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Abstract

:

One of the main concerns of land administration in developed countries is to keep the cadastral system up to date. The goal of this research was to develop an approach to detect visible land boundaries and revise existing cadastral data using deep learning. The convolutional neural network (CNN), based on a modified architecture, was trained using the Berkeley segmentation data set 500 (BSDS500) available online. This dataset is known for edge and boundary detection. The model was tested in two rural areas in Slovenia. The results were evaluated using recall, precision, and the F1 score—as a more appropriate method for unbalanced classes. In terms of detection quality, balanced recall and precision resulted in F1 scores of 0.60 and 0.54 for Ponova vas and Odranci, respectively. With lower recall (completeness), the model was able to predict the boundaries with a precision (correctness) of 0.71 and 0.61. When the cadastral data were revised, the low values were interpreted to mean that the lower the recall, the greater the need to update the existing cadastral data. In the case of Ponova vas, the recall value was less than 0.1, which means that the boundaries did not overlap. In Odranci, 21% of the predicted and cadastral boundaries overlapped. Since the direction of the lines was not a problem, the low recall value (0.21) was mainly due to overly fragmented plots. Overall, the automatic methods are faster (once the model is trained) but less accurate than the manual methods. For a rapid revision of existing cadastral boundaries, an automatic approach is certainly desirable for many national mapping and cadastral agencies, especially in developed countries.
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1. Introduction


Mapping the boundaries of land rights, creating a complete cadastre and being able to keep it up to date is a major concern for land administration. Considering that three-quarters of the world’s land rights are not recognised and registered, it is necessary to speed up the process of cadastral mapping [1]. The challenge of creating a complete cadastre usually arises in developing countries—with low cadastral coverage [2,3]. Mapping and registering land rights in a formal cadastre is supposed to increase land tenure security [4,5]. However, an effective cadastre should also provide up-to-date information on people and land relationships beyond the adjudication stage [6,7]. Updating, in most cases, refers to the comparison of two datasets—one reflecting the state of the cadastral database and one newly acquired [8]. In view of this, the term “revision” is used as a synonym—since “updating” (as an act of formal change) is based on “revisions”.



In countries that already have a complete cadastre, providing up-to-date land data is a top priority [9]. It has taken decades for the cadastre to be complete in these countries, where conventional techniques such as ground-based surveying techniques or analogue aerial photogrammetry have typically been used [10]. Both methods are considered labour intensive and time-consuming [11,12]. The result was the creation of analogue cadastral maps and land records that later had to be digitised and integrated into a geographic information system (GIS) or broader land information systems. Although complete cadastres were created, many national mapping and cadastral agencies (NMCAs) failed to properly maintain the cadastres [13]. The reality that cadastres attempt to depict is complex and dynamic [14,15], and underestimating the dynamics of the relationships between people and land, in reality, has led to outdated cadastral maps. Apart from the advances in surveying and mapping technologies, most of which have already been tested in developing countries [16,17,18,19], cadastral surveying and boundary data maintenance in developed countries continued to be carried out using ground-based techniques such as tacheometry and global navigation satellite systems (GNSS) methods [10,12]. This approach presents many challenges in terms of mapping efficiency, which can be overcome by low-cost and rapid cadastral surveying and indirect mapping techniques.



Indirect mapping techniques rely on delineating visible cadastral boundaries from high-resolution remote sensing imagery. The application of image-based cadastral mapping is based on the recognition that many cadastral boundaries coincide with natural or man-made structures that are readily visible on remote sensing imagery [3,17]. In cadastral applications, unmanned aerial vehicles (UAVs) have shown great potential for mapping land parcel boundaries in both rural and urban areas [18,20,21,22]. In addition, UAV-based orthoimagery has been considered as a basemap for the creation of cadastral maps and for the revision of existing cadastral maps [23,24,25]. Apart from the high visibility of spatial units on UAV imagery relevant to cadastral mapping, many previous case studies have reported the manual delineation of spatial units [16], but only a limited number of studies have investigated the automatic mapping approach. The innovative approaches aim to simplify and speed up image-based cadastral mapping by automating the delineation of visible boundaries. Mainly, customised image segmentation and edge detection algorithms have been used to automatically adjust cadastral mapping [23,26].



Modern methods for automatic boundary detection in cadastral mapping also include deep learning [27,28,29,30]. Recent studies indicate that deep learning such as convolutional neural networks (CNNs) ensure a higher accuracy in delineating visible land boundaries than some of the state-of-the-art machine learning or object-based techniques [27,28]. CNNs can be trained in two ways: from scratch or by transfer learning [31]. When training the model from scratch, remote sensing data have to be provided, i.e., images and labels. In transfer learning, the model is pre-trained, usually with a large amount of data with more abstract features, and the last convolutional layer is trained with the specific features of the new application. Crommelinck et al. [27] pre-trained the model using transfer-learning and reported that VGG19, i.e., 19 layers deep CNN, provides a more automated and accurate detection of visible boundaries from UAV imagery than random forest. The pre-training was based on aerial imagery, which also had to be provided. Furthermore, the study highlights that the model based on VGG19 provides more promising metrics than some other architectures (such as ResNet, MobileNet, and DenseNet). Xia et al. [28] investigated a fully CNN for cadastral boundary detection in urban and semi-urban areas. The model was trained from scratch using UAV tiles, and the results show that the approach outperformed object-based techniques, including global probability boundary (gPb) and multi-resolution segmentation (MRS). Park and Song [32] aimed to detect the changes between existing cadastral maps and current land use boundaries in the field. The model was trained from scratch using hyperspectral UAV imagery. However, providing thousands of UAV training data can be considered a limitation, especially when a model is trained from scratch, as highlighted in [29]. This can be overcome with a CNN architecture that requires less training data, for instance, U-Net, followed by data augmentation prior to processing [29,33]. The challenge here remains to confirm what should be a sufficient variety of UAV training data to learn a robust network model.



Objective of the Study


In general, it is argued that the main challenge with CNNs supporting cadastral mapping is the processing of a large amount of remote sensing training data and the computational requirements. Therefore, an important condition for any deep learning method is that the total time required to detect the final boundaries, including pre- and post-processing, should not be longer than the total time of a manual method [10]. This serves as a justification and allows the objective of this study to be defined.



The main objective of this study was to develop an efficient and cost-effective approach for mapping visible land boundaries using CNN. The mapping approach is based on the detection of visible land boundaries that coincide with large parts of the cadastral boundaries—especially in rural areas. Automation of visible land boundary detection can be used to revise existing cadastral maps and to automatically identify areas where updates are needed. At this point, it should be emphasised that not all cadastral boundaries are visible and that some of them are difficult to detect on UAV imagery.





2. Materials and Methods


The workflow of this study was comprised of four core parts, i.e., the training approach, visible boundary detection, accuracy assessment, and vectorisation of boundary maps. The individual steps and details are described in the following subsections. The generalised workflow is shown in Figure 1.



2.1. Training Approach and Dataset


Considering the main objective, a CNN that requires a smaller amount of training data is preferable. U-Net is a CNN architecture that provides fast and precise localisation of features from images. The U-Net consists of an encoding path and a decoding path, giving it a U-shape. The encoding path is a convolutional network consisting of repeated convolutions (3 × 3), each followed by a ReLU and max-pooling (2 × 2) operation. During the encoding path, spatial resolution is decreased while feature information is increased. The decoding path combines spatial and feature information through a sequence of up-convolutions (2 × 2) and merging with high-resolution features from the decoding path, where the size of the images is converted to their original size. A detailed description of the original U-Net architecture can be found in [33]. In this study, the U-Net was considered as a deep learning-based detector for visible boundaries.



Given the complexity of our domain problem, namely the detection of visible land boundaries to revise existing cadastral maps, the original architecture was customised and is shown in Figure 2. The customisation included the removal of the first level of the original U-Net. This reduces the number of parameters that can be trained and was sufficient in terms of complexity for our domain problem.



The model was trained using the Berkeley segmentation data set 500 (BSDS500) and is available at [34]. BSDS500 is an accessible dataset and a standard benchmark for image segmentation and edge or boundary detection tasks that can be used to train the CNN while matching the domain problem of this study. The dataset consists of 500 everyday images and their corresponding labels. The approach is intended to be transferable to images of other scenes and contexts—for example, UAV images. The data is organised in training, validation, and test subsets. Each image has hand-labelled boundaries that come from an average of five annotators, or about 2500 samples in total. To increase the number of training samples and to improve the flexibility of the validation split, the images of the training and validation subsets were merged into one. In addition, the target image size was set to 256 × 256 pixels.



Training a CNN requires a lot of memory and a powerful graphics processing unit (GPU) to perform efficient computations. To combat this, the training of the customised U-Net with the BSDS500 dataset was performed in Google Collaboratory [35]. The model was implemented in Keras [36], and the process was written in Python using the TensorFlow library [37]. The trained model was tested using UAV images with a size of 256 × 256 pixels.




2.2. Visible Boundary Detection from UAV Data


Two rural areas were selected to test the U-Net model, one in Ponova vas and the other in Odranci, both in Slovenia. The rural areas were chosen because the number of visible cadastral boundaries in these areas is higher than in dense urban areas.



In Ponova vas, the flight altitude was set to 80 m, and 354 images were acquired to cover the study area (Figure 3a). The UAV images were indirectly georeferenced using 12 ground control points (GCPs) evenly distributed over the field. The GCPs were surveyed with real-time kinematic (RTK) using the global navigation satellite system (GNSS) and Leica Viva receiver. The study area had an area of 25 ha, and an orthoimage with ground sampling distance (GSD) of 2.0 cm was produced from UAV images.



In Odranci, UAV images were acquired at the altitude of 90 m, and 997 images were acquired to cover the study area (Figure 3b). A total of 18 GCPs were used to georeference the UAV images. The GCPs were surveyed using RTK with the Leica GS18 GNSS receiver. The GSD of the produced orthoimage was 2.3 cm, and the study area had an area of 63.9 ha.



All UAV data were acquired using a rotary-wing drone, the DJI Phantom 4 Pro. The selected rural areas included agricultural fields, roads, tree groves, and hedgerows. Table 1 shows the specifications of the UAV data.



UAV orthoimages for Ponova vas and Odranci were randomly tiled in 256 × 256 pixels. To increase the field of view for each tile, the original spatial resolution of the UAV orthoimages had to be converted to a larger GSD, from 2 cm to 25 cm, using the nearest neighbour resampling method. In addition, corresponding ground truth images (also called label images) were created for each UAV image. The 256 × 256 × 1 ground images were created from the manually digitised visible land boundaries, which were originally in the vector format (Figure 3a,b). Since the predicted boundary maps were in the raster format, the reference boundaries were buffered by 50 cm and later rasterised using tools from GRASS GIS [38]. Comparison of the predicted boundaries with the manually vectorised boundaries allowed the CNN model to be evaluated, i.e., the ability of the model to produce boundary maps for visible land boundaries.



In addition, cadastral boundaries were also used as reference data. The cadastral boundaries were rasterised using the same tool and buffer size as the manual boundaries. Unlike the manual approach, by comparing the predicted boundaries with the cadastral boundaries, the number of cadastral boundaries that overlap with the visible land boundaries can be determined. This approach allowed existing cadastral maps to be revised. The current cadastral boundaries were retrieved from the e-portal of the Slovenian NMCA, an online platform for requesting official cadastral data [39].



The predicted boundary maps were not georeferenced. Since georeferencing is a key component in cadastral mapping, further edits were made. First, the predicted boundary maps (for each UAV tile) were georeferenced. Second, the georeferenced tiles were merged to obtain the boundary map for the entire extent. The analysis and further processing were performed using GDAL [40], Rasterio [41], and Numpy [42]. After georeferencing, the merged boundary maps were used to evaluate the accuracy and to quantify the overlap between visible and cadastral boundaries.




2.3. Accuracy Assessment


The accuracy assessment refers to the evaluation of the CNN model and the evaluation of the detection quality of the visible land boundaries for the UAV data.



The CNN model, namely the customised U-Net model, was monitored with accuracy and loss during the training. The loss represents the difference between the boundaries predicted by the model and the reference boundaries. In this study, cross-entropy loss was used—the most common loss function used in CNNs. The performance of the model was measured using overall accuracy. Overall accuracy as an evaluation metric is defined as the sum of correctly predicted boundaries by the model divided by all predicted boundaries. The definitions and equations for cross-entropy and overall accuracy can be found in [43].



Boundary detection based on CNNs falls into the domain of binary classification. Here, it is a challenge to find balanced pixels for the classes “boundary” and “no boundary”. The reason is that the number of background pixels (class “no boundary”) in predicted boundary maps or cadastral maps is always much higher than the number of pixels representing the boundaries themselves. For this reason, detection quality (i.e., the degree of correctly detected visible boundaries compared to reference data) was evaluated by calculating the F1 score, recall, and precision—more appropriate metrics for unbalanced classes. In such a calculation, the “boundary” pixels were defined as a positive class since this was the focus of our study.



Table 2 shows the confusion matrix used to evaluate the detection quality of visible land boundaries and the overlap between visible and cadastral boundaries. The confusion matrix classifies pixels into true positive (TP), false positive (FP), true negative (TN), and false negative (FN).



Based on the number of pixels in the confusion matrix, recall and precision are calculated with the following equations:


  r e c a l l = TP /  (  TP + FN  )   



(1)






  p r e c i s i o n = TP /  (  TP + FP  )   



(2)







Recall can be interpreted as completeness, while precision means correctness, and both are important for cadastral mapping. The F1 score is composed of recall and precision and is expressed by the following equation:


  F 1   s c o r e = 2 ∗  (  r e c a l l ∗ p r e c i s i o n  )  /  (  r e c a l l + p r e c i s i o n  )   



(3)








2.4. Vectorisation of Predicted Boundary Maps—Hough Transform


Current cadastral maps are in the vector format and are usually integrated into the GIS environment. To obtain cadastral compliant output data, an automatic vectorisation process was implemented. The predicted boundary maps were available in the raster format, with pixel values from 0 to 1—for each UAV tile as the input. Once georeferenced, the predicted boundaries were automatically vectorised using the Hough transform [44,45]. Vectorisations were performed for binary predicted maps, with a threshold “boundary” ≥0.3 and “boundary” ≥0.5. Thresholds were chosen based on an assessment of the accuracy of detected visible land boundaries.



The Hough transform extracts straight lines or curves from images and can be used for digitising cadastral maps [46], or for the extraction of land boundaries [47]. The feature extraction technique was implemented in Matlab. Here, the technique was designed to detect lines, using the parametric representation of a line:


  ρ = x   c o s θ + y   s i n θ    



(4)




where:



ρ—the distance from the origin to the line along a vector perpendicular to the line,



θ—the angle between the x-axis and this vector.



Various parameters for vectorisation were tested and empirically confirmed that the following parameters generally gave the best results: the resolution for ρ and θ was set to 2 and 0.05, respectively, and lines with a length of at least 10 pixels and filled gaps of 10 pixels between segments of a straight line were searched for. Vectorisation of relatively small tiles using Hough transform is not computationally demanding, which allowed us to implement it iteratively. After vectorising the straight line which corresponded to the highest value of Hough transform, the pixels in the binary image within a distance of 3 pixels from the vectorised line were set to 0. Then the Hough transformation was performed again. With the implemented method, the lines were simplified and avoided the vectorisation of doubly adjacent lines.





3. Results


3.1. CNN and Training Approach


Based on the custom U-Net architecture, the CNN was trained with the BSDS500 dataset, with the target size set to 256 × 256 pixels. The training images were in RGB, and 30% of the training data was used for validation. This resulted in 1505 samples for training and 645 samples for validation.



After some testing, the training parameters were adjusted to fine-tune the model. To avoid changing the size of the predicted boundary maps for each input image, a max-pooling method with equal padding was specified. In addition, a dropout rate of 0.5 was used. The dropout rate is used to ignore randomly selected neurons to avoid overfitting the model. The layer depth was set to 1024, and a sigmoid was used as the final activation layer. During training, the Adam optimiser was used with a learning rate of 10−4.



The model was trained with a batch size of 16 for 50 epochs. The early stop function with the patience of 10 epochs was activated. This feature stops training when the performance of the model in a validation dataset stops improving. The number of steps per epoch was calculated by dividing the total number of training samples by the batch size. Training was performed in Google Collaboratory. The service provides access to different GPUs that affect the training time. In this study, the service provided a GPU with 12.7 GB RAM. The early stop ended the training at epoch 18, which took 1.5 h. With a more powerful GPU, e.g., 25 GB, training the model for 100 epochs took 82 min (with a batch size of 32 and without early stop). The training performance of the adapted U-Net is shown in Figure 4.




3.2. Visible Boundary Detection from UAV Imageries


Once the model was trained, it was applied to 256 × 256 × 3 UAV images to detect visible land boundaries. A prediction boundary map was created for each UAV tile. The boundary maps were georeferenced and merged to determine the total extent of the test area. The results of the predicted boundary maps based on georeferenced and merged UAV tiles are shown in Figure 5 and Figure 6. In addition, the results obtained with the customised CNN were compared with the original U-Net.



The predicted boundary maps, shown in Figure 5 and Figure 6, had pixel values ranging from 0 to 1. To evaluate the detection quality of the visible land boundaries, the predictions were compared to the ground truth data on land boundaries that had been manually digitised from the UAV imagery. The ground data consisted of two classes, i.e., “boundary” and “no boundary” with values of 1 and 0, respectively, so the predicted boundary maps were reclassified into two classes with threshold values of 0.3 and 0.5. The results of the reclassified boundary maps are shown in Figure 7 and Figure 8.



Next, we evaluated the accuracy of the reclassified boundaries for both models, i.e., the customised model and the original U-Net model. The results of the accuracy evaluation are shown in Table 3 and Table 4.




3.3. Revision of Existing Cadatral Data on Land Boundaries


The predicted land boundary maps with the highest F1 score, obtained with customised CNN (Table 3 and Table 4), were used to further revise the existing cadastral maps for the two test areas, Ponova vas and Odranci. In addition, the manually vectorised visible boundaries were compared with the existing cadastral data on land boundaries to obtain reference values for the overlap of the two geospatial data layers. The revision of the existing cadastral maps was based on the same metrics used to evaluate accuracy in the previous section. The existing cadastral maps were compared to the automatically detected visible boundaries, as shown in Figure 9 and Figure 10. The accuracy assessment is shown in Table 5 and Table 6.



The predicted boundaries were vectorised to match the format of the current cadastral data. Vectorisation was performed using the Hough transform. The fill gap of 10 was applied because it was considered more appropriate, and we thus avoided the possibility of bias in the predicted boundaries. This approach not only vectorised the pixels defined as the “boundary” but also produced straight lines, which are crucial for cadastral mapping. This can be considered a vectorisation and simplification step. Once the vectorisation was complete, we also created an overlapping (discrepancy) map, which can be seen in Figure 11.





4. Discussion


The discussion is divided into three parts: (i) CNN and training approach for visible land boundary mapping; (ii) detection of visible land boundaries using UAV imagery and deep learning and (iii) revision of existing cadastral maps based on the detected and digitised visible land boundaries, addressing the objectives of our study.



4.1. CNN and Training Approach


In general, deep learning is a relatively new research area in the geospatial domain and offers great potential for feature recognition from remote sensing imagery [30]. The upscaling deep learning solutions, including CNNs, for visible land boundary detection is becoming increasingly important, especially for UAV-based cadastral mapping [27,29]. Deep learning requires processing a large amount of training data and powerful computations. In this study, an efficient and cost-effective deep learning approach was developed that provides reasonable results and helps to further automate the cadastral mapping process.



The CNN model is based on the U-Net architecture [33]. Since our research problem was binary classification, the original U-Net architecture was simplified (Figure 2) to reduce the number of training parameters and training time. This led to a more efficient and, at the same time, more accurate result compared to the original architecture (Figure 5 and Figure 6 and Table 3 and Table 4).



Training of the CNN model was based on the BSDS500 dataset [34]. This dataset is well known for edge or boundary detection tasks and already fitted the purpose of the study. The CNN model was trained from scratch, and no additional preparation of the training data was completed since the dataset contained both images and labels. Typically, CNNs are trained from scratch or by transfer learning. Both approaches require the preparation of custom training data, including images and labels, which usually takes some time and has already been highlighted in [27,28,29]. However, the amount of training data depends on the type of CNN architecture used. For example, the U-Net is an architecture that requires less training data and still provides accurate localisations [33]. In this study, the model was trained with 1505 samples, which can be considered a small amount of training data, but the model still provided satisfactory results. In addition, the model was trained for 18 epochs and required a total of 1.5 h to complete the training, which can also be considered a fast approach. The CNN model was trained in Google Collaboratory [35]. This approach reduces the cost of strong GPUs and RAM and can be considered a low-cost approach. The only bottleneck is the provided RAM memory, which varies from 12.7 GB to 25 GB. These variations also affect the training time. In addition, there were some interruptions during the training, so a local computer is beneficial in this area and can be considered a more stable solution.



Model performance during training was monitored by loss, overall accuracy, and F1 score (Figure 4). The loss decreased steadily from the first epoch to the end of training. The early stop function monitored the validation loss to stop the training before the model was over-fitted. The overall accuracy had high values from the beginning of the training, mainly due to the unbalanced pixels for the “boundary” and “no boundary” classes. In addition, the F1 score was applied. At this point, it should be emphasised that the overall accuracy cannot be considered as a suitable metric to monitor the performance of the model during training. The reason is that the main problem in boundary detection tasks is the unbalanced number of pixels per class. Normally, the boundary pixels occupy a small number of pixels compared to the background pixels. For this reason, the model was additionally monitored with the F1 score, which was calculated only for pixels of the class “boundary”.




4.2. Visible Boundary Detection from UAV Imageries


In this study, deep learning was used as a detector for visible land boundaries. Once the model was trained, it was applied to the UAV test data. First, the original UAV or-thoimages were resampled from 2 cm to 25 cm GSD. This was performed to increase the field of view for each test UAV tile with a size of 256 × 256 pixels. A map of visible land boundaries was created for each tile. Second, the predicted boundary maps were georeferenced and later merged, as this is essential for cadastral mapping.



To evaluate the quality of the predicted boundary maps, they were compared with manually digitised boundaries from UAV orthoimagery. The evaluation was based on recall, precision, and F1 score, as this is considered a reasonable and unambiguous approach. Boundary maps were buffered (with 50 cm) and rasterised, and a value of 0 was set for the “no boundary” class and a value of 1 for the “boundary” class. The boundary maps generated by the CNN model originally ranged from 0 to 1. Therefore, the boundary maps were reclassified with a threshold value where “boundary” ≥ 0.3 and “boundary” ≥ 0.5.



Boundary maps with a threshold of 0.3 generated more balanced values for recall and precision (and at the same time a higher F1 score) compared to predictions with a threshold of 0.5 (Table 3 and Table 4). For Ponova vas, we obtained an F1 score of 0.60 for a threshold of 0.3 and an F1 score of 0.55 for a threshold of 0.5. In the case of Odranci, the results showed an F1 score of 0.54 and 0.51 for a threshold of 0.3 and 0.5, respectively. It is worth highlighting here that the higher the threshold for the “boundary” class, the higher the precision and the lower the recall. For cadastral mapping, both values can be considered relevant since recall represents completeness (the number of detected boundaries compared to the reference data), while precision represents the correctness of the detected boundaries. Considering this, an F1 score as high as possible would have been desirable. The threshold can be used as an aid or balance between recall and precision and can be used depending on the purpose or requirement. In short, the higher the completeness or the detected boundaries, the lower the correctness and vice versa.



Boundary maps created using a customised CNN (basically a simplified U-Net) were additionally compared to a CNN based on the original U-net architecture [33]. This was used to evaluate our adapted approach. The results obtained with the original U-Net for both thresholded boundary maps showed worse results compared to our adapted model. The best results were obtained for reclassified boundary maps with a threshold of 0.3, namely an F1 score of 0.54 for Ponova vas and an F1 score of 0.49 for Odranci.



What would be a perfect F1 score for cadastral mapping is not easy to determine. First of all, not all cadastral boundaries are visible. Second, it depends on the area where the CNN model is tested and the scenes it covers, for example, rural, urban, or mixed. This is also true when comparing the results of one study to another, as methods and case studies differ, thus making reliable comparison impossible [27,28]. However, for further analyses, such as revising existing cadastral boundaries, an F1 score of 60 is considered sufficient for rapid analysis, especially in rural areas.




4.3. Revision of Existing Cadatral Data on Land Boundaries


Predicted visible land boundaries were compared with official data, i.e., cadastral boundaries, to revise current cadastral maps [39]. The cadastral boundaries were buffered and rasterised in the same manner as the manually delineated boundaries. The boundary maps that provided a higher F1 score were selected to revise the existing cadastral maps in Ponova vas and Odranci, both in Slovenia. The revision was based on the same metrics, namely recall, precision, and F1 score. Before comparing the predicted boundaries with the cadastral boundaries, reference values were generated by comparing the cadastral boundaries to the manually delineated visible land boundaries on the same UAV imagery (Table 5 and Table 6). This was undertaken because the manually digitised boundaries were assumed to have complete and correct data and were defined as ground truth data.



In the case of Ponova vas, it was obvious even from visual interpretation that the cadastral map was outdated (Figure 9a). The currently visible land boundaries (the boundaries that define the use of the land on site) did not match the cadastral boundaries. This was also confirmed by the accuracy assessment. The results presented in Table 5 showed very low values, namely a recall of 0.06, a precision of 0.10 and an F1 score of 0.07 compared to the predicted boundaries. Almost the same results were obtained when comparing with the ground truth data (recall: 0.05, precision: 0.09, F1 score: 0.07). In this case, very low metrics, specifically low recall, can be interpreted as an indicator of the identification of specific areas where cadastral updates are needed. In addition, the metrics generated when compared to the predictions also did not indicate any overlap between the visible and cadastral boundaries (regardless of the fact that not all visible boundaries were automatically generated). A very low recall indicates that there must also be a problem with the directions of the cadastral boundaries and that they do not correspond to the situation on the ground. In order to align the land possession and (legal) cadastral data, a complex revision of cadastral data is required in Ponova vas, using legal cadastral instruments, such as the setting up cadastral data or restructuring of land parcels through complex land consolidation. For these purposes, the provided data on visible land boundaries can serve as important input data, for creating or updating cadastral maps [16,20].



In the case of Odranci, the situation is a little different since the direction of the cadastral boundaries matched the direction of the visible land boundaries (Figure 10a). The results yielded a recall of 0.21, a precision of 0.49, and an F1 of 0.29, compared to reference values of 0.37, 0.63, and 0.47. From these metrics, 37% of the visible land boundaries overlapped with the cadastral boundaries, which corresponded to a correctness of 63% (based on ground truth data). Our CNN provided a lower F1 score, which was to be expected, but at the same time, it was sufficient to determine boundary overlaps [3]. The values of recall and precision indicated that the direction and location of the cadastral boundaries were consistent with the visible boundaries. The low values for overlap could be due to excessive fragmentation. Many parcels were fragmented into small pieces while they were shown under the same land cover in the UAV imagery. This was also evident from the visual interpretation. A simplified land consolidation merging land units would have been preferable in Odranci, where, again, the provided data on visible land boundaries can serve as important input data.



For both study areas, the predicted boundary maps were also vectorised using the Hough transform (Figure 11). In addition to vectorisation, the Hough transform provided straight lines and filled some gaps—this can also be considered a simplification approach. In this study, a filling gap of 10 was used so as not to bias the predicted results. Moreover, increasing the value for filling the gaps sometimes led to undesirable results. Vectorisation is crucial for cadastral mapping because it allows for further analysis. In this study, the evaluation of accuracy was performed on a pixel basis. Further studies could focus on comparing pixel-based methods with object-based methods to evaluate accuracy, such as the buffer overlay method [48], once the predicted boundaries are vectorised. In the buffer overlay method, the buffer can be increased around the cadastral data, which is called a tolerance in cadastral applications; this may not affect the assessment of completeness because the approach is based on the length that falls within the buffer. In the pixel-based method, if the width or buffer of the reference data is increased while the predictions are thinner, this would lead to a bias in completeness and correctness.





5. Conclusions


In the last decade, much attention has been given to the creation of cadastral maps and the establishment of cadastral systems, including innovative surveying and mapping techniques, but less to the maintenance and sustainability of the cadastral systems. This article focused on data maintenance by revising existing cadastral maps using deep learning. The whole workflow was developed and presented, starting with training the CNN, detecting the visible land boundaries, georeferencing, evaluating the model and vectorising the predicted boundary maps, and revising the existing cadastral maps. The model was tested with UAV imagery, but the developed approach could also be used for satellite or aerial imagery.



The approach can be considered efficient and cost-effective in automatically identifying areas where updates of cadastral maps are needed. In addition, the identified visible land boundaries could be used as input data for updating cadastral data or other cadastral procedures that can be applied for cadastral mapping, including for land parcel restructuring. The identified visible land boundaries did not represent final cadastral boundaries. They can be considered as preliminary boundaries for quick analysis and public presentations of the current state of the art.



One of the main land administration problems in developed countries is to keep the cadastral system up to date. Here, an automated approach that identifies the areas where such updates are needed would highlight and narrow down this challenge for NMCAs. Overall, it can be said that automatic methods are faster but less accurate (once the model is trained), while manual methods provide slower but more accurate boundary delineations. Combining automatic methods with manual corrections can reduce the user effort and still provide high accuracy. However, when revising existing cadastral boundaries, an automatic approach is certainly desirable for many NMCAs. It should also be reiterated that not all cadastral boundaries are visible in remote sensing imagery and not all can be automatically detected or extracted. Therefore, automating invisible cadastral boundaries by tagging them prior to UAV or satellite imagery acquisition could be an interesting and challenging task for further research.
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Figure 1. Generalised workflow applied in this study. 
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Figure 2. Convolutional neural network (CNN) based on customised U-Net architecture. 
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Figure 3. Manually delineated visible land boundaries; (a) UAV orthoimage with ground sampling distance (GSD) of 0.25 m Ponova vas, Slovenia; (b) UAV orthoimage with GSD of 0.25 m for Odranci, Slovenia; (a,b) (EPSG 3794). 
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Figure 4. Performance of customised U-Net: (a) loss, (b) accuracy, and (c) F1 score for our fine-tuned model. 
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Figure 5. Georeferenced and merged boundary maps for the test area in (a) Ponova vas, Slovenia. Predicted boundary map with (b) customised CNN, and (c) original U-Net architecture. 
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Figure 6. Georeferenced and merged boundary maps for the test area in (a) Odranci, Slovenia. Predicted boundary map with (b) customised CNN, and (c) original U-Net architecture. 
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Figure 7. (a) Ground truth image for Ponova vas, Slovenia. (b,c) Reclassified boundary maps obtained with customised CNN: (b) with threshold “boundary” ≥ 0.3, and (c) with threshold “boundary” ≥ 0.5. 
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Figure 8. (a) Ground truth image for Odranci, Slovenia. (b,c) Reclassified boundary maps obtained with customised CNN: (b) with threshold 0.3, and (c) with threshold 0.5. 
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Figure 9. Revision of the cadastral map in Ponova vas: (a) Cadastral boundaries; (b) manually vectorised visible boundaries; and (c) predicted visible boundaries with customised CNN; (a–c) overlaid on UAV imagery. 
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Figure 10. Revision of cadastral map in Odranci: (a) Cadastral boundaries; (b) manually vectorised visible boundaries; and (c) predicted visible boundaries with customised CNN; (a–c) overlaid on UAV imagery. 
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Figure 11. Vectorised predictions overlaid with cadastral boundaries: (a) discrepancy map for Ponova vas; (b) discrepancy map for Odranci. 
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Table 1. Specification of the unmanned aerial vehicle (UAV) dataset for the selected study areas.
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Location

	
UAV Model

	
Camera/Focal Length [mm]

	
Overlap Forward/Sideward

	
Flight

Altitude

	
GSD

[cm]

	
Coverage

Area [ha]






	
Ponova vas,

Slovenia

	
DJI Phantom 4 Pro

	
1” CMOS/24mm

	
80/70

	
80 m

	
2.01

	
25.0




	
Odranci,

Slovenia

	
90 m

	
2.35

	
63.9
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Table 2. Confusion matrix.
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Ground Truth






	

	

	
Boundary

	
No boundary




	
Prediction

	
Boundary

	
TP

	
FP




	
No boundary

	
FN

	
TN
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Table 3. Assessment of the detection quality of visible land boundaries and comparison of approaches—Ponova vas.
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Test Area

	
Predictions

	
Customised U-Net (CNN)

	
Original U-Net (CNN)






	
Ponova vas

	
threshold

	
recall

	
precision

	
F1 score

	
recall

	
precision

	
F1 score




	
0.3

	
0.600

	
0.597

	
0.598

	
0.565

	
0.520

	
0.542




	
0.5

	
0.454

	
0.714

	
0.555

	
0.412

	
0.624

	
0.496
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Table 4. Assessment of the detection quality of visible land boundaries and comparison of approaches—Odranci.
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Test Area

	
Predictions

	
Customised U-Net (CNN)

	
Original U-Net (CNN)






	
Odranci

	
Threshold

	
recall

	
precision

	
F1 score

	
recall

	
precision

	
F1 score




	
0.3

	
0.534

	
0.549

	
0.598

	
0.495

	
0.494

	
0.494




	
0.5

	
0.438

	
0.615

	
0.511

	
0.355

	
0.592

	
0.444
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Table 5. Assessment of the overlap between cadastral boundaries and land visible boundaries—Ponova vas.
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Cadastral Map






	

	
Boundary Map

	
recall

	
precision

	
F1 score




	
Ponova vas

	
Manually

	
0.051

	
0.090

	
0.065




	

	
Predicted

	
0.055

	
0.095

	
0.070
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Table 6. Assessment of the overlap between cadastral boundaries and land visible boundaries—Odranci.
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Cadastral Map






	

	
Boundary Map

	
recall

	
precision

	
F1 score




	
Odranci

	
Manually

	
0.372

	
0.627

	
0.467




	

	
Predicted

	
0.207

	
0.491

	
0.291
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