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Detection of underwater bubbles is one of the key issues of the research of ocean-atmosphere flux exchange.
Digital holographic experiment is carried out based on Mach-Zehnder digital holographic system, to detect
the distribution of bubbles. Holographic images of the dynamical bubble fields are recorded by the charge-
coupled device (CCD) video system and the tomographic images at different depth are reproduced. The
distribution of sizes and densities of the bubbles is obtained through following steps as denoising, edge-
detection, and bubble-recognition using Hough transform. Through the experiments, the efficiency and
applicability of the digital holographic detection of underwater bubble fields are tested and verified.
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Bubbles in the ocean is a common and important ob-
ject that plays a critical role in the interchange of ocean-
atmosphere fluxes such as motion, heat, and mass, etc.,
and also influences oceanographic remote sensing and op-
tical detection to a large extent and thus is a key research
subject in oceanography! =3, Exploration of bubbles in
water, especially bubbles in ocean, started in 1960s!*.
The traditional methods of ebullition detection include
bubble traps aided by photography!®!, acoustic measure-
ment, and optical measurement methods. The acoustic
method, which is widely used® treats a huge amount
of bubbles as one ‘cloud’ and therefore does not find the
information of any individual bubble. Moreover it can-
not distinguish bubbles from other particles. Common
two-dimensional (2D) optical imaging is also used in de-
tection of water bubbles!”, however it has significant er-
rors caused by perspective as the sizes of the recorded
bubbles vary with depths of field needless to say that the
bubbles overlap each other. O’ Hern et al.l8! used laser
holography to detect the three-dimensional (3D) infor-
mation of bubbles in given volume of ocean water in one
exposure with high efficiency and shown that the radii
bubbles vary from 10 to 15 um. However traditional
holography is not really applicable for the situ investiga-
tion as it requires pulsed laser with high power, highly
stable instruments, and chemical post-processing. With
the development of computer science and digital images
technology, digital holography is used in particle field
studies®= 13, This technique inherits the advantages of
traditional holography as a 3D detection method and no
pulsed laser, highly stable instruments or chemical post-
processing is needed. The particle fields are detected
in real time and accurately with facilities that can be
miniaturized for ocean in situ detection'*1%l. This let-
ter discusses the experiment of detection of underwater
bubble fields with digital holography method.

Figure 1 shows the schematic diagram of the digital
holography recording system of underwater bubble fields.
This system is framed based on Mach-Zehnder interfer-
ence., A semiconductor continuous laser is used whose
wave length is A=532 nm and maximum power is 100
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mW. The laser beam is divided into two beams through
a prism. The downward beam is made into a paral-
lel light beam whose diameter is about 40 mm through
the expander and collimator lens. This beam goes into
the water tank vertically, enlightening the bubble field
and being diffracted. The laser beam towards the right
will be taken as the main reference beam after being ex-
panded, collimated and reflected. As shown in Fig. 1,
beams from 6 and 7 interfere at 8 with a little angle, and
the interference fringe can be recorded by charge-coupled
device (CCD). The holographic image of the field is then
recorded by the CCD and saved in a computer. The CCD
used in this experiment is the Apogee CCD Ul6m with
a resolution of 4096x4096 (pixel) and the pixel size is
9x9 (um).

The commonly used in-line digital holography was once
applied in our early experiments. Mach-Zehnder infer-
ence holography is used later on and the results of them
will be compared and discussed.

The transmission light field of a hologram exposed to
inferred light C(z,y) is

U(z,y) = C(z,y)t(z,y)
= t,C + BO|C|* + BR*CO + BRCO*
=U1 4+ U+ Uz + Uy. (1)

There are four components of the above equation. If the
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Fig. 1. Schematic diagram of digital holography optics based
on Zehnder inference. 1: laser; 2: prism; 3: beam expander;
4: pinhole filter; 5: collimating lens; 6: mirror; 7: water tank;
8: CCD.
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hologram is exposed to the original reference light wave,
that is, C(z,y)=R(x,y), the four components of the light
field can be written as

= Clty,
Us = /BC|O|2 (2)
Us = BCOR*
Us = pBCO*R

where t, = to + [B(x,y), and § is a constant related to
the photosensitive material which presents the relation-
ship of exposure amount and transmittance. Uj is the
straight trans-illuminating part of the reference light. Us
represents the self-coherent light of each light spot and
the mutual coherent light of different light spots. |R|?
is the intensity of the reference light and Us simply re-
produces the original light except for a constant intensity
given that the reference light is planar. When the orig-
inal object light diverges, the conjugate light converges.
Therefore, Uy shows a real image that might be distorted
due to the modulation of the reference light. If the holo-
gram is illuminated with the conjugate of the reference
light, that is, C(x,y) = R*(x,y), the third and fourth
terms are Us=BR*R*O(z,y), Us=pB|R|*O(z,y), respec-
tively. Us and U, are directly proportional to the object
wave or the conjugate wave and thus a virtual or a real
image is generated respectively. And the holographic re-
producing of image is to determine Uy using

/ / eprkzr //
us(2',y') = z,y)r(z,y)
J)\ZT

eXPJk\/22 (' —x) + (¥ —y)?
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dzdy. (3)

In this experiment, in order to reproducing the image
using Eq. (3) convolution method is involved, and Eq.
(3) can be rewrite as

us(a'y') = [I(2,y")r(a’,

y,)] * hz (1',9 yl)v (4)
where

expjkr/z% + 22 + 12
ha(z,y) = s : (5)
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According to the Fourier transform, Eq. (4) can be writes
as

= F Y F(z,y)r(z,y)] - Ho(u,0)}.  (6)

For digital calculation, rewrite Eq. (6) in discrete form:

n")}, (7)

where x = mAx, y = nAy; Ax and Ay are the sam-
pling interval along x and y axis. And in this letter,
Az = Ay =9 pm, just the pix size of the CCD.

In Fig. 2, both the reproduced images of in-line
holography and Mach-Zehnder holography are presented.
In both images, the bubbles in focus have clearer and
sharper edges than the others. By comparison between
the two images, results can be found that: (1) by in-
line holography method, the smaller bubbles have simple

u.(2',y")

uz(m', ') = F=H{F[(m,n)r(m,n)] * H.(m",

ideal clear edges, however the bigger ones have blur edges
which will be difficult for auto detection and recogni-
tion; (2) by Mach-Zehnder method, both the smaller and
bigger bubbles have clear edges that are ideal for auto-
recognition. The Mach-Zehnder holography method is
finally chosen in our experiment and the images are de-
noised through a self-adaptive filter.

The edges of bubbles in focus are sharp while those not
in focus are blurred or even invisible, as shown in Fig. 3.

According to the bubbles edges, several edge-detection
methods can be used for auto detection and recognition,
such as Roverts, Sobel, Prewitt, and Canny. These meth-
ods are largely based on linear discrete convolution opera-
tions, but with different kernels designed to detect edges.
Results with the four common edge detection methods
are presented as Fig. 4, in which it can be found that
both bubbles and other particles are detected and the
bubbles edge is not always perfectly detected too. Thus
these edge detection methods are not eventually adopted
in our experiment.

The Hough transform is a feature extraction technique
in the field of computer vision and image processing. The
original Hough transform is used to detect lines in im-
ages, and later the Hough method has been extended to
identify arbitrary shapes including circles. A circle can
be presented by

+(b-y)? =17 (8)
where (a,b) is the circle center, r is the radius of the cir-
cle, and (z,y) is any point in the circle edge. To identify
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Fig. 2. Comparison of the tomographic images. (a) Repro-
duced by in-line holography; (b) Mach-Zehnder holography.

Fig. 3. Comparison of tomographic images produced with
same x and y coordinates (same area) and in different z co-
ordinates (different depths).
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the circles in images, firstly an accumulator space is made
up of a cell for each pix, initially each one will be set to
0. The parameter space is made up by

a=x—1-cos(t), b=y —r-sin(t), t €[0,2w). (9)

Our goal is to count the vote of all points (z,y) and
t values given a specific radius r. Calculate the voting
and translate it into a 2D array (a,b) in the parameter
space. The cell receiving more votes is more likely to be
the circle center.

We use Hough transform instead of the common edge-
detect method to pick up bubbles because Hough trans-
form is appropriate to recognize and extract standard
objects with simple shapes such as circles and therefore
is suitable to deal with bubbles. The diameters of bub-
bles are set as parameters in the experiment to recognize
and count the bubbles with different sizes. Figure 5
shows the recognition results of Hough transform. The
bubbles are successfully recognized and extracted despite
of the existence of other particles as well as noises.

After the whole tomographic image sequence is pro-
cessed with Hough transform method, all bubbles are

Fig. 4. Result of bubbles edge detection with commonly used
arithmetic operators. (a) Sobel; (b) Prewitt; (c) Roberts; (d)
Canny.
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Fig. 5. Result of bubble edge detection and extraction with
Hough transform. (a) With other particles existing; (b) with
large amounts of noise.

io
ey )
doons O o

8&050 Q.p'qo OD' % 'O“oo
16 Fd 850 L hdd SRR
208 og BB, oo
= : . s
E 10 P LU e _
g & 30

60
2 (mm)

Fig. 6. 3D distribution of bubble space and size.
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detected automatically while the size and position of each
bubble are acquired and stored in a ‘.dat’ file. With the
data provided in the ‘.dat’ file using 3D data visualiza-
tion technique, a 3D distribution graph of bubble space
and size is generated, shown in Fig. 6.

In conclusion, we study the space distribution of un-
derwater bubble fields through the experiment that uses
continuous laser and is based on Mach-Zehnder digital
holographic system. The information on bubble sizes
and space distributions are obtained by processing the
hologram of the field. Our experiments show that digital
holography is applicable for efficient, real time detection
of under water bubble fields. This provides us with a
new detection method and in-situ system for measure-
ment of marine bubble fields.
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