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Optimal Filters Design for Measuring Colors Using
Unsupervised Neural Network

Wenjun WANG, Markku HAUTA-KASARI and Satoru TOYOOKA

In order to measure spectra of colors in an image by a few of filters which have continuous spectral
transmittance, an unsupervised neural network is proposed to design non-negative filter functions.
The learning algorithm of this neural network is instar algorithm with competition transfer function.
Munsell color database is chosen as learning data. Spectra of unknown color were reconstructed by
using designed filter functions. Resultant spectral distributions almost coincide with that obtained by a
subspace designed by K-L expansion. The average reconstructing error of original colors by using the
filter functions is 0.07% and the biggest error is 2.6%. This method was also applied to designing filter
functions for estimating optical path difference(OPD) in white light interferometry. The OPD values

were successfully estimated.

1. Introduction

Color image analysis is very important in many fields, such as pattern recognition.
Usually three-dimensional color space like CIE XYZ or Lab systems are used to
distinguish different colors. Three-dimensional methods are corresponding to human
visual system and they can not represent spectral distribution, i.e. sometimes
different spectral distributions will result in the same values. The phenomenon is
known as metamerism. On the other hand, in some application the spectral
distribution is just what we want to analyze. In this case, multi-spectral methods to
use a set of narrow band filters are required. If spectral data are sampled in visual
wavelength range from 400nm to 700nm with an interval of 10nm, we need 31 filters.
Isn’t it possible to use fewer filters to find spectral distribution of colors? Subspace
method [1]has been successfully used to represent spectral distribution with a few of
basis vectors. But because of the orthogonality of the basis vectors, they contain
negative values and can not be implemented as real filters. We propose a neural
network method to find the optimal filter functions having only non-negative
elements. At first we try to make optimal filter functions based on the Munsell color
data base[2], because Munsell color base contains almost every color in nature and
have very general meaning in the color science. Next we apply the method to measure
interference color and to estimate the optical path difference(OPD) in white light
interferometry.

2. Design of Neural Network
The idea of designing of filters comes from the subspace method. The filters



designed by the neural network will be used as basis vectors. So the filter functions,
1.e. basis vectors, should be as independent to each other as possible. Therefore, the
set of vectors should satisfy following conditions:

(1) they should span a subspace including all the color spectra in color data base,
(2)these vectors should be separated as long as possible to each other.

Input layer neurons transform function Outputlayer The structure of this neural
network is show in Fig.1. The learning
data of spectral distributions are fed to
the input layer p() which is connected
2 to neurons inputs through the weight
matrix W(,j). The neurons has a sum
that gathers its weighted inputs and
send the summation of its weighted
inputs to the transfer function
connected to its output..

56

e

Fig.1 Structure of neural network.

The transfer function of this network is competition function which selects its
biggest input, i.e. output of neurons as winner and makes its corresponding output 1,
while all the other outputs are made 0. The learning algorithm is so-called instar
algorithm which was invented by Grossberg[3]. The algorithm can be expressed as
following:

AW, (1, jy=r*a(Dy*(p(J)-W,(i, /)
W, (i, 1) = W, (i, )+ AW, (i, J)
where r is the learning rate which takes value, for example 0.1, a(i) is the output of

the network, W, (i, j) is the weight matrix at the iterative step 7. The weight matrix

W@,j) is the filter functions we try to design. Munsell color data base is used as
learning data which contains 1269 colors, each of them is sampled in the wavelength
range from 400nm to 700nm with an interval of 5nm. Then the input layer has 61
units. The output units are 8 since we try to use 8 filters to represent Munsell colors.
Figure 2 shows the first 4 filter functions designed by neural network.
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Fig. 2 Filter functions designed. Fig.3 Orthogonalized filter functions.



Figure 3 shows the orthogonalized functions from the filter functions in Fig.2 using
Singular Value Decomposition(SVD) algorithm. For comparison other basis vectors
were calculated by K-L expansion, which is shown in Fig.4. We find that the basis
vectors in Fig.4 are almost similar to the orthogonalized functions in Fig.3 except

signs of some vectors are inverted. These results mean that the filters designed by

neural network are successfully optimal ones.
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Figure 5 shows the recovering error when 8 filters are used to recover the original
colors by linear combination of the filters. The average recovering error of original colors is
0.07%. Even the biggest error is less than 2.6%. ‘

3. Application to White Light Interferomeory

In our second experiment, filter functions corresponding to different optical path
different(OPD) were designed. The learning database is the set of 101 spectral
distribution of interference colors of the OPD values between Onm to 1000nm. Figure
6 shows the resultant filter functions. The 101 spectral data make a color scale on the

subspace spanned by the filter functions as shown in Fig.7.
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The unknown interference color is projected on the subspace and an OPD value of
the unknown color will be determined on this color scale. But we can see that in Fig.7,
some points on scale are very near to each other, almost overlapped, this makes it
difficult to decide OPD values correctly. To solve this problem the subspace was
hnearly transformed to another subspace spanned by orthogonalized set of filter
functions. The new color scale is shown in figure8. OPD values of interference colors
can be decided on this new color scale. Figure 9 shows the estimated OPD values of a
set of test samples. Most of the OPD value were correctly estimated except a few
samples of small OPD value.
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Transparent Broad Band Filters
using Liquid Crystal Device and Linear Variable Filter
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Abstract

Spectral distribution of an object color can be represented by a set of inner products
between optimized filter functions and the spectral distribution of a sample. In this study,

we propose an optical transparent broad-band filter system which can implement arbitrary

filter functions. In our system, a test image is observed through the filter part consists of a
liquid crystal spatial light modulator (LCSLM) and a linear variable filter (LVF) attached
together. The designed filter pattern is written in the LCSLM. The intensity image of a
sample is taken while the joint device (LCSLM and LVF) is moving just in front of the lens
aperture of the CCD-camera. The spectral distribution of the intensity image through the
proposed filter almost coincided with the expected filter functions. From the detected
intensity images of the sample, we also reconstructed the spectral image using of

generalized inverse matrix.
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Figure 4 Experimental results. Solid lines are expected filter functions and

dashed lines are optically implemented filters.

BYRAAE, 1 HOBEEBRIZOEZ10X 10
NDY 4 FYNTEYRELIHE L, SEREEY
FikRDZ, TITIE4ADDT A NVEBEEICRLT4
BEROBEHR Y~ %L CS LMIZIIBKREX AL, +
NENIZDWTHIERN RS E KD T2, Figure 4
R T, B, Fig. 1 ORULEER 7444
BT EROBERATHE TSR b0, BiuTE
BRTHELE7 A VEDRIFRAERGHThH D, ED
TANFHLIL—ELTEY, BAERET6. 4%,
FHRREIE 5. 8% Th Tz,

3.3 DRERHROFEL

VAN HT—F T ET—FR—R L LT
MUz DA>DT AN FEEPLERROD b
WHREARBEBETEHELEEL, v AL T—
F v ATITED, K, E, E FOHAKOYT

— I — bEHEHIES K L UTHER L, Figure 4
R AMDOT AN FEBLT, AT~ — O

BMEHBGECCDIATTRIAAL, BbiL
4 BOBEBE®PL., (1) RiIF T —RICEIT
FlEAVWT, BROE I EALZEOSNKFEY
BEELL, EB&OED, 400~700mm]ET
10 ] BEC3 1 HOPHIKTH 74N EZ%2CC
DA AT DLYREBICAR, 3 1 HOBEE RS
BYiAH, R EERDT, Figure 5ICHR%
Y, BRIT3 1 ROBEETS Y V2 TRIE L
SR, BRIIAFS 2T 2EAWTRD I 44D
WEERNOEERE LU NERRETHD, 15—
— OB TOBBROFILRENLE T B4 4
BFBATRIRLE, EPLR, & 8 FORETH
B, FIERBETIREVD, KEPREAKRIIFRANT
W3,

— 40 —



Pixel (4 463} Pixef(15.411)

Pixal {4,231} Pixel (6,138}

Nomadized value

w w0 o
Waveisngth (nm)

© [ 0

£ E3 )
Waveiength (nm)
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the spectral image measured by the CCD-camera with 31 narrow band interference filters and

dashed lines correspond to the spectral image measured by the transparent broad band filter

system using 4 filters.
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Abstract. In this study we present a spectral vision system, which can be used to acquire a color
spectrum and two-dimensional spectral images. First we designed a low-dimensional color filter set
by the unsupervised neural network. Then we constructed a compact size optical setup for the
-gpectral synthesizer, which synthesizes-the light corresponding to the .spectral characteristics of the
color filter. The sample was illuminated by the synthesized lights and the intensity images, which
correspond to the inner products between the color filter set.and the sample’s spectra were detected
by the CCD-camera. From the detected inner products the sample’s color spectra were reconstructed
by the use of generalized inverse matrix. The experimental results of acquiring a single color spectrum -
and natural spectral images are presented.

1. Introduction

Multispectral imaging has received a great deal of attention recently. Spectral measurements are used for
example in the field of remote sensing, computer vision and industrial applications. Due to the high accuracy
of the spectral information, it has become an important quality factor in many industrial processes. When the
multispectral imaging system ‘measures the visible light, then the measured image represents a high quality
color image, where every pixel contains a color spectrum. In this paper we propose a spectral vision system to
acquire color spectra and two-dimensional spectral images.

2. Spectral Vision System

‘In our previous study [1] we designed a low-dimensional color filter set by the unsupervised neural network for
the color spectra database measured from the Munsell Book of Color. Designed color filters are used in our
spectral vision system, where the sample is illuminated by the light, which has the spectral characteristics of
the designed color filter. To synthesize the light, we constructed a optical setup for the spectral synthesizer
shown in Fig. 1 a). The color filters were implemented optically by the use of liquid crystal (LC) spatial
light modulator [2]. The experimental setup for the spectral vision system is shown in Fig. 1 b). A sample is
illuminated by the synthesized lights and the intensity images corresponding to the inner products between the
color filter and the sample are detected by the CCD-camera. Sample’s color spectrum s’ is then reconstructed
by the use of generalized inverse matrix s’ = W(WTW)'IWTs, where W is the filter set and WTs contains
optically calculated inner products.

a) b)
Figure 1: a) Optical setup for the spectral synthesizer. b) Expenmental setup for the spectral vision system.

3. Experiments
We investigated the optimal dimension for the filter set experimentally. The samples were transparent color

slides made from Munsell color chips and we acquired the spectra by the filter sets of 3,4,5 and 6 filters. In the
series of experiments using different number of filters, four filters gave best results, which was selected as the



dimension of our model. Next we acquired a two-dimensional spectral image. A real world object was a set-up
of a strawberry and an orange lying in the frout of a colored panel. The sample was illuminated by four filters
shown in Fig. 2 a) and the intensity images shown in Fig. 2 b) were detected by the CCD-camera. From the
intensity images the spectral image was reconstructed by the use of generalized inverse matrix. To compare the
results, we measured the same image by the use of CCD-camera with 31 narrow band interference filters. Fig. 3
shows the results at the wavelength range from 430nm to 650nm at 20nm intervals.
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Figure 2: a) Filter set of 4 filters. Solid lines are designed filters and dashed lines are optically implemented
filters. b) Detected intensity images from the filtering process.
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a)
Figure 3: a) Spectral image acquired by our spectral vision system using 4 filters. b) Spectral image
measured by the use of CCD-camera with 31 narrow band interference filters.

4. Conclusions

Qur spectral vision system can be used to acquire a single color spectrum and two-dimensional spectral images.
The data obtained by our method is small and therefore convenient for storing and transmitting spectral images.
The optical system is used to calculate the optical inner product, and therefore this system can be used in various
optical pattern recognition tasks, in which the algorithm contains the inner product calculation.
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Abstract. Spectral distribution of an object color can be represented by a set of inner products
between optimized filter functions and the spectral distribution of a sample. In this study, we
propose an optical transparent broad-band filter system which can-implement arbitrary filter
functions. In our system, a test image is observed through the filter part consists of a liquid
crystal spatial light modulator (LCSLM) and a linear variable filter (LVF) attached together.
The designed filter pattern is written in the LCSLM. The intensity image of a sample is taken
while the joint device (LCSLM and LVF) is moving just in front of the lens aperture of the
CCD-camera. The spectral distribution of the intensity image through the proposed filter
almost coincided with the expected filter functions.

1. Introduction

Spectral based analysis of color is important in many fields such as computer vision and inspection of
industrial products. Spectral distribution of an object color can be expanded by a set of filter functions
designed by the unsupervised neural network(1], so it can be represented by a set of inner products
between the spectral distribution of a sample and the color filters corresponding to the filter functions.
In our previous method[2], the inner products were obtained by taking intensity images of a sample
illuminated by the synthesized lights corresponding to the spectral characteristics of the optimized
color filters. But it is difficult to apply for measuring the samples illuminated by an arbitrary light
source like the sun. In this paper, we propose a new system to implement optical transparent broad-
band filters which can be renewed arbitrarily. '

2. Optical Transparent Broad-Band Filter System

An experimental setup for a proposed transparent

broad-band filter system is shown in Fig.1. The Sample LVF_LCSLM

filter part of this system consists of a liquid crystal els)
spatial light modulator (LCSLM) and a linear » Len:ame"a
variable filter (LVF). Both components are

attached each other and mounted on a linear stage. Stage

The transmitting wavelength of the LVF is linearly White Light Source

varied depending on the position parallel to the Computer]_| Monochrome ||
moving direction of the stage. The designed filter Image Board

patterns corresponding to the optimized color
filters are written on the LCSLM. The intensity
image of a sample is taken by a CCD-camera
through the joint device (LCSLM and LVF).

Fig.1 Experimental setup



The shutter of the CCD-camera is opened for a period while the joint device is moving just in front of the
lens aperture of the CCD-camera.

3. Experiments

To investigate the validity of this system, the intensity images for the spectral distribution were
measured through 31 narrow band interference filters from 400nm to 700nm at 10nm intervals. In
experiments, a standard white board of BaSO4 illuminated by a halogen lamp was observed through the
proposed filter system. Four filter functions[1] were used as the optimized color filters. The average
intensity inside the window of ‘10X 10 pixels was calculated to obtain the spectral distribution. Figure 2
shows the experimental results. Solid lines are expected filter functions which is the product between the
optimized four filter functions and a light source spectrum, and dashed lines are the spectral
distributions of the optically implemented filters. Both distributions almost coincide. The maximum
error is 8.1% and average error is 5.7%.
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Fig.2 Experimental results. Solid lines are expected filter functions and dashed lines are optically
implemented filters.

4. Conclusions

We proposed the optical transparent broad-band filters, in which the transmittance can be changed
arbitrarily. The spectral distribution of the intensity image through the proposed filter almost coincided
with the expected filter functions. This system can be used for two-dimensional spectral image analysis
under arbitrary illuminating conditions.

Acknowledgements

This study is supported by the Grant-in-Aid for Developmental Scientific Research (B) (No0.10555018) of
the Japanese Ministry of Education, Science, and Culture.

References

[1] M.Hauta-Kasari, W.Wang, S.Toyooka, J.Parkkinen, and R.Lenz, Unsupervised filtering of munsell
spectra, in Proceedings, The 8rd Asian Conference on Computer Vision, ACCV’98, Hong Kong,
January 8-10, 1998, Vol. 1, pp.248-255.

[2] N.Hayasaka, S.Toyooka, and T.Jaaskelainen, Iterative feedback method to make a spatial filter on a
liquid crystal spatial light modulator for 2D spectrosoopic pattern recognition, Optics
Communications 119, 1995, pp.643-651.

— 48 —



Rewritable broad-band filters for color image analysis

Kanae Miyazawa ¢, Markku Hauta-Kasari °, and Satoru Toyooka ¢

“ Graduate School of Science and Engineering, Saitama University,
255 Shimo-okubo, Urawa, Saitama 338-8570, JAPAN

b Department of Information Technology, Lappeenranta University of Technology,
P.O. Box 20, FIN-53851 Lappeenranta, FINLAND

ABSTRACT

In this study, we propose an optical transparent broad-band filter system which can be used to measure a color spectrum and
two-dimensional spectral images. The filter function of this system can be changed and rewritten arbitrarily. ’SpectIal
distribution of an object color can be represented by a set of inner products between optimized filter functions and the spectral
distribution of a sample. In our system, a test image is observed through the filter part consists of a liquid crystal spatial light
modulator (LCSLM) and a linear variable filter (LVF) attached together. The intensity image of a sample is taken while the
joint device (ILCSLM and LVF) is moving just in front of the lens aperture of the CCD-camera. The spectral distribution of
the intensity image through the proposed filter almost coincided with the expected filter functions. From the detected intensity
images correspond to the inner products between the color filters and a sample, the color spectra of the sample were
reconstructed by the use of inverse matrix. The data obtained from the filtering process is only four monochrome images. It is
convenient for storing and transmitting the spectral image. The experimental results of measuring a color spectrum and two-
dimensional spectral images are presented.

Keywords: Broad-band filter, color, color filter, color spectra, spectral image, linear variable filter (LVF), liquid
crystal spatial light modulator (LCSLM).

1. INTRODUCTION

Spectral based analysis of color is important in many fields such as machine vision and inspection of industrial
products. Spectral distribution of an object color can be expanded by a set of filter functions, so it can be represented
by a set of inner products between the spectral distribution of a sample and the color filters corresponding to the filter
functions. Subspace method' which is based on KL-expansion has been successfully used to represent the spectral
distribution with a few of basis vectors.>® However, due to the orthogonality of the eigenvectors, the corresponding
color filters usually contain negative coefficients and cannot be implemented in optical components directly.

Hauta-Kasari et al.* proposed design of a low-dimensional color filter set which is contain only positive coefficient
by the unsupervised neural network. The positive color filters span the color space very similar to the color space
spanned by the eigenvectors of the subspace method. The color filters with positive coefficients can be directly used in
optical implementations. _

There arc two ways to obtain inner products between the spectral distribution of a sample and the color filters
corresponding to the filter functions. One approach is to take intensity images of a sample illuminated by the synthesized
lights corresponding to the spectral characteristics of the optimized color filters.>** This method is useful for indoor
measurement, but it is difficult to apply for measuring samples illuminated by an arbitrary light source like the sun. This
problem can be overcome by another method i.e. taking intensity images of a sample through the color filters.
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In this paper, we propose a new system to implement optical transparent broad-band filters whose transmittance can be
changed and rewritten arbitrarily. We applied this system to acquire a color spectrum and two-dimensional spectral images.
2. OPTIMIZED COLOR FILTERS

In this study, we used the optimized color filter set with positive coefficients designed by the unsupervised neural network*
for the 1269 Munsell® spectra. The color filters are used to reconstruct the spectrum. Figure 1 shows the four filter functions
used as the optimized color filters in this study.
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Figure 1. Designed filter functions

Because of the designed filter set is non-orthogonal, the reconstructed spectrum s' is obtained by the inverse matrix:
s'= W(W'W)™'WTs, 1

where W is the filter set. In the optical implementation, the inner products W's between the filter set W and the sample's
spectrum s can be determined optically and W(W™W) ™! is known.

3. EXPERIMENTS AND RESULTS

3.1 Broad-band filter system

An experimental setup for a proposed transparent broad-band filter system is shown in Fig.2. The filter part of this system
consists of a liquid crystal spatial light modulator (LCSLM) and a linear variable filter (LVF). The LVF is a kind of
interference filter whose wavelength range is from 400nm to 700nm. Figure 3 shows the relationship between the transmitting
center wavelength of the LVF and its position. The transmitting wavelength of the LVF is linearly varied depending on the
position parallel to the moving direction of the stage. The designed filter patterns corresponding to the optimized color filters
are written on the LCSLM. Both components are attached each other and mounted on a linear stage. The intensity image of a
sample is taken by a CCD-camera through the joint device (LCSLM and LVF). The shutter of the CCD-camera is opened for
a period while the joint device is moving just in front of the lens aperture of the CCD-camera. In this system, we can make
any color filters only by changing the input pattern on the LCSLM.
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Figure 2. Experimental setup Figure 3. Characteristics of the Linear Variable Filter
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To investigate the validity of this system, the intensity images for the spectral distribution were measured through
31 narrow band interference filters from 400nm to 700nm at 10nm intervals. In this experiments, a standard white
board of BaSO4 illuminated by a halogen lamp was observed through the proposed filter system. The average
intensity inside the window of 10 X 10 pixels was calculated to obtain the spectral distribution. Figure 4 shows the
experimental results. Solid lines are the expected filter functions which is the product between the optimized four
filter functions and a light source spectrum, and dashed lines are the spectral distributions of the optically
implemented filters. Both distributions almost coincide within average error of 5.4%.
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Figure 4. Experimental results. Solid lines are the expected filter functions and dashed lines are the optically implemented filters.

3.2 Spectrum reconstruction

We applied this system to acquire the spectral image of a real world object. A strawberry, a kamquat (a fruit like an
orange) and four color sheets (Blue, Green, Yellow, Red) were-used as the tested samples in the one image. From the
detected intensity images of the sample through the proposed four filters shown in Fig.4, we reconstructed the spectral
image by the use of inverse matrix in Eq.(1). To compare the results, we measured the same spectral image by the
CCD-camera with 31 narrow band interference filters. Figure 5 shows the reconstructed spectra at the different
locations of the spectral image. The spectra at the upper part of the figure are from left to right: painted blue color
sheet, painted green color sheet and glossy yellow color sheet. The spectra at the lower part of the figure are from left
to right: glossy red color sheet, strawberry and kamquat.
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Figure 8. The spectra at the different locations of the spectral image. Solid lines are the measured spectra with 31 narrow band
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4. CONCLUSIONS

We proposed the optical transparent broad-band filter system which can be used to measure a color spectrum and two-
dimensional spectral images. The transmittance of the filter function could be changed and rewritten arbitrarily only
by changing the input pattern on the LCSLM. The spectral distribution of the intensity image through the proposed
filter almost coincided with the expected filter functions. From the detected intensity images, we acquired the color
spectra of a sample by the use of inverse matrix. This acquired spectra were compared to the spectra measured by the
CCD-camera with 31 narrow band filters. The spectra obtained by the both method correlated well. The data obtained
from the filtering process is only four monochrome images. It is convenient for storing and transmitting the spectral
image. This system can be used under arbitrary illuminating conditions.
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ABSTRACT

In this work we propose a prototype of the spectral vision system, which can be used to measure a color spectrum and
two-dimensional spectral images. We first designed a low-dimensional broad band color filter set with a constraint
of positive spectral values by the unsupervised neural network. Then we constructed a compact size optical setup
for the spectral synthesizer, which can be used to synthesize the light corresponding to the spectral characteristics
of the color filter. In the optical setup we implemented the color filters by the use of the liquid crystal spatial light
modulator (LCSLM). In our experiments we illuminated a sample of a real world scene by the synthesized lights
and detected the intensity images of the filtering process by the CCD-camera. The intensity images correspond to
the optically calculated inner products between the color filters and a sample. The data obtained from the filtering
process is only a few monochrome images and therefore convenient for storing and transmitting spectral images.
From the detected inner products we reconstructed the sample’s color spectra by the use of inverse matrix. We
present experimental results of measuring a single color spectrum and two-dimensional spectral images.

Keywords: Spectral image, spectral imaging, color, color filter, color spectra, optical pattern recognition

1. INTRODUCTION

The use of spectral imaging in industrial machine vision applications has received a great deal of attention recently.
Since the first prototype for the multispectral imaging instrument proposed in the beginning of 1970’s, the spectral
imaging has been mainly used in the field of remote sensing. However, due to the recent technological development
in optics and computers, the spectral imaging is becoming an important tool in the quality control of industrial
products. Currently in industrial use there are two basic approaches to measure two-dimensional spectral images.
One approach is based on the acquisition of a two-dimensional image at different wavelengths at different times, for
example by the use of a CCD-camera with a set of narrow band interference filters, which are placed on a rotating
filter wheel.! Another approach is based on the acquisition of line images with a simultaneous measurement of
spectra at different wavelengths by scanning the camera or an object along the spatial axis.?

From the spectral measurements a large amount of data has to be stored or transmitted. One approach to
compress spectra is to have the measured spectra and compress them by software.3® Another approach is to
design the low-dimensional multispectral imaging system so that we already acquire the optimal component images
for spectral reconstruction .57

In this paper we propose a low-dimensional multispectral imaging system, which can be used to measure a color
spectrum and two-dimensional spectral color images. The proposed method is fast and the data obtained from the
filtering process is small, and therefore convenient for storing and transmitting a spectral image.

The paper is organized as follows. In Section 2 we briefly review the color filter design from our previous study.
Then in Section 3 we introduce the optical setup for the spectral synthesizer and the experimental setup for the
spectral vision system. Finally in Section 4 we show the experimental results of our measurements and in Section 5
we give a discussion.
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2. COLOR FILTERS

In our previous study (see Ref. 8) we designed a low-dimensional color filter set with a constraint of positive spectral
values by the unsupervised neural network for the 1269 Munsell® spectra. The competitive learning algorithm was
based on the Instar-algorithm by Grossberg,!® which was incorporated by Kohonen’s!! self-organizing map (SOM)
with the winner take all (WTA) layer. The neural network clusters the color spectra, and after learning the centers
of the clusters are used as color filters. The detailed description of the competitive learning and self-organization can
be found in Refs. 10-12. In Ref. 8 we showed that the Munsell spectral database was reconstructed with a sufficient
accuracy by the designed color filters and the reconstruction accuracy was comparable to the Karhunen-Logve
transform based subspace method. Fig. 1 shows the filter set of 4 filters used in this study.

Not N2 No3 ot

Figure 1. Filter set of 4 learned filters used in proposed spectral vision system.

Designed color filter set is non-orthogonal and to use it to reconstruct a spectrum s, an inverse matrix can be
used: ‘

s =WWIWw)twTs, (1)

where W is the filter set. In the optical implementation W(W7TW)~! is known and the inner products W7's between
the filter set W and the sample’s spectrum s are determined experimentally. The filter effect on the sample can be
produced either by filtering a reflecting or transmitting light of the sample!® or by illuminating the sample by the
synthesized light, which has the spectral characteristics of the color filter.

3. SPECTRAL VISION SYSTEM

The inner products W7s in Eq. (1) between a broad band color filter set W and a sample s can be calculated
optically by the use of the liquid crystal panel.5'4 If the sample is illuminated by the synthesized light, which has
the spectral characteristics of the color filter W;, then the detected intensity of the sample corresponds to the inner
product WT's. To synthesize the light corresponding to the color filter, we constructed the optical setup shown in
Fig. 2 a). The experimental setup for the spectral vision system is shown in Fig. 2 b).
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Figure 2. a) Optical setup for the spectral synthesizer. b) Spectral vision system.



4. EXPERIMENTS

We acquired the spectral image from a real world object by our spectral vision system. As a real world scene
shown in Fig. 3 a) we used a setup of a strawberry and a mandarin lying on a table in front of a colored panel, We
illuminated the sample by 4 synthesized lights corresponding to the color filters shown in Fig. 1 and the reflected
intensity images shown in Fig. 3 b) were detected by the CCD-camera.

From the detected intensity images we reconstructed the spectral image in the wavelength range from 400nm
to 700nm at 10nm intervals by the use of inverse matrix in Eq. (1). To compare the results, we measured the same
spectral image by the CCD-camera with 31 narrow band interference filters covering the wavelength range from
400nm to 700nm, at 10nm intervals. Fig. 4 shows examples of the spectra at the different locations of the spectral
image. The spectra at the upper part of the figure are from left to right: painted blue color sheet, painted green
color sheet and glossy yellow color sheet. The spectra at the lower part of the figure are from left to right: glossy

red color sheet, strawberry and mandarin.

a) b)
Figure 3. a) Sample as a gray level image, illuminated by the halogen lamp. b) Detected intensity images of the
sample, illuminated by the synthesized lights, which correspond to the 4 color filters.
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Figure 4. The spectra at six different locations of the spectral image. Solid lines correspond to the spectral
image measured by the CCD-camera with 31 narrow band filters and dashed lines correspond to the spectral image

measured by the spectral vision system using 4 filters.




5. DISCUSSION

We presented a prototype of the spectral vision system, which can be used to measure a color spectrum and two-
dimensional spectral images. The data obtained by our method is small and therefore convenient for storing and
transmitting spectral images. There are still some open questions in our system to be investigated, for example the
choice of the color filter set, possible system noise, near singularity of the inverse matrix and the size of the light
area to be illuminated. The main result of this paper is a prototype of the spectral vision system, which can be
developed further to be more accurate in its color representation. The optical system can be used to calculate the
optical inner product, and therefore this system can be used in various optical pattern recognition tasks, in which
the algorithm contains the inner product calculation.
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Abstract

Low-dimensional subspace constructed by learning -algorithms is optically
implemented as optimized broad-band filter functions. Two types of the
system will be presented: (1) active-type system or spectral synthesizer in
which spectral intensity of illuminating light is controlled by an optical system
including a liquid crystal spatial light modulator (LCSLM), (2) passive type
system in which rewritable filters having spectral transmittances of the
optimized filter functions are implemented by a device coupled of an LCSLM
and a linear variable filter. Experiments of spectral estimation of a color image
with four filter functions optimized by Munsell color database will be shown.

Introduction

Spectral image analysis has recently been progressed more and more. It is used in many
fields of science and engineering for machine vision, telemedicine, agrobiology, art painting
reproduction, and so on. Spectral images can be obtained, for example, with a CCD camera
through narrow-band interference filters', an acousto-optical tunable filter?, a liquid crystal
tunable filter’, a prism-grating-prism based line camera’, or Fourier-transform-based methods’.
In these multispectral methods, spectral images are measured precisely for each wavelength
range. In any case, however, huge multi-images have to be taken serially. Any a kind of
scanning mechanism is required. After multi-spectral image data are acquired, necessary
information will be extracted by analytical or statistical methods.

Most of the multispectral image analysis is finally used to distinguish the object under
pertinent rules or criteria and is not necessary to know low data of spectral distribution. In
many cases, statistical characteristics of the objective spectral database can be known
experientially in advance. If we can construct a subspace which reflects spectral
characteristics of the object and implemented by something like a set of small number of filters,
only inner products between filter functions and the object spectrum will give important
information which is enough to classify of parametalize the object in expected spectral bands.
Parallel and fast data acquisition become possible if the number of filters are few enough. Our
final goal is to establish such an intelligent eye.



In this paper, we want to introduce (1) a subspace method and filter optimization method to
reduce degree of multiplex of spectral data of the Munsell color database, (2) implementation
of filter functions, and (3) spectral estimation of objects by the proposed system.

Design of broad-band color filters

Vector subspace method based on principal component analysis® is one of the promised way
to reduce degree of multiplex of spectral data. A spectrum is expanded on a low-dimensional
subspace spanned by orthogonalized basis functions calculated from a correlation matrix of the
database containing objective color samples”. In our previous work, color spectra measured
from Munsell book of color’ can be represented accurately by 3-8 basis vectors produced by the
subspace method. Due to the orthogonality of basis vectors, however, they contain both
positive and negative elements. It is difficult to implement these vectors in optical components
directly. On the other hand, filter functions which contain only positive elements can be
designed by an optimization technique'™' using an unsupervised neural network instead of a
subspace method. The neural network clusters color spectra in a database into some discrete
number of groups.

After learning, the vectors corresponding to the centers of the clusters are used as color
filter functions. Four color filter set was designed over the unsupervised neural network for
the database of 1269 Munsell spectra. The number of color filters is determined by the
required accuracy in each application. Theoretically, the more filters are used, the more
accurate the spectral estimation becomes. In practice, increase in the number of filters does
not always lead experimentally to improve the estimation accuracy.”>> The optimal number of
filters was determined experimentally?. It is also important what kind of database we should
use for filter design. The database of the 1269 Munsell spectra covers the color space widely,
and we consider that the filter set designed for the database can be used to estimate not only the
Munsell spectra but also spectra of natural objects.”” Therefore, we used the database of the
1269 Munsell spectra. Note that if spectra of objects whose colors cover a narrower color
space are estimated, the unsupervised neural network should be retrained for other database
which covers the corresponding color space instead of the Munsell database. It is easy to
retrain new filters by the unsupervised neural network.

Figure 1 shows a set of the four filter functions which we used. The filter function (a) is
almost average curve of the database of the 1269 Munsell spectra. Each filter function of (b)
to (d) has. a gentle peak in a different wavelength range. It means that each filter function is
independent of each other. In order to obtain inner products between a spectrum of an object
and designed broad-band color filter functions optically, there are two ways as is shown in Fig.
2: (a) active type and (b) passive type. In the active type, intensity images of an object
illuminated by synthesized lights having spectra of designed filter functions are taken with a
CCD camera.'®*® This method is useful for indoor measurement such as micrographs, but it is
not easy to apply it to measuring samples illuminated by an arbitrary light source such as the
sunlight in outdoor measurement. In such a case, a passive type shown in Fig. 2 (b) is required.
In this method, intensity images of an object are taken through broad-band filters corresponding
to the designed filter functions. In this paper, we introduce how to implement (1) spectral
synthesizer for active type system and (2) rewritable transparent filters for passive type system.
Spectral estimation results will be shown for the passive-type system.

The set of color filter functions is non-orthogonal and the spectral estimation is done by
using a pseudoinverse matrix:



s'= W(WTW)1WTs, ¢y

where s is a spectrum of an object and W is the matrix of the color filter set. In optical
implementation, the inner products W's are determined experimentally.

Active-type system --- spectral synthesizer

In the active-type system, an object to be observed is illuminated by the light which has a
spectral characteristics of the color filter W, Then the detected intensity of the sample
corresponds to the inner product W; 's.  To synthesize the light corresponding to the color filter,
we constructed the optical setup for the spectral synthesizer shown in Fig.3. The white-light
source is a halogen lamp. The light is introduced to a slit by a fiber light guide, which is mixed
in the figure and then is reflected by a mirror and is incident on a concave grating: - On the
dispersion plane there are a rectangular window, a cylindrical lens, and a liquid-crystal panel.
The transmittance of the LC panel along the wavelength axis is controlled by a computer through
a monochrome image board and an LC driver. The light passing through the LC panel is finally
mixed by the second concave grating. Mixed light from the second grating is directed to the
measuring plane by a mirror.

In our experiments we controlled the spectral intensity of the synthesized hght from 400nm to
700nm. Transmittance patterns corresponding to the four filter-functions in Fig.1 are written on
the LC panel. These patterns were programmed one by one to the LC panel, and the output
spectra were measured by the CCD camera with 31 narrow-band filters. Figure 4 shows the
results of the measurements of the spectra of the synthesized lights compared with that of the
designed light. The solid curves are the designed filter set multiplied by the light-source
spectrum and the dotted curves are the measured output spectra which this light source is used.
It can be seen that the system can synthesize the illumination corresponding to each color filter
with sufficient accuracy.

Passive-type system --- rewritable broadband transparent filter

In the passive-type system, intensity images of an object are taken through broad-band filters
corresponding to the designed filter functions. An experimental setup for a proposed
rewritable broad-band color filter system is shown in Fig. 5. An intensity image of an object
illuminated by a white light source is taken with a CCD camera through a filter part. The filter
part consists of an LC panel and a linear variable filter (LVF), and both components were
attached together. The LVF is a kind of interference filter in which the central wavelength of
transmitting light varies 400 to 700 nm linearly depending on the position of the plate. A
spatial filter pattern which corresponds to a designed color filter function is written on the LC
panel along the wavelength axis of the LVF. The key device of this system, that is, the
combined filter part of the LVF and the LC panel was mounted on a linear stage placed right in
front of the lens aperture of the CCD camera. The combined filter part was set as close as
possible to the lens. The wavelength axis of the LVF is parallel to the moving direction of the
linear stage.

A spatial filter pattern which corresponds to a designed color filter function was written on
the LC panel. The filter system was operated to implement four filter functions. The
resultant intensities through the filter system were taken with the CCD camera through 31
narrow-band filters ranging 400 to 700 nm at 10-nm intervals. Figure 6 shows the



experimental results. Solid lines are the normalized spectral intensity of the light through the
implemented filters. Dashed lines are the normalized expected curves which are the products
between the four color filter functions in Fig. 1 and the spectral intensity of the white light
source. Implemented spectral intensities almost coincided with expected ones.

To evaluate the accuracy of this system, we calculated three error parameters, which are

norm errors,‘ CIE xy errors, and AE* values for CIE L*a*b* errors. Averaged nomm error,
averaged CIE xy error and averaged AE* value of four filters were also calculated and shown

at the bottom of Table 1. The maximum AE¥* value is below 5.0 and averaged AE* value is

below 2.5.  The results show that the proposed filter system works well as a broad-band color
filter and the implemented color filters have sufficient accuracy.

Table 1 Comparison of the norm error, the CIExy error, and the CIE L*a*b* error for four
samples for the expected filters and the spectral intensities of the light through the
implemented filters.

norm CIE xy CIE L*a*b*
Sample Error p(x) o(x) Ax Error p(L*) o(L¥) A L*¥ Error (AE%)

Number p(y) o(y) Ay p(a*) o(a*) Aa*
pb*) oY)  Ab*

1 438 03275 03319  0.0044  0.0023 55.68 .55 .63 0.05 1.44
0.4092  0.4091 0.0001 -17.17 -15.84 1.33
19.85 20.39 0.54

2 5.55 0.2629  0.2634  0.0005 0.0015 54.00 54.15 0.15 0.73
04134 04158  0.0025 -37.80 -38.22 0.42
12.53 13.11 0.58

3 4.23 0.3815  0.3820  0.0005 0.0039 57.40 57.23 0.17 2.49
04832 04759  0.0073 -18.95 -17.26 1.69
46.04 44.21 1.83

4 7.29 04136 04259  0.0123 0.0095 52.66 51.80 0.86 4.65

03923  0.3857  0.0066 1043 15.00 4.57
' 2735 27.40 0.05

Average 5.36 0.0043 2.33




Spectral estimation by the passive-type system

The proposed system was applied to estimate spectra of natural objects in a two-
dimensional image. Experiments of spectral estimation were done for the active- and passive
system. Here only a result of the passive-system to observe an image of grasses under sunlight
illumination is shown. To monitor the spectrum of the sunlight, reflected light of a standard
white board of BaSO, which was placed near the object scene was measured by spectral
radiometer. :

Figure 7 shows four intensity images of the scene, which were taken through the four
implemented color filters, respectively. From a set of the four intensity images, a spectrum in
the two-dimensional image was estimated for each pixel on the wavelength range of 400 to 700
nm at 10-nm intervals using a pseudoinverse matrix in Eq. (1). The estimated spectrum in the
two-dimensional image was compared with that measured by the conventional multispectral
imaging method. For this purpose, 31 intensity images of the test scene were taken through 31
narrow-band filters ranging 400 to 700 nm at 10-nm intervals under the transparent condition of
the system where all the input level to the LC panel was set to 255.

Figure 8 shows four results of the spectra at different locations in the scene. Dashed
curves are estimated spectra from a set of the four intensity images obtained in the proposed
system, and solid curves are spectra measured by the multispectral method with 31 narrow-band
filters. '

In these results, shapes of the estimated spectral are correlated to those obtained by the
multispectral method. However, we were faced with problems that the estimated spectra
fluctuated widely and had unreasonable negative elements in some parts. The problem is
considered to be caused by calculation of the pseudoinverse matrix applied to the optically
calculated inner products. The inverse matrix in Eq. (1) sometimes becomes near singular,
then a very small error between the optically calculated inner product and the expected inner
product causes large estimation errors.

Conclusions

We proposed low-dimensional multispectral image analyzing system with optimized broad-
band filters which were implemented as the active-type and passive-type systems. The
proposed filter system implemented color filters with expected accuracy. However, we cannot
say that the spectral estimation was done with sufficient accuracy. We consider that the error
for spectral estimation was caused by the calculation of a pseudoinverse matrix to the inner
product optically obtained. One possibility to overcome the problem is to apply basis vectors
designed by subspace method to our optical system. In this case positive and negative parts of
inner products have to be taken separately and difference of two inner products should be
calculated".

But our final goal is not for spectral estimation but for intelligent classification of spectra as
described in the first chapter. Intelligent classifer requires to obtain inner products between
filter functions and the object spectrum accurately. The experiments seems to satisfy this
condition. The shape of filter functions or sensitivity of the photoreceptors of the intelligent
eye can be changed according to our purposes by selecting spectral database.
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Fig. 1. A set of four color filters designed over the unsupervised neural network.
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ABSTRACT

In this study, we propose an optical transperent broad-band filter sys-
tem which can be used to estimate a color spectrum and two-dimensional
spectral images. The filter fimction of this system can be rewritten arbitrar-
ly. Swdmldimbmionofanaunalcolormplembéreprmtedbya
set of inner products between broad-band color filter finctions and the
spectral distribution of a sample. In our system, a test image is observed
through the filter part consists of a liquid crystal spatial light modulator
(LCSLM) and a linear variable filter (LVF) aftached together. The intensity
image of a sample is taken while the combined device (LCSLM and LVF)
is moving just in front of the lens aperture of the monochrome CCD-
camera. From the detected intensity images corresponding to the inner
products, the colar spectra of the sample were reconstructed using a pseu-
doinverse matrix. The data obtained from the filtering process is only four
monochrome images. It is convenient for storing and transmitting the
spectmlimége. We also applied this system to outdoor measurement under
sunlight illumination. The experimental results of estimating a color spec-
trum and two-dimensional spectral images are presented
1. INTRODUCTION
Spectral image analysis is becoming more important in the field of
environmental monitoring,” thus the need of outdoor measure-
ment is increasing. Spectra of natural color samples such as leaves
and agricultural products have smooth shape which strongly cor-
relate each other> Spectral distribution of such an object can be
expanded by a set of broad-band color filter functions, 5o it can be
represented by a set of inner products between the spectral dis-
tribution of the object and the color filters corresponding to the
broad-band color filter functions.

Subspace method® which is based on KL-expansion has been
successfully used to represent the spectral distribution with a few
of basis vectors experimentally*” However, due to the orthogonal-
ity of the eigenvectors, the corresponding color filters usually

*Comrespondence: E-mail: kanae@mech saitama-u.ac jp;
Telephone & Fax: +81-48-858-3459:

contain negative elements and cannot be implemented in optical.
components directly, Hauta-Kasari et al® proposed design of a
low-dimensional broad-band color filter set using the unsupervised
neural network, The color filters contain only positive elements
and can be directly used in optical implementation.

There are two ways to obtain inner products between the spec-
tral distribution of a sample and broad-band color filter functions.
One approach is based on a spectral synthesizer method which can
be used to take intensity images of a sample illuminated by synthe-
sized lights corresponding to the spectral characteristics of the
color filters. 5 This method is useful for indoor measurement, but
it is difficult to apply it for measuring samples illuminated by an
arbitrary light source like the sun. Another approach is to take
intensity images of a sample through optical transparent broad-
band color filters contsponding to the broad-band color filter
functions, This method is simple and can be used for outdoor
measurement. But actually, it is difficult to make optical transpar-
ent broad-band color filters whose transmitting wavelength can be
rewritten corresponding to the designed broad-band color filter
functions.

Recently some methods of spectral estimation using broad-band
filters have been proposed.'*'* However, these broad-band filters
are RGB-type or Gaussian-type in shape and the transmitting
wavelengths are fixed. These kind of broad-band filters can not be
used for our method.

To gvercome this problem, in this paper, we propose a new
system to implement rewritable optical transparent broad-band
color filters. We applied this system to acquire a color spectrum
and two~dimensional spectral images.

2. COLOR FILTER FUNCTIONS

We used the broad-band color filter set with positive elements
designed by the unsupervised neural network* in which database of
the 1269 Munseli”® spectra was used in the leaming phase. In this
study we used the filter set of four filters. The detailed description
of the color filter design can be found in Ref §.
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Figure 1. Broad-band color filter set .

Figure 1 shows the color filter set used in this study. The color
filter set is non-orthogonal and the spectrurn §' is reconstructed by
using a pseudoinverse matrix:

S=WWW) W, (@)
where W is the color filter set and W(W™W) ™ is known. In the
optical implementation, the inner products W's between the color
filter set W and the sample's spectrum s can be determined opti-
cally.

3. EXPERIMENTS AND RESULTS

3.1 Broad-band filter system

Figure 2 shows an experimental setup for an optical transparent
broad-band filter system. In this experiment, the system was tested
in a darkroom. An intensity image of a sample illuminated by a
white light source is taken by a monochrome CCD-camera through
a filter part. The filter part consists of a liquid crystal spatial light
modulator (LCSI.M) and a linear variable filter (LVF). The LVF is
a kind of interference filter whose transmitting wavelength is line-
arly varied from 400nm to 700nm depending on the position par-

Sarrple
StageI
White Light Source
Computer] | Manochrome |

(rrage Board

Figure 2. Experimental setup for indoor measurement

allel to the moving direction of the linear stage. Spatial filter patten
corresponding to the broad-band color filter function was written
on the LC-panel along to the wavelength axis of the LVF. Both
components were attached each other and mounted on a linear
stage. The shutter of the monochrome CCD-~camera is opened fora
period while the combined device (LCSLM and LVF) is moving
just in front of the lens aperture of the monochrome CCD-camera.
In this system, we can make any color filters only by changing the

input pattem on the LCSLM.
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Figure 3. Experimental results. Solid lines are the expected
filter finctions and dashed lines are the optically implemented
filters.

To investigate the validity of this system, the intensity im-
ages for the spectral distribution were measured through 31
narrow band interference filters from 400nm to 700nm at
10nm intervals. In this experiments, a standard white board of
BaSO04 illuminated by a halogen lamp was observed through
the proposed filter system. The average intensity inside the
window of 10 X 10 pixels was calculated to obtain the spectral
distribution. Figure 3 shows the experimental results. Solid
lines are the expected filter functions which is the product
between the four filter functions and a light source spectrum,
and dashed lines are the spectral distributions of the optically
implemented filters. Both distributions almost coincide within
average error of 5.4%.

3.2 Spectrum reconstruction (Indoor measurement)

We applied this system to reconstruct spectral images. Real world
object, which is a strawberry, a kamquat (a fruit like an orange) and
four color sheets (blue, green, yellow, red) were used as test sam-
ples in one image. The test samples were set in darkroom and
illuminated by the halogen lamp. The intensity images of the sam-
ple through the color filter set of four filters were obtained by the
monochrome CCD-camera. From the four intensity images, the
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spectral images were reconstructed in each pixel on the wave-
length range from 400nm to 700nm at 10nm intervals using a
pseudoinverse matrix in Eq.(1). To compare the results, we ob-
tained the spectral images of the same sample by the monochrome
CCD-camera with 31 narmow-band interference filters from 400nm
to 700nm at 10nm intervals. Figure 4 shows the four examples of
spectra at the different locations of the spectral images. Solid lines
are the measured spectra with 31 narrow-band interference filters,
and dashed lines are the reconstructed spectra from four intensity
images obtained by the proposed system.
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Figured. The spectra at the different locations of the spectral
image. @)Blue color sheet (b)Green color sheet (¢)Red color sheet
(d) Strawberry.

3.3 Spectrum reconstruction (Qutdoor measurement)

In the next experiment, we applied this system to outdoor meas-
urement under sunlight illumination. An experimental setup for
outdoor measurement is shown in Fig 5. Some plants with flowers
illuminated by sunlight were used as samples in one image. In this
experiment, the sunlight spectrum was monitored while the inten-
sity images of the samples were obtained through the four filters by
the proposed system. The spectral distribution of a standard white
board of BaSO4 which was set near the samples was measured by
spectroradiometer. The measured spectrum was used for spectrum
reconstruction.

Because it takes about 20seconds both to measure the sunlight
spectrum by the spectroradiometer from 400nm to 700nm, and to
obtain four intensity images of a sample by the proposed system,
the experiment have to be done while the sunlight intensity does
not change at least for 20seconds. So the experiment was done in
daytime under clear weather without a cloud and a wind.

Figure 5. Experimental setup for outdoor measurement

From the obtained four intensity images through the proposed
four filters, the spectral images were reconstructed same as Sec-
tion3.2, and also compared with the spectra obtained by the mono-
chrome CCD-camera with 31 narrow-band interference filters.
Both distributions were divided by each light source spectrum.
Figure 6 shows two examples of spectra at different Iocations of
the spectral image. Fig.6 (a) is the spectrum of an orange marigold
petal, and Fig 6 (b) is the spectrum of a red flower. Solid lines are
the measured spectra with 31 narrow-band interference filters, and
dashed lines are the reconstructed spectra from four intensity im-

ages obtained by the proposed system.

@ ®

“ “ N
§ g /

. /

i Bl /

o oce! N\ i

& e

Figure 6. The spectra at the different locations of the spectral
image. (a) an orange marigold petal (b) a red flower.

4. DISCUSSION AND CONCLUSIONS

We proposed the optical transparent broad-band filter system
which can be used to estimate a color spectrum and two-
dimensional spectral images. The proposed system could be
realized by using the combination of the LCSLM and the LVF.
The transmittance of the filter function of this system can be
rewritten arbitrarily only by changing the input pattern on the
LCSLM.
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In Section 2, we briefly explained the color filter functions
we used and how to reconstruct spectral distributions. In Sec-
tion 3.1 our experimental setup was introduced. We investi-
gated the validity of this system. The spectral distribution of
the intensity image through the proposed filter system almost
coincided with the expected filter functions. The accuracy of
this system is comparable to the spectral synthesizer system in
Ref.9. In Section 3.2, we applied this system for a real world
object to reconstruct spectral images from obtained four inten-
sity images using a pseudoinverse matrix. In this experiment,
the system was tested in darkroom and the samples were illu-
minated by the halogen lamp. The acquired spectra were com-
pared to the spectra measured by the monochrome CCD-
camera with 31 narrow-band filters. The spectra obtained by
the both method correlated well. This results show that the
spectrum of real world object color can be reconstructed by
our system. In Section 3.3, this system was applied to outdoor
measurement under sunlight illumination. In this measurement,
the sunlight spectrum was monitored by spectroradiometer
and used for spectrum reconstruction. The spectral images
were reconstructed same as Section3.2. The acquired spectra
were compared to the spectra measured by the monochrome
CCD-camera with 31 narrow-band filters. Also in the case of
outdoor measurement, the spectra obtained by the both
method correlated well. )

We can say that our system can be used under arbitrary illumi-
nating conditions such as sunlight. There is a possibility that this
systetn can be applied to remote sensing. In this paper, the amount
of data obtained from the filtering process is only four mono-
chrome images. It is convenient for storing and transmitting the
spectral image.
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Abstract

We present a prototype of the spectral vi-
sion system that can be used to measure a co-
lor spectrum and two-dimensional spectral ima-
ges. First we designed a low-dimensional broad
band color filter set with a constraint of posi-
tive spectral values by a computational tech-
nique based on an unsupervised neural network.
Then we constructed a compact size optical
setup for the spectral synthesizer, which can
be used to synthesize the light corresponding
to the spectral characteristics of the color fil-
ter. We implemented the color filters optically
using a liquid crystal spatial light modulator
(LCSLM). In our experiments we illuminated a
sample of a real world scene by the synthesized
lights and detected the optically calculated in-
ner products by a CCD-camera. The amount of
data obtained from the filtering process is only
a few monochrome images, which can be used to
store and transmit a spectral image convenient-
ly. From the detected inner product images we
reconstructed the sample’s color spectra using
a pseudoinverse matrix. We present the exper-
imental results of measuring a spectral image
by our spectral vision system.

1. INTRODUCTION

Recently, the use of spectral imaging has been the
focus of growing interest in the field of high-quality
color image analysis. The spectral imaging systems
have application areas such as remote sensing, en-
vironmental monitoring, material analysis, computer
vision, digital archives, and industrial quality control.
The spectral based representation of color avoids the
problem of metamerism,! which may exist in the
human color vision system based three-dimensional

Address correspondence to Markku Hauta-Kasari: E-mail:
mhk@cs.joensuu.fi; WWW: http://cs.joensuu.fi/ “mhk; Tele-
phone: 4358 13 251 111; Fax: +358 13 251 3290;

color vision models. When the spectral imaging sys-
tem is tuned to measure the visible light, then the
measured image represents a high-quality color ima-
ge, in which every pixel contains a color spectrum.

To measure spectral images, devices such as a
CCD-camera with narrow band interference filters,?
an acousto-optical tunable filter (AOTF),® Fouri-
er transform based interferometric imaging system,*
a liquid crystal tunable filter (LCTF)® or a prism-
grating-prism (PGP) based line scanning camera®
can be used. Currently there are two basic approaches
to measure spectral images. One approach is based
on the acquisition of a two-dimensional image at
different wavelengths at different times.>® Another
approach is based on the acquisition of line images
with a simultaneous measurement of spectra at dif-
ferent wavelengths by scanning a camera or an object
along the spatial axis.® All these systems produce a
large amount of data to be stored or transmitted.

It has been shown that the color spectra can be
reproduced accurately from a low-dimensional repre-
sentation of spectra.”® One approach to compress
spectra is to have measured spectra and compress
them by software.l%!! Another approach is to de-
sign the low-dimensional spectral imaging system so
that only a few optical color filters are used to acquire
the optimal component image set for the spectral re-
construction.!?-* The low-dimensional component
image set can be directly used to store and transmit
spectral images effectively, and it can be also directly
used in pattern recognition tasks.

Recently, we proposed two prototypes of the low-
dimensional spectral imaging system.151® The color
filters in these prototypes are rewritable and the filter
effect on a sample is produced as follows. The proto-
type presented in this paper is based on the spectral
synthesizer, which is used to illuminate the object by
the light, which has the spectral characteristics of the



color filter. Another prototype!® filters the reflecting
or transmitting light from an object by a combined
filter part, which consists of a linear variable filter
(LVF) and a liquid crystal spatial light modulator.

The paper is organized as follows. In Section 2 we
briefly review the color filter design from our previous
study. Then in Section 3 we introduce the experimen-
tal setup for the spectral vision system. In Section 4
we report the experimental results and in Section 5
we discuss our results.

2. COLOR FILTER DESIGN

The color filter design with a constraint of positive
spectral values has been under a growing interest re-
cently. The methods for choosing an optimized set
of a commercially available Kodak Wratten gelatin
color filter set were proposed in Refs. 17-19 and in
Refs. 20-23 the positive color filters were designed
by computational techniques. In Ref. 24 we proposed
a new computational technique based on an unsu-
pervised neural network to design broad band color
filters with a constraint of positive spectral values.
By our method it is possible to design broad band
color filters according to an application. Fig. 1 shows
the filter set of 4 filters used in this study. The fil-
ter set was designed for the color spectra database
of 1269 samples measured from the Munsell book of
color.?®
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Figure 1. Filter set of 4 learned filters used in pro-
posed spectral vision system.

The designed color filter set is non-orthogonal and
to use it to reconstruct a spectrum s, a pseudoinverse
matrix can be used:

s =WWITw)twTs, (1)

where W is the filter set. In the optical implementa-
tion, W(WTW)~! is known and the inner products,
WTs, between the filter set W and the sample’s spec-
trum s are determined experimentally:

3. SPECTRAL VISION SYSTEM

The inner products W7Ts in Eq. (1) between a broad
band color filter set W and a sample s can be calcu-
lated optically using the liquid crystal panel.12:26 If
the sample is illuminated by the synthesized light,
which has the spectral characteristics of the color
filter Wi, then the detected intensity of the sample
corresponds to the inner product WTs. To synthe-
size the light_ corresponding to the color filter, we
constructed the optical setup shown in Fig. 2. The
experimental setup for the spectral vision system is
shown in Fig. 3.

Concave grating LC-panel
Lens o Polarizer

Concave grating

Mirror Tl

s —i—

Light source = Output light

Figure 2. Optical setup for the spectral synthesizer.
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Figure 3. Spectral vision system.

4. EXPERIMENTS

We acquired the spectral image from a real world
object by our spectral vision system. As a real world
scene shown in Fig. 4 we used a setup of a strawberry
and a mandarin lying on a table in front of a colo-
red panel. We illuminated the sample by 4 synthe-
sized lights corresponding to the color filters shown
in Fig. 1 and the reflected intensity images shown in
Fig. 5 were detected by the CCD-camera.

From the detected intensity images we reconstruct-
ed the spectral image in the wavelength range from



Figure 4. Sample as a real size gray level image,
illuminated by the halogen lamp.

No. 1 No. 2

No. 3 . No. 4

Figure 5. Detected intensity images of the sample,
when the sample was illuminated by the synthesized
lights, which correspond to 4 color filters.

400nm to 700nm at 10nm intervals using the pseu-
doinverse matrix in Eq. (1). To compare the results,
we measured the same spectral image by the CCD-
camera with 31 narrow band interference filters cove-
ring the wavelength range from 400nm to 700nm, at
10nm intervals.

Figure 6 shows two examples of spectra at diffe-
rent, locations of the spectral image. The spectrum in
Figure 6 a) is the spectrum of the glossy yellow color
sheet and the spectrum of the strawberry is shown in
Figure 6 b).

5. DISCUSSION

We presented a prototype of the spectral vision sys-
tem that can be used to measure a color spectrum
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Figure 6. Spectra at two different locations of the
spectral image. Solid lines correspond to the spec-
tral image measured by CCD-camera with 31 narrow
band filters and dashed lines correspond to the spec-
tral image measured by the spectral vision system
using 4 filters.

and two-dimensional spectral images. The rewritable
broad band color filters were implemented using the
LCSLM. We illuminated the sample with synthesized
light, and therefore our system is limited to indoor
measurements. The amount of data obtained from
the filtering process is small and therefore convenient
for storing and transmitting spectral images. There
are still some open questions in our system to be in-
vestigated, for example, the choice of the color filter
set, possible system noise, near singularity of the in-
verse matrix and the size of the light area to be illu-
minated. The main result of this work is a prototype
of the spectral vision system, which can be developed
further to be more accurate in its color representa-
tion. The optical system can be used to calculate the
optical inner product, and therefore this system can
be used in various optical pattern recognition tasks,
for example in classifiers, where the classification cri-
teria contain the inner product calculation.
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1. Introduction

Color contains important information on materials, and methods for quantification of color
have been explored. In color research, three-dimensional color coordinate systems have been
traditionally used. These systems, however, have a metamerism problem" in which several
different spectra result in the same three-dimensional coordinate. On the other hand, spectra
which include many components corresponding to each wavelength range are free from the
metamerism problem, and for this reason accuracy is high.

Spectral image analysis has recently progressed rapidly, and is now used for machine vision,
telemedicine,” agrobiology,” art painting reproduction,*® and so on.  Environmental
monitoring using remote sensing also has received a great deal of attention,”® and requirements
for outdoor measurement have been increasing.  Spectral images can be obtained, for example,
with a CCD camera through narrow-band interference filters,” an acousto-optical tunable
filter,'” a liquid crystal tunable filter,'” a prism-grating-prism based line camera,'” or Fourier-
transform-based methods.”” In these multispectral methods, spectral images are measured
precisely for each wavelength range. Whatever technique is used, however, many images
have to be taken, depending on spectral resolution, and copious image data have to be processed
and stored.

To compress spectral data, there is a way to design a low-dimensional filter set and obtain
low-dimensional compressed data that include optimal components for spectral estimation.
Fortunately, spectral components of natural objects strongly correlate with each other.  For this
reason, a low-dimensional broad-band filter set instead of a narrow-band filter set is used for
spectral estimations of natural objects.

For spectral estimation from low-dimensional data, the vector subspace method'? or the



Wiener method™” is used.  In the former, based on principal component analysis, a spectrum is
expanded into a subspace spanned by orthogonalized basis functions calculated from correlation
matrix of a database containing objective color samples. A spectrum of an object can be
represented by a set of inner products between that spectrum and a set of basis functions.
Parkkinen et al.” calculated several basis vectors by the subspace method for a spectral
database containing 1257 samples measured from the Munsell Book of Color.'® These basis
vectors could describe not only spectra belonging to the database but also those of natural
objects.”” Instead of implementation of transparent broad-band filters, Jaaskelainen et al.'®
proposed that lights having the spectra of the basis vectors be synthesized. If the synthesized
light illuminates an object, reflected or transmitting light corresponds to an inner product
between the spectrum of the object and the synthesized light. Hayasaka et al.'" applied the
spectral synthesizer to micrographs, and estimated transmittance spectra of organs of a mouse
using seven images of inner products. Hauta-Kasari et al®® designed a compact spectral
synthesizer, and estimated reflectance spectra of fruit in an image using four images of inner
products. The use of a set of a small number of inner products decreases the amount of data
considerably. For example, acquiring spectral images ranging 400 to 700 nm at 10-nm
intervals, only four® to seven'®'” images of inner products are required, while 31 images have
to be measured in conventional multispectral methods.

There are two ways to obtain inner products optically between a spectrum of an object and
computationally designed broad-band color filter functions as shown in Fig. 1: (a) active type
and (b) passive type. In the active type, intensity images of an object illuminated by
synthesized lights having spectra of designed filter functions are taken with a CCD camera.'**”

This method is useful for indoor measurement such as micrographs, but it is not easy to apply it
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to measuring samples illuminated by an arbitrary light source such as the sunlight. For
outdoor measurement, the passive type shown in Fig. 1 (b) is required; in this method, intensity
images of an object are taken through broad-band filters corresponding to the designed filter
functions.

There are some kinds of optical broad-band color filters, such as commercial gelatin broad-
band filters,**? a broad-band type liquid crystal tunable filter,” and a kind of broad-band filters
using dichroic mirrors.*” Gelatin filters containing a mixture of some kinds of dyes, and a
combination of some commercial gelatin filters may realize the filters we want. Transmitting
wavelengths of gelatin filters, however, are fixed, and it is impossible to rewrite filter functions
flexibly. Other broad-band color filters mentioned above also have little flexibility, making it
difficult for them to satisfy our present requirements.

To overcome these problems, we propose a new system to implement rewritable transparent
broad-band color filters. The system is the passive type shown in Fig. 1 (b), and spectral
transmittance can be changed arbitrarily corresponding to computationally designed filter
functions.

The paper is organized as follows: In Section 2 we briefly explain how to prepare broad-
band color filter functions and how to estimate spectra. The main topic of this paper is
experiments implementing rewritable broad-band color filters in Sections 3, and 4.1.  Spectral

estimation was done as described in Section 4.2.  In Section 5 we give conclusions.
2. Broad-band Color Filter Functions

Low-dimensional basis vectors designed by subspace method based on Karhunen-Loéve

expansion have been successfully used to estimate original spectra.’>” Due to the



orthogonality of basis vectors, however, they contain both positive and negative elements and
cannot be implemented in optical components directly. Two methods can be considered to
implement such basis vectors in optical components: (1) multiplying and adding constant
values to the basis vectors in order to make every element positive,™” and (2) making two
filters for positive and negative elements for each filter function and taking their inner products
independently and calculating their difference.**® This, however, leads to more complicated
filtering systems.

On the other hand, design of broad-band color filter sets which contain only positive
elements was proposed by Lenz et al. using optimization of an energy function based on
second- and fourth-order statistical moments?” and by Hauta-Kasari et al. using an
unsupervised neural network® instead of a subspace method. The neural network uses a
competitive learning algorithm based on the INSTAR algorithm of Grossberg®™ which was
incorporated by Kohonen's*” self-organizing map with the winner-take-all layer. The neural
network clusters color spectra in a database into a discrete number of groups. After learning,
the vectors corresponding to the centers of the clusters are used as color filter functions.

In our prévious work,”® a set of broad-band color filter functions was designed over the
unsupervised neural network for the database of 1269 Munsell spectra and it was implemented
in optical components directly in the active type broad-band filter system. It was used to
estimate the original spectra of natural objects. In computer simulations, the accuracy of the
filter set for spectral estimation designed over the unsupervised neural network was comparable
with that of the basis vector set designed by the subspace method.”®

In this paper we used the same filter set as that in Ref. 20, i.e., a four color filter set was

designed with the help of a neural network trained on a database of 1269 Munsell spectra. The



number of color filters is determined by the required accuracy in each application.
Theoretically, the larger the number of filters used, the more accurate the spectral estimation
becomes. On the other hand, experimentally, increase in the number of filters does not always
lead to an improvement in estimation accuracy.””" The optimal number of filters was
determined experimentally in our previous work,”” and in this paper we used that same number,
i.e., four.

Figure 2 shows a set of the four filter functions that we used. Filter function (a) is almost
the average curve of the database of the 1269 Munsell spectra. Each filter function of (b) to
(d) has a gentle peak in a different wavelength range, meaning that each function is
independent.

The set of color filter functions is non-orthogonal and the spectral estimation is done using a
pseudoinverse matrix:
s'= W(WTW)1WTs, (D
where W is the matrix of the color filter set and W(W'W) ™' takes known quantities. In optical
implementation, the inner product W's between the color filter set W and the spectrum of an
object s corresponds to a set of intensity values at a pixel in a set of intensity images of the
object through the color filter set.

The inverse matrix in Eq. (1) sometimes becomes nearly singular,”*" then a Very small error
between the optically calculated inner product and the expected inner product can cause large
estimaﬁon errors.  To decrease the effect of this near singularity, a regularization technique

based on truncated singular value decomposition (SVD) was used.

3. Experimental Setup



An experimental setup for a proposed rewritable broad-band color filter system is shown in
Fig. 3. An intensity image of an object illuminated by a white light source is taken with a
monochrome CCD camera (SONY XC-73, 768 X494 pixels) through a filter. The filter
consists of a liquid crystal spatial light modulator (LCSLM) (SHARP 1.Q323Y11 model LC-
projector) and a linear varable filter (LVF) (SCHOTT VERIL S60 type), the two components
being attached. The LVF is a kind of interference filter measuring 60mm X 25mm in which
the central wavelength of transmitting light varies 400 to 700 nm linearly depending on the long
éide position as shown in Fig. 4, and the transmittance is almost uniform in every wavelength
range. The liquid-crystal (LC) panel used as a spatial light modulator was that taken from a
commercial LC-projector. The screen size of the LC panel was 44.5mm X 61.7mm with 234
X382 pixels, and the panel was of the active matrix type with thin-film transistors (TFT). A
spatial filter pattern that corresponds to a designed color filter function was written on the LC
panel along the wavelength axis of the LVF. The key device of this system, that is, the
combined filter of the LVF and the LC panel was mounted on a linear stage placed right in front
of the lens aperture of the CCD camera. The combined filter was set as close as possible to
the lens, and the wavelength axis of the LVF was parallel to the moving direction of the linear
stage.

Figure 5 shows a block diagram of the control system for the rewritable broad-band color
filter system with the numbers in operating order. The following numbers correspond to the
operating order in Fig. 5. An input pattern that corresponds to a designed color filter function
is written on the LC panel. The transmittance of the panel is controlled by the computer
through a monochrome image board (1) and an LC driver (2). The combined filter mounted

on a linear stage is moved at a constant speed. The linear stage is controlled by the computer



through an /O board (3) and a linear stage driver (4). The combined filter passes the lens
aperture of the CCD camera while the shutter of the camera is opened; consequently, a time-
integrated intensity image s acquired. The trigger-signal is sent to the shutter of the camera
by the linear stage driver (5, 6), and the intensity image obtained is stored in the computer
through a vision freezer (7) and a monochrome image board (8). In this system, only one
monochrome image board was used both to control the LC panel and to take images. The
linear stage is moved back to the start position, and the same procedure is repeated with the
other filter functions. The speed of the linear stage was 50mm/s and the exposure time was 2
seconds. Intensity in each pixel corresponds to the inner product W,'s, where Wi, is the i-th
filter function in the color filter set and s is the spectrum of the object.

Input patterns on the LC panel were determined as follows: Two fixed positions on the
panel which correspond to the transmitting central wavelength of 400 nm and 700 nm on the
LVF were determined as shown in Fig. 6. The LC panel having 234 X382 pixels was
controlled by the image board with 512 X640 pixels, and the positions of the LC panel were
assigned . by the pixel number of the image board. In this case, the pixel numbers
corresponding to the transmitting central wavelength of 400 nm and 700 nm were 97 and 540,
respectively. A designed color filter function was written on the LC panel between the
positions of 400 nm and 700 nm by 256-step video signal, and otherwise were at the 0 level.

The input level of the direction perpendicular to the wavelength axis was kept constant.:

4. Experimental Results and Discussion
4.1  Optical Implementation of Broad-band Color Filters

We first did experiments to implement broad-band color filters. A standard white board of



BaSQO, was placed on the object plane and it was illuminated by a white light source. The
purpose of this experiment was just to compare the measured spectra with expected filter
functions. Therefore, any kind of white light source having a smoothly varying spectral
distribution could have been used. In this experiment we used a halogen lamp. In order to
measure spectral intensity of the lamp, 31 intensity images of the standard white board were
taken through 31 narrow-band filters ranging 400 to 700 nm at 10-nm intervals. The spectral
intensity was determined by averaging the intensity inside the window of 10X 10 pixels.
Figure 7 shows the spectral intensity of the white light source through the standard white board
measured with a CCD camera with narrow-band interference filters. Low intensities in the
wavelength range near 400 nm and 650 to 700 nm in Fig. 7 are caused by the low sensitivity of
the CCD camera and the low transmittance of the infrared-cut filter attached to the camera.

To know the spectral intensity of the light that passes through the proposed filter system, we
conducted the following experiments: A spatial filter pattern that corresponds to a designed
color filter function was written on the LC panel. The filter system was operated in order to
implement four filter functions in Fig. 2. The resultant intensities through the filter system
were taken With the CCD camera through 31 narrow-band filters ranging 400 to 700 nm at 10-
nm intervals.

Figure 8 shows the experimental results. Solid lines are the normalized spectral intensity of
the light through the implemented filters. Dotted lines are the normalized expected filter
functions that are the products between the four color filter functions in Fig. 2 and the spectral
intensity of the white light source in Fig. 7. Implemented spectral intensities almost coincided
with those expected.

To evaluate the accuracy of this system, we calculated norm errors defined in the following



equation:

norm error (%) = || P(4)- O(4) [x100

= [(P(400) - O(400))* + (P(410)- O(410))% +.....+ (P(700) - O(700))Z x100,  (2)

where P( 1) is the normalized expected filter function and O( A ) is the normalized spectral
intensity of the light through the implemented filters depending on the wavelength A .
Calculated results are shown in Table 1. Averaged norm error was about 5.4%. The results
show that the proposed filter system works well and the implemented color filters have

sufficient accuracy.

4.2 Spectral Estimation

The proposed system was applied to estimate spectra of natural objects in a two-dimensional
image. In an object scene to be examined, test samples were selected from objects whose
colors covered the color space widely: a strawberry and a kumquat (a kind of orange) which
were placed in front of four colored panels of, left to right, painted blue, painted green, glossy
yellow, and glossy red.  The four colored panels were the same as used in our previous study.?”
A gray-level image of the object scene is shown in Fig. 9 which was taken in the proposed
system under a transparent condition where the input level to the LC panel was set to 255‘
The size of the image is 241 X271 pixels. In Fig. 9, we recognize noisy patterns on the
strawberry in which arrays of specularly reflected spots appear. They are diffraction patterns
induced by electrodes whose structure is a matrix on the LC panel.

Figure 10 shows four intensity images of the scene, which were taken in our system through
the four implemented color filters, respectively. From a set of the four intensity images, a

spectrum in the two-dimensional image was estimated for each pixel on the wavelength range

of 400 to 700 nm at 10-nm intervals using a pseudoinverse matrix in Eq. (1). The estimated
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spectrum in the two-dimensional image was compared with that measured by the conventional
multispectral imaging method. For this purpose, 31 intensity imagesvof the test scene were
taken thfough 31 narrow-band filters ranging 400 to 700 nm at 10-nm intervals unde; the
transparent condition of the system where the overall input level to the LC panel was set to 255.

Figure 11 shows six results of the spectra at different locations in the scene. Solid lines are
estimated spectra from a set of the four intensity images obtained in the proposed system, and
dotted lines are spectra measured by the multispectral method_ with 31 narrow-band filters.
The upper three graphs show, left to right, the results of the painted blue panel, the painted
green panel, and the glossy yellow panel. The lower three graphs show, left to right, the
glossy red panel, the strawberry, and the kumquat.

In the estimated spectra, peak wavelengths almost coincide with ihose obtained by the
multispectral method. However, the estimated spectra fluctuated widely and had unreasonable
negative elements in some parts. Errors are believed to be caused by the problem of near
singularity that was discussed in our previous work.2”

In this spectral estimationﬁsing a set of low-dimensional intensity images, the amount of
data that we handle decreases considerably. Therefore, the processing of copious image data

is not required. The method is also convenient for storing and transmitting the spectral image.

5. Conclusions

We proposed a rewritable transparent broad-band color filter system. The system realizes
optical broad-band color filters whose transmitting wavelengths are rewritten arbitrarily. The
accuracy of the spectral intensity of the light through the implemented filters by this system was

the same or higher than that of the spectral intensity of synthesized lights which were
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implemented by the spectral synthesizer in Ref. 20.

The proposed filter system implemented color filters with sufficient accuracy, although we
cannot say that the results of the spectral estimation in Section 4.2 gave us satisfaction. We
believe that the error for spectral estimation was caused by the calculation of a pseudoinverse
matrix that includes the problem of near singularity. One possibility to overcome the problem
could be use of the Wiener method™” for spectral estimation.

There are more suitable applications of the proposed system, for example, intelligent spectral
classification and spectral based parameter estimation®® For these applications, a precise
spectral estimate is not always required. We can easily understand that the system is a kind of
intelligent eye that has many types of photoreceptors. The spectral sensitivity of the
photoreceptors can be changed according to our purposes. In this case, a spectral database for
filter design should be selected according to objective color samples. It is easy to calculate

new filters by the unsupervised neural network.
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Fig 9. Test samples.
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Fig. 10. Four intensity images of the test scene taken by the proposed system
through the four implemented color filters, respectively.
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Table 1. Norm errors over four samples for the normalized expected filters and the normalized

spectral intensities of the light through the implemented filters.

Sample number  Norm error (%)

1 4.38
2 5.55
3 4.23
4 7.29

Average 5.36
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