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REDUCING SENSITIVITY TO HOLOGRAM MISALIGNMENT 
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Institut de Microtechnique de l'Université, CH-2000 Neuchâtel, Switzerland 

Received 19 April 1982 

Accurate fringe interpolation in holographic interferometry requires two-reference-beam holographic recording. Using 
two reference sources close together, the sensitivity to (angular) misalignement of the hologram is drastically reduced (10° 
instead of 0.01°). Overlapping of the cross-reconstructions can be tolerated, unless extreme precision and spatial resolution 
are demanded. Experimental results obtained by video processing of such holograms show an accuracy of better than 1/100 
of a fringe. The optical setup becomes nearly as compact and simple as in classical holographic interferometry. 

1. Introduction 

Double exposure holographic interferometry re­
quires for accurate deformation measurement interpo­
lation of the interference fringes. Interpolation inde­
pendent of fringe position and intensity variations in 
the reconstructed image is only possible by applying 
two-reference-beam holography [1,2], which allows 
to vary the relative phase of the interfering wavefields 
during reconstruction. Two kinds of methods to eval­
uate the interference phase are known. In heterodyne 
methods [1] the relative phase increases linearly in 
time and the interference phase is measured electroni­
cally at the beat frequency of the reconstructed wave-
fields. "Quasi-heterodyne" techniques change the rel­
ative phase stepwise, using at least three different val­
ues [3—6]. Compared with classical double exposure 
holographic interferometry the necessity to use two-
reference-beam holography introduces unfortunately 
some additional difficulties with unwanted reconstruc­
tions and repositioning of the hologram [2]. 

In holographic interferometry of diffusely scatter­
ing objects the repositioning requirements can be dras­
tically reduced by choosing the two reference beams 
very close together, as it was already proposed for 
heterodyne holographic interferometry [7,8]. In this 
arrangement, however, the undesired cross reconstruc­
tions overlap with the desired reconstructions. As a 
consequence, the fringe contrast is reduced and an ad­

ditional statistical phase error is introduced, respec­
tively. 

In this paper we will show that the two arrange­
ments with reference beams well separated and very 
close together give results of equally good accuracy 
when used for a quasi-heterodyne system with TV im­
age processing. We will present a setup for holographic 
interferometry with high quality fringe interpolation, 
which is optically nearly as simple as classical double 
exposure holography and uses standard video-electron­
ic equipment for information processing. 

2. Two-reference-beam holographic interferometry 

The optical arrangements for two-reference-beam 
holographic interferometry are sketched in fig. Ia for 
well separated reference sources and in fig. Ib for ref­
erence sources close together. Except for the two ref­
erences, this setup is the same as for classical holo­
graphic interferometry. In both arrangements, the ob­
ject is illuminated by a point source, and an imaging 
system permits to observe the interferogram on a 
screen by a TV-camera. Consecutively, the first object 
state O1 is recorded by reference R1 and the second 
object state O2 by reference R2 on the same hologram 
plate. A mirror on a piezo mounting allows to vary the 
path length of one reference beam and hereby to con­
trol the relative phase of the two reference beams 
during reconstruction. 
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Fig. 1. Setup for two-reference-beam holographic interferom-
etry with (a) well separated reference sources and (b) reference 
sources close together. 

As described in ref. [2], two-reference-beam holo­
graphy requires special attention to the multiplicity 
of the reconstructed images and the influence of mis-
alignement of the hologram with respect to the refer­
ence beams. Illuminating the hologram with both ref­
erence beams R1 and R2 yields eight reconstructions. 
Four of them are conjugate reconstructions. The other 
ones are the two desired primary self-reconstructions 
(R1RjO1 and R2R2O2), which give rise to the inter­
ference pattern, and the two undesired cross-recon­
structions (R2RjO1 and R1R2O2). The direction of 
propagation of the various reconstructed waves de­
pends on the geometry of the optical setup. The pri­
mary reconstructions are shown for both cases in fig. 
2a and fig. 2b. 

To avoid disturbing overlapping of the different 
reconstructions (fig. 2a) the two reference sources 
must be chosen on the same side of the object with a 
mutual separation just larger than the angular size of 
the object in the corresponding direction (fig. Ia). 
However, the consequence of large separation of the 
reference sources is high sensitivity to repositioning 
errors, as described hereafter. Therefore reference 
sources close together (fig. Ib) would be prefered if, 

B 
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I 
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B III!' B 
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Fig. 2. Primary reconstructed images on TV screen, (a) Well 
separated reference sources yield separated cross-reconstruc­
tions R2RJo1 and R1RjO2. (b) Reference sources close to­
gether yield overlapping reconstructions. The extracted inten­
sity profiles show the difference in fringe contrast. 

under certain conditions, overlapping (fig. 2b) of the 
cross-reconstructions could be tolerated without undue 
loss of accuracy for the interference phase measure­
ment. 

The sensitivity to repositioning for two-reference-
beam holographic interferometry occurs because the 
propagations of the two reconstructed wavefields are 
differently affected. For small changes of the holo­
gram position from recording to reconstruction the 
resulting additional phase difference \p(xH) in the 
hologram plane between the reconstructed waves cor­
responding to the objects O1 and O2 is given by [1 ] 
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where w = (Aa, Aß, A7) is the rotation vector for 
small hologram rotations Aa, Aß, A7 around the x,y, 
z axes, respectively, and JCH are the coordinates in the 
hologram plane. Note that a pure translation of the 
hologram causes only a constant phase shift and can 
be ignored. It is seen from eq. (1) that a rotation of 
the hologram introduces a linear phase deviation across 
the hologram plane which depends only on the differ­
ence vector AZr=Af1-^ of the two references. This 
means that the repositioning sensitivity is much smaller 
for reference sources close together. The effect of a 
linear phase deviation in the hologram plane results 
mainly in a mutual transverse shift between the two 
desired reconstructions in the image plane [1], given by 

M1 = (d,/Ä:)|gradH *|=(<ty*) 

X \(Aky Ay - Ak2 Aß)2 + (Ak2 Aa- Akx A7)2 ] 1I2 

(2) 
where dy is the distance from the lens to the image 
plane and gradH \p is the component of grad 1// in the 
hologram plane. 

The magnitude of the interference term depends 
essentially on the autocorrelation Cn(U1) of the im­
pulse response function of the imaging system, which 
defines also the speckle size in the image. The interfer­
ence fringes are only visible as long as the mutual shift 
of the speckle patterns is smaller than the speckle size. 
For a circular aperture of diameter D, the fringe con­
trast 7(M1) = Cn(«i) is given by the well known Airy 
function 

7(M1) = 2Z1 (TrDu1I-Kd1)KnDu1I-Kd1), (3) 

where J1 (•) is the first order Bessel function. The 
fringe contrast decreases with transverse shift U1 in 
terms of the diffraction limited optical resolution 
(Ax)1 = KdxID. 

In fig. 3 theoretical and experimental results for 
the fringe contrast versus hologram rotation A7 are 
presented. The two reference waves had an angular 
separation of Aky/k = 0.19, which is necessary to sep­
arate the reconstructions (figs. Ia and 2a) in a typical 
holographic setup. A one-to-one image of the recon­
structed object was formed by an objective of /= 300 
mm (c?j = 600 mm) and of D = 9 mm (//32) effective 
aperture. The repositioning error for a reduction of 

Fig. 3. Fringe contrast 7 versus angular misalignement A7 of 
the hologram for well separated reference sources (Akv/k 
= 0.19). The theoretical curve of eq. (3) is normalized to the 
maximum measured contrast 7m a x = 0.8. 

the fringe contrast 7 to 50% as obtained from eqs. (2) 
and (3) is found to be only A7 = 0.013°, (see also 
fig. 3). 

On the other hand, as long as the lateral separation 
of the cross-reconstructions R2RiOj and RjR2O2 is 
just larger than the speckle size (Ax)1, the speckle pat­
terns of the desired and undesired images are uncorre­
cted and their superposition does not produce any 
macroscopic interference. The required minimum an­
gular separation between the two reference sources is 
given by the diffraction limit of the resolution im­
posed by the circular aperture D of the imaging lens. 
In other words, the two reference sources must produce 
more than one interference fringe across the lens aper­
ture. The sensitivity to misalignement in such a setup 
(fig. Ib) is reduced to less than A7 = 10°, compared to 
the 0.01° for the well separated cross-reconstructions. 

However, the overlapping with the uncorrected 
cross-reconstructions reduces the overall fringe con­
trast by a factor two, as can be seen by comparing 
figs. 2a and 2b, and introduces a statistical error to the 
interference phase. This error can be adequately re­
duced by spatial averaging using a detection area which 
covers many speckles [1], as it is the case in TV pro­
cessing due to the limited camera resolution. 

3. Interferogram processing 

To determine the phase in the interferogram, a 
quasi-heterodyne technique is used [3—6]. The holo­
gram is reconstructed three times, the mutual phase of 
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the two reference beams is changed each time between 
two reconstructions by a well controlled phase-shift. 
The local intensities Ik(x) in the interferogram of the 
reconstructions k = 1,2,3 are given by the three equa­
tions 

Ik(x) = a(x) {1 + m(x) COS(0(AT) + <t>k)}, (4) 

where a(x) denotes the local mean intensity, m(x) the 
fringe contrast and </>(*) the interference phase. The 
additional phases 0k are adjusted differently for each ' 
reconstruction k. For the interference phase <p(x) one 
gets from eqs. (4) 

tan 0(x) 

(Z3 - / 2 ) COs^1 +(Z1 -Z3) cos ¢2 + (/2 -^1) cos 03 

(Z3-Z2)Sm^1 +(I1 -I3)sin$2 + (h-h)sinh ' 

The other unknown values are given by 

, w , (h-h) 
a(x)m(x) = COS (0 (JC) + ^ 1 ) - COS (0 (x) + 0 2 ) ' (6) 

a(x) =It- a(x) m(x) cos(0(x) + 0j). (7) 

Data acquisition, and processing is carried out with a 
video-system and a micro-computer (fig. 4). The inter­
ferogram, projected on a ground glass screen, is observ­
ed with a TV-camera. The silicon target Ultricon cam­
era guarantees a linear response for the detected signal. 
A video-analyser extracts an analog signal along a 
straight line through the object. This signal is convert­
ed into digital and the micro-computer takes the aver­
age of the three successive scans as input. This process 
is repeated for three hologram reconstructions with dif­
ferent relative phases 4>k of the reference beams. These 
phases are adjusted carefully with a piezo mounted 
mirror (fig. 1) to become 0j =O°,02 = 120°,¢3 =240°. 
Finally the interference phase $(x) along the scanned 

TV-Camera 

Interferogram 

Video-
Analyser 

A/0 
Converter 

Display 

Micro-
Computer 

Printer 

Fig. 4. Block diagram of the video-ejectronic processing. 

line is calculated, displayed and plotted by the com­
puter. 

To estimate the accuracy of the phase measurement 
one has to distinguish between systematical and statis­
tical sources of errors. A systematic error is introduced 
by wrong phase shifts (j>k. It gives rise to a periodic er­
ror for 0(x). For three measurements with phase shifts 
4>k in steps of 120 °, the maximal error €/{¢^) is of 
the same order as the errors for the <j>k. It is important 
to point out, that the absolute value of the §k must be 
guaranteed with the same precision as desired for the 
phase $(*). It will be discussed later, how to control 
the phase shifts $k in the cases of reference sources 
close together or well separated. 

For the statistical error A0 the expression 

(A0)2 = (2/3 m2) (A///)2 +1 (A0fc)2 (8) 

can be derived from eq. (5). It depends on the relative 
fluctuations AI/I of the intensities measured by the 
TV-camera and on the statistical fluctuations A$k of 
the relative phases between the reference beams due 
to thermal perturbations and mechanical instabilities. 
To avoid disturbing fluctuations of the <pk, the phase 
between the two reference beams had to be stabilized 
by a feed back loop acting on the piezo electric mirror. 

In the case of two reference sources close together 
(fig. Ib) the relative phase of the two reference beams 
can be detected and controlled very effectively by a 
twiri-photodiode placed in the hologram plane, just 
outside the field used for the reconstruction. This is 
possible easily and accurately since the two reference 
beams produce on the hologram a pattern of parallel 
and equidistant interference fringes of typically 2 to 5 
mm separation. The twin-photodiode detects the fringe 
maximum and an integrating feed back loop to the 
piezo electric mirror keeps the fringes stable. The dif­
ferent phases (j>k for the three reconstructions can be 
established very accurately by moving the twin-photo­
diode in steps of 1/3 of the fringe separation. With this 
stabilization device A$k of less than 1° for a time con­
stant of 10 ms have been achieved. 

This method does not work for well separated ref­
erence sources (fig. 1 a), since no macroscopic fringe 
pattern is available in the hologram plane. Therefore 
one has to use for the stabilization feed back the fringe 
pattern due to the object deformation in the recon­
structed image, which is not always practicable and 
does not allow easily and accurately to control the 
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steps of the phases ¢^ by moving the detector. 
The average electric noise ratio AI/I of the TV-cam­

era was determined experimentally to be about 2.5%. 
Averaging over three independent scans reduces this 
value by a factor 1/\Z3~. So one can expect a phase er­
ror of A0 = 1.7°, calculated with eq. (8) for a fringe 
contrast of m = 0.4. 

4. Experimental results 

The capability of the described method was exper­
imentally verified with a cantilever under bending load 
(length = 200 mm, width = 40 mm) as test object. 
This object was illuminated with a 600 mW single fre­
quency Ar-laser (X = 514 nm). As shown in fig. 1, the 
intensity ratios between object illumination and refer­
ences R1 and R2 can be adjusted independently by two 
variable beam splitters to get first optimum recording 
conditions and afterwards maximum power in the re­
constructing reference waves. The double exposure 
hologram was recorded on a Millimask plate (50 X 50 
mm).The interferogram was reconstructed through an 
objective with 300 mm focal length and//5.6 on a 
ground glass screen at unit magnification and observed 
by a silicon target Ultricon TV-camera. 

The experimental result for the bent cantilever, 
clamped at the base and loaded at the end, is given in 
fig. 5a. The same result was obtained with both optical 
arrangements, shown in fig. 1. 

The normal displacement of the cantilever surface 
can be deduced from the interference phase 0(x). As 
shown in eq. (8), the statistical phase error is due first 
to intensity fluctuations and second to reference phase 
fluctuations. Besides this statistical errors, additional 
errors may occur in the measured interference phase 
0(x), mainly caused by optical and mechanical instabil­
ities between the recording of the two object states. 
To determine the statistical errors (variance) of the 
phase measurement independently of these perturba­
tions between the two exposures, the same object was 
recorded simultaneously with the two reference beams 
to give a two-reference-beam hologram of an undeform-
ed object. The result of the analyzed reconstruction is 
shown in fig. 5b. 

From the measured phase along the undeformed ob­
ject (fig. 5b), the statistical phase error was determined 
to be A0 = 1.6°. This agrees very well with the expect­
ed value. Note that the phase error is slightly larger at 
the extremities of the object due to the lower mean in­
tensity I, which yields a reduction of the TV signal-to-
noise ratio. 
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Fig. 5. (a) Experimental results for the interference phase 0 
(deformation) of a bent cantilever versus length x. (b) Phase 
variations (statistical error) measured for the undeformed 
cantilever. 

5. Conclusions 

It has been demonstrated how two-reference-beam 
holographic interferometry with video-electronic pro­
cessing, offering an accuracy of 1/100 of a fringe at 
TV resolution, can be operated nearly as easily as clas­
sical double exposure holography. The misalignement 
sensitivity of two-reference-beam holograms is drasti­
cally reduced to about 10° angular positioning (com­
pared to about 0.01° for conventional arrangements) 
by using two reference sources very close together 
(about 0.01° angular separation). It has been shown 
that the overlapping of the cross-reconstructions can 
be tolerated for objects with rough surfaces, unless ex­
treme precision and spatial resolution are demanded. 
The described system combines effectively the simplic­
ity of standard double exposure holography, video-
electronic processing, and the power of heterodyne 
holographic interferometry. 
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High resolution video-processing for holographic interferometry 
applied to contouring and measuring deformations 

R. Thalmann, R. Dändliker 
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CH-2000 Neuchâtel, Switzerland 

Abstract 

An opto-electronic system for the evaluation of double-exposure and double-pulse 
holographic interferograms is presented. Video-electronic detection with quasi-heterodyne 
fringe interpolation (step-wise phase shifting) is employed and yields a resolution of 1/100 
of a fringe. Automated quantitative determination of object shape and object deformation is 
possible in the same set-up. 

Introduction 

The automated evaluation of holographic interferograms for quantitative determination of 
displacement and strain of arbitrarily shaped objects is a problem still not resolved 
satisfactorily. It requires accurate interference phase measurement, independent of fringe 
position and intensity variations in the reconstructed image. In many interferometric 
set-ups, heterodyne or quasi-heterodyne x techniques have become a powerful tool for high 
resolution interference fringe interpolation. In holographic interferometry, these techni­
ques have been applied to real-time 2'3 as well as to double-exposure 2'1,,î holography. For 
double-exposure holography two reference beams are required 6. During reconstruction a 
change of the relative phase between the two reference beams allows to shift the fringes in 
the interferogram at will. 

In heterodyne methods, the relative phase increases linearly in time and the interference 
phase is measured electronically at the beat frequency of the reconstructed wavefields. 
Heterodyne holographic interferometry offers high spatial resolution and interpolation up to 
1/1000 of a fringe. However, it requires sophisticated electronic equipment and mechanical 
scanning of the image by photodetectors ''. In quasi-heterodyne methods,the relative phase is 
changed step-wise, using at least three different values. The interference phase can then be 
computed from the different measured intensity values. Quasi-heterodyne techniques are more 
adequate for digital processing and TV detection. Two-reference-beam holography with 
reference sources close together and video-electronic processing allow to measure the 
interference phase with an accuracy of 1/100 of a fringe at any point in the TV image. This 
system combines effectively the simplicity of standard double-exposure holography, 
video-electronic processing, and the power of heterodyne holographic interferometry. 

In this paper, we present first some fundamental considerations concerning quasi-hetero­
dyne fringe evaluation. Then the experimental set-up with two reference sources close 
together, interference fringe stabilization and video-electronic processing is described. 
The limitations for the accuracy of the phase measurement are discussed in detail. Finally, 
experimental results for holographic contouring are reported to illustrate the possibilities 
of the described measuring technique. 

Interferometry and fringe interpolation 

Interferometry is used to transform phase differences of wavefields into detectable 
intensity variations, i.e. interference fringes. Assuming that the two wavefields to be 
compared are given by 

V1(X) = S1Ix) cosUt + Oi1(X)], V2(X) = a2(x) costujt + (J)2(X) + *\> ] , (1) 

where ^ is an additional constant phase. The local intensity I(x) of their superposition 
becomes 

K x ) = IV 1 + V 2 | 2 = a ( x ) {1 + m <x.) cos[<t>(x) + v|j ]} , ( 2 ) 

where a(x) is the local mean intensity, m(x) the fringe contrast, and d)(x) = (Jj2(̂ ) - (J)1 ($) 
the phase difference of the two wavefields. 

In classical interferometry, interpolation çf the phase <t>(x) between dark fringes is not 
accurately possible, because mean intensity a(x) and fringe contrast m(x) may change as well 
with position x. As mentioned in the introduction, this problem can be solved by heterodyne 
interferometry . However, it requires sophisticated electronic equipment and mechanical 
scanning of the image by photodetectors. 
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For moderate accuracy and spatial resolution, quasi-heterodyne techniques have been 
developped, which allow electronic scanning of the image by photodiode-arrays (CCD) or 
TV-cameras and use microprocessor controlled digital phase evaluation 3. For this purpose, 
the additional phase ^, in Eqs.(1) and (2), is changed step-wise. To determine the 
interference phase <t>(x) , the interferogram is analyzed at least three times and the mutual 
phase i> is changed each time by a well controlled phase-shift. The local intensities 1J-(X) 
are then given by 

Ik(x) = a(x) {1 + m(x) cos[<J>(x) + ̂ ] } , (3) 

which correspond for k = 1, 2, 3 Jo a system of three equations with three unknown 
quantities: the mean intensity a(x), the fringe contrast m(x) and the interference phase 
<t>(x). From Eqs.(3) one gets 

tan 4>(x) = 
(I3-I2 )COSlJ)l + (I1-I3)COSlI)2 + (I2-I1 )C0S\p3 

(I3-I2 )sint|)i + (I1-I3)SImI)2 + (!2-I1)SiIHl)3 

(4] 

which allows to calculate the interference phase <Mx) mod TT. Inserting (t>(x) again into the 
Eqs.(3), the phase can be determined modulo 2TT. The complete phase is evaluated using the 
continuity of the phase function, assuming that it changes less than TT between adjacent 
points. The other unknown quantities are given by 

a (x)«m(x) (Ii I2 )/{cos[d>(x) + i>x] - cos[d>(x) + Vl)2]), 

a ( x ) = I 1 - a ( x ) * m ( x ) cos[<i>(x) + 1I)1] 

(5) 

(6) 

The interference fringe contrast m(x) determined this way allows to control very efficiently 
the interferogram evaluation. Any inaccuracy in reference phase shifting and intensity 
measurement or any extraneous fringe patterns in the image plane show up as considerable 
fluctuations in the fringe contrast function. 

For both heterodyne and quasi-heterodyne fringe evaluation, independent access to the two 
wavefields is necessary in order to control their relative phase. For holographic interfero-
metry, this implies independent recording of each wavefield by using different reference 
sources. The frequency offset or the change of the phase XJJ of the reconstructed wavefields 
can be introduced by acting on the respective reference beams. 

Description of the experimental set-up 

The optical set-up for double-exposure holographic interferometry with quasi-heterodyne 
interferogram processing is sketched in Fig.1. It uses an arrangement with two reference 
sources lying very close together 5. Except for the two references, this set-up is the same 
as for classical holographic interferometry. The object is illuminated by a point source. An 
imaging system permits to observe the interferogram on a screen. Consecutively, the first 
object state O1 is recorded by reference R1 and the second object state O2 by reference R2 
on the same hologram plate. Two-reference-beam holography requires special attention to the 
multiplicity of the reconstructed images 6. Illuminating the hologam with both references R1 
and R2 yields four primary reconstructions, i.e. the two desired self-reconstructions (R1RfO1 
and R2R2-O2), which give rise to the interference pattern, and the two undesired cross-recon­
structions (R2RfO1 and R1RfO2). The direction of propagation of the various reconstructed 

waves depends on the geometry of the optical 
set-up. Using reference sources close together 
results in an overlapping of the undesired 
cross-reconstructions in the interferogram. 
The overlapping reduces the overall fringe 
contrast by a factor two and introduces a 
statistical error to the interference phase. 
This error can be adequately reduced by 
spatial averaging using a detector area which 
covers many speckles (cf. following chapter). 

\ Ar+ Laser /-

Object ., 

Equidistant 

The advantages of a set-up with reference 
sources close together are: First, the 
sensitivity for repositioning of the hologram 
plate is very low (about 10° of angular 
misalignement, compared to 0.01° for well 
separated reference sources). This makes it 
possible to reconstruct the hologram anywhere 
in a similar optical set-up. Even holograms 

Figure 1. Optical set-up with reference sour- recorded by a ruby laser can be realigned for 
ces close together and fringe stabilization. reconstruction with a He-Ne laser. Second, 
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the reference waves produce in the hologram plane a pattern of parallel macroscopic fringes 
which can be used to stabilize very efficiently the interference phase and to control 
accurately the shift of the mutual phase 41 of the reference beams. A twin-photodiode, which 
is placed just besides the hologram, detects a fringe maximum and an integrating feed back 
loop to a piezo mirror in one of the two reference beams keeps the fringes stable (Fig.1). 
The stabilizing twin-photodiode is mounted on a stepper-motor driven stage. By translating 
the photodiode, the interference fringes will move with it. This allows to adjust the phase 
steps i]J, very accurately. 

Data acquisition and processing is carried out with a video-system and a micro-computer. 
The interferogram is detected with a TV-camera. It can be observed either directly through 
the hologram or by projection on a screen. The silicon target Ultricon camera tube 
guarantees a linear response for the detected signal. A video-analyzer extracts an analog 
signal along a straight line through the object (fringe profile), which is converted into 
digital and stored in the micro-computer. This process is repeated for three hologram 
reconstructions with different relative phases ty. of the reference beams. Finally the 
interference phase <t>(x) along the scanned line is calculated, displayed and plotted by the 
computer. 

For a complete two-dimensional interferogram evaluation, a fast data-acquisition unit 
with a large memory, such as a video frame store, connected to a computer is required 3. 
These features are usually offered by any kind of video image processing systems. 

Limitations for the accuracy of the phase measurement 

The limitations for the determination of the interference phase in holographic 
interferograms evaluated by a quasi-heterodyne fringe evaluation system as described above 
have been carefully investigated. The possible sources of errors can be summarized as 
follows : 
Phase errors: 
- fluctuations of the interference phase due to mechanical and thermal perturbations 
- inaccuracy of the phase steps 
Intensity errors (causing phase errors in the evaluated interferogram): 
- additional interference patterns due to. overlapping of the cross-reconstructions 
- speckle noise 
- electronic noise of the detector (TV-camera) 
- non-linearity of the TV-camera 
To investigate the errors, one has to distinguish between statistical and systematic 

errors. For the rms value of the statistical errors as a function of the intensity- and the 
phase-fluctuations, the following equation can be derived 

<6<t>2> = ( 2 / 3 m 2 ) < < 5 l 2 > / r 2 + ( 1 / 2 ) < 6 V | J 2 > . ( 7 ) 

The systematic errors will generally be periodic. Equation (7) is still valid for the rms 
value of the periodic phase error. 

Reference phase errors 

The absolute value of the relative phases i|). between the two reference sources must be 
guaranteed during the measurements with the same precision as^desired for the interference 
phase <i>(x). Any error &<i> in ¢. cause systematic errors for <t>(x) of the same magnitude as ôty 
(cf. Eq.(7)) and with the same periodicity as the interference fringes. 

Since the relative phase \[J between the two references underlies important fluctuations 
due to mechanical vibrations of the optical set-up and due to thermal perturbations, it had 
to be stabilized. The employed stabilization, described above (Fig.1), reduces the fluctu­
ations of the interference phase i> with about 55 dB at 1 Hz and a slope of 20 dB/frequency 
decade. The residual rms fluctuations of I|J have been measured to be ôijj = 0.4° rms for an 
integrating time constant of 20 ms (TV-camera), which corresponds to a bandwidth of 0 to 50 
Hz. The systematic errors for the reference phase shifting can be kept very small due to the 
excellent periodicity of the macroscopic interference fringes which are used to control the 
phase shift by translating the stabilizing photodiode. 

To summarize, the deviations of the mutual reference phases 1I^ can be expected to be less 
than 1°. By fitting more than three intensity profiles with different relative phases, as 
proposed e.g. in Ref.7, the reference phase errors could be reduced further. But comparing 
the achieved reference phase accuracy with other sources of errors (see the following 
sections) shows that this is not sensible. 
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Hologram Pupil Plane Image Plane 

d 0 CJ1 

Figure 2. Schematic arrangement of the image formation system for hologram reconstruction. 

Systematic errors due to the overlapping reconstructions 

The overlapping of the cross-reconstructions can produce extraneous interference in the 
interferogram. The effect depends on the speckle size in the.image, i.e. on the aperture of 
the image forming lens. If the aperture of this lens is too small to resolve completely the 
reference sources lying close together, the speckle patterns of the cross-reconstructions 
are not fully decorrelated and the reconstruction with one reference only produces already a 
fringe pattern in the interferogram. This will cause systematic phase errors with the same 
periodicity as the interference fringes in the interferogram. A second source of error is 
the fact, that the hologram plane lies not in the pupil plane of the imaging lens. Therefore 
the macroscopic fringe pattern of the reference beams on the hologram will be visible in the 
image plane. Its apparent periodicity depends on the distance between hologram and pupil 
plane, its visibility is determined by the aperture of the lens. 

To examine these errors, one has to analyze the formation of the fringe pattern in the 
coherent image of the object (Fig.2). From a rigorous calculation of the superposition of 
all four primary reconstructions and averaging over the speckle statistics, one gets for the 
intensity in the image plane 

Kx 1) = 4 |0|
2 {1 + (1/2(COSt(I)(X1) + UJ > + Y(Ax1) [cosliKXj) + SJJ'XJ) + cos(i|> - ^ x 1 ) ] 

+ (1/2)Y(2AxI) COsId)(X1) + 2^'X1 I)J)) 

(8) 

Comparing with Eq.(3), one sees that the overlapping reconstructions reduce the fringe 
contrast m to (1/2) and introduces two additional fringe patterns with the visibilities 
Y(Ax_) and ( 1 /2)Y(2Ax_), respectively. The function y(AxT) is given by the correlation 
between the speckle patterns of the desired reconstructions and the undesired cross-recon­
structions which are laterally separated by AxT. This lateral shift can be expressed by the 
spacing A of the macroscopic interference fringes in the pupil plane due to the small 
separation of the reference sources (Fig.2): Ax_ = Adj/A. For a circular lens aperture, the 
correlation function Y(Ax ) is given by the Airy-function '* 

Y(Ax1) = 
2Ji ( TrAxxD/AdT) 

(TrAx1DAd1) 
Airy(nD/A). (9) 

The periodicity of these extraneous fringe patterns is essentially equal to the periodicity 
of the interference phase <t>(x). In addition, a generally much slower periodic variation of 
the intensity is produced by the vector K 
macroscopic interference fringes on the he 
pupil plane and hologram plane are not identical. 

. - (27i/A)(d /d ). This is the visibility of the 
macroscopic interference fringes on the hologram plane, seen through the imaging lens, if 

The resulting systematic phase error depends on the 
i.e. on the value of the Airy function 2J i ( TTD/ A) / ( TTD/ A) 
(produced by the interference of the two references in 
aperture. Since the rms value of periodic_errors obeis 
error can be estimated by introducing 6l/l = Airy(TrD/A) 
has been calculated as a function of the lens aperture 
phase errors, there exist two possibilities: either the 
fringes (D/A » 1 , e.g. at least 7 fringes for a phase e 
lens aperture has to be chosen to correspond to a zero 

visibility of the spurious fringes, 
, where D/A is the number of fringes 
the pupil plane) within the lens 
Eq.(7), the expected average phase 
into Eq.(7). This rms phase error 
(Fig.3). To suppress the systematic 
lens aperture must contain enough 

rror of less than 2° rms), or the 
of the Airy-function. 
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Figure 3. Systematic (periodic) phase error A<t> (rms 
value) due to overlapping reconstructions versus lens 
aperture (calculated for a fringe contrast rrç = 0.4). 
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due to speckle decorrelation by 
transverse displacement (uTD/Ad_.) 
and overlapping cross-reconstructions. 
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Y(2u) 
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2 ( N + 1 ) Y ( u ) 
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ô(() due to loss of fringe 
can be described by 

(10) 

where y(u) = Airy(iru) and u is the normalized transverse displacement UjD/Ad,. in the image. 
This phase error depends essentially on the number N of independent speckles or correlation 
cells within the detector area A and decreases with (1 + N)*' 2 (cf.Fig.(4)). The minimum 
error for uT = 0 has a finite value given by 

<<5<t>2> = 5 / 2 ( N + 1 ) . (11) 

For practical purposes N can be estimated from the F-number and the focal length f of the 
imaging lens through the relation 

N = A D T T ( f / 2 F X d I ) 

An estimation of th 
system with video-elec 
is not well defined. A 
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ase error due to the speckle noise for the described 
ion is difficult, because the resolution of the TV-camera 
esolved lines/TV-field, one obtains a spatial resolution 
. For an aperture of the TV-camera lens of F = 2, one 
3.5°. For F = 5.6, one gets N ^ 80 and 6* - 10°. 
re found to be about 3° and 8°, respectively. These 
spatial averaging using a detector area which covers 

by computing the average over some neighbouring sample 
Iy defocussing the TV-camera). 

Errors due to the detector system 

The detector introduces intensity measurement errors by electronic noise and non-linear 
response. In principle, both of these error sources can be eliminated. The noise can be 
arbitrarily reduced by averaging over many measurements. The non-linearity errors can be 
compensated numerically, if the exact detector response is known. These two sources of error 
will be discussed now for the detector used in the present system, namely a silicon target 
TV-camera, type RCA "Ultricon". 
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Figure 5. Statistical phase error due to 
electronic detector noise. 

Figure 6. Response of the TV-camera. 
(Dashed line: linear fit). 

The non-linearity of the detector produces systematic, periodic errors for the 
interference phase. Again, the error can be estimated with Eq.(7) by taking for 6i the 
deviation of the detector response from the best linear function, fitted to the response 
over the dynamic range of measured intensity variations. The response of the TV-camera 
mentioned above is shown in Fig.6. It produces a maximum error of about 1° rms. 

Experimental results 

To demonstrate the capability of the described set-up, we show an experimental result of 
object shape measurement by holographic contouring. Since for simple object shapes the 
theoretically expected interference phase is well defined and can be calculated easily, the 
evaluation of contour fringes is more suitable to investigate the performance of a phase 
measurement system than the evaluation of interferograms from displaced or stressed objects. 
The contour fringes on the object are produced by two slightly different illumination beams 
Si and S2 with each reference beam Ri and R2, respectively (Fig.7). The mean illumination 

direction was at an angle of about 26° with 
respect to the optical axis. The angular 
distance of the two illumination point sources 
was 6.8«10~5rad, which yields a contour fringe 
spacing of 8.4 mm in the transverse direction 
and of 16.8 mm in depth. To get the object 
contour, the measured interference phase has 
been evaluated respecting the change of 
illumination direction across the object due 
to the spherical waves. With this optical 
arrangement, a measurement error for the 
interference phase of 60 = 5° produces an 
error for the contour depth of 6z = 0.25 mm. 
Figure 8 shows an experimental result for 
holographic contour determination of a cube 
edge. The accuracy for the object shape 
determination can be visually estimated to be 
better than 0.5 mm (rms). 

\ Ar* Laser"^ 

Object 
Contour 
fringes 

Figure 7. Optical set-up for holographic 
contouring by changing the illumination 
direction (Si,S2). 
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Figure 8. Holographie contouring of a cube: a) test object with contour fringes, 
b) intensity profile across the object, c) evaluated object contour. 

The performances of the described system for holographic interferometry can be summarized 
as follows: The interferogram can be evaluated with a spatial resolution of about 300x300 
points and an accuracy for fringe interpolation of about 1/100 rms. The measurement time for 
one interferogram (data acquisition of three images with mutually shifted phases) is some 
seconds. The time needed for the evaluation of the interference phase depends of course on 
the computer and the number of desired points; but one minute for the whole field will be 
sufficient 3. 

Conclusions 

In conclusion, quasi-heterodyne evaluation of holographic interferograms offers an 
accuracy of 1/100 of a fringe by using video-electronic processing. The required two-refe­
rence-beam holography can be operated as easily as classical double-exposure holography by 
using two reference beams close together. With this arrangement, the misalignment 
sensitivity of two-reference-beam holography is drastically reduced and even wavelength 
changes between recording and reconstruction, e.g. ruby laser for pulsed recording and He-Ne 
laser for reconstruction, can be tolerated. Moreover, the relative phase of the two 
reference waves during reconstruction can be stabilized and controlled very easily and 
accurately. The described system combines effectively the simplicity of standard double-
exposure holography, video-electronic processing, and the power of heterodyne holographic 
interferometry. 

The described set-up can be used for automated, rapid and quantitative evaluation of 
holographic interferograms with high spatial resolution. It can be applied to real-time, 
double-exposure and double-pulse holography. Using two different illumination beams Si and S 
with each reference beam, holographic contouring can be performed in exactly the same 
experimental set-up (Fig.7). This allows the quantitative determination of displacement 
vector components on the surface of arbitrarily shaped objects. Using different illumination 
or observation directions, the high accuracy fringe interpolation offers also the 
possibility for automated determination of 3-D displacement vector fields from one and the 
same hologram plate 8. 
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Abstract. The use of heterodyne and quasi-heterodyne techniques in holo­
graphic interferometry allows a quantitative evaluation of the interference 
phase with high accuracy and offers the possibility of automated interferogram 
processing. In this paper, the fundamentals of these electronic methods are 
reviewed, the possibilities and limitations are discussed, and some applications 
in the field of displacement and strain measurement are presented. Heterodyne 
holographic interferometry is well suited for scientific applications in which 
very high accuracy (1/1000 of a fringe) is needed. Quasi-heterodyne holo­
graphic interferometry with video processing is adequate for industrial applica­
tions in which high speed and medium accuracy (1/100 of a fringe) are 
required. 

Subject terms: holographic interferometry; automatic fringe analysis; optical phase mea­
surement; heterodyne; video data acquisition; speckles; displacement and strain 
measurement. 
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1. INTRODUCTION 
The automated quantitative evaluation of holographic interfero-
grams requires accurate interference phase measurement indepen­
dent of fringe position and intensity variations in the reconstructed 
image. In many interferometric arrangements, heterodyne or quasi-
heterodyne techniques have become a powerful tool for high resolu­
tion interference fringe interpolation.1 In holographic interferometry, 
these techniques have been applied to real-time2.' as well as to 
double-exposure2-4-6 holography. For double-exposure holography 
two reference beams are required.7-8 During reconstruction a change 
of the relative phase between the two reference beams allows one to 
shift the fringes in the interferogram at will. 

In heterodyne methods, the relative phase increases linearly in 
time, and the interference phase is measured electronically at the beat 
frequency of the reconstructed wavefields. Heterodyne holographic 
interferometry offers high spatial resolution and interpolation up to 
1/1000 of a fringe. However, it requires sophisticated electronic 
equipment and mechanical scanning of the image by photodetec-
tors.4-9 In quasi-heterodyne methods, the relative phase is changed 
step-wise, using at least three different values. The interference phase 
then can be computed from the different measured intensity values. 
Quasi-heterodyne techniques are more adequate for digital process­
ing and TV detection. Two-reference-beam holography with refer­
ence sources close together and video electronic processing allows 
one to measure the interference phase with an accuracy of 1 /100 of a 
fringe at any point in the TV image. 

2. INTERFEROMETRY AND FRINGE 
INTERPOLATION 
Interferometry is used to transform phase differences of wavefields 
into detectable intensity variations, i.e., interference fringes. 
Assuming that the two wavefields to be compared are given by 

V1(X) = a,(x)cos|>,t + 0,(X)] , 

V2(x) = a2(x)cos[cu2t + d>2(x) + tli] , 
(1) 

where t/r is an additional constant phase, the local intensity I(x) of 
their superposition becomes 

K x ) = I v 1 - T - V 2 I 2 

= a(x)|l + m(x)cos[Awt + <*>(x) + t/-]| , (2) 
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where a(x) is the local mean intensity, m(x) is the fringe contrast, and 
di(x) = 4>2(x) — 0i(x) is the phase difference of the two wavefields. 

In classical interferometry, the optical frequencies cu, and Ut2 are 
identical (Acu = o>2 — Cu1 = 0) and the interference phase <t>(x) is 
transformed into interference fringes independent of time. Interpola-
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tion of the phase <£(x) between dark fringes is not accurately possible 
because the mean intensity a(x) and the fringe contrast m(x) may 
change as well with position x. 

2.1. Heterodyne 
In heterodyne interferometry the two optical frequencies are chosen 
to differ by a small amount Aco = Cu2-UJ1.

10 The superposition 
intensity is then time dependent, and the interference phase <p(\) is 
transformed into the phase of the beat frequency signal. Since the 
beat frequency Aw is chosen low enough (< 100 MHz) to be resolved 
by the optoelectronic detector employed, the interference phase can 
be measured with high accuracy independently of the amplitudes a ̂  
and a2 using an electronic phasemeter. This way, both the interpola­
tion problem and the sign ambiguity of classical interferometry are 
solved. This method requires special equipment, such as acousto-
optical modulators and phasemeters. The image is scanned mechani­
cally by photodetectors to measure the interference phase <j>(x) 
locally. Therefore, the speed is relatively low (~1 s/point), but the 
accuracy (6<t> — 0.3°, or 1/1000 of a fringe) and the spatial resolu­
tion (>106 resolvable points) are extremely high.4 

2.2. Quasi-heterodyne 
For moderate accuracy and spatial resolution, quasi-heterodyne 
techniques" have been developed, which allow electronic scanning 
of the image by photodiode arrays (CCDs) or TV cameras and use 
microprocessor-controlled digital phase evaluation.3 For this pur­
pose, the linear increase of the relative phase (<£t = Acut) due to the 
heterodyne frequency offset A<f> is replaced by a stepwise change of i/». 
To determine the interference phase <f>(\), the interferogram is ana­
lyzed at least three times, and the mutual phase i/> is changed each 
time between two analyses by a well controlled phase shift. The local 
intensities Ik(x) are then given by 

Ik(x) = a(x) ) 1 + m(x)cos[<Mx) + ^k] ( , (3) 

which correspond for k = 1,2,3 to a system of three equations with 
three unknown values: the mean intensity a(x), the fringe contrast 
m(x), and the interference phase 4>(x). For the interference phase 
<t>(x) one gets from Eq. (3) 

tan<f>(x) = 

(I3 — I2)COS 1̂ + (I| — I3)cosi/»2 + (I2 — I|)cosi/i3 

• (4) 
(I3 — I2)Sm^1 + (I, — I3)sini/(2 + (I2 — I1)SiIi( 3̂ 

The other unknown values are given by 

a(x)m(x) - c o s [ ( ^ x ) + ^ _ c o s W ( x ) + ^2] ' (5) 

a(x) = I1 — a(x)m(x)cos[<£(x) + 1A1] • (6) 

The mean intensity a(x) and the fringe contrast m(x) determined in 
this manner allow one to control the quality of the interferogram 
evaluation. In particular, they can be used to distinguish between 
true interference fringes and other structures in the image, such as 
shadows, contours, holes, etc. Considerable fluctuations of the fringe 
contrast versus position may also indicate inaccurate reference phase 
shifts and intensity measurements or extraneous fringe patterns in 
the image. 

2.3. Holographic interferometry 
For both heterodyne and quasi-heterodyne fringe evaluation, inde­
pendent access to the two wavefields is necessary in order to control 
their relative phase. For holographic interferometry, this implies 

Fig. 1 . Arrangements for two-reference-beam holographic interferome­
try. (a) Well separated reference sources; (b) reference sources close 
together. 

independent recording of each wavefield by using different reference 
sources.48 The frequency offset Acu or the change of the mutual 
phase i/r can be introduced by acting on the respective reference 
beams. 

3. TWO-REFERENCE-BEAM HOLOGRAPHIC 
INTERFEROMETRY 
The optical arrangements for two-reference-beam holographic inter­
ferometry are sketched in Fig. 1(a) for well separated reference 
sources and in Fig. 1(b) for reference sources close together. Except 
for the two references, this setup is the same as for classical holo­
graphic interferometry. In both arrangements, the object is illumi­
nated by a point source, and an imaging system permits one to 
observe the interferogram on a screen. Consecutively, the first object 
state O j is recorded by reference R j and the second object state O2 by 
reference R2 on the same hologram plate. 

As described in Ref. 8, two-reference-beam holography requires 
special attention to the multiplicity of the reconstructed images and 
the influence of misalignment of the hologram with respect to the 
reference beams. Illuminating the hologram with both reference 
beams R1 and R2 yields eight reconstructions. Four of them are 
conjugate reconstructions. The other ones are the two desired pri­
mary self-reconstructions (R1R ĵO1 and R2R2O2), which give rise to 
the interference pattern, and the two undesired cross-reconstructions 
(R2R^O1 and R1R2O2). The direction of propagation of the various 
reconstructed waves depends on the geometry of the optical setup. 
The primary reconstructions are shown for both cases in Fig. 2(a) 
and Fig. 2(b). 

To avoid disturbing overlapping of the different reconstructions 
[Fig. 2(a)], the two reference sources must be chosen on the same side 
of the object, with a mutual separation larger than the angular size of 
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Fig. 2 . Reconstructed images and intensity profiles on TV screen, (a) 
Separated cross-reconstructions R 2 RfO 1 and R 1 RIO 2 ; (b) overlapping 
r a f ' n n s t r i • r*1 tr\r\m 
Separated 
reconstructions. 

the object in the corresponding direction [Fig. 1(a)]. However, the 
consequence of large separation of the reference sources is high 
sensitivity to repositioning errors, as described hereafter. Therefore, 
reference sources close together [Fig. 1(b)] would be preferred if, 
under certain conditions, overlapping of the cross-reconstructions 
[Fig. 2(b)] could be tolerated without undue loss of accuracy for the 
interference phase measurement. 

3.1. Alignment and wavelength sensitivity 

Two-refcrcnce-beam holographic interferometry is sensitive to repo­
sitioning errors and to wavelength changes, because the propagation 
directions of the reconstructed wavefields are differently affected by 
these alterations.4 8 Wavelength changes or small rotations of the 
hologram plate result in an additional linear phase variation in the 
hologram plane, which is proportional to the difference (k, — Ic2) of 
the wave vectors of the two reference beams. If the imaging lens is 
placed close behind the hologram, this linear phase variation in the 
hologram plane produces a mutual transverse shift u, between the 
two interfering reconstructions in the image plane. This results, as 
shown below, in a loss of fringe contrast in the interferogram. 

The magnitude of the interference term depends essentially on the 
autocorrelation Ch(uj) of the impulse response function of the imag­
ing system, which defines the speckle size in the image. The interfer­
ence fringes are visible only as long as the mutual shift of the speckle 
patterns is smaller than the speckle size. For a circular aperture of 
diameter D, the fringe contrast y(u,) is thus given by the well known 
Airy function: 

7(U1) = Ch(u,> 
2J1(TrDu1ZXd1) 

rrDu,/\d| 

Fig. 3. Theoretical and experimental values of the fringe contrast y ver­
sus transverse displacement u, of the interfering speckle patterns, in 
terms of speckle size yd, D. 

where J,(-) is the first-order Bessel function and d, is the distance 
from the lens to the image plane. Figure 3 shows the decrease of the 
fringe contrast versus the normalized transverse speckle shift 
u = UjD/Xdj = u,/(Ax),, i.e., u, in terms of the diffraction-limited 
optical resolution (Ax), = Xd1/D (speckle size in the image plane). 

Wavelength changes and misalignment of the hologram plate and 
the reference sources thus result in a loss of interference fringe 
contrast. For well separated reference sources, to prevent overlap­
ping cross-reconstructions, the difference (k, — k2) is quite large. 
and therefore the sensitivity to wavelength changes and hologram 
alignment is very high. Typically, a rotation of the hologram of only 
0.01° about its surface normal is enough to reduce the fringe con­
trast to 50%. 

3.2. Overlapping cross-reconstructions 

On the other hand, the overlapping of the cross-reconstructions 
R2R*0, and R,R2O2 for reference sources close together does not 
produce macroscopic interference, as long as the lateral separation of 
the cross-reconstructions is much larger than the speckle size (Ax), 
and, therefore, the speckle patterns of the desired and undesired 
images are uncorrelated. To avoid systematic interference phase 
errors, the angular separation between the two reference sources 
must be several times larger than the diffraction limit, since the 
higher order maxima of the Airy function (Fig. 3) still give rise to 
some correlation with the undesired reconstructions.6 In other 
words, the two reference sources must produce many interference 
fringes across the lens aperture to avoid disturbing phase errors, 
although in a typical setup with reference sources close together [Fig. 
1(b)] the sensitivity to misalignment is less than 10°. 

However, the overlapping with the uncorrelated cross-recon­
structions reduces the overall fringe contrast by a factor of two, as 
can be seen by comparing Figs. 2(a) and 2(b), and introduces an 
additional statistical error to the interference phase measurement.6 

The minimum value of this phase error is given by 

6<t>2 = 
2(N + 1) 

(8) 

where N is the number of independent speckles or correlation cells 
within the detector area. Figure 4 shows theoretical and experi­
mental values of the statistical phase error due to overlapping cross-
reconstructions for different numbers N of speckles. For practical 
purposes N can be obtained from the F-number and the focal length f 
of the imaging lens through the relation 

(7) 
N = AnTT 

f 
D , r l2FXD r 

(9) 
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Fig. 4 . Statistical phase error 6<t> due to the uncorrelated speckle fields of 
the overlapping cross-reconstructions versus the number N of speckles 
within the detector area. Experimental results for different lens apertures 
are shown. 

where Ap is the detector area and d, is the distance between the lens 
and the image plane. 

3 J . Systematic errors 

Additional errors of systematic nature may occur due to the fact that 
the hologram will usually not be exactly in the pupil plane of the 
imaging lens or due to nonlinear cross-talk in the hologram recon­
struction.4 The latter can be avoided by carefully cleaning the 
recorded scene of spurious reference light sources, such as parts of 
objects that remain unchanged between the two exposures. 

4. HETERODYNE HOLOGRAPHIC 
INTERFEROMETRY 

4 .1 . Experimental arrangement 

A typical setup for double-exposure heterodyne holographic inter-
ferometry is shown in Fig. 5. The frequency difference AO>/2TT of 
about 100 kHz is realized by two commercially available acousto-
optical modulators (AOMs) in cascade to give opposite frequency 
shifts. During recording, both modulators are driven with 40 MHz, 
so that the net shift is zero. During reconstruction, one modulator is 
driven with 40 MHz and the other with 40.1 MHz, so that the net 
shift is the desired beat frequency of 100 kHz. Figure 6 shows how the 
interference phase <£(») is obtained by scanning the image of the 
object with a photodetector D ( and measuring the phase of the beat 
frequency signal with respect to the reference phase obtained from a 
second detector D r at a fixed point. 

I n practice an array of three detectors is used to determine the two 
phase differences A<px and A<pv in the orthogonal directions x and y, 
rather than the interference phase dKx.y) itself. The latter can be 
easily and accurately calculated by summation of the measured 
differences along a given path. AU electronic amplifiers and filters in 
the signal path should be designed carefully to avoid phase distor­
tion that could reduce the accuracy of the phase measurement.12 The 
detector array can be realized by the ends of optical fibers of fiber 
bundles, which feed the light to three photomultiplier tubes. The 
beat frequency signals at 100 kHz are filtered with a bandwidth of 10 
kH2, and the amplitudes are kept constant, independent of the 
intensity variations across the image, by a feedback control of the 
photomultiplier voltages. The phase differences A<px and A</>y are 
measured with two zero-crossing phasemeters, which interpolate the 
phase angle to 0.1° and also count multiples of 360°, which corre­
spond to the fringe numbers.12 The detector array is mounted on a 
stepper-motor-driven stage to scan the image. Scanning and data 
acquisition is automated and computer controlled. The measuring 

HOLOGRAPHIC INTERFEROMETRY 

Fig. 5. Arrangement for heterodyne holographic interferometry using 
two acousto-optic modulators for the frequency offset.4 

Fig. 6. Schematic representation of the interference fringes on a bent 
cantilever and the corresponding beat frequency signals from the two 
photodetectors Dr (fixed) and D 1 (scanning).4 

time for one position, including displacement of the detector array. 
is about I s. 

4.2. Accuracy 

The overall accuracy and reproducibility of heterodyne holographic 
interferometry depend mainly on the specification of the phasemeter, 
the signal-to-noise ratio (SNR) of the detector signals, and the 
mechanical stability of the optical setup.13 Using good experimental 
equipment, a phase measurement accuracy of 0.2° to 0.5° can be 
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Fig. 7 . Statistical phase error 60 due to partial speckle decorrelation ver­
sus transverse displacement U1 of the interfering speckle patterns, in 
terms of speckle size X d | / D . N is the number of speckles within the 
detector area. Experimental results for N = 4 0 0 0 are shown. 

obtained. The ultimate limits are due to loss of fringe contrast by 
speckle decorrelation and overlapping reconstructions, as already 
discussed in the preceding section. If high accuracy is required, the 
phase error due to overlapping cross-reconstructions from reference 
sources close together (Fig. 4) cannot be tolerated. For nonoverlap-
ping cross-reconstructions, only a partial decorrelation of the inter­
fering speckle fields (reduced fringe contrast, Fig. 3) due to a 
transverse component u, of the object displacement gives rise to an 
additional random phase in the beat signal. The theoretical value of 
the statistical phase error 64> due to partial speckle decorrelation can 
be described by 

OdV 2 — 1 - y(2u) 
2(N + I)7

2Cu) 
(10) 

where y(u) is the fringe contrast [cf. Eq. (7) and Fig. 3] and 
u = U1D/Xd1 is the normalized transverse displacement in the 
image. Figure 7 shows the statistical phase error given by Eq. ( 10) for 
different speckle numbers N within the detector area. For completely 
correlated speckles (U1 = 0) this error becomes zero (no 
speckle noise). 

The capability of heterodyne holographic interferometry is 
demonstrated by the experimental results given in Fig. 8.4 The bend­
ing of a cantilever beam, clamped at the base and loaded at the end, 
was measured and compared with theory. The second derivative A2U2I dx2 

of the measured normal displacement u2(x) should follow a straight 
line, proportional to the bending moment M(x). The measurements 
were taken at intervals of Ax — 3 mm, and the comparison with 
theory indicates an accuracy for the interference phase of 00 = 0.3°, 
corresponding to ôuz = 0.2 nm. 

5. QUASI-HETERODYNE INTERFEROGRAM 
PROCESSING 

5.1. Experimental arrangement 
A typical setup for quasi-heterodyne holographic interferometry 
with two reference sources close together (cf. Sec. 3.1) is shown in 
Fig. 9. The advantages of using reference sources close together are 
that, first, the requirements for correct repositioning of the hologram 
are low. This makes it possible to reconstruct the hologram anywhere 
in a similar optical setup. Even holograms recorded with a pulsed 
ruby laser can be realigned for reconstruction with a He-Ne laser. 
Second, the reference waves produce in the hologram plane a pattern 
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Fig. 8 . Bending of a cantilever measured by heterodyne holographic 
interferometry. Comparison of the second derivatives d 2 u z / d x 2 of the 
normal displacement U2(X) w i th theory indicates an accuracy for the 
phase measurement of S$ = 0 . 3 0 . 4 
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Fig. 9 . Arrangement for quasi-heterodyne holographic interferometry 
wi th t w o reference sources close together, fringe stabilization, and TV 
observation. 

of parallel macroscopic fringes of typically 1 to 2 mm separation, 
which can be used to stabilize the interference phase and to control 
the phase steps \ji very accurately. A twin photodiode placed just 
beside the hologram tracks the fringe maximum, and an integrating 
feedback loop to the piezoelectric mirror in one of the two reference 
beams keeps the fringes stable (Fig. 9). By translating the twin 
photodiode, the interference fringes will move with it. Accurate 
phase shifts of 120° are obtained by moving the photodiode, 
mounted on a stepper-motor-driven stage, in steps of 1/3 of the 
fringe separation. 

Data acquisition and processing is carried out with a video system 
and a microcomputer. The interferogram is detected with a TV 
camera. It can be observed either directly through the hologram or 
by intermediate projection on a screen. A silicon target vidicon or 
CCD-array camera should be used to guarantee linear response for 
the intensity measurement. Three successive hologram reconstruc­
tions with different relative phases i/r of the reference beams are 
digitally stored and then analyzed pointwise by calculating the inter­
ference phase (Mx), the fringe contrast m(x), and the average inten­
sity a(x) with the help of Eqs. (4) to (6). Video image processing 
systems with digital frame stores for fast data acquisition are readily 
available nowadays. 

5.2. Accuracy 
The limitations for the determination of the interference phase in 
quasi-heterodyne holographic interferometry as described above 
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have been thoroughly investigated by the authors.6 The possible 
sources of errors can be summarized as phase noise due to perturba­
tions (mechanical, thermal), inaccuracy of the phase steps, speckle 
noise (mainly due to the overlapping cross-reconstructions), spu­
rious interferences due to the overlapping cross-reconstructions, 
electronic noise of the detector (TV camera), and nonlinearity of the 
detector (TV camera). 

To estimate the accuracy of the phase measurement, one has to 
distinguish between statistical and systematic errors. For the rms value 
of the statistical errors introduced by intensity and phase noise, SI/ T 
and ÔIJJ, respectively, the expression 

<«*)< =m) 
2 , W)2 

( H ) 

can be derived from Eq. (4). The systematic errors will in general be 
periodic. Equation (11) is still valid for the rms value of the periodic 
phase errors. 

5.2.1. Phase errors 
The absolute value of the relative phases i/rk between the two refer­
ence sources must be guaranteed with the same precision as desired 
for the interference phase $( x). Any errors ô> in i/>k cause systematic 
errors for <£(x) of the same magnitude as ôi/»[cf. Eq. (11)] and with 
the same periodicity as the interference fringes. With the stabilization 
scheme described above (Fig. 9), the phase noise was measured to be 
less than ôi/r = 0.4° rms for an integrating time of 20 ms (TV 
camera), and the deviations of the mutual phases t/fk were found to be 
less than 1°. 

5.2.2. Overlapping cross-reconstructions (cf. Sec. 3.2) 
If the aperture of the imaging lens is too small compared with the 
angular separation of the two reference sources, the speckle patterns 
of the cross-reconstructions are not completely decorrelated [Eq. (7), 
Fig. 3]. This produces a spurious fringe pattern in the image, which 
will cause systematic phase errors with the same periodicity as the 
interference fringes. In addition, if the hologram is not exactly in the 
pupil plane of the imaging lens, the macroscopic fringe pattern of the 
reference beams on the hologram may be visible in the image. Its 
apparent periodicity depends on the distance between hologram and 
pupil plane; its visibility is determined by the aperture of the lens. To 
suppress these systematic phase errors, the lens aperture must be 
large enough to contain many fringes (at least seven fringes for a 
phase error of less than 2° rms). 

The statistical phase error due to speckle noise is shown in Fig. 4 
as a function of the number N of speckles integrated by the detector 
area. An estimation of the expected phase error for the described 
system with video electronic detection is difficult, because the resolu­
tion of the TV camera is not well defined. Assuming 300 resolved 
lines/TV-field, one obtains a spatial resolution of about 30 /urn for 
the vidicon tube. For an aperture of the TV camera lens of F = 2, 
one gets from Eq. (9) N — 700 speckles within a spatial resolution 
cell, and by applying Eq. (8),60 = 3.5°. This value agrees well with 
experimental results. The error due to speckle noise can be further 
reduced by spatial averaging using a detector area that covers more 
speckles, either "hard" (electronically defocusing the TV camera) or 
"soft" (numerically averaging over neighboring sample points). 

5.23. Detector (TV camera) 
The detector introduces intensity measurement errors by electronic 
noise and nonlinear response. On the contrary, variations of the 
sensitivity across the image, or from one pixel to another in CCD 
cameras, do not cause any error, since the calculation of the inter­
ference phase is based on three consecutive measurements of inten­
sity at the same position [cf. Eq. (4)]. 

For a silicon target TV camera, such as the RCA TJltricon, the 
electrical signal-to-noise ratio has been determined experimentally 
to be about 35 dB. Assuming a fringe contrast of m = 0.4, one 

Fig. 10. I nterference phase 4> measured by quasi-heterodyne holographic 
interferometry. (a) Displacement of a bent cantilever versus length x. (b) 
Phase variations (statistical error) measured for the undeformed 
cantilever.5 

obtains from Eq. (II) a statistical phase error of 6$ = 2°.FigurelO 
shows the experimentally determined phase on an object without 
fringes. The intensity profiles have been averaged over three mea­
surements, which reduces the expected error by a factor \ /3 to 
6<t> = 1.2°. The corresponding experimental value is found to be 
1.6° (Fig. 10) in the central part of the image, where the average 
intensity is sufficiently high. (For this measurement, the speckle 
noise, which is normally of the order of some degrees, was further 
reduced by electronically defocusing the camera.) 

A nonlinear response of the detector produces systematic errors 
of the same periodicity as the interference fringes. Again, the error 
can be estimated with Eq. (11) by taking for 51 the deviation of the 
detector response from the best linear fit for the dynamic range of the 
measured intensities. The response of the TV camera mentioned 
above has been verified to be sufficiently linear to produce less 
than I0 error. 

5.2.4. Conclusions 
Quasi-heterodyne evaluation of holographic interferograms offers 
an accuracy of 1 /100 of a fringe by using video electronic processing. 
The required two-reference-beam holography can be operated as 
easily as classical double-exposure holography by using two refer­
ence beams close together (about 0.5 mrad angular separation). The 
described system combines effectively the simplicity of standard 
double-exposure holography, the power of heterodyne holographic 
interferometry, and video electronic processing. 

6. APPLICATIONS AND CONCLUSIONS 
The described techniques for electronic processing of holographic 
interferograms can be applied to real-time, double-exposure, double-
pulse, and stroboscopie holography. Both heterodyne and quasi-
heterodyne methods offer high accuracy fringe interpolation, high 
spatial resolution, and the possibility for automated interferogram 
processing. They allow quantitative determination of displacement 
vector components on the surface of arbitrarily shaped objects. 
Using different illumination or observation directions, the high accu­
racy fringe interpolation also offers the possibility of automated 
determination of 3-D displacement and strain from a single holo­
gram plate.1415 Moreover, using different illumination beams for 
each reference, holographic contouring can be performed in exactly 
the same setup.6 
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Fig. 1 1 . Heterodyne holographic interf erometry applied to displacement and strain measurements of computer chip carrier leads, (a) Typical fringe pattern, (b) 
Out-of-plane displacement component, (c) In-plane strain along one lead. (Figures courtesy of R. J . Pryputniewicz). 

Heterodyne holographic interferometry requires sophisticated 
electronic equipment and mechanical scanning of the image by photo-
detectors. It is well suited for scientific applications in which very 
high resolution is needed. An application to quantitative displace­
ment and strain measurements of computer chip carrier leads is 
presented in Fig. II . The fringes were analyzed in the magnified 
image (about 8X) of the object with a heterodyne system similar to 
the one described in this paper (Sec. 4). Three different observation 
directions (about 20° difference) were used to determine the dis­
placement vector at some 40 points along each lead, separated by 
about 0.13 mm. An accuracy of 0.5° for the measured interference 
phase would correspond to an error for the in-plane strain of about 
10 ium/m.IJI6 

On the other hand, quasi-heterodyne holographic interferometry 
with TV detection is nearly as simple as standard double-exposure 
holography, and it does not require any special instrumentation 
apart from a video electronic data acquisition system. This method is 
very well suited for industrial applications in which high speed and 
medium accuracy are required. Applications to displacement and 
vibration measurements are shown in Fig. 12. The fringe patterns 

were analyzed with a quasi-heterodyne arrangement similar to the 
one described in this paper (Sec. 5.1) and a video image processing 
system with digital frame store. The deformation of the pressure-
loaded CFC-panel of a radio telescope antenna [Fig. 12(a)], about 
1.2 m by 1.4 m in size, was recorded by double-exposure, two-
reference-beam holography using a cw argon laser. The vibration 
pattern of an oil pan [Fig. 12(b)] resonating at 1244 Hz was recorded 
with a synchronized double-pulse ruby laser in a holographic setup 
with reference sources close together. For the reconstruction and 
fringe analysis, however, a cw He-Ne laser was used. The effects of 
the wavelength change were compensated by readjusting the holo­
gram and the angular separation of the reference sources. 
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Fig. 12. Quasi-heterodyne holographic interferometry applied to diaplacement and vibration measurements. Typical examples of fringe patterns and 
deformation plots displayed on the monitor, (a) Out-of-plane displacement of a pressure-loaded CFC-panel of a radio telescope antenna, (b) Vibration 
amplitude of an oil pan resonating at 1244 Hz. (Figures courtesy of B. Breuckmann and W. Thiemel 
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Abstract. The application of heterodyne and quasi-heterodyne (stepwise 
phase shifting) fringe interpolation techniques to contouring for 3-D 
object shape measurement is discussed. A setup with two spherical 
illumination sources for contour fringe generation is described. The 
contour fringe pattern can be observed in real time or from a holographic 
reconstruction. The use of a microcomputer for automated data acquisi­
tion and processing allows one to determine the object shape for a large 
number of points and for arbitrarily shaped contour fringe surfaces. Ex­
perimental results are reported for both heterodyne and quasi-
heterodyne phase measurement, offering a typical accuracy for object 
depth measurement of 0.2% of the lateral extension of the object. 

Subject terms: 3D sensing for inspection; holographic contouring; projected 
fringe contouring; automated fringe analysis; heterodyne; phase shifting In-
terferometry; optical phase measurement; holographic lnterferometry. 
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1. INTRODUCTION 
Holographic contouring1 is a well-known method to determine ob­
ject shape based on the modulation of a regular fringe pattern by 
the object's surface. The contour fringe pattern is produced by the 
interference of the two reconstructed images of a double-exposure 
hologram in which some optical parameters have been modified 
between the two exposures. There exist various techniques for con­
tour fringe generation: modifying either the illumination 
sources,2"5 the observation points (hologram position),3,4 the 
recording wavelength,1,6 or the refractive index around the object.7 

The applications of holographic contouring may be divided into 
two categories: (a) inspection of very flat surfaces with high resolu­
tion and (b) recording of the surface shape of 3-D objects (with a 
depth of the object comparable to its lateral extension). 

In this paper, the application of modern electronic interference 
fringe interpolation8 methods and digital computers for 3-D object 
shape measurement by contouring will be discussed. In previous 
works, the methods of phase shifting interferometry have been ap-
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received by Managing Editor Aug. 2, 1985. 
©1985 Society of Photo-Optical Instrumentation Engineers. 

plied to projected fringe contouring with two collimated sources9 

and to two-index holographic contouring.7 Heterodyne phase 
measurement methods also have been used in moire surface con­
touring10 and two-wavelength holographic contouring.11 Elec­
tronic fringe processing provides not only a high accuracy for in­
terference phase measurement but also represents the ideal inter­
face between the optical interference fringe pattern and the digital 
computer; i.e., it offers the possibility for fully automated data ac­
quisition and processing. 

The arrangement described herein uses the simple geometry of 
two different spherical illumination beams for contour fringe 
generation. The interference phase can be measured in real time as 
well as in holographic reconstruction, using either a quasi-
heterodyne system with video-electronic detection8,12 or a 
heterodyne system8,13 with mechanical scanning of the image by 
detectors. A computer controls the experiment and calculates the 
object contour from the measured phase data. The typical accuracy 
for depth measurement was found to be 0.2¾¾ of the lateral exten­
sion of the object. 

2. CONTOUR FRINGE GENERATION 
2.1. Two-illumination-source contouring 
The contour fringe pattern on the object is generated by the in­
terference of two different illumination sources.2"5 The fringes can 
be observed in real time as well as holographically (by a single ex­
posure with both sources simultaneously or by double exposure 
with the two illumination sources consecutively). 

The fringe pattern due to the interference of two spherical il­
lumination sources (surfaces of constant interference phase <£ = 
n27r) is a family of hyperboloids of two sheets with foci at the two 
sources.2 In the far field of the sources, the fringe surfaces are ap­
proximately plane and parallel to the mean illumination direction 
[Fig. 1(a)]. The fringe interval A is given by 

2TT 

IAk. 
U) 

where Ak5 denotes the difference between the two illumination 
wave vectors. Figure 1(b) shows the contour fringes as they appear 
on a cube. 
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(a ) contour fringes 

Two illumination 

sources 

Hologram 

(b) 

Fig. 1. Holographic contouring with two Illumination sources, (a) Experimen­
tal arrangement; (b) contour fringes on a cube. 

V 
Reference 

(a) 
Object with 
contour fringes 

Hologram 

(b) 

Fig. 2. Two-wavelength holographic contouring, (a) Experimental arrange­
ment; (b) contour fringes on a cube. 

Advantages of the two-source contouring are the simplicity of 
the experimental realization and the possibility of working in real 
time (without the hologram). The major drawback of this method 
is that the angle of incidence of the illumination on the object must 
be chosen relatively large in order to get reasonable sensitivity (cf. 
Sec. 4), which may produce shadowing on certain parts of the 
object. 

2.2. Two-wavelength holographic contouring 

The object under test is recorded holographically by double ex­
posure using two different wavelengths.1,6 Reconstruction of the 
hologram yields two superimposed images of the object. If the 
wavelength change AX between the two exposures is small enough, 
the two reconstructions interfere and generate contour fringes on 
the object. This fringe pattern is a family of ellipsoids with foci at 
the illumination source and the observation point, respectively 
(Fig. 2(a)].2 The fringe interval along the major axis of the ellipsoid 
is given by 

A = X2 

2AX 
(2) 

where \ is the mean wavelength. 
Figure 2(b) shows the contour fringes as they appear on a cube. 

The wavelength change has been realized by tuning the étalon 
(temperature) of the argon laser in order to select different 
longitudinal modes within the gain bandwidth of the green line (X 
= 514 nm).11 The corresponding frequency difference was 8 GHz, 
which yields a contour interval of A = 2 cm. 

Some important difficulties with two-wavelength contouring are 
(a) the fringes can be produced only holographically; (b) large 
wavelength changes require special attention to the lateral displace­
ment of the two reconstructed images (fringe contrast); and (c) the 
experimental realization of reproducible (or calibrated) wavelength 
changes is difficult and requires special equipment. The method is 
suited primarily for flat objects, where the fringes can be set 
parallel to the object surface and a small fringe spacing can be used 
to get high sensitivity. 

fk x 

Object 1 ¾ 

Illumination sources 

"C 1̂ -—____^0bservation point 

*" A 

Fig. 3. Geometry for the interpretation of the contour fringes produced by 
two illumination sources. 

2.3. Other methods 

There are also other methods for contour fringe generation that are 
not treated here, namely, two-index holographic contouring,7 

which is very similar to the two-wavelength method, and all kinds 
of moire techniques.1-10 Heterodyne and phase shifting techniques 
can be applied to most of them as well.7,10 

3. INTERPRETATION OF FRINGES IN TWO-
ILLUMINATION-SOURCE CONTOURING 

3.1. Determination of object depth 

In the following, the determination of the object shape from the 
measured interference phase of the contour fringe pattern will be 
discussed for the case of two different illumination directions. The 
contour fringes on the object are generated by interference of the 
two spherical waves of sources S, and S2 (see Fig. 3). The in­
terference phase #(x) at the object point P(x) is given by 

<p(x) = k[d,(x)-d2(x)], (3) 

where k = 2ir/X and where dj(x) = [(x - Xj)2]'/2 is the distance be­
tween P(x) and the illumination source S(Xj) (cf. Fig. 3). Assuming 
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that the separation Ax8 of the two sources is much smaller than the 
distance d s(x) from the sources to the object point P(x), E q . (3) can 
be replaced to a very good approximation by 

* « = -
d.(x) 

A V * + «0> (4) 

where <£0 is a constant, generally unknown phase. In the experi­
ment, <f>0 is arbitrarily determined by assuming that </>(x = 0) = 0. 

The object is observed by an imaging system. The observation 
point A is defined by the center of the lens aperture, which is at a 
distance d0 from the object plane. The interference phase </>(x) at the 
object point P(x) is measured at the conjugate image point P0(X0) 
(cf. Fig. 3). The geometrical relation between x and X0 leads to 

x = X0 1 . y = y0 i- (5) 

phase da ta </>x(x0
n)) yields 

L [X(X0")) ^x(X0"))] 

Ax8 = 

£ *2(x0")) 
(10) 

Similarly, Ay8 can be determined from the measured phases 
0 (yO1)). However, in practice the two illumination sources will be 
chosen most often to lie in the horizontal plane y = 0, i .e., Ay8 = 
0. The third component of Ax8 is found from geometrical con­
siderations (cf. Fig. 3) to be 

Az8 = 
-(X8Ax0 + y8Ay0) 

( H ) 

where x = (x,y,z) and X0 = (x o ,y o ,0 ) . Inserting Eq . (5) into Eq . 
(4), one gets 

4(X) = 
d,(x) 

(Ax8X0 + Ay8y0) 1 I + A V (6) 

The wanted object depth, which is the z-coordinate of the point 
P(x), is found from Eq. (6) to be 

(<Vk)</> - (Ax8X0 + Ay8y0) 

Az8 - [(Ax8X0 + Ay 8 y 0 ) /d 0 ] 
(7) 

The separation Ax8 of the illumination sources can be determined 
indirectly by measuring the interference phase </>(x0) in the object 
plane z = 0 (cf. Sec. 2.2). In order to reduce the influence of 
systematic errors (cf. Sec. 4) , the expression (Ax8X0 + Ay sy0) in Eq . 
(7) is replaced by d s (x o )0 (x o ) /k : 

7 = d s(x)0(x) - ds(x0)<Mx0) 

kAz8 - [ d 8 ( x 0 M x 0 ) / d 0 ] 
(8) 

Thus , the object depth z in Eq . (8) depends essentially on the dif­
ference between the actual contour phase $(x) and the previously 
measured reference phase </>(x0) for the plane z = 0. Note that the 
distance d8(x) between P(x) and the illumination sources also 
depends on z. Therefore, Eq . (8) must be solved by iteration. 

3.2. Determination of the separation of illumination sources 

The distance vector Ax, between the illumination sources is found 
from the interference phase <t>(x0) observed on a plane screen in the 
object plane. The measured interference phases </>x(x0) and </>v(y0) 
along the x 0 - and y0-axis, respectively, can be fitted to the 
theoretical phase functions with Ax8 and Ay8 as parameters: 

<M*o) = 
kx„ 

[(X8-X0)2 + y2 + Z2T' 
Ax8 s x (x 0 ) Ax8 , 

(9) 

* y (y 0 ) = 
ky0 

té + (ys-y0)
2 + z2]Vi 

Ays
 s *(y 0 ) A y s • 

where X8 = (x8,y8,z8) are the coordinates of the illumination 
sources. Along the x0-axis. the interference phase will be measured 
at the sampling points x0

nX Least squares fitting of the measured 

4. ACCURACY 

The accuracy of the object contour determination depends mainly 
on the errors in the interference phase measurement. Other sources 
of errors, such as image distortion and aspherical illumination 
beams, are effectively compensated for by referring to the calibra­
tion phase map obtained from a plane reference object, as de­
scribed in Sec. 3.1 [Eq. (8)]: The calculation of the object contour 
is not based on the absolute phase in the contour fringe pat tern, but 
on the phase difference between the object and the reference plane. 
Thus , for the evaluation of Eq . (8), exact knowledge of the 
wavefronts of the two illumination sources is not impor tant . Devia­
tions from the theoretically expected phase 0(x o ) due to image 
distortion and wavefront aberrat ion in first-order approximation 
do not affect the object contour determination. 

The errors for the determination of the object coordinate z will 
first be discussed for two-illumination-source contouring. For 
simplicity, bo th illumination sources are assumed to be in the plane 
y = 0. The statistical error ôz as a function of the phase measure­
ment error ò<j> is found by differentiating Eq . (7) and inserting Eq . 
(11) to give 

Oz = 
dsÔ</> 6<t> 

k( tana + x 0 / d 0 ) A x 8 sinaAs 
(12) 

where a is the angle of the fringe planes with respect to the optical 
axis and where As = (Ax2 + Az2)'72 is the distance between the il­
lumination sources. As determines the fringe density on the object. 
The maximum fringe density will generally be limited by the detec­
tor resolution. Thus , it is not suitable to estimate an absolute error 
ôz for the object contour measurement, but rather to indicate the 
error relative to the number of resolved points in the detected image 
and relative to the lateral object size. If Nf is the number of contour 
fringes across the object and L is the lateral extension of the object, 
one gets for the relative error ôz /L from Eq. (12) 

Oz 

L 

6<j> 

lit Nf t ana 
(13) 

To estimate the minimum error of a given system, N f can be re­
placed by the ratio of the number of points resolved by the detector 
(pixels) and the minimum number of pixels within one fringe, 
necessary to get maximum fringe interpolation accuracy. 

As numerical examples, the minimum relative error Ôz/L for the 
object contour determination will be estimated for heterodyne and 
for quasi-heterodyne systems.8 With both systems, typically 200 
pixels can be resolved across the image. The minimum number of 
pixels within one fringe is assumed to be 10, and t a n a = 0.5. For 
the quasi-heterodyne system, a phase measurement accuracy of 
1/100 of a fringe is reasonable, which yields ôz /L = 10"3. With a 
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heterodyne system, minimum phase errors of 1/1000 of a fringe 
have been obtained. This yields a maximum relative accuracy for 
contouring of ôz/L = IO"4. 

Equation (12) shows that in order to get reasonable accuracy, the 
illumination angle a should not be chosen too small. On the other 
hand, even for a = 30 ° the error Oz will be only twice as large as for 
the ideal case, where the contour fringes are parallel to the object 
plane. The choice of the angle of incidence a will normally be a 
compromise between good sensitivity and avoiding shadows on the 
object. 

For two-wavelength holographic contouring, it is more difficult 
to give a formula analogous to Eq. (12), because the fringe pattern 
depends on the illumination and the observation geometry. For the 
special case of collimated object and reference waves, òz can be ex­
pressed as6 

Oz = 
X2 00 

AX(I + cosa) 2w 
(14) 

where a is still the angle of incidence of the illumination beam. 
Again, the accuracy will be essentially limited by the number of 
contour fringes across the object that can be resolved by the detec­
tor. For very flat objects, two-wavelength holographic contouring 
can generate fringes parallel to the object surface without shadow­
ing. Thus, small contour fringe separation can be used for high 
resolution of depth without getting high fringe densities in the im­
age. However, for objects extended in depth, the absolute accuracy 
for the contour determination will be of the same order of 
magnitude for two-wavelength contouring as for two illumination 
sources. Therefore, taking into account its experimental advan­
tages (cf. Sec. 2), in most applications two-source contouring will 
be preferred. 

5. EXPERIMENTAL RESULTS 
5.1. Holographic contouring with quasi-heterodyne fringe 
interpolation 
Quasi-heterodyne interference fringe interpolation is based on step­
wise shifting of the interference phase and video-electronic detec­
tion. The intensity in the interferogram is measured by a TV camera 
for at least three different, well-known mutual phases between the 
interfering wavefields. The interference phase then can be 
calculated accurately at any point in the interferogram, indepen­
dent of mean illumination and local fringe contrast. The ex­
perimental arrangements and the capabilities of phase shifting 
techniques are extensively discussed in Refs. 8 and 12. 

Figure 4 shows an experimental setup for two-illumination-
source holographic contouring with quasi-heterodyne phase 
measurement. The two spherical object illuminations are produced 
by two laser beams of a small mutual angle passing through a com­
mon lens of short focal length. Switching from one beam to the 
other is realized by a removable mirror. 

In double-exposure phase shifting holographic interferometry, 
two reference beams are required in order to have independent ac­
cess to the phase between the two reconstructed wavefields. This 
means that for two-source holographic contouring, the object is 
recorded twice, with different object and reference beams each 
time. The simultaneous reconstruction of the hologram with both 
references produces a contour fringe pattern on the object, where 
the fringes can be shifted by acting on the mutual phase (or the op­
tical path length) between the two reference beams. 

The two reference sources are placed very close together.8,13 This 
has the advantage that the sensitivity to hologram misalignment is 
small. Furthermore, the references close together produce a pattern 
of macroscopic, parallel interference fringes in the hologram plane, 
which can be used to control the relative phase of the reference 
waves. For this purpose, a twin-photodiode is placed in this fringe 
pattern, just beside the hologram plate. It detects a fringe max­
imum, and an integrating feedback loop stabilizes the interference 
phase with the help of a piezo-mounted mirror in one reference 

\ Ar' User / - j 

Removable 
mirror ~ 

Object 
Equidistant 
fringes 

FIg. 4. Experimental setup for two-illumination-source holographic contour­
ing using quasi-heterodyne interference fringe interpolation with video-
electronic detection. 

beam. The phase steps for the quasi-heterodyne fringe interpola­
tion can be produced by simply translating the stabilizing 
photodiode. 

The virtual image of the hologram is projected onto a trans­
parent screen where it is observed by a TV camera. The TV images 
for three phase steps (0 °, 120 °, and 240 °) are digitized and sent to a 
microcomputer to calculate the interference phase and the object 
contour. 

Figure 5 illustrates the contour measurement along a horizontal 
line across the edge of a cube [Fig. 5(a)].12 Figure 5(b) shows one of 
the three intensity profiles through the fringe pattern. Note that the 
fringe contrast is reduced to about 50% due to the overlapping of 
the cross-reconstructions in two-reference-beam holography with 
reference sources close together.8,13 Figures 5(c) and 5(d) show the 
measured interference phase and the corresponding object contour. 
The separation of the two illumination sources was 60 /im, and the 
contour fringe spacing on the object was 8.5 mm. The angle of in­
cidence of the object beam with respect to the optical axis was a = 
27 °. Assuming a phase interpolation error of 1/100 of a fringe,8 the 
accuracy of the depth measurement can be estimated from Eq. (13) 
to be ôz/L = 1/500 or ôz = 0.2 mm rms. 

Contour fringes with two illumination beams can also be 
generated in real time, i.e., without holographic recording, which 
makes the optical setup easier (cf. Secs. 5.2 and 5.3). One advan­
tage of holographic recording is that a hologram provides higher in­
tensity in the reconstructed image, which may be helpful when 
using low-power lasers. Another advantage of holographic contour 
fringe generation is that it is possible to do contouring in exactly the 
same setup as used for holographic deformation analysis, simply by 
adding one removable mirror to provide the second illumination 
beam (cf. Fig. 4). 

5.2. Real-time contouring with quasi-heterodyne fringe 
interpolation 
As mentioned above, contour fringes from two illumination 
sources also can be observed in real time, without holographic 
recording. Figure 6 shows the setup for real-time contour fringe 
generation and quasi-heterodyne phase measurement. The fringe 
stabilizing twin-photodiode is placed in the contour fringe pattern 
at the border of the illumination beams. The piezo-mounted mirror 
acts as a phase shifter in one of the two illumination beams. The 
TV-camera directly observes the object with the projected contour 
fringes. 

Again, the object countour has been measured along a straight line 
across the edge of a cube (cf. Sec. 5.1). Figure 7 shows (a) the intensi­
ty profile through the fringe pattern and (b) the object contour 
calculated therefrom. The contour fringe spacing on the object was 7 
mm; the angle of incidence of the illumination beam with respect to 
the optical axis was a = 24°. Assuming a phase interpolation error 
of 1/100 of a fringe, the accuracy of the contour measurement can be 
estimated to be 5z/L = 1/630 or ôz = 0.16 mm. 
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Flg. 6. Experimental setup lor two-lllumlnatlon-source contouring In real 
time using quasi-heterodyne Interference fringe Interpolation with video-
electronic detection. 
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FIg. 7. (a) Intensity profile through the fringe pattern projected In real time 
from two Illumination sources on a cube edge [FIg. 5(a)]. (b) Object contour 
evaluated with the quasi heterodyne system. 

FIg. 5. Experimental results for two-lllumlnatlon-source holographic contour­
ing using quasi-heterodyne fringe Interpolation with video-electronic detec­
tion. (a) Cube edge with contour fringes, (b) Intensity profile through the con­
tour fringe pattern along white line above, (c) Measured interference phase. 
(d) Evaluated object contour. 

5.3. Real-time contouring with heterodyne phase measurement 
Figure 8 shows the experimental arrangement for real-time con­
touring with two spherical illumination sources and heterodyne 
fringe interpolation. Heterodyne phase measurement for 
holographic interferometry is extensively discussed in Refs. 8 and 
14. A pair of acousto-optic modulators (AOMs), driven at 40 MHz 
and 40.1 MHz, respectively, produces a frequency shift of 100 kHz 
in one illumination beam, which makes the contour fringes move 
across the object at a speed corresponding to the beat frequency. 
The phase of the interference pattern is determined by scanning the 
image of the object with a photodetector and measuring the phase 

\ Ar*- Laser /-

AOM 

Object Phasemeter 

FIg. 8. Experimental setup for two-lllumlnatlon-source contouring In real 
time using heterodyne phase measurement In the Image of the object. 

of the beat frequency with respect to a reference signal. In practice, 
an array of three detectors (fiber bundles, which feed the light to 
three photomultiplier tubes) is used to determine two phase dif-
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FIg. 9. Experimental result« for two illumination-source contouring In real 
time using heterodyne phase measurement, (a) Contour fringes on the object 
(a white painted saucer). The object contour has been determined inside the 
Indicated square area, (b) Measured object profile along a diagonal of the 
•quant area, (c) Unas of equal height (separated by 1 mm In depth) based on a 
grid of 33 x 33 measurements at 3 mm separation. 

fercnces in two orthogonal directions, rather than the interference 
phase itself. The latter can be calculated easily and accurately by 
summation of the measured differences along a given path. 

Figure 9 illustrates a result of heterodyne contouring on a saucer 
of 15 cm diameter. Figure 9(a) shows the contour fringes on the ob­

ject. The fringe spacing was 9 mm, and the angle of incidence of the 
illumination beam was a = 27 °. The interference phase has been 
measured on a grid of 33 x 33 points of 3 mm separation within the 
square area indicated in Fig. 9(a). Figure 9(b) shows the object pro­
file evaluated from the measured interference phase along the 
diagonal from the lower left to the upper right corner of this area. 
In Fig. 9(c) the lines of equal height with an interval of 1 mm are 
plotted. Assuming a phase interpolation error of 1 ° rms, the ac­
curacy of the contour measurement can be estimated to be ôz/L = 
1/1500 or Oz = 0.06 mm rms. 

6. CONCLUSIONS 

Heterodyne and quasi-heterodyne techniques for interference 
phase measurement have been successfully applied to two-
illumination-source contouring. Both techniques provide high ac­
curacy and fully automated measuring. The use of computers for 
data acquisition and processing offers the possibility of evaluating 
contour fringe patterns produced by very general optical 
geometries, i.e., nonplane and arbitrarily oriented fringe surfaces. 
A simple optical setup with two spherical illumination sources has 
been used for contour fringe generation. Experimental results are 
presented for 3-D object shape measurements, using holographic 
contour fringes as well as real-time projected fringe patterns. The 
accuracy for object depth measurement is typically 0.2% of the 
lateral extension of the object. An important application of one of 
the described methods is the determination of the object geometry, 
needed for holographic displacement and strain analysis, in exactly 
the same optical setup and with the same electronic equipment as 
used for quantitative holographic interferometry. 
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Abstract 

The determination of 3-D displacement and strain by holographic interferometry for 
industrial applications is a problem still not resolved satisfactorily. Important 
requirements are: 1) simple optical arrangement requiring only one hologram recording, 
2) fully automated fringe evaluation and data processing. The proposed arrangement with 
quasi-heterodyne (phase shifting) fringe interpolation and video-electronic detection 
offers fast and automated phase measurement with high accuracy. The 3-D information about 
the deformation is obtained by moving the TV-camera behind the hologram plate to get 
different directions of observation. If the object shape is known, the effects of image 
distortion due to perspective can be corrected by appropriate interpolation of the measured 
interference phases. In this paper, the optical setup and the data acquisition system will 
be described. The calculation of vector displacement and strain, including correction of 
the distortion by perspective, are discussed in detail. Finally, experimental results with 
an estimation of the accuracy for displacement and strain will be reported. 

Introduction 

Quasi-heterodyne (phase shifting) interference fringe interpolation with video-
electronic detection ,2 is a powerful technique for automated and quantitative evaluation 
of holographic interferograms. It provides precise interference phase measurement with high 
spatial resolution and a large number of data points, with an interpolation accuracy up to 
1/100 of a fringe, independently of fringe position and variations of mean intensity and 
fringe contrast within the interferogram. The method can be applied to real-time, 
double-exposure ^2,1*-5 and double-pulse 5 holographic interf erometry, as well as to 
holographic contouring. 1-6,7 

In many applications of displacement (or vibration) measurements and especially for 
strain analysis, the knowledge of the interference phase alone is not sufficient to obtain 
quantitative results. For the quantitative evaluation of vector displacement and strain, at 
least three phase measurements with independent sensitivity vectors must be accomplished. 
In order to provide a simple holographic recording and reconstruction procedure, we propose 
a setup using only one holographic plate and one direction of illumination. The 3-D 
information is obtained by moving the TV-camera behind the hologram to get different 
directions of observation. 

In this paper, the experimental arrangement for quasi-heterodyne holographic 
interferometry is shortly described. The theoretical and numerical fundamentals for the 
evaluation of vector displacement and strain are given. It is discussed in detail, how for 
non-planar objects the effects of image distortion due to perspective (different 
observation directions) can be corrected by appropriate interpolation of the measured 
interference phases. Finally, experimental results illustrate the performance of the 
described method. 

Experimental arrangement 

The experimental arrangement for quasi-heterodyne holographic interferometry with two 
reference sources close together and video-electronic detection is schematically shown in 
Fig.1. A detailed description can be found in Refs.1 and 2. For double-exposure holography 
with phase shifting fringe interpolation, two reference beams are required. During 
reconstruction a change of the relative phase between the two references allows to shift 
the fringes in the interferogram at will. In the quasi-heterodyne technique, this relative 
phase is changed step-wise, to at least three different values. Then the interference phase 
can be computed from the different measured intensity values at any image point with high 
accuracy, independently of mean intensity and fringe contrast variations. We propose an 
optical arrangement with the two reference sources very close together. This setup has the 
following advantage: First, the sensitivity for angular repositioning of the hologram is 
very low (only about 10°).8 This makes it possible to reconstruct the hologram anywhere in 
a similar optical setup. Even holograms recorded by a ruby laser can be realigned for 
reconstruction with a He-Ne laser.5 Secondly, the reference waves produce in the hologram 
plane a pattern of parallel i.-i&croscopic fringes which can be used to stabilize very 
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efficiently the interference phase and to control accurately the shift of the mutual phase 
of the reference beams. The position of the fringe maximum is detected by a twin-photodiode 
and fed back to a piezo mounted mirror. The interferogram is detected by direct observation 
of the virtual image of the hologram with a CCD-camera. In order to get the 3-D information 
for the displacement vector, the camera is laterally moved behind the hologram plate. An 
alternative method would be the use of several fixed cameras at different places. 

\ Ar* Laser "/-

Equidisbnt 
fringes 

Figure 1. Schematic arrangement for quasi-heterodyne holographic interferometry with two 
reference sources close together, fringe stabilization and video-electronic detection. 

Evaluation of 3-D displacement and strain 

Determination of the displacement vector 

The geometry of the optical setup is sketched in Fig.2. The origin of the 
(x,y,z(-coordinate system is chosen on the object surface, with the z-axis parallel to the 
mean observation direction. The object is illuminated from the point source S(x ) and 
observed from the observation point A(x ) behind the hologram plate. The observation point 
is determined by the center of the pupil of the TV-camera lens. The object shape is 

VW-described by the coordinates of the points x or by the function z 

For each object point x , the interference phase is measured for N different observation 
points A (x'"1). The interference phases <t> (n = 1,..,N) and the displacement vector u at 
the object point x are related by n 

«n = k (gn«u) , (1) 

where k = 2ir/X is the wave number and g denotes the local sensitivity vector 

gn = ks - kA . (2) 

k_ and k" are the unity vectors of illumination and observation, respectively, given by 

K = (*o - ^S)/|$o - *S! and C = ̂ A"0 - K^^'A - 5O1- (3) 

Equation (1) can be written in matrix form as 

$ = k G u , 

with the N-dim 

(4) 

vector (p = (<P,,..|<P ) and the Nx3 matrix G with G . = (gn)i,- Note that 
the matrix G is different for each object point. If the interference phase is measured for 
more than N = 3 independent observation directions, the system of linear equations (4) is 
overdetermined. Its best solution in the sense of least squares is found by symmetrization: 

H u 

with the 3-dim. vector $ = G $ and the symmetrical matrix H 
be solved by trigonalization of the matrix H. 

(5) 
T k GG. Equation (5) can now 
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Object c : 

K. s 
Illumination Source 

Observation Point 

Hologram 

Figure 2. Geometry of the optical setup for hologram recording and observation. 

Problem of the absolute fringe order 

Generally the absolute fringe order is unknown and can not be determined directly from 
the interferogram. But there are several methods to overcome this problem, e.g.: 
- by knowledge of an object point without displacement (fixation, vibration node); 
- by holographic observation of the deformation in real time and fringe counting; 
- by solving the system of Eqs.(4) with the absolute phase as fourth unknown (at least four 
different observations necessary). 

None of these methods to determine the absolute phase give 
in-plane displacement and strain analysis, however, the knowl 
between the different observation directions is most importan 
stabilization used in the described quasi-heterodyne system ( 
correct relative phases between successive observations under 
This is anoter advantage of fringe stabilization compared to 
for interference phase measurement. However, fringe interpola 
phase only modulo 2TT . Thus, for large in-plane displacements, 
between the different directions of observation has to be est 
fringes for one selected object point, while the TV-camera is 
observation to the next. If several fixed cameras are used, a 
object, for which the in-plane displacement is small enough s 
than IT (half of a fringe) between the different observation d 
priori . 

s accurate results. For 
edge of the relative phases 
t. It is the fringe 
Fig.1) which assures the 
different viewing directions. 

other phase shifting methods 
tion provides the interference 
the relative fringe order 

ablished by counting the 
moved from one position of 
reference point on the 

o that the phase changes less 
irections, should be known a 

Determination of surface strain 

The surface strain is determined by the derivatives of the in-plane displacement vector 
components along the object surface. Because of measuring errors, the numerical calculation 
of these derivatives is only meaningful, if one takes the average over a relatively large 
number of measured points and thus reduces the spatial resolution. There are two possible 
approaches, a global one (a) and a local one (b): 

(a) The whole field of sampling po 
functions. By the appropriate choice 
be arbitrarily influenced. The deriva 
at any desired point. This is certain 
displacement vector and thus the stra 
memory space, especially for two-dime 
global one. Furthermore, this method 
the derivatives are calculated in a f 
determined along a curved surface. 

ints is interpolated with smoothing cubic spline 
of a weighting parameter, the degree of smoothing can 
tives can then be calculated from the spline functions 
Iy the best way to determine the derivatives of the 
in, but it requires a large amount of calculation and 
nsional data fields, because the computation is a 
is only applicable for plane object surfaces, because 
ixed coordinate system and can therefore not be 
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(b) The strain can be determined locally at some positions of interest only. The 
in-plane derivatives are calculated in the tangential plane to the object surface at the 
corresponding point by two-dimensional linear least square fitting of the displacement 
vector components through the point and its neighbours. The number of sampling points to be 
taken into account for this fit will be chosen as a function of the accuracy of the 
displacement measurement and the desired spatial resolution. This procedure is described in 
detail in Ref.10 for 5 points, but it can be easily extended to an arbitrary number of 
points. 

In comparison, the first approach (a) provides a better spatial resolution for 
comparable degree of smoothing (averaging of statistical measuring errors) and it 
suppresses completely the high frequency noise, whereas the second method (b) has the 
advantage to be performed locally and requires therefore much less calculation effort. 

Distortion of the image due to change of perspective 

The image of a non-planar object is distorted due to perspective by the change of 
observation direction. For an automated evaluation of displacement and strain, this effect 
has to be corrected, i.e. corresponding points of the different distorted images have to be 
associated with a common object point. 

Calculation of the image distortion 

Figure 3 illustrates the distortion of the image due to a change of perspective: To each 
defocussed object point P correspond different points P in the conjugate image plane (x/y) 
for different observation points x (r,i . This image distortion can be entirely characterized 
by a vector field t(x), which describes the difference between the distorted and the 
reference image: e is the vector from the reference point P- to the distorted point P (cf. 
Fig.3). As a reference, the image observed through the center of the hologram plate along 
the optical axis can be used, for instance. 

Conjugate Image Plane 

. V 

Figure 3. Image distortion e due to a change of perspective: for different observations A 
the same (defocussed) object point P yields different points P in the conjugate image 
plane. 

For the case of a simple parallel displacement of the TV-camera by the vector ** to the 
position A , one obtains 

s-i-^Ç (6) 

O O 
In a general case, the camera will be displaced to an arbitrary position in space, 

tilted with respect to the z-axis and its focalization may be changed too. The image 
distortion can then be defined and calculated in a similar way as given above. 
Correction of the image distortion by interference phase interpolation 

For correct evaluation of the displacement, the measured phase maps in the different 
images corresponding to different observation directions must be referred to a common 
reference image.10 

In a first step, the images are laterally shifted so that the images of the origin O are 
superimposed. The effect of image distortion is corrected by appropriate interpolation of 
the phase maps, as shown in Fig. 4: ¢. and (J) are the interference phases measured from the 
observation points A1 and A , respectively.

nThe phase functions are sampled at the grid 
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• measured phases y,(Xj), yn(Xj) 

x interpolated phases <f„(x?) 

Figure 4. The effects of image distortion are corrected by appropriate interpolation of the 
interference phases <t> at the common object points. 

points x., which are the pixels of the TV-camera. To determine the interference phases ^n(P1) 
associated with the same common object point P^, the measured phase values 4^(^) are 
linearly interpolated at the point x^ = x^ + ^ " 'v *• ( x . ) 

ï> ( x . ) Kn i 
, . Ini M > 

t n ( x . , y k ) = 
<i> < x 

t> ( x , , y ) + E -n l , j r m x 
1 + 1 rym)-<t> ( x n , y ) 

* n ( x l ' y m + 1 , - , | , n ( x l ' ^m > ( 7 ) 

where s is the separation of the measured points (spatial resolution of the camera), 
(x,,y ) is a grid point with I m 

1 = j + int(e (x.)/s) , m = k + int(e (x^/s) , 

and e , e are given by x y 

ë" = s frac(e /s) , E = s fracU /s) . 
x x y y 

int(.) denotes the integer and frac(.) the fractional part of a real number. The 
interference phase obtained this way can now be used to evaluate the displacement as 
described above. 

Experimental results 

(8) 

(9) 

All reported experiments 
source, observation points a 
x/z-plane (cf. Fig.2). Thus 
Furthermore, only objects wi 
y-direction were used. For a 
the hologram and observation 
x = 4 cm, 0, -4 cm, respecti 
which corresponds to a spati 
of 100 mm (tensile test spec 

have been carried out in 
nd investigated image poi 
the objects were analyzed 
thout (or with constant 
11 experiments, the TV-ca 
s were made at three diff 
vely. The number of analy 
al resolution of 0.43 mm 
imen) and 140 mm (cylinde 

two dimensions only, i.e. illumination 
nts have been restricted to the 
along a horizontal line only. 
displacement components in the 
mera was translated directly behind 
erent positions with the coordinates 
zed points was for both objects 230, 
and 0.61 mm for the investigated areas 
r) diameter, respectively. 

The expected accuracy for the determination of the displacement vector components 
depends essentially on the statistical error of the interference phase measurement. The 
phase error is mainly determined by the speckle noise 1 produced by the interference of the 
uncorrelated speckle patterns from the overlapping cross-reconstructions. The standard 
deviation of the statistical phase error is given by ôd> = /5/2N, where N is the number of 
speckles within the detector resolution (pixels). Due to the high spatial resolution of the 
utilized camera (CCD Sony XC-37) and thus the small number of speckles within one pixel, 
the intrinsic error of the phase measurement was 8° rms. For the accuracy of the 
displacement vector measurement, one has to distinguish between in-plane (u^) and 
out-of-plane (u ) components. From Eq.(4), one obtains for the two-dimensional case with 
symmetric illumination and observation 

ou, / 2 " (1 + c o s a ) 2TT 

X 6<t> <5 u = _ _ 
x / 2 s i n a 2TT 

(10) 

where 2a is the angle between the marginal observation directions. For the experimental 
parameters given above and for a typical object to hologram distance of 70 cm, one obtains 
the numerical values ou. = 140 nm and Ou = 4 n;.i. 

i o 
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Tensile-test specimen 

The aim of this experiment was to demonstrate the capabilities for in-plane displacement 
and strain measurement. The object (stretched aluminium specimen of 100x20x1 mm ) was 
placed parallel to the x-axis at a distance of 50 cm to the TV-camera. 

Figure 5(a) shows the interference pattern, Fig.5(b) the interference phases measured 
for the three observation directions and Fig.5(c) the evaluated displacement vector 
components u and u . u fits to a linear function, corresponding to a constant in-plane 
strain e , while u_ indicates a slight bending of the specimen, probably due to a 
deformation of the object fixation under the load. The absolute phase has been arbitrarily 
set to zero at the point x = -5 cm (fixed end) for the central observation direction. A 
change of this absolute phase would essentially produce a shift of the u component. 
Fig.5(d) shows the result of numerical differentiation of the in-plane displacement by 
fitting a smoothing cubic spline function to the values of ux and taking the derivatives of 
the splines. Of course, it is impossible to distinguish between fluctuations due to 
measurement errors and real strain variations. An estimation of these fluctuations from 
Fig.5(d) indicates an accuracy for the strain measurement of <5e = 8 um/m rms. The spatial 
resolution of this kind of strain determination is determined by the degree of smoothing 
for the numerical fitting. It has been estimated to be 7mm, i.e. 16 sampling points. The 
experimentally determined value of 6e is after all in good agreement with a numerical 
estimation based on the phase error 6<i>, Eq. (10) and the given spatial resolution. Note that 
the accuracy Oe for the strain would be significantly higher, if derivatives were taken in 
a two-dimensional field of measured points, because the number of points used for averaging 
is squared compared to the linear case for the same spatial resolution. 
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Figure 5. (a) Interference fringes on a tensile test specimen, (b) Interference phases 
measured from three different observation directions, (c) Evaluated in-plane and out-of-
plane displacement vector components Ux and uz. (d) In-plane strain E X X calculated by 
numerical differentiation of the u component. 
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Cylindrical pressure vessel 

The second object investigated was t cylindrical aluminium vessel with a radius of 
R = 20 cm and a 5 mm thick wall, deformed by an internal pressure of about 1 atm. The front 
surface of the vessel was at a distance of 75 cm from the TV-camera. 

Figure 6(a) shows the interference fringe pattern on the object. In Fig.6(b) the 
displacement vector components radial and tangential to the object surface are plotted, 
calculated from simulated interference phase data. The solid and dashed lines represent, 
respectively, the results calculated with and without correction for distortion due to 
perspective. The necessity of this correction is clearly demonstrated for the defocussed 
parts of the cylindrical surface: The front of the cylinder (coordinate x = 0) was in the 
conjugate image plane, whereas the extreme parts of the evaluated line were 29 mm out of 
focus CM% of the object distance). Figure 6(c) shows the measured radial and tangential 
components of the displacement, again with (thick line) and without (thin line) correction 
for the error due to perspective. The radial displacement of about 2 um corresponds to a 
surface strain of e „ = AR/R = u„ ,/R = 20 um/m. 
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Figure 6. (a) Interference fringes on a cylindrical vessel under internal pressure. 
(b) Calculated displacement vector components radial and tangential to the object surface, 
evaluated from simulated interference phases with (solid line) and without (dashed line) 
correction for distortion due to perspective, (c) Displacements evaluated from measured 
phase values with (thick line) and without (thin line) correction of perspective. 
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Conclusions 

The theoretical considerations as well as the experimental results show, that an 
evaluation of the 3-D displacement vector components from only one holographic plate is 
possible and leads to good results. Quasi-heterodyne fringe interpolation techniques allow 
the 3-D evaluation even for small changes of observation directions of a few degrees only. 
The importance and the success of the correction of image distortion due to perspective are 
clearly demonstrated by computer simulations and experimental results. 

This work was supported by the Swiss National Science Foundation. 
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Quantitative evaluation of holographic interferograms requires high-resolution interference phase measurement 
with heterodyne or quasi-heterodyne methods. The presence of speckles in the interferogram of objects with 
diffusely scattering surfaces gives rise to a statistical error for the phase measurement. The statistical properties of 
interference detection in speckled images are theoretically investigated, and the resulting phase errors are rigorous­
ly calculated. The mean-square phase error is inversely proportional to the number of detected speckles. In 
addition, it depends on the decorrelation of the interfering speckle fields, owing to transverse displacement or 
coherent background. The number of speckles and the phase error are experimentally determined and compared 
with theory. 

1. INTRODUCTION 

The interference between laser speckle fields is essentially 
used in two coherent optical measurement techniques, 
namely, in speckle interferometry and in holographic inter­
ferometry. Applications are deformation analysis of objects 
with diffusely scattering rough surfaces, detection of refrac­
tive-index variations of transparent media placed in front of 
a diffuse background, and contour fringe generation on 
rough surfaces. Both techniques, holographic and speckle 
interferometry, are based on the same principle: the detec­
tion of interference between speckle fields in an imaging 
system. In holographic interferometry the detector inte­
grates over a relatively large number of speckles, whereas in 
speckle interferometric methods the speckles are chosen 
large enough to be resolved by the detector. In this paper, 
the statistical properties of the detection of interference 
between two (or more) speckle fields are investigated and 
applied to high-resolution interference phase measurement 
techniques in holographic interferometry. 

The quantitative evaluation of holographic interfero­
grams for displacement and deformation analysis of me­
chanical objects is quite limited when the classical tech­
niques of locating fringe maxima and minima are used. For 
better accuracy and automated interferogram detection and ' 
processing, interference fringe interpolation methods are 
required. Electronic phase-shifting techniques such as het­
erodyne and quasi-heterodyne methods1-3 offer interference 
phase measurement with high accuracy and spatial resolu­
tion. The phase measurement is independent of fringe posi­
tion, variations of mean intensity, and fringe contrast in the 
reconstructed image. In double-exposure holography, a set­
up with two reference beams gives access to the relative 
phase between the two reconstructions. During reconstruc­
tion, a change of this relative phase permits the fringes in the 
interferogram to be shifted at will and thus permits the 
interference phase to be measured by optoelectronic means. 

The presence of speckles in the image of objects with 
diffusely scattering surfaces gives rise to a statistical error 
for the measured interference phase. The interference of 
noncorrelated speckles (or noncorrelated parts of speckles) 

introduces a random contribution into the phase of the mu­
tual intensity of the interfering wave fields. Partial decorre­
lation of the speckle pattern may be caused by the transverse 
component of the object displacement. In addition, uncor­
rected speckle fields (e.g., resulting from overlapping cross 
reconstructions or diffusely scattered light from the holo­
gram) may be superimposed upon the desired interfering 
reconstructions. This source of phase error is of particular 
importance in quasi-heterodyne holographic interferome­
try, in which two reference sources that are close together 
and thus have overlapping reconstructions offer several ad­
vantages for the optical setup.2,3 

In this paper we describe the influence of speckle decorre­
lation on interference phase measurement. In Section 2, the 
fundamental statistical properties of the speckle pattern in 
an imaging system are discussed. Then the detection of 
intensity in a speckle field with a detector of finite size is 
investigated. The principle of fringe formation and hetero­
dyning in holographic interferometry is discussed. In Sec­
tion 3, the statistical errors that are due to the speckle noise 
in phase measurement with heterodyne detection are rigor­
ously calculated for different situations. In all cases, the 
resulting phase error depends essentially on the number of 
speckles within the detector area. Finally, the number of 
detected speckles and the statistical phase measurement 
error are experimentally determined with the help of a het­
erodyne system and compared with theory. 

2. SPECKLE STATISTICS FOR COHERENT 
IMAGE FORMATION 

A. Autocorrelation of Amplitude and Intensity 
In holographic interferometry, the interferogram is usually 
observed in the image of the holographically recorded virtu­
al object. The statistical properties of the speckle field in 
the interferogram will therefore be calculated for an imaging 
geometry, as sketched in Fig. 1. The imaging lens is placed 
close behind the holographic plate. The virtual image of the 
object is reconstructed by one or several reference beams R. 

The complex amplitude of the diffused light on the object 

0740-3232/86/070972-10$02.00 © 1986 Optical Society of America 



R. Thalmann and R. Dändliker Vol. 3, No. 7/July 1986/J. Opt. Soc. Am. A 973 

Reference 
Beams Image Plane 

Object 

Fig. 1. Image-forming system for the reconstruction of a holo­
graphic interferogram. 

surface is described by O(x0)p(x0), where O(x0) is the ampli­
tude of the object illumination and p(x0) is a stationary and 
Gaussian-distributed variable describing the surface rough­
ness.4 The amplitude in the coherent image of the object 
reconstruction is then given by the convolution integral1-4 

V(X/) = f d2x0O(x0)p(x0)h(x7 - X0), (1) 

where h(xj) is the impulse-response function of the imaging 
system (for the sake of simplicity, the magnification is as­
sumed to be unity), which is essentially given by the Fourier 
transform of the aperture function of the imaging lens.1'5 

The detection of the intensity in the coherent image with a 
detector of finite size involves the calculation of second-
order statistics, which relates the statistical properties of 
different points within the speckle pattern.1,5 '6 For this 
purpose, the autocorrelation of the amplitude and the inten­
sity in the image are calculated. For the amplitude, one 
obtains the twofold integral 

V(X/) V*(x'7) > = Il d2x0d
2x'0O(x0)O*(x'0) 

X (p(x0)p*(x'0))h(xj - x0)h*(x'7 - x'0), 

(2) 

where (• •) denotes the average over an ensemble of rough 
surfaces. The object amplitude is assumed to be slowly 
varying compared with the width of h and will therefore be 
taken out of the integral in all further calculations. For an 
object surface with sufficiently fine grain, the autocorrela­
tion of p can be approximated by a Dirac function 

<p (x )p* (x ' ) )=5 (x -x ' ) . (3) 

So one gets for Eq. (2) 

<V(x7)V*(x'7)) = Cv(x7,x'7) 

= |0(X0)|2 J d V ( X ; - X0)^(X'; - X0) 

= (7(X;)>Ch(AX;), (4) 

where C is the autocorrelation of the impulse-response 
function h and Ax7 = x'7 — x;. |O(x0)l2 has been replaced by 
(/(X7)) = (V(X7)V*(X7)), since C(O) = 1. 

The autocorrelation of the intensity is calculated in a 
similar manner by using the fourfold correlation of the sur­
face roughness 

(p(x)p*(x')p(x")p*(xw)> = Ô(x - x')5(x" - x'") 

+ 5(x - x")6(x' - x"). (5) 

Thus one gets 

(7(X;)7(X';)) = </(X;))</(x';)> + I < V(X/) V*(x'7) ) |2, (6) 

and, with Eq. (4), 

C7(x'7, X7) = (/(x7))2[l + IC(Ax7)I2]. (7) 

For a circular, binary pupil function of the imaging lens, 
the autocorrelation function C is given by the well-known 
Airy function1 

Ch(x,) = 2J1(ITX)KTCX) = Airy(Trx), (8) 

where * = X7DAd7, D is the diameter of the lens pupil, and d7 

is the image distance. 

B. Measuring Intensity with a Detector of Finite Size 
Normally, the detector for intensity measurement has an 
area that is much larger than the speckle size. Following 
Goodman,6 the detected optical power P can be expressed by 
the integral of the intensity over the detector surface AD, 
viz., 

P=I 62X1Kx1) = Id2X1D(X1)Kx1), (9) 

where D(x7) is a binary function representing the detector 
area, so that 

d2x7D(x7) = Afl. (10) 

The average contrast of the variations (or the reciprocal rms 
signal-to-noise ratio) of the detected power that is due to the 
speckle noise is defined as 

(OP2)/(P)2 = ((P2) - (P)2)/(P)2. 

The average detected optical power is 

(P) = Jd2X1D(X1)(I(X1)) = A0(I). 

The second moment of P becomes 

(P2) = \\ d2x7d2x'7D(x7)D(x'7)(/(x7)/(x'7)> 

= J d2Ax7C7J(Ax7)C7(Ax7), 

(11) 

(12) 

(13) 

where Cß(x7) is the autocorrelation of the detector function 
D(x7). Assuming the function D(x7) to be binary and much 
larger than the speckle size and introducing Eqs. (7) and 
(12), one obtains 

(P2) = (P ) 2 1+Jd2XlC(X)I2M7JJ. (14) 

The integral in Eq. (14) can be interpreted as the average 
area of a speckle correlation cell. This leads to the defini­
tion of the number of speckles N within the detector surface 
A0

1-6, viz., 

N = AD/\ d2x|Ch(x)|2 (15) 
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With Eqs. (11), (14), and (15), the mean-square variation of 
the detected optical power is now found to be 

(ÒP2)/(P)2 = l/N. (16) 

For a binary aperture of the imaging lens one gets 

f d2x\Ch(x)\2 = (Kd1)
2IAp, (17) 

where dj is the image distance and Ap is the area of the lens 
aperture. The number of speckles N can now be expressed 
in terms of the F-number of the lens as 

N = ADAf/2\Fdj)2. (18) 

A reasonable definition for the average speckle size (Ax)8 is 
obtained from the integral in Eq. (17), if one sets the value of 
this integral equal to the surface of a small disk with diame­
ter ( A*)s. For a circular lens aperture of diameter D one gets 

(Ax)3 = (Ah)(Xd1ID). (19) 

C. Interference Fringe Formation 
In double-exposure holographic interferometry of diffusely 
scattering objects,1'7 two object states (before and after de­
formation) are recorded holographically. According to Eq. 
(1), the complex amplitudes Vi and V2 of the two object 
reconstructions in the image are given by 

Vk(X1) = J d2ï0O^(x0)pfc(x0)exp|i[a.t + 0fc(xo)])fc(xj - X0), 

(20) 

where a> is the circular frequency of the optical wave. The 
deformation of the object between the two states 1 and 2 is 
described by the displacement vector field u(x0). The ob­
ject illumination Oi can thus be expressed in terms of 0\ by 
Oi(Xo) = Oi(x0 + u/), where U/ is the in-plane component of 
the displacement vector. The interference phase <t> = <j>\ — 
¢2 is related to the object displacement by 4> - S • u>7 where g 
is the sensitivity vector that is determined by the geometry 
of object illumination and observation. For the interference 
phase measurement, the ac part of the intensity IV1 + V2I2 is 
of interest; this is given by the complex interference term 
V\ V*2. also called mutual intensity Iu'. 

Iu = V1(X1)V^(X1) = Il d2x0dV0O(x0)O*(x'0) 

X exp[j>(xo)]p(x0)p*(x'o) 

X Mx, - x0)h*(xj - x'0 + u,). (21) 

Assuming again that O(x0) and also </>(xo) are approximately 
constant within the width of h, one obtains for the mean 
mutual intensity 

(Z12(X7)) = U(X7) >exp[t>(x7)]Ch(u7), (22) 

where (h) = (/2) = (-0- Equation (22) shows that the real 
part of the complex interference term depends sinusoidally 
on the interference phase 4>(x) that gives rise to the fringe 
pattern in the image. Ch(uì) describes the magnitude of the 
interference term and thus the visibility (or contrast) of the 
fringes. Figure 2 shows the measured interference fringe 
contrast in a holographic interferogram recorded with two 
reference beams versus mutual in-plane displacement of the 
two interfering wave fields (cf. Appendix A and Ref. 2). The 

hologram rotation AY 

Fig. 2. Measured interference fringe contrast versus speckle decor-
relation resulting from mutual in-plane displacement of two inter­
fering speckle fields. The in-plane displacement is produced by 
hologram misalignment (rotation A-y around the hologram normal 
axis) in two-reference-beam holography. 

solid line is the Airy function [Eq. (8)] that fits the experi­
mental results. For in-plane displacements U7 comparable 
to the speckle size, the fringe visibility C/,(u7) vanishes. 
This effect can also be interpreted as derealization of the 
interference fringes.7 

D. Heterodyne Holographic Interferometry 
In heterodyne holographic interferometry, the two object 
waves are recorded with different reference beams Ai and Ri 
(Fig. I).8 During reconstruction with both references simul­
taneously, the optical frequency w of one of the two reference 
beams is shifted [e.g., with the help of acousto-optical modu­
lators ( AOM's)]. The mutual intensity is now varying sinus­
oidally at the beat frequency Au = o>i — w2: 

7i2(x7, t) = exp(iAa!£)/i2(x7). (23) 

When the intensity in the interferogram is detected the 
interference phase can be measured electronically with high 
accuracy as the phase of a periodic signal, independently of 
local variations of the mean intensity and the fringe con­
trast.1,3 

3. CALCULATION OF THE EXPECTED 
INTERFERENCE PHASE ERROR 

A. Superposition of Two Wave Fields 
First, the situation of two interfering wave fields shall be 
considered, as is the case in two-reference-beam holographic 
interferometry for well-separated reference sources.1,2 The 
mutual intensity /12 is detected by an ac-coupled photode-
tector at the heterodyne frequency. The detector is aver­
aged over many speckles, i.e., its surface is much larger than 
the average speckle size [cf. Eq. (9)]. The detected optical 
power is 

(P12)= Id2X1D(X1)(I12(X1)). (24) 

The interference of noncorrelated speckles (or noncorre-
lated parts of speckles) gives rise to a random contribution to 
the phase of the complex mutual intensity /12. The decorre-
lation of the two speckle patterns is due to the in-plane 
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object displacement U7. Since the detector averages over 
only a finite number of speckles, P J 2 differs from the (true) 
ensemble average (Pi2) (cf. Fig. 3). The statistical phase 
measurement error that is due to the speckle noise can be 
calculated from the fluctuations of the detected power Pi2 . 
Assuming an average interference phase of ($(x7)> = 0, 5<j) 
can be approximated by 

100' 

tan Ò4> = 
Im(P12) 

Re(P12) 

Im(P12) Im(P12) 

(P12) + Re(P12 - (P12)) ^ (P12) " 
(25) 

(W) = (26) 

Note that this approach is valid only if the correlated part in 
Pi 2 is much greater than the uncorrelated part, i.e., if there 
are enough speckles within the detector area. 

For the mean-square value of 5$ one gets 

(Im2(P12)) _ i (IP12I
2) - (P12

2) 

(P 1 2) 2 2 <pl2>2 

where we have assumed that (Zi2
2) = (fi2

2), which is true for 
a real-valued autocorrelation function Ch-

The averages (Pi 2 ) , (Pi2
2) , and (IPi2I

2) can now be evalu-
• ated with the help of the fundamentals presented in Section 
2. (Pi2) is obtained from Eq. (24) with Eq. (22) as 

(P12) = jj U2X1D(X1)(I12(X1)) = A0(I)C11(U1). (27) 

As in Eqs. (13) and (22), one gets 

CV> = [J d2x^2x' /D(x /)D(x' /)(/12(x /)/*12(x'7)> 

= Jd2Ax7C0(Ax7)(J)2IC^(U7) 

+ Ch(Ax7 + u7)Ch(Ax7 - U7)] (28) 

and 

(IP12I
2) = f d2Ax7CD(Ax7)(7)2[Ch

2(u7) + Ch(Ax7)Ch(-Ax7)]. 

(29) 

A i m 

Fig. 3. Interference phase measurement error resulting from 
speckle noise. The power pn = Pnc + P12" within each speckle is 
composed of a correlated and an uncorrelated part. The total 
detected power Pi2 = £ pl2 differs from the (true) ensemble average 
(^12) = Zu Pi2c and thus gives rise to the phase error 6<t>. 

10' 

6<t> 

* U 1DMd 1 

0.1 
0 0 . 5 1 

Fig. 4. Statistical phase error 6<t> for two interfering speckle fields 
versus normalized in-plane speckle decorrelation u = u/D/Xd/ for 
different numbers of speckles N within the detector area. 
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Fig. 5. Statistical phase error ò<j> versus number N of detected 
speckles for different in-plane displacements u/. (Detector area Ao 
= 1 mm2.) 

From Eqs. (26), (28), and (29), one finds with Eq. (15) that 

<Im2(P12)) = (1/2) Jd2Ax7C7J(Ax7)<7)2[Ch
2(Ax7) 

- Ch(Ax7 + u7)Ch(Ax7 - U7)] 

= A0
2</)2[1 - C„(2u7)]/(2iV), (30) 

and, finally, for the rms phase error that is due to the speckle 
noise 

! 1 - C„(2u7) 
(H1) = 

2iV C11Hu1) 
(31) 

Figure 4 shows the statistical phase error ò4> for two inter­
fering speckle fields as a function of the speckle decorrela­
tion (resulting from transverse displacement) for different 
number of speckles N within the detector area. For small 
in-plane displacements U7, ôct> tends to zero. 

In Fig. 5, the statistical phase error 5<j> is plotted versus the 
number JV of detected speckles for different in-plane dis­
placements u/. Through Eq. (18), the number of speckles is 
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related to the F-number of the imaging lens. The figure 
shows that, over a wide range, the phase error that is due to 
the speckle noise for constant U7 does not depend on the lens 
aperture. The reason for this is that, when the lens aperture 
is closed, the reduction of the number of speckles, which 
increases the phase error [Eq. (31)], is compensated for by 
the increase of the average speckle size (and thus the fringe 
contrast), which reduces the phase error. For a given maxi­
mum in-plane displacement U7, the optimum choice for the 
F-number (minimum phase error and brightest-possible im­
age) is determined by the bend of the curves (dashed line in 
Fig. 5). The overall fringe contrast should therefore be 
better than approximately 70%. 

B. Superposition of an Uncorrected Background 
A coherent background speckle field superimposed upon the 
two interfering wave fields introduces additional errors into 
the phase measurement. Such a background may be caused 
by scattering from the hologram plate or by overlapping 
cross reconstructions. It is assumed that this background 
consists of two uncorrected speckle fields V3 and V4 at the 
optical frequencies u>i and W2, respectively, and that it has a 
relative amplitude A with respect to the two interfering 
fields Vi and V2. The total amplitude in the image then 
becomes 

V(t) = V1 6Xp(IW1O + V2 exp(iw20 

+ A[V3 expd'o)^) + V4 exp(iw2t)]. (32) 

Since V3 and V4 are supposed to be generated by a diffusing 
surface and to pass through the same lens aperture of the 
imaging system as V1 and V2, they also follow the same 
speckle statistics. 

The mutual intensity Im, i.e., the ac part of the intensity I 
= \Hk V* I2 at the heterodyne frequency Au> = o>i — o>2, is now 
given by 

L = V 1 V 2 + AV1V*, + AV3 V 2 + A2V3 V 4 . (33) 

A calculation of all significant integrals appearing in Eq. 
(26) leads finally to the statistical phase error 

1 1 + 2A2 + A4 - Ch(2uj) 
(«•*) = 2N CHHU1) 

(34) 

In contrast to the case of Subsection 3.A, the minimum 
phase error (for U7 = 0) is not zero but rather 

<5</>2>min=(2A2 + A4)/2iV. (35) 

C. Reference Sources Close Together: Superposition of 
Four Correlated Wave Fields 
As mentioned above, the optical setup for heterodyne holo­
graphic interferometry requires two reference beams. The 
use of two reference sources that are close together offers 
some advantages, especially in quasi-heterodyne holograph­
ic interferometry: The repositioning sensitivity of the holo­
gram plate is drastically reduced, and for stepwise phase 
shifting the interference phase can be efficiently stabi­
lized.23 The disadvantage of having the reference sources 
close together is that all four primary reconstructions are 
superposed,2,8 namely, the two desired interfering recon­
structions V1 = RxR*,O1 and V2 = R2R* 202 and the two 

unwanted cross reconstructions V3 = R2R* 1O1 and V4 = 
RxR* 202. Figure 6 shows the four reconstructions on a tele­
vision (TV) monitor of a double-exposure hologram of a bent 
cantilever beam for (a) well-separated reference sources and 
(b) reference sources close together with overlapping cross 
reconstructions. The intensity profiles generated by a video 
analyzer show the reduction of the fringe contrast by a factor 
of 2 because of the superimposed cross reconstructions. 

For the calculation of the corresponding statistical phase 
error in case of reference sources that are very close together, 
the speckle patterns of the overlapping reconstructions can­
not be considered to be completely uncorrelated, as was 
assumed in the preceding subsection. Each of the four wave 
fields Vk is described by Eq. (20) and the relations 

O2(X0) = O1(X0 + U / ) , (36a) 

O3(X0) = O1(X0 - V7), (36b) 

O4(X0) = O2(X0 + V7) = O1(X0 -I- u7 + V7). (36c) 

v7 denotes the lateral shift of the image that is due to recon­
struction with the wrong reference.8,9 The mutual intensity 
is again given by Eq. (33). 

After the calculation of the numerous cross-correlating 
terms, one finds for the statistical phase error of the detected 
signal containing N speckles that 

(a) 

R 2 R * 0 i S v \ / 'RiRÎOa 

(b) 
Fig. 6. Primary reconstructed images on a TV screen, (a) Well-
separated reference sources yield separated cross reconstructions 
R2R* 1O1 and RxR*2O2. (b) Reference sources that are close together 
yield overlapping reconstructions. The extracted intensity profiles 
show the difference in fringe contrast. 
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Fig. 7. Statistical phase error 50 versus normalized in-plane dis­
placement for overlapping cross reconstructions. 

<502> = [6 + 8C11(V1) + 2Ch(2vj) - 4Ch(2uj + V1) 

- 6Ck(2ut + 2V1) - 4Ch(2u, + Zv1) 

- Ch(2u, + 4V1) - Ch(2u,)] 

X 12N[C11(U1) + 2C1x(U1 + V1) + Cf1(U1 + 2^)]2)"1. 

(37) 

Assuming that V1 is much larger than the speckle size (Ax)1, 
all terms of C/, containing V1 can be neglected, and Eq. (37) 
can be rewritten as 

1 6 - C„(2u7) 
(W) = (38) 

2̂ V C11Hu1) 

Again, the minimum error for U1 = 0 has a finite value, 
namely, 

<502> = 5/2N. (39) 

Figure 7 shows the 50 of Eq. (38) versus the normalized in-
plane displacement for different number of speckles N. 

In the calculation of the phase error to get Eq. (37), the 
following term appears in the numerator: 

4. EXPERIMENTALRESULTS 

A. Experimental Setup and Concept of Phase-Error 
Measurement 
The optical setup is sketched in Fig. 8. It is a classical 
arrangement with two reference sources for heterodyne ho­
lographic interferometry. The two references can be well 
separated (Ri and R2) or be close together (R'\ and /¾)- The 
AOM's introduce a frequency shift between the two refer­
ences of Aco/27T = 100 kHz. The interferogram is observed in 
the image obtained with a //5.6 Rodenstock repro lens of/ = 
300 mm. The interference phase is detected with the help of 
a twin detector consisting of two fiber bundles, each 1 mm in 
diameter, with their ends 3 mm apart in the image plane, 
that lead the light to two photomultipliers. The electronic 
signals are filtered at 100 kHz with a bandwidth of 10 kHz. 
Finally, the phase between the two signals is measured by a 
phasemeter with 0.1° resolution. 

The phase error 50 is theoretically defined by the variance 
of the phase values observed at one point in the interfero­
gram for different speckle patterns, i.e., for different states 
of the surface roughness. Of course, in practice it is not 
possible to determine the phase error this way. So interfer­
ence phase differences A0* between twin detectors (two fi­
ber bundles) were measured at n different places in an inter­
ferogram with constant phase (no fringes, double-exposure 
hologram of a nondeformed object). From these measure­
ments, the variance is calculated to obtain the rms error by 

^exp = -pS(A0) = 
2(n - 1 ) 

1/2 

(42) 

The factor ^2 appears because the phase difference A0 is the 
result of two independent phase measurements. The dis­
placement of the twin detector between two consecutive 
measurements had to be kept small enough to avoid a sys­
tematic drift of the average phase difference. A shift of 
about 0.1 mm, i.e., 1Ao of the detector diameter, produced 
sufficiently independent statistical values. To determine 
the rms value, the phase was measured at 50 different posi­
tions. The temporal noise of interference phase measure-

d2AÄ/CD(AX/)Ch
2(AX/ - V7). (40) 

For the evaluation of this integral, it has been assumed that 
the diameter of the detector is much larger than the width of 
Ch. For small V1 (reference sources very close together), this 
integral becomes A0

2IN [cf. Eq. (15)]. However, if V1 is 
larger than the detector diameter, this integral becomes 
zero. For the phase error 50 one then obtains 

« x . 1 1 (W) = 
C„(2u7) 

(41) 
2iV C11Hu1) 

which is exactly the same result as the one given by Eq. (34) 
for A = I. This means that, if the corresponding speckle 
patterns of the overlapping cross reconstructions are lateral­
ly shifted by more than the detector aperture, they appear to 
be completely uncorrelated. 

Object-

Fig. 8. Optical arrangement for heterodyne holographic interfer­
ometry with reference sources that are well separated (Ri and #2) or 
close together (R\ and /¢2)-
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Fig. 9. Cross section of the fiber-bundle detector surface. 

ment in heterodyne holographic interferometry is extensive­
ly discussed in Ref. 1. In the present experiment, the rms 
value of these fluctuations was found to be about 0.1°. This 
value was further reduced by taking the average over 20 
measurements at each position to obtain Atf>*. 

For an estimation of the reliability of the phase-error 
measurement, different factors have to be considered. As 
mentioned above, the second source of error of statistical 
nature, namely, the temporal noise, could be kept lower than 
0.1°. The fact that the phases must be measured within an 
area of constant mean interference phase limits the number 
of independent phase measurements, because air turbulence 
always slightly changes the wave front of the object light 
between the two exposures of the hologram. The statistical 
uncertainty of the error determination can be estimated if 
the measured quantity (interference phase) is assumed to be 
Gaussian distributed. Then the relative variance a^ of the 
error 6$ depends on the number n of measurements as fol­
lows: 

ffjôd) = 1/V2n. (43) 

In our case this means, for 50 measurements, an uncertainty 
of 10%. The observed reproducibility of the error determi­
nation did depend strongly on the experimental parameters, 
but 20% can be indicated as a typical value. 

B. Number of Speckles within the Detector Area 
To compare the measurements of the phase error 6</> with the 
theoretically expected values, the number N of speckles 
within the detector area should be known exactly. The 
detector area is given by the cross section of the fiber bundle 
(Fig. 9), which consists of about 200 fibers, each with a 
diameter of 65 //m. This corresponds to a total detector 
surface of AQ = 0.664 mm2. 

The number N of speckles within AQ was determined in 
the following two ways: 

(1) Determination of the Speckle Surface. The number 
N of speckles covered by the detector can be defined by the 
ratio of the detector area AQ and the surface of one speckle 
correlation cell [cf. Eq. ( 15)]. For a circular binary aperture 
of the imaging system, the integral over the autocorrelation 
Ch can be calculated, and the number of speckles can be 
directly expressed in terms of the F-number of the imaging 
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lens [Eq. (18)]. If the aperture function of the lens is not 
well defined or if the F-number is not known exactly, the 
autocorrelation function Ch can be experimentally deter­
mined (cf. Fig. 2 and Appendix A). 

In the present experimental setup, the measured width of 
Ch(Xi) corresponds very well to the values obtained from the 
F-number of the imaging lens. For a lens with / = 300 mm 
and F = 5.6, 1:1 imaging, and X - 514 nm, the speckle size 
(Ax)3, as defined in Eq. (19), is found to be 7.4 urn. This 
yields for the detector shown in Fig. 9 a number of N = 15700 
speckles within the detector area. 

(2) Determination of the Number of Statistically Inde­
pendent Correlation Cells. In principle, the number N of 
detected speckles can also be determined from the noise-to-
signal ratio of the intensity measurement in the speckle field 
[cf. Eq. (16)]. But for large speckle numbers N the intensity 
variations are too small to be measured directly. It is more 
suitable to measure the fluctuations of the ac signal at the 
heterodyne frequency, since the ac power can then be mea­
sured over a large dynamic range with a spectrum analyzer in 
logarithmic scale. 

Wc and Wu are the electrical ac output power of a detector 
placed in the interferogram for correlated and uncorrected 
superposition of two speckle fields, respectively. It can be 
shown (cf. Appendix B) that the ratio of Wc and (Wu) is 
equal to the speckle number N within the detector area. In 
this way, it is possible to determine N without knowing the 
geometry of the optical setup (image formation system, de­
tector area). The experimental difficulty is to ensure com­
plete speckle decorrelation without significantly changing 
the experimental conditions with respect to the situation for 
correlated speckles and to obtain a statistically reliable 
mean value (Wu). From measurements for the detector 
described and a lens aperture of F = 5.6, the power ratio was 
found to be ( Wu)/Wc = -42.6 dB and thus N = 18.200. 

In spite of the completely different experimental ap­
proach, the two methods, (1) and (2), yield within 15% the 
same result for the number of detected speckles. Because of 
its simplicity, method (1) has been used to determine the 
number of speckles in the reported experiments. 

C. Phase-Error Measurements for Two Interfering Wave 
Fields 
The statistical phase error b$ for two interfering wave fields 
(well-separated reference sources) has been measured as a 
function of the speckle decorrelation for different number of 
speckles N. The measurements were carried out as de­
scribed in Subsection 4.A. The speckle decorrelation was 
realized by hologram misalignment (cf. Appendix A)1 which 
produces a mutual shift of the two object reconstructions 
and thus of the two (identical) speckle fields. Since the 
mechanical misalignment (rotation) of the hologram plate is 
too small to be precisely measured, the normalized speckle 
shift u = uiD/Xd/ is determined for each phase measurement 
from the actual interference fringe contrast [cf. Eqs. (22) and 
(8)]: The fringe contrast is normalized with respect to its 
maximum (typically 90% for perfect hologram alignment) 
and fitted to the Airy function (Fig. 2) to obtain its argument 
nu. The measurements are compared with the theoretical 
values of Eq. (31). The plots in Fig. 10 show the experimen­
tal results for the apertures F = 5.6,8,11, and 16, respective-

ly. 
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Fig. 10. Experimental verification of the statistical error 50 of phase measurement for two interfering speckle fields versus in-plane 
displacement u/. N is the number of detected speckles, and F is the corresponding lens aperture. 
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Fig. 11. Minimum statistical phase error 60, owing to speckle noise 
from overlapping cross reconstructions, is measured for different 
numbers N of detected speckles (i.e., different F-numbers). 

D. Phase-Error Measurements for Overlapping 
Reconstructions 
In the case of overlapping reconstructions, the statistical 
phase error varies only slowly with speckle decorrelation of 

the interfering wave fields (cf. Fig. 7). Therefore it was not 
possible to verify experimentally the theoretical behavior of 
the phase error versus transverse speckle shift [Eq. (38)]. 
The minimum value h<t> = jbl2N of the phase error was 
measured for different number of speckles N, i.e., different 
lens apertures F. The results are shown in Fig. 11. The 
measured phase errors are systematically larger than the 
theoretical ones, but the 1/V^ dependence is well estab­
lished. 

5. CONCLUSIONS 

The statistical properties of intensity detection and its im­
pact on interference phase measurement in speckle fields 
were investigated. The statistical error of the phase mea­
surement that is due to speckle noise was theoretically calcu­
lated and experimentally verified for different situations. 
This error is caused by decorrelation of the interfering 
speckle patterns because of mutual transverse displacement 
or because of an additional uncorrelated background. The 
phase error is essentially proportional to 1/V^, where N is 
the number of speckles within the detector area. When the 
above results are applied to holographic interferometry with 
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high-resolution fringe interpolation, they show that the er­
ror that is due to decorrelated speckles is a basic limitation 
on the accuracy of deformation measurement of solid ob­
jects.10 The phase error is of particular importance in quasi-
heterodyne holographic interferometry with reference 
sources that are close together (overlapping cross recon­
structions). This technique has also been applied to dis­
placement and strain measurement.11 

APPENDIX A 

Measurement of the Autocorrelation Function C/, (xJ 
Various statistical properties of a speckle pattern, such as 
the number of speckles within the detector area and the 
average speckle size, are based on the autocorrelation of the 
complex optical amplitude that is, for an imaging system, 
given by the autocorrelation Ch of the impulse response 
function h of the optical system [Eq. (4)]. The shape and 
width of Ch can be experimentally determined in a setup of 
holographic interferometry with two reference beams. 

Ch describes the fringe contrast of two identical interfer­
ing speckle fields versus mutual transverse displacement 
(decorrelation). In holographic interferometry, this trans­
verse speckle shift can be produced in a well-controlled man­
ner, e.g., by misalignment of the hologram plate with respect 
to the two reference beams. During reconstruction, any 
rotation of a double-exposure hologram recorded with two 
different references produces a linear phase <Mx«) in the 
hologram plane [cf. Eq. (A4) and Refs. 1 and 2]. This phase 
0(x#) can be decomposed into a phase $o(xo) in the object 
plane and a phase 4>p(xp) in the pupil plane,1 where 

0p(xp) = d>(xH)(d0 - dH)/d0 = 2TT(P/X) • xH(d0 - dH)/dQ, 
(Al) 

where du is the distance between hologram and pupil plane 
and d0 is the object distance. The linear phase 0(XH) shows 
up as parallel fringes on the hologram plate (Fig. 12) and can 
be described by (p/X), which is the number of fringes per unit 
length in the direction of p. As a result of the shift theorem 
for Fourier transformation, <j>p produces in the image a mu­
tual shift Ax/ of the two reconstructions of 

Ax, = pd;(d0 - dH)/d0 = pM(d0 - dH), (A2) 

with the image magnification M = <f//d0. 

Fig. 12. Interference fringes on the hologram plate resulting from 
misalignment (rotation) of the hologram with respect to the two 
reconstructing reference beams. 
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The fringe contrast as a function of the speckle decorrela­
tion Ax/ is given by [cf. Eqs. (8) and (22)] 

Cz1(Ax7) = 2J1(TrDAx1ZXdJy(TrDAx1ZXd1). (A3) 

The hologram can now be misaligned (rotated) until the 
fringe contrast vanishes completely. The corresponding 
fringe density (po/X) on the hologram can then be easily 
measured. If the fringe distance is too large (small F-num-
ber), Po can be calculated by using the relation1 

0(xH) = [(k2 - Ic1) X w] • xH, (A4) 

where kj and It2 are the wave vectors of the two reference 
beams on the hologram and « = (Aa, Aß, A7) describes the 
rotation of the hologram plate. k2 — ki = Ak can be mea­
sured directly in the optical setup or determined indirectly 
by the linear phase function $(XH) measured on the holo­
gram plate for a large rotation angle to. 

For zero contrast of the interference fringes, the argument 
of the Airy function [Eq. (A3)] produces TX X 1.22. So one 
can now calculate the average speckle diameter [Eq. (19)] as 

(Ax)s = WTt)(Xd1ZD) = (4/ir)Ax;/1.22 = 1.04P0M(CE0 - dH) 
(A5) 

and the number of speckles within the detector surface AQ 
by 

N = AD/MAx)2/4]. (A6) 

Experimental Results 
The number N of detected speckles has been determined in 
this way for a setup with d0 = d/ = 60 cm (M = 1), dn = 6.2 
cm, AQ = 0.664 mm2, and F = 5.6. To determine the angular 
separation AkJk of the two references (sensitivity to mis­
alignment), the hologram has been rotated by an angle A7 = 
0.147°, which yields (p/X) = 2.8 fringes/cm (cf. Fig. 12), and, 
using Eq. (A4), one gets AkxZk = 5.57 X 10-2. The interfer­
ence contrast in the image plane vanishes for a hologram 
rotation of A7 = 0.0135°, and thus Po= 1.31 XlO-5. So one 
obtains, with Eqs. (A5) and (A6), (Ax)5 = 7.4 ^m for the 
speckle diameter in the image plane and N = 15,680 for the 
number of speckles. This result corresponds very well to the 
N = 15,740 obtained from Eq. (18) for F = 5.6. 

APPENDIX B 

Average AC Power in Correlated and Uncorrelated 
Speckle Fields 
The complex electric ac signal (current) in heterodyne de­
tection of two interfering, frequency-shifted speckle fields 
for a detector covering N speckles can be written as 

i(t) = ̂ Pnexp[i(at -«„) ] , (Bl) 
n 

where Pn is the mean optical power per speckle. If all the 
contributions Pn X exp(i0n) are correlated, the detected 
electrical ac power becomes 

Wc = Ii(J)I2 = £ PnPn, = N2Pn
2, (B2) 

which corresponds to the total optical power on the detector. 
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Fig. 13. Probability distribution of the ac power Wu detected from 
the interference of two uncorrelated, frequency-shifted speckle 
fields. Wu is represented in logarithmic scale [dB]. The histogram 
is based on 1000 measured values of Wu for statistically different 
speckle patterns. 

For completely uncorrelated speckle fields, one obtains an 
average ac power of 

(WJ=(Y PnPmexp[i(0n - * J ] \ = £ P n
2 = NPn*. 

\n,m J n 
(B3) 

Thus the ratio of the correlated and the uncorrelated ac 
power is equal to the number of speckles within the detector 
area, viz., 

WJ{WU)=N. (B4) 

Note that this number N of speckles measured in a coher­
ent image is identical to the definition of N given in Eq. (15). 
This can be easily seen by setting W = \PÏ21

2 for the electri­
cal ac power and then calculating WJ{ WJ, using Eq. (29), 
for correlated (u/ = 0) and uncorrelated (u/ -» ») superposi­
tion of the two speckle fields. 

The probability distribution of the uncorrelated ac power 
was calculated in Ref. 12 as 

p(Wu) = (l/{WJ)exp(-WJ{WJ). (B5) 

Experimentally, the ac power is measured with a spec­
trum analyzer in logarithmic scale. Therefore one is inter­
ested instead in the probability distribution of Wu[dB] = 10 
log (WJ( WJ), which becomes12 

pM = 
10 loge 

10 l /10exp[-10* /10] (B6) 

where x = Wu[dB]. This function is shown in Fig. 13. 
Wc and Wu can be measured by heterodyne holographic 

interferometry for two situations that are nearly identical, 
except for the correlation of the speckle fields. A double-
exposure hologram of a nondeformed object is recorded with 
two different reference waves. The ac power Wc is mea­
sured in the interferogram at the heterodyne frequency. 

Then the hologram is considerably misaligned to produce a 
mutual shift of the two reconstructions that is larger than 
the detector diameter. Now the two superimposed speckle 
patterns can be considered to be completely uncorrelated. 
Wu is measured repetitively, each time slightly changing the 
hologram position to produce statistically different speckle 
patterns. A histogram of Wu yields its probability distribu­
tion p(x) (cf. Fig. 13). The maximum of p(x), i.e., the most 
probable value Wu[dB], is equal to the mean value (WJ. 
Using Eq. (B4), the speckle number N can be calculated. 

Experimental Results 
The number N of speckles has been measured for the same 
experimental situation described in Appendix A. Figure 13 
shows the measured histogram of Wu/Wc[dB] (it represents 
1000 measured values of WJ. The mean value (WJ/WC 

has been calculated to be -42.6 dB (which yields N = 18,200) 
and is in good agreement with the value of N = 15,700 
obtained in Appendix A. 

ACKNOWLEDGMENT 

This research was supported by the Swiss National Science 
Foundation. 

REFERENCES 

1. R. Dändliker, "Heterodyne holographic interferometry," in 
Progress in Optics, E. Wolf, ed. (North-Holland, Amsterdam, 
1980), Vol. XVII, pp. 1-84. 

2. R. Dändliker, R. Thalmann, and J.-F. Willemin, "Fringe inter­
polation by two-reference-beam holographic interferometry: 
reducing sensitivity to hologram misalignment," Opt. Commun. 
42,301-306 (1982). 

3. R. Dändliker and R. Thalmann, "Heterodyne and quasi-hetero­
dyne holographic interferometry," Opt. Eng. 24(5), 824-831 
(1985). 

4. S. Lowenthal and H. Arsenault, "Image formation for coherent 
diffuse objects: statistical properties," J. Opt. Soc. Am. 60, 
1478-1483 (1970). 

5. J. W. Goodman, Introduction to Fourier Optics (McGraw-Hill, 
New York, 1968). 

6. J. W. Goodman, "Statistical properties of laser speckle pat­
terns," in Laser Speckle and Related Phenomena, J. C. Dainty, 
ed. (Springer-Verlag, Berlin, 1975). 

7. C. M. Vest, Holographic Interferometry (Wiley, New York, 
1979). 

8. R. Dändliker, E. Marom, and F. M. Mottier, "Two-reference-
beam holographic interferometry," J. Opt. Soc. Am. 66, 23-30 
(1976). 

9. R. Thalmann and R. Dändliker, "High resolution video-process­
ing for holographic interferometry applied to contouring and 
measuring deformations," Proc. Soc. Photo-Opt. Instrum. Eng. 
492,299-306 (1984). 

10. R. Dändliker and B. Eliasson, "Accuracy of heterodyne holo­
graphic strain and stress determination," Exp. Mech. 19,93-101 
(1979). 

11. R. Thalmann and R. Dändliker, "Automated evaluation of 3-D 
displacement and strain by quasi-heterodyne holographic inter­
ferometry," Proc. Soc. Photo-Opt. Instrum. Eng. 599 (to be 
published). 

12. J.-F. Willemin, "Interférométrie hétérodyne de speckles: ap­
plication à la mesure de vibrations mécaniques microscopi­
ques," Ph.D dissertation (University of Neuchâtel, Neuchâtel, 
Switzerland, 1984), pp. 41-46. 



to be published in: Appi. Opt. 26^ ...(1987). 

STRAIN MEASUREMENT BY HETERODYNE HOLOGRAPHIC INTERFEROMETRY 

R. Thalmann and R. Dändliker 

University of Neuchatel, Institute of Microtechnology, 
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Abstract 

Heterodyne holographic interferometry provides automated interference phase 

measurement with high resolution and allows the quantitative evaluation of 3D 

displacement and strain on solid objects. The fundamentals of heterodyning in 

double-exposure holography are reviewed and its possibilities and limitations 

are discussed in detail. Experimental results of strain measurement on a curved 

object surface are reported. Three double-exposure hologram recordings with 

different illuminations are used to get the vector displacement. Based on 

locally calculated derivatives of the displacement field, a sensitivity for the 

strain components of 1 ym/m with a spatial resolution of a few millimeters has 

been achieved. The features of heterodyne holographic interferometry are compa­

red with those of quasi-heterodyne (phase stepping) fringe interpolation. 
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I. Introduction 

The automated and quantitative evaluation of 3D displacement and strain from 

holographic interferograms requires accurate interference phase measurement 

independent of fringe position and intensity variations in the reconstructed 

image. In many interferometric arrangements, the heterodyne technique has 

become a powerful tool for high resolution interference fringe interpolation. 

In holographic interferometry, heterodyning has been successfully applied to 

surface deformation measurements of solid objects [1,2], measurements of phase 

objects [3] and surface contouring [4]. 

The aim of this paper is to demonstrate the performance and the theoretical 

and experimental limits of surface strain measurement by heterodyne holographic 

interferometry. After a brief introduction into the principle of heterodyning, 

the experimental arrangement is described. Then, the numerical evaluation of 3D 

displacement and strain from the holographic interferogram is explained. The 

limitations for the accuracy of the interference phase measurement are investi­

gated in detail. Experimental results are reported for the determination of 

surface rotation and strain with double-exposure holography using a setup with 

three different illumination beams. Finally, the different methods of electro­

nic fringe interpolation in holographic interferometry are compared and their 

fields of application are outlined. 

II. Principle of heterodyne holographic interferometry 

The application of the heterodyne technique in double-exposure holographic 

interferometry requires a setup with two reference beams [5] in order to have 

independent access to the relative phase between the two interfering recon­

structions, which allows to shift the fringes in the interferogram. The two 

states of the mechanical object (before and after deformation), which shall be 

investigated by double-exposure holography, are recorded consecutively each 

with another reference wave on the same hologram plate. The simultaneous 

reconstruction with both reference beams yields four primary reconstructed 

images, the two desired interfering self-reconstructions and the two undesired 

cross-reconstructions [5]. To avoid disturbing overlapping of the different 

reconstructions, the two reference sources must be chosen on the same side of 

the object, with a mutual separation larger than the angular size of the object 

in the corresponding direction. 
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During reconstruction, the relative phase between the two references is 

shifted linearly in time by introducing an offset Au) to the optical frequency 

in one of the two reference beams. Assuming that the two wavefields to be 

compared are given by 

Vk(x) = ak(x) cos[u)kt + d>k(x)] , (1) 

the local intensity of their superposition becomes 

I(x) = IV1 + V2 |
2 = a(x) {1 + m(x) cos[Au)t + 4>(x)] } , (2) 

where a(x) is the local mean intensity, m(x) is the fringe contrast, and 

4>(x) = (J)i(x) - <t>2(x) is the phase difference of the two wavefields. Due to the 

optical frequency offset Au) = u>i - U)2 during reconstruction, the superposition 

intensity is time dependent and the interference phase 4>(x) can be detected as 

the phase of the beat frequency signal. Since the beat frequency AU)/2TT is 

chosen low enough (<100 MHz) to be resolved by the opto-electronic detector 

employed, the interference phase can be measured with high accuracy, indepen­

dently of variations of the mean intensity and the fringe contrast, using an 

electronic phasemeter. This way, both the interpolation problem and the sign 

ambiguity of classical interferometry are solved. 

III. Experimental arrangement 

The experimental arrangement for double-exposure heterodyne holographic 

interferometry, as it has been used in the experiments reported here, is 

sketched in Fig.l. The setup is essentially based on the one described in 

Ref.l. The frequency difference AU)/2TT of 100 kHz between the two reference 

beams is realized by two commercially available acousto-optical modulators 

(AOM) in cascade to give opposite frequency shifts. During recording, both 

modulators are driven with 40 MHz, so that the net shift is zero. During 

reconstruction, one modulator is driven with 40 MHz and the other with 

40.1 MHz, so that the net shift is the desired beat frequency of 100 kHz. 

The interferogram is observed in the 1:1 image of the virtual object 

obtained with an f/5.6, f = 300 mm Rodenstock repro lens. The interference 
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phase is determined by scanning an array of three detectors which measures the 

phase differences in two orthogonal directions in the image plane. The total 

phase <Kx) can be obtained afterwards by approriate integration. The detector 

array is realized by the ends of three fiber bundles, which feed the light to 

photomultiplier tubes. The beat frequency signals at 100 kHz are filtered with 

a bandwidth of 10 kHz, and the amplitudes are kept constant, independent of the 

intensity variations across the image, by a feedback control of the photomulti­

plier supply voltage. The phase differences between the detected signals are 

measured with zero-crossing phasemeters, which interpolate the phase angles to 

0.1° and also count the multipes of 360° (fringe number). Note, that all 

electronic amplifiers and filters in the signal path should be carefully 

designed to avoid phase distortion that could reduce the accuracy of the phase 

measurement [6], The detector array is mounted on a stepper motor driven stage 

to scan the image. Scanning and data acquisition is automated and computer 

controlled. The measuring time for one position, including the displacement of 

the detector head, is about 1 sec. 

For the determination of vector displacement and strain, the interference 

phase caused by the object deformation must be measured for different sensi­

tivity vectors, by changing either the observation, or the illumination 

directions, as explained in Sect.IV. In order to have a fixed imaging system 

and changes of the sensitivity vector which are large enough, we used a setup 

with three illumination sources. The deformation is recorded with three 

double-exposure holograms, each of them with another object illumination. For 

reasons of simplicity in the recording procedure and sensitivity to misalign­

ment errors of the holograms, only one holographic plate is used. The different 

holograms are spatially multiplexed by rotating a symmetric aperture in front 

of the holographic plate. The three illumination sources (diverging lenses with 

f = -6 mm) are arranged around the optical axis as shown in Fig.2. The angle 

between the illumination directions and the optical axis is typically about 

26°. Switching from one illumination source to the other is managed by 

removable mirrors mounted on precision translation stages [7]. First, the three 

holograms of the undeformed object state are recorded with the first reference 

wave on the appropriate part of the hologram plate, changing the illumination 

sources in the order 1, 2, and 3 (Fig.2). Then, the corresponding holograms of 

the deformed state are recorded with the second reference wave and the 

illumination beams 3, 2, and 1, respectively. Following this procedure, no 

repositioning of the removable mirrors between the hologram exposures is 



- 5 -

required. It is extremely important, that the optical setup as well as the 

object in its undeformed and its deformed state are stable during the whole 

recording procedure. 

IV. Evaluation of displacement and strain 

A. Determination of vector displacement 

The interference phase (J) and the displacement vector u at the object point x 

are related by [8] 

* = k (g-u) , (3) 

where k = 2ïï/À is the wave number and g denotes the sensitivity vector 

g = Ê - £ . (4) 

k and h are the unit vectors of observation and illumination direction, respec­

tively, given by 

k = (x. - x ) / | x . - x I and h = (x - x ) / | x - x I, (5) 
A o 1 A o 1 o s ' o s 1 

- » • - * • - > 

x , x , and x are the coordinates of the object point, the observation point, 

and the illumination source, respectively. It can be seen from Eqs.(4) and (5), 

that the sensitivity vector g is not constant along the object surface, but it 

depends on the coordinate x . Therefore, g has to be calculated for each object 

point x independently. 

To determine all three components of the displacement vector, three interfe­

rence phase measurements from three hologram recordings with different illumi­

nation sources and thus different sensitivity vectors g are carried out. 
n 

Equation (3) can be written in matrix form as 

cj> = k G u , (6) 

with the 3-dim. vector <P = (d>i ,4>2,4>3) and the 3x3 matrix G with G , = (g ), . 
nk V k 

Equation (6) can now be solved by trigonalization of the matrixG. If the 
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interference phase is measured for more than three independent sensitivity 

directions, the system of linear equations (6) is overdetermined. Its best 

solution is found by least squares fitting [9]. 

As mentioned in the preceeding Section, heterodyne holographic interfero-

metry provides rather the measurement of phase differences A<1) and A(J) in the 

orthogonal directions x and y than the total interference phase <l>(x,y) itself. 

For the evaluation of the displacement field, <l>(x,y) can easily be calculated 

by summation of the measured phase differences along a given path. Obviously, 

with respect to the propagation of measurement errors, a simple summation 

procedure is not ideal. More sophisticated methods with least squares fitting 

for the summation of the interference phase are described in the literature 

(see e.g. Ref.10), but they all need extensive computations. However, for 

strain analysis this is not necessary, since the phase differences between the 

object points rather than the total phase are important. 

B. Determination of surface strain and rotation 

In-plane strain and rotation of the object surface can be determined by 

numerical differentiation of the displacement field in the tangential plane at 

each point. The grid of sample points on the surface of non-plane objects is 

generally distorted by perspective. Therefore standard finite difference 

methods cannot be applied. However, the required derivatives can be calculated 

by 2-dim. least squares fitting of the displacement vector components through 

the desired point and its nearest neighbours, as described hereafter. 

The location of the sample points on the object surface are obtained by a 

central projection of the regular grid, which is defined by the interference 

phase measurement in the image, from the observation point onto the object 

surface. The derivatives shall be calculated in an arbitrarily chosen sample 

point, denoted by P . The object point P is taken as the origin of a new 

coordinate system (Ç,i"|)i tangential to the surface at this point, with the 

Ç-axis in the x,z-plane. A certain number N of points P. around P are r r i n 

selected, e.g. 4, 8 or even more, depending on the desired spatial resolution 

and the accuracy of the displacement measurement. The points P, are projected 

onto the €,n-plane, where they form in general an irregular grid of points 

(£.|T1.) (cf. Fig.3). The components of the displacement vector u are also 

expressed in the local coordinate system (Ç,r|,Ç). For each component u, of the 
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displacement vector, a 2-dim. linear function 

uk(€,n) = uk(o,o) + K 3uk/3ç + n 3uk/3n (7) 

is established, which fits the values u,(Ç.,r|.) at the N sample points best. 

Least squares fitting yields the first derivatives by solving the system of 

equations 

Bl = ï (8) 

where B is the symmetrical 3x3 matrix B = A A and A is the 3xN matrix 

/i Ci ni\ 

I1 ÇN V 
(9) 

The vector v of the three unknowns and the constant vector b are defined by 

v = (uk(0,0),3uk/3Ç,3uk/3n) 

b = A a , with ai = uk^i'T1i') ' i = !''"N-

(10) 

(H) 

Now, the in-plane strain £ and the rotation U) are given by 

3u 3u 3u 3u 

nn 3n ' 

-, OU OUj. 

and uòr = — ( TI~ - "T-- ) 

'€£ 3Ç ' 4n n? 2 v 3n sc 

3u 3u 

J« = "2 A 3Ç1 - 3^ 

The remaining components of strain and rotation, which are related to the out 

of-plane derivatives of the displacement, can be calculated by using the 

mechanical boundary conditions for an object surface free from external 

forces [1,11]. 

(12) 
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C. Accuracy of surface strain determination 

The accuracy for the determination of surface strain by holographic interfe-

rometry depends essentially on the error in the interference phase measurement. 

This has been investigated for heterodyne holographic interferometry in Ref.11. 

To study the influence of interference phase errors on the evaluation of 

displacement and strain, one has to distiguish between relative phase errors 

(subsequently denoted by 6(J)) and errors in the absolute phase (A(J)). The former 

ones determine the accuracy for the measurement of the phase difference between 

two neighbouring points in the interferogram (sensitivity of phase measure­

ment). This relative phase error is mainly of statistical nature. It is the 

essential limitation for surface strain determination. The absolute phase 

'(absolute fringe order), on the other hand, is directly related to the change 

of the optical path length. Its uncertainty is the same all over the 

interferogram and limits mainly the determination of the displacement. 

Although the accuracy for the different components of displacement and 

strain depends on the optical arrangement, it is appropriate to carry out an 

analytical estimation for a simple geometry. It shall be assumed, that three 

holographic interferograms with different illumination directions are 

evaluated. The illumination sources are arranged symmetrically'around the 

optical axis, at a distance £ from the origin on the object surface. The 

illumination directions intersect the optical axis with an angle a and the 

observation direction is parallel to the optical axis (cf. Fig.2). 

If the strain components are calculated by numerical differentiation of the 

displacement field, one obtains for the standard deviation of the surface 

strain as a function of the relative phase errors [12] 

X 6* (13) 
Ax sin a 2TT 

where \ is the wavelength and the constant C has a value near 1, depending on 

the different components and the choice of the coordinate system. Ax denotes 

the base for the numerical differentiation of the displacement components 

and determines thus the spatial resolution of strain determination. Figure 4 

shows the different <5e versus the angle a for an interference phase measure­

ment accuracy of 1°, i.e. ô(t>/2ïï = 1/360, a spatial resolution Ax = 3 mm and 

À = 514 nm. This corresponds very well with the results given in Ref.11. 
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The absolute phase (fringe order) is not known a priori from the measurement 

in the interferogram, therefore the measured interference phase contains an 

unknown additive constant. The problem can be overcome by refering to an object 

point without displacement (fixation, vibration node), or by interferometric 

observation of the deformation in real time and counting the fringes during the 

displacement. Whereas the knowledge of the absolute fringe order is indispen­

sable for the determination of displacement, its influence on the surface 

strain components is very small. For the particular geometry described above, 

one obtains for the error of e as a function of the uncertainty AN = A<j)/2ïï of 

the absolute fringe order [12] 

1 cos a , ... 1 A ... 
Ae. . =-ö- — A AN - TT-T- AN . (14) 

ii Ug (1+cosa) o 2 £s o ^J-HJ 

where i is the distance of the illumination sources from the object surface. 
s 

For example, with A = 514 nm and £ = 1 m one gets Ae.. - AN l_im/m. Thus the 

error in strain determination due to an absolute phase error is in general 

negligible. 

V. Sources of error in interference phase measurement 

A. Two-reference-beam holography 

Two-reference-beam holography requires special attention to the multiplicity 

of the reconstructed images and the influence of misalignment of the hologram 

with respect to the reference beams [5]. To avoid disturbing overlapping of the 

different reconstructions, the reference sources must be well separated. 

However, the consequence of large separation of the references is high 

sensitivity to repositioning errors. Small rotations of the hologram plate 

result in an additional mutual shift of the two reconstructed images (which 

causes speckle decorrelation and thus a reduced fringe contrast, cf. Sect.C) 

and a linear phase deviation in the interferogram [5,13]. The experimental 

practice shows [12], that in a typical setup with well separated reference 

sources and with a well designed hologram plate holder, it is possible to 

realign the hologram to achieve a fringe contrast of better than 80 % (for an 

f/5.6 imaging lens aperture) and a phase gradient in the interferogram of less 
— 3 —1 

than 2IT*10 mm 
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The use of an optical arrangement with reference sources close together, 

which would greatly reduce the sensitivity to misalignment [13], is not 

adequate in heterodyne holographic interferometry, because the resulting 

overlapping of the cross-reconstructions introduces a statistical interference 

phase error [14], which is significantly larger than the phase measurement 

accuracy which can be obtained by heterodyning. 

B. Phase errors due to the electronics 

In heterodyne holographic interferometry, the interference phase is measured 

electronically as the relative phase of two detector signals with a zero-

crossing phasemeter. Fluctuations in the detected signals introduce a statisti­

cal phase error which depends on the signal-to-noise ratio of the detector 

signal, the heterodyne frequency and the integration time of the phasemeter 

[I]. Using photomultipliers with shot noise limited detection, a detector area 

larger than 0.1 mm and an argon laser for hologram reconstruction, an SNR of 

40 dB and a phase error below 0.1° can easily be achieved. Thus the electronic 

detector noise does usually not introduce any significant error to the phase 

measurement. 

Attention must be paid to the cross-talk in the two acousto-optic frequency 

shifters. The rms value of the random phase error produced by the frequency 

cross-talk is given by 6(j) = ß/i/7 [12], where (3 is the optical amplitude of the 

cross-talk component of the frequency U) in the frequency shifted beam at 

U) + Aw. Using two independent quartz oscillators (with HF amplifiers) to drive 

the AOM's, we achieved ß2 = -52 dB and thus H = 0.1° rms. 

C. Speckle decorrelation 

The presence of speckles in the image of objects with diffusely scattering 

surfaces gives rise to a statistical error for the measured interference phase. 

The interference of non-correlated speckles (or non-correlated parts of 

speckles) introduces a random contribution to the phase of the mutual intensity 

of the interfering wavefields. Partial decorrelation of the speckle patterns 

may be caused by the transverse component of the object displacement. 
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The influence of speckle decorrelation on the interference phase measurement 

has been rigorously treated in Ref.14. The resulting mean square phase error 

due to the speckle noise as a function of the in-plane displacement component 

is given by 

1 1 - C,(2u ) 
«54>2> = ~ - (15) 

2N Cj(U1) ^ ^ 

<54> is inversely proportional to the number N of speckles within the detector 

area. C, is the autocorrelation of the point spread function h of the imaging 

system in the holographic reconstruction. For a circular pupil of the lens, 

C, is given by the Airy function [1,1A]. The phase error can be adequately 

reduced by increasing the detector surface and thus averaging over many 

speckles, at the expense of spatial resolution, of course. Figure 5 shows, for 

a given detector area of 1 mm2, the statistical phase error 6<t> versus the 

number N of detected speckles for different in-plane displacements uT as 

parameter. The number of speckles is related to the F-number of the imaging 

lens. The figure shows, that over a wide range the phase error for constant un­

does not depend on the lens aperture. The reason is that, when the lens 

aperture is closed, the reduction of the number of speckles which increases the 

phase error [Eq.(15)] is compensated by the increase of the average speckle 

size, and thus the fringe contrast, which reduces the phase error. For a given 

maximum in-plane displacement uT, the optimum choice for the F-number (minimum 

phase error and brightest possible image) is determined by the bend of the 

curves (dashed line in Fig.5), which corresponds to a reduction of the optimum 

fringe contrast to about 70 %. The minimum phase error due to the speckle 

decorrelation is given by the simple relation 

lim od) =/TT7TD U1 = U1ZR0, (16) 

where A~ and R^ are the area and the radius of the (circular) detector 

aperture, respectively. 
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VI. Experimental results 

A. Undeformed object and rigid body motion 

The sensitivity and reliability of experimental strain determination can 

best be tested by measuring an undeformed object or an object undergoing only a 

rigid body motion. An aluminium plate, which can be rotated about its normal 

axis, has been investigated by a complete 3-D evaluation of three holograms 

with different object illuminations, as described in Sect.III. The interference 

phase has been measured on a grid of 15x15 sample points, 3 mm apart from each 

other. After the evaluation of the displacement vector field, the three surface 

strain components and the three rotation components have been calculated by 

numerical differentiation of the displacement field (cf. Sect.IV). 

Table 1 shows the mean values and the standard deviations of strain and 

local rotation for the evaluated sample points of the undeformed object. The 

standard deviations (rms values) for surface strain and in-plane rotation are 

all about 0.2 um/m, the mean values are all zero within the standard deviation 

error interval. The out-of-plane rotation W is significantly different from 

zero due to a systematic deviation of the u component. 

Table 2 shows the mean values and the standard deviations of strain and 

rotation evaluated on a plate with a small in-plane rotation of w = 38*10 

The rotation has been chosen so small in order to have small enough in-plane 

displacement components (<1.5 Um) at the border of the evaluated surface area, 

which do not yet introduce a detectable statistical phase error due to speckle 

decorrelation (cf. Fig.5). Theoretically, all components, except the rotation 

dì , should be equal to zero. The measured rms errors are larger than for the 

undeformed object, but still of the order of a fraction of one micro-strain for 

a spatial resolution of 6 mm. Only the standard deviation for the £ component 
yy 

is somewhat larger. Furthermore, the mean value of £ is significantly different 
XX 

from zero. From an analysis of the 2-dim. phase and displacement fields, it can 

be seen that the deviations of the two normal strain components are rather of 

systematic nature and not due to statistical errors in the interference phase 

measurement. 

The systematic deviations observed in the above experiments are mainly 

caused by repositioning errors of the hologram plate and atmospheric 
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turbulences during hologram recording. The statistical interference phase 

measurement accuracy has been shown to be much better, namely of the order of 

1/1000 fringe or 0.3° rms. This shows clearly, that limitations to strain 

determination in heterodyne holographic interferometry do not arise from 

limitations in the interference phase measurement technique, but rather from 

the interferometry itself, that is to say from the stability of the optical 

setup, air turbulences, zero order fringe errors, and inaccurately known 

geometrical data of the setup. 

B. Cylindrical vessel with internal pressure 

Another investigated test object was a cylindrical vessel loaded by internal 

pressure [H]. In this case, the strain has to be evaluated on a curved 

surface. The cylindrical vessel was an aluminium tube with a radius of 

R = 10 cm and a wall thickness of b = 5 mm (Fig.6). In the experiment described 

hereafter, the internal pressure difference was 2.6 bar. 

For a curved object surface, it is adequate to introduce a surface oriented 

local coordinate system (Ç,n»O at each observed object point. For the cylin­

drical object, the Ç-axis is chosen tangential to the surface at each point and 

perpendicular to the axis of the cylinder (rj-axis) (cf. Fig.6). The displace­

ment components, which are calculated in the laboratory coordinate system 

(x,y,z), are then transformed into tangential (u,.), axial (u ), and radial (u ) 

components. The surface strain components £ „ , £rnj
 an^ £rn are calculated by 

numerical differentiation of the displacement field in the surface oriented 

local coordinate system. 

Figure 7 shows the interference fringe patterns of the three holograms, 

recorded with different illumination directions. The indicated rectangular area 

corresponds to the field of 31x5 sample points, for which the interferogram has 

been analyzed. In Fig.8, the measured phase functions along a horizontal line 

through the three interferograms are plotted. The absolute fringe order for 

each illumination direction has been determined from three corresponding 

real-time holograms of the cylinder deformation. 

Figure 9 shows the experimentally determined displacement components along a 

radial section on the cylinder surface. The corresponding strain components are 
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displayed in Fig.10. The reliability of the measurements has been checked by 

the evaluation of the interferogram for the same holographic recording on two 

interlaced grids of sample points (o and *, respectively). The standard devi­

ation of the difference between the two measurements is of the order of 1 ym/m. 

These results illustrate impressively the power of heterodyne holographic 

interferometry. It is possible to determine all components of surface strain 

and rotation on a curved surface with an accuracy of about one micro-strain for 

a spatial resolution of a few millimeters. 

VII. Conclusions 

It is interesting to compare the features and the performance of heterodyne 

holographic interferometry and quasi-heterodyne [13,15,16] (step-wise phase 

shifting) techniques with video-electronic detection in view of their 

appropriate applications. Both, heterodyne and quasi-heterodyne techniques, 

offer automated data acquisition for a large number of sample points with high 

spatial resolution. The phase measurement is highly accurate, independent of 

variations of the mean intensity and the fringe contrast, and there is no sign 

ambiguity. 

Heterodyne holographic interferometry offers very high accuracy for the 

interference phase measurement (better than 1/1000 of a fringe). The principle 

of heterodyning requires sophisticated electronic equipment, such as AOM's with 

HF drivers and phasemeters. The mechanical scanning of the image by photo-

detectors makes it slow (about 1 sec per point). Since the phase measurement 

accuracy can be very high, an arrangement with reference sources close toge­

ther, which would introduce additional errors due to the overlapping of decor-

related speckles, is not adequate. Well separated reference sources, on the 

other hand, impose strong requirements to the stability of the optical setup 

and to the repositioning of the hologram. For recording and reconstruction, one 

and the same experimental setup has to be used. 

The described arrangement, using three double-exposure hologram recordings 

with different illumination beams, provides surface strain measurement of 

extremely high resolution. For the strain components, obtained from the local 

derivatives of the experimentally determined displacement field, an accuracy of 

about 1 micro-strain with a spatial resolution of a few millimeters has been 
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achieved. The determination of the displacement itself requires, however, in 

addition the knowledge of the absolute fringe order for each holographic 

interferogram, because the information on the mutual phase between the three 

interferograms is not directly available from the separately recorded holo­

grams. The experimental results show clearly, that it is not the heterodyne 

fringe interpolation technique that limits the measurement accuracy, but rather 

air turbulence, hologram repositioning and speckle decorrelation due to large 

in-plane displacements. 

Quasi-heterodyne holographic interferometry with TV-detection offers a 

moderate accuracy for the fringe interpolation (about 1/100 of a fringe), with 

all the advantages of phase shifting interferometry. An optical arrangement 

with two reference sources close together is nearly as simple and uncritical 

for the hologram recording and reconstruction as standard double-exposure holo­

graphy. It requires no special instrumentation apart from a microcomputer with 

a video frame grabber, which is normally implemented in a standard image 

processing system. Data acquisition from the interferogram is very fast, even 

for a large number of sample points. With the experiental arrangement described 

in Ref.16, good results for 3-D dispacement analysis have been achieved. For 

the evaluation of surface strain, a typical sensitivity of about 10 lim/m with a 

spatial resolution of a few millimeters can be expected. 

To summarize this comparison: Heterodyne holographic interferometry is well 

suited for scientific applications in laboratory environment, where the ultima­

te limits for strain determination are required. On the other hand, quasi-hete­

rodyne holographic interferometry with TV-detection is suited for applications 

in industrial environment, for deformation and vibration analysis, where mode­

rate accuracy is required. Note however, that this means moderate compared with 

heterodyne systems and that the capabilities of phase shifting techniques for 

displacement and strain measurement are anyway at least one order of magnitude 

better than those of conventional holographic interferometry. 
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Tables 

Table 1. Experimentally determined mean values and standard deviations of 

strain and rotation components from a holographic interferogram of 

an undeformed object. 

mean value [ym/m] 

standard deviation [ym/m] 

£xx 

-0.25 

0.22 

£ 
yy 
0.23 

0.3 

£ xy 

-0.22 

0.14 

CO 
X 

-0.26 

0.04 

W 
y 
0.01 

0.04 

Z 

-0.08 

0.17 

Table 2. Experimentally determined mean values and standard deviations of 

strain and rotation components from a holographic interferogram of 

a rotated plate. 

mean value [ym/m] 

standard deviation [ym/m] 

£ 
XX 

-2.61 

0.71 

£ 
yy 

-1.43 

1.35 

£ 
xy 
-0.91 

0.71 

W 
X 

0.03 

0.3 

OJ 
y 

-0.92 

0.5 

U) 
Z 

38.0 

0.68 



Object 

Fig.l. Arrangement for heterodyne holographic interferometry using two 

acousto-optic modulators to generate the frequency offset. 
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2. Schematic representation of the optical arrangement for hologram 

recording and observation. With the help of removable mirrors (RM), 

the illumination beam can be switched from source S, to S~ and S~ 

(diverging lenses). 
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Fig.3. (Ç,n) is a plane tangential to the object surface at the point P . The 

derivatives of the displacement at P are obtained by fitting a 2-dim. 

linear function through P and its (4, 8 or more) nearest neighbours 
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Fig.6. Cross-section through the cylindrical tube loaded by internal pressure. 

The displacement u and the strain along the curved surface will be 

represented in the local coordinate system (Ç,n,Ç). 



Fig.7. Interference fringe patterns on a cylindrical vessel deformed by-

internal pressure for three illumination directions. The rectangular 

field indicates the area, where the interferogram has been evaluated, 
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Fig.8. Measured phase functions along a horizontal line through the interfero-

grams of Fig.7. 
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Fig.9. Experimentally determined radial, axial and tangential displacement 

components on the (curved) cylinder surface. 
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