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Abstract An optical±digital system was used to identify
®ve phytoplankton species of the genus Ceratium from
Todos Santos Bay o� the California Peninsula, Mexico.
The system recognized species with at least 90% accu-
racy, regardless of their size, rotation, or location within
the ®eld of view. An optical ®lter was constructed for
each species for correlation with each of six test images.
The test images were prepared from phytoplankton
samples containing one or more of the ®ve species. The
correlations demostrate that each optical ®lter recog-
nized its corresponding species. To evaluate the e�ec-
tiveness of the correlation technique, we used images of
100 di�erent samples. The species of the Ceratium genus
analyzed are important indicators, since some are re-
sponsible for red-tide blooms in areas surrounding To-
dos Santos Bay, Baja California, Mexico. In the near
future, based on the method proposed, we plan to im-
plement an automated plankton-identi®cation system to
determine marine eco-biological properties.

Introduction

Phytoplankton are of great ecological signi®cance, since
they constitute the greatest portion of primary producers
in the sea (Zeitzschel 1978).

Microscopy is the principal method used to identify
and count phytoplankton. Microscopical counts have
been used to describe phytoplankton communities and
their spatial and temporal distribution patterns, and
have also been used to convert phytoplankton numbers
to biomass or energy (e.g. in terms of organic carbon or
calories, respectively). Reliable data on phytoplankton
carbon is essential for constructing trophodynamic
models (Zeitzschel 1978). However, microscopical
examination entails considerable time and labor for the
processing of a large number of samples (Furuya 1982);
moreover, mistakes are easily made. Methods enabling
the rapid identi®cation and quanti®cation of organisms
in a phytoplankton sample are needed. Some automated
methods for identifying and counting plankton and
micro-organisms have been reported (e.g. Balfoort et al.
1992; Simpson et al. 1992; Culverhouse et al. 1996),
which standardize microscopic observations and employ
computerized analysis of the results, using advanced
multivariate statistical techniques and neural networks.

In this study, we applied the technique described by
Casasent and Psaltis (1976a, b, c), that represents a
pattern-recognition system to convert an invariable ob-
ject to rotation and scale. The technique is applied for
the ®rst time in a optical±digital hybrid system for the
identi®cation of ®ve phytoplankton species of the Cer-
atium genus (family Ceratiidae).

Materials and methods

We selected the genus Ceratium because of the di�culty in taxo-
nomic discrimination of its species that is compounded by the
various morphotypes which can occur (LoÂ pez 1966; Bravo et al.
1995a, b; Subba Rao 1995; McCall et al. 1996). The species studied
were: C. furca and C. pentagonum (subgenus Ceratium), C. mac-
roceros and C. tripos (subgenus Tripoceratium) and C. fusus (sub-
genus Amphiceratium) (Sournia 1986; Balech 1988).

Phytoplankton were collected by a conic net from Todos Santos
Bay,MeÂ xico, between Latitudes 31°41¢ and 31°56¢Nand Longitudes
116°34¢ and 116°51¢W, and were preserved in 4% formaldehyde
neutralized with sodium borate (Throndsen 1978). A subsample of
0.3 ml was taken from each sample and diluted by addition of 0.7 ml
clean water on a Sedgwick-Rafter counting slide (Guillard 1978).
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Each subsample was then immediately placed under the microscope
and photographed to identify the species present.

Photographs were taken with a M20 EB ``Wild Heerbrugg''
optical microscope (100 ´ magni®cation), a Canon Photomicro
Unit F adapter, and 35 mm camera. High-contrast Kodak Tech-
nical-Pan 2415 ®lm (250 ASA) was used at 10 (�2 s) exposure. The
photographs were developed after the method of Alvarez-Borrego
(1987). We selected those photographs with the highest contrast
and least detritus. We used a digital scanner (HP ScanJet IIP,
Hewlett-Packard) to obtain the matrix data from the photographs,
and de®ned the function f(x,y) for every pixel of Coordinates x and
y on the image.

Fig. 1 shows the eight steps for the invariant correlation of
rotation, scale and position. The ®rst four steps are presented
digitally, for the remainder we used an optical approach. The ad-
vantage of a hybrid optical/digital approach over a strictly digital
approach is that an optical approach greatly decreases the image-
processing time. The Mellin transform, M�ju; jv� is used in this
correlation process because it is invariant to scale. Its de®nition can
be given in two dimensions (Casasent and Psaltis 1976a):

M�ju; jv� �
Z1
0

Z
f �x; y�xÿjuÿ1 yÿjvÿ1dx dy ; �1�

where �u; v� � new coordinates of the image obtained by this
equation, and j � imaginary number

�������ÿ1p
;

or in one dimension:

M�jw� �
Z1
0

f �x�xÿjwÿ1 dx ; �2�

where (w) � new coordinate of the image. For simplicity, M( jw)
can be written as M(w). Because the main operation realized by a
lens in an optical system is the Fourier transform (Goodman 1968),

it is necessary to combine the Mellin transform optically by means
of the Fourier transform (whose position is invariant). This is
feasible, since any linear mathematical operation, can be written in
the general form

g�a� �
Zx2

x1

f �x�K�a; x�dx; �3�

where g(a) � integration of the product of the function f(x) with
the Kernel K(a, x) (Arfken 1981) and a is any variable. The only
di�erence between the two transforms is thus the Kernel K(a, x).
For example the Fourier transform is:

g�a� �
Z�1
ÿ1

f �x�exp�ÿjax�dx ; �4�

where exp [)jax] � the Kernel transformation;
and the Mellin transform is:

g�a� �
Z1
0

f �x�xaÿ1dx ; �5�

where xaÿ1 � the Kernel transformation.
Thus, it is possible to proceed from the Mellin to the Fourier

transform by employing a variable change of the form x � exp�q� in
Eq. (2):

M�w� �
Z�1
ÿ1

f �exp�q��exp�ÿjwq�dq ; �6�

where q is any variable.
The Mellin transform of the function f �x� can be written in a

similar manner to the Fourier transform of the function f �exp�q��;
permiting the Mellin transform to be constructed optically. With
this combination (Fourier±Mellin), we can obtain a correlation
independent of the scale of the input function.

According to Casasent and Psaltis (1976a), it is easier to cal-
culate an invariant correlation to scale by manipulating the Fourier
transform than by changing the input functions (Fig. 1). Initially,
in Step 1 (Fig. 1) we have an input function f �x; y� for which a
calculation of the module of the fast Fourier transform jF �wx;wy�j
(Step 2) is made; this avoids any shift of the input function f �x; y�.
When the input function f �x; y� rotates, a certain angle h,
jF �wx;wy�j rotates at the same angle, and a change in scale ``a'' in
f �x; y� magni®es jF �wx;wy�j by jajÿ1.

E�ects of change in rotation and scale can be separated by
polar transformation of jF �wx;wy�j from coordinate �wx;wy� to
coordinate �r; h�. Because h � tanÿ1�wy=wx� and r � �w2

x � w2
y �1=2,

``a'' changes the scale of jF �wx;wy�j, and the r-coordinate becomes
r¢� ar without a�ecting the h-coordinate. Thus, a change in scale
of the bidimensional input function is less than a change in scale of
only one dimension (the r-coordinate) in the function F �r; h�
(Step 3: Fig. 1).

A Mellin transform of r in F �r; h�; will result in a transforma-
tion invariant to scale in the form:

M�wq; h� �
Z1
0

F �r; h�rÿjwÿ1dr ; �7�

where q � ln�r�. Therefore, the Mellin transform of the scaled
function F �ar; h� is:
M 0�wq; h� � ajw M�wq; h� ; �8�
and the module in these two transforms is the same. Eq. (7) can
thus be rewritten as:

M�wq; h� �
Z�1
ÿ1

F �exp�q�; h�exp�ÿjwq�dq ; �9�

and this equation can be e�ected optically.
Fig. 1 Diagram showing eight steps followed to obtain position and
rotation, and to scale invariant optical correlation
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In Step 4 (Fig. 1), a variable change is made with respect to r:
F �exp�q�; h�; where q is ln(r). A photograph was made of the
digitally-modi®ed image obtained in Step 4, and this photographic
image was placed in a coherent optical system to produce the
Mellin transform (Step 5) via an optical Fourier transform. In
Step 6, the digitally modi®ed image obtained in Step 4 was put into
a modi®ed Rayleigh interferometer (Goodman 1968) to obtain the
optical Mellin ®lter (Step 7). Correlation of the optical ®lter (Step 8)

Fig. 2 Ceratium spp. Processing of optical ®lters for each species.
i Binary image; ii module of Fourier transform corresponding to
binary image; iii polar transformation of module (ii) coordinates; (iv)
same as iii, but with theta vs ln(r); vMellin transform of each image a±
e optical images

Fig. 3 Modi®ed Rayleigh interferometer system for generating
optical ®lters. Light is helium±neon (He±Ne) laser [L1, L2, L3 lens; f
focal length; x1, y1, x2, y2 coordinates of input plane (object) and ®lter
plane (optical ®lter), respectively]

c



with the Mellin transform of the image generated a very low cor-
relation value for geometrically dissimilar organisms and a high
correlation value for geometrically similar organisms.

Five holographic ®lters were produced (Step 7) for one cell of
each Ceratium species: C. furca (Fig. 2a), 81 lm (real size), with
400´ image magni®cation, C. pentagonum (Fig. 2b), 100 lm, with

350´ image magni®cation; C. macroceros (Fig. 2c), 186 lm, with
225´ image magni®cation, C. tripos (Fig. 2d), 110 lm, with 285´
image magni®cation; C. fusus (Fig. 2e), 106 lm, with 270´ image
magni®cation. A modi®ed Rayleigh (Goodman 1968) interferom-
eter system was used to generate optical ®lters of these images
(Fig. 3).

Each photographic image was computer-digitized with binary
values. Six random test images were produced, and Steps 2, 3, 4,
and 5 (Fig. 1) were then repeated. The F �exp�q�; h�; function of
each test image was obtained as a photographic negative and
correlated optically (Step 8) with the ®lter of the species to be
identi®ed in a coherent optical system (Fig. 4). Each negative
F �exp�q�; h� of each test image was placed on the input plane for
correlation with its correspondent optical ®lter, thus enabling
identi®cation of the relevant species.

The optical ®lters were placed in a mounting with movement in
Axes x, y and z of Plane P2; (Fig. 4). A charge-coupled device
(CCD) camera was placed in Plane P3 to correlate each test image
with its corresponding optical ®lter and identify each species. The
information was recorded and subsequently plotted in three di-
mensions.

Results

Using binary images of Ceratium furca, C. pentagonum,
C. macroceros, C. tripos and C. fusus, we obtained im-
ages of the contours of the species (a to e, respectively, in
Fig. 2). Fig. 2i shows the binary image of each species;
Fig. 2ii the module of the Fourier transform corre-
sponding to the binary image; Fig. 2iii the polar trans-
formation of the module(ii) coordinates, where theta

Fig. 4 Coherent optical correlation system (CCD charge-coupled
device; other lettering as in Fig. 3)

Fig. 5 Dendrograms of Ceratium furca images (a) and of di�raction
patterns or module of Fourier transform (b)

Table 1 Ceratium spp. Species comprising the six images used to
test ability of optical±digital system to identify any one species

Species Length
(lm)

Size of image
relative to
optical ®lter

Di�erence in
rotation with
respect to
optical ®lter

First test image
C. furca 81 2.5 0°
C. pentagonum 100 2.5 0°
C. macroceros 186 1.9 0°
C. tripos 110 2.15 0°
C. fusus 106 1.9 0°

Second test image
C. furca 88 1.6 3°
C. furca 76 1.8 30°
C. furca 81 1.7 120°

Third test image
C. pentagnum 104 1.4 2°
C. tripos 111 1.3 3°
C. pentagonum 95 1.6 121°

Fourth test image
C. furca 95 1.5 2°
C. macroceros 169 1.1 2°
C. furca 99 1.4 123°

Fifth test image
C. macroceros 165 1.1 3°
C. tripos 106 1.3 0°

Sixth test image
C. tripos 104 1.37 0°
C. tripos 107 1.31 126°
C. fucus 103 1.21 0°
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represents values from 0 to 360° and r represents values
from 0 to 181.025; Fig. 2iv the same transformation as
in iii, but with ln (r) vs theta (where theta represents
values from 0 to 360° and ln (r) represents values from 0

to 5.20); and Fig. 2v shows the Mellin transform for
each image.

Fig. 5 shows dendrograms of Ceratium furca images
and of the di�raction pattern or module of the Fourier

Fig. 6 Ceratium furca. Identi®-
cation in test images. a First test
image, b corresponding corre-
lation peak; c second test image,
d corresponding correlation
peaks

Fig. 7 Ceratium pentagonum.
Identi®cation in test images. a
First test image, b correspond-
ing correlation peak; c third test
image, d corresponding corre-
lation peaks
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transform. The x-axes represent the 100 samples and the
y-axes linkage (Euclidean) distances.

Our next step was to try to identify a species in an
image consisting of various species. Six test images were
produced randomly (Table 1).

Comparison of the ®rst test image (Fig. 6a) with the
optical ®lter of Ceratium furca (Fig. 2a), revealed a cor-
relation peak indicating the presence of an individual of
C. furca in that image. Comparison of the second test
image (Fig. 6c) with the same optical ®lter (Fig. 6d); re-
vealed three correlation peaks, indicating three individu-
als of this species in the image. Peak localization depends
on the size and rotation of the organisms in the image.

Fig. 7 compares the ®rst image with the optical ®lter
of Ceratium pentagonum (Fig. 2b). Here, with all ®ve
species present, a correlation peak identi®ed C. penta-
gonum. The results obtained for the third test image
(Fig. 7c) and the same optical ®lter (Fig. 7d) revealed
two peaks, indicating the presence of two organisms in
the third test image.

A correlation peak for the fourth test image (Fig. 8a)
identi®ed Ceratium macroceros, and a correlation peak
for the ®fth test image identi®ed C. tripos (Fig. 8c).

Comparison of the sixth test image (Fig. 9a) with the
optical ®lter of Ceratium fusus (Fig. 2e) sucessfully
identi®ed this species (Fig. 9b).

To determine the sensitivity of the technique, cross-
correlations were made between each species (Figs. 2a to
e) and the optical ®lter for Ceratium furca.

Fig. 8 Ceratium macroceros (a,
b), and C. tripos (c, d). Identi-
®cation of test images. a Fourth
test image, b corresponding
correlation peak; c ®fth test
image, d corresponding corre-
lation peak

Fig. 9 Ceratium fusus. Identi®cation of test images. a sixth test image,
b corresponding correlation peak

c
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Fig. 10 reveals the autocorrelation of Ceratium furca
species (Fig. 10a), and the cross-correlation of C. furca
with C. pentagonum (Fig. 10b), C. macroceros
(Fig. 10c), C. tripos (Fig. 10d), and C. fusus (Fig. 10e).
The numerical results of these correlations are shown in
Table 2.

Fig. 11 compares correlation values for 100 individ-
uals of Ceratium furca taken (uncleaned) directly from
the microscope with an optical ®lter of the same species
cleaned of detritus, air-bubbles, and fragments of dif-
ferent and similar species, and Fig. 12 shows six repre-
sentative images of these organisms.

Discussion

The resemblance among Ceratium species that belong
to the same subgenus is obvious from Fig. 2a and b.

C. furca has a straight body, epitheca tapering gradually
into an apical horn, hypotheca varying from parallel-
sided form to tapering at the girdle, and strong, unequal
antapicals that are usually straight, parallel to subpar-
allel, and sometimes toothed (Fig. 2a). C. pentagonum is
very variable, with a pentagonal body usually with clear
plate sutures and surface thickenings; its apical horn can
be long or short (reduced in certain strains), and the
antapicals are short, thick and tapering (Fig. 2b).

The subgenus Tripoceratium (Fig. 2c, d) is charac-
terized by a cell with a long apical horn, no fusiform
cells, antapical horns of equal or di�erent length and a
straight base. Ceratium macroceros has a small body; its
apical horn is slender and straight or slightly curved; the

Table 2 Ceratium spp. Numerical autocorrelation and cross-correlation values of optical ®lters tested

C. furca C. pentagonum C. macroceros C. tripos C. fusus

C. furca 1.00 0.10 0.01 0.01 0.10
C. pentagonum 0.10 1.00 0.01 0.01 0.10
C. macroceros 0.01 0.01 1.00 0.10 0.10
C. tripos 0.01 0.01 0.10 1.00 0.10
C. fusus 0.10 0.10 0.10 0.10 1.00

Fig. 10 Ceratium spp. Correlation of each species with C. furca. a
Autocorrelation; b±e correlations with C. pentagonum (b), C. macro-
ceros (c), C. tripos (d) and C. fusus (e)
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antapical horns point backwards and then curve for-
wards and outwards (Fig. 2c). C. tripos has a rounded
epitheca; plates are usually apparent; the apical horn is
long, even, and slightly bent at the base; the antapicals
are more or less continuous, with a slightly ¯attened
base, and curve sharply forwards, parallel to or at an
acute angle to the apical horn (Fig. 2d).

The subgenus Amphiceratium is characterized by
species with long epitheca and narrow fusiform cells,
and only one developed antapical horn. Ceratium fusus
has an long epitheca, gradually tapering to a cylindrical
or gently tapering apical horn that is usually slightly
bent dorsally or straight; the hypotheca are tapering; the
left antapical horn is long, slightly curved (rarely
straight); the right antapical horn is rudimentary or
absent (Fig. 2e).

The ®ve Ceratium species examined always lie on
their side; i.e. they are compressed in one plane and are
thus ideal organisms for video-imaging. However, in-
traspeci®cally they are also morphologically variable,
and specimens are at times di�cult to separate, espe-
cially when as many as 20 di�erent and distinct Ceratium
species occur in one plankton sample.

In order to evaluate the e�ectiveness of the correla-
tion technique satisfactorily, images of a large number of
di�erent samples of the same species should be used to
account for variations in natural morphology. Optical
®lters often fail to provide clear result because di�erent
samples of the same species may look di�erent according
to viewing angle, lighting conditions, etc. In this study
we used 100 samples to determine if it were possible to
identify a species using only one ®lter.

Fig. 11 Ceratium furca. Correlation values of 100 individuals. a
Numerical results; b means � SD

Fig. 12 Ceratium furca. Imag-
es with detritus, air-bubbles
and fragments of various spe-
cies
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Our results indicate that less variation exists when
di�raction patterns are compared with the test images
(Fig. 5); in such cases, one holographic ®lter su�ces.
The associations among 100 samples were clearly
apparent, indicating that this technique worked satis-
factorily (Figs. 6 to 9).

Fig. 10 reveals the sensitivity of the technique. In
tests with a species that does not correspond to the
optical ®lter, a correlation peak is absent or minimal
(Fig. 10b, e), representing 10% of a matching correla-
tion peak (normalized to 1.0).

Our study has demonstrated the sensitivity and reli-
ability of the Casasent and Psaltis (1976a, b, c) method.
The response is highly discriminatory (>90%). It pro-
duces correlation peaks only when organisms of the
same species are present in the ®lter (Fig. 10). When the
optical ®lter is compared with test images of the same
species containing detritus, air-bubbles and fragments,
the sensitivity of the method is 0.854 � 0.019 (Fig. 11).
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