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Biospeckle laser technique has become an important tool to investigate biological activity in several areas of
science. However, due to the complexity of biological materials it is necessary to develop research processes
that ensure greater efficiency in isolating areas of different activities in the samematerial using the biospeckle.
Thus, alternative techniques, such as those related to spectral domain, allow approaches that provide a means
for frequency and isolation marking of various observed phenomena. The possibility of creating frequency
markers related to physical or chemical phenomena under biospeckle laser monitoring opens the way for
important applications in the analysis of biological materials. In seeds, for example, one research challenge is
the creation of a methodology to analyze their vigor undermining the influence of water activity. This study
aimed to use wavelet transform to create maps in frequency of biological material, particularly from maize
and bean seeds, seeking to isolate water activity. Wavelet transform was used in conjunction with traditional
biospeckle laser methods, Fujii, Generalized Differences and Time History Speckle Patterns. The data analysis
allowed access of information in different frequencies, making it possible to map activities that only occur at
certain frequencies in the seeds associated to particular areas they operate, as in the case of activities present
in the embryo as well as those present in the endosperm. Thus the work enabled the identification of
frequency bands where water activity may be operating creating a signature useful in further works.
mail.com (R.A. Braga).
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1. Introduction

Methods of analysis which use non-destructive techniques have
been of great importance in the evaluation and monitoring of
biological properties. That's why biospeckle laser (BSL) has become
over the years an increasingly efficient application for monitoring
activity, particularly in the areas of biology, medicine and agriculture
[1]. In agriculture, we find works that use BSL in fruit analysis [2], in
seed and fungi analysis [3,4], in leaves of coffee moisture monitoring
[5], in root growing observation [6] and in works with animal semen
evaluation [7]. The biospeckle technique, also known as dynamic laser
speckle, is based on monitoring changes in interference patterns
prominent from illumination over time by a coherent light, in
particular the laser [8]. The changes mentioned before are related to
the movement of dispersors of light which can be either within the
cells or external of them. In most cases, the water content, or water
activity, will be one of themain contributors of the level of activity [9].
The routine methods proposed to analyze the activity through BSL
technique are based on the summation of all contributions related to a
wide range of phenomena, thus without the ability to separate or
isolate a particular feature [10]. There aremany approaches to achieve
the final result of the multiple interferences expressed by the BSL, and
they can be divided in on-line and off-line techniques. The on-line
techniques are based on the single-exposure speckle photography
[11,12], also known as Laser Speckle Contrast Imaging field (LSCI). The
alternatives to the absence of the time history are presented by the
Time Laser Speckle Contrast Imaging field (TLSCI), also known as Laser
Speckle Temporal Contrast Analysis (LSTCA) [13], or in the field of the
off-line techniques which are mainly discussed in this work. The great
limitation of not being able to access the final activity without the
identification of the main contributors demanded alternative ways to
split the original signal into subsignals which can be linked to any
particular feature or even to enhance the results by avoiding or
damping some undesirable information. One case of splitting
separated the levels of grey scales in the images by means of three
thresholding ranges through fuzzy approaches [14]. Another way to
go further into the separation of signals adopted spectral ranges as a
feasible alternative [15], which was improved by the use of the
wavelets transform [16,17], and with the implementation of Entropy
as an alternative to Inertia Moment [17]. The adoption of the Cross-
Spectrum theory was an additional tool in the spectral domain [18],
which was compared to the Inertia Moment and Entropy [19]
regarding the frequency point of view. It was presented that Entropy
and Cross-Spectrum offered better answers for low frequency
components in the original signal while Inertia Moment was better
with high frequency components. The huge absence of time
information in the LSCI or even the low amount of images in the
LSTCA is themain limitation to these techniques to the adoption of the
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Fig. 1. Experimental setup for seed lighting.
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spectral approaches. The challenge of isolation [10] was in turn a great
motivation in this field with many relevant applications, in particular
in the seed analysis area where it is possible to see many efforts to
deal with it using digital imaging information technology [20]. This
work aimed to present steps to achieve actual isolation of biological
phenomena by means of spectral approaches associating them to
graphical and numerical routine methods.

2. Theory

2.1. Graphical analysis of the biospeckle

Among the routinemethods to analyze graphically the biospeckle one
can highlight the Fujii approach [21] and the Generalized Differences
Method [22]. Fujii's method is based on the visibility calculation among
the pixels of images recorded over time. The procedure for the
construction of the Fujii method is described by Eq. (1).

I x;yð Þ = ∑
k
j Ik x;yð Þ−Ik + 1 x;yð Þ
Ik x;yð Þ + Ik + 1 x;yð Þ j ð1Þ

where Ik(x,y) is the intensity value at image k and position (x,y). From
Eq. (1) a new image is constructed, and the pixels assume in the final
map a value close to zero on the gray shades scale in areas where there
were no changes in intensity over time, and higher values, near 255 in
areas where the pixels went through big changes. The Generalized
Difference Method (GD) is a derivative technique from the Fujii
method without the denominator and with a recursion on the
differences. In the GD, what is done is to perform a sum of intensity
differences between an image and its subsequent. The resulting image
can be expressed by Eq. (2).

I x;yð Þ = ∑
k
∑
l
jIk x;yð Þ−Ik + l x;yð Þj ð2Þ

where k and l are the numbers of the images in the image series. The
double summation demonstrates one difference in the Fujii method
which in this case each image is compared with all the others,
requiring more computational effort.

2.2. Numerical analysis of biospeckle

An approach to numerically analyze the images of a tissue from laser
illumination consists in the creation of the TimeHistory Speckle Pattern
or THSP. The constructionof THSPwasproposed fromapseudotemporal
image concept [23] and from a space–time speckle [24]. The standard
THSP is formed when only one row or column is repeatedly captured in
the speckle images at a certain sampling rate and then these strips are
placed side by side forming a new image. With THSP it is possible to
estimate the degree of activity of an illuminated object based on
dynamic speckle behavior. Most of the techniques described in existing
literature are based on obtaining a single numeric value from THSP. This
value can be obtained by applying auto-correlation, or through the
Inertia Moment (IM) [25], which results in a second-order statistic.
Inertia Moment (IM) values are obtained from the creation of a co-
occurrence matrix that is defined by Eq. (3)

COM = Nij

h i
: ð3Þ

WhereNij is the number of occurrences of the gray level i followed by
thegray level jover the timedimension in thematrix THSP,whereCOM is
a matrix of 256×256. The Inertia Moment values are defined by Eq. (4).

IM = ∑
i
∑
j

Nij

∑
j
Nij

0
@

1
A
⁎ i−jð Þ2: ð4Þ
2.3. Spectral entropy

Spectral entropy can be obtained from the Fourier power spectrum,
which is away to verify the order of a signal, i.e. A system that possesses
periodicity exhibits a peak in the frequency-domain. Therefore the
frequency range (band) concentration in a single peak corresponds to
low values of entropy. On the other hand, non-regular activities provide
spectral components over a wide range of the frequency-domain,
resulting in high entropy [17]. Transformation of the signal to the
frequency-domain can be performed directly by the Fourier transform,
or specifically by the wavelet transform that allows more information
about the frequencies in time. By using DiscreteWavelets Transform to
study the biospeckle, the lines of THSP are divided in temporalwindows
and the wavelets average energy can be obtained from Eq. (5) [17].

E ið Þ
j =

1
Nj

∑
L=2jð Þ−1

k=0
jCk;j;ij2: ð5Þ

Where:

• i=1, ..., NT, and NT = signal length/L, which is the size of the
temporal window.

• Nj: number ofWavelet coefficients at j level of resolution, including i
time interval.

The total energy in the i time interval can be obtained by Eq. (6),
being that theWavelets energy pertaining the ith window at the THSP
line can be obtained by Eq. (7), and the Shannon entropy at the ith
window by Eq. (8). [17].

E ið Þ
total = ∑

jb0
E ið Þ
j ð6Þ

p ið Þ
j =

E ið Þ
j

E ið Þ
total

ð7Þ

S ið Þ
WT = −∑

jb0
p ið Þ
j lnjp ið Þ

j j: ð8Þ

3. Material and methods

3.1. Backscattering configuration

The experimental configuration adopted was the backscattering as
presented in Fig. 1, where the computerwas responsible for assembling
the images from the CCD camerawith a time rate of acquisition set up in



Fig. 2. Flowchart representing the analysis with filtering process.
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0.08 s. The maximum frequency that could be observed, based on the
sampling theory, was 1/(2×0.08)s which was related to 6.25 Hz. The
number of frames assembled varied in the experiments but all of them
were expressed in base of 2, in particular 64 and 128 frames, in order to
implement the fast fourier transform algorithm.

3.2. Illuminated samples

The biological materials chosen to be illuminated were bean and
corn seeds. The corn seeds had moisture over 20% of wet base and the
Fig. 3. Results of Fujii in maize seeds with filtering reconstructing just one frequency range,
bean seeds with different levels of moisture, as well as in two
biological stages, one collection alive and another dead. The bean
seeds were tested in accordance with their viability and a dead parcel
was separated from a living parcel. Both the dead and living seeds
were put in wet paper for 12 h and then theywere let loose inwater at
room temperature.

3.3. Graphical analysis

The graphical analysis was conducted in two ways. One was when
routine methods, such as GD and Fujii, were implemented without
any processing of the original images and the second way was when
routine methods were implemented in the collection of primary
images after the filtering process. The two filtering processes
implemented damping of one range per time and reconstructing the
image, and damping all the ranges except one which was used as the
base for the reconstruction of the resulting image. In Fig. 2 it is
possible to see the two paths followed in the graphical analysis. The
graphical analysis was implemented in the corn and bean seeds. The
protocol of filtering used the wavelets transform [6] and the number
of frequency ranges varied in accordance to the number of images
assembled. The inverse wavelet transform was performed in two
ways to reconstruct the images: reconstructing the images on just one
frequency band, and reconstructing the images by eliminating only
one frequency band. For the maize seed, 64 images of 256×490 pixels
were used and it was possible to obtain results in 21 frequency bands
between 0 and 6.25 Hz. For the bean seeds, 128 images of 486×469
with the larger image on the right representing the image control without any filtering.

image of Fig.�2
image of Fig.�3
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pixels were used. In turn, the reconstruction of the images to generate
spectral maps was performed in order to reconstruct the images on
just one frequency band at a time. From the 128 original images, it was
possible to obtain 25 frequency bands between 0 and 6.25 Hz.

3.4. Numerical analysis

THSP live bean seeds were analyzed in two different stages, one
which we will call the initial stage where the seed is saturated with
water and the other referred to as the final stage where the seed
reached hygroscopic equilibriumwith the environment. We sought to
evaluate the behavior of water activity from the initial stage to final
stage. Inertia Moment and Entropy techniques associated with
wavelet transform were applied for filtering and reconstruction of
the data. The frequency bands were rejected one by one and then
compared to the original not rejecting any frequency range.

4. Results and discussions

4.1. Graphical analysis

Fig. 3 shows the result of processing the method of Fujii in maize
seedwith filtering and reconstruction of only one frequency band. The
image control on the right in Fig. 3 represents the result of the process
without any filtering, where on the bottom left of the seed, the
embryo is found with activities represented by the colors red and
yellow, and on the top right of the seed, the endosperm is found with
low activity represented mainly by blue and green colors. The 21
frequency bands, presented in the first images, show the embryo
evidenced in red, whichmeans high activity at high frequencies, while
in the last images the endosperm is highlighted in red at low
frequencies as was also shown in an earlier work [15]. The use of only
one band for the Fujii processing shows that the phenomena that
constitute the biospeckle are selective, in other words, they are
Fig. 4. Partial result obtained with the bean seed with m
restricted to narrow bands of frequency improving phenomena
isolation, opening up a potential application in many biological
materials that demand isolation areas of activity. The observed
activity in the endosperm can be attributed to the presence of water
in tissue without biological activity. This isolation of water activity in
the observed data in the biospeckle is of great relevance to the
improvement of the results of seed analysis once the activity
promoted by the water in tissue masks the observation of metabolic
activities of tissues that makes it difficult to compare and identify
living and dead tissues. The separation of the results of Fujii in various
frequency ranges allow for isolated forms of observation of the
phenomena that are not possible in the original image. An example of
this ability is observed in the embryowhere at low frequencies a well-
defined area of low activity is observed in the center of the embryo,
which does not occur at high frequencies showing that in the original
image the result undermined this information. In turn, the obtained
results by eliminating only one frequency band showed no difference
from the original image not presented here graphically. This is due to
the fact that only one frequency band is not able to alter the final
results due to its low energy which is not perceived by processing
Fujii, especially in visual form. In the presented results in Fig. 3, it is
still possible to observe that there is a range of activity in the
endosperm in the central part of the image represented by an active
band, in yellow, in the original image processed. This band is related to
a crack in the endosperm, and thus a greater activity in this area,
where there should normally be less activity, which can be attributed
to greater water evaporation. From the images in frequency it is
possible to conclude that evaporation in greater activity areas
generates high frequency answer in the speckle patterns, showing
the signature in frequency of the evaporation phenomenon. The
mapping of a bean seed where there is no such clear separation from
the embryo and endosperm, as occurs in the corn seed, is shown in
Fig. 4 reconstructing only one frequency band. The result shows an
area in the seed that operates at a higher rate in the high frequency
echanical damage, with image control on the right.

image of Fig.�4


Fig. 5. Behavior of entropy in living and dead bean seeds with high and low water activity.
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bands that are related to a portion of the seed attached to higher
biological activity during germination. The control image, without any
filtering, is in the right of Fig. 4. It was also noted that there is some
phenomena occurring in all seeds from the medium to the lowest
frequencies, which is related to the water activity characterized as a
signature in frequency which is also seen in the corn. To confirm this
hypothesis, and seeking separation of water activity in relation to the
cellular activity, the numerical analysis occurred with the THSP's bean
seed combining the IM techniques and entropy with spectral analysis.

4.2. Numerical analysis

The numerical analysis that showed best resultswere those inwhich
the reconstructionswerebasedon theeliminationof onlyone frequency
bandopposing the achieved ones in the graphical analysis. Our ability to
analyze numerical valuesmore efficiently than images, and the different
routine techniques of graphic and numeric processing, may explain the
difference in the reconstruction approach.

4.2.1. Entropy
In Fig. 5 we analyze the behavior in living and dead bean seeds in

their initial stage, in other words, with high water activity and then
finally with low water activity. As already evidenced, [19] entropy is
only able to monitor changes in speckle patterns related to low
frequencies, which in Fig. 5 represent the bands below 3.41 Hz.
Entropy behavior, in both living and dead seeds in stages of highwater
activity and low water activity, is the same at low frequencies, which
shows that in these frequency bands only the water is capable of
expressing changes in speckle patterns. In Fig. 5 it is possible to notice a
clear separation of entropy in the initial stage of higher water activity
in relation to the final stage where the present water in the seed is
Fig. 6. Behavior of the Inertia Moment in dead
already in small quantities. In this case, lower entropy observed in the
stages of lower water activity is related to phenomena with greater
stability, in other words, less random activity, which is directly related
to the mobility that water gives to the member components of plant
tissue, and nor to the evaporation. The entropy change, in the bands of
3.41 Hz to 0.0 Hz, can be linked to the type of chemical bond that the
water has, but their classification still remains a challenge. Finally, in
Fig. 5, it is possible to observe that the entropy differences of live and
dead seeds are small, at low frequencies, which leads us to conclude
that the biological activity is not relevant in the speckle patterns
changes in this spectral band. These achievements are an advance to
that presented in other account [10] using the same data. However, in
this work the access to the signatures was only possible since the
graphical analysis were combined to the numerical answers. In
addition, in this work, the whole picture was formed by the adoption
of the concepts of absorbed, solvent, adsorbed and constitution water
in order to correlate them to the frequency behavior.

4.2.2. Inertia moment
In Fig. 6 you can notice that by removing the frequencies located in

the high frequency band there is a reduction of activity in the seed,
occurring sharply in the initial stage when the water concentration is
greater inside of it, and occurring less sharply in the final stage when
the water concentration is lower inside the seed. We relate this
phenomenon to water loss during evaporation as the biological
activity of the seed itself, as also noted in the corn seed, in particular in
the region of the crack, as being more conducive to more intense
evaporation. This phenomenon is linked to high frequencies, which
explains the greater attenuation observed. In inverse form of entropy,
[19] IM has the ability to monitor changes in high frequencies and a
low capacity for monitoring phenomena at low frequencies. The
seeds with high and low water activity.

image of Fig.�5
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Fig. 7. Behavior of the Inertia Moment in dead seeds with high and low water activity.

Fig. 8. Behavior of the Inertia Moment in live and dead bean seeds with high and low water activity.
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achieved results in dead bean seeds with high and low water activity
(Fig. 7) were similar to those found in living seeds reaffirming that
even in high-frequencies the water has influence, and in this case,
strongly linked to intense evaporation as observed in the graphical
analysis. Fig. 8 also reinforces the hypothesis of the biological activity
influence throughout the speckle frequency in the seeds. However, it
is clear that to carry out separated analysis of biological activity in
seeds from the water activity it is necessary to avoid the initial phase
of intense evaporation even when carrying out the filtering. The
influence of water, tear in that case, was also observed in a study to
analyze the ocular microtremor by speckle approach [26]. In the corn
seed, themost intense evaporation occurred at the crack can be linked
to the intermediate bands helping future work, since it can be labeled
as a signature of the evaporation of the water. Does the evaporation
water cause biospeckle activity in that band of frequency in all the
cases?

5. Conclusions

This work presented steps to achieve actual isolation of biological
phenomena by means of spectral approaches associating them to
graphical and numerical routine methods. The observation of water
activity in different spectral ranges, and the evaluation of routine
methods, presented novel information of the effort related to the
separation of the phenomena responsible for the biospeckle patterns.
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