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Deep Learning-Based Image Segmentation for In Situ Fault Diagnosis in Batch Cooling Crystallization Processes
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ABSTRACT

Crystallization is a fundamental separation and purification stage in several industrial sectors, such as pharmaceuticals and food production. To ensure overall quality, Efficient crystallization processes must obtain a product with the desired properties such as crystal size, length, shape, and purity. Although in situ image analysis is a vital tool for monitoring, the accuracy of traditional image segmentation methods is hindered by factors such as high solid concentrations and partial occlusion (Zong et al., 2023). 
Previous Convolutional neural network (CNN) models classified the overall reactor state by resizing images to 128 × 128 pixels, lacking the precision to capture individual particles (Aragão et al., 2025). To overcome these limitations, this study aims to use deep learning-based object detection providing a robust and automated monitoring solution by transitioning to targeted instance segmentation using the You Only Look Once (YOLO) algorithm, that predicts bounding boxes and categories simultaneously for process monitoring (Zong et al., 2023).
Batch cooling crystallization experiments of potassium dihydrogen phosphate (KDP) were conducted, with crystal formation monitored using a QICPIC (Sympatec) image analyzer. From 20,000 raw images, 9,000 representative frames were selected to emphasize key crystallization stages, including nucleation, growth, and agglomeration/obstruction. The resulting dataset was split into 80% for training and 20% for testing. Ground truth was defined into four classes: crystals, impurities, bubbles, and agglomerations. An initial batch containing 500 images was annotated using the Computer Vision Annotation Tool (CVAT), with the Segment Anything Model 2 (SAM2) automatically generating precise polygon boundaries. For this study, the YOLO model was trained exclusively for a binary classification (crystals and impurities). 
The YOLOv8m-seg model was trained at a 1024 × 1024 resolution running locally, using gradient accumulation to maintain stability. For prediction, slicing-aided hyper inference (SAHI) processed smaller overlapping patches, preventing the omission of small crystals due to low confidence scores. The framework successfully segregated KDP crystals from the impurities. 
Results on the test dataset showed an overall mean Average Precision (mAP50) of 74.3% (precision: 76.3%, recall: 72.4%). Due to dataset imbalance, the majority "Crystals" class achieved an mAP50 of 80.3%, while the underrepresented "Impurities" reached 68.3%. The F1-confidence curve indicated maximum efficiency at lower thresholds (0.28), confirming SAHI’s necessity for detecting small particles. This YOLO-based framework provides reliable in-situ fault diagnosis in KDP crystallization. Future research will balance class representation, add other classes such as bubbles and agglomerates, and optimize the SAHI parameters.
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