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Speckle reduction by selective spatial-domain mask
in digital holography*
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An improved method of using a selective spatial-domain mask to reduce speckle noise in digital holography is pro-
posed. The sub-holograms are obtained from the original hologram filtered by the binary masks including a shifting aperture
for being reconstructed. Normally, the speckle patterns of these sub-reconstructed images are different. The speckle inten-
sity of the final reconstructed image is suppressed by averaging the favorable sub-reconstructed images which are selected
based on the most optimal pixel intensity sub-range in the sub-holograms. Compared with the conventional spatial-domain
mask method, the proposed method not only reduces the speckle noise more effectively with fewer sub-reconstructed im-
ages, but also reduces the redundant information used in the reconstruction process.

Keywords: digital holography, speckle reduction, spatial-domain mask

PACS: 42.40.—, 42.30.—d, 42.30.Ms, 42.30.Wb

1. Introduction

Compared with the traditional holography, digital holog-
raphy has many distinct advantages, such as higher imag-
ing speed.!'l Most importantly, the quality of the recon-
structed image can be improved by the digital image pro-
cessing technology. Recently, digital holography is widely
applied to particle tracking,”! deformation measurement,>#!
holographic microscopy,>°! biological cell monitoring,[”! ul-
trafast recording,ng and so on. However, the speckle noise
seriously affects the signal-to-noise ratio and spatial resolu-
tion of the reconstructed image,'”! and limits the application
of digital holography. Several effective methods have been
proposed to reduce the speckle intensity and its size. For ex-
ample, Uzan et al. proposed a non-local mean filter method
that could reduce the speckle intensity by weighted averaging
the intensity of a reconstructed image, but the measure of sim-
ilarity lacks robustness.!!'%) Massig et al. proposed a synthetic
aperture digital holography to reduce the speckle size, but it
required to record multiple holograms, which was not suitable
for real-time processing.['1:1%]

Maycock et al. proposed a discrete Fourier transform
method to obtain multiple reconstructed images with differ-
ent speckle noise patterns by moving the band-pass filter.
However, this method cannot get enough different speckle
patterns.!'3] Fukuoka er al. proposed a spatial domain mask
(SDM) method to reduce the speckle intensity and improve
the spatial resolution of the reconstructed image.!!*!>! The
original hologram was filtered by the binary masks includ-
ing a shifting aperture, then these sub-holograms were re-
constructed. The speckle intensity can be reduced effectively
by averaging all the sub-reconstructed images. However, it
is obvious that averaging all the sub-reconstructed images

DOI: 10.1088/1674-1056/27/10/104202

without any selective standard is not the best strategy in this
method. Therefore, an improved method is proposed in this
paper, which can better reduce speckle intensity with fewer
sub-reconstructed images.

2. Principle

As shown in Fig. 1, xpyo is the object plane, xy is the
plane where the charge-coupled device (CCD) is located, i.e.,
the hologram plane, and x’y’ is the reconstructed plane. The
original hologram recorded by CCD is given by

In(x,y) = |R(x,y)[* +|0(x,y)?
+R(x,y)0"(x,y) +R*(x,y)O(x,y), (1)

where O(x,y) and R(x,y) denote the object light and the refer-
ence light in the hologram plane, respectively.

image plane
Yo hologram plane

dy
oject plane

Fig. 1. The optical path diagram of an off-axis digital hologram.

3. Speckle reduction method
3.1. Spatial-domain mask method

The procedure of SDM method is performed in Fig. 2.
A digital hologram recorded by charge-coupled device is fil-
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tered by the binary masks including a shifting aperture. 6]

The speckle patterns of these sub-reconstructed images are
different because these images are reconstructed from differ-
ent areas of the original hologram. By averaging all of the
sub-reconstructed images, we can get a speckle-reduced re-
constructed image.

The improved reconstructed image base on SDM method

D,

—

Dy‘

N,

Ny IH(m7 y)

binary

masks

Hl(xv y)

H2($7 y)

HNS(:E7 y)

is given by

1
UX,Y)= N—SZ Fr{Ip (x,y)Hi(x,y) }?, )
i=1

where H;(x,y) denotes the binary mask, Ns denotes the num-
ber of the sub-reconstructed images, and Fr{ } denotes the
numerical Fresnel diffraction integral.

averaging

U(X, Y)

sub-reconstructed
images

Fig. 2. Schematic diagram of SDM method.

The total number of pixels in the original hologram is
N, x Ny. All of the sub-holograms have the same size as that of
the original hologram, but the total number of the meaningful
pixels in the sub-hologram is equal to the size of the aperture,
i.e., Dy x Dy.

The total number of the sub-hologram is given by

N, — D, N,—D,
Ns = x| 2220 4 3
s{dx+Jx{dy+, )

where d, and d, denote the shift intervals of the mask aper-
ture by rows and columns, and | | denotes that the function is
rounded down.

In the SDM method, all of the sub-reconstructed images
are accumulated without any selective standard, leading to the
redundant information in the final reconstructed image and the

quality of the image is not good enough.

3.2. Selective SDM method

Based on the deficiencies of the SDM method described
above, we propose a selective SDM method. Compared to the
original method, the proposed method adds a process of se-
lecting favorable sub-reconstructed images.

According to the theory of digital holography, it is known
that each pixel on the hologram has recorded all the informa-

tion of the object. Therefore, the intensity of each pixel is

closely related to the quality of the reconstructed image, and
there may be a certain number of pixels within a specific range
of intensity values, which are most related to the quality of
sub-reconstructed image. The following analysis illustrates
this point. This specific range is defined as the optimal pixel
intensity range. For different objects or experimental environ-
ments, the optimal pixel intensity ranges on the hologram will
be different.

The range of pixel intensity values in the hologram
recorded by CCD is [0,255]. In this process, our aim is to
select the most optimal pixel intensity sub-range in [0,255]. In
order to select the optimal pixel intensity sub-range, we divide

the range into multiple small sub-ranges first, such as
[0,1a), [Ia, 1), - - - s [Ims L) - - - [Lx, 255].

The speckle intensity of the sub-reconstructed images can be
evaluated by the equivalent number of looks (ENL), which is
given by

ENL = (?) 2, (4)

where (I) and ¢ denote the average values and the standard
deviation of the reconstructed image, respectively. A higher
ENL is desirable.
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We assume that P, , is the proportion of the pixels whose
intensity value is in the sub-range [[,,,1,] in the total pixels
(Dx x Dy), and it is given by

Dy D}

Z] Zlf(l . J)
P g= =t
mal = D x Dy
LN 17 if IH(i’j)e[lmaln]v
f(”)_{o, i (i 0) & Ul nmeZ. (5)

Then, we calculate the value of P, , and ENL in a suffi-
cient amount of sub-reconstructed images (over 1000), and

get the following data set: {ENL',ENL?,...,ENL'% 1,
1000 1000
{P [Oa P[ SRS {Pab’ [ab] ’P[a,b]""}’
1000
{ [x255 x255] P[x255] }
The correlation coefficient between ENL and B, is
given by
Cov(ENL, Py, 1)
P(ENL, Py ) = i (©)

\/ Var [ENL] X Var [P[m,n]] ’

where Cov(ENL, Py, ) is the covariance between ENL and
Py > Var[ENL] is the variance of ENL, and Var[P,, ] is the
variance of P, .
If p(ENL, P[i,j]) = max{p(ENL, P[O,a])v p(ENL, P[a,b])v
-+» P(ENL, Py »s5))}, it is shown that the change in the
total amount of pixels whose intensity value is within the
range [I;,1;] is most relevant to the change in the quality of
sub-reconstructed image. So, the pixel intensity sub-range
[£;,1;] is the most optimal pixel intensity sub-range. The sub-
reconstructed images with a high value of P; ;; are the pre-

ferred sub-reconstructed images.

4. Experimental results

The experimental setup is shown in Fig. 3. The He-Ne
laser (632.8 nm) is used as the light source. The split ratio of
the beam splitters (BS, BS2) is 1:1. The pixel size of CCD is
4.65 umx4.65 um, and the pixel amount is 960 x 1280. The

objects are dice and coin.

B1 BS
|_._._

laser

M

Fig. 3. Experimental light path.

The reconstructed images without any speckle reduction

method are shown in Fig. 4.

During the experiment, based on the two improved meth-
ods, the size of the aperture is chosen as 480 x 640, 240 x 320,
and 120 x 160, and the shifting interval is 20 pixels by rows or

columns. 1500 sub-holograms are selected randomly.

Fig. 4. The reconstructed images without any noise reduction. (a) The object
is dice; (b) the object is coin.

Firstly, we divide the range [0,255] into these small
ranges as [0,50], [50,100], [100,150], [150,200], and
[200,255]. The distributions of ENL and Py 50|
shown in Fig. 5.

— Pago 255) are

14

(a)

12§

ENL or P(m,n)
—
o w o

W~

VAV
1000

Sequence number of sub-reconstructed images

0 500 1500

”memannmnnn AN

N

—_
=]

ENL or P(m,n)
o

0 500 1000 1500

Sequence number of sub-reconstructed images

Fig. 5. (color online) The distributions of ENL and Py so] — Pia00,255) from
1500 sub-reconstructed images. The black, red, green, blue, yellow, and ma-
genta lines represent ENL, Py s0], Pis0,100]> F100,150]> 1150,200]» a0d Pgo 255]
respectively. (a) The object is dice; (b) the object is coin. The vertical axis
has been quantified for better comparison.

The correlation coefficient between ENL and P,
is given by Eq. (6). From the ENL and Pgso —
Ppo.2ss) in Fig. 5(a), we can get p(ENL, P 50)) = 0.6886,
P(ENL, Psp100) = 0.4404, p(ENL, Po0,150) = —0.6796,
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P(ENL, Pysop00) = —0.6450, and p(ENL, Pago2ss) =
—0.5767.

It is obviously that p(ENL, Py 50)) > p(ENL, Pisg,100)) >
P(ENL, Pooo255)) > P(ENL, Pj150.200)) > P(ENL, Pli00,150])-

So, we choose the sub-range of [0, 50] in the case of dice.

From the ENL and Py s50) — Poo.2s5) in Fig. 5(b), we
can get p(ENL, Py s59)) = 0.3066, p(ENL, P50, 100)) = 0.5526,
P(ENL, Pj1o0,150)) = 0.6370, p(ENL, Pj150.200]) = —0.6404,
and p(ENL, Pogy 255)) = —0.6337. And p(ENL, Pig0,150) >
P(ENL, Pso100) > P(ENL, Poso) > p(ENL, Pagoass)) >
P(ENL, P50 .200))-

So, we choose the sub-range of [100,150] in the case
of coin. Then we divide the sub-ranges of [0,50] and
[100,150] into smaller sub-range respectively as [0,10],
[10,20], [20,30], [30,40], [40,50] and [100,110], [110,120],
120, 130], 130, 140], [140, 150].

The distributions of ENL and Py 9] — P40, 50 in the case
of dice are shown in Fig. 6(a), and the distributions of ENL and
Pl100,110) — Pr140,150] in the case of coin are shown in Fig. 6(b).

14
(a)
12f

10 |

ENL or P(m,n)

0 500 1000 1500

Sequence number of sub-reconstructed images

—
Y

(b)

[y
N

—_
o

ENL or P(m,n)

0 500 1000 1500

Sequence number of sub-reconstructed images

Fig. 6. (color online) The distributions of ENL and P, ,; from 1500 sub-
reconstructed images. (a) The object is dice. The black, red, green, blue,
yellow, and magenta lines represent ENL, Po,10)> Pr10,20)> Po30)> Pr3o.a0)>
and Py 50], respectively. (b) The object is coin. The black, red, green, blue,
yellow, and magenta lines represent ENL, Pioo.110)> P110,120> Fl120,130]
Pl130,140)> and Pj149,150], respectively. The vertical axis has been quantified
for better comparison.

In the case of dice, from the ENL and Py g —
Pyos0) in Fig. 6(a), we can get p(ENL, Py o) = 0.6745,
p(ENL, [’[10,20]) = 06955, p(ENL,P[zoso]) = 07083,

P(ENL, P3g40)) = 0.6837, and p(ENL, Py s0)) = 0.6456,
and p(ENL, Ppo30)) > P(ENL, Pio0)) > P(ENL, Pj30.49]) >
P(ENL, Py 19) > p(ENL, Pyp 50))-

So, we choose the sub-range of [20,30] in the case of
dice. And in the case of coin, from the ENL and Fjjo0,110) —
Pligo,150) in Fig. 6(b), we can get p(ENL, Pygo,110) =
0.6494, p(ENL, P19 120) = 0.6488, p(ENL, Pz 130) =
0.6329, p(ENL, Py30,140)) = 0.5854, and p(ENL, Py49,150)) =
0.3579, and p(ENL, Pjoo,110) > P(ENL,Pyi0,120) >
P(ENL, Pi150,130)) > P(ENL, P130,140) > P(ENL, Py140,150))-

So, we choose the sub-range of [100,110] in the case of
coin.

Finally, we sort the sub-reconstructed images following
the order of Ppg30) or Pgo,110], corresponding to dice and
coin from the maximum value to the minimum value. And
then, we accumulate the sub-reconstructed images in order.
The ENL of the final reconstructed image varying with the se-
quence number of the sub-reconstructed images is shown in
Fig. 7. As shown in Fig. 7, the red, green, and blue lines corre-
spond to three kinds of apertures of 480 x 640, 240 x 320, and
120 x 160, respectively. The solid line corresponds to the pro-
posed method, while the dotted line corresponds to the SDM
method.

2.4
2.2t
2.0
1.8}
1.6}
1.4
1.2
1.0
0.8
0.6
0.4

ENL

0 500 1000 1500 2000 2500

Sequence number of sub-reconstructed image

0.7

0 500 1000 1500 2000 2500

Sequence number of sub-reconstructed image
Fig. 7. (color online) ENL alters as the number of sub-reconstructed
images increases. The red, green, and blue lines represent apertures of
480 x 640, 240 x 320, and 120 x 160, respectively. The solid line and

the dotted line represent the proposed method and the SDM method,
respectively. (a) The object is dice; (b) the object is coin

As revealed in Fig. 7, the solid line is rising fast, and gen-
erally higher than the dotted line. In addition, the highest value

104202-4



Chin. Phys. B Vol. 27, No. 10 (2018) 104202

of each dotted line is at the rightmost point, while the highest
point of the solid line moves to the left as the aperture is grad-
ually reduced. It means that the proposed method can reduced
the speckle intensity of the reconstructed image more quickly
and effectively. Moreover, comparing to the SDM method,
it is not needed to average all sub-images to obtain the re-
constructed image with weaker speckle. The highest value
of ENL on each line and the corresponding number of sub-

reconstructed images are shown in Table 1.

As revealed in Table 1, compare to the SDM method,
the largest ENL is higher in the proposed method, while the
corresponding number of sub-reconstructed image is smaller.
This means that comparing to the SDM method, fewer sub-
images are needed to obtain the reconstructed images with
weaker speckle in the proposed method. The difference be-
tween the two methods will become more apparent as the
aperture shrinks. The final reconstructed images are shown

in Fig. 8.

Table 1. The largest ENL and the corresponding number of sub-reconstructed images.

Method Proposed method SDM method

Aperture 480 x 640 240 x 320 120 x 160 480 x 640 240 x 320 120 x 160
Dice (largest ENL/corresponding 1.1137/824 1.7337/962 2.0003/599 1.1137/825 1.6609/1813 1.9227/2451
number of images)

Coin (largest ENL/corresponding 0.3108/825 0.4850/1813 0.6346/854 0.3108/825 0.4850/1813 0.6292/2451

number of images)

Fig. 8. Final reconstructed images using dice and coin. (A1)—(A3): proposed method; (al)—(a3): SDM method; (B1)—~(B3): proposed method; (b1)—(b3):

SDM method.

Comparing Fig. 8(A3) with 8(a3) and Figs. 8(B3) with 8(b3) respectively, we can see that when the aperture size is too small

and the number of sub-reconstructed images is huge, the reconstructed image in the SDM method (Figs. 8(a3) and 8(b3)) will

blur the border due to redundant information. And from Fig. 8, we also can see that the improvement of reconstructed image

quality is more obvious in the small aperture, but when the aperture is large, this improvement is not obvious. The reason is

that when the aperture increases, the value of Ppg 30) or Pigo,110) Will become smaller, and the advantage of this method will be

insignificant.

The highest value of Py 30) and Pjgp,110) in all of sub-holograms is shown in Table 2.

Table 2. The highest value of Py 30) and Pjno,119] in three kinds of apertures.

Object Dice Coin
Aperture 480 x 640 240 x 320 120 x 160 480 x 640 240 x 320 120 x 160
Pp20,30] OF Pl10o,110] 0.0399 0.0626 0.0905 0.0891 0.1002 0.1075

In order to compare the proposed method and SDM method more clearly, we analyze the final reconstructed images from

two aspects of edge preservation index (EPI) and the intensity distribution of the pixels.

The EPI indicates the lateral or vertical edge holding ability after image processing.

[16] It is given as
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M
X |I(x,y) = 1(x,y+ lspm + [I(x,y) —I(x+ 1,y)|spm
Espm = j;l , @)
izl \I(X,)’) —I(X,)H- 1)|bef0re + |1(X,)’) —I(X+ lvy)|bef0re
M
Z \I(x,y) —I(X,y-i- 1)|proposed + |I(X»Y) _I(x+ 17y)|Proposed
Eproposed = lle s (®)

'21 |I(x;)’) —I(X,Y+ 1)|bef0re + |I(x7)’) _I(x+ 1aY)|b6f0re

where M denotes the total number of reconstructed image pix-
els, I(x,y) denotes the intensity of pixels on the reconstructed
image, Espm and Eproposed denote the edge preservation index
of these two kinds, and the higher the better. The values of
Espm and Eproposed from Figs. 8(A3), 8(B3), 8(a3), and 8(b3)
are shown in Table 3.

From Table 3, we can see that the Epgposed Values in
Figs. 8(A3) and 8(B3) are higher than the Espy in Figs. 8(a3)
and 8(b3), respectively. It means that the proposed method can

3.5

3.0} - (A3)]

251
2.0
1.5¢

1.0¢

0.5

0

Sum of pixels on corresponding
intensity value/105

5 10 15 20 25 30 35 40 45 50 55
Intensity value of pixels

@]

5 10 15 20 25 30 35 40 45 50 55
Intensity value of pixels

Sum of pixels on corresponding
intensity value/10°
2o

better maintain the edge of the reconstructed image. Besides,
in the case where the aperture is 120 x 160, the intensity distri-
butions of all pixels in the final reconstructed images of both
methods are shown in Fig. 9.

Table 3. The values of Espm and Epoposed-

Eproposed E SDM
Fig. 8(A3)  Fig. 8(B3) Fig. 8(a3)  Fig. (8(b3)
0.0529 0.0862 0.0397 0.0546

(@] = — \S]
o \S] =] o

intensity value/10°

e
=~

o

10 15 20 25 30 35 40 45 50 55
Intensity value of pixels

Sum of pixels on corresponding

g) 18 . j T T
el (b3)
o =
23 1ap ]
8 } 12 - m
5 =
3 % 10f 1
=
o > St 4
n =
—~ n
2E 4 <
o

2} 4
S 0 . . . . . .
0 5 10 15 20 25 30 35 40 45 50 55

Intensity value of pixels

Fig. 9. (color online) The intensity distribution of all pixels in the final reconstructed images. (A3), (a3), (B3), and (b3) are corresponding to (A3), (a3), (B3),
and (b3) in Fig. 8, respectively. The vertical axis represents the sum of pixels on the corresponding intensity value. For better comparison, the horizontal

axis has been quantified.

In Fig. 9, the blue part represents the background or the
dark areas of the object, the green part represents the zero-
order image, and the red part represents the bright area of
the object. Comparing Figs. 9(A3) with 9(a3), we can see
that the red part moves closer to the left in Fig. 9(A3), which

means that in the reconstructed images, there are fewer pix-

els with excessive high brightness. However, in the proposed
method (Fig. 9(A3)), there are more pixels with appropri-
ate brightness, and the same is true between Figs. 9(B3) and
9(b3). Therefore, compared to the SDM method, the proposed
method can avoid blurring the details caused by the excessive

high brightness of the reconstructed images.
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5. Conclusion

In order to reduce the speckle intensity of reconstructed
images, the conventional SDM method averages all sub-
images and obtains a reconstructed image with weak speckle
intensity. However, when the number of sub-images is huge,
the reconstructed image will blur the border due to excessive
redundant information. An improved method is proposed to
deal with this problem well. In this method, the sub-hologram
in which the pixel intensity changes gently will be chosen,
and then reconstructed as well as averaged to obtain a higher-
quality reconstructed image with weaker speckle. The exper-
imental analysis shows that the number of the required sub-
images is greatly reduced and the speckle intensity of the re-
constructed image is weaker.
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