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Abstract

®

CrossMark

Accurate measurement of the gap between the lower surface of the relay and the ground is
critical for ensuring the quality of the finished product. Traditional gap measurement methods
have some shortcomings, such as low accuracy, poor robustness, and loss of depth clues in
obscured areas. In this study, a novel gap measurement method based on computer vision is
proposed, which includes a projection line model based on guided filtering and a 3D surface
point cloud model based on a three-dimensional plane reference. The relay gap was measured
by calculating the projection lines of the upper and lower surfaces of the gap with an error

of £ 0.016 mm. A 3D point cloud model captures the key features of the underside of the relay
through image processing techniques, and combines convex hull and centroid estimation to
construct a three-dimensional reference plane for the gap, which could achieve high-precision,
real-time measurement of the gap (with an error less than £ 0.0087 mm). The experimental
measurement results show that the proposed method is better than the SelfConvNet method,
which has a high measurement accuracy and strong anti-interference ability, and an accuracy
rate of up to 99.5% in factory relay quality inspection experiments.

Keywords: computer vision, relay gap, guided filtering, projection lines, 3D convex hull

1. Introduction

Relays are widely used control devices in industrial produc-
tion for remote control, communication, automatic control,
mechatronics, and power electronic equipment [1-3]. The gap
between the lower surface of relay and the ground represents a
critical factor affecting the quality of relay products, where the
quality significantly influences the conductivity and reliability
of relays.

* Author to whom any correspondence should be addressed.

The common displacement sensors are eddy current type,
inductive type, capacitive type, and photoelectric type. The
eddy current sensor needs to be customized according to the
shape of the measured object, and the cost is relatively high [4].
Conditions such as temperature fluctuations, humidity, and the
presence of electromagnetic interference will affect the induct-
ive distance sensor’s accuracy and reliability. These environ-
mental factors will lead to false readings or sensor malfunction
[5], so it is not often used in relay system. Capacitive dis-
tance sensor is a noncontact sensor with simple structure and
low cost, but it requires high-voltage power supply and has
a large nonlinear error [6]. The photoelectric distance sensor
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measures the displacement of the object according to a photoe-
mission principle of the photocell. The photoelectric position
sensor has high sensitivity, high resolution, and high speed,
while its anti-interference ability to ambient light is poor [7].

Optical measurement offers advantages such as noncon-
tact, fast processing speed, high detection accuracy, and strong
adaptability. Numerous research achievements have been
extensively applied to the detection field. For instance, Jing [4]
proposed two non-contact measurement methods for levitation
gaps based on computer vision in 2022, where the Pixel Area
model has high measurement speed but low accuracy, while
the SelfConvNet model has high accuracy but low speedy.
Comparing with 2D measurements’ methods, 3D measure-
ments can provide more comprehensive structural informa-
tion, facilitating precise measurements at multiple angles. For
example, Srimontriphakdi [8] proposed a non-contact method
for evaluating the top tension and bending stiffness of large
cable-stayed objects using three-dimensional laser scanning
data from ground-based laser scanners. However, the disorder
and sparsity of point cloud data result in a time-consuming
measurement process, which highlights the need for a more
efficient processing method. As a fundamental unit of compu-
tational geometry, the convex hull, owing to its high computa-
tional efficiency and ease of implementation, has been widely
used in mesh generation, clustering analysis, and image pro-
cessing, including object detection [9], object recognition [10],
and fault diagnosis [11], and in the measurement field, such as
Norris [12], who achieved rapid and accurate measurement of
human size through an improved convex hull algorithm. In a
word, 2D measurements’ methods usually constrained by the
limitations of dimensions loss struggle to meet the accuracy
requirements for measuring the gap beneath the surface of the
relays, while the speed of normal 3D measurements also needs
to be improved, which will significantly improve the output
and economic benefits.

Considering the problems of traditional methods in measur-
ing the gap of relay system, this paper introduces a gap meas-
urement method based on projection lines and convex ana-
lysis of 3D points. Projection lines and surface point clouds
were used to describe the relay gap and subsequently estab-
lish methods for the detection and measurement of the gap.
The efficacy of the proposed method was validated through
experimentation. The primary contributions of this study are
as follows:

1. A backlight imaging experimental setup to acquire 2D pro-
jection images, the features of the gap beneath the relay’s
surface are extracted, leading to the development of a gap
measurement model.

2. A surface point cloud gap measurement method based on
the convex hull of the 3D surface point cloud and relay
centroid projection.

3. A method based on visual information that integrates 2D
and 3D measurement features is proposed, which effect-
ively addresses the limitations of conventional gap meas-
urement methods and enhancing measurement accuracy.
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Figure 1. The relay and the gap.
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Figure 2. The measurement system used in this paper.

2. A vision-based measurement system for relays

Figure 1 shows the relay’s shape, its 3D model in the work-
ing position, and the gap between the relay and ground. The
relay is made of metal and plastic materials. For a qualified
relay, the gap should be less than 0.07 mm in the working
state. This paper presents a 2D + 3D method for detecting
gaps quickly and accurately. The measuring system is shown
in Figure 2, and it includes a backlight imaging system and 3D
points acquisition system.

3. A gap measurement method based on the
projection line model

3.1 Construction of the image acquisition system

A backlighting acquisition scheme is developed as shown in
figure 3, where high-intensity illumination creates a signific-
ant contrast between the gap and the light-blocking object.
Traditional backlighting can lead to diffraction phenomena,
which makes the edge imaging challenging. For this reason,
a highly directional backlight source is applied to suppress
the diffraction of the illuminating light, enabling clear ima-
ging of the edges, making it more suitable for high-precision
measurements.

By adjusting the relative positions of the camera, the relay
and the light, the bottom edge of the relay and the edge of the
ground each form a clear straight line (/y and /; in figure 1)
upon achieving clear imaging. During the measurement pro-
cess, the relative distance between the camera and the relay
remains unchanged, establishing a linear relationship between
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Figure 3. The backlighting acquisition scheme.
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Figure 4. The flow chart of image processing algorithm.

the image pixel distance byag and the actual distance ab in the
real world:

ab = k X boay (D

where k is a constant. To minimize errors arising from distor-
tion and the calibration process, the paper specifically selects
industrial lenses with low distortion rates.

3.2. 2D image processing

To achieve high-speed detection while maintaining detection
accuracy, the paper designs an image processing scheme as
illustrated in figure 4.

The image capture process is prone to noise due to factors
such as exposure time, electronic interference, or variations in
photosensitive components, necessitating the introduction of
an image preprocessing phase. Guided filtering [13—15] excel-
lently maintains edges and enhances details while smooth-
ing image noise, avoiding the common issue of edge blurring
seen with traditional filters. This process can be expressed as
follows:

0= Wy(l)P, @)
1 ( (L — ) (7 —Mk)>
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Figure 5. Schematic diagram of linear search algorithm.

where I is the guidance image, P is the input image to be
filtered, @ is the filtered output image, and W is the weight
determined by the guidance image I; p; represents the mean
of pixel values within the window, o represents the variance
of pixel values within the window, I; and I; are the values of
two adjacent pixels, and ¢ is a regularization term. Usually,
guided filter allows pixels in flat areas to be weighted more
significantly, which results in a noticeable smoothing effect.
On the contrary, pixels on the boundaries are weighted less,
resulting in weaker smoothing effects and thus achieving edge
preservation.

The filtered image allows for the extraction of line inform-
ation via line searching, as shown in figure 5. The search lines
run vertically from the top to the bottom surface of the region
of interest (ROI), with pixel points serving as endpoints.

To enhance the accuracy and robustness of the gap meas-
urement, a 3 X 3 Sobel operator [16] is applied to calculate
gradient values, with coefficients as follows:

10 1

Ge=| -2 0 2 4)
10 1
1 -2 -1

Gy=| 0 0 0 |. 5)
1 2 1

Consequently, the gradients in the x and y directions can be
calculated sequentially as:

Gi(x,y)=flx+1,y—1)+flx+1,y+1)
—flx=1y=1)—flx—Ly+1)
=2f(x+1,y) = 2f(x— 1,y) (©6)

Gy(x,y)=f(x—1Ly+1)+f(x+1,y+1)
=Ly ) —fr+ Ly +1)
+2f(x,y+ 1)+ 2f(x,y—1). @)

Furthermore, the gradient magnitude can be determined as:

G=1/G*+G> (8)

Given that in the image, the transition between gaps and
objects results in significant changes in grayscale values. By
identifying the two coordinates where the gradient values are
highest for each search line.

Observing the above pre-processed region of interest
reveals that the relay is subject to burr defects, as shown in
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Figure 6. The burr defect diagram.
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Figure 7. Several sample set images.

figure 6, due to limitations in the metal surface’s machining
process.

The paper assumes a line deviation evaluation metric,
denoted as C, to eliminate noise points caused by burr defects
and thereby enhancing the accuracy of the fitted line.

The model for calculating the line deviation evaluation
value can be described as follows:

P =Y —Y_
Pr:|Yi+1_Yi‘

1 P>t P, >t ©)
Ci: ) 1 Iy

0, else

where C; represents the deviation evaluation value for point i
in the set, P; and P, are the left and right deviation distances
for the point, ¥; is the vertical coordinate of point i, and £ is the
deviation threshold. C; = 1 indicates that the point is a noise
point deviating from the line, which is then excluded from the
set. Subsequently, the least squares method is employed to fit
a line to the denoised set of points, with the error objective
function defined as:

E:Z(yi—mx,-—b) (10)

i=l

where X; and ¥; are the coordinates of points on the line, and m
and b are the coefficients of the line equation. By minimizing
the above expression based on the least squares criterion, the
corrected line equation can be obtained.

As shown in figure 7, the pixel distance between two lines
the line along the bottom surface of the relay and the baseline
is calculated.

Initially, it is necessary to measure the actual gap distance
D and the pixel distance d in the detected image. Subsequently,
by averaging over multiple experiments, measurement errors
that may occur during the process are reduced. Finally, the cal-
ibration coefficient k can be obtained:

k— Z:l:o (Di/di)

n

. (11)

With the calibration coefficient derived from formula (11),
the pixel distance d can be accurately converted into the real
distance.

4. Gap measurement method based on the surface
point cloud model

Compared with merely 2D images, 3D point clouds can
provide comprehensive information of objects. Therefore, this
paper leverages the high precision and resolution character-
istics of point cloud measurements to develop a novel gap
measurement method based on contact surface localization.
The main steps of the 3D measuring system are illustrated in
figure 8.

4.1. Point cloud pre-processing

As shown in figure 9, the process of acquiring depth map data
with a three-dimensional camera are contaminated with out-
liers, due to the existence with the dark regions and shad-
ows which leads to errors for measurement. Therefore, it is
necessary to eliminate these outliers. An outliner detection
and cleaning algorithm based on the number of the neighbour
points are developed as following.

Firstly, this paper defines a mask for the N-neighbourhood
and iterate over each point in the image, calculating the dis-
tance between that point and the points within its neighbour-
hood:

2 2 2
dy=\/c—x) + G-yP + - (D)
where (x,y,z) are the actual coordinates of the point, and
(xij, yij,zij) are the actual coordinates of the neighboring point
(i),

Consequently, a threshold T is set to mark the neighbour-
hood points with a distance d;; greater than T’ as 1 on the mask,
and otherwise as 0. This mark indicates the degree of outlier
status; O for non-outliers and 1 for outliers. A threshold T,
assess the number of outlier points in the mask corresponding
to a point, where a greater number indicates a higher degree of

d,'j >T

outlier status.
L
M; =
07 dlj < Tl

S=Y My

ijEN

13)

(14)

where My is the mask marking value for point (i,j) in the
neighbourhood corresponding to a certain point, and S is the
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Figure 8. Steps (green arrows) of 3D points method proposed in
this paper.
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Figure 10. The gap measurement model based on surface point
cloud.

degree of outlier status for that point. A point’s degree of out-
lier status S exceeding the threshold 7 indicates that the point
is an outlier. Figure 10 clearly illustrates this process. To accur-
ately detect the surface gap distance, it is necessary to use a
connected component segmentation algorithm [17, 18] to sep-
arate the different regions into distinct parts.

Figure 11. The principle of connectivity-based segmentation
algorithm on the image.

The segmentation method used in this study, as illustrated
in figure 11, which initially involves calculating the Top, Left,
Right, and Down images using a four-neighbourhood Mask
template and threshold T, namely:

0, |f0)) =Sl +mj+n)[>T

, 15
L) —fi+mj+m <

where X can be replaced by Top(m=—1,n=0),
Left(m=0,n=—1), Right (m = 0,n = 1),Down(m = 1,
n=0), which represent the coordinate values of point (i,j)
in the corresponding state images, and f (i,j) denotes the
coordinate value of point (Z,5) in the original image.

Subsequently, a set of regions is constructed. Utilizing the
four state images mentioned above, the entire image is tra-
versed to allocate areas. The depletion of the stack signifies the
completion of the growth of a connected region, and the cor-
responding position information is saved. Growth then com-
mences from another unexplored new element, initiating a new
connected region’s growth. This process is repeated until all
regions have been segmented. The final output was the inform-
ation of the segmented regions.

4.2. Point cloud gap distance

Addressing the challenges associated with the high complexity
of point cloud surface fitting, where computational efficiency
and fitting accuracy are difficult to guarantee simultaneously,
this paper constructs a 3D surface point cloud’s convex hull
[19,20] as illustrated in figure 12(d) and calculates the centroid
projection of the relay to precisely locate the contact surface
between the relay and the ground, thereby determining the gap
distance between the relay’s lower surface and the ground.

A convex hull refers to a convex polyhedron formed
by connecting the outermost points in a set within a
three-dimensional space, commonly used to simulate con-
tact between objects. This paper uses the fast convex hull
algorithm to find the convex hull of a point set in three-
dimensional space. The steps are as follows:

Step 1: Initializing a tetrahedron composed of four vertices.

Step 2: Storing the data structure of each face F, then
Initializing the visible sets V.
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(a) The point cloud captured by sensors
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Figure 12. The diagram of point cloud processing and calculation process force analysis.
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Figure 13. The gravity and force analysis on the object to be
measured.

Step 3: Summarizing the set of external points of each face
in the visible surface set into the point set L.

Step 4: Connecting the points in the point set L and the
edges in the set V, and creating a new surface, then updating
the adjacent faces of the surface.

Step 5: If the intersection between the set Q of undeter-
mined surfaces and the set V of the visible surface is not empty,
then remove their intersection from the set of undetermined
surfaces.

Finally, for each new surface, if its set of external points is
not empty, it will be added to the set of undetermined surfaces
and next iteration is started.

As illustrated in Figure 13, when an object is placed on
the ground as shown in Figure 13(a), it often needs to reach

a state of equilibrium under the action of rotational torque, as
depicted in Figure 13(b). In contrast, as shown in Figure 13(c),
when the resultant force and moment acting on the object are
zero, the object can achieve a state of equilibrium. Therefore,
projecting the centroid in the direction of gravity allows for
the identification of the supporting surface intersecting with
the convex hull.

Usually, it is not necessary for the relay to be positioned
horizontally. However, it is essential to ensure that the sensor
captures all potential positions of the lower surface of the relay.

To enhance the precision of its measurements, this paper
employs a method that assigns different weights to the vari-
ous material parts of the device to determine its centroid as
follows:

_ Nitopxi 3o paxi+ e+ o P

Xg = 7 = = (16)
G Zi]=0p1+zj2=0p2—|—...+zkk:0ph
YG = E:’Ll:()p]yl + Z;lz:o sz] +---+ Ezkzo PhYk (17)
it Z;lz:opz FRE
ny n e
i= p121 + 2 oPazi X o Phik
ZG = Z 0 Z] 0 oJ Zk 0 (18)

Doitopt+ 3ot Yo

where, Xg, Yg, and Zg represent the coordinate values in the
XYZ directions, and p denotes the density of the corresponding
point.

After obtaining the centroid, the support surface can be
determined through projection, and the vertical distance from
the points on the point cloud surface to the support surface
can be calculated. Then, it will thus accurately determine the
measured gap. Figures 12(a)—(f) illustrate point cloud pro-
cessing and its calculation workflow.
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Figure 14. The flow chart of inspection system.

4.3. Measurement models include 2D and 3D

To adapt to the real production environment and further
enhance the accuracy and speed of quality inspection during
the relay production process using the methods proposed in
this paper, we integrated 2D and 3D models. This study aims
to construct a gap detection model capable of handling vari-
ous surface processing defects with rapid detection speed, high
precision, and stability. Initially, the projection line detection
model served as the rough detection phase of the integrated
model, conducting a preliminary. Subsequently, the surface
point cloud model acted as the fine detection phase, perform-
ing a second round of testing on the samples that passed the
initial screening. A flowchart of the integrated model is shown
in figure 14.

5. Experimental results and analysis

5.1 Experimental setup

To verify the effectiveness and feasibility of the new method
for measuring the gap beneath the surface of the relay pro-
posed in this study, an experiment was set up as shown in
Figure 15. This platform is composed of a 2D camera, line-
scan laser camera, lens, high-directional backlight source,
prism and relay. The detailed parameters of the onsite exper-
imental equipment are listed in Table 1. To enhance the qual-
ity of the captured images, the focal length and exposure time
of the camera were adjusted in advance. The performance of
the method proposed in this paper was compared with the
gap measured and calculated by methods Pixel Area [4] and
SelfConvNet [4].

5.2. Measurement results analysis

It is evident from the Figure 16 that the point-cloud-based
measurement method proposed in this paper exhibits superior

Figure 15. Experimental platform; (a) the 2D Projection based
measure system and (b) the 3D laser profiler 3D data-based system.

linearity compared to the commonly used Pixel Area and
SelfConvNet models, and the linearity of measurement model
include 2D and 3D is best.

Analysis of the model principles and experimental results
revealed that the Pixel Area model calculates the gap dis-
tance by projecting the gap area within the image. However,
when surface defects occur on the underside of the relay, a
significant discrepancy arises between the projected gap area
and actual gap area, which leads to considerable fluctuations
in the linearity experiment results. In contrast, the projection
line model proposed in this study assesses the deviation of
line points to eliminate noise points caused by burr defects,
thereby reducing the impact of burr defects on measurement
accuracy and resulting in better linearity than that of the Pixel
Area model. The SelfConvNet model exhibits good linearity
through feature extraction and training on projection images
of different gap distances. However, network training is con-
strained by the lack of 2D image dimensions.

The surface point cloud measurement model introduced
in this study, which analyses 3D data, can effectively handle
various surface defects and has a strong denoising capability.
Therefore, the linearity between the measurement results of
this model and the actual values is significantly superior to that
of the other models.

The measurement accuracy of each method was veri-
fied by sequentially setting multiple lower surface gaps (0—
0.1 mm at equal distances) with the error values depicted in
Figure 17. These data are measurement values of a single relay
gap.

Both the projection line model and Pixel Area model exhib-
ited an average measurement accuracy greater than +0.01 mm.
The error curve of the Pixel Area measurement showed the
most significant fluctuation at 0.047 mm, whereas the max-
imum error for the projection line method was 0.028 mm. The
surface point cloud model achieved a measurement error of
0.0095 mm, with a maximum error of 0.02 mm; and the sur-
face point cloud model achieved a measurement accuracy of
0.0087 mm, with a maximum error of 0.015 mm. The experi-
mental results indicate that the surface point cloud model per-
forms better in terms of both maximum and average errors.
Measurement error of the proposed model include 2D and 3D
are minimum, with a max error of 0.009 mm and an average
error of 0.0054 mm.
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Table 1. Technical parameters of experimental equipment.

Camera Model number Resolution Pixel size /pum> Frame rate
OPT-CC1200-GL-04 4000 x 3000 1.85°1.85 9

Lens Model number Focus Distance /mm Working distance/mm Magnification
OPT-COB3528B 35 210 ~ oo 0.161X at WD 210

Light source Model number Color Power consumption Light intensity
OPT-FLP9090-W White 24 vI8 W 255

3D Sensor Model number Reference distance/mm Z-axis repeated accuracy/um X-axis repeated accuracy/um
OPT-LPE50 50 0.2 7
Measure the linearity of the model Surface Line Surface PointCloud
0.16 Projection Line PixelArea SelfConvNet
~ ~
‘ g 009 9 | ——2p+3D
g jurfzce PointCloud g 0.06 -
Q@ 0.12 r D+3D o 0.03 -
=] = '
= PixelArea T; 0 - /\/\
>
3 SelfConvNet ‘g -0.03
£ 0.08 S .0.06 -
:% '0.09 Trrrrrrrrrrrrrrrrrrrrrrrrrrrr T e el
= 0.00 0.02 0.04 0.06 0.08 0.10
o}
5 0.04 real distance (mm)
g
S 0.06 - B Pixel Area H Projection Line
0 ' D SelfConvNet B Surface PointCloud
0. 00 0. 05 0.10 ~ 005 0047| m2D+3D
. =
True distance value (mm) E 004
. . . . g 0.03
Figure 16. Linearity tests of different method. %
~ 0.02
g
m 0.01
To further analyze the advantages of the surface point cloud 0

model over the other models, manual inspections were con-
ducted on relay samples that were mis-detected under the four
models. The inspection results revealed that mis-detected relay
samples under each model exhibited varying degrees of sur-
face defects, particularly pits and burrs.

Owing to limitations in surface machining processes, metal
surfaces are prone to defects such as pits and burrs, which
not only affect their appearance and mechanical properties,
while it may also introduce safety risks during use. As shown
in figure 18, the depth at the bottom of the pit corresponds
to line a. However, owing to edge occlusion, the lower sur-
face line is represented as line b in the projection image. In
the experiments, the Pixel Area model, SelfConvNet model,
and projection line model proposed in this paper all calcu-
late the gap distance based on the features of the projection
image. However, their detection capabilities are significantly
reduced owing to the constraints of missing 2D image dimen-
sions. In contrast, the 3D surface point cloud feature model
proposed in this study can calculate the distance between the
entire surface and support surface, making it less susceptible
to pit defects. Therefore, this model demonstrates better per-
formance in terms of the measurement accuracy and error
range.

Max Error

Average Error

Figure 17. Measurement errors of different measurement methods.

BARE 4

________ 5

Figure 18. The schematic diagram of surface defect model.

In summary, 2D detection methods are limited by the
absence of dimensions, which usually makes it difficult to sur-
pass the upper limit of detection accuracy, and they are also
more prone to measurement errors owing to surface defects.
However, these methods benefit from a relatively simple pro-
cessing flow and high speed. On the other hand, 3D detection
methods, due to more comprehensive input data, offer multiple
and flexible processing means, high measurement accuracy,
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Table 2. The flow chart of inspection system.

Detection model False drop rate Time/ms
Projection line 5% 19.8

3D point cloud 2% 236.8
2D + 3D 0.05% 182.4
Pixel Area 6.6% 48.5
SelfConvNet 2.6% 510

and reliability, albeit at the cost of longer algorithm processing
times.

This study tests the pass rate of the relay gaps and
the average detection speed. The test results are listed in
table 2. In this experiment, 11931 relays were tested, includ-
ing 9247 good and 2684 defective relays. The tested results
indicate that the projection line method, exhibited both higher
accuracy and speed than the Pixel Area model, and the surface
point cloud method outperformed the SelfConvNet model in
all aspects. Notably, the integrated 2D and 3D models not only
achieved the highest accuracy rate, reaching 99.5%, but also
surpassed both the surface point cloud and SelfConvNet mod-
els in terms of detection speed, meeting the requirements for
real-time on-site detection.

Analysis of the experimental results revealed that the line
point deviation value calculation model constructed in this
study effectively avoids errors caused by burr defects, thereby
enhancing the detection accuracy of the surface line model.
Owing to outlier removal and the advantages of 3D detec-
tion, the surface point cloud model not only circumvents
errors induced by burr defects, but also can accurately meas-
ure the depth of pits, exhibiting high detection accuracy within
gap measurement models. Conversely, the SelfConvNet model
needs to extract sufficient features for network training from
the pit-like defects. However, under the combined effect of the
dual detection stages, the integrated model showed improved
detection speed and accuracy. These results indicate that
under certain conditions, 2D detection methods possess higher
accuracy but are limited by missing dimensions and surface
processing defects, preventing their advantages from being
fully realized when used alone. However, 3D detection meth-
ods maintain good accuracy even under relatively complex
conditions with stronger stability. Therefore, integrating 2D
and 3D methods, forming a complementarity of advantages,
can effectively enhance the capability of the gap measurement
algorithm to handle defects, accuracy, and speed of detection.

6. Conclusion

To address the issues of insufficient accuracy in traditional
methods for measuring the gap beneath the surface of relays,
this study proposes a relay gap measurement method based on
2D projection images and 3D point cloud feature models.

(1) In the 2D measurement, the study utilized high-directional
backlight sources to suppress light diffraction and
employed guided filtering to effectively reduce noise

interference. It constructs a line point deviation index to
remove noise points caused by burr defects, which effect-
ively handles with the gap edge information and extracting
edge lines, thereby improving the accuracy of gap distance
measurements.

(2) In the 3D measurement, a 3D surface point cloud feature
model based on the convex hull and centroid estimation
was introduced. Through outlier removal and connected
component segmentation, noise interference is effectively
reduced and feature information is highlighted. Precise
localization of the contact surface through centroid estim-
ation and convex hull calculations effectively minimizes
errors caused by inaccurate contact surface localization,
thus achieving higher accuracy in gap measurements. At
the same time, it realizes an organic integration of the
advantages of 2D and 3D measurement methods, fur-
ther enhancing the detection accuracy, robustness, and
reliability.

(3) The experimental results show that the detection
accuracies of the surface line model and the surface point
cloud model were 95% and 98%, respectively, while the
integrated 2D and 3D models achieved a detection accur-
acy of 99.5%. Compared to the Pixel Area model and
SelfConvNet model, it exhibits superior measurement
precision and speed. The measurement system developed
based on the proposed method has demonstrated superior
stability and robustness in the enterprise’s quality inspec-
tion process.
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