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ABSTRACT

Thepresentthesisisconcernedwithafastandprecisecorrelation

measurementuslngbinarizedspeckleslgnals・Inthispaper）thestatistical

PrOPertiesofclippedspeckleslgnalsareinvestigatedandtheimplementation

Ofanopticalnonlinearcorrelatorispresentedbasedonthem・

Theaccuracyofthepeakdetectioninspecklecorrelationtechniqueis

StudiedbyuslngaCOmPuterSimulation・Thecomputersimulationfor

VariousopticalsystemsshowsthattheclipplngteChniquehastheadvantage

Oftheaccuratepeakdetectionofthespecklecross－COrrelationfunction・

ThedifferencesoftheaccuracyofthepeakdetectionsamongloglCalAND，
●

loglCalNOR，loglCalXOR，andclippedintensitiesofland－1fortheclipped

COrrelationarestudiedtheoreticallyandexperimentally・Theobtained

resultsshowthattheaccuracyofthepeakdetectionsvariesdependingonthe

intensitythresholdlevelandtheemployedloglCaloperations・However，itis

PrOVedthatthelogicalXORand（1，－1）Operationsareequivalenttoeach
Other．

Tocalculatethecorrelationfunctionofatw0－dimensionalspeckle

intensity，themethodoftheopticalparallelprocesslnglSemPloyed・Forthis

PurPOSe，theintensityandphasemodulationcharacteristicsofaliquidcrystal

television（LCTV）asaspatiallightmodulatorareinvestigated．Theeffects

Ofthebinarizationforthespeckleslgnalsonthediffractionefficiencyare

alsodiscussedtheoreticallyandexperimentally・Basedontheresults，the

OPticalcorrelatorsfbrspeckleinterferometryareproposedbyuslngLCTVs

andnonlinearOpticRAMdetectors．
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Chapterl．PREFACE

Sincetheadventoflaser，thespecklephenomenahaveattractedstrong

attentionofmanylnVeStigatorsandhavebeenstudiedbythem・Asaresult，a

WidevarietyofapplicationsuslngSPeCklepatternshavebeenfoundupto

now・InthoseapplicationsoflaserspecklepatternsItheintensitycorrelation

techniqueisoftenusedtodeterminethetransientorthedynamic

Characteristicsofalightscatteringobject．However，ittakesalongtimeto

PrOCeSStheslgnalinanormalcorrelatorbecausetheslgnalmustbedigitized

throughanA／Dconverterwhichhasseveralgrayscalesandthedigitized

Slgnalmustbeprocessedbyuslngfull－bitregistersandmultiplexers・

AlthoughthefastFouriertransfbrm（FFT）methodisoftenusedtoreduce

theprocesslngtime，itisnotenoughtorealizethe一一real－timecorrelator一一

RecentlyithasbeenrecognlZedthattheclippedcorrelationtechniqueisa

usefulmethodforthespecklemeasurements・TheclipplngCOrrelation

techniqueisveryusefulIbecausetheelectronicsrequlredtoprocessthe
●

Slgnalaresoreducedthatthecorrelationfunctioncanbecalculatedquickly：

Nbit－Shiftregistercanbereducedto1－biton－Offregister；multiplexerscan

bereplacedbysimplelogicalgates（AND，XOR，andsoon）．Theideaof

theclipplngCOrrelationanditsapplicationshavebeenpresentedbyseveral

investigators・1－9Themainpurposeofthisthesisishowtoimplementafast

andprecisemeasurementuslngbinarizedspeckleslgnals・ForthispurposeI

Statisticalpropertiesofclippedspeckleslgnalsareinvestigatedandasystem

implementationforanopticalcorrelatorispresented・

Chapter2discussesabriefsummaryofthefundamentalpropertiesand

basicfbrmulationsofdoublyclippedsignalofspeckleintensity・

Chapter3discussestheaccuracyofthepeakdetectionofthespeckle

COrrelationfunction・Thedependenceoftheintensityclipplngthresholdon

theaccuracyofthepeakdetectionis verylmPOrtantinthepracticaluseof

theclipplngCOrrelationtechnique・However，itisdifficulttoperformthe

explicitanalysISOntheproblem・Therefore，theaccuracyofthepeak

detectioninspecklecorrelationtechniqueisstudiedbyuslngaCOmPuter

Simulation・Theshapeoftheclippedcorrelationfunctionsharpenscompared

Withthenonclippedone・Itisexpectedthatthepeakpositionoftheclipped

CrOSS－COrrelationfunctioncanbedeterminedmoreaccuratelythanthatof

thenonclippedone・Thecomputersimulationforcertainopticalsystems

1



ShowsthattheclipplngteChniquehastheadvantageoftheaccuratepeak

detectioninthespecklecross－COrrelationfunction．

Inchapter4，SeVeralmethodsoftheloglCaloperationsfortheintensity
●

ClipplngareStudiedtoevaluatetheaccuracyofthepeakdetectionofthe

Clippedcorrelationfunction・Thetheoreticalbackgroundoftheclipped

COrrelationfunction byuslngSeVeralloglCaloperationsisdiscussed．The

differencesoftheaccuracyamongloglCalANDIloglCalNOR，loglCalXOR，

andclippedintensitiesofland－larestudiedtheoreticallyand

experimentally・Theobtainedresultsshowthattheaccuracyofthepeak

detectionsvariesdependingontheintensitythresholdlevelandtheemployed

logicaloperation・However，itisprovedthatthelogicalXORand（1，－1）

0perationsareequlValenttoeachother．

Inchapter3and4，theanalyseshavebeendevotedtoone－dimensionall－bit

digitalclipplngCOrrelationforspeckleintensity・However，fbrthecasesuch

asthevectorvelocityanddisplacementmeasurements，Wehavetotreata

two－dimensionalspeckleintensitypattern・Thedirectapplicationoftheone－

dimensionalclipplngteChniquetothisproblemseemstobealmostimpossible

becauseofthecomplicatedhardwaredesignandthe costfortherealization．

Thus，aneWCOnCePtisrequlredtosettletheproblem・Themostuseful

Candidateistheopticalparallelprocesslngforthetw0－dimensionalsignal・

ThematchedfilterlngintroducedbyVanderLugtisoneoftheearlyand

famoustechniquesinopticalinformationprocesslng・10Goodmanalso

PrOPOSedanalternativeapproachtoit・11Althoughthetechniqueswerevery

usefulonestoimplementanopticalparallelprocesslng，theywereinefficient

forareal－timepurposebecausephotographicfilmswereusedinthose

technique．

Tosettletheproblem，SPatiallightmodulators（SLMs）insteadofthefilms

havebeendeveloped・12，13Becauseofinterestingftaturesofthedevicesuch

asincoherent－tO－COherentimageconversion，SPatialinfbrmationstorage，and

lightamplification，alotofstudiesuslngthosedeviceshavebeendoneby

manyresearchers・Hornerhasstudiedthetheoreticalbackgroundfbrtheuse

OfSLMsinopticalpatternrecognition・14－20Javidihasanalyzedtheoptical

COrrelationanddeconvolutionproblemsbasedontheoperationofSLMs・21－

35　TheapplicationsofSLMsforinformationprocessinghavebeen

experimentallyconductedbyYuIet・al・36，37Inspiteofthosestudies，the
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SLMshavenotbeenstillwidelyusedbecauseoftheircostsandproblems

SuChassensitivityforlightandlowspatialresolution・

Ontheotherhand，aliquidcrystaltelevision（LCTV）hasbeenrecently

used asaspatiallightmodulatorinthefieldofopticalinformation

PrOCeSSlngbecauseofthelowcostofthedeviceandtheeaseofthe

COmmerCialavailability・38－46In chapter5Itheintensity and phase

modulationcharacteristicsofLCTVasaSLMareinvestigated．Theeffects

Ofthebinarizationfbrthespeckleslgnalsonthediffractionefficiencyare

alsodiscussedtheoreticallyandexperimentally．Basedontheresults，the

SyStemCOnSiderationsfortheopticalcorrelatortoprocessthetwo－

dimensionalspeckleintensitypatternareglVen・

In chapter6，theopticalcorrelatorsforspeckleinterferometryare

PrOPOSedby usingLCTVand nonlinearOpticRAM detector・To

demonstratetheusefulnessofthesystem，thevectorvelocitymeasurementof

alightscatteringobjectispresented．
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Chapter2．　　FtJNDAMENTALS OFSPECKLE CLIPPING

CORRELATION

Toovercomethepracticaldifficultiesofafastreal－timedigitalcorrelator，

theprocedureofclipplngOrOne－bitquantizationofaslgnalisfrequently

used・ThedigitalcorrelatorusuallyconsistsofanN－bitshiftregister（Nis

thenumberofdigitizedbitsofasignal）andmultiplexers．Therefore，the

SPeedofthecalculationislimitedbythebitsoftheslgnalandtheoperation

SPeedofthemultiplexers・ButIfbrtheclipplngCOrrelation，theN－bitshift

registercanbereducedto1－biton－Offregister，andthemultiplexerscanbe

replacedbysimplelogicalgates（AND，XOR，andsoon）．Asaresult，high－

SPeedcorrelationisachieved・ItisverylmPOrtanttOinvestigatethe

fundamentalpropertiesofclippedspecklepatternsfor the actual

applications．

Thischapterisdevotedtoabriefsummaryofthebasisofdoublyclipped

SPeCkleintensity・Weassumethatthespeckleamplitudeunderconsideration

ObeysazeromeancomplexGaussianrandomprocess・Theclippedsignalof

thespeckleintensityrhasonlytwolevels：

Ⅰ・＝てこ

Ⅰ≧b＜Ⅰ＞，

Ⅰくb＜Ⅰ＞，
（2－1）

Whereb＜I＞istheclipplngthreshold・Thedoublyclippedcorrelation

functionoftwointensitiesIllandII2isdefinedby

＜Ⅰ’1Ⅰ－2＞＝ IlI2P（Il，b）dldI2

＝仁＜Il，長くⅠ2，
P（Il，b）dldI2．

（2－2）

P（Il，I2）isthejointprobabilitydensityfunctionofthespeckleintensitiesIl

andI2，andisgivenbythefbllowingmodifiedBesselfunctionIo（Ⅹ）47
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Pql，Ⅰ2）＝くIl，く去（叫2，4地謡勉）b（器儒），

（2－3）

Where〝isthenonclippedcorrelationfactorwhichisdefinedbyuslngthe

COmPlexspeckleamplitudesAlandA2aSfbllows：

匹＝
I＜Al夏＞暮

く匝lP＞＜板戸＞
（2－4）

Foranonclippedsignalofspeckleintensity，thecorrelationfunctionhasa

Well－knownsimpleformandisglVenby
●

＜IlI2＞nonclip＝＜Il＞＜Ⅰ2＞（1＋P2）・
（2－5）

Ontheotherhand，SubstitutingEq・（2－3）intoEq．（2－2），theclipped

COrrelationfunctionisexpandedbyaninfiniteseriesofthenonclipped
COrrelationfactorFLl，4

r（再＝＜Ⅰ－1Ⅰ－2＞＝∑酬2n，
n＝0

（2－6）

Wherethecoefficientanintheexpansionisrelatedtotheclipplngthresholds

andgivenby

an：eXP（－bl－b2）Iil（bl）lil（b2）．

h（Ⅹ）isa Laguerrepolynomialsandisdefinedby

5
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貯）（Ⅹ）＝よがⅩ－α蕊（6－ⅩⅩn・α）

（三雲）かXP・
（2－8）

Fig・2－lshowstheplotsoftheclippedcorrelationasafunctionofthe

COrrelationfactorforvariousvaluesoftheclipplngthresholds・Fromthis

figure，WeCanfindthatthecoefficientoftheclippedcorrelationfunction

VariesabruptlynearthecorrelationfactorFL＝lwhileitvariesslowlyfor

Sma11valuesofFL・Usingthisfigure，thenonclippedcorrelationfunctioncan

berestoredfromtheclippedone．

Figs・2－2（a）and（b）showexamplesofnonclippedandclippedintensitiesof

atimevaryingspeckle・Figs・2－3（a）and（b）showthecorresponding

COrrelationfunctions・AsisexpectedfromthetheoreticalcalculationinFig．

2－1，thewidthoftheclippedcorrelationfunctioninFig．2－3（b）isnarrower

thanthatofthenonclippedoneinFig・2－3（a），inparticulararoundthepeak

POSition．

Next，WeCOnSiderthetwolimitingcases．WhenthecorrelationfactorFL

goestozero（i・e・，nOCOrrelation），itiseasilyshownthat

＜Ⅰ’1Ⅰ－2＞ド＝0＝くⅠ－1＞＜Ⅰ－2＞＝eXp（七1－b2）・ （2－9）

Ontheotherhand，Whenthecorrelationfactorisequaltounity，theclipped
COrrelationbecomes

＜Ⅰ・1Ⅰ－2＞軒（慧：：；；：：…：；．　（2＿1。，

Mostofconcerniswhentheintensitiestobecorrelatedobeythesame

Statisticsandtheclipplnglevelsofthetwointensitiesalsohavethesame
●
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Fig・2－2Exampleofnonclipped（a）andclipped（b）intensities．
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Value・Forthisparticularcase，Putting＜Il＞＝＜I2＞＝＜I＞andbl＝tT2＝b，the

dynamicrangeoftheclippedcorrelationfunctionbecomes

D＝＜I11II2＞〝＝1－くIllI12＞〝＝0

＝e－b（1－e一り・　　　　　　　　　　　　（2－11）

BydifferentiatingDwithaclipplngthresholdb，WeCanfindthatthe

maximumdynamicrangeofthecorrelationfunctionoccursattheclipplng

thresholdlevelofb＝ln2・4Atthisthresholdlevel，intheactualclipped

SPeCkleintensitysignalhavingafinitedatalength（seeFig・2－2（b）），the

numberofthedatapointsabovethethresholdisthesameasthatbelowthe
threshold：

＜Ⅰ－＞＝eXp（－ln2）＝圭・　　　　　　　　　（2－12）

InthefollowlngChapters，SOmeStatisticalaspectsofspeckleclippl・ngand

●

theirapplicationswillbeglVenbasedonthestatisticalpropertiesofthe

doublyclippedsignalofspeckleintensitydiscussedhere．
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Chapter3．ACCtJRACYOFPEAKDETECTIONINSPECKLE

CLIPPING CORRELATION

3・1．1ntroduction

InmanyapplicationsoflaserspecklepatternsItheintensitycorrelation

techniqueisusedtodeterminethetransientordynamiccharacteristicsofa

laserlightscatteringobject・TheintensityclipplngteChniqueisoftenusedto

measurethecorrelationofspecklepatternIbecauseittakesalongtimeto

PrOCeSStheslgnalinanormaldigitalcorrelator・Theideaandimportanceof

theclippedcorrelationfunctiontothespecklemeasurementshavebeen

discussedintheseveralpapers・1－9ThemethodoftheslgnalclipplnglS

advantageousinspecklemeasurementsbecausetheelectronicsrequlredto

PrOCeSSthecorrelationaresoreducedthatthecorrelationfunctioncanbe

Calculatedquickly．

Oneoftheproblemsofintensityclippedcorrelationishowwecanderive

thenonclippedcorrelationfactorfromtheclippedcorrelation・Pedersenl

andMarronandMorris4havederivedtheanalyticalformofthedoubly

Clippedcorrelationfunctionofaspeckleintensity・Wehavealsoinvestigated

thewidthofaclippedcorrelationfunctionandcomparedthetheorywiththe

experiment・8，48Anotherimportantaspectofthetechniqueintheclipped

COrrelationishowtoaccuratelyfindthepeakpositionofthecross．

COrrelationfunction・Thepeakpositionofthecross－COrrelationfunctionof

aspecklepatternisdirectlyrelatedtothephysICalquantitiesofalight

SCatteringobject，SuChasdisplacementorvelocity．Ausualspeckle

COrrelationfunctionhasabellshapedfunctionwhichisdependentonthe

transftrfunctionofanactualopticalsystem・Ontheotherhand，theclipped

COrrelationhasanacutefunctioncomparedwiththenonclippedone・

ThereforeIWeCaneXPeCtmOreaCCuratedetectionofthepeakpositionofa

Clippedcorrelationfunctionthanthatofanonclippedone・

Inthischapter，Wediscusstheaccuracyofthepeakdetectionofclippedand

nonclippedcorrelationfunctionsofspecklepatterns・49Theshapeofthe

Clippedcorrelationfunctionalsodependsonthethresholdoftheclipplng

levelashasbeendiscussedinchapter2・Theaccuracyofthepeakdetection

isalsoaffectedbyadditivenoisesinvoIvedintheopticalsystemandthe

electroniccircuitusedintheslgnalprocesslng・Thecomputersimulationis

employedtofindtheaccuracyofthepeakdetectionofthecross－COrrelation

11



functionofspecklepatterns・TwotranslationstatesofspecklesIi・e・IPure

andmodi鮎dspeckletranslationshavebeenadoptedtocomparetheSNRsin

thecross－COrrelationfunctionsbetweenthem．Inthepuretranslationstate，

thespeckletransversesacrosstheobservationplaneunchanglngitsfine

StruCture・But，ifthespeckletranslatesacrosstheobservationplaneloslng

itsidentity，1．e．，themodifiedtranslationstate，thepeakheightofthecross－

COrrelationalongthespecklemotionisalwaysless thanunity・ThereforeIit

isexpectedthattheSNRinthemodifiedtranslationstateislessthanthatof

thepuretranslation・Arandomphasescreenisassumedforthelight

SCatteringobjectandthespecklepatternshavlngPureandmodified

translationstatesaresimulated．Theobtainedresultsshowthepractical

advantageofthepeakdetectionoftheclippedcorrelationfunction，eSPeCially

inthepuretranslationstate・

3・2　ClippedCorreIationFunctionofSpeckleIntensity

Asisshowninchapter2，thedoublyclippedcorrelationfunctionofthe

SPeCkleintensitieshavlngthesamestatisticsisglVenby

r（再＝＜Ⅰ－1Ⅰ－2＞＝∑匹2m叩（－2b）（豆（b）12・
n＝0

（3－1）

Fig．3－1showstheplotoftheclippedcorrelationfunctionhavlngdifferent

ClipplngthresholdsagalnStthecorrelationfactorFL20fthenonclipped

intensity．Toseetheeffectoftheclipplngthresholdonthewidthofthe

Clippedcorrelationfunction，WeuSedthenormalizedfunctionofthe

correlation

R（再＝
r（再一r（0）

r（1）－r（0） （3－2）

Asisseenfromthisfigure，thewidthoftheclippedcorrelationfunctionis

narrowerthanthenonclippedone・Thispropertyestablishesthatthe

COrrelationoftheclippedsignalwillyieldamoreaccuratedetectionofthe

Peakpositionthanthatofthenonclippedone・Itisemphasizedthatthe

12
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ClipplngteChniqueisespeciallysuitedforthespeckleapplicationsbasedon

the cross－COrrelation method sincethecross－COrrelation measurement

requlreSagOOdaccuracyofpeakdetectionofthefunction・However，ithas

beenpointedoutinchapter2thatthedynamicrangeoftheclipped

COrrelationfunctiontakesitsmaximumwhenthethresholdisb＝1n2．The

dynamicrangedecreasesrapidlyastheclipplngthresholdincreasesor

decreasesfromthevalue．Therefore，WemuSttakecareofanoiseefftct，

i・e・，aSNRoftheslgnalItOgetherwithaclipplngthresholdwhenwe

COnSidertheaccuracyofthepeakdetectionofthecross－COrrelationfunction．

Figs・3－2（a）and（b）showexamplesofthecross－COrrelationfunctionsofthe

nonclippedandclippedspecklepatternsinatwolensimaglngSyStem・

Theoreticalbackgroundofthecalculationofthecross－COrrelationfunctionis

discussedinthefollowlngSeCtion・Thespeckletranslatesacrosstheimage

Planewithoutchanglngitsmicrostructureinthiscase．Itisnotedfromthis

figurethatthecorrelationfunctionoftheclippedspecklepatternisnarrower

thanthatofnonclippedone．

Figs・3－3（a）and（b）alsoshowexamplesofthecross－COrrelationfunctionsin

aslnglelensimaglngSyStem・Inthisopticalsystem，aSPeCkletranslates

acrosstheobservationplaneaschanglngitsfinestructureand，aSareSult，

thecorrelationpeakdecreasesasthecorrelationoffgetincreases・Thepeak

Valueoftheclippedcorrelationfunctiondecreasesmorerapidlythanthatof

thenonclippedoneandthewidthofthefunctionbecomesbroad．Therefore，

theaccuracyofthedetectionofthepeakpositionispredictedtobeworsein

thisopticalsystem．

3・3．Simu］ationofSpeckIeCorrelation

Thecomputersimulationismadeupwiththreeprocesses・First，arandom

Phaseofal・ightscatterlngObjectissimulated・Then，aPairofspeckle

PatternSforacertainopticalsystemisgenerated・Finally，theclippedand

nonclippedcross－COrrelationfunctionsarecalculated．Thesimulationis

COnductedwithaNEWS（SONY32－bitengineeringworkstation）computer．

A・RandomPhaseObject

Weassumethatlaserspecklepatternstobecorrelatedareproducedbya

Phaseobject

14
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theoreticallycalculatedfbrthepuretranslationofspeckle：（a）nonclipped
CrOSS－COrrelationand（b）clippedcross－COrrelation．Theoffgetsofthe

COrrelationsare200，400，and600channelsfromAtoC，reSPeCtively．
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uo（X，t）＝eXP（iO（X，t））， （3－3）

Wherexisthevectorcoordinateontheobjectplaneand¢istherandom

Phaseproducedbythescatterlngfromtheobjectattimet．Byuslngthe

COmPuter，thegenerationofarandbmphaseobjectwhichconsistsof8192

SamPlingpointsismadeinalmostthesamemannerasinRef．50．The

Gaussianstatisticsisassumedforboththeprobabilitydensityfunctionand

COrrelationfunctionoftherandomphase・Togeneratemanyspeckle

PatternS，thisprocessisrepeated．

B．TwoLensimaglngSystem

OurprlmaryCOnCernistofindthepeakpositionofclippedandnonclipped

CrOSS－COrrelationfunctionsofspecklepatterns・Therefore，Weneeda

SPeCklepatternwhichtranslatesacrosstheobservationplane・Thenthe

imaglngSPeCklepatternsareinvestigated・FirstIWeStudiedaspecklepattern

inatwolensimaglngSyStem・Thespecklepatternappearedattheimage

PlaneofthetwolensimaglngSyStemandtranslatedacrosstheobservation

Planewithoutchanglngitsfinestructures・Therefore，theoretically，thepeak

Valueofthenonclippedcross－COrrelationfunctionisalwaysequaltounity

undertheplanewaveilluminationtotheo叫ect．

UsingaGaussiansoftapertureapproximation51inthetwolensimaglng

SyStemタthetransftrfunctionoftheimaglngSyStemisexpressedby

●

叩，Ⅹ）＝1；exp（一瞥叩嘩－Ⅹ）r｝dち，
（3－4）

Wherekisawavenumberofanilluminatinglighttothephaseobject，qlS

theradiusoftheaperturefunctionatthebackfbcalplaneofthefirstlens

（i・e・，theFourierplaneoftheobject），fisthefocallengthofthelens，andr

andXarethevectorcoordinateattheFourierandimageplanes，

respectively・Then，thecomplexamplitudeofaspecklepatternatthe

imaglngPlaneisglVenby
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u鱒，t）＝ u。（X，t）K鱒，Ⅹ）d2X，

（3－5）

InthefbllowlngSimulation，theplanewaveilluminationofalaserlightto

theo叫ectisassumed・

Tocomparethesimulationwiththetheoreticalcalculation，Werefertothe

theoreticalresultsderivedinRef．51．Thecross－COrrelationfunctioninthe

twolensimaglngSyStemiscalculatedasfollows：
●

ド2＝eXpt一読…）2），
（3－6）

whereT＝tl－t2isthevariableofthetimecorrelation，Tdisthetimedelayof

thecorrelationgivenbyl／V（1＝Ⅹ1－Ⅹ2beingthedistanceofthetwodetectors

intheobservationplane），andbisthespatialsizeofthespecklepatternand

isglVenby

b＝責・
（3－7）

Fromthecalculated8192pointsofthephase中，aSpeCkleamplitudewith

2048samplepointshavlngaCertainarbitraryoffsetissimulatedbyuslng

Eq．（3－5）．Thecomplexamplitudeiscalculatednumericallybythecomputer

andtheintensitydistributionisobtainedbythesquaremodulusofthe

COmPlexamplitude・

C．SingleLensImaglngSystem

Thespecklepatternproducedattheimageplaneofaslnglelensimaglng

systemissimulatedalsobyuslngaGaussiansoftapertureapproximation

havlnganaPertureradiusq・WeusethefbllowlngOPticaltransferfunction：
●　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●
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叩，Ⅹ）＝叩く告（皆・皆））

×l：叩（一撃）叩巨（㌻吾）r）dち・
（3－8）

Whereplandp2arethedistancesfromtheobjecttothelensandfromthe

lenstotheimageplaneIreSPeCtively・Thecross－COrrelationfunctioninthe

SlnglelensimaglngSyStemiscalculatedtheoretica11yasfollows：51

匹2＝ヰ読凧）2）叩ト（監）2（毒））・
（3－9）

WhereTldlSalsothetimedelayofthecorrelationandagainl・Oisthespatial

SizeofthespeckleintheimaglngSyStemandisglVenby

l・0＝箸・
（3－10）

CalculatingthespeckleamplitudebysubstitutingEq．（3－8）intoEq．（3－5），the

SPeCkleintensityvariationisalsosimulatedfortheslnglelensimaglng

SyStem・ThespecklepatterninaslnglelensimaglngSyStemalwaystranslates

acrosstheimageplanewithdeformlngitsfinestructure・ThereforeIthepeak

Valueofthenormalizedcross－COrrelationisalwayslessthanunity・

D・Cross－CorrelationUsingSimulatedSpecklePatterns

Fig・3－4showsasetofthesimulatedspecklepatternsforatwolensimaglng

SyStem・ThephaseusedtocalculatetheintensityinFig・3－4（b）isshiftedbya

CertainoffsetfromthatinFig・3－4（a）・Usingthesesimulatedspeckle

PatternSIboththeclippedandnonclippedcross－COrrelationfunctionsare

Calculatedbythecomputer・Thegenerationof500palrSOfspecklepatterns
●

havlngaCertainoffsetisrepeated・Thentheclippedandnonclippedcross－

COrrelationfunctionsarecalculated・Finally，thefluctuationsoftheposition

Ofthecorrelationpeakareestimated・
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Fig・3－4ExampleofthesimulationsofthepuretransIationstateofspeckle
PattemSPrOducedbythetwolensimaglngSyStem・Thecorrelationoffbetis

200channels．
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3・4．Results and Discussions

A・TwoLensImaglngSystem

Theclippedandnonclippedcross－COrrelationfunctionsarecalculatedfrom

thesimulatedspecklepatterns（SeeFig・3－4）・Theaveragednonclippedand

ClippedcorrelationfunctionsinthetwolensimaglngSyStemareShownin

Fig・3－5・InFig・3－5（b），theclippingthresholdischosentobeamean

intensityofthespeckleintensityvariations・Thecorrelationlengthandtime

delayofthesecorrelationfunctionscanbecomparedwiththetheoretical

CalculationinFig．3－2．Theoffsetsofthecorrelationfunctionsare200，400，

and600channelsfromAtoCinthe員gure．

Fig・3－6showsthedistributionofthefluctuationsofthepeakpositionfor

thenonclippedcross－COrrelationfunctions．Inthisfigure，theverticalaxisis

thetotalnumberofspecklepatterntobecorrelated・Thepeakfluctuation

increasesasthecorrelationoffsetincreases・Ontheotherhand，Fig・3－7

Showsthatfortheclippedcross－COrrelationfunctions，thepeakfluctuation

increaseswiththeincreaseofthecorrelationoffset，thoughtherms

fluctuationissmallerthanthatofnonclippedonewhichisshowninFig・3－6・

Furthermore，thistrendbecomesclearforthecaseofthelargecorrelation

Offset．Inthissimulation，thestandarddeviationofthedistributionofthe

Peakfluctuationfortheclippedcross－COrrelationhavlngtheoffsetof600

Channelsis2・37channelsIWhereasthecorrespondingstandarddeviationfbr

thenonclippedcross－COrrelationis7・26channels・Thepeakfluctuation

becomessmallertotheextentofaboutonethirdofthatofthenonclipped

CaSe・ItissaidthattheclipplngteChniquehastheadvantageofthepeak

detectionofthecross－COrrelationfunctionandissuitableforaccurate

measurementsofanobjectvelocityordisplacementbasedonthespeckle

CrOSS－COrrelationmethod．

Inpracticalmeasurements，thenoisesencounteredintheopticalsystemand

theelectroniccircuitsusuallyaffecttheSNRofthepeakdetection・52We

alsostudiedthenoiseeffectsontheaccuracyofthepeakdetection・Fig・3－8

Showsanexampleofspeckleslgnaladdedwithawhitenoise．TheSNR

definedby＜I＞／Os（Osisthestandarddeviationofthenoiseamplitude）is

Chosentobe20inthisfigure・Thefluctuationofthepeakdetectionis

Calculatedforthenoisespeckleslgnal・Fig．3－9showsthedistributionsof

Peakdetectionofthenonclippedandclippedcross－COrrelationfunctions

havlngthenoiseinspeckleslgnals・Theoffsetofthecorrelationischosento
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Fig・3－5Simulatedcross－COrrelationfunctionsinthetwolensimaglng
SyStem：（a）nonclippedcross－COrrelationand（b）clippedcross－COrrelati。n．

TheoffbetsarethesamevaluesasthoseinFig．3－2．
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Fjg・3－6Peaknuctuationofnonclippedcross－COrrelationfunctioninthetwo

lensimaglngSyStem・Theoffbetsofthecorrelationare200，400，and600
Channels，from（a）to（C）．
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Fig・3－7Peaknuctuationsofclippedcross－COrrelationfunction

COrreSPOndingtoFig．3－6．
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Fig・3－9Peakfluctuationsofthespecklepattemswithawhitenoise：

（a）nonclippedcaseand（b）clippedcase．

26



be600channelsinthisfigure・AcomparisonofthisfigurewithFigs．3－6（C）

and3－7（C）showsthatthenoisehaslittleeffectontheaccuracyofthepeak

detectionforthenonclipplngCaSebuttheaccuracyofthepeakdetection

becomesworsefortheclippedcase・HoweverIforalownoiselevel，the

Peakdetectionofthecorrelationfunctionoftheclippedsignalisstillbetter

thanthatofnonclipplngOne・ItcanbesaidthattheclipplngteChniqueis

●

Suitedfortheaccuratemeasurementofthecorrelationfunctionofaspeckle
Slgnal．

B・SingleLensImaglngSystem

Fig・3－10showsexamplesofsimulatedspecklepatternsintheslnglelens

imaglngSyStem・Becauseofthequadratictermofthephaseintheslnglelens

●

OPticaltransferfunctiondescribedinEq．（3－8），themodifiedtranslationof

SPeCkleslgnalscanbe observedasisseeninthisfigure・Thecorrelation

Offsetis200channelsinthisfigure・Theaveragedcross－COrrelation

functionsofnonclippedandclippedsignalsareshowninFig・3－11．The

Clipplngthresholdisalsoequaltothemeanintensityandthecorrelation

0ffsetsare200，400，and600channelsfromAtoC．

Thedistributionofthepeakpositionsforthenonclippedspeckle

COrrelationfunctionisshowninFig・3－12，WhileFig・3－13showsthe

distributionofthepeakpositionforclippedspecklecorrelationfunctions．

Thefluctuationsofthepeakpositionsbothforthenonclippedandclipped

COrrelationfunctionsincreaseandtheaccuracyofthepeakdetection

becomesworseasthecorrelationoffsetincreases・HoweverItheclipplng

techniqueisstillefftctiveforestimatingthepeakpositionforthecorrelation

havlngaSmalloffset・Inthestateofthemodifiedtranslation，thepeak

heightofthecorrelationfunctionisalwayslessthanthatofthepure

translationstate・AsisseenfromFig・3－1whichshowstheplotsofthefactor

Ofaclippedcorrelationversusthatofnonclippedone，WeCanfindthatthe

factoroftheclippedcorrelationfunctionvariesabruptlynearthecorrelation

factorFL＝1whileitvariesslowlyforsmallvaluesofIL・Forthiscase，the

Clippedcorrelationfunctioninthestateofamodifiedtranslationdoesnot

haveasharppeakcomparedwiththatofthepuretranslation．Inthe

modifiedtranslationstate，theclipplngteChniquemaynotbesuitedfora

measurementofthecorrelationpeakwhenslgnaltobecorrelatedhasalarge
Offset．

27



（ a ● u ． ）

工
N
T
E
N
S
工
で
Y

【 0 0 0

（ c h a n n e ↑ S ）

（ a ● u こ

工
N
T
E
N
S
工
で
Y

【 0 0 0

（ c h a n n e ↑ S ）

F ざ ご O E 雲 ヨ p － e O f I h e s i m u － a I i O n O f m O d i 芽 d I 宮 S I a I i O n S I a I e O f s p e c k － e

p a t t e m s i n t h e s － n 巴 e － e n s i m a g － n g S y S t e 芦 T h e c q コ d － a t i O n O 雰 e t i s N 書

C h P P ロ e － S ．

N ∞



1000

（channeis）

1000

（channels）

Fig・3－11Sinulatedcross－COrrelationfunctionintheslnglelensimaglng
SyStem：（a）nonclippedcorrelationand（b）clippedcorrelation．The

COrrelationoffbetsarethesamevaluesasthoseinFig．3－2．
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Fig・3－12Peaknuctuationsofnonclippedcross－COrrelationfunctioninthe
SlnglelensimaglngSyStem・Thecorrelationo恥etsare200，400，and600

Channelshm（a）to（C），reSpeCtively．
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Fig・3－13Peaknuctuationsofclippedcross－COrrelationfunction

COrreSPOndingtoFig．3－12．
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Chapter4．VARIOtJSLOGICALOPERATIONSINSPECKLE

CLIPPING CORRELATION

4・1．Introduction

Thehighspeedcalculationofthecorrelationfunctionisrealized・bythe

intensityclipplngteChniquebecauseofthesimplicityofthetechniqueandthe

reductionoftheprocesslngelectronics・Theaccuracyofthepeakdetection

fortheclippedandnonclippedcorrelationfunctionwasinvestigatedbya

COmPuterSimulationinchapter3・AnOtherproblemisthedependenceofthe

accuracyonaloglCaloperationinthecalculationofaclippedcorrelation
function．

Thereareseveraldefinitionsfortheclippedsignalsofspeckleintensity・

Oneofthemistheusualmethodoftheslgnalclipplng，1・e・，a1－bit

digitizationoftheintensity・InthisdigitizationItheclippedintensityissetto

beunityfortheintensityaboveorequaltoacertainthreshold，Whilezero

fortheintensitybelowit・Anotherpossibledefinitionofthedigitizationis

thattheclippedsignalshavetwovaluesland－1Correspondingtointensities

aboveandbelowthethreshold，reSPeCtively・Usingthesedefinitions，the

COrrelationfunctioniscalculatedbasedonseveralloglCaloperationsas

ShowninFig・4－1・Churnsidehassuggestedthatthe（1，－1）methodcanextract

moreinformationfromtheclippedsignalthanothercases・3However，

MarronandMorrishavepointedoutthatthesedefinitionsareequlValent・6

Inthischapter，WeeXaminetheaccuracyofthepeakdetectionofthecross－

COrrelationfunctionforseveralmethodsoftheclippedsignalsofspeckle

intensity・53Thetheoreticalbackgroundofthecorrelationfunction

CalculatedbytheloglCaloperationsoftheclippedintensityisdiscussed．We

alsopresentexperimentsperformedbyuslngaSPeCialinterfaceboardofa

microcomputer，WhichisdevelopedforacqulrlngSPeCkleslgnalswithhigh

SPeed・UsingthissystemItheaccuracyofthepeakdetectionsforthefour

methodsofloglCaloperations，i・e・〉loglCalANDIloglCalNORIloglCalXOR，

andclippedintensitiesofland－1，isdiscussed．Theobtainedresultsshow

thatthelogicalXORand（1，－1）operationsareequivalent．ItisalsoknOwn

thattheaccuracyofthepeakdetectionsfortheloglCaloperationsdependson

theclipplngthresholds．
●
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AND

1　　 1 1

1　　 0 0

0　　 1 0

P　　 O 0

XOR

1　　 1 0

1　　 0 1

0　　 1 1

0　　　 0 0

NOR

1　　 1 0

1　　 0 0

0　　 1 0

0　　　 0 1

（1′－1）

1　 1 1

1　　 －1 －1

－1　　 1 －1

二1　 －1 1

Fig・4－lPossibleloglCaloperationsforclippedspeckleslgnal．
●

●
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4・2・LoglCaIoperationofClippedSignal

Inthissection，WediscussthecorrelationfunctionsforseveralloglCal

OPerationsofclippedspeckleintensityslgnals・Asisdiscussedinchapter2，

themostsimpledefinitionsofclippedspeckleintensityis

Ⅰ・＝てこ

Ⅰ≧b＜Ⅰ＞

Ⅰ＜bくⅠ＞

（4－1）

FortheloglCalANDoperationoftheclippedintensity，thecorrelation

functioniswrittenby

R肝だⅠ，だⅠ，
P勘，Ⅰ2）dldI2，

（4－2）

WhereP（Il，I2）isthejointprobabilitydensityfunctiondefinedbyEq・（2－3）．

Eq・（4－2）canbealsoexpandedbyaninfiniteseriesofthec。r．elati。nfact。r

〝：

RAND＝∑匹2nexp（－2b）（扉（b）12．
m＝0

（4－3）

Thenonclippedcorrelationfactorcanberegalnedfromtherelationofthe

ClippedcorrelationfactorinEq．（4－3）．

Here，WeCOnSiderthedynamicrangeofthecorrelationfunctionwhichis

definedbythedifferencebetweenthecorrelationpeakanduncorrelated

Valuesofthefunction・Itisdiscussedinchapter2thatthemaximum

dynamicrangeforthecorrelationfunctiongivenbyEq・（4－3）is

R卿叩＝1）一触D桓0）＝吉・
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Eq・（4－4）showsthatthedynamicrangeofclippedcorrelationfuncti。nfalls

OnequarterOfthatofnonclippedoneasisalsopointedoutinthecasefor

integratedspeckleintensity・9

Next，WetreatthelogicalXORoperation（orequivalentlythelogicalEX－

NORoperation）oftheclippedsignalsinwhichtheproductoftheclipped

intensitieshasthevalueofunitywhenoneofthespeckleintensityisabove

thresholdandtheotherisbelowitorviceversa・Thentheclipped

COrrelationfunctionfortheloglCalXORoperationisdefinedby
●

RxoR＝仁Ⅰ，∫‘Ⅰ’p（Il，Ⅰ州・ごくⅠ’だⅠ，P（Il，Ⅰ2）dldI2・

（4－5）

SubstitutingthejointprobabilitydensityfunctioninEq・（2－3）intoEq・（4－5），
OneCanObtain4

RxoR＝－2勘u†D＋2exp（－b）， （4－6）

WhereRANDistheclippedcorrelationfunctiondefinedinEq・（4－3）．Wecan

alsocalculatethemaximumdynamicrangeofthecorrelationfunctionfor

theloglCalXORoperationinthesamemannerasthatoftheloglCalAND

●

OPeration，

RxoR匝＝1）一触OR¢＝0）＝一夏・ （4－7）

TheminussigninEq・（4－7）meansthattheminimumvalueofthefuncti。n

Whichisappearedinthelowersideoftheuncorrelatedvaluecorrespondsto

thepeakoftheusualcorrelationfunction・InthecaseoftheloglCalXOR

OPeration，thevalueofthedynamicrangeofthecorrelationfunction

becomestwicethatfbrthelogicalANDoperation．

Anotherpossibledefinitionoftheclippedsignalforcalculatingthe
COrrelationfunctionisglVenby

●
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Ⅰ・＝（

1　Ⅰ≧bくⅠ＞

－1ⅠくbくⅠ＞

（4－8）

ThecorrelationfunctionofthisclippedsignaliscalculatedbytheJOint

PrObabilitydensityfunctioninEq．（2－3）as

叫1，－1）＝ P（Il，Ⅰ2）dldI2＋

P（Il，Ⅰ2）dldI2－

＝4RAND－4exp（－b）＋1．

P（Il，Ⅰ2）dldI2

P（Il，Ⅰ2）亜ldI2

（4－9）

ThemaximumdynamicrangeofthecorrelationfunctionofEq・（4－9）isalso
Calculatedfortheclipplngthresholdofb＝ln2as

●

叫1，－1）¢＝1）一叫1，－1）¢＝0）＝1・　　　　　　　　　　（4－10）

Themaximumdynamicrangeoftheclippedcorrelationfunctionfor（1，－1）

loglCisthesameasthatofthenonclippedone・Itseemsthatthedynamic

rangeinEq・（4－10）hastwicethevalueofthatfbrthelogicalXORoperation

（fburtimesthevaluecomparedwiththatofthelogicalANDoperation）and

thattheperfectinformationofthenonclippedcorrelationfunctioncanbe

recoveredforthe（1，－1）logicinconcerningwiththedynamicrange．

However，theclippedsignalshaveonlytwovalues，i．e．，thevaluesaboveand

belowthreshold，SOthatthemaximuminfbrmationfbrtheclippedcaseis

reducedtoonehalfofthatofnonclippedone．Asamatteroffactinthe
derivationofEq・（4－10）orEq．（4－9），thesameinfbrmationiscountedtwice．

Thisisreadilyexplainedasfollows・SinceP（Il，I2）isaprobabilitydensity

function，thefollowlngrelationisalwayssatisfiedforanyvalueofthe

PrObabilitydensityfunction：
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£‘Ⅰ’ごくⅠ’p（Il，Ⅰ2）叫Ⅰ2・だⅠ，だⅠ，P（Il，Ⅰ2）叫2

＝1－だⅠ，f‘Ⅰ’p（Il，Ⅰ2）叫Ⅰ2－だくⅠ’だⅠ，P（Il，Ⅰ2）叫Ⅰ2・

（4－11）

SubstitutingEq・（4－11）intoEq・（4－9），Eq・（4－9）reducestoEq．（4－5）exceptfor

afactoroftwo・Thisfactorisonlyorlglnatedfromthemathematical

PrOCeSS，SOthattheinformationcontainedinEq．（4－9）isthesameasthatin

Eq・（4－5）・Theevidenceofthisfactisdemonstratedastheexperimental

resultinthefollowingsection・However，Eq．（4－5）andEq．（4－9）shouldbe

distinguishedfromEq・（4－2）becausetheseequationsevaluatebothofthe

infbrmationoftheclippedsignalsaboveandbelowthresholdwhileEq．（4－2）

Onlycontainstheinformationoftheintensityabovethreshold．Inthenext

SeCtion，WeCOnducttheexperimentstocomparetheaccuracyofthe

COrrelationfunctionbasedonclipplngmethodsofthesedifferentloglCal

OPerations．

4・3．ExperimentsandDiscussions

Fig・4－2showstheexperimentalsetupforclippedcorrelationfunctionof

fburdifferentlogicaloperations，AND，NOR，XOR，and（1，－1）．Theobject

Ofarotatinggroundglassplateof＃400isilluminatedbyaplanewaveofa

30mWHe－Nelaser・Theobjectisimagedbytwolensestogetherwitha

Pinholelocatedatthebackfocallengthofthefirstlens・Thefbcallengthsof

twolensesarelOOand400mm，reSPeCtively・Theradiusofthepinholeis

l・0mm・One－dimensionalPlasma－CoupledDevice（PCD）arraydetector

WhichcontainslO24elementswith25FLmSPaClnglSPlacedintheobservation

Plane・Thedetectedintensityslgnalisstoredinamicrocomputerthroughan

interfaceboarddevelopedfbrthefastdataacquisition・Usingthissystem，a

totaloflOOOsamplesofthespecklepairhavlngaCertaintimeoffsetis
●

acqulred・ThroughoutthefollowlngeXPeriment，thetimeoffsetsofthe

CrOSS－COrrelationarechosentobe410，820，and1430ms．Fromtheobtained

data，thespeckleintensityslgnalsarebinarizedatacertainthresholdlevel
●
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PCD

Fig・4－2Schematicillustrationoftheexperimentalsetup．
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andtheclippedcross－COrrelationfunctionshavlng512pointsdatalengthare

Calculatedbythesoftwareonthecomputer・Thus，thedistributionofthe

Peakpositionsofthecorrelationfunctionsisobtainedfromthecalculated

CrOSS－COrrelationfunctionsforeachloglCaloperation・Byevaluatingthese

Peakdistributions，WeCOmParetheaccuracyofthepeakdetectionamongthe
diffbrentloglCaloperations．

Fig・4－3（a）showsthecross－COrrelationfunctionsoflogicalANDoperation

havingthreetimeo蝕ets・Fig．4－3（b）isthecross－COrrelationfunctionforthe

COmPlementaryclipplngWhichcorrespondstotheloglCalNORoperationof

●

theclippedsignals・Figs・4－3（C）and（d）showthecross－COrrelationfunctions

OflogicalXORand（1，－1）operationsfbrthreetimeoffsets，reSPeCtively．In

Fig・4－3，athresholdlevelischosenastheaveragedintensityofthespeckle

Slgnalsandthecorrelationfunctionsarenormalizedbythevalueof512．

Fromthesefigures，（1，－1）Operationmethodseemstobethebestconcerning

thedynamicrangeofthecorrelationfunction・However，aSitisalready

discussedinsection4－2，theinformationinvoIvedinFig．4－3（C）isthesameas
thatinFig．4－3（d）．

Fig・4－4showsthedistributionsofthepeakpositionsobtainedfromthe

Clippedcross－COrrelationfunctionssuchasshowninFig・4－3．Thetimeoffset

ischosentobe1430msandtheclipplngthresholdlevelis2．0＜I＞．Asis

Seeninthisfigure，thedistributionsofXORand（1，－1）arethesame，Whereas

theyaredifferentfromthoseoftheotherloglCaloperations，althoughthe

SamenOnClippedspeckleintensityslgnalsareusedinthecalculations．

ToseetheefftctsoftheloglCaloperationsandtheclipplngthresholdlevel
●

Onthepeakdetection，therelationbetweenthestandarddeviationofpeak

distributionsandtheclipplngthresholdofspeckleintensitylSShownin
●

Fig・4－5・Figs・4－5（a），（b），and（C）correspondtothetimeoffgetsof410，820，

And1430ms，reSPeCtively・Asisalreadydiscussed，XORand（1，－1）logical
OPerationsareequlValentandtheobtaineddeviationsentirelycoincidewith

eachother・Thisresultrepresentsthattheclippedcorrelationfunction

Calculatedbythe（1，－1）logicdoesbynomeanshavemoreinfbrmati。nthan

thatoftheloglCalXORoperation・ExceptfortheequlValenceoftheloglCal
●

XORand（1，－1）Operations，theaccuracyofthepeakdetectionsvaries

dependingonthethresholdlevelandthemethodoftheloglCaloperation．

ThegoodaccuracyofthepeakdetectionsisobtainedforeachloglCal

OPerationattheclipplngthresholdaroundtheaverageintensitylevel．We
●
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mayexpectthattheloglCalXORoperationfortheclippedspeckleintensityis

SuPeriorinaccuracy（inasenseofSNRfbrthepeakdetection）Compared

WithotherloglCaloperations・Butthisisnotalwaystrueasisshowninthe

resultsinFig・4－5・Referringtheprevioustheoreticaltreatment，6the

accuracyofthepeakdetectionsseemstobeequalindependentofthe

employmentofanyloglCaloperation・However，theresultsobtainedhere

ShoYthattheclipplngthresholdandthemethodofloglCaloperationarevery
●

importantwhenwetreatarealexperimentaldatahavlngafinitedatalength

Withapossiblenoisesource．

InRef・8，Wehaveexperimentallyinvestigatedtheprobabilitydistribution

Ofthetimeintervaloftheclippedspeckleintensity・Theprobability

distributionofthetimeintervalmayglVeanimportantinformationto

Choosetheclipplngthreshold・HoweverItherlgOrOuStheorywillbeneeded

forthetreatmentofthetimeintervaldistributionoftheclippedslgnal
●

havlnganarbitraryrandomprocessexceptfortheGaussianprocess・

4・4・Implementationofone・dimensionaIspeckIecIippIng
COrrelator

Intheconventionalanaloguecorrelator，thecurrentsignalsproportionalto

twospeckleintensitiesIlandI2aredigitizedthroughanA／Dconverter

Whichhasseveralgrayscalesandthedigitizedsignalsareprocessedbyuslng

fu11－bitregistersandmultiplexers・Therefore，thespeedofthecalculationis

limitedbythedigitizingbitsandtheoperationspeedofthemultiplexer・

But，forthedigitalclipplngCOrrelation，thefull－bitshiftregistercanbe

reducedtoa1－biton－Offregisterandthemultiplexerscanbereplacedby

SimplegatessuchasAND，XOR，OrEX－NORgates・Asaresult〉high－SPeed
Calculationfbrthecorrelationfunctionisachieved．

TheprlnCipleoftheone－dimensionaldigitalclipplngCOrrelatoruslngEX－
●

NORgatesisshowninFig・4－6・48TwospeckleintensityslgnalsIlandI2are

Clippedthroughcomparators・TheclippedintensityslgnalI－1isfedtoashift

registerinwhichthebinarizedsignalsl11一Iand・・0・一shiftbysynchronlZlnga

Clock・Ineachshift，aneWSlgnalofI．lisfedintothefirstchannelofthe

Shiftregister，WhilethecontentsoftheremalnlngChannelsareshuffled

down，thecontentofthelastonebeingdiscarded・Duringtheshift

OPeration，theotherclippedintensityslgnalI12iscomparedwiththecontent

OfeachchanneloftheshiftregisterthroughtheEX－NORloglCCircuitsand
●
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theresultsarestoredinthecounter・Thecontinuousoperationofthe

PrOCeSSbuildsupthecross－COrrelationfunctioninthestorecircuits．After

therequlrednumberofoperationIthecontentsofthememoryarereadand

displayedastheclippedcross－COrrelationfunction．

Thecorrelatorcanbeeasilyrealizedasacompactinstrumentbysimple

electroniccircuitswhenthedatalengthoftheslgnal，i・e・，thecorrelation

Channelisrathersma11・However，aSthedatalengthbecomeslarge，the

COunterCircuitswillbecomeenormousandthespeedofthecalculationwill

besloweddown・Furthermore，Whenwetreatatwo－dimensionalspeckle

intensitypatternsuchasthecasesforthevectorvelocityanddisplacement

measurements，thedirectexpansionoftheone－dimensionaldigitalclipplng

techniquetothetwo－dimensionalproblemseemstobealmostimpossible

becauseofthecomplicatedhardwaredeslgnandthecostfortherealization．

Thus，aneWCOnCePtisrequlredtosettletheproblem・Themostuseful

Candidateistheopticalparallelprocesslngforthetw0－dimensionalsignal・

Therefore，inthefollowlngChapters，WeStudyabouttheopticalparallel

●

PrOCeSSlngforthetreatmentofatwo－dimensionalcorrelation．
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Chapter5．IMPLEMENTATIONOFTWO．I）IMENSIONAL

SPECKLE CLIPPINGCORRELATION USINGLCTV

5・1．Introduction

ThespeckleclipplngteChniquediscussedinchapter3andchapter4isa

Simpleandusefulapproachforaone－dimensionalsignal，becausethe

requlredelectronicstoprocesstheslgnalissoreducedthatthefast

Calculationofthecorrelationfunctioncanbeexpected・However，eVenifwe

useadigitalclipplngCOrrelator，itisnotsufficienttodealwithalarge

amountofatwo－dimensionalspeckleintensityathighspeed・Therefore，an

OPticalcorrelationmethodisexpectedtosettlesuchadifficulty・

Inthischapter，Wedescribetheopticalcorrelationmethoduslngliquid

CryStaltelevision（LCTV）basedontheFouriertransfbrmpropertyofalens

toimplementatwo－dimensionalspeckleclipplngCOrrelation・TheLCTV

hasbeenrecentlyusedinthefieldofopticalinformationprocesslngbecause

Ofthelowcostofthedeviceandtheeaseofthecommercialavailability・

ThoughwecanexpectahighdiffractionemciencyoflightbyuslngaPhase

Onlyspatiallightmodulator，itisdifficulttoobtainaperfectphaseonly

modulationinausualtwistednematicLCTVdevice・Boththeintensityand

PhasemodulationratiosthroughtheLCTVpanelareaffectedbythe

POlarizationofthelnPutlightandbecomeafunctionoftheapplied

VOltage・43，44ToevaluateaLCTVpanelasaphasemodulator，theintensity

andphasemodulationpropertiesofatwistednematictypeLCTVare

theoreticallyandexperimentallyinvestigated・Theobtainedresultsshowthat

thetwistednematicLCTVcanbeusedasanapproximatephaseonly

modulator，eSPeCiallyfbrabinaryslgnal・

AnOtherinterestinthischapterishowtoobtainaclearfringepatternfrom
abinarizedspeckleslgnalandclearcorrelationspotsfromitsFourier

transfbrm・ThefringevisibilityintheFourierplanechangesdependingon

theclipplngthresholdlevelofanorlglnalspeckleintensity・54，55　The

relationbetweenthefringevisibilityandclipplngthresholdlevelis

theoreticallyandexperimentallyinvestigated・Theefftctsofthebinarization

OfthefringepatternattheFourierplaneonthecorrelationfunctionarealso
Studied．
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5－2・IntensityandPhaseModulationPropertiesofLCTV

5・2・1・TheoreticalTreatment

Thetwistednematicliquidcrystal（LC）isananisotropicmediumthatcan

betreatedlocallyasauniaxialcrystalwhoseopticalaxisisparalleltothe

directionofthemolecules・Fig・5－lshowsatheoreticaltwistednematic

LCTVmodelwhichisusedintheexperiment．Thematerialis

inhomogeneousandislocallyaumiaxialcrystalwhoseopticalaxisrotates
helicallyinthedirectionoftwist．

Thesimplestwayofexamlnlngthepropagationofpolarizedlightalongthe

twistaxisofatwistednematicLCdeviceisbyuseofJonescalculus．56The

Jonesmatrixcanbewrittenasafunctionoftheordinaryandextraordinary

refractionindices（noandne）anditsdirection．FortheLCmaterial。f

thicknessdtwistedby900angle，andwhenthemoleculesalignwiththex－

axisattheentranceplane，theJonesmatrixforthelighthavlngWaVelengthL
isglVenby

●

J＝eXp（－j◎）

Where

暖）sin（r）　cos（弼（告）sin（r）

－COS（r）・j（E）sin（r）暖）sin（r）
（5－1）

β＝君（ne－no），

¢＝票（ne・no），

r＝（（昔）2・β2）1β・

（5－4）

Fromaboveequations，WeCanreCOgnlZethattheJonesmatrixisafunction

Ofonlyonevariableβ，eXCePtforanunimportantmultiplicativephasefactor
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exp（－jO）・WhenanelectricfieldisappliedtotheLCdevice，theparameter

βbecomesafunctionofthevoltageVbetweentheglassplatesthroughthe

fielddependentrefractiveindexne＝nc（V）．44Thenormalizedparameterβis

PlottedagalnStthenormalizedappliedvoltageVinFig・5－2・Thefigure

ShowsthatthedependenceofβOntheappliedvoltageVisamonotonic

decreaslngfunction．

Wenowproceedtodeterminetheamplitudetransmittanceandphaseshift

introducedbythedeviceasafunctionofβ．TheLCmaterialisusually

SandwichedbetweenapolarizerandananalyzerIingeneralmakingangles

叫1and叫2Withthex－aXis，aSShowninFig・5－1．ByuseofEq．（5－1）forthe

Jonesmatrix，WeCaneaSilydeterminetheamplitudeandphasetransmittance

Ofanincidentwavelinearlypolarizedalongthedirectionofthepolarizer・

LetE＝（Ex，Ey戸（cosq，1，Si叫1）andE’＝（E－X，E’y）bethecomplexamplitudes

Oftheincidentandtransmittedwaves・StraightforwardJonescalculusyields

（≡：；）
＝eXp（－j¢）

CO♂叫，2　Si叫2CO叫，2

Si叫2C叫，2　Sin句2

（芸木in（r）　cos（州（鉢in（r）

一叫）・踏輌（芸如 1「可5■5，
Inaboveequation，thevectorandthematrixoutsidetheJonesmatrixofthe

LCdevicerepresentthecontributionsofthepolarizerandtheanalyzer，

respectively．

Eq・（5－5）yieldsimmediatelytheintensitytransmittanceTandphaseshifta：

T＝（Zsin（r）cos（Vl一坤2）・COS（r）sin（Vl一叫2）12

月Esin（r）sin（坤1＋坤2））2，
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8＝β－ta打1
（告）sin（r）sin（叫1叫2）

（芸）sin（r）cos軌一坤2）・COS（画n仙一叫2）

（5－7）

Forgiven叫land叫2，bothTandaarefunctionsofonevariable，β．These

expression畠simplifyintwospecialcaseswhichareimportantintheactual

experiments：

Case1－When叫1＝0，q，2＝90；i・e・，thepolarizerisorthogonaltothe

analyzerandparalleltothex－aXis：

旬，90＝1－（芸）2sin2（r），
（5－8）

80，90＝β・ta打咄an（r）ト2β，
（5－9）

Wherethefirstandsecondsubscriptsdenotetheangles叫1and叫2．

Case2－When叫1＝90，叫2＝0；i・e・，thepolarizerisorthogonaltothe

analyzerandthex－aXis：

句0，0＝1－（芸）2sin2（r），
（5－10）

890，0＝β－ta打1（Etan（，）lgo．

（5－11）

TheintensitytransmittanceTisamonotonicincreasingfunctionofβ（i．e．，

amonotonicdecreasingfunctionofV）forthebothcases．However，the

Phaseshiftisanapproximatelylinearfunctionwhoseslopeis2incasel，

Whereasthereisnophaseshiftincase2・ThusInOtOnlytheintensity

modulationbutalsothephasemodulationoftheLCdeviceareobtainedfor

thecasel，Whereasthedeviceisusedonlyasanintensitymodulatorforthe

CaSe2・Thispredictionisalsoverifiedbytheexperimentsinsubsection5－2－

2．
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5・2・2．ExperimentsandDiscussions

TheLCTVusedintheexperimentisaproJeCtionTVpanelofVPJ－700

（SeikoEpson）whichisa900twistednematicdevicewiththinfilm

transistors（TFT）・Thepanelconsistsof220×320pixelseachhavingasize

Of80×9QLm・AsisshowninFig・5－1forthetheoreticalmodel，theliquid

CryStalmoleculedirectoroftheLCTVisvertica11．yalignedatthefrontof

thepanelwhileitistwistedbytherightangleattheexitface・

Afterremovlngtheorlglnalplasticpolarizersfromtheliquidcrystal

Panels，WeeValuatethephaseshiftbyplaclngthedeviceinoneofthearmof

aMach－ZehnderinterferometerasillustratedinFig・5－3，andobservethe

Shiftoftheinterftrencefringesbytheappliedvoltage・44Inthisfigure，the

lowpassfilterisusedtoeliminateahigherspatialfrequencycomponent

PrOducedbytheelectricalmatrixoftheTFTelementsintheLCTVpanel・

Fig・5－4（a）istheinterferencefringewhentwodifferentvideosignalsare

appliedtotheupperandlowerhalvesontheLCTV．Wecanobservethe

Phaseshift（theshiftoftheinterftrencefringe）ffomthefigure．Toobserve

thephaseshiftmoreprecisely，WeCOnductedthethinnlngOftheinterftrence

fringebyanimageprocessingalgorithm．Fig．5－4（b）showstheresult．The

Phasedifftrencebetweentheappliedvideovoltagescanbeclearlyseenfrom

thisfigure．

InFig・5－5，theintensitytransmittanceandphaseshiftareplottedagalnStthe

inputcompositevideosignallevelshavinga8－bitgrayscale．InFig．5－5（a），

theorientationofthepolarizerinFig・5－1isalignedtobeparalleltothe

liquidcrystalmoleculedirectoratthefrontpanelandthatoftheanalyzeris

rotatedby900，i・e・，COrreSPOndingtotheconfigurationof他，叫2）＝（00，900）．

ThephaseshiftfromOtol・21”adiansandthenormalizedintensity

transmittanceofO・3～1・Oareobtainedinthisconfiguration・

Fig・5－5（b）istheresultforthecaseof糾，1，叫2）：（900，00）．Thephase

modulationisnotobservedinthisconfiguration，Whereastheintensity

transmittanceischangedbythevariationofthevideoslgnal・43，44Though

WeCanObservenodistinctphasechangeItheintensitymodulationhasthe

SimilartendencythatforthecaseinFig・5－5（a）．Theseresultsarecoincident

Withthetheoreticalpredictionsinsubsection5－2－1．
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Fig・5－4（a）TnterferencefringeobtainedbyMach－Zehnderinterfbrometer

Whenthetwodifftrentvideoslgnalsareappliedtotheupperandlower

halvesontheLCTV・（b）Thinningoftheinterftrence揖ngeof（a）．
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Next，WeinvestigatedthediffractionemciencyfbrtheLCTVspatiallight

modulator・IntheexperimentalsetupshowninFig・5－6，thegratingpattern

havlngareCtangularwaveisusedtoevaluatethediffractionefficiency・The

LCTVpanelisilluminatedbyacollimatedlight・Thetransmittedlightis

FouriertransformedbyalensbehindofthepanelanddetectedbyaCCD

Cameraatthefocalplaneofthelens．Fig．5－7（a）showstheresultofthe

intensitydistributionoftheFourierpowerspectrumwhenthetwolevelsof

thegratingpatterncorrespondtothephasevaluesofOand3T，reSPeCtively，

undertheconngurationo叩，1，叫2）＝（00，900）・The±lorderdiffractionpeaks

areclearlyseenwhilethezerothordertermisalmostsuppressed・Thephase

modulationefftctisdominantinthisconfiguration．

Fig・5－7（b）showsthediffractionpatternundertheconfigurationof

（V，1，叫2）＝（900，00）whentheminimumandmaximumintensitytransmittance

levelsinFig・5－5（b）areusedasthebinarygratingpattern・ThestrongDC

Peakhasappearedandthe±lorderdiffractionpeaksarereducedcompared

WiththepatterninFig・5－7（a）・TheLCTVpanelbehavesasanintensity
SPatiallightmodulatorinthisconfiguration．

ThetwodimensionalbinarycosinehologramofaletterFisalsousedas

thesecondinputpatterntotheLCTV・Fig・5－8（a）showsanoriginalimageof

theletterFandFig・5－8（b）isitsbinarycosinehologramhaving128×128

PixelscalculatedbytheFirstFourierTransform（FFT）algorithm．The

blackandwhitepIXelsarecorrespondtothephasevaluesofOandJtin

Fig・5－5（a），reSPeCtively・Fig・5－8（C）showsthereconstructedimagefromthe

binarycosinehologram・ThedoubleimaglnglSObservedduetothephase

Onlybinaryhologram・Though，theoretically，thezerothordercomponent

Shouldbezero，itisnot・Theseveralpossiblereasonsfortheresidual

energyattheFourierplaneareasfollows：anunWantedintensitymodulation

throughthepanel；ununiformityofthephasetransmittanceofeachelements；

theaberrationscausedbytheopticalcomponents．

TheresultsshowthatthephasemodulationpropertyoftheLCTVrather

thantheintensitymodulationpropertyplaysanimportantroletoattaina

highdiffractionefficiencyoflight・InparticularItheconfigurationof

（Vl，叫2）＝（00，900）issuitedfortheapplicationofLCTVasaspatiallight

Phasemodulator，forsuchasanapplicationtoanopticalcorrelator．
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●

5・3・1．TheoreticalTreatment

ThespecklephotographymethoduslngSPeCklegramisa wellknownand

usefultechniquefortheprocesslngOfatwo－dimensionalspecklepattern・57

Inthissection，Wediscussthefundamentalpropertiesoftheoptical

COrrelationbasedonthespecklephotographytechnique・Theresultsin

SeCtion5－2showthatthetwistednematicLCTVpanelcanbeusedforan

approximatephaseonlymodulator，eSPeCiallyfbrabinaryslgnal・Itisalso

knownthatthehighdiffractionefnciencycanbeobtainedbyabinaryphase

Onlyfilterlng・17・19ForanopticalspecklecorrelatorusingLCTV，the

binarizationofthespecklegramplaysanimportantroletoobtainagood

COrrelationpattern

Inthefollowlngdiscussion，WetheoreticallystudytheintensityclipplngOf
●

thespecklegramandthevisibilityofitsFouriertransform．Whenthe

SPeCklegramisdisplayedonaspatiallightmodulatorasaphasemodulation

Slgnal，theFourierpowerspectrumoftheinputsignalshouldbeevaluated

bytheexpansionofthecomplexexponentialfunction，i・e．，eXP（if（Ⅹ））（f（Ⅹ）

isthespecklegram）・●Thetheoreticaltreatmentofthebinaryphaseonly

SPeCklegramanditsFouriertransformisstraightforward，butthecalculation

issocomplicatedthatwecouldnotderivetheanalyticalsolution・However，

therelationbetweentheclipplngthresholdlevelofthespecklegramandthe

VisibilityofitsFouriertransfbrmisalmostexplainedbythetreatmentof

intensityclipplnginthissubsection・Infact，itisfoundbythelatercomputer

Simulationandexperimentthattherelationbetweentheclipplngthresholdof

thespecklegramintheintensityclipplngandthevisibilityofitsFourier

transformedfringepatterncanberoughlysubstitutedtothatforthebinary

Phaseonlyspecklegram・

Thoughhereweconsideratwo－dimensionalspecklepattern，WePrOCeedto

thetheoreticalcalculationsusingone－dimensionalequationsfora

Simplificationofthetreatment・Theensembleaverageofthepower

SPeCtrumPrOducedbythespecklegramattheFourierplaneiswrittenby

くP（ゆ＝くり；｛Il（Ⅹ）・Ⅰ2（Ⅹ）｝e可2＞，
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WhereIlandI2arethespeckleintensitiesbeforeandafterthedisplacement

Ofalightscatteringobject，OisthespatialffequencylntheFourierplane，X

denotesthecoordinateatthespecklefieldIand＜－－－＞rePreSentSanenSemble

average・Eq・（5－12）iseasilyrewrittenby

＜P（ゆ＝可；1；（Il（Ⅹ卿）・Ⅰ2（噸‖）・Il（Ⅹ・）Ⅰ2（Ⅹ・－）・Ⅰ2（Ⅹ・）Il（Ⅹ・・））

×e‾坤‾XH）dx－dx－’＞・　　　　（5－13）

Assumingthestationaryconditionandreplacingx＝Ⅹ・－Ⅹ”，Eq・（5－13）

becomes

くP（叫弓；（Rll（Ⅹ）・R22（Ⅹ）・R12（Ⅹ）・R21（申UXdx・
（5－14）

InEq・（5－14），RiiandRg（i，j＝1，2）representtheauto－andcross－COrrelati。n

functionsmadebythetwointensitiesIlandI2IreSPeCtively・Fromthe

reasonable assumptionsforthespeckleformationundertheilluminationof

aGaussianlaserbeamIWeCanWriteeachcorrelationfunctionasfollows：

Rll（Ⅹ）＝R22（Ⅹ）＝叩（電工

R12（Ⅹ）＝R21（Ⅹ）＝叩榊2｝叩く一等），
（5－16）

Wherexoisthespatialsizeoftheaveragedspeckle，Tisthetimeoffset

betweenthetwoexposures，Visthevelocityoftheobject（here，WeaSSume

thattheobjectismovingasaconstantvelocity），andαrepresentsa

ParameterCOrreSPOndingtothespeckledecorrelationdurlngtheobject
●
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motion・SubstitutingEqs・（5－15）and（5－16）intoEq・（5－14），theintensity

distributionofthepowerspectrumiscalculatedby

＜P（ゆ＝㍑pt－¢0叫21【1＋既pt坤ザIcos（冊）】，
（5－17）

Whereweneglecttheunnecessaryconstantcoefficient・Fig・5－9（a）showsan

exampleofthepowerspectracalculatedfromEq・（5－17）forxo＝0・07（mm），

T＝1・70（S），V：1・00（mm／S），andcL：0・50（1／S）・Inthefollowingcalculations，

thesameparametervaluesareused．

Next，WeCOnSiderthepowerspectrumproducedbytheclipped

SPeCklegramattheFourierplane・Theclippedcorrelationfunctions

COrreSPOndingtoEqs・（5－15）and（5－16）areexpandedbyinfiniteseriesasthe

Samemannerinchapter2・Thustheclippedcorrelationfunctionarewritten

by

R－ii（X）：∑exp（－2b）（症1）（b））2Rn（X），
n＝0

（5－18）

R射Ⅹ）＝∑exp（－2b）（症1）（b））2R錘）．
n＝0

（5－19）

SubstitutingEqs・（5－18）and（5－19）intoEq・（5－14），thepowerspectrumfor

theclippedspecklegramiscalculatedas

＜P（ゆ＝eXp（－2b注目軒）（b））2叩く－吉輌2）

×【1＋e叩トn（叫2Icos（Ⅵ叫日．

（5－20）

Fig・5－9（b）and（C）showtheplotsofthepowerspectrumcalculatedfr。m

Eq・（5－20）fortheclippinglevelsofO．2＜I＞andl．0＜I＞．Wecanseefr。m
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thisfigurethatthevisibilityofthefringedependsontheclipplngleveland

thehigherfrequencycomponentsareenhancedcomparedwiththatforthe

nonclippedcase・Toobservemorepreciselythedependenceoftheclipplng

levelonthevisibilityIWedefinethevisibilityofthefringeasisintheusual
manner

V＝芸慧恕
（5－21）

PmaxandnnininEq・（5－21）arethemaximumandminimumintensityvalues

attheFourierplaneasisshowninFig・5－9・

Fig・5－10showsthevisibilitiesofthefringesversustheclipplnglevelfor

theseveraltimeoffsets・ForcomparisonIthebrokenlinesshowthe

visibilitiesforthenonclippedcases・Wecanseefromthisfigurethatthe

visibilityfortheclippedspecklegramisalwayslessthanthatforthe

nonclippedoneandthatthedifferencegrowsasthetimeoffsetincreases・

However，thevisibilityfortheclippedcasehasroughlythesamevalueas

thatforthenonclippedonearoundtheaverageclipplnglevel・Therefore，

WecanexpectaclearFourierfringepatternbychooslngtheclipplnglevel

andthetimeoffsetappropriately・

5・3・2．ComputerSimulation

Inthissubsection，Weinvestigatetheeffectsofthebinarizationsofthe

specklegramonthefringevisibilityattheFourierplane・Fig・5－11（a）shows

aspecklegramconsistingof256×256pixelstobetreatedbythecomputer

simulation．Eachspecklepatternisseparatedby15plXelsalongthe

horizontaldirection・Theprocesstomakethespecklegramisasfollows・At

first，aSPeCklepatternofa8－bitgrayscalehaving512×512plXelsis

experimentallydetectedbyaCCDcameraandstoredinamicrocomputer・

Then，thebiaslevelofthevideoslgnalissubtractedfromtheorlglnal

pattern・Fromthis512×512pointsspecklepattern，tWOSPeCklepatternseach

havlngtheareaof256×256plXelsseparatedbytheoffsetarechosenand

●

addedbythemicrocomputer，thusformingthespecklegram・InFig・5－11（a），

thenormalizedintensitiesofthespecklegramaredistributedoverthephase

valuesfromOtoJt．Althoughtheremightbetheoptimumphasevaluefor
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Fig・5－11（a）Nonclippedspecklegramand（b）clippedspecklegram．

66



thenormalization，thephasemodulationdepthislimitedinourLCTVspatial

lightmodulator（OurLCTVpanelshowninsubsection5－2－2hasroughlythe

PhasemodulationrangefromOtoJt）．

Ontheotherhand，Fig・5－11（b）showstheclippedspecklegramobtainedby

binarlZlngthepatternatthethresholdlevelofln2＜Ⅰ＞．Asisdiscussedin

Chapter2，thenumberofthedatapointsabovethresholdisthesameasthat

belowthresholdatthisthresholdlevel・Thetwolevelsinthisfigure

COrreSPOndtothephasevaluesofOandJT）reSPeCtively・

Bythetwo－dimensionalcomplexFFTalgorithm，theFourierpower

SPeCtra，i・e・，theYoungIsfringes〉areCalculatedfromthesespecklegramsin

acomputer・Fig・5－12（a）showsanone－dimensionalintensitydistribution

acrossthecenterspotofthefringepatternobtainedfromthenonclipped

SPeCklegram・Wecanonlyseeaspike－1ikeDCterminthisfigure・Another

intensitydistributionperpendiculartothefringepatternshiftedbyfive

PixelsfromtheDCcenterpeakisshowninFig．5－12（b）．Fig．5－13isthe

resultscalculatedfortheclippedspecklegram・Thesuppressionofthezero

OrderdiffractiontermsuchasatypICaleffectofabinaryphasehologramis

ObservedinFig・5－13（a）・TheDCcomponentinFig．5－13（a）calculatedbythe

FouriertransformofFig・5－11（b）isjustcanceledbecausethebinaryonly

PhasemterisgeneratedbyasslgnlngthephasevaluesOfbrtheslgnal＋1and

Jtfor－1，andthenumberofthepIXelsforthetwophasevaluesinFig・5－

11（b）becomesequaltoeachotheratthethresholdlevelofln2＜I＞．Because

OftheDCsuppression，WeCanObservethehigherdiffractionordersofthe

fringe・ThoughthehigherfrequencycomponentsinFig．5－13（b）are

enhancedcomparedwiththoseofFig・5－12（b），thefringevisibilityslightly
decreases．

Toobservemorepreciselythedependenceoftheclipplnglevelonthe

fringevisibilityshowninFig・5－13（b），thevisibilityofthefringedefinedby

Eq・（5－21）isplottedagainsttheclippinglevelinFig．5－14．Forcomparison，

thebrokenlineisthevisibilityofthenonclippedcaseshowninFig・5－12・

Wecanseefromthisfigurethatthevisibilityfortheclippedspecklegramis

alwayslessthanthatforthenonclippedoneIhowever，itapproximately

approachestothatofthenonclippedonearoundtheaveragethresholdlevel．

Theseresultscoincidewiththoseofthenumericalcalculationforthe

intensityclipplnglnSubsection5－3－1．
●　　　　　　　　　●
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Fig・5－12FringeintensitiescalculatedbytheFouriertransformofFig．5－11：

（a）intensitydistributionacrosstheDCspotand（b）intensitydistribution
Shifted丘omtheDCspot．

68



（a．u．）

（a．u．）

Fig・5－13FringeintensitiescalcuJatedbyFburiertransfbrmofFig・5－11（b）：

（a）intensitydistributionacrosstheDCspotand（b）intensitydistribution
Shifted丘omDCspot．
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Fig・5－14Plotsofthefringevisibilitiesagainsttheclipplngthreshold

Obtainedbythecomputersimulation・Abrokenlineshowsthefringe
Visibilityinthenonclippedcase．
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5・3・3．ExperimentsandDiscussions

Thepowerspectrumandcorrelationpatternsareopticallycalculatedfrom

thespecklegramshowninFig・5－11intheexperimentalsetuplnFig・5－6．

Fig・5－15showsthepowerspectraundertheintensitymodulationcondition

inFig・5－5（b）・Fig・5－15（a）isthefringepatterncalculatedfromthe

SPeCklegramhavingtheintensitydistributionfromtheminimumto

maximumtransmittancelevelsinFig・5－5（b）・Fig・5－15（b）showsthefringe

PatternfortheclippedspecklegramhavlngOnlytwovaluesoftheminimum

andmaximumintensitytransmittances・Undertheintensitymodulationfbr

theLCTV，thediffractedfringesareburiedinthelargeDCterm，SOthatwe

Canhardlyobservethem．

Ontheotherhand，Fig・5－16istheexampleofthefringepatternswhichare

Calculatedbyuslngthephasemodulationreglmeundertheconfigurationin

●

Fig・5－5（a）・Fig・5－16（a）isthefringepatternobtainedfromthespecklegram

distributedoverthephasevaluesfromOtoJtWhileFig．5－16（b）isonefrom

theclippedspecklegramhavlngtWOPhasevaluesofOandJt．The DC

COmPOnentSinFig・5－16aresuppressedmorethanthoseinFig・15・In

Particular，WeCanClearlyseethefringestothehigherdiffractionordersin

Fig・5－16（b）・Itisrecognizedthatthephasemodulation，eSPeCiallythebinary

Phasemodulation，hastheadvantageofobtainingthehighdiffraction

efficiencyoflight・

Next，theeffectoftheclipplngthresholdonthefringevisibilitylS
●

investigated・Toobservetheintensitydistributionmoreprecisely，theCCD

CameraatthefocalplaneofthelensinFig・5－6isreplacedbyaPIN

Photodiodewhichhasawidedynamicrangeofthelightdetection．ThePIN

PhotodiodeismountedonalinearlymovlngX－tabledrivenbyastepplng
●

motorandscannedtodetecttheintensitydistributionunderthecontrolofa

microcomputer・Figs・5－17and5－18showtheobtainedfringeintensity

distributionswhenthephasemodulationeffectisdominant・Thesefigures

COrreSPOndtothesimulationsofFigs・5－12and5－13・Comparlngbetween

Figs・5－17and5－18，itisseenthattheslgnalclipplnghastheadvantagesof

thesuppressionoftheDCcomponentandtheenhancementofthehigher

diffractionorders・However，thefringevisibilityofFig．5－18（b）isslightly

lessthanthatofFig・5－17（b）・Fig・5－19showsthedependenceofthefringe

Visibilityontheclipplngthreshold・Thebrokenlineisthefringevisibility

●
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Fig・5－15FringepattemSprOducedbytheFouriertransformOfFig・5－11

undertheintensitymodulationoftheLCTV‥（a）nonclippedcaseand（b）

Clippedcase．
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Fig・5－16FringepattemSunderthephasemodulationoftheLCTV：
（a）nonclippedcaseand（b）clippedcase．
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Fig・5－170ne－dimensionalintensitydistributionsofthefringepatternsin

Fig・5－16（a）：（a）intensitydistributionacrosstheDCspotand

（b）intensitydistributionshiRedfromtheDCspot．
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Fig・5－180ne－dimensionalintensitydistributionsinFig・5－16（b）：（a）intensity
distributionacrosstheDCspotand（b）intensitydistributionshiRedkomthe

DCspot．
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Ofthenonclippedcase・TheexperimentalresultsinFig・5－19arealmost

COincidentwiththoseofthecomputersimulationinFig・5－14．Fromthe

figure，thehighvisibilityofthefringecanbeobtainedattheclipplng

thresholdaroundtheaverageintensitylevel・

Intheprevioustreatment，bythebinarizationofthespeckleintensityata

Certainthresholdlevel，theDCdifffactiontermwassoreducedthatwecould

Clearlyobservethehighdiffractionordersofthefringes・BinarlZlngthe

fringepattern，thefurtherimprovementofthecorrelationslgnalisexpected

duetothenonlineareffect；i・e・，thehigherpeakvalueandnarrowerwidthof

thecorrelationspots・21，27Themethodisadvantageoustocompensatethe

WeakpointsoftheLCTVpanelfortheapplicationtoaspatiallight

modulatorsuchasaninsufficientphasemodulationpropertyandalowspace

bandwidthproduct・

ThefringepatternshowninFig・5－16（b）isagaindisplayedontheLCTVin

theexperimentalsetupinFig・5－6・BytheopticalFouriertransformofthe

fringepattern，i・e・，theFouriertransformofthepowerspectrum，WeObtain

thecorrelationpattern・Fig．5－20（a）showsthecorrelationfuncti。n

CalculatedfromthefringepatternshowninFig．5－16（b）；thesignallevelsof

thefringepatterntobeftdtotheLCTVarenormalizedanddistributedover

thephasevaluesfromOtoJt・Thetwocorrelationspotsareobservedalong

thehorizontaldirection，buttheyarenotdistinctbecauseofthestrongDC

Next，thefringepatternisbinarizedattheaverageintensityleveland

displayedontheLCTVasthebinaryphasevaluesofOand3”adians・Fig・5－

20（b）showstheFouriertransformofthebinaryfringepattern．Bythe

FouriertransformofthebinaryfringepatternIthecorrelationspotsare

ClearlyseenbetterthanthatinFig・5－20（a）・Toobservetheintensity

distributionmoreprecisely，Fig・5－21showsone－dimensionalintensity

distributionsacrossthedirectionofthediffractionspotsdetectedbyaPIN

Photodiode・Thecorrelationpeakobtainedfromthebinaryfringepatternis

fivetimeshigherthanthatforthenonclippedcase．Therelationbetweenthe

COrrelationpeaktotheDCpeakratioandtheclipplngthresholdforthe

fringepatterniscalculatedandshowninFig・5－22・Thefigureshowsthatthe

bestSNRoccursattheaveragethreshold．

InthissectionIWeinvestigatetheeffectsofthebinarizationsbothofthe

1nPutSPeCklegramanditsFourierfringeonthediffractionefficiencyatthe
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Fig・5－20CorrelationpattemSPrOducedbytheFouriertransformofthe

PhasemodulationpattemSOfFig・5－16（b）：（a）thenonclippedfringepattem
and（b）theclippedfhgepattem．
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Fig・5－22Diffractione爪ciencyofthebinaryphaseonlyfHngeatthe
COrrelationplaneforthevariousclipplngthreshold．
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COrrelationplanewhenweusetheLCTVasaspatiallightmodulator．Itis

foundthatthecorrelationslgnalisenhancedbythebinarizationand，thus，

WeCaneXPeCtthesimplearchitectureandhighperformanceoftheoptical

COrrelatorbythebinaryphaseonlyfiltering・
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Chapter6．0PTICALCORRELATORFORSPECKLE

INTERFEROMETRY

‘・1．Introduction

ThefundamentalsoftheopticalcorrelationusingaLCTVforthe

PrOCeSSlngOfatwo－dimensionalspecklepatternarestudiedinchapter5・It

isshownthatthebinarizationoftheslgnalsbothfortheinputspecklegram

andthefringepatternimprovesthediffractionefficiencyoflightatthe

COrrelationplane・InthischapterIWePrOPOSeaneWOPticalcorrelation

SyStemuSlngnOnlinearOpticRAMdetectorsandLCTVs．58－64

UsingtheOpticRAMdetector，WeCanimmediatelyobtainthetwo－

dimensionalbinarizedsignalswithinthedetectoratanarbitrarythreshold

leveloftheinputlightintensity・Thus，Weneednoelectroniccircuitlikea

COmParatOrfbraclippedlightintensity，SOthatwecanrealizethesimpleand

firstdetectionoftheslgnal・Abasicdescriptionofthisapplicationisas

fbllows：（1）thedynamicspecklepatternsaredetectedasthebinarysignals

bythenonlinearOpticRAMdetector；（2）fromthedetectedspecklesignals，

thetwo－dimensionalcorrelationfunctionisopticallycalculatedbyuslngthe

PhasemodulationpropertyoftheLCTV；and（3）theinformationofthe

Objectsuchasadisplacementoravelocityisanalyzedfromtheobtained

COrrelationfunction・Todemonstratetheusefulnessofthesystem，thevector

Velocitymeasurementofalightscatteringo叫ectisconducted．

6・2．Non］inearOpticRAMI）etector

TheIS320pticRAMdetectorarray（MicronTechnology）Weusedinthe

experimentisbasicallythesamedeviceasadynamicrandomaccessmemory

（DRAM）chipexceptfbrremovaloftheopaquecoverfromitstopsurface．

MarronandMorrisinvestigatedthestatisticalpropertiesofclippedspeckle

intensityuslngtheOpticRAMdetector・6TheOpticRAMdetectorwhich

COnSistsof256×256elementseachmeasurlng6・4×6・4fLmhasattractive

features：thebinarizationofatw0－dimensionalspecklepatternisperfbrmed

foranarbitrarythresholdlevelofthelightintensity；andeachcellcanbe

usedasapointdetectorbecauseofitsrandomaccessproperty・

ADRAMisusuallycontrolledbyarefreshcyclewhichchargesup

regularlytokeepthecontentofthememorycellcorrect・Iflightfallsonthe
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DRAMcellwhiletherefreshcycleisdisabledtheincidentlightcausesthe

Chargestoredinthememorycelltodecayatarateproportionaltothe

incidentlightintensity・Usually，thisiscalledasasofterroreffectand

harmfulforthememoryfunction・HoweverItheeffectcanbeappliedtothe

detectionofinputlightlevel・TheOpticRAMisorlglnallydeslgnedasa

lightdetectorbasedonthesofterrorefftctofDRAM．

Basicoperationisasfollows（SeeFig．6－1）．

STEPI Aftertherefreshcycletokeepthecontentofthememorycell（the

PrOCeSSis regularlysetbyatimedinterruptioncommandfrom a

microcomputer），thememorycellisinitializedbywritingalogicallintoall

memorycells・Thisprocessisapreparationforlightdetection．

STEP2Bydisablingtherefreshcycleforacertaintimeoffsetbythe

SOftwareprogram，thechargestoredinthememorycellstartstodecay

PrOPOrtionallytotheleveloftheincidentlight・Comparlngtheremalnlng

Chargewithareferencevoltage〉thecontentofeachmemorycellisreplaced

by’’1’’or’’0一’Correspondingtoaboveorbelowthethresholdintensitylevel．

Thisoperationmaybeconsideredasakindofexposureinphotography・

STEP3Finally，thebinarizedintensitypatternstoredintheOpticRAMis

accessedbytheI／Ocommandandsenttothemicrocomputer．

FromaboveoperationsIWeCanCOnSiderthattheOpticRAMdetector

includesa1－bitADconverterinitself・ThispropertylSaPPliedtothe
●

OPticalthresholdloglCOPerationforthesuccessivetwointensitypatterns・65

SettingacertainthresholdleveltotheOpticRAMItheonlysuperposed

intensitylevelofthedifftrenttwointensitypatternsabovethethreshold，i．e．，

loglCalANDpattern，Canbedetectedbythecell，Whereas atalower

thresholdlevel，theloglCalORpatternisobtained・Wecanarbitrarilyadjust

thethresholdlevelbychanglngtheexposuretimeandthereferencevoltage

totheOpticRAMdetector．

6・3．0pticalCorrelatorforDoublyExposedClippedSpeckle
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Fig・6－1FlowchartfortheintensitydetectionbytheOpticRAM．
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Inchapter5Iitisshownthattheperformanceoftheopticalcorrelator

uslngtheLCTVisimprovedbythebinarizationoftheslgnalsnotonlyfor

theinputspecklegrambutalsoforthefringepatternobtainedbyitsFourier

transform・Basedontheresults，WePrOPOSethesystemforcalculatingthe

COrrelationfunctionuslngthephasemodulationpropertyofLCTVandthe

OpticRAMdetectorwhichenablethenonlineardetectionofsignals．59，64

Thesystemfbrthedetectionofspecklepatternsandtherealizationofthe

nonlinearopticalcorrelatorareshowninFig．6－2．Arotatinggroundglass

Plateof＃400mountedonatwo－dimensionalx－ZStageisilluminatedbya

Planewaveofa5mWlaserdiode（入＝780nm）．TheOpticRAMdetectorhas

themaximums印Sitivityaroundthelaserlightwavelength．Theobjectis

imagedbyatw0－1ensimagingsystem（f＝100mm）togetherwithapinhole

（r＝1・5mm）・Atimedependentclippedspecklegram（thelogicalORpattern

betweenbeforeandafterthedisplacementsoftheclippedspecklepatterns）is

detectedbytheOpticRAM・Durlngtheexposuretime）thespecklepattern

tobedetectedisconsideredasafrozenpattern．Strictlyspeaking，thereisa

distributionoftheseparationsbetweenthespecklepalrSOntheOpticRAM

becauseofthefinitesizesofthelaserlightilluminationtotherotating

groundglassplateandthedetectionareaoftheOpticRAM．However，this

effectisnotsoseriousinthisopticalsetupandcanbeignoredbecausethe

detectorareaisconsiderablysmallcomparedwiththeimaglngareaOnthe

detectionplane．

Aftertheallocationofthebinarypatterntothetwoslgnalvalues

COrreSPOndingtothephaseshiftsOandJ－bythemicrocomputerItheyare

SenttOtheLCTVthroughaframememory・IlluminatingtheLCTVpanel

byacollimatedlightfroma5mWHe－Nelaser，thephasemodulatedsignalis

Fouriertransformedbyalensbehindofthepanel・AnotherOpticRAM

locatedatthefbcalplaneofthelensdetectstheFouriertransformedpattern

asabinaryslgnal・Bychanglngtheexposuretimeorthethresholdvoltage

totheOpticRAMdetectorbythemicrocomputerIWeCanaPPrOPriately

adjustthethresholdlevelofthedetectionforthefringeintensity．After

StOrlngthebinaryfringepatterninthemicrocomputerIitisagaindisplayed

OntheLCTVpanelasaphasepatternhavlngtWOlevelsofOand3T．Fourier

transfbrmlngitbythesameopticalsystem，thecorrelationpatternisdetected

byaCCDcamerainFig．6－2．
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Fig・6－3（a）showsthebinaryspecklegramtakenbythesystem・Wecan

recognizetheclippedspecklepairsinFig．6－3（a）・Fig・6－3（b）isthepower

SPeCtrumCalculatedbytheFouriertransfbrmofFig．6－3（a）anddetectedby

theOpticRAMdetectorasabinaryslgnal．Thefivefringescanbeseenin

thisfigure・Fig・6－3（C）istheoutputpatternoftheopticalcorrelatorobtained

bytheFouriertransformofFig．6－3（b）．Wecanseetheclearcorrelation

SPOtSinthediagonaldirection．Thewholetimetoobtainthecorrelation

Slgnalwasabout2．Osecond．However，theprocesslngtimemaybeeasily

Shortenedtothevideoratebythehardwareinstallation．

Byuslngthissystem，WeCOnductedanin－Planevelocitymeasurementat

SeVenPOintsontheglassplatebyshiftingthex－ZStage tO theline

PerPendiculartotheopticalaxis．TheresultisshowninFig．6－4・The

horizontalaxisistheradiusfromtherotatingcenteroftheplatewhilethe

Verticalaxisisthedistancebetweenthe±lorderdiffractionpeaksofthe

COrrelationoutputwhichisproportionaltotheobjectvelocity．TheDCterm

ShowninFig．6－3（C）alwaysappearsinthecorrelationpatternandafftctsthe

PreCisedetectionofthecorrelationslgnals．However，WeCaneaSily

eliminatetheDCtermfromthecorrelationpatternbymaskingthepattern

OPtically orelectronically since the termisstationary duringthe

measurement．Fromthegoodlinearrelationbetweenthecorrelation

distanceandradiusoftherotatingcenterinthefigure，itisshownthatthe

SyStemCanbeusedforthepracticalvelocitymeasurementofalight

SCatteringobject．

6・4．Optica）JointTransfbrmCorrelatorUsingClippedSpeckIe

Intensity

Insection6－3，thenonlinearopticalcorrelatorfbrdoublyclippedspeckle

intensityisproposedandappliedtothevelocitymeasurementofarotating

groundglassplate．Althoughthemethodisusefultoobtainthemagnitudeof

anobjectvelocity，itsdirectioncannotbedetermined．Inthissection，We

PrOVideanimprovedmethodtoobtainboththemagnitudeanddirectionof

the object velocity at the same time by theJOinttransform

correlation．11，40，60Thebasicoperationoftheopticalcorrelationuslng

LCTVhasbeenalreadydescribedinprevioussection，SOthatweonlydiscuss

themeritofthejointtransformcorrelationmethod．
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Fig・6－3（a）ClippedspecklegramdetectedbytheOpticRAMdetector．

（b）BinaryfringepattemproducedbytheFouriprtransfbmOfthe
SpeCklegram・（C）CorrelationoutputbytheFounertransfbrmof（b）．
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ThesystemconfigurationisshowninFig・6－5・Thesameopticalimaglng

SyStemShowninFig・6－2isusedforthedetectionofspecklepattern，Whereas

thetwoLCTVpanelsandCCDcamerasareusedfortherealizationofthe

OPticalcorrelator・Thedisplaypanel（CitizenUB250）whichhas160

horizontaland146verticalpixelsinanarea50mmby38mmisusedinthe

experiment・Inthejointtransformcorrelation，thetwospecklepatterns

SeParatedbyacertaintimeo蝕etaredisplayedontheupperandlowersides

OftheLCTVasisshowninFig．6－6（a）．Wecanobtainnotonlythe

magnitudebutalsothedirectionoftheobjectvelocitybecausetheresulting

COrrelationspotslocateatthedistancefromtheorlglnCenteredattheoffset

distanceandtheirderivationfromtheoffsetrepresentstheslgnOfthe

Velocity・Thefringeseparationorthecorrelationdistanceisdeterminedby

thespatialoffsetofthetwospecklepatterns・ThefringepatterninvoIvesa

largeDCcomponentbecauseofthelowcontrastratioandtheimperfect

PhasemodulationoftheLCTV・TheDCcomponentsattheFourierand

COrrelationplanesareopticallyblockedbytheDCcutmasksinfrontofthe

detectors．

Theoperationofjoint transformopticalcorrelatorisasfollows．Atime

dependentspecklepatternisdetectedtwicebytheOpticRAMdetectorand

displayedattheupperandlowersidesontheLCTVLCTVIwithacertain

SPatialseparation・IlluminatingLCTVlbyacollimatedlightfroma5mW

He－Nelaser，aPhasemodulatedspeckleslgnalisFouriertransformedbya

1ensbehindthepanel．Filteredoutallbutnearthezerothorderdiffraction

beamby afilterandenlargedthepatternbyanobjectivelens，the

transmittedsignalisimagedontothescreenanddetectedbyaCCDcamera

CCDlasapowerspectrum・ThescreenhasaDCcutmaskbywhichthe

ZerOthordercomponentofthediffractioniseliminated．Thisimageis

immediatelydisplayedontheLCTVLCTV2throughCCDl・Thepower

SPeCtrumdisplayedonLCTV2isopticallyFouriertransformedinthesame

mannerastheabovetreatment・FinallyIthecorrelationslgnalisdetectedby

aCCDcameraCCD2andsenttothemicrocomputerthroughaframe

memOry・

TheexperimentalresultsareshowninFig・6－6・Fig．6－6（a）isanexampleof

twospecklepatternsdisplayedontheLCTV・Inthiscase，theilluminating

SPOtOnthegroundglassplateislocatedontheverticallinewhichcrossesthe

rotatingcenter，namely，theYcomponentofthevelocityiszero．Fig．6－6（b）
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Fig・6－6Results（a）Exampleofspecklepattemsofthesuccessivetw。

exposuresdisplayedonthenrstLCTVpanel・（b）Fringepattemobtainedby
theopticalFouriertransfbrmof（a）・（C）Correlationoutputof（b）．
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isthefringepatternobtainedbytheFouriertransformofFig・6－6（a）・The

POWerSPeCtrumSuChasinFig．6－6（b）isopticallyFouriertransformedagain・

Fig・6－6（C）showsthefinalresultofthecorrelationpatterntakenbytheCCD

CameraCCD2・Thetwocorrelationpeakscanbeseeninthediagonal
direction．

Fig・6－7isanotherexampleoftheresults．Inthiscase，thelocationofthe

illuminatingspotisthesameasthatinFig．6－6，Whilethegroundglassplate

rotatesintheoppositedirectiontothatofFig．6－6．Thefringepatternsor

thecorrelationspotsinFig．6－6andFig．6－7aresymmetricallysituated

agalnSttheverticallinewhichintersectsthecorrelationorlgln．Theseresults

Showthattheproposedmethodherecanbeusedtodeterminenotonlythe

magnitudeoftheo叫ectvelocitybutalsoitsdirection．Themagnitudeofthe

VelocitylSCalculatedfromthedistancebetweentheorlglnandoneofthe

COrrelationpeaks．Thedirectionofitisalsoobtainedfromthedirectionof

thecorrelationpeaks・

Byuslngthissystem，WeeaSilyobtainthelocusofthecorrelationspots

PrOducedbyanarbitrarymotionofalightscatteringobject・InFig・6－5，the

rotatinggroundglassplateismountedonthelinearlymovableXstage

drivenbythestepplngmOtOrunderthecontrolofthemicrocomputer，SO

thatwecaneasilychangethelocationoftheilluminatingspotontheglass

Platewhichhasanarbitraryvectorvelocityv＝（vx，Vy）・

Weconductedvelocitymeasurementatfivepointsontheglassplateby

ShiftingtheXstagebyastepoflOmm．Becausetherotatingglassplateis

linearlyshiftedbytheXstageatthefixedheightfromitsrotatingcenter，

i．e．，theXcomponentsofthevelocitiesattheilluminatingspotsalwayshave

thesamevalueasisshowninFig．6－8．Ineachmeasurement，thelocationof

thepeakspotofthecorrelationfunctionisobtainedfromtheoutputofthe

OPticalcorrelatorproposedhereanddisplayedsuccessivelyonthe

microcomputerdisplay．

Inthejointtransformcorrelator，thecorrelationpeakscorrespondingto

theoffsetdistancebetweentwolnPutPatternSalwaysappearatacertain

distancefromthecorrelationorlgln，eVenifthespecklepatternsdonot

Changebetweenthesuccessiveexposures，i・e．，thegroundglassplateishalt・

Inthefbllowlngdiscussion，WeOnlyconcernthecorrelationplaneabovethe
●

horizontallinewhichcrossesthecorrelationorlglnandwechoosethe

COrrelationspotproducedbythesametwospecklepatternsasaneworlgln
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Fig・6－7Resultsobtainedforthecasewhentherotatingdirectionoftheglass

PlateisreversedtothatofFig・6－6：（a）specklepattemS，（b）fringepattern，
and（C）correlationoutput．
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Fig・6－8VectorcoordinatesatthevariOuspositionsonthegroundgIass
Plate．
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Ofthecoordinate（X，Y）inthatplane・Then，thevectorvelocitycanbeeasily

displayedinthenewplane．

Fig・6－9showstheobtainedresultsofthechangeofthevectorvelocitiesdue

totheshiftsoftheXstage・Fig・6－9（a）and（b）Correspondtotheresultswhen

theglassplaterotatesintheclockwiseandcounter－Clockwisedirections，

respectively・Thedistancebetweentheorigin（X，Y）＝（0，0）andacircle

COrreSPOndtothemagnitudeofthevelocityandthedirectionofthecircle

fromtheoriginrepresentsthedirectionofthevelocity．InbothFigs．6－9（a）

and（b），theXcomponentsofthevelocitieshavethesamespeed．Thismeans

thefactthateachmeasurementismadeatafixedilluminationheightfrom

therotatingglasscenter・Asthegroundglassplaterotatesinopposite
directionsinFigs・6－9（a）and（b），theobtainedcorrelationspotsarelocatedat

therighthandsideorthelefthandsideinthecorrelationplane

COrreSPOndingtotheclockwiseorcounter－Clockwiserotationoftheplate・

InFig・6－9（b），thoughtheXcomponentsofthevelocityshouldhavethesame

ValueforeachdataIthereisafluctuationofthedatapoints・Thefluctuation

isoneplXelintheXdirection，SOthattheerrorcanbeconsideredasthe

deviationofthedatawithintheresolutionoftheimagedetectionsystem・

ThereisalsoafluctuationofthedatapointsfortheYcomponentsofthe

VelocityduetothelowresolutionoftheimaglngSyStem・Thedeviationof

thedataisalsowithinitsresolution・Thisproblemmaybesettledby

ChooslngaPPrOPriatelytheopticalconstantsintheimaglngSyStem，SuChas

anappropriatechoiceofthemagnificationsoftheobjectivelenses．
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Fig・6－90utputcorrelationspotscorrespondtovectorvelocitiesinvariOus

positionsattherotatingglassplate・TherotatingdirectiOnsoftheglassplate
areoppositetoeachotherbetween（a）and（b）．
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Chapter7．CONCLUSIONS

Thepresentthesishasdescribedthestatisticalpropertiesofclippedspeckle

Patternanditsapplicationstoopticalcorrelator・

Inchapter3Itheaccuracyofthepeakdetectionoftheclippedcross－

COrrelationfunctionhasbeenstudiedbyuslngaCOmPuterSimulation・The

Clippedcorrelationfunctionforboththepureandmodifiedtranslationstates

Ofspecklepatternshavebeeninvestigated・Inthepurespeckletranslation

SuChasinatw0－1ensimaglngSyStemIthepeakfluctuationoftheclipped

CrOSS－COrrelationfunctionissmallerthanthatofnonclippedonewhenthere

isnoadditivenoisetothespeckleslgnal・However，itisfoundthatthe

accuracyofthepeakdetectionisaffectedbyanoisebuttheeffectisnot

Seriouswhenthenoiselevelissmall・ItisprovedthattheclipplngteChnique

hasanadvantageoftheaccuratedetectionofthepeakposition・

AsananotherexampleItheaccuracyofthepeakdetectionfortheclipped
COrrelationinaslnglelensimaglngSyStem，l・e・，themodifiedtranslation

StateOfaspecklepatternIhasbeeninvestigated・Theaccuratemeasurement

Ofthepeakdetectionisexpectedforasmallvalueofthecorrelationoffset，

While thepeakfluctuationbecomeslarge as theoffsetincreases

COrreSPOndingtothedecreaseoftheheightofthecorrelationpeak・

TheclipplngteChniqueofthespeckleslgnalissuitablefortheaccurate

detectionofthepeakpositioninthecross－COrrelationfunctionIeSPeCiallyfor

thespecklehavlngaPuretranSlationstate，anditisalsousefulforthe

SPeCkleofthemodinedtranslationstatewhenthecorrelationoffsetisnotso

large・Itwasalsonotedthatitispossibletodetectasmallpeakdeviation

fromthecorrelationorlglnandIaSareSultIafinedisplacementmeasurement

COmParedtothespecklesizeisachievedbyuslngtheclipplngteChnique・

Inchapter4，theaccuracyofthepeakdetectionofthecorrelationfunction

hasbeenexaminedforseveralloglCaloperationsofaclippedspeckle

intensity・Theexperimentalresultsarecomparedwiththetheoretical

Predictions・Ithasbeenprovedthatthe（1，－1）logicfortheclippingsignal

hasthesamemeanlngSaStheloglCalXORoperationbecausetheclipped

intensityhasonlytwolevelswhichareaboveorbelowthreshold・Refemng

totheprevioustheoreticaltreatment，6itispointedoutthattheaccuraciesof

thepeakdetectionsareequalindependentoftheemploymentofanyloglCal

OPerations・HoweverItheobtainedresultsshowthatexceptforthe
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equivalencebetweenthelogicalXORand（1，－1）Operations，theaccuracyof

thepeakdetectionvariesdependingontheclipplngthresholdlevelandthe

employmentoftheloglCaloperations・TheresultsareverylmPOrtantinthe

realmeasurementhavlngafinitedatalengthwithapossiblenoisesource・

Inchapter5IthephaseandintensitymodulationpropertiesofLCTVasa

SPatiallightmodulatorhavebeeninvestigatedfbrtheimplementationofan

OPticalcorrelator・ThephaseshiftfromOtol・23”adiansandintensity

transmittancevariationsofO・3～1・OintheLCTVpanelhavebeenobtained・

AstheLCTVpanelusedintheexperimentisatwistednematictypeIWeCan

notrealizeaperftctphaseonlymodulation・Aliquidcrystaldevicesuchasa

homogeneousalignmenttypeissuitedfbranidealphaseonlyspatiallight

modulator・66HoweverIitisfbundthatwecanattainapproximatephase

OnlymodulationforthetwistednematicLCTVforthecertainconfiguration

Ofthepolarizationfiltersandtherangesoftheappliedvideoslgnals・

Theeffectsoftheclipplngthresholdlevelofaspecklegramonthevisibility

OfthefringepatternintheFourierplanehavebeentheoreticallyand

experimentallystudied・Theresultsofnumericalcalculationandcomputer

Simulationshowthatthebinarizationofthespecklegramenhancesthehigher

diffractedordersoftheFouriertransfbrmedfringe，butthevisibilityofthe

fringepatterndecreasescomparedwiththenonclippedone・However，itis

alsofoundthatthefringevisibilityforclippedcaseroughlyapproachesto

thatfbrthenonclippedonebysettingthethresholdlevelaroundtheaverage

Valueofthespeckleintensity・Theresultshavebeenverifiedbythe

experimentsuslngthetwistednematicLCTVasaspatiallightmodulator・

Thecorrelationslgnalisimprovedbythefurtherbinarizationoffringe

Pattern・

Inchapter6，basedontheresultsinpreviouschapters，thenonlinearoptical

COrrelatorfortheprocesslngOfatwo－dimensionalspeckleslgnalhasbeen

PrOPOSedbyuslngthephasemodulationpropertyofLCTVtogetherwiththe

COmbinationofnonlinearOpticRAMlightdetectors．Todemonstratethe

usefulnessofthesystem，thevelocitymeasurementofalightscatterlng

Objecthasbeenconducted・Althoughitisusefultoobtainthemagnitudeof

anobjectvelocity，itsdirectioncannotbedetermined．Thus，animproved

methodtoobtainboththemagnitudeanddirectionoftheobjectvelocityat

thesametimehasbeenpresentedbyuslngajointtransformcorrelation．
●
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TheobtainedresultsshowthatthecombinationofOpticRAMdetectorand

COmmerCiallyavailableLCTVisefficientfortheimplementationofthe

OPticalcorrelator・TheOpticRAMdetectorbasicallyhasthesame

PrOPertiesasaDRAMwhichhasalargememorycapacity，afastaccessto

thedata，andalowcostofthedevice・Consideringthegoodavailabilityof

thesedevices，theproposedmethodispromlSlngforthereal－timeoptical

Inconclusion，thepresentthesishaspresentedthestatisticalpropertiesof

Clippedspeckleintensity・Thevariousslgnincantresultshavebeenfoundnot

Onlyfromthefundamentalpointofviewbutalsofbrtheapplications・The

newopticalcorrelatorhasbeenproposedfbrthevelocitymeasurementofa

lightscatteringobject・Astheproposedsystemconsistsofalowpowerlaser

diodeandsimpleopticalelements，itissuitablefbrtheindustrialpurpose

demandingforlowcostandcompactness・

Itisfinallypointedoutthatnewopticaldevicesarenowunderdevelopment

asaspatiallightmodulator・Thespatiallightmodulatoruslngaftrroelectric

liquidcrystaldevicewhichcanoperatemuchfasterthanusualoneshasbeen

developed・67，68Sinceitcanoperatebyonlytwostatesofthemolecule

director，theslgnalbinarizationsinvestigatedherearedirectlyappliedtothe

nonlinearopticalcorrelator・Usingthisdevice，allopticalreal－time

COrrelatorconsistingofopticalwrite－inandopticalread－Outdeviceswillbe

realizedinfuture．
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