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Abstract

:

Automatic detection of corrosion and associated damages to civil infrastructures such as bridges, buildings, and roads, from aerial images captured by an Unmanned Aerial Vehicle (UAV), helps one to overcome the challenges and shortcomings (objectivity and reliability) associated with the manual inspection methods. Deep learning methods have been widely reported in the literature for civil infrastructure corrosion detection. Among them, convolutional neural networks (CNNs) display promising applicability for the automatic detection of image features less affected by image noises. Therefore, in the current study, we propose a modified version of deep hierarchical CNN architecture, based on 16 convolution layers and cycle generative adversarial network (CycleGAN), to predict pixel-wise segmentation in an end-to-end manner using the images of Bolte Bridge and sky rail areas in Victoria (Melbourne). The convolutedly designed model network proposed in the study is based on learning and aggregation of multi-scale and multilevel features while moving from the low convolutional layers to the high-level layers, thus reducing the consistency loss in images due to the inclusion of CycleGAN. The standard approaches only use the last convolutional layer, but our proposed architecture differs from these approaches and uses multiple layers. Moreover, we have used guided filtering and Conditional Random Fields (CRFs) methods to refine the prediction results. Additionally, the effectiveness of the proposed architecture was assessed using benchmarking data of 600 images of civil infrastructure. Overall, the results show that the deep hierarchical CNN architecture based on 16 convolution layers produced advanced performances when evaluated for different methods, including the baseline, PSPNet, DeepLab, and SegNet. Overall, the extended method displayed the Global Accuracy (GA); Class Average Accuracy (CAC); mean Intersection Of the Union (IOU); Precision (P); Recall (R); and F-score values of 0.989, 0.931, 0.878, 0.849, 0.818 and 0.833, respectively.
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1. Introduction and Background


Corrosion is the degradation of material properties due to environmental interactions that ultimately cause the failure of civil infrastructures [1]. Corrosion is classified into eight categories based on the morphology of the attack and the type of environment to which the structure is exposed. Uniform or general corrosion is the most dominant type of corrosion, which includes rusting of steel bridges, rusting of underground pipelines, tarnishing of silver, and patina formation on copper roofs and bronze statues [2]. The World Corrosion Organization has delineated corrosion as an extremely hazardous phenomenon that has caused significant damage to global infrastructure amounting to 2.5 trillion USD [3]. Therefore, it is one of the major defects evident in the structural materials or systems and has a considerable impact on the economy and on safety [4].



Early detection with concurrent maintenance is essential for maintaining safety and reducing the costs associated with corrosion-related damages [4,5]. Therefore, it is of extreme importance to monitor the condition and health of civil infrastructures to assure the safety of human lives and reduce the associated financial losses in line with modern smart city initiatives [6,7]. Traditionally, human-based visual inspection systems have been used to monitor the structural health of civil infrastructures [8]. However, these visual inspection methods are highly subjective, mainly due to variable personal evaluation approaches used by the involved personnel. Therefore, visual inspection of civil infrastructures such as bridges can lead to highly variable outcomes that depend on multiple factors [9]. These factors include but are not limited to the height of UAV, the field of view (FoV), camera pose, weather conditions, and photometric quantities [10]. As a result, these visual inspection systems display numerous limitations in terms of monitoring corrosion in civil infrastructures, which ultimately lead to lower overall structural reliability [11], pose threats to human lives [12], and result in a huge economic burden due to high maintenance costs.



Corrosion mainly consists of two main visual characteristics: rough texture surface and product color. Therefore, it is recommended to develop algorithms for corrosion detection, with the help of texture analysis and color analysis [9]. These two features can be applied on a stand-alone basis or implemented in a pattern recognition technique [9,10]. Furthermore, digital image processing unlocks various real-life opportunities to explore a variety of environments [11,12]. In comparison to the conventional techniques, digital image processing provides an economical, easy to handle, fast, and accurate approach to be used for large civil infrastructures such as metal bridges, tunnels, poles, and ships [13,14]. Moreover, structural monitoring of the civil infrastructures is an area that has gained considerable importance in terms of assessing the fitness and health of infrastructures. For at least half of the century, numerous structural monitoring approaches have been applied to civil infrastructures using modern sensor-based technology, including load cells, transducers, strain gauges, thermistors, accelerometer, anemometer, microphone, and internet camera technology [15,16].



However, during the last two decades, a shift has been observed to computational approaches to monitor the structural health of infrastructures [17]. The computer-based methods are designed to assist in measuring aging in infrastructures to provide timely responses to ensure safety and reduce economic losses [17]. Nowadays, the research focuses on replacing visual inspection methods with more efficient computer vision-based methods that can efficiently assess buildings, roads, bridges, and underground tunnels to identify damage-sensitive features [18]. Tian et al. [19] used computer vision to identify metal corrosion through the design of a combined Faster-Region Based Convolutional Neural Networks (Faster R-CNN) model and the Hue-Saturation-Intensity (HSI) color feature, to achieve higher correctness and recall rate. Hoang [20] has proposed a computer vision and data-driven method for detecting pitting corrosion. This method is based on history-based adaptive differential evolution with linear population size reduction (LSHADE) integrated with various image processing techniques and support vector machine (SVM) [21]. Numerous other computer-based image processing techniques have been reported to assess corrosion in civil infrastructures. For example, Pragalath et al. [22] have reported using a fuzzy logic framework combined with a recently developed image processing algorithm to measure damages to or the structural health of civil infrastructures. To address the pitting corrosion that causes serious failures to infrastructures, Hoang developed a method based on computer vision, constituting a data-driven approach [20]. Over the recent years, technological breakthroughs have been achieved in developing computer vision techniques to assess civil infrastructures. This has also increased the applicability of artificial intelligence (AI) models based on artificial neural networks (ANNs) and convolutional neural networks (CNNs). Huang et al. [23] have proposed a damage identification system in steel frames through a neural network integrated with time series and variable temperatures. Liu et al. [24] used the CNN (Faster R-CNN) architecture and a Visual Geometry Group-19 model (VGG-19 model) to quantify and assess corrosion in civil infrastructure. Atha and Jahanshahi [4] developed various CNN models for corrosion detection. Additionally, a CNN-based deep learning method for damage detection (i.e., cracks) has been reported by Munawar et al. [25]. Suh and Cha [26] used a modified version of the Faster R-CNN to evaluate and quantify multiple types of structural damages. Furthermore, Atha and Jahanshahi [4] reported using different CNN architectures to assess corrosion on metal structures. It was shown that CNNs perform better in comparison to advanced vision-based corrosion detection methods.



The advancements in machine learning and AI have also led to a greater emphasis on applying hybrid approaches that ultimately display improved accuracy and reliability [27]. Accordingly, the detection of structural corrosion from infrastructures has been demonstrated using drone images (for automated image analysis) [28]. Furthermore, an ensemble deep learning approach was used in a relevant study, displaying better efficacy than the existing approaches [29]. Furthermore, the new PAnoramic surface damage DEtection Network (PADENet) has been reported to assess corrosion from metal structures. The PADENet method is based on an unmanned aerial vehicle (UAV) for capturing panoramic images, a distorted panoramic augmentation method, the use of multiple projection techniques, a modified CNN (faster region-based), and training through transfer learning on VGG-16 [30].



The reported literature highlights the importance of image processing and machine learning over traditional corrosion detection and assessment methods in civil works [31]. Most prominently, utilizing an ImageNet Large-Scale Visual Recognition Challenge (LSVRC-2010) and deep CNNs for the training and classification of approximately 1.2 million high-resolution images has produced promising results [32]. Accordingly, numerous studies based on CNN architectures have been reported extensively in the literature [4]. Sensor-based technologies are very expensive; thus, we need a plethora of resources to deploy these sensor-based systems, and we still need a fusion-based technique to improve accuracy. Sensor-based systems are time-consuming and require extensive manual work and engineering output. Moreover, the output provided by the sensor also significantly affects the final decision.



However, a visual inspection provides a solution that lacks consistency and sustainability. On the contrary, many municipalities do not conduct infrastructure inspections appropriately and frequently due to a lack of viable methods and human resources. This situation increases the overall risk posed by deteriorating structures. Apart from visual inspection methods, modern municipalities, with enough resources, answer the problem by employing quantitative determination-based solutions, such as using a mobile measurement system (MMS) or laser-scanning. However, though quantitative inspections are accurate and consistent, they are too expensive to conduct such comprehensive inspections [33].



In the current study, we aim to develop a robust CNN-based classifier for corrosion detection on civil infrastructures such as bridges. Our proposed CNN-based methodology will be effectively used for large-scale corrosion detections as it is based on a cycle generative adversarial network (CycleGAN). The applicability of the generative adversarial network (GAN) has gained phenomenal progress in deep learning methods during recent years. It provides a novel strategy for model training using a max–min two-player game [34]. Initially, a fully connected layered generator configuration was used for GAN to generate images from random noised images. The CycleGAN provides effective training without using the pair data for image style transfer and can prevent the overfitting problem during training. Owing to the wider applicability of CycleGANs, corrosion detection on surfaces can be treated as an image-to-image translation problem. The CycleGAN is a style-changing image generation network; thus, the generated data will not differ much from the original data. Thus, this study proposes the automatic detection of corrosion with the application of CycleGAN and minimizing manual defect detection. The proposed novel methodology is effective for identifying possible cracks and corrosion. Cycle GAN has been found to enhance corrosion detection accuracy and performs much better than other traditional methods. It employs a novel compositional layer-based architecture for generating realistic defects within various image backgrounds with different textures and appearances. It can also mimic the variations of defects and offer flexible control over the locations and categories of the generated defects within the image background.



Overall, the CNN-based architecture proposed in the current study is highly efficient in detecting corrosion features with greater accuracy due to pixel-wise segmentation. Moreover, the proposed architecture will help in overcoming the processing overhead. However, besides the various advantages, the current approach displays certain limitations and challenges due to the inclusion of CycleGAN, such as instability, the collapse of mode, and non-convergence. These are due to inappropriate architectural design, objective function, and the usage of the optimization algorithm. Additionally, the one-to-one mappings used by the CycleGAN lead to a limitation where the model associates a single input image with a single output image that is not suitable for application in complex environments. Therefore, the current architecture considers manipulating the photometric values and HSV (Hue Saturation, Value) for data augmentation.



In the current study, after the introduction section, we elaborate on the detailed architecture and the methodology used for the corrosion detection of civil infrastructures such as bridge. After the methodology section, the results are elaborated in the results and discussion section using an image data set from two locations, mainly the Bolte Bridge and sky rail, Victoria as shown in Figure 1a,b. Also, the list of abbreviations used in this study is given in Abbreviations part.




2. Materials and Methods


In the methodology section, we provide the details of the dataset, followed by a discussion of the image processing procedure and the proposed scheme used for the study. The methodology of the proposed method is presented in Figure 2.



2.1. Data Collection


In the current study, corrosion images were collected from two locations in Melbourne, Victoria, Australia: The Bolte Bridge and sky rail areas. The images of the case projects are presented in Figure 1a,b, respectively. The images were collected from both locations to assess the safety and structural health of case projects. This objective was achieved by including the corrosion dataset for corrosion detection collected at the selected locations. It is preferred to design techniques capable of detecting and localizing infrastructural damages such as corrosion efficiently and cost-effectively [35]. To perform these tasks without interfering with the operational processes, UAVs should be utilized, which are flexible and cost-effective means for capturing images [36]. In the current study, all images were captured using the UAV model DJI-M200 based on vertical take-off and landing (VTOL). Additionally, the quadcopter of DJI-M200 is equipped with three important components: the Global Navigation Satellite System (GNSS) receiver, a barometer, and the Inertial Measurement Unit (IMU) [35].



In the current study, the corrosion detection procedure was started by the collection of an image dataset. The images were extracted from public datasets such as Crack Forest Dataset (CFD), Crack500, and GAPs. The datasets were provided by VERIS, Australia as well. The images were captured using an Unmanned Aerial Vehicle (UAV) with a digital camera. The main data set was raw images that were processed through Seg-Net for label generation and cropped based on desired height and width used as our dataset. For the current study, the target structure was the Bolte Bridge and the SkyRail located in Melbourne, Victoria, Australia (Figure 1a,b). The final dataset contained a total of 1300 images with dimensions set to 4864 × 3648. Each image number of cropped images that was kept was manually supervised based on corrosion level. Each image used was 7 megabytes (MB) and in JPEG format (Figure 2a). The structure degradation detection framework used in the current study is presented in Figure 2b.



Moreover, the images included in the final dataset were divided into four types of corrosion levels: no corrosion, low-level corrosion, medium-level corrosion, and high-level corrosion, as shown in Table 1. A total of 4.26%, 1.64%, 0.75%, and 93.25% pixels were used in the current study for low, medium, high, and no corrosion, respectively, selected by the expert conducting this study. From a total of 6.75% corroded pixels of the final dataset, the used training and validation ratio is 80:20. Training is performed with a total of 5.4% pixels of final dataset, whereas the validation set comprises 1.25% pixels (see Table 1).



The camera installed on the UAV was used to capture the images. The lens collected the light from the object to create an image (Figure 3). The size and location of the image depend on the location of the object and the focal length of the lens. The relationship between the object distance    ( o )   , the focal length    ( f )  ,   and the image distance     ( i )    are given by    1 o  +  1 i  =  1 f   . The image distance is simply the distance from the object to the thin lines. The image distance is the distance from the thin lens to the image. The focal length is a characteristic of the thin lens, and it specifies the distance at which parallel rays come to a focus. The field calibration at 50 m flight height was carried out with the focal length of 8.4 mm, format size of 7.5 mm, and principal point of 3.8 × 2.5. The drone DJI M200 was used to have a focal length of 24 mm, an operating frequency of 24,000–24,835 GHz, obstacle sensing range 2.3–98.4 feet, a maximum speed of 50.3 mph (S-mode/A-mode) and 38 mph (P-mode), and maximum wind resistance of 12 m/s.



The height and width distributions of the corrosion images included in the final data set are presented as per the four corrosion levels in the current study (Figure 4). An explanation of the spatial location of the corroded area is provided in Figure 4. The overall height and width distributions of corrosion pixels included in the data were obtained using WANDB and Pytorch sessions. Note that the plot only shows corroded pixels distribution. To define positive class images with blob/connected components of more than 3%, corroded pixels are considered after performing a morphological closing operation. Using this procedure, the frequency of corroded pixels was depicted for our data. The data distribution and spatial location are used to locate the labels or bounding boxes of corrosion data. Herein, the axis values define the size distribution of our data set. For our data set, it is notable that the frequency or spatial distribution of the corrosion pixels is not projected closely at one place but rather is well distributed. Moreover, the distribution of the corrosion pixels is not skewed to the left or right side of the plot. Rather, it is centralized, which shows that the data are normal and display a Gaussian distribution. This also indicates that our selected data set of corrosion pixels is not biased.



The final dataset has been divided into four types of corrosion levels. The levels are manually defined based on the segmentation task since all images are randomly cropped in our architecture to 544 × 384 × 3. Further, morphological operation (closing) using a disk of size 3 × 3 has been used to categorize images into sub-classes. The reason for using closing operation is trails that are used as closing fills in the gaps and are smaller than or the same size as the structuring element.




	
No corrosion: All images without corrosion (negative class).



	
Low-level corrosion: Images having less than 5% of corroded pixels.



	
Medium-level corrosion: Images having less than 15% of corroded pixels.



	
High-level corrosion: Images having more than 15% of corroded pixels.








Image Pre-Processing and Data Augmentation


After collecting the data set, pre-processing was performed on the captured images for the removal of unwanted objects and noise. This was followed by adjusting the image brightness and size. An important component of the deep networks is the data augmentation procedure. For the current study, the data augmentation was performed 16 times using the following steps:




	
The rotation of images to 8 different angles every 45° in [0°, 360°];



	
Cropping the rotated image in terms of the largest rectangle without any blank regions;



	
Flipping images horizontally at each angle.










2.2. Manual Supervision


The captured dataset has been segmented by the training SegNet model. However, due to its limited accuracy, manual supervision is required. Therefore, we performed per pixel annotation and supervised it manually. While working with general images, the pre-trained model for semantic segmentation is not appropriate for use; therefore, the deep corrosion data set was used to train the SegNet.



The SegNet deep convolutional architecture contains a sequence of encoders, decoders, and a pixel-wise classifier. Generally, the encoder is based on one or more convolutional layers, batch normalization, and rectified linear activation unit (ReLU) non-linearity units, followed by non-overlapping max-pooling and sub-sampling [37]. For the reduction in the overall model parameters and the retention of the class boundaries in segmented images, the decoder displays an unsampled sparse encoding through max-pooling indices. For this study, the end-to-end model training was performed using the stochastic gradient descent method [37], and the general SegNet architecture was modified to Bayesian SegNet. The modification of the architecture was performed using SegNet [37] and SegNet-Basic [38]. Additionally, for the SegNet’s encoder, a VGG-16 network with 13 convolutional layers, was used, followed by 13 corresponding decoders [39].



The CNN is composed of multiple blocks, where the first block is used for feature extraction from an image through the utility of several convolution kernels. This procedure is repeated multiple times, and the last feature map-based values are transformed into a vector that forms the output of the first block and serves as the input for the next block. During the processing in the second block, the input vector values are modified using several linear combinations and activation functions. This results in returning output in the form of a new vector. The end block contains the same number of elements and classes, where each element lies between 0 and 1 and the probabilities are calculated using the logistic or a softmax function activation function. As far as the layers are considered, there are a total of four types of layers in a CNN, namely, (1) convolutional layer, (2) pooling layer, (3) ReLU correction layer, and (4) fully connected layer. The convolution layer is present in the first layer and is responsible for receiving input images and calculating convolution across each filter.



Moreover, the pooling layer is conventionally positioned between two convolution layers and is responsible for receiving feature maps. The pooling layer is responsible for applying pooling operations to these maps, mainly reducing image size by preserving important characteristics. It also plays an important role in reducing the number of parameters and calculations within the network, thus improving the overall efficiency and avoiding the over-learning of the network. Another important component of the CNN is the ReLU correction layer, an activation function responsible for replacing all negative values received as inputs by zeros [40]. Herein, a constant feature size of 64 and a total of four layers were used for each encoder and decoder in the smaller SegNet-Basic network. Therefore, we use the SegNet-Basic as the smaller model for our analysis as it is evident that it provides a conceptually effective representation of the larger architecture. After performing image labeling, all labeled images were re-examined manually using MATLAB for the delicate handling of all corrosion/non-corrosion labels.




2.3. Image Classification and Processing


Generally, the image needs to be resized for the classification network to correspond to the input size, after which high-level features are extracted via the convolutional layers. Then, the fully connected layers utilize the extracted features for the image classification based on the corrosion levels. Ultimately, a particular image will be classified according to four levels of corrosion: no corrosion, low-level corrosion, medium-level corrosion, and high-level corrosion. It is notable that both raw and augmented images were used for the training of our network. The data augmentation based on random image cropping and patching for deep CNNs were used for label generation and corrosion detection in the entire training procedure. Additionally, the input images were resized to 256 × 256 due to the rotation-based transformations. The model training and testing were executed using a single NVIDIA TITAN X graphic card [40].



Considerable advancements have been achieved in classifying and processing images by utilizing the highly expressive deep CNNs displaying numerous parameters [41]. However, the high-performance CNNs are likely to display chances of over-fitting, which might be due to the CNNs memorization of the non-generalized image features present in the training set. Therefore, it is extremely important to use a sufficient set of training samples because utilizing an insufficient set of training samples can cause the model to be over-fitting [42]. However, collecting sufficiently abundant samples is a prodigiously costly attempt that allows for the increased applicability of various data augmentation methods, including flipping, resizing, and random cropping. These augmentation techniques are essentially required to increase the variation in images to prevent model over-fitting [43].



A detailed description of the method adopted in the current study and the proposed CNN architecture is provided in the following subsections.



2.3.1. U-Net Model Architecture


A U-Net implementation was used as the model architecture through which important model configurations, including activation, function, and depth, can be passed as arguments during model creation. The U-Net implementation considers the CNNs for precise and quick image segmentation. Such U-Net architectures have emerged as prevalent end-to-end architectures for performing semantic segmentation and can produce very promising results [44]. The overall U-Net architecture of the encoder and decoder used in the study for corrosion detection is presented in Figure 5. The steps followed are given as below:




	
A conventional stack of layers and functions is used for the encoder architecture to capture features at different image scales.



	
Repeated use of layers    (  k = 3 ,   s = 1  )    is utilized in each block of the encoder. The non-linearity layer and a max-pooling layer    (  k = 2 ,   s = 2  )     are arranged after each convolution block.



	
The decoder architecture is based on the symmetric expanding counterpart of the transposed convolution layers. These layers consider the up-sampling method and a set of trainable parameters to function as the reverse of pooling layers such as the max pool.



	
Each convolution block is connected to an up-convolutional layer for the decoder architecture that receives the outputs (appended by the feature maps). This is generated by the corresponding encoder blocks.



	
The feature maps for the encoder layer are cropped if the dimensions of any decoder layer are exceeded. Largely, the output is required to pass another convolution layer    (  k = 1 ,   s = 1  )    that displays an equal number of feature maps and defined labels.








The architectural details described above lead to an elegantly designed u-shaped convolution network that can provide localization and context-based solutions. The accuracy of U-Net architecture is 6.1% higher than FCN (Fully Convolutional Network) architecture for the 256 × 256 dataset. For dataset 512 × 512, although the validation accuracy of U-Net architecture is 1% less than FCN, for memory footprint, U-Net is better than other variants. In comparison with U-Net, Seg-Net has a similar design. The main difference is the depth (channels), whereas the overall accuracy is almost similar. Therefore, the usage of Seg-Net or U-Net is often considered a developer choice.



Each blue box in Figure 5 represents a multi-channel feature map with the number of channels mentioned on top of the box, and the   x − y − s i z e   is provided at the lower-left edge of the box, whereas the white box corresponds to the copied feature maps, and the arrows indicate different operations.



We employed a multi-scale feature Decode and Fuse (MSDF) model with a Conditional random fields (CRF) layer for the current study for boundary detection (Figure 6). Furthermore, we also used this model to implement the probabilistic inference over the segmentation model. Therefore, for the given training data  X  with labels  Y  and probability distribution  p , we use the Bayesian SegNet to explain the posterior distribution over the convolutional weights    ( W )  ,   as denoted by the following expression:


  p ( W   |   X , Y )  



(1)







Since the posterior distribution is not manageable, an approximation of the weight distribution is essential for which we utilize the variational inference that allows distribution learning over the network weights   q ( W  ) This is achieved through the Kullback–Leibler    (  K L  )    divergence minimization amid the approximated distribution and the full posterior, described as follows:


  K L ( q  ( W )  ∥ p ( W   |   X , Y ) )  



(2)







For each   K × K   dimensional convolutional layer    ( i )    with units  j , vectors of Bernoulli distributed random variables bi and variational parameters   M i   (in the approximated variational distribution   q    (  W i  )   ) allow one to achieve an approximated model of the Gaussian process and the approximated model of the Gaussian process can be described mathematically, as shown in Equation (4).


  b i ,   j   ∼   B e r n o u l l i  (  p i  )    f o r   j = 1 , … , K i  



(3)






  W i = M i   d i a g  (  b i  )   



(4)







For this study, we used a standard value of 50% to account for the probability    (  p i = 0.5  )    of dropping for probability optimization of neurons to avoid overfitting while training. For the network training, the utilization of the stochastic gradient descent allows for effective learning of the weight distribution that assists in obtaining a better explanation of data and avoiding model over-fitting. For model training, we use the dropout method, which aids in achieving a posterior distribution of SoftMax class probabilities. For segmentation prediction, the means of these samples are employed. In comparison, the output uncertainty associated with each class is modeled by the variance estimation, estimated by taking the mean of the variance measurements per class.




2.3.2. CycleGAN


The CycleGANs offer effective network training without requiring manually labeled Ground Truths. This is mainly because CycleGANs allow for the translation of corrosion images to the Ground Truth, such as images with similar structural patterns [45]. The proposed approach will help government/municipalities by providing a scalable, real-time, robust, and efficient technique to conduct a cost-effective inspection to maintain or detect structural damages. We propose a conceptual framework for an automated corrosion detection system using modern machine learning techniques (deep neural network). This can be easily scaled to any edge device, e.g., jetson nano or coral dev board. Two separate data sets are required for training a CycleGAN. These include the corrosion images    {  x i  }    in the corrosion image set    ( X )   , and the images    {  y i  }    in the structure library    ( Y )   , respectively. The network topology is based on the forward and reverses GANs that perform image translations from  X  to  Y     (  F :   X   → Y  )    and  Y  to   X    (  F :   Y   → X  )   . The overall topology is presented in Figure 7. The CycleGAN is used to transfer or distribute the characteristics of an image to another image.



The CycleGAN addresses problems through image reconstruction. Generally, the CycleGAN has two core components: the generator and discriminator. The generator produces the samples from the desired distribution, whereas the discriminator helps determine whether the sample is from a real distribution or a generated one. The CycleGAN comprises three parts: (1) encoder, (2) transformer, and (3) decoder. The steps for CycleGAN are given as below:




	
At first, the input image (x) is taken and converted to a reconstructed image based on the generator (G).



	
Next, the process is reversed to convert a restructured image to an original image through the generator (F)



	
Later, the mean squared error loss between real and reconstructed images is calculated.








The input images are received by the encoder, which extracts input features using convolutions. The encoder is based on three convolutions that help reduce the image to 1/4th of its actual size. After applying the activation function, the output of the encoder is transferred to the transformer based on 6 or 9 residual blocks depending on the input size. Similarly, the transformer’s output is transferred to the decoder, which utilizes a 2-deconvolution block of fraction strides that helps increase representation size compared to the original size [34].



Generally, for the CycleGAN working, there are two discriminators for the system, mainly   D x   and   D y  . The discriminator   D x   is used for distinguishing between the    {  x i  }    and    {  R  (  y i  )   }    with    L  a d v r     (reverse adversarial loss). Further, the discriminator   D y   distinguishes between    {  y i  }    and the translated images    {  F  (  x i  )   }    to overcome the differences in consistency to domains and data imbalance. Finally, the objective function can be described using Equation (5), where    L  a d v f     indicates the forward adversarial loss.


  L =  (   L  a d v f   +  L  a d v r    )  + λ  (  L  1  f c   + L  1  r c    )   



(5)







In the objective function,  λ  controls the weight between the two losses (adversarial and the cycle-consistent loss), and   L  1  f c      and   L  1  r c     represent the two-cycle consistent losses with   L 1  -distance formulas in the forward and reverse GAN, respectively [45].





2.4. Loss Formulation


The loss formulation is based on adversarial loss and cycle-consistency loss. The adversarial loss provides the benefit of obtaining structured images. However, when used solely, it is insufficient to translate the corrosion image patch to the desired structure patch or vice versa. Owing to this, the consistency of structure pattern amid the input and the output images is not guaranteed. Thus, an extra parameter for cycle consistency is necessitated for the effective network training and maintenance of the structure pattern consistency between the input and output [34].



2.4.1. Adversarial Loss


The adversarial networks execute through the max–min two-player game. The training based on these networks can assist in achieving real-like images that are generated from noise. Therefore, the alternate optimization of the following objectives of the adversarial networks is very important.


  m a  x D   V D   (  D , G  )  =  E  X   P  4   ( X )       [  l o g D  ( x )   ]  +  E  z   P  4   ( z )       



(6)






  m a  x G   V G   (  D , G  )  =  E  z   P  4   ( z )       



(7)







In Equations (6) and (7), D refers to discriminator, G refers to the generator, z refers to noise vector input into the generator, and  x  refers to the real image in the training set.  G  generates images    (  G z  )    that are like images from   X .   D   distinguishes between the real samples ‘  x  ’ and the generated sample   G  ( z )   . Equations (6) and (7) are being maximized by  D  and  G , leading to adversarial learning.




2.4.2. Cycle-Consistency Loss


For the data set  X , each sample ‘ x ’ should be able to return to the original patch through the network after the processing cycle   ( x   →   G  ( x )    → F  (  G  ( x )   )    ~   x )  . Similarly, for each structure image ‘ y ’ in the structure set, the network should allow for the return of y back to the original image   ( y   →   R  ( y )    → F  (  R  ( y )   )    ~   y  ).    E  x   p  4   ( x )        defines the expected probability distribution. These constraints lead to the formulation of cycle-consistency loss, which can be defined using Equation (8).


   L  c y c    (  F , R  )  =  E  x   p  4   ( x )       



(8)







A general mathematical expression can be used for the image edge detection problem, where an image in the data layer can be transformed into a multidimensional matrix and the set of edge feature pixels of the Ground Truth can be denoted by the variables   X n   and   Y n ,   respectively, as shown in Equation (9).


  Y n =  {  y j  ( n )    ,   j = 1 ,   … ,    |  X n  |   }   



(9)







In Equation (9),    |  X n  |    denotes the number of pixels in the image  n . The possibility of predicted pixel labeled by the annotator is represented as follows:


  P ( y j = 1 | X n )  



(10)







The values are obtained as zero and one, where zero means that the edge pixel predicted by the model is not the Ground Truth label, and one shows that the edge pixel predicted by the model is labeled by all annotators.



Each pixel is annotated, and a value of 0.7 was set as the threshold    ( μ )    based on training data in the loss function. A pixel should not be used if the value of   P ( y j = 1 | X n )   is greater than 0 and less than  μ  because the pixel is considered controversial. The training data of images can be described using Equation (11).


  S =  {   (  X n ,   Y n  )  ,   n = 1 ,   2 ,   … ,   N  }   



(11)




where  N  is the number of images used for training. For every pixel, the loss functions are computed for both the top-down architecture and the decoder subnet regarding the Ground Truth pixel label, using Equations (12) and (13).


  I f   P ( y j = 1 | X n ) > μ  



(12)






   l  s i d e    (  W ,  X n   )  = − β   ∑   j ϵ  y +    l o g   P    (   y j  = 1 |  X  n     , W  )  −  (  1 − β  )    ∑   j ϵ  y −    l o g   P    (   y j  = 0 |  X  n     , W  )   



(13)







If   P   ( y j = 1 | X n ) < μ   then lside    (  W ,   X n  )  = 0  . For this particular instance, Equation (14) is used.


  β =    |  Y −  |     |  Y −  |  +  |  Y +  |      ,   1 − β =    |  Y −  |     |  Y −  |  +  |  Y +  |     



(14)




where   Y + r e p r e s e n t s   the edge label and   Y − r e f e r s   to the non-edge label.



It is extremely important to consider the fusion loss while calculating the total loss function for a multi-scale model. This method for calculating fusion loss assumes that the top-down architecture has the same loss function as the decoder subnet. Further, the value  W  is learned and subsequently updated during the training procedure. The improved loss function version is represented using Equation (15).


  l  (  W ,    X n   )  =   ∑   i = 1  N  (   ∑   j = 1  M   l  s i d e  j   (  W ,  X n   )  +  l  f u s e    (  W ,  X n   )  )  



(15)




where  N  represents the number of images used for training and  M  denotes the total number of Holistically-Nested Edge Detection (HED) dsn-layers and the layers of decoder subnet (set to 6 for this study). Similarly,    l  f u s e    (  W ,  X n   )    represents the loss function associated with the fusion layer.




2.4.3. Model Parameters


The network was built based on top of implementations (i.e., Fully Convolutional Network (FCN) , Deeply Supervised Network (DSN), Holistically-Nested Edge Detection (HED), and SegNet. It was trained using the Caffe library. The Stochastic Gradient Descent (SGD) based optimization was used for the model. The parameters considered for this study and the associated tuned values are represented in Table 2.



In the current study, we utilized batch normalization, side-output layers, and loss-of-function elaboration for our network principally to distinguish the four levels of corrosion. For our model, the learning rate; loss weight of each side-output; loss weight of each momentum; and decay values of 1 × 10−4, 1.0, 1.0, 0.9, and 2 × 10−4 were used, respectively (Table 2). The size of the images was scaled according to the size of the input images. The in-depth analysis of local images was performed using image segmentation.



Moreover, variable mini-batch sizes can be used depending on the GPU capacity. For the current study, a mini-batch of 1 was used to reduce the time required for training. The learning rate starts from 0.0001 but is later adjusted based on momentum and weight decay. This is performed for the training optimization and avoiding getting stuck at the local minima. The utilization of the described architecture assists in improving the convergence and accuracy subsequently. It also eliminates the requirement of using pre-trained models for network training.






3. Model Development and Training


This section explains the development and implementation of the model developed in this study.



3.1. Model Training


Various tools, functions, and criteria such as a loss function, optimizer (Stochastic Gradient Descent (SGD)), device (CPU/GPU), learning rate scheduler, epoch (number from where to initiate training), training, and validation data loader were used to train the U-Net architecture. Training U-Net is based on iterating over the training data loads and sending the batches to the training mode through the network. Training of the U-Net architecture produces outputs/results in the three forms: accumulated training loss, validation loss, and learning rate. Thus, an extra parameter for cycle consistency is necessitated for the effective network training and maintenance of the structure pattern consistency between the input and output. The training rate range test results on our data set (for both the training and validation loss) were analyzed using the matplotlib. The data used in the current study do not display overfitting or bias. Since we are using both the training and test sets, we adopt a better and generalized strategy that can also be applied to unseen data to give better performance and accuracy. It is also shown that for both the training and test set, a comparable performance was achieved after 50 iterations (Figure 8).




3.2. Evaluation Metrics


For the evaluation of common semantic segmentation, three metrics were used in the study. We calculated the Global Accuracy (GC), Class Average Accuracy (CAC), and the mean Intersection of the Union (IoU) over all classes. Additionally, three other metrics, including precision (P, Equation (13)), recall (R, Equation (14)), and F-score (F, Equation (15)), were used for the evaluation. Finally, the GC estimates the percentage of correctly predicted pixels and is calculated using Equation (16). Here, n and t refer to the sample and technique currently under observation.


  GC =   ∑  i   n  i i     ∑  i   t i   



(16)







The CAC estimates the predictive accuracy over all the classes and is presented by Equation (17).


  CAC =  (   1   n  c l s      )    ∑  i   n  i i   /  t i   



(17)







The mean IoU over all classes was calculated using Equation (18), where n is the sample and t is the technique currently under observation.


  IoU =  (   1   n  c l s      )    ∑  i   n  i i   /  t i  +   ∑  j   n  j i   −  n  i i              



(18)







Further, P, R, and F were also calculated to evaluate the semantic segmentation using Equations (19)–(21).


  P =   n o   o f   t r u e   p o s i t i v e s     n o   o f   t r u e   p o s i t i v e s + n o   o f   f a l s e   p o s i t i v e s    



(19)






  R =   n o   o f   t r u e   p o s i t i v e s     n o   o f   t r u e   p o s i t i v e s + n o   o f   f a l s e   n e g a t i v e s    



(20)






  F =   2 PR   R + R    



(21)







Since the P and R metrics do not consider the true negative rates, the concept of the Receiver Operating Characteristic (ROC) curve was employed for the evaluation. The True Positive Rate (TPR), False Positive Rate (FPR), and the Area Under the ROC Curve (AUC) are calculated using Equations (22) and (23), respectively.


  TPR =   n o   o f   t r u e   p o s i t i v e s     n o   o f   t r u e   p o s i t i v e s + n o   o f   f a l s e   n e g a t i v e s    



(22)






  TPF =   n o   o f   f a l s e   p o s i t i v e s     n o   o f   f a l s e   p o s i t i v e s + n o   o f   t r u e   n e g a t i v e s    



(23)








3.3. Training and Test Accuracy


To assess the accuracy of the training and test set, mean average precision    (  mAP  )    and   IoU   parameters were used in the current study. The P values were plotted on the x-axis and the  R  values on the y-axis, respectively. Precision (P) is defined as the positive predictions for a positive class, whereas the  R  metric quantifies positive predictions for all positive classes included in the dataset. These parameters were used for the evaluation of image segmentation. Here, the IoU metric is used to quantify the percent overlap between a target mask and the predictions of the output results. In other words, the IoU parameter can measure or quantify the number of overlapping or common pixels between a target mask and the predictions of the output results. For the selected data, the value of the   IoU _ min   was increased from 0.1 to 0.9 while calculating the error on each point, as shown in Figure 9.



It was observed that when the value   IoU _ min   was equal to 0.1, the value of   mAP   was maximum (0.77). This indicates that the threshold should be high. However, while increasing the   IoU _ min   from 0.1 to 0.9, an observable decrease in the values of   mAP   is observed for our data set (Figure 9). The threshold must not fluctuate; otherwise, the average accuracy will be compromised. The P should be high for a model, and R-value should be lower. In the current study, we have computed the P-R curves by changing the prediction confidence threshold. The process was repeated for different   IoU   thresholds to establish a match. Further, in our model, the computation of a single     P    and R score at the specified   IoU   threshold did not adequately describe the behavior of our model’s full P-R curve. Therefore, we utilized the average  P  to integrate the area under a P-R curve effectively.




3.4. Evaluation of Network Performance


The network for corrosion detection was trained using six approaches, namely, (1) DeepCorrosion-Basic, (2) DeepCorrosion-BN, (3) DeepCorrosion-CRF, (4) DeepCorrosion-GF, (5) DeepCorrosion-CRF-GF, and (6) DeepCorrosion-Aug. The HED and loss-of-function architecture were used in the DeepCorrosion-Basic. This approach was used for the training of a set of 3000 original images. The DeepCorrosion-BN is the modified version of DeepCorrosion-Basic, where, before every activation operation, the batch normalization layers are added. The architectures of DeepCorrosion-BN and DeepCorrosion-CRF are similar, but they differ concerning the variations in the addition of the CRF after the network. The same holds for the DeepCorrosion-GF, which is a DeepCorrosion-BN based version with an addition of the guided filtering module. The DeepCorrosion-CRF-GF approach is based on the linear combination of the two approaches, namely, DeepCorrosion-CRF and DeepCorrosion-GF, and is described using Equation (24).


P = βP CRF + (1 − β) PGF



(24)




where  P  is the prediction map, and β is the balancing weight with a value of 0.5. The precision-recall curves generated by the threshold segmentation method used in the current study is shown in Figure 10 below.



We have used the PSPnet based multi-focus method for image fusion. Moreover, the DEEPLAB method was used for the semantic image segmentation using deep CNNs, Atrous Convolution, and Fully Connected CRFs. Herein, the Pyramid Scene Parsing Network (PSPnet) is used to extract the focused region of an image. In comparison, DEEPLAB was utilized for the optimization of the segmentation map to achieve map refinement. We have used baseline and extended architecture for the current study. We have added data augmentation, fusion method, and decay of learning rates in the extended architecture method. However, in the baseline method, data augmentation has not been applied. The results of both the baseline and extended methods are presented in Figure 10.



The P-R curves obtained for both the methods indicate that the extended method displays better performance, as indicated by the F-Score value of 0.833 compared to the baseline method (F-Score of 0.806), as shown in Figure 10.





4. Results and Discussions


Early detection and concurrent maintenance form an integral part of the structural health monitoring system used for civil infrastructures. If left unprotected, the damage caused to infrastructures can lead to serious losses in terms of economy and loss of human lives [4]. Therefore, designing cutting-edge technologies to monitor the health of infrastructures such as bridges is of extreme importance to ensure the health of civil infrastructures and the safety of human lives and to reduce financial losses [17]. However, the traditional manual or human-based visual inspection methods that were conventionally used to monitor the structural health of civil infrastructures display different limitations [46]. To overcome the limitations associated with traditional inspection methods, it is necessary to use advanced computer vision-based and artificial intelligence (AI) techniques, such as artificial neural networks (ANNs) and convolutional neural networks (CNNs), to assess the health of civil infrastructures.



Therefore, in the current study, we proposed a modified version of deep hierarchical CNN architecture, based on 16 convolution layers and cycle generative adversarial network (CycleGAN), to predict pixel-wise segmentation in an end-to-end manner. This was achieved through image collection (1300 images) from two target locations, mainly the Bolte Bridge and sky rail areas in Victoria (Melbourne), using the DJI-MJ200. The images were collected to train our deep learning model. To detect corrosion on civil infrastructures such as bridges, an in-depth analysis of local images was conducted using image segmentation that was performed through the representation of the subject into the binary images. Herein, the total image set was divided into the training set and the test set, respectively. We have presented some of the representative images collected from the target locations, and the corresponding segmentation used in the current study is also presented in Figure 11.



The segmentation was performed through the representation of subjects in the binary images. The pixel-wise segmentation map was used for each image that allowed the exact coverage of the corrosion regions. The images were set to a pixel size of 544 × 384. The corrosion images were chosen from a wide range of scales and scenes to achieve the universal representation of corrosion. Furthermore, the images included in the dataset were divided into four types of corrosion levels: no corrosion (93.25%), low-level corrosion (4.23%), medium-level corrosion (1.32%,) and Hhigh-level corrosion (1.20%), as previously presented in Table 1. Thus, about 95.16% non-corrosion pixels and 4.84% corrosion pixels were included in the training set.



In comparison, 94.01% non-corrosion pixels and 5.99% corrosion pixels were included in the test set (Table 1). The statistics for the annotation of the major textures and scenes distribution are shown in Figure 11. Figure 11a,b represents the input and output water straining images of the case study projects, whereas Figure 11d,f,h represent the water straining input images used to obtain the output images Figure 11e,g,i respectively. The input and output images for corrosion are presented in Figure 11j–m, where the left panel corresponds to input and the right panel corresponds to the output images. The corrosion images were chosen to achieve the universal representation of corrosion, as shown in the data distribution previously in Figure 4. Figure 11a–m depicts water straining, and Figure 11c shows the suppression of the background image to extract water straining. Figure 11n represents water straining, and Figure 11o depicts corrosion severity. There are different shades of grey, but from a practical standpoint, a grey spectrum can be divided into a limited number of levels, i.e., grey level Figure 11p–z1.



The colored image is converted to grayscale with predetermined grey levels to build the matrix. For example, Figure 11p shows a grey-scale patch, and Figure 11r represents its corresponding grey levels. Figure 11r,u,x,z1 represents the detected corrosion. Despite other structures in the images, the prediction gives a high score for the area where positive classes are present. For the proposed CNN framework, the total corrosion pixels included in the training and test sets were further distributed into significant and weak corrosion pixels, respectively (Figure 11). This classification was performed to distinguish corrosion pixels based on the pixel width. For example, corrosion with a pixel depth of 0 to 5 was categorized with corrosion and water straining.



Similarly, corrosion with a pixel width above 5 depicts object features. Moreover, a data augmentation approach based on random image cropping and patching was used for the proposed deep CNN architecture for label generation and corrosion detection during training. The frequency of corrosion pixels was predicted, and related labels or bounding boxes were located using data distribution and spatial location.



A batch normalization, side-output layers, and loss-of-function elaboration were used for our network, principally to distinguish four levels of corrosion in the current study. A reduced over-fitting of the network and a significant boost in the performance can be achieved using batch normalization. In addition, both conditional random fields and the faster/efficient guided image filtering methods can be implemented to refine the dense regions. In the current study model, parameters such as learning rate, loss weight of each side-output, loss weight of each final fused layer, momentum, and decay were considered, as shown in Table 2. A mini-batch size of 1 was used to reduce the time required for training.



We have proposed two models in our study that are the baseline and extended architectures (Figure 10). In the baseline method, data augmentation has not been applied, whereas in the extended architecture method, we have added data augmentation, fusion method, and decay of learning rates. Overall, we assessed the performance of two proposed methods (i.e., baseline and extended). The performance was also evaluated for three different methods, including the PSPNet, DeepLab, and SegNet. It was evident that the extended method displayed superior performance compared to all other models, as shown by the performance evaluation metrics presented in Table 3. The performance of models was assessed using parameters such as GC, CAC, Mean IOU, P, R, and F-score.



In addition, cross-validation was performed on each architecture, and the prediction for each method was assessed using the described evaluation metrics. The statistical parameters for all five models, including proposed methods (extended and baseline), PSPNet, DeepLab, and SegNet, are presented in Table 3. The SegNet method is sensitive to noise and incorrectly extracts data with more shadows and stains. Lack of contextual information to acquire different types of cracks may lead to changes in the width of the cracks. While PSPNet effectively eliminates the influence of noise, it loses more detailed information. DeepLab performs better in extracting light cracks and can eliminate most of the noise interference, but non-existent cracks are produced at large dilation rates, and its single convolution kernel size may cause a loss of crack information.



Similar to our study, various authors have also described the importance of CNN-based deep learning methods for damage detection of civil infrastructures with variable performance statistics. Moreover, the utility of CNNs for corrosion detection has been extensively reported in the literature. Cha et al. [18] have adopted Faster R-CNN for the detection of multiple damages on civil infrastructures. The authors used a total of 2366 images with 500 × 375 pixels, and the evaluation of their model revealed average precision values of about 90.6%, 83.4%, 82.1%, 98.1%, and 84.7% for concrete crack, steel corrosion (medium or high), bolt corrosion, and steel delamination damage types, respectively. Particularly for this study, the CNN-based method showed better accuracy.



Moreover, Atha and Jahanshahi reported using CNN-based networks, namely, ZF Net and VGG16, compared with three other proposed CNNs (i.e., Corrosion7, Corrosion5, and VGG15) for the detection of corrosion [4]. Overall, for these models, the F-Scores were observed between 91.96 to 98.64%, and the P and R values were found to be 90–98.31% and 65.64–98.64%, respectively [4]. The fine-tuned VGG-16 network outperformed all other methods showing F-Score, R, and P values of 98.47%, 98.31%, and 98.64%, respectively [4]. Additionally, Forkan and coworkers have reported the development of a CorrDetector framework for corrosion detection and feature extraction. The CorrDetector was based on the novel ensemble of deep learning CNNs. Seven different methods were evaluated in the study, including a simple CNN,   λ C   model, Corrosion 5, Corrosion 7, Inception V3, Mobilnet, Resnet50, and VGG16 [29]. Overall, their proposed λC model displayed the best performance for segment-level and image-level predictions compared to all other methods. Accuracy (92.50%), precision (96.01%), recall (95.91%), and F-score (98%) of   λ C   model were the highest for the image-level predictions [29].



However, if we consider the performance of our proposed models (i.e., extended, baseline, PSPNet, DeepLab, and SegNet) in the current study, it is evident that the extended method outperformed all other methods, thus showing GC, CAC, mean IOU, P, R, and F-score values of 0.98, 0.93, 0.87, 0.84, 0.81, and 0.83, respectively, as shown in Table 3. Notably, our extended and baseline models display higher accuracies of about 0.989% and 0.983%, respectively. As far as the overall performance evaluation parameters are considered, it is evident that our proposed models display performance measures within a comparable range of the previously reported studies [4,29]. Moreover, the lowest performance was obtained in our study using the SegNet architecture as indicated by the evaluation parameter values. The PSPNet and DeepLab architectures displayed better performance in comparison to the SegNet method. Most prominently, the baseline method also outperformed the PSPNet, DeepLab, and SegNet architectures. If we compare the proposed baseline and extended methods, it is evident that the performance of the extended method was slightly better than the baseline method. Notably, the baseline did not perform good generalization because we added a weighted average instead of simple fusion averaging. However, in the extended architecture, we performed CRF-based fusion. Therefore, it is evident that the proposed network architecture in the current study displays a considerable improvement in the overall performance compared to the methods included in this study (i.e., PSPNet DeepLaband and SegNet) and methods used in other studies reported in the literature. Moreover, variations are observable in the results of the methods, mainly due to the presence of certain intrinsic differences between the corrosion detection and edge detection methods. Therefore, we can conclude that the extended model is ideal for real-time image processing of corrosion images, while the lowest performance was obtained for corrosion assessment using the SegNet.



Generally, the major challenge in damage identification is the characterization of the unknown relationships between measurements and patterns of damages for the subsequent selection of damage indicators. This requires the utilization of dense sensor array and complex algorithms for data processing, producing computational complexity. The proposed CNN-based architecture proposed in the current study is highly efficient at detecting corrosion features with greater accuracy due to pixel-wise segmentation. It also helps in overcoming processing overhead and computational intensity. Additionally, the utility of CNN-based architecture allows for the exploration and learning of abstract features and complex classifier boundaries that allow distinguishing various attributes of the problem under study. Moreover, the proposed CNN-based architecture is less prone to noise in images and thus allows for the efficient detection and localization of corrosion. Using CycleGAN and U-Net together in the CNN-based architecture provides the advantage of shifting the target domain distribution to fit the source distribution. This allows for the maintenance of the segmentation performance due to the GANs ability to enforce the segmentation-specific similarity of the U-Net features.



Overall, the proposed architecture will assist in improving the convergence and accuracy and eliminating the requirement of using a pre-trained model for network training. Additionally, the proposed U-Net-CycleGAN-based CNN architecture allows for efficient adaption of images across various platforms, such that it leads to effective generalization to another platform in real-world scenarios, without the requirement of new annotation. The approach presented in the current study will ultimately assist the government/municipalities in providing a scalable, real-time, robust, and efficient techniques to conduct cost-effective inspection and detection of structural damages for maintenance purposes. We describe an automated conceptual framework for corrosion detection using modern machine learning techniques based on deep neural networks that can be easily scaled to any edge device, e.g., jetson nano or coral dev board.




5. Conclusions


The manual inspection of the damages incurred due to corrosion on various surfaces is an extremely challenging and time-consuming exertion. Moreover, these methods display shortcomings in terms of the objectivity and reliability aspects. To address these issues, the automatic detection of corrosion from images of civil infrastructure is utilized to reduce the potential loss to the degraded infrastructures by identifying the possible cracks and corroded regions. Generally, a broader range of AI and machine learning/deep learning methods have been effectively applied to detect corrosion on bridges or sky rails. Among the reported deep learning methods, CNNs provide promising features for the automatic learning of image features without the need to extract image features, which helps reduce the effects of noise. Therefore, owing to these facts, we proposed a deep hierarchical CNN architecture based on 16 convolution layers in combination with Cycle GAN to predict pixel-wise segmentation in an end-to-end manner for the detection of corrosion on the Bolte Bridge and sky rail projects in Victoria, Melbourne. The proposed architecture is based on the extended FCN and the DSN, where the DSN provides very direct and highly integrated supervision of features at each convolutional stage.



Moreover, the sophisticated design of the proposed network model allows for the effective learning and aggregation of both multi-scale and multilevel features during the training procedure. Therefore, our proposed network differs from the standard architectures that rely on the utility of the last convolutional layer. Here, we have also reported using guided filtering and CRFs methods to refine the overall predictions. Moreover, the effectiveness of the proposed architecture can be seen in the results section, which shows that the deep hierarchical CNN architecture based on 16 convolution layers produced advanced performances. The extended method outperformed all other methods, including baseline, PSPNet, DeepLab, and SegNet, as indicated by the model performance metrics such as Global Accuracy (0.989), Class Average Accuracy (0.931), mean IOU (0.878), precision (0.849), recall (0.818) and F-score (0.833), respectively.



Overall, superior performance has been obtained for our proposed extended method; however, the approach has certain limitations due to the inclusion of CycleGAN. Although the utilization of CycleGAN has allowed one to obtain exceptional performance, there are several challenges associated with its use, such as instability, the collapse of mode, and non-convergence. This mainly occurs due to ineffective architectural design, inappropriate use of objective function, and the optimization algorithm. Moreover, another limitation of a CycleGAN is evident in the form of one-to-one mappings in which the model associates a single input image to a single output image that is not suitable for describing relationships across complex domains.



The focus of the study is limited to methodology (CycleGAN), corrosion, external environmental factors, and the severity of corrosion. Future studies can test the proposed method for the corrosion detection of different shapes. Additionally, the current study does not consider manipulating the photometric values and HSV for data augmentation. Therefore, in the future, researchers can focus on using the photometric values and HSV for data augmentation to achieve better accuracy. Additionally, detection under multi-angle and multi-light conditions will be taken into consideration. Further, future studies can compare the performance of CycleGANs with other methods.
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Abbreviations




	AI
	Artificial Intelligence



	ANNs
	Artificial Neural Networks



	CNNs
	Convolutional Neural Networks



	CycleGAN
	cycle generative adversarial network



	CRFs
	Conditional Random Fields



	CAC
	Class Average Accuracy



	FoV
	Field of View



	FCN
	Fully Convolutional Network



	FPR
	False Positive Rate



	GC
	Global Accuracy



	GNSS
	Global Navigation Satellite System



	HSV
	Hue Saturation, Value



	HED
	Holistically-Nested Edge Detection



	KL
	Kullback–Leibler



	MMS
	Mobile Measurement System



	MB
	megabytes



	ROC
	Receiver Operating Characteristic



	SGD
	Stochastic Gradient Descent



	TPR
	True Positive Rate



	UAV
	Unmanned Aerial Vehicle



	VGG
	Visual Geometry Group



	VTOL
	vertical take-off and landing
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Figure 1. The images of (a) Bolte Bridge and (b) sky rail areas in Victoria (Melbourne). 
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Figure 2. (a) Images collected from the selected locations. (b) The structure degradation detection framework used in the current study. 






Figure 2. (a) Images collected from the selected locations. (b) The structure degradation detection framework used in the current study.



[image: Buildings 12 00156 g002]







[image: Buildings 12 00156 g003 550] 





Figure 3. Lens collects the light from the object to create an image. 
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Figure 4. The height, width, and spatial extent of the corroded pixels in our dataset. 
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Figure 5. The U-Net architecture used for crack detection. 
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Figure 6. A representation of multiple layer CNN architecture based on 16 convolutional layers. 
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Figure 7. Use of CycleGan for training the network. 
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Figure 8. The plots for iterations versus accuracy for the training and validation data sets. 
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Figure 9. The precision-recall curves for the data set. 
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Figure 10. The precision-recall curves generated by the threshold segmentation. 
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Figure 11. (a–z1) Results of several samples with corrosion and water straining. 
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Table 1. The percentages of pixels in images used for model training and validation.
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Item

	
Corrosion Pixels (%) Classes

	
Non-Corrosion Pixels (%)

	
Grand Total (All Corrosion + Non-Corossion Pixels)




	
Low

	
Medium

	
High






	
Training

	
3.61

	
1.30

	
0.49

	
74.60

	
80




	
Validation

	
0.65

	
0.34

	
0.26

	
18.65

	
20




	
Total

	
4.26

	
1.64

	
0.75

	
93.25

	
100
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Table 2. Model parameters tuned for the network.
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	Parameter
	Value Tuned





	(1)
	Size of the input image size
	544 × 384 × 3



	(2)
	Ground truth size
	544 × 384 × 1



	(3)
	Size of mini-batch
	1



	(4)
	Learning rate
	1 × 10−4



	(5)
	Loss weight associated with each side-output layer
	1.0



	(6)
	The loss weight associated with the final fused layer
	1.0



	(7)
	Momentum
	0.9



	(8)
	Weight decay
	2 × 10−4



	(9)
	Training iterations
	2 × 105; reduce learning rate by 1/5 after 5 × 104
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Table 3. The statistics for the used threshold segmentation methods.
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	Outputs
	Global Accuracy
	Class Average Accuracy
	Mean IoU
	Precision
	Recall
	F-Score





	Extended
	0.989
	0.931
	0.878
	0.849
	0.818
	0.833



	Baseline
	0.983
	0.899
	0.892
	0.83
	0.784
	0.806



	PSPNet
	0.962
	0.873
	0.822
	0.785
	0.724
	0.753



	DeepLab
	0.932
	0.82
	0.76
	0.725
	0.654
	0.687



	SegNet
	0.870
	0.815
	0.642
	0.625
	0.66
	0.642
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