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This paper proposes a new computer generated hologram (CGH) method that considers the reflectance
distribution on object surfaces and reflected images. The reflectance distributions are generated from
phase differences determined by the shape of the object surface, which is constructed by using the Blinn
and Torrance–Sparrow reflection models. Moreover, the reflected images are adapted when they are
mapped onto metallic objects such as mirrors. Incorporating these two characteristics of reflection means
that CGHs can express metallic objects realistically. Computer simulations and computational and
optical reconstructed experiments were carried out. These results show the potential of the proposed
method for showing metallic objects. © 2009 Optical Society of America

OCIS codes: 090.0090, 090.1760.

1. Introduction

The computer generated hologram (CGH) [1] is a
three-dimensional technology that can reduce the
cost of generating holograms. CGHs generate holo-
gram data by using computer simulations of optical
diffraction, reflection, propagation, and interference.
It embodies the principle of holography, and it can
produce three-dimensional reconstructed images as
in optical holography and can reconstruct virtual ob-
jects generated by computer. The holograms are
generated by outputting the hologram data on some
kind of display. Therefore, a CGH would be an easy
way to generate holograms and reconstruct three-
dimensional images.
However, a lot of problems have to be overcome

in order to create three-dimensional displays based
on CGHs. The cost of calculating the hologram data
and the poor appearance of the reconstructed images
are serious issues. Many studies have tried to reduce
the calculation cost. These include fast calculation

methods based on parallel computing using several
PCs or CPUs, graphics processing units, and other
hardware [2–4]. The methods can work in real
time, and they can generate CGHs or make three-
dimensional holo-TV images.

On the other hand, only a few studies have at-
tempted to improve the appearance of the recon-
structed images. There are a number of computer
graphics (CG) rendering techniques that can improve
the appearance of displayed objects. For example,
hidden surface (or line) removal is used to show oc-
clusions between objects whose depths are different,
and shading and shadowing are used to give natural
luminance to three-dimensional objects. These ren-
dering techniques can make CG models seem like
real-world objects.

Some CGH researchers have used rendering to im-
prove the appearance of reconstructed images [5],
however, there has not been much research on how
an object’s material affects its appearance. Themeth-
ods in [6–9] express various reflectance distributions,
however, the incident light is limited to plane waves.
If the incident light is not a plane wave or has various
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directions, which happens when there are back-
ground reflections, the reflectance distributions have
to be calculated for each direction of incident light.
Moreover, the above methods cannot express images
reflected in a metallic or a mirror surface. Reflected
images are needed to express complex natural
scenes, and they should include background reflec-
tions. Background reflections can be calculated from
the light from another object surface that is incident
at various angles on the object surface. Thus, new
approaches are needed to deal with reflectance dis-
tributions and reflected images.
The objective in our study is to express complex ob-

jects that have reflectance distributions and reflected
images. The reflectance distribution is not limited by
the angle of the incident light. We generate the re-
flectance distribution only according to the shape
of the object surface, and we can reconstruct images
that have reflectance distributions and reflections by
using a virtual image.
To improve the quality of reconstructed images, we

propose CGH algorithms that take into consideration
reflection, i.e., reflectance distributions and reflected
images. The reflectance distributions are based on
the Blinn and Torrance–Sparrow reflection models
in CG. We adapt these models to CGH calculations
by using the phase differences of reflected light on
many microfacets composing the object surface.
Moreover, we adapt the reflected images to the sur-
face by symmetric positioning of the target object and
mirror. We evaluated the reflectance distributions
and reflected images created by our algorithms in
computer simulations and computational and optical
reconstructed experiments.

2. Calculation of Hologram Data

Light in a CGH is considered to be a wave, so it is
defined as a complex amplitude distribution. The
complex amplitude distribution includes amplitude
and phase values. Amplitude values mean the inten-
sity of the light, and phase values mean the direction
of the light. The hologram data are calculated from
these two values.
The point light source method [10] and angular

spectrum method [11] are well-known CGH calcula-
tion methods. The point light source method defines
an object as a set of point light sources. The fringe
pattern is calculated by superposing spherical waves
at each point light source.
The angular spectrum method defines an object as

a set of planar patches or images. Nonplanar objects
are expressed by superposing planar patches. The
object in this method is like a patch modeled object
in CG, and the fringe pattern is calculated by super-
posing the propagations of the angular spectrum of
the planar patches. Thus, the definition of objects in
the angular spectrum method is more complex than
in the point light source method. However, the num-
ber of point lights composing an object is generally
larger than the number of planar patches. Further-
more, the angular spectrum method uses a fast

Fourier transform (FFT) to propagate each planar
patch and consequently is faster than the point light
method. Thus, we decided to calculate the hologram
data by using the angular spectrum method.

Let us discuss the CGH calculation by referring to
the basic coordinate system shown in Fig. 1. The
hologram data are calculated for light propagating
between the object and the hologram planes. For
the input image, the complex amplitude distribution
on the object plane, gIðξ; ηÞ, is initialized by

gIðξ; ηÞ ¼ Aðξ; ηÞ; ð1Þ
where ξ and η are the coordinate axis on the object
plane and Aðξ; ηÞ is the luminance of the image.

To calculate the reflection on the object surface,
phase differences are added to the phase. The com-
plex amplitude distribution after adding these phase
differences, gRðξ; ηÞ, is

gRðξ; ηÞ ¼ gIðξ; ηÞ exp½−jϕðξ; ηÞ�; ð2Þ
where j denotes an imaginary number and ϕðξ; ηÞ are
the phase differences on the object surface.

The complex amplitude distribution on the holo-
gram plane, uðx; yÞ, is calculated from the propaga-
tion of the reflected light from the object plane to
the hologram plane. The propagation is calculated
with FFT and inverse FFT [11], and the hologram
data are calculated from the interference with the re-
ference light on the hologram plane. The holograms
are generated by outputting the hologram data on
some sort of display device. The holograms can recon-
struct images of three-dimensional objects.

3. Expression of Reflectance Distribution

The rendered images of a modeled object should vary
according to its material. The difference in their ap-
pearances is due to differences in reflections on their
surfaces. The intensity distributions of reflected light
on object surfaces have very complex shapes, and
the reflectance distributions are also very complex.
For simplicity, the reflectance distribution in CG is
defined as a synthesis of two reflections: specular
reflection and diffuse reflection. Figure 2 shows

Fig. 1. Basic coordinate system.
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the reflectance distributions of (a) specular reflection
and (b) diffuse reflection. In specular reflection, the
reflected light on the object surface travels in a spec-
ular direction determined by the angle of the incident
light and tilt angle of the object surface. Thus, an ob-
server can see only part of the object because only
part of the reflected light reaches the eye. On the
other hand, in diffuse reflection, the incident light
reflects in various directions off the object surface.
Thus, the luminances for every reflection angle are
the same, and an observer can see the whole object.
In CG, various materials can be expressed by con-

trolling the ratio of these two reflections. The render-
ing methods for controlling reflections include the
Phong reflection model [12], Blinn reflection model
[13], Torrance–-Sparrow reflection model [14], and
Cook–Torrance reflection model [15].

A. Conventional Methods

As mentioned in Section 2, the reflectance distribu-
tion on the object surface can be calculated by adding
phase differences to phase values. When the phase
differences are 0.0, the incident light reflects specu-
larly on the object surface. Therefore, its reflectance
distribution is a perfect specular reflection. This
causes some problems. The edges of the object sur-
face are very bright, and observers cannot see
the whole object.
The random phase method can avoid these pro-

blems. The phase differences are white noise. That
is, by adding white noise to the phase value, the in-
cident light reflects in various directions. The lumi-
nance is the same in all reflected directions, and the
reflectance distribution becomes a perfect diffuse
reflection. To reduce the speckle noise of the ran-
dom phase method, the method in Ref. [6] generates
phase differences by reducing the spread of the
reflected light. The method makes a nearly perfect
diffuse reflection.
Other reflectance distributions can be created by

controlling the ratio of specular and diffuse reflec-
tions [7–9]. In Ref. [7], the reflectance distribution
is given by the Phong model, and the reflected light
from the object surface is given by

gRðξ; ηÞ ¼ gIðξ; ηÞsðξ; ηÞ; ð3Þ

where sðξ; ηÞ is the reflectance distribution of the
Phong model. Accordingly, the reflectance distribu-
tion has the characteristic of being shift invariant
about the incident light direction. Thus, it is not sui-
ted for metallic objects.

The reflectance distributions in Ref. [8] are given
by the Cook–Torrancemodel. The complex amplitude
on the hologram plane from the object surface,
uðx; yÞ, is calculated as

uðx; yÞ ¼ ĝRðξ; ηÞ ⊗ hðξ; ηÞ; ð4Þ

where ⊗ denotes convolution, ĝRðξ; ηÞ is the complex
amplitude distribution of the reflected light from the
object surface calculated by the random phase meth-
od, and hðξ; ηÞ is the impulse response given by the
Cook–Torrance model and the propagator function.
These reflectance distributions can be used to ex-
press metallic surfaces. However, the calculation in-
volves the angle between the object plane and the
incident light.

The reflectance distributions in Ref. [9] depend on
the size of the aperture and are calculated with the
angular spectrum method. Objects are divided into
many triangular patches. The bandwidth of the an-
gular spectrum is changed by varying the width of
these triangular apertures. Thus, objects appear to
have various reflectance distributions depending
on the widths of the triangles.

These methods assume that the incident light is
a plane wave that reflects on the object surface at
a certain angle. Thus, their reflectance distributions
depend on the angle of the incident light. As such,
they are not suited for background reflections and
cannot be used to make reflected images that have
various reflection angles.

B. Proposed Method

The conventional methods have limitations regard-
ing incident light that make them unsuited for show-
ing background reflections. Thus, we devised a new
method that takes into consideration various reflec-
tance distributions. The method is based on the
Blinn and Torrance–Sparrow reflection models in
CG [13,14]. The phase differences are calculated
from the shape of the object surface generated by
these reflection models. The reflectance distributions
matching the shape of the object surface are gener-
ated by adding these phase differences to the phase
value.

Figure 3(a) illustrates reflection on the object sur-
face in the Blinn and Torrance–Sparrow reflection
models. The surface is divided into many mirrorlike
microfacets whose widths and heights are very small.
The reflected light is synthesized from the light re-
flected from each microfacet. Each microfacet has
its own tilt angle. The distribution of tilt angles is
given by a facet distribution function. Note that
the Blinn and Torrance–Sparrow reflection models
use different facet distribution functions. In this
paper, we will use the Gaussian distribution function
of the Torrance–Sparrow reflection model, since they
are the simplest. The Gaussian distribution function
(Fig. 4) is defined as

DðθÞ ¼ exp½�ðθ=mÞ2�; ð5Þ

Fig. 2. Reflections on the object surface: (a) specular reflection
and (b) diffuse reflection.
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whereDðθÞ denotes a ratio of a direction θ, θ is the tilt
angle of a microfacet, and m is the reflectance factor.
An image with a reflectance distribution is ren-

dered in CG by multiplying DðθÞ by a luminance
value that depends on the position of the eye. Reflec-
tance distributions in CGH, however, cannot be re-
presented in this way because the luminance of
the reconstructed images varies according to the
eye position. As mentioned in Section 2, the complex
amplitude distribution includes amplitude and
phase values. If the amplitude, which corresponds
to the luminance in CG, is changed by multiplication
of DðθÞ with the luminance value, the luminance of
the reconstructed images will change in all direc-
tions. The luminance of a natural object will vary ac-
cording to the eye position. Hence, if the luminance of
the reconstructed images is the same at all eye posi-
tions, the reconstructed images will appear unnatur-
al. Consequently, we have to adapt the reflectance
distributions to CGH by using phase differences.

Let us consider geometric reflection on the object
surface. As shown in Fig. 3(a), incident light reflects
in the specular direction on each microfacet. For sim-
plicity’s sake, let us consider a two-dimensional
reflection on the kth microfacet [Fig. 3(b)]. It is deter-
mined by the tilt angle of the microfacet and the
angle of incident light. Thus, by adding phase differ-
ences calculated from the tilt angles of the microfa-
cets to the phase, the light will reflect through the tilt
angles of the microfacets. By using Eq. (2), the com-
plex amplitude distribution of the reflected light on
the object surface can be written as

gRðξ; ηÞ ¼ gIðξ; ηÞ exp½�j2ϕMðξ; ηÞ�; ð6Þ
where ϕMðξ; ηÞ is the phase differences of the tilt
angles of the microfacets. Equation (6) is used to cal-
culate the complex amplitude distribution of the
reflected light from the phase differences ϕMðξ; ηÞ.

The tilt angle of the kth microfacet of width L
about the ξ axis is denoted by θξðkÞ. The phase differ-
ences in this microfacet, ϕMðkÞðξ0Þ, are

ϕMðkÞðξÞ ¼ ϕMðkÞðξk0Þ þ
2π
λ ðξ� ξk0Þ tan θξðkÞ; ð7Þ

where ξk0 is the coordinate of the edge of the kth mi-
crofacet and ξ satisfies ξk0 ≤ ξ < ξðkþ1Þ0. Thus, by sum-
ming over the number of microfacets about the ξ axis,
Mξ, the phase differences of the object surface about
the ξ axis, ϕMðξÞ, is

ϕMðξÞ ¼
XMξ

k

ϕMðkÞðξÞ; ð8Þ

where ϕMðkÞðξÞ is

ϕMðkÞðξÞ ¼
8<
:

ϕMðkÞðξk0Þ þ 2π
λ ðξ� ξk0Þ tan θξðkÞ

ξk0 ≤ ξ < ξðkþ1Þ0
0 otherwise

: ð9Þ

Here, ξk0 denotes ξk0 ¼ ðk� 1ÞL. The phase differ-
ence about the η axis is calculated in the same
way, and the phase difference about the ξ and η axes,
ϕMðξ; ηÞ, is obtained.

Note that the above calculation considers only the
tilt angle about the ξ or η axis. A coordinate trans-
formation using the rotation matrix is necessary to
deal with tilt angles about the ξ and η axis at the
same time.

Summarizing the above steps, the phase differ-
ences are calculated from the tilt angles of the micro-
facets, which follow a Gaussian distribution function.
The hologram data are then calculated from these
phase differences.

4. Expression of Reflected Images

Observers can see the environment reflected off an
object surface. These “reflected images” also reveal
the characteristics of specular reflection and of the

Fig. 3. (Color online) Reflection (a) on the object surface and
(b) on the microfacet.

Fig. 4. (Color online) Gaussian distribution function.

H206 APPLIED OPTICS / Vol. 48, No. 34 / 1 December 2009



materials. For example, observers cannot see re-
flected images on the surface of paper (nearly perfect
diffuse reflection). On the other hand, they can see
reflected images in a metal surface (nearly perfect
specular reflection). Thus, to express metallic objects
realistically, reflected images should be able to be
seen on the object surface.
Let us consider reflection in a mirror. The reflected

image depends on the positions of the mirror and the
original image, as shown in Fig. 5. We assume that
the viewpoint is located on the hologram plane, and
the mirror and the object plane are on parallel
planes. The front of the original image is directly
seen from the viewpoint. The reverse side is seen
through the mirror, and a reflected image is rendered
on the mirror surface as if it were a texture. A CGH
does not consider the reflected image because it can-
not be seen directly from the viewpoint. However, as
mentioned above, it is needed for expressing complex
objects and scenes.
Here, in tracing a ray from the viewpoint through

the mirror to an object point on the original image,
the ray reflects in the specular direction. The dis-
tance between the viewpoint and the object point
through the mirror is the sum of the distances be-
tween the viewpoint and the mirror and between
the mirror and the object. Thus, the ray does not
seem to reflect in the mirror, and it travels from
the viewpoint “through” the mirror. The object gotten
by tracing all the rays is called a virtual object. The
virtual object and the original object are symmetric
about the mirror. The propagation distance from the
original image to the hologram plane through the
mirror is Δzþ z0, and the propagation distance from
the virtual object to the hologram plane is the same.
Thus, the reflected image, which is symmetric to the
reverse side of the original image in the mirror, ap-
pears by propagating the light wave from the virtual
image to the hologram plane. The light wave propa-

gation from the virtual image to the hologram plane
is calculated as follows:

G0
Vðf x; f yÞ ¼ GVðf x; f yÞ exp½�j2πð�ΔzÞf z�; ð10Þ

UVðf x; f yÞ ¼ G0
Vðf x; f yÞ exp½�j2πz0f z�; ð11Þ

¼ GVðf x; f yÞ exp½�j2πðz0 �ΔzÞf z�; ð12Þ

where GVðf x; f yÞ is the angular spectrum on the vir-
tual image, G0

Vðf x; f yÞ is the angular spectrum on the
mirror after propagation from the virtual image, and
UVðf x; f yÞ is the angular spectrum on the holo-
gram plane.

We assumed that the mirror and original images
are parallel. In general, they are not parallel. How-
ever, reflection in the mirror can be easily treated,
and the symmetric position of an object in the mirror
can be calculated in the same way as the transforma-
tion in CG. Thus, we can deal with reflected images
in CGH simply by putting the virtual object in the
place of the original object.

5. Experiments

To confirm the feasibility of our method, we carried
out computer simulations and computational and
optical reconstructed experiments.

A. Computer Simulation

The computer simulation compared reflectance dis-
tributions for different reflectance factors m. Here,
the incident light was a coherent plane wave. One-
dimensional intensity distributions of light propa-
gating from an object surface composed of many
microfacets to the hologram plane were calculated
for the setup shown in Fig. 6. The object surface
had a width of about 0:051mm, and it had four mi-
crofacets, each with a width of about 0:013mm. The
propagation distance, z0, was 17mm. The intensity
distribution on the hologram plane was calculated
as a function of the angle of the origin of the object
plane and each point on the hologram plane. Table 1
lists the other parameters. The incident light was
a coherent wave, so the intensity distribution in-
cluded speckle noise. To reduce this speckle noise,

Fig. 5. (Color online) Reflection on the mirror. The virtual image
is located at a symmetric position with respect to the original
image in the mirror. Fig. 6. (Color online) Setup of computer simulations.
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the intensity distribution was averaged over 1000
calculations.
Figure 7 shows the results plotted as intensity ver-

sus the angle shown in Fig. 6. The reflectance factors
for Figs. 7(a)–7(d) are, respectively, 0.0100, 0.0075,
0.0050, and 0.0025.
Comparing these graphs, we see that the spread of

the intensity distribution depends onm. Ifm is large,
the distribution of the tilt angle of the microfacets
grows. Thus, the incident light reflects in various di-
rections, the spread of the intensity expands, and the
reflectance distribution is one of nearly perfect dif-
fuse reflection. On the other hand, if m is small,
the distribution has a small spread of a few degrees.
Thus, the incident light mostly reflects in a specular
direction, the spread of the intensity becomes nar-
row, and the reflectance distribution is one of nearly
perfect specular reflection. The results of the com-
puter simulation thus show that various reflectance
distributions can be obtained by changing the reflec-
tance factor m.

B. Reconstruction

We carried out computational and optical recon-
structed experiments to find out whether the reflec-
tance distributions of the reconstructed and reflected
images could be obtained. For the optical recon-
structed experiments, a reflective LCD (Victor Com-
pany of Japan, 4K2K LCD) was used for outputting

the hologram data, and a red LED was used as the
reference light. The LED was an incoherent light
source, so that the speckle noise would be reduced
in the reconstruction. The incident angles of the re-
ference light were 0:0° along the x axis and 1:0° along
the y axis. The other parameters are listed in Table 2.
The setup is shown in Figs. 8 and 9. In these experi-
ments, we supposed that a mirror is located on the
object plane and the observer can only see the object
through the mirror. That is, the observer can only see
the reverse side of the object. We also assumed that
the mirror had a certain surface roughness given by
the reflectance distributions, although the mirror
reflected the light from the reverse side of the origi-
nal image.

Figure 10 shows the block diagram for calculating
the hologram data. The virtual image was calculated
by using the symmetric position between the mirror
and the original image. The propagation from the vir-
tual image to the mirror was calculated by using the
angular spectrum method. The incident light from
the virtual image on the mirror, gI, was obtained.
To express the mirror’s roughness, the phase

Table 1. Parameters of Computer Simulations

Hologram and Object Plane

Number of pixels 8192 pixels
Size 1.6 mm
Sampling pitch 0.20 μm
Propagation distance z0 0.017 m
Wavelength λ 632 nm
Size of microfacet 64 pixels

Table 2. Parameters of Optical Reconstructed Experiments

Hologram and Object Plane

Number of pixels 2048 × 2048 pixels
Size 19 × 19 mm
Sampling pitch 9:5 × 9:5 μm
Propagation distance z0 0.15 m
Wavelength λ 632 nm
Size of microfacet 2 pixels

Original Image

Number of pixels 1024 × 1024 pixels
Size 0:9 × 0:9 mm
Sampling pitch 9:5 × 9:5 μm
Position Δz 0.03 m

4K2K LCD

Number of pixels 4096 × 2160 pixels
Size 38:9 × 20:5 mm
Sampling pitch 9:5 × 9:5 μm

Fig. 7. Intensity distributions for different values of m:
(a) m ¼ 0:0100, (b) m ¼ 0:0075, (c) m ¼ 0:0050, (d) m ¼ 0:0025.

Fig. 8. Setup of computational and optical reconstructed
experiments.
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differences calculated with the proposed method
were added to gI on the mirror [Eq. (6)], and the re-
flected light on the mirror, gR, was calculated. The
propagation from the mirror to the hologram plane
was calculated, and the hologram data were obtained
by calculating the interference with the refer-
ence light.
Figure 11 shows examples of phase differences on

the mirror: (a) shows the amplitude of the mirror, (b)
shows the phase of the random phase method, and (c)
and (d) are the phases calculated by the proposed
method for m of 0.1000 or 0.0001. The random phase
method adds white noise, so the phases vary between
pixels on the ξ and η axes. On the other hand, the
phase differences given by the proposed method
are continuous. Thus, the phase values given by it
are also continuous.

Figure 12 shows the computational reconstructed
images focused on the virtual image position
(z ¼ −0:03½m�). (a) shows the image obtained from
the random phase method, (b) is the image with
no phase differences, and (c)–(f) are images obtained
from the proposed method with each m. We can see
that the sharpness of the reflected images depends
on the method and m. In Fig. 12(a), the reflectance
distribution on the mirror is a perfect diffuse reflec-
tion, and the mirror has roughness. Thus, the recon-
structed image has some roughness, and it appears
blurry. On the other hand, in Fig. 12(b), the reflec-
tance distribution is a perfect mirror reflection, and
the mirror does not have roughness. Thus, the edges
of the reflected image can be clearly seen. The re-
flected images obtained from the proposed method
[Figs. 12(c) and 12(f)] appear to be the same. If m
is large, the reflectance distribution is a nearly per-
fect diffuse reflection, and the reflected image is the
same as in the random phase method. If m is small,
the phase differences on the mirror become small,
and the reflectance distribution is a nearly perfect
mirror reflection. Thus, when m is 0.0001, the re-
flected image looks like the one in Fig. 12(b). If m
is an intermediate value, the reflected images
[Figs. 12(d) and 12(e)] have more sharpness than
in Fig. 12(c) and less sharpness than in Fig. 12(f).

Figure 13 shows the optical reconstructed images
with the eye position at the center. These images
were taken with a digital camera (Olympus, E-420)
and are focused on the virtual image position
(z ¼ −0:03m). They appear to be the same as the
computational reconstructed images. The results
of the computational and optical reconstructed

Fig. 9. Optical reconstruction system.

Fig. 10. Block diagram of the calculation used in computational
and optical reconstructed experiments.

Fig. 11. Amplitude and phase distribution images: (a) amplitude
image, (b) phase image with the random phase method, (c) phase
image with m ¼ 0:1000, (d) phase image with m ¼ 0:0001.
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experiments show that the proposed method gives
realistic reflectance distributions and reflected
images.

6. Discussion

In this study, the size of the microfacet, L, was deter-
mined experimentally. Note that the size has an ef-
fect on the reflectance distributions. The reflections
on the object surface are calculated from the reflec-
tions on the microfacets. When light reflects on a tiny
facet, it will have a spread as in the case of diffrac-
tion. This phenomenon influences the reflectance
distribution. The reflectance distribution in CG is
a Gaussian function, however, it is spread out about
the angular direction in CGH. In particular, the re-
flection of a microfacet of width L will have a spread
angle of Δθ ≃ λ=L. Thus, although m is constant, the
reflectance distributions change because of L.
Whether L is a constant number or not is also im-

portant. We assumed L to be a constant. However, a
real object surface will have many microfacets of

varying size. To express such real-world objects, we
will need to consider the size and distribution of
microfacets.

7. Conclusion

We proposed a computer generated hologrammethod
that takes into account reflectance distributions and
reflected images. The method adapts the Blinn and
Torrance–Sparrow reflection models to the CGH
calculation of the phase difference. Reflectance dis-
tributions are given by changing the tilt angles of
mirrorlike microfacets of the object surface. More-
over, metallic objects can be expressed by considering
reflected images, i.e., images reflected through a
mirror.

The computer simulations, computational and
optical reconstructed experiments, showed that the
reflectance distributions vary according to the phase
differences following the shape of the object surface
and not according to the position of the incident light.
The reflected images are calculated from the propa-
gation of virtual images at a position symmetric to
that of original images in a mirror. We achieved
our objectives of making reflectance distributions
that do not vary with the position of the incident light
and expressing reflected images. In the future, we
should develop a way to vary the size of the micro-
facet to make reflectance distributions that can
express more complex objects.

Fig. 12. Computational reconstructed images with (a) the ran-
dom phase method, (b) no phase differences, (c) m ¼ 0:1000,
(d) m ¼ 0:0100, (e) m ¼ 0:0010, (f) m ¼ 0:0001.

Fig. 13. (Color online) Optical reconstructed images with (a) the
random phase method, (b) no phase differences, (c) m ¼ 0:1000,
(d) m ¼ 0:0100, (e) m ¼ 0:0010, (f) m ¼ 0:0001.
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