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Abstract

A daptiv e sp ec kle in terferometry

Coheren t deformation measuremen ts, namely digitally reconstructed holographic in ter-

ferometry and sp ec kle correlation fringe analysis are studied. Their history is review ed, the-

oretical foundations are summarized. Measuremen t la y outs and data analysis are describ ed.

Desensitized arrangemen ts and phase shift metho ds are analysed. F o cus is on out-of-plane

deformation comp onen t.

Publications in the �eld are review ed with regard to adaptivit y . Based on these, adaptivit y

is de�ned and p ossible implemen tations are in v estigated. T w o c haracters of adaptivit y are

selected for detailed in v estigation: measuremen t of test ob jects with non-uniform illumination

or re�ection, and measuremen t of deformations b eing either large themselv es or including

large comp onen ts lik e rotation.

T w o metho ds are presen ted for adapting to non-uniform illumination. Rotation comp o-

nen ts are comp ensated with soft w are and with feedbac k to the measuremen t system. Large

rotations are resolv ed using t w o measuremen ts of di�eren t sensitivite at the same time. Mea-

suremen ts and sim ulations are b oth presen ted for most of these tec hniques.

A new qualit y measure is in tro duced for phase shifted measuremen ts. Its c hoice is justi�ed

b y theoretical considerations as w ell as the exp erimen ts.

Results are summerized and conclusions are dra wn, with fo cus on further impro v emen ts

and industial applications.
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1 In tro duction

Coheren t ligh t ha v e b een used for ob ject shap e and deformation measuremen t since the

in v en tion and spread of lasers. The exp erimen ts describ ed in this w ork in v olv e the concept of

sp ec kles and hologram, b oth requiring coheren t ligh t. It w as �rst p oin ted out b y Leendertz

et al. that the in terference of t w o sp ec kle �elds can b e used to create in terference fringes

corresp onding to ob ject deformation [1 ]. Another p ossibilit y for deformation measuremen t

is b y means of holograms. Holograms pro vide a w a y to record the complex w a v efron t of an

ob ject and to p erform elemen tary op erations on it b y means of double exp osure or using

the reconstructed hologram as reference b eam. Deformations can also b e substracted using a

sp ecial reconstruction of doubly exp osured holograms as reference [2 ]. These w ere the earliest

forms of sp ec kle and holographic in terferometry .

The next stage w as the com bination of tec hnology used for television with custom analog

circuit y to calculate correlation of sp ec kle images to obtain the fringes. This is commoly

referred to as TV holograph y . First Løkb erg et al. studied vibrational mo des in 1981 while

p oin ting out the p ossible usefulness of static image deformation measuremen t in nondestruc-

tiv e testing [3 ]. The idea is that a structural fault sho ws as a lo cal p erturbance in the

deformation pattern if the ob ject is deformed under sligh t load. Still in that decade, defor-

mation di�erence b et w een t w o macroscopically iden tical ob jects w as measured and examples

of di�erence patterns due to defects w ere sho wn [4 ] [5 ] [6 ].

Later on, the increasing p opularit y of computers and a v ailabilit y of commercial digital

cameras rev olutionized b oth tec hniques. Sp ec kle correlation images w ere calculated b y sub-

straction and holograms reconstructed b y F ourier transformation, Mon te�Carlo metho ds or

con v olution. Exp erimen tal arrangemen ts for measuring in-plane, out-of-plane deformation

and deformation gradien t w ere elab orated [16 ] [17 ].

This w ork exploits these digital metho ds and presen ts a few enhancemen ts to them. The

concept is to conciev e, dev elop and implemen t adaptivit y of sp ec kle in terferometry deforma-

tion measuremen ts to w ards as man y of the exp erimen t circumstances as p ossible.

Section 2 is the translation of the thesis plan sp ecifying the tasks. Section 3 giv es an

o v erview of the theory b ehind the metho ds used throughout this w ork. Section 4 describ es

the w ork en vironmen t and sp eci�es the hardw are and soft w a v e used for the exp erimen ts

and sim ulations. Section 5 explores asp ects of adaptivit y and p ossible implemen tations b y

reviewing and discussing publications in the �eld.

Section 6 presen ts t w o indep enden t metho ds used for sp ec kle in terferometry of an ob ject

with unev en re�ection or unev en illumination: here adaptivit y to w ards ob ject in tensit y is

sho wn. Section 7 studies deformation comp onen ts and ho w they can b e separated after the

measuremen t is carried out, during the pro cessing of data. Section 8 presen ts a measuremen t

setup for deformation comp onen t separation: these are examples of adaptivit y to w ards large
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deformation comp onen ts lik e rotation. Section 9 com bines sp ec kle pattern in terference with

digital holograph y to extend measuremen t range: this means adaptivit y to w ards large de-

formations. F or most of these measuremen t tec hniques, sim ulation is presen ted and studied

along with the exp erimen ts carried out in real life.

Section 10 analyses the use of v ariance as a qualit y measure for fringe information con ten t

and �nally section 11 brie�y summarizes the results and inferences.

2 T ask list

� Publications on adaptiv e optical measuremen t tec hniques are review ed and summarized.

Their feasibilit y in sp ec kle in terferometry and digital holograph y is in v estigated.

� A pro cedure for measuremen t of a surface with unev en re�ection is elab orated. Its

features are presen ted in sim ulation and measuremen t as w ell.

� Resolving in terference fringe systems due to comp osed deformations to their comp o-

nen ts is in v estigated. Examples are presen ted in sim ulation and measuremen t as w ell.

� A measuremen t la y out is prop osed for separating deformation comp onen ts. Measure-

men ts are carried out on this setup.

� A measuremen t pro cedure is elab orated for large deformations in suc h a manner that

the measuremen t system is capable of con trolling the measuremen t sensitivit y . Its

features are presen ted in sim ulation and measuremen t as w ell.

� Qualit y measures are prop osed as an aid for the pro cessing and analysis of in terference

images.

3 Theoretical bac kground

3.1 Sp ec kles

Ob jects illuminated b y coheren t ligh t feature a c haracteristic phenomenon: their surface

app ears to ha v e a gran ulated structure. These grains are called sp ec kles. Sp ec kles observ ed

form in our ey e or the imaging optics of the camera: one p oin t of the fo cused surface is the

source of ligh t, to whic h man y di�eren t paths are o�ered to the corresp onding nerv es on our

retina or pixel of the camera. These paths generally v ary m uc h more than the w a v elength,

resulting in a uniform distribution in phase. These are then summed coheren tly to pro vide

indep enden t normal distributions for the real and complex part of the w a v e amplitude, giving

rise to negativ e exp onen tial distribution of its absolute v alue.

The sp ec kle size dep ends on ho w m uc h these random path lengths are correlated b et w een

neigh b oring p oin ts on the surface, as w ell as the v ariet y of paths allo w ed, that is, size of the

ap erture. It is in teresting to note that mo ving our head sidew a ys causes the sp ec kles to mo v e

parallelly , in the corresp onding direction if w e fo cus b ehind the ob ject, and in the rev erse

direction if w e fo cus in fron t of it. This is made use of to diagnose m y opia and h yp erop y a.

This sp ec kle phenomenon explained, created b y the observing system, is called sub jectiv e

sp ec kle �eld, as opp osed to ob jectiv e sp ec kle �eld, result of coheren t di�raction on some

ob ject. Ob jectiv e sp ec kle �eld exists in space without b eing observ ed, in fact, it cannot b e

observ ed remotely but b y placing a nak ed CCD at the sp ot in question. [16 ]



3 THEORETICAL BA CK GR OUND 8

3.2 Sp ec kle in terferometry

Sub jectiv e sp ec kle pattern is determined b y the surface. In fact, as sp ec kle in tensit y is

determined b y distribution of di�eren t path lengths ligh t can tak e from the giv en surface

p oin t to the observing nerv e or pixel, it c hanges little if this distribution is main tained.

Mo ving the source to w ards the observ er c hanges these paths and th us causes phase shift.

This c hange is prop ortional to the displacemen t in the �rst order appro ximation with resp ect

to ap erture diameter/ob ject distance ratio. P erciev ed phase c hanges according to total path

length c hange, prop ortional to ob ject deformation. In-plane displacemen t comp onen t also

in�uences phase c hange while preserving o v erall sp ec kle pattern, ho w ev er, the pattern is

shifted accordingly , p ossibly complicating image pro cessing.

In terference sp ec kle patterns are due to dual illumination of the ob ject or coupling a

reference w a v efron t in the �eld of view of the camera with a b eamsplitter. Figure 3.1 sho ws

a most simple measuremen t la y out. Sp ec kle patterns are assumed not to c hange but in phase

due to deformation, hence correlation of camera captures b efore and after deformation sho ws

in terference fringes. Correlation is most easily rev ealed b y forming the absolute v alue of the

pixelwise amplitude di�erence. Phase c hanges of ev en m ultiples of � results in zero v alues

while o dd m ultiples in v alues with highest exp ectance on the di�erence image, with inevitable

sp ec kle nature.

Figure 3.1: Sp ec kle in terferometry setup

3.3 Digital holograph y

Digital holograph y is a metho d of reconstructing complex w a v efron ts from single or m ul-

tiple images recorded with a camera without an y imaging optics. That is, the recorded

in tensit y distribution, or in other terms, an in tersection of the ob jectiv e sp ec kle �eld, is the
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in terference of the ob ject w a v e and the reference w a v e. The reference can b e a spherical

w a v efron t originating at an y distance, or as a sp ecial case, can b e planar as w ell. A v ery

simple holographic measuremen t sc hematic is presen ted in Figure 3.2.

Figure 3.2: Holographic measuremen t la y out

Hologram reconstruction has as input parameter not only the distance of the reference

p oin t source or the kno wledge of the reference b eing planar, but also the ob ject distance.

The w a v efron t is reconstructed principally at that distance. Ho w ev er, as an artifact, not only

the ob ject w a v efron t is presen t (also referred to as �rst order), but a brigh t zeroth order in

the direction of the reference and a negativ e �rst order also app ear. Figure 3.3 presen ts this

scenario. These can b e diminished b y di�eren t w a ys, one of them b eing the HR O metho d,

based on recording not only the hologram, but the reference and the ob ject w a v e in tensit y

distributions separately as w ell, hence the name. These metho ds are not in v estigated here

as there is enough �eld of view to separate spatially the �rst order from the others. [7 ]

Holographic in terferometry in the simplest case consists of adding up the captured in ten-

sit y distributions and reconstructing the resulting ra w image to obtain in terference fringes as

sho wn in Figure 3.4.

In the exp erimen ts presen ted here planar reference w a v efron t is used and F resnel appro x-

imation is applied to reconstruct the holograms. More details on this metho d and on digital

holograph y in general can b e found in [17 ].

3.4 Desensitization

If in terference fringes are to o dense, as in the case presen ted in Figure 3.4, need emerges to

decrease measuremen t sensitivit y . Consider the case when the ob ject is illuminated at angle

� to surface normal and observ ed from a p erp endicular direction. Supp ose t w o captures

are tak en: one b efore and one after deformation. Our goal is to determine the c hange in

the optical path length of the b eam re�ected from a giv en p oin t on the ob ject's surface.

Denote the in-plane deformation of this p oin t in the plane of the illumination direction and

the surface normal b y � x , the in-plane deformation p erp endicular to this direction b y � y
and the out-of-plane deformation b y � z (see Figure 3.5). During our measuremen t analysis

metho ds it is alw a ys assumed that � x and � y are small enough with resp ect to the sub jectiv e

sp ec kle size so that they do not cause signi�can t sp ec kle decorrelation. This usually limits

maxim um detectable out-of-plane deformation to the order of 50 � m for our test ob ject and

setup.
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Figure 3.3: Hologram of the test ob ject

Figure 3.4: Holographic in terferogram of the test ob ject
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Figure 3.5: P ath length c hange due to displacemen t

The optical path length will c hange b y sin � � x + (cos � + 1)� z . � y will not ha v e a

con tribution as it is p erp endicular to b oth the incoming and the outgoing b eam direction. It

is not sho wn in the �gure for clarit y , it is p erp endicular to the plane of the �gure.

This calculation applies b oth to sp ec kle in terferometry and digital holograph y . In an

arrangemen t with reference illumination, the phase shift � ' is determined b y

� ' =
2�
�

(sin � � x + (cos � + 1)� z) (3.1)

In case of illumination p erp endicular to the ob ject, � = 0 �
and

� ' =
4�
�

� z . (3.2)

It is p ossible, ho w ev er, to create a sp ec kle in terferometry arrangemen t in whic h there is

no reference ob ject but the test ob ject has t w o illuminations at angles � 1 and � 2 . In this

case, it is the di�erence of the c hanges of the optical path lengths of the t w o b eams that

determines the correlation b et w een the captures b efore and after deformation. This means

that

� ' =
2�
�

((sin � 1 � sin � 2)� x + (cos � 1 � cos� 2)� z) . (3.3)

� x is omitted from no w on as in-plane deformation of metal plates is usually m uc h smaller

than out-of-plane one, and j cos� 1 � cos� 2j is referred to as desensitization factor.

This argumen t can easily b e generalized to the case when the test ob ject is not observ ed

from a p erp endicular direction but from an other giv en angle. It is easy to see that in the

desensitized case this mak es no di�erence as b oth illuminations tra v el the same distance from

the surface to the observ er. [16 ]

3.5 Phase shift metho ds

There are v arious phase shift pro cessing algorithms as describ ed in [18 ]. Our researc h

group has previously used the three-frame and four-frame metho ds. The idea is to ha v e three

or four correlation images with

�
2 incremen t in the relativ e phase shift b et w een successiv e

captures. That is, a master reference image is tak en b efore deformation, and three or four

images are captured after deformation, with increasing phase shift in tro duced in one of the

t w o in terfering w a v efron ts. Then three or four correlation images are calculated, eac h b y

forming the absolute v alue of the di�erence of one capture corresp onding to a certain phase

shift and the master capture. Then it is p ossible to calculate � ' due to deformation based

on these three of four v alues pixelwise.
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Clearly it is equally p ossible to record four images b efore deformation and one after, and

circumstances determine if one metho d is fa v ourable to the other. It is imp ortan t to note,

ho w ev er, that deformations cannot b e repro duced, whic h limits measuremen t metho ds in

a w a y that all image capture circumstances (ie. illumination, camera lens setting, ap erture

size) has to b e repro ducable except a single one. Examples are pro vided for suc h complicated

exp ermien tal scenarios in Sections 6 and 9.

The measuremen ts presen ted here are pro cessed b y a more adv anced metho d kno wn as

Carré tec hnique. This has the adv an tage that it do es not rely on the actual amplitude of

the phase shift incremen ts, only on them b eing equal. This is of great help if the PZT

co e�cien t is not kno wn, only its linearit y is assumed. Clearly , 0 or 2� phase shifts do not

carry information, similarit y , to o small phase shifts or those to o close to m ultiples of � are

lik ely to ha v e a large error. Th us an amoun t close to

�
2 w as selected.

In fact, this tec hnique has the additional adv an tage that it also w orks if the phase shift

is not constan t throughout the ob ject, as long as it remains linear. This migh t b e the case

with non-planar illumination w a v efron ts.

Let � denote the phase shift b et w een consecutiv e captures, � ' the phase di�erence c hange

b et w een the in terfering w a v efron ts due to deformation at a giv en pixel, and I 1; I 2; I 3 and I 4

the in tensit y v alues for that pixel resp ectiv ely . Then Carré's metho d tells us that

tan
�
2

=

s
3(I 2 � I 3) + I 4 � I 1

I 1 + I 2 � I 3 � I 4
, (3.4)

tan � ' = tan
�
2

�
I 1 + I 2 � I 3 � I 4

I 2 + I 3 � I 1 � I 4
. (3.5)

Ho w ev er, care should b e exercised when substituting (3.4) in to (3.5) and calculating � '
directly . There is a careless simpli�cation in [18 ] whic h fails as

s
3(I 2 � I 3) + I 4 � I 1

I 1 + I 2 � I 3 � I 4
�

I 1 + I 2 � I 3 � I 4

I 2 + I 3 � I 1 � I 4
6=

p
(3(I 2 � I 3) + I 4 � I 1)( I 1 + I 2 � I 3 � I 4)

I 2 + I 3 � I 1 � I 4

in general, dep ending on the sign of I 1 + I 2 � I 3 � I 4 .

In fact, feeding the t w o parameters

tan
�
2

� (I 1 + I 2 � I 3 � I 4); I 2 + I 3 � I 1 � I 4 (3.6)

in to a four-quadran t in v erse tangen t function, called atan2 in most programming languages,

returns the correct v alue for � ' mo dulo 2� . [18 ]

As no activ e phase shift feedbac k is implemen ted in an y of the measuremen t setups

describ ed here, random phase shifts o ccured due to air circulation and mec hanical vibrations

in the lab oratory . It is therefore imp ortan t to note that metho ds exists for calculating path

length c hange in case phase shift is not kno wn. One suc h metho d is describ ed in [8 ].

4 T ec hnical details

This section describ es the general circumstances determining the activit y presen ted here.

An o v erview is giv en on the devices used for the exp erimen ts, the exp erimen t setups are

brie�y describ ed and the soft w are to ols used for sim ulations and measuremen t data analysis

are presen ted.
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4.1 Exp erimen tal devices

A Spectra-Physics Lasers man ufactured Model 127 50 m W He-Ne laser is used as a

coheren t ligh t source in our exp erimen ts. It features a w a v elength of 632.8 nm and a coherence

length in the order of a few cen timeters.

Phase shift is in tro duced b y a piezo electric crystal driv en b y a AD7391 10 bit serial input

D A C and a high v oltage op-amp fed b y a DC-DC con v erter. The maxim um output v oltage

is 380 V. The D A C is in terfaced to the parallel p ort of a PC via 74HC14N Sc hmitt-triggers.

The camera used in our exp erimen ts is a mo del MX13 b y Baumer Optronic . It has a CCD

with resolution of 1280� 1024 and 8 bit depth.

As test ob jects, bronze diaphragms of size 40 mm b y 40 mm and thic kness 0:25 mm are

used, pain ted white. They are �xed to a holder b y 16 screws and can b e loaded in their

cen ter via a micrometer screw.

4.2 Exp erimen t setups

Throughout this w ork, out-of-plane deformations of test ob jects are measured. So the

exp erimen tal setups feaure at least one b eamsplitter and b eam expanders for eac h b eam

to pro vide uniform illuminations. Deformation dep enden t sp ec kle pattern is generated b y

either in terference of the test ob ject w a v efron t with a reference w a v efron t or b y directing t w o

illuminations to the test ob ject at di�eren t angles. The latter in tro duces a desensitization as

describ ed ab o v e.

In b oth cases, test ob ject is fo cused on b y the camera. This is done in incoheren t ligh t

since sub jectiv e sp ec kle pattern is alw a ys of the same structure, ev en if unfo cused, so a laser-

illuminated ob ject is di�cult to fo cus on. When using reference w a v efron t, it originates from

di�use re�ection from another illuminated ob ject, whic h ho w ev er do es not ha v e to b e fo cused

on.

T o obtain not only an in terference fringe pattern but information ab out the deformation

amplitude (wrapp ed, that is, mo dulo half w a v elength or so, see Equation (3.2)), sp ec kle

patterns are recorded with v arious phase shifts. T o con trol this, a piezo electric transducer-

moun ted mirror (PZT) is in tro duced in one b eampath b efore it is collimated.

4.3 Soft w are

The camera is only supp orted under the Windows 2000 op erating system. Captures can

b e tak en with the utilit y Optronic 2.4 and sa v ed in bitmap �les.

The PZT is con trolled from a simple application I ha v e dev elop ed in C++ Builder.

All measuremen t analysis, sim ulation, images and graphs are done in Matlab R14 7.1.0 .

4.4 Measuremen t analysis metho ds

The �rst step in image pro cessing for out-of-plane deformation sp ec kle measuremen t is the

calculation of correlation images b y forming the absolute v alue of the p oin t wise di�erence of

the t w o captures. Change of optical path lengths of in terfering w a v efron ts resulting in sp ec kle

decorrelation is a phenomenon ha ving ro ots in the nature of sp ec kles, th us it is the correlation

of the sp ec kled images that has to b e calculated. Ho w ev er, sp ec kles on in terference fringes

are not w an ted as fringes themselv es are of our primary in terest. These are areas of di�eren t

in tensities b y nature, disturb ed b y the sp ec kle pattern. Therefore to pro cess fringes, taking

in to consideration phase shift or not, sp ec kles ha v e to b e a v eraged o v er. This is carried

out b y a lo w-pass �lter, namely con v olution with a Gaussaian k ernel. This implies that
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sp ec kle size has to b e considerably less then fringe spacing so that it is p ossible to get rid of

sp ec kles without reducing fringe con trast. F ringe spacing should b e at least �v e times sp ec kle

correlation length. [16 ]

4.5 Un wrapping

The obtained phase v alues are mo dulo 2� , or in other w ords, wrapp ed. Individual pixels

do not b ear more information ab out the magnitude of the deformation. There are man y p os-

sible approac hes to reconstruct this information. F or instance, deformation can b e recorded

in man y small steps b et w een whic h there is no pixelwise phase shift larger than � so that it

can b e trac k ed.

A more widely used solution is to un wrap the phasemap. This is done in principle b y

�nding the edges of 2� jumps and shifting eac h area b y the prop er m ultiple of 2� , a metho d

called in tegration, so that they get in to alignemen t. Ho w ev er, in practice there are alw a ys

singularities, that is, essen tial discon tin uities with residues of a nonzero m ultiple of 2� , caus-

ing am biguit y of the in tegration pro cess. Man y times there is a c hance to connect residues

of opp osite signs if they are close and a v oid this connection, called cut, in the in tegration

pro cess. This is the basic principle of Goldstein's cut-line algorithm [9 ].

A Matlab implemen tation of this algorithm is a v ailable at [19 ], whic h is used with sligh t

impro v emen ts.

5 A daptivit y

Publications on adaptiv e optical measuremen t tec hniques are review ed and summarized.

Their feasibilit y in sp ec kle in terferometry and digital holograph y is in v estigated.

5.1 A daptivit y in general

Measuremen t circumstances lik e illumination, magnitude of deformation to b e examined,

ob ject size, material, surface roughness and re�ection, am bien t temp erature and air�o ws can

v ary on a large scale from measuremen t to measuremen t. Air�o ws do v ary air temp erature

and h umidit y in the w a y of the b eam, c hanging the optical path length. The capabilit y to

accomo date to these or an y other external parameter is called adaptivit y . F or a measuremen t

system this feature can b e implemen ted through analyzing incoming data via giv en qualit y

measures and in�uencing the measuremen t based on the obtained information through ac-

tuators, that is, devices capable of setting illumination, fo cusing and zo oming the camera,

c hanging ap erture size, gain and sh utter time, shifting phase, mo ving the camera, ob ject or

illumination, and through soft w are parameters in data pro cessing lik e lo w-pass �lter band-

width or logical deformation comp ensation. This should b e carried out in suc h a w a y that the

optimal result is pro duced with resp ect to precision, reliabilit y and computational resources.

[10 ]

One brillian t example for adaptivit y is con trolling illumination b y the computer as de-

scrib ed in [11 ]. F or di�eren t illuminations, areas with in tensit y in a prede�ned range are

pro cessed and these deformation maps are merged. This metho d is suitable for pro cessing

ob jects illuminated unev enly or with re�ection v arying in a great range. It is also p ossible to

handle the case where the t w o in terfering illuminations ha v e di�eren t in tensit y distributions.

This w ork further impro v es this metho d: areas are selected not based on their in tensities but

other measures of deformation information con ten t as describ ed later.
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Another example of adaptivit y is to separate deformation comp onen ts, either via soft w are

or via feedbac k to the test ob ject or deforming the reference ob ject. This could mak e it

p ossible to see certain lo cal deformations due to structural faults. Examples for this are also

presen ted in [11 ] and this metho d is further dev elop ed in this w ork.

F urther adaptivit y to w ards these and other circumstances is discussed at the end of eac h

section.

5.2 A ctiv e measuremen t

The concept of activ e feedbac k lo op is also studied and its imp ortance is discussed. An

activ e feedbac k k eeps trac k of ev en tual relativ e phase shifts of the t w o illumination w a v efron ts

b y means of splitting b oth b eams and constructing a separate in terferometer, and comp en-

sates them real-time b y a PZT in one b eampath. These un w an ted phase shifts are due to

air�o ws, mec hanical vibrations or instabilit y of the optical comp onen ts. It is imp ortan t to

note that in terferometer design should fo cus on b eing as closely coupled to the ob ject defor-

mation measuring in terferometer as p ossible, since an y additional optical elemen t in tro duced

or additional b eampath through air causes deviations in relativ e phase shift decreasing the

e�ciency of the metho d.

The feedbac k can b e implemen ted in v arious w a ys. It is p ossible to use a detector line

with ev ery fourth cell connected to detect the p osition of a parallel in terference fringe system

of matc hing p erio d. A 3 kHz prob e signal of small amplitude is added to the PZT driving

signal and the detector output is analysed with a lo c k-in ampli�er. Phase shifts of m ultiples

of

�
2 can b e obtained b y using di�eren t outputs of the detector [12 ].

It is enough to use a single detector pixel for lo c k-in input. Phase shifts of m ultiples of

�
2

can b e easily obtained b y using deriv ativ es of di�eren t order of the detector signal [13 ].

Another approac h is to use photorefractiv e crystals as feedbac k. This stabilizes phase

regulation on a small timescale, ho w ev er, drift app ears on the scale of few seconds [14 ].

It is describ ed in all three articles that a high stabilit y is ac hiev ed against mec hanical

vibrations of the optical table or individual optical elemen ts, or con v ection in tro duced b y

in tense heating or b y means of a v en t. These metho ds are no w ada ys widespread to stabilize

phase shift, ho w ev er, the measuremen ts describ ed here do not implemen t them. This results

in the measuremen ts needing to b e carried out man y times to obtain results not su�ering

from unev enly shifted phases, whic h w ould of course not b e acceptable in an industrial

en vironmen t.

6 Unev en re�ection

A pro cedure for measuremen t of a surface with unev en re�ection is elab orated. Its features

are presen ted in sim ulation and measuremen t as w ell.

6.1 In tro duction

T est ob jects with unev en re�ection can cause di�culties in sp ec kle measuremen ts. In

arrangemen ts without reference b eampaths, i.e. desensitized ones, the dynamic range of the

image capture device migh t not b e su�cien t for the whole image area to b e pro cessed � brigh t

areas will mostly b e saturated while dim ones suppressed b y electronic or quan tization noise.

This situation requires m ultiple captures with di�eren t exp osure times or gains so that their

useful in tensit y ranges o v erlap.
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In arrangemen ts with reference b eampath, in addition to the capture device dynamic

range limitations, the ratio of ob ject and reference in tensit y m ust lie within a sp eci�c range

to result in fringe patterns with su�cien t con trast. This range is smaller than the camera

range to noise ratio, since with the giv en exp osure and gain settings, the in tensit y resulting

from the sum and the di�erence of ob ject and reference w a v e amplitudes m ust b oth not b e

o v ersaturated or dominated b y noise.

If the re�ection of the test ob ject v aries o v er a great range, this necessitates m ultiple

image captures with di�eren t reference in tensities. Exp osure times should also b e adjusted

in suc h a manner that the o v erlap b et w een image area of optimal illumination/reference

in tensit y ratio and that of optimal captured in tensit y range is maximal.

In b oth situations, images need to b e captured b efore and after deformation in corre-

sp onding sets, under the same circumstances, that is, illumination and reference in tensities

and exp osure times. Then there are di�eren t approac hes as ho w to merge information of

these images.

One is to pro cess in terference fringes and deformation phase for eac h set of captures, then

select for eac h pixel or small area the set with most accurate result based on some qualit y

measure, and comp ose the en tire deformation map from these. This metho d will b e referred

to as pro cessing of separate recordings.

Eac h set of �v e captures should giv e the same deformation map with some areas b eing

useful and others su�ering from noise. The k ey is that di�eren t scenarios result in di�eren t

areas b eing useful and these can b e com bined straigh t. Ho w ev er, during man ual mo di�cation

of measuremen t parameters, suc h as illumination in tensit y , some additional phase shift is

p ossibly acciden tally in tro duced to some of the b eam paths, resulting in a virtual constan t

deformation. Therefore there migh t b e need to adjust the deformation maps of di�eren t areas

at their b oundaries with a comp ensating constan t shift. This artifact loses some information

ab out the deformation, ho w ev er, its o v erall shap e is preserv ed. This kind of error can barely

b e a v oided as adjusting a �lter in the setup in v olv es enough mo v emen t of air around the op-

tical table for this shift to app ear. Ho w ev er, it can b e eliminated b y using only electronically

con trolled devices to adjust in tensities, th us a v oiding h uman motion around the exp erimen t

setup.

Another approac h is to merge images of di�eren t, kno wn exp osure times tak en within

otherwise iden tical circumstances to get sup erimages of increased dynamic range. These can

b e used afterw ards to get an in terference fringe pattern and deformation map. This metho d

will b e referred to as dynamic range extension. It can only b e applied if reference in tensit y

do es not ha v e to b e adjusted, whic h practically means desensitized measuremen ts: in a

con v en tional arrangemen t, if the test ob ject re�ection v aries more that the camera dynamic

range could handle, it w ould also mak e it necessary to c hange illumination ratio so that this

metho d could not b e used.

As camera exp osure time is set electronically , un w an ted phase shifts are less lik ely to

o ccur during these measuremen ts in whic h no other parameter is adjusted.

The idea for this exp erimen t has b een suggested b y [11 ], but here phase shift is applied

and th us di�eren t measure is used for fringe con trast.

6.2 Sim ulation with pro cessing of recordings separately

In this subsection, a test ob ject with unev en re�ection is in v estigated via sim ulation. The

arrangemen t is presen ted in Figure 6.1. The test ob ject of resolution 256� 256 pixels has

an exp onen tial re�ection dep endence along the x -direction through a range of 1 : e20
. 20

di�eren t exp osure times are used according to a geometrical sequence. This results in 100

recorded images in total.
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Figure 6.1: Measuremen t la y out

Beamsplitter BS1 divides ob ject and reference illumination. Filter

F con trols reference in tensit y . Beamsplitter BS2 merges ob ject

and reference w a v efron ts.

The illumination angle is � = 15 �
. The deformation applied to the test ob ject has

Gaussian shap e and an amplitude of dmax = 1 :6 � m, resulting in

dmax
� (1 + cos � ) = 4 :97

in terference fringes, see Equation (3.1).

The sim ulated camera has 8 bit resolution, and a P oisson noise of exp ected v alue of 20 is

added. Pixel v alues higher than 255 are saturated.

The illumination of the reference is adjusted in in v erse prop ortion to the exp osure time to

ensure that the area within the useful range of the camera sensitivit y (that is, not saturated,

nor dominated b y noise) o v erlap with the one with optimal ob ject/reference illumination

ratio. This results in the reference b eing of constan t in tensit y on the exp osures. A t ypical

exp osure is sho wn in Figure 6.2.

Standard deviation of the four phase-shifted captures is calculated for eac h pixel. The

result is lo w-pass �ltered and then the exp osure setting resulting in the highest standard

deviation is selected for eac h pixel. The b oundaries b et w een the areas corresp onding to the

exp osure setups is sho wn in Figure 6.3 (with a thin b order for clarit y).

F or eac h exp osure setting, four in terference fringe images are formed b y substraction of

corresp onding images b efore and after deformation, then these correlation images are lo w-

pass �ltered to a v erage o v er sp ec kles. This has to b e done for the whole image as smo othing

is not a p oin t op eration, ev en if only a small area of this fringe pattern will b e used. Suc h

a fringe pattern is sho wn in Figure 6.4. One the righ t of the visible fringes noise is presen t,

ho w ev er, on the left most pixels are saturated, hence noise do es not app ear.

T o demonstrate the range of illumination ratio our metho ds can pro cess, a phasemap

calculated from this single exp osure is seen in Figure 6.5. The ob ject w a v efron t is to o dim

on the righ t side of the image compared to the constan t distribution of the reference w a v e,

and the left side is saturated again.

No w for eac h pixel, the corresp onding v alues are selected from the four smo othed fringe
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Figure 6.2: A t ypical exp osure of the ob-

ject

Figure 6.3: Mask b oundaries based on

the prop osed qualit y measure

Figure 6.4: F ringe pattern from a single

exp osure

Figure 6.5: Phasemap from the same sin-

gle exp osure
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images for whic h the deviation pro v ed to b e the largest as describ ed ab o v e. F our com bined

images are formed, one for eac h phase shift, and Carré's metho d is applied to these. The

result is presen ted in Figure 6.6.

Figure 6.6: Comp osed phasemap from all exp osures

Finally , Goldstein's algorithm is applied and the deformation map is depicted in 3D in

Figure 6.7.
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Figure 6.7: Deformation map
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6.3 Measuremen t with pro cessing of recordings separately

In this subsection, a test ob ject is in v estigated in a measuremen t with the same arrange-

men t as in the previous subsection, sho wn in Figure 6.1. The aim is to pro vide a metho d for

measuremen t of ob jects b earing v ery high v ariations in their apparen t in tensit y p ossibly due

to v ariations in re�ection co e�cien t or b eing illuminated b y a w a v efron t b eing spherical or of

an y other shap e and p ossibly v ery unev en. This is lik ely to happ en with large ob ject within

industrial circumstances where there is no p ossibilit y to create a large planar w a v efron t of

uniform in tensit y .

As blac k and white pain ts can only ha v e a re�ection co e�cien t ratio up to appro ximately

30, a diaphragm pain ted half blac k, half white, illuminated ev enly is alw a ys p ossible to

measure with ESPI, unless exp osure is set delib erately to saturate most of the white area or

noise is added. T o demonstrate the abilit y of measuring ob jects with m uc h wider in tensit y

ranges, a white diaphragm is studied with unev en illumination created b y inserting a �lter

in to half of the otherwise uniform illuminating w a v efron t. This creates t w o w ell-separated

areas. The reference illumination and exp osure time are adjusted for the t w o areas separately

so that fringe con trast is optimal. The test ob ject illumination angle is � = 15 �
, this is tak en

in to consideration according to Equation (3.1).

Reference w a v e illumination adjustmen t with man ual analog devices is not precisely re-

pro ducible. Ev en inserting another �lter in the b eampath giv es sligh tly di�eren t results eac h

time, as its extinction dep ends on the area used and on the angle. The w ork around for this

problem is to capture an image �rst without the additional �lter in the reference b eampath,

then in tro duce that �lter, increase the exp osure time and tak e another capture. Then the de-

formation is carried out and the four captures for eac h illumination setup are tak en in rev erse

order, that is, four with the �lter and four after remo ving it. This eliminates the need to

insert the �lter in the b eampath t wice. Clearly the exp osures without �ltering the reference

are previously adjusted to giv e decen t results on the brigh ter area of the ob ject while the

�lter is tuned to matc h the dimmer area, a pro cedure that can b e carried out adaptiv ely , b y

soft w are, in a computer-con trolled en vironmen t.

Figure 6.8 giv es an idea ab out the test ob ject with half of its area illuminated optimally ,

the other half b eing saturated.

Correlation images are formed as usual, one of them for b oth illumination circumstances

is presen ted in Figure 6.9. F rom four suc h images, deformation phasemaps can b e calculated

using Carré's metho d, see Figure 6.10. An image area is selected free from screws, so that

deformation can b e fo cused on.

No w w e need to select one of the results for eac h pixel based on some qualit y measure. The

pixelwise standard deviation of the four fringe patterns is used once again, after necessary

lo w-pass �ltering is applied to a v erage o v er sp ec kles. Figure 6.11 sho ws this qualit y measure

for the t w o illuminations. The maxim um v alue is 0.19 times the maxim um pixel v alue of the

correlation fringes.

These v alues are no w compared pixelwise. The resulting mask (with a thin b order added

for clarit y) is presen ted in Figure 6.12. No w the phasemaps from the t w o scenarios can b e

com bined, as sho wn in Figure 6.13.

As men tioned earlier, in real exp erimen ts the t w o scenarios ma y su�er from a relativ e

phase shift due to some acciden tal mo v emen t of some optical parts. This can b e comp ensated

b y in tro ducing a di�erence measure: the square sum of the di�erences of calculated phase

v alues at the b oundary p oin ts, taking in to consideration 2� -mo dularit y . Figure 6.14 presen ts

suc h a di�erence measure as a function of the relativ e phase shift in tro duced for comp ensation.

Then the minim um v alue can b e selected to align the t w o phasemaps, as seen in Figure 6.15.

It can b e seen that this metho d has comp ensated for the acciden tal phase shift v ery w ell.
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Figure 6.8: A t ypical capture

Figure 6.9: Correlation images for the t w o illuminations
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Figure 6.10: Deformation phasemaps for the t w o illuminations

Figure 6.11: Pixelwise standard deviations for the t w o illuminations
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Figure 6.12: Qualit y mask based on pro-

p osed qualit y measure

Figure 6.13: Merged phasemaps without

additional alignmen t

No w the com bined map can then b e un wrapp ed to obtain Figure 6.16, whic h can b e rendered

in 3D as sho wn in Figure 6.17.
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Figure 6.14: Di�erence measure v ersus relativ e phase shift of t w o phasemaps

It is clear that this metho d can easily b e used with more that t w o illumination and

exp osure setups. The highest standard deviation can b e selected lik ewise and also the phase
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Figure 6.15: Aligned merged deforma-

tion phasemap

Figure 6.16: Un wrapp ed deformation
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Figure 6.17: 3D deformation map
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shift can b e comp ensated either step-b y-step in case only succesiv e exp osures share b oundary

or b y minimising in more than one v ariable in the general case.

6.4 Sim ulation with dynamic range extension

In this subsection, a sim ulation is carried out of a desensitized arrangemen t sho wn in

Figure 6.18. The test ob ject is of size 256� 256 pixels with re�ection exp onen tially v arying

in x -direction through a range of 1 : e20
. The t w o b eams shine on the ob ject at angles

� 1 = 30 �
and � 2 = 15 �

to surface normal and observ ation is from p erp endicular direction,

resulting in a desensitization factor of j cos� 1 � cos� 2j = 0 :100 according to Equation (3.3).

The ob ject deformation has a maxim um of 20 � m and is of Gaussian shap e.

Figure 6.18: Measuremen t la y out

Beamsplitter BS1 divides b eam in to b eam expanders BE1 and

BE2, b oth illuminating the ob ject at di�eren t angles.

20 di�eren t exp osure times are used, one image is recorded b efore and four after defor-

mation with eac h of them. The images are quan tized to 8 bits, that is, 256 gra yscale lev els,

then a P oisson noise of exp ected v alue of 20 is added and resulting pixel v alues higher than

255 are saturated. One t ypical exp osure is presen ted in Figure 6.19.

The one state b efore and four after deformation, eac h with a giv en phase shift b et w een

the t w o b eampaths, are describ ed b y �v e ph ysical images of extended dynamic range, all of

them com bined from 20 captures. These sup erimages feature an additional dynamic range

of e20
whic h is 8.7 orders of magnitude in addition to the original range of 255, less than t w o

and a half orders of magnitude.

In sim ulation an y dynamic range can b e ac hiev ed, ho w ev er, in practice v ery brigh t pixels

not only get saturated but also saturate other pixels usually in the same ro w in CCD cameras.

Comp osing the set of 20 images starts with omitting saturated pixels: these carry litte

information. Then the maxim um v alue is selected for eac h pixel from the ra w images, this

corresp onds to the setting with the highest exp osure time or gain with whic h the pixel is not

saturated, giving the lo w est p ossible quan tization and electronic noise. Then the selected

v alues are scaled according to the exp osure setting kno wn for the selected image.
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Figure 6.19: A t ypical exp osure

Figure 6.20: Comp osed sp ec kle pattern

from all exp osures, with comp ensation

Figure 6.20 sho ws a comp osed sup erimage, comp ensated for the w ell-kno wn illumination

x -dep endence so that all of its areas can b e insp ected visually . Ho w ev er, the spatial dep en-

dence of illumination do es not ha v e to b e b othered ab out and no comp ensation is done for

pro cessing as Carré's metho d is in v arian t to scaling; it is only to reduce dynamic range to

that of the prin ter so that w e can see that the sp ec kle pattern app ears and is homogeneous

apart from the v arying in tensit y throughout the image.

No w the �v e sup erimages pro vide basis for four correlation images. These are smo othed

with a Gaussian k ernel of FWHM 6 pixels. The test ob ject ha ving 256 pixels across features

a re�ection ratio 1:08 of adjacen t pixels whic h is lo w enough so that smo othing will not result

in an y artifact. In real measuremen ts this ratio is usually m uc h closer to 1.

Finally a phasemap is calculated from the correlation images, as sho wn in Figure 6.21.

As in Subsection 6.2, a single exp osure is pro cessed and its phasemap is presen ted in Figure

6.22 to demonstrate that here a broader range of in tensit y can b e pro cessed. This is due to

the deep di�erence that in this measuremen t, the in terfering w a v efron ts b oth ha v e the same

spatial amplitude dep endence and the sp ec kle nature mak es it p ossible for these v alues to

sho w on a large range. The area is again limited b y saturation from left and noise from righ t.

The phasemap from the sup erimages is no w un wrapp ed and a 3D deformation map is

presen ted in Figure 6.23.

6.5 Measuremen t with dynamic range extension

In this subsection a desensitized measuremen t is presen ted with � 1 = 15 �
and � 2 = 45 �

.

The measuremen t la y out is otherwise the same as depicted in Figure 6.18. The deformation

applied to the diaphragm has a p eak of 3.65 � m. T o em ulate a test ob ject with unev en

re�ection or illumination, a �lter is placed righ t in fron t of the camera, th us w eak ening

b oth of the t w o in terfering w a v efron ts. This eliminates the need for adjustmen t of w a v efron t

in tensit y ratio, since they app ear to ha v e equal in tensities at all parts of the image. Th us

captures can b e tak en with di�eren t exp osure times and com bined to sup erimages, whic h can

then b e used to calculate correlation patterns and �nally the phasemap. The exp osure times

used are 10.06 ms, 36.81 ms and 107.93 ms and Figure 6.24 sho ws one of eac h resp ectiv e

capture.
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Figure 6.21: Deformation phasemap Figure 6.22: Phasemap of one exp osure
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Figure 6.23: 3D deformation map
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Figure 6.24: Captures with di�eren t exp osure times

T o demonstrate ho w useful these exp osure settings are separately , the phasemaps calcu-

lated b y Carré's tec hnique for eac h exp osure separately are presen ted in Figure 6.25.

Figure 6.25: Phasemaps for di�eren t exp osure times

It is seen that none of the exp osure times w ould b e appropriate to measure the whole

ob ject area. Ho w ev er, com bining these results as explained ab o v e giv es us a dynamic range

co v ering all areas. The resulting phasemap is presen ted in Figure 6.26.

Figure 6.26: Phasemap from com bined images
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Finally the deformation is un wrapp ed and presen ted in 3D in Figure 6.27. It is visible

that there is some w obbling near the b oundary of the brigh t and dim areas. This is due to the

una v oidable smo othing o v er this b oundary while pro cessing the in terference fringes. Ho w ev er,

this w ould not p ose a problem in case there w ere no sharp edges in ob ject illumination or

re�ection.
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Figure 6.27: Deformation map from com bined images

6.6 Conclusion

T w o metho ds ha v e b een presen ted and in v estigated for extending the pro cessable range of

ob ject re�ection, one of them is capable of comp osing measuremen t results ev en if o v erall ob-

ject illumination or reference in tensit y ha v e to b e c hanged. The sim ulations and exp erimen ts

lead us to the follo wing conclusions:

� Carré's metho d is v ery robust, it giv es go o d results for a wide range of illumination

and reference in tensit y ratio.

� Linear a v eraging o v er an area in v olving illuminations of sligh tly di�eren t magnitudes

do es not sp oil results.

� This also means a fairly high noise tolerance if a v eraging is done o v er a su�cien tly large

area.

� V ariance is a useful measure of fringe information con ten t for comp osing measuremen ts.

� Dynamic range extension is sensitiv e to sharp v ariations of illumination th us pro v es to

b e less fa v orable than separate measuremen t pro cessing.
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Both metho ds presen ted here do pro vide feedbac k ab out the qualit y of image areas

through the measure of deviation. This information can b e used to con trol measuremen t

parameters, that is, re�ne the sequence of reference in tensities and exp osure times or extend

their range as necessary to obtain deformation data with required precision, th us increasing

the adaptivit y of the metho d.

7 Logical resolution of in terference comp onen ts

Resolving in terference fringe systems due to comp osed deformations to their comp onen ts

is in v estigated. Examples are presen ted in sim ulation and measuremen t as w ell.

7.1 Comp osite deformation in general

Deformation comp onen ts can b e classi�ed as lo cal or global. This distinction is extremely

imp ortan t in industrial applications where structural faults in cast parts result in c haracter-

istic deformation patterns lo cally if the ob ject is exp osed to tension. Lo cal comp onen ts can

b e classi�ed based on their symmetries, ho w ev er, as the aim is their detection and not their

analysis here, this classi�cation is not explained in detail.

Global deformation comp onen ts can b e appro ximated b y p olynomials. Concerning out-

of-plane deformations, the one degree of freedom of the zeroth order term is connected to

the translation of the ob ject. The t w o degrees of freedom of linear deformations corresp ond

to rotation. These migh t not b e connected to the c hange of the shap e but rather an o v erall

displacemen t of the test ob ject.

The three degrees of freedom of cubic comp onen ts describ e curv ature in t w o directions

and sk ew. Not b eing isometries, these suggest deformation of the ob ject.

F or in-plane deformation, there are t wice as man y degrees of freedom for eac h order. Here

zeroth order describ es lateral translation while �rst order corresp onds to a�ne transforma-

tions.

Note that this distinction of lo cal and global deformations is based on their size. Ho w ev er,

as the area in v estigated can b e quite limited in optical sp ec kle in terferometry , lo cal deforma-

tions can extend b ey ond the b orders of the image captured. In this case, the attribute lo cal

is not v alid an y more. In the scop e of this do cumen t, a deformation is considered global if it

is of degree at most three, as describ ed ab o v e. As there is no w a y to tell one due to a crystal

dislo cation from one of high orders, all other deformations are considered to b e lo cal, and

higher order global terms are neglected.

Our aim is to separate lo cal features from the bac kground, whic h is considered to result

from deformations global in nature. T o do so, global deformation comp onen ts are appro x-

imated up to some order and substracted from the total deformation so that lo cal features

b ecome immediately visible or recognizable b y soft w are. This can b e ac hiev ed b y �tting a

p olynomial of the desired degree on the deformation map. The lo cal deformations are hop ed

not to in�uence this �t to suc h an exten t that w ould mak e their recognition imp ossible. This

is usually the case when an area large enough is in v estigated. In this case the metho d is v ery

robust and straigh tforw ard.

Here a sligh tly di�eren t, ho w ev er, equally imp ortan t application of deformation decom-

p osition is presen ted. A scenario is in v estigated, b y means of sim ulation and measuremen t

as w ell, where deformation gradien t exceeds the pro cessing limit of the system. Ho w ev er,

comp ensation b y estimated global deformation comp onen ts pro vides a phasemap featuring

gradien ts lo w enough to b e pro cessed. This section fo cuses on soft w are comp ensation of the
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deformation map while the next section in tro duces hardw are feedbac k to the measuremen t

arrangemen t.

7.2 Comp osite deformation sim ulation

Figure 7.1: Measuremen t la y out

Beamsplitter BS1 divides ob ject and reference illumination.

Beamsplitter BS2 merges ob ject and reference w a v efron ts.

The test ob ject is of resolution 256� 256 pixels. Regular sp ec kle in terferometry setup

is sim ulated with reference w a v efron t, the la y out is sho wn in Figure 7.1. The test ob ject

illumination has an angle of 15�
to surface normal, this is tak en in to consideration according

to Equation (3.1). A circular deformation is caused b y a p oin t stress in the cen ter, with

amplitude of 3.7 � m. The w a v e path di�erence across the x -axis of the image area is of

the same magnitude, due to the rotation of the test ob ject. These add up to pro duce a

deformation gradien t to o high to b e pro cessed in some parts of the area in v estigated.

The camera has 8 bit dynamic range and a P oisson noise of exp ectance 5 is added.

First, four correlation images are formed and Carré's metho d is applied to pro duce a

deformation map (Figure 7.2).

The deformation map is then lo w-pass �ltered b y con v olution with a Gaussian k ernel of

standard deviation of 5 pixels. This is necessary to remo v e the noise, otherwise un wrapping

w ould b e imp ossible at an y part of the image. Ho w ev er, lo w-pass �ltering with a lo w er cut

frequency w ould ruin a larger area of the map. Note that exp erience sho ws that with so

noisy images a v eraging of the deformation map giv es a b etter result than a v eraging of the

correlation images b efore applying Carré's metho d, as it is done in general. This is due to the

fact the phase a v eraging preserv es information b etter than in tensit y a v eraging of sine v alues

of the corresp onding phases thanks to the nonlinear nature of sine. As in most cases noise

is not so hea vy and in terference fringes are more lo osely spaced, Carré's metho d is used on

a lo w-pass �ltered correlation image as it do es not handle sp ec kles w ell.

It is necessary to describ e a v eraging of phase v alues. These v alues range from zero to

2� with the curiousit y that the ends of the in terv al are corresp onded. P erio dicit y mak es
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Figure 7.2: Correlation image and deformation map

c hoice of in terv al limits arbitrary as long as its length is 2� . The a v erage or other linear

function of some v alues within a v ery small range is clear: the in terv al has to b e selected

in suc h a w a y that its limit do es not cut through v alues though t to b e close to eac h other.

In fact, this approac h can b e extended with ease up to the case when the phase v alues in

question lie within an in terv al of length at most � . This is not lik ely to b e the case for a

single large smo othing k ernel, not to men tion all suc h areas within a 256� 256 image. This

w ould necessitate an error handling mec hanism.

Instead, a m uc h simpler approac h is used: phase v alues are represen ted as complex n um-

b ers of unit magnitude with the corresp onding argumen t. This map conserv es the cyclic

nature of the phase. The w eigh ted a v eraging function can b e used on the complex n um b ers

in a linear fashion. Finally , the magnitude of the result is omitted and its argumen t is tak en

as the a v erage of the phases. The case of this b eing unde�ned, that is, the complex n um b ers

ha ving the origin as the cen ter of gra vit y can only o ccur if there is a symmetry of rotation,

an am biguit y that could not b e resolv ed b y other means of a v eraging either. Ho w ev er, as

argumen t (complex phase) function is de�ned for zero as w ell, no separate error handling is

needed. It is easy to see that this metho d giv es the exp ected result for phase v alues in a v ery

small range and giv es a reasonable result in an y case.

Goldstein's metho d is used for un wrapping of the a v eraged phase map. The area of highest

deformation gradien t cannot b e un wrapp ed, as sho wn in Figure 7.3. It can b e seen on the

lo w-pass �ltered phasemap that these are the areas where 2� wraps b ecome so closely spaced

that ev en suc h a small k ernel messes them up. 91.5% of the area is un wrapp ed successfully .

Ho w ev er, the implemen tation of Goldstein's metho d w e use also tells us whic h areas w ere

un wrapp ed prop erly . Hence a linear function can easily b e �t to these deformation v alues.

This comp onen t is substracted from the ra w deformation map, spacing up the in terference

fringes. Hence the same lo w-pass �lter remo v es the noise again but no w do es not mess up

wraps (Figure 7.4). This comp ensated image can no w b e un wrapp ed.

The metho d of comp ensation is v ery easy in our case: the ra w phasemap is m ultiplied

b y a complex n um b er of argumen t corresp onding to the comp ensation data. Note that a

similar metho d has b een used earlier at our departmen t [15 ]. This consisted of quan tizing

the comp ensation data to

�
2 units and cyclically p erturbating the four

�
2 phase shifted fringe

patterns accoringly . This is an inno v ativ e metho d in case a single comp ensated fringe pat-
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Figure 7.3: Smo oth deformation map and its un wrap

tern is needed. Ho w ev er, carrying out an y phase calculation metho d on the p erturbated

fringes results in a quan tized comp ensation, therefore it w ould b e no b etter than the metho d

describ ed here for our purp oses.

Figure 7.4: Comp ensated deformation map and its un wrap

Finally , the linear deformation is added to the comp ensated deformation to obtain the

total deformation of the test ob ject, presen ted in Figure 7.5.

7.3 Comp osite deformation measuremen t

The same measuremen t la y out is used as in the previous section, presen ted in Figure 7.1.

The diaphragm is moun ted on a rotating stage, whic h in tro duces a rotation in addition to

the p oin t deformation. The rotating stage has an arm of length l = 65 mm p ositioned b y a

micrometer screw. One unit of rotation is de�ned to corresp ond to d = 10 � m displacemen t
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Figure 7.5: T otal deformation

of the arm at distance l from the cen ter of rotation, resulting in a rotation of � ' unit = d
l =

2:44� 10� 4
rad.

The diaphragm is a = 40 mm wide, whic h app ears to b e n = 840 pixels on the images.

The illumination shines on the ob ject at an angle � = 30 �
to surface normal. Hence one unit

of rotation causes an x -directional phase gradien t of

@�
@x

=
2�
�

a� ' unit

n
(1 + cos � ) = 0 :136

rad
pixel

(7.7)

according to Equation (3.1). This corresp onds to one in terference fringe ev ery 46 pixels.

One measuremen t is presen ted here, pro cessed in a fashion simiar to the sim ulation ex-

plained ab o v e. A rotation of 2:25 units is in tro duced in addition to the lo cal diaphragm

deformation. Figure 7.6 sho ws the resulting correlation image and phase map.

The phase map is lo w-pass �ltered and un wrapp ed, see Figure 7.7. 8% of its area cannot

b e un wrapp ed b ecause of the to o dense in terference fringes. Linear �t sho ws that the a v erage

steepness is 0.297 radians/pixel in the x direction and a negligable � 0:076 radians/pixel in

the y direction. This suggests a rotation of 2:19 units. The calculated phase gradien t in the y
direction compared to the lac k of corresp onding rotation pro vides us with a coarse estimate

of the precision of the metho d. This is due to the random shap e of the non-un wrapp ed region

and other artifacts of the un wrapping algorithm describ ed later. Ho w ev er, our goal is not to

measure the rotation comp onen t exactly , but to ha v e an estimate go o d enough to un wrap the

whole image. It is also p ossible that the �rst linear �t and comp ensation allo ws un wrapping

a larger area but still not the en tire image and th us another iteration is needed.

This v alue is used for comp ensation of the ra w phase map as describ ed in the previous

section. The comp ensated phase map lo w-pass �ltered and �nally un wrapp ed is presen ted

in Figure 7.8. It is clearly seen that the whole image can b e un wrapp ed after comp ensation.
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Figure 7.6: Correlation image and deformation map

Figure 7.7: Smo oth deformation map and its un wrap
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The b order of the image sho ws parts of the frame clamping the diaphragm, these areas do not

sho w the deformation of the diaphragm and can b e cut when presen ting a 3D deformation

graph.

Figure 7.8: Comp ensated deformation map and its un wrap

As the last step, the linear deformation comp onen t used for comp ensation is added to

the comp ensated deformation map to reconstruct original deformation of the ob ject. This is

sho wn in Figure 7.9.
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Figure 7.9: T otal deformation
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7.4 Conclusion

� Deformation comp onen ts are in v estigated and classi�ed for our needs.

� A metho d of carrying out arbitrary linear transformations on 2� -cyclic phase v alues

suc h as smo othing is presen ted.

� Linear �t is applied to appro ximate linear deformation comp onen t. This metho d is also

extended to the case where only parts of the deformation map can b e un wrapp ed.

� A scenario is in v en ted where deformation comp ensation with appro ximated linear com-

p onen t reduces maxim um deformation gradien t.

� Sp eci�c cases are presen ted in sim ulation and measuremen t as w ell where this comp en-

sation mak es deformation pro cessing p ossible.

W e conclude that the idea of deformation comp onen t separation comes handy not only

for industrial nondestructiv e testing but also to mak e it p ossible to pro cess deformations

in v olving large rotations or other comp onen ts of lo w order.

8 Deformation comp onen t separation in measuremen t

A measuremen t la y out is prop osed for separating deformation comp onen ts. Measuremen ts

are carried out on this setup.

8.1 Metho ds of feedbac k

This section presen ts ho w detected deformation comp onen ts can b e used to con trol mea-

suremen t circumstances so that they can b e separated. A t the �rst stage, camera images

are recorded and pro cessed to obtain information ab out global comp onen ts, whic h are then

fed to a hardw are comp ensation system mo ving the test ob ject in suc h a fashion that these

comp onen ts disapp ear to rev eal the lo cal comp onen ts in the second stage of measuremen t.

T o demonstrate this sc heme, rotation along one axis is carried out just lik e in the previous

section. The test ob ject is rotated bac k man ually b y the calculated degree of rotation.

Measuremen t la y outs featuring another ob ject as the source of reference w a v efron t mak es

comp ensation p ossible b y means of carrying out the corresp onding rotation or other defor-

mation on the reference ob ject. This mak es it necessary for the t w o ob jects to b oth b e in

fo cus, in other w ords, to b e mirrored images of eac h other with resp ect to the b eamsplitter

uniting their w a v efron ts to the camera. In this most simple setup it also means that the

deformations are mirrored.

Another option is to use a spatial ligh t mo dulator (SLM) to alter the reference w a v efron t.

An SLM is a transparen t matrix of pixels capable of shifting the phase of the ligh t separately

at eac h pixel. This w ould ha v e to b e placed in the mirrored p osition of the test ob ject in the

w a y of the di�racted w a v efron t, or in the planar w a v efron t illumination the reference ob ject.

Ho w ev er, as SLM's tend to b e small, an additional imaging optics w ould b e needed for an

ob ject of the size of ours.

8.2 Calibration

In this exp erimen t, the same exp erimen tal setup is used as in the previous section, with

the same illumination angle � = 30 �
. Ho w ev er, images are captured with di�eren t zo om so
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that the diaphragm is no w n = 875 pixels wide. This results in a phase gradien t p er unit

rotation of

@�
@x

=
2�
�

a� ' unit

n
(1 + cos � ) = 0 :130

rad
pixel

. (8.8)

First the rotation stage is calibrated. Single images are recorded with steps of rotation of

quarter units and compared with a set of four phase-shifted images at a p osition de�ned as

origin. These deformations are then pro cessed and the ones with less then 80% of the image

area un wrapp ed are omitted. The �t of a line sho ws us that one unit of rotation results in

0.136 radians/pixel in the x -direction phase gradien t. The data p oin ts and �t are displa y ed

in Figure 8.1.
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Figure 8.1: Phase gradien t v ersus rotation

8.3 Measuremen t

No w the diaphragm is deformed lo cally and rotated b y 4.75 units. The recorded images

lead to a fairly dense fringe pattern, whic h only lo osens on one side of the deformation. This

is the only area where un wrapping is p ossible. The result is sho wn in Figure 8.2.

It is imp ortan t to note ab out the un wrapp ed deformation map that it has sharp edges

within the allegedly successfully un wrapp ed area. This comes from the nature of the un-

wrapping pro cess. Goldstein's branc h-cut algorithm op erates fo cusing on the singularities.

These singularities are una v oidable to some exten t in practice and they mak e un wrapping a

di�cult task. The idea is to pair and connect nearb y singularities of opp osite sign and do the

in tegration a v oiding these cuts. Ho w ev er, with so noisy images it migh t happ en that remote

singularities get connected, resulting in discoun tin uities along long curv es. Figure 8.3 sho ws

the b ottom righ t area of the un wrapp ed phasemap magni�ed to illustrate this situation. This

de�nitely biases the linear �t.
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Figure 8.2: Smo oth phasemap and its un wrap of the uncomp ensated deformation

Figure 8.3: Un wrap with discoun tin uities magni�ed
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Phase gradien t is found to b e 0:353, corresp onding to a rotation of 2.7 units. Note that

this is close to the half of the real rotation. This is due to that only a small area of the image

could ha v e b een un wrapp ed, exactly where fringes w ere sparsened, yielding a highly biased

result.

No w the rotation stage is man ually rotated bac kw ards b y 2.75 units to em ulate a comput-

er-con trolled comp ensation system. The measured phasemap and deformation are presen ted

in Figure 8.4. The comp ensation v alue from the �rst iteration is so biased that it do es not

mak e un wrapping p ossible after one step. No w another linear �t is carried out to pro vide

the phase gradien t of 0:191, corresp onding to 1.5 units. Note that the un wrapp ed area still

features the �atter areas with larger w eigh t, resulting in a biased linear �t once again.

Figure 8.4: Phasemap and un wrap after the �rst iteration

These add up to a total comp ensation of 4.25 units v ersus the real rotation of 4.75. Car-

rying out this comp ensation on the test ob ject leads to the phasemap and deformation map

presen ted in Figure 8.5. Though the linear comp ononen t is still not completely eliminated,

as 0.5 units of rotation remains, ho w ev er, this phasemap can at least b e un wrapp ed en tirely .

No w as usual, the areas disturb ed b y the screws or their shado ws are cut o� and the total

deformation is displa y ed on a 3D graph in Figure 8.6, obtained b y adding the total rotation

used for comp ensation to the result of the comp ensated measuremen t. Note ho w m uc h the

rotation dominates o v er the p oin t deformation of the diaphragm.

8.4 Conclusion

� A measuremen t sc heme is presen ted where partial pro cessing of the recordings leads

to comp ensation parameters that are fed bac k to the ob ject deformation to obtain

recordings p ossible to pro cess.

� A scenario is presen ted where t w o iterations are necessary due to the biased nature of

the obtained global deformation comp onen t co e�cien t as the steep er areas are more

di�cult to un wrap than the �atter ones.

This sc heme is highly adaptiv e to the global deformation of the ob ject and it can b e

extended to in v olv e other metho ds of comp ensation, suc h as deformation of reference ob ject,

deformation via motorized stage or SLM.
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Figure 8.5: Phasemap and un wrap after the second iteration
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Figure 8.6: T otal deformation
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9 Large deformations

A measuremen t pro cedure is elab orated for large deformations in suc h a manner that the

measuremen t system is capable of con trolling the measuremen t sensitivit y . Its features are

presen ted in sim ulation and measuremen t as w ell.

9.1 Concept

Noise and minim um fringe spacing in pixels determine whether a deformation can b e

pro cessed or not. The previous t w o sections deal with a case where deformation gradien t

can b e decreased b y means of comp ensation for rotation. No w deformations requiring more

complicated metho ds are examined. This migh t b e the case of a nearly circular deformation

with to o large magnitude, resulting in a large area imp ossible to pro cess. Rotation of the

ob ject could only rev eal part of this area. Ho w ev er, if w e had an idea ab out the lo cal

deformation, for instance, if w e knew its appro ximate cen ter and magnitude, comp ensation

could lead to a completely un wrappable phasemap. In order to obtain this, t w o measuremen ts

with di�eren t sensitivities are used on the same ob ject.

A natural question w ould arise wh y to use t w o measuremen ts, if one of them has to b e

desensitized enough to pro vide a complete deformation map an yw a y . The additional mea-

suremen t has man y adv an tages. One of them is that desensitized sp ec kle arrangemen ts migh t

ha v e un w an ted sensitivit y to in-plane deformations, and this can b e comp ensated for b y a

carefully planned other measuremen t. Another feature is that a desensitized measuremen t has

a prop ortionally lo w er precision, so correction b y an additional, more sensitiv e measuremen t

pro vides a resolution to maximal deformation ratio not ac hiev able b y a singe measuremen t.

In this exp erimen tal setup, a desensitized sp ec kle measuremen t and a digital hologram

measuremen t is implemen ted. The sp ec kle measuremen t giv es us a coarse deformation map

with whic h the digital hologram can b e comp ensated to mak e its otherwise indistinguishable

in terference fringes pro cessable. In terferometric digital holograph y pro vides complex v al-

ues, their argumen t corresp onding to the deformation and magnitude ha ving sp ec kle nature,

without taking phase-shifted captures. Therefore deformation comp ensation can b e carried

out righ t a w a y in the form of m ultiplication b y a complex n um b er of unit absolute v alue.

Ho w ev er, to a v oid the sp ec kled nature of this phase information, with less in tense pixels

b eing more supressed b y noise, fringes are formed b y substracing reconstructed holograms

and lo w-pass �ltering as in ESPI.

9.2 Measuremen t la y out

F or digital holograph y , b eams 1 and 2 are used and the imaging optics is remo v ed, see

Figure 9.2. F or ESPI, b eams 2 and 3 are used with the imaging optics, as in Figure 9.2. In

practice, four digital hologram recordings are tak en, then the imaging optics is inserted on its

separate moun t, its is adjusted and fo cused, to tak e four exp osures for sp ec kle in terferometry .

Then the ob ject is deformed, another sp ec kle recording and �nally , after the remo v al of the

imaging optics, a last holograpic image is tak en.

The illumination angles are � 2 = 20 �
and � 3 = 55 �

, that giv es us one in terference fringe for

1.72 � m deformation in the desensitized arrangemen t and one fringe for 0.326 � m deformation

in the holographic arrangemen t, where only illumination at angle � 3 is used. This pro vides

a ratio of 5.30 b et w een the t w o measuremen ts. See Equations (3.1) and (3.3) for further

explanation.
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Figure 9.1: Measuremen t setup for digital holograph y

Beamsplitter BS1 divides reference b eam and ob ject illumination

b eam. Beam expander BE1 pro vides planar reference w a v efron t

1 and BE3 illuminates ob ject with phase shifted b eam 3. Beam-

splitter BS3 merges ob ject and planar reference w a v efron t.

Figure 9.2: Measuremen t setup for ESPI

Beamsplitter BS2 splits b eam in to b eam expanders BE2 and BE3,

illuminating the ob ject with b eams 2 and 3.
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9.3 Measuremen t results

T w o measuremen ts are presen ted here. In b oth cases, a maxim um deformation of 11.75

� m is ac hiev ed with the micrometer screw. In case A , all 16 screws are tigh tened, holding the

diaphragm uniformly . This results in a mostly circular deformation. In case B , six screws

are remo v ed to pro vide a deformation of less regular shap e.

T o align the hologram and ESPI measuremen ts, a square is cut out from b oth, determined

b y the cen ter of the screws. This region is sho wn on all the images in this section. This square

is not selected with high presicion, ho w ev er, the comp ensation tec hnique is quite toleran t to

small misalignmen ts.

Figure 9.3 presen ts the wrapp ed deformation maps obtained b y the desensitized sp ec kle

measuremen t. It sho ws clearly the amplitude and the shap e of the deformations. It can also

b e seen that there is no useful data in the dark areas of the image, that is, on the surface of

the blac k screws and on the righ t side where they cast shado w on the diaphragm.

Figure 9.3: Desensitized ESPI deformation maps

Fiv e digital holograms are reconstructed for eac h case. These carry complex information

ab out the w a v efron t re�ected from the ob ject. If the di�erence of the holograms b efore and

after deformations are formed, the resulting complex v alues will feature in terference fringes

in their amplitude. T o comp ensate with the result of the sp ec kle measuremen t, one of the

complex terms is to b e rotated b y the corresp onding angle pixelwise.

The four holographic in terference fringe patterns are then fed in to Carré's metho d to

result in a deformation phasemap. Figure 9.4 sho ws the phasemap in case no comp ensation

is applied. It is clearly seen that these phasemaps ha v e wraps so tigh tly spaced that it is

imp ossible to un wrap them.

Figure 9.5 presen ts the phasemap from the comp ensated holographic in terference images.

A comp ensation with co e�cien t 5.3 is carried out. This v alue is not only giv en b y the mea-

suremen t angles, but it is found to b e optimal via man ual trial-end-error. These phasemaps

can no w easily b e un wrapp ed. Exp erimen ting with the phasemaps sho ws that di�eren t com-

p ensation co e�cien t is also enough to sparse the �nges to a pro cessable exten t, th us no a

priori kno wledge of the exact ratio of measuremen t sensitivities is needed. Also note that

as Goldstein's metho d is implemen ted with feedbac k ab out the un wrapp ed area, it is easy

to elab orate an algorithm exp erimen ting with comp ensation co e�cien ts in a wide range to
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Figure 9.4: In terferometric hologram phasemaps without comp ensation

adaptiv ely �nd the b est v alue, ev en if no a priori kno wledge is presen t at all ab out the ratio

of sensitivities.

Figure 9.5: In terferometric hologram phasemaps with comp ensation: 5.3

Figure 9.6 presen ts a case when only a comp ensation of 4.9 is used, so a few phase jumps

are still presen t. Note that they are already sparse enough to b e un wrapp ed.

The comp ensated phasemaps using the co e�cien t of 5.3 are un wrapp ed and then the

comp ensation is added to the result to obtain the total deformation. Finally , the areas corre-

sp onding to the screws are clipp ed to end up with the deformation of the visible diaphragm

area. These are sho wn in Figures 9.7 and 9.8.
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Figure 9.6: In terferometric hologram phasemaps with undercomp ensation: 4.9
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Figure 9.7: T otal deformation in case A
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Figure 9.8: T otal deformation in case B

9.4 Conclusion

� T o o tigh tly spaced in terference fringes ha v e b een resolv ed b y means of comp ensation b y

another measuremen t of lo w er sensitivit y and di�eren t nature. This w a y com bining an

ESPI and a digital holographic in terferometric measuremen t has b een demonstrated.

� It has b een in v estigated that comp ensation leads to pro cessable results ev en if the

measuremen t ratio is not kno wn exactly or there is a small spatial misalignmen t in the

t w o maps.

Note that t w o desensitized ESPI measuremen ts can also b e com bined in a similar fashion,

no sp eci�c feature of digital holograph y is made use of. T aking only one holographic capture,

that is, without phase shift, and using phase v alues obtained from that could ha v e b een a

simpli�cation whic h cannot b e carried out if b oth measuremen ts w ere ESPI. Ho w ev er, an

adv an tage w ould b e that images of the ob ject on the captures do not ha v e to b e adjusted if

using a double ESPI setup.

A further impro v emen t is to con trol illumination angles b y computer to c hange mea-

suremen t sensitivities. If b oth arrangemen ts are ESPI, the test ob ject can b e moun ted on a

rotating stage to c hange the three illumination angles, k eeping their di�erence. It has already

b een noted that observ ation angle do es not in�uence desensitized arrangemen ts. If b eam ex-

panders are fed via glass �b ers, they can b e separately aligned to pro vide desensitization

factors o v er a greater range.

It is mainly the size of the b eam expanders determining the minim um angle di�erence

and the ob ject surface with o ccasional h umps casting shado ws at large illumination angles

that limit the range of desensitization.
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10 Qualit y measures

Qualit y measures are prop osed as an aid for the pro cessing and analysis of in terference

images.

Metrology consists of not only obtaining the v alue of a quan tit y b y means of measuremen t,

but also to ha v e an indicator on its certain t y and reliabilit y . Apart from the precision to

whic h w a v elength, illumination and observ ation angle and other ph ysical parameters of the

arrangemen t are kno wn, it is also essen tial to ev aluate the certain t y with whic h fringes can b e

iden ti�ed and brigh t and dark areas in either an in terference pattern or a correlation image

distinguished.

F ringes are of sp ec kled nature in coheren t measuremen ts, and this w ould render in terpreta-

tion of phase v alues di�cult since noise dominates in dark areas b et w een sp ec kles. Therefore

it is alw a ys the next step to a v erage o v er them once a correlation image is formed. Also

sp ec kle in tensit y distribution is giv en within the circumstances of our exp erimen ts, that is,

surface roughness and optical path di�erences from a giv en p oin t of the ob ject to one of the

camera CCD m uc h larger than w a v elength. Hence no qualit y measures need to b e in tro duced

concerning the sp ec kled image, only the lo w-pass �ltered fringe pattern is to b e ev aluated.

T raditionally fringe visibilit y is used to quan tify ho w c haracteristic fringes are. This

requires an area small enough to corresp ond to uniform illumination of the test and reference

ob jects, ho w ev er, large enough to feature a fringe maxim um and a fringe minim um. Then it

is de�ned as

V =
I max � I min

I max + I min
. (10.9)

It is clear that this v alue ranges in [0; 1], b eing 0 i� I max = I min 6= 0 , that is, on a constan t

image, and b eing 1 i� I max 6= I min = 0 , that is, the dark es areas are of zero amplitude. [16 ]

This visibilit y measure ho w ev er fails in case no suc h area is a v ailable, particularit y when

there is no � di�erence in total or if illumination is to o unev en. Ev en if suc h an area exists,

it requires further in v estigation to �nd one, in v olving separation of o v erall illumination from

fringe pattern, whic h is m uc h more complex than the original task.

T o a v oid the problem of selection of a suitable area in case of unev en illumination, phase

shift is tak en adv an tage of and a lo cal qualit y measure is in tro duced. Lo cal refers to that

only the four v alues corresp onding to the same pixel of the correlation images are considered.

T o in v en t this measure, �rst it is to note that in case one of the in terfering w a v efron ts has

an amplitude saturating the camera, the resulting pixel is going to b e of little information

con ten t. Here at least t w o of the four v alues are going to b e saturated in case phase shift is

close to

�
2 . If this amplitude is m uc h higher than the other, then all v alues are saturated.

Similarily , the a v erage of an area consisting of most but not all of saturated pixels, will

result in pixel v alues close to eac h other, and parallely , unreliable phase v alues.

Also if one of the amplitudes is small compared to noise, the resulting phase is going

to b e unreliable. This also means that the four v alues are going to b e close to eac h other,

compared to una v oidable noise lev el.

On the other hand, if there is no saturation and b oth amplitudes are high enough com-

pared to noise, the four pixel v alues ha v e a greater v ariance and in the mean while, the result

is quite reliable. This leads to the idea of using the v ariance, or equiv alen tly , its square ro ot,

the standard deviation.

No w this qualit y measure can b e used to select the b est illumination setup among a few for

eac h pixel separately , as seen in Section 6. The n umerous successful exp erimen ts presen ted

justify the selection of v ariance as qualit y measure.
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This qualit y measure, with an appropriately selected treshold with resp ect to noise, can

b e applied to conduct a series of captures with di�eren t illuminations, selected and con trolled

purely b y computer, in suc h a manner that all image areas are explored with satisfactory

reliabilit y .

11 Conclusion

T w o adaptiv e metho ds to w ards ob ject re�ection and illumination ha v e b een presen ted

and studied. They co v er the most natural ideas for this task. The metho d of merging results

from separately pro cessed captures is found to b e e�cien t and reliable enough to b e widely

used. Note that dynamic range extension is a metho d with more strict conditions on the

captures and th us on the test ob ject or measuremen t la y out, ho w ev er, if a measuremen t can

b e pro cessed with this metho d then it can also b e pro cessed separately and then merged.

P ossible deformation comp onen ts are in v estigated and classi�ed. Man y examples are

presen ted to sho w that lo w order global deformation comp onen ts can b e appro ximated and

substracted from total deformation, and that this can b e done either logically , as part of the

pro cessing of the results, or b y a feedbac k to the measuremen t system. It is also pro v en b y

examples that this metho d migh t lead to w orking results in cases where regular pro cessing

do es not w ork. That is, this metho d is capable of extending measuremen t range.

F or large deformations, a comp osite metho d is presen ted. T w o measuremen ts of di�eren t

sensitivit y are carried out and com bined to tak e adv an tage of the higher measuremen t range

of one and the larger precision of the other. It is in v estigated that this com bination of

measuremen ts is robust to small spatial misalignmen ts and not exact desensitization ratios.

The measuremen t t w o b e com bined can b e of di�eren t natures, ESPI or digital holograp y .

In case of ESPI, measuremen t sensitivit y can easily b e adjusted b y c hanging illumination

angles.
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