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Resumo

A digitalizacdo a laser terrestre (TLS) oferece representagbes de superficie 3D rapidas,
automaticas e detalhadas usando um scanner de facil utilizagdo. Essa tecnologia é bastante
promissora para os Inventarios Florestais (Fls). No entanto, sua aplicacdo operacional é
prejudicada pela auséncia de algoritmos bem estabelecidos para o processamento de dados
de TLS. Para resolver esse problema, apresentamos o FORTLS, um pacote R projetado
especificamente para automatizar o processamento de dados de nuvem de pontos TLS para
aplicagdes florestais. O pacote FORTLS permite: (i) Detecgdo de arvores e estimativa de
seu didmetro a altura do peito (dbh), (ii) Estimativa de diversas variaveis de estande (por
exemplo, densidade, area basal, média e altura dominante), (iii) Calculo de métricas
relacionadas aos principais atributos das arvores estimados em Fls no nivel do povoamento;
e (iv) Otimizagao do projeto da parcela para integrar os dados do TLS com as medi¢des de
campo. O FORTLS funciona de forma eficaz com dados TLS de varredura unica,
melhorando a eficiéncia da aquisicao de dados, reduzindo o tempo de processamento e
aumentando o tamanho das amostras de forma econémica. O pacote também inclui
recursos para corrigir problemas de oclusdo, o que leva a estimativas aprimoradas das
variaveis do estande. Esses recursos facilitam o uso operacional do TLS em Fls,
complementados por técnicas de inferéncia de abordagens baseadas em modelos e
assistidas por modelos.

Palavras-chave: Parametros de povoamentos florestais; LIDAR; Silvicultura de precisao;

Sensoriamento remoto; Tecnologias terrestres.
Abstract

Terrestrial Laser Scanning (TLS) offers rapid, automatic, and detailed 3D surface
representations using a user-friendly scanner. This technology holds significant promise for
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Forest Inventories (Fls). However, its operational application is hindered by the absence of
well-established algorithms for processing TLS data. To address this, we introduce FORTLS,
an R package specifically designed to automate TLS point cloud data processing for forestry
applications. The FORTLS package enables: (i) Detection of trees and estimation of their
diameter at breast height (dbh), (ii) Estimation of various stand variables (e.g., density, basal
area, mean, and dominant height), (iii) Calculation of metrics related to key tree attributes
estimated in Fls at the stand level, and (iv) Optimization of plot design to integrate TLS data
with field measurements. FORTLS works effectively with single-scan TLS data, enhancing
data acquisition efficiency, reducing processing time, and increasing sample sizes
cost-effectively. The package also includes features to correct occlusion issues, leading to
improved estimates of stand variables. These capabilities facilitate the operational use of
TLS in FIs, complemented by inference techniques from model-based and model-assisted
approaches.

Keywords: Forest stands parameters; LiDAR; Precision forestry; Remote sensing;

Terrestrial-based-technologies.
Introduction

Forest inventories (Fls) are vital for sustainable forest management and policy
development, offering crucial data for global and regional forest resource estimation and
monitoring (Tomppo et al., 2010). Technological advancements, particularly in remote and
proximal sensing, have significantly improved Fls. Light detection and ranging (LiDAR)
systems, such as airborne laser scanning (ALS) and terrestrial laser scanning (TLS),
generate 3D point clouds, aiding in estimating tree attributes effectively. ALS is operational
for estimating variables like mean height, basal area, and volume at the stand level (White et
al.,, 2016), while TLS provides higher spatial resolution under the canopy, enhancing
observations of near-ground vegetation and trunk coverage, crucial for measurements like
diameter at breast height (dbh) and stem curves (White et al., 2016).

However, TLS adoption in Fls faces challenges such as high acquisition costs, limited
software, and a lack of trained personnel (Liang et al., 2016). Efficient and affordable
automation of data processing to extract forest attributes is crucial (White et al., 2016; Liang
et al., 2016). While various algorithms and software applications have been developed, they
often focus on single trees, involve semi-automatic processing, or are commercially available
(Krok et al., 2020). The FORTLS R package addresses these challenges by automating TLS
point cloud data processing and estimating forestry variables (Molina-Valero et al., 2021). It
detects trees, estimates dbh and other attributes, computes stand-level metrics, and
optimizes plot design by combining TLS and field-measured data. Designed to facilitate
operational TLS use through a single-scan approach, FORTLS enhances data acquisition
efficiency, reduces processing time, and increases sample size without requiring
pre-scanning tasks or complex post-processing. A case study in a Pinus sylvestris stand in

northern Spain demonstrated FORTLS's potential for operational use in Fls, which could
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significantly improve the efficiency and accuracy of forest inventories, supporting better forest

management and policy-making.
Objective

The FORTLS package enables (i) detection of dbh and other tree attributes, (ii)
estimation of stand variables such as height (h), basal area (G), and volume (V), (iii)
computation of metrics related to essential tree attributes at the stand level, and (iv)
optimization of plot design by integrating TLS data with field-measured data. It also includes
features to correct occlusion issues, enhancing the accuracy of stand variable estimates. The
current version of FORTLS utilizes single-scan TLS data to facilitate operational use and is

designed as easy-to-use open-source software for both scientists and technical users.
Material and Methods

The R package FORTLS (Molina-Valero et al., 2021) was developed to leverage the
accessibility of R, a free statistical software (R Core Team, 2021). Initial development stages
were described by Molina-Valero et al. (2020), and the first version was released in March
2021. The latest stable version and the most recent development version of FORTLS are
available for free from CRAN and GitHub, respectively. To optimize FORTLS, demanding
computing processes were enhanced using C++ code with the Rcpp package (Eddelbuettel
& Balamuta, 2018) and the RcppEigen package (Bates & Eddelbuettel, 2013), which
integrates the Eigen C++ library for matrix calculations. Spatial data operations utilize the
raster (Hijmans, 2020) and sp (Bivand et al.,, 2013) packages. Voronoi polygons are
generated using ggvoronoi (Garrett et al., 2021), and large TLS point cloud datasets are
handled with the vroom package (Hester & Wickham, 2020). Interactive graphics are created
with plotly (Sievert, 2020) and htmlwidgets (Vaidyanathan et al., 2020). Additional packages
include progress (Csardi & FitzJohn, 2019), scales (Wickham & Seidel, 2020), and tidyr
(Wickham, 2021) for various specific tasks. This work is based on the stable version 1.0.6 of
FORTLS available on CRAN. Key steps in TLS point cloud data processing with FORTLS are
outlined, including (i) normalization, (ii) tree detection, and (iii) estimation of metrics and
variables at the stand level.

Results

The steps for processing TLS data with FORTLS are outlined below, detailing the
various operations and function arguments involved. Finally, the results of TLS data
processing using FORTLS are presented for the case study mentioned earlier. Users can
install the released version of FORTLS from CRAN or the latest development version from
GitHub using the install_github function from the devtools package (Wickham et al., 2021).
The functions are designed for two primary uses of TLS data: (1) conservative tree detection,
prioritizing accuracy, and (2) computation of metrics and variables related to forest attributes,
either (2.1) without field data or (2.2) with field data. The workflow for these functions is
illustrated in Figure 6 (Molina-Valero et al., 2022). Although the workflow can be executed

directly in the current R session, most functions are designed to import data and save results
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to a specified working directory, defined by the dir.data and dir.result arguments, to facilitate
efficient operation. Notably, outputs from previous functions often serve as inputs for
subsequent ones, making it advantageous to use the same directory for data and results. A
script with a complete workflow example is provided as supplementary material in
Molina-Valero et al., 2022.

Discussion

Despite advancements in TLS (terrestrial laser scanning) algorithms and applications
for forestry (Krok et al., 2020), TLS is not yet a standard tool in forest inventories (Fls) (Liang
et al., 2016). Automation of point cloud processing with user-friendly software is essential
(White et al., 2016). The FORTLS R package addresses this by automating TLS point cloud
processing for estimating Fl variables, detecting trees, and generating metrics at the stand
level. It allows for assessment and optimization of plot designs by comparing TLS data with
field data. This flexibility sets FORTLS apart from applications like Computree, SimpleForest,
AdTree, and TreeGSM, which focus on detailed tree attributes rather than stand-level
metrics. FORTLS uses single scans to cover larger areas, viewing TLS as a sampling tool
rather than a measurement instrument. This approach is rare, with few comparable
applications like 3D Forest and AutoStem™. FORTLS incorporates occlusion correction
methods, improving estimates in larger plots, consistent with findings. It evaluates
correlations between TLS-derived metrics and forest variables, facilitating model-assisted
inference, similar to ABA inference for ALS devices. This enables efficient sampling and
demonstrates FORTLS's utility in Fls by increasing sample size cost-effectively without
requiring point cloud co-registration or field measurement targets (Liang et al., 2016). Future
research should explore more complex study cases, additional metrics, model-assisted
methodologies, and enhance computation processes for broader application. FORTLS is
available on CRAN and GitHub.

Conclusions

The R package FORTLS is valuable software for processing TLS (terrestrial laser
scanning) data for forestry applications. It offers significant advantages by working with single
scans and automating data processing, addressing the major challenge of affordability in
data acquisition and processing. Initial case studies have shown promising results for
conventional variables, with direct estimates and strong correlations between field-derived
and TLS-derived metrics and variables. However, its potential for producing model-assisted
inferences from these metrics and variables remains to be demonstrated. One of the
software’s most valuable features is its flexibility, allowing it to adapt to the best possible plot
design for each variable and enabling the use of multiple plot designs within a single
sampling framework. To fully establish FORTLS as an operational tool in forest inventories,
further research involving larger and more complex case studies is needed. Additionally,

developing new metrics and variables will enhance its applicability and effectiveness.
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