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ABSTRACT

Two methods are described to accurately estimate diffuse and specular reflectance parameters for colors, gloss
intensity and surface roughness, over the dynamic range of the camera used to capture input images. Neither
method needs to segment color areas on an image, or to reconstruct a high dynamic range (HDR) image. The
second method improves on the first, bypassing the requirement for specific separation of diffuse and specular
reflection components. For the latter method, diffuse and specular reflectance parameters are estimated sep-
arately, using the least squares method. Reflection values are initially assumed to be diffuse-only reflection
components, and are subjected to the least squares method to estimate diffuse reflectance parameters. Specu-
lar reflection components, obtained by subtracting the computed diffuse reflection components from reflection
values, are then subjected to a logarithmically transformed equation of the Torrance-Sparrow reflection model,
and specular reflectance parameters for gloss intensity and surface roughness are finally estimated using the least
squares method. Experiments were carried out using both methods, with simulation data at different saturation
levels, generated according to the Lambert and Torrance-Sparrow reflection models, and the second method,
with spectral images captured by an imaging spectrograph and a moving light source. Our results show that
the second method can estimate the diffuse and specular reflectance parameters for colors, gloss intensity and
surface roughness more accurately and faster than the first one, so that colors and gloss can be reproduced more
efficiently for HDR imaging.
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1. INTRODUCTION

Realistic reproduction of the surface characteristics, including colors, gloss and surface roughness, of a real object
is a challenging issue in Computer Graphics and Computer Vision (CG&CV). Image quality is an essential factor
for estimating accurate reflectance parameters. Intrinsic color is a function of wavelength, and shows continuous
spectral distribution in the visible range of 380nm to 780nm. For dielectric materials such as plastic and ceramic,
colors at the surface of an object are observed as light reflected homogeneously in all directions at the surface.
On the other hand, gloss is observed as light specularly reflected in direction such that incoming and outgoing
angles are equal for smooth surfaces, and in a range of directions for rough surfaces, as shown in Figure 1. H
is called the half-vector and represents the normalized vector sum between illuminating vector L and viewing
vector V. « is the angle between the normal vector N of the object surface and the half-vector H. 6; and 6,
are incident and reflection angles, respectively. The gloss intensity is dependent on illuminating and viewing
directions, and on the roughness of surface materials.

Generally, however, spectral distribution of color is integrated into several primaries, such as red, green and
blue (RGB) in trichromatic theory, and applied to imaging devices. During the transformation from the spectral
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Figure 1. Diffuse and specular reflections at an object surface. L and V are illuminating and viewing vectors, respectively.
H is the half-vector and represents the normalized vector sum between L and V. N is the normal vector of the object
surface, and « is the angle between N and H. 6; and 0, are incident and reflection angles, respectively.

distribution to RGB values, information may be lost, and metameric matching can affect image quality. Another
aspect of image quality is the limited dynamic range of imaging devices, especially when strong specular reflection
is present. Dynamic range is the ratio of the smallest to the largest signals that an imaging device can record, and
causes a trade-off problem in obtaining sufficient information from dark and bright areas. For a glossy object,
image values in highlights may be clipped to an output limit such as 255 for an 8-bit camera, without reference
to information on real colors. In this case, the highlight areas in the image are considered to be saturated.

Several methods have been developed to recover spectral information on surface materials and light sources by
transforming synthesized or captured RGB image values,! > or multispectral image values captured with a multi-
band camera.>” However, converting a small number of primaries into the spectral distribution of a physical
color is a theoretically undeterminable function with infinite solutions. Other methods have been introduced
to capture images by a spectrograph for material recognition and color reproduction.®? On the other hand,
most research has assumed that information on images is sufficient for both dark and bright areas of a glossy
object when the the intensity of illumination is controlled. Several studies have focused on obtaining a response
function from images captured under different exposure times,'% ! and reconstructing those images to an HDR
image as the input image.6: 1214

Several techniques estimate reflectance parameters from images of an object by using a nonlinear squares
fitting algorithm, with expensive time and computation costs. However, most techniques separate diffuse and
specular reflection components from image values, and estimate diffuse and specular reflectance parameters
separately, based on reflection models. Methods have been introduced to separate reflection components by
using a polarization filter alone or with color information, with pre-segmenting highlight areas in images,!® 1"
by projecting image values onto color space and segmenting vectors in different directions for strong glossy
objects,'® 2! and by picking up pixels in images, whose values are below a threshold for diffuse-only reflection
components.'418:22:23 These methods can provide rich reflection properties of visual objects; however, they use
RGB colors, and require segmenting areas based on colors in images, or selecting pixels for diffuse-only reflection
components. They also assume that the input images were unsaturated, by default or by generating HDR images.

Refs. 24-26 introduced a method to estimate diffuse and specular reflectance parameters either from either
unsaturated or saturated spectral images, without color segmentation and HDR image synthesis. First, diffuse
reflectance parameters were estimated by assuming image values as diffuse-only reflection components based on
the diffuse reflection model. Second, specular reflection components were obtained by subtracting computed
diffuse reflection components from image values, based on the dichromatic reflection model. Finally, specular
reflectance parameters were estimated by subjecting specular reflection components to the least squares method,
after logarithmically transforming the equation of the specular reflection model into a linear form.

In this paper, we describe an improved method, based on the previous method in Res. 24-26, to estimate dif-
fuse and specular reflectance parameters. First, reflection values are initially assumed to be diffuse-only reflection
components, and subjected to the least squares method to estimate diffuse reflectance parameters. Next, specular



reflection components are obtained by subtracting computed diffuse reflection components from reflection values,
and specular reflectance parameters are estimated using the least squares method. Experimental results with
simulation data demonstrated that the second method enables us to estimate diffuse and specular reflectance
parameters from saturated reflection values with greater accuracy and less computation time, compared with its
predecessor.

2. REFLECTION MODELS

The dichromatic reflection model?” considers reflections at a surface patch of an inhomogeneous dielectric object
as a linear summation of diffuse and specular reflection, as shown in Fig. 1, since in the real world, few surfaces
are ideally diffuse-only or perfectly specular-only. The radiance I at a surface patch in a given direction is
approximated, as shown in Eq. 1, where )\ represents wavelength, and I; and I, are diffuse and specular
reflections, respectively,

I()\,Qr) :Id(/\)+ls(>‘50r)' (1)

For diffuse reflection, the Lambert reflection model?® is widely used in CG&CV to model radiance reflected
at a diffuse surface, which is proportional to the cosine of the incident angle. Diffuse reflectance (also known as
albedo) Rg4(A) for a diffuse surface is expressed as a value range [0.0, 1.0] or [0, 255] at each wavelength A. The
radiance reflected at a surface patch can be represented as Eq. 2,

Ii(A) = Ra(X)cos(6;). (2)

There are several models for specular reflection in CG&CV. The Torrance-Sparrow reflection model??3°
based on geometric optics is considered theoretically more accurate than empirical models. This reflection
model assumes that surface roughness is greater than the wavelength of incident radiance, and that a surface is a
collection of mirror-like microfacets, where perfect specular reflection occurs and is described by the Fresnel term
F(n()\), 6;), with a geometrical attenuation factor G to account for masking and shadowing between microfacets.
The reflected radiance at a surface patch is described in Eq. 3, where R¢(\) represents specular reflectance (gloss
intensity), and o represents surface roughness,

I\, 0,) = F(n()\),0,)GRs(Nexp(—(a/a)?)/cos(6,.). (3)

The rougher the surface, the less intensive specular reflection occurs. Generally, in CG&CV, a simplified version
of the Torrance-Sparrow model is used to describe the specular reflection by assuming the Fresnel reflectance
and the geometric attenuation factor to be constant, since the equation for Fresnel reflectance is undeterminable
when the refractive index of surface material is unknown.

3. METHODS TO ESTIMATE REFLECTANCE PARAMETERS

A method to estimate diffuse reflectance parameters is shown in Figure 2. Reflection values were initially assumed
as diffuse-only reflection components. First, a diffuse reflectance parameter Ry, is estimated, and temporary
diffuse reflection components are computed. Next, temporary specular reflection components are obtained by
subtracting the temporary diffuse reflection components from the original reflection values. Next, reflection
values are replaced with values that remove the temporary specular reflection components, and a second diffuse
reflectance parameter Ry(,1) is estimated. This process is repeated until the difference between previous and
current diffuse reflectance parameters is smaller than a threshold, whereupon the diffuse reflectance parameter
Ry is finally determined.

In Figure 2, the previous method descried in Ref.?* estimated diffuse reflectance parameters R;(\) as the

average of those that are estimated at each illuminating position, based on the fact that diffuse reflection is
considered uniform for dielectric objects. The new method estimates diffuse reflectance parameters Rg(\) by
subjecting reflection values to the least squares method. When the sum of the squares of the difference (SSD) ¢4
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Figure 2. Method to estimate a diffuse reflectance parameter.

between experimental and theoretical reflection values at each wavelength reaches a minimum value, the diffuse
reflectance parameter R, at this wavelength is determined, as shown in Eq. 4, where j represents different
incident positions, and I); represents experimental reflection values,

ea = S{I}; — (Rqcos(6;;))}>. (4)

Using this Ry, diffuse reflection components at each wavelength are computed, and specular reflection com-
ponents are then obtained by subtracting diffuse reflection components from reflection values. The equation of
the Torrance-Sparrow reflection model is transformed logarithmically to a linear form, as shown in Eq. 5, with
the assumptions that the Fresnel term F'(n()\), ;) and G are 1.0, and that specular reflection is independent of
wavelength for dielectric objects. Specular reflectance parameters for gloss intensity and surface roughness are
estimated using Eq. 6, when the SSD ¢, between the logarithm of the experimental and theoretical specular
reflection components reaches a minimal value. I.; represents experimental specular reflection components. Note
that specular reflection components which are larger than a threshold are ignored. More details for this method
to estimate specular reflectance parameters can be referred in Refs. 25 and 26.

Log(I,) = log(Rs) — (a/o)? — log(cos(6y)), (5)

es = X{log(I{;) — log(I;)}*. (6)

4. EXPERIMENTS

We conducted experiments using both methods with simulation data, which were synthesized theoretically on the
Lambert and Torrance-Sparrow reflection models and random noise, and using the new method with measured
spectral images.



4.1 With Simulation Data

Based on the three reflection models mentioned in Section 2, theoretical reflection values were synthesized
with diffuse reflectance parameter Ry (100), and specular reflectance parameters for gloss intensity R (155)
and surface roughness o (1.0). Incident angles were assumed to be between —90° and 90°, with intervals of
0.75°. First, since, with a real camera, reflection values are truncated to the maximum of the dynamic range,
specular reflection components were synthesized with different saturation levels, ranging between 0% and 90%
with respect to the original R, which is assumed as the maximum of unsaturated specular reflection components.
Second, these specular reflection components at different saturation levels were combined with diffuse reflection
components. Next, random noise in the range £2.5% of 255 (Rs+R,4) was generated, and added to the synthesized
reflection values at different saturation levels. Unsaturated reflection values are shown in Figure 3, and reflection
values at saturation levels between 0% and 90% are shown in Figure 4.
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Figure 3. Theoretical reflection values with random noise Figure 4. Reflection values at different saturation levels

For Figures 3 and 4, reflection values were synthesized with diffuse reflectance parameter Rq (100) and specular reflectance
parameters Rs (155) and o (1.0). For Figure 4, intensity of reflection values at saturation levels between 0% and 90% is
between 255 and 115.5 (without noise).

Using these 10 types of reflection values, diffuse and specular reflectance parameters were estimated, as
shown in Table 1. The diffuse reflectance parameters using the previous and new methods are compared with
the original Ry (100), and the specular reflectance parameters are compared with the original R, (155) and o
(1.0). The threshold for (Rg, - Rg(n+1)) in Figure 2 was 0.001.

Table 1. Diffuse and specular reflectance parameters estimated using both methods, with synthesized reflection values at
different saturation levels. The threshold in Figure 2 was 0.001.

Saturation levels The first method The second method
(Maximum with noise) || R4 (100) \ R, (155) \ o (1.0) || R4 (100) \ R, (155) \ o (1.0)
0% (259.47) 102.96 174.20 1.09 100.26 153.56 0.99
10% (245.43) 102.96 180.69 1.10 100.26 152.90 0.99
20% (229.93) 102.96 186.23 1.11 100.26 152.14 0.99
30% (214.43) 102.96 191.82 1.12 100.26 151.72 0.99
40% (198.93) 102.96 199.16 1.13 100.26 151.47 0.99
50% (183.43) 102.96 216.42 1.13 100.26 152.49 0.99
60% (167.93) 102.96 234.20 1.14 100.26 153.06 0.99
70% (152.43) 102.96 248.13 1.15 100.26 149.17 0.98
80% (136.93) 102.96 245.31 1.15 100.26 143.11 0.98
90% (121.43) 102.96 153.06 1.09 100.26 116.82 0.96
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Figure 6. Target objects for experiments. Left: Color cylinder with matte and glossy paper; Right: Teacup.

4.2 With Spectral Images

Spectral images were captured in a dark room, with a measurement system which was constructed using an
imaging spectrograph with a monochrome CCD camera and a moving halogen light source, as shown in Figure 5.
The light source was rotated around a target object between —90° and 90° at intervals of 0.75°, 1m away from
the rotation axis. The target object was placed on a turntable, and rotated through 360°. A color cylinder and
a teacup, as shown in Figure 6, were measured at 0.625° and 2.5° intervals, respectively. The color cylinder was
created using matte and glossy types of paper, on each of which were check patterns of six colors (red, green,
blue, yellow, magenta, and cyan), as well as several glued areas to vary reflection properties on the surface. The
teacup was a cylindrical ceramic work, with complicated colors and textures on the half of its surface which was
measured.

After removing the influences of illumination and the CCD camera from the spectral images, reflection values
were obtained at 5-nm intervals between 380nm and 780nm. Using the second method, diffuse reflectance pa-
rameters R;(A) for different colors were estimated at each wavelength of individual surface points, and compared
with spectral reflectance of the same color patch. Figures 7, 8 and 9 show blue, green and magenta colors,
respectively, on both matte and glossy paper. The colors of the two objects were reproduced in RGB values
from estimated diffuse reflectance parameters, as shown in Figure 10. Specular reflectance parameters for gloss
intensity Rs and surface roughness o were estimated at each surface point; using these parameters, brightness
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Figure 7. Diffuse reflectance parameters for blue paper, compared with spectral reflectance of the same color patch. Left:
Blue color on matte paper; Right: Blue color on glossy paper.
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Figure 8. Diffuse reflectance parameters for green paper, compared with spectral reflectance of the same color. Left:
Green color on matte paper; Right: Green color on glossy paper.

and roughness of the color cylinder and teacup are shown in Figures 11 and 12.

Using the diffuse and specular reflectance parameters estimated for the color cylinder and teacup, reflection
properties at the surfaces of the two objects were reproduced in RGB values, as shown in Figure 13.

5. DISCUSSION

We carried out experiments to verify and compare two methods for estimating diffuse and specular reflectance
parameters from unsaturated and saturated reflection values. Table 1 shows the results using noisy reflection
values at different saturation levels, which were synthesized based on reflection models, and Figures 7 to 13
display the results using measured spectral images. In Table 1, using the second method, diffuse reflectance
parameters Ry and specular reflectance parameters R; and o were estimated accurately compared with the
original values (100, 155 and 1.0). Using the first method, diffuse reflectance parameters Ry were estimated
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Figure 9. Diffuse reflectance parameters for magenta paper, compared with spectral reflectance of the same color. Left:
Magenta color on matte paper; Right: Magenta color on glossy paper.

Figure 10. Colors in RGB of the two objects reproduced with estimated diffuse reflectance parameters. Left: Opened-up
color cylinder; Right: Front of the teacup.
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Figure 11. Specular reflectance parameters for gloss intensity and surface roughness of the color cylinder. Left: Gloss
intensity Rs, bright areas are glossy paper and dark areas are matte paper. Right: Roughness o.
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Figure 12. Specular reflectance parameters for gloss intensity and surface roughness of the teacup. Left: Gloss intensity
R, bright areas are the areas where specular reflection was measured. Right: Roughness o.

.

Figure 13. Reflection properties on the surfaces of two target objects. Left: Front side of color cylinder; Middle: Back
side of color cylinder; Right: Front side of teacup.




satisfactorily. However, estimation of specular reflectance parameters R; and o were substantially larger than
the original values, and showed worse results than those in Refs. 25 and 26, since the estimation accuracy for
diffuse reflectance parameters plays a potent role on that for specular reflectance parameters. In Refs. 25 and
26, the simulation data for experiments were specular-only reflection components, synthesized on the Torrance-
Sparrow reflection model. In Figures 7, 8 and 9, diffuse reflectance parameters were estimated precisely compared
with the spectral reflectance of those colors. In Figures 11 and 12, bright areas were glossy paper and dark areas
matte paper for gloss intensity R, while bright areas were rough surfaces and dark areas smooth surfaces for
surface roughness o, as shown on the real objects. Figures 10 and 13 show realistic colors and gloss intensity
of the target objects reproduced in RGB values with diffuse and specular reflectance parameters, which were
estimated in these experiments.

6. CONCLUSIONS

Two methods are described to estimate diffuse and specular reflectance parameters from either unsaturated or
saturated images. We conducted experiments using both synthesized reflection values at different saturation levels
and measured spectral images. Our experimental results reveal that both methods enable accurate estimation
of diffuse and specular reflectance parameters for gloss intensity and surface roughness from saturated images,
without requirements for color segmentation and HDR image reconstruction, and the second method can estimate
both diffuse and specular reflectance parameters significantly more precisely and quickly than the first one,
without specific separation of reflection values.
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