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Abstract 
The accuracy of spectral image reconstruction from three-

band images can be improved by utilizing multipoint spectral 
measurements as auxiliary information. There can be different 
approaches for exploiting the multipoint spectral data. In 
Wiener and GMD (Gaussian mixture distribution)-based 
estimation methods, spectral data are employed to estimate the 
spectral statistics of a scene. The information of spatial 
coordinates of each spectral data can be also used for instance, 
with using the spatio-spectral MAP (Maximum a posteriori) 
estimation. However, spatio-spectral MAP requires a relatively 
large amount of computation. 

In this paper a novel method is presented as an alternative 
approach to make use of the spatial information of multipoint 
spectral data, called piecewise Wiener estimation. Then, we 
make a comparison of four methods: spectral Wiener, GMD-
based, spatio-spectral MAP, and piecewise Wiener estimation 
algorithms. As a result, it has been found that methods that 
utilize the location information of each spectral measurement 
give higher accuracy than others. 

Introduction  
For high fidelity color reproduction of digital images, a 

spectrum-based color reproduction method has been studied [1-
7]. In this method, spectral reflectance or spectral power 
distribution of an image is first estimated from the observed data, 
and then the color is calculated by using the estimated spectral 
information. In order to accurately estimate the spectral 
information as an image, a multispectral image with more than 
three color channels is preferable. Although there have been 
various types of multispectral or spectral imaging devices [8-10], 
any device suffers from the inherent tradeoff between spatial 
and spectral resolution. Therefore, in reality, it is difficult to 
develop a spectral imaging device with high resolutions in both 
spectral and spatial. Meanwhile, there have been various 
attempts to estimate spectral information from three 
measurements that are captured by conventional trichromatic 
sensors [11-15]. However, a set of three measurements have a 
limitation on accuracy, especially when the class of a target 
object cannot be specified.  

Based on this background, a new spectral imaging approach 
has focused attention, in which a spectral image is estimated 
from two different types of measurements: a low-resolution 
image with high-spectral resolution and a high-resolution image 
with low-spectral resolution. Such measurement systems can be 
realized by a combination of conventional measurement devices. 
For instance, we can use a conventional three-band camera 
attached with a spectral sensor with a scanning unit, where the 
spectra are measured successively at multiple points in a scene 
by the spectral sensor. Or otherwise, a low-resolution spectral 
imaging device can be utilized instead of the scanning spectral 
sensor. For this new type of measurement system, we need a 

method to reconstruct a spectral image from two different types 
of measurements, which is the topic dealt with in this paper. 
Below, we will discuss focusing on a combination of a three-
band image and multipoint spectral measurements. 

In order to reconstruct a spectral reflectance image from a 
three-band image and multipoint spectral measurements, a 
method based on the Maximum a posteriori (MAP) estimation 
has been proposed (referred to as spatio-spectral MAP: SS-
MAP) [16,17]. In the SS-MAP, spectral data are spatially 
interpolated and it is used for compensating the spectral 
estimation error from a three-band image, which improves the 
estimation accuracy. However, since SS-MAP requires 
relatively large amount of computation, alternative methods are 
expected. Multipoint spectral data are also effectively utilized in 
the existing spectral estimation methods, like Wiener or GMD 
(Gaussian mixture distribution)-based estimation methods [18], 
in which the spectral data are utilized to estimate the spectral 
statistics of a scene, like a probability density, a correlation 
matrix, or principal components in a spectral space. In these 
methods, however, the spatial information of each spectral 
measurement is abandoned despite its effectiveness in SS-MAP. 

In this paper, a novel method is presented as an alternative 
approach to make use of spatial information of multipoint 
spectral measurement, called piecewise Wiener estimation. Then, 
we make a comparison of four methods: spectral Wiener, GMD-
based, SS-MAP, and piecewise Wiener estimation algorithms, to 
make it clear what kind of approach is effective for the spectral 
image reconstruction problem. 

Spectral image reconstruction methods 
using multipoint spectral measurements 

Overview 
Figure 1 shows general approaches to reconstruct a spectral 

reflectance image from a three-band image and multipoint 
spectral measurements. They are classified broadly into two 
categories: a spectral estimation from a three-band image, and a 
spatial interpolation from multipoint spectral measurements. In 
the spectral estimation approach, a spectral correlation is 
estimated from multipoint spectral data and it is utilized in the 
spectral estimation. In the spatial interpolation approach, a 
spatial correlation is estimated from a three-band image and it is 
utilized in the spatial interpolation of spectral data. The 
combination of these two approaches is also possible. Focusing 
on the spectral estimation approach, we can find several cases: A. 
pixel-independent, B. pixel-value-dependent, and C. pixel-
position-dependent spectral correlations. 

If the Wiener estimation is applied to this problem, it is 
categorized into A, because a single correlation matrix is utilized 
in making Wiener estimation matrices. The GMD-based 
estimation method [18] and recently-proposed nonlinear 
estimation methods [11, 13-15] are all categorized into B, 
though each method has its original way to make multiple 
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correlation matrices and the way to select a correlation matrix 
based on a pixel value. The SS-MAP estimation is a 
combination of a spatial interpolation of spectral data and a 
spectral Wiener estimation. On the other hand, there has been no 
method categorized into C, because in general it is difficult to 
obtain a pixel-position-dependent spectral correlation. However, 
it can be possible if we use the spatial information of each 
spectral measurement, which will be an alternate effective 
method. 

This paper first reviews existing algorithms, and presents a 
method called piecewise Wiener estimation, which is 
categorized into C. After that, a comparison is made of four 
methods: Wiener, GMD-based, SS-MAP, and piecewise Wiener 
estimation algorithms. 

Review of existing methods 

Wiener estimation method 
A Wiener estimation matrix is derived with using the 

spectral correlation matrix calculated from all the spectral 
measurements. Then, the spectral image is estimated from a 
three-band image using the Wiener estimation matrix. 

GMD-based estimation method [18] 
In order to apply the GMD-based estimation method, 

multipoint spectral measurements are clustered into several 
classes, which yield a GMD probability model. Then, the GMD-
based estimation method gives the best spectral reflectance 
estimation in a minimum-mean-squared-error sense based on the 
obtained probability. More specifically, a spectral reflectance 
function is first estimated by the Wiener estimation based on the 
spectral correlation of each class. Then, a weighted sum of the 
estimated spectral reflectance functions is calculated, where the 
weights are decided based on the three-band image signal of a 
concerned pixel. 

SS-MAP estimation method [17] 
In the SS-MAP estimation method, multipoint spectral 

measurements are regarded as a low-resolution spectral image. 
The spectral measurements are spatially interpolated based on a 
spatial correlation estimated from a three-band image. On the 
other hand, a spectral reflectance image is estimated from the 
three-band image in the same manner as the Wiener estimation. 
Then, these two estimations of a spectral reflectance image are 
combined to derive the final SS-MAP estimation. 

A spatial correlation used in the interpolation is an 
important factor in the SS-MAP estimation. The correlation 
between ith and jth pixel is defined by 

( ) ( )jid
j

T
ijir ,, ρ×= gg  (1) 

where gi is a three-dimensional column vector representing a 
image signal of ith pixel and d(i,j) is the Euclid distance 
between ith and jth pixels. The parameter ρ plays a role in 
deciding a scope of the spectral measurements that used for the 
interpolation. In the original manuscript, ρ is fixed at 0.97, 
which is selected so as to suit to the experimental condition of 

100100×  spectral measurements. In this paper, ρ is variable 
depending on the number of the spectral measurements. 

According to [17], the computational amount is in 
proportion to the square of the number of the spectral 
measurements. Therefore, it can be said that the implementation 
of the SS-MAP becomes difficult as increasing number of the 
spectral measurements. 

Piecewise Wiener estimation method 
This section describes the method proposed in this paper, 

piecewise Wiener estimation technique. In this method, a three-
band image is divided into K blocks and each block is indexed 
by k. Wiener estimation matrix for each block, Ak, is prepared, 
and the spectral reflectance of a pixel in a block k is estimated 
by the matrix Ak. Each Wiener estimation matrix is derived with 
using the spectral correlation matrix calculated from the spectral 
measurements weighted by 

( ) ( )jkDjkw ,, ρ=  (2) 

where D(k, j) is the Euclid distance between the center of the 
block k and the jth spectral measurements. The parameter ρ 
plays a role in deciding a scope of the spectral measurements 
that used for a single Wiener estimation matrix.  

When different matrices are used in different blocks, signal 
discontinuity will arise at block boundary. In order to remove 
this signal discontinuity, the matrices that are assigned to the 
neighboring 8 blocks in addition to its own block are applied, 
and the estimation results are summed with a window function 
determined by the method in [19]. Since a window function 
spans a fourfold area of a block, four estimations by four 
different matrices are summed to derive the final estimation of a 
single pixel. As a result, the computation amount is 
approximately estimated by four times of that of Wiener 
estimation, because the block-dependent matrix preparation is 
not a dominant factor in the computation. 

 
Figure 1. General approaches for the reconstruction of spectral image from three-band image and multipoint spectral measurements. 
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Evaluation of estimation methods 

Simulation conditions 
Spectral reflectance images are estimated from 

multispectral images captured by a sixteen-band camera [6], and 
they are used as the true spectral reflectance images. Spatial 
resolution of the spectral reflectance image is 512512× , and the 
number of the spectral samplings is 65 ranging from 380 to 700 
nm with 5nm intervals. Figure 2 shows the three images 
displayed in sRGB. For convenience of demonstration, we name 
the three images in Fig.2 Toy, Scarf, and Flowers, respectively. 
Three-band images are calculated from the spectral reflectance 
images based on the spectral sensitivity of a typical HDTV 
video camera and the spectrum of daylight illuminant D65. 
Noise-free and noisy cases are simulated, where the noise is a 
Gaussian white noise with peak-signal-to-noise ratio (PSNR) is 
50 dB. Spectral measurements are calculated as the average 
spectral reflectance functions of the true spectral reflectance 
image over the corresponding measurement areas. The number 
of the spectral measurements MM × is variable, and a 
measurement area is set by a (512/M)-pixel square; i.e., the 
measurement areas are neither overlapped nor gapped. The 
spectral measurements are assumed to be noise free.  

From a simulated three-band image and multipoint spectral 
measurements, a spectral reflectance image is estimated by 
Wiener, GMD-based, SS-MAP, and piecewise Wiener 
estimation methods; they are referred to as Wiener, GMD, SS- 
MAP, and PW in the following experimental results. The 
normalized root mean squared error (NRMSE) of the estimated 
spectral reflectance and *

abE∆  under D65 and F2 illuminants are 
calculated. As a reference, the estimations from 3-band and 6-
band images without the information of spectral measurements 
are also done, where the estimation is done by a Wiener 
estimation matrix with the correlation matrix based on the 
Markov model (the correlation coefficient is set at 0.995); these 
are referred to as 3-band and 6-band. 

The parameter ρ is defined by ( ) 01.0/5125.4 =Mρ  for SS-
MAP and ( ) 01.0/5122 =Mρ  for piecewise Wiener, both of which 

are determined empirically. The clustering for GMD is 
performed by a K-means clustering method, and the number of 
the classes is set by 5 for Toy and Scarf, and 3 for Flowers. 

Results 
Figure 3 shows the NRMSE of spectral reflectance of Toy, 

Scarf, and Flowers in noise-free case. The x axis is the number 
of the spectral measurements in a log-scale. The NRMSEs of 3- 
band and 6-band are designated by horizontal dotted and dashed 
lines. We can see that the four methods with spectral 
measurements, Wiener, GMD, SS-MAP, and PW, reduce the 
error from the 3-band result. Although the error is decreasing as 
increasing the number of the spectral measurements except for 
Wiener, we can see that SS-MAP and PW realize lower NRMSE 
than GMD, and that PW is slightly better than SS-MAP. With 
the spectral measurements more than several hundred, SS-MAP 
and PW give smaller NRMSE than 6-band. 

Figure 2. Spectral reflectance images used in the simulations: Toy, 
Scarf, and Flowers. Images displayed in sRGB. 
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Figure 3. NRMSE of spectral reflectance of Toy (top), Scarf (middle), 
and Flowers (bottom) in noise-free case with varying the number of 
spectral measurements. 
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Figure 4 shows the average *
abE∆  of Toy under F2 

illuminant in noise-free and noisy cases. The average error 
shows approximately the same tendency as the NRMSE in Fig.3. 
In the noisy case, with more than several-thousand spectral 
measurements, SS-MAP does not reduce the average error even 
as increasing the number of the spectral measurements, while 
PW shows the improvement in this range. 

Figure 5 shows the maximum *
abE∆  of Toy under F2 

illuminant in noise-free and noisy cases. The order among four 
methods is almost same as that of the average results, though 
PW shows its slight instability. This instability is caused by the 
fact that the variety of the spectral measurements becomes too 
small to construct a correlation matrix when the total number of 
the spectral measurements becomes large, which may be 
improved by adjustment of the parameter ρ. 

In addition, in the noisy case, we can see that it is difficult 
to reduce the maximum error even with a large number of 
multipoint spectral measurements. In general, in order to reduce 
the average error for a given data set, the relation between a 
three-band image and the estimated spectral reflectance becomes 
increasingly more complex. Complex estimations tend to be 
instable especially for noisy data, which causes the large 
maximum errors. We have examined the pixels with the error 
around the maximum error in the reconstructed images, and 
found that they are single pixels and they do not have visually 
much effect on the reproduced images. The results on color 
differences for Scarf and Flowers show the similar tendency to 
the Toy results. As a result, from the viewpoint of color 
reproduction error, SS-MAP and PW also shows superiority 

than Wiener and GMD, and the difference between SS-MAP 
and PW is quite small, which can be seen with a large number of 
spectral measurements. 

Figure 6 presents the visualized *
abE∆  images of Toy (left 

column) and Scarf (right column) under F2 illumination in 
noise-free case. The number of the spectral measurements is 

1616×  for Toy and 6464×  for Scarf, and an 8-bit pixel value 
corresponds to 10* ×∆ abE  for Toy and 20* ×∆ abE  for Scarf. In 
the Toy results, we can see that a large error occurs, especially 
in the upper-left object (red color) and its right-hand neighbor 
(green color) by 3-band and Wiener. These errors are reduced by 
GMD, SS-MAP and PW. Although the average error of 6-band 
is smaller than that of SS-MAP and PW, we can found the areas 
in which SS-MAP and PW realize a smaller error than 6-band; 
for instance, a plate with characters placed below the image 
center. 

In the results of Scarf, we can see a similar tendency with 
the Toy results. However, examining the error images in detail, 
it is found that the error tends to remain in high-spatial-
frequency areas in the case of the method using multipoint 
spectral measurements. In order to see it clearly, Fig.7 shows a 
close-up view of the error image of Scarf, showing a region 
including both high- and low-spatial-frequency areas. Compared 
to the 3-band result, we can apparently see that the methods 
using spectral data more reduce the error in low-frequency area 
than in high-frequency area. In addition, SS-MAP shows this 
tendency stronger than GMD and PW. This is because the SS-
MAP is partly based on a spatial interpolation. 
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Figure 4. Average ∆E*ab of Toy in noise-free case (top) and in 50dB-noise 
case (bottom) with varying the number of spectral measurements. 
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Figure 5. Maximum ∆E*ab of Toy in noise-free case (top) and in 50dB-
noise case (bottom) with varying the number of spectral measurements. 
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Based on the results of the average *
abE∆ , the feature of the 

error distribution, and the computational cost, it can be 
concluded that PW is the most effective method among the four. 

Conclusions 
The estimation accuracy of the four methods, Wiener, 

GMD-based, SS-MAP, piecewise Wiener, are compared, and it 
is found that SS-MAP and piecewise Wiener estimation give 
higher accuracy than others. The SS-MAP and the piecewise 
Wiener estimations are the methods that make use of the spatial 
information of the spectral measurements, while other two use 
the spectral measurements to estimate a statistical data only. 
This result indicates the importance of utilizing the spatial 
information of spectral measurements in reconstructing spectral 
image. The importance increases especially when the number of 
the spectral measurements is large. In addition, SS-MAP shows 
a relatively strong nonuniformity in the error distribution; the 
error tends to remain in high-spatial-frequency areas. This is 
considered as an inherent feature of a method based on a spatial 
interpolation. Then, it should be said that an interpolation-based 
method may have its unsuitable scenes or applications. Based on 
the above experimental results and the consideration on the 
computational cost, it can be concluded that the piecewise 
Wiener estimation is the most promising method at the current 
moment. 
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