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          This study proposes a method for underwater sonar image mapping for aquatic structural environments. Sonar is commonly used in autonomous maritime vehicles (AMVs) owing to the limitations of optical sensors; however, its low resolution and noise make pose estimation difficult, requiring support from global positioning system (GPS) or Doppler velocity log (DVL)-based navigation. However, GPS is not appropriate for all cases owing to jamming and interference in structural environments such as floating infrastructures, dams, and power plants, and underwater navigation sensors are vulnerable to several situations such as shallow water, interference with underwater structures, and unstable signal processing. Consequently, for the aquatic structural areas, we used the results of light detection and ranging (LiDAR) odometry and mapping in water surface environments to improve the accuracy of underwater sonar mapping. When compared to using only sonar data, the proposed method could obtain navigation data for AMVs easily and accurately. We verified the proposed method by conducting field tests, and the results showed high-precision sonar image mapping of the underwater environment in a turbid and low-depth underwater environment. Therefore, the proposed LiDAR-based alignment enabled mosaic mapping with better continuity and fewer distortions, as well as localization trends in field tests.
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      1. INTRODUCTION
      Autonomous maritime vehicles (AMVs) perform various missions, including underwater mapping, underwater environment investigation, and underwater operations. For the safety and accuracy of the missions, the AMVs have to know their location in the work environment. One of the most widely used localization methods is simultaneous localization and mapping (SLAM) [1]. However, underwater SLAM continues to face difficult challenges because many underwater conditions are worse than land conditions.

      The limitations of positioning using sensors such as the global positioning system (GPS) are a typical problem in underwater localization. To solve the unavailability of GPS, underwater navigation sensors such as ultra-short baseline (USBL) and long baseline (LBL) have been used to collect navigation data using acoustic pings. These devices are unconstrained in underwater environments, but they are vulnerable to multipath propagation, echoes, and refraction at water layers [2,3].

      These sensor limitations affect not only positioning but also underwater visualization. AMVs can perceive their surroundings primarily using optical or acoustic vision. Because optical cameras can produce high-resolution images researchers have focused on mapping underwater environments using optical vision [4-6]. Owing to water turbidity, low visibility, and saturation distortion, optical vision can only be used in short-range and clear environments underwater. Consequently, acoustic vision has been used to replace optical vision in underwater mapping because acoustic signals can travel longer distances even in turbid and dark conditions [7,8]. Studies have investigated object recognition and mapping using imaging sonars operating across different frequency bands [9-11].

      However, despite its advantages in underwater environments, imaging sonar produces lower-resolution images than an optical camera, thereby significantly affecting the position estimation of AMVs as well as visibility. Multi-sensor systems have been proposed to improve the sonar image quality and localization information [12-17]. However, these methods are better suited for fast scanning in large areas rather than low-depth and narrow environments.

      Moreover, underwater environment characteristics, similar to the aforementioned sensor constraints, adversely affect underwater SLAM. In contrast to land environments, where many landmarks exist and the robot easily recognizes features from its surroundings, underwater environments exhibit relatively monotonous and repetitive patterns. These differences cause the AMVs to recognize other landmarks as identical or fail in identifying features in a non-landmark environment, resulting in localization failure. Therefore, researchers have proposed scanning artificial underwater structures or installing known landmarks arbitrarily to solve these landmark problems [18-24].

      In this study, we proposed a method for performing high-precision underwater sonar image mapping using the water surface localization method in aquatic structural environments such as nearshore structural areas, dams, and power plants. We obtained location information using light detection and ranging (LiDAR), which has high accuracy in water surface SLAM, as verified in previous studies [25-27]. Finally, by applying location information obtained from the water surface to underwater mapping, the proposed method allows AMVs to perform underwater mapping even in underwater areas where sonar imaging is degraded owing to a lack of distinctive features or sonar reflection issues and underwater navigation sensors fail to detect.

      The paper is organized as follows. Section II describes the characteristics of underwater sonar imaging. Section III introduces a method to obtain location information through LiDAR and generate a sonar image mosaic map. Section IV presents the field test and its results. Finally, Section V presents the conclusion.

    

    

  
    
      2. CHARACTERISTICS OF UNDERWATER SONAR IMAGING
      The imaging sonar produces two-dimensional (2D) sonar images by insonifying multiple acoustic beams and measuring the intensity and time-of-flight (TOF) of the returned beams. The multiple acoustic beams are spread in the azimuth direction (θ) and elevation direction (ϕ), as shown in Fig. 2, which makes the imaging sonar have a field of view (FOV) in the azimuth direction and a spreading angle in the elevation direction. Because the acoustic beams are spread in the azimuth direction, the imaging sonar generates fan-shaped images of the observed area after the interpolation process, as shown in Fig. 2, with the intensity f the generated images determined by the range value (r), TOF value, and sound velocity.

      
        
        

        Fig. 1. 
				
        

        
          Schematic view of proposed method.
        
        

        

      

      
        
        

        Fig. 2. 
				
        

        
          Configuration of imaging sonar.
        
        

        

      

      The three-dimensional (3D) point, P3D, of the spherical coordinates of the observed area is expressed in Cartesian coordinates as follows:
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      While generating sonar images, the 3D points are projected onto the sonar image and changed to 2D points, P2D, as follows:
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      Therefore, because the resulting sonar image lacks elevation information (ϕ), it is difficult to estimate the height using only a single sonar image, which might be detrimental to several underwater missions.

      The disadvantages of imaging sonar systems can be overcome in two methods: Using navigation data from other sensors or using a height-estimation method based on sequential 2D sonar images. Previous studies showed that high-precision 3D reconstruction and mapping could be performed using the highlight of sonar images. [18,31-33] Furthermore, it was verified that imaging mosaicking using sequential 2D sonar images generated a higher-precision sonar image map than using navigation data. [33] It used a frequency-analysis-based method to register successive sonar images rather than a feature-based method because sonar images contain fewer features than optical images. However, mapping methods that rely solely on sonar images perform poorly when the scanned sonar images contain excessive noise. For example, when imaging sonar scans a shallow-water region, such as a nearshore area, which includes structures such as dam outlets or cooling water intake facilities, 2D sonar images are difficult to match because the generated sonar images lack effective regions, as shown in Fig. 3.

      
        
        

        Fig. 3. 
				
        

        
          Comparison of sonar images; (a) Valid image of object, (b) invalid image.
        
        

        

      

    

    

  
    
      3. PROPOSED METHOD
      In this study, we propose a sonar-based mapping method that uses localization information from LiDAR SLAM in an aquatic structural environment. The proposed method involves three main processes, as shown in Fig. 1: LiDAR SLAM on the water surface, transformation of localization data on the water surface and underwater navigation data, and sonar image mapping using processed localization data. Because transmitting and receiving underwater navigation data is difficult, obtaining position data on the water's surface is more convenient. Therefore, in this study, we first performed localization and mapping on the water surface environment before applying the results to underwater sonar image mapping.

      
        3.1 Localization in water surface environments
        We used LiDAR odometry and mapping methods on the water surface to scan landmarks such as nearshore structural areas, dams, and power plants. Several LiDAR SLAM methods have been investigated, with low-drift and real-time LiDAR odometry and mapping (LOAM) [28,29] being a representative example. LOAM extracts edge and plane features from LiDAR point clouds, estimates odometry by matching features, and maps, but has a long computation time and reduced performance with limited resources. To address these issues, LeGO-LOAM [30] was proposed, which increases efficiency by segmenting ground points prior to feature extraction and employs a two-step Levenberg–Marquardt optimization to reduce 6D transformation computation time.

        We used LeGO-LOAM in the proposed method because of its short computational time, which is important for localizing robots operating in field environments. Although the proposed method targets water surface-underwater areas that include structures, and the LiDAR odometry and mapping algorithm is ground-optimized, the extraction of planar features is not significantly affected by the target area.

      

      
        3.2 Application of LiDAR SLAM data for high-precision underwater image sonar mapping
        To solve the problem of the underwater sonar image mapping method, we propose a method that uses localization data acquired from LiDAR odometry and mapping on a water surface. We extract 3D point data (x, y, z) from LiDAR odometry and mapping, integrate them with navigation data from the pressure sensor and Doppler velocity log (DVL), and generate optimized localization information, thereby enabling sonar image mapping.

        To address the sensor synchronization issue, we used the imaging sonar timestamp as a synchronization reference because it operates at the lowest frequency among the sensors. To ensure temporal alignment, LiDAR and DVL system data closest in time to each sonar frame were selected and stored.

        Considering that the proposed method's main purpose is underwater mapping, applying the entire LiDAR odometry and mapping results is inappropriate. For example, z data from LiDAR indicate the range in the z-direction from LiDAR to the water surface, which is not required for sonar image mapping. Therefore, we used x and y data in the Cartesian coordinates from the LiDAR mapping result, depth data from the pressure sensor, and roll, pitch, and yaw data from the DVL data to generate localization data for the proposed method. Assuming that the DVL and pressure sensor data share the same x- and y-coordinate frames by locating them in the same position, the two sensors could be regarded as one system, that is, the "DVL system." When integrating the two data, that is, data from the LiDAR and DVL systems, we transform LiDAR mapping data to the expected DVL system data in the corresponding time.

        Fig. 4 (a) shows a simple modeling of the AMV for converting LiDAR mapping data, and the coordinate frame of each sensor is shown in Fig. 4 (b). Sn is the position vector of the nth recording from the position of the DVL system to that of LiDAR in the global coordinate. Therefore, the initial vector So represents the distance between the two sensors prior to AMV operation, and the vector relationships can be expressed as follows:

        
          
          

          Fig. 4. 
				
          

          
            Coordination of sensors’ position; (a) Modeling and coordinate frame of Autonomous Maritime Vehicle (AMV), (b) Coordinate frames of light detection and ranging (LiDAR) and doppler velocity log (DVL).
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        where Rn is a 3D rotation transformation matrix determined by the roll, pitch, and yaw angles of the AMV measured by the DVL.

        Because the proposed method targets aquatic structural environments or nearshore shallow water with artificial structures rather than the open sea, we assume that the wave-induced disturbance is not large enough to affect the control of the AMV. Therefore, the AMV is expected to experience limited roll and pitch variation, and the data are then processed using rotation transformation to align with the sonar image mapping.

        Provided that the roll, pitch, and yaw angle data of the DVL and the initial position difference of the two sensors are known, the expected DVL system data, xDVL,n, yDVL,n, and zDVL,n could be calculated. Finally, using the x, y, and heading information from the integrated transformation data, a high-precision 2D mosaic sonar map could be generated.

      

    

    

  
    
      4. EXPERIMENT & RESULT
      
        4.1 Experimental setup
        We used a hovering-type AMV, Cyclops, developed at Pohang University of Science and Technology (POSTECH), as shown in Fig. 5 (a). [35] Using eight attached thrusters, this AMV can move in surge and sway directions in a lawnmower trajectory without changing the yaw angle, as well as perform several underwater missions with sensors such as DVL, pressure sensors, fiber-optic gyros, and imaging sonar. Furthermore, we installed a LiDAR measurement system on the upper part of Cyclops. The specifications of Cyclops are listed in Table I.

        
          
          

          Fig. 5. 
				
          

          
            AMV based sea-trial; (a) Hovering type AMV “Cyclops”, (b) Field test operation, (c) Field test environment.
          
          

          

        

        
          Table 1. 
				
          

          
            Specification of hovering-type AMV CYCLOPS in this study
          
          

        

        
          
            
              	Weight
              	220 kg in air
            

          
          
            	Dimension
            	900 mm × 1500 mm × 900 mm
          

          
            	Depth rating
            	100 m
          

          
            	Propulsion
            	8 thrusters (475 W)
          

          
            	Max. speed
            	2 knots
          

          
            	Power source
            	24 VDC (600 Wh with 2 Li-Po batteries)
          

          
            	Computer system
            	PC-104 × 2 (Window), Jetson TX2 (Linux)
          

          
            	Sensors
            	Imaging sonar (1.1 MHz/1.8 MHz) Digital pressure transducer
Doppler velocity log (1.2 MHz)
Strobe light
Fiber-optic gyro
3D LiDAR(OS2-64)
          

        

        

        The maximum measurement range of LiDAR is 240 m, with a false positive rate of 1/10000, which is determined by Lambertian reflectivity, sunlight, and detection probability. It has a vertical FOV of 22.5° (±11.25°) with a resolution of 64 channels, a horizontal FOV of 360° with a resolution of 1024, and a scan rate of 10 Hz.

      

      
        4.2 Field test
        We conducted a field test in the nearshore area of Janggilbay, Pohang, Republic of Korea. Cyclops scanned a 14 × 17 m seabed area with a lawnmower trajectory, measuring depths ranging from 0.7–1.9 m and an average of 1.5 m. Cyclops is generally submerged for underwater missions; however, in this study, it was operated with the LiDAR system partially above the water surface while the rest of the vehicle remained submerged, as shown in Fig. 5 (b), because the proposed method requires scanning aquatic facilities with LiDAR as well as scanning the seabed using imaging sonar.

        Seven artificial landmarks were used to conduct underwater scanning using imaging sonar. The following objects served as landmarks: an aluminum cylinder, a tire, a sphere-shaped plastic container, three designed landmarks made of bricks (arrow, C, and F shapes), and a red toy car. During the experiment, we controlled the speed of Cyclops to maintain adequate overlap between sonar images. The (b) detailed specifications of the imaging sonar and LiDAR used in the experiment are listed in Table II.

        
          Table 2. 
				
          

          
            Specifications of imaging sonar(DIDSON) used in experiment
          
          

        

        
          
            
              	Operating frequency
              	1.1/1.8 MHz
            

          
          
            	Number of acoustic beams
            	96
          

          
            	Tilt angle
            	30°
          

          
            	Spreading angle
            	14°
          

          
            	Range
            	0.5 – 10 m
          

          
            	Frame rate
            	5-20 fps
          

        

        

        For LiDAR odometry and mapping, the nearshore environment with various artificial structures scanned by LiDAR in the field test is shown in Fig. 5 (c). LiDAR data was acquired using an Nvidia Jetson TX2, and the proposed method, LeGO-LOAM, was implemented in C++ on a laptop with an i7-6900K. Both processes were executed using the robot operating system (ROS) in Ubuntu 18.04 Linux.

      

      
        4.3 Experimental Result
        All of the sonar images and DVL system data in the experiment contained 21638 frames, and the trajectory data acquired from LeGO-LOAM contained 535 points. After excluding frames with overly overlapped images and trajectory points with fewer movements, 409 datasets were used.

        The point cloud mapping and trajectory results of LiDAR odometry and mapping are shown in Fig. 6. Furthermore, we compared our results to other ones by controlling the ground estimation in the LeGO-LOAM algorithm, as shown in Fig. 7. The groundScan factor shown in Fig. 7 indicates the approximate number of scans representing the ground, and we controlled the factor to 1, 10, and 15 (default). The resulting trajectories showed that the average errors in the x and y coordinates were approximately 7 cm, indicating that applying ground-based LiDAR odometry and mapping algorithms to the water surface environment can provide sufficient accuracy when adequate landmarks are available.

        
          
          

          Fig. 6. 
				
          

          
            Point cloud mapping with LiDAR and trajectory. Right upper is a satellite map [34] for comparison.
          
          

          

        

        
          
          

          Fig. 7. 
				
          

          
            Trajectory comparison of LiDAR mapping based on groundestimation factor.
          
          

          

        

        Based on the processed localization data, we generated sonar image maps and trajectories of the three cases to compare, as shown in Figs. 8 and 11. Fig. 9 shows detailed sonar mosaic images of all landmarks used in the experiment, arranged alphabetically based on the scanning sequence in the experiments shown in Fig. 8 (b) and (c), using the proposed method. In comparison to other cases, using sonar images alone made it impossible to generate a sonar image map because image mosaicking occurred at the same location owing to several low-depth and monotonous pattern areas in the experiment. Considering that the mapping method with sonar images only generates a trajectory after matching sequential sonar images, the trajectory showed less accurate results than the other cases.

        
          
          

          Fig. 8. 
				
          

          
            Comparison of 2D mosaic sonar maps of nearshore seabed area, Descriptions of the objects labeled a–g are provided in Fig. 9.: (a) Sonar images only, (b) DVL data only, (c) Proposed method.
          
          

          

        

        
          
          

          Fig. 9. 
				
          

          
            Detailed sonar mosaic images of landmarks through proposed method: (a) Aluminum Cylinder, (b) Arrow shape, (c) Sphere-shaped plastic container, (d) F-shape, (e) C-shape, (f) Toy car, (g) Tire.
          
          

          

        

        The trajectory and mapping results from using only DVL system data were similar to those of the proposed method. However, a significant error occurred in the middle section when only DVL system data were used. This difference shows that the DVL system alone may malfunction in specific situations, such as drift current, communication error, and the accumulation of calculation errors during the navigation process, whereas LiDAR can collect precise data. Comparing the two cases, the first four installed landmark— an aluminum cylinder, arrow-shaped, F-shaped artificial landmarks, and a sphere-shaped plastic container—showed similar results. However, the results of the other three landmarks, a C-shaped artificial landmark, a toy car, and a tire, showed clear differences between the two cases. Images were incorrectly projected onto the wrong location owing to trajectory errors in the method that only used the DVL system, even though they did not have overlapping areas. Therefore, the method using the DVL system only generated partially interfered mosaic images of a C-shaped artificial landmark and a toy car, whereas the proposed method generated accurate results consistent with recorded sonar images, as shown in Fig. 10 (a) and (b). In the case of the tire, only a partial image was obtained because it was located slightly outside the planned scanning trajectory. The proposed method generated a mosaic sonar map where the observed part of the tire could be found, as shown in Fig. 9 (g). However, in the case of the method using only the DVL system, the tire could not be found in the mosaic sonar map, indicating a clear difference between the two methods, as shown in Fig. 10 (c).

        
          
          

          Fig. 10. 
				
          

          
            Comparison of detailed results for the landmarks which were showing clear differences between two methods; (a) C-shaped landmark, (b) Toy car, (c) Tire.
          
          

          

        

        
          
          

          Fig. 11. 
				
          

          
            Trajectory comparison of sonar image mapping
          
          

          

        

      

    

    

  
    
      5. CONCLUSIONS
      We proposed a method for high-precision imaging sonar mapping in aquatic environments with artificial structures, based on LiDAR odometry and mapping on the water surface. The proposed method used LiDAR odometry and mapping methods, and the LiDAR trajectory was combined with DVL system data to optimize localization data for underwater sonar image mapping. The proposed method verified that it was capable of generating a mosaic sonar image map with higher resolution than a sonar sensor or DVL system only. Furthermore, the method may be less affected by drift current and the error of underwater navigation sensors.

      Future research can improve AMV localization and mapping by developing systems that generate accurate 3D maps of underwater structures using high-precision localization. These maps can be used to detect and visualize defects such as cracks, corrosion, or damage on the structural model, allowing more accurate inspection and management. Furthermore, addressing challenging environments, such as those with sparse landmarks or floating debris on the water surface, can be expanded to include those that may interfere with LiDAR scans. Considering that the validation of the proposed method is confined owing to practical constraints, future research can focus on a more robust evaluation method. Therefore, with such capabilities, autonomous robots are expected to be deployed in confined or extreme environments with limited human access.
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