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Experimental demonstration of influence of underwater turbulence

on ghost imaging*
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It is difficult to obtain a clear image in underwater turbulence environment with classical imaging methods due to
the absorption, scattering, and underwater turbulence on the propagation beam. However, ghost imaging (GI), a non-
locally imaging technique, has shown the turbulence-free ability in atmospheric turbulence by exploiting the second-order
correlation between the signal beam and the reference beam. In this paper, we experimentally investigate the imaging quality
of GI affected by the underwater environment, where the underwater environment is simulated by a 1 mx0.4 mx0.4 m tank
with distilled water. The water temperature is controlled by a heater inside the tank, and a temperature gradient is obtained
by putting the heater at different positions of the tank. The water vibration is produced by a heavy force, and the turbid
medium is obtained by dissolving very small specks of CaCOs in the water. A set of Hadamard speckle pattern pairs are
generated and modulated on the incident beam, and then the beam illuminates on an unknown object after passing through
the simulated underwater environment. With the second-order correlations, the image is reconstructed under different
temperature gradients, water vibration, and turbid medium ratios. The results show that GI has the turbulence-free ability
under lower temperature gradient, water vibration, and turbid media. The structural similarity image measurement (SSIM)
values of the reconstructed images only start to decrease when the temperature gradient is greater than 4.0 °C. The same

temperature gradient produced at the different positions has a little effect on the quality of the underwater GI.

Keywords: underwater ghost imaging, temperature gradient, turbid media, water vibration

PACS: 42.30.Va, 42.30.Wb, 42.68.—w, 92.05.Hj

1. Introduction

Underwater imaging technology has played an important
role in military, marine development, and engineering appli-
cations. However, the quality of classical optical imaging is
inevitably constrained by absorptive and scattering effects in
underwater environment, ! which becomes a key issue for the
long distance underwater imaging. For example, McGlamery
and Hou analyzed the turbulence-degraded images by random
phases screen simulation and the optical transfer function un-
der oceanic turbulence, respectively./>3! The effect of oceanic
turbulence on the quality of imaging in natural water was later
discussed in Ref. [4].

In a different context, ghost imaging (GI) is one of the
hot spots in the field of quantum optics in recent decades,>-°!
which is based on the second-order correlation of the light in-
tensity fluctuations. Normally, there are two beams in a GI
system, one is the signal beam, which is received by a bucket
detector that does not have spatial resolution. The other is the
reference beam, which is received by a point detector with spa-
tial resolution. By intensity correlation between the signal and
reference beams, GI could non-locally obtain an image of an
unknown object, and has provided a method to obtain a clear
image in instance where sometimes the conventional imaging
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techniques are infeasible.

GI was first experimentally demonstrated by Pittman et
al. in 1995 based on quantum entanglement.!”! Then, the real-
ization of GI with classical light source (pseudo thermal light)
was proposed in 2002 by Bennink et al.!®! Thereafter, the
mechanism and implementation of GI were discussed. [*~26]

Later, a new configuration of GI, named computational
GI (CGI), was presented to simplify the experimental require-
ments of GLUY At the same time, the improved methods,
for example, differential ghost imaging,!'!! normalized ghost

imaging,!’! corresponding ghost imaging,[!>14]

compressive
sensing ghost imaging,">~'8) and polarization difference ghost
imaging method,!'”! were proposed to enhance the imaging
quality or to reduce the imaging time.

The turbulence-free property of GI in atmosphere turbu-
lence has already been discussed.!?’?8] Whether GI has this
property in oceanic turbulence? In 2015, Xiang et al. dis-
cussed the feasibility of underwater GI.*°! Later, the under-
water GI through different transparent liquids was studied in
Ref. [30]. The computational GI under different underwater
turbidities and different angles was investigated in Ref. [31].
The theoretical analysis of GI under oceanic turbulence was
presented in Ref. [32]. The image quality affected by oceanic
turbulence was studied in Ref. [33], and the underwater ghost
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imaging experiment with low light and high visibility was an-
alyzed in Ref. [34].

It is known that temperature fluctuations may introduce
the beam’s dissipation, vibration can affect the beam’s prop-
agation, and the beam wavefront is distorted and scattered by
the turbid medium. All these, in principle, will affect the imag-
ing quality of underwater CGI.

In the paper, we experimentally investigated the imag-
ing quality of CGI under different underwater environments,
where a 1 mx0.4 mx0.4 m tank with distilled water was
used to simulate the underwater environment. The tempera-
ture fluctuations were controlled by a heater inside the tank,
and the heater was put on different positions of the tank to ob-
tain the effects of temperature gradient. The water vibration
was caused by a heavy force. The turbid medium was ob-
tained by dissolving very small specks of CaCOj3 in the water.
A set of Hadamard speckle pattern pairs were generated and
modulated on the incident beam, and then the beam passed
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through the simulated underwater environment, and illustrated
on an unknown object. With the intensity signals detected by
the bucket detector, the object image under underwater envi-
ronment was obtained by the second-order correlations. With
different temperature gradients, different heights of the water
vibrations, and different quantity ratios of CaCOs3 in the wa-
ter, the impact of them on the underwater computational GI
system was analyzed.

The organization of the paper is as follows. The experi-
mental setup of underwater GI is introduced in Section 2. The
impact of the temperature gradient, water vibration, and tur-
bidity on CGI is presented in Section 3, and some conclusions

are drawn in Section 4.

2. Experimental setup and theoretical analysis

The experimental setup of the underwater CGI system is
shown in Fig. 1.
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Fig. 1. Experimental setup of CGI under underwater environment.

The laser (LDM405) with A = 405 nm and P = 4 mW
was used to produce the beam. A pinhole (p75s) with diameter
d =75 um was placed in the beam path to shape the incident
beam, and the resultant beam was illuminated on the digital
micro-mirror device (DLP7000) to produce the 4096 speckles
(64 x 64 pixels). Hence, the light field from the light source
can be expressed as

—ik|z[?

E(mz):/E(ml)h(ml,mz)eTl R(@y)dm, (1)

where E () is the light field from the laser, h(x1, ;) is the
—ik|ay|?
2f1

impulse response function from the source to DMD, e
denotes the transmission function of the len L; (f = 50 mm),

R(x;) denotes the speckle pattern matrices transmitted from
the DMD. In the experiment, a set of Hadamard speckle pat-
tern pairs with 64 x64 pixels were prepared, and then loaded
on the DMD in sequence to produce the speckles.

The calibration unit, consisted of len L, (f = 100 mm), a
diaphragm (d = 50 mm), and a Dove prism, was used to ad-
just the speckles. There were multiple diffraction orders in the
beam from the DMD. The len L, was used to concentrate the
beam and the diaphragm was applied to select the first diffrac-
tion order. The Dove prism was used to rotate back the patterns
since the DMD has rotated the beam by 45°. Thereafter, the
beam was collimated by the beam expander unit, including len
L3 (f =50 mm) and len L4 (f = 250 mm). To simulate the un-
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derwater environment, a 1 mx0.4 mx0.4 m tank with distilled
water was placed on the path before the unknown object. The
light field after the underwater environment can be expressed
as

—ik|zs[?

E(ws) = [ E(@h(@sas)e” 5 V@007 (23)das, (2)

where h(x;,x3) is the impulse response function from
. —iklea|? .
the DMD to the object, e 2 denotes the transmission

function of the lens with equivalent focal F, eV(@as) —
e®(@2.23)+iB(®2.23) 5 3 complex-valued random process that
denotes the effects of underwater environment, a(xz,x3) is
the amplitude fluctuations while S (a;,3) is the phase fluc-
tuations, and T (x3) is the transfer function of the unknown
object behind the tank.

Finally, the intensity /(x4) was detected by the bucket de-
tector (PMMO02) (A = 280-850 nm) in sequence, and recorded
by the digitizer. The light field and its intensity are expressed
as

—ik|zy[?

E(z4) = '/E(333)h(a:3,:1:4)e 275

(a4) = |E (2] 3)

dw3,

With the Hadamard speckle patterns, the object image
can be reconstructed by the second-order correlation function,
which can be expressed as

Gl@2,@4) = (R(@2)R' ())E(@4)E* ()
— (R(@2)R" (5))(E(x4)E™(x4)). (4
The above equation can be rewritten as

G(:Bz,:c4)

= / dzdz)| dz,dxh (R(x2)E* (x)))
x (E(@1)R" (@h))h(x1,22)h" (1, @h)
><h(:l:g,a:3)h*(:c2,w’3)h(a:3,:1:4)h*(w3,a:ﬁ1)

) il 12 . .
—iklwo2 KB a2 k@R —iklmgl?
xe 21 e 21 e 2F e 2F e 255

ik|ac) |2
xe 25

(VeI VIEENT (25)T (3). ()

Note that the bucket detector should be replaced by a power
sensor (S120C) when the power is detected.

To demonstrate the result of the CGI, the structural sim-
ilarity image measurement (SSIM) was used to measure the
image quality, which is combined with three comparisons: lu-
minance, contrast, and structure. The luminance comparison
can be expressed as

2uuy +Cy

(X, Y)= —F——
(a) u}%—i-u}z—i—Cl’

(6)

where X is the original image and Y is the reconstructed im-
age, u, and u, are the means of X and Y , respectively, C; is

the constant to avoid instability when u? -+ u% is very close to
zero. Specifically, Cy is assumed to be

C1 = (KL, 7

where L is the dynamic range of the pixel values, and K| < 1
is a small constant.
The contrast comparison is defined as

20,0, +C

X,Y)= 2 TE2
AN = et

®)
where 62 and Gy2 are the standard deviations of X and Y, re-
spectively, C; = (K,L)?, and K> < 1 is a small constant.

The structure comparison is defined as

Oxy+C3
X, y)=2_—- 9
s(X,Y) 0.0, 4G5’ )

where 0y, can be estimated as

1 N
ny = m L (Xl — Mx)(Yl — My). (10)

L

Finally, the SSIM index between images X and Y is given by
SSIM(X,Y) = [((X.V)]*e(X V)P [s(X.V)I", 1)

where o, 8, Y > 0 are parameters used to adjust the relative
importance of the three components. With ¢« = = y=1 and
C3 = (C,/2, the SSIM index has a specific form

(2uyuy +C1) (20,0, +C3)

SSIM(X,Y) = .
*.7) (u2+u2+C1)(02 +02+C2)

12)

The value of SSIM is between O and 1, and a higher value
indicates a higher similarity.

3. Experimental demonstrations and discussion

In this section, we investigate the quality of underwater
GI for the unknown object (64 x 64 pixels) influenced by the
temperature gradient, water vibration, and turbid medium. The
influence of temperature gradient on the underwater GI is pre-
sented in Subsection 3.1, the effect of vibration on the under-
water GI is given in Subsection 3.2, and the discussion about
turbid medium CaCO3 on the underwater GI is introduced in
Subsection 3.3.

3.1. Influence of temperature gradient on underwater GI

Since the heater used in the experiment is a point-heating,
the effect caused by the temperature gradient on the propagat-
ing beam may be different when the heater is located at differ-
ent positions of the tank. Hence, we set up four different posi-
tions of the tank to produce the temperature fluctuations in the
experiment, which are labeled as A, B, C, and D in Fig. 1. The
height of water is 10 cm, and the optical path is 4.5 cm below
the water surface. The heater is used to heat the water near
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the surface. A thermometer is used to measure the tempera-
ture of the bottom and surface of water respectively. Thus, the
gradient of temperature can be obtained by computing the tem-
perature difference between the bottom and surface of water.
To verify that heating water at different locations could have
different results, we chose four positions (positions A and D
are at the end of the underwater optical path, and positions B
and C are at the front of the underwater optical path. All the
positions are exactly symmetrical against the beam path) to set
up the thermometer.

Figure 2 shows the results of underwater computational

GI under different temperature gradients, where the influence
of temperature gradients at different positions is presented, and
the temperature gradient is controlled from 0 °C to 5.5 °C. A
rabbit doll was used as the unknown object. The results show
that the underwater ghost imaging is slightly affected by the
temperature gradient, and there are no apparent differences
among the images reconstructed under different temperature
gradients. There is some distortion of the images when the
temperature gradient is greater than 5.0 °C. At the same time,
the temperature gradient produced at different positions (A, B,
C, and D) almost has no influence on the reconstructed images.

A B c D A B c D
AT=0"C AT=3.0C
AT=05C AT=35"C
AT=10°C A [ar=10°C
AT=15C AT=45°C
AT=2.0C AT=5.0°C
AT=25°C | [ar=55C

Fig. 2. The experimental results of underwater computational GI under different temperature gradients, where the influence of temperature
gradients at different positions (A, B, C, and D) is presented, and the temperature gradient is controlled from 0 °C to 5.5 °C.

1.0

0.81

0.61

SSIM

041

0.2}

0 1 2 3 4 5 6
AT/C

Fig. 3. The SSIM values of the reconstructed image against the temper-
ature gradients.

To further analyze the influence of the temperature gra-

dient on the underwater GI, we present the SSIM values of
the reconstructed image against the temperature gradients at
positions A, B, C, and D in Fig. 3.

The experimental results show that the quality of the re-
covery image from the underwater computational GI system
has little change when the temperature gradient is lower than
4.0 °C, which might be corresponding to the weak oceanic
turbulence, and the SSIM values degrade when the tempera-
ture gradient is higher than 4.0 °C. However, the SSIM values
are still higher than 0.47683, which means that the underwater
computational GI is well reconstructed even though the tem-
perature gradient is greater than 4.0 °C. The results also show
that the degradations at positions B and C are faster than those
at positions A and D, which indicates that the influence of
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the temperature gradient on the underwater computational GI
is different when the temperature gradient is produced at the
front or at the end of the optical path. Furthermore, the SSIM
values at positions A and D, B and C are almost the same,
which indicates that the two sides with the same distance to
the beam path have the similar influence on the underwater
computational GI system.

3.2. Influence of vibration on underwater GI

The propagation of the light beam would be misaligned
when the water vibration occurs in the underwater environ-
ment, since the light is absorbed and scattered. So we discuss
whether or not the water vibration affects the quality of under-

water computational GI. Here, the water vibration is caused by
a heavy force on the tank at some frequency. We use the water
plane with no waves for the reference, and record the height
of the wave as O cm. Then, by the heavy force on the tank,
different vertical heights of wave are measured. The wave vi-
bration in the experiment is from 0 cm to 5 cm. Figure 4 shows
the SSIM values of the reconstructed image from underwater
computational GI against the water vibration.

As seen from Fig. 4, the SSIM values change very little
when the wave vibration is from 0 cm to 5 cm, and all the
SSIM values are greater than 0.9. It indicates that the compu-

tational GI system is disturbance-free from the wave vibration.

L/cm 0 1 2

SSIM

0.970191

0.968395

0.96773 0.964837 0.94346

Fig. 4. The reconstructed target images with different wave heights, where SSIM is presented together.

3.3. Influence of turbid medium CaCQO; on underwater GI

Since the wavefront of light would be distorted and may
be multiple scattered when the beam passes through the turbid
medium. We further study the influence of turbid media on
the underwater computational GI by adding some CaCOj3 in
the tank water. To describe the turbidity caused by CaCO3, we
use the ratio between weight of CaCOs3 and that dc of the tank
water, and the turbidity can be expressed as

_ Mcaco,
M, water

T (13)

As shown in Fig. 1, we added different weights of CaCOj3
in the distilled water to generate different turbidities. We
added 50 mg CaCOs in the distilled at each time, and one
image was reconstructed at the corresponding turbidity. The
mass of CaCO3; was from 50 mg to 1000 mg in the ex-
periment, meanwhile the turbidity was from 1.25x107° to
2.5%107>. To show the power attenuation as the light beam
passing through the turbid water, the power attenuation against
the different mass of the turbid medium is shown in Fig. 5(a),
where the power was measured by an optical power meter, and
the SSIM values of the reconstructed images from underwater
computational GI against the turbidities are shown in Fig. 5(b).
Figure 5(a) shows that the power and the intensity of the light
beam are attenuated when the turbidity increases. Figure 5(b)
shows that the SSIM values degrade when the turbidity in-
creases. However, the SSIM value of the reconstructed image
is still higher than 0.5 when the mass of CaCOj3 is 1000 mg

and the turbidity is 2.5x 107>, where the tank water is fully
opaque. It is shown that the underwater computational GI has
the deblur ability with turbid media.

1.0

300 (a) . (b)

0.8 "‘\__\_

200 0.6 \\\.\
z 2 ~
) © 0.4

100 \\\

~—. 0.2
0 0
0 5 10 15 20 25 0 5 10 15 20 25

T/10-6 T/10-6

Fig. 5. (a) The power attenuation of light and (b) SSIM changes of GI
through the water with turbidity from 1.25x1076 to 2.5x1077.

4. Conclusion

We have experimentally demonstrated the ability of com-
putational GI in underwater environment, and investigated the
influence of temperature gradient, water vibration, and turbid
media on the quality of the reconstructed image from the com-
putational GI system. The results show that the underwater GI
has an anti-underwater turbulent imaging ability. The quality
of the reconstructed image from underwater computational GI
decreases slightly with the low temperature gradient, wave vi-
bration, and turbid media. Only when the temperature gradient
is greater than 4.0 °C, the SSIM value starts to decrease signif-
icantly. Additionally, the same temperature gradient produced
at different portions has slight effect on the quality of the un-
derwater GI. The turbulence-free ability of computational GI
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has hinted that the computational GI would have a well imag-

ing ability in the long underwater environment.
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