH SDUWLFOHY DOO RI WKHP QHHG WR EH LQ IRFXV DFURV
GRPDLQ 7R DFKLHYH WKLV WKHIRFDO GHSWK RIDOO WKH FDPHUDYV
QRUPDOO\LV SRVVLEOH E\LQFUHDVLQJWKH QXPHULFDO DSHUWXUH
PDWFKHV WKH WKLFNQHVYV RI WKH YROXPH LOOXPLQDWHG 7KLV FDC
DGDSWHUV WKDW DOLJQ WKH IRFDO SODQH ZLWK WKH PLG SODQH RI W
FRQGLW@R@ >

7TRPRJUDSKLF UHFRQVWUXFWLRQ
7TRUHWULHYH WKHLQVWDQWDQHRXV PHDVXUHPHQW RIDOO WKUHH Y
PHDVXUHPHQW YROXPH ' & DWOHDVWWKUHHFDPHUDY SRLQWLQJ .
PHDVXUHPHQW YROXPHDUHUHTXLUHG 7KHPRUHFDPHUDV DUH XVHG
RQ WKHSDUWLFOHV IURP GLITHUHQW DQJOHYV ZKLFKLQFUHDVHY UHFF
VHW XS DV VKRZQ LQAQRXIX®BILUV RILPDJHV ZLWK GLIIHUHQW YLHZV DU
LPDJHUHFRUGLQJV DUHDFTXLUHG WKH WRPRJUDSKLF UHFRQVWUX
SODFH ZKLFKLVEDVLFDOO\D PDSSLQJIXQFWLRQ EHWZHHQ LPDJH DQC

JLIXUH 7RPRJUDSKLF 3,910RZ FK®OBUW 6RXUFH >

7TKHPHDVXUHPHQW YROXPH FRQWDLQLQJ WKH SDUWLFOH GLVWULE
"DUUD\RI FXELF YR[HO HOHPHQWYV ZLWK WKHLWIR@QWRMIVHIDOXH ¢
HTXLYDOHQWRID 'SL[HO 7KHJUD\YDOXHV RIHDFK SL[HO IURP HYHU'
YR[HO VSDFHE\D ZHLJKWLQJ PDWUL[ZKHUH WKH GLITHUHQW YDOXHV D/



&KDSWHU /ILWHUDWXUH

'"LPDJHVDUH UHFRQVWUXFWHG LQWR WKH 'SDUWLFOH GLVWULE X
UHFRQVWUXFWLRQ DOJRULWKP OXOWLSOLFDWLYH $OJHEUDLF 5
OLIJKWLQWHQVLW\ GLVWUL@ XWHQ WKHWRKKMR[EDPPHQVLRQDO F
SHUIRUPHG DOORZLQJWRUHWULHYH WKH "YHORFLW\ILHOG ZLW

JLIXUH 9ROXPH VHOI FDOLEUDWLRQ 5HG OLQH RULJLQDO SURMHFWLF
SRVLWLRQ GRWWHG JUHHQ OLQH FRUUHFWHG EDFN SURMHFWLRQ VR

,QRUGHU WR PLWLJDWH UHFRQVWUXFWLRQ L& BRF BXOUWDW K H \F DP F
PXVW EH GRQH (DFK FDPHUD UHFRUGV LPDJHV RI D UHIHUHQFH
YLHZY 7KHQ WKH SDUWLFOHV RUFDOLEUDWLRQ SRLQWV DUH GHW
SHUIRUPHG 'XHWRLQDFFXUDFLHVY LQ WKH FDOLEUDWLRQ IXQFWL
DUHLPDJHGDW VOLJKWO\VKLIWHG SRVLWLRQV L% WKHFEDRBHQD WKIMBI
YDULDWLRQV DFURVV WKH VHW RI SDUWLFOHYV ZLWKLQ D ORFDO VXE
OHDGLQJWRFRUUHFWLRQVLQ WKHFDOLEUDWLRQIXQFWLRQ 7KLV
EHWZHHQ LPDJH FRRUGLQDWHV DQG WKH REMHFW RU SK\VLFDO VS

JLIXUH VKRZV WKH UHVXOWLQJ GLVSDULW\PDSV RIDFDOLEUDYV
WRPRJUDSKLF 3,9 VHWXS ZKHUH WKH WRS OHIW VKRZV WKH UHIHU|
ERWWRP OHIW VKRZDFFHSWDEOH FDOLEUDWLRQ UHVXOWY ZLWK
HDFK TXDGUDQW ZKHUHDV WKH ERWWRP ULJKW SUHVHQWY GLV.
GLVSODFHPHQW DIWHU FDOLEUDWLRQ 7KH TXDOLW\ RI WKLV S|
UHFRQVWUXFWLRQ VWHS

2QH RIWKH PDLQ LVVXHV RI WKLV W H F KIKIRTVAH $ D WNRKHHYBISISMGIHD D D
QXPEHU RI SDUWLFOHY WKDW DSSHDU ZLWK UHVSHFW WR WKRVH
VXUHPHQW YROXPH 7KLV SKHQRPHQRQ LQFUHDVHV ZLWK KLJKHU S
DQG WKH OHQJWK RI WKH OLQH RI VLJKW LQ WKH YROXPH $Q LQFU}
SHUFHQWDJH RI JKRVW SDUWLFOHV WKXV GHFUHDVLQJ WKH UHFR
WLPH D ODUJH QXPEHU Rl SDUWLFOHY DOORZV D KLJKHU VSDWL
D SRWHQWLDOO\ KLJKHU VSDWLDO UHVROXWLRQ +HQFH D KLJK
FRQVLGHULQJWKH HIITHFW RI JKRVW SDUWLFOHV $ ZD\WR PLQLPL
RIFDPHUDV WKLV DOORZV FDSWXULQJWKHPHDVXUHPHQW GRPD
LPSURYLQJWKH WULDQJXODWLRQ RIUHDO SDUWLFOH LPDJHV LQ W
WKH KLJK SURFHVVLQJ WLPH UHTXLUHG IRUWKH 'UHFRQVWUXFV
ZKLFK VXSSRVHV D KLJK FRPSXWDWLRQDO FRVW
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