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ABSTRACT: Precision steel balls are critical components in precision bearings. Surface defects on the steel balls will
significantly reduce their useful life and cause linear or rotational transmission errors. Human visual inspection of
precision steel balls demands significant labor work. Besides, human inspection cannot maintain consistent quality
assurance. To address these limitations and reduce inspection time, a convolutional neural network (CNN) based optical
inspection system has been developed that automatically detects steel ball defects using a novel designated vertical
mechanism. During image detection processing, two key challenges were addressed and resolved. They are the reflection
caused by the coaxial light onto the ball center and the image deformation appearing at the edge of the steel balls. The
special vertical rotating mechanism utilizing a spinning rod along with a spiral track was developed to enable successful
and reliable full steel ball surface inspection during the rod rotation. The combination of the spinning rod and the
spiral rotating component effectively rotates the steel ball to facilitate capturing complete surface images. Geometric
calculations demonstrate that the steel balls can be completely inspected through specific rotation degrees, with the
surface fully captured in 12 photo shots. These images are then analyzed by a CNN to determine surface quality defects.
This study presents a new inspection method that enables the entire examination of steel ball surfaces. The successful
development of this innovative automated optical inspection system with CNN represents a significant advancement
in inspection quality control for precision steel balls.
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1 Introduction

The applications of precision steel balls are extensive, spanning aerospace, slide rails, and precision
bearings. Their primary functions include reducing friction and serving as transmission supports, making
them essential components in various mechanical systems. The quality of precision steel balls directly
impacts the operational stability, precision, and lifespan of machinery. Consequently, ensuring high-quality
manufacturing of steel balls is crucial, as only superior steel balls can meet the stringent requirements for
precision, strength, and reliability.

In the literature review on steel ball inspection [1], the comprehensive manufacturing process of steel
balls is detailed from multiple sources. Initially, raw materials are drawn into wire form and undergo cold
heading to shape them into preliminary ball blanks. Flashing is then performed to remove burrs and further
refine their shape. The balls subsequently undergo heat treatment, including carburizing, quenching, and
tempering, to enhance mechanical properties, specifically to increase strength and hardness. The peening
process follows, improving surface stress distribution to boost fatigue strength. The final steps involve
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refining the size and surface finish of the balls, using lapping and grinding to achieve precise shape and
dimensions, while polishing enhances surface smoothness.

Throughout this intricate manufacturing process, various residual stresses, wear marks, or scratches can
emerge on the steel balls. Although these imperfections might be minuscule, they can significantly affect
performance, especially for steel balls used under high loads and high speeds. Therefore, rigorous inspection
tests, traditionally performed manually, are essential.

In terms of surface inspection, most steel ball manufacturers still rely on visual sampling by trained
inspectors, a method heavily dependent on the experience of the personnel and lacking in standardized,
objective criteria. Transferring technical expertise for this inspection is challenging, and the sampling
approach reduces reliability as it cannot guarantee that every steel ball with surface defects will be identified.
Furthermore, manual inspection is time-consuming and labor-intensive, leading to high costs. To address
these issues, high-efficiency, consistent, and automated surface defect detection systems for steel balls are
essential on fast-paced production lines.

Automated surface inspection of steel balls faces numerous challenges, the most problematic of which
are the high reflectivity of curved surfaces and the need for full surface coverage of the sphere. Visual
inspection methods require intense lighting to reveal small surface defects, yet the high reflectivity of curved
surfaces can cause excessive reflection and overexposure, obscuring details on the ball’s surface. Additionally,
achieving full surface coverage of the spherical shape poses a significant hurdle, necessitating multiple scans
from various angles to ensure complete inspection of the spherical surface.

To address the challenges in automated inspection of steel ball surfaces, various methods have been
developed over the years, including optical sensing [2], machine vision inspection [3-7], eddy current
inspection [8-10], optical fiber inspection [11], and capacitance sensor inspection [12]. In 2020, Zhang
et al. [1] reviewed approximately two decades of automated steel ball inspection systems, summarizing
the features, strengths, and limitations of each method. Due to differences in inspection methods and
principles, diverse steel ball unfolding mechanisms have also been proposed. Among these, machine vision
inspection stands out for its high degree of automation and repeatability. In previous research, Chen et al. [6]
successfully implemented a real-time machine vision inspection system suitable for industrial production
lines. Therefore, this study selects machine vision as the method for steel ball inspection.

In machine vision inspection of surface defects on steel balls, two primary challenges must be
addressed: the type of light source and the ball unfolding mechanism. The review in [I] identifies four
types of lighting sources used in machine vision inspection: strip-shaped, ring-shaped, dual-side, and diffuse
dome lighting sources. To achieve uniform illumination on the spherical surface of steel balls, the strip-
shaped lighting source is excluded from consideration. While the dual-side lighting source and the diffuse
dome lighting source fall under the diffuse category and provide uniform illumination, they also lead to
issues with inadequate brightness and increased noise [13]. The complex design of these lighting sources
further complicates adjustments [6]. Consequently, this study adopts a ring-shaped lighting source for its
simplicity and enough brightness, despite its reflection challenges. In this research, a mechanism to solve the
reflection issue is proposed while unfolding a ball sphere is enabled successfully.

2 Literature Review

In addition to the lighting source type and unfolding mechanism, effective machine vision inspection of
steel ball surface defects requires image processing and recognition. The overall process is illustrated in Fig. 1.
To address the reflection issue posed by the ring light source, this study leverages a ball unfolding mechanism
to overcome it, with a focus on achieving comprehensive inspection coverage. Finally, commonly used and
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effective image processing techniques combined with CNN-based recognition complete the fully automated
defect detection system.
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Figure 1: Flowchart of machine vision inspection process for steel ball surface defects

2.1 Steel Ball Surface Unfolding Mechanism

Previous surface unfolding mechanisms for steel balls using machine vision inspection can generally be
categorized into two types. The first type is the frictional disk unfolding mechanism [5,6], comprising a base
disk, driving disk, and turning rotor, as shown in Fig. 2a. This mechanism uses the driving disk to rotate the
steel balls in the first direction while simultaneously conveying them, with an additional turning rotor (in
red in Fig. 2a) providing a secondary rotational direction. Through specific rotation angles and multi-axis
rotations, it achieves surface unfolding of the steel balls. However, this mechanism is complex in design and
requires multiple cameras, necessitating a total of 15 images for accurate recognition, which incurs high costs,
maintenance difficulties, and cannot resolve the issue of lighting source reflections.
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Figure 2: Previous steel balls surface unfolding mechanisms for machine vision inspection. (a) Cross-sectional view of
the frictional driving disk unfolding mechanism (refer to Chen et al., 2016 [6]); (b) Linear track with friction pad (refer
to Ng, 2007 [2]); (c) Linear track with two-camera inspection setup (refer to Do et al., 2011 [14])

The second type employs a linear track mechanism, incorporating a rotational friction pad on the steel
ball transport track [2] (Fig. 2b) to achieve spherical unfolding or increasing the number of cameras [14]
(Fig. 2¢) to extend coverage. The former provides two orthogonal rotational axes, achieving a straightforward
and intuitive surface unfolding, but due to limitations in the inspection method, the inspection area remains
small, requiring multiple scans to complete the inspection of a single steel ball, making it time-consuming
and inefficient. The latter approach improves inspection coverage through imaging at different angles;
however, using two angles complicates uniform lighting and requires high-spec cameras to capture dynamic
steel balls, which further increases costs and introduces additional technical challenges.

2.2 Image Preprocessing and Dataset Setup

With technological advancements, image processing methods have become highly complex and diverse,
often adapted across different fields to meet similar requirements. Reference [15] introduces various common
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image processing techniques, ranging from basic brightness and contrast adjustments to advanced spatial
and frequency domain processing, including feature extraction and neural network image recognition. This
section primarily discusses preprocessing techniques that prepare images for classification.

In reference [16], regions of interest (ROI) are extracted from images, followed by feature extraction and
recognition based on color or brightness information. Meanwhile, Lim et al. [17] proposed a neighborhood-
based grayscale conversion method that enhances brightness, contrast, and detail, showing that both color
and grayscale images serve different applications. Although grayscale images may lose some features, they
can also highlight specific characteristics, enabling applications that are challenging with color images. These
studies also touch on important yet subtle concepts like thresholding and ROI, underscoring that effective
imaging often requires auxiliary processing.

In image histogram research, Patel et al. [18] revealed that the direct histogram equalization may
not always be optimal for contrast enhancement and suggested several alternative equalization methods.
In contrast, Huynh-The et al. [19] highlighted that standard histogram equalization may not suit con-
sumer electronics and proposed a brightness-preserving weighted dynamic range histogram equalization to
enhance contrast and detail. Somal [20] compares various enhancement methods, noting that global and
partial histogram equalization can yield distinct feature images in different image regions. These studies
illustrate that histogram equalization is widely applicable yet must be tailored to specific scenarios to achieve
desired outcomes.

2.3 Convolutional Neural Network (CNN) Model

In the review presented in reference [1], various image processing and recognition techniques for
machine vision-based surface defect detection on steel balls are summarized, including image enhancement
and neural network learning-based recognition. With current technological advances, a single neural
network can be trained to accomplish various tasks. For instance, Alghassab [21] employed both VGG and
Inception neural networks for automated defect detection on printed circuit boards (PCBs). Liu et al. [22]
also introduced the multi-scale module, which enhanced the performance of CNN in PCB defect detection,
improving various detection model evaluation indicators. Similarly, Huang et al. [23] utilized multiple
well-known neural networks for defect detection on metal workpieces and developed a customized CNN
model with VGG as its core architecture. In reference [24], a Real-time Multi-Variant Deep Learning Model
(RMVDM) was proposed for real-time defect detection on photovoltaic panels. These studies illustrate the
extensive applicability of CNN for defect detection, highlighting the capabilities of the VGG network, a
CNN model proposed in reference [25] mainly with 3 x 3 convolution kernels, noted for its versatility and

outstanding performance in the 2014 ImageNet competition.

3 System Hardware Design
3.1 Introduction of Hardware Architecture

The steel ball surface inspection device proposed in this study is shown in Fig. 3. Component A
in Fig. 3 is a vertical surface unfolding mechanism for steel balls, comprising a spiral track and a spinning
friction rod, each powered by independent motors [M1, M2]. A more detailed description is provided
in Section 3.2, with theoretical explanations in Section 3.3. Component B in Fig. 3 is an adjustable camera lift
platform installed to track steel ball movement, driven by the M3 motor and a belt for vertical positioning.
Component C represents the camera and accompanying lens used in this system, with the specifications
statement in Section 4.1. The ring-shaped lighting source D is mounted directly on the lens to ensure focused
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illumination within the camera’ field of view. Lastly, component E is a diverter track that categorizes steel
balls, controlled by motor [M4], enabling efficient sorting.

Figure 3: Actual photograph of the inspection device, A: the vertical surface unfolding mechanism; B: the camera lift
platform; C: the camera and accompanying lens; D: the ring-shaped lighting source; E: the diverter

Fig. 4 illustrates the inspection process for steel balls in this system. Both Fig. 4 and previous
descriptions confirm that the system utilizes four stepper motors, each driven by the A4988 driver and
directed by an Arduino controller. These motors coordinate tasks such as image capture, steel ball rotation,
and classification.

Camera Plate Motor
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CNN classifies g z
( Steel Ball Input )—‘ Image Acquisition ;z;hxgmmbei:!:tr? whether there Dw;?:j :::ﬁsOK
g < are any defects
Classifier Motor
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Figure 4: Inspection system flowchart

3.2 Unfolding Mechanism Design

This study introduces an innovative vertical unfolding mechanism, inspired by previous research
concepts, designed to provide steel balls with two orthogonal rotation axes. As shown in Fig. 5, the proposed
mechanism consists of a spiral track and a spinning friction rod. The spiral track simultaneously transports
and rotates the steel balls, while the spinning friction rod imparts a second orthogonal rotational force,
effectively addressing both ring light reflections and surface unfolding issues.

3.3 Surface Unfolding Analysis

The image capture of the steel ball is shown in Fig. 6a, where a white ring-shaped reflection from the
lighting source appears in the center, and the right edge is covered by a spiral track. Accordingly, the effective
inspection area is confined to the portions without these regions. For calculation convenience, the inspection
coverage is represented by the area between two concentric circles (marked in red), defining a single sampling
zone (effective inspection area). Sampling means extracting the defined region from the captured image as
inspection data, as indicated by the red area in Fig. 6b. Fig. 6¢ represents the projection plane of Fig. 6b,
with further simplifications explained based on Fig. 6¢. In Fig. 6¢, d1 denotes the diameter of the steel ball,
d2 represents the outer diameter of the effective inspection area’s concentric circles (marked in red), and d3
shows the diameter of the white ring-shaped reflection from the lighting source in Fig. 6a.
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Figure 5: Front view of the vertical spherical unfolding inspection mechanism
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Figure 6: Camera-captured image and explanation of effective inspection area, d1: the diameter of the steel ball; d2: the
outer diameter of the effective inspection area; d3: the diameter of the white ring-shaped reflection. (a) Schematic of
camera capture; (b) Effective inspection area coverage diagram; (c) Projected view of effective inspection area on steel
ball surface (CAD geometric model of (b))

()

After the first sampling of the steel ball, it rotates along the spinning friction rod on the left side in Fig. 5,
moving to a second sampling position. The initial inspection area then rotates to the left, as illustrated
in Fig. 7. In Fig. 7, the blue section represents the effective area for the first inspection, and the red section
indicates the second inspection’s effective area. To cover the previously missed central region from the first
inspection (inside the red concentric circle in Fig. 6b), it must be captured in the second inspection sampling.
If the steel ball rotates too little, as shown in Fig. 7a, the overlapping central white reflection areas between the
two inspections cause missed detection. If the steel ball rotates too much, as shown in Fig. 7b, the reflection
areas fall outside each other’s effective inspection areas, leading to missed detection. Thus, it is essential to
determine a proper rotation angle range for the steel ball and analyze the geometric relationship between the
two inspection sampling. This relationship identifies whether missed detection occurs.

Next, the rotational angle and inspection coverage of the steel ball will be examined from a top-down
perspective. From the top view in Fig. 6a, the effective inspection area’s concentric circles appear as a region
bounded by two chords, as shown in Fig. 8a. After completing the first sampling, the steel ball rotates via
the spinning friction rod on the left side in Fig. 5 and proceeds to the second sampling. To avoid missed
detections, as illustrated in Fig. 7, the white reflection area from the first inspection must be covered in the
second sampling. This requires the steel ball’s rotation to fall between two critical states: (1) the boundaries
of the reflection areas from both samplings perfectly overlap, as shown in Fig. 8b, or (2) the boundary of
the reflection area in each sampling coincides with the outer boundary of the effective inspection zone, as
shown in Fig. 8c. These two scenarios represent the critical conditions where the effective inspection area of
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the second sampling fully covers the missed white reflection area from the first inspection. By calculating
the steel ball’s rotational angle range and the angular coverage of the sampling area as references for system
adjustments, issues like those in Fig. 7 can be prevented.

P

e

(b) Issue 2: Excessive steel ball rotation, caus-
ing reflection areas to fall outside effective in-
spection zones

(a) Issue 1: Inadequate steel ball rotation, caus-
ing overlapping reflection areas

Figure 7: Illustration of missed detection issues, where the blue area represents the first inspection’s effective area, and
the red area represents the second inspection’s effective area
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Figure 8: Top view of steel ball inspection area, d1: the diameter of the steel ball; d2: the outer diameter of the effective
inspection area; d3: the diameter of the white ring-shaped reflection

In this section’s calculations, the rotational angle required for the steel ball is determined as a reference
for achieving the entire inspection of the ball’s surface. Additionally, the angular coverage of the two sampling
ranges is calculated to verify whether the subsequent inspections can fully cover the entire sphere’s surface.

In the first case (Fig. 8b), labeled points and auxiliary lines (Fig. 9a) are added to illustrate key features,
such as the circle center, endpoints of sampling ranges, and intersections of chords. Details of the labeled
points are provided in the Fig. 9a caption.

In the second case (Fig. 8¢), labeled points and auxiliary lines (Fig. 9b) are added to demonstrate critical
aspects, including the circle center, sampling range endpoints, and reflection chord positions. Specific labeled
points are explained in the Fig. 9b caption.
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(a) Case 1: Labeling diagram for overlapping
boundaries of the reflection areas (d3) in both sam-
plings, point A represents the left endpoint of the
two sampling ranges; point B represents the center
point of the reflection chord in the first sampling;
point C represents the intersection of the two reflec-
tion chords; point D represents the center point of
the reflection chord in the second sampling; point E
represents the right endpoint of the two sampling
ranges; point F represents the center of the effective
area chord for the first sampling; and point G repre-
sents the center of the effective area chord for the
second sampling
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(b) Case 2: Labeling diagram for the boundary of
reflection areas (d3) in both samplings aligning with
the outer diameter of the effective inspection zone
(d2), point H represents the left endpoint of the two
sampling ranges; point I represents the center point
of the reflection chord in the second sampling; point
J represents the right endpoint of the reflection
chord in the second sampling; point K represents
the right endpoint of the two sampling ranges; point
L represents the center of the effective area chord
for the first sampling; and point M represents the
center of the effective area chord for the second
sampling

Figure 9: Labeling diagrams for the critical state in which the second inspection’s effective area covers the previously
missed white reflective area from the first inspection, dl: the diameter of the steel ball; d2: the outer diameter of the
effective inspection area; d3: the diameter of the white ring-shaped reflection; point O represents the circle center

To maintain the geometric relationship shown in Fig. 9a,b, it is necessary to ensure that the angle
between the reflective area center and the effective inspection area endpoints in each sampling is at least three
times the angle between the reflective area center and the reflective chord endpoints in the same sampling.
This requires that d1, d2, and d3 satisty the following equation (Eq. (1)):

dz 43
122 >3 xsinT @

sin”
dl dl
In Fig. 9a, angle BOD represents the rotation angle required for the steel ball in the first case, with
the calculation process detailed in Proof 1. Angle AOE represents the angular coverage of the two sampling

ranges in the first case, with the calculation process detailed in Proof 2.

Proof1
AOBC = AODC (RHS) = «BOD =2 x «BOC
_ «in—10C
«BOC = sin Tc
OC=1xd3
BC = % x d1

P~ 1
. —10C _ i —13xd3 . _1d3
<«BOC =sin T - sin e sin” 3

<BOD =2 x «.BOC =2 x sin_lj—i
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Proof 2
AQFA = AOGE (RHS) = <AOE = «BOD +2 x «FOA

2FOA = sin"! AE

OA
AF=1xd2
OA:%xdl
. _1AF . 1 ixd2 .
AFOA:sml%zsmljidlzsml%
2
2AOQE = «BOD + 2 x «FOA =2 x sin”! i—? +2xsin”! dd—f =2 X (sinflﬁ + sinfl%)

In Fig. 9b, angle LOI represents the rotation angle required for the steel ball in the second case, with
calculations shown in Proof 3. Meanwhile, angle HOK represents the angular coverage of the two sampling
ranges in the second case, with the calculations outlined in Proof 4.

Proof 3
<10l = <LOJ - <I0J
AQOLJ = AOFA (RHS) = <LOJ = <FOA = sin™* i_f
AOQIJ = AOBC (RHS) = <I0J = «zBOC = sin~! 4

di
<LOI = 2LOJ - «IQJ = sin_l% - Sin_li_?
Proof 4
AQLH 2 AOMK (RHS) = <«HOK = «LOM + 2 x «LOH
AQOLH 2 A0LJ (RHS) = 2LOH = 2LOJ = sin™" %o
2LOM = <LOI =sin' & —sin™' &
2HOK = 2LOM +2 x 2LOH =sin™" 92 —sin™' 4 + 2 x sin™' 42 = 3 x sin 192 — sjn 142

d1i di d1 di d1

Next, this study refers to each two-sampling set as a sampling pair. Each pair is separated by an angle of
a, and it is assumed that three pairs of samplings can cover the steel ball’s circle. To achieve an even sampling
interval, the steel ball’s rotation angle should be 120°—a. The previously calculated result in Proof 4 needs to
exceed 120°, which leads to the following relationship (Eq. (2)):

d2 d3
122 _sin 122 > 120° )

3% sin” —
X Sin A1 a1

After three sampling pairs, the steel ball’s top view should resemble Fig. 10a. In this view, the central
hexagonal white area represents the uninspected region, while the red portions are inspected regions. To
ensure full coverage, the distance from the center to the vertices of the hexagon should be less than half
of the outer diameter of the concentric circles (d2). In the simplified case, labeled points and auxiliary
lines (Fig. 10b) highlight essential elements, such as the circle center, endpoints of the sampling range,
and intersections of effective area chords. Further details are provided in the Fig. 10b caption. Essentially,
in Fig. 10b, proving that line segment OQ is less than half of d2 demonstrates that the uninspected area
(the region with white color in Fig. 10a) will be fully inspected. The calculation process, detailed in Proof 5,
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confirms that when \/d12 — d22 x csc 3a < d2, the ball surface will undergo complete inspection. If the steel
ball undergoes an additional orthogonal rotation of 90° (given by the right-side spiral track in Fig. 5), it can
be assured that there will be no uninspected regions on the surface of the steel ball.

(b) Fig. 10a with labeled points, auxiliary lines, and a
cropped view, point O represents the circle center; point
N represents the left endpoint of the first sampling range;
point P represents the center of the last sampling range’s
effective area chord; point Q represents the intersection of
the first and last sampling range’s effective area chords;
and point R represents the center of the first sampling
range’s effective area chord

(a) Top view after three sampling pairs, with the white
area representing uninspected regions and the red portion
representing inspected regions

Figure 10: Top view representation and labeling diagram of effective inspection areas on the steel ball after three
sampling pairs, d1: the diameter of the steel ball; d2: the outer diameter of the effective inspection area; d3: the diameter
of the white ring-shaped reflection; «: the angle between sampling pairs

Proof 5
O_QS%de
0OQ = OR x csc 2QOR
m=%xdl
RN =1 xd2

2
OR=VON -RN = /(L xd1)* - (4 xd2)* = L/dP - a2
AQOPQ ~ AORQ (RHS) = «QOR = %APOR =
0OQ = OR x ¢sc 2QOR = %mxcsc%a
VAP -d2 xescfa < i xd2 = VdI2-d2? x esc La < d2
Va2 - d2? x csc%a < d2 = Detected area covers the sphere.

1
2(X

In this study, the steel ball’s diameter d3 is 12.70 mm, the outer diameter of the effective inspection
area’s concentric circles (d2) is approximately 10.40 mm, and the diameter of the white reflective ring (d3)
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is about 3.07 mm. Therefore, the rotational angle range should be between 27.98° and 40.99°, and the angle
between the endpoints of the two sampling ranges will be between 137.93° and 150.93°. Since 150.93° meets the
condition of being greater than 120° required by Eq. (2), we proceed with a separation angle of a. Setting the
rotation angle to 35° results in a = 85°, which satisfies the relationship v/d1? — d2? x csc 2a < d2. Therefore,
it is confirmed that there are no uninspected regions on the steel ball’s surface.

4 Dataset and Image Preprocessing
4.1 Dataset Creation

Due to resource limitations, only a limited number of samples were available, and the scratch defect was
the sole target defect for detection in this study. Based on the research of Wang et al. [26], it is feasible to
train a model with a single defect type and achieve generalization across other defect types. To align with the
unfolding mechanism design proposed in this study, the dataset was entirely self-generated through captured
images. An industrial camera, the Basler acA4600-10uc, was used, with specifications detailed in Fig. 11.
Scratches were selected as the target defect for detection, and a total of 10 different scratched steel ball samples
were collected. Part of them as shown in Fig. 12a-c. Each steel ball defect was captured in 50 images, yielding
500 defective (NG) images in total. Additionally, five defect-free steel balls were photographed, with 100
images taken per ball, resulting in 500 non-defective (OK) images.

Basler acA4600-10uc
Shutter Global Shutter
Sensor Format 1/2°
Sensor Type CMOS
Sensor Size (Hx V) 6.14 x 4,92 mm?
Resolution (H x V) 1280 x 1024 pixels
Pixel Size (H x V) 4.8x4.8 ym?

Figure 11: Camera and related parameters

(a) Defective steel ball sample 1 (b) Defective steel ball sample 2 (¢) Defective steel ball sample 3
Figure 12: Images of three steel ball defect samples

4.2 Image Preprocessing

The captured images were 1280 pixels x 1024 pixels in size, containing excessive background information
and lacking the appropriate aspect ratio for neural network input, which typically requires a 1:1 ratio.
Therefore, each image was cropped to a 1024 pixels x 1024 pixels square. To achieve this, the center of the
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steel ball had to be identified for precise cropping. Initially, the images were converted to grayscale (Fig. 13a),
and the brightness histogram was examined (Fig. 13b). The brightest area in the center, representing the ring-
shaped reflection, was distinguishable with a peak at the highest brightness level, 255. Thus, a threshold of
245 was set to perform binarization, as shown in Fig. 13¢c. The resulting binary image retained the reflective
circle at the ball’s center, enabling rapid and accurate center positioning for cropping.

0N 200 300 400

100

(a) Grayscale converted image (b) Grayscale image histogram (¢) Binarized image

Figure 13: Figures relating to image preprocessing steps

Next, three image enhancement methods were applied: grayscale conversion, region of interest(ROI),
and histogram equalization. Grayscale images possess distinct features compared to color images, and color
information is not essential for detecting defects on steel balls, allowing grayscale conversion to reduce
data processing demands and improve model computation and recognition speed. In addition to initially
cropping images to a square shape, ROI-masked processing was imported as an image-masking step. Based
on the coverage analysis of the surface unfolding mechanism in Section 3.3 and the previously identified
center location, a mask was created to retain only the effective inspection area, minimizing interference from
background noise on neural network recognition. Histogram equalization was applied after the masking
process. Considering the presence of highly reflective regions and numerous black background areas in the
original image, histogram equalization was only performed within the effective inspection area to enhance
the brightness and details of the steel ball’s surface. These three preprocessing techniques resulted in six
distinct image data types. Finally, to match the neural network’s input requirements, each image was resized
to 224 pixels x 224 pixels, as shown in Fig. 14a-f. These six image types served as the dataset for neural
network training.

4.3 Training Dataset Allocation
4.3.1 Six Types of Image Datasets

After image preprocessing, six types of image data were obtained, each containing 500 NG images and
500 OK images, consistent with the original dataset. To enhance randomness and improve the reliability of
neural network training results, all data were shuffled to prevent overfitting. For fair comparison across the
six data types, the same shuftling order was applied to all, meaning that the original cropped color images
(Fig. 14a) were shuffled before applying the five other transformations. The dataset was divided into training,
test, and validation sets, following a conventional 8:2 split for training and validation. Within the training set,
20% was further reserved for testing. Therefore, the training set and testing set contained 400 NG and 400 OK
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images, and the validation set contained 100 NG and 100 OK images. This allocation allowed exploration of
the recognition effects of various preprocessed images.

(¢) Color image with masking and histo-
gram equalization

(a) Original color image (b) Color image with masking

(f) Grayscale image with masking and

(d) Grayscale image (e) Grayscale image with masking histogram equalization

Figure 14: Six types of preprocessed image

4.3.2 K-Fold Cross-Validation

To assess the generalization ability of the neural network model, further experiments were conducted
on the two best-performing data types from previous training. This process validated initial results and tested
the model’s recognition capacity for unseen data. The K value was set to 5, with steel ball samples as the
splitting basis. Ten different NG samples were available, so each fold removed images of two NG samples
for validation. For OK samples, five distinct samples were used, with one selected as the validation set for
each fold. Due to sample independence, samples were consecutively selected, with shuffling applied to both
extracted and retained sets to prevent overfitting. Similar to the previous dataset processing, shuffling was
followed by image preprocessing, ensuring that only image types varied between datasets. This experiment
evaluated whether the trained neural network model could recognize unseen scratch defects and tested its
generalization ability for practical applications under limited data conditions.

5 CNN Defect Recognition
5.1 Neural Network Architecture

In 2016, Redmon et al. [27] highlighted that VGG was an overly complex neural network, prompting
them to introduce a new architecture, DarkNet19, which retains essential features of VGG while reducing
computational load by approximately 80%. This improvement greatly enhances image recognition speed,
making it more suitable for real-time image detection. Accordingly, this study adopts the DarkNet19 neural
network as the architecture for defect recognition. Given that the input images are both color and grayscale,
the network structure has minor modifications. Additionally, the final convolution and classification layers
are adjusted to match the two-category classification requirement of this study, as shown in Table 1. Only
three common hyperparameters are adjusted for this network: Batch Size, Epoch, and Learning Rate. These
parameters are set based on standard values and the computational capacity of the experimental setup: Batch
Size is set to 8, Epoch to 16, and Learning Rate to 0.001. The hardware specifications for this experiment
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include an Intel Core i7-9750H @ 2.60 GHz 6-core CPU, an NVIDIA GeForce GTX 1650 4 GB GPU, and 16
GB of RAM. The software environment consists of the Windows 11 operating system and MATLAB R2020a.

Table 1: Adopted neural network architecture (modified from Redmon et al., 2016 [27])

Type Filters Size/stride = Output

Convolution 32 3x3 224 x 224
Maxpool 2x2/2 112 x 112
Convolution 64 3x3 112 x 112
Maxpool 2x2/2 56 x 56
Convolution 128 3x3 56 x 56
Convolution 64 1x1 56 x 56
Convolution 128 3x3 56 x 56
Maxpool 2x2/2 28 x 28
Convolution 256 3x3 28 x 28
Convolution 128 1x1 28 x 28
Convolution 256 3x3 28 x 28
Maxpool 2x2/2 14 x 14
Convolution 512 3x3 14 x 14
Convolution 256 1x1 14 x 14
Convolution 512 3x3 14 x 14
Convolution 256 1x1 14 x 14
Convolution 512 3x3 14 x 14
Maxpool 2x2/2 7x7
Convolution 1024 3x3 7x7
Convolution 512 1x1 7x7
Convolution 1024 3x3 7x7
Convolution 512 1x1 7x7
Convolution 1024 3x3 7 %7
Convolution 2 1x1 7%x7
AvgPool Global 2
Softmax

5.2 CNN Recognition Evaluation
5.2.1 Neural Network Model Evaluation Indicators

The evaluation indicators of the neural network’s recognition capabilities are typically based on the
confusion matrix, as shown in Fig. 15. According to the prediction results and the actual image cate-
gories, there are four possible outcomes: True Positive (TP), False Positive (FP), False Negative (FN),
and True Negative (TN). While these metrics clearly outline the model’s classification results, they lack a
comprehensive evaluative perspective. Therefore, common indicators such as Accuracy, Precision, Recall,
and Fl-score are employed as evaluation criteria, with calculations provided in Eqs. (3)-(6). As seen in
the equations, Accuracy represents the probability of correct model predictions, Precision indicates the
probability of correct predictions when the model predicts a positive, Recall denotes the probability of
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correct predictions when the actual class is positive, and the Fl-score is a comprehensive measure combining
Precision and Recall.

Accuracy = (TP+ TN)/(TP+ TN + FP + FN) (3)

APrecision = TP/(TP + FP) (4)

Recall = TP/(TP + FN) (5)

F1-score =2 x (Precision = Recall)/(Precision + Recall) (6)
Prediction: Positive MNegative

True Positive  False Negative

Paositive

False Positive  True Negative

Negative

Fact:

Figure 15: Confusion matrix illustration

5.2.2 Results of Experiments on Six Types of Image Datasets

Based on the previous settings, each of the 6 image data types underwent three rounds of CNN training.
The results of these experiments were averaged, as shown in Table 2, where the aligned rgb, rgb_mask,
and gray_mask_histeq with each corresponding image type were as shown in Fig. 14a—f. From this data,
it is evident that models trained on the original color and grayscale images performed better in surface
defect recognition. Although the masking process effectively removed unnecessary background noise, it
also reduced some areas of the steel ball surface, which may have led to the loss of certain features or data.
Additionally, while histogram equalization appeared to enhance brightness and details visually, it potentially
eliminated certain features that the neural network needed for defect detection.

5.2.3 K-fold Cross-Validation Results

Since the models trained on the original color and grayscale image showed superior performance in the
previous experiment, these two image-type datasets were selected for further validation. This experiment,
given the variations in results, involved five rounds of model training for each of the five folds, meaning
each image data type underwent 25 experiments. Table 3 displays the average results for each fold, showing
slightly lower performance compared to the initial experiment. Retained test samples produced fluctuations
of around 10%, yet the models overall still performed well, with most Accuracy and Fl-score values reaching
0.85 or higher. As indicated by the total averages in Table 4, models trained on the grayscale images had a
slightly lower accuracy, but performed significantly better in Precision, indicating a lower false positive rate.

Table 3’s rgb and gray labels are consistent with Table 2.
Table 4’s rgb and gray labels are consistent with Table 2.
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Table 2: Results of models trained on six types of images

Type Accuracy Precision Recall F1-Score
rgb 0.995 1.000 0.990 0.995
rgb_mask 0.987 0.993 0.980 0.987
rgb_mask_histeq 0.962 0.980 0.943 0.960
gray 0.995 1.000 0.990 0.995
gray_mask 0.973 0.967 0.980 0.973
gray_mask_histeq 0.972 0.964 0.980 0.972

Table 3: K-fold cross-validation results (average per fold)

Type Fold Accuracy Precision Recall Fl-Score

1 0.899 0.845 0.996 0.914
2 0.947 0.998 0.896 0.942
rgb 3 0.840 0.990 0.686 0.863
4 0.863 0.893 0.826 0.857
5 0.846 0.926 0.750 0.827
1 0.960 0.927 1.000 0.962
2 0.983 1.000 0.966 0.982
gray 3 0.857 1.000 0.714 0.830
4 0.843 0.891 0.796 0.834
5 0.783 0.961 0.580 0.727

Table 4: K-fold cross-validation results in total averages

Type Accuracy Precision Recall F1-Score

rgb 0.91 0.790 0.882 0.670
gray 0.865 0.929 0.790 0.854

6 Conclusion

This study developed a machine vision inspection system for detecting surface defects on steel balls,
introducing an innovative surface unfolding mechanism with two major advantages: low cost and simplicity
of design. The system demonstrated that 12 image captures provide complete surface inspection, resolving
issues of intense reflections caused by using ring lighting sources. Paired with a lightweight convolutional
neural network, this system effectively identified defect images. Using only 1000 images, it successfully
trained a neural network model capable of reliable surface defect detection. Simple preprocessing techniques,
such as grayscale conversion, ROI masking, and histogram equalization, enriched the data types and allowed
exploration of their impact on model recognition performance. The study found that retaining as much
information about the target as possible enhances model recognition, with both original grayscale and color
images achieving 99.5% accuracy and Fl-score. Additionally, K-fold cross-validation confirmed the superior
generalization capability of the grayscale-images trainning model, which also reduced data size. Overall,
this research presents an innovative, low-cost, and efficient machine vision inspection system for steel ball
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surface defects, providing an effective alternative to the traditional, labor-intensive, and subjective manual
inspection methods.
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