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Abstract. Based on the analysis of the actual processing environment, this paper first builds a fast detection 
system based on binocular vision for the detection of the machining accuracy of ship curved plates. The visual 
sensors and lenses in the system are analyzed and selected. After selection, the binocular vision is calibrated 
using Zhengyou Zhang’s calibration method, and visual distortion is corrected through matrix transformation. 
Then, in order to complete the calculation of the curvature of the ship’s curved board, a curvature calculation 
model for the ship’s curved board was constructed. The model can calculate the curvature information and 
depth information of the curved board, and then solve the curvature information and depth information mod-
els separately using the least squares method. Finally, to verify the accuracy of the visual system, a simulation 
experimental platform based on software and hardware was built. After simulation experiments, the curvature 
error probability and measurement time of the curved board were obtained, and the results met expectations.
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1   Introduction

In recent years, due to the increase in transportation, military and maritime activities, China’s shipbuilding indus-
try has developed rapidly, ranking among the top in the international market share. Currently, it has become one 
of the world’s most important shipbuilding bases and has also developed multiple shipyards with global status. 
According to the latest data released by the China Shipbuilding Industry Association, the international market 
share of China’s three major shipbuilding indicators, in terms of deadweight tonnage and corrected total tonnage, 
remains world leading. Although China is a world leader in shipbuilding scale, there is still a significant gap be-
tween China and traditional shipbuilding powers in shipbuilding technology and ship manufacturing inspection 
technology. Therefore, strengthening the research and development of green products, eliminating and improving 
outdated production and manufacturing inspection processes, enhancing the core competitiveness of shipbuilding 
enterprises, and promoting high-quality development strategies are the development goals of China’s shipbuild-
ing industry [1].

The manufacturing of large ship hulls is carried out by welding a large number of curved steel plates of dif-
ferent styles according to the construction process of the hull. The outer plate of the hull is a large complex free-
form surface with a certain curvature. Due to the numerous types and tonnages of ships, as well as the complex-
ity of the hull profile compared to a single hull, there are complex rib lines, height/horizontal inspection lines, 
longitudinal and transverse joint lines, etc. These lines determine the degree of ship formation. Due to the large 
thickness and high strength of ship curved plates, there are many factors that affect the local deformation of the 
plates during the processing. It is difficult to process the curved plates in one go and generally requires multiple 
processing and measurements, which is a multi-step asymptotic process. In the process of forming ship curved 
plates, it is particularly important to monitor the forming status of curved plates in order to accurately determine 
whether the forming meets the processing requirements and to correct the processing parameters for the next 
step. The main detection object of this article is the ship’s single curvature board, as it is mainly used in ships [2].

Traditional ship curvature detection relies on manual labor, using tools such as triangular templates and flexi-
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ble templates, which are labor-intensive and cumbersome to operate. More importantly, traditional manual mea-
surement methods have low measurement efficiency, poor accuracy, and unquantifiable errors. The development 
of computer vision technology provides technical support for non-contact and rapid measurement methods. 
Currently, digital detection methods represented by binocular 3D vision measurement technology have signifi-
cant advantages such as high detection efficiency, high accuracy, non-contact, and low cost, and have been wide-
ly applied in the automation detection industry. Binocular vision is an important function in the human visual 
system. By observing an object with both eyes simultaneously, we can perceive and understand its three-dimen-
sional shape, size, and depth information. In the field of computer vision, using binocular vision for object size 
measurement has become a common and effective method. Binocular vision is the use of two cameras to capture 
object information in the same scene, and then obtain depth information relative to the camera imaging plane in 
the 3D scene from the captured images based on the principle of triangulation [3].

Therefore, this article focuses on the measurement of single curvature plates on ship curved boards as follows:
1) Based on the actual situation, the processing environment was analyzed, and the design parameters of the 

visual system were determined accordingly. A binocular vision inspection system was built, and the selection of 
cameras and lenses was completed;

2) In terms of precision adjustment of the camera, matrix equations were established for the camera, and cam-
era calibration and visual distortion correction were performed through matrix transformation;

3) A curvature and depth information model for ship curved plates was established, and the least squares 
method was used to solve the curvature and depth information of the curved plates;

4) In order to verify the rationality of the visual system in this article, a simulation experimental environment 
was built and a complete software system framework was constructed.

2   Related Work

There are many scenarios where binocular vision is applied to size measurement. Zhengjia Wang uses binocular 
vision to measure the outer contour of vehicles. Firstly, the vehicle images captured by binocular cameras are 
corrected, and an improved stereo matching algorithm is used to calculate and generate the vehicle disparity 
map. Based on the principle of binocular vision 3D measurement, calculate the vehicle contour disparity infor-
mation for 3D reconstruction and generate the vehicle point cloud. Aiming at the problem of missing vehicle 
contour data in camera blind spots, a point cloud symmetry repair method based on license plate recognition was 
designed to generate a complete 3D contour of the vehicle. The experimental results show that the measurement 
indication errors of the three vehicle models are all less than 1% [4].

Jiawei Zhang proposed a pipe diameter measurement method that integrates multiple sets of binocular vision 
systems. Multiple sets of binocular cameras are used to capture images, reconstruct 3D images, and fuse coor-
dinates of multiple laser markers projected on the pipeline measurement section. The external pipe diameter, 
ellipticity, and other dimensional parameters are obtained through ellipse fitting. This method achieves automatic 
matching of feature points through affine distance transformation algorithm, and uses an optimized point cloud 
registration algorithm with normal vector constraints to ensure the accuracy of coordinate fusion. The experimen-
tal results show that the relative error measured by the system is within ± 0.570%, the maximum repeatability 
standard deviation is 0.551 mm, and the longest measurement time is 1.5 seconds [5].

Xiaoyu Yan from Anhui University designed a stereo vision system based on the principle of binocular mea-
surement, combining OpenCV and Matlab, to achieve distance information between the camera and the target 
object. The system used BM (Block Matching) stereo matching algorithm to complete stereo correction and 
matching of the camera in the VS2017 environment and OpenCV 3.4.7 library, thereby obtaining a disparity 
map; Finally, a binocular camera was used in the experiment, and code was written to obtain the corresponding 
world coordinates by clicking on the disparity map with the mouse to measure the object distance; The experi-
mental results show that when the distance between the measured object and the camera’s optical center is within 
the range of 500-700 mm, the relative error percentage between the measured distance and the actual distance is 
between 0.171% and 0.192%, and the experimental error is less than 5% within 2950 mm, which meets the ex-
perimental accuracy requirements [6].

In the field of automated detection of ship curved plates, some scholars have also conducted research, but 
there are relatively few related achievements. Now, representative research results will be summarized and their 
respective shortcomings will be analyzed.

Liang Zhao proposed a computer binocular vision measurement method based on structured light assisted 
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scanning for the complex working environment in shipbuilding sites and the large-scale curved plates of ship 
hulls. Using the Zhengyou Zhang calibration method to calculate the internal and external parameters of the 
camera, laser lines are initially extracted from the image based on color space and morphological processing. 
The sub-pixel level laser centerline is obtained using the Steger algorithm based on the Hessian matrix. The laser 
point coordinates are calculated using the epipolar matching method, and edge points are selected based on the 
second-order partial derivative. This non-contact measurement method has high accuracy and good applicability, 
and can meet the requirements of curved plate detection in shipbuilding. However, the article only proposes a de-
tection method and has not formed a rapid detection system [7].

Shunshun Zhao developed an in-situ detection and automatic adjustment system based on line laser multi vi-
sion technology suitable for the CNC 3D bending machine processing site, in order to achieve fast and accurate 
in-situ detection and automatic adjustment of ship curved plates through progressive forming. A detection system 
scheme and structural parameters were designed, and key technologies such as system calibration, line laser 3D 
reconstruction, point cloud registration, calculation of ship plate forming deviation and sheet rebound were stud-
ied. A software system for in-situ detection and automatic shape adjustment based on the Windows platform was 
developed. The results show that the measurement error of the system is less than ± 1mm, the single measure-
ment time is less than 30s, and the field of view is larger than the bending machine processing area of 2750mm 
× 2750mm, which meets the requirements of in-situ detection and automatic shape adjustment of ship plates in 
the CNC 3D bending machine processing process. However, the entire system takes a long time to measure and 
cannot meet the requirements for rapid detection [8].

Delin Hu proposed a non-contact computer vision based photogrammetric method for ship hull curvature. The 
camera calibration algorithm was used to calibrate the internal and external parameters of the camera. To obtain 
more feature information on the surface of the ship hull curvature, a photogrammetric method was proposed 
by projecting structured light onto the surface of the ship hull curvature; And based on the AKAZE feature ex-
traction algorithm, the KNN machine learning algorithm is combined with the RANSAC algorithm for feature 
matching and optimization. The feature-based quasi dense diffusion algorithm is used to achieve high-precision 
3D reconstruction of the ship’s curved plate. A computer vision based binocular photogrammetry system is built 
for camera calibration experiments and ship’s curved plate measurement experiments, with measurement errors 
less than 1 mm, meeting the accuracy requirements of shipbuilding. However, the article did not provide a de-
tailed introduction to the construction process of the measurement system, lacking a more effective understand-
ing of its significance [9].

Therefore, this article proposes a design of a rapid retrieval system for the forming accuracy of ship curved 
plates based on binocular vision, and provides a detailed introduction to the curvature measurement method. The 
composition of the article is as follows: Chapter 2 is about the research results of relevant scholars, Chapter 3 
mainly introduces the construction process of the binocular vision detection system, Chapter 4 is the method and 
process of measuring the curvature information of ship curved plates, Chapter 5 is the simulation experiment, 
and Chapter 6 is the conclusion section.

3   Construction of Binocular Vision Detection System

The binocular vision curvature detection system is generally placed in the curved plate processing workshop. 
The design purpose is to quickly detect the ship’s curved plates through a conveyor device immediately after pro-
cessing. Therefore, in order to design a binocular stereo vision measurement sensor that meets the requirements 
of ship curved plate forming detection, this section first conducts research and analysis on the ship’s curved plate 
forming process and working conditions.

The processing of curved plates generally adopts forming processes such as cold processing or hot processing 
to bend flat plates into a curved surface shape consistent with the theoretical CAD model. The commonly used 
ship bending forming techniques mainly include mechanical cold bending (such as roll bending, compression 
bending) and wire heating forming (such as water fire bending process). For large-sized single curvature hull 
outer panels, mechanical cold bending processes such as roll bending are usually used. For small-sized complex 
hyperbolic hull outer panels, mechanical cold bending method can be used to process the curvature in one direc-
tion first, and then the water fire bending process can be used to process the other curved panel.

According to the forming process requirements and complex on-site working conditions of ship curved plates, 
the following requirements have been put forward for the performance indicators of binocular stereo vision mea-
surement sensors in the production site [10].
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1) The size of the curved board is generally larger, so the selection of visual sensors should have a larger field 
of view and a faster in-situ measurement speed. To improve the efficiency of in-situ forming processing, the sin-
gle angle measurement time of the measuring sensor should be less than 10 seconds,

2) The working environment of the detection system contains high temperature and dust, so the detection sys-
tem, especially the visual sensor, should be able to work normally in this environment and have functions such as 
temperature compensation.

3) Finally, in order to minimize the interference of measurement sensors on workers’ water and fire operations, 
it is recommended that the distance between the sensor and the water and fire operation platform be greater than 
2 meters. At the same time, in order to ensure the safe operation of the vehicles above the workshop, the installa-
tion position of the measuring sensor should not exceed 3 meters from the water fire operation platform.

The overall detection indicators of the system are shown in Table 1.

Table 1. Overall design requirements for system detection

Check the accuracy Detection time Detection range Work distance
2mm≤ 10s≤ 3000 3000mm≥ × 3000mm

3.1   Construction of Binocular Vision Measurement System

The entire measurement system consists of computer control module, binocular vision module, communication 
module, transmission module, and handling module, as well as measurement software module [11]. The compo-
sition and functional description of each module are as follows:

1) The computer control module mainly installs detection system software. By installing existing software 
systems or running self-developed measurement control components, it can display real-time measurement re-
sults and serve as the brain of the entire measurement system, with the computer control module as the commu-
nication turnover unit.

2) The binocular vision module is mainly composed of binocular cameras. According to design requirements, 
a depth camera or two monocular cameras can be used to measure curvature through joint calibration of the cam-
eras.

3) The communication module is based on TCP/IP communication protocol to complete communication and 
data exchange between the upper computer PC and the robotic arm.

4) The conveyor module is mainly composed of a conveyor belt. The starting point of the conveyor belt is the 
end of the ship’s curved board processing. After the processing is completed, the handling module automatically 
transports the curved board to the conveyor belt, and then the conveying module transports the curved board to 
the designated position for curvature detection.

5) Measurement software, also known as measurement system, is a module designed specifically for this de-
tection system. The system mainly includes a main interface, display interface, work interface, etc.

The overall framework of the work system is shown in Fig. 1.

3.2   Hardware Selection

In terms of hardware selection, the core components of the measurement system in this article are the camera and 
lens, so the main focus is on the selection process of the lens and camera.

Camera performance directly affects image quality, and it is particularly important to choose a certain model 
of camera. As of now, imaging chips in cameras include CCD and CMOS [12]. CCD chip is a semiconductor im-
aging device that converts optical signals into electrical signals. In practical use, it is widely used due to its small 
size, low power consumption, high sensitivity, and long usage time. As another type of image sensor, although 
CMOS chips have lower power consumption and lower prices, due to process technology, the resolution of CCD 
chips with the same size and volume is much higher than that of CMOS chips. In order to improve the accuracy 
of measuring large-sized parts, this chapter requires very high specifications for the image quality and resolution 
parameters captured by the camera. Taking into account other performance factors, this chapter has chosen the 
MER3-506-58G3M/C-P industrial camera from Daheng Company. The MER3-506-58G3M/C-P uses a CCD 
chip to transmit image data through its unique GigE data interface, and this model of camera also integrates an I/
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O interface. The transmission part of the MER3-G3-P camera is based on 2.5GBASE-T technology, with a max-
imum transmission rate of 2.5Gbps and support for rate switching to 1Gbps, greatly improving the transmission 
of network cameras. The 2.5GigE camera maintains a 1GigE camera volume while increasing bandwidth by 2.5 
times. Due to the significant increase in transmission speed, the power consumption of the 2.5GigE camera has 
significantly increased. The MER3-G3-P camera adopts passive heat dissipation technology, which maximizes 
the transmission capacity of the camera within a limited volume. The camera has high reliability and strong envi-
ronmental adaptability. The camera parameters are shown in Table 2.

Fig. 1. Overall framework of visual inspection system
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Table 2. MER3-506-58G3M/C-P Camera Parameter List

Parameter Parameter values
Pixel size 2.74 mµ

Resolution ratio 2448 2048×
Frame rate 58.6fps
Pixel depth 12bit

Working voltage 12-24V

The lens selection mainly considers the following issues:
1) The interface between the camera and lens, the Mercury third-generation 2.5GigE digital camera uses the 

standard C interface. When selecting a lens, choose a lens with the same interface
2) The maximum CCD/CMOS chip size that can be covered by lens imaging. There are mainly 1/2 “, 2/3”, 

1/1.2 “, 1”, 1.1 “, 4/3”, etc. When selecting lenses, it is necessary to ensure that the lens target surface is not 
smaller than the target surface (CCD/CMOS chip) size of the digital camera.

3) Focal length is the distance between the center point of the lens and the clear image formed on the focal 
plane [13]. The smaller the focal length value, the larger the field of view captured by the digital camera. The fo-
cal length is calculated using the following formula:

/

/

CCD CMOS

CCD CMOS

d L
f

S
∗

=                                                                     (1)

In the formula, A represents the focal length, B represents the horizontal or vertical dimension, C represents 
the working distance, and D represents the field of view of the image. After the above calculation, the lens model 
is selected as HN-5M series, and the lens parameters are shown in Table 3.

Table 3. MER3-506-58G3M/C-P camera parameter list

Parameter Parameter values
Outside  diameter 29.5mm
Resolution ratio 5 million pixels

Number of installation holes 3

3.3   Camera Calibration

Considering the high precision required for target measurement, the position of the camera is fixed in actual 
scenes, and the internal and external parameters of each camera are not exactly the same. Therefore, the first 
monocular calibration method adopted in this paper is based on the Zhengyou Zhang calibration method based 
on checkerboard pattern [14], using a two-dimensional plane template, changing the template angle multiple 
times, capturing multiple images of the same plane template at different angles, and solving the internal and ex-
ternal parameters of the camera.

The Zhengyou Zhang plane calibration method uses a checkerboard lattice as the calibration template. Due 
to the use of too many points, there are many sources of error in the calibration point detection and matching 
process. Wen Tao et al. proposed using a calibration algorithm based on a cross grid instead of a checkerboard 
lattice, which can obtain more accurate position information in strong light and noise situations. However, the 
design of the template is still quite complicated, and the line width needs to be accurate to 2mm.

The image coordinate system (xi, yi) is a coordinate system established based on the two-dimensional image 
captured by the camera. The intersection point (xo, yo) between the camera’s optical axis and the imaging plane 
is its origin, and its pixel coordinate system is (xp, yp). The origin is set at the upper left corner of the two-dimen-
sional image [15]. The conversion relationship between (xi, yi) and (xp, yp) is as follows:
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The above values are all related to the camera and are called internal parameters. Write the above equation in 
matrix form using homogeneous coordinates for subsequent calculations:
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The transformation relationship between coordinate systems is shown in Fig. 2.

Fig. 2. Coordinate transformation relationship

The world coordinates can be transformed into a camera coordinate system through simple rigid body trans-
formations, such as translation and rotation. The camera coordinate system is represented as (xc, yc, zc), and its 
mathematical expression is as follows:

c W

c W

c W

x Rx M
y Ry M
z Rz M

= +
 = +
 = +

                                                                      (4)

In the formula, (xW, yW, zW) is the world coordinate system, R represents the rotation matrix, and M represents 
the translation vector. Because the values of R and M are independent of the camera, they are called extrinsic pa-
rameters. After the camera coordinate system undergoes perspective transformation, the image coordinate system 
is obtained. The relationship between camera coordinates and image coordinates at point P(xP, yP) captured by 
the camera is expressed as:
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By combining all the above processes, the camera matrix Gc can be obtained, thereby obtaining the geometric 
model of the camera, namely the camera model.
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Let the camera’s internal parameter matrix be represented as:
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There are two constraints in the camera model [16]:
1) Due to the rotation of coordinates around the X and Y axes, the corresponding elements in the rotation ma-

trix are orthogonal, and their vector product is 0.
2) The modulus of the rotated proof vector is 1.
As can be seen from the previous text, after obtaining several images of a chessboard pattern, the internal pa-

rameter matrix N.
Camera admission videos inevitably introduce distortion because there is no perfect lens in real life. Prior to 

this, the calibration procedures of Zhengyou Zhang did not take into account camera distortion. However, the 
camera may experience radial distortion due to the shape of the lens, and tangential distortion may occur due to 
the lack of strict parallelism between the lens and the imaging plane during installation. Among them, radial dis-
tortion dominates in distortion, while tangential distortion has a relatively small impact. Due to errors in camera 
installation and the control of relative lens technology, the controllability at the installation level is easier to con-
trol than the lens technology. Therefore, radial distortion dominates camera distortion in distortion. Therefore, 
this article only considers camera radial distortion for Zhengyou Zhang’s calibration method.

Due to the fact that radial distortion is relatively small in practical situations, the first two terms of the Taylor 
series expansion around the principal point (xo, yo) are used to determine the distortion coefficients 1λ  and 2λ  of 
radial distortion, which are expressed as follows:

( ) ( ) ( ) ( ) ( )( )2 2
0 0 1 2ˆ̂, , , ,x y x y x y x y x yλ λ = + − + +                                            (8)

(x, y) represents the ideal undistorted pixel coordinates, which can be solved by the camera model through the 
world coordinate points of the object. ( )ˆ̂,x y  represents the pixel coordinates with radial distortion in actual situ-

ations, and the distortion coefficients 1λ  and 2λ  can be calculated.
Use a camera to capture a checkerboard calibration board, and then use the calibrateCamer() function to cali-

brate all images of the calibration board, obtaining the internal and external parameters of the camera, as shown 
in Table 4.
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Table 4. Calibration results of binocular camera parameters

Left camera Right camera

Internal reference matrix
876.78 0.68 376.06

0 876.89 265.28
0 0 1

− 
 
 
  

819.29 1.13 367.91
0 827.01 272.62
0 0 1

− 
 
 
  

Distortion matrix [ ]0.399 0.282 0.002 0.005 0.063− − − [ ]0.401 0.207 0.005 0.003 0.047− − −

Rotation matrix
1 0.006765 0.002583

0.00898 1 0.008978
0.001987 0.007891 1

− − 
 − − 
  

Translation matrix [ ]65.8672 0.08879 0.2917− − −

Under the principle of stereo correction in binocular cameras, the undistort function is used to remove dis-
tortion from the image, resulting in more accurate image results [17]. The comparison of the images before and 
after correction can be seen in Fig. 3, and it can be clearly observed that the uncorrected images have significant 
camera distortion effects.

Fig. 3. Camera calibration results

After the above process, this article used the Zhengyou Zhang calibration method to complete the calibration 
process of the left and right cameras, while considering the principle of camera imaging, and completed the cor-
rection of radial distortion of the camera.

4   Measurement Method for Curved Plates of Ships

In the previous chapter, a binocular vision detection system was built to complete the calibration and setting of 
the visual level. After the visual system completes the image acquisition, it needs to process and recognize the 
image. To achieve the measurement of ship curvature and the detection of ship curvature by binocular vision, the 
image is first preprocessed, and then the preprocessed point cloud image is compared and measured. The detec-
tion process is shown in Fig. 4.

Fig. 4. Ship curved plate inspection process
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4.1   Image Preprocessing

After the data collection is completed, due to the surface material of the object, beam splitting, and other reasons, 
there is weak and inconspicuous noise around the feature point group after splitting. However, the pixel intensity 
of the image contains the three-dimensional information of the object. In order to avoid interference with the sub-
sequent calculations of the experiment, it is necessary to denoise the image [18]. However, the noise in the image 
is not obvious and difficult to distinguish with the naked eye. In order to make the feature points in the image 
more prominent, this paper uses an adaptive thresholding method to denoise the noise in the image. This method 
calculates the local threshold based on the brightness distribution of different regions of the image, and can adap-
tively calculate different thresholds for different regions of the image. By using the difference in grayscale values 
between adjacent image pixels, the noise is removed and the image feature information is highlighted, achieving 
the separation of useful and useless information and preventing interference from useless information. In the im-
age preprocessing stage, this paper adopts conventional image preprocessing methods, so detailed method intro-
ductions are not provided in this paper.

4.2   Calculation of Surface Normal Vectors

To achieve the detection of object curvature, it is necessary to calculate the surface normal vector of the object. 
The Lambert model assumes that the surface of the object is smooth, and the incident light has the same radiance 
in all directions after being reflected by a completely diffuse reflector surface. The intensity of diffuse reflection 
is proportional to the cosine of the incident angle and independent of the reflection direction. The Lambert model 
assumes that the surface of an object is smooth, however, in reality, many objects have relatively rough surfaces 
that are uneven at the microscopic level and can be seen as a collection of many micro surfaces. When drawing 
a relatively rough diffuse reflective material object surface, at high resolution, each pixel in the generated image 
approximately contains only one micro surface, and the assumption of the Lambert model is still reasonable. 
However, at low resolution, each pixel in the generated image may contain a large number of micro surfaces, and 
the assumption of the Lambert model is biased [19].

According to the principle of Lambertian reflection model, it is known that the pixel intensity of each point in 
an image is related to the product of the surface normal vector of each point of the object and the direction of the 
light source. The grayscale value of any point in the image is equal to the product of the surface reflectance, sur-
face normal vector, and light source direction vector of that point, written in matrix form as follows:

ra vecG N Lη= ⋅ ⋅                                                                       (9)

In the formula, Gra is the grayscale value of the image pixel, η  is the reflection coefficient of the object sur-
face, Nvec is the normalized normal vector of the object surface, and L is the normalized light source vector.

Need to solve the system of overdetermined linear equations. Therefore, the least squares method can be used 
to solve overdetermined linear equations [20]. The least squares method is an optimization approach that uses the 
sum of squares of sample residuals as the loss function given a model. By setting the partial derivative to 0, it di-
rectly solves unconstrained optimization problems and obtains analytical solutions for the optimal model param-
eters. The least squares method can be used for curve fitting and can also express other optimization problems 
by minimizing energy or maximizing entropy. The least squares method is designed for the multivariate simple 
regression task of linear models, which requires labels to be 1-dimensional and the model to provide prediction 
results for sample feature vectors.

Therefore, the objective equation solved by the least squares method is set as:

( ) ( )
1

( ) ( )
n

T
tar ra vec ra vec

x
M G x N L G x N Lη η

=

= − ⋅ ⋅ ⋅ − ⋅ ⋅∑                                       (10)

After the above process, the normal vector Nvec of the surface of the sphere can be obtained. However, in the 
process of collecting data, due to the splitting of reflected light on the surface of the object, the collected data 
information is discrete and local, resulting in the solved surface normal vector being also discrete and local. 
Therefore, after calculating the surface normal vector of the object, we further process it by separating, interpo-
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lating, fitting, and merging the RGB images of the surface normal vector of the object. From the separated data in 
all directions and the surface normal vector diagram of the original object, it can be seen that due to the splitting 
of reflected light during data collection, the data is discrete and local, resulting in the solved surface normal vec-
tor being also discrete and local. In order to compensate for missing information, interpolation fitting estimation 
is performed on the calculated surface normal vectors of the object. Here, interpolation polynomials are used to 
fit the discrete values of the surface. This method can make the discrete data smooth and close to the true values 
after interpolation. The interpolation polynomial method is as follows:

Assuming the definition interval of the curve function is [m, n], where [ ], 0,i i tx ∈  represents t + 1 distinct points 
and each point corresponds to a value of f (xi), the interpolation polynomial is expressed as:

( )
0

t
i

t i
i

H x xα
=

= ⋅∑                                                                    (11)

iα  is the interpolation coefficient. Organize the above formula into matrix form and express it as follows:
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The coefficient matrix is a Vandermonde matrix. According to the determinant property, the coefficient matrix 
is an t + 1-order Vandermonde determinant. Therefore, the equation has a unique solution.

4.3   Calculation of Surface Depth Information for Ship Curved Plates

The gradient field of the solved surface normal vector is calculated to obtain surface depth information. In this 
paper, the least squares method is used to estimate the depth information of the object surface. The principle of 
the least squares method is to find a surface function C(x, y), which is the depth value of the object’s surface, 
based on the relationship between the surface normal vector and the surface tangent plane [21]. Since the surface 
normal vector of an object is perpendicular to the tangent plane of the object surface, the surface normal vector 
is perpendicular to any straight line on the tangent plane; For any point (xc, yc) on the surface of an object, if the 
vectors pointing to the right, lower, left, and upper neighboring pixels are all located on the tangent plane passing 
through that point, then the vector pointing to the right neighboring pixel is:

( ) ( ) ( )1, , 1, ,1, , , , 1,0,
c c c c c c c cc c x y c c x y x y x yx y C x y C C C+ ++ − = −                                    (13)

If the pixel vector pointing to the right neighborhood of the point is perpendicular to the surface normal vector 
of the point, then the vertical equation is:

( )1, , ,1,0, 0
c c c c c cx y x y x yC C N+ − ⋅ =                                                         (14)

The normal vector of each point is perpendicular to the pixel vectors of the upper, lower, left, and right neigh-
borhoods of that point. Therefore, four linear equation systems can be established about that point (excluding the 
topmost, bottommost, leftmost, and rightmost pixel points. Among them, the four vertices only have two linear 
equation systems for their neighborhoods, while the rest have three linear equation systems for their neighbor-
hoods). Assuming the image size is H×W, the four neighborhood overdetermined linear equation system can be 
established through the above process to obtain the depth information of the surface.
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5   Measurement Experiment and Result Analysis

Set up the experimental environment, and the main parameters of the computer in the experimental environment 
are shown in Table 5.

Table 5. Experimental environment and its parameters

Parameter Parameter values
Size of collected images 2560*1920

The actual size of the input image 512*384
CPU Inntel i7

Graphics card RTX4070
Operating system Ubuntu 23.04

Programming software Pycharm
Programming Language Python 3.6
Image processing library opencv

Meanwhile, the measurement system was developed using C #, and the structure of the measurement system 
developed in this article is shown in Fig. 5.

Fig. 5. Structure of detection system

The main page of the detection system is shown in Fig. 6.

Fig. 6. System interface
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During the test, place the measured object on the transmission platform of the image acquisition system and 
fix it to prevent the measured object from shaking due to inertia during the rotation process, resulting in rotation 
error. Then adjust the rotation platform angle to collect image data after each rotation, and collect 3, 6, 12 18. 
24, 30, and 36 types of image data with multiple angles and different directions of rotating light sources (among 
which 6 types of image data with different directions of rotating light sources are obtained by adding 3 types 
of image data with different directions of rotating light sources on the premise of the first 3 types of image data 
with different directions of rotating light sources, for a total of 6 types of image data with different directions of 
rotating light sources; 12 types are obtained by adding 6 types of image data with different directions of rotating 
light sources on the premise of the first 6 types of image data with different directions of rotating light sources, 
for a total of 12 types of image data with different directions of rotating light sources, and so on, until 36 types of 
image data with different directions of rotating light sources are obtained. Firstly, the collected image data is pre-
processed to remove unnecessary noise and estimate the direction of light sources in the deno; Secondly, based 
on the estimated light source direction, object surface normal vector, and the relationship between image pixel in-
tensity, the object surface normal vector is jointly solved, and then the object surface normal vector is interpolat-
ed and fitted to compensate for the lack of data information; Again, based on the principle that the normal vector 
of the object surface is perpendicular to the tangent plane of the object surface, solve for the depth information of 
the object surface; Finally, the obtained depth information is used to restore the curvature of the object and detect 
errors.

The test object is shown in Fig. 7.

Fig. 7. Curved parts

The measurement results are shown in Fig. 8 and Fig. 9.

Fig. 8. Mean error of curvature radius
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Fig. 9. Detect average running time

The average error and average running time of the object surface restoration results obtained from image data 
collected at 2, 7, 13, 15, 24, 31, 38, and 42 different angles and directions of rotating light sources are shown in 
Fig. 8 and Fig. 9. From the figure, it can be seen that as the number of images under different light source direc-
tions increases, the two-dimensional images contain more and more three-dimensional information about the 
surface of the object. The increase in the amount of surface information of the object leads to higher accuracy 
in solving and restoring until it gradually stabilizes. At the same time, the increase in images leads to a slight 
increase in average running time, which is not particularly significant. However, the increase in the number of 
images during the acquisition process will significantly increase the acquisition time. In order to ensure the re-
al-time and accurate detection efficiency, it is necessary to select an appropriate number of images for detection. 
According to the average error and running time in Fig. 8 and Fig. 9, it can be seen that the curvature radius error 
of 13 different rotating light source directions is 0.79%, and the curvature radius error of 38 different rotating 
light source directions is 0.38%, which is 0.41% lower than that of 13; The curvature radius error under 24 differ-
ent rotating light source directions is 0.67%, which is a decrease of 0.12% compared to 185, but the decrease is 
not significant. It can be observed that as the number of images in different light source directions increases, the 
decrease in error gradually stabilizes. Although the increase in running time is not significant, the time taken to 
capture each image in different light source directions does not exceed 10 seconds. The increase in images gradu-
ally stabilizes the reduction in error rate, but leads to a significant increase in total time (acquisition time+running 
time). Therefore, the number of images cannot increase infinitely, and an appropriate number of images needs to 
be selected.

6   Conclusion

This article focuses on the demand for curvature detection of ship curved plates, and studies binocular vision de-
tection technology. Drawing on the principles of manual sample detection using triangular templates and flexible 
splines, a ship curved plate system based on 3D vision measurement technology is developed to replace the tra-
ditional wooden triangular template detection method and flexible template detection method. The main research 
content and achievements of this article are as follows:

1) A binocular vision detection system has been established, and the selection of cameras and lenses has been 
completed. Domestic equipment has been selected for the camera selection, which has lower maintenance and 
usage costs. At the same time, domestic lenses have also been selected for the lenses. The selection of other 
equipment is not described in detail as it is a non core device;

2) The camera was calibrated using matrix transformation and other methods, and then the camera visual dis-
tortion was corrected. The correction results were verified through a checkerboard pattern;

3) We established equations for ship curvature and depth information, and then solved each equation using the 
least squares method. The process of solving is the calculation process;

4) Built a simulation experimental environment and conducted experimental measurements.
Meanwhile, based on practical experience, this article has some shortcomings on the basis of existing research 

results. In addition, with some of my recent research ideas, further research directions have been organized:
1) The equipment is lightweight and portable. At present, operators manually adjust the processing parame-

ters of the curved plate bending forming equipment based on the deviation values detected, and carry out further 
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processing. Further research is needed on how to automatically adjust the processing parameters of the bending 
equipment based on the deviation values feedback from the portable detection system, generate new processing 
files, and reprocess.

2) In addition, further research is needed on how to collect, summarize, and analyze data during the ship’s 
curved plate processing, establish a processing technology database, and achieve parameter prediction for curved 
plate processing in order to better guide the detection results of portable detection systems for curved plate pro-
cessing.

3) Combining the ideas of artificial intelligence, an adjustment plan is proposed for measuring and evaluating 
curvature, and the processing method is intelligently adjusted to guide the improvement of curved plate process-
ing accuracy.
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