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Abstract The ever-expanding market for electronic devices has significantly heightened the demand for high-quality printed
circuit boards (PCBs). Even minor defects in PCBs can pose substantial safety risks for end-users. This article provides a
comprehensive review on deep learning-based approaches for PCB defect detection. Our exploration covers various critical
aspects, including the classification of PCB defects, automated vision inspection (AVI) techniques, object detection
methodologies, and the widespread adoption of deep learning models. Specifically, we focus on the state-of-the-art
approach known as region-based Fully Convolutional Network with Feature Pyramid Networks (FPN-RFCN). Additionally,
we discuss effective data augmentation techniques and commonly used evaluation metrics in this domain. This review
provides valuable insights for researchers, practitioners, and industry professionals engaged in PCB quality assurance.
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1. Introduction

The widespread adoption of consumer electronics, including smartphones, laptops, smart televisions, and tablets, has
driven the demand for high-quality printed circuit boards (PCBs) produced in large quantities. However, maintaining high PCB
quality at such scales presents substantial challenges (Chung et al., 2023; Fung et al., 2024). As fundamental components in
electronic devices, PCBs must exhibit robust stability, high resistance to interference, and advanced features such as enhanced
integration, compactness, and high-speed transmission capabilities (Chen et al., 2023).

Effective PCB quality control is crucial. Even minor defects can lead to significant issues, including reduced manufacturing
quality due to undetected flaws, increased production costs from reworking or scrapping faulty products, delays in time to
market while allocating extra time for quality assurance, and potential safety hazards such as short circuits, component failure,
or overheating that pose risks to users (Fung et al., 2024; tyczek & Skarka, 2024; Reichenstein et al., 2022; Rosli et al., 2018).

The advent of Industry 4.0 (IR 4.0) and the rapid growth of Al have prompted the integration of deep learning techniques
into automated optical inspection (AOI) systems across various industries. These advancements have significantly improved
the accuracy and speed of detecting various PCB defects (Tai et al., 2021). However, achieving zero-defect production remains
a formidable challenge for modern electronics manufacturers (Saadallah et al., 2022; Rosli et al., 2016).

This study focuses on identifying the most critical defects in PCBs. Additionally, this article reviews the deep learning
approaches used for defect detection in printed circuit boards (PCBs). Consequently, a generic deep learning-based approach
for detecting critical defects is proposed.

2. Types of PCB Deficits

Any anomalies or irregularities in the PCB structure or the assembled components are considered PCB defects. These
imperfections can cause electronic devices to malfunction, shorten their lifespan, or reduce their reliability. Schubeck et al.
(2021) classified PCB defects into four types: trace, component, solder, and via and pad. Each type of defect is further classified
into subclasses, with each subclass consisting of several related defects. In addition, a study by Sankar et al. (2022) examined
various defects found in PCBs, collecting data from the PCB fabrication industry from April 2017 until July 2020.

Currently, PCB defects can be classified as bare PCB defects or component-mounted PCB defects, which include through-
hole defects and surface mount device (SMD) defects. A bare PCB is a circuit board without any electronic components
mounted on its surface, whereas a through-hole PCB is full of holes where components are inserted and soldered. The SMD
refers to components mounted on the surface of a PCB. In their papers, both Schubeck et al. (2021) and Sankar et al. (2022)
focused only on component-mounted PCB defects. On the basis of an exhaustive review, the types of PCB defects classified are
comprehensively illustrated in Figure 1.
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Figure 1 Taxonomy for PCB defect classification.
3. Defect Inspection Via the Vision System
3.1. Automated vision inspection

Automated vision inspection (AVI), also known as automatic optical inspection, represents a significant advancement
over traditional human vision inspection methods (Silva et al., 2019). Techniques that are utilized for AVI vary depending on
the specific requirements and characteristics of the inspection task. These include:

e Object detection: Identifying all objects in an image and pinpointing their locations and scales through bounding boxes
(Ge et al., 2020).

e Image classification: The core of image classification research always revolves around feature extraction, the process of
categorizing entire images into predefined classes or categories on the basis of their visual characteristics. This process
proves valuable in scenarios where the goal is to determine whether an entire image meets certain criteria or belongs
to a particular class (Chen et al., 2021).

e Image segmentation: A fundamental and pivotal step. This technique divides an image into distinct regions on the basis
of specific characteristics and extracts the target of interest (Wang et al., 2020).

e Feature extraction: This method simplifies data complexity by creating a straightforward representation for each
variable within a feature space, which is often achieved through linear combinations of the original input variables.
Feature extraction typically involves transforming the original data into features with enhanced pattern recognition
capabilities, in contrast to the original data, which may possess weaker recognition capabilities as features (Arif et al.,
2022).
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Template matching: Scans the image across a dense array of subwindows and compares each one with a template
representing the object (Mercier et al., 2021). This method proves valuable for detecting objects or patterns that closely
resemble the template.

Optical character recognition (OCR): Additionally, text detection and recognition involve extracting information from
input images and translating it into digital text. This process involves transmitting information from the image domain
to the text domain (Wang et al., 2021).

Anomaly detection: Additionally, outlier detection or novel detection involves identifying data instances that deviate
significantly from the majority of data points (Pang et al., 2021).

Motion analysis: Relies on data from motion capture systems. There are three types of motion capture systems: marker-
based systems, vision-based systems, and volumetric capture systems. Marker-based systems can generate highly
accurate motion tracking data, but attaching markers to human bodies is inconvenient and time-consuming. Vision-
based motion capture systems use computer vision to identify motion from images or videos. Volumetric motion
capture systems go a step further than vision-based systems by generating textured and animated 3D character models
instead of skeleton models (Zhu et al., 2022).

3D vision involves capturing and analysing three-dimensional information from images or depth sensors. These
techniques are beneficial for tasks such as measuring object dimensions, detecting surface defects, or performing
volumetric inspections (Linton et al., 2023).

3.2. Object detection technique

A core task in computer vision involves simultaneously classifying and pinpointing potential objects within an image (Li

et al., 2023). The utilization of object detection techniques by the public has shown a consistent upwards trend from 1998--
2021, as illustrated in Figure 2 (Zou et al., 2023).
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Figure 2 Number of publications in (a) object detection from 2010--2023. (Data from Google scholar advanced search: allintitle: “object
detection”); and (b) defect detection in PCB from 2010--2023. (Data from Google scholar advanced search: allintitle: “defect detection PCB”).

Several methods have been employed for object detection:

Traditional computer vision approach: Two fundamental techniques within this domain are edge detection and the
Hough transform. Edge detection plays a critical role in image processing by identifying discontinuities in intensity, which
often correspond to object boundaries. In edge detection, the input image is passed through a filter to detect lines or
boundaries of shapes and then extract and highlight the edge lines within the image (Dong et al., 2022). The Hough
transform (HT) is a representative technique for line detection in digital images. Owing to its simplicity and efficiency,
the HT can be extended to identify other regular shapes, such as circles and rectangles. The main principle of the HT
involves voting for evidence from the image domain to the parameter domain, followed by the detection of shapes in
the parametric domain by identifying local-maximal responses. This technique is sensitive to lighting variations and
occlusions, resulting in noisy outputs containing irrelevant lines (Zhao et al., 2022).

Deep learning-based approaches: There are two powerful deep learning approaches for detecting objects in images:
convolutional neural networks (CNNs) and transformer models, as illustrated in Figure 3 (Sun et al., 2024).

Traditional machine learning approaches: Support vector machines (SVMs), decision trees, random forests, and gradient
boosting machines (GBMs) are several machine learning algorithms that can be used for object detection. SVM is a
powerful machine learning technique used for classification tasks. It is designed to identify the optimal hyperplane
within the feature space that maximizes the separation between two sets of training samples (Mohan et al., 2020). A
random forest classifier consists of numerous trees, each grown via a form of randomization. The terminal nodes, which
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are the leaf nodes, are assigned labels representing estimations of the posterior probability distribution across the image
classes. Every internal node within the decision tree structure incorporates a test function. This test function serves to
optimally partition the data space on the basis of the feature characteristics of the data points. To classify an image, it
performs classification for each tree, and the resulting leaf distributions are aggregated (Boateng et al., 2020). The
gradient boosting machine (GBM) constitutes a powerful technique in machine learning. It works by combining multiple
weaker learners to create a powerful ensemble with superior predictive ability. GBMs are successful in various
prediction tasks, including spam filtering, online advertising, fraud detection, anomaly detection, and computational
physics (Lu & Mazumder, 2020).

Feature-based approach: A traditional approach in computer vision that relies on extracting informative features from
images to identify and locate objects. Two common feature-based object detection techniques include the histogram
of oriented gradients (HOG) and the Haar cascade. The core principle of the HOG algorithm lies in its computation of
gradients as local descriptors within an image. These gradients are subsequently normalized locally, resulting in features
that are invariant to the object location and robust to illumination changes within the image (Ghaffari et al., 2020). The
core principle of Haar cascade revolves around the utilization of Haar-like features, which are simple contrast-based
descriptors employed for object identification within an image. These features are subsequently leveraged to train a
cascaded structure of classifiers. The Haar cascade approach involves training a cascade of classifiers, which are
progressively more complex. This cascaded structure allows for the efficient discarding of nonrelevant image regions
during the detection process. While this approach offers significant advantages in terms of computational efficiency, it
can be limited in its ability to handle variations in object appearance, such as orientation, scale, and lighting conditions
(Georgiev et al., 2023).

Hybrid approach: This approach involves combining multiple techniques to leverage their respective strengths. These
approaches are characterized by the strategic integration of diverse methodologies, encompassing both established CV
techniques and deep learning methods. This combination offers a distinct advantage in capitalizing on the
heterogeneous computing capabilities available on edge devices. Heterogeneous computing refers to the ability to
utilize a variety of processing units, such as CPUs and GPUs, within a single device (O’Mahony et al., 2020).
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Figure 3 Classification of deep learning-based object detection. Source: Sun et al. (2024).
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3.3. Application of object detection in PCBs

Zhou et al. (2021) proposed a multiview template matching method for PCB component detection, as opposed to
manual inspection. The experiment compared multiview and single-view approaches and demonstrated a significant
improvement in performance with the multiview approach. Bahrebar et al. (2022) proposed the use of machine learning to
predict PCB corrosion conditions. Predictive models are employed to forecast the levels of electrochemical migration (ECM)
and leakage current (LC) within electronic systems subjected to corrosive environments. Supervised machine learning
approaches are utilized, with predictions from the ECM and LC models guiding the training process. Commonly used algorithms
in this domain include k-nearest neighbors (k-NNs), decision trees (DTs), random forests (RFs), and support vector machines
(SVMs). As a result, the SVM and RF algorithms achieve the highest scores in terms of the F1 score, AUC, accuracy, sensitivity,
and precision for PCB corrosion prediction under diverse critical factor combinations.

Piliposyan and Khursheed (2022) proposed a hybrid object detection method that combines traditional computer vision
with the Siamese neural network (SNN) for detecting hardware Trojan components on PCBs. An SNN is a combination of a CNN
and a feedforward fully connected neural network. A hardware Trojan is an extra component implanted on a PCB. A private
PCB dataset was used for training the model. The dataset was categorized into three types: small (surface area within 4 to 9
mm?), medium (surface area within 15 to 50 mm?), and large (surface area 280 mm? and above). The proposed method
achieved an overall accuracy of 95.6%.

Lou et al. (2023) proposed a modification of the Vision Transformer (ViT) for multiscale feature extraction. The method
uses a multistage ViT architecture, with each stage focusing on capturing features at a specific scale. Subsequently, 1x1
convolution layers are employed between adjacent stages. These convolution layers act as connectors, effectively increasing
the dimensionality of the extracted features by combining information from different scales. For the final object detection
algorithm, the detection head of YOLOx was adopted. The model was tested on three datasets and achieved a mAP of 69.3%
for the MSCOCO 2017 dataset, 86.0% for the PASCAL VOC 2007 dataset, and 99.9% for a private PCB ultrasonic image dataset.

Zhang et al. (2024) proposed LDD-Net, a lightweight network designed for detecting defects on PCBs. LDD-Net comprises
three components: lightweight feature extraction (LFE), a multiscale aggregation network (MAN), and LD-Head. The LFE is used
for extracting features from images, the MAN is used for fusing multiscale feature maps, and the LD-Head acts as the detector,
performing object classification and regression for defect detection. The dataset used is the Test PCB dataset, which is an
enhanced version of the public synthesis PCB dataset. The model achieved a mAP of 95.9%.

Fung et al. (2024) proposed the SF-PSPyramid for the Faster R-CNN for PCB defect detection. The structure includes a
bottom-up pathway, composed of C1 to C5, and a top-down pathway, composed of P1 to P6. The model achieved 98.6% AP50
for the Deep PCB dataset, whereas for the public synthesis PCB dataset, the model achieved 99.3% AP50. The proposed
method, object detection approach, and contribution of the study are summarized in Table 1.

Table 1 Summary of object detection applications in PCB defect detection.

Authors Proposed Method Object Detection Approach Contribution
. . . Has great detection on PCB
Zhou et al. (2021) Multiview template matching Template matching approach
component
SVM and RF algorithms achieved
Bahrebar et al. (2022) Machine Learning Machine learning approach highest score for corrosive condition
prediction

High accuracy of 95.6% for detectin
Piliposyan & Khursheed. = Combination of traditional CV & y ) &

Hybrid approach three type of surface area for
(2022) and SNN ybridapp vp _
hardware trojan

Vision Transformer (ViT) for . A high mAP of 99.9% for private PCB

Lou et al. (2023) ] Deep learning approach o
multiscale ultrasonic image dataset
. Perform well in detecting PCB defect

Zhang et al. (2024) LDD-Net Deep learning approach

which achieved 95.9% of mAP
Perform well on both public synthesis
Fung et al. (2024) SF-PSPyramid Deep learning approach dataset (99.3% AP@50) and Deep PCB
dataset (98.6% AP @50).

3.4. Deep learning technique for PCB vision inspection

Deep learning is a technique rooted in neural networks and inspired by the structure of the human brain. A neural
network typically comprises three layers: an input layer, a hidden layer, and an output layer. In the input layer, artificial
neurons, also known as nodes or units, function as feature detectors, representing specific data. This information is then
transmitted to the hidden layer where computations occur. Each neuron in the hidden layer receives weighted inputs from the
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previous layer and applies an activation function to compute an output. The final layer, the output layer, generates the desired
output. If the output does not match expectations, the weights are adjusted iteratively until the desired output is achieved
(Robert, 2024).

Deep learning involves two primary stages: training and testing. During the training stage, a substantial amount of data
undergoes a labelling process, which defines identifiable features. Through a comparison of these features, the model learns
to identify patterns, enabling accurate predictions and decisions when encountering similar data in the future. In the testing
stage, the model applies its acquired knowledge to analyse new data and make predictions (Patel and Thakkar, 2020).

A convolutional neural network (CNN) is a specialized type of neural network designed for analysing visual data,
specifically images. Compared with traditional neural networks, CNNs are more intricate and incorporate filters, kernels, and
pooling layers. In the CNN architecture, the input is an image, and the second layer involves a convolutional layer where filters
and kernels are applied to extract important features from the input image. The convolutional layer produces outputs known
as feature maps, which are then passed to the pooling layer. In the pooling layer, feature maps undergo downsampling to
reduce computational complexity and extract crucial features. Typically, a CNN includes multiple convolutional layers and a
pooling layer. Fully connected layers serve as activation layers for prediction and generating outputs, as illustrated in Figure 4.
The adoption of CNNs in PCB vision inspection has significantly enhanced performance, offering benefits such as reduced
computational time, robust handling of variable and complex visual data, and improved detection accuracy (Robert, 2024).
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Figure 4 Convolutional neural network architecture. Source: Li et al. (2022)

Ding et al. (2019) proposed a tiny defect detection network (TDD-Net) specifically designed to identify tiny defects on
PCB surfaces. While it builds upon the Faster R-CNN architecture, TDD-Net incorporates three significant modifications to
Faster R-CNN by implementing a data augmentation technique, designing reasonable anchors, and a multiscale feature fusion
strategy for the model. The experimental results indicate a 98.80% mAP. Hu & Wang proposed a combination of a feature
pyramid network (FPN) with Faster R-CNN and a guided anchor-based region proposal network (GARPN). FPN with Faster R-
CNN as the backbone for defect detection. GARPN uses a multiscale RPN rather than a standard RPN. The experimental results
indicate a 95.6% mAP.

Xia et al. (2021) proposed a combination of parallel high-definition feature extraction (PHFE), focal loss (FL) and a region-
based fully convolutional network (RFCN) for inspecting PCB minor defects. The experimental results indicate a 97.3% mAP,
which is 12.3 higher and 6.7 higher than those of YOLOv3 and Faster R-CNN, respectively. Lan et al. proposed an improvement
to YOLOv3. There are three improvements to YOLOv3. First, a batch normalization (BN) layer is combined with a convolutional
layer. Second, the GloU loss function is implemented rather than the standard loss function, which is the mean square error
(MSE). Finally, the K-means++ clustering algorithm is used. The experimental results indicate a precision of 92.98% mAP
compared with SSD (84.67% MAP) but slightly less precision compared with Faster R-CNN (94.72% mAP).

Li et al. (2022) proposed an extended FPN model for hard sample PCB detection. Moreover, the focal loss function is
implemented in the model to reduce the loss of samples and increase the weight of hard samples. This approach achieved a
96.2% mAP. Liu et al. proposed Gaussian intersection of union (GsloU) loss with YOLOv4. The GSloU addresses the problem of
having multiple bounding boxes predicted for a single object. It addresses this by using a Gaussian function to correlate these
predictions. Boxes predicted at identical positions are treated collectively. The experimental results revealed an 86.9% AP.

Moreover, Zeng et al. (2022) proposed ABFPN for defect detection. An atrous spatial pyramid pooling (ASPP)-balanced
FPN (ABFPN), a novel approach for detecting small objects, combines the strengths of three different techniques for small
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object detection. ABFPN is flexible and can be utilized in existing object detection systems. Two main parts are used to combine
image features: the skip-ASPP module and the balanced module. The proposed improved PCB defect detection (IPDD)
framework consists of four parts: an input layer, an enhanced ResNeXt-152 as the backbone, ABFPN as the neck part and a
cascaded RCNN as the detection head. The experimental results indicate an 85.59% mAP compared with Faster R-CNN (73.2%
mAP) and a slight improvement compared with RefineDet (83.8% mAP).

Moreover, Yu et al. (2022) proposed ES-Net for tiny defect detection. ES-Net consists of three parts: the backbone, neck,
and head. The system leverages the CSPDarknet53 network as its backbone for feature extraction, while the aggregated feature
guidance module (AFGM) is the neck. The DSH (dynamic scale-aware head) serves as the final module of the network. It utilizes
the fused features from the ESP module, which incorporates information from all scales. This allows DSH to perform multiscale
object prediction, considering details from both coarse- and fine-grained feature maps. DSH acts as the prediction head of the
network. According to the experimental results on the PCB defect dataset, ES-Net with CSPDarknet53 achieves a 97.5% mAP.

Chen et al. (2023) proposed a simple CNN model to classify normal and component defects. The model mainly adopts
the method of ensemble learning. This model combines the strengths of multiple mini models. Instead of using one model, it
leverages the diverse features extracted by two submodules. The probabilities are used for these initial outputs to generate
the fourth output. The experimental results for the proposed CNN model achieve an accuracy of 96.96%.

Ling et al. (2023) proposed an enhancement to the YOLOvVS8 object detection model. The primary improvements focus
on the backbone architecture, which incorporates ghost convolution and C2 focal modules. C2 focal modules address the
challenge of detecting densely packed objects across various scales. Traditionally, this is achieved by generating and merging
feature maps of different sizes. The proposed approach implements FocalNeXt blocks as a substitute for the original C2f module
within YOLOvV8. By introducing the C2Focal module, the model achieves competitive performance while maintaining minimal
computational costs. In addition, a new Sig-loU loss function for bounding box regression has been introduced to replace the
original loss function for YOLOv8. The experimental results indicate that 87.7% mAP is achieved. The deep learning technique

that has been proposed for detecting PCB defects is summarized in Table 2.

Table 2 Summary of deep learning techniques for PCB defect detection.

Authors

Proposed Approach

Contribution

Limitations

Ding et al. (2019)

Hu & Wang (2020)

Lan et al. (2021)

Xia et al. (2021)

Yu et al. (2022)

Li et al. (2022)

Liu et al. (2022)

Zeng et al., 2022

Chen et al. (2023)

Ling et al. (2023)

TDD-Net

Faster R-CNN with FPN
and GARPN

Improvement YOLOv3

PHFE and FL-RFCN

ES-Net

Extended FPN

Gaussian-loU loss

ABFPN
CNN model based on

depth wise separable
convolution

Improvement YOLOv8

Achieved high mAP of 98.8% on
detecting six types of defects

The GARPN has perform well
compared to standard RPN for Faster
R-CNN

Success to detect and achieve high
precision and improve in detection
rate for one stage object detection

The data enhancement has improved
the accuracy of the detection and
focal loss function has perform well
in deal with imbalance dataset

Has successful detect for tiny defect
detection

Has a better performance compared
to original FPN and achieved high
precision for hard samples

Has the ability to solve the problem
deal with multiple bounding boxes
for single object condition

Has achieved high 98.8% AP at 50 for
PCB defect detection

Success in achieved high accuracy
detection and able to replace the
traditional CNN
High performance for 87.7% of mAP
at threshold 0.5 and high inference
speed has the possibility for real
application

o Higher training time
e Expensive computational cost
e Unable have a great performance when
detecting different PCB dataset, even
after adding the training dataset to
model

e Lower mAP compared to Faster R-CNN

o The model It is not clear how the model
arrives at its defect classifications, which
could be a concern in safety-critical
applications.
® No real-world applications
e Even the mAP achieved high accuracy of
76.2% but still not suitable for real
industry application
o Not suitable for real-world industrial
environments
o Model performance may affect by light
and noise

e Not real-time yet

e Model exhibits low performance on
COCO 2017 dataset, and VisDrone 2019
dataset

o Only detected small region rather than
whole image

e Unable to deal with imbalanced PCB
components
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4. FPN-RFCN: A State-of-Art Approach

FPN generates feature pyramids with robust semantic information at various scales to obtain useful details on small
objects without increasing the amount of calculation and occupied memory. It uses a CNN to generate a set of hierarchical
features that encode semantic information at different scales in the pyramid. The different levels of features in the hierarchical
pyramid represent the objects in the image and their contextual information from different perspectives (Hu and Wang, 2020).

The region-based fully convolutional network (R-FCN) was proposed by Dai et al. (2016) and is composed of 4 main
parts, including the CNN backbone, region proposal network (RPN), classification, and regression, as illustrated in Figure 5. The
main contribution of this network is position-sensitive score maps. The R-FCN architecture employs a modified version of the
ResNet-101 architecture as its backbone. Any CNN can be used as the backbone for the RFCN. This modification entails the
removal of the average pooling layer and fully connected layer and uses only the convolutional layer of ResNet101 to generate
the feature maps. Since the last convolutional block in ResNet101 is 2048-dimensional, a randomly initialized 1x1 convolutional
layer with 1024 dimensions was attached to reduce the dimension. To capture spatial information within each region of interest
(ROI), the RFCN architecture divides each ROl into a k x k grid, creating k? individual bins. Each bin in this grid corresponds to a
specific position-sensitive score map generated by the final convolutional layer. This layer uses a k*(C+1)-channel convolution
to account for both the object category (C) and background (+1) (Du & Wang, 2021).

RPN
Rols

conv
.
per-rol
£k conv conv ' Rol
-
V. vote
g ' pool
feature | |
maps

Figure 5 Architecture of the RFCN. Source: Dai et al. (2016).

The region proposal network (RPN) is a fully convolutional network that operates on a feature map derived from a CNN.
It employs a set of predefined boxes called anchors to generate k anchor boxes of varying sizes and aspect ratios positioned at
different locations across the feature map. These anchor boxes are then processed through two fully connected layers, a
classification layer and a box regression layer, as depicted in Figure 6 (Zhang et al., 2023). In the RFCN architecture, the RPN
identifies candidate regions of interest (Rols) that potentially correspond to object locations. This efficiency stems from the
use of shared feature representations extracted from the image by both the RPN and R-FCN. The R-FCN architecture
subsequently utilizes these proposed Rols in conjunction with the shared features to generate position-sensitive score maps
for classification.

| 2k scores | | 4k coordinates | « k anchor boxes

cls layer ‘ ’ reg layer .

| 256-d |
t intermediate layer

sliding window

conv feature. map

Figure 6 RPN representation. Source: Zhang et al. (2023)
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4.1. Data augmentation techniques

Recent advancements in artificial intelligence research have led to significant developments in novel network
architectures and the exploitation of increasingly powerful graphics processing unit (GPU) computational capabilities.
However, the exploration of data augmentation techniques remains an area that warrants more attention. Data augmentation
techniques enhance the diversity and adequacy of training datasets by generating synthetic data. This augmented data can be
seen as being sampled from a distribution closely resembling real-world data, thereby enabling the dataset to capture a more
comprehensive range of characteristics. These methods are versatile and applicable across various computer vision tasks,
including semantic segmentation, object detection, and image classification. Image data augmentation broadly encompasses
two approaches: basic and advanced techniques. The methodologies for both basic and advanced approaches are illustrated
in Figure 7, as outlined by Yang et al. (2022).

Basic Advanced
Approaches Approaches
Image | Erasi | Mi Auto Augment IREEE GeE:saaive
Manipulation S SEkh) JECERIX 9 Augmentation
Models
. 1. Cutout 1. Mixup 1. Auto
flo AT 2. Grid Mask 2. CutMix Augment o Wenmzn il &
2. Scaling Ratio e Exchange 2. Cycle GAN
3 Rotati 3. Random 3. Pairing 2. FastAuto 2 Feat Match 3. Star GAN
- hotation Erasing Samples Augment ) :

Figure 7 Taxonomy of data augmentation methods. Source: Yang et al. (2022)

Furthermore, deep transfer learning (DTL) presents a solution to the problem of limited data, which is a significant
hurdle for many deep learning applications. DTL uses knowledge gained from source tasks and datasets to accelerate learning
on different but related target tasks. Unlike standard deep learning models initialized with random weights, DTL utilizes
pretrained weights from models trained on the source task. This pretraining serves as a foundation, enabling the model to
learn the target task more efficiently and achieve superior performance. DTL allows source and target data to have different
distributions. On the other hand, DTL involves the transfer of preacquired knowledge from the source task to the target task,
and these tasks are not necessarily interrelated or learned simultaneously (Iman et al., 2023). A recent study by Zhuang et al.
(2021) proposed four main categories for DTL approaches:

i. Innovation-based approach: This approach focuses on feature selection within source data instances. It applies
differential weighting to these features, optimizing the relevance for use with the target data.

ii. Feature-based/mapping-based: This approach aims to make the source and target data more similar by transforming
the features into a more homogeneous format. The study has further divided this category into two subcategories:

a. Asymmetric: This method focuses on aligning the source features with the target features.
b. Symmetric: This method focuses on identifying a fundamental set of features that are relevant to both the source
and target data and transforms both sets of features into new spaces.

iii. Parameter-based/Model-based: This approach prioritizes the reuse of knowledge encoded within a pretrained model.
This is achieved by implementing various combinations of freezing, fine-tuning, or adding new layers to the pretrained
network architecture.

iv.  Relational-based/adversarial-based: This approach focuses on the extraction of transferable features that are applicable
to both the source and target data. This is achieved through two primary methods: leveraging the established logical
relationships or rules gleaned from the source domain and employing techniques inspired by the architecture and
functionality of generative adversarial networks (GANs).

Deep transfer learning (DTL) primarily uses model-based approaches to address the challenge of domain adaptation.
Since source and target data often have different distributions, these approaches adjust the network architecture, also known
as the model, to overcome this disparity and achieve better performance. In simpler terms, DTL focuses primarily on leveraging
model-based techniques for knowledge transfer. There are many ways to adapt models for deep transfer learning (DTL). These



about:blank
about:blank
https://www.malque.pub/

techniques often involve a combination of pretraining, freezing, fine-tuning, and/or adding new layers. A deep learning network
trained on a source dataset is referred to as a pretrained model, which consists of pretrained layers that encapsulate learned
weights. Freezing and fine-tuning are techniques that utilize some or all layers of pretrained models to train the model on
target data. Freezing refers to a technique where specific layers within a pretrained model have their own weights or
parameters locked, whereas fine-tuning refers to the parameters or weights that utilize pretrained values initialized with
pretrained values instead of random initialization for the whole network or specific chosen layers. Another recent DTL
technique is based on freezing a pretrained model and adding a new layer to that model for training on target data.

Aloss function and a performance metric are both instrumental in evaluating the effectiveness of a deep learning model.
However, both serve distinct purposes within the training process. The loss function continuously evaluates the discrepancy
between the model's predictions and the actual targets. It plays a crucial role during the training phase. A table summarized
by Terven et al. (2023) provides a comparative overview of four loss functions commonly utilized in object detection tasks:
smooth L1, loU loss, focal loss, and YOLO loss. This research focuses on the implementation of a loss function specifically
designed for imbalanced datasets. Focal loss (FL) is effective for handling highly imbalanced class problems because it addresses
the imbalance between difficult and easy-to-classify examples. Even easy samples contribute minimal loss to the overall
training objective, but a larger volume of easy examples will lead to a cumulative loss that may outweigh the loss from hard
examples. Thus, FL focuses on learning more on hard examples by downweighting the loss contribution from correctly classified
or confidently predicted examples (Lin et al., 2021). The mathematical formula for FL is defined as follows:

FL(p,) = -a,(1 - p,)" log(p,) (1)
where:

e p, refer to the predicted probability

e o, refers to the weighting factor

e yrefers to the focusing parameter

e where p, represents the model confidence in predicting the correct class for a specific sample.

A higher value close to 1 indicates greater confidence. a: is the hyperparameter controlling the importance of each
sample within the loss calculation. It is often set to the inverse class frequency to balance the loss across all classes. y is another
hyperparameter that determines the degree to which easy examples are downweighted. Usually, the value is set between 2
and 4. A higher y value leads to a stronger focus on hard-to-classify examples during training.

In addition to focal loss, another approach for handling imbalanced datasets is focal Tversky loss (FTL). This loss function
forces the model to focus on harder training examples, which include minority class segments (Sinha & Senapati, 2023). The
formula is defined as follows (Das and Zhang, 2020):

T(a ,8) — 2€\1:1p0ig0i (2)
’ XiPoidoi +a XiPoidoi +B LiPoiJoi

FTL(a,5,7) = (1 - T(a. ) (3)
where:

o T(a, f) refers to the Tversky index (TI).
e Pisthe predicted label.
e Gisthe ground truth label.

poi indicates the probability that detected object i belongs to an actual object, whereas ps;indicates the probability that
detected object i does not belong to an actual object. goi is 1 for an actual object and 0 for a nonobject; similarly, gz is 1 for a
nonobject and O for an actual object. Additionally, @ and f are the hyperparameters used to determine the relative importance
of penalizing false positives and false negatives. The a and f§ in the FTL equation act as the balancing factors, whereas the y
controls the difficulty level assigned to the misclassified ROls.

On the other hand, performance metrics are a critical component of model evaluation following the training process.
These metrics assess the model's ability to generalize novel data and generate accurate predictions. Performance metrics
enable the comparative analysis of different models or configurations to choose the optimal model (Terven et al., 2023). The
standard evaluation criteria for performance metrics include accuracy (Acc), precision (Precision), recall (Recall), the F1 score,
and the mean average precision (mAP). The four mathematical metrics were defined as follows and can be computed using
various software (Awang et al., 2015):

TP+TN

Acc= ————
TP+TN+FP+FN

(4)
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. . TP
Precision = —— (5)
TP+EP

P
TP+FN

(6)

precision x recall
— (7)

Recall =

F1=2x

precision + recall

where:

e True positive (TP) represents the number of correct predictions for positive samples.

e True negative (TN) indicates the number of correct predictions for negative samples.

e False negative (FN) refers to the number of incorrect predictions for positive samples.

e False positive (FP) represents the number of incorrect predictions for negative samples.

4.2. Dataset

Zhang and Liu (2021) introduced a Faster R-CNN with an FPN for PCB defect detection. The experiment uses two publicly
available datasets, the public synthesis PCB dataset and the deep PCB dataset, and one private dataset, the PCB dataset with
components. In this research, two publicly available PCB datasets are combined into one dataset and utilized for the model.
The public synthetic PCB dataset contains single-defect images in the RGB color space, whereas the deep PCB dataset offers
images of PCBs with multiple defects in grayscale format, as illustrated in Figure 8 and Figure 9. These combinations of datasets
were able to enhance model robustness and generalizability. The model is expected to learn spatial patterns from the grayscale
images in the Deep PCB dataset and leverage the rich color information from the Public Synthetic PCB dataset. This combined
training strategy aims to improve the model's ability to detect a wider variety of defects, including those that may not exhibit
distinct color variations. The datasets are divided into three sets: a training set, a validation set, and a test set. Seventy percent
of the dataset is used for training the model. The 20% of the dataset is allocated as the validation dataset, which is used for
fine-tuning the model, and the remaining 10% of the dataset serves as the test set, which acts as new data to evaluate the
model performance.

Figure 8 Public Synthesis PCB defect image. Source: Zhang and Liu (2021) Figure 9 Deep PCB defect image' Source: Zhang and Liu (2021)

4.3. Proposed model for PCB defect detection

The architecture for the proposed method is the combination of an FPN with an RFCN. The PCB is defected as the input
image and fed into the CNN. The CNN performs feature extraction and generates feature maps as outputs. The feature maps
are fed into both the RPN and FPN in parallel. The RPN generates the objectness score and bounding box regression. The
bounding box regression is used to refine the bounding box. The refined bounding box acts as a reference for the position-
sensitive score map stage. For the FPN stage, the FPN generates multiple levels of feature maps whose low level contains higher
resolution to capture fine details, and higher levels contain lower resolution but capture a larger field of view. These multiple
levels of feature maps are passed to the position-sensitive score map stage. In the position-sensitive score map stage, the
refined bounding boxes help select the most appropriate level of detail from the multiscale feature maps extracted by the FPN.
This chosen feature map is then used to generate position-sensitive score maps. Each element in the score maps represents a
location within the candidate region and predicts the likelihood of a defect being present. A threshold is applied to these scores,
and regions exceeding it are considered potential defects. These position-sensitive score maps are used to vote by using
nonmax suppression (NMS), which removes redundant bounding boxes, and the remaining ones with the highest scores are
classified to identify defects. These classified defects are then displayed visually on the image. Figure 10 illustrates the proposed
model architecture.
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Figure 10 Proposed model for PCB defect detection based on an improved FPN-RFCN method.
5. Final Considerations

In conclusion, the integration of the FPN-RFCN in automated PCB defect detection through deep learning represents a
significant improvement in ensuring the reliability and quality of electronic devices. This review highlights the evolution from
traditional methods to sophisticated deep learning architectures, emphasizing their ability to detect diverse PCB defects with
high precision and efficiency. While challenges such as dataset diversity and model optimization persist, ongoing advancements
in deep transfer learning and loss function adaptation promise further enhancements in robustness and real-world
applicability. As Industry 4.0 continues to evolve, leveraging these technologies not only enhances manufacturing efficiency
but also fosters safer and more reliable consumer electronics, paving the way for a future where zero-defect production
becomes a tangible reality.
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