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Abstract

A new technique to design mosaic color filters on a CCD area sensor is proposed to improve the quality of electronic
endoscope image. Images obtained from the CCD sensor have an interpolation error. The error causes degradation of spatial
information in the reproduced image. In this paper, we analyzed spatial distribution of the reflectance spectra in the
electronic endoscope image, and the distribution was used to optimize the spectral transmittance of the color fiiters for the
improvement of image quality. The simulated annealing technique was utilized for optimization. © 1998 Elsevier Science

B.V.
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1. Introduction

In recent years, electronic endoscopes with CCD area
sensors have been developed and widely used instead of
conventional optical endoscopes that use color film. How-
ever, color reproduction of the images taken by the elec-
tronic endoscope is poor compared with the optical endo-
scope images. In previous papers {1-3], we proposed color
correction methods to colorimetrically correct color using
samples of spectral reflectance in gastric mucous mem-
brane. The latest method is based on an estimation of
reflectance spectra [2,3]. In the method, the spectral re-
flectance is estimated in each pixel of the endoscope
image, and the estimated spectral reflectance is trans-
formed to the ideal RGB values according to the NTSC
system (National Television System Committee) [4]. The
estimation and transformation processes are connected then
the whole process is performed using simple 3 X 3 matrix.
This method was also proposed for a wide range of images

[5].

" E-mail: tsumura@ics.tj.chiba-u.acjp.

There are two kinds of color encoding method in
electronic endoscopes. One uses a rotating color wheel
composed of R, G and B filters in tront of the light source.
Three channel images are obtained in order, and they are
synthesized to be a color image. Moving the probe of the
endoscope, however, the color shear is found at the region
where the pixel values vary largely, and it prevents correct
color reproduction. The other uses mosaic color filters on a
CCD sensor to obtain a color image. The captured multi-
plex image is separated into three channel images where
the information is sampled, and these sampled images are
filled in by interpolation. In this method, there is no color
shear when moving the probe. However, errors by the
interpolation prevent the correct color reproduction at the
region where the pixel values vary largely.

In this paper ', we propose a technique to design the
color filters to reduce the interpolation error in the elec-
tronic endoscope that uses mosaic color filters. The above

"A part of this paper was presented at the 50th Annual

Conference of IS&T held in Cambridge, Massachusetts on 21
May 1997.
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color correction method is used as the standard color
correction method. The filters are designed based on the
two-dimensional distribution of reflectance spectra esti-
mated using the rotating wheel type electronic endoscope
without color shear. In the next section, we introduce the
color correction method based on the estimation of the
reflectance spectra [2,3], and in Section 3, the two-dimen-
sional distribution of estimated reflectance spectra in the
electronic endoscope image are analyzed. In Section 4, we
show a flowchart for simulation of the image forming
process in the electronic endoscope with mosaic color
filters, and in Section 5, the spectral transmittance of the
filters are optimized by a simulated annealing technique
based on the two-dimensional distribution of reflectance
spectra.

2. Color correction based on estimated reflectance spec-
tra

Fig. 1 shows a model of the electronic endoscope that
uses a rotating color wheel. In this system, the R, G and B
values ¢, (i = R,G,B) of the electronic endoscope are given
by

g Fi
v | = | Fs |o. (1
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where the vector o is a spectral reflectance of the gastric
mucous membrane, the vector F/ (i = R,G,B) is the over-
all spectral characteristic of an electronic endoscope with
each filter, and [ ]' represents transposition. The over all
spectral characteristic is the product of the spectral radiant
energy of the light source, spectral characteristics of the
imaging lens and CCD sensor, and spectral transmittance
of the color filter. Using spectral reflectance data of the
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Fig. 1. Model of the electronic endoscope that uses a rotating
color wheel.

gastric mucous membrane, the spectral reflectance o can
be well approximated by [2,3]

oy
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where u; is obtained by a principal component analysis of
the spectral reflectance data, and the vectors u; are called
principal component vectors. From Egs. (1) and (2), a, is
given by
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From Eqs. (2) and (3), the spectral reflectance is estimated
from ¢; (i = R,G,B) as follows,

t t |
Fru, Fru, Fru,

U'r

— ' t t )
o=[u u,u,]|Fsu, Fiu, Fou, gt 4)

Fiu, Fru, Flu, Us

In this paper, we named the two-dimensional distribution
of the estimated reflectance spectra as spectral reflectance
image. Let the vectors r, g, b be color matching functions
for ideal CRT’s display primaries, then R, G, B values ¢}
(i = R,G,B) that are obtained by an input system with ideal
spectral characteristics are calculated by
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Eq. (4) shows the estimation process for spectral re-
flectance, and Eq. (5) shows the total process for color
correction using a simple 3 X 3 matrix.

3. Spatial frequency characteristic of a spectral re-
flectance image in a gastric mucous membrane

Using the spectral reflectance estimated from the out-
puts of the rotating wheel type electronic endoscope with-
out color shear, we analyze the spatial distribution of the
reflectance spectra in the electronic endoscope image.

For the principle component analysis, we used 310 data
of spectral reflectance in the gastric mucous membrane
which were measured by an endoscopic spectrophotometer
[6]. They were sampled at intervals of 10 nm between 400
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and 700 nm. The contribution rate from the first to third
components was about 99.1% [3]. We also calculated the
contribution rate using 170 reflectance spectra measured
by Vrhel et al. [7] which are from various natural and
man-made objects, including rocks, plants and vegetation,
human skin and hair, and fabrics. The contribution rate
was about 97.9%. It is apparent that the reflectance spectra
of mucous membrane are better approximated by the three
principal components than those of a wide range of ob-
jects.

On the other hand, the electronic endoscope image was
taken under a Xenon lamp by a rotating wheel type
endoscope made by Olympus Optical Co., Ltd. The elec-
tronic endoscope image was transformed to spectral re-
tlectance image by Eq. (4) using the individually measured
spectral characteristics of the light source, imaging lens,
CCD sensor, and color filters.

Fig. 2 shows six slices of the spectral reflectance image
at 440, 500, 560, 620 and 680 nm wavelength, and their
power spectra in logarithmic scale, respectively. It is noted
that the vessel structure can be observed well at the band
images from 440 to 560 nm, however it is difficult to
observe it at 620 and 680 nm. This characteristic is also
obvious in the power spectrums. In the short optical wave-
length, the component in high spatial frequency is greater
than that in the long optical wavelength. This suggests that
the electronic endoscope images should be sampled with
higher resolution in the short wavelength to reduce the
interpolation error.

4. Image forming simulation in electronic endoscope
with mosaic color filters

An image forming process of the electronic endoscope
with mosaic color filters is simulated by using the above
spectral reflectance image of gastric mucous membrane.
The schematic flowchart of the simulation is shown in Fig.
3. The output values on the CCD sensor are calculated
using a spectral reflectance image and the overall spectral
characteristic of an electronic endoscope using Eg. (1).
The overall spectral characteristic in the previous section
was used as the characteristic for simulation. The output
value of each pixel depends on the spectral transmittance
of the color filter. The output values are separated into
three channel images and these sampled images are inter-
polated. The interpolated three channel images are trans-
formed to R, G and B images that are obtained by an input
system with ideal spectral sensitivities using our proposed
color correction method [2,3] as in Eq. (5). Bayer type [8]
color filter array was used as a mosaic pattern on the CCD
sensor. The primary color obtained by the third filter is
sampled with higher resolution than the others. In this
paper, we have not considered other mosaic patterns (see
Ref. [9]) and have not optimized the mosaic pattern. The
reason for this procedure is discussed in Section 6.

Slices of Spectral Power Spectra
Reflectance Image in logarithmic scale

440nm

440nm

500nm

560nm 560nm

620nm

620nm

680nm
Fig. 2. Slices of spectral reflectance image at 440, 500, 560, 620

and 680 nm wavelength, and their power spectra in logarithmic
scale.
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space [10] of all pixels between the original image and the
sampled-interpolated image. We used only normal formu-
lae [10]in CIEL" a* b" uniform color space to compute
the color differences at high speed. As a preliminary
research for optimization, in this paper, we treated only
one typical spectral reflectance image shown in Fig. 2. The
simulated annealing method [11] that is one of the nonlin-
ear optimization techniques was used to find the color
filters that minimize the averaged color difference as a cost
function. We assumed that the filters have Gaussian type
transmittance curves. As parameters in the optimization,
the spectral centroid and half-width of Gaussian type were
used, then six parameters for three filters were optimized
in this paper. Gaussian noise was added into sensor outputs
as electronic noise. The degree of noise is denoted by the
ratio between the standard deviation of noise and the
output value for perfectly reflecting surface without color
filters.

Fig. 4 shows the optimized spectral transmittance of

1
09 /\
o8 |\
o7 + \
os |\
o5 |\ ]

T T T

ViP Ve fVave] ValValvalvelvel Walvalvalvalvs

ViVl ValvalvaVa ol [ValvalvalvalVs
Vy Vg Ve Y Ivy 33’2'3?2 VolvelVal WalValvalValva
I I I

Transmittance

04 1
03 r
02 r

of reflectance spectra

\]

[ Color correction based on estimation ]

R G B
Fig. 3. Schematic tlowchart of simulation for the electronic endo-

scope with mosaic color filters using a spectral reflectance image
of the gastric mucous membrane.

We considered that both characteristics of sampling and
spectral reflectance image should be used to improve the
image quality. In the next section, we design the mosaic
color filters for this purpose.

5. Design of filter spectral transmittance by simulated
annealing

The color filters were designed to minimize an aver-
aged color difference in CIE L™ a® b™ uniform color
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Fig. 4. Optimized color filters in the presence of 0.1% noise (a)
spectral transmittance of color filters, and (b) histogram of CIE
L* a” b” color difference.
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color filters in the presence of 0.1% noise and the his-
togram of CIE L™ a” b" color difference between the
original image and processed image. The dashed line in
Fig. 4 indicates the spectral transmittance of the third
filter. The average and maximum color differences were
6.7 and 176.3 respectively. To examine the result of the
optimization, other color filters are shown in Fig. 5a and a
result of color difference is shown in Fig. 5b as a his-
togram. The average and maximum color differences were
10.1 and 197.5, respectively. The half-widths of the color
filters were set to be the same as the optimized color
filters, but their centroids were shifted. In general, it is
known that the just noticeable color difference is about 2.5
in CIEL" a" b* color space. We can see that the color
filters are optimized effectively by suppressing color dif-
ferences of many pixels within 2.5 under the histograms,
and we can conclude that both characteristics of the spec-
tral reflectance image and the sampling process cooperate
with each other to improve the image quality.
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Fig. 5. Examined color filters in the presence of 0.1% noise (a)
spectral transmittance of color filters, and (b) histogram of CIE
L* a® b* color difference.
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Fig. 6. Optimized color filters in the presence of 0.5% noise.

In the presence of 0.5% noise, the half-widths of the
optimized color filters become larger than those in Fig. 4
as shown in Fig. 6. This is because the sensor outputs of
the narrow band filters become smaller and are more
strongly influenced by noise than those of the wide band
filters, that is the half-width of the optimized filters be-
come larger as the degree of noise becomes stronger. In a
practical situation, it is necessary to estimate the degree of
noise in the optimization of color filters.

6. Discussion

In this paper, the spectral transmittance of color filters
was optimized on a Bayer type mosaic pattern to improve
the image quality. The mosaic pattern can be also opti-
mized to improve the image quality. However, it is diffi-
cult to adjust the sampling rate finely by changing the
mosaic pattern owing to the restriction of the filters ar-
rangement and interpolation technique. Therefore, we have
not optimized the mosaic pattern, and expected that the
spectral transmittance is optimized to cooperate with the
sampling rates of the Bayer pattern.

We approximated the spectral reflectance by using
three principal components. The cumulative contribution
ratio of the three principal components was about 99%.
The error of this approximation is often enlarged at the
resultant image depending on the relation between the
principal component vectors and spectral transmittance
vectors [5]. In our simulation, this enlargement of the
approximation error could not be considered, because our
spectral reflectance image was expressed by only three
principal components exactly. We should use three more
color filters in the rotating wheel type electronic endo-
scope to obtain a more exact spectral reflectance image.

Some techniques [12—15] have been proposed to design
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color filters for color measurement devices using a linear
iterative technique or a constrained nonlinear optimization.
It was not necessary to consider the reproduction of the
spatial distribution of the image, because there was not any
interpolation error in their applications. In our application,
however, we had to consider the degradation by the inter-
polation error for the design of mosaic color filters, and a
spectral reflectance image was required to simulate an
image forming process and calculate the cost function for
optimization. The simulated annealing technique was use-
ful for this application because the cost function is compli-
cated by the processes of sampling. interpolating and
correcting of color, and we can easily add other costs such
as feasibility of filter fabrication.

These ideas have been discussed in the context of a
specific application of an electronic endoscope that uses
mosaic color filters. The new concept for designing the
optimum filter considering both characteristics of the spec-
tral reflectance image and the sampling process is ex-
tremely general for the applications where mosaic color
filters are used and objects have a remarkable characteris-
tic of the spectral reflectance image.

7. Conclusion

We proposed a technique to design mosaic color filters
of an electronic endoscope to improve image reproduction.
The filters were designed with reflectance spectra esti-
mated form the RGB image acquired by a rotating wheel
type electronic endoscope without color shear. We found
that complex structures as a vessel pattern appear in short
wavelength slices of the spectral reflectance image. The
simulated annealing method was used to find the color
filters that minimize the averaged color difference between
original images and sampled-interpolated images. The re-
sult of the optimization showed that the characteristic of

the sampling and spectral reflectance image cooperated
well with each other to improve the image quality.
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