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Abstract: Damage to parcels reduces customer satisfaction with delivery services and increases return-logistics costs. This can be prevented by detecting and addressing the damage before the parcels reach the customer. Consequently, various studies have been conducted on deep learning techniques related to the detection of parcel damage. This study proposes a deep learning-based damage detection method for various types of parcels. The method is intended to be part of a parcel information-recognition system that identifies the volume and shipping information of parcels, and determines whether they are damaged; this method is intended for use in the actual parcel-transportation process. For this purpose, 1) the study acquired image data in an environment simulating the actual parcel-transportation process, and 2) the training dataset was expanded based on StyleGAN3 with adaptive discriminator augmentation. Additionally, 3) a preliminary distinction was made between the appearance of parcels and their damage status to enhance the performance of the parcel damage detection model and analyze the causes of parcel damage. Finally, using the dataset constructed based on the proposed method, a damage type detection model was trained, and its mean average precision was confirmed. This model can improve customer satisfaction and reduce return costs for parcel delivery companies.
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1  Introduction

Consumers have recently shifted their consumption patterns to e-commerce and online channels, thereby accelerating the growth of parcel volumes [1,2]. Therefore, the number of international parcel volumes increased by 150%, from 6.4 billion in 2016 to 16.1 billion in 2022 [3], and this trend is expected to continue in the future. However, the expansion of parcel volumes also led to an increase in the frequency of parcel damage. According to a survey on the experiences of parcel damage, over 50% of respondents reported receiving damaged parcels for four consecutive years between 2019 and 2022 [4]. Continuous damage to parcels not only reduces consumer satisfaction with delivery services [5], but also leads to increased return-logistics costs, causing losses for delivery service providers. Numerous studies on deep learning-based parcel damage detection methods have been conducted to detect and improve this issue during the parcel transportation process automatically. However, existing studies on parcel damage detection are limited in that they are only able to track the occurrence of damage without distinguishing the type of damage. This limitation prevents the precise identification of the cause of the problem. Therefore, this study proposes a method that distinguishes the types of parcel damage based on images of parcels, enabling the identification of both the causes and timing of damage occurrences.

The rationale for proposing a method based on image data to identify the causes of parcel damage is that damage from external factors primarily impacts the surfaces of parcels. By utilizing image-based classification of parcel damage types, as presented in this study, it is possible to detect damages early and address them effectively, thereby resolving the fundamental causes. Among these, ‘contamination’ and ‘impact,’ both major causes of damage, often result in widespread issues. ‘contamination’ can spread to other parcels, whereas ‘impact’ affects a wide area, typically impacting multiple parcels; thus, the early identification of the initial causes of parcel damage is crucial. In addition, damage to the areas of the parcel surface that display essential information for delivery, such as the invoice, can reduce the efficiency and reliability of the delivery service. Therefore, the parcel damage detection method proposed in this study, based on the image information of parcels, can prevent potential parcel damage issues that may occur during the parcel transportation process at a relatively low cost, thereby enhancing the reliability of delivery services.

The image information of a parcel can be acquired and analyzed at a relatively low cost, leading to various deep learning-based studies on damage detection. Previous studies have focused on classifying the damage status of parcel boxes, which constitute the largest proportion of parcel appearances [6,7]. However, to increase the parcel load in transit, recent parcel logistics processes use a variety of non-standard packaging materials such as Kraft, high-density polyethylene (HDPE), and low-density polyethylene (LDPE), which are smaller in volume. Thus, addressing damage in previous studies is difficult.

To address this issue, Kim et al. [6] utilized web crawling to collect images of various parcel appearances to train the damage detection model. However, the data collected through web crawling cannot reflect the real-time movement of parcels during transportation. In addition, this includes images from angles that are difficult to capture during the actual parcel transportation process, leading to a mismatch in the data collection environments. Furthermore, the inclusion of various objects in addition to parcels in a single image poses a limitation, potentially degrading the performance of the detection model.

To overcome these limitations, Kim [7] proposed a method to expand the amount of data based on a small number of high-quality datasets using data augmentation techniques. In particular, image processing techniques such as rotation and brightness changes were used to augment the data and improve the overfitting problem in the parcel damage status classification model. However, this approach cannot acquire new appearances of parcel images because it augments the amount of data by manipulating previously obtained images. In addition, random augmentation can lead to overfitting problems for specific data classes. Moreover, research utilizing this approach is limited in identifying the type of damage, making it difficult to determine the causes of damage.

To solve these problems, in this study, we simulate an actual parcel transportation environment and acquire images of various parcel appearances. Additionally, we expanded the dataset using StyleGAN3 with adaptive discriminator augmentation (ADA) to address the class imbalance in the detection model training dataset. Ultimately, the approach involves first detecting the appearance of parcels and classifying their damage status, followed by identifying the damage type, using a YOLOv5 model trained on the aforementioned dataset for the real-time tracking of moving parcels. The proposed method involves first training the detection model using a dataset acquired in an environment that simulates the actual parcel transportation process, ensuring a high detection performance when applied to a real logistics terminal environment. Furthermore, grayscale images are acquired during data acquisition to reduce misrecognition that may occur with RGB images, contributing to the enhancement of the image generation focused on damage types and the performance of damage type detection. Second, expanding the dataset based on StyleGAN3 with ADA provides diversity in the training data and addresses the issue of class imbalance. Finally, by first detecting parcel appearances and classifying of their damage status, followed by the use of the YOLOv5-based damage detection process, we can enhance the performance of parcel damage detection and utilize it to analyze and improve the causes of parcel damage.

The remainder of this paper is organized as follows. Chapter 2 explains generative adversarial networks (GANs) and object detection tasks. Chapter 3 explains the dataset-construction method proposed in this study and the detection of the parcel damage type, followed by the detection of parcel types and classification of their damage status. Chapter 4 verifies the performances of the constructed dataset and parcel damage detection model. Finally, Chapter 5 discusses the practical and theoretical implications of the study. Finally, Chapter 6 presents the conclusions of the study, its limitations, and the scope for further research.

2  Related Work

2.1 Generative Adversarial Networks

Goodfellow et al. [8] utilized GANs that learn through a structure in which generator and discriminator neural networks compete. In this process, the generator aims to create images similar to the original images, whereas the discriminator strives to distinguish between the generated and original images. However, the initially proposed GANs faced unstable training because of gradient vanishing, which makes the generation of high-quality images difficult. To address this issue, various studies have been conducted to modify GAN structures.

Radford et al. [9] utilized DCGAN that modifies the fully connected layers to convolutional neural networks (CNNs) to reflect the spatial characteristics of images and enables more stable training than GANs through architectural modifications, such as batch normalization and activation functions. In addition, it enables the manipulation of information within images through arithmetic operations on the latent vectors. However, this model has a limitation in that as the network deepens, the required computational load and the number of parameters increase significantly, making the generation of high-resolution images challenging.

Karras et al. [10] utilized StyleGAN2-ADA that improves model stability and the quality of generated images by maintaining a balance between the generator’s image creation capabilities and the discriminator’s ability to discern the generated images. Additionally, this model can be trained using a small amount of data without altering the loss function or network structure. ADA trains the discriminator using only augmented images, which include modifications such as rotation, scaling, color transformation, and RGB noise, and the generator also includes these augmented images in its training.

In previous StyleGAN models, aliasing occurred where the features of the image were fixed at specific coordinates. Karras et al. [11] utilized StyleGAN3 that addresses this problem by replacing traditional upsampling filters with filters based on the Kaiser window and designing a sequence to prevent the addition of arbitrary high-frequency information when passing through nonlinear functions.

To generate a diverse range of damaged-parcel images, the damage characteristics must not be fixed to specific coordinates. Additionally, because the number of damaged parcels is low compared to that of normal parcels during the actual logistics process, generating images from a small number of damaged-parcel images is essential. Therefore, in this study, we utilize a StyleGAN3 model that employs ADA, which combines the generator structure of StyleGAN3 and the discriminator structure of StyleGAN2-ADA for data augmentation.

2.2 Object Detection Task

Object detection involves the extraction of localization information and the classification of objects. One-stage models carry out localization and classification simultaneously. By contrast, two-stage models proceed with localization and classification in two separate steps. One-stage models excel in terms of speed, whereas two-stage models offer advantages in terms of accuracy. Therefore, one-stage models are more suitable for detecting damage to parcels considering real-time movement.

One-stage models notably include the single-shot multi-box detector (SSD), RetinaNet, and You Only Look Once (YOLO). Liu et al. [12] demonstrated that an SSD predicts and detects candidate object areas within an input image by utilizing feature maps of various sizes. In this process, the size of the feature maps progressively decreased, enabling the detection of objects of various sizes. However, this approach can lead to performance degradation owing to difficulties in detecting small objects and class imbalances between the objects and background.

Lin et al. [13] demonstrated that RetinaNet was designed to address the issue of one-stage models having lower accuracy compared to two-stage models. It identifies the problem as class imbalance and uses focal loss, which assigns smaller weights to data that the model can easily distinguish, to resolve this issue. However, because it detects objects at multiple scales, its detection speed is limited.

Redmon et al. [14] demonstrated that YOLO is a model designed for fast object detection that is suitable for real-time object detection tasks. It divides an image into a grid and predicts the bounding boxes and class probabilities for each grid cell. YOLOv5 offers various model sizes and types, allowing the selection of a model that best fits the training objectives. Additionally, YOLOv5 introduces a classification model, YOLOv5-cls, which demonstrates faster speeds than other classification models [15]. Therefore, in this study, YOLOv5m is used to detect the appearance and type of damage in moving parcels, and YOLOv5s-cls is used to classify the damage status of the parcels. A detailed description of these models is provided in Chapter 3.

3  Materials and Methods

3.1 Overview

3.1.1 Parcel Information-Recognition System

The parcel information-recognition system, which is the overarching structure of the parcel damage detection method proposed in this study, comprises three methods, as shown in Fig. 1. For this purpose, a simulation of part of the actual parcel-transportation process was conducted, as shown in Fig. 2. A photoelectric sensor was used to detect parcels moving continuously at 1 m/s, and this signal was relayed to a LiDAR sensor and an RGB camera to recognize information about the parcels. First, the three-dimensional volume-recognition method employs a LiDAR sensor (L515, Intel RealSense, USA) to measure the volume of the parcels. This volume information was used for stable loading based on the size of the parcels during the last-mile stage. The barcode-recognition method employs the 4K RGB camera (BFS-U3-244S8M-C, Teledyne FLIR, USA) to recognize the barcode on the invoice attached to the parcel. This barcode number, which represents the invoice number, contains information such as the recipient, delivery location, and parcel type. This was used to arrange the loading of parcels according to the unloading sequence in the last-mile stage. Finally, the proposed damage detection method employs the 4K RGB camera (BFS-U3-244S8M-C, Teledyne FLIR, USA) to detect the damage type based on the appearance of the parcels. A detailed explanation of the parcel damage detection method follows.
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Figure 1: Flowchart of parcel information recognition system
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Figure 2: Example of parcel information-recognition system environment

3.1.2 Parcel Damage Detection Method

The entire process of the proposed parcel damage detection method comprises two stages, as illustrated in Fig. 3. Dataset construction was divided into the data acquisition, pre-processing, and image generation stages. First, in the data acquisition and pre-processing stage, original images of the moving normal and damaged parcels were acquired. Subsequently, using a pre-trained YOLOv5 detection model, the appearances of parcels are detected and classified into nine classes based on the acquired images. Next, the process involves cropping the parcel areas using the bounding box results from the parcel appearance detection and labeling them according to the damage status. Details of the data acquisition and pre-processing stages are described in Section 3.2.
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Figure 3: Flowchart of data construction and parcel damage detection method

In the image generation stage, new damaged images were created using the ADA with StyleGAN3, based on the original images of damaged parcels acquired in the previous stage, followed by labeling according to the damage status. Next, a dataset for the parcel damage status was constructed, including original images of normal and damaged parcels, as well as generated images of damaged parcels. Finally, labeling by the type of damage was performed for both the original and generated images of damaged parcels, ultimately constructing a dataset focused on the types of damage to parcels. Details of the image generation stage are described in Section 3.3.

The method for detecting the type of damage involves receiving original images of the parcels using a camera. Next, it precedes the detection of the appearance of parcels and classifies the damage status, followed by the sequential detection of damage types. This approach addresses various types of damage beyond those proposed in this study and can enhance the performance of the damage type detection model. The details of the damage type detection method are described in Section 3.4.

3.2 Data Acquisition and Pre-Processing

During the data acquisition and pre-processing stages of dataset construction, original images of parcels in transit and damaged parcels were acquired. Image collection based on web crawling in previous studies does not reflect the real-time movement of parcels and may include shooting points not implemented in the logistics environment, resulting in differences from the images acquired during the actual parcel transportation process. Owing to these differences, there is a limit to the performance improvements when applying detection models. Therefore, in this study, all images were acquired in the environment depicted in Fig. 2, based on the scenario of a parcel logistics terminal in which parcels continuously move. The parcels moved on a conveyor belt at a speed of 1.0 m/s. To capture this, a 4K RGB camera with 4000 lm of lighting was installed on top of the conveyor belt at a height of 1.2 m.

Images of the parcels were acquired in grayscale. This minimizes the motion blur phenomenon, in which the boundary between the background and the object in the image becomes blurred during the shooting of fast-moving objects, which can degrade the performance of the detection models. In addition, grayscale images can shorten the computation time of the damage detection model for moving parcels and minimize the impact of the color of parcels on the classification and damage detection models. Before the image pre-processing stage, the acquired images were used to detect parcel appearances using the pre-trained YOLOv5 to extract the bounding boxes of the parcels and parcel appearance classes. The pretraining of YOLOv5 was conducted based on the images acquired according to the parcel appearances listed in Table 1.
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As shown in Table 1, parcel types were classified into nine classes, categorizing the acquired images of parcels based on the structure, material, and appearance of the parcel. In this case, the parcel materials referenced packaging methods for various types of shipments, as presented in the standard terms and conditions for parcel delivery services by the Korea Fair Trade Commission [16]. In this context, structured parcels have standardized sizes and shapes, whereas unstructured parcels lack standard dimensions.

Based on the material and appearance of the parcels, they were categorized into nine types: Normal box, Patterned box, Paper tube, Styrofoam box, Wrapped box, Black bag, White bag, Reflective bag, and Others. A Normal box is a plain paper box without patterns, whereas a Patterned box is a paper box with designs. A Paper tube refers to a cylindrical container made of paper, and a Wrapped box refers to a box wrapped in smooth wrapping paper. Furthermore, the black bag is specifically made from black HDPE material, whereas the white bag is constructed from white paper and LDPE. The reflective bag is crafted from Polyethylene Terephthalate (PET) material that reflects like a mirror.

Because the types of packaging materials can vary depending on the packaging of unstructured parcels, materials that were not among the four most frequently used were classified into an “Others” class. Additionally, delivery service company trademarks, text, and barcodes, which all parcels may include, were not incorporated into the classification of parcel types. Examples of images from the nine classes used in the final classification in Table 1 are shown in Fig. 4.
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Figure 4: Example of parcel damage classification

During the image pre-processing stage, the bounding box areas of the parcels detected by the pre-trained YOLOv5m model were cropped, as shown in Fig. 5. This process enabled the classification of parcels by appearance and the enlargement of parcel features that occupy relatively small areas within the images [17]. Subsequently, labeling was conducted according to the damage status based on images processed through the data acquisition and pre-processing stages, as described above.

[image: images]

Figure 5: Example of comparison of images before and after detection and cropping

3.3 Image Generation

In the image generation stage, images processed through the data acquisition and pre-processing steps described in Section 3.2 are classified based on their damage status. However, the number of images of damaged parcels that can be acquired during the actual parcel transportation process is limited compared to the number of images of normal parcels. This results in a class imbalance between damaged and normal parcels. To address this imbalance, images of damaged parcels were generated using StyleGAN3 with ADA, utilizing the images of damaged parcels acquired in Section 3.2. Subsequently, a dataset of the parcel damage status was constructed, including both the generated images of damaged parcels and original images classified according to the parcel damage status, as shown in Table 2. The images generated in Table 2 result from training StyleGAN3 with ADA on 34, 24, and 22 original images for a single appearance of parcels per class.
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Next, to construct a dataset on the parcel damage types, images of damaged parcels were labeled within the dataset on the parcel damage status. The classes of parcel damage types were categorized based on the types of damage that can occur in structured and unstructured parcels. Table 3 describes the types of parcel damage classes. “crack” refers to cases where cracks appear on the parcel’s surface, typically caused by excessive pressure, scratching from sharp objects, or the material’s expansion and contraction owing to temperature changes. “dent” indicates the parcel surface being twisted owing to external impacts, commonly occurring from collisions with heavy objects, falls, or impacts with other parcels. “hole” denotes situations where a hole is punctured in the parcel surface, revealing the interior, usually owing to collisions with sharp objects or strong pressure. “split” describes the parcel being torn, allowing some of the contents to spill out, which happens when parcels are excessively stacked, mishandled, or when the packaging material weakens owing to contamination.
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Structured parcels, which typically have thicker packaging materials, are less likely to experience “split” damage, even when coming into contact with sharp objects. Unstructured parcels composed of more flexible materials are less likely to experience “dent” damage. Therefore, structured parcels were assigned “crack,” “dent,” and “hole” as damage types, whereas unstructured parcels were assigned “crack,” “hole,” and “split” as their damage types [18].

Through this process, a dataset of parcel damage images, including each damage type class, was constructed. The datasets constructed in Sections 3.2 and 3.3 were used as training data for models to classify the damage status of parcels and detect the types of parcel damage, respectively.

3.4 Parcel Damage Detection Method

In the process of detecting damage types, grayscale images of parcels were first analyzed to identify the parcel appearances and classify the damage status before detecting the specific types of damage. This preliminary step was crucial because the appearance of the parcel influenced its shape and durability, which in turn affected the type of damage that could occur. Therefore, the preceding process allowed for the accurate detection of damage types and enabled optimized damage management based on the damage type. In addition, this method allowed for the exception handling of damage types not included in the classes of crack, dent, hole, and split proposed in this study, thereby enabling responses to various types of damage. Furthermore, instead of uniformly detecting six classes (four types of damage, other, and normal) as parcel damage types, this approach ensured high performance by distinguishing between binary classification through damage status classification and the classification of the four types of damage.

First, parcel images were collected using a camera and input into a parcel appearance detection model using the pre-trained YOLOv5m. They were classified into nine parcel appearances, as detailed in Section 3.2, and the parcel areas were then cropped within the images. The cropped parcel images were then fed into a parcel damage status classification model for each parcel appearance using YOLOv5s-cls. If the determined that the parcel was normal, this status was outputted as the final result. Conversely, if the parcel was damaged, the damaged parcel image was input into a parcel damage type detection model for each type of parcel, using YOLOv5m to identify the damage type. Finally, the model detected and output the types of damage, including crack, dent, hole, and split, from the input damaged-parcel images.

The overall structure of the YOLOv5 detection model is depicted in Fig. 6 [19]. It comprises three parts: the backbone, neck, and head. The backbone serves as the main body of the network and utilizes the CSP-Darknet [20] architecture. The neck connects the backbone to the head and adopts the PANet [21] structure. Finally, the head is responsible for generating the final prediction results and comprises three conv2d layers. The overall structure of the YOLOv5-cls classification model is shown in Fig. 7. It comprises two parts: the backbone and head, with the backbone part using the CSP-Darknet structure, similar to the detection model. The head is designed for classification and consists of pooling dropout and linear layers.
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Figure 6: YOLOv5 architecture
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Figure 7: YOLOv5-cls architecture

4  Experiments

To validate the proposed parcel damage detection method, original images of both normal and damaged parcels were acquired under the conditions described in Section 3.2. Furthermore, through the image pre-processing and image generation processes described in Sections 3.2 and 3.3, respectively, two datasets were constructed for training the damage type detection model, which followed the detection of parcel appearances and classification of damage status. These experiments were based on a scenario that detected damage to parcels transported on a conveyor within the hub terminal of a parcel delivery company. Image generation and damage detection model training was conducted on a Windows 11 OS environment, utilizing an AMD Ryzen Threadripper PRO 5975WX 32-Core CPU and two NVIDIA RTX A6000 GPUs. Additionally, CUDA 12.0, cuDNN 8.6.0, Python 3.10, and the PyTorch framework were used. The image size used in this study was 256 × 256, and the hyperparameters for each step are shown in Table 4.
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4.1 Image-Acquisition and Pre-Processing

Parcel images were acquired based on the nine parcel appearance classes described in Section 3.2. The environment for acquiring the images was the same as that presented in Section 3.2. The performance of the trained model varied depending on whether the acquired image data reflected the actual parcel transportation process in a logistics terminal. Therefore, in this study, conveyor belts were used to transport parcels in real logistics terminal environments, and images of the parcels moving on these conveyor belts were acquired. The dataset for pretraining, classified by the appearance of parcels, totaled 10,987 images. This dataset features a variety of parcel orientations, parcel positions on the conveyor belt, and invoices from different delivery service providers. The numbers of images for each parcel class are listed in Table 5.
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Fig. 8 shows examples of the images generated before and after pre-processing. Fig. 8a shows the original parcel image without pre-processing, and Fig. 8b shows an image generated by a model trained using the original image. Furthermore, Fig. 8c depicts the original parcel image after applying the pre-processing steps, and Fig. 8d illustrates an image generated by a model trained on the pre-processed image. The images generated in Fig. 8 resulted from training StyleGAN3 with ADA using 26 original images of a single parcel appearance.
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Figure 8: Examples of generated images before and after pre-processing

As shown in Fig. 8a,b, images generated by models trained on parcel images without applying pre-processing methods retained the shape of the surrounding environment of the parcel, such as the conveyor belt, but failed to accurately reflect the appearance of the parcel and its damage. Conversely, as shown in the example in Fig. 8c, images generated by models trained on parcel images that underwent pre-processing, such as those depicted in Fig. 8d, accurately reflected both the appearance of the parcel and the damage type. Additionally, these models generated images that included small-sized information, such as the terminal number on the parcel’s attached invoice. Consequently, by applying the proposed image pre-processing methods, the characteristics of parcel damage on a conveyor belt could be accurately captured and detected despite variations in the position of the parcel, and images that reflect these features could be generated.

4.2 Image Generation

To verify the image generation performance of StyleGAN3 with ADA, as described in Section 3.3, we performed both qualitative and quantitative evaluations of images generated using four adversarial generative models: DCGAN, StarGAN, StyleGAN3, and StyleGAN3 with ADA. DCGAN preserves spatial information by applying CNNs to the structure of vanilla GAN. StarGAN is designed for image-to-image translation and helps transform image attributes using a single model by encoding target domain labels. StyleGAN3 enables style modulation by incorporating intermediate layers into the network structure and contributes to high-resolution image generation and artifact reduction. The proposed StyleGAN3 with ADA increases the stability of the model and improves the quality of the generated images by balancing the image generation capability of the generator and the image recognition capability of the discriminator more effectively than StyleGAN3. Thus, considering the unique contributions of each model, we compared and analyzed the generated videos using the inception score (IS) and Fréchet inception distance (FID) evaluation metrics. To corroborate the effectiveness of the proposed method for detecting damage types, this study also examined the capabilities of the IS in evaluating the quality and diversity of generated images [22], and the FID score in assessing the similarity by calculating the Fréchet distance between the original and generated images [23]. These assessments are derived using Eqs. (1) and (2):

IS(G)=exp⁡(ExDKL(p(y|x)‖p(y)))(1)

FID=‖μ1−μ2‖22−Tr(Σ1+Σ2−2Σ1Σ2)(2)

In Eq. (1), G represents the generator, E is the expectation, and DKL denotes the Kullback-Leibler divergence. The IS can be calculated by predicting the class probabilities for the images generated using a ppre-trainedInception-v3 classification model. This process uses the expected value of the Kullback-Leibler divergence to measure the difference between the conditional and marginal probability distributions. A higher IS value indicates better quality and diversity of the generated images. In Eq. (2), μ1 and μ2 represent the means of the probability distributions of the generated and original images, and Σ1 and Σ2 represent the covariance matrices of their image probability distributions, respectively. The FID calculated the mean and covariance of the feature maps extracted from the intermediate layers of the images using the Inception-v3 classification model. The image generation results by each model are presented in Table 6, and the results of each model according to the evaluation metrics are listed in Table 7. The images generated in Table 6, representing structured and unstructured parcels, resulted from training StyleGAN3 with ADA using 34 and 25 original images of a single parcel appearance, respectively.
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As indicated in Table 6, the images generated by the DCGAN model suffer from low quality owing to complexity limitations, thereby enabling the accurate reflection of the appearances of parcels and damage types. Images created with the StarGAN model, an image-to-image translation technique, reflect the parcel and damage types but include noise values not present in the original images. Images generated by the StyleGAN3 model reflect the appearance of parcels and damage types but fail to capture detailed features such as invoices. In contrast, images generated by StyleGAN3 with ADA clearly reflect both the appearance of parcels and damage types, enabling the accurate generation of images. Therefore, to construct a training dataset for the parcel damage status classification and type detection, images generated using the StyleGAN3 with ADA were added to the dataset.

As shown in Table 7, the IS for StyleGAN3 with ADA was 23.59, which was higher than those for the DCGAN, StarGAN, and StyleGAN3 models. Furthermore, the FID score for StyleGAN3 with ADA was 58.50, which was lower than those for the DCGAN, StarGAN, and StyleGAN3 models. This demonstrated that when trained on the same damaged-parcel images, StyleGAN3 with ADA outperformed the other three models in terms of diversity and produced higher-quality images.

To establish datasets for the damage status of parcels and damage types, we set four classes of parcel damage, as explained in Section 3.3. The composition of each dataset was as follows. The damage status dataset comprised 6823 original images of normal parcels and 4164 original images of damaged parcels as well as 2776 generated images of damaged parcels, totaling 13,763 images. The damage type dataset included 4164 original images, with 1041 images for each damage type class from the damage status dataset, and an additional 2776 images, with 694 generated images per class using StyleGAN3 with ADA, totaling 6940 images. The detailed compositions are listed in Table 8. The datasets were split into training and validation data at an 8:2 ratio, with the validation dataset comprising only the original images and excluding the generated images.
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4.3 Parcel Damage Type Detection

To validate the performance of the proposed damage type detection method, the performance of the damage type detection model was compared based on whether the detection of parcel appearances and classification of the parcel damage status was conducted beforehand. The mean average precision (mAP) was selected as the evaluation metric for the damage type detection model, and the results are presented in Table 9. Here, mAP is derived by averaging the area under the precision-recall curve for each class using Eqs. (3) and (4):
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Precision=TP(TP+FP)(3)

Recall=TP(TP+FN)(4)

TP represents true positives, FP represents false positives, TN represents true negatives, and FN represents false negatives. Precision is defined according to Eq. (3), which represents the ratio of samples correctly identified as positive to all samples predicted as positive by the model. Recall, defined according to Eq. (4), represents the ratio of samples correctly identified as positive by the model to all actual positive classes. Because precision and recall are inversely related, a higher threshold for the intersection over union (IoU) applies a stricter criterion for identifying positives, which can increase precision, but may lower recall by misclassifying actual positives as negatives. Therefore, setting an appropriate threshold is necessary. In this study, the IoU threshold for YOLOv5m was set to 0.5, which was defined as true positive in the Pascal VOC object detection competition [24].

Additionally, anchor boxes serve as initial reference points for predicting the location and size of objects in an object detection model. They are set with various scales and aspect ratios, providing a baseline for predicting the bounding boxes of objects. By using anchor boxes that match the actual scale and ratio of the objects, the model can predict bounding boxes more accurately, which contributes to the optimization of the model’s mAP [25]. Generally, small scales of anchor boxes are used for detecting small objects, whereas larger scales are used for larger objects. Therefore, this study compared the performance according to different scales. The comparison group used the minimum, medium, and maximum values of the anchor boxes adopted by YOLOv5m.

When using only the median anchor box size of 62 × 45 in the YOLOv5m model, the mAP is 0.97. In contrast, when using the minimum, median, and maximum values of the anchor boxes, the mAP increased to 0.975, demonstrating improved detection performance compared to using just one anchor box size. This improvement indicates that the model can detect areas with significantly large or small damages more effectively. Additionally, when employing the 9 scale anchor boxes available in the YOLOv5m model, the mAP reached 0.99, allowing the model to effectively detect small, medium, and large objects. This capability significantly enhances object detection performance in complex visual environments. Therefore, in real-world logistics industry settings where objects of various sizes exist, it is crucial to use a combination of multiple anchor box scales to enhance the utility of the YOLOv5m model. This approach not only increases mAP but also maximizes detection accuracy and reliability.

As shown in Table 10, the mAP of the parcel damage type detection model without the prior detection of parcel appearances and classification of parcel damage status was 0.94, whereas the mAP of the model with these tasks conducted beforehand was 0.98, indicating an improvement in mAP performance across all classes. This suggests that the use of damage classification and type detection models tailored to the appearance each parcel can enhance the performance of parcel damage type detection. Moreover, when applied to actual logistics terminals, this implies that delivery service providers can enable optimized damage management according to the damage type. Additionally, the computational speed of the parcel damage type detection model, after conducting prior detection of parcel appearances and classification of parcel damage status, averaged 41.6 ms per parcel appearance. Thus, when applying the method proposed in this study to real logistics terminal environments, the number of parcel images that can be processed per second is approximately 24.

[image: images]

5  Discussion

This study proposes a novel method for detecting various types of damage in parcels, utilizing an expanded dataset enhanced by StyleGAN3 with ADA. Validated by the YOLOv5m model, this method demonstrated high efficiency as evidenced by its mAP score. This chapter discusses the practical applicability of the proposed method and its implications for future research.

The developed method can be readily applied in the parcel delivery industry, enhancing the efficiency and reliability of damage detection processes. By integrating this system into existing parcel sorting workflows, it becomes possible to accurately assess the condition of parcels in real-time as they transit through hub terminals. This capability enables the early detection of damages, thereby reducing costs associated with parcel returns and minimizing customer dissatisfaction. Furthermore, in logistics warehouses, this system can be employed to inspect incoming and outgoing parcels, ensuring they meet quality standards and maintain the integrity of the supply chain.

Future research needs to expand the dataset to include scenarios under different environmental conditions, which will help improve the robustness and reliability of the deep learning models. In addition, if both the type and location of damage can be quantitatively measured in parcel damage detection, it is expected that clear criteria can be provided to parcel companies in insurance claims and compensation processes. Therefore, research will be conducted to quantify parcel damage based on damage segmentation.

6  Conclusion

In this study, a method capable of detecting various types of damage to different parcel appearances was proposed, and to implement this method, images were acquired in an environment that simulated the actual parcel transportation process. In addition, the dataset was expanded using StyleGAN3 with ADA. Finally, a method for detecting four types of damage (crack, dent, hole, and split) was implemented, which enabled the real-time detection of parcel appearances and classification of the damage status in moving parcels. To validate this, the mAP of the YOLOv5m model, which was trained using the dataset constructed in the aforementioned manner, was examined. The proposed method offers several key advantages over existing parcel damage detection techniques:

1) Improved data reliability: By addressing the issue of irrelevant objects in images collected through web crawling, which are unrelated to the logistics field, and resolving discrepancies between these images and actual logistics site conditions, our approach enhances the reliability of the data used for training and testing the model.

2) Enhanced dataset diversity: We expanded the dataset using StyleGAN3 with ADA, which enhances the diversity of the training data. Furthermore, augmenting data from minority classes within the dataset helps to address the issue of class imbalance, leading to more robust and accurate damage detection.

3) Detailed damage type classification: Unlike previous studies that only classify whether a parcel is damaged or not, our proposed method can identify parcel damages classified into four specific types (crack, dent, hole, and split). This detailed classification enables a more comprehensive analysis of the causes of parcel damage, contributing to increased customer satisfaction and reduced return costs for delivery service companies.

The proposed method has the potential to significantly improve the efficiency and accuracy of parcel damage detection in the logistics industry. By accurately identifying and classifying different types of parcel damage, delivery service companies can take proactive measures to address the root causes of damage, ultimately reducing costs associated with returns and enhancing customer satisfaction.

However, this study has some limitations that should be addressed in future research. Due to time and cost constraints, the amount of data utilized was limited. Collecting a larger volume of data on damaged parcels could significantly enhance the model’s performance and generalizability. Additionally, analyzing the cost-effectiveness of the parcel information recognition system would provide valuable insights into the feasibility of implementing this system at the hub terminals of actual delivery companies. This analysis could serve as a benchmark for measuring the return on investment against the system’s deployment.

Future research should focus on expanding the dataset to include a wider variety of parcel types, damage severities, and environmental conditions. Furthermore, exploring the integration of additional data sources, such as sensor data or customer feedback, could provide a more comprehensive understanding of parcel damage and its impact on the logistics process.

In conclusion, the proposed method offers a promising approach to improve parcel damage detection, with the potential to benefit both customers and delivery service companies. By addressing the limitations identified in this study and continuing to refine the model’s performance, future research can contribute to the development of more efficient, accurate, and cost-effective parcel damage detection systems for the logistics industry.
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Table 3: Description of parcel damage types

Damage types Description

Crack Cracks on the surface of the parcel box

Dent Twist on the surface of the parcel box

Hole Holes on the parcel box surface reveal the interior

Split Parcel-box surface torn with some contents exposed
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Table 8: Construction of damage status and type dataset

Normal Damaged
Train Original 5458 2776
Generated 0 2776
Val. Original 1365 1388

Total 6823 6940
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Table 4: Image generation and damage type detection stage hyperparameters

Types Image generation Damage type detection
Parcel appearances  Parcel damage Parcel damage
detection classification type detection

Epoch 1500 200 100 200

Batch size 16 32 64 32

. Gen. 2.5e-3
L le-2
earning rate Dis. 6.3 e
Optimizer Adam Adam
Loss function Softplus Cross entropy
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(a) Real image (b) Generated image
w/0 pre-processing w/0 pre-processing

(c) Real image (d)enerated image
w/ pre-processing (ours) w/ pre-processing (ours)
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Table 9: Detection result of YOLOVS using various anchor box settings

Settings Anchor scales Aspect ratios mAP(%)
1 Scale 62 x 45 0.77 0.973

3 Scales {10 x 13, 62 x 45, 373 x 326} 0.77,1.38, 1.14 0.975

9 Scales (default) {10 x 13, 16 x 30, 33 x 23} {0.77, 0.53, 1.43} 0.98

{30 x 61, 62 x 45, 59 x 119}
{116 x 90, 156 x 198, 373 x 326}

{0.49, 1.38, 0.50}
{1.29,0.79, 1.14}
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Table 7: Quantitative performance evaluation of generated parcel images

Methods ISt (x10") FID,
DCGAN 15.59 247.6
StarGAN 17.50 207.8
StyleGAN3 22.50 134.39
StyleGAN3 w/ADA 23.59 58.50
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(a) Detection w/YOLO (b) Cropping w/bounding box
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Table 1: Classification of parcel image data

Structure Material Appearance (class)
Structured Cardboard paper Normal box
Patterned box
Paper tube
Styrofoam Styrofoam box
Kraft paper Wrapped box
Unstructured HDPE Black bag
Paper White bag
LDPE
PET Reflective bag
N/A Other
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Table 6: Comparison of damaged-parcel images generated by models: (a) Structured, (b) Unstructured

Original image DCGAN StarGAN StyleGAN3 StyleGAN3
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Table 2: Example images of damaged parcels: (a) Normal box, (b) Styrofoam box, (c) White bag

Class Original image StyleGAN3 w/ADA
(a)

(b)

(©
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Table 10: Performance evaluation of damage type detection considering the precedence of parcel
appearance detection and damage status classification

Methods mAP per class (%) Overall mAP (%)
Preliminary steps omitted Crack 0.91 0.94
—parcel appearance detection, Dent 0.97
—damage status classification Hole 0.92
Split 0.96
Preliminary steps included Crack 0.98 0.98
+parcel appearance detection, Dent 0.99
+damage status classification Hole 0.97

Split 0.99
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Table 5: Numbers of images for each parcel class

Class Number of parcel images
Normal box 4332

Patterned box 500

Paper tube 708

Styrofoam box 668

Wrapped box 816

Black bag 391

White bag 1124

Reflective bag 1623

Other 825
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