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Abstract

Advances in sensor technology and computing performance has brought us into an era of digital 
forestry where a forest environment can be digitally replicated. At the same time, an increasing 
interest in the use of unmanned vehicles and other autonomous mobile systems (AMSs) in for-
est mapping and operations has emerged. However, a forest is an unstructured and rather 
complex environment for AMSs to operate in, and usually some kind of a priori information of 
traversability is required. The aim of this study was to assess forest traversability for AMSs us-
ing high-density airborne laser scanning (ALS) point clouds. It was assumed that such point 
clouds acquired from a helicopter flying at a low altitude can be used to characterise vegetation 
obstacles affecting forest traversability. A voxel-based vegetation occupancy analysis was carried 
out with the aim to detect open space to define traversable three-dimensional space. The experi-
mental setup included seven sample plots (32×32 m) representing diverse boreal forest structures. 
Terrestrial laser scanning (TLS) was used for obtaining reference for vegetation occupancy. 
Comparison between ALS and TLS revealed an overall accuracy of 0.85–0.94 with a recall of 
0.78–0.91 and a precision of 0.62–0.74 for ALS-based voxel classification for vegetation occu-
pancy depending on forest structure. This implies that up to 91% of voxels assigned a classifica-
tion »occupied« based on the TLS could be correctly classified using the ALS, while up to 74% 
of voxels assigned a classification »occupied« using the ALS were occupied based on the TLS. 
Density of low vegetation accounted for 83% of the variation in accuracy and precision. The 
feasibility of vegetation occupancy information to be used by an AMS for navigation was also 
demonstrated. It was assumed that the ALS data convey as sufficient information of AMS path 
planning as does the TLS data. The experiments showed that out of 1393 randomly generated 
paths based on empty space detected by the ALS, 72% were considered feasible when validated 
with the TLS data. The success rate in path planning varied from 0.54 to 0.92 between the 
sample plots and was seemingly affected by vegetation density that accounted for 53% of varia-
tion in success rate. Altogether, the demonstrated possibility to predefine forest traversability 
using remote sensing will support the use of AMSs in forestry.

Keywords: autonomous forestry, digital forestry, terrestrial laser scanning, high-density point 
cloud, path planning, traversability mapping, robot navigation, forest robotics

1. Introduction
The importance of forests to the biosphere is undis-

puted. Forests harbour habitat for most terrestrial spe-
cies (FAO and UNEP 2020) while maintaining biodi-
versity (Aerts and Honnay 2011, Barrett et al. 2018) as 
well as carbon balance (Pan et al. 2011). Besides their 
productive and ecological functions, forests are also 

associated with social and cultural aspects that have 
influenced the development of societies (Ritter and 
Dauksta 2013). This human-forest relationship ex-
plains the general interest in forests regardless of the 
context. Sustainable forest resource management and 
co-existence with nature in general requires knowl-
edge of forest ecosystem functioning (Toman and  
Ashton 1996). From a forestry perspective, advances 
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in sensor technology and computing performance 
have brought us into an era of digital forestry where 
a forest environment can digitally be replicated for 
gaining enhanced information of forest characteristics 
and their development (Zhao et al. 2005, Morsdorf et 
al. 2018, Liang et al. 2022). At the same time, following 
the technology-driven development goals within our 
society such as increased level of automatisation and 
use of robots, an interest in the use of autonomous 
mobile systems (AMSs) such as unmanned aerial ve-
hicles (UAVs) in forest mapping and operations has 
emerged (Oliveira et al. 2021). However, a forest is an 
unstructured and complex environment for an AMS 
to operate in, and usually some kind of a priori infor-
mation of traversability is required (Ahtiainen et al. 
2016). Vegetative structures together with terrain char-
acteristics thus determine how traversable a forest 
environment is for these mobile systems.

In robotics, traversability generally refers to terrain 
characteristics, such as the surface type, texture, slope, 
and roughness, allowing a robot to safely move around 
to achieve the set goal (Papadakis 2013). A travers-
ability map is usually generated and used for naviga-
tion to avoid obstacles (Cook and Zhang 2020). How-
ever, as traversability describes terrain characteristics 
from the mobile system point of view, the off-road 
capability and kinematic constraints of AMSs affect 
how traversability is eventually assessed (Papadakis 
2013). This means that terrain-related traversability 
depends on the size and locomotion capabilities of the 
mobile system (Molino et al. 2007). Considering 
ground robots or unmanned terrain vehicles capable 
of supporting forest mapping and operations, certain 
off-road capabilities are presumed (Oliveira et al. 
2021). In forest environments, small-scale terrain un-
evenness or low vegetation on the field layer should 
not have a major resisting effect on locomotion. In-
stead, standing trees, bushes and other undergrowth 
vegetation accompanied with fallen trees, cliffs, ditch-
es and stones, etc. are considered as non-traversable 
obstacles that should be avoided when navigating 
inside a forest.

Obstacle mapping prior or during locomotion is 
required for successful navigation in an unknown en-
vironment (Cook and Zhang 2020). On-board sensors 
providing 3D information of the environmental char-
acteristics are generally preferred in traversability 
analysis (e.g., Zhu et al. 2013, Bogoslavskyi et al. 2013, 
Suger et al. 2015, Sock et al. 2016, Mongus and Juric 
2019, Gomez et al. 2020, Matrinez et al. 2020, Zhou et 
al. 2021). In prior studies, however, traversability anal-
ysis or obstacle mapping for robot navigation has usu-
ally meant traversable terrain mapping, while experi-

ments in a forest environment have gained less 
attention. The study by Huertas et al. (2005) was 
among the first attempts to assess vegetation-induced 
traversability in a forest environment using stereo im-
agery for detecting non-traversable tree trunks. Re-
cently, Matsuzaki et al. (2018, 2022) took a step towards 
vegetation-induced traversability mapping when ana-
lysing traversable regions for a greenhouse robot by 
considering vegetative structures as obstacles.

Regarding forest characterisation, close-range 
sensing techniques such as laser scanning and photo-
grammetry have been adopted as feasible observation 
tools (Morsdorf et al. 2018, Liang et al. 2018, Calders 
et al. 2020, Liang et al. 2022). Based on light detection 
and ranging (LiDAR) or multi-view stereo imagery 
and dense image matching, the three-dimensional 
(3D) structure of the objects of interest can be captured 
and stored as a digital format of point clouds enabling 
virtual revisits to forests for non-destructive charac-
terisation of trees (Yrttimaa 2021). Terrestrial laser 
scanning (TLS) represents the state-of-the-art geomet-
ric accuracy in point cloud generation, enabling milli-
metre-level accuracy in tree 3D modelling (Raumonen 
et al. 2013, Hackenberg et al. 2014) and spatiotemporal 
monitoring of tree structure (Luoma et al. 2021,  
Yrttimaa et al. 2022, 2023). TLS provides a hemispher-
ical point cloud that is acquired from a static platform, 
usually a tripod. Most often the so-called multi-scan 
approach is applied, that is, several individual point 
clouds from separate scan locations equally distrib-
uted around the sample plot or forest stand are co-
registered together (Wilkes et al. 2017). Cost-efficiency 
in terrestrial point cloud data acquisition can be im-
proved by attaching the laser scanner to a mobile plat-
form such as a car or an all-terrain vehicle (Holopainen 
 et al. 2013, Liang et al. 2014, Tang et al. 2015, Liang et 
al. 2018). Mobile laser scanning (MLS) accompanied 
with simultaneous localisation and mapping (SLAM)-
techniques (Kukko et al. 2017) enables 3D recording of 
the environment on-the-move, but – at least currently 
– with the cost of reduced geometric accuracy when 
compared to the TLS (Balenović et al. 2021). Un-
manned aerial vehicles (UAVs) can also be used as car-
rier platforms for a laser scanner (Jaakkola et al. 2010, 
2017, Wallace et al. 2012) or a digital camera (Westoby 
et al. 2012, Puliti et al. 2015), providing a point cloud 
acquisition geometry different to TLS which generally 
benefits the characterisation of the upper parts of the 
forest canopy (Yrttimaa et al. 2020). UAV-borne laser 
scanning (ULS), or airborne laser scanning (ALS) in 
general, broadens the applicability of point cloud-
based forest characterisation to cover entire forest 
stands and landscapes (Morsdorf et al. 2018). UAVs 
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2.2 Point Cloud Data
TLS point clouds used for obtaining reference data 

for ALS-based traversability analysis were acquired 
from the sample plots during April–May 2021. A  
Leica RTC360 3D time-of-flight laser scanner (Leica 
Geosystems, Switzerland), operating at 1550 nm 
wavelength with beam divergence of 0.16 mrad and 
360° horizontal and 310° vertical field-of-view, was 
used for obtaining the point clouds. The scan setup 
included one centre scan augmented with eight auxil-
iary scans located evenly around the plot centre, pre-
ferring locations near the sample plot borders (for 
reference, see e.g., Yrttimaa et al. 2023). All the scans 
from each of the sample plots were co-registered to-
gether using artificial reference targets attached to 
trees, approximately five to six per each sample plot. 
A Register360 software, provided by the scanner man-
ufacturer, was used for the co-registration procedure.

ALS point clouds were acquired from the sample 
plots on 22 June 2021 using a multispectral ALS system 
consisting of three separate Riegl (RIEGL Laser  
Measurement Systems GmbH, Austria) laser scanners 
(VUX-1HA, MiniVUX-3UAV, and VQ-840-G) operating 
at the wavelengths of 1550 nm, 905 nm and 532 nm and 
with a beam divergence of 0.5×0.5 mrad, 0.5×1.6 mrad, 
and 1.0×1.0 mrad, respectively. The laser scanners were 
carried by a helicopter flying at approximately 80 m 
above the ground at the speed of 14 m/s. As the aim was 
to obtain detailed airborne point clouds, we used the 
combination of point clouds obtained using all the 
three sensors onboard. The scanning flights were also 
planned so that the flight paths crossed each sample 
plot from four directions: north to south, west to east, 
south to north, and east to west. The point cloud data 

can be considered as feasible AMSs for forest inven-
tory and monitoring operations (Oliveira et al. 2021), 
providing flexible capacity for close-range sensing 
data acquisition from above or within the forest cano-
py (see e.g., Hyyppä et al. 2020a).

The aim of this study is to assess forest traversabil-
ity for AMSs using high-density ALS point clouds. It 
is assumed that ALS point clouds acquired from a he-
licopter flying at a low altitude can be used to charac-
terise vegetation obstacles affecting traversability of 
forest robots. Voxel-based vegetation occupancy anal-
ysis is carried out aiming at open-space detection to 
define traversable/non-traversable three-dimensional 
(3D) space within a forest. For validation, TLS point 
clouds are used as reference for vegetation occupancy 
to investigate how the obtained information of vege-
tation-induced traversability differs when derived us-
ing ALS or TLS. It is also assumed that ALS-based 
information of vegetation-induced traversability will 
be useful for generating maps of traversable pathways 
for AMSs to navigate inside the forest. To validate this 
hypothesis, ALS-derived information of traversable 
3D space is used to generate theoretical pathways for 
AMSs flying inside the forest. TLS-derived vegetation 
occupancy voxel maps are used for evaluating the fea-
sibility of the generated flight paths. It is expected that 
such high-density ALS data that is available for ex-
perimental use today will be more widely available in 
the future. Thus, the possibility to generate forest tra-
versability maps using ALS point clouds will enhance 
the applicability of AMSs in forestry.

2. Materials and Methods

2.1 Experimental Design
The experimental design of this study consists of 

seven sample plots (32×32 m) located in Evo in south-
ern Finland (61°11’ N, 25°8’ E). A diverse variation of 
southern boreal forest structures, including managed 
and natural, single- and mixed-species, as well as sin-
gle- and multi-layered forest stands, with Scots pine 
(Pinus sylvestris L.), Norway spruce (Picea abies (L.) H. 
Karst.), birches (Betula sp.) and aspen (Populus tremula 
L.) being the dominant tree species. Vegetation den-
sity varies between the sample plots. For example, the 
number of trees per hectare ranges from 430 to 1816, 
while the mean basal area ranges from 23.1 m2/ha to 
42.5 m2/ha, as per field inventory campaign carried out 
in autumn of 2021 (see Table 1). Typical to the forests 
within the vicinity, all the sample plots feature a rath-
er flat terrain with varying degree of low vegetation 
and fallen dead trees on the forest floor.

Table 1 Forest structural characteristics of each sample plot based 
on field inventory carried out in autumn 2021

Sample plot id G, m2/ha Dg, cm Hg, m V, m3/ha TPH, n/ha

#1 23.8 28.2 22.8 251.8 430

#2 38.6 29.0 25.9 469.3 820

#3 23.1 18.8 19.9 215.2 947

#4 29.6 19.2 18.8 269.1 1807

#5 41.2 41.9 23.8 388.3 977

#6 42.5 36.6 25.6 454.5 1816

#7 38.9 37.8 28.3 492.3 469
G – mean basal area, Dg – basal area-weighted mean diameter at breast height, Hg – 
basal area-weighted mean tree height,  – mean volume, TPH – number of trees per 
hectare
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was processed in RiProcess software by Riegl and cou-
pled with trajectory and orientation information. Alto-
gether, this ALS campaign resulted in a mean point 
density of approximately 3200 pts/m2.

2.3 Point Cloud Processing Methods
Due to differences in the applied coordinate refer-

ence systems, the ALS and TLS point clouds were co-
registered. A multi-step registration process was em-
ployed for this task using points approximately at the 
height range between 0 [m] and 4 [m] above the ground, 
where the ALS and TLS point clouds proved to be the 
most similar in terms of their capacity of characterising 
the forest structure based on preliminary investiga-
tions. The point clouds were first roughly registered by 

RANSAC-based global registration with feature points 
represented as Fast Point Feature Histograms (FPFH) 
(Rusu et al. 2009). After that, the pose was further re-
fined using the Generalised Iterative Closest Point 
(GICP) algorithm (Segal et al. 2009) with Tukey robust 
kernel (Beaton and Tukey 1974). For the entire co-regis-
tration process, Open3D (Zhou et al. 2018) was used, a 
Python library for point cloud processing.

Forest traversability was then assessed by deter-
mining empty space within the sample plots. For this 
task, a regular grid of 0.1 m voxels was generated; they 
were further labelled as »occupied« or »empty« based 
on the presence of points (one or more) within each 
voxel (Fig. 1), hereafter referred to as vegetation oc-
cupancy maps. For the voxel mapping, OctoMap 

Fig. 1 Airborne laser scanning point clouds (a) converted to vegetation occupancy voxel maps with a voxel size of 0.1 m, (b) voxels labelled 
as »occupied« and »empty« are coloured by light grey and green, respectively. The same workflow was repeated for terrestrial laser scanning 
point clouds to obtain reference for vegetation occupancy
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(Hornung et al. 2013) was employed, which represents 
the space in efficient OcTree structure and manages 
the occupancy of each voxel probabilistically. The veg-
etation occupancy maps were generated for each sam-
ple plot using the ALS and TLS point clouds sepa-
rately.

Feasibility of ALS-derived vegetation occupancy 
information for assessing forest traversability was ex-
plored by generating theoretically traversable flight 
paths for AMSs (e.g., UAVs). No technical constraints 
related to navigation capacity or safety distance of an 
AMS, for example, were considered as the focus was 
rather on analysing the capacity of the ALS to deliver 
sufficient vegetation occupancy information that 
could be used by an AMS of any type for navigation. 
For each sample plot, 199 paths were generated be-
tween randomly picked start and goal points in the 
ALS-derived vegetation occupancy voxel map. For 
each iteration, the start and goal points were random-
ly selected from among points that represented the 
centres of voxels labelled as »empty« based on occu-
pancy analysis. Euclidean distance in 3D space be-
tween the start and goal points was allowed to range 
from a minimum of 10 m to a maximum of 40 m. Tra-
versable flight paths between the start and goal points 
were then determined using the Rapidly-exploring 
random trees (RRT) algorithm and specifically its op-
timised version RRT* (Karaman and Frazzoli 2011) 
which, compared to the RRT, aims to achieve the 
shortest path between start and goal. The RRT* algo-
rithm was employed to find a sequence of line seg-
ments connecting the start and goal points without 
passing voxels occupied by vegetation.

The source code for the analysis was implemented 
in Python and is available on GitHub (Matsuzaki 
2022).

2.4 Evaluation of Capacity of ALS to Assess 
Forest Traversability

Capacity of ALS to assess forest traversability for 
AMSs was evaluated by considering the accuracy of 
ALS-based vegetation occupancy mapping and the 
feasibility of theoretical AMS flight paths generated 
accordingly. Accuracy of vegetation occupancy map-
ping was evaluated by comparing ALS-based 3D veg-
etation occupancy maps to TLS counterparts. A voxel-
by-voxel comparison was carried out on each sample 
plot while using accuracy, precision, and recall as 
performance measures:

 accuracy TP TN
TP TN FP FN

= +
+ + +

 (1)

 precision TP
TP FP

=
+

  (2)

 recall TP
TP FN

=
+

  (3)

Where:
TP  denotes true positives (i.e., the number of voxels 

correctly labelled as »occupied«)
TN  denotes true negatives (i.e., the number of voxels 

correctly labelled as »empty«)
FP  denotes false positives (i.e., the number of empty 

voxels falsely labelled as »occupied«)
FN  denotes false negatives (i.e., the number of occu-

pied voxels falsely labelled as »empty«), consider-
ing TLS data as a reference and ALS data for pre-
dictions.

Accuracy measures the proportion of voxels with 
true prediction. Precision measures the proportion of 
voxels assigned an ALS-prediction »occupied« that 
were occupied based on TLS (i.e., user’s accuracy). Re-
call measures the proportion of occupied voxels that 
were correctly labelled as »occupied« based on the 
ALS (i.e., producer’s accuracy).

The feasibility of each generated flight path was 
validated using TLS-derived vegetation occupancy 
voxel map. The feasibility of a flight path was con-
firmed if the path did not pass occupied voxels; it was 
rejected if the path intersected occupied voxels. Suc-
cess rate was finally computed for each sample plot as 
the proportion of feasible paths from among all the 199 
iterations.

It was assumed that the vegetation density, spe-
cifically the occupancy of low vegetation causing 
multi-layered forest structure, may influence the ca-
pacity of ALS in assessing forest traversability. Thus, 
we examined the relationship between the accuracy 
metrics and a TLS-based metric characterising vegeta-
tion occupancy (VO). For this task, the TLS point 
clouds were voxelised into a 0.5 m grid and the VO 
was obtained as a ratio between the combined volume 
of occupied voxels to the combined volume of both 
occupied and empty voxels. The VO was computed 
separately for point clouds accounting for 0–50% 
(VO50%) and 0–25% (VO25%) of the range in Z-coordi-
nates to quantify the occupancy of low vegetation that 
is characteristic for a multi-layered forest structure. 
Pearson’s coefficient of correlation (r) was used as a 
measure of the strength of the relationship between 
the accuracy metrics and VO. Coefficient of determi-
nation (R2) was used to assess the proportion of varia-
tion in the accuracy metrics that VO accounts for.
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3. Results

3.1 Capacity of High-Density ALS to Determine 
Vegetation Occupancy

Visual comparison with the TLS point clouds 
showed that the ALS could characterise the vegeta-
tive structures of the sample plots representing dif-
ferent forest structures (Fig. 2). On a single-layered 
sample plot (sample plot #1 as an example), the ALS 
point cloud seemed to characterise the forest struc-
ture as well as the TLS, providing sufficient 3D re-
construction of both terrain as well as high and low 
vegetation. A multi-layered sample plot (sample plot 
#5 as an example) featured a slightly limited capacity 
for the ALS to reconstruct detailed characteristics of 
terrain and low vegetation, while the characterisation 
of high vegetation, specifically the crowns of domi-
nant trees, seemed to be improved when compared 
to the TLS.

Voxel-by-voxel comparison between the vegeta-
tion occupancy voxel maps revealed strong agree-
ment between the ALS and TLS (Table 2). Overall 
accuracy of 0.89 (0.85–0.94), with a recall of 0.84 
(0.78–0.88) and a precision of 0.69 (0.62–0.74), was 
recorded for the ALS-based vegetation occupancy 
mapping. These figures imply that, on average, 89% 
of voxels in the ALS-based vegetation occupancy 
maps were correctly labelled as »occupied« 
or»empty«. 84% of occupied voxels were correctly 
labelled as »occupied« using the ALS, and 69% of 
voxels labelled as »occupied« using the ALS were oc-
cupied by the vegetation. Vegetation density seemed 
to affect the accuracy of the ALS-based vegetation 
occupancy mapping as VO25%, accounting for 82.9% 
of the variation in accuracy (r = –0.911, p < 0.01; see 
Fig. 3a) and 82.4% in precision (r = –0.908, p < 0.01), 
while no statistically significant relationship was re-
corded between VO and recall.

3.2 Feasibility of Vegetation Occupancy Informa-
tion for AMS Flight Path Planning

Out of 1393 randomly generated flight paths em-
ploying ALS-based information of empty space 
within the forest structure, 1005 flight paths (72.1%) 
were considered feasible when validated using the 
TLS data (Table 2). The success rate in path planning 
varied from 0.54 to 0.92 between the sample plots 
and was affected by vegetation density (VO50%) and 
recall that both accounted for 52.9% (r = –0.726, r = 0.727, 
respectively) of the variation in the success rate  
(Fig. 3b), although the statistical significance of the 
relationships remained open for interpretation with  
p = 0.064.

4. Discussion
This study aimed at improving the understanding 

of the feasibility of ALS in assessing forest vegetation-
induced traversability for AMSs. It was assumed that 
the ALS point clouds acquired from a helicopter flying 
at approximately 80 m above the ground can be used 
to characterise vegetation obstacles affecting travers-
ability. When using the TLS point clouds as a refer-
ence, the experiments showed an overall classification 
accuracy of 0.89 in ALS-based vegetation occupancy 
mapping, confirming the validity of the hypothesis. 
To demonstrate the feasibility of ALS in providing in-
formation of forest traversability, the ALS-based veg-
etation occupancy maps were applied to generate 
theoretical flight paths for an AMS to navigate inside 
the forests. The flight paths were validated on the TLS-
derived vegetation occupancy maps, showing that 
54% to 92% of the randomly generated flight paths 
were considered feasible, depending on vegetation 
characteristics. This validated the related hypothesis 
stating that ALS conveys as sufficient information of 
AMS path planning as TLS data. As expected, the ca-
pacity of ALS to assess forest traversability was af-
fected by vegetation density, which accounted for 83% 
of the variation in the accuracy of the vegetation oc-
cupancy mapping and 53% of the variation in the suc-
cess rate of the flight path planning. Altogether, the 
findings obtained in this study highlight the feasibil-
ity of high-density ALS point clouds in forest charac-
terisation in general and vegetation occupancy map-
ping in particular, which is useful in assessing forest 
traversability.

Although vegetation density was found to explain 
most of the variation in the capacity of ALS to assess 
vegetation-induced traversability between the sample 
plots, there were some potential causes of error that 
could account for the unexplained part of the variation. 
Presumably, one of such causes is related to differ-
ences in the point cloud acquisition geometries be-
tween ALS and TLS. While TLS provides a hemispher-
ical point cloud from inside the forest, ALS 
characterises the forest structure from above the cano-
py. This leads to different capacities of the two meth-
ods in characterising low and high vegetation (Fig. 2). 
In a multi-layered forest, some parts of the low vegeta-
tion characterised by the TLS were not captured by the 
ALS, resulting in false negative predictions. Corre-
spondingly, some parts of the high vegetation were 
only characterised by the ALS and not by the TLS, re-
sulting in false positive predictions in the vegetation 
occupancy mapping. An overall precision of 69% in the 
vegetation occupancy mapping denotes that 31% of the 
voxels labelled as »occupied« based on the ALS were 



Assessing Forest Traversability for Autonomous Mobile Systems Using Close-Range ... (169–182) T. Yrttimaa et al.

Croat. j. for. eng. 45(2024)1 175

Fig. 2 Illustration of 10x10 m subsamples of sample plots representing a single- (sample plot #1 as an example) and a multi-layer (sample 
plot #5 as an example) forest structure, characterised by point clouds derived from terrestrial laser scanning (TLS) and airborne laser scan-
ning (ALS) as well as their combination (TLS+ALS)

empty based on the TLS. According to the experiments, 
vegetation density (VO25%) accounted for 82.4% of in-
ter-plot variation in precision with respective r value 
of –0.91 suggesting that precision decreased (i.e., the 
number of false positives increased) with increasing 
density of low vegetation. This is most probably due 

to the enhanced capacity of ALS to characterise the up-
per canopy layer, specifically when the vegetation den-
sity increases (Wang et al. 2019), compared to TLS. 
These findings are supported by the literature, as TLS 
generally has a rather limited capacity in vertical forest 
characterisation of dense forest stands with the upper 
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with off-nadir field-of-view, as in this study, facilitates 
the reconstruction of low vegetation and even charac-
terisation of stem properties (Hyyppä et al. 2020b). 
However, the geometric accuracy of TLS is still not 
reached (Liang et al. 2022), although for vegetation oc-
cupancy mapping, ALS conveys sufficient geometric 
accuracy considering the voxel-based approach and a 
0.1-m resolution used in this study.

An overall recall of 84% in the vegetation occu-
pancy mapping denotes that 16% of the voxels occu-
pied by vegetation were labelled as »empty« based on 
the ALS. This could be due to the fact that, in densely 
vegetated forest stands, ALS could not characterise 
low vegetation well as TLS, although this interpreta-
tion was not fully wisupported by the statistics  
(p = 0.06). Another possible reason is, however, the 
spatial misalignment of the ALS and TLS point clouds 
caused by natural movement of trees and co-registra-
tion errors. There was a time lag of approximately 
1–1.5 months in between the TLS and ALS campaigns, 
and it can be seen from Fig. 2. that the ALS and TLS 
point clouds featured some minor differences in the 
orientation of branches and treetops. The TLS data 
was acquired early in the spring featuring leaf-off con-
ditions, while the ALS data featured leaf-on condi-
tions, which may increase the number of voxels oc-
cupied by the leaves of deciduous trees as well as the 

parts of dominant trees often remaining occluded by 
adjacent vegetation (Wilkes et al. 2017, Liang et al. 2018, 
Yrttimaa et al. 2020). Meanwhile, ALS has featured a 
limited capacity in characterising horizontal multi-
layered forest structures (Puliti et al. 2015). Application 
of the state-of-the-art sensor technology accompanied 

Table 2 Accuracy, precision and recall measuring the capacity of 
high-density airborne laser scanning (ALS) point clouds to deter-
mine vegetation occupancy when performing a voxel-to-voxel com-
parison to reference vegetation occupancy voxel map based on 
terrestrial laser scanning (TLS). Success rate denotes the proportion 
of flight paths, randomly generated for each sample plot based on 
the ALS-derived vegetation occupancy information, that were con-
firmed feasible with the TLS data

Sample plot id Accuracy Precision Recall Success Rate

#1 0.94 0.74 0.88 0.92

#2 0.91 0.70 0.78 0.54

#3 0.89 0.73 0.91 0.80

#4 0.86 0.67 0.87 0.69

#5 0.86 0.66 0.81 0.72

#6 0.85 0.62 0.81 0.76

#7 0.91 0.71 0.80 0.62

Overall mean 0.89 0.69 0.84 0.72

Fig. 3 Accuracy in airborne laser scanning (ALS)-based vegetation occupancy mapping (a) and success rate in ALS-based flight path planning 
(b) and their relation to metrics characterising density of low vegetation; vegetation occupancy at 0–25% (VO25%) and 0–50% (VO50%) of the 
range in Z-coordinate. Coefficient of determination (R2), coefficient of correlation (r) and related p-value denote the strength and statistical 
significance of the relationships
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grasses and hays among the undergrowth vegetation. 
Spatial misalignment-induced errors in the vegetation 
occupancy mapping may also be traced to the co-reg-
istration process of the ALS and TLS point clouds. 
Considering the co-registration accuracy between the 
ALS and TLS point clouds, Dai et al. (2019) reported a 
3D distance residual error of 6.7 cm when validated in 
the same study site and applying a standard ICP meth-
od in obtaining the final coordinate transformation 
between the ALS and TLS. At best, a similar level of 
accuracy is expected to be reached in this study, al-
though a slightly different co-registration method was 
used here. However, the co-registration accuracy was 
not assessed for our experiments and thus it could also 
be possible that the desired level of the co-registration 
accuracy was not reached in all of the sample plots. 
Considering the applied voxel size of 0.1 m, co-regis-
tration errors greater than that may cause displace-
ment of the voxels and further cause systematic errors 
when comparing the vegetation occupancy maps 
voxel-by-voxel. This highlights the importance of en-
suring the spatial alignment of point clouds through 
a careful co-registration process when employing 
point clouds derived from different sensors and plat-
forms. Increasing the applied resolution in vegetation 
occupancy maps could mitigate errors related to spa-
tial misalignment of point clouds, while also being 
reasonable to expect AMS that could feature consider-
ably larger dimensions. However, as the aim of this 
study was to investigate differences in the vegetation 
occupancy maps derived using the ALS and TLS, the 
use of a 0.1 m resolution is expected to be justified.

For forest traversability assessment, the feasibility 
of vegetation occupancy information is essential. This 
was explored in this study by randomly generating 
199 theoretical flight paths per each sample plot for an 
AMS capable of flying inside the forest. The generated 
paths were validated based on the occupancy informa-
tion obtained with TLS. This was a completely theo-
retical experiment, and no actual AMS was used in the 
validation of the flight paths, nor any technical restric-
tions related to operability or navigation of an AMS 
were considered. Rather, the aim of this experiment 
was to illustrate the differences between the ALS- and 
TLS-based vegetation occupancy maps and gain 
knowledge of what those differences mean for the for-
est traversability assessment. While the comparison of 
the vegetation occupancy maps illustrates how well 
the entire sample plot was characterised by the ALS 
compared to the TLS, each generated flight path rep-
resented a traversable pathway between the random-
ly sampled start and goal points. This enabled a prob-
abilistic approach in the validation of the capacity of 

the ALS in assessing forest traversability. The flight 
paths were validated using the TLS-derived vegeta-
tion occupancy maps by examining whether the flight 
paths intersected with voxels occupied by vegetation. 
The results showed an overall success rate of 0.72 
when all the sample plots were considered, reaching 
up to 0.92 in a single-layered sample plot #1 (Table 2). 
It should be noted that the feasibility of a flight path 
was straight away rejected if at least one occupied 
voxel was intersecting, which was the case for most of 
the rejected paths. Possible spatial misalignment be-
tween the ALS and TLS data made it probable that 
some of the paths intersected with the occupied voxels 
in the TLS data. The RRT* algorithm that was used in 
path planning aimed at finding the shortest travers-
able path, not ensuring any safety buffer around it. 
When using vegetation occupancy maps for actually 
generating paths for a forest robot navigation, some 
kind of a safety buffer of empty space around the path 
is most likely considered, depending on the dimen-
sions and manoeuvrability of the applied AMS. Alto-
gether, the results related to the flight path validation 
showed that, even though not all the generated paths 
were always feasible, traversable paths could still be 
determined regardless of the forest structure, which 
highlights the feasibility of high-density ALS in assess-
ing forest traversability. Practically speaking, when an 
AMS moves among vegetation, it will continuously 
detect surrounding obstacles and plan a path online 
(local path planning). Therefore, a small blockage on 
a pre-planned path is not considered an issue if the 
system can replan a feasible path using information 
acquired with on-board sensors. Ideally, semantic 
classification of the vegetative structures could be ben-
eficial information for AMS navigation as in a forest 
environment occasional collision with flexible struc-
tures such as branches and leaves would not necessar-
ily prevent an AMS from moving.

The ALS point cloud data used in this study was 
obtained from a helicopter carrying an ALS system 
consisting of three separate laser scanners to obtain a 
dense ALS point cloud (~3200 pts/m2). It should be 
noted that the used ALS data does not represent a 
typical airborne point cloud that can be acquired using 
a regular UAV laser scanning (ULS) or current ALS 
setups, but something that may become available in 
the upcoming years. Characterising forest vegetation-
induced traversability with a 0.1-m voxel resolution 
does not necessarily require millimetre or even centi-
metre-level point spacing in a point cloud. That said, it 
is expected that the findings of this study generally 
apply to any ULS or dense ALS point cloud. The ex-
perimental design of this study included seven sample 
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plots representing a range of different southern boreal 
forest structures (see Table 1) that revealed how the 
examined phenomenon was dependent on the forest 
structure, specifically on the density of low vegetation. 
This implies that, besides being applicable within 
southern boreal forest conditions, it is expected that the 
findings of this study could be at least partly applied 
beyond boreal forests if the structural characteristics 
of the forest stands resemble those of this study.

To put this into context, an application of robotics 
in any environment requires obstacle mapping for 
successful navigation of autonomous mobile systems 
(Cook and Zhang 2020), and a forest environment is 
no exception (Ahtiainen et al. 2016). As certain off-road 
capabilities are required for the locomotion system 
(Oliveira et al. 2021), vegetation obstacles are consid-
ered as the main component of forest traversability 
with terrain characteristics being less determinant. 
Thus, assessment of forest traversability requires 
methods for characterising vegetation occupancy. 
Close-range ALS is a feasible technology for acquiring 
point clouds for forest characterisation (Morsdorf et 
al. 2018) and traversability assessment as well (Zhu et 
al. 2013, Bogoslavskyi et al. 2013, Sugar et al. 2015, 
Zhou et al. 2021). While previous studies employing 
point clouds for traversability assessment have main-
ly focused on analysing terrain characteristics using 
on-board sensors, this study contributes by investigat-
ing the feasibility of ALS in providing pre-information 
of vegetation-induced traversability. This information 
could be further used when deciding upon whether a 
forest environment is traversable for forest robots or 
not. Using the state-of-the-art laser scanning technol-
ogy for acquiring detailed ALS point clouds, it was 
demonstrated that the capacity of ALS in vegetation 
occupancy mapping reaches a level of detail and geo-
metric accuracy that is sufficient for determining tra-
versable pathways for AMSs. This highlights the ca-
pacity of high-density ALS in forest characterisation 
for this specific purpose and confirms its feasibility in 
providing forest traversability information to promote 
the emergence of AMSs in forestry. Besides travers-
ability assessment, ALS-derived vegetation occupan-
cy maps could be possibly applied in operative plan-
ning of forest harvesting routes, for example, to 
identify forest structures such as brushwood that are 
valuable for game and keep them intact.

5. Conclusions
Applications of robotics in a forest environment 

requires information of vegetation-induced travers-
ability. The findings of this study implied that high-

density ALS conveys sufficient information of vegeta-
tion occupancy that can be used by forest robots for 
navigation. The experiments revealed generally strong 
agreement between vegetation occupancy maps de-
rived from ALS and TLS. However, interpretation of 
the accuracy of ALS-based vegetation occupancy map-
ping is not straightforward due to differences in the 
capacities of ALS and TLS to characterise different for-
est structures. When using ALS for vegetation occu-
pancy mapping, a certain level of uncertainty in the 
observations can be expected, specifically when ap-
plied in structurally complex forests. Altogether, the 
findings suggest that ALS could be used as a guidance 
for deciding whether a certain forest environment is 
traversable for forest robots. Traversable pathways 
could be determined regardless of the forest structure, 
which highlights the feasibility of ALS in assessing for-
est traversability. Such high-density ALS point clouds 
can be acquired using low altitude manned or un-
manned aerial vehicles that have the capacity of cover-
ing entire forest stands or even landscapes, which is 
suitable for operational forestry applications.
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