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Abstract: In order to transcend the challenge of accelerating the establishment of cadastres and to
efficiently maintain them once established, innovative, and automated cadastral mapping techniques
are needed. The focus of the research is on the use of high-resolution optical sensors on unmanned
aerial vehicle (UAV) platforms. More specifically, this study investigates the potential of UAV-based
cadastral mapping, where the ENVI feature extraction (FX) module has been used for data processing.
The paper describes the workflow, which encompasses image pre-processing, automatic extraction
of visible boundaries on the UAV imagery, and data post-processing. It shows that this approach
should be applied when the UAV orthoimage is resampled to a larger ground sample distance (GSD).
In addition, the findings show that it is important to filter the extracted boundary maps to improve
the results. The results of the accuracy assessment showed that almost 80% of the extracted visible
boundaries were correct. Based on the automatic extraction method, the proposed workflow has
the potential to accelerate and facilitate the creation of cadastral maps, especially for developing
countries. In developed countries, the extracted visible boundaries might be used for the revision of
existing cadastral maps. However, in both cases, the extracted visible boundaries must be validated
by landowners and other beneficiaries.

Keywords: land plot; land cadastre; cadastral boundaries; cadastral maps; UAV; image processing;
image segmentation; feature extraction

1. Introduction

Establishing a complete land cadastre and keeping it up-to-date is a contemporary challenge
for many developing and developed countries, respectively [1,2]. In this research, the distinction
between ‘developing” and ‘developed’ countries is considered from a land administration perspective.
A developing country refers to a country with low cadastral coverage. A developed country refers to full
coverage of a country’s territory with defined cadastral land plot boundaries and associated land rights.
According to the International Federation of Surveyors (FIG) and the World Bank, only one-quarter of
people’s land rights across the world are formally recognized by cadastral or other land recording
systems [1]. Thus, in developing countries, initial efforts are directed to accelerating cadastral mapping
as a basis for defining and recording land rights boundaries and formalizing land-related rights aiming
to guarantee land tenure security [3,4]. In developed countries, beyond the initial adjudication stage
or establishment of a cadastre, another challenge is the maintenance of person-right-land relation
attributes and keeping the cadastral systems up-to-date [5,6]. In countries with a tradition and long
history of developing a cadastral system, conventional ground-based cadastral surveying techniques
and high positional accuracy of boundary surveying were required. Decades were needed to complete
the process of cadastral surveying/mapping and registration [1,6]. Although land cadastres were
established, some of the cadastral systems could not be maintained, which led to outdated cadastral
maps. Person-right-land relationship is complex and dynamic. Keeping the cadastral system up-to-date
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(continuous recording of person-right-land relation attributes, in any land related event, as close as
possible to real-time) also requires a flexible and dynamic cadastral system [2,7]. Proposed cadastral
surveying techniques are mostly indirect ones rather than ground-based. Ground-based techniques
are often argued as being time-consuming and labor intensive [1,5,8].

Emerging tools are mapping techniques based on remote sensing data, in particular, data acquired
with sensors on Unmanned Aerial Vehicles (UAVs) [9-18]. Cadastral maps are usually defined as
a spatial representation of recorded land plot boundaries or other spatial units that the land rights
concern [19]. In general, sensors on UAVs provide low-cost, efficient, and flexible high-resolution
spatial data acquisition systems enabling the production of point clouds, Digital Surface Models (DSM)
and orthoimages [20,21]. In cadastral applications, UAVs have gained increasing popularity due to the
high cadastral mapping potential in a different setting, in rural and urban areas, for developing and
developed countries [22]. In addition, UAVs are used for both the creation and updating of cadastral
maps [22]. In developing countries, UAV-based cadastral mapping usually serves as a tool for the
creation of a formal cadastral system [11-13]. In developed countries, the case studies focus on the
assessment of UAVs’ data positional accuracy estimation and its conformity with local positional
accuracy requirements aiming to use the UAV data for updating existing cadastral maps [14-18]. Here,
updating in most cases refers to the comparison of two cadastral maps—one representing the database
state, the other recently acquired data. The term updating can be used as a synonym for a “revision” of
existing cadastral maps [23]. However, in all case studies reported in [22], cadastral boundaries are
manually delineated.

It is argued that a large number of cadastral boundaries are visible and coincide with natural or
manmade physical object boundaries [2,24,25]. In the land administration domain, automatic extractions
of visible cadastral boundaries have been a recent topic of investigation. The latest studies, though
limited in number, assert that visible boundaries, such as hedges, land cover boundaries, etc., which
might indicate cadastral boundaries, could be automatically extracted using methods such as algorithms
that detect object boundaries in images [22,26-29]. In fact, not all visible cadastral boundaries can be
automatically detected—certain boundaries would require a semi-automatic approach, especially in
urban areas where the morphology of cadastral boundaries is complex [7]. Nevertheless, the potential
of computer vision methods for automatic detection and extraction of visible objects in the images
is promising for cadastral applications, especially due to the urgent global need for accelerating and
facilitating cadastral mapping as a basis for registration of land rights and following the dynamics of
land tenure and land use.

1.1. Visible Boundary Detection and Extraction for Cadastral Mapping

Automatic feature extraction methods from images acquired with high-resolution optical sensors
have already proved to be useful for the extraction of boundaries of linear features such as roads
and rivers [30-34], and to a much lesser degree, they have also been explored for the purpose of
cadastral boundary delineation. A recent study from Crommelinck et al. [22] provides an overview of
computer vision methods that might be applicable in the land administration domain for automatic
detection and extraction of object boundaries from images acquired with high-resolution optical sensors.
Additionally, the general workflow for automatic detection and extraction of visible object boundaries
for UAV-based cadastral mapping is provided [22]. The general workflow consists of (i) image
pre-processing, (ii) image segmentation, (iii) line extraction, (iv) contour or boundary generation, and
(v) image and/or boundary post-processing. Image pre-processing usually includes image conversions,
such as resampling or tiling, in order to fit the requirements of a chosen computer vision method. Image
segmentation refers to the process of dividing a digital image into non-overlapping objects, which
represent homogeneous areas [35]. The third workflow step is the extraction of lines or edges from the
segmented images [36]. The next step, contour generation, refers to the extraction of a closed object
outlines in the image. In computer vision, they are usually defined as object boundaries, which are
derived from connecting edges or lines. An ‘object boundary’ should encompass an ‘object’ in an image,
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and due to this, both terms are used synonymously in this study. In cadastral applications, objects are
usually defined as polygon-based spatial units. The final step, post-processing, includes interventions
on the image such as vectorization and/or simplification of automated extraction of objects [26,37].
However, only a limited number of studies have investigated the automatic extraction of objects from
images acquired with high-resolution optical sensors for cadastral boundary delineation.

The work by Babawuro and Zou [38] tested Canny and Sobel edge-detection algorithms for the
extraction of visible cadastral boundaries from high-resolution satellite imagery (HRSI). In addition,
the Hough Transform feature extraction method was used to connect edges and to identify straight lines.
The visual presentation of the results showed that the proposed approach can detect agricultural land
boundaries, but there were no quantity measures on quality assessment. Kohli et al. [28,29] investigated
the use of an object-based approach, namely the multi-resolution segmentation (MRS) and estimation
of scale parameter (ESP) to extract visible cadastral boundaries from HRSI. An object-based approach
refers to the extraction of object outlines based on a grouping of pixels with similar characteristics and
is applied to high-level features which represent shapes in an image [22]. The accuracy assessment
in Kohli et al. [28] was pixel-based, and the detection quality in terms of error of commission and
omission for MRS were 75% and 38%, respectively. For ESP, the error of commission was 66% and
the error of omission 58%. The localization quality for MRS was 71%, whereas it was 73% for ESP,
within a 41-200 cm distance from the reference boundaries. Another case of the automatic extraction of
visible boundaries based on HRSI is described in Wassie et al. [27]. The study explored the potential of
mean-shift segmentation for the extraction of visible cadastral boundaries. The mean-shift segmentation
algorithm is a QGIS open source plugin [27]. The object-based measures were applied for the accuracy
assessment. Within a buffer distance of 2 m, the percentage indicated the correctness was 34%, while
for the completeness it was 83% [27]. The extractions with mean-shift segmentation were closed object
boundaries (polygon-based) in vector format and topologically correct. The mean-shift segmentation
was applied to a full extent of satellite images. Accordingly, some of the automatic object extraction
methods were applied also using UAV images.

The study from Crommelinck et al. [26] outlines the potential of the Global Probability of Boundary
(gPb) contour detection method for an automatic boundary delineation based on UAV imagery. gPb is
open-source and available as pre-compiled Matlab package. The method was found to be applicable
only for processing images of fewer than 1000 x 1000 pixels due to the demanding computing
process [26]. The contour map or detected objects were in raster format and required vectorization.
Furthermore, Crommelinck et al. [37] discuss the interactive method of visible boundary extractions.
The interactive method combines the gPb contour detection, simple linear iterative clustering (SLIC)
super pixels and random forest classifier, which allow a semi-automatic approach for the delineation of
visible boundaries. The interactive method was tested on visible road outlines based on UAV datasets.
The results show that the approach is much more efficient than manual boundary delineation, and all
road boundaries were delineated comprehensively.

All the case studies reviewed, both automatic boundary extractions from HRSI and UAV images,
have been tested in rural areas since it is argued that most of the cadastral boundaries are visible in
such areas [26]. However, not all computer vision automatic feature extraction methods suitable for
visible cadastral boundary delineation have already been tested.

Another tool that is also referred to as the ‘state-of-the-art’ for automatic detection and extraction
of features from images is the ENVI feature extraction (FX) module [39,40]. ENVI FX is an object-based
module for detecting and extracting multiple object outlines from high-resolution multispectral or
panchromatic digital images. The extraction is based on spectral (brightness and color), texture,
and spatial characteristics [41]. To the best of the authors’ knowledge, there have been no previous
publications, nor evidence, that the ENVI FX module has been applied for detecting and extracting
visible cadastral boundaries on UAV images.

The justification for using this method is based on Crommelinck et al. [22], in which general
workflow and feature extraction methods appropriate for cadastral mapping are provided. The main aim



Remote Sens. 2019, 11, 1510 4 0of 20

of this study is not to compare automatic feature extraction methods already used for cadastral mapping.
Instead, the study focuses on the potential of a feature extraction method which has not been tested yet
in cadastral applications. The study can be seen as an important contribution to land administration
discussions focusing on cadastral mapping, as there have been a limited number of studies for automatic
visible cadastral boundary delineation from imageries acquired using high-resolution optical sensors.

1.2. Objective of the Study

The study is based on the assumption that many cadastral boundaries are visible [2]. The study’s
main objective is to outline the potential of the ENVI FX module as well as its limitations for the
automatic delineation of visible object boundaries for UAV-based cadastral mapping. It investigates
which processing steps (scale level and merge level) using the ENVI FX module need to be applied for
UAV-based cadastral mapping. The automatic delineated visible boundaries on UAV images, similarly
as manual delineations, can be used for both the creation and updating/revision of cadastral maps.

Overall, the study addresses the whole of the UAV-based cadastral mapping workflow steps,
which include image pre-processing, automatic detection and extraction of visible object boundaries
on the UAV image, and post-processing of extracted boundaries to more closely approximate
cadastral boundaries.

2. Materials and Methods

2.1. UAV Data

To achieve the objective of the study, a rural area in Slovenia was selected as the number of visible
(cadastral) boundaries in such areas is higher compared to dense urban ones. In addition, the selected
rural area includes roads, agricultural field outlines, fences, hedges, and tree groups, which are assumed to
indicate cadastral boundaries [22]. The UAV images of the case study area were indirectly geo-referenced,
using an even distribution of ground control points (GCP) within the field as criteria. The GCPs were
surveyed with real-time kinematic (RTK) by using Global Navigation Satellite System (GNSS) receiver,
Leica Viva, connected in the Slovenian GNSS network, SIGNAL. The signals were received from satellite
constellations of GPS and GLONASS. The total number of GCPs was 12. The Position dilution of
precision (PDOP) values ranged from 1.2 to 1.7. The flight altitude was 80 m and 354 images were taken
to cover the study area. The images were captured on October 19th, 2018 in the noon time (good weather
conditions, clear sky) at solar zenith angle of approximately 35 degrees. The study site had a coverage
area of 25 ha. The planimetric accuracy assessment of the UAV orthoimage was based on comparison
between GCPs coordinates surveyed with the GNSS receiver and the coordinates of GCPs on the UAV
orthoimage. The estimated root-mean-square-error (RMSE) was 2.5 cm. Table 1 shows the specifications
of data capture and Figure 1 shows the UAV orthoimage of the study area.

Table 1. Specification of unmanned aerial vehicle (UAV) dataset for the selected study area in Slovenia.

Camera/Focal Overlap .
Location UAV Model Length Forward/Sideward F light GSD Pixels
o altitude [m]  [cm]
[mm] [%]
Ponova vas, DJI Phantom 1”7 CMOS 80/70 80 20 35,551 x 31,098

Slovenia 4 Pro 20mp/24
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Figure 1. (a) Cadastral map and ground control points (GCPs). (b) Manually delineated object visible

| cadastral boundaries
© GCP

boundaries used as reference data to determine the detection/extraction quality. (a,b) Overlaid on UAV
orthoimage of Ponova vas, Slovenia (EPSG 3794).

2.2. Reference data

The current cadastral map for the selected area was retrieved from the e-portal of the Slovenian
Surveying and Mapping Authority, which is an online platform for requesting official cadastral data [42].
The cadastral map was overlaid on the UAV orthoimage (Figure 1a). The visual interpretation of the
combined dataset showed immediately that the cadastral map does not correspond with the visible
objects that indicate land possession (land cover) boundaries (roads, agricultural field outlines) on
the UAV orthoimage. From the initial analyses, it appeared that only 8% of cadastral boundaries
correspond with the manually digitized visible boundaries (at 25 cm tolerance). This is because the
current official cadastral map was created by digitizing previous analog cadastral maps whose origin
goes back in the first half of 19th century. Due to the underestimated need for cadastral map updating
as well as due to the land reforms in the 20th century (i.e., land nationalization and denationalization)
the current possession land boundaries do not correspond with cadastral boundaries. Considering
this, as reference data, manually digitized boundaries were used instead of the official cadastral
data, as the aim of this research is to automatically delineate visible object boundaries from a UAV
orthoimage and, at the same time, study the potential of the ENVI FX solution for the automatic
detection of visible boundaries. Moreover, during the manual digitization of reference boundaries,
some white stones considered as possession boundary signs were used as a guide for proper digitization
(Figure 1b). The placement of white stones is a common practice in the selected study area, and for
this reason, they were considered as reliable information during the manual digitization. In addition,
the confidence in white stones as boundary signs is based on the authors’ experiences in professional
cadastral surveying.

2.3. Visible Boundary Delineation Method and Workflow

2.3.1. ENVI Feature Extraction (FX)

The investigated tool, ENVI FX, is a combined process of image segmentation and classification.
The focus of this study is only at image segmentation and calculating spatial attributes for each
segmented object [41]. In addition to spatial attributes, spectral and textural attributes are often used
by users for further image classification analysis.

The first step, image segmentation, is based on the technique developed by Jin [43] and involves
calculating a gradient map, calculating cumulative distribution function, modification of the gradient
map by defining a scale level, and segmentation of a modified gradient map by using the Watershed
Transform [44]. A gradient is calculated for each band of the image. The ENVI FX module uses two
approaches: edge method and intensity. The edge method calculates a gradient map using the Sobel
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edge detection algorithm [44]. The Intensity method converts each pixel to a spectral intensity value by
averaging it across the selected image bands [44]. The edge method is used for detecting features with
distinct boundaries and is considered in this study. In contrast, the Intensity method is suitable for digital
elevation models, images of gravitational potential and images of electromagnetic fields [44]. After
a gradient map is calculated, a density function of gradients over the whole map is calculated in the form
of a cumulative relative histogram [43]. Once the cumulative distribution function has been calculated,
it can be used along with the gradient map to calculate the gradient scale space [43]. The gradient
map can be modified by changing the scale level. The scale level is the relative threshold on the
cumulative relative histogram from which the corresponding gradient magnitude can be determined [43].
For example, at a scale level of 50, the lowest 50 percent of gradient magnitude values are discarded
from the gradient image [44]. Increasing the scale level results in fewer segments and keeps objects with
the most distinct boundaries [41]. Once the scale level is selected the Watershed Transform algorithm is
applied to the modified gradient map. The Watershed Transform is based on the concept of hydrologic
watersheds [22,35]. In digital imagery, the same process can be similarly explained as the darker a pixel,
the lower its "elevation" (minimum pixel). The algorithm categorizes a pixel by increasing the greyscale
value, then begins with the minimum pixels and "floods" the image, dividing the image into objects with
similar pixel intensities. The result is a segmented image and each segmented object is assigned with
a mean spectral value of all the pixels that belong to that object [44].

The second step is merging. This step aggregates over-segmented areas by using the ENVI
FX default full Lambda schedule algorithm. The algorithm is meant to aggregate object outlines
within larger, textured areas, such as trees and, fields, based on a combination of spectral and spatial
information [41,45]. The merge level represents the threshold Lambda value. Merging occurs when
the algorithm finds a pair of adjacent objects such that the merging cost is less than a defined threshold
Lambda value—if the merge level is set to 20, it will merge adjacent objects with the lowest 20 percent
of Lambda values [45]. When a merge level of 0 is selected no merging will be performed. In this step,
the selection of Texture Kernel Size is optional, i.e., the size of a moving box centered over each pixel
value. The ENVI EX default Texture Kernel Size is 3, and the maximum is 19 [45].

The final step is the export of object boundaries in a vector format and a segmented image in
a raster format. Moreover, each extracted object consists of spatial, spectral, and texture information in
the attribute table [41].

2.3.2. Visible Boundary Delineation Workflow

The visible boundary delineation workflow (Figure 2) consists of four main steps. In the following,
each workflow step is described in detail with additional comments based on our own preliminary
studies aiming to understand and justify the selection of the parameters and algorithms used. The first
and second steps were implemented in ENVI 5.5 image analysis software [46] by using the ENVI
FX [47] tool. The other steps were implemented using QGIS [48] and GRASS [49] functions.

1. Image pre-processing: The first step is resampling the UAV orthoimage. The UAV orthoimage was
resampled from 2 cm to lower spatial resolutions—25 cm, 50 cm and 100 cm ground sample
distances (GSD). The selected GSDs allowed the identification of the impact of different GSDs on
the results of automatic boundary extractions. The pixel average method was used for resampling
the UAV orthoimage as it provides a smoother image. In addition, further resampling methods
(nearest neighbor and bilinear) were tested and did not provide significant differences in the
number of automatic object boundary extractions—at higher scale and merge levels of the ENVI
FX algorithm. The resampling step was also applied in [26], to make transferable the investigated
method to a UAV orthoimage for cadastral mapping purposes. In addition, extracting objects
from a UAV orthoimage of lower spatial resolution is computationally less expensive.

2. Boundary detection and extraction: The ENVI FX module was applied to each down-sampled UAV
orthoimage. The detection and extraction of visible boundaries from the UAV orthoimage was
based on the ENVI FX scale and merge level values. The texture kernel size was set to default,
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i.e,, 3. In addition, further object extractions were tested at the highest texture kernel size and no
differences in the number and locations of extracted objects were identified. Scale level values
ranged from 50 to 80 and merge level values from 50 to 99. The initial incremental value for both
scale and merge levels was 10. In cases where a jump in the total number of extracted objects was
detected the incremental value was dropped for both scale and merge levels. In order to identify
the optimal scale and merge values for the detection and extraction of visible objects for cadastral
mapping, all possible range values of scale and merge combinations were tested. For each
extraction information about the total number of extracted objects and processing time was stored.
This resulted in 50 boundary maps for each resampled UAV orthoimage. The boundary map
consisted of extracted objects (polygon-based), which were in digital vector format.

3. Data post-processing: The process included two steps: (i) the filtering of extracted objects, and
(ii) the simplification of extracted objects. (i) The minimum object area and the total number of
objects identified in the reference data (Figure 1b) were used to determine optimal scale and
merge levels. The minimum reference object area was 204 m2, and the total number of objects
was 68. All extracted objects that were smaller than the minimum object area from reference
data were filtered out (removed). The total number of remaining objects was compared with the
total number of objects from the reference data and the tolerance of +/- 10 objects was set—those
parameters that produced numbers of objects that were closest to those found in the reference data,
i.e., within defined tolerance, were deemed optimal. The boundary maps from which smaller
objects were removed were labeled as filtered objects. The output of filtered objects consisted of
holes, i.e., due to polygon-based geometry of objects, which were mostly present either in the
forest or individual trees and are of less relevance for cadastral applications—a boundary between
adjacent objects belongs to both. (ii) Extracted and filtered object boundaries were smoothed
and simplified to be used for the interpretation of possession boundaries aiming to support
a cadastral mapping (i.e., land plot restructuring in this case, as the situation requires a new
cadastral survey or land consolidation). The smoothing of extracted/filtered object boundaries
was done by using the Snakes algorithm [49]. The Douglas—Peucker algorithm was applied to
the smoothed object boundaries in order to further simplify the object boundaries [22,49]. These
objects both smoothed and simplified were labeled as simplified extracted/filtered objects.

4. Accuracy assessment: The accuracy assessment was object-based since the results were in vector
format. The buffer overlay method was used for accuracy assessment. The method is described
in detail in Heipke et al. [50]. The accuracy assessment was based on computing the percentages
of extracted (or reference) boundary lengths which overlapped within a buffer polygon area
generated around the reference (or extracted) boundaries (Figure 3) [50]. To determine the
completeness, correctness, and quality of extracted boundaries, calculated boundary lengths of
true positives (TP), false positives (FP), and false negatives (FN) were used. The completeness
refers to the percentage of reference boundaries which lie within the buffer around the extracted
boundaries (matched reference). The correctness refers to the percentage of extracted boundaries,
which lie within the buffer around the reference boundaries (matched extraction). The accuracy
assessment was performed on buffer widths of 25 cm, 50 cm, 100 cm, and 200 cm. The selection of
buffer widths is in line with other studies and was based on the most common tolerances regarding
boundary positions in land administration, especially for rural areas [26,27]. The percentage
indicating the overall quality was generated from the previous two by dividing the length of the
matched extractions with the sum of the length of extracted data and the length of unmatched
reference [50]. The accuracy assessment was applied to automatic extracted objects, simplified
extracted objects, filtered objects, and simplified filtered objects (Figure 2).



Remote Sens. 2019, 11, 1510 8 of 20

Envi FX
- define Scale and Merge values
Ul-}V » Resampling > - image segmentation > Extr_acted
orthoimage - merge segments objects

- compute attributes
- export boundaries

1. Image pre-processing 2. Boundary detection and extraction
A4 v
Reference .| Buffer overlay|[€ Smoothing tored
objects “| TP, FP, FN and le _
Y < Simplification objects

4. Accuracy Assessment

3. Data post-processing

Figure 2. Cadastral mapping workflow based on the automatic detection and extraction of visible
boundaries from UAV imagery.
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Figure 3. Object-based accuracy assessment method—buffer overlaying method. (a) Matched reference.

(b) Matched extraction. (a,b) Calculation of boundary lengths of true positives (TP), false positives (FP)
and false negatives (FN) (Adapted from [50]).

3. Results

Resampling the UAV orthoimage to a lower spatial resolution, i.e., a larger value of GSD, resulted in
fewer and faster extractions of object boundaries compared to the number of extracted object boundaries
generated at the original size of the UAV orthoimage. The processing time for one boundary map was
1-2 min. A larger GSD, at the same scale and merge values, resulted in fewer boundary extractions
(Table 2, Figures 4 and 5).

Table 2. Ground sample distance (GSD) and number of pixels after image pre-processing.

GSD [em] Pixels Resampling Method
25 2856 x 2498 Pixel average
50 1428 x 1249 Pixel average

100 714 x 625 Pixel average
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ground sample distance (GSD) 25 cm, (b) GSD 50 ¢, and (c¢) GSD 100 cm. (a—c) Grey labels—number of

extracted objects outside the range, black labels—the lowest number of extracted objects per scale and
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Figure 5. (a—i) Examples of extracted boundary maps. (a—c) GSD 25 cm; (d—f) GSD 50 cm, and (g—i)
GSD 100 cm. (a,d,g) Extracted objects at scale 70 and merge 99. (b,e,h) Extracted objects at scale 75 and
merge 99. (c,f,i) Extracted objects at scale 80 and merge 99.

A lower scale level and merge level resulted in a higher number of extracted object boundaries for
each resampled UAV image. A higher scale and merge level resulted in fewer extracted boundaries
(Figure 4). In general, for all resampling, the biggest drop in the number of extracted object boundaries
was at scale level values within the range from 70 to 80, and merge level values within the range from
95 to 99 (Figure 4). The incremental value of 1, for merge level 95-99, turned out to be very sensitive in
dropping the number of extracted object boundaries (Figure 4a—c).

The optimal scale and merge levels for an automatic boundary delineation were investigated by
filtering out the total number of extracted objects with the minimum area of objects from the reference
data. The results of this filtering approach are presented in Figure 6. The results showed that for the
UAV orthoimages of higher spatial resolutions, namely a GSD of 25 cm, the optimal algorithm values
for cadastral mapping resulted in 80 for scaling and from 95 to 99 for merging. In contrast, for the UAV
orthoimages having a GSD of 50 cm and a GSD of 100 cm, the common optimal scale level values were
70-80 and merge level 95-98 (Figure 6). Some exceptions were observed for a GSD of 50 cm, where the
scale level was 50, 60, and merge level to its maximum. In general, the results showed that the optimal
scale and merge level values suitable for cadastral mapping range from 70 to 80 and from 95 to 99,
respectively (examples in Figure 5). The optimal scale and merge level values appeared similar as in
the investigation of the influence of different GSDs in extracting objects.
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Figure 6. Comparison in the number of extracted and filtered objects using different scale and merge
parameter values, to the number of objects identified in the reference data set.

For further analysis, optimal extracted objects with scale level 80 and merge level 95 for three
GSDs of UAV orthoimages were selected (Figure 7a,c,e). The selection was based on common scale
and merge levels for three GSDs as well on the highest number of filtered objects per GSD (Figure 6).
The filtering approach was additionally applied to the selected optimal extracted objects, i.e., with scale
level 80 and merge level 95, to remove objects under the minimum reference object area (Figure 7b,d,f).

Figure 7. Cont.
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extracted boundaries fiftered_extraction

)
Figure 7. (a,c,e) Extracted objects at scale level 80 and merge level 95 for (a) GSD 25 c¢m, (¢) GSD 50 cm,

and (e) GSD 100 cm. (b,d,f) Filtered objects of scale level 80 and merge level 95 based on minimum
object area from the reference data.

A simplification algorithm was applied to both extracted objects and filtered objects. The results
showed that if extracted objects are smoothed and smoothed objects are later simplified, the localization
of simplified objects is almost equal to that of the extracted ones (Figure 8). The initial tests show that
possible shifts in location are possible when a direct implementation of the simplification algorithm to
extracted visible objects is used.

extracted boundaries extracted boundaries
— smoothed boundaries — smoothed and simplified

extracted boundaries
— smoothed and simplified
— only simplified

(©)

Figure 8. (a) Extracted objects smoothed by making use of the Snakes algorithm. (b) Simplification of
extracted objects by making use of the Snakes smoothing algorithm and Douglas-Peucker simplification
algorithm. (c) Extracted objects simplified with Douglas-Peucker algorithm (in black) and compared to
object simplifications on (b).
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The buffer overlay method was used for the accuracy assessment. The accuracy assessment method
was applied to the extracted objects, simplified extracted objects, filtered objects and simplified filtered
objects. The results show that there is no significant difference in accuracy assessment results when
comparing extracted and simplified objects (Table 3, Table 4, and Table 5). At a buffer width of 2m, a GSD
of 50 cm and a GSD of 100 cm provide a higher percentage of correctly extracted objects compared to
a GSD of 25 cm. The percentage of correctly extracted objects was 66% for both a GSD of 50 cm and a GSD
of 100 cm (Tables 4 and 5). However, the filtering approach contributed to the increased correctness
(decreased completeness) and overall quality, for all GSDs. From the filtered objects, the best results for
correctness were recorded at a GSD of 50 cm (Figure 9). The percentage indicated the correctness was
77%, while for the completeness it was 67%.

Table 3. Accuracy assessment of boundary extractions for a GSD of 25 cm, scale 80, merge 95.

Buffer width Completeness Correctness Quality
[em] [%] [%] [%]
Extracted  Filtered  Extracted  Filtered  Extracted  Filtered
25 58 37 18 26 16 20
50 73 48 28 39 26 31
100 78 56 38 50 36 41
200 818D 616207 48@9! 59(61)' 46M6)! 50(48)!

! Percentages of simplified boundaries.

Table 4. Accuracy assessment of boundary extractions for a GSD of 50 cm, scale 80, merge 95.

Buffer width Completeness Correctness Quality
[em] [%] [%] [%]
Extracted  Filtered  Extracted  Filtered  Extracted  Filtered
25 45 40 28 35 21 23
50 64 55 46 56 38 41
100 71 61 57 68 48 52
200 757N 65671 656601 76(77)'  56(53)1 59 (56) !

! Percentages of simplified boundaries.

Table 5. Accuracy assessment of boundary extractions for a GSD of 100 cm, scale 80, merge 95.

Buffer Width Completeness Correctness Quality
[cm] [%] [%] [%]
Extracted  Filtered  Extracted  Filtered  Extracted  Filtered
25 31 27 21 24 14 15
50 53 47 39 43 29 30
100 67 59 58 64 47 47
200 737D 6367 666601 72(73)1  55(2)1  55(52) !

! Percentages of simplified boundaries.

| cadastral boundaries
filtered extractions simpl’

(b)

Figure 9. (a,b) Filtered objects of scale level 80 and merge level 95—simplified, compared with (a)
cadastral map and (b) manually delineated visual object boundaries used as reference data.
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4. Discussion

4.1. The Developed Workflow

The developed workflow aimed to provide a solution for UAV-based cadastral mapping using
automatic visible boundary extraction with the ENVI FX module (Figure 2). The developed workflow
consisted of four steps: (i) image pre-processing, (ii) boundary detection and extraction, (iii) data
post-processing, and (iv) accuracy assessment.

The first workflow step includes resampling of a UAV orthoimage. Here, the results of our case
study showed that larger GSDs provided faster and fewer extractions of visible object boundaries
compared to the original GSD of a UAV orthoimage. For higher spatial resolutions, i.e., smaller GSDs,
considering the selected Scale level and Merge level values, the total number of extracted objects
was higher.

The second step, which includes object boundary detection and extraction, is dependent on the
scale and merge level. The results, presented in Figure 4, showed that lower values of scale and merge
levels resulted in a higher number of extracted objects, which led to over-segmentation by reaching
thousands of extracted objects. Considering the total number of the reference objects, it is important to
note that a scale and a merge level that provide object extractions close to the total number of objects
from reference data are important for automatic delineation of visible cadastral boundaries.

The following step, data post-processing, aimed to investigate optimal scale and merge levels and
to simplify the extracted objects. The optimal values based on a filtering approach showed that for
all tested GSDs in this study, most suitable scale and merge level values for automatic delineation of
visible cadastral boundaries were 70-80 and 95-99, respectively. These values can be considered as
optimal scale and merge levels for rural areas in general or areas with characteristics similar to the
study area of this research. However, to validate the proposed workflow and optimal Scale and Merge
levels in areas with different characteristics, such as areas with a larger number of buildings or areas
with trees covering parts of boundaries, further experiments are needed. Hence, the scale and merging
levels appropriate for cadastral mapping have been determined and this step can be skipped from
the workflow step of data post-processing (Figure 2). The use of the Snakes algorithm for smoothing
and the Douglas—Peucker algorithm for simplifying has been shown to be very effective (Figure 8a,b).
This approach, when combining both smoothing and simplification algorithms, gives better results
in terms of a simplified boundary position compared to directly implementing the Douglas—Peucker
simplification algorithm, where undesired shifting in boundary position was observed (Figure 8c).
In [22], it was reported that the direct implementation of the Douglas—Peucker algorithm was used as
a post-processing method in many papers to improve the output by optimizing the shape of objects.
However, the simplification approach applied in this study was not examined in the previous papers.

The final step of the workflow was accuracy assessment (see also Section 4.2). The accuracy
assessment was based on the buffer overlay method. By increasing the width of the buffer, more extracted
boundaries appear to be within the buffer area, which impacts the completeness, correctness, and the
overall quality—larger the buffer, the better the results. To have a uniform assessment for all tested
GSDs the results were compared at a buffer distance of 2 m. From the reviewed publications presented
in Section 1.2, a buffer width of 2 m was also applied in [26-28] as most suitable for the presentation of
accuracy assessment results and to avoid uncertainties from resampling effects. However, for comparison
to cadastral data, buffer widths should be based on local accuracy requirements [26].

The workflow developed, overall, is in accordance with the general workflow for the cadastral
mapping based on suitable computer vision methods for automatic visible boundary extraction
provided in [22]. In addition, it provides an additional step and method in data post-processing,
such as filtering out irrelevant and small objects from the boundary map, which improves overall
quality assessment. Furthermore, it suggests a combined approach for the simplification of extracted
object boundaries.
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4.2. Quality Assessment

Bringing the scale and merge levels to the maximum resulted in some unextracted and fewer visible
objects for the whole extent of the image. Although some of the visible objects were left unextracted,
the maximum scale and merge level enabled the detection of a group of objects such as a group of tree
boundaries, especially at GSDs of 50 cm and 100 cm (Figure 5f,i). In both cases, the balance between
completeness and correctness was hard to achieve. This issue was also reported in [26,28]. For this
reason, the filtering approach was applied. It was based on the minimum object size as well as on the
total number of the objects, both defined based on the reference data. This allowed us to reduce the
risk that some of the visible object boundaries remained unextracted as well as over-segmented.

The optimal scale level of 80 and a merge level of 95, were chosen for all three GSDs, to investigate
the impact of the same scale and merge level in different resampling. The selection was based on common
scale and merge levels per GSD (Figure 6). However, this does not mean that the chosen scale and merge
level provided the best object boundary extraction for each of the GSDs. For instance, for small GSDs,
the correctness of extracted boundaries is higher at the maximum scale and merge levels (e.g., Figure 5c).
For the same scale and merge level, the correctness grows significantly from a GSD of 25 cm to a GSD of
50 cm. The correctness for a GSD of 100 cm was almost equal to the one for a GSD of 50 cm. Considering
that more optimal scale and merge levels were applicable for a GSD of 50 cm (Figure 6) and the difference
insignificant when compared to the results obtained for a GSD of 100 cm, a GSD of 50 cm appeared to be
better in detecting visible boundaries compared to the other two GSDs.

The quantitative method applied for accuracy assessment to automatically extracted objects,
filtered objects and to their simplifications, showed that there was no significant difference between
extracted objects and simplified objects. This result indicates that the method applied for simplification
can be considered appropriate, i.e., the original location of extracted objects was maximally maintained.
Although there was no difference in accuracy assessment, the simplification of extracted (or filtered)
objects is significant for proper cadastral mapping. Cadastral boundaries usually are defined by
straight lines with fewer vertices.

The percentage of suitable extracted boundaries (compared to reference data), for a scale level of
80 and a merge level of 95, resulted in 74% for the assessment of the completeness and 66% for the
assessment of the correctness for the extracted object boundaries having a GSD of 50 cm. However,
the filtering approach strongly influenced the accuracy assessment. For filtered extractions, the level of
completeness was 67%, and the level of correctness was 77%. These results show that the filtering
approach increased the correctness of automatically extracted boundaries, and it reaches almost 80%
(Table 4). This was due to filtering out small object boundaries from the boundary map. The excluded
small objects were mostly present in tree and built-up areas on the UAV orthoimage, i.e., only outlines
of group objects were retained (Figure 7c,d). In road extractions, the achieved values for extractions are
around 85% for correctness and around 70% for completeness to be of real practical importance [26,34].
Such percentages can hardly be achieved by the workflow developed for automatic delineation of all
visible boundaries since the morphology of cadastral boundaries is usually more complex and not all
cadastral boundaries are visible, unlike road boundaries.

The accuracy assessment was based on the manually delineated boundaries, which were defined
as reference data (Figure 1b). The visible boundaries were manually delineated on the ground truth
UAV orthoimage. It is argued that manually delineated boundaries influence the overall results of
the accuracy assessment since different human operators might digitize differently [26]. However,
in the selected case study, most of the object boundaries were sharp and the presence of white stones at
outlines of the agricultural field contributed to the objectivity of manual digitalization. In addition,
the real cadastral data could not be used since they did not correspond with the object boundaries
on the image (Figure 1a) and it would not have been possible to outline the potential of the ENVI EX.
However, the approach of automatic extraction of visible boundaries is case dependent. To reliably
avoid the influence of manually digitized reference data, the following studies should consider a case
study where the cadastral map is up to date.
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4.3. Strengths and Limitations of the Automatic Extraction Method Used

The ENVIFX module handled the full extent of the resampled UAV orthoimages, and no additional
image tiling or image conversions were required. ENVI FX provided closed object boundaries directly
in vector format, topologically correct polygons. Therefore, no additional image post-processing step,
such as vectorization of detected object boundaries, was needed (Figure 5). Thus, the visible object
boundaries generated can be directly used for further processing and analysis within geographic
information systems (GIS). Additionally, the final output consists of spatial, spectral and textural
attributes which are assigned automatically to each extracted object and saved in the attribute table.
The vectorized and geo-referenced visible object boundaries, as interpreted in this research, are crucial
in cadastral applications especially for the purposes of land plot boundary delineations. Overall, ENVI
FX has the potential to automatically delineate visible cadastral boundaries, especially in rural areas.

A comparison of the results regarding the accuracy assessment obtained in this study and the
accuracies obtained in the studies [26-28] cannot be done at this time for a number of reasons. First, not all
the reviewed feature extraction methods have been applied to UAV imagery. Second, different UAVs
may provide different quality of orthoimages. Third, the nature, size, location, and the characteristics of
the study objects are far too different. In order to make a reliable comparison on accuracy assessments of
different feature extraction methods, first of all, each method has to be studied individually and later
tested at the same study area(s). However, the image processing approach of different feature extractions
methods may be comparable.

From the reviewed feature extraction methods that have already been applied for detection of
visible cadastral boundaries, it can be seen that the MRS method, ESP method, and mean-segmentation
method also do not require further image tiling and the final output of the boundary map was in vector
format [27,28]. In contrast, vectorization of detected object boundaries was needed for the gPb contour
detection method. In addition, it was reported that the method is inapplicable when processing UAV
images of more than 1000 pixels in width and height [26]. Similar issues regarding the vectorization of
detected object boundaries were reported in [38], where Canny and Sobel edge detection algorithms
were used. In order to obtain topologically correct polygons, an additional feature extraction method
was used aiming to connect the edges.

ENVI EX allowed some shadow areas in the UAV orthoimage to be extracted as boundaries;
however, these do not represent real boundaries in the field. In order to minimize the influence
of shadows on feature extraction, it is recommended to capture images in the local time where the
solar zenith angle has the smallest possible value. However, the solar zenith angle depends on the
geographic location of the study area. Additionally, some other factors such as weather conditions
also influence the quality of captured images. To avoid such issues, it is preferable to capture images
on a cloudy day without wind. Although ENVI FX has proved to be efficient, one of its limitations
is that it is not an open-source tool like mean-shift segmentation, gPb contour detection, Canny, and
Sobel, which might be a reason why it is not often used in the land surveyor community. In addition,
the extracted objects from the resampled UAV orthoimages were following the pixel borders and further
shape simplification was required to make them comparable to spatial units in cadastral applications.

Considering that the morphology of cadastral boundaries is complex [7], compared to physical
boundaries, such as boundaries of roads or rivers, delineation of cadastral boundaries cannot be
fully automated at this time, and additionally, the verification of the results has to be done with the
participation of landowners and other land rights holders. The limitations on extracting only visible
object boundaries lie in the fact that not all visible boundaries (land cover boundaries) represent
cadastral boundaries (land right boundaries). For instance, when two agricultural cadastral units leased
to the same farmer are farmed as one unit, and vice versa. However, visible object boundaries which
coincide with the land right boundaries can be automatically detected and used in cadastral applications.
In addition, the UAV-based spatial data acquisition is usually affected by special operational regulations
that restrict the use of this technology, in particular in urban areas [18].
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4.4. Applicability of the Developed Workflow

The developed workflow provided geo-referenced boundary maps in a format compliant with
the formats that are used in GIS environments. This shows that the extracted objects can be easily
transferable, and applicable in GIS for cadastral purposes. In cases where cadastral maps are rarely
present and the concept of fit-for-purpose cadastre is in place, the workflow, with the selected method
for automatic extraction of visible boundaries, shows the potential for the automation of the visible
cadastral boundary delineation procedure [1]. Thus, the approach developed generally contributes to
the acceleration and facilitation of the creation of cadastral maps (Figure 9b), especially in developing
countries, where general boundaries are accepted, and positional accuracy is of lesser importance [25].
However, the approach is suitable for the areas where the boundaries of physical objects are visibly
detectable on a UAV orthoimage, for instance, in rural areas. The workflow might be applicable
for both the creation and updating/revision of cadastral maps, similar to the manual delineations of
cadastral boundaries on a UAV orthoimage. In addition, the workflow developed might lower the costs
and time compared to the manual delineation of cadastral boundaries, especially in rural areas [26].

Furthermore, in developed countries, the approach based on automatic extraction of visible
boundaries might be used for a revision of current cadastral maps (Figure 9a). In this case, the extracted
visible boundaries can be used as a basis for a new cadastral survey or land rearrangements, depending
on the discrepancy between cadastral maps and land possession (as shown in the case study).
Although the beneficiaries agree with the visible boundaries, if higher accuracy is required, the revised
objects (spatial units) can later be manually delineated from a UAV orthoimage or re-surveyed with
ground-based surveying techniques. It must be emphasized that the extracted visible boundaries, both
for the creation of cadastral maps and updating, should be inspected by the local community and all
beneficiaries (landowners, other land rights holders) in order to be legally validated.

5. Conclusions

The overall aim of this study was to provide an UAV-based cadastral mapping workflow based on
the ENVI FX module for automatic detection of visible boundaries. The study first investigated, which
processing steps are required for a cadastral mapping workflow following the potential and limitations
of the ENVI FX for automatic visible boundary detection and extraction.

The results showed that more correct visible object boundaries, suitable for the interpretation of
land cover (cadastral) boundaries, were extracted at larger values of GSD. In addition, the identified
optimal scale and merge levels for detection and extraction of visible cadastral boundaries were between
70 and 80 and 95 and 99, respectively. The identification of the optimal parameters for cadastral mapping
was based on the defined minimum object area and the total number of objects from the reference data
using the so-called filtering approach. The filtering approach contributed to the increased correctness of
automatically extracted boundaries. The best results were recorded at the resampled UAV orthoimage
with a GSD of 50 cm, and the percentage of correctness indicated was 77%, while for the completeness it
was 67%. It must be emphasized that the workflow developed is applicable mostly for rural areas where
the number of visible boundaries is higher compared to complex urban areas.

The workflow can be used in developing countries to accelerate and facilitate the creation of
cadastral maps aiming to formalize a land tenure system and guarantee legal security to land rights
holders. In developed countries, the extracted visible boundaries based on this workflow might be
used for efficient revision of existing cadastral maps. However, in both cases, the extracted visible
boundaries have to be validated by landowners and other beneficiaries. The extraction of visible objects
can be considered as only one step in the facilitation of cadastral mapping, as extracting these is not
enough for complete and correct cadastral mapping. It is worth highlighting that cadastral boundaries
may, in fact, be completely inside the property and that some boundaries between properties may
not be clearly visible. In order to use the proposed workflow in the cadastral domain, the approach
can be expanded. Additional steps should focus on methods for the possible involvement of current
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landowners in the process of cadastral mapping. The extension of the current workflow is one of the
aims of the authors’ further research.
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Abbreviations

The following abbreviations are used in this article:

DSM Digital Surface Model

ESP Estimation of Scale Parameter

FIG International Federation of Surveyors

FN False Negative

FP False Positive

FX ENVI Feature Extraction

GCp Ground Control Point

GIS Geographic Information System

GNSS Global Navigation Satellite System

gPb Global Probability of Boundary

GSD Ground Sample Distance

HRSI High-Resolution Satellite Imagery

MRS Multi-Resolution Segmentation

PDOP Position Dilution of Precision

RMSE Root-Mean-Square-Error

RTK Real-Time Kinematic

SLIC Simple Linear Iterative Clustering

P True Positive

UAV Unmanned Aerial Vehicle
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