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    It is with great enthusiasm that I introduce "Advanced Imaging Applications for Interdisciplinary Engineering." In this remarkable volume, the authors explore the ever-evolving landscape of imaging technology, highlighting its profound impact across multiple engineering domains. Once a supplementary tool, imaging has now become a driving force in enhancing visual interpretation and analytical capabilities fundamentally reshaping traditional methodologies and enabling novel breakthroughs. Charting the trajectory from early imaging techniques to today’s sophisticated systems, the book offers a thorough account of the field’s progression.




    The authors skillfully build a strong conceptual foundation, making complex topics approachable for readers from varied disciplinary backgrounds. They systematically unpack the core principles and design strategies that define modern imaging systems. In parallel, the book delves into state-of-the-art simulation methodologies that have become essential for modeling and predicting system behavior in diverse applications. By leveraging these advanced computational approaches, engineers and researchers can navigate the complexities of imaging systems with greater precision, overcoming the constraints of conventional experimental techniques.




    This narrative thoughtfully underscores how simulation serves as a catalyst for enhancing imaging device performance ultimately unlocking their untapped potential. As you turn these pages, I encourage you to immerse yourself in the depth of insight and expertise they contain. Whether you are an experienced professional, an emerging innovator, or simply intrigued by the frontiers of imaging science, this volume will undoubtedly expand your perspective and inspire you to advance the field.
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    The field of engineering has always been driven by innovation and the ability to translate ideas into perceptible solutions. In recent years, one of the most transformative forces driving this innovation has been the advancement of imaging technologies. This book, Advancement of Imaging Application for Interdisciplinary Engineering, delves into this exciting intersection, exploring how cutting-edge imaging techniques are revolutionizing diverse engineering disciplines. Imaging applications in engineering have transcended their role in simply visualizing objects. They now offer powerful tools for non-destructive testing, material characterization, process monitoring, and design optimization. This book provides a comprehensive overview of these advancements, highlighting their impact on various engineering fields. Beyond the individual disciplines, this book underscores the importance of interdisciplinary collaboration. By fostering communication and knowledge exchange between imaging specialists and engineers, we can unlock the full potential of these technologies and accelerate innovation across diverse fields. Throughout the book, we explore the fundamental principles of various imaging techniques, delve into their practical applications in different engineering settings, and discuss emerging trends that promise to further revolutionize the field.
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      Abstract




      Artificial Intelligence (AI) is responsible for the transformation of image processing through cutting-edge imaging algorithms. This chapter delves deeper into AI-based imaging algorithms, such as image classification and pattern recognition. It provides a detailed review of the utilization of machine learning and deep learning models in imaging algorithms. Further, the applications of these AI-driven algorithms are also explored, thus emphasizing the advantages of these models in the real world. Key challenges and opportunities in AI-driven imaging are discussed, offering insights into emerging research directions.
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      INTRODUCTION




      Imaging algorithms have always been indispensable for acquiring as well as exchanging information. These algorithms were earlier used for acquiring, transforming, restoring, enhancing, segmenting, and extracting edges of images, but now, with the inception of Artificial Intelligence (AI), there is a significant advancement in the technologies of image algorithms, such as image analysis, image classification, image generation, pattern recognition, and object detection. Despite being the older concept, AI was formalized only in the mid-twentieth




      century. The term “Artificial Intelligence” was coined by John McCarthy in 1956. Imaging algorithms in AI involve computer methods, such as processing, analyzing, and interpreting visual information. In the present day, AI-driven imaging algorithms have led to several innovations from healthcare to entertainment. These breakthroughs have become possible only because of the availability of data and computational resources [1-3].




      The vital components of AI that are involved in these imaging algorithms are the Machine Learning (ML) and Deep Learning (DL) methods. These algorithms are basically designed to learn the features present in images for performing the tasks of classification, generation, recognition, and detection. In the AI-driven imaging algorithms, the ML and DL models, especially Convolutional Neural Networks (CNNs), are widely employed in various applications. These learning methods are capable of identifying patterns and features for several applications in the image processing domain, which primarily involve image segmentation, image classification and recognition, image enhancement, and image generation [2, 4].




      Image segmentation is basically the division of images into meaningful regions, thus making it quite easy to analyze the particular image regions. ML and DL models, such as CNN, AlexNet, and GoogleNet, have gained prominence in performing segmentation, which is important for diagnosis in medical imaging [5, 6]. These algorithms are capable of getting a detailed analysis by segmenting the regions of interest (ROI), thus enhancing the performance metrics. The classification of the images or recognizing the patterns is another field in which the ML and DL models are capable of performing the classification into different categories for the datasets. It can be employed in the majority of imaging applications, such as face recognition, forgery detection, disease detection, etc., which are used in real-time scenarios [7-9].




      Further, DL-based superresolution algorithms, such as CNN and residual neural networks, are used for performing the enhancement of images. It involves the enhancement of image resolution, thus making the details prominent. It is beneficial in the case of medical and remote sensing images, in which details are required for performing the analysis to make significant decisions [10, 11]. Further, Generative Adversarial Networks (GANs) are utilized for generating as well as enhancing images, such as the generation of defective images from non-defective images, and performing image-to-image translation for medical images [12-14].




      Thus, ML and DL are extensively employed for imaging algorithms in several sectors to increase their efficacy. The capability of the imaging algorithms increases to interpret the data with higher accuracy, thus paving the way for advanced applications. This chapter delves deeper into the historical evolution of AI in imaging algorithms before discussing the ML and DL approaches in imaging algorithms. Afterward, the AI-driven imaging algorithms are explored in various sectors in the subsequent sections before concluding.


    




    

      



      Historical Perspective




      In the past, the imaging algorithms were focused on simpler applications, such as edge detection and enhancement, based on mathematical approaches, such as transforms. The realization of imaging algorithms using AI dates back to the mid-twentieth century during the exploration of computer vision. Artificial Neural Networks (ANN) and ML models came into the picture at that time to find the optimal solutions for the problems [15, 16].




      Towards the end of the twentieth century, learning-based approaches, such as Support Vector Machines (SVM), were introduced. These methods were based on the features considered by the individuals, thus limiting the flexibility. Further, a significant breakthrough was made with the development of the CNN model, which led to the automatic analysis and accurate detection of patterns. A CNN-based method was proposed for recognizing the handwritten characters, which was a solution to the real-world problem. Further, they proposed the Modified National Institute of Standards and Technology (MNIST) dataset for handwritten character recognition [16, 17].




      With the advent of DL in the past few decades, particularly with the inception of AlexNet, VGG, ResNets, GoogleNet, etc., there has been rapid advancement in the AI-based applications of image processing in several fields. It has further led to devising solutions for the problems of face recognition, object detection, and disease detection in real-time. In the last decade, the advent of Generative Adversarial Networks (GANs) has further increased the possibilities of more advanced methods not only for performing image analysis, synthesis, and enhancement but also for creating realistic images from scratch [16, 18].




      Thus, the evolution of AI-driven imaging has led to a shift from rule-driven approaches to data-driven approaches based on learning. These significant developments have led to the expansion in the implementation of AI across multiple scenarios, ranging from healthcare to industry.


    




    

      BUILDING BLOCKS OF AI IN IMAGING ALGORITHMS




      In broader terms, AI usually refers to the approach that mimics the intelligence of humans. Traditionally, AI was based on two directions, namely, connectionism and computationalism. The former followed a bottom-up approach, which involved the biological neuron-based models. It was based on the emergence of intelligence from learning by experience. In contrast, the latter one does not involve any biological implementation. Instead, it is based on formal logic and reasoning. The former direction involves learning-based AI approaches that further comprise ML and DL. These data-driven approaches are broadly categorized into three learning styles: that is, the basic learning framework, the hybrid learning framework, and learning strategies, as illustrated in Fig. (1). If the model is trained using labeled data to perform the prediction, then it is supervised learning, which is further divided into classification and regression. Here, classification is the categorization of data into different categories, while regression refers to the prediction of continuous values. If the model is trained with the unlabeled data to develop clusters or segments based on similarity, then it is known as unsupervised learning. It is also referred to as self-organization. Reinforcement learning possesses the capability to learn by interacting with an environment. It is based on the concept of learning from feedback obtained by either rewarding or punishing the agents after performing the task in a manner similar to trial and error [1, 19].
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Fig (1))


      Learning framework categorization.



      Apart from these categories, there are two hybrid learning frameworks. The first one lies amidst supervised and unsupervised learning, known as semi-supervised learning, for which the output is just partly known. The second one is self-supervised learning, which performs the task on the unlabelled data. The difference from unsupervised learning is that although the model is pre-trained on the unlabeled data, labels are generated automatically, which are used subsequently for performing the allocated task.




      Further, the terms ensemble learning and transfer learning are also associated with the recent AI-based imaging applications. Ensemble learning is the combination of numerous models to enhance the model efficacy as well as the model stability. Transfer learning is based on the concept of utilizing previously trained models for different applications. In this, the performance of the model is enhanced by utilizing the existing models for different but relevant domains [1].




      

        AI Imaging Algorithms




        The AI involved in the imaging algorithms is basically the learning models, either ML or DL. This section briefly discusses some of the commonly used models. SVM is one of the statistics-based ML models used for performing classification into different categories by creating decision boundaries. In this model, a decision boundary, also known as a hyperplane, is created by the model in such a manner that the closest data points (support vectors) of two categories are as far as possible from each other. Originally, it was developed to perform linear classification, but it is also used as a kernel method for developing high-dimensional non-linear models. The non-linear problem is converted into a linear one by adding the extra dimensions to the considered data, thus resulting in a high-dimensional space. It is assistive in finding the patterns in a variety of applications [20].




        Decision Trees (DTs) are widely applied for classification. It is composed of nodes and branches. Nodes are further divided into three types: the root node or decision node. This is a choice that performs the subdivision of data into two or more mutually exclusive sets. Internal nodes or chance nodes illustrate one of the available choices. From the top, it is connected to the parent node, while the bottom is connected to child or leaf nodes. Leaf nodes or end nodes provide the result as a combination of decisions. Branches are the occurrences that commence from either the root node or internal nodes. The path from the root to the leaf node via the internal node depicts the classification decision rule. The important steps of the DT model are as follows [21]:





        

          	Splitting: The target variable-related input variable is utilized to split the parent node into a child node. Initially, the most crucial input variable should be split at the root node and corresponding internal nodes into two or more categories, which are associated with certain features such as entropy, gain ratio, Gini index, information gain, etc. This process continues till the stopping criteria or homogeneity is satisfied.




          	Pruning: If the stopping criteria are not working in an effective manner, then a large tree is made based on the DT model, and then the nodes with less important information are removed.




          	Stopping: The stopping criterion is developed to prevent the model from becoming extremely complex.


        




        Further, the ensemble of several DTs that are not related to each other is implemented for performing the classification in the case of Random Forests (RFs). The combination of various decisions of the DT can be used to attain the final result by either voting or internal feature selection. The mechanism is illustrated in Fig. (2) [1].
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Fig. (2))


        Random Forest model based on the concept of majority voting.



        Further, CNN models consist of several layers of convolutions and downsampling, as well as fully connected layers to obtain the outputs. The multiple convolutions allow the network to perform the extraction of simple features, such as edges. The fixed-size convolution kernel is applied to obtain the feature map. To reduce the size of these feature maps, downsampling layers are added between convolutional layers by applying the max-pooling operations. Finally, the fully connected layers are applied for generating the outputs [1].




        GANs are the architectures that are used for generating outputs. It consists of a discriminator and a generator. In this, a discriminator is utilized for computing the distribution of original samples while the generator is employed for generating new samples from the original ones [22]. In the subsequent sections, the applicability of AI is explored in the various imaging algorithms.




        

          AI in Image Segmentation




          Image segmentation approaches have been widely utilized in medical image analysis. It is used for outlining the Regions of Interest (ROI) in the images, which can be further utilized for extracting the features for performing the disease diagnosis as well as other applications [23].




          A fully convolutional network, U-Net, with a U-shaped architecture, is deployed for segmenting lung lesions and regions for COVID applications [23-25]. In a study [26], UNet++ was employed, which applies the nested convolutional architecture among the encoding and decoding paths. Although it is quite complex compared to the UNet, it provides better performance. Further, the V-Net is also applied, which utilizes the residual blocks as convolutional blocks, thus optimizing the network with the Dice loss [27]. Even the attention mechanisms are also employed for learning the discriminant features. Attention U-Net can capture fine details in medical images, enabling segmentation of lung nodules and lesions [23].




          Image segmentation is achieved by employing the segnet-based encoder-decoder structure. This approach successfully attains pixel-level segmentation [28]. Mask R-CNN is also employed for the segmentation of images [29]. Further, the variants of GAN, such as Segmentation Adversarial Network, Structure Correcting Adversarial Network, Projective Adversarial Network, and Distributed Asynchronized Discriminator GAN, are utilized for the segmentation of medical images [30]. With the applicability of AI, especially DL, significant results can be attained in terms of speed as well as accuracy. Moreover, the evaluation metrics utilized for the segmentation are defined in Fig. (3).
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Fig. (3))


          Evaluation metrics for Image Segmentation.

        




        

          AI in Image Classification




          In these AI-driven learning approaches, the whole task of classification revolves around the data, which can be raw data, augmented data, or processed data. The data for a specific task are divided into training and test sets based on certain criteria. The training data are specifically targeted for the machine to learn from, and the testing data are the unknown data used to evaluate the effectiveness of the algorithm. As imaging algorithms are considered, the data are in image form. The basic workflow of AI models is depicted in Fig. (4) [1].
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Fig. (4))


          Workflow of AI-based models.



          As depicted in Fig. (4), initially, the data (images) are taken from a certain source, which is then split into training and testing data. Sometimes, images need to be pre-processed before splitting. Then, the features are extracted from the training data to train the model. When the model is trained, the features are extracted from the unknown data/testing data, which are then fed to the model for evaluating the model's performance. Eventually, the model's effectiveness is confirmed based on certain evaluation parameters. These are the basic steps involved in an ML-based workflow for imaging algorithms. In the case of DL, the features are extracted automatically from the images. Thus, the basic difference between the steps of ML and DL workflow can be considered as an evolution from feature engineering in ML to generic feature learning in DL.




          In a study [31], the breast cancer classification was carried out by utilizing the DL and multiclass SVM. It involves the preprocessing approach before extracting the features by using K-means clustering, which obtained better results than DT. In another study [32], the concept of transfer learning was utilized for breast cancer classification, which applied the pre-trained VGG16 model. When compared to ResNet 50 and VGG19, it provided better performance for the same datasets. Similarly, classification methods are utilized for diagnosing cancer, arrhythmia, pneumonia, COVID-19, etc., based on the considered dataset [33-35]. ML and DL-based classification is also employed in the case of image and video forgery detection. Several algorithms are applied after preprocessing the spliced or copy-move-based forged images to detect the tampered region in those images [36]. Further, Singular Value Decomposition (SVD) and Discrete Cosine Transformation (DCT) are employed to make the approach more robust against noise, transformations, and compression. Further, the classification is performed using SVM by extracting feature sets from preprocessed images. The images classified as forged use K-means clustering to localize the forged area [37]. Further, SVM is also employed for the detection of JPEG-compressed images by applying DCT [38].




          Further, DL-based approaches are widely used in Natural Language Processing (NLP), particularly for sentiment analysis and text classification [39, 40]. Apart from this, learning-based methods are also employed for plant disease detection, where input images are fed, and classification is performed based on features extracted from them [41, 42]. The parameters used for classification are illustrated in Fig. (5).




          The commonly used metrics are defined as follows:





          

            	Accuracy is determined by the count of correct predictions to the count of total predictions carried out in a particular example.




            	Precision is evaluated based on the count of the predictions that are true to the total positive predictions.




            	Recall is determined by computing the proportion of the actual positives that were predicted incorrectly.




            	F1-score is used for determining the performance of classifiers. It is computed using the harmonic mean of recall and precision.


          




          Thus, AI is generally used for performing classification-based tasks, especially applications involving biomedical, industrial, and remote sensing.
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Fig. (5))


          Performance metrics for image classification algorithms.

        




        

          



          AI in Image Enhancement




          Image enhancement, which was previously carried out using the spatial domain or transform domain methods, is now improved using AI-driven techniques.




          A CNN-based enhancement model is developed for the enhancement of low-light images [43]. In this, daytime images are transformed into low-light images by a generation pipeline, which is utilized for the construction of image pairs. The generated low-light images are used for training as well as validation of networks. In a study [44], low-light illumination methods based on unsupervised, supervised, semi-supervised, and zero-shot learning are studied and analyzed.




          In a previous study [45], Magnetic Resonance Images (MRI) were of poor quality, which needed to be enhanced for further processing. In order to enhance those images, deep learning techniques were employed to improve the quality and correct the artefacts. Extending to other medical images, DL methods were employed to reduce speckle noise in the retinal images [46].




          Another major area is underwater image enhancement, which uses deep inception and channel-wise attention modules to improve contrast, quality, and color in hazy images [47]. Apart from this, DL methods such as CNNs, GANs, and transformers are also applied to image super-resolution for reconstruction. There are different evaluation metrics for different methods, but the most commonly used are image-based comparisons with the original images or existing ones [48, 49].


        


      


    




    

      DISCUSSION




      As discussed, specific examples of machine learning and deep learning models, such as Convolutional Neural Networks (CNNs), Generative Adversarial Networks (GANs), and Transformers, are highlighted, emphasizing their unique contributions to image processing. CNNs, with their ability to automatically detect spatial hierarchies in images, have become the cornerstone of tasks such as object detection, facial recognition, and medical imaging analysis.




      GANs, on the other hand, have revolutionized image generation and enhancement by pitting two neural networks—a generator and a discriminator—against each other, enabling applications like photo-realistic image synthesis and style transfer. Transformers, originally designed for natural language processing, have also made significant inroads into image processing through architectures like Vision Transformers (ViTs), which leverage self-attention mechanisms to capture long-range dependencies in visual data. By incorporating these models into the discussion, we provide a more comprehensive understanding of how advanced AI techniques are pushing the boundaries of what is possible in image processing, offering deeper insights into their technical nuances and real-world applications.




      AI-driven imaging faces several significant challenges that can impact its effectiveness and scalability. One major issue is data bias, where imbalanced or unrepresentative datasets lead to skewed model performance, particularly for underrepresented groups. This can result in unfair or inaccurate outcomes, such as misdiagnoses in medical imaging. To mitigate this, strategies like diversifying datasets, employing fairness-aware algorithms, and conducting regular bias audits are essential. Another challenge is the computational cost associated with training and deploying advanced models like CNNs and Transformers, which require substantial processing power and energy. Techniques, such as model pruning, quantization, and the use of efficient architectures, such as MobileNet, can help reduce computational demands.




      Additionally, the need for large annotated datasets poses a barrier, as acquiring and labeling data is time-consuming and expensive. Semi-supervised learning, transfer learning, and synthetic data generation using GANs are promising approaches to address this limitation. By addressing these challenges through innovative mitigation strategies, the field of AI-driven imaging can achieve more robust, equitable, and scalable solutions.


    




    

      Challenges And Opportunities




      Despite its remarkable progress, AI faces several challenges that hinder its full potential. One major concern is data quality and availability, as AI systems rely heavily on large, high-quality datasets for training. Bias in data and algorithms can lead to unfair or discriminatory outcomes, raising ethical and social concerns. Another challenge is the “black box” nature of many AI models, which makes it difficult to understand and explain their decision-making processes. Computational requirements for training advanced AI models are also substantial, leading to environmental concerns due to high energy consumption. Additionally, the rapid pace of AI development has outpaced the creation of regulatory frameworks, resulting in uncertainties around accountability, privacy, and security. Addressing these challenges is crucial to ensuring the responsible and equitable deployment of AI technologies. Based on the study conducted, the key challenges for the AI-based imaging algorithms are as follows:





      

        	Large Datasets: In order to perform effectively, AI-driven algorithms need to be trained on large and high-quality datasets to capture the minute details present in the images that might be useful in certain applications.




        	Computational Cost: Training models is computationally intensive because they require training on large, complex datasets. Even the models are complex in some cases.




        	Transparency: Especially in the case of DL models, it is quite difficult to understand what is happening inside the model. In some of the works conducted, DL algorithms are also considered black boxes, as one cannot interpret the functioning of the model.


      




      However, there are immense opportunities in the field of AI-driven imaging, driven by improvements in the accuracy and efficacy of systems, especially in pattern recognition, object detection, and disease classification. The continuous development of AI-driven algorithms can lead to robust and flexible systems in diverse fields.


    




    

      CONCLUSION




      To conclude, rapid advancements in AI have significantly impacted imaging algorithms, including image segmentation, classification, and enhancement. The study highlights the extensive use of machine learning and deep learning models in real-world scenarios. Further, the challenges as well as opportunities are discussed that provide future insights into the AI-driven fields. With the evolution of AI, new avenues are certainly open to revolutionize the technologies based on imaging algorithms.


    




    

      Future Directions




      The future of AI holds immense promise, with ongoing research and innovation paving the way for groundbreaking advancements. One key area of focus is the development of explainable AI (XAI), which aims to make AI systems more transparent and interpretable. Another emerging trend is the integration of AI with other technologies, such as the Internet of Things (IoT) and quantum computing, to create more powerful and efficient solutions. Researchers are also exploring the potential of general AI, which seeks to build systems capable of performing any intellectual task that a human can do. Ethical AI development will remain a priority, with efforts to establish global standards and guidelines for responsible use. As AI continues to evolve, its impact on society, economy, and culture will undoubtedly grow, shaping the future in ways we are only beginning to imagine.
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