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tion from Interferograms forPhase Distribution AnalysisTorsten Merza, Dietri
h Paulusb, and Heinri
h NiemannUniversit�at Erlangen-N�urnberg, Lehrstuhl f�ur MustererkennungMartensstr. 3, 91058 Erlangen, GermanyABSTRACTIn several appli
ations of interferogram analysis, e.g. automated nondestru
tive testing, it is ne
essary to dete
tirregular interferen
e phase distributions or to 
ompare interferen
e phase distributions with ea
h other. For thatpurpose it is useful to represent the essential information of phase distributions by 
hara
teristi
 features. We proposefeatures whi
h 
an be extra
ted both from interferograms as well as from phase distributions. For feature extra
tionwe developed new image pro
essing methods analyzing the lo
al stru
ture of gray-level images. The feature extra
tionis demonstrated with examples of a 
antilever beam and a pressure vessel using holographi
 interferometry. Finallywe show the use of the features for defe
t dete
tion and phase distribution 
omparison.Keywords: holographi
 interferometry, feature extra
tion, image pro
essing, fringe analysis, nondestru
tive testing1. INTRODUCTIONInterferen
e e�e
ts o

ur when two mutually 
oherent waves �elds are superposed. By analyzing the spatial intensitydistribution (interferen
e pattern) of the superposition, we have means to get information about the spatial inter-feren
e phase di�eren
e distribution (shortly phase distribution). So it is possible to 
ompare wave �elds with ea
hother. Using one wave as a referen
e and the other as an obje
t wave, we 
an get information about an obje
t whi
hintrodu
es a phase variation by analyzing the resulting interferen
e pattern. Phase variations 
an be introdu
ed dueto variation of light path length, e.g. by displa
ing a re
e
ting surfa
e, or due to variation of refra
tive index, e.g.by 
hanging the density in a gas. In 
ase of obje
ts produ
ing spe
ular wave �elds, we 
an only 
ompare wave �eldswith introdu
ed phase variations whi
h are smooth 
ompared to the spe
kle produ
ing interferen
e. This is possiblee.g. with holographi
 interferometry, where the wave �elds of two states of the same obje
t are 
ompared by storingone in a hologram.Our goal in interferogram analysis is to extra
t the essential information about the underlying phase distributionfrom both interferograms and phase distributions. Of 
ourse there is a loss of information and robustness by analyzingonly one interferogram instead of the phase distribution whi
h 
an be re
onstru
ted using additional information.Nevertheless, for many appli
ations the maximal information extra
ted from a single interferogram is suÆ
ient.Features of any pattern should have the property to represent the essential information whi
h is relevant for agiven analysis task. Here features have to be independent of ba
kground intensity, fringe 
ontrast, and spe
kle e�e
ts.In addition, the features should be independent of an arbitrary phase o�set (i.e. an unknown referen
e phase), as onthe one hand it is not possible to re
onstru
t the absolute phase from interferograms without any further informationand on the other hand the absolute phase is unstable due to vibrations or e.g. due to inexa
t hologram repositioning.In most 
ases of qualitative interferogram analysis, the in
uen
e of the referen
e phase has not been 
onsidered yet.For illustration of the e�e
t see Fig. 1 where two one-dimensional interferen
e patterns are shown resulting from thesame phase distribution but with di�erent referen
e phases.Further author information {E-mail: merz�informatik.uni-erlangen.dea, paulus�informatik.uni-erlangen.debWWW: http://www5.informatik.uni-erlangen.de
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Figure 1. Dependen
e of interferen
e patterns from di�erent referen
e phases2. EXPERIMENTAL DESCRIPTIONFor the veri�
ation of the developed methods we use two experimental setups: on the one hand an aluminum 
antileverbeam bent by a shearing for
e and on the other hand an aluminum pressure vessel elasti
ally deformed by pressure,both measured in a standard holographi
 setup (Fig. 2). The holographi
 re
ording material is a photopolymer whi
hmakes wet 
hemi
al pro
essing and hologram repositioning super
uous, the hologram 
an be viewed immediatelyafter exposure. After having re
orded the wave �eld belonging to one obje
t state, a phase variation is introdu
ed andthe 
orresponding interferogram 
an be viewed in real time (real-time holographi
 interferometry). A 
onventionalpiezo-ele
tri
 transdu
er is used for temporal phase-shifting of the referen
e wave. Interferograms are re
orded witha standard bla
k and white CCD-
amera and pro
essed with a standard Pentium PC.The 
antilever beam experiment enables easy quantitative veri�
ation of the experimental results as an analyti
aldes
ription of the surfa
e de
e
tion exists:1 d(x) = FEwh3 � 6 lx2 � 2x3�where F is the shearing for
e, E the modulus of elasti
ity, w the beam width, h the beam thi
kness, l the beamlength, and x the distan
e from the �xation.Due to the small angle between in
ident and re
e
ted light in the arrangement of the opti
al setup, the in
uen
eof the sensitivity ve
tor 
an be negle
ted. Thus the one-dimensional phase distribution is given by:2Æ(x) = 4�� d(x)In a �rst experiment we measured the bending of the 
antilever beam using holographi
 interferometry as des
ribedin se
tion 3 and 
ompared it with the analyti
al solution (Fig. 3). Sin
e the solution shows high 
orresponden
e withthe theoreti
al values, we 
onsidered the a

ura
y as suÆ
ient for the following experiments.The pressure vessel is used to produ
e more 
omplex interferen
e patterns and to demonstrate the appli
ationof the proposed methods in nondestru
tive testing. It is prepared with an arti�
ial subsurfa
e 
aw whi
h 
an bedete
ted using the proposed features as shown in se
tion 5.
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) d)Figure 2. a) Setup of the 
antilever beam experiment, b) holographi
 interferometer: BS=beam splitter,MO=mi
ros
ope obje
tive, PZT=piezo-ele
tri
 transdu
er, 
) 
antilever beam, d) investigated pressure vessel3. FEATURE DEFINITIONIn holographi
 interferometry the intensity distribution of interferograms 
an be des
ribed by the following expres-sion:2 I(x; y) = a(x; y) + b(x; y) 
os(Æ(x; y) + �R) (1)where Æ(x; y) is the underlying phase distribution, �R the referen
e phase and a(x; y) and b(x; y) are the additiveand multipli
ative distortions (ba
kground intensity, spe
kle noise, varying fringe visibility).In 
ase of having a sequen
e of interferograms of 
ontinuously deforming obje
ts or with 
ontinuously varyingreferen
e phase, it is possible to eliminate the additive and multipli
ative distortions for ea
h interferogram of thesequen
e.3 The normalized intensity is then given by:~I(x; y) = 
os(Æ(x; y) + �R)Using four interferograms In(x; y) belonging to the same obje
t state re
orded with unknown but 
onstant phaseshift �� of the referen
e wave, it is possible to re
onstru
t the phase distribution modulo 2� by solving equation 1with �Rn = n��.2 In order to get a 
ontinuous phase distribution, the wrapped phase 
an be demodulated usinge.g. the path-independent algorithm des
ribed in.2We have four kinds of patterns representing phase information: interferograms, normalized interferograms,wrapped phase distributions, and demodulated phase distributions. It will be shown in the following that under
ertain 
onditions there exist features of the same kind whi
h 
an be extra
ted from all four kinds of patterns and
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antilever beam 
al
ulated from phase distribution 
ompared with analyti
al solutionwhi
h are independent of the unknown referen
e phase. These features are 
al
ulated using only spatially lo
al in-formation. So it is possible to handle dis
ontinuities like wrapped phases by skipping regions in whi
h dis
ontinuitiesappear. In these regions there is no phase information available, of 
ourse, but in many 
ases it is possible either toreje
t this information or to interpolate from neighboring features.We propose two features with these properties: fringe density �(x; y) and fringe dire
tion �(x; y) { the denotationwill be 
lear later on. In the following theorem the 
onditions, the properties and the way how to 
al
ulate thesefeatures are summarized in 
ase of having a phase distribution fun
tion Æ(x; y) or a 
orresponding normalized intensityfun
tion ~I(x; y):Theorem 1.8(xo; yo) for whi
h Æ(x; y) in a neighborhood of (xo; yo) is 
ontinuously di�erentiable and j~I(xo; yo)j < 1 :�(xo; yo) = j grad Æ(xo; yo)j = j grad [Æ(xo; yo) + �R℄j = j grad [ar

os ~I(xo; yo)℄j�(xo; yo) = ( ar
tan gradyÆ(xo;yo)gradxÆ(xo;yo) = ar
tan grady [Æ(xo;yo)+�R℄gradx[Æ(xo;yo)+�R℄ = ar
tan grady [ar

os ~I(xo;yo)℄gradx[ar

os ~I(xo;yo)℄ : gradx 6= 0�2 : gradx = 0 ^ grady 6= 0Thus gradient 
al
ulation from wrapped or demodulated phase distributions or from the ar
us 
osine of normalizedinterferograms is the basi
 fun
tion for feature extra
tion. It is also possible to estimate fringe density and fringedire
tion from a single interferogram if the underlying phase distribution 
an be approximated lo
ally by a plane:Theorem 2.if 9 a quadrati
 region B = f(x; y)jx1 � x � x2 ^ y1 � y � y2g with (xo; yo) 2 B and following properties:8 (x; y) 2 B holds: grad Æ(x; y) = 
onst 6= 0 ^ a(x; y) = 
onst ^ b(x; y) = 
onst 6= 0^ 9 ridge-line of I with point 2 B ^ 9 ravine-line of I with point 2 Bthen �(xo; yo) = �l withl = distan
e between ridge-line and adja
ent ravine-line�(xo; yo) = angle between y-axis and ridge-lineThus it is possible to 
al
ulate the same kind of features of all types from a single interferogram as from phasedistributions by estimating the lo
al fringe density and fringe dire
tion in the gray-level image { hen
e the featuredenotation. Many 
ommon methods for interferogram analysis are based on the analysis of fringe stru
ture, espe
iallyqualitative analysis methods for nondestru
tive testing4,5 or phase evaluation methods based on fringe 
ounting, butone has to keep in mind the assumptions made about the phase distribution. As the proof of both theorems isstraightforward (requires substitution, use of gradient 
al
ulation laws, and properties of 
osine fun
tion), it is leftout here.



FOR all j; kestimate gradient ve
tor vjk (see Theorem 3) from phase distributionFOR all j; k
al
ulate mean gradient ve
tor (n-times): v0jk :=Pm�=�m Pm�=�m vj+�;k+�
al
ulate fringe dire
tion: �jk := ar
tan(v0jky ; v0jkx) mod �
al
ulate fringe density: �jk :=qv0jkx2 + v0jky 2Figure 4. Algorithm for 
al
ulation of fringe dire
tion and fringe density from phase distributions4. FEATURE EXTRACTIONAs we have shown in the last se
tion we have to estimate gradients of two dimensional dis
rete s
alar �elds. This
an be done by least-squares �tting of a plane z = ax + by + 
 to the pattern fjk within a quadrati
 region (planewindow) and 
al
ulating the gradient of the plane:6,7Theorem 3. let fjk be a sampled pattern of the 
ontinuously di�erentiable fun
tion f(x; y) then:grad fjk � (ajk ; bjk)T withajk = 
 mX�=�m mX�=�m fj+�;k+�� and bjk = 
 mX�=�m mX�=�m fj+�;k+�� and 
 = 3m(m+ 1)(2m+ 1)2An important parameter for gradient estimation a

ura
y with noisy patterns is the size m of the plane window.If we know the maximal surfa
e 
urvature of the s
alar �eld, it is possible to get an estimation for a suitable maximalwindow size. In addition, if we assume that the s
alar �eld is smooth we 
an smooth the gradient ve
tors nearlywithout loss of information but with 
onsiderable improvement of signal to noise ratio. The sele
tion of suitableparameter values is e.g. in 
ase of the 
antilever beam no problem as there exists an analyti
al des
ription of possiblephase distributions. In Fig. 4 an algorithm using Theorem 3 for 
al
ulation of fringe dire
tion and fringe densityfrom 
ontinuous phase distributions is shown. The number of iterations n for smoothing the gradient ve
tor dependson the noise power of the pattern (typi
al values for n between 1 and 4).4.1. Feature Extra
tion based on Theorem 1We use the 
antilever beam experiment to 
ompare features extra
ted from measured patterns with theoreti
allyexpe
ted features. The a

ura
y of the measured bending 
urve already was dis
ussed in se
tion 2. In Fig. 5a) themeasured phase distribution is shown (phase 
orresponds to brightness of gray-level), in Fig. 5b) the features arevisualized in a needle image (fringe dire
tion=dire
tion of needle, fringe density=length of needle) and in Fig. 5
)the 
al
ulated and expe
ted fringe density are shown.Features from wrapped phase distributions are extra
ted in the same way ex
ept that we have to skip points withdis
ontinuities inside the plane window. Skipped regions 
an be interpolated by repeated smoothing of the gradientve
tor. Of 
ourse this only works properly for phase distributions with low fringe density 
ompared to the regionsize m. Alternatively a simple lo
al phase unwrapping algorithm 
ould be used to unwrap only the phase within theplane window. In Fig. 6 the results of the feature extra
tion from the wrapped phase distribution of the 
antileverbeam without phase unwrapping are shown.The 
al
ulation of features from normalized interferograms is similar to the algorithm in Fig. 4, but the meangradient ve
tors are 
al
ulated with the algorithm shown below in Fig. 10. There is also a dis
ontinuity problem,namely regions around j~I(x; y)j = 1. These regions are treated in the same way as des
ribed for feature extra
tionfrom wrapped phase distributions. In Fig. 7 the results of the feature extra
tion from the ar
us 
osine distributionof the 
antilever beam are shown. The normalized interferogram is 
al
ulated using interferograms from ten di�erentloadings.
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al
ulated fringedire
tion and fringe density, 
) expe
ted and 
al
ulated fringe density
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tion from wrapped phase distribution: a) wrapped phase image, b) needle image showing
al
ulated fringe dire
tion and fringe density, 
) expe
ted and 
al
ulated fringe density4.2. Feature Extra
tion based on Theorem 2Estimating lo
al frequen
y and lo
al dire
tion of gray-level image stru
tures is a 
ommon problem in image pro
essingespe
ially for texture analysis.8,9 But 
onventional methods do not work properly for interferograms as we have to
onsider spe
kle in
uen
es and greatly varying fringe densities. Therefore we have developed a new image pro
essingmethod whi
h makes use of the property that fringe dire
tion 
hanges slowly within a region 
ompared to spe
klestru
ture. The basi
 idea behind the algorithm is to 
al
ulate several gradient dire
tion images g(i)jk with n di�erentplane window sizes mi from a sampled interferogram (Theorem 3) and to use the dire
tion information for estimationof fringe dire
tion and fringe width. In a �rst step a 
ommon gradient dire
tion image gjk is put together from thedi�erent gradient dire
tion images g(i)jk a

ording to a dire
tion homogeneity 
riterion and in a se
ond step animproved gradient dire
tion image is put together a

ording to the fringe width estimated from the �rst gradientdire
tion image (Fig. 8). The algorithm is des
ribed in detail in Fig. 9, 10 and 11.
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a) b)Figure 8. a) First gradient dire
tion image 
al
ulated from Fig. 13a, b) improved dire
tion image




al
ulate gradient dire
tion images g(i)jk with n di�erent plane windowsizes m1 < mi < mn (see Theorem 3)FOR i := 1 to n
al
ulate mean fringe dire
tion ve
tors v0jk (see Fig. 10)FOR all j; kIF jPm�=�m Pm�=�m v0j+�;k+� j > �hTHEN dire
tion is homogeneous at jkinitialize gradient dire
tion image: 8j; k : gjk := no dire
tionFOR all j; kFOR i := n down to 1IF dire
tion from image g(i)jk is homogeneousTHEN gjk := g(i)jk
al
ulate fringe width wjk and fringe dire
tion �jk from gjk (see Fig. 11)initialize improved gradient dire
tion image: 8j; k : gjk := g(n)jkFOR all j; kFOR i := 1 to nIF 2mi < wjkTHEN gjk := g(i)jk
al
ulate fringe width wjk and fringe dire
tion �jk from gjk (see Fig. 11)FOR all j; k
al
ulate fringe density: �jk := �wjkFigure 9. Algorithm for 
al
ulation of fringe dire
tion and fringe density from single interferograms
FOR all j; k
al
ulate fringe dire
tion from gradient dire
tion: �jk := gjk mod �
al
ulate unit ve
tor with dire
tion 2�jk: vjk := (
os(2�jk); sin(2�jk))TFOR all j; k
al
ulate mean dire
tion ve
tor (n-times): v0jk :=Pm�=�m Pm�=�m vj+�;k+�
al
ulate fringe dire
tion: �jk := ar
tan(v0jky ;v0jkx )2Figure 10. Algorithm for 
al
ulation of fringe dire
tion images from gradient dire
tion images


al
ulate mean fringe dire
tion image �jk (see Fig. 10)FOR all j; k
al
ulate fringe width wjk : move along a line through jk with dire
tion �jk and �jk + � until rea
hing twopoints where gradient dire
tion 
hanges more than threshold �g ; wjk :=distan
e between pointssmooth fringe width image wjk by mean �lteringFigure 11. Algorithm for 
al
ulation of fringe width and fringe dire
tion from gradient dire
tion images
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tion from single interferogram: a) interferogram, b) needle image showing 
al
ulatedfringe dire
tion and fringe density, 
) expe
ted and 
al
ulated fringe densityFig. 12 shows the results of the feature extra
tion from a single interferogram of the 
antilever beam. In orderto demonstrate also the a

ura
y of the fringe dire
tion 
al
ulation, we used interferograms of the pressure vessel,whi
h produ
es more 
omplex interferen
e patterns. The results of the feature extra
tion from a single interferogramand from the measured phase distribution are shown in Fig. 13.Comparing the results of the feature extra
tion from the di�erent input patterns, one noti
es that the featurevalues di�er more or less although theoreti
ally they should be the same. This is on the one hand due to di�erentnoise levels of the input patterns and di�erent smoothing te
hniques, and on the other hand due to patterns whi
hdo not 
omply with the assumptions made about the phase distribution.5. FEATURE ANALYSISIn the previous se
tions we des
ribed how to extra
t suitable features for phase distribution analysis, now we showhow to use these features. A possible use is pattern 
lassi�
ation with statisti
al methods or arti�
ial neural networkswhere the membership of patterns to a 
ertain 
lass is learned using 
hara
teristi
 features. In both 
ases we need arepresentative sample 
ontaining enough samples of possible patterns whi
h have to be re
ognized. Due to the greatvariety of di�erent interferen
e patterns and diÆ
ult experimental realization it is diÆ
ult to produ
e a representativesample. Therefore the sample is often produ
ed by simulation. Nevertheless there are su

essful appli
ations inqualitative interferogram analysis, e.g. defe
t dete
tion in nondestru
tive testing with arti�
ial neural networks.2For demonstration of the use of the extra
ted features we propose a simple method for defe
t dete
tion whi
hdoes not need any sample, the ne
essary knowledge is formulated expli
itly in an algorithm. The algorithm shownin Fig. 14 determines the 
enters of nearly 
ir
ular interferen
e patterns. Su
h patterns often appear in the regionof subsurfa
e 
aws. There are four parameters (imax, r, ��, and ��) whi
h have to be adjusted using either expertknowledge or a representative sample. The algorithm was su

essfully used to dete
t the subsurfa
e 
aw of thepressure vessel (Fig. 13).Finally the features 
an be used for 
omparison of phase distributions. The lo
al deviation djk between two phasedistributions Æ and Æ0 
an be evaluated simply by ve
tor subtra
tion:djk = 



�jk � 
os(2�jk)sin(2�jk) �� �0jk � 
os(2�0jk)sin(2�0jk) �



Having a parametri
 model fun
tion whi
h des
ribes the phase distribution this measure 
an be used in aniterative 
ontrol 
y
le for parameter estimation in an inverse problem. We 
urrently develop a method for dete
tionof ellipti
 in
lusions in pressure vessels using a hybrid te
hnique of interferometri
 measurement and deformationsimulation.5
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) d)Figure 13. a) Interferogram of the pressure vessel with identi�ed 
ir
ular pattern (subsurfa
e 
aw), b) needle imageshowing fringe dire
tion and fringe density 
al
ulated from single interferogram, 
) 
orresponding phase distribution,d) needle image 
al
ulated from phase distribution6. CONCLUSIONWe proposed two kind of features whi
h 
ontain maximal information about phase distributions: fringe density andfringe dire
tion. They 
an be extra
ted both from interferograms as well as from phase distributions and they areindependent of the referen
e phase. We developed new image pro
essing methods for analyzing the lo
al dire
tionand lo
al frequen
y of gray-level image stru
tures. For ea
h feature extra
tion method we have shown resultswhi
h are 
ompared with the analyti
al solution of the 
antilever beam experiment. The best results we obtain withfeatures from 
ontinuous phase distributions. If very a

urate results are required one should use re
onstru
ted phasedistributions for analysis. Nevertheless in many 
ases espe
ially in qualitative interferogram analysis the a

ura
yof the other feature extra
tion methods, whi
h do not need any phase-shifting, is suÆ
ient, if the prerequisites ofthe algorithms are 
onsidered. Finally we have shown how these features 
an be used for defe
t dete
tion and phasedistribution 
omparison. ACKNOWLEDGMENTSThe authors wish to thank the Bremen Institute of Applied Beam Te
hnology (BIAS) for produ
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initialize 
luster image: 8j; k : 
jk := 0FOR all j; kinitialize 
ounter: n := 0FOR i := 0 to imax � 1
al
ulate test 
oordinates on 
ir
le around jk with radius r:� := br 
os( iimax 2�) + j + 12
� := br sin( iimax 2�) + k + 12

al
ulate di�eren
e angle: �� := j��� � iimax 2�jIF �� > �2THEN �� := � ���IF di�eren
e angle admissible and fringe density suÆ
ient:�� < �� ^ ��� > ��THEN n := n+ 1IF n = imaxTHEN mark possible 
enter of 
ir
ular pattern: 
jk := 1generate list of 
ontours from 
luster image (0=ba
kground, 1=foreground)FOR all 
ontours in list
al
ulate 
enter of gravity from 
ontourFigure 14. Algorithm for dete
tion of 
ir
ular patterns from fringe dire
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