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In this  work,  we present  two  simple  methods  to quantify  the mobility  of  dynamic  speckle  patterns.  The
first  method  is  based  on the  averaged  pixel  intensity  differences  between  subsequent  frames,  while the
second  simply  counts  the  fraction  of  pixels  whose  intensity  changes  with  time  in  more  than  a  certain
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quantity  related  to background  noise.  We  have  analyzed  the  applicability  of these  methods  to  different
specimens  (inorganic  and biological)  and  compared  the results  to  check  their  validity.

© 2013 Elsevier GmbH. All rights reserved.
. Introduction

Speckle patterns formed by illuminating objects with a coher-
nt light source are known to possess information about the
bject itself at a scale below that of the wavelength used (usu-
lly called interferometric precision) [1]. The variation or evolution
f a pattern with time, i.e. a dynamic speckle pattern, allows fur-
her analysis of the object in the temporal domain [2]. A dynamic
peckle pattern generally looks like “boiling” and its degree of activ-
ty is what we call, from now on, the speckle mobility (SM). If
he object under study is of a biological kind, then the dynamic
peckle pattern observed receives the name of biospeckle.  In this
ase, the SM is termed biospeckle activity (BA) due to its rela-
ion to the biological activity of the specimen under investigation
3]. The quantification of BA is being increasingly investigated as

 quality-control parameter for fruits and vegetables [4]. It has
een generally observed that aging, bruising, infection or any other
efect of fruits or vegetables are correlated with a diminished BA

ndex [2]. However, a clear understanding, a consistent explanation
nd a standardized method to quantify this phenomenon are still
acking.
Commonly, in order to quantify and analyze the SM or the BA
ndex of different specimens, the autocorrelation of the irradiance
s a function of time is one of the employed methods [5,6]. However,

∗ Corresponding author.
E-mail address: nbudini@intec.unl.edu.ar (N. Budini).

030-4026/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijleo.2013.05.119
there exists a wide variety of approaches such as the quantification
of the speckle pattern’s time history (THSP) by means of different
descriptors like the inertia moment (IM) [3,7–10], the general-
ized differences (GD) method [11], the modified time correlation
method [12], the time evolution inspection of the speckle pattern’s
texture [13–15], the contrast imaging method [16,17], the method
of empirical mode decomposition [10,18], the Fujii difference
method [19] and the analysis of the speckle pattern’s phase evolu-
tion [20], among others. In the case of the Fujii and the GD methods,
both of them provide a matrix of SM or BA values and not a single
quantity or mobility index as is generally desired. Also, the result-
ing values of these methods are dependent upon eventual changes
of the background illumination level, for which the Fujii method
has a better performance. In turn, the IM method does provide a
single value but is generally too sensitive to slight changes in the
speckle pattern (even to noise) and, thus, any time-elapsed analysis
becomes quite noisy. Besides this, the calculation of the IM index
requires selecting a small portion (a row or a column) of the entire
image which might not be representative of the object under study.

In this work we  propose two  different simple algorithms (which
we call methods I and II from now on) for calculating the SM or
BA index, aiming to overcome the mentioned disadvantages of the
Fujii, the GD and the IM methods. Particularly, method I also allows
reconstructing the image of the analyzed specimen in which differ-

ent levels of SM or BA can be detected (similarly to Fujii or GD
methods). We present the results obtained after applying these
methods to some test cases in order to analyze the usefulness and
trustiness of the developed algorithms.

dx.doi.org/10.1016/j.ijleo.2013.05.119
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2013.05.119&domain=pdf
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. Experimental

In order to test and validate the proposed algorithms we  have
sed a standardized speckle recording experimental setup, which
an be seen in Fig. 1. The sample under study is illuminated with

 30 mW He–Ne laser beam (� = 632.8 nm), expanded by a 15 �m
patial filter. The resulting subjective speckle pattern is recorded
y a 1-megapixel CMOS camera. In this way, the time evolution of
he speckle pattern (biospeckle, in case of a biological specimen)
an be digitally recorded. All images are digitally treated at an 8-
it grayscale resolution, i.e. the intensity of each pixel ranges from

 (black) to 255 (white). The elapsed time analysis can be char-
cterized by three parameters: (1) the number of frames, N (≥ 2),
sed to calculate the SM index at a given instant, (2) the period
f time between those N frames, �, whose lower limit is given by
he highest temporal resolution attainable by the camera, generally

uch greater than the dynamic speckle correlation time (<10−4 s,
ypically) [21], and (3) the period of time, t, between subsequent
alculations of SM.  Hence, each instant at which the calculation is
erformed has a finite temporal extension

�  = (N − 1)� (1)

etween the first and the last frame. This is also schematized in
ig. 1. Obviously, the condition ��  < t must hold in order to make a
alid analysis, i.e. without overlapped frames.

Image acquisition and analysis were performed by means of
ATLAB® routines, specifically developed for this work.

. Description of the methods

.1. Method I

The first algorithm is based on both the generalized differences
GD) [11] and Fujii [19] methods. In GD, the SM is simply charac-
erized by means of the following mathematical operation:

(i,  j) =
N−1∑∣∣Ik+1 (i, j) − Ik (i, j)

∣∣ (2)
k=1

here I(i, j) is the (i, j) component of the resulting BA matrix, N
s the number of frames and Ik(i, j) is the (i, j) component of the

ig. 1. Standard experimental setup used to acquire the speckle image sequence.
 spatially filtered He–Ne laser beam illuminates the sample under analysis and a
MOS camera captures the generated speckle patterns.
 (2013) 6565– 6569

k-th image. The Fujii method, introduces a denominator of the
form |Ik+1(i, j) + Ik(i, j)| to the sum of Eq. (2) in order to compensate
for fluctuations of the illumination level during image acquisition.
Our first method consists on averaging the differences of Eq. (2).
Mathematically this is expressed as

I (i,  j) =
N−1∑
k=1

∣∣Ik+1 (i, j) − Ik (i, j)
∣∣

N − 1
(3)

and is equivalent to inspecting how different, on average, is each
image as compared to the next one in the time sequence. This gives
as a result a new image, I, which serves both as a SM map  and as
a reconstruction of the specimen image in a similar way  of Fujii
and GD methods. To get a single SM index and quantify the gen-
eral degree of mobility of the dynamic speckle pattern, the values
corresponding to each pixel of the image emerging from Eq. (3) are
also averaged. This can be expressed as

SMI = 1
mn

m∑
i

n∑
j

I (i, j)

= 1
mn

N−1∑
k=1

1
N − 1

m∑
i

n∑
j

∣∣Ik+1 (i, j) − Ik (i, j)
∣∣

(4)

where SMI stands for the SM index resulting from method I and
m and n are the number of rows and columns of I, respectively.
Hence, the SMI index measures the image-to-image area averaged
pixel intensity changes. This procedure resembles the temporal dif-
ference method proposed by Martí-López et al. [22] but differs from
it in the averaging step over the whole set of N images from which
the SMI index is extracted, as stated in Eq. (3).

3.2. Method II

Our second method simply measures the average fraction of pix-
els whose intensity changes as a function of time from image to
image in more than a certain amount, which we call speckle noise.
If a speckle pattern is ideally static, i.e. if there is no mobility at all,
this fraction would be obviously zero. In the real case, each speckle
pattern, whether static or dynamic, is affected by some degree of
noise coming from different sources (vibrations, ambient dust, elec-
tronics, thermal fluctuations, and so on). It is possible to inspect the
amount of noise of the acquisition system by measuring the vari-
ation of pixel intensity in a speckle pattern which is known that
should be static. In this way, we estimate the noise level, r, by means
of taking the maximum absolute intensity variation between the N
images used to calculate the SM index. Mathematically this can be
expressed as

r = max
(∣∣Istatic

k+1 (i, j) − Istatic
k (i, j)

∣∣) (5)

where k covers all possible values from 1 to N – 1 and i and j cover
all m rows and n columns of each image, respectively. The “static”
superscript makes reference to the fact that this calculation has to
be performed on a sequence of N images of a speckle pattern that is
supposed to be static. In practice, it suffices to make the calculation
of Eq. (5) in a region of the images under analysis that should not
change with time. Once the noise level is known, the algorithm
proceeds by (i) calculating the N – 1 differences |Ik+1(i, j) − Ik(i, j)|
as in method I, (ii) counting the amount of pixels whose intensity

varies in more than the threshold value r and (iii) averaging this
quantity. This operation can be expressed concisely as

SMII = 1
mn

N−1∑
k=1

1
N − 1

m∑
i=1

n∑
j=1

�
[∣∣Ik+1 (i, j) − Ik (i, j)

∣∣ − r
]

(6)
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Fig. 2. Time evolution of the net SMI and SMII values for the nail polish. SMII values
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Fig. 4. Absolute value of the SM index’s rate of change, |d(SM)/dt|, obtained from the
ere rescaled (×10), so both curves fit in the same graph. The data points clearly
ollow a decreasing sigmoidal curve, reaching a constant value when the nail polish
ries.

here SMII stands for the SM index resulting from method II,
he scaling factor (mn)−1 transforms the obtained quantity to the
esired area fraction of varying pixels and �(x) is the well-known
eaviside function, defined as

(x) =
{

1 if x > 0

0 if x < 0
(7)

. Results and discussion

In order to analyze the performance of both methods, we have
elected different test cases. Firstly, we sought for a specimen
nderlying some transformation in which we could anticipate that
he SM index should decay with time. A phenomenon where this
ondition is clearly satisfied is, for example, the drying of paint.
ence, we have analyzed the drying of a generic nail polish. As a
rst experience we fixed the image acquisition parameters to N = 10

rames, t = 10 s and � = 1 s, where this latter value is the greatest
ossible in order to satisfy the condition ��  < t. The correspond-

ng evolution with time of the resulting net SMI and SMII values
s presented in Fig. 2. The values corresponding to method II were
escaled (×10), so the evolution for both methods fits in the same
raph (we recall here that the SMII index lies in the range between 0
nd 1). The data points clearly follow a decreasing sigmoidal curve,
eaching constant values when the polish dries. These values corre-
pond to the speckle background mobility level as detected by each
ethod, and in some way give an idea of each method’s sensitivity.
Fig. 3 shows the corresponding normalized curves of Fig. 2. Nor-

alization to the respective maximum values was  performed in

rder to further compare both methods.

By inspecting these curves, one is tempted to estimate how
uch time would take the nail polish to dry. At a first glance,

t seems appropriate to extrapolate the almost linear part of the

ig. 3. Further comparison between the curves of Fig. 2, which were normalized to
heir corresponding maximum values.
curves presented in Fig. 2. Both methods have a maximum rate of change at almost
the same time and decrease to zero simultaneously for times above 300 s, when the
nail polish dries.

decaying curve until intersecting the time axis. By doing this, we
got periods of approximately (282 ± 10) and (370 ± 15) s for meth-
ods I and II, respectively. A moderate to high discrepancy of 30%
is observed between both values, averaging to about (320 ± 12) s.
Besides this, by analyzing the absolute value of the SM index’s rate
of change, i.e. |d(SM)/dt|, we  observed that both methods present
similar behaviors as shown in Fig. 4.

The curves are quite similar and present a maximum at almost
the same time, differing by only 15 s. Also, the rate of change of
both methods approaches to zero for times slightly above 300 s,
where the drying process of the nail polish can be considered as
completed. This value is quite similar to the average of the esti-
mated drying times derived from methods I and II by means of
extrapolating the linear portion of the curves. Therefore, despite
the difference between the SM values obtained, the rate of change
can be considered as being the same in both cases.

We have also checked the proper functioning of the algorithms
and the validity of the results by comparing the obtained evolution
curves with those obtained by, for example, the IM method. This
method consists in selecting a single row or column of the dynamic
speckle images to conform the time history speckle pattern (THSP)
for that region. Subsequently, a 256 × 256 elements co-occurrence
matrix (CO) is calculated in which the (i, j) component value equals
the amount of times that the j gray value follows the i gray value
in the THSP. Finally, the speckle activity value is calculated as the
moment of inertia of the co-occurrence matrix as

IM =
∑

i,j

CO(i, j)(i − j)2 (8)

In Fig. 5 we present an example of the evolution curve obtained
for the SM index by this procedure, from the constructed THSP fig-
ures of a test sample with a clear decreasing mobility as a function
of time.

In turn, in Fig. 6 we  present the time evolution of the IM val-
ues for the drying nail polish under study. The calculated values
result quite noisy, but the data points oscillate around a typical
sigmoidal curve which was fitted by a least-squares procedure
and is presented as a guide to the eye. The inset compares this
curve, after being normalized, to those fitted analogously to the
normalized data points obtained by methods I and II. All curves
present the same decreasing trend, which indicates that the pro-
posed algorithms represent quite adequately the overall mobility
in the dynamic speckle pattern of the specimen under study.

As other test cases we have selected two  biological specimens:
an apple and a strawberry. Now, for biological specimens, we use

the names BAI and BAII instead of SMI and SMII, respectively. Both
fruits were left at room temperature during observations. In the
case of the apple, we  proceeded to cut it in a half and focus the
camera to a region of its pulp. The acquisition parameters where
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Fig. 5. Example of the evolution curve for the SM index of a test sample calculated
by the IM method. The sequence of images shown below corresponds to the THSP
matrices for each point, from which the SM index is obtained.

Fig. 6. Time evolution of the SM values obtained by the IM method for the drying nail
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Fig. 8. Time evolution of the curves obtained by methods I and II in the case of
the  strawberry. The data points also follow an approximate exponential decay. It
olish. The data points result quite noisy, but oscillate around a sigmoidal curve. The
urve was fitted by a least-squares procedure and is presented to guide the reader’s
ye.

 = 10 frames, t = 300 s and � = 1 s, therefore the condition ��  < t is
ore than satisfied. Fig. 7 presents the normalized curves of the

ime evolution of BAI and BAII indexes of the apple, obtained by
oth methods. The exponentially decaying trend is attributed to a

ixture of the oxidizing and drying processes that the pulp under-

oes when exposed to air. Both methods show the same behavior
f the apple’s pulp.

ig. 7. Normalized curves of the BAI and BAII indexes obtained for the apple’s pulp.
n exponentially decaying trend is observed on both curves, which is attributed

o  a mixture of the oxidizing and drying processes undergoing on the pulp when
xposed to air.
is  worth noting that the points oscillate around the fitted curve. This behavior is
attributed to periodic oscillations of humidity during the observation, since it covers
both day and night hours.

The strawberry was analyzed with the acquisition parameters
N = 10 frames, t = 30 min  and � = 1 s during a period of 87 h (≈3.5
days). The time evolution of the curves obtained by both meth-
ods is presented in Fig. 8. Despite the fact that the data points
also follow an approximate exponential decay, it is worth noting
the presence of some kind of oscillation around a mean curve. We
attribute this behavior to periodic oscillations of room temperature
and/or humidity during the observation’s lapse time, since it covers
both day and night hours.

As can be evidenced from the above results, the proposed meth-
ods correctly represent the mobility variations of the dynamic
speckle patterns for different specimens (biological or not). For the
nail polish case we  obviously expected the SM index to decay with
time, and this assumption was  in accordance with the results. For
the biological specimens, we  also expected a decaying BA index
but with some degree of random behavior due to the stochas-
tic nature of biological processes. Thus, we  could also confirm
this latter assumption by means of the proposed methods. The
complex phenomena involved in biological specimens, translated
in speckle pattern mobility under coherent illumination, are not
easily describable in terms of their relation with physical parame-
ters. However, we  have found a clear correlation between the BA
indexes, calculated by methods I and II, and humidity. A detailed
analysis of this and other possible correlations exceeds the aim of
this work and will be addressed in future works.

5. Conclusion

We  have presented two simple methods for calculating the over-
all speckle pattern mobility of a sequence of images acquired by a
standard CMOS camera. After a detailed description of the ideas
behind each method and of the required calculation steps, we  pro-
ceeded to analyze some selected test cases. At first, we analyzed the
evolution of SM in an inorganic sample with a predictable outcome,
i.e. the drying of a commercial nail polish. This test case served us to
inspect several aspects of the algorithms in order to improve them
from their origin, until reaching the final form presented in this
work. However, further improvements might be introduced after
application of the methods to different specimens. As presented,
the methods proved to correctly describe the expected trends of
speckle pattern’s mobility for the selected test cases. Besides this,
after comparing the curves of the nail polish with that obtained
by the well-known IM method we could check the validity of the
results. Concerning the biological specimens, an apple and a straw-

berry, we  also observed a decaying trend of the BA values, but with
some degree of randomness attributed to the stochastic nature of
biological processes. This is in accordance with previous knowledge
about BA of fruits. In the case of the strawberry, analyzed during
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ore than three days, we have detected a clear correlation between
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uture research. The proposed methods are based on simple and
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