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ABSTRACT Diatoms are currently being used in different fields, and their application as bioindicators is
one of their main benefits. Their identification is carried out by specialists, the main difficulty being the
wide variety of existing species and the great similarity between some of them. In recent years attempts
have been made to create an automatic identification system with the collaboration of experts in areas of
pattern recognition. In this research we analyzed the use of binary masks of rings in images as a method
to automatically identify diatoms, or render an approximative identification. Among the advantages of the
proposed method is its invariance regarding the different positions in which the diatoms can be found.
Invariance to illumination changes is achieved by means of different transforms, such as the power law
transform. The image databases used to develop the algorithms were diatom images taken from samples
collected at springs in Lake Patzcuaro, Michoacan, Mexico, at the San Lazaro basin, Baja California
Sur, Mexico and from the public image database of ADIAC. In morphological and textural descriptors,
the background of the image must be eliminated in order to classify the diatoms, whereas in the proposed
methodology this is not necessary. The obtained results reach over than 90% even when the diatoms in the
images are broken.

INDEX TERMS Diatoms, automatic classification, Fourier transform, automatic recognition.

I. INTRODUCTION
Diatoms (Bacillariophyta) are single-celled, microscopic
algae, their main characteristic being their silicified cell
wall. It is estimated that there are at least 100,000 dif-
ferent species [1], [2]. Although new descriptions and
reclassifications have been made through the use of electron
microscopy techniques, optical microscopy remains predom-
inant for their identification.

Diatoms are increasingly being used as ecological indi-
cators in lotic and lacustrine systems under the EU Water
Framework Directive. Some advantages that can be men-
tioned concerning other bioindicator organisms are the
following [3], [4]:
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1) They are present in most aquatic system, permitting
comparative studies between different regions.

2) There is a great variety of species with their tolerance
ranges for a variety of environmental factors and
there are species highly sensitive to changes in the
concentration of nutrients and contamination.

3) Sample collection and preparation is simple and
inexpensive. In contrast to other organisms, diatoms are
preserved over time.

In spite of the advantages as mentioned above, the identi-
fication of diatoms requires highly specialized professionals
and is often slow due to a large number of samples
to be checked [5]. That is why developing methodolo-
gies applicable to autonomous computer systems is much
needed.

Among the first projects regarding the automatic
identification of diatoms is ADIAC (Automatic Diatom
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FIGURE 1. Diatom Image Segmentation. (a-d) Adequate segmentation and extraction of shape and contour. (e-h). Examples of an inadequate
segmentation in two images.

Identification And Classification) [6], [7], a pilot project that
lasted 3 years and aimed to implement different techniques
to perform the automatic classification of diatoms. It is also
possible to find literature in which main curves were used
to model the life cycle of diatoms through variations in their
shape [8]–[11]. More recently, there have been advances with
machine and deep learning techniques aiming at identifying
the diatoms of the Duero basin in Spain [12], [13]. Among the
shape descriptors used were the following [14], [15]: Fourier
descriptors, morphological descriptors to characterize the
shape of the valve (compactness, rectangularity, symmetry,
triangularity, circularity, etc.), the description of the curvature
of the contour of the valve, Legendre polynomials, Gabor
descriptors.

Another important work related to the identification of
diatoms that can be mentioned is SHERPA which is a
system that allows to isolate the shape of the diatom in a
semi-automatic way for later analysis [16]–[20].

In SHERPA as in the other works that use morphometric
descriptors, segmentation is performed prior to the identi-
fication process by applying a threshold to the images in
order to eliminate the background and be able to extract
the shape. It is necessary to indicate that one of the main
difficulties in the development of an automatic identification
system of diatoms is the process of segmentation because it
is a complex task and in many occasions depending on the
quality of the image it will not be possible to carry it out using
an automatic way. Fig. 1 (a-d) shows an example in which
automatic segmentation can be performed to later analyze
its shape and contour. Fig. 1(e-h) shows two examples with
their respective thresholds in which it can be observed that
it is not possible to perform an automatic segmentation by
thresholding.

Although morphometric analysis of diatoms using
SHERPA have reported high percentages of efficiency, these
techniques cannot be used in images of broken diatoms as
shown in the Fig 2 (a-f) because their shape is not complete.
In the same way, with images of diatoms that belong to
different species but have the same shape, they will be
classified as the same. For example, this type of error would
happen when trying to identify automatically diatoms with a
circular shape as shown in the Fig. 2 (g-l) using just this type
of analysis.

In addition, texture-based imagemethods [21], for example
histogram and Haralick texture features, cannot discrimi-
nate properly, especially when images of diatoms are not
segmented because the background of the image influences
them [21]. This can be observed in Fig. 3, which shows the
histograms of an image with and without background.

Considering the cases mentioned above in which the
current methods of automatic identification cannot be used,
this article analyzes the use of binary masks of concentric
rings using power law transformation [22]–[24] and CLAHE
(contrast limited adaptive histogram equalization) [25]–[29]
as methods to obtain invariant descriptors of rotations
and positions that allow to approximate the automatic
identification of diatoms using images. This methodology
has the advantage of not depending on the segmentation
method and allowing to identify diatoms when their images
are incomplete, superimposed and with organic and inorganic
matter that could not be eliminated during the process of
sample cleaning in the laboratory.

This technique is reliable, even when used to identify
diatoms with similar morphology, as in the case of circular
shaped diatoms, and allows to achieve better results than other
methods based on textural features.
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FIGURE 2. (a-f) Images of broken diatoms. (g-l) Images of diatom with similar shape.

FIGURE 3. Histograms of an image with and without background.

The Fig. 4 shows examples of the descriptors obtained
from the methodology proposed for the cases of unsegmented
images of Cocconeis placentula. As can be seen, similar
descriptors are obtained even with images of broken diatoms.
These descriptors are then compared to obtain a measure of
similarity between the images.

II. METHOD
A. IMAGE DATABASES
Three diatom image databases were used to test the identifica-
tion algorithm developed. The first database includes images

FIGURE 4. Examples of signatures generated from the proposed
methodology.

of 30 different species and was obtained from diatom samples
collected at 8 springs in Lake Patzcuaro, Michoacan, Mexico.
These samples were placed into vials and processed in the
laboratory using hydrochloric acid and hydrogen peroxide
to remove carbonates and organic matter respectively. After
rinsing with distilled water until obtaining neutral pH,
the samples were diluted to 100 ml. A 2µl aliquot was
placed on a cover slide, and the diatoms dried during one day
at room temperature. Samples were mounted with Naphrax
and diatom identification was performed using an Olympus
Bimax 50 microscope obtaining 1000X magnification.
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FIGURE 5. Diatom species found in the springs of Lake Pátzcuaro. Each image number is a different species. 1: Planothidium lanceolatum, 2:
Navicula sp., 3: Cocconeis placentula var. euglypta, 4: Diploneis subovalis, 5: Rhoicosphenia abbreviata, 6: Paraplaconeis placentula, 7:
Halamphora veneta, 8: Lemnicola exigua, 9: Cyclotella meneghiniana, 10: Iconella tenera, 11: Nitzschia amphibia, 12: Sellaphora laevissima,
13: Paraplaconeis subplacentula, 14: Encyonema silesiacum, 15: Amphora ovalis.

FIGURE 6. Diatom species found in the San Lazaro basin. Each image number is a different species. 16: Actinocyclus ingens, 17: Azpeitia sp., 18: Azpeitia
nodulifera, 19: Actinocyclus ellipticus, 20: Thalassiosira oestruppii, 21: Thalassiosira domifacta, 22: Asteromphalus imbricatus, 23: Actinoptychus
bipunctatus, 24: Pseudotriceratium cinnamomeum, 25: Thalassiosira koslovii, 26: Diploneis bombus, 27: Stephanodiscus sp., 28: Actinoptychus senarius,
29: Actinoptychus bipunctatus, 30: Actinoptychus splendens.

Images were downloaded in TIFF format with dimensions
1200 × 1600 pixels. Fig. 5 shows examples of this image
database.

The second database consists of images of 15 species
of diatoms which are highly similar in their morphologies,
obtained from samples collected in the San Lazaro basin, Baja

California Sur, Mexico. These images were taken applying
autofocus techniques. Fig. 6 shows examples of this image
database.

Finally, the third database consisted of about 1800 diatom
images belonging to 261 different species corresponding to
the base of public images of the ADIAC project [7].
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FIGURE 7. Invariance of the module of the Fourier transform before
shifting.

B. CONCENTRIC RING BINARY MASKS
Thismethodology uses the properties of the Fourier transform
module to be invariant to displacements. This property is
manifest in Fig. 7, where the Fourier transform module is
the same for two images that are different because they
are displaced. Another advantage is that when an image
is rotated, its Fourier transform module rotates in the
same direction and magnitude. This property can be seen
in Fig. 8 (a-h) where an image with different orientations and
their respective modules of the Fourier transformation are
shown. For such reasons vector signatures that are invariant
to rotations and position can be constructed by filtering the
Fourier transform module using binary masks of concentric
rings adding the values in each ring.

FIGURE 8. (a-h) Image of a diatom with its different rotations and its
corresponding modules of the Fourier transformation. (i) Example of
binary mask of concentric rings. (h) Filter obtained by using the mask (i).
(k) Signature obtained.

Fig 8 (i-k) shows an example of a binary mask and the
respective signature that can be obtained by this procedure,
which is described hereunder and follows the procedure
of using the conventional Fourier transform instead of the
fractional Fourier transform [30].

The first step is to calculate from image I (x, y) both the real
part Re(FT(I (x, y))) and the imaginary part Im(FT(I (x, y)))
of Fourier transform FT(I (x, y)).
Then these Re(FT(I (x, y))) and Im(FT(I (x, y))) will be

filtered by a binary mask D(x,y) defined as [24], [31]:

D(x, y) =

{
1, if d((Cx,Cy),(x,y)) ≤ N ,
0, otherwise,

(1)

where (Cx,Cy) are the coordinates of the center of the image
I (x, y),N=min(Cx,Cy) and d((Cx,Cy),(x,y)) is the Euclidean
distance between each point in the image and the center. Fig. 9
(b) shows Re(FT(I (x, y))) of an Actinocyclus ingens image.

FIGURE 9. (a) Image of Actinocyclus ingens. (b)Re(FT(I(x, y ))) of (a).
(c) Binary mask D(x,y). (d) Filtering of Re(FT(I(x, y ))) with D(x,y) and some
examples of profile.

Mathematically, the filtering performed is expressed
as [24]:

fR(x,y) = D(x,y) · Re(FT(I (x, y))), (2)

fI (x,y) = D(x,y) · Im(FT(I (x, y))). (3)

The following 180 PθR and P
θ
I profiles are calculated to fR(x,y)

and fI (x,y) by [24]:

PθR = fR(x,y(x)), (4)

PθI = fI (x,y(x)), (5)

where y (x) = m (x − x1) + y1, m is the slope of y,
(x1, y1) = (Cx + Cx cos θ,Cx-Cx sin θ) and

(
x2, y2

)
=

(Cx+ Cx cos (θ + π) ,Cx − Cx sin (θ + π)) are the two
distinct end points of that line segment, and θ is the angle
between y and θ the horizontal axis.

Fig. 9 (c) shows a binary mask, and Fig. 9 (d) shows
filtering of Re(FT(I (x, y))) with D(x,y) and examples of a
profile.

Next, the maximum profiles Pmax
R = max

{
SθR
}
and Pmax

I =

max
{
SθI
}
are determined where [24], [32]:

SθR =
n∑
i=1

(
PθR(i)

)2
, (6)

SθI =
n∑
i=1

(
PθI (i)

)2
, (7)

with θ = 0, 1, 2, . . . , 179, PθR(i) and PθI (i) are the i-th input
of the profile PθR and PθI respectively. Fig. 10 shows P

max
R and

Pmax
I of an Actinocyclus ingens image.
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FIGURE 10. (a) Pmax
R of Actinocyclus ingens image. (b) Pmax

I of
Actinocyclus ingens image.

Once the profiles Pmax
R and Pmax

I are obtained, binary func-
tions ZRP(x),ZRN (x),ZIP(x) and ZIN (x) are calculated [33]:

ZRP(x) =

{
1, if Pmax

R (x) > 0,
0, otherwise.

(8)

ZRN(x) =

{
0, if Pmax

R (x) > 0,
1, otherwise.

(9)

ZIP(x) =

{
1, if Pmax

I (x) > 0,
0, otherwise.

(10)

ZIN(x) =

{
0, if Pmax

I (x) > 0,
1, otherwise.

(11)

The binary functions ZRP(x),ZRN (x),ZIP(x) and ZIN (x)
obtained are rotated 360o taking x = N/2 as rota-
tion axis generating the binary masks of concentric
rings MRP,MRN,MIP,MIN with N the length of binary
functions [34].

The masks MRP,MRN,MIP,MIN created in the previous
step are multiplied by the module of the Fourier transform
|TF(I (x, y))| obtaining mask HRP, HRN, HIP,HIN [34].
Fig. 11 (a-d) shows MRP, MRN, MIP, MIN of an Actinocyclus
ingens image. Fig. 11 (e-h) shows HRP, HRN, HIP,HIN of an
Actinocyclus ingens image.

FIGURE 11. Binary rings masks of Actinocyclus ingens. (a) MRP, (b) MRN,
(c), MIP, (d) MIN. Filtering of module Fourier transform with binary mask
disk. (e) HRP, (f) HRN. (g) HIP. (h) HIN.

Finally, each ring of HRP, HRN, HIP,HIN is added together
to form the signatures SRP,SRN,SIP,SIN [34]. Fig. 12 shows
SRP,SRN,SIP,SIN of an Actinocyclus ingens image.

FIGURE 12. Created vector signatures of Actinocyclus ingens image.
(a) SRP,(b) SRN,(c) SIP, (d) SIN.

Additionally, once Pmax
R and Pmax

I have been determined,
a variant of the procedure is obtained using the values of the
slope defined as [30]:

mRe(nx) =
Pmax
R (x)− Pmax

R (x + 1)
x − (x + 1)

(12)

mIm(nx) =
Pmax
I (x)− Pmax

I (x + 1)
x − (x + 1)

(13)

in the binary functions described in the eq. (8-11), where
nx = 1, ..,N − 1, mRe(nx) and mIm(nx) are the slopes
from the maximum profiles of the real and imaginary parts
respectively.

To measure the degree of similarity between the signatures
SrefRP,S

ref
RN,S

ref
IP ,S

ref
IN of a reference image Iref(x,y) and the

signatures SpRP,S
p
RN,S

p
IP,S

p
IN of a problem image Ip(x,y), the

correlation coefficients rRP, rRN , rIP, rIN are calculated as
follows [35]:

rRP =
max{CL(S

ref
RP,S

p
RP)}

(N − 1)σ refRP σ
p
RP

, (14)

rRN =
max{CL(S

ref
RN ,S

p
RN )}

(N − 1)σ refRN σ
p
RN

, (15)

rIP =
max{CL(S

ref
IP ,S

p
IP)}

(N − 1)σ refIP σ
p
IP

, (16)

rIN =
max{CL(S

ref
IN ,S

p
IN )}

(N − 1)σ refIN σ
p
IN

, (17)

where CL is the linear correlation, N is the length of the
signature of the reference image and σ refRP , σ

ref
RN , σ

ref
IP , σ

ref
IN ,

σPRP, σ
P
RN , σ

P
IP, σ

P
IN , are the standard deviations of the

signatures.
Because different masks computed using the procedures

described above obtain different information from the Fourier
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transform module |TF(I (x, y))|, criteria must be established
to determine the best mask to use in automatic diatom
identification for each species. One of these criteria is
used in [30], where the mask that obtains the highest
autocorrelation with a reference image of a diatom specie
is considered. Fig. 13 shows the correlations obtained using
an image of Cocconeis placentula as reference image and
10 species as problem images. The correlations obtained are
different because different masks were used.

FIGURE 13. Correlations obtained using Cocconeis placentula as
reference image and 3 different masks.

In the same way, there are I1(x, y), I2(x, y). . . In(x, y) n
reference images of different species of diatoms, where
SnRP, S

n
RN , S

n
IP and SnIN are the vector signatures of the n-th

image. We propose the discrimination metrics D1
RP,D

1
RN ,

D1
IP, D

1
IN , for image I1(x,y) as:

D1
RP = 1−

n∑
i=2

r (1,i)RP

n− 1
, (18)

D1
RN = 1−

n∑
i=2

r (1,i)RN

n− 1
, (19)

D1
IP = 1−

n∑
i=2

r (1,i)IP

n− 1
, (20)

D1
IN = 1−

n∑
i=2

r (1,i)IN

n− 1
, (21)

where r (1,i)RP , r (1,i)RN , r (1,i)IP , and r (1,i)IN are the coefficients of cor-
relation for image I1(x,y) with the ith image. Discrimination
values vary from 0 to 1 being theoretically 1 when total
discrimination between the species is obtained.

In order to change the contrast images, a histogram
equalization was carried out using CLAHE (contrast limited
adaptive histogram equalization) [25], [26].

Once this was done, the power law transform defined
as [23] :

s = rγ (22)

where r is the intensity of input low contrast image and S is
the intensity of high contrast processed image and γ > 0 was

used to vary the lighting levels to obtain different information
in the frequency plane.

When γ < 1, the range of dark pixels in the image would
be expanded (highlights the dark pixel details) and the range
of bright pixels compressed (minimum variation in bright
pixels). When γ > 1, the range of dark pixels in the image
would be compressed and range of bright pixels expanded.
When γ = 1, no change in the processed image could be
applied.

FIGURE 14. Power Law transform curves for various γ values.

Fig. 14 shows power law transformation curves for various
γ values. Fig. 15 shows the effect of applying CLAHE
and power law transformation to an image of Cyclotella
meneghiniana.

Using power law transform and CLAHE, a wider variety of
vector signatures can be obtained to characterize each image.
The Fig. 16 shows examples of vector signatures that can
be obtained by varying the illumination of the images as
described above.

III. RESULTS
The first test consisted in the use of 500 images of
Planothidium lanceolatum and 500 images of Staurosirella
pinnata as problem images. The diatoms in these images had
different orientations, often incomplete or presenting organic
and inorganic matter and in some cases even superimposed.
An image of Planothidium lanceolatum and an image of
Staurosirella pinnata were selected to serve as a reference
image to match the problem images. The Fig. 17 shows
the reference images and examples of problem images used.
In order to contrast the obtained results, histograms of the
images and Haralick features [36] obtained both for the
reference images and the problem images were correlated.
Fig. 18 presents 50 of the correlations obtained using
binary masks and the histogram of the images, while in
the Fig. 19 you can see the box and whiskers graphs of
correlations obtained using Haralick features. With the use
of binary masks for both species, the rate of success reached
above 90%. Conversely, the corre-lations obtained using the
histogram of the images were lower, and Haralick features
did not adequately discriminate between the two species.

Additionally, the Table 1 shows the means of correlations
obtained using other species as reference images and the
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FIGURE 15. (a) Image of Cyclotella meneghiniana and its histogram. (b) Equalization of (a) using the CLAHE method and its histogram. (c) Power
law transform of (b) using γ = 1/3 and its histogram.

FIGURE 16. Different signatures obtained varying the illumination using power law transform.

problem images of Planothidium lanceolatum with different
masks. As can be seen except of MIN with γ value

of 1 and Paraplaconeis placentula as reference image the
major correlations correspond to the reference image of
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FIGURE 17. Reference images of Planothidium lanceolatum, Staurosirella pinnata and examples of problem images.

FIGURE 18. Examples of correlations obtained with the reference images and problem images of Planothidium lanceolatum and Staurosirella
pinnata using binary mask and histogram.

Planothidium lanceolatum. This demonstrate that even the
case of diatom images that are noisy, present backgrounds,
are superimposed or incomplete,the proposed methodology
is effective to recognize some diatom genus.

As soon as the shape descriptors cannot be applied in those
images the diatoms are broken as shown in Fig. 20. It also
shows the correlations obtained using histograms and binary
masks.

The images in Fig. 6 were used for the second test
because most of them are circular shaped and have a high

degree of similarity. These images were rotated degree
by degree in such a way that 360 images per species
were obtained, with a total of 5400 images. The box
and whiskers graphs of the correlations obtained using
Azpeitia sp., Azpeitia nodulifera, Actinocyclus ellipticus and
Thalassiosira oestrupii as reference images and the 360
rotations of each species as problem images can be observed
in Fig. 21.

The masks were generated with the real part of the Fourier
transform, CLAHE and power law transform with different

VOLUME 8, 2020 141505
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FIGURE 19. Correlations obtained with the reference images and problem images of Planothidium lanceolatum and Staurosirella pinnata using Haralick
features.

TABLE 1. Mean of results using different problem images of Planothidium Lanceolatum.

γ values. It is possible to observe that there is no overlap of
whiskers in each of the cases presented.

It is also important to note that the proposed system has
excellent results when the diatoms have similar morphology,
as is the case, where Azpeitia sp., Azpeitia nodulifera and
Thalassiosira oestrupii were used as the reference images.

Since it is not only important to identify problem images
of the same species as the reference image, but also to
make an adequate discrimination from the other species,
it is important to use metrics such as those shown in the
eq. (18-21), which will allow the adequate selection of binary
masks with concentric rings for each species, and to obtain a
better identification.

Table 2 presents the different values of DRP, DRN , DIP and
DIN when Actinocyclus ingens is used as image reference and

different values of γ . In this case, the best results will be
obtained using SIN and 1/3 as the γ value. Finally, we used
images from the ADIAC public image database because it
contains a wide variety of species. This image base was
divided into 6 groups with images of sizes 101, 201, 301,401,
501 and 601 pixels.

In the same way the Table 3 shows some reference images
and percentile correlations between different problem species
and the reference image, with correlations below 0.9 and 0.95,
where the average number of problem species was 50.

Finally, Fig. 22 shows the correlations obtained using
different reference species and problem images of different
sizes.

As can be seen, the correlations obtained between the
reference images and the problem images belonging to
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FIGURE 20. Result using images with broken diatoms.

FIGURE 21. Correlations obtained using different reference images and problem images of the diatoms of the San Lazaro basin.

different species are relatively low. This allows us to assume
that binary masks of concentric rings have a high potential

discrimination when using species with different morphology
and independent of image size.
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FIGURE 22. Correlations obtained with different reference images and problem images from the ADIAC public
image database.

IV. CONCLUSION
Considering to the multiple applications that diatoms have
at present, there is a need to optimize the identification
process and increase its degree of reliability. In this article
we used different diatom images to analyze the potential of
using binary masks with concentric rings as a method for
the automatic identification of diatoms. The advantages of
the proposed algorithm over others found in the literature
are that its invariance to rotations and positions allows
to reduce the number of reference images and makes a
previous segmentation unnecessary, unlike of methods based
on textural or morphological descriptors.

Additionally, the high degree of identification that binary
masks of concentric rings can have was shown by obtaining
high correlations between problem images of broken diatoms,
superimposed and with organic and inorganic material with
respect to reference images of the species to be identified or
closely identified.

TABLE 2. Results of DRP , DRN , DIP and DIN using Actinocyclus Ingens as
reference image and different values.

One aspect to take in consideration is that depending on the
size of the images, the identification times with the proposed
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TABLE 3. Percentage of problem images that have correlation under
0.9 and 0.95 with respect to different reference images.

method change. This is the result of the calculation of the
Fourier transform that is carried out as part of the procedure
to obtain the signatures. An optimization is to make a first
classification at the shape level using programs similar to
SHERPA in those cases where it is possible. This would make
it possible to group together species that had the same shape
and then apply the proposed technique.

In addition, it should be mentioned that in some diatom
species with few ornamentations, the developed method
could not be used because it does not contain enough
information to obtain representative signatures. Examples of
these species are some of the genus Nitzschia.
Due to the great number of existing diatom species it is

necessary to design algorithms that allow to accelerate the
identification process adapting morphological and textural
descriptors and those proposed in the present article, taking
advantage of each method.

Regarding the identification of diatoms by means of
signatures constructed from the binary concentric ring masks,
the proposal for future work is to use a greater number
of reference images of each species and identify groups of
species that present high levels of correlation to improve the
identification of diatoms.
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