Speckle activity images based on the spatial variance

of the phase
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We propose the display of the local spatial variance of the temporal variations of the phase as an activity
descriptor in dynamic speckle images. The spatial autocorrelation of the speckle intensity is calculated
in sliding windows, and an estimation of the variance of the phase variations in each region of the sample
is determined. The activity images obtained in this way depict some interesting features and in some cases
they could be related to physical magnitudes in the samples. A simulation is presented, and examples
corresponding to usual study cases are also shown, namely, fruit bruising and paint drying. © 2006
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1. Introduction

Dynamic speckle or biospeckle is a phenomenon oc-
curring when laser light illuminates scattering sur-
faces with some type of activity.1.2 For example,
fruits, seeds, and painted surfaces subjected to drying
show this behavior. The study of the temporal evolu-
tion of the speckle patterns may provide an interest-
ing tool to characterize the parameters involved in
some biological applications and industrial processes.

The autocorrelation analysis of the intensity as a
function of time is a classical method for the charac-
terization of dynamic speckle patterns.?4 FWHM is a
possible estimator of speckle lifetime and conse-
quently of the local activity. Another approach to an-
alyze the dynamic speckle is given by the generation
of the time history of the speckle pattern (THSP) and
its characterization using different descriptors. Sev-
eral algorithms were proposed to give a quantitative
measurement of the speckle activity using the
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THSP.56 Although several methods are effective in
some cases, most of them are difficult to associate
with physical changes that occur in the sample.

In the activity images corresponding to dynamic
speckle, the sizes, shapes, and spatial distribution
of the areas of the same gray levels change with
time. There are several methods to generate a qual-
itative display with a speckle pattern activity.27-°
In these cases, a gray level or false color display
shows different regions of the samples that allow us
to discriminate the differential activity of the scat-
tering surfaces.

Some of the display methods already developed
consist of heuristic tools that give little insight into
the physical origins that can be attributed to the
observed activity. As this estimation is an inverse
problem, the causes of the activity most probably
cannot be uniquely determined unless some a priori
knowledge of the phenomenon is available. Never-
theless, under some not very stringent assumptions,
estimations of the spatial variance of the phase be-
tween consecutive frames can be evaluated, and based
on these results, segmentation image displays can
also be obtained.

Phase can be easily associated with its physical
origins. As a matter of fact, the origin of dynamic
speckle phenomena is mainly due to random phase
differences, Doppler effect, beating of waves with
close frequencies, ete. If the reflectance of an object is
constant, temporal variations of the intensity in its
speckle patterns are due to phase changes. Therefore
if the physical origin of the phase change is known or
suspected, the processing leads to additional infor-

1 December 2006 / Vol. 45, No. 34 / APPLIED OPTICS 8733


mailto:hrabal@ing.unlp.edu.ar

mation on the underlying phenomena occurring in
the sample.

Recently, we presented a numerical simulation
that allows for the generation of temporal sequences
of 2D dynamic speckle patterns.1© In this paper we
propose an estimation of the spatial variance of the
phase from the intensity autocorrelation as a descrip-
tor of the local activity of dynamic speckle images. In
the next section, we will briefly describe the theory of
the intensity variations in a speckle pattern gener-
ated by moving scatterers. Then we will show how an
estimation of the spatial variance of phase can be
calculated from its intensity autocorrelation. Finally,
numerical simulations of a typical experiment will be
shown, and the results obtained from two actual ex-
periments on study cases will be presented, namely,
the drying of paint on a coin and the presence of
bruising in a fruit. In these cases, the knowledge of
the height differences in the profile of a coin and the
presence of induced bruising in an apple are exam-
ples of a priori available knowledge that helps to
interpret the results.

2. Theory

In this work we have used the same formulation al-
ready proposed in Ref. 10 as briefly described below.
In this simplified model, the surface of the sample
under study is considered to be composed of a set of
discrete scattering centers. When coherent polarized
laser light with wavelength X\ is used for the illumi-
nation, the amplitude of the electric field Uy, at a
point in the Fresnel region, can be calculated as

U, = §,: a; exp(id;), @))]

where a; and ¢; are the amplitude and phase con-
tributions due to the scattering center j. The usual
assumptions that lead to the definition of a well-
developed speckle pattern are also assumed here.

When the sample shows local activity, the ampli-
tude of the electric field can be written as

U= ?aj expli(¢; + Ad)) |, 2)

where A¢; is the change in the optical phase because
of the activity.

Assuming that a set of K speckle patterns is se-
quentially acquired at equal time steps, a quantita-
tive measurement of the activity of the underlying
process can be obtained through the evaluation of the
spatial correlation coefficient c¢(k) between the first
image and the following ones. Considering that the
process is piecelike stationary during the acquisition
time, c(k) is defined by

I(0)I(k)) — (I(0)XI(k))
{[K2(0)) — O’ ][(L*(ky) — T(R)TH™
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where I(k) is the intensity at a point of each temporal
frame %k and () denotes the spatial mean value oper-
ator over each speckle image of the sequence.

When the Doppler effect is the dominant cause of
the activity, the phase change A¢; may be due to an
alteration Ah; in the height of the scattering centers
normal to the surface. Then,

= (2w/N\)(1 + cos 6))Ah;, 4)

where 0; is the angle between the illuminating beam
and the observation direction normal to the surface at
the scattering center j.

It was demonstrated in Refs. 11 and 12 that the
correlation coefficient c(k) decreases exponentially
with the variance of the phase change. This result
was obtained under the assumption that all ampli-
tude and phase changes of the scattering centers are
statistically independent of each other and of the am-
plitudes and phases of all other scatterers, that the
phase change Ad; g1ven by Eq (4) follows a normal
distribution with a variance o*(Ad), and that there are
no changes in the reflectivity of the sample. Conse-
quently, the correlation coefficient can be expressed as

c(k) = exp[—oz(Ad))], 5)

where the phase change A¢ must be evaluated with
respect to the first speckle pattern of the temporal
sequence (k = 0). Equation (5) holds both for objective
and for subjective speckle patterns, as long as the
surface roughness and the microstructure variation
cannot be resolved. Therefore local estimations of the
phase variance can be calculated if the regions where
the space average is performed are large enough for
the statistics to be effective.

3. Computer Simulation of Time Varying
Speckle Patterns

Sequences of time varying speckle patterns can be
computer simulated using the method described in
Ref. 10. The intensity I(m, n, k) in each speckle pat-
tern point belonging to a given temporal sequence is
evaluated from

I(m, n, k) = IF_ 1{fIF‘[ei‘t’("""'l')]}| 2’ 6)

wherem = n =0,1,...,N — 1 are the plxel coor-
dinates of the CCD detector used to acquire the
speckle images, ¢(m, n, k) is an N X N matrix, which
represents the phase distribution of the scattered
light from the rough surface; i is the imaginary unit;
F and F! are the direct and inverse Fourier trans-
forms, respectively; and H is a circular low-pass filter
with radius r in the Fourier space, which represents
the circular aperture of the camera lens and deter-
mines the average speckle size of the speckle grains.

The speckle phase &(m, n, 0) corresponding to the
first frame k& = 0 is chosen as a matrix with uniform
distributed values in the interval (—ar, w). Consider-
ing that all scattering centers move randomly up and



down along the direction normal to the surface of the
sample, the phase ¢(m, n, k) is evaluated from

&(m, n, k)= db(m, n, k — 1)+ G(m, n, k)
X o[Adb(m, n, k- 1, k)],
k=1,...,K—1, )

where o[Ad(m, n, k — 1, k)] is the standard deviation
of the phase change between two consecutive speckle
patterns, and G(m, n, k) is an N X N random matrix
with Gaussian distributed values having a mean
» = 0, and a standard deviation ¢ = 1, which has to
be recalculated at every frame k.

Through a simple mathematical derivation, the
standard deviation of the phase change between two
consecutive speckle patterns o[Ad(m,n, kb —1, k)]
can be expressed in terms of the correlation coeffi-
cient c(k) of each image with respect to the first frame
of the sequence as

~In[e(k)] = ~In[e(k — 1)] + o[Ab(k — L, ]2 (8)

Therefore the sequence of computer simulated
speckle patterns generated by Eq. (6) is produced using
a phase distribution given by

d(m, n, ky=d(m,n, k— 1)+ G(m, n, k)

X yln ¢(k — 1) — In c(k). 9

The simulation model requires c(k) to be a mono-
tonically decreasing function. This is a limitation of
the model, but this is the case that appears at least in
several processes such as paint drying and metal cor-
rosion. If this requirement is not verified or due to

- noise, the term inside the square root of Eq. (9) could
be negative in some pixels or regions, and then ¢ in
Eq. (8) will not represent the phase variance. Even
when the expression inside the square root of Eq. (9)
is not negative, this is not a guarantee that the con-
ditions required for the model are fulfilled. However,
we are going to see that even in these cases, the
processed image gives some useful qualitative infor-
mation on the distribution of the activity in the ob-
ject.

4. Experiments and Results

We used the described numerical model to generate
speckle activity images based on the spatial variance
of the phase. To test for the possibility of obtaining
segmentation images based on the variance of phase
changes, we numerically simulated a sequence of
active speckle images with different values of the
variance in two different regions. Afterward, the sim-
ulated speckle patterns were processed as follows:
For each pixel of the speckle patterns, the ¢(1) value
was calculated from the first two frames 0 and 1 by
means of Eq. (8) using a 5 X 5 window. The window
size is given by a trial and error optimization com-
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()] (b)
(a) Typical speckle pattern produced by numerical simu-
lation; (b) display of the processed image where the loci of equal &
values are clearly perceived.

Fig. 1.

promise between statistics and resolution. Large win-
dows reduce spatial resolution and improve variance
precision, while the converse is true for small win-
dows.

The same calculation was performed with the
frames 0 and 2 to obtain ¢(2). A map of ¢(1) and ¢(2)
was obtained by displacing the window over the
speckle patterns. Using these maps, an estimation of
the local value of o was calculated by means of Eq. (8).
Then this procedure was repeated for all the consec-
utive sets of three frames belonging to a given tem-
poral sequence. Finally, the temporal average of the
previously computed o values was evaluated.

The space averaging operation that is applied in-
side the window and is required in the calculation of
the variance is in conflict with high space resolution
in the resulting image. The use of a sliding window
results in a tiling appearance of the image. To reduce
this deleterious effect, we decided to perform the es-
timation over a set of consecutive frames taken in
groups of three and to average the results.

Figure 1(a) shows one of these simulated speckle
patterns where the spatial phase variations were set
to different values in two square regions. Although no
hint of that variation can be observed in the previous
image, Fig. 1(b) displays the processed image in which
the loci of equal o values are clearly perceived.

Afterward, we performed several experiments with
actual speckle patterns already used in previous
works. The temporal sequences of speckle patterns
were acquired using the setup shown in Fig. 2. A
divergent laser beam (A = 632.8 nm, polarized) was
used to illuminate the object while a CCD camera
acquired the dynamic speckle patterns and a frame
grabber digitized and stored the intensity data for
each frame. The experimental conditions were: pixel
size, 8.4 pum X 9.8 um; magnification, 1/3; focal dis-
tance of the objective, 50 cm (with added close-up
rings); pupil size, 3.1 mm; illumination angle, ~45¢.
A region wider than the object was illuminated to
assure that the object has received uniform illumina-
tion.

Then, the spatial correlation evaluated inside the
sliding windows was calculated for sets of three con-
secutive frames as described above. The variance of
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Fig. 2. Experimental setup used to acquire speckle pattern se-
quences.

the phase was estimated using Eq. (8), and the activ-
ity image was generated using scaled values of the
calculated variance. For the assumptions stated in
the theory to be valid and the phase variance to be
accurately determined, the speckle pattern must be
well sampled. This means that the mean speckle size
should be greater than the pixel size. This fact was
also taken into account both in the numerical simu-
lations and in the experiments. The average speckle
size used both in the computer simulation and in the
experiments was 2 pixels. Noise in the CCD camera,
in the laser source, and in the image processor, limits
the performance of the method. Because of the noise,
activity changes meaning differences in ¢ smaller
than 0.1 rad cannot be accurately detected.

As explained in Ref. 10, paint drying is a process
that was found to be well fitted to apply the de-
scribed theoretical model. For this reason, one test
involved the painting of a coin with a layer of spa-
tial variable thickness due to its relief. It was ex-
pected that the paint located in thinner layers,
because of the protruding parts of the coin, would
dry faster and therefore would be less active than in
thicker regions. Figure 3(a) shows the original coin
illuminated by incoherent light. One frame of the
sequence of speckle patterns is depicted in Fig. 3(b)
where no hint of the coin relief can be perceived.
Figure 3(c) shows the processed image obtained us-
ing the proposed method. Thinner painted regions
appear darker than the thicker ones, thus indicat-
ing that they are drier and consequently less active
and display smaller variance of the phase varia-
tions. Note that not only coarse features, such as
the numbers on the coin, but also finer detail as on
the rim, can also be observed.

We have also performed a test on a controlled
bruising experiment on an apple. This is an object
that had previously been used as a case study to
evaluate other display techniques.?-*3='5 The object
was a region of an apple where intentional bruising
was produced by letting a calibrated ball with a di-
ameter of 21.9 mm and a weight of 133.6 g fall from
a height of 20 cm. The bruising could not be visually
perceived. An inert object (a piece of metal) was in-
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Fig. 3. (a) Coin observed under incoherent light illumination; (b)
speckle pattern of the coin illuminated by laser light (the imaged
area is =15 mm X 15 mm); (c) display of the processed image
where the loci of equal activity corresponding to equal thickness of
paint appear as gray levels.
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Fig. 4. Display of the activity in a bruised apple experiment (the
imaged area is =20 pm X 20 mm). The upper right corner shows
an inert object included as a reference, and it appears dark. The
bruised region is in the middle to lower region of the image and
appears with a bright rim indicating higher activity than in the
healthy regions.

cluded as a reference surface in the upper right cor-
ner of the image.

As this phenomenon includes biological tissue, its
inner dynamics are poorly known, and it is not to be
expected that the conditions of validity of the pro-
posed model be fulfilled. We found that many errors
occurred as manifested by obtaining negative values
of o%. In this case, one out of three pixels showed this
behavior. We constructed an image excluding these
results, and nevertheless the three regions can be
clearly observed as seen in Fig. 4. The inert region
appears dark, while the healthy regions of the apple,
with intermediate activity, appear in an intermediate
gray level. The bruised region located in the middle to
bottom of the image appears very bright, indicating
higher activity.

The images obtained by applying this methodology
are not high-resolution ones, as also happens with
some other methods involving spatial windows as,
for example, with laser speckle contrast analysis.?
Speckle activity images show some pixeling and also
edge smoothing. Therefore it is expected that edges
will not be well resolved. Sharp activity edges are not
commonplace in biological tissues so that in most
cases this does not constitute a severe limitation.
Nevertheless, notice that on the edge that appears on
the border between the inert material and the apple
in the upper right corner of Fig. 4, the method
distinguishes the activity of both regions quite well.

5. Conclusions

In each of the developed methods, to estimate dynamic
speckle activity, a different magnitude is calculated
and so are the resulting images. Some activity images
are sensitive to the temporal signal roughness (Hurst
coefficient4), some others to entropy,!® others to the
proportion of moving scattering centers,1¢ and others
to the energy present in different temporal frequency
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bands,® to name just a few. In all cases, the a priori
knowledge of the phenomenon under study can help in
the choice of the method to be used, and an expert in
the phenomenon under study helps to discern the best
choice.

In the method that we are proposing here, the ob-
served result reflects the spatial variance of the
phase if the required conditions are fulfilled. That
magnitude can be associated with the velocity of the
scattering centers or to refractive index variations or
to other physical features of the surface that could be
a priort known. It gives different information that
had not been previously exploited in this context. In
some simplified nonbiological examples such as cor-
rosion,!? the variance of phase can be interpreted as
due to the temporal changes in the height of the
surface; a well-defined physical property, but biolog-
ical processes are not so simple and some ambiguity
should always be expected.

The phase variance determined from the spatial
autocorrelation of the intensity of consecutive frames
in a sequence of dynamic speckle patterns can be
used as an estimator of its activity, and if some ad-
ditional information on its origin is available, it can
be related to its physical origin. Activity images ob-
tained with the proposed procedure then add to the
understanding and segmentation of active regions
and can be used for screening of known phenomena
when they satisfy the adequate statistics. A compro-
mise between statistical significance of the estima-
tion and spatial resolution in the resulting image
display is implicit. However, this effect can be par-
tially alleviated by averaging several sets of consec-
utive results when the phenomenon is stationary.

Although in many cases the Doppler shift is the
main origin of the dynamics, this is not always the
case. Refractive index time variations, multiple scat-
tering, and shading are other possible causes, and
these effects were not taken into account in the sim-
ulations nor were they adequately interpreted in the
experimental results, if they were present. Even if
the statistical assumptions are satisfied, the variance
of the phase still can be attributed to more than one
cause.

It should be noted that the computation of c*(Ad)
involves the ratio of two values of the normalized
correlation. In poorly illuminated areas, noise can
possibly be boosted, and erroneous values of the vari-
ance will be obtained. Therefore care should be taken
to maintain a uniform illumination over the whole
sample.

The need for using sliding windows limits both
spatial and intensity resolutions. Variations in reflec-
tivity were assumed not to be present. Nevertheless,
dynamic scattering is known to be a process of many
to one; that is, similar effects can be due to different
causes. Therefore the present work should be consid-
ered as a step forward to obtain more information on
the spatial variation of active samples from their
speckle patterns.
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