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数字散斑干涉术和时空三维相位解包裹用于非
连续表面动态变形测量

吴思进1,杨靖1,潘思阳2,李伟仙1,杨连祥3

(1北京信息科技大学 仪器科学与光电工程学院,北京100192)

(2大唐移动通信设备有限公司,北京100083)

(3奥克兰大学 机械工程系,美国 罗彻斯特48309)

摘 要:为解决传统相位解包裹法不能够用于非连续表面的动态变形测量的缺点,在详细阐述基于时空

三维相位解包裹技术的数字散斑干涉术的工作原理和测量步骤基础上,应用数字散斑干涉术和时空三

维相位解包裹测量非连续表面动态变形.实验证明,当采用每秒70帧的普通相机拍照时,可实现最快形

变速率为25.12μm/s的非连续表面动态变形测量.本文所提方法扩展了数字散斑干涉术的测量范围,

增强其应用能力.
关键词:电子散斑干涉术;变形测量;动态测量;相位分布;振动测量;相位解包裹;非连续表面
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DynamicDeformationMeasurementofDiscontinuousSurfacesUsing
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Three-dimensionalPhaseUnwrapping
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Abstract:DigitalSpecklePatternInterferometry(DSPI)withaSpatiotemporalThree-dimensionalPhase
Unwrapping(STPU)isusedtomeasurethedynamicdeformationdistributionswiththepresenceof
objectdiscontinuities.ItovercomesthephaseunwrappingfailureoftraditionalDSPIinsuchconditions.
ElaboratedescriptionofthemeasurementpricipleandprocedureoftheDSPIwithSTPUisgiven.The
experimentsexibitedthatdynamicdeformationofdiscontinuoussurface,withamaximumdeformation
rateof25.12μm/s,canbedeterminedperfectlybytheproposedmethodwhileanordinarycamerawith
70fpswasused.TheresearchbenefitstheenlargementoftheapplicationareasofDSPIandthe
improvementofitsapplicability.
Keywords:ElectronicSpecklePatternInterferometry(ESPI);Deformationmeasurements;Dynamic
measurements;Phasedistribution;Vibrationmeasurement;Phaseunwrapping;Discontinuoussurface
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0 Introduction
DigitalSpeckle Pattern Interferometry (DSPI),also known as Electronic Speckle Pattern

Interferometry(ESPI),isafull-field,non-contact,high-accuracyopticalmeasurementtechniquefor
micro/nano-deformation measurement,which has been widely usedin manufacturing,aerospace,
biomedicine,andsoon[1-3].Precise measurementofdeformationby DSPIdependsonquantitative
determinationofinterferometricphase.Theobtainedrawphaseiswrappedandvarieswithintherangeof
[0,2π)because ofthe use ofaninversetangentcalculation,an essentialprocessin phase
determination[4-5].Thiswrappedformcausesphasediscontinuitieswhichshouldberemovedbeforethe
calculationofdeformation.Theprocessofphasediscontinuityremovaliscalledasphaseunwrapping.

Traditionally,SpatialPhaseUnwrapping(SPU)isthedominantphaseunwrappingalgorithmthatis
usedinDSPI.Itdemodulatesphasealongatwo-dimensionalspatialpathwhichiseitherapredeterminedor
varyingpath.Distinguishedbystrategiesofrouting,avarietyofSPUshavebeenproposed,includingrow-
by-pointalgorithm[6],quality-guidedalgorithm[7],least-squaresalgorithm[8],branch-cutalgorithm[9],
minimumLp-normalgorithm[10],etc.TheseSPUscangeneratehigh-qualityunwrappedphasemapsin
mostcases,duetotheuseofmodernimagesensorwithmillionsofpixels.Thehigh-densityimagesensor
allowsanoversamplingofthewrappedphasemap,avoidingfaultinphaseunwrapping.However,inthe
presenceofobjectsurfacediscontinuity,abruptphasechangeappears,causinglocalultrahighfrequency
phasevariationwhichisovertheimagesensorsamplingfrequency.Thelocalultrahighfrequencyblocks
thepathofphaseunwrapping,resultinginthefailureofrealphasedistributionobtainment.The
dependenceoncontinuousphaseunwrappingpathleadstothefailureofusingDSPIwithSPUtodetermine
phasesofdiscontinuoussurfaces.

AnalternatetosolvetheproblemistheutilizationofTemporalPhaseUnwrapping(TPU)inDSPI.
TPUdemodulatesthephasethroughthetimeaxis,soitcanneglectthespatialrelationbetweenareasof
theobjectsurface[11].Objectdiscontinuityisnotahandicapanylongerwhenphaseunwrapping.Another
advantageisthedeterminationofabsolutephasevaluewhichisrealizedbyrecordingtheinitialphasemap
beforeloading[12].ThedisadvantageofTPUishighdemandofcameraspeedwhichdefinesthesampling
rateofTPU.Unfortunately,thesamplingratecannotsatisfythesamplingtheoryinmostsituations,even
ifhigh-speedcamerasareused.ThismakesDSPIwithTPUanunpracticaltoolinengineering.

Recently,wehaveproposedaSpatiotemporalThree-dimensionalPhaseUnwrapping(STPU)which
demodulatesthephasenotonlyalongthetwo-dimensionalspatialpathbutalsothroughthetimeaxis[13].
ThecombinationofphaseunwrappinginspatialandtemporaldomainsmakesDSPIabletodeterminethe
absolutephasebyusinganordinarycamera.Theabilityofthenewalgorithmindeformationmeasurement
ofdiscontinuoussurfacesisalsobrieflyintroducedbuthasnotbeendemonstratedclearlyyet.Inthis
article,theprincipleandprocedureofusingDSPIwithSTPUtomeasuredeformationofdiscontinuous
surfacearedemonstratedindetail.ThecapabilityofSTPUisfurtherrevealedbytheoreticalexplanationas
wellasexperiments.

1 Principleofspatiotemporalthree-dimensionalphaseunwrapping
TheoriginalphasesobtainedbyDSPIarewrappedasmodulo2πofthetruephases.Therelation

betweentheoriginalandtruephasesismathematicallyformulatedas
ϕ=mod(Φ,2π)=Φ+2nπ (1)

whereϕ∈[0,2π)istheoriginalphase,Фisthetruephase,andnisaninteger.
Theprocessofchangingtheoriginalphasetotherealphaseiscalledasphaseunwrappingwhichis

traditionallyclassifiedasSPUandTPU,dependingonphaseunwrappinginspatialortemporaldomain
respectively.
1.1 Spatialphaseunwrapping

SPUcomparesthephasevaluesatneighboringpixelsandaddsorsubtracts2πifthephasejumps
exist.Theunwrappingpathispredeterminedorvaried.Distinguishedbystrategiesofrouting,manySPUs
havebeenproposed.Forsimplicity,row-by-pointalgorithm,thesimplestSPU,ischosentoexplainthe
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basicprincipleofSPU.Row-by-pointalgorithmtakesthefirstpixel,usuallylocatingatthelowerleft
cornerofthephasemap,asastartpoint.Thenfromthispoint,itdemodulatesthephasealongthefirst
column.Thephasevaluesatthefirstcolumnareexpressedby

Φi,0( ) =ϕ0,0( ) +∑
m-1

i=1
W Δϕi,0( )[ ] (2)

whereϕ0,0( )isthephaseatthestartpoint,Δϕisthedifferencebetweentwoneighboringpixelsalongthe
column,W denotestheoperationofeliminationofphasejump,mistheheightofphasemap.Takingthe
correspondingphasevaluesatthefirstcolumnassecondarystartpoints,therealphasesatthewholephase
maparedemodulatedalongeachrowbyusingthesamemethod.

Row-by-pointalgorithmissimpleandfast,butwillmostlikelyresultinphenomenaofwiredrawing
andorderjumpingwhenphaseunwrapping.Theseundesirablephenomenawillbepartlyeliminatedifother
SPUsareused,forexamplebranch-cutalgorithm.However,theabsolutephasecannotbedetermineddue
totheundefinedphasevalueofthestartpoint.Moreover,allSPUswillfailtogetcorrectrealphasesif
completediscontinuitiesofobjectsurfaceexist.
1.2 Temporalphaseunwrapping

TPUisanideaapproachtosolvetheproblemsexistedinSPU.Itisaone-dimensionalphase
unwrappingalgorithmwhichdemodulatesphasesthroughthetimeaxis.Thefirstphasemapcorresponding
tothestatebeforeloadingactsasthezeroreference,yieldingabsolutephasedistributiononeachphase
map.Furthermore,theindependenceofapixelfromitsneighboringpixelslettheTPUignorethesurface
discontinuities.Thealgorithmcanbeexpressedby

t=t0,t1,t2,t3……s

c(ti)=NINT
ΔΦw(ti,ti-1)

2π
æ

è
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ø
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(3)

wheretistime,sdenotesthelastmoment,NINTrepresentsthenearestinteger,ΔΦw(ti,ti-1)represents
thephasedifferencebetweenti andti-1,thesubscriptw andudenote wrappedandunwrapped
respectively.However,todemodulatethewhole-fieldphasemaps,TPUisaskedtosatisfythesampling
theorematallpixels.Itmeanstheframerateofcamerashouldbehighenoughsothatitcanmatchthe
highestdeformationrate.Thisisnotalwayssatisfiedevenifhigh-speedcamerasareused.Moreover,the
insufficiencyofphaseinformationleadstolow-qualityrealphase map whichdegradestheDSPI's
performance.
1.3 Spatiotemporalthree-dimensionalphaseunwrapping

STPUdemodulatesthephasenotonlyalongthetwo-dimensionalspatialpathbutalsothroughthe
timeaxis.ThisfeaturemakesSTPUanideamethodtodeterminerealphaseofadiscontinuoussurface.
ThefirststepofSTPUisregionseparationwhichcanbeperformedautomaticallyormanuallybylocalizing
theabnormityofthephasespatialdistribution.Thephaseabnormityisusuallycausedbysurface
discontinuities.Theautomaticregionseparationisrealizedbyevaluationofthelocalspatialfrequenciesof
thephasemap.Independentregionismarkedifitissurroundedbyacloseringin whichthereis
hyperfrequencyphase.Aftertheregionseparation,referencepointsearchingisperformedtofindthe
locationsofthelowestfrequencyphasevariationineachseparatedregion,byevaluatingthetemporal
frequenciesofthephasevariationatallpixels.Thecharacteristicofthereferencepointsisonwhichthe
displacementratesarelowerenoughtobesampledeasily.Itcanbeexplainedby

D x,y,t( )

t ≤
λ
2k
·fframe (4)

whereD/trepresentsdisplacementrate,x,y( ) denotesthelocationofreferencepoint,λisthelaser
wavelength,kisanintegerlargerthanorequalto2,andfframeistheframerateofthecamerausedin
DSPI.

Oncethereferencepointsaredefined,TPUisutilizedtodemodulatethephaseateachreferencepoint
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throughthetimeaxisanddeterminetheabsolutephaseateachstep.Takingthesereferencepointsasthe
startpointsforeachregion,SPUdemodulatesthephasespatialdistributiononeachregionandobtainsthe
absoluterealphasedistributions,aidedbythedefinitivephasesatthereferencepoints.Thewholefieldreal
phasemapsatdifferentmomentsareconsequentlyestablishedbycombiningthephasedistributionsofeach
separatedregiontogether.TheprocedureofSTPUisshowninFig.1.

Fig.1 FlowchartofSTPUoperation
DifferentfromTPU,STPUdemodulatesthephasesthroughthetimeaxisatseveralreferentpoints

ratherthaninwholefield.Themuchlowerdisplacementratesoftheseselectedpointsthanthoseofthe
wholefield,aidintheenhancementofDSPIabilityinmeasurementofhigh-speeddeformations.Inmost
cases,thesereferencepointsarenothardtobefoundbecausethedisplacementratesinwholefieldare
alwaysnonuniformandvarynoticeably.Consequently,DSPIwithSTPUismoresuitabletopractical
applicationsthanDSPIwithTPU.IncomparisonwithSPU,STPUisabletodeterminetheabsolute
phases,andfurthermore,thephasesofdiscontinuoussurfaces.Consideringthatitcanalsomeasure
dynamicdeformations,DSPIwithSTPUisacompetitivecandidateindynamicdeformationmeasurement
ofdiscontinuoussurfaces.Thisconclusionwillbeverifiedbythefollowingexperiments.

2 Experiments
2.1 Dynamicmeasurementofcantilevervibration

Anopticalsetupofspatial-carrierDSPI[14],showninFig.2,wasbuilttocarryouttheexperiments.
Thelaserbeamfromasingle-longitudesemiconductorpumpedsolidstatelaserwith532nmwavelength
wasdividedintoobjectandreferencebeams.Theobjectbeamstrucktheobject,ametalcantilever,afterit
wasexpanded.Thescatteredlightwascollectedbyalensandaperture,andthenenteredintoacamera
with70fpsframerate@2megapixels,inwhichitinterferedwiththereferencebeam,formingaspeckle
interferogramasshowninFig.3.Thespeckleinterferogram wasseparatedbyashadow which was
generatedbyastickplacedinfrontoftheobject.Theshadowgeneratedthephasediscontinuity,shownin

Fig.2 Opticalsetupofspatial-carrierDSPI

Fig.3 Speckleinterferogram Fig.4 Originalphasemap
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Fig.4,whichissimilartothosegeneratedbyobjectsurfacediscontinuity.Duringthemeasurement,the
cantileverbeamisexcitedbyaPiezoelectricTransducer(PZT)intherightendwiththeleftendfixedon
thebase,yieldingasinevibrationwithafrequencyof4Hzandanominalamplitudeof1μmwhichcausea
phasechangeof23.6rad.ThevibrationofcantileverwasmeasuredbytheDSPI,yieldingaseriesof
wrappedphasemaps.PartsoftheobtainedphasemapsareshowninFig.5aftertheyaresmoothed.

Fig.5 Phasemapsofcantilevervibration
Ineachphasemap,thephasedistributionisseparatedintotworegionsbyabeltzoneonwhichthe

phasewithmuchhigh-frequencynoiseappears.Thisnoisezoneisformedbythestickshadow which
destroystheopticalinterference.Forthesephasemaps,SPUisunabletogenerateproperrealphasemaps
duetothetotallyseparatedphaseregions.TPUcandemodulatethephasesontheleftpartinwhichthe
displacementrateislow,butfailstogetanexactrealphasedistributionintherightpartbecauseofthe
highdisplacementrate.

Inthisexperiment,STPUwasusedtounwrapthephases.Itfirstlyseparatedthephasemapintotwo
regionsbydistinguishingtheborderofthenoisezone.TworeferencepointsAandB weresubsequently
localizedontheleftpartofthecantilever.Thesereferencepointsarechosenbyfollowingthecriterion
describedbyEq.(4).Consideringitisasinevibration,thedisplacementratecanbetheoreticallyexpressed
by

D x,y,t( )

t =2πafcos 2πft+ψ( ) (5)

whereaistheamplitudeofvibration,fisthefrequencyofvibration,ψistheinitialphaseangle.
Consideringthatthemaximumamplitudeis,nominally,1μm,andvibrationfrequencyis4Hz,the
maximumdisplacementratecorrespondingtoEq.(5)is25.12μm/s.Thisisbeyondthesamplingrateof
9.31μm/s,whichisdefinedbytherightpartofEq.(4),sothelocationwherethemaximumamplitude
appearscannotbechosenasthereferencepoint.Theoretically,locationswithamplitudeoflessthan
0.37μmissuitableforreferencepoints.However,becauseofthenonperfectsinevibration,thereal
amplitudecouldbealittlebitbiggerthan0.37μm.Inthisexperiment,thevibrationamplitudeatpointsA
andBisaround0.42μm.

Fig.6showsthephaseunwrappingresultofreferencepointAobtainedbyTPU.Theupperpartisthe
originalwrappedphaseandthelowerpartdepictstheunwrappedphase.Itcanbefoundthattherearemore
than2samplingpointsinone2πphasecycle,guaranteeingthephasecanbedemodulatedcorrectlyby
TPU.ThereasonableunwrappedphasealsoverifiesthevalidityofusingTPUonthispoint.TheTPU
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merelysatisfiesthephaseunwrappingonpointsAandB'sleft.Itcannotunwrapthephaseontheirright
duetothemuchhigherdisplacementrate.Consequently,TheTPUcannotsatisfythephaseunwrappingon
thewholefield.

Fig.6 TPUonreferencepointA
Phasedistributionateachmomentwasgivenbyperformingrow-by-pointSPUoneachregionafterthe

absolutephasesofreferencepointsweredeterminedbyTPU.ThisprocessisdepictedbyFig.7.

Fig.7 RegionseparationandSPU
Therealphasemapsareobtainedbycombiningthetwoseparatedabsolutephasedistributions.The

out-of-planedeformationdistributionsarefinallycalculatedby[15]

w=
λ

2π1+cosθ( )
Φ (6)

whereθrepresentstheobjectbeamilluminationangleoftheexperimentalopticalsetupdepictedbyFig.2.
Consideringtheilluminationangleisverysmall,Eq.(6)canbesimplifiedas

w=
λ
4πΦ

(7)

  Fig.8showsthedeformationdistributionof
thecantileveratonetime.Thehorizontalordinates
indicatethesizesoftheobjectsurfacewhilethe
verticalordinate denotestheamplitude ofthe
deformation. It demonstrates the dynamic
deformationofthecantilevervibration can be
exactlymeasuredbytheDSPIwithamiddle-speed
camera.Surfacediscontinuitiesnolongerinvalidate
thedeformation measurementusing DSPIwhen
STPUisused.

Fig.8 Deformationofthecantilever

  Iftheshadowinthephasemapisonaverticaldirection,asshowninFig.9,theabsolutedeformation
canalsobeobtainedbySTPU.TheresultsisexhibitedinFig.10.However,inthiscase,theshadow
shouldbeintheleftpartofthecantileversothatanappropriatereferencepointcanbefoundintheshadow's
right.
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Fig.9 Originalphasemapwithverticalshadow Fig.10 Deformationofthecantileverwithdiscontinuity
onverticaldirection

2.2 Dynamicmeasurementofforkvibration
Anotherexampleisthedynamicmeasurementofvibrationofforkwhichsurfaceisdiscontinuous.The

vibrationwasgeneratedbyanelectriccontrolPZTwitha4Hzsinusoid.Thesameopticalsetupwhichis
depictedbyFig.2wasusedtocapturetheinterferograms.Thedifferencesbetweenthisexperimentalsetup
fromtheprevioussetupforcantilevervibrationmeasurementarethecameraandtheabsenceofthestick.
Inthisexperiment,thesurfacediscontinuityistheattributeoffork,sothestickisnotneeded.Inorderto
enhancethetemporalsamplingrate,acamerawith150fpsframerate@1.3megapixelswasusedto
replacethepreviouscamera.Followingthesameprocedure,thephasemapswereobtainedinsequence.
OneofthephasemapsisshowninFig.11anditscorrespondingsmoothedphasemapisshowninFig.12.
Thephasemapisseparatedinto4regions.Fourreferencepointsineachseparatedregionweredetermined
byfollowingthecriteriongiveninEq.(4).ThephasemapislaterunwrappedbytheSTPU,yieldingthe
absolutephasedistributionthatisdepictedbyFig.13.Thedeformationdistributionislaterobtained.Parts
ofthedeformationheightmapsareshowedinFig.14todescribethevibrationofthefork.

Fig.11 Originalphasemapofthefork Fig.12 Smoothedphasemapofthefork

Fig.13 Unwrappedphasemapofthefork
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Fig.14 Vibrationoffork

3 Conclusion
Wedemonstratethatdynamicdeformationmeasurementofdiscontinuoussurfacesiscarriedoutby

usingDSPIandSTPU.Itsgoodperformanceisshownbytheexperiments.Theabilityindynamic
measurementofdiscontinuoussurfacebenefitsDSPIintheenlargementofapplicationrangeandmakes
DSPIapracticaltoolinengineering.
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