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Abstract 

Precise color and texture reproduction based on gonio-
spectral reflectance properties of object is required in many 
fields such as E-commerce, digital archives, criminal 
investigation and so on. However, spectral imaging at all 
geometries requires much measurement tasks and huge 
data storage. In this paper, efficient gonio-spectral imaging 
was performed for diffuse objects of Lambertian-like 
reflection by taking account of its optical reflectance 
properties. The proposed method assumes relative spectral 
distribution of reflected light could be regarded being 
constant, and only the power changes. This is preserved for 
wide range of geometries, except for neighbor of specular 
direction. Therefore, gonio-spectral images were created 
from only one basic spectral image at certain geometry. It 
was achieved by modulating power of the basic spectral 
image at each pixel with relative power change between 
illumination geometries. The relative power change was 
calculated from grayscale data of image reproduction 
geometry and that of basic spectral imaging. And also, 
spatial resolution was enhanced by recording grayscale 
images at higher resolution than basic spectral image. 
Experiments were performed to Japanese washi paper and 
cloth. Basic spectral data was obtained at geometry 45/0, 
and grayscale images were taken at geometry 81/0 and 
87/0. From created spectral images, color images were 
reproduced under illuminant A and D65. Light-and-shade 
induced by surface textures were precisely represented 
together with color information based on spectral data. 
Good correspondence between appearance of real sample 
and reproduced images was achieved with smaller number 
of sampling points and less data amount than the previous 
method. 

Introduction 

Diffuse objects such as papers or cloths are very common 
materials, and they have deep relation to our daily life. In 
the fields such as E-commerce and digital archives of 
electronic museums, it is very important to record the color 
and material feelings of diffuse objects precisely with 
digital data, and display them faithfully on the monitor. For 
the matter of color, a number of studies have been 
performed extensively, and precise color reproduction have 
achieved by recording spectral reflectance properties, 
which is color information peculiar to objects.1-9 
Additionally, gonio-spectral reflection properties, which 
are spectral reflection properties concerning illumination 
and observation geometries, were recorded for faithful 
reproduction of material feelings of objects together with 
precise color information.10-13 These techniques are 
expected to be one of the new phases in imaging science of 
next generation. 

Generally, enormous memory capacity and high 
computational costs are required for recording and 
processing spectral images because of the large data 
amounts. Problems on explosion of data amount will be 
critical in case recording gonio reflectance properties also. 
Therefore efficient methods for gonio-spectral imaging are 
indispensably required. A lot of studies have been 
performed on the encoding of the spectral information, 
most of them based on the expansion of spectral function 
into a system of orthogonal basis functions that are 
estimated from a set of typical color spectra by using such 
as principal component analysis.14-18 However concerning 
the spectral reflectance including gonio reflection 
properties, few methods were reported yet.  

In this paper, we propose an efficient method for 
recording and reproducing gonio-spectral images of diffuse 
objects. The proposed method is based on optical 
reflectance properties of diffuse objects and visual 
properties of human eyes. In the following chapter, 
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reflection properties of paper, which is a representative 
example of diffuse surfaces, was investigated. At first, it 
was performed at spatially coarse scale, and global gonio-
spectral reflection properties were examined. Then spectral 
reflectance properties of texture, which consists of light-
and-shade induced by surface roughness, were examined at 
spatially fine scale. From these preliminary experiments, 
we modeled the gonio-spectral reflectance properties. 
Based on this model, proposed method was developed. 
Gonio-spectral images were created from spectral image at 
one geometry and gonio grayscale images. In this process, 
image fusion proposed by Imai et al.,4 which combines 
low-resolution spectral image with high-resolution 
grayscale image, was applied. It was also applied to gonio 
direction, and further promotion of efficiency was aimed. 
Experiments were performed to Japanese washi paper and 
cloth. Gonio-spectral images were created by the proposed 
method. Color images based on created spectral data were 
reproduced under different illuminant and different 
geometries. This paper is concluded with discussions on 
effectiveness of the proposed method by examining image 
reproduction results. 

Gonio Reflection Properties of Diffuse Surfaces 

In this chapter, reflection properties of a paper, which is a 
representative example of diffuse surfaces, was 
investigated. The measurement results were used for 
development of the proposed method. At first, global 
property of gonio spectral reflectance was measured. The 
sample for analysis was Japanese washi paper (Okamura 
Takao Paper Mill, "Ranka"). Averaged gonio-spectral 
reflection property at area of 60 mm by 150 mm was 
obtained by gonio spectrophotometer (Murakami Color 
Research Laboratory, GCMS-4) at 10 nm wavelength 
intervals from 390nm to 730nm. The incident angle of 
illumination was set from 9 degree to 80 degree at 1 degree 
interval, and observation angle was fixed at 0 degree from 
surface normal. Finally, gonio-spectral reflectance 
properties were obtained from data of the seventy-two 
geometries. 

Figure 1 shows the result of gonio-spectral reflectance 
properties of the paper. The reflected light was almost 
diffused however it was not perfectly Lambertian. As the 
observation direction approached to specular direction, 
intensity of reflected light slightly went up. The correlation 
coefficient of spectral distribution between geometries was 
an average of 0.999. Consequently, relative spectral 
distribution hardly changed between measurement 
geometries, however only the power changed. 

 

Figure 1. Gonio-spectral reflection property of Japanese washi 
paper at coarse scale 

 
Secondly, spectral image of texture, which consists of 

light-and-shade induced by surface roughness, were 
measured. Spectral reflectance distribution at each point 
was analyzed. Sample for analysis was Japanese washi 
paper (Yamada Shokai, "Nunomeshi"). Patterns of bump 
and dents like ripple marks were formed on the surface, 
and it presented feel of materials like a hard cloth. Spectral 
distribution at each point of the texture was obtained by 
spectral imaging system (Applied Spectral Imaging, SD-
200).19 Geometry of measurement was 45/0, and 
wavelength range was from 390 nm to 730 nm. Spectral 
resolution was about 1 nm at 400 nm, and it was 4 nm at 
700 nm. The region of interest was 7.4 mm by 7.1 mm, and 
number of pixels was 2208, which corresponded to 
sampling at 160 ppi. 

Figure 2 (a) shows grayscale image of the sample. 
Texture of light-and-shade was observed in it, however 
each point of the sample consists of similar material. Such 
texture occurs because direction of local surface normal is 
not constant for local bump and dents. Figure 2 (b) shows 
spectral distribution of two points shown with A and B in 
figure 2 (a). The point A was the brightest part and the 
point B was the darkest part in the image. However 
intensity was greatly different between two points, relative 
spectral distribution was almost same. The similar 
tendency was recognized also in other parts. As a result, 
spectral distribution of each point within a texture could be 
regarded as being constant, and only the power changes. 

From these preliminary experiments, gonio-spectral 
reflectance properties and textures of diffuse objects were 
modeled. At coarse scale, relative spectral distribution was 
almost constant, and only the power changed. In this case 
gonio-spectral reflection property can be divided into 
spectral component and gonio component. Accordingly, 
spectral radiance at position r is represented as follows. 

 

( ) ( ) ( )rorrf θθ ,, G=     (1) 
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Parameter θ  is a geometric parameter to describe incident 
and reflection directions. ( )θG ,r  is a parameter that 
represents gonio reflection property. And ( )ro  represents 
normalized spectral distribution independent of 
measurement geometry. 
 

 

(a) Grayscale image of the texture 

 

(b) Spectral distribution at point A and B 

Figure 2. Spectral distribution property of light-and-shade of 
texture, (a) grayscale image of the texture, and (b) spectral 
distribution at point A and B 

 
Then at the fine scale, relative spectral distribution at 

positions within small distance r∆  around the position r  is 
almost same. Accordingly spectral radiance at position 

rr ∆+  is represented as follows, 

( ) ( ) ( )
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where ( )θ,rT  is intensity at position r  in a texture. Both 
( )θ,rT  and ( )θG ,r  are independent of wavelength, and 

only represent fluctuation of intensity. Therefore those two 
variables were summarized into one variable ( )θk ,r  named 

gonio-texture coefficient. Consequently, gonio spectral 
radiance of reflected light from diffuse objects is 
represented as follows. 

( ) ( ) ( )rorrf θθ ,, k=     (3) 

According to this model, gonio-spectral reflection 
property of diffuse objects is represented by product of 
relative spectral distribution and intensity of texture. 

Efficient Gonio-spectral Imaging for  
Diffuse Objects 

Based on the reflection model shown in the previous 
chapter, an efficient gonio-spectral imaging was proposed. 
According to the model shown in equation 3, relative 
spectral distribution ( )ro  is constant among measurement 
geometries, however the intensity fluctuates by gonio-
texture coefficient ( )θk ,r . Therefore gonio-spectral 
images were created by modulating power of a spectral 
image at one geometry with gonio-grayscale image. 
 

 

Figure 3. Flowchart of the proposed method 

 
Figure 3 shows flowchart of the proposed method. At 

first, basic spectral image ( )ro was obtained at geometry 
45/0, and gonio-grayscale images ( )θ,rg were taken. 
Then gonio-texture coefficient was calculated from gonio-
grayscale images. In case that ( )θ,rg  is calibrated in 
proportion to intensity, gonio-texture coefficient ( )θk ,r is 
represented as follows, 
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where ( )0,θrg is basic grayscale image at geometry 45/0. 
By substituting equation 4 for equation 3, gonio-spectral 
images were created from a spectral image at one geometry 
and gonio-grayscale images. Color images were 
represented based on the created gonio-spectral images. 
Spectral tristimulus value of basic spectral image was 
calculated beforehand in order to reduce computational 
complexity. Then it was modulated with gonio-texture 
coefficient. 

In this process, image fusion proposed by Imai et al.4 
was also applied. Low-resolution spectral image was 
combined with high-resolution grayscale image. This 
method is suited for nature of reflected light in texture of 
rough surface. And also it makes opening area of each 
pixel in spectral imaging enlarge. By setting binning of 
CCD, amount of light per pixel is increased, and spectral 
measurements were achieved with high SN ratio. In case of 
grayscale imaging, binning of the CCD camera was not 
provided and spatial distribution of lightness in images was 
sampled at higher resolution. Furthermore this method is 
reasonable for human visual properties. The chromatic 
channels have much lower spatial resolution than the 
luminance channel in human eyes. This visual feature of 
the human eye was applied.  

The proposed method is based on the optical 
reflectance properties of diffuse objects and visual 
properties of observers. Therefore reduction of data was 
performed reasonably without affecting to quality of 
reproduced images. 

Experiments 

Gonio spectral images were obtained with the proposed 
method. Spectral images were taken by multispectral 
camera (RWTH-Aachen, ITE).9 This device acquires multi 
band images by irradiating lights of limited wavelength 
range to samples. It is classified into active type system. In 
front of a light source, sixteen kinds of bandpass 
interference filters were installed. The central wavelengths 
were from 400 nm to 700 nm at 20 nm intervals, and the 
FWHM was 20 nm. Reflected light from the sample was 
imaged by 12 bit monochrome chilled CCD camera 
(Photometrics, CH250H). Binning of the CCD was set to 
three by three pixels, and the number of pixels was 677 by 
677. The sixteen multispectral values were converted into 
sixty-one spectral data of 5 nm intervals from 400 nm to 
700 nm by transformation matrix. Gonio grayscale images 
were also taken by CCD camera of the multispectral 
camera. In this case, binning of the CCD camera was not 
set, and the number of pixels was 2031 by 2031. The light 
source for grayscale imaging was a halogen lamp (Phillips, 
12 V, 50 W). A short pass filter with sharp cut-off 
properties was installed. The cut-off wavelength was 
630nm, and the light of wavelength longer than upper limit 
wavelength of multispectral camera was almost eliminated. 

 

(a) Japanese washi paper 

 

(b) Cloth 

Figure 4. Color images reproduced from the basic spectral data 
under illuminant D65, (a) Japanese washi paper, and (b) cloth 

 
With this system, gonio spectral images of Japanese 

washi paper (Okamura Takao Paper Mill, "Ranka") and a 
piece of cloth were taken. Basic spectral image was 
obtained at geometry 45/0, and gonio grayscale images 
were taken at geometry 81/0 and 87/0. Extreme oblique 
lighting was used for visualizing roughness, texture and 
bump and dents of samples surface. From the basic spectral 
image and grayscale images at geometry 81/0 and 87/0, 
spectral images were generated at geometry 81/0 and 87/0. 
And color images were reproduced under illuminant A and 
D65. 

Figure 4 shows color images of samples reproduced 
from basic spectral images under illuminant D65. Color of 
samples was measured precisely with this system. The 
average color difference for 24 color patches (Macbeth 
Color Checker) was 1.2 in CIE ∆ E94 unit. 
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(a) Geometry 81/0 

 

(b) Geometry 87/0 

Figure 5. Color images of Japanese washi paper reproduced 
from created spectral data under illuminant D65, (a) geometry 
81/0, and (b) geometry 87/0 

 
Figure 5 is color images of a Japanese washi paper 

reproduced under illuminant D65. Figure 5 (a) is the image 
of geometry 81/0, and figure 5 (b) is that of geometry 87/0.
Texture of light-and-shade induced by non-uniformity of 
fibers on the paper surface was represented sharply. And 
wiping marks formed in the process that the paper is 
rubbed on dryer were also represented. Such texture was 
not perceived at geometry 45/0. Appearance of the texture 
was differently reproduced at geometry 81/0 and 87/0.  

 

(a) Geometry 81/0 under illuminant A 

 

(b) Geometry 87/0 under illuminant D65 

Figure 6. Color images of cloth reproduced from created 
spectral data, (a) geometry 81/0 under illuminant A, and (b) 
geometry 87/0 under illuminant D65 

 
Figure 6 is the result for cloth. Figure 6 (a) is the image 

reproduced under the condition of geometry 81/0 and 
illuminant A, and figure 6 (b) is that of geometry 87/0 and 
illuminant D65. Surface roughness of the cloth was 
expressed well. And also, difference of materials, soft part 
and hard part, could be perceived from difference of gonio 
reflection properties. Surface texture induced by thread of 
the cloth was recorded precisely. Precise texture 
information was displayed together with accurate color 
information based on spectral data. 

Consequently, gonio reflection properties including 
appearance of surface texture were precisely represented in 
the reproduced images. Materials feelings of the 
experimental samples were faithfully recorded and 
represented with smaller number of sampling points and 
less data amounts than the previous method. 
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Conclusion 

In this paper, an efficient method for gonio spectral 
imaging of diffuse objects was proposed. Gonio-spectral 
images were created from only one spectral image and 
gonio grayscale images. High-resolution imaging was also 
achieved by image fusion of low-resolution spectral image 
and high-resolution gonio grayscale images. It was 
achieved with smaller number of sampling points and less 
data amount than the previous method. The proposed 
method is based on optical reflectance properties of diffuse 
objects and visual properties of human eyes. Therefore 
reduction of data amount was performed reasonably 
without affecting quality of reproduced images. 
Experiments were performed to a Japanese washi paper 
and cloth. Good correspondence between appearance of 
real sample and reproduced images showed effectiveness 
of the proposed method. In order for spectral imaging to be 
used practically, it is important to increase efficiency of 
measurement and to reduce data amounts. The proposed 
method will be a technique contributing to solve this 
problem. In the future work, a new method applicable to 
various kinds of objects should be developed. 
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