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Abstract: Electrical connectors are core functional components in aerospace electrical systems. Pin retraction may lead to signal
transmission interruption and even system failure, directly affecting the reliability of electrical equipment and causing incalculable
consequences. We propose a high-precision pin-retraction detection method that integrates binocular stereo vision with a multi-constrained
optimization matching algorithm, aiming to achieve universal recognition of pins across different connector models and robust detection of
pin retraction in complex scenarios. In this study, the Delaunay triangulation algorithm is employed to eliminate the misidentified pins from
the template matching algorithm. Furthermore, the pin recognition rate is enhanced to nearly 99.75%, and the accuracy of pin center
positioning is significantly improved by integrating a contour fitting and positioning algorithm for pin points. Subsequently, the binocular
matching of pins is achieved by combining probabilistic epipolar constraints with geometric constraints, thereby completing the three-
dimensional reconstruction of pin points. The Euclidean distance from the three-dimensional pin points to the reference plane is calculated
as the pin retraction amount, enabling the quantitative measurement of pin retraction amount. Through the design of multiple experiments
for measuring the pin retraction of different-type electrical connectors and the analysis of the results using the Kullback-Leibler (K-1.)
divergence, it is demonstrated that the system’s measurement accuracy is superior to 0.05 mm, with an repeatability error of less than
0.035 mm. The effectiveness of the proposed pin-retraction detection method is thus verified, and the detection efficiency over manual
operations is greatly enhanced to meet the actual industrial inspection requirements.
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Electrical connectors serve as the fundamental

interconnect elements within aerospace assembly systems,

spanning multi-level connector requirements and thus and binocular stereo-vision based three-dimensional

constituting an indispensable class of base components™ ™.
Owing to the stringent reliability demands imposed by the
complex aerospace environment, even minute failures can
precipitate severe consequences. Extensive field data and
controlled experiments have established that pin retraction
is among the dominant failure modes of electrical

. Because connector pins are numerous,

connectors
miniature, and densely arranged, current pre-installation
quality inspection still relies predominantly on manual
operators to identify defects such as retraction, offset, or
absence".

Existing strategies for detecting pin retraction include

measurement. Hu et al."” proposed a semi-automatic
displacement-sensor measurement method that requires
point-by-point contact; this approach has low efficiency
and may cause cumulative damage to the pins during
inspection. Zhao et al."" captured a large number of high-
resolution images of connector pins, including normal
pins and defective pins with offset or retraction, and
trained different models to learn features from the dataset

for retraction detection. Wu et al. "”

proposed an
improved YOLOv3-based pin identification algorithm,
adding a small-object detection scale to enhance the

localization accuracy of tiny pins and employing an
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improved Zernike-moment sub-pixel algorithm for edge
detection, enabling defect recognition for pins against
complex backgrounds; however, these methods require
extensive datasets and training, making them unsuitable

for industrial measurement. Zhang et al."*

proposed a
laser-triangulation-based coplanarity inspection method
for connector pins, combining a camera and a laser to
obtain point-cloud data and using RANSAC for plane
segmentation and fitting, followed by filtering and

clustering to detect coplanarity. Yue et al."”

employed
vision combined with structured light to study a 3D
connector defect detection method, scanning pin height
via line laser to assess coplanarity. Stroppa L et al.'
adopted sparse stereo reconstruction, extracting features
from two images using a pattern-matching algorithm
with pyramidal decomposition and sub-pixel refinement
to compute the 3D coordinates of each feature point.
Monocular systems inherently lack depth information,
whereas active techniques suffer from algorithmic
complexity and intensive computational loads. Binocular
stereo vision, by contrast, eliminates dependence on
offers superior environmental

active illumination,

robustness, and provides stable depth resolution;
consequently, it has attracted increasing attention from

[21]

both academia and industry Existing stereo-vision

approaches, however, remain limited by modest
accuracy and low inspection efficiency.

Motivated by these observations, we propose a
binocular stereo-vision based pin-retraction detection
framework for aerospace electrical connectors. We first
introduce a template-matching strategy to recognize
pins. Shape-based templates combined with Delaunay
triangulation eliminate false matches, after which
contour centroids of the template regions provide coarse
localisation. Subsequent pin-tip contour fitting achieves
precise pin localization with a 100% correct-match rate.
Second, to solve the binocular correspondence problem
for the identified pin features, we exploit the regular pin
layout to construct a hierarchical feature model centered
on each matched pin. Probabilistic epipolar constraints
fused with geometric criteria enable robust left-right
feature matching and accurate 3D reconstruction of each
pin  apex. retraction

Finally, to quantify pin

quantitatively, circular apertures on the connector
housing are detected and employed to fit a reference
plane, thereby achieving sequential registration of the
pins under test. The Euclidean distance from each
reconstructed pin tip to this reference plane is computed ,

yielding the measured retraction magnitude.

1 Materials and methods

1.1 Elimination of mismatched pins via Delaunay
triangulation

The pin identification algorithm is based on template
matching, which extracts features from the template and
matches them with the search image to locate the
template within the image. Given the distinct grayscale
characteristics of the pin target regions, a grayscale-
based template matching approach is adopted to ensure
both accuracy and speed. To mitigate illumination
interference, the zero-mean normalized cross-
correlation method is employed. Its principle is to
compute the cross-correlation between the template and
the search image, yielding a correlation coefficient
ranging from O to 1; a value closer to 1 indicates higher
similarity, whereas values near O indicate dissimilarity.
The normalized correlation coefficient is given as

1 1 _
R:—Z— (f(a,y)—pu )z, y)—p), (1)

n - o0,

where R is the matching correlation coefficient, f(x, y) is
the gray value of the search image at that point, 7(x, y) is
the gray value of the template image at that point, » is the
number of pixels in the template image, and o,and o, are the
standard deviations of the image gray values.

Since the pin image contains multiple pin points and
template matching involves multi-object identification, the
entire image is scanned region by region via a sliding
window, extracting the coordinates of centers whose
correlation coefficients exceed the preset threshold. The
ideal outcome of template matching is that all pins are
correctly identified without any false positives. However,
in practice, due to illumination and shooting-angle
variations, the bright spots of individual pins are not entirely
identical, and certain external reflective points caused by
lighting may be mistakenly identified as pins. Additionally,
printed circuit traces inside the electrical connector can lead
to false and omissions, as shown in Fig.1.

Omission
/

Fig. 1 Cases of false and omission pin detections
To accurately eliminate falsely identified pin points, a

structured approach can be introduced based on the spatial
geometric characteristics of the pin points, performing
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triangulation on the recognized pins. Since the pin point set
exhibits geometric consistency in spatial distribution, a
super-triangle enclosing all feature points is constructed
according to this feature, and the feature points are inserted
into the mesh sequentially. Each time a new point is
inserted, the triangles related to the point are searched, and
the circumcircle of each triangle is calculated. All triangles
whose circumcircles contain the new point are recorded, the
common edges of these triangles are deleted , new edges are
recalculated, and a new triangular mesh is generated.
Optimization is performed based on the maximum-
minimum angle criterion to obtain the optimized triangular
mesh. For each triangle, its three interior angles are
calculated. The angle between two vectors is calculated
using the vector dot product formula. Given the vertices A ,
B, Cofatriangle, and the angle between the two vectors
is calculated as

cos = % . 2)
{ AB|+|AC

Then, we check whether each interior angle exceeds the
threshold: if any triangle contains an out-of-range angle,
the vertex actually responsible for the violation is marked as
anoise point. The minimum angle threshold was set to 15°,
and the maximum angle threshold was set to 100°. These
parameters were determined through experimental
debugging and systematic analysis of standard pin locations
across a wide range of electrical connector types, achieving
a false positive rate below 0.1%. All marked points are
collected and removed from the original set, yielding a
filtered point set with all pins correctly matched. The results
before and after outlier removal are shown in Fig.2.
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Fig. 2 Triangular mesh schematic before and after removing
mismatched points

It should be noted that the Delaunay triangulation
algorithm relies on local geometric consistency rather than
global arrangement patterns. The method was tested on
connectors with typical layouts including rectangular,
concentric circular, and array arrangements, and the results
demonstrated no significant differences in false rejection
rate or missed rejection rate, confirming the robustness of
the approach against layout variations.

1.2 Pin-point contour fitting and localization
algorithm

Pins exhibit prominent bright-spot characteristics in
the image, accompanied by clearly defined edge
contours. The centroid of the bright-spot contour is used
to determine the tip position of each pin. Canny edge
detection is first employed to extract the pin contours;
because the pins are small, the resulting edges are highly
jagged. Gaussian smoothing is employed to smooth
these edges, and the contour centroid is then computed
as the pin-tip coordinate, given by

l n
T=— Z , 3)
ye= % 2, )
where 7 is the total number of pixels within the contour,
and x, and y, are the coordinates of the ith pixel inside the
contour.

Meanwhile, inside the electrical connector, printed
lines are used to indicate the arrangement order and
index of the pins, and the recognized pin regions contain
parts of these printed lines, as shown in Fig.3.
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Fig.3 Pin region containing partial printed lines

The gray-level characteristics of the printed lines are
similar to those of the pin bright spots, which affects
centroid computation, as illustrated in Fig. 4(a). To
eliminate the influence of these printed lines, only the
bright-spot portion is retained when processing the pin
regions for tip-centroid calculation. The specific steps are
as follows: first, edge detection is performed on each
matched pin region. If the edges are discontinuous,
morphological operations are applied to connect the broken
edges, followed by dilation to prevent accidental exclusion
of the pin region. Next, a mask is created based on the
resulting edge information, filling the interior of the contour
with white pixels. Finally, the mask is bitwise-AND with
the pin image region to yield the masked image, retaining
only the pin region, and the contour center of this region is
extracted. Fig.4 (b) shows the pin image after masking, and
Fig.4 (c) presents the extracted pin center obtained after

background suppression.

(a) (b) (c)

Fig. 4 Pin centroid extraction. (a) Influence of printed wiring

on centroid, (b) Mask generation to retain pin region, and
(¢) Pin centroid without printed-wiring interference

Due to the tilt angle between the camera and the
electrical connector during imaging, the reflection
positions at the centers of different pins in the captured
image of the electrical connector vary. As a result, the
centroid coordinates of the pins are not located at the
center of the pins but on the side of a quadratic surface
centered at the pin tip. Therefore, using only the method
of calculating the centroid of the bright spot contour can
only provide an approximate position of the pin, not the

exact center of the pin.

Based on this, according to the pin-hole imaging
model of the quadratic surface, as shown in Fig.5, the
contour of the pin tip is modeled. The center position is
calculated based on the modeled surface, and this
position is used as the coordinate of the pin center.

Fig. 5 Pin-hole imaging model of quadratic surface

As shown in Fig. 5, the quadratic surface geometric
model of the pin tip can be expressed as a parameterized
surface Q. The visible contour z of this quadratic surface
projects onto the image plane as a conic C under projective
geometry constraints. According to the contour generation
principle, when the camera optical center O and the
quadratic surface Q of the pin tip form a visual cone, the
intersection of the image plane IT and the visual cone yields
the contour curve, which can be modeled as

C=TN{XX"QRX=0A0"QX=0}. (5)

The projection in the image is used to fit the contour ¢
of the pin tip. Through back projection, contour
information is recovered {rom the projection to fit the pin-
tip contour and provide the actual pin position. The
specific steps are as follows:

Step 1 Based on blob analysis, connected regions in
the region of interest (ROI) are labeled, and the center
and area of each blob are extracted. The distance
between the largest connected region and each of the
others is computed. If the distance exceeds a threshold,
the smaller region is judged to be a printed line and filled
with black pixels.

Step 2 Using the largest connected region as a seed,
region growing is performed toward the remaining small
connected regions, and growth stops when no more
regions satisfy the expansion criterion.

Step 3 The area and centroid features of the updated
region are recalculated, and only the single largest
connected region is retained and filled with white pixels
inward.

Step 4 An inscribed circle is generated within the updated
connected region to create a mask, which is AND with the
original ROI to obtain the pin target region.

The above operations are performed on every ROI to
yield the pin target region. The brief flowchart is shown in
Fig.6, where threl is the threshold which is related to the
size of the electrical connector pin, thre2 is the threshold of
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the difference between the areas of the maximum and

minimum connected regions, whose size is related to the

size of the electrical connector pin, and N is the number of

pins, which is a parameter known before testing.
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Fig. 6 Pin target region extraction flowchart

The target region extraction result for a single-pin

(e) Inscribed-circle mask, and (f) Pin target

Using the obtained pin target region as the search
domain, the algorithm traverses possible circle centers

(x5, v;) in step increments under a radius constraint:

Yretl . Xre(‘1
r/e€|:maX(Rmin7 )7 mln(Rmﬂm )i'- (6)

2 2

It is crucial to ensure every candidate circle C (7, £) lies

within the search domain and satisfies physical

dimensions. For each candidate circle C(, %), the
Bresenham algorithm generates the pixel coordinates
The

the standard deviation A,,, and the

(x:4y.0) along the circumference.
brightness E (P.) ,

skewness S,; of these circumference pixels are then

average

computed, and a weighting function is designed as

B W1+S,,). (7)

max

H=E(P)(1—

Using the weighting function, the score of each
candidate circle is maximized. Candidate circles filtered
by skewness are then integrated into a comprehensive
evaluation metric, and the circle with the highest
confidence is selected as the pin-tip contour. The top-
scoring circle is adopted to fit the pin-tip contour and to

determine the actual centroid coordinates of the pin.

= I

Fig. 7 Pin target region extraction. (a) Original image, (b) Edge extraction,

ROT within the electrical connector is shown in Fig.7.

(¢) Printed-wiring removal, (d) Region expansion,

1.3 Optimization algorithm for feature matching
based on probabilistic epipolar constraint

After obtaining the two-dimensional pin coordinates,
same-order registration of the pins is required. The
epipolar constraint, based on the geometric relationship
of binocular vision, simplifies the correspondence
matching between images. The epipolar constraint is
expressed by

m'"Fm=0, (8)

/' = Fm, )

where m is a point in the left image, m'is the corresponding
point in the right image, /' is the epipolar line passing
through m', and F is the fundamental matrix. The
fundamental matrix F can be obtained from the intrinsic and

extrinsic parameters acquired through calibration as

F=G,"EG, ', (10)
0o —T. T,

E=| T. 0 —T,|R, (11)
-T, T, 0

where G and G, denote the intrinsic matrices of the left and

right cameras, respectively; and F is the essential matrix,
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which is determined solely by the extrinsic parameters.

In practice, calibration errors of the stereo rig may cause
row misalignment between the rectified left and right
images, resulting in a pixel-wise vertical offset of the
corresponding points. In the pin-highlight regions, which
are low-textured and highly repetitive, this residual offset
increases the risk of mismatches. Traditional epipolar
constraint strictly limits the search to a horizontal line. To
accommodate the residual offset, a probabilistic epipolar
constraint is introduced, relaxing the search band to
y+2 pixels, allowing v,€ [v1= AVua, V1T Ay AVma™=
2 pixels. This parameter was determined through
calibration tests using stereo image pairs with known
ground-truth disparities, with experimental results
confirming that the matching error remains lowest within
the range of 1 to 3 pixels. The matching score is attenuated
using a Gaussian weight expressed as
(v,—w) )

oo (12)

w(‘vr)exp(

where o controls the decay rate. Different weights are
assigned according to the row offset distance. The matching
score at each location is multiplied by the Gaussian weight ,
and the final matching score is computed as
(v,— v )\
20” ) -
St (21, 20, )w (w,). (13)
Based on the candidate point with the highest matching

S(ui,u,v,)= Siia (i u,) eXp(—

score, the edge at position (z,y) is examined, and the
Sobel operator is used to compute the gradient (G,, G,).
Assuming the gradient attains an extremum at the sub-pixel
location (x+dx, y+Jy), a quadratic interpolation model
is adopted as

G.r
0, =— ,
2G,, (14)
s__ G
y 2 ny s

where G,, and G,, are the second-order gradients, and
the sub-pixel coordinates are then obtained as

(zoy)=(x+0,y+3,). (15)

Based on the obtained sub-pixel coordinates, the
epipolar search range is refined. Using the probabilistic
epipolar constraint model, the geometric correspondence
of pin feature points is effectively confined within a unipolar
epipolar domain. By introducing an additional consistency
constraint in the orthogonal dimension, a bilinear constraint
equation is constructed , enabling a closed-form solution for
the pixel coordinates of conjugate image points. The pin
points derived from clustering are assigned to different

hierarchical levels and reordered according to point-set
density, thereby enhancing inter-level matching robustness.
Establishing an initial correspondence between the angle-
sorted points of the left and right images not only reduces
global search complexity but also preserves rotational
consistency of the pin points, preventing blind matching.
To further guarantee matching accuracy, a hierarchical
RANSAC algorithm is incorporated for geometric-
consistency verification and outlier removal. Its core idea is
to partition all pin correspondences into multiple subsets
according to a priori geometric rules, and at each level
independently perform model fitting and outlier rejection.
The main procedure takes the pin point set P=
{Cl, C,, - ,C,\,} as input, where C, denotes the pin point
subset at level £, and sets a dynamic residual threshold as
0,— ary, (16)
where 7, 1s the layer radius, and « is the empirical
coefficient (typically 0.01) .

For layer £, the disparity model is assumed to be linear,
T =ax+b,+o, (17)
where x; and x, are the horizontal coordinates of the
matched points in the left and right images,
respectively, and o~N (0, ¢°) is the noise term. A
minimal dataset is randomly sampled from the current
layer C, to generate a candidate model, and the model
parameters a, and b, are solved using the least-squares
method
min,, ,, E H x,—(ayx+by) 2,

(21,2,)€ Spins

(18)

where S, 1s the minimal sample set.
Thus, we count the points that satisfy the residual
condition by

Ik:{(x,,xr)EEkHxr*(akar b,l)|< alh,,{}. (19)

If a matched point satisfies the residual condition, it is
classified as an inlier; otherwise, it is judged an outlier.
The above steps are repeated iteratively to obtain the
final estimate, and the matching results are presented in
Section 2.1.

1.4 Three-dimensional reconstruction of sparse
points and pin-retraction detection

After the recognition and matching of the pin points in the
electrical connector, we have already obtained the position
coordinates of the pins and the correspondence between the
same pins in the left and right images. To further obtain the
depth relationship of the pins, we first need to set the 3D
coordinates of the centroid P of the pin tip as (X, Y,Z2) , and
the pixel coordinates of this point in the left and right
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cameras are p, (u;, v) and p,(u., v,) , respectively. The
depths s, and s, of point P in the Z direction of the left and
right camera coordinate systems are then calculated as

o my omis omiy mig|[ X X
u
: my my, my omu || Y Y
Si| U | — :M1 s (20)
1 m§1 még n/lég 7ﬂ§4 Z Z
0 my omy omiy omy |l L1
- min mi, mis my || X X
r
\mu o my omy omy || Y| Y
Slve |[=| } } . Z—MrZ,(Zl)
1 My Mgz Mz Mgy
- Imn myp omi; omy L 1] L 1]

where M, and M, are the projection matrices of the left and
right cameras, respectively; (u,v,1) and (u,,v,,1) are the
homogeneous coordinates of the pin-tip centroid P in the
image coordinate system; and (X, Y, Z, 1) is the
homogeneous coordinate of point P in the world coordinate
system. Simplifying Eqgs. (20) and (21) yields
(wmly — mpy) X +(wymi, — my,)Y +
(wymbs— mis) Z=mi, — uyms,
(i — my ) X+ Cuyms, — my, )Y +
(wymbs — mys ) Z=mb, — uyms,
(u,mby — mi) X +(umly, — mi,)Y +

( u,mis — mi; )Z:

(22)

miy — u,msy,
(u.mi — ms ) X +(umi, — mi,)Y +

(wu,mi; — ms) Z=

My — U M3,

The linear system of Eq. (22) can be solved using the
least-squares method to obtain the 3D coordinates of point
P, thereby yielding the 3D coordinates of the pin point.

Obtaining the 3D coordinates of the pin signifies the
completion of the measurement of the pin’s depth
information. Subsequently, it is necessary to determine the
extent of deviation in depth for a pin to be classified as
retracted. Based on the obtained 3D coordinates of the pin
points P (z;,y;,z) , the directed distance from each pin point
to the fitted reference plane is calculated as
Az, + By, +Cz,+D

A+ B*+ C?

The histogram method is used for binning statistics,

h,

(23)

and the number of intervals K is determined using

Sturges’ rule as
K=[logs|+ 1. (24)

The probability P (i) of each interval and the number of
samples K (i) falling into each interval i are calculated by

(25)

Assuming that the fluctuation of the pin follows a zero-

mean Gaussian distribution, the Gaussian distribution is
calculated for each histogram interval i as

Q(')—F(b"o)—F<a"O) 26
N 01 ) (26)

where F (+) is the cumulative distribution function.
Kullback-Leibler (K-1.)
quantify the difference between the actual distribution P

divergence is wused to

and the theoretical distribution Q as
P(;
P(i)in (“
1 Q( 7 )+ €

where € is a small perturbation added to the theoretical

DKL( P HQ):

K
i=

), (27)

distribution probability to avoid an analytical solution
when Q (/) =0, and ¢ is taken as 10~°.

2 Results and discussion

To meet the requirements of the electrical connector
quality inspection system, which aims to reduce the
constraints on the degrees of freedom of the electrical
connectors while achieving high-precision measurement,
the inspection equipment mainly consists of an LED strip
light source, an industrial camera and lens, and a stereo
camera experimental stand. The binocular vision system
was constructed using two industrial cameras, each with a
resolution of 3 088 X 2 064 pixels and a pixel size of 2.4 pm,
equipped with lenses having a focal length of 150 mm. The
baseline distance between the two cameras was set to
74 mm. The inspection process is generally as follows:
According to the algorithm proposed in this paper, first, the
intrinsic and extrinsic parameters of the camera are obtained
through camera calibration, and stereo rectification is
performed to align the left and right images on the same
horizontal plane. Subsequently, the pins of the electrical
connector image are identified, and the center points of the
pins are located. Next, the optimized matching algorithm
is used to match the pin points and reconstruct their three-
dimensional coordinates. Finally, the pin retraction is
detected.

2.1 Test of pin center identification and matching

To verify the effectiveness of the pin center identification
and localization algorithm, six different types of electrical
connectors: JY27497E55, JY27472T20F41, Y11X1626,
3027, 26JH53PN, and J14A-74TJ, were each subjected
to pin tip center identification tests, as shown in Fig.8. We
tested over 300 pin images of more than 10 types of
electrical connectors. The algorithm proposed in this paper
was able to effectively identify the pins of electrical
connectors in all cases. It can be concluded that the correct
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recognition rate is close to 100%, and the precise

(a) JY27497E55

coordinates of the pin centers can be extracted.

() Y11X1626

(d) 3027

() 26JH53PN

(f) 14A-74T]

Fig. 8 Results of pin center identification, where green box indicates pin area and red dot indicates pin center

To verify the optimization algorithm for feature
matching based on probabilistic epipolar constraint, the
electrical connector JY27472T32 was selected for
hierarchical matching. Since the geometric feature of the
pins in the JY27472T32 electrical connector is a
concentric circular arrangement (which is the case for
most electrical connectors) , the pins in the left and right
images of the JY27472T32 were matched hierarchically
from the largest to the smallest radius. The successful
matching is demonstrated by connecting the same pin
with a single line. The pin matching results of
JY27472T 32 are shown in Fig.9.

Fig. 9 Pin matching results of connector JY27472T32 (green
lines: outer pins; red lines: middle pins; pink lines: inner pins)

2.2 Pin-retraction determination

In order to verify the accuracy and repeatability of the
pin-retraction detection algorithm, one pin was manually
selected and its depth along the Z-axis was altered for
four different types of electrical connectors, namely
IY27472T20F41, JY27472T32, JY27497E55, and

15T1J. Subsequently, images of the electrical connectors
were captured, and the depth information of each pin
center of the electrical connectors was extracted using
the algorithm proposed in this paper. The extracted
depth information was then compared with the results
measured by a coordinate measuring machine (with an
accuracy of 0.001 mm). Finally, the detection results
were analyzed.

To ensure the generality of the experimental results,
each type of electrical connector was tested at least
10 times in different orientations to obtain stable data for
calculating the average value. The algorithm used
relative measurement, with the relative distance from
the pin point to the fitted reference plane serving as the
basis for judging the height of the pin and detecting the
presence of pin retraction. Fig. 10 shows the statistical
results of five measurements of pins for different types of
electrical connectors. In this figure, the values on the -
axis represent the pin numbers, while the values on the
y-axis represent the distances between the pin centers
and the reference plane of the detection system.
Furthermore, to address potential concerns regarding
the reference plane fitting, which is a critical step in
deriving the retraction magnitude, a robustness analysis
was conducted.

The circular apertures on the connector housing,
which are used to fit this plane, are significantly larger
than the pins. Our analysis confirms that a circular edge
positioning error of 0.1 pixel introduces a deviation in the
fitted reference plane of less than 0.005 mm. This error is
negligible compared to the system’ s verified
measurement accuracy of 0.05 mm, thereby ensuring the
reliability of the retraction measurement.
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Fig. 10 Statistical results of five measurements for different

connector models

From the detection results of different types of pins, it
can be seen that for the same pin point, the maximum

standard deviation in multiple measurements is 0.04 mm,

indicating good measurement stability; under the condition
of equal-precision measurement, the repeatability error is
3.7%, showing good measurement repeatability. Here, the
pin-retraction measurement data of the JY27513ES5
electrical connector is taken as an example for analysis. For
comparison, a coordinate measuring machine (CMM) was
employed to obtain the standard height of each pin relative
to the same fitted plane. Table 1 compares the pin retraction
results, where the measured value represents the mean of
10 repeated measurements obtained by our method, and the
standard value is the corresponding mean derived from
CMM measurements under the same condition. The range
shown in the table indicates the variation (maximum minus
minimum) of the 10 measurements from our method. Only
the results for the first 15 pins and the 51st abnormal pin of
the JY27513E55 are listed.

Table 1 Comparison of measured pin-tip height and standard

height for JY27513E55 (list only the first 15 pins and the 51st
abnormal pin)

. Measured  Standard ~ Range/  Repeatability
Serial No.
value/mm  value/mm mm error/mm
Pin 1 0.025 0.020 0.049 0.015
Pin 2 0.043 0.046 0.028 0.009
Pin 3 0.076 0.039 0.036 0.017
Pin 4 0.043 0.022 0.040 0.012
Pin 5 0.020 0.029 0.003 0.030
Pin 6 0.033 0.033 —0.025 0.024
Pin 7 0.004 0.025 —0.017 0.024
Pin 8 0.019 0.025 0.007 0.025
Pin 9 0.020 0.004 0.003 0.019
Pin 10 0.027 0.001 0.001 0.035
Pin 11 0.013 0.009 0.038 0.018
Pin 12 0.010 0.057 —0.044 0.031
Pin 13 0.051 0.072 —0.042 0.026
Pin 14 0.077 0.074 —0.035 0.027
Pin 15 0.020 0.037 —0.004 0.022
Pin 51 (abnormal) 0.448 0.457 —0.013 0.013

From the data in Table 1, it can be concluded that the
average deviation of pin height detection using the pin-
retraction detection method proposed in this paper is within
0.05 mm. Additionally, the repeatability error was
calculated wusing statistical methods. Based on
10 measurement results, the maximum repeatability error
was 0.035 mm, indicating a high measurement accuracy.
The standard retraction of pin 51 was 0.457 mm (pins
measured using a coordinate measuring machine) , while
the pin retraction measured by the method described in this
paper was 0.448 mm, with a deviation of only 0.013 mm.

In addition, to quantitatively evaluate the detection
efficiency, processing speed tests were conducted on a
platform equipped with an NVIDIA GeForce RTX 4060
GPU. The system achieved an average processing speed of
10 frame per second. This represents an orders-of-

magnitude improvement in detection efficiency compared
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to the sensor-based manual handheld measurement
methods currently prevalent in China for pin-retraction
detection, effectively overcoming the limitations of low
efficiency and operator-dependent results inherent in
traditional approaches.

After obtaining the relatively accurate depth information
of the pin centers of the electrical connectors using the
algorithm proposed in this paper, we need to focus on the
judgment of the pin-retraction situation, as mentioned in
Section 1.4.

The K-1. divergence is used to measure whether there is
pin retraction in the electrical connector. The value of the K-
L divergence is sensitive to the tail of the theoretical
probability distribution. If the actual distribution contains
outliers, the value of Dy, will increase significantly,
indicating the presence of pin retraction. Taking the pin
detection data of the JY27497E55 electrical connector as an
example, given that the total number of samples is 55, the
number of intervals is determined to be 7 according to
Sturges’ rule. The distribution of distance values is shown
in Fig.11, and the result of the K-1. divergence is shown in
Table 2.

6.8

§=6.660 m

6.6

#—0=6.518 mm

1#—30=6.352 mm

Distance/mm
oy
~

6.21

Pin 51: 6.050 mm

00 5 7 0 111315171921 232527293133 3537304143 4547495153 55

Pin number

Fig. 11 Distribution of distances from pins of JY27513E55

electrical connector to reference plane

Table 2 Results of K-L divergence

) P(7)
Interval No. P(i) Qi)+e P(HIH(Q(i)Jrs)

1 0.018 2 0.000 200 01 0.082 1

2 0 0.016 000 01 0

3 0 0.222 700 01 0

4 0.127 3 0.522 200 01 —0.179 6

5 0.672 7 0.222 700 01 0.746 7

6 0.1455 0.016 000 01 0.321 3

7 0.036 4 0.000 200 01 0.189 3

The K-L divergence Dy, is calculated to be 1.16. The
discrimination threshold for Dy, 1s not fixed but is
adaptively determined based on the total number of pins

(N) via Monte Carlo simulation. For this connector
(N=55, belonging to the N>>30 category) , the 95%

quantile threshold is established at 0.12. This threshold,
along with others for different pin counts, was derived by
generating 10 000 sets of normally distributed samples
for each category and calculating the 95% quantile of the
resulting Dy, distribution:

For N<(15 s, the threshold is 0.20.

For 16<<N<.30, the threshold is 0.15.

For N>>30, the threshold 1s 0.12.

Therefore, i1t can be concluded that the actual
calculated Dy, value of 1.16 is much greater than the
applicable threshold of 0.12, indicating the presence of
pin retraction. According to the 3¢ rule, points with an
absolute height value exceeding 30 = 0.249 mm can be
marked as retracted pins. As shown in Figs.12 and 13,
the height value of pin number 51 meets the 3¢ criterion,
confirming it as a retracted pin, while the other pins
fluctuate within the range of 6.5—6.7 mm.

Using the proposed algorithm, six types of electrical
connectors were inspected. For each type, 200 images were
captured, and the 3o criterion was applied to identify pin
retraction. Among the 1 200 images, 1 197 accurately
detected the serial numbers of the retracted pins, while
3 images experienced missed detections, resulting in a pin
recognition rate of 99.75%.

3 Conclusions

This research proposes a pin identification and
localization algorithm based on template matching, which
can effectively recognize and locate electrical connectors
with the same pin shape but different arrangements and
sizes. Combined with Delaunay triangulation for eliminating
mismatched pins, it achieves a pin identification accuracy
0199.75% , overcoming the limitation of monocular vision
being only applicable to exposed pin detection. By
integrating probabilistic epipolar constraints with the
geometric characteristics of pin arrangement distribution,
hierarchical matching of pin feature points is realized,
improving matching efficiency and accuracy.

In addition, a method for fitting the reference plane of
electrical connector pins is designed. By calculating the
relative distance from the 3D reconstructed pin points to the
fitted plane, pin retraction detection is achieved, and the
measurement results are analyzed using K-1. divergence.
The experimental results show that the accuracy of the
measurement system was better than 0.05 mm, which

verifies the effectiveness of the pin-retraction detection.
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