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The analysis and design of
deep-sea lighting field based
on spectral transfer function

Xiangqian Quan1*, Yucong Wei1,2, Kaibin Liu1 and Bo Li1

1Institute of Deep-sea Science and Engineering, Chinese Academy of Science, Sanya, China,
2University of Chinese Academy of Sciences, Beijing, China
Due to the attenuation of light in water, the deep-sea optical imaging system

needs an active lighting system to provide the light source. However, because

of the nonlinearity of light attenuation in spatial dimension and spectral

dimension, the deep-sea lighting differs from terrestrial lighting. In order to

quantitatively analyze and design deep-sea lighting system, we proposed a

precise deep-sea lighting field simulation model and design method based on

spectral transfer function. Firstly, with the analysis of deep-sea lighting-imaging

process, the spectral transfer function in lighting field was analyzed and the

deep-sea lighting model was built. Then, the platform used to study light

attenuation was set up and the attenuation characteristics of light in water were

derived. Moreover, the deep-sea lighting field simulation model was built with

the computer program. Finally, the experiment platform for testing the

underwater lighting field was set up in test pool. The experimental results

show that the deep-sea lighting field computational model is accurate. In

addition, the optimal deep-sea lighting system design was proposed. This study

provides the theoretical basis and experimental data for the design of a deep-

sea lighting system which has far-reaching significance for improving the

efficiency of deep-sea scientific research.

KEYWORDS

underwater optics, underwater imaging, underwater lighting, marine observation,
object recognition
1 Introduction

As the “eye” of deep-sea working platforms such as human-occupied vehicles,

remote-operated vehicles and deep-sea landers, etc., deep-sea optical imaging systems

can obtain a large amount of information in deep-sea exploration. There is no doubt that

deep-sea optical imaging is an important technology for deep-sea resource exploration,

deep-sea mineral development, and deep-sea in situ biological and chemical activities’

observation (Garcia et al., 2013; Jaffe, 2016; Mullen et al., 2016; Giddens et al., 2021; Feng

et al., 2022; Zhou et al., 2022). However, because the propagation of light in water is
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attenuated with an “exponential” form, the illumination of

visible light at a 200m depth is usually less 0.01% than that at

the sea surface and the deep ocean environment below 1000m

depth is dark. Therefore, deep-sea lighting is a prerequisite for

deep-sea optical imaging. However, the nonlinearity of light

attenuation in the spatial dimension and spectral dimension

makes designing a deep-sea lighting system more difficult

(Kocak et al., 2008; Garcia et al., 2013; Jaffe, 2015; Mao et al.,

2017; Du et al., 2020).

Many experts and scholars have carried out a series of

relevant research on a deep-sea lighting system. To acquire

clear deep-sea images, Tommy D. Dickey et al. developed a

multi-angle scattering and absorption detector to analyze the

attenuation characteristics of light in different sea areas with

different water qualities. Then, a theoretical model for analyzing

and designing deep-sea lighting system was proposed (Dickey

et al., 2011). Ron Gray et al. analyzed the advantages and

disadvantages of parabolic, ellipsoidal and spherical as light

distribution elements in a deep-sea lighting system and the

impacts of a smooth surface, ground-glass surface and diffuse

reflective surface on illumination uniformity in the deep-sea

lighting system. Then, a series of design schemes for light

distribution in a deep-sea lighting system were proposed

(Gray, 2004). Considering the high color rendering of white

light and high transmittance of blue light in water, Mark S.

Olsson et al. integrated a white-light light-emitting diode (LED)

and blue light LED in one deep-sea lighting lamp, where two

types of light distribution structures were equipped accordingly.

The blue light LED was suitable for long-distance and small-

field-of-view imaging. The white light LED was suitable for

short-range and large-field-of-view imaging (Olsson, 2012).

Jules S. Jaffe et al. utilized the structured illumination for deep-

sea imaging. The contrast and detection range were enhanced

(Jaffe, 2010). Peter C. Y. Chang et al. improved the visibility

depth of underwater imaging by use of polarization; the results

showed an improvement in contrast and visibility depth (Chang

et al., 2003). To detect in situ underwater microplastics, Huang

H et al. analyzed the light absorption and scattering in the

lighting field for signal correction and calibration. This study is

essential for hyperspectral images in a water environment

(Huang et al., 2021). To acquire high-resolution seabed images

at various depths for scientific research, Jevgenij Guls et al.

developed a suitable lighting module for still images and video

(Guls et al., 2016).

The above research provides a theoretical basis for deep-sea

lighting. However, the attenuation of light is not only related to

the light path but also related the wavelength of light. The

spectral transfer function in deep-sea lighting process should be

considered. Therefore, we proposed a precise analysis model and

design method for the deep-sea lighting field based on the

spectral transfer function. Firstly, by analyzing the spectral

transform function in the deep-sea lighting-imaging process,

several key factors affecting deep-sea lighting were considered
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and a universal deep-sea lighting field computational model

based on spectral transfer function was built. Then, the research

platform used to study light attenuation was built and the

attenuation of light characteristics in water was derived.

Moreover, we built the deep-sea lighting field analysis model

with a computer program. Finally, an experiment platform for

testing the underwater lighting field was set up in the test pool.

The experiment results confirmed the accuracy of the deep-sea

lighting field computational model and put forward an optimal

design for a deep-sea lighting system. This study is significant in

fields such as deep-sea artificial intelligence recognition, deep-

sea real-time image analysis, deep-sea video-image color

correction, deep-sea spectral imaging, deep-sea laser imaging,

deep-sea optical communication, deep-sea in situ optical

detection, etc. It also has far-reaching significance for

improving the efficiency of deep-sea scientific research and

reducing the cost of deep-sea exploration (Yang and Yang,

2009; O'Byrne et al., 2018; Marques et al., 2019; Han et al.,

2019; Tong et al., 2021; Xue et al., 2021).
2 Principle and theory

2.1 The analysis of spectral transfer
function in deep-sea lighting-
imaging process

The essence of optical imaging is photoelectric conversion.

The response function of imaging system EV(l) is shown in

Equation 1:

EV lð Þ = tintegration �
I lð Þ � p f

F

� �2

Cpixel
� QE lð Þ (1)

where l is the wavelength, tintegration is the integration time. I

(l) is the illumination function of lighting system. f/F is the

entrance pupil aperture. F is the F number, f is the focal length,

Cpixel is the size of the camera pixel and QE(l) is the quantum
efficiency. The difference between deep-sea lighting and

terrestrial lighting is the light energy transmission process. To

quantitatively analyze the illumination distribution of the deep-

sea lighting system, we expand the illumination function from I

(l) to I(l)(x,y) on the target surface:

I lð Þ(x, y) = F lð Þ0cos að Þ · e−m lð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−X−L tan qð Þ2+ y−Y−L tanjð Þ2+L2

p
+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2+y2+L2

p� �
=S

a = arctan
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−X−L tan qð Þ2+ y−Y−L tanjð Þ2

p
L

� �
8>><
>>:

(2)

where (x,y) is the coordinate on the target surface, F(l)0 is
the luminous function of lamp (the luminous function conforms

to Lambert’s principle), a is the emission angle of light from

lamp, L is the distance from the lamp surface to target surface, q
is the angle of light in vertical direction and j is the angle of light
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in horizontal direction, m(l) is the attenuation coefficient of

different wavelengths, and S is the illumination range. To analyze

and design a deep-sea lighting system, the attenuation

characteristics of light in water should be studied first.
2.2 The study of light attenuation
in water

To analyze and design the deep-sea lighting system, the light

attenuation was studied. The experimental setup for analyzing

light attenuation coefficient was built as in Figure 1. The light

penetrated through the chopper (which, combined with the

lock-in amplifier, aims to improve the measurement accuracy)

to the monochromator (which aims to decompose the light into

monochromatic light). Then, the light passed through the
Frontiers in Marine Science 03
monochromator to the fiber. The light from fiber was

collimated by the collimator lens. By penetrating the sample

pool, the light struck to the detector of the photo-multiplier

tube (PMT).

Analyzing the experimental data in situations of a vacant

tank, tap water pool and seawater pool showed that the

relationship between the transmittance and wavelength was as

shown in Figure 2A. The relationship between the attenuation

coefficient and wavelength is shown in Figure 2B. The

experimental results indicate that the attenuation of light

changes with wavelength in the form of nonlinearity, and the

attenuation of light in the blue and green bands is smaller than

that in the violet and red bands. In addition, the attenuation

coefficient of light in seawater is higher than that in tap water.

The design of deep-sea lighting is related to the attenuation

characteristics of light in water. Due to the feasibility of the
FIGURE 1

The experimental setup of light attenuation analysis: (A) the schematic diagram of experimental setup; (B) the photo of experimental setup.
A B

FIGURE 2

The analysis of light attenuation: (A) the transmittance of light in the vacant tank, tap water, and seawater; (B) the attenuation coefficient of light
in tap water and seawater.
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experimental verification, we carried out the simulation and

experiment with the attenuation characteristics of tap water to

verify the reliability of the deep-sea lighting field computational

model and used the model to predict the results of the deep-sea

lighting design with different water constituents.
3 Simulation

Based on the analysis of light attenuation and deep-sea

lighting field computational model, we carried out the

simulation design of deep-sea lighting with the computer

program. The schematic diagram of deep-sea lighting system

design is shown as Figure 3. Three types of lamp, such as warm-

light LED, cold-light LED and blue-light LED, were employed in

our simulation and experiment. We added the warm-light LED

to counteract the heavy attenuation of the red wavelength band.

We utilized the cold-light lamp to improve the color rending of

deep-sea images combine with the warm-light LED under

different distances, and we utilized the blue-light LED to

extend the detection range and decrease the energy

consumption because of the high transmittance of blue light.

The coordinate system was established with the camera as the

origin. We installed the lamps separately from the camera to

decrease the back-scattering light. If the lamps were installed

close to the camera, the imaging quality would deteriorate and

affect the results of the experiment. The position coordinates of

two warm LED lamps were (20cm, 0) and (-20cm, 0),

respectively. The position coordinates of two cold LED lamps

were (61cm, 61cm) and (-61cm, 61cm), respectively. The

position coordinates of two blue LED lamps were (122cm,

122cm) and (-122cm, 122cm), respectively. The angle of blue

light LED lamps was 30° inward in the horizontal direction and

vertical direction. The angle of cold light LED lamps was 15°

inward in the horizontal direction and vertical direction. Each
Frontiers in Marine Science 04
lamp has a luminous flux of 10000 lm, a beam angle of 75° and a

power of 110 W.

According to the deep-sea application scenarios, the lighting

distances of the deep-sea lighting system were set to 3m, 6m and

10m. With the lighting distance of 3m, the illumination

simulation results of each LED lamps are shown in Figure 4.

The illumination mean value of each LED ranged from 43.5 LUX

to 124.9 LUX. The illumination uniformities of warm-light LED

lamps are better than that of cold-light and blue-light

LED lamps.

With a lighting distance of 3m, the illumination distribution

of the whole lighting system is shown in Figure 5.

The illumination data of the whole lighting system with a

distance of 3m are shown in Table 1. The maximum

illumination value is 624.7 LUX, the minimum illumination

value is 368.4 LUX, and the mean illumination value is

533.7 LUX. The illumination uniformity is 0.69. According

to the real scene lighting situation, illumination may

cause overexposure.

The illumination simulation results of each LED lamp with a

lighting distance of 6m are shown in Figure 6. The illumination

mean value of each LED lamp ranges from 9.7 LUX to 44.4 LUX.

The illumination uniformities of warm-light LED lamps are

better than those of cold-light and blue-light LED lamps.

With a lighting distance of 6m, the illumination distribution

of the whole lighting system is shown in Figure 7.

The illumination data of the whole lighting system with a

distance of 6m are shown in Table 2. The maximum illumination

value is 233.6 LUX, the minimum illumination value is 177.2

LUX, and the mean illumination value is 214.4 LUX. The

illumination uniformity is 0.83. According to the real situation

of scene lighting, the illumination meets the requirements.

The illumination simulation results of each LED lamp with

a lighting distance of 10m are shown in Figure 8. The

illumination mean value of each LED lamp ranges from 3.73
FIGURE 3

The schematic diagram of deep-sea lighting system design.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1058201
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Quan et al. 10.3389/fmars.2022.1058201
FIGURE 5

The illumination distribution of whole lighting system with a lighting distance of 3m. (A) the 3D view of illumination distribution; (B) the vertical
view of illumination distribution.
FIGURE 4

The illumination distributions of each single LED lamp with a distance of 3m: (A) the illumination distribution of warm light LED_1 on target surface;
(B) the illumination distribution of warm light LED_2 on target surface; (C) the illumination distribution of cold light LED_1 on target surface; (D) the
illumination distribution of cold light LED_2 on target surface; (E) the illumination distribution of blue light LED_1 on target surface; (F) the illumination
distribution of blue light LED_2 on target surface.
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LUX to 13.8 LUX. The illumination uniformities of warm-light

LED lamps are better than those of cold-light and blue-light

LED lamps.

With a lighting distance of 10m, the illumination

distribution of the whole lighting system is shown in Figure 9.

The illumination data of the whole lighting system at a

distance of 10m are shown in Table 3. The maximum

illumination value is 60.2 LUX, the minimum illumination

value is 50.4 LUX, and the mean illumination value is 56.7

LUX. The illumination uniformity is 0.89. According to the real

situation of scene lighting, the illumination cannot meet

the requirements.
Frontiers in Marine Science 06
4 Experiment and result

4.1 The confirmatory experiment

In order to verify the simulation model and design the deep-

sea lighting system, an experiment platform was set up in the test

pool, as shown in Figure 10. Figure 10A shows the experimental

process. Figure 10B shows the diffuse reflective plate with the

size of 3.6m ×1.8m, which is located in the experimental pool.

Figure 10C shows the deep-sea lighting system platform, which

consists of lamps, a power supply, control panel, camera,

monitor and storage, etc. Figure 10D shows the captured
FIGURE 6

The illumination distribution of each single LED lamp with a distance of 6m: (A) the illumination distribution of warm-light LED_1 on target surface;
(B) the illumination distribution of warm-light LED_2 on target surface; (C) the illumination distribution of cold-light LED_1 on target surface; (D) the
illumination distribution of cold-light LED_2 on target surface; (E) the illumination distribution of blue-light LED_1 on target surface; (F) the illumination
distribution of blue-light LED_2 on target surface.
TABLE 1 The illumination distribution analysis with a lighting distance of 3m.

Maximum value (LUX) Minimum value (LUX) Mean value (LUX) Uniformity

624.7 368.4 533.7 0.69
f
rontiersin.org

https://doi.org/10.3389/fmars.2022.1058201
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Quan et al. 10.3389/fmars.2022.1058201
experiment pictures. Based on the picture data, the deep-sea

lighting system can be quantitatively analyzed.

The experiment was carried out in a dark environment. The

diffuse reflective plate was placed on the bottom of the testing pool;

the deep-sea lighting system platform is hang up with the crane. By

controlling the crane, the distance between the diffuse reflective

plate and lighting system can be adjusted. The deep-sea lighting

control system consisted of the power system, monitor, and control

panel. With the electric cable and optical cable, the lighting system

platform can be controlled. There were three types of lamp,

including two warm-light lamps, two cold-light lamps and two

warm-light lamps. Each lamp had a luminous flux of 10000 lm, a

beam angle of 75° and a power of 110 W. By adjusting the lighting

lamp power and the lighting distance, the illumination data on the

target surface could be derived. The experimental results are shown

in Figure 11. The lighting distance was set to 3m, 6m and 10m,

respectively. The power of the lighting system was set to 20%, 40%,

60%, 80% and 100%, respectively. Figure 11A shows the raw

experiment data. Figure 11B shows the illumination distribution

in the red wavelength band. Figure 11D shows the illumination

distribution in green wavelength band. Figure 11D shows the

illumination distribution in blue wavelength band. The

experiment shows that 1) the illumination on target surface

decreases with an increase in lighting distance; 2) the illumination

on the target surface increases with an increase in lighting LED

power; 3) the illumination distribution in the middle of target

surface is brighter than that at the edge of the target surface; 4) the

uniformity of illumination increases with an increase in lighting
Frontiers in Marine Science 07
distance; 5) the bright spots in the picture are caused by the back-

scattered light in the water; and 6) the illumination on the target

surface with a lighting distance of 3m is oversized and the pictures

are overexposed. This overexposure exists in red, blue and green

wavebands. The optimal lighting power for red light is 80%, for

green light this is 40%, and for blue light it is 60%, respectively.

Overall, the optimal power setting is 40%. 7) the illumination on the

target surface with a lighting distance of 6m is suitable and the

picture is acceptable. Overexposure exists in the green waveband.

The optimal lighting power for red light is 100%, for green light is

80%, and for blue light is 100%, respectively. Overall, the optimal

power setting is 80%. 8) the illumination on the target surface with a

lighting distance of 10m is low and the picture is underexposed. The

optimal lighting power for red light, green light and blue light is

100%. However, this setting, with the power setting of 100%, cannot

meet the lighting acquirements. Based on the analysis, the

experimental results are consistent with the simulation results.
4.2 The deep-sea lighting field design

After verifying the reliability of the deep-sea lighting field

calculation model, we designed the deep-sea lighting based on

the attenuation characteristics of light in deep-sea, as in Figure 2.

We adopted the same lamp configuration as above. The

simulation results are shown in Table 4. This shows that the

optimal imaging distance is 3 M. With changes in the imaging

distance, the optical power needs to be adjusted accordingly. The
TABLE 2 The illumination distribution analysis with a lighting distance of 6m.

Maximum value (LUX) Minimum value (LUX) Mean value (LUX) Uniformity

233.6 177.2 214.4 0.83
f

FIGURE 7

The illumination distribution of whole lighting system with a lighting distance of 6m. (A) the 3D view of illumination distribution; (B) the vertical
view of illumination distribution.
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FIGURE 9

The illumination distribution analysis of whole-lighting system with a lighting distance of 10m. (A) the 3D view of illumination distribution; (B) the
vertical view of illumination distribution.
FIGURE 8

The illumination distribution of each single LED lamp with a distance of 10m: (A) the illumination distribution of warm-light LED_1 on target surface;
(B) the illumination distribution of warm-light LED_2 on target surface; (C) the illumination distribution of cold-light LED_1 on target surface; (D) the
illumination distribution of cold-light LED_2 on target surface; (E) the illumination distribution of blue-light LED_1 on target surface; (F) the illumination
distribution of blue-light LED_2 on target surface.
Frontiers in Marine Science frontiersin.org08
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optimal luminous flux under different distances is proposed in

the last column of Table 4. With the increase in distance, the

illuminance value on the target plane decreases and the

uniformity of illuminance gradually increases.
5 Conclusion

Based on the experiment and simulation results, the

following conclusions can be drawn: 1) When designing deep-

sea lighting system, the attenuation characteristics of different

wavelengths, as well as the spectral characteristics of different

light sources, should be considered. 2) The simulation model has

higher reliability for deep-sea lighting field simulation models, as

that based on the spectral response function can overcome the

influence of different wavelength attenuations under different

water quality environments. 3) Generally, the red wavelength

light decays more than blue light. If high-color-rendering

pictures are required, the components of warm light should be

increased. If an increased detection range and energy
Frontiers in Marine Science 09
conservation are required, the components of blue light should

be increased. 4) Due to the nonlinearity of light attenuation in

water, the deep-sea lighting field design is also nonlinear. The

deep-sea lighting field design should be carried out according to

specific environments.
6 Discussion

Deep-sea lighting is a prerequisite for deep-sea optical imaging.

It is also the technical basis for a series of deep-sea optical detection

scenes. However, there is a huge difference between deep-sea

lighting and terrestrial lighting. This paper proposed a deep-sea

lighting field simulation model based on spectral response function

and an optimal deep-sea lighting design. Firstly, by analyzing the

spectral transfer function in the deep-sea lighting-imaging process,

several key factors affecting deep-sea lighting were considered and

a universal deep-sea lighting field computational model based on

spectral transfer function was built. Then, the platform for studying

the light attenuation was set up and the light attenuation
FIGURE 10

The experiment platform for deep-sea lighting system testing. (A) the experimental process; (B) the diffuse reflective plate with the size of 3.6m
×1.8m; (C) the deep-sea lighting system platform; (D) the captured experiment pictures.
TABLE 3 The illumination distribution analysis with a lighting distance of 10m.

Maximum value (LUX) Minimum value (LUX) Mean value (LUX) Uniformity

60.2 50.4 56.7 0.89
f
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characteristics were derived. Moreover, the deep-sea lighting field

was quantitatively analyzed with a computer program. Finally, an

experimental platform was set up to test the underwater lighting

system. The result shows that the deep-sea lighting field

computational model is accurate. The model can simulate

different situations with different lamps, different angles, different

lamp array positions, different water qualities and differen\t

imaging distances. This study is significant in fields such as

deep-sea artificial intelligence recognition, deep-sea real-time

image analysis, deep-sea video image color correction, deep-sea

spectral imaging, etc. It also has far-reaching significance for

improving the efficiency of deep-sea scientific research and

reducing the cost of deep-sea exploration.
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TABLE 4 The illumination distribution analysis in deep-sea environment.

Distance Maximum value (LUX) Minimum value (LUX) Mean value (LUX) Uniformity Optimum light flux (×105 lm)

1M 748.3 244.0 443.2 0.33 2.7

2M 466.0 165.1 343.9 0.48 3.5

3M 265.1 126.4 214.2 0.59 5.6
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6M 44.2 29.7 39.3 0.75 30.5

7M 24.1 17.0 21.7 0.78 55.3

8M 13.2 9.6 12.0 0.81 100.0

9M 7.2 5.4 6.6 0.82 181.8

10M 3.9 3.0 3.6 0.84 333.3
FIGURE 11

The experimental results of deep-sea lighting design. (A) the raw experiment picture data; (B) the illumination distribution in red wavelength
band; (C) the illumination distribution in green wavelength band; (D) the illumination distribution in blue wavelength band.
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