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Random phase masks can transform the defocus noise into a
speckle-like pattern in optical scanning holography (OSH).
In this Letter, we presented a speckle reduction based
on combined frame difference and connected component
method in a random phase-coded OSH system. The image
quality of the reconstructed sections is improved with better
visibility. © 2015 Optical Society of America
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Optical scanning holography (OSH), as one of the digital
holography techniques, has found wide applications such as
microscopy [1,2], remote sensing [3,4], and image encryption,
etc. [5,6]. In an OSH system, the combined coherence beams
from two pupils are used for a two-dimensional (2D) hetero-
dyne scan. The generated complex hologram contains three-
dimensional (3D) volume information of the object [7].

To reconstruct an individual 2D section from the hologram,
one can compute the convolution of the acquired hologram
with the conjugate of the Fresnel zone plate (FZP) at the fo-
cused depth. This traditional method suffers from large unde-
sired residual signals from other sections, i.e., defocus noise.
To eliminate the defocus noise, methods, such as inverse im-
aging [8,9], Wigner filter [10], and Wigner distribution [11]
have been proposed. Other methods based on acquiring two
sets of measurements of the hologram have further improved
the depth resolution, such as ways of using a dual-wavelength
laser [12], double-location detection [13], and reconfigurable
pupil [14].

Zhou found another way to deal with this problem, in
which a random phase pupil was utilized to transfer the defocus
noise into speckle-like patterns [15]. This kind of defocus noise
is also a problem for optical image encryption where random
phase mask is commonly used [5,16]. To reduce the defocus
noise, one needs to calculate the average of the reconstructed
section several times, which is quite time-consuming and

cannot meet the requirements for real-time processing systems,
such as in vivo holographic imaging.

In this Letter, we present for the first time to the best of
our knowledge, a speckle-like defocus noise reduction method
based on a frame difference and connected component
(FDCC) method in a random phase encoded OSH system.
Our results justify that the FDCC method can be an effective
tool for sectional image despeckling in OSH.

The system setup for OSH is shown in Fig. 1. Two pupils
located in front of the focal plane of lenses L1 and L2 are illu-
minated by two different beams from beam splitter (BS1), with
frequencies centered at ω0 and ω0 �Ω, respectively. The com-
bined beam is then used to scan the object, which is located a
distance z away from the scanning mirror. The transmitted
light from the object would be collected by lens 3 and sent
to the photodiode (PD) for further electrical processing. The
generated hologram can be expressed as

g�x; y� �
Xn
i�1

F −1fFfI�x; y; zi�g ·OTF�kx; ky; zi�g; (1)

where F �:� and F −1�:� represent Fourier transform and its
inverse, x, y, are the space coordinates. zi and I�x; y; zi� re-
present the depth location and the intensity distribution of

Fig. 1. Schematic of optical scanning holography. BS, beam splitter;
M, mirror; AOFS, acousto-optic frequency shifter; LPF, low-pass
filter. p1�x; y�, p2�x; y� are pupils.
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the i-th section, andOTF�kx; ky; zi� is the optical transfer func-
tion of the system.

If we set the two pupils as p1�x; y� � exp j�2πr�x; y�� and
p2�x; y� � 1, where r�x; y� is a function of random numbers
chosen from a uniform distribution between (0,1), then the
OTF could be expressed as [7]

OTF�kx; ky; zi� � exp

�
−j

zi
2k0

�k2x � k2y �
�

× P�
1

�
−
zikx
f

; −
ziky
f

�
; (2)

where k0 is the wave number of the laser, kx and ky denote the
spatial frequency, and f is the focal length of the lens. P1 is the
Fourier transform of p1.

To reconstruct the j-th section, we choose the
decoding pupils as p1d and p2d , where p1d �x; y� � 1 and
p�1�−x; −y�p2d �x; y� � 1. The reconstructed distance is zj in
this case. The output thus becomes

Iout�x; y� � F −1

�
F �g�x; y�� · exp

�
j
zj
2k0

�k2x � k2y �
�

× P2d

�
zjkx
f

;
zjky
f

��

� I�x; y; zj� � N �x; y; zj�; (3)

where I�x; y; zj� is the recovered section at zj, while N �x; y; zj�
is the speckle-like noise expressed as [15]
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X
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(4)

As mentioned above, this speckle-like haze needs to be sup-
pressed for a better sectioning effect. One can reduce the noise
by averaging multiple sectional images. However, the result is

not so encouraging, even when averaging as many as 10 frames.
Here, we propose the FDCC method to solve this problem.

The frame difference (FD) method is widely used in moving
object detection from video sequences in which the changed
part between different images is extracted to distinguish the
moving objects and the background [17,18]. In our proposed
method, FD is used to distinguish the reconstructed image and
the speckle-like defocus noise. As this defocus noise is generated
by independent random phase masks, the speckle-like pattern
should be independent, and different as well. With different
sectional images generated by an independent phase mask, the
FD method is likely to have a good denoising effect, leaving a
small portion of noise on the reconstructed image. The con-
nected component (CC) labeling can then be applied to further
delete the noise based on binary image analysis. CC labeling is a
fundamental process for pattern recognition, computer vision,
and image analysis [19,20]. It enable us to differentiate differ-
ent objects based on features, such as area, perimeter, circularity
ratio, and contour. In the random phase coded OSH system,
the defocus noise shows a speckle-like pattern, which is not the
case for the object. CC labeling is thus adapted to differentiate
the object with the speckle-like noise based on the feature
of area.

With the FD method, we can distinguish the object with
different speckle-like noise, and CC labeling is then applied to
eliminate the noise further. By combining these two methods,
we expect to have a better sectioning effect in the random phase
encoded OSH system.

The flow chart of the FDCC method is shown in Fig. 2.
The steps of the proposed algorithm are as follows.

(1) Generate two holograms, g1�x; y� and g2�x; y�, with dif-
ferent random phase masks.

(2) Get the reconstructed j-th section, I 1�x; y; zj� and
I 2�x; y; zj�, respectively.

(3) Set the threshold as h � μ� 3σ, where μ and σ are the
mean, and the standard deviation of I1�x; y� − I 2�x; y�, respec-
tively [21]. If I 1�x; y; zj� > h and I2�x; y; zj� > h, mark the
block as an image area; otherwise, it is a speckle noise area.
Get the noise matrix, Nk�x; y; zj�, based on the following
algorithm:

Nk�x; y; zj� �
�

0; if I1�x; y; zj� ≥ h and I 2�x; y; zj� ≥ h
Ik�x; y; zj�; otherwise

; (5)

where k � 1 or 2.
(4) Get the despeckling image, I out�x; y; zj�, where

Iout�x; y; zj� � I k�x; y; zj� − Nk�x; y; zj�: (6)

(5) Do CC labeling and remove the connected components
that are too small. Here, we define the small area, s, satisfying
s < 0.1smax, where smax is the maximum area in all of the con-
nected components.

CC labeling is a common approach to extract an object in
binary images, in which a unique label is assigned to each maxi-
mal connected region of foreground pixels [19,20]. The main
process of this algorithm is as follows: first, zero is assigned to
each pixel of background; then, a temporary label is assigned
to each foreground pixel based on the values of its neighbors;

finally, if a “conflict” is found, i.e., two foreground neighbors
carrying different labels, then these pixels are registered as being
equivalent and relabeled. The connected components whose
areas are too small will be deleted in the very last steps, after
which the object would be extracted.

The proposed method is demonstrated via simulation
with an object containing two sections, as is shown in
Fig. 3(a). Each section has a size of 1 mm × 1 mm, and is
sampled to 512 × 512 pixels. The section distances are z1 �
9 mm and z2 � 10 mm, respectively. A laser source with
wavelength equal to 632 nm is used in the simulation. The
diameter of the collimated beam is D � 40 mm, and the focal
length of lens 1 and lens 2 is f � 75 mm. The random phase
mask encoded on pupil p2�x; y� can be realized by a liquid
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crystal on silicon (LCoS) transmissive spatial light modula-
tor (SLM).

The reconstructed sectional images in a random phase en-
coded OSH system using a traditional method at z � z1; z2
are shown in Figs. 3(b) and 3(c), respectively. One can see that
the reconstructed images suffer from large speckle-like defo-
cus noise.

To eliminate this out-of-focus haze, we have implemented
various methods for sectioning: (1) the averaging method;
(2) the FD method, the algorithm of which contains steps
(1)–(4) mentioned above; (3) the CC labeling method, the de-
tail of which is illustrated in step (5) above; and (4) the pro-
posed FDCC method. The results are shown in Fig. 4.

In the averaging method, 20 different section images ob-
tained from 20 independent random phase masks are used.
One can see from Figs. 4(a) and 4(b) that the speckle-like
pattern has been suppressed by averaging to some extent; how-
ever, the signal-to-noise ratio (SNR) has not been improved
greatly. Although better effect can be achieved by using more
sectional images, the method is still quite time-consuming and
inefficient.

In the FD method, two different sectional images are re-
trieved from two holograms for speckle reduction. The results
are shown in Figs. 4(c) and 4(d). One can see from this figure
that speckle-like patterns have been greatly eliminated, leaving
only a few small spots. The noise spots can further be reduced
by adjusting the threshold, h; however, it is hard to balance
between eliminating the small spots and keeping the object.

The CC labeling, in which a single reconstructed sectional
image is needed, also has been implemented. The results are
shown in Figs. 4(e) and 4(f ), with focused planes at z1 and z2,
respectively. One can observe that the noise spots separated

from the object have been eliminated perfectly; however, the
ones that are close to the object image are retained and
connected to it.

The results based on the proposed FDCC method are
shown in Figs. 4(h) and 4(g), in which the speckle-like patterns
have been eliminated perfectly. One can see that the proposed
FDCC method outperforms the other methods, and, therefore,
is a highly promising sectioning approach which yields en-
hanced quality for further analysis. Less ambiguity of the sec-
tional images after despeckling will enable more accurate
applications, such as image segmentation.

To assess the quantitative performance of the four despeck-
ling techniques mentioned above, we also analyze the SNR
with different random phase masks. Table 1 lists the respective
results, in which n denotes different random phase masks used
in the evaluation. As expected, in all cases, the SNR shows
improvement compared with the original image. One can also
see that the proposed method outperforms the others with dif-
ferent random phase masks, which demonstrates the effective-
ness of the proposed approach for speckle-like defocus noise
reduction.

Fig. 2. Flow chart of the FDCC algorithm.

Fig. 3. (a) Two-section object. (b), (c) Sectioning using conven-
tional method in a random phase encoded OSH system, with
reconstruction distance at z1 and z2, respectively.

Fig. 4. Sectioning results using the average method [(a), (b)]; FD
method [(c), (d)]; CC labeling method [(e), (f )]; and proposed
FDCC method [(g), (h)].
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In conclusion, we presented for the first time, to the best
of our knowledge, a speckle reduction based on a combined
FDCC method in a random phase encoded OSH system. The
sectioning image quality has been improved with enhanced
visibility. It is demonstrated that, by combining the frame dif-
ference and the connected component methods, a trade-off be-
tween speckle reduction and edge preservation can be achieved.
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Table 1. SNR for Different Methods (dB)

n
Method 1 2 3 4

Original 25.9 27.4 26.3 28.5
Averaging 28.3 29.4 29.1 28.7
Frame Difference 44.6 44.9 43.8 42.6
Connected Component 43.8 41.2 43.4 41.8
FDCC 44.9 45.1 43.9 44.3
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