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Abstract. Cholera is an acute intestinal infectious disease. It has
claimed many lives throughout history, and it continues to be a global
health threat. Cholera is considered one of the most important emer-
gence diseases due its relation with global climate changes. Automated
methods such as optical systems represent a new trend to make more
accurate measurements of the presence and quantity of this microorgan-
ism in its natural environment. Automatic systems eliminate observer
bias and reduce the analysis time. We evaluate the utility of coherent
optical systems with invariant correlation for the recognition of Vibrio
cholerae O1. Images of scenes are recorded with a CCD camera and
decomposed in three RGB channels. A numeric simulation is developed
to identify the bacteria in the different samples through an invariant cor-
relation technique. There is no variation when we repeat the correlation
and the variation between images correlation is minimum. The position-,
scale-, and rotation-invariant recognition is made with a scale transform
through the Mellin transform. The algorithm to recognize Vibrio cholerae
O1 is the presence of correlation peaks in the green channel output and
their absence in red and blue channels. The discrimination criterion is
the presence of correlation peaks in red, green, and blue channels.
© 2002 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1456539]
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1 Introduction

In the 1980s the estuarine origin ofVibrio choleraeO1 and
its link with marine organisms was documented. There
many questions about the ecology of the cholera bact
that remain unsolved. Better knowledge of the cholera b
teria’s behavior in ocean and coastal zones could lea
accurate predictions of cholera outbreaks and slowing
spread of cholera pandemics. In this case, the long-t
environmental monitoring ofVibrio choleraeO1 in seawa-
ter could be the answer to many open questions concer
cholera. Different human-driven techniques to recogn
the bacteria have experienced some reliability difficultie

The performance of ecological studies of microsco
organisms greatly depends on the correct identification
quantification of the organism under study in natural en
ronments. For instance,Vibrio choleraeO1 is responsible
for cholera disease and there are many unsolved ques
about its ecology that could be answered through the
servation of a large number of seawater samp
worldwide.1,2

Microbiologists have developed several techniques
bacteria identification.Vibrio choleraeO1 has usually been
Opt. Eng. 41(4) 827–833 (April 2002) 0091-3286/2002/$15.00
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identified through cultures in specific media and a water
of biochemical tests.3 Nevertheless,Vibrio choleraecould
survive in an adverse environment in a dormancy sta
This stage has been called ‘‘viable but not culturable,’’ a
bacteria cannot be recovered by culture methods.4,5 On the
other hand, to develop all these tests we require at lea
days, and it is finally necessary to use direct methods.6

Molecular biology techniques such as protein chain
action are the most specific methods of bacteria typi
They determine the protein composition of the bacteria w
and deoxyribonucleic acid, but they are expensive, sop
ticated, and complicated tools and we may not use them
screening proposal.7

Direct techniques such as staining with acridine oran
and DAPI have also been used, but these methods ar
accurate methods that provide information about prese
only of organic matter or organisms in general.8,9 Direct
fluorescent antibodies~DFA! is a fast and highly specific
staining method;10–12 however, the samples processed w
DFA should be evaluated by an experienced obser
whose capacity depends on the sample number. Slide r
ing is a boring activity that consumes a lot of time, produ
827© 2002 Society of Photo-Optical Instrumentation Engineers
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tiredness, and decreases the observation reliability when
number of samples increases.

The different human-driven techniques to recognize b
teria have some reliability difficulties. Automated metho
such as optical systems represent a new possibility to m
better measurements of the presence and quantity of
microorganism in its natural environment. Automatic sy
tems eliminate observer bias, reduce analysis time, rel
researchers of the tedious activity of organism identifi
tion and counting, and provide major effectiveness.

Optical systems are becoming an interesting tool for
ologists to make easier and better observations of the p
ence of microorganisms in an environment. Sin
VanderLugt introduced the filtering techniques,13 optical
correlation methods based on object shape have been
cessfully used in pattern recognition. Several kinds of
ters have been developed to recognize different objects
biology, for example, we have the use of circular harmo
filters for copepods recognition14 and matched filtering to
determine for different phytoplankton species.15

Nevertheless, the recognition of particular bacteria s
cies is a complex issue. Bacteria shape does not pro
enough information to identify them, because there
many species that share the same shape.Vibrio choleraeO1
has a transparent curved rod shape, the same as all m
bers of the Vibrionaceae family among others.3 To solve
this problem, we can markVibrio choleraeO1 with mono-
clonal antibodies, giving them a specific green color,12 and
use optical color correlation systems to increase the
crimination ability of pattern recognition filters, taking int
account only color and shape information.16–19 Bacteria
color and shape depends on the illuminating wavelen
that is, color introduces additional information to impro
recognition effectiveness. The logical or arithmetic sum
polychromatic object decomposition in three simple mon
chromatic channels@red, green, and blue~RGB!# produces
a high level of target recognition.

Bacteria’s morphology, orientation, and size changes
other problems that we must tackle. Besides shape
color, our optical system must be invariant to positio
scale, and rotation. We use the digital scale transfo
through the Mellin transform approach15 to implement an
optimal process that guarantees a high discrimination ca
bility of invariant pattern recognition correlators. To o
knowledge, this approach has never been used in color
tems. Our goal is to evaluate the effectiveness of color c
relation systems forVibrio choleraeO1 recognition, and
also develop invariant filters by comparing the performan
of matched filters with phase-only filters.

Section 2 presents a summary of the importance of
cholera study. Section 3 describes theVibrio choleraeO1
samples, Sec. 4 describes the invariant recognition sys
for cholera identification. Finally, Sec. 5 presents some
sults and discussion.

2 Cholera Importance

Cholera has claimed many lives throughout history, an
continues to be a global health threat. Since the first do
mented modern pandemic in 1817, six more pandem
have occurred.20–22 The origin of these cholera pandemi
is mysterious. One hypothesis holds thatVibrio cholerae
828 Optical Engineering, Vol. 41 No. 4, April 2002
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O1 exists in a nonpathogenic state, and local environme
changes, perhaps related to the season, promote its sh
virulence.4,22

In support of this hypothesis there is recent evidence
the cholera bacillus can survive indefinitely in some hos
natural environments.4,11,23–26The starting points for nearly
all cholera epidemics appear to be port communities,
plying a role for a marine transmission. We must consid
more carefully the possible role of the ocean in the spr
of the cholera bacillus worldwide.

The biogeography of the ocean changes with the s
sons, in a fashion analogous to changes on land. M
ocean cycles result from dynamic displacement of tran
tional, highly compressed gradients in the atmospheric
subsequent oceanic interactions.27,28 Ecological studies
have documented seasonal, annual, decadal, and lo
term responses to climate-driven environmental chang
Changes in species distribution and prevalence, for bact
as well as larger organisms, also reflect climate-driv
ocean variation.27,29In this case, the long-term environmen
tal monitoring ofVibrio choleraein seawater could be the
answer to many questions about the cholera.

3 Vibrio cholerae O1 Samples

Vibrio choleraeO1 Inaba E1 Tor was used to inoculate o
flask with 160 ml of seawater simulated with 20% salini
enriched with 0.5% peptone, and incubated at 25
Samples of 10ml were processed with the DFA 10 to 1
technique to stainVibrio choleraeO1 cells and observed
under a Carl Zeiss epifluorescence microscope. Ima
from the bacteria found in the laboratory samples were
corded with a CCD color camera. These images,f (x), were
used for the automated invariant recognition ofVibrio chol-
erae O1 with the system described here. The monoclo
antibodies technique is an accurate procedure to m
Vibrio choleraeO1 with almost 100% of sensitivity.10–12

4 Invariant Color Object Recognition

A numerical simulation was performed to correlateVibrio
choleraeO1 with phase-only filters~POFs!. Figure 1 shows
seven steps for invariant correlation of rotation, scale, a
position. All steps were developed digitally. The 1-D sca
transform is given by

Fig. 1 Steps of scale transform via the Mellin transform.
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S~ux!5
1

A2p
E

0

`

f ~x!
exp~2 jux ln x!

Ax
dx, ~1!

whereux is the new coordinate of the image. Because
main operation realized by the lens in an optical system
the Fourier transform,30 and because it is digitally easier t
use the fast Fourier transform~FFT!, we show that we can
compute the scale transform through the Fourier transf
~whose magnitude is position invariant!. This is feasible,
since any linear mathematical operation, can be written
the general form

g~a!5E
x1

x2
f ~x!K~a,x! dx, ~2!

whereg(a) is31 the integration of the product of the func
tion f (x) with the kernelK(a,x), and a is any variable.
The only difference between the two transforms is thus
kernelK(a,x).

Let us consider the Fourier transform of a functionf (x):

g~a!5E
x1

x2
f ~x! exp~2 j ax! dx, ~3!

where exp (2jax) is the Fourier kernel transformation. Th
Mellin transform can be written as

g~a!5E
x1

x2
f ~x!xj a21 dx, ~4!

where xj a21 is the Mellin kernel transformation, andx1

andx2 are the limits in the integral. Thus, it is possible
proceed from the scale to the Fourier transform via Me
transform. In this section, we write the relation between
scale and the Mellin transform only. This is important b
cause, in this way, Eq.~1! can be manipulated via Fourie
transform throughout the Mellin transform easily.

The separable 2-D scale transformS(ux ,vy) is used in
this correlation process because it is invariant to s
changes. Its definition is given by32

S~ux ,vy!5
1

A2p
E

0

`E
0

`

f ~x,y!

3
exp~2 jux ln x2 j vy ln y!

Axy
dx dy, ~5!

where (ux ,vy) represent the scale variables. It is easy
show that the scale transform of the functiong(x,y)
5@ f (x,y)#/Axy is given by

S~ux ,vy!5F$ f @exp~p!,exp~q!#%, ~6!

whereF is Fourier transform.
Thus, relations between the scale with Mellin transfor

in two dimensions, in one as in another sense, are33
scale transformFg~x,y!5
f ~x,y!

Axy
G

[Mellin transform@ f ~x,y!#, ~7!

Mellin transformbAxy f~x;y!c[scale transform@ f ~x,y!#.
~8!

Thus, via the Mellin transform we can calculate the sc
transform or vice versa. According to Eq.~8!, between
steps 2 and 3 we introduce the factorAr ~Fig. 1!, and in this
way, we obtain the scale transform via the Mellin tran
form. The effect of this factor on the module of FFT
radial only.

According to Casasent and Psaltis,34 it is easier to cal-
culate an invariant correlation to scale by performing
warping of the input function and subsequently a Four
transform~Fig. 1!. Initially in step 1 ~Fig. 1!, we have an
input functionf (x,y) for which a calculation of the module
of the FFT uF(wx ,wy)u ~step 2! is made; this avoids any
shift of the input functionf (x,y). When input function
f (x,y) rotates by a certain angleu, uF(wx ,wy)u rotates at
the same angle, and a change in scalea in f (x,y) magnifies
uF(wx ,wy)u by uau21.

The effects of change in rotation and scale can be se
rated by the polar transformation ofuF(wx ,wy)u from co-
ordinate (wx ,wy) to coordinate (r ,u). Because u
5tan21(wy /wx) andr 5(wx

21wy
2)1/2, a changes the scale o

uF(wx ,wy)u, and ther coordinate becomesr 85ar without
affecting theu coordinate. Thus, a change in scale of
bidimensional input function is a change in scale of on
one dimension~r coordinate! in the functionF(r ,u) ~step 3
in Fig. 1!. To maintain not only the scale but the rotation
invariance we use the nonseparable scale transform, by
ing the log of the radial coordinatel5 ln(x21y2)1/2

S~up ,uu!5
1

A2p
E

0

`E
0

2p

f ~l,u! exp~l/2!

3exp~2 j lcp2 j ucu! dl du. ~9!

Now, this process is quite different from the proce
presented by Casasent and Psaltis34 in two aspects: first,
because the high frequencies present in the module of
FFT have important information of features of the origin
images we enhance high-pass filtering effect,35 which con-
sists of applying a parabolic function to the FFT module.
this way, low frequencies are attenuated and high frequ
cies are enhanced in proportion towx

2 andwy
2, and second,

in step 4~Fig. 1!, a variable change is made with respect
r: F@exp(r),u#, wherer is ln r, and in this transformation
we encountered an aliasing problem. We applied a bilin
interpolation to avoid this effect.33

In step 5 ~Fig. 1! we obtain the bidimensional scal
transform via an FFT. POFsSPOF(ur ,vu) are defined as

SPOF~ur ,vu!5expb2 if~ur ,vu!c, ~10!

whereuS(ur ,vu)u is equal to one, andur andvu are vari-
ables in the frequency domain~step 6!. Correlation of the
829Optical Engineering, Vol. 41 No. 4, April 2002
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83
Fig. 2 Correlation with scale transform: (a) and (b) correlation outputs in the green channel with
POFs, (c) graph of a line 1 of (a), (d) graph of a line to 90 deg. of (b), (e) and (g) problematic images
in the green channel, and (f) and (h) filter images in the green channel.
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digital filter ~step 7! with the scale transform of the imag
generates very low correlation values for geometrically d
similar organisms and high correlation values for geome
cally similar organisms.

As mentioned, the recognition of particular species
bacteria is a complex issue. Bacteria shape does not pro
enough information to identify them, because there
many species that share the same shape. In the specific
of Vibrio choleraeO1, color information becomes an im
0 Optical Engineering, Vol. 41 No. 4, April 2002
e

se

portant discriminant feature that we must include in t
whole identification process.

In general, a polychromatic object presents a differ
shape and amplitude distributionAl i(x,y) when illumi-
nated with different wavelengthl. However, two different
objects may present similar amplitude distributions wh
they are illuminated with the determined wavelengthl0 .
Thus, in an optical pattern recognition process using a c
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Fig. 3 Correlation with scale transform: (a) and (b) correlation outputs in the green channel with
POFs, (c) graph of a line at 0 deg of (a), (d) graph of a line at 90 deg of (b), (e) and (g) problematic
images in the green channel, and (f) and (h) filter images in the green channel.
d
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e o

bi-

,
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in-
relator illuminated with a wavelengthl0 , these objects will
give very similar amplitude correlation distributions, an
some false alarms will appear. To avoid this problem, i
necessary to use the information about the dependenc
the object amplitude distributions on wavelength.36

Most of the natural colors can be obtained as a com
nation of three colors~the so-called primary colors! if they
are well selected. Each of them must be in the red~R!,
f

green ~G!, and blue~B! regions of the visible spectrum
respectively. When the object is a transparency, the am
tude transmittances obtained with illumination of one
these primaries are called the red, green, and blue com
nents of the object.

The recognition of an object in a scene is achieved
decomposing the information in three monochroma
channels and by identifying the object in each channel
831Optical Engineering, Vol. 41 No. 4, April 2002
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dependently. In other words, the correlationCl i(x,y) be-
tween the scene to be analyzedf l i(x,y) and the bacteria to
be detectedBl i(x,y), in this case, are obtained by illum
nating an optical setup with three wavelengthsl i

5R,G,B, which cover the visible spectrum:

Cl i~x,y!5 f l i~x,y! ^ Bl i~x,y!. ~11!

Thus, the process shown in Fig. 1 will be repeated
each channel~R, G, andB!. In each channel, the filter to b
used is matched to the corresponding component of
target. In general, objects that have a determined com
nentAl i(x,y) similar to component of the targetBl i(x,y)
will give a maximum of correlation in this channel (l i).
But only the target will simultaneously give a correlatio
maximum in each channel. Thus, an object is detected
the target if it simultaneously produces a correlation pe
in the three channels. In the particular case ofVibrio chol-
eraeO1, however, we could mark it with a specific gre
color with monoclonal antibodies. Thus, the correct iden
fication for these bacteria will be in the green channel on
and the presence of correlation peaks in the two other ch
nels will constitute a false identification.

Therefore, with the methodology described, it is possi
to recognizeVibrio choleraeO1 in a digital correlator in-
variant to rotation, position, and scale changes.

5 Results and Discussion

Some examples of invariant correlation outputs in the gr
channel of Vibrio cholerae O1, using the methodology
shown in Fig. 1, are shown in Figs. 2 and 3. Figure 2~e!
shows an image with three bacterias with the same a
but for three different sizes~120, 100, and 60%! with re-
spect to the filter@Fig. 2~f!#. The output in the green chan
nel shows three peaks at 0 deg@Fig. 2~a!#. A profile of these
peaks are shown in Fig. 2~c!. The one in the middle corre
sponds to 100%, the one beside it to the left to 60%,
the one beside it to the right to 120%. Other peaks at
deg are present because of the periodicity produced by
polar transform. In the output, there is a change in the
sition of the correlation peak corresponding to the size
angle differences with the filtered organism.

Invariant correlation results in the green channel with
filter that has an organism of different orientation~90 deg!
@Fig. 2~h!# are shown@Fig. 2~b!#. Three correlation peak
are present at 90 deg, which is the angle of bacteria
image @Fig. 2~g!# with respect to bacteria in the filter. A
profile of the line at 90 deg shows three correlation pe
@Fig. 2~d!#. The left arrow represents larger bacteria, t
arrow in the center, the middle organisms, and the ri
arrow, the smallest bacteria.

Figures 3~e! and 3~g! present two organisms with mini
mal scale and rotation differences. This image was co
lated with a filter with the same orientation and similar s
@Fig. 3~f!#. We observe a unique correlation peak at 0 d
and its harmonic at 180 deg@Fig. 3~a!#. A profile of this
result is shown in Fig. 3~c!. Even though there are tw
bacteria in the image test, there is just one peak in
output because when the organisms are similar in size
orientation the peaks are superimposed. This constitut
832 Optical Engineering, Vol. 41 No. 4, April 2002
-

s

-

e

d
a

trade-off for organism count, but this invariant process i
proves the recognition efficiency because the correlatio
invariant to position, scale, and rotation.

We can see similar results in Figs. 3~b! and 3~d!, also in
the green channel. The filter image@Fig. 3~h!# is a bacteria
of different rotation. The peak is now at 90 deg because
bacteria is at 90 deg in orientation with respect to the t
image.

These results show that it is possible to recognize
bacteriaVibrio choleraeO1 in the green channel irrespe
tive of size, orientation, and position changes. OnlyVibrio
choleraeO1 can be recognized in the green channel. T
presence of correlation peaks in the other two channels
resents a false identification.
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análisis de imágenes,’’ Universidad Polite´cnica de Madrid, Escuela
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