Journal of

Imaging

Article

Image Enhanced Mask R-CNN: A Deep Learning Pipeline with
New Evaluation Measures for Wind Turbine Blade Defect
Detection and Classification

Jiajun Zhang *{©, Georgina Cosma '* and Jason Watkins 2

check for

updates
Citation: Zhang, J.; Cosma, G.;
Watkins, J. Image Enhanced Mask
R-CNN: A Deep Learning Pipeline
with New Evaluation Measures for
Wind Turbine Blade Defect Detection
and Classification. J. Imaging 2021, 7,
46. https://doi.org/10.3390/
jimaging7030046

Academic Editor: Gonzalo Pajares

Martinsanz

Received: 28 January 2021
Accepted: 1 March 2021
Published: 4 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Computer Science, School of Science, Loughborough University, Loughborough LE11 3TT, UK
2 Railston & Co. Ltd., Nottingham NG7 2TU, UK; jason@railstons.com
*  Correspondence: ].Zhang8@lboro.ac.uk (J.Z.); g.cosma@Iboro.ac.uk (G.C.)

Abstract: Demand for wind power has grown, and this has increased wind turbine blade (WTB)
inspections and defect repairs. This paper empirically investigates the performance of state-of-the-art
deep learning algorithms, namely, YOLOv3, YOLOv4, and Mask R-CNN for detecting and classifying
defects by type. The paper proposes new performance evaluation measures suitable for defect
detection tasks, and these are: Prediction Box Accuracy, Recognition Rate, and False Label Rate.
Experiments were carried out using a dataset, provided by the industrial partner, that contains
images from WTB inspections. Three variations of the dataset were constructed using different image
augmentation settings. Results of the experiments revealed that on average, across all proposed
evaluation measures, Mask R-CNN outperformed all other algorithms when transformation-based
augmentations (i.e., rotation and flipping) were applied. In particular, when using the best dataset, the
mean Weighted Average (mWA) values (i.e., mWA is the average of the proposed measures) achieved
were: Mask R-CNN: 86.74%, YOLOv3: 70.08%, and YOLOv4: 78.28%. The paper also proposes a
new defect detection pipeline, called Image Enhanced Mask R-CNN (IE Mask R-CNN), that includes
the best combination of image enhancement and augmentation techniques for pre-processing the
dataset, and a Mask R-CNN model tuned for the task of WTB defect detection and classification.

Keywords: defect detection; wind turbine blade; deep learning; convolutional neural network;
region-based convolutional neural networks; evaluation measure; mask R-CNN; YOLOv3; YOLOv4

1. Introduction

Demand for wind power has grown, and this has led to an increase in the manufac-
turing of wind turbines, which in turn has resulted in an increase in wind turbine blade
(WTB) inspections and repairs. Defect detection systems can be utilised to inspect the
regular operation of WIBs. The operation efficiency of wind turbines can be reduced if
defects exist on the surface of blades [1]. Most inspection processes require engineers to
carry out manual examinations and repairs, and such tasks can be hazardous since most
wind turbines are massive in size and installed in high-speed wind areas. Non-Destructive
Testing (NDT) is a commonly adopted testing technique that evaluates the properties of
WTBs for defects, without causing damage to the WTBs. Currently, many NDT techniques
are utilised to detect defects on WTB surfaces in industries. For example, Lockin and
Infrared Thermography techniques to monitor the surface health of material [2,3]; a visual
testing system to monitor defects using fixed cameras [4]; acoustic emission test data to
check the structural health of WTBs [5]; and microwave imaging to detect delamination [6].
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Recently, vision-based techniques have received attention for defect detection applica-
tions, and these techniques use cameras (or drones) and Deep Learning (DL) algorithms to
analyse captured images/videos to locate the defected areas [7,8]. Reddy et al. [9] proposed
a Convolutional Neural Network (CNN) to recognise the presence of cracks on the surfaces
of WTBs with an accuracy of 94.94%. Yang et al. [10] proposed a ResNet50 model to identify
multi-type WTB defects and achieved 95% classification accuracy, but their dataset was
imbalanced since only 10% of the images had defects. Deng et al. [11] trained YOLOv2 for
defect detection and found that YOLOv2 outperformed the Faster R-CNN, each achieving
77% and 74.5%, respectively. However, YOLOV2 is now an outdated version (released in
2016) since the current version is YOLOV4.

Jia et al. [12] evaluated the effect of different augmentation methods and found that
applying transformation-based augmentations which used cropping, flipping and rotation,
increased accuracy by 1.0-3.5% compared to the original dataset. Applying specific image
enhancement techniques (e.g., white balance, contrast enhancement, and greyscale) to
highlight the features of areas with defects, and image augmentation techniques (e.g.,
flipping and rotation) based on geometric transformations of images can improve the
detection performance of the DL detection models [13,14]. Furthermore, transforming
images to greyscale could reduce the noise, enhance the defect features and increase a
model’s detection performance [15]. With greyscale images, the models only learn the
contrast values rather than the RGB values in an image and this may result in faster
training times.

YOLOV3 [16], YOLOv4 [17] and Mask R-CNN [18] are state-of-art DL-based object
detection algorithms. DL algorithms have not fully exploited for the task of WIB defect
detection, and defect detection in general. This paper presents an empirical comparison of
the detection performance of DL algorithms, namely, Mask R-CNN, YOLOv3, and YOLOV4,
when tuned for the defect detection task and when using various image augmentation
and enhancement techniques. The paper presents a novel defect detection pipeline based
on the Mask R-CNN algorithm and which includes an empirically selected set of image
enhancement and augmentation techniques. Furthermore, traditional evaluation measures
of Recall, Precision and F;-score, do not provide a holistic overview of the defect detection
performance of DL detection models. Therefore, this paper proposes new evaluation mea-
sures, namely Prediction Box Accuracy (PBA), Recognition Rate (RR), and False Label Rate
(FLR), suitable for the task of defect detection. Traditional measures were contextualised
for the task, and thereafter the traditional and proposed evaluation measures were adopted
for comparing the performance of DL algorithms.

This paper is organised as follows. Section 2 provides a discussion on DL based
defect detection methods. Section 3 describes the experiment methodology that includes a
discussion of the dataset that was provided by Railston & Co. Ltd.; describes various image
augmentation techniques that were applied to the dataset to empirically determine the best
combination of techniques for the task; and proposes three new evaluation measures in
addition to contextualised traditional performance evaluation measures for defect detec-
tion. Section 4 presents the results and analysis of experiments with YOLOv3, YOLOV4,
and Mask R-CNN for the task of WTB defect detection when using four datasets, i.e., the
original dataset plus three datasets that were constructed using a combination of image
augmentation techniques. Section 4 also presents the results of experiments to determine
whether image enhancement can further improve the defect detection performance of
the Mask R-CNN model. This section also presents a proposed defect detection pipeline,
namely the Image Enhanced Mask R-CNN, that was developed using the best performing
network, i.e., Mask R-CNN, and an empirically selected combination of image augmen-
tation and enhancement techniques. Section 5 provides a discussion, conclusion, and
suggestions for future work.
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2. Related Methods

This section describes relevant literature that focuses on DL-based defect detection.
Machine learning (ML) and DL algorithms have been applied to detect defects on surfaces.
For example, neural network and Bayesian network algorithms were proposed to fuse
sensor data for detecting defects in apples [19]; multi-resolution decomposition and neural
networks have been applied to detect and classify defects on textile fabrics [20,21].

Literature discussing defect detection methods using ML is limited. In 2004,
Graham et al. [22] designed a neural network to examine damages of carbon fibre com-
posites, and this is one of the earliest works on defect detection using neural networks.
Graham et al. did not present a quantitative analysis of the neural network’s performance.
Although their experiments and results were limited, they found that the neural network
algorithm could recognise damaged areas. In 2014, Soukup and Huber-Mork [23] proposed
an algorithm for detecting cracks on the steel surfaces. Soukup and Huber-Mork’s algo-
rithm combined a DL algorithm, namely the CNN, with a model-based algorithm which
utilised specular reflection and diffuse scattering techniques to identify defects. Their
results revealed that the detection error rate decreased by 6.55% when using CNN instead
of the model-based algorithm. Soukup and Huber-Mork [23] also highlighted that their
proposed CNN algorithm could distinguish the types of surface defects if the detection
model was trained with a quality dataset. In 2018, Wang et al. [24] applied ResNet CNN
and ML algorithms (i.e., support vector machine (SVM), linear regression (LR), random
forest (RF) and bagging) to detect defects on blueberry fruit. Their results showed that
CNN algorithms achieved an accuracy of 88.44% and an Area Under the Curve (AUC) of
92.48%. CNN outperformed other ML algorithms by reaching 8-20% higher accuracy.

In 2019, Narayanan [25] applied SVM and CNN algorithms for the task of defect detec-
tion in fused filament fabrication. The SVM required 65% less training time than the CNN
model, but its recall rate was 8.07% lower than that of the CNN model. Wang et al. [26]
proposed a DL-based CNN to inspect the product defects, and compared the detection
performance with an ML approach that utilised the Histogram of Oriented Gradient feature
(HOG) technique and an SVM model. Their results illustrated that the CNN achieved an
accuracy of 99.60%, whereas the ML model achieved an accuracy of 93.07%. However,
CNN’s detection speed was slower than the ML model by 24.30 ms.

With regards to WTB defect detection, NDT and ML techniques were utilised for
identifying surface defects of WTBs, and DL algorithms were employed to analyse the
outputs. For example, in 1999, Kawiecki [27] used a simple neural network to identify
defects by analysing the collected data. In 2009, Jasinien et al. [28], utilised ultrasonic
and radiographic techniques to detect defects. In 2015, Protopapadakis and Doulamis [29]
proposed a CNN-based algorithm to detect cracks on tunnel surfaces with 88.6% detection
accuracy, that was higher than conventional ML algorithms, i.e., SVM’s accuracy reached
71.6%; k-nearest neighbour model’s accuracy reached 74.6%, and the classification tree
model’s accuracy reached 67.3%.

DL techniques have been utilised to detect defects in images. In 2017, Yu et al. [30]
proposed an image-based damage recognition approach to identify defects on WTB sur-
faces. They composed a framework for defect detection comprising a CNN and an SVM.
The framework was trained using the ImageNet Large Scale Visual Recognition Chal-
lenge (ILSVRC) dataset [31], and experimental results showed that their proposed method
reached 100% accuracy. Yu et al.’s defect detection system used a two-stage method. The
first stage utilised a CNN for extracting defect features from input images and for locating
the defects. In the second stage, an SVM model was utilised for classifying the defects by
type. Yu et al.’s experiment results showed that the two-stage structure is promising for
identifying defects by analysing images that were captured from inspection cameras, and
that a large enough training dataset is essential for achieving high detection accuracy.

In 2019, Qiu et al. [32] designed a WTB detection system, YSODA, which is based
on the YOLOV3 algorithm. Qiu et al. modified the YOLO architecture to support the
multi-scale feature pyramid in the layers of CNN. They captured 4000 images of WTB
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defects using a camera that was embedded in a drone. These images were then augmented
with different processes, such as flip, rotation, blur, and zoom, and this resulted in 23,807
images that were utilised for training the model. YSODA outperformed the original YOLO
algorithm, especially for small-sized defect detection. YSODA achieved 91.3% accuracy
with 24 fps detection speed, and YOLOv3 only achieved 88.7% accuracy with 30 fps.
Although YSODA outperformed YOLOvV3, YSODA'’s speed was slower than the original
YOLOV3 algorithm because the complexity of feature recognition had increased. In 2019,
Shihavuddin et al. [33], exploited the faster R-CNN algorithm to detect multiple defect
types of WIBs. In this experiment, Shihavuddin et al. applied various data augmentation
approaches, such as flip, blur and contrast normalisation, to enhance the training data
and improve detection accuracy. Their proposed methods achieved 81.10% mAP@IoU(0.5)
(detection performance) with the 2.11 s detection speed. Table 1 provides a summary on
current WTB defect detection techniques that use DL and ML algorithms.

Table 1. Summary of DL and ML techniques for WTB defect detection and classification.

Author Year Method Result Limitation

Kawiecki [27] 1999 Neural Network <15% test error Data collection requires professional NDT tech-
niques. CNN architecture is outdated.

Jasinien et al. [28] 2009 Ultrasonic & radiographic N/A Requires professional NDT. Paper lacks a thorough
evaluation and only provides example outputs.

Protopapadakis & Doulamis [29] 2015 CNN, SVM, k-NN, DT CNN: 88.6%, SVM: 71.6%, N/A.

k-NN: 74.6%, DT: 67.3%

Yu et al. [30] 2017 CNN+SVM 100% Accuracy Methods can only classify the defects but cannot
provide location information of the defect in the
images.

Qiu et al. [32] 2019 YSODA (CNN) 91.3% Accuracy Detection speed is slower than YOLOv3

Shihavuddin et al. [33] 2019 Faster R-CNN 81.10% mAP@IoU(0.5) Slow detection speed.

Reddy et al. [9] 2019 CNN 94.94% Accuracy Method only achieved high accuracy in binary clas-
sification mode (fault vs. non-fault).

Yang et al. [10] 2020 CNN 95.58% Accuracy Long training time.

Deng et al. [11] 2020 YOLOv2 (CNN) 77% mAP@IoU(0.5) Outdated YOLO version. Slow detection speed.

3. Materials and Methods

This section describes the dataset and image augmentation techniques applied to the
dataset (see Section 3.1). It describes the traditional (see Section 3.2) and proposed measures
(see Section 3.3) for evaluating the defect detection performance of the YOLOv3 [16],
YOLOWV4 [17], and Mask R-CNN [18] algorithms with and without image augmentation
methods. The experiment methodology is described in Section 3.4.

3.1. Dataset and Image Augmentation

The dataset used for the experiments was provided by the industrial partner Railston
& Co. Ltd. The dataset comprises images that were captured by engineers during manual
WTB inspections. The engineers labelled the images into four categories: crack, erosion,
void and ‘other” defects. The original size of each captured image is 2592 x 1936 pixels.
All images were uniformly cropped and resized to 1920 x 1080 pixels with 16:9 ratio. The
number of images for each defect type are shown in Table 2.

Table 2. Number of images per defect type in the original dataset. The original dataset is the
baseline dataset.

Type Number of Images
Crack 55
Erosion 62
Void 52
Other 22

Total 191
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Image augmentation techniques were applied to the original dataset (Dataset DO).
Dataset DO consists of 191 images classified into four types of defects. Note that the ‘other’
defect type contains delamination and debonding defects, and these were combined into
one type named ‘other’ because there were only 22 images that belonged to those defects.

Datasets D1-D3 were created using different combinations of image augmentation
techniques (e.g., flipping, rotation, and greyscale) can enhance the detection performance
of DL methods [30,32,33]. Influenced by literature, three combinations of augmentation
techniques were devised and applied to the original dataset (DO0) to create three new
datasets (Dataset 1 (D1), Dataset 2 (D2), and Dataset 3 (D3)) as shown in Table 3. Image
augmentation artificially expands the size of a dataset by creating modified versions of the
images found in the dataset using techniques such as greyscale, flip and rotation. The DL
detection model was then trained on the original dataset (i.e., D0), and thereafter on each
of the three datasets (i.e., D1-D3).

Table 3. Image augmentation settings of each dataset.

Dataset Image Augmentation Settings
DO Original
Original

DI +Vertical Flip + Horizontal Flip

+90° Rotation + 180° Rotation + 270° Rotation
+Greyscale Original

Original

D2 +Vertical Flip + Horizontal Flip
+90° Rotation + 180° Rotation + 270° Rotation
Greyscale Original

D3 +Greyscale Vertical Flip + Greyscale Horizontal Flip

+Greyscale 90° Rotation + Greyscale 180° Rotation + Greyscale 270° Rotation

3.2. Traditional Performance Evaluation Measures for Defect Detection

Traditional evaluation measures were based on Precision (as shown in (1)), Recall (as
shown in (2)), the F;-score (as shown in (3)) and mAP@IoU. These evaluation measures are
described in the context of defect detection. The contextualised concepts of TP, FP and FN
are provided below.

¢ True Positive (TP) predictions—a defect area that is correctly detected and classified
by the model.

e  False Positive (FP) predictions—an area that has been incorrectly identified as a defect.
There are two types of FPs. (1) The predicted area does not overlap with a labelled
area; and (2) the predicted area is overlapping with a labelled area, but the defect’s
type is misclassified.

¢ False Negative (FN) predictions—a labelled area that has not been detected by

the model.
. N Total TP Predictions
Detection Precision = Total TP Predictions + Total FP Predictions (0
Total TP Predicti
Detection Recall = ota redictions )

Total TP Predictions + Total FN Predictions

. Detection Precision x Detection Recall
Detection F;-score = 2 X - — - 3)
Detection Precision + Detection Recall

The mean Average Prevision (mAP) at Intersection over Union (IoU), mAP@IoU, is
a measure commonly adopted for evaluating the performance of DL detection models
for machine vision tasks. mAP@IoU was also adopted during the evaluations. The mean
Average Precision (mAP) shown in (4) [34], is the average AP over all classes.
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1 C
AP = =) AP 4
mAP = & ) AP, @

where APD; is the AP value for the i-th class and C is the total number of classes (i.e., defect
types) being classified. A prediction whose bounding box IoU value is greater than a
threshold is considered as a TP, otherwise, the prediction is considered as an FP. An IoU
threshold value of 0.5 is commonly used to indicate the average detection performance. In
the experiments described in this paper, the threshold for IoU was set to 0.5.

3.3. Proposed Performance Evaluation Measures for Defect Detection

Let bounding box accuracy (BBA) be the measure of the performance of a detection
model in terms of how accurately it predicts the defect’s bounding box compared to the
label’s bounding box, as shown in (5) and illustrated in Figure 1.

WidthAcc + HeightAcc . . .
Bounding Box Accuracy — > , if (WidthAcc > 0) A (.HelghtAcc >0)) ®)
0 otherwise

where WidthAcc and HeightAcc is Width Accuracy and Height Accuracy, respectively,
which are calculated using (6) and (7) shown below.

| X1 —x3 |+ | x2 — x4 |

Width A =1- 6
! ceuracy | max(xy, xq4) — min(xy,x3) | ©)

where x1, X2, x3 and x4 are the values of the x coordinate points shown in Figure 1.
Height Accuracy =1 — [y =ys |+ 2 s | (7)

| max(y2,ya) —min(y1,ys) |
where y1, ¥2, y3 and y4 are the values of the y coordinate points shown in Figure 1.

—L 1 e

(X2, Y3)

Manually
Label’s
Bounding
Box

Figure 1. Bounding Box Accuracy—yellow box shows the bounding box of the manually labelled de-
fect, and the black box is an example predicted bounding box that may be generated by the detection
model. BBA computes the difference between two overlapping bounding boxes by calculating the
area between the overlapping boxes. If there is no overlap between the bounding boxes, the BBA
value will be 0.
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If the predicted bounding box does not overlap with the label’s bounding box or the
prediction is FN, the BBA value will be 0. If the bounding boxes overlap, then BBA will
be a positive value indicating the bounding box difference. The BBA value is 1 when the
bounding box of a predicted defect area is perfectly overlapping with the label’s bounding
box, and hence the difference is 0. The three new evaluation measures proposed for the
task of defect detection are described below and these measures utilise BBA.

3.3.1. Prediction Box Accuracy

Prediction Box Accuracy (PBA) calculates the average BBA of all BBA values greater
than 0, as shown in (8). PBA, computes the average degree of overlap (i.e., BBA) between
the labelled and the predicted boxes of the defects that have been identified by the model.

PBA = 1y | BBA, ®)
where i is the index of each prediction, and 7 is the total number of predictions.

3.3.2. Recognition Rate

Recognition Rate (RR) measures the recognition performance of a detection model. RR,
as shown in (9), calculates the proportion of defects that were recognised as defects over all
known defects, without taking into consideration the defect type classification results. If a
defect is correctly detected but its type is incorrectly classified, it will be counted in the RR.

RR =4 Y",1, if BBA; >0 )

where i is the index of each prediction, n is the total number of predictions with a BBA
value greater than 0, and N is the total number of the labelled defects.

3.3.3. False Label Rate

False Label Rate (FLR), as shown in (10) computes the proportion of the predictions
with a false label (i.e., Predicted Type; # Labelled Type;) and whose bounding box has an
overlap with the manual label (i.e., BBA value > 0). Hence, FLR is the ratio of the total
number of misclassified predictions that have overlapping bounding boxes over the total
number of predictions with overlapping bounding boxes.

FLR= 4 Y"1, if (BBA; > 0) A (Predicted Type; # Labelled Type;) (10)

where i is the index of each prediction, 7 is the total number of predictions with a BBA value > 0
and a false label (i.e., Predicted Type; # Labelled Type;), and N is the total number of predic-
tions with BBA values > 0.

3.4. Experimental Setup

The datasets used for the experiments are described in Section 3.1. Areas with defects
were annotated using the VGG Image Annotator (VIA) [35] tool. The process of image
annotation creates a set of annotations (a.k.a labels) that DL detection models use during
the training process to learn areas of interest with better accuracy. The annotation formats
required for YOLOv3, YOLOv4, and Mask R-CNN are different, and thus the annotations
were converted to the appropriate format for each model. Each model requires a set of
inputs: (1) a set of images; and (2) a file containing annotations of defects in the required
format. Different augmentation strategies were applied to the original dataset to derive
new datasets that can be utilised to identify the best image augmentation strategies for
defect detection using DL algorithms. Applying various augmentation strategies resulted
in four datasets (see Table 3) and each dataset was split into a train and test set with an
80:20% ratio. The number of images distributed across Datasets D0-D3 is shown in Table 4.
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Table 4. Number of training and testing images in Datasets DO-D3. The last column shows the total
number of images of each dataset.

Dataset Number of Training Images Number of Testing Images Total Images
DO 147 44 191
D1 1069 268 1337
D2 923 223 1146
D3 923 223 1146

During the training process, each model provides a loss value that indicates the
overall learning progress. The loss value is low when the model learns the defect features.
Therefore, by default, the training process stops when the training loss value converges
and it is lower than each algorithm’s default settings (YOLO: 0.06, Mask R-CNN: 0.08). At
the end of the training process, the model generates a weight file to perform the defect
detection; every weight stores the feature map, containing the defect’s features. Finally, the
performance of a trained model is evaluated using a test set that has not been previously
seen by the model (i.e., it was unseen during the training process). The experiments were
performed using a high-end desktop computer equipped with an i7 CPU, RTX 2070 GPU,
and 64 GB RAM.

4. Results

This section describes the results of the experiments with YOLOv3, YOLOv4, and
Mask R-CNN for the task of WTB defect detection through using four different datasets
(i.e., Datasets D0-D3), where each dataset was constructed using a combination of image
augmentation techniques (see Table 3). Contextualised traditional and proposed measures
described in Sections 3.2 and 3.3 were adopted to evaluate the performance of the models.
As an example, Figure 2 shows three outputs of each algorithm.

Tables 5-7 provide the performance evaluation results of the YOLOv3, YOLOv4, and
Mask R-CNN, respectively. In these tables, the weighted average (WA) value, as shown
in (11), provides the overall performance for each model.

WA =4 ¥! ,V; xD; (11)

where WA is the weighted average value, N is the total number of labelled defects, t is the
total number of defect types, V; is the evaluation measure result for defect type i, and D; is
the total number of labelled defects belonging to defect type i.

4.1. Performance Evaluation of YOLOv3, YOLOv4, and Mask R-CNN

This subsection describes the results of the experiments carried out to evaluate the
performance of YOLOvV3, YOLOv4, and Mask R-CNN for WTB defect detection when
using the test set described in Section 3.1.

YOLOV3: The performance evaluation results of YOLOvV3 are shown in Table 5. The
results revealed that the best model was YOLOv3(D3), and reached the highest mWA of
70.08% =+ 0.15. Although the WA(FLR) values of YOLOv3(D1) and YOLOv3(D2) were
lower than those of YOLOv3(D3) by 2.9% and 6.1% respectively, their WA(RR)s were also
lower than those of YOLO(D3) by 9.24% and 19.58%, respectively. Regarding the average
performance of YOLOvV3, the mStd was the highest for YOLOv3(D3), i.e., £0.15, which
indicates that the model was less stable than when trained using other datasets. However,
the relatively high mStd value was mainly because the YOLOv3(D3) model performed
worse on detecting crack defects compared to other defects.
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9ids 1.000
voids 1000

voids 0:999

volds' [§9.53) Fh A
VoIS 0

YOLOv3 YOLOv4 Mask R-CNN
Defect: Void

YOLOv3 YOLOv4 Mask R-CNN
Defect: Erosion

crack 0.999

YOLOv3 YOLOv4 Mask R-CNN
Defect: Crack

Figure 2. Example outputs of DL algorithms. The figure shows three outputs of YOLOv3, YOLOv4
and Mask R-CNN. All algorithms recognised the defects, however, YOLOV3 incorrectly classified a
crack defect as a void defect; and the prediction boxes did not comprehensively cover the large-sized
defect area, such as erosion defect, in YOLOv4.
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Table 5. YOLOv3: Performance evaluation on test dataset. WA is the weighted average as defined in (11). mWA is the mean
WA of PBA, RR, and Detection F;-score. mStd is the mean std of PBA, RR, and Detection F;-score. mFLR is the weighted

average of FLR across all defect types.

Prediction Box Accuracy (PBA)

Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 87.88% =+ 0.11 69.20% =+ 0.10 84.83% £ 0.076 64.29% £ 0.23
Erosion 66.06% £ 0.24 75.35% £ 0.083 84.79% = 0.080 79.20% +£ 0.091
Void 79.10% £ 0.17 80.10% = 0.097 99.32% == 0.052 99.22% =+ 0.051
Other 71.49% £ 0.10 92.76% =+ 0.098 89.03% =+ 0.074 70.04% =+ 0.094
std(PBA) +0.09 +0.10 +0.069 +0.15
WA(PBA) 77.59% £ 0.19 81.62% £ 0.10 91.99% =+ 0.07 83.98% £ 0.13
Recognition Rate (RR) and (False Label Rate (FLR))
Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Cracks 45.00% (15.0%) 45.21% (14.4%) 36.63% (7.0%) 51.45% (21.4%)
Erosion 62.50% (0.0%) 76.36% (8.2%) 65.93% (5.5%) 84.95% (12.9%)
Void 47.92% (16.7%) 51.14% (8.2%) 39.69% (4.1%) 63.24% (3.2%)
Other 33.33% (0.0%) 53.16% (3.1%) 40.74% (7.4%) 62.96% (3.7%)
std(RR) £0.12 +0.13 +0.14 +0.14
WA(RR) 48.89% (12.2%) 53.94% (8.8%) 43.60% (5.6%) 63.18% (11.7%)
Detection F;-score
Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 41.38% 42.49% 43.40% 39.69%
Erosion 76.92% 77.32% 72.85% 77.91%
Void 42.25% 57.31% 50.92% 73.51%
Other 50.00% 68.00% 47.37% 72.73%
std(Fy) +0.17 +0.15 +0.13 +0.17
WA(F) 49.25% 58.67% 52.95% 63.08%
Average Performance
Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 58.09% 52.30% 60.73% 51.81%
Erosion 68.49% 76.34% 74.52% 80.69%
Void 56.42% 62.85% 63.31% 78.66%
Other 51.61% 71.31% 56.58% 67.34%
mAP@IoU(0.5) 37.10% 55.69% 49.66% 53.28%
mStd +0.13 +0.13 +0.11 +0.15
mWA 58.58% 64.74% 62.58% 70.08%
mFLR 12.2% 8.8% 5.6% 11.7%

YOLOv4: The performance evaluation results of YOLOv4 are shown in Table 6.
Observing the results, it appears that YOLOv4's performance was best with Dataset D1 and
Dataset D2. YOLOv4(D1) reached the highest mAW (78.28%), a relatively low mStd £ 0.20
value, and the highest WA(RR) (79.11%) and these results indicate that it is the better model.
YOLOv4(D2) reached higher WA(PBA) and WA Fj-score values than YOLOv4(D1), however,
the WA(RR) of YOLOv4(D1) was much higher, i.e., 5.94%, than that of YOLOv4(D2). These
results suggest that Dataset D1 is the better dataset to train YOLOv4.



J. Imaging 2021, 7, 46

11 of 20

Table 6. YOLOv4: Performance evaluation on test dataset. WA is the weighted average as defined in (11). mWA is the mean
WA of PBA, RR, and Detection F;-score. mStd is the mean std of PBA, RR, and Detection F;-score. mFLR is the weighted

average of FLR across all defect types.

Prediction Box Accuracy

Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 70.99% + 0.25 79.50% =+ 0.082 80.08% =+ 0.11 77.47% £ 0.16
Erosion 88.45% =+ 0.37 65.95% £ 0.20 73.27% £ 0.18 69.51% £ 0.15
Void 89.55% =+ 0.45 89.71% £ 0.14 91.33% = 0.092 88.76% + 0.097
Other 46.48% =+ 0.30 50.60% =+ 0.24 46.65% £ 0.34 59.64% =+ 0.17
std(PBA) +0.20 +0.17 +0.19 £0.12
WA(PBA) 82.08% £ 0.23 81.71% £ 0.16 84.08% == 0.14 80.83% £ 0.14
Recognition Rate (RR) and (False Label Rate (FLR))
Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 35.00% (20.0%) 64.36% (18.6%) 59.30% (9.9%) 62.79% (23.3%)
Erosion 75.00% (6.3%) 93.75% (25.9%) 81.72% (12.9%) 94.62% (23.7%)
Void 50.00% (6.3%) 84.09% (0.0%) 85.95% (4.3%) 85.41% (3.8%)
Other 83.33% (33.3%) 50.00% (25.0%) 44.44% (22.2%) 40.74% (11.1%)
std(RR) +0.22 £0.20 £0.20 +0.24
WA(RR) 53.33% (11.1%) 79.11% (12.9%) 73.17% (9.0%) 76.52% (15.1%)
Detection F1-score
Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 22.22% 55.66% 62.04% 48.57%
Erosion 78.57% 70.05% 75.74% 72.93%
Void 58.33% 90.90% 87.79% 88.05%
Other 54.55% 33.33% 30.77% 42.11%
std(Fy) +0.23 +0.24 +0.25 +0.21
WA(F;) 55.07% 73.98% 74.09% 69.60%
Average Performance (type classification)
Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 42.74% 66.51% 67.14% 62.94%
Erosion 80.67% 76.58% 76.91% 79.02%
Void 65.96% 88.23% 88.36% 87.41%
Other 61.45% 44.64% 40.62% 47.50%
mAP@IoU(0.5) 39.55% 55.58% 56.53% 53.67%
mStd +0.22 +0.20 +0.22 +0.19
mWA 63.49% 78.28% 77.11% 75.65%
mFLR 11.1% 12.9% 9.0% 15.1%

Mask R-CNN: The performance evaluation results of Mask R-CNN are shown in
Table 7. The Average Performance results show that Mask R-CNN(D2) returned the best
model, outperforming other Mask R-CNN models. Observing the Average Performance
results, Mask R-CNN(D2) reached the highest mAW and mAP@IoU(0.5) values, i.e., a
mAW value of 86.74%, and a mAP@IoU(0.5) of 82.57%. Mask R-CNN(D2) also achieved
the lowest mStd (£0.05) value. Furthermore, with regards to detecting defect types, Mask
R-CNN(D2) achieved the highest performance for all except for the void type, where Mask
R-CNN(D3) slightly outperformed Mask RCNN(D2) by 0.25%.
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Table 7. Mask R-CNN: Performance evaluation on test dataset. WA is the weighted average as defined in (11). mWA is
the mean WA of PBA, RR, and Detection F;-score. mStd is the mean std of PBA, RR, and Detection F;-score. mFLR is the
weighted average of FLR across all defect types.

Prediction Box Accuracy

Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 89.64% + 0.37 89.05% =+ 0.15 88.49% £ 0.15 85.81% £ 0.17
Erosion 86.17% =+ 0.069 89.39% £ 0.18 86.50% £ 0.21 87.02% £ 0.21
Void 76.99% £ 0.23 88.66% =+ 0.11 87.38% +£ 0.087 86.77% =+ 0.083
Other 81.64% £ 0.12 89.94% + 0.045 90.84% =+ 0.049 89.70% =+ 0.087
std(PBA) +0.055 +0.054 +0.019 +0.017
WA(PBA) 83.56% £ 0.15 89.05% =+ 0.14 87.80% £ 0.14 86.68% £ 0.15
Recognition Rate (RR) and (False Label Rate (FLR))
Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 75.00% (0.0%) 78.68% (2.9%) 90.16% (4.1%) 87.70% (0.8%)
Erosion 75.00% (6.3%) 88.00% (8.0%) 93.75% (8.8%) 87.50% (7.5%)
Void 40.54% (5.4%) 72.02% (3.0%) 74.82% (2.2%) 72.66% (2.2%)
Other 50.00% (0.0%) 66.67% (0.0%) 88.00% (0.0%) 80.00% (4.0%)
std(RR) +0.18 +0.092 +0.083 +0.072
WA(RR) 56.00% (4.0%) 77.42% (3.9%) 84.97% (4.1%) 81.42% (3.0%)
Detection F1-score
Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 85.71% 84.77% 90.52% 92.58%
Erosion 78.57% 85.11% 87.74% 85.33%
Void 50.00% 80.28% 83.13% 81.67%
Other 66.67% 80.00% 93.62% 84.44%
std(Fy) +0.16 +0.028 +0.045 +0.047
WA(F;) 66.67% 82.86% 87.44% 86.45%
Average Performance
Defect type Dataset DO Dataset D1 Dataset D2 Dataset D3
Crack 83.45% 84.17% 89.72% 88.70%
Erosion 79.91% 87.50% 89.33% 86.62%
Void 55.84% 80.32% 81.78% 82.03%
Other 66.10% 78.87% 90.82% 84.72%
mAP@IoU(0.5) 57.47% 77.53% 82.57% 76.80%
mStd +0.13 +0.06 +0.05 +0.05
mWA 68.74% 83.11% 86.74% 84.85%
mFLR 4.0% 3.9% 41% 3.0%

4.2. Comparison of YOLOv3, YOLOv4 and Mask R-CNN

Table 8 presents a comparison of the performance of the best models that resulted
from Section 4.1. The models under comparison are: Mask R-CNN(D2), YOLOv3(D3), and
YOLOv4(D1).

Mask R-CNN(D2) Compared to YOLOv3(D3):

Mask R-CNN outperformed YOLOv3 and YOLOV4 in terms of PBA performance,
detecting all except the void defect types. With regards to detecting voids, YOLOv3 and
YOLOvV4 outperformed Mask R-CNN by achieving PBA values that are 11.84% and 2.33%,
respectively, (as shown in Table 8). This may be due to the fact that void defects are
usually small in size (and smaller than the other defect types). Figure 3d illustrates that
Mask R-CNN is relatively weaker than YOLOv3 and YOLOv4 algorithms in recognising
small-sized defects (i.e., void).
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Table 8. Performance evaluation comparison of Mask R-CNN(D2), YOLOv3(D3), and YOLOv4(D1).

Prediction Box Accuracy (PBA)

Defect type Mask R-CNN vs. YOLOvV3 Mask R-CNN vs. YOLOv4 YOLOvV4 vs. YOLOvV3
Crack +24.20% +8.99% +15.21%
Erosion +7.29% +20.54% —13.25%
Void —11.84% —2.33% —9.51%
Other +20.81% +40.24% —19.44%
std(PBA) —0.131 —0.151 +0.02
WA(PBA) +3.82% +6.09% —2.27%
Recognition Rate (RR) and (False Label Rate (FLR))
Defect type Mask R-CNN vs. YOLOvV3 Mask R-CNN vs. YOLOv4 YOLOvV4 vs. YOLOvV3
Crack +38.72% (—17.30%) +25.80% (—14.50%) +12.92% (—2.80%)
Erosion +8.80% (—4.10%) +0.00% (—17.10%) +8.80% (+13.00%)
Void +11.58% (—1.00%) —9.27% (+2.20%) +20.85% (—3.20%)
Other +25.04% (—3.70%) +38.00% (—25.00%) —12.96% (+21.30%)
std(RR) —0.057 —0.117 0.06
WA(RR) +21.79% (—7.60%) +5.87% (—8.80%) +15.93% (+1.20%)
Detection F;-score
Defect type Mask R-CNN vs. YOLOvV3 Mask R-CNN vs. YOLOv4 YOLOvV4 vs. YOLOvV3
Crack +50.82% +34.85% +15.97%
Erosion +9.83% +17.70% —7.86%
Void +9.62% —7.78% +17.40%
Other +20.89% +60.28% —39.39%
std(Fy) —0.125 —0.195 +0.07
WA(F) +24.37% +13.47% +10.90%
Average Performance
Defect type Mask R-CNN vs. YOLOv3 Mask R-CNN vs. YOLOv4 YOLOvV4 vs. YOLOvV3
Crack +37.91% +23.22% +14.70%
Erosion +8.64% +12.75% —4.10%
Void +3.12% —6.46% +9.58%
Other +22.25% +46.18% —23.93%
mAP@IoU(0.5) 29.29% 26.99% 2.30%
mStd —0.104 —0.154 +0.05
mAW +16.66% +8.47% +8.19%
mFLR —7.60% —8.80% +1.20%

Regarding the RR (see Figure 3d) and F;-score (see Figure 3a) results, Mask R-CNN(D2)
outperformed YOLOv3(D3) across all defect types. Table 8 shows that, on average,
mAP@IoU(0.5) was higher by 29.29%, WA(RR) was higher by 21.79%, WA(FLR) was
lower by 7.60%, and WA(F;) was higher by 24.37% when using Mask R-CNN compared to
YOLOV3. Finally, looking at the Average Performance results (see Figure 3c), Mask R-CNN

outperformed YOLOv3 when considering all evaluation measures.

Mask R-CNN(D2) compared to YOLOv4(D1): In Table 8, the PBA of YOLOv4 was
2.33% higher than Mask R-CNN in detecting void defects. The std(PBA) of Mask R-CNN
was lower than that of YOLOV4 by 0.151 points and WA(PBA) was higher by 6.09%, and
these values indicate that the Mask R-CNN is relatively more stable and accurate in BBA
predictions than YOLOv4. On average, Mask R-CNN outperformed YOLOv4 with regards
to WA(RR) by 5.87%. The WA(FLR) and std(RR) values of Mask R-CNN were on average
lower than those of YOLOv4 by 8.80% and 0.117, respectively. This suggests that the Mask
R-CNN is more stable than YOLOvV4 in detecting defects by type. However, due to Mask
R-CNN’s weak ability in detecting small-sized defects, the RR was 9.27% lower in void
defect detection, as also shown in Figure 3d. In overall, Table 8 shows that Mask R-CNN
outperformed YOLOv4 with a 8.47% higher value for mAW, 26.99% higher mAP@loU(0.5)

and a 8.80% lower FLR.
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YOLOv4(D1) compared to YOLOv3(D3): On Average YOLOvV4 returned a 8.19%
higher mAW value, but compared to YOLOV3, it also returned higher mStd and mFLR
values, by, 0.05 and 1.20% respectively (as shown in Table 8), which are indicators of worse
performance. A closer look at the performance of YOLOv4 and YOLOvV3 with regards to
their ability in detecting individual defect types, YOLOvV3 outperformed YOLOv4 with
regards to WA(PBA) performance by 2.27% (see Figure 3c) and an std(PBA) difference of
0.02 (see Table 8), whereas YOLOV4 outperformed YOLOvV3 by 15.93% with regards to
WA(RR), as shown in Figure 3d. Table 8 illustrates that YOLOv4's WA(F;) score was 10.90%
higher than that of YOLOvV3.

Comparison of detection speed: The detection speed values of each algorithm are
shown in Figure 3b. Mask R-CNN’s detection speed is much slower than that of YOLOv3
and YOLOv4 by 25 and 13 fps, respectively. However, due to the high and stable detection
performance of the Mask R-CNN model, it is still regarded as the most suitable detection
model for detecting defects. In real-time inspection tasks, detection speeds of 20 and 30 fps
would be too fast since the engineers would not be able to respond to the outputs of the
model at those speeds. Therefore, the detection speed of a DL algorithm will need to be
tuned to match its real-world use.
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Figure 3. Performance Evaluation Diagrams for YOLOv3, YOLOv4 and Mask R-CNN. (a) Traditional Performance Evaluation.
(b) Detection Speed Evaluation. (c) mean Weighted Average Performance Evaluation. (d) RR and FLR Evaluation.
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4.3. An Investigation into Whether Image Enhancement Can Further Improve the Results of the
Mask R-CNN Model

Based on the experiments carried out thus far, as described in Section 4, Mask R-
CNN(D2) was the best performing model. This section describes the results of experiments
that apply image enhancement techniques to the dataset. Initially, image enhancement
techniques, namely white balance (WB) and adaptive histogram equalisation (AHE) were
applied to the original dataset. After that, image augmentation techniques are applied to
the image enhanced dataset. These image augmentation techniques are those provided
in Table 3 Dataset D2. This detection pipeline is called Image Enhanced Mask R-CNN
(IE Mask R-CNN). Figure 4 shows IE Mask R-CNN’s performance, and the results are
compared with Mask R-CNN(D2).
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Figure 4. Performance comparison between Mask R-CNN(D2) and IE Mask R-CNN(D2). (a) Overall performance compar-
isons. (b) mWA evaluation and FLR comparisons. Left axis is used for mWA, and the right axis is used for FLR.

In overall, the performance of IE Mask R-CNN(D2) (mAW:86.82%, F;-score: 87.44%)
and Mask R-CNN(D2) (mAW: 86.74%, F;-score: 87.54 %) were close, as shown in Figure 4a.
With IE Mask R-CNN(D2) mAP@IoU(0.5) was 1.64% higher, PBA was 0.94% higher and
FLR was 0.5% lower than Mask R-CNN(D2). The higher PBA values suggest an overall
improvement in defect detection and bounding box prediction when applying image
enhancement techniques (i.e., WB and AHE).

Figure 4b compares the mWA and FLR of each defect type for IE Mask R-CNN(D2) and
Mask R-CNN(D2). The figure shows that the mWA value of defect type ‘other” was lower
by 0.81% compared to IE Mask R-CNN(D2), whereas the mWA values of all other defect
types were higher (i.e., by 0.29% for crack, by 0.68% for erosion, and by 8.23% for void)
compared to Mask R-CNN(D2). The fact that there was no improvement in detecting the
‘other’ type of defects when using the IE Mask R-CNN(D2) compared to Mask R-CNN(D2)
is likely to be because the class ‘other” only had 22 images in the original dataset, and
therefore the models were not able to learn all the features of the defects of type ‘other” due
to complex defect data and lack of training data.

The FLRs for crack and erosion were decreased by 1.6% and 5% respectively when IE
Mask R-CNN was using, but the FLR of the void defect was higher than Mask R-CNN by
2.8%. Considering the size of each defect type, the void defects were relatively smaller than
crack and erosion. Given that IE Mask R-CNN(D2) outperformed Mask R-CNN(D2) with
regards to detecting the larger-sized defects (i.e., erosion and crack) suggests that image
enhancement techniques can reduce the number of misclassified images that contain the
larger sized defects.
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4.4. IE Mask R-CNN: Proposed Deep Learning Defect Detection Pipeline

Based on the results of the experiments discussed in Section 4, a DL model for defect
detection is proposed. The pipeline structure of IE Mask R-CNN is shown in Figure 5. This
section describes the components of the proposed IE Mask R-CNN pipeline.

Input Image Image Enhancement Image Augmentation

White Balance + Histogram Equalization

Mask R-CNN

Figure 5. IE Mask R-CNN: The proposed Image Enhanced Mask R-CNN pipeline.

Input images: The input images are the original images captured by engineers during
inspections, such as those discussed in Section 3.1. When new batches of images along
with their annotations become available, these can be used for re-training the model, as
a strategy for improving its performance. The images are required to be in JPG or PNG-
format and need to be at least 400 pixels in height and width dimensions and they can be
in any aspect ratio.

Image enhancement: Image enhancement and augmentation methods are initially
applied to the dataset, and thereafter the dataset is trained using a Mask R-CNN algorithm.
The architecture of the Mask R-CNN algorithm is described below. Image enhancement
techniques include WB [36] and AHE [37,38]. WB normalises the images such that they have
the same temperature. The IE Mask R-CNN pipeline utilises a WB image pre-processing
tool developed by Afifi and Brown [39] that can automatically adjust the image tempera-
tures. The IE Mask R-CNN pipeline includes the AHE technique which utilises a contrast
enhancement algorithm implemented by Pizer et al. [38] to distinguish the areas whose
colour is significantly different across the image set.

Image augmentation: In Section 4, Mask R-CNN achieved the best performance with
Dataset D2, and thus the image augmentation techniques used in Dataset D2 were included
in the IE Mask R-CNN pipeline. Details of the image augmentation techniques that were
fused to derive Dataset D2 are provided in Table 3.

Mask R-CNN algorithm: Mask R-CNN [18] is the detection algorithm that is used
in the proposed pipeline. The architecture of Mask R-CNN is shown in Figure 6. In the
first stage, the pre-processed images are trained using a ResNetX-101 CNN backbone [40],
and a region proposal network that generates a RolAlign feature map that stores feature
information of defects. In the second stage, a fully connected layer detects and classifies
the detected defects. Moreover, additional convolutional layers learn the masked areas of
the predicted defect areas.
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Figure 6. Mask R-CNN architecture with ResNetX-101 backbone and Fully Connected layers (FC layers). This architecture
was embedded in the proposed IE Mask R-CNN pipeline.

5. Discussion and Conclusions

This paper investigates the performance of DL algorithms for the task of WTB defect
detection and classification, and proposes a new Mask R-CNN based pipeline for the task.
A dataset of images captured by engineers during manual WTB inspections was provided
by the industrial partner Railston & Co. Ltd. The engineers labelled the images into four
categories: crack, erosion, void, and ‘other’ defects. The main contributions of the paper
are summarised as follows:

The paper investigates the impact of various image augmentation and image en-
hancement techniques on the performance of DL algorithms for the task of WTB defect
detection. The original dataset was transformed three times using a different set of image
augmentation techniques. As a result, experiments were carried out using four datasets
(i.e., original dataset and 3 datasets derived after applying transformation techniques).
Empirical evaluations were carried out with the original and augmented datasets to inves-
tigate the performance of state-of-the-art DL algorithms, namely, YOLOv3, YOLOv4, and
Mask R-CNN for detecting defect areas (i.e., bounding boxes around detected areas) and
for classifying the detected defects by type.

Traditional evaluation measures of Recall, Precision and F;-score, do not provide a
holistic overview of the defect detection performance of DL detection models. Therefore,
this paper proposes new evaluation measures, namely Prediction Box Accuracy (PBA),
Recognition Rate (RR), and False Label Rate (FLR). The proposed measures consider the
bounding box accuracy of the detected defect areas and were designed for the task of
evaluating the performance of DL detection models applied to defect detection tasks.
Furthermore, the traditional evaluation measures of Precision, Recall, and F;-score were
contextualised for the task of defect detection.

The contextualised traditional and proposed evaluation measures were adopted for
comparing the performance of the DL detection models. The results of the experiments
revealed that on average, across all evaluation measures (i.e., mean Weighted Average
(mWA)), Mask R-CNN outperformed other DL algorithms when transformation-based
augmentations (i.e., rotation and flipping) were applied to the image dataset. Mask R-CNN
outperformed YOLOv3 and YOLOv4, and achieved the highest detection performance
with mAP@IoU(0.5): 82.57%, mAW: 86.74%, PBA: 87.80%, RR: 84.97% and FLR: 4.1%. This
paper proposes a new defect detection pipeline, called IE Mask R-CNN, which applies
image enhancement and augmentation methods. IE Mask R-CNN reached mAP@IoU(0.5):
84.21%, mWA: 86.82%, PBA: 88.76% and FLR: 3.6%, and outperformed Mask R-CNN in
mAP@IoU(0.5) (by 1.64%), mAW (by 0.08%), PBA (by 0.94%) and FLR (by 0.5%).

In future work, additional image enhancement techniques that can highlight the colour
of defect areas from the images will be explored. Dataset re-sampling methods will also be
empirically evaluated to improve the balance between images across the defect types. In
Mask R-CNN, many CNN parameters can be adjusted for different detection purposes,
such as anchor-scale, Region of Interest number, and backbone stride. These parameters
can be further investigated to provide the best setting for different detection situations.
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The condition monitoring and fault diagnosis of WTBs deserve further investigation
through using the IE Mask R-CNN. A monitoring system can be designed to define the
potential WTB health problems beforehand and deliver the engineers to execute checking
and repairing programs. Since demand for wind power has grown, this has resulted
in an increase in the manufacturing, inspection, and repairs of wind turbines and their
blades. The operation efficiency of wind turbines is affected by defects that exist on the
surface of blades. Defect detection systems based on ML and DL methods have been
utilised to inspect the regular operation of WTBs damage diagnosis [41,42] and condition
monitoring [43-45]. Future work includes extending the proposed pipeline for the task of
condition monitoring. Research on the topic of defect detection and especially WTB defect
detection with DL algorithms is still at an early stage. The proposed Image Enhanced Mask
R-CNN pipeline is suitable for the task of WTB defect detection and can be applied to
other surfaces. Therefore, future work also includes evaluating the performance of IE Mask
R-CNN for other tasks such as train wheel defect detection.

Author Contributions: Authors contributed as follows: conceptualization, J.Z., G.C., ] W.; methodol-
ogy, ].Z.; software, ].Z.; validation, J.Z., ] W.; investigation, ].Z.; resources, ].Z., G.C.; data curation, ].Z.,
J.W.; writing—original draft preparation, J.Z.; writing—review and editing, ].Z., G.C.; visualization,
J.Z.; supervision, G.C., ].W.; project administration, J.Z., G.C.; funding acquisition, G.C., J W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research is funded through the EPSRC Centre for Doctoral Training in Embedded
Intelligence under grant reference EP/L014998/1, with industrial support from Railston’s &Co Ltd.

Institutional Review Board Statement: Not Applicable.
Informed Consent Statement: Not Applicable.
Data Availability Statement: Not Applicable.

Acknowledgments: The authors would like to acknowledge Jason Watkins, Chris Gibson, and
Andrew Rattray from Railston & Co. Ltd. for providing the datasets and expert knowledge required
during the project.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

WTB Wind Turbine Blade

NDT Non-Destructive Testing

DL Deep Learning

CNN Convolutional Neural Network

YOLO You Only Look Once

YOLOv2 YOLO version 2

YOLOvV3 YOLO version 3

YOLOv4 YOLO version 4

Mask R-CNN Mask Region-based Convolutional Neural Network

mAP Mean Average Precision

PBA Prediction Box Accuracy

RR Recognition Rate

FLR False Label Rate

IE Mask R-CNN  Image Enhanced Mask R-CNN

ML Machine Learning

SVM Support Vector Machine

LR Linear Regression

RF Random Forest

AUC Area Under the Curve

HOG Histogram of Oriented Gradient feature
ILSVRC ImageNet Large Scale Visual Recognition Challenge
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k-NN k-Nearest Neighbour
DT Decision Tree

DO Dataset DO

D1 Dataset D1

D2 Dataset D2

D3 Dataset D3

TP True Positive

FP False Positive

FN False Negative

IoU Intersection over Union
BBA Bounding Box Accuracy
WidthA Width Accuracy
HeightA Height Accuracy

VIA VGG Image Annotator
WA Weighted Average
mWA mean Weighted Average
std Standard Deviation

WB White Balance

AHE Adaptive Histogram Equalisation

References

1.  Toft, H.S.; Branner, K; Berring, P.; Serensen, ]J.D. Defect distribution and reliability assessment of wind turbine blades. Eng.
Struct. 2011, 33, 171-180. [CrossRef]

2. Chatzakos, P; Avdelidis, N.; Hrissagis, K.; Gan, T. Autonomous Infrared (IR) Thermography based inspection of glass reinforced
plastic (GRP) wind turbine blades (WTBs). In Proceedings of the 2010 IEEE Conference on Robotics, Automation and Mechatronics,
Singapore, 28-30 June 2010; pp. 557-562.

3. Maierhofer, C.; Myrach, P.; Krankenhagen, R.; Rollig, M.; Steinfurth, H. Detection and Characterization of Defects in Isotropic
and Anisotropic Structures Using Lockin Thermography. |. Imaging 2015, 1, 220-248. [CrossRef]

4. Kim, D.Y,; Kim, H.; Jung, W.S.; Lim, S.; Hwang, J.; Park, C. Visual testing system for the damaged area detection of wind power
plant blade. In Proceedings of the IEEE ISR 2013, Seoul, Korea, 24-26 October 2013; pp. 1-5.

5. Hongwu, Q.; Haixin, S.; Wei, C.; Mengcong, D. Structural Health Monitoring WTB Using the Effectiveness of Graphical
Programming Packages Analysis on Acoustic Emission Data. In Proceedings of the 2015 IEEE Fifth International Conference on
Big Data and Cloud Computing, Dalian, China, 26-28 August 2015; pp. 207-212.

6. Li, Z; Soutis, C.; Haigh, A ; Sloan, R.; Gibson, A.; Karimian, N. Microwave imaging for delamination detection in T-joints of wind
turbine composite blades. In Proceedings of the 2016 46th European Microwave Conference (EuMC), London, UK, 4-6 October
2016; pp. 1235-1238.

7. Aust, ]; Shankland, S.; Pons, D.; Mukundan, R.; Mitrovic, A. Automated Defect Detection and Decision-Support in Gas Turbine
Blade Inspection. Aerospace 2021, 8, 30. [CrossRef]

8.  Eugene Chian, Y.T.; Tian, J. Surface Defect Inspection in Images Using Statistical Patches Fusion and Deeply Learned Features.
Al 2021, 2,17-31. [CrossRef]

9. Reddy, A.; Indragandhi, V.; Ravi, L.; Subramaniyaswamy, V. Detection of Cracks and damage in wind turbine blades using
artificial intelligence-based image analytics. Measurement 2019, 147, 106823. [CrossRef]

10. Yang, P; Dong, C.; Zhao, X.; Chen, X. The Surface Damage Identifications of Wind Turbine Blades Based on ResNet50 Algorithm.
In Proceedings of the 2020 39th Chinese Control Conference (CCC), Shenyang, China, 27-29 July 2020; pp. 6340-6344.

11. Deng, J.; Lu, Y;; Lee, V.C.S. Imaging-based crack detection on concrete surfaces using You Only Look Once network. Struct.
Health Monit. 2020. [CrossRef]

12.  Shijie, J.; Ping, W.; Peiyi, ].; Siping, H. Research on data augmentation for image classification based on convolution neural
networks. In Proceedings of the 2017 Chinese Automation Congress (CAC), Jinan, China, 20-22 October 2017; pp. 4165—4170.

13. Perez, L.; Wang, ]J. The Effectiveness of Data Augmentation in Image Classification using Deep Learning. arXiv 2017,
arXiv:1712.04621.

14. Qiao, Y.; Truman, M.; Sukkarieh, S. Cattle segmentation and contour extraction based on Mask R-CNN for precision livestock
farming. Comput. Electron. Agric. 2019, 165, 104958. [CrossRef]

15.  Kanan, C.; Cottrell, G.W. Color-to-Grayscale: Does the Method Matter in Image Recognition? PLoS ONE 2012, 7, €29740. [CrossRef]

16. Redmon, J.; Farhadi, A. YOLOvV3: An Incremental Improvement. arXiv 2018, arXiv:1804.02767.

17.  Bochkovskiy, A.; Wang, C.Y.; Liao, H.Y.M. YOLOv4: Optimal Speed and Accuracy of Object Detection. arXiv 2020, arXiv:2004.10934.

18. He, K; Gkioxari, G.; Dollar, P; Girshick, R. Mask R-CNN. In Proceedings of the 2017 IEEE International Conference on Computer
Vision (ICCV), Venice, Italy, 22-29 October 2017; pp. 2980-2988.

19. Li, C,; Heinemann, P; Sherry, R. Neural network and Bayesian network fusion models to fuse electronic nose and surface acoustic

wave sensor data for apple defect detection. Sens. Actuators B Chem. 2007, 125, 301-310. [CrossRef]


http://doi.org/10.1016/j.engstruct.2010.10.002
http://dx.doi.org/10.3390/jimaging1010220
http://dx.doi.org/10.3390/aerospace8020030
http://dx.doi.org/10.3390/ai2010002
http://dx.doi.org/10.1016/j.measurement.2019.07.051
http://dx.doi.org/10.1177/1475921720938486
http://dx.doi.org/10.1016/j.compag.2019.104958
http://dx.doi.org/10.1371/journal.pone.0029740
http://dx.doi.org/10.1016/j.snb.2007.02.027

J. Imaging 2021, 7, 46 20 of 20

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

Karayiannis, Y.A.; Stojanovic, R.; Mitropoulos, P.; Koulamas, C.; Stouraitis, T.; Koubias, S.; Papadopoulos, G. Defect detection and
classification on web textile fabric using multiresolution decomposition and neural networks. In Proceedings of the 6th IEEE
International Conference on Electronics, Circuits and Systems (Cat. No.99EX357) (ICECS’99), Paphos, Cyprus, 5-8 September
1999; Volume 2, pp. 765-768.

Tilocca, A.; Borzone, P.; Carosio, S.; Durante, A. Detecting Fabric Defects with a Neural Network Using Two Kinds of Optical
Patterns. Text. Res. J. 2002, 72, 545-550. [CrossRef]

Graham, D.; Maas, P.; Donaldson, G.; Carr, C. Impact damage detection in carbon fibre composites using HTS SQUIDs and neural
networks. NDT E Int. 2004, 37, 565-570. [CrossRef]

Soukup, D.; Huber-Mork, R. Convolutional Neural Networks for Steel Surface Defect Detection from Photometric Stereo Images.
In Advances in Visual Computing; Bebis, G., Boyle, R., Parvin, B., Koracin, D., McMahan, R., Jerald, J., Zhang, H., Drucker, S.M.,
Kambhamettu, C., El Choubassi, M., et al., Eds.; Springer International Publishing: Cham, Switzerland, 2014; pp. 668-677.
Wang, Z.; Hu, M.; Zhai, G. Application of Deep Learning Architectures for Accurate and Rapid Detection of Internal Mechanical
Damage of Blueberry Using Hyperspectral Transmittance Data. Sensors 2018, 18, 1126. [CrossRef] [PubMed]

Narayanan, B.N.; Beigh, K.; Loughnane, G.; Powar, N. Support vector machine and convolutional neural network based
approaches for defect detection in fused filament fabrication. In Applications of Machine Learning; Zelinski, M.E., Taha, TM., Howe,
J., Awwal, A.AS,, Iftekharuddin, K.M., Eds.; International Society for Optics and Photonics, SPIE: San Diego, CA, USA, 2019;
Volume 11139, pp. 283-291.

Wang, J.; Fu, P.; Gao, R.X. Machine vision intelligence for product defect inspection based on deep learning and Hough transform.
J. Manuf. Syst. 2019, 51, 52-60. [CrossRef]

Kawiecki, G. Application of Neural Networks to Defect Detection in Cantilever Beams with Linearized Damage Behavior. |.
Intell. Mater. Syst. Struct. 1999, 10, 797-801. [CrossRef]

Jasinien, E.; Raiutis, R.; Literis, R.; Voleiis, A.; Vladiauskas, A.; Mitchard, D.; Amos, M. NDT of wind turbine blades using adapted
ultrasonic and radiographic techniques. Insight Non-Destr. Test. Cond. Monit. 2009, 51, 477-483. [CrossRef]

Protopapadakis, E.; Doulamis, N. Image Based Approaches for Tunnels” Defects Recognition via Robotic Inspectors. In Advances
in Visual Computing; Bebis, G., Boyle, R., Parvin, B., Koracin, D., Pavlidis, I., Feris, R., McGraw, T., Elendt, M., Kopper, R.,
Ragan, E., et al., Eds.; Springer International Publishing: Cham, Switzerland, 2015; pp. 706-716.

Yu, Y.; Cao, H,; Liu, S.; Yang, S.; Bai, R. Image-based damage recognition of wind turbine blades. In Proceedings of the 2017
2nd International Conference on Advanced Robotics and Mechatronics ICARM), Hefei and Tai’an, China, 27-31 August 2017;
pp- 161-166.

Russakovsky, O.; Deng, J.; Su, H.; Krause, ].; Satheesh, S.; Ma, S.; Huang, Z.; Karpathy, A.; Khosla, A.; Bernstein, M.; et al.
ImageNet Large Scale Visual Recognition Challenge. Int. . Comput. Vis. (IJCV) 2015, 115, 211-252. [CrossRef]

Qiu, Z.; Wang, S.; Zeng, Z.; Yu, D. Automatic visual defects inspection of wind turbine blades via YOLO-based small object
detection approach. J. Electron. Imaging 2019, 28, 1-11. [CrossRef]

Shihavuddin, A.; Chen, X.; Fedorov, V.; Nymark Christensen, A.; Andre Brogaard Riis, N.; Branner, K.; Bjorholm Dahl, A.;
Reinhold Paulsen, R. Wind Turbine Surface Damage Detection by Deep Learning Aided Drone Inspection Analysis. Energies
2019, 12, 676. [CrossRef]

Padilla, R.; Passos, W.L.; Dias, T.L.B.; Netto, S.L.; da Silva, E.A.B. A Comparative Analysis of Object Detection Metrics with a
Companion Open-Source Toolkit. Electronics 2021, 10, 279. [CrossRef]

Dutta, A.; Gupta, A.; Zissermann, A. VGG Image Annotator (VIA). Version: 2.0.10. 2016. Available online: http://www.robots.
ox.ac.uk/~vgg/software/via/ (accessed on 18 December 2020).

Kubota, Y.; Shiono, T. White Balance Control System. US Patent No. 3,627,911, 14 December 1971.

Umbaugh, S.E. Computer Vision and Image Processing: A Practical Approach Using Cviptools with Cdrom, 1st ed.; Prentice Hall PTR:
Upper Saddle River, NJ, USA, 1997.

Pizer, S.M.; Amburn, E.P.; Austin, ].D.; Cromartie, R.; Geselowitz, A.; Greer, T.; ter Haar Romeny, B.; Zimmerman, ].B.; Zuiderveld,
K. Adaptive histogram equalization and its variations. Comput. Vis. Graph. Image Process. 1987, 39, 355-368. [CrossRef]

Afifi, M.; Brown, M.S. What Else Can Fool Deep Learning? Addressing Color Constancy Errors on Deep Neural Network
Performance. In Proceedings of the IEEE International Conference on Computer Vision (ICCV), Seoul, Korea, 27-28 October 2019.
He, K; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition (CVPR), Las Vegas, NV, USA, 27-30 June 2016.

Hoxha, E.; Vidal, Y.; Pozo, F. Damage Diagnosis for Offshore Wind Turbine Foundations Based on the Fractal Dimension. Appl.
Sci. 2020, 10, 6972. [CrossRef]

Zhang, X.; Zhao, Z.; Wang, Z.; Wang, X. Fault Detection and Identification Method for Quadcopter Based on Airframe Vibration
Signals. Sensors 2021, 21, 581. [CrossRef] [PubMed]

Li, H.; Zhang, X.; Xu, F. Experimental Investigation on Centrifugal Compressor Blade Crack Classification Using the Squared
Envelope Spectrum. Sensors 2013, 13, 12548-12563. [CrossRef]

Sanati, H.; Wood, D.; Sun, Q. Condition Monitoring of Wind Turbine Blades Using Active and Passive Thermography. Appl. Sci.
2018, 8, 2004. [CrossRef]

Wang, J.; Huo, L.; Liu, C,; Peng, Y.; Song, G. Feasibility Study of Real-Time Monitoring of Pin Connection Wear Using Acoustic
Emission. Appl. Sci. 2018, 8, 1775. [CrossRef]


http://dx.doi.org/10.1177/004051750207200614
http://dx.doi.org/10.1016/j.ndteint.2004.03.001
http://dx.doi.org/10.3390/s18041126
http://www.ncbi.nlm.nih.gov/pubmed/29642454
http://dx.doi.org/10.1016/j.jmsy.2019.03.002
http://dx.doi.org/10.1106/3C65-MARC-9XTM-345X
http://dx.doi.org/10.1784/insi.2009.51.9.477
http://dx.doi.org/10.1007/s11263-015-0816-y
http://dx.doi.org/10.1117/1.JEI.28.4.043023
http://dx.doi.org/10.3390/en12040676
http://dx.doi.org/10.3390/electronics10030279
http://www.robots.ox.ac.uk/~vgg/software/via/
http://www.robots.ox.ac.uk/~vgg/software/via/
http://dx.doi.org/10.1016/S0734-189X(87)80186-X
http://dx.doi.org/10.3390/app10196972
http://dx.doi.org/10.3390/s21020581
http://www.ncbi.nlm.nih.gov/pubmed/33467463
http://dx.doi.org/10.3390/s130912548
http://dx.doi.org/10.3390/app8102004
http://dx.doi.org/10.3390/app8101775

	Introduction
	Related Methods
	Materials and Methods
	Dataset and Image Augmentation
	Traditional Performance Evaluation Measures for Defect Detection
	Proposed Performance Evaluation Measures for Defect Detection
	Prediction Box Accuracy
	Recognition Rate
	False Label Rate

	Experimental Setup

	Results
	Performance Evaluation of YOLOv3, YOLOv4, and Mask R-CNN
	Comparison of YOLOv3, YOLOv4 and Mask R-CNN
	An Investigation into Whether Image Enhancement Can Further Improve the Results of the Mask R-CNN Model
	IE Mask R-CNN: Proposed Deep Learning Defect Detection Pipeline

	Discussion and Conclusions
	References

