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This paper presents a method for reducing noise in a digital hologram, which occurs during
acquisition. The algorithm proposed initially transforms a digital hologram into frequency-domain
data through a discrete cosine transform (DCT), and separates the object from the background in
the transformed image. As a noise reduction method, a histogram modification method is applied
to the object, while the background is substituted with zero values. Experimental results showed
that the proposed scheme improves the visual image quality very much when reconstructed by
both the optical system and the PC simulation.
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1. Introduction

Holography is regarded as the optimal and the final choice for imaging and displaying
three-dimensional (3D) objects. Recently, with the help of advanced mega-pixel CCD
sensors that have a sufficient dynamic range in each pixel, digital holography has
become a viable 3D imaging technique [1]. Therefore, the interference pattern is
captured in digital format by a CCD sensor and the object is displayed by loading
the stored digital hologram on an SLM (spatial light modulator). The noise is intruded
in the process of acquiring the interference pattern due to the environments relating to
the camera and its characteristics. The noise lowers the quality of the reconstructed
hologram, but increases the entropy of the digital hologram, which makes the signal
process of the hologram such as data compression less efficient [2—7].

The technique of removing noise from a natural image has long been experimented,
and, consequently, many noise-removing filters showing superior performances have
been designed. However, these filters are not suitable for a digital hologram because
the noise has similar frequency band to the original image data. Some studies [8, 9]
proposed the noise-removing techniques for the digital hologram using those image
processing techniques. In [10], a method using a wavelet filter has been proposed.
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These techniques expanded the applicability of the methods to the 2-dimensional (2D)
images corresponding to digital holograms.

The digital hologram has a characteristic that each pixel has a very low correlation
to other pixels, which is very similar to a noise. In this paper, a new approach to remove
or reduce the noise in a digital hologram is proposed, which uses a frequency transform
to increase the correlation among the pixels. A 2D discrete cosine transform (2DDCT)
is used as the transform tool. The distribution in the frequency-domain coefficients
resembles the one of the reconstructed images [11]. Therefore the object and
the background are separated in the transformed domain, each of them being analyzed
to propose a different noise-removing/reduction technique.

In Section 2, the characteristics of a digital hologram are analyzed. Section 3
explains the noise-removing/reduction method proposed in this paper with a brief
review of some previous ones. The experimental results are provided with some
discussion in Section 4, and Section 5 concludes the paper.

2. Analysis of digital hologram

In general, a digital hologram is acquired by capturing with a CCD camera the phase
of interference pattern generated by the reference light and the object light (reflected
from an object) and recorded in a digital format, as shown in Fig. 1a. In the figures,
M, M,, and M; are the mirrors, BE and BS represent beam expander and beam
splitter, respectively, and L; and L, are the lenses. Therefore, a digital hologram
shows substantially different characteristics from a natural image which shows self-
-similarity, the foundation of fractal theory, and strong correlation between adjacent
pixels in an image (refer to Figs. 2a and 2b). However, a digital hologram is much
more irregular, uncorrelated, and discontinuous so that it looks very similar to a noise,
as shown in Figs. 2¢ and 2d.
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Fig. 1. Acquisition (a) and reconstruction (b) scheme of digital hologram.
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Fig. 2. Example images; natural image (a), positional pixel values of a (b), digital hologram (c), positional
pixel values of ¢ (d).

Figure 1b also shows areconstruction scheme of an object. To reconstruct the object
the same light wave as the reference one used in acquisition should be irradiated to
the digital hologram at the same distance as in acquisition. Because a digital hologram
is stored in a digital form, it is uploaded to a special equipment named SLM, in
general.

The use of CCD camera in the acquisition process of a digital hologram inherently
includes some noises because of the environments of camera, and they dramatically
decrease the quality of reconstructed images. Thus, it is highly required to remove or
reduce such noise from the hologram domain. Because of the differences in its
characteristics from a conventional 2D image, the methods of removing or reducing
noise for a 2D image are inappropriate and cannot be expected to give us an acceptable
performance. By considering them, this paper proposes a noise reduction algorithm
for a digital hologram, which uses transformation with 2DDCT as a tool for
transforming a digital hologram into its frequency domain data.

The reason for using the 2DDCT is that it reconstructs the object from the digital
hologram to a reasonable degree and the result is quite proper to apply our noise
reduction algorithm. Because a digital hologram can be constructed by applying
the Frensnel transform, it could be better to use the inverse Fresnel transform to
reconstruct the object, but it takes much more time compared with 2DDCT. The Fourier
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Fig. 3. Depth-map image of 3D object (a), digital hologram of a with dimensions of 256x256 (b), GDCT
result of b (¢).

transform can also be considered as the transformation, but it shows much lower image
quality than 2DDCT, although the execution time is similar to 2DDCT.

This paper applies 2DDCT to the whole digital hologram without dividing it, which
we call the global DCT (GDCT) [12], and which can be expressed as

M-1 N-1
S, v) = C(u)C(v) T Y st y)co{(zﬁ1)un}o{(2x+1)un}

2N
x=0y=0
(1)
1
— u,v=>0
C(u), C(v) = 2
1 otherwise

where the digital hologram is assumed to have the size of M x N, and S(u, v) and s (x, »)
are the transformed and original pixel values at («, v) and (x, y), respectively. Figure 3
shows an example of the GDCTed image, where (a) is a depth-map of the image
(200x200 [pixel?]), (b) is its digital hologram (256x256 [pixel’]), and (c¢) is the result
from GDCT of (b). It can be figured out that the GDCT result quite well resembles
the original object although its position is somewhat different. One particular result
from this example is that the value of transformed DC coefficient from a digital
hologram does not seem to be so high. But digital hologram still have very high values
and energies even though they are lower than that for a conventional 2D image.

3. The proposed noise reduction algorithms

In this section, we propose a noise reduction algorithm for digital hologram. It is briefly
shown in Fig. 4, in which the solid lines depict the algorithm while the dashed lines
are to experiment the performance. In this figure, the gray block, noise addition step
is to generate the noisy digital holograms and it is not part of the noise reduction
technique, that is, the real input for noise reduction is the noisy digital hologram.
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The reason why this block is inserted is to explain how we perform the noise modeling
and the experiments. Each component of our algorithm is explained in this section
and the experiment is dealt with in the next section. For computer-generated
hologram (CGH), we give explanation in the following section.

3.1. Computer-generated hologram (CGH)

The acquisition method of a digital hologram in Fig. 1 can be applied in very restricted
cases or places, where all the equipment as well as the CCD camera are prepared.
Therefore, a more convenient method has been researched and it is called as computer-
-generated hologram (CGH) [13]. As its name suggests, it calculates the interference
pattern by the two light waves: reference wave and object wave (Eq. (2)), and it is also
known as Fresnel transform

0-1
I, = z A; cos(Gy + D+ D)
Jj=0

)

2 2 2
Oy = kR, = kJ(pxa—pxj) +(pyo—py) +7

In this equation, /, is the hologram intensity at position &= (x,,y,) by summing
up all the influences from the object to & by all the light sources at j = (x;, y;, z))
(Q is the number of light sources). Here, k = 2m/A is the wave number of the reference
wave, where A s its wavelength, p is the pixel pitch of the hologram, and 4; is the light
intensity of the light source at ;.

Equation (2) only needs 3D location and light intensity of each light source, which
are luminance and depth of the light source, and can be obtained from Y component
of the YCbCr color format and the depth map, respectively. Therefore, CGH is much
more convenient to acquire and is the one to be used in this paper as well.
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3.2. Noise model

The digital hologram acquired as Fig. 1 is different from CGH in that taking a picture
with a CCD camera itself includes some noise caused by several factors as explained
before. That is, a CGH is the interference pattern itself without any noisy component.
Thus it is quite general to consider some noise related to data transmission as well as
the one related to acquisition.

Let us consider the acquisition situation of Fig. 1. The image acquisition itself
in Fig. 1 shows no differences from that of acquiring a 2D image. Also, considering
the service model (acquisition, coding, transmission, receiving, decoding, and display)
for hologram service, the transmission noise in this case is not much different from
that for a 2D image/video. Consequently, if we want to use CGH as the target hologram,
it is necessary to consider the acquisition noise and transmission noise for which we
can use a model applied to 2D images.

Many investigations have been conducted for noises caused by acquisition and
transmission for 2D image/video and the representative one is to add some Gaussian
noise [ 14]. We also use this noise model for digital hologram service, which is depicted
in Fig. 5. As mentioned above, a CGH 4(i, j) is obtained by calculation using Eq. (2)
with intensities and depths of the object light sources. Then a Gaussian noise n(i, j) is
added to form a noisy digital hologram 4,

h'(i,j) = h(i,j) +n(i,j) )

where the Gaussian noise has the average at 0 and the standard deviation o>.

3.3. Noise reduction techniques for conventional 2D images

The existing noise removing/reduction algorithms targeting on natural 2D images use
linear filter(s) and non-linear filter(s). An averaging filter and/or a Gaussian filter are
usually used as linear filters [14]. Although implementation of these filters is fairly
easy, they show a defect of blurring at the edges, corners, and high frequency areas
such as textures. To improve the artifacts by linear filters, non-linear filter(s) are
additionally used. A median filter [ 14] is a representative one, which sorts and changes
the pixel values into the median value. A sigma filter [15] diminishes the deduced
noise by changing its value into the average value in a situation where the difference
between the surrounding pixels and the central pixel is less than the predefined
threshold value. Also, a non-linear filter named AWA (adaptive weight average)

Original CG

Digital hologram Noisy digital hologram
o(x, y) i

h(i, j) o o h'(i, j)
A

| CGH

Gaussian noise
n(, j)

Fig. 5. Noise model for digital hologram service.
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filter [14] has been proposed, where the weight value varies relative to the difference
between the surrounding pixel values and the central pixel value. The influence of such
non-linear filters on the high frequency components is less significant than that of
linear filters. But still they might induce blurring phenomena as filtering intensity
increases.

Those noise reduction algorithms are for conventional 2D images, where the low-
-frequency components are dominant and the high-frequency components seem to be
aggregated in some particular areas. Because a hologram has much different
characteristics so that its pixel correlations are considerably low and the high-frequency
components are distributed all around the images, as shown in Figs. 2¢ and 2d, they
do not work properly for a hologram.

3.4. The proposed noise reduction methods for digital holograms

As shown in Fig. 3¢, the GDCT of the digital hologram results in a similar pixel
distribution to the original object although the position and the size are somewhat
varied. Using this characteristic, this paper proposes a noise reduction algorithm
regarding the GDCTed image as the one to apply this algorithm.

3.4.1. Pixel distribution in hologram-domain and DCT-domain

Figure 6 shows positional pixel values of a noise-free CGH and a noisy CGH in both
hologram-domain and DCT-domain. First, compare the distribution in the hologram
domain (Figs. 6b or 6f) with the one in the DCT-domain (Figs. 6d or 6h). It is clear
that the two distributions are much different. Also it is easily noticeable that the pixels
in DCT-domain are much more correlated than the ones in hologram-domain.

256 pixels’

256 pixels

Fig. 6. Pixel distributions in hologram-domain and DCT-domain; noise-free CGH (a), positional pixel
values of a (b), GDCTed result of a (¢), positional pixel values of ¢ (d), noisy CGH by Fig. 4 (e), positional
pixel values of e (f), GDCTed result of e (g), positional pixel values of g (h).



998 Hyun-Jun CHor, Young-Ho Seo, DonG-Wook Kim

Now, let us compare the ones of the noise-free CGH and the noisy CGH in which
the noise is added by the scheme of Fig.5. In the hologram-domain the two
distributions (Figs. 6b and 6d) cannot be distinguishable, even their holograms
(Figs. 6a and 6¢) look somewhat different. However, the distributions in DCT-domain
(Figs. 6d and Figs. 6h) are quite different in that the pixels in the DCT-domain are
much correlated. Especially the pixels inside the objects are relatively highly correlated
compared to the ones outside the object. Also, the pixel values outside the object are
very small compared to the ones inside the object. It means that the characteristics of
the pixels inside the object are much different from the ones outside the object.

Thus, it is more effective to perform the noise reduction in the DCT-domain than
in the hologram-domain. Also the object and the background should be separated and
different schemes applied to each of the two.

3.4.2. Separating the object from the background

For reasons given in the previous sub-section, we separate the object from
the background, whose scheme is shown in Fig. 7. The input of this scheme is
the GDCTed image of a noisy CGH. First, an edge detection scheme is applied. In
this paper, an algorithm using a gradient is used [14]. Then, it is contoured with
a contouring scheme, for which we used the one presented in [14]. Finally, a threshold
value is applied to the contoured result to select the pixels larger than the threshold

GDCTed image

'

Edge detection

v

Contouring

v

Select with threshold

v

Separated object Fig. 7. Object separation scheme.

Fig. 8. Example of separated object (threshold =200).
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value, which is found experimentally. One example of the result of applying the object
separation scheme to Fig. 7 is shown in Fig. 8, in which the threshold value was 200.

3.4.3. Noise reduction scheme

As mentioned above, we apply different noise reduction schemes for each of the two
separated results, object and background. We have tried several schemes to each of
the separated regions as in Tab. 1, where each pair of schemes is named as Method 1,
Method 2, Method 3, or Method 4. The components of the schemes are as follows.

Table 1. Four noise reduction methods proposed.

Scheme Object Background

Method 1 None Substitution with 0
Method 2 Butterworth low-pass filtering Substitution with 0
Method 3 Histogram modification Histogram modification
Method 4 Histogram modification Substitution with 0

None: no further processing. Substitution with 0: this scheme substitutes all
the pixels in the region with the ones whose value is 0. Butterworth low-pass filtering:
butterworth filtering is a well-known method being a kind of weighted average filter
with the pixels surrounding a target pixel [15]. Hologram modification: The statistical
histogram of the pixels of the noisy GDCTed image is somewhat different from that
of the noise-free case. To figure out the difference, we have experimented with more
than 100 CGHs (refer to Tab. 2) whose original objects are similar to the one in
Fig. 3a, that is, an object in a background and are of the same size. The resulting
histograms of the average noise-free and noisy holograms are shown in Fig. 9, where
the horizontal axis and vertical axis represent the pixel value and the frequency,
respectively. As can be seen in the figures, the two histograms are apparently different
in the mean value and the standard deviation. The purpose of this hologram
modification is to remove the portion corresponding to the noise as marked in Fig. 9b

Noise

a
. [

0 256 0 256
Count: 65536 Min: 0 Count: 65536 Min: 0
Mean: 8.398 Max: 255 Mean: 25.201 Max: 255
StdDev: 17.742 Mode: 1 (23056) StdDev: 24.144  Mode: 1 (1858)

Fig. 9. Average statistical histogram of the digital hologram in the GDCT domain; noise-free case (a),
noisy case (b).
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to make a noisy histogram the same as the noise-free one. For this purpose, we used
an arithmetic equation:
hn]-C._;
Ahln] ————  h[n]<128
I"S[n] = Cmax - Cmin (€))
0 hh] =128

where r [n] and i [n] are the coefficient values before and after applying the histogram
modification technique, respectively; 4 is a weighting factor that is calculated as
18/0, while ois the variance of the noisy histogram; C,;, and C,,, are the minimum
and maximum GDCT coefficient values, respectively.

4. Experimental results

4.1. Experimental setup and measurement methodology

The four methods proposed in the previous chapter have been experimented with more
than 100 digital holograms (CGHs), as shown in Tab. 2, which consisted of two groups:
the ones used generally as the test holograms (generally used) and the one we have
made (made by the authors). The generally used ones are the ones used commonly in
the previous publications such as rabbit, spring, duck, efc. The ones we have made
were to provide enough test holograms to get more exact output of the experiments.
The method of generating a digital hologram consists in calculating CGH and adding
noise as we did in Fig. 5.

Table 2. CGHs used in experiments.

Applied experiments

Group Number PC simulation Optical system
Publically used 53 53 12
Made by the authors 49 49 11
total 102 102 23

The methodology of experiment is the same as in Fig. 4, that is, a noisy CGH
is first acquired, to which the four noise reduction methods proposed are applied (solid
lines in the figure), while the dashed lines are for the performance measures of
the proposed methods. Because our target is to improve the quality of the reconstructed
holographic image, all the performance measures have been done for the reconstructed
images, Fig. 4. We have performed two kinds of reconstructions, PC simulation and
optical reconstruction, the parameters of which are given in Tab. 3. For PC simulation,
we used HoloVision [16], a hologram reconstruction tool by calculation. For optical
reconstruction, an apparatus system similar to that of Fig. 1b was used which was



Noise reduction for digital holograms... 1001

Table 3. Parameters of the experimental setup.

Items PC simulation Optical system
Resolution 256x256 1.284x1.024
SIM Pixel pitch ~ 10.4 umx10.4 um 13.62 pmx13.62 um
Wavelength 633 nm (red) 532 nm (green)
Reconstruction distance 1.000 mm 1.100 mm

an in-line reflective system. The reconstructed images by the optical system were
captured with a CCD camera at the imaging position. However, we mainly focused on
the PC simulation results because the results from optical system itself include
the acquisition noise due to capturing by CCD camera. Thus the image reconstructed
by the optical system is only for the visual inspection as auxiliary data. This is also
the reason why we used only a part of the test holograms in reconstruction with
the optical system as shown in Tab. 3.

To measure the quality of the reconstructed images the PSNR (peak signal to noise
ratio) values have been measured using Eq. (5), while the subjective comparison of
the image quality has been accomplished with the reconstructed images with optical
system as the supporting data

2

PSNR(dB) = 10log 255 )

1 .2
ﬁz Ly, = 1))
Xy

Here, I, ,and [{ , are the values in the position of (x, y) of the noise-free and the noisy
reconstructed image, respectively. X and Y are the numbers of pixels in the horizontal
and vertical directions in the reconstructed image, respectively.

For the noise signal in Fig. 5, we have performed pre-experiment to determine
how much Gaussian noise should be added to meet with the real digital hologram.
From this experiment, we obtained the noise level of the camera-captured image
corresponding from about 2.5% to about 4.5%. Thus, we have decided to add 5% of

the Gaussian noise to a CGH to make the corresponding noisy CGH.

4.2. Results obtained by using a smooth filter

To see how the noise reduction methods for the conventional 2D images work on digital
holograms, we have experimented with a smooth filter, which is one of them. As
mentioned earlier the experimental results showed that the quality of the reconstructed
images after filtering was worse than the one obtained without filtering. One example
is shown in Fig. 10, the results being obtained from PC simulation. The PSNR values
of the hologram itself of Figs. 10b (without filtering) and 10¢ (with filtering) with
respect to the noise-free one in Fig. 10a were 24.53 dB and 21.53 dB, respectively.
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Fig. 10. Digital holograms; original (a), noisy (b), noise-reduced in the hologram domain by a smoothing
filter (¢), reconstructed images of (a), (b), and (¢), respectively (d—f).

Also the PSNRs of the reconstructed images of Figs. 10e and 10f to Fig. 10d were
21.52 dB and 21.25 dB, respectively. Thus, we can conclude that a mere application
of a smoothing filter cannot improve the quality of a noisy digital hologram.

4.3. Results from applying the proposed methods

As mentioned earlier, about 100 test digital holograms were examined by the parameters
of PC simulation in Tab. 3 and reconstructed by PC simulation. Among them 23 test
digital holograms were examined with the parameters of optical system and
reconstructed by the optical system. The results are shown in Tab. 4 with the average
PSNR values and the standard deviations of the four schemes.

As can be seen in Tab. 4, the results from the reconstructed images by the optical
system were worse than the ones by PC simulation (lower PSNR average and larger
standard deviation) because the image captured with a CCD camera by the optical
system incorporates some acquisition noise. But in both reconstruction methods, all
the four methods proposed showed more or less improved results after applying
the methods. Among them Method 4 showed the best performance with improvement
0of 6.12 dB in PSNR value for the PC simulation.

Table 4. Improvement of image quality by the methods proposed.

Noise-reduced hologram

Noisy hologram PC simulation Optical system
Method PSNR o2 PSNR o? PSNR o?
Method 1 24.35dB 1.35 26.55dB 1.48 25.32 1.89
Method 2 24.35dB 1.35 26.75dB 1.30 25.51 1.53
Method 3 24.35dB 1.35 29.63dB 1.12 28.39 1.44

Method 4 24.35dB 1.35 30.47dB 1.13 29.23 1.46
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By examining the data in Tab. 4, it is noticeable that the proposed histogram
modification scheme works very well for the objects as in Method 3 and Method 4.
But for the background the substitution with 0 scheme turned out to be better than
the histogram modification scheme.

Fig. 11. Reconstructed images using PC: original (a), noisy (b), Method 1 (¢), Method 2 (d), Method 3 (e),
Method 4 (f).

Fig. 12. Reconstructed images using an optical system: original (a), noisy (b), Method 1 (¢), Method 2 (d),
Method 3 (e), Method 4 (f).
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Figure 11 shows an example of experimental results by the PC simulation.
The visual examination could also prove that the qualities in Figs. 11¢, 11d, 11e, and
11f are better than that of 11b and the results from Method 4 is best visually as well
as numerically as Tab. 4 shows. In Figure 12, the experimental results of the same test
hologram as in Fig. 11 by the optical reconstruction are presented. Of course, its
parameters were the same as the ones of optical system in Tab. 3. Overall image
qualities of them are better than the ones in Fig. 11 because the hologram resolutions
for the optical system were more than 4 times higher than the ones for the PC
simulation. By visual inspection, it is obvious that all the methods proposed improve
the quality of image reconstructed by the optical system as well. And the result from
Method 4 is the best.

Consequently, it can be said that all the proposed methods improve the image
quality in both numerical value and visual inspection, being in both cases reconstructed
by PC simulation and optical system. Also, the method with the histogram modification
scheme for the object and the substitution with 0 scheme for the background is the best
choice to reduce the noise.

5. Conclusions

This paper assumes that a digital hologram is obtained by capturing the interference
pattern with a CCD camera, which is one of the common methods. Because of
using a CCD camera, the captured image usually includes quite a lot of noise due to
the characteristics of the camera. This noise is one of the major causes of the decreased
quality of reconstructed image and this paper is aiming at this issue.

This paper proposed algorithms to reduce noise added during the acquisition and
transmission process of a digital hologram. These algorithms are applied to the data
in the frequency-domain transformed by 2DGDCT. First, it separates the object from
the background data. For each of the two separated parts, different noise scheme is
applied and we proposed four types of such scheme-pairs.

Experimental results showed that the technique of reducing noise in a conventional
2D image such as a smoothing filter could not reduce the noise to improve the image
quality for a digital hologram. But by applying our methods, the image qualities for
all of the four cases were improved by at least 2.2 dB in the PSNR average. Especially,
Method 4 that applied the histogram modification for the object and substituted
the background with the pixels valued as 0 worked the best — the PSNR improvement
was greater than 6.12 dB.

The four kinds of the proposed noise reduction methods are therefore expected to
be practical base technologies in the image communication industry for digital
holography such as holographic TV, next generation 3D realistic TV, etc.
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