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Introduction 

Electronic speckle photography offers a simple and fast technique to 
measure in-plane displacement fields in solid and fluid mechanics. This 
licentiate thesis describes the principles of a new such system. 

The development of new measuring techniques is essential in order to get 
an understanding of the fundamental behaviour of new materials and 
fluids. For many Nobel prizes in physics during the last decades new 
discoveries seem to be a spin-off of the development of new measuring 
techniques. The rapid development of numerical calculation programs 
based on Finite Element Methods  (FEM)  and Finite Difference Methods  
(FDM)  have made full-field measuring methods almost indispensable. The 
most common technique in experimental mechanics, however, is to use 
contact point sensors such as strain gauges, and pressure sensors. These 
have been used long and have played an important role in the 
development of constitutive equations in mechanics. Although widely used 
they have some obvious drawbacks. First it is a point measuring technique 
and in order to get full field information, hundreds of sensors have to be 
used. Secondly they are contact sensors which means that they will 
influence the mechanical properties of the specimen. Usually when dealing 
with ordinary materials such as steel this is no problem, but when 
measuring on very soft materials such as thermo plastics, paper or fluids the 
sensor will most certainly influence the specimen. It is conduded that an 
optimum measuring technique should be both full field measuring and 
non-contacting. Most techniques within optical metrology serves these 
demands, and therefore an increased interest in these techniques have 
taken place during the last decades. This area involves techniques such as 
holographic interferometry, moire techniques, photoelasticity and speckle 
metrology. They are all described in a good introductory book by Gäsvikl. 
Speckle metrology involves numerous techniques but there is two main 
techniques for measuring displacement fields, namely speckle photography 
and speckle interferometry. This thesis deals with the development and 
applications of an electronic version of conventional speckle photography, 
named electronic speckle photography. In the three papers it is shown that 
an electronic speckle photography system has all possibilities of becoming a 
commercial product. It relies on components that is in a rapid development; 
such as computers and high resolution CCD-arrays, and as this 
development carries on we will most certainly see systems like this become 
a standard measuring tool in the industry. Its main advantage is that it is 
very easy to use. All you need is a computer to analyse the images, a CCD-
camera to capture the images and a laser to create the speckles. Since it is not 
an interferometric technique, one do not need a vibration damped table 
meaning that measurements may be performed out of laboratory 
environment. 



A review of speckle metrology 

The granular structure formed in space when coherent light is scattered by 
or transmitted through an optically rough surface is called a speckle pattern. 
The formation of a speckle pattern is not unique to visible radiation; it is 
also observed in other parts of the electromagnetic spectrum and in 
acoustics. The actual structure of the speckle pattern depends on the 
coherence properties of the incident field and on the surface characteristics 
of the optically rough object. The interest in speckle patterns is not new; in 
the later part of the nineteenth century considerable interest was shown in 
interference phenomena in scattered light such as Newton's rings. The first 
reported observation of a speckle pattern is in 1877, when Exner2  reported a 
granular structure obtained in the diffraction pattern from a glass plate on 
which he had breathed. He used a candle as a light source. The interest in 
speckle patterns were revived after the development of the laser in the early 
1960's, by the observation that all holographic reconstructions are 
accompanied by it. The speckle pattern was considered the bane of 
holographers, and the pioneer work within the field was aiming at reducing 
the effects of the speckle pattern on the image. But it is, in fact, not possible 
to reduce the speckle noise and still retain a coherent image. During the late 
1960's the interest was turned from the unwanted aspects towards the use of 
speckle patterns. Since then a number of books and review artic1es3-6  on this 
subject have appeared. 

Of particular importance to speckle metrology is the average speckle size, 
which may be adjusted to suit the resolution of most detectors 
(photographic film or some other recording medium). The speckle size is 
determined by the angular subtense of the illuminated object on the 
recording plane in the case of an objective speckle pattern and by the f-
number of the imaging lens in the case of a subjective speckle pattern7. The 
speckle pattern undergoes changes when the object is deformed. These 
changes have been examined in detail by Yamaguchi8, and is the basis in the 
various techniques within speckle metrology. 

Perhaps the most obvious application of a speckle pattern is to use it to 
measure surface roughness9; if a speckle pattern is produced by coherent 
light incident on a rough surface then surely its statistics must depend on 
the detailed surface properties. Whilst this is undoubtedly true, it is also 
true that it is in general difficult to extract meaningful surface information 
from speckle patterns, especially for surface roughnesses greater than the 
wavelength. 

The great interest in speckle metrology lies in its ability to detect and 
measure surface movements. This is done by using either Speckle 
Photography (SP) or Speckle Interferometry  (SI).  The distinction between 
the two techniques is somewhat subtle, since both involve photography (or 
some other appropriate imaging), and both involve interference. In speckle 
photography one studies the bulk movement of the speckles using one 
beam only, whilst in speckle interferometry the object deformation is 



determined by studying the interference between two beams. Indeed, many 
prefer to think of Speckle Interferometry as in-line, or on-axis, image plane 
holography, due to the similarities in the optical set-up. 

The most robust and easiest of the two techniques is speckle photography. 
The usual procedure, to record the bulk movement of the speckles, is to 
double expose a single photographla The developed negative is usually 
referred to as a specIdegram. The positional shift is measured either by 
pointwise filtering or by whole-field filtering. By pointwise probing the 
specklegram by a narrow laser beam at preassigned points on the negative 
the displacement field is determined. The separation of the so obtained 
Young's type fringes is inversely proportional to the average displacement 
within the illuminated area and their orientation is perpendicular to the 
direction of displacement. In-plane displacements and tilt can be obtained 
from double-exposure specklegrams by employing this method. The whole-
field filtering gives a fringe pattern whose separation depends on the 
incremental change rather than on the absolute value of the deformation 
component. The speckle pattern described requires a coherent source for its 
generation. During imaging, only the speckle pattern pertaining to a plane, 
lying either on the object or away from it, is imaged on the recording 
material. Excessive deformation leads to decorrelation;  i.  e.,  speckle patterns 
before and after deformation are not structurally the same. The range of 
laser speckle metrology is thus limited. 

The speckle pattern need not be created by interference of coherent waves, it 
can be created artificially by attaching a random pattern onto the object 
surface. A white light source can then be used to monitor the deformation 
of the object. The filtering is done in the same way as with laser speckles. 
This technique is often called White Light Speckle Photographyl 1(WLSP). 
The advantage is that very large surfaces can be studied optically with 
reasonably accuracy. The decorrelation is negligibly small and may arise 
only due to defocusing. A similar approach has been adopted in fluid 
mechanics, usually referred to as Particle Image Velocimetry (PIV). By 
putting light reflecting particles in the fluid, with the same density as the 
fluid, and by using a light sheet and pulsed illumination, the velocity field 
in the seeded flow can be measured12. 

Speckle photography offers a limited sensitivity which is controlled by the 
speckle size. The sensitivity of the measurement can be increased by using 
speckle interferometry, and being an interferometric technique the 
sensitivity is controlled by the wavelength of the light. A smooth (for out-
of-plane measurement) or a speckled (for in-plane measurement) reference 
wave is added to the speckled image field to code its phase when the object 
is deformed. This was first described by Leendertz13. By the use of a smooth 
reference wave a sinusoidal interference pattern will be obtained along the 
optical axis, and as a point on the object moves out-of plane the intensity of 
the corresponding speckle will change, which results in fringes of constant 
deformation. By the use of a speckled reference wave, the interference 
between the object wave and the reference wave will produce a sinusoidal 



interference pattern in the plane of the object surface, and as a point on the 
object moves across the interference pattern the intensity of the 
corresponding speckle will be modulated to produce fringes in the full 
image. By this technique only one displacement component at a time can be 
measured. In this content it is worth mentioning a technique called Speckle 
Shear Interferometry14  (shearography), who measures derivatives of surface 
displacement. The optical set-up is similar to those in speckle photography, 
but a reference wave is produced by shearing the one beam speckle pattern, 
for instance via a Michelson interferometer for coding the phase changes 
introduced by deformation. Shearography is most direct for out-of plane 
deformation derivatives. 

Perhaps the greatest use of speckle interferometry has been in the field of 
vibration analysis, to study mode shapes. The original speckle 
interferometer built for visual detection of mode shapes was constructed by 
Stetson15.  Ek  and Molin16  considered the statistics of the brightness 
variation of the speckles and showed that their contrast varies Bessel-like 
with the vibration amplitude, which made it possible to get quantitative 
information out of the vibration pattern. When the eye was replaced by a 
video camera17, the method became commercially available. Today there 
exists several systems on the market, designed both for in-plane and out-of 
plane measurements, and both for static and vibration analysis. The major 
drawback of these so called Electronic Speckle Pattern Interferometry (ESPI) 
systems is that the speckles will distort the fringes and make it difficult to 
extract meaningful information. The next breakthrough in the area came 
when Stetson introduced his so called Electronic-Holography (EH) system. 
Still being an ESPI system the effect of the speckle distortion have been 
minimized by the introduction of phase stepping and speckle averaging, so 
that the quality of the interferograms are close to them obtained in 
holographic interferometry. 

The trend towards more easy-to-use systems can be followed in Speckle 
Photography as well. This will implacably end up with the introduction of 
computers in the evaluation of the displacement field. The usual procedure 
to analyse double exposed specklegrams is by pointwise probing the 
developed negative with a narrow laser beam. To get the full displacement 
field, hundreds of points on the negative have to be analysed. This tends to 
be time consuming and susceptible to human errors. Therefore automatic 
evaluation of the fringes is preferred. In the literature there exists many 
algorithms designed for this purpose, some of the most commonly used 
have been analysed by Huntley19. Although this is a step towards a more 
user-friendly Speckle Photography system it still has an obvious drawback; 
the time consuming procedure of film processing. Some obvious 
advantages would be gained if the photographic process is replaced by a 
video system. Such a system would make it possible to continuously record 
a sequence and afterwards analyse the displacement field by comparing 
suitable images. Since the individual images are stored electronically in the 
computer the handling of such a system is very convenient. This new trend 
was first seen in PIV, where the particle density is much lower than in laser 
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speckle photography. Therefore a new method, correctly called Particle 
Tracking Velocimetry20(PTV), in which each individual particle is followed 
through multiple video frames, have gained increased attention. Within 
solid mechanics, one has to use another strategy because of the high density 
of speckles. Chu et al21  suggests a method called digital image correlation. 
The basic idea is to digitize two speckle patterns of the surface and minimize 
a difference correlation function between subimages of the different 
patterns. Since this is a rather time-consuming procedure fast computers 
have to be used. Another, more economic approach, denoted as 
displacement-only laser speckle correlation22  have been developed by Chen 
and Chiang.  Subimages  of digitized speckle pattern pairs are analysed by a 
normalized product correlation algorithm, to give the displacement field. In 
this thesis an electronic speckle photography system, designed after the 
same principle is described. The system uses a CCD-camera and a frame 
grabber card coupled to a  PC-computer  to record and analyse the motions of 
the speckles. 

Content of the thesis 

In Paper A an algorithm designed for electronic speckle photography is 
presented and analysed using computer generated speckle patterns. The 
algorithm is based on a two-dimensional discrete cross correlation between 
subimages from different speckle pattern pairs. The correlation is performed 
in the Fourier plane for calculation efficiency.  Subpixel  accuracy is obtained 
by a Fourier series expansion of the discrete correlation surface. The accuracy 
of the algorithm was found to vary linearly with speckle size, being reversed 
proportional to subimage size and to the square of the normalized 
correlation coefficient, with negligible systematic errors. For typical values 
the uncertainty in the displacement is about 0.05 pixels, which means 
around 1 p.m in a real experiment. 

To optimize the performance of an electronic speckle photography system, 
one has to analyse the errors associated with basic experimental conditions. 
In Paper  B  the systematic and random errors due to  undersampling,  
illumination divergence and displacement magnitude have been analysed 
and measured. The nature of the systematic error is such that a drift towards 
the closest integral pixel value will be introduced. Due to the finite extent of 
the pixels, considerable  undersampling  is tolerable before systematic errors 
occur. The random errors are mainly dependent on the effective f-number 
of the imaging system, and speckle decorrelation introduced by object 
displacement. When sampling at a rate of about 70% of the Nyquist 
frequency systematic errors are avoided and the random errors are kept 
around 0.03 pixels. 

Three applications using the electronic speckle photography system is 
presented in Paper  C.  In the first application the in-plane deformation field 
in a holed sheet of paper is measured. The paper is illuminated by a 
collimated laser beam to produce a speckle pattern which is captured at 
different deformation states using a CCD-camera. The system is used to 
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process the images to give the in-plane deformation field around the hole. 
Secondly hygroexpansion of paper is studied. Paper samples are put into a 
climate chamber in which the humidity can be controlled. Coal powder is 
put onto the surface to give a random pattern. Images at different 
humidities are captured in white light and processed using the system. The 
third application is to study crack properties of composite materials. A uni-
directional composite with a prefabricated crack is pulled perpendicular to 
the crack and illuminated by a collimated laser beam. The electronic speckle 
photography system is used to study the in-plane deformation field around 
the crack as it opens. 
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Electronic speckle photography: Analysis of an algorithm 
giving the displacement with subpixel accuracy 

M.  Sjödahl  and L.R. Benckert  
Luleå  University of Technology, Division of Experimental Mechanics, 

S-951 87  Luleå,  Sweden. 

Abstract 

Replacing photographic recording by electronic processing has some 
obvious advantages. An algorithm used for electronic speckle pattern 
photography is presented and the reliability and accuracy is analysed 
using computer generated speckle patterns. The algorithm is based on a 
two-dimensional discrete cross correlation between subimages from 
different images.  Subpixel  accuracy is obtained by a Fourier series 
expansion of the discrete correlation surface. The accuracy of the 
algorithm was found to vary in proportion to a/n(1-5)2, (a = speckle 
size,  n  = subimage size and 5 = amount of decorrelation), with 
negligible systematic errors. For typical values the uncertainty in the 
displacement is about 0.05 pixels. The uncertainty is found to increase 
with increased displacement gradients. 

Key-words: 
Speckle photography, electronic speclde photography, laser speckles, in-
plane displacements, subpixel accuracy, computer generated speckle 
patterns 
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I. Introduction 

Speckle photographyl has become a widely used technique for 
measuring in-plane displacements in solid and fluid mechanics. The 
basic idea is to compare typical patterns on the surface before and after a 
deformation has taken place. One way of producing these patterns is to 
use the speckle properties of the scattered light from an optically rough 
surface which is illuminated by coherent light2. The usual procedure is 
to double expose photographic film and extract the information by 
pointwise probing the developed negative with a narrow laser beam. 
The spacing and direction of the so obtained Young's fringes determine 
the local displacement vector. In the literature there are many systems 
and algorithms designed for automatic analysis of these fringes3A. 
Some of the algorithms are described and evaluated by Huntley5. This 
procedure has an obvious drawback since it is dependent on 
photographic film and hence the time consuming procedure of film 
processing. Some obvious advantages would be gained if the 
photographic process was replaced by a video system. Such a system 
would make it possible to continously record a sequence and 
afterwards analyse the displacement between interesting images, of less 
than one speckle diameter and without the 180° ambiguity in 
displacement direction. Since the individual images are stored 
electronically in the computer the handling of such a system is 
simplified. Sutton et a16-8  have in several articles described a method 
called digital image correlation, where they have replaced the 
photographic process by a video camera. The basic idea in digital image 
correlation is to digitise two speckle patterns of the surface and 
minimize a difference correlation function between subimages of the 
different patterns. Another approach, denoted as computer speckle 
interferometry, which in fact is the digital equivalent of traditional 
speckle photography is described by Chen and Chiang9,10. 

The purpose of this paper is to present an algorithm designed for the 
measurement of in-plane displacement fields and to provide an 
investigation of the robustness of the algorithm when subjected to 
decorrelation and displacement gradients. Section 11 of the paper 
describes the algorithm. The idea is to digitally cross correlate 
subimages from two similar but relatively displaced speckle patterns, 
and apply a maximum search routine near the correlation peak in 
order to obtain subpixel accuracy. To provide an objective assessment 
of the algorithm, computer simulated speckle patterns were used, the 
simulation of which is described in section III. In section IV the results 
of the accuracy analysis are presented, followed by discussion and 
conclusions. 
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IL Description of the algorithm 

The equipment needed for electronic speckle photography is a video 
camera (or equivalent) and a computer equiped with a frame grabber 
card. Consider two speckle patterns that have been digitised into the 
computer, one before and one after deformation of an object. These 
patterns will be a unique fingerprint of the object surface, and have an 
appearence like figure 1. Ideally the displaced speckle pattern will be a 
translated, rotated and deformed copy of the undisplaced one. The two 
patterns are put into two arrays, hi and h2, both with dimensions 

NxM.The problem is to determine 
the displacement of each point in h2 
relative to the corresponding point 
in hi. Assumed that the 
displacement gradients are 
sufficiently small between the 
exposures the displacement can be 
considered constant within a small 
subregion of hi and h2. Then the 
problem is reduced to that of 
determining how much each 
subregion of h2 has been translated 
relative the corresponding 
subregion of hi. The result from 
such an operation would give the 
average displacement within the 
chosen subregion (denoted by kx  and 
kY  in the  x-  and  y-directions 

Figure 1. A computer generated 128  x  respectively). Bailey et aim have 
128 pixel speckle pattern, 	 analysed a few algorithms designed 
as it is seen by a video camera. to compare two images with each 

other and they recommend the 
product correlation algorithm, which is found to be the least sensitive 
to disturbances. If a square subregion with side  ni  of hi is denoted by 
1151, and the corresponding subregion with side n2 of h2 is denoted by 
1152 the discrete correlation between hs2 and hi is defined as12  

m-1 m-1 
c(k,l) = 	1, ch.82(i,phsi(k+i,i+p) ; k,l=0, 1, , m-1 

i=0 j=0 
(1) 

where h51 and hs2 have to be sufficiently padded with zeros up to the 
size of m (m is typically  ni  +n2) in order to avoid wrap around errors in 
the period of the correlation function and * denotes the complex 
conjugate. Equation (1) is rather time consuming to evaluate for the 
high values of m used in this paper, but the correlation may be 
performed much faster in the spectral domain12. The 2-D discrete 
Fourier transform, 5" of the padded sequences h51 and hs2 is defined 
aS12,13,14 
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1 m-1 m-1  
Hdr,$) = F(hsi) =717 E E (hsi(k,l)exp(-27ti(rk+s1)/m)) 

k=0 1=0 

1 m-1 m-1  
Hs2(r,$) = 5-(hs2) = 	E E (hs2(k,l)exp(-27ri(rk+s1)/m)) 

k=0 1=0 
r,s=0, 1, , m-1 	 (2) 

and is efficiently carried out by an  FFI'  algorithm. By the definition of 
the discrete Fourier transform equation (1) can be rewritten as121314  

c(k,1)=5--1(H*s2}Is1) 	 (3) 

where  k  and 1 are the matrix indices, 5-1  is used to represent the 
corresponding inverse Fourier transform and the multiplication is 
carried out element by element. This way of calculating the correlation 
is closely related to the pointwise analysis of double exposed 
specklegrams by the 2-D Fourier transform method. Then the input 
pattern is essentially the sum hs  of hi and hs2 representing the area on 
the specklegram illuminated by the interrogating laser beam. The 
diffraction pattern is represented by I F(h) 1 2  = HeHs. A Fourier 
transform of the diffraction pattern  i.  e.  of Hs*Hs, which is the 
autocorrelation of hs, gives the displacement. A typical result from a 
correlation calculated by equation (3) is shown in figure 2. Each point 
in the array c(k,l) represents the amount of correlation between hsi and 
hs2. The location of the maximum value of c(k,l) gives the mean 
translation of hs2 relative to hi expressed by integer values of kx  and 
ky. If a large deformation has taken place between the two exposures, 
the correlation function will produce a smeared out peak, because of 
the decreased correlation between the two subregions. A first choice of 
hi considerably larger than hs2 will increase the chance for a succesful 
detection of the peak position. To produce a well defined peak it was 
found advantageous to iterate the described procedure, with a new 
choice of hi (of the same size as hs2) which corresponds to the last 
estimated translation while keeping 11,2 fixed. 

In general the displacement will correspond to non-integral values of 
kx  and ky  which means that the actual peak of the correlation function 
lies between the pixels. To determine the values of kx  and ky  one has 
to estimate the continous correlation function. Chen and Chiang10  
suggests a biparabolic fit of the peak, and define the peak position to be 
the extremum of the obtained polynomial. A similar approach would 
be to use bicubic splines. However using the fact that c(k,l) once have 
been Fourier transformed and hence can be considered harmonic, the 
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Figure 2. A contour map of a discrete 
correlation, using equation (3), between 
two subimages. The true displacement 
between the two subimages was kx  ky  = 
7.5 pixels. The first subitnage has been 
shifted in order to obtain maximum 
correlation. 

°5 	5.5 	6 	6.5 	7 	7.5 	8 	8.5 	9 	93 	10 

Displacement (pucks) 

Figure 3. Correlation intensity 
versus displacement in pixels; 
estimations of the continous 
correlation function, along one row 
close to the peak position, given by 
equation (6) (the continous line), 
cubic splines (dashed) and a least 
square parabolic fit of the five largest 
values (dashdotted). The true 
displacement between the two 
subimages was kx  =  k  = 7.5 pixels. 

surface may be expanded in terms of a Fourier series. Define the 
continous correlation function u(x,y) as13  

MM 
u(x,y) = 	I (C(r,$)exp(27ci(rx+sy)/P)) 

	
(4) 

r=-M s=-M 

where  P  is assumed to be odd (P=2M+1<n). C(r,$) is the discrete Fourier 
coefficients defined as 

P-1 P-1 1 
C(r,$) = 	E E (c(k,l)exp(-27ri(rk+s1)/P)) 

1(.0 1=0 
r,s=0, +1, -±-2, ,  i-M (5) 

c(k,l) is the discrete correlation function given by equation (3). A 
combination of equation (5) and (4) then gives, after some lengthy but 
straight forward manipulations, 
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i2 
 

/.  
z 
Detector 

P-1 P-1 sin(E(x-k)) sin(It(y-1))  
u(x/Y) = Fi L, Z.,  c(k'l)  sin(rt(x-k)/P) sin(n(y-1)/P) k=0 1=0 

(6) 

In the same way it can be shown that choosing  P  to be an even number 
gives a similar equation where the sines in the denominator are 
replaced by tangents. Equation (6) is singular for integral choices of  x  
and  y.  If for instance  x  is integral, equation (6) reduces to an one 
dimensional expansion along that row, and if both  x  and  y  are integers 
equation (6) reduces to u(x,y) = c(x,y). Theoretically the most accurate 
result will be obtained if  P  is choosen to be the entire size of c(k,1). If m 
is large this will result in rather time consuming calculations, but to 
our experience the peak of the correlation function is well defined and 
a choice of  P  as small as 11 does not affect the accuracy of the algorithm. 
Figure 3 shows the estimations of the continous correlation function, 
along a row, near the peak given by equation (6) and two other 
interpolating functions. It is seen that equation (6), and the cubic spline 
provides similar estimations of the peak position, but equation (6) is 
more well defined. The relative unsuccess of the least square parabolic 
fit routine is explained by its sensitivity to amplitude errors of c(k,1). 
To search for the maximum value of equation (6), a one dimensional 
parabolic interpolation extremum search routine is applied alternately 
in the  x-  and  y-directions, starting with the integral estimate given by 
the discrete correlation function. The routine used is often referred to 
as Brent's method and is exhaustively described by Press et all& 

III. Computer generated speckle patterns 

Spec1de patterns recorded by a video camera will in general be affected 
by many factors such as the aperture ratio of the lens, speclde 
decorrelation and characteristics of the detector (usually a ccd-array). In 
order to analyse the accuracy of the algorithm these factors have to be 
taken into account. To analyse the systematic errors one also has to 

know the exact displacement 
field between the two patterns. 

Plane 2 	A direct way of controlling the 
depending parameters is to use 
computer simulated speckle 
patterns. The method of 
simulating speckle patterns 
described by Huntley5  has been 
adopted here. 

Consider the two planes shown in 
Figure 4. Plane 1 is the pupil plane 
of the lens used to image the object 
surface onto the detector (plane 2). 
The simulation is started by filling 
the real and imaginary parts of 

Figure 4. Relative orientation of Plane 1 
and 2 used for simulating speckle patterns. 
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A'2(In2,n2) (the amplitude of the speckle pattern incident on the 
detector in absence of the lens) with random numbers from a Gaussian 
distribution with a zero mean and a standard deviation of unity. The 
corresponding amplitude distribution in plane 1, A'i(mi,ni) is related 
to A'2(m2,n2) by the Fourier transform. The effect of the lens is 
produced by transformation to plane 1, multiplication by a window 
function Wi(mi,ni) for a circular iris, followed by transformation back 
to plane 2. The speckle pattern affecting the detector, I2(m2,n2) is the 
modulus squared of this low-pass filtered amplitude distribution 

12(m2,ti2) = I 5-1  (Wi(rni,ni)F(A'2(m2,n2))) I 2 	 (7) 

Wi(1111,ni) is defined as 

	

Wi(mi,n0 -= 1 	mi2+ni2 5. (D/2)2  

	

= 0 	rni2+- 12 n > (D/2)2  
InI, ni = -N/2, -N/2+1,.. ,N/2-2, N/2-1 

(8) 

The pupil,  D  has to be choosen such that the spatial frequencies are 
retained in the subsequent calculations. In order to fulfill Shannon's 
sampling theorem this implies a maximum pupil diameter of N/2, 
which results in a minimum subjective speckle diameter of 2.4 pixels5. 

To create a displaced speckle pattern, the translation property of the 
Fourier transform pairs5,12,13  is used. 

A'id(mi,ni) = 	exp(-27ti(kmmi+knni)/N) 	 (9) 

Multiplying A'id(mi,n1) by the window function Wi(mi,ni) followed 
by a transformation to plane 2 will produce a translation of A2(m2,n2) 
by (km,  kn)  pixels, where km  and  kn  may be non-integral. This operation 
is cyclic in nature, which means that speckles disappearing off one edge 
of the array reappear at the opposite edge. Speckle patterns are 
therefore created in larger arrays than are retained in the subsequent 
calculations. In practical applications there may be partial decorrelation 
between the two patterns, due to large deformations, out-of-plane tilt 
or changes in the scattering surface. This can be simulated by adding an 
independent speckle pattern A21(m2,n2) to A2d(m2,n2)5. The displaced 
speckle pattern affecting the detector is therefore defined as 

I2d(m2,n2) = I (1-5)A2d(m2,n2)+5A2i(m2,n2)  I 2 	 (10) 

The decorrelation parameter 5 ranges between 0 and 1, representing the 
amount of decorrelation between the two exposures. 

So far displacement gradients (produced by strain and/or rotation) 
have not been considered. To study the robustness of the algorithm 
against such disturbances the gradients have to be simulated. A speckle 
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pattern strained in the  x-direction 
can be obtained by repeatedly using 
equation (9), where  kn  is replaced by 
kns  defined as kns  =  k e, k  is the 
column number for the image in 
plane 2, and  e  is the applied strain.  K  
is kept fixed, then after 
transformation back to plane 2 the 
k'th column of A'2d(m2,n2) is copied 
into the same column of 
A.2s(m2,n2). The procedure is 
repeated with all values of  k  until 

1/4> 

A'2s(m2,n2) has been filled. Then 
A'2s(m2,n2) is transformed to plane 
1 and the window function is 
applied. The strained speckle 
pattern, Is2(m,n) is then calculated 
from equation (7). In order to retain 
the spatial frequencies, and hence 
the speckle size, the window 

function Wi(mi,ni) has to be applied after the pattern has been 
strained. Assuming that the response of the detector is linear, 
therecorded speckle pattern, Ic(m,n) may be written  

Ic(m2,n2) = round (a(I2(m2,112)-It)/(Imax-It)) 	; 12(m2,n2) It 
= 0 	 ; I2(m2,n2) <It 	(11) 

It  is a value representing the threshold sensitivity of the detector. 'max  
is the maximum value within I2(m,n), a is a constant representing the 
gray level resolution of the detector (usually 255, i.e one byte) and the 
operation round means the closest integral value. The speckle pattern 
shown in figure 1 is generated in this way. Figure 5 shows the 
probability density function of Ic(m,n) as determined from an array of 
256  x  256  datapoints,  and a threshold value of It  = 'max/78 (the value 
7.8 was obtained by comparing the probability density functions of a set 
of real speckle patterns captured by a Philips 0600/00 CCD camera and 
computer generated speckle patterns). The continous line is the 
theoretically expected distribution2  for an ideally sensitive detector. 
The form of the probability density function is expected, because the 
filtering process described by equation (11) will increase the amount of 
black in the picture. This on the other hand will lower the mean value 
of the intensity with an increased probability of bright as a result. 
Finally the displaced and strained speckle patterns recorded by the 
detector, Icd(m2,n2) and Ics(m2,n2) may be calculated from equation (11), 
replacing I2(m2,n2) by I2d(m2,n2) and I2s(m2,n2). 

Figure 5. Probability density function, 
P(I), of the registred intensity in Plane 2 
versus intensity over mean intensity. 
Results from one 256  x  256 pixel 
computer generated speckle pattern. The 
contionous line is the expected negative 
exponential curve for an ideal detector. 
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Dame  k  69  n  

1 7.5 7.5 32 2.4 7.8 0 

2 75 7.5 16 2.4 7.8 0 

3 73 7.5 32 2.4 7.8 025 

4 73 75 32 4.8 7.8 0  

5 7.5 73 32 2.4 20 0 

6 7.5 7.5 32 2.4 7.8 0.5 

7 0.5 03 32 2.4 7.8 0  

8 03 0.5 16 2.4 7.8 0 

9 73 7.5 32 72 7.8 0  

10 73 73 64 2.4 78 0  

0660040 £ ki fl aI../14  6  

11 0.05 0 16 2.4 7.8 0 

12 0.05 0 32 2.4 7.8 0 

Tabk IL Results of analysis of twelve diem«. 

Dataset  5.12(%) ky 

I 100 7.496 7.497 0.049 0.045 0.052 
2 73 7.498 7.496 0.103 0.098 0.108 
3 98 7.500 7.497 0.001 0.076 0.085 
4 92 7.490 7.490 0.122 0.114 0.130 

100 7.493 7.494 0.047 0.044 0.050 
6 45 7324 7313 0.195 0.185 0.204 
7 100 0.497 0.495 0.046 0.013 0.050 
8 80 0.498 0.495 0.101 0.096 0105 
9 77 7.494 7.485 0.176 0.166 0.185 
10 100 7.490 7.488 0.017 0.015 0.019 

IV. Analysis of the algorithm 

The computer model was used to generate a total of 120 speckle 
patterns, subdivided into 12  datasets  of 10 images, with an image size of 
256  x  256 pixels. The 12 sets of input parameters are listed in Table I. 
The patterns allow the effect of displacement magnitude (compare  
datasets  1 and 7, 2 and 8) , detector characteristics (1 and 5), subimage 
size (1, 2, and 10), speckle size (1, 4 and 9), speclde decorrelation (1, 3 
and 6) and strain (1 and 12, 2 and 11) to be investigated. The speckle 
patterns within each  dataset  were generated with the same input 
parameters, but from independent speckle patterns, to allow 
statistically significant conclusions to be drawn about the algorithm. 
When both kx  and ky  are integers the displaced pattern will be an exact 
copy of the undisplaced one and the algorithm will detect the true 
displacement with negligible error. The most severe test of the 
algorithm is when both kx  and ky  are halfway between pixels. The 
analysis of each speckle pattern pair (displaced and undisplaced) was 

started by subdividing the displaced 
speckle pattern into subimages of 
choosen size (32  x  32 or 16  x  16). The 
algorithm described in chapter II was 

Table I. Parameters men to generate twelve  datasets  of speckle 

patterns 	 applied to each subimage to obtain 
an estimation of the mean value 
and the standard deviation of the 
displacement in each speckle 
pattern. In the case of a strained 
speckle pattern, each column of the 
pattern will have undergone 
different displacement. To analyse 
the effect of strain, the mean 
displacement within each subimage 
was calculated (for the subimage size 
of 32  x  32 the mean displacement 
ranges between 1.025 and 12.225 in 7 
steps, and for the subimage size of 16 

16 it ranges between 0.625 and  
12.625 in 15 steps). The difference 
between the estimated displacement 
and the true mean displacement 
within each subimage, Akx, was 
calculated and averaged to obtain 
the mean value and standard 
deviation of the error due to strain.  

Dataset  S.R  Ok. 	0 	00. 	0 	ky 	ly 	fiy  
The results obtained from the 

11 82 -0.002 0.154 0.146 	0.160 0.001 0.071 0.068 0274 
12 100 -0005 0.154 0.143 ale 0.000 0.047 0.045 0.019 simulation are given in Table II. S.R. 

is an abbreviation of the success rate. 
The criteria used to determine 
whether or not the patterns had 
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been successfully detected, was that the estimated values of both  k.  
and ky  should be within 0.5 pixels of the true values. The means and 
standard deviations of the displacements were estimated from all the 
successful results. The estimates of the means from the 10 independent 

speckle patterns are shown in Table II as  k.  , ky and äk. . As 
expected the standard deviations of  k.  and ky  were not found to be 
significantly different from one another and were therefore combined 
to give a more reliable estimate, s, of the true standard deviation, with 
a lower and an upper 95% confidence limit denoted by s1  and su, 
respectively. In  datasets  11 and 12 the speckle patterns have been 
strained. An immediate analogy between the standard deviations in 
the  x-  and  y-directions can not be found, therefore the standard 
deviations are presented as s. and  sy,  with corresponding lower and 
upper 95% confidence limits. 

V. Discussion 

Several interesting observations emerge from the results listed in 

Table II. First, the mean values  k.  , ky  and äk are not significantly 
different from the true values. In general therefore the systematic 
errors are less important than the random errors. 

The second observation is that of the reliability of the algorithm. If the 
edge effects of  dataset  2 is taken into account (i.e skipping the first 
column and last row of the estimated displacements, because half of 
the subimages have been filled with zeros) the success rate increases to 
80%. This together with the results obtained in  datasets  1, 5, 7, 8, 11 and 
12 implies that the reliability of the algorithm is independent of 
displacement magnitude (within a resonable range), strain and 
threshold value of the detector. On the other hand comparing  datasets  
1, 2, 10 and 1, 4, 9 suggests that the algorithm needs a well defined 
pattern, with as many speckles as possible within each subimage in 
order to be successful. It is therefore desirable to keep the ratio rtia as 
high as possible. As expected the amount of decorrelation greatly affects 
the reliability of the algorithm, which is found by comparing  datasets  1, 
3 and 6, but as long as 8 is less than 0.25 and the ratio  nia  is large 
enough decorrelation is a minor problem. 

The final point of interest concerns the variation in standard deviation 
amongst the 12  datasets  under investigation. A comparison of  datasets  
1 and 9 together with 2 and 8 shows that, as long as the peak has been 
successfully detected the accuracy of the algorithm is not affected by 
displacement magnitude. This is to be expected because the subimages 
has been shifted in order to produce maximum correlation. The 
standard deviations from  datasets  1 and 5 are comparable, suggesting 
that the threshold ratio 'max/It of the detector is not important as long 
as the gray level resolution remain unchanged. This is reasonable 
because the threshold factor simply acts as a scaling of the intensity, a  
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smaller ratio gives a greater probability of black, while the position of 
the individual speckles remain unchanged. By contrast the speckle 
size, subimage size and speckle decorrelation influence the accuracy 
considerably. The standard deviation, s, appears to vary linearly with a  
(datasets  1,4 and 9), as 1/n  (datasets  1,2 and 10) and as 1/(14)2  (datasets  
1, 3 and 6). If the standard deviation is taken to be an estimate of the 
random error, an empirical relationship for the random error,  e,  due to 
recording and evaluating properties  (datasets  1-10) may be written as  

e = 0.66 a/n(1-8)2 	 (12) 

The standard deviations due to strain appears to be proportional to  n  
and  e  (compare  datasets  1 and 12, 2 and 11) for a fixed speckle size. In 
solid mechanics strains are fairly small. If for instance steel is strained 
in the order of 0.2% (with is much less than the 5% used in  datasets  11 
and 12) it has reached its elastic limit, with large speckle decorrelation 
as a result. This would imply that the random error due to strain is 
neglible. Rotation on the other hand does not have this material 
limitation on its magnitude, and since both the strain tensor and the 
rotation are derived from the displacement gradients they have the 
same effect on the algorithm. The reason why the random error 
increases when the speckle pattern have been strained is that the 
speckles within each subimage have undergone different 
displacement. When the deformed and undeformed subimages are 
correlated no perfect fit will be found with a decrease in correlation 
peak magnitude and increase in random error as a result. As long as 
the strain is small enough so that at least parts of the finite speckles 
overlap the algorithm will detect the mean translation within the 
subimage. With the same reasoning small rotations will be successfully 
detected as long as parts of the speckles overlap within the subimage. If  
e  is thought of as the variation in the displacement field within each 
subimage, it may have the physical interpretation of rotation and 
hence represent the rotation angle between exposures.  Datasets  11 and 
12 may therefore be interpreted in the manner that rotations of the 
order of 0.05 radians will increase the random error by a  faktor  3. Since 
the interaction between  e  and the other parameters have not been 
studied, the results from  datasets  11 and 12 are not included in 
equation (12). 

In equation (12) the random error of the algorithm is expressed in 
pixels. This is convenient because it makes the formula applicable on 
all kinds of detectors. If for instance a square CCD array of the size 1 cm 
subdivided into 256  x  256 pixels is used as a detector, the random error 
for an experiment with the magnification 1, speckle size 2.4 pixels, zero 
decorrelation, subimage size 32  x  32 pixels and neglectable strain would 
be 2 gm. In the above example the minimum allowed speckle size in 
the detector plane is 94 gm, to be compared with a typical speckle size 
of 5 gm when using photographic film. 
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VI. Conclusions 

An algorithm used for electronic speckle pattern photography has been 
presented and analysed using computer generated speckle patterns. 
The speckle patterns have been generated using the characteristics of a 
Philips 0600/00 CCD camera, but it was found that the cut-off intensity 
of the detector does not influence the accuracy of the algorithm. The 
systematic errors from the algorithm were found to be negligible, while 
the random errors vary as 0.66 a/n(1-8)2, where a is the speckle size,  n  
is the subimage size, 8 is the amount of decorrelation between the two 
images. Variations in the displacement field (rotation and strain),  e,  
seems to affect the random errors in proportion to  ne, wich  implies 
that large rotations will decrease the accuracy of the algorithm. The 
reliability of the algorithm was found to be dependent on the same 
variables as the random errors, and it is shown that keeping the ratio 
between subimage size and speckle size, n/cr, above 10 gives a success 
rate over 80%. 

An electronic speckle pattern photography system has some significant 
advantages over standard speckle photography. The method will allow 
displacements of less than one speckle diameter to be measured, and 
will also give the displacement direction uniquely without the 180° 
ambiguity. Although the accuracy of the system is not as high as the 
conventional photographic technique, we believe that the rapid 
development of new high resolution CCD cameras will make systems 
like the one described very competitive, with all the inherent 
advantages of recording and processing the patterns electronically. 
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Systematic and random errors in electronic speckle photography 

M.  Sjödahl  and L.R. Benckert  
Luleå  University of Technology, Division of Experimental Mechanics, 

S-971 87  Luleå,  Sweden. 

Abstract 

Electronic speckle photography offers a simple and fast technique to 
measure in-plane displacement fields in solid and fluid mechanics. Errors 
due to  undersampling,  illumination divergence and displacement 
magnitude have been analysed and measured. The nature of the systematic 
error is such that a drift towards the closest integral pixel value will be 
introduced. Due to the finite extent of the sensor area, considerable  
undersampling  is tolerable before systematic errors occur. The random 
errors are mainly dependent on the effective f# of the imaging system, and 
speckle decorrelation introduced by object displacement. When sampling at 
a rate of about 70% of the Nyquist frequency systematic errors are avoided 
and random errors minimized. 

Key-words: 

Speckle photography, electronic speckle photography, laser speckles, 
sampling laser speckles, in-plane displacements, systematic errors, random 
errors, WLS, PIV 
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I. Introduction 

Speckle photographyl has become a widely used technique for 
measuring in-plane displacements in solid and fluid mechanics. The 
basic idea is to compare typical patterns in the image plane before and 
after a deformation of an object has taken place. One way of producing 
these patterns is to use the speckle properties of the scattered light from 
an optically rough surface illuminated by coherent light2. Traditionally 
a photographic film is double exposed and the information is extracted 
by pointwise probing the developed negative with a narrow laser 
beam. The spacing and direction of the so obtained Young's fringes 
determine the local displacement vector. This procedure has an 
obvious drawback, the time consuming procedure of film processing. 
Some obvious advantages could be gained if the photographic process 
is replaced by a video system. Such a system would make it possible to 
continously make a record of a sequence and afterwards analyse the 
displacement by comparing suitable images. The displacement could be 
less than one speckle diameter and there will be no 1800  ambiguity in 
the displacement direction. Since the individual images are stored 
electronically in a computer the handling of such a system is very 
convenient. Sutton et a13-5  have in several articles described a method 
called digital image correlation, where they have replaced the 
photographic process by a video camera. The basic idea in digital image 
correlation is to digitise two speckle patterns of the surface and 
minimize a difference correlation function between subimages of the 
different patterns. Another approach, denoted as computer-aided 
speckle interferometry, which in fact is the digital equivalent of 
traditional speckle photography is described by Chen and Chiang6. The 
same authors have also developed a system called displacement-only 
laser speckle correlation7  in which subimages of the speckle patterns 
are analysed by a normalized product correlation algorithm. A similar 
algorithm, based on the cross correlation idea, has been developed by  
Sjödahl  and Benckert8  

The purpose of this paper is to analyse the systematic errors introduced 
by the sampling procedure and the random errors in a real electronic 
speckle photography system, using the algorithm presented earlier8  
where the accuracy was analysed using synthetic speckle patterns. In 
section II of the paper, the effect of digitally sampling of a speckle 
pattern is analysed. To provide an analysis of the errors in a real 
system, an experiment was designed to give an objective assessment of 
the interesting parameters. This experiment is described in section III. 
In section IV the experimental results are discussed, followed by 
conclusions. 

2 



2— 

(3) 

II. Theory for digital sampling of speckles using a CCD-array 

When a speckle pattern is to be 
digitized into a computer, 
considerable care have to be taken of 
parameters such as average speckle 
size and spatial frequency content. 
Consider the three planes shown in 
figure 1. Plane 1 contains the 
diffusely reflecting object, 
illuminated by a coherent light 
source. Plane 2 is the pupil plane of 

Lena 	 Detector 	the lens used to image the object 
surface onto the detector (plane 3). 
Assuming that the object 
illumination is uniform then 
according to Goodman2  the 

Incident light 	 autocorrelation of the speckle 

Figure 1. Relative orientation of the planes used calculated if the pupil plane is 
in the analysis of the speckle patterns. 

	pattern in the detector plane can be 

treated as a uniformly bright rough 
surface. Define the complex 

coherence factor for the field in the image plane as 

PA (AiXAby) 
	Ft 1P(,) 12) 	

(1) 

f f tM,y) 1 2  cgdig 

where I P(,V) 1 2  is the intensity transmittance of the lens pupil, F 
represents a two-dimensional Fourier transform and Ax and Ay is the 
displacement in the image plane. Using the complex coherence factor the 
autocorrelation of the speckle pattern may be written as 

Ri(Ax,Ay) = <I>2  [ 1+ 1 ptA  (Ax,Ay) I 2](2) 

For the imaging geometry shown in figure 1 the intensity transmittance is 
of the form circ(2p/D), where circ(x)=1 for x51, zero otherwise and  p  = 
( 24.11,2)112. Combining (1) and (2) the autocorrelation of a speckle pattern 
when imaged through a circular aperture is given by 

Plane 1 Plane 2 Plane 3 

Object 

Ri(r) = <1>2  1+ 

Xz  
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where r = [(6,x)2+(Ay)2 ]1/2 and ji(nDr /2a) is the first order Bessel function of 
the first kind. The average speckle size is choosen to be the value of r where 
the Bessel function first falls to zero (Rayleigh criterion). Denoting this 
distance by a we have 

AZ 
a = 1.22  i-Ti 
	

(4) 

In other words the average speckle size is linearly dependent on the 
quotient z/  D,  usually referred to as the f# of the lens, for a given 
wavelength. Another quantity of considerable interest is the power spectral 
density of the speckle pattern, because it is a measure of the spatial frequency 
content of the image. The power spectral density, Uux p) is defined as the 
Fourier transform of the autocorrelation function given by equation (2). For 
the circular image geometry of figure 1, the power spectral density will be 
the Fourier transform of equation (3) and equals 

leu)=<I>2{Seux,u),)+ (1'.z-D)2  LI[cos-1(2;iuj- 
Az 

 '\/1-01  
n  

(5) 

for u 5 D/Iz, and zero otherwise, where u = (ux2+uy2)1/ 2. A cross section of 
this distribution is shown in figure 2a. It follows that in any speckle pattern 
low frequency fluctuations are the most populous, and that the field is 
bandlimited to frequencies below D/A.z. 

So far we have been dealing with continous speckle patterns only, the next 
concern will be to digitize the speckle pattern using a sensor array. Let I(x,y) 
denote a continous two-dimensional speckle pattern with known mean 
<I>, and p(x,y) the sensitivity profile of each sensor of the detector, which is 
assumed to be symmetric. Then according to sampling theory9  the 
digitization of the image is equal to convolution of the image with the 
sensitivity profile of each sensor, followed by sampling with a delta function 
at the centre of each sensor. Denoting the digitized speckle pattern array by 
F(i,j) that is 

F(i,j) = [ I(x,y)*p(x,y) [  I I  8(x-i8x, y-jSy) 	 (6)  
x=-...y=-..«.  

where * means convolution, Sx and Sy denote the pitch of the sensor array 
in the  x  and  y  directions respectively and  i  and  j  are array indices. The 
spectral content of the digitized speckle pattern array is given by its power 
spectral density, F.(yx,py). Taking the Fourier transform of the 
autocorrelation of equation (6) one gets 
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= I F(I(x,y)) 2  I F(13(x,y)) 1 2  *  E  z ö(ux-iax, Dy-j/8y) 	(7) 

i=0 j=0 

uaz/D  

Figure 2. The process of sampling a speckle 
pattern imaged through a circular aperture. (a) 
Power spectral density of a continous speckle 
pattern.  (b)  Power spectral density of the pixel 
sensitivity profile.  (c)  Sampling function.  (d)  Power 
spectral density of the digitized speckle pattern. 

2t2 
max I 8x, Sy I 

or expressed expressed in speckle size  

The first factor of equation (7) is 
recognised as the power spectral 
density of the continous speckle 
pattern given by equation (5). The 
second factor is simply the Fourier 
transform of the autocorrelation of 
the sensor sensitivity profile. Taking 
the sensor to be a square pixel with 
side a the second factor of equation 
(7) will have the form 
sinc2(aux)sinc2(avy). Thus the 
sampled image power spectral 
density is composed of a modulated 
power spectral density of the 
continous speckle pattern replicated 
over the spatial frequency domain at 
integer multiples of the sampling 
spatial frequency (1/5x, 1/5y). If the 
power spectral density of the 
continous speckle pattern is 
bandlimited such that 1(.ux,uy) = 0 
for It)), I > 1/25x and I  Dy  I > 1/25y, 
then the individual spectra of 
equation (7) will not overlap. A 
modulated replica of the continous 
speckle pattern may be completely 
reconstructed from the samples if 
the above mentioned sampling 
criterion is fulfilled. This is known 
as the Nyquist sampling criterion, 
stated here as 

(8) 

max I 5x, 5y I 5. 0.41a 	 (9) 

where the speckle size is defined as in equation (4). The described procedure 
for which the Nyquist sampling criteria is exactly fulfilled can be followed in 
figure 2a-d.  The sensor characteristics of a Sony XC-77ce have been used 
(pixel size 11x11 gm and pixel pitch of 11.5 gm in both directions). 
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If we have spectral overlap resulting from  undersampling,  spurious spatial 
frequency components will be introduced into the reconstruction, which in 
general results in systematic errors in the evaluation of the displacement. 
This is known as an aliasing error. In the following the behaviour of the 
systematic error resulting from  undersampling  will be studied. Consider 
any speckle pattern I(x,y) and its slightly shifted replica I(x-dx,y-dy) which 
both have been improperly bandlimited and digitized. The cross correlation 
between these two speckle patterns in the frequency domain is given by 
equation (7) where the first factor is multiplied by a shift factor9  equal to 
exp[-i2it(uxdx+uydy)1. The nature of the systematic error can be studied by 
assuming a somewhat simpler image- and recording geometry than 
mentioned above. Suppose that the speckle patterns have been imaged 
through a square aperture of side L and recorded by a point detector array 
with pixel pitch 5 in both directions, then the sampled Fourier transform of 
the cross correlation reduces to 

Xz 
OF(1)x,Dy) = <I>218(ux,Dy)+ 	e5x./1(-2e)y)} expn(u.dx+Dydy)] * 

n-1 m-1 
z 	uy-vs) 	 (10) 
i=0 j=0 

where A(x) = 1-1x1 for lx151, zero otherwise. The reconstructed cross 
correlation Rigtlx,Ay) is obtained by taking the inverse Fourier transform of 
equation (10) over an area defined by the pixel pitch9  

1/28 

Rii(Ax4y) =fc14-(vx,1)y)exp[21ti(Dxäx+)yåy)] dvxdvy  
-1/28 

The described procedure, where Laz < 1/8 < 2L/I.z, can be studied in figure 
3a-c.  It is seen that the reconstructed cross correlation will be the sum of two 
parts. The first part is a bandlimited version of the true correlation, part A, 
where it can be shown that the peak position does not change due to  
undersampling.  The other part, part  B,  is due to leakage, which moves the 
peak position towards the closest integral pixel value. When the 
displacement is an exact multiple of 5/2 no systematic error will be 
introduced in the evaluation of the peak position. A second observation is 
that the peak power reduces due to  undersampling  (ideally it is 2/<I>2) 
which means that synthetic decorrelation is introduced in the sampling 
procedure. 
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Figure 3. The effect of  undersampling  in the cross correlation function. The sampling 
frequency is 60% of the Nyquist frequency. (a) The triangle part of equation (10).  (b)  
The reconstructed cross correlation function (response in It11(Ax,0)/<L>2) where the 
translation is 0.3 pixels, versus displacement.  (c)  The reconstructed cross correlation 
function (response in Ru(Ax,0)/<I>2) where the translation is 0.7 pixels, versus 
displacement. 

It should be noted that the finite extent of the sensor will cause a spatial 
degradation of the ideal speckle pattern, often called image blur. The finite 
extent of the sensor is not always a detriment, however. Consider the 
sampling procedure described in figure 2. If the continous speckle pattern is 
insufficiently bandlimited so that it is undersampled, the finite extent 
sensor provides a low-pass filtering of the image, which in turn serves to 
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limit its spatial frequency content, and hence to reduce aliasing errors. For a 
speckle pattern this effect will be of great importance since it is the high 
frequency components, which is the least populous, that will be cancelled. 
According to  Sjödahl  and Benckert8  the random errors of the evaluation 
algorithm used in the system are linearly dependent on the speckle size, and 
according to Yamaguchil0  the decorrelation of the speckle patterns will 
increase with increased f#. Therefore it is desirable to keep the speckle size as 
small as possible. Equation (9) suggests a smallest speckle size of 2.44 pixels 
(where a pixel denote the distance between two sensor elements). The finite 
extent of the sensor, however, will limit the effect of  undersampling  and 
make it possible to use smaller speckles than suggested by equation (9), 
without systematic errors in the detection of the extremum of the 
correlation peak. The amount of  undersampling  that may be acceptable is 
due to the sensitivity profile of each sensor. This effect of reduced 
susceptibility to  undersampling  by using a sensor of finite size is seen in the 
results presented in section M. 

Another problem of considerable interest is how the first-order statistics of 
the digitized speckle pattern is influenced by the finite extent of the sensor. 
Following Goodman2  an approximate form of the probability density 
function for integrated speckle patterns is of the form 

Hc—TI'l  exp[-x--) 
<I> 	<I> 

p(I) -...- 
roc) 

for I 0. <I> is the true mean of the speckle intensity, F(K) is a gamma 
function of argument  x  defined as 

[
K  = L' Rs(Ax,  e)  1 gA (Ay) I 2dAxdäy 

Rs(Ax, Ay) is the normalized autocorrelation function of the sensor 
sensitivity profile and µA  (Ax,Ay) is the complex coherence factor defined in 
equation (1). -lc can be interpreted as the number of speckle correlation cells 
within the sensor, and as the sensor shrinks the number of correlation cells 
influencing the measured intensity I asymptotically approaches unity. For a 
point sensor  x  equals 1 and equation (10) takes the form of the well known 
negative exponential function valid for speckle intensity at a point. An 
expression for  x  valid for the imaging geometry in figure 1 and the square 
sensor mensioned above is given by 

(12)  

00 

]  

(13)  
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ju
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anDr  dAxdAy  ; r  = Räx)2+(äy)2p12 (14) K =  

in which the integration limits have been normalized, and the symmetry of 
the integral has been used. Equation (14) does not have an exact solution but 
can be solved either by numerical integration or by using a series expansion 
of the Bessel function. The latter results in a polynomial in the factor 

c=(anD/Äz). 

1 j
-
7 29 187 239 ,A  

- —c2  +c4  - 	 c8  - 
12 	3456 	138240 e6 + 27648000 	1393459200 

cic10+0(c12)]
-1 

(15) 

According to equation (8) a proper choice of the f#, to avoid aliasing, is (z/D) 
?. 2 max I 8x, Sy  I /  X.  , where 6,, and 8), is the pixel pitch in the  x  and  y  
directions respectively. For the sensor described above and red light 
illumination this implies a smallest f-number of 36. A plot of the probability 
density function (equation (12)) for the f#'s 36, 26, 18 and 13  (K  = 1.20, 1.40, 
1.90 and 2.89 respectively) is shown in figure 4. Hence the effect of the finite 
extent of the detector is that the amount of black in the image will decrease. 
This will influence the evaluation algorithm described by  Sjödahl  and 
Benckert8  in which the negative exponential properties of the speckles have 
been amplified because of the threshold intensity of the detector. In the cross 
correlation the subimages have been padded by zeros to avoid wrap around 
errors in the period of the correlation function. If the individual speckles 

are randomly positioned and 

	

0 . 8 	 completely isolated (which they 
would have been in the case of a 

	

. 6 	 point detector) this is the proper 
thing to do. But as the amount of 

	

. 4 	 black in the images decreases the 
individual speckles will no longer 

	

. 2 	 be isolated which means that the 

<1>P(1) 

/ \\  

Figure 4. 	Probability density 
functions for a speckle pattern recorded by 
a detector having the finite size of 11x11 
mm, for the different f#'s of 36 (continous 
black line), 26 (continous grey line), 18 
(dashed) and 13 (dashdotted).  

zero padding of the subimages will 
produce a modulated rectangle 
function. The cross correlation 
between the two subimages will 
then be composed of the sum of a 
triangle function and the cross 
correlation of the speckle patterns. A 
way to avoid this problem is to pad 
the subimages by their mean value 
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rather than zeros. Then the rectangle part of the subimage is never 
introduced and the cross correlation will be uneffected. This is equivalent to 
subtracting mean intensity from the speckle pattern before the zero padding, 
but reduces the computation time. 

HI. Experiments with speckles recorded with a CCD-array 
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has been rebuilt with synchronous 
PC 	 Monger 	pixel clocking, with a resolution of 

512x512 pixels), a Micro-Nikkor 55 
mm lens, a 386-PC computer 
equipped with a frame grabber card 
(Leutron vision LFS-AT) and a 
monitor. The algorithm described by  
Sjödahl  and Benc.kert8  has been 
coded in  C++  (with the change that 
the subimages are padded by their 
mean value instead of zeros, before 

Figure 5. 	Schematic of the experimental setup. the correlation) to run on the PC. 
The object surface is illuminated by 

a spatially filtered laser beam, from a 30 mW He-Ne  laser, and a camera lens 
was used to obtain a collimated beam. Two different test objects were used. 
The first object was constructed for pure translation, and the other one to 
produce a pure rotation. The test objects were painted with diffusely 
reflecting white paint and illuminated by the laser beam. To get an 
understanding of the basic experimental considerations involved in an 
electronic speckle photography system, the effects of translation and rotation 
magnitude,  undersampling  and divergence of the illumination field on the 
accuracy of the system have been analysed. The test objects were used to 
generate a total of 56 speckle pattern pairs (displaced and undisplaced), with 
an image size of 512x512 pixels. The 56 sets of parameters are listed in Table I 
(pure translation) and Table 11 (pure rotation), together with the output 
responses. The rotation and translation magnitudes are controlled by fine 
pitch micrometers, and rescaled in pixels in order to be magnification 
invariant. The effective f# is calculated, using the magnification definition 
and the lens formula, to be f#=F#(5.8+s)/s ,where F# is the lens f-number, 5.8 
is the effective size of the CCD-array and s is the size of the imaged object 
(easiest determined by putting a ruler onto the object). The divergence of the 
laser beam is defined from the points where the intensity drops to 1/e2  on 
both sides of the maximum intensity. In Table I the parameters having the 
same illumination divergence and translation magnitude have been run 
sequentially in order to study the systematic error introduced by  
undersampling.  The run order within Table II has been randomized to 
eliminate systematic biases. The analysis of each speckle pattern pair was 
started by subdividing the displaced speckle pattern into subimages of 32x32  
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Table I. Purr Iran:slat ion Table II. Pure rotation 

Trans Divergence fa Success Rota lion Divergence fa Success 0 
Ipixes1 	degrees) Rate 194 I Pi...Ls] 1144641 Idegreel Idegra6s1 Role 1%1 (degrees: 1151x401 

525 0 36 100 5.179 0.060 0.21 0 36 103 0.207 0.101 
5.75 0 36 103 5.775 0.062 0.21 0 36 100 0.212 0.104 
10.25 0 36 100 10.233 0.075 0.46 0 36 100 0.444 0.204 
10.75 0 36 100 10355 0.089 0.46 0 36 103 0.466 0. 199 
525 ii 36 100 5.188 0.068 0.21 11 36 100 0.221 0.133 
5.75 11 36 100 5.757 0.069 0.21 1 1 36 103 0.213 0.098 
10.23 11 36 99 10.095 0089 1146 II 36 100 0.460 0.211 
10.75 II 36 98 10.701 0.091 . 0.46 11 36 103 0.460 0.211 
5.25 0 26 100 5.145 0.029 0.21 o 26 100 0.214 0.049 
5.75 0 26 100 5.756 0.033 0.21 o 26 ioo 0.216 0.052 
10.25 0 26 100 10.226 0.037 0.46 o 26 103 0.418 0.076 
10.75 0 26 99 10.747 0.038 0.46 0 26 100 0.463 0.083 
5.25 11 26 100 5.152 0.033 0.21 II 26 1CO 0.205 0.045 
5.75 II 26 100 5.725 0.034 0.21 II 26 100 0.226 0.050 
10.25 II 26 100 10.124 0.040 0.46 II 26 100 0.468 0.089 
10.75 II 26 99 10.709 0.042 0.46 II 26 MO 0.456 0.086 
5.25 0 18 100 5.110 0.026 0.21 0 18 100 0.218 0.082 
525 0 18 100 5.800 0.034 0.21 0 18 100 0.209 0.079 
10.25 0 18 100 10.162 0.028 0.46 0 18 99 0.465 0.080 
10.75 0 18 100 10.812 0.032 0.46 0 18 99 0.456 0.086 
5.25 II 18 100 5.096 0.022 0.21 II 18 100 0.208 0.084 
5.75 ii 18 100 5.837 0.028 0.21 11 IS 103 0.217 0.087 
10.25 II 18 100 10.111 0.025 0.46 II 18 103 0.456 0.084 
10.75 II 18 98 10.776 0.033 0.46 11 18 100 0.456 0.087 
5.25 0 13 100 5.025 0.026 

5.75 0 13 100 5.918 0.038 

10.25 0 13 98 10.049 0.030 
10.75 o 13 96 10.941 0.033 

5.25 II 13 100 5.011 0.018 

525 II 13 100 5.922 0.036 

10.25 11 13 95 10.022 0.021 

10.75 11 13 94 10.898 0.042 

pixels. The algorithm was used on each subimage to get the in-plane 
displacement fields shown in figure 6a,b. For the case of a pure translation, 
the mean value and standard deviation of each displacement field was 
calculated. The standard deviation of the  x  component is in general larger 
than the  y  component, therefore only the  x  component is considered in the 
analysis. The calculation was performed on all the results, from the first 15 
columns, which were considered successful. The reason why the last 
column has not been taken into the analysis is that the results have been 
influenced by edge effects, since speckles in the original image cannot be 
found in the displaced one. To analyse the effect of rotation, the 
orthogonality between the position vector and the displacement vector has 
been used. Since the exact position of the centre of rotation is generally 
unknown, it has to be determined. Assuming that the centre of rotation is at 
the point with coordinates (0,0) and the first coordinate in the result matrix 
is in the unknown position (xo,yo). Since the distance between the points in 
the result matrix is known (Ax and Ay respectively), the scalar product 
between each position vector and corresponding displacement vector can be 
calculated. Due to the orthogonality, ideally each scalar product is exactly 
zero, so by summing up the squares of the scalar products a response surface 
is obtained 

n-1 m-1 
f(x0,y0) = 	E { [ xo+jåx] u(i,j) + [ yo+iAy jv(i,j) }2  

i=0 }=0 
(16) 
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Figure 6. 	Rigid body deformation fields obtained in the experiment. (a) Rigid body 
translation.  (b)  Rigid body rotation. The measured area is 9.1x9.1 mm subdivided into 
16x16  datapoints.  

in which m and  n  are the number of elements in the  x  and  y  directions 
respectively, and u(i,j) and v(i,j) are components of the displacement vector 
in the  x  and  y  directions respectively for each point in the result matrix. By 
taking the partial derivatives of equation (16) the values of xo  and yo  that 
minimizes f(xo,y0) can be exactly solved. Once the centre of rotation is found 
the mean rotation angle, 12, is determined by averaging the quotient of the 
displacement and position vector magnitudes at all points, from the three 

Figure 7. 	The rotation field from figure 6b replotted as (a) predicted rotation angle 
versus position vector magnitude, and as  (b)  predicted displacement magnitude versus 
position vector magnitude. 
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quadrants not containing the centre of rotation. Once the mean rotation 
angle has been determined, the standard deviation of the displacement can 
be calculated. The reason why the quadrant that contains the centre of 
rotation has not been considered in the calculation of the mean rotation 
angle can be seen in figure 7a and  b.  In figure 7a it is seen that the error in 
rotation angle is considerable larger for small radii than for large ones. On 
the other hand the error in displacement as a function of radius, figure 7b, 
does not show this connection. This is as expected since the relative error in 
displacement is much larger for small radii, due to the smaller displacement 
magnitude. 

IV. Discussion of theory and experiments 

Several interesting observations emerge from the results listed in Table I 
and Table  H.  First, the systematic errors of Table I seems to be significant for 
f# 18 and f# 13. In figure 8 the displacement residuals relative f# 36 are 
plotted. A clear tendency for a drift towards the closest integral pixel value is 
seen for the two lowest f#'s. This is in agreement with the analytical results 
obtained in section II. For f# 26 the finite size of the pixels serves as a low 
pass filter, to minimize the effect of  undersampling.  Therefore the 
systematic errors are less important for f# 's above 25 than the random 
errors. 

The second observation is that of the reliability of the system. In nearly all  
datasets  the reliability is close to 100%. Comparing this with results from 
earlier investigations8  it implies that speckle decorrelation has a minor 

Displacement restcluals relative fa  36 	effect on the reliability, within the 
ranges used in the experiment. It is 
worthnoting that the rotation 
magnitude is kept under 0.5° in 
Table II. For larger rotation angles 
decorrelation starts to become a 

0 	  problem. The decorrelation 
influence is first apparent for f# 36, 
while the lower f# 's seems to be 
more robust. This is in agreement 
with Yamaguchil0  and Li and 
Chiang11, who concludes that 
decorrelation decreases with 

4° 	decreasing speckle size. 

0.05 

3 

-0.05 

15 	20 	25 	30 35 

0.2 

0.15 

OA 

Effective fa  

Figure 8. 	Displacement residuals 
relative f# 36. The mean values for f# 36 in 
Table I have been subtracted from the rest 
of the mean values having the same 
translation and illumination divergence. 
Translation 5.25 pixels (+), translation 
5.75 pixels (*), translation 10.25 pixels 
(o) and translation 10.75 pixels  (x).  

The final point of interest concerns 
the variation in standard deviation 
amongst the 56  datasets  under 
investigation. First pure translation 
is considered. Since the systematic 
errors for f# 13 were so large these 
standard errors are not considered in 
the analysis. The remaining 24 
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datasets  are analysed using multiple regression12. An expression explaining 
96% of the variation in Table I is found to be 

	

S = 0.092 - 0.0073 f# + 0.000087T4 + 0.0001742 	 (17) 

where 'r is the translation magnitude expressed in pixels. Expression (17) is 
valid within the limits 5.25<t<10.75 pixels and 18<4<36. Secondly the 
standard errors of Table II are considered. Using multiple regression12  , an 
expression explaining 98% of the variation in standard error due to pure 
rotation is found to be 

	

s = 0.55 - 0.0374 - 0.390 + 0.02148 + 0.0006342 	 (18) 

where 8 is the rotation angle expressed in degrees. Expression (18) is valid 
within the limits 0.210<e<0.460  and 18<4<36. Studying expression (17) and 
expression (18) it is seen that the divergence of the illumination does not 
have any effect on the standard error (at least not for divergence angles 
below 110). In expression (18) an extra term (the main effect due to rotation 
magnitude) is added to the expression. This is the effect of a displacement 
gradient observed earlier using synthetic speckle patterns8  where it was 
observed that the random errors increase linearly with displacement 
gradients. Since an interaction term between f# and displacement 
magnitude is present both in expression (17) and expression (18) it is of 
interest to study the interaction effects of these variables. It is seen that the 
errors are larger for large displacements than for small displacements for all 
fit's but the difference is larger for large f#'s. We conclude that it is 
advantageous to use small f#'s. By taking the partial derivatives of 
expression (17) and expression (18) the f#'s giving the smallest standard 
errors can be calculated. For the case of a pure translation an optimum f# 
around 20, and for rigid body rotation an optimum f# between 26 (8 = 0.20) 
and 23 (8 = 0.40) is calculated. The optimum f# is somewhat higher for rigid 
body rotations. This is as expected since the individual translations in the 
rotation field is equally distributed over the displacement field. Therefore 
the systematic errors in the rotation field will increase the random errors, 
while the systematic errors in a translation field will influence all 
measuring points equally. So in most applications an optimum f# to avoid 
systematic errors and minimize random errors is around 25, for our 
detector. 

Expressions (17) and (18) approximate the results obtained in our 
experimental setup and are not generally applicable. However in earlier 
work8, using synthetic speckle patterns, it was concluded that the random 
error,  e,  seems to vary as 0.66a/n(1-5)2  pixels, where a is the speckle size (in 
pixels),  n  the subimage size and 6 is the amount of decorrelation (01). 
Rewriting this with the aid of equation (4) and noting that all experiments 
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have been analyzed using a subimage size of 32, the random error may be 
expressed as 

f#  
e 

711(1-5)2 (19) 

Following Li and Chiang10, an expression for the Yamaguchi decorrelation 
factor, y=1-5, can be obtained assuming that no out-of-plane translation has 
taken place  

y = [(8-sin0)/702 	 (20)  

where 

= 2cos4er-ID 	 (21) 

Idr1 is the speckle displacement at the pupil plane (plane 2 in figure 1), and  D  
is the diameter of the lens aperture. Speckle movements in the diffraction 
field have been analyzed by Yamaguchin . An expression for lg and AN, (the 
components of Idr1) can be written as 

A4=ax-Lo[exxlsx+Exylsy+f2zIsy-Oy(lsz +1 )] 
= ay  -  Lo  [ Eyy lsy + exy lsx - 	lsx - nx lsz  + 1 ) 

	
(22) 

where it has been assumed that the illumination is parallel, the pupil plane 
is parallel with the object plane, and that the aperture is small compared 
with  Lo.  ax  and ay  are the components of the object translation,  E  and f2 are 
the components of the strain tensor and rotation vector respectively, and Is  
is the direction cosine vector of the illumination direction. Combining 
equations (19) - (22) a general expression for the random error,  e,  using 
subimage size 32 is obtained. In figure 9a,b the experimental results and 
expression (17) and (18) are plotted against expression (19) using the 
Yamaguchi theory to estimate the decorrelation. A good agreement is found 
between the experiment and expression (19) for all cases except for pure 
translation at f# 26, where expression (19) seems to overestimate the random 
error. It is concluded that the random error for the subimage size of 32 may 
be estimated using expression (19). Above it was observed that the 
divergence of the illumination direction did not have any effect on the 
standard error. In the experimental setup an object translation of 200 gm 
with divergent illumination, will produce a change in illumination 
direction of 0.010. This is equivalent to an out-of plane tilt  (ny  in equation 
(22)) of the object by 0.010. By combining equations (19) - (22) the expected 
increase in random error due to a change in illumination direction, can be 
calculated to be 0.009 pixels for f# 36 which is consistent with the 
experimental results of Table I. 
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So far we have been dealing 
with simple rigid body 
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Figure 9. Comparison between the experiments (dashed line) and an expression based 
on decorrelation (continous black line) for (a) pure translation and  (b)  pure rotation. The 
experimental fluctuations are indicated by bars. 

V. Conclusions 

The systematic and random errors for an electronic speckle photography 
system due to  undersampling,  illumination divergence and displacement 
magnitude have been analysed. It is found that systematic errors are 
introduced if the speckle patterns are sampled below 70% of the sampling 
frequency. The nature of the systematic error is such that a drift towards the 
closest integral pixel value will be introduced. Systematic errors due to 
illumination divergence and displacement magnitude are found to be 
negligible. The random errors for our system and subimage size 32 seems to 
vary as f#/711?2, where f# is the effective f-number of the imaging system 
and  y  is the Yamaguchi decorrelation factor. The success rate of the system is 
close to 100% as long as the decorrelation is kept within a reasonable limit. 

An electronic speckle photography system has some significant advantages 
over standard speckle photography. The method will allow displacements 
of less than one speckle diameter to be measured, and will also give the 
displacement direction uniquely without the 1800  ambiguity. It is seen that 
using detectors with as large fill factor as possible, considerable  
undersampling  will be tolerated before systematic errors are introduced. 
Since the random errors decrease with decreased speckle size, the rapid 
development of high resolution CCD cameras will make systems like the 
one described here very competitive, with all the inherent advantages of 
recording and processing the patterns electronically. 
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ELECTRONIC SPECKLE PHOTOGRAPHY: SOME APPLICATIONS  
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S-971 87  Luleå,  Sweden. 

Introduction 

A diffusely reflecting surface illuminated by coherent (laser) light appears 

grainy when viewed by eye or by a camera. These so called laser speckles form a 
pattern which behaves as being attached to the surface. They follow any surface 
displacement. This property is the basis for the measurement of in-plane 

displacement fields by speckle photographyl. By recording two images of the 

surface, one before and one after a deformation, two speckle patterns will be 

recorded. The displacement of a point on the surface is obtained from the 
displacement of the corresponding speckles in the two speckle images. A 

similar approach is to cover the surface to be studied with a synthetic pattern 

and use white light for illumination. The analysis of the two techniques are 

identical. In this paper three experiments using a newly developed electronic 

speckle photography system are presented. 

Principles of electronic speckle photography 

An experimental set-up for electronic speckle photography is shown in figure 

1. A measurement is started by recording two speckled images of the object 

surface, one before and one after deformation of the object, using a CCD-

camera, frame-grabber and a computer. A speckle pattern has a random 

distribution of light intensity between zero and a maximum value2. The 

typical speckle size is determined by the imaging geometry (0=1.2224 where a 

is the speckle size,  X  the wave length of the laser and f# is the effective f-

number of the imaging system). Since the speckle patterns are digitized, the 

speckle size is essential. It is shown3  that recording the patterns using a CCD-

array with high fill factor,  undersampling  at 70% of the Nyquist frequency is 

tolerable before systematic errors are introduced in the analysis. The analysis of 

the specicle patterns are made on a finite area basis. To measure the 

displacement at a specific point on the object, one chooses the corresponding 

subimage (usually 32x32 pixels) from the displaced and undisplaced speclde 
patterns and performs a two-dimensional cross correlation between the 

subimages. The position of the peak coincides with the displacement at that 
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Figure 1. Schematic of the experimental set-up 

used in the experiments. 

adigiaccovat (PE's) 

Figure 2. Principle of the analysis. * means 

cross correlation. 

point, see figure 2. To obtain subpixel 
accuracy in the location of the peak 
position, a Fourier series expansion of 
the peak is performed4. The accuracy in 
the described procedure is about 0.05 

pixels3,4  which for a 1:2 magnification 

gives an accuracy of about lp.m. An 
accuracy suitable in many engineering 

applications. 

Using laser speckles instead of 
randomly attached speckles is 

preferable in most applications. First 

object preparation is minimized since 

the speckles are formed in the imaging 

procedure. Secondly the size of the 

specldes are magnification invariant, 

i.e. they can be optimized to provide as 

accurate results as possible. Last the 
random nature of the speckles 

provides an equally distributed pattern, 

which is crucial for the reliability of the 

system. There are, however situations :-

where the white light technique is 

superior; When the micro-structure of 

the surface changes with time and/or 

deformation the two laser speckle 

patterns might become decorrelated. 

This change in micro-structure will 

not affect the white light technique. 

Application 1: Tensile test of paper 

With ordinary contact measuring 

techniques such as strain gauges, it 

is in general difficult to measure 

strength properties of soft and 
nonisotropic materials such as paper 
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Figure 3. Geometry of the paper sample. 
Imaged area 12x12 mm2. 

Figure 4. The deformation field at the hole. 
Iso-contour lines in pun. Note the local 
variations in the deformation field. 

without influencing the strain field. An tensile test of a holed paper was 

performed in an Instron testing machine. The experimental set-up is shown in 

figure 3, where the statistically most common fibredirection (the so called 

machine direction) of the paper is in the direction of the applied force. The 
experiment was performed under uncontrolled environmental conditions. By 

using an experimental set-up similar to figure 1 and loading the paper at a rate 
of 0.2 mm/minute, images could be captured every 0.1 mm of total elongation. 

In figure 4 an example of the deformation field is shown. It is seen that most of 

the strain appear at the sides of the hole, and the tendency is to oval the hole. 

By careful study of the deformation field, local fluctuations in the field can be 

seen. This is due to local in.homogenities in the paper and arises during 

manufacturing. 

Application 2: Hygro expansion in paper 

When a paper sheet is exposed to a change in humidity it will either expand or 
shrink differently in different directions. In an experiment to study the hygro 

properties of paper (see figure 5), the white light technique was used to 
measure the in-plane deformations due to a change in humidity. White light 

was used since the micro-structure of the paper is changing with changing 

humidity, which will cause the speckles to decorrelate. The paper samples are 
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Figure 5. Experimental set-up for measur- Figure 6. The hygroexpansion in a sheet of  

ing  hygroexpansion in white light. The 	paper obtained by decreasing the 

measuring area has synthetic speckles. 	humidity from 30 % to 10 %. 

put into a climate chamber in which the humidity can be controlled. Coal 

powder is put onto the surface to give a random pattern. Images at different 
humidities are captured in white light and processed using the electronic 

speckle photography system. A reference paper is put onto a balance to keep a 

record of the relative amount of water in the paper sheet. The results of one 

such experiment is shown in figure 6. It is seen that the deformation forms 

ellipses of constant deformation, which proves the anisotropic properties of 

paper for a change in humidity. 

Application 3: In-plane deformations of composites around a cracktip 

10 

Figure 7. Geometry of the prefabricated 
crack. The imaged area was 10.8x10.8 

mm2. 

It is of interest to study the 

deformation field around the 
cracktip of composite materials 

when the crack is loaded 

perpendicular to the crack. 

Therefore two test objects, having 
the same geometries (figure 7), made 

of  uni-directional glass fibre/epoxy 

laminate were fabricated. One of the 

objects had the fibres oriented 
parallel to the crack and the other 

perpendicular to the crack. 
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Figure 8. The  y-component of the opened Figure 9. Displacement field of the 
crack in the specimen having the fibres 	specimen having the fibres oriented along 

oriented perpendicular to the loading, 	the loading. 

An experimental set-up like figure 1 was used. An Instron testing machine was 

used to apply the load and images were captured every 0.1 mm of elongation at 

a stroke rate of 0.4 mm/min. An example of the result can be seen in figure 8 
and 9. For the composite that had the fibres oriented parallel to the crack, a 

clearly visible crack starts to grow at the tip of the prefabricated crack. The crack 

width can be followed throughout the loading cycle, while the rest of the 

composite mainly acts as a hinge. For the composite that had the fibres 

perpendicular to the prefabricated crack, no crack starts to grow. The 

deformation field appears as coming from pure bending. 

Conclusions 

Electronic speckle photography is a powerful tool for the measurement of in-

plane displacement fields. Both laser speckles and white-light speckles can be 

used, but in most applications laser speckles is preferable.The accuracy of the 
present  systern  is about 1 /104  of the side of the measured area. Its greatest 

advantage is perhaps the fact that it is very easy to use. The requirements of 
stability are less severe than for interferometric methods. Electronic speckle 

photography is easily performed both in laboratory and industrial 

environments, which increases its usefulness. 
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