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Chapter 1

Introduction

Traditionally, forest inventories are performed manually using calipers or tapes to
acquire single tree and complete stand information. This is both laborious and time-
consuming in practice. Nonetheless, such manual techniques are still commonly used
despite the availability of automatic methods. This is due to the high upfront cost of
contemporary laser scanner technology, as well as the partial nature of data collection
with technologies such as photogrammetry that aims to estimate forest metrics from

images alone.

In recent years, many efforts have been made to release low-cost solutions that produce
acceptable results. In 2020, Apple released the new iPad/iPhone Pro equipped with a
LiDAR (Light Detection and Ranging) sensor. The LiDAR technology can measure the
distance to an object with a light pulse, which can be used to create 3D point clouds —
i.e. a collection of points along with their x, y, z coordinates in 3D space. Numerous
studies [1, 2] have shown that forest inventory using such LiDAR data is generally

feasible and achieves accurate and precise measurements.

However, most researchers use the iPad to collect LIDAR data and then process it in a
custom workflow that includes a series of tools, programming languages, algorithms,
and applications. This is tedious and not accessible to non-programmers. As a result,
various studies [2, 3] have determined that an end-to-end user-friendly application
needs to be developed and that novel workflows should be examined. This is the
starting point of this thesis. Our most significant contribution is the development of a
completely automated client-server application based on a workflow for processing

iPad-generated point clouds.
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1.1 Contributions and Thesis Overview

Chapter 2 gives an overview of the state-of-the-art automatic methods used to conduct
a forest inventory.

Chapter 3 defines the different concepts, methods, and attributes used in a forest
inventory. It gives an overview of the traditional methods, such as measuring tree
diameters with a measuring tape. The chapter also highlights the attributes that can
be retrieved via the iPad LiDAR and those that can be derived, as opposed to those
that are beyond the reach of the iPad LiDAR.

Chapter 4 documents the instruments and the data used throughout this thesis. It also
provides an evaluation of the GPS accuracy of the iPad and the optimal settings to use
for the scanner application.

Chapter 5 presents the workflow we designed to extract forest attributes from a point
cloud produced by the iPad LiDAR. The chapter provides a comparison of several file
formats for storing point clouds. It also evaluates which coordinate systems to use to
geolocate trees from a geo-referenced point cloud. Finally, the chapter compares and

assesses several algorithms and their optimal parameters.

Chapter 6 focuses on the implementation of the solution. The chapter is divided
into two main parts: the backend and the client. The backend section describes
how we designed a flexible, maintainable, and testable server that exposes a total
of 32 endpoints. It also describes the architecture of the SQL database and the inner
workings of a so-called "custom layer" whose purpose is to accommodate different
workflows. The second section describes the design of a scalable and testable iOS
application with user-friendly interfaces. This section also pays particular attention to

the design of a local database with a synchronization mechanism.

Chapter 7 presents and discusses further empirical results of the solution as a whole.
These results include a 100% tree detection rate with a root-mean-square error of 3.72
cm for the estimation of tree diameters at the height of 1.50 m. The chapter also shows

that traditional inventory time is halved when using the application.

Finally, Chapter 8 concludes the work and outlines potential future improvements.



Chapter 2

State of the Art

Traditionally, forest inventory has been carried out manually using calipers and diam-
eter tapes. There is currently a need to implement a faster, simpler, and automated
workflow. This chapter provides a quick summary of the various scanning tech-
nologies available to suit such workflows, ranging from the most costly to the most
affordable options.

2.1 Airborne Acquisition

Airborne laser scanner (ALS) solutions are usually mounted on a helicopter or an
airplane. Thanks to the thorough information the ALS method provides, it is widely
recognized as a valuable source of data for forest inventories that allows for the
identification of vertical forest structure and, as a result, the estimation of forest

inventory attributes such as height, basal area, and volume [4].

Recently, digital aerial photogrammetry (DAP) has emerged as a viable alternative to
ALS. Not only is it more affordable, but it also provides data on other attributes such

as tree species, health and maturity of the forest [5].

The most recent progress made in this area is the unmanned aerial systems (UAS)
method, which makes use of drones to improve the cost-effectiveness and quality of
aerial imaging for forestry applications [6,7]. The major disadvantage of all airborne
methods is the canopy closure, which hides part of the forest.
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2.2 Terrestrial Acquisition

The terrestrial laser scanner (TLS) method uses a static scanner to obtain forest
inventory characteristics such as tree canopy volume and basal area, in addition to
the more traditional parameters such as diameter at breast height (DBH) [5]. Due to
the static nature of the scanner, the occlusion effect is one of the main limitations of
this method: some stems, branches, and leaves are hidden by material closer to the
scanner. The stands must then be scanned from multiple locations, which increases

the cost of this procedure.

2.3 Mobile Acquisition

Mobile laser scanners (MLS) (aka. mobile LiDAR, VLS, vehicle-based laser scanning)
are typically installed on all-terrain vehicles such as a quad. They seek to eliminate
the occlusion problem that arises with TLS-based approaches as the mobility of the
vehicle help cover more angles. MLS systems usually combine a laser scanner with an
inertial measurement unit (IMU) and Global Navigation Satellite System (GNSS) [9].
The quality of the final data is then related to the precision and accuracy of the three
components, as well as the synchronization of these components. The accuracy of
MLS data is typically inferior than that of data acquired via TLS.

Depending on the forest setting, MLS may suffer from poor GNSS signal reception
leading to low accuracy. Furthermore, an all-terrain vehicle may not be able to cover
the entire region of interest due to the difficulty of accessing denser part of a forest.
Finally, the method may have destructive effect on the environment it aims to capture,

contrary to other LiDAR data collecting techniques.

The term personal laser scanning (PLS) refers to a scanning system wearable by
human operators [9]. The concept first appeared as a backpack-style MLS system,
with the scanning and positioning equipment mounted on the back of the operator
rather than on a vehicle. Being more lightweight and less cumbersome than previously
mentioned methods, one of the major advantages of PLS is rapid data acquisition.
This method also captures a more equally distributed point cloud, and helps solve the

occlusion problem even better the MLS approach.
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2.4 Low Cost Acquisition

Nowadays with the ubiquity of smartphones and the wide range of sensors they
feature, more affordable solutions are starting to emerge. These solutions were first
based on photogrammetry technology using multiple pictures of a stand to extract
forest attributes. The error (%RMSE) for the DBH ranges from 5.58% to 16.09% [10].
The main drawbacks of this method are:

¢ Taking pictures from enough angles is time-consuming;

¢ The light conditions need to be optimal to obtain the best results;

¢ High tree densities and occlusions by branches and shrubs can occur;
* The survey cannot be performed by an untrained user.

More recently, with the release of the iPad and iPhone pro, more affordable LiDAR-
based solutions have appeared. Thanks to user-friendly interfaces and the popularity
of the device, users can quickly operate the device without a lengthy training or
acquiring specialist knowledge. The %RMSE for the DBH ranges from 7% to 13.03% [1].
Despite these promising results, to our knowledge, as of August 2021, no end-to-end

tully automated workflow exists in the literature.

2.5 Summary

This chapter mentioned state-of-the-art methods for forest inventory along with the
various forest attributes that can be collected using them. The solution discussed

throughout this document is centered around the iPad-based approach.



Chapter 3

Forest Inventory Attributes

Forests may appear to be immutable and static structures that grow slowly and change
little, giving the impression that they are not complicated to monitor or that it is not
necessary. However, this is far from being the truth. A forest is a living system in
constant evolution that is at the heart of issues such as climate change, which motivates

effective forest monitoring.

For a forester, forest measurements and inventories are fundamental to answering
these questions and making informed decisions. Whenever possible, forest attributes
must be quantified and localized, as one cannot effectively manage something that is
not measured. It is also highly important to keep a forest inventory as each decision

has its own set of consequences: it is crucial to assess their impacts.

Furthermore, maintaining an inventory of forest attributes is vital in this time of
global warming for two main reasons. First, global warming is increasingly wreaking
havoc on forests around the world and there is a need to quantify the resulting carbon
emissions [11]. Second, forests are under scrutiny for their potential as carbon sinks to
offset these rising emissions [12]. Numerous studies are investigating the measurement

of forests in order to derive metrics related to carbon emissions [13].

Some of the questions that forest inventory can help to address are as follows [14]:

¢ How much is the timber and land worth?
¢ What is its value as a carbon sink?

¢ Which wildlife species can and should be introduced? [15]
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Many important forest attributes can be extracted and computed from LiDAR data.
Just a few basic direct measurements at the plot1 level are required. These baseline

attributes can be used to determine almost all other attributes [16].

This section explains the set of valuable variables that can be measured directly at
the plot level (Section 3.1) or derived /compiled from plot measurements (Section 3.2).
Since the iPad Pro LiDAR is limited in terms of capture angles and capture range,
some attributes such as the height of a tree cannot be measured; these attributes will

be discussed in the Section 3.3 to provide insight into the limitations of the technology.

3.1 Direct Attributes

This section details the attributes that can directly be extracted from a point cloud
generated by the iPad Pro scanner. Some focus is placed on how the device can

alleviate manual work by making it easier or more consistent across the plots.

Diameter at Breast Height

Diameter at breast height (DBH; meters) is the most basic dendrometric measurement
and the most fundamental: it serves as the basis from which most other plot mea-
surements are derived. It is the diameter of a standing tree at a standardized height
which varies from country to country. DBH is usually measured at either 1.3 m (United
States), 1.4 m (Australia), or 1.5 m (Belgium) [17]. In general, only trees with DBH
above a threshold of 5-10 cm are measured [15]. Forest inventory algorithms and
prediction models are mostly focused on this metric due to its importance.

Manual measurement usually involves the use of a tape measure or a caliper. During
our experiments, we used a tape as shown in Figure 3.1 for its consistency across
repeated measures. There are a variety of methods available, including measuring the
tree on its upward slope side and ensuring that the bare ground is used as a reference
if there is snow or leaves. These methods need to be consistent across different plots,
which can be problematic when multiple humans (some non-experts) are tasked with

measuring trees.

'A plot is the piece of forest being inventoried. The terms "plot" and "stand" are used interchangeably
in this document.
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The use of an iPad and specific algorithms allows for consistent measurements. There is
also no need to seek the assistance of an expert to educate or check that the procedures
are followed. All essential procedures and standards are managed by our application
and the algorithms we use. More details can be found in Chapter 6.

Figure 3.1: In-field DBH measurement with a measuring tape

Plot Area

The area (ha) of the plot is an important variable because it allows the calculation of
the tree density. When a land such as an olive grove is regulated, the surface area has
been precisely measured and is known in advance. This is the case for a maintained

plot in a forest; for example, the stands form a circle of 360m? in the Bois de Lauzelle.

However, it is possible that the area is not known in advance and must be estimated. If
done manually, this estimate can be very rough, for example by measuring only a part
of the plot and extrapolating. It is possible to get a reasonable estimate of the surface
area with the help of georeferenced point clouds.
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Stem Number

The number of stems represents the total number of trees measured in a plot. Foresters
use prisms or angle gauges to determine which trees should not be measured based

on an estimated diameter.

Our application allows for faster and easier data capture and is able to determine
which trees to count and record through diameter estimation. This eliminates the
need to manually assess which trees to measure by automating and simplifying most

human operations.

Tree Identification & Geolocation

Manual measurements require that trees be uniquely identified (at least at the plot
level) to know which measurements correspond to which tree. Measured trees are also
marked so that they are not measured twice in the same period. For example, the tree
in Figure 3.1 has the unique identifier 15 and is marked by the horizontal white line
indicating that it has been measured.

This thesis shows that it is generally possible to identify a tree based on GPS geolo-
cation provided by a low-cost mobile device. This greatly decreases the amount of

required manual effort and allows for automatic tracking of a tree.

Stem Diameters

Diameters correspond to any diameter at any height of interest. It is a necessary

measurement for estimating the volume of a tree.

In practice, foresters estimate diameter as a function of height using the taper equa-
tions”. These equations are difficult to apply because they are complex, species-specific,
even site-specific and age-specific [19].

The iPad LiDAR can measure diameters up to the maximum height that the sensor can
reach. Taper equations are no longer required if the full tree can be captured. If this is

not the case and only part of the diameters are known, they remain useful to improve

2Taper equations are a set of linear equations that describe the height-diameter relationship of a given
species.
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the accuracy of the equations. However, due to their complexity and specificity, the
application does not attempt to estimate unreachable diameters with taper equations.

Status & Species

The status indicates whether a tree is dead or alive. This thesis does not attempt to
make predictions about the status and species of a tree; instead, we let the user enter
this information. However, some data, such as height, can be estimated from the

species using a species-specific DBH-height regression model [20, 21].

3.2 Derived & Computed Attributes

This section covers the additional attributes that we derive from the direct attributes.
They are equally significant since they provide more straightforward decision-making
indicators. The derivation techniques must be specified because they can differ for the
same attributes, i.e. the same attribute name can refer to two distinct metrics or may

be expressed in another unit system.

Basal Area

Basal area (BA) is one of the most important and common terms in forestry because it
provides a lot of information. It indicates the density of the forest but is also related to

the growth and volume of the plots.
However, the term "basal area" can be interpreted in two different ways3:

* The cross-sectional area of a single tree at breast height, expressed in square

meters. The basal area of a tree is estimated from its DBH using the circle formula:

Basal area of a single tree (m?) = 7« (DBH/2)? (3.1)

*Both interpretations are included in the application.
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¢ The sum of cross-sectional area at breast height of all trees in a plot expressed per
unit area.

Y. (7t + (DBH/2)?)

Basal area of a plot (m*/ha) = —

(3.2)

Although the second interpretation is more relevant, the application handles both.
Note that the DBH is supposed to be expressed in meters and the area in hectares in
these formulas.

Density, Mean Distance, Mean DBH

The density as the number of stems per hectare, the average distance between trees,
and the average DBH are not as informative as the basal area, but they nevertheless

provide practical insights.

Some efforts to compute them were found in the literature [22-24], therefore these
attributes are also included in the application.

Other Attributes

The application does not provide all the possible attributes derivable from the DBH.
For example, a basal area calculated only on the basis of trees with a certain DBH is
not directly possible. However, the application is linked to a database (Section 6.2.5)

on which it is possible to execute such queries and calculate some specific information.

3.3 IPad LiDAR Limitations

This section details some of the attributes that, while important, cannot be computed
directly or indirectly from the iPad LiDAR point cloud. However, this is not a lim-
itation of the iPad per se. It is possible to estimate some of these attributes using
other components such as images, but to do so would require the development of a
specialized scanner. As this thesis focuses on the LIDAR component, these attributes

are not included in the application.
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Height

Tree height (m) is the distance from the base of the tree to its top. It is a basic measure
that can be used to calculate other attributes such as biomass, mean height, arithmetic
mean height weighted by basal area, etc.

According to our experiments, the iPad LiDAR can measure the height up to 3 meters

and 5 meters under ideal conditions.

One way to go around the LiDAR limitation is to use the iPad as an inclinometer or
hypsometer. These trigonometry-based instruments determine the height of the tree as
a function of its distance from the device, and the angles formed by the device and the
two extremities (base and top) of the tree. Assuming that the top of the tree is visible,
this would be feasible with a combination of LIiDAR (distance to the tree) and device

tilt (angles) information.

Volume

Volume, usually timber volume or merchantable volume, is the stem volume per
hectare (m3/ha). Since diameters cannot be measured above a certain height and taper

equations are too specific to be used, it is not yet possible to estimate volume.

Above-Ground Biomass

Above-Ground Biomass (AGB; Mg/ha) of a tree is its total vegetation mass (stem,
leaves, branches) above ground. It is measured using species-specific allometric
equations [25] — e.g. the relationship between stem mass and leaf mass for a given
species. These equations are known to be inaccurate [16].

Crown measurements

Tree crown” size is directly related to the growth of the tree and understorey vegetation.
It is also used to determine a more precise biomass of the tree. It requires the use of

aerial measuring tools such as ALS (Airbone Laser Scanning) [26] or drones [27].

“The crown is the branches and foliage that grow out from the trunk of the tree.
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3.4 Summary

We have seen that some attributes, although interesting, cannot be extracted or calcu-

lated because of technical limitations. Table 6.5 provides a summary of the different

attributes, their units, and whether or not they are available in our application.

Attribute Type Available | Unit Note

DBH Direct Yes Meter Measured at 1.5 m.

Plot area Direct Yes Square meter -

Stem number Direct Yes - -

Geolocalisation | Direct Yes EPSG3812 -

EPSG3857°

Diameters Direct Partially Meter Up to a height of 2.5 m
on average.

Status & species | Direct No - The user can provide
these information using
the description field.

Tree basal area | Derived | Yes Sqare meter Measured at 1.5 m.

Plot basal area Derived | Yes Square meter | Measured at 1.5 m.

per hectare

Density Derived | Yes Number of trees | -

per hectare

Mean distance Derived | Yes Meter -

Mean DBH Derived | Yes Meter Measured at 1.5 m.

Height Both No Meter Requires a custom scan-
ner or precise taper equa-
tions.

Volume Both No Cubic meter per | Requires a full scan of

hectare the tree or precise taper
equations.

Above-ground | Both No Megagram per | Requires a full scan of

biomass hectare the tree or precise allo-
metric equations.

Crown Direct No - Requires aerial captures.

Table 3.1: Summary of attributes (available or not) in the application

5Broadly speaking, those are the coordinate systems used; see Section 5.3.




Chapter 4

Material and Methods

The previous chapter covered the direct and indirect attributes that can be extracted or
computed from a cloud point generated by the iPad LiDAR.

This chapter focuses on the methodology used to capture such point clouds for a given
stand. It first introduces in Section 4.1 the tools we used to conduct our data collection,
as well as the inherent constraints of these tools. The operational context of Section 4.2

then describes under which conditions these captures were made.

4.1 Instrumentation

As discussed in the previous chapters, our approach focuses on the iDevices that
feature a LiDAR sensor. We used an iPad Pro, but the solution would work on an
iPhone as well. The device also includes a GPS module, which is used to generate
georeferenced point clouds. This section discusses the limitations encountered with
these two components as well as with the scanning application used to capture the
point clouds.

Scanning Application

Instead of developing our homemade scanner application, which would have been
too time-consuming, we decided to use an application called "3D Scanner App" [25],

which has already been mentioned several times in the literature [1,2].

The application offers many different settings, as shown in Table 4.1.

14
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Parameter | Values Description

Max Depth | 0.5 to 5m Discards sensor data after a certain distance.

Resolution | 5 to 20mm The lower the value the higher the resolution.

Confidence | low, medium, high | Filters the data output by the sensor. Choosing
HIGH, for instance, only keeps the best quality
data (with the best confidence) but reduces the
amount of data available.

Masking none, object, person | Isolates significant visible objects while masking
out persons or less noticeable objects.

Table 4.1: Description of the settings of the 3D Scanner App application

To find the best combination of parameters, we decided to focus our attention on a

smaller tree, assuming that it would scale up with bigger specimens. The tree radius

was first measured manually using a diameter tape at a height of 1.5m. The application

was then used to scan the tree using different combinations of parameters.

Method Confidence | Resolution (mm) | Radius (m) | Error (cm)
0 (Reference) | - - 0.0557 0

1 High 5 0,114287 5,8587

2 High 10 0,1053964 | 4,96964
3 High 15 0,1148198 | 5,91198
4 High 20 0,1115848 | 5,58848
5 Medium 5 0,1076879 | 5,19879
6 Medium 10 0,1104854 | 5,47854
7 Medium 15 0,09177609 | 3,607609
8 Medium 20 0,1018625 | 4,61625
9 Low 5 0,1065483 | 5,08483
10 Low 10 0,08699632 | 3,129632
11 Low 15 0,078125 2,2425
12 Low 20 0,09504316 | 3,934316

Table 4.2: Comparison of the settings of the 3D Scanner App application for forest inventory

Table 4.2 shows that scanning with a Resolution and Confidence parameters set to

15mm and Low respectively yielded the best results. These optimal values were also

suggested by a previous evaluation of the 3D Scanner App for forest inventory [1].
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GPS

Apple claims that the "GPS accuracy depends on the number of visible GPS satel-
lites. Locating all visible satellites can take several minutes, with accuracy gradually
increasing over time" [29]. The Core Location documentation also mentions that
"the framework gathers data using all available components on the device, including
the Wi-Fi, GPS, Bluetooth, magnetometer, barometer, and cellular hardware." [30].
These different factors make it quite difficult to determine the true accuracy of the

geographical position of the device.

We assessed the accuracy of the GPS using two methods. The first focused on its
relative accuracy by scanning the same tree multiple times as can be seen in Figure 4.1.
Assuming a random distribution, we notice a drift of around 2m on average, which is

consistent with the error range of 1 to 3 meters observed in the literature [1].

(]
[
Distance: 4,129331

XY -2.670002 EESH 4.129331
LA 5149994 RSS2 670002
LYl 0.000000 Fea 5149994

s
bt

Figure 4.1: GPS drift highlight using multiple georeferenced scans of the same tree

The second method focused on the absolute accuracy of the GPS module. We first
scanned a georeferenced point cloud of a known geodetic marker (see Figure 4.2)
whose location is provided by the Belgian platform G-DOC [31]. Using Cloud Com-
pare we selected the center point of the scan and extracted the geographic coordinates
reported by the iPad. This value was then compared with the coordinates correspond-

ing to the geodetic marker.

Our results show that the geodetic marker and the corresponding georeferenced point

cloud are separated by 3.077 meters.
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Figure 4.2: Geodetic marker

Coordinates (EPSG 3812) X (meters) | Y (meters)
NGI Geodetic marker 649460.31 | 653039.86
iPad georeferenced point cloud | 649462.21 | 653042.28

LiDAR

The sensor is capable of scanning objects up to 5 meters [32]. The accuracy of the
LiDAR has not been made public by Apple. We did notice that the application would
yield poor results when scanning smaller trees (radius <7.5 cm). This can be partially
explained by the relatively low density of points the LiDAR projects as shown in

Figure 4.3 using an infrared camera.

Figure 4.3: IR camera displaying the point density of the iPad LiDAR sensor [33]
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4.2 Operational Context

The iPad was primarily used to capture tree stands located in the "Bois de Lauzelle",
a 20-hectare nature reserve in the town of Ottignies-Louvain-la-Neuve, in Walloon
Brabant.
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Figure 4.4: Location of the forest "Bois de Lauzelle"

This forest is divided into 149 survey plots. We focused our experimentations around
the plot C16 (see Figure 4.4). A stake inserted into the ground is used to define the
center of a plot, all the trees that are found within a 10 meters around this stake are
part of the plot. For practical reasons, we decided not to follow the plot structure and
to capture trees in a straight line (Figure 4.5).

The captures were made between mid-January and mid-April 2022. The trees (mostly
beech) did not bear many leaves during this period, as can be seen in Figure 4.5

Figure 4.5: Scanned area and the relative locations of its trees (meters)
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Using 3D Scanner App, we scanned trees, row by row, walking around each tree
individually. We found that halting the scan or directing the LiDAR towards the
ground helped avoiding the introduction of artifacts while walking from one tree to
the next.

The application paints surfaces that have already been captured using virtual reality
(Figure 4.6). This allows the user to avoid scanning the same tree several times, which
might result in artefacts due to overlaps between previously recorded and newly
recorded data.

Figure 4.6: In-field plot survey using 3D Scanner App

4.3 Summary

This chapter focused on the tools and methodologies used to capture point clouds
using an iPad featuring a LIDAR sensor and GPS module. Those experiments showed
great potential in providing an accurate enough solution for the survey of forest stands.
The actual accuracy and feasibility of our proposed workflow are thoroughly discussed
throughout the upcoming chapters.



Chapter 5

LiDAR Point Clouds Processing

In Chapter 3 we described the importance of the many attributes that can be ex-
tracted from a point cloud generated by the iPad LiDAR. This chapter explains the

methodology and workflow we have used to extract the tree and plot attributes.

The workflow and its components outlined in Section 5.1 serve as the guideline of this
chapter. Most of the intricacies behind the workflow — especially with regard to the
choice of algorithms and their parameters — will be covered in Section 5.4

However, before diving into the algorithms, it is necessary to understand LiDAR
point cloud nomenclature and operations. We therefore strongly advise reading the
terminology in Chapter 1 before proceeding with this chapter.

To make the most informed choices possible, it is also essential to understand how
the data is organized (Section 5.2). In particular, we will see that the points are
georeferenced, which entails a variety of technical considerations in terms of geospatial

standards, data, and coordinate systems. All of this is detailed in Section 5.3.

5.1 High-Level Workflow

The proposed workflow seeks to extract forest attributes from a point cloud captured
by the iPad LiDAR. The series of steps used to retrieve these properties is depicted in
Figure 5.1. Note that this workflow works equally well for plots with several trees and

plots with only one tree.

20
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Figure 5.1: Activity Diagram for the whole data extraction workflow

Prior to data extraction, a lengthy pre-processing phase is required, which includes
point cloud rotation (if necessary), reprojection and normalization, a tree extraction
process, and so on. Following the extraction of direct attributes (such as DBH, area,

geoposition, etc.), derived attributes (e.g. basal area, mean DBH, etc.) are computed.

As the system is intended to provide a forest monitoring, a user can upload a point
cloud for two reasons. First, to create a new plot. Second, to update an existing plot
with more recent data. In the second case, because the exact position of a tree is
not precise (see Section 4.1), it is necessary to align the previous trees with the new

information in order to keep a tree-by-tree inventory.
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5.2 File Formats

There are many different 3D graphics file formats that LIDAR scanners can generate.
Different scanners produce different formats, and different tools only accept a subset
of these formats. For example, the iPad application we use to acquire data (3D Scanner
App) can export to 8 formats, and some 3D processing software such as CloudCompare

can handle up to 30 different formats.

This chapter compares some of the most common open point cloud formats. As we
will see, some formats are better suited to our needs. Proprietary formats are not

discussed as they are not a sound long-term approach and are not freely available [34].

5.2.1 ASCII-based Formats

The point clouds can be stored in plain text and encoded in an ASCII-based format.
This type of format is usually based on a table where each row corresponds to the
properties of a point or another geometric element. These properties include at least
the corresponding spatial coordinates (x, y, z).

The main disadvantages of such ASCII-based formats are as follows:

* They are slower to read due to the necessary translation from a human-readable

format to a binary format.

* They contain few metadata, unlike binary formats that can have additional

metadata for each point.

¢ They are not space-efficient. For instance, the use of a format converter showed
that the same point cloud is 6.23 MB in an uncompressed binary format and 10.3

MB in a simple 7-column ASCII format.

The ability to be easily edited and read by humans is frequently reported as one of their
main advantages, although this is misleading because many tools can help perform

these tasks on binary formats.

Their primary benefit is that they are the most future-proof as they save point clouds
as a basic set of coordinates, ensuring that they can be used for years to come.
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The following subsections describe the most common ASCII formats. Note that

conversion from one format to another is possible but may result in loss of information.

XYZ, TXT, and ASC File Formats

XYZ, TXT, and ASC are very simple non-standardized ASCII-based formats. Because
the units and specifications are not standardized, these formats are not advised for
data transfer. However, they are recommended for data storage, provided that the

exact format specification used is documented.

These formats are often similar to ad-hoc formats that developers design for their own
needs. However, these ad-hoc formats rarely gain traction, and the lack of formal
documentation typically results in misuse.

OB]J File Format

Although commercial binary variants of the OBJ format exist, the most common and
free versions are in ASCIIL. The format is used to store normals, vertex positions,
textures, colors, and other aspects of geometric objects. Companion files for rendering
textures (MTL and JPG) are frequently included.

PLY File Format

PLY (Polygon File Format) files [35] represent 3D objects as a set of polygons in a
mesh. The polygons are described as a collection of elements (typically vertices and
faces), each containing a list of properties. The coordinates are the most fundamental
attributes, but the files can also include other properties such as colors, surface normals,

transparency, and textures.

This format is the most commonly used ASCII format in the LiDAR industry, but it
is not as popular as the binary formats detailed in the following section due to the
ASCII-induced drawbacks.
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5.2.2 Binary Formats

None of the ASCII formats listed above were suitable for our needs. In addition
to the general disadvantages discussed above, there are additional LiDAR-specific

drawbacks that prevent these formats from being used:

¢ Some LiDAR-specific metadata could be lost due to the inability to include it.

¢ There is no way to set coordinate system and unit standards.

Binary formats usually carry more information while being more compact and faster
to interpret. They can be converted into an ASCII file — with some information loss —

for long-term storage.

The subsections that follow review some of the most prevalent binary formats used in
the industry — the E57 and LAS formats. The standards for both formats are openly
available, allowing for better interoperability, especially through the development of

third-party verification tools.

E57 File Format

The E57 file format is a flexible, compact, and vendor-neutral format for storing point
clouds [34]. The format is documented in the ASTM E2087 standard.

Header 4>’ Version ‘
Binary section 1 Coordinates
Binary section ... RGB
Binary section n Specific fields Points 1 |
XML section —>| XML root Points ... |

Points n |

Figure 5.2: E57 simplified file format structure

It is a format that mixes ASCII and binary, where the points and images that constitute
the bulk of the data are encoded in binary for efficiency. The rest, such as the metadata

and headers, are encoded in ASCII for readability.

As shown in Figure 5.2, an E57 file is composed of three parts: the header, the binary

sections, and the XML section.
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These parts are organized as follows:

¢ The header contains the locations of the XML section and some information such
as the version number.

¢ The binary sections contain the data, for example information about a point
such as its coordinates, colors, etc. These attributes are flexible, and the format
supports the most popular ones. If some fields are missing, the standard allows
for extensions.

¢ The XML section (ASCII) is organized as a tree structure that contains the different
elements that make up the point cloud. This section references the binary section
corresponding to each element. The root element contains file-level information
not listed in the header, such as the necessary information to encode the data in a
standard coordinate system.

The format also allows for the storage of many point clouds in the same file, each
with its own coordinate system and rotation vector, allowing for consistent alignment.
Although the format is very promising, there are some flaws. The files cannot be
compressed, which makes the data very large. In addition, the location of the sensor

at any time is missing, and some tools do not support the format.

LAS File Format

The LAS (LASer) file format is the de facto standard in the airborne and terrestrial
sensing industries. The format is specified in the ASPRS standard [36].

The overview in Figure 5.3 shows that the structure is composed of 3 parts:

* (Optional) The header contains file-level information and some generic data

.1 . o 2
(version , bounds, number of points, file signature”, ...).

¢ (Optional) The variable-length records contain user-defined data such as the
projection information and the format of the point data records.

!There are several versions of the format, but they are backward compatible. The iPad 3D scanner app
uses version 1.2.

*The signature is helpful to detect when the same point cloud twice is uploaded to avoid extra
processing.
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* (Mandatory) The point data records contain general information about each
point, such as its coordinates, RGB values, and classification (ground, building,
vegetation, noise, ...). It also contains information specific to airborne LiDAR,

such as the number of returns for a pulse.

’ : B
Version ‘
Public header block
’ Coordinates bound ‘
Variable length records 1 Projection data ~ Optional
Variable length records ... Metadata
Variable length records n Specific data D

Point data records ———> Pointinformation |—> X, Y,Z RGB, ..

Figure 5.3: LAS 1.2 simplified file format structure

Unlike the E57 format, the LAS format is not flexible as it does not feature an extension
mechanism. However, the available fields are sufficient for our purpose since they are
designed to store airborne LiDAR data, which is a superset of terrestrial LIDAR data.
The file can be used for terrestrial applications like the one developed in this thesis by

ignoring the superfluous airborne-related information.
These are the reason we picked this format:

* LAS allows the projection information to be embedded into the header, making
it possible to use the most appropriate projections without misinterpreting the

point locations.
¢ It has a simple, well-documented standard and structure.

¢ Itis tailored to the needs of the LIDAR community. All the necessary fields are
already available.

* There are lossless compression techniques that allow the files to be compressed
down to 7-25% of their original size [37].

* The LAS file format is well supported by LiDAR software and tools.

The primary drawback of this format is that it is limited to a single coordinate system.
The implication of this limitation will be discussed in the next section.
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5.3 Coordinate Reference Systems

In Chapter 3.1, we introduced the necessity to uniquely identify a tree based on its
location. On the surface, it appears to be a simple matter of using the GPS of the device
(see Chapter 4) to generate georeferenced point clouds and display the extracted
location of the trees on a web-map.

However, it is not as straightforward as it appears because the process involves a
variety of ways to assign coordinates to real-world locations — i.e. the coordinate

reference systems (CRS).

There are three components3 subject to coordinate systems in the context of the appli-

cation developed in this thesis:

* The GPS of the device that outputs the locations of the receiver in terms of

coordinates (Section 4.1).

¢ The survey data in the form of a LAS file that contains the coordinates of each

point and associated spatial information (Section 5.2.2).

* The web-map that shows the position of the surveyed trees in a visual and

user-friendly manner (Section 6.3).

It turns out that the GPS and the web-map coordinate reference systems are funda-

mentally different, and neither is well suited for extracting tree attributes.

This section discusses the technical issues and solutions arising from the use of a geo-
referenced point cloud produced by a mobile device. This is an interesting challenge
because, to our knowledge, there is no end-to-end mobile solution in the forestry
literature that supports georeferenced point clouds.

A brief introduction to coordinate reference systems will be given in Section 5.3.1. As
it represents such a broad topic, the introduction will be centered on the requirements

of a mobile device surveying application.

Then, we will discuss the technical requirements and decisions behind the use of the
principal coordinate reference systems in the sections that follows. Finally, we will
discuss which system is the most appropriate for measuring distances.

*When the word "component" appears in this section, it will refer to one of the three components listed
unless otherwise noted.
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5.3.1 CRS Introduction for Mobile Devices

A coordinate reference system (also known as a spatial reference system) is a coordinate-
based system used to non-ambiguously reference a point on the surface of the Earth.
As shown in Figure 5.4, the essence of coordinate reference systems is made up of

three main elements.

Coordinate Reference System

v v

(Horizontal) Datum Coordinate system

| |
v v v v

Origin Reference ellipsoid Meters Degrees

Figure 5.4: Geometric parameters of the coordinate reference systems

Each piece, or geodetic parameter, is defined as follows:

* The coordinate system4 is an abstract mathematical grid that defines the locations
of points in space on an XY(Z) axis.

¢ The units used to define the coordinate system.

e The horizontal datum’ is a reference frame for matching a model of the shape
of Earth to the coordinates. Note that two different datums will result in two
different pairs of coordinates for the same location.

These geodetic parameters can be used to design a variety of coordinate reference sys-
tems. However, there are only a few categories, and only three of them are significant
for the components mentioned in the introduction section.

The following subsections discuss the type of coordinate system to use for each
application component. We will review the benefits and limitations of each category
in the context of a tree survey application.

“The terms "coordinate reference system" and "coordinate system" are occasionally used interchange-
ably in the geodesic field.

>There is also the vertical datum which takes into account the elevation. Horizontal and vertical
datums are usually included in the same standard.



LiDAR Point Clouds Processing 29

5.3.2 Geodetic CRS & GPS

Geodetic (or geographic) coordinate reference systems model the Earth as a spheroid
or an ellipsoid. Their angular latitude and longitude coordinates are formed by the
equator and the meridian of longitude zero (i.e. the prime meridian).

The Global Geodetic System (WGS; or EPSG: 43266) is the most well-known example
of a geodetic coordinate reference system. It was popularized by the advent of GPS
and is still widely used nowadays. As the LIDAR scanner uses the GPS module of the
device, the produced georeferenced point cloud uses this coordinate system.

Geographic coordinate systems are helpful for locating places on the planet. However,
longitudes and latitudes are angles measured in degrees of an ellipsoid. Calculating
distances using trigonometric relationships is possible. However, this is not advised
as the spacing between the parallels (lines of latitude) is not uniform.

As a result, georeferenced point clouds produced by the iPad cannot be used as is to
measure forest attributes. The solution is to reproject the point cloud into a suitable
coordinate system before any data processing. The process of reprojecting a point

cloud consists in changing the coordinates from one reference system to another.

5.3.3 Projected CRS & Web-mapping

Projected systems model the Earth as a flat surface and use the Cartesian coordinates
(x and y) to locate a point on Earth. The flat surface is created by a map projection,
which tries to (imperfectly) flatten a spherica\l7 model of the planet.

The projection must be carefully chosen for the region of interest to minimize distor-
tions. The more local the projection, the more accurate the distance measurements
at that location will be. For example, the Web Mercator projection (EPSG:3857) used
by most’ web-maps uses meters as its unit. However, this unit is misleading because
the meter becomes more squashed the further north a place is located. On the other
hand, the unit is the actual meter at the equator, which means that this projection can

be used to calculate distances in that area.

®The EPSG codes are standard codes for coordinate systems, datums, spheroids, units, and other
geodetic parameters.

7Projected CRS are based on a geodetic CRS, hence the spherical model.
8Apple Map, Google Map, and Open Street Map all use this CRS.
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In our application, we use EPSG:3857 for our Web-map9 as it is the de facto standard.
However, because of the deformations, this coordinate reference system cannot be
used for measuring distances in Belgium. Instead, there are Belgium-specific systems
such as the Belgian Lambert 2008 (EPSG:3812) that are worth discussing.

5.3.4 Local CRS

Local coordinate reference systems are based on a flat-Earth approximation of a small
and specific area. When the iPad produces a non-georeferenced point cloud, the output
coordinate reference system is local to the device. Because there is no distortion, a
non-georeferenced point cloud should be used for attribute retrieval.

However, there are a few issues with this approach. First, the LAS file format does not
allow for the inclusion of two systems at the same time: one has to choose between a
georeferenced cloud point or a non-georeferenced cloud point. Second, in the iPad
case, the local system is not associated with any known system standard: it is not
possible to reproject the local coordinates.

The first solution is to use both a non-georeferenced (local) point cloud and a georefer-
enced (EPSG:4326) point cloud. The two point clouds would then be aligned using a
point cloud alignment algorithm such as the iterative closest point algorithm [38]. This
solution is the best for accurate measurements. However, it forces the user to provide

two point clouds for the same plot, which would be inconvenient and costly.

The other solution is to use a georeferenced coordinate reference system instead. The
following subsection evaluates some of the projected coordinate systems against the

local coordinate system.

5.3.5 Local and Projected CRS Comparison for Tree Measurement

In Section 5.3.4, we established local coordinate reference systems as the optimum
systems for measuring distances. However, this approach is not chosen as it would
require the user to upload two point clouds. In Section 5.3.3, we noted that projected

9Web—maps follow a special convention whereby EPSG:3857 coordinates are used (the map is flat), but
EPSG:4326 coordinates are shown as if the map was a sphere.
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systems might be a good solution for measuring distances, provided the chosen system

is suited for the specific surveyed region.

In this section, we use the DBH as the point of comparison between the projected

systems and the default local system used in non-georeferenced point clouds.
The procedure we used is as follows:

1. Produce a non-georeferenced point cloud (local system) of a 23-tree plot (see
Section 4.2);

2. Produce a georeferenced point cloud (geodetic system) of the same plot;

3. Reproject the georeferenced point cloud into the projected coordinate systems to
be evaluated (i.e. EPSG:3812 and EPSG: 3857);

4. Manually estimate the DBHs from the local and projected systems using Cloud-
Compare (point cloud processing software) and its point picking tool to avoid

any algorithmic influence as shown in Figure 5.5 (a).
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(a) DBH estimations with point picking tool (b) CRS comparison DBH-wise

Figure 5.5: Comparison of the EPSG:3812 and EPSG:3857 projected coordinate reference sys-
tems against the default local reference system in Belgium

As the experiments are done in Belgium, we picked a Belgian-specific projected coordi-
nate system known as Belgian Lambert 2008 (EPSG:3812). The second selected system
is the Pseudo-Mercator (EPSG:3857) used for the web-map.

As expected, Figure 5.5 (b) shows that EPSG: 3857 results in higher values due to the
distortions. The EPSG:3812 system, on the other hand, is remarkably similar to the
local system. The slight variation observed is most likely due to the fact that the point
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picking tool is prone to small human errors; the algorithms discussed in the following
section do not have this problem.

It is important to note that since the deformations are location-dependent, these results
are only reproducible and valid in Belgium. However, we can conclude that projected
systems are a good compromise to the local system, provided that the appropriate
projection is chosen.

The chosen solution is to reproject the cloud point into EPSG: 3812 before extracting the
data. The application has a custom layer allowing third-party developers to extend the
application with another projection more appropriate to the part of the world where
their survey is taking place. We encourage these developers to ensure that the used
projection provides meaningful data.

5.3.6 Summary

This section tackled the interesting question of the choice of coordinate systems in the
context of a mobile survey application. The coordinate reference systems taken into
account in the application design are summarized in Table 5.1.

EPSG Code | Type Component Note

4326 Geodetic GPS - georeferenced | CRS provided by default by
point cloud (LAS file) | the scanner for the georefer-
enced point clouds.

3857 Projected Web-map Used to geolocate the trees.
(cylindrical) Requires a reprojection from
EPSG:4326.
- Local Non-georeferenced Not used.
point cloud
3812 Projected Reprojection georefer- | Used for extracting tree at-
(conic) enced point cloud (LAS | tributes. Requires a reprojec-
tile) tion from EPSG:4326. This

CRS is Belgium-specific.

Table 5.1: Summary of the coordinate reference systems used in the application
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5.4 Workflow and Algorithms

The preceding sections laid the groundwork for the processing of georeferenced point
clouds generated by the iPad LiDAR by introducing the data format and coordinate

reference systems:

¢ We understand the limitations of the LAS file format and that there is a need to

implement certain parts of the process to work around some of the related issues.

* We can assume that the measurements extracted by the algorithms are in SI units,

which allows the comparison with data captured in the field.

Workflows used in related studies [39-41] usually comes with some form of manual
component. For example, a study may use specific software to calculate the distance
between two selected points or rotate the point clouds. To completely prevent the influ-
ence of approximation methods or defects in point clouds, workflows are sometimes

entirely manual [42].

In this section, we discuss the proposed (and implemented) workflow described in the
overview (Section 5.1). This workflow aims to provide a fully automated end-to-end

process to extract tree attributes from iPad LiDAR point clouds.

The following subsections describe the components of the workflow and the algorith-
mic choices that were made.

5.4.1 Rotation

Although most point cloud processing tools expect the z-axis to be in the up direction,
scanning applications (e.g. 3D Scanner App) may have the y-axis pointing up instead.
To fix this issue, the point cloud must be rotated by 90 degrees around its x-axis.

Transformations such as rotation, scaling, and translation can be parameterized by a
4x4" matrix called the transformation matrix. The point cloud is then transformed by

left-multiplying each point coordinate by the matrix.

19Such matrices are based on homogeneous coordinates, which means 3-vectors (x, y, z) are represented
as 4-vectors (x, y, z, 1) in 3D space.
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A clockwise rotation of  radians about its x-axis can then be expressed as follows:

x’ 1 0 0 0] [x
/ .
0 cosf —sinf 0
Y= / (5.1)
7 0 sinf cosf 0] |z
I 1 | _0 0 0 1_ _1_

-

Trans formation matrix

5.4.2 Reprojection

One of the takeaways of Section 5.3 is that the point clouds must be reprojected into
other coordinate systems to be usable. For instance, the formula to derive projected x
and y coordinates from ellipsoidal longitude A and latitude ¢ — e.g. from EPSG: 4326
to EPSG:3857 — is as follows:

x =Fx+a(A—Ap)

(5.2)
y=Fy+aln[tan(rt/4+ ¢/2)]

where:

A =longitude (radians)

¢ = latitude (radians)

Fx =false easting11 (radians)

Fy =false northing12 (radians)

Ao =longitude of natural origin (radians)
a = equator radius (meters)

The formulas required to perform coordinate transformations and conversions are
fully documented under the EPSG Dataset [43]. The PROJ software [44] and its Python

wrapper, which we used, implement most conversion formulas.

In the case of the forward EPSG: 3857 reprojection, all variables are equal to 0 except
the longitude, the latitude, and the equator radius (a = 6378137 meters).

No loss of precision has been observed after reprojecting several times a point cloud.

" The origin is generally given false coordinates to avoid negative coordinates.
2See preceding footnote.
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5.4.3 Normalization

The difference in elevation on a large plot can be significant. In order to treat the trees
the same regardless of their location, it is necessary to normalize the point cloud to
remove the elevation. Furthermore, some of the following algorithms require the point
cloud to be normalized. The process is shown in Figure 5.6.

(1) Extract DTM _
ll(Z) Normalize height

. (3) Remove ground

Figure 5.6: Point cloud normalization

The three steps are as follows:

1. The ground points are classified and extrapolated to create a digital terrain

model (DTM) using the cloth simulation filtering algorithm [45]. This algorithm
simulates a piece of a rigid cloth falling onto the inverted point cloud. The final

shape of the cloth is the DTM.

2. From the resulting DTM, we remove the elevation by setting the ground at z = 0
everywhere. The point cloud is normalized from this step onward.

3. The ground is removed by deleting the points with classification = 2 in the LAS
tile to reduce the file size and potential noise. Points that are left below the ground
as artifacts of the previous methods are also filtered out.

BNote that the DTM is generated by external libraries.
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5.4.4 Resampling

It is recommended to resample the point clouds to achieve a homogeneous point den-
sity [46]. This is especially true for iPad point clouds, as they have very heterogeneous
point densities. A voxel-based sampling algorithm is applied to homogenize and thin
the point clouds. The algorithm creates a voxel grid and selects one point per voxel.
The voxel is the 3D equivalent of what a pixel is in a 2D raster image. Note that we
define the term "pixel" as a point with x and y coordinates. The main parameter of the

algorithm is the side length of a voxel —i.e. the spatial resolution.
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Figure 5.7: Sampling with voxelization; spatial resolution comparison

As shown in Figure 5.7 (a), the spatial resolution has little to no impact (SD = 0.0012m)
on the DBH measurement up to 0.10. After that value, the DBH does not longer
remain steady and the detection rate drops. The elapsed time for the entire procedure
decreases as the spatial resolution increases; nevertheless, due to the small gain after

0.08 and the possibility of missing some trees, 0.08 was chosen as the spatial resolution.

5.4.5 Classification

As of the previous step, the point cloud is fully normalized, but the tree parameters
cannot yet be extracted. The point clouds are mostly composed of several trees
because whole plots are usually scanned, which means that it is necessary to extract
the individual trees beforehand. In addition, there may be noise due to the scanner or
tree foliage, whereas algorithms that fit circles on a tree to extract its diameter work

best on bare trunks.
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The Hough Transform [47] is usually used to extract and identify the position of a
particular shape or some of its features via a voting procedure. To extract the trees
(read: several pre-selections of points), we use a circle version of the Hough transform
that searches for imperfect circles with unknown radii in a layered point cloud.

The algorithm is summarized by the following steps:

1. The point cloud is divided into several 2D layers every 0.25 meters over a chosen
height interval — between 0.50 meters and 1.75 meters as the range of the LIDAR
on the iPad is limited. Points outside this interval are ignored.

2. The pixels with a density14 above a certain number (10%) are selected as the
center of a parameter circle (red circles in Figure 5.8).

3. Each parameter circle is iteratively tested with a given radius increased by the

pixel size at each step.
4. An accumulator counts the number of intersections (= votes) per pixel.

5. Only the pixels with at least a certain number of votes are pre-selected as possible

centers of a tree at the height of the current layer.

\4
\4
A
\4

(a) Iteration 1 (b) Iteration 2 (c) Iteration 3 (d) Iteration 4
Max votes =0 Max votes =1 Max votes = 6 Max votes = 1

Figure 5.8: Four iterations of the Circle Hough Transform with increasing radius size. The true
center is found at the third iteration.

Good parameterization is necessary for a high detection rate. False positives can
occur when parameters are too flexible (low density), while conservative choices (high
density, high pixel size) can result in omitted trees. The best parameter selection is

determined by the forest type and scanner as well.

"“The density of a pixel is the ratio between its number of points and the number of points of the most
dense pixel.
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After a trial-and-error phase (see Figure 5.9), we achieved a 100% detection rate with
the following settings: pixel density = 0.1%, pixel size = 0.03, and min votes = 4. If false
positives occur, we let the user remove them via the API or the mobile application.
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Figure 5.9: Trial-and-error phase to find the right parameters for the Hough Transform

The individual regions are then extracted by cropping the point cloud by one meter
around each center. A more clever way would be to partition the point cloud using a
Voronoi diagram [48], but this would add unnecessary overhead in our situation as

the trees in the surveyed plots are not too close to one another.

5.4.6 DBH Extraction

Based on the selected points by the Hough Transform for each extracted region, a
circle-fitting variant of the RANSAC algorithm is applied. The algorithm seeks to
tit a model (a circle) onto a set of points. The points that belong to the circle are the
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"inliers" and those that do not are the "outliers". The algorithm iterates numerous
times to find samples of points (at least 3 points) that fall within a certain proportion

of inliers. Numerous studies have had good results using this method to extract

diameters [39,49].

We selected the minimum fitting circle to exclude any remaining noise. The diameter of
this circle is used to estimate the DBH of the tree. We chose 10 iterations because more
resulted in longer processing times with no significant improvement in measurements.

The results will not be presented in this section but in Chapter 7.

Other studies [47] observed that the cylinder-fitting variant provided a slightly better
DBH estimate (but resulted in a slight decrease in detection rate), but this was not
observed with our dataset, most likely due to smaller stem heights.

5.4.7 Plot Area Calculation

The naive method is to calculate the surface area of the plot based on the shape formed
by the four most extreme coordinates. However, this is not a good solution as it would

underestimate the area of the omnipresent round-shaped plots.

Instead, we use an approach based on the calculation of the area of the convex hull.
This is the smallest convex polygon (i.e. each pair of points has a line segment inside
the polygon) that contains each point. The convex hull is computed from the points

on the boundary of the point cloud as shown in Figure 5.10 (a).
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Figure 5.10: Convex hull and boundary polygon areas comparison
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Another solution is to directly compute the area of the polygon formed by the boundary
as shown in Figure 5.10 (b). However, this approach underestimates the area as the
holes were not counted, contrary to the convex hull approach. Holes occur when
the plot is not densely packed or when the ground is not constantly scanned. The
main default of the convex hull is that it overestimates concave-shaped plots. A
concave-oriented approach (concave hull, alpha shape) was tested but did not provide

satisfactory results as it requires a visual inspection to determine the best fit.

5.4.8 Derived Attributes Calculation

The derived attributes (e.g. basal area) are computed using the methods and formulas

described in Section 3.2. The preceding steps provide all necessary measurements.

5.4.9 Point Cloud Alignment

One of the purposes of the application is to keep a forest inventory. Users can update
a plot by uploading a new point cloud of the same area; the information (trees DBH,
basal area, etc.) is updated consequently. However, as discussed in Section 4.1, the GPS
has an error of about 2 meters'. To update the right trees, it is therefore necessary to
solve the problem of matching a set of tree positions to another that is slightly rotated,

translated, and with potentially missing elements.

The naive approach of looking for the nearest matching tree (with a 2.5-meter limit) is
prone to inaccuracies because of the slight rotation. Instead, we defined this problem
as the assignment problem [50] whose general formulation is to find the minimal-cost
assignment of n agents to m tasks given a set indicating the cost of each possible
agent-task assignment. The problem is reformulated by making the assignment-cost
the distance between two tree locations. Distances over 2.5 meters are replaced by
infinity, and trees with all their costs at infinity are removed. The problem is then
solved using the Hungarian algorithm, which has an O(n3) time complexity [51].

We evaluated the Hungarian algorithm in two ways. The algorithm was first evaluated
on real data collected in the Bois de Lauzelle. We scanned the plot three times (two
full scans and one partial scan) on three different days to ensure that the coordinates

changed over the scans.

>The error is consistent across a single scan, but not across multiple rescans.
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Figure 5.11: Results of the Hungarian algorithm under real conditions in two different scenar-
ios. The green and blue dots represent the old and new positions.

To further evaluate this approach, we generated an artificial set of points spaced
3 meters apart, which we rotated and translated to obtain another set. The data

generated is purposely similar to that expected in a tree plantation.
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Figure 5.12: Results of the Hungarian algorithm under near-reality conditions in two different
scenarios. The green and blue dots represent the old and new positions.

With both real (Figure 5.11) and artificial (Figure 5.12) data, the results are convincing
as all correct matches are found. In cases where some trees are missing, we observed
that the algorithm would have gone awry without the 2.5-meter constraint with the
artificial data. Other approaches (RANSAC, iterative nearest point, etc.) may yield

better results in forests where this constraint is not applicable.



LiDAR Point Clouds Processing 42

5.5 Summary

This section covered many methods and algorithms, including several parameters that
we found most optimal. Table 5.2 summarizes the proposed workflow.

Step Approach Parameters
Rotation Transformation matrix | Rotation = 90° around the x-axis
Reprojection EPSG-documented for- | -

mulas

Normalization | Cloth Simulation Filter- | -

ing
Resampling Voxel-based sampling | Spatial resolution = 0.08
Classification Hough Transform Height interval = [0.5, 1.75], step = 0.25,

pixel density = 0.1, pixel size = 0.03. min
votes = 4, max diameter = 1

DBH extraction | Circle-fitting RANSAC | Iteration = 10, expected inliers = 0.8,
number points per iteration = 10

Area estimation | Convex Hull -

Trees alignment | Hungarian Algorithm | Cost matrix = distances between the
trees, max distance = 2.5

Table 5.2: Summary of the proposed workflow

The proposed workflow is fully automatic and covers the entire end-to-end process,
unlike similar workflows observed in the literature, as discussed in the introductory
section. The literature concludes [3,41] that there is a need to design an application
that implements such workflow. The implementation of such an application is the
subject of Chapter 6. We will see that the workflow is part of a so-called custom layer,
which allows the use of other workflows if necessary.

The results are promising so far, which is in line with related studies that concluded
that the iPad LiDAR is a viable and low-cost alternative to the expensive TLS approach.
In Chapter 7, we will re-examine this workflow from a higher vantage point where the
whole workflow is evaluated under field conditions. The chapter will compare the
measurements extracted via the application, which implements this workflow, with
the measures we collected manually.



Chapter 6

Implementation and Internals

This chapter covers the implementation of the solution, which includes the develop-

ment of a backend (discussed in Section 6.2) and a frontend (discussed in Section 6.3).

These sections address the technical details, design and architectural choices, and

reveal some important subtleties behind the development phase. During the imple-

mentation, there was a strong emphasis on reducing technical debt; this chapter will

equally focus on that aspect.

6.1 Client-Server Overview

The application is divided into a client (frontend) in charge of the presentation and a

server (backend) responsible for the data storage and business logic.

Frontend Backend
API - Entry point
HTTP Request
< >O<—> Server » DB Layer
HTTP Response T X T
v v v
Tree DBH
Module Module Module

Y

Database

Figure 6.1: A high-level overview of the client-server

As depicted by the Figure 6.1, the client sends HTTP requests to the server’s entry

point (i.e. its API), the server sends back responses, and the client displays the results

43
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on user-friendly interfaces. A database is used to store the data, for instance the stands

that have been scanned alongside their trees.

6.2 Backend Design and Architecture

One might wonder why not process everything directly on the iPad since its perfor-
mance is more than sufficient and it would avoid going through the network. This

choice is a comprise. We opted for this solution for the following reasons:

¢ It enforces the principle of separation of concerns [52]. Since the server is not tied
to the client, it can be written, maintained, extended, and reused without being
hindered by the client.

¢ In the future, the LiDAR technology is likely to expand to other devices such as
those running the Android operating system; the server is a cross-platform choice
that would remain relevant.

¢ The server is not only meant to be consumed mobile devices; one may use the
server from a web client and send TLS point clouds. In fact, before acquiring the
iPad we used TLS point clouds instead.

* The server can be used by several clients simultaneously to survey a region in
parallel.

¢ Going through the network is indeed a bottleneck; however, eliminating unused
tields and compressing the file can significantly reduce its size — about 20% of
the original size (see Section 5.2.2).

This section discusses the technical intricacies of the server and how it results in a
tlexible, maintainable, and testable application — or RESTful API to be precise, that is,
a web application programming interface that conforms to the REST [53] architectural
guidelines and constraints.

An overview of the structure will be presented in Section 6.2.1 which will serve as a
guideline for the rest of the backend discussion. Before going further into the technical
details, an overview of the tools and technologies used to implement the architecture
will be given in Section 6.2.3 and Section 6.2.2.
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6.2.1 Architecture Overview

REST is entity-oriented, which means that the fundamental unit of a REST API is the
entity, i.e. the resource we can create, get, update, and delete. Each entity corresponds

to an API resource path.

The different entities present in the architecture are described in Table 6.2.

Entity Description

Stand A cluster of trees. Each stand corresponds to a single point cloud
of a given zone. A stand can be updated by uploading a new point
cloud of the same area.

Tree A tree extracted from a point cloud. The tree is part of a stand and is

unique with respect to its geographical location.

Tree capture

A capture of a tree at a given time. New tree captures are created
when a stand is updated.

Stem diameter

A diameter of a tree capture at a specific height. The same capture
can have multiple diameters at different heights.

Stand history

An old version of a stand. The stand histories represent the old
versions of the stands that have been archived after new ones have
been uploaded.

Table 6.1: Description of the backend basic entities

Each entity is defined by its own set of components. These are the Controller, Schema,

Interface, Service, and Model parts depicted in Figure 6.2. The purpose of the

components is to ensure that the principle of separation of concerns is followed.

For example, the model component interacts with the database while the schema

component is responsible for data validation.

Figure 6.2 also contains a Custom Layer. One of the goals of the architecture is to be

tlexible so that different developers can integrate their own workflows and algorithms.

To achieve this, we have designed a custom layer that is meant to be easily modified.

This layer has been supplied with the algorithms described in Section 5.4 but is

designed to be configurable.

Finally, a relational database has been set up to store all the data that can be collected

and calculated by the application.
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Figure 6.2: Overview diagram of the backend structure

As the implementation details are closely related to the tools and technologies used,

these two elements will first be discussed in Section 6.2.2 and Section 6.2.3 respectively.

In the subsections that follow, the elements outlined in this overview, namely the API
endpoints (Section 6.2.4), the database (Section 6.2.5), the components (Section 6.2.6),
and the custom layer (Section 6.2.7), will be presented in detail in a top-down approach
— from the big picture to the technical details.

The color code in Figure 6.2 will be used throughout the following subsections to help

highlight which parts of this overview the diagrams correspond to.

6.2.2 Tools & Libraries for Forest Inventory

Reinventing the wheel is a great way to learn how a wheel works, but it is not a good
way to build a car. As the main objective of this thesis is to build an application rather
than to improve on current algorithms and tools, we have chosen to rely on existing
libraries and tools.

That being said, libraries specific to forest inventory, particularly those based on TLS

point clouds, are scarce and many are no longer maintained.
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Those looking to contribute to the field would almost certainly come upon one of the

tools listed in Table 6.2.
Tool Description Purpose
PDAL [54] Generic C++ library for ma- | Reprojecting (into another coor-

nipulating and transform-
ing point cloud data.

dinate system) and rotating the
point cloud.

TLS point clouds of trees.

LidR [55] R package for Airborne | Ground point classification,
Laser Scanning (ALS) data | point cloud normalization and
analysis. decimation.

TreeLS [56] R package for processing | Tree detection and stem segmen-

tation.

LASTools [57]

Suite of LiDAR processing
tools known for their very
high efficiency.

LAS file compression.

CloudCompeare [

|

Application for point
clouds manipulation and
visualization.

The application does not use it
per se, however we heavily used
it to constantly verify our results
and to do manual manipulation
of our data.

Table 6.2: Summary of the tools used throughout the development

Note that TreeLS is no longer maintained. The library and its forks do not compile

anymore. The solution was to replace PI with M_PI everywhere in the code. We

decided to fork the repository and apply the fix',

In addition, standard mathematical Python libraries such as Numpy, Pandas, and SciPy

have been used extensively.

6.2.3 Technological Agnosticity

Technology-agnostic architectures are able to adapt to inevitable changes in tools,

technologies, and trends. The architecture is designed without any technological

considerations in mind. This means that the design can withstand a technology

shift, which we believe is a significant step toward building a more maintainable and

future-proof system.

1h’ctps: / /github.com/Lymero/iPad-LiDAR-Forest-Inventory/tree/dev/libs/ TreeLS
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However, the actual software uses specific technologies, and developers and maintain-

ers do care about how the system is built. Therefore, while the design is technology-

agnostic, the following technologies were used in the development of the backend:

Python as the programming language of choice because of the numerous tools

and libraries it offers while also being quite powerful.

Flask as a minimalistic, extensive, and maintainable web framework, allowing

developers to build exactly what they want with the help of additional libraries.

Marshmallow for input data validation, deserialization, and the serialization of
Python objects to JSON for the HTTP API.

SQLAIchemy as an SQL toolkit and object-relational mapper (i.e. ORM).
Flask-RESTX for building a REST API and for the Swagger documentation.

Injector for dependency injection to reduce the coupling between classes and their
dependencies, thus making the code more testable, maintainable, and readable.

Pytest as a testing framework.

Because the goal of this section is not to explain in depth how the architecture works,

we will not delve into the details.

A high-level interaction between the technologies is illustrated in Figure 6.3.

ETontent ‘TreeResource :TreeSchema TreeService “TreeModel
(RESTX) (Marshmallow) ’ (SQLAIchemy)
Retrieves all the tries '
" GET /apiltrees
i isValidRequest()
true
e 1

e SELECT ALL TREES
list of trees i
. Jstoriees i

JSON trees

Figure 6.3: High-level sequence diagram of the interaction between the technologies
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In broad strokes, requests are routed using RESTX Resource classes; the input data is
validated via one or more Marshmallow schemas. The data is processed by a service
in conjunction with an SQLAlchemy model. Finally, the output is serialized into JSON
via Marshmallow and sent back as an HTTP response to the client.

Swagger is being used to document this process partially. This process will be dis-
cussed in more detail later in this document.

6.2.4 Application Programming Interface

The previous sections have provided an overview of the architecture, technologies and
tools used for the development of the application. This section provides the end result,
i.e. the set of exposed endpoints.

The server exposes a total of 32 API endpoints as documented in Table 6.3. Note that
the resource * is a globbing wildcard that refers to all the resources (i.e. stands, trees,
tree captures, diameters, and stand histories).

HTTP Routes (prefix: /api) Behavior

Method

GET /* Retrieves all entities of the resource.

POST /* Creates a new entity.

GET /*/{id} Retrieves/deletes/updates the given

DELETE entity.

PUT

POST /stands/pointcloud Creates a new stand. Underlying en-

PUT tities are created /updated. Requires
a geo-referenced point cloud las/laz
file.

GET /stands/{id}/{histories, trees} Retrieves the list of histories/trees
for the given stand.

GET /trees/{id}/{captures, diameters} | Retrieves the list of cap-
tures/diameters for the given
tree.

GET /tree_captures/{id}/diameters Retrieves the list of diameters for the
given capture.

Table 6.3: List of the API endpoints
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The response status codes are in accordance with the HTTP speciﬁcationsz. For
example, a poorly formatted request will result in a response with the error code 400
(Bad Request), and a request to a non-existent resource will return an error code 404
(Not Found). Other HTTP status codes can be found in Table 6.4, which also contains

information about the expected JSON response when no error occurs.

HTTP Single Resource (e.g. /api/trees/46)
Methods | Response Status Code JSON Response
GET 200 (OK) Tree 46 all information

POST 405 (Method Not Allowed) -

DELETE | 200 (OK) if exists, 404 (Not Found) if not | -

PUT 200 (OK) if exists, 404 (Not Found) if not | Updated tree 46 information

Collection Resource (e.g. /api/trees)

Response Status Code JSON Response
GET 200 (OK) List of all the trees
POST 201 (Created) New tree information
DELETE | 405 (Method Not Allowed) -
PUT 405 (Method Not Allowed) -

Table 6.4: API status codes & JSON responses

When a client error (4xx status codes) occurs, the client receives a meaningful error
message in addition to the status code. In the event of a server error, the stack trace is
logged and an error 500 is sent to the client.

All the endpoints are thoroughly documented via Swagger. It includes an explanation
of each endpoint as well as a description of the fields (field names, required or not,
what types, and so on).

6.2.5 Data Storage

One of the goals of the system is to provide a way to perform forestry monitoring,
allowing users to follow the evolution of a stand and its trees over time. As a result, the

content of POST requests must be saved in order to be accessed later via GET requests.

RFC 7231 - Response Status Codes: https://datatracker.ietf.org/doc/html/rfc7231#section-6



Implementation and Internals 51

To accomplish this, the three data storage solutions listed in Table 6.5 are responsible
for storing the data at different levels of granularity.

Storage What data Notes

Plain .laz files The compressed point | High disk usage; keep track
clouds. One file per point | of the original data.
cloud.

CSV files The direct attributes ex-| Low disk usage; contain the

tracted from the point | most useful information.
clouds. One file per point
cloud.

PostgreSQL Database | All processed data post-| Average memory usage; re-
extraction. quires some maintenance
and configuration; keeps
tracks of all the extracted
and computed data.

Table 6.5: Data storages used.

Each storage shares the same unique ID (timestamp) for the same data source —i.e.
for each point cloud. Consequently, the data extracted from a given point cloud can be
retrieved by querying the database.

Database Design

The database tables directly map all entities in the architecture. Some constraints are
enforced by the database mechanisms (NOT NULL, Foreign Key, Unique, Primary Key),
such as the fact that a tree capture should not have two diameters estimated at the same
height or a stand should not have two histories at the same date. Other constraints,
such as ensuring that the tree_count entries in the stands table correspond to the

correct number of trees in the trees database, are enforced by the server.

The most challenging aspect of the database design was tracking record updates. In
other words, how do you keep the previous data for a stand when a new point cloud
is uploaded for that same stand?

One of the most effective ways to accomplish this task is to create an identical table

(see stand_histories in Figure 6.4) whose primary key is the concatenation of the
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stand identifier and the capture date. Whenever the stand table is updated, a copy of

the data is inserted into the stand_histories table. We have opted for this solution.

stands stand_histories
id_stand PK | id_stand, capture_date
name NN name NN

file_path NN UNIQUE
tree_count NN
basal_area NN
convex_area_meter NN
convex_area_hectare NN
concave_area_meter NN
concave_area_hectare NN
tree_density NN
mean_dbh NN
mean_distance NN
capture_date NN

description NULL

file_path NN UNIQUE
tree_count NN
basal_area NN
convex_area_meter NN
convex_area_hectare NN
concave_area_meter NN
concave_area_hectare NN
tree_density NN
mean_dbh NN
mean_distance NN
capture_date NN
description NULL

id_stand FK NN

trees tree_captures stem_diameters
PK | id_tree PK | id_tree_capture PK | id_tree_capture, height
x NN dbh NN diameter NN
y NN basal_area NN id_tree_capture FK NN
latitude NN capture_at NN
longitude NN id_tree FK NN
deleted_at NULL
description NULL
— id_stand FK NN

Figure 6.4: Full database diagram; the business-related fields are explained in Chapter 3.

The other option considered was to embed the history directly into the stand table.
However, given that the bulk of queries are run on the current version of the stands,
this solution is inefficient in performance. The table would be n times larger, with n
depending on the update frequency, which would slow down most queries.

When updating a stand, it is possible that some trees are no longer present, for instance
they may have been harvested. Instead of deleting these trees and losing the associated
data, we use the field deleted_at in the table trees to indicate such occurrences. If
the field is set to NULL, it means that the tree is still part of the stand.
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6.2.6 Components

The previous subsections focused on the high-level elements, i.e. the elements that the
client can interact with directly. The following subsections will dive into the technical
details of the structure.

In the overview (Section 6.2.1), we saw that the entity is the basic unit of the struc-
ture and that the following components make up an entity in our implementation:
controllers, models, interfaces, schemas, and services. The subsections that follow
elaborate on the role of each individual component and how they are tested. Code
snippets are given when they contain concepts important to our implementation.

Model

The model defines the Python representation of the entity. SQLAlchemy requires that
the class inherits from db.Model and defines the entity’s relationships. The fields map
onto tables and fields in the database — see Section 6.2.5 for database specifications.

Testing a model consists of ensuring that it can be instantiated. We have set up the
tests to run on a development database, so there is no need to roll back after each test

or worry about causing problems with the production database.

The project structure is organized so that there is one folder per entity and each
folder contains one file per component that comprises the entity. Unlike the rival
structure, which scatters the files about the same entity across separate directories

mnn

such as "models," "services," and so on. This structure makes it easier to manage a

large project or at least makes it scalable in that respect.

Interface

The interface is the blueprint for the model. It defines what the model is (types,
tields, and so on) — that is, an abstraction of the SQLAlchemy model. This breaks
the dependency over the SQLAlchemy underlying database types, thus achieving
loose coupling that increases flexibility (e.g. easier to instantiate a model object) and
re-usability (e.g. easier to switch ORMs).

Testing an interface consists of checking that it can be used to instantiate its model.
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Schema

As the layer between the clients and the API, the schema checks the responses and
requests for well-formedness by the provided definitions. It also manages the uni-
formization of naming conventions for its corresponding entity. For instance, it handles
the translation of the fields between the frontend and the backend as the former uses
CamelCase and the latter snake_case.

class TreeSchema(Schema) :
class Meta:
ordered = True
id = fields.Number (attribute="id_tree")
latitude = fields.Number(attribute="latitude", required=True)
longitude = fields.Number (attribute="longitude", required=True)
deletedAt = fields.DateTime(attribute="deleted_at")
description = fields.String(attribute="description")

idStand = fields.Number(attribute="id_stand", required=True)

In this simplified example, three fields are optional; if the required fields are not set or
ill-typed, an HTTP error (400 Bad Request) is raised and sent to the client.

Testing a schema is similar to testing an interface with an additional naming convention
check.

Service

The service component handles the business logic and data manipulation using models
and interfaces. This includes, among other things, point cloud manipulation and
CRUD (Create - Read - Update - Delete) database operations.

The following SOA (Service-Oriented Architecture) properties [59] apply to all services:

* They logically represent a repeatable business activity with a specified outcome

(e.g. retrieve stored trees, extract stem measurements from a point cloud).

* They are implemented in an opaque manner; they can only be viewed in terms of
inputs and outputs, with no knowledge of their inner workings.

¢ They may have inter-service dependencies.
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These properties ensure that the services are kept modular. As they are designed
in such a way as not to have knowledge of who uses them, they are also reusable.
Additionally, the tests and the documentation are confined to the services themselves

because it is not essential (or desirable) to consider the intricacies of the upper layers.

The services have been implemented using the dependency injection design pattern
in order to meet these properties — or requirements. The concept of dependency
injection is to provide objects with their dependencies rather than having them built
internally. This is a great way to achieve loose coupling (no hard-coded dependencies)
and separation of concerns. It is especially relevant for testing since dependencies can
be mocked or stubbed out.

- TreeController

+ tree_service: TreeService

L

«interface» «interface» «interface»
TreeService CaptureService DiameterService
o A A A
<< Inject>> . ! ' '
H
TreeService CaptureService DiameterService
+ tree_service: TreeService + diameter_service: DiameterService

A A A

H
| << Create, Inject >>

<< Create, Inject >>

Injector

Configuration
file

Figure 6.5: Dependency injection class diagram

Figure 6.5 depicts how dependency injection takes place in the application. The
Injector reads the configuration file (interface-implementation key-value mapping),
instantiates the specified implementations, and injects them where needed. Note the
number of inter-service dependencies.

Service testing is done by ensuring that the operations perform as intended. These are
the most crucial tests to write because services are the core business of the application

and are the ones that are modified the most. When testing a service, the dependencies
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must be mocked in order to focus on the service itself. This is accomplished by using a
test configuration file that instructs the Injector to instantiate mock objects.

Controller

The controller component links the routes and the other components to define API
entries and process requests. As Swagger is used, the controllers are also responsible

for documentation.

The following code snippet illustrates the POST /api/trees route:

@api.route("/")
class TreeResource(Resource) :
@inject
def __init__(self, tree_service: TreeService, api):
super () .__init__(api)

self.tree_service = tree_service

Oaccepts(schema=TreeSchema, api=api)

Oresponds (schema=TreeSchema)

10

11

12

13

def post(self):

"miCreates a new tree. """

return self.tree_service.create(request.parsed_obj)

The route of this resource is defined by api.route("/"), which in this case results
in /api/trees/ as the full route. The Injector in Figure 6.5 injects the tree services
using the @inject decorator’. The schemas to be used are specified by the @accepts
and @responds decorators; these are also used for Swagger documentation, such as

documenting which fields are required.

Testing a controller is done by mocking the service and by simulating a client” that calls

the APIL. The mock ensures that its controlled return value matches the API response.

’A Python decorator is a function that wraps a function to extend the behavior of the wrapped function,
more detailed information is available at https:/ /peps.python.org/pep-0318/

*It is easier to use the FlaskClient class Flask provides for the tests.
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6.2.7 Custom Layer

The services relay the implementation of the algorithms to the custom layer whose
goal is to implement the workflow and algorithms. The workflow we have developed

is presented in Section 5.4.

The purposes of the custom (or algorithmic) layer are as follows:

* To enable other developers and researchers to use their own workflows or algo-
rithms for their experiments via our system. For instance, a researcher may want

to use the system to evaluate a novel tree detection technique.

¢ To allow the algorithms (or their parameters) to be changed depending on the

forest/environment type.

¢ To make it possible for the system to adapt to different coordinate systems (see
Section 5.3). Users in other parts of the world may prefer to (and should) use

coordinate systems more appropriate for their locality.

¢ The pre-processing algorithms may require some tweaking. For instance, some
devices require the point cloud to be rotated, while others do not.

¢ More importantly, to allow the system to be flexible and enable researchers to

find creative approaches to carry out the process in ways we had not considered.

As this layer is designed to be generic and independent from the other parts of the
system, users will be able to provide their own custom layer by simply implementing
a set of classes. The provided classes will then be integrated into the existing system in
a plug-and-play fashion thanks to object-oriented mechanisms that avoid the creation

of concrete dependencies between the different layers of the application.

This layer and its mechanisms are designed to be as intuitive and flexible as possible.
Various well-known design patterns are implemented to achieve this goal. Default
classes have also been implemented to provide a complete workflow that can be used
on its own while also serving as an example. We attach great importance to this part
because we believe it is essential to make it easy for experts to contribute to the field

by providing a simple to use framework.

This subsection presents how the layer work and can other developers integrate their

custom algorithms.



Implementation and Internals 58

How it Works

From an object-oriented point of view, each provided class must implement its corre-
sponding interface — or parent class in Python. The interfaces are defined in such a
way as to be used regardless of the operation of the concrete classes. In addition to
specifying a contract to comply with, the interfaces allow for dynamic changes to an
implementation without changing its type thanks to subtype polymorphism [60]. This
is known as the strategy design pattern, which involves defining a family of algorithms,

having one algorithm per class, and making their instances interchangeable.

StandService
<< Interface >>
+ strategies <> Reprojection
+ set_strategies(strategies) + reproject(file_in, file_out)
EPSG3857Reprojection EPSG3812Reprojection
+ reproject(file_in, file_out) + reproject (file_in, file_out)

Figure 6.6: Class diagram of the stragy pattern for the reprojection

A class must be able to integrate with the rest of the system once implemented. But
how to instantiate the desired class? The easy solution is to change the instantiation
logic where required. However, this would be problematic because it would force users
to modify parts deep in the code, plus the solution would create hard dependencies.

The chosen solution is to go through a configuration file containing the names of the
classes to instantiate. However, this requires the implementation of a mechanism to
instantiate a class based on a string. There are a least three mechanisms that can solve
this problem.

The first mechanism imagined consists of a mile-long switch looking for the classes to

instantiate. However, this is a well-known code smell and it is not elegant.

The second mechanism imagined is based on the use of the flyweight pattern. It
consists in pre-loading information and retrieving it when needed, for example to
implement a cache. It is most often used to prevent performance problems but can
have a broader use as in this case. Concretely, a flyweight in this context would be a
class with a dictionary (access and addition in a constant time-complexity) whose keys
correspond to a class to be instantiated and values to the instance. The flyweight would
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be loaded when the application is launched. By using the names of the classes in the
configuration file, it is possible to retrieve the desired classes at runtime dynamically.

When the users want to add their own classes, they would have to add the key-value

pairs to the flyweight.
StandService
— + flyweight
* << Interface >>
Reprojection
+ reproject(file_in, file_out)
CustomLayerFlyweight A

+ custom_layer <name, object> CoTTTTTT
+ add_implementation(object) EPSG3857Reprojection EPSG3812Reprojection
+ get_implementation(name) + reproject(file_in, file_out) + reproject (file_in, file_out)

Figure 6.7: Class diagram of the flyweight pattern for the reprojection

The third option is to use the dependency injection approach, which has already been
implemented for the services in Section 6.2.6. Because this solution would create
no new classes outside of the Injector, the only configuration task when adding a
custom layer will be to update the entries in the configuration file. This is the chosen
solution for its simplicity.

Custom Layer Integration

As an example, suppose we want to implement a new type of reprojection. The
example remains valid for other classes of the custom layer. The actions to take are as
follows:

1. Make a subclass for the interface/class Reprojection.
2. Override reproject(file_in, file_out) with the intended behavior.

3. Add the the entry <Reprojection, class_name_of_your_subclass> to the file
dependency_injection.py. If the key Reprojection is already defined, edit its
value. The subclass will be instantiated as a singleton.

4. (Optional but advised) Add and run the tests for the subclass.
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6.2.8 Summary

It is with the idea that tools and developers do not remain the same over the years in
mind that we designed the server. We implemented a system that can handle changes
in tools and needs, but also changes in people.

To do so, we had three main criteria that helped us guide most of our technical
choices: flexibility to accommodate future changes in requirements; maintainability
to continually modify the application for corrective or improvement purposes; and

testability to allow the application to grow serenely and be modified without fear.

These three criteria have been met by involving well-known techniques, and more

specifically in the following ways:

¢ Flexibility is achieved by implementing a custom layer that allows developers
to extend and configure the server for their own needs in terms of tools or
algorithms. The custom layer has been implemented with well-known design

patterns, allowing the code to be explicit the moment the pattern is named.

* Maintainability is achieved by the overall design and the choice of well-known
structural patterns to implement it. The enforcement of the separation of concerns
principle and associated documentation make trivial the creation/correction of
routes or entities in the application. The implementation of a logging system

enables for the detection of errors and subsequent corrective maintenance.

¢ Testability is achieved by organizing the application around entities and compo-
nents in such a way that hard dependencies are limited, allowing each part of the
code to be tested separately.

These criteria accompanied us throughout the whole development, requiring us to
modify the code many times. The entire structure was refactored once to better meet
our objectives. Although probably imperfect, we think that the server as it is is a good
starting point for the future.

Aside from these criteria, the developed server exposes approximately thirty routes to
assist with tree monitoring, comes with a database for data storage, and allows for the

development of a client application to assist foresters in their laborious work.

The following section (Section 6.3) discusses the development of the associated fron-
tend application that actively uses this server.
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6.3 Frontend Design and Architecture

As described in the overview (Section 6.1), our solution consists of a backend and a
frontend. The backend handles the tree measurement computation logic and is used to
store the results. The frontend can communicate with the backend using user-friendly
interfaces that are used to display these results, but also to modify and add new data.

This chapter will focus on the features offered by the application developed specifically
for Apple devices featuring a LiDAR sensor (see Chapter 4.1). A brief overview of
all the screens available to the user will be provided as an introduction. We will
then proceed to explain the structure, which technical choices were made, and what
motivated them. A separate section will also discuss the application’s local database,
which allows the user to access measurements when no Internet connection is available.
This chapter ends with an in-depth analysis of a concrete use-case, the creation of a
stand via the upload of a point cloud file, which should shed some light on how the

major components of the application all work together.

6.3.1 Overview
Adding a Stand

Upon starting the application for the first time, the user lands on an empty list of
stands, as shown in Figure 6.8 (1). They can either upload (1.b, 1.c) their own point
cloud files to the server, or fetch (1.a) already available stands.

In this example, the user chose to upload 4 point cloud files locally stored on the

device. Adding stands in this manner is performed in 2 phases:

1. Uploading the point cloud file to the server;

2. Waiting for the point cloud to be analyzed by the backend in order to retrieve all
the relevant computed data for that stand (stand measurements, trees and their

captures, tree capture diameters).

The user can follow the first phase of this process thanks to the status uploading that is
accompanied by a progress indicator (1.d2). The user can tap on a file being uploaded

to cancel the upload.
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Figure 6.8: Uploading and browsing a newly created stand

Once fully uploaded, the status is updated to waitingForServer (1.d3), indicating the
beginning of the second phase. Note that smaller files only display the uploading
status without any progress indication as they will quickly be uploaded and processed
by the backend.

Finally, once the server has finished processing the point cloud, all the relevant data is
fetched from the API, stored locally for offline use, and the stand list is refreshed.

The user can swipe left on a stand to remove it from the list (2.a). If the server confirms
that the deletion of the remote entity was a success, the local copy (Section 6.3.3) of
that stand is also removed from the device.
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Information about a Stand and its Trees

The stand list shows all locally available stands. Tapping on one of them displays the
stand map screen, as presented in Figure 6.9 (1).
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Figure 6.9: Stand and tree information screens

The map shows the trees that are part of the selected stand, as well as the live current
user location. It can be zoomed in and out and moved around. The trees are repre-
sented with green circles. The circle is red if a tree has been flagged as deleted and
is no longer a part of the stand. The user can perform a long press on a tree to delete
it. A tree can be selected by tapping on it. Upon its selection, the map focuses on the
tree. A popover at the bottom contains some information about the selected tree, and
is also used to display and edit the tree description (1.b).
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Tapping on the button "More" (1.a) brings the selected tree detail screen. For a deleted
tree, a warning badge (2.e) alerts the user of the deletion date of the tree, and only the

captures performed before its deletion are shown.

The information displayed on this screen is as follows:

2.a The full latitude and longitude of the tree;
2.b A picker component allowing the user to display a specific capture of that tree;
2.c The information (DBH, basal area, diameters) available for the selected capture;

2.d The DBH history of all recorded captures for that tree.

From the stand map screen, selecting the stand details tab (1.c) displays all the current
stand measurements. The user can edit the stand name and its description (3.a). The
stand histories are browsable in the same fashion as the trees and their captures (3.b,
3.c). A diagram of the evolution of the stand basal area is displayed at the bottom of
the screen (3.d).
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Figure 6.10: Stand update via the upload of a pointcloud file

The stand map screen (see Figure 6.10) can also be used to fetch and send new infor-

mation about a stand. Locally stored data can become out-of-sync with what is stored

on the server, the top-right menu (1.a) allows the user to refresh the locally stored trees

with the ones found on the server (2.a). They can also update the stand and the trees it

contains using a point cloud file locally stored on the device (2.b, 2.c).

The update of a stand is quite similar to the process of adding a new stand: the file is

tirst uploaded, then the application waits for the backend to analyze the point cloud.

Once fully processed, the application finally fetches all the computed data, updates

the local database, and refreshes the view.
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6.3.2 Structure
Foundation

The mobile application targets iOS versions 12 and above. It is written in the Swift5
programming language native to the iOS mobile development platform. One might
wonder why the application was not written using Web technologies such as Javascript
and HTML/CSS. After all, the application is devoid of any native specific needs and
could have run on a Web view. Programming in a native language was motivated
by the fact that, in the future, it would be desirable to extend the application with a
custom-made camera module specifically aimed at capturing point clouds of trees. As
discussed in Section 3.3, it could help gather more information such as an estimate of
the height of the tree using the device sensors. Such features, which are closely related
to the device hardware, are next to impossible to implement without the APIs [61-63]
offered by the iOS ecosystem. This choice was also motivated by the fact that it was
easier to integrate a local database that is used throughout the application.

MVVM

Several patterns aim at helping in the development of scalable and testable applications.
The MVC (Model View Controller) pattern is well-known amongst mobile developers,
but in this case we settled on the MVVM (Model View ViewModel) pattern as it
provides, among other benefits, a stronger separation of concerns [64]. This section
briefly reviews both patterns, highlighting the shortcomings of the MVC pattern as
well as the improvements proposed by the MVVM pattern.

The three key components of the MVC pattern (illustrated in Figure 6.11) are the View,
the Controller, and the Model. The domain data and logic are handled by the Model
component. This component is in total isolation from the View and the Controller. As
a result, the application logic is independent of how domain data is presented. The
Controller is responsible for handling user input; it holds a reference to the Model in
order to modify it. The View component displays the information contained in the
Model. It is subscribed to the observable Model in order to be notified of changes

made to the information it contains.
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Figure 6.11: Typical execution flow using the MVC pattern

The user interacts with the View (1) which calls a method on the Controller (2). The
Controller performs an action on the Model and potentially modifies the data it
contains (3). Upon modification of the Model information, the View is notified of the

change (4) and updates the information shown to the user (5).

The main issue with the MVC pattern is that the view state is fully dependent on the
content of the model. Suppose a developer wants to change the color of a textfield for
specific value ranges. In that case, they must either add domain-irrelevant information
to the model or design a dedicated View with extra code to handle these scenarios. As
a solution to this problem, the MVVM pattern introduces the ViewModel component
that can manage the View state.

The three key components of the MVVM pattern (illustrated in Figure 6.12) are the
View, the ViewModel, and the Model. The View holds a reference to a ViewModel.
The ViewModel exposes data to the View. It acts as a bridge between the Model and
the View but also handles View specific state. The View can interact with the Model
using the actions described by the ViewModel. The information contained in the
Model can be accessed and modified by the ViewModel.

—1-» . 2> \, —3—>]
<6—] View <5 | ViewModel 4] Model

Figure 6.12: Typical execution flow using the MVVM pattern

The user interacts with the View (1) which calls a method on the ViewModel (2). The
ViewModel performs an action on the Model and potentially modifies the data it
contains (3). Upon modification of the Model information, the ViewModel is notified
of the change (4) and updates the values published to the View (5) which triggers a
reload of the information shown to the user (6).
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Dependencies

We tried to include as few external libraries as possible to avoid introducing unwanted
or even breaking changes to the application. We were able to only use native com-
ponents offered by Apple. Here is a list of the more interesting modules used in the

application:

o SwiftUI framework: creation of graphical interfaces.
¢ Combine framework: manipulation of data in an asynchronous environment.

* Core Data framework: stores data locally on the device, in a persistent container,
typically for offline use.

These components and the way they interact with one another are further discussed in
the last section of this chapter with a concrete example (Section 6.3.4) displaying the

full one-way synchronization from the remote server to the local database.

Reactive Programming

The frontend application distances itself from not only older technologies such as
Apple’s UIKit framework [65], but also from outdated design patterns such as the
observer pattern [66,67] which has been replaced in favor of the reactive programming
paradigm [68].

Reactive programming is a programming paradigm built on the concept of contin-
uous time-varying values and propagating changes. It allows developers to specify
what to do and lets the language control when to do it. The paradigm makes the
observer pattern redundant as it is essentially built into the language itself. In our
case, the Combine framework used with the Swift language offers structures to expose
observable data and consume it. This technology particularly shines with the use of
asynchronous events such as downloading something from the Internet or running
tasks in background threads.

UIKit has been available since iOS 2.0 (released in 2008) and is still widely used to
build GUIs (Graphical User Interface). We however decided to use the more recent
(2019) SwifUI framework which integrates neatly with the reactive programming
approach.
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It provides syntactic sugar such as the @Published property wrapper which allows
the developer to create observable objects that automatically notify the listeners when
changes occur. This is especially useful to expose data in a ViewModel to a View so it
can be refreshed whenever the data is updated.

In order to fully embrace the philosophy of the reactive programming paradigm, we
also chose to use the Combine framework as much as possible when dealing with

asynchronous events.

The fundamental entities Combine provides are Publishers and Subscribers.

A Publisher creates a stream where data can be sent asynchronously. It can then
be used to either send information or a completion signal that notifies that it has
successfully stopped publishing values or that an error has occurred. One or more
Subscribers can bind to that Publisher and are notified whenever new data is avail-
able or when the Publisher has stopped producing values. These streams can form

rather complex pipelines that use multiple data sources from various Publishers.

Combine is also extremely useful when fetching data on the network. The View-
Model would typically create a Publisher running in a background thread using
the ApiDataService. It would then be informed, on the main thread, whenever the
response is available or an error occurs. The View can then be updated accordingly
using a @Published value. Both frameworks work well in tandem in order to manage

the flow of data through all layers of the application.

6.3.3 Local Database

Internet connectivity being a scarce resource when out in the wilderness, we opted for
the use of a local database. This allows the user to synchronize with the remote server
and use local copies of their stands (along with their relevant information) when they
are out on the field. Note that, for the time being, the user will need to have access to
the Internet in order to share new information with the server. A solution would be
to keep a history of all local modifications and synchronize with the server when it
becomes available, but it would have significantly impacted the development time of
the solution.

The SQLite database engine is a popular choice in the mobile development world for
its "small, fast, self-contained, high-reliability, and full-featured" implementation [69].



Implementation and Internals 70

But we decided to settle on Apple’s Core Data framework as it is more than a simple
database engine and offers a wider range of features out of the box. For instance, it
is easy to describe relationships between entities. Where a n:m relationship would
require an extra table using a purely SQL-based approach, no such table is needed
with Core Data as this is all handled internally by the framework.

The application performs a one-way synchronization with the remote API which is
designated as the source of truth. During synchronization, the local data that is not
in the remote database is removed from permanent storage. The remote, up-to-date
data is then stored locally. This choice, albeit apparently simplistic, allows us to avoid
implementing a bi-directional synchronization with merge conflict resolution.

Models

The application handles two types of models. The first kind is referred to as a Model
(e.g. StandModel, TreeModel, ...). It conforms to the Codable protocol, allowing it to
be (de)coded to and from JSON data which is the format used by the REST API. The
other kind of model is called an Entity and is used by the Core Data framework.

The Core Data entities are quite similar to the models presented in the backend
database section (Section 6.2.5). The relationships are directly expressed between
entities. For instance, a StandEntity has a field trees which holds a set of TreeEntitys.
Reciprocally, each TreeEntity has a field stand that holds the StandEntity it belongs
to. This would have been much harder to express and use had the application featured

a classic SQL database engine.

6.3.4 Concrete Flow Example

This section goes over a concrete example, the upload of a new stand, in order to
better understand how all the components mentioned above interact with each other.
It also aims to explain how the application deals with the asynchronous nature of
some of those tasks and the dependencies between them. To be more readable, the full
sequence diagram has been segmented into three parts, with each segment increasing
in terms of complexity when compared to the previous one. Due to the representation
of many threads and their interactions, the very last segment does not use a sequence
diagram because it would be too difficult to read.



Implementation and Internals 71

Selection of the Files
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Figure 6.13: Use of a file picker to select point cloud files to upload to the API

Figure 6.13 represents the most trivial segment of this example. It mainly highlights
the fact that not all operations necessarily need the use of both a View and a View-
Model. Here, the View can handle the selection of a list of files without the need for a
ViewModel to handle specific business logic. As a result, this picker can be reused in
widely different contexts. Once the user decides to upload these files, the paths stored
on the View state are only then retrieved and used by the StandListVM.

Upload of the Files

Now that the StandListVM knows which local files the user wishes to upload, those
can be sent to the APIL. Uploading a file is an asynchronous task, which allows multiple
uploads to run in parallel. The user can monitor the progress of any individual task

and cancel a given task during the uploading phase.

The ApiDataService holds items that are at the heart of the uploading process, they
are called CancellableItems. These structs contain information about a file currently
being uploaded; they are created, updated, and deleted by the ApiDataService. The
set of CancellableItemsis @Published so that the StandListVM can follow the progress

of each ongoing task.
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Figure 6.14: The upload of multiple pointcloud file to the API

This entire upload process is described in Figure 6.14. The ViewModel first compares

the selected files to upload with the ongoing upload tasks in order not to upload the

same point cloud twice at the same time (1). For each file that passes that check, a

CancellablelItem is created and added to the set in the ApiDataService, the View-

Model is notified of the change, which causes the View to update.

Although not displayed on this diagram, it is possible for a user to cancel an ongoing

upload task by tapping on a CancellableItem displayed on the screen. The item is

used to cancel the task; it is then removed from the published list of ongoing uploads.

Once again, the ViewModel detects the change, which triggers the View to reload its

content.
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The ViewModel now calls the method responsible for the upload of the file. This
results in the creation of an asynchronous upload task (2) that runs on a background
thread. This task also sends UploadResponses that either inform on the progress of
the upload, or contain the response data for the newly created stand.

This information is consumed by the ViewModel to update the CancellableItem
and notify the user of the task progress (3.1). Once a stand is fully uploaded, the
backend eventually informs the client that the file has been fully analyzed and sends
back the JSON data corresponding to the stand and all its computed measurements
(3.2). The ViewModel receives this data and transforms it into a StandModel for easier
manipulation by the application. The stand upload subscription is finally removed
from the list of ongoing uploads.

At this point, the stand list cannot be refreshed as the application only knows infor-
mation about the stand itself. It still needs to fetch all the information tied to that
stand (e.g. trees, diameters). This is explored in the following and last segment of this
example.

Update of the Local Database

This section shows how the rest of the computed information is fetched and added to
the local database. This operation involves a complex pipeline of Publishers that are
all linked with one another. Indeed, a stand possesses one or more trees, but a tree
also contains one or more captures, etc. This describes a tree-like structure where the

stand is the root and the least dependent entities are the leaves:

Stands
\----> Histories
\----> Trees (leaf, returns true)
\----> Captures
\----> Diameters (leaf, returns true)

The example of a full synchronization is illustrated in Figure 6.15. It essentially uses
the same logic as for the addition of a stand, but deals with all available remote stands
instead of a single one. It fetches each stand along with its related information in order
to add them into the local database.
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Figure 6.15: High-level view of a full local database synchronization

The synchronization happens in two stages. It first goes down the tree and fetches all
needed information using the APL

The second stage goes up the tree to add all the mutual relationships between the
retrieved entities and the corresponding parent entity. This is made easier with the
use of the reduce function offered by Combine which acts as a barrier.
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return Publishers
.MergeMany (publishers)
.reduce(true, { accumulator, isCurr0Ok in
accumulator && isCurrOk
b
.eraseToAnyPublisher ()

The call to reduce effectively turns a set of Publishers into a unique Publisher that
either returns a boolean or an error. Thanks to this neat trick, the ViewModel only has
to subscribe to the Publisher returned by the populateStands function to know if the
synchronization was a success or if an error occurred and the information could not

be saved locally.

6.3.5 Improvements

The first iterations of the application featured a Dependency Injection mechanism
using the popular Swinject [/0] package. It was later removed as it was hard to keep
the mock and concrete implementations of services up-to-date as the application’s
structure evolved. Now that application’s foundations are set, this concept should be
re-introduced as it makes for easier testing of services and ViewModels.

The application could enforce an even looser coupling between its different layers.
For instance, at this stage, Views and ViewModels directly use Core Data entities.
This makes it impossible for a ViewModel to be tested without Core Data providing
entities. The same applies to the Views that cannot be previewed without injecting
Core Data specific entities.

These two improvements would facilitate the addition of test suites for the services,
ViewModel. Indeed, each component could be tested in total isolation by interacting
with mock implementations that would be injected as needed. Apple’s XC Test
framework [71] is a good candidate for the creation of such suite. It can also "interact

with an application’s Ul to validate user interaction flows".

The code base would also benefit from a more abstract and generic approach. A good
candidate for such refactoring would be the ApiDataService, where each entity has

its own get, put, and delete methods. This leads to the repetition of similar looking
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but different enough code throughout the service. A possible solution would be to
have a generic getResource method supplied with the entity type.

In its current state, the application does not provide an all-in-one solution. The user
has to use a third party application (see Chapter 4.1) to capture and export a forest
stand point cloud file to use it with our solution. The application should be extended

to feature a custom made scanner module.

6.3.6 Summary

The application makes life easier for the forest ranger, as they no longer need to carry
cumbersome tools, manually measure each tree, and record the results in a spreadsheet.
The user can access the stands, their trees, and all the relevant measurements that are
stored on the remote server. Thanks to the application’s local database, the user can
still browse local copies when out in the wilderness.

The frontend solution attempts to distance itself from outdated, soon-to-be depre-
cated technologies. It uses a robust MVVM structure to enforce the separation of
concern principle in order to maximize the testability and scalability of the solution.
It also keeps the number of external dependencies to a bare minimum by only using
frameworks provided by Apple. Both these decisions attempt to make the application
as future-proof as possible. These choices make it relatively easy for a developer to
understand the existing modules and further improve on the solution with extensions

such as a custom camera module.

This section concludes the implementation of the client-server application. The follow-
ing section covers the evaluation of the solution as a whole, including the methodology
we followed, the results we obtained, and the discussions that followed.



Chapter 7

Final Evaluation and Discussion

This chapter assesses the entire solution developed throughout the last chapters using
real-world data gathered manually in the field. Some evaluation has already occurred

in previous chapters.

* Section 4.1 determines the precision of the GPS of the iPad Pro and analyses
the 3D Scanner App settings to determine the optimal combination for DBH

estimates.
* Section 5.3.5 compares the local coordinate system with two projected systems.

* Section 5.4 examines the algorithms in a broad sense in order to find the best

algorithms, best setting combinations, resulting execution times, and so on.
* Section 6.2.6 describes the unit testing structure of the backend components.

In this chapter, we further evaluate the application. First, we assess the expected
errors of the DBHs extracted by the application and discuss the underlying reasons in
Section 7.1.

Next, we evaluate the time taken to carry out the process of capturing and processing
a plot with the application with respect to an inventory using traditional manual
methods in Section 7.2.
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7.1 DBH Extraction

We assessed the accuracy and precision of the DBHs predicted by our application
using the root mean square error (RMSE) and the coefficient of determination (R?).

RMSE = \/ 2 e — pl) (7.1)

R*=1- (7.2)

where:

e  =expected DBHs

p = predicted DBHs

¢  =mean of expected DBHs

The expected DBHs were manually measured with a diameter tape in the Bois de
Lauzelle according to the methodology described in Section 3.1. The predicted DBHs
are of two kinds: the DBHs predicted by our application (and its underlying algo-
rithms) and the DBHs measured on CloudCompare with its point picking tool. The
latter helps evaluate the performance of the application using a manual method to
prevent any algorithmic influence.
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(a) DBHs predicted by our application (b) DBHs measured on CloudCompare

Figure 7.1: DBHs retrieved from an iPad-generated LiDAR point cloud with a linear regression
line showing the ideal relationship between predicted and expected DBHs
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During the scans, we observed that the scanner had a tendency to inflate the trunks
— see Figure 7.2. This is reflected in the RMSEs, as both our application and Cloud-
Compare consistently overestimate the DBHs with RMSEs of 3.7228 and 3.31605 cm,
respectively. The point cloud generated by the scanner is most likely the reason for
these overestimates. Nevertheless, CloudCompare provides marginally better results,
which indicates that the application (and its algorithms) has room for improvement.

Figure 7.2: Example of a trunk being inflated by the scanning process

Similar results (RMSE of 3.64-3.76 cm) were observed in a related study [2] that
evaluated the viability of the iPad LiDAR for forest inventory. They retrieved the
DBHs using a circular cluster approach and a least-squares-based algorithm. In
comparison, they achieved an RMSE of 1.59 cm with PLS (ZEB HORIZON) data,
which costs 25.000€.

7.2 Performance & Walking Path

This section evaluates the performance of the application in terms of the time required
to scan and process a plot of 23 trees compared to a manual approach. Scans used in
the preceding chapters were completed by walking around each tree with the device,
as detailed in Section 4.2. This section also evaluates a new walking path that involves

scanning the plot row by row.

The comparisons are based on the assumption that both manual and automated

approaches would be equally faster if carried out by an experienced professional.

Table 5.2 shows that, compared to the traditional manual approach, our solution cuts
the total time in half. The additional time for the manual method is due to the fact
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Method Collection | Additional | Total Time | Time Per Tree | Detection
Time (min) | Time (min) | (min) (min/tree) Rate (%)

Manual 20 5 25 1.087 100
Automated 11.5 1.5 13 0.565 100
(tree-by-tree)
Automated 4.65 1.5 6.15 0.267 78
(row-by-row)

Table 7.1: Comparison of the time taken by different approaches to inventory a 23-tree plot

that we missed 3 trees, which required us to double-check which ones were missing.
The automated methods do not have this problem as the scanning application gives
an overview of what has been scanned on the fly. On the other hand, the automated
approaches require an additional time of about 90 seconds, which includes the upload

of the point cloud over the cellular network and its processing.

The row-by-row walking method significantly improved the collection time. However,
several trees were not detected. This is because the algorithms fail to fit circles to detect
trees, as this approach results in more missing points in the trunk contours. Further
work to refine the workflow for this walking path may be worthwhile as the speedup
seems promising.

7.3 Summary

The evaluation of our application comes to a close in this section. The DBH error
(RMSE) is 3.72 cm (DBHs are constantly overestimated), the detection rate is 100%,
and the application allows inventory time to be cut in half for the surveyed plot.

Although promising, we believe that the overall evaluation is insufficient to draw
definitive conclusions regarding the application. The application has to be tested on
a larger scale in order to find flaws that we overlooked and gain a better grasp of its
limitations. However, this preliminary assessment yields encouraging results that
are consistent with previous research, indicating that the application provides a solid
starting point for further research.



Chapter 8

Conclusions and Future Work

In light of concerns such as global warming and the biodiversity crisis, the demand
for forest inventory tools has never been greater. The objective of this thesis was to
advance the state-of-the-art in automatic forest inventory. In particular, we focused
on developing a low-cost application for the iOS platform that takes advantage of the
point clouds generated by the new LiDAR sensor on the 2020 iPad Pro. The application
is capable of estimating typical forest attributes such as diameters and plot area, as well
as offering digital storage of such data. The application also provides foresters and
regular users with user-friendly interfaces. Along with this application, we introduced
and evaluated a fully automatic workflow for processing geo-referenced point clouds,

which was specifically tailored for the needs and limitations of the iPad LiDAR.

The application and the workflow were evaluated based on reference data acquired
manually in the Bois de Lauzelle in Belgium. The workflow comprising of algorithms
and methods such as voxelization, Hough Transform, and RANSAC yields promising
results, provided that the proper parameters are selected. We were able to achieve
a detection rate of 100%, a root-mean-square error of the diameter at breast height
of 3.72 cm, and to cut the collection time of traditional (manual) methods in half.
Furthermore, despite the GPS inaccuracy of 2.50 m, trees can be geo-located thanks
to a point matching algorithm. Other studies observed similar results with semi-
manual workflows. This thesis shows that a fully-automatic end-to-end application

can achieve comparable results.
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There is of course room for future work:

* A specialized scanner module would provide more accurate estimates. It would
enable the estimation of more tree attributes such as height, volume, species, and
above-ground biomass. Combining LiDAR data and image data to determine the

species may yield improved results [72,73].

* Some refinements to the workflow could be made by evaluating novel algorithms
or further optimizing the parameter choice. The server application facilitates such

evaluation thanks to its customizability.

¢ The solution, despite promising results, requires more in-field evaluation in
different forest types (other tree species, densities, branches and vegetation at

low height...) to further evaluate the accuracy of the measurements it provides.

* The solution could be adapted for collaborative scanning of large trees. The
server could be kept as is, however the client application should feature a two-

way synchronization between the server and several clients.

8.1 Final Words

Despite a complete and functional final product, we encountered many difficulties.
They were however all overcome, notably by reading research papers and documen-
tation, and by experimenting through trial-and-error. A certain rigor, curiosity, and

perseverance were all necessary for the success of this project.

The thesis allowed us to immerse ourselves in a complex yet fascinating domain.
General concepts of the computer science world were explored, whether it was about
web architectures, user interfaces, coordinate systems standards, and algorithms. Our
skills grew along the way. We learned to weigh the benefits and drawbacks of different

architectures and algorithms to identify the best solution for our needs.

In conclusion, this thesis achieved its intended purpose. We are very satisfied to
have achieved a consistent, functional, and interesting solution. We believe that the
application highlights the potential of the iPad LiDAR sensor for the forestry industry.
The low cost of the solution and its compelling results have opened the door for a
wider audience. The application requires more work, but we also believe it is a good
starting point for future research in the field.
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