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Abstract

Advanced remote sensing technologies has recently become an effective tool for monitoring of forest ecosystems.
However, there is a growing need for online dissemination of geospatial data from these activities. We developed and
assessed a framework which integrates (1) an algorithm for estimation of forest stand variables based on remote sens-
ing data and (2) aweb-map application for 2D and 3D visualisation of geospatial data. The performance of proposed
framework was assessed in a Forest Management Unit Viglas (Slovakia, Central Europe) covering a total area of
12,472 ha. The mean error of remote sensing-based estimations of forest resources reached values of 16.4%, 12.1%,
—26.8%, and —35.4% for the mean height, mean diameter, volume per hectare, and trees per hectare, respectively.
The web-map application is stable and allows real-time visualization of digital terrain model, aerial imagery, thematic
maps used in forestry or geology, and 968,217 single trees at forest management unit level.
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1. Introduction

The use of remote sensing (RS) data in forest inventory
hasincreased the efficiency of managing forest resources
considerably (Vauhkonen et al. 2014; Ginzler & Waser
2017). In recent years, data from both active and pas-
sive sensors have been widely applied for estimations of
biophysical variables such as mean height, mean diam-
eter, standing volume, tree species, basal area (Surovy
& Kuzelka 2019).

However, the application of RS data within the
managing forest resources is still not utilised to its full
potential. The primary reason is that most of potential
stakeholders in forestry sector (foresters, forest own-
ers, environmentalist, policy makers, etc.) often lack
(1) adequate budget to ensure the specific technical and
data infrastructure, (2) know-how and skills to use the
specific software and data, and (3) time or motivation to
learn how to use new methods and techniques.

A web-based visualization technologies present an
opportunity for providing complex geospatial data and
findings from RS-based estimations of forest resources
in simpler manner. In this case, (1) data, users and
applications work interactively in a distributed environ-

ment and there is no necessity for installing a specific
geospatial software, (2) users can interact with the up-
to-date data without relying on the platform, and (3) col-
laborative data analysis is possible as most of the modern
web browsers support the implementation of visualiza-
tions without requiring any other software installation
(Cibulka 2012; Ma et al. 2019).

The main goal of this study is to present an inte-
grated framework for web-based visualisation of forest
resources estimated from RS data in Forest Management
Unit Vigla$ (Slovakia, Central Europe) covering a total
area of 12,472 ha. The forest stands variables, such as
mean height, mean diameter, volume per hectare, and
trees per hectare, were estimated through an individual
tree detection algorithm implemented in the remote for-
est land explorer (reFLex) software based on airborne
LiDAR data and aerial color-infrared images. This tech-
nology concept has previously been verified in different
types of central European forests (e.g. Sackovetal. 2016,
2017a, 2019). The web-map application was developed
as a single page application primarily using Arcgis API
libraries for Javascript.
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2. Materials and methods

2.1. Study area, datasets and framework

The study was conducted in the territory of the Forest
Management Unit Viglas (Fig. 1) located in central
Slovakia (approx. 48°32°N, 19°21°E). The total area is
12,472 ha and forests occupy 3,215 ha from this area.
The elevation of the study area reaches intervals of 374 —
978 meters above sealevel. Dominant species in the area
include Europeanbeech (Fagus sylvatica L.), Sessile oak
(Quercus petraea Matusch), and European hornbeam
(Carpinus betulus L.) with 65% coverage. The area of the
remaining part is covered by conifers, such as European
silver fir (Abies alba Mill.) and Norway spruce (Picea
abies L.).

with Diameter at Breast Height (DBH) higher than 7 cm
were measured for stem position, species, height, diam-
eter, and vitality.

The workflow of integrated framework for RS-
based estimation and web-based visualization of forest
resources is shown in Fig. 2 and described in detail in
following sections.

2.2. Estimation of forest resources

Thetreetops, tree crowns, and tree heights were detected
from airborne LiDAR data using the reFLex algorithm
(National Forest Centre, Zvolen, Slovakia). These out-
puts were subsequently exported to point (tree tops) and
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Fig. 1. Location of the study area: Forest Management Unit Viglas.

Airborne LiDAR data acquisition was performed in
September 2016 using a Leica ALS 70 CM scanner. The
study area was scanned from an altitude of 1,290 m with
a 43° field of view, and 282 kHz laser pulse repetition
rate. The resulting average density of point cloud reached
26 points m2. The airborne Lidar-derived digital terrain
and surface model (DTM and DSM) were interpolated in
SCOP++ Software environment (Trimble) and vertical
accuracy was expected to be 0.2 m. A canopy height
model (CHM) of 0.5 m resolution was generated as a
result of subtraction of the DSM and DTM.

Ground reference data were obtained during the leaf-
on season in 2017 within 294 circular plots with radius
from 7.5 to 20 m (size of plot was dependent on number
of trees). The position of the plot centre was measured
using the Global Navigation Satellite System (GNSS)
and a positional error from 1.44 m to 6.25 was expected
for all plots (Murgas et al. 2018). A total of 8,846 trees

polygon (tree crowns) vector files in an ESRI shapefile
format (Sackov et al. 2017b).

Tree species of detected trees were determined at the
level of identified objects and were classified only into
general classes of broadleaved and coniferous trees. For
this purpose, an object-oriented classification of RGB
and CIR orthophotos with a spatial resolution of 0.25 m
was used. This classification was processed with the
eCognition Developer 8 software (Trimble GeoSpatial,
Munich, Germany).

The DBHs of the detected trees were derived based
onnonlinear regression models. The model predictorwas
tree height for the selected group of tree species (DBH =
f(h)). The calibration dataset included 955 broadleaved
treesand 747 coniferoustrees. The statistical significance
of models was assessed using the F-test at a significance
level of o= 0.05. The average accuracy for these models
was 21% at the tree level.
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Fig. 2. Integrated framework for remote sensing-based estimation and web-based visualization of forest resources.

The volume for detected trees was derived based on
the models introduced by Petras & Pajtik (1991). For
each remotely detected tree, which included the esti-
mated height, assigned attribute of tree species classes,
and derived DBH, the volume calculation was applied
using the adopted model. As only two classes of tree spe-
cies were available, the volume functions of the tree spe-
cieswith the highest proportion in the respective growing
stock were used as a compromise. For the broadleaved
class, the beech function was used. For the coniferous
class, the spruce function was used.

Finally, the stand height and stand diameter were cal-
culated as the average of the tree data. The total volume
was calculated as a sum of the tree volumes.

2.3. Development of Web-map application

Data formats

The functionality of web-map applications strongly
depends on the format of datasets that are displayed to
the user via a web browser. The basic requirement is to
display the required amount of data in the shortest pos-
sible time and in the best possible quality.

In this context, Indexed 3D Scene Layers (i3s) and
Limited Error Raster Compression (LERC) data formats
were used for the current version of the application. The
i3s format was used for streaming large and heteroge-
neous geospatial datasets with 3D content including
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discrete 3D objects, large continuous meshes, 3D vec-
tor points, and point clouds. The LERC format was used
to create a custom tile layer that displays elevation data.

Application

The server part of the application consists of three inter-
connected servers: (1) Data server: we selected Post-
greSQL object-relational database management system
because this system is freely distributable and, among
other benefits, it supports a large part of the SQL stand-
ard and extension, including a spatial database extender
PostGIS. (2) Map server: we selected ArcGIS Enterprise
10.7.1 (ESRI) because this system provides many of
the features needed for mapping, data analysis, data
visualization, and recent releases include also support
for publishing 3D objects. (3) Web server: we selected
Apache with PHP configuration for hosting an applica-
tion because this server is freely distributable and provid-
ing some built-in resources such as databases, caching
tools and other tools for website optimization.

The client part of the application was created as a
single page application (SPA) using Arcgis APl libraries
for Javascript as well as through Query, UnderscoreJS,
Backbone, Bootstrap, and jsPanel. SPA interacts with
the user by dynamically rewriting the current page
rather than loading entire new pages from a server. This
approach avoids interruption of the user experience
between successive pages. For more realistic 3D visu-
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alization of RS-identified trees, we used a model from
ESRI3D Vegetation Library (Peterson 2014). However,
only conifer model was adopted for current version of the
application. In this context, we used also the concept of
“Level Of Detail” (LOD) to increase rendering efficiency
by reducing (1) number of objects and (2) complexity of
the 3D object, when the scale is changing.

3. Results

3.1. Estimations of forest resources

Atotal 0f 968,217 single trees were detected using reFLex
algorithm. The RS-based approach evaluated the mean
height at 22.3 m by averaging the detected tree heights,
the mean diameter at 26.2 cm by averaging the derived
tree diameters, the volume at 744,732.6 m? by totaling
the calculated tree volumes. The differences between
ground-measured and RS-estimated forest stands vari-
ables reached values of 16.4%, 12.1%, —26.8%, and
—35.4% for the mean height, mean diameter, volume per
hectare, and trees per hectare, respectively. Additionally,
the variability of ground-measured and RS-estimated
tree height, tree diameter and tree volume is shown in
Fig. 3.

geology (e.g. geological formation). This panel also
includes an output from the RS-based estimation of for-
estresources (e.g. RS-identified trees). The visualization
of the RS-identified trees is changing dynamically with
respect to the scale. The scales of more than 1:20,000 m
allows avisualization of trees only as raster objectin both
2D and 3D scene (Fig. 5a). The scales from 1 : 20,000 to
1: 1,000 m allows a visualization of tress as vector object
(Fig. 5b). The scales less than 1 : 1,000 m also allows a
visualization of trees with the unified 3D graphics of coni-
fers and moreover, the size of these 3D objects reflects to
the RS-estimated tree height and crown projection (Fig.
5¢). The web interface of application also contains a set
of geographictools. In addition to the basic functionality
(e.g. zooming, selecting, etc.), the application allows to
create cross-sections through layers as well as a meas-
urement of transversal, horizontal and direct distance
between individual 3D objects (e.g. tree tops) (Fig. 6).

An initial experiments showed that the web-map
application is fully stable and allows real-time visuali-
zation of geospatial data. More specifically, the average
response time to display page with several hundred trees
including 3D graphics of conifers (scale <1 : 1,000)
or several hundred thousand trees (scale 1: 1,000 —
1:20,000) was about 5.3 seconds.
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Fig. 3. Ground-measured (grey box) and remote sensing-estimated (white box) forest stand variables including standard devia-

tion (whiskers).

3.2. Visualization of forest resources
The application enables the web-based visualization of
geospatial data in 2D and 3D scene including attribute-
and location-based querying and 3D data profiling. The
availability is provided by map servers of State Geological
Institute of Dionyz Sttr and/or National Forest Centre.
The web interface of application consists of two map
panels. The first panel contains background layers, such
as geographic maps, orthophotos, and digital elevation
models (eg. DTM). In the case of 3D visualization, the
elevationlayer is defined by DTM and all remaining layers
are consequently rendered based on this elevation layer
(Fig. 4). The second panel contains sublayers, such as
thematic maps used in forestry (e.g. forest stand) and

Fig. 4. Visualization of orthophotos (3D background layer)
and trees (2D point sublayer). The elevation layer is defined
by digital terrain model.
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Fig. 5. Visualization of geographic map (background layer) and trees in different scales: (a) Scale >1 : 20,000 displays trees as
raster object, (b) Scale 1:20,000—1: 1,000 displays trees as vector object, (c) Scale <1 : 1,000 also allows a visualization of trees

as 3D object.

Fig. 6. The application allows to create cross-section through trees and interactive measurement of tree height (a) as well as

distance between trees (b).

4. Discussion

A web-based visualization of forest resources estimated
from RS data represents an effective technology concept
to support precision forestry. Firstly, advanced RS-based
techniques allow to estimate forest resources automati-
cally, continuously, with a known accuracy, and at mul-
tiscale level. Secondly, web-map applications allow to
provide geospatial data to the key stakeholders in forestry
sector over mainstreamweb browsers. We have therefore
developed aframeworkwhichintegrates (1) analgorithm
for estimation of forest stand variables based on remote
sensing data and (2) a web-map application for 2D and
3D visualisation of geospatial data.

The forest stands variables were estimated through
an individual tree detection algorithm implemented in
the reFLex software based on combination of airborne
LiDAR data and aerial color-infrared images (Sac¢kov
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et al. 2017). Although only 64.6% of single trees were
identified, the mean error of RS-based estimations did
not exceed 16.4% for mean height and 12.1% for mean
diameter. On the other hand, the volume was underesti-
mated by 26.8%, probably due to problems in detecting
suppressed and understory trees. This problem could
be considerably reduced with the area-based algorithm
(Kandare et al. 2017). Comparing different approaches,
however, ourindividual tree detection algorithm provided
accuracies that were higher or similar to the area-based
algorithm. For example, Coomes et al. (2017), Zhang et
al. (2017) or Lamb et al. (2018) reported an accuracy of
5-11%,10-13%, 12 -28%, 19 — 30% for estimation
of mean height, mean diameter, standing volume, and
stem density, respectively.

The developed web-map application displays the
geospatial data in a user-friendly manner and it is capa-
ble of fast real-time rendering in 2D as well as 3D scene
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over mainstream web browsers without a plugin. In
this context, we confirm its full applicability in design
consisting (1) data formats (i3S, LERC), (2) server
parts (PostgreSQL data server, ArcGIS Enterprise map
server, Apache with PHP configuration web server), and
(3) client part (SPA developed by Arcgis API libraries
for Javascript). However, there are many other effective
frameworks of web-map application that are commonly
used for visualization of forest resources. Lim & Honjo
(2003) visualized a forest landscape with thousands of
trees using Virtual Reality Modeling Language. Singh et
al. (2012) developed a web-map application only by open
source geospatial systems (e.g. Mapserver, MapScript)
and observed that this application also enables user to
view, update, customize, retrieve, inquire and analyse
data about forest resources. Panizzoni et al. (2015) used
GeoBrowser 3D, HTMLS5, WebGL, CSS 3D and Canvas
element for interactive visualization of the forest model.
Zapotocky & Koren (2016) proposed a web-map applica-
tion forvisualization of forestry maps based on Microsoft
SQL Server, ArcGIS for Server, and Microsoft Infor-
mation Server. Wang et al. (2017) used X3DOM and
HTMLS5 and developed a workflow for the construction of
WebGL rendering and interactive visualization of forest
landscapes from GIS and forest simulation datasets. Stra-
til & Renner (2019) used a Unity Gaming Technology
to visualize spatial data and allowing the forest owners
virtually visit their forests. Marano et al. (2019) devel-
oped a flexible web-based operational tool to challenge
multifunctional and sustainable forestry knowledge for
planning and management purposes at the landscape
level, with a demonstration of potential deliveries at high
spatial detail and for large spatial extent areas.

5. Conclusions

This study demonstrated that our integrated frame-
work is capable of online providing complex geospatial
data and findings from RS-based estimations of forest
resources at forest management unit level. In this con-
text, we extended the current state of art in the field of
utilization of advanced geospatial technology within the
forestry sector. Firstly, despite the requirement for large-
scale estimation of forest stand variables (12,472 ha),
an accuracy of our individual tree detection algorithm
was higher or similar to the other studies. Secondly,
despite the requirement for online visualization of large
amounts of geospatial data (e.g. digital terrain model,
aerial imagery, thematic maps used in forestry or geol-
ogy, and 968,217 single trees), newly developed web-
map application showed stability and capability for fast
real-time rendering in 2D as well as 3D scene over main-
stream web browsers without a plugin.

Future work should include creation of a more
detailed visualization of different surfaces (e.g., grass-
land, forest, open water, building) as well as trees (tree

species) and development of various useful geospatial
tools (e.g., interactive navigation). Furthermore, there
is a potential for expanding this application which will
enable the user to download, upload and analyse geospa-
tial data for specific needs.
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