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Abstract

:

There is a growing demand for cheap and fast cadastral mapping methods to face the challenge of 70% global unregistered land rights. As traditional on-site field surveying is time-consuming and labor intensive, imagery-based cadastral mapping has in recent years been advocated by fit-for-purpose (FFP) land administration. However, owing to the semantic gap between the high-level cadastral boundary concept and low-level visual cues in the imagery, improving the accuracy of automatic boundary delineation remains a major challenge. In this research, we use imageries acquired by Unmanned Aerial Vehicles (UAV) to explore the potential of deep Fully Convolutional Networks (FCNs) for cadastral boundary detection in urban and semi-urban areas. We test the performance of FCNs against other state-of-the-art techniques, including Multi-Resolution Segmentation (MRS) and Globalized Probability of Boundary (gPb) in two case study sites in Rwanda. Experimental results show that FCNs outperformed MRS and gPb in both study areas and achieved an average accuracy of 0.79 in precision, 0.37 in recall and 0.50 in F-score. In conclusion, FCNs are able to effectively extract cadastral boundaries, especially when a large proportion of cadastral boundaries are visible. This automated method could minimize manual digitization and reduce field work, thus facilitating the current cadastral mapping and updating practices.
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1. Introduction


Cadasters, which record the physical location and ownership of the real properties, are the basis of land administration systems [1]. Nowadays, cadastral mapping has received considerable critical attention. An effective cadastral system formalizes private property rights, which is very important to promote agricultural productivity, secure effective land market, reduce poverty and support national development in the broadest sense [2]. However, it is estimated that over 70% of the world population does not have access to a formal cadastral system [3]. Traditional field surveying approaches to record land parcels are often claimed to be time-consuming, costly and labor intensive. Therefore, there is a clear need for innovative tools to speed up this process.



Since the availability of very high resolution (VHR) satellite or aerial images, remote sensing has been used for mapping cadastral boundaries instead of field surveying, and is advocated by fit-for-purpose (FFP) land administration [4]. In practice, cadastral boundaries are often marked by physical objects, such as roads, building walls, fences, water drainages, ditches, rivers, clusters of stones, strips of uncultivated land, etc. [1]. Such boundaries are visible in remotely sensed images and bear the potential to be automatically extracted through image analysis algorithms, hence avoiding huge fieldwork surveying tasks. According to FFP, boundaries measured through on-site cadastral surveys using total station or the Global Navigation Satellite System (GNSS) with a precise location are considered as fixed, while boundaries delineated from high-resolution imagery are called general [4]. Although less spatially precise, general boundary approaches are much cheaper and faster than conventional cadastral surveys. Typically, high-resolution satellite images (HRSI) have been used for interpreting cadastral boundaries, but there are still obstacles such as high cost, cloudy or dated imagery [5]. Therefore, Unmanned Aerial Vehicles (UAV), renowned for low-cost and high spatial–temporal resolution, as well as being able to fly under clouds, are chosen as the data source for cadastral boundary extraction in this research.



The detection of cadastral boundaries from remotely sensed images is a difficult task. Above all, only visible cadastral boundaries coinciding with physical objects are detectable in the image. Moreover, as visible cadastral boundaries can be marked by different objects, spectral information alone is insufficient for the detection. In other words, there exists a sematic gap between the high-level boundary concept and low-level visual cues in the image. More reliable and informative features should be constructed to bridge the semantic gap, thus more advanced feature extraction techniques are needed.



State-of-the-art methods are mostly based on image segmentation and edge detection [6]. Segmentation refers to partitioning images into disjoint regions, inside which the pixels are similar to each other with regard to spectral characteristics [7]. Researchers claimed that segmentation-based approaches have two general drawbacks: Sensitive to intra-parcel variability and dependent on parameter selection. The latter often requires prior knowledge or trial and error [8]. Multi-Resolution Segmentation (MRS) is one of the most popular segmentation algorithms [9]. Classical edge detection aims to detect sharp changes in image brightness through local measurements, including first-order (e.g., Prewitt or Sobel) and second-order (e.g., Laplacian or Gaussian) derivative-based detection [10]. Derivative-based edge detection is simple but noise sensitive. Amongst others, the Canny detector is justified by many researchers as a predominant one, for its better performance and capacity to reduce noise [6]. More recently, learning-based edge detection stands out as remarkable progress, which combines multiple low-level image cues into statistical learning algorithms for edge response prediction [10]. Globalized Probability of Boundary (gPb) is considered as one of the state-of-the-art methods. It involves brightness, color and texture cues into a globalization framework using spectral clustering [11]. Both MRS and gPb are unsupervised techniques, hence the high-level cadastral boundary is still hard to distinguish from all the detected edges.



Recent studies indicate that deep learning methods such as Convolutional Neural Networks (CNNs) are highly effective for the extraction of higher-level representations needed for detection or classification from raw input [12], which brings in new opportunities in cadastral boundary detection. Traditional CNNs are usually made up of two main components, namely convolutional layers for extracting spatial-contextual features and fully connected feedforward networks for learning the classification rule [13]. CNNs follow a supervised learning algorithm. Large amounts of labeled examples are needed to train the network to minimize the cost function which measures the error between the output scores and the desired scores [14]. Fully Convolutional Networks (FCNs) are a more recent deep learning method. In an FCN architecture, the fully connected layers of traditional CNNs are replaced by transposed convolutions. This is the reason why these networks are called fully convolutional. As compared to CNNs, FCNs are able to perform pixel-wise predictions and accept arbitrary-sized input, thus largely reducing computational cost and processing time [15]. The superiority of FCNs in feature learning and computational efficiency makes them promising for the detection of visible cadastral boundaries, which provides the predominant motivation of this research. To the best of the authors’ knowledge, this is the first study investigating FCNs for cadastral boundary extraction.



In the remainder of this article, we apply deep FCNs for cadastral boundary detection based on UAV images acquired over one urban and one semi-urban area in Rwanda. We compare the results of FCNs with two other state-of-the-art image segmentation and edge detection techniques, namely MRS and gPb [9,11]. The performance of these methods is evaluated using the precision-recall framework. Specifically, to provide better insights into the detection results, we provide a separate accuracy assessment for visible and invisible cadastral boundaries, and an overall accuracy assessment for all cadastral boundaries.




2. Study Area


For the purpose of the study two sites within the Musanze district, Amajyaruguru Province of Rwanda, representing an urban and sub-urban setting, respectively, were selected as case-study locations. The selection is based on the availability of UAV images and the morphology of cadastral boundaries. The urban site is located in the Muhoza sector and the sub-urban site is in the Busogo sector. Figure 1 gives an overall view of the study area.



In 1962, land ownership in Rwanda had changed from customary law to a system of state ownership. In 2005, a new policy was accepted called Organic Land Law (OLL) with the aim to improve land tenure security. Rwanda is one of the countries which first tested the FFP approach. Since 2008, the country has been fully covered by aerial images acquired and processed by a Dutch company [16]. Even compromising with accuracy, Rwanda generated its national cadastral map based on these aerial images using a participatory mapping approach. However, due to the continuously changing environment, the data is currently outdated. New technologies supporting cheap, efficient and fit-for-purpose accurate cadastral mapping will largely facilitate the data updating practices in Rwanda. Therefore, the selection of the study area has been led by the impending local demand for data update.




3. Materials and Methods


The workflow of this research includes three major parts, namely data preparation, boundary detection and accuracy evaluation. In the first part, we selected three training tiles and one testing tile from each study area and prepared the RGB layer and boundary reference for each tile. In the second part, we applied FCNs, MRS and gPb for cadastral boundary detection and validated their performance based on the testing tiles. For the last part, we employed precision-recall measures for accuracy assessment, with a 0.4 m tolerance from reference data.



3.1. Data Preparation


The UAV images used in this research were acquired for the its4land (https://its4land.com/) project in Rwanda in 2018. All data collection flights were carried out by Charis UAS Ltd. The drone used for data collection in Busogo was a DJI Inspire 2, equipped with Zenmuse X5S sensor. The drone used in Muhoza was a FireFLY6 from BIRDSEYEVIEW, with a SONY A6000 sensor. Both sensors acquire three bands (RGB) and capture nadir images. The flight height above the ground for Busogo was 100 m and for Muhoza 90 m. The final Ground Sampling Distance (GSD) was 2.18 cm in Busogo and 2.15 cm in Muhoza. For more detailed information about flight planning and image acquisition refer to [17].



In this research, the spatial resolution of the UAV images was resampled from 0.02 m to 0.1 m considering the balance between accuracy and computational time. Four tiles of 2000 × 2000 pixels were selected from each study site for the experimental analysis. Among them, three tiles were used for training and one for testing the algorithm. The training and testing tiles in Busogo are named TR1, TR2, TR3 and TS1, and those in Muhoza are named TR4, TR5, TR6 and TS2 (Figure 2).



For each tile, RGB images and the boundary reference were prepared as input for the classification task. The reference data was acquired by merging the 2008 national cadaster and Rwandan experts’ digitization. The 2008 national cadaster is currently outdated, hence the experts’ digitization is provided as supplements. This acquired reference was presented as polygons in a shapefile format showing the land parcels. However, to feed the FCN, the boundary reference has to be in a raster format with the same spatial resolution as RGB images. Therefore, we first converted the polygons into borderlines and then rasterized the boundary lines with a spatial resolution of 0.1 m. Figure 2 visualizes the RGB images and boundary reference for the selected tiles in Busogo and Muhoza. To have a better understanding of the detection results on the testing tiles, we separated the boundary reference as visible and invisible in TS1 and TS2, which are marked as green and red in the above maps, respectively. We extracted visible cadastral boundaries by following clearly visible features, including strips of stones, fences, edge of the rooftop, road ridges, change in textural pattern and water drainage. Table 1 shows the rules that we followed for extracting visible boundaries in an extraction guide. The rest are considered invisible cadastral boundaries.




3.2. Boundary Detection


3.2.1. Fully Convolutional Networks


We address boundary detection as a supervised pixel-wise image classification problem to discriminate between boundary and non-boundary pixels. The network used in this research is modified from the FCN with dilated kernel (FCN-DK) as described in [18]. We mainly did three modifications: (1) discarding the max-pooling layers; (2) using smaller-size filters; and (3) constructing deeper networks. A typical max-pooling layer computes the local maximum within the pooling filter, thereby merging the information of nearby pixels and reducing the dimension of the feature map [14]. In most cases, down-sampling is performed using pooling layers to capture large spatial patterns in the image, and then the coarse feature maps extracted through this process are up-sampled back to produce pixel-wise prediction at the resolution of the input image. However, in the structure of FCN-DK, max-pooling layers are designed not to down-sample the input feature map by using a stride of one, therefore avoiding the need for up-sampling in the later stage. Nevertheless, the max-pooling results in a smoothing effect which is reducing the accuracy of boundaries. We therefore discarded it in the proposed network. In [18], Persello and Stein also demonstrated a case study based on FCN-DK using six convolutional layers with a filter size of 5 × 5 pixels. We modified it into 12 convolutional layers with 3 × 3 filters, as two 3 × 3 filters have the same receptive field as one 5 × 5 filter but less learnable parameters. Moreover, compared to single larger-sized filters, multiple small filters are interleaved by activation functions, resulting in better abstraction ability. Therefore, with less learnable parameters and better feature abstraction ability, smaller filters along with deeper networks are preferred.



Figure 3 shows the architecture of the proposed FCN. It consists of 12 convolutional layers interleaved by batch normalization and Leaky Rectified Linear Units (Leaky ReLU). Batch normalization layer is used to normalize each input mini-batch [19], and Leaky ReLU is the activation function of the network [20]. The classification is performed by the final SoftMax layer.



The core components of our network are the convolutional layers. They can extract spatial features hierarchically at different layers corresponding to different levels of abstraction. The 3 × 3 kernels used in the convolutional layers are dilated increasingly from 1 to 12 to capture larger contextual information. As a result, a receptive field of up to 157 × 157 pixels was achieved in the final layer. In each convolutional layer, zero paddings were used to keep the output feature maps at the same spatial dimension as the input. Therefore, the proposed FCN can be used to classify arbitrarily sized images directly and obtain correspondingly sized outputs.



To train the FCN, we randomly extracted 500 patches for training and 500 patches for validation from each training tile. All the patches were fully labeled with a patch size of 145 × 145 pixels. Stochastic gradient descent with a momentum of 0.9 was used to optimize the loss function. The training is performed in multiple stages using a different learning rate. We use a learning rate of 10−5 for the first 180 epochs and a learning rate of 10−6 for another 20 epochs. A sudden decrease can be observed in the learning curves when the learning rate changes (Figure 4). The implementation of the network is based on the MatConvNet (http://www.vlfeat.org/matconvnet/) library. All experiments were performed on a desktop workstation with an Intel Core CPU i7-8750H at 2.2 GHz, 16 GB of RAM, and a Nvidia Quadro P1000 GPU. The training time for the FCN was 6 h for each study area.




3.2.2. Globalized Probability of Boundary (gPb)


Globalized Probability of Boundary (gPb) was proposed by Arbeláez et al. in 2011 [11]. gPb (global Pb) is a linear combination of mPb (multiscale Pb) and sPb (spectral Pb). The former conveys local multiscale Pb signals and the latter introduces global information. Multiscale Pb is an extension of the Pb detector advanced by Martin, Fowlkes and Malik [21]. The core block of Pb detector is calculating the oriented gradient signal (x,y,θ) from the intensity images. By placing a circular disc at the pixel location (x,) and dividing it into two half-discs at angle θ, we can obtain two histograms of pixel intensity values within each half-disc. (x,y,θ) is defined by the χ2 distance between the two histograms. For each input image, the Pb detector divides it into four intensity images, including brightness, color a, color b and texture channel. The oriented gradient signals are calculated separately for each channel. Multiscale Pb modifies the Pb detector by considering the gradients at three different scales, which means we give the discs three different diameters. Therefore, we can obtain local cues at different scales, from fine to coarse structures. For each pixel, the final mPb is obtained by combining the gradients of brightness, color a, color b and texture channel on three scales. Spectral Pb combines the multiscale image cues into an affinity matrix which defines the similarity between pixels. The eigenvectors of the affinity matrix which carry contour information are computed. They are treated as an image and convolved with Gaussian directional derivative filters. The sPb is calculated by combing the information from different eigenvectors.



Generally speaking, mPb detects all the edges while sPb extracts only the most salient one from the whole image. gPb combines the two and provides uniformly better performance. After detecting the boundary probability of each pixel using gPb, we also applied a grouping algorithm using the Oriented Watershed Transform and Ultrametric Contour Map (gPb–owt–ucm) to extract connected contours [11].




3.2.3. Multi-Resolution Segmentation (MRS)


We conducted MRS in eCognition software (version 9.4). MRS is a region-merging technique starting from each pixel forming one image object or region [22,23]. The merging criteria is local homogeneity, which describes the similarity between adjacent image objects. The merging procedure stops when all the possible merges exceed the homogeneity criteria.



MRS relies on several parameters, which are image layer weights, scale parameter (SP), shape and compactness. Image layer weights define the importance of each image layer to the segmentation process. In this research, we had three layers (RGB) in the input image. We gave them equal weights. Scale parameter is the most important parameter, which controls the average image object size [9]. A larger scale parameter allows higher spectral heterogeneity within the image objects, hence allowing more pixels within one object. Defining the proper SP is critical for MRS. In our research, we selected the SP resorting to the automatic Estimation of Scale Parameters 2 (ESP2) tool, which was advanced in [9]. Shape parameter ranges from 0 to 1. It indicates a weighting between the object’s shape and its spectral color. A high value in shape parameter means less importance is put on spectral information. We set a shape parameter of 0.3 in our research. Compactness defines how compact the segmented objects are. The higher the value, the more compact the image objects may be. It was set to 0.5 in this research.





3.3. Accuracy Assessment


The results in this research were evaluated considering the detection accuracy on the testing tiles. While validating the predicted results with reference data, a certain tolerance is often used in cadastral mapping. According to the International Association of Assessing Officers (IAAO), the horizontal spatial accuracy for cadastral maps in urban environments is usually 0.3 m or less, and in rural areas an accuracy of 2.4 m is sufficient [24]. Besides, FFP approaches advocates the flexibility in terms of accuracy to best accommodate social needs [3]. Complying with FFP land administration, we chose a 0.4 m tolerance for urban and peri-urban environments in this research. When adopted for other applications, this number can be adjusted correspondingly and according to the demands.



The accuracy assessment resorted to precision-recall measures, which are a standard evaluation technique especially for boundary detection in computer vision fields [21]. Precision (P), also called correctness, measures the ratio of correctly detected boundary pixels to the total detected boundary pixels. Recall (R), also called completeness, indicates the percentage of correctly detected boundaries to the total boundaries in the reference. The F measure (F) represents the harmonic mean between precision and recall [25]. As F combines both precision and recall, it can be regarded as an overall quality measure. The range of these three measures is between 0 and 1. Larger values represent higher accuracy.



Specifically, the accuracy assessment was done by overlapping the detected boundary with buffered reference data (0.4 m buffer). With the following table and formulas, we indicated how to calculate precision, recall and the F-score. Pixels labelled as boundary class in both detection and the buffered reference are called True Positive (TP), while pixels labelled as boundary in detection but non-boundary in the buffered reference are called False Positive (FP). The term False Negative (FN) and True Negative (TN) are defined similarly (Table 2). By overlaying the detection result with the buffered reference, we can obtain the value of TP, FP, TN and FN, respectively. TP stands for the number of correctly detected boundary pixels, and the sum of TP and FP indicates the number of total detected boundary pixels. Hence, we can calculate the value of precision through Formula 1. However, the sum of TP and FN stands for the number of total boundaries in the buffered reference, rather than the original reference. Therefore, we need to divide the sum of TP and FN by 8, which is the width of the buffered reference, to get the number of total boundaries in the original reference. This is because the buffered reference has a uniform width of 8 pixels, while the original reference is only single-pixel wide. Equations (2) and (3) show how to calculate recall and the F-score.



In order to know the capability of different methods in detecting visible and invisible cadastral boundaries, we calculated the classification accuracy for the visible cadastral boundary, invisible cadastral boundary and all cadastral boundaries, separately. By overlapping the detected boundary with the buffered reference of only visible, invisible or all cadastral boundaries, we obtain three sets of accuracy assessment results for each algorithm on every testing tile.


P=TP/(TP+FP), 



(1)






R=8⋅TP/(TP+FN), 



(2)






F=2⋅P⋅R/(P+R). 



(3)









4. Results


The proposed method along with the competing methods were implemented on both study sites, Busogo and Muhoza, to test their generalization ability. The results are evaluated considering the classification accuracy on the testing tiles using the precision-recall framework. The visual and numerical results of the testing tiles are demonstrated in the following table and figures.



Table 3 presents the separate accuracy for visible and invisible boundaries, as well as the overall accuracy for all cadastral boundaries of each algorithm on TS1 and TS2. Taking the classification accuracy of FCN on visible cadastral boundaries in TS1 as an example, FCN achieves 0.75 in precision, which means the ratio of truly detected visible boundaries to the total detected boundaries is 75%. The value of recall is 0.65, indicating 65% of visible cadastral boundaries among all the visible boundaries in the reference are detected. The final F-score of FCN is 0.70, which can be regarded as an overall measure of quality performance. Other results from Table 3 could be interpreted in the same way. Interestingly, according to the mathematical implications of precision, the sum of the P value on visible and invisible boundaries should be equal to the P value on all cadastral boundaries. We can easily verify this through the six sets of data in Table 3, with a small tolerance of ±0.03.



According to Table 3, FCN achieves an F-score of 0.70 on visible boundaries and 0.06 on invisible boundaries in TS1. The score of the former is much higher than the latter. A similar situation can also be witnessed in TS2, which indicates that FCN detects mainly visible cadastral boundaries. The F-score of FCN on all boundaries in TS1 is 0.52, larger than that in TS2 (0.48). We can interpret this result considering the proportion of visible cadastral boundaries (The proportion of visible cadastral boundaries in each tile are calculated by computing the ratio of the total length of visible cadastral boundaries to that of all cadastral boundaries) in each tile, which is 57% in TS1 and 72% in TS2. Surprisingly, with more visible cadastral boundaries, TS2 get poorer detection results. According to the R value of visible boundaries, 65% of visible cadastral boundaries are detected in TS1 and the number is only 45% in TS2. It means that although TS2 has more visible cadastral boundaries, less of them are detected. The main difference in detection ability of the FCN in TS1 and TS2 can be understood by considering the various types of visible cadastral boundaries. TS1 is located in a sub-urban area, with fences and strips of stones being the most predominant visible boundaries, whereas TS2 is in an urban area, where building walls and fences play the leading role. The better performance of FCN in TS1 indicates that FCN is good in detecting visible boundaries like fences and strips of stones, while cadastral boundaries that coincide with building walls are more difficult for FCN to recognize. Based on the above analysis we can conclude that FCN detects mainly visible cadastral boundaries, especially those demarcated by fences or strips of stones.



Comparing FCN to gPb–owt–ucm and MRS, the most salient finding is that under the same situation, like the detection accuracy for visible boundary in TS1 or all boundaries in TS2, the P value of FCN is always larger than that of gPb–owt–ucm and MRS, while the R value of FCN is always smaller. FCN always achieves the highest F-score. These results show that gPb–owt–ucm and MRS can detect large proportion of cadastral boundaries, but also many false boundaries. FCN has a very high precision rate, leading to the best overall performance.



Figure 5 shows the visible and invisible boundary references and the detected results of the investigated algorithms. According to Figure 5, the missing boundary fragments in the FCN classification output are mainly invisible boundaries. Besides, FCN has a more regular and cleaner output than gPb–owt–ucm and MRS. Although the outlines of buildings and trees correspond to strong edges, they are not confused by FCN with cadastral boundaries.



Figure 6 presents the error map of the detection results. By overlapping the detection map with the boundary reference, the correctly detected boundaries are marked as yellow; the false detection rea marked as red; and the missing boundaries are marked as green. Figure 6 supplies a better intuition of the detection results. Fewer red lines can be observed in the FCN output as compared to the other two algorithms, once again proving that FCN has higher precision.



The difference in computational cost between these methods is also worth highlighting. As mentioned earlier, it takes 6 h to train the FCN. However, once trained well, one tile is classified in 1 min with the proposed FCN, whereas it takes 38 min for MRS and 1.5 h for gPb–owt–ucm, respectively.




5. Discussion


Considering the constraints of the invisible cadastral boundaries, land administration professionals perceived that a 40 to 50 percent automatic delineation would be very significant in reducing time and labor involved in cadastral mapping practices [26]. This goal is reached by FCN with a 0.4 m tolerance in both Busogo and Muhoza, indicating good generalization and transferability of the proposed approach in cadastral boundary mapping. From Section 4, the numerical results and visual results proves and supplements each other, suggesting two main findings: (1) The true positives detected by the FCN are mainly visible boundaries like fences and strips of stones; and (2) gPb–owt–ucm and MRS have high recall, while FCN has high precision and better overall performance.



Compared with alternative edge detection and image segmentation approaches, FCN achieved better overall performance. The reason lies in the strong feature learning and abstraction ability of FCN. Lacking abstraction ability, standard edge detection and image segmentation cannot fill the semantic gap between the high-level cadastral boundary concept and low-level image features. As a result, gPb–owt–ucm and MRS achieved high recall but low precision. In other words, gPb–owt–ucm cannot determine cadastral boundaries from all the detected contours, while MRS cannot eliminate over-segmentation caused by the spectral differences within one cadastral parcel. It is also worth noticing that FCN performs supervised boundary detection, while MRS and gPb–owt–ucm are both unsupervised techniques. This may explain their differences in the abstraction ability. Being supervised, the proposed FCN-based detector is trained to detect cadastral boundaries and to disregard other irrelevant edges like building outlines.



FCN can supply high precision, while gPb–owt–ucm and MRS can supply high recall. Therefore, for further study, we can consider a combination of these methods. We can combine them in two ways. The first one is to involve the output of gPb or MRS along with UAV images as input for FCN. FCN has a strong feature learning ability. It is possible that FCN can determine cadastral boundaries from the outputs of gPb or MRS, hence increasing both precision and recall. The second way is to apply an approach similar to [27], where the boundary map of FCN and the probability map of gPb are linearly combined and followed by the owt–ucm procedure to extract connected boundaries.




6. Conclusions


The deep FCN proposed in this research is capable of extracting visible cadastral boundaries from raw UAV images. Experiments carried out on both study sites achieved an F-score around 0.5. Very clean and clear boundaries were extracted by the proposed method, avoiding the effect of messy building contours. In both study sites, the proposed method performed better than contending algorithms. The knowledge of the local experts is needed to correct the extracted boundaries and include them in a final cadastral system. We conclude that the proposed automated method followed by experts’ final correction and verification can reduce the processing time and labor force of the current cadastral mapping and data updating practices.



So far, the proposed technique is mainly suitable when a large proportion of boundaries are visible. Detecting invisible boundaries, i.e., not demarcated by physical objects, from remotely sensed images is obviously extremely challenging. In other researches, invisible boundaries are identified by manual digitization via post-processing steps. The its4land project proposed a QGIS plugin (https://its4land.com/automate-it-wp5/) which supports an interactive, semi-automatic delineation to expedite the process. In the beginning of this research, the authors also attempted to fill this research gap by considering the fact that a cadastral boundary often lies in between two buildings. We tried to introduce building information as an additional input to train the FCNs for identifying the invisible boundaries. However, our experimental results obtained so far showed that there was no obvious improvement by adding building information in cadastral boundary detection. Further research is required in this direction. In future research, we will consider to improve the capability to detect cadastral boundaries (visible and invisible) using Generative Adversarial Networks (GANs) [28]. Within this framework, the generative model and discriminative model form an adversarial training, which is sharpening the training process by focusing on the most critical samples to learn. This approach is expected to improve the accuracy in boundary detection tasks which are often characterized by scarce training data.
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Figure 1. Study areas. Two case study sites in Rwanda were selected, namely Busogo and Muhoza, representing a sub-urban and urban setting, respectively. 
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Figure 2. The Unmanned Aerial Vehicle (UAV) images and boundary reference for selected tiles. TR1, TR2, TR3 and TS1 are selected tiles from Busogo; TR4, TR5, TR6 and TS2 are selected tiles from Muhoza. For each area, the former three were used for training and the last one was used for testing the algorithms. The boundary references in TR1~TR6 are the yellow lines. In TS1 and TS2, we separated the boundary references as visible (green lines) and invisible (red lines). 






Figure 2. The Unmanned Aerial Vehicle (UAV) images and boundary reference for selected tiles. TR1, TR2, TR3 and TS1 are selected tiles from Busogo; TR4, TR5, TR6 and TS2 are selected tiles from Muhoza. For each area, the former three were used for training and the last one was used for testing the algorithms. The boundary references in TR1~TR6 are the yellow lines. In TS1 and TS2, we separated the boundary references as visible (green lines) and invisible (red lines).



[image: Remotesensing 11 01725 g002]







[image: Remotesensing 11 01725 g003 550]





Figure 3. Architecture of the proposed FCN. 
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Figure 4. Learning curves of the FCNs in Busogo (left) and Muhoza (right). 
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Figure 5. Reference and classification maps obtained by the investigated techniques. The visible boundary references are the green lines; the invisible are the red lines; and the detected boundaries are the yellow lines. 
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Figure 6. The error map of the investigated techniques. Yellow lines are TP; red lines are FP; and green lines are FN. 






Figure 6. The error map of the investigated techniques. Yellow lines are TP; red lines are FP; and green lines are FN.



[image: Remotesensing 11 01725 g006]







[image: Table]





Table 1. Extraction guide for visible cadastral boundaries.
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Object class

	
Visible Cadastral Boundary




	
Input data

	
0.1 m × 0.1 m UAV image




	
Reference frame

	
Coordinate System: WGS 1984 UTM zone 35S

Projection: Transverse Mercator

False Easting: 500,000

False Northing: 10,000,000

Central Meridian: 27

Scale factor: 0.9996

Latitude of origin: 0.000

Units: Meter




	
Definition

	
A visible cadastral boundary is a line of geographical features representing limits of an entity considered to be a single area under homogeneous real property rights and unique ownership.




	
Identifying visible cadastral boundaries
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(a) Strip of stone

(b) Water drainage

(c) Road ridges

(d) Fences(e) Textural pattern transition

(f) Edge of rooftop




	
Extraction

	

	
Hypothesize and digitize cadastral boundary by applying expert and contextual knowledge



	
Digitize the middle of the line features



	
Use line features for digitization
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Table 2. Confusion matrix for binary classification.
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	Positive Prediction
	Negative Prediction





	Positive Class
	True Positive (TP)
	False Negative (FN)



	Negative Class
	False Positive (FP)
	True Negative (TN)
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Table 3. Classification accuracies of the Fully Convolutional Network (FCN), Globalized Probability of Boundary–Oriented Watershed Transform–Ultrametric Contour Map (gPb–owt–ucm) and Multi-Resolution Segmentation (MRS) on TS1 and TS2. Three kinds of accuracies are calculated by comparing the detected boundary to the reference of visible, invisible and all cadastral boundaries.
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Algorithm

	
Reference

	
TS1

	
TS2




	
P

	
R

	
F

	
P

	
R

	
F






	
FCN

	
visible

	
0.75

	
0.65

	
0.70

	
0.74

	
0.45

	
0.56




	
invisible

	
0.06

	
0.07

	
0.06

	
0.06

	
0.09

	
0.07




	
all

	
0.78

	
0.39

	
0.52

	
0.79

	
0.35

	
0.48




	
gPb-owt-ucm

	
visible

	
0.21

	
0.87

	
0.34

	
0.23

	
0.93

	
0.37




	
invisible

	
0.03

	
0.19

	
0.06

	
0.04

	
0.39

	
0.07




	
all

	
0.24

	
0.57

	
0.33

	
0.26

	
0.78

	
0.39




	
MRS

	
visible

	
0.19

	
0.82

	
0.31

	
0.18

	
0.90

	
0.30




	
invisible

	
0.05

	
0.27

	
0.08

	
0.04

	
0.56

	
0.08




	
all

	
0.23

	
0.57

	
0.33

	
0.22

	
0.80

	
0.35
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