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Summary

Welcome to the documentation of 3DFin: 3D Forest Inventory!

3DFin is a program that is intended to be simple and intuitive. It is designed to allow users
to easily modify input parameters, adapting the algorithm that it’s ran behind the scenes
to better fit the particularities of their forest plot; even if they are unsure of what
combination of parameters they should input, the program offers a selection of default
values that fit a typical forest plot (yet users shouldn’t expect them to work a miracle right
off the bat if the forest plot is really complex!).

It also features some figures that illustrate key parts of the algorithm, to help the user
draw a mental image of the process, as well as info boxes, that intend to deliver short but
concise explanations of what each input parameter does.

After all initial configurations are set, the user may select a point cloud and run the
program: the small console attached to the program will shortly start to display
information about what things are being done, allowing the user to double check if the
selected options were introduced as intended.

In this document, you will find an USER MANUAL, that contains detailed
instructions on how to use the program; a description of the ALGORITHM, which
hopefully will boost user’s capabilities to maximize the performance of the
algorithm in their forest plots; a description of INPUTS and OUTPUTS, so that
the program is being used as intended; and, finally, REFERENCES, which point
out to the original manuscripts which this program is based on. After all, although
3DFin intends to be as easy to use ‘as it gets’, it’s built upon advanced scientific
research.
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User manual

General usage

TABS
The main structure of the program is based on tabs, and (currently) there are four of them:

- Basic tab

- Advanced tab
- Expert tab

- About tab

To switch from one tab to another, simply click the tab you want to switch to at the top of the
program. You can also switch from one to another using Ctrl + Tab to change to the next tab.
This will move you to the tab to the right of your current tab listed at the top of the screen. If you
are already on the furthest tab to the right, this will send you to the one on the far left. Similarly,
press Ctrl + Shift + Tab to switch to the previous tab; again, if you are already on the furthest tab
to the left, this will send you to the furthest tab on the right. You can also just click left and right
arrow keys to navigate through them.

¥ 3DFin = X

[ serees oo o]

0 Is the point cloud height-normalized? 3D F i n my
—

O Yes O No
o Do you expect noise points below ground-level? This program implements an algorithm to detect the trees present in a ground-based
o 3D point cloud from a forest plot, and compute individual tree parameters: tree height,
O Yes O No tree location, diameters along the stem (including DBH), and stem axis.
o Eotina cotpTak ke cala It takes a .LAS/.LAZ file as input, which may contain extra fields (.LAS standard
O TXTfiles © XLSX files or not). Also, the input point cloud can come from terrestrial photogrammetry,
TLS or mobile (e.g. hand-held) LS, a combination of those, and/or a combination
o Normalized height field name 70 of those with UAV-(LS or SfM), or ALS.
0 Stripe upper limit 35 meters After all computations are done, it outputs several .LAS files containing resulting
point clouds and a XLSX file storing tabular data. Optionally, tabular data may be
o Stripe lower limit 0.7 meters output as text files instead of the Excel spreadsheet if preferred.
0 Pruning intensity 2 0-5 Further details may be found in next tabs and in the documentation.
Original cloud Height-normalized cloud

Region where one should expect mostly stems. 3DFin is able to normalize heights automatically, but also
allows using already height-normalized point clouds.

Input file Output directory
Select file Select directory Compute

Documentation

Figure 1: 3DFin tabs. There are four of them: 'Basic’, ‘Advanced’, 'Expert' and 'About.



Basic, Advanced and Expert tabs contain the main types of features of the program, which

could be listed as follows:

1) Radio buttons. They allow

the user to modify the parameters of the algorithm.

2) Entry boxes. They allow the user to modify the parameters of the algorithm.

3) Buttons. They perform some action when clicked on; the cursor will change to a manicule
with its index finger pointing up when it is placed over one of them, indicating the user
that they can activate the button if they click there.

4) Tooltips. They showcase a brief description of the parameters when you hover the mouse

over them.

5) Text labels. They describe either the parameters or general information of the algorithm.

6) Figures. They illustrate key steps of the algorithm itself.

¥ 3DFin - X
<} Advanced Expert About
@ Isthe point cloud height-normalized? 3D Fi n m h)
R ) —
o Do you expect noise points below ground-level? This program implements an algorithm to detect the trees present in a ground-based
= 3D point cloud from a forest plot, and compute individual tree parameters: tree height,
(4 Yes O No tree location, diameters along the stem (including DBH), and stem axis.
s ol outolE fa ot cele It takes a .LAS/.LAZ file as input, which may contain extra fields (.LAS standard
O TXTfiles O XLSX files or not). Also, the input point cloud can come from terrestrial photogrammetry,
TLS or mobile (e.g. hand-held) LS, a combination of those, and/or a combination
6 Normalized height field name 70 2 of those with UAV-(LS or SfM), or ALS. 5
o Stripe upper limit meters After all computations are done, it outputs several .LAS files containing resulting
point clouds and a XLSX file storing tabular data. Optionally, tabular data may be
o Stripe lower limit 0.7 meters output as text files instead of the Excel spreadsheet if preferred.

o 2 I 0-5 I Further details may be found in next tabs and in the documentation.

Region where one should expect mostly stems.

Input file 3
Select file

6 Original cloud Height-normalized cloud
3DFin is able to normalize heights automatically, but also
allows using already height-normalized point clouds.
Output directory 3

Select directory Compute |I
Docui I

Figure 2: Some examples of 3DFin main features. 1) Radio buttons 2) Entry boxes 3) Buttons 4) Tooltips 5) Text labels

6) Figures.

The first three types of them allow the user to interact with the program; the last three features,
on the contrary, just have the mission to display information to the user. It is important to note
that every radio button and entry box comes with a default value and that those will be the
parameters passed to the algorithm if left unchanged; however, these may be modified by the user

if desired.



MAIN BUTTONS

There are four common buttons to all tabs: these are the Select file button, Select directory button,
the Documentation button, and the Compute button.

Input file 1 QOutput directory 2

Select file C:\Users\diego I Select directory Col
4| Documentation

Figure 3: The main buttons of the program. They are common to all tabs. 1) Select file button 2) Select directory button
3) Compute button 4) Documentation button.

The Select file button will lead the users to the Select file menu when clicked. From there, they
may select the point cloud that is to be processed by the program. In a similar fashion, the Select
directory button will lead the users to the Select directory menu, which allows them to choose the
folder where the output files should be written. In both cases, the same goal may be achieved by
directly typing the path to the file/directory in the respective entry boxes that are right next to
each button. On the other hand, the Compute button is meant to be clicked once the input file and
the output directory have been stablished, and it will start running the algorithm. Lastly, the
Documentation button is located at the bottom-right corner of the program window, and it is a
direct link to the offline version of the documentation (a copy of the document that you are reading
right now).

¥ Open X
€ v D « data » TLS_01 y & Search TLS_0 o
Organise « New folder = - a o

code Name i Date modified Type

files @ TS0 05/10/2022 16:49 LAS |

3DFIN @ TLS_01_axes 21/12/2022 13:41 LAS |

—| TLS_01_check_circle 21/12/2022 13:41 Text

v [l This PC @ TLS_01_circ 21/12/2022 13:41 LAS |
£ Acer (C) —| TLS_01_dbh_and_heights 21/12/2022 13:41 Text

38 Network | TLS_01_n_points_in 21/12/2022 13:41 Text

C‘ Linux —| TLS_01_outliers 21/12/2022 13:41 Text
Ticn D 1171709077 1341 Tout

File name: | TLS_01

Open Cancel

Figure 4: Select file/directory menu. It allows to easily stablish input/output paths.



CONSOLE

3DFin uses a console to display information about its execution while it is running. Once the
Compute button has been clicked, the user will be able to see the progress of the computations
and details about the algorithm’s steps.

C:\data\example.las X +

This program comes with ABSOLUTELY NO WARRANTY. This is a free software,
and you are welcome to redistribute it under certain conditions.

See License at the bottom of 'About' tab for more details or visit <http
s://www.gnu.org/licenses/>

-Voxelization
Voxel resolution: 1.00 x 1.00 x 2000.00 m
0.67 s: escaling and translading
.20 s: encoding
.68 s: 1lst sorting
.44 s: 2nd sorting
.85 s: extracting uniques values
.93 s: decomposing code
2.93 s: reescaling and translading back
18.81 million points —> 0.00 million voxels
Voxels account for 0.00 % of original points
This cloud has 29.12 millions points
Its area is 723 m"2

Figure 5: 3DFin uses a console to display information about the current execution.

EXIT THE PROGRAM

3DFin main window can be closed by pressing the X button at the top-right corner at any time;
please, notice that this will still keep the console open, which will have to be closed as well if the
user wants to leave the program. The program window may be minimized as well by pressing the
_ button that is also at the top-right corner.

Basic Advanced (Expert! About

Figure 6: The user can click the X button to close the program.

Once the algorithm has started running, the console will start displaying information about the
execution. When the processing of input point cloud has finalised, the user may modify the input
file/parameter values/output directory and click the Compute again to start another run, or simply
close the program.
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C:\data\example.las

Total time: 129.72 s
n° of trees: 20

Figure 7: When the processing is over, the user can start another run or abandon the program.

Basic tab

The Basic tab allows the user to configure the basic parameters: these may be considered as the
most fundamental ones and the ones that the user should consider first to modify if any change to
the default values was to be done.

It also displays a summary of the main functionalities of 3DFin, as well as information about the
format of the files that the program takes as input and the format of the files that are output.
Additionally, three figures are displayed, which refer to the steps 0. Height-normalization of the
point cloud and 1. lIdentification of stems among user-provided horizontal stripe of the
Algorithm.

¥ 3DFin - b

{Basic] Advanced Expert About

G Is the point cloud height-normalized? 4 i;;' 5
i L

O Yes O No
o Do you expect noise points below ground-level? This program implements an algorithm to detect the trees present in a ground-based
. 3D point cloud from a forest plot, and compute individual tree parameters: tree height,
O Yes O No tree location, diameters along the stem (including DBH), and stem axis.
0 SRS e It takes a .LAS/.LAZ file as input, which may contain extra fields (.LAS standard
) TXT files © XLSX files or not). Also, the input point cloud can come from terrestrial photogrammetry,
) TLS or mobile (e.g. hand-held) LS, a combination of those, and/or a combination
o Normalized height field name 7 of those with UAV-(LS or SfM), or ALS.
0 Stripe upper limit 35 meters After all computations are done, it outputs several .LAS files containing resulting
point clouds and a XLSX file storing tabular data. Optionally, tabular data may be
G Stripe lower limit 0.7 meters output as text files instead of the Excel spreadsheet if preferred.
0 Pruning intensity 2 0-5 Further details may be found in next tabs and in the documentation.
Stripe Original cloud Height-normalized cloud

Region where one should expect mostly stems. 3DFin is able to normalize heights automatically, but also
allows using already height-normalized point clouds.

Input file Output directory
Select file Select directory Compute

Documentation

Figure 8: Basic tab.
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In this tab the user may find three radio buttons that may be used to prepare the data before and
after the algorithm is run.

o Is the point cloud height-normalized?

() Yes O No

o Do you expect noise points below ground-level?
() Yes O No

o Format of output tabular data

() TXT files © XLSX files

Figure 9: Radio buttons in Basic tab. They allow the user to directly change how the algorithm is applied and how the
data is output.

The first of them asks the user if the point cloud is already height-normalized: by default, the
option selected is No; this will make the program run the 0. Height-normalization of the point
cloud step of the algorithm. If the user selects Yes option, this step will be skipped. From there,
it will be assumed that the point cloud has been height-normalized previously, and the user
will have to provide a Z, field from which the program may read the normalized heights. If
the point cloud has not been height-normalized previously or if you are unsure about it, it is
advised that No is selected.

o Is the point cloud height-normalized? 0 Is the point cloud height-normalized?
O Yes O No O No
0 Do you expect noise points below ground-level? 0 Do you expect noise points below ground-level?
O Yes O No Ves
o Format of output tabular data o Format of output tabular data
O TXTfiles O XLSX files O TXTfiles O XLSX files
0 Normalized height field name 70 o Normalized height field name Z0

Figure 10: The first radio button allows the user to decide whether the step 0 of the algorithm is run or not. If it is
indeed run, the user may as well add a denoising step using the second radio button, to ensure the normalized heights
are computed correctly. On the other hand, if it is not run, normalized heights will have to be provided by some point

cloud field.

Selecting Yes will also disable the second radio button, which allows the user to add a denoising
step prior the height normalization. If the point cloud is noisy, specially below ground level, the
height normalization step might not be applied correctly; selecting Yes here will add a pre-
processing step that aims to remove the noise points. However, this action will add some time to
the total execution time. If it is not needed, simply select No.
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Lastly, the lowermost radio button allows the user to modify how the tabular data is output. More
precisely, it enables to either 1) export the tabular data as an Excel (.XLSX) file or 2) export the
tabular data as separate text (.TXT) files. These data are the numeric results of the algorithm
execution, and they account for several metrics: Diameter at Breast Height (DBH), Total Height
(TH), tree location, etc. A more detailed description of the outputs may be consulted in Outputs
section.

Another important aspect of the Basic tab is that, from there, the user can modify three parameters
of the algorithm that will affect greatly how the stems are extracted and thus how well the metrics
are computed. These parameters are 1) the stripe upper limit, 2) the stripe lower limit and 3) the
‘pruning’ intensity. The first two are self-explanatory / well documented in 1. Identification of
stems among user-provided horizontal stripe. The pruning intensity parameter takes values
between 0 and 5 (strictly integer numbers) and will the program how softly — aggressively should
the stripe be denoised in order to look for the stems. Values of 0-2 are recommended for clean
forest plots and/or point clouds that are not noisy. Higher values are advisable in cases where the
trees have a large number of low branches or especially noisy point clouds. Note that this pruning
is performed twice: first during the stem identification within the stripe, and later during the whole
stem extraction that occurs in step 2. Tree individualization based on point-to-stems distances.
of the Algorithm.
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Adva

The Ad
provide

nced tab

vanced tab gives access to more parametrization of the algorithm (although default parameters are still
d) and focus on steps 2. Tree individualization based on point-to-stems distances. and 3. Computation of stem

diameter at different section heights. of the Algorithm.

W 3DFin = X
Expert About
o Expected maximum diameter 1.0 meters Advanced parameters
0 Stem search diameter 20 meters If the results obtained by just tweaking basic parameters do not meet your expectations,
you might want to modify these.
o Lowest section 0.3 meters
You can get a brief description of what they do by hovering the mouse over the info icon
o Highest section 25.0 meters right before each parameter. However, keep in mind that a thorough understanding is
advisable before changing these. For that, you can get a better grasp of what the algo-
o Distance between sections 02 meters rithm does in the attached documentation. You can easily access it through the
Documentation button in the bottom-right corner.
o Section width 0.05 meters
. 4 id ;
Highest & <
section 2+* Point cloud \\
O Fitted circle ) \
- Stem slice \
Section width
e
\e‘ w\
( oe™e l
Distance % .,.(. S Poltoloud
between o / Fitted circle
Lowest | . sections e Annulus divided in sectors
section { Inner circle
A) C) VL? Occupied sectors
A) Sections along the stem B) Detail of computed sections Several quality controls are implemented to
validate the fitted circles, such as measuring
the point distribution along the sections.
Input file Output directory
Select file Select directory Compute

Documentation

It features six parameters, which are the following:

Expected maximum diameter. As its name states, the user may provide the program with
an estimate (in meters) of what is the maximum diameter expected for any stem. This
value will be used to discard objects that were wrongly identified by the algorithm as
stems, as well as to discard sections that may be too wide.

Stem search diameter. This parameter defines a diameter that will be used during the stem
extraction in step 2 of the algorithm. Points within this distance from the stem axis
computed during step 1 will be used to identify the complete stems. Even if there is an
expected maximum diameter of, i.e., 1 m, a larger margin helps the algorithm to discern
what actually is stem versus what is not.

Lowest section. It is self-explanatory: this parameter defines at which height, from ground
level, should the sections start to be computed. Please note that the units are meters.

14



Highest section. In this case, the user can define the height of the last, highest section. It
must be a value larger than the lowest section.

Distance between sections. This parameter defines the interval at which sections will be
computed among the lowest and highest ones.

Section width. This parameter defines the vertical range around each section. All points
within each of these ranges will be considered as belonging to its respective section. Note
that this value is added to each side of the section, which makes the effective section
width double the input value: i.e., if a section’s height is 1 m and section width is 0.05 m,
then the points regarded as belonging to that section are those with height values within
[0.95-1.05] m range.

15



Expert tab

The last tab containing parameters is the Expert tab, which is designed as the ‘last line of settings’
to adjust the algorithm to the user’s point clouds. In any case, if you have come this far and you
feel the need to modify some of these parameters, it is advisable that you first do some checks
before continuing:

e You have a deep understanding of how the Algorithm works.

e The References contain detailed and more technical information on the algorithm itself
and how several parameters work. It is advisable that they are consulted.

e dendromatics, the Python package that powers 3DFin, has its own documentation.
Reading it could be beneficial as well: https://github.com/3DFin/dendromatics.

e You have first tried to obtain desired results by setting Basic/Advanced parameters.

W 3DFin — %

Basic Advanced {Expert] About
Stem identification within the stripe Computing sections -

0 (x, y) voxel resolution 0.02 meters 6 Points within section 80
o (z) voxel resolution 0.02 meters o Inner/outer circle proportion 0.5 [0, 1]
o Number of points 1000 o Minimum expected diameter 006  meters
o Vicinity radius (verticality computation) 0.1~ meters o Points within inner circle 5
o Verticality threshold 0.7 ©1 o Maximum point distance 0.02 meters
G Vertical range 0.7 ° Number of sectors 16

o Number of occupied sectors 9

Stem extraction and tree individualization © Ciclewidth 0.02 centimeters
© ( y) voxel resolution 0035  meters Drawing circles and axes
o (z) voxel resolution 0.035 meters o N of points to draw each circle 200
o Minimum points 20 meters 0 Interval at which points are drawn  0.01 meters
o Vicinity radius (verticality computation) 0.1 (0, 1) o Axis downstep from stripe center 0.5 meters
o Verticality threshold 0.7 meters 6 Axis upstep from stripe center 10.0 meters
@ Maximum distance to tree axis 15.0 meters Height normalization
0 Distance from axis 15 meters o (x, y) voxel resolution 0.15 meters
o Voxel resolution for height computation 0.3 meters o Minimum number of points 2
0 Maximum vertical deviation from axis 250  degrees 6 Cloth resolution 07  meters
Input file Output directory
Select file Select directory Compute
Documentation

Figure 11: Expert tab. It contains 30 parameters for the most audacious users.

The parameters are divided in several categories that are intended to help the user know what step
of the algorithm will be affected when modifying them. There are five categories:
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- Stem identification within the stripe. This category directly relates to step 1.
Identification of stems among user-provided horizontal stripe of the Algorithm.

- Stem extraction and tree individualization. This category It directly relates to step 2. Tree
individualization based on point-to-stems distances..

- Computing sections. This category It directly relates to step 3. Computation of stem
diameter at different section heights.

- Drawing circles and axes. This category includes parameters that control how some of
the LAS files are output. More precisely, ‘[original file name]_circ’ and ‘[original file
name]_axes’ files.

- Height normalization. This category directly relates to step 0. Height-normalization of
the point cloud.

It is encouraged as well that the info labels contained in the Tooltips. They showcase a brief
description of the parameters when you hover the mouse over them. are read: they display
valuable information about each parameter.
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About tab

The About tab displays information about the software’s License, the funding that made it

possible and the team behind 3DFin. It actually does not provide any helpful information on how
the program works.

W 3DFin

Basic Advanced Expert
3DFin: Forest Inventory Copyright (C) 2023 Carlos Cabo & Diego Laino.
This program comes with ABSOLUTELY NO WARRANTY. This is a free software, and you are welcome to redistribute it under certain conditions.
See LICENSE at the botton of this tab for further details.
This software has been developed at the Centre of Wildfire Research of Swansea University (UK) in collaboration with the Research Institute of
Biodiversity (CSIC, Spain) and the Department of Mining Exploitation of the University of Oviedo (Spain). Funding provided by the UK NERC
project (NE/T001194/1):
‘Advancing 3D Fuel Mapping for Wildfire Behaviour and Risk Mitigation Modelling'
and by the Spanish Knowledge Generation project (PID2021-126790NB-100):

‘Advancing carbon emission estimations from wildfires applying artificial intelligence to 3D terrestnial point clouds

CSIC Esﬁ = o

CONSEIO SUPEROR DE INVESTIGACIONES CIENTIFICAS Rese h Council

AN
L‘ﬁ Swansea University

CETEMAS A{:}}\ issse ) Priysgol Abertawe

Carlos Cabo (carloscabo.uniovi@gmail.com). PhD in Geomatics. 'Maria Zambrano' Research Fellow at Department of
Mining Exploitation, University of Oviedo and Honorary Appointment at Science and Engineering Faculty, S
University. Research fields: Spatial analysis, cartography, geomatics.

- Diego Laino (diegolainor@gmail.com). PhD student in Natural Ruourcs Engmeenng at Department of Mining Explon-

~bimm Hmiimesibe: Musinda Arrict Darmncsbne < Canben ne WGlAEien s N

Input file Output directory

Select file Select directory Compute

Documentation |

Figure 12: About tab does not contain information on how the program works.

The users may use the scroll bar to see the full team, as well as to access the License button: this

grants access to an emerging window that displays the terms and conditions of the program’s
license.
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W 3DFin v0.1.0.dev5 = X

Basic Advanced Expert

A

Diego Laino (diegolainor@gmail.com). PhD in N | Resources Engineering at Department of Mining Exploit-
ation, University Oviedo. Assist. Researcher at Centre for Wildfire Research, Geography of Department, Swansea Univer-
sity. Research fields: deep learning, remote sensing, forestry.

Covadonga Prendes (cprendes@cet: es). PhD in G tics. Forest engineer and researcher at CETEMAS (Forest and
Wood Technology Research Centre Foundation). Geomatics research group. Research fields: LIDAR, sustainable forestry
development, spatial analysis.

Cristina Santin (c.santin@csic.es). Research fellow at the Research Institute of Biodiversity (CSIC-University of Oviedo
- Principality of Asturias, Spain) and Honorary Assoc. Professor at the Biosciences Department of Swansea University.
Research fields: environmental impacts of wildfires.

Stefan Doerr (s.doerr@ ac.uk). PhD in Geography. Full

Professor at the Geography Department, Swansea Univer-

sity and Director of its Centre for Wildfire Research. Editor-in-Chief: International Journal of Wildland Fire. Research fields:
wildfires, landscape carbon dynamics, soils, water quality, ecosystem services.

Calextinio Ol Tord dackn
\

i.es). PhD in Mine Engineering. Full professor at Department of Mining Ex-
ploitation, University of Oviedo. Main researcher at GEOGRAPH research group. Research fields: Spatial analysis, laser
scanning, photogrammetry.
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Figure 13: About tab is scrollable. To scroll up or down, simply click and hold the scroll bar and move up or down with
the mouse. The License button is at the bottom of this tab. 1) Scrollbar 2) License button.
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Modifying default parameters

A really useful feature of 3DFin is that the users can modify the value that the parameters hold
by default. This way, if there are several point clouds that the user may want to process using the
same configuration of parameter values, it will not be needed to modify them each time the
program is launched.

This is achievable with a configuration .INI file of certain characteristics, which are listed below:

1. The file must contain the sections and parameters coded following 3DFin structure.
2. This file must be named 3DFinconfig.INI.

3. It must be placed in the same directory as 3DFin.exe (the program itself), as displayed in
figure 14.

An example file (that contains the very same default values as the ‘vanilla’ program) may be
downloaded from 3DFin’s official website https://github.com/3DFin/3DFin, under the
/3DFinconfig/ folder.

Name Date modified Type Size
W 30Fin 26/04/2023 14:36 Application 98,819 KB
+ | 3DFinconfig 20/04/2023 10:08 Configuration settings 5KB

Figure 14: The configuration file must be placed in the same directory as 3DFin program, although there may be
more files in this directory.
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Algorithm

The associated program (3DFin) implements an algorithm to detect the trees present in a
terrestrial 3D point cloud from a forest plot, and compute individual tree parameters: tree height,
tree location, diameters along the stem (including DBH), and stem axis. This algorithm is an
updated version of the one presented in (Cabo et al., 2018) and is mainly based on rules, although
it uses clusterization in some stages.

It may be divided in four main steps:

Height-normalization of the point cloud.

Identification of stems among user-provided horizontal stripe.
Tree individualization based on point-to-stems distances.
Computation of stem diameter at different section heights.

wnN e o

The program runs a Python script that imports and makes use of dendromatics, a Python package
whose functionalities implement the algorithm. What follows is a description of the main steps of
it.

0. Height-normalization of the point cloud

The algorithm starts with a height-normalized point cloud as input, as in Figure 15. If normalized
heights are not provided, the first step 3DFin will take is to compute them, although the users can
easily provide normalized heights computed externally (see User manual — Basic tab).

Figure 15: The algorithm first normalizes heights if they are not provided as input A) Original point cloud. B) Height-
normalized point cloud. From (Cabo et al., 2018).

If the user opts to normalize the point cloud using 3DFin, a digital terrain model (DTM) is
generated and the normalized heights for each point in the cloud are obtained as the difference
between their (z) value and the (z) value of the DTM points that are below.

To generate the DTM itself, a cloth-simulation filter (CSF) as described in (Zhang et al., 2016) is
applied to the point cloud. To obtain the DTM points that are below a certain cloud point, a k-d-
tree is generated, and the 3 closest DTM points are identified. Then, a weighted average of the (z)
value based on the distance to the cloud point is obtained, and the normalized height value is
computed as the difference between the (z) value of the cloud point and the weighted average (z)
value of the DTM points.
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1. Identification of stems among user-provided horizontal stripe

In this first step, the user selects a stripe, defined this as a subset of the original cloud delimited
by a lower height (Zow)) and an upper height (Zy,ign)) , which will narrow down a region
where it is expected to only encounter stems. The points within the stripe will be voxelated and
their verticality will be computed, based on fixed radius neighbourhoods. Then, they will be
filtered based on their verticality value. After this, the remaining points will be clustered using
the DBSCAN algorithm (Ester et al., 1996). These procedures will be repeated iteratively a user-
defined number of times. At this stage, the potential stems are referred as ‘voxel groups’. Figure
16 illustrates this step of the algorithm.
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Figure 16: Stripe on the height-normalized point cloud, and candidate voxel groups. Points in the stripe in red, and
voxel groups in random colours.

2. Tree individualization based on point-to-stems distances.

Once the voxel groups have been computed and properly peeled-off, they are isolated and
enumerated, and then, their axes are identified using PCA (PCAL direction). These axes will be
henceforth considered as stem axes. This allows to group points based on their distance to those
axes, thus assigning each point to a tree. This is illustrated in Figure 17.

Figure 17: Isolated trees. Note that ground and understory points are assigned as well to the closest axis.

During this step of the algorithm the tree height is computed as well. For this, and, for each tree,
the points that are under a certain distance to the stem axis are selected, voxelated again using a
higher resolution and clustered with DBSCAN algorithm. From the points that belong to the main
cluster (the one that englobes the tree), the highest point is selected, and its height is considered
as the tree height. This allows to exclude from the search of the highest point those that could

22



belong to other trees or any noise that happened to be above the tree whilst being scanned. Figure
18 illustrates this.

Figure 18: Total tree height (TH) computation. Note that it avoids isolated point clusters that may not belong to the
tree.

3. Computation of stem diameter at different section heights.

In this final step a set of heights is defined, which will then be used to measure the stem diameter
at different sections around the tree axes. To do so, a slice of points will be selected at every

section, and those will be fit a circle by least squares minimization. This procedure is similar as
the one proposed in (Prendes et al., 2021).
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Figure 19: A) Sections along the stem B) Detail of computed sections showing the distance between them and their
width C) Circle fitting to the points of a section.
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To ensure robustness, the goodness of fit is checked. What follows is a brief list of all the tests
that are performed:

Number of points inside the circle. This is checked via fitting an inner circle
Percentage of occupied sectors

Size of fitted circle (if it is radius is too small/big)

Vertical deviation from tree axis (‘outlier probability”)

First, a complementary, inner circle is fitted as well, which will be used to check how points are
distributed inside the first circle: they are expected to be outside the inner circle, as the scanning
should only scan the surface of the stems. Second, the section is divided in several sectors to
check if there are points within them (so they are occupied). If there are not enough occupied
sectors, the section fails the test, as it is safe to assume it has an abnormal, non-desirable structure.
After this, it is checked whether the diameter of the fitted circle is within some boundaries, to
discard anomalies. Finally, the vertical deviation from the tree axis is computed for every section
and it is used to check possible bad fittings: highly deviated sections are labelled as possible
outliers.

..~ Point cloud
Fitted circle
..~ Annulus divided in sectors
i__: [Innercircle
G Occupied sectors

Figure 20: Several quality controls are implemented to validate the fitted circles, such as measuring the point
distribution along the sections. Other quality checks include discarding too large/small/deviated sections.

On top of all goodness of fit tests, there is a last layer or robustness while computing the diameters.
If the first fit is not appropriate, another circle will be fitted to substitute it using only points from
the largest cluster in the slice of points, and the goodness of fit will be tested again. Figure 21
illustrates an example of some fitted circles after all tests.
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Figure 21: Fitted circles in 6 stems, at sections ranging from 0.3 to a maximum of 25.0 meters, one every 0.2 meters.
Blue circles passed all quality tests, while red circles mean the fitting may be unreliable. This may be due to partial

scans, non-expected diameter measurements, non-reasonable distribution of points within the section or a high value
of tilting.

During this step, besides computing all the diameters at the selected heights, the DBH will be
approximated as well (even if BH was not included as one of the selected heights). For this, the

section closest to 1.3 m will be used as a proxy, and the DBH will only be computed if there is
coherence between that section and the ones around.

Tree location [(X, y) coordinates] is obtained at this step too, either derived from the proxy section

(to BH) when appropriate; that is, when it passes all goodness of fit tests and it is coherent, or
from the tree axis when not.
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Inputs

3DFin takes a LAS file containing the ground-based 3D point cloud as input. It accepts a
.LAS/.LAZ file, which may contain extra fields (.LAS standard or not). Also, the input point
cloud can come from terrestrial photogrammetry, TLS or mobile (e.g. hand-held) LS, a
combination of those, and/or a combination of those with UAV-(LS or SfM), or ALS.

The following LAS versions are accepted:

o 12
e 13
e 14
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Outputs

After all computations are complete, the following files are output™:

LAS files

o [original file name] _tree_ID_dist_axes: LAS file containing the original point cloud and
2 scalar fields that contain tree IDs and distance to closest axis.

o [original file name]_axes: LAS file containing stem axes coordinates and a scalar field
that contains tilting (in degrees).

o [original file name]_circ: LAS file containing circles (sections) coordinates and several
scalar fields: overall quality, outlier probability, diameter, inner circle points, percentage
of sector occupancy and tree ID. These allow the user to filter the fitted circles based on
their respective values.

o [original file name]_stripe: LAS file containing the stems obtained from the stripe during
step 1.

o [original file name] _tree_locator: LAS file containing the tree locators coordinates.

o [original file name]_tree_heights: LAS file containing the highest point from each tree.

Tabular data

Depending on the option selected by the user, the tabular data might be output as a single xIsx
file or as several txt files.

XLSX file:

e [original file name].xlsx; Excel file containing several sheets:

o R; sheet containing the radius of every section of every tree.

o X; sheet containing the (x) coordinate of the centre of every section of every
tree.

o Y; sheet containing the (y) coordinate of the centre of every section of every
tree.

o Sections; sheet containing the normalized height of every section.

o Q(Overall Quality 0-1); sheet containing the overall quality of every section of
every tree.

o QI1(Outlier Probability); sheet containing the ‘outlier probability’ of every
section of every tree.

o Q2(Sector Occupancy); sheet containing the sector occupancy of every section
of every tree.

o Q3(Points Inner Circle); sheet containing the number of points within the
inner circle of every section of every tree.

* Filenames are: [original file name] + [specific suffix] + [.txt or .las].
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TXT files:

[original file name]_dbh_and_heights: Text file containing tree height, tree location and
DBH of every tree as tabular data.

[original file name] _X_c: Text file containing the (x) coordinate of the centre of every
section of every tree as tabular data.

[original file name] Y _c: Text file containing the (y) coordinate of the centre of every
section of every tree as tabular data.

[original file name]_R: Text file containing the radius of every section of every tree as
tabular data.

[original file name]_outliers: Text file containing the ‘outlier probability’ of every section
of every tree as tabular data.

[original file name]_sector_perct: Text file containing the sector occupancy of every
section of every tree as tabular data.

[original file name]_check_circle: Text file containing the ‘check’ status of every section
of every tree as tabular data.

[original file name]_n_points_in: Text file containing the number of points within the
inner circle of every section of every tree as tabular data.

[original file name]_sections: Text file containing the sections as a vector.

* Filenames are: [original file name] + [specific suffix] + [.txt or .1as].
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