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As a technology that combines spectral technology and imaging technology, hyperspectral imaging technology can obtain the spectral and spatial information about the targets effectively. Hence, the underwater hyperspectral imaging technology has a fast development since it was first used underwater. Many kinds of hyperspectral imagers used for underwater detection at different depths were developed. However, the underwater hyperspectral imagers used at deep sea were rarely reported while the required detection depth increased. To satisfy the deep-sea exploration requirements, an underwater hyperspectral imaging system was designed. An optical system with a low F-number and a compact structure was first designed. The F-number of the system is 2.5. The focal length of the objective lens is 25 mm, and the field of view of the objective lens is 35.2°.The wavelength range of the system is from 400 to 1000 nm, and the spectral resolution of the spectrometer is better than 3 nm. The instrument cabin and other structures for waterproofing were designed. A minicomputer used for control communication, data acquisition, and processing was equipped in the actual system. The isolation performance and imaging quality were tested in the laboratory environment. According to the test result, the system has a good imaging quality and spectral detection capability. Also, the system can be used at 6000 m underwater, which may provide a new feasible technical scheme for deep-sea exploration.
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INTRODUCTION
With the development of society, environmental and resource problems are becoming increasingly prominent at the global level. With the increasing abundance of land and space detection means [1–4], people have a deeper understanding of the land and the atmosphere. On the contrary, due to the limitation to detection technology, people have relatively little understanding of the ocean. Many kinds of detection methods, such as remote sensing [5] and acoustic detection [6], were developed to know the ocean. However, the rich information on underwater cannot be fully accessed because the methods mentioned previously were limited by the resolution or detecting depth. Hence, the demand for deep-sea underwater detection with high resolution becomes urgent. As a combination of spectral technology and imaging technology, hyperspectral imaging technology can obtain the spectral and spatial information with high resolution and high efficiency, which can satisfy the demand mentioned previously [7]. So, the hyperspectral imaging technology was put into use for underwater detection by some researchers and developed fast.
The Norwegian University of Science and Technology (NTNU) has begun using underwater hyperspectral imaging technology since long time [8]. A prototype of the underwater hyperspectral imaging system was developed in April 2010 [8]; then, the prototype was mounted on different platforms to carry out the detection work. The system was mounted on a remote operated vehicle (ROV) to carry out the coral reef detection work in 2012. The detection depth reached was 80 m. Through the spectral imaging detection, different kinds of the coral reef can be classified by the spectrum obtained. In 2017, the system was mounted on an ROV and detected an underwater area at 4200 m depth [9]. By using the underwater spectral imaging detection method, manganese nodules in the area were detected successfully. At the same year, the system was mounted on a stationary platform and carried out detection work at 3500 m depth [10]. Different kinds of mineral materials were detected through this detection. In 2018, the system was mounted on an ROV and achieved the detection and recognition of different types of underwater cultural relics at 61 m depth [11]. The Max Planck Institute of Marine Microbiology in Germany has also started research on UHI detection technology since 2013. Two kinds of underwater hyperspectral imaging systems were designed and used in shallow water detection [12, 13]. The inversion of the chlorophyll concentration and classification of different kinds of materials were realized by processing the hyperspectral data obtained by the two systems. The Italian Institute of Marine Sciences has also started research on underwater hyperspectral imaging detection. In 2017, an underwater hyperspectral imager was mounted on the ROV by the Italian Institute of Marine Sciences. The system reached 200 m depth underwater and detected different kinds of materials [14].
According to the study mentioned previously, the detection depths of the underwater hyperspectral imaging detection systems change from shallow water to 4200 m. The systems which can reach deep water are rare. Although the maximal detection depth is deep, it may not be enough for further research in deep water. Hence, a line-scanning underwater hyperspectral imaging system used for deep-sea exploration was designed. Through the design of the optical system, mechanical structure, and electric control system, the underwater hyperspectral imaging system can be mounted on different underwater platforms to access the underwater hyperspectral data. The isolation performance and imaging quality were tested in a laboratory environment. According to the test result, the maximal detection depth of the system can reach 6000 m depth, and the system has a good imaging quality and spectral detection capability, which may provide a feasible plan for deep-sea exploration in the future.
DESIGN OF THE SYSTEM
Optical design of the system
The optical structure of the hyperspectral imaging system mainly includes three parts: the objective lens, spectrometer, and detector. Due to the severe light absorption of seawater at long wavelength [15], the main concerned detecting wavelength range of the system was from 400 to 700 nm. A detector (Basler Ac2040-90um, Germany) with high efficiency from 400 to 700 nm was first chosen. To have a relatively large field of view, the focal length of the objective length was determined as 25 mm. Because the system is used in deep sea where almost no natural light exists, the F-number of the whole system was determined as 2.5 to make full use of the light from the light source and have a relatively high signal-to-noise ratio. The objective lens of the system was designed to have a good imaging quality through focusing when the object distance changes. A prism-grating-prism structure was designed as the dispersion element so that the spectrometer can have a compact structure and small volume. The specification and value of the whole system are shown in Table 1. Simulation was performed by Zemax software, and part of the design result is shown in Figures 1, 2.
TABLE 1 | Design parameters of the optical system.
[image: Table 1][image: Figure 1]FIGURE 1 | Optical structure of the whole underwater hyperspectral imaging system.
[image: Figure 2]FIGURE 2 | MTF curve of the whole system at the central wavelength.
Design of the instrument cabin
The fixing structure of the optical elements and detector was first designed, which is shown in Figure 3A. Then, according to the size of the optical and mechanical structure designed previously, an instrument cabin was designed to resist the water and pressure in deep sea. To have a good water and pressure resistance, the material of the cabin was chosen as TC4 titanium alloy. To have a better resistance of the sea flow and be easy to manufacture, the cabin was designed to be cylindrical. To accommodate the imaging system, the internal diameter of the cabin was determined as 90 mm.Then, the parameters of the cabin can be determined according to Eqs 1, 2 mentioned as follows. D is the internal diameter of the cabin, which was 90 mm. K is the safety parameter, which was 1.5 in this design. [image: image] is the tensile strength of the material, which was 800 MPa for TC4 titanium alloy. Then, the size of the cabin and its end cap can be calculated according to the formula [16]. The calculated result and design values are shown in Table 2. The design result of the whole mechanical structure is shown in Figure 3B. The front and bottom cap are shown in Figure 3C and Figure 3D. Three underwater connectors (SubConn, United States) were installed on the bottom cap to connect with the carrying platform for power supplement and data transmission. As is shown in Figure 3D, the port with 13 cores can supply system power and transmit data at about 100 Mb/s. The ports B and C are used for power supply and control the whole system. The overall length of the piece of equipment was 60 cm, the weight was 16kg, and the lighting mode was passive lighting.
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[image: image]
[image: Figure 3]FIGURE 3 | Mechanical structure design result. (A) Mechanical structure of the hyperspectral imaging system. (B) Mechanical structure of the instrument cabin. (C) Mechanical structure of the front cap of the instrument cabin. (D) Mechanical structure of the bottom cap.
TABLE 2 | Design parameters of the cabin.
[image: Table 2]Design of the electric control system
The frame of the electric control system is shown in Figure 4. The core part of the electric control system is TX2-IPC, which is a minicomputer used for controlling the hyperspectral imager and saving the data accessed by the hyperspectral imager. The detector used in the underwater hyperspectral imager connects with the minicomputer with a USB3.0 data transmission line. The power, command, and data can be transmitted between the minicomputer and camera through the line. The commands sent from the minicomputer are given by the upper computer by the four cores of the eight core ports. The power supply of the whole system was achieved by the two cores of the eight core ports. The remaining two cores connected with the computer, and the computer connected with a 485-communication module to control the focusing stepper motor. The port of the 13 cores was only used for data transmission above water by eight cores through a network cable put inside the cabin. In addition, two cores of the 13 cores were used for power supply. A switch was used to share the data among the ports. Because the instrument works in the water environment, seawater can physically cool the instrument. To increase the safety factor, heat dissipation treatment of the instrument, the inside wall of the cabin, and the control system are coated with thermal silicone grease to ensure the instrument can work normally.
[image: Figure 4]FIGURE 4 | Design result of the electric control system. (A) Framework of the electric control system. (B) Actual structure of the electric control system.
INSTRUMENT PERFORMANCE TEST
Watertight test of the instrument cabin
To verify the watertight performance of the instrument cabin, a watertight test was taken. The instrument cabin was sent to a watertight performance test organization, and the cabin was put into a special pressure tank. The pressure tank generates large pressure inside to test the watertight performance and pressure resistance. The pressure changes with time, and its value is shown in Figure 5. The maximal pressure in the pressure tank increased to 60 MPa and lasted for about an hour. Also, the instrument cabin was flawless, which means the instrument cabin can be used underwater 6000 m.
[image: Figure 5]FIGURE 5 | Pressure curve inside the pressure tank.
Spectral calibration of the optical system
To access the monochromatic image from the raw data obtained by the hyperspectral image, a spectral calibration is necessary. A mercury lamp was used for spectral calibration, and the spectral resolution of the spectrometer at different peaks of the mercury lamp was calculated. The mercury lamp was placed in front of the slit of the spectrometer, and the raw data of the mercury lamp obtained by the spectrometer are shown in Figure 6. One row of the image is the spectrum of the mercury lamp, which is shown in Figure 7. A Gauss fitting method was used to determine the central position of the peaks of the mercury lamp and calculate the full width at half maxima (FWHM). According to the central position and peak wavelength, a linear fitting method was used to calculate the linear dispersion rate. Then, the spectral resolution can be calculated according to Eq. 3. The fitting result is shown in Figure 8. The spectral resolution calculated result is shown in Table.3.
[image: image]
[image: Figure 6]FIGURE 6 | Raw data of the mercury lamp obtained by the spectrometer.
[image: Figure 7]FIGURE 7 | Spectrum of the mercury lamp obtained by the spectrometer.
[image: Figure 8]FIGURE 8 | Linear fitting result of the calibration data.
TABLE 3 | Calibration result of the spectrometer.
[image: Table 3]Underwater hyperspectral imaging experiment
To test the imaging quality and spectral detection capability in the range of 400–700 nm, an underwater environment was established in the laboratory. In addition, two LED sources with 100 W power were placed beside the underwater hyperspectral imager. A mechanical rotating platform was used as the carrying platform to carry out the scanning imaging job. The experiment environment is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Underwater spectral imaging performance test. (A) Underwater hyperspectral imager scanning the color blocks. (B) Underwater hyperspectral imager scanning different objects. (C) Underwater hyperspectral imager scanning the standard whiteboard.
A board with different color blocks was first detected to verify the spectral detection capability of the system. The monochromatic images of different wavelengths are shown in Figure 10. The spectrum of different color blocks is shown in Figure 11. A standard whiteboard was also used as the target to measure the standard spectrum of the light source. The spectrum of the light source is shown in Figure 12. The reflectivity of the different color blocks can be calculated according to the stand spectrum of the light source. The reflectivity curves of different color blocks are shown in Figure 13. The characteristics of the reflectivity curves are consistent with the wavelength range of different colors, which means that the system has a good spectral detection capability.
[image: Figure 10]FIGURE 10 | Monochromatic image obtained by the system. (A) Actual color blocks. (B) Monochromatic image of the color blocks at 455 nm. (C) Monochromatic image of the color blocks at 555 nm. (D) Monochromatic image of the color blocks at 655 nm.
[image: Figure 11]FIGURE 11 | Spectrum of different color blocks.
[image: Figure 12]FIGURE 12 | Spectrum of the standard light source.
[image: Figure 13]FIGURE 13 | Reflectivity of different color blocks.
Different kinds of objects like metal boxes, plastic bottles, and some shells were used as the target. The monochromatic images of different wavelengths are shown in Figure 14. In addition, the spectrum and reflectivity of different objects are shown in Figures 15A,B. As shown in Figure 14, the system has a good imaging quality. Different objects can be classified according to the spectrum or reflectivity curves. According to the detecting results, the system has a good underwater detection capability, which may provide a feasible technical detecting plan for deep-sea exploration.
[image: Figure 14]FIGURE 14 | Monochromatic images of the different objects. (A) Monochromatic images of different objects at 455 nm. (B) Monochromatic images of different objects at 555 nm. (C) Monochromatic images of different objects at 655 nm.
[image: Figure 15]FIGURE 15 | (A) Spectrum of different objects. (B) Reflectivity of different objects.
CONCLUSION
To make up the requirement for high-resolution deep-sea detection, an underwater hyperspectral imaging system was developed. The optical system was first designed according to deep-sea exploration requirements. Then, the mechanical structure and instrument cabin were designed. The electric control system was established. In addition, the communication with the upper computer, control of camera, and data transmission can be achieved by using the internal minicomputer. The multiple performances of the instrument have been tested in the laboratory environment. According to the test result, the spectral resolution of the spectrometer is better than 3 nm, and the system can work underwater 6000 m. Different underwater targets can be distinguished according to the spectrum accessed by the system. The system has a good underwater detection capability and may provide new feasible plans for future deep-sea exploration.
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Thickness of the front cap 13.07 32
Thickness of the bottom cap 13.07 32
Thickness of the cabin wall 5.06 15
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Parameter Value
Focal length of the objective length/mm 2
Wavelength range/nm 400-1,000
Object distance/m 06-12
Field of view/ 352

F# 25

Silt size/mm 0010 x 10
Detector size/pixel 2048 x 2048
Pixel size/micro 55%55
Digitalizing/bit 12
Maximal sample frame rate/fps 25
Spectral resolution of the whole system/nm <3
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