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Imaging comparison experiment of an underwater imaging system with
a semiconductor white laser, a monochromatic laser and
an LED white light as the light source
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(1. College of Mechanical and Electrical Engineering, Hainan University, Haikou 570228, China;
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Abstract: To solve the problems of short illumination distance and narrow spectral range in the current un-
derwater detection technology, an underwater semiconductor white laser imaging system was established.
The quality of the images captured by the system under different light sources and different conditions was
studied. A white laser with a power of 220 mW and a color temperature of 6469 K synthesized by an RGB
semiconductor laser is used as the underwater lighting source, which is respectively compared with three
RGB monochromatic lasers and an LED white light source under different conditions. For these images, dif-
ferent algorithms are used to process, analyze and evaluate their quality. The results indicate that when the
white laser is used as the underwater light source, the collected image is not only better than that with the
LED white light source with respect to information detail and structural integrity, but also better than the
monochrome laser in color reproduction of the target and the integrity of the edge feature information. The
semiconductor white laser has the advantages of concentrated energy, strong color rendering, and high illu-
minance, and its light source performance can meet the requirements of underwater low-illumination ima-
ging. With the same imaging system and imaging distance, images with stronger authenticity, better texture

and more target feature information can be obtained.
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cessing
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1 Introduction

Since the advent of the semiconductor laser,
the rapid development, many achievements, and
wide applications make it almost occupy "half the
sky" of the laser market. As an emerging laser light
source, the white laser is an illumination light
source technology that generates high-brightness
white light through the laser!?. The white laser has
the advantages of wide frequency coverage, high
brightness, high power peak value, strong directiv-
ity, a long working life, strong spatial and tem-
poral coherence, etc. Therefore, it has played a prac-
tical role in scientific research and national de-
fense, lighting display, communication information,
medical testing, industrial production, and other
fields®*.

With the increasing demand to detect and un-
derstand the ocean, the development of underwater
laser imaging, underwater spectral analysis, under-
water lighting, and other fields has grown rapidly®™".

At present, the light sources commonly used under-

doi: 10.37188/CO.EN.2022-0012

water imaging include LEDs, tungsten halogen
lamps, and lasers. LED white light sources are
widely used in underwater imaging and underwater
target recognition due to their advantages of low
cost, high luminous efficiency and long service life,
but their energy is more divergent than laser light
sources and their underwater transmission distance
is shorter, so they are not suitable for underwater
long-distance imaging and target recognition. Since
seawater has much less blue-green light attenuation
with wavelengths in the 470—580 nm band than oth-
er light bands, many countries have invested a lot of
manpower and material resources in the application
of blue-green lasers for underwater communication,
detection, sensing, and other fields. Although blue-
green lasers play an important role in applications
such as underwater communication and detection,
due to the limited spectral range of monochromatic
lasers, blue-green lasers cannot be well used in un-
derwater target recognition and spectral analysis®™?).
The emergence of the semiconductor white laser
provides a new development direction for the re-

search of underwater light sources. Semiconductor
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white lasers can not only cover the visible light
spectrum, but also have relatively concentrated en-
ergy. Therefore, the application of a white laser in
underwater imaging can not only overcome the nar-
row spectral range of monochromatic lasers, but
also overcome the LED white light source energy
divergence and short transmission distance. This is
of great significance to the development of deep-sea
detection technology and underwater laser imaging,
and can better meet the application requirements of
target imaging and identification for deep-sea detec-
tion instruments.

At present, due to limitations to the develop-
ment of semiconductor lasers and the lack of in-
depth research on synthetic white lasers, researches
about white laser light sources used for underwater
detection has not been carried out.

At the same time, due to the complexity of the
water environment and the scattering and absorp-
tion of light in water, the underwater imaging qual-
ity is poor, which seriously limits the further devel-
opment of underwater detection technology™®. Un-
derwater image processing technology can help im-
prove image quality and effectively extract target in-
formation, which not only provides technical sup-
port for improving the performance of underwater
target detection systems, but also provides refer-
ence directions for the image analysis of underwa-
ter white laser imaging.

In this paper, an underwater laser imaging sys-
tem is built with a white laser used as the underwa-
ter lighting source with a power of 220 mW and a
color temperature of 6469 K based on the red,
green, and blue (RGB) three-primary laser synthes-
is, then a series of experiments are carried out. The
purpose of the experiment is to explore whether the
white laser can meet the working requirements of
underwater laser imaging. Then, the underwater
imaging effects of the white laser, the red, green,
and blue monochromatic lasers, and the LED white
light sources were compared under different under-

water environments, different underwater imaging

distances, and different targets. On this basis, we
discuss whether three traditional image processing
methods, namely median filtering, histogram equal-
ization, and piecewise linear grayscale transforma-
tion, are suitable for underwater white laser ima-
ging. At the same time, through the image pro-
cessing and quality evaluation of underwater LED
white light sources and white laser imaging, the su-
periority of underwater white laser imaging is veri-
fied.

2 Underwater imaging experiment
system

2.1 Experimental principle

The experimental principle of using a camera
to shoot underwater objects under a specific light
source is shown in Figure 1. The underwater light
source is fixed at the upper left corner of the water
tank to ensure that all the light of the light source
can be injected into the water, and the target is
placed in the center of the water tank ’s bottom so
that it can move in vertically. A ruler is used to
measure the distance of the target from the water
surface. The camera is positioned on the water and

directly above the object to capture the image.

\éaser

Camera

Water
tank

Target

Fig. 1 Schematic diagram of the underwater laser imaging

experiment

2.2 Experiment apparatus

The experimental instrument used in this paper
is the LWRGB-F-FTP laser (LaserWave, China). It
has the advantages of stable power, high beam qual-
ity, and convenient operation. It composed of power

supply, laser head, optical fiber and lens barrel. The
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white laser set up synthesized by an RGB semicon-

ductor is shown in Figure 2.

Fig. 2 Experimental setup for red, green and blue lasers

In this experiment, a 638-nm semiconductor
red laser, 520-nm semiconductor green laser, and
445-nm semiconductor blue laser are used. After
fiber coupling and output, the fiber core diameter is
400 pm. After the fiber is subjected to flat-top ho-
mogenization, a flat-top spot is obtained. The uni-
formity is larger than 70% and the angle is 29°. The
lens barrel is connected to the optical fiber light out-
let, and the light is finally emitted through the lens
barrel. The optical parameters of the output white
laser are tested by a spectral illuminometer (OHSP-
350, Hopoocolor, China), and an optical power
meter (LI-PSOW, LaserWave, China) is used to
measure the laser output power.

2.2.1 White laser

The white laser used in this paper is synthes-
ized by three primary color lasers. The color tem-
perature of the white laser is 6469 K, the color co-
ordinates are (0.3199, 0.2805), and the power is
220 mW. The output spectrum of the white laser is

shown in Figure 3 (color online).
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Fig. 3 Output spectrum of semiconductor white laser

2.2.2  Monochromatic lasers

The monochromatic lasers used in this paper

includes red, green and blue primary color lasers.
The color coordinates of the red laser are (0.7165,
0.2835) and the power is 260 mW; the color co-
ordinates of the green laser are (0.0554, 0.8247)
and the power is 120 mW, the coordinates of the
blue laser are (0.1598, 0.0149) and the power is
330 mW. The output spectrum of the three primary

color lasers are shown in Figures 4, 5 and 6.
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Fig. 4 Output spectrum of the semiconductor red laser
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Fig. 5 Output spectrum of the semiconductor green laser
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Fig. 6 Output spectrum of the semiconductor blue laser

The peak wavelengths corresponding to the
three primary color lasers are 637.4 nm for the red
light, 517.4 nm for the green light, and 446.6 nm for
the blue light, respectively. Their spectral half-
widths are 4.2, 4.5, and 4.0 nm, and the correspond-
ing irradiances are 23.34, 17.45, 29.03 mW/cm?.
2.2.3 LED white light source

The relevant optical parameters of the LED
white light source used in this paper are shown in
Table 1.
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Tab.1 Relevant optical parameters of the LED white

light source

LED1 LED2
Color temperature/K 7261 5846
Dominant wavelength/nm 477.9 518.9
Color rendering index/Ra 63 64.9
R proportion/(%) 11.7 11.8
G proportion/(%) 86.4 86.2
B proportion/(%) 1.8 2

2.2.4 Camera parameters

The shooting device used in this paper is a
Huawei Honor P30 mobile phone, and the rear cam-
era is used to shoot. The rear camera consists of
three lenses: a 40-megapixel photosensitive lens, a
16-megapixel wide-angle lens, and an 8-megapixel
telephoto lens.
2.3 Underwater image processing algorithm and

image quality evaluation index
2.3.1 Underwater image processing algorithms

This paper mainly discusses the median filter
method, histogram equalization, piecewise linear
grayscale transformation, the MSRCR enhancement
algorithm, and the Laplacian pyramid fusion meth-
od.
2.3.1.1 Median filter

This method can effectively reduce noise and
eliminate abnormalities, especially for removing im-
pulse noise interference. The principle is to estab-
lish a window, and the odd-numbered pixel values
in the window are arranged in order of size, such as
3x3, 5%5, etc., and the median value of the window
is taken to replace the gray value of the center point.
In this paper, we will use 3x3, 5x5, 7x7, and
9x9 templates to perform median filtering on the
collected images respectively.
2.3.1.2 Histogram equalization algorithm

The principle is to select the grayscale histo-
gram of the original image and convert the more
concentrated grayscale interval into a uniform distri-
bution of all the grayscale intervals of the histo-

gram. After the histogram is equalized, the gray-

scale range of the image is expanded, so the con-
trast is enhanced.
2.3.1.3 Piecewise linear grayscale transformation
algorithm

The piecewise linear grayscale transformation
algorithm maps the original image grayscale range
0~P to the transformed image grayscale range 0~Q
through the transformation function and sets the ori-
ginal image function as f{x, y), and the transformed
image function as g(x, y). If a given gray level range
of the original image is [ay, by], and the given gray
level range of the transformed image is [a;, b,], then

the transformation function is:

(ar/ag) f(x,y),0=< f(x,y) < ao

[(D1 —a))/(bo — ap)]Lf (x,y) —ao] +ay,
ay< f(x,y)<b .
[(Q—D1)/(P=by)ILf(x,y) = bol + by,
by < f(x,y)<P

g(x,y) =

Q)

When the values of ay, by, a;, b; change, the
corresponding image processing results are also dif-
ferent. That is, when ay>a,, by<b;, the original im-
age gray level is expanded in the range of [ay, by],
and [0, a¢] and [b,, P] is compressed; when a<a,
by>by, the gray level of the original image is expan-
ded in the range of [0, ao] and [by, P], and [ay, bo]
range is compressed. The image contrast can be in-
creased through the above algorithm.

23.14

The algorithm formula is as follow:

S(x,y)
L(x,y)

Image processing algorithms

, 2

r(x,y) =logR(x,y) = log

where R(x, y) represents the reflection property, L(x,
y) and S(x, y) represent the incident light and the ori-
ginal image.

The application formula is expressed as follow:

r(x,y) =logS (x,y) —log[F(x,y)®S (x,y)] . (3)

Among them, »(x, y) is the output image, & repres-
ents the convolution operation, and F(x, y) is the

center wrapping function.

¥ +}‘2

Fx,y)=4-¢ ¢ (4
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where ¢ is the Gaussian surround scale and A is a
constant.

The output images are weighted and averaged:

K
r(6,y) = ) wilogS (x,y) ~loglF(x,)- S (x,y)]
k
(5

Among them, K is the number of Gaussian centers,
and multiple w; are evenly distributed.
The output image is added with a color recov-

ery factor C(x, y):
C(x,y) = fU(x,y)] = Bloglal(x,»)] . (6

where f{-) is the mapping function, and o and f rep-
resent gain constants and nonlinear strengths.
2.3.1.5 Laplace pyramid fusion

The high-frequency and low-frequency signals
are obtained by decomposing the image, and in-
versely transformation of the two signals are carried
out to reconstruct the image, and finally, the image

is obtained by fusion. The fusion formula is as follow:

K
R(xy) = Y GIW e ey} . (D

k=1

among them, / is the pyramid level, L{/} is the
Laplace transform of the input image 7, and G{W} is
the normalized weight of the Gaussian distribution.
2.3.2 Image quality evaluation
The quality evaluation indicators used in this
paper are Peak Signal-to-Noise Ratio (PSNR) and
image structural integrity.
23.2.1
PSNR reflects the completeness of image de-

Peak signal to noise ratio

tail information. The larger the value, the more com-
plete the image information. The formula is as fol-

low:

(8

MAX,
PSNR:ZO-lg( ’)

VMSE

where MSE is the mean square error between the

original image and the processed image, and MAX

is generally 255.

2322
Structural Similarity Image Integerity (SSIM)

Image structural integrity

for short, the larger the value, the better the structur-
al integrity of the image. The formula is as follow:

Quu, +C)2vw, +Cy)
> +u?+CH@2+v2+Cy)

SSIM(x,y) =

bl

9

where u, and u, are the image’s mean values, v, and
v, are the image’s standard deviations, and C; and

C, are constants.

3 Underwater imaging experiments
and results

The experiment was carried out in a dark field
environment, and the ambient light intensity was
less than 11x. The experimental conditions are as
follows: (1) underwater light sources are white
laser; red laser; green laser; blue laser. (2) water
quality: seawater, clear water; (3) underwater ima-
ging distance: 5 cm, 19 cm; (4) underwater targets:
oranges, safflowers, green leaves; (5) sink: 42 cm x
23 cm x 26 cm transparent glass sink.

The laser is fixed to the upper left corner of the
water tank through the bracket, and the target is
placed in the water tank, and it is in the center of the
camera's field of view. Under varying conditions of
seawater, clear water, and no water and the distance
between the target and the water surface, a white
laser and three monochromatic red, green, and blue
lasers are used for contrast illumination respect-
ively. The camera are adjusted to shoot objects at 5
cm and 19 ¢cm underwater, and compare the lighting
effects of the four light sources. The experimental

process is shown in Figure 7 (color online).

Fig. 7 Underwater lighting test with different light sources

When the water tank contains clear water, the
images of different objects under different light
sources and different imaging distances are collec-

ted, as shown in Figures 8—9 (color online).
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An image of the safflower at a distance of
19 cm from the sea water surface illuminated by the
white laser in the above experiments was processed,
and the applicability of the image smoothing pro-
cessing based on median filtering and image en-
hancement using histogram equalization and piece-
wise linear grayscale transformation were discussed.

The processing results are shown in Figures 12—14

color online).
Fig. 8 The lighting effect of different light sources illumin- ( )

ating green leaves, safflower and oranges in clear Based on the analysis of the images of differ-

water at a distance of 5 cm from the water surface

Fig. 11 The lighting effects of different light sources illu-

minating green leaves, safflower, and oranges in

Fig. 9 The lighting effect of different light sources illumin- seawater at a distance of 19 cm from the water sur-

ating green leaves, safflower and orange targets in face

() (b)
(©) (d)
(e ®

Fig. 12 Images of different size templates with the under-

clear water at a distance of 19 cm from the water

surface

When the water tank contains seawater, the im-

ages of different objects under different light
sources and different imaging distances are collec-

ted, as shown in Figures 10—11 (color online).

water imaging distance of 19 cm processed by me-

Fig. 10 The lighting effects of different light sources illu- dian filter method. (a) Original image; (b) gray im-
minating green leaves, safflower, and oranges in age; template processing results with (c) 3x3 win-
seawater at a distance of 5 cm from the water sur- dow size; (d) 5x5 window size; (e) 7x7 window

face size; (f) 9x9 window size
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Fig. 13 Image processing results of the histogram equaliz-
ation algorithm with an underwater imaging dis-

tance of 19 cm

Fig. 14 Original image (left) and processing results (right)
of piecewise linear grayscale transformation of un-

derwater imaging at a distance of 19 cm

ent objects illuminated by different light sources at
different underwater imaging distances in clear wa-
ter and seawater, we can derive the following con-
clusions:

(1) Under the same underwater imaging dis-
tance and camera parameters, the color reproduc-
tion of the images illuminated by the white laser
light source is higher than that of the images illu-
minated by the red, green, and blue lasers.

(2) When the imaging distance is long, the col-
or of the object illuminated by the white laser is still
clearly visible, while the color and edge informa-
tion of the object under other light sources are diffi-
cult to identify.

(3) Due to a large number of particles and im-
purities in seawater and the complex water environ-
ment, the quality of the images obtained in seawater

is not as good as the images in clear water.

(4) These three kinds of image processing
methods can improve the image contrast to a cer-
tain extent, but as the underwater imaging distance
increases, the image edge information will also be
blurred.

The experimental results show that the illumin-
ation effect of the white laser for underwater laser
imaging is better than that of the red, green, and

blue monochromatic lasers.

4 Contrast experiment of underwa-
ter imaging

In the underwater laser imaging system built in
Section 3, image acquisition is performed after
changing certain experimental conditions. The trans-
formed experimental conditions are as follows:

(1) Underwater light source: white laser with
an output power of 220 mW and color temperature
of 6469 K; LED1 with an output power of 234 mW
and color temperature of 7261 K; LED2 with an
output power of 242 mW and color temperature of
5846 K;

(2) Water quality: seawater, clear water;

(3) Underwater imaging distance: 15 cm, near
the water surface;

(4) Underwater target: target A- small wheel,
target B- breakfast milk;

(5) Sink: 42 cm x 23 ¢cm X 26 cm transparent
glass sink.

The laser is fixed to the upper left corner of the
water tank through the bracket, and the target is
placed in the water tank and is in the center of the
camera's field of view. The distance between the tar-
get and the water surface are changed with a white
laser and two LED white light sources for contrast
illumination. Adjust the parameters of the camera to
be consistent, shoot underwater objects at 15 cm
and near the water surface, and compare the light-
ing effects of the light source. The experimental
process is shown in Figures 15 and 16 (color

online).
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LEDI1 LED2 Laser
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V

LEDI1 LED2 Laser

(sea water) (sea water) (sea water)

Fig. 15 Imaging results with different light sources when
the underwater imaging distance is 15 cm in clear

water and seawater

In Figures 15—16, the images obtained with dif-
ferent light sources LED1, LED2, and white laser in
seawater are processed through histogram equaliza-
tion enhancement AHE, Laplace pyramid fusion,
and the MSRCR color restoration algorithm. The
processing results are shown in Figures 17—-19 (col-
or online).

After analyzing the above processing results, it
is subjectively believed that in terms of processing
effect, Laplacian Pyramid Fusion is better than His-

togram Equalization AHE and Histogram Equaliza-

LEDI1 LED2 Laser
(clear water) (clear water) (clear water)

Laser
(sea water)

(sea water) (sea water)

Fig. 16 Imaging with different light sources near the water

surface in clear water and seawater

tion AHE is better than MSRCR Color Restoration
Algorithm.

We recorded the image quality parameters after
the Laplacian pyramid processing at this time, and
on this basis, for the image processed by the Lapla-
cian pyramid, image enhancement is performed by
the contrast limited adaptive histogram equalization
method (“ CLAHE” for short). The image quality
evaluation was implemented for the processing res-
ults of each step, and the underwater imaging per-
formance of the white laser and the LED white light
source was compared and analyzed. The flowchart

of the image processing and evaluation method is
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Fig. 17 Image processing results obtained with the light
source LEDI1 in seawater imaging on the water

surface
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Fig. 18 Image processing results obtained with the light
source LED2 in seawater imaging on the water

surface
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Fig. 19 Image processing results obtained with the light
source white laser in seawater imaging on the wa-

ter surface

shown in Figure 20.
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Fig. 20 Image processing and evaluation method

The processed results are shown in Figures 21

and 22 (color online).

Original image F-C C-F

Fig. 21 Image processing results of object A taken near the
water surface under different white light sources in

seawater

The quality of above processed images are
evaluated, and the quality evaluation indicators are
PSNR and SSIM. The results are shown in Tables 2
and 3.

By analyzing the images, we can conclude:

(1) Comparing the images under different light
sources and different water qualities, it can be found
that the seawater has more particles and impurities
and the water environment is more complex, result-
ing in the quality of the taken images is not good as

the images in the clean water environment. When



476 R EDEE (FRgEso)

#16 %

Original image F-C

Fig. 22 Image processing results of object B taken near the
water surface under different white light sources in

seawater

Tab.2 Results of Peak Signal to Noise Ratio (PSNR)

LEDI object A/B LED2 object A/B white laser object A/B

CLAHE 12.8346/14.5588 13.1192/16.5358  20.1845/20.4774

Laplacian
Pyramid 18.9785/17.0071 17.8455/13.0359
Fusion

F-C 12.2237/12.9728 12.3596/11.964 1

19.0232/18.9562

17.0214/17.689 5

C-F 12.0095/11.7048 11.5700/10.8762  17.1908/16.0493

Tab.3 Results of Structural Similarity Image Integ-
nity (SSIM)

LEDI object A/B LED2 object A/B white laser object A/B

CLAHE 0.8416/0.7122  0.7904/0.8709 0.8230/0.9070
Laplacian
Pyramid  0.9279/0.9251  0.9249/0.9291 0.9465/0.9398
Fusion

F-C 0.8088/0.6590  0.7510/0.8058 0.7550/0.8749

C-F 0.8271/0.5615  0.7610/0.7392 0.7687/0.8184

the LED white light is imaged in the underwater en-
vironment, there is a sudden drop in optical power.
The propagation path of the LED white light is more
divergent than that of the white laser, the attenu-
ation effect of the water body is stronger, and the
light scattering reaction is more serious. As a result,
the image quality of white light in underwater envir-

onment becomes worse. The utilization efficiency is

low, the image presented is relatively blurred and
brightly exposed, and some of the characteristic in-
formation of the target is lost.

(2) By comparing image qualities under differ-
ent light sources and different imaging distances, it
can be found that when the imaging distance is long,
the feature information of the target under white
laser illumination is still clearly visible, while the
color and edge information of the target under an
LED white light source and other features have been
difficult to identify.

To summarize, the illumination effect of a
white laser light source for underwater laser ima-
ging is better than that of an LED white light source.

By analyzing the PSNR and SSIM values in
Table 2 and Table 3, we can conclude:

(1) By comparing the PSNR and SSIM values
under the white laser and the white LED light
source, it can be found that the value under the
white laser is larger, indicating that the white laser is
better than the LED white light in terms of retaining
image details and image structure integrity;

(2) By comparing the values of objects A and
B under the two light sources, it can be found that
there are differences in the values, and the differ-
ence under the white laser light source is smaller
than that under the LED white light source, indicat-
ing that the laser light source has a stronger ability
to store target information and the imaging robust-
ness under the laser light source is stronger;

(3) By comparing the performances of the four
image processing methods for underwater images
under white laser, it is found that the PSNR value of
the image processed by CLAHE is the largest, indic-
ating that this method maximizes the feature and de-
tail information of the image to the maxmum extent.
The SSIM value of the image processed by the
Laplacian pyramid fusion method is the largest, in-
dicating that this method is good at preserving im-
age features and highlighting edge information.

From the above analysis results, it can be con-
cluded that the white laser light source is more suit-

able for underwater imaging than the LED light
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source. as an underwater illumination source. In addition,

5 Conclusion

According to the principle of underwater laser
imaging, the white laser light source synthesized by
red, green, and blue semiconductor lasers is used as
an underwater light source to realize the image ac-
quisition of underwater imaging, which pro-
vides a new direction for the research of underwater
lighting sources. With red, green, and blue mono-
chromatic lasers and LED white light sources as the
contrast light source, the underwater lighting effect
test experiment was carried out. The experimental
results show that the white laser has high color re-
production, a long imaging distance, and richer tar-
get image information under underwater imaging

condition. It proves the superiority of the white laser
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