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We propose a new method of color management for a full-color holographic, three-dimensional (3D) prin-
ter, which produces a volume reflection holographic stereogram using red, green, and blue three-color
lasers. For natural color management in the holographic 3D printer, we characterize its color reproduc-
tion characteristics based on the spectral measurement of reproduced light. Then the color conversion
formula, which comprises a one-dimensional lookup table and a 3 × 3 matrix, was derived from the
measurement data. The color reproducibility was evaluated by printing a color chart hologram, and
the average CIELAB ΔE � 13.19 is fairly small. © 2012 Optical Society of America
OCIS codes: 000.2170, 090.1705.

1. Introduction

A holographic three-dimensional (3D) printer (holo-
printer), which automatically produces a holographic
stereogram (HS) from the 3D image data generated or
processed in a computer, has been developed [1–7]. In
particular, the system for recording full-parallax HS
as a volume reflection hologram [1] enables output of
high-quality and full-color 3D displays by using three
lasers with red, green, and blue (RGB) colors [8,9].
The reproduction of a color is one of the important
factors in full-color holographic displays, and excel-
lent results on the color reproduction in volume reflec-
tion holograms have been reported [10]. However
different approach is needed in the system for print-
ing HS from digital 3D data. This article presents a
system that incorporates digital color management
in a full-color, full-parallax holoprinter and shows
the result of evaluating its color reproducibility.

In digital media for color image reproduction,
such as color displays and printers, a digital color

management technique has been introduced. The
characterization of a display device is a basic pro-
cess in color management, which aims to reproduce
the color from the digital count defined on given tris-
timulus values. The characterization of display de-
vices as cathode-ray tubes (CRTs) and liquid crystal
displays (LCDs) has been extensively studied, and
the standard format for the profile data, called the
International Color Consortium (ICC) profile, has
been widely used. It is often possible to assume that
the color is spatially uniform and the color coordi-
nates of primary colors are constant, and each color
channel is independent of the levels of other color
channels in the characterization of displays [11].
Then a classical model of color display [12], in which
a 3 × 3 matrix and one-dimensional (1D) lookup
table (LUT) for color conversion, can be employed.
But no report on the color reproducibility of HS
has been reported until now.

For the color recording of HS as a volume reflection
hologram, two schemes have been tried: multiple
exposure [8] and primary color mosaic [9]. In [7],
the characterization of reproduced color was investi-
gated for the multiple-exposure hologram, and it was
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shown that the cross talk between the RGB channels
is significant. In this article, we adopt the recording
scheme of RGB mosaic arrangement to avoid the
cross talk, which is quite difficult to calibrated.
The color reproduction was characterized by record-
ing small holograms of color patches, and the repro-
duced colors were measured using the optical system
for diffraction efficiency measurement. In order to
evaluate the color reproducibility of full-parallax
HS, we recorded a color chart hologram of the
GretagMacbeth ColorChecker. As a result, it was
shown that the classical model works well for the col-
or HS in which the color pixels were recorded as an
RGB mosaic arrangement. It should be also consid-
ered that the color reproduced by a volume hologram
depends upon the illumination geometry. The color
shift due to the different illumination angle was also
evaluated in the experiment.

2. Optical System for Full-color Holographic 3D
Printer

A. Recording System

In full-color holoprinter [8,9], we use the three laser
wavelengths of red: 633 nm (He─Ne); green: 532 nm
(diode-pumped solid-state, shortly DPSS); and blue:
473 nm (DPSS). The schematic recording system
is shown in Fig. 1. The laser beam to be used for
recording is switched by the acousto-optic modulator

(AOM) shutter placed in front of each laser. To adjust
the intensity ratio of reference beams and object
beams for each RGB color, we use a λ∕2 plate and
a polarization beam splitter for dividing the light.
The laser beam of each color passes anotherλ∕2 plate,
which enables adjustment of the polarization of the
reference and object beams. After being divided by
the beam splitter, the laser beams of the three colors
are combined into a single beam. The gathered laser
beams, both the reference beam and the object beam,
are focused into a mask size in the position of the
recording medium. The reference beam is set to an
angle of 30 deg from the optical axis. As the recording
medium, we use a silver halide recording material
(PFG-03 C, UAB Geola) [13].

In synthesizing a two-dimensional (2D) array of ele-
mentaryholograms, therecordingmediumissetonan
X-Y stage,andafter theexposureof anelementaryho-
logram itmoves to the followingexposureportion.The
size of each elementary hologram is 200 μm× 200 μm
in the experiment, where each elementary hologram
holds a2D image.To control the size of the elementary
hologram, the apertures are set between theLCDand
the hologram plate for the object beam, and between
themirrorM10 and the lensL4 for the reference beam.
In the case of recording the planar color patch, a
uniform image is displayed on the LCD.

There are two ways to record color holograms:
space division exposure (primary color mosaic)

Fig. 1. (Color online) Setup of the optical recording system and the mosaic scheme for color hologram. (a) Recording system: L1 − L4,
M1 −M10, and AO and AR represent lenses, mirrors, and apertures, respectively. (b) Space-division exposure (primary color mosaic).
(c) Multi-exposure.
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[Fig. 1(b)] and multi-exposure, or simultaneous expo-
sure at each elementary hologram [Fig. 1(c)]. In
multiple or simultaneous exposure, the cross talk
between the color channels makes it difficult to char-
acterize the color reproduction model [8]. In this ar-
ticle, therefore, we consider only the color holograms
of space division exposure to avoid the cross talk.
Note that in the case of space division exposure,
the diffracted light intensity will be decreased to one-
third of that of monochromatic exposure because of
its recording density. On the other hand, the light
intensity diffracted by multi-exposure depends on
the dynamic range of the recording material because
three different gratings are recorded in the same
region of the hologram.

In order to record each elementary hologram, the
whole LCD was illuminated by the laser beam of the
corresponding color. The image displayed on the LCD
is the corresponding color channel of the projection
image, which is calculated beforehand using 3D gra-
phical rendering so that a 3D image is reconstructed
by light-field reproduction. Red, green, and blue ele-
mentary holograms are sequentially recorded on dif-
ferent regions on the hologram plane so as not to
overlap each other.

The LCD panel used in the optical system is a
twisted-nematic electronically addressed liquid crys-
tal panel of 640 × 480 pixels, and image data from
the computer is displayed on the LCD. The image
data for exposure of each elementary hologram is
calculated beforehand using 3D graphical rendering
so that a 3D image is reconstructed by light-field
reproduction. As noted in Fig. 1(a), there is a weak
diffuser plate placed just before the LCD panel for
making uniform the intensity distribution of the
object light on the recording medium and producing
a high-efficiency hologram.

To evaluate the HS produced by the system de-
scribed above, we measured the color and diffraction
efficiency of the HS by exposing planar color patches
with the size of 5 mm × 5 mm (25 × 25 dots as
200 μm× 200 μm elementary holograms). In the case
of recording the planar color patch, a uniform image
is displayed on the LCD.

The development processing of the material is as
follows:

Hardening: formalin hardener 6 min 20 °C
Flushing: water 4 min
Development: CW-C1 5 min 20 °C
Stopping: ethylic acid 30 s 20 °C
Bleaching: EDTA 10 min 20 °C
Perform natural dryness after flush.

B. Measurement System

The measurement system for investigating the
color and diffraction efficiency of the HS, shown in
Fig. 2(a), is the optical system for measuring the
integral diffraction efficiency of the diffuse-type holo-
grams with a xenon lamp as a white light source,
which was produced by Hamamatsu Photonics K.K.

The power of the lamp is 150 W, and the collimated
light is used as illumination.

In Fig. 2(a), all diffracted light from the holographic
media is focused on a screen (white reflectance stan-
dard), and the spectral radiance of the reconstructed
image on the screen is measured by a spectroradi-
ometer (PhotoResearchPR650).Weuse an aluminum
mirror as the calibration sample to measure the radi-
ance of the illumination spectrum. Then the spectral
radiance of the reconstructed image on the screen is
measured, and the diffraction efficiency is evaluated
by the peak value of the hologram diffraction spec-
trum divided by the radiance of the illuminant
spectrum at the same wavelength.

In general, the diffraction efficiency is measured
using the illuminating beam, transmitted beam, and
diffracted beam, without using a diffuser as a screen,
where the hologram is a simple grating. However, in
the case of the hologram here, which reconstructs di-
verging light rays from each elementary hologram,
all the diffracted rays should be collected by the ima-
ging lens. For the spectral measurement, the light
flux within a certain solid angle is needed because
of the use of a grating in the spectometer. Thus a dif-
fuser is used to mingle the light rays traveling in
different directions into the limited solid angle.
The diffraction angle from the hologram recorded by
the current holoprinter system is 28.3 deg. As the an-
gle range that can be corrected by the lens in Fig. 2(a)
is approximately 32 deg, all the diffracted light from
the hologram can be measured by the setup in
Fig. 2(a).

On the other hand, in calculating colors, we first
calculate the International Commission on Illumina-
tion (CIE) 1931 XYZ tristimulus values by

gi �
Z

Ci�λ�H�λ�I�λ�dλ; (1)

where Ci�λ� is the CIE 1931 XYZ color matching
functions, H�λ� the spectral diffraction efficiency of
the hologram,I�λ� the illuminant spectrum, and
i � X , Y , Z, respectively.

Figure 2(b) shows another optical setup for mea-
suring reproduced color by more realistic geometry
simulating the actual observation of the recon-
structed 3D image. This system is also employed to
evaluate the color reproduction when the illumina-
tion angle is varied.

3. Model of Holographic 3D Printer Color
Reproduction

The models of color reproduction in computer-
controlled color displays have been studied for
CRT, LCD, and other types of monitors [11,12,14].
In conventional models for CRT and LCD, some as-
sumptions are made and evaluated so that the input
and output characteristics are represented by a
simple formula [15,16].
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A. Assumption for the Forward Model

Channel constancy of a color display implies that the
relative spectrum emitted by a three-color elemen-
tary hologram is independent of input gray level of
the corresponding color channel (specifically, in the
system of Fig. 1, it is the input gray level of the
LCD thatmodulates the object beam). If the thickness
of the recording material changes, the wavelength of
the reconstructed light will shift according to the
Bragg condition. The assessment of this assumption
is presented in Subsection 4.D.

The color reproduction model of the holoprinter
characterizes the relationship between the RGB digi-
tal counts delivered to the LCD and the tristimulus
values of the reproduced image. If the channel inde-
pendence assumption is satisfied, the red component
of thereproduced image isdeterminedbythe inputred
digital countonly; that is,nocross talkshouldbetaken

into account. In the case of multiple exposure of red,
green, and blue elementary holograms, it is very
difficult to meet this assumption. The three mosaic,
space-division-exposure components are recorded in-
dependently, and channel independence is considered
to be satisfied.

Spatial homogeneity is another important as-
sumption in color management. It may be affected
by the spatial distribution of reconstruction light,
the spatial homogeneity of object beam, the stability
of the recording optical system, and the chemical pro-
cess for development. It is not completely satisfied in
the current printing system because the optical sys-
tem setting is not completely fixed. However, in the
preliminary investigation for color characterization,
the spatial inhomogeneity may be ignored because it
can be reduced by setting the system more carefully.

In 2D color displays, pixel independence is another
important aspect for accurate color characterization.

Fig. 2. Measurement optical systems. (a) Optical system for the measurement of diffraction efficiency and color of HS. (b) Optical system
for measurement of the reconstructed light at changing illumination angle.
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In HS, we should take into account the independence
of each light ray recorded in each elementary holo-
gram. The light rays diverging from a single point
on the hologram plane are recorded in an elementary
hologram, and these rays are affected by each other if
there is a nonlinearity in the recording material. As a
result, we should consider the cross talk between
the light rays. Although the cross talk should be ad-
dressed in the color characterization of HS, we disre-
gard the issue in this article as the first step. This
issue is left for future investigation.

With our measurement optical system, the colli-
mated illumination incident angle here performs an
important role for HS color reproduction. We will
explain details of the experiment and the variation
depending on the illumination incident angle
changes in Subsection 4.E.

B. Forward Model

If the above assumptions hold in the HS recording
and reconstruction system, we obtain the following
forward model:

He�λ� � R0f r�λ� �G0f g�λ� � B0f b�λ� � f bg�λ�; (2)

whereHe�λ�, f r�λ�, f g�λ�, f b�λ�, and f bg�λ� are the spec-
tral radiance of the reconstructed light, the RGB
primaries with their maximum radiance, and the
background light, respectively, and R0, G0, and B0

are the coefficients for theLCDRGBchannels, respec-
tively. This model represents that the reconstructed
spectrumof eachprimary color is theadditivemixture
of RGB primary spectra to reproduce the recon-
structed spectrumof ahologram.Fromthe tone repro-
duction characteristics of HS, γkfg, (k � r; g; b), R0, G0,
and B0 are expressed as follows:

R0 � γrfRg; G0 � γgfGg; B0 � γbfBg; (3)

where R, G, and B are the input digital counts deliv-
ered to the RGB channels of the LCD, respectively.

Applying Eq. (1) to Eq. (2), we have

0
@X
Y
Z

1
A �

0
@Xr Xg Xb

Yr Yg Yb

Zr Zg Zb

1
A
0
@R0

G0

B0

1
A�

0
@Xbg

Ybg

Zbg

1
A; (4)

where

0
@Xk

Yk

Zk

1
A �

0
BB@
R
CX�λ�f k�λ�dλR
CY�λ�f k�λ�dλR
CZ�λ�f k�λ�dλ

1
CCA; (5)

and k � r, g, b, and bg.
In order tomake the forwardmodel,Eq. (6),wehave

to measure the XYZ values of the RGB primaries
with theirmaximum radiance. However, the radiance
changes depending on the illumination conditions
such as the power and the angle of illumination lights.

It is convenient if we define the forward model
independent of the absolute radiance of the recon-
structed light. We use another expression of the
forward model, which includes the chromaticity coor-
dinates of RGBprimaries and the luminance ofwhite,
Yw. The model is expressed by

0
BB@
X

Y

Z

1
CCA � Yw

0
BB@
xrr xgg xbb

yrr ygg ybb

zrr zgg zbb

1
CCA

0
BB@
R0

G0

B0

1
CCA�

0
BB@
Xbg

Ybg

Zbg

1
CCA and

0
BB@
r

g

b

1
CCA �

0
BB@
xr xg xb
yr yg yb
zr zg zb

1
CCA

−1
0
BB@

xw
yw

1
zw
yw

1
CCA; (6)

where �xw; yw; zw�, �xr; yr; zr�, �xg; yg; zg�, and �xb; yb; zb�
are the reproduced chromaticity coordinates
�x; y; z�, of gray patch and RGB primary holograms,
respectively [17].

C. Inverse Model

The inverse model for color reproduction in HS is the
conversion from the XYZ tristimulus values of the
original object to the device-dependent digital count
(RGB). It is derived by taking the inverse of Eqs. (3)
and (6), as follows:

0
@R0

G0

B0

1
A � M

8<
:
0
@X
Y
Z

1
A −

0
@Xbg

Ybg

Zbg

1
A
9=
;; (7)

where

M �
0
@ xrr xgg xbb
yrr ygg ybb
zrr zgg zbb

1
A

−1

Fig. 3. Relation between the exposure amount and the diffraction
efficiency for each color.

Table 1. Exposing Condition of Lasers

Wavelength (nm)
Exposure
(mJ∕cm2) η (diffraction efficiency) (%)

R (633) 9.7 17.6
G (532) 12.5 15.1
B (473) 1.7 9.36
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and

R � γ−1r fR0g; G � γ−1g fG0g; B � γ−1b fB0g: (8)

Thus, the transform can be implemented with matrix
multiplication and the 1D LUT.

4. Experimental System Calibration

A. Exposure Condition

The color reproduction characteristics of HS strongly
depend on the exposure condition setting, such as
the object light (S) to reference light (R) ratio and ex-
posure time. Considering the sensitivity of the re-
cording medium for each color in this system, we
investigated the optimum exposure conditions of
each color in monochrome exposure. First, we exam-
ined the S/R ratio. Through the experiment, test ex-
posures were performed with different S/R ratios,

and it was found that the case of S/R ratio being
1∶5 of the red and green lasers, and 1∶2 of the blue
laser, is approximately the best condition.

Next, we examined the amount of exposure of each
color. We set the above S/R ratio settings and exposed
in the order of red, green, and blue. A uniform image
is displayed on the LCD panel, whose tone values for
red, green, and blue are the maximum, namely 255,
as the digital count driving the LCD has 8 bits gray
scale (255 levels). We produced a HS per these con-
ditions and measured the diffraction efficiency using
the optical system shown in Fig. 2(a).

The relationship between the exposure energy,
which is the sum of both object and reference beams,
and the diffraction efficiency is shown in Fig. 3. The
condition for acquiring the highest diffraction effi-
ciency for each of the RGB colors in a single exposure
are obtained from the plots of Fig. 3 as shown in
Table 1.

B. Determination of Color Balance

Even though the optimal exposure condition of each
color is given in Table 1, the reproduced color is not
balanced. Thus we investigated space-division expo-
sure conditions when the diffraction efficiency for
each color becomes approximately equal.

Ideally, the amount of exposure can be determined
from Fig. 3 as each RGB element is recorded indepen-
dently in the space-division exposure. However, the
diffraction efficiencies of red, green, and blue that
were actually obtained did not reach the same level.
This is due to the fact that the adjacent elementary
holograms are slightly overlapped with each other.

Fig. 4. Gray levels of LCD with its diffraction efficiency by
space-division exposure.

Fig. 5. Chromaticity diagram (a) before and (b) after background compensation. Triangle-, cross-, star-, and diamond-shaped markers
represent the chromaticity coordinates of the reconstructed light when input gray levels of (R, G, B) are (d, 0, 0), (0, d, 0), (0, 0, d), and
(d, d, d), where d � 0, 32, 64, 96, 128, 160, 192, 224, and 255, respectively.
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Therefore,we changed the amount of exposure of each
color slightly to find the best condition for space-
division exposure of the color hologram: the energies
of red, green, and blue exposures were 1.7 mJ∕cm2,
2.2 mJ∕cm2, and 1.7 mJ∕cm2, respectively.

C. Tone Reproduction Curve

In the first step of color characterization, we investi-
gated the relation between the input digital count
(red, green, and blue) of the LCD and the diffraction
efficiency for space-division exposure.

In the experiment, color patches (5 mm × 5 mm)
were recorded while changing the gray level of the
LCD from 0 to 255 by steps of 32. Then, we measured
each produced color patch using the optical system
shown in Fig. 2(a) and investigated the diffraction
efficiency of each color. The relation between each
liquid-crystal gray level for red, green, and blue
and their diffraction efficiency are shown in Fig. 4.
The curves shown in Fig. 4 are interpolated to derive
γkfg of Eq. (3), and γk−1fg is implemented with the
1D LUT.

D. Channel Constancy of Full-color Full-parallax 3D
Holoprinter

The color of the reconstructed images from the holo-
gram color patches obtained above are plotted on an
x-y chromaticity diagram [Fig. 5(a)]. The result
shows that the color approaches to the achromatic

color (center of the diagram) as the input gray level
becomes low. This is due to the background light
�Xbg; Ybg; Zbg�t, in Eq. (2). To compensate for the
background light influence, the XYZ values of
the background light were obtained by measuring
the hologram recorded at the LCD’s gray level � 0
for all three channels. Then, the background XYZ
was subtracted from the reproduced color of each
hologram so as to obtain the color component modu-
lated by red, green, and blue primaries. This result
is shown in Fig. 5(b). The result indicates that the
chromaticity coordinates of the reconstructed light
from the single-color hologram do not change even
when the input gray level changes. That is, we can
say that the channel constancy assumption is
approximately satisfied.

After the subtraction of background light as shown
in Fig. 5(b), the three spots appearing in the red,
green, and blue areas of the spectrum locus, the chro-
maticity coordinates of RGB primaries, are given as
shown in Table 2.

E. Deriving Color Conversion Matrix

In the color reproduction model, we assume constant
channel chromaticity, channel independence, and
spatial independence. Then (R, G, B) is obtained as
(0.868, 0.861, 1.117) from Eq. (6) and the data
presented in Table 2, and we derived the matrix
M using Eq. (8):

M �
0
@ 1.81 −0.41 −0.24
− 0.69 1.64 −0.02
0.02 −0.05 1.10

1
A: (9)

By using this matrix and the tone reproduction
curves presented in Subsection 4.C, we can convert

Table 2. Chromaticity Coordinates of RGB Primary
Colors and White

Red Green Blue White

x 0.705 0.183 0.124 0.318
y 0.295 0.785 0.061 0.351
z 0 0.032 0.815 0.330

Fig. 6. Evaluation of color chart hologram. (a) Reconstruction hologram of color chart hologram. (b) MCC color chart under xenon lamp.
(c) Color difference at the incident angle of 38 deg.
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XYZ tristimulus values of the original object to
device-dependent digital counts (R, G, B).

If the chromaticity coordinates of the three primary
colors and white change, the matrix in Eq. (9) can be
recalculated using Eqs. (6) and (8). When the record-
ing medium or exposure condition changes, the peak
wavelength of the reconstructed light or the color
balance of the white changes. Therefore, it is reason-
able to consider that the derived matrix should be
recalculated for the experimental condition.

5. Evaluation Using Color Chart Hologram

A. Reconstruction of Color Chart

Based on the matrix we derived, we calculated the
RGB values of the color chart (GretagMacbeth
ColorChecker, MCC) from its reflectance measured
using a spectroradiometer under the xenon lamp il-
lumination, and exposed the color chart hologram. In
the hologram, the color chart is reconstructed on the

hologram plane; i.e., the images for exposure retain
all uniform RGB values calculated by the above
equations. Each color patch size is 30 × 30 dots
where the pitch of elementary holograms is 200 μm×
200 μm.

The reconstructed image of the color chart is
shown in Fig. 6(a). We can see the periodic fringes
on the reconstructed image; the periodic structure
appearing on the reconstructed image is a color mo-
saic, where the size and the pitch of the elementary
hologram were both 200 μm × 200 μm. By reducing
the size of the elementary hologram, such artifacts
will be negligible. In order to evaluate the result,
we compared the colors reproduced by the hologram
with a real color chart under the same xenon lamp

Fig. 7. (Color online) Original and reproduced colors in CIE a�b�

plane.

Fig. 8. (Color online) Reconstructed spectra of selected color
patches in MCC where the numbers in the legend correspond to
the numbers shown in Fig. 6. Incident angle of illumination light
was 32°.

Fig. 9. (Color online) Color change depending on the incident
angle of illumination beam (24 to 38 deg). (a) White patch
(No. 19 of MCC chart shown in Fig. 6). (b) B, G, R, Y , M, C color
patches (Nos. 13 through 18 of MCC) are shown. The arrows indi-
cate the direction of color shift with increasing incident angle of
the illumination beam.
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[image shown in Fig. 6(b)], and the CIELAB color
difference ΔE is calculated using the following
formula:

L� � 116f �Y∕Yn� − 16

a� � 500�f �X∕Xn� − f �Y∕Yn��
b� � 200�f �Y∕Yn� − �Z∕Zn��

f �ω� � �ω�1∕3 ω > 0.008856

f �ω� � 7.787�ω� � 16∕116 ω < 0.008856

ΔEL�a�b� �
�����������������������������������������������������������������������������
�L�

1 −L�
2�2 � �a�

1 − a�
2�2 � �b�1 − b�2�2

q
: (10)

The color differences between the original and ho-
lographic color patches are shown in Fig. 6(c). The
average color difference is 17.0, which is not very
small but can be roughly acceptable for some appli-
cations. Figure 7 also shows the color differences in
the a�b� plane. With the incident illumination angle
of 38 deg, the reconstructed colors are shifted from
the original colors in the direction of reducing chro-
ma. The reason for this type of color shift is consid-
ered to be the influence of background light.

Figure 8 shows the reproduced spectra selected
from 24 color pateches of the MCC chart. Looking
at the detail of the spectral curves, it is found that
the peak wavelength slightly varies. The spectral
shift may be due to the spatial nonuniformity intro-
duced by insufficient control of the chemical develop-
ment process. This is one of the reasons for the
color error.

Another reason for the error appearing in Fig. 6 is
the noise appearing in the reconstructed image
shown in Fig. 6(a). The noise originated from the
speckle generated by the weak diffuser shown in
Fig. 1. The use of a digital diffuser, which can reduce

this kind of speckle noise [18], is recommended for
better image quality.

B. Analysis of Reproduced Colors by Different Illumination
Angle

The color reproduced by HS depends on the illumina-
tion angle. Figure 9 shows the color shift of white and
color [blue, green, red, yellow, magenta, and cyan
(BGRYMC)] patches in MCC. In Fig. 9(a), the color
change of the white patch for illumination angles
24 to 38 deg is shown. According to Bragg’s law,
the wavelength of reconstructed light becomes short-
er when the incident illumination beam angle in-
creases. However, the colors do not necessarily move
to bluish even though the reconstructed wavelengths
of the primary light become shorter, as shown in
Fig. 9. This is because of the peak wavelength of
the reconstructed light of HS.

As shown in Fig. 10, any peak wavelength of the
red primary is longer than the peak wavelength of

Fig. 10. (Color online) Reconstructed spectra of green patch (No. 14) hologram for illumination angles, as the legend shows, from
22 to 38°.

Fig. 11. Reconstruction of cubic 3D hologram image where the
proposed color management technique was applied.
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the color-matching function of X, that of green is
shorter than Y , and that of blue is longer than Z.
As a result, when the peak wavelength becomes
shorter, X and Z increase and Y decreases. According
to the relationship between XYZ and L�a�b�
described by Eq. (10), we can say that the colors shift
in the direction of larger a� and smaller b�.

C. 3D Image Reconstruction

Finally, a hologram of a 3D object is printed by intro-
ducing the color management described above. The
reconstruction image of a hologram of a 3D cube is
shown in Fig. 11. The color patches of the MCC chart
are attached on the surfaces of the cube in Fig. 11. By
introducing the color management, the colors of the
cube can be reproduced naturally.

6. Conclusion and Future Work

In this article, we demonstrate the method and the
preliminary experimental results of color manage-
ment in a holoprinter. The color difference is not very
small, but roughly the specified color can be ob-
tained. We also discuss the color shifts with the var-
iation of illumination beam angle and show that
roughly the specified colors are still reproduced with-
in a certain range of incident angle variation. The
color difference can be minimized if the evaluation
system is more accurate.

The following list gives the issues for future inves-
tigation in color management of holoprinters, and
the result will be reported later.

1. The background light in the reconstruction of
HS is large, and the influence from the background
affects the color reproducibility. Even though the
background light is included in the model, the color
gamut reduces in dark colors, and color control be-
comes difficult. The main reason of background light
is the scattering noise on the hologram plane. The
exposed holographic material becomes white due
to light scattering. It is expected to be decreased
by using a photopolymer material, in which the
scattering is much smaller.

2. The overlaps of adjacent elementary holo-
grams are observed in the experiment but have
not been verified. The cross talk between elementary
holograms may cause channel dependency because
elements of different primary colors influence each
other. The effect of overlapped exposure should be
addressed in future.

3. Pixel dependencies within an image for an ele-
mentary hologram, which are explained in Sec. 3.D,
is one of the difficult problems because the pixel-
based color conversion is insufficient if such pixel
dependency is significant. If needed, a method to
compensate for the pixel dependency should be
developed for high-quality color management.

4. The noise and other causes of spatial inhomo-
geneity should be also addressed. The main reason
of noise observed in the reconstructed image is
the weak diffuser shown in Fig. 1 as explained in

Subsection. 4.D. It can be improved by replacing
the weak diffuser with a digital diffuser designed
for low speckle noise. Another source of spatial inho-
mogeneity is the nonuniformity originating from the
chemical development and bleaching process. The
chemical process also affects the diffraction efficiency
and thickness variation of the recording material. By
using photopolymer material, such instability is
expected to be improved.

This digital color management technology will
support the applications of holographic 3D display
in the future, and the method presented in this
article would avail the improvement of color quality
of HS printed from digital 3D data.

The authors acknowledge Toppan Printing Co.,
Ltd. for the support on the development of the
holoprinter system.

References
1. M. Yamaguchi, N. Ohyama, and T. Honda, “Holographic three-

dimensional printer: new method,” Appl. Opt. 31, 217–222
(1992).

2. M. A. Klug, M. W. Halle, and P. M. Hubel, “Full color ultra-
grams,” Proc. SPIE 1667, 110–119 (1992).

3. M. A. Klug, A. Klein, W. Plesniak, A. Kropp, and B. Chen,
“Optics for full-parallax holographic stereograms,” Proc. SPIE
3011, 78–88 (1997).

4. A. Shirakura, N. Kihara, and S. Baba, “Instant holographic
portrait printing system,” Proc. SPIE 3293, 246–253 (1998).

5. E. van Nuland, W. C. Spierings, and N. Govers, “Development
of an office holoprinter V,” Proc. SPIE 2652, 62–69 (1996).

6. S. Zacharovas, “Advances in digital holography,” in Proceedings
of the International Workshop on Holographic Memories &
Display (IWHM, 2008), pp. 55–67.

7. S. Frey, A. Thelen, S. Hirsch, and P. Hering, “Generation of
digital textured surface models from hologram recordings,”
Appl. Opt. 46, 1986–1993 (2007).

8. M. Takano, H. Shigeta, T. Nishihara, M. Yamaguchi, S.
Takahashi, N. Ohyama, A. Kobayashi, and F. Iwata, “Full-
color holographic 3D printer,” Proc. SPIE 5005, 126–136
(2003).

9. S. Maruyama, Y. Ono, and M. Yamaguchi, “High-density re-
cording of full-color full-parallax holographic stereogram,”
Proc. SPIE 6912, 12–22 (2008).

10. H. Bjelkhagen and E. Mirlis, “Color holography to produce
highly realistic three-dimensional images,” Appl. Opt. 47,
A123–A133 (2008).

11. R. S. Berns, “Methods for characterizing CRT display,”
Displays 16, 173–182 (1996).

12. L. Jiménez del Barco, J. A. Díaz, J. R. Jiménez, andM. Rubiño,
“Considerations on the calibration of color displays assuming
constant channel chromaticity,” Color Res. Appl. 20, 377–387
(1995).

13. S. J. Zacharovas, A. M. Rodin, D. B. Ratcliffe, and F. R.
Vergnes, “Holographic materials available from Geola,” Proc.
SPIE 4296, 206–212 (2001).

14. L. DeMarsh, “Colorimetry for HDTV,” IEEE Trans. Consumer
Electron. 37, 1–6 (1991).

15. D. H. Brainard, D. G. Pelli, and T. Robson, “Display character-
ization,” in Encyclopedia of Imaging Science and Technology
(Wiley, 2002), pp. 172–188.

16. D. H. Brainard, “Calibration of a computer controlled color
monitor,” Color Res. Appl. 14, 23–34 (1989).

17. N. Ohta, Color Engineering (Academic, 2008).
18. M. Yamaguchi, H. Endoh, T. Honda, and N. Ohyama, “High-

quality recording of a full-parallax holographic stereogram
with a digital diffuser,” Opt. Lett. 19, 135–137 (1994).

4352 APPLIED OPTICS / Vol. 51, No. 19 / 1 July 2012


